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Abstract

Observation of non-zero neutrino masses at a scale ~ 107! — 1072 eV is a major problem in
the otherwise highly successful Standard Model. The most elegant mechanism to explain such
tiny neutrino masses is the seesaw mechanism with right handed neutrinos. However, the required
seesaw scale is so high, ~ 104 GeV, it will not have any collider implications. Recently, an explicit
model has been constructed to realize the seesaw mechanism with the right handed neutrinos at
the electroweak scale. The model has a mirror symmetry having both the left and right lepton and
quark doublets and singlets for the same SU(2)y gauge symmetry. Additional Higgs multiplets
have been introduced to realize this scenario. It turns out that these extra Higgs fields also help to
satisfy the precision electroweak tests, and other observables. Because the scale of the symmetry
breaking is electroweak, both the mirror quark and mirror leptons have masses in the electroweak
scale in the range ~ 150 —800 GeV. The mirror quarks / leptons decay to ordinary quarks /leptons
plus very light neutral scalars. In this work, we calculate the final state signals arising from the pair
productions of these mirror quarks and their subsequent decays. We find that these signals are well
observable over the Standard Model background for 13 TeV LHC. Depending on the associated
Yukawa couplings, these decays can also give rise displaced vertices with long decay length, very

different from the usual displaced vertices associated with b decays.
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I. INTRODUCTION

Two of the outstanding experimental problems of the highly successful Standard Model
(SM) is the existence of the non-zero neutrino masses and the dark matter. One can obtain
non-zero neutrino masses in the SM from the effective dimension 5 operators [1] (Weinberg
operator, having the schematic structure of LLHH, where L is a lepton doublet and H the
Higgs doublet), but if the Planck scale is the next scale in the theory beyond the TeV
scale, then the neutrino masses comes out to few orders of magnitude smaller compared to
the observed values. The scale needed is ~ 10 GeV. If there are right handed (RH) SM
singlet neutrinos at this scale, then such effective operators can be obtained by integrat-
ing out the heavy RH neutrinos. Seesaw mechanism constructed by postulating such SM
singlet RH neutrinos is the most elegant mechanism to explain these tiny neutrino masses.
However, existence of such a heavy RH singlet neutrino can not be tested in any laboratory
experiments , specially in the currently running high energy large hadron colliders (LHC).
Also, fermion representation in the SM is very asymmetric, left handed (LH) fermions are
doublets, whereas RH fermions are singlets. Long ago, it was proposed that may be nature
is more symmetric, there are similar heavy particle with exactly opposite chirality [2]. How-
ever, such a simple extension is excluded by the currently available precision electroweak
data, namely the S parameter. Recently, a new mirror symmetric model has been proposed
[3] which rectifies the old Lee-Yang proposal by extending the Higgs sector. The electroweak
gauge symmetry is SU(2)w x U(1)y, and for every left-handed SM doublets , there are right
handed SM doublets with new fermions. Similarly for every RH SM singlet, we have new
LH singlet fermions. These new fermions are called mirror fermions. The EW precision
constraints, such as the S parameter is satisfied by extending the Higgs sector to include
SU(2) triplet Higgs. The SU(2)w x U(1)y symmetry is broken in the same electroweak scale
, Apw ~ 246 GeV. All the particles get masses from the spontaneous symmetry breaking
in this scale, will have masses less than a TeV. Notice also the marked difference with the
Left-Right symmetric model [4] which is characterized by an extra SU(2) g with right-handed
fermions transforming as doublets under that new gauge group. Furthermore, the L-R model
contains two symmetry breaking scales Ay and Ar with the latter being completely arbitrary
and constrained experimentally from below by the latest LHC data [5] Mg 2 3 TeV. In the
L-R model, the masses of the right-handed neutrinos are proportional to the SU(2)g scale.
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In this model, the RH neutrinos which are doublet under the SU(2) gauge symmetry will
have masses in the electroweak scale. An explicit model was constructed in which seesaw
mechanism is realized to obtain tiny neutrino masses with the RH neutrinos at the EW scale
[3]. The implications for the model for neutrino masses and mixings, precision EW tests,
lepton violating rare processes were discussed [6-8]. This model, uses an A, [8] discrete
symmetry. In addition to the usual Higgs doublet, it has a second Higgs doublet, two Higgs
triplets and several Higgs singlets. After the symmetry breaking, the neutral Higgses mix.
One of the neutral Higgs is the recently observed 125 GeV Higgs boson. The model also has
doubly charged Higgs, singly charged Higgs, as well as additional massive neutral Higgs. A
previous analysis of some aspects of this scalar sector can be found in [9].

In this work, we explore the collider implications of this model. The model has mirror
fermions, RH doublets and LH singlets, particularly the mirror quarks. These particle have
masses below ~ 800 GeV to satisfy unitarity, and can be copiously produced at the LHC
vis their strong color interaction. These can only decay to ordinary quarks and essentially
massless scalars. Depending on the relevant Yukawa couplings, these mirror quarks may
decay immediately, or may have long life. If they decay immediately, we will get final state
with high pr jets, and large missing energy due the escaping light scalars. If they have long
life, then they can give rise to 2-jets which are coming from displaced vertices. Therefore,
the final state signature, in this case, is characterized by 2-jets plus missing transverse
momentum (pr) where the jets are not pointing towards the primary vertex. For the LHC
multi-jets + pranalysis, such jets are usually considered as ”Fake jets” not originating from
the hard scattering and thus, rejected as beam induced background and cosmic rays [10, 11].

Our presentation below are as follows. In section II through V, we review the model and
the formalism, as well as the the constraints from the electroweak precision tests and the
Higgs data. Section VI contains our new results where we discuss the implications of the
models at the LHC. We conclude in section VII.

We end this introduction by mentioning an aspect of the SM which often goes unnoticed.
The electroweak phase transition is intrinsically non-perturbative and a common framework
for studying non-perturbative phenomena is that of lattice gauge theory. It has been prob-
lematic to put a chiral gauge theory such as the SM on the lattice because of the loss of
gauge invariance. Ref. [12] proposed the introduction of mirror fermions in order to achieve

a gauge-invariant formulation of the SM on the lattice. The mirror fermions of the EW-scale



vr model would play such a role.

Finally, we take the liberty to quote a sentence from the famous paper about parity
violation of Lee and Yang [2]: ”If such asymmetry is indeed found, the question could still be
raised whether there could not exist corresponding elementary particles exhibiting opposite
asymmetry such that in the broader sense there will still be over-all right-left symmetry..”
The EW-scale vz model [3] is a direct response to this famous quote and is a model which

satisfies the electroweak precision data as we have mentioned above.

II. THE MODEL, FORMALISM AND THE EXISTING CONSTRAINTS

The EW-scale vg model [3] is basically the SM with an extended fermionic [and scalar]
sector: For every SM left-handed doublet, there is a mirror right-handed doublet, and for
every SM right-handed singlet, there is a mirror left-handed singlet. The gauge group
remains the same and, as such, the energy scale characterizing the EW-scale vz model is
still the electroweak scale Ay, ~ 246 GeV. This is the reason, as we shall see in the brief
review, for the Majorana mass of the right-handed neutrinos to be bounded from above
by the electroweak scale and, as a consequence, for its accessibility at colliders such as the
LHC and the International Linear Collider (ILC). However, it is important to note that as
discussed in [7] in detail, the statement that the right-handed neutrino masses are bounded

by the electroweak scale is assuming gy ~ O(1).

e Gauge group of the EW-scale vz model:

SUB)e x SUR)w x U(l)y (1)

Notice the absence of the subscript "L” in SU(2). This is because the EW-scale
vr model accommodate both SM fermions and the mirror counterparts of opposite
chirality. Notice also the marked difference with the Left-Right symmetric model [4]
which is characterized by an extra SU(2)r with right-handed fermions transforming
as doublets under that new gauge group. Furthermore, the L-R model contains two
symmetry breaking scales A;, and Agr with the latter being completely arbitrary and

constrained experimentally from below by the latest LHC data [5] Mg 2 3 TeV. In the
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L-R model, the masses of the right-handed neutrinos are proportional to the SU(2)g

scale.

e Fermion SU(2)y doublets (M refers to mirror fermions):

M
VR
M

vt — )
) ;

: Mirror: [ =

SM: q;, = ; Mirror: ¢} =

e Fermion SU(2)y singlets:

SM: eg; ug, dp; Mirror: eM; v dM

e Scalar sector

— A singlet scalar Higgs ¢g with (¢s) = vg. In [3], it was stated that the Dirac mass
appearing in the seesaw formula, namely m2? = gg; vs (see the review below),
has to be less than 100 keV in order for m, < O(eV') because M ~ O(Agpw).
Furthermore, if one assumes gg; ~ O(1) then vg ~ O(100 keV') and the Higgs
singlet particle mass will be comparable to that value or smaller and will be much
lighter than the other particles. However, an updated analysis of u — ey [13]
constrains gg; < 1072 which gives vg ~ O(100 MeV). Nevertheless, one can easily
obtain the mass of the physical Higgs singlet scalar to be smaller than that value.
In what follows, we could safely ignore the singlet mass in our phenomenological
analysis. Notice that the aforementioned statements are independent of the values
of the Yukawa couplings gg, present in the SM-Mirror-singlet Higgs interactions
which are not constrained by experiment at this moment.

— Doublet Higgses:
+

By = | 7| with (¢D) = va/V/2.

3
In the original version [3], this Higgs doublet couples to both SM and mirror
fermions. An extended version was proposed [7] in order to accommodate the
125-GeV SM-like scalar and, in this version, ®5 only couples to SM fermions
while another doublet ®,3, whose VEV is (#9,,) = van/v2 couples only to

mirror fermions.



— Higgs triplets

D
* X (Y/2=1)=Z5 "X = ﬂo . with (x°) = vy
X — X

* £ (Y/2=0) in order to restore Custodial Symmetry with (£°) = vy,.
* VEVs:
v3 + 02, + 8v3, = v? ~ (246 GeV)?
— Dirac and Majorana Neutrino Masses For simplicity, from hereon, we will
M

write vy simply as vp.
* Dirac Neutrino Mass
The singlet scalar field ¢g couples to fermion bilinear
Ls = gsily és 1} + h.c. (2)
= gsi(Vp vg +€r ey) g+ h.c..

From (2), we get the Dirac neutrino masses m? = gg; vs.

* Majorana Neutrino Mass

LM =0gm lﬁ\%/[’T 02 To )~( l%[ (3)
1
:gMVEUQVRXO_EV};O—?e%X—F
1

M,T + MT M 4+
———=€R O VR X +egp” o2€p X .

V2

From (3), we obtain the Majorana mass Mg = gpvp.

It is important to note here that in the original version [3], a global symmetry denoted by
U(1)n was assumed under which the mirror right-handed doublets and left-handed singlets
transform as (I, eX) — e (13 eM) and the triplet and singlet Higgs fields transform as
X — e 2y gg — e Mg with all other fields being singlets under U(1)y,. With this
transformation, a coupling similar to Eq (3) is forbidden for the SM leptons and hence there
is no Majorana mass for left-handed neutrinos at tree level. It was also shown in [3] that
the Majorana mass for left-handed neutrinos can arise at one loop but is much smaller than
the light neutrino mass and thus can be ignored.

The next section will be devoted to a review of results which have been obtained from the

EW-scale vg model [6, 7]. Since the previous section and the one that follows are necessary
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FIG. 1. The plot shows the contribution to the S-parameter for the scalar sector (5’5) vs the mirror
fermion sector (Sy/r) within the 1 and 2 o’s allowed region. The negative contribution to the S-
parameter from the scalar sector tends to partially cancel the positive contribution from the mirror

fermion sector and the total sum of the two contributions agrees with experimental constraints.

to introduce the model to readers who are not familiar with the model and, in particular,

its phenomenological consequences, we include similar reviews in all related papers.

IIT. ELECTROWEAK PRECISION CONSTRAINTS ON THE EW vy MODEL [6]

The presence of mirror quark and lepton SU(2)-doublets can, by themselves, seriously
affect the constraints coming from electroweak precision data. As noticed in [3], the posi-
tive contribution to the S-parameter coming from the extra right-handed mirror quark and
lepton doublets could be partially cancelled by the negative contribution coming from the
triplet Higgs fields. Ref. [6] has carried out a detailed analysis of the electroweak precision
parameters S and T and found that there is a large parameter space in the model which
satisfies the present constraints and that there is no fine tuning due to the large size of the
allowed parameter space. It is beyond the scope of the paper to show more details here but
a representative plot would be helpful. Fig. 1 shows the contribution of the scalar sector
versus that of the mirror fermions to the S-parameter within 1o and 2¢. In the above plot,

[6] took for illustrative purpose 3500 data points that fall inside the 20 region with about
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100 points falling inside the 1o region. More details can be found in [6].

IV. REVIEW OF THE SCALAR SECTOR OF THE EW vp MODEL IN LIGHT
OF THE DISCOVERY OF THE 125-GEV SM-LIKE SCALAR |[7]

In light of the discovery of the 125-GeV SM-like scalar, it is imperative that any model
beyond the SM (BSM) shows a scalar spectrum that contains at least one Higgs field with
the desired properties as required by experiment. The present data from CMS and ATLAS
only show signal strengths that are compatible with the SM Higgs boson. The definition of

a signal strength p is as follows
o(H-decay) = o(H-production) x BR(H-decay), (4)
and

o(H-decay)
osy (H-decay)

u( H-decay) = (5)

To really distinguish the SM Higgs field from its impostor, it is necessary to measure
the partial decay widths and the various branching ratios. In the present absence of such
quantities, the best one can do is to present cases which are consistent with the experimental
signal strengths. This is what was carried out in [7].

The minimization of the potential containing the scalars shown above breaks its global
symmetry SU(2), x SU(2)g down to a custodial symmetry SU(2)p which guarantees at
tree level p = M3, /M2 cos® Oy = 1 [7]. The physical scalars can be grouped, based on their

transformation properties under SU(2)p as follows:
five-plet (quintet) — HF* HZE, HY;
triplet — H:,,i, Hg;
triplet — HgiM, HgM;

three singlets — HY, H{,,, HY', (6)

The three custodial singlets are the CP-even states, one combination of which can be the
125-GeV scalar. In terms of the original fields, one has HY = ¢%", HY), = ¢, and

HY = \/Lg (\/5)(07" +& 0> . These states mix through a mass matrix obtained from the potential
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FIG. 2. Figure shows the predictions of ,u(ﬁ — bb, 77, vy, WTW~, ZZ) in the EW vi model
for examples 1 and 2 in Dr. Jekyll and example 1, 2 and 3 in Mr. Hyde scenarios as discussed in

[7], in comparison with corresponding best fit values by CMS [14-17].

and the mass eigenstates are denoted by H, H , and H" , with the convention that the lightest
of the three is denoted by H , the next heavier one by H’ and the heaviest state by H".

To compute the signal strengths p, Ref. [7] considers H — ZZ, WYW~=, 4y, bb, 77. In
addition, the cross section of gg — H related to H — gg was also calculated. A scan over
the parameter space of the model yielded two interesting scenarios for the 125-GeV scalar:
1) Dr Jekyll's scenario in which H ~ H? meaning that the SM-like component H? = ¢J" is
dominant; 2) Mr Hyde’s scenario in which H ~ HY meaning that the SM-like component
HY = ¢9" is subdominant. Both scenarios give signal strengths compatible with experimental
data as shown below in Fig. (2).

As we can see from Fig. (2), both SM-like scenario (Dr Jekyll) and the more interesting
scenario which is very unlike the SM (Mr Hyde) agree with experiment. As stressed in [7],
present data cannot tell whether or not the 125-GeV scalar is truly SM-like or even if it has
a dominant SM-like component. It has also been stressed in [7] that it is essential to measure

the partial decay widths of the 125-GeV scalar to truly reveal its nature. Last but not least,



in both scenarios, HY,, = ¢%, is subdominant but is essential to obtain the agreement with

the data as shown in [7].

As discussed in detail in [7] , for proper vacuum alignment, the potential contains a
term proportional to A; (Eq. (32) of [7]) and it is this term that prevents the appearance
of Nambu-Goldstone (NG) bosons in the model. The would-be NG bosons acquire a mass
proportional to A5 .

An analysis of CP-odd scalar states HY, HY,, and the heavy CP-even states H', and H”
was presented in [7]. The phenomenology of charged scalars including the doubly-charged
ones was also discussed in [9].

The phenomenology of mirror quarks and leptons was briefly discussed in [3] and a de-
tailed analysis of mirror quarks will be presented in this paper. It suffices to mention here
that mirror fermions decay into SM fermions through the process ¢ — qog, M — log
with ¢g "appearing” as missing energy in the detector. Furthermore, the decay of mirror
fermions into SM ones can happen outside the beam pipe and inside the silicon vertex de-
tector. Searches for non-SM fermions do not apply in this case. It is beyond the scope of

the paper to discuss these details here.

V. YUKAWA INTERACTIONS BETWEEN MIRROR AND SM QUARKS

e The interactions:

The EW vi model has been extended to include an investigation of neutrino and
charged lepton mass matrices and mixings [8]. In [8], a non-abelian discrete symmetry
group A4 was assumed and was applied to the Higgs singlet sector which is responsible
for the Dirac masses of the neutrinos. Following [8], we list the assignments of the SM

and mirror fermions as well as those for the scalars under A4. From this assignment,

TABLE 1. A4 assignments for leptons and Higgs fields

Field || (v, )| (v, M) r|er|eM |pos| b5 | P

Ay 3 3

(98]

3113

=

one obtains the following Yukawa interactions in terms of quark mass eigenstates
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(¢f = (dr,sp,br), ¢¢ = (ur,cr,tr), qflf’d = (di, si , b ), q%’ = (u, i, 1})):

Ls = @ U MIUE" ¢} + H.c.
=g} Mgy + H.c. (7)

for the down quark sector and

Ls qu“TM¢UR4 B+ He.
ap MY qy " + Hec (8)

for the up quark sector and where

d,u d,u d,u
Jos bos J1s ¢35 9os Pas
du du d,u d,u
My =1 g55'd3s 9os os G5 drs | - 9)

d, d, d,
G915 P25 9a5 P15 Goi Pos

The mixing parameters involving in the decay q}]\{/[’i — qé + ¢; where 7 and j denote
quark flavors and [ = 0, .., 3 are contained in the parametrizations of Mg’u as well as

in Eq. (9).

An important remark is in order here. Unlike the Yukawa couplings gg; of the lepton
sector which are constrained by rare processes such as y — e<, no such constraint
exists for 9@ 2" and they can be arbitrarily small as the present upper bounds on BR(t —
qZ) from CMS and ATLAS are 5 x 10~* and 7 x 10~* respectively and are not “low”
enough to constrain the Yukawa couplings gg,. This can give rise to displaced vertices
of the type shown in Fig. 3. For this kind of rare decay modes such as t — ¢Z, etc it
should exist through a loop diagram as the ones calculated in [13] for p — ey. These
processes are indeed under investigation by the authors of [13] and the results indicate
values for BR which are many orders of magnitudes smaller than the current limits

even when gg, ~ O(1).

The decay width:

Since we will be concentrating below on the production and signature of the lightest
mirror quark, the decay mode that is allowed is ¢™ — qpg or bpg. As stressed in

[3], the singlet scalars are assumed to be much lighter than the quarks (both SM and
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FIG. 3. Figure shows the variation of the decay length (cm) with the generic coupling gg, varying in
the range of 1078 to 107 for four different values of the mirror quark masses (M, = 200,300, 500
and 1000 GeV). The black horizontal line in the plot corresponds to the decay length of 1mm. So
any macroscopic decay length of the mirror quarks above the black line is significantly different

than the decay length coming from the b-quarks displaced vertices.

mirror) and we will neglect their masses in the computation of the decay width. One

obtains

where explicit expressions for the generic coupling gg, in Eq. (10) can be obtained by
using Egs. (7, 8, 9). In gg,, one finds the Yukawa coupling and various mixing angles.
Since the decay length is v 8hc/T'(¢™ — q + ¢*), one easily imagine that it can be
macroscopic i.e. > 1mm if gg, is sufficiently small. In Fig. 3 the variation of the
decay length (cm) with the generic coupling gs, varying in between 107® to 1077 is
shown. For these values of the coupling gs,, the decays of these lightest mirror quarks
can produce displaced vertices with decay length varying in the range of few mm to
few cm, which can be easily distinguished from the displaced vertices produced by b
quarks having average decay length of ~ 0.5 mm. Such macroscopic decay length can
presently be missed due to the nature of the algorithms of the LHC detectors CMS
and ATLAS.
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VI. PHENOMENOLOGY: NEW PHYSICS AT THE LHC

In this section, we will discuss the collider signature of this model in the context of the
LHC experiment. The LHC is a proton proton collider. Therefore, the strongly interacting
particles are copiously produced [if kinematically accessible]. In this work, we have studied
the production and signature of mirror quarks. Mirror quarks are pair produced at the
LHC and pair production takes place via gauge interaction only. At the partonic level,
the gg — ¢™ @™ process is mediated by a gluon in the s-channel or a mirror quark in the
t-channel, whereas, ¢7 — ¢™ @ process is only mediated by a gluon in the s-channel. While
the electroweak diagrams also contribute to g7 — ¢ g™, these contributions are suppressed
by a relative factor of (agw /as)?. Given that they do not bring in any new topologies, their
contributions are subdominant. Due to larger production cross section, we have studied the
production and signature of the lightest mirror quark. Being lightest, it can only decay into
a SM quark (light quark or b-quark) and the singlet scalar ¢5: ¢ — q¢s or bps. Here, we
have assumed that the d™ is the lightest mirror quark, making the decay products bgg or
(s, d)¢s.

These decays take place via Yukawa interactions. Since these Yukawa couplings are free
parameter in this model, the decay branching ratios of a mirror quark into a light quark or
a b-quark are arbitrary. Therefore, the pair production of the lightest mirror quark at the
LHC gives rise to two high transverse momentum jets (light quark jet or b-jet) in association

with large missing transverse energy (pr).
pp — Mg — qq + pror bb+ Pr (11)

The missing transverse momentum arises from the very light singlet scalars ¢ which remain
invisible in the detector. Before going into the analysis of signal and background in the
context of LHC run II with 13 TeV center of mass energy, it is important to discuss LHC
8 TeV bounds on this model. There is no dedicated study available from ATLAS or CMS
collaboration in the context of the present model. However, the main signatures of this model
namely, jets + pror 2-b + pp, have already been studied by ATLAS [18] and CMS [19, 20]
collaborations in the context of supersymmetry. The analysis of the CMS collaboration [19]
is based on the data collected by the CMS detector in proton-proton collision at /s = 8
TeV with an integrated luminosity of 11.7 fb~'. The observed jets + pr or 2-b + pr data

is consistent with the SM background prediction. The absence of any excess of such events
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FIG. 4. Black line corresponds to 95% CL upper limits on the theory production cross-section
times branching ratio into jets + pr (left panel) and b-jets + pr (right panel) obtained by the
CMS group [19] with 8 TeV center of mass energy and 11.7 fb~! integrated luminosity. Other
lines corresponds to our model prediction for the production cross-section times branching ratio

for different values of the branching ratio.

was then translated to an upper bound on the production cross-section times branching
ratio of any beyond SM process which gives rise to similar signature. In our analysis, we
have used the bounds from Ref. [19] to impose constraints on the mirror quark mass and
branching ratios to light jets and b-jet. In Fig. 4, we have presented (the black lines) 95%
CL upper limits on the theory production cross-section times branching ratio into jets +
pr (left panel) and b-jets + pr (right panel) obtained by the CMS group [19] with 8 TeV
center of mass energy and 11.7 fb=! integrated luminosity. Fig. 4 also shows our model
prediction for the production cross-section times branching ratio for different values of the
branching ratio. Fig. 4 (left panel) shows that for large qy; — g¢s branching ratio, mirror
quark mass below about 600 GeV is excluded. Whereas, if the branching ratio of mirror
quark into a light quark is below 50% then there is no bound on the mirror quark mass.
Similarly, if the branching ratio of ¢y — bgg is small then there is no bound from Ref. [19].
It is important to note that these bounds are only applicable when mirror quarks decay at
the hard scattering point i.e., only for large decay widths of the mirror quarks. However,
as discussed in the previous section, in the context of this model, the mirror quark decay
width could be small enough for the hadronization of the mirror quarks and displaced decay
of the hadronized mirror quarks. Such an event is not reconstructed by the present LHC
multi-jets search algorithm and can be missed. In this case, the above lower bounds on

mirror quark masses are not applicable
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FIG. 5. Transverse momentum distributions of jets (left panel: hardest jet; right panel: second
hardest jet) after ordering them according to their pr hardness (pr(j1) > pr(j2)) for signal and

background. We have assumed 13 TeV center-of-mass energy of proton-proton collision.

After discussing the LHC 8 TeV bounds on the mirror quark mass, we are now equipped
enough to discuss the phenomenology of this model in the context of the LHC run II with
13 TeV center of mass energy.

Several SM processes constitute potential backgrounds for the signal of Eq.(11) and we

now discuss the dominant ones in succession.

e An irreducible background arises from the production of a Z-boson in association with
multiple jets. The Z-boson decays invisibly and gives rise to the missing transverse
energy signature:

pp — Z+n-jets — vv 4+ n-jets (12)

We use the ALPGEN [21] generator to estimate the Z+jets (upto 3-jets) background
contribution. Although the total cross section for this process is very large, the impo-
sition of sufficiently strong pr and rapidity requirements on the jets serves to suppress
it strongly. It is important to note that our analysis will not be very sophisticated, it
is quite conceivable that we might underestimate the background, especially where jet

reconstruction is concerned.

e The production of W in association with multiple jets (upto 3-jets) can also be a
possible source of background, if the W* decays leptonically and the charged lepton
is missed somehow. To be specific, we consider the leptons to be undetectable if it
either falls outside the rapidity coverage (|n| > 2.5) or if it is too soft (pr < 20 GeV)

or if it lies too close to any of the jets. In this case, the neutrino and the missing
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lepton together give rise to the missing transverse momentum. We also estimate this
background too using ALPGEN. Given the fact that the W has a substantial mass and
that it is produced with relatively low rapidity, it stands to reason that the charged
lepton would, most often, be well within the detector and also have sufficient pr to be
detectable. Consequently, the probability of missing the charged lepton is small, and

this background would be suppressed considerably.

Significant background contribution can come from the production of multiple jets:
pp — nj. In this case, there is no real source of missing transverse momentum.
However, mis-measurement of the pr of jets can lead to some amount of missing
transverse momentum. Since the cross section for the aforementioned process is huge,
this process, in principle, could contribute significantly to the background. In this case

also, we have used ALPGEN to compute multi-jets (upto 6-jets) background.

The production of ¢¢ pairs in association with a W or Z-boson (W or Z) followed by
the leptonic decay of the W or invisible decay of the Z also gives rise to jets + Hr
background. In this case, neutrinos in the decay of W or Z gives rise to the missing
energy. The production of ¢t + Z/W contributes significantly to jets + Hrbackground
for higher jet multiplicity since hadronic decay of ¢t gives rise to 6-jets at parton level.
In fact, tt4+Z/W is the dominant background for jets + Hrsignature for jet multiplicity
greater than 4 (see Table 5 of Ref. [18]). However, for low jet multiplicity W/Z + jets
is the dominant background for jets + Hrsignature after selection cuts are introduced.
For example, if we consider events with at least 2-jets + K (which is the signal under
consideration in this paper), W/Z + jets contribution is at least 10 times bigger than
tt + Z/W contribution [18].

At this stage, we are equipped enough to develop a systematic methodology of suppressing

the SM backgrounds without drastically reducing the signal. A fruitful perusal of such a

methodology requires that we carefully examine and compare the phase space distributions

of different kinematic variables for signal as well as backgrounds discussed above. However,

before we embark on the mission to suppress the aforementioned backgrounds, it is important

to list a set of basic requirements for jets to be visible at the detector. It should be noted

that any realistic detector has only a finite resolution; this applies to both energy /transverse

momentum measurements as well as the determination of the angle of motion. For our

16



pr (Missing) Effective mass

le+08

T T
Jets 1e+06 Jets

T T T T T
Z+)ets [ Z+)ets 7

le+06 - W-+ets 1 W+ets

Mqu=400 GeV MqM=400 GeV
a .- q 4

10000 |- Mqu=700 GeV ] 10000 Mqn=700 GeV
100 - 3

100 |- B
1L d
ol ILU—I_IL‘ ;MM 0.01 %FJ—I//;\
0.0001 . . . . . . . 0.0001 . . . . . .
100 200 300 400 500 600 700 800 200 400 600 800 1000 1200 1400 1600
pr (Missing) [GeV] Mesr [GeV]

do/dMegr [fb/GeV]

]

do/dpr(mis) [fb/GeV]

FIG. 6. Missing transverse momentum (left panel) and effective mass (right panel) distributions

for signal (M = 400 and 700 GeV) and background (jets, Z+jets, W+jets).
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FIG. 7. Normalized A¢(jet, fr) distribution for signal and background.

purpose, the latter effect can be safely neglected and we simulate the former by smearing

the energy with Gaussian functions:

AE a

b
E \/E/Ge\/@ ’

where, a = 100%,b = 5%, and @ denotes a sum in quadrature.[22] Keeping in mind the

(13)

LHC environment as well as the detector configurations, we demand that, to be visible, a jet
must have an adequately large transverse momentum and they are well inside the rapidity

coverage of the detector, namely,

Ph > 40 GeV | (14)
mil <25 (15)

We demand that jets be well separated so that they can be identified as individual entities.

To this end, we use the well-known cone algorithm defined in terms of a cone angle AR;; =

\/ (Aqbij)2 + (Amj)2, with A¢p and An being the azimuthal angular separation and rapidity
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FIG. 8. Normalized pr/M. sy distribution for signal and background.
difference between two particles. Quantitatively, we impose
AR;; > 0.7. (16)

Furthermore, the event must be characterized by a minimum missing transverse momentum

defined in terms of the total visible momentum, namely,

br = (pr)2+<2py)2 > 20 GeV . (17)

vis. vis.

It has been discussed already that for some of the SM backgrounds, the hard (parton level)
process does not even have a source of missing energy. However, the multi-jets final state
could potentially be associated with a missing transverse momentum only on account of
mis-measurements of the jets energies. A minimum requirement of the missing transverse
momentum keeps these backgrounds well under control. The requirements summarized in
Eqgs. (14-17) constitute our acceptance cuts.

With the set of acceptance cuts and detector resolution defined in the previous paragraph,
we compute the signal and background cross-sections at the LHC operating with /s = 13
TeV respectively and display them in Table II. Clearly, the backgrounds are very large
compared to the signal. The dominant SM background contribution arises from multi-
jets. In order to enhance the signal to background ratio, we study distributions of different

kinematic observables. In Fig. 5, we display the py distributions of the signal and background
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Cross-section in fb

Signal Background

M [GeV] Jets Z+jets | W+jets | Total
400 | 700

3.1x10%(165.3||1.01 x 108 |1.56 x 105 |1.05%x 10%*||1.01x 108

TABLE II. Signal and SM background cross-sections (in fb) after the acceptance cuts. We have
also estimated ttZ background using AlpGen generator. Assuming invisible decay of the Z-boson,
ttZ cross-section is estimated to be about 100 fb at the LHC with 13 teV center of mass energy.
The other background contributions are orders of magnitude larger than t¢Z contribution. As a

result, we have not included ttZ contribution in this Table.

jets after ordering them according to their pr (p} > p]T2) The left panel corresponds to the
hardest jet and the right panel corresponds to the second hardest jet. From the shape of
the pr distributions in Fig. 5 it is obvious that any harder pr cut on jets will simultaneously
reduce signal as well as background. In Fig. 6, we display the missing transverse momentum
distribution (left panel) and effective mass distribution (right panel) for the signal and
background. The effective mass is defined as the scalar sum of the transverse momenta of
all the visible particles (in this case all jets with pr > 40 GeV), as well as the total missing

transverse momentum, it can be expressed, in our case, through
Mg =Y _ph+pr. (18)
J

The missing transverse momentum distribution in the left panel of Fig. 6 shows that the
multi-jets background is peaked at a relatively low pz Since, for this process, a missing trans-
verse momentum can arise only from mis-measurement, this contribution can be suppressed
significantly by introducing a harder prcut. Whereas, Fig. 6 (right panel) shows that harder
M_.ss cut helps to reduce Z/W-+jets background. In Fig. VI, we present the normalized
azimuthal angular distribution between the hardest-jet and gr (A¢(ji1, pr) : left panel) and
second hardest-jet and pr ((A¢(ja, Pr) : right panel). Fig. VI shows that a lower bound on
A¢(j1, Pr) and Ap(ja, Pr) clearly reduce multi jets background. Finally, we consider the ratio
P1/Mess, and in Fig. 8, present the distributions in the same. The background peaks around

Pr/Meg ~ 0.1 and it is obvious that it would be reduced significantly if a lower bound on
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this ratio is imposed t. In view of the characteristic distributions presented in Figs. 5 to 8§,

we summarized our final event selection criteria in Table III. In Table IV, we summarize the

Variable |[Lower bound|Upper bound
P 160 GeV
pr(j1) 130 GeV
pr(j2) 60 GeV
n; 2.5 2.5
DeltaR;, ;, 0.7
Ao (4, 1) 0.4
Meys 1000 GeV
P/ Mey s 0.2

TABLE III. Selection cuts.

signal and the SM background cross-sections after the imposition the selection cuts listed in

Table III.

Cross-section in fb

Signal Background
M [GeV]|Jets| Z/W +jets | Total
400 | 700
111.6| 51.8 || - 400 400

TABLE IV. Signal and SM background cross-sections (in fb) after the selection cuts.

In order to calculate the discovery reach of the LHC with 13 TeV center of mass energy,

we define the signal to be observable for a integrated luminosity £ if,

Ns
5 >5  for 0< Ng<5Nq, 19
vares rhl e

where, Ngp)y = o0g(p)L, is the number of signal (background) events for an integrated

luminosity L.
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FIG. 9. Required integrated luminosity for 50 discovery at the LHC with 13 TeV center-of-mass
energy as a function of the branching ratio (¢ — q¢g). for two different values of mirror quark

masses (400 and 700 GeV).

e For zero number of background event, the signal is observable if there are at least five

signal events.

e In order to establish the discovery of a small signal (which could be statistically signifi-
cant i.e. Ng/v/Np > 5) on top of a large background, we need to know the background
with exquisite precision. However, such precise determination of the SM background
is beyond the scope of this present article. Therefore, we impose the requirement

Np < 5Ny to avoid such possibilities.

The branching ratio of ¢™ — q¢, is a free parameter in this model. Therefore, in Fig. 9,
we have presented required integrated luminosity for the discovery of mirror quark as a
function of the branching ratio (¢ — q¢g) for two different values of mirror quark mass.
In Fig. 10, required integrated luminosity (color gradient) for 5o discovery at the LHC with
13 TeV center-of-mass energy is presented as a function of both mirror-quark mass (along
r-axis) and branching ratio (¢™ — q¢g) (along y-axis).

In this section, we have discussed the production and signature of the lightest mirror
quark. This analysis is based on the assumption of prompt decays of the mirror quarks. In
the framework of this model, the lightest mirror quark decays into a SM quark and ¢g with

a Yukawa coupling which is a free parameter. Small values of this Yukawa coupling result
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FIG. 10. Required integrated luminosity (colour gradient) for 50 discovery at the LHC with 13
TeV center-of-mass energy is presented as a function of mirror-quark mass (along x-axis) and the

branching ratio (¢™ — q¢g) (along y-axis).

in small decay widths and hence, a long lifetime for the lightest mirror quark. In this case,
the produced mirror quarks hadronize before they decay. Depending on the smallness of the
Yukawa coupling, the hadronized mirror quarks decay a few mm to a few cm away from the
hard scattering point. The decay of a mirror quark gives rise to a missing particle and a jet.
However, if the decays take place at a point different from the primary vertex then present
LHC jet reconstruction algorithms categorize the resulting jets as ”Fake Jets” [10, 11]. The
LHC jet reconstruction algorithm is designed to distinguish jets produced in proton-proton
collisions and ” Fake jets” not originating from hard scattering events. ”Fake jets” come from
different sources like the collision of one proton of the beam with the residual gas within
the beam pipe, beam-halo events, cosmic rays e.t.c. The LHC jet reconstruction algorithm
employs criteria like the distribution of energy deposits by the jet, the shower shape and its
direction, in particular the pointing to the interaction point to discriminate collision jets and
"Fake jets”. In the context of our model, if the mirror quark decays away from the interaction
point then the resulting jets will not point towards the interaction point and hence, will be
considered as "Fake jets” by the present LHC jet reconstruction algorithm. Moreover, in
the absence of any information about the other decay product namely, the invisible scalar
¢g, it will be very challenging to reconstruct the secondary vertex. Therefore, in order to

study such events, a new algorithm for the jet reconstruction is required. It is beyond the
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scope of our parton level Monte Carlo analysis to study such events.

VII. CONCLUSION

We have explored the new physics possibilities at the 13 TeV LHC run. The model used is
well motivated, and was proposed to obtain tiny neutrino masses via the seesaw mechanism
with the RH neutrino at the EW scale. The gauge symmetry is SU(2),, x U(1)y; but the
fermion as well as the Higgs sector is extended. For the fermions, we have both the left
and right handed doublets, as well singlets under the SU(2)y, gauge symmetry. In this
model the RH quarks/lepton doublets, and the left handed singlets are called mirror quarks
and leptons. The scalar sector of the original EW-scale vz model contains 2 triplets, one
doublet and one singlet. However, the extended EW-scale v model contains: 2 triplets,
2 doublets (one coupled to the SM fermions and the other to mirror fermions), 4 singlets
to accommodate the 125-GeV scalar and to discuss leptonic mixings. The model is derived
using the above gauge symmetry, additional global symmetries and discrete A4 symmetry.
As shown in the previous works, the model satisfies the EW precision constraints as well as
the constraints from the 125 GeV Higgs data.

In this work, we have explored the implications of the model for the 8 and 13 TeV LHC.
Since the model has colored quarks of chirality opposite to the SM quarks (the mirror quarks)
and there is only one symmetry breaking scale, the usual EW scale ~ 250 GeV, which gives
masses to these mirror quarks, they cannot be heavier than ~ 900 GeV from the unitarity
of the Yukawa couplings. Thus these mirror quarks will be copiously produced at the LHC.
Once produced, in the model, they can decay to ordinary quarks and singlet Higgs. At the
interaction point if the corresponding Yukawa coupling is not tiny, the final states are two
ordinary quarks, or two b quarks and large missing energy due to the escaping singlet Higgs.
We have calculated the production cross sections time the branching ratios to ordinary light
quarks or the b quarks. The relative branching ratios to the ordinary light quarks or the b
quarks are unknown in the model. So we have calculated the cross section times branching
ratios as a function of the mirror quark masses for several values of the branching ratios.
Comparing these with the corresponding experimental limit plots produced by the CMS
Collaboration at the 8 TeV LHC, we find that the mass of the lightest mirror quark as low
as ~ 600 GeV is allowed for Br(qy — q¢s) = 100%. However, if the branching ratio of
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v — qos is 50% or less then there is no bound from the LHC 8 TeV data. Furthermore,
this bound applies only to prompt decays of mirror quarks. For displaced decays with decay
lengths greater than 1 mm or so, this bound is no longer valid and the mirror quark mass
can be lower. Assuming prompt decays of mirror quarks, we have also calculated the signal
as well as the SM background at the 13 TeV LHC. We find that the signal for the final state
signature with a 5 sigma confidence level can be observed for the lightest mirror quark mass
of ~ 700 GeV with an integrated luminosity ~ 100fb~1.

The model has another interesting feature. For very tiny Yukawa couplings, the decays of
these mirror quarks can produce displaced vertices with decay length in the range of cm or
larger. These events characteristics are very different from the displaced vertices produced
by b quarks for which average decay length is ~ 0.5 mm. Such unusual events may have
been thrown out in the usual experimental analyses. A suitable algorithm may need to be

developed to look for such events.

24



ACKNOWLEDGMENTS

We are grateful to J. Haley, A. Khanov of the ATLAS Collaboration and G. Landsberg
of the CMS Collaboration for several valuable discussions. The work of SC, KG and SN
was supported in part by the US DOE Grant Number DE-SC0010108. VH and PQH were
supported in part by the US DOE grant DE-FG02-97ER41027 and in part (PQH) by the
Pirrung Foundation. SC is supported by the Pirrung Foundation.

[1] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).

[2] T. D. Lee and C. -N. Yang, Phys. Rev. 104, 254 (1956).

[3] P. Q. Hung, Phys. Lett. B 649, 275 (2007) [hep-ph/0612004].

[4] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974) [Phys. Rev. D 11, 703 (1975)]; R. N. Mo-
hapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975); G. Senjanovic and R. N. Mohapatra,
Phys. Rev. D 12, 1502 (1975); G. Senjanovic, Nucl. Phys. B 153, 334 (1979); S. Chakdar,
K. Ghosh, S. Nandi and S. K. Rai, Phys. Rev. D 88, no. 9, 095005 (2013).

[5] V. Khachatryan et al. [CMS Collaboration]|, Eur. Phys. J. C 74, no. 11, 3149 (2014)
[arXiv:1407.3683 [hep-ex]].

[6] V. Hoang, P. Q. Hung and A. S. Kamat, Nucl. Phys. B 877, 190 (2013) [arXiv:1303.0428
[hep-ph]].

[7] V. Hoang, P. Q. Hung and A. S. Kamat, Nucl. Phys. B 896 (2015) 611-656, [arXiv:1412.0343
[hep-ph]].

[8] P. Q. Hung and T. Le, JHEP 1509, 001 (2015) [arXiv:1501.02538 [hep-ph]].

[9] A. Aranda, J. Hernandez-Sanchez and P. Q. Hung, JHEP 0811, 092 (2008) [arXiv:0809.2791
[hep-ph]].

[10] [ATLAS Collaboration], ATLAS-CONF-2012-020, ATLAS-COM-CONF-2012-018.

[11] G. Aad et al. [ATLAS Collaboration|, JINST 8, P07004 (2013) [arXiv:1303.0223 [hep-ex]].

[12] I. Montvay, DESY-87-147; Phys. Lett. B 199, 89 (1987); DESY-87-077.

[13] P. Q. Hung, T. Le, V. Q. Tran and T. C. Yuan, JHEP 1512, 169 (2015)
doi:10.1007/JHEP12(2015)169 [arXiv:1508.07016 [hep-ph]].

[14] S. Chatrchyan et al. [CMS Collaboration], JHEP 1401, 096 (2014) [arXiv:1312.1129 [hep-ex]].

25



[15] S. Chatrchyan et al. [CMS Collaboration], Phys. Rev. D 89, no. 9, 092007 (2014)
[arXiv:1312.5353 [hep-ex]].

[16] S. Chatrchyan et al. [CMS Collaboration|, Phys. Rev. D 89, 012003 (2014) [arXiv:1310.3687
[hep-ex]].

[17] S. Chatrchyan et al. [CMS Collaboration|, JHEP 1405, 104 (2014) [arXiv:1401.5041 [hep-ex]].

[18] G. Aad et al. [ATLAS Collaboration], JHEP 1409, 176 (2014) [arXiv:1405.7875 [hep-ex]].

[19] S. Chatrchyan et al. [CMS Collaboration], Eur. Phys. J. C 73, no. 9, 2568 (2013)
[arXiv:1303.2985 [hep-ex]].

[20] V. Khachatryan et al. [CMS Collaboration], JHEP 1506, 116 (2015) [arXiv:1503.08037 [hep-
ex]].

[21] M. L. Mangano, M. Moretti, F. Piccinini, R. Pittau and A. D. Polosa, JHEP 0307, 001 (2003).

[22] G. Aad et al. [ATLAS Collaboration], arXiv:0901.0512 [hep-ex|, G. L. Bayatian et al. [CMS
Collaboration|, J. Phys. G 34, 995 (2007).

26



