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Lay Abstract

In this thesis, we review the basics of particle physics at neutrino experiments

and particle colliders. We then motivate and develop key searches that can be

performed to look for new particles at a series of existing and future experi-

ments. We focus on new particles with masses between the electron mass and

1000 times the proton mass. The many searches we consider involve looking for

processes that produce a single ray of light, a single electron, a pair of oppositely

charged ‘electron-like’ events, new collider signatures, and/or modifications of

star explosions. In the process, we set novel new bounds on many theories. We

also motivate the construction of a new detector at the Large Hadron Collider

called milliQan, and perform a full simulation to assess its future performance.

The milliQan experiment has since been approved and is currently undergoing

construction.
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Abstract

In this thesis, we review the basics of phenomenology in particle physics at

neutrino beam dump experiments and hadron colliders. We then consider the

phenomenology of various new particles, with masses between 1 MeV and 1 TeV,

at the intensity and energy frontiers. We perform sensitivity analyses for physics

beyond the standard model at particle colliders (LEP and LHC) and a number

of past and future neutrino beam dump experiments (SHiP, DUNE, LSND, Mi-

croBooNE, MiniBooNE and SBND). In particular, we motivate searches for new

heavy neutral leptons in single photon events at neutrino and collider experi-

ments (and also via supernova cooling), millicharged particles in single electron

events at neutrino experiments, lepton flavor violating scalars via standard model

induced mixed flavor neutrino trident production at neutrino experiments, and

colored scalar doublets at colliders in events with many jets, soft leptons and

low missing energy. In the process, we set novel new bounds on the parameters

of these theories and propose powerful new searches that can be performed. We

also motivate the construction of a new detector at the LHC called milliQan,

and perform a full Geant4 simulation to calculate its projected sensitivity for

millicharged particles. The milliQan experiment has since been approved and is

currently undergoing construction.
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Chapter 1

Introduction

1.1 The search for new physics

From the discovery of the X-Ray in 1895 by W.C. Röntgen [1] up until the

discovery of the Higgs boson in 2012 at the Large Hadron Collider (LHC) [2, 3],

we have built up our understanding of the particles that make up matter. These

particles and their interactions are the basis of the standard model (SM) of

particle physics. Its matter content as we currently understand it is summarized

in Fig. 1.1.

The detection of the Higgs boson was the last missing piece of the SM (apart

from neutrino masses), and widely established its validity at least as an effective

theory of nature. Currently, searching for physics beyond the standard model

(BSM) takes place on at least three main fronts:

• Intensity frontier : High luminosity and statistics experiments probe weakly

interacting signals.

• Energy frontier : High energy collider experiments probe massive particles.

• Cosmic frontier : Earth based experiments study signals coming from space.

1
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Figure 1.1: Particle content of the Standard Model that has been experimen-
tally discovered. Credit to [4] for the figure.

Most of the focus of this thesis will be to motivate searches for new particles

at the intensity and energy frontiers. There is currently a renewed interest in

the intensity frontier related to neutrino measurements [5, 6, 7, 8, 9]. Indeed,

neutrino masses are currently unaccounted for in the SM and require a mecha-

nism to generate them. Studying flavor oscillations and neutrinos is extremely

important as it allows one to determine mass differences between neutrinos, the

neutrino mass hierarchy, theoretical models of mass generation, the charge par-

ity violating structure of the leptonic sector, and more accurate measures of the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [10, 11, 12]. The upcoming

flagship experiment responsible for performing many of these measurements will

be the Deep Underground Neutrino Experiment (DUNE) long-baseline experi-

ment [5, 6]. By accelerating protons at 80 GeV on a graphite target, they will

produce a flux of neutrinos that will first be detected at a 30T near detector in

Fermilab (Illinois, USA), and later on at a 40kT far detector located 1300km

away at the Sanford Underground Research Facility (South Dakota, USA). We

note though that the DUNE collaboration is still considering different choices of

detector technology and total mass.
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Oscillation measurements have already revealed interesting hints that can

potentially be interpreted as new physics. Two measurements that have received

a lot of attention are from the MiniBooNE and Liquid Scintillator Neutrino

Detector (LSND) collaborations [13, 14, 15], as potentially providing evidence for

eV sterile neutrinos [16, 17] or heavy neutral leptons [18, 19]. At MiniBooNE, an

excess of 3σ was observed for νµ → νe appearances and at LSND, a significance

of 3.8σ was observed for νµ → νe appearances. The MiniBooNE result has

recently been upgraded to a 4.8σ measurement [20]. The interpretation of these

measurements is scrutinized [21] due to the lack of ability of the Cherenkov

detectors being used by each collaboration to distinguish photons from electrons.

Due to the importance of these measurements, Fermilab is currently building a

Short Baseline Neutrino (SBN) program [9] that will consist of 3 experiments

fed by neutrinos coming from the Booster Neutrino Beam (BNB) [22]. The SBN

program consists of three experiments — Short Baseline Near Detector (SBND),

MicroBooNE and ICARUS — which are respectively located in a line at distances

of 110m, 470m, and 600m from the BNB proton target. MiniBooNE was an old

experiment on the same line at approximately 540m from the target.

The experiments mentioned above, along with a number of others summarized

in Table 1.1, are of broader interest than the main measurements for which they

are designed. Indeed, many of these experiments have a substantial number

of protons on target (POT), large detection volume and are built on excellent

detector technology involving a liquid argon time projection chamber (LAr-TPC)

or a nuclear emulsion detector. This opens up the possibility of using them to

search for new physics that interacts with neutrinos, electrons or photons. We

now give a brief overview of the theories that we will be interested in probing at

the intensity frontier (and at the energy frontier for higher masses). For a more

detailed discussion on how these theories are related to subsequent chapters, see

Section 1.3.

We first consider millicharged particles (mCPs). mCPs χ are particles of

arbitrary mass that have a coupling to photons of strength εe, where ε < 1 and

e is the electric charge carried by an electron. Strictly speaking, the term milli

implies that ε ∈ [0.001, 0.01), although we will use this name regardless of the

value of ε. They are of interest because finding them would imply that electric

charge for free particles is not quantized, or more conservatively that the unit

of quantization if it exists must be smaller or equal to ε [23, 24]. Furthermore,
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they are of interest because the mechanism of kinetic mixing that can give rise

to mCPs is general, natural, and contains very few assumptions [25].

We will consider searching for mCPs at the intensity frontier via meson decays

to off-shell photons. When the masses of these particles exceeds half the meson

mass and/or are above the center of mass (COM) energy of the neutrino experi-

ment, mCPs can be produced at particle colliders. At the LHC, detection is very

difficult since the small ionization energy deposits they produce get washed out

by hadronic activity [26]. The collider bounds from CMS only exclude |ε| ≥ 2/3

for masses below 310 GeV, and |ε| ≥ 1/3 for masses below 140 GeV. Therefore

we propose an experiment called milliQan [27, 28, 29]. With a prototype cur-

rently under construction, it aims to search for mCPs with |ε| & 10−3 for masses

of O(100) MeV, and |ε| & 10−2 for masses of O(10) GeV. Elimination of the

hadronic background will be achieved by locating the experiment in a tunnel at

a distance of 33m from the LHC’s interaction point (IP), 17m of which is through

rock and cement.

Secondly, we will be interested in heavy neutral leptons (HNLs). HNLs

[18, 19, 30, 31] can couple to both neutrinos and photons with a dimension-5

magnetic dipole moment. They can be a possible explanation of both the LSND

and MiniBooNE excesses by acting as a source of single photons (which are

misidentified as single electrons) in Cherenkov detectors. We will show that fu-

ture LAr-TPC detectors at neutrino experiments will be very valuable in probing

these particles in the single photon final state. If the HNLs’ couplings to photons

and neutrinos are sufficiently small and their masses are below ∼ 100 MeV, they

can provide an additional source of supernova cooling and modify the observed

time signal of neutrinos arriving on earth [32, 33] compared to what was observed

[34, 35]. We will use the Supernova 1987A (SN1987A) explosion to derive bounds

[36, 37]. In a similar coupling and mass range, HNLs can modify the proton to

neutron ratio during the Big Bang Nucleosynthesis (BBN) era [30], which we

consider as well.

Lastly, we can consider new charged scalars coupling to neutrinos and charged

leptons [38, 39, 40, 41, 42]. Charged scalars such as the Zee-Babu or Higgs triplet

models are used as mechanisms to generate neutrino masses that don’t rely on

sterile neutrinos. Furthermore, their interaction pattern with leptons could shed

light on the flavor structure of the SM. At neutrino experiments, they can be
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Beam Dumps EPOT LTarget # POT Technology

LSND [49] 1.74 GeV 26m* 1.69× 1023 CH2 Cherenkov

MiniBooNE [50] 9 GeV 540m 5.58× 1020 CH2 Cherenkov

MicroBooNE* [51] 9 GeV 470m 1.32 ∗ 1021 LAr-TPC

SBND* [52] 9 GeV 110m 6.6× 1020 LAr-TPC

DUNE* Near [5] 80 GeV 600m 3× 1022 LAr-TPC

SHiP* ντ [8] 400 GeV 50m 2× 1020 Pb/Emulsion

Colliders
√
s LIP L [fb−1] Technology

LHC [53, 54] 8(13) TeV ∼ 5cm 19.7(36.1) pp Collider

LEP [55, 56, 57] 91.2GeV ∼ 5cm 0.1 e+e− Collider

milliQan* [28] 14 TeV 33m* 3000 Scintillator/PMT

Table 1.1: List of experiments considered in this work. Experiments with
an asterisk are either planned or in construction, and lengths with an asterisk
denote an experiment located off-axis. For future experiments, the data sam-
ple size is the expected value for the lifetime of the experiment. For existing
experiments, the information shown corresponds to analyses we have recasted.
The Search for Hidden Particles (SHiP) and collider experiments are located
in Conseil Européen pour la Recherche Nucléaire (CERN), LSND is located in
Los Alamos, and the remaining beam dump experiments are located in Fermi-
lab. In addition to these experiments, we also consider bounds from cooling of

supernova SN1987A, and the proton to neutron ratio during BBN.

detected via neutrino trident production (NTP) [43, 44, 45]. This process was

previously observed [46, 47, 48] in the muon-only channel, with rates consistent

with SM predictions. By calculating SM rates of mixed flavor NTP at future

experiments, we can set projected limits on new charged scalars.

1.2 Phenomenology in particle physics

Most of the work appearing in the subsequent chapters of the thesis relate to

searching for new particles at various experiments. Towards this, it will be

instructive to perform a comprehensive overview of phenomenology in particle

physics. We will first take an experiment independent approach and describe the

concepts of statistical inference for establishing sensitivity. Next, we will discuss

how to apply these concepts in particle physics, focusing on neutrino beam dump

experiments and hadron colliders.
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1.2.1 Statistical inference

We begin by discussing statistical inference as it relates to particle physics. Sen-

sitivity analyses in the context of statistical inference have been fundamental for

understanding the matter content of the SM, as well as the interactions between

each of its particles. Given the importance of finding new particles towards es-

tablishing the full theory of nature, it is necessary to have a rigorous framework

for establishing the presence of new particles. Our discussion hereafter will be

a literature review based on [58, 59, 60, 17]. In particle physics, the criteria for

discovery is the so-called 5σ condition. Given a hypothesis H0 which contains

the SM along with all of its particles and interactions as we currently under-

stand them, this condition in short states that a discovery is made if the data

deviates from the H0 predictions by 5 standard deviations. The data in this case

is usually a set of events n in a histogram. The prediction is how many events

we would expect to see according to H0. In defining an event, there are various

measurements x that are made and a set of cuts D, imposed on x, chosen so

as to maximize background rejection and signal acceptance. After running the

experiment for a long time, we can combine all of the events (consistent with

the cuts D) into a test statistic t. This test statistic is a random variable, and

is distributed according to a probability distribution function (PDF). The test

statistic is often a χ2 value or a likelihood function. The likelihood function

L(θ,ν) = P (n|θ,ν) is obtained by regarding the joint probability P as a func-

tion of only the parameters θ and ν, where the observations n have been fixed by

the experiment. The set of θ are model parameters that need to be fixed or whose

values we are testing (i.e. coupling constants, particle masses, etc) and which

directly affect the predictions. These are the parameters that are immediately of

interest and for which our measurement is geared to. The ν are nuisance param-

eters that also need to be fixed but that are not of immediate interest, such as

systematic uncertainties, calibrations, reconstructed energy profiles, luminosity

uncertainties, and so on.

As an example, we consider a counting experiment with N observations/bins,

each described by Poisson statistics. In this case, the likelihood function is given

as

L(θ,ν) =

N∏

i=1

µni
i

ni!
e−µi , (1)
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where the µi are average expected event counts for each bin i, and depend on θ,ν.

These averages are typically obtained by doing a large ensemble of simulations

using the H0 model.

At this point, we briefly divert to make an interesting observation. In cases

where we are interested in inclusive measurements (N = 1), Eq. (1) reduces to

the typical Poisson distribution with an average prediction of µ and a standard

deviation of
√
µ. The observed data n is therefore (n−µ)/

√
µ standard deviations

away from what is expected according to H0. If it is 5 standard deviations

away, the measurement is considered significant enough to be a discovery. The

number of standard deviations (n − µ)/
√
µ is an estimate of the significance of

the measurement, can be rewritten as the commonly used S/
√
B, where S (B)

refers to the signal (background) counts1. It is clear that when the backgrounds

are small, this metric for calculating signal sensitivity is pathological. For large

backgrounds, a direct comparison to the more formal procedure described in

[58, 30] show that the S/
√
B approximation gives an accurate significance to

within 10% for backgrounds of 100. When N > 1 and for large backgrounds, the

sensitivity expression reduces to a χ2 test. This is known as Wilks’ theorem [61].

Going back to Eq. (1), the dependence on ν can be removed by the following

procedure. Suppose we can study the effects of ν by making measurements y in

a control region that is independent of x, then we can write

L(θ,ν) = Px(x|θ)Py(y|ν). (2)

For each value of θ, we can find the ν which maximizes L, and we are left with

a likelihood function L(θ). Recalling that the likelihood function was our test

statistic t randomly distributed according to a PDF, and assuming that larger

values of t show disagreement with our model, we can test the compatibility of

its measured value tobs with the model hypothesis H0 using the p-value

p-val =

∫ ∞

tobs

PDF(t|H0)dt. (3)

Then, if p-val is smaller than some pre-determined value, the H0 hypothesis is

rejected. For the 5σ test, this corresponds to a p-value of 2.87× 10−7.

1This is true when the errors are statistics dominated. When they are systematics dominated
and we don’t expect the sensitivity to improve with more statistics, the sensitivity becomes S/B.
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We now discuss how constraints for new physics are obtained. Instead of

the SM hypothesis H0, we consider the hypothesis H1 which contains the SM

augmented with new physics. The likelihood function under H1 can be written

as

L(θ) =
(s+ b)n

n!
e−(s+b), (4)

or its appropriate generalization for multiple bins. The averages are now the

expected background b from the the SM and the additional signal rate s from

new physics. Introducing priors π(s) (or π(θ)) on the new physics, and an

overall normalization X, we can use Bayes’ theorem and introduce a posterior

probability

p(θ|n) =
L(θ)π(θ)

X
. (5)

We can then find the smallest new physics signal sup compatible with the obser-

vations and expectations at 1− α credibility level, by solving

α =

∫ ∞

sup

p(θ|n)ds. (6)

Finally, we can directly relate sup to the parameters of the new physics to set

constraints on them. We now describe how this is done.

1.2.2 Neutrino beam dumps

In the previous section, we have provided an overview of how to exclude or

prove the existence of new physics. This involved introducing measurements x,

a set of cuts D on these measurements and a signal rate sup consistent with a

given observation and expectation. Now, we will describe more concretely the

meaning of these quantities in the context of neutrino experiments, and the main

considerations that go into determining them. In the next section, we will do

the same for collider experiments.

All of the neutrino experiments we consider in this work are based on a proton

beam dump and proceed as follows:

1. Protons are accelerated towards a target to produce mesons and Drell-Yan

collisions, among other things. These are referred to as POT.
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2. An assortment of prompt, long-lived, charged, and neutral mesons are pro-

duced. Some experiments, such as DUNE and the SBN facility, have a

decay chamber and a magnetic field following the proton target, which al-

lows to focus long-lived charged mesons such as π± and K±. These are the

source of the experiments’ (anti-)neutrino flux. Other experiments such as

SHiP have a beam stomp which effectively allows only prompt mesons such

as η and π0 to decay.

3. Neutrinos (and any other weakly interacting particles) that are produced

travel through dirt or shielding material until they arrive to the detector.

Along the way, neutrinos can oscillate. The probability of this happen-

ing [10] is largely controlled by ∆m2
ijL/4E, namely the mass separation

between two neutrinos, the distance through which they travel and their

energy.

4. Once at the detector, they interact with either the electrons, partons, nu-

cleons or nuclei in the detector. This interaction can consist of either a

single energy deposit at one location, or several energy deposits with a

given spatial and temporal separation (this is often the case for processes

involving muon production).

The collection of all of these steps go into determining the expected backgrounds

and signals rates, and performing the experiment yields the observation. The rel-

evant formula summarizing each of these steps can approximately2 be expressed

as

Rates =
∑

Energies

NX(Ei)×
NTarget

Area
× σXTarget(Ei)× E . (7)

In Eq. (7), NX(Ei) represents the number of particles of type ‘X’ with energy

Ei arriving at the detector, σXTarget(Ei) is the detection cross section of particle

X with a target in the detector (i.e. an electron, nucleon, nuclei, etc) consistent

with the angular and recoil cuts in the experiment, NTarget is the total number

of such targets inside the active volume of the detector and E is a detection

efficiency. The “Area” in (7) stands for the active volume divided by the average

length 〈l〉 traversed by particles inside the detector. The particle type X depends

2This is true when the detector is sufficiently far away from the meson source and the physics
interacting in the detector is sufficiently weakly interacting. In general, NX(Ei) should also be
a function of angle and we should include an exponential function encoding the mean free path
of X with the detector.
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on the process we are considering. For oscillation experiments, X will be (anti-

)neutrinos. For HNLs produced by neutrinos interacting inside the detector, X

will also be a neutrino. For HNLs produced directly from mesons and decaying

inside the detector, X will be the HNLs. Relating this to the previous section, by

setting the Rates in Eq. (7) equal to sup, we can set bounds on the parameters

contained in σXTarget(E).

We now provide additional details on the items listed above. We begin the

discussion at the detector level, and will work our way backwards to the POT.

We define an event as the set of all objects detected according to the require-

ments of D, such that the number of observations made increases by one. The

objects seen in the detector involve SM leptonic activity, hadronic activity, or a

combination of both. The presence or absence of hadronic activity will depend

largely on the momentum exchange q of the incoming particle with the nucleus.

For concreteness, a depiction of an incoming neutrino interacting via a photon

mediator to produce HNLs is shown in Fig. 1.2.

⌫

�

N(p3)

�

⌫

p2

p1

p4

q2

q1

1

Figure 1.2: A neutrino scattering with matter to produce a heavy neutral
lepton, which decays after travelling some distance to a photon and a neutrino.
Depending on the magnitude of the momentum transfer in the photon, the
reaction can proceed coherently with the nucleus, diffractively with nucleons

or in the deep inelastic regime with the partons.

When the magnitude of the momentum transfer Q ≡ |q| is below ΛQCD/(A)
1
3

(where Λ is the QCD scale and A is the number of nucleons), the photon cannot

resolve individual nucleons and the reaction proceeds coherently over the whole

nucleus. This leads to a Z2 enhancement with the number of protons. The form

factor of the nucleus F (Q2) enforces this range for Q. We use the Woods-Saxon
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form factor

FWS(Q2) =
1

N
F





V0

1 + exp
(
r−r0A1/3

a

)



 (8)

with F denoting the Fourier transform with respect to r, andN is a normalization

factor given by the volume integral over the nuclear charge distribution [62].

The various parameters are set as r0 ≈ 1.126 fm, a ≈ 0.523 fm, and V0 =

(4πAr30/3)−1. Different choices of form factor modify the result on the 10%

level. Coherent scattering typically leads to little hadronic activity, since the

kinetic recoil energy of a non-relativistic nucleus scales quadratically with Q and

inversely with its mass.

For intermediate momentum transfers Q in between 0.217/(A)
1
3 GeV and Mp,

we have diffractive scattering and the photon scatters with individual nucleons.

In these cases, the nucleons that are ejected lead to observable signatures and can

constitute one of the objects of the event. The cross section scales linearly in the

number of protons and neutrons, and the momentum profile can be represented

by the form factors F1 and F2. They take on different values depending if they

are for the neutron or proton. Their values are given [63, 64] by solving the

system of equations

Gp,nγ,E = F p,n1,γ −
Q2

4M2
Nucleon

F p,n2,γ

Gp,nγ,M = F p,n1,γ + F p,n2,γ

(9)

with

G
{p,n}
γ,E = {GD, 0}

G
{p,n}
γ,M = µ{p,n}GD

GD =
1

(1 +Q2/0.71 GeV2)2

µp,n = {2.793,−1.913}.

(10)

We then obtain

σtotal = Z × σp + (A− Z)× σn. (11)

ForQ >∼ 1 GeV ≈Mp, the scattering occurs with respect to the quarks and one

must employ the deep inelastic scattering (DIS) or Drell-Yan (DY) frameworks.
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The form factors one must use are the parton momentum distribution functions

of quarks and gluons inside the nucleons [65]. These produce large deposits

of hadronic activity. There are also other kinematic regimes which have not

discussed, for instance resonant meson production. Lastly, we mention that there

is overlap in Q between where one of these regimes end and the other begins.

Having given some examples of the the kinds of objects one can see, we must

now specify the relevant x variables based on these objects, as well as any cuts or

vetos D we impose on them. In practice, the variables that are available — such

as the energy/momentum and the type of particle that has been reconstructed

— depend on the type of detector being used. There are several detector tech-

nologies we will be considering in this work. We briefly describe each of them

based on [66].

The first class of experiments are Scintillation+Cherenkov detectors (e.g.

LSND) and Cherenkov detectors (e.g. MiniBooNE) [67]. The Cherenkov light

inside a medium of refractive index n is produced by particles with speeds β

larger than 1/n. These produce cones of light with an opening angle (from

the direction of the initial particle) of cos θ = 1/nβ. The scintillation light is

produced by energy deposits inside a material according to the characteristic

scintillation response of the material. The light that is produced needs to be

collected and detected, which is often done using photomultiplier tubes (PMTs).

Cherenkov detectors unfortunately cannot distinguish an electron from a photon

which undergoes conversion to an electron-positron pair, since both lead to the

production of electromagnetic showers.

The second class of experiments are LAr-TPC (e.g. DUNE, SBND, Micro-

BooNE). These improve upon Cherenkov detectors in that they can resolve pho-

tons from electrons. They operate according to the principle by which particles

produce ionization inside a counting gas or liquid. The ionization is then col-

lected by wires using an E − field and readout. LAr-TPC are one of the best

technologies for track reconstruction.

Lastly, we will be considering nuclear emulsion technology for detectors (e.g.

SHiP ντ detector). Nuclear emulsions are composed of small crystals inside a

gelatine substrate. A particle travelling through this substrate alters the crystals

and produces a track, which can then be seen in a lab offline. In the case of

SHiP, the emulsion region is composed of a series of thin films that are stacked
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into a group. Each group is interleaved with lead plates to induce a reaction.

Nuclear emulsion detectors also provide excellent track reconstruction and vertex

resolution.

Ideally, the purpose of these detectors is to measure energy deposits in order

to fully reconstruct the spectrum (or flux) of the incoming particle. In prac-

tice, there are several intrinsic limitations which we briefly note that prevent

one from accurately determining the spectrum. Firstly, some of the outgoing

particles aren’t detected or are lost, which leads to difficulties in reconstructing

the energy of the incident particle. Secondly, a given angle and energy of a final

state particle can map to subspace of angles and energies for the incoming par-

ticle. There are also non-trivial mappings, which are difficult to extract, from

the true energy of the incoming particle to its reconstructed energy. To make

matters worst, the energy spectrum of the incoming neutrinos is usually broad.

To address some of these challenges, various techniques and observables have

been developed [68]. Lastly, it is a currently a field of active research [69] how to

simultaneously and efficiently model the momentum distribution of the nucleons

inside the nucleus, inter-nucleon interactions, fermi blocking effects, and final

state interactions within the nucleus. These naturally all lead to difficulties in

applying conservation laws.

Fortunately, in phenomenological studies the flux of incident (anti-)neutrinos

or new weakly interacting particles can be simulated (instead of reversed en-

gineered). To do so, we must have analytic doubly differential cross sections

d2σ/dθdp for the mesons outgoing momentum and angular profile. We then

convolve this with the meson’s partial decay width. We can then calculate an

acceptance for the decay products’ reaching the detector, and their energy spec-

trum. There are several different d2σ/dθdp fits for meson production, depending

on the meson species and the proton beam energy. In Table 1.2, we tabulate all

of the differential cross sections that are used in this work.

The momentum and angular dependence of these distributions is quite com-

plicated. In order to gain some intuition, we show in Fig. 1.3 density plots for

the BMPT, Burman-Smith and Sanford-Wang distributions, for π0 production.

These distributions are plotted respectively for the POT beam energy and mate-

rial composition of the SHiP, LSND, and Fermilab SBN experiments. We focus

on neutral pions since they are copiously produced and are often the dominant
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Name Mesons Beam Energies Relevant Experiments

Burman-Smith [70] π ≤ 800 MeV LSND

Sanford-Wang [22, 71] π 7− 35 GeV Fermilab BNB

Feynman Scaling [72] η, K± 8.89− 24 GeV Fermilab BNB

BMPT [73] π, η 100− 450 GeV SHiP, DUNE

GJK [74] J/Ψ 200− 450 GeV SHiP, DUNE*

Table 1.2: List of selected mesons produced and their energy+angular spec-
trum distributions at a variety of beam dump experiments. We assume that the
GJK distribution is still approximately correct at DUNE energies after rescal-
ing the total production cross section as a function of s. The proton on target
beam energies shown correspond to the data that went into determining the
empirical fits. The mesons listed is not exhaustive and represents the mesons
we have considered for our processes. For instance, the BMPT distribution
also describes K± production, however their decays aren’t prompt enough to
contribute significantly at the SHiP experiment. Kaons can also be described

using Sanford-Wang distributions.

source of production for new particles that can be pair-produced from an off-

shell photon via Dalitz-like decays. There are two features we can notice from

these plots. Firstly is the steep cutoff of the density as a function of momentum.

In fact, all of these distributions are exponentially decaying to some power of

the momentum, in addition to various power law corrections. Secondly, there

is the presence of a sin θ measure, which removes the support of the differential

distributions in the neighbourhood of θ = 0.

Comparing now differences between the various distributions, we notice that

at the low POT beam energies of LSND, π0 production has substantial support

at large angles from the beam line. This is important, because the LSND experi-

ment is off-axis from the beam line by approximately 0.2 radians. It follows from

the low energies of the protons impinging on the target that the pions produced

will be fairly non-relativistic. At the other extreme, we have the BMPT distri-

bution at SHiP. The pions that are produced have momentums mostly between

5 − 10 GeV, and the distribution is peaked much more forward. This is impor-

tant since the ντ detector at the SHiP experiment is located on axis at roughly

twice the distance from the proton target as compared to LSND. Although the

π0 momentums at SHiP don’t extend nearly as closely to EPOT as they did in

the case of LSND, they will nevertheless be very relativistic. This implies that

any decay products of π0 at SHiP will also mostly be collimated in the forward

direction.
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Figure 1.3: Double differential distribution d2σ/dθdp for π0 production nor-
malized per proton on target. The BMPT distribution assumes SHiP POT
energies and is calculated for a target composed of 50% Tungsten and 50%
Molybdenum. The Sanford-Wang distribution assumes BNB POT energies
and is calculated for a Beryllium target. The Burman-Smith distribution as-
sumes LSND energies and is calculated for a target composed 50% of Water

and 50% of Tungsten.
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1.2.3 Particle colliders

At particle colliders, detection and exclusions also proceed according to the dis-

cussion in Section 1.2.1. The objects that make up an event however differ

greatly from those in neutrino experiments. Both the ATLAS and CMS exper-

iment at the LHC are cylindrical detectors that are made up of several layers

[54, 53], each layer being optimized to detect a given type of particle and furnish

a measurement in the set of x.

The innermost layers provide tracking information for charged particles that

is used to infer their momentum. Following the tracker is the electromagnetic

calorimeter which is used to absorb electrons and photons and measure their

energy. Then comes the hadronic calorimeter which does the same for hadrons.

Lastly, there are muon spectrometers which are used to tag muons. There is also

a solenoid magnet to generate a b-field, whose location differs between ATLAS

and CMS. The LHC can therefore tag particles (with a given efficiency and

misidentification rate) and determine whether it’s a photon, electron, muon, or

colored particle, and measure its energy, momentum, polar and azimuthal angle.

We will not go into details about how this is done. Instead, we will highlight

several LHC observables that are worth understanding for the phenomenological

studies in this work.

Transverse Momentum: Although the momentum component along the beam-

line of particles can be measured, it is not often useful. The LHC is a proton-

proton collider. However, in hard collisions, it is not the protons that collide,

but rather the partons inside. The probability of a given parton participating in

this collision and the fraction of the proton momentum that it carries is given

by a parton distribution function [65]. Given the probabilistic nature of the

quarks’ and gluon’s momentum along the beamline, it is the transverse momen-

tum pT =
√
p2x + p2y of objects in an event that is usually quoted. In contrast,

for lepton colliders such as LEP, the initial momentum of each colliding beam is

known.

Missing energy : Transverse to the beamline, momentum is conserved. That

said, neutrinos and any other weakly interacting particles can escape detection,

leading to an apparent momentum imbalance. The missing transverse momen-

tum is defined [75, 76] as the negative vector sum of the transverse momenta of all
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identified physics objects. The magnitude of the missing transverse momentum

is known as the missing energy of an event.

Jets: In the hadronic calorimeters, quarks are not directly observed. Due to

the confining nature of QCD, the quarks that are initially produced at the parton

level after a collision hadronize to form bound states. During this process, they

also shower additional QCD radiation [77]. This process leads to an (ideally)

localized cluster of energy deposited in the hadronic calorimeter. Based on each

energy deposit i in a given granularity resolution, jets are reconstructed according

to a clustering algorithm. A jet can therefore be very crudely thought of as the

energetic parent particle (or particles) that created a certain cluster of energy

through showering and hadronization. The most popular clustering algorithm

in use is the anti-kT algorithm [78]. It proceeds as follows. Given an entity i in

the hadronic calorimeter, the set of all other entities {k} and the beam B, one

defines in a particular way two metrics. From these, we calculate the distance

dij , where j ∈ {k} is the entity closest to i under the metric, and an ‘absolute’

distance diB. If dij < diB, the clustering algorithm combines the 4-momentums

of i and j into a new entity. If dij ≥ diB, i is declared as a jet and removed from

the set {k}.

Simulations: For phenomenological studies, it is of interest to numerically

study processes at the LHC. The simulation of LHC processes takes place over

several steps.

1. A sample of events at parton level are generated for a given model and final

state. A common software in use to do this is MadGraph [79]. Theoretical

models are implemented using the Feynrules package and are loaded into

MadGraph [80, 81].

2. Given an ensemble of events at parton level, one simulates their showering

and hadronization. This is commonly done using Pythia [77], Herwig++

[82], and SHERPA [83]. In doing so, one must take care to include matching

for jets. Matching is a Monte Carlo procedure necessary because identical

QCD final states in certain regions of phase space can be generated both

at the parton level and by showering. This leads to a double counting of

the weight of that particular event.
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3. Lastly, one must include detector effects. There are two ways to do this.

One way is to parametrize detection efficiencies according to angles, mo-

mentum and particle ID. Secondly, one can directly simulate the detector

response to the passage of particles through it. This is what we have done

for the milliQan experiment using the Geant4 toolkit [84].

1.3 Outline of the thesis

Up until now, we have given a pedagogical overview of the background material

that is needed to understand subsequent chapters. This included an overview of

the BSM physics that we will be interested in probing, the experiments at which

we will motivate these searches, the objects and variables x that are relevant

for these searches at neutrino and collider experiments, and lastly an overview

of the statistical framework we are using to characterize the sensitivity of these

searches. We now describe the outline for the subsequent chapters.

In Chapter 2, we discuss the milliQan experiment to detect mCPs at the

LHC, for which a prototype is currently being installed. At the time of writing,

milliQan was a proposed experiment for which we constructed a fully functional

Geant4 simulation, as well as a C++ analysis that reads in the ROOT files

[85] generated in the simulation and performs a sensitivity study. This detector

simulation was important to model certain effects, such as the attenuation length

of photons in scintillators, deflections in the path of mCPs due to energy losses,

and tests of various coincidence detection strategies. From a politics perspective,

it acted as a proof of concept for our Letter of Intent, which was ultimately

successful in gaining approval.

In Chapter 3, we discuss searching for mCPs at the intensity frontier. Surpris-

ingly, there is not much literature in the way of using beam dump experiments

as a production factory for mCPs. The results from the dedicated SLAC exper-

iment [86] has set stringent bounds for masses and couplings relevant for beam

dumps. That said, we show that we can already leverage existing data at LSND

[87] and recast it to obtain bounds that slightly improve upon the SLAC lim-

its in certain areas. Any improvements one can obtain is important, and very

difficult since the bounds on ε scale roughly as the 8th root of luminosity. Fur-

thermore, we show how future neutrino experiments can outperform the SLAC
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and LSND experiments, and provide complementary sensitivity to milliQan for

masses between 0.1 GeV − 5 GeV.

In Chapter 4, we motivate a search for heavy neutral leptons. We provide

the first comprehensive sensitivity analysis for this model for masses between

1 MeV−10 TeV, obtaining limits from existing and projected experiments across

colliders, neutrino experiments, SN1987A cooling and BBN. In the process, we

rule out certain regions of interest for this model that were posited to explain

the LSND and MiniBooNE anomalies.

In Chapter 5, we extend existing work on neutrino trident production. Stan-

dard model neutrino trident production was the object of several searches in the

90s [46, 47, 48], and was recently revived as a very powerful probe of Z ′ models

gauged under Lµ−Lτ [43]. Neutrino trident production involves the creation of a

pair of oppositely charged leptons from an incoming neutrino. In previous work,

the lepton pairs that were considered were only muon flavors. We extended this

work by calculating production rates at SHiP and DUNE for mixed flavor pairs

involving combinations of electrons, muons and tauons. We demonstrated that

certain standard model mixed flavor trident modes can be produced at higher

rates than conventional NTP.

In Chapter 6, we study how effective mixed trident production is in search-

ing for new leptophilic charged scalars. We find that depending on the flavor

structure of these new scalars, mixed flavor trident can easily outperform con-

ventional NTP. In some cases, it also becomes very competitive with certain

precision measurement bounds.

In Chapter 7, we present preliminary results of a proposed search for electri-

cally charged scalars, which are also charged under SU(3)×SU(2). We motivate

this search at the LHC, and consider a final state topology that has yet to be

considered in existing searches. We show that this new topology, based on soft

leptons, low missing energy, and many jets, can beat existing searches that we

have recasted.

Lastly, in Chapter 8, we conclude and provide an outlook on the work pre-

sented in this thesis.
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Chapter 2

Letter of intent to install a milli-charged particle

detector at LHC P5

2.1 Preface

We propose a dedicated experiment to search for mCPs. The proposed experi-

ment is a model-independent probe of mCPs, since it relies only on the masses

and charges of such particles. A prototypical model of mCPs [88] consists of an

abelian gauge field A′µ that couples to a massive Dirac fermion ψ of mass MmCP

and to hypercharge via kinetic mixing. A simple field redefinition removes the

kinetic mixing, yielding the Lagrangian

L = LSM −
1

4
A′µνA

′µν + iψ̄
(
/∂ + ie′ /A′ − iκe′ /B + iMmCP

)
ψ. (12)

The new matter field ψ therefore has an electric charge of ε ≡ κe′ cos θW /e� 1,

a milli-charge. The parameter space spanned by the mass and charge of the

mCPs is constrained by indirect observations [89, 90], although these can of-

ten be evaded by adding extra degrees of freedom. Previous experiments have

also looked for non-quantized charged particles [26, 91]. However, the parameter

space for mCPs with masses 0.1 GeV . MmCP . 100 GeV and charges at the

10−3 ≤ ε ≤ 10−1 level are largely unexplored by direct searches. In particular,
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the CMS/ATLAS sensitivity to mCPs in monojet and missing energy searches is

precluded by the penalty on the cross-section associated with initial state radia-

tion. In the following, we summarize a recent proposal to construct a dedicated

detector at the LHC to target this unexplored part of parameter space.

In order to evaluate the projected sensitivity of the experiment for various

electric charges and masses, we performed a full simulation of the experiment,

including a Geant4 [84] model of the detector. In the first stage, Madgraph5

and Madonia were used to simulate the production of mCPs via Drell-Yan, J/Ψ,

Υ(1S), Υ(2S), and Υ(3S) channels at 14 TeV COM energy [79]. Particles pro-

duced at the interaction point were propagated using a map of the CMS magnetic

field to the proposed experimental site. The effects of multiple scattering and

energy loss were included. In the second stage, we calculated the signal efficiency

by running the kinematic distributions of mCPs at the proposed experimental

site through a full Geant4 simulation of the detector based on the specifications

provided by the manufacturers for Saint-Gobain BC-408 plastic scintillators and

Hamamatsu R329-02 PMTs [92, 93]. This was important to model the reflectiv-

ity, the light attenuation length, the dependence on small electric charge, and to

test different coincidence strategies.

This paper appears on arXiv as

• Austin Ball et al. “A Letter of Intent to Install a milli-charged Particle

Detector at LHC P5,” (2016), arXiv:1607.04669 [ins-det]

and in an internal CMS note as

• CMS IN-2016/002.

A compressed version of this paper also appears in a conference proceeding as

• Gabriel Magill. A Milli-Charged Particle Detector at LHC P5. DESY-

PROC, pages 39-42, Hamburg, Jun 2017. 12th Patras Workshop on Axions,

WIMPs and WISPs, Jeju Island (South Korea), 20 Jun 2016 - 24 Jun 2016,

Verlag Deutsches Elektronen-Synchrotron.

Contribution of author (reproduced from Declaration of Authorship): Gabriel

Magill developed the Geant4 simulation (in collaboration with James London
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in the early stages), and the generation of the kinematic distributions of milli-

charged particles at the LHC interaction point using MadGraph. He also wrote

the section in the Letter of Intent pertaining to these sections. The passage of the

milli-charged particles from the LHC interaction point to the detector was done

by Bennett Marsh and Frank Golf. Obtaining a realistic fully functional Geant4

simulation of the milliQan detector was one of the biggest and most important

components of these papers, which required over a year of work.

2.2 Paper
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Abstract

In this LOI we propose a dedicated experiment that would detect “milli-charged” particles

produced by pp collisions at LHC Point 5. The experiment would be installed during LS2 in

the vestigial drainage gallery above UXC and would not interfere with CMS operations. With

300 fb−1 of integrated luminosity, sensitivity to a particle with charge O(10−3) e can be achieved

for masses of O(1) GeV, and charge O(10−2) e for masses of O(10) GeV, greatly extending the

parameter space explored for particles with small charge and masses above 100 MeV.
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I. INTRODUCTION

In an effort to explain galactic dark matter, the idea of additional “sectors” beyond the

SM has received considerable attention with a variety of examples (hidden valleys, secluded

sectors, dark sectors, hidden sectors). The experimental searches for evidence of these sectors

are driven largely by two factors: the particular way by which the extra sector is coupled to

the SM; and the mass scale(s) in the extra sector. The specific details of the extra sector (the

precise gauge group, the number of extra particles, etc.) are often not of great importance

in designing the search.

In this LOI we propose a dedicated experiment to search for milli-charged particles

(mCP). Since the search depends only on the mass and charge of such particles, one can

view this search as part of the general program to search for additional sectors but to give a

concrete example, we consider an extra abelian gauge field that couples to a massive Dirac

fermion (“dark QED”) and that mixes with hypercharge through the kinetic term [1],

L = LSM + Lextra−sector (1)

Lextra−sector = −1

4
A′µνA

′µν + iψ̄
(
/∂ + ie′ /A

′
+ iMmCP

)
ψ

−κ
2
A′µνB

µν . (2)

Here ψ is a Dirac particle of mass MmCP that is charged under the new U(1) field A′µ with

charge e′, and the field-strength is defined as A′µν = ∂µA
′
ν − ∂νA′µ. The last term in Eq. (2)

is a kinetic mixing term between the field strength of the new gauge boson and that of

hypercharge [21].

Eliminating the mixing term by redefining the new gauge boson as, A′µ → A′µ + κBµ

results in a coupling of the charged matter field ψ to hypercharge (as well as an immaterial

redefinition of the hypercharge coupling),

L = LSM −
1

4
A′µνA

′µν

+ iψ̄
(
/∂ + ie′ /A

′ − iκe′ /B + iMmCP

)
ψ. (3)

The new matter field ψ therefore acts as a field charged under hypercharge with a charge

κe′, a milli-charge [1]. The mCP ψ couples to the photon and Z0 boson with a charge

2
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κe′ cos θ
W

and −κe′ sin θ
W

, respectively. The fractional charge in units of the electric charge

is therefore ε ≡ κe′ cos θ
W
/e, where ε� 1.

Previous experiments have looked for non-quantized charged particles [2–5]. The param-

eter space spanned by the mass and charge of the mCPs is also constrained by indirect

observations from astrophysical systems [3, 6–8], the cosmic microwave background [9, 10],

big-bang nucleosynthesis [11], and universe over-closure bounds [6]. While direct searches

robustly constrain the parameter space of mCPs, indirect observations can be evaded by

adding extra degrees of freedom. In particular, the parameter space for mCPs with masses

MmCP 0.1 <∼MmCP
<∼ 100 GeV is largely unexplored by direct searches.

A natural question is whether the current general-purpose LHC experiments can improve

sensitivity in the parameter space for mCPs with masses MmCP 0.1 <∼MmCP
<∼ 100 GeV.

A recent analysis looking for low ionizing particles in CMS excluded particles with charge

±e/3 for MmCP < 140 GeV and particles with charge ±2e/3 for MmCP < 310 GeV [5].

For fractional charges much smaller than unity, mCPs could be detected in monojet plus

missing energy searches. However, for electroweak production of new quasi-invisible states,

such as the mCPs studied here, the penalty on the cross-section associated with initial

state radiation precludes CMS/ATLAS sensitivity to such particles, even with the very

large datasets envisaged for the HL-LHC. Thus, to detect mCPs at the LHC, an alternative

experimental strategy is needed.

In Ref. [12] some of the authors of this LOI proposed a new search to be conducted

at the LHC with a dedicated detector targeting this unexplored part of parameter space,

namely mCP masses 0.1 <∼MmCP
<∼ 100 GeV, for charges Q at the 10−3 e−10−1 e level. The

experimental apparatus envisaged in this paper was one or more scintillator detector layers

of roughly 1 m3 each, positioned near one of the high-luminosity interaction points of the

LHC. The experimental signature would consist of a few photo-electrons (PE) arising from

the small ionization produced by the mCPs that travel unimpeded through material after

escaping the ATLAS or CMS detectors. The proposed experiment is a model-independent

probe of mCPs, since it relies only on the production and detection of mCPs through their

QED interactions.

We have found the PX56 Observation and Drainage gallery above the CMS underground

experimental cavern (UXC) to be an ideal site for such an experiment, and we propose in

the following to situate there our experimental apparatus, which we call milliQan.

3
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II. SITE SELECTION

LHC Point 5, Cessy is host to the Compact Muon Solenoid (CMS) experiment and its

supporting infrastructure. As such, the appropriate services are available for the installation

and operation of milliQan. We propose that the detector be set in the PX56 drainage gallery

located above CMS UXC. Material access is limited by a door measuring 0.9 m × 2.1 m.

That door links the drainage gallery and the platform installed in the shaft. This platform is

within the coverage area of the overhead crane installed in the assembly hall building (SX5).

Any components larger than a regular toolbox will have to be lowered to the gallery using

the overhead crane and then passed through this door. Personnel access will be through

a sector door located between the PM54 staircase and the drainage gallery. The door is

interlocked with the LHC access control system. This entails that no access to milliQan

will be possible while the LHC is in operation. The electrical infrastructure available in the

CMS service cavern (USC55) can be expanded to bring power to milliQan using existing

cable channels in the PM54 shaft. Our studies indicate that forced air from a portable air

conditioning unit should provide sufficient cooling to hold the PMTs somewhat below room

temperature and reduce the backgrounds from dark noise.

The proposed gallery is limited in space. Knowing this, a 3D model was combined with

a laser scan of the gallery to give a best as-built estimation. Using the model an optimal

position was found which offered; a distance to the IP of 33 m, 17 m of which is through

rock, an angle of 43.1 degrees from the horizontal plane. Under these conditions clearance

between the corners of the detector and the gallery can be as little as 30 mm. The selected

location in the 3D model is shown in Figure 1. Clearance increases as the detector is moved

away from the IP so the final position may come down to a compromise. These values

are current best estimates; some small amounts of variation in the final design should be

expected.

While the installation of the detector is not anticipated to present major challenges, a

detailed work sequence is being studied. It will allow identifying the logistics operations

required to move the components to their final destination in the drainage gallery and the

corresponding necessary tooling. The study will also investigate a workflow for assembly,

mounting and then alignment of the detector. A preliminary assessment shows that the

CERN survey group will be able to align milliQan with a precision of about 2 cm. Safety

4
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FIG. 1: 3D model showing optimal position of milliQan within the PX56 Drainage and

Observation gallery located above CMS UXC.

aspects associated with installation, operation and maintenance of the detector will also

have to be further studied. Fire loads and access requirements are all constraints to be

considered. It is already certain that the detector support structure must allow a passage

of at least 60 cm through the gallery. During access periods, this will require the detector

to be moved into a “stowed” position where the length of the detector will be parallel with

the wall of the gallery.

In terms of beneficial occupancy of the drainage gallery, this proposal has already been

run through various LHC operation bodies and no conflicts were identified. In particular,

we have received confirmation from the LHC integration office that they have no plans to

ever install anything in the drainage gallery and that from their point of view it is available

for use for milliQan. While still a lot of design and integration work has to be done, it

seems that this scheme has a strong chance of meeting the requirements to install milliQan

at point 5 in a reasonably short time.

5
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III. RELATIONSHIP WITH CMS

A design requirement is that milliQan would be operated with no interference to CMS

operations. The milliQan detector will self-trigger to a dedicated readout as described in

Section VII. The only critical needs from CMS would be basic infrastructure such as power

and ethernet, and read access to the CMS BRIL DB in order to receive information on the

luminosity delivered to Point 5. The experiment would also need access to the LHC clock,

which could be provided by a TCDS fiber. TCDS fibers can also provide run/luminosity

section/orbit markers that would be used to synchronize milliQan with the CMS luminosity

system. Finally, while not a requirement, access to the BPTX signals via LEMO cables

would be useful to be able to distinguish collisions from empty buckets.

IV. DETECTOR CONCEPT

The detector that we propose to install at the location described in Section II is a 1 m ×
1 m × 3 m plastic scintillator array. The array will be oriented such that the long axis

points at the nominal CMS IP. The array is subdivided into 3 sections each containing

400 5 cm × 5 cm × 80 cm scintillator bars optically coupled to high-gain PMTs. A triple-

incidence within a 15 ns time window along longitudinally contiguous bars in each of the 3

sections will be required in order to reduce the dark-current noise, which we expect to be

the dominant background [22].

A Q = 1e minimum-ionizing charged particle leaves roughly 2 MeV/cm in a material of

density 1 g/cm3 [13]. For plastic scintillator, such energy deposition results in about 104

photons per MeV, meaning 1.6×106 photons would be liberated in a 80 cm long scintillator.

For a particle with electric charge Q < 1e, the energy deposition is reduced by the factor

of Q2 resulting, for fractional charges at the lower limit of the sensitive range, in just a few

photons liberated on average in the same 80 cm long scintillator. Allowing for an estimated

detection efficiency of about 10%, we therefore expect an average of O(1) photoelectron

(PE) from each attached phototube for each mCP with Q = O(10−3) e that traverses our

80 cm plastic scintillator [2]. The signal we will search for is a longitudinal triple-incidence

of hits with one or more PEs. Requiring triple-incidence will control the background to

O(10) events per year with NPE ≥ 1, as discussed in Section VIII.

6
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V. MECHANICS, COOLING, AND MAGNETIC SHIELDING

We are developing the mechanics to support the detector in the drainage gallery site so as

to allow both modular assembly and movement of the detector to a stowed position during

access periods.

We have a working design consisting of three stacks, one for each of the three layers

along the mCP flight direction, that can be separately assembled. The scintillator bars are

mounted on trays within each stack as sketched in Fig. 2. The three stacks, each of which

might weigh up to ∼ 2000 kg, will be mounted on an adjustable platform that can tilt the

full assembly to point toward the collision point, or be retracted to a horizontal orientation

to be moved aside during access periods.

FIG. 2: A sketch of the working design for the mechanical support. The rows of scintillator

bars and PMTs are mounted in trays within three separate stacks. The middle stack is

offset horizontally by 1/2 unit as discussed later in this document. An adjustable platform

supports all three stacks and can be tilted to point toward the collision point for data

taking or be retracted to a horizontal orientation during access periods.

The sides of the assembly would be covered with a mu-metal skin for magnetic shielding

and enclosed for temperature control. The size of the drainage gallery leaves little clearance

at the corners of the detector, which constrains the thickness and mounting in those regions.

However, the space along the sides of the detector is not constrained. We envision using
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that space for the hoists necessary for positioning and retractions as well as the cable plant

and cooling.

As discussed below, the dominant background is expected to arise from PMT dark cur-

rent, which can be reduced by cooling the PMTs below room temperature. The limited

infrastructure available in the drainage gallery hinders the use of water cooling, but we ex-

pect the estimated heat load of a few kW could be managed with forced air cooling from a

locally positioned air conditioning unit.

Such a design appears to be workable without significant infrastructure demands. We are

proceeding to study specific engineering options in more detail.

VI. POWER AND CALIBRATIONS

PMTs that meet the required specifications in terms of pulse rise time, dark current and

counting rates, and quantum efficiency require applied high voltages (HV) between 1−2.5 kV

and have maximum current ratings of 0.2−0.5 mA. For the detector design using 12 read-out

channels per module, the HV power supply (HVPS) must provide approximately 10 mA per

module. In order to minimize costs, we aim to use one HV power supply to power 10 modules

(120 channels), and thus we require a HVPS rated to approximately 100 mA and 500 W. For

a 100 module detector, 10 HVPS are required and the total power requirement would thus be

approximately 5 kW. Several commercial HVPS systems exist that meet these requirements.

For example, the Glassman model number PS/EK03R200-GK6 provides an output of ±3 kV

with a maximum of 200 mA, and features controllable constant current / constant voltage

operation. Regulation and monitoring of the power supplied to the detector will be required

on both the module distribution boards and the front-end distribution boards. In both

cases, over-current and over-voltage protection will be necessary both for safety and in order

to protect the front-end electronics from damage. The monitoring may be accomplished

by a measurement circuit that digitizes and transmits the measured voltages and currents

over a serial bus to the slow control system for the detector by a generic, CERN built data

acquisition board called an Embedded Local Monitoring Board (ELMB) [14].

Energy calibration will be done in situ using an 241Am source, which yields a 60 keV

X-ray. Calibration runs performed at specified intervals will track the PMT+scintillator

response as a function of time. In addition to energy calibration, an LED pulser that can
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deliver a stable light pulse into each scintillator will also be deployed. The LED system

will be used to monitor drift in response of the PMT+scintillator as a function of time in

between 241Am source calibrations as well as detect any inefficient or non-functional readout

channels.

VII. TRIGGER AND READOUT

Analog pulses from the PMTs must be read out, digitized, and stored for offline analysis.

Furthermore, as the pulse rate per PMT is large, a trigger will be used to record only those

pulses during interesting time windows when significant activity in the detector is observed,

with at least two of the three layers in a 2× 2× 3 detector module having a pulse above the

single PE threshold. Fortunately, commercial electronics are available for performing these

tasks in a simple way at reasonable cost.

The triggering and readout can be performed by the CAEN V1743 digitizer, which uses

the SAMLONG chip. The VME board has 16 channels, each of which is sampled at 3.2

GS/s (a sample each 312.5 ps) into a 1024 analog buffer ring (320 ns long). Analog noise

is about 0.75 mV per channel, allowing good identification of and triggering on single PE

signals, which can easily be above 3 mV. The only drawback of the analog buffer approach is

that the board is dead while digitizing the buffer, which takes 20-125 µs, depending on how

much of the buffer, i.e. what fraction of the 320 ns, is digitized. This results in a deadtime

of <∼ 10 %, even at 1kHz trigger rate, and the time within ∼ 10 µs after a trigger is anyways

of low quality due to the presence of PMT afterpulses. Seven buffers are available to hold

triggered events in RAM until it is read out, either over VME or an optical link. Thus there

is no dead time from readout, up to rates of ∼ 1 kHz. The digitization is done with 12 bits

of precision, and the dynamic range is 2.5 V, allowing good resolution of 2500 mV / 4096 =

0.61 mV.

The board is also capable of self-triggering on each channel’s analog sample, via a 16-bit

discriminator with a resolution of 0.04 mV, for each channel. The triggers for each pair of

channels (0+1, 2+3, etc.) are then ORed (or ANDed) together within the board FPGA, so

that 8 trigger bits are available per event. These are then compared, further in the board’s

FPGA, and can be required to form coincidences within an adjustable length time window.

We envision ORing together the pairs of channels, which would be connected to channels in
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the same longitudinal 2× 2 detector layer. We then would ask that at least 2 such bits are

fired within a 15 ns window (the smallest time window available, but roughly optimal for our

pulse resolution and triggering needs). This means that at least two scintillator bars (not in

the same part of a layer) are above threshold coincidently. When a coincidence is triggered

in one board’s channels as just discussed, it can be propagated to the other boards of the

experiment via an external trigger lemo input. Data will be read out via CAEN CONET 2

over an optical fiber to a PCI card, which can sustain up to 80 Mbps, which is an order of

magnitude more than the expected event data rate, as discussed in section VIII.

The CAEN V1743 digitizer board is capable of handling an external clock, and distribut-

ing it across multiple boards via an external clock sync in lemo cable. And the board has a

16-bit LVDS input that can be used as an event identifier to tag events for offline identifica-

tion. Additional background rejection can be obtained by requiring scintillation signals to

be coincident with the expected arrival time of particles produced in LHC collisions. This

can be achieved by sending the LHC clock to the readout system and recording the phase

of the clock for each triggered event. The clock signal will be sent on a fiber from the CMS

Trigger and Clock Distribution System (TCDS), which will also carry CMS run start and

stop signals, as well as “luminosity section” and orbit counter reset signals. These signals

will allow recorded events to be correlated with the CMS luminosity database, enabling the

cross-section of a signal to be measured. The TCDS fiber will be received by a dedicated

clock and timing module, comprising an FPGA, an SFP carrier for reception of the optical

fiber, and LVDS outputs to the readout cards. (Various FPGA evaluation boards are suit-

able, for example the Xilinx Spartan 6 SP605). The TCDS signals will be decoded in the

FPGA, which will contain counters recording the LHC clock phase, as well as the CMS run,

luminosity section and orbit number, for each trigger.

VIII. BACKGROUNDS

The dominant background is expected to come from dark-current pulses in the PMTs.

Additional, sub-dominant, sources of background include activity in the scintillator from

background radiation and photo-multiplier afterpulsing. In Ref. [12] we assumed a dark-

current background rate for a single PMT to be 550 Hz for a single-PE threshold. To get

a more accurate estimation of this rate, we constructed a test setup using a 3” Bicron-412
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scintillator coupled to a 3” Hamamatsu H2431 PMT at 3 kV, readout with a CAEN V1743

digitizer, described in Section VII. Once the board receives a triggering event, the analog

buffer is digitized. During this digitization window, which lasts approximately 100 µs, no

additional trigger can be accepted. Using this test setup, we measured a dark-current rate

of approximately 1 kHz at room temperature. By reducing the high voltage and cooling the

PMT we are able to significantly reduce the background rate. The studies are still ongoing,

but with these handles and by optimizing the choice of PMT we expect to be able to bring

the rate to below 500 Hz.

The vast majority of pulses from background radiation, including cosmic muons, will

consist of a large number (>1000) of PEs. By implementing an offline veto of these large

pulses, for example those with more than 10 PEs, these backgrounds can be dramatically

reduced. Whenever a pulse enters a photo-multiplier, there are smaller after-pulses that are

generated. These small after-pulses occur within approximately 10 µs of the original large

pulse. Since the large pulse will trigger the board, the small after-pulses will fall within the

digitization deadtime of the CAEN V1743 and thus be vetoed.

The rates from all background sources will be greatly reduced by the requirement of a

3-fold coincidence between the layers of the detector. However, a remaining background

source is cosmic muons which pass along the edge of all three scintillator layers. Such a

glancing trajectory could result in a small pulse in each of the 3 PMTs. To account for

this possibility, we will offset the middle layer, eliminating such trajectories. The remaining

background from cosmic muons would be from trajectories that glance by the first and third

layers and pass through the bulk of the second layer.

With the dominant background coming from the dark-current in the PMT, we assume

a total background rate per PMT of νB =500 Hz. By reading out pairs of PMTs in the

same layer, the rate per group would be 2νB. Each CAEN V1743 board would receive input

from 6 such pairs, 2 in each layer, leaving 2 groups without input. With a reasonably robust

time window of (∆t)online = 100 ns, the double coincident trigger rate per-board will be
(

6
2

)
(2νB)2 (∆t)online = 1.5 Hz. The entire detector will be read out if one board triggers and

there will be 50 such boards in total. Therefore, the full background trigger rate is expected

to be 75 Hz. Offline we expect to be able to tighten the time window to (∆t)offline = 15 ns

as discussed previously. The offline background rate for a triple coincidence is given by

ν3
B(∆t)2

offline = 2.8 × 10−8 Hz. Since there are 400 such sets, the total offline background
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rate is estimated to be 1.1 × 10−5 Hz. By the end of Run 3 LHC will have delivered 300

fb−1. Assuming an average instantaneous luminosity of 2× 1034 cm−2s−1 and a 50% timing

window efficiency, we calculate a trigger live-time of 1.5× 107 s. During HL-LHC operation,

3000 fb−1 will be delivered with an instantaneous luminosity 1×1035 cm−2s−1, corresponding

to a a trigger live-time of 3.0 × 107 s. We therefore estimate that we will have 165 (330)

background events in 300 (3000) fb−1. However, we expect to be able to use additional

handles (e.g. pulse shapes of the pulses and tighter timing cuts) to further reduce the total

background in these run periods to ∼ 50 (100) events.

These studies provide an estimate of the background rate, which is used below to calculate

the expected sensitivity. Ultimately, the background will be determined from the data, for

example by measuring the rate of near signal-like events such as triple-incidence of single

PE hits that do not point to the collision.

IX. SIMULATIONS AND SENSITIVITY

In order to evaluate the projected sensitivity of the experiment for various mCP elec-

tric charges and masses, we performed a full simulation of the experiment, including a

Geant4 [15] model of the detector. The simulation is performed in two stages. In the first,

Feynrules, Madgraph5 and Madonia were used to simulate the production of mCP

particles via Drell-Yan, J/Ψ, Υ(1S), Υ(2S), and Υ(3S) channels at 14 TeV center-of-mass

energy [16–18]. Particles produced at the interaction point were propagated using a map of

the CMS magnetic field, shown in Figure 3, to the proposed experimental site described in

Section II. Although small for particles with charge Q� e, the effects of multiple scattering

and energy loss were included using a simplified model of the CMS detector material budget

and a region of rock spanning 17 m between the CMS experimental cavern and the proposed

experimental site. The number of expected mCP particles per fb−1 of integrated luminosity

incident at the detector is shown in Figure 4 as a function of the mass of the milli-charged

particle. To illustrate the dependence of the acceptance on the charge, the cross section for

all charge scenarios is normalized to that for a milli-charged particle with Q = 0.1 e.

In the second stage, we calculated the signal efficiency by running the kinematic distribu-

tions of the particles at the proposed experimental site through a full Geant4 simulation of

the detector, as viewed in Figure 5. This was important because although we can estimate
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FIG. 3: Map of the CMS magnetic field in the r–z plane.

part of the efficiency of the detector by hand, the small charge regime is sensitive to details

such as the reflectivity, the light attenuation length, and the shape of the scintillator. These

details, as well as the quantum efficiency, light emission spectrum and the fast time constants

are modeled in Geant4 using the specifications provided by the manufacturers for Saint-

Gobain BC-408 plastic scintillator and Hamamatsu R329-02 PMTs [19, 20]. We defined a

new fermion of variable mass and electric charge. Its electromagnetic interactions consist of

multiple scattering, Bethe-Bloch energy loss and density effects, implemented in Geant4

using the “G4WentzelVIModel” and “G4hIonisation” packages, which are documented in

the source files. Figure 6(a) shows how the efficiency of a single scintillator bar changes as a

function of electric charge when varying the transverse dimensions and the reflectivity, for a

0.1 GeV mCP. Figure 6(b) shows the same plot for the full detector, requiring a 15 ns triple

coincidence. In both plots, we compare the Geant4 efficiencies to the efficiencies assumed

in the Ref. [12]. The probability of seeing one or more photoelectrons in each layer of the

detector was parametrized using Poisson statistics by

P = (1− exp [−NPE])3 , (4)
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FIG. 4: Number of expected mCP particles per fb−1 of integrated luminosity incident at

the detector as a function of the mass of the milli-charged particle. To illustrate the

dependence of the acceptance on the charge, the Q2 production dependence has been

factored out by normalizing the cross section for all charge scenarios to that for a

milli-charged particle with Q = 0.1 e.

where NPE =
(
Q
ξ

)2

is the average number of photoelectrons produced for a given charge.

The constant of proportionality ξ was estimated by finding the electric charge that gives 1

photoelectron, given the material light yield, a 10% detection efficiency, the length of the

scintillator and typical energy deposits of a minimally ionizing particle. It was found to be

ξ ≈ 0.0024. Comparing this estimate to the Geant4 efficiencies, we find good agreement,

especially for the large mass regime (not shown). The mCPs in the lower mass regime are

more relativistic, and deposit less energy.

Combining the estimated background rates discussed in Section VIII with the cross-

sections, acceptances and efficiencies calculated for all masses and electric charges, the sen-

sitivity projections of the milliQan experiment for LHC and HL-LHC are shown in Figure 7.
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(a)

(b)

FIG. 5: Depiction of the (a) full detector and (b) a single scintillating block with coupled

phototube, as implemented in the Geant4 detector simulation. The mCP is yellow and

radiated photons are green.
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FIG. 6: Efficiencies for (a) a single scintillator block and coupled PMT and (b) the whole

detector with 15ns triple-incidence, as determined from the Geant4 detector simulation.
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FIG. 7: Expected sensitivity for different LHC luminosity scenarios. The black line shows

the expected 95% C.L. exclusion (solid) and 3σ sensitivity (dashed), assuming 300 fb−1 of

integrated luminosity. In blue we show the corresponding expectations for 3000 fb−1.

X. TIMELINE AND NEXT STEPS

We aim to have the experiment ready for physics during Run 3. To that end, we envisage

the following timeline:

• Construct small fraction of detector (∼ 10%) in next 2 yrs

• Install partial detector in PX56 by end of Run 2 (YETS 2017 + TS in 2018)

• Commission and take data in order to evaluate beam-on backgrounds in situ

• Construction + Installation of remainder of detector during LS2 (2019–2020)

• Final commissioning by spring 2021

• Operate detector for physics for duration of Run 3 and HL-LHC (mid 2021–)

The next step in the milliQan project is to seek external funding to enable at least the

10% construction. No such funding has yet been secured for this project, but one or more

proposals to one or more funding agencies are being prepared for the near future.

17

Ph.D. Thesis – G. Magill; McMaster University – Physics and Astronomy

39



XI. SUMMARY

In this LOI we have proposed a dedicated experiment that would detect “milli-charged”

particles produced by pp collisions at LHC Point 5. The experiment would be installed

during LS2 in the vestigial drainage gallery above UXC and would not interfere with CMS

operations. Our calculations and simulations indicate that with 300 fb−1 of integrated

luminosity, sensitivity to a particle with charge O(10−3) e can be achieved for masses of

O(1) GeV, and charge O(10−2) e for masses of O(10) GeV. This would greatly extend the

parameter space explored for particles with small charge and masses above 100 MeV. We

have performed sufficient R&D to encourage us to proceed with securing funding for the

project, and with this letter of intent we express the intention to do so.
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Chapter 3

Millicharged particles in neutrino experiments

3.1 Preface

In this paper, we re-interpret existing single electron measurements at Mini-

BooNE and LSND to derive new bounds on mCPs. We demonstrate how fu-

ture experiments can improve upon these results by calculating expected single

electron rates at these facilities. We focus primarily on elastic scattering with

electrons, since this channel is enhanced in the low-Q2 regime. In this limit, it is

straightforward to calculate that σeχ ≈ 4πα2ε2/Q2
min, where Q is related to the

recoil energy of the electron via Q2 = 2me(Ee−me). For nucleon scattering, the

cross section is suppressed by 1/mp rather than 1/me. An experiment’s recoil

energy threshold, E
(min)
e , then sets the scale of the detection cross section as

σeχ = 2.6× 10−25cm2 × ε2 × 1 MeV

E
(min)
e −me

. (13)

The data we use at LSND [87] includes electron recoils between 18 MeV−52 MeV.

At future LAr-TPC detectors, based on their stopping power and interwire spac-

ing of 3 mm, it may be feasible to consider electron recoils as low as 0.8 MeV−
2 MeV. Consequently, sensitivity to mCPs can be greatly enhanced at future

experiments, producing approximately 60 times more mCPs per POT than at
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LSND. Furthermore, backgrounds can be reduced since LAr-TPC detectors can

veto photons and can use accurate directional and timing information to remove

other sources of backgrounds, such as cosmic particles. We consider mostly pro-

duction via the π0 and η mesons. At future experiments such as DUNE and

SHiP, the POT energies are respectively 80 GeV and 400 GeV. This opens up

the possibility of producing mCPs from heavy mesons such as J/Ψ and Υ, and

from Drell-Yan production at the proton target. As such, these neutrino ex-

periments may have sensitivity to mass regions that overlap with the milliQan

experiment. This would provide two extremely different probes of mCPs in the

mass range between 0.1 GeV and 5 GeV and would serve as a useful cross-check.

Contribution of author (reproduced from Declaration of Authorship): Ryan

Plestid was responsible for upgrading the meson decay packages. Gabriel Magill

was responsible for implementing/developing the pipeline to perform the sensitiv-

ity studies at the intensity frontier experiments. Yu-Dai performed the Drell-Yan

calculations. Ryan and Gabriel both contributed significantly to the writing of

the paper. This paper appears on arXiv as:

• Gabriel Magill, Ryan Plestid, Maxim Pospelov, and Yu-Dai Tsai, “Mil-

licharged particles in neutrino experiments,” (2018), arXiv:1806.03310 [hep-

ph]

and will be submitted to PRL.
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We set constraints on millicharged particles (mCPs) based on electron scattering data from Mini-
BooNE and the Liquid Scintillator Neutrino Detector (LSND). Both experiments are found to
provide new (and leading) constraints in certain mCP mass windows: 5 − 35 MeV for LSND and
100−180 MeV for MiniBooNE. Furthermore, we provide projections for the ongoing SBN program,
the Deep Underground Neutrino Experiment (DUNE), and the proposed Search for Hidden Particles
(SHiP) experiment. Both DUNE and SHiP are capable of probing parameter space for mCP masses
ranging from 5 MeV − 5 GeV that is significantly beyond the reach of existing bounds, including
those from collider searches and SLAC’s mQ experiment.

Introduction: The extensions of the Standard Model
(SM) by light weakly charged particles, and their probes
at the intensity frontier experiments have become an im-
portant direction of modern particle physics [1]. One
of the simplest and most natural ways of coupling new
particles to the SM is via a “kinetic mixing” or “hyper-
charge portal” [2, 3], which at low energy may lead to
millicharged particles (mCPs), that would seemingly con-
tradict the observed quantization of electric charge in na-
ture [4]. In recent years, a wide class of related models
were studied in connection with dark matter [5–7] (see
also [8–16]), and mCPs can be viewed as a specific limit
of those theories.

It is well appreciated that both proton and electron
beam dump experiments provide sensitive probes of
vector portal models. In particular, production and
scattering of light dark matter [9] has been studied as a
function of mediator mass mA′ , dark sector coupling αD,
dark matter mass mχ, and kinetic mixing parameter εY .
Depending on the relation between these parameters,
either the past electron beam dump facilities [12] or the
proton fixed target experiments with a primary goal of
neutrino physics [10, 13] provide the best sensitivity.
However, the simplest limit of mA′ → 0, when the pa-
rameter space simplifies to the mass and effective charge
of mCPs, {mχ, ε}, was analyzed only in the context of
electron beam dump experiments [17, 18]. Clearly, fixed
target neutrino experiments, such as the existing data
from MiniBooNE [19] and the Liquid Scintillator Near
Detector (LSND) [20], and the soon to be released data
from MicroBooNE, the ongoing SBN program [21], the
Deep Underground Neutrino Experiment (DUNE) [22],
and the proposed Search for Hidden Particles (SHiP)
[23] serve as a fertile testing ground of MeV–GeV physics
due to their inherently high statistics [10, 13, 24, 25].
These experiments all serve as promising avenues to
probe the mCP model.

The purpose of this Letter is twofold: First, we demon-
strate that existing data from LSND provides leading
bounds on mCPs (slightly surpassing existing constraints
from SLAC’s mQ experiment [17]) in the low mass regime
(mχ . 35 MeV). Likewise, newly released data from
MiniBooNE [19] can set more stringent bounds on mCPs
in the mass range of 100 MeV . mχ . 180 MeV. Second,
we predict that by optimizing search strategies at ongoing
and upcoming experiments (such as MicroBooNE,SBND,
DUNE, and SHiP), fixed source neutrino experiments can
serve to provide leading bounds for mCP masses over the
full range of masses 5 MeV . mχ . 5 GeV. The detection
signature of mCPs in these experiments is elastic scatter-
ing with electrons, and we find that detection prospects
are highly sensitive to the threshold imposed on the elec-
tron’s recoil energy. Therefore, significant gains in sen-
sitivity to mCPs may be achieved by future experiments
by optimizing the detection of low energy electrons.

Our results have direct implications for models with
late kinetic coupling of dark matter and baryons [30] that
could lead to extra cooling of the baryon fluid and spin
temperature at redshifts z ' 20, which in turn may re-
sult in a more pronounced 21 cm absorption signal. If a
fraction of dark matter is in the form of mCPs, this ex-
tra cooling mechanism can be naturally realized [31, 32],
and fit the unexpected strength of the signal reported
by Experiment to Detect the Global Epoch of Reioniza-
tion Signature (EDGES) [33]. The interpretation of the
EDGES result as shedding light on dark matter-baryon
interactions necessitates a careful consideration of exist-
ing laboratory constraints. In particular, our analysis
reveals that sensitivities from LSND, SBND, SHiP, and
DUNE can explore previously unprobed regions of pa-
rameter space that are favored by the 1%-mCP fractional
dark matter hypothesis [29, 32, 34].

Production and detection: Fixed target neutrino
experiments rely on the production of neutrinos from
weak decays of charged pions. In generating an appro-
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FIG. 1. Exclusion curves for fermionic mCPs (results are
broadly similar for scalars). Existing data is shown as solid
lines, while projections are shown as dashed curves. The
kinematic reach of a given experiment is set by the heavi-
est meson of interest it can produce. This is π0 for LSND,
η for the Booster experiments, and Υ for DUNE. At SHiP,
Drell-Yan production extends the kinematic reach to roughly
10 GeV. The sensitivity of each experiment can be under-
stood via Eq. (4) while the relevant parameters for each ex-
periment are summarized in Table I. The bound on Neff [26]
comes from changing the effective number of neutrinos dur-
ing BBN, while the SLAC mQ and collider bounds are taken
from [17] and [18, 27] respectively. The projected sensitivities
at milliQan are from [27, 28]. Our exclusions apply indepen-
dently of the existence of a dark photon, which would only
introduce additional constraints [29].

priately large flux of π± these experiments necessarily
also produce a similar number [i.e. O(1020)] of π0 [16].
For large beam energies, other neutral mesons (e.g. η, Υ,
J/ψ) are also produced. Any significant branching ratios
to lepton pairs necessarily implies an associated decay to
pairs of mCPs, resulting in a significant flux of mCPs
even for extremely small charges. In the case of η and
π0, Dalitz decays π0/η → γχχ̄ dominate, while for J/ψ
and Υ direct decays J/ψ,Υ → χχ̄ are most important.
The branching ratio for a meson, M, to mCPs is given
roughly by

BR(M→ χχ̄) ≈ ε2×BR
(
M→ Xe+e−

)
×f
(mχ

M

)
, (1)

whereM is the mass of the parent meson, X denotes any
additional particles, and f(mχ/M) is a phase space factor
that decreases slowly as a function of mχ/M . The num-
ber of mCPs passing through the detector is a function of
both the branching ratio and geometric losses which can
vary substantially between experiments (see Table I).

We now turn to the detection of mCPs at neutrino
beam dump experiments, where the predominant signa-
ture is elastic scattering with electrons. The dominance
of electron scattering as a detection signal is related to
the low-Q2 sensitivity of the scattering cross section. Ex-

plicitly, in the limit of small electron mass, we have

dσeχ
dQ2

= 2πα2ε2 × 2(s−m2
χ)2 − 2sQ2 +Q4

(s−m2
χ)2Q4

. (2)

Upon integrating over momentum transfers, we see that
the total cross section will be dominated by the small-
Q2 contribution to the integral. In this limit, we have
dσeχ/dQ

2 ≈ 4πα2ε2/Q4, and so we can see immedi-
ately that σeχ ≈ 4πα2ε2/Q2

min. We may relate Qmin
in the lab frame to the recoil energy of the electron via
Q2 = 2me(Ee −me) [35]. An experiment’s recoil energy
threshold, E(min)

e , then sets the scale of the detection
cross section as

σeχ = 2.6× 10−25cm2 × ε2 × 1 MeV

E
(min)
e −me

. (3)

Consequently, sensitivity to mCPs can be greatly en-
hanced by accurately measuring low electron energy re-
coils (an important feature for search strategies at future
experiments).

Results: We now discuss the details of the modelling
and analysis used to create Fig. 1. The various curves
are obtained by performing a sensitivity analysis [36]:
given a number of predicted background events b and
data n, the number of signal events sup consistent with
the observation and backgrounds at (1 − α) credibility
level is found by solving the equation α = Γ(1 + n, b +
sup)/Γ(1 + n, b) where Γ(x, y) is the upper incomplete
gamma function [37]. Throughout this paper, we choose
a credibility interval of 1 − α = 95% and calculate the
corresponding bounds implied by sup on our mCP model
according to the formula

sup =
∑

Energies

ε4×Nχ(Ei)×
Ne
Area

×σeχ(Ei; mχ)×E . (4)

Here, ε is the mCP electric charge (in units of e), Nχ(Ei)
represents the number of mCPs with energy Ei arriv-
ing at the detector, σeχ(Ei) is the detection cross section
consistent with the angular and recoil cuts in the experi-
ment, Ne is the total number of electrons inside the active
volume of the detector, E is an overall electron detection
efficiency. Finally, “Area” in (4) stands for the active vol-
ume divided by the average length 〈l〉 traversed by parti-
cles inside the detector. The total exposure is contained
in Nχ(Ei). For most of the mCP parameter space under
consideration, electromagnetic decays of mesons provide
the dominant flux contribution, whereas Drell-Yan pro-
duction (DYP) dominates for the large mCP masses that
are only accessible at DUNE and SHiP.

To estimate how many mCPs of energy Ei arrive at the
detector, we model the angular and energy distributions
of the mesons using one of several empirical formulas to
be discussed below. Given a meson produced at a certain
angle and energy, we numerically sample its branching
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N [×1020] Ageo(mχ)[×10−3] Cuts [MeV]

Exp. π0 η 1 MeV 100 MeV Emin
e Emax

e Bkg

LSND 130 — 20 — 18 52 300

mBooNE 17 0.56 1.2 0.68 130 530 2K

mBooNE* 1.3 0.04 1.2 0.68 18 — 0∗

µBooNE 9.2 0.31 0.09 0.05 0.8 40 16

SBND 4.6 0.15 4.6 2.6 0.8 40 240

DUNE 830 16 3.3 5.1 2 40 19K

SHiP 4.7 0.11 130 220 20 50 25

TABLE I. Summary of the lifetime meson rates (N), mCP
detector acceptances (Ageo), electron recoil energy cuts, and
backgrounds at each of the experiments considered in this pa-
per. In all experiments a cut of cos θ > 0 is imposed in our
analysis (∗except for at MiniBooNE’s dark matter run where
a cut of cos θ > 0.99 effectively reduces backgrounds to zero
[38]). For the SHiP and DUNE experiments, we also include
J/ψ and Υ mesons as well as Drell-Yan production which are
discussed in the text. We use an efficiency of E = 0.2 for
Cherenkov detectors, E = 0.5 for nuclear emulsion detectors,
and E = 0.8 for liquid argon time projection chambers. The
data at LSND and MiniBooNE is taken from [39] and [19]
respectively. Projections at MiniBooNE* [40], MicroBooNE
[41], SBND [21], DUNE [22] and SHiP [42] are based on ex-
pected detector performance.

ratio to mCPs over all possible angles and energy in the
lab frame, and determine the fraction of its branching
ratio to mCPs in which one of such particles has en-
ergy Ei and is pointed towards the detector. Repeating
this procedure over all production energies and angles of
the meson yields the meson contribution to Nχ(Ei). For
DYP of mCPs from a quark and anti-quark pair, we inte-
grate over the full production phase-space using MSTW
parton distribution functions [43], and using Heaviside
functions, we select the proportion of events containing
an mCP pointed towards the detector, with energy Ei.

Having given a general overview of how our sensitiv-
ities are obtained, we now focus the discussion on the
details of each experiment. In Table I, we show for each
experiment: the lifetime rates for π0 and η mesons, the
geometric acceptance Ageo(mχ) [44], the cuts that we
have imposed, and the expected number of background
events. Using Eq. (4) this is sufficient information to
approximately reproduce our results.

At LSND, the π0 spectrum is modelled using a
Burman-Smith distribution [45, 46] assuming 2 years of
operation on a water target and 3 years of operation on
a tungsten target. Our LSND analysis is based on [39],
which featured 1.7 × 1023 protons on target (POT), a
beam energy of 0.798 GeV, and a single electron back-
ground of approximately 300 events with energies ranging
between 18 MeV and 52 MeV. We estimate the Ne/Area
in Eq. (4) to be 2.5× 1026 e−/cm2.

The resultant meson spectrum from Fermilab’s Booster
Neutrino Beam (BNB) is relevant for MiniBooNE, Mi-
croBooNE, and SBND. The BNB delivers 8.9 GeV pro-
tons on target and so can produce substantial numbers of
both π0 and η mesons. The former’s angular and energy
spectra are modelled by the Sanford-Wang distribution
[16, 47], and η mesons by the Feynman Scaling hypothesis
[47]. These distributions are common across all three of
the aforementioned experiments. We have compared our
geometric acceptances with those generated using [16]
and reasonable (to within an O(1) factor) agreement.

At MiniBooNE we perform two distinct analyses: First
we consider the recently updated neutrino oscillation
search [19]. We combine data from both neutrino and
anti-neutrino runs and consider a sample of 2.41 × 1021

POT for which we take the single electron background to
be 2.0×103 events and the measured rate to be 2.4×103.
Next, motivated by a dedicated dark matter search with
1.86× 1020 protons on target [48], we consider an antici-
pated parallel analysis [40] involving electron-recoil data.
Backgrounds were suppressed by operating the beamline
in an “off-target” mode, (i.e. not collimating charged pi-
ons), and these can be further suppressed (to zero) by
imposing a cut of cos θ > 0.99 on the electron’s recoil
angle [38]. In both cases we estimate an electron num-
ber density of 3.2 × 1026 e−/cm2. The sensitivity curve
quoted in Fig. 1 assumes that the upcoming analysis re-
ports no signal consistent with mCPs.

At MicroBooNE, the meson rates assume 1.32 × 1021

POT and we estimate that the detector has an electron
density of 3.9 × 1026 e−/cm2. The chosen recoil cuts
are based on the lowest reaches achievable given the wire
spacing in MicroBooNE’s liquid argon detector [41]. The
wire spacing is 3 mm and the ionization stopping power
is approximately 2.5 MeV/cm, so electrons with energy
larger than 0.8 MeV produce tracks long enough to be
reconstructed. Based on this and the requirement for
ionization signals that don’t shower, we limit ourselves
to recoil cuts between 0.8 MeV and 40 MeV. The treat-
ment of SBND is broadly similar to MicroBooNE, but
we assume 6.6 × 1020 POT, which corresponds to half
the run time of MicroBooNE.

At SHiP our results assume 2× 1020 POT and a near
detector 50 m from the beam stop with an electron den-
sity of 2.7 × 1026 e−/cm2. The large beam energies of
400 GeV allow us to include J/ψ and Υ, in addition to
π0 and η. We do not include mesons such as ρ, ω and φ,
because they do not serve to significantly alter the sensi-
tivity offered by J/ψ (although their inclusion would only
serve to increase sensitivity at SHiP for mχ . 400 MeV).
At the energies of SHiP, production of π0 and η can be
described by the BMPT distribution [16, 49]. These dis-
tributions are slightly different depending on the mass
of the meson with the η having a spectrum that is more
forward pointed. We have compared our geometric ac-
ceptances to those obtained using [16] and found reason-
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able agreement, with our acceptances being smaller by a
factor of four. For production of J/ψ, we assume that
their energy production spectra are described by the dis-
tributions in [50]. These distributions rely on production
being highly peaked in the forward direction and param-
eterized as dσ/dxF ∝ (1− |xF |)5, where xF = 2p‖/

√
s is

the meson’s longitudinal component in the COM frame
of the collision. We account for geometric losses by us-
ing an empirical formulae for the pT distribution pro-
vided in [51]. We assume that the production spectrum
of Υ mesons are similarly given, and normalize their to-
tal cross section to the data in [52]. Using this, we have
reproduced the Pb rates in Table 3 of [53] for J/Ψ, and
for Υ we reproduced the Pt rates in Table 1 of [54]. As
for our results in Fig. 1, we estimate NJ/ψ = 2.1 × 1015

with an acceptance of Ageo(100 MeV) = 8 × 10−2, and
NΥ = 1.2× 1011 with Ageo(100 MeV) = 7.2× 10−2. For
large mCP masses, DYP becomes the main production
mechanism. We calibrate our DYP calculations by repro-
ducing the dimuon invariant mass spectrum in Fig. 11 of
[55] from the FNAL-772 experiment [56].

At DUNE, our treatment of meson production is very
similar to the treatment at SHiP. We model pseudoscalar
meson production using the BMPT distribution, as be-
fore, but use a beam energy of 80 GeV [22] and account
for differences in the target material. We also include
J/ψ and Υ mesons and treat them as described above.
Our detector treatment and electron recoil cuts are mo-
tivated by the capability of MicroBooNE’s liquid argon
time projection chamber (LAr-TPC) detector, and in
particular its ability to measure low energy electron re-
coils. We assume 3 × 1022 POT and a 30 tonne liquid
argon detector which corresponds to 5.4× 1025 e−/cm2.
We estimate NJ/ψ = 3 × 1016 with an acceptance of
Ageo(100 MeV) = 2.4 × 10−3 and NΥ = 5.1 × 109 with
Ageo(100 MeV) = 3.7 × 10−3. Lastly, it is important to
point out that our results do not include multiple scatter-
ing effects through dirt. Low velocity mCPs with a mod-
erate charge (i.e. ε & 0.03) might get impeded by their
long transit through dirt. This is relevant for DYP at
DUNE and could weaken our sensitivity formχ & 2 GeV.
Larger ε may also lead to a double scattering of mCPs
inside the detectors, which could be used as an additional
tool of discriminating their signature against the neutrino
background.

We now discuss our modelling of the single electron
backgrounds appearing in Table I. We consider two
classes of backgrounds: those coming from each exper-
iments flux of neutrinos [i.e. νe → νe and νn → ep],
and those coming from external sources such as cosmics,
mis-identified particles, or dirt related events.

We treat neutrino induced backgrounds in detail for
each experiment by summing over the neutrino fluxes
provided by each collaboration and accounting for the
detection efficiencies E . Furthermore, a large background
reduction is obtained by imposing the electron recoil cuts

E
(max)
e shown in Table I. These do not significantly af-

fect the signal (which is dominated by low electron re-
coils), but significantly reduce charged and neutral cur-
rent backgrounds [57, 58].

We model the external sources of backgrounds by mul-
tiplying the neutrino induced backgrounds by an overall
multiplicative factor. LAr-TPC detectors can use timing
and directionality information as vetoes to reduce addi-
tional sources of backgrounds; this is not possible in a
nuclear emulsion chamber. Therefore, we multiply our
neutrino induced backgrounds by a factor of 10 for LAr-
TPC detectors (MiniBooNE, SBND, and DUNE) and a
factor of 25 for nuclear emulsion detectors (SHiP); this
increase in the backgrounds decreases our sensitivity to ε
by 20−30%. Although our naive procedure likely overes-
timates the backgrounds, we emphasize that our results
in Fig. 1 can be easily revised for different background
assumptions according to [37].

Outlook: We have shown that millicharged particles
can be effectively probed at fixed target neutrino exper-
iments due to large number of mesons produced with
electromagnetic decay pathways. This includes using ex-
isting data from both LSND and MiniBooNE that are
able to provide the leading sensitivity to mCPs for cer-
tain sub-GeV masses. Beyond serving as a probe of fun-
damental physics questions such as charge quantization,
this newfound sensitivity has implications for models of
physics beyond the Standard Model. In particular it fur-
ther restricts the parameter space of cosmological mod-
els where a fraction of mCP dark matter results in extra
cooling of baryons that modifies 21 cm physics at high
redshifts.

Equally important are our projected sensitivities at
MicroBooNE, SBND, DUNE and SHiP. The successful
deployment of these experiments as probes of mCPs will
rely heavily on their respective collaboration’s search
strategy. In particular by working to increase the sen-
sitivity to low energy electron recoils the predicted sig-
nal rate can be enhanced, with a scaling proportional to
1/(Ee −me). MicroBooNE in particular has shown pre-
liminary work that suggests good sensitivity to electron
recoils with kinetic energies as low as 300 keV is possi-
ble [41]. If this can be achieved, it is conceivable that
the combined sensitivity of LSND, SBND, MicroBooNE,
and SHiP could provide the leading sensitivity to mCPs
in the full range of 5 MeV . mχ . 5 GeV.

Finally, we close by noting that besides the discussed
current and future neutrino experiments, further progress
may come from new experimental concepts. Significant
progress may come from coupling large underground neu-
trino detectors with purposely installed new accelerators
[13, 59]. Millicharged particles may also be searched
by experiments in disappearance channels [60–62], where
e+e− → γ + χ + χ̄ and Z + e− → Z + e− + χ + χ̄ pro-
duction leads to anomalous missing momentum/energy
from the χ-pair that pass through a detector without
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depositing energy. Because of the advantageous scaling
with ε (second, rather than the fourth power), there are
clear prospects on improving bounds on mCPs above the
100MeV energy range.
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Chapter 4

Dipole portal to heavy neutral leptons

4.1 Preface

In this paper, we consider a phenomenological search for new physics based on

single photon signatures. The model we consider, HNLs, consists of a new heavy

neutral lepton coupling to neutrinos and photons via a dimension 5 dipole op-

erator. We also consider variations of this model that make it symmetric under

the symmetries of the SM. One of the motivations for this model, besides its sim-

plicity, is that it is put forth as a possible joint explanation of the MiniBooNE

and LSND excesses. This region of interest is calculated by considering produc-

tion of HNLs via mass mixing, and decays to single photon final states via an

enhanced dipole operator. We show that existing data can actually constrain

such explanations, based on both production and decay via the dipole operator.

Furthermore, it is the case that this model has received relatively little atten-

tion outside the couplings and mass ranges relevant for the excesses mentioned

above. As such, we perform a comprehensive survey across a very large range of

masses and couplings. For heavier masses, we recast searches at the LHC and

LEP colliders, focusing on single photon signatures without and with an accom-

panying lepton (this distinction is relevant for the electroweak complete versions
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of this model). At very low couplings, we derive bounds coming from SN1987A

cooling. In a certain region of parameter space, the HNLs can be produced in

sufficiently large quantities inside the supernova and is weakly interacting enough

to escape the supernova. The combination of these two effects would lead to en-

hanced modes of cooling, and would alter the observed neutrino signal that was

detected on earth.

This paper appears on arXiv as

• Gabriel Magill, Ryan Plestid, Maxim Pospelov, and Yu-Dai Tsai, “Dipole

portal to heavy neutral leptons,” (2018), arXiv:1803.03262 [hep-ph]

and has been submitted for publication in Phys. Rev. D.

Contribution of author (reproduced from Declaration of Authorship): Ryan

Plestid significantly developed the meson decay packages and optical depth calcu-

lations, and wrote the sections pertaining to supernovae as well as other sections

of the paper. Maxim Pospelov entirely wrote the BBN section as well as parts of

the introduction and conclusion. Gabriel Magill worked primarily on all of the

other calculations that appear in the paper. These include doing all the sensitiv-

ity studies at LEP, LHC, MiniBooNE, MicroBooNE, SBND, SHiP, LSND, doing

the coherent, diffractive and Drell-Yan calculations, coding some of the meson

production phase space distributions (in association with Ryan) and writing the

sections pertaining to these topics. Gabriel also contributed significantly to the

emissivity and optical depth calculations of SN1987A.

4.2 Paper
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We consider generic neutrino dipole portals between left-handed neutrinos, photons, and right-
handed heavy neutral leptons (HNL) with Dirac masses. The dominance of this portal signi�cantly
alters the conventional phenomenology of HNLs. We derive a comprehensive set of constraints
on the dipole portal to HNLs by utilizing data from LEP, LHC, MiniBooNE, LSND as well as
observations of Supernova 1987A and consistency of the standard Big Bang Nucleosynthesis. We
calculate projected sensitivities from the proposed high-intensity SHiP beam dump experiment,
and the ongoing experiments at the Short-Baseline Neutrino facility at Fermilab. Dipole mediated
Primako� neutrino upscattering and Dalitz-like meson decays are found to be the main production
mechanisms in most of the parametric regime under consideration. Proposed explanations of LSND
and MiniBooNE anomalies based on HNLs with dipole-induced decays are found to be severely
constrained, or to be tested in the future experiments.

I. INTRODUCTION

The Standard Model of particles and �elds (SM) shows
remarkable resilience under the scrutiny of numerous par-
ticle physics experiments. In particular, the LHC exper-
iments have put signi�cant constraints on new hypothet-
ical colored states, pushing their masses to a TeV scale
and beyond. At the same time, owing to its smaller pro-
duction cross sections, the electroweak extensions of the
SM are far less constrained, and a plethora of new mod-
els may be hiding at energies of a few hundred GeV and
beyond. If such sectors are considered to be heavy, their
impact on the SM physics can be encoded in the higher-
dimensional extensions of the SM. Moreover, the elec-
troweak singlet components of such sectors can be light,
and still coupled to the SM states. In the last few years,
signi�cant attention has been paid to the models con-
taining new singlet fermionic states N (often referred to
as heavy neutral leptons) that can couple to the SM lep-
tons L and Higgs �eld H via the so-called neutrino portal
coupling, NLH (see e.g. [1, 2]). Owing to the neutrality
of N , its mass mN is a free parameter with a wide range
of possibilities from the sub-eV scale and up, all the way
to the Planck scale. This range is somewhat narrower
if N is indeed taking part in generating masses for the
light active neutrino species. A great deal of experimen-
tal activity is devoted to searches of N particles, that
may show up in cosmological data, in neutrino oscillation
experiments, in meson decays, beam dump experiments
and at high energy colliders. (For a recent overview of
neutrino portal see e.g. [3].)

∗ gmagill@perimeterinstitute.ca
† plestird@mcmaster.ca
‡ mpospelov@perimeterinstitute.ca
§ yt444@cornell.edu

Given large interests in searches of heavy neutral lep-
tons, in this work we will analyze a less conventional case
of N particles coupled to the SM via the so-called dipole
portal encoded in the following e�ective Lagrangian,

L ⊃ N̄(i/∂ −mN )N + (dν̄LσµνF
µνN + h.c). (1)

Here Fµν is the electromagnetic �eld strength tensor, and
νL is a SM neutrino �eld. This is an e�ective Lagrangian
that needs to be UV completed at energy scales not much
larger than Λ ∼ d−1. We are going to stay on the e�ective
�eld theory grounds, noting that since our results show
the sensitivity to d to be much better than TeV−1, the
UV completion scale can be raised above the electroweak
scale. For now, Eq. (1) is also applicable only at energies
below the weak scale, as it does not respect the full SM
gauge invariance. Indeed, Fµν should be a part of the
U(1) and/or SU(2) �eld strength, and the insertion of the
Higgs �eld H is also required, so that d ∝ 〈H〉Λ−2. For
most of our analyses we will be interested in values ofmN

in the interval from 1MeV to 100GeV, and at relatively
small energies, so that a treatment using Eq. (1) is indeed
su�cient.
The main assumption made in Eq. (1) is the absence,

or subdominance, of the mass mixing operator NLH.
When the mass mixing operator is dominant, the pro-
duction and decay of N particles is mostly governed by
its interaction with the SM particles via weak bosons.
The phenomenological consequences of these minimally
coupled particles N is well understood. In contrast, if the
leading order operator is suppressed, the dipole operator
o�ers novel signatures and features in the production and
decay of N , such as a much enhanced role of electromag-
netic interactions in the production and decay of N . This
case has so far being addressed only in a handful of works
[4�9], and here we would like to present a comprehensive
analysis of the dipole N portal, and derive constraints
on d that result from a variety of di�erent experiments,
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FIG. 1. Overview of projected sensitivities (95% CL) and constraints obtained from SHiP, LHC, LEP, Supernova 1987A and
experiments at the Short-Baseline Neutrino facility at Fermilab. We also show previously calculated favored regions of interest
(ROI) in parameter space for MiniBooNE and LSND, and constraints from NOMAD. Limits are shown for the dimension 5 (γ
mediator) and dimension 6 (γ+Z mediators) extensions. See Table II for an explanation of the labels. Each curve is discussed
and presented in the paper.

both at high and medium energies.

Previously dipole interactions of neutrinos have been
studied in several speci�c contexts (that we are aware of).
If the SM neutrinos have a large �avor o�-diagonal EM
dipole moment, the interaction of solar and reactor neu-
trinos may get enhanced. This provides stringent limits
on dipole moments of SM neutrinos [10]. Some theo-
retical and phenomenological aspects of the Dirac HNL
dipole operator were discussed in Refs. [11, 12] (see also
a more recent general discussion of dimension 5 e�ective
operators in the neutrino sector [13]). A phenomenologi-
cal sensitivity study of this magnetic dipole operator has
been considered for IceCube [14]. There, owing to the
large incoming SM neutrino energies, the signature of in-
terest was a coincident double energy deposit from the
DIS production of N , and its subsequent decay. Another
prominent place where the transitional ν −N dipole ap-
pears is the literature on searches of sterile neutrino dark
matter via a dipole-induced decay N → νγ ([15] and
references therein). A more closely related case to the
topic of our study has arisen as a consequence of trying
to accommodate MiniBoone and LSND anomalies, that
we would like to discuss now in more detail.

While there is an overall theoretical/experimental con-
sistency for the three-neutrino oscillation picture, there

are several experimental results that do not �t in. Two
notable exceptions are the anomalies observed at the
intensity frontier experiments LSND and MiniBooNE
[16, 17]. In these experiments, an excess of low energy
electron (anti-)neutrinos have been observed, the source
of which is currently unknown. Conceivably, there are
two possibilities: new physics or some unaccounted SM
processes. Thus, for example, single photons produced
via poorly understood SM neutrino interactions with nu-
clei [18] might lead to some partial explanation of the
anomalies. (At the signal level, a single photon can-
not be distinguished from charged-current quasi-elastic
events by MiniBooNE's Cherenkov detector.)

The most popular proposal is the existence of a light
(m ∼ eV) sterile neutrino ([19] and references therein),
which mediates the anomalous oscillation required to
explain the observed excess signal. A possibility of eV
sterile neutrinos being at the origin of the MiniBooNE
and LSND oscillation results is strongly challenged by
cosmological data. Indeed, the required parameters for
mass splitting and mixing angle will lead to a complete
thermalization of a new sterile species via oscillation
mechanism. This stands in sharp disagreement with
cosmological data (in particular, cosmic microwave
background (CMB), Big Bang Nucleosynthesis (BBN)
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and late-time cosmology) that constrain not only the
total number of thermally populated relativistic degrees
of freedom in the early Universe, but also limits the
total neutrino mass

∑
mν ≤ 0.17 eV at 95%CL [20].

Consequently, a single eV sterile neutrino is not con-
sistent with cosmology in the absence of new physics.
At the very least, the minimal model would need to
be modi�ed to suppress the oscillations in the early
Universe, which is usually achieved at the expense of
signi�cantly enlarging the sterile neutrino sector e.g.

by new types of interactions with dark matter and/or
baryons [21, 22]. Thus, the sterile neutrino solution to
the MiniBooNE and LSND anomalies naturally leads
to the idea of a dark sector, with new matter and
interaction states.

An alternative attempt to accommodate the anoma-
lies without using eV-scale sterile neutrinos requires some
dark sector states comparable in mass to the lightest
mesons. Thus, it has been noted that the presence of
a new sub-GeV neutral fermion N may mimic the signals
observed at MiniBooNE and LSND [4, 5]. The neces-
sary ingredient of this proposal is a new fermionic state
N in the 10-to-few-100MeV mass range and the dipole
coupling in Eq. (1). This coupling mediates a relatively
prompt decay of N to a normal neutrino and a photon, a
signature that can be confused with the �normal� electron
or positron �nal state in charged current events [4, 5].
Whether this model can simultaneously account for both
anomalies without running into problems with other con-
straints remain an open issue (see the discussions in Refs.
[4�9]). At the same time the model has a clear advan-
tage over the eV sterile neutrino model, as it creates no
problems with cosmology, as N states will decay to the
SM at early times before the neutrino decoupling.

Continuing investment in neutrino physics will even-
tually lead to better understanding of the origin of these
two anomalies. The Short-Baseline Neutrino program
(SBN) [23] is going to be instrumental in testing the
MiniBooNE anomaly. The design consists of three
Liquid Argon time projection chamber (LAr-TPC)
detectors that overcome the di�culties present at
MiniBooNE by providing excellent photon/electron
discrimination. Furthermore, the SBN program will use
a near detector (SBND) to control systematic errors
related to the neutrino beam content. Being close to the
proton target, SBND will see a much larger neutrino
�ux than the mid-range detectors and will allow a
more accurate measurement of the neutrinos before
oscillation. In addition, a further increase in sensitivity
may result from a proposed new experiment at CERN,
Search for Hidden Particles (SHIP) [3], that will be able
to signi�cantly advance the probes to N states, and
should also test their dipole interactions. For an analysis
of a more conventional CC-dominated model of HNLs in
application to Fermilab experiments we refer the reader
to a recent paper [24].

Motivated by the relative simplicity of the neutrino
dipole portal model and its potential applicability to
neutrino anomalies, it is very useful to have a compre-
hensive survey of the model over a large region of pa-
rameter space. We therefore consider the energy, in-
tensity and astrophysics frontiers, where this portal can
be probed. A plot summarizing our results is shown in
Fig. 1, and the rest of the paper considers each probe in-
dividually. The existing constraints from previous dark
matter experiments can be improved by the SBN and
SHiP. From astrophysics, MeV HNLs could contribute to
the supernova cooling, in particular that of Supernova
1987A (SN 1987A). This happens when the coupling d
is large enough so that the star can produce N in suf-
�cient quantity, but small enough so that N can escape
and cool down the star without being signi�cantly im-
peded. For lifetimes longer than 0.1s− 1s, N is relevant
for, and can modify predictions of, BBN. The late decays
of HNLs would modify the proton to neutron ratio, and
with some reasonable assumptions about the initial cos-
mological temperatures being high, this puts an upper
bound on the lifetime of N . We �nd that there is signif-
icant overlap of this region with SN constraints. Lastly,
for above GeV masses, we turn to particle colliders and
recast existing searches from the LHC and LEP. Going to
particle colliders allows us to probe simple completions
of the model which preserve the SU(2) × U(1) structure
of the SM. In these extended models, we have additional
production channels stemming from Z and W bosons.
The paper is organized as follows. In Section 2, we

provide more details on the model including the possible
SM gauge invariant completions and the connections to
neutrino masses. In section 3, 4 and 5, we consider the
intensity, energy and astrophysical frontiers respectively.
Finally, we conclude in section 6 with general remarks.

II. GENERIC FEATURES OF NEUTRINO

DIPOLE PORTALS

A. Main qualitative features of dipole portal

The consequences of the dipole portal in Eq. (1) can
be easily understood by considering the four vertex align-
ments presented in Fig. 2. The presence of an electromag-
netic coupling to neutrinos allows for mesons to decay in
two novel ways: Dalitz-like decays mediated by o�-shell
photons and neutrinoless weak decays with a single pho-
ton in the �nal state. In terms of producing N , incident
neutrinos can upscatter via the dipole portal, which can
be a more e�cient production process than mass mix-
ing mechanisms that have been traditionally considered.
The decay of an HNL in our model will be dominated
by single photon production, and for the values of d's we
consider in this paper, will occur much more rapidly than
in mechanisms that are mediated by the weak force. This
single photon signature was identi�ed in Refs. [4, 5] as
a promising signal, however the production mechanisms
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outlined above were not included.

⌫⇤
i

N

�

1

(a) Weak meson decays

�⇤

N

⌫i

1

(b) Dalitz-like decay

(c) Primako� upscattering (d) N → γν (signal)

FIG. 2. Dipole portal processes for N : (a) Production of
N from o�-shell neutrinos arising from weak meson decays
(e.g. from π,K → µ+ν∗); (b) Production of N from o�-
shell photons arising from Dalitz-like meson decays (e.g. from
π0, η → γ∗γ); (c) Production of N from on-shell neutrinos
via Primako�-type upscattering (via photon exchange with
the nucleus); (d) Decays of N to single photon �nal states
(the main signal studied in this paper). Processes (a) and
(b) are important for production of low mass N at neutrino
experiments. Process (c) dominates production in supernovas
at lower N masses, and at neutrino experiments. Process (d)
is relevant for energy injection at BBN, for neutrino beam
dump experiments, and controls the escape probabilities in
supernova for large N masses.

We now focus our discussion to beam dump experi-
ments. There, production of N will dominantly proceed
via neutrino upscattering, wherein an incoming neutrino
scatters via a photon to produce N . If the incoming
neutrino scatters o� the whole nucleus and the process
happens coherently (i.e. σ ∝ Z2), we can get a crude
estimate for the sensitivity one can achieve. In the limit
of in�nite mass of the nucleus, the problem reduces to
the scattering in the external EM �eld Aµ = (A0(~q), 0)
created by the nucleus. Calculating the cross section to

logarithmic accuracy for − 1
R2
nuc
≤ t ≤ −m4

N

4E2
ν
, we �nd

σEν→N = 4αZ2|d|2 × log

(
4E2

ν

m4
NR

2
nuc

)
, (2)

where we have retained the leading Z-enhanced contribu-
tion that corresponds to the interaction of νN dipole with
the electric current created by the nucleus. For reference,
we also include the expression for ν → N upscattering
due to the magnetic moment of the nucleus. Cutting o�
the coherent scattering at |t| = 1

R2
nuc

, one has

σMν→N =
(I + 1)

3πI
µ2
A|d|2 ×

1

R2
nuc

< σE/Z
2, (3)

where µA is the magnetic moment of the nucleus ∝
α1/2m−1

p . For a typical Z involved, the contribution of

the nuclear magnetic moment to the coherent ν → N
upscattering can be safely neglected. More detailed and
related discussions of dipole interactions of dark sector
particles can be found in [25].
Therefore for masses mN = 50 MeV, an incoming neu-

trino energy of 1 GeV and R−2
nuc ∼ 0.3 GeV2, we can

expect a production cross section per nucleus of roughly

σ = 4.5×
(
Z

18

)2( |d|
10−6 GeV−1

)2

× 10−38 cm2. (4)

It is worth noting that the |d|2 scaling of the cross section
makes it also a relatively mild, logarithmic function of
energy, provided that N is kinematically accessible.
For characteristic values of d suggested in Eq. (4) and

small masses, we can also expect N to be long-lived. This
opens up the possibility of HNLs being produced outside
of the detector. For example, they could be produced
in the dirt or line of sight leading up to the detector,
and/or via mesons from the protons-on-target via Dalitz-
like decays. Meson production via the dipole portal is an
interesting new production mechanism we will discuss,
and from dimensional arguments it is clear that the scal-
ing of the meson decay branching to N will occur via
BrM→N ∝ d2m2

M , where mM is the mass of the decay-
ing meson.
The decay length associated with the N → νγ process

is another very important quantity. Given a decay rate
of

ΓN→νγ =
|d|2m3

N

4π
, (5)

and an HNL energy of EN = 1 GeV � mN , the decay
length and lifetime of N scale as

tdec = τγ = 1.3× 10−6s

(
50 MeV

mN

)4(
10−6 GeV−1

|d|

)2

Ldec = cτβγ ≈ 400m

(
50 MeV

mN

)4(
10−6 GeV−1

|d|

)2

.

(6)

This turns out to be a very convenient length scale for
beam dump experiments, if mN and d have the �ducial
values suggested above.

B. Dirac vs Majorana masses and gauge invariant

completions

If ND is a Dirac fermion, composed of two Weyl �elds

ND =

(
N

N c†

)
, (7)

one of which is completely decoupled from the SM, then
the HNL is decoupled from the mechanism that gener-
ates active neutrino masses. Thus, we assume both the
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absence of mass mixing between ν and N , and a van-
ishing Majorana mass for N . This choice is technically
natural and can be achieved by�for example�assigning
N the same lepton number as the SM leptons. If such a
symmetry is not imposed, and a sizeable Majorana mass
term, mN , is present then the process shown in Fig. 3
can take place. Naive counting of divergences shows that
the induced Majorana mass for the neutrinos, mν will
scale as mν ∼ d2Λ2mN/16π2, where Λ is the cuto� scale
associated with the UV completion of the model, which
can be as high as d−1. This contribution, despite all
the uncertainties, will be much larger than the required
mass scale for the neutrinos, unless N is Dirac, or quasi-
Dirac with a small Majorana-type mass splitting satis-
fying mN � mN . Quasi-Dirac N would typically lead

⌫i ⌫j

�

N N

1

FIG. 3. Loop level contribution to the ν mass mixing matrix
in the presence of a Majorana mass term for the heavy neutral
lepton N . With only Dirac masses, such diagrams will not be
generated.

to larger values of d than otherwise would be suggested
by a simple application of the see-saw relation. Con-
sider a model where the SM neutrinos couple to N via a
mass mixing interaction of the form mνN νN . This nat-
urally generates dipole couplings between the SM neutri-
nos, sterile neutrino and the photon via a loop diagram.
The dipole coupling generated is given in [26�28] as

d =
3mνN

32π2

eGF√
2

= 1.2× 10−9 GeV−1
( mνN

50 MeV

)
.

(8)

The strength of this radiatively generated dipole por-
tal is dictated by the mass mixing with the active neutri-
nos, and therefore constrained by patterns of the neu-
trino mass matrices. In particular, in the case of a
type-I see-saw mechanism with the Majorana mass of
mN = 50 MeV, observed neutrino masses would imply
mνN ∼ keV and consequently d ∼ 10−13 GeV−1. We do
not impose such a stringent constraint and consider d to
be an independent parameter. In fact, the size of d can
be much larger if the e�ective mixing angle between ν
and N is much larger than the naive see-saw relation im-
plies. This may happen, for example, within an inverse
see-saw model [29, 30], where a mostly Dirac fermion N
is supplemented with a small Majorana mass, so that the
mass mixing parameter mνN is much larger than naively
implied.

Above the electroweak scale an SU(2) × U(1) inter-
pretation of d would require a Higgs insertion, so that
the dipole iTnteraction is really a dimension 6 operator.
Therefore, in the limit of large Λ the maximum expected
d is

dmax ∼
ev

Λ2
∼ 100 GeV

Λ2
(9)

where strong dynamics at the scale Λ is presumed, and v
is the Higgs �eld vacuum expectation value. Otherwise,
if the new sector is perturbative, we would expect a loop
factor, and dmax, pert ∼ GeV/Λ2. To consider neutrino
dipole couplings which respect the full gauge symmetries
of the Standard Model, we write down the Lagrangian

L ⊃ L̄
(
dWWa

µντ
a + dBBµν

)
H̃σµνND + h.c. (10)

where H̃ = iσ2H
∗ and τa = σa/2. After spontaneous

symmetry breaking of the Higgs, one obtains

L ⊃dW
(
¯̀
LW

−
µνσ

µνND
)

+ν̄L[dγFµν − dZZµν ]σµνND + h.c.
(11)

where W−µν ≡ ∂µW
−
ν − ∂νW−µ . The dipole couplings in

the broken phase are related to those in the unbroken
phase via

dγ =
v√
2

(
dB cos θw +

dW
2

sin θw

)

dW =
v√
2

dW
2
×
√

2

dZ =
v√
2

(
dW
2

cos θw − dB sin θw

)
(12)

where the additional factor of
√

2 in the expression
for dW is a consequence of the normalization of
W− = (W1 + iW2)/

√
2. Note that the three �dipole

moments� in the broken phase dγ , dZ and dW are
determined by only two parameters in the unbroken
phase dW and dB ; they are linearly dependent. Notice
that the normalization of the photon �eld strength term
in Eq. (11) matches that of Eq. (1).

Although we have suppressed the relevant indices, the
dipole coupling can be �avor dependent. Experiments
at SBN will constrain deB and dµB . SHiP in addition will
be sensitive to ντ , and thus an ideal setting to study all
�dipole couplings�. For both LHC and LEP, we turn on
only the dµγ,B,W coupling for simplicity. One can also

turn on deγ,B,W and dτγ,B,W that have an O(1) e�ect on
the result.

Having established that a neutrino dipole portal is
ultimately a dimension 6 operator, one might wonder
if there are any non renormalizable SM only operators
that are phenomenologically equivalent to our new
physics signal. If so, one would need to perform a
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global �t on the whole basis of Wilson coe�cients
instead of focusing on just one operator. The case of
SM only operators after electroweak symmetry breaking
is considered in Section III B. Ref. [31] on the other
hand provides a classi�cation of all dimension 5 and
6 SM only operators above the electroweak scale (i.e.
invariant under SU(3) × SU(2) × U(1)). In order to
replicate our signature, we need at least one photon, one
neutrino and an additional gauge boson. If we assume
that no particles except neutrinos escape detection, and
furthermore that the interactions are 2 → N, then none
of the dimension 5 or 6 operators in Ref. [31] contribute
to single photon processes at beam dump experiments,
LEP or the LHC.

Lastly, we would like to comment on electric dipole
operators and CP invariance. For the theories studied
in this paper, the �electric� and �magnetic� connection
to CP properties is no longer straightforward. We deal
here with �elds of certain chirality (SM neutrinos are left-
handed, and interact with right-handed N), and there-
fore the operator that we wrote down in the Lagrangians
is unique owing to the fact that γ5 can always be re-
absorbed in the right-handed projection operator of the
HNL (i.e. γ5 ∗ PR = PR). In that sense, we have not re-
duced the number of possible operators; the electric form-
factors and magnetic form-factors in our parametrization
are inseparable. CP violation, on the other hand, can still
be present due to a possible relative phase di�erence be-
tween the dipole coupling d and the mass term which we
take to be real. The processes we study are only sensitive
to |d|, and not its phase.

III. INTENSITY FRONTIER

We consider probing HNLs at beam dump experi-
ments and our analysis focuses on neutrino experiments
hosted at CERN, Los Alamos and Fermilab. Fermilab
is building a substantial Short-Baseline Neutrino oscil-
lation program [23] that among other physics goals will
settle the question of sterile neutrinos at ∆m2 ∼ 1 eV2.
It will consist of 3 LAr-TPC detectors called SBND,
MicroBooNE and ICARUS, which will be spread out
over a 600m range from the proton target. The SBN
program is designed to achieve a 5σ sensitivity in the
parameter space of (3+1) sterile neutrino models consis-
tent with LSND at 99%CL. These detectors can resolve
photons from electrons with a 94% photon rejection rate.

At CERN, we will be interested in the past experiment
NOMAD and future proposal SHiP. The proposed SHiP
experiment is unique among beam dump experiments in
that it features very large neutrino energies and a sizeable
�ux of electron, muon and tau neutrinos. Furthermore,
the use of lead inside the neutrino detector, Z = 82, will
provide an ideal setting to take advantage of coherent
production, which scales as Z2. At Los Alamos, we con-

sider the LSND experiment which will prove to be useful
at low HNL masses. In what follows, we discuss the var-
ious production mechanisms at beam dumps, the main
backgrounds involved in the search, and our results.

A. Production mechanisms

At neutrino beam dump experiments, HNL produc-
tion can happen in three principle ways. The �rst�and
most familiar� mechanism is mass mixing, however this
is subdominant in our analysis by assumption. The two
dominant production mechanisms are therefore meson
decays and Primako� upscattering, both of which are
explained in greater detail below. In principle DIS pro-
duction via Drell-Yan like processes is also possible, but
we found this to be subdominant.

1. Primako� upscattering

Neutrino upscattering is the dominant production
mechanism for N across a wide range of masses for the
experiments we consider. It happens when an incoming
neutrino interacts with matter and upscatters into a long-
lived HNL state N . The HNL subsequently decays into a
neutrino and a photon; an explicit example is provided in
Fig. 4. This process can either happen inside the �ducial

⌫

�

N(p3)

�

⌫

p2

p1

p4

q2

q1

1

FIG. 4. Tree level neutrino scattering process with a �nal
state photon, arising from dipole portal to HNL. We work
in the narrow width approximation, and assume the above
diagram factorizes.

volume of the detector or in the line of sight separating
the proton target from the detector. In all our results, we
employ the narrow width approximation, since N is usu-
ally produced on-shell and travels some distance before
decaying. Having an HNL lifetime and energy consistent
with the necessary �ight distance is enforced by

Pdec(L1, L2) = exp[−L1/Ldec]− exp[−L2/Ldec]. (13)
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In Appendix A 1, we present the details of how the cross
section is obtained for coherent and di�ractive scatter-
ing. We apply the cuts described in Appendix C to en-
sure proper kinematics of the photon. There, it is also
fully described how the region of integration of t is de-
termined. Once we have obtained the cross section, cuts,
photon detection e�ciency and luminosity, we can set
limits following the discussion in Appendix B.

2. Meson decays

At low mass, HNLs are long lived and represent a kine-
matically allowed decay channel for light mesons. Unlike
mass mixing induced decays, the dipole portal allows for
electromagnetically mediated Dalitz-like pathways in ad-
dition to weak decays mediated by an o�-shell neutrino.
The qualitative features that can allow for signi�cant pro-
duction of HNLs are

(i) High meson multiplicity per proton (e.g. pions).

(ii) BR(Meson → X + γ) = O(1) (e.g. π0, η) or
BR(Meson→ X + ν) = O(1) (e.g. π±, K).

In terms of meson production at the experiments we
consider, the largest di�erence between them is that
immediately following the proton target, SBN features
a 50m meson decay chamber, whereas SHiP has a
hadron stopper. This divides our discussion into prompt
(τ rest . 10−12s) and long-lived (τ rest & 10−12s) mesons.
Only the former will contribute to HNL production
at SHiP, whereas both will be relevant at SBN due to
its long decay chamber. To obtain rates, we calculate
the di�erential cross section of HNL production from
mesons in the meson rest frame, which we combine with
the meson �uxes in the lab frame. The details of these
calculations are outlined in Appendix A2.

The species we have included in our analysis are
shown in Table I, from which it is clear that the prompt
mesons are π0 and η. For both of these, the dominant
channel for HNL production is

π0, η → γ(γ∗ → νaN) (14)

We immediately see that these radiative Dalitz-like de-
cays will be useful for improving the sensitivity to de and
dτ �avored couplings, since the process in Eq. (14) is uni-
versal in the �avor a. By contrast, neutrino upscattering
at beam dump experiments is limited by smaller incident
�uxes of νe and ντ neutrinos, as compared to νµ neutri-
nos. The long-lived mesons we consider are π± and K±.
They can produce HNLs via an o�-shell neutrino decay

π±,K± → µ±
(

(−)

νµ
∗ → γ

(−)

N

)
. (15)

When considering decays to electron �avor, such as
K,π → eνe, one typically expects a chiral suppression of

Meson
Species

Multiplicity
per POT

〈p〉
[GeV/c]

〈θ〉
[mrad]

〈τ〉
[sec]

π− 0.9004 0.83 527 2.6 · 10−8

π+ 0.9784 1.07 423 2.6 · 10−8

π0 0.9098 0.89 483 8.4 · 10−17

K+ 0.0689 1.33 410 1.2 · 10−8

K− 0.0024 1.29 409 1.2 · 10−8

η 0.0295 1.35 403 5.0 · 10−19

TABLE I. Meson multiplicities, average momentum and av-
erage angle at the SBN facility. Pions are assumed to follow
a Sanford-Wang distribution, while kaons and etas are calcu-
lated based on the Feynman Scaling distribution.

O
(
m2
e/m

2
µ

)
in the branching ratio relative to the muon

channel. While we concentrate on Eq. (15) for muon
�avors at SBN, we note that K,π → eNγ will avoid
chiral suppression due to the chirality-�ipping nature of
the dipole portal. The K+ states, whose rates are about
a tenth of those of pions, are important because they
allow production of heavier HNLs.

To get a handle on which mesons are expected to
contribute most, we calculated the average multiplicities
of each meson per proton on target at SBN. Our results
are shown in Table I. The π− multiplicity has been
calibrated to match that of Table X in [32], and we �nd
very good agreement for the other meson multiplicities.
No distribution parameters for K− and η were available,
and so we rescaled those of K+ to match expectations.
Both K− and η contributions are very small, so the dis-
crepancy in average momentum and angle as compared
with Table X has a negligible e�ect on our results. We
conclude that pions will be the most important mesons
for sourcing low mass HNL particles.

B. Backgrounds

The main backgrounds for HNLs will be single photon
signatures, arising from mis-reconstructed π0 or radia-
tive resonance decays such as ∆ → Nγ. At SHiP, there
is not much publicly available information, and therefore
we consider various benchmark estimates for these
backgrounds. We guide our estimate by considering
the observed single photon backgrounds at NOMAD,
rescaled to account for di�erences in the target mass
and number of protons on target.

On the other hand, the SBN collaboration has esti-
mated the number of single photon events that can fake
a νe CC signature in each of its detectors. We can esti-
mate the total single photon background by taking this
number and dividing it by 6% to factor out the photon re-
jection rate. We then impose a 200 MeV threshold in our
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results since the single photon backgrounds grow with de-
creasing energy. To account for signal photons that may
have been lost, we apply a 20% signal e�ciency cut.
The backgrounds at LSND are similar in spirit to

those at MiniBooNE, in that electron-like events arise
from both electron and photon sources. In order to ob-
tain constraints, we base our analysis at LSND on an
electron-neutrino elastic scattering search [33], respect-
ing the �ducial geometry and energy cuts described in
that paper. Substantial constraints on various weakly in-
teracting light particles, including scalars, dark photons,
and fermionic dark matter, can be placed based on this
measurement, with these light particles being produced
on-shell and alter the neutrino-electron elastic scatter-
ing signature through their decays or scattering with the
electrons, similar to the procedure discussed in this work
[34�36]. Examining Fig. 1 and 10 of [33], we note that
the incident neutrino �ux favors energy values between
30-50 MeV, whereas the collected electron-like sample
peaks at energies around 22 MeV. Single photons from
HNL decays on the other hand tend to be much harder
and closer in energy to their parent SM neutrino. We
therefore explore two di�erent recast strategies. In the
�rst case, we impose a lower threshold on the incident
neutrino energy of 18 MeV. This corresponds to the full
dataset collected by LSND, comprising of roughly 300
predicted background and data events. In the second
strategy, we impose a lower energy cut of 40 MeV in
an attempt to better discriminate our new physics sig-
nal from SM backgrounds. This cut amounts to keeping
roughly 27 predicted background and data events. We
�nd that the latter strategy provides slightly better sen-
sitivities to HNLs, and these are the LSND results that
feature in all of our plots.
Lastly, diagrams containing loops of charged leptons

and either a W or Z boson, can induce an e�ective γγνν
vertex in the SM and provide a potential source of sin-
gle photon backgrounds. We have explicitly estimated
the size of this background in Appendix A 3 and it is
many orders of magnitude lower than the HNL produc-
tion cross section estimated in the previous section, and
can therefore safely be ignored.

C. Experimental results and prospects

In what follows we describe and summarize the im-
plications of existing measurements at LSND and Mini-
BooNE. We also comment on the projected reach of on-
going and future experiments such as MicroBooNE and
SHiP.

1. LSND

The LSND oscillation anomaly, which consists of an ex-
cess of ν̄µ → ν̄e events [16], has historically motivated in-
terest in sterile neutrinos. While common interpretations

of the excess typically involve very light sterile states,
more recently it has been proposed that a dipole portal
coupled with HNLs with mN ≈ 50 MeV could explain
the excess [4, 5, 7]. It is therefore of great importance to
consider the observations at LSND and their implications
for dipole portals to HNLs.

The setup at LSND involves a neutrino �ux coming
primarily from µ+ and π+ decays at rest [33]. Con-
sequently the dominant production channel of HNLs is
through neutrino upscattering. In modelling the produc-
tion of HNLs at LSND we include Primako� upscattering
of neutrinos, as well as decays in �ight for π0, decays at
rest for µ+ and decays both at rest and in �ight for π+.
We account for the change in LSND's source of neutri-
nos, LAMPF, and include two years of data assuming a
water based target and three years of operation using a
high-Z target (mostly tungsten) [33]. For our purposes
the primary e�ect of the target material is to modify the
incident �ux of neutrinos, and mesons.

The decays in �ight of π+ and π0 are modelled as-
suming a Burman-Smith distribution with appropriate
parameters for both water and tungsten [37, 38]. Addi-
tionally, the decay at rest of µ+ and π+ contribute to
the production of HNLs. The decay mode of interest for
π0 is a Dalitz-like decay, while for µ+ and π+ an o�-
shell neutrino mediates the production of HNLs. This
o�-shell neutrino can be either νµ, or νe and we include
both of these processes in our analysis. Summing all of
these processes, and appropriately boosting the HNLs
from decays in �ight, leads to an incident �ux of HNLs
which may enter the detector and decay leaving a single
photon signature.

On top of a �ux of HNLs due to pion and muon decays,
Primako� upscattering of neutrinos in transit on their
way to the detector can provide an additional source of
HNLs. Alternatively, upscattering can occur within the
detector itself. These processes have to be considered
separately since much longer decays are possible in the
case of the former, the target material upon which the
neutrino upscatters is di�erent, and angular cuts will be
dictated by the di�erent geometries.

When upscattering in transit to the detector, the
medium of interest is the dirt�and other terrestrial
material�along the line of sight between the source and
the detector. In our analysis this is modelled as SiO2

and we include both coherent and di�ractive scattering.
The produced HNL must be directed in a range of solid
angle so as to guarantee that it passes through the de-
tector. The range of angles for which this occurs is dif-
ferent depending on how far away the HNL is produced
from the detector. To account for this e�ect, we ana-
lyze ten evenly spaced points between the source and the
detector. At each of these points, given a �ux of neutri-
nos, we calculate the number of HNLs that would both
be produced and enter the �ducial volume of the detec-
tor. The LSND detector is o�-axis from the neutrino
source, and is roughly cylindrical in shape, and so we
de�ne the angular cuts such that the HNL would pass
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through the bottom-near and top-far corners (relative to
the neutrino source) of the detector; the angular cuts are
implemented as described in Appendix C and account for
�ducial cuts at the bottom of the detector. In addition
to passing through the detector, the HNL's subsequent
decay must occur within the �ducial volume for a signal
to be observed. We account for this e�ect by including
the probability that the HNL decays in the �ducial vol-
ume Eq. (13). Angular cuts within the detector are, as
before, described in Appendix C.
It is also possible that upscattering occurs within the

�ducial volume of the detector. For LSND this implies
a target composed of CH2 (mineral oil) for the incident
neutrinos, and implies furthermore that neutrinos can be
produced and subsequently decay along the entire line of
sight. We account for this e�ect at leading order in the
limit of Ldec � L�d, which is the relevant regime when
considering the minimal bound on the dipole-coupling
of the HNL. We restrict the production of HNLs to the
forward pointing hemisphere (i.e. an angular cut of
θ ≤ π/2), due to experimental cuts. Additionally, we
only include the e�ects of coherent scattering due to the
presence of a hadronic veto within the detector.

2. Fermilab's SBN program

At Fermilab, we are interested in the past experiment
MiniBooNE, as well as ongoing experiments involving the
SBND and MicroBooNE detectors. At MiniBooNE, we
consider the existing search for νµ → νe quasi-elastic
scattering events [17]. When limited to reconstructed
neutrino energies of 475 < EQEν < 1250 MeV, they
�nd very good agreement between background and data.
However, for energies between 300 and 475 MeV, Mini-
BooNE sees a persistent excess. MiniBooNE, being an oil
based Cherenkov detector, cannot distinguish electrons
from photons. A possible explanation for the excess [18]
is from the ∆→ Nγ process faking a νe signal. A direct
chiral perturbation theory calculation �nds these rates
to be twice as big as data driven estimates from Mini-
BooNE.
The more exotic interpretations of the MiniBooNE and

LSND anomalies [4, 5] involve additional single photons
from new physics coming from an HNL model with a
large dipole coupling d and an active neutrino mass mix-
ing term in the range |UNν |2 ' 10−3 − 10−2. In that
case, production of HNL arises from neutral current ν
scattering that leads to the production of HNL. In Fig. 5,
we revisit the constraints from MiniBooNE by consider-
ing both production and decay stemming only from the
dipole portal. Since it is di�cult to reconstruct HNL
energies (due to energy being carried away by outgo-
ing neutrinos), we take an inclusive approach and sum
over all the backgrounds and data bins. We calculate
the allowed 95%CL HNL limits following the procedure
in Appendix B for three di�erent assumptions, which we
denote by Bkg 1, 2 and 3 in Fig. 5. Firstly, we use the

data and backgrounds as given in [17]. Secondly, we re-
peat the analysis after including the additional sources of
backgrounds identi�ed in [18]. And lastly, we compute
constraints taking into account only the Eν > 470 MeV
region. Based on [18], we assume a 25% photon identi�ca-
tion e�ciency to account for resolution and smearing ef-
fects. The photon energy detection threshold is 140 MeV.
Comparing our results to [5] where dipole portal produc-
tion mechanisms are ignored, we see that around 50 MeV
masses production from dipole portal is actually domi-
nant. An explicit calculation reveals that for the best
�t parameters in [5], the dipole production cross section
is roughly 20 times larger than production from mixing,
and so this explanation appears to be excluded. This
point is discussed in [7], and in the same work, the au-
thors attempt to accommodate the constraint from the
muon capture with photon emission at TRIUMF [6, 39]
by introducing an additional heavy neutrino νh′ . In this
way N can decay to N → νh′γ as a main decay channel,
and the branching ratio to νµ can be adjusted to accom-
modate the LSND/MiniBooNE anomalies while evading
muon capture bounds. This same model was recently
considered in the context of coherent and di�ractive scat-
tering at both MiniBooNE and MicroBooNE [40]. In
contrast, we make no attempt to go beyond the mini-
mal dipole coupling and we therefore exclude the favored
regions of [5].

1 5 10 50 100 500 1000
10-8

10-7

10-6

10-5

FIG. 5. 95% CL limits for HNL particles using Mini-
BooNE and LSND νeCC measurements. In light of the ex-
perimental anomaly, background option 1 (Bkg 1) uses the
data and backgrounds as is, option 2 includes an alterna-
tive stronger ∆ → γN background estimate [18], and option
3 includes only neutrino energies in the anomaly-free region
(Eνe > 470 MeV). We also overlay regions of interest (ROI)
from the MiniBooNE and LSND anomalies (see text).

For 500 MeV HNL masses explaining MiniBooNE
data, we �nd that production from mixing dominates.
Therefore in order to obtain stronger dipole-only con-
straints, we turn to ongoing and future experiments.
Our results for SBND and MicroBooNE are shown in
Fig. 6. They assume 6.6 × 1020 POT of data in SBND
and 13.2× 1020 POT of data in MicroBooNE. As we see,
after only 3 years of data taking, they can start cutting
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into favored parameter space, provided photon data is
collected in this duration.

1 5 10 50 100 500 1000
10-8

10-7

10-6

10-5

FIG. 6. Projected 95% CL sensitivities at Fermilab's upcom-
ing Short-Baseline Neutrino program [23]. Results for elec-
tron (black) and muon (red) dipole couplings are shown for
the SBND near detector (solid) and the MicroBooNE mid-
dle detector (dotted). Backgrounds are calculated based on
expected lifetime single photons (see text).

3. SHiP and NOMAD

At CERN, we will consider the NOMAD experiment,
which ran from 1995-1998 [41�43], and the proposed
SHiP experiment. Both of these experiments are based
on CERN's Super Proton Synchrotron, and consequently
have neutrino �uxes extending to larger energies as com-
pared to Fermilab. NOMAD has already performed a
search for single photon production. Using this data cor-
responding to 1.45×1018 POT, Monte Carlo simulations
of HNL signals (with no mass mixing) where performed
[44, 45] to simulate the Primako� process νµZ → NZ.
The signature of interest was an isolated electromagnetic
shower corresponding to a single photon with energy dis-
tributed from 0 to Eν , with Eνµ/2 as an average. The
backgrounds, estimated to be roughly 10 events, come
mainly from π0 production, as well as νe CC interac-
tions. The full results1 from their simulation are shown
in Fig. 7.
CERN has also proposed a future high energy facility

called SHiP [46]. If indeed funded and built, it would
provide some of the strongest probes of heavy neutral
leptons to date [3]. At SHiP, neutrinos are produced
by 400 GeV protons impinging on a molybdenum and
tungsten target. A hadron stopper immediately after
the target allows only prompt meson decays, and a
magnetized iron shield de�ects muons. Following this
is an emulsion cloud chamber near detector (which we

1 The dipole coupling in their paper, (µtrans), di�ers from ours by
a factor of

√
2 (µtrans =

√
2d).
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FIG. 7. Projected 95% CL sensitivities at SHiP for muon neu-
trino dipole moments. Solid (dotted) lines indicate the main
(ECC) detector, and black (red) lines represent 10 (1000)
background events during the lifetime of the experiment. We
also overlay existing constraints [44, 45] from NOMAD.

will refer to as �ECC detector�) containing lead bricks,
a vacuum decay chamber followed by the main detector
(which we will refer to as �main detector�). The length
of the whole experiment would be on the order of 100m.
It is advantageous to consider HNL production from
prompt mesons, the line of sight, and lead bricks in
order to maximize our sensitivity to a large range of
HNL lifetimes. We apply a photon detection e�ciency
of 80% and an energy threshold of 0.1 GeV.

A unique feature of SHiP is that it is expected to have
a sizeable �ux of νe and ντ neutrinos. Therefore, we can
interpret the results of the single photon search as con-
straints on dfγ , for a given �avor f . Recall that �avor
indices in Eqs. (1) and (10) are suppressed and a priori
general. The projected sensitivities achievable at SHiP
are shown in Fig. 7 for muon �avors assuming 2 di�erent
benchmark choices for the number of background events
(10 and 1000 background events). In Fig. 8, we show
the sensitivity for electron and tau dipole moments as-
suming 100 background events. At SHiP, single photon
rates have not yet been studied. We can obtain a naive
estimate by comparing to NOMAD, which had about 10
background events with 100 times less protons-on-target
than SHiP. Therefore, with higher luminosities coupled
to improved detector capabilities, it is reasonable to es-
timate around 100-1000 background events in the SHiP
ECC detector. This detector will probably have more
background events than the main detector, since the lat-
ter is surrounded by veto structures designed to reduce
backgrounds as much as possible. For the SHiP curves
appearing in Fig. 1, we assume 1000 backgrounds events
in both detectors in order to provide a conservative esti-
mate.
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1 10 100 1000 104
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FIG. 8. Projected 95% CL sensitivities at SHiP for electron
(black curve) and tau (red curve) neutrino dipole moments.
Solid (dotted) lines indicate the main (ECC) detector. In this
plot, we assume 100 background events.

IV. ENERGY FRONTIER

A. Production mechanisms

Beam dump experiments feature very large luminosi-
ties, however, the masses of N which are accessible are
limited by the incoming neutrino energy spectrum, typi-
cally peaked around 1 GeV, or between 10 − 20 GeV in
the case of SHiP. In contrast, particle colliders can probe
much larger masses at the expense of smaller luminosities
[11]. Additionally, since dipole operators must couple to
either Bµν or Wµν above the electroweak scale there is
the added possibility of on-shell production of the Z and
W mediators. The HNL couplings appearing in all of the
high energy plots for LEP and the LHC are de�ned as
follows. We take the relations in Eq. (12) and rescale

dB,W ≡
√

2 dB,W/(v cos θw) to obtain

dγ = dB +
tan θw

2
dW

dW =
dW

cos θ
√

2

dZ =
dW
2
− tan θwdB .

(16)

Table II illustrates the assumptions made in each of the
exclusion curves for LEP and the LHC.

We now discuss the mechanisms for producing HNLs at
LEP and the LHC, and then discuss the details of the
analyses and our results.

1. LEP

At LEP, production will proceed via e+e− → (N →
γν)ν̄ + h.c.. The signature to look for is thus a single

Exp. Plot Label Assumptions Probed d

LEP dγ dW = 0, dZ = 0 dB

dγ,Z dW = 0 dB

LHC dγ,Z dW = 0 dB

daγ,W dγ = a× dW dW

TABLE II. Assumptions and conventions used in obtaining
constraints at LEP and the LHC for the minimal HNL models
and the HNL extensions respecting the SU(2)×U(1) symme-
try of the Standard Model.

photon �nal state with missing energy. This channel
can proceed via either Z or γ mediators depending on
the dipole coupling in the unbroken phase (see Eqs. (11)
and (16)). Therefore the total production cross section
at s = m2

Z for e−e+ → Nν̄ integrated over all angles is

σNν =
α
∣∣dB
∣∣ 2
(
m2
N −m2

Z

)
2
(
2m2

N +m2
Z

)

6cos2θwsin
2θwm6

ZΓ2
Z

×
(
tan2θwm

2
Z

(
C2
A + C2

V

)
+ 4cos2θwsin

2θwΓ2
Z

)
,

(17)

where we treat the electron as massless and assume that
dW = 0. The axial and vector couplings are de�ned as
CA = −1/2 and CV = −1/2 + 2 sin θW . In practice, we
apply the experimental angular photon and energy cuts
described in Section IVB and Appendix C and do not
make approximations on the masses of electrons.

2. LHC

At the LHC, there are two main production chan-
nels we can consider. The �rst channel is analogous to
LEP, and consists of oppositely charged quarks and anti-
quarks interacting via an s-channel photon or Z boson:
qiq̄i → (N → γν)ν̄ + h.c.. This gives the same signa-
ture as LEP, up to subtleties that will be discussed in
Section IVB. In addition to neutral currents, the LHC
provides us with the opportunity to study interactions
proceeding via charged currents. The charged current
couplings appeared as one of two possible couplings above
the electroweak scale in Eq. (11), and leads to a �nal state
consisting of a single photon, charged lepton and miss-
ing energy�for example: uid̄j → (N → γν)`+. For the
LHC, the rate of production of HNLs is calculated us-
ing MadGraph5_aMC@NLO v2.5.5 [47], making use of
FeynRules2.3 [48, 49] to load our implementation of the
HNL model.

B. Experimental results and prospects

1. LEP

There have been many analyses dedicated to the γ +
Emiss �nal state [50�53]. We choose to focus on the re-
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sults of LEP1, which ran at a center of mass (COM) en-
ergy corresponding to the Z pole and accumulated about
200pb−1 of data, and LEP161 which ran at a COM en-
ergy of 161 GeV and accumulated 25pb−1[54]. Using par-
tial luminosity and combining many analyses, LEP1 was
able to set an upper bound of 0.1pb on the cross section
of new physics contributing to the γ + Emiss �nal state,
within the angular acceptance range of | cos θγ | ≤ 0.7 and
requiring the outgoing photon to have a minimal energy
of 0.7 GeV. We also enforce that the HNL decays within
1m of the interaction point using Eq. (13). To set con-
straints using LEP data that extend to slightly larger
HNL masses, we point out that LEP's 161 GeV run also
set an upper bound of 1pb on the single photon cross
section from new physics.

2. LHC

To probe the coupling dZ , we recast a recent dark
matter search at

√
s = 13 TeV by ATLAS [55] involv-

ing �nal states containing at least one photon with
EγT > 150 GeV, missing energy greater than 150 GeV,
and 0 or 1 jets. Events in our MadGraph simulation
were generated with 0 or 1 photon, and no jets. Owing
to the systematic uncertainties in the modelling of initial
state radiation, only background predictions with 1 jets
are shown in the ATLAS paper. We use a data-driven
method to estimate the background events with 0 jets by
looking at the ratio of data events reported to contain
either 0 or 1 jet. Following this, we see a de�cit of data
events in both the 0 and 1 jet channels as compared
to the background predictions, which will motivate us
to adopt the CLs method for estimating the sensitivity
at the LHC, which we describe in Appendix B. The
dominant background for this search was the irreducible
Z(→ νν)γ process, followed by W (→ `ν)γ in which the
�nal state lepton was not detected. In addition to all the
cuts described in the paper, we also impose a probability
function requiring the HNL to decay before the closest
distance to the ECAL barrel, namely r = 1.5m from the
beamline. We take the photon ID e�ciency to be 92%
[56].

The LHC also provides us with the opportunity to
probe the charged current HNL extension. We make
use of a

√
s = 8 TeV CMS search for supersymmet-

ric models with gauge-mediated breaking [57]. In its
analysis, the collaboration searched for 1 electron/muon
with transverse momentum greater than 25 GeV, 1 or
more photons, and missing energy greater than 120 GeV.
The dominant backgrounds in this search were misidenti-
�ed photons, misidenti�ed leptons, and electroweak back-
grounds. In the case of CMS, the transverse distance
from the beamline to the ECAL barrel is 1.29m, and the
detection e�ciency for electrons and muons are 80% and
90% respectively. There are no requirements on the num-
ber of jets, however they show results consistent with low

jet activity by requiring that the scalar pT sum of jets
(HT ) be smaller than 100 GeV. In our event genera-
tion, we do not consider associated jet production, which
provides us with a conservative estimate. We simulate
production of N and ` from a W boson via the daγW cou-
pling, and decays of N to a neutrino and photon via the
dγ coupling. We do this for various relative magnitudes
between daγW and dγ .
In both the CMS and ATLAS searches, results are

shown in terms of several signal regions de�ned by an
additional requirement on the missing energy. We cycle
through each of these signal regions and independently
calculate the sensitivity in order to �nd the most con-
straining missing energy requirement. We now brie�y
comment on ways in which one could extend the reach
of this analysis. Access to longer HNL lifetimes could
be achieved by using the location of the photons hitting
the ECAL barrel and endcaps, and statistically mapping
these back to the original direction of the HNL. Then, on
an event-by-event basis, we could select di�erent maxi-
mal distances in the probability of decay cut. Currently,
we only used the distance of closest approach between the
IP and the ECAL barrel. An additional possibility is to
allow the HNL to decay somewhere inside of the ECAL as
opposed to before reaching the surface. To avoid poten-
tial di�culties with triggering however, this might have
to be done in association with jets or leptons. Lastly,
tau �avored couplings could be explicitly probed in the
`+γ+ /ET analysis by tagging tau leptons. This would be
a nice complement to neutrino beam dump experiments,
whose characteristic energies and neutrino �avors often
prohibit tau production. We do not include tau leptons
in our simulations.

3. Results

10-4 0.01 1 100
1.×10-5

5.×10-5

1.×10-4
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10-3

FIG. 9. 95% CL sensitivities at LHC and LEP. Limits are
shown for the dimension 5 (γ mediator) and dimension 6 (γ,
Z andW± mediators) extensions. For the LHC 8 TeV results
involving a photon and charged lepton �nal state, we consider
various relations between the production (daγW ) and decay
(dγ) couplings. See Table II for an explanation of the plot
labels.
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The compilation of the high energy limits on the dipole
couplings is presented in Fig. 9. All constraints have a
characteristic �U� shape. The right boundary of the ex-
cluded region is controlled by the kinematic reach, and
in the case of the LHC extends beyond a TeV. The left
boundary (small mN ) is controlled by the lifetime of N ,
as smaller mN leads to the longer lifetime of N and the
loss of the γ signal in the detector. The bottom part
of the constraints is controlled by the rates and back-
grounds, and is approximately independent on mN as in
this region the production cross section is mN indepen-
dent, and its decay is relatively prompt. It is interesting
that below mZ/2 the LEP experiments are still capable
of providing better sensitivity to the neutrino dipole por-
tal.

V. COSMOLOGY AND ASTROPHYSICS

A. Big Bang Nucleosynthesis

Cosmology provides a very sharp tool in limiting the
coupling constants of metastable heavy particles. In par-
ticular, consistency of BBN-predicted 4He and deuterium
yields with observations shows that the Universe was
dominated by electrons, photons and SM neutrinos at
very early epochs with temperature T ∼ 1 MeV. Any
massive relic surviving in large abundances down to these
temperatures, or conversely having a lifetime in excess
of 0.1 seconds, will distort this balance, and contribute
to the Hubble rate during the proton-neutron freeze-out.
Since most of the neutrons end up in 4He, this possibility
constrains the lifetime of heavy metastable relics if they
are populated to large thermal abundances.
Therefore, we are led to investigate the mechanisms

that populate HNLs in the early Universe. The analy-
sis of the conventional mass-mixed case in its impact on
BBN was performed in Ref. [58], and the mechanisms
for thermal population of HNLs through neutrino oscil-
lations is quite established [59]. Here we notice that the
processes that populate N 's through a dipole portal can
be divided into two categories.

(i) Inverse decays2, ν + γ → N . These processes are
important at T ∼ mN , and can be derived from the
width of N .

(ii) 2→ 2 processes, such as f+f− → Nν̄ or N̄ν, where
f is a SM fermion, as well as all crossing-related pro-
cesses. While higher order in the coupling constant,
these rates are enhanced in the UV.

At any given temperature in the early Universe, the
abundance of N particles is set either by equilibrium,

2 The importance of inverse decays in astrophysical constraints
of the neutrino dipole portals, including BBN and supernova
bounds, was �rst discussed in [11].

if their interaction rates are faster than the Hubble rate,
or by the approach to equilibrium regulated by

nN
nf
∼ 〈σv〉nf̄

H(T )
, (18)

where nf are nN is the number density of charged species
and HNLs, H(T ) is the Hubble rate, and 〈σv〉nf̄ is the
temperature-dependent rate for creating an HNL per unit
of time. The most important for us is the scaling of the
above expression with temperature and parameters of our
model. Making a simple parametric estimate we arrive
to

〈σv〉nf̄
H(T )

∝ αg−1/2
∗ MPld

2T, (19)

whereMPl is the Planck mass and g∗ is the e�ective num-
ber of degrees of freedom appearing from the de�nition of

the Hubble rate, H(T ) ' 1.66g
1/2
∗ T 2M−1

Pl . The most im-
portant feature of Eq. (19), besides the self-explanatory
dependence on MPl and d, is its scaling with tempera-
ture. The rate is enhanced in the UV, and therefore, it
is the highest temperatures in the system that determine
the initial abundance of N . Therefore, strictly speaking,
one cannot determine the initial abundance of N without
ever specifying the initial temperature relative to d−1.
On the other hand, assuming that the Universe at some
point had temperature T ∼ d−1, the ratio in Eq. (19) is
then larger than one for all values of d covered by our
master plot, Fig. 1. Therefore, with this assumption,
one can be sure that N was in fact thermalized in the
early Universe.
Once N is thermally populated, it will last until the

lifetime of the Universe is comparable to τN . To predict
how much energy the thermally-created reservoir of N
stores, one would need to understand at what tempera-
tures HNLs decouple, which can be estimated parametri-
cally by equating the r.h.s. of Eq. (19) to one. This gives
the decoupling temperature of

Tdecouple ∼ 1 GeV × τN
0.1 s

×
( mN

10 MeV

)3

, (20)

where we re-expressed d in terms of the lifetime formula
for N . The decoupling of N means that at temperatures
T < Tdecouple the decays of heavy SM particles heat up
the SM bath but not N , and its relative energy density
is somewhat diluted as g∗ at decoupling will be larger
than at the time of decay. At the same time, for N heav-
ier than an MeV, there is a possibility for a signi�cant
enhancement of the N energy density at decay due to
them becoming nonrelativistic. The ratio ρN/ρSM will
gain an enhancement factor mN/Tdec, where Tdec is the
temperature corresponding to the time of the decay of
N , H(Tdec) ∼ τ−1

N (in the assumption that Tdec < mN ).
Consequently, our estimate becomes

ρN
ρSM

∝ gN
g∗(Tdecouple)

× mN

Tdec
, (21)
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where gN = 7/8 × 4 as N carries four fermionic degrees
of freedom. This estimate can be used to constrain the
lifetime of HNLs as ρN/ρSM is constrained at T ∼ 1MeV
through the n/p freeze-out. If τN ∼ 0.1 s, the ratio in
Eq. (21) is O(1), while only less than 10% variations are
allowed (see, e.g. Ref. [60]).

B. Supernova SN 1987A

The modi�cation of energy generation and transfer in
stars can also serve to limit the viable parameter space
for a dipole neutrino portal. In particular, SN 1987A
has proved to be a useful probe of weakly coupled parti-
cles below the GeV scale [61�67]. The typical considera-
tion is as follows: weakly coupled particles may serve to
substantially enhance the rate of cooling of a supernova,
and if this cooling proceeds too quickly and the energy
is able to escape without being reabsorbed, then nuclear
processes at the core of the supernova can rapidly stop.
This in turn leads to signi�cant deviations between the
predicted and observed neutrino pulses observed at ter-
restrial neutrino observatories [68�70]. Therefore it is the
rate of cooling, rather than the rate of production itself
that is important.
There are two considerations in determining whether

HNLs (or any new weakly coupled particle) can spoil su-
pernova predictions. First, for su�ciently weak coupling
very few HNLs will be produced, and consequently they
will not be able to e�ciently cool the interior of the su-
pernova. This naively suggests strong couplings can be
excluded, however, if the coupling is su�ciently large,
then any HNLs that are produced will be trapped. Pro-
vided this trapping occurs within the �neutrinosphere�
(de�ned as r < Rν where T (Rν) = 3 MeV) [66], then
the energy stored in the HNLs can be e�ciently recy-
cled and re-emitted in the form of neutrinos, ultimately
having no impact on the observations at terrestrial de-
tectors. A full treatment that captures this competition
between production and absorption would involve a de-
tailed study3 of the following integrals [66]

dE

dt
=

∫ Rν

0

Pesc(r0)×
〈
EN

dΓprod

dr

〉
(r0) dr0 (22a)

Pesc(r0) = exp

[
−
∫ Rfar

r0

1

λMFP

dr

]
. (22b)

where dΓ/dr is the local rate of production of HNLs, EN
denotes the HNL energy, Rfar is a large radius to which
the escape probability is insensitive, and the average is

3 Equation (22b) assumes an outward radial path for the HNL and
does not account for passage through the core of the supernova.
Neglecting this O(1) e�ect is already an approximation [66].

taken with respect to the local thermal bath at r0. The
probability of escape Pesc is found by exponentiating the
line-of-sight integral of the mean free path, which in the
case of the dipole portal will always be inversely propor-
tional to the square of the dipole coupling λMFP ∝ 1/d2.
For each HNL mass mN , there will exist a minimal

dipole coupling dprod(mN ) for which too few HNLs are
produced to signi�cantly alter the observed neutrino sig-
nal. Likewise, there will also exist a maximum dipole
coupling dabs(mN ) such that for any stronger couplings
the HNLs will be e�ciently reabsorbed and will not cool
the interior of the supernova appreciably. The region of
excluded parameter space lies between theses two curves
in the d − mN plane i.e. dprod(mN ) < dexcl(mN ) <
dabs(mN ). Although Eqs. (22a) and (22b) are in general
complicated, in the weak coupling regime (d . dprod),
and the strong coupling regime (d & dabs), the analysis
simpli�es.
In trying to obtain the lower curve dprod(mN ) of

Fig. 11, the coupling is small and so the probability of
escape is nearly unity. We may therefore study the pro-
duction of HNLs and neglect the absorptive properties
of the bath. Furthermore, this may be done locally, as
opposed to globally, at a characteristic radius. This ap-
proximation is often termed the �Ra�elt criterion� [61],
and is de�ned in terms of the energy carried by HNLs
per unit volume, per unit time, dEN/dt (being referred
to as emissivity throughout this paper), at a �xed radius
r0

dEN
dt
≤ 10%

dEν
dt
≈
[
ρ(r0)

g/cm
3

]
× 1019erg cm−3s−1, (23)

where dEν/dt is the maximum energy per volume per
time emitted via neutrinos. This criterion essentially re-
quires that HNLs produced at some �xed radius r0 carry
no more than 10% of the total energy lost to neutrinos
per time. The emissivity constraints derived based on
the Ra�elt criterion and from the criterion with the in-
tegrated energy are compared explicitly in [64]. The dif-
ference is well within an order of magnitude as demon-
strated for their scenario.
In the limit of strong coupling, the relevant question is

whether the produced HNLs can escape the supernova's
neutrinosphere. Since dabs(mN ) � dprod(mN ) we may
assume a large �ux of HNLs in the parameter space of
interest, and so by Eq. (22a), it is the probability of
escape that must inhibit cooling due to HNL produc-
tion. As demonstrated by Eq. (22b), and the discussion
thereafter, this quantity depends exponentially on the
dipole coupling by way of the mean free path. There-
fore, a reasonable criterion is that that Pesc(dabs) = 1/2,
since for d & dabs this quantity will be exponentially
suppressed. Although the Ra�elt criterion is most nat-
urally imposed where the temperature is maximal, and
densities are high, it is possible that this will lead to
a rather conservative bound on dabs. This is because,
being produced in the hot and dense interior of the su-
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FIG. 10. Radial pro�les of the number density, temperature,
and chemical potentials at one second after the bounce from
the simulation of an 18M� progenitor [65].

pernova, the HNLs must travel through several kilome-
tres of absorptive material composed of electrons, pro-
tons, and neutrinos, all of which have number densi-
ties in excess of 1037/ cm3. This feature is mitigated
to some extent due to Pauli-blocking, however which ef-
fect is dominant is hard to determine. With this in mind,

we perform our analysis at two radii r
(a)
0 = 10 km and

r
(b)
0 = 14 km. The former corresponds to the conven-
tional choice [61, 62, 64, 66] of the hottest (T ≈ 30 MeV)
and most dense (ne, nν , np ≈ 1037/ cm3) region of the su-
pernova. The latter choice, by contrast, includes slightly
lower temperatures (T ≈ 20 MeV) number densities
(ne, nν , np ≈ 1036/ cm3) but does not require transit
through the most dense regions of the supernova due to
the sharp decline in number density in the outward radial
direction.
Before turning to the details of the calculation of the

emission rates and escape probabilities, we �rst summa-
rize the physics that is included in our calculations. We
use radial pro�les corresponding to a supernova with an
18M� progenitor, which are obtained by digitizing the
reference runs shown in Fig. 5 of [65]. In calculating the
optical depth, the full radial dependence is accounted for,
but as discussed above, we apply the Ra�elt criterion at
two �xed radii. We include all species present except for
neutrons as they do not couple to HNLs via the dipole

portal. In computing the optical depth, and emissivities,
we account for the e�ects of quantum degeneracy includ-
ing Pauli-blocking, which is found to modify the rate of
production and to have a dramatic e�ect on the escape
probabilities of HNLs.

1. Production

Supernovae typically have signi�cant populations of
protons, neutrons and photons, as well as electrons and
neutrinos, and their associated anti-particles. Save the
neutron, HNLs couple to all of these species at tree level
via the dipole portal, and this allows for the following
production mechanisms

ν + e± → N + e± (upscattering) (24)

ν + p→ N + p (upscattering) (25)

e+ + e− → ν +N (synthesis) (26)

γ + ν → N (inverse decay). (27)

We point out that our analysis does not include ther-
mal �eld theory e�ects, and so we omit the �plasmon
decay� γ → νN production mode. In general, ignor-
ing the thermally acquired e�ective mass of photons in T
channel scattering processes is only justi�ed if the charac-
teristic momentum �owing through the photon is much
larger than its e�ective mass, which is on the order of
20 − 30 MeV. Using vacuum propagators for the domi-
nant HNL production process e−ν → e−N , we calculated
the quantity

√
−〈q2〉 and found it to be greater than

70 MeV for all masses considered, eventually asymptot-
ing to mN for heavy N . Furthermore, for all masses con-

sidered, ignoring the regime
√
−q2 < 30 MeV changes

〈q2〉 by less than 4%. In addition to thermal e�ects, we
also neglect the in�uence of nucleon magnetic moments
(because of the additional ∝ m−1

p suppression), and for
that reason neglect ν + n → N + n production mode.
Going back to the channels we consider, all of these have
two incident species, and so the rate of production is con-
trolled by the product of their densities (i.e. nenν in the
case of electron upscattering). In the case of upscatter-
ing, however, the chemical potential can be an order of
magnitude larger than the temperature, and so Pauli-
blocking of the outgoing SM product must also be taken
into account.
As discussed above, in considering the minimal dipole

coupling that can spoil predictions from SN 1987A, we
study the Ra�elt criterion, Eq. (23), at both r0 = 10 km
and r0 = 14 km.
The following integral equation de�nes the emissivity

dEN
dt

=

∫
d3p1

(2π)3

d3p2

(2π)3
f1f2〈ENσ〉F vMøl, (28)

where fa = 1/(exp[(Ea − µa)/T (r0)] + 1) is the Fermi-
Dirac distribution for species a, and vMøl is the Møller
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velocity

vMøl =
√

(v1 − v2)2 − (v1 × v2)2. (29)

The average, 〈ENσ〉F, is taken over phase space with
the appropriate distribution functions included. For in-
verse decays, this is the trivial one-body phase space of
the HNL, but for 2 → 2 process the appropriate Pauli-
blocking factor of the outgoing SM particle, F(E3) :=
1− f(E3), is included, where E3 is evaluated in the rest
frame of the bath. Explicitly, for 2 → 2 processes the
average is de�ned as

〈ENσ〉F :=

∫
dΦ2(p3, pN )

4F(s)
F(E3)EN |M|2prod (30)

where Φ2(p3, pN ) denotes the two-body Lorentz invari-
ant phase space of the outgoing HNL and SM particles,
F(s) the Lorentz-invariant �ux factor, and EN , like E3, is
evaluated in the rest-frame of the bath. The production
matrix elementMprod is calculated at zero-temperature,
and does not include�for example�the in-medium mod-
i�cation of the photon propagator.
Following [62, 71, 72], we can rewrite Eq. (28) as

dEN
dt

=
1

32π4

∫ ∞

M2

ds

∫ ∞
√
s

dE+

∫
dE−〈ENσ〉F

× F (s,m1,m2) f (E1, µ1) f (E2, µ2)

(31)

where

M2 = Max[(m1 +m2)2, (mN +m�nal)
2],

E1 =
E+ + E−

2
and E2 =

E+ − E−
2

,

F (s,m1,m2) =

√
1

4
(s−m2

1 −m2
2)

2 −m2
1m

2
2.

(32)

Using the Mandelstam variable s, we can show that E−
depends on s, E+, m1, m2, and cos θ, and that its asso-
ciated bounds of integration are obtained by considering
the limits cos θ → ±1 with E+ and s held �xed.

2. Escape

The escape probability Eq. (22b) is dictated by the
mean free path λMFP of the HNL in the hot bath of
the supernova. Demanding that the probability of es-
cape is less than 50% is equivalent to demanding that
− lnPesc . 2/3. Since the dipole portal is the only cou-
pling between the Standard Model and the HNL, all pro-
cesses that contribute to λMFP are proportional to d2. It
is therefore convenient to introduce a reduced mean free
path λ, de�ned at a reference value d = 10−7 GeV−1 via

− lnPesc =

∫ 25 km

r0

1

λMFP(r)
dr

=

(
d

10−7 GeV−1

)2 ∫ 25 km

r0

1

λMFP(r)
dr

(33)

Implicit in the above analysis is the assumption that the
path of the HNL is directed radially outwards. This un-
derestimates the probability of absorption as it neglects
paths that travel through the core and other overdense
regions, however as discussed in Appendix B. of [66] this
e�ect is O(1) and can be captured by multiplying the
optical depth by the substitution λMFP → λMFP/3. We
may then de�ne the critical dipole moment where HNLs
are e�ciently trapped via the condition

dabs =

√√√√ 2/3

3×
∫ 25 km

r0
dr

λMFP(r)

× 10−7 GeV−1. (34)

The above procedure does not take into account the �ux
of HNLs coming from the core of the supernova can be
exponentially large, and therefore some of amount of en-
ergy deposition can happen beyond dabs. The �ux is a
factor of (dabs/dprod)2 ∼ 106 larger than the lower bound,
and so an even larger dipole coupling is required to e�-
ciently absorb this large �ux of HNLs, given roughly by

dabs → dabs × log
(
dabs
dprod

)2

, which is approximately an

order of magnitude larger, and consequently more strin-
gent. Since we neglect this e�ect, our analysis can be
considered conservative in this regard.
Both single body decay of the HNL, and 2 → 2 scat-

tering contribute to the mean free path. In no particular
order, the relevant processes are

N + e± → ν + e± (downscattering) (35)

N + p→ ν + p (downscattering) (36)

ν +N → e+ + e− (annihilation) (37)

N → γ + ν (decay) (38)

N + SN→ N + SN (gravitational trapping). (39)

We have included the full radial dependence of the tem-
perature and chemical potentials in our calculation of
Eq. (34). As can be clearly seen in Fig. 10, the chemical
potentials of the neutrinos and electrons are signi�cantly
higher than the temperature within the interior of the
supernova, therefore for HNLs produced at r0 ≈ 10 km,
Pauli-blocking and the Fermi-Dirac distributions of the
absorptive species can play an important role in deter-
mining the escape probability. As discussed above, we
compute the reduced optical depth integral at a reference
dipole coupling of 10−7 GeV−1 and include the e�ects of
Pauli-blocking via

1

λMFP(r)
=
∑

α

〈nασαN 〉(r) + βγ(r0)〈ΓN 〉(r). (40)

Here α ∈ {e−, e+, νe,µ,τ , νe,µ,τ , γ, p} labels the species
that can absorb HNLs, and nα's are their Fermi-Dirac
distributions. The thermal averages 〈nασαN 〉 and 〈Γ〉 in-
cludes the thermal distribution of the absorptive bath for
the 2→ 2 absorption, and the associated Pauli-blocking
of outgoing SM particles for both decays and 2→ 2 pro-
cesses.
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We �x the incident HNL energy to be 〈EN 〉(r0,mN ),
de�ned as the average energy per HNL produced at
r0 = 10 or 14 km, and this implies a boost factor for the
HNL βγ(r0,mN ). In practice we compute the average
energy numerically, however the qualitative behaviour
can be understood as follows. The dominant production
mechanism over most of the mass-range is Primako� up-
scattering o� of electrons which is Pauli-blocked on the
outgoing electron. For mN & µe, the momentum trans-
fer required to create an HNL typically kicks electrons
above the Fermi surface and imparts the HNL with three-
momentum of order PN ∼ O(µe). Therefore the mo-
mentum can be estimated using elementary kinematics.
In contrast, for low masses the e�ects of Pauli-blocking
must be accounted for by demanding a large momentum
transfer, q2 ≈ −µ2

e, so as to kick the electron above the
Fermi-surface. Taking the average neutrino to be µν/2
and averaging over angles then leads to the estimate

〈EN 〉 ≈




mN +

µ2
e

2mN
for mN � µe

m2
N

µν
+ µe for mN � µe

, (41)

where the chemical potentials are evaluated at r0. We
also assume the HNL's path is directed radially outward
(and correct for the possibility of transit through over-
dense regions via a factor of 3 as discussed above).

The thermal averages 〈nασαN 〉 and 〈ΓN 〉 take into ac-
count the radial pro�le of the supernova, as a consequence
of the Pauli-blocking of outgoing SM particles and the
thermal distributions of initial SM particles inheriting the
radial dependence of the chemical potential and temper-
ature pro�les. As in the case of production, the matrix
element |Mabs|2 is computed at zero temperature and
we have checked that �nite temperature corrections are
under control.

Finally, the gravitational pull from the supernova could
potentially trap the HNLs and prevent additional cooling
of the supernova from happening. This is especially rele-
vant for the high mass regime. Here we follow the simple
energy argument introduced in [73] that determines the
particle mass for which this e�ect becomes important.

The gravitational trapping has to be taken into account
when

〈Ekin〉HNL ≤
GMcmN

Rc
, (42)

where 〈Ekin〉HNL is the average kinematic energy of the
HNLs, G is the Newton constant, Mc is the enclosed
mass of the supernova within the radius Rc, at which
the HNL of mass mN is produced. We take Mc ≈ MSN

which is the mass of SN 1987A and calculate 〈Ekin〉HNL
at two radii Rc =10 km and 14 km, corresponding to the
radii we choose for the emissivity and the optical depth
considerations. We determine that for mN

>∼ 320 MeV
gravitational trapping is important at both Rc = 10 km
and 14 km.

C. Results
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FIG. 11. Emissivity and optical depth constraints (red) from
supernovae SN 1987A, and parameter space facilitating its
conversion to a neutron star (green). We also show lines of
constant HNL lifetimes to gauge where BBN might be af-
fected. Two radii of production r0 are plotted for compari-
son, with one at the hottest densest radius r0 = 10 km and
one closer to the edge of the high density region r0 = 14 km.
The gravitational trapping becomes signi�cant for HNLs with
mass above the vertical gray line, labeled �Gravity�.

We begin with the BBN limits, that rest on several
assumptions. First, we assume that the temperatures
in the early Universe were initially rather large, and as
a consequence, HNLs got thermally populated. If the
maximum (i.e. reheating after in�ation) temperature
was limited to a sub-GeV range (which is a rather ex-
treme assumption), then domains of parameter space
with small mN and small d will not be constrained by
n/p freeze-out, as the abundance of HNLs at 1 MeV can
be much smaller. The second assumption is that we as-
sume that the BBN proceeds along a standard scenario,
and HNLs provide only a small perturbation. An alter-
native scenario, when the Universe is actually dominated
by N , and its decay reheats the ν and γ, e baths, might
not be excluded throughout the whole parameter space.
Namely, the BBN provides only a handful of reliable pre-
dictions (4He, D/H). It could be possible that for some
�islands� on {mN , d} space, the outcome of the nuclear
reaction network is similar to a standard BBN. In this
case, however, one would also have to make sure that the
energy densities of neutrinos and photons are also con-
sistent with measurements of Neff . This may look as an
additional �ne tuning, and therefore we do not consider
such an accidental possibility seriously.
Thus, with the above caveats, if the ρN/ρSM ratio is

larger than 0.1 at the time of n/p freeze-out, the BBN
is perturbed outside of its agreement with observations.
Then it is possible to set the constraints on lifetime to
be less than a fraction of a second (see Ref. [74] for
a somewhat similar analysis of the Higgs portal relics).
We choose to be on a very conservative side, and set the
limit for lifetime to be 1 sec, shown by the diagonal line
in Fig. 11. (AtmN ∼ 1 MeV, the decoupling temperature
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is close to an MeV, and therefore ρN/ρSM > 0.2 unless
N particles decay early. At mN > 10 MeV, the decou-
pling temperatures are in the GeV regime and larger, so
that there can be a signi�cant dilution by g∗(Tdecouple).
However, mN/Tdec more than compensate for this dilu-
tion, along the τN = 1 second line). We observe that
on {mN , d} space the BBN constraints do not overlap
with neutrino/beam dump or high energy experimental
constraints.

Our astrophysical results are collected in Fig. 11. As
described in detail in the previous subsections, we have
calculated present limits on heavy neutral lepton dipole
moments stemming from supernovae cooling. The lower
curve of the excluded region is found by requiring that
the rate of energy produced by HNL (the emissivity) is
larger than a tenth of that from neutrinos. The upper
curve is obtained by enforcing that

∫
λ−1
MFPdr < 2/3,

namely that the probability of an HNL interacting with
something on its way outside the star (the optical depth)
is small.

Our analysis reveals that Pauli-blocking of electrons
and neutrinos is an essential feature in determining both
the emissivity and especially the optical depth. In the
latter case, quantum degeneracy makes the hot and
dense interior of the supernova nearly transparent to
HNLs whose decay and downscattering is inhibited by
a Fermi-sea extending up to momenta on the order of
µν ≈ 250 MeV. Unintuitively, this means that the es-
cape probability for an HNL produced at r0 = 10 km
is nearly equal to that of one produced at the edge of
the densest regions at r0 = 14 km. Similarly, the pro-
duction of HNLs is severely inhibited by the Fermi-sea
of electrons. Naively, the high densities of electrons and
neutrinos shown in Fig. 10 favor HNL production, and
this suggests that Primako� upscattering is the domi-
nant production mechanism. This is, in fact, the case at
low masses (but only marginally so), however at higher
masses (mN & 50 MeV) inverse decays actually come to
dominate despite the number density of photons being
two orders of magnitude smaller. This is because the in-
verse decay is not Pauli-blocked. The consequences of
quantum degeneracy are that the HNL behaves as if it is
much more weakly coupled than one would expect based
on naive predictions.

The qualitative features of our results can be described
as follows. The upper curve is dominated at low masses
by downscattering o� of electrons and neutrinos, and the
inclusion of Pauli blocking increases the bound on d due
to the large chemical potentials (i.e. a large number of
already occupied states) of these leptons for r ≥ 10 km.
Downscattering is relatively insensitive to the mass of
the HNL, (i.e. σ ∼ d2) and so is eventually overtaken
by the decay of the HNL which scales as Γ ∝ d2m3

N
and bene�ts from the absence of Pauli-blocking on the
outgoing photon; this crossover between mN indepen-
dent downscattering, and power-law decay lengths can be
clearly seen in Fig. 11. The bottom curve is dominated
primarily by upscattering of neutrinos o� of electrons.

This process is only Pauli-blocked on the outgoing elec-
tron, and bene�ts from high number densities of both
electrons and neutrinos. In direct parallel with the es-
cape probabilities, this process is eventually overtaken
at large masses by inverse decays. The inverse decays
scale as m4

Nd
2 and provide the dominant contribution for

mN & 50 MeV. The maximal emission is reached when
mN '

√
s ≈ (T +µν), but this production channel ceases

to be viable at masses much higher than the average cen-
ter of mass energy mN � 〈

√
s〉 ≈ (T + µν) ≈ 250 MeV

because the HNL cannot be e�ciently produced. Up-
scattering has a slightly higher kinematic limit of mN �
〈√s〉 ≈ (µe + µν) ≈ 500 MeV due to the large chemical
potential of the neutrinos.

Gravitational trapping of the HNLs becomes impor-
tant for large mass HNLs. Above the mass mN= 320
MeV, the average kinematic energies of the HNLs are
smaller than gravitational potential they feel from SN
1987A, as indicated with a vertical line in Fig. 11. The
e�ect can to some degree alleviate the cooling bound of
the SN on the HNLs since these HNLs can be gravitation-
ally trapped and never travel out of the supernova. We
leave a more re�ned determination of the gravitational
e�ect on the SN cooling to future works.

Also on the plot there is a region called �Assisting SN
Explosions�. The detailed mechanism of core-collapse su-
pernova explosion is an active research topic, and with
the most explored mechanism being driven by neutrinos
[75]. Simulation results such as [76, 77] have tended to
�nd that the neutrino-driven explosion struggles to re-
produce the revival of the shock-waves for a successful
explosion, and requires additional shock energy to match
the observation during the core collapse. It is worth not-
ing, however, that the most recent simulation based on
a 3D progenitor model [78], suggests that the neutrino-
driven mechanism itself could possibly provide enough
shock revival and explain the observed explosion ener-
gies. It is likely that a larger range of progenitors and
more re�ned simulations are still required to fully under-
stand the issue of SN explosions.

With these details in mind, it is worth noting that new
degrees of freedom, for example, HNLs, have long been
proposed to power SN explosions [79], and were most re-
cently proposed to assist neutrinos in reviving the shock
waves and augment their energies [80]. We brie�y review
the mechanism for the reader. The star begins by col-
lapsing under its gravitational pull, causing a bounce o�
of the inner core. This radiates an outward shock. The
shock gets stuck, because of dissociation of heavy nuclei,
and gets revived by SM neutrino heating and hydrody-
namic e�ects, producing an explosion. This depletes the
star's core of leptons. The outward shock then encounters
a matter envelope surrounding the star. At this point,
previous simulations [76, 77] found that the shockwave
is not able to expel the envelope, and the explosion is
quenched. The matter in the envelope falls back into the
core, possibly creating a black hole and preventing a neu-
tron star �nal state from forming. If it was blown away,
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however, the core could live on as a neutron star, which
is the observed remnant of the core-collapse supernovae.
By adding HNLs (or any other metastable particles with
right properties), they can escape to the envelope and
decay into neutrinos and photons. This creates an addi-
tional outward radial pressure in the envelope and breaks
up some of the heavy nuclei. The original shockwave
then has an easier time expelling the envelope away, and
wastes less energy dissociating the nuclei inside the en-
velope. Interestingly, even a small amount of additional
energy injection could possibly result in a proper explo-
sion [79, 80].
In Fig. 11, the upper bound of the `preferred' region

for assisting supernova explosions is determined by con-
sistency with SN 1987A limits. The lower bound, which
is the main numerical result of [80], corresponds to hav-
ing an energy emission from HNLs of 1051ergs. By con-
trast, the energy emitted by all Standard Model neu-
trino species in SN 1987A is Eν ≈ 3 × 1053erg [61]. It
is important to note that the simulation in [80] assumes
vacuum �avor mixing angles of sin2 θ > 10−8 for ντ mix-
ings and 10−8 < sin2 θ < 10−7 for νµ mixings, which are
not present in our model. However, the main features
of their analysis still hold in our case, since the HNLs
in our scenario can also generate the required amount
of energy injection given in [80]. To obtain the favored
region, we have e�ectively redone the emissivity analy-
sis described in Section VB1 using an emitted energy
of 1051erg. Recall that the emissivity constraint is done
requiring a power loss through HNLs less than 10% that
from SM neutrinos. We �nd that the �Assisting SN Ex-
plosion� regime is mostly covered by the BBN constraint
on HNLs with lifetimes longer than 1 second.

VI. DISCUSSION AND CONCLUSION

In this paper we have considered a variety of phe-
nomenological consequences of a massive Dirac particle,
that has a dipole portal d to the SM neutrinos and the
photon, as a main source of production and decay of
HNLs. The Dirac nature of the mass of N is dictated
by the arguments of the neutrino mass generation. Dif-
ferent variants of such models have been proposed in the
past, as a way of mimicking the excess of neutrino signals
observed at LSND and MiniBooNE. We have provided
an attempt at a comprehensive analysis of this class of
model, assuming the dominance of dipole couplings.
We �nd that the high energy probes (LEP and LHC)

of HNLs through a dipole portal are giving sensitivity to
d at a scale of (10 TeV)−1 and better, mostly through
the mono-photon type signatures. In particular, the sen-
sitivity of the LHC experiments extends to the TeV scale
mN . High intensity beam dump and neutrino experi-
ments (�intensity frontier� experiments) cannot reach to
such high masses, but instead are able to probe much
lower values of couplings for the sub-GeV masses. We
�nd that the inclusion of the dipole production of N

disfavors common explanation of the MiniBooNE and
LSND anomalies by already existing data. Interestingly,
LSND itself provides the most stringent constraints on
the dipole coupling at low masses, while the MiniBooNE,
MicroBooNE, and SBND detectors provide the leading
constraints at slightly higher masses. At the peak sensi-
tivity to the dipole coupling, for mN ∼ few 100MeV, the
experiments probe scales of d ∼ (10−7 − 10−6) GeV−1,
which is far beyond the weak scale. Future experimental
facilities, including SBND, and in particular SHiP, will
be able to help improve sensitivity to these couplings.
For the SHiP main detector, the level of the single pho-
ton backgrounds is not currently well understood, and
while we use our optimal estimates at this point, detailed
simulations can help better evaluation of sensitivity to
dipole portal. Astrophysics, in particular physics of SN
explosions, further restricts the parameter space for the
model, probing up to a few hundred MeV scale masses
and a d ∼ (10−7−10−10) GeV−1 range of couplings. The
cosmological bounds are somewhat model dependent as
they are sensitive to the high-temperature regime of the
early Universe for which we do not have the direct experi-
mental data. In the most likely eventuality of high initial
temperatures, the constraints on lifetime are in the 1 sec-
ond range and better, disfavoring low-d, low-mN corner
of the parameter space. Overall, the HNL coupled to the
dipole portal adds to new physics models that can be
studied both at high and medium energies, and in astro-
physical/cosmological settings. We conclude our paper
with a few additional comments:

(i) One of the reasons the current model can be stud-
ied with such a variety of tools is the fact the dipole
portal we explore, below the electroweak scale, is a
dimension 5 portal. It gives cross sections that scale
as σ ∝ d2. This is similar to the interactions of
axion-like particles a (e.g. gaγγaF F̃ ), which is also
dimension 5. Indeed, one can observe broad numer-
ical similarities between sensitivity to gaγγ and our
derived sensitivity to d.

(ii) We have covered only a handful of the existing in-
tensity frontier searches that we think to be the
most sensitive. It is possible that some other ex-
periments (such as e.g. CHARM, CCFR, and
T2K) may also provide additional constraints on the
model. Among new planned facilities, some would
involve unprecedented intensities (DUNE), and it is
possible that new levels of sensitivity to d can be
derived there as well.

(iii) There are several experimental setups proposed at
the LHC to probe long-lived particles, including
MATHUSLA [81] and CODEX-b [82], and a small
detector to probe weakly coupled states in the for-
ward regime, FASER [83], which has already con-
sidered HNLs (but not their neutrino dipole inter-
actions) [84, 85]. These setups could potentially
extend our reach at the energy frontier. However,
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since the lifetime of the HNLs in our scenario scales
as m−3

N as seen in Eq. (6), the decay lengths may
be too short in the near GeV mass range to signi�-
cantly improve on the reach of existing probes.

(iv) We have provided a SM gauge invariant comple-
tions of the dipole portal operator. This should not
be confused with a proper UV completion, which
was brie�y discussed in [11, 12]. See also [26] for
a one-loop calculation of HNL radiative decay rates
in the context of various renormalizable electroweak
gauge theories. Such UV completion may also point
to a potential tuning issue that can arise in this
model. Operators (10) can radiatively induce signif-
icant mass mixing operator, LNH, which we have
assumed to be small and/or absent. It will be im-
portant to �nd out whether tuning-free UV comple-
tions of this model exist. This task falls outside the
scope of this paper.

(v) The setup considered in this paper can be easily
extended to provide new constraints and unprece-
dented sensitivity reaches for other weakly interact-
ing particles, including millicharged particles [86].
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Appendix A: Intensity Frontier

1. Neutrino upscattering

We obtain an expression for dσ/dt. Consider �rst the
matrix element for the production of N , which factorizes

into a hadronic and a leptonic tensor, i.e.

|M|2 =
|d|2e2

q4
LµνW

µν . (A1)

In terms of a right-handed projection operator, the lep-
tonic tensor is

Lµν = 4 Tr

[
/p1
PR σναq

α(/p3
+mN )σµβq

β

]
. (A2)

The hadronic current is given by

〈A|Γµ|A′〉 = F1γ
µ + F2

i

2MH
σµδqδ. (A3)

In the heavy nucleus limit, squaring Eq. (A3) gives

Wµν = F 2
1Tr

[(
/p4

+mH

)
γµ
(
/p2

+mH

)
γν
]
. (A4)

The representation of the form factors will depend on
whether the scattering is coherent or inelastic. In the
former case, the neutrino upscatters on the nucleus as a
whole and the cross section scales as Z2. Since MH =
AMnucleon and |t| = |q2| = Q2 is small, we retain only
F1 in Eq. (A3), which we take to be the Woods-Saxon
(WS) form factor. Indeed, the contribution of the mag-
netic moment of a nucleus to the ν → N transition is
relatively small, especially for large A nuclei, for the case
of coherent scattering. In the shell model description,
only the outside shell nucleons contribute to nuclear spin
and magnetic moment. Therefore, the magnetic moment
provides only a very subdominantO(1/A) part of the am-
plitude relative to the main (Coulomb-induced) part. For
small A nuclei, this may be more important. Note that
when the scattering occurs at larger Q2, the magnetic
moments of the nucleons are being taken into account.
The WS form factor parameterizes the charge density of
the nucleus as

ρ(r) =
ρ0

1 + exp
(
r−r0A1/3

a

) (A5)

and takes its Fourier transformation with respect to the
momentum exchange q [87, 88]. From Eq. (A1), we ob-
tain

dσ

dt
= −2α|d|2Z2F 2

WS

t2 (s−m2
H) 2
×

{
− tm2

N (2s+ t) +m4
N

(
2m2

H + t
)

+

2t
(
s−m2

H

) (
−m2

H + s+ t
)}

(A6)

The 1/t2 pre-factor in the lab frame is proportional
to 1/(EN − Eν)2, meaning there is a phase space
enhancement favoring EN = Eν .

On the other hand, when the scattering is inelastic,
the incoming neutrinos scatter o� of the individual nu-
cleons. When this happens, |t| is of moderate size,

Ph.D. Thesis – G. Magill; McMaster University – Physics and Astronomy

71



21

MH = Mnucleon and we retain both form factors. F1

and F2 take on di�erent values depending if they are for
the neutron or proton. Their values are given [89, 90] by
solving the system of equations

Gp,nγ,E = F p,n1,γ −
Q2

4M2
Nucleon

F p,n2,γ

Gp,nγ,M = F p,n1,γ + F p,n2,γ

(A7)

with

G
{p,n}
γ,E = {GD, 0}

G
{p,n}
γ,M = µ{p,n}GD

GD =
1

(1 +Q2/0.71 GeV2)2

µp,n = {2.793,−1.913}.

(A8)

We then obtain

σtotal = Z × σp + (A− Z)× σn. (A9)

In contrast to the coherent scattering case, the inelastic
cross section depends only linearly on Z and A. Further-
more, values of t for which we have inelastic scattering

generically avoid the t→ 0 enhancement.

2. Meson decays

In determining the number of HNLs present at inten-
sity frontier experiments, it is important to consider both
Primako� upscattering and direct decays of mesons into
HNLs. The decay in �ight of mesons will lead to a dis-
torted spectrum of HNLs that depends on the details of
the decay at rest, and the spectrum of incoming mesons.
In this appendix we outline how to obtain the spectrum
of HNLs given a spectrum of incident mesons.
We denote the rest frame energy and momentum E

and P, and the angle relative to the boost vector in the
rest frame as φ, while lab frame quantities are de�ned
analogously as E, P , and θ. We �rst compute the rest
frame di�erential decay rate as a function of the energy
of the HNL dΓ/dE . Normalizing by the overall decay
rate of the meson de�nes the di�erential branching ratio
in the rest frame dBR/dE|rest = (1/Γ) · dΓ /dE|rest. The
most important contribution to HNL production is from
pions, and so we quote the result of dΓ/dE in the rest
frame for the process π0 → Nνγ

dΓ

dE = − 1

2πmπ
α2|d|2F 2

π

[
P
(
4E2m2

π − 3Emπm
2
N − 2Em3

π +m4
N + 3m2

πm
2
N

)
−m2

π (4E −mπ)m2
N tanh−1

(P
E

)]
,

(A10)

In this expression, we use the notation Fπ = (4πfπ)−1

with fπ ≈ 92 MeV. In our meson calculations, we have
set the lepton masses in some of the integration bounds
to 0 in order to make the integrals tractable. For most of
the meson decay channels, this approximation was found
to have a minor e�ect on the results. For heavy mN ,
the π → µNγ channel was found to be underestimated
by this approximation, yielding a conservative estimate.
Next, for a given energy E , the resultant distribution in
the lab-frame can be found by considering

E = γE − βγP cosφ (A11)

and noting that the decay of a pseudo-scalar is isotropic
in the rest frame. Consequently the lab energies are sam-
pled uniformly from [E−, E+] where E± = γE ± γβP.
The population of the interval of phase space in the lab
frame must be the same as its corresponding interval in
the rest frame. This implies that a delta-function distri-
bution in the rest frame is transformed to a box distri-
bution with a width of (E+ − E−) = 2γβP in the lab
frame.

The same argument can be applied to obtain the max-
imum and minimum rest frame energies that can be
boosted into a given in�nitesimal window centered about

E. These are given by

E± = γE ± βγP. (A12)

Using this information we can construct the spectrum of
HNL energies generated by a meson traveling at velocity
β in the lab frame

[
1

Γ

dΓ

dE

]

lab

=

∫ EB
EA

1

2γβP (E)

[
1

Γ

dΓ

dE

]

rest

dE (A13)

where the factor of 2γβP accounts for the normalization
of the box distribution discussed above. The quantities
EA and EB are de�ned via EA(E, γ) = min(E−, Emin) and
EB(E, γ) = max(E+, Emax) where Emin and Emax are the
minimum and maximum energies of the HNL that are
kinematically allowed in the rest frame. Notice that the
limits of integration on the right-hand side are functions
of the lab energy E and the velocity β, or equivalently γ.
Finally, we consider a spectrum of parent mesons. In

this case a spectrum (e.g. N(γ) = N(E/mπ) in the case
of pions) is assumed to be given and we weight the contri-
bution of each value of β by this spectrum �nally giving

Nlab(EN ) =

∫ γmax

γmin

[
1

Γ

dΓ

dE

]

lab

N(γ)dγ (A14)
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the spectrum of HNL's produced from a given �ux of
mesons.
The meson energy lab spectrum used was adjusted to

account for the magnitude of the beam energy, and the
meson masses under consideration. When considering
SBN the Sanford-Wang [32, 91] distribution was used to
model the incident pions, while for kaons and eta mesons
the Feynman scaling hypothesis [32] was employed. At
SHiP where the incident proton beam has an energy of
450 GeV the BMPT [91, 92] distribution was used in-
stead for both pions and eta mesons. The use of the
Feynman scaling approach was inspired by Ref. [93],
which argues that low energy proton beams and high
meson masses exhibit special mass e�ects that are not
well captured by Sanford-Wang. The Feynman scaling

approach assumes that d2σ
dpdΩ depends only on pT and

xF = pCOM|| /pCOM,max
|| , and is proportional to (1−|xF |).

Mass e�ects tend to give stronger weight in the data
in the xF = 0 regime. This is re�ected in the Feyn-
man Scaling approach, whereas Sanford-Wang keeps in-
creasing as xF crosses over to negative values. At even
lower energies, such as at LSND where the POT energy is
around 0.8 GeV, we employ the Burman-Smith distribu-
tion [37, 38]. By �tting to datasets spanning a wide range
of pion kinetic energies (30 − 553 MeV) the Burman-
Smith distribution attempts to model the pion spectrum
down to zero kinetic energy. At LSND, as low kinetic
energy protons interact with the beam stop, pions which
are produced are slowed down. The negative pions are
absorbed in matter while the positive pions decay. Most
of these π+ are at rest, while some (2%) decay in �ight.
For µ+ and π+ that decay at rest, we take their spectrum
to be isotropic. For π0 and π+ that decay in �ight, we
use the Burman-Smith distribution.

3. Perturbative electroweak backgrounds

As another source of background, we consider non-
resonance induced single photons from perturbative elec-
troweak processes. Although it is intuitive that the loop
suppressed SM backgrounds from Aν → Aνγ will be low,
it is important to quantify by how much, as this process
could occur via neutrinos interacting in the walls of the
SHiP experiment. Our goal here is to show that this
potential source of background is very small and under
control. The cross section for γν → γν has been explic-
itly calculated using e�ective operators [94, 95], and this
provides a convenient way to calculate the SM contri-
bution to Aν → Aνγ by way of the equivalent photon
approximation (EPA). The EPA treats the nucleus as a
static charge distribution which sources a Coulomb �eld
coherently (see Ref. [96, 97] for a comprehensive review).
As discussed in Ref. [87, 98] the full σνA cross section
can be calculated from the σγν cross section via

σνA =

∫ smax

smin

ds σγν(s)

∫ ∞

( s
2Eν

)
2

dQ2P (s,Q2) (A15)

where Eν is the energy of the neutrino in the lab frame.
The function P (s,Q2) can be interpreted as the proba-
bility of the nucleus sourcing a quasi-real photon with
�mass� Q2 whose center of mass energy with the incident
neutrino is s. Typically the EPA reveals an IR logarith-
mic enhancement, due to the e�ective measure of ds/s
induced by P (s,Q2). This IR enhancement is o�set due
to the steep s dependence of σγν(s) [95], which scales as
σγν(s) ∝ s2.8 for s → 0. Using the EPA approximation
to calculate production in the lead bricks of SHiP for a
representative neutrino energy of Eν = 20 GeV, we �nd
a SM background estimate of

σbkg
Pb atom

= 5.7 · 10−10fb = 5.7 · 10−49cm2. (A16)

This is many orders of magnitude lower than the HNL
production cross section estimated in the previous section
and can safely be ignored. The smallness of this process
follows physically from Yang's theorem [94, 99, 100].

Appendix B: Sensitivity

We wish to brie�y outline the general strategy for how
all of the projected and real exclusion limits were calcu-
lated. The strategy is based on the 2009 PDG on statis-
tics [101]. We consider a counting experiment where the
experiment has seen n events, whereas b were predicted
from the Standard Model and s from new physics. In
a Bayesian framework given a posterior probability and
likelihood function, one can set an upper limit at credi-
bility level 1− α by solving

1− α =

∫ sup

0

p(s|n)ds =

∫ sup
−∞ L(n|s)π(s)ds
∫∞
−∞ L(n|s)π(s)ds

. (B1)

Using a �at prior in the new physics signal rate and the
Poisson likelihood function

L(n|s) =
(s+ b)n

n!
e−(s+b), (B2)

this can be rewritten as

α = e−sup
∑n
m=0(sup + b)m/m!∑n

m=0 b
m/m!

=
Γupper incomplete(1 + n, b+ sup)

Γupper incomplete(1 + n, b)
.

(B3)

Solving for sup gives us the number of signal events
consistent with the observation and background predic-
tion at (1 − α)CL. Throughout this paper, we choose
1 − α = 95%. To estimate projected sensitivities, we
assume that n = b, namely that the data collected ex-
actly matches the background prediction. For the LHC
data, we implement the CLs method due to the pres-
ence of under-�uctuations of the data compared to the
background predictions. This consists in de�ning

αb =

∫ ∞

n

L(n′|b)dn′ (B4)
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and solving for sup in

α′ ≡ α

1− αb
= 5%, (B5)

with α de�ned in Eq. (B3). This method overcovers in
order to avoid setting bounds to signal rates which we
are insensitive to, which can happen precisely when the
data under-�uctuates. In all these cases, once we have
obtained sup, we can solve for the new physics coupling
in the equation

sup = LσprodBr(N → γν)εcutsAgeomPdec(L1, L2). (B6)

In the equation above, L is the luminosity of the exper-
iment. In the case of beam dump experiments, there is
often an implicit sum over neutrino energies, and L is ob-
tained by considering the rates and cross section of CC
events in the experiment, as thoroughly described in [87].

Appendix C: Analytic cuts

The calculations applicable for the neutrino exper-
iments and for LEP are all done analytically. We
generically proceed by calculating on-shell production
of the HNL in the geometric region of interest and
apply e�ciency cuts to ensure that the recoiling nu-
cleus/nucleon and outgoing photon from the decay of
N have the correct properties. It is thus important to
devise handles that allow us to estimate these cuts as a
function of the energy of N .

Consider the reaction ν(p1)A(p2) → N(p3)A′(p4), fol-
lowed by N(p3) → γ(q2)ν(q1). It is a relatively sim-
ple exercise in �eld theory to obtain dσ/dt. From here,
we must determine the bounds on t. When working in
the coherent scattering regime, we limit ourselves to the
range −0.5 GeV2 < t < 0. For inelastic scattering, we
limit ourselves to −2 GeV2 < t < −(0.217 GeV)2/A

2
3 ,

and the t < −2 GeV2 region applies for DIS. Within
these regions, we need to pick bounds on t such that when
evaluated in the lab frame, the angle of the HNL overlaps
with the detector. We can further restrict the range of
t by considering recoil cuts on the outgoing nucleus and
nucleon respectively. Assuming p2 initially starts at rest
we have

t = (p4 − p2)2

= 2M2
H − 2MHE4

⇒ t ≤ 2M2
H − 2MHE

tot cut
4

(C1)

where MH is the mass of the nucleus or nucleon depend-
ing on the context. For completeness, we also derive that

EN = Eν +
t

2MH
. (C2)

This equation will be convenient for limiting ourselves
to values of t in which EN is 4 times above the photon
energy threshold of the experiment, and to ensure that
EN is su�ciently boosted for production in the line of
sight.
In addition, we derive cuts that require the photon

from N → γν to point in the forward direction and be
above the energy threshold of the experiment. Following
helicity discussions in [7, 102], we assume that the photon
from the HNL decay is emitted according to a 1 − cosϑ
distribution, where ϑ is the photon angle in the HNL rest
frame with respect to the boost direction. We sample this
distribution using an inverse transform method [103] that
takes the cumulative distribution function as a random
variable between 0 and 1. The energy of the photon in
the rest frame is E = mN/2. A standard derivation shows
that in the lab frame where the HNL has a boost factor
γ, the photon's energy and the cosine of its angle are
mapped to

Eγlab = γE (1 + β cosϑ)

cos θlab =
γ (cosϑ+ β)√

(γ cosϑ+ βγ)
2

+ sin2 ϑ
. (C3)

We will typically choose θlab < π/4, since we want to
emit photons in a cone centered along the initial direction
of N . An example of the e�ciency achieved using this
Monte Carlo procedure is shown in Fig. 12.

0.5 1.0 1.5 2.0 2.5 3.0

0.2

0.4

0.6

0.8

1.0

FIG. 12. E�ciency of imposing energy and angular cuts on
the photon produced by a 50 MeV heavy neutral lepton.
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Chapter 5

Neutrino trident production at the intensity frontier

5.1 Preface

In this paper, we calculate rates at the future planned experiments of DUNE and

SHiP for a process called neutrino trident production (NTP). In this process,

an incoming neutrino scatters with a photon sourced by a nucleus to produce

two oppositely charged leptons and an outgoing neutrino. This process has

mainly been considered (and observed) in the context of two oppositely charged

muons. We calculate rates at future experiments for this process to occur for

an oppositely charged electron/muon pair, as well as an electron/positron pair.

These rates don’t vanish within the SM model, and for some modes even surpass

by an order of magnitude those of the conventional muon channel. We also

consider final states involving tauons, which we find to be very small. Our paper

was the first to point out that SM induced mixed-flavor trident processes is

observable at upcoming experiments.

In our calculations, we employ the equivalent photon approximation (EPA).

This approximation is valid for large incoming neutrino energies, and for kine-

matics in which the photon sourced by the nucleus is real and on-shell. In this

approximation, the momentum of the photon, q, satisfies q2 = 0 and parts of the
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phase space kinematics can be simplified, essentially reducing to a 3-body phase

space. Through discussions with colleagues that are doing follow-up work on

mixed-flavor trident which is currently in preparation, it turns out that compar-

ing this method to a full 4-body phase space treatment, the EPA overestimates

the cross section by a factor of 3-4 at DUNE for mixed-flavor final states. At

the much larger incoming neutrino energies of SHiP, the discrepancy is much

smaller since the approximation is better. For heavier final states such as two

oppositely charged muons or final states involving tauons, the EPA and the full

4-body treatment are in agreement.

This said, the estimates we’ve made at DUNE were based on initial designs

of a 100kg near detector. Recently, the near detector designs were upgraded to

a 30 tonne near detector. Since the rates for trident scale approximately linearly

in the mass of the detector, this increases our rates by a factor of 300. As such,

mixed-flavor NTP will still be very much observable at DUNE. Partially as a

result of our paper, this process is receiving much closer attention by the particle

physics community, and is currently being implemented in the full simulations

and physics programme of the DUNE collaboration.

This paper [45] is reprinted with permission from APS (copyright 2018 by

the American Physical Society). This paper appears in https://doi.org/10.

1103/PhysRevD.95.073004 and is published in PRD as

• Gabriel Magill and Ryan Plestid, “Neutrino trident production at the inten-

sity frontier,” Phys. Rev. D95, 073004 (2017), arXiv:1612.05642 [hep-ph].

Contribution of author (reproduced from Declaration of Authorship): Both au-

thors contributed significantly to the calculations, writing and editing of the

paper.
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We have calculated cross sections for the production of lepton pairs by a neutrino incident on a nucleus
using both the equivalent photon approximation and deep-inelastic formalism. We find that production of
mixed flavor lepton pairs can have production cross sections as high as 35 times those of the traditional
νμ → νμμ

þμ− process. Rates are estimated for the SHiP and DUNE intensity frontier experiments. We find
that multiple trident production modes, some of which have never been observed, represent observable
signals over the lifetime of the detectors. Our estimates indicate that the SHiP Collaboration should be able
to observe on the order of 300 trident events given 2 × 1020 protons on target and that the DUNE
Collaboration can expect approximately 250 trident events in their near detector given 3 × 1022 protons on
target. We also discuss possible applications of the neutrino trident data to be collected at SHiP and DUNE
for Standard Model and beyond the Standard model physics.

DOI: 10.1103/PhysRevD.95.073004

I. INTRODUCTION

Neutrino physics has traditionally been dominated by the
measurement of oscillation parameters and the study of
neutrino nucleus scattering. These experimental signals are
largely dominated by charged-current (CC) and neutral-
current (NC) interactions of which the cross sections scale
as σ ∼ sG2

F. Traditionally, limits on beam luminosity have
resulted in event counts that leave subdominant processes
with expected event rates less than unity in the lifetime of
an experiment. As a result, these processes are often
omitted in the discussions of neutrino physics. One such
neglected process is neutrino trident production which has
been previously observed at CHARM II, CCFR, and
NuTev [1–3]. These measurements provided evidence at
the 3σ level for the contribution of Z bosons in weak
interactions [2] and more recently have been used to
constrain beyond the Standard Model (BSM) physics.
Specifically, measurements from CCFR currently provide
the best constraints on the mass and coupling of a heavy Z0
force mediator charged under Lμ − Lτ [4]. Both of these
applications are successful because the neutrino trident
production of leptons is sensitive to both the vector- and
axial-current couplings (see Sec. II A).
The aforementioned collaborations only measured one

possible mode of trident production, specifically νA →
νμþμ−A. The leading order contribution to this process
involves the production of a muon-antimuon pair, which can
then interact with the target nucleus A electromagnetically
(see Fig. 1). For low momentum transfers (Q ≪ R−1

A ), the

nucleus interacts coherently with the virtual photons
(σ ∝ Z2), and there is a strong enhancement due to the
infrared divergence in the photon propagator; it is this
kinematic regime which dominates the cross section.
Other qualitatively similar processes, such as eþe− or
μþe− trident production, were kinematically accessible;
however, due to technological limitations in the detector
design, the required vertex resolution for trident identifica-
tion was not achievable for electrons. This will not be an
issue with modern detectors.
The cross section for μþμ− neutrino trident production

is approximately 5 orders of magnitude smaller than the
charged-current cross section (σ ≈ 10−5σCC) for a 50 GeV
neutrino scattering off an iron nucleus [5]; high Z materials
will have an even larger cross section relative to CC
scattering. This means that practically trident production
can only be observed in experiments with very large
neutrino fluxes. Additionally, the leading contribution to
the cross section discussed in the preceding paragraph can
be calculated using the equivalent photon approximation
and scales as σ ∼ G2

FEνQmax logðEνQmax=m2
lÞ, whereml is

related to the lepton masses and Qmax is a characteristic

FIG. 1. Leading hadronic contribution to trident production.
Arrows denote the direction of momentum.
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momentum transfer set by the radius of the nucleus [5].
These considerations imply that for trident production to be
a useful tool one needs to consider experiments with both a
high energy neutrino beam (hEνi≳ 1 GeV) and high
statistics. This can be achieved via beam luminosity, or
target-mass considerations. Fixed target and beam dump
experiments—where neutrino energies can be in excess of
100 GeV, and charged-current event counts can exceed
106—are an ideal setting to study neutrino trident produc-
tion. The SHiP experiment [6] and DUNE [7] both fall into
these categories and, as we show in this paper, represent the
newest frontier in the study of trident production.
SHiP’s program of study, as it relates to neutrino physics,

is largely focused on tau neutrino and antitau neutrino events
and is therefore optimized to observe tau leptons [6]. This
represents a qualitatively new opportunity in the study of
trident production, because the high mass of the tau leptons
results in a threshold effect, wherein coherent production of a
single tau lepton is not possible unless the inequality Eν >
ð1=2Þm2

τRA holds; the bound for tau lepton pair production is
given by Eν > 2m2

τRA. As a result, we also investigate the
incoherent contribution to the cross section using both a
diffractive and deep-inelastic approach. The experiment will
use beams with hEνi ≈ 30 GeV − 60 GeV and expects a
lifetime collection of charged-current events on the order of
NCC ≈ 2.7 × 106 [6]. It is therefore reasonable to assume that
mixed flavor trident production, possibly including tau
leptons, should be observable at the SHiP experiment.
Although the focus of its program of study is neutrino

oscillations,DUNEwill use sufficiently high luminosities and
neutrino energies to induce trident production. The experi-
ment consists of a near detector on site at FERMILAB [7] and
a far detector at Sanford Laboratory, both composed of liquid
argon. This technology allows for the observation of both
electrons and muons. The far detector is exposed to a flux of
neutrinos after a 1300 km transit through Earth. The near
detector will be used to account for systematic uncertainties
in the neutrinobeamand to record the initial neutrino flux. It is
designed to obtain ten times the statistics of the far detector
[7]. The expected charged-current event count in the far
detector over the lifetime of the experiment is on the order of
1 × 105, and so it is reasonable to expect an observable signal
of trident events for some of the processes, especially given
the enhanced statistics of the planned near detector.
Trident production has proven itself a useful tool for

constraining BSM physics by virtue of its sensitivity to
modifications of CA and CV . Additionally, it represents an
experimental signal that would provide an obvious back-
ground to searches of lepton flavor violation in the case of
multiflavor charged-lepton tridents. If these new experi-
ments (SHiP and DUNE) were to use trident production to
probe BSM physics, then it would be imperative to
understand the relevant Standard Model backgrounds.
The rest of this article is organized as follows. In Sec. II A,

we discuss the basic structure of the trident amplitude in the

Standard Model. In Sec. II B, we describe how to obtain the
cross sections for three distinct kinematic regimes, each
receiving a separate theoretical treatment. In Sec. III, we
calculate expected rates and cross sections for both DUNE
and SHiP. We also present differential distributions with
respect to the invariant mass of the charged-lepton pair. In
Sec. IV, we review the qualitative features of our results and
outline possible applications of trident production for both
SHiP and DUNE. Finally, in Sec. V, we discuss future
directions for trident production for the upcoming gener-
ation of accelerator-based neutrino experiments.

II. TRIDENT PRODUCTION IN
THE STANDARD MODEL

A. Leptonic matrix element

Our treatment of trident production varies over kinematic
regimes, characterized by the four-momentum transfer to
the nucleus Q2. In every approach, we treat the leptonic
matrix element involving the electromagnetic current con-
sistently. Our treatment of the nucleus’s interaction with the
electromagnetic field, however, varies and so will be treated
separately in each section. In the lower Q2 regimes, we
relate the cross section to that of a neutrino-photon collision
(photo-trident production), while for large Q2, we employ
the parton model. The amplitudes for photo-trident pro-
duction and parton-trident production can be written

{Mγν ¼ ϵμLμ ðequivalent photon approximationÞ

{Mhν ¼
−ημν

q2
hνLμ ðdeep-inelastic scatteringÞ ð1Þ

where ϵμ is an on-shell polarization tensor and hν is the
hadronic matrix element in the parton model. The leptonic
matrix element Lμ is calculated explicitly below. We study
both neutrino and antineutrino induced trident production,
and for the remainder of this section, all reactions will
contain an implicit hadronic initial and final state. We use
latin flavor indices i; j; k ∈ fe; μ; τg and consider reactions
of the form

fνi → νi or k þ l−
j þ lþ

k ; ν̄i → ν̄i or j þ l−
j þ lþ

k g
with the constraint that the generational lepton number is
conserved. Both monoflavor and multiflavor charged-lepton
pairs (i.e. μþμ− and μþτ−) are included in our analysis.
Assigning the labels f1; 2; 3; 4; 5g → fν; γ; ν0;lþ;l−gwith
ν0 the outgoing neutrino (see Fig. 2) and generalizing the
analysis of Refs. [4,8] to multiflavor lepton pairs, we find

Lμ
ijk ¼ −

{eGFffiffiffi
2

p fū3γαð1 − γ5Þu1; v̄1γαð1 − γ5Þv3g

× ū5

�
γαðVijk − Aijkγ

5Þ 1

q − p4 −m4

γμ

þ γμ
1

p5 − q −m5

γαðVijk − Aijkγ
5Þ
�
vðp4Þ; ð2Þ
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where the first line contains the appropriate spinor wave
functions for an incident neutrino and antineutrino beam
respectively.Vijk andAijk are the flavor dependent vector and
axial coupling strengths, which are typically denotedCV and
CA respectively. We use nonstandard notation to stress that
these couplings carry flavor indices because some processes
are mediated exclusively byW bosons, others exclusively by
Z bosons, and some a mixture of the two. As we see from
Fig. 2, these mediators modify the coupling to the vector and
axial currents, as can beverified by the use of Fierz identities.
As noted inRef. [5], the interference between the neutral- and
charged-current channels in the Standard Model results in a
40% reduction in the cross section compared to the V − A
theory prediction. Thus, by considering different combina-
tions of leptons in the final state, the cross section can be
enhanced, or suppressed, significantly. The constants Aijk

and Vijk are presented in Table I for νμ → νμτ
þτ− and for all

trident processes with lifetime event counts greater than 0.01
at either SHiP or DUNE.

B. Coherent, diffractive, and deep-inelastic regimes

We will begin by reviewing conventional scattering of
neutrinos off of nuclei to emphasize the qualitative
differences in trident production. Neutrino-nucleus scatter-
ing is dominated by charged-current events, which can be
loosely partitioned into three classes for Eν ≳ 100 MeV:
quasielastic scattering, hadronic resonance production, and
deep-inelastic scattering [9]. It is only at low center-of-mass
energiesE≲ 50 MeV that coherent scattering via the neutral
current is possible such that the reaction’s cross section scales
as σ ∼ ðA − ZÞ2E2

ν with A − Z the number of neutrons. In
this energy regime, coherent scattering cross sections can be
asmuchas 3orders ofmagnitude larger than that predicted by
a naive sum of the nucleon cross sections [10].
This limited kinematic window stands in sharp contrast

to trident production where coherent contributions are
possible at all energies, because the reaction is not
2 → 2 and the phase space is therefore less kinematically
constrained. This scattering is mediated electromagneti-
cally, and, in addition to the coherent Z2 amplification, the
photon’s propagator introduces an infrared divergence that
further enhances the amplitude. As is the case for coherent
neutrino scattering, this regime is characterized by small
momentum transfers (Q2 ∼ R−2

A ) wherein the phases of
the various amplitudes are nearly commensurate, and the
amplitudes interfere constructively. Kinematic considera-
tions constrain the momentum transfer via Q > s=ð2EνÞ,
with s the invariant mass of the neutrino-photon pair [5].
When combined with the lepton pair’s mass threshold, this
regulates the infrared divergence mentioned above. The
three regimes typically considered in charged-current
scattering for high energy neutrinos (mentioned in the first
paragraph) also exist for trident production. Quasi-elastic-
like diffractive scattering can contribute significantly to
trident production, especially when threshold effects
related to lepton masses are important. We expect the
deep-inelastic contribution to be suppressed, but for many
of the neutrino energies at SHiP, it is the only kinematically
allowed production mechanism for tau leptons, and so we
also include this regime in our analysis.

1. Coherent regime

The coherent contribution to neutrino trident production
can be accurately calculated using the equivalent photon
approximation (EPA) [4,5,11,12]. In the EPA, the cross
section for the full scattering process is decomposed into
two pieces. First, the cross section corresponding to the
scattering of a neutrino and photon creating a lepton trident,
denoted by σγν, is calculated. Next, this cross section is
weighted against a universal probability distribution
Pðs;Q2Þ [4] that measures the likelihood of the nucleus
producing a virtual photon with virtual-mass Q2 and
neutrino-photon center-of-mass energy s. The full cross
section is given by

FIG. 2. An example of a process which takes place exclusively
through the neutral-current channel. The mismatch in flavor
between the incident neutrino and outgoing leptons prohibits a
charged-current interaction.

TABLE I. Modified vector and axial coupling constants for
different combinations of incident neutrino flavors and final
states.

ν process ν̄ process Vijk Aijk Mediator

νe → νeeþe− ν̄e → ν̄eeþe− 1
2
þ 2 sin2 θw 1

2
W, Z

νμ → νμμ
þμ− ν̄μ → ν̄μμ

þμ− 1
2
þ 2 sin2 θw 1

2
W, Z

νe → νμμ
þe− ν̄e → ν̄μeþμ− 1 1 W

νμ → νeeþμ− ν̄μ → ν̄eμ
þe− 1 1 W

νe → νeμ
þμ− ν̄e → ν̄eμ

þμ− − 1
2
þ 2 sin2 θw − 1

2
Z

νμ → νμeþe− ν̄μ → ν̄μeþe− − 1
2
þ 2 sin2 θw − 1

2
Z

νμ → νμτ
þτ− ν̄μ → ν̄μτ

−τþ − 1
2
þ 2 sin2 θw − 1

2
Z

νμ → ντμ
−τþ ν̄μ → ν̄τμ

þτ− 1 1 W
ντ → νμτ

−μþ ν̄τ → ν̄μτ
þμ− 1 1 W

ντ → ντμ
þμ− ν̄τ → ν̄τμ

−μþ − 1
2
þ 2 sin2 θw − 1

2
Z

ντ → ντeþe− ν̄τ → ν̄τe−eþ − 1
2
þ 2 sin2 θw − 1

2
Z

NEUTRINO TRIDENT PRODUCTION AT THE INTENSITY … PHYSICAL REVIEW D 95, 073004 (2017)

073004-3

Ph.D. Thesis – G. Magill; McMaster University – Physics and Astronomy

81



σνA ¼
Z

dsσγνðsÞ
Z

dQ2Pðs;Q2Þ

¼ Z2α

π

Z
smax

m2
jk

ds
s
σγνðsÞ

Z
∞

ðs=2EνÞ2
dQ2

Q2
F2ðQ2Þ ð3Þ

withmjk ¼ mj þmk the sum of the lepton pair’s masses. A
fairly good, albeit crude, approximation is to treat the form
factor for the nucleus FðQ2Þ as a Heaviside function
ΘðQ2

max −Q2Þ where the scale Qmax ¼ ΛQCD=A1=3 corre-
sponds to characteristic momentum transfer at which one
would expect the dissolution of the nucleus [5]. This sets a
maximum center-of-mass energy for the photon-neutrino
interaction smax ¼ 2EνQmax. With these approximations,
suppressing flavor indices and working in the leading log
approximation, Eq. (3) simplifies to [4,5]

σνA ≈
1

2
ðA2 þ V2Þ 2Z

2α2G2
F

9π3
smax log

�
smax

4m2

�
; ð4Þ

where 2m ¼ mj þmk. There are additional terms resulting
from the interference between the vector and axial currents,
but these are suppressed by two powers of the lepton mass
and are therefore small. A more realistic implementation
is to use the Woods-Saxon form factor, which is what
we used in all of our calculations (this changes the answer
by order 10%; see Appendix A for details). We can write
the coherent contribution to the neutrino-nucleus cross
section as

dσγν ¼
1

2s
1

2

X
pol

jϵμLμj2dΦ3; ð5Þ

where Φ3 is the three-body phase space of final states, the
factor of 1=2 averages over photon polarizations, and 2s is
the Lorentz-invariant flux factor. For details on the treat-
ment of the three-body phase space, see Appendix A.

2. Diffractive regime

At intermediate Q2, it is possible to interact with the
individual protons of the nucleus, both without coherent
interference of their individual amplitudes and without
probing their inner parton structure. Our treatment of this
regime follows the approach outlined in Ref. [13] and is
identical to the coherent regime with the following changes:

σνA ¼ Z
Z

dsσγνðsÞ
Z

dQ2Pðs;Q2Þ

¼ Z
α

π

Z
smax

m2
jk

ds
s
σγνðsÞ

Z
1 GeV2

Q2
min

dQ2

Q2
F2
dipðQ2Þ: ð6Þ

The charge of the nucleus now appears as an overall
multiplicative factor as opposed to appearing in Pðs;Q2Þ,
we cut off our integral at Qmin ¼ max ðs=2Eν; R−1

A Þ to

avoid double-counting amplitudes included in the coherent
calculation, and we use the standard dipole fit to the
proton’s electromagnetic form factor (see Appendix A).
We introduce an explicit UV cutoff for theQ2 integration to
avoid double-counting with the deep-inelastic scattering
(DIS) amplitudes. This was not necessary for the coherent
regime due to the exponential, as opposed to power law,
decay of the Wood-Saxon form factor at high Q2.

3. Deep-inelastic regime

Our treatment of the deep-inelastic case is fairly stan-
dard, with a few exceptions that are highlighted in
Appendix B 2. We treat this regime by convoluting the
parton cross sections with nucleon parton distribution
functions (PDFs) fðξ; QÞ [14], taking into account the u,
d, c, s quarks. The phase space integrals are sensitive to the
lepton masses, and so, although their effects on the matrix
element are often subleading, we include their full depend-
ence throughout our calculations. All of the quarks are
treated as massless in our analysis.
We take care to include a cut on momentum transfers so

as not to double-count contributions already accounted for
by the EPA. Additionally, we place a cut on the momentum
fraction ξ to ensure the parton carries enough four-
momentum to both be able to produce the appropriate pair
of charged leptons and to satisfy the double-counting cut on
momentum transfer. The resulting cross sections for the
various nucleons are then summed to obtain the scattering
cross section with the nucleus. We can write σνA as a
weighted sum of the cross sections with the constituent
nucleons

σνA ¼ Zσνp þ ðA − ZÞσνn: ð7Þ

These can in turn be written in terms of the parton-level
cross sections σhν via

σνH ¼
X
h

Z
1

ξmin

dξ
Z

Qmax

Qmin

dQ
dσhν
dQ

ðξ; QÞfðHÞ
h ðξ; QÞ; ð8Þ

where fðHÞ
h ðξ; QÞ is the PDF for parton h in the nucleon

H ∈ fn; pg. More details can be found in Appendix B.

III. PROSPECTS AT FUTURE EXPERIMENTS

In the following, we calculate trident rates at SHiP and at
the DUNE far and near detectors. We calculate the rates for
the momentum transfers Q < 0.217=ðAÞ13 GeV ≈ R−1

A
regime using the coherent EPA method. For intermediate
momentum transfers 0.217=ðAÞ13 GeV≲Q≲Mp, we use
the diffractive EPA treatment. Finally, for Q≳ 1 GeV ≈
Mp, we employ the deep-inelastic formalism. We use PDFs
from the MSTW Collaboration (2008 next-to-next-to-lead-
ing order best fit) [14]. We use the symbolic manipulation
program FORM to automate the calculation of the
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spin-averaged matrix element squared [15]. To calculate the
rates, we estimate the number of Standard Model (SM)
neutrino trident events for each flavor of incident neutrino
νi producing a lepton pair composed of j− and kþ with
i; j; k ∈ fe; μ; τg. We estimate the luminosity in terms of
charged-current events Ni

CC using

Nijk
Trident ¼

X
E

Ni
CCðEÞ

σCCðE; AÞ
σijkνA ðE; Z; AÞ × ϵj− × ϵkþ; ð9Þ

where σCC is the neutrino charged-current cross sections
[16] and i, j, and k are flavors denoting the incident
neutrino, outgoing l−, and outgoing lþ respectively.
Additionally, ϵþ and ϵ− are the identification efficiencies
for lþ and l− respectively. We do an analogous procedure
for antineutrinos.
There will be a background contribution to trident

production from resonant production of charged pions
and charm production from D mesons, the leptonic modes
of which are both dominated by muon flavored final states.
In the different flavor opposite sign dilepton final states,
backgrounds can arise from ν̄μ CC scattering in combina-
tion with an elastic NC event releasing an electron and also
by muon final states in which one of the muons fakes an
electron. As coherent scattering is quasielastic, the back-
grounds for the dominant contribution to the cross section
(see Sec. II B) can be greatly reduced by imposing hadronic
vetoes in the analysis. Further background suppression can
be achieved by selecting oppositely charged leptons that
fall within the vertex resolution of the detectors and
selecting events with low-Mlþl−-invariant masses. We
leave the background estimates to the collaborations’
detailed and sophisticated simulations. Our signal results
are shown in Tables II to IV.

A. Calibrations and tests

The details of our calculations can be found in the
Appendixes. We calibrated our EPA cross section calcu-
lations with previous theoretical and experimental work
[1,4,17] and reproduced the analytic results of Ref. [4].
Our DIS work was calibrated with MADGRAPH5 [18] for

trident induced muon pair production. MADGRAPH5 treats
light leptons as massless, and due to infrared singularities in
the propagators, this necessitates a careful treatment; it
also introduces questions of reliability. We imposed the
following cuts to replicate the effects of finite muon
masses: pT > mμ for the muons, pT > 1.5 GeV for the
jets, and ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δϕ2

p
> 0.4 for the lepton pairs.

With these cuts, we found our calculations to agree
with MADGRAPH5 to within a factor of 0.5–2.5 for
Eν ¼ f20 GeV; 200 GeV; 1000 GeVg. We believe our
calculation to be more reliable than MADGRAPH5 in the
low-Q2 regions of phase space which dominate the cross

sections due to infrared divergences, which we treat
carefully.

B. Rates for SHiP

SHiP will be a lead-based neutrino detector [6,19]. It will
utilize an emulsion cloud chamber for its electron detection

TABLE III. Number of expected trident events for coherent
(Coh) and diffractive (Diff) scattering, using the EPA, in the
lifetime of the DUNE near detector assuming ∼3 × 1022 POT
(equivalently, an 850 kt-MW-yr exposure at the far detector).

Neutrino beam Antineutrino beam

Process Coh Diff Process Coh Diff

νμ → νeeþμ− 73.98 53.15 ν̄μ → ν̄ee−μþ 25.23 18.7
νμ → νμeþe− 23.03 9.64 ν̄μ → ν̄μeþe− 16.45 6.79
νμ → νμμ

þμ− 2.03 5.28 ν̄μ → ν̄μμ
þμ− 2.16 4.3

νe → νeeþe− 0.7 0.29 ν̄e → ν̄eeþe− 0.54 0.22
νe → νμμ

þe− 0.21 0.17 ν̄e → ν̄μμ
−eþ 0.4 0.27

νe → νeμ
þμ− 0.01 0.01 ν̄e → ν̄eμ

þμ− 0. 0.01
Total 99.96 68.54 44.78 30.29

TABLE IV. Number of expected trident events for coherent
(Coh) and diffractive (Diff) scattering, using the EPA, in the
lifetime of the DUNE far detector assuming ∼3 × 1022 POT
(equivalently, an 850 kt-MW-yr exposure at the far detector).

Neutrino beam Antineutrino beam

Process Coh Diff Process Coh Diff

νμ → νeeþμ− 2.12 1.52 ν̄μ → ν̄ee−μþ 0.05 0.03
νμ → νμeþe− 0.66 0.28 ν̄μ → ν̄μeþe− 0.03 0.01
νe → νeeþe− 0.11 0.05 ν̄e → ν̄eeþe− 0.05 0.02
νμ → νμμ

þμ− 0.06 0.15 ν̄μ → ν̄μμ
þμ− 0. 0.01

νe → νμμ
þe− 0.03 0.03 ν̄e → ν̄μμ

−eþ 0.03 0.02
Total 2.98 2.03 0.16 0.09

TABLE II. Number of expected trident events for coherent
(Coh) and diffractive (Diff) scattering, using the EPA, in the SHiP
ντ detector, assuming 2 × 1020 POT on molybdenum.

Neutrino beam Antineutrino beam

Process Coh Diff Process Coh Diff

νμ → νeeþμ− 85.46 24.6 ν̄μ → ν̄ee−μþ 29.96 9.61
νμ → νμeþe− 28.28 5.32 ν̄μ → ν̄μeþe− 22.48 3.58
νe → νeeþe− 21.69 2.95 ν̄e → ν̄eeþe− 15.65 2.45
νe → νμμ

þe− 9.1 2.31 ν̄e → ν̄μμ
−eþ 14.31 3.16

νμ → νμμ
þμ− 4.79 3.01 ν̄μ → ν̄μμ

þμ− 3.76 2.38
νe → νeμ

þμ− 0.42 0.16 ν̄e → ν̄eμ
þμ− 0.3 0.12

ντ → ντeþe− 0.13 0.03 ν̄τ → ν̄τeþe− 0.13 0.02
ντ → ντμ

þμ− 0.01 0. ν̄τ → ν̄τμ
þμ− 0.01 0.

ντ → τ−μþνμ 0. 0.01 ν̄τ → τþμ−ν̄μ 0. 0.
νμ → μ−τþντ 0. 0.23 ν̄μ → μþτ−ν̄τ 0. 0.39
Total 149.88 38.62 86.6 21.71
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and a muon magnetic spectrometer for muons. It is
estimated to have a 90% e and μ identification efficiency
and a micron vertex resolution. Under nominal operating
conditions, after five years of operation, it will have
collected data from 2 × 1020 protons on target (POT) using
a 400 GeV super proton synchrotron (SPS) proton beam.
We quote all the rates assuming this normalization.
The energy spectrum at SHiP is very broad and reaches

sufficiently high energies such that trident production of tau
leptons becomes kinematically allowed in the coherent,
diffractive, and deep-inelastic regimes. The latter is allowed
at almost all incident neutrino energies available at SHiP
with the only requirement being that the center-of-mass
energy exceeds the lepton pair’s mass gap. Despite being
kinematically allowed, we find the large momentum trans-
fer in the deep-inelastic regime renders the contribution to
the cross section negligible. The diffractive and coherent
regimes rely on the high energy tail of the quoted beam
distribution [6]. For electrons and muons, coherent and
diffractive production are not only possible but extremely
viable, while for tau leptons, we find only diffractive
production to be viable, but only marginally so. In
Figs. 3 and 7, we show the cross section per nucleon as
a function of the incoming neutrino energy for a variety of
processes. The coherent cross sections computed via the
EPA are normalized by Z2, while the deep-inelastic con-
tribution is normalized by A. There are small differences in
these plots for various materials, as the EPAWoods-Saxon
form factor and the relative number of protons to neutrons
in DIS both introduce a subleading dependence on the ratio
of protons to neutrons that is not removed by the per-
nucleon normalization.
In Table II, we show the expected number of events in

the various production modes for both low-Q2 events
calculated within the coherent EPA and intermediate-Q2

events calculated using the diffractive EPA. DIS rates are
not included, because the cumulative lifetime event count

for all production modes in the deep-inelastic regime

is NðtotÞ
DIS ≈ 0.1.

The basic features of our analysis can be understood by
looking at Table I and Eq. (4) and remembering that the
neutrino beam is dominated by νμ and ν̄μ. This is discussed
in greater detail in Sec. IV.

C. Rates for DUNE

DUNE [7] is composed of a near detector that primarily
sees a flux of muon neutrinos and a far detector used to
study the appearance of electron neutrinos as a result of
oscillations from the muon neutrino beam. That said, there
will be a mixture of both neutrino flavors at each site
relevant for trident production. Both near and far detectors
are based on argon time projection chambers, which allow
for the differentiation of electrons and photons. We take the
electron and muon identification efficiencies to be 90%.
In Tables III and IV, we show the expected number of

events for the near and far detectors respectively. The rates
in both tables are calculated assuming an 850 kt-MW-yr
exposure in the far detector. This number corresponds to the
amount of data collected in the lifetime of DUNE given
their optimized design. To convert this measure to protons
on target, note that the far detector weighs 40 kt and a beam
power of 1.07 MW with 80 GeV protons corresponds to
1.47 × 1021 POT=yr [7]. This gives roughly 3 × 1022 POT.
The full details of the luminosity calculations are given in
Appendix C. As we did for SHiP, we consider both low-Q2

events calculated within the coherent EPA and intermedi-
ate-Q2 events calculated using the diffractive EPA. DIS
rates are not included as they are negligible. In Fig. 4, we
show the cross section per nucleon as a function of the
incoming neutrino energy for each process listed in Table I,
for coherent EPA. Compared to Fig. 3 there are small
differences, which are due to the Woods-Saxon form
factor’s implicit dependence on A [see Eq. (A8) for details].

FIG. 3. σ=Eν trident cross sections normalized by Z2 for
various SM flavors as a function of the incoming neutrino energy
on a lead target (SHiP).

FIG. 4. σ=Eν trident cross sections normalized by Z2 for
various SM flavors as a function of the incoming neutrino energy
on an argon target (DUNE).
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IV. DISCUSSION AND ANALYSIS

The general features of Sec. III can be understood
qualitatively by considering Eq. (4) and Table I. First,
we note that every cross section is proportional to the
combination jCV j2 þ jCAj2 appearing in Eq. (4). In the SM,
this is maximal in the case of W mediated interactions,
intermediate for Wþ Z mediated interactions, and minimal
for Z mediated interactions. The W exclusive channel
corresponds to scattering events where the incoming and
outgoing neutrinos belong to different lepton generations,
and thus these channels will be more probable. Another
dominant feature controlling the relative size of cross
sections is related to the masses of the outgoing leptons.
This dictates the size of the logarithmic enhancement
coming from the low-Q2 phase space. This is a feature
of the IR divergence arising from the photon propagator,
which is regulated by the finite masses of the charged
leptons. Finally, the rates quoted in Tables II to IV are
further influenced by beam luminosity and so tend to favor
incident muon configurations, except at the DUNE far
detector, where they favor incident electron neutrinos.
These qualitative features suggest that νμ → νeμ

−eþ
would serve as the dominant production mode at both
the DUNE near detector and SHiP. Examining Tables II
and III, this is indeed the case. It is a CC-exclusive process
(high axial-vector couplings), and it benefits from the large
flux of muon neutrinos and from the logarithmic enhance-
ment afforded by the low electron mass. This final state-
ment is most important at DUNE due to its lower hEνi,
which makes it sensitive to muon-mass threshold effects.
For diffractive processes, the sensitivity of the cross section
to the charged-lepton masses is weakened due to the lower
bound Qmin in Eq. (6). This accounts for the difference in
ordering of rates between the coherent and diffractive
contributions to the cross section found in Tables II
to IV. At DUNE, this results in an enhancement of the
cross section by a factor of 35 when compared to the
production mode νμ → νμμ

þμ−, which was observed at
CHARM-II, CCFR, and NuTeV [1,3,17]. No dedicated
search was carried out for electron production in trident
modes at these experiments. The detector technology
typically consisted of interwoven layers of heavy element
materials to induce neutrino interactions, followed by
calorimeters to measure the final lepton states. Electrons
create showers and scatter much more in these layers, as
opposed to muons which tend to follow a straight trajectory
until the muon spectrometer. It was thus much more
difficult to impose vertex requirements on electrons, which
is an integral part of the trident analysis. Neutrino detector
technology has greatly evolved since then, and it is now
feasible to consider mixed flavor trident channels.
The lifetime expected event counts for μþτ− and μ−τþ

production are both approximately unity. Given the uncer-
tain run time and technical specifications of SHiP. it is
possible that tridents containing tau leptons will occur;

however, the rates are sufficiently low that it is not clear at
what level of statistical significance these can be observed,
especially after applying necessary cuts. Our analysis
suggests that these events are most likely to occur for
intermediate momentum transfers (i.e. in the diffractive
regime). Our deep-inelastic analysis revealed high-Q2

trident production to be extremely suppressed for all
flavors, including tau leptons. ντ induced electon-muon
pairs may be observable; however, due to the much higher
flux of νμ ’s, this channel will be dominated by νμ induced
events with identical charged-lepton final states, which will
leave an indistinguishable signature in the detector.
In the case of the DUNE Collaboration, the size of the

near detector is currently being planned such that it can
obtain approximately ten times the statistics of the far
detector, allowing for a reduction in the systematic uncer-
tainties of the neutrino beam. Our results show that, even
for near detector masses that minimally satisfy this require-
ment, trident production should be detectable. Given the
large beam intensity at the near detector, every additional
unit of detector mass represents a fantastic return on
investment from the perspective of rare neutrino processes
such as trident production. Pushing from hundreds to
thousands of events would lower the statistical error to
the level of a few percent and could potentially allow for
trident production to act as a complimentary beam char-
acterization tool. This is alluring because trident production
is only sensitive to the target nucleus’s electric form factor,
in contrast to CC events where uncertainties in the axial
form factor still introduce significant systematic effects.
While interesting in its own right as a test of the Standard

Model, neutrino trident production can also act as a
significant background in the search for new physics.
This is because of its qualitative similarities to processes
involving lepton flavor violation, which is a signature of
many BSM models. Our estimated rates also suggest that
both SHiP and the DUNE near detector can be used to
constrain BSM physics; comparison with the number of
events identified by the CCFR and CHARM-II
Collaboration in the dimuon channel alone demonstrates
that both SHiP and DUNE are competitive with these
previous experiments. With access to flavor dependent final
states, however, we believe these experiments can do much
better. For example, the Z0 coupling to Lμ − Lτ considered
in Ref. [4] influences both νμ → νμμ

þμ− and νμ → νμeþe−.
Due to the minimal size of jCV j2 þ jCAj2 for eþe−
production (due to Z-exclusive mediation), this process
will experience an even greater relative sensitivity to new
physics, albeit in a first-generation lepton channel.
Although the qualitative features discussed earlier are

sufficient to understand the most prominent aspects of our
analysis, a closer examination of Figs. 3 and 4 reveals
another feature, which is initially surprising. The rates for
processes which seem to be related by an exchange of
flavor indices have different cross sections. This effect is
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Oð1Þ and independent of energy (see Fig. 3, νμ → νττ
þμ−

vs ντ → νμμ
þτ− for example). This would seem to suggest

a violation of lepton universality; however, a closer exami-
nation reveals that the chiral structure of the outgoing
leptons is not equivalent, with the amplitudes for production
into inequivalent configurations being proportional to the
square of the heaviest lepton mass. Still, this effect is
surprising given that it is independent of energy, and naively
one would expect that at sufficiently high center-of-mass
energies the effect would be suppressed bym2

l=Swith S the
Mandelstam variable for the neutrino-nucleus interaction.
This is not the case for trident production because the cross
section is dominated by the low-Q2 region of phase space.
To understand this, we turn to the EPA andmore specifically
Eq. (3). We see that the integral over s has an IR cutoff of
m2

ij ¼ ðmlþ þml−Þ2, and so in this regime, we find an
Oðm2

ij=sÞ ∼Oð1Þ contribution to the cross section, which
will be present even for arbitrarily high Eν.
To understand why the chiral structure of the amplitude

has a significant impact on the amplitude, we must consider
both the infrared divergence of the photon mediator and the
constraints imposed by conservation of angular momen-
tum. Consider the center-of-mass frame for the photon-
neutrino pair. To saturate the lower bound of the integral
over s in Eq. (3), we must produce the lepton pair at rest and
have the neutrino redshift to an arbitrarily small energy
E0
ν ¼ ϵ; this also forces the lepton pair to carry equal and

opposite momentum. It is, however, difficult to understand
the implications of chirality in this frame, because in this
frame the lepton pair is nonrelativistic and we cannot freely
interchange helicity and chirality.
To solve this problem, we can appeal to Lorentz

invariance and perform the same analysis in a boosted
frame in which the lepton pair is highly relativistic. The
boost should be directed in the direction of the lepton pair's
infinitesimal three-momentum. This boost will further
redshift the outgoing neutrino, but it will not change its
direction. We would like to check if this configuration
conserves angular momentum, and the answer to this
question is dependent on the initial polarization of the
incident photon (the neutrino’s polarization is fixed because
of its definite chirality), which in turn determines the initial
angular momentum. The two possibilities are S ¼ 1=2
and S ¼ 3=2.
As shown in Fig. 5, the outgoing states for the two

configurations have different chirality [a triplet of left-
handed leptons (LLL) vs a triplet of right-handed leptons
(LRR)]. In the case of S ¼ 1=2, this has no effect on the
configuration discussions above; however, in the case of
S ¼ 3=2, where the spin of the neutrino and photon are
aligned, the LLL configuration is forbidden, while the LRR
configuration is allowed. This is because in our boosted
frame, where chirality is equivalent to helicity, in order to
obtain S ¼ 3=2 for the LLL configuration, all three
particles would have to travel in the same direction, which

would violate the conservation of momentum. Thus, only
the LRR, and not the LLL, configuration satisfies all the
necessary conservation laws in the low-Q2 region of phase
space that dominates Eq. (3).

V. CONCLUSIONS AND OUTLOOK

We have demonstrated that so-far-unobserved neutrino
trident processes are within reach with the planned DUNE
and SHiP experimental collaborations. The DUNE
Collaboration may be able to enhance production modes,
some of which we currently estimate to only yield 1–10
events in the experiment’s lifetime (e.g. νμ → νμμ

þμ−), by
increasing the mass of the relatively small near detector.
Even with the current proposed designs, both collabora-
tions are maximally sensitive to the modes νμ → νeμ

−eþ

and ν̄μ → ν̄eμ
þe−. We believe that backgrounds for these

searches will be low, especially given the vertex resolution
of both experiments [6,7].
In addition to our direct application to the DUNE and

SHiP collaborations, we also present σðEνÞ for the coherent
scattering regime, allowing for future analyses with more
precise luminosity estimates. We present a similar plot in
Fig. 7 in case high momentum-transfer trident production is
of future interest. We have considered all possible combi-
nations of lepton flavor final states and have presented only
processes with nonzero lifetime event counts. This work is
complementary to that found in Ref. [11], in which
differential distributions with respect to the lepton pair’s
invariant mass are plotted in the coherent regime.
Additionally, we have demonstrated a method for treating
neutrino trident production on the parton level, which
requires some slight modifications to the standard treat-
ment. This revealed high-Q2 trident production is untenable
as one would naively expect.
Neutrino trident production is a proven tool in the testing

of the SM and constraining BSM physics, and with
improved detector designs, it is important to harness the
full capabilities of next-generation neutrino experiments.
Our analysis suggests that both SHiP and DUNE will be
able to observe trident production. We believe that with

FIG. 5. Inequivalent contributions to the processes νμ →
νττ

þμ− (left) and ντ → νμμ
þτ− (right) in the limit of mμ → 0.

Note that the chiral structure of the weak interaction results in a
triplet of left-handed leptons for incident νμ and a right-handed
lepton pair with a left-handed neutrino for incident ντ. The
fermions are two component spinors of definite chirality. Dia-
gramatic conventions are from Ref. [20] with arrows denoting
chirality.
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these experiments on the horizon the future is bright for
studying trident production and other rare neutrino
processes and that the study of these processes should
be incorporated into the physics programs of both
experiments.
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APPENDIX A: THREE-BODY
PHASE SPACE (EPA)

For the purposes of the EPA, the phase space integrals
are performed over the three-body phase space of the
leptons. Ultimately, this three-body phase space is
embedded in the full four-body one, and so we will use
the results of this section in the proceeding one. We denote
the center-of-mass energy for the photon-neutrino collision
by s; additionally, we define the quantities P ¼ pþ þ p−
and l ¼ P2. We begin by decomposing the three-body
phase space using the identity below:

dΦ3ðpþ; p−; k2Þ ¼
dl
2π

Φ2ðk2; PÞΦ2ðpþ; p−Þ: ðA1Þ

Each two-body phase space can be expressed as

dΦ2ðq1; q2Þ ¼ β̄ðq1; q2Þ
dΩ
32π2

ðA2Þ

with the definition

β̄ðq1; q2Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

2ðq21 þ q22Þ
ðq1 þ q2Þ2

þ ðq21 − q22Þ2
ðq1 þ q2Þ4

s
: ðA3Þ

An important case is when q21 ¼ 0. In this scenario, the

factor simplifies to β̄ ¼ 1 − q2
2

ðq1þq2Þ2. In our decomposition

above, β̄ðk2; PÞ ¼ 1 − l=s. First, we choose to evaluate

dΦ2ðP; k2Þ in the center-of-mass frame of the reaction. This
allows us to parametrize the phase space as written in
Eq. (A2). We can perform the azimuthal integration by
appealing to symmetry, and we are left only with d cos θCM.
This can conveniently be expressed in terms of the Lorentz-
invariant t defined via

t ¼ 2qμðk1 − k2Þμ ¼
1

2
ðsþ lþ ðl − sÞ cos θCMÞ: ðA4Þ

This definition leads to the differential relationship
dt ¼ 1

2
ðl − sÞd cos θ. Thus, we can simplify our three-

body phase space integral by applying the identity
β̄ðk2; PÞd cos θ ¼ − 2

s dt. This leaves us with the second
phase space integral. This is most easily evaluated in the
frame where Pμ has vanishing three-momentum. In this
frame, there is no guarantee of azimuthal symmetry in the
matrix element, and so we must integrate over both polar
angles. We are left with the expression quoted in Ref. [4],

dΦ3ðk2; pþ; p−Þ ¼
1

2

1

ð4πÞ2
dl
2π

β̄ðpþ; p−Þ
dt
2s

dΩ
4π

; ðA5Þ

where we denote the angular integral over the muon pair,
performed in the frame where P ¼ ð ffiffiffi

l
p

; 0; 0; 0Þ by dΩ. The
limits of integration for t are given by l < t < s. This gives
the expression for the photon-neutrino cross section as

σγν ¼
1

2s
1

2

1

ð4πÞ2
Z

s

m2
jk

dl
2π

β̄�ðlÞ
Z

s

l

dt
2s

Z
dΩ
4π

jMj2γν; ðA6Þ

where mjk ¼ mj þmk, and jMj2 ¼ 1=2
P

poljMj2.
To obtain the full cross section, this must be weighted

against the probability for creating a photon in the Coulomb
field of a nucleus, given in Refs. [4,5]. This leads to

σNν ¼
Z2α

π

Z
S

m2
jk

ds
s
σγνðsÞ

Z
∞

ðs=2EνÞ2
dQ2

Q2
F2ðQ2Þ; ðA7Þ

where
ffiffiffi
S

p
denotes the neutrino-nucleus center-of-mass

energy. In practice, the form factor of the nucleus FðQ2Þ
cuts this integral off near smax ≈ 2EνΛQCD=A1=3. In our
calculations for the coherent regime (Sec. II B 1), we used
the Woods-Saxon form factor

FWSðQ2Þ ¼ 1

N
F
�

V0

1þ expðr−r0A1=3

a Þ

�
ðA8Þ

with F denoting the Fourier transform with respect to r and
N denoting a normalization factor given by the volume
integral over the nuclear charge distribution [21]. Thevarious
parameters are set as r0 ≈ 1.126 fm, a ≈ 0.523 fm, and
V0 ¼ ð4πAr30=3Þ−1. Different choices of the form factor
modify the result on the 10% level.

NEUTRINO TRIDENT PRODUCTION AT THE INTENSITY … PHYSICAL REVIEW D 95, 073004 (2017)

073004-9

Ph.D. Thesis – G. Magill; McMaster University – Physics and Astronomy

87



For the diffractive regime, we used the electric dipole fit
for the proton’s Dirac form factor found in Refs. [9,13,22].
Due to the quasielastic nature of the scattering, the Pauli
form factor’s contribution is suppressed. The explicit
expression is given by

FdipðQ2Þ ¼ GdipðQ2Þ þ τξGdipðQ2Þ
1þ τ

; ðA9Þ

where τ ¼ Q2=4M2 with M ¼ ðmp þmnÞ=2 and ξ ¼
ðμp − μnÞ=μN ≈ 4.7 is the difference in magnetic moments
between the proton and the neutron measured in units of the
nuclear magneton. The dipole fit is given by

GdipðQ2Þ ¼
�
1þ Q2

0.71 GeV2

�−2
: ðA10Þ

APPENDIX B: FOUR-BODY PHASE SPACE (DIS)

1. Parton-neutrino collision

We now consider the decomposition of the four-body
phase space. This will involve a reduction to the previously
analyzed three-body case; however, there will be some
difference thereafter because of the loss of azimuthal
symmetry in Φ2ðP; k2Þ.
We begin by emphasizing a change in notation. The

center-of-mass energy for the parton-neutrino collision is
denoted S, we introduce the four-vector R ¼ k2 þ pþ þ p−
and its invariant mass L ¼ R2, and we maintain the
previous definition of P ¼ p− þ pþ. We can now

decompose the four-body phase space as shown schemati-
cally in Fig. 6 and more precisely below:

dΦ4ðpþ; p−; h2; k2Þ

¼ dL
2π

dΦ2ðR; h2ÞdΦ3ðpþ; p−; k2Þ

¼ dl
2π

dL
2π

dΦ2ðR; h2ÞΦ2ðk2; PÞΦ2ðpþ; p−Þ: ðB1Þ

The first two-body phase space Φ2ðh2; RÞ inherits the
azimuthal symmetry of the parton-neutrino collision, and
in direct analogy with Eq. (A4), we introduce the variable T
defined via

T ¼ 2hμ1ðk1 − h2Þμ ¼
1

2
½Sþ Lþ ðL − SÞ cos θh�: ðB2Þ

The final pair of two-body phase spaces do not inherit the
azimuthal symmetry, and so we do not attempt to further
simplify them. We therefore evaluate dΦ2ðk2; PÞ and
dΦ2ðpþ; p−Þ in their respective rest frames. The angles
of the charged-lepton frame are labelled θ and ϕ, while
those of Φ2ðk2; PÞ are labelled θ0 and ϕ0. With these
variables, the four-body phase space can be written

dΦ4¼
dL
2π

4π

32π2
dT
S
dl
2π

β̄ðk2;PÞβ̄ðpþ;p−Þ
dΩ0

32π2
dΩ
32π2

: ðB3Þ

Keeping in mind that the Lorentz-invariant flux factorF for
massless initial states is given by F ¼ 2S, we can express
the parton cross section as

σhνðSÞ ¼
1

2S

Z
S

m2
jk

dL
2π

Z
S

L

2π

32π2
2dT
S

Z
L

m2
jk

dl
2π

β̄ðk2; PÞβ̄ðpþ; p−Þ
Z

dΩ
32π2

Z
dΩ0

32π2
jMj2hν: ðB4Þ

2. Hadron neutrino cross section

We now connect our partonic cross section to the
hadronic cross section via the formalism of deep-inelastic
scattering. We introduce the new variable SH defined by

ξSH ¼ S and is given by SH ¼ 2EνMN in the lab frame.
Unlike in textbook treatments of deep-inelastic scattering,
we cannot integrate ξ over the full interval [0, 1] because we
require a minimum amount of energy to produce the pair of
charged leptons (i.e. ξ ≈ 0 is kinematically forbidden).
Additionally, we would like to ensure that we do not
double-count amplitudes already included in the EPA, and
so we include a cut on the minimum amount of four-
momenta transfer to the nucleus Q > Qmin.
To impose this cut, it is easiest to change from the

variable T to the variable U ¼ Q2 ¼ jq2j. If we place a cut
on the momentum transfer U > Q2

min, then this changes
the bounds of integration in Eq. (B4). We chose Qmin ¼
1 GeV to ensure we are not double-counting amplitudes.
However, with this scheme, we include a parametric
regime in which hadronic resonances can be very

FIG. 6. Schematic depiction of the four-body phase space
decomposition into three two-body phase spaces. Note the
three-body phase space decomposition for the EPA is obtained
by considering only the final two phase spaces in the diagram.
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important. Although the description in terms of partons
may capture some of the essential features of hadron
production, it is probable that the DIS formalism under-
estimates the rates, because it does not incorporate
resonance conditions.
The effects of a cut on momentum transfer can be seen

by noting thatU ¼ S − T and that the bounds of integration
require S > T > L. The smallest L, and by proxy T,
can be is m2

jk, which implies that U ¼ S − T < S −m2
jk.

Combining this with the condition that U > Qmin leads to
S −m2

jk > Q2
min. Finally, this can be converted into a

minimum bound on ξ given by

ξ ≥
Q2

min þm2
jk

SH
: ðB5Þ

Finally, we note that, depending on the magnitude and
direction of the individual leptons,Q2 could range from being
very small to S −m2

jk, and so we must include the parton
distribution functions inside the integral overU. This leads to
our final expression for the nucleon-neutrino cross section,

σHν ¼
X
h

Z
1

ξmin

dξ
2ξSH

Z
Lmax

m2
jk

dL
2π

Z
ξSH−L

Q2
min

1

8π

dU
ξSH

Z
L

m2
jk

dl
2π

Z
dΩ
32π2

dΩ0

32π2
jMj2hνβ̄ðk2; PÞβ̄ðpþ; p−ÞfðHÞ

h ðξ; UÞ; ðB6Þ

where h runs over all the partons in the given nucleon H ∈
fn; pg (either neutrons or protons), Lmax ¼ ξSH −Q2

min,

ξmin saturates the bound in Eq. (B5), and fðHÞ
h ðξ; QÞ is the

parton distribution function for the parton h inH. To obtain
the neutrino-nucleus cross section, a simple weighted sum
of individual nucleon cross sections was used:

σAν ¼ Zσpν þ ðA − ZÞσnν: ðB7Þ

APPENDIX C: LUMINOSITY ESTIMATES

1. SHiP

For the purposes of calculating expected rates at SHiP,
we relied on Ref. [6]; specifically Fig. 5.25 and Table 2.3.
These quote the number of expected charged-current events
in the detector. To convert this into a neutrino luminosity,
we simply divided by the charged-current cross section
which we took to be given by

σCC ¼ A

�
Eν

GeV

��
6.75 × 10−39 cm−2ðνÞ
3.38 × 10−39 cm−2ðν̄Þ ðC1Þ

with the braced numbers referring to incident neutrinos
and antineutrinos respectively. To determine the experi-
ment’s lifetime integrated luminosity, we used the num-
ber of CC events from Table 2.3 of Ref. [6], while the
energy spectrum was taken from Fig. 5.25. Finally, we
multiplied by the detector’s efficiency (which we took to
be 90% for each of the final state leptons), leading
to Eq. (9).

2. DUNE

The DUNE Collaboration’s far and near detectors are
treated separately in their proposals, with a heavier
emphasis on the far detector. As a result, there is no
published neutrino spectrum for the near detector;

however, both detectors have lifetime expected event
counts. We therefore had to infer the near detector
spectrum from that of the far detector and then normalize
our results to reproduce the lifetime rates quoted in
Table 6.1 of Ref. [7].
To link the beam luminosity in the far detector to those in

the near detector, we also adjusted the various flavors’
luminosities to account for oscillation effects. All νe
appearances at the far detector were assumed to stem from
νμ at the near detector, while νe þ ν̄e background in the far
detector was assumed to represent the full flux of first-
generation neutrinos at the near detector up to geometric
losses due to beam spread.
Additionally, the CC rates in the DUNE proposal at the

near detector are quoted per 1020 POT and 1 ton of detector
mass. The far detector rates are quoted assuming 150 kt-
MW-yr. This number assumes a 40 kt far detector and that
1.2 MWof beam power corresponds to 1.1 × 1021 POT=yr.
We therefore multiply the event counts in Table 6.1 in
Ref. [7] by

1.1 × 1021 POT=yr
1.2 MW

× 850 kt-MW-yr ×
0.1 ton
40 kt

; ðC2Þ

where 850kt-MW-yr is the exposure at the far detector in
the lifetime of DUNE given the optimized design and
0.1 ton is the mass of the near detector.
Next, we consider the details of the far detector. For this,

we use Figs. 3.5 and 3.29 and Table 3.5. Table 3.5 and
Fig. 3.5 are in correspondence with one another, and we
quote their results for an exposure of 150kt-MW-yr. They
specify different rates for the running of the experiment in
the neutrino and antineutrino modes; we presume each
mode constitutes half of the experiment’s lifetime. We
therefore adjust the rates quoted in Table 3.5 and Fig. 3.5 of
Ref. [7] by a factor of
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850 kt-MW-yr
150 kt-MW-yr

×
1

2
ðC3Þ

to obtain the lifetime event rate for the far detector. The
spectrum is given in Fig. 3.29 and is quoted here in units of
CC events/GeV/kT/yr. The experiment is set to obtain an
exposure of 300 kt-MW-yr at 1.07 MW and then 550 kt-
MW-yr at 2.14 MW. Additionally, the energy bin width of
the plot is 0.25 GeV, and so we multiply the spectrum of
Fig. 3.29 of Ref. [7] by a factor of

0.25 GeV
1 bin

�
300 kt-MW-yr

1.07 MW
þ 550 kt-MW-yr

2.14 MW

�
: ðC4Þ

Finally, in Fig. 3.29, the individual CC-event rates of νe and
ν̄e are not given, but their sum is given. We assumed the
relative ratio of neutrinos to antineutrinos was equal to the
appearance rates quoted in Table 3.5 of Ref. [7]. Although
the background neutrino rates are much smaller than the
oscillation signal, they provide the dominant contribution at
the near detector. The production fractions of Kþ and K−

kaons, denoted RK� , have to be compared with those of πþ
and π−, given as Rπ� .
We therefore assume that at the far detector the relative

components of the νe þ ν̄e background are given by

NðBkgÞ
νe ¼ Rπþ

RKþ

NðoscÞ
νe

NðoscÞ
tot

NðBkgÞ
tot ðC5aÞ

NðBkgÞ
ν̄e

¼ Rπ−

RK−

NðoscÞ
ν̄e

NðoscÞ
tot

NðBkgÞ
tot : ðC5bÞ

We then assume the first-generation component at the near
detector is the progenitor of the full background signal at
the far detector. Equivalently, we estimate the number of
electron and antielectron events at the near detector to be
proportional to NBkg at the far detector with an overall
normalization that is consistent with geometric losses. To
find the geometric loss factor, we compared the rates for νμ
CC events quoted in Table 6.1 of Ref. [7] with the CC
events from the νμ background signal and νe appearance
signal quoted in Table 3.5 and Fig. 3.5 of Ref. [7]. Our

beam spectrum at the far detector was taken from Figs. 3.29
and 3.5 of Ref. [7].

APPENDIX D: DEEP-INELASTIC
SCATTERING RESULTS

See Figs. 7 and 8.
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Chapter 6

Probing new charged scalars with neutrino trident

production

6.1 Preface

In the previous chapter, we’ve calculated rates for mixed-flavor trident produc-

tion in the context of the SM, and shown that certain of these modes may indeed

be very large compared to the conventional µ+µ− mode. In this section, we in-

vestigate if these topologies, never previously observed, can do a good job at

constraining models of new physics. This investigation is partially motivated

by the successful application of the µ+µ− channel in constraining models of Z ′

gauged under Lµ − Lτ [43]. A natural avenue to investigate are models involv-

ing leptophilic charged scalars since they can show non-diagonal flavor structure

to leptons. Due to their universal interactions with photons however, charged

scalars are constrained via LEP data to have masses above 80 − 100 GeV, re-

gardless of the details of their interactions with neutrinos and charged leptons.

In this work, we perform a systematic overview of the bounds one can achieve

in these various mixed-flavor channels, assuming only the irreducible SM mixed-

flavor NTP backgrounds. We compare these projected limits to bounds in the

literature coming from universality and flavor violating processes. We find that

under selected assumptions for the nature of the coupling constants in the new
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physics model, NTP can be competitive to existing constraints. If however we

consider implementations of these charged scalars in the literature that explain

neutrino masses, NTP becomes uncompetitive.
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We investigate the possibility of using neutrino trident production to probe leptophilic charged scalars at
future high intensity neutrino experiments. We show that under specific assumptions, this production
process can provide competitive sensitivity for generic charged scalars as compared to common existing
bounds. We also investigate how the recently proposed mixed-flavor production—where the two
oppositely charged leptons in the final state need not be muon flavored—can give a 20%–50% increase
in sensitivity for certain configurations of new physics couplings as compared to traditional trident modes.
We then categorize all renormalizable leptophilic scalar extensions based on their representation under
SUð2Þ × Uð1Þ, and discuss the Higgs triplet and Zee-Babu models as explicit UV realizations. We find that
the inclusion of additional doubly charged scalars and the need to reproduce neutrino masses make trident
production uncompetitive with current bounds for these specific UV completions. Our work represents
the first application of neutrino trident production to study charged scalars. Additionally, it is the
first application of mixed-flavor trident production to study physics beyond the standard model more
generally.

DOI: 10.1103/PhysRevD.97.055003

I. INTRODUCTION AND MOTIVATION

Neutrino oscillation experiments provide conclusive
evidence that the standard model (SM) is incomplete.
Many unresolved anomalies—the proton radius puzzle
[1,2], the anomalous magnetic moment of the muon
[3,4], and the Liquid Scintillator Neutrino Detector anomaly
[5]—can be interpreted as providing hints into beyond the
SM (BSM) physics, especially for heavy leptons where
constraints are typicallyweaker. Scalar extensions of the SM
have been proposed as solutions to all of these anomalous
measurements [6–9]. Currently, most constraints on the
scalar sector come from low energy observables and high
energy colliders [10,11]. In contrast, high intensity mid
energy neutrino experiments have remained relatively unin-
vestigated. Consequently, new tools sensitive to interactions
between scalars and neutrinos/heavy leptons provide a
complimentary probe of BSM physics.
Neutrino trident production (NTP) represents a natural

candidate for studying couplings to an extended scalar
sector given the successful application of NTP to models

with an Abelian Z0 coupled to Lμ − Lτ [12]. Using data
from the beam dump experiments CHARM-II and CCFR
[13,14] the authors of Ref. [12] were able to probe
previously unexplored parameter space, including part of
the favored region for the resolution of the ðg − 2Þμ
anomaly. As demonstrated in Ref. [15], the upcoming
beam dump experiments SHiP and DUNE [16,17] are
sensitive to many previously unmeasured neutrino trident
channels which contain mixed-flavor leptons in the final
state. With these exciting new prospects the possibility of
NTP serving as a powerful probe of scalar extensions seems
highly probable. Furthermore, given the mounting interest
in precision neutrino physics, NTP may find applications at
other future neutrino experiments, in particular, Fermilab’s
short-baseline neutrino program [18].
NTP involves the creation of a lepton pair via a high

energy neutrino scattering coherently (diffractively) with a
nucleus (nucleon) as shown in Fig. 1. This production
mechanism is subdominant to charged-current (CC) scat-
tering, in large part due to the extra α2 fine-structure
suppression in its cross section; for 50 GeV neutrinos
scattering coherently on lead producing a μþμ− final state,
we expect one trident event for every 105 CC events [19].
As discussed in Ref. [15], this scaling depends largely on
the flavors of the final state lepton pair, with event rates
being 40 times larger in the case of eþμ− production at
DUNE. This is due to the absence of W-Z interference, and
an infrared singularity in the phase space; the lower
electron mass provides a log-enhanced cross section.
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Multiflavor configurations were not observable in CCFR
or CHARM-II due to difficulties in tagging electron
final states. The potential to view these NTP processes
at future experiments allows for a rich landscape of
signals [15,20,21]. In particular, it lends itself to the study
of off-diagonal lepton flavor couplings, and these appear
naturally for new charged scalars. In this work, we
study how these new mixed-flavor observables compare
with existing probes of charged scalar theories that
preserve the SM’s SUð2Þ × Uð1Þ; we assume no additional
fermion or vector content. The case of neutral scalars
probed via the diagonal νμþμ− final state has been con-
sidered for a phenomenologically motivated Lagrangian
in Ref. [22].
We find that charged scalars are best probed by NTP in

the case of universal flavor diagonal couplings. For these
configurations, we find that mixed-flavor trident final states
can give a 20%–50% increase in sensitivity to BSM
couplings as compared to the traditional νμþμ−-trident
channel, and consequently outperforming bounds from the
anomalous magnetic moment of the muon. When consid-
ering explicit UV completions (such as a Higgs triplet), we
characterize the experimental improvements one should
make in order for bounds from NTP to be competitive.
Additional neutral and doubly charged scalar particles often
appear in the context of UV models reproducing neutrino
oscillation data, and these can introduce new, and more
stringent, constraints.
The rest of the article is organized as follows: In Sec. II,

we consider a general leptophilic charged scalar, how it
contributes to trident, and its associated experimental
backgrounds. For some benchmark choices in parameter
space, we show the reach in sensitivity. In Sec. III, we
explain how our general model can arise by giving an
exhaustive classification of all leptophilic, renormalizable
and SUð2Þ × Uð1Þ invariant scalar extensions. We discuss
specific realizations of these classifications in the literature
and in Sec. IV, the phenomenological constraints surround-
ing them. We conclude with general remarks and potential
applications in Sec. V.

II. CHARGED SCALAR MEDIATED TRIDENT
PRODUCTION

A. Signal

We consider a singly electrically charged scalar h
coupling to the lepton doublets,

L ⊃ j∂μhj2 þ j∂μkj2 −m2
hjhj2 þ

ffiffiffi
2

p
habνalbh

þ kablalbkþ c:c: ð1Þ

The doubly electrically charged scalar k, which does not
contribute to NTP, has been included to make connection
with UV completions. The singly charged scalar contrib-
utes to NTP via diagrams like the one shown in Fig. 1 and
results in the amplitude shown in Eq. (2). In the following,
we use xα and y†α̇ to denote left- and right-handed initial
states respectively, and yα and x†α̇ to denote right- and left-
handed final states, following [23]. We assign the labels
f1; 2; 3; 4; 5g ¼ fν; γ; ν0;lþ;l−g, and we use the mostly
minus metric ημν ¼ f1;−1;−1;−1g.
In the context of the equivalent photon approximation

[19,24], the matrix element for γνa → lþ
b νcl

−
d can be

summarized succinctly as

Mh ¼ −
2habh�cde

ðP1 − P4Þ2 −m2
h

�
A14

q2d −m2
d

þ A35

q2b −m2
b

�

A14 ¼ fðx1y4Þðx†3q̄dϵ2x†5Þ þ ðx1y4Þðx†3ϵ̄2y5Þmdg
A35 ¼ fðx1qbϵ̄2y4Þðx†3x†5Þ þ ðx1ϵ2x†4Þðx†3x†5Þmbg
qb ≡ P2 − P4 qd ≡ P2 − P5 l ¼ l · σ l̄ ¼ l · σ̄;

ð2Þ

where fa; b; c; dg label lepton generations.
The above matrix element contains contributions from

four different diagrams. Two contain mass insertions
appearing in the second terms of A14 and A35. The two
amplitudes correspond to the photon interacting with either
the negatively or positively charged lepton. The following
identities,

u¼ ðx;y†ÞT v¼ ðy;x†ÞT ū¼ ðy;x†Þ v̄¼ ðx;y†Þ; ð3Þ

can be used to rewrite the amplitudes in terms of the Dirac
spinors,

A14 ¼ v̄1PLv4ū3PRðqd þmdÞ=ϵ2v5;
A35 ¼ v̄1PLðqb þmbÞ=ϵ2v4ū3PRv5: ð4Þ

As a check of our calculations, we used the symbolic
manipulation language FORM [25] and compared our
results to [20]. LEP searches rule out charged Higgs for
mh� ≲ 100 GeV on general grounds based solely on its
electromagnetic interactions with the photon and Z boson

FIG. 1. Neutrino trident production of a charged Weyl lepton
pair via a new charged scalar. There are three additional diagrams
that can be obtained. The two charged leptons can be of different
flavors. The connecting photon can interact with the nucleus (as
shown above), or with individual nucleons.
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[26] and so we have ignored the four-momentum in the
scalar’s propagator. The full cross section is obtained from
Eq. (2) by

σNν ¼
Z2α

π

Z
S

m2
jk

ds
s
σγνðsÞ

Z
∞

ðs/2EνÞ2
dQ2

Q2
F2ðQ2Þ; ð5Þ

where FðQ2Þ above is the Woods-Saxon form factor
[15,27].
For generic NTP final states the SM and BSM contri-

butions can both be treated as real. The sign of the
interference is dictated by the symmetry or antisymmetry
of the couplings in Eq. (2), as well as the relative sign of the
SM contribution. For a given NTP process, the presence of
Z and/or W vector mediators induces an axial (CA) and
vector (CV) coupling, upon which the matrix element
depends linearly [15]. If the SM mediators are both W
and Z bosons (CV;A > 0), we find a positive relative sign.
When the mediator is only a Z boson (CV;A < 0), we get a
negative sign. When the mediator is only a W boson
(CV;A ¼ 1), we find a positive sign for mþ > m− and a
negative one when mþ < m−; this effect is related to subtle
helicity properties [15]. For antisymmetric couplings heμ ¼
−hμe the new physics part of the matrix element carries an
additional negative sign, while for the symmetric case
(heμ ¼ hμe), there is a positive sign. The final results for the
sign of the interference terms are shown in Appendix C. For
symmetric (antisymmetric) couplings, we have mostly
constructive (destructive) interference.

B. Search strategy and backgrounds

Many flavor combinations for the incoming neutrino,
outgoing neutrino, and charged leptons are possible. In
deciding which reaction channel is ideally suited to one’s
purposes, two strategies should be considered. First, a
channel with a relatively high SM contribution could be
chosen, allowing for interference effects, which will be
dominant in the limit of small coupling.1 Neutrino beams
are predominantly composed of νμ and so, in considering
interference-driven signals, we typically consider incident
νμ. Phase space considerations cause NTP rates to favor
lighter lepton masses [15] and so we focus our analysis on
final states with at least one electron, or positron. When
considering the older experimentsCCFRandCHARM-IIwe
consider their reported observations of μþμ− production.
A complementary approach is to consider a production

channel that is closed in the SM, but open in the case of new
physics. To ensure low backgrounds, one needs to be able
to control the flux of incident (anti)neutrinos. To see this
consider νμ → e−μþν which is SM forbidden, but possible

in the presence of BSM scalars. If, however, the beam was
contaminated with ν̄μ, then the SM allowed ν̄μ → μþe−ν̄e
would present a substantial background. DUNE has the
capability to eliminate contamination with its neutrino
horn. In contrast, SHiP has a much more complicated
incident flux profile and cannot separate the neutrino and
antineutrino fluxes.
The sensitivities we present in this paper are based on

future experiments measuring rates consistent with the
irreducible SM coherent NTP backgrounds. The details of
the procedure are outlined in Appendix C, and numerical
sensitivity equations are shown in Tables III and IV. A full
simulation would have to be performed by the collabora-
tions prior to their analysis, but we believe our analysis
provides a good approximation. For simplicity, we focus
the discussion on SHiP; however DUNE is also well
equipped to tackle the same backgrounds.
The SHiP tau neutrino detector, modeled after the

OPERA experiment [29], is based on emulsion cloud
chambers (ECC) technology. The ECC is composed of a
series of thin films interleaved with lead plates, followed by
a muon spectrometer. A qualitatively similar setup to this
was used in the CCFR experiment [14,30], which featured
iron plates interleaved with liquid scintillators and drift
chambers. The use of fine emulsion film layers will provide
SHiP with more accurate track ID capabilities as compared
to CCFR. That said, CCFR was able to observe a μþμ−-
trident rate of 37 events given a theoretical SM prediction
of 45 events. They isolated their signal by collecting μ− and
μþ events and imposing cuts on the energy, angles, total
invariant mass, hadronic activity, and vertex resolution.
SHiP can implement similar cuts; however one caveat is
that CCFR was dealing with much larger incoming
neutrino average energies (∼160 GeV) as compared with
SHiP and DUNE providing it with an enhanced signal
[15,19]. Since the bulk of these trident events are expected
to come from SM processes, the kinematics of the outgoing
pair of charged leptons is well captured in [20,21].
Consider a mixed-flavor lþ

b l
−
d lepton pair search with a

hadronic veto. Final eþe− states can arise from resonant π0

production followed by a Dalitz decay where one of the
photons is lost. For μ−μþ final states, the dominant back-
grounds are from νμA → μ−YX, where Y represents either a
pion, kaon, charm- or D-meson which decays to a final
state involving μþ [31], as seen by NuTeV. Production of
vector meson final states is also likely, but these can be
distinguished from NTP since they deposit more hadronic
energy and lead to a larger invariant mass for the lepton
pair. The decay length of pions is on the order of a few
meters, and therefore these backgrounds could also con-
tribute to μ−eþ mixed-flavor final states if the meson fakes
a charged lepton before decaying. The fake rate suppres-
sion at SHiP is very competitive. In particular, for electron
ID efficiencies greater than 80%, the pion contamination
rate is roughly ηπ→e ≤ 0.5% [32]. In the SHiP detector at

1This interference is not sensitive to the phases of the
couplings, which can be expected on general grounds related
to the arbitrary definitions of phases in hab [28].

PROBING NEW CHARGED SCALARS WITH NEUTRINO … PHYS. REV. D 97, 055003 (2018)

055003-3

Ph.D. Thesis – G. Magill; McMaster University – Physics and Astronomy

96



the end of the decay chamber, pion contaminations of
ηπ→μ ¼ 0.1% can be achieved for muon identification
efficiencies of roughly 1. For e− and μþ final states, it is
difficult to imagine how this would be produced outside of
NTP. One possibility is coherent pion production from a ν̄e
incoming state and a negatively charged pion. This back-
ground is expected to be small for a number of reasons,
owing to the differences in the lþ and l− energy spectrum,
the much smaller lifetime flux of ν̄e at SHiP. Combinatorial
backgrounds where one observes an electron and an
antimuon from two unrelated processes could be eliminated
by the micron vertex resolution available at both SHiP
and DUNE.

C. Model independent results

In this section, we illustrate the sensitivity of mixed-
flavor NTP to charged scalars. We also highlight how
certain flavor configurations precluded in the SM give
superior sensitivity to existing constraints. As an illustrative
example, we consider the model described by Eq. (1) and
assume that haa ¼ jhj, and hab ¼ 0 for a ≠ b. As is
eventually discussed in Appendix B, most of the strong
existing constraints commonly considered for these types
of models [10,11] drop out and NTP provides the dominant
constraint, outperforming the (g − 2) for the muon. Our
results are shown in Fig. 2.
We have forecasted the SM backgrounds at SHiP and

DUNE using the rates presented in [15]. The best perform-
ing mode is the μþe− channel at DUNE. A priori, the
irreducible backgrounds to this process are ν̄μ → μþν̄ee−

and νe → μþνμe−. However, DUNE will have the ability to
run in neutrino and antineutrino mode independently. This,
coupled to the fact that the νe luminosities are low at this
experiment, makes this channel a 0 irreducible background
search. Hence, we can use this channel to investigate the
interplay between 0 background and the lack of interfer-
ence term in the cross section. We make the interesting

observation that the mixed-flavor final states in both
experiments provide stronger constraints than the μþμ−
states, while probing a Yukawa diagonal theory. In going
from the muon final states to more general final states, the
sensitivities to jhj at DUNE are improved by 50% whereas
at SHiP, they can be improved up to 20%.
We now show how NTP compares to other constraints

when taking into account doubly charged scalars, assuming
that hab ¼ kab in Eq. (2). This is analogous to the Higgs
triplet (HT) model to be discussed later, without imposing
the requirements of reproducing neutrino masses. The
introduction of a doubly charged scalar k�� implies addi-
tional constraints from μþe− → μ−eþ. A natural question
to ask is the following: What improvements in sensitivity
are required to make trident competitive with these stronger
constraints? We assume that one could measure the NTP
cross section to within a given percentage of the SM cross
section, for various benchmark precisions. These results are
presented in Fig. 3. As a reference, the 10% curve for
DUNE’s μþe− channel corresponds roughly to the
90% C.L. bounds shown in Fig. 2. As can be seen, very
high precision in the measured NTP cross section would be
required to compete with the leading constraints on scalar
couplings assuming k��.

III. EXTENSIONS ABOVE THE
ELECTROWEAK SCALE

We now illustrate how the phenomenological charged
scalar model from Sec. II can minimally arise while
obeying all of the symmetries of the SM, with no additional
fermion or vector matter content. The lepton sector’s
SUð2Þ × Uð1Þ structure restricts possible scalar couplings
that are relevant for NTP. The relevant leptonic fields are
the SU(2) doublets and singlets denoted by
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FIG. 2. Projected 90% C.L. sensitivities at DUNE and SHiP for
a given pair of final state oppositely charged leptons, and
competing constraints when allowing only hee ¼ hμμ ¼ hττ ≠ 0.
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FIG. 3. Projected sensitivities of NTP assuming the SM
prediction at DUNE has been measured to various precisions
measured as a percentage of the SM cross section. We compare
this to other constraints which now include a doubly charged
scalar.
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Li
a ¼

�
νa

la

�
; lc

a ð6Þ

respectively, where i labels the SU(2) index, and a ∈
fe; μ; τg labels the generations. All fields above are two-
component left-handed spinors, with the spinor indices
suppressed [i.e. lc

a ¼ ðlc
aÞα]. To couple these fermions to a

scalar via a renormalizable interaction we can consider at
most two lepton fields and one scalar. The possibilities are
given in Table I, where the lowercase letters represent
generational coupling matrices, and the capital script letters
are the scalar fields. In the order shown in the table, these
are the symmetric singlet, antisymmetric singlet, doublet,
and triplet models. The sab and tab couplings are symmetric
in their indices. As for fab, the antisymmetry under the
i ↔ j forces fab to be antisymmetric under a ↔ b. The
couplings for dab are unconstrained. A doubly charged
scalar such as S cannot contribute to NTP at tree level, and
we therefore focus on the fields F , D, and T for the
purposes of NTP. The primary effects of the SU(2)
symmetry are to

(i) Enforce a relation between couplings of the neutral,
singly, and doubly charged scalars. This occurs for
the triplet case and introduces additional constraints
with which NTP must compete.

(ii) Generate flavor symmetries in the couplings which
can lead to constructive or destructive interference.

To discuss specific implementations of the D, T and F
classifications, we respectively consider the Two-Higgs-
doublet model, the HT model (also known as type-II
seesaw), and the Zee-Babu (ZB) model. The full details
of these models [10,11,28,33] are discussed in
Appendix A. Here, we summarize the important features
of the latter two theories. HT and ZB models both generate

neutrino masses and feature a doubly charged scalar. In the
ZB model, the couplings of leptons to the singly charged
and doubly charged scalars are allowed to vary independ-
ently, whereas in the HT model, they are identical. In order
to preserve the SUð2Þ × Uð1Þ structure of the SM, the HT
model contains in addition a neutral scalar which only
couples to neutrinos. Without any extra model building, the
neutral scalars considered in this paper cannot contribute to
NTP in contrast to the models considered in Ref. [22]. To
help make the connection with Sec. II, we show important
coupling relations in Table II.

IV. EXPLICIT UV COMPLETIONS

A. Singlet scalars

We consider the ZB model to demonstrate the effects of
negative interference and the requirements of reproducing
neutrino textures. Using Eqs. (A2) to (A4), we express all
of the fab as a function of only feμ and Pontecorvo-Maki-
Nakagawa-Sakata matrix data [34]. Note that due to the
vanishing faa couplings of the ZB model, we are now
probing nondiagonal couplings. We do this for both the
normal and inverted hierarchies, and derive constraints on

TABLE I. Classification of renormalizable lepton-scalar oper-
ators consistent with gauge invariance. The final column denotes
the flavor symmetry (fabg) or antisymmetry (½ab�) due to the SU
(2) structure.

Field U(1) SU(2) Lint Couplings

S −2 1 Slc
alc

b sfabg
F 1 1 FϵijL

½i
aL

j�
b

f½ab�
D − 1

2
2 DiLi

alc
b dab

T 1 3 T fijgL
fi
a L

jg
b

tfabg

TABLE II. Relationships between type-II seesaw, Zee-Babu,
and generic couplings hab and kab. Curly (square) braces mark
the couplings’ (anti)symmetry.

Scalar extension
ffiffiffi
2

p
hab h� kab k��

Zee-Babu 2f½ab� F sfabg S
Type-II seesaw

ffiffiffi
2

p
tfabg Δ� tfabg Δ��

(a)

(b)

FIG. 4. Sensitivities for jfeμj assuming the Zee-Babu model
generates neutrino masses.
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jfeμj as a function of mF using the best performing mixed-
flavor trident channels. For the normal hierarchy, we set the
CP-violating phase δ to its best fit value. For the inverted
hierarchy, the dependence on δ factors out, and so the ZB
model’s contribution to NTP is independent of δ. Our
results are presented in Figs. 4(a) and 4(b).

B. Triplet scalars: Bounds from CCFR and CHARM-II

The νμ → νiμ
þμ− final state was observed at the CCFR

and CHARM-II experiments, and we can calculate exper-
imental bounds on the triplet model using their data. Singlet
scalars cannot be probed using this data due to the
antisymmetry of the couplings fab.
CHARM-II had a neutrino beam of hEνi ≈ 20 GeV

[12,13] with a glass target (Z ¼ 11) and the CCFR
Collaboration had a neutrino beam of hEνi ≈ 160 GeV
using an iron target (Z ¼ 26) [12,14]. The two experiments
measured production cross sections of [12]

σCHARM−II/σSM ¼ 1.58� 0.57;

σCCFR/σSM ¼ 0.82� 0.28: ð7Þ

Using CCFR as an example, we set bounds by demanding

σSMþTriplet ≤ σSMð0.82þ 1.64 × 0.28Þ; ð8Þ

where 1.64 standard deviations encompasses 90% of a
Gaussian likelihood function. For mT in units of TeV,

jtμμj2
�
26.38
m2

T

þ 1.59
jteμj2 þ jtμμj2 þ jtτμj2

m4
T

�
≤ 691.36 ð9Þ

for CHARM-II, and

jtμμj2
�
34.87
m2

T

þ 1.97
jteμj2 þ jtμμj2 þ jtτμj2

m4
T

�
≤ 168.07 ð10Þ

for CCFR. Assuming jtabj ¼ jtj, at 90% C.L. the two
collaborations impose the following constraints:

jtj ≤ 3.10

�
mT

TeV

�
CHARM-II;

jtj ≤ 1.77

�
mT

TeV

�
CCFR: ð11Þ

The stronger bounds from CCFR are a result of the fact that
this experiment saw a deficit of events in comparison
to the SM prediction and so the upper bound at 90% C.L. is
lower than CHARM-II.

V. CONCLUSIONS AND OUTLOOK

We have investigated NTP as a tool for studying scalar
extensions of the SM. We have considered SU(2) singlet,

doublet, and triplet charged scalar extensions that couple to
leptons, and concluded that triplet and singlet scalar can
contribute appreciably to NTP.
In the case of triplet extensions we have found that NTP

can serve as a complementary probe of the scalar sector at
future experiments. In particular, for specific choices of
model parameters in which LFV bounds vanish, NTP
provides greater sensitivity than measurements of the
anomalous magnetic moment. We found NTP to provide
comparable sensitivity for charged singlet scalars and pre-
vious Z0 models [12] in phenomenologically allowed mass
ranges, despite their very different interaction nature. These
prospects could be improved as the intensity frontier is
pushed forward, and NTP may prove to be a valuable tool in
the future. For generic choices of parameters, it is unlikely
that NTP can compete with strong LFV constraints.
We have considered both the upcoming experiments

SHiP and DUNE. The advantage of DUNE is its ability to
isolate beams of νμ and ν̄μ with high purity by using a
magnetic horn. We have shown that this enables us to
remove the irreducible background for certain processes,
namely νμ → μþe−νi, which has no SM contribution and is
a viable production process in triplet models. This has the
advantage of providing a clean signal, but results in a
sensitivity that scales as jhj4, in contrast to interference
effects which can dominate for small coupling and scale as
jhj2. The lack of interference with the SM in these
particular modes hinders sensitivity. For other channels,
the relative phase between the SM and new physics
contribution was found to be highly dependent on initial
states, which had a tendency to cause destructive (con-
structive) interference in singlet (triplet) mediated NTP
cross sections as can be seen in Appendix C.
The advantages provided by DUNE’s nearly monoflavor

beam must be balanced against its relatively low-Z detector
(argon Z ¼ 18) as compared to SHiP (lead Z ¼ 82). Addi-
tionally DUNE uses a lower energy beam (hEνi ¼ 5 GeV
vs hEνi ¼ 20 GeV) but compensates for this via a higher
number of protons on target. In contrast to DUNE, SHiP’s
future lead-based detector provides an ideal setting to take
advantage of the Z2 coherent enhancement; however the
lack of a neutrino horn, and the mutliflavor nature of the
neutrino beam, suggests that searches at SHiP will have
higher SM irreducible backgrounds.
Lastly, we have investigated representative UV models

leading to the generic scalar extensions discussed above. In
the ZB andHTmodels, extra particles and relations between
couplings arise if the scalar sector is expected to produce
empirically viable neutrino textures. The added constraints
due to tree-level lepton flavor violating decays mediated by
the doubly charged scalar and from the LHC are especially
strong, and in some sense NTP is less important.
The influence of final states on the phase of the SM

contribution may be of interest in future applications of
NTP to new physics. This dependence is dictated not only
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by the flavor combinations in the initial and final states, but
also the relative sizes of the charged lepton masses. This
final feature is a consequence of the chiral structure of the
weak interaction [15]. The influence of these relative
phases would be easy to miss and will play a crucial role
in any future work that relies on interference with the SM.
Although we have considered charged scalars which are
already very constrained, we expect many of the qualitative
features present in our analysis to be applicable to broader
classes of model, in particular, the unique ability of mixed-
flavor final states to control the presence or absence of
constructive interference. Finally, we were able to identify
final mixed-flavor states with no SM counterparts, thus
removing irreducible backgrounds. Our results expand the
reach of future neutrino experiments—such as DUNE,
SHiP, and SBN—to physics beyond their main research
program, both within and beyond the SM.
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APPENDIX A: EXPLICIT UV COMPLETIONS

In what follows we discuss popular implementations of
each class of scalar models outlined above. The ZB model,
used to radiatively generate neutrino masses, is a repre-
sentative candidate for singlet scalars F (see Table I). Two-
Higgs-doublet models (2HDM) have been considered
extensively in the literature as an implementation of
doublets D and we discuss neutrino trident production’s
ability to probe their couplings below. Finally the type-II
seesaw mechanism (also known as HT models) for the
generation of neutrino masses is discussed as the canonical
example of a triplet model T .

1. Two-Higgs-doublet models

2HDMs have been extensively studied [33,35,36]. In
most implementations of a 2HDM there is mixing between
the new BSM and SM Higgs doublets. This suggests that

for the model to be technically natural couplings between
the BSM charged doublet and leptons should be mass
weighted to incorporate the influence of the mass-weighted
SM Higgs field. In the SM, rates of NTP are log enhanced
by infrared phase space effects which are controlled by the
small masses of the charged leptons. If one were to consider
NTP mediated by the charged component of a doublet
scalar extension, this small mass infrared enhancement
would compete directly against the mass-weighted Yukawa
coupling suppression. Our explicit sensitivity calculations
confirm that these competing effects make trident uncom-
petitive with existing constraints. We note that in the
absence of mass-weighted couplings, NTP may be able
to address this interesting region of parameter space;
however this situation is technically unnatural due to
radiative corrections from the Higgs boson—which induces
corrections proportional to the SM Yukawa couplings—
and would require a new physics mechanism to avoid
fine-tuning.

2. Zee-Babu model

A popular implementation of the scalar singlet model is
the ZB model [6,37,38]. The model features a singly
charged scalar F that couples to the leptonic doublets,
and a doubly charged scalar S which couples to the right-
handed lepton singlets. The Yukawa sector of the
Lagrangian can be written as

LZB ⊃ fabLi
aL

j
bϵijF þ sablc

alc
bS þ H:c:

¼ 2fabνalbF þ sablc
alc

bS þ H:c: ðA1Þ

This model is typically considered in the context of
radiatively generated neutrino masses. These first occur
at two loops via diagrams such as the one shown in Fig. 5.
Assuming the ZB model is fully responsible for the
generation of neutrino masses, the mass matrix M can
be expressed in terms of the ZB couplings fab and the SM
Yukawa couplings Y via the relation M ∝ fYsYTfT . The
antisymmetric matrix f has odd dimensions and therefore
its determinant will vanish by Jacobi’s theorem. Since the
neutrino mass matrix M contains f, its determinant will
also vanish. This indicates that the smallest neutrino mass
m1 (m3) will vanish in the case of the normal (inverted)

FIG. 5. Neutrino mass generation via the Zee-Babu model
using two-component fermions with the direction of the arrows
indicating chirality. [23].
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hierarchy. The presence of a 0 mass mode [10,39] for the
normal hierarchy implies

feτ
fμτ

¼ tan θ12
cos θ23
cos θ13

þ tan θ13 sin θ23e−iδ; ðA2Þ

feμ
fμτ

¼ tan θ12
sin θ23
cos θ13

− tan θ13 cos θ23e−iδ; ðA3Þ

and for the inverted hierarchy yields

feτ
fμτ

¼ −
sin θ23
tan θ13

e−iδ;
feμ
fμτ

¼ cos θ23
tan θ13

e−iδ: ðA4Þ

These relations are used in the results of Sec. IVA, as they
provide definite relations between the phases of the various
couplings. A phase convention must be chosen, and a
simple choice is 0 ≤ feτ ∈ R. Inspecting Eq. (A4) reveals
that if the ZB model is responsible for the observed
neutrino textures, and the hierarchy is determined to be
inverted, then 0 > feμ ∈ R, while Argfμτ ¼ δþ π. The
case of the normal hierarchy is somewhat more involved;
however two limits, namely δ ¼ 0 and δ ¼ π, result in all
the couplings being real and positive by virtue of cos θ23 ≈
sin θ23 and tan θ13 ≪ tan θ12.

3. Type-II seesaw mechanism

One of the most popular triplet scalar extensions arises in
the context of the seesaw mechanism for generating
neutrino masses, specifically the so-called type-II seesaw
or Higgs triplet model [40–42]. In this version, a triplet
field with matrix representation

T ≡ iσ2 · Δ≡ −
1ffiffiffi
2

p
�
−Δ0 Δþ

Δþ ffiffiffi
2

p
Δþþ

�
ðA5Þ

is introduced into a symmetric lepton product via an
interaction of the form tabLi

aT ijL
j
b. After Δ0 acquires a

vacuum expectation value (VEV) vT , we generate neutrino
mass terms of the form vTνaνbtab. This model has been
ruled out by measurements of the invisible width of the Z
boson at LEP [42–44]. These bounds can be evaded by
softly breaking the symmetry in the Lagrangian with the
terms

−m2
HH

2 þ ðμHTiσ2Δ†H þ H:c:Þ þM2
ΔTrðΔ†ΔÞ; ðA6Þ

where μ can be small to approximately retain the global
symmetry. Minimizing this with respect to Δ0 and setting
hΔ0i ¼ vT yields the equation

vT ¼ v2dμffiffiffi
2

p
M2

Δ
; ðA7Þ

where vd is the SM Higgs’ VEV. Since the neutrino masses
are given by vTtab, we can generate small masses in the

limit where M > v≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2d þ v2T

q
¼ 246 GeV. As relevant

for NTP, we have the Lagrangian

LHT ⊃ −tab
�
laΔþ ffiffiffi

2
p

νb þ laΔþþlb −
νaΔ0νbffiffiffi

2
p

�
þ H:c:

ðA8Þ

The flavor symmetry of tab allows for flavor diagonal terms
in the Lagrangian to be nonvanishing. This is in contrast to
the singly charged couplings fab in the ZB model. The off-
diagonal flavor couplings with Δ� can be related to the ZB
couplings as shown in Table II. The Δ0 and Δ�� scalars do
not contribute to the NTP amplitudes, and so the trident
exclusions we obtain on tab come only from Δ� leptonic
interactions. These must compete with other phenomeno-
logical considerations which can be mediated by the Δ��

or Δ0 fields. The propagating degrees of freedom of the
scalar sector can, in principle, be different than the fields
specified above [40]. However, ρ parameter constraints
imply that the triplet VEV is at least 2 orders of magnitude
smaller than the Higgs VEV [44]. Therefore the mixing is
very small and we can think of Δ� as being the physical
mass eigenstate.

APPENDIX B: CONSTRAINTS

The addition of charged scalars to the SM leads to a
variety of phenomenological consequences. In this section
we discuss relevant constraints on the couplings involving
the singly charged scalar (hab) and the couplings involving
the doubly charged scalar (kab). The latter coupling does
not play a role in NTP at tree level; however in the case
of a triplet extension bounds on kab can be converted to
constraints on hab since the two coupling matrices
are related to one another as shown in Table II. Below
we review existing probes of the scalar sector, which
we compare with projected sensitivities using NTP as
presented in Sec. IVA.

1. Anomalous magnetic moment measurements

Charged scalars can alter a particle’s magnetic moment
[45–47]. Additionally there is a long-standing discrepancy
between the measured value of ðg − 2Þμ and the SM
prediction [4]. As a result there is some ambiguity in the
interpretation of this measurement as either a prediction of
the BSM theory or as a constraint on its couplings. These
bounds are the weakest of those presented in [10,11]. As
shown in Sec. II for certain configurations of parameter
space, NTP was capable of exceeding the sensitivity
provided by this class of measurements. This is not
surprising given NTP’s competitive reach in the context
of Z0 models as outlined in [12].
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2. Relative decay rates for μ and τ leptons

Another class of constraints can be obtained by using the
relative size of various measured leptonic decay rates

Γ½τ → e/μþ inv:�
Γ½μ → eþ inv:�

Γ½τ → μþ inv:�
Γ½τ → eþ inv:� ðB1Þ

where inv. denotes invisible products (typically neutrinos).
Measuring these quantities [48] effectively measures the
deviation from unity of flavor ratios of weak couplings
gaW /g

b
W for various flavors a and b. Models with charged

scalars generically contribute to τ decays and so the
measurements of Eq. (B1) can be translated as bounds
on jjhiτj2 − jhejj2j as a function of the mass of h� [10].
From the arguments of Ref. [10,28], a singly charged scalar
would contribute to the decay μ → eνν̄, but would not
affect beta decay. Therefore by using data reported in
Ref. [48] they were able to constrain jheμj2, by considering
a singly charged scalar’s contribution to muon decay and
noting that only final states with eνμν̄e would interfere with
the SM amplitude.
The quoted constraint is jheμj2 < 0.014ð mh

TeVÞ2 [10] after
accounting for the normalizations shown in Table II. The
full set of constraints as applied to the ZB model can be
found in Tables II and III of Ref. [10], and model
independent constraints for a singly charged scalar can
be obtained by setting the doubly charged scalar’s coupling
to 0.

3. Loop-level LFV decays

LFV decays of the form lj → liγ provide another tool to
probe hab. This decay mode in the SM is extremely
suppressed, and the observation of this LFV process would
constitute strong evidence for new physics. Of particular
interest is the decay mode μ → eγ which provides the most
stringent constraints on any of the couplings [49].

4. Tree-level LFV decays

In the case of triplet extensions where hab and kab are
necessarily related (as shown in Table II) strong upper
limits on certain decay modes [10], such as μ− → eþe−e−,
already preclude the regions of parameter space trident is
capable of probing. On some level these constraints may be
evaded by choices related to the Majorana phases in the
mass matrix [50,51]; however we have not included these
subtleties in our analysis. For singlet scalar extensions kab
and hab are independent and NTP does not need to compete
with bounds related to tree-level LFV decays.

5. Implications of the LHC

When including doubly charged scalars, LHC con-
straints become very strong. There are analyses by both
CMS and ATLAS [52,53] on doubly charged scalars

decaying to same-sign dileptons which impose a model
independent bound on the scalar mass of 200–400 GeV. A
recast [54] of these same LHC searches extended the
constraints on the mass by an additional 100 GeV by
explicitly requiring a total nonzero lepton number in the
final state (by considering final states of same-sign dilep-
tons and gauge bosons). Furthermore, Ref. [55] has
strengthened this bound by an additional 200 GeV by
including recent data from the LHC’s most recent 13 TeV
run [55].
In Ref. [42], the authors showed that h → γγ measure-

ments at the LHC, the oblique T parameter limits and
exclusions from LEP implies a lower bound on mh� as a
function of the triplet VEV vT. The VEV enters in the
generation of neutrino masses via the relationMab ¼ vTtab,
as described in Appendix A 3. For example, vT ≈ 1 GeV
impliesmh� ≳ 130 GeV. This mass constraint gets stronger
for lower values of vT . Therefore, the Higgs triplet
accounting for neutrino masses has very stringent limits.
In the ZB model [10,11], the masses and couplings of the
singly and doubly charged scalars can be independently
tuned, subject to the constraint that the theory reproduce
experimentally viable neutrino textures. There is therefore
more flexibility in accommodating current data. In the
scenario corresponding to an inverted neutrino mass
hierarchy—among other assumptions—the constraints on
the doubly charged scalar imply mh� ≥ 200 GeV.

6. Neutrino masses

When considering neutrino masses, there are other
sources of constraints that arise in addition to lepton flavor
violation. The neutrino mass mixing matrix is related to the
scalar triplet’s couplings by mab ¼ vTtab. Hence, the
sensitivity one must achieve in tab to probe the neutrino
mass sector scales inversely with the VEV of the Higgs
triplet. This favors using NTP to probe lower values of vT .
However, as was discussed in Appendix A 3, this implies a
larger mh�. Coupled with recent cosmological bounds on
the sum of neutrino masses [56], this makes NTP uncom-
petitive; we have confirmed this fact numerically.

APPENDIX C: PROJECTED SENSITIVITIES

Given the posterior distribution Pðθjx⃗Þ, we can define a
90% C.L. interval [57]. Making use of Bayes’ theorem, we
can express the posterior probability in terms of a Poisson
likelihood, a prior—which is a step function in the signal
event rate—and a normalization. The mean of the Poisson
distribution is given by θ0 ¼ Bþ S, where B is the back-
ground prediction and S is the signal events. Since there is
no data x⃗, we assume that the future experiments will have
observed the predicted number of background events.
Collecting everything, we have
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1 − α ¼
Z

θup

−∞
Pðθ0jx⃗Þdθ0 ¼ 1 −

Γð1þ B; Bþ θupÞ
Γð1þ B;BÞ ; ðC1Þ

and solve for θup given α ¼ 0.1. Setting Bþ θup ¼ NSMþNP, we can set 90% C.L. bounds on the couplings as a function of
the masses of the new charged scalars. At SHiP, we take into account backgrounds from incoming ν and ν̄ whereas at
DUNE, we consider only incoming ν. For both collaborations, the signal dependence takes only into account incoming ν.
The mass of the new scalar is assumed to be in TeV.
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Chapter 7

Probing Compressed States at the LHC

7.1 Preface

This paper is currently in preparation. A draft has been written by Gabriel Magill

for simulation results he obtained 2 years ago. The simulation and analysis that

was done for the draft was based on a 8 TeV CMS search in 2014 [94]. As

of recently, an updated version of the search was performed at 13 TeV by the

ATLAS collaboration in 2017 [95]. The cuts imposed in the 2017 search are

sufficiently different and more stringent than the ones from the 2014 search.

Therefore, updating the simulation and the analysis in this draft to reflect the

2017 search would be necessary for a publication. As a result of not having gone

through peer review processes, the material contained in this draft should be

considered as Preliminary Information!

That said, the draft that was prepared for submission required substantial

work and computing time, and is included here. The results obtained are in

themselves interesting, as they identify a new topology that has thus far never

been considered at the LHC. In the interest of maximizing the reach of the LHC

to models that may be hidden from conventional LHC searches, the author of

this thesis believes it is important to include this draft in its current form in the
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thesis. The new topology we consider are soft leptons, missing energy and many

jets. We motivate this new topology by developing a search for new colored

doublet scalars in a region of parameter space that is typically very challenging

to probe, namely when the mass splitting between the states of the doublet is

small with respect to the weak scale.

Contribution of author (reproduced from Declaration of Authorship): Gabriel

Magill performed all of the signal and background simulations, and developed

most of the analysis code for the recast and projected sensitivity study (with

help from Brian Shuve). Gabriel also contributed significantly to the writing of

the draft. Jonathan calculated the decay length and branching ratio for the new

colored scalars, and simulated the 2j QCD background process.

7.2 Paper
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Abstract: In this paper, we present a comprehensive study detailing the gains in sensi-
tivity from considering soft leptons and low missing energy signal regions in multijet collider
searches. We demonstrate the power of these signal regions by considering colored scalar
doublet models that participate in cascade decays. When no requirements are made on
leptons, these signal events need to compete with a very large QCD background, and can
be hidden from conventional searches. When the doublet mass splitting is small, we show
that imposing simple kinematic upper bounds in the associated lepton channel can sig-
nificantly boost sensitivity, without the need for a dedicated analysis. Additional handles
on theories with a compressed mass splitting is of interest as these regions in parameter
space are typically difficult to detect at hadron colliders. We demonstrate how our results
are robust to changes in the hadronic part of the analysis, and how they depend on b-tag
requirements.
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1 Introduction

The main objective of the Large Hadron Collider (LHC) is to study physics at the elec-
troweak scale. So far, their searches have shown very impressive agreement with the pre-
dictions of the Standard Model (SM), but not much insofar as new physics is concerned. In
light of this, it is important to revisit the assumptions that are made in the searches as they
might be hindering sensitivity to other physics scenarios. One feature that is very common
across most searches is the requirement (or more generally the lack of veto) of large missing
energy (/ET ) signatures. The interest in large /ET has a solid theoretical basis, since it often
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arises from solutions of dark matter and the hierarchy problem in which stable new states
escape detection.

It is however conceivable that there may exist new physics within our grasp that does
not produce large /ET . This possibility has started to gain popularity. For instance, in the
context of supersymmetry, the stability of the lightest new states is controlled by a discrete
symmetry called R-parity. Although often imposed, it is not strictly necessary in order to
solve the hierarchy problem. Various LHC searches have already considered topologies in
which this symmetry is broken [1], leading to multijet final states. Similar ideas have also
been put forward in the context of stealth supersymmetry [2, 3].

Building upon these ideas, we consider how sensitivity to novel signals can be achieved
when explicitly imposing low /ET cuts in multijet topologies, and exploring the presence
of leptons as a QCD background reduction tool. This phenomenology can be achieved
quite generically if the new physics produces soft off-shell W bosons. When the W decays
leptonically, both the neutrino and the lepton’s transverse momentum (pT ) will favor low
values. A simple method of producing softW bosons is via cascade decays of SU(2) doublets,
in which the states of the scalar doublet have a small (compressed) mass splitting. An
illustration of this process is shown in fig. 1. This is a very interesting scenario to study,
since compressed electroweak states are often invisible to conventional searches and require
dedicated analyses. We will show that including very simple additional lepton and /ET signal
regions on top of conventional searches can already be quite powerful in targeting these
hidden states, without the need for a separate analysis.

g

s+/��⇤

s�/��

sr/�+⇤

sr/�+

j

j

W+

W�

j

j

1

Figure 1: Illustrative Feynman diagram depicting the cascade decays of interest for the
octet/triplet scalar doublet models. When the mass difference between the heavy and light
partners of the doublet is less than mW , the off-shell W boson will produce soft leptons
and little missing energy.

As an explicit realization of electroweak states with a small mass splitting, we consider
colored scalar doublet extensions of the Higgs sector. Having the scalars charged under
SU(3)ensures that they will be copiously produced at hadron colliders. It has been shown
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by Manohar and Wise [4] that there are only a handful of allowed renormalizable colored
scalar extensions that are compatible with minimal flavor violation and hence avoid flavor
changing neutral currents. Under SU(3)×SU(2)×U(1), one possibility is a (8,2)1 octet
scalar. If we allow ourselves to consider non-renormalizable theories, we can have a (3, 2̄)Y
triplet scalar, where Y is determined by hypercharge conservation. Lastly, if the octet scalar
couples to heavy vector-like fermions, integrating these out these heavy states can give rise
to effective higher dimensional operators. We will refer to this last scenario as the octet-UV
model.

These models have already been previously considered [5, 6]. In our analysis we use
these models as a way of quantifying the gains in sensitivity when imposing additional soft
lepton and low /ET signal region cuts. We also examine the interplay between these cuts
and the number of b-tags in the final state. Benchmarking these various channels is very
useful for two reasons. Firstly, large systematic uncertainties associated in one channel can
be averted by focusing instead on another channel with comparable sensitivity. Secondly,
powerful b-tag requirements can be replaced with soft lepton requirements for signals that
don’t produce many b-jets.

The structure of the paper is as follows. In section 2, we highlight important features
of our three colored scalar doublet models, and motivate searching for them via cascade
decays. In section 4, we introduce our proposals for additional new signal regions on the
lepton pT and event /ET . This is done by simulating signal and background final state
kinematics in a full projected sensitivity analysis for the 0, 1 and 2 lepton channels, and
comparing to a recasted single lepton search. In section 5, we show sensitivity results for
the projected analysis and the recasted search. We then summarize our findings in section 6
and discuss possible extensions of our ideas.

2 Representative Models

In order to test our proposal on the importance of soft leptons and low /ET as a powerful
background reduction tool in a multijet topology, we consider 3 different scalar SU(2) dou-
blet models:

• Colored triplet scalars, discussed in section 2.1 and appendix A.1.

• Colored octet scalars, discussed in section 2.2 and appendix A.2.

• Colored octet-UV scalars, discussed in section 2.3.

From these models, our main signature will arise from an electroweak cascade decay of a
heavy scalar partner to a light scalar partner and a W boson, as explained in section 3.2.
In order for the W boson to produce a soft lepton and neutrino, we need the mass splitting
between the heavy and light scalar states to be less than mW . We illustrate how this
can naturally happen using the octet model for concreteness. Following the derivation in
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appendix A.2, the mass splitting between the two octet states (S± and Sr) is given as

|mS± −mSr | = v2(λ2 + 2λ3)

4(mS± +mSr)
, (2.1)

where v is the Higgs vacuum expectation value and λi are various O(1) coefficients in front
of quartic scalar interaction terms. The smallest values of the light scalars we will consider
in this paper range between 400− 600GeV. Therefore numerically, taking v = 246GeV and
mS± +mSr ≥ 800GeV, eq. (2.1) becomes

|mS± −mSr | ≤ 19GeV(λ2 + 2λ3). (2.2)

Choosing for example λ2 = λ3 = 0.2, we naturally obtain small mass splittings on the order
of 10GeV. We now give a brief overview of each of these models and highlight important
features.

2.1 Colored Triplets

We will now summarize the main features of the colored triplet model, leaving the full
details in appendix A.1. The model consists of two scalar doublets Φ and Φ′, both in the
(3, 2̄)Y representation, with Y (Φ) = +1/6 and Y (Φ′) = −5/6. The doublet components
of Φ are denoted as (ϕ−, ϕ+), although the specific electric charges depend on the value of
Y . As we will make more explicit in section 3.1, we focus the discussion on the Yukawa
interactions of ϕ+ (which we take to be lighter than ϕ−) with two down type quarks of
flavor k and l. Since top quarks are not involved, in this discussion we will assume to a
very good approximation that mϕ+ � mk,ml. The subset of the Lagrangian involving ϕ+

is given in terms of Dirac and Weyl spinors [7] as

L ⊃ −i
2Λkl

ϕ+
[
d̄ck(mk +ml)− γ5(mk −ml)dl

]

=
−i
Λkl

ϕ+
(
mkχ

α
kχjα +mlη

†
kα̇η
†α̇
l

)
+ h.c. ,

(2.3)

where Λkl is a flavor dependent energy scale that preserves dimensions, dc and d are SM
down type quarks, and χ and η are the associated Weyl fields. The branching ratio can be
obtained as

BR(ϕ+ → d̄ckdl) =




k = l 0

k 6= l
(m2

k+m2
l )/Λ2

kl∑2
a=1

∑
b>a(m2

a+m2
b)/Λ2

ab

. (2.4)

We see that if k = l, the rates vanish. This can be understood in the Weyl formalism
of eq. (2.3), where same flavor terms vanish due to the anti-commuting Weyl tensors and
anti-symmetric color contraction.

Focusing more on the flavor structure, we choose a universal value of Λkl ≡ Λ for all
the down quark flavors. Hence, we find from eq. (2.4) that there is a 99.97% branching
ratio to final states of ϕ+ involving 1 b-quark. This is in stark contrast with the octet
case, as we will soon show, where each of the scalars preferentially decays to 2 b-quarks.

– 4 –

Ph.D. Thesis – G. Magill; McMaster University – Physics and Astronomy

112



Topologies with many b-quarks will already be very powerful in suppressing multijet QCD
backgrounds, and an all-hadronic search could already be quite competitive. In the triplet
scenario however, it will be interesting to consider the gains in sensitivity obtained by hav-
ing soft leptons. This intuition will be confirmed in section 4. The only other potential
source of b-jets in the triplet model come from hadronic decays of the W to b-quarks. The
W → bt mode will be unaccessible because of the small scalar mass splittings we will be
considering, and the off-diagonal channels will be suppressed by the CKM matrix.

2.2 Colored Octets

We now summarize the main features of the colored octet model, leaving the full details in
appendix A.2. We consider a scalar doublet S transforming as (8,2)1/2. We can parametrize
S with color index A = 1 . . . 8 as

SA =

(
SA+

SA
R+iSA

I√
2

)
. (2.5)

Similarly to we what we did in the triplet case, we assume that SR is lighter than S±, and
couples to down type quarks of flavor k and l via mass-weighted Yukawa couplings. With
these assumptions, it is true that mS � mk,ml. The branching ratios of SR to jets is given
by

BR(S → d̄ckdl) =




k = l

m2
k∑

j m
2
j

k 6= l 0
. (2.6)

Based on this equation, we find that decays to b-quarks will happen 99.9% of the time, and
this makes the b-tags a powerful tool in the search for octet scalars.

2.3 Colored Octet-UV

Being agnostic about the UV completions of our models, it is possible that our scalars couple
to colored vector-like fermions. Integrating these out generically gives rise to effective higher
dimensional operators such as

1

Λ2
HTr (SGµνG

µν) , (2.7)

where S is the same doublet scalar as in the octet model, H is the Higgs field, and Gµν are
gluon field strengths. This state is relevant if the interactions of eq. (2.7) dominate over
those of the triplet and octet models. If this is the case, there will only be light (gluon) jets
sourced by the octet-UV new physics.

3 Motivating our Choices

Throughout sections 1 and 2, we have made a number of assumptions. We have assumed a
given mass hierarchy between the scalar states of the doublet, we have focused on interac-
tions with down type quarks, and we have assumed that the best way to probe these models
is via cascade decays. We now provide arguments for why each of these choices were made.
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3.1 Mass Hierarchy and Interactions

Within the octet and triplet models, the scalars in the theory can a priori couple to either
down type quarks, up type quarks, or a mix of the two. Since these interactions are mass
weighted, interactions with up type quarks will predominantly involve top quarks, which
produce very striking phenomenological signatures. Therefore the choices of model param-
eters that give rise to top quarks are likely to be already excluded. Another motivation to
exclude top quarks in the final state is that they would produce energetic neutrinos/leptons
in their semi-leptonic decays. Recall that small /ET and soft leptons is one of the main
features that we investigate in this paper.

We therefore choose a mass hierarchy such that the lightest scalar couples only to down
type quarks. This can be achieved by picking the −1/2 weak eigenstate in the scalar doublet
to be the lightest scalar. In the triplet model, the lightest state will be ϕ+ and in the octet,
it will be SR. That said, the heavier scalar state still couples to tops. We therefore also wish
to suppress the direct decay of the heavier scalars to jets, and enhance their cascade decays
to the lighter scalar and a W . This can be achieved by imposing a broken Z2 symmetry
so that the heavy scalar Yukawa interactions are much more suppressed than those of the
light scalar. In terms of the parameters introduced in appendix A, this translates in the
requirement that ηD � ηU and Λ′ � Λ for the octet and triplet models respectively.

3.2 Cascade Decays

Given the choices made in section 3.1, several scenarios can happen:

1. Heavy scalars form bound states instead of cascade decays, leading to dijet resonances

2. Heavy scalars cascade decay to long-lived light scalars, leading to 4 displaced tracks

3. Heavy scalars cascade decay to short-lived light scalars, leading to 4 prompt tracks

We will argue that there exists a substantial range in the parameter space of our models
where scenario 3 becomes a viable option. To argue why bound states are sub-leading
(scenario 1), we turn to fig. 2. In the left panel, the production cross section of pair-
produced heavy scalars are shown. Also shown are upper bounds on the triplet and octet
bound state cross section, which was calculated by multiplying the previous cross section
by the fraction of scalar pairs that are sufficiently at rest to produce bound states. No
other experimental cuts have been applied, so these bound state curves are upper bounds.
Practically, using a MadGraph simulation [8], we calculated the fraction of heavy scalar
pairs with total energy less than the bound state energy |Eb|. The bound state energy is
given by [9–11]

|Eb| = C2α
2
sm

n2
, (3.1)

where C is a color factor, m is the mass of the heavy scalar, αs is the renormalized strong
coupling constant and n = 1 for an S-wave bound state. Although clearly subleading in
this plot, bound states could potentially be relevant after applying the analysis cuts that
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would show up in scenario 3. To definitely settle the question, we turn to the plot in the
right panel of fig. 2. There, we have applied all the analysis and signal region cuts to the
triplet model for a projected sensitivity analysis that we will introduce in section 4.2. As we
see, the rate for bound state production is still subleading, and so we don’t consider bound
states in this paper. This conclusion remains true in the case of the octet and octet-UV
models, as we’ve explicitly checked. One caveat however is the possibility that the dijet
bound state backgrounds are somehow less important, strengthening the significance of a
dijet search. We have not investigated this possibility.
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Figure 2: (Left figure) Pair production cross sections of the heavy partner colored scalars
at 14TeV. For the triplet model, the underlying process is pp → φ−φ−∗. For the octet
model, the underlying process is pp → s+s−. The bound states curves (BS) denote the
same respective processes accounting for the efficiency of producing the two heavy scalars
with total energy less than their bound state energy.
(Right figure) Triplet model comparison between the bound state cross section and the
A × ε × σ for the projected analysis described in section 4.2. Solid (dotted) lines indicate
a 10GeV (70GeV) mass splitting. In all cases, the bound state rates are subdominant.

We now turn our attention to the possibility of obtaining displaced vertices (scenario
2). Taking the octet model for the purposes of this discussion, the parameters ηu and ηd
control both the decay length of the scalars as well as the branching ratio of the heavy
scalar state into an (off-shell) W boson and the light scalar state. These dependences are
calculated explicitly in fig. 3. In order to have the best possible prospects for detecting
scalar doublets via scenario 3, we would like to maximize the branching ratio (shown in
the left panel), while keeping the cτ (shown in the right panel) below the 1mm level. This
can be done for values of η as low as 10−7, and as high as 10−4 or 10−1 for mass splittings
of 10GeV or 80GeV respectively. For the remainder of the paper, we will assume that
the values of η are within these ranges, and that the cascade decay branching ratios to
leptons and jets saturate to those of the W boson. We note that with these choices, the
production of the heavy scalars proceeds via the SU(3) strong coupling constant, and the
cascade decays proceed via the SU(2) weak coupling constant, with no free parameters to
be determined. Having motivated a search based on cascade decays, we now proceed to
developing a search strategy.
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Figure 3: Branching ratio (left) and decay length (right) versus the coupling ηu,d for
the Octet model. Branching ratios are shown for several characteristic mass splittings ∆

between the heavy and light partners of the scalar doublet. There is a significant range in
ηu,d for which the leptonic branching ratio of the heavy scalar is equal to that of the W
boson, while ensuring the light scalar partners decay promptly.

4 New Signal Regions

We previously presented several models of colored scalar doublets and motivated a region in
parameter space where we can search for them based on cascade decays. Our main interest
now lies in the very interesting possibility that the colored doublets exhibit a compressed
mass spectrum, with a splitting smaller than theW mass. This leads to the novel possibility
of producing soft leptons from off-shell W bosons, many jets and small /ET . Such a topology
is hidden from conventional searches, as we will confirm, and so additional signal regions
not often presented in LHC searches are warranted. These signal regions are motivated in
our projected sensitivity analysis in section 4.2. In section 4.3, we recast a conventional
search without soft lepton/low /ET cuts. As we will see, substantially better sensitivity to
scalar doublets in the compressed mass regime can be achieved in the former case. We will
also explain in what sense these results are robust to how the hadronic content of the events
are treated.

The dominant backgrounds associated to this topology depend on the requirements
made on the number of b-tags and the number of leptons. A full detailed list for each chan-
nel in our projected sensitivity analysis will be provided in table 4. Generally speaking,
the dominant backgrounds will be either tt + jets (when requiring b-tags with or without
leptons), QCD (when requiring no leptons) and Z/W + jets (when requiring 1 or more
leptons). We will show that for the backgrounds, the lepton pT and event /ET follow broad
kinematic distributions. For our signals of interest, they will almost always favor very small
values and we will try to capitalize on these differences.

There is another potential source of backgrounds arising from objects that fake low pT
leptons. These fake backgrounds would need to be evaluated by the LHC collaborations,
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as we don’t have the tools to estimate the size of their contribution. To limit their poten-
tial impact, we will require that the lepton pT is larger than 8GeV, and that the leptons
pass both a relative Irel and absolute Iabs isolation cut. There is another potential way
to limit this background if it is still significant after these requirements. In signal events,
low lepton pT and low event /ET are highly correlated. For these fake backgrounds, if it
turns out to be the case that events that give rise to fake leptons also have large /ET , then
the /ET cuts we propose could be significantly tightened with little effect on the signal rates.

All of our simulations at parton level are done with MadGraph v2.4.0 and v2.6.1 [8].
For the projected sensitivity analysis, we use the “nn23lo1” parton distribution function
and for the recast analysis, we use “NNPDF30_nlo_as_0118”. We have implemented our
signal models using FeynRules 2.3 [12]. Parton level events are showered and hadronized
using Pythia 8212 [13]. Matching, when performed for background events, is done with
the shower-kT algorithm. Event analysis is performed using our own HEPMC-based imple-
mentation. Jets are clustered using the anti-kT algorithm [14] with a 0.5 and 0.4 jet radius
parameter R, for the projected and recast analyses respectively.

4.1 Baseline Hadronic Analysis

In order to study the gains in sensitivity achieved by requiring soft isolated leptons and
low /ET , we made a “signal region study” (SR Study). In this study, we simulated at 14TeV
all of the signals and backgrounds for the 0, 1 and 2 lepton channels of our models. The
hadronic component of the analysis is motivated largely from an 8TeV hadronic CMS search
[1], which we refer to as the baseline analysis. These are shown in table 1. On top of this
baseline analysis, we add leptonic and /ET requirements, which we refer to as our signal
regions.

Observable Values√
s 14TeV

Fourth jet pT >100GeV
∆m/mavg <0.15

∆ >100GeV
∆ηdijet <1.0
NJets ≥4
Irel < 0.5

Iabs < 5GeV

Table 1: Baseline cuts and lepton isolation requirements for the SR study. These cuts
are in part motivated from the 8TeV CMS search [1], which we re-simulated at 14TeV for
35.9fb−1 of data.

We now explain how the baseline analysis is made. Collecting events with 4 or more
jets, we identify pairs of jets by minimizing the measure

∆Rdijet =
∑

i=1,2

|∆Ri − 1|. (4.1)
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In signal events, these tend to identify jets that originate from the same parent resonance.
The variables ∆m and mavg can then be constructed by respectively taking the difference
and average of the masses of the two pairs of dijets. Finally, the variable ∆ is constructed
as

∆ =


∑

i=1,2

|piT |


−mavg, (4.2)

where the sum is over the transverse momentum of the two dijet pairs. We calibrated our
simulations and baseline analysis by reproducing the “Inclusive data (high-mass search)”
plot from Figure 5 of [1] at 8TeV.

We now discuss leptons. In order to minimize the effect of background contamination
from fake leptons, we imposed lepton isolation cuts. Our lepton isolation criteria is based
on those of [15]. For a lepton `, we define the relative lepton isolation as

Irel(`) =

∆R<0.4
pT>1GeV∑

i 6=P

pT (i)

pT (`)
, (4.3)

where the sum is over all particles i with transverse momentum larger than 1GeV and
within a ∆R < 0.4 radius. We define the absolute isolation as Iabs = pT (`)Irel(`). The
cuts on these variables are shown in table 1. We also impose detection efficiencies on the
leptons as a function of pT and η as found in the Delphes 3.4.1 CMS configuration card [16].

As discussed in section 2, the number of b-tags we imposed in our sensitivity estimates
depend on the model. In general, the triplets will tend to produce 2 b-quarks and the octets
will tend to produce 4 b-quarks. As for the octet-UV extension, we only expect the new
particles in the theory to produce light jets. The b-tag efficiencies we have assumed are
parametrized as [16]

ε = 0.85 tanh(0.0025pT )

(
25.0

1 + 0.063pT

)
. (4.4)

The various requirements on the number of b-tags and number of leptons will determine
which backgrounds are dominant for a given signal. In table 4, we show the b-tags, signals
and backgrounds that contribute in each of the channels we have simulated.

4.2 Signal Regions

Now that we have a baseline analysis and a handle on leptons, we can determine the sig-
nal regions by studying differences in the signal and background kinematics. Collecting
events with one or more isolated leptons, we plot normalized momentum distributions of
the highest-pT lepton and of the event /ET . This is done in fig. 4 for the triplet model, and
in fig. 7 for the octet and octet-UV models. In all cases, we notice that when the scalar
doublet mass splitting is smaller than the mass of the W boson, the signal kinematics differ
largely from those of the dominant backgrounds. This is mainly due to the fact that in the
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tt̄ + jets and W + jets backgrounds, the W tends to be produced on-shell and gives rise
to a much harder spectrum, as compared to the signal. Based on these kinematic results,
we propose to add signal region cuts on the lepton pT and the /ET of the event. These are
shown in table 2 for the various leptonic channels.
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Figure 4: Normalized kinematic distributions of leading lepton pT (left) and missing energy
(right) for a 500GeV light partner triplet scalar and combined tt̄/Z+ jets background. The
distributions shown are for events containing at least 1 lepton and which satisfy all of the SR
study selection requirements (besides the missing energy and lepton pT cuts). Equivalent
plots for the octet and octet-UV models are shown in fig. 7.

The signal region cuts proposed in table 2 and the lepton isolation criteria will naturally
lower our signal statistics as compared with conventional searches. Later on in our sensi-
tivity plots, we will show that this additional penalty is acceptable given the much larger
penalty that will be incurred by the background. It is interesting nevertheless to quantify
the fraction (which we will refer to as ε) by which the signal statistics drop given the signal
region cuts. Since this fraction is similar between all our models and depend primarily on
the doublet mass splitting and not the overall masses of the scalars (as we’ve numerically
checked), we discuss only the triplet model with a 10GeV (70GeV) mass splitting. Starting
from the topology in fig. 1 and allowing all possible decays of the W , the ε after requiring
the absence of isolated leptons is 90% (82%). The larger ε for a smaller mass splitting is
reasonable, since soft leptons are more likely to get lost and not pass the isolation cuts.
Next we consider events with at least 1 lepton that pass the baseline cuts. From those
events, requiring at least 1 lepton to be isolated with pT ≥ 8GeV gives an ε of 21% (49%).
Imposing in addition the 1 iso. lepton signal region cuts in table 2 brings ε to 19% (25%).
As we see, signals with a small mass splitting are not affected by the signal region cuts.
The signals with larger splitting, and by extension the backgrounds, are very sensitive to
this cut. For events with 2 leptons, requiring that these both be isolated with pT ≥ 8GeV
gives an ε of 4% (22%). Imposing the additional 2 iso. lepton cuts brings ε to 3% (7%).
Although ε for small mass splittings changes only marginally after the 2 iso. lepton cuts
have been imposed, the overall statistics in the 2 lepton channel are becoming very low as
compared to the 0 or 1 lepton channels, and we might expect the sensitivity to suffer as a
result.
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0 iso. lepton 1 iso. lepton 2 iso. leptons
No isolated leptons pT (`±) ≤ 40GeV pT {`+, `−} ≤ {40, 30}GeV

/ET≤ 90GeV /ET≤ 90GeV
pT (`±) ≥ 8GeV pT (`±) ≥ 8GeV

|m`−+`+ −mZ | ≥ 10GeV

Table 2: Signal region cuts proposed in this paper.

4.3 Recast Study

Having developed several signal regions based on the presence of soft isolated leptons, we
would like to see how they compare to a conventional search. The 1 lepton channel seemed
particularly powerful in the small mass splitting limit, providing both acceptable signal
efficiency and strong background rejection. To provide a benchmark comparison for the
cuts we are advocating, we will recast an existing search with a topology of many jets and 1
lepton. Many such searches that have already been performed require large /ET , motivated
in part by the presence of a light stable particle that escapes the detector. Looking at our
characteristic signal kinematics in fig. 4, a large /ET requirement will preclude any sensitivity
to our model. Some searches in the literature however have low or modest /ET requirements
[2, 17–21]. Of these, we will recast the 13TeV CMS search [21]. For convenience, we show
the main features of their analysis in table 3, which we implemented exactly for our triplet
and octet models. In order to calibrate our analysis code, we simulated a tt̄+ jets matched
sample and reproduced to within 30% the post-analysis rates shown in Table 1 of [21].

Analysis Cuts√
s 13TeV
L 35.9fb−1

# leptons 1 e± or 1 µ±

pT (`) > 20GeV
|η(`)| < 2.5(e±), < 2.4(µ±)

Irel(`) < 0.1(e±), < 0.2(µ±)

jets pT > 30GeV, |η| ≤ 2.4

# jets, # b-tags ≥ 4, ≥ 1

/ET ≥ 0GeV
HT > 1200GeV
MJ > 500GeV

Table 3: Recast study analysis cuts from the 13TeV CMS search [21].

After simulating our signal according to the cuts in table 3, we can study the normalized
lepton pT and /ET kinematic distributions in events containing exactly 1 lepton. These are
shown in fig. 5 for a 400GeV light partner triplet scalar, and in fig. 8 for a 1TeV light partner
octet scalar. In both cases, we see a very large peak above the dominant background for
signal events with a small mass splitting. This indicates that in the compressed mass
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Figure 5: Normalized kinematic distributions of leading lepton pT (left) and missing energy
(right) for a 400GeV light partner triplet scalar and tt̄+ jets background. The distributions
shown are for events containing exactly 1 lepton and which satisfy all of the recast study
selection requirements.

regime, conventional analyses are not taking full advantage of the differences in signal and
background kinematics.

5 Results

To summarize, we have so far considered 3 different colored scalar doublet models which
have the capacity to exhibit a compressed mass spectrum. With this interesting limit in
mind, we re-simulated at 14TeV a hadronic baseline analysis [1], on top of which we in-
vestigated features of the 0, 1 and 2 isolated lepton channels. Stark kinematic differences
between signals and backgrounds motivated us to apply additional lepton pT and /ET signal
region cuts shown in table 2, with very little effect on the signal rates in the compressed
limit. Due to surprisingly good signal efficiencies in the 1 isolated lepton channel, we re-
casted a new search [21] that looked for 1 lepton and many jets, with no /ET requirements
or additional lepton pT cuts.

We are now in a position to show the main results of this paper. In fig. 6, we cal-
culate the gains in sensitivity across each of the lepton channels and signal regions, and
how they compare to the analysis we recasted. The sensitivity results shown here account
for everything; namely the luminosity, production cross section, branching ratio, as well as
the efficiencies from the object selection, event analysis and signal regions. We choose to
calculate the sensitivity according to the procedure in appendix B, since it has the properly
that it doesn’t diverge in the low background limit as compared to usual s/

√
b estimates.

We now discuss the sensitivity plots in fig. 6. There are 2 main features we wish to empha-
size. The first is the interplay between the number of b-tags and the power of the 0 and 1
lepton channels in the projected signal significance plots (left column). As a reminder of
the information in table 4, the triplet plot requires 2 b-tags and the octet-UV plot requires
0 b-tags. For the octet model, the 0 lepton channel requires 4 b-tags and the other ones
require 2. The larger the number of b-tags, the more aggressively we cut down on the QCD
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Figure 6: Projected signal significance (left column) and recasted exclusions of an existing
search [21] (right column) with 35.9fb−1 of data at the LHC. Results are shown for the
triplet model (top row), octet model (middle row) and octet-UV model (bottom row). Soft
IL (isolated leptons) denote that the cuts in table 2 have been applied, and Hard IL denotes
that the lepton is required to have pT > 20GeV. Solid (dotted) lines denote mass splittings
of 10GeV (70GeV) between the heavy and light partners of the scalar doublet. All event
selection cuts are described in section 4. When searching for theories featuring cascade
decays with a compressed mass spectrum, these sensitivity plots demonstrate the power of
adding simple signal regions that target events with soft leptons and low missing energy.

– 14 –

Ph.D. Thesis – G. Magill; McMaster University – Physics and Astronomy

122



background and as we see, this can give better sensitivity than requiring isolated leptons.
When the flavor content of our signal is not suited to a large number of b-tagged states,
requiring 1 isolated lepton can provide an improvement over the all-hadronic scenario. For
the octet-UV model, which contains only light jets, this improvement is particularly accen-
tuated.

The second feature we wish to discuss is the weakness of the 2 lepton channel. Requir-
ing just the presence of 2 isolated leptons imposes a large penalty on signals with small
mass splitting (and in signals with large mass splitting after requiring soft leptons). Be-
cause of this, the signal rates drop quickly as a function of mass below 1 event (assuming
35.9fb−1), and the sensitivity doesn’t benefit from the even larger background reduction.
The two lepton channel could still be of interest in cases where there are unusually large
systematic uncertainties associated to having too many jets in the final state, as a tool for
cross-validation in light of evidence for new physics, or in final states such as those of the
octet-UV model with few b-tagged states.

We now discuss the results of the recast (right column), where we show data driven
constraints obtained from our recast. To make the connection with our projected sensitivity
analysis, we have calculated a “hard lepton curve” (green curve in the left column) in the
1 isolated lepton channel that only requires the lepton to have pT > 20GeV and makes
no mention of the /ET in the event. This is very similar to how the lepton is treated in
the recasted analysis and serves to compare the two analyses. As we see, the projected
sensitivities achieved with this hard lepton channel are very similar to the sensitivities from
the recast, despite the very different methods of treating the hadronic content of the event.
Furthermore, the kinematics of the recast analysis, shown in figs. 5 and 8, also suggests
important differences between the signals and backgrounds that are not being capitalized.
These observations demonstrate the robustness of the soft lepton/low /ET sensitivity gains
to changes in the hadronic part of the analysis.
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6 Discussion and Conclusions

In conclusion, we have motivated a new search topology at the LHC by considering several
new models and demonstrating that their limits are subject to improvement when requiring
soft leptons and low missing energy. In order for this conclusion to hold now, we would
need to redo our analysis using the updated search for pair produced resonances [22] at
13 TeV. Although this search has a lot in common with the 8 TeV search [1], it does
feature more stringent cuts and also introduces new variables on which cuts are imposed.
It will interesting to know if the kinematic differences between signal and background in the
missing energy and lepton pT distributions disappear under this new analysis. If they do
not, then this topology should also further reduce backgrounds and provide improvement
in sensitivity. We are currently investigating this question.

A Full Model Details

A.1 Colored Triplets

We consider a scalar Φ in the (3, 2̄)Y representation. We denote the doublet components
generically as Φ = (ϕ−, ϕ+), although the specific electric charges depend on the value of
Y . The scalar is produced through its strong coupling. It can decay only via coupling to
quarks. Φ must couple to Q to absorb the doublet transformation. ΦQ transforms as a 3̄

under SU(3)c and cannot couple to any other Weyl spinor. Therefore, the lowest-dimension
all-hadronic operators are

L ⊃ 1

Λij
Φ(dc

i )
†σ̄µ
←→
DµQj +

1

Λ′ij
Φ′(uc

i )
†σ̄µ
←→
DµQj + h.c., (A.1)

for fields with Y (Φ) = +1/6 and Y (Φ′) = −5/6. The gauge field part of the covariant
derivative cancels when taking the difference of the left and right action Dµ, so we can
replace Dµ → ∂µ. The color indices are implicitly contracted with an antisymmetric tensor.
Note that, since the Weyl spinors are different, the flavor indices i and j can be the same.
In terms of the corresponding Dirac spinors,

L ⊃ 1

Λij
Φd̄c

i

←→
/∂ PLQj +

1

Λ′ij
Φ′ūc

i

←→
/∂ PLQj + h.c. (A.2)

We can use the equations of motion,

∂µψ̄ γ
µ = iMψψ̄ − igψ̄ /AaT a + . . . , (A.3)

/∂ψ = −iMψψ + ig /A
a
T aψ + . . . , (A.4)

where . . . represents the contribution of the ψ Yukawa couplings. Because the mass term
leads to two-body Φ decay and all the other terms give three-body decay, we only keep the
leading mass term. Using the equations of motion and {γµ, γ5} = 0, we get (in SU(2)L
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components)

L ⊃− i

2Λij
ϕ−d̄c

i

[
(Mdi +Muj )− γ5(Mdi −Muj )

]
uj

− i

2Λij
ϕ+d̄c

i

[
(Mdi +Mdj )− γ5(Mdi −Mdj )

]
dj

− i

2Λ′ij
(ϕ′)−ūc

i

[
(Mui +Muj )− γ5(Mui −Muj )

]
uj

− i

2Λ′ij
(ϕ′)+ūc

i

[
(Mui +Mdj )− γ5(Mui −Mdj )

]
dj

+ h.c.

(A.5)

We see that the couplings are mass-proportional; thus, we expect operators involving
top quarks to dominate. We also should consider the flavor structure of Λij . Using the
conventions for the flavor group SU(3)Q × SU(3)d where dc transforms as (1,3) and Q

transforms as (3̄,1), the spurion Yd transforms as (3, 3̄), since YdQdc is invariant. In our
operator, we have (dc)†Q, which transforms as (3̄, 3̄). There is no way of inserting Yd to
absorb the flavor rotation, so this operator is forbidden in minimal flavor violation. Of
course, if Λ is of sufficiently high scale, this is not a problem, but it means that there is
not necessarily a preferred flavor structure. The most generic thing to consider is a flavor-
universal configuration, which implicitly gives dominant coupling to t and b because of
the mass insertions from the Dirac equation. The same arguments trivially follow for the
coupling Λ′ij .

A.2 Colored Octets

We begin by writing the Yukawa and Kinetic sectors of the Lagrangian of a (8,2)1/2 scalar
field:

L =Tr[(DµS)†(DµS)]− ηDgDij d̄RjTA(SA)†Qi − ηUgUij ūRjTA(iσ2S
∗A)†Qi + h.c.

+ 2m2
STrS

†iSi + λ1H
†iHiTr(S†jSj) + λ2H

†iHjTr(S†jSi)

+ [λ3H
†iH†jTr(SiSj) + λ4H

†iTr(S†jSjSi) + λ5H
†iTr(S†jSiSj)] + h.c.

+ λ6Tr(S†iSiS†jSj) + λ7Tr(S†iSjS†jSi) + λ8Tr(S†iSi)Tr(S†jSj)

+ λ9Tr(S†iSj)Tr(S†jSi) + λ10Tr(SiSj)Tr(S†iS†j) + λ11Tr(SiSjS†jS†i).

(A.6)

Writing out the covariant derivative gives:

DµS = ∂µS − igWW a
µτ

aS − igY
2
BµS + gsi[Gµ, S]

=
(
∂µS

A − igWW a
µτ

aSA − igY
2
BµS

A − gsfABCGBµ SC
)
TA.

(A.7)

To explain the notation, we have S = SATA where S is a doublet under SU(2), Si = SiATA

(for the scalar potential terms) where i is the SU(2) index, and Gµ = GAµT
A. TA are the

8 Gell-Mann matrices whose matrix components run from 1 to 3, and ηD,U are complex
proportionality constants that arise when requiring that the Yukawas become diagonal in
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the quark mass basis. The kinetic term in eq. (A.6) will have an overall coefficient of the
form Tr[TATD] = δAD

2 , where 1/2 is the index of the fundamental representation.

Next, we express

SA =

(
SA+

SA
R+iSA

I√
2

)
. (A.8)

We also rotate the flavor of the quarks to the mass basis, and express the Yukawa couplings
in terms of the quark masses. After all these transformations, the Lagrangian we obtain is:

L = Tr[(DµS)†(DµS)]

− ηD
√

2md
ij

v
d̄RiV

†
jkT

ASA−uk − ηD
md
ij

v
d̄RiT

A(SAR − iSAI )dj

− ηU
mu
ij

v
ūRiT

A(SAR + iSAI )uj + ηU

√
2mu

ij

v
ūRiVjkT

ASA+dk

+ h.c. + Quadratic + Quartic + Higgs.

(A.9)

Here, mu
ij and md

ij are the diagonal up and down type quark mass matrices respectively,
and V is the CKM matrix. We might expect mixing between SAR and SAI . From eq. (A.6),
the only terms that could lead to mixing are the terms proportional to m2

S , λ1, λ2, and λ3.
After spontaneous symmetry breaking of the Higgs, we get no mixing between SAR and SAI .
We find that the masses are

m2
S± = m2

S +
λ1v

2

4

m2
SR

= m2
S +

v2

4
(λ1 + λ2 + 2λ3)

m2
SI

= m2
S +

v2

4
(λ1 + λ2 − 2λ3).

(A.10)

B Sensitivity Calculation

We briefly outline how the sensitivities in our plots were calculated. The strategy is based on
the 2009 PDG on statistics [23]. We consider a counting experiment where the experiment
has seen n events, whereas b were predicted from the Standard Model and s from new
physics (for projected sensitivities we assume that n = b). In a Bayesian framework given
a posterior probability p and likelihood function L, one can define a (1−α) credibility level
as

1− α =

∫ s

0
p(s|n)ds =

∫ s
−∞ L(n|s)π(s)ds∫∞
−∞ L(n|s)π(s)ds

. (B.1)

Using a flat prior π in the new physics signal rate and the Poisson likelihood function

L(n|s) =
(s+ b)n

n!
e−(s+b), (B.2)
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eq. (B.1) can be rewritten as

α = e−s
∑n

m=0(s+ b)m/m!∑n
m=0 b

m/m!

=
Γupper incomplete(1 + n, b+ s)

Γupper incomplete(1 + n, b)
.

(B.3)

The number of signal events s is calculated as

s = LσεA, (B.4)

where L is the luminosity of the experiment, σ denotes the total cross section for the
processes of interest (including branching ratios), ε denotes the efficiency of the analysis
cuts, and A denotes the acceptance of the final states within the detector. It is important
to note that in our setup, σ is completely determined in terms of the electroweak coupling
and the branching of the W bosons, with no overall new coupling constant. Calculating
α ∈ [0, 1] indicates how significant the signal is over the background, with values of α below
5% considered as significant, and hence excluded. In all our sensitivity plots, we show the
quantity a instead of α, by doing a 1− 1 mapping to a Gaussian distribution. This is done
in order to make the results more intuitive; we are not implying that the data should follow
a Gaussian distribution. Explicitly, a is obtained as a function of α by solving the injective
equation

1− α =
1√
2π

∫ a

−a
exp

(
−x

2

2

)
dx, (B.5)

where we have normalized the Gaussian average and standard deviation to 0 and 1 respec-
tively. The exclusion criteria of α < 5% now corresponds to a > 1.96.

Using these methods is desirable over the simpler s/
√
b and s/b metrics, which overesti-

mate the sensitivity in the limit of 0 background. Interestingly, setting (1−α) = 95%CL in
eq. (B.1) for a 0 background search implies that the criteria for exclusion is the commonly
cited s = 3 signal events.
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C Additional Details

C.1 SR Study

Processes 0 iso. lepton 1 iso. lepton 2 iso. leptons
Triplets Search

B-tags nb-tags ≥ 2 nb-tags ≥ 2 nb-tags ≥ 2

Signal φ−φ−∗ → (4j)(2j`±)(`∓`±)φ+
jb̄
φ+∗
jb (2j`±)(`∓`±)φ+

jb̄
φ+∗
jb `+`−φ+

jb̄
φ+∗
jb

Backgrounds tt+ 0, 1, 2J tt+ 0, 1, 2J tt+ 1, 2J

2b+ 1, 2J L+L−2b+ 1, 2J

Octets Search
B-tags nb-tags ≥ 4 nb-tags ≥ 2 nb-tags ≥ 2

Signal s+s− → (4j)(2j`±)(`∓`±)sb̄bsb̄b (2J`±)(`∓`±)sJJsJJ `+`−sJJsJJ
Backgrounds tt+ 2b tt+ 0, 1, 2J tt+ 1, 2J

4b L+L−2b+ 1, 2J

Octets UV Search
B-tags nb-tags ≥ 0 nb-tags ≥ 0 nb-tags = 0

Signal s+s− → (4J)(2J`±)(`∓`±)sggsgg (2J`±)(`∓`±)sggsgg `+`−sggsgg
Backgrounds W± + 3, 4J W± + 3, 4J L+L− + 3, 4j

3, 4J

Table 4: Signals and backgrounds we have simulated at
√
s = 14TeV in our SR study. For

each search and signal region, we indicate requirements on the number of b-tags, missing
energy and lepton pT . The symbol j denotes all light quarks (J includes bottom quarks), `
denotes light leptons (L includes taus), and subscripts indicate specific final state decays. A
sequence of states in brackets indicate several independent contributions to a given signal.
Neutrinos are not written and particles shown are not assumed to be on-shell.
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Figure 7: Normalized background and signal kinematic distributions of leading lepton pT
(left column) and missing energy (right column). We show results for a 1TeV light partner
octet model (top row) and a 750GeV light partner octet-UV model (bottom row). The
distributions shown are for events containing at least 1 lepton and which satisfy all of the
SR study selection requirements (besides the missing energy and lepton pT cuts).
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C.2 Recast Study
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Figure 8: Normalized kinematic distributions of leading lepton pT (left) and missing energy
(right) for a 1TeV light partner octet scalar and tt̄ + jets background. The distributions
shown are for events containing exactly 1 lepton and which satisfy all of the recast study
selection requirements.
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Chapter 8

Conclusion and Outlook

You’ve made it to the end, congratulations! Feel free to contact me with any

questions or suggestions on this work. Most of the work contained in this thesis

has been to investigate the phenomenology of various theories at beam dump

and collider experiments. In doing so, we have developed simple and powerful

searches for constraining new physics, demonstrated their power by leveraging

decades old data to obtain new bounds, and shown how future experiments can

further improve upon these bounds. We have also contributed towards the case

for building the milliQan experiment by performing a full Geant4 simulation of

its response to millicharged particles, thus providing a very detailed study of its

sensitivity.

Although most of the focus in this thesis has been on searches for new physics,

it is important to remember that the way forward towards actually finding new

physics relies equally on improving our understanding of SM physics, and the

methods we use in our calculations. Our simulations of HNLs, mCPs and NTP at

beam dump experiments relied heavily on the following inputs: meson production

spectrums as a function of POT energies, nuclei form factors, efficient large N

phase space integrals, background determinations for our channels of interest,

and efficiency responses of the detectors as a function of the particle type and

energy. Many of this information was difficult to obtain, or simply not known. If
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we are to broaden the reach of this upcoming generation of neutrino experiments

to theories outside of their flagship measurements, it will be important for the

phenomenology and experimental communities to join forces.

Moving forward, I believe it will be increasingly important to take an ‘open

source’ approach so that phenomenologists can have greater insight into the

capabilities of neutrino experiments. I put forward and re-emphasize some useful

ideas, some of which have of course already been implemented:

• Write review papers cataloging the various meson distributions and form

factors relevant at a variety of beam dump experiments.

• Publish data and analyses for various final state topologies, over a broad

range of energies. These will act as backgrounds to various new searches.

• Publish particle detection efficiencies, thresholds and detector capabilities

at various experiments.

• Write open source C++ libraries that are integrated with Feynrules and

efficiently perform large N-body phase space integrals with cuts for fixed

target processes.

• Release fast-running software to simulate the whole beam dump experiment

pipeline, from the meson production and decays, to the detection and anal-

ysis. This software should also be integrated with Feynrules, should the

user wish to input new physics models.

• Organize international workshops between theorists and experimentalists

so that the two communities can discuss their respective problems and

challenges.

• List experimental challenges that theorists should work on. For instance,

combining near and far detector information to reduce systematic uncer-

tainties on the initial neutrino fluxes and flavor contamination.

The difficulty in working on any one of these items is that they might only be

relevant for a very small subset of people. However, the high energy community

(as related to the LHC, ATLAS and CMS) has demonstrated that once all of

these tools exist, have clear templates and examples, and are maintained by a
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dedicated group, the whole community will rally around them. This has been

the case with Les Houches and the MSTW collaborations for their implementa-

tions of parton distribution functions, and with FeynRules, MadGraph, Pythia,

Delphes for their implementation of the whole LHC pipeline. The dialogue be-

tween phenomenologists and experimentalists in high energy has also brought

much benefit to the experimental collaborations. Countless new techniques that

were developed for sensitivity analyses from the theoretical side are now in use

by the collaborations [96, 97, 78, 98]. On the neutrino end, the GENIE software

[99] and the upcoming MadDump software (a MadGraph-like software for beam

dump experiments) are great examples that address many of the suggestions

made above. In light of the uncertainty towards where new physics is hiding, it

makes sense to leverage the existing and upcoming wave of neutrino experiments

and take full advantage of the large luminosities and state of the art technology

at their disposal. In addition to focusing on new physics, encouragement and

funding should be given for people to work on developing the methods listed

above. Any progress in this area really helps drive the field forward, saves time,

and makes the work of phenomenologists better aligned with the searches carried

out by the experiments.

In conclusion, it will be very exciting to see where the future of particle

physics is headed. In the high energy frontier, the LHC running at 14 TeV

will deliver about 75 times more data than has been collected thus far. At

the intensity frontier, there is a wave of very capable high performing near and

far LAr-TPC neutrino detectors currently being built that will determine the

structure of neutrinos and provide us with many new interesting measurements.

And lastly, new astrophysical data from gravitational waves [100, 101], CMB

[102] and 21 cm physics [103, 104, 105] are already revealing interesting findings

about the universe. At any rate, it is important to leverage all of our sources of

data, and be as best equipped as possible to efficiently analyze it under a variety

of new physics hypotheses.
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