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Motivation
• The electroweak naturalness problem goes hand-in-hand 

with the large top-quark Yukawa coupling

• New physics related to top sector very well motivated

• SUSY:  stops  

• Little Higgs: vector-like SU(2) singlet T’

• Randall-Sundrum:  Top KK-modes

• Composite Higgs:  higher reps for improved EWP fits

• UV completions of RPV MFV SUSY



Phenomenology
• R-parity conserving SUSY - stops create MET-type 

topologies

• Not generic - many models with exotic quarks involve 
pure SM final states:   

• pair or single production - decays to Wb, Zt, Ht, Wt

• also potentially flavor non-conserving

• There are a few existing studies that probe one or 
more of these topologies

• May affect Higgs physics (e.g. enhance di-photon rate)



Chiral 4th generation
Straightforward SM extension - excluded by Higgs production rate/EWP

T 0 ! Wb
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We describe the current state of experimental and theoretical studies of top partners (T 0’s),
including fourth-generation chiral quarks, and vector-like T 0’s.

I. INTRODUCTION

Top partners are of great theoretical and experimental
interest, both chiral sequential fourth-generation quarks
as well as exotic quarks.

A chiral fourth generation would be a straightforward
extension of the standard model, although electroweak
precision tests and the observation of a Higgs-like particle
at the LHC with approximately standard-model rate dis-
favors a fourth generation. Introducing such states would
enhance the gluon-fusion production rate of a 125 GeV
Higgs boson by roughly a factor of 9, in conflict with
data. In addition, direct searches from the LHC have
excluded such quarks Q, both up-type t0 and down-type
b0, beyond mQ ⇡ 500 GeV. Despite the di�culties in
reconciling a chiral 4’th generation with both direct and
indirect data, these searches remain useful in their power
to constrain well-motivated theories which give rise to
similar final states.

Many well-motivated extensions of the standard model
include some form of vector-like top-quark partner(s).
For example, little Higgs models include a vector-like
SU(2)L singlet quark as a part of a theoretical con-
struction in which quantum corrections to the Higgs bo-
son mass are softened due to additional global symme-
tries present in these models. Other examples include
composite/holographic Higgs models in which precision
constraints motivate implementing the 3rd generation
quarks in an enlarged multiplet that transforms under
the custodial symmetry of the SM [1]. T 0, B0, X5/3 and
Y�4/3 fermionic partners are predicted in such models.
The Y�4/3 has a T 0-like W�b final state, with distinction
only possible through a challenging measurement of the
b-quark jet charge. Additional vector-like multiplets in
higher representations are also possible, with the predic-
tion of a wider range of T 0-like exotica, with a collection
of the possibilities outlined in [2] Generically, models in
which the SM fields propagate in an extra spatial di-
mension predict the existance of Kaluza-Klein towers of
vector-like quarks. The KK partner of the top quark, for

TABLE I: Summary of direct experimental limits on heavy
quarks at 95% CL, in units of GeV.

Mode ATLAS CMS

t0 ! Wq 350(di-leptons) [20]

t0 ! Wb 656 (l+jets) [5] 570 (l+jets)[6]

557(di-leptons)[7]

685(inclusive)[8]

b0 ! Wt 480 (l+jets)[9] 675 (l+jets)[10]

450 (ss leptons)[11] 611 (ss leptons)[12]

670 (l+jets)[13] 760 (multileptons+btag)[14]

example, will in general decay to primarily 3rd generation
quarks and SM gauge bosons. Thus far, limits on these
types of T 0’s often come in the form of recasting existing
limits on a sequential 4th generation, on a particular final
state, or on final states with similar topologies [17, 18].

II. DIRECT LIMITS ON CHIRAL QUARKS

While the existence of a sequential fourth-generation
quark family is unlikely given electroweak precision tests
and the observed properties of the light SM-like Higgs
boson observed in 2012, we summarize here the direct ex-
perimental searches, which remain relevant in that they
can be applied to other, related models.
Experimental searches have been performed for decay

modes t0 ! Wq [20],t0 ! Wb [5, 7] and b0 ! Wt[9–11].
Limits are summarized in Table I.

III. LIMITS ON EXOTIC TOP PARTNERS

Current optimized searches exist for special cases in
which the T 0 decays with 100% branching ratio to the
W � b (as in the sequential 4th generation model) [5, 6]
or t � Z [10] final states. However, this is not the case
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of the t′ quark mass. The surrounding shaded bands cor-
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expected limit. The thin red line and band show the theo-
retical prediction and its ±1 standard deviation uncertainty.
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Figure 4: Observed (red filled area) and expected (red
dashed line) 95% CL exclusion in the plane of BR(t′ → Wb)
versus BR(t′ → Ht), for different values of the vector-like t′

quark mass. The grey (dark shaded) area corresponds to the
unphysical region where the sum of branching ratios exceeds
unity. The default branching ratio values from the Pro-
tos event generator for the weak-isospin singlet and doublet
cases are shown as plain circle and star symbols, respectively.
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Figure 2: Top: Exclusion limit on mt0 = mb0 as a function of the V4⇥4
CKM parameter A. The

parameter values below the solid line are excluded at 95% CL. The inner (outer) band indicates
the 68% (95%) confidence interval around the expected limit. The slope indicates the sensitivity
of the analysis to the t0b and tb0 processes. Bottom: For a V4⇥4

CKM parameter value A ⇠ 1, the
exclusion limit on mt0 versus mt0 � mb0 is shown. The exclusion limit is calculated for mass
differences up to 25 GeV. The existence of up-type fourth-generation quarks with mass values
below the observed limit are excluded at the 95% CL.

utility: simplified model - re-cast for T’ quarks with similar final states
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Figure 6. The estimated 95% excluded region from the CMS T ! Wb search [32] in terms

of MT and ↵ is shown as the red contour. The green is the allowed region. The thick black

line corresponds to 20% fine-tuning. The CMS analysis does not quote e�ciencies below top

partner masses of 350 GeV, so no bound is shown (grey region). This low-mT region is in

any case already ruled out by precision electroweak fits.

to probe the region that is not already ruled out by precision electroweak constraints.

Note that the least fine-tuned parameter space regions will be probed by direct LHC

searches in 2012.

ATLAS has also published a search for a singly-produced vector-like heavy quark,

in particular using the channel pp ! Qq ! Wqq0 [43]. The lower bound on the Q mass

of order 900 GeV was reported. This search potentially has sensitivity to our model,

since single top partner production contributes to this final state. However, the Q in the

ATLAS analysis was assumed to have direct coupling to first-generation quarks, while

in our model T only couples to the third generation, resulting in much lower production

cross sections. As a result, this analysis does not yet put interesting bounds on the

top partner mass. For example, ATLAS sets a bound on �(pp ! Qq)⇥Br(Q ! Wq)

of about 2 pb for a 500 GeV Q mass; in our model, a single top-partner production

cross section of this size only occurs at the upper edge of the band shown in Fig. 5.

This requires values of ↵ ⇡ 1, which are already ruled out by precision electroweak

appeared recently in Ref. [42], where similar bounds on the top partner mass were found.
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recast limits on little 
Higgs type top-partner 

(CMS di-lepton):

Berger et.  al. 1205.0013

Bounds on LH top partner 
considerably weaker over 

most parameter space
(~450 GeV)



Vector-like T’ quarks
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TABLE II: Summary of direct experimental limits on vector-
like heavy quarks at 95% CL, in units of GeV.

Mode ATLAS CMS

t0 ! Zt 625 (l+jets)[10]

475 (multileptons)[15]

b0 ! Zb 400(di-leptons)[16] 660 (multileptons+btag)[14]

for any of the well motivated constructions, in which all
three final states (b � W , t � Z, and t � h) may result
from T 0 decays. 1

Recent works have sought to obtain more general limits
that take into account other decays allowed by di↵erent
models, such as T 0 ! tZ, and T 0 ! tH [17, 18, 21]. The
first of these works treats the three branching fractions
of the T 0 as free parameters, albeit subject to the con-
straint that no other final states are allowed, such that
the model spans a “triangle” of branching fractions. The
second looks at the specific case of little Higgs models,
where the T 0 is taken to be a singlet. A common fea-
ture of the relative branching fractions is that for large
T 0 mass, Goldstone’s theorem applies, such that in the
heavy T 0 limit the branching ratios asymptotically obey
BF(T 0 ! bW ) = 2BF(T 0 ! tZ) = 2BF(T 0 ! th). We
note that there may be other exotic decays of T 0s to
non-SM particles (or flavor violating decays) which may
reduce the sum of these three BF’s below 1.

At the moment these limits obtained in theoretical pa-
pers have involved recasting other searches with similar
final states. In [17], the ATLAS b0 search was recast to
produce limits on all three possible T 0 final states. In
this search, the b0 is presumed to decay to the tW fi-
nal state, and for pair produced b0s, this results in final
states with 4 W ’s and 2 b jets. The search requires a
single lepton from a leptonically decaying W , while the
rest of the W ’s decay hadronically. This search covers all
3 of the possible T 0 final states since the topologies for
T 0 ! th ! Wbb and T 0 ! tZ ! WZb are quite similar
to the counting experiment used for the b0 search.

IV. DIRECT LIMITS ON VECTOR-LIKE
QUARKS

Experimental searches have been performed for decay
modes t0 ! Zt and [10, 15], b0 ! Zb [14, 16] Limits are
summarized in Table II.

1 Other decays that involve the first two generation quarks are in
principle also possible, but are generally suppressed in models
that do not violate existing flavor constraints. A recent study
which explores this possibility is [19].

V. LIMITS ON EXOTIC TOP PARTNERS WITH
CHARGE Qe=5/3

Various extensions of the standard model predict the
existence of heavy partners for the top quark with charge
Qe = 5/3, T5/3. These “top partners” are Dirac parti-
cles, and therefore do not contribute significantly to the
Higgs Boson production cross-section. They are not ex-
cluded by the recent observation of a 125 GeV Higgs-like
resonance [22]. Searches for such top partners continue
to be important testing ground for new physics scenar-
ios [23–26]. For example, the model by Contino and Ser-
vant [23], proposes a heavy T5/3, and heavy B quark as a
means of preserving LR custodial parity invariance. The
masses of these particles range from about 400 GeV to
a TeV. While Ref. [23] focuses on pair production, single
production is also considered by other models [24]. The
inclusion of the latter production mode would help in dis-
tinguishing the top partner from a generic colored heavy
fermion and would also permit a simple measurement of
its coupling. Moreover, the single production greatly en-
hances the cross-section for the high masses (up to about
1.5 TeV) and makes discovery possible in the entire range
of interest. The CMS experiment has searched for the
pair-production of such exotic top quark partners using
data collected in 2011 at

p
s = 7 TeV [27] and follows

Ref. 23, 24. The search assumes that the mass of the B
quark is greater than that of the T5/3 and the a 100% de-
cay rate for the process T5/3 ! tW . The analysis is per-
formed by searching for two W bosons arising from the
same T5/3 decay into same-sign leptons and the other two
decay into jets. The presence of same-sign leptons dis-
tinguishes this process from tt, leaving only backgrounds
with much smaller cross sections: tt, W, ttZ, WWW ,
and same-sign WW . Instrumental e↵ects such as charge
misidentification and tt events where a lepton from a b-
quark contribute to the same-sign dilepton signature are
taken into account. This search results in a 95% C.L.
lower bound on the masses of these heavy top quark part-
ners of 645 GeV [27]. For the single production, the pro-
duction cross section depends on the coupling constant
� of the tWT5/3 vertex. An analysis of same-sign dilep-
tons performed by ATLAS considers the cases � = 1,
� = 3 where both the single and producton production
processes are included and � ⌧ 1, which corresponds to
pair producon only. The 95% C.L. lower limit on the
mass of the T5/3 of 0.68, 0.70, and 0.67 TeV is obtained
for � = 1, 3 and ⌧ 1 respectively [13].

VI. PRODUCING T 0’S

The T 0s of this summary may be produced either
through single or double production. While the pro-
duction rate for single T 0 production may be small in
most models due to its being a weak process, it may be
the dominant discovery channel for heavier T 0 masses,
where kinematics limits the rate for double T 0 production

Generally, multiple decay modes open - parameter space 
not yet fully explored experimentallyReferences 9
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100% Zt final state presumed - 
recast for bounds on realistic models

Chiral T’ limits in 100% Wb final state also apply through recast

Well motivated - KK quarks in Randall Sundrum models, 
Little Higgs, MFV SUSY
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CONCLUSIONS

Searches for an exotic heavy quark T have been pre-
viously reported for specific choices of the decay modes:
BR(Wb)=100% or BR(tZ)=100%. We consider alter-
native branching ratio scenarios, scanning the branching
ratio triangle. We derive limits for these scenarios by
reinterpretting a recent ATLAS search for b′.
We find limits for T at mT > 415 GeV across the

entire triangle, up to mT > 557 GeV in the case of Wb

decay. An optimized experimental search for decays with
large th branching ratio would lead to significantly tighter
limits across the triangle.
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TABLE VI: Summary of mass limits at 95% CL for various
branching ratios. For BR(tZ)=100%, we include for compar-
ison the direct limit from CMS [11] as well as our reinter-
pretation of the ATLAS [16] b′ → Wt search for this case.
Uncertainties are due to imperfect description of the signal
model via the basis templates.

Lower limit
BR(Wb) BR(tZ) BR(th) mT [GeV] Comment
1 0 0 557 Direct search [1]

0 1 0 475 Direct search [11]

0 1 0 446+4
−4 Reinterpreted here

0 0 1 423+23
−48 Reinterpreted here

0.50 0.13 0.37 419+3
−3 Reinterpreted [12]

0 0.26 0.74 419+12
−18 Reinterpreted here

0.58 0 0.42 415+6
−11 Reinterpreted here

Whiteson and Rao 1204.4504

Many cases:  total BF to bW, tZ, tH make up 100% of decays 

Pair production rate set by QCD

Limits can be put in plane spanned 
by 2 BF’s:

Current optimized experimental searches:

100% bW
100% tZ

Remaining points:  interpretations of other 
searches for similar topologies 

(b’→Wt templates for Zt, Ht, and Wb)
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Triangulating an exotic T quark

Kanishka Rao1 and Daniel Whiteson1

1UC Irvine, Irvine, CA

Limits on an exotic heavy quark T are broadly generalized by considering the full range of T →

Wb, th or tZ branching ratios. We combine results of specific T → tZ and T → Wb searches with
limits on various combinations of decay modes evaluated by re-interpreting other searches. We find
strong bounds across the entire space of branching ratios, ranging from mT > 415 GeV to mT > 557
GeV at 95% confidence level.

PACS numbers: 12.60,-i, 14.65.-Jk

INTRODUCTION

A fourth generation of fermions would be a natural
extension to the standard model of particle physics. Di-
rect searches for a chiral fourth-generation (b′ and t′),
however, have yielded no evidence for a fourth genera-
tion of fermions. Specifically, the CMS collaboration has
set limits of mt′ > 557 GeV if BR(t′ → Wb)=100% [1]
and mb′ > 611 GeV [2] if BR(b′ → Wt)=100%. Even if
these branching ratios are reduced by off-diagonal mix-
ing terms, these analyses have complementary sensitivity
which is nearly impossible to escape if the fourth gener-
ation is chiral and decays via W -boson emission [3].

A fourth-generation quark, however, may be a vec-
tor particle (T ) which has exotic decays [4, 5], such as
T → tZ or th, see Fig. 1. Such a quark is a generic fea-
ture [6] of models in which the Higgs boson is a composite
state, such as models featuring a “little Higgs” [7–9]. The
contribution from the T quark in such models is essen-
tial to cancel the contributions to the Higgs mass from
the top quark, keeping the Higgs mass at the electroweak
scale.

The LHC collaborations have strong sensitivity to such
a quark [10]. CMS performed a dedicated search for
this T quark in data with 1 fb−1, reporting mT > 475
GeV [11] if BR(T → tZ)=100%, but no searches have
been reported for the T → th mode, nor for models with
realistic mixtures of decay modes, see Fig. 2.

In previous work, we reinterpreted an ATLAS search
for b′ → tW which has broad sensitivity for other
heavy quark modes; we set limits on the T -quark mass
in the case of a realistic mixture branching ratios,
mT > 419 GeV [12] if BR(T → tZ)=15%, BR(T →

th)=35%, BR(T → Wb)=50%.

In this paper, we relax the assumptions which deter-
mine the branching ratios as a function of mass and ex-
plore the entire space of possible branching ratios, achiev-
ing an important generalization of the existing limits.

FIG. 1: Decay modes of a heavy exotic quark, T
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FIG. 2: Branching ratio of T -quark decays to Wb, tZ and th
vs mT , from the model in Ref. [4].

DIRECT SEARCHES

The CMS collaboration searched for a heavy chiral
fourth-generation t′ quark decaying via Wb in the di-
lepton decay mode using data with 5.0 fb−1 of luminosity.
We assume that this limit, mT > 557 GeV at 95% CL,
is also applicable to the exotic quark T when it decays
to Wb. Other analyses have also been performed[13–15],
but we only consider the strongest limits.

In addition, CMS searched directly for T -quark pro-
duction specifically in the mode T → tZ. Assuming
BR(tZ) is 100%, their analysis yields mT > 475 GeV at
95% CL from data with 1 fb−1 of integrated luminosity.

The ATLAS collaboration reported a search for heavy
fourth-generation down-type chiral quarks (b′) using data

5
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FIG. 10: Upper limits at 95% CL on the cross-section for
T -quark pair production in the th,Wb decay mode.
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FIG. 11: Jet and W -boson multiplicity, for T → Wb, th, tZ
events (solid blue). Also shown (dashed red) is the sum of
b′ basis templates used to derive the limit on the T quark
model. Left for mT = 450 GeV, right for mT = 550 GeV.

CONCLUSIONS

Searches for an exotic heavy quark T have been pre-
viously reported for specific choices of the decay modes:
BR(Wb)=100% or BR(tZ)=100%. We consider alter-
native branching ratio scenarios, scanning the branching
ratio triangle. We derive limits for these scenarios by
reinterpretting a recent ATLAS search for b′.
We find limits for T at mT > 415 GeV across the

entire triangle, up to mT > 557 GeV in the case of Wb

decay. An optimized experimental search for decays with
large th branching ratio would lead to significantly tighter
limits across the triangle.
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limits are calculated; contours are interpolated. Limits at
BR(Wb)=100% [1] and BR(tZ)=100% [11] are taken from
dedicated searches; other points our reinterpretations (see Ta-
ble VI).

TABLE VI: Summary of mass limits at 95% CL for various
branching ratios. For BR(tZ)=100%, we include for compar-
ison the direct limit from CMS [11] as well as our reinter-
pretation of the ATLAS [16] b′ → Wt search for this case.
Uncertainties are due to imperfect description of the signal
model via the basis templates.

Lower limit
BR(Wb) BR(tZ) BR(th) mT [GeV] Comment
1 0 0 557 Direct search [1]

0 1 0 475 Direct search [11]

0 1 0 446+4
−4 Reinterpreted here

0 0 1 423+23
−48 Reinterpreted here

0.50 0.13 0.37 419+3
−3 Reinterpreted [12]

0 0.26 0.74 419+12
−18 Reinterpreted here

0.58 0 0.42 415+6
−11 Reinterpreted here

 High mass behavior fixed by Goldstone’s theorem:  
Br(Wb)=2Br(Zt)=2BR(Ht)=.5

Class of T’ models follow trajectory in BF triangle 
 Models with T’-t mixing - Little Higgs T’, KK-tops, etc.

Certain regions are more generic



“Tetrahedronalizing” T’s

Figure 7: We plot the branching fractions for t′+ decay as a function of sλ, which parame-
terizes the ratio of masses of the t′+ and t′−. This plot was generated for f = 1 TeV

of the t′+. The existence of the t′− which is always required to be less massive then the
t′+ from (2.34) and (2.33) opens a new decay channel for the t′+. In Figure 7 we plot the

branching fractions of the t′+ as a function of sλ =
mt′−

mt′
+

. The branching fraction is essentially

independent of f . As one can see from Figure 7, for most of parameter space the t′+ has a
sizeable invisible width from decay to t′−AH . In reality though to solve the little hierarchy
problem one is only interested in the region around sλ = 1√

2
where mt′+

=
√

2f . For either
direction in sλ, mt′+

increases which causes a fine tuning of the Higgs mass if mt′+
is larger

than ∼ 2 TeV. The existence of this new sizeable invisible width of the t′+ does not let
one apply the analysis of [22] for the t′+ in T-parity models. In [22] it was hoped that one
could test the little Higgs mechanism for the t′+ by measuring the couplings of the t′+ and
f independently, since they must satisfy a particular relationship to cancel the one-loop
quadratically divergent contributions to the Higgs mass from the top quark. In T-parity
type models one first has a difficulty with measuring f because one cannot obtain f from
the gauge boson sector as in [20]. In addition, the new sizeable partial width of the t′+,
which is hard to determine, makes measuring the couplings of the heavy partner of the top
quark at the LHC virtually impossible.

21

Littlest Higgs w/ T-parity

T’ quarks may have substantial BF’s to other final states (i.e. exotica)

s� ⇠ 1/
p
2 preferred

LHT: additional stop-like topology

T 0 ! AHAHt

MET

Stop searches provide 
complimentary coverage

(similar bounds ~400 GeV)

Extra dimensional models with SUSY: 
 top KK modes may have addn’l stop+LSP final state

Reduces sensitivity in individual Wb, Zt, Ht channels



Other constraints
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Figure 3. Precision electroweak constraints on the minimal fermionic top partner model, in

the (mT ,↵) plane. The three panels display the variation of the bounds depending on the

coe�cients of the UV operators: (a) cs = ct = 0; (b) cs = ct = 1; (c) cs = +1, ct = �1. Thick

black lines represent constant fine-tuning contours: from left to right, 20%, 5%, and 2% fine

tuning.

4.2 Flavor Constraints

By selecting the top quark to be the only one with a partner, and introducing mixing

between the SM top and its partner, our model explicitly breaks the approximate flavor

symmetry of the SM, leading to potential constraints from flavor-changing processes.

We investigate these constraints in this section.

Including the mixing between the three SM generations, the mass terms of the

up-type quarks in the gauge basis form a 4⇥ 4 matrix M IJ
u , while the down-type mass

terms are described by a 3⇥ 3 matrix M ij
d . (Here and below, capital indices run from

1 to 4, and the lower case indices from 1 to 3.) Diagonalizing these matrices requires

Mu ! LuMuR
†
u ,

Md ! LdMdR
†
d , (4.7)

where L and R matrices rotate the left-handed and right-handed quark fields, respec-

tively. The charged-current interactions in the gauge basis have the form

Lc.c. = gW�
µ J+µ + c.c. ,

J+µ =
1p
2
Ū I
L�

µ(P
3

)jI(DL)j , (4.8)
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EWP constraints

SU(2)L singlet T’ (Little Higgs-like)

3 plots demonstrate sensitivity to other new physics contributions

where xt = m2

t/m
2

T , and sw is the sine of the Weinberg angle. In addition, there is a

contribution due to the shift of the Higgs couplings to the electroweak gauge bosons

from their SM values [16]:

Sh = � 1

3⇡

m2

W

g2f 2

log
mh

⇤
,

Th =
3

4⇡c2w

m2

W

g2f 2

log
mh

⇤
, (4.4)

where ⇤ is the scale where the Higgs loops are cut o↵. We will assume ⇤ = 4⇡f .

Furthermore, the operators induced by the new physics at scale ⇤, given in Eq. (2.9),

contribute [17]

S
UV

=
4csm2

W

⇡g2f 2

,

T
UV

= � ctm
2

W

2⇡e2g2f 2

. (4.5)

The only important non-flavor-universal correction is the top-partner loop contribution

to the ZbLb̄L vertex. To leading order in the limit mT � mt � mW , this is given by [15]

�gb
¯b
L =

g

cw

↵

8⇡s2w

m4

t

m2

Wm2

T

�2

1

�2

2

log
m2

T

m2

t

. (4.6)

The correction to the ZbRb̄R vertex is negligible since it is not enhanced by the top

Yukawa coupling.

The results of a fit to the precision electroweak observables [18] are shown in

Fig. 3, where we also included contours of constant fine-tuning computed according

to Eq. (3.4). We conclude that:

• The lower bound on the top partner mass from precision electroweak observables

is approximately 500 GeV;

• The corresponding minimum level of fine-tuning on the Higgs mass is about 20%.

This is significantly better than in the MSSM with a 125 GeV Higgs, and com-

parable to the NMSSM with large � [3];

• These conclusions do not depend strongly on the operators induced by the UV

completion of the model, as long as the size of these operators is roughly consistent

with naive dimensional analysis.

– 9 –

500 1000 1500 2000
0.2

0.4

0.6

0.8

1.0

mT

Α

1.005

1.011.021.03

500 1000 1500 2000
0.2

0.4

0.6

0.8

1.0

mT

Α

1.1

1.25

1.52

Figure 4. Fractional deviations of the B̄ ! Xs� (left panel) and Bs ! µ+µ� (right panel)

branching ratios from the SM predictions. The thick line on the right panel corresponds to

the LHCb upper bound on Br(Bs ! µ+µ�); all points above the line are now ruled out.

In the region of interest, the deviations are at most about 5%. Given that both the

experimental measurement [18] and the NNLO SM theoretical prediction [25] have

uncertainties between 5 and 10%, such deviations cannot be currently ruled out. The

right panel of the figure shows the deviation of the Bs ! µ+µ� branching ratio from

the SM prediction, evaluated using the formulas given in Ref. [26]. We also indicate

the region ruled out by the recent LHCb bound [27], Br(Bs ! µ+µ�) < 4.5⇥ 10�9 at

95% c.l., which is only a factor of 1.5 above the SM prediction. This is the strongest

current bound on the top partner from flavor physics, even though it is still weaker

than precision electroweak constraints. Notice that the results of Ref. [26] are valid to

leading order in the v/f expansion. Given the potential importance of this bound, a

more precise calculation is desirable.

4.3 Direct Searches at the LHC

The two production mechanisms for the top partner are strong pair-production, qq̄/gg !
T T̄ , and electroweak single production, bq ! Tq0 or qq0 ! Tb. The production cross

sections at the 7 TeV LHC are shown in Fig. 5. For pair-production the cross-section

is calculated at NNLO in QCD using Hathor v1.2 [28], with renormalization and fac-

torization scales set to the top partner mass. For single-production the cross-section is

calculated at LO using MadGraph5 v1.3.32 [29]. While an NLO calculation of single-

– 13 –
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Charge +5/3 T’ 

1

1 Introduction
Various extensions of the standard model predict the existence of heavy partners for the top
quark. These “top partners” are Dirac particles, and therefore do not contribute significantly
to the Higgs Boson production cross-section. Thus, they are not excluded by the recent obser-
vation of a 125 GeV Higgs-like resonance [1] and searches for such top partners continue to
be important for testing several new physics scenarios. One model, by Contino and Servant,
proposes the T5/3, an exotic top partner with charge 5/3, and the B quark (with charge -1/3)
as a means of preserving left-right (LR) custodial parity invariance [2]. In this note, we assume
the model proposed by Mrazek and Wulzer in which the mass of the B quark is greater than
that of the T5/3 [3]. The predicted mass of the T5/3 ranges from about 300 GeV to a TeV, so it
should be possible to observe it at the Large Hadron Collider (LHC). This note presents a search
for the pair-production of such exotic top quark partners using the Compact Muon Solenoid
(CMS) detector at the LHC. These top partners can be pair-produced via either gluon fusion
or quark annihilation and typically decay via T5/3 ! tW. Single T5/3 production which has a
completely different topology [3] is not considered.

We focus on the dilepton channel wherein the two W bosons arising from the same T5/3 de-
cay into same-sign leptons and the other two decay into jets (see Fig. 1). The leptons used for
this analysis are electrons and muons. The presence of same-sign leptons distinguishes this
process from tt, leaving only backgrounds with much smaller cross sections: ttW, ttZ, WWW,
and same-sign WW. The tt background still contributes to the overall background due to its
large cross section. In addition to instrumental effects such as charge misidentification in dilep-
ton signatures, tt events where the W boson from one top quark decays leptonically and the
second lepton arises from a b-quark contribute to the same-sign dilepton signatures. Due to
instrumental effects, QCD multijets and Z+jets also contribute to the background.

A previous search in this channel performed by the CDF experiment excludes T5/3 masses
below 365 GeV at the 95% confidence level (C.L.) [4].

q̄ q0

g

g

T̄5/3

q0

q̄

g

W�

W+ b

b̄

t̄

l+ ⌫
l+ ⌫

t
T5/3

W�

W+

Figure 1: Pair production of T5/3 quarks via gluon fusion and decay to same-sign dilepton final
states. Figure taken from Ref. [2].

same sign di-leptons aid in ttbar 
background rejection

9

the RooStats implementation [27] of the CLs statistic. The event yields from all channels are
combined when setting the limits. Upper bounds are set on the production cross section of
heavy top quark partners assuming a 100% branching fraction for the decay T5/3 ! tW. The
expected and observed limits are shown in Fig. 4. Masses below 645 GeV are excluded at the
95% confidence level.
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Figure 4: Expected and observed 95% C.L. limits on the T5/3 production cross section. The 1s
and 2s combined statistical and systematic expected variation is shown as a yellow (light) and
green (dark) band, respectively.

8 Summary
In summary, we have performed a search for an exotic top partner with charge 5/3 in same-
sign leptonic events using 5.0 fb�1 of data collected by the CMS experiment at

p
s = 7 TeV.

No significant excess is observed in the data above the expected standard model background.
Upper bounds at the 95% confidence level are set on the production cross section of heavy top
quark partners and masses below 645 GeV are excluded. These are the most restrictive limits
to date in this channel.
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Single production
For larger masses kinematics rapidly cuts off pair production rate

Single production is in general more model dependent but can 
provide coverage in high mass regime
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Figure 5. Production cross section of top partners at the 7 TeV LHC. For pair-production

(red), we use Hathor v1.2 [28] to calculate at NNLO in QCD. For single production (blue), we

use MadGraph5 v1.3.32 [29] to calculate at LO. The single production cross-section depends

on ↵, with the band indicating the cross-sections for 0.2 < ↵ < 1.1.

top production cross section is available [30], its use is not justified in out study due to

large model uncertainty in the bTW coupling. In this case, we use the MadGraph default

setting for renormalization and factorization scale, variable event-by-event. (For both

pair- and single-production, varying renormalization and factorization scales within a

factor of 2 leads to at most a few % variations in the cross sections.) At the 7 TeV LHC,

due to the relatively small phase space for producing heavy particles, single production

overcomes its electroweak suppression and can be comparable to pair production.

Decay channels of the top partner include th, tZ and bW [12, 31]. In the limit

f � v, the branching ratios are 25%, 25%, and 50%, respectively, as can be easily seen

from the Goldstone boson equivalence theorem. An explicit calculation of the partial

widths yields [12]:

�(bW ) =
g2s2�m

3

T

64⇡m2

W

f(xW , xb) g(xb, xW ),

�(tZ) =
e2s2�c

2

�m
3

T

128⇡c2ws
2

wm
2

Z

f(xZ , xb) g(xb, xZ),

�(th) =
mT

64⇡
f(xt, xh)

⇥
(1 + x2

t � x2

h)
�
(CL

Tth)
2 + (CR

Tth)
2

�
+ 4CL

TthC
R
Tthxt

⇤
, (4.20)
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Single production of 
other Top partners
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Figure 1: Typical single and pair production diagrams for T
5/3

and B for signals with two positively
charged leptons. We notice that for T

5/3

the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T

5/3

partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t sin 't cos 'q = yt/ tan'q and �T = Y ⇤

t sin 't = yt/ sin 'q are potentially
large since Y ⇤

t is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be
bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t ) and therefore �T >
p

(ytY ⇤
t ) & 2 and �B >

p
(ytY ⇤

t � y2

t ) &
p

3. We will
therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T

5/3

could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)

1/6

and
eT = (1,2)

1/6

for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T

5/3

is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L and T 3

R quantum number. This, plus the SO(4) invariance
of the proto–Yukawa, implies that the T

5/3

must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T

5/3

is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2
In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,

and the coupling is large.

5

of the partners making the branching ratio to top, which is one in our model, decrease. This cannot
however qualitatively invalidate our conclusions on the discovery, which are robust if the partners are not
too heavy and their couplings, which determine the single production cross–section, are not too small.

3 Discovery Analysis

The cross–sections of single and pair top partners production at the LHC are shown in fig. 2. After
production, the partners decay to top quark and W as depicted in fig. 1 with unit branching ratio, but
reaching the dilepton final state will cost us an extra factor of ⇡ 2

9

· 2

9

· 6

9

⇡ 0.03 (id.· 6
9

⇡ 0.02) for
single (pair) production. Compared with pair, the single production cross–section is always sizable in
the mass range we are interested in and, since it decreases slower with the top partner mass, rapidly
becomes dominant. This is somewhat surprising since the single production diagram contains one weak
interaction vertex and is also suppressed, in comparison with pair production, by the three–body phase
space. Very similar situations, however, are encountered in the case of a fourth heavy family production,
studied in [24], and in the phenomenology of little Higgs models [20].
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5/3
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Figure 2: Cross sections, summed over charge, for pair (plain) and single (dashed) production of T
5/3

(or B) as a function of its mass. The dotted lines show the e↵ect for the single production of varying
2 < �T,B < 4.

The main reason for the single production enhancement (or which is the same, for the pair production
suppression) is explained by figure 3, where the single and pair production partonic cross–sections are
shown as a function of the partonic center–of–mass energy

p
bs = x

1

x
2

p
S (where

p
S = 14 TeV and x

1,2

the parton momenta fractions) for, respectively, qg and gg initial states and 1 TeV top partner mass.
Even though the the latter is bigger by a factor ⇡ 10 in the first 500 GeV

p
bs slice, it starts at higherp

bs (
p

bs > 2M) while the threshold is lower (
p

bs > M + mt) in the single production case. The partonic
cross–sections will have to be convoluted with the corresponding di↵erential partonic luminosities which
are defined as

dLi,j

dbs =
1
S

Z
1

bs/S

dx

x
Fi(x) Fj(bs/(Sx)) ,

and shown in figure 3, computed using the MSTW PDF grids [25] with Q = 2 TeV. It is immediate to see
that, since the di↵erential luminosities decrease exponentially, the integrated one in the [M+mt, 2M ] range
is much larger than the one from 2M and

p
S. The pair production total cross–section, which only receives

contributions from the second
p

bs interval (
p

bs 2 [2M,
p

S]), is suppressed w.r.t. single by a large factor.
For the 1 TeV case, the suppression factor is approximately given by Li,j(2M)/Li,j(M + mt) ⇠ 1/20,
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At high mass, single production extends discovery reach for 
custodial multiplets as well



Future Directions
• Current searches are piecemeal and are not optimized 

for many well-motivated scenarios 

• 100% Wb, 100% Zt, T5/3 → Wt only direct searches

• Some T’ quarks involve a stop-like MET topology 

• Little Higgs with T-parity, Randall-Sundrum SUSY

• overlap with stop group - similar bounds - go 
beyond the triangle?

• Further exploration of single production channel limits


