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Single vector-like top partner production in the left-right twin Higgs
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Abstract:

The left-right twin Higgs model contains a new vector-like heavy top quark, which mixes with the SM-

like top quark. In this work, we studied the single vector-like top partner production via process e~y — v.Tb at

the International Linear Collider. We calculated the production cross section at tree level and displayed the relevant
differential distributions. The result shows that there will be 125 events produced each year with y/s=2 TeV and the
integrated luminosity Lint~500 fb™!, and the b-quark tagging and the relevant missing energy Fr cut will be helpful

to detect this new effect.
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1 Introduction

The top quark was first observed at Ferminlab Teva-
tron in 1995 [1] and is by far the heaviest elementary
fermion. Due to the large mass, the top quark decays
rapidly before forming any hadronic bound state. Fur-
thermore, the top quark has many properties different
from other quarks, so it occupies a special position in
the Standard Model (SM) and is often speculated to be
sensitive to the new physics. For these reasons, prob-
ing the properties of the top quark is always one of the
forefront topics at the various high energy colliders.

The twin Higgs theories use a discrete symmetry in
combination with an approximate global symmetry to
stabilize the Higgs mass. This mechanism can be imple-
mented in left-right models with the discrete left-right
symmetry [2]. In the left-right twin Higgs(LRTH) model,
a vector-like top quark is introduced in order to give the
top quark a mass of the order of electroweak scale. There
is mixing between the SM-like top quark and the heavy
top quark so that the top quark couplings can be mod-
ified. At the LHC, a single vector-like top quark can
be produced dominantly via s-channel or t-channel W
or Wy exchange, while the production of the vector-like
top quark pair can be produced dominantly from gluon
exchange. The productions and decays of the vector-like
top quark at the LHC have been described in detail in
Ref. [3]. If this effect can be detected, it will be the most
compelling evidence of the new physics.
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Due to the complicated QCD background, the mea-
surement precision of the LHC is limited. By con-
trast, the background of the International Linear Col-
lider (ILC) is very clean so that it will allow unique op-
portunities to study the properties and interactions of
the SM top quark and vector-like top quark. Besides
the eTe™ collider mode, the yy or ey collider mode can
be realized by the backward Compton scattering at the
ILC [4]. The search for deviations from the SM cou-
plings in single top quark production has become one of
the main points of focus in the on-going and forthcom-
ing collider experiments [5]. In this paper, we study the
process e~y — v.Tb; the results will be helpful to test
the SM and the LRTH model.

This paper is organized as follows. In Section 2 we
give a brief review of the LRTH model. In Section 3
we calculate the production cross section of the process
e~y —v.,ITb and the differential distributions of several
observables at the ILC. Finally, we give our conclusions
and some comments in Section 4.

2 A brief review of the LRTH model

The LRTH model was first proposed in Ref. [6] and
some phenomenological analyses have been studied in
Ref. [7]. In this section we will briefly review the essen-
tial features of the LRTH model related to our work.

In the LRTH model, the global symmetry is U(4) x
U(4), with a gauged SU(2), x SU(2)r xU(1)p_r sub-
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group. Two Higgs fields, H and H, are introduced and
each transforms as (4,1) and (1,4) respectively under the
global symmetry. They are written as

() ()
He Hq

where Hy g and Hy, » are two component objects which
are charged under the SU(2),xSU(2)rxU(1)5_1, as

After Higgses obtain vacuum expectation values (vevs)
as (H)=(0, 0, 0, f) and (H)=(0, 0, 0, f), the global
symmetry U(4)xU(4) is spontaneously broken down to
its subgroup U(3)xU(3). The Higgs vevs also break
SU(2)rxU(1)p_r down to the SM U(1)y.

After the SM electroweak symmetry breaking, three
Goldstone bosons are eaten by the SM gauge bosons W+
and Z, their masses can be given by

Hy, and Hy:(2,1,1), Hy and Hp:(1,2,1).  (2) | Mg = %gﬁﬁsingx, (3)
> 4
M3V+MV2VH+\/ (M3, —M\%)2+4(9211WM3\,HM3V
where 2=v/(v/2f) and v is the electroweak scale, gy is v(p;)
the usual hypercharge coupling in the SM, My, is the () B
mass of the heavy gauge bosons WiE, the values of f and l - T,
f will be bounded from below by electroweak precision 1y A
measurements.

In order to give the top quark mass of the order of (a) bpy)
the electroweak scale, a pair of vector-like quarks @1, and e () vpy)
Qg is introduced. The mass eigenstates, which contain w*
one of the SM-like top quark t and a heavy top partner b(p,) T(p,)
T, are mixtures of the gauge eigenstates. Their masses T B b
are given by Y(P,) AAAAANAANS T(p,) YP)AAAANANANAN b(p;)

1 1
my =5 (MP+y* fP=Ny), M=o (M*+y*f+N), (5)

where N,=1/(y2f2+M?2)2—y* fisin’2z .
At the leading order, the mixing angles for the left-
handed and right-handed fermions are

M .
sy, & —sinz, (6)
mr
M
~ — (1+sin® 7
SR mT( +sin®z), (7)

where M is the mass parameter essential to the mixing
between the SM-like top quark and the heavy top quark.

3 Single vector-like top production via
process e~ y—V.Tb

At a linear collider the single vector-like top quarks
can be produced from the following two processes:
T:e"y—v.,Tb, T:e"y—v.Th, (8)
where the photon comes from the original incoming elec-
tron and positron, respectively. The relevant Feynman
diagrams of the process e~ y—~v,Tb in the LRTH model
are shown in Fig. 1.

(c) d

Fig. 1. Feynman diagrams of the process e”y —
veTh in the left-right twin Higgs model.

The invariant production amplitudes of the process
e~ y—v.,Tb can be written as:

M=M +M,+M +My (9)
with
M, = Ep(p2)a(p3)v\vacu(pl)ﬂ(p5)v\7(\¥/TbU(p4)VVl\ll/§76y
> _lguu _lgaﬁ (10)

(P1—ps)?—miy (Patps)?—miy’
Mo = &,(p2)alps) Vi s V(e )

—1Guv

Viro(pa) e (11)

M. = €p(pz)ﬂ(ps)Vv‘GveU(pl)ﬁ(ps)Vv”VTbm
O e (12)

Ma = &0 Wt 00 Vi, e
19 (13)

XV\K/TbU(p4)ma
W
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where V' denotes the three-point vertices of the particles,
the relevant Feynman rules can be found in Ref. [7].
With the above amplitudes, we can directly obtain
the production cross section (8) for the subprocess
e~y —~v.Th. The total cross section at the ete~ linear
collider can be obtained by folding o(8) with the photon
distribution function that is given in Ref. [§]:

ston=[ " wo@n@.
(mp+mp)?/s
where
1 4z 4z
=g 1 1 g ) 09
with
4 8 1 8 1
D(f)z (1—E—§—z> 1n(1+§)+§+g—m. (16)
where £ = iozwo, FEy and w, are the incident electron

and laser lighE2 energies, and v = w/E,. f, vanishes
for © > Zpax = Wnax/Ee = £/(14+&). We require wy
Tmax <m?/E., which implies that £ <242v/2~4.8. For
the choice of £=4.8, we obtain

Tmax~0.83, D(Emax)~1.8. (17)

For simplicity, we have ignored the possible polarization
for the electron and photon beams, and we also assume
that the number of the backscattered photons produced
per electron is one.

We take the SM parameters used in our calculations
as [9]

Gr = 1.16637x107° GeV ™2, §2,=0.231, . =1/128,

My, = 91.2 GeV, m,=174.3 GeV, I;;=2.436 GeV. (18)

The relevant LRTH parameters in our calculation are
the scale f, the mass parameter M and the heavy top
quark mass my. Recently, the ATLAS Collaboration
presented a search that vector-like top quark with mass
lower than 656 GeV is excluded at 95% confidence level
[10]. Earlier, the CMS Collaboration presented a search
that vector-like top quark mass below 557 GeV is ex-
cluded at 95% confidence level [11]. Considering these
constraints to the relevant LRTH parameters, we take
M =150 GeV and make the mr and f satisfy Eq. (5) at
all times.

In Fig. 2(a), we discuss the dependence of the pro-
duction cross section o on the center-of-mass energy /s
for f =800 GeV. We can see that the cross section o
becomes larger with the /s increasing.

In Fig. 2(b), we discuss the dependence of the pro-
duction cross section o on the scale f for /s=1500 GeV,
2000 GeV, respectively. We can see the o decreases as the
scale f increases, which means that the vector-like top

quark production cross section decouples with the scale
f increasing. The maximum of the production cross sec-
tion can reach 0.17 fb for /s=1500 GeV and 0.25 fb for
\/$=2000 GeV, respectively. If we take the integrated
luminosity Lin~500 fb~", there will be 125 events pro-
duced each year with /s=2 TeV.
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Fig. 2. The production cross section ¢ as functions

of the center-of-mass energy +/s (a) and the scale

f(b).

In Fig. 3, we display the normalized transverse mo-
mentum distribution, the normalized distribution for the
missing energy and the normalized rapidity of bottom
quark of the process e™y —~V.tb in the SM and the pro-
cess e~y —V,ITb in the LRTH model.

In Fig. 3(a), we show the normalized transverse mo-
mentum distribution behavior of the SM top quark and
the heavy top quark. As the neutrino comes from the ini-
tial state positron after emitting a W boson, the heavy
top quark transverse momentum peaks at ~ My /2,
which is very similar to the transverse momentum dis-
tribution behavior of the SM top quark.

In Fig. 3(b), we show the normalized distribution for
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Fig. 3.

Normalized differential distributions for the SM top quark and the heavy top quark transverse momentum

(a), the missing energy (b) and the rapidity of the bottom quark (c) for /s=1500 GeV.

the missing energy Fr carried by the final-state neu-
trino. Compared with the SM top quark, the peak of the
normalized distribution moves to the low energy region.
With the scale f increasing, this peak of the normalized
distribution moves to the left. If we take a relevant miss-
ing energy K cut, such as Fr <500 GeV for f=800 GeV,
the SM background can be suppressed effectively. Con-
sidering the subsequent decay of the heavy top quark,
the main signal is 4 b jets + one charged lepton (e or
w) + energy Fr. Because the additional b jet carries off
energy, the peak of the missing energy Fr in the LRTH
model is lower than the peak in the SM.

In Fig. 3(c), we show the normalized rapidity dis-
tribution of the bottom quark. The WWvy diagram
(Fig. 1(a)) corresponds to a virtual W boson moving
in the positive rapidity region to balance the v emit-
ted from the incoming e~. This virtual W boson’s decay

products, the b and t quarks, lead to the small kink in
the right region. By contrast, the same thing happens
in the process e y—v.Tb, but the difference is that the
kink is smaller due to the large mass of the heavy top
quark.

4 Conclusions

In this paper, we studied the single vector-like top
production process e"y — v.Ib in the LRTH model.
The result shows that there will be 125 events produced
each year with /s=2 TeV and the integrated luminos-
ity Lin~500 fb™" at small value of the scale f around
650 GeV. Now, by the b-quark tagging efficiency of 70%
[12] and the relevant missing energy Er cut, these new
effects will help to test the LRTH model and probe the
new physics at the ILC.
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