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BSM and Exotica: What is “Exotic”?"
•  Comprehensive search of the landscape of √s = 8 TeV proton collisions"

–  Unlike Higgs, no “EXO-Hunters Guide” to show you the way"
–  no SUSY-like plot of parameter space to map out progress"

•  Wide variety of search strategies used"
–  look for interesting features in the data – new resonant states e.g. Z’, W’"
–  look at all possible channels for disagreements with expectation – leptons, 

photons, jets"

–  follow-up interesting new BSM models"

[Bachacou]                             

And yes, we are searching for a new phenomena… 



Which BSM model is ‘right’?
• There is no right / wrong as far as hypothetical models 

are concerned (my subjective opinion).  

• Go to a major conference next year to hear the exact 
opposite ….. for each model. 

• Hopefully the LHC will point us to the right direction. 

• Until then, better to keep all options open. 

• And that is exactly what experimental collaborations 
are doing.
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Probe ~1 - 5 TeV scale across a very wide range 
of fermionic and bosonic final states
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• Where is New Physics? 

• Hopefully it is just around the conner.

• Are we sure we covered every single corner?  

• Are we digging in the right place?

• Do we need better tools?

• What should we do at Run II? 

• Are we prepared?



• Let’s step back and think about a simple physics 
case (?), such as resonances. (everything can be 
thought of as a resonance.) 

• Relatively easy to find (?). Bump hunting? 

• Perhaps we can find a systematic way of thinking 
about resonances! 

• Consider all possible combinations of two 
reconstructed objects



� `(e, µ) j(q, b, g) ⌧ t Z W h /E
T

� G
KK

, h F 0 F 0 F 0 F 0 h, W2 Z2 �̃0
1, �1

`(e, µ) Z 0 LQ, R/ R/ LQ, R/ L2 ⌫2 ˜̀

j Z 0, W 0, h R/ R/ Q2, F 0 Q2, F 0 t ! hj q̃, q1

⌧ Z 0 R/ ⌧2 ⌫2 ⌧̃ , ⌧1

t RS, G0, Z 0 T 0 T 5/3 T 0 t̃, t1

Z h, H W 0 �2

W h H± �̃±
1

h H

/E
T

h

Table 1: Examples of di-object. F 0= ‘excited fermion’, R/= ‘R-parity violation’, LQ = ‘Lepto-
Quark’. Numbers in subscript indicate that particles have extra dimensional origin. Supersym-
metric particles have ⇠ as usual.
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Consider all possible objects with two reconstructed objects. 
Are covering all spots theoretically and experimentally?
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This is NOT a complete list at all!



A few comments
• Table tells us how a di-object decays. No information on its production. 

• Search strategy can be different depending on the mass scale and details of each 
model. 

• One can further classify  

• in terms of electric charge (SS/DS), color charge (single, triplet, octet, sextet 
etc), Lorentz symmetry (scalar/fermion/vector) 

• e and mu are different. tau is special.  Gluon and quarks are different. 

• Table can be extended with THREE reconstructed objects. 

• Reconstruction of a resonance in MET channel is challenging. 

• Various ideas exist: MT2, M2 etc.  (See Doojin’s talk)



• Certainly the table is not complete and can be improved. 
Nevertheless we are covering these boxes pretty well.  

• In fact, almost all spots are considered at least in theory. 

• Some channels are looked at experimentally and some are not. 

• However, we always have to remember what assumptions are 
made behind each analysis. 

• We cover final states reasonably but we make strong assumptions 
on their production. 

• We will take a look at three examples of resonances with non-
standard production mechanism that might escape current 
analysis. 

• dilepton, dijet and ttbar resonances.



dilepton resonance
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Figure 5: Upper limits as a function of resonance mass M on the production ratio Rs of cross
section times branching fraction into lepton pairs for Z0

SSM and Z0
y boson production to the

same quantity for Z bosons. The limits are shown from (top left) the dimuon final state, (top
right) the dielectron barrel-barrel final state, (bottom left) dielectron barrel-endcap final state
and (bottom right) the combined dilepton state. Shaded green and yellow bands correspond to
the 68% and 95% quantiles for the expected limits. The increase of the barrel-endcap limits at
high mass is due to the acceptance of that channel becoming smaller with increasing mass as
the produced electrons become more central.

they are integrated over using the Metropolis-Hastings algorithm [30]. The observed limits
have been found to be robust and do not significantly change for reasonable variations of the
limit setting procedure such as varying the window of events being included in the likelihood
and changes in the background normalisation and shape.

Figure 5 shows the observed and expected upper limits on the production ratio Rs of the cross
section times branching fraction of a Z0 boson relative to that for a Z boson for the dimuon
channel, the dielectron barrel-barrel, the dielectron barrel-endcap channel and the dimuon and
dielectron channel combined. The limit increases at high mass in the dielectron barrel-endcap
channel due to the acceptance of this channel decreasing as the produced electrons become
more central with increasing mass.

The figures also show the predicted cross section times branching fraction ratios for Z0
SSM and

Z0
y production. The leading-order cross section predictions for Z0

SSM and Z0
y from PYTHIA us-

ing CTEQ6.1 PDFs are corrected by a mass-dependent K factor obtained using ZWPRODP [27,
31, 32], to account for the next-to-next-to-leading order (NNLO) QCD contributions. The cal-
culated Z0 cross sections include generated dileptons with masses only within ±40% of the
nominal resonance mass to approximate a narrow width resonance. The NNLO prediction
used for the Z/g⇤ production cross section in the mass window of 60 to 120 GeV is 1.117 nb as
calculated using FWEZ [33]. The theoretical uncertainty is expected to be 4% from 7 TeV stud-
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FIG. 4. Median expected (dashed line) and observed (solid
line) 95% CL upper limits on cross-section times branching
ratio (σB) for Z′

SSM production for the exclusive dimuon and
dielectron channels, and for both channels combined. The
width of the Z′

SSM theory band represents the theoretical un-
certainty from the PDF error set, the choice of PDF as well
as αS .

Figure 3 also contains the Z ′
SSM theory band for σB. Its

width represents the theoretical uncertainty, taking into
account the following sources: the PDF error set, the
choice of PDF, and αS . The value of MZ′ at which the
theory curve and the observed (expected) 95% CL limits
on σB intersect is interpreted as the observed (expected)
mass limit for the Z ′

SSMboson, and corresponds to 2.90
(2.87) TeV.

A comparison of the combined limits on σB and those
for the exclusive dielectron and dimuon channel is given
in Figure 4. This demonstrates the contribution of each
channel to the combined limit. As expected from Fig. 1,
the larger values for A×ϵ in addition to the better resolu-
tion in the dielectron channel results in a stronger limit
than in the dimuon channel. The observed (expected)
Z ′
SSM mass limit is 2.79 (2.76) TeV in the dielectron chan-

nel, and 2.53 (2.53) TeV in the dimuon channel.

Figure 5 shows the observed σB exclusion limits at
95% CL for the Z ′

SSM, Z ′
χ, Z

′
ψ and Z∗ signal searches.

Here only observed limits are shown, as they are always
very similar to the expected limits (see Fig. 4). The the-
oretical σB of the boson for the Z ′

SSM, two E6-motivated
Models and Z∗ are also displayed. The 95% CL limits on
σB are used to set mass limits for each of the considered
models. Mass limits obtained for the Z ′

SSM, E6-motivated
Z ′ and Z∗ bosons are displayed in Table VII.

As demonstrated in Fig. 5, for lower values of MZ′ the
limit is driven primarily by the width of the signal and
gets stronger with decreasing width. At large MZ′ , the
σB limit for a given Z ′ model worsens with increasing
mass. This weakening of the limit is due to the pres-
ence of the parton-luminosity tail in the mℓℓ line shape.
The magnitude of this degradation is proportional to the
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FIG. 5. Observed upper cross-section times branching ra-
tio (σB) limits at 95% CL for Z′

SSM, E6-motivated Z′ and Z∗

bosons using the combined dilepton channel. In addition, the-
oretical cross-sections on σB are shown for the same models.
The stars indicate the lower mass limits for each considered
model. The width of the Z′

SSM band represents the theoret-
ical uncertainty from the PDF error set, the choice of PDF
as well as αS. The width of the Z′

SSM band applies to the
E6-motivated Z′ curves as well.

size of the low-mass tail of the signal due to much higher
background levels at low mℓℓ compared to high mℓℓ. All
Z ′ models exhibit a parton-luminosity tail, the size of
which increases with increasing natural width of the Z ′

resonance. The tail is most pronounced for Z ′
SSM, and

least for Z ′
ψ, in line with the different widths given in

Table VII. Even though the width of the Z∗ is similar to
the width of the Z ′

SSM, the tensor form of the coupling of
the Z∗ to fermions strongly suppresses parton luminosity
effects. Limits on σB for the Z∗ interpretation therefore
do not worsen with increasing invariant mass. Quantita-
tively, the observed Z ′

SSM mass limit would increase from
2.90 TeV to 2.95 TeV and 3.08 TeV, if the Z ′

χ and Z ′
ψ bo-

son signal templates, with smaller widths, were used. If
the Z∗ boson template with negligible parton-luminosity
tail but similar width were used instead of the Z ′

SSM tem-
plate, the observed limit would increase to 3.20 TeV.

TABLE VII. Observed and expected lower mass limits for Z′

and Z∗ bosons, using the corresponding signal template for a
given model.

Model Width Observed Limit Expected Limit
[%] [TeV] [TeV]

Z′
SSM 3.0 2.90 2.87
Z′
χ 1.2 2.62 2.60

Z′
ψ 0.5 2.51 2.46

Z∗ 3.4 2.85 2.82
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Is a very light dilepton resonance searched for? 
!

Perhaps dilepton resonance exists in the low mass region  
(not in the high mass side). 

!
Perhaps we were going in the wrong direction.  

!
Maybe dilepton resonance is produced via top quark,  

not from qqbar annihilation.
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We suggest top quark decays as a venue to search for light dark force carriers. The top quark is
the heaviest particle in the standard model whose decays are relatively poorly measured, allowing
sufficient room for exotic decay modes from new physics. A very light (GeV scale) dark gauge boson
(Z′) is a recently highlighted hypothetical particle that can address some astrophysical anomalies as
well as the 3.6σ deviation in the muon g−2 measurement. We present and study a possible scenario
that top quark decays as t → bW+Z′s. This is the same as the dominant top quark decay (t → bW )
accompanied by one or multiple dark force carriers. The Z′ can be easily boosted, and it can decay
into highly collimated leptons (lepton-jet) with large branching ratio. We discuss the implications
for the Large Hadron Collider experiments including the analysis based on the lepton-jets.

I. INTRODUCTION

With a recent discovery of a new scalar particle [1, 2],
which is consistent with the standard model (SM) Higgs
boson, the understanding of the SM is near completion
except for precision studies. With this, the interest to-
ward new physics beyond the SM soars. One definite
evidence of new physics is the existence of dark sectors
such as dark energy and dark matter [3].
Dark force was introduced as a newcomer to dark sec-

tor [4]. It is a hypothetical interaction among the dark
matters that can address various astrophysical anomalies
such as positron excess. Positron excess has been ob-
served at numerous experiments including PAMELA [5]
and AMS [6]. A very light (roughly, GeV scale) dark force
carrier (which we call Z ′) is supposed to couple to dark
matter strongly, but extremely weakly to the SM parti-
cles. It is expected to be light because such a light force
carrier can provide the the required enhancement (via
the so-called Sommerfeld effect) of the present time dark
matter annihilation at the Galactic center while satisfy-
ing the dark matter relic density constraints [4]. Through
a simple kinematics, it can also naturally explain why an-
tiproton excess has not been observed. In addition, such
a gauge boson with small mass and very weak coupling
can address the 3.6σ deviation in the muon anomalous
magnetic moment [3] through a one-loop correction of Z ′

[7, 8]. (For more motivations and details about the light
dark force carriers, see Ref. [9].)
With such appealing motivations, there are active

searches for light dark force carriers. A dark force carrier
is roughly of GeV scale, and can be searched for both at
the low energy and high energy experiments. The major
search schemes are based on bremsstrahlung at fixed tar-
get experiments or meson decays [10]. Collider signatures
for certain supersymmetric models [11] and the decay of
the Higgs bosons into the Z ′ [12–14] have been studied
as well.
In this paper, we present a novel channel to produce

and search for the dark force carrier using top quark de-

W +

t

b

(a)

Z ′

t

b

W +

(b)

FIG. 1: (a) Dominant top quark decay mode (t → bW ). (b)
The top quark decay into dark force carriers (t → bW + Z′s)
is the same to the dominant top quark plus one or multiple
Z′s. A very light Z′ can be easily boosted and, it can decay
into highly collimated jets or leptons (lepton-jet).

cays. We show that the top quark decays into dark force
carriers are possible and it can be searched for at the
Large Hadron Collider (LHC) with excellent discovery
potential.

II. TOP TO Z
′ PRODUCTION

The top quark is the heaviest elementary particle in the
SM, quite possibly heavier than new particles in many
models beyond the SM. (For a short review about the
top quark, see a review article in Ref. [3].) Because of its
large mass, its lifetime (τt ≈ 0.5×10−24 sec) is very short.
Since it is shorter than the QCD scale (ΛQCD ∼ 10−23

sec), top quark decays before forming any hadrons, unlike
other quarks [15]. For this reason, top quark decays have
been considered as an ideal probe of new physics even
before its discovery at Tevatron in 1995 [16, 17].
Although top quark mass is precisely measured (mt =

173.1 GeV with 0.5% level uncertainty), its decay width
is not [3]:

Γt = 2.0± 0.5 GeV. (1)

• MZprime ~ O(1-10) GeV
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We suggest top quark decays as a venue to search for light dark force carriers. The top quark is
the heaviest particle in the standard model whose decays are relatively poorly measured, allowing
sufficient room for exotic decay modes from new physics. A very light (GeV scale) dark gauge boson
(Z′) is a recently highlighted hypothetical particle that can address some astrophysical anomalies as
well as the 3.6σ deviation in the muon g−2 measurement. We present and study a possible scenario
that top quark decays as t → bW+Z′s. This is the same as the dominant top quark decay (t → bW )
accompanied by one or multiple dark force carriers. The Z′ can be easily boosted, and it can decay
into highly collimated leptons (lepton-jet) with large branching ratio. We discuss the implications
for the Large Hadron Collider experiments including the analysis based on the lepton-jets.
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evidence of new physics is the existence of dark sectors
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served at numerous experiments including PAMELA [5]
and AMS [6]. A very light (roughly, GeV scale) dark force
carrier (which we call Z ′) is supposed to couple to dark
matter strongly, but extremely weakly to the SM parti-
cles. It is expected to be light because such a light force
carrier can provide the the required enhancement (via
the so-called Sommerfeld effect) of the present time dark
matter annihilation at the Galactic center while satisfy-
ing the dark matter relic density constraints [4]. Through
a simple kinematics, it can also naturally explain why an-
tiproton excess has not been observed. In addition, such
a gauge boson with small mass and very weak coupling
can address the 3.6σ deviation in the muon anomalous
magnetic moment [3] through a one-loop correction of Z ′

[7, 8]. (For more motivations and details about the light
dark force carriers, see Ref. [9].)
With such appealing motivations, there are active

searches for light dark force carriers. A dark force carrier
is roughly of GeV scale, and can be searched for both at
the low energy and high energy experiments. The major
search schemes are based on bremsstrahlung at fixed tar-
get experiments or meson decays [10]. Collider signatures
for certain supersymmetric models [11] and the decay of
the Higgs bosons into the Z ′ [12–14] have been studied
as well.
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The top quark decay into dark force carriers (t → bW + Z′s)
is the same to the dominant top quark plus one or multiple
Z′s. A very light Z′ can be easily boosted and, it can decay
into highly collimated jets or leptons (lepton-jet).

cays. We show that the top quark decays into dark force
carriers are possible and it can be searched for at the
Large Hadron Collider (LHC) with excellent discovery
potential.

II. TOP TO Z
′ PRODUCTION

The top quark is the heaviest elementary particle in the
SM, quite possibly heavier than new particles in many
models beyond the SM. (For a short review about the
top quark, see a review article in Ref. [3].) Because of its
large mass, its lifetime (τt ≈ 0.5×10−24 sec) is very short.
Since it is shorter than the QCD scale (ΛQCD ∼ 10−23

sec), top quark decays before forming any hadrons, unlike
other quarks [15]. For this reason, top quark decays have
been considered as an ideal probe of new physics even
before its discovery at Tevatron in 1995 [16, 17].
Although top quark mass is precisely measured (mt =

173.1 GeV with 0.5% level uncertainty), its decay width
is not [3]:

Γt = 2.0± 0.5 GeV. (1)
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While it is in a reasonable agreement with the SM predic-
tion (ΓSM

t ≃ 1.3 GeV with theoretical error better than
1% [3]), quite a large uncertainty (25%) indicates lack
of precise knowledge about top quark properties. While
the exact values are process dependent, typical experi-
mental errors related to top quark decays are of O(10%)
[3], leaving plenty room for new decay modes originating
from new physics beyond the SM. (Later, in our illustra-
tion, we will take the top quark decay branching ratio
into light Z ′s not more than 0.1 − 1% although it could
be much greater in principle.) With these observations,
we view the top quark decay as an ideal window to look
for a dark force carrier.

In the SM, nearly 100% of top quark decay is the on-
shell t → bW decay. Possible scenarios to search for Z ′

in connection to the top quark decay include
(i) t → bH+ → bW + Z ′

(through H±W∓Z ′ coupling),
(ii) t → bH+ → bW + h → bW + Z ′Z ′

(with a light non-SM Higgs boson h),
(iii) t → bW ∗ → bW + Z ′

(through Z ′WW coupling),
(iv) t → bW ∗ → bW + h → bW + Z ′Z ′

(through hWW coupling).
There can be also Z ′ radiation off from top not being a
decay product. For a relatively heavy Z ′, mZ′ ! 1 GeV,
the radiation cross sections are negligibly small though.
While the off-shell processes are worth investigating as
they may prevail in different situations (for example,
when a charged Higgs is absent), we will focus on the
on-shell decays in this paper.

There may be also other ways the t can decay into Z ′s
without producing bW such as t → qZ ′ (with q = u, c)
through the W loop. Nevertheless, it is interesting to
observe that there are abundant ways the t can decay
into Z ′s with bW , the decay products of the dominant
top quark decay.

Throughout this paper, we will assume mW " mH± "
mt, and study the on-shell decays (i) and (ii). Whether
(i) or (ii) dominates depends on the masses of the Higgs
bosons, especially whether the non-SM Higgs h is light
enough so that the charged Higgs can decay into it dom-
inantly or not.

III. INGREDIENTS OF DARK FORCE MODELS

A. Dark force carrier

While the final particles in the aforementioned modes
are the same up to the number of Z ′s, some of the modes
are model dependent, and it is worth describing some
aspects of the models.

The minimum ingredients of extra particles to extend
the SM to the dark sector are, besides the dark matter
itself, the Z ′ (dark force carrier) and an additional Higgs
to give a mass to the Z ′. As the Z ′ should be massive in
order to decay into the leptons so that it can explain the

astrophysical anomalies, we need some extended Higgs
sector to give a mass to the Z ′. (We do not consider
other possible ways to provide a mass such as Stueckel-
berg mechanism [18].)

Z ′ is typically taken as a gauge boson of a new gauge
symmetry, dark U(1), under which the SM particles do
not have charges. Although Z ′ does not couple to the
SM particles directly, it can couple through the mixing
of the Z ′ with the SM gauge bosons via the gauge kinetic
mixing parametrized by ε [19]

Lgauge = −
1

4
BµνBµν +

1

2

ε

cos θW
BµνZ ′µν −

1

4
Z ′

µνZ ′µν .

(2)
The exact coupling however depends on details of model,
especially on how the Z ′ gets a mass. For example, it
depends on whether the extra Higgs is a SU(2)L singlet
or doublet [12].

Depending on Higgs sector, the Z ′ may couple both
to the electromagnetic current (Jem) and weak neutral
current (JNC). The interaction Lagrangian of the Z ′ with
the SM fermions is given by

Ldark Z = − (εeJµ
em + εZgZJµ

NC)Z ′
µ (3)

= f̄
!

gV γµ − gAγµγ5
"

fZ ′
µ (4)

with

gV = −εeQf − εZgZ

#

1

2
T3f − Qf sin2 θW

$

, (5)

gA = −εZgZ

#

1

2
T3f

$

, (6)

where Qf and T3f are the electric charge and isospin,
respectively. Bounds on the couplings of the Z ′ come
from various experiments such as lepton anomalous mag-
netic moment, atomic parity violation, polarized electron
scattering, meson decays, fixed target experiments, beam
dump experiments, and Higgs decays. The exact bounds
depend on the mZ′ and its decay branching ratio, but
typically, it is set as |ε| " 10−2 and |δ| " 10−2 (with
εZ ≡ δ m

Z′

mZ
) [12, 20].

For our interested Z ′ of roughly O(GeV), the BR(Z ′ →
ℓ+ℓ−) for ℓ = e, µ is expected to be large, typically
0.2 ∼ 1 depending on mZ′ and other details. Such a
light Z ′ gauge boson shows many distinguishable prop-
erties from heavy (electroweak or TeV scale) Z ′ gauge
bosons in various contexts [21]. (Also see Refs. [22, 23]
for some recent studies on invisible or partly invisible
heavy Z ′ gauge bosons.)

Because the Z ′ can be easily boosted in the top de-
cay processes we consider, it is expected to appear as
highly collimated leptons or jets. Depending on its mass
and coupling, it could be more identifiable as a lepton-jet
or a simple pair of isolated leptons. (See Appendix for
some detailed discussions.) A lepton-jet is a final state
consisting of collimated electrons or muons. Measuring
properties of lepton-jets have been studied and experi-
mental searches at the LHC experiments already started
[24, 25].
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t ≃ 1.3 GeV with theoretical error better than
1% [3]), quite a large uncertainty (25%) indicates lack
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(through hWW coupling).
There can be also Z ′ radiation off from top not being a
decay product. For a relatively heavy Z ′, mZ′ ! 1 GeV,
the radiation cross sections are negligibly small though.
While the off-shell processes are worth investigating as
they may prevail in different situations (for example,
when a charged Higgs is absent), we will focus on the
on-shell decays in this paper.

There may be also other ways the t can decay into Z ′s
without producing bW such as t → qZ ′ (with q = u, c)
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are model dependent, and it is worth describing some
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the SM to the dark sector are, besides the dark matter
itself, the Z ′ (dark force carrier) and an additional Higgs
to give a mass to the Z ′. As the Z ′ should be massive in
order to decay into the leptons so that it can explain the

astrophysical anomalies, we need some extended Higgs
sector to give a mass to the Z ′. (We do not consider
other possible ways to provide a mass such as Stueckel-
berg mechanism [18].)

Z ′ is typically taken as a gauge boson of a new gauge
symmetry, dark U(1), under which the SM particles do
not have charges. Although Z ′ does not couple to the
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of the Z ′ with the SM gauge bosons via the gauge kinetic
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Depending on Higgs sector, the Z ′ may couple both
to the electromagnetic current (Jem) and weak neutral
current (JNC). The interaction Lagrangian of the Z ′ with
the SM fermions is given by

Ldark Z = − (εeJµ
em + εZgZJµ

NC)Z ′
µ (3)

= f̄
!

gV γµ − gAγµγ5
"

fZ ′
µ (4)

with

gV = −εeQf − εZgZ

#

1

2
T3f − Qf sin2 θW

$

, (5)

gA = −εZgZ

#

1

2
T3f

$

, (6)

where Qf and T3f are the electric charge and isospin,
respectively. Bounds on the couplings of the Z ′ come
from various experiments such as lepton anomalous mag-
netic moment, atomic parity violation, polarized electron
scattering, meson decays, fixed target experiments, beam
dump experiments, and Higgs decays. The exact bounds
depend on the mZ′ and its decay branching ratio, but
typically, it is set as |ε| " 10−2 and |δ| " 10−2 (with
εZ ≡ δ m

Z′
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) [12, 20].

For our interested Z ′ of roughly O(GeV), the BR(Z ′ →
ℓ+ℓ−) for ℓ = e, µ is expected to be large, typically
0.2 ∼ 1 depending on mZ′ and other details. Such a
light Z ′ gauge boson shows many distinguishable prop-
erties from heavy (electroweak or TeV scale) Z ′ gauge
bosons in various contexts [21]. (Also see Refs. [22, 23]
for some recent studies on invisible or partly invisible
heavy Z ′ gauge bosons.)

Because the Z ′ can be easily boosted in the top de-
cay processes we consider, it is expected to appear as
highly collimated leptons or jets. Depending on its mass
and coupling, it could be more identifiable as a lepton-jet
or a simple pair of isolated leptons. (See Appendix for
some detailed discussions.) A lepton-jet is a final state
consisting of collimated electrons or muons. Measuring
properties of lepton-jets have been studied and experi-
mental searches at the LHC experiments already started
[24, 25].

• A gauge boson of a new dark U(1).  

• Light Zd with weak couplings to SM 
may address various anomalies such 
as positron data, muon g-2 etc. 

• Zd has no direct couplings to SM. It 
couples to SM via kinetic mixing + 
extra mass mixing. 

• Exact couplings depend on details of 
model, especially on higgs sector. 

• It opens up exotic Higgs decays and 
provides interesting collider signatures!
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sector to give a mass to the Z ′. (We do not consider other
possible ways to provide a mass such as the Stueckelberg
mechanism [18].)
Z ′ is typically taken as a gauge boson of a new gauge

symmetry, dark U(1), under which the SM particles do
not have charges. Although Z ′ does not couple to the
SM particles directly, it can couple through the mixing
of the Z ′ with the SM gauge bosons via the gauge kinetic
mixing parametrized by ε [19]
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The exact coupling, however, depends on the details of
model, especially on how the Z ′ gets a mass. For exam-
ple, it depends on whether the extra Higgs is a SU(2)L
singlet or doublet [12].
Depending on the Higgs sector, the Z ′ may couple both

to the electromagnetic current (Jem) and the weak neu-
tral current (JNC). The interaction Lagrangian of the Z ′

with the SM fermions is given by
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where Qf and T3f are the electric charge and isospin, re-
spectively. Bounds on the couplings of the Z ′ come from
various experiments such as the lepton anomalous mag-
netic moment, atomic parity violation, polarized electron
scattering, meson decays, fixed target experiments, beam
dump experiments, and Higgs decays. The exact bounds
depend on the mZ′ and its decay branching ratio, but
typically, it is set as |ε| " 10−2 and |δ| " 10−2 (with
εZ ≡ δ m

Z′

mZ
) [12, 20].

For our interested Z ′ of roughlyO(GeV), the BR(Z ′ →
ℓ+ℓ−) for ℓ = e, µ is expected to be large, typically
0.2 ∼ 1 depending on mZ′ and other details. Such a
light Z ′ gauge boson shows many distinguishable prop-
erties from heavy (electroweak or TeV scale) Z ′ gauge
bosons in various contexts [21]. (Also see Refs. [22, 23]
for some recent studies on invisible or partly invisible
heavy Z ′ gauge bosons.)
Because the Z ′ can be easily boosted in the top decay

processes we consider, it is expected to appear as highly
collimated leptons or jets. Depending on its mass and
coupling, it could be more identifiable as a lepton-jet or
a simple pair of isolated leptons. (See the Appendix for
some detailed discussions.) A lepton-jet is a final state
consisting of collimated electrons or muons. Measuring
properties of lepton-jets have been studied and experi-
mental searches at the LHC experiments already started
[24, 25].
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Charged Higgs + Zd
• In 2HDM, FCNC constraints can be addressed by a new U(1), 

under which Higgs doublets carry different charges. 

• Such a scenario may introduce tree-level HWZprime coupling.  

• For a light “dark” Z model (with mass < 10 GeV), charged Higgs 
may decay dominantly into W + Zd (for mass < mtop) 

• For a Zd with O(1) GeV mass, BR into leptons is large. 

• At LHC, such a Zd can be boosted, and two leptons from Zd decay 
appear as a Lepton-Jet.

Kong, Lee, Park, 2014
Davoudiasl, Marciano, Ramos, Sher, 2014



Charged Higgs (H+) decay

3

B. New Higgs bosons

The dark force can be categorized into how the Z ′ gets
a mass. We will consider the dark Z model based on
the Type-I two Higgs doublet model [12], with notations
taken from Ref. [14], for the scenario (i) and (ii). In this
kind of dark force model, tanβ ≡ v2/v1 ! 1 is required,
where Φ2 couples to the SM fermions and Φ1 does not.
(For a heavy Z ′ model in 2HDM frames, for example, see
Ref. [26].)

A new neutral Higgs boson that can mix with the SM
Higgs doublet is generically expected, and if an extra
Higgs is a doublet, there are charged Higgs bosons too.
The Higgs properties of such scenarios have been studied
in many literatures [12, 14, 27]. A new neutral Higgs can
be very light and it can dominantly decay as h → Z ′Z ′.
A charged Higgs can be also much lighter than typical
experimental bounds as its dominant decay may be into
rather elusive light Z ′s [14].

For the mH± " mt, the major decay modes of H+

in the typical 2HDM are into ντ+ and cs̄. Their decay
widths are

Γ(H+ → ντ+) ≃
mH±

8πv2

m2
τ

tan2 β
, (7)

and similarly for cs̄ with a color factor. Despite of the
color factor, because of the small mass of charm quark
(c) at the electroweak scale, cs̄ mode is subdominant to
the τν mode. With a recently discovered 125 GeV SM-
like Higgs (HSM), the off-shell decay H± → W ∗HSM →
f f̄ ′HSM can be also quite sizable, even larger than H+ →
ντ+ for certain parameter space.

The scenario (i) is based on the assumption that SM-
like Higgs is the lighter Higgs doublet. The H±W∓Z ′

coupling is very small, but its decay branching ratio could
be sizable [28, 29]. The tree-level decay width is given by

Γ(H± → WZ ′) ≃
m3

H±

16πv2
(sin β cosβd)

2
!

1 −
m2

W

m2
H±

"3

(8)
where βd is a parameter related to the dark sector Higgs
singlet.

The scenario (ii) is based on the assumption there is a
light Higgs h that a charged Higgs can decay into. For
definiteness, let us take the Higgs mixing angle α ≃ ±π/2
limit, which is a decoupling limits of doublets where a
heavier Higgs doublet is the SM-like Higgs (125 GeV)
and a lighter one is the other doublet. The decay width
[14] is

Γ(H± → Wh) ≃
sin2 β

16πv2

1

m3
H±

λ3/2(m2
H± , m2

W , m2
h) (9)

with λ(x, y, z) ≡ x2 + y2 + z2 − 2xy − 2yz − 2zx. In
this limit, we also get BR(h → Z ′Z ′) ≃ 1 as h does not
couple to the SM fermions.

In both scenarios (i) and (ii), for most of parameter
space, a dominant decay of the charged Higgs is into
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FIG. 2: BR(t → bH+) for tan β = 2 (Black), 5 (Blue), 10
(Red), 20 (Green). The t decay into H+ is larger for smaller
mH± and smaller tan β.

Z ′s. The dominance of the H± decay into the Z ′ parti-
cles in both scenarios originate from the enhancement of
couplings for boosted gauge bosons, formally known as
Goldstone boson equivalence theorem (GBET). Detailed
discussions and illustrations are given in the aforemen-
tioned references [14, 28, 29]. We will use a parameter
for the charged Higgs to Z ′s decay branching ratio

Y ≡ BR(H± → W + Z ′s), (10)

which corresponds to Y = BR(H± → WZ ′) with one
Z ′ [for scenario (i)], and Y = BR(H± → Wh) BR(h →
Z ′Z ′) with two Z ′s [for scenario (ii)]. In large area of
the parameter space, Y ≃ 1 is obtained. In our analysis,
instead of using an exact value which depends on various
model parameters, we will take a range of Y = 0.5 − 1
(the branching ratio of 50% or greater).

IV. PRODUCTION AND DECAYS OF TOP
QUARK AT THE LHC

A. Top pair production

Top quarks can be produced in pair by dominant QCD
process (qq̄′, gg) or singly by electroweak process with W
boson at the Tevatron and the LHC. At the LHC, the tt̄
can be produced abundantly via dominant gluon-gluon
fusion. The gluon fusion makes up 90% of total tt̄ for
the center-of-mass energy

√
s = 14 TeV (about 80% for√

s = 7 TeV).
The total tt̄ pair production cross section at the LHC

(at NNLO QCD corrections) is predicted to be σtt̄ ≃
167 pb (for 7 TeV), 239 pb (for 8 TeV), and 933 pb
(for 14 TeV) [30]. Currently, at the LHC, integrated
luminosity (L) is about 5 fb−1 for 7 TeV, and about
20 fb−1 for 8 TeV [31]. The 14 TeV LHC is scheduled to
operate soon, and is expected to reach the luminosity of
several hundreds of fb−1.
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FIG. 2: BR(t → bH+) for tan β = 2 (Black), 5 (Blue), 10
(Red), 20 (Green). The t decay into H+ is larger for smaller
mH± and smaller tan β.
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FIG. 2: BR(t → bH+) for tan β = 2 (Black), 5 (Blue), 10
(Red), 20 (Green). The t decay into H+ is larger for smaller
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Z ′s. The dominance of the H± decay into the Z ′ parti-
cles in both scenarios originate from the enhancement of
couplings for boosted gauge bosons, formally known as
Goldstone boson equivalence theorem (GBET). Detailed
discussions and illustrations are given in the aforemen-
tioned references [14, 28, 29]. We will use a parameter
for the charged Higgs to Z ′s decay branching ratio

Y ≡ BR(H± → W + Z ′s), (10)

which corresponds to Y = BR(H± → WZ ′) with one
Z ′ [for scenario (i)], and Y = BR(H± → Wh) BR(h →
Z ′Z ′) with two Z ′s [for scenario (ii)]. In large area of
the parameter space, Y ≃ 1 is obtained. In our analysis,
instead of using an exact value which depends on various
model parameters, we will take a range of Y = 0.5 − 1
(the branching ratio of 50% or greater).

IV. PRODUCTION AND DECAYS OF TOP
QUARK AT THE LHC

A. Top pair production

Top quarks can be produced in pair by dominant QCD
process (qq̄′, gg) or singly by electroweak process with W
boson at the Tevatron and the LHC. At the LHC, the tt̄
can be produced abundantly via dominant gluon-gluon
fusion. The gluon fusion makes up 90% of total tt̄ for
the center-of-mass energy

√
s = 14 TeV (about 80% for√

s = 7 TeV).
The total tt̄ pair production cross section at the LHC

(at NNLO QCD corrections) is predicted to be σtt̄ ≃
167 pb (for 7 TeV), 239 pb (for 8 TeV), and 933 pb
(for 14 TeV) [30]. Currently, at the LHC, integrated
luminosity (L) is about 5 fb−1 for 7 TeV, and about
20 fb−1 for 8 TeV [31]. The 14 TeV LHC is scheduled to
operate soon, and is expected to reach the luminosity of
several hundreds of fb−1.

• For MH+ < mtop, dominant decays are into cs and 
tau-neutrino in usual 2HDM.  

• For (i), the lighter Higgs boson is SM-like. H+W-Zd 
coupling is small but H+ Br to WZd can be large. 

• For (ii), the charged Higgs can decay to the lighter 
Higgs. In the decoupling limit (alpha=pi/2 or -pi/2), 
the heavier Higgs is SM-like.  

• Br(h -> Zd Zd) ~ 1, since h does not couple to SM 
fermions. (Type I) 

• In both (i) and (ii), over much of parameter space, 
Y~1. Whether (i) or (ii) dominates depends on the 
mass of Higgs boson, especially mass of non-SM 
Higgs. 

• In principle,                                         is possible.
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While it is in a reasonable agreement with the SM predic-
tion (ΓSM

t ≃ 1.3 GeV with theoretical error better than
1% [3]), quite a large uncertainty (25%) indicates a lack
of precise knowledge about top quark properties. While
the exact values are process dependent, typical experi-
mental errors related to top quark decays are of O(10%)
[3], leaving plenty room for new decay modes originating
from new physics beyond the SM. (Later, in our illustra-
tion, we will take the top quark decay branching ratio
into light Z ′s not more than 0.1%−1% although it could
be much greater in principle.) With these observations,
we view the top quark decay as an ideal window to look
for a dark force carrier.
In the SM, nearly 100% of top quark decay is the on-

shell t → bW decay. Possible scenarios to search for Z ′

in connection to the top quark decay include
(i) t → bH+ → bW + Z ′

(through H±W∓Z ′ coupling),
(ii) t → bH+ → bW + h → bW + Z ′Z ′

(with a light non-SM Higgs boson h),
(iii) t → bW ∗ → bW + Z ′

(through Z ′WW coupling),
(iv) t → bW ∗ → bW + h → bW + Z ′Z ′

(through hWW coupling).
There can be also Z ′ radiation off from top not being a
decay product. For a relatively heavy Z ′, mZ′ ! 1 GeV,
the radiation cross sections are negligibly small though.
While the off-shell processes are worth investigating as
they may prevail in different situations (for example,
when a charged Higgs is absent), we will focus on the
on-shell decays in this paper.
There may be also other ways the t can decay into Z ′s

without producing bW such as t → qZ ′ (with q = u, c)
through the W loop. Nevertheless, it is interesting to
observe that there are abundant ways the t can decay
into Z ′s with bW , the decay products of the dominant
top quark decay. (See Fig. 1.)
Throughout this paper, we will assume mW " mH± "

mt, and study the on-shell decays (i) and (ii). Whether
(i) or (ii) dominates depends on the masses of the Higgs
bosons, especially whether the non-SM Higgs h is light
enough so that the charged Higgs can decay into it dom-
inantly or not.

III. INGREDIENTS OF DARK FORCE MODELS

A. Dark force carrier

While the final particles in the aforementioned modes
are the same up to the number of Z ′s, some of the modes
are model dependent, and it is worth describing some
aspects of the models.
The minimum ingredients of extra particles to extend

the SM to the dark sector are, besides the dark matter
itself, the Z ′ (dark force carrier) and an additional Higgs
to give a mass to the Z ′. As the Z ′ should be massive in
order to decay into the leptons so that it can explain the

astrophysical anomalies, we need some extended Higgs
sector to give a mass to the Z ′. (We do not consider other
possible ways to provide a mass such as the Stueckelberg
mechanism [18].)
Z ′ is typically taken as a gauge boson of a new gauge

symmetry, dark U(1), under which the SM particles do
not have charges. Although Z ′ does not couple to the
SM particles directly, it can couple through the mixing
of the Z ′ with the SM gauge bosons via the gauge kinetic
mixing parametrized by ε [19]

Lgauge = −
1

4
BµνB

µν +
1

2

ε

cos θW
BµνZ

′µν −
1

4
Z ′
µνZ

′µν .

(2)
The exact coupling, however, depends on the details of
model, especially on how the Z ′ gets a mass. For exam-
ple, it depends on whether the extra Higgs is a SU(2)L
singlet or doublet [12].
Depending on the Higgs sector, the Z ′ may couple both

to the electromagnetic current (Jem) and the weak neu-
tral current (JNC). The interaction Lagrangian of the Z ′

with the SM fermions is given by

Ldark Z = − (εeJµ
em + εZgZJ

µ
NC)Z

′
µ (3)

= f̄
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gV γ
µ − gAγ

µγ5
"

fZ ′
µ (4)

with

gV = −εeQf − εZgZ

#

1

2
T3f −Qf sin

2 θW

$

, (5)

gA = −εZgZ

#

1

2
T3f

$

, (6)

where Qf and T3f are the electric charge and isospin, re-
spectively. Bounds on the couplings of the Z ′ come from
various experiments such as the lepton anomalous mag-
netic moment, atomic parity violation, polarized electron
scattering, meson decays, fixed target experiments, beam
dump experiments, and Higgs decays. The exact bounds
depend on the mZ′ and its decay branching ratio, but
typically, it is set as |ε| " 10−2 and |δ| " 10−2 (with
εZ ≡ δ m

Z′

mZ
) [12, 20].

For our interested Z ′ of roughlyO(GeV), the BR(Z ′ →
ℓ+ℓ−) for ℓ = e, µ is expected to be large, typically
0.2 ∼ 1 depending on mZ′ and other details. Such a
light Z ′ gauge boson shows many distinguishable prop-
erties from heavy (electroweak or TeV scale) Z ′ gauge
bosons in various contexts [21]. (Also see Refs. [22, 23]
for some recent studies on invisible or partly invisible
heavy Z ′ gauge bosons.)
Because the Z ′ can be easily boosted in the top decay

processes we consider, it is expected to appear as highly
collimated leptons or jets. Depending on its mass and
coupling, it could be more identifiable as a lepton-jet or
a simple pair of isolated leptons. (See the Appendix for
some detailed discussions.) A lepton-jet is a final state
consisting of collimated electrons or muons. Measuring
properties of lepton-jets have been studied and experi-
mental searches at the LHC experiments already started
[24, 25].
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where Qf and T3f are the electric charge and isospin, re-
spectively. Bounds on the couplings of the Z ′ come from
various experiments such as the lepton anomalous mag-
netic moment, atomic parity violation, polarized electron
scattering, meson decays, fixed target experiments, beam
dump experiments, and Higgs decays. The exact bounds
depend on the mZ′ and its decay branching ratio, but
typically, it is set as |ε| " 10−2 and |δ| " 10−2 (with
εZ ≡ δ m
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For our interested Z ′ of roughlyO(GeV), the BR(Z ′ →
ℓ+ℓ−) for ℓ = e, µ is expected to be large, typically
0.2 ∼ 1 depending on mZ′ and other details. Such a
light Z ′ gauge boson shows many distinguishable prop-
erties from heavy (electroweak or TeV scale) Z ′ gauge
bosons in various contexts [21]. (Also see Refs. [22, 23]
for some recent studies on invisible or partly invisible
heavy Z ′ gauge bosons.)
Because the Z ′ can be easily boosted in the top decay

processes we consider, it is expected to appear as highly
collimated leptons or jets. Depending on its mass and
coupling, it could be more identifiable as a lepton-jet or
a simple pair of isolated leptons. (See the Appendix for
some detailed discussions.) A lepton-jet is a final state
consisting of collimated electrons or muons. Measuring
properties of lepton-jets have been studied and experi-
mental searches at the LHC experiments already started
[24, 25].
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B. New Higgs bosons

The dark force can be categorized into how the Z ′ gets
a mass. We will consider the dark Z model based on
the Type-I two Higgs doublet model [12], with notations
taken from Ref. [14], for the scenario (i) and (ii). In this
kind of dark force model, tanβ ≡ v2/v1 ! 1 is required,
where Φ2 couples to the SM fermions and Φ1 does not.
(For a heavy Z ′ model in 2HDM frames, for example, see
Ref. [26].)

A new neutral Higgs boson that can mix with the SM
Higgs doublet is generically expected, and if an extra
Higgs is a doublet, there are charged Higgs bosons too.
The Higgs properties of such scenarios have been studied
in many literatures [12, 14, 27]. A new neutral Higgs can
be very light and it can dominantly decay as h → Z ′Z ′.
A charged Higgs can be also much lighter than typical
experimental bounds as its dominant decay may be into
rather elusive light Z ′s [14].

For the mH± " mt, the major decay modes of H+

in the typical 2HDM are into ντ+ and cs̄. Their decay
widths are

Γ(H+ → ντ+) ≃
mH±

8πv2

m2
τ

tan2 β
, (7)

and similarly for cs̄ with a color factor. Despite of the
color factor, because of the small mass of charm quark
(c) at the electroweak scale, cs̄ mode is subdominant to
the τν mode. With a recently discovered 125 GeV SM-
like Higgs (HSM), the off-shell decay H± → W ∗HSM →
f f̄ ′HSM can be also quite sizable, even larger than H+ →
ντ+ for certain parameter space.

The scenario (i) is based on the assumption that SM-
like Higgs is the lighter Higgs doublet. The H±W∓Z ′

coupling is very small, but its decay branching ratio could
be sizable [28, 29]. The tree-level decay width is given by

Γ(H± → WZ ′) ≃
m3

H±

16πv2
(sin β cosβd)

2
!

1 −
m2

W

m2
H±

"3

(8)
where βd is a parameter related to the dark sector Higgs
singlet.

The scenario (ii) is based on the assumption there is a
light Higgs h that a charged Higgs can decay into. For
definiteness, let us take the Higgs mixing angle α ≃ ±π/2
limit, which is a decoupling limits of doublets where a
heavier Higgs doublet is the SM-like Higgs (125 GeV)
and a lighter one is the other doublet. The decay width
[14] is

Γ(H± → Wh) ≃
sin2 β

16πv2

1

m3
H±

λ3/2(m2
H± , m2

W , m2
h) (9)

with λ(x, y, z) ≡ x2 + y2 + z2 − 2xy − 2yz − 2zx. In
this limit, we also get BR(h → Z ′Z ′) ≃ 1 as h does not
couple to the SM fermions.

In both scenarios (i) and (ii), for most of parameter
space, a dominant decay of the charged Higgs is into
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FIG. 2: BR(t → bH+) for tan β = 2 (Black), 5 (Blue), 10
(Red), 20 (Green). The t decay into H+ is larger for smaller
mH± and smaller tan β.

Z ′s. The dominance of the H± decay into the Z ′ parti-
cles in both scenarios originate from the enhancement of
couplings for boosted gauge bosons, formally known as
Goldstone boson equivalence theorem (GBET). Detailed
discussions and illustrations are given in the aforemen-
tioned references [14, 28, 29]. We will use a parameter
for the charged Higgs to Z ′s decay branching ratio

Y ≡ BR(H± → W + Z ′s), (10)

which corresponds to Y = BR(H± → WZ ′) with one
Z ′ [for scenario (i)], and Y = BR(H± → Wh) BR(h →
Z ′Z ′) with two Z ′s [for scenario (ii)]. In large area of
the parameter space, Y ≃ 1 is obtained. In our analysis,
instead of using an exact value which depends on various
model parameters, we will take a range of Y = 0.5 − 1
(the branching ratio of 50% or greater).

IV. PRODUCTION AND DECAYS OF TOP
QUARK AT THE LHC

A. Top pair production

Top quarks can be produced in pair by dominant QCD
process (qq̄′, gg) or singly by electroweak process with W
boson at the Tevatron and the LHC. At the LHC, the tt̄
can be produced abundantly via dominant gluon-gluon
fusion. The gluon fusion makes up 90% of total tt̄ for
the center-of-mass energy

√
s = 14 TeV (about 80% for√

s = 7 TeV).
The total tt̄ pair production cross section at the LHC

(at NNLO QCD corrections) is predicted to be σtt̄ ≃
167 pb (for 7 TeV), 239 pb (for 8 TeV), and 933 pb
(for 14 TeV) [30]. Currently, at the LHC, integrated
luminosity (L) is about 5 fb−1 for 7 TeV, and about
20 fb−1 for 8 TeV [31]. The 14 TeV LHC is scheduled to
operate soon, and is expected to reach the luminosity of
several hundreds of fb−1.

• For numerical analysis, we 
focus on 
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B. Top decay into dark gauge bosons through H
±

A top quark can decay into a charged Higgs through
t → bH+ for a relatively light H±. While there are
searches for light charged Higgs in t → bH+ → bντ+ and
t → bH+ → bcs̄ based on typical 2HDMs, the results
are negative [32]. These searches, however, would have
missed the light charged Higgs of t → bH+ → bW +
Z ′s that would dominate in our scenario. As described
earlier, the H± can decay into the Z ′s dominantly in the
presence of dark force.

Neglecting mb/mt and higher order corrections, the
relevant top decay widths are

Γt→bW =

√
2GF |Vtb|2

16π
m3

t

!

1 −
m2

W

m2
t

"2!

1 +
2m2

W

m2
t

"

,

(11)

Γt→bH+ =

√
2GF |Vtb|2

16π
m3

t

!

1 −
m2

H±

m2
t

"2
1

tan2 β
(12)

with tanβ ! 1 in the dark force model we consider. (The
t → bW decay itself shows the enhancement from the
GBET with a boosted W boson [33].) As both decays
have the same dependence on the CKM matrix element
|Vtb|2, even quite sizable Γ(t → bH+) may not alter ef-
fective value of Vtb significantly when it is measured from
the top quark decays.

In our study, we still take t → bW as the dominant
top decay and consider t → bH+ as the important sub-
dominant one. Then the branching ratio of the on-shell
t → bH+ decay, which is dependent on unknown mH±

and tanβ, is

BR(t → bH+) ≃
Γt→bH+

Γt→bW + Γt→bH+

(13)

≈
!

m2
t − m2

H±

m2
t − m2

W

"2
1/ tan2 β

1 + 2m2
W /m2

t
, (14)

which is plotted in Fig. 2. We can see that a few %
level of the top decay can be easily accommodated for
mH± < mt. For mH± = 140 GeV, for instance, we have
BR(t → bH+) ≃ 0.03−0.0003, with tanβ = 2−20 range
(higher BR corresponds to lower tanβ).

V. SETUP FOR NUMERICAL ANLAYSIS

We will consider the tt̄ production followed by one of
the top quark pair decaying into Z ′s. We will also con-
sider only the Z ′ → ℓ+ℓ− channel. The cross section at
the LHC to produce Z ′ is given by

σ(pp → bW b̄W + Z ′s) ≃ σtt̄ 2X (15)

using BR(t → bW ) ≃ 1 and a new parameter X for the
top to Z ′ decay branching ratio

X ≡ BR(t → bW + Z ′s), (16)
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FIG. 3: Production cross sections of the Z′ with mH± in tt̄
channel (pp → tt̄ → bW b̄W + Z′) at the (a) 8 TeV LHC
and (b) 14 TeV LHC. Cross section at the 14 TeV is about 4
times larger than that at the 8 TeV. In the mW " mH± " mt

range, the results for tanβ = 2 (Black), 5 (Blue), 10 (Red),
20 (Green) are shown. Drell-Yan channel (pp → H+H−

→

WW + Z′Z′) (Dashed) is also shown for comparison. The
band indicates BR(H±

→ WZ′) = 0.5 − 1 range.

whose detail depends on the specific scenario.
In scenarios (i) and (ii), using the on-shell H± decays,

we have

X = BR(t → bH+)Y (17)

with BR(t → bH+) given in Fig. 2. In the numerical
analysis of this paper, we consider only the scenario (i).
[The application for the scenario (ii) would be straight-
forward.] This process is

• top pair: pp → tt̄ → bW b̄H± → bW b̄W + Z ′, (18)

which is similar to the dominant tt̄ process except that
Z ′ is accompanied in the decay products. We consider
only mW " mH± " mt to avoid additional constraints
from W → bH± decays, etc.

Figure 3 shows the production cross sections of the
Z ′ with mH± in tt̄ channel (pp → tt̄ → bW b̄W + Z ′)

Top decay into Zd via H+
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While it is in a reasonable agreement with the SM predic-
tion (ΓSM

t ≃ 1.3 GeV with theoretical error better than
1% [3]), quite a large uncertainty (25%) indicates a lack
of precise knowledge about top quark properties. While
the exact values are process dependent, typical experi-
mental errors related to top quark decays are of O(10%)
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SM particles directly, it can couple through the mixing
of the Z ′ with the SM gauge bosons via the gauge kinetic
mixing parametrized by ε [19]
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The exact coupling, however, depends on the details of
model, especially on how the Z ′ gets a mass. For exam-
ple, it depends on whether the extra Higgs is a SU(2)L
singlet or doublet [12].
Depending on the Higgs sector, the Z ′ may couple both

to the electromagnetic current (Jem) and the weak neu-
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where Qf and T3f are the electric charge and isospin, re-
spectively. Bounds on the couplings of the Z ′ come from
various experiments such as the lepton anomalous mag-
netic moment, atomic parity violation, polarized electron
scattering, meson decays, fixed target experiments, beam
dump experiments, and Higgs decays. The exact bounds
depend on the mZ′ and its decay branching ratio, but
typically, it is set as |ε| " 10−2 and |δ| " 10−2 (with
εZ ≡ δ m

Z′

mZ
) [12, 20].

For our interested Z ′ of roughlyO(GeV), the BR(Z ′ →
ℓ+ℓ−) for ℓ = e, µ is expected to be large, typically
0.2 ∼ 1 depending on mZ′ and other details. Such a
light Z ′ gauge boson shows many distinguishable prop-
erties from heavy (electroweak or TeV scale) Z ′ gauge
bosons in various contexts [21]. (Also see Refs. [22, 23]
for some recent studies on invisible or partly invisible
heavy Z ′ gauge bosons.)
Because the Z ′ can be easily boosted in the top decay

processes we consider, it is expected to appear as highly
collimated leptons or jets. Depending on its mass and
coupling, it could be more identifiable as a lepton-jet or
a simple pair of isolated leptons. (See the Appendix for
some detailed discussions.) A lepton-jet is a final state
consisting of collimated electrons or muons. Measuring
properties of lepton-jets have been studied and experi-
mental searches at the LHC experiments already started
[24, 25].

• Higher BR for lower tan(beta).

• Current limit allows O(1)% 
branching fraction.
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B. Top decay into dark gauge bosons through H
±

A top quark can decay into a charged Higgs through
t → bH+ for a relatively light H±. While there are
searches for light charged Higgs in t → bH+ → bντ+ and
t → bH+ → bcs̄ based on typical 2HDMs, the results
are negative [32]. These searches, however, would have
missed the light charged Higgs of t → bH+ → bW +
Z ′s that would dominate in our scenario. As described
earlier, the H± can decay into the Z ′s dominantly in the
presence of dark force.

Neglecting mb/mt and higher order corrections, the
relevant top decay widths are
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with tanβ ! 1 in the dark force model we consider. (The
t → bW decay itself shows the enhancement from the
GBET with a boosted W boson [33].) As both decays
have the same dependence on the CKM matrix element
|Vtb|2, even quite sizable Γ(t → bH+) may not alter ef-
fective value of Vtb significantly when it is measured from
the top quark decays.

In our study, we still take t → bW as the dominant
top decay and consider t → bH+ as the important sub-
dominant one. Then the branching ratio of the on-shell
t → bH+ decay, which is dependent on unknown mH±

and tanβ, is

BR(t → bH+) ≃
Γt→bH+

Γt→bW + Γt→bH+

(13)

≈
!

m2
t − m2
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m2
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"2
1/ tan2 β

1 + 2m2
W /m2

t
, (14)

which is plotted in Fig. 2. We can see that a few %
level of the top decay can be easily accommodated for
mH± < mt. For mH± = 140 GeV, for instance, we have
BR(t → bH+) ≃ 0.03−0.0003, with tanβ = 2−20 range
(higher BR corresponds to lower tanβ).

V. SETUP FOR NUMERICAL ANLAYSIS

We will consider the tt̄ production followed by one of
the top quark pair decaying into Z ′s. We will also con-
sider only the Z ′ → ℓ+ℓ− channel. The cross section at
the LHC to produce Z ′ is given by

σ(pp → bW b̄W + Z ′s) ≃ σtt̄ 2X (15)

using BR(t → bW ) ≃ 1 and a new parameter X for the
top to Z ′ decay branching ratio

X ≡ BR(t → bW + Z ′s), (16)
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FIG. 3: Production cross sections of the Z′ with mH± in tt̄
channel (pp → tt̄ → bW b̄W + Z′) at the (a) 8 TeV LHC
and (b) 14 TeV LHC. Cross section at the 14 TeV is about 4
times larger than that at the 8 TeV. In the mW " mH± " mt

range, the results for tanβ = 2 (Black), 5 (Blue), 10 (Red),
20 (Green) are shown. Drell-Yan channel (pp → H+H−

→

WW + Z′Z′) (Dashed) is also shown for comparison. The
band indicates BR(H±

→ WZ′) = 0.5 − 1 range.

whose detail depends on the specific scenario.
In scenarios (i) and (ii), using the on-shell H± decays,

we have

X = BR(t → bH+)Y (17)

with BR(t → bH+) given in Fig. 2. In the numerical
analysis of this paper, we consider only the scenario (i).
[The application for the scenario (ii) would be straight-
forward.] This process is

• top pair: pp → tt̄ → bW b̄H± → bW b̄W + Z ′, (18)

which is similar to the dominant tt̄ process except that
Z ′ is accompanied in the decay products. We consider
only mW " mH± " mt to avoid additional constraints
from W → bH± decays, etc.

Figure 3 shows the production cross sections of the
Z ′ with mH± in tt̄ channel (pp → tt̄ → bW b̄W + Z ′)
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sider only the Z ′ → ℓ+ℓ− channel. The cross section at
the LHC to produce Z ′ is given by
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FIG. 3: Production cross sections of the Z′ with mH± in tt̄
channel (pp → tt̄ → bW b̄W + Z′) at the (a) 8 TeV LHC
and (b) 14 TeV LHC. Cross section at the 14 TeV is about 4
times larger than that at the 8 TeV. In the mW " mH± " mt

range, the results for tanβ = 2 (Black), 5 (Blue), 10 (Red),
20 (Green) are shown. Drell-Yan channel (pp → H+H−

→

WW + Z′Z′) (Dashed) is also shown for comparison. The
band indicates BR(H±

→ WZ′) = 0.5 − 1 range.

whose detail depends on the specific scenario.
In scenarios (i) and (ii), using the on-shell H± decays,

we have

X = BR(t → bH+)Y (17)

with BR(t → bH+) given in Fig. 2. In the numerical
analysis of this paper, we consider only the scenario (i).
[The application for the scenario (ii) would be straight-
forward.] This process is

• top pair: pp → tt̄ → bW b̄H± → bW b̄W + Z ′, (18)

which is similar to the dominant tt̄ process except that
Z ′ is accompanied in the decay products. We consider
only mW " mH± " mt to avoid additional constraints
from W → bH± decays, etc.

Figure 3 shows the production cross sections of the
Z ′ with mH± in tt̄ channel (pp → tt̄ → bW b̄W + Z ′)
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at the (a) 8 TeV LHC and (b) 14 TeV LHC, using the
high order calculation of σ(pp → tt̄). The band indicates
Y = BR(H± → WZ ′) = 0.5 − 1 range.

We will take a rather conservative value of X = 0.001
and assume BR(Z ′ → ℓ+ℓ−) = 0.2, for our illustration,
meaning 0.02% of top quark decay is into the lepton pairs.
[Only the product X BR(Z ′ → ℓ+ℓ−) has the real mean-
ing for the final lepton pair production rate.]

The value X = 0.001 can be obtained, for example,
for mH± = 100 GeV (with tanβ ≃ 20, Y ≃ 0.8),
mH± = 140 GeV (with tanβ ≃ 10, Y ≃ 0.9), and
mH± = 160 GeV (with tanβ ≃ 5, Y ≃ 1).

We use a rather intuitive parameter X for our presen-
tation instead of model-specific parameters. The exact
value of Y , for example, can be more constrained for a
specific mH± , tan β, mZ′ . There are many unknown pa-
rameter such as BR(Z ′ → ℓ+ℓ−) and other dark sector
related parameters anyway, and our treatment using X
(with a rather conservative values) allows us more con-
trollable analysis.

VI. COMPARISON TO THE CHARGED HIGGS
PAIR PRODUCTION

The charged Higgs boson can be typically produced in
the Drell-Yan process. Charged Higgs pair production
through Drell-Yan (γ∗, Z∗) is model independent except
for the mass.

The Drell-Yan production of H± pair, for the scenario
(i), is

• Drell-Yan: pp → H+H− → WW + Z ′Z ′. (19)

In Fig. 3, we can see the difference of the production
cross sections of the Z ′ through tt̄ channel and Drell-Yan
channel. In both cases, the cross section decreases with
mH± because of the phase space. We use the on-shell
decays only using branching ratio of Fig. 2.

The Drell-Yan and the tt̄ processes have a few differ-
ences. First, tt̄ production cross section is much larger
than the Drell-Yan case, except for the very large tanβ
(tan β ! 20) or large mH± . Second, tt̄ produces only
one charged Higgs while the Drell-Yan produces a pair
of charged Higgs. Third, tagging is different (bW pair
for tt̄, W pair for Drell-Yan). With different tagging and
small production cross section, we neglect the Drell-Yan
process in our study.

VII. DISCOVERY POTENTIAL AT THE LHC

We discuss the discovery potential of the Z ′ from
tt̄ process at the LHC. For definiteness, we assume
BR(Z ′ → ℓ+ℓ−) = 0.2. For the background events, we
take only the irreducible processes tt̄ + ℓ+ℓ− from off-
shell photon and Z boson, although there may be more
source of backgrounds such as tt̄ + jets with the jets fak-
ing leptons. In this section, we require two b-tagged jets
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FIG. 4: Distributions of lepton-jet mass (mLJ) in the tt̄ + LJ
mode at the LHC for (a) 8 TeV LHC with L = 20 fb−1

and (b) 14 TeV LHC with L = 10 fb−1. mH± = 140 GeV,
mZ′ = 2 GeV with X = 0.001 and BR(Z′

→ ℓ+ℓ−) = 0.2 are
used.

to limit backgrounds to tt̄ events. Appendix describes
more details of our Monte Carlo study including the tag-
ging efficiencies. The efficiency depends on mH± and
mZ′ as well as the LHC energy. We assume K-factor
for the background events Kbkg ≃ 2 and apply it to our
backgrounds events generated by tree-level Monte Carlo
simulation.1

First, we consider the
√

s = 8 TeV case (σtt̄ ∼ 239 pb),
with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14 TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].

Production of Zd

• Zd production in DY  (                                          ) and top pair production,  

!

• The band indicates BR(H+ -> W Zd)=0.5-1 range. 

• Cross section at 14 TeV is about 4 times larger than that at 8 TeV. 

• For a low tan(beta), top quark production is important.
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B. Top decay into dark gauge bosons through H
±

A top quark can decay into a charged Higgs through
t → bH+ for a relatively light H±. While there are
searches for light charged Higgs in t → bH+ → bντ+ and
t → bH+ → bcs̄ based on typical 2HDMs, the results
are negative [32]. These searches, however, would have
missed the light charged Higgs of t → bH+ → bW +
Z ′s that would dominate in our scenario. As described
earlier, the H± can decay into the Z ′s dominantly in the
presence of dark force.
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with tanβ ! 1 in the dark force model we consider. (The
t → bW decay itself shows the enhancement from the
GBET with a boosted W boson [33].) As both decays
have the same dependence on the CKM matrix element
|Vtb|2, even quite sizable Γ(t → bH+) may not alter ef-
fective value of Vtb significantly when it is measured from
the top quark decays.
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which is plotted in Fig. 2. We can see that a few %
level of the top decay can be easily accommodated for
mH± < mt. For mH± = 140 GeV, for instance, we have
BR(t → bH+) ≃ 0.03−0.0003, with tanβ = 2−20 range
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the LHC to produce Z ′ is given by
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FIG. 3: Production cross sections of the Z′ with mH± in tt̄
channel (pp → tt̄ → bW b̄W + Z′) at the (a) 8 TeV LHC
and (b) 14 TeV LHC. Cross section at the 14 TeV is about 4
times larger than that at the 8 TeV. In the mW " mH± " mt

range, the results for tanβ = 2 (Black), 5 (Blue), 10 (Red),
20 (Green) are shown. Drell-Yan channel (pp → H+H−

→

WW + Z′Z′) (Dashed) is also shown for comparison. The
band indicates BR(H±

→ WZ′) = 0.5 − 1 range.
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which is similar to the dominant tt̄ process except that
Z ′ is accompanied in the decay products. We consider
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Figure 3 shows the production cross sections of the
Z ′ with mH± in tt̄ channel (pp → tt̄ → bW b̄W + Z ′)



Lepton Pair from Zd decay

7

production through a top can be larger than the typical
Drell-Yan mechanism to produce a pair of charged Higgs
and produce one Z ′ when the Drell-Yan produces a pair
of Z ′.

We considered the process pp → tt̄ → bW b̄W + Z ′

with Z ′ decaying into a lepton pair. Because of lightness
of the Z ′, the lepton pairs are highly collimated forming
lepton-jets. For some parameter space, even the existing
8 TeV LHC data may give enough signals for a discovery.
It also guarantees a huge discovery potential even at the
very early stage of the 14 TeV LHC experiments.

As the top quark decay into dark sector mode can be
easily mistaken with its dominant bW mode, reanalysis
of the top data at the hadron collider can possibly reveal
interesting hint of the Z ′ even if the Z ′ is very elusive or
decays invisibly. It calls for attention in both experimen-
tal and theoretical sides of the top quark study.

Note: Around the time this work was submitted,
Ref. [29] preprint (version 2), which overlaps with some
aspect of this paper, appeared.

Acknowledgments

KK is supported by the U.S. DOE under Grant
No. DE-FG02-12ER41809, the University of Kansas Gen-
eral Research Fund allocation 2301566. HL is supported
by U.S. DOE under Grant No. DE-AC05-06OR23177, the
NSF under Grant No. PHY-1068008. MP is supported by
World Premier International Research Center Initiative
(WPI Initiative), MEXT, Japan.

Appendix A: Some details on numerical analysis

1. Lepton pair from Z
′ decay

Light Z ′ can not be reconstructed with usual lepton
tagging because of the following simple kinematical rea-
son. Invariant mass of a lepton pair can be expressed
as

m2
ℓ+ℓ− = 2PT1

PT2
(cosh∆η − 1) (A1)

≃ 2PT1
PT2

(cosh∆R − 1) , (A2)

with observation ∆R ≃ ∆η since ∆φ distribution is
peaked at 0. For a moderate lepton tagging efficiency,
most analyses require Pmin

T (ℓ) as a PT cut of leptons

Pmin
T (e) = 10 GeV, Pmin

T (µ) = 5 GeV. (A3)

Now with an isolation requirement of ∆R > 0.3, the cor-
responding minimum invariant mass of an electron pair
and muon pair from Z ′ would be

mee >
!

2Pmin
T (e)P

min
T (e)(cosh(0.3) − 1) ≃ 3 GeV, (A4)

mµµ >
!

2Pmin
T (µ)P

min
T (µ)(cosh(0.3) − 1) ≃ 1.5 GeV. (A5)

Therefore conventional analyses would miss Z ′ lighter
than 3 (1.5) GeV in the dielectron (dimuon) channel.
We adopt analysis method with “lepton-jet” (LJ) pro-
posed in Ref. [11]. A variation of LJ definition can be
found in Ref. [24]. Since tt̄+ ℓ+ℓ− is a major background
in our study, we follow LJ definition in Ref. [35] with a
modification to the muon PT requirement.

1. At least two same flavor leptons with PT > 10 GeV
(electron), 5 GeV (muon) and in a cone of ∆R <
0.1.

2. Isolation: Hadronic and leptonic isolation of
"

PT < 3 GeV in 0.1 < ∆R < 0.4.

In addition, to reduce the background events, we require
20% window of the expected Z ′ mass for an invariant
mass of lepton-jet.

3. Invariant mass cut on lepton-jet: |mLJ − mZ′ | <
0.2 × mZ′ .

For a Monte Carlo simulation, we add Z ′ and H±

to the SM using FeynRules v2 [36] and simulate events
with Madgraph v5.14 [37], Pythia 6 [38] and Delphes
3.0.11 [39]. We modify b-jet tagging/mis-tagging effi-
ciency (tagging efficiency is around 60 − 75% depending
on PT and η) according to CMS CSVM tagging [40, 41].
We make a change in Delphes module for smearing muon
PT to reflect nonzero muon mass in muon’s four vector.
For the lepton-jet analysis, we add the lepton-jet class to
Delphes detector simulation.

2. Signal boxes

To consider all tt̄ decay modes, we consider three signal
boxes with slight modification of CMS analyses accord-
ing to the number of triggered leptons. Jets are recon-
structed with anti-kT algorithm with ∆R < 0.5. We
require one b-tagged jet (or two b-tagged jets) and the
aforementioned lepton-jet mass window. Other event se-
lection criteria will depend on signal boxes as followings.

a. dilepton box

For event selections, we require the following criteria
[34].

1. Electrons with PT > 20 GeV, |η| < 2.5, muons with
PT > 20 GeV, |η| < 2.1 are taken.

2. For the same flavor opposite-sign leptons, we veto
events with the following invariant mass window:
mℓ+ℓ− < 20 GeV and |mZ − mℓ+ℓ− | < 15 GeV.

3. For the same flavor lepton-pairing, we require /ET >
40 GeV.

4. We require at least two jets with PT > 30 GeV,
|η| < 2.5.
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new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g− 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
panied by one or two illusive Z ′s (t → bW + Z ′s). Even
a small BR(t → bH+) can be enough to produce the Z ′

at the observable level at the LHC experiments. The Z ′

production through a top can be larger than the typical
Drell-Yan mechanism to produce a pair of charged Higgs
and produce one Z ′ when the Drell-Yan produces a pair
of Z ′.

We considered the process pp → tt̄ → bW b̄W + Z ′

with Z ′ decaying into a lepton pair. Because of lightness
of the Z ′, the lepton pairs are highly collimated forming
lepton-jets. For some parameter space, even the existing
8 TeV LHC data may give enough signals for a discovery.
It also guarantees a huge discovery potential even at the
very early stage of the 14 TeV LHC experiments.

As the top quark decaying into the dark sector mode
can be easily mistaken with its dominant bW mode, a
reanalysis of the top data at the hadron collider can pos-
sibly reveal an interesting hint of the Z ′ even if the Z ′

is very elusive or decays invisibly. It calls for attention
in both the experimental and theoretical sides of the top
quark study.

Note: Around the time this work was submitted,
Ref. [29] preprint (version 2), which overlaps with some
aspect of this paper, appeared.
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T (µ) = 5 GeV. (A3)

Now with an isolation requirement of ∆R > 0.3, the cor-
responding minimum invariant mass of an electron pair
and muon pair from Z ′ would be

mee >
!

2Pmin
T (e)P

min
T (e)(cosh(0.3)− 1) ≃ 3 GeV, (A4)

mµµ >
!

2Pmin
T (µ)P

min
T (µ)(cosh(0.3)− 1) ≃ 1.5 GeV. (A5)

Therefore conventional analyses would miss Z ′ lighter
than 3 (1.5) GeV in the dielectron (dimuon) channel.
We adopt an analysis method with lepton-jet proposed
in Ref. [11]. A variation of the LJ definition can be found
in Ref. [24]. Since tt̄ + ℓ+ℓ− is a major background in
our study, we follow the LJ definition in Ref. [35] with a
modification to the muon PT requirement.

1. At least two same flavor leptons with PT > 10 GeV
(electron), 5 GeV (muon) and in a cone of ∆R <
0.1.

2. Isolation: Hadronic and leptonic isolation of
"

PT < 3 GeV in 0.1 < ∆R < 0.4.

In addition, to reduce the background events, we require
20% window of the expected Z ′ mass for an invariant
mass of lepton-jet.

3. Invariant mass cut on the lepton-jet: |mLJ−mZ′ | <
0.2×mZ′ .

For a Monte Carlo simulation, we add Z ′ and H±

to the SM using FeynRules v2 [36] and simulate events
with Madgraph v5.14 [37], Pythia 6 [38] and Delphes
3.0.11 [39]. We modify b-jet tagging/mistagging efficiency
(tagging efficiency is around 60% − 75% depending on
PT and η) according to CMS CSVM tagging [40, 41].
We make a change in the Delphes module for a smear-
ing muon PT to reflect the nonzero muon mass in the
muon’s four vector. For the lepton-jet analysis, we add
the lepton-jet class to the Delphes detector simulation.

2. Signal boxes

To consider all tt̄ decay modes, we consider three signal
boxes with a slight modification of CMS analyses accord-
ing to the number of triggered leptons. Jets are recon-
structed with an anti-kT algorithm with ∆R < 0.5. We
require one b-tagged jet (or two b-tagged jets) and the
aforementioned lepton-jet mass window. Other event se-
lection criteria will depend on signal boxes as following.
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new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g− 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
panied by one or two illusive Z ′s (t → bW + Z ′s). Even
a small BR(t → bH+) can be enough to produce the Z ′

at the observable level at the LHC experiments. The Z ′

production through a top can be larger than the typical
Drell-Yan mechanism to produce a pair of charged Higgs
and produce one Z ′ when the Drell-Yan produces a pair
of Z ′.

We considered the process pp → tt̄ → bW b̄W + Z ′

with Z ′ decaying into a lepton pair. Because of lightness
of the Z ′, the lepton pairs are highly collimated forming
lepton-jets. For some parameter space, even the existing
8 TeV LHC data may give enough signals for a discovery.
It also guarantees a huge discovery potential even at the
very early stage of the 14 TeV LHC experiments.

As the top quark decaying into the dark sector mode
can be easily mistaken with its dominant bW mode, a
reanalysis of the top data at the hadron collider can pos-
sibly reveal an interesting hint of the Z ′ even if the Z ′

is very elusive or decays invisibly. It calls for attention
in both the experimental and theoretical sides of the top
quark study.

Note: Around the time this work was submitted,
Ref. [29] preprint (version 2), which overlaps with some
aspect of this paper, appeared.
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Appendix A: Some details on numerical analysis

1. Lepton pair from Z
′ decay

Light Z ′ cannot be reconstructed with the usual lepton
tagging because of the following simple kinematical rea-
son. The invariant mass of a lepton pair can be expressed

as

m2
ℓ+ℓ− = 2PT1

PT2
(cosh∆η − 1) (A1)

≃ 2PT1
PT2

(cosh∆R − 1) , (A2)

with observation ∆R ≃ ∆η since ∆φ distribution is
peaked at 0. For a moderate lepton tagging efficiency,
most analyses require Pmin

T (ℓ) as a PT cut of leptons

Pmin
T (e) = 10 GeV, Pmin

T (µ) = 5 GeV. (A3)

Now with an isolation requirement of ∆R > 0.3, the cor-
responding minimum invariant mass of an electron pair
and muon pair from Z ′ would be

mee >
!

2Pmin
T (e)P

min
T (e)(cosh(0.3)− 1) ≃ 3 GeV, (A4)

mµµ >
!

2Pmin
T (µ)P

min
T (µ)(cosh(0.3)− 1) ≃ 1.5 GeV. (A5)

Therefore conventional analyses would miss Z ′ lighter
than 3 (1.5) GeV in the dielectron (dimuon) channel.
We adopt an analysis method with lepton-jet proposed
in Ref. [11]. A variation of the LJ definition can be found
in Ref. [24]. Since tt̄ + ℓ+ℓ− is a major background in
our study, we follow the LJ definition in Ref. [35] with a
modification to the muon PT requirement.

1. At least two same flavor leptons with PT > 10 GeV
(electron), 5 GeV (muon) and in a cone of ∆R <
0.1.

2. Isolation: Hadronic and leptonic isolation of
"

PT < 3 GeV in 0.1 < ∆R < 0.4.

In addition, to reduce the background events, we require
20% window of the expected Z ′ mass for an invariant
mass of lepton-jet.

3. Invariant mass cut on the lepton-jet: |mLJ−mZ′ | <
0.2×mZ′ .

For a Monte Carlo simulation, we add Z ′ and H±

to the SM using FeynRules v2 [36] and simulate events
with Madgraph v5.14 [37], Pythia 6 [38] and Delphes
3.0.11 [39]. We modify b-jet tagging/mistagging efficiency
(tagging efficiency is around 60% − 75% depending on
PT and η) according to CMS CSVM tagging [40, 41].
We make a change in the Delphes module for a smear-
ing muon PT to reflect the nonzero muon mass in the
muon’s four vector. For the lepton-jet analysis, we add
the lepton-jet class to the Delphes detector simulation.

2. Signal boxes

To consider all tt̄ decay modes, we consider three signal
boxes with a slight modification of CMS analyses accord-
ing to the number of triggered leptons. Jets are recon-
structed with an anti-kT algorithm with ∆R < 0.5. We
require one b-tagged jet (or two b-tagged jets) and the
aforementioned lepton-jet mass window. Other event se-
lection criteria will depend on signal boxes as following.

•                  since         is peaked at 0.

• For a moderate lepton tagging efficiency, most analysis require

• With

• Conventional analysis would miss Zd lighter than 3 (1.5) GeV in the 
dielectron (dimuon) channel.
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FIG. 5: We show (a) ∆R and (b) PT2 = min[PT (ℓ), PT (ℓ̄)] of a lepton pair from Z′ decay at parton level for the 14 TeV LHC,
which are useful to understand lepton-jet tagging efficiency.

b. semi-lepton box

If events can not be put in the dilepton box, we pass
them to the semi-lepton box with following triggers. We
collect leptons of PT > 17 GeV if the lepton is a muon
and of PT > 25 GeV for electrons as a lepton-pool, then
require events to have exactly one lepton with the follow-
ing selection criteria [42].

muon : PT > 26 GeV, |η| < 2.1,

electron : PT > 30 GeV, |η| < 2.5. (A6)

For jets, we require at least four jets with PT1, PT2 >
45 GeV and PT3, PT4 > 35 GeV.

c. hadronic top box

If events are not included in the dilepton or semi-lepton
boxes, we pass events to a hadronic top box where we give
conditions only to jets. Since we tag a lepton-jet, we relax
the PT conditions of jets compared to CMS analysis [43].
We require at least six jets with PTj > 30 GeV with |η| <
2.4. The CMS requires PT1, PT2, PT3, PT4 > 60 GeV,
PT5 > 50 GeV, PT4 > 30 GeV and additional constraints
for the distance between two b-tagged jets and kinematic
fit for the mass reconstruction of t, t̄ and W .

d. backgrounds

We consider only irreducible background of (tt̄+ℓ+ℓ−)
from virtual photon and virtual Z boson radiations and
we do not consider possible reducible backgrounds from
mistagged lepton-jet. For example, jets can be misiden-
tified as electrons and overlapped leptons as discussed in
Ref. [25].

3. Simple explanation of a lepton-jet tagging
efficiency for signal events

With a good approximation, most tt̄ pair will be pro-
duced near the energy-threshold. At the t(t̄) rest frame,
the energy distribution of lepton from Z ′ will drop loga-
rithmically (from flat distribution) [44] after

E(cusp)
ℓ ≡

mZ′

2
e|ηZ′−η

H± |, (A7)

till

E(max)
ℓ =

mZ′

2
e(ηZ′+η

H± ), (A8)

with boost factors (rapidity) of H± and Z ′ as

ηH± = cosh−1

!

m2
t + m2

H± − m2
b

2mtmH±

"

, (A9)

ηZ′ = cosh−1

!

m2
H± + m2

Z′ − m2
W

2mZ′mH±

"

. (A10)

Thus if we assume that a distribution of geometric av-

erage of leptons’ PT is localized around P peak
T ≡ 1

2E(cusp)
ℓ ,

we can estimate the peak of ∆R (= ∆R(peak)) between
two leptons from Z ′ decays with Eq. (A2) by

∆R(peak) ∼ cosh−1

#

2m2
Z′

(E(cusp)
ℓ )2

+ 1

$

. (A11)

With this simple kinematical study, we can explain
why ∆R will be the major criteria for a lepton-jet tag-
ging. For example, with mH± = 140 GeV, PT of the
second hardest lepton (PT2) does not change much from
mZ′ = 1 GeV to 5 GeV (Fig. 5). This can be understood
since P peak

T does not much from 18.96 GeV to 18.95 GeV

Lepton Pair from Zd decay
• Light Zd cannot be reconstructed with the usual lepton tagging.
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FIG. 5: We show (a) ∆R and (b) PT2 = min[PT (ℓ), PT (ℓ̄)] of a lepton pair from the Z′ decay at the parton level for the 14 TeV
LHC, which are useful to understand lepton-jet tagging efficiency.

a. Dilepton box

For event selections, we require the following criteria
[34].

1. Electrons with PT > 20 GeV, |η| < 2.5, muons with
PT > 20 GeV, |η| < 2.1 are taken.

2. For the same flavor opposite-sign leptons, we veto
events with the following invariant mass window:
mℓ+ℓ− < 20 GeV and |mZ −mℓ+ℓ− | < 15 GeV.

3. For the same flavor lepton pairing, we require /ET >
40 GeV.

4. We require at least two jets with PT > 30 GeV,
|η| < 2.5.

b. Semilepton box

If events can not be put in the dilepton box, we pass
them to the semilepton box with the following triggers.
We collect leptons of PT > 17 GeV if the lepton is a
muon and of PT > 25 GeV for electrons as a lepton pool,
then we require events to have exactly one lepton with
the following selection criteria [42].

muon : PT > 26 GeV, |η| < 2.1,

electron : PT > 30 GeV, |η| < 2.5. (A6)

For jets, we require at least four jets with PT1, PT2 >
45 GeV and PT3, PT4 > 35 GeV.

c. Hadronic top box

If events are not included in the dilepton or semilepton
boxes, we pass events to a hadronic top box where we give

conditions only to jets. Since we tag a lepton-jet, we relax
the PT conditions of jets compared to the CMS analysis
[43]. We require at least six jets with PTj > 30 GeV
with |η| < 2.4. The CMS requires PT1, PT2, PT3, PT4 >
60 GeV, PT5 > 50 GeV, PT4 > 30GeV, and additional
constraints for the distance between two b-tagged jets
and a kinematic fit for the mass reconstruction of t, t̄,
and W .

d. Backgrounds

We consider only the irreducible background of (tt̄ +
ℓ+ℓ−) from the virtual photon and virtual Z boson ra-
diations and we do not consider possible reducible back-
grounds from the mistagged lepton-jet. For example, jets
can be misidentified as electrons and overlapped leptons
as discussed in Ref. [25].

3. Simple explanation of a lepton-jet tagging
efficiency for signal events

With a good approximation, most tt̄ pairs will be pro-
duced near the energy threshold. At the t(t̄) rest frame,
the energy distribution of a lepton from Z ′ will drop log-
arithmically (from flat distribution) [44] after

E(cusp)
ℓ ≡

mZ′

2
e|ηZ′−η

H± |, (A7)

until

E(max)
ℓ =

mZ′

2
e(ηZ′+η

H± ), (A8)
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LHC mZ′ ϵLJ(ϵ(LJ+CMS)) [%] for signal Mass range of σLO
bkg ϵLJ(ϵ(LJ+CMS)) [%]

[TeV] [GeV] mH± = 100 GeV mH± = 140 GeV mH± = 160 GeV mℓ+ℓ− [GeV] [pb] for background

8
1 16.37 (4.18/2.07) 46.77 (10.96/4.51) 52.04 (9.40/3.04) 0.5− 1.5 0.617 2.05 (0.61/0.28)

2 3.07 (0.92/0.43) 31.01 (7.64/3.13) 40.74 (7.57/2.50) 1.0− 3.0 0.157 0.53 (0.19/0.08)

5 0.02 (0.00/0.00) 2.24 (0.64/0.26) 5.55 (1.25/0.48) 3.0− 5.0 0.0175 0.32 (0.10/0.04)

14
1 16.38 (4.28/2.02) 44.28 (10.73/4.37) 50.54 (9.44/3.13) 0.5− 1.5 2.536 2.18 (0.60/0.30)

2 3.33 (1.11/0.49) 29.73 (7.52/3.13) 39.31 (7.64/2.51) 1.0− 3.0 0.640 0.57 (0.23/0.11)

5 0.03 (0.01/0.00) 2.57 (0.76/0.28) 5.90 (1.40/0.47) 3.0− 5.0 0.0706 0.34 (0.15/0.08)

TABLE III: Lepton-jet tagging efficiency ϵLJ (%) in pp → bW b̄W + ℓ+ℓ− for signal (for given mH± and mZ′) and background
(from virtual photon and virtual Z boson) at the 8 and 14 TeV LHC. The numbers in parentheses (ϵ(LJ+CMS[1b])/ϵ(LJ+CMS[2b]))
are the efficiencies when we require additional selection cuts, requiring one b-tagged or two b-tagged jets as described in
Appendix A2. Coupling structure of Z′ to the lepton does not give a significant effect on the tagging efficiency. In the above
table, we take axial coupling as an example. For backgrounds, we set the trigger of a mℓ+ℓ− mass window as in the table to
enlarge statistics.

with boost factors (rapidity) of H± and Z ′ as

ηH± = cosh−1

!

m2
t +m2

H± −m2
b

2mtmH±

"

, (A9)

ηZ′ = cosh−1

!

m2
H± +m2

Z′ −m2
W

2mZ′mH±

"

. (A10)

Thus if we assume that a distribution of the geomet-
ric average of leptons’ PT is localized around P peak

T ≡
1
2E

(cusp)
ℓ , we can estimate the peak of ∆R (= ∆R(peak))

between two leptons from Z ′ decays with Eq. (A2) by

∆R(peak) ∼ cosh−1

#

2m2
Z′

(E(cusp)
ℓ )2

+ 1

$

. (A11)

With this simple kinematical study, we can explain
why ∆R will be the major criteria for a lepton-jet tag-
ging. For example, with mH± = 140GeV, PT of the

second hardest lepton (PT2) does not change much from
mZ′ = 1 to 5 GeV (Fig. 5). This can be understood since
P peak
T does not change much from 18.96 to 18.95GeV

with Eq. (A7). But the corresponding ∆R(peak) will
change significantly to the point to change lepton-jet tag-
ging efficiency from ∆R(peak) ∼ 0.05 to 0.26 estimated
by Eq. (A11). The observed peak is similar to this es-
timation as in Fig. 5. (For mH± = 100GeV, estimated
∆R(peak) is over estimated by a factor of 2 since the ac-
tual PT of leptons is not very well localized.) Thus, for
a large mZ′ , lepton-jet tagging efficiency is low due to
large ∆R between leptons from Z ′.

Now we consider the effect from the mass of charged
Higgs. The PT of leptons increases with mH± . At the
same time, due to the dilepton mass relation, Eq. (A2),
∆R decreases with mH± . This effect from ∆R is greater
than the effect from PT , and the lepton-jet tagging effi-
ciency increases with mH± .
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FIG. 5: We show (a) ∆R and (b) PT2 = min[PT (ℓ), PT (ℓ̄)] of a lepton pair from the Z′ decay at the parton level for the 14 TeV
LHC, which are useful to understand lepton-jet tagging efficiency.

a. Dilepton box

For event selections, we require the following criteria
[34].

1. Electrons with PT > 20 GeV, |η| < 2.5, muons with
PT > 20 GeV, |η| < 2.1 are taken.

2. For the same flavor opposite-sign leptons, we veto
events with the following invariant mass window:
mℓ+ℓ− < 20 GeV and |mZ −mℓ+ℓ− | < 15 GeV.

3. For the same flavor lepton pairing, we require /ET >
40 GeV.

4. We require at least two jets with PT > 30 GeV,
|η| < 2.5.

b. Semilepton box

If events can not be put in the dilepton box, we pass
them to the semilepton box with the following triggers.
We collect leptons of PT > 17 GeV if the lepton is a
muon and of PT > 25 GeV for electrons as a lepton pool,
then we require events to have exactly one lepton with
the following selection criteria [42].

muon : PT > 26 GeV, |η| < 2.1,

electron : PT > 30 GeV, |η| < 2.5. (A6)

For jets, we require at least four jets with PT1, PT2 >
45 GeV and PT3, PT4 > 35 GeV.

c. Hadronic top box

If events are not included in the dilepton or semilepton
boxes, we pass events to a hadronic top box where we give

conditions only to jets. Since we tag a lepton-jet, we relax
the PT conditions of jets compared to the CMS analysis
[43]. We require at least six jets with PTj > 30 GeV
with |η| < 2.4. The CMS requires PT1, PT2, PT3, PT4 >
60 GeV, PT5 > 50 GeV, PT4 > 30GeV, and additional
constraints for the distance between two b-tagged jets
and a kinematic fit for the mass reconstruction of t, t̄,
and W .

d. Backgrounds

We consider only the irreducible background of (tt̄ +
ℓ+ℓ−) from the virtual photon and virtual Z boson ra-
diations and we do not consider possible reducible back-
grounds from the mistagged lepton-jet. For example, jets
can be misidentified as electrons and overlapped leptons
as discussed in Ref. [25].

3. Simple explanation of a lepton-jet tagging
efficiency for signal events

With a good approximation, most tt̄ pairs will be pro-
duced near the energy threshold. At the t(t̄) rest frame,
the energy distribution of a lepton from Z ′ will drop log-
arithmically (from flat distribution) [44] after

E(cusp)
ℓ ≡

mZ′

2
e|ηZ′−η

H± |, (A7)

until

E(max)
ℓ =

mZ′

2
e(ηZ′+η

H± ), (A8)
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FIG. 5: We show (a) ∆R and (b) PT2 = min[PT (ℓ), PT (ℓ̄)] of a lepton pair from the Z′ decay at the parton level for the 14 TeV
LHC, which are useful to understand lepton-jet tagging efficiency.

a. Dilepton box

For event selections, we require the following criteria
[34].

1. Electrons with PT > 20 GeV, |η| < 2.5, muons with
PT > 20 GeV, |η| < 2.1 are taken.

2. For the same flavor opposite-sign leptons, we veto
events with the following invariant mass window:
mℓ+ℓ− < 20 GeV and |mZ −mℓ+ℓ− | < 15 GeV.

3. For the same flavor lepton pairing, we require /ET >
40 GeV.

4. We require at least two jets with PT > 30 GeV,
|η| < 2.5.

b. Semilepton box

If events can not be put in the dilepton box, we pass
them to the semilepton box with the following triggers.
We collect leptons of PT > 17 GeV if the lepton is a
muon and of PT > 25 GeV for electrons as a lepton pool,
then we require events to have exactly one lepton with
the following selection criteria [42].

muon : PT > 26 GeV, |η| < 2.1,

electron : PT > 30 GeV, |η| < 2.5. (A6)

For jets, we require at least four jets with PT1, PT2 >
45 GeV and PT3, PT4 > 35 GeV.

c. Hadronic top box

If events are not included in the dilepton or semilepton
boxes, we pass events to a hadronic top box where we give

conditions only to jets. Since we tag a lepton-jet, we relax
the PT conditions of jets compared to the CMS analysis
[43]. We require at least six jets with PTj > 30 GeV
with |η| < 2.4. The CMS requires PT1, PT2, PT3, PT4 >
60 GeV, PT5 > 50 GeV, PT4 > 30GeV, and additional
constraints for the distance between two b-tagged jets
and a kinematic fit for the mass reconstruction of t, t̄,
and W .

d. Backgrounds

We consider only the irreducible background of (tt̄ +
ℓ+ℓ−) from the virtual photon and virtual Z boson ra-
diations and we do not consider possible reducible back-
grounds from the mistagged lepton-jet. For example, jets
can be misidentified as electrons and overlapped leptons
as discussed in Ref. [25].

3. Simple explanation of a lepton-jet tagging
efficiency for signal events

With a good approximation, most tt̄ pairs will be pro-
duced near the energy threshold. At the t(t̄) rest frame,
the energy distribution of a lepton from Z ′ will drop log-
arithmically (from flat distribution) [44] after
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until
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e(ηZ′+η
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LHC mZ′ ϵLJ(ϵ(LJ+CMS)) [%] for signal Mass range of σLO
bkg ϵLJ(ϵ(LJ+CMS)) [%]

[TeV] [GeV] mH± = 100 GeV mH± = 140 GeV mH± = 160 GeV mℓ+ℓ− [GeV] [pb] for background

8
1 16.37 (4.18/2.07) 46.77 (10.96/4.51) 52.04 (9.40/3.04) 0.5− 1.5 0.617 2.05 (0.61/0.28)

2 3.07 (0.92/0.43) 31.01 (7.64/3.13) 40.74 (7.57/2.50) 1.0− 3.0 0.157 0.53 (0.19/0.08)

5 0.02 (0.00/0.00) 2.24 (0.64/0.26) 5.55 (1.25/0.48) 3.0− 5.0 0.0175 0.32 (0.10/0.04)

14
1 16.38 (4.28/2.02) 44.28 (10.73/4.37) 50.54 (9.44/3.13) 0.5− 1.5 2.536 2.18 (0.60/0.30)

2 3.33 (1.11/0.49) 29.73 (7.52/3.13) 39.31 (7.64/2.51) 1.0− 3.0 0.640 0.57 (0.23/0.11)

5 0.03 (0.01/0.00) 2.57 (0.76/0.28) 5.90 (1.40/0.47) 3.0− 5.0 0.0706 0.34 (0.15/0.08)

TABLE III: Lepton-jet tagging efficiency ϵLJ (%) in pp → bW b̄W + ℓ+ℓ− for signal (for given mH± and mZ′) and background
(from virtual photon and virtual Z boson) at the 8 and 14 TeV LHC. The numbers in parentheses (ϵ(LJ+CMS[1b])/ϵ(LJ+CMS[2b]))
are the efficiencies when we require additional selection cuts, requiring one b-tagged or two b-tagged jets as described in
Appendix A2. Coupling structure of Z′ to the lepton does not give a significant effect on the tagging efficiency. In the above
table, we take axial coupling as an example. For backgrounds, we set the trigger of a mℓ+ℓ− mass window as in the table to
enlarge statistics.

with boost factors (rapidity) of H± and Z ′ as

ηH± = cosh−1

!

m2
t +m2

H± −m2
b

2mtmH±

"

, (A9)

ηZ′ = cosh−1

!

m2
H± +m2

Z′ −m2
W

2mZ′mH±

"

. (A10)

Thus if we assume that a distribution of the geomet-
ric average of leptons’ PT is localized around P peak

T ≡
1
2E

(cusp)
ℓ , we can estimate the peak of ∆R (= ∆R(peak))

between two leptons from Z ′ decays with Eq. (A2) by

∆R(peak) ∼ cosh−1

#

2m2
Z′

(E(cusp)
ℓ )2

+ 1

$

. (A11)

With this simple kinematical study, we can explain
why ∆R will be the major criteria for a lepton-jet tag-
ging. For example, with mH± = 140GeV, PT of the

second hardest lepton (PT2) does not change much from
mZ′ = 1 to 5 GeV (Fig. 5). This can be understood since
P peak
T does not change much from 18.96 to 18.95GeV

with Eq. (A7). But the corresponding ∆R(peak) will
change significantly to the point to change lepton-jet tag-
ging efficiency from ∆R(peak) ∼ 0.05 to 0.26 estimated
by Eq. (A11). The observed peak is similar to this es-
timation as in Fig. 5. (For mH± = 100GeV, estimated
∆R(peak) is over estimated by a factor of 2 since the ac-
tual PT of leptons is not very well localized.) Thus, for
a large mZ′ , lepton-jet tagging efficiency is low due to
large ∆R between leptons from Z ′.

Now we consider the effect from the mass of charged
Higgs. The PT of leptons increases with mH± . At the
same time, due to the dilepton mass relation, Eq. (A2),
∆R decreases with mH± . This effect from ∆R is greater
than the effect from PT , and the lepton-jet tagging effi-
ciency increases with mH± .
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production through a top can be larger than the typical
Drell-Yan mechanism to produce a pair of charged Higgs
and produce one Z ′ when the Drell-Yan produces a pair
of Z ′.

We considered the process pp → tt̄ → bW b̄W + Z ′

with Z ′ decaying into a lepton pair. Because of lightness
of the Z ′, the lepton pairs are highly collimated forming
lepton-jets. For some parameter space, even the existing
8 TeV LHC data may give enough signals for a discovery.
It also guarantees a huge discovery potential even at the
very early stage of the 14 TeV LHC experiments.

As the top quark decay into dark sector mode can be
easily mistaken with its dominant bW mode, reanalysis
of the top data at the hadron collider can possibly reveal
interesting hint of the Z ′ even if the Z ′ is very elusive or
decays invisibly. It calls for attention in both experimen-
tal and theoretical sides of the top quark study.

Note: Around the time this work was submitted,
Ref. [29] preprint (version 2), which overlaps with some
aspect of this paper, appeared.
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Appendix A: Some details on numerical analysis

1. Lepton pair from Z
′ decay

Light Z ′ can not be reconstructed with usual lepton
tagging because of the following simple kinematical rea-
son. Invariant mass of a lepton pair can be expressed
as

m2
ℓ+ℓ− = 2PT1

PT2
(cosh∆η − 1) (A1)

≃ 2PT1
PT2

(cosh∆R − 1) , (A2)

with observation ∆R ≃ ∆η since ∆φ distribution is
peaked at 0. For a moderate lepton tagging efficiency,
most analyses require Pmin

T (ℓ) as a PT cut of leptons

Pmin
T (e) = 10 GeV, Pmin

T (µ) = 5 GeV. (A3)

Now with an isolation requirement of ∆R > 0.3, the cor-
responding minimum invariant mass of an electron pair
and muon pair from Z ′ would be

mee >
!

2Pmin
T (e)P

min
T (e)(cosh(0.3) − 1) ≃ 3 GeV, (A4)

mµµ >
!

2Pmin
T (µ)P

min
T (µ)(cosh(0.3) − 1) ≃ 1.5 GeV. (A5)

Therefore conventional analyses would miss Z ′ lighter
than 3 (1.5) GeV in the dielectron (dimuon) channel.
We adopt analysis method with “lepton-jet” (LJ) pro-
posed in Ref. [11]. A variation of LJ definition can be
found in Ref. [24]. Since tt̄+ ℓ+ℓ− is a major background
in our study, we follow LJ definition in Ref. [35] with a
modification to the muon PT requirement.

1. At least two same flavor leptons with PT > 10 GeV
(electron), 5 GeV (muon) and in a cone of ∆R <
0.1.

2. Isolation: Hadronic and leptonic isolation of
"

PT < 3 GeV in 0.1 < ∆R < 0.4.

In addition, to reduce the background events, we require
20% window of the expected Z ′ mass for an invariant
mass of lepton-jet.

3. Invariant mass cut on lepton-jet: |mLJ − mZ′ | <
0.2 × mZ′ .

For a Monte Carlo simulation, we add Z ′ and H±

to the SM using FeynRules v2 [36] and simulate events
with Madgraph v5.14 [37], Pythia 6 [38] and Delphes
3.0.11 [39]. We modify b-jet tagging/mis-tagging effi-
ciency (tagging efficiency is around 60 − 75% depending
on PT and η) according to CMS CSVM tagging [40, 41].
We make a change in Delphes module for smearing muon
PT to reflect nonzero muon mass in muon’s four vector.
For the lepton-jet analysis, we add the lepton-jet class to
Delphes detector simulation.

2. Signal boxes

To consider all tt̄ decay modes, we consider three signal
boxes with slight modification of CMS analyses accord-
ing to the number of triggered leptons. Jets are recon-
structed with anti-kT algorithm with ∆R < 0.5. We
require one b-tagged jet (or two b-tagged jets) and the
aforementioned lepton-jet mass window. Other event se-
lection criteria will depend on signal boxes as followings.

a. dilepton box

For event selections, we require the following criteria
[34].

1. Electrons with PT > 20 GeV, |η| < 2.5, muons with
PT > 20 GeV, |η| < 2.1 are taken.

2. For the same flavor opposite-sign leptons, we veto
events with the following invariant mass window:
mℓ+ℓ− < 20 GeV and |mZ − mℓ+ℓ− | < 15 GeV.

3. For the same flavor lepton-pairing, we require /ET >
40 GeV.

4. We require at least two jets with PT > 30 GeV,
|η| < 2.5.
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production through a top can be larger than the typical
Drell-Yan mechanism to produce a pair of charged Higgs
and produce one Z ′ when the Drell-Yan produces a pair
of Z ′.

We considered the process pp → tt̄ → bW b̄W + Z ′

with Z ′ decaying into a lepton pair. Because of lightness
of the Z ′, the lepton pairs are highly collimated forming
lepton-jets. For some parameter space, even the existing
8 TeV LHC data may give enough signals for a discovery.
It also guarantees a huge discovery potential even at the
very early stage of the 14 TeV LHC experiments.

As the top quark decay into dark sector mode can be
easily mistaken with its dominant bW mode, reanalysis
of the top data at the hadron collider can possibly reveal
interesting hint of the Z ′ even if the Z ′ is very elusive or
decays invisibly. It calls for attention in both experimen-
tal and theoretical sides of the top quark study.

Note: Around the time this work was submitted,
Ref. [29] preprint (version 2), which overlaps with some
aspect of this paper, appeared.
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Appendix A: Some details on numerical analysis

1. Lepton pair from Z
′ decay

Light Z ′ can not be reconstructed with usual lepton
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at the (a) 8 TeV LHC and (b) 14 TeV LHC, using the
high order calculation of σ(pp → tt̄). The band indicates
Y = BR(H± → WZ ′) = 0.5 − 1 range.

We will take a rather conservative value of X = 0.001
and assume BR(Z ′ → ℓ+ℓ−) = 0.2, for our illustration,
meaning 0.02% of top quark decay is into the lepton pairs.
[Only the product X BR(Z ′ → ℓ+ℓ−) has the real mean-
ing for the final lepton pair production rate.]

The value X = 0.001 can be obtained, for example,
for mH± = 100 GeV (with tanβ ≃ 20, Y ≃ 0.8),
mH± = 140 GeV (with tanβ ≃ 10, Y ≃ 0.9), and
mH± = 160 GeV (with tanβ ≃ 5, Y ≃ 1).

We use a rather intuitive parameter X for our presen-
tation instead of model-specific parameters. The exact
value of Y , for example, can be more constrained for a
specific mH± , tan β, mZ′ . There are many unknown pa-
rameter such as BR(Z ′ → ℓ+ℓ−) and other dark sector
related parameters anyway, and our treatment using X
(with a rather conservative values) allows us more con-
trollable analysis.

VI. COMPARISON TO THE CHARGED HIGGS
PAIR PRODUCTION

The charged Higgs boson can be typically produced in
the Drell-Yan process. Charged Higgs pair production
through Drell-Yan (γ∗, Z∗) is model independent except
for the mass.

The Drell-Yan production of H± pair, for the scenario
(i), is

• Drell-Yan: pp → H+H− → WW + Z ′Z ′. (19)

In Fig. 3, we can see the difference of the production
cross sections of the Z ′ through tt̄ channel and Drell-Yan
channel. In both cases, the cross section decreases with
mH± because of the phase space. We use the on-shell
decays only using branching ratio of Fig. 2.

The Drell-Yan and the tt̄ processes have a few differ-
ences. First, tt̄ production cross section is much larger
than the Drell-Yan case, except for the very large tanβ
(tan β ! 20) or large mH± . Second, tt̄ produces only
one charged Higgs while the Drell-Yan produces a pair
of charged Higgs. Third, tagging is different (bW pair
for tt̄, W pair for Drell-Yan). With different tagging and
small production cross section, we neglect the Drell-Yan
process in our study.

VII. DISCOVERY POTENTIAL AT THE LHC

We discuss the discovery potential of the Z ′ from
tt̄ process at the LHC. For definiteness, we assume
BR(Z ′ → ℓ+ℓ−) = 0.2. For the background events, we
take only the irreducible processes tt̄ + ℓ+ℓ− from off-
shell photon and Z boson, although there may be more
source of backgrounds such as tt̄ + jets with the jets fak-
ing leptons. In this section, we require two b-tagged jets
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FIG. 4: Distributions of lepton-jet mass (mLJ) in the tt̄ + LJ
mode at the LHC for (a) 8 TeV LHC with L = 20 fb−1

and (b) 14 TeV LHC with L = 10 fb−1. mH± = 140 GeV,
mZ′ = 2 GeV with X = 0.001 and BR(Z′

→ ℓ+ℓ−) = 0.2 are
used.

to limit backgrounds to tt̄ events. Appendix describes
more details of our Monte Carlo study including the tag-
ging efficiencies. The efficiency depends on mH± and
mZ′ as well as the LHC energy. We assume K-factor
for the background events Kbkg ≃ 2 and apply it to our
backgrounds events generated by tree-level Monte Carlo
simulation.1

First, we consider the
√

s = 8 TeV case (σtt̄ ∼ 239 pb),
with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14 TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].
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ging efficiencies. The efficiency depends on mH± and
mZ′ as well as the LHC energy. We assume K-factor
for the background events Kbkg ≃ 2 and apply it to our
backgrounds events generated by tree-level Monte Carlo
simulation.1

First, we consider the
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s = 8 TeV case (σtt̄ ∼ 239 pb),
with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14 TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
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• For our study, we use FeynRules, 
MG4, PYTHIA, and Delphes. 

• 60%-75% of b-tagging 
efficiency, depending on PT and 
ETA, following CMS CSVM 
tagging.

• We make minor changes in the Delphes module to include the non-zero muon mass 
in the original routine. 

• We add the lepton-jet class in the Delphes, following above definitions. 

• Use anti-kt with DeltaR < 0.5. Require at least one b-tagged jet and above LJ 
conditions. 

• For numerical study, we use                       and 
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B. Top decay into dark gauge bosons through H
±

A top quark can decay into a charged Higgs through
t → bH+ for a relatively light H±. While there are
searches for light charged Higgs in t → bH+ → bντ+ and
t → bH+ → bcs̄ based on typical 2HDMs, the results
are negative [32]. These searches, however, would have
missed the light charged Higgs of t → bH+ → bW +
Z ′s that would dominate in our scenario. As described
earlier, the H± can decay into the Z ′s dominantly in the
presence of dark force.

Neglecting mb/mt and higher order corrections, the
relevant top decay widths are

Γt→bW =

√
2GF |Vtb|2

16π
m3

t

!

1 −
m2

W

m2
t

"2!

1 +
2m2

W

m2
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"
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(11)

Γt→bH+ =

√
2GF |Vtb|2

16π
m3

t

!

1 −
m2

H±

m2
t

"2
1

tan2 β
(12)

with tanβ ! 1 in the dark force model we consider. (The
t → bW decay itself shows the enhancement from the
GBET with a boosted W boson [33].) As both decays
have the same dependence on the CKM matrix element
|Vtb|2, even quite sizable Γ(t → bH+) may not alter ef-
fective value of Vtb significantly when it is measured from
the top quark decays.

In our study, we still take t → bW as the dominant
top decay and consider t → bH+ as the important sub-
dominant one. Then the branching ratio of the on-shell
t → bH+ decay, which is dependent on unknown mH±

and tanβ, is

BR(t → bH+) ≃
Γt→bH+

Γt→bW + Γt→bH+

(13)

≈
!

m2
t − m2

H±

m2
t − m2

W

"2
1/ tan2 β

1 + 2m2
W /m2

t
, (14)

which is plotted in Fig. 2. We can see that a few %
level of the top decay can be easily accommodated for
mH± < mt. For mH± = 140 GeV, for instance, we have
BR(t → bH+) ≃ 0.03−0.0003, with tanβ = 2−20 range
(higher BR corresponds to lower tanβ).

V. SETUP FOR NUMERICAL ANLAYSIS

We will consider the tt̄ production followed by one of
the top quark pair decaying into Z ′s. We will also con-
sider only the Z ′ → ℓ+ℓ− channel. The cross section at
the LHC to produce Z ′ is given by

σ(pp → bW b̄W + Z ′s) ≃ σtt̄ 2X (15)

using BR(t → bW ) ≃ 1 and a new parameter X for the
top to Z ′ decay branching ratio

X ≡ BR(t → bW + Z ′s), (16)
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FIG. 3: Production cross sections of the Z′ with mH± in tt̄
channel (pp → tt̄ → bW b̄W + Z′) at the (a) 8 TeV LHC
and (b) 14 TeV LHC. Cross section at the 14 TeV is about 4
times larger than that at the 8 TeV. In the mW " mH± " mt

range, the results for tanβ = 2 (Black), 5 (Blue), 10 (Red),
20 (Green) are shown. Drell-Yan channel (pp → H+H−

→

WW + Z′Z′) (Dashed) is also shown for comparison. The
band indicates BR(H±

→ WZ′) = 0.5 − 1 range.

whose detail depends on the specific scenario.
In scenarios (i) and (ii), using the on-shell H± decays,

we have

X = BR(t → bH+)Y (17)

with BR(t → bH+) given in Fig. 2. In the numerical
analysis of this paper, we consider only the scenario (i).
[The application for the scenario (ii) would be straight-
forward.] This process is

• top pair: pp → tt̄ → bW b̄H± → bW b̄W + Z ′, (18)

which is similar to the dominant tt̄ process except that
Z ′ is accompanied in the decay products. We consider
only mW " mH± " mt to avoid additional constraints
from W → bH± decays, etc.

Figure 3 shows the production cross sections of the
Z ′ with mH± in tt̄ channel (pp → tt̄ → bW b̄W + Z ′)
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from W → bH± decays, etc.

Figure 3 shows the production cross sections of the
Z ′ with mH± in tt̄ channel (pp → tt̄ → bW b̄W + Z ′)



Signal and Backgrounds
• Dilepton channel 

• pt < 20 GeV, eta < 2.5 for electron    and    pt > 20 GeV, eta < 2.1 for muon 

• veto OSSF with mll < 20 GeV and | MZd - mll | < 15 GeV,     met > 40 GeV 

• at least two jets with pt > 30 GeV, eta < 2.5 

• Semileptonic channel 

• pt > 30 GeV, eta < 2.5 for electron    and     pt > 26 GeV, eta < 2.1  for muon 

• at least four jets with pt1, pt2 > 45 GeV, pt3, pt4 > 35 GeV. 

• Hadronic channel 

• at least 6 jets, pt > 30 GeV, eta < 2.4. 

• CMS requires pt1, pt2, pt3, pt4 > 60 GeV, pt5 > 50 GeV, pt6 > 30 GeV, and additional 
constrains for two b-tagged jets and a kinematic for mass reconstruction of tops and W. 

• Backgrounds: ttbar + dilepton     with Kbknd=2. (Ksig=1.74 (1.84) at 8 (14) TeV.)
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LHC mZ′ ϵLJ(ϵ(LJ+CMS)) [%] for signal Mass range of σLO
bkg ϵLJ(ϵ(LJ+CMS)) [%]

[TeV] [GeV] mH± = 100 GeV mH± = 140 GeV mH± = 160 GeV mℓ+ℓ− [GeV] [pb] for background

8
1 16.37 (4.18/2.07) 46.77 (10.96/4.51) 52.04 (9.40/3.04) 0.5− 1.5 0.617 2.05 (0.61/0.28)

2 3.07 (0.92/0.43) 31.01 (7.64/3.13) 40.74 (7.57/2.50) 1.0− 3.0 0.157 0.53 (0.19/0.08)

5 0.02 (0.00/0.00) 2.24 (0.64/0.26) 5.55 (1.25/0.48) 3.0− 5.0 0.0175 0.32 (0.10/0.04)

14
1 16.38 (4.28/2.02) 44.28 (10.73/4.37) 50.54 (9.44/3.13) 0.5− 1.5 2.536 2.18 (0.60/0.30)

2 3.33 (1.11/0.49) 29.73 (7.52/3.13) 39.31 (7.64/2.51) 1.0− 3.0 0.640 0.57 (0.23/0.11)

5 0.03 (0.01/0.00) 2.57 (0.76/0.28) 5.90 (1.40/0.47) 3.0− 5.0 0.0706 0.34 (0.15/0.08)

TABLE III: Lepton-jet tagging efficiency ϵLJ (%) in pp → bW b̄W + ℓ+ℓ− for signal (for given mH± and mZ′) and background
(from virtual photon and virtual Z boson) at the 8 and 14 TeV LHC. The numbers in parentheses (ϵ(LJ+CMS[1b])/ϵ(LJ+CMS[2b]))
are the efficiencies when we require additional selection cuts, requiring one b-tagged or two b-tagged jets as described in
Appendix A2. Coupling structure of Z′ to the lepton does not give a significant effect on the tagging efficiency. In the above
table, we take axial coupling as an example. For backgrounds, we set the trigger of a mℓ+ℓ− mass window as in the table to
enlarge statistics.

with boost factors (rapidity) of H± and Z ′ as

ηH± = cosh−1

!

m2
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"
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Thus if we assume that a distribution of the geomet-
ric average of leptons’ PT is localized around P peak

T ≡
1
2E

(cusp)
ℓ , we can estimate the peak of ∆R (= ∆R(peak))

between two leptons from Z ′ decays with Eq. (A2) by

∆R(peak) ∼ cosh−1

#

2m2
Z′

(E(cusp)
ℓ )2

+ 1

$

. (A11)

With this simple kinematical study, we can explain
why ∆R will be the major criteria for a lepton-jet tag-
ging. For example, with mH± = 140GeV, PT of the

second hardest lepton (PT2) does not change much from
mZ′ = 1 to 5 GeV (Fig. 5). This can be understood since
P peak
T does not change much from 18.96 to 18.95GeV

with Eq. (A7). But the corresponding ∆R(peak) will
change significantly to the point to change lepton-jet tag-
ging efficiency from ∆R(peak) ∼ 0.05 to 0.26 estimated
by Eq. (A11). The observed peak is similar to this es-
timation as in Fig. 5. (For mH± = 100GeV, estimated
∆R(peak) is over estimated by a factor of 2 since the ac-
tual PT of leptons is not very well localized.) Thus, for
a large mZ′ , lepton-jet tagging efficiency is low due to
large ∆R between leptons from Z ′.

Now we consider the effect from the mass of charged
Higgs. The PT of leptons increases with mH± . At the
same time, due to the dilepton mass relation, Eq. (A2),
∆R decreases with mH± . This effect from ∆R is greater
than the effect from PT , and the lepton-jet tagging effi-
ciency increases with mH± .
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6

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV BKG

1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ−ℓ+) =
0.2. Signal events were obtained with high order σtt̄ with
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two b-
tagging. (See Appendix for details including the tagging
efficiencies for signal and background events.)

For a specific example, we consider mH± = 140 GeV
and mZ′ = 2 GeV. We expect number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give very large number of signal events com-
pared to the backgrounds (resulting the likelihood ratio
ScL ≃ 14.6). The likelihood ratio, which is defined as

ScL =
!

2Nobs log (1 + Nsig/Nbkg) − 2Nsig (22)

is a good method even when there are relatively small
background events.

Even this kind of large signals can be still missed in
conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see Appendix) with 5.3 fb−1 luminosity at
8 TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in tt̄ channels are very
small with CMS analysis cuts (one b-tagged jet). For the
above sample point, we estimate the expected number of
signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under the
uncertainties of tt̄ dilepton events (Expected uncertainty
in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed data
Nbkg ≃ 1.7 × 104 ), resulting in only ScL ≃ 0.03.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.

For the
√

s = 14 TeV case (σtt̄ ∼ 933 pb), we show
the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program.

Figure 4 shows the signals and backgrounds for the
above sample point (mH± = 140 GeV, mZ′ = 2 GeV,

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV

1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, leading order cross section
is 3.73 pb at 8 TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons
as |ηq| < 5, |ηℓ| < 3 and dilepton invariant mass cut for
the same flavor, opposite sign lepton pair greater than
0.2 GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see the signal shows
up as a clear spike over the SM background.

The t → bW + Z ′ decay (via H±) can be compared
to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated lepton or others that are
hard to identify. It has important implication as the cur-
rent experimental measurements might have counted the
t → bW +Z ′ as t → bW depending on analysis methods.
Z ′ may also have sizable decay branching ratio into neu-
trinos or invisible particles. As mentioned earlier, since
both decays have the same dependence on the CKM ma-
trix element |Vtb|2, [Eqs. (11) and (12)], even quite sizable
Γ(t → bH+) may not alter effective value of Vtb signifi-
cantly when it is measured from the top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g − 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
panied by one or two illusive Z ′s (t → bW + Z ′s). Even
a small BR(t → bH+) can be enough to produce the Z ′

at the observable level at the LHC experiments. The Z ′
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efficiencies for signal and background events.)

For a specific example, we consider mH± = 140 GeV
and mZ′ = 2 GeV. We expect number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give very large number of signal events com-
pared to the backgrounds (resulting the likelihood ratio
ScL ≃ 14.6). The likelihood ratio, which is defined as

ScL =
!

2Nobs log (1 + Nsig/Nbkg) − 2Nsig (22)

is a good method even when there are relatively small
background events.

Even this kind of large signals can be still missed in
conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see Appendix) with 5.3 fb−1 luminosity at
8 TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in tt̄ channels are very
small with CMS analysis cuts (one b-tagged jet). For the
above sample point, we estimate the expected number of
signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under the
uncertainties of tt̄ dilepton events (Expected uncertainty
in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed data
Nbkg ≃ 1.7 × 104 ), resulting in only ScL ≃ 0.03.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.

For the
√

s = 14 TeV case (σtt̄ ∼ 933 pb), we show
the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program.

Figure 4 shows the signals and backgrounds for the
above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
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TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, leading order cross section
is 3.73 pb at 8 TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons
as |ηq| < 5, |ηℓ| < 3 and dilepton invariant mass cut for
the same flavor, opposite sign lepton pair greater than
0.2 GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see the signal shows
up as a clear spike over the SM background.

The t → bW + Z ′ decay (via H±) can be compared
to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated lepton or others that are
hard to identify. It has important implication as the cur-
rent experimental measurements might have counted the
t → bW +Z ′ as t → bW depending on analysis methods.
Z ′ may also have sizable decay branching ratio into neu-
trinos or invisible particles. As mentioned earlier, since
both decays have the same dependence on the CKM ma-
trix element |Vtb|2, [Eqs. (11) and (12)], even quite sizable
Γ(t → bH+) may not alter effective value of Vtb signifi-
cantly when it is measured from the top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g − 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
panied by one or two illusive Z ′s (t → bW + Z ′s). Even
a small BR(t → bH+) can be enough to produce the Z ′

at the observable level at the LHC experiments. The Z ′
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through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
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(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].
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Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
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For the
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s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
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the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
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0.2GeV. Corresponding efficiencies are about 1.4% for
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factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
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to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.
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and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV

1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

• At 8 TeV, top pair production cross section ~239 pb. 

• For mH+ = 140 GeV, MZd=2 GeV,
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[GeV] 100 GeV 140 GeV 160 GeV BKG

1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].
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1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

• Conventional search gives Nsig~ 4 
with eff=0.71%, and signal is buried in 
background uncertainty, which is  591.                                        

•                       results in ScL=0.03. 
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mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV BKG

1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV

1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

• Good sensitivity for LHC Run II.
Kong, Lee, Park, 2014
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mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV BKG

1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ−ℓ+) =
0.2. Signal events were obtained with high order σtt̄ with
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two b-
tagging. (See Appendix for details including the tagging
efficiencies for signal and background events.)

For a specific example, we consider mH± = 140 GeV
and mZ′ = 2 GeV. We expect number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give very large number of signal events com-
pared to the backgrounds (resulting the likelihood ratio
ScL ≃ 14.6). The likelihood ratio, which is defined as

ScL =
!

2Nobs log (1 + Nsig/Nbkg) − 2Nsig (22)

is a good method even when there are relatively small
background events.

Even this kind of large signals can be still missed in
conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see Appendix) with 5.3 fb−1 luminosity at
8 TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in tt̄ channels are very
small with CMS analysis cuts (one b-tagged jet). For the
above sample point, we estimate the expected number of
signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under the
uncertainties of tt̄ dilepton events (Expected uncertainty
in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed data
Nbkg ≃ 1.7 × 104 ), resulting in only ScL ≃ 0.03.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.

For the
√

s = 14 TeV case (σtt̄ ∼ 933 pb), we show
the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program.

Figure 4 shows the signals and backgrounds for the
above sample point (mH± = 140 GeV, mZ′ = 2 GeV,

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV

1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, leading order cross section
is 3.73 pb at 8 TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons
as |ηq| < 5, |ηℓ| < 3 and dilepton invariant mass cut for
the same flavor, opposite sign lepton pair greater than
0.2 GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see the signal shows
up as a clear spike over the SM background.

The t → bW + Z ′ decay (via H±) can be compared
to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated lepton or others that are
hard to identify. It has important implication as the cur-
rent experimental measurements might have counted the
t → bW +Z ′ as t → bW depending on analysis methods.
Z ′ may also have sizable decay branching ratio into neu-
trinos or invisible particles. As mentioned earlier, since
both decays have the same dependence on the CKM ma-
trix element |Vtb|2, [Eqs. (11) and (12)], even quite sizable
Γ(t → bH+) may not alter effective value of Vtb signifi-
cantly when it is measured from the top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g − 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
panied by one or two illusive Z ′s (t → bW + Z ′s). Even
a small BR(t → bH+) can be enough to produce the Z ′

at the observable level at the LHC experiments. The Z ′
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1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ−ℓ+) =
0.2. Signal events were obtained with high order σtt̄ with
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two b-
tagging. (See Appendix for details including the tagging
efficiencies for signal and background events.)

For a specific example, we consider mH± = 140 GeV
and mZ′ = 2 GeV. We expect number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give very large number of signal events com-
pared to the backgrounds (resulting the likelihood ratio
ScL ≃ 14.6). The likelihood ratio, which is defined as

ScL =
!

2Nobs log (1 + Nsig/Nbkg) − 2Nsig (22)

is a good method even when there are relatively small
background events.

Even this kind of large signals can be still missed in
conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see Appendix) with 5.3 fb−1 luminosity at
8 TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in tt̄ channels are very
small with CMS analysis cuts (one b-tagged jet). For the
above sample point, we estimate the expected number of
signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under the
uncertainties of tt̄ dilepton events (Expected uncertainty
in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed data
Nbkg ≃ 1.7 × 104 ), resulting in only ScL ≃ 0.03.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.

For the
√

s = 14 TeV case (σtt̄ ∼ 933 pb), we show
the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program.

Figure 4 shows the signals and backgrounds for the
above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
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1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1
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TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
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X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, leading order cross section
is 3.73 pb at 8 TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons
as |ηq| < 5, |ηℓ| < 3 and dilepton invariant mass cut for
the same flavor, opposite sign lepton pair greater than
0.2 GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see the signal shows
up as a clear spike over the SM background.

The t → bW + Z ′ decay (via H±) can be compared
to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated lepton or others that are
hard to identify. It has important implication as the cur-
rent experimental measurements might have counted the
t → bW +Z ′ as t → bW depending on analysis methods.
Z ′ may also have sizable decay branching ratio into neu-
trinos or invisible particles. As mentioned earlier, since
both decays have the same dependence on the CKM ma-
trix element |Vtb|2, [Eqs. (11) and (12)], even quite sizable
Γ(t → bH+) may not alter effective value of Vtb signifi-
cantly when it is measured from the top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g − 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
panied by one or two illusive Z ′s (t → bW + Z ′s). Even
a small BR(t → bH+) can be enough to produce the Z ′

at the observable level at the LHC experiments. The Z ′

6

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV BKG

1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ−ℓ+) =
0.2. Signal events were obtained with high order σtt̄ with
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two b-
tagging. (See Appendix for details including the tagging
efficiencies for signal and background events.)

For a specific example, we consider mH± = 140 GeV
and mZ′ = 2 GeV. We expect number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give very large number of signal events com-
pared to the backgrounds (resulting the likelihood ratio
ScL ≃ 14.6). The likelihood ratio, which is defined as

ScL =
!

2Nobs log (1 + Nsig/Nbkg) − 2Nsig (22)

is a good method even when there are relatively small
background events.

Even this kind of large signals can be still missed in
conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see Appendix) with 5.3 fb−1 luminosity at
8 TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in tt̄ channels are very
small with CMS analysis cuts (one b-tagged jet). For the
above sample point, we estimate the expected number of
signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under the
uncertainties of tt̄ dilepton events (Expected uncertainty
in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed data
Nbkg ≃ 1.7 × 104 ), resulting in only ScL ≃ 0.03.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.

For the
√

s = 14 TeV case (σtt̄ ∼ 933 pb), we show
the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program.

Figure 4 shows the signals and backgrounds for the
above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
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1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, leading order cross section
is 3.73 pb at 8 TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons
as |ηq| < 5, |ηℓ| < 3 and dilepton invariant mass cut for
the same flavor, opposite sign lepton pair greater than
0.2 GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see the signal shows
up as a clear spike over the SM background.

The t → bW + Z ′ decay (via H±) can be compared
to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated lepton or others that are
hard to identify. It has important implication as the cur-
rent experimental measurements might have counted the
t → bW +Z ′ as t → bW depending on analysis methods.
Z ′ may also have sizable decay branching ratio into neu-
trinos or invisible particles. As mentioned earlier, since
both decays have the same dependence on the CKM ma-
trix element |Vtb|2, [Eqs. (11) and (12)], even quite sizable
Γ(t → bH+) may not alter effective value of Vtb signifi-
cantly when it is measured from the top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g − 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
panied by one or two illusive Z ′s (t → bW + Z ′s). Even
a small BR(t → bH+) can be enough to produce the Z ′

at the observable level at the LHC experiments. The Z ′
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pared to the backgrounds (resulting the likelihood ratio
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is a good method even when there are relatively small
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Nbkg ≃ 1.7 × 104 ), resulting in only ScL ≃ 0.03.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
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For the
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s = 14 TeV case (σtt̄ ∼ 933 pb), we show
the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program.
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0.2 GeV. Corresponding efficiencies are about 1.4% for
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factor of the background. We can see the signal shows
up as a clear spike over the SM background.
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to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
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hard to identify. It has important implication as the cur-
rent experimental measurements might have counted the
t → bW +Z ′ as t → bW depending on analysis methods.
Z ′ may also have sizable decay branching ratio into neu-
trinos or invisible particles. As mentioned earlier, since
both decays have the same dependence on the CKM ma-
trix element |Vtb|2, [Eqs. (11) and (12)], even quite sizable
Γ(t → bH+) may not alter effective value of Vtb signifi-
cantly when it is measured from the top quark decays.
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through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
new physics candidate as it can address some astrophys-
ical anomalies as well as the muon g − 2 anomaly. While
its search is very active at the low energy experimental
facilities, its search at the LHC is relatively limited so
far.

The LHC can produce the top quark pair abundantly
through the gluon fusion. We considered the scenario
the top quark decays through a charged Higgs t → bH+,
where the charged Higgs can decay into one Z ′ or multi-
ple Z ′s dominantly. The top decay into the dark gauge
boson is very close to its dominant decay mode accom-
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TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].
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Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated
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and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
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and the SM background events
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which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
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with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
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discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
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|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

6

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV BKG

1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
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1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV

1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

6

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV BKG

1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV

1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

• At 8 TeV, top pair production cross section ~239 pb. 

• For mH+ = 140 GeV, MZd=2 GeV,
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1 40.0 86.2 58.1 69.6

2 8.2 59.9 47.8 5.0

5 0.1 5.0 9.1 0.3

TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].
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TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

• Conventional search gives Nsig~ 4 
with eff=0.71%, and signal is buried in 
background uncertainty, which is  591.                                        

•                       results in ScL=0.03. 
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TABLE I: Expected number of events in each lepton-jet bin
(20% window of the Z′ mass) with two b-tagging in 8 TeV
LHC 20 fb−1. We set X = 0.001 and BR(Z′

→ ℓ+ℓ−) =
0.2. Signal events were obtained with high order σtt̄ with the
branching ratio, and the background events were obtained
with tree-level simulation with Kbkg = 2.

Carlo simulation.1

First, we consider the
√
s = 8TeV case (σtt̄ ∼ 239 pb),

with integrated luminosity of about L = 20 fb−1. Table I
shows the number of signal events and background events
for various choices of mH± and mZ′ , with X = 0.001
and BR(Z ′ → ℓ+ℓ−) = 0.2. The numbers are for each
lepton-jet bin (20% window of a given mZ′) with two
b-tagging. (See the Appendix for details including the
tagging efficiencies for signal and background events.)
For a specific example, we consider mH± = 140GeV

andmZ′ = 2GeV. We expect the number of signal events
(after the tagging efficiency), for L = 20 fb−1,

Nsig = σtt̄ 2X BR(Z ′ → ℓ+ℓ−) ϵsig L ≈ 60, (20)

and the SM background events

Nbkg = σbkg ϵbkg L ≈ 5, (21)

which would give a very large number of signal events
compared to the backgrounds (resulting the likelihood
ratio ScL ≃ 14.6). The likelihood ratio, which is defined
as

ScL =
!

2Nobs log (1 +Nsig/Nbkg)− 2Nsig (22)

with Nobs = Nsig + Nbkg, is a good method even when
there are relatively small background events.
Even this kind of large signal can be still missed in

conventional analysis. For example, in the CMS tt̄ dilep-
ton analysis (see the Appendix) with 5.3 fb−1 luminosity
at 8TeV LHC [34], signals can be lost by invariant mass
requirements for the lepton pair (mℓℓ > 20 GeV). The
contribution of signals to dileptons in the tt̄ channels are
very small with CMS analysis cuts (one b-tagged jet). For
the above sample point, we estimate the expected num-
ber of signal, Nsig ≃ 4 (ϵsig ≃ 0.71%) can be buried under
the uncertainties of tt̄ dilepton events (Expected uncer-
tainty in tt̄ dilepton samples, ∆Nbkg ≃ 591 with observed
data Nbkg ≃ 1.7× 104 ), resulting in only ScL ≃ 0.03.

1 The assumed Kbkg ≃ 2 can be compared to K factors for signals
Ksig = 1.74 (1.84) for 8TeV (14TeV) LHC, obtained from the
estimation with our leading order Monte Carlo simulation and
Ref. [30].

mZ′ mH±

[GeV] 100 GeV 140 GeV 160 GeV

1 7.8 fb−1 1.9 fb−1 3.4 fb−1

2 14.5 fb−1 0.7 fb−1 1.0 fb−1

5 - 7.3 fb−1 3.5 fb−1

TABLE II: Required luminosity for 14 TeV LHC to see the
likelihood ratio ScL = 5 (corresponding to 5σ discovery). Ba-
sically the same method as Table I is used.

Thus, re-analysis of existing 8 TeV data with tt̄ +
lepton-jet can potentially bring a discovery of the light
Z ′.
For the

√
s = 14 TeV case (σtt̄ ∼ 933 pb), we show

the required luminosity for ScL = 5 (corresponding to 5σ
discovery) in Table II. Basically the same method as the
8 TeV case (Table I) is used. It shows the dark force
search at the very early stage of the 14 TeV LHC will be
a very interesting program. Both Table I and Table II,
for given X and BR(Z ′ → ℓ+ℓ−), can be obtained from
Table III in the Appendix up to the precision.
Figure 4 shows the signals and backgrounds for the

above sample point (mH± = 140 GeV, mZ′ = 2 GeV,
X = 0.001) with BR(Z ′ → ℓ+ℓ−) = 0.2. For cuts,
we require the CMS-like analysis cuts [Sec. A 2] with
two b-tagged jets and construct lepton-jets with mLJ >
0.2 GeV. For backgrounds, the leading order cross sec-
tion is 3.73 pb at 8TeV and 15.33 pb at 14 TeV LHC with
parton level cuts for the rapidity of quark and leptons as
|ηq| < 5, |ηℓ| < 3 and a dilepton invariant mass cut for
the same flavor, an opposite-sign lepton pair greater than
0.2GeV. Corresponding efficiencies are about 1.4% for
both collision energies. We take Kbkg = 2 for the K-
factor of the background. We can see that the signal
shows up as a clear spike over the SM background.
The t → bW + Z ′ decay (via H±) can be compared

to the dominant top decay mode t → bW . The top
decay into the charged Higgs might look similar to the
dominant top decay accompanied by a Z ′ that can de-
cay into a pair of collimated leptons or others that are
hard to identify. It has important implication as the
current experimental measurements might have counted
the t → bW + Z ′ as t → bW depending on the analysis
methods. Z ′ may also have sizable decay branching ratio
into neutrinos or invisible particles. As mentioned ear-
lier, since both decays have the same dependence on the
CKM matrix element |Vtb|2, [Eqs. (11) and (12)], even
quite sizable Γ(t → bH+) may not alter the effective
value of Vtb significantly when it is measured from the
top quark decays.

VIII. SUMMARY

We discussed the production of light Z ′ gauge boson
through a top quark at the LHC. A light Z ′ of roughly
O(1) GeV with small coupling is a very well motivated

• Good sensitivity for LHC Run II.
Kong, Lee, Park, 2014
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FIG. 3: Production cross sections of the Z′ with mH± in the
tt̄ channel (pp → tt̄ → bW b̄W+Z′) at the (a) 8 TeV LHC and
(b) 14 TeV LHC. Cross section at the 14 TeV is about 4 times
larger than that at the 8 TeV. In themW ! mH± ! mt range,
the results for tan β = 2 (black), 5 (blue), 10 (red), 20 (green)
are shown. Drell-Yan channel (pp → H+H−

→ WW +Z′Z′)
(Dashed) is also shown for comparison. The band indicates
BR(H±

→ WZ′) = 0.5− 1 range.

In Fig. 3, we can see the difference of the production
cross sections of the Z ′ through the tt̄ channel and Drell-
Yan channel. In both cases, the cross section decreases
with mH± because of the phase space. We use the on-
shell decays only using branching ratio of Fig. 2.

The Drell-Yan and the tt̄ processes have a few dif-
ferences. First, the tt̄ production cross section is much
larger than the Drell-Yan case, except for the very large
tanβ (tanβ " 20) or large mH± . Second, tt̄ produces
only one charged Higgs while the Drell-Yan produces a
pair of charged Higgs. Third, tagging is different (bW
pair for tt̄, W pair for Drell-Yan). With different tag-
ging and a small production cross section, we neglect the
Drell-Yan process in our study.
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FIG. 4: Distributions of lepton-jet mass (mLJ) in the tt̄+ LJ
mode at the LHC for (a) 8 TeV LHC with L = 20 fb−1

and (b) 14 TeV LHC with L = 10 fb−1. mH± = 140 GeV,
mZ′ = 2 GeV with X = 0.001 and BR(Z′

→ ℓ+ℓ−) = 0.2 are
used.

VII. DISCOVERY POTENTIAL AT THE LHC

We discuss the discovery potential of the Z ′ from
the tt̄ process at the LHC. For definiteness, we assume
BR(Z ′ → ℓ+ℓ−) = 0.2. For the background events, we
take only the irreducible processes tt̄+ℓ+ℓ− from the off-
shell photon and Z boson, although there may be more
sources of backgrounds such as tt̄ + jets with the jets
faking leptons. In this section, we require two b-tagged
jets to limit backgrounds to tt̄ events. The Appendix de-
scribes more details of our Monte Carlo study including
the tagging efficiencies. The efficiency depends on mH±

and mZ′ as well as the LHC energy. We assume a K-
factor for the background events Kbkg ≃ 2 and apply it
to our background events generated by tree-level Monte
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In Fig. 3, we can see the difference of the production
cross sections of the Z ′ through the tt̄ channel and Drell-
Yan channel. In both cases, the cross section decreases
with mH± because of the phase space. We use the on-
shell decays only using branching ratio of Fig. 2.

The Drell-Yan and the tt̄ processes have a few dif-
ferences. First, the tt̄ production cross section is much
larger than the Drell-Yan case, except for the very large
tanβ (tanβ " 20) or large mH± . Second, tt̄ produces
only one charged Higgs while the Drell-Yan produces a
pair of charged Higgs. Third, tagging is different (bW
pair for tt̄, W pair for Drell-Yan). With different tag-
ging and a small production cross section, we neglect the
Drell-Yan process in our study.
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FIG. 4: Distributions of lepton-jet mass (mLJ) in the tt̄+ LJ
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mZ′ = 2 GeV with X = 0.001 and BR(Z′
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used.

VII. DISCOVERY POTENTIAL AT THE LHC

We discuss the discovery potential of the Z ′ from
the tt̄ process at the LHC. For definiteness, we assume
BR(Z ′ → ℓ+ℓ−) = 0.2. For the background events, we
take only the irreducible processes tt̄+ℓ+ℓ− from the off-
shell photon and Z boson, although there may be more
sources of backgrounds such as tt̄ + jets with the jets
faking leptons. In this section, we require two b-tagged
jets to limit backgrounds to tt̄ events. The Appendix de-
scribes more details of our Monte Carlo study including
the tagging efficiencies. The efficiency depends on mH±

and mZ′ as well as the LHC energy. We assume a K-
factor for the background events Kbkg ≃ 2 and apply it
to our background events generated by tree-level Monte



A Light Dilepton resonance
• A light Zprime is well motivated and its search is very 

active at low energy experimental facilities. 

• It also provides interesting collider signatures.  

• It may be produced via top quark production.  

• It decays to a collimated lepton pair, which may be missed 
by conventional searches. 

• 8 TeV already rules out some parameter space. 

• Exciting opportunity at LHC run II.



dijet resonance



Coupling vs. mass current limits: G’

11/16 
Dobrescu, Yu 2013

taken from Felix’s talk
test



Dijet Resonances: pushing to low masses

❖ Model independent limits on σ×A for masses between 0.2 and ~4 TeV

14

arXiv: 1407.1376

qq induced BW gg induced BWGeneric Gaussian

Quentin Buat (SFU)

Similar results from CMS but m > 1 TeV
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Coupling vs. mass current limits: G’
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How do we look for a dijet resonance,  
when diquark coupling is small?



Pair Production of Color Octet

plings to mass eigenstates may be partially canceled.
The field content of this model resembles the colored
Kaluza-Klein modes of the first two levels in theories
with universal extra dimensions.

3 G′

µ production at hadron colliders

The Feynman rules for G′

µ interactions with gluons
[see Eq. (1)] is given in Appendix A of Ref. [16].
To leading order in αs, the partonic processes that
lead to G′

µ pair production at hadron colliders have
gluons (Fig. 1) or quark-antiquark pairs (Fig. 2) in
the initial state. The production cross section may
be computed at tree level using CalcHEP [17]. For
the gluon-gluon initial state, we find (in agreement
with Ref. [10])

σ(gg →G′

µG′

µ) =
9πα2
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Gŝ − 3M4

G

%

ln

"

1 + β

1 − β

#&
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where β = (1− 4M2
G/ŝ)1/2 is the boost of G′

µ, and ŝ
is the center-of-mass energy of the partonic collision.
This cross section is independent of ŝ for ŝ ≫ M2

G
as a consequence of spin-1 exchange in the t and
u channels. Unitarity is preserved in this process
independent of the gauge symmetry breaking sector
because the radial modes of the Φ field or whatever
else unitarizes longitudinal G′

µG′

µ scattering do not
contribute to gg → G′

µG′

µ. Note that Eq. (3) has
the same large-ŝ behaviour as the cross section for
the standard model process γγ → W+W− [18].

Assuming negligible couplings of G′

µ to standard
model quarks (hq ≪ 1), the cross section for qq →
G′

µG′

µ depends only on MG and on the masses of the
vectorlike quarks exchanged in the t and u channels.
We take these to be of the order of or larger than
MG so that the vectorlike quarks do not affect the
G′

µ decays. For vectorlike quark masses equal to MG,
the process with quark-antiquark initial state has a
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This agrees with the cross sections obtained from
the squared matrix elements computed in [19]. For
vectorlike quark masses (MQ) larger than MG or

√
ŝ

we find that σ(qq → G′

µG′

µ) ≈ πα2
s ŝ/(18M

4
G) up to

corrections of order 1/M2
Q. This cross section grows

with ŝ because the Goldstone boson eaten by G′

µ

has a coupling to Q̄γµT aQ proportional to MQ, so
that Q cannot be much heavier than MG if we keep
hq ≪ 1.

4 Signal and background at the Tevatron

Taking the factorization and renormalization scale
to be

√
ŝ/2, and using the CTEQ6L parton distri-

butions [20], we obtain the leading-order cross sec-
tion for G′

µG′

µ production at the Tevatron shown in
Fig. 3. The shaded (yellow) band denotes the uncer-
tainty in the cross section from varying the factoriza-
tion and renormalization scale between MG and

√
ŝ.

The uncertainty from varying MQ within the range
MG to 2MG is even smaller. If vectorlike quarks are
not included, then the cross section decreases (by
a factor of two in the perturbative window allowed
by dijet searches, namely hq ≈ 0.3 and MG ≈ 200
GeV). Next-to-leading order corrections are likely to
be large (they are of the order of 50% for tt̄ produc-
tion [21], and G′

µ has larger spin and color represen-
tation than the top quark), but computing them is
beyond the scope of this letter.

The main G′

µ decays are into qq̄, as the G′

µ de-
cays into gluons require higher-dimension operators
which we neglect. The signal due to the decay of a
G′

µ pair is 4 jets. Assuming equal branching frac-
tions to all quark flavors, and given that decays to
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Figure 2: G′
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dard model quarks (q) to G′

µ are suppressed due to
mixing with vectorlike quarks (Q), then G′

µ or q ex-
change contributions may be negligible.
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Lorentz index. Any massive spin-1 particle may be
identified with the gauge boson of a spontaneously
broken gauge symmetry, provided higher-dimensional
operators are included. We assume that this effec-
tive theory is valid over a range of scales above MG,
so that the higher-dimensional operators are sup-
pressed and may be neglected. The gauge symme-
try breaking pattern that gives only a massive spin-1
octet and the massless gluon is SU(3)1 × SU(3)2 →
SU(3)c. Any other gauge group that gives rise to
G′

µ should embed this minimal gauge group. The in-
teractions of the massive octet with gluons may be
derived by rotating the SU(3)1 and SU(3)2 gauge
kinetic terms to the mass eigenstate basis. A pair of
G′

µ bosons couples at tree level to one or two gluons:
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Here gs is the QCD gauge coupling, fabc are the
SU(3)c structure constants, and Gµ is the gluon
field. The above interactions have an accidental Z2

symmetry because G′

µ appears only in pairs.

The most general Lorentz-invariant dimension-
4 interactions of G′

µ with quarks are of the type
G′a

µ qγµT aq′, where q and q′ are quarks carrying the
same electroweak charges, and T a are the generators
of the fundamental representation of SU(3)c. The
coefficients of these operators form three different
3 × 3 Hermitian matrices. To avoid a lengthy dis-
cussion of flavor-changing processes, we assume that
these three matrices have diagonal elements approx-
imately equal (up to a sign) to a parameter hq > 0,
and negligible off-diagonal elements. There is an
upper limit on hq set by dijet searches. For a G′

µ

mass MG between 150 and 200 GeV the limit is at
most hq < gs/4 [14], while for some values of MG

above 200 GeV the limit is more stringent, around
hq < gs/7 [15].

Such suppressed couplings of G′

µ to quarks can
arise in simple renormalizable models. For exam-
ple, let us consider an SU(3)1 × SU(3)2 gauge the-
ory where the breaking down to SU(3)c is due to
the vacuum expectation value of a complex scalar
field Φ (or of a fermion-antifermion pair, induced
by some technicolor-like interaction), which trans-
forms as a bifundamental under the product gauge
group. After diagonalizing the gauge boson mass
matrix, the massless gluon has a gauge coupling gs =
h1h2/

'

h2
1 + h2

2, where h1 and h2 are the SU(3)1 ×

SU(3)2 gauge couplings. This is to be identified with
the QCD coupling at the scale MG: gs ≈ 1.1 for MG

of a few hundred GeV. Imposing perturbativity of
both SU(3) interactions at the symmetry breaking
scale gives gs < h1, h2 !

√
4π. In the gauge eigen-

state basis, the quarks that are triplets under SU(3)1
couple to G′

µ with a strength hq = gsh1/h2, with h1

and h2 interchanged for triplets under SU(3)2. A
simple choice is that all observed quarks transform as
triplets under SU(3)1 [6]. By itself, this would lead
to a large coupling of G′

µ to quarks, hq " g2
s/
√

4π ≈
0.3, which would imply that most G′

µ masses be-
tween 250 and 750 GeV are ruled out by the CDF
search [15]. However, in the presence of new heavy
quarks which mix with the observed ones, the cou-
plings of G′

µ may change dramatically. Consider
a vectorlike quark Q whose left- and right-handed
components transform as a 3 under SU(3)2, and
like standard model left-handed quarks (qL) under
SU(2)W × U(1)Y . In addition to a mass term for
Q, the Lagrangian includes Yukawa couplings of the
vectorlike quark to qL and Φ. The off-diagonal mass
term induced by ⟨Φ⟩ requires a rotation of qL and
QL by an angle θ, such that the coupling of G′

µ to
qLγµT aqL becomes

hq = gs

(

h1

h2

cos2θ −
h2

h1

sin2θ

)

, (2)

and an “off-diagonal” interaction G′a
µ QLγµT aqL is

induced. For tan θ = h1/h2, we find hq = 0, while
the coefficient of the off-diagonal interaction becomes
gs. By including a vectorlike quark for each standard
model quark, one may in principle arrange that all
tree-level couplings of G′

µ to standard model cur-
rents vanish. Such cancellations require fine-tuning,
and are unlikely to be realized precisely in nature.
Nevertheless, cancellations at the 15% level are suf-
ficient to free G′

µ from the existing limits on dijet
resonances. Note that the mixings between stan-
dard model quarks and vectorlike ones may be ap-
proximately flavor independent, so that the induced
flavor-changing neutral currents are not necessarily
large.

A more sophisticated model includes an addi-
tional SU(3) gauge group, and invariance under a
Z2 symmetry that interchanges two of the groups.
There are in this case two heavy spin-1 octets. By
virtue of the Z2 symmetry, the couplings of the lighter
octet to standard model quarks vanish exactly. The
heavier octet has sizable couplings to quarks in the
gauge eigenstate basis, but as in the previous model,
in the presence of some vectorlike quarks the cou-

2

plings to mass eigenstates may be partially canceled.
The field content of this model resembles the colored
Kaluza-Klein modes of the first two levels in theories
with universal extra dimensions.

3 G′

µ production at hadron colliders

The Feynman rules for G′

µ interactions with gluons
[see Eq. (1)] is given in Appendix A of Ref. [16].
To leading order in αs, the partonic processes that
lead to G′

µ pair production at hadron colliders have
gluons (Fig. 1) or quark-antiquark pairs (Fig. 2) in
the initial state. The production cross section may
be computed at tree level using CalcHEP [17]. For
the gluon-gluon initial state, we find (in agreement
with Ref. [10])
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where β = (1− 4M2
G/ŝ)1/2 is the boost of G′

µ, and ŝ
is the center-of-mass energy of the partonic collision.
This cross section is independent of ŝ for ŝ ≫ M2

G
as a consequence of spin-1 exchange in the t and
u channels. Unitarity is preserved in this process
independent of the gauge symmetry breaking sector
because the radial modes of the Φ field or whatever
else unitarizes longitudinal G′

µG′

µ scattering do not
contribute to gg → G′

µG′

µ. Note that Eq. (3) has
the same large-ŝ behaviour as the cross section for
the standard model process γγ → W+W− [18].

Assuming negligible couplings of G′

µ to standard
model quarks (hq ≪ 1), the cross section for qq →
G′

µG′

µ depends only on MG and on the masses of the
vectorlike quarks exchanged in the t and u channels.
We take these to be of the order of or larger than
MG so that the vectorlike quarks do not affect the
G′

µ decays. For vectorlike quark masses equal to MG,
the process with quark-antiquark initial state has a
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This agrees with the cross sections obtained from
the squared matrix elements computed in [19]. For
vectorlike quark masses (MQ) larger than MG or

√
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we find that σ(qq → G′

µG′

µ) ≈ πα2
s ŝ/(18M

4
G) up to

corrections of order 1/M2
Q. This cross section grows

with ŝ because the Goldstone boson eaten by G′

µ

has a coupling to Q̄γµT aQ proportional to MQ, so
that Q cannot be much heavier than MG if we keep
hq ≪ 1.

4 Signal and background at the Tevatron

Taking the factorization and renormalization scale
to be

√
ŝ/2, and using the CTEQ6L parton distri-

butions [20], we obtain the leading-order cross sec-
tion for G′

µG′

µ production at the Tevatron shown in
Fig. 3. The shaded (yellow) band denotes the uncer-
tainty in the cross section from varying the factoriza-
tion and renormalization scale between MG and

√
ŝ.

The uncertainty from varying MQ within the range
MG to 2MG is even smaller. If vectorlike quarks are
not included, then the cross section decreases (by
a factor of two in the perturbative window allowed
by dijet searches, namely hq ≈ 0.3 and MG ≈ 200
GeV). Next-to-leading order corrections are likely to
be large (they are of the order of 50% for tt̄ produc-
tion [21], and G′

µ has larger spin and color represen-
tation than the top quark), but computing them is
beyond the scope of this letter.

The main G′

µ decays are into qq̄, as the G′

µ de-
cays into gluons require higher-dimension operators
which we neglect. The signal due to the decay of a
G′

µ pair is 4 jets. Assuming equal branching frac-
tions to all quark flavors, and given that decays to
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the LHC. The paired dijet mass spectrum is found to be a
smooth distribution and is in agreement with the predic-
tions of the standard model. Upper limits are reported on
the product of the production cross section, the branching
fractions into dijets, and the acceptance of a pair-produced
dijet resonance having a width negligible compared
with the experimental resolution. At 95% C.L., the pair
production of colorons is excluded for coloron masses
between 250 and 740 GeV assuming that a coloron
decays 100% into q !q, or between 250 and 580 GeV
assuming that coloron decays into q !q compete with
decays into S8S8. The search significantly extends previous
results [12].
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Figure 6: Upper limits on sZ0B(Z0 ! tt) versus MZ0 for narrow and wide resonances. Also
shown is the theoretical prediction for the Z0.

of masses MZ0 < 1.3 TeV for a width GZ0 = 0.012MZ0 , and MZ0 < 1.9 TeV for a width GZ0 =
0.10MZ0 . In the current analysis, the expected lower limits on MZ0 are 1.1 TeV and 1.7 TeV for
GZ0 = 0.012MZ0 and GZ0 = 0.10MZ0 , respectively.

9 Summary

A data sample, corresponding to an integrated luminosity of 5.0 fb�1 collected in pp collisions
at

p
s = 7 TeV, has been analyzed in a search for heavy resonances decaying to top quark-

antiquark pairs with subsequent leptonic decay of both top quark and antiquark. No excess
beyond the standard model prediction is observed. Upper limits at the 95% CL are derived on
the product of the production cross section and branching fraction for these decays, for various
masses of narrow and wide resonances. The existence of a leptophobic Z0 topcolor particle is
excluded for MZ0 < 1.3 TeV with GZ0 = 0.012MZ0 , and for MZ0 < 1.9 TeV with GZ0 = 0.10MZ0 .
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shown is the theoretical prediction for the Z0.

of masses MZ0 < 1.3 TeV for a width GZ0 = 0.012MZ0 , and MZ0 < 1.9 TeV for a width GZ0 =
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at
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s = 7 TeV, has been analyzed in a search for heavy resonances decaying to top quark-

antiquark pairs with subsequent leptonic decay of both top quark and antiquark. No excess
beyond the standard model prediction is observed. Upper limits at the 95% CL are derived on
the product of the production cross section and branching fraction for these decays, for various
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0.10MZ0 . In the current analysis, the expected lower limits on MZ0 are 1.1 TeV and 1.7 TeV for
GZ0 = 0.012MZ0 and GZ0 = 0.10MZ0 , respectively.
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A data sample, corresponding to an integrated luminosity of 5.0 fb�1 collected in pp collisions
at
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s = 7 TeV, has been analyzed in a search for heavy resonances decaying to top quark-

antiquark pairs with subsequent leptonic decay of both top quark and antiquark. No excess
beyond the standard model prediction is observed. Upper limits at the 95% CL are derived on
the product of the production cross section and branching fraction for these decays, for various
masses of narrow and wide resonances. The existence of a leptophobic Z0 topcolor particle is
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FIG. 1. Feynman diagrams for g3

I. INTRODUCTION

We need good motivation for a resonance that couples to third generation only. This won’t be visible with leptons

and won’t be visible with regular jets. RS, UED with bulk masses, models with coloron, axi-gluon, Zprime from a

large gauge symmetry?

A similar study in a di↵erent context is proposed in Ref. [1] and searched for by CDF collaboration [2]. In this

study, a heavy resonance interact with SM gluon only and it decays to a pair of quarks via 3 body decay.

In our study, we allow interaction of G

0
to third generation only but assume no coupling to SM gluon.

Background? [3]

II. G0 DECAY
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Since

�
MG

⇡ ↵s
12 (c

2
L + c

2
R) ⌧ 1, the width of the resonance is very narrow and determined by detector resolution.

III. PRODUCTION

Pair production cross section, b

¯

b ! G

0
G

0
is negligible. If G

0
is color octet, in principle, there could be g-g-G

0
and

g-g-G

0
-G

0
and it strength is given by SU(3)c gauge invariance and cross section is only a function of the resonance mass

1

How do we look for a ttbar 
(vector) resonance, if it 
does not couple to light 

quarks?  
(we call it ‘g3’ resonance) 

!

It is not produced by 
qqbar annihilation.  

!

Perhaps we should be 
looking at different final 
states to look for such a 

ttbar resonance.



Figure 1: Decay width of G3. Perhaps we do not need this plot.

we will not assume any theoretical constraints in our parameters and will only consider
experimental bounds. However, each underlying model may provide different constraints
and parameter space. For instance, KK gluon in RS model tends to be very heavy and its
couplings are determined by wave function overlap in extra dimensions.

2.2 Production modes

[ Copied the following piece from Introduction to here ]
We find that such a top-philic resonance can be produced in two different ways:

1. at the tree level:

(a) four top-quark channel: pp ! G3 + t¯t ! t¯t + t¯t

(b) single top mode : pp ! G3 + t(¯t) + j ! t¯t + t(¯t) + j

(c) single top mode : pp ! G3 + t(¯t) + W± ! t¯t + t(¯t) + W±

2. at the one-loop level:

(a) loop induced t¯tj: pp ! G3 + j ! t¯t + j

(b) loop induced t¯t: pp ! G3 ! t¯t (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a t¯t resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/¯tj and
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2. at the one-loop level: pp ! G3 + j ! t¯t + j

Production via one loop (in the last process) leads to a large cross section compared to
tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a t¯t resonance.
A more exotic resonance, chromophilic Z 0, is investigated in Ref. [4] and searched for by
CDF collaboration [5]. In their study, a heavy resonance (Z 0) interacts with SM gluon only,
leading to a dominant decay mode of Z 0 ! qq̄g. In our study, we allow interaction of G3

to the third generation only but assume no coupling to SM gluon. Therefore G3 will decay
to a top pair immediate once produced.

We set up a very simple model with a top-philic resonance and compute production
cross sections in Section 2 with an emphasis on the production via one loop. In Section
3, we consider current bounds on parameter space and discuss prospects at the LHC run
II. In Section 4, we study reconstruction of the mass peak in t¯t + j mode and Section 5 is
reserved for summary.

2 Model-Independent Search for a tt̄ Resonance (G3)

2.1 Model

We consider a model with a color-singlet vector particle (G3) of mass MG, which couples
to the top quark (t and ¯t) only. We assume a very weak or no interaction with all the other
quarks and the gluon. The only relevant interaction is given as follows:
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Since �
MG

⇡ c2t
8⇡ ⌧ 1 the width of the resonance is very narrow for ct ⇠ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two body decay mode G3 ! t¯t, where MG > 2Mt. Note that in principle the G3 can decay
into a t-W -b system or into a W+-W�-b-¯b system if Mt + MW + Mb < MG < 2Mt or
2MW + 2Mb < MG < Mt + MW + Mb, respectively. This is shown in Fig. 1.

In our setup, there are only three parameters, the mass of t¯t resonance (MG) and the
interaction strengths ((cL, cR) or (ct, ✓)). We will take a model-independent approach
using the effective Lagrangian above without considering any underlying theory. Therefore
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Figure 7: Sample diagrams for the gluon process and the two diagrams contributing to
the quark initiated subprocesses.

We can obtain the diagrams involving a G3 resonance by using a Standard Model Z-
boson, require that the Z-boson couples only to top quarks, and modify its parameters such
as mass, width, and couplings to vector- and axial currents accordingly. All diagrams for
all subprocesses and production modes are ultraviolet and infrared finite, i.e. all possible
double and single poles of the one-loop amplitude are zero. In GoSam that zero is obtained
numerically which means deviations from zero can be used to assess possible numerical
instabilities. Therefore we checked the pole terms for each phase space point and any
event was rejected if the pole terms were in agreement with zero in less than thirteen
digits. The fraction of such events was however in the sub per-mill range which indicates a
numerical stable evaluation of the amplitudes. [ We note that as a cross-check of our
calculation, we reproduce results in Ref. [24] for gg ! gZ in SM.??? ]

For the numerical integration over the phase space we used MadEvent [25]. To improve
on the timing for the evaluation of a phase space point we introduced a Monte Carlo
sampling over the helicities for the gluon initiated subprocess in the tt+jet channel 2.4.1.

For the theoretical predictions, we used the following setup and parameters:

pT,j > 25 GeV , |⌘j | < 2.5 , R = 0.4 , mt = 173.4 GeV , �t = 1.5 GeV . (2.4)

Both the renormalization and factorization scale were set to µ
R,F

=

p
ŝ/2, and we used the
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Figure 2: Sample diagrams of G3 production in association with tj (left) and t¯t (middle
and right). Update diagrams with G3 not g3. Maybe all diagrams? [ Yes, remove
one ttbar diagram, put in tW channel instead ]

tW�/¯tW+) or in pair (t¯t) 1. Then a top quark in the final state radiates off G3, which will
decay into t¯t. In the case with t¯t and tW productions, there is an extra contribution from
the t-channel radiation as shown in the middle diagram of Fig. 2

[ Which parameters have been used ?? (cuts, jet definition etc.) ]
Figure 3 summarizes tree-level production cross sections of G3 as a function of its mass

(MG) for a choice of cL = 1 = cR. We use CalcHEP [6] for cross section estimation and
verified results using MadGraph5 [7]. We set the renormalization and factorization scale to
µ0 =

p
ŝ/2 with CTEQ6L for all computations. Especially for G3t¯t production, this choice

1
We include gluon and all five quarks as well as their anti-particles in our jet (j). gluon (g) does not

appear in the tree-level production.

Figure 3: Production cross sections of G3 in association with t¯t, tj and tW at the LHC.
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Figure 1: Decay width of G3. Perhaps we do not need this plot.

we will not assume any theoretical constraints in our parameters and will only consider
experimental bounds. However, each underlying model may provide different constraints
and parameter space. For instance, KK gluon in RS model tends to be very heavy and its
couplings are determined by wave function overlap in extra dimensions.

2.2 Production modes

[ Copied the following piece from Introduction to here ]
We find that such a top-philic resonance can be produced in two different ways:

1. at the tree level:

(a) four top-quark channel: pp ! G3 + t¯t ! t¯t + t¯t

(b) single top mode : pp ! G3 + t(¯t) + j ! t¯t + t(¯t) + j

(c) single top mode : pp ! G3 + t(¯t) + W± ! t¯t + t(¯t) + W±

2. at the one-loop level:

(a) loop induced t¯tj: pp ! G3 + j ! t¯t + j

(b) loop induced t¯t: pp ! G3 ! t¯t (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a t¯t resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/¯tj and
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2. at the one-loop level: pp ! G3 + j ! t¯t + j

Production via one loop (in the last process) leads to a large cross section compared to
tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a t¯t resonance.
A more exotic resonance, chromophilic Z 0, is investigated in Ref. [4] and searched for by
CDF collaboration [5]. In their study, a heavy resonance (Z 0) interacts with SM gluon only,
leading to a dominant decay mode of Z 0 ! qq̄g. In our study, we allow interaction of G3

to the third generation only but assume no coupling to SM gluon. Therefore G3 will decay
to a top pair immediate once produced.

We set up a very simple model with a top-philic resonance and compute production
cross sections in Section 2 with an emphasis on the production via one loop. In Section
3, we consider current bounds on parameter space and discuss prospects at the LHC run
II. In Section 4, we study reconstruction of the mass peak in t¯t + j mode and Section 5 is
reserved for summary.

2 Model-Independent Search for a tt̄ Resonance (G3)

2.1 Model

We consider a model with a color-singlet vector particle (G3) of mass MG, which couples
to the top quark (t and ¯t) only. We assume a very weak or no interaction with all the other
quarks and the gluon. The only relevant interaction is given as follows:

L =

¯t �µ

⇣
cLPL + cRPR

⌘
t Gµ

3 ,

= ct¯t �µ

⇣
cos ✓PL + sin ✓PR

⌘
t Gµ

3 (2.1)

where PL/R =

1⌥�5
2 , ct =

p
(cL)

2
+ (cR)

2 and tan ✓ =

cL
cR

. The decay width at leading
order is given by

�
⇣
G3 ! t¯t

⌘
=

c2tMG

8⇡

s

1 � 4M2
t

M2
G

h
1 +

M2
t

M2
G

�
3 sin 2✓ � 1

�i
(2.2)

⇡ c2tMG

8⇡
for Mt ⌧ MG . (2.3)

Since �
MG

⇡ c2t
8⇡ ⌧ 1 the width of the resonance is very narrow for ct ⇠ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two body decay mode G3 ! t¯t, where MG > 2Mt. Note that in principle the G3 can decay
into a t-W -b system or into a W+-W�-b-¯b system if Mt + MW + Mb < MG < 2Mt or
2MW + 2Mb < MG < Mt + MW + Mb, respectively. This is shown in Fig. 1.

In our setup, there are only three parameters, the mass of t¯t resonance (MG) and the
interaction strengths ((cL, cR) or (ct, ✓)). We will take a model-independent approach
using the effective Lagrangian above without considering any underlying theory. Therefore
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Figure 7: Sample diagrams for the gluon process and the two diagrams contributing to
the quark initiated subprocesses.

We can obtain the diagrams involving a G3 resonance by using a Standard Model Z-
boson, require that the Z-boson couples only to top quarks, and modify its parameters such
as mass, width, and couplings to vector- and axial currents accordingly. All diagrams for
all subprocesses and production modes are ultraviolet and infrared finite, i.e. all possible
double and single poles of the one-loop amplitude are zero. In GoSam that zero is obtained
numerically which means deviations from zero can be used to assess possible numerical
instabilities. Therefore we checked the pole terms for each phase space point and any
event was rejected if the pole terms were in agreement with zero in less than thirteen
digits. The fraction of such events was however in the sub per-mill range which indicates a
numerical stable evaluation of the amplitudes. [ We note that as a cross-check of our
calculation, we reproduce results in Ref. [24] for gg ! gZ in SM.??? ]

For the numerical integration over the phase space we used MadEvent [25]. To improve
on the timing for the evaluation of a phase space point we introduced a Monte Carlo
sampling over the helicities for the gluon initiated subprocess in the tt+jet channel 2.4.1.

For the theoretical predictions, we used the following setup and parameters:

pT,j > 25 GeV , |⌘j | < 2.5 , R = 0.4 , mt = 173.4 GeV , �t = 1.5 GeV . (2.4)

Both the renormalization and factorization scale were set to µ
R,F

=

p
ŝ/2, and we used the
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Figure 2: Sample diagrams of G3 production in association with tj (left) and t¯t (middle
and right). Update diagrams with G3 not g3. Maybe all diagrams? [ Yes, remove
one ttbar diagram, put in tW channel instead ]

tW�/¯tW+) or in pair (t¯t) 1. Then a top quark in the final state radiates off G3, which will
decay into t¯t. In the case with t¯t and tW productions, there is an extra contribution from
the t-channel radiation as shown in the middle diagram of Fig. 2

[ Which parameters have been used ?? (cuts, jet definition etc.) ]
Figure 3 summarizes tree-level production cross sections of G3 as a function of its mass

(MG) for a choice of cL = 1 = cR. We use CalcHEP [6] for cross section estimation and
verified results using MadGraph5 [7]. We set the renormalization and factorization scale to
µ0 =

p
ŝ/2 with CTEQ6L for all computations. Especially for G3t¯t production, this choice

1
We include gluon and all five quarks as well as their anti-particles in our jet (j). gluon (g) does not

appear in the tree-level production.

Figure 3: Production cross sections of G3 in association with t¯t, tj and tW at the LHC.
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2. at the one-loop level: pp ! G3 + j ! t¯t + j

Production via one loop (in the last process) leads to a large cross section compared to
tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a t¯t resonance.
A more exotic resonance, chromophilic Z 0, is investigated in Ref. [4] and searched for by
CDF collaboration [5]. In their study, a heavy resonance (Z 0) interacts with SM gluon only,
leading to a dominant decay mode of Z 0 ! qq̄g. In our study, we allow interaction of G3

to the third generation only but assume no coupling to SM gluon. Therefore G3 will decay
to a top pair immediate once produced.

We set up a very simple model with a top-philic resonance and compute production
cross sections in Section 2 with an emphasis on the production via one loop. In Section
3, we consider current bounds on parameter space and discuss prospects at the LHC run
II. In Section 4, we study reconstruction of the mass peak in t¯t + j mode and Section 5 is
reserved for summary.

2 Model-Independent Search for a tt̄ Resonance (G3)

2.1 Model

We consider a model with a color-singlet vector particle (G3) of mass MG, which couples
to the top quark (t and ¯t) only. We assume a very weak or no interaction with all the other
quarks and the gluon. The only relevant interaction is given as follows:

L =

¯t �µ

⇣
cLPL + cRPR

⌘
t Gµ

3 ,

= ct¯t �µ

⇣
cos ✓PL + sin ✓PR

⌘
t Gµ

3 (2.1)

where PL/R =

1⌥�5
2 , ct =

p
(cL)

2
+ (cR)

2 and tan ✓ =

cL
cR

. The decay width at leading
order is given by
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⇣
G3 ! t¯t
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⇡ c2tMG

8⇡
for Mt ⌧ MG . (2.3)

Since �
MG

⇡ c2t
8⇡ ⌧ 1 the width of the resonance is very narrow for ct ⇠ 1, and therefore

determined by the detector resolution. Throughout this paper, we will only consider the
two body decay mode G3 ! t¯t, where MG > 2Mt. Note that in principle the G3 can decay
into a t-W -b system or into a W+-W�-b-¯b system if Mt + MW + Mb < MG < 2Mt or
2MW + 2Mb < MG < Mt + MW + Mb, respectively. This is shown in Fig. 1.

In our setup, there are only three parameters, the mass of t¯t resonance (MG) and the
interaction strengths ((cL, cR) or (ct, ✓)). We will take a model-independent approach
using the effective Lagrangian above without considering any underlying theory. Therefore
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Figure 1: Decay width of G3. Perhaps we do not need this plot.

we will not assume any theoretical constraints in our parameters and will only consider
experimental bounds. However, each underlying model may provide different constraints
and parameter space. For instance, KK gluon in RS model tends to be very heavy and its
couplings are determined by wave function overlap in extra dimensions.

2.2 Production modes

[ Copied the following piece from Introduction to here ]
We find that such a top-philic resonance can be produced in two different ways:

1. at the tree level:

(a) four top-quark channel: pp ! G3 + t¯t ! t¯t + t¯t

(b) single top mode : pp ! G3 + t(¯t) + j ! t¯t + t(¯t) + j

(c) single top mode : pp ! G3 + t(¯t) + W± ! t¯t + t(¯t) + W±

2. at the one-loop level:

(a) loop induced t¯tj: pp ! G3 + j ! t¯t + j

(b) loop induced t¯t: pp ! G3 ! t¯t (off-shell)

Production via one loop (in the last two processes) leads to a large cross section compared
to tree-level productions. All these productions are model-independent in a sense that they
do not rely on how the resonance couples to other particles in the model. Even if a diquark
coupling is zero, these productions always exist as long as one is interested in a t¯t resonance.

2.3 Production at Tree-Level

In this section, we consider tree-level production of G3 resonance, which always involves
at least one top quark in the final state. Basic structure of this production lies with the
top quark production in the SM, where the top quark may be produced singly (tj/¯tj and
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Off-Shell Production

Figure 9: Diagrams that contribute to the loop induced process G3 ! t¯t plus
no extra parton. The quark initiated subprocess vanishes due to color [ alge-
bra/constraints/considerations ].

larger by a few to ⇠ 10 compared to Higgs production cross section over the wide range of
MG.

2.4.2 Off shell production of the G3 resonance: pp ! G3 ! tt̄

For the t¯t + 0 jet channel there exist only a gluon initiated process with two diagrams
which are depicted in Fig. 9.

In the case of the G3 being on-shell, the contributions vanishes due to the Landau–Yang
theorem. However there is a non-negligible contribution from the G3 being off-shell which
gives a non-zero result. We verified numerically that the contribution is zero in the on-shell
case, which is another important check of our calculation.

Figure 10a can be directly compared to Fig. 8 as it uses the same layout to show
the cross section dependence on the mass of the G3 particle for our choice of ct = 1 and
several different values of the [ chirality ] angle ✓. As can be seen from these figures, one
important consequence of the model – which at first seems unusual – is the sizeable increase
of the cross section for associated jet production with respect to that of the basic G3 ! t¯t

process. Their relative importance strongly depends on the mass of G3, and varies from
being roughly of same size for MG = 400 GeV up to about two orders of magnitude once
MG = 1 TeV. This is nicely demonstrated in Fig. 10b for the choice of ✓ =

3
4 ⇡ maximizing

the cross section in both cases.
One reason for this behavior is the appearance of box diagrams in the t¯t + j process

that are not governed by Furry’s theorem owing to the even number of spin-1 particles
attached to the loop.

Therefore it is expected that tt+j contributes substantially to the tt+0j measurement
in the case where the jet is not resolved. Furthermore its contribution cannot be neglected
in the inclusive cross section determination based on t¯t final states. For the determination
of bounds stemming from the tt+0j measurement we will have to combine the two parton
level predictions to an ’approximate NLO’ calculation. We return to this discussion in more
detail in next section.
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(a) (b)

Figure 10: Production cross section for (10a) the loop induced process pp ! G3 ! t¯t

– the Born process – using ct = 1 and various values of ✓. In the right panel (10b), the
maximal cross sections, obtained by choosing ✓ =

3
4 ⇡, are compared to those for the loop

induced process with an additional parton in the final state. While the “experimental cuts”
are given in Eq. (2.4), the “loose cuts” are defined by pT,j > 20 GeV and a fairly wide jet
rapidity window of |⌘j | < 6.0.

3 Current Experimental Bounds and Future Prospect at the 14 TeV

We will use results from searches in multi-top quark final states and recent experimental
measurements related to top quark pair production, also in association with jets, to con-
strain the parameter space (mass, couplings, mixing angle) for the production of the G3

resonance. Cross section limits are among the strongest handles that we can utilize to
extract current bounds from the Tevatron as well as from the LHC for 7 TeV and 8 TeV col-
lision energies. Taken these bounds, we have to make sure to choose the model parameters
such that our signal evades all of these bounds; only after we can discuss the prospects of
the model we are considering here for/towards resonance searches at the 14 TeV LHC.

[ Words on xsec ranking, Words on tree-level and one loop final states ]

3.1 Bounds from searches for multiple top quark final states

All tree-level production modes lead to either three or four tops in the final state.
In particular the G3t¯t process results in a final state with four tops, which is constrained

by a CMS study [26] (ATLAS result provides slightly weaker limits). Their upper limit on
four top production cross section is 63 fb at 8 TeV with 19.6 fb�1. This constraint is shown
in yellow-shaded area in Fig.11 and the other contours show production cross section of
four tops at the 14 TeV. ( what is projected limit on four top production cross
section?)

[ Is the following really necessary ?? ]
In the case of four top final states, ⇠10% of the total rate leads to signals with the same-sign
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(a) (b)

Figure 13: Production cross section using ct = 1 for the tree-level process pp ! t¯t via G3

at a 7 TeV (13a) and 14 TeV (13b) proton–proton collider.

1-16 and 1-17. What is the corresponding uncertainties for the ttbar production
at 14 TeV with higher luminosity?

4 Reconstruction in tt̄+ j?

Do we have an idea on how to reconstruct G3 in four top final states? Should
we discuss how to do it in t¯t + j?

5 Conclusions

Searches for various resonances are very well motivated and they may show up at early stage
of LHC Run II. Null results at Run I indicate that their mass scale may be high or they may
be hiding in an exotic corner. In this paper, we investigated a top-philic resonance, which
may be light. All existing analyses assume production of a t¯t resonance from qq̄ annihilation,
which depends on its diquak coupling. We proposed a model-independent production both
at tree-level and at one-loop. Out study showed that tree-level production leads to multi-
top final states and one-loop production accompanies an extra jet. We advocate one-loop
production, since it provides much larger cross section and makes it possible to reconstruct
the resonance mass. Summarize important results. We also discussed constraints on
the resonance production stemming from recent experimental measurements, and how to
apply them. We urge CMS/ATLAS collaboration to do a dedicated study on such a top-
philic resonance.
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Figure 2: Sample diagrams of G3 production in association with tj (left) and t¯t (middle
and right). Update diagrams with G3 not g3. Maybe all diagrams? [ Yes, remove
one ttbar diagram, put in tW channel instead ]

tW�/¯tW+) or in pair (t¯t) 1. Then a top quark in the final state radiates off G3, which will
decay into t¯t. In the case with t¯t and tW productions, there is an extra contribution from
the t-channel radiation as shown in the middle diagram of Fig. 2

[ Which parameters have been used ?? (cuts, jet definition etc.) ]
Figure 3 summarizes tree-level production cross sections of G3 as a function of its mass

(MG) for a choice of cL = 1 = cR. We use CalcHEP [6] for cross section estimation and
verified results using MadGraph5 [7]. We set the renormalization and factorization scale to
µ0 =

p
ŝ/2 with CTEQ6L for all computations. Especially for G3t¯t production, this choice

1
We include gluon and all five quarks as well as their anti-particles in our jet (j). gluon (g) does not

appear in the tree-level production.

Figure 3: Production cross sections of G3 in association with t¯t, tj and tW at the LHC.
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Figure 11: Production cross section for the process gg ! G3t¯t at tree level shown in the
plane of MG – ct. May need to update with better limits. [ Is this gg or pp initial
state?? ]

dilepton and events with at least three (two) leptons are expected about 29% (4%) of time.
[ Comment on experimental searches and results in a few channels such as

same-sign dilepton, multi-lepton etc ]

3.2 Bounds from top qark pair production measurements

[ Words on one loop modes ]
Considering the production of t¯t final states, we have to bear in mind that they may

emerge together with a number of X jets, denoted conveniently by t¯t +X. In a fully
inclusive measurement, all jet contributions, X = 0, 1, . . ., are taken into account while
for an exclusive t¯t +X analysis, one requires to find exactly X jets in association with the
top quark pair. In general there are three different levels of experimental exclusiveness
which are roughly characterized by (1) inclusive total t¯t cross section measurements, (2)
differential measurements in the number of jets associated with the t¯t production and (3)
measurements of differential distributions based on pair and single top quark properties
such as the invariant mass or the transverse momentum. We will exploit the first two
categories leaving us with plenty of data from which we can infer important constraints on
the G3 model. To distinguish them more easily in our discussion, we introduce the following
notation: “(I)” stands for the inclusive measurements of point (1) while “(E)” denotes the
exclusive ones under point (2).

Differential distributions based on t¯t system or single top quark objects, i.e. checking
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Collider Category: I0 I1 E0 E1

Tevatron 1.96 TeV 0.41

LHC 7 TeV 10 26 8 . . . 9 12

LHC 8 TeV 13

Table 1: Overview of the ��tt̄ quantities, in pb, for the different limit categories concerning
current inclusive (IX) and exclusive (EX) cross section measurements for t¯t production in
association with X = 0, 1 jets.

Note that the ��
(X)
tt̄

quantities denote the cross section uncertainties of the exclusive jet
bins as opposed to the ��

(�X)
tt̄

, which we use in the inclusive case.

• (E0) the 0-jet bin limit has to be applied to the sum of our (fixed-order) calculations
for t¯t+0 and t¯t+1 where the extra parton of t¯t+1 is not resolved as a jet (the latter
contribution can be safely estimated from the difference of t¯t+1 with loose cuts versus
t¯t+1 with default/experimental cuts) [note that loose cuts are still chosen such that
resummation effects are negligible]

• (E1) the 1-jet bin limit only affects the t¯t+1 where the extra parton is resolved as a
jet using the default/experimental cuts [Note that practically there is no difference
whether we consider (I1) or (E1) because our t¯t+1 parton calculation is at LO]

3.2.3 Constraining loop induced production modes from experimental uncer-
tainties

Given the four types of limits discussed above, we have worked out how to apply them to our
specific calculations. We now need to quantify the exact size of the inclusive and exclusive
cross section uncertainties ��

(�X)
tt̄

and ��
(X)
tt̄

, respectively, using current experimental
results. Table 1 lists the values that we determined in order to make the relations (3.4),
(3.5), (3.6) and (3.7) explicit where, as explained before, our safe choice for the f -factor is
f = 2.

The Tevatron limit in Table 1 has been obtained from the combination of measurements
aiming to determine the top quark pair production cross section at 1.96TeV. The result and
the related uncertainties have been reported in Ref. [27]. We have checked that this limit
is of no consequence for the G3 production as the LHC sets stronger limits on deviations
from the SM tt production, as the dominant gluon initiated processes are more tightly
constrained by the LHC.

All other limits shown in Table 1 have been obtained from a variety of LHC measure-
ments: [ Work notes for now. ]

• LHC (I0) limits, see app. A.1.2 for the list. For 7 TeV, the CMS dilepton is more
accurate, but central value is �11 pb from combined result. Therefore taking the
uncertainty of the combined xsec as a limit is a good, safe compromise. For 8 TeV,
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Cross Section at One Loop

Figure 8: Cross section of the loop induced production mode pp ! G3 + j for various
values of ✓ and utilizing ct = 1. The jet defining requirements are given in Eq. (2.4). [ The
old plot is to the left while the new one is to the right; comparing them I don’t
understand why the blue dashed and dashed-dotted lines have changed (maybe
even the solid blue is a little lower)? Did we use the wrong cuts before? We
should double-check that the new plot contains the results for the experimental
cuts. Once we are sure we remove the left plot. ]

CTEQ6L PDF set. This setup also defines the experimental cuts, which we will refer to
later on, in particular in the context of the jet definition.

2.4.1 Associated production: pp ! G3 + j ! tt̄ + j

Two different subprocesses contribute, namely

gg ! G3(! t¯t) + g , (2.5)
qq̄ ! G3(! t¯t) + g , (2.6)

and the remaining subprocesses can be obtained by crossing. For the gluon channel (gg) we
find 24 diagrams contributing, for the quark channel (qq̄) there are only two. The topology
for the quark-gluon channel (qg or q̄g) is the same as in the qq̄ case. Note that in the quark
channel no initial state radiation can occur as these contributions vanish due to color. A
sample of gluonic diagrams and the two quark initiated diagrams are depicted in Fig. 7.

In the quark initiated subprocess the only contribution is via an odd number of particles
attached to the top loop. In case all three particles are vector like particles, this contribution
vanishes due to Furry’s theorem. This is the case if ✓ = ⇡/4, as for this case there is no
axial component in the G3 resonance. We checked this behavior numerically, which is an
important consistency check for our calculation. In the gluon initiated case the contribution
does not completely vanish for ✓ = ⇡/4 as there are still contributions from box diagrams.

Our results are shown in Fig. 8 at 7 TeV and 14 TeV for ct = 1. One notices a strong
dependence on chirality, especially at ✓ = ⇡/4, as explained above. These cross sections are
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(a) (b)

Figure 12: Lines of constant production cross section in the MG – ✓ plane using ct = 1

for the loop induced processes pp ! G3 + j ! t¯t + j at proton–proton colliders of 7 TeV
(12a) and 14 TeV (12b) center-of-mass energy. Results have been obtained employing the
experimental jet cuts as summarized in Eq. (2.4). The excluded parameter space, at the
one-sigma level, is indicated by the shaded areas, with more explanations given in the text.
[ Plot to the right, this should be picobarn? ]

• LHC7 (E0) and (E1), these limits have been extracted from results given in Ref. [30].4,5

See app. A.2.2 to follow the comprehensive discussion.

We start the discussion on parameter constraints with the t¯t + j case. Figure 12 shows
the lines of constant cross sections in a plane spanned by the model parameters MG and
✓. The left plot shows the results for E

cm

= 7 TeV whereas the plot on the right hand side
contains the predictions for E

cm

= 14 TeV.
Using Eq. (3.5) with f = 1, we indicate cross sections that are excluded at 7 TeV at

the one sigma level. The orange shaded area shows the region in parameter space which is
excluded by an inclusive one jet measurement, see (I1) in Table 1. The more constraining
yellow area displays the limit from exclusive one jet measurements, see (E1).
While in the 7 TeV plot the border of the shaded area corresponds to a line of constant
cross section, this does not have to be the case for the 14 TeV plot. Here the shaded area
only marks a region in parameter space that is already excluded by the 7 TeV measurement.

The bounds that apply to the t¯t + 0j calculations are more complicated to derive than
in the previous case. As shown in Eqns. (3.4) and (3.6) this due to the fact that there is a
contribution from the t¯t + 1j calculation, where the extra jet is not resolved.

KC: Backgrounds for t¯t + j are discussed in Ref. [4, 5] and those for t¯tt¯t are
in Ref. [] See table 1-4 in http://arxiv.org/pdf/1311.2028v1.pdf See also table

4
Warning sign: we have made the assumption that the results for the visible phase space can be taken

over to serve as results for the full phase space as well.

5
Jets defined with anti-kT , R = 0.5, pT > 30 GeV and |⌘| < 2.4.
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Figure 6: Production cross section of pp ! G3 + t¯t at the 8 TeV (6a) and 14 TeV (6b).

G3t¯t is studied due to its larger cross section but the G3tj production cross section is smaller
only by a factor 2 and it provides a good opportunity at 14 TeV. Especially when searching
for the resonance in an inclusive channel such as multi-lepton final state, all production
modes contribute at a non-negligible rate.

We find that the G3 production with a single top exhibits strong dependence on the
chirality as shown in Figs. 4 and 5, while the G3 production with a top pair does not change
as a function of chirality (see Fig. 6). ✓ = 0 (✓ = ⇡/2) corresponds to the pure left-handed
(right-handed) interaction while ✓ = ⇡/4 is for the vector-like interaction. Note that cross
sections in Figs. 4-6 are consistent with results shown in Fig. 3, taking into account an
appropriate value of ct.

[ Remarks regarding non-resonant diagrams/contributions ]

2.4 The loop induced production modes

In this section, we focus on the new class of production modes which, as mentioned before,
only arise at the one loop level.

The virtual amplitudes at one loop have been generated with GoSam [8, 9], a publicly
available package for the automated generation of one-loop amplitudes. It is based on a
Feynman diagrammatic approach using QGRAF [10] and FORM [11] for the diagram
generation, and Spinney [12], Haggies [13] and FORM to write an optimized Fortran
output. For the reduction of the tensor integrals we used Ninja [14, 15], an automated
package for the integrand reduction via Laurent expansion. This package is a part of
GoSam and therefore no further work is required to use it. Alternatively one can use
other reduction techniques such as integrand reduction using the OPP method [16–18]
as implemented in Samurai [19] or using methods of tensor reduction as contained in
Golem95 [20–22]. The remaining scalar integrals have been evaluated using OneLoop [23].

We can obtain the diagrams involving a G3 resonance by using a Standard Model Z-
boson, require that the Z-boson couples only to top quarks, and modify its parameters such
as mass, width, and couplings to vector- and axial currents accordingly. All diagrams for
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Cross Section….



(a) (b)

Figure 6: Production cross section of pp ! G3 + t¯t at the 8 TeV (6a) and 14 TeV (6b).

G3t¯t is studied due to its larger cross section but the G3tj production cross section is smaller
only by a factor 2 and it provides a good opportunity at 14 TeV. Especially when searching
for the resonance in an inclusive channel such as multi-lepton final state, all production
modes contribute at a non-negligible rate.

We find that the G3 production with a single top exhibits strong dependence on the
chirality as shown in Figs. 4 and 5, while the G3 production with a top pair does not change
as a function of chirality (see Fig. 6). ✓ = 0 (✓ = ⇡/2) corresponds to the pure left-handed
(right-handed) interaction while ✓ = ⇡/4 is for the vector-like interaction. Note that cross
sections in Figs. 4-6 are consistent with results shown in Fig. 3, taking into account an
appropriate value of ct.

[ Remarks regarding non-resonant diagrams/contributions ]

2.4 The loop induced production modes

In this section, we focus on the new class of production modes which, as mentioned before,
only arise at the one loop level.

The virtual amplitudes at one loop have been generated with GoSam [8, 9], a publicly
available package for the automated generation of one-loop amplitudes. It is based on a
Feynman diagrammatic approach using QGRAF [10] and FORM [11] for the diagram
generation, and Spinney [12], Haggies [13] and FORM to write an optimized Fortran
output. For the reduction of the tensor integrals we used Ninja [14, 15], an automated
package for the integrand reduction via Laurent expansion. This package is a part of
GoSam and therefore no further work is required to use it. Alternatively one can use
other reduction techniques such as integrand reduction using the OPP method [16–18]
as implemented in Samurai [19] or using methods of tensor reduction as contained in
Golem95 [20–22]. The remaining scalar integrals have been evaluated using OneLoop [23].

We can obtain the diagrams involving a G3 resonance by using a Standard Model Z-
boson, require that the Z-boson couples only to top quarks, and modify its parameters such
as mass, width, and couplings to vector- and axial currents accordingly. All diagrams for

– 7 –

To Compute One Loop 
Cross Section….

• MG5_aMC@NLO will allow this computation much easier. 

• These tools help to expedite early discovery!



Summary
• Exciting Opportunities at Run II in 2015. 

• Continue with both ‘model-dependent’ and ‘model-
independent’ searches but also think of new topologies 
and new channels that have not been searched for. 

• Might need more systematic approaches to look for 
resonances. 

• Eliminate common assumptions one by one. 

• Nature could be more exotic than we expect!


