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The U(1) extensions of the Standard Model contain a heavy neutral gauge boson Z'. If leptophobic, the
boson can evade the stringent bounds from the dilepton resonance searches. We consider two theoretically
well-motivated examples of leptophobic U(1) extensions in which the Z’ decays to right-handed neutrinos
(RHNSs) with substantial branchings. The coexistence of a leptophobic Z’ and the RHNs opens up a new
possibility of searching for these particles simultaneously through the production of a Z’ at the LHC and its
decay to a RHN pair. For this decay to occur, the RHNs need to be lighter than the Z’. Hence, we study this
process in an inverse seesaw setup where the RHNs can be in the TeV range. However, in this case, they
have a pseudo-Dirac nature, i.e., a RHN pair would produce only opposite-sign lepton pairs, as opposed to
the Majorana-type neutrinos, which can produce both same- and opposite-sign lepton pairs. Hence, the
final state we study has a same-flavor opposite-sign lepton pair plus hadronically decaying boosted W
bosons. Our analysis shows that the high luminosity LHC can discover a TeV-scale leptophobic Z’
decaying via a RHN pair in a wide range of available parameters. Interestingly, large parameter regions

beyond the reach of future dijet-resonance searches can be probed exclusively through our channel.

DOI: 10.1103/PhysRevD.106.095035

I. INTRODUCTION

One of the simple ways to extend the Standard Model
(SM) nontrivially is to append a local U(1) group to its
gauge structure. The U(1) extensions are well-motivated
in both top-down theories and bottom-up models, and the
associated literature is vast. A remnant U(1) symmetry that
is broken at about a few TeV leaving a massive vector
boson Z' can come from the grand unified theories (GUTS)
[1-3]. Reviews on the phenomenological aspects of Z’ are
found in [4,5] and references therein.
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Nonobservation of a Z’ resonance in the conventional
search channels at the LHC impels us to look for new channels
that are theoretically well-motivated. In this paper, we
consider a bottom-up model of a TeV-scale Z' in a U(1)
extension to study an unexplored search channel of Z’ through
its decay to a pair of right-handed neutrinos (RHNs, Np’s).
Adding a U(1) gauge group to the SM can lead to gauge
anomalies breaking the gauge invariance and renormaliz-
ability of the theory. These anomalies can be canceled by
introducing new chiral fermions such as the RHNs [6] or the
Green-Schwarz (GS) mechanism [7,8]. Therefore, RHNs are
present in most anomaly free U(1) models.

If the branching ratios (BRs) of Z' to RHN pairs are
large, they can provide a complimentary search channel of
7' leading to a discovery at the high luminosity LHC (HL-
LHC). The channel is also important from the RHN-search
point of view. Since the RHNs are singlets under the SM
gauge group, they can be produced from the SM fields only
through their overlaps with the SM neutrinos, which are
small. However, if a new particle decays to the RHNs, the
corresponding cross section can be large enough to observe
the process at the LHC.

Published by the American Physical Society
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So far, the LHC has looked for a TeV-scale Z’ in the dijet
[9,10], dilepton [11,12], diphoton [13,14], diboson [15,16],
and 77 [17,18] channels (see Ref. [19] for the prospects of Z’
searches in the dilepton channel at the HL-LHC); but not in
the RHN channel. Among the searched ones, the dilepton
resonance searches put the best limits on the Z’' mass. For
example, a sequential Z' (whose couplings to the SM
fermions are the same as the Z boson) is excluded up to
~5 TeV [11]. However, if the Z’ is leptophobic, it would
not couple to the SM leptons, and hence, it can still exist at
a relatively lower mass range since the bounds from the
other channels (like the dijet) are not so severe.

For our purpose, then, we consider a leptophobic Z’ that
largely decays to RHNs. The RHN channel has been
discussed in some phenomenological contexts earlier
[20-24], but not in a leptophobic setup. Thus, we focus
on the part of the U(1) parameter space that is unexplored
both experimentally and phenomenologically so far. A low-
scale leptophobic U(1) can be realized in the GUT models
[25-28]. It is also possible that the RHNs only cancel the
mixed U(1) gauge-gravity anomalies in the triangle dia-
grams, and some other mechanisms like the GS mechanism
cancel the rests. We discuss these possibilities in the next
section.

The RHNs can be of Majorana or Dirac type depending
on the seesaw mechanism in play. In the standard type-I
seesaw mechanism [29,30], one introduces very heavy
(~10'* GeV for order one Yukawa couplings) Majorana-
type RHN’s to explain the observed tiny masses of the light
neutrinos. In contrast, with the inverse-seesaw mechanism
(ISM) [31,32], they are pseudo-Dirac type but lighter—
about the TeV-scale, i.e., within the reach of the LHC.
Since we are interested in a Z’ decaying to a RHN pair
within the reach of the LHC, we consider the ISM.
Discussions on various phenomenological aspects of
U(1) extensions and ISM can be found in Refs. [33-39].
Heavy neutrino searches at future lepton colliders can be
found in [40-42].

In general, the pp — Z' - NNy process can lead to
various final states through different decays of the RHN
pair. We focus on those producing a same-flavor lepton
pair and W-like fatjets (see Fig. 1). When the RHNs are
Majorana-type fermions, they can produce both same-sign
(SS) and opposite-sign dilepton (OSDL) final states [43].
The SSDL channel is a clean probe of Majorana-type
RHNS5 because of the low SM background. However, since
the Dirac-type RHNs would produce only OSDL final
states, the SSDL probe would not work in presence of the
ISM. In other words, the presence of OSDL events but no
SSDL event can hint towards Dirac-type RHNs [44,45] and
hence, the ISM. Isolating the OSDL channel from its large
SM background, however, is a lot more challenging
compared to the SSDL channel. Here, we shall investigate
the prospects of the OSDL channel as the signature of the
ISM within a leptophobic U(1) set-up.

FIG. 1. A representative Feynman diagram of the signal process
leading to an opposite-sign muon pair and W-like fatjets in the
final state. In our analysis, we consider only muons for their high
detector sensitivity.

The paper is organized as follows: In Sec. II, we briefly
discuss the possible leptophobic U(1) constructions; in
Sec. III, we introduce the phenomenological Z' model and
discuss the latest LHC bounds on the parameter space; we
study the signatures arising from the pair production of
RHNs in Sec. IV; in Sec. V, we discuss the signal and
relevant SM background processes; finally, we conclude in
Sec. VIL

II. LEPTOPHOBIC U(1) EXTENSIONS

As discussed in the Introduction, we are interested in a
TeV-range leptophobic Z’ that resonantly decays to a RHN
pair. A Z' is naturally present in gauged U(1) extensions
of the SM as the mediator of the new force. In this section,
we theoretically motivate our desired scenario with two
examples.

A. A model with the GS mechanism

We extend the SM gauge sector by an additional Abelian
gauge group, U(1). and introduce operators to cancel the
new gauge anomalies through the GS mechanism. While
the GS mechanism normally does not require any addi-
tional chiral fermion, we introduce the RHNSs to cancel the
new gauge-gravity anomaly. The RHNs also participate in
the mass generation of light neutrinos through the seesaw
mechanism.

To realize the leptophobic nature of Z’, we assume the
SM leptons (¢, and eg) do not carry any U(1), charge.
However, we assume both the left- and right-handed quarks
to be charged under U(1), to produce Z’ at the LHC. There
are many possible charge assignments one can think of. We
assign a uniform U(1), charge of z, to all the left-handed
quarks and —z, to the right-handed ones. We introduce
three RHNs all of which are equally charged under U(1),
with charge Z,. We assume the SM Higgs doublet (H) to
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TABLE 1. The representations and charges for different par-
ticles in the GS model described in Sec. I A. Three fermions
come in three generations. We assume generation-independent
U(1), charges for all fermions.

SUEB), SUQ2), Uy u),
Representations Charges
q1 3 2 1/3 Zg
Upg 3 1 4/3 —Z4
dp 3 1 -2/3 —Z4
7 1 2 -1 0
er 1 1 -2 0
Npg 1 1 0 N
S 1 1 0 0
H 1 2 1 0
17 1 1 0 1

be chargeless under U(1),, and thus avoid tree-level Z <
7' mixing. We introduce a scalar flavon field ¢ with unit
U(1), charge. For the ISM, we need three singlet chiral
fermions, §;, one for every generation, which are neutral
under U(1).. The charge assignments of the fermion and
scalar fields are summarized in Table I.

Six new nontrivial gauge anomalies arise from U(1),
with the corresponding group theory factors (for every

generation):
() [SUQ)J[U()]: u[{T* T }z] = 122,
(i) [SU@) J[u(1).): tr[{T’ TJ}Z] = 6z,
(iil) [U(1)y]?[U (1)] wlY?z] =3z,
(v) [U(1)y][U(1).]*: u[¥Yz?] = 0
W) [U(l). ] = 1225 -
(vi) [RPP[U(1).]: tr[e] = 122, — zy

Note that the [U(1),][U(1).]* anomaly vanishes identically
for the charge assignments in Table 1. The cancellation of
the mixed gauge-gravity anomaly [R]*[U(1).] requires,

12z, —zy = 0. (1)

Therefore, we remain with only one free charge in our
model. To cancel the rest of the anomalies, we introduce a
Peccei-Quinn (PQ) term for the pure [U(1),]* anomaly and
a PQ and a generalized Chern-Simons (GCS) term for each
of the mixed ones following Ref. [8] (also see [46,47]),

1 (® . ]
‘CPQ = W < > ﬂppa[gZCZZZFI;UFg + gzg/czzyFl;,yF/)}/
+ §?C., FY FY + ¢*Dytr(Fiy FY)
+ g5 Dstr(F FY)]. )
1 % 2%
‘CGCS = @ﬂw/m[glzgz(‘:v);yBﬂ BVF/ +g gzgzZ‘B” BDF/

+ ¢?g. I BEQY + ghg. K3 BEQY7), (3)

where

(3 1 (o}
Qg,w = §tr[A'f;,W(Flc);,w - [A/é,w’A?;.W])

with Ay = {G.W}.
(4)

In the above, {G*, W BY.BY}, {gs.9.9.9.}, and
{FZ Fiy,, Fy, F"} are the gauge fields, gauge couplings
and the field strength tensors associated with the
{SU(3).,SU(2),,U(1)y,U(1),} groups, respectively
and © is the axion. Under the U(1), group, the axion
and B: fields transform as © — ©®+ Mg.0. and
B: — BY — 0"0., where 0, is a scalar function of spacetime
and M is the U(1), -breaking scale. As the Abelian U(1),
breaks at the high scale M through the Stiickelberg
mechanism, it introduces a massive Z’ in the TeV scale.
The coefficients C, D, &, and K are chosen such that the
anomalies are canceled.

To make the Yukawa interactions U(1), invariant, we
consider the following higher-dimensional operators,

+ (cyclic permutation)]

@ 2z, B @ 2z,
»C D—iu <K> EHMR —ﬂd<K> %HdR +H.C., (5)

where H is the Higgs doublet, H = ic,H*, and A, , are
coupling matrices. We obtain the SM Yukawa matrices by
replacing ¢ by its vacuum expectation value (VEV),
v, = (). We make a benchmark choice of z, =1/2
[i.e., zy = 6 from Eq. (1)] so that the ¢/A factor only
appears with integral powers in the Lagrangian (as it is
needed to keep the theory local).

The ISM can give us TeV-scale heavy sterile neutrinos
with O(1) Yukawa couplings [48-50]. We can write the
Lagrangian to generate the neutrino masses through the
ISM [31,32] as

Cov (PN LaNg e (2) Ve
R e i R, T Mg, A Ng,Sp,

+ %ﬂiiS_Z,SLi +H.c. (6)
Here, i, j are the generation indices. The M and y matrices
can be considered diagonal if minimal flavor violation is
assumed [51]. In that case, only the Dirac mass matrix my,
that arises from the term Y%, (o' /JN)WL; HN &, in the above
Lagrangian causes the flavor violation. The mass matrix in
the {v§, N, S¢} basis can be written as

0 mp 0
M, = | mp’ 0 Mg (7)
0 MRT H
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One gets the light-neutrino masses by block-diagonalizing
the above matrix as

m, = mp(Mg”)"' Mz~ 'mp”, (8)

where the small scale u, defined as p;; = pud;;, is generally
used as a measure of lepton-number violation (the lepton
number symmetry is restored in the 4 — 0 limit). Note that
the light neutrino masses are independent of the (v,,/A)*4
factor as it appears in both my and Mp. To find the sterile
mass states, one has to go to the {Ng, S; } basis where one
gets a 6 x 6 block matrix,

0 Mg
M6 = <M . ) (9)
R H

Diagonalizing it, we get the resulting pseudo-Dirac mass

states [52],
1
MN:§<uj:\/u2+4MR2>. (10)

From the neutrino mass observations and the recent
cosmological bound on the sum over neutrino masses
(O_im; £0.12 eV [53]), assuming the normal ordering,
we obtain the central values of the mass differences and the
angles as [54],

Am3, =7.39 eV?,
sin?(01,) = 3.1 x 1071,
sin?(6,3) = 2.246 x 1072,

Am2, = 2.449 eV2,
sin?(03,) = 4.5 x 1071,

In order to obtain the complete Yukawa texture of the Dirac

coupling (Y7;) one can use the Casas-Ibarra formalism

[52,55,56]" to get,
1
Y = ;Umnl/zRﬂ_1/2MNT, (1 1)

where U is the neutrino mixing matrix, R is a rotation
matrix, v is the Higgs VEV, and m,, = diag(m,, m,, ms)
and My = diag(M,, M,, M;)* are 3 x 3 mass matrices.

With the best fit central values of the neutrino oscillation
parameters and the low-energy CP-violating sources
switched off (by setting the Dirac and Majorana phases
in the neutrino mixing matrix to zero, as their presence does
not affect our results), we get

'The rotational mixing angle choices in the R matrix has been
kepttobe x — n/4,y — n/2,z — n/3. The orders of magnitude
of the Yukawa coupling and the light-heavy mixing are equally
sensitive to any other set of these values.

One can also take a democratic structure for My with the
choice M| ~ M, =~ M5, which is a feature of the ISM itself due to
the scale p creating such near degeneracy.

0.004 —-0.013 0.054
Y =1| -0.013 0.027 0.081
-0.053  0.007 0.043

To obtain this, we have assumed v,,/A ~ 1. (Note that even
though there are different scales in this model, they do not
have an unnatural hierarchy. The Stiikelberg scale M, the
Froggatt-Nielsen scale A, the Majorana mass scale Mg,
and the VEV v,, are all in the TeV range.) With the above
Yukawa matrix and our choice of scales, the light-heavy
neutrino mixing stands in the order of 10~ or less and
hence, our choice of parameters remains safe from the
current LFV bounds and, at the same time, does not lead to
any displaced vertex in the Ny decay at the LHC.

B. Leptophobic Z' in a GUT model

Generally, there is no leptophobia in conventional GUT
models since the fermion couplings are determined by their
embeddings in the gauge group. However, some distinct
regions of the parameter space can show leptophobia
through kinetic mixing [26-28]. For our purpose, we
assume that the Z’ arises from the breaking of the FEg
group to SU(2) x U(1)y x U(1), (we provide a brief
overview here—more details are found in Refs. [27,28]).
The symmetry-breaking chain goes as follows:

Eq — SO(10) x U(1),
- SU(5) x U(1), x U(1),
- SU(2), x U(1)y, x U(1),
- SU(2), x U(1)y. (12)

We identify U(1), as a linear combination of U(1), and
u(l),, with Q. = Q,,cosd — Q, sin@, where 0 is the Eg
mixing angle and Q, , are the quantum numbers of the
particles in the fundamental 27 representation of E4. The 27
representation decomposes further to a 16 + 10 + 1 under
SO(10). We assume the standard embedding where all the
SM particles, along with a RHN, are put in the 16. There
is no solution of  for which leptophobia can be achieved
if the Z'-couplings to fermions are proportional to Q..
However, a kinetic mixing term between U(1), and U(1),
of the form,
l. puv 7!
—EsmaB Z,,, (13)
can lead to leptophobia. Here, sin«a is the kinetic mixing

parameter. The kinetic mixing can be rotated away by the
following transformations,

B,=B,—tan aZ,; Z, =—* (14)
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TABLE II. The representations and charges for the SM fields
and the RHNSs in the standard embedding of the 27 representation
of Eg [28]. These charges are generation independent.

SU@).  su@), Uy uQ), u(l),
Representations Y O, o,
q 3 2 1/3 1/2v6  —1/2V/10
Ug 3 1 43 -1/2v6 1210
dpg 3 1 -2/3  —1/2v6 -=3/2V10
£; 1 2 -1 1/2v/6  3/2y/10
ex 1 1 -2 -1/2v6  1/2\/10
Ny 1 1 0 -1/2V6  5/2\/10

where B, (B,) and Z,, (Z,,) are the U(1), and U(1), gauge
fields before (after) the above rotation, respectively. The
corresponding gauge couplings are related as, ¢ = § and
g. = 3./ cos a. Finally, the normalized Z' interaction to a
fermion f can be written as

5 Y\-
LD —9; <\/;Qz + 52)fyﬂle/4-

In Table II, we summarize the charges of the SM fields
along with the RHN in the standard embedding. There are
additional fields present in the 27 representation of Eg.
However, we do not list them in Table II assuming they are
heavier than the Z'. Therefore, they do not contribute to the
Z' BRs and are irrelevant to our results.

The above coupling depends on two free parameters, 6
and §. One can, in principle, make two couplings of the Z’
vanish. For leptophobia, we demand that the Z’ couplings
to £; and ep vanish simultaneously. Of the six possible
embeddings [27,28], one possible leptophobic solution is
0 = tan~! \/3/5 and § = —1/3. Note that it is only the SM
leptons to which the Z’ has no couplings. However, it
still couples to the RHNs naturally present in the GUT

(15)

1.0 [ T T T T T
[ — NgNp
0.8 r
S 06}
1 [
N L
= 04r ]
= [
0.2} ]
0'0 L 1 1 1 1
0 2 4 6 8 10 12
ZN
(@)

FIG. 2.

framework. The RHNs can give masses to the light
neutrinos through the seesaw mechanism. We, however,
do not repeat a similar discussion on neutrino mass
generation in this context.

III. Z DECAYS AND BOUNDS

The leptophobic models with the Z' — NzNy decay can
be parametrized in a simple manner. For our phenomeno-
logical analysis, we consider the following Lagrangian for a
leptophobic Z' to make our presentation model independent,

LD %(ZML Gy ul 4 2, ik y ik + zg, di y'd;,

+ 24, diy"dy + 2yNry*Ng)Z,, (16)
where z, ., 24, ., and zy are the U(1), charges of left/right-
handed up-type, down-type quarks and the RHNSs, respec-
tively. The new U(1), gauge coupling is denoted by g,. In
general, in an anomaly free U(1) extension, the right- and
left-handed projections of a fermion have different U(1)
charges (like the hypercharges in the SM). They can be
generation dependent too. Here, we simply assume gener-
ation-independent U(1). charges for all fermions. For a
collider analysis, we can reduce the number of free param-
eters further. The production cross section ¢(pp — Z’) and
the partial decay widths of the Z' — gg decays are propor-
tional to the sum of the square of the left and right couplings
of the quarks. Therefore, it is possible to assume a single
effective coupling for a given quark type as long as we do not
use any asymmetry observable sensitive to the left and right
couplings separately. Hence, we can simplify the above
Lagrangian further as

LD % (zultir"u; + zgdiy"d; + 2yNgy"Ng)Zy,, - (17)

b2 2 2 g
with z; =z, + z;,- Since the up- and down-type quarks
(in a given generation) have different parton distribution

gol Mz=4Tev,g,=0.2 ]
2 60 1
> OO
E—?, L
& g0} ]
20 1
0 2 4 6 8 10 12
<N
(b)

(a) The branching ratios of the Z’ — NN, jj, tt decay modes and (b) the total decay width of Z’ as functions of zy. The jj mode

includes the bb final state. For these plots, we have set M, = 4 TeV, My = 0.5 TeV, g,=0.1and z, =z = L.
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functions (PDFs), we need to keep two separate free charges,
one for the up-type quarks (z,) and the other for down-type
quarks (z,), as different choices of z,, and z,; can change the
kinematic distributions. With these simplifications, we now
have a total of six free parameters in the model—the two
masses, Mz and My, the U(1), gauge coupling g,, and the
three charges z, 4 v-.

The tree-level partial decay widths of Z’ to a quark pair
and a RHN pair are given by the following expressions,

2.2 2 2\ 1/2
972 2M aM
['(Z - qq) = 1167;] M, (1 + M2q> (1 - qu
7 7

g2 AME
[(Z' — NgNg) = Z M, (1 -—52) . (18)
967 M%,

We show the BRs and the total width of Z’ as functions of
zy (while fixing the other free parameters fixed at some
benchmark values) in Fig. 2. As we increase z, keeping z,,
and z,; fixed, the Z' — NxNy BR increases. Hence, the
importance of searching for Z’ in the di-RHN mode grows
in the models with comparatively larger zy. The total width
plot confirms the validity of the narrow-width approxima-
tion in our case.

In our leptophobic U(1), models, the Z’' would be
produced at the LHC through the quark-antiquark fusion
processes. We parametrize the production cross section of
Z' as

2
o(pp > Z') = Kqcp ¥ ZZ[Zggu(MZ’) +z50(M7z)), (19)
where 6,(M,) and 64,(M,) parametrize the respective
contributions from the up-type (except the top) and down-
type quarks. The higher-order QCD corrections to the
production cross section are factored in Kocp. We use a
constant Kocp of 1.3 for all values of M [S57].

The leptophobic Z' would decay to both fermionic (jj,
tt, and NpNy) and bosonic (WW and ZH) final states.
Since, the two bosonic decays of Z' are Z <> Z' mixing-
angle suppressed, the major constraints on the free param-
eters come from the dijet resonance searches at the LHC.
The ¢ resonance search data give less restricted bounds
than the dijet data due to less sensitivity. In Fig. 3, we recast
the latest ATLAS dijet resonance search data [9] to obtain
the allowed regions in the z, — z,; plane. We choose three
benchmark values of zy for which BR(Z' — NiNy) is
about 25%, 50%, and 75%. The open regions in the z,, — z,4
plane are elliptic in shape since the PDFs of the up and
down quarks in proton are different.

IV. PAIR PRODUCTION OF N

If the RHNs are highly charged under the U(1),, the
7' — NNy mode can have high BR. In that case, the dijet
constraints would relax, making the pp — Z' - NNy

3.0 T
L M, =3TeV, g,.=0.1 B zy=12 (77%) ]
» zy=7 (53%
a5l N=7 (53%)
» [ zy=4 (27%)
20f
J 15f
Lo}
05f
oot
00 05 1.0 1.5 20 25 3.0
|zul
(a)
95— -
[ My=3TeV, zy=7 L g.=0.1
[ g,=0.2 ]
2071 [g=03 1
1.5+ :
=
N
1.0+ :
0.5 :
oo
0.0 0.5 1.0 1.5 2.0 2.5
|Zul
(b)
of &=0L an= 0 M, =5 TeV
[ My =4 TeV
o [l My =3 TeV
af .
I
— 3r ]
2f .
1F .
of : : — : ‘ L]
0 1 2 3 4 5 6
EA|
()
FIG. 3. Allowed regions in the z, —z; plane from the dijet

resonance search data [9]. The Z’' — NzNy branching ratio is
roughly 27% in (a), 53% in (b), and 77% in (c).
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channel a promising new channel for the discovery of Z’ at
the HL-LHC. The RHNs can mix with the SM neutrinos
and decay to the SM states: W£F, Z(v + 1), H(v + D).
The Goldstone boson equivalence theorem tells us that
the Ny — W*£T decay has 50% BR whereas Z(v + 7) and
H(v+7) have 25% each in the large-My, limit. The
proportions would slightly change because of the number
of the RHNSs, their mixing effects and the presence of
Majorana phases. For our analysis, however, we assume a
fixed 50% BR for the Ny — W*£F mode for simplicity.
This means about 25% of the N pairs produced at the LHC
via Z' decay would show our desired signature, i.e., a same-
flavor opposite-sign lepton pair plus two W-like fatjets
(Fig. 1). If, however, the RHNs were Majorana fermions,
then a neutrino pair would show the OSDL or SSDL
signatures with 12.5% probability. Hence a charge-agnostic
selection criterion in the experiment, as is often the case
will not let us distinguish the nature of the RHNs.
Nonobservation of any same-sign dilepton signature along
with the opposite-sign dilepton events can hint towards the
inverse seesaw mechanism of neutrino mass generation.

Apart from the OSDL channel, the pp — Z' — NxNg
process would lead to more interesting final states. In terms
of the decay modes of RHN, we can have two types of
channels namely the symmetric, when both the Ny’s decay
to the same final state, and the asymmetric, when they
decay to different final states. One can also categorize these
channels in terms of the number of charged leptons in the
final state. We discuss some of these channels below.

Monolepton: The monolepton final states come from
some asymmetric decays of N,

pp > Z' - NxNp — { (Whi{qc)(ZhD) } (20)

(Wi %) (Hyv)

Here, W,,, Z;, and H,, stand for the hadronic decays of the
gauge and Higgs bosons. The full Z’ reconstruction in this
channel is not possible due to the missing energy (though,
one RHN can be reconstructed). Moreover, the SM back-
ground is also huge. Possibly because of these reasons, the
prospects of this channel at the HL-LHC are not available
in the literature (to the best of our knowledge). In terms of
BRs, this channel has a higher rate than the multilepton
channels discussed below. Moreover, one could use the jet-
substructure techniques to isolate the signal from the
background as the signal has two fatjets from the hadronic
decays of the SM gauge bosons. The dominant background
to this process is pp - W + jets — £v + jets where the
lepton neutrino pair comes from a resonant W decay,
whereas in the signal, the lepton and the neutrino come
from two different heavy RHNs. Hence, the Zv pair is
kinematically distinct in the signal and the background.
This feature can be use to tame the huge background.
Therefore, it would be interesting to obtain the projection of

the monolepton channel for the HL-LHC using machine-
learning techniques.

Dilepton: The dilepton final states arise from some
symmetric decays of a Ny pair,

pp = Z' — NgNg — (WiEeF)(WEET). (21)

The dilepton final state can also come from the
leptonic decays of the Z boson: NxNp — (Z.v)(Zyv) +
(Z,v)(Hv). However, we neglect this contribution mainly
because of two reasons. First, the contribution of this
channel is insignificant due to the small Z — £¢ branching
and the fact that it cannot be fully reconstructed due to the
missing energy. Second, to suppress the huge Drell-Yan
dilepton background, a Z-veto cut would be necessary,
which would also eliminate a part of this small signal.

If the RHNs were Majorana fermions, as it would have
been the case in the standard type-1 seesaw models, they
could violate the lepton number by two units and produce a
unique SSDL signature [21-23]. The SSDL channel is
almost free from the background and is commonly
expected to give better sensitivity.

Trilepton: Both symmetric and asymmetric decays of a
Ny pair can lead to the trilepton signature,

(WE£T) (Wi )
pp—)Z’—)NRNR—>{ } (22)

(Wit ™) (Zev)
It has been investigated in Refs. [58,59] where it was shown
that this channel has good sensitivity over the SM back-
ground. A four-lepton final state is also possible from the
NpNy decays. It has been investigated in Ref. [60] in the
context of a U(1),_, model.

Displaced vertex: If the decay widths of the RHN's are very
small (which happens when the tiny light-heavy neutrino
mixing angle dictates the decays of the RHN), they become
long-lived and might lead to displaced vertices [61-63].
When the decaying particles are highly boosted, their life-
times in the lab-frame are enhanced by the time-dilation
effect. This is usually the case for the lighter RHNs. The pair
production of light RHNs from a Z’ in the U(1)z_, models
has been investigated in Ref. [64]. Since the RHNs are TeV-
scale particles in our model, they are not very boosted and
therefore, do not show the displaced vertex signature.

V. THE SIGNAL AND BACKGROUND PROCESSES

The public packages we use for our analysis are as follows.
We obtain the Universal FeynRules Output [65] model files
for the Lagrangian in Eq. (16) with FEYNRULES [66]. We use
MADGRAPH5 [67] to generate the signal and background
events at the leading order using NNPDF2.3L.O PDFs [68]. For
event generation, we use the default dynamical renormaliza-
tion and factorization scales in MADGRAPHS. Events are first
passed through PYTHIAS [69] for showering and hadroniza-
tion and then subsequently through DELPHES [70] for
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simulating the detector environment. Jets are formed from
the tower objects using the anti-k, jet clustering algorithm
[71] in FASTIET [72]. In our analysis, jets with two different
jet-radii (R’s) have been used [73]; the AK4-jets with R =
0.4 (denoted as “j”) and the AKS8-fatjets with R = 0.8
(written as “J”).

A. The signal

As mentioned earlier, we are interested in a same-flavor
opposite-sign lepton (muon) pair and W-like fatjets in the
final state,

pp —>7Z = NgxNg = ptu= +2J. (23)

A representative Feynman diagram is shown in Fig. 1. For
demonstration, we assume that out of the three generations
of RHNSs, only one that couples with the muon is lighter
than M, /2 so that it can be produced from the Z' — NxNpg
decay. Moreover, when it decays, it produces a muon
through the Ny — W*u¥ decays. The choice of muon is
motivated by the fact that the muon-detection efficiency is
high at the LHC.

B. Dominant background processes

In the SM, the dominant sources of dilepton and jets are

as follows:

(1) Z + jets: The largest source of dileptons in the SM
is the Drell-Yan process, pp — Z/y* = £1¢~. We
simulated it by matching up to two extra partons.
The extra QCD jets can mimic the W-like fatjets.
This is the major background for our signal. However,
it can be tamed with a strong Z-mass-veto cut.
Another monoboson process with large cross section
is pp - W — £vwhich gives one lepton. The second
lepton can come from a jet faking as a lepton.
However, due to the small mistagging efficiency
(~107% [74]), this process does not play any signifi-
cant role.

(i) W + jets: This process produces one lepton when
the W decays leptonically. However, similar to the
Z + jets case, a fake lepton can come from the jets.
We consider it despite the mistagging efficiency as
its cross section is large, it is of the order of 10° pb.
However, its contribution to the final background is
negligible. (For the same-sign dilepton signal, this
process is one of the major backgrounds.) We
include up to three additional jets while generating
the matched sample.

(ii1) 7t + jets: The pair production of top quarks also acts
as a source of high-p; dileptons when both decay
leptonically. Since the QCD jets can mimic W-like
fatjets, this process can lead to a similar final state as
our signal. It forms one of the major sources of the
background. We generate this process by matching
up to two jets.

TABLE III. The SM background processes considered in our
analysis and their higher-order QCD cross sections [75]. The
corresponding QCD orders are shown in the last column. These
cross sections are used to compute the constant QCD K-factors
that we multiply with the tree-level cross sections obtained from
MADGRAPH to incorporate higher-order effects.

Background processes o (pb) QCD order
V + jets [76,77] Z + jets 6.33 x 10* NNLO

W + jets 1.95 x 10° NLO
1t [78] 1t + jets 988.57 N3LO
Single ¢ [79] 1% 83.10 N’LO
VV + jets [80] WW + jets 124.31 NLO

WZ + jets 51.82 NLO

ZZ + jets 17.72 NLO
1tV [81] ttZ 1.05 NLO + NNLL

1w 0.65 NLO + NNLL

(iv) tW + jets: Single top process such as pp — tW also
contributes to the background when both the top and
W decay leptonically and the QCD jets mimic the
W-like fatjets. We generate it in a five-flavor scheme
by matching the hard process with up to two
additional jets. This process contributes significantly
to the background.

(v) VV + jets: Two same-flavor leptons can also come
from the following background processes: W,W,,
W,Z,, 2,2, and Z,H,, (the subscripts “£” and “h”
denote the leptonic and hadronic decays, respec-
tively). A Z-mass veto can effectively control the
processes involving the Z — £¢ decay. The W,W,
process turns out to be the top contributor among all
the diboson processes. We generate the events of these
processes by matching them with up to two extra jets.
However, as we will see in the next section, the total
contribution of these processes in the final back-
ground after applying all the cuts is not significant.

(vi) 1tV: The associated production of a massive vector
boson with a top-quark pair can also act as a
background. Depending on the decay modes, the
processes, tyty 2y, tet; Wy, tyt,Wp, and t,t,H; can
contribute to the background. These are minor
backgrounds and hence, we generate these without
adding any extra jets.

The cross sections of the background processes at the
highest order in QCD available in the literature are listed in
Table III. We include the higher-order cross sections in our
analysis through K-factors.

VI. PROSPECTS AT THE HL-LHC

Since, some of the background processes are large, we
apply the following generation-level (preselection) cuts at
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TABLE IV. Number of signal and background events surviving the selection cuts defined in the text. These numbers are computed for
the /s = 14 TeV LHC with £ = 3000 fb~!. In the first row, the numbers of generation-level events are estimated by applying the
generation-level cuts at the parton level. We use the benchmark point M7 = 3500 GeV, My, = 1000 GeV and g, = 0.1 to get these
numbers. The selection cut Cs is not applicable for this benchmark choice.

Selection cut Signal Z + jets 1t + jets tW 4 jets WW + jets uw 1tz
Generation level (including K factors) 252 3.3 x 10° 44 x10° 1.8 x 10* 9458 877 327
Number of muons = 2 (any charge) 179 22 x10° 22 x10° 1.1 x 10* 7820 480 160
Number of b-jet = 0 (AK4 jets) 176 22x10° 1.4 x 10° 1.0 x 10* 7780 323 108
Selection cut C; 171 1.6 x 10° 8.1 x 10* 6840 6918 323 62
Selection cut C, 169 1.2 x10° 7.9 x 10* 6630 6530 214 61
Selection cut C; 121 2.6 x 10* 1.3 x 10* 1148 1633 61 16
Selection cut Cy4 115 5937 1692 198 444 7 1

Selection cut Cg 109 212 23 1 12 <1 <1

the time of parton-level event generation to save compu-
tation time,

pr(1), pr(pz) > 100 GeV; M(uy, pp) > 120 GeV,

where py(u) and pr(u,) are the transverse momenta of
leading and subleading pr-ordered muons and M (u;, u,)
is the invariant mass of the muon pair. These strong cuts
affect both the signal and the background event generations
but they drastically reduce the large backgrounds by about
two-three orders of magnitude. More advanced cuts are
applied at the final selection level. To generate the W + jets
background, where two leptons are not present, we apply
only the py(u) > 100 GeV cut at the generation level.
For our analysis, we apply the following selection cuts in
sequence.
C,. Transverse momenta of the two muons should
satisfy, pr(u;) > 150 GeV, pr(u) > 100 GeV.
C,. Invariant mass of the muon pair, M(u,u,) >
200 GeV.

357 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv =l

3.0f
L 8z
1.00

2.5}

2.0f

0.30

M, (TeV)

0.17

0.04

1.0F
[ 0.02

0.5}

Mz(TeV)
(@)

Cs. Fatjet mass, |M(J;) — my| < 40 GeV, where i goes
up to 2 in the events with two or more fatjets.

C4. In the events with only one fatjet, the invariant mass
of one fatjet-muon pair should satisfy, |M(J,u;) —
My, | <0.25My, where i = 1 or 2. For the events
with more fatjets, the leading two fatjets and muon
pairs should satisfy the following two criteria,

(a) Both |[M(Jy.p;) = My, | and [M(Js, p;) = My, |
must be less than 0.25MNR, where i # j and i,
j=1or2, and

(b) M(Jy, Iy, 1, y) > Min(0.6M , 1800 GeV).

Cs. For M, <3000 GeV, the fatjet N-subjettiness ratio
should satisfy, 7,,(J;) < 0.6 where i goes up to 2
when there are two or more fatjets present.

Ce. The scalar sum of p; of all visible particles in the
final state, S; > Min(0.6M,, 1800 GeV).

The effects of these cuts are shown in the cutflow table
(Table IV). There the numbers represent the number of
events (at the /s = 14 TeV LHC with £ = 3000 fb~! of
integrated luminosity) surviving after each cut. The table is

357 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv =l

3.0f

251

2.0

My, (TeV)

1.0f

0.5¢

Mz(TeV)
(b)

FIG. 4. My, — My, plot demonstrating regions (a) for discovery with 5¢ significance (b) for exclusion with 26 significance. The

contours in the left (right) plot correspond to different values of g,.
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Regions in the z,, — z; plane that can be probed through the RHN-pair-production channel with more than 5S¢ significance at

the HL-LHC for 3000 fb~! integrated luminosity. These regions are allowed by the latest dijet search data as presented in Fig. 3. The
region shown in (d) is beyond the projected reach of the dijet channel but can be probed with more than 5¢ significance using our

channel.

generated for the benchmark parameters: M = 3500 GeV,
My, = 1000 GeV and g, = 0.1.

To estimate the contribution of jets faking as leptons
to the background from the W + jets process, we follow a
simple method. We treat the leading or subleading AK4 jet
as the second lepton. We ensure the fatjets do not overlap
with the fake lepton. After applying all cuts and multiply-
ing with a jet-faking efficiency of 10™* [74], W + jets
contributes negligibly to the total background.

The signal significance is given by the Z score which can
be estimated as

Ng+ N
Z = \/2(NS + Njg)In (%) —2Ng,  (24)
B

where Ng (Np) is the number of signal (background) events
at the /s = 14 TeV LHC surviving the set of cuts at
3000 fb~! of integrated luminosity. Figure 4 shows the 5¢
discovery and the 20 exclusion reaches in the M, — My,
plane for a range of the coupling g,, defined in Eq. (16).
The contours in Fig. 4 represent particular values of g,.
There are three free charges present in our simplified
model. In a strict sense, our results are valid only when
the narrow-width approximation is valid. For a very large
coupling, the large width would eventually affect the
distributions and the discovery/exclusion reaches.

We present the regions that can be probed with the
opposite-sign-dimuon channel with more than 5o signifi-
cance at the HL-LHC in Fig. 5. These regions are allowed
by the latest dijet resonance search data. It is interesting to
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FIG. 6. Regionsin z, — z,; plane that are beyond the projected HL-LHC reach in the dijet channel but can be probed with more than 5S¢
significance using our channel. The back dots represent the (a) leptophobic GS and (b) leptophobic GUT models discussed in Sec. II.

note that large regions of the parameter space remain open
for the channel considered here. When the luminosity
increases in the future, the dijet bound would also improve.
Since the current bounds are obtained for about 140 fb~! of
integrated luminosity, at the HL-LHC, the upper limit on
the production cross section in the dijet resonance
search channel will come down roughly by a factor

1/3000/140 ~ 4.65. With this projected dijet bound, we
see that large regions of the parameter space remain
exclusively open for our signal channel. For example, in
Fig. 5(d), we show a region in which the dijet channel
cannot probe at the HL-LHC, but the RHN pair production
through a Z’' channel can. In our leptophobic GS and the
leptophobic GUT models, the charges z,, ;v are fixed. In
Fig. 6, we show the regions in z, — z,; plane which can be
probed exclusively at the HL-LHC with our signal for some
benchmark choices of the free parameters (where z, values
are motivated from the models discussed in Sec. II). In
Figs. 6(a) and 6(b), we show the black dots representing the
leptophobic GS and leptophopbic GUT points, respectively.

VII. SUMMARY AND CONCLUSIONS

We investigated the HL-LHC prospects of a leptophobic
heavy neutral gauge boson Z’ that decays to a RHN pair.
The Z' — NiNy channel has not been searched for in the
LHC experiments. Since the RHNs are SM-gauge singlets,
it is tough to produce them at the LHC. However, the
production rates of the RHNs can be considerable if they
are produced in the decay of another BSM particle, e.g.,
W' = €Ny or Z' — NxNp, etc. Experimental searches of
correlated W' and Ny signatures have been performed
before at the LHC, but not the correlated Z' and Ny search;
even though the pp — Z' — NxNy channel is present in
many simple extensions of the SM, like the left-right

models [20], or the anomaly free U(1) extensions
[21,22], etc. In these models, the Z' — #¢~ channel
dominates almost in the entire parameter space, and hence,
normally, one would not consider the Z' — NxNy channel
as a primary channel to probe the Z'. However, the RHN
channel becomes important in a leptophobic Z' model—it
can even be the dominant channel if BR(Z' — NiNy) is
high. This is essentially the main novel aspect of our study.

One can realize a leptophobic Z' with high branching to
RHN pairs using the GS anomaly cancellation mechanism
or within the GUT models. As a motivation, we illustrated
two such examples where we get a leptophobic Z'. We
introduced a phenomenological Lagrangian representing a
class of leptophobic U(1) extensions. Our model-indepen-
dent setup contains only a few free parameters relevant for
the collider analysis [the new U(1) gauge coupling, the
three U(1) charges, and the two masses]. One can easily
map the parameters onto a wide class of low-scale
leptophobic Z' models containing the Z' — NyNy decay
mode and use our results directly. Of the final states arising
from the subsequent decay of the RHNs in the RHN-pair
channel, we considered the opposite-sign dilepton
(dimuon) plus at least one W-like fatjet final state. The
opposite-sign dilepton is a signature of the Dirac-type
RHNs or equivalently, the inverse-seesaw mechanism
generating the neutrino masses. The same-flavor OSDL
channel is vital for probing the RHNs produced either from
a heavy gauge boson like the Z' or W' [82].

In the absence of the dilepton bounds, the major
constraints on our model parameters come from the dijet
resonance searches at the LHC. Considering the latest
results from the LHC, we found that large regions of
the parameter space are open for the Z' — NzNy channel.
We also found that this channel can probe regions beyond
the reach of the dijet channel at the HL-LHC.
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