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In this whitepaper, we consider the model of heavy neutral leptons (HNLs) as an

example to explore the potential of new physics searches at the Electron-Ion Collider

(EIC). We propose two broad categories of search strategies depending on the HNL

lifetime: direct searches for the prompt decay of HNLs with a short lifetime and

displaced vertex searches for long-lived ones. After identifying the most promising

signals and the corresponding backgrounds, we perform a detailed simulation to

estimate the sensitivity of the EIC to HNLs, accounting for detector thresholds,

resolutions, and geometric acceptance. We derive projections for the EIC reach to

the HNL squared mixing angle as a function of the HNL mass under the electron

flavor mixing dominance hypothesis. Our findings indicate that the EIC can provide

comparable sensitivity to the existing constraints for the prompt searches, while the

displaced vertex searches can cover substantial new ground for HNLs in the 1-10

GeV mass range. Our proposed strategies are generally applicable to other new

physics scenarios as well and motivate additional phenomenological exploration and

dedicated future searches at the EIC.

Introduction. The future Electron Ion Collider (EIC) at Brookhaven National Labo-
ratory will investigate the structure of nucleons and nuclei with unprecedented precision,
allowing new insights into several key science questions, including the dynamics underlying
nucleon spin and mass, the determination of parton distributions of nucleons in both mo-
mentum and position space, the confinement of hadronic states and nuclear binding, the
saturation of gluon densities at a high energy, etc. [1]. To achieve these goals, the EIC
will collide highly polarized electron and proton beams over a wide range of center-of-mass
energies with a large integrated luminosity, 100-1000 times higher than the existing HERA
dataset. To access a wide range of partonic momentum fraction x and momentum transfer
Q2 in deep inelastic scattering, the detector is required to have broad momentum coverage
with excellent tracking resolution and particle identification efficiency [2].

Besides opening up a new QCD frontier, the EIC also offers an excellent chance to
study precision electroweak (EW) physics and probe physics beyond the Standard Model
(BSM) [3]. These opportunities are facilitated by the large integrated luminosity, clean ex-
perimental environment, and multi-purpose hermetic detector [2, 4]. For example, a precise
measurement of the EW neutral current at the EIC can sensitively probe higher dimensional
operators in SM effective field theory, (SMEFT) [5–7] and constrain the new neutral gauge
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bosons, e.g., Z ′. Given the intense electron beam, the EIC provides an excellent labora-
tory to search for lepton flavor violation [8], including that induced by axion-like particles
(ALPs) [9]. Additionally, a standalone dedicated search for ALPs also appears to be promis-
ing [10]. Considering the substantial investment in the experimental facility, it is of great
interest to broaden the EIC’s physics program to include BSM physics searches. Among
the range of possibilities, new heavy neutral leptons (HNLs) provide a well motivated BSM
physics scenario that may intersect with several outstanding questions in particle physics
and cosmology, including neutrino masses [11–16], the matter-antimatter asymmetry [17, 18],
dark matter [19–24], etc. In this whitepaper, we present our results of searching for a heavy
neutral lepton (N) via the charged current process

e−p→ NX (1)

where X is the beam remnant. We assume that N decays to SM particles. We show that
the EIC operating in the ep mode will provide a powerful probe of HNL models, covering
currently unexplored regions of mass-mixing angle parameter space.

Heavy Neutral Leptons. In the standard Type-I seesaw model, HNLs, N , are in-
troduced as gauge singlet fermions. HNLs couple to the SM particles through Yukawa-like
interactions, with the new physics Langrangian written as

− L ⊃ y ¯̀
Liσ2Φ

∗N + h.c., (2)

where ` = (ν, e)T is the SM leptonic doublets, and Φ = (H+, H0) is the SM Higgs doublet.
After electroweak symmetry breaking (EWSB), the Higgs vacuum expectation value will
result in a Dirac mass term as mDν̄LN + h.c. where mD = yv/

√
2. Together with the HNL

Majorana mass terms, MNN
TCN/2, the light neutrinos acquire a tiny mass as mT

DmD/MN .
In the mass basis, HNLs mix with the SM neutrinos with a mixing matrix U . For simplicity,
here we take a phenomenological approach, assuming a single N state in the mass range of
interest to the EIC, with mixing dominated by the electron-flavor neutrino νe. In such a
scenario, only two parameters are relevant to the HNL phenomenology at the EIC, which are
the HNL mass mN and the single mixing angle |Ue|. We also note that in specific scenarios
the mixing angles can be significantly larger than the one suggested by the naive Type-I
seesaw relation [25–28], resulting in an enhanced production rate of HNLs at the EIC.

The HNL couplings largely follow those of the SM neutrinos, which interact with elec-
troweak gauge bosons, while the interaction strength is scaled by a factor U . In Fig. 1, we
show the HNL production cross section for the process of Eq. (1) versus the mass mN , using
the optimally designed configuration of beam energies [2]

Ep = 275 GeV and Ee = 18 GeV, (3)

i.e.,
√
s = 141 GeV. The latest PDFs from the CTEQ-TEA group, CT18NNLO [29], are

adopted as input to our predictions. The factorization and renormalization scales are chosen
as

µR = µF =
√
Q2 +m2

N , (4)

where Q2 = −(pe − pN)2 denotes the momentum transfer. The production cross section,
which scales as |Ue|2, can be as large as 30 (25) pb for mN = 1 (10) GeV with |Ue|2 = 1.
The dominant theoretical uncertainty comes from the scale variation and is found to be a
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FIG. 1. The HNL production cross section σ [pb] divided by the mixing parameter |Ue|2 at the

Electron-Ion Collider with Ep × Ee = 275 × 18 GeV2 beams versus the HNL mass mN . The

central prediction is based on CT18NNLO PDFs [29] and renormalization/factorization scales as

µF,R =
√
Q2 +m2

N , where Q2 = −(pe − pN )2. The error band denotes the scale uncertainty by

varying µF,R by a factor of 2, and the PDF uncertainty is negligible in this case.

few percent for HNL masses in the GeV range and 20% around mN ∼ 100 GeV, estimated
by varying scales by a factor of 2, shown as error band in Fig. 1. In comparison, the PDF
uncertainty is negligible. Considering the designed luminosity L = 100 fb−1, EIC is expected
to have sensitivity to squared of mixing angles of order |Ue|2 ∼ 10−6 − 10−4 if backgrounds
can be brought under control.

Prompt Searches. HNLs will decay to the SM particles through weak interactions

N → eW ∗ or N → νZ∗. (5)

In the standard Type-I scenario, both light neutrinos and HNLs are all Majorana fermions.
A smoking gun signature for the Majorana HNLs would be lepton number violation by
two units, corresponding to process e−p → j(N → e+W−∗). The virtual W−∗ will decay
further into hadronic jets or into `− = e−, µ− and a invisible neutrino. The di-electron
channel e+e− shares the same signature as N → ν(Z∗ → e+e−). In comparison, e+µ− is
a unique signature, which is almost background-free, and provides a great chance to probe
the Majorana HNL at EIC. The main background comes from photon initiated production
and subsequent decay γp→ (τ+ → e+2ν)(τ− → µ−2ν) +X. With a full simulation of both
signal and background, including detector effects, we obtain the EIC’s sensitivity to |Ue|2
down to 10−4 around the HNL mass mN ∼ 10 GeV, as shown the red line in Fig. 2. The
details of our simulation can be found in the forthcoming work [30].

Besides the e+µ− channel, the Majorana feature of lepton number violation can be also
induced through N → e+2j decay. The dominant background for this channel comes from
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the mis-identification (MID) of the electron charge, considering the large number of electrons
e− entering detectors. Based on the current best MID rate of 0.1% [31, 32] and a projected
future one of 0.01%, we estimate the EIC sensitivity to HNL squared mixing angle |Ue|2 at
the same level or slightly better than the e+µ− channel, and shown as green solid (dashed)
lines in Fig. 2.

Besides collider searches, the neutrinoless double-beta decay (0ν2β) experiments have
long been a powerful driver in the search for Majorana neutrinos through the search for
lepton-number-violating processes [33, 34]. In other scenarios, HNLs can be Dirac or quasi-
Dirac, in which lepton number violation is forbidden or highly suppressed [25–28]. Direct
searches for Dirac HNLs have been carried out in meson rare decays, fixed-target experi-
ments, and colliders [34–36]. The EIC can also contribute to Dirac HNL searches. In this
scenario, a relatively clean signature is provided by N → e−(W+∗ → `+ν). Based our simu-
lations [30], we obtain a similar EIC sensitivity to |Ue|2 as in Majorana HNL searches, shown
as the blue lines in Fig. 2. In summary, prompt HNL searches at the EIC can be competitive
with past constraints, particularly near the higher mass range of order mN ∼ 100 GeV.

Displaced searches. For smaller mixing angles, the HNLs become relatively long lived,
leading to displaced decay signatures inside the EIC detector. A commonly used strategy
for long lived particles involves the search for a displaced vertex. Alternatively, a displaced
lepton with a large transverse impact parameter, dT , can provide similar information, pro-
vided there is good tracking resolution. In consideration of the clean EIC environment,
both approaches are expected to have low or negligible backgrounds. With the assumption
of reasonable impact parameter measurement capabilities, such as dT = 2 (20) mm, we
have estimated the EIC sensitivity to |Ue|2 for both Majorana and Dirac types of HNLs,
shown as purple and orange solid (dashed) lines in Fig. 2. We see that the EIC is capable
of probing squared mixing angles down to |Ue|2 ∼ 10−6 for masses mN ∼ a few − 10 GeV.
The EIC reach extends significantly beyond existing constraints from LEP, potentially up
to one magnitude in this region [37].

Conclusions and prospects. In this whitepaper, we have investigated the potential
of the EIC to directly search for HNLs via the SM weak interactions over the mass range
mN ∈ [1, 100] GeV. We have identified several promising signal channels and their associ-
ated SM backgrounds. Furthermore, we have carried out detailed simulations incorporating
detector effects and designed kinematical and topological selection cuts to separate the HNL
signal events from backgrounds. Based on these analyses, we have estimated the EIC sensi-
tivities to the HNL squared mixing angle |Ue|2 over the kinematically accessible mass range,
with results summarized in Fig. 2. We have proposed two broad classes of search strate-
gies sensitive to both prompt and displaced HNL decays, which probe different regions of
parameter space in the (mN , |Ue|2) plane. For prompt decays, our strategy can provide
comparable sensitivity to existing bounds from previous experiments [38]. For the displaced
vertex search, the EIC is expected to probe squared mixing angles down to |Ue|2 ∼ 10−6,
which exceeds the existing constraints from LEP by up to one magnitude in the several GeV
mass region [37].

We also stress that our search strategies may be applicable to other new physics models
that involve final-states with charged leptons and jets, as well as long-lived particles. Our
results for the well motivated HNL model serve as an example study to illustrate the po-
tential of the EIC in BSM searches and also may provide general guidance for the future
experimental considerations, including e.g., detector designs.

A detailed study of HNL phenomenology at the EIC will be presented in our forthcoming
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FIG. 2. The EIC sensitivity to the HNL mixing squared angle |Ue|2 versus its mass mN , in

comparison with the existing searches [38]. The solid (dashed) lines correspond to our assumption

on electron charge mis-identification rates of 10−3 (10−4) in the prompt search of e+3j channel,

and transverse impact parameters as 2 (20) mm in displaced searches.

work [30].
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[20] V. González-Maćıas, J. I. Illana, and J. Wudka, “A realistic model for Dark Matter

interactions in the neutrino portal paradigm,” JHEP 05 (2016) 171, arXiv:1601.05051

[hep-ph].

[21] M. Escudero, N. Rius, and V. Sanz, “Sterile Neutrino portal to Dark Matter II: Exact Dark

symmetry,” Eur. Phys. J. C 77 no. 6, (2017) 397, arXiv:1607.02373 [hep-ph].

[22] B. Batell, T. Han, and B. Shams Es Haghi, “Indirect Detection of Neutrino Portal Dark

Matter,” Phys. Rev. D 97 no. 9, (2018) 095020, arXiv:1704.08708 [hep-ph].

[23] B. Batell, T. Han, D. McKeen, and B. Shams Es Haghi, “Thermal Dark Matter Through the

Dirac Neutrino Portal,” Phys. Rev. D 97 no. 7, (2018) 075016, arXiv:1709.07001

[hep-ph].

[24] M. Schmaltz and N. Weiner, “A Portalino to the Dark Sector,” JHEP 02 (2019) 105,

arXiv:1709.09164 [hep-ph].

[25] R. Mohapatra, “Mechanism for Understanding Small Neutrino Mass in Superstring

Theories,” Phys. Rev. Lett. 56 (1986) 561–563.

[26] R. Mohapatra and J. Valle, “Neutrino Mass and Baryon Number Nonconservation in

Superstring Models,” Phys. Rev. D 34 (1986) 1642.

[27] J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez, and J. Valle, “Lepton Flavor

http://dx.doi.org/10.1103/PhysRevD.101.116002
http://dx.doi.org/10.1103/PhysRevD.101.116002
http://arxiv.org/abs/2004.00748
http://dx.doi.org/10.1007/JHEP11(2010)045
http://arxiv.org/abs/1006.5063
http://arxiv.org/abs/2112.04513
http://arxiv.org/abs/2112.02477
http://arxiv.org/abs/2112.02477
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://dx.doi.org/10.1016/0370-2693(77)90435-X
http://arxiv.org/abs/1306.4669
http://dx.doi.org/10.1007/978-1-4684-7197-7_15
http://dx.doi.org/10.1007/978-1-4684-7197-7_15
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1103/PhysRevD.22.2227
http://dx.doi.org/10.1016/j.physletb.2005.06.020
http://arxiv.org/abs/hep-ph/0505013
http://dx.doi.org/10.1103/PhysRevLett.81.1359
http://arxiv.org/abs/hep-ph/9803255
http://dx.doi.org/10.1007/JHEP04(2015)170
http://dx.doi.org/10.1007/JHEP04(2015)170
http://arxiv.org/abs/1412.3113
http://dx.doi.org/10.1007/JHEP05(2016)171
http://arxiv.org/abs/1601.05051
http://arxiv.org/abs/1601.05051
http://dx.doi.org/10.1140/epjc/s10052-017-4963-x
http://arxiv.org/abs/1607.02373
http://dx.doi.org/10.1103/PhysRevD.97.095020
http://arxiv.org/abs/1704.08708
http://dx.doi.org/10.1103/PhysRevD.97.075016
http://arxiv.org/abs/1709.07001
http://arxiv.org/abs/1709.07001
http://dx.doi.org/10.1007/JHEP02(2019)105
http://arxiv.org/abs/1709.09164
http://dx.doi.org/10.1103/PhysRevLett.56.561
http://dx.doi.org/10.1103/PhysRevD.34.1642


7

Nonconservation at High-Energies in a Superstring Inspired Standard Model,” Phys. Lett. B

187 (1987) 303–308.

[28] M. Malinsky, J. Romao, and J. Valle, “Novel supersymmetric SO(10) seesaw mechanism,”

Phys. Rev. Lett. 95 (2005) 161801, arXiv:hep-ph/0506296.

[29] T.-J. Hou et al., “New CTEQ global analysis of quantum chromodynamics with

high-precision data from the LHC,” Phys. Rev. D 103 no. 1, (2021) 014013,

arXiv:1912.10053 [hep-ph].

[30] B. Batell, T. Ghosh, T. Han, and K. Xie, “Heavy Neutral Leptons at the Electron-Ion

Collider,” Work In Progress.

[31] ATLAS Collaboration, M. Aaboud et al., “Electron reconstruction and identification in the

ATLAS experiment using the 2015 and 2016 LHC proton-proton collision data at
√
s = 13

TeV,” Eur. Phys. J. C 79 no. 8, (2019) 639, arXiv:1902.04655 [physics.ins-det].

[32] CMS Collaboration, V. Khachatryan et al., “Performance of Electron Reconstruction and

Selection with the CMS Detector in Proton-Proton Collisions at
√
s = 8 TeV,” JINST 10

no. 06, (2015) P06005, arXiv:1502.02701 [physics.ins-det].

[33] M. J. Dolinski, A. W. P. Poon, and W. Rodejohann, “Neutrinoless Double-Beta Decay:

Status and Prospects,” Ann. Rev. Nucl. Part. Sci. 69 (2019) 219–251, arXiv:1902.04097

[nucl-ex].

[34] P. D. Bolton, F. F. Deppisch, and P. S. Bhupal Dev, “Neutrinoless double beta decay versus

other probes of heavy sterile neutrinos,” JHEP 03 (2020) 170, arXiv:1912.03058 [hep-ph].

[35] A. Atre, T. Han, S. Pascoli, and B. Zhang, “The Search for Heavy Majorana Neutrinos,”

JHEP 05 (2009) 030, arXiv:0901.3589 [hep-ph].

[36] Y. Cai, T. Han, T. Li, and R. Ruiz, “Lepton Number Violation: Seesaw Models and Their

Collider Tests,” Front. in Phys. 6 (2018) 40, arXiv:1711.02180 [hep-ph].

[37] DELPHI Collaboration, P. Abreu et al., “Search for neutral heavy leptons produced in Z

decays,” Z. Phys. C 74 (1997) 57–71. [Erratum: Z.Phys.C 75, 580 (1997)].

[38] J. Beacham et al., “Physics Beyond Colliders at CERN: Beyond the Standard Model

Working Group Report,” J. Phys. G 47 no. 1, (2020) 010501, arXiv:1901.09966 [hep-ex].

http://dx.doi.org/10.1016/0370-2693(87)91100-2
http://dx.doi.org/10.1016/0370-2693(87)91100-2
http://dx.doi.org/10.1103/PhysRevLett.95.161801
http://arxiv.org/abs/hep-ph/0506296
http://dx.doi.org/10.1103/PhysRevD.103.014013
http://arxiv.org/abs/1912.10053
http://arxiv.org/abs/Work In Progress
http://dx.doi.org/10.1140/epjc/s10052-019-7140-6
http://arxiv.org/abs/1902.04655
http://dx.doi.org/10.1088/1748-0221/10/06/P06005
http://dx.doi.org/10.1088/1748-0221/10/06/P06005
http://arxiv.org/abs/1502.02701
http://dx.doi.org/10.1146/annurev-nucl-101918-023407
http://arxiv.org/abs/1902.04097
http://arxiv.org/abs/1902.04097
http://dx.doi.org/10.1007/JHEP03(2020)170
http://arxiv.org/abs/1912.03058
http://dx.doi.org/10.1088/1126-6708/2009/05/030
http://arxiv.org/abs/0901.3589
http://dx.doi.org/10.3389/fphy.2018.00040
http://arxiv.org/abs/1711.02180
http://dx.doi.org/10.1007/s002880050370
http://dx.doi.org/10.1088/1361-6471/ab4cd2
http://arxiv.org/abs/1901.09966

	Heavy Neutral Lepton Searches at the Electron-Ion Collider: A Snowmass Whitepaper
	Abstract
	 References


