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Many new physics models predict the existence of an extra neutral gauge boson (Z0). Inspired by the

recent development in the Higgs search, we study the properties of Z0 via the Higgs and Z-boson

associated production. The couplings of Z0 to quarks can be investigated through the pp ! Z0 ! ZH !
lþl�b �b process, which also provides an extraordinary signal for understanding the properties of the Z0ZH
interaction. The standard model background processes can be significantly suppressed by adopting

appropriate kinematic cuts. The charged lepton angular distributions are related to the ratio of the chiral

couplings of Z0 to quarks via the Z0ZH interaction.
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I. INTRODUCTION

The ATLAS and CMS collaborations at the LHC have
recently reported the discovery of a standard model
(SM)-like Higgs boson with mass around 125 GeV [1,2].
It is timely to study the physics related to the Higgs boson
within and beyond the SM. In some of the simplest exten-
sions of the SM, such as the simple extra Uð1Þ0 gauge
symmetry [3–5], the left-right models [6–10], and even
string theory [11,12], etc., a new neutral gauge boson Z0
is introduced. The crucial test for these models is to
search for the Z0 production signal and to study its related
properties.

The Z0 boson is widely investigated at both LEP and
hadron colliders. Constraints on the Z0 mass and coupling
strength with the SM particles have been obtained through
the eþe� ! f �f process at the electron-positron collider
[13–15]. In particular, the precision measurements at the Z
pole give a limit on the Z� Z0 mixing [16]. Bounds on
several models containing extra neutral gauge boson have
been set by both the CDF and D0 experiments by measur-
ing high-energy lepton-pair production cross sections at
the Tevatron [17,18]. Due to the high luminosity and
collision energy, the LHC implies a more promising po-
tential to observe heavy gauge bosons. More recently, the
eþe�, �þ��, �þ�� final states, along with the Z0 decay
into jets which suffers from large QCD backgrounds, have
also been studied at the LHC [19]. A Z0 boson in associa-
tion with vector bosons as well as top-quark production is
explored at the LHC, and is important for disentangling the
origin of electroweak symmetry breaking.

For theoretical reviews of Z0 boson physics, we refer to
Refs. [20–22]. Based on specific new physics models, Z0

phenomenological signatures have been studied in the
literature [23–30]. In the extensively studied Drell-Yan
process, clear signatures for the Z0 boson can be recon-
structed, while it is no picnic investigating the properties of
Z0 coupling to quarks because of the inevitable mixing
from its coupling to leptons. Another important process
is pp ! Z0 ! ZH, which can offer an opportunity to study
the properties of Z0q �q as well as the Z0ZH interaction.
In this paper, we investigate the Z0 signal via the ZH

associated production at the LHC with the subsequent
decay of Z ! lþl� and H ! b �b, which will shed light
on the understanding of Z0q �q and Z0ZH interactions. It
shows that the couplings of the Z0 boson to quarks are
related to the charged lepton angular distributions through
the Z0ZH interaction.
This paper is organized as follows. In Sec. II, experi-

mental constraints and the theoretical framework are
briefly introduced. Section III is devoted to the numerical
analysis of Z0-mediated ZH production at the LHC and the
corresponding SM backgrounds are considered as well.
Finally, a short summary is given.

II. EXPERIMENTAL CONSTRAINTS AND
THEORETICAL FRAMEWORK

In this section we collect the constraints on the Z0 mass
from pp and p �p colliders. The CMS collaboration ex-
cludes leptophobic Z0 resonances of masses mZ0 <
1:3 TeV for a width �Z0 ¼ 0:012mZ0 in a search for heavy
resonances decaying into t�t pairs with subsequent leptonic
decay of both top-quark and antiquark processes [31]. The
ATLAS collaboration investigated a massive resonance
decaying into t�t pairs in the fully hadronic final state, and
excludes the leptophobic Z0 boson model with masses
0:70<mZ0 < 1:00 TeV and 1:28<mZ0 < 1:32 TeV as
well [32]. Based on the analysis of pp collisions at a*sps_lihl@ujn.edu.cn
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center-of-mass energy of 8 TeV corresponding to an
integrated luminosity of approximately 5:9ðeþe�Þ=
6:1ð�þ��Þ fb�1, a sequential SM Z0 boson is excluded
at 95% C.L. for masses below 2.39 TeV in the electron
channel (eþe�), 2.19 TeV in the muon channel (�þ��),
and 2.49 TeV in the two channels combined (lþl�) [33].
Both D0 and CDF collaborations search for a heavy neutral
gauge boson in the eþe� channel of p �p collisions at

ffiffiffi
s

p ¼
1:96 TeV. A lower mass limit of 1.023 TeVand 0.963 TeV
for the sequential SM Z0 boson is presented, respectively,
[17,18]. Using constraints from the precision electroweak
(EW) data, the lower mass limit on an extra neutral boson
Z0
LR in left-right symmetric models is around 1 TeV [34].

The results for various E6-motivated Z0 bosons are re-
ported from ATLAS with a lower mass limit of 1.49–
1.64 TeV [35], and a mass less than 2.09–2.24 TeV is
excluded by CMS. According to the CMS analysis, a Z0
with SM-like couplings can be excluded below 2.59 TeV
and the superstring-inspired Z0

c below 2.26 TeV [36].

However, the Z0 mass constraints discussed above depend
on the free parameters, such as its decay width and branch-
ing ratios, and still can be loosened to some extent.

Considering the existence of Z0, the weak neutral current
interactions related to the fermions are described by the
Lagrangian

�LNC ¼ ½ �q��ðgqLPLþgqRPRÞqþ �l��ðglLPLþglRPRÞl�Z�

þ½ �q��ðg0qL PLþg0qR PRÞq
þ �l��ðg0lLPLþg0lRPRÞl�Z0

�; (1)

where PL;R ¼ ð1� �5Þ=2 are the left and right chiral

projections and giL;R (g0iL;R) are the chiral couplings of

the Z (Z0) boson to corresponding fermions. giL;R ¼
g= cos �WðTi

3L;R � sin 2�WQ
iÞ and T3 (Q) is the third com-

ponent of weak isospin (charge) of the corresponding
particle. We neglect the Z� Z0 mixing in the following,
and refer to, e.g., Refs. [37–41] and references therein for
corresponding discussions. From Eq. (1), one can obtain
the Z0 decay width into a fermion,

�Z0!f �f ¼ CfmZ0

24�
ðg0f2L þ g0f2R Þ; (2)

�Z0!t�t ¼ mZ0

8�

�
1� m2

t

m2
Z0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

t

m2
Z0

vuut ðg0t2L þ g0t2R Þ; (3)

where Cf is the color factor (1 for leptons and 3 for

quarks), mt is the mass of the top quark, and the light
fermion masses have been neglected.

The Z0ZH interaction can be extracted from

�Lkin � gZZHZ�Z
�H þ gZ0ZHZ

0
�Z

�H

þ gZ0Z0HZ
0
�Z

0�H þ � � � ; (4)

where gVVH stands for the coupling strength of the VVH
interaction. We set gZ0ZH ¼ gZZH=2 and gZZH ¼
gmZ= cos�W in the following discussion. Thus for a Z0
boson with mZ0 >mH þmZ, the partial decay width is

�Z0!ZH ¼ g2Z0ZH
48�m3

Z0

�
2þ ðm2

Z0 þm2
Z �m2

HÞ2
4m2

Z0m2
Z

�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m2

Z0 � ðmZ þmHÞ2�½m2
Z0 � ðmZ �mHÞ2�

q
:

(5)

We show the Z0-boson decay branching ratio with vari-
ous mass values in Fig. 1. In this paper, the couplings of Z0
to fermions are set to be the same as those of the Z boson
without special declaration. The dominant decay channel is
Z0 ! f �fmodes. The branching ratio of the lþl� channel is
about thirty percent—which can be a good channel for the
discovery of the Z0 boson at the LHC due to the outstanding
detector performance—and the ZH channel branching ra-
tio is about one percent.
However, at the LHC Higgs associated with Z-boson

production plays an important role and the q �q ! Z0 ! ZH
process contributes to it. We display the cross section of
ZH associated production at the LHC in Fig. 2. The cross
section of ZH production from the Z0 boson is above 100
(1) fb for mZ0 ¼ 1 (1.5) TeV at the LHC with

ffiffiffi
s

p ¼
14 TeV, which leads to considerable effects compare
with that from the Z boson, so it is possible to study ZH
associated processes via Z0 production at the LHC.
With the Z-boson leptonic decay modes, the correspond-

ing matrix element square for the process

qðp1Þ �qðp2Þ ! Z=Z0 ! ZH ! lþðp3Þl�ðp4ÞH (6)

is given by
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FIG. 1. Z0 decay branching ratio versus mZ0 .
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jMj2¼ 16

NcNsP 2Z

�
g2Z0ZH
P 1Z0

½ðgl2L g0q2L þgl2R g
0q2
R ÞA

þðgl2R g0q2L þgl2L g
0q2
R ÞB�þg2ZZH

P 1Z

½ðgl2L gq2L þgl2R g
q2
R ÞA

þðgl2R gq2L þgl2L g
q2
R ÞB�þgZZHgZ0ZHT

P 1ZP 1Z0

�½ðgl2L gqLg0qL þgl2R g
q
Rg

0q
R ÞA

þðgl2R gqLg0qL þgl2L g
q
Rg

0q
R ÞB�

�
; (7)

with T ¼ 2ðs1 �m2
ZÞðs1 �m2

Z0 Þ þ �ZmZ�Z0mZ0 , A¼
ðp1 �p3Þðp2 �p4Þ,B¼ðp1 �p4Þðp2 �p3Þ, P ij ¼ ðsi �m2

j Þ2þ
�2
jm

2
j , i ¼ 1, 2, and j ¼ Z, Z0, where s1 ¼ ðp1 þ p2Þ2 is

the energy square in the center-of-mass system, s2 ¼
ðp3 þ p4Þ2 is the invariant mass square of the final leptons,
and Nc ¼ 3 and Ns ¼ 4 are the color and spin factors,
respectively. From the expression of Eq. (7), one can notice
that the couplings of Z0 to quarks are related to the angle
between the momentum of the lepton and the initial quark.

Considering the Higgs hadronic decay, one can find that
the partonic-level final state is lþl�b �b. Following the
analytical method in our previous works on new boson
production [23,24,42–46], we focus on the property of the
final lepton angular distribution. The total momentum of
the final-particle system is defined as p ¼ pb þ p �b þ
plþ þ pl� in the laboratory frame. The angle between the
three-momentum p�

l� of the lepton in the Z-boson rest

frame and p is

cos� ¼ p�
l� � p

jp�
l�j � jpj

: (8)

We show distributions of 1=�d�=d cos � versus cos �

with different r values in Fig. 3, where r is defined as r ¼
g0qL =g

0q
R . To give a simplified picture, we set g0uL ¼ guL and

g0uL =g0dL ¼ guL=g
d
L. One can find that the charged leptons

have a large probability to move against the Z0-boson
boosting direction with large r. Therefore, from this kind
of angular distribution, one can extract useful information
for understanding the Z0q �q interaction.

III. COLLIDER ANALYSIS

Z0-boson searches at the LHC have been performed by
the ATLAS and CMS collaborations in the dilepton final
states. ZH production via the Z boson was also elaborately
investigated for the search for the Higgs boson, and thus
the Z0-mediated production

pp ! Z0 ! ZH ! lþl�b �b (9)

will be an important process for Higgs searches beyond the
SM. The transverse-momentum distributions of the jets
and leptons are shown in Figs. 4(a) and 4(b). In order to
identify the isolated jet (lepton), we define the angular
separation between particle i and particle j as

�Rij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
��2

ij þ��2
ij

q
; (10)

where ��ij ¼ �i ��j and ��ij ¼ �i � �j. �i (�i)

denotes the azimuthal angle (rapidity) of the related jet
or lepton.
To be more realistic, the simulation at the detector is

performed by smearing the leptons and jets energies’
according to the assumption of the Gaussian resolution
parametrization,

	ðEÞ
E

¼ affiffiffiffi
E

p � b; (11)

where 	ðEÞ=E is the energy resolution, a is a sampling
term, b is a constant term, and � denotes a sum in quad-
rature. We take a ¼ 5%, b ¼ 0:55% for leptons and
a ¼ 100%, b ¼ 5% for jets, respectively, [47,48].
The corresponding distributions for �R ¼ min ð�RijÞ

are shown in Fig. 4(c). Due to the large mass splitting
between the Z0 and the Higgs as well as the Z boson, the
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FIG. 2. The cross section for the process pp ! Z0 ! ZH with
mZ0 at (a) 7 TeV, (b) 8 TeV, and (c) 14 TeV at the LHC. The
straight lines stand for the contribution from pp ! Z ! ZH.
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FIG. 3 (color online). The angular distribution for the charged
lepton (l�). The mass of Z0 is set at 1.5 TeV.
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mediated particles will be highly boosted and the jets
(leptons) are mostly moving in the same direction as the
Higgs (Z); meanwhile, jets are mostly moving in the
opposite direction as leptons. According to the above dis-
tributions, we adopt the basic cuts (cut I)

pTl
> 30 GeV; pTj1

> 100 GeV; pTj2
> 50 GeV;

j�lj< 2:5; j�jj< 3:0; �Rjl > 2:0: (12)

Analyzing the l�lþjj final state, we find that two leptons
are from the Z boson and two jets are from the Higgs
boson. Hence, the mediate resonances can be reconstructed
through the invariant masses of the jets and leptons, re-
spectively. The invariant mass distributions reconstructed
by (a) leptons, (b) jets, and (c) leptons and jets are shown in
Fig. 5. We employ the invariant mass through various
combinations of the final particles to constrain the mediate
resonances (cut II),

jMjj �mHj
mH

	 10%;
jMll �mZj

mZ

	 10%; and

jMjjll �mZ0 j
mZ0

	 10%; (13)

together with one of the final jets tagged as b-jet.

Corresponding to the final state of l�lþjj, SM processes
mediated by ZH, t�t, ZW, ZZ, Zjj, andWWjj are the main
backgrounds. To suppress the influence from the back-
ground processes, the discrepancies between signal and
background processes are analyzed. Obviously, most of
the cross section of ZH is due to the Z-boson resonance,
which can be cut down by adopting the final-system in-
variant mass cut. The decay mode t�t ! WþbW� �b !
lþ �
bl�
b is required to obtain the l�lþjj final state for
the t�t process. It shows that the charged leptons are coming
from different intermediateW bosons in the t�t process, and
thus we can set the invariant mass reconstructed by two
charged leptons to be around the Z-boson mass to cut down
the t�t process as well as the WWjj process. For the
processes with jets, such as Zjj andWWjj, jets are coming
predominantly from QCD processes; then, the invariant
mass reconstructed by the final jets leads to different
distributions compared with signal processes. Besides,
since we require the final jets’ reconstructed invariant
mass to be around the Higgs mass the ZW and ZZ pro-
cesses can be suppressed for the mass gaps between the
Higgs and Z boson.
Furthermore, due to the Z0 mass hierarchy from the

Higgs and Z boson, a Z boson reconstructed from the
charged leptons will have a high Lorentz boost factor
(�). Thus we adopt

0
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FIG. 4. (a) The transverse momentum distributions of the jets ðj1; j2Þ with pTj1 > pTj2 at
ffiffiffi
s

p ¼ 14 TeV. (b) The transverse
momentum distributions of the leptons. (c) The minimal angular separation distributions between leptons (solid line), jets (dashed
line), and between jets and leptons (dotted line).
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FIG. 5. The distribution for the invariant mass reconstructed from (a) leptons, (b) jets, and (c) all final-state particles.
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� ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v2

p 
 3:0; (14)

referred as cut III to further suppress the backgrounds,
where v is the velocity of the Z boson in the laboratory
frame.

The total cross sections for the signal and background
processes before and after cuts are listed in Table I. The
dominant backgrounds from the t�t and Zjj cross sections
are over Oð104Þ than the signal process before cuts. After
the basic kinematic cuts and the invariant-mass cuts (cut
Iþ II), most backgrounds are significantly suppressed.
The t�t process will be further suppressed by cut III.
With the SM ZH process substantially reduced, all the
backgrounds are eliminated through the three cuts, and
thus the signal process can be clearly studied. The signifi-

cance can reach S=B ¼ 69:3 and S=
ffiffiffiffi
B

p ¼ 208 with a
luminosity of 300 fb�1.

The cross sections for the other choice of the Z0 mass are
also listed in Table II. It shows that more than one hundred
events can be detected at the LHC with a luminosity of
300 fb�1 for mZ0 ¼ 1:5 TeV. The background processes
can be strongly suppressed with a larger final-system in-
variant mass and a looseMjjll cut can be used to emphasize

the signal. The dependence of the cross section on the
coupling strength ratio of gZ0ZH to gZZH is shown in
Fig. 6. It implies that this process can be investigated
in the region of gZ0ZH=gZZH > 0:02, 0.04, 0.08, corre-
sponding to mZ0 ¼ 1, 1.5, 2 TeVat LHC with a luminosity
of 300 fb�1.

After adopting all the kinematic cuts, we display the
1=�d�=d cos� distributions versus cos� for different r in
Fig. 7. The distributions with j cos �j close to zero and one
are distorted by the kinematic cuts to some extent, but one
can find that the charged leptons tend to move along in the
opposite direction of the final system with large r. It is
possible to utilize the angular distribution to distinguish
various models including the Z0q �q interaction with differ-
ent chiral couplings.
Corresponding to the charged lepton angular distribution

of process (9), we define a kind of forward-backward
asymmetry (AFB),

AFB ¼ �ðcos � 
 0Þ � �ðcos� < 0Þ
�ðcos � 
 0Þ þ �ðcos� < 0Þ : (15)

The cross sections and AFB are listed in Table III. It is
obvious that the forward-backward asymmetry is sensitive
to different values of r. By increasing the value of r, AFB

changes from negative to positive. The absolute value of
the forward-backward asymmetry becomes smaller for
heavier Z0 with fixed r. The numbers in Table III
show that with an integrated luminosity of 300 fb�1 for a

TABLE I. The total cross section (fb) for signal and back-
ground processes before and after cuts at the

ffiffiffi
s

p ¼ 14 TeV LHC
with mZ0 ¼ 1 TeV and the corresponding significance with a
luminosity of 300 fb�1.

Process No cut Cut I Cut Iþ II Cut Iþ IIþ III

Signal 13.3 4.48 2.78 2.08

ZHðSMÞ 669 0.30 0.04 0.03

t�t 5:38� 105 20.5 0.39 � � �
ZW 2:76� 104 2.68 � � � � � �
ZZ 1:05� 104 3.13 � � � � � �
Zjj 7:37� 106 855 � � � � � �
WWjj 6:88� 104 10.7 � � � � � �
S=B 1:7� 10�6 0.005 6.46 69.3

S=
ffiffiffiffi
B

p
0.08 2.59 73.4 208

TABLE II. The total cross section (fb) for signal processes
before and after cuts at the

ffiffiffi
s

p ¼ 14 TeV LHC with mZ0 ¼ 1,
1.5, 2 TeV.

mZ0 No cut Cut I Cut Iþ II Cut Iþ IIþ III

1 TeV 13.3 4.48 2.78 2.08

1.5 TeV 9.67 1.14 0.56 0.42

2 TeV 9.31 0.60 0.15 0.11
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FIG. 6. The cross section for process (9) with gZ0ZH=gZZH at
the LHC for mZ0 ¼ 1, 1.5, 2 TeV and r ¼ 1.
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FIG. 7 (color online). The angular distribution for a charged
lepton after all cuts at the LHC with mZ0 ¼ 1:5 TeV.
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center-of-mass at 14 TeV, 670 (130) events can be expected
for a Z0 mass at 1 (1.5) TeV with r ¼ 1, and AFB can reach
0.032 (� 0:032) for r ¼ 0:1 (r ¼ 5) with mZ0 ¼ 1 TeV.
One can find that after the acceptance cuts, the angular
distribution with respect to cos� and AFB is helpful to
investigate the Z0ZH interaction via ZH associated pro-
duction at the LHC.

IV. SUMMARY

Many extensions beyond the SM predict the existence of
a new heavy neutral gauge boson. The recently discovered
SM-like Higgs boson at the LHC motivates us to inves-
tigate the Z0ZH interaction. We studied the process of
pp ! Z0 ! ZH with Z ! lþl� and H ! b �b decay
modes. A massive Z0 boson can be reconstructed through
the resonance peak that appears in the invariant mass
spectrum of the final states lþl�b �b. The couplings of Z0
to SM fermions can be extracted from right-handed and
left-handed currents, and thus the chiral coupling ratio r

can serve as an important parameter to specify various
models. We found that the angular distribution for the final
lepton can be related to r via the Z0ZH interaction. The
backgrounds from the SM with the same final state were
estimated and efficiently suppressed by the kinematic cuts.
Corresponding to the angular distribution of the final-state
charged lepton, we defined a forward-backward asymme-
try AFB which is sensitive to r. A variety of new physics
models predict a different chiral coupling ratio r, and
thus the charged lepton angular distribution and the
forward-backward asymmetry can help one to understand
the Z0ZH interaction and distinguish between different
models.
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