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1 Introduction

The observed light mass of neutrinos in the Standard Model (SM) begs for new physics

explanations. The effects of such new physics are being actively looked for at the Large

Hadron Collider (LHC) and several other experimental facilities worldwide. Such light

neutrino masses can be explained by employing the so-called seesaw mechanism [1–3] that

in its simplest form introduces new, heavy right-handed neutrinos, which can mix with

the light neutrinos in the SM. For small enough values of the mixing, the heavy neutrinos

can be long-lived, leading to macroscopic decays in the LHC experiments. Such decays

can be reconstructed as displaced vertices (DVs) inside the inner trackers of the LHC

detectors. Growing attention to these signatures has taken place over recent years (for a

recent state-of-art review of long-lived particle searches at the LHC, see ref. [4]), as null

results at the LHC may point to the possibilities that the new physics has more complex

decay patterns, and that its effects may have been overlooked or misidentified by standard

searches. New physics may become evident in these spectacular displaced signatures, as

the SM can hardly mimic them. Their very small backgrounds will continue to make them

attractive and their current study is of top importance for the high luminosity run of the

LHC and future experimental facilities [5–7].

Heavy neutrinos are predicted in several models of new physics beyond the SM. Of

particular interest are the B − L extensions of the SM, which have an extended gauge

symmetry U(1)B−L [8] and an associated new heavy Z ′ vector boson. The U(1)B−L sym-

metry can be broken spontaneously by the addition of a new SM-singlet Higgs field that

attains a vacuum expectation value (VEV), and the theory includes three-generations of

right-handed (or sterile) heavy neutrinos N i, enabling the seesaw mechanism of light neu-

trino mass generation. The N i can be produced from a SM-like Higgs associated with the

B−L breaking, or pair produced at colliders via a Z ′. It can further decay with a displaced

vertex (DV) depending on its couplings and mass.
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Dedicated experimental searches for a Z ′ decaying to lepton pairs by the CMS collab-

oration placed a bound on the Z ′ mass to be mZ′ > 4.5 TeV [9] (assuming a SM-like gauge

coupling). Recently the ATLAS collaboration analyzed the full Run 2 dataset [10], exclud-

ing a Z ′ just below 5 TeV. For a broad review on Z ′ models and early LHC strategies, see

ref. [11] and references therein (see also refs. [12–17] for other collider studies in the B−L
case). ATLAS has now implemented a search that targets at displaced heavy neutrinos as

benchmark, in the scenario where only one extra right-handed neutrino (produced in W

boson decays) is added to the SM [18]. Current and proposed displaced strategies in several

other heavy neutrino models are an attractive focus of research in recent years [19–42].

LHC constraints for the minimal U(1)B−L model were addressed through a global fit in

ref. [43] for several choices of model parameters, but signatures involving displaced heavy

neutrinos were not considered. Recent works on displaced neutrinos in U(1)B−L models

have focused on displaced signatures coming from Higgs bosons due to a higher production

cross section [44, 45]. For this reason, production via a Z ′ has had less attention. Early

displaced strategies for a simplified model were recast in ref. [35], with focus on a benchmark

scenario with relatively unboosted N . Recently, the authors in ref. [46] estimated the reach

of future lifetime frontier experiments (like FASER [6, 47] and MATHUSLA [5]) on a rather

light N and Z ′, of O(GeV) masses. In this work, we focus on higher masses and the LHC

capabilities running at high luminosity, by reinterpreting ongoing DV searches at ATLAS

and CMS. We also investigate prospects in a more general scenario than the B−L model,

the so-called non-exotic U(1)X extension of the SM [48], as it has been shown in refs. [15, 49]

that an enhancement in the Z ′ production is possible, providing increased sensitivity to

more complex scenarios in the search for displaced heavy neutrinos when they come from

a Z ′. The lifetime of N as a function of the lightest neutrino mass under the general

U(1)X -extended models have been studied in refs. [17, 50].

The paper is organized as follows. We summarize the model under study in the

section 2. We also extract the exclusion region in the parameter space of new gauge

coupling and Z ′ mass using the Drell-Yan processes measured by both ATLAS and CMS.

In section 3, we discuss the ATLAS and CMS displaced searches, reinterpret their results,

and identify discovery prospects at the high luminosity LHC. We summarize and conclude

in section 4.

2 The model

We consider an extension of the SM to have the gauge group SU(3)c × SU(2)L ×U(1)Y ×
U(1)X , where U(1)X is realized as a linear combination of the SM U(1)Y and the U(1)B−L
symmetries [51], known as the non-exotic U(1)X extension of the SM [48]. The model is

free from all the gauge and mixed gauge-gravity anomalies due to the presence of three

generations of right-hand neutrinos (RHNs) N i (with i = 1, 2, 3) [52, 53]. A new scalar

field Φ is also introduced to break the U(1)X symmetry by attaining a VEV. The particle

content is given in table 1.
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SU(3)c SU(2)L U(1)Y U(1)X

qiL 3 2 +1/6 1
6xH + 1

3xΦ

uiR 3 1 +2/3 2
3xH + 1

3xΦ

diR 3 1 −1/3 −1
3xH + 1

3xΦ

`iL 1 2 −1/2 −1
2xH − xΦ

eiR 1 1 −1 −xH − xΦ

H 1 2 +1/2 1
2xH

N i 1 1 0 −xΦ

Φ 1 1 0 2xΦ

Table 1. The particle content and gauge charges of the non-exotic U(1)X model [48]. The choice

of xH = 0 and xΦ = 1 corresponds to the B − L case.

The charges of the particles are controlled by two parameters only, xH and xΦ, as

seen in table 1. As the U(1)X gauge group can be defined as a linear combination of the

SM U(1)Y and the U(1)B−L, by setting xH = 0 and xΦ = 1, we recover the minimal

B−L scenario [51, 54]. Therefore, without loss of generality, we fix xΦ = 1 in our analysis

throughout the paper.

The Yukawa sector of the model can be written in a gauge-invariant way as

LY = −
3∑

α,β=1

Y αβ
u qαLH̃u

β
R −

3∑
α,β=1

Y αβ
d qαLHd

β
R −

3∑
α,β=1

Y αβ
e `αLHe

β
R

−
3∑

α,β=1

Y αβ
D `αLH̃N

β −
3∑

α=1

Y α
NΦNαCNα + h.c., (2.1)

where α, β are generation indices, H̃ ≡ iτ2H∗, and C denotes the charge conjugation. The

fourth and fifth terms in eq. (2.1) are the Dirac and Majorana Yukawa terms. Without

loss of generality, we use a diagonal basis for the Majorana Yukawa matrix. After the

breaking of the U(1)X and the electroweak symmetries, the U(1)X gauge boson Z ′ mass,

the Majorana and neutrino Dirac masses are generated, given by

MZ′ = g′1

√
4v2

Φ +
1

4
x2
Hv

2
SM ' 2g′1vΦ,

MNα =
Y α
N√
2
vΦ,

Mαβ
D =

Y αβ
D√
2
vSM, (2.2)

where g′1 is the U(1)X gauge coupling, vΦ is the VEV of Φ, and vSM = 246 GeV is the SM

Higgs VEV. To be in agreement with LEP constraints, we take vΦ � vSM [55, 56]. LHC

constraints will be discussed shortly.
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In this model, through the U(1)X symmetry breaking, the Majorana mass terms for the

RHNs are generated, and the light neutrinos acquire masses via the seesaw mechanism [1, 3].

The neutrino mass matrix is given by

mν =

(
0 MD

MT
D MN

)
. (2.3)

Considering |Mαβ
D /Mα

N | � 1 and diagonalizing the neutrino mass matrix in eq. (2.3), we

obtain the light neutrino mass eigenvalue matrix as

mν ' −MDM
−1
N MT

D. (2.4)

The heavy neutrinos are SM gauge singlets. They interact with the W and Z bosons

via mixing with the SM neutrinos. As a result, the SM neutrino flavor eigenstate (ν) can

be expressed as a linear combination of the light mass eigenstates (νm) and heavy mass

eigenstates (Nn):

ν` ' U`mνm + V`nN
n, (2.5)

where ` and m are generation indices, U`m is the 3×3 light neutrino mixing matrix and it is

identical to the PMNS matrix at the leading order (ignoring effects of non-unitarity), and

V`n 'MDM
−1
N (2.6)

is the mixing between the SM neutrinos and the heavy neutrinos assumed to be much less

than 1.

The charged-current interactions can be expressed in terms of the neutrino mass eigen-

states as

LCC ⊃ −
g√
2
Wµēγ

µPLV`nN
n + h.c., (2.7)

where e represents the three generations of the charged leptons, and PL = 1
2(1 − γ5) is

the projection operator. Similarly, in terms of the mass eigenstates, the neutral-current

interactions are written as

LNC ⊃ −
g

2cw
Zµ

[
N
m
γµPL(V †V )mnN

n +
{
νmγµPL(U †V )mnN

n + h.c.
}]

, (2.8)

where cw ≡ cos θw with θw being the weak mixing angle.

Due to the nonzero U(1)X charges, the Z ′ boson interacts with the particles in the

same way as it does in the B − L scenario. However, the couplings of such interactions

will depend upon the xH and xΦ parameters. As we have already fixed xΦ = 1, the

corresponding partial decay widths of Z ′ into fermions, which are of interest in this work,

will depend upon the choice of xH . The expressions are given in the appendix.

The interaction between the Z ′ and the quarks can be written as

Lint = −g′1
(
qLγµQ

q
xL
qL + qRγµQ

q
xR
qR
)
Z ′µ, (2.9)
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Figure 1. Reinterpreted 95% CL exclusion limits based on the ATLAS [10] and CMS [9] results

in the search for a heavy resonance decaying to lepton pairs, in the context of the U(1)B−L (left)

and U(1)X (right) models.

where qL (qR) is the left- (right-) handed quark and QqxL (QqxR) is the corresponding U(1)X
charge. The corresponding interaction between the lepton sector and Z ′ can be written as

Lint = −g′1
(
`LγµQ

`
xL
`L + eRγµQ

`
xR
eR

)
Z ′µ, (2.10)

where `L (eR) is the left- (right-) handed lepton and the Q`xL(Q`xR) is the corresponding

U(1)X charge. All these charges are given in table 1 as a function of xH and xΦ.

For the rest of the paper, we choose two values for xH : (a) xH = 0, that corresponds

to the B − L case, or (b) xH = −1.2, which is the value found to maximize the branching

ratio of Z ′ to RHNs [49]. These charge assignments determine our labels for the U(1)B−L
and U(1)X models in what follows. We also set the mixing between the SM Higgs and the

new scalar Φ to zero, as this ensures pair production of the RHNs through a Z ′.

With the above choices, we implement both the U(1)X and U(1)B−L models in the

UFO format [57]. We first study the LHC process pp → Z ′ → `+`− for ` = e, µ. We

reinterpret the latest ATLAS [10] and CMS [9] limits on both models, after validating the

exclusions for the sequential Z ′SSM model the experiments present. For CMS, we consider

the last 13-TeV result available, corresponding to an integrated luminosity of 36/fb. For

ATLAS we make use of the latest full Run-II result with 139/fb.

Events are generated for different (mZ′ , g′1) values for both models with

MadGraph5 [58] at the leading order. By comparing with the combined experimental

upper limits (figure 3b of ref. [10] at Γ/m = 0.5%, and figure 3c of ref. [9]), we can obtain

lower (upper) bounds on mZ′ (g′1). Figure 1 shows the excluded region at 95% CL. Our

ATLAS result is consistent with figure 3a of ref. [43], performed with their previous dataset.
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p
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N

N

Figure 2. Heavy neutrino N production and decay at the LHC in the Z ′ models considered in this

work. Production proceeds through a Z ′, which can be either on-shell or off-shell. The neutrino

then decays to a lepton (either e or µ) and jets, giving visible charged decay products coming from

the DV. The DV positions are marked by purple circles.

We use these bounds to fix a benchmark scenario of (mZ′ , g′1) = (6 TeV, 0.8) for the

rest of the paper, consistent with current resonance searches at the LHC.

We now focus on heavy neutrino production and decay at the LHC via a Z ′. We scan

mN from 20 GeV to 1200 GeV, and |VlN |2 from 10−5 to 10−20. Existing constraints in

the light-heavy neutrino mixing and mass plane for mN ≥ 20 GeV exclude |VlN |2 > 10−6.

LEP data excludes |VlN |2 > 10−5 [59], where DELPHI places limits on right-handed states

produced in Z boson decays. Prompt collider LHC searches for three leptons in the final

state exclude mixings |VµN |2 > 10−5 [18, 60]. Also, the ATLAS displaced search for sterile

neutrinos places bounds on |VµN |2 to be less than 10−6 [18] for masses of tens of GeV.

Neutrinoless double beta decay (0νββ) experiments such as GERDA can also constrain

|VeN |2. In ref. [27], an updated limit in the case where the SM is extended with only one

right-handed neutrino produced in the decay of W boson excludes values above 10−7. We

will show in the next section that strategies presented in this work are more stringent than

all of these constraints.

A diagram showing the N production and displaced decay considered here is presented

in figure 2. The cross section of heavy neutrino pair production and that with heavy

neutrino decays are shown in figure 3 for both models.

3 LHC sensitivity with displaced vertex searches

We focus on light-heavy neutrino mixing in the electron and muon sector separately (VlN ,

with l = e, µ); so only one N i will couple to either electrons or muons. In both cases, only

one neutrino, now defined as N i = N , is in the kinematical region of interest. We adapt

– 6 –
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10−4
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500 1000
mN [GeV]

10−6

10−5

10−4

σ(pp→ Z ′ → NN → lljjjj) [pb]
U(1)X
U(1)B−L

Figure 3. Pair production cross section of right handed neutrinos (left) and that including

their further decays to leptons and jets (right) as a function of the heavy neutrino mass mN ,

for (mZ′ , g′1) = (6 TeV, 0.8). Curves for both the U(1)X and U(1)B−L models are shown.

the UFOs so that the light-heavy neutrino mixing (VlN ) and the sterile neutrino masses

(mN ) are treated as independent parameters.

We study the production process pp→ Z ′ → NN , with each heavy neutrino decaying

via N → ljj and l = e or µ. Event generation is performed with MadGraph5 [58] at

the leading order and the decay of N is processed with MadSpin [61]. We save the decay

information by setting the time of flight variable inside MadGraph5’s run card. The

generated events are then interfaced to Pythia8 v2.3 [62] for showering and hadronization.

Plots are generated with matplotlib [63].

We first reconstruct objects at the truth level and then apply efficiency corrections

depending on the displaced search strategy of interest. We consider two complementary

searches, each sensitive to a particular proper lifetime of the heavy neutrino. In figure 4 we

show the naive reach in the proper lifetime and mass plane, for fixed mixing. We label the

searches that we recast as: the “ATLAS 1DV ID” search for at least one DV in the ATLAS

Inner Detector [64] and the “CMS 2DV+jets” [65] search for DV pairs in association with

jets. The former is a proposal inspired by searches for multitrack DVs at ATLAS [64, 66].

The latter is a direct reinterpretation of the CMS search for two DVs in the inner tracker

and jets [65].

3.1 Reach with ATLAS 1DV ID

The 8-TeV ATLAS 1DV ID search [64] looks for high track-multiplicity DVs in events

possessing at least one DV and either leptons, jets or missing transverse momenta. The

13-TeV version of the search in ref. [66] only triggers on missing transverse momenta, but

provides a prescription to implement parametrized efficiencies for DVs as a function of the

– 7 –
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N

[m
m

]

ATLAS 1DV

CMS 2DV + jets

|VlN |2 = 10−20

|VlN |2 = 10−15

|VlN |2 = 10−10

|VlN |2 = 10−5

Figure 4. Proper decay distance cτN as a function of N mass and light-heavy neutrino mixing

|VlN |2. The shaded region represents roughly the region that can be accessed with current DV

searches at CMS [65] and the ATLAS inner tracker [66].

vertex invariant mass and number of charged tracks. Therefore, in this work we propose a

13-TeV search with the same displaced reconstruction but with a lepton trigger (as in the

8-TeV search).

The DV reconstruction in both 8- and 13-TeV searches is very similar to the experi-

ment’s recent search for displaced heavy neutrinos in ref. [18]. Tunes of the former ATLAS

multitrack search to target at displaced neutrinos were proposed in ref. [28], matching

closely the actual experimental cuts in ref. [18]. Our vertex implementation in this work

is basically the same as done in ref. [28].

The DV is reconstructed inside the ATLAS inner tracker from all charged particle

tracks. The search triggers on a lepton, which is required to be associated with the DV.

Cuts on the invariant mass of the vertex mDV and the amount of charged particle tracks

Ntrk coming from it ensure this search to be free of backgrounds.1 We follow the same

optimized cuts for mDV and Ntrk justified in ref. [28].

We have to identify electrons, muons, tracks and DVs. For muons (electrons), we use a

flat identification efficiency of 90% (70%). We apply vertex-level efficiencies as a function of

DV distance, mass and number of tracks, using the parametrized selection efficiencies from

the ATLAS 13-TeV DV search [66]. A validation study for these efficiencies was performed

for the Les Houches PhysTeV 2017 proceedings in ref. [67].

1Backgrounds to this search are mostly instrumental, from random crossings of tracks that fake a DV,

and the background from heavy flavour, which are mostly B hadrons that merge to fake vertices, or are

crossed by a random track, making a high mass “fake” vertex.
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Trigger Muon: |η| < 1.07 and pT > 55 GeV

Electron: |η| < 2.47 and pT > 120 GeV

DV region DV within 4 mm < rDV < 300 mm and |zDV | < 300 mm

DV selection Made from tracks with |d0| > 2 mm and with pT > 1 GeV

DV track multiplicity Ntrk ≥ 4 and invariant mass mDV ≥ 5 GeV

Table 2. Cuts for the ATLAS 1DV ID proposed search. These are optimized as in ref. [27], and

are inspired by the ATLAS search [64].

Events are first selected by triggering on a lepton. For electrons we require

pT > 120 GeV within |η| < 2.47. For muons, we demand pT > 55 GeV and within

|η| < 1.07. DVs are selected by reconstructing tracks with a large transverse impact

parameter,2 |d0| > 2 mm and with pT > 1 GeV. The vertex position must be between

4 mm and 300 mm and must have at least 4 tracks, Ntrk ≥ 4. The lepton that fires the

trigger must be associated with the DV. We account for this by truth-matching the lepton

index with one of the displaced tracks. Note that no isolation requirement is applied on

leptons. Finally, the invariant mass of the DV, mDV , is calculated assuming all tracks have

the mass of the pion and it is required to be larger than 5 GeV. A summary of all selections

can be found in table 2.

The event level efficiency of this strategy, after all selections, is shown in figure 5 for

the U(1)X model. The efficiency has a cigar-like shape, and is bounded by the case when

the neutrinos are decaying either too promptly or too far away, outside of the detector’s

acceptance. For a fixed mass, such as mN = 100 GeV, and mixings bigger than ∼ 10−10,

the neutrino already decays too promptly. The efficiency in this case goes down with

increasing mixing for a fixed heavy neutrino mass. For fixed mixing and smaller masses,

the neutrinos are decaying outside of the tracker’s acceptance.

We show in figure 6 the estimated number of signal events at 13 TeV and 3000 fb−1 for

both electron and muon mixing, for the U(1)B−L model. One can set a 95%CL exclusion

region with at least 3 signal events, which is reasonable to set as a requirement for discovery

in the absence of background. Analogous plots for the U(1)X model are shown in figure 7.

A larger parameter region can be excluded in the U(1)X model due to its higher cross

section, although the strategy is sensitive to both models. Mixings as low as ∼ 10−16 can

be accessed for mN ∼ 500 GeV in the U(1)B−L model, and ∼ 10−17 for mN ∼ 1 TeV in the

U(1)X model.

3.2 Reach with CMS 2DV + jets

The above search required at least one DV reconstructed in the inner tracker. Now we

explore the reach with a search requiring exactly two DVs. This has the immediate ad-

vantage of being a search free from backgrounds. In addition, with the identification of

two DVs we can access the mass of the Z ′ boson, when combining the kinematics with DV

information [68].

2The transverse impact parameter is defined as d0 = r×∆φ, with r being the transverse distance of the

track and ∆φ being the azimuthal angle between the decay product and the trajectory of the long-lived

neutrino.
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Figure 5. Representative event level efficiency of the ATLAS 1DV ID search as a function of mN

and |VµN |2.
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Figure 6. Number of signal events for the U(1)B−L model at
√
s = 13 TeV expected in L =

3000 fb−1 with the ATLAS 1DV ID search. Reach for mixings in the electron (left) and muon

(right) sector are shown.

The CMS search in ref. [65] looked for two DVs in the CMS inner tracker in addition

to jets in the final state. The original search targeted at supersymmetric models, but the

collaboration provided a reinterpretation method for extending the results to other models

with pair-produced long-lived particles. Here we validate this method,3 which is based on

generator-level selections that approximately replicate the vertex-reconstruction efficiency.

3Another reinterpretation of this procedure in the context of Twin Higgs Doublet models was done

recently in ref. [69].
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Figure 7. Number of signal events for the U(1)X model at
√
s = 13 TeV expected in L = 3000 fb−1

with the ATLAS 1DV ID search. Reach for mixings in the electron (left) and muon (right) sector

are shown.

Trigger HT > 1000 GeV

Jet selection At least 4 jets with pT > 20 GeV and |η| < 2.5

DV region 2 DVs within 0.1 mm < rDV < 20 mm and dV V > 0.4 mm

DV selection Made from tracks with |d0| ≥ 0.1 mm, pT > 20 GeV and |η| < 2.5.∑
pT ≥ 350 GeV, correcting for b quarks.

Table 3. Cuts for the CMS 2DV + jets search following the reinterpretation procedure in [65].

We reconstruct jets with FastJet 3.1.3 [70] using the anti-kt clustering algorithm

with jet radius parameter R = 0.4. At least four jets are required with pT > 20 GeV and

|η| < 2.5. The variable HT , which is the scalar sum of the pT of all generated jets with

pT > 40 GeV, is computed and events must have HT > 1000 GeV.

Two DVs are required, both within a transverse distance between 0.1 and 20 mm (near

the CMS beampipe). The two DVs must also be separated from each other in the transverse

plane, with distance dV V > 0.4 mm. All daughter particles coming from the DVs (namely,

u, d, s, c, b quarks and electrons, muons and tau leptons) must satisfy pT > 20 GeV and

|η| < 2.5, and have impact parameter |d0| ≥ 0.1 mm. In addition, the sum of the pT of the

daughter particles has to be at least 350 GeV. When calculating this value, we multiply

the pT of b quarks by 0.65 to account for lower reconstruction efficiency due to the long

lifetime of B hadrons, as instructed in ref. [65]. All selections are summarized in table 3.

As no prior validation has been done before, we validate this search on a minimal

flavour violating model of R-parity violating supersymmetry (MFV RPV SUSY), same as

the CMS benchmark signal model. We generate events in Pythia8 [62] for pair production

of long-lived neutralinos χ̃0
1 by quark-antiquark annihilation. The neutralino then decays

into a top anti-quark and a virtual top squark, and the virtual top squark decays into

strange and bottom anti-quarks. The model spectrum is generated with SOFTSUSY

3.6.1 [71], and is read as input to Pythia8 using the SLHA structure [72].

Figure 8 shows our recast 95% CL limit taken with zero background and 3 signal

events, against the CMS exclusion for three different benchmarks.
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The event-level efficiency is shown in figure 9 for the U(1)X model. We note the same

pattern as with the ATLAS 1DV ID search, although the sensitivity here is affected by

the mass ratio between mN and mZ′ , as the angular opening of the decay products of

the long-lived neutrino is proportional to its boost. This means that for neutrino masses

roughly around 100 GeV and below, it is harder for the decay products to be effectively

resolved into our reconstructed jets, failing the selection criteria. The additional condition

that both neutrinos must decay well separated near the CMS beampipe imposes another

strict requirement on our displaced events.

When estimating the number of signal events, we note nearly no sensitivity to the

B − L scenario, as shown in figure 10. The situation improves in the U(1)X model shown

in figure 11, although the parameter space of the models that can be accessed can also be

covered by the ATLAS 1DV search, except for a small region at small mixings and TeV

masses. We can reach mixings down to ≈ 10−17 for mN = 1200 GeV in the electron case.

The mass reach in mN is limited by its proper lifetime. As for mixings above ≈ 10−15 and

masses higher than ≈ 1 TeV, the heavy neutrino is already decaying too promptly.

4 Conclusions

We have studied discovery prospects at the LHC of a new right-handed neutrino, which

can be pair produced via a Z ′ gauge boson. The neutrino has a macroscopic lifetime to be

able to decay inside the inner trackers of the LHC detectors to leptons and jets, enabling

the reconstruction of displaced vertices from its charged tracks.
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Figure 10. Number of signal events for the U(1)B−L model at
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s = 13 TeV expected for

L = 3000 fb−1 with the CMS 2DV+jets strategy. Reach for mixings in the electron (left) and

muon (right) sector are shown.

We focus on two models, namely the minimal U(1)B−L model and its U(1)X extension,

allowing a more general quantum charge assignments for an increased Z ′ production cross

section. We examine discovery prospects on a benchmark scenario near the limit of current

lepton resonance searches at the LHC, with the explicit parameters (mZ′ , g′1)=(6 TeV, 0.8).

We study production and decay of the heavy displaced neutrino to leptons and jets, and

reinterpret existing searches for displaced vertices. Our focus is on the current inner tracker

DV searches: an ATLAS search for at least one DV (ATLAS 1DV ID) and a CMS search

for exactly two DVs in multi-jet events (CMS 2DV+jets). We find that the ATLAS 1DV

ID is the most sensitive across a wide range in the light-heavy neutrino mixing and mass
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space. Mixings as low as ≈ 10−17 can be accessible for a heavy neutrino of mass around

hundreds of GeV.

By considering displaced vertices reconstructed inside the muon spectrometer

(MS) [66], one should be able to further constrain the parameter space of these heavy

neutrino models. The scenario with heavy neutrino masses lower than the ones considered

in this work was studied first in ref. [35] and later in ref. [45], the latter focusing on neu-

trinos which were pair produced from decays of the Higgs boson. The authors show that

mixings with muons as small as ≈ 10−14 can be probed at the LHC for heavy neutrino

masses below 60 GeV. In our case, the MS searches would be sensitive to even smaller

values of the mixing, below ≈ 10−20 (see figure 4). In view of the challenges in simulating

vertex reconstruction in the muon spectrometer, estimation of displaced efficiencies and

proper treatment of backgrounds, we leave this study for a future work.
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A Useful formulas

We write the partial decay widths of the Z ′ as a function of xH and g′1 taking xΦ = 1. The

partial decay width of the Z ′ into a pair of light neutrinos:

Γ(Z ′ → 2ν) =
mZ′

24π
gνL

[
g′1, xH

]2
, (A.1)

with gνL[g′1, xH ] ≡
(

(−1
2)xH + (−1)

)
g′1. The partial decay width of the Z ′ into a pair of

charged leptons:

Γ(Z ′ → 2`) =
mZ′

24π

(
geL

[
g′1, xH

]2
+ geR

[
g′1, xH

]2)
, (A.2)

with geL =
(

(−1
2)xH + (−1)

)
g′1 and geR =

(
(−1)xH + (−1)

)
g′1. The partial decay width of

the Z ′ into a pair of up-type quarks:

Γ(Z ′ → 2u) =
mZ′

24π

(
guL

[
g′1, xH

]2
+ guR

[
g′1, xH

]2)
, (A.3)

with guL =
(

(1
6)xH + (1

3)
)
g′1 and guR =

(
(2

3)xH + (1
3)
)
g′1. The partial decay width of the Z ′

into a pair of down-type quarks:

Γ(Z ′ → 2d) =
mZ′

24π

(
gdL

[
g′1, xH

]2
+ gdR

[
g′1, xH

]2)
, (A.4)

with gdL =
(

(1
6)xH + (1

3)
)
g′1 and gdR =

(
(−1

3)xH + (1
3)
)
g′1. In these partial decay widths,

terms involving the fermion masses are negligible because they are suppressed by mZ′ ,

which we take to be 6 TeV in this analysis. The partial decay width of the Z ′ into a pair

of Majorana heavy neutrinos for mZ′ > 2mN (at least) is

Γ(Z ′ → 2N) =
mZ′

24π
gNR

[
g′1, xH

]2
(

1− 4
m2
N

m2
Z′

) 3
2

, (A.5)

with gNR [g′1, xH ] =
(

(0)xH + (−1)
)
g′1. The partial decay widths of the heavy neutrino can

be found in ref. [17] for different masses, lighter and heavier than the SM gauge bosons.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] P. Minkowski, µ→ eγ at a Rate of One Out of 109 Muon Decays?, Phys. Lett. 67B (1977)

421 [INSPIRE].
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