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In this paper, we explore the constraints that the LHC can place on a massive gauge boson X that
predominantly couples to the third generation of fermions. Such a gauge boson arises in scenarios where the
B − L of the third generation is gauged. We focus on the mass range 10 ≤ mX ≲ 2mW , where current
constraints are lacking, and develop a dedicated search strategy. For this mass range, we show that
(semi)-leptonic bþb−τþτ− is the optimal channel to look for the X at the LHC. The QCD production of b
quarks, combinedwith the cleanliness of the leptons coming from the decay of the τ, allows us to detect theX
gauge bosonwith couplings of gX ∼ ð0.005–0.01Þ, formX < 50 GeV, and a coupling ofOð0.1Þ for a heavier
X gauge boson with 100 fb−1 of integrated luminosity. This is about a factor of 2–10 improvement over
previous constraints coming from the decay of ϒ → τþτ−. Extrapolating to the full HL-LHC luminosity of

3000 fb−1, the bounds on gX can be enhanced by another factor of
ffiffiffi
2

p
for mX < 50 GeV.
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I. INTRODUCTION

Even though numerous experimental measurements
attest to the validity of the Standard Model (SM), some
enigmatic observations such as dark matter and neutrino
masses compel us to look for new physics (NP) beyond the
SM. Many NP models propose augmenting the SM gauge
groups by a new gauge symmetry, with Uð1Þ being a
popular choice. On the other hand, it is well known that the
SM Lagrangian respects some global Uð1Þ symmetries that
are not demanded beforehand. Some of these so-called
accidental symmetries are anomaly free and can be gauged,
either within the SM alone or with minimal extension
[1–5]. Given that nature already approves of the SM, it is
worthwhile to explore extending the SM using its own
suggested symmetries.
Among the possible symmetries, new interactions that

involve electrons or the first two generations of quarks are
severely constrained in various collider searches [6–11]
and low-energy experiments [12–15]. The Uð1ÞLμ−Lτ

symmetry—the difference between muon and tau
number—has also received a lot of attention in recent
years [3,16–30], and much of its parameter space is already
being probed. That leaves us with new gauge bosons that

interact predominantly with the third generation of fer-

mions. One such possibility is Uð1Þð3ÞB−L, the difference
between baryon number and lepton number of the third
generation, which is anomaly free and guageable provided
we augment the SM by a right-handed neutrino [31–34].
The Uð1Þð3ÞB−L extension of the SM was discussed in

Ref. [32] to explain the flavor alignment of the third
generation of quarks—the empirical observations that the
mixings of the third generation of quarks with the other two
generations are very small. Distinguishing the third gen-
eration by assigning it new quantum numbers under an
additional symmetry prohibits the mixing with the third
generation of quarks1 and thus justifies its flavor alignment.
Of course, the symmetry needs to be broken at some
scale to allow small, yet nonzero mixing between the
generations [35].
To achieve nonzero mixing between the generations

at low scales, the Uð1Þð3ÞB−L symmetry needs to be sponta-
neously broken by a scalar ϕ that is charged under
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1By distinguishing the third generation of quarks under the
new symmetry, Uð1Þð3ÞB−L, the Lagrangian terms yuijQ̄iH̃uj þ
ydijQ̄iHdj, with ij ¼ 13, 23, 31, 32, are forbidden. Therefore,
as long as this symmetry is preserved, the physical top and
bottom (in their mass basis) are completely aligned with their
weak interaction basis. However, empirical observations show
that the mixing is not exactly zero. To generate nonzero mixing,
Uð1Þð3ÞB−L must be spontaneously broken by another scalar ϕ at a
scale below the electroweak scale.
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Uð1Þð3ÞB−L × GSM and acquires a vacuum expectation value
(vev). For certain charge assignments and coupling struc-
ture, it is possible to generate a realistic Cabbibo–
Kobayashi–Maskawa (CKM) matrix while relegating all
tree-level flavor-changing neutral currents (FCNCs) to the
up-quark sector [32] (see also the Appendix C). The up-
sector FCNCs are suppressed by powers of CKM elements;
however, they—along with the down-sector FCNCs they
generate at loop level—are constrained by multiple low-
energy experiments. The constraints from experiments such
as BABAR [12], E949 [36,37], BESIII [38], and CHARM-II
[39] are severe but peter out oncemX≳5GeV. Furthermore,
the direct coupling of X with the third generation of
fermions can also contribute to the decay ofϒ → ττ, which
constrains the available parameter space for X near mX ∼
mϒ ≃ 10 GeV [40]; however, the contribution of off-shellX
to ϒ decay dies off rapidly as we move away from mϒ.
The mX window less than about 10 GeV is only loosely

constrained and is therefore the focus of this study. In practice,
we impose an upper limit ofmX < 2mW , as the interaction of
X with W gauge bosons is closely tied to the mixing angle

between Higgs and theUð1Þð3ÞB−L breaking scalars ϕ and thus
introduces multiple additional parameters; X in this range
could conceivably be constrained by LHC resonant diboson
searches such as Refs. [41–45]. For even largermX > 2mt,X
phenomenology is driven by decays to top pairs. In this sense,
X phenomenology can be mapped into Z0 → tt̄ searches,
which have been studied extensively [46–62].
Having selected the X mass window we are interested in,

the next step is to determine the optimal LHC X production
mode and decay channel. As X has suppressed couplings to
first and second generation fermions, we either have to rely
on the b parton distribution function (PDF) (for pp → X)
or to produce the X in association with third generation
fermions, e.g., pp → f̄fX where f ¼ t=b=τ=ντ. The PDF
of the b quark is small; therefore, we focus on associated
production.2 The production of colored objects at the LHC
is significantly larger than leptons; therefore, we will
concentrate on the scenario where X is produced in
association with a pair of b quarks. Associated production
of X with top quarks is also an option but suffers in rate due
to the increased energy requirement as well as in
reconstruction complexity, so we do not consider it here.
Turning to X decay, if X decays to a pair of b quarks, we

have a four-b final state, which makes QCD backgrounds
overwhelming and introduces a combinatorics problem.
Among the leptonic decays of X, τs are more preferable
because they give more handles for kinematic variables.
Thereby, we settle on pp → bb̄X → bb̄τþτ−.
One may think that further focusing the search on

the Z resonance contribution is a useful way to suppress

backgrounds, as done in Ref. [29] for the case of Uð1ÞLμ−Lτ

gauge bosons in pp → 4μ. However, the poorer energy
resolution for jets (as compared to muons in Ref. [29]) and
the inevitable missing energy from neutrinos in tau decay
hamper this technique, and we find it is more beneficial to
focus on QCD-produced bb̄ pairs that emit an X → τþτ−.
The channel bb̄τþτ− has already attracted some attention

at the LHC in the search for the third generation lepto-
quarks [63,64] and di-Higgs searches [65–67]. However,
due to their particular optimized cuts, these analyses will
have limited to no sensitivity to X in our mass range of
interest. More specifically:

(i) the search for the third generation leptoquarks
[63,64] is ineffective because they impose mτb >
250 GeV, whereas we find that our signal prefers
mτb < 150 GeV for mX ≤ 2mW.

(ii) the CMS di-Higgs search [65] considers bb̄τþτ−
in the mass window 400 GeV < mbbττ < 700 GeV.
In our signal, however, the production of bb̄X is
maximum at threshold, which means even for
mX ¼ 2mW we expect most of our events to lie in
the mbbττ < 350 GeV region.

(iii) the results of other CMS di-Higgs searches [66,67]
are not easily recastable because they use a boosted
decision tree.

Given the lack of constraints from the current LHC
searches or any other experiments, in the following

sections, we develop a LHC search strategy for Uð1Þð3ÞB−L
gauge bosons, 10 GeV ≤ mX ≤ 2mW , using the bb̄τþτ−
final state. We will assume throughout that X is short lived
and therefore focus on prompt signals. Long-lived X,
leading to displaced vertices at the LHC, may be interesting
to study but likely require extending the setup in some
way.3 For the case of fully hadronic bb̄τþτ− (prompt), the
QCD backgrounds are overwhelming. Therefore, we will
narrow our attention to semileptonic and fully leptonic
decays of τs. Despite the large SM backgrounds (e.g.,
tt̄ → bb̄W�W� → bb̄τþτ− þ =ET), we show that the LHC-
13 TeV, with the currently luminosity, can significantly

improve the bounds on the Uð1Þð3ÞB−L gauge coupling gX.
The organization of the rest of the paper is as follows. In

the upcoming section (Sec. II), we introduce the model,
including the free parameters we will consider for the
phenomenology of X gauge boson at the LHC. Next, in
Sec. III, we explore the LHC power in improving the
bounds using simple kinematic variables—both for
mX < mZ (Sec. III A) and for slightly heavier mX ≳mZ
(Sec. III B). Finally, some concluding remarks are pre-
sented in Sec. IV.

2While they are smaller, we do include processes initiated by b
PDFs in all our analyses.

3In the current setup, the X lifetime and production rate are
governed by the same coupling, so one cannot make the particle
long lived without killing the production rate.
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II. U(1)(3)B−L MODEL

We study a model where the SM gauge symmetries are

extended to include Uð1Þð3ÞB−L symmetry—the difference
between the baryon number and the lepton number of
the third generation. This symmetry is anomaly free,
provided that we include a right-handed tau neutrino ν3R
to the SM. The charge assignments of the fermions are
ðQ3L; u3R; d3RÞ∶1=3 and ðl3L; eeR; ν3RÞ∶ − 1, with all first
and second generation fermions inert.

From various observations, we know the exact Uð1Þð3ÞB−L
symmetry is not realized in nature at low scales and thus
must be broken. The simplest mechanism to spontaneously

break Uð1Þð3ÞB−L is to add some scalars charged under

Uð1Þð3ÞB−L symmetry that acquire vevs. To make the model
phenomenologically viable, we actually have to introduce
two Uð1ÞB−L charged scalars: an SM singlet s with
Uð1ÞB−L charge þ1=3 and ϕ, an SM SUð2ÞW doublet
with hypercharge þ1=2 (identical SM shares as the Higgs)
and Uð1ÞB−L charge þ1=3 [32]. The table of particles

charged under Uð1Þð3ÞB−L is shown in Table I. The ϕ field is
needed to connect first and second generation quarks to the
third generation quarks via renormalizable interactions,

while the additional source of Uð1Þð3ÞB−L breaking from the s

field allows us to decouple the mass of the Uð1Þð3ÞB−L gauge
boson X from the electroweak breaking scale. Note that
Yukawa terms involving only third generation fields
involve the Higgs, not s or ϕ, and that renormalizable
intergeneration interactions involving the third generation

between leptons are forbidden by the Uð1Þð3ÞB−L charge
assignment. Neutrino masses can be accommodated via
higher-dimensional operators or via further extensions of
the model by vectorlike matter [32]. The modification to
the Lagrangian can be found in Appendix B.
In this paper, we are interested in the phenomenology

of the X gauge boson. The X gauge boson appears in the
covariant derivative of the third generation fermions,
indicating a tree-level interaction of X with third generation
of fermions in the interaction basis. Another place X

appears is the covariant derivative of scalars (s and ϕ),
which not only results in X acquiring a mass (once hϕi,
hsi ≠ 0) but also leads to tree-level interactions of X with
scalars. Furthermore, because ϕ is charged under both

SUð2ÞW × Uð1ÞY and Uð1Þð3ÞB−L, its kinetic term induces a
mixing with X and Z gauge boson with an angle [32]

sX ≡ 2

3

gXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p v2ϕ
v2

; ð1Þ

where ðvϕÞ represents ϕ vev and v¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2ϕþv2h

q
¼246GeV,

with vh being the Higgs vev. Therefore, in the mass basis,
the (mass eigenstate) X boson interacts with Z current with
a coupling proportional to sX, while the (mass eigenstate) Z
boson interactions will be modified by an amount propor-
tional to sX.
In addition to X, the model contains several new scalars

(from ϕ, s) and a right-handed neutrino. For simplicity, and
following Ref. [32], we assume that these states are all
heavier than mX=2, so they play no role in our analysis.
The relevant model parameters to study Xμ phenom-

enology are the X mass (mX), the Uð1Þð3ÞB−L gauge coupling
(gX), and the rotation angle between Z and X (sX). Rather
than use sX, we find it more convenient to work with
tan β ¼ vh=vϕ. In terms of these parameters,

m2
X ¼ 1

9
g2X

�
v2ϕv

2
h

v2
þ v2s

�
¼ 1

9
g2X

�
v2

tan2β
ð1þ tan2βÞ2 þ v2s

�
:

ð2Þ

Notice that the presence of vs means mX is not tied to the
electroweak scale and can, in principle, be large.
In the gauge interaction basis, the interaction between

fermions and the (mass eigenstate) X gauge boson has the
form cαf̄αγμfαXμ, with

cα ¼ gXqXα þ sX

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

q
qZα

¼ gX

�
qXα þ 2

3
qZαð1þ tan β2Þ−1

�
: ð3Þ

Here, qXα and qZα ¼ Iα3 − s2wqα are, respectively, the X and Z
charge of fermion α; qα is the electric charge; sw is the
sin θweak; and Iα3 is the W3

μ generator.4 The translation
of this interaction to the fermion mass basis induces

TABLE I. Scalar and fermion fields charged under the Uð1Þð3ÞB−L
gauge symmetry.

SUð3Þc × SUð2ÞW × Uð1ÞY Uð1Þð3ÞB−L

ϕ ð1; 2; 1=2Þ 1=3
s ð1; 1; 0Þ 1=3
h ð1; 2; 1=2Þ 0

Q3L ð3; 2;−1=6Þ 1=3
tR ð3; 1; 2=3Þ 1=3
bR ð3; 1;−1=3Þ 1=3
L3L ð1; 2;−1=2Þ −1
τR ð1; 1;−1Þ −1
ντR ð1; 1; 0Þ −1

4More explicitly, here are some of the most important couplings
of X: cτ ¼ gX½−1þ 2

3
ðð− 1

2
þ 2s2wÞ − 1

2
γ5Þð1þ tan2βÞ−1�, cb ¼

gX½13 þ 2
3
ðð− 1

2
þ 2

3
s2wÞ − 1

2
γ5Þð1 þ tan2βÞ−1�, cvτ ¼ gX½−1þ

2
3
ð1
2
þ 1

2
γ5Þð1þ tan2βÞ−1�.
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flavor-changing interactions among left-handed up-type
quarks and is shown in detail in Appendix C.
An important property of X for our study is how it decays

to various SM states. Due to X − Z mixing, the branching
ratio of X strongly depends on the value of tan β. For small
tan β, the coupling of X to the Z current is important, while
for large tan β, X predominantly decays to third generation
fermions. The branching ratio of X to various SM final
states for tan β ¼ 1 and tan β ¼ 5 is shown in Fig. 1.5 In this
figure, we derived the branching ratio of X to hadrons using
Ref. [68], and we have assumed the new scalars and the
sterile neutrino are heavier than mX=2. We can see that
the branching ratio of X to a pair of τs dominates for
mX ≳ 5 GeV (and up to mX ∼ 2mW). This channel domi-
nates because of the relatively large values of qXτ and qZτ
compared to other third generation fermions.
Having defined the model, we now move on to its

LHC signatures. As mentioned earlier, our focus is on
mX > 10 GeV where low-energy constraints are absent.
For mX > 10 GeV, the only non-LHC bounds are from
ϒ → τþτ− and the modification of the oblique parameters.
The contribution of off-shell X to ϒ decay dies off rapidly
as 1=m2

X, and the constraints coming from oblique param-
eters become very mild for tan β > 2.

III. LHC CONSTRAINTS

The main advantage of the LHC is that it can produce
the X gauge boson on shell. This fact is crucial because
amplitudes containing off-shell X are suppressed by two
powers of gX—one at the production vertex and another at

its destruction. On-shell exchange, on the other hand,
comes with only one factor of gX at the X production
vertex (amplitude level) as the decay portion contributes
some Oð1Þ branching ratio factor.
The chief way to produce an on-shell X at the LHC is in

associated production with a pair of b jets,6 pp → bb̄X. In
such processes, we can benefit from the large QCD
production of bs as well as the sizable coupling of X with
b quarks. The X boson can decay in many ways; however,
wewill focus here on pp → bb̄X → bb̄τþτ−. This choice is
motivated by the large BrðX → τþτ−Þ; however, there are
some other important benefits:

(i) There is a large number of observables to help signal
background discrimination, in contrast to bb̄þ =ET
production.

(ii) There are no combinatorics issues, as opposed to the
b̄bb̄b final state.

Because τs are not stable at the LHC, the search mode
has to be further defined in terms of the τþτ− final decay
products. While there exist several options, we find that
requiring at least one of the τs to decay leptonically is
necessary to suppress the (otherwise enormous) QCD
background. To decide between semileptonic τs or fully
leptonic ones, let us turn our attention to potential triggers.7

As leptons are relatively clean objects at the LHC, they
have softer trigger cuts, and the presence of multiple
leptons softens the requirement on each lepton further.
As an example, the single lepton trigger at CMS [69,70]

FIG. 1. The branching ratio of X to various final states for tan β ¼ 1 (left) and tan β ¼ 5 (right), with the assumption that the new
scalars and the sterile neutrino are heavier than mX=2. The branching ratio differs significantly depending on the value of tan β. The
highest branching ratio in the heavy mass region is to τþτ−, due to a combination of large qX and large electromagnetic charge.

5There is a constraint on the value of tan β coming from Higgs
coupling measurements, roughly between 1 ≤ tan β ≤ 30. The
exact range depends on the scalar h, ϕ, s spectrum, the details
of which we ignore here; therefore, we will work with this
approximate range.

6The cross section of pp → bbX is roughly 2 orders of
magnitude greater than pp → X for mX ∼ 10 GeV, but the differ-
ence decreases as we increase the mass. For mX ∼ 100 GeV, the
difference between the cross sections ofpp → bbX andpp → X is
about 1 order of magnitude.

7As we will show in the subsequent sections, the =ET distri-
bution in the signal favors lower values. Therefore, a =ET trigger is
also not ideal for our study.
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requires pTðlÞ > 23ð20Þ GeV if the lepton is an electron
(muon), and the CMS dilepton trigger [69,70] requires
pTðl1Þ > 17 GeV and pTðl2Þ > 12ð8Þ GeV with the sec-
ond leading lepton being an electron (muon).8 Production
of bb̄X is dominated near threshold (rather than with
boosted X); hence, the leptons coming from a light X
are expected to have small pT . Therefore, for low mX, the
fully leptonic τs is the better option since the softer
thresholds in the dilepton trigger will accept more signal.
For high mX, the leptons from X decay are significantly
energetic to be picked up efficiently by the single lepton
trigger. This makes the semileptonic mode viable, and its
larger branching fraction (compared to dileptonic taus)
partially compensates for the drop in the signal cross
section as mX increases.
As the optimal bb̄τþτ− final state depends on mX, we

divide our analysis into two sections. In the following
section (Sec. III A), we study X gauge bosons with mX <
mZ using the bb̄lþl−=ET final state. Then, in Sec. III B, we
use the bb̄lj=ET final state to explore heavier X gauge
bosons, mX ∼ ½mZ; 2mWÞ. To thoroughly study the LHC
detection prospects, we generated a Universal FeynRules
Output model [73] using FEYNRULES [74]. We then fed
the model to MADGRAPH-AMC@NLO [75,76] for all
simulations,9 including the calculation of X total width
for a given coupling (gX and sX). We used PYTHIA8.2 [77]
for hadronization, showering, and τ decay and Delphes [78]
with default cards for detector smearing, flavor tagging,
and jet reconstruction.

A. Light X: mX < mZ

As discussed above, for mX < mZ, the final state we are
interested in extracting is bb̄lþl−=ET . The main contribu-
tion to the signal comes from pp → bb̄X with X → τþτ−

(specifically, the process pp → τþτ−X followed by
X → bb̄ only contributes to the signal at subpercent
level); Fig. 2 shows some of the signal processes.
Because X is predominantly produced on shell, the signal
has little interference with the SM backgrounds. Therefore,
to a good approximation, the cross section can be
expressed as

σðpp → bb̄τþτ−ÞSignal ∼ cbðgX; tan βÞ2 × fðmX; sÞ
× BrðX → τþτ−Þtan β; ð4Þ

where cbðgX; tan βÞ is the coupling of X with b quarks. The
subscript tan β in Eq. (4) indicates that the branching ratio

of X depends on tan β. Technically, the branching ratio
depends on mX as well; however, for the mass range of
2mb ≤ mX < 2mW , the branching ratios are constant with
respect to mX. The remaining part of the cross section,
fðmX; sÞ, governs the kinematics and is a function of mX
and collider energy s only. In our simulations, we generated
events for mX ¼ 10, 20, 30, 50, and 80 GeV and fixed
gX ¼ 0.02 and tan β ¼ 5. However, as cbðgX; tan βÞ ×
BrðX → τþτ−Þtan β do not play a noticeable role in the
kinematic distributions (which govern signal acceptances),
the LHC sensitivity at one gX, tan β value can be extended
to other gX, tan β values simply by rescaling,

σNewSignal ∼ σOldSignal

�
cbðgnX; tan βnÞ
cbðgoX; tan βoÞ

�
2

×
BrðX → τþτ−Þtan βn
BrðX → τþτ−Þtan βo

;

ð5Þ

where the indices n and o refer to new and old, respectively.
There are a number of SM processes that give rise to the

bb̄lþl−=ET final state, namely,

1Þ pp → bb̄VlþτlVlþτl∶
� bb̄Wþ

lþτl
W−

lþτl

bb̄ðZ=γ⋆Þlþτl
Zν

2Þ pp → bb̄τþl τ
−
l

3Þ pp → bb̄lþl−; ð6Þ

where l ¼ e, μ and ðW=ZÞlþτ refers to all possible charged
leptonic decays ofW=Z. Similarly, τl refers to the decay of
τ to lighter leptons. The main difference between these
three backgrounds is the number of neutrinos. The first
background has two or six neutrinos, depending on whether
the gauge bosons decay to l or τl, respectively; the second
background has four; and the third does not have any
neutrinos. However, due to pileup, jet mismeasurement,
and the leptonic decays of a charged Bmesons in the b jets,
a net =ET can be generated, making the last background
worth mentioning.

FIG. 2. The signal Feynman diagrams corresponding to the
production of bb̄lþl−=ET final state.

8The ATLAS numbers trigger cuts are similar: a single lepton
requires the pTðlÞ > 26 GeV [71,72], while the dilepton trigger
requires pTðlÞ > 17 GeV, on both of the leading leptons [72].

9We used the NN23LO1 parton distribution functions for all
event samples, with the factorization scale and renormalization
scale set to their default values, ŝ.
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A few of the important Feynman diagrams for the SM
production of bb̄lþl−=ET are shown in Fig. 3. The largest
irreducible background comes from pp → tt̄ → bb̄WþW−,
as it is purely a QCD process with Brðt → bWÞ ≃ 1. Other
(continuum) processes contributing to the first background
in Eq. (6) do not have a large rate. The second background,
bb̄τþl τ

−
l , is very similar to the signal, where X is replaced

with a Z or γ. Technically, the (pp → bb̄τþl τ
−
l ) background

and the signal can interfere; however, the fact that X are
predominantly produced on shell renders the interference
is very small.10 The last background is similar to the
second background, but instead of producing a pair of τ
leptons, Z=γ → lþl−.
We must also include (reducible) backgrounds where a

gluon/light flavor jet is misidentified as a b jet. The
misidentification rate of a c jets is significantly higher
than other light-quark/gluon initiated jets (collectively
referred to as jl). Therefore, we considered charm-jet
and light-jet processes separately. To include the impact
of misidentifications, we add two versions of all back-
grounds in Eq. (6)—one with b jets replaced with c and one
with b replaced by jl. For example, the second background
is expanded to include

2.Þ pp → bb̄τþl τ
−
l ⇒

�
pp → cc̄τþl τ

−
l

pp → jljlτ
þ
l τ

−
l :

ð7Þ

Other backgrounds induced by lepton misidentification
are expected to have very low rates [79–82] and thus are

ignored in this study. The Monte Carlo event samples
for all processes are simulated at leading order (LO),
with the overall rates scaled to next-to-leading order
(NLO).11

Before studying the kinematic distributions, we impose
some preliminary cuts to ensure the events have been
triggered upon and that the visible final states are within the
fiducial region of the detector. Specifically, we select events
that satisfy the following requirements:

(i) Include exactly two isolated opposite-sign leptons
(any combination of electrons and muons) with
jηj < 2.5 and separated from each other by
ΔR > 0.4. We further require the leptons to satisfy
the dilepton trigger; the leading lepton must have
pTðl1Þ > 17 GeV, and the second leading lepton is
required to have pTðl2Þ > 12ð8Þ GeV if the lepton
is an electron (muon).

(ii) Include exactly two jets with pTðjÞ > 30 GeV,
jηj < 2.5, and separated from each other by
ΔR > 0.4. Both jets must be b tagged. We use
the b-tagging option in DELPHES [78], which cor-
responds to roughly a b-tagging efficiency of 60%,
with a charm mistagging of 15% and a light jet
misidentification rate of 1%.

After these requirements, the largest background is
bb̄VlþτlVlþτl with a cross section of 1362 fb, followed
by bb̄lþl− with a 255 fb cross section, while that of
bb̄τþτ− is 28 fb. Among the reducible (fake b) back-
grounds, cc̄lþl− (20.3 fb), jljllþl− (8 fb), and cc̄τþτ−

FIG. 3. The SM backgrounds to bb̄lþl− þ =ET production at the LHC. In these diagrams, l ¼ μ, e, and τl refers to a τ that decays
leptonically. The first line in the Feynman diagrams corresponds to the first mentioned background in Eq. (6). The second and third
backgrounds in Eq. (6) are shown in the second line of these Feynman diagrams, where the gauge bosons decay to τl and l, respectively.

10In our simulations, we force X to be on shell. To make sure
this shortcut does not significantly influence our results, we tested
the effects of off-shell X (and interference) for various values
of mX . In all cases, the difference between on-shell X and the full
treatment was negligible.

11Using MADGRAPH5-AMC@NLO for a 13 TeV LHC, we find
the κ ≡ σNLO=σLO of the bbVV process is roughly 1.4, for κbbτ τ
is 1.8, and that of bbll is 1.9. For the reducible background
where a light flavor/gluon jet is misidentified as a b jet, we
assume κ ¼ 2. The κ of the signal is assumed to be 1.8, due to the
similar topology of the signal with the bb̄τþτ− background.
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(2.4 fb) are the most significant. The rest of the irreducible
backgrounds have cross sections less than or equal to 2 fb
(see Table II).
Thankfully, the topology of the dominant

background—bb̄VlþτlVlþτl—is vastly different from the
signal, giving us a hope to reduce it further with additional
kinematic cuts. One variable that is particularly useful in
teasing out the signal is the invariant mass of the leptons. In
the signal, we know mll < mX, while the invariant mass of

the leptons in bb̄VlþτlVlþτl has a broad, featureless
distribution. Therefore, requiring an upper bound on mll

can significantly suppress the bb̄VlþτlVlþτl background
while retaining most of the signal region. A comparison of
the mll distribution (area normalized) for the background
and a signal benchmark,mX ¼ 30 GeV, is shown in the left
panel of Fig. 4.
For lightmX, the only background that behaves similarly

to the signal is pp → γ� → τþl τ
−
l , l

þl−. The cross section

TABLE II. The effect of each cut on the signal benchmark with mX ¼ 30 GeV and each of the backgrounds.

Cuts Xμ SM backgrounds (fb)

(30 GeV, 0.02) bb̄lþl− bb̄VV bb̄τþτ− SignificancejL¼100 fb−1

cc̄lþl− cc̄VV cc̄τþτ−
jljllþl− jljlVV jljlτþτ−

Basic selection 8.13 254.3 1362 27.8 0.005
20.3 2 2.4
8 1.8 2

mll < 25 GeV 7.9 2.6 12.44 0.16 5.77
0.85 0.2 0.06
0.5 0.18 0.02

Δϕðll; =ETÞ < 0.53 6.4 0.3 0.44 0.13 40.0
0.09 0.0 0.04
0.2 0.0 0.02

14 < =ET < 50 5.48 0.09 0.3 0.07 49.0
0.02 0.0 0.02
0.1 0.0 0.02

Efficiencies 67.4% 0.03% 0.02% 0.3%
0.01% 0.0% 0.8%
0.1% 0.0% 1%

FIG. 4. Left: The area-normalized distribution of invariant mass of the two leptons (mll) for one of the signal benchmarks
mX ¼ 30 GeV, compared with the dominant backgrounds. These distributions are after the basic cuts, and Zð⋆Þ → ll and γ� → ll have
been listed as separate contributions since the interference between them is small. To make the distribution less cluttered, we did not
include the reducible backgrounds [Eq. (12)]; however, the distributions of cc̄lþl− and jljllþl− behave like bb̄lþl−, and cc̄τþl τ

−
l

looks similar to bb̄τþl τ
−
l . Right: The area-normalized mll distribution for various X masses are shown. The distribution ofmll becomes

less faithful to mX as we increase the mass of X.
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of this background is highly suppressed by the isolation cut
ΔRðlþ;l−Þ > 0.4. The isolation cut also impacts the
signal for small values of mX; however, for all benchmarks
we are considering (mX ≥ 10 GeV), imposing lepton iso-
lation is more beneficial than relaxing it.
To understand the discriminatory power of the mll cut,

we plot the mll of backgrounds normalized to the actual
cross section in Fig. 5. The dark blue region is the
distribution of the signal with mX ¼ 30 GeV. The cyan
region belongs to the bb̄VlþτlVlþτl distribution, the red

shaded region is the bb̄ðlþl−ÞZ, and the magenta dotted
distribution belongs to bb̄ðlþl−Þγ distribution. The reduc-
ible backgrounds cc̄lþl− and jljllþl− are also shown in
red. The smooth green region belongs to bb̄τþl τ

−
l , and the

dotted green distribution is for cc̄τþl τ
−
l. Only basic selec-

tions have been imposed on these distributions.
For our mX ¼ 30 GeV benchmark, imposing mll <

25 GeV eliminates 96% of the background while retaining
97% of the signal. For other mX benchmarks, an appro-
priately optimized mll cut performs similarly, though its
effectiveness decreases for larger mX. The decrease can be
understood by looking at the mll distribution for various
mX, shown in the right panel of Fig. 4. As we increase mX,
themll distribution broadens and gets more separated from
the mX value. The broadening occurs as a result of the
allocation of the X’s energy between leptons and neutrinos.
The power of mll in distinguishing the signal for each of
the benchmarks is tabulated in Appendix A, where the
upper bound on mll (approximately mll ≲ 4=5mX) has
been optimized for each mX value.
Another variable that is useful in signal-background

discrimination is the azimuthal angle between the dilepton
and the net missing energy vector Δϕðll; =ETÞ. Since
leptons and neutrinos come from X, we expect to see
some angular correlations between the leptons and the =ET
vector. Because we do not know the pseudorapidity of the
transverse missing energy (=ET) vector, the distribution of
the azimuthal angle provides a better discrimination than
the total separation. A comparison between the two dis-
tributions of ΔRðll; =ETÞ and Δϕðll; =ETÞ is presented
in Fig. 6. For the benchmarks with mX ≤ 50 GeV, the
optimum cut seems to be Δϕðll; =ETÞ ≲ 0.5.
Finally, we use the =ET distribution to further discriminate

between the signal and the background. As shown in Fig. 7,
the signal favors the low =ET regime. That is because bb̄X

FIG. 5. The mll distribution of the backgrounds scaled accord-
ing to their cross section. The signal benchmark chosen for this plot
is ðmX; gXÞ ¼ ð30 GeV; 0.02Þ. However, since the cross section
of the signal is very small compared to the backgrounds, we
multiplied the signal distribution by a factor of 10 to make it more
visible in the plot. This distribution is only after the basic cuts. By
imposing mll < 25, we can keep most of the signal, while
throwing away a large portion of the background.

FIG. 6. The comparison between area-normalized ΔRðll; =ETÞ (left) and Δϕðll; =ETÞ (right) distributions. Only basic cuts have been
imposed on these distributions. Even though these two plots are highly correlated, Δϕðll; =ETÞ exhibits a better signal-background
separation. That is because the pseudorapidity information of the =ET vector is not available at the LHC. Due to the similar behavior of the
reducible backgrounds with their corresponding irreducible background, their contribution is ignored in these plots.
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production is maximum near threshold, where X is almost
stationary. The two neutrinos are, therefore, almost back to
back, resulting in low =ET in the signal. Thereby, we can
impose an upper limit on =ET , to suppress bb̄VlþτlVlþτl

and bb̄τþl τ
−
l backgrounds.

Unfortunately, one background that favors low =ET is
bb̄lþl− because its =ET is mostly a result of mismeasure-
ment. To reduce this background, we must impose a lower
bound on =ET in addition to the upper bound. The exact
upper and lower =ET cuts were determined using our
simulated events and adjusted to optimize the significance;
the specific values for each of the benchmarks are presented
in Appendix A; however, the cut on =ET is roughly
10≲ =ET ≲ 70 GeV.
To quantify the sensitivity of our search, we follow the

conventional definitions:

S≡ luminosity × σðpp → bb̄τþl τ
−
l ÞX × κsignal

B≡ luminosity × fσðpp → bb̄VlþτlVlþτlÞSM
× κbb̄Vlþτl

Vlþτl
þ σðpp → bb̄τþl τ

−
l ÞSM × κbb̄τþτ−

þ σðpp → bb̄lþl−Þ × κbb̄lþl−g: ð8Þ
In other words, S and B are, respectively, the number of
signal and total background events (scaled to NLO rates)
that we expect to observe at the LHC for a given luminosity
and our cut flow. Using these, we quantify the discovery
potential of our analysis using the significance, defined—
following Ref. [83]—as

Significance ¼ S
δB

¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BþP

iλ
2
i B

2
p ; ð9Þ

where λi represent the systematic uncertainties associated
with each background. We used the following values for λi,

taken from the CMS leptonic bb̄VlþτlVlþτl search [84,85]:
λbb̄Vlþτl

Vlþτl
¼ 5%, λbb̄τþτ− ¼ 10%, and λbb̄lþl− ¼ 15%.

Finally, it is important to note that we have ignored the
effect of pileup in our analysis. Including the effect of
pileup will likely affect the lower bound on =ET .
Specifically, it will affect the contribution of the bb̄lþl−

process in the background. However, the cross section of
bb̄lþl− even before imposing the =ET cut is already much
smaller than other processes, and thus we do not expect
that a small change in its cross section would alter our
results significantly.
For each mX benchmark, the cuts on the mll;

Δϕðll; =ETÞ and =ET distributions have been optimized to
yield the largest significance [Eq. (9)]. Once the cuts have
been optimized, we use Eq. (5) to extrapolate the analysis to
other gX values and trace out contours of a desired
significance, as shown in Fig. 8. The red lines are
the bounds with (roughly) the current luminosity of the
LHC—100 fb−1—while the green lines are the projected
sensitivity with the full luminosity of HL-LHC (3 ab−1).
The solid lines present the 3σ [letting the significance as
defined in Eq. (9) be equal to 3] exclusion bound assuming
the full systematical uncertainties mentioned earlier, and

FIG. 7. The area-normalized distribution of the transverse
missing energy after the basic cuts is shown. Similar to previous
distribution plots, we have ignored the reducible background’s
contribution.

full systematic

half systematic

20 40 8010
0.001

0.005 

0.010

0.050

0.100

60

FIG. 8. By imposing an optimized cut on the mentioned
variables, the LHC can probe the indicated parameter space up
to 3σ significance, with 100 fb−1 integrated luminosity. The solid
red line represents the significance with the systematic uncer-
tainties mentioned in the section. The dashed red line is the
significance when the systematic uncertainties are half. The green
lines show the projected sensitivity at HL-LHC with 3 ab−1

integrated luminosity. The bound from ϒ → τþτ− at BABAR [40]
in shown in blue. Due to the low efficiency of the trigger cut, our
sensitivity to very light mX is weak; for 20 GeV < mX <
40 GeV, we have our maximum sensitivity, and then the
sensitivity drops again as mX increases due to a combination
of a lower signal cross section and a decline in the discriminatory
power of the cuts. In Sec. III A 1, we will motivate and study
some variables that enhance the sensitivity to heavier mX
(>50 GeV). The presented bounds are for tan β ¼ 5. However,
for any tan β > 1, the sensitivity is almost the same.
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the dashed lines are 3σ significance when the systematic
uncertainties are cut in half.
As we can see from Fig. 8, the LHC can probe a region

of the parameter space that is out of reach of other
current experiments. The LHC bounds are best in the mass
range 20–40 GeV. The constraints on lighter X are milder,
due to the low dilepton trigger efficiency and a relatively
lower b-tagging efficiency, and the sensitivity for heavier X
drops because the distribution of the signal and back-
grounds becomes more similar, and so the cuts become less
efficient.
Above 50 GeV, the limits worsen quickly. Therefore,

it is worth exploring if there are any additional variables
that can improve the bounds in the mass range 50 GeV <
mX < mZ. The most troublesome background in this mass
range is bb̄VlþτlVlþτl , and the most important contribu-
tion to bb̄VlþτlVlþτl comes from tt̄. The goal of the next
subsection is to investigate some kinematic handles that
specifically target the tt̄ background.

1. Further separation of the signal from the
bb̄Vl + τlVl+ τl background, for mX ∼mZ

The dominant background to our signal is tt̄ →
bb̄Wþ

l;τl
W−

l;τl
. This background has some specific features

that can help us separate this process from the signal. For
example, the leptons and neutrinos in tt̄ come from W
decays, whereas in the signal they are due to τ decays.
Therefore, MT2, defined as

MT2¼minν1Tþν2T¼=ET
ðmaxðMTðlþ;ν1Þ;MTðl−;ν2ÞÞÞ; ð10Þ

with νiT being the transverse momentum of the either
sources of missing energy, should show a decent separation
between the signal and the tt̄ background. Since we are
particularly interested in enhancing the sensitivity for
mX ∼mZ, in the left panel of Fig. 9, we compare the

distribution of the benchmark with mX ¼ 80 GeV with the
backgrounds. As expected, MT2 of the signal prefers small
values (≲20 GeV), while MT2 for the tt̄ background is
approximately mW. The distribution of MT2 for various
benchmarks, after basic cuts only [so no mll;Δϕðll; =ETÞ,
etc.], is also shown in the right panel of Fig. 9. Even though
the separation of the signal from the bb̄VlþτlVlþτl back-
ground is more visible for lighter X, MT2 does not improve
the bounds formX < 50 GeV compared to the combination
of kinematic cuts introduced in the previous section. For
heavy X, however, the efficiency of a cut on Δϕðll; =ETÞ
and =ET distributions is not as efficient as a cut on MT2. By
requiring MT2 < 16 GeV, the significance goes up by a
factor of 3 for mX ¼ 80 GeV, and the mild discrimination
in the Δϕðll; =ETÞ and =ET distributions fade off. Therefore,
we can no longer impose an efficient cut on Δϕðll; =ETÞ
and =ET distributions.
Another attribute of the tt̄ background is that there is an

intimate relationship between b jets and leptons: mbl ≲mt.
In the signal, on the other hand, such correlation does
not exist, and mbl can take any arbitrary values. To take
advantage of this difference, we study mbl in Fig. 10,
where the b − l is one of the combinations that minimizes
ðmlibk −mtÞ2 þ ðmljbn −mtÞ2Þ, with i ≠ j and k ≠ n.
The distributions for mbl for the backgrounds and a
mX ¼ 80 GeV benchmark are shown below in Fig. 10.
We can see that there is a modest separation12 between
the tt̄ background and other processes. A cut on this
distribution can enhance the significance by 15% for the
benchmark ðmX; gXÞ ¼ ð80 GeV; 0.02Þ.
To improve on this guess, we tried finding the neutrino

momenta by reconstructing theW and topmass. In particular,

FIG. 9. The area-normalized distribution of various benchmarks (left) and the signal-backgrounds comparison (right) with respect to
MT2 are shown. The signal prefers a small value ofMT2, whereas the bb̄VlþτlVlþτl backgrounds have a broad featureless distribution.

12According to the distributions in Fig. 10, the signal mostly
resides in mbl ≲ 200 GeV, and thus the CMS search for third
generation leptoquarks [63,64] with mbl > 250 GeV does not
have a noticeable sensitivity to our signal.
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we scanned through all possible values of momenta that give
the smallest χ2, defined as

χ2 ¼ ðm2
liν1

−m2
WÞ2

σ4W
þ
ðm2

ljν2
−m2

WÞ2
σ4W

þ ðm2
bkliν1

−m2
t Þ2

σ4t

þ
ðm2

bnljν1
−m2

t Þ2
σ4t

; ð11Þ

where σW and σt are arbitrary values we can use to enhance
our discrimination. However, regardless of the values of σt;W ,
this method did not improve the signal-background discrimi-
nation. Therefore, the only cuts that could improve our
sensitivity to mX ∼mZ were MT2 < 16 GeV and mbl <
100 GeV.With these cuts, more than 94% of the background
is removed, while almost 50% of the signal is preserved. The
effect of these cuts on the significance is shown in Fig. 11.
Since the cross section is proportional to two factors of the
coupling (σ ∝ g2X), improving the limit by a factor of 4
translates into an improvement in the couplingbya factor of 2.
Having exhausted the cut-based search strategies for

light mX, we now turn to mX > mZ. In this regime, the τs
coming from the decay of the X gauge boson are expected
to be energetic enough that the resulting lepton from one
of the τs can pass the single lepton trigger with high
efficiency. Therefore, we study the semileptonic bb̄τhτl.

B. Heavy X: mX > mZ

The cross section for X production falls as mX increases.
To compensate for the lower cross section, for mX > mZ,
we shift final states to semileptonic τs (one tau decays to

leptons, and one decays to hadrons) to take advantage of
the higher branching ratio of τ to hadrons. The SM
backgrounds we need to be concerned about are

1Þ pp → bb̄WτhW
�
lþτl

2Þ pp → bb̄τhτ�l
3Þ pp → bb̄W�

lþτl
þ jets

4Þ pp → bb̄ðZ=γÞlþτl
þ jets; ð12Þ

where l ¼ e, μ and τl refers to the leptonic decay of a τ.
Similarly, h represents the hadronic decay. Only the
first two backgrounds mentioned in Eq. (12) are irreduc-
ible. As hadronic taus can be faked by “normal” jets
(¼jl þ cþ c̄þ bþ b̄), we must include leptonþ jet back-
grounds such as 3 and 4 above.13 To estimate the back-
grounds with fake taus, we rely on the built-in tau
identification algorithm in DELPHES, where we input
matched samples.14

FIG. 10. The invariant mass of b and lepton that minimizes
ðmlibk −mtÞ2 þ ðmljbn −mtÞ2 is shown here. The distribution of
both reconstructed tops is very similar, and so we are showing
only one combination. The signal distribution, shown in solid
blue, is for the benchmark mX ¼ 80 GeV. The most important
background is tt̄, shown in dashed red.

FIG. 11. The contribution of MT2 and mbl to improving the
sensitivity for mX ¼ 80 GeV. The dashed line indicates the 3σ
significance with only the basic cuts and 25 < mll < 60 GeV
with 100 fb−1 integrated luminosity. The solid line is the 3σ
significance with the same amount of luminosity with the basic
cuts þ25<mll < 60 GeVþmT2 < 16 GeVþmbl < 100 GeV.
The extra cuts improve the sensitivity by roughly factor of 1.7.

13Backgrounds 3 and 4 in Eq. (12) are separated as they
contain different numbers of charged leptons. The third back-
ground has one lepton, and the fourth background contains two
leptons, with some probability that one of the leptons falls outside
of the acceptance and manifests itself as missing energy.

14We use MLM matching with MADGRAPH5þPYTHIA8, with
XQCUT ¼ 20 [86]. We have included up to two jets, e.g.,
pp → bb̄W�

lþτl
þ 0; 1; 2 jets. The matched/merged cross sec-

tions are then rescaled to the þ0 jet NLO values.
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As in the previous section, we must also consider
backgrounds where a charm jet or a light-quark/gluon jet
(jl) is misidentified as a b jet. For example,

3.Þ pp → bb̄W�
lþτl

þ jets ⇒

� pp → cc̄W�
lþτl

þ jets

pp → jljlW�
lþτl

þ jets
;

ð13Þ

where “þjets” is treated as up to þ0 − 2 jets.
To capture the interesting events, we impose the follow-

ing conditions:
(i) Each event must include exactly one charged lepton

that passes the single lepton trigger, pTðl1Þ >
27ð24Þ GeV, if the lepton is an electron (muon).
We also require jηðlÞj < 2.5.

(ii) We require one b jet possessing pTðjÞ > 50 GeV,
and jηðjÞj < 2.5. As in the previous section, we use
the DELPHES [78] b-identification algorithm to tag
a b jet.

(iii) Every event must contain one tau-tagged hadronic
jet, pTðjÞ > 50 GeV, and jηðjÞj < 2.5. As with b
jets, we rely on the built-in algorithm in DELPHES

[78]. We find the τ-tagging efficiency is roughly
40% for correctly identifying a hadronic τ with
an approximately 0.3% risk of misidentifying a
normal jet as a hadronic τ, for the processes being
considered here.

(iv) In addition to the b jet and τ jet, the event may
contain at most one additional jet, pTðjÞ > 50 GeV,
and jηðjÞj < 2.5. The separation between each jet as
well as the separation between all jets and the lepton
must be greater than 0.4.

Due to the presence of multiple jets in our final state of
interest, one might expect the main backgrounds come
from tau-/b-misidentified jets. However, after requiring the
basic cuts mentioned, the largest background is the irre-
ducible bb̄WτhW

�
lþτl

, 120 fb at NLO. The other sizable

backgrounds are bb̄τhτ�l , (3.5 fb), bb̄W�
lþτl

þ jets (3 fb),

and bb̄ðZ=γÞlþτl
þ jets (0.3 fb). All other backgrounds are

negligible, ≪ 0.1 fb.
To enhance the sensitivity of the signal further, we

studied various kinematic distributions including MT2,
mlji—where ji is any of the jets in the final state, the
separation between the lepton and the jets ΔRðl; jiÞ, the
difference in the azimuthal angle between any two visible
objects in the final state, aswell as thepT of each of thevisible
final states. Some of these distributions show a small differ-
ence between the signal and background, but none of them
has a considerable effect on its own. Therefore, for this initial
study, we will ignore the impact of these other distributions
and quantify the sensitivity using the basic cuts alone.
A multivariate analysis may be able to harness the slight
differences across several kinematic distributions and yield
increased sensitivity. Such an approach would be interesting

to pursue, but is beyond the scope of the current work.
However, as the differences in the distributions are very
small, we expect the sensitivity gains achieved by a multi
variant analysis (MVA) to beOð1Þ in the cross section and not
orders of magnitude.
Using a similar definition of the signal and background

as in Sec. III A,

S≡ luminosity × σðpp → bb̄τþτ− → bb̄l�jþ 2νÞX
B≡ luminosity × ðσðb̄WτhW

�
lþτl

ÞSM
þ σðpp → bb̄τ�h τ

∓
l ÞSM

þ σðpp → bb̄ðW�=Z=γÞl þ jetsÞ;
with

significance ¼ S
δB

¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ λ2B2

p ;

and extrapolating to all values of gX, tan β using Eq. (5),
we can chart significance contours. In themX > mZ region,
the main background is the irreducible background pp →
tt̄ → bb̄WτhW�

lþτl
, which has a systematic uncertainty of

λ ¼ 12% [56]. We will assume the same uncertainty on the
rest of the backgrounds as well, though an Oð1Þ change in
the systematic uncertainties of other backgrounds does
not affect the results significantly. Assuming 100 fb−1

integrated luminosity, we can exclude up to gX ≳ 0.07
for mX ¼ 100 GeV and gX ≳ 0.2 for mX ¼ 150 GeV up to
3σ significance, illustrated in Fig. 12. This is about a factor
of 2–4 improvement over previous constraints. Even
though the total background of the semileptonic bb̄τhτl
after the basic cuts is much smaller than that of the fully
leptonic bb̄τlτl, the constraints in themX ≪ mZ region are
much stronger. That is because in the mX ≪ mZ region the
kinematic distributions of the signal have sharp features
that distinguish it from the background. For larger masses,
however, the distributions broaden and lose their sharp
features, and thus separating the signal from the back-
ground is more challenging.
In general, a dedicated search at the LHC can improve

the bounds by a factor of 2–10. These results can be
achieved by studying simple kinematic distributions. With
the use of a more advanced technique like a MVA, we
might obtain even better results. Moreover, we have
stopped our search at mX < 2mW . The bounds on a larger
mX will depend on some parameters in the scalar potential
that we have ignored for our study (e.g., mixing between
the scalars). If mX > 2mt, the decay of X to a pair of top
quarks enjoys a significant probability as well as small
background due to the large number of final state particles.
These searches have already received some attention in
several phenomenological studies [46–62]. The constraints
obtained by these studies can be recast according to our
choice of model parameter values.
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IV. CONCLUSION

In thiswork,we explored theLHCpotential to constrainX,
the gauge boson associated with a spontaneously broken

Uð1Þð3ÞB−L symmetry.Uð1Þð3ÞB−L symmetry is oneof the simplest
extensions of the SM,which was first proposed to explain the
flavor alignment of the third generation of quarks. While X
only interacts with the third generation of fermions in the
interaction basis (at tree level), flavor nonuniversal couplings
are generated once we rotate to the mass basis. These flavor-
violating effects can be mitigated with certain charge assign-
ments and coupling assumptions, but strong constrains from
low-energy experiments persist for mX ≤ 5 GeV.
To hunt for heavier X, which are free from low-energy

bounds, we developed two dedicated LHC search strategies
based on pp → X;X → τþτ−, a production and decay path
that yields a high rate and numerous kinematic handles to
suppress SM backgrounds. Following Ref. [32], we assume

all scalars related toUð1Þð3ÞB−L breaking and the right-handed
neutrino are heavy and focus on mX ≤ 2mW since this
decouples the X phenomenology from any mixing in the
scalar sector.
FormX < mZ, we find the optimal channel is where both

taus decay leptonically. Using a combination of simple
kinematic variables, such as mll, Δϕðll; =ETÞ and =ET , we
find that couplings as low as gX > 0.005 for mX ∼ 20 GeV
could be probed at 3σ sensitivity given 100 fb−1 integrated
luminosity (roughly the current total LHC-13 luminosity).
For heavier masses, the bounds are not as strong: gX > 0.05
for mX ∼ 80 GeV probed at 3σ with the same amount of
data. Extrapolating these bounds to the full HL-LHC
luminosity of 3 ab−1, we expect a further increase by a
factor of 2 in the sensitivity (or

ffiffiffi
2

p
in gX).

For mX > mZ, we find the semileptonic tau channel
(τþh τ

−
l þ τþl τ

−
h ) outperforms the fully leptonic mode;

however, the number of pronounced kinematic differences
between the signal and the dominant background (pp →
tt̄) shrinks substantially. For 100 fb−1, we find the 3σ
exclusion limit reaches gX ≳ 0.1 for mX ¼ 100 GeV and
gX ≳ 0.2 for mX ¼ 150 GeV. Both the low-mass and high-
mass search strategies relied on cut-and-count methods,
and it would be interesting to explore what improvements
multivariate techniques can squeeze out.
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APPENDIX A: THE CUT FLOW OF
BENCHMARKS WITH mX < mX

The cut flow on each of the benchmarks is shown
in Table III ðmX ¼ 10 GeVÞ, Table IV ðmX ¼ 20 GeVÞ,
Table V ðmX ¼ 30 GeVÞ, Table VI ðmX ¼ 50 GeVÞ, and
Table VII ðmX ¼ 80 GeVÞ. The quoted cross sections are at
NLO, even though the events are LO. We generated 106

events for the signal, bb̄lþl−, and bb̄τþl τ
−
l processes. Due

to the higher cross section of bb̄VlþτlVlþτl , we generated
2 × 106 events for this process. In all of the benchmarks
studied here, mll proved to be a useful variable in
distinguishing the signal. For mX ≤ 50 GeV, we used
Δϕðll; =ETÞ and =ET to further distinguish the signal, and
for mX ¼ 80 GeV, we found MT2 to be a more useful
variable. Each cut has been optimized such that it gives the
highest significance, defined in Eq. (9).

10 20 50 100

0.005

0.010

0.050

0.100

full systematic

half systematic

FIG. 12. The reach up to 3σ significance after 100 fb−1 integrated luminosity is shown. The current bound coming from ϒ → τþτ− at
BABAR [40] excludes the blue region.
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TABLE III. The cut flow formX ¼ 10 GeV. The cross section of this benchmark is small after the basic selection.
However, the mll cut efficiently enhances the signal-to-background ratio.

Cuts

Xμ SM backgrounds (fb)

SignificancejL¼100 fb−1(10 GeV, 0.02) bb̄lþl− bb̄VlþτlVlþτl bb̄τþτ−

Basic selection 0.61 282.6 1365.8 32.2 0.005
mll < 10 GeV 0.5 0.5 1.55 0.03 2.3
Δϕðll; =ETÞ < 0.5 0.3 0.05 0.26 0.03 4.6
5 GeV < =ET < 70 GeV 0.3 0.03 0.21 0.03 5.3
Efficiencies 50% 0.01% 0.016% 0.1%

TABLE IV. The effect of each cut on the signal with mX ¼ 20 GeV and the backgrounds. The mll cut efficiently
enhances the signal-to-background ratio.

Cuts

Xμ SM backgrounds (fb)

SignificancejL¼100 fb−1(20 GeV, 0.02) bb̄lþl− bb̄VlþτlVlþτl bb̄τþτ−

Basic selection 2.27 282.6 1365.8 32.2 0.02
mll < 15 GeV 2.04 1.88 12.33 0.16 2.00
Δϕðll; =ETÞ < 0.5 1.69 0.23 0.44 0.13 12.9
10 < =ET < 70 1.67 0.06 0.30 0.07 21.0
Efficiencies 73.2% 0.02% 0.02% 0.27%

TABLE V. The effect of each cut on the signal with mX ¼ 30 GeV and the backgrounds. The mll cut efficiently
enhances the signal-to-background ratio.

Cuts

Xμ SM backgrounds (fb)

SignificancejL¼100 fb−1(30 GeV, 0.02) bb̄lþl− bb̄VlþτlVlþτl bb̄τþτ−

Basic selection 8.13 282.6 1365.8 32.2 0.07
mll < 25 GeV 7.9 3.95 12.82 0.24 5.77
Δϕðll; =ETÞ < 0.53 6.4 0.32 0.44 0.19 40.0
13 < =ET < 60 5.48 0.21 0.31 0.11 49.0
Efficiencies 67.4% 0.04% 0.01% 0.3%

TABLE VI. The effect of each cut on the signal with mX ¼ 50 GeV and the backgrounds.

Cuts

Xμ SM backgrounds (fb)

SignificancejL¼100 fb−1(50 GeV, 0.02) bb̄lþl− bb̄VlþτlVlþτl bb̄τþτ−

Basic selection 3.42 282.6 1365.8 32.2 0.03
10 < mll < 35 GeV 2.88 6.35 163 5.58 0.27
Δϕðll; =ETÞ < 0.5 2.08 0.74 7.07 3.38 1.37
22 < =ET < 75 1.75 0.03 6.5 0.3 3.5
Efficiencies 51% 0.01% 0.48% 1.17%
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APPENDIX B: LAGRANGIAN

The new terms to the Lagrangians are the following:

Lnew ¼ jDϕ
μϕj2 þ jDs

μsj2 þ Lyuk − VðH;ϕ; sÞ

Lyuk ¼ Q̄L

0
BB@

yu11H̃ yu12H̃ yu13ϕ̃

yu21H̃ yu22H̃ yu23ϕ̃

0 0 yu33H̃

1
CCAuR

þ Q̄L

0
BB@

yd11H yd12H 0

yd21H yd22H 0

yd31ϕ yd32ϕ yd33H

1
CCAdR þ H:c:

þ 1

Λ2
ðL̄3ϕ̃Þðϕ†L̃1;2Þs⋆

VðH;ϕ; sÞ ¼ VðHÞ − μ2ϕjϕ2j2 þ
λϕ
2
jϕj4 þ λϕhjHj2jϕj2

þ λ0ϕhðϕ†HÞðH†ϕÞ − μ2s jsj2 þ
λs
2
jsj4

þ λhsjHj2jsj2 þ λϕsjϕj2jsj2
− ½μðϕ†HÞsþ H:c:�;

where

Dϕ
μϕ ¼

�
∂μ − ig

τi
2
Wi

μ − i
g0

2
Bμ − i

gX
3
Xμ

�
ϕ

Ds
μs ¼

�
∂μ − i

gX
3
Xμ

�
s;

where gX is the gauge coupling associated with Uð1Þð3ÞB−L.
Due to the charge of the third generation of fermions,
some of the Yukawa interactions involve Higgs, and
the mixings of third generation of fermions involve ϕ.

Since the charge of leptons under Uð1Þð3ÞB−L is −1, we need
multiple ϕ and s to cancel its charge under Uð1Þð3ÞB−L.
Therefore, the mixings of leptons only occur at the non-
renormalizable level. It is worth mentioning that there is no
mixing between charged leptons.

APPENDIX C: REPRODUCING THE CKM
MATRIX AND FLAVOR-CHANGING

INTERACTIONS OF X

This model was first suggested in Ref. [32], and the
details of the model are somewhat complicated and lengthy.
Rather than discussing all of the moving parts, we will
focus on the generation of the CKM matrix and poten-
tial FCNCs.

Because the third generation is charged under Uð1Þð3ÞB−L
while the first and second generations are not, mixing
among generations requires ϕ. The full Yukawa interaction,
including interactions with Higgs or ϕ and working in a
basis with diagonal kinetic terms, can be written as

Łq
yuk ¼ Q̄L

0
BB@

yu11H̃ yu12H̃ yu13ϕ̃

yu21H̃ yu22H̃ yu23ϕ̃

0 0 yu33H̃

1
CCAuR

þ Q̄L

0
BB@

yd11H yd12H 0

yd21H yd22H 0

yd31ϕ yd32ϕ yd33H

1
CCAdR þ H:c: ðC1Þ

The upper 2 × 2 block of both quark mass matrices can
be brought to diagonal form by rotations amongQ1;2; uR;1;2
and dR;1;2. Note that, after these rotations—call them
RuL;dL
12 —the up-type quark mass matrix has nonzero (1, 3),

(2, 3) entries, while the down-type matrix has the opposite
structure:

RuL
12 :Mu:R

uR†
12 ¼

0
BB@

m0
u 0 cm0

t

0 m0
c dm0

t

0 0 m0
t

1
CCA and

RdL
12 :Md:R

dR†
12 ¼

0
BB@

m0
d 0 0

0 m0
s 0

am0
b bm0

b m0
b:

1
CCA; ðC2Þ

This structure follows automatically from the Uð1Þð3ÞB−L
charge of ϕ. Given this structure, bringing the mass

TABLE VII. The effect of each cut on the signal withmX ¼ 80 GeV and the backgrounds. To further enhance the
signal-to-background ratio, MT2 and mbl is used.

Cuts

Xμ SM backgrounds (fb)

SignificancejL¼100 fb−1(80 GeV, 0.02) bb̄lþl− bb̄VlþτlVlþτl bb̄τþτ−

Basic selection 2.8 282.6 1365.8 32.2 0.02
25 < mll < 60 GeV 2.51 2.58 317.2 21.25 0.11
MT2 < 16 GeV 2.24 1.6 41.3 17.3 0.30
mbl < 100 GeV 1.15 0.56 10.3 8.8 0.35
Efficiencies 41.1% 0.2% 0.8% 27.3%
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matrices to fully diagonal form can be accomplished by
redefinitions among left-handed fermions between Q3 and
Q1;2 and redefinitions among the right -handed down
quarks between dR3 and dR;1;2. As the kinetic terms of
the three generations are not identical, these last redefini-

tions generically induce FCNCs in Uð1Þð3ÞB−L gauge inter-
actions. These FCNCs are tightly constrained, especially in
the down-quark sector. However, if we impose that a, b ≃ 0
in Eq. (C2), all FCNCs are relegated to the up-quark
sector, where constraints are weaker. In this circumstance, a
viable (3 × 3) CKM matrix is still generated, and one
can show that the elements of the up-quark matrix in
Eq. (C2) are proportional to the CKM elements c ∼ Vub and
d ∼ Vcb [32].
We emphasize that the choice a ∼ b ∼ 0 is not demanded

by the setup but is a phenomenological constraint.
Accepting this constraint, we can work out the fermion
mass basis interactions with X. The only place where

FCNC Uð1Þð3ÞB−L interactions occur is with left-handed up
quarks. Specifically, expanding out the kinetic term and
performing the rotations described above to go to the mass
basis,

Ltree
XQQ ≃

gX
3
ūL

0
B@

V2
ub VubVcb Vub

VubVcb V2
cb Vcb

Vub Vcb 1

1
CAγμuLXμ

þ gX
3
d̄L

0
B@

0 0 0

0 0 0

0 0 1

1
CAγμdLXμ: ðC3Þ

There are no off-diagonal terms present in the uR, dR, or
leptonic interactions with X, so they all have the same form
as the dL interaction in Eq. (C3).
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