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ABSTRACT: The assumption of a new symmetry provides a nice explanation of the existence
of dark matter and an elegant way to avoid the electroweak constraints. This symmetry
often requires the pair production of new particles at colliders and it guarantees that cas-
cade decays down to the lightest particle give rise to missing energy plus jets and leptons.
For a long time, supersymmetry with the conserved R-parity was the only candidate for
such signals. However, any new physics with this type of new symmetry may show up with
similar signals and the discrimination between different models at the LHC is quite chal-
lenging. In this paper, we address the problem of discrimination between different models,
more concretely, in the little Higgs theory with T-parity (LHT) and the supersymmetric
theory with R-parity. We concentrate on the pair production of heavy top partners, e.g.,
T-odd quarks (7_) in LHT and the scalar top quarks (#) in the MSSM at linear colliders
(LC).
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1. Introduction

Some of the most urgent theoretical issues in high energy physics, the natural realization
of electroweak symmetry breaking (EWSB) and the study of its phenomenological im-
plications at near future experiments have drawn big interests among particle physicists.
Actually all the other sectors in the standard model of particle physics (SM) other than
the Higgs sector have been experimentally well tested but the SM still has been regarded
unnatural since the mass of the Higgs boson is quadratically sensitive to the cutoff scale
(~ Acyt) which is supposed to be hierarchically larger than the weak scale (~ Myy).

Up to date, the low energy supersymmetry or its minimal realization (MSSM) accom-
modating the SM in its particle spectrum might have been regarded as the best motivated
and successful example of a natural theory of EWSB. Even better, with the exact con-
servation of a discrete symmetry, dubbed R-parity, the lightest supersymmetric particle
(LSP) in the MSSM can be a nice candidate of dark matter. The LSP (often the lightest
neutralino ()Z(l))) appears in cascade decays of a super-particles but easily escapes the par-
ticle detectors thus the frequent appearance of missing energy signals can be thought as a
genuine feature of the MSSM with R-parity. Very interestingly, this feature (the existence
of a global symmetry and the stability of the lightest particle in the newly extended sector)
is shared by recently suggested models beyond the SM. Among others, we are mainly inter-
ested in little Higgs theories [, B (for reviews, see [, f]].) with a parity, dubbed T-parity



(LHT), by which the lightest new particle, a heavy photon (Ag) , is absolutely stable and
any new particles in the extended sector beyond the SM can be produced only by a pair.
Single production of the new particle is prohibited by the T-parity just like the R-parity
in the MSSM.

In LHT, the Higgs field is a Pseudo-Goldstone boson. Higgs as a Goldstone boson has
been considered since long time ago but its natural realization in the light of collective
symmetry breaking was suggested quite recently. Once the Higgs mass is protected by
several symmetries, as was the case in the little Higgs theories by construction, no one-
loop quadratic mass could be induced. However the original formulation of little Higgs
theories are severely constrained by electroweak precision data [[J—[f]. This mainly came
from the fact that the newly introduced particles (m ~ f) in the extended gauge and
fermion sectors could directly mix with the standard model particles at the tree level
without suitable symmetry protection. The most economic and elegant way out, up to
date, is to introduce T-parity, in the theory and assign the most of new particles odd and
the standard model particles even under the parity [§-[l0]. By doing so, no tree level
mixing is allowed and electroweak constraints are greatly relieved [LT]:

£ > 500GeV. (1.1)

Once T-parity is introduced, the phenomenology of little Higgs models could be essentially
similar to the low energy supersymmetry with R-parity [[J). The lightest T-odd particle
cannot further decay to the single standard model particle similarly to the lightest neu-
tralino )2(1) in supersymmetric models. Because of this similarity, little Higgs models can
“fake” the supersymmetric signals at the near future colliders, such as the CERN Large
Hadron Collider (LHC). Future linear colliders, such as ILC and TESLA, could help to
provide valuable distinctions between MSSM and the other models, e.g., LHT. That’s the
main motivation of this study.

More specifically, we would concentrate on the phenomenology of T-odd, new top quark
(T) which is the lightest among all the newly introduced fermions, in most realization of
little Higgs models with T-parity. The decay signal of T-quark (T — tAp) can fake the
signal of the scalar top quark (f — tx{). Note that provided the mass of the scalar top is
heavy enough (m; > m; + m%), scalar top can dominantly decay to the standard model
top quark and the neutralino.

This paper is organized as follows. In section 2, we setup the model of little Higgs
with T-parity. The mass and the gauge couplings of T-quark are specified and the relevant
Feynman rules are derived. In section 3, we study the T-quark pair production by electron-
positron collision (e“e™ — TT). We first calculate the total cross section of T-quark
production and compare it with the one of the scalar top pair production when their
masses are set to be the same. The angular distributions for produced leptons taking the
cascade decay of top quark is found to give a clear distinction between the cases with T-
quark (fermion) in LHT and scalar top quark in the MSSM. The use of the polarization of
initial electron and positron is also discussed. Summary will be given in the last section.



2. Set-up: Top quark sector of LHT

In this section, we will set up the top quark sector of little Higgs model with T-parity. We
restrict ourselves to the SU(5)/ SO(5) realization of little Higgs mechanism to be specific [J].
There have been lots of phenomenological studies of the littlest Higgs models without [[[J -
1d] and with T-parity [[7-R7).

To cancel out the 1-loop contribution of the standard model top quark, the Yukawa
sector of the third generation need to be extended. To incorporate the collective symmetry
breaking pattern, the third generation quarks should be elevated to the complete SU(3)

representations:
qQ 0
Ql - Tl ) QQ = T2 ) (21)
0 )

where g1 ~ 2130 X 13/15, g2 ~ 13/15 X 2139 are doubles under [SU(2) x U(1)]x x [SU(2) x
U(1)]2 gauge symmetry of SU(5) subgroup and 71 ~ 1g/15 X 1g/15 and Ta ~ 15,15 X 1g/15
are singlets. Under T-parity operation, Q1 — —XQ2 where ¥ is the vev of an SU(5)
symmetric tensor by which SU(5) global symmetry is broken down to SO(5) at the energy
scale ~ f. On top of the standard model top quark, there are new T-even and T-odd
quarks:

Ty = - (Ty ¥ 1) , (2.2)

V2

and their masses are
MT+ - )\% + )\%f7 MT7 - )‘Qfa (23)

where \; ~ 1 parameters are introduced to give the Yukawa couplings. We can immediately
notice that T-odd quark is always lighter than T-even quark and its production would be
important at the near future colliders. The mass of standard model top quark is given by

)\1)\21)
NoYEwvE

where v ~ 246 GeV is the measured vacuum expectation value of the Higgs. The gauge

M; = (2.4)

interaction with Z boson and photon v are immediately read out. Because T’s are SU(2)
singlets, there is no coupling with W boson.

L=T- [%%t (eA“ - isiZ“)] T . (2.5)
Cw

T-odd quark (7-) could decay to the standard model top quark and newly introduced
neutral gauge bosons, Zy or Ay through

U2

2

T2
L=T- [— g CA’YM <(PR + CAEPL)A’;{ + xp

5 7 PRZ,‘;)] t, (2.6)
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Figure 1: The masses of T-even quark (black, dotted) and T-odd quark (blue, solid) for given (a)
f=500GeV and (b) My, = 173GeV. In (a), a red dashed line shows a contour with M., = 173
in the plane of A2 versus A\11. In (b), A; is determined assuming M;,,, = 173 GeV.

where the mixing parameters ¢y and z;, are defined as [[[J]:

A1
= ————, 2.7
SV 27
599’
S — 2.8
= {6 — g 28)

Since Zpy acquires heavy mass (M%H = ¢%(f? — v?/4)) but the other one Ay does not,
(MiH = ¢?(f?/5 — v?/4) ~ 0.162f%), T_ — tAy dominates the decay or BR(T_ —
tAg) ~ 1 is a good approximation.

We show the masses of T-odd and T-even particles in figure . We fix f = 500 GeV
and M, = 173GeV in figure [[(a). Then the mass of the lightest T-odd parti-
cle (LTP) is M4,, = 67GeV. A red dashed contour line shows SM top mass in the
plane of Ay versus A; and blue solid lines represent masses of T-odd top partner for
Mr. ., = 300,500,1000, 1500 GeV. Black dotted lines represent the masses for the T-even

partners for M, . = 300,500, 1000, 1500 GeV. However \; is not an independent parame-

ter if we assume top quark mass. From eq. R4, it is determined by Ay and My as follows,

A
A o= (2.9)
Nz — 1
M,
Xy > —L~ 0.7, (2.10)
v
5
f> \/;v ~ 275 GeV . (2.11)

Figure (b) shows M, ,, in the plane of f versus A2 assuming Ay is determined. 0.7 < A < 1
and 400 GeV < f < 700 GeV where Mr,,, < 500 GeV is an interesting region for the pair
production of T-odd partner at the ILC with /s < 1TeV. Note that precision electroweak
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Figure 2: Feynman diagrams for pair productions of top quark in the SM, T-odd quarks/scalar
top quarks and their subsequent decay to tAy /tx) in LHT and MSSM, respectively. The final state
signals are identical (I~5jbb+ Fr).

constraints on this model consistently allows values for f as low as 500 GeV without fine
tuning [[[J].

We would add some comments about possible signals of T-even top partner at the ILC
and LHC. At the LHC, a single production of the T-even top partner and a quark-jet is
possible through T-channel exchange diagram of W-boson [14, [J]. Unfortunately the same
production mechanism does not work at the ILC because the T-even top partner does not
directly couple with electron and W-boson. There remains a possibility that T-even top
partners to be produced by pair through s-channel photon and Z-boson exchange diagrams.
But it is highly suppressed or disallowed by kinematics in most of parameter space we are
considering. For details, see the appendix C. Considering all these issues, we would like to
concentrate on phenomenology of T-parity odd partners (7-). It is also fair to assume that
the top partner is odd under a discrete symmetry since we plan to compare with stop in
SUSY. We will use a study point, Ao = 0.8 and f = 500 GeV, for which pair production of
Teven partners is not allowed at ILC with /s = 1 TeV. Our analysis can be also applied to
fermionic partner of top in any models with a discrete symmetry such as KK-top in UED
model.

3. T-odd top pair production at LC

3.1 Production and decay

The top quark pair production mechanisms (with or without the missing energy) in the
SM, LHT and MSSM are depicted in figure . The pair production cross section of T-odd

fermion is calculated based on the interaction given in section 2.

d N.
Toos = 1255 A+ Beos)* + B(1— feosd)’ +C (1 -5 (3.1)
_ Nefis 1o 2
= i [(AJFB) <1+3ﬁ>+c(1 5)], (3.2)

where N. = 3 is the number of color charges, § = /1 — % is the velocity of the final
state fermion and the effective product of couplings and propagator factors are conveniently



defined as
= (IGLLl® +1Grrl?) ,B = (IGLrl”* + |Grel?) ,.C = 2Re (GLLGir + GrRrGRL) (3-3)

where Gap (A and B denote Left and Right-handed chiralities.) are given as

GAB ZgA X —>€€ gB(X — ff) (3.4)

S—M2 —HMXFX ’

summed over all contributing gauge bosons, in this case X = v, Z (see [B§ for detail.).
~ contribution is dominant and Z contribution is roughly 10% of the total cross section.
The cross term is negligible (smaller by two order of magnitude). The cross section is
calculated with CalcHEP [PJ] and cross-checked with MadGraph/MadEvent [B0, B]. One
important point we should notice here is that because T-quark is a vector-like fermion,
Grr = Grg and Grr = GRrL:

_ (=)o) | gLgzrr
Grr = Grr = . to MZ (3.5)
- _ (—e)(%e) 9RrRIzTT
Grr=Grr=——_""+ s M2 (3.6)

Here g;, and gr are the couplings between Z and eTe™ given as 9L/R = SWeCW (I3 — Qes%v)
where I3 = —% is the third component of weak iso-spin of the left-chiral electron, Q). =
—1 its charge and the coupling between Z and T'T is given as g,pp = —%%s%v. As a
consequence, we get a simple relation between A, B and C:

A=B= %c. (3.7)

What can we learn from this observation? First of all, as is explicitly shown in the appendix,
the forward-backward asymmetry vanishes. This is actually a generic feature of a vector-
like fermion. Based on the precise measurement on App asymmetry, one will be able to
clearly prove that the produced T-quark is a vector-like fermion even though its direct
measurement might be challenging. Furthermore, the Left-Right asymmetry, Apr can
provide a useful information about the couplings between T-quark and vector bosons =y
and Z (see appendix).

In figure f(a), we show the pair production cross section of T-odd partner as a function
of f at a 1 TeV linear collider for various values of As. As we mentioned earlier, photon
dominantly contributes to total cross section. However, Z contribution also becomes im-
portant when polarized beams are used and figure fJ(b) shows production cross section with
polarized beams for f = 500 GeV and Ay = 0.8 (Mr,,, = 400 GeV). Polarized beams may
be used to confirm the nature of T-odd partner by measuring cross sections with different
polarizations of the beams. As Ag increases, the corresponding cross section decreases since
the mass of T-odd partner is proportional to Ao. The pair production of T-odd partner
with f > 700 GeV at such a collider is not allowed as shown in figure fl(b). Solid lines
represent cross section without the initial state radiation (ISR) while the dotted lines are
ISR corrected. Generally the cross section at the linear collider is given by
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Figure 3: Cross sections for T-odd quark pair production (a) with unpolarized beam for various
values of A2 in pb and (b) with the initial helicity states of electron and positron infb. The dotted
lines in (a) are ISR-corrected.

o(efe” =1TT) = /dxldmg [feje(1) feje(x2)6 (eFe™ — TT) (3.8)
(e )+ o) ) (S @a)+ S22 (@) ) 63y — TT)
~ / dzyday [ff;gm(ml) fe™(xa)6 (ete” — TT)} . (3.9)

Here f,/c(x) is the parton distribution function for finding a photon inside the electron
beam and f./.(x) is the parton distribution function for finding an electron inside the
electron beam. f, /() is given by the convolution of bremstrahlung (or ISR) and beam-
strahlung,

Feyel) = / 1 L pprem () peamz) (3.10)

where fPeam(z) is the beamstrahlung distribution function of the electron and fPre™ is
the bremstrahlung distribution function of the electron. CalcHEP [PJ] realizes the bream-
strahlung function with the expression in [3, BJ,

g1 (1+2%) — B((1 + 32%) log(x) /2 + (1 — 2)?)/2

brem _ _B3B/4—) _
fe ('I) =e 7 6(1 'I) 2F(1 +ﬁ) )

(3.11)

where 3 = 2 <2 log(n%) — 1), v = 0.5772156649 is the Euler constant, " is the gamma
function, m is the electron mass, and o« = 1/137.0359895 is the fine structure constant. We
take ISR scale, @ = /s. We find that in our study the beamstrahlung effect (for the small
beamstrahlung parameter) in the cross sections and the contribution from o (yy — TT) are
small enough to ignore (See [B4, Bg] for the beamstrahlung effect at the high energy linear
colliders such as CLIC). In figure fJ(a), we can notice that the inclusion of ISR gives smaller
cross sections (except for Ay = 0.7) since the beam loses its energy. However for the case of
the light T-odd partner (i.e., Ao ~ 0.7 and f < 500 GeV), the ISR increases cross sections
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Figure 4: Pair production cross section in LHT (blue) and SUSY (red) near the threshold

since the energy loss of the beam results in getting closer to the pair production threshold
2

which behaves as o, ;7 ~ 3 where 6 =1/1 — 4%. In the case of pair production of scalar
partners (i.e., stop), the threshold rises as osysy ~ (3°. The production of fermion (T-odd
partner) and the production of scalar (stop) have different behavior near the threshold as
shown in figure []. It is well known that in the massless limit of new particles, the cross
section ratio converges to a factor of 4 due to the fact that there are two different helicity
states in LH while in SUSY, stop is a scalar particle [Bq—Bg]. Fermions prefer the forward
or backward direction when they are produced at eTe™ collider,

do 9
~ 2(1 0 12
(dcosa)w (1 + cos?), (3.12)

while scalar particles are produced more in the central region,

do
~ (1 —cos?0). 1
<d0059>SUSY ( cos”6) (3.13)

These particles go through further decays and we consider semi-leptonic decay of SM top.

We assume that we know the mass and momentum of W and ¢ from two jets and one
b-jet. Figure [l shows angular distributions in LH and MSSM in the semi-leptonic channel.
The distribution for MSSM is similar to the angular distribution of the scalar production.
We see clear difference between two distributions. When top partners are produced, T-
odd fermions prefer forward or backward direction while stops are mainly produced in
the central region, as explained above. There is no forward-backward asymmetry at this
production level. Now they continue to decay into to SM top to W, and b. As noticed
in [, in the case of SM top pair production at LC, the forward-backward asymmetry
appears due to huge interference between v and Z (negative in backward and positive in
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Figure 5: The angular distribution of final state lepton (¢7) for LHT and MSSM, respectively. In
LHT, leptons follow the angular distribution of the parent T-odd quarks and highly anisotropic.
However in MSSM, mainly because of the characteristics of scalar particle production, the angular
distribution is roughly (1—cos2 ). (PYTHIA [[td] also gives similar distribution in the case of MSSM.)

forward region), although there is no FB asymmetry at all in y-mediation and small FB
asymmetry appears in the Z-mediation. This characteristic feature is carried in the decay
of T-odd and the angular distribution of top at LC in the production just looks like angular
distribution of the lepton in the case of LH. However, in the case of SUSY, the angular
distribution is not spoiled as much as LH case since they are produced in the central region.
(See [12, B3, B3 K] for the discrimination between SUSY and other new physics such as
UED/LH at the LHC in a particular cascade decay. These studies seem to either require
large luminosity or depend on certain assumptions.)

3.2 Backgrounds

We list possible backgrounds for our signal in table [I. The dominant backgrounds are tf
and v,e™W™Z. tt can be easily distinguished from our signal in the energy distribution
of SM top since Fiop, = é in SM while LHT or SUSY shows a flat distribution over
wide range of Eiop as shown in figure fl. In fact, the upper edge (E,) is always less
than Ei, = é and signal is well separated from this background. A background ttZ
is included when ttvv is estminated. The last three backgrounds have two b-jets from Z
decay and therefore they can be eliminated by imposing relevant cut on invariant mass
of two b-jets. The rest of background are much smaller than our signal cross section,
olete™ — TT — 2j +2b+ L+ Pr) = 29fb assuming O(o(ete™ — tf)) ~ 100fb. These
backgrounds are also ignored in supersymmetric case (see [[q for details) with similar
reasons. However our case is even better since the pair production cross section of two
fermions (T-odd) is much larger than the pair production cross section of two scalars
(stop), as discussed in the previous section. With the signal cross section and the expected
ILC luminosity £ = 500 or 1000fb~!, we can easily get large number events even if we



olete” — tt) = 173 olete” =ttt — 2j+2b+(+ Fr) =50

olete” — ttv.i.) = 0.74 olete™ — tvee — 2§ + 20+ £ + Br) = 0.22
olete” — tty,w,) = 0.317 olete™ — ttv,v, — 2§ +2b+ L+ Er) = 0.09
olete” — ZWTW™) = 56.8 olete” = ZWHTW™ = 2j4+20+ 0+ Fr) = 2.5
olete” = veetW=Z) = 16545 | o(ete” = vee™W™Z — 25 +2b+ £+ Fr) = 2.68
olete” - v,utW-2Z) =6.3 olete” - vut™W~Z — 25+ 2b+(+ Br) = 0.65

Table 1: SM backgrounds (in fb) in semi-leptonic channel are estimated using MadEvent/MadGraph
and cross-checked with CalcHEP. We used BR(Z — vv) = 0.6666, BR(t — W*b) =1, BR(IW* —
jj') = 0.6796, BR(W* — (*1,) = 0.1068 and BR(Z — bb) = 0.1514.

lose some of events by imposing cuts to remove SM backgrounds. Therefore we can safely
ignore backgrounds in our study.
3.3 Energy distribution of reconstructed top

In the hadronic (semi-leptonic channel), we can reconstruct momenta of two (one) top
quarks and look at the energy distribution of top. There are two endpoints given by

E = 2M (MT MN—i—mtiB\/MQ (My+mg)? | [M2! —(My—my) ]) , (3.14)

AMz My denotes the mass for T-odd fermion or stop, My

where § =14/1—
\/1 V1-32’

for Ag or )2(1] and my for SM top. From the measurement of these two end points, we get

two unknown masses

My = YR Ly i +\/< —m—?> <1—m—?>, (3.15)

E_+E.\2 E.E_ E? E?
2(E+ + E,) m%
MN:MT\/1—7+—. (3.16)
Vs M7

This method is usually discussed in the slepton pair production and taking top quark mass

to be zero, we recover well known formulas

M2 — M? AM?
B, = Vs <%> 1£y/1-—&), (3.17)
4 map S
VELE_
My = 1
T =V (3.18)

E,+E_
My = Mpy /1 —2————. 3.19
v My 12 (3.19)

The accuracy of this method depends on how well we can reconstruct top quark momentum.
For our study point, mpy = 400 GeV and my, = 66.76 GeV, we get two endpoints at
E_ = 174GeV and E; = 406 GeV, as shown in figure f]. The distribution gets smeard
near F; due to ISR at LC.

,10,
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Figure 6: The energy distribution of top quark

3.4 Angular distribution of b-jet

In [[], it was noticed that the information about the stop and the LSP is imprinted in
the helicity of the top quark in the stop decay, and hence the measurement of the helicity
of the top quark provides some knowledge of these particles. We follow the same analysis
given in [[[7]. The Lagrangian is given by
L= T,’)/“(fLPL + fRPR)A!;It + H.C., (3.20)
ﬂ
2

where Pp/p = . Using the spin vector method, the spin vector S* for the top quark

in the decay process, T — tAp is given by

EN(PAm)(1+-335) = (P miy (5 Poct FPr)(Pr + M)y (fo Py fnPa) (Pt m,)
()
X | =g + —2E2H ) (3.21)

with P, Pa, and Pr being four-momenta of the top quark, the LTP and the T-odd top,
respectively. From this equation, N and S* are obtained as follows.

(M7 —mi + M3, ) (M7 —mi — M3, )
N = (|fu]* +[fr[?) |(MF +mi — M3,) + b =
MAH
—12thTRe(fsz), (322)
Ns;,c_ ‘fLP_‘fR‘Q M2— 2\2 3M2 MZ_ 2 _2M4 P/J
= M2 (M7 —mi)” + AH( T —m;) AH) t
my Ag
—2m; (M7 —mj +2M3, )Py 1. (3.23)

For the process T — tAy — W1bAp, the angular distribution of the b-jet in the rest
frame of the top quark is given by

1 dl'p

_— 1+ A 0 3.24
FT dCOS atb ( + bCOS tb)’ ( )

1
2

— 11 —
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Figure 7: (a) Ay as a function of tan 0y, /g = fr./fr in SUSY (blue) and LHT (red). The masses of
top-partner (£ or T') and LSP ({?)/LTP (Ag) are taken to be Mz /M; = 300 GeV and Mo /Ma,, =
100 GeV (solid line), My /M; = 350 GeV and Myo/Ma, = 100GeV (dash-dotted line), My /M; =
400GeV and Myo/Ma, = 200GeV (dashed line), and Mr/M; = 400GeV and Mgo/Ma, =
66.76 GeV (dotted line). (b) Ap in LHT in the plane of two independent parameter, f and Ay. The
dot represent our study point.

where 6y, is the angle between spin polarization of top and bottom quark in the rest frame
of top quark, and the coefficient of A is related to the spin vector S* via

2 2
_my — 2myy 4

Ay = ———2S 3.25
b m% + 2m12/v b ( )
with
o 2m (MR -mPeany,)
Sy = P 2 |frl?
‘ My N |Pay| (1f° = |frI?)
H
(1Ll = | frI?
H
X \/<M% ~ (g — MAH)2> <M% — (e + MAH)2> . (3.26)

Here ﬁAH is the three momentum of the LTP in the rest frame of top quark and S? =
—S#S,. In the same way as SUSY, A, depends on f1,/fr. In figure [], we show A, with
several values of masses and compare with results in SUSY. For SUSY, A;,’s are calculated
with formulas given in [[7]. We notice that A, in LHT is as sensitive as Aj, in SUSY, which
has strong dependence on the ratio fr/fgr, although they have different spin structure in
the vertex, T' — tAp. The statistical uncertainties in the measurement of Ay is even better
in the LHT since the production cross section is much larger than one in SUSY for given

masses (see [ for detail.).
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4. Summary and conclusions

In this paper, we studied the phenomenology of top partners in the context of the MSSM
and LHT. In the MSSM, a discrete symmetry, R-parity, is introduced and the lightest
super-particle is automatically stable. Its characteristic missing energy signals has been
regarded as a genuine feature of the theory. Exactly the same signature can happen in the
LHT where a discrete symmetry, dubbed T-parity, can play similar roles with those of the
R-parity in the MSSM. Since the collider signals of both theories can mimic each other’s,
one need to compare their phenomenology precisely to understand the underlying physics.

We first estimated the total cross section of the pair production of top partners (the
lightest scalar top quark in the MSSM and the T-odd top quark partner in the LHT) in
the near future linear colliders where we can have better resolution for various observable
quantities than that of the LHC and better chance to discriminate the “fake” theories.
The larger cross section is expected for T-odd quark production than scalar top quark
production once their masses are set to be exactly the same since T-odd quark has 2 times
larger number of helicity degrees of freedom than that of scalar top quark (see figure 4).
Also the angular distributions for T-odd quark (or its leptonic decay products) can be
distinguishable from that of scalar top quark, again thanks to its fermionic characteristics
(see figure 5). The standard model background was also estimated and we found that
it is quite plausible for us to be able to distinguish the signals of LHT and MSSM from
the ones of the standard model. We provide the analytic expressions for reconstruction of
Top-partner’s mass in the LHT and MSSM in the hadronic or semi-leptonic channel. The
energy distribution of top quark (see figure 6) can be a useful observable quantity for study
of top partners. The angular distribution of b-jet in the final state was studied since it
can provide an important understanding about the helicity of the top-partner (see figure
7). In the appendix, we presented asymmetries for the LHT (Arr and App). They are
found to be useful to understand the ‘vectorlikeness’ of the T-odd quark in the LHT using
asymmetries.

In conclusion, linear collider experiments with the better resolution than that of
hadronic collider experiments can provide a nice chance to probe and discriminate the
competing theories beyond the standard model such as the LHT and MSSM which share
similar phenomenological features.

A. Left-right polarization asymmetry: Apr

With polarized electron beams the cross sections o and op for the scattering of left-
handed and right-handed electrons on unpolarized positrons can be separately measured.

,13,



Figure 8: (a) The left-right asymmetry for polarized scattering and (b) the forward-backward
asymmetry. Here we think of more generic case where the vector-like condition or (Grr, = GLr
and Grr = Ggr) does not apply. For LHT, we get Apg = —0.6 and App = 0.

The left-right polarization asymmetry Ay g is defined as

ALHT _ OL = OR
LR —
o+ 0R

(Gl +|GLr?=|GRre? = |GRL) (145 6%) +2Re(G LG} g — GrrG R ) (1- %)
 (IGLLPH|GLrP+|GRrRP+|GRL?) (14 38%)+2Re(G LG g+ GrrG ) (1—52)
_(A=-B)(1+36)+D(1 -

(A4 B)(1+ 1) +C(1 -2

(A1)

where D = 2Re(GLG p — GrrGY; ). Figure B(a) shows contour lines for several values of
= g?TT = —%%S%V. In this plot,

we assume that the photon coupling is purely vector-like but we do not assume Gr; = Grg

Arr and the dot represent the prediction of LHT, géTT

and Grr = GRrr. Instead we take the coupling T,yu(géTTPL + g}Z%TTPR)Z“T, and vary
géTT and ggTT. Solid lines represent negative asymmetries: Arg = —0.99, —0.9, —0.6 and
—0.3 while black solid line shows zero asymmetry and dotted lines represent positive asym-
metries: Arr = 0.99,0.9,0.6 and 0.3. The total cross section is independent measurement
and can be used to identify the couplings with the aid of this asymmetry. Dashed contour
lines represent cross sections in pb.

B. Forward-backward Asymmetry: Arp

The forward-backward asymmetry for unpolarized beams is defined to be the number of T’
at CM scattering angle 8 minus the number of T at angle m — 8 divided by the sum,

Arp(9) = (B.1)
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The integrated asymmetry is

T2 do () — do(x — 0)]

g

AT =
N (forward) — N (backward)
N (forward)+ N (backward)
(IGLL*+|Grel*~|GLRI*~|GRLI)B
(IGLLP+IGLrP+IGRrRI*+|GRLI?) (1+56%) +2Re(GLr Gl p+GRrG Y, ) (1 6%)
A-B

- (A+B)(1+362)+C(1—p2) (B.2)

App =0 (see figure f(b)) since v and Z couplings to TT are purely vector-like and hence

C. T, production at the ILC

In this appendix, we consider possible production and detection of even parity top partner

for the completeness. First, even parity top partner (77 ) is always heavier than odd parity
one (T-).

M
r__ A oy (C.1)

Mz, N+ 2T

Contrast to the case at the LHC, where T could be singly produced via t-channel W boson

exchange (¢b — ¢'T) [I4, [[5], T can only be produced by pair via s-channel photon and
Z boson exchanges at the ILC. Here are the relevant Feynman rules describing v7, T, and
ZT, T, couplings.

- |2 g 3 g v?

where ¢y = A\1/\/A? + A2 was introduced earlier. T’y mostly decays to Wb but it can also
decay to tH and T_ Ay [1J).

The cross section of T T, production is kinematically suppressed in comparison with

that of T_T_
2
Teremtyr, | V1T SR 20 (€3)
Ote——T T 1—4M2 /s(1+2Myp_/s) ’
2

with additional ;—204){ order corrections. For the linear collider with /s = 1TeV, it is

challenging to see the signals of T-even top quarks since they only can be produced near
the threshold. Only very restrictive parameter space is available for M7, < 500 GeV.
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