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The idea of left-right symmetry with mirror fermions is very appealing from the symmetry point of
view. In this picture, unlike the Standard Model, the symmetry is not only left-right symmetric, but
each left-handed fermion multiplet is accompanied by a new right-handed fermion multiplet of
opposite chirality. In this work, we consider a gauge symmetry, SU(3). ® SU2); ® SUQ2)z ®
U(1)y, supplemented by a discrete Z, symmetry. Instead of having right-handed multiplets for each
left-handed multiplet of the same fermions as in the usual left-right model, the mirror model includes
right- handed doublets involving new fermions (called mirrors), and similarly for each right- handed
singlet, there are corresponding mirror singlets. Thus the gauge anomaly is naturally absent in this
model, and the model also provides a solution for the strong CP problem because of parity
conservation. The first stage of symmetry breaking is achieved by a doublet mirror Higgs with a
vacuum expectation value =~ 107 GeV, needed to explain the neutrino mass =~ 10~'" GeV. The mirror
fermions can mix with the ordinary fermions via a scalar that is singlet under the gauge symmetry. In
this model, only light mirror particles, having masses in the few hundred GeV range, are ¢, i, d with
well-defined spectrum. i and d can be pair produced at the LHC and can be detected as (#Z) and (dZ)
resonances. We discuss the signals of these mirror fermions at the LHC and find that the reach at the

LHC can be as large as m; =~ 800 GeV.
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I. INTRODUCTION

The nonconservation of parity P (the left-right asymme-
try of elementary particles) is well incorporated in the
Standard Model (SM) of particle physics. However, it has
been considered as an unpleasant feature of the model. One
possible way to understand the left-right asymmetry of
elementary particles is to enlarge the SM into a left-right
(LR) symmetric structure and then, by some spontaneously
breaking mechanism, recover the SM symmetry structure.
For instance, in left-right symmetric models [1], SU(2)x
interactions are introduced to maintain parity invariance
at high-energy scales. The symmetry group SU(2); ®
SUQR)g® U(1)g_; of LR symmetric models can be a
part of a grand unified symmetry group such as SO(10)
[2] or Eg [3] or superstring inspired models [4]. In the
framework of LR symmetric SM, the SM left-handed
fermions are placed in the SU(2); doublets as they are in
the SM, while the SM right-handed fermions (with the
addition of right-handed neutrinos for the case of leptons)
are placed in the SU(2); doublets. Subsequently, the LR
symmetry is spontaneously broken down to the SM elec-
troweak symmetry using suitable Higgs representations.
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There are different variants of LR symmetric models that
have been proposed in the literature [5—8].

Another interesting solution to the nonconservation of
parity in the SM was proposed in a classic paper [9] by Lee
and Yang. They postulated the existence of additional
(mirror) fermions of opposite chirality to the SM ones to
make the world left-right symmetric at high energies. The
advantages of models with mirror fermions to solve some
problems in particle physics have already been discussed in
the literature. For instance, the existence of mirror neutri-
nos can naturally explain the smallness of neutrino mass
via a seesawlike mechanism [10-12]. Moreover, it can also
be useful for the dark matter problem [12] and neutrino
oscillations, as well as different neutrino physics anomalies
such as solar neutrino deficit and atmospheric neutrino
anomaly [11]. On the other hand, mirror fermions can
provide a solution to the strong CP problem if the parity
symmetry is imposed [13,14]. Finally, the existence of
mirror particles appears naturally in many extensions of
the SM, like grand unified theory (GUT) and string theories
[15]. The masses of these mirror particles, though un-
known, are not experimentally excluded to be at or below
the TeV scale. The agreement of the models with mirror
fermions with electroweak precision data, Higgs rate, etc.
have been studied in Ref. [16]. Therefore, it is important to
study the phenomenological consequences of the mirror
particles in the context of collider experiments, in particu-
lar at the Large Hadron Collider (LHC). In this paper, we
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have investigated the phenomenology of mirror particles in
the context of a particular variant of the LR symmetric
mirror model (LRMM), their associated final state signals,
and the discovery potential at the LHC.

In the LRMM we propose in this work, the SM gauge
group (Ggy = SUB)-® SUQ2), ® U(1)y) is extended
to Gigr = SUQB)c® SU2);, ® SUR) ® U(1)y, together
with a discrete Z, symmetry. The SM particle spectrum is
also extended to include mirror particles and a real scalar
Higgs singlet under both SU(2); and SU(2). For the fer-
mion sector, the right-handed (left-handed) components of
mirror fermions transform as doublets (singlets) under
SU(2)g. The SM fermions are singlets under SU(2)g, but
doublets under SU(2),. Similarly there are mirror singlet
fermions corresponding to the SM singlet fermions. Since
the fermion representations are exactly mirror symmetric, all
triangle anomalies are exactly canceled with respect to the
entire gauge symmetry; the model is anomaly free. Because
of even numbers of doublets, there is also no gravitational
anomaly. The SM fermions are even under the Z, symmetry,
whereas the corresponding mirror fermions are odd.
Therefore, any mass mixing between SM charged fermions
and with mirror partners is forbidden by the Z, symmetry.
The spontaneous symmetry breaking (SSB), Gir — Gy, 1S
realized by introducing a mirror Higgs doublet that is singlet
under SU(2); and doublet under SU(2)%. Subsequently the
SSB, Ggy — SU(B)¢c ® U(1)gym, is achieved via the SM
Higgs doublet, which is doublet under SU(2); and singlet
under SU(2)g. After the SSB, the gauge boson sector of
LRMM contains the usual SM gauge bosons (gluon, W=
bosons, Z boson, and photon) along with the mirror partners
of W* and Z bosons. The nonzero vacuum expectation value
(VEV) for a singlet scalar breaks the Z, symmetry and gives
rise to mixing between the SM and mirror fermions.

The parity symmetry in LRMM determines the ratio
among the charged mirror fermion masses from the SM
charged fermion mass spectrum. In particular, the ratio of
the SM fermion mass and the corresponding mirror
fermion mass is given by O(1)%, where O(1) is an order
one number, v ~ 250 GeV, and v are the VEVs for the SM
Higgs and mirror Higgs, respectively. Connecting the
model for generating tiny neutrino masses =~ 107! GeV
gives 0 ~ 107 GeV. This gives TeV scale masses, or a few
hundred GeV masses for the mirror partners of electron, up
and down quarks, namely ¢, & and d. This makes the model
testable at the ongoing LHC and proposed linear electron-
positron collider experiments.

Different variants of LR symmetric mirror models have
been proposed and studied in the literature in different con-
texts. For example, in Ref. [17], the SM particle content has
been extended to include mirror fermions, and tiny neutrino
mass has been explained via a seesaw mechanism. In this
model, the gauge group is the SM gauge group and for each
SM left- (right-) handed SU(2); doublet (singlet), there is a
right- (left-) handed mirror doublet (singlet). Therefore, both
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the SM (left-handed) and mirror (right-handed) neutrinos in
this model transform as doublets under SU(2), . As a result,
triplet Higgs fields are required in this model for the
Majorana mass terms. However, in our model the gauge
structure is enlarged, which gives rise to additional heavy
gauge bosons, and, in addition to doublet neutrinos, we have
singlet left-handed and right-handed neutrinos. Therefore, a
similar mirrorlike extension to the SM Higgs sector works
and a triplet Higgs is not required in our model. Another
class of mirror models has been proposed in Ref. [13] as a
solution to the strong CP problem. The gauge group and
particle content for our model is somewhat similar to the
model in Ref. [13]. However, our model includes a singlet
scalar, and the gauge symmetry is supplemented by an addi-
tional discrete Z, symmetry. These modifications give rise to
TeV-scale mirror fermions with phenomenological implica-
tions different from other LR symmetric mirror models,
testable at the collider experiments.

One of the major goals of the LHC experiment is to find
new physics beyond the SM. The LHC is a proton-proton
collider, and thus the collision processes are overwhelmed
by the QCD interactions. Therefore, in the framework of
LRMM, the new TeV-scale colored particles, namely i and
d quarks, will be copiously pair produced at the LHC. After
being produced, # and d quarks will decay to the SM
particles giving rise to interesting signatures at the LHC.
The TeV-scale mirror quarks are found to decay into a Z or
W boson or a Higgs boson in association with a SM quark.
This leads to new fermionic resonances as well as new
physics signals in two SM gauge bosons + two jet final
states. Note that the gauge bosons could be either Z or W,
and the highlight of the signal would be the presence of a
clear resonance in the jet + Z and jet + W invariant mass
distributions. Such a resonance will stand out against any
SM background in these final states. In this paper we have
therefore studied in detail the signal coming from the pair
production of the mirror quarks, & and d, and their
subsequent decays in our LRMM and compared it with
the dominant SM background processes.

The paper is organized as follows. In Sec. II we discuss
our model and the formalism. Section III is devoted to the
phenomenological implications of the model. Finally, a sum-
mary of our work and the conclusions are given in Sec. IV.

II. LEFT-RIGHT SYMMETRIC MIRROR MODEL
(LRMM) AND THE FORMALISM

Our LR symmetric mirror model is based on the gauge
symmetry Gig = SUB)c® SUQ2), ® SUR)x ® U(1)y,
supplemented by a discrete Z, symmetry. Left-right sym-
metry, as in the usual left-right model, provides a natural
explanation of why the parity is violated at low energy.
Inclusion of mirror particles gives an alternate realization
of the LR symmetry in the fermion sector. The fermion
representations in our model for leptons and quarks in the
first family is given by
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where the bracketed entries correspond to the transforma-
tion properties under the symmetries of the group Gy z. Note
that since the model is left-right symmetric, for every
fermion representation of SU(2);, there is a multiplet cor-
responding to the same representation of SU(2)g. The
superscripts (0) denote gauge eigenstates and the hat symbol
(") is associated with the mirror fermions. The charge
generator is given by Q = T5; + Txg + Y'/2. In the usual
LR symmetric model, SU(2); ® SU2)g ® U(1), the U(1)
symmetry is U(1)z_;. This is easily embedded into
SUMA4)c® SU(2);, ® SUQ2)g or SO(10) GUT. The U(1)y
in our model is not U(1)z_;. This can be seen from the ¥’
quantum numbers of the fermions in Eq. (1). Thus U(1)y/, in
this model, cannot be embedded in the usual SO(10) GUT.

Under the Z, symmetry, the SM fermions as well as
the right-handed singlet neutrino (without hat) are even,
whereas the mirror fermions including the left-handed
singlet mirror neutrino (denoted by hat) are odd. This
structure of Z, symmetry for the SM and corresponding
mirror fermion is required to forbid the large (in general, of
the order of symmetry-breaking scale) singlet mass terms
between the SM and mirror singlets. The fermion repre-
sentations for the second and third family are identical to
the first family.

Note that in the traditional LR model, the fermion sector
is completely symmetric for the ordinary SM fermions. For
example, we have (u,d); and (u, d)g and similarly for
every fermion family. Another version, proposed in [9],
is to introduce new fermions to make it LR symmetric, i.e.,
for every (u, d);, we have new fermions, (4, d)g. Hence, it
is the left-right mirror model (LRMM). It is this realization
that we pursue here. It was shown in Refs. [13,14] that the
complete invariance of such a model under parity can
guarantee a vanishing strong CP phase from the QCD 6
vacuum and thus solve the strong CP problem.

A. Symmetry breaking and the scalar sector

In the framework of LRMM, spontaneous symmetry
breaking is achieved via the following steps:

SU2), ® SUR)g ® U(l)y — SUQ2), ® U(l)y — U(1),,
(2)

ég -~ (1y 1: 1) _2))

i)g -~ (1) 11 1; 0)5

4 2

3; 1; 1; g)r d% ~ (3) 1) 1) - g), (1)
4 N 2

31 1) 1; S ) do -~ (1’ 1) 1) - _)J
3) . 3

where Y/2 = T, + Y'/2. In order to realize the above
SSB, two Higgs doublets are required, i.e., the SM Higgs
doublet () and its mirror partner ((i)). Note that in order to
generate Dirac mass for the matter fields via Yukawa
interactions between doublet and singlet fermions for the
SM and mirror sector, both the Higgs doublets have to be
even under the Z, symmetry. The gauge quantum numbers
and VEVs of these Higgs doublets are summarized below:

d~(1,21,1), d~1,1,21);

1 /0 . 1 /0 3)
@:E(v)’ <¢>=ﬁ<ﬁ>.

In addition to these two Higgs doublets, we have intro-
duced a singlet (under both SU(2); and SU(2)z) real
scalar, which is odd under the Z, symmetry: y ~
(1, 1, 1,0). The VEV of y, (x) = v,, breaks the Z, sym-
metry spontaneously. This enables us to generate mixing
between the SM fermions and the mirror fermions. This
mixing with the SM fermions allows the mirror fermions to
decay to lighter SM particles after they are pair produced at
colliders such as the LHC, giving rise to interesting final
state signals. It is important to mention that spontaneous
breaking of Z, discrete symmetry gives rise to a domain
walls problem in the theory. However, this problem is
easily solved by breaking the Z, symmetry softly by in-
troducing a s x> in the potential. With this soft breaking,
the world will have no domain walls, and by choosing 3
much smaller than u,, means there will be no significant
effect on the mixing and mass terms of the Higgs sector in
our model.

In order to generate the above structure of VEVs for &
and (i), the LR symmetry has to be broken; otherwise, we
will end up with v = 9. The most general scalar potential
that develops this pattern of VEVs is given by

V=—(u2dd + p2dtd) + %[(@*@)2 + (T d)?]
cra 1 1
+ 1 (DT D)D) - E,U&XZ + §M3X3
1 s
AN+ A (@T D + DT D). &)
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It is important to note that in the above potential, the terms
with wu, 4 break the parity symmetry softly, i.e., only
through the dimension-two mass terms of the scalar poten-
tial. Note that after the two stages of symmetry breaking,
we are left with three neutral scalars, the SM-like Higgs h,
the mirror Higgs /, and a singlet Higgs y. We consider a
solution of the Higgs potential such that v < v, < 9, and
so the mixing among these Higgses is negligible.

B. Gauge boson masses and mixings

The gauge boson masses and mixings are obtained from
the following kinetic terms of the scalars in the Lagrangian:

LD (D, »NDrD) + (D, O)N(D*D), (5

where D and D are the covariant derivatives associated
with the SM and mirror sector, respectively.
YI

a a
> SWe(We) +ig' 5 B
where A,’s and 7,,’s are the Gell-Mann and Pauli matrices,
respectively. The gauge bosons and gauge couplings
related to the gauge group SU2); ® SUQR)r ® U(1)y
are, respectively, Wﬁ, WZ, B e and g, g, ¢’. Note that to
ensure parity symmetry, we have chosen identical gauge
couplings for SU(2); and SU(2)z.

Substituting the VEVs of Eq. (3) in the kinetic terms for
the scalars in Eq. (5), we obtain the masses and mixings
of the seven electroweak gauge bosons of this model.
The light gauge bosons are denoted by W=, Z and 7y, which
are identified with the SM ones, whereas the mirror gauge
bosons are denoted by W* and Z. The mass matrix for the
charged gauge bosons is diagonal, with masses
Mo 1

W= =58 v.
The mass matrix for the neutral gauge boson sector is not
diagonal, and in the basis (W?, W3, B), the neutral gauge
boson mass matrix is given by

@M(QA)M) d, + lg (6)

1
MW’ ZEgU, (7)

—cos Oy

cos 20y

sin fy, sin éw[l 4 cos Oy e]

sin ()W
cos Oy

sin Oy cos éw[l -

—cos Oy[1 — sin*fy €]
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| g2U2 0 _ggIUZ
M=21 0 g0’ —8g'v? (®)
_gg/v2 _gin}Z g/2(v2 + ﬁ2)

This mass matrix can be diagonalized by means of an
orthogonal transformation R, which connects the weak
eigenstates (W3, W3, B) to the physical mass eigenstates

(2.2, v),

w3 Z
w3 |=R| Z 9)
B 04

We have obtained the eigenvalues and eigenvectors of the
matrix in Eq. (8). The eigenvalues correspond to the
masses of the physical states. One eigenstate (y) has zero
eigenvalue, which is identified with the SM photon, and the
masses of other eigenstates are given by

1 g2 + Zg/2 g/4
M2 = - 22 [1_ e],
Z 4 g*+g” (g% + g")? (10)
o _ 1) 7) g"
MZ Zv (g2 +¢g )[1+( T /2)26]

where € = v?/9%. Since we assume that & >> v, the O(e?)
terms in Eq. (10) can be neglected. The mixing matrix R in
the neutral gauge boson sector can be analytically ex-
pressed in terms of the two mixing angles 6y, and éw-
The angles are defined in the following:

cos?0y = My _ gt
w M) _ 2 1 9o’
7/ €e=0 8 8 (11)
n M> 2
cos *fy = ( vzv) = & 7
MZ e=0 g + 8

The analytic expression for the mixing matrix up to O(e) is
given by

—cos Aysin 2y € sin @y,

sin By (12)

E:I sin By [1 + sin2@ycos 20y €] cos Oy cos Oy

It is important to note that in the limit € = 0, one recovers the SM gauge boson couplings. The couplings of our theory are

related to the electric charge (e¢) by

sin 6y’

cos By, cos éw e 8 8

2 1
S+ = (13)

1
,  which implies - = 5

Note that there are only two independent gauge couplings in the theory, which we express in terms of e and cos 6y, and
therefore 6y, is not an independent angle but is related to 6y, as sin 6y, = tan fy,.
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C. Fermion mass and mixing
1. Charged fermion sector

The charged fermion mass Lagrangian includes Yukawa
terms for the SM fermions and its mirror partners. Mass
terms between the singlet SM fermions and mirror fermi-
ons are forbidden by the Z, symmetry. However, the
Yukawa interactions between the singlet SM fermions
and mirror fermions with the singlet scalar y are allowed.
The Lagrangian invariant under our gauge symmetry as
well as the Z, symmetry for the down-type quark and its
mirror partner are given by

L2y (00 DdS + 0%DAY) + hyxdgd, + H.c.

[ O\
D(dL dL) e +He., (14)
a2 R

where, y,; and h, are the Yukawa couplings for the SM d
quark and M ;; = h,v, . It is important to mention that 4,
in general, is a 3 X 3 matrix for three families and gives
rise to flavor mixing. Flavor mixing in the leptonic sector
results in lepton flavor violating (LFV) processes like . —
ey, T— uy, . — eee, which are highly constrained from
BABAR [18] and Belle [19] experiments. For example, in
the present model, the dominant contribution to the flavor
violating w or 7 decay arises from the diagram with singlet
scalar (y) and mirror lepton propagating in the loop. LFV
processes in the context of models with TeV-scale mirror
fermions have already been studied in Ref. [20].

To ensure LR symmetry, we have used the same Yukawa
coupling for the ordinary and the mirror sector. Notice that
the Yukawa terms involving y introduce mixing between
SM and mirror fermions. The charged fermion mass matrix
can be diagonalized via bi-unitary transformation by in-
troducing two mixing angles. The charged fermion mass
(physical) eigenstates are related to the gauge eigenstates

by the following relation:
0 of in 6/
g —sin®/ cos® J; 2\ S /L

where f; r can be identified with the left- and right-handed
components of the SM fermions and f .r corresponds to
the heavy mirror fermions. The masses and mixing angles
are given by

v yi0% + 2Mj§j2
mp ===, mp=\——>—=
V2 2

tan 26% = iﬁyszffﬁ 5
yf(v - 9%) + 2Mff (16)
2\/§ny SV
tan 20{ = 1

) 207
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2. Neutrino sector

Under the Z, symmetry, the singlet right-handed
neutrinos are even, and singlet left- handed neutrinos are
odd. Therefore, the mass terms between the left-handed
and right- handed singlet neutrinos are not allowed. Since
the singlet scalar field y is odd under the Z, symmetry,
Yukawa terms involving the singlet neutrinos and y are
allowed. The Lagrangian allowed by our gauge symmetry
and respecting the discrete Z, symmetry is given by

- 0 2 ~ _ —0 A
LD,V + [z0) + MY C™ 1S + by x 9590
+MNTC1'9Y) + Hee,
where f, is the neutrino Yukawa coupling, and M is the
singlet neutrino mass of order ©. The neutrino mass matrix

with both Dirac mass (m = f,v//2, m' = f,9/+/2 and

M,;, = h,v,) and Majorana mass (M)" terms in the

0 0 50 50 i o
(v}, vy, D}, P}) basis is given by

0 m O 0
m M 0 M,
0 o 0 m
0 M,, m M

17)

Assuming M,; ~ M, the orders of magnitude for the
eigenvalues of the neutrino mass matrix are

m' /2, —m' /2, oM. (18)

Thus, to generate a light neutrino mass ~ 107! GeV
with a Yukawa coupling strength of f, ~ 1074© (which
is somewhat similar to the Yukawa coupling of the
electron), we need ¥ ~ 10’®) GeV. This o ~ 107® scale
and ijz [see Eq. (16)] determines the masses of the

— mZ/M’

mirror fermions. For the first family, the mirror fermion
masses then come out to be in the range of a few hundred
GeV to a few TeV. Note that fitting the neutrino mass and
mixing angles to experimental data would require a more
detailed analysis of the neutrino sector, which we leave
for future studies. Another realization with a mirrorlike
symmetry to generate neutrino masses was considered in
Ref. [17].

III. PHENOMENOLOGY

In this section, we discuss the collider phenomenology
of the LRMM. Before going into the details of the collider
signatures of LRMM, we first need to study the properties
of mirror fermions and bosons. From the point of view of
collider phenomenology, we are interested in the interac-
tions between SM particles and mirror particles, which
give the production and decay properties of the mirror

"Note that it is not necessary to have the same Majorana mass
terms for the SM and mirror singlet neutrinos. Here, M ~ ¥
represents the order of magnitude of the Majorana mass terms.
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particles. The Lagrangian for the charge currents with W=
and W™ boson contributions is given by,

g A
LCC = _2\/5 ’y#[Aff/(l - S)W +Aff/(1 + ’ys)W,u,]f/r
(19)
where the coefficients AW, and AY depend on the charged

i 17
fermion mixing angles 6; and 6. The analytical expres-
sions for these coefficients are presented in Table I for up-
and down-flavored SM and mirror fermions. The neutral
current interactions of fermions with neutral gauge bosons
(y, Z and Z bosons) are described by the following
Lagrangian:

Lyc=—eQsfy*ALf

_ 8 PRk AN 7 /
6 cos30y I I:Aff/ 2 B Zuf
1 _

—- ¢ fr#
6 cos36yy+/cos20y,

— y , 1+ 7y

<42, 5w m2, L (20)

where e is electron charge and Qy is the charge of fermion
f. For up- and down-flavored SM and mirror fermions,
analytical expressions up to O(e) for the coefficients AZ o
B. iy are presented in Table II. The interactions of fermions
with the SM Higgs and mirror Higgs are described in
Eq. 21),

|
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TABLE 1. Analytical expressions for AW i and AV‘; Note that
we have assumed V,; = 1. We have also assumed fermlon mixing
angles (6; and ) are the same for up and down flavor.

f f AY, A%f
d u cos?6, sin?6,
cf i cos @ sin 6, — cos Ok sin 6
d u cosf; sinf; — cos fg sin Op
d i sin26,, cos 26
I =Y_ff[AH L= o 1t VS]Hf/y_ff
NV, R D) - 2
11— y L+ 9v7A
x| a5 Bl ]Hf’, @

where y; is the Yukawa coupling of fermion f. The ex-

. . H H
pressions for the coefficients A e B e Al i and BY 7y can

be found in Table III. It is important to note that in the limit
€ =0 and cosf, x = 1, the SM fermions decouple from
the mirror fermions and we recover the SM couphngs
The decays of the TeV-scale mirror fermions into W, Z

or H are kinematically forbidden since the mass of these
mirror bosons is proportional to o ~ 107 GeV. Because of
the mixing of the mirror fermions with the ordinary fermi-
ons, the mirror fermions can decay into a SM fermion, and
a Z, W or a Higgs boson. The expressions for the partial
decay widths are

. 2 (AT + (BE) My M2y
N(f—f2) = % —’;(1— g) (1+2 2)
36c0s 6 64 M2 M? M

2 2 A3

L(f = f'W) = 2(Aff’) " ) ﬁ(l—Mzw) (1+2M2)
167 M3, M? M? (22)
/)2+(B /) M2\2
Ay ff My

F(f FH) = 641 M M}%)

where, M, My, My and MfA are the masses of the Z, W,

Higgs and mirror fermions, respectively. Apart from the
known SM parameters and mirror fermion masses, the
decay widths of mirror fermions depend on €, 8; and 6.
For o ~ 107 GeV, the value of € is about 10719, Therefore,
the terms proportional to € in the decay widths can be
safely neglected. The mirror fermions’ decay widths de-
pend primarily on the fermion mixing angles. According to
Eq. (16), the fermion mixing angles are determined in

*Fermion mixing angles (6, and 6y) depend on the Yukawa
coupling of the corresponding fermion. Therefore, the mixing
angles are different for up and down flavor. However, we have
used the same symbol for the mixing angles of up and down quarks.

terms of two parameters, namely ¥ and M ;. Assuming
the up-quark Yukawa coupling, y, = 1.3 X 1073, and
the SM VEV, v =250 GeV, in Fig. 1, we show the
mixing angles, sin #; (left panel) and sin 6 (right panel),
by color gradient in the 0-M,; plane. Equation (16)
shows that tan26; is suppressed by the SM quark mass

(~ysv) in the numerator and by the mirror quark mass
(~ y?ﬁ2 + ZM]%f) in the denominator. Therefore, for a

MeV-scale SM quark and a TeV-scale mirror partner, the
value of sin 6; is about 10~°, which can be seen in Fig. 1
(left panel). Whereas Fig. 1 (right panel) shows that sin 0p
can be large depending on the values of ¥ and M ;.
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TABLE II.  Analytical expressions for A?f, and BJ% -

/ z z
f b Aff’ Bff’
d d 3cos 26, cos 20y, — 2cos 20y sin 20y, —2c0s 26 ysin 20y, — 3sin20gsin 20y, 1/cos 20y, €
—(1 — 3sin26, )sin %0y, € +(2 — 3sin26g)sin 3Oy €
d d 3cos 26y, sin @, cos @, — 3sin @, sin3Oy cos b, € 3 sin Ogsin 2@y, cos Op+/cos 20y, €
+3 sin fgsin 3y, cos Hge
d d 3cos26ysin%0; — 2cos 26y sin 20y, —3cos 20gsin 20y, /cos 20y €
+(2 — 3sin26,)sin 3@y € —(1 — 3sin2@g)sin 3Oy €
u u —3c0s26;,cos 20y, + 4cosBysin 26y, +4c0s26ysin 20y, + 3sin 20gsin 20y, 4/cos 20y, €
—(1 + 3sin2@, )sin>0y € —(4 — 3sin2@g)sin 3Oy €
u i —3co0s 26y, sinf; cos @, + 3sin @, sin>fy, cos f, € —35in Agsin 20y cos Hg+/cos 20y, €
—3sin fgsin 3y, cos Ore
i 7 —3c0s26ysin20; + 4cos 2fysin 20y, 4co0s 20y sin 20y, + 3cos 20gsin 20y +/cos 20y €

—(4 — 3sin26, )sin 30y, € —(1 + 3sin?6g)sin 3Oy e

TABLE III.  Analytical expressions for A?f,, ijlf,,
Bﬂ

I

A?f ., and  Higgs boson are suppressed by the Yukawa couplings.

Therefore, before going into the details of collider analysis,
- - it is important to ensure that light mirror quarks decay
fr Al B, AL B, inside the detectors of the LHC experiment. In Fig. 2, we
£ f cosf,cosfg cos,cosfx sinf sinfg  sinfy sinOg plot the total decay width of the up-type mirror quark as a
f 7 sinf,cos@p cos@,sinfp —cosfsinf —sinb; cosby function of sin 6 for three different values of the mirror
f F sin@,sinf sin@,sinfr cos@,cosfr  cos b cos by quark mass, viz., M; = 300, 500 and 1000 GeV. We have
considered the lowest possible value of sin@, = 107¢ in

The neutral [see Eq. (20)] and charge [see Eq. (19)] Fig. 2. According to Fig. 2, the total decay width of the up-
current interactions of mirror quarks with SM quarks and ~ type mirror quark is always greater than 10712 GeV,
Z or W bosons are suppressed by sin ;. Moreover, the Lo > 10712 GeV, which corresponds to a mean distance
interactions of mirror quarks with the SM quarks and  of ¢7<107° cm (without including Lorentz boost)

1000 I—— 1.8x10% 1000 —‘ 0.5
900 | 1.6x10°% 900 ‘ 0.45
800 | 1.4x10°% 800 ‘ 0.4
0.35
700 | L6 700 ‘
600 600 0.3
| 1x10% ‘
500 500 0.25
| 8x10 * - ‘
400 400 0.2
| 6x10°%
300 | 300 0.15
4x10°%
200 x10 200 0.1
-06
100 L 2x10 100 0.05
0 0

5x10*%° 1x10*%7 2x10*%7 5e+06 1e+07 2e+07
v’ [GeV] v’ [GeV]

M [GeV]
sin@;

Mg [GeV]
sinBg

FIG. 1 (color online). Fermion mixing angles, sin §; (left panel) and sin 6 (right panel), for the up quark are presented by color
gradient on the LRMM parameter space defined by v (along the x axis) and M I (along the y axis). The up-quark Yukawa coupling,
v, = 1.3 X 1073, and the SM VEV, v = 250 GeV, are assumed in these plots.
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-6
Up mirror quark total decay width for sinf, =10
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g
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| |
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FIG. 2 (color online). Total decay width of up-type mirror
quark for three different values of M, =300, 500 and
1000 GeV as a function of sin #;. We have assumed the lowest
possible value for sin#; = 107° in this plot.

traversed by a mirror quark inside a detector before its
decay. These numbers assure us that the mirror quarks will
always decay inside the detector for a wide range of model
parameters.

In Fig. 3, we plot the branching ratios for the up-type
mirror quark into dW, uZ and uH channel as a function of
sin 6. We have assumed two different values of sin §; =
1073 (left panel) and 10~° (right panel). We have varied the

. 5
s1n6L: 10

0.7 : ——

Branching Ratio

02

51n9R

FIG. 3 (color online).
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mirror quark mass over 300 GeV to 1 TeV, which gives
rise to the bands in Fig. 3. Figure 3 (left panel) shows
that for sinf; = 1072, the decay of #i into SM vector
bosons dominates over the decay into the Higgs boson.
Whereas for sin@, = 107° (right panel), the decay into
vector bosons dominates only in the low-sin f; region
(sin 8 < 0.08).

A. Signature of mirror fermions at the LHC

In this section, we will first discuss the production of
TeV-scale mirror quarks, namely # and d quarks, at the
LHC. As a consequence of the Z, symmetry, the couplings
between a mirror quark and the SM particles are forbidden.
Therefore, in the presence of this Z, symmetry, the single
production of the mirror fermions is not possible at the
collider. As discussed in the previous section, spontaneous
breaking of the Z, symmetry introduces mixing between
the mirror and SM quarks and thus gives rise to interactions
between mirror and SM quarks with a Z, W or Higgs
boson. However, the single production rates of TeV-scale
mirror quarks via the Z, symmetry-violating couplings are
suppressed by the quark mixing angles. Therefore, in this
work, we have considered the pair production of mirror
quarks at the LHC.

As the mirror quarks carry SU(3)¢ quantum numbers,
they couple directly to the gluons. The pair production of

TeV-scale mirror quarks, namely # & and dd production, in
a proton-proton collision, therefore, is analogous to that of
the pair production of SM heavy quarks, the analytic
expressions for which can be found in Ref. [21]. Both

. 6
smeL: 10

1 : —_——

0.7

dw

0.6 m||l|l|l|l|lliliii|iiiliiliiiii]

051
uzZ

0.4

Branching Ratio

0.3

i
i
ity
Wy
co-L“.\\\\m\Nw
1

INlustrating the up-type mirror quark branching ratios in dW, uZ and uH channel as a function of sin 6 for two

different values of sin #; = 107> (left panel) and 10~ (right panel). We have varied i mass over a range between 300 GeV to 1 TeV

which gives rise to the bands instead of lines.
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FIG. 4 (color online). Pair production cross sections of mirror
quarks as a function of their masses in proton-proton collisions at
center-of-mass energies 8 and 14 TeV, respectively.

gluon-gluon (gg) and quark-antiquark (¢g) initial states
contribute to the pair production (§§) of mirror quarks
(see Fig. 5). For numerical evaluation of the cross sections,
we have used a tree-level Monte Carlo program incorpo-
rating CTEQG6L [22] parton distribution functions. Both the
renormalization and the factorization scales have been set
equal to the subprocess center-of-mass energy V3. The
ensuing leading-order (LO) ¢ ¢ production cross sections
are presented in Fig. 4 as a function of mirror quark mass
(M) for two different values of the proton-proton center-
of-mass energy, viz., \/Epp =8 and 14 TeV. While the
next-to-leading order and next-to-leading logarithms cor-
rections can be well estimated by a proper rescaling of the
corresponding results for ¢f production, we deliberately
resist doing so. With the K factor expected to be large
[23], our results would thus be a conservative one. The pair
production cross section is found to be a few hundred
femtobarns (fb) for mirror quark mass of close to 1 TeV.
As discussed before, these mirror quarks once produced
will decay within the detector. We now analyze the pos-
sible signatures of mirror quarks at the LHC following
their decay properties. Mirror quarks can decay into a Z
boson, a W boson or a Higgs boson in association with a

g g tZ g

q q

g q q g

PHYSICAL REVIEW D 88, 095005 (2013)

SM quark: § — gZ, ¢'W or gH. Thus the pair production
of mirror quarks at the LHC gives rise to a pair of heavy
SM bosons (Z boson, W boson or Higgs boson) in asso-
ciation with multiple jets in the final state. In this work, we
have focused on the signal with the vector bosons in the
final states. We choose the LRMM parameter space, where
the decay of mirror quarks into vector bosons dominates
over decay into the Higgs boson. Figure 3 shows that for
the negligible § — gH branching ratio, the mirror quarks
decay into ¢W and gZ pairs with about 61% and 39%
branching probability, respectively. In the rest of our analy-
sis, we have used the above-mentioned values for the decay
probability to compute the signal cross sections. Pair pro-
duction and the decay of mirror quarks into gW and gZ
channels give rise to the following signatures:

(1) 2jets + 2Z final state arises when both mirror quarks

decay into gZ pairs,

pr— 44— (qZ)(GZ).

The production and decay of mirror quarks in this
channel are schematically shown in Fig. 5.

(i1) 2jets + Z + W final state results when one mirror
quark decays into gZ channel and other one decays
into gW channel,

pp— 44— (qZ)(@'W).

(ii1) If both mirror quarks decay into the gW channel,
then pair production of mirror quarks gives rise to a
2jets + 2W final state.

We consider the reconstruction of mirror quark mass from
the invariant mass distribution of gZ pairs, which is pos-
sible for the first two signal topologies only. Therefore, we
have only considered 2 jets + 2Z and 2 jets + Z + W final
states for further analysis. Note that in the leptonic channel,
the Z reconstruction would be very clean, while for the
2jets + Z + W, even the W can be reconstructed well as
there is only a single neutrino in the final state. The W’s can
be reconstructed in the all-hadronic mode but with signifi-
cant challenge in efficiencies in a hadronic machine such
as the LHC. So we have chosen to neglect the 2 jets + 2W
final state in our analysis.

1. 2jets + 2Z bosons signature

In this section, we have investigated the 2 jets + 2Z final
state as a signature of mirror quarks in the framework of
LRMM. We have used a parton-level Monte Carlo

Z

q

FIG. 5. Feynman diagrams for the § § production and their subsequent decay to gZ.
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simulation to evaluate the cross sections and different
kinematic distributions for the signal. We have assumed
that Z bosons decaying into leptons (electrons and muons)
can be identified at the LHC with good efficiency.
Therefore, in our parton-level analysis, we consider the Z
boson as a standard object® without simulating its decay to
leptons. We must, however, point out that the total number
of signal events is crucial in identifying the Z boson in the
leptonic channel because of the small branching probabil-
ity of the Z decaying to charged leptons.

The dominant SM background to the signal comes from
the pair production of Z bosons in association with two
jets. Before going into the details of signal and back-
ground, it is important to list a set of basic requirements
for jets to be visible at the detector. To parametrize detector
acceptance and enhance signal-to-background ratio, we
have imposed kinematic cuts (acceptance cuts), listed in
Table IV, on the jets (denoted by j; and j,) after ordering
the jets according to their transverse momentum (p7)
hardness (p}} > p#). It should also be realized that any
detector has only a finite resolution. For a realistic detector,
this applies to both energy and transverse momentum
measurements as well as to determination of the angle
of motion. For our purpose, the latter can be safely
neglected,® and we simulate the former by smearing
the jet energy with Gaussian functions defined by an
energy-dependent width, o,

op _ 0.80
E JE

where @ denotes a sum in quadrature.

The signal jets arise from the decay of a significantly
heavy mirror quark to a SM Z and jet. Due to the large
phase space available for the decay of the mirror quarks,
the resulting jets will be predominantly hard. Therefore,
the large jet py cuts, listed in Table IV, are mainly aimed at
reducing the SM background contributions. With the set of
acceptance cuts (see Table IV) and detector resolution
defined in the previous paragraph, we compute the signal
and background cross sections at the LHC operating with
s =8 and 14 TeV, respectively, and display them in
Table V. Table V shows that signal cross sections are larger
than the background for lower values of mirror quark
masses. However, if we increase M, signal cross sections
fall sharply as the pair production cross section for the
mirror quarks falls with increasing mass.

Since the mirror quarks decay into a jet and Z boson, the
signal is characterized by a peak at M, in the invariant

® 0.05, (23)

3All the cross sections (signal as well as background) pre-
sented in the next part of this paper are multiplied by the leptonic
branching fraction (6.7% in electron and muon channel) of the Z
boson.

“The angular resolution is, generically, far superior to the
energy/momentum resolutions and too fine to be of any conse-
quence at the level of sophistication of this analysis.

PHYSICAL REVIEW D 88, 095005 (2013)

TABLE IV. Acceptance cuts on the kinematical variables.
py7 is the transverse momentum and n// is the rapidity of

the jets. AR(j;, j») = V(An)? + (A¢)? is the distance among

the jets in the 1-¢ plane, with ¢ being the azimuthal angle.

Kinematic variable Minimum value Maximum value

i 100 GeV
nivi2 -25 2.5
AR(j1. jo) 0.7 e

mass distributions of jet-Z pairs. The signal consists of two
jets and two Z bosons. In the absence of any knowledge
about the right jet-Z pair arising from a particular ¢ decay,
we have ordered the jets and Z’s according to their pr
hardness (pj > p’? and p7' > p%*) and constructed invari-
ant mass distributions in the jet-Z pairs as follows: M;; =
invariant mass of j; and Z;; M;, = invariant mass of j;
and Z,; M,, = invariant mass of j, and Z;; and M, =
invariant mass of j, and Z,. The four invariant mass dis-
tributions (for both signal and the SM background) are
presented in Fig. 6 for the LHC with center-of-mass energy
8 (left panel) and 14 TeV (right panel). In Fig. 6, we have
presented the signal invariant mass distributions for two
different values of M;. We have included the leptonic
branching ratio (6.7% into electron and muon channel) of
the Z boson into the cross section in Fig. 6. Figure 6 shows
that the signal peaks are clearly visible over the SM
background. Moreover, it is important to notice that signal
peaks are more prominent in M, and M,; distributions
compared to M,; and M,, distributions. Due to the mo-
mentum conservation in the transverse direction at the
LHC, both the mirror quarks are produced with equal
and opposite transverse momentum.’ Therefore, if the
decay of a particular mirror quark gives rise to the hardest
jet, it is more likely that the Z boson arising in the same
decay will be the softest one. M,(M,;) is the invariant
mass of hardest-softest (softest-hardest) jet-Z pairs, which
come from the decay of a particular § in most of the events.
As a result, we observe more prominent peaks in the
signal M ,(M,,) distribution compared to the M, ;(M»,)
distribution. In our analysis, we have utilized this feature of
the signal for the further enhancement of signal-to-
background ratio. Our final event selection criteria (S.C.)
is summarized in the following:

(1) To ensure the observability of a peak for a given
luminosity in the signal M, distribution, we have
imposed the following criteria: (i) there are at least
five signal events in the peak bin and (ii) the number
of signal events in the peak bin is greater than the 3o

SWe do not consider initial/final state radiation (ISR/ESR) in
our analysis. In the presence of ISR/FSR, the transverse mo-
mentum of the mirror quarks might not be exactly equal and
opposite.
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TABLE V. Signal and SM background cross section after the acceptance cuts (A.C.) and
selection cuts (S.C.) for two different values of proton-proton center-of-mass energies. Signal
Cross sections (Osignq) are presented for three different values of mirror quark masses (M).

Js =8 TeV /s =14 TeV
Cross sections (fb) Cross sections (fb)
Signal Background Signal Background
M; [GeV] AC. SC A.C. S.C. M; [GeV] A.C. SC A.C. S.C.
300 1.65 1.07 0.08 400 293 15 0.22
350 092 052 0.35 0.07 500 1.04 048 1.36 0.14
400 0.5 0.26 0.05 600 040 018 0.09

fluctuation of the SM background events in the same
bin.

@i1) If the signal peak in the M, distribution was
detectable, then we selected events in the bins
corresponding to the peak in the M, distribution
and its four (two on the left-hand side and two on the
right-hand side) adjacent bins as signal events. We
have used a bin size of 20 GeV.

(ii1)) The total number of SM background events is given
by the sum of events of the above mentioned five
bins in the background M, distribution.

After imposing the final event selection criteria, the signal
and background cross sections for different M, and /s are
presented in Table V. Table V shows that selection cuts
significantly suppress the SM background cross section,
whereas signal cross sections are reduced only by a factor
of ~2.

After discussing the characteristic features of the signal
and the SM background, we are now equipped to discuss
the discovery reach of this scenario at the LHC with center-
of-mass energy 8 and 14 TeV. We define the signal to be

Center-of-mass energy 8 TeV Center-of-mass energy 8 TeV

observable over the background with confidence level
(C.L.) X for an integrated luminosity L if the X-C.L. upper
limit on the background is smaller than the X-C.L. lower
limit on the signal plus background [24],

.E(Us+0'3)_N"£(Us+0'3)>.EUB+N .EU'B, (24)
or, equivalently,
N? JLo
0'S>f|:1+2 NB], (25)

where og and o are the signal and background cross
sections, respectively, and N = 2.5 for X = 99.4% [25]
C.L. discovery. The signal and background cross sections
in Table V show that at the LHC with center-of-mass
energy 8 (14 TeV), 350 (550 GeV) mirror quark mass
can be probed with integrated luminosity 25 (72 fb™!).
In Fig. 7 we have presented the required luminosity for
99.4% C.L. discovery as a function of M for the LHC with
center-of-mass energy 8 and 14 TeV.

Center-of-mass energy 14 TeV Center-of-mass energy 14 TeV
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FIG. 6 (color online). Jet-Z invariant mass distributions after ordering the jets ( p? > p?) and Z’s ( p?‘

M, [GeV] M,, [GeV]

> p?) according to their py

hardness for the LHC with center-of-mass energy 8 (left panel) and 14 TeV (right panel).
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FIG. 7 (color online). Required luminosity for 5o discovery is
plotted as a function of M, for the LHC with center-of-mass
energy 8 and 14 TeV.

2. Two jets + Zboson + W boson signature

Another interesting final state results from the pair
production of mirror quarks which then decay to give
2jets + Z + W signal. This happens when one mirror
quark decays into gZ while the other one decays into
qgW. As before we have considered the Z boson as a
standard object without simulating its decay to leptons
(electrons and muons). Even the W boson can be recon-
structed to a certain efficiency in the leptonic channel,
where the neutrino p, is determined by using the W
mass constraints. This is possible because of a single
neutrino in the final state. However, we have chosen
to ignore the W as a standard object since the ¢Z
resonance will be much more well defined and with
less ambiguity. In our parton-level Monte Carlo analysis,

0.012 T T T T T
SM Background ———
400 GeV —
0.01 600 GeV ---- b
— 0.008
BS
Q
<)
T 0.006 [
2
©
2
o
= 0.004
0.002 [
0 1 1 1 1 1
0 50 100 150 200 250 300

pT(lepton) [GeV]

FIG. 8 (color online).
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TABLE VL. Acceptance cuts on the kinematical variables. p!.
is the transverse momentum and 7’ is the rapidity of the lepton.
AR(l, j, ) is the distance among the jet-lepton pairs in the 1-¢
plane, with ¢ being the azimuthal angle.

Kinematic variable Minimum value Maximum value

ph 25 GeV e
7! -25 2.5
AR(, ji2) 0.4 e

we have simulated the decay of W bosons into leptons
(electron and muons only) and neutrinos. Electrons
and muons show charge tracks in the tracker and are
detected at the electromagnetic calorimeter and muon
detector, respectively. However, neutrinos remain invis-
ible in the detector and give rise to an imbalance in the
visible transverse momentum vector, which is known
as missing transverse momentum (#;). Therefore, the
resulting signature in this case will be 2jets +
1 charged lepton + Z + pr.

The dominant SM background to the signal arises from
the production of ZW pairs in association with two jets.
Both signal and background jet energy are smeared by a
Gaussian function defined in Eq. (23). To ensure the visi-
bility of the jets at the detector, acceptance cuts listed in
Table IV are applied on the jets. The acceptance cuts for the
lepton are listed in Table VI. We do not apply any cuts on
the missing transverse momentum. With these sets of cuts
(A.C.) on jets (see Table IV) and lepton (see Table VI), we
have computed the signal and background cross sections
for the LHC with 8 and 14 TeV center-of-mass energy and
presented them in Table VII. Table VII shows that for
relatively large mirror quark masses, signal cross sections
are much smaller than the SM background cross section.
For example, at the LHC with 14 TeV center-of-mass

0.014 T T T T T
SM Background ———
| 400 GeV — |
0.012 600 GeV -~

0.01

0.008

0.006

1/o (do/dpy) [GeV™]

0.004

0.002

I
0 50 100 150 200 250

pT(missing) [GeV]

Normalized lepton pr (left panel) and missing py (right panel) distributions for the signal (m; = 400 and

600 GeV) and the SM background after the acceptance cuts at the LHC with /s = 14 TeV.
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14 ' ' " sM Background ' charged lepton at 14 TeV LHC will reduce 45%
400 GeV of the SM background and 25% of the signal for

bar oo 600 GeV -------- 1

1/o(do/dAd)

FIG.9 (color online). Normalized azimuthal angle

A (P, pr) distributions between lepton p; vector and missing
pr vector after the acceptance cuts at the LHC with /s =
14 TeV. Signal distributions are presented for two different
values of mirror quark mass (m,; = 400 and 600 GeV).

energy, the signal-to-background ratio is 0.14 after
acceptance cuts for m,; = 600 GeV.

The signal contains a lepton, and g; arises from the
decay of a W boson. The SM background lepton and gy
also result from the W-boson decay. However, the signal W
boson will be boosted in most of the events since it arises
from the decay of a TeV-scale mirror quark. We have tried
to exploit this feature of the signal for the further enhance-
ment of signal-to-background ratio. We have examined the
following kinematic distributions:

(i) In Fig. 8, we have presented normalized lepton pr
(left panel) and missing pr (right panel) distributions
for the signal (m; = 400 and 600 GeV) and the SM
background at the LHC with /s = 14 TeV. The
boost of the signal W boson results in a long tail in
the signal lepton and missing pz distributions.
Figure 8 shows that harder cuts on the lepton and/or
missing pr will suppress the SM background sig-
nificantly. However, these cuts will also reduce
signal cross sections considerably. For example, a
kinematic requirement of py >75 GeV on the

m; = 600 GeV. As a result, we do not use any
further cuts on lepton and/or missing pr.

(ii) Since the signal W boson is boosted, we expect that

the signal lepton and neutrino will be collimated.
Therefore, it is viable to study the azimuthal angle
(A ¢) between lepton transverse momentum vector
(ﬁZT) and missing transverse momentum vector

(J7). In Fig. 9, we have presented normalized
A¢(pY, pr) distributions for the signal (m; = 400
and 600 GeV) and the SM background at the LHC
with /s = 14 TeV. Since the background W
bosons are predominantly produced with small

transverse momentum, background A ¢ (pY, pr) dis-
tribution is almost flat (see Fig. 9), whereas the

signal Ao (pl, ZT) distributions peak in the small

Agp(ph, ZT) region. As a result, we have imposed
an upper bound of 1 on the azimuthal angle between
lepton pr vector and missing py vector:

Agp(ph, #r) < 1. We collectively refer to accep-

tance cuts and A (p, ZT) <1 cut as Cut I. The
signal and background cross sections after Cut I are
presented in Table VII. For 14 TeV center-of-mass

>

energy, A (ph, pr) <1 cut reduces 55% of the
SM background and 14% of the signal for
m; = 600 GeV and thus enhances the signal to
background ratio by a factor of about 2.

(iii) After § ¢ production, one mirror quark decays into

qZ pair. Therefore, signal jet-Z invariant mass dis-
tribution is characterized by a peak at m;. After
ordering the jets according to their p; hardness
(p} > pF#), we have constructed the following
two invariant masses: (i) M, is the invariant mass
of the j,-Z pair, and (ii) M, is the invariant mass of
the j,-Z pair. The signal and background invariant
mass distributions are presented in Fig. 10 for the
LHC with /s = 14 TeV. For the further enhance-
ment of the signal-to-background ratio, we have
imposed cuts on M, in a way similar to that dis-
cussed in the previous section. This cut and Cut I

TABLE VII. Signal and SM background cross-section after the acceptance cuts (A.C.), Cut I
and Cut II for two different values of proton-proton center-of-mass energies. Signal cross
sections (0gjenar) are presented for three different values of mirror quark masses (M,).

Js =8 TeV Js =14 TeV
Cross sections (fb) Cross sections (fb)
Signal Background Signal Background
M; GeV AC. Cutl Cutll A.C. CutI Cutll M; GeV A.C. Cutl CutIl A.C. CutI Cut IT
300 144 728 313 0.74 400 263 181 646 2.13
350 801 4.85 192 6.69 281 0.63 500 936 733 239 264 119 1.39
400 435 298 1.11 0.51 600 3.6 307 095 0.90
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FIG. 10 (color online).
at the LHC with 14 TeV center-of-mass energy.
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FIG. 11 (color online). Required luminosity for So discovery
in two-jets + one lepton + one Zboson + p; channel is plotted
as a function of M, for the LHC with center-of-mass energy 8
and 14 TeV.

are collectively referred to as Cut II in Table VII.
Table VII shows that for m; = 600 GeV, the j,-Z
invariant mass cut suppresses the SM background
by a factor of about 13, whereas the signal is
reduced by a factor of only 3.

To estimate the required integrated luminosity for
the discovery of the mirror quarks in two jets +
one charged lepton + Z + gy channel, we have used
Eq. (25). The signal and background cross sections after
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Jet-Z invariant mass distributions after Cut I for the signal (m; = 400 and 600 GeV) and the SM background

Cut II in Table VII show that at the LHC with center-of-
mass energy 8 (14 TeV), 400 (600 GeV) mirror quark mass
can be probed with integrated luminosity 20 (37 fb~!). In
Fig. 11, we have presented the required luminosity for
99.4% C.L. discovery in two jets + one charged lepton +
Z + Py channel as a function of M g for the LHC with
center-of-mass energy 8 and 14 TeV.

IV. SUMMARY AND CONCLUSIONS

In this work, we have a realistic left-right symmetric
model with mirror fermions and mirror Higgs and the
possibility of discovering the low-lying mirror fermions
at the LHC. The model is SU3) ® SU22), ® SUQ2) ®
U(1)},, supplemented by a discrete Z,. For each chiral
multiplet of the SM fermions, we have corresponding
mirror fermions of opposite chirality. The symmetry is
broken to the usual SM symmetry by a mirror Higgs
doublet. The mixing between the SM fermions and the
mirror fermions is achieved by using a Higgs multiplet,
which is a singlet under the gauge symmetry but odd under
the Z, symmetry. The model has singlet right-handed
neutrinos, and the corresponding mirror neutrinos that are
even under Z,. These are used to generate tiny neutrino
masses ~ 107!! GeV with a primary symmetry-breaking
scale of = 107 GeV (which is the VEV of the mirror Higgs
doublet). In this model, only the mirror fermion of the first
family (&, @, d) are light with well-defined relative spec-
trum. All the other mirror fermions are much heavier and
well above the LHC reach. Since the model is completely
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left-right symmetric in the fermion sector, it is naturally
anomaly free. Parity conservation and the nature of the
fermion mass matrices also provide a solution for the
strong CP in the model.

The light mirror fermions, i, c?, with masses around a
few hundred GeV to about 1 TeV, can be pair produced at
the LHC via their QCD color interactions. They domi-
nantly decay to a Z boson plus the corresponding ordinary
fermion (it — u + Z, d—d+ Z) or to a W boson and the
corresponding ordinary fermions (i—d+ W, d—u+ W).
(The decays (& — u + H, d—d+ H) are highly sup-
pressed for most of the parameter space). Thus the most
striking signal of the model is the existence of resonances
in the jet plus Z channel. Since both the jet and the Z are
coming from the decay of a very heavy particle, both will
have very high pr. We have shown that putting a high pr
cut on the jet, and reconstructing the Z in the ete™ or
utu” channels, these resonances i, d can be recon-
structed up to a mass of =350 GeV at the 8§ TeV LHC
and up to a mass of =550 GeV at the 14 TeV LHC. We are
not aware of any other model that predicts such a reso-
nance. We have also studied, in some detail, the final states
arising from the pair productions of these light mirror
fermions at the LHC. These final states are (uZ)(iiZ),
(dZ)(dZ), (uZ)(dW), (dZ)(@W), and the subsequent decays
of W and Z into the leptonic channels. The signals are
much more observable in the (jet jet ZZ) channel than the
(jet jet ZW) channel because of the missing neutrino in the
latter. (The resonance in the signals involving the two W’s
will be difficult to observe). We have studied these final

PHYSICAL REVIEW D 88, 095005 (2013)

states and the corresponding backgrounds and find that the
reaches for the light mirror quarks can be =~ 450 GeV at the
8 TeV LHC with luminosity of 30 fb~! and up to 750 GeV
at the 14 TeV LHC with 300 fb~! luminosity.

Our model predicts a definite pattern of spectrum for
the light mirror fermions, &, @, d. Thus with m; < mj, if a
resonance i is observed, we expect a nearby d within a
few hundred GeV. This makes the prediction of the model
somewhat unique. Also the é will have even lower mass
and can be looked for in the proposed future e*e~
collider.

In this paper, we have studied the collider phenomenol-
ogy of TeV-scale mirror fermions in the framework of a
particular variant of LRMM in which mirror fermions
dominantly decay into the SM fermion and W or Z boson.
However, our collider analysis is general enough to be
applicable to a class of models with TeV-scale fermions,
such as chiral fourth-generation extensions or models with
vectorlike fermions decaying into a SM fermion and W or
Z boson.
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