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ABSTRACT: The future Electron-Ion Collider (EIC) at Brookhaven National Laboratory,
along with its primary capacity to elucidate the nuclear structure, will offer new opportunities
to probe physics beyond the Standard Model coupled to the electroweak sector. Among
the best motivated examples of such new physics are new heavy neutral leptons (HNLs),
which are likely to play a key role in neutrino mass generation and lepton number violation.
We study the capability of the EIC to search for HNLs, which can be produced in electron-
proton collisions through charged current interactions as a consequence of their mixing
with light neutrinos. We find that, with the EIC design energy and integrated luminosity,
one is able to probe HNLs in the mass range of 1 — 100 GeV with mixing angles down to
the order of 107* — 1073 through the prompt decay signatures, and in the mass range of
1—-10GeV with |U,|?> ~ 1076 —10~* via the displaced decay signatures. We also consider the
invisible mode where an HNL is undetected or decaying to dark sector particles. One could
potentially probe heavy HNLs for mixing angles in the window 10~2 — 10~2, provided SM
background systematics can be brought under control. These searches are complementary
to other probes of HNLs, such as neutrino-less double-5 decay, meson decay, fixed-target,
and high-energy collider experiments.
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1 Introduction

The Standard Model (SM) of elementary particle physics, based on a non-Abelian SU(3)c®
SU(2),®U(1)y gauge theory, has been experimentally verified with a high precision up
to TeV-scale energies [1]. On the other hand, there is mounting evidence indicating the
need for new physics beyond the SM from disparate observations related to dark matter,
neutrino mass generation, and matter/antimatter asymmetry, among others. Even within
our physical realm at low energies, the luminous universe is predominantly made of nucleons.
Although it is understood that the properties of the nucleons and nuclei are dictated
by their quark and gluon constituents and the SU(3)¢ strong interaction of quantum
chromodynamics (QCD) at low energies, there are still outstanding puzzles to be solved.
The future Electron-Ion Collider (EIC) [2, 3], to be built at Brookhaven National Laboratory,
will provide an unprecedented tool to explore the fundamental nature of nucleons and nuclei.
The primary goals of the EIC physics program include the precise 3D tomographic imaging
of partonic substructure, the determination of quark and gluon contributions to the proton
spin, and the exploration of novel phases of nuclear matter at high densities. To achieve
these ends, the EIC will collide polarized electrons with polarized protons and ions over a
wide range of energies and with high luminosities. Furthermore, access to a broad range of
the partonic momentum fraction and momentum transfer (z, QZ) in the scattering processes
will require a multipurpose hermetic detector with excellent tracking resolution and particle
identification capabilities over a wide momentum region.

The EIC will not only lead us to a new QCD frontier but will also have great potential
to study precision electroweak (EW) physics and to search for new physics phenomena



associated with the EW sector. These exciting prospects are a consequence of the designed
high luminosity, relatively clean experimental environment in eA collisions, and the multi-
purpose detector design [3, 4]. Indeed, there are unique processes beyond the SM for EIC
to explore [5]. First, the precision determinations for the EW neutral current [6], the
anomalous coupling such as Zbb [7, 8] as well as the weak mixing angle [5, 9, 10] will provide
sensitive probes of new light neutral gauge boson interactions (Z’) [11-14]. The intense
incoming electron beam provides a good laboratory for searching for charged lepton-flavor
transition [15]. A unique signature will be a leptoquark state [16], or analogously an
R-parity violating interaction ()\’) in Supersymmetry (SUSY), most readily produced in the
s-channel in lepton-quark collisions if kinematically accessible [17, 18]. Recent studies have
also highlighted the promising sensitivity of the EIC to axion-like particles (ALPs) [19, 20].
Much more work and new ideas are needed to expand the new physics coverage potentially
accessible at the EIC.

In this paper, we explore another class of new physics signatures from a new heavy
neutral lepton (HNL), denoted N [21]. HNLs are a common feature of many extensions
of the SM, motivated by their role in addressing the generation of neutrino masses. The
best-known model including N is the Type-I Seesaw mechanism for neutrino mass [22-27],
and its variations [28-31]. In the standard Type-I scenario, there exists a Majorana mass
term and neutrinos are thus all Majorana. The smoking-gun signature would be a lepton-
number violation by two units. The neutrino-less double-beta decay experiments have
been the dedicated driver in the search lepton number violation for decades [32]. Meson
decays [33] and collider searches for lepton-number violation are being actively carried
out [34]. In some other scenarios, the heavy neutrino may be (quasi-)Dirac without the
observable effect of lepton-number violation [35]. From a phenomenological point of view,
we choose the HNL mass and the mixing elements to be free parameters without specifying
any underlying model. We set out to identify the experimental signatures, quantify the
signal and backgrounds, and estimate the achievable sensitivities to HNLs at the EIC. Our
search strategies are generally applicable to other new physics searches at the EIC involving
final states of charged leptons and jets, both prompt and displaced, and may provide some
general guidance for future considerations.

The rest of the paper is organized as follows. We first present a brief overview of the
EIC to set the stage in section 2, including the relevant collider parameters and detector
capabilities. We then introduce the HNL model along with a description of the relevant
production and decay processes in section 3 to guide our studies. In section 4, we describe
in detail our simulation methodology and HNL search strategies at the EIC, for a variety of
signals governed by the mixing and mass parameters and the corresponding backgrounds.
For completeness, we also list the current search and bounds on the model parameters. We
summarize our results and offer further discussions and an outlook in section 5.

2 The Electron-Ion Collider

The Electron-Ion Collider (EIC) is designed to study the properties of the nucleons and
nuclei with unprecedented precision. As argued in the introduction, the powerful beam and
detector capabilities of the EIC also afford exciting opportunities to probe a variety of new
physics beyond the SM.



The EIC will utilize the existing Relativistic Heavy Ion Collider (RHIC) facility with its
two intersecting superconducting rings, each 3.8 km in circumference. A polarized electron
beam with an energy up to 21 GeV will be set to collide with a number of ion species
accelerated in the existing RHIC accelerator complex, from polarized protons with a peak
energy of 250 GeV to fully stripped uranium ions with energies up to 100 GeV /u, covering
a center-of-mass (c.m.) energy range from 30 to 145 GeV for polarized ep, and from 20 to
90 GeV for eA (for a large A) [2]. The maximum beam energy could be further increased
by about 10%. Using one of the two RHIC hadron rings and the Energy Recovery Linac
(ERL) as the electron accelerator, the EIC could reach a high luminosity in the 1033 — 1034

2.1

cm ™ “s™" range. For our analyses in this work, we choose the following benchmark for the

c.m. energy and integrated luminosity for ep collisions as
Vs =141 GeV, £ =100 fb~ L. (2.1)

Polarizations of 70% may be achievable for the electron and nucleon beams, and this will
be relevant when we consider the production of HNLs below.

To achieve the rich physics program of the EIC, a high-performance multi-purpose
detector is required to accommodate the extended interaction region for a wide range in
c.m. energy, different combinations of beam particle species, and a broad variety of distinct
physics processes. The various physics processes encompass inclusive and semi-inclusive
measurements induced via neutral current and charged current interactions,

e+p/A—eé + X, e+p/A— v+ X, (2.2)

where X generically denotes any observable leptons/hadrons as well as the beam remnants.
The detector requirements include a good tracking system, electromagnetic and hadronic
calorimetry, a muon chamber, good hermetic coverage, as well as vertex determination. For
further details on the EIC detector capabilities, see ref. [3].

3 Heavy neutral leptons

Heavy neutral leptons (HNLs, N) are a common feature in many extensions of the SM.
They are particularly motivated by the need for new dynamics associated with neutrino
masses, as in the Type-I Seesaw mechanism [22-27], and light HNLs near the weak scale
may also play a role in the generation of the matter-antimatter asymmetry [36-38] or
provide a portal to thermal relic dark matter [39-45]. In the standard Type-I scenario, there
exists a Majorana mass term, M N2, and as a result, both the light neutrinos and HNLs are
Majorana particles. A smoking-gun signature of this scenario would be a lepton-number
violation by two units. However, in some other scenarios, the heavy neutrino may be
(quasi-)Dirac without the observable effect of lepton-number violation [28-31]. As we will
demonstrate, direct searches for HNLs can be carried out in both scenarios at the EIC. We
set out to identify the experimental signatures, quantify the signal and backgrounds, and
estimate the achievable sensitivities at the EIC.
HNLSs couple to SM through the neutrino portal operator,

— Loyl L; HN; + Hec., (3.1)



where H is the SM Higgs doublet and L; = (7, &)T is the SM leptonic flavor doublet with
i =e,u, 7. The index I in eq. (3.1) runs over the number of HNLs present in the theory.
Note that we use 2-component Weyl spinors here. Following electroweak symmetry breaking,
the HNLs will mix with the SM neutrinos. In the mass basis, the HNL interactions with
the SM particles are governed by the mixing matrix, U, and are given as

Lo % U W 6 5Ny + ﬁUu Z, vl &Ny + He. (3.2)
In our setting, we choose the HNL mass my and the mixing elements U,;; to be free
phenomenological parameters without specifying any underlying model. The production of
HNLs and their subsequent decays thus depend on their induced couplings to electroweak
bosons with strengths controlled by U;;. As such, the leading production mechanism for N
at the EIC will proceed via the charged current interaction

e+p/A— N+X. (3.3)

In particular, the production is governed by the strength of electron-flavor mixing U,;.
With our primary aim of characterizing the EIC prospects for probing HNLs, we follow
a simplified approach and assume that a single HNL (I = 1) with electron-flavor mixing
dominance, i.e., U, # 0 while U, = U, = 0, is present in the 1 — 100 GeV mass range. The
parameter space is then completely characterized by the HNL mass, my, and the mixing
angle, U,. We will explore both cases of Majorana and Dirac HNLs in our study.

It should be emphasized that the scenarios outlined above and studied throughout
this work represent simplified phenomenological scenarios. While this is a commonly
used framework in the literature which has the benefit of allowing an easily interpretable
characterization of experimental sensitivities, we stress that fully realistic HNL models which
account for neutrino masses and mixing may lead to additional effects and correlations,
which could be missed in the phenomenological approach employed here. This caveat should
be borne in mind when assessing our results presented below. Related to this, we wish
to clarify here we that use the nomenclature “Majorana HNL” to refer to HNLs (within
our phenomenological approach) which have lepton number violating interactions, while
we reserve the term “Dirac HNLs” to refer to HNLs which conserve lepton number in
their interactions.

In figure 1, we present the HNL production cross sections including next-to-leading
order (NLO) QCD corrections (factoring out the squared mixing parameter |U.|?) as a
function of the HNL mass my for ep collisions with beam energies as E, = 100,275 GeV and
E. = 10,18 GeV, respectively, adopting the CT18NNLO parton distribution functions [46].
Similar calculations have been performed in ep collisions at the HERA energies [47-49]
as well as for the proposed LHeC [50-55] and beam dump experiments at future lepton
colliders [56]. The production cross sections are the same for the Dirac and Majorana
HNLs, as they share the same gauge couplings in eq. (3.2). We see that for low masses the
production cross sections are essentially constant in HNL mass for the assumed collider
energies, while they decrease sharply for heavier masses near the threshold due to the
kinematic suppression. The default renormalization and factorization scales are chosen
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Figure 1. Left: the HNL production cross sections divided by the squared mixing parameter |U,|?
at the EIC with unpolarized beam energies as E, x E, [GeV?] (/s = VAE.E, [GeV]) versus the
HNL mass. Right: the scale and PDF error bands for the HNL cross section at the EIC, estimated
with CT18NNLO PDFs and varying renormalization and factorization scales by a factor of 2. The
red solid line indicates the NLO/LO cross section ratio for the representative y/s = 141 GeV machine.

as flip p = \/ Q? —I—m%v, where ) is the momentum transfer of the incoming electron,
Q* = —(pe — pn)?. The scale uncertainty is estimated by varying pupg r by a factor of 2. It
is found to be a few percent when my < 10 GeV, and 20% when my ~ 100 GeV, shown
in figure 1 (right). In comparison, the PDF uncertainty is typically at a few-percent level.
Both scale and PDF relative uncertainties gradually increase with the HNL mass as a
natural result of the decrease of the reference absolute cross sections.

We also notice that NLO QCD high-order corrections to the cross sections! are about
—5% in the GeV mass region while +20% around my ~ 100 GeV, shown as the red solid line
in figure 1 (right) for the 18 x 275 GeV? collision, with the corresponding scale uncertainty
expected to be reduced. In our exploration of unknown new physics, these theoretical
uncertainties are not expected to play a significant role in the sensitivity reach. We will
thus adopt the LO calculation in our following simulations, assuming that theoretical
uncertainties are understood adequately.

One of the important features of the EIC is the electron beam polarization. This is
particularly advantageous when probing new physics with chiral couplings. Assuming the
electron beam to have a percentage longitudinal polarization P with P = —1 as purely
left-handed and P = +1 as purely right-handed, we have the polarized cross section as

1
o(P) = 5[(1 — P)o_+ (14 P)oy]. (3.4)
In the SM, the charged current interaction is left-handed, so that the total cross section
reaches the maximum for the purely left-handed beam (P = —1) = 0_ = 20(P = 0), while
the cross section vanishes for the purely right-handed beam o(P = +1) = o4 = 0. In the

following, we follow the EIC Yellow Report [3] and adopt P = —70% for the electron beam.

The NLO infrared safe cross section requires a well-defined jet. We take the anti-kr algorithm with
pyr > 5 GeV and AR = 0.4, which applies both to the LO and NLO when obtaining the ratio. The calculation
is done with Sherpa [57].



As a result, the polarized cross section will be magnified by a factor of 1.7 compared with
the unpolarized cross section shown in figure 1. We note that the EIC proton beam can be
polarized up to 70% as well. However, the parton polarization difference Af; = f;r — fiis
generally small compared with its average f; = (f;" + f;")/2 [58]. Therefore, we stick with
the unpolarized PDFs for the electron-proton collisions.

The electron-ion collisions can be treated in a similar way with the corresponding
nuclear parton distribution functions. By ignoring the nuclear binding effect, the PDFs of
the nuclei ‘%X can be obtained with the free proton and neutron PDFs through

A A—-7
Jija= Zfi/p + Tfi/n- (3.5)

In the isospin symmetric limit, the neutron PDFs are

fd/n = fu/pa fu/n = fd/pa fJ/n = f'z]/pv fﬂ/n = fJ/p) (36)

while other flavors are kept the same as proton’s, i.e., f;/, = fi/n, (i =g,s,5,--+). Consid-
ering the leading partonic process in the HNL production is

et+u— N+d (3.7)

the corresponding cross section o(eA — N X) will become smaller than o(ep — NX), due
to smaller amount of up-quark components, i.e.,

Z A—7
fu/A = qu/p =+ de/p < fu/p7 (38)

as fq/p < fusp in general. A complete analysis requires more advanced nuclear PDFs, such
as nCTEQ15 [59] or nNNPDF3.0 [60]. In addition, the smaller eA collision energy than ep
one at the EIC will further suppress the HNL production cross section. Therefore, we will
mainly focus on the electron-proton collision throughout this work.

Once produced, N will subsequently decay via the charged and neutral current processes
N —ew™, .20, (3.9)

with the subsequent decays of the gauge bosons W/Z to a pair of fermions. When my
is below the W/Z threshold, the HNL can decay to three-body final states mediated via
virtual W/Z bosons. We depict the representative Feynman diagrams for the production
and decay in figure 2. The total decay width for the three-body decay (Majorana type) can
be estimated as 0 s
GEmy
19273

Ty ~ U > Ni© (may = mi ) Cir. (3.10)
i=l,q

Using the results of refs. [61-64] to sum over all the channels ¢ gives an overall factor of

>; ~ 23.8, which depends on the hadronization of quark final states. In our analysis, we

neglect the hadronization effects but restore the threshold effect in each channel 7, and

sum all open ones with ©(my — mY% ), which is a unit (zero) when the channel is open

(forbidden). The color factor N{ takes 3 (1) for hadronic (leptonic) channels. The coupling
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Figure 2. Feynman diagrams for N production and decays via charged (left) and neutral (middle)
currents and a three-body far-off shell.
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Figure 3. The HNL total decay width (left) and the branching fractions to final states as
labeled (right).

factor C’%, depends on the isospins and charges of the final-state particles, as well as the
gauge boson mediators, W* or/and Z*.

We show the decay width versus my for several values of |U|? in figure 3 (left). We
see that the decay width of the Majorana HNL (solid curves) is twice that of the Dirac
type (dashed curves) because the Majorana HNL can decay through both lepton number
violating and conserving modes, i.e., N — eTWT, (;)Z . The width has a sharp increase
above the W/Z threshold. Using the decay width in eq. (3.10) for my < my, we estimate

the HNL proper lifetime as

5 -3
TN:FLNm—%x <1G€V) (10 ) (3.11)

N my |Ue|?

We indicate the proper decay length cr by the vertical axis on the right. We see that for
small mixing |U,|?, the HNL decay width can be very small and N can be long-lived. For
instance, considering my < 10 GeV and |U.|?> < 107#, the HNL decay length could be of
order 100 um or larger. As a result, the experimental signatures can be quite different, as
we will discuss in the following section. In figure 3 (right), we show the N decay branching
fractions to the fermionic states. We see that the channels from the el mode are 2—10 times
as much as the corresponding ones from the vZ mode, depending on the specific fermions
in the final state and their respective thresholds. When my crosses the W threshold, the
two-body decay channels open, and the decay width increase drastically. As a result, the
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Tracking (o,/p)

25<|n <35 0.1% x p © 2%
1.0<|n <25 0.02% x p & 1%
| < 1.0 0.02% x p & 5%

Electromagnetic calorimeter (og/E)
-35<n<-20| 1%/F ©25%/VE & 1%
—20<n<-1.0| 2%/E ®6%/VE ® 2%

-1.0<1n<1.0 | 2%/E ®13%/VE ® 2.5%
1.0<n<35 2%/E & 8%/VE @& 2%
Hadronic calorimeter (op/E)

L0<|n/ <35 50%/VE & 10%
In < 1.0 100%/VE & 10%

Table 1. Angular coverage, tracking momentum resolution, and calorimeter resolutions of the EIC
detector used in our analysis. These parameters are based on [4, 65].

branching fractions of the eZ channels present sharp dips, before rising again after my
crosses the Z threshold. While we are particularly interested in the e, u final states from the
observational point of view, the 7 final state may be also of interest above the m. threshold.
We note that in the di-lepton channels, the eer branching is smaller than the epr channel,
as a result of the destructive interference between the Z* and W* mediated diagrams, as
depicted in figure 2. When mpy > m., the etv shares roughly the same branching as the
euv, reflecting the lepton universality.

4 Simulation and analysis

With an understanding of the production and decays of the HNLs in hand, we now describe
the simulations and analyses that will be used to derive our sensitivity projections for HNL
searches at the EIC. We will consider several classes of HNL signatures in this section.
As shown in figure 3 (right), for visible decays to SM final states there are multiple decay
channels available to search for the N signal. We choose to focus on the decay channels
with e and p in the final states for a clear signal identification and background suppression.
We also consider the situation in which N is long-lived, leading to a displaced decay as
a unique signal. We finally explore a more challenging scenario in which N decays to
invisible final-state particles, which may occur if N has additional decay modes to invisible
dark particles.

4.1 Prompt HNL searches

We first consider searches for promptly decaying HNLs.? For the sake of clean experimental
observation at the EIC, we will only consider electrons and muons (¢ = e, ut), unless explicitly

2The prompt searches are simulated with the beam profile as E. x E, = 20 x 250 GeV? [2], slightly different
from the design in the recent EIC Yellow Report [3], though with the same c.m. energy /s = 141 GeV as in
eq. (2.1). This will not significantly impact our sensitivity projections.

-8 —
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Figure 4. The transverse momentum (left panels) and pseudo-rapidity (right panels) distributions of
the lepton (top panels) and the leading jet (bottom panels) of the signal and the e~ + 3 background
in the e~ p — e'jjj channel before applying the cuts of eqs. (4.1) and (4.2).

stated. We discuss three distinct prompt leptonic decay channels of the HNL. The first
two analyses target lepton number violating (LNV) channels to search for a Majorana
HNL: e"p — et + 3j which is the classic LNV channel of HNL searches [48, 66, 67],
and e"p — et pu~j + ESSS. The third analysis focuses on a Dirac HNL in the channel
e"p — 40T + Emss,

We take the UFO model files of Majorana and Dirac HNLs from refs. [68-70]. The
signal and background events are simulated by using MadGraph5_aMC v2.6.7 [71] with the
CT18NNLO parton distribution functions [46]. Thereafter, we pass our simulated events
through a toy detector before analyzing them. We develop our toy detector code based
on the angular coverages and resolutions of the tracker and electromagnetic and hadronic
calorimeters from the EIC Yellow report, as summarized in table 1.

4.1.1 et + 3j search for Majorana HNL

We first consider the semi-leptonic decay channel of the HNL N — et (W =) — 25), leading
to the lepton-number-violating signal e™ + 3j. This is a genuine AL = 2 process, and there
is no irreducible background for e* production in the SM. The fake backgrounds include
the pair production of v* — eTe™ with e~ missing from detection, and the neutral current



process of e~ +jets with e~ misidentified as an e*. Although the fake rates would be low,
such as (0.01-0.1)%, the production rates still are high due to the large cross section of
the neutral-current deep-inelastic scattering. Therefore, without pursuing more detailed
optimization including the detection issues for those rather inclusive processes, and to be
conservative, we will focus on the exclusive signal from e™ + 3j.

For this analysis, the cut-flow strategy for this final state is straightforward and is shown
in table 2 for two representative HNL masses, my = 10 GeV and 50 GeV with |U,|? = 1.
For this study, we select exactly one isolated lepton with?

pr, >2 GeV and 0 < <3.5. (4.1)
Also, we select three jets within
n;jl < 3.5 with pr; >20 GeV, and Py, > 5 GeV. (4.2)

The transverse momentum and pseudo-rapidity distributions of the lepton and the leading
jet, before applying the above cuts are shown in figure 4. It is worthwhile to point out
that in eq. (4.1), we select leptons only with positive 1 values. The preference of final state
leptons to be in the forward hemisphere, especially those arising from heavier HNL decays,
is quite evident from the top right panel of figure 4. Hence, together, the cuts of eq. (4.1)
reduce the background by an order of magnitude, with signal efficiencies being 40 — 80%
depending on the HNL mass. In contrast, for the leading jet pseudo-rapidity, the signal
from lower HNL masses is not clearly distinguishable from the background, and thus, we
keep jets in both hemispheres to increase signal acceptances. However, one can see from the
lower left panel of figure 4 that the pr of the leading jet of the background peaks between
10 — 15 GeV but the signal pp, ~distributions are pretty broad. Thus, the pr; > 20GeV cut
suppresses the background by another factor of 30 but reduces the signal by a factor of 2-3
only. To ensure that the lepton and jets are isolated, we impose

AR(?, jo) > 0.4 and AR(ja,jg) > 0.4 (o, 5 =1,2,3). (4.3)

The isolation requirements can be adjusted and optimized once the detector performance is
better understood.

For the signal search with a hypothetical mass my, we construct the variable AM™in =
M (£jajs) — mn| where o < 8 = 1,2,3, which gives us three values, and we require the
minimum of those three to be less than 5GeV. It should be noted that this variable
is a function of the HNL mass and affects the background differently for different HNL
masses. For my = 10 and 50 GeV, this cut suppresses the background by factors of 20
and 2, respectively. The corresponding signal efficiencies are 100% and 78%. The AM™in
distributions of signals with my = 10 (left) and 50 GeV (right) against the corresponding
backgrounds are shown in figure 5.

3For efficient simulation of signal and background events we use pr, > 1GeV at the generator level.
In contrast, for the jets, we impose pr; > 5(1) GeV for the signal (background) generation. For further
optimization of the background sample production, a stronger pr cut of 10 GeV is used on only the leading
jet. Finally, for background events, only isolated jets are simulated by using AR(¢/j,7) > 0.4.

~10 -



Signal [e"p — (N — e*jj)J] Ry
Cut selection my = 10GeV  my = 50 GeV J33
[pb] [pb] [pb]
Production 5.53 0.95 449
Exactly 14:
2.43 0.74 36.7
pr, >2GeV, 0 <7 <3.5
Exactly 35:
0.81 0.43 1.35
pry, > 20GeV, pr,, > 5GeV, [nj,,] < 3.5
Isolation:
0.22 0.39 1.35
AR(0/ju,j5) > 0.4 (a, B =1,2,3)
) 0.22 X 0.03
AMmm — 3 M .a y _
min (| M (¢jajg) — mn|) < 5GeV y 0.30 0.64
) 0.22 X 3.23 x 107°
Require one et [fMP = 0.1%] y 0.30 6.40 5 10-4
, 0.22 X 3.23 x 1076
Require one e™ [f¥ = 0.01%] X 0.30 6.40 x 1077
Polarization P. = —70% x1.7 x1.7 x1

Table 2. Cut-flow table of the Majorana HNL signal, with |U.|?> = 1 in the e™ + 3; final state. The
last row indicates the cross-section enhancement factor for a P, = —70% polarized electron beam.
Similarly for the tables below.

Ultimately, we require the selected lepton to be a positron, and apply the electron
(positron) charge misidentification rate (fM™P) to the remaining e~ + 3j background to
estimate its contribution to our analysis. Motivated by the recent estimations from the
LHC [72],* first we use fMP = 0.1% to obtain S/B ~ 10* (10%) with |U|> = 1 for
mpy = 10 (50) GeV benchmark. Naturally, we also note that the EIC will be cleaner than
the gluon-rich environment of the LHC, and hence, one can expect that the charge of an
electron can be determined more accurately at the EIC, leading to a reduced fMP. With
this motivation, we have also performed the analysis with a more optimistic assumption
of fMIP — 0.01%, which leads to another order of magnitude improvement in S/B for
this analysis.

4.1.2 petj + Er}niss search for Majorana HNL

We next focus on another LNV channel e"p — e"p~ v, j. The HNL signal arises via
N — et (W~=® — u~,). This channel is essentially SM background free, if we are able to
effectively identify the lepton-number violating decay N — et W ~(*). Although observing
an isolated e is a good start for the signal identification, some fake backgrounds from
v*/Z* — ete” and e + jets may have a large production rate. Again, we will not pursue

“In ref. [72] the ATLAS collaboration has shown that by using tight identification and isolation criteria
for electrons, and utilizing a BDT, the electron charge misidentification rate can be as low as < 0.1(0.2)%
for E1, < 60(80) GeV. However, it gradually rises to ~ 1% for E7, > 200 GeV. In our present analysis,
the electrons typically have pr < 50 GeV, as is evident from the top left panel of figure 4. Hence, we use
fMID = 0.1% in our study.
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Figure 5. AM™ distributions for my = 10 (50) GeV along with the same for the e~ + 3j
backgrounds, after applying the cuts of eq. (4.3).

the optimal search for the rather inclusive e™ signal. We focus on the dilepton channel
p~et in order to exclude SM backgrounds originated from ~*/Z* — ¢*¢~ which give the
same-flavor lepton pairs.

For the exclusive signal under consideration, the only significant background for this
analysis is from the cascade decay vp — 77 77j — p~e"j + 4v, where the photon is
radiated by the incoming electron. We follow the standard treatment of the equivalent
photon approximation [73]. The scattered beam electron will be lost along the beam pipe.

For our analysis, we select exactly two charged leptons with the acceptance cuts

pr, > 2 GeV  and |n| < 3.5. (4.4)

For the jet, we take
pr; > 10 GeV  and  [n;] < 3.5, (4.5)

followed by the isolation criteria involving the leptons and the jet given below®
AR(fl,fg) > 0.3 and AR(ELQ,].) > 0.4. (4.6)

Note that in this analysis we select leptons with |n,| < 3.5 compared to the e™ + 3j
analysis, where we select positrons with only positive n values. The skewness of signal leptons
in the forward hemisphere is not as prominent in this analysis, and hence less discriminating,
as opposed to the previous analysis. However, 7, does possess some discriminating power
but we have chosen not to impose a cut on this variable for the purpose of optimization
of signal significance. The transverse momentum distributions of ¢ o (top panel), and j
(bottom panel) are shown in figure 6. In table 3 we present the cut-flow table for the
background as well as the signal for two representative HNL masses, my = 10 GeV and
50 GeV, with |U.|?> = 1. The basic cuts reduce the background by two orders of magnitude,
but the signal reduction is only a factor of 6 (4) for my = 10 (50) GeV. Thereafter, we
require one lepton to be a positron, and the other to be a negatively charged muon.

5For the simulations of both signal and background samples pertaining to this analysis, we employ
pr,;, > 1(5) GeV at the generator level.
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Figure 6. Transverse momentum distributions of leptons and the jet for signals with my = 10 and
50 GeV and the 77775 background in the e™p~j + EX¥S final state, before applying the cuts of
eqs. (4.4)-(4.6).

Since the tau leptons in the background are predominantly produced from soft photons
radiated by incoming electrons, the transverse momentum of the di-lepton system arising
from tau decays peaks towards small values and falls sharply. In contrast, the same quantity
for the signal has a much longer tail, as shown in the top left panel of figure 7. Therefore,
we impose the cut pr,, > 12 GeV, which suppresses the background by another order of
magnitude while sacrificing only ~ 20 — 30% of the signal events.

The cuts outlined above already lead to good sensitivities for my < 20 GeV. Neverthe-
less, we apply another cut for lighter HNLs as well to optimize their statistical significance
a bit further. On the other hand, for heavier HNLs, another stringent cut is needed to
suppress the background considerably to obtain good sensitivities. From this stage, we use
different cuts for signals with my < 20 GeV and my > 20 GeV.

For lighter HNL cases we employ A¢(¢1,¢3) < 1, which lowers the background by
another factor of 2 while keeping the signal essentially intact. This is due to the fact that
lighter HNLs produced at the EIC, are fairly boosted, leading to a small opening angle
between leptons coming from HNL decays. In contrast, the A¢(¢1, ) distribution for the
background is flat. We present the A¢(¢1,¢2) distributions of signal and background events
in the top right panel of figure 7.
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Figure 7. Kinematic distributions of pr,,, |A@(¢1,€2)|, and M (¢, 6=, EXss) for signals with
mpy = 10 and 50 GeV and the 77775 background in the e*p~j + EX final state, before applying
the pr,, cut in table 3.

To improve heavier HNL sensitivities for the EIC, we notice from the left panel of
figure 3 that HNL decay widths are quite small. Consequently, the absolute difference
between the invariant mass of the di-lepton + E system and the HNL mass exhibits a
narrow peak but only a small amount of background is contained within that peak. So, we
apply the cut |M(£+, 07, E¥S) —my| < 10 GeV to diminish the SM background by another
two orders of magnitude but losing only 20% signal for our representative my = 50 GeV
point as illustrated in the bottom panel of figure 7. One can also infer from that plot that
this cut will not work for lower HNL masses as the background also peaks around 10 GeV.
For my > 70 GeV, a wider window cut of 30 GeV is used to accept more signal events as
the 77774 background is almost negligible for M (¢, ¢, Eis5) > 40 GeV.

One can perhaps improve the HNL sensitivity at the EIC by combining all four
(Y0~ + E¥ channels. However, for the three non-LNV channels, £t¢~vj and 707 give
rise to significant backgrounds. So, even if one can improve the significance the S/B ratio
will decrease markedly and is thus susceptible to significant dilution in sensitivity in the
presence of large systematic uncertainties. Since the EIC is at its early stages of design, it is
premature to reliably estimate these potential systematic uncertainties for the backgrounds.
Therefore, we adopt a conservative approach and consider only the LNV channel. In this
channel the SM background is negligible and our conclusions will be more robust against
the possibility of large systematics at the EIC.
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Signal [e"p — (N = £~ ¢tv)j] | 7715 —
Cut selection my =10GeV my =50GeV | £70Tj +4v
[pb] [pb] [pb]
Production 3.16 0.55 0.05
Exactly 2¢:
xacky 2.10 0.53 0.01
pry,, > 2GeV, g ,[ <35
Exactly 1j:
1.82 0.44 3.19 x 1073
pr, > 10GeV, [n;| < 3.5 X
Isolation:
1.61 0.43 3.13 x 1073
AR(l1,05) > 0.3, AR(f1.5,5) > 0.4 x
Require one p~ and one et 0.51 0.13 7.83 x 1074
b1, > 12GeV 0.37 0.10 3.90 x 1075
|[Ap(ly,42)] < 1 [my < 20GeV] 0.35 X 1.72 x 107°
|M €+, 0=, E¥s8) —my| < 10GeV [my > 20 GeV] X 0.08 2.07 x 1077
Polarization P, = —70% x1.7 x1.7 x1

Table 3. Cut-flow table of the Majorana HNL signal, with |U,|? = 1 in the p~e™j + EJsS final state.

4.1.3 ¢ ¢t + E;I‘iss search for Dirac HNL

We now shift our attention to the prospects of finding a Dirac HNL at the EIC using the
0=0%j + ERs (¢ = e,p) channel. For the Dirac HNL we no longer have the LNV final
state at our disposal. Therefore, we consider all three lepton-number-conserving di-lepton
final states in this analysis. Hence, we have to consider ¢t¢~vj and ¢T¢~j backgrounds
on top of 7777 — (1075 + 4v.

We use the same selection and isolation criteria for the leptons and the solitary jet as
described in subsection 4.1.2. In table 4 we show the cut-flow table for three representative
HNL masses, my = 5, 10 and 50 GeV, with |U.|?> = 1. Hereby, for this channel our strategy
to search for a Dirac HNL differs at places from the analysis presented in the previous
subsection for a Majorana HNL. This is because in this study two extra backgrounds are
involved, including the irreducible £*¢~vj, which respond to many cuts differently from the

T+

777 background hitherto considered.

In the previous subsection, we presented the cut-flows for my = 10 and 50 GeV only as
we used two different strategies for my < 20 GeV and mpy > 20 GeV. To be consistent with
other prompt analyses presented in this paper, we still show cut-flows for my = 10 and
50 GeV. However, we use the same strategy for both these cases in this search, but use a
different one for my < 10 GeV cases. Hence, we additionally show the cut-flow table for
my = 5GeV in table 4.

After the selection of isolated leptons and the jet, we demand the events to have some
missing transverse momentum (EF%). With the current detector design with the far-
forward coverage for the electrons and hadrons [4], one expects to achieve high granularity
for good EWsS determination. We use a nominal missing energy cut of 5 GeV. This cut is

5We note that, although those channels are unique for a Dirac HNL, a Majorana state will also contribute
to the lepton-number conserving mode equally.
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. Signal [e™p — (N — 707 v)j] (v g =g 7t —
Cut selection s
my =5GeV my =10GeV  my = 50 GeV 05+ 4v
[pb] [pb] [pb] [pb] [pb] [pb]
Production 3.98 3.38 0.55 2.20 x 1073 5.06 0.05
Exactly 26: 2.05 1.95 0.53 9.68 x 1074 2.65 0.01
I, , > 2GeV, |, ,| < 3.5
Exactly 1j: 4 »
1.86 1.71 0.44 7.48 x 10 0.35 3.20 x 1073
pr; > 10GeV, [nj] < 3.5 * 2 x
Isolation: P
1.25 1.58 0.43 5.45 x 1074 0.33 3.14 x 1073
AR((r,05) > 0.3, AR(f1.2,5) > 0.4 2% *
EXs > 5GeV 0.80 1.07 0.40 5.32 x 104 0.02 2.46 x 1073
P, > 12GeV 0.43 0.64 0.29 1.50 x 107% 547 x 107% 8.90 x 107°
0.27 x X 239 x 1076 597 x107* 1.56 x 10~°
[M (€T, 07, E¥s) —my| < 5GeV X 0.42 X 712 %1070 1.37x107® 3.15x 1075
X x 0.17 2.34x107° 1.42x107* 4.15x 1077
M0~ 5) > 45GeV [my < 10 GeV] 0.18 x X 1.34x10°6 1.82x107% 6.43 x10°6
] X 0.24 x 5.00 x 1076 — 9.75 x 1076
2 < |Ad(j, EBs)| < 3 [my > 10 Gé .
02 <[A9(, BF)] < 3 [my 2 10 GeV] x x 0.16 2.06 x 1075 2.07 x 107
Polarization P, = —70% x1.7 x1.7 x1.7 x1.6 x1 x1

Table 4. Cut-flow table of the Dirac HNL signal, with |U.|> = 1, and SM backgrounds in the
(=0T j + EXs final state. The “~” indicates the background size is negligible.

used to suppress the {7¢~j background, where the source of EXS comes from jet energy
mis-measurement and is expected to peak at very small values as can be seen from the
top left panel of figure 8. This cut reduces the £7¢~j by an order of magnitude without
significant loss of signal events.

Next, we impose pr,, > 12GeV and |M (¢, 0, E¥) —my| < 5GeV cuts successively.
Again, the |M(£1, 07, EXS) —my| cut is sensitive to my and leads to different background
efficiencies for different my values. The reader may recall that we argued against using
the above invariant mass window cut for my < 10 GeV in the et~ j + E%ﬂss study since
the M (¢+, ¢, EWs8) distribution for 77774 peaks around 10 GeV. Nonetheless, we apply
this cut in the present case of Dirac HNLs as we have to deal with a far more problematic
background — the irreducible ¢T¢~vj, which the window cut brings down significantly.
Collectively, for my = 5 and 10 GeV cases, the two cuts above reduce the £/~ vj background
by two orders of magnitude and the other two backgrounds by an order of magnitude each.
In contrast, for the my = 50 GeV case, the three backgrounds are suppressed by one, two,
and four orders of magnitude, respectively. These cuts retain ~ 60% of signal events in
all three cases. The M (£T,¢~, EM) for all the signal benchmark points and backgrounds
are presented in the top right panel of figure 8. For my > 70 GeV, a wider window cut of
10 GeV is used.

Thereafter, we employ separate cuts for the my < 10 and my > 10 GeV scenarios. For
lighter HNLs we use the cut M (£~ j) > 45 GeV leading to a factor of 2 — 3 suppression
of all three backgrounds and improving the EIC sensitivities for light HNLs. The signal
efficiency of the cut is 67% for my = 5 GeV.

For mpy > 10 GeV we achieve stronger background suppression by using the cut

0.2 < |A¢(j, E3)| < 3. This cut renders the £7¢~j background negligible for our
analysis of heavier Dirac HNLs. The other two backgrounds are already small. The signal
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Figure 8. Kinematic distributions of EX (top left), M (£1,0~, ERss) (top right), M, (bottom
left), and |A¢(j, EX%)| (bottom right) for signals with my = 5, 10 and 50 GeV and the three SM
backgrounds in the £+¢~j + EWsS (¢ = e, 1) final state, after applying the isolation cuts of eq. (4.6).

efficiency of this cut improves with increasing my, from 57% for my = 10 GeV to almost
100% for my ~ 100 GeV. We show the My; and |A¢(j, EF5)| distributions for signal and
background events in the bottom left and right panels of figure 8, respectively.

4.1.4 Summary of prompt HNL searches

We summarize our results for the prompt searches obtained in this section in figure 9. We
plot the 95% C.L. exclusion curves determined from the above analyses by setting the metric
S = 8/v/S+ B = 1.96, where S and B are signal and background events, respectively, after
all the cuts. We also compare them to existing direct bounds on HNLs from CHARM [74],
DELPHI [75], Belle [76], CMS [77, 78], ATLAS [79, 80] experiments, as well as the indirect
EW precision constraint from the MuLan data [81]. We note that the global EW fits [82-87]
can place slightly stronger indirect constraints than the MuLan bound, depending on various
specific assumptions. We observe that the EIC can most sensitively probe |U,|? for HNL
masses between about 10 and 50 GeV. Above my ~ 50 GeV, the bounds relax fast due to
rapidly falling production cross-sections. In contrast, for low HNL masses, the reach of the
prompt searches is limited by the isolation criteria of leptons and jets. As already mentioned
earlier, for smaller my values, HNLs produced at the EIC are significantly boosted and
the decay products are extremely collimated. In this regime, the 2 lepton searches perform
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Figure 9. The expected 95% C.L. exclusion limits from prompt searches at the EIC with
Vs = 141 GeV and 100fb~! of integrated luminosity for HNLs (colored lines), compared with
the existing bounds from direct searches [75-80] (gray shaded regions) and indirect precision elec-
troweak constraints [81] (horizontal dashed line). The solid (dashed) green line indicates the
sensitivity of the prompt Majorana HNL decay N — e* + 37, with a misidentification rate assumed
as 0.1% (0.01%).

better than the e™ + 3j search. This is because we defined an isolated lepton with an
isolation cone (AR) of 0.3 around it, while for the jets a value of 0.4 is used for the same.
It is worth noting that for low masses and mixing angles, the HNL decays can be displaced,
leading to a reduction in the number of prompt signal events. While we have accounted for
this effect, we find that the isolation cuts provide the dominant limiting factor to the reach
at low masses. Relaxing the isolation requirements would improve the signal acceptance in
the low mass region, leading to an improvement in the reach.

It is also worth emphasizing that if one can improve the electron charge misidentification
and achieve fMIP = 0.01%, the EIC can impose limits on |U.|? in the et + 3; channel for
70 < my < 90 GeV, which is better than existing laboratory limits on |U.|?. In this mass
range, the strongest existing bounds come from the CMS 3¢+ ERS analysis [77]. At the
LHC, the main SM backgrounds for the HNL search are WZ, ZZ/~v* and leptons coming
from top quark and heavy meson cascade decays, and all these SM processes are copiously
produced. In contrast, in the cleaner environment of the EIC, the primary background
of our et 4 37 analysis is fake in nature and can be efficiently suppressed by a low fMIP
leading to the EIC outperforming the LHC in this mass window.

4.2 Displaced HNL search

As shown in the left panel of figure 3, in the parameter space with a small mixing angle
U, and small HNL mass my the lifetime of N becomes quite long, allowing it to travel
macroscopic distances on the scale of the EIC detector before decaying. In other words, the
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Figure 10. Left: the energy distribution of N (v.) in the production channel ep — jN(v,) at the
EIC with beam energy as F, x E, = 275 x 18 GeV?. Right: the typical decay length of HNL in the
EIC lab frame estimated with the condition Ey ~ \/E2 + m%.

HNL behaves as a long-lived particle (LLP). In the laboratory frame, the decay length of
N is given by
dab = vBetn, v = En/mn, (4.7)

which is determined by its proper lifetime 7y in eq. (3.11) and its lab energy Ey. In
figure 10 (left), we show the energy distribution of HNL produced via ep — Nj at the EIC
with beam energy as 275 x 18 GeV2. When my < E,, the HNL energy is populated around
En ~ E. due to a Jacobian peak. When my > E., HNLs are mainly produced around
the threshold region with Ey ~ mpy. We can take an approximation Ex ~ y/E2 +m3; to
smoothly bridge these two regions, which describes the energy peaks very well as shown
in figure 10. With this condition, we can estimate the characteristic decay length of the
HNL in the EIC detector frame, which is shown in the my — |Ue|? plane in figure 10 (right).
When my > E., the lab decay length in d},}, is smaller than the proper one c7 estimated in
figure 3, due to the Lorentz boost factor v5 ~ E./my < 1. In contrast, when my < E.,
diap becomes significantly larger than ¢r. As we see in the small ]U,3|2 and small my region,
diap could range from sub pm to 100 m, which can be longer than those of heavy mesons
such as B%*, D%+ and the 7 lepton by several orders of magnitudes, offering the prospect
of a low background search.

Studies for long-lived HNLs have been performed for the (HL-)LHC and LHeC, demon-
strating strong sensitivity to the HNL parameter space in the small |U|? and my region; see
e.g., refs. [88-90] for phenomenological studies and refs. [78, 80] for experimental searches.
Here, we focus on the displaced lepton signature of the long-lived HNL at the future EIC.
The representative Feynman diagrams are shown in figure 2. In the charged-current decay
case, figure 2 (left), the track of the final-state electron in N — eWW* decay can provide
evidence of the displaced HNL, distinguished from the prompt ep primary vertex. The
virtual W* decay can go through either leptonic channel W* — fv or the hadronic one
W* — qq’, of which both contribute to displaced signal events. In the neutral-current decay
case, figure 2 (right), we require at least one lepton in the final state, which can be only
through N — v.(Z* — £7¢7), where ¢ = e, n. We do not consider the Z* — 777~ channel
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in this analysis, as the final-state 7 lepton has different signatures and also suffers from
smaller efficiencies and larger uncertainties in reconstruction.

Recently, two baseline concepts for the EIC tracking detectors have been discussed
in ref. [3]. A fully realistic simulation of the displaced particle acceptance and detection
capabilities of the proposed detectors goes beyond the scope of this work. Instead, we
will consider a simplified analysis to estimate the potential reach of the EIC. We assume
a cylindrical detector configuration representing the main tracker, with respective radius
and length [3]

r=0.4m, l=12m. (4.8)

We require the HNL to decay within the cylinder and a displaced lepton (e, u) with a
nonzero transverse impact parameter dp. In our analysis, we will consider the following
two conservative choices of dr:

dr =2 (20) mm. (4.9)

We note that the impact parameter cut (4.9) is quite large compared to the estimated EIC
tracking and vertexing resolution of order few pm [3]. While smaller impact parameter cuts
could enhance the reach to shorter HNL lifetimes, these regions of parameter space are
already constrained by past experiments. On the other hand, the large dr cut in eq. (4.9)
will significantly suppress SM heavy-flavor backgrounds.

To estimate the acceptance, we simulate ep — j N events, weighting each event according
to the probability to decay inside the cylinder, eq. (4.8), with transverse displacement
lp > dp satisfying eq. (4.9). Furthermore, to facilitate the reconstruction of displaced signal
events, we impose the following basic acceptance cuts

Ph>5GeV, ph>2GeV, |nil <3.5. (4.10)

Here, the jet cuts are designed to resolve the primary vertex, while the lepton cuts ensure
that the displaced lepton is easily detected. The lepton pr cut is motivated by the expected
energy resolution of the electromagnetic calorimater [3], consistent with our choices in the
prompt searches discussed above. The main background comes from the leptonic decays
of boosted heavy-quark hadrons, such as B(D) — ¢X. However, the impact parameter
dr =2 (20) mm selection is one (two) orders of magnitude larger than the proper heavy
hadron decay length, which should thus allow us to mitigate heavy-hadron backgrounds,
based on our simplified simulation.

In anticipation of a nearly background-free search, we show 5-event contours for both
Dirac and Majorana HNLs in figure 11. This would correspond to a 95% CL bound in
the presence of one background event. The existing bounds from displaced HNL searches
at CMS [78] and ATLAS [80] are shown as the dark-shaded islands in a similar mass —
mixing angle range. We remind the reader that CMS and ATLAS have performed separate
displaced searches for both Dirac and Majorana HNLs. Normally, the Dirac type searches
can cover a slightly larger HNL mass to balance its smaller decay width. However, the
sensitivity contours are very close to each other, shown as these two closed curves in
figure 11. Our sensitivity curves display the characteristic features of an LLP search. The
upper-right boundary is mainly driven by the impact parameter cut and the short decay
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Figure 11. The expected contours of N =5 displaced vertex events detected in the EIC detector.
The Majorana (Dirac) type events are shown as purple (orange) lines. The solid (dashes) lines
indicate the impact parameter choice as dr = 2 (20) mm. These results are compared with the
existing bounds from direct searches [74-80] (gray shaded regions) and indirect precision electroweak
constraints [81] (horizontal dashed line). In particular, we include existing displaced vertex searches
in the 13 TeV CMS [78] and ATLAS [80] experiments (dark-shaded islands), for both Majorana and
Dirac HNLs, which are very closer to each other.

length predicted for larger mixing angles and masses. As mentioned above, a smaller cut on
dr will extend the reach in this direction, but the parameter space is well covered already.
The lower flat boundary is dictated by the signal event rate, as the production cross section
scales as o o |U.|?. Finally, the lower-left contours are determined by the tracker size,
which is optimistically chosen as the distance of the most outside tracker disk = 1.2 m [3].
We note that, in the long lifetime regime, the signal will approximately scale with the
characteristic effective size D of the tracker, while the expected limit on |U,|? will scale
approximately as 1/v/D. We also emphasize again that our simple estimate, which only
accounts for geometric acceptance, basic acceptance cuts, and impact parameter cuts, is
only intended to give a rough idea of the approximate reach to displaced HNLs. A detailed
detector simulation taking account of the complex EIC tracker geometry will eventually be
required to provide a realistic estimate of the reach. We believe our results motivate such
studies and may even inform the future design of the detector components. We observe
that the EIC has the potential to cover new regions of parameter space in the GeV mass
region with searches for displaced HNL decays.

4.3 Invisible decay search

We now consider a scenario in which the HNL is undetected or decays to (quasi-)stable
neutral particles, e.g., dark matter. In this case, HNL production will lead to the mono-
jet signature of ep — j + Fp. The main background arises from the production of SM
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Figure 12. Jet rapidity n; and transverse momentum pjf distributions of mono-jet production at
the EIC /s = 141 GeV, under the assumption |U.|* = 1.

neutrinos, ep — j + v,. In figure 12, we show the jet rapidity n; and transverse momentum
pjf distributions. Unfortunately, we see no clear distinctions between the HNL production
(signal) compared with the SM v, one (background) in this case, except a smaller cross
section due to the threshold suppression for massive HNL. The only chance to infer the
presence of the HNL lies in counting the total number of events provided the SM mono-jet
rate can be precisely predicted. The total cross section for mono-jet events can be written as

olep—j+Er)=0c(ep—j+ve)+o(ep—j+N)

4.11
= USM(ep —J+ Ve) [(1 - ’Ue|2) + |Ue|2q)(mN)} : ( )

Here the ep — j+ N cross section is the same as that for ep — j + v,, except for the squared
mixing angle factor |U,|? and the phase space factor ® which accounts for the effect of the
nonzero HNL mass. The factor (1 — |U,|?) reflects the reduction of the W ew, coupling in
the HNL model with respect to the SM. We show the cross section as a function of my for
a few representative values of U, in the left panel of figure 13. In contrast to figure 1, here
we show the results for a —70% polarized electron beam, with the cross section enhanced
by a factor of 1.7, as discussed earlier. In the massless limit, i.e., my — 0, the HNL phase
space should be equal to that of the SM neutrino, so that ®(my = 0) = 1. In another limit
|U.|?> — 0, we expect no HNL contribution. Both of these scenarios match the SM case.
Here we take an aggressive acceptance, similarly to ref. [3], that with reconstruction from
both charged and neutral particles, the transverse momentum of the jet can be extended to
0.25 GeV in the pseudorapidity region |n| < 3.5.
We can define a statistical sensitivity to our HNL model as

§———5 (4.12)

VB + (eB)?’

where
S=|N—Ngm|,  B=DNsm,  Nmy = Losm- (4.13)

Here € is the fractional error for systematic uncertainty with respect to the SM background
events. The corresponding sensitivity in the two-dimensional plane (my,|U.|?) is shown in
the right panel of figure 14. Here we plot contours corresponding to S = 2, with assumed
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Figure 13. The cross section of mono-jet production at the EIC with collision energy /s = 141 GeV
and electron beam polarization P, = —70%.

relative systematic uncertainties of 0, 0.1%, and 1%. We see that the sensitivity displays a
strong dependence on the relative systematic uncertainty. For this reason, we also show
the signal-to-background ratio S/B of 1073, 1072, and 10~ ! as light blue lines in figure 14
as well. Based on the cross sections shown in figure 1, the SM background event is about
Nsy ~ 3-10% Due to this large background event number, the S = 2 can probe to
|U.|? ~ 1073 level, if we assume no systematics. With 0.1% (1%) systematic assumption,
the sensitive region is narrowed down to |Ug|?* ~2-1073 (2-1072) in the large my region.
When my — 0, the phase space factor ®(my) — 1 in eq. (4.11), and as seen in figure 14
(left), the mono-jet cross section in HNL approaches to the SM one. Thus there is a gradual
loss in sensitivity to |Ue|? for low values of my.

In figure 14, we compare our EIC projections in the mono-jet channel with other probes
of invisible HNL decays, taking the existing bounds from ref. [44]. Existing constraints
on invisible Z and Higgs decays [1, 91] cover part of the parameter space for heavier
HNLs, while a peak search in the decay B — ev provides relevant constraints for GeV-scale
HNLs [92]. There are also relatively strong, albeit indirect, constraints from precision
electroweak tests over the full mass range, such as the MuLan bound [81] shown as the
dashed line in figure 14. The ability of the EIC to compete with these existing constraints
will depend to a large extent on how well systematic uncertainties can be brought under
control, as is clearly seen in figure 14.

5 Discussion and outlook

In this paper, we examined the feasibility of the EIC to search for new heavy neutral leptons
produced in electron-proton collisions through charged current interactions as a consequence
of their mixing with light SM neutrinos. HNLs are well motivated due to their connections
with neutrino mass generation and lepton number violation, as well as potentially offering
a connection to a dark sector. We studied several possible HNL signatures at the EIC,
including prompt decays to visible final states, which are relevant for heavy HNLs with
large mixing angles; displaced/long-lived particle signatures, which are predicted for light
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Figure 14. The sensitivity probe (red lines) of the EIC based on the mono-jet search, quantified
with & = 2 in eq. (4.12), with the relative systematic uncertainty as ¢ = 0, 0.1%, and 1%. The
existing bounds come from invisible decays of Z and Higgs bosons [1, 91], peak searches in B — ev
decays [92] (gray shaded) and indirect constraints from precision electroweak observables (dashed
line) [81]. Also shown are contours of signal-to-background ratios S/B = 1073, 1072, and 107!
(light blue lines).

HNLs with small mixing angles; and purely invisible HNLs, which may occur if the HNL
decays to invisible dark particles. These complementary signatures probe different HNL
models/scenarios and regions of the HNL mass-mixing angle parameter space.

Our projections are derived using a detailed simulation of the production and decays
of HNLs at the EIC that account for detector acceptance and resolutions. Suitable topo-
logical and kinematic cuts are applied to efficiently separate the HNL signal from the SM
backgrounds. For prompt HNL decays, we analyzed both lepton-number-violating and
conserving final states containing leptons e, u in great detail. We found that with the EIC
design energy and integrated luminosity, one is able to probe the mass range of 1 — 100 GeV
and mixing angles of the order 10~% — 1073, Our results for these prompt-decay channels
are summarized in figure 9. For a long-lived N with a smaller mixing and lighter mass, we
considered the distinctive signal of a displaced lepton with a large impact parameter, finding
that the EIC can probe new territory in the few-GeV mass range for mixing angles of the
order 1076 —107%. Our results for these displaced vertex channels at the 95% C.L. sensitivity
are summarized in figure 11. The combined EIC sensitivity to HNL, compared with the
existing bounds, is presented in a summary plot in figure 15. For the invisible channel,
where the HNL is undetected or decaying to the dark sector particle, one can potentially
probe heavy HNLs for mixing angles in the window 102 — 1072, provided SM background
systematics can be controlled. We summarize our results of 20 sensitivity for the invisible
decay via the monojet channel in figure 14.
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We now comment on several future avenues for investigation which may be fruitful.
With the development of effective 7 tagging at the EIC, HNL decays to 7 final states
can also conceivably be exploited. The displaced HNL signatures suggested in this work
motivate careful consideration of the detector capabilities (e.g., tracking, angular coverage,
and event timing, etc.) needed to exploit signatures of long-lived particles. Looking towards
the future, there has been some discussion of a muon-ion collider at BNL following the EIC;
see e.g. ref. [93]. This higher energy machine would also allow for interesting probes of
BSM physics, including HNLs with primarily muon-flavor mixing, and it would be worth
exploring this in detail. It would be also interesting to explore how the EIC sensitivity will
change in the extension of the minimal HNL model, such as with a singlet scalar [94] or a
new gauge boson [95].

We have shown that the EIC can provide interesting probes of HNLs that are comple-
mentary to other experiments, such as neutrino-less double-3 decay, meson decays, and
HNL production at fixed-target experiments and colliders. The strategies proposed here,
with suitable adaptations, may be useful in other new physics searches, and we look forward
to continued exploration of the potential of the EIC to search for BSM physics.
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