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Why do we study same-sign top pair?
(A not so BAD/GOOD motivation)
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DM, SUSY, UED, Exotics, etc. 

★ First years of the LHC will probe a new frontier of physics at the Terascale

★ Focus here on New Heavy Resonances. 
Production probes the large x region 
where valence-quarks dominate.

★ For early discovery at the LHC 
     (7 TeV and 1fb    luminosity), 
    it helps if the NP is : exotic
✴ Colored - large production rate

✴ Novel, easily detected collider 
    signature
charged leptons, heavy flavor jets, MET, etc

✴ Small SM backgrounds

-1



Qing-Hong Cao (Peking University)                                       

★ s-channel resonance
 Quark-quark initial states can produce   
 color sextet and anti-triplet resonances

3

Why do we study same-sign top pair?
(A not so BAD/GOOD motivation)

★ same-sign top pair production

✴ Potentially large cross section

✴ Signature: same-sign charged lepton 
pair, b-jets, and large MET

✴ top quark polarization can be 
measured.

★ t-channel process
Flavor changing neutral current Z-prime



Flavor Changing Neutral Z-prime
(Motivated by the Top-quark Forward-Backward Asymmetry)

4
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CDF measurement

5

arXiv:1101.0034   5.3 fb-1
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Charge asymmetry
★ A charge asymmetry arises at NLO

6

Kühn and Rodrigo,1998

Top quarks are produced along the direction of the incoming quark

Too small

Needs NP 
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Invariant mass spectrum of top quark pair
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CDF, Phys.Rev.Lett. 102 (2009) 222003

It provides upper bounds on NP resonance.  
The large bin (800GeV-1400GeV) is 
the most sensitive to a heavy resonance
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New physics models

★  NP models are divided into two classes
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 s-channel:  extra octet vector gluon (axigluon is the best)
	
 small couplings to the first two generations: dijet constraints at 7 TeV	

	
 large couplings to third generation: to generate large AFB

	
 heavy resonances: ttbar invariant mass spectrum
	
 Very broad width: to interfere with the SM channel 
 
 t-channel:  Flavor changing interaction
	
 color singlet:  Z’-u-t  (φ-u-t)                      color sextet or triplet
	
 	
 	
   W’+-d-t (φ+-d-t)

What can one say about the FCNC Z’ model at 7 TeV (or at the Tevatron)?  

SM

BSM
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FCNC Z-prime model
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Left-handed coupling is highly 
constrained by              mixing. 

A large FCNC coupling is needed to explain AFB data.
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Differential cross section
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★ INT contribution is negative because     

★ NPS contribution is positive

★ For heavy Z’, one needs a large fR such that NPS contribution dominates 
over INT contribution to produce positive AFB. 
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Determination of

11

AFB requires large couplings while          prefers small couplings.

for 
for (CDF, 4.6fb-1)
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Determination of 

12

We take the overlap 
region as a good fit 
to both:
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FCNC Z-prime implications

★ Same-sign top quark pair production at the LHC

★ Same-sign dileptons are predicted.

13
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Same-sign top pair production

14

The same sign top quark pair cross section grows as       .

 two b-tagged jets



Qing-Hong Cao (Peking University)                                       

SM backgrounds

★ Matrix element calculation of signal and backgrounds retains all spin 
correlations .

★ About 1 background event survives after all kinematic cuts.

★ Based on Poisson statistics we demand 8 signal events for a 5σ discovery. 

15
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Same-sign top pair production

16

 Parameter region to fit AFB 
 is everywhere above the 
  5σ discovery curve.

A model using Z-prime   
exchange alone to explain 
Tevatron AFB is questionable

 LHC 7 TeV measurements 
 would impose hard constraints
 on fR . Search for same-sign
 top quark pairs is interesting 
 in other model contexts also.

7 TeV
(1 fb-1)

Berger, QHC, Chen, Li, Zhang, arXiv:1101.5625, Phys Rev Lett 106, 201801 (2011)
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CMS direct search

★ Disfavor the FCNC Z’ model

17

3

We used the external model interface in the MADGRAPH [28] event generator to calculate at
the leading order (LO) the tt + ttj cross section as a function of fR and MZ0. In this calculation
we used the CTEQ6L [29] parton distribution functions (PDFs), fixed the top quark mass Mtop
to be 172.5 GeV, and set the renormalization and factorization scales to be µ = Mtop.

MADGRAPH was also used to generate pp!tt and pp!ttj events according to the diagrams of
Fig. 2. These events were then processed by PYTHIA [30] for parton showering, followed by the
CMS parametrized event simulation, and the same chain of reconstruction and analysis pro-
grams used for collision data. The event selection efficiency, including all relevant branching
ratios, is (0.95 ± 0.13)%, independent of Z0 mass. Note that the branching ratio for tt! `nb`nb
(` = e, µ) is 4.54% [31], but our selection is also sensitive to leptons from tau decays. The frac-
tional systematic uncertainty on the event selection efficiencies was calculated as in Ref. [1],
and its components are summarized in Table 1.

Table 1: Fractional systematic uncertainties on the pp ! tt(j) signal selection. ISR/FSR denote initial
and final state radiation.

Source ee µµ eµ all
Lepton selection 11.8% 10.6% 10.8% 10.7%
Energy scale 8% 8% 8% 8%
ISR/FSR and PDF 3% 3% 3% 3%
Total without luminosity 14.6% 13.6% 13.8 13.7%
Integrated luminosity 4% 4% 4% 4%
Total 15% 14% 14% 14%
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Figure 3: The exclusion region at 95% CL as a function of Z0 mass for various choices of the
right-handed coupling fR in the Lagrangian of Eq. (1). We also show the region of parameter
space consistent with the Tevatron measurements of AFB and s(tt) as inferred in Ref. [9].

We compute the upper limits using a Bayesian method [31]. We assume a flat prior for the
signal strength and a log-normal distribution for the nuisance parameters. The 95% CL upper
limit on the number of signal events is 5.7 using a 14% uncertainty on the signal efficiency
(Table 1). The expected upper limit is 4.4+1.4

�1.3 events. The limit on the cross section is s(pp !

CMS, JHEP 1108 (2011) 005, arXiv:1106.2142
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How to confirm the FCNC Z-prime model?

★ No resonance shows in the top pair invariant mass spectrum

★ Top quark polarization would provide addition information.  
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ū

t

t̄

u

ū
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Top quarks are right-handed. Left-handed coupling is highly 
constrained by              mixing. 

Full event reconstruction
 is needed.
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Questions to be answered 

19

   Need full event    
   reconstruction

  Difficulty:
  identical muons
  and b jets

Pheno 2010May. 10, 2010

๏ Signal topology

same sign di-muons with 2 b-jets

๏ Much better reconstruction than 
electron

๏ Prominent backgrounds (ALPGEN):

6
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(2) Do the pairs of 
     jet+lepton each
     reconstruct a top quark?

(1) Are the muons and   
     missing X from 
     W-boson decays?

�

(5) Are the top quarks
     from a scalar/vector decay?(4) What is top quark

     polarization?

 

(3) Is there a resonance? 
       s- or t-channel?
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Full kinematic reconstruction
★ Four unknowns and four on-shell conditions

20

 

  

  

6 unknowns
-2  from MET

Quartic equation

Two complex, two real solutions

 

(correct paring is necessary)
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MT2 method

★ Question: how can one measure the mass of heavy particles if they are produced 
in pairs and then decay into visible and invisible particles?

21
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What we learn from MW measurements

22
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The end point of the transverse 
mass distribution is the W boson 
mass.

Definition:

from overall        imbalance

unaffected by longitudinal boosts of        system

not sensitive to 

tail knows about         (direct measurement)

sensitive region for measuring
:

:

Transverse mass of the W-boson

Jacobin peak

MT
W

Definition:

from overall        imbalance

unaffected by longitudinal boosts of        system

not sensitive to 

tail knows about         (direct measurement)

sensitive region for measuring
:

:

Transverse mass of the W-boson

Jacobin peak

MT
W

W+



Qing-Hong Cao (Peking University)                                       

MT2 method
★  When there are two heavy particles decaying into visible particles and invisible 

particles, the MT2 variable may be used to measure the mass of their parent.

23

C. G. Lester and D. J. Summers, hep-ph/9906349

★ The MT2 variable is a function of the 
momenta of visible particles (    ,     ) 
and missing transverse momentum.  Its 
upper bound yields the mass of the 
parent particle (    ) .
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W-bosons in the intermediate state ?

24

W?P

P

t?

t? W?

★  MT2 of charged leptons and MET
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Top quarks in the intermediate state?

25

• Choose smaller MT2 (correct 
combination found with nearly 100% 
probability)

W?P

P

t?

t? W?

★  MT2 of lepton-b clusters and MET

• Two combinations of lepton-b clusters
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l-b pairing efficiency

26
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Top Quark Forward-Backward Asymmetry and Same-Sign Top Quark Pairs

Edmond L. Berger,1, ! Qing-Hong Cao,1, 2, † Chuan-Ren Chen,3, ‡ Chong Sheng Li,4, § and Hao Zhang4, ¶
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2Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, U.S.A.

3Institute for Physics and Mathematics of the Universe, University of Tokyo, Chiba 277-8568, Japan
4Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China

The top quark forward-backward asymmetry measured at the Tevatron collider shows a large
deviation from standard model expectations. Among possible interpretations, a non-universal Z!

model is of particular interest as it naturally predicts a top quark in the forward region of large
rapidity. To reproduce the size of the asymmetry, the couplings of the Z! to standard model quarks
must be large, inevitably leading to copious production of same-sign top quark pairs at the energies
of the Large Hadron Collider (LHC). We explore the discovery potential for tt and ttj production
in early LHC experiments at 7-8 TeV and conclude that if no tt signal is observed with 1 fb"1 of
integrated luminosity, then a non-universal Z! alone cannot explain the Tevatron forward-backward
asymmetry.

The top quark forward-backward asymmetry AFB

measured at the Tevatron shows a deviation of three stan-
dard deviations (3 !) or more from standard model (SM)
expectations in the region of large tt̄ invariant mass [1].
A SM asymmetry in rapidity is predicted from higher
order QCD contributions [2], but it appears to be too
small to fit the data. Furthermore, a reduction of the
asymmetry in pp̄ ! tt̄j at next-to-leading order is found
in Ref. [3]. Several models of new physics (NP) have
been invoked to explain the size of the asymmetry [4–
9]. A model with a non-universal massive neutral vector
boson Z " is intriguing because it naturally produces top
quarks in the forward region of rapidity via the process
uū ! tt̄, with a Z " exchanged in the t-channel [5–9].
This approach requires a flavor changing neutral current
(FCNC) interaction u-t-Z ",

L = gW ū"µ(fLPL + fRPR)tZ
"
µ + h.c., (1)

where gW denotes the weak coupling strength. The left-
handed coupling fL is highly constrained by Bd-B̄d mix-
ing: fL < 3.5 " 10#4 (mZ!/100 GeV) [7]. We choose
fL = 0 hereafter.
Figure 1(a) displays the dominant leading-order QCD

production mode for tt̄ pair production in the SM at
the Tevatron, while Fig. 1(b) shows Z "-induced tt̄ pair
production. A NP contribution to AFB arises from the
absolute square of the NP contribution (Fig. 1(b)) and
the interference between the NP and SM amplitudes. To
produce a large enough asymmetry, the coupling fR must
be large if the Z " is heavy [5, 7]. However, it cannot be
so large as to result in disagreement with the measured
tt̄ total cross section. In this Letter we derive quantita-
tive bounds on fR and mZ! from Tevatron measurements
of AFB and the tt̄ total cross section, and we use these
bounds to predict that same-sign tt pair production at
the Large Hadron Collider (LHC) should be observed if
the Z " explanation is correct.
As illustrated in Fig. 1(c) and (d), a massive Z " ex-

change inevitably leads to same-sign tt pair production
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FIG. 1: Diagrams for (a) tt̄ production in the SM, (b) tt̄
production induced by Z! exchange, (c,d) tt pair production,
and (e,f) ttū production.

at the LHC [5, 7, 10]. The scattering process involves
two valence u-quarks in the initial state and is corre-
spondingly enhanced by the large valence quark parton
luminosity. We focus on the collider phenomenology of tt
pair production in early LHC experiments with 7-8 TeV
center-of-mass (c.m.) energy and 1 fb#1 integrated lumi-
nosity. In addition to predictions for the expected rate of
same-sign tt pairs at the LHC, we show that the expected
right-handed top quark polarization could be measured.
We further consider same-sign tt pair production in as-
sociation with a jet, as depicted in Fig. 1(e) and (f),
from which one can obtain the invariant mass of the Z "
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★ Nearly 100% for t-channel 
★ > 95% for s-channel resonance heavier than 600GeV 
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Minimal MT2 is also useful for SUSY/LHT search

• Resolving combinatorial ambiguities is important for new physics searches 
at the LHC.  

• For example, pair-produced gluinos with subsequent decay to LSP pair and 
four jets. 

27

� Decay&chain&assignments&must&deal&with&
combinatorial&ambiguities

� For&pair7produced&gluinos decaying&to&LSPs&via&
squarks,&we&have&4&quarks&that&can&be&grouped&into&
3&pair7pair&combinations
� Important&note:&this&combinatorial&ambiguity&is&present&
even&if&dealing&with&only&signal&events

Motivation

g~ q~ �1~
0

q q

g~ q~ �1~
0

q q

K. Choi, D. Guadagnoli and C. B. Park, JHEP 1111, 117 (2011), arXiv:1109.2201
   MT2 method
P. Baringer, K. Kong, M. McCaskey and D. Noonan, JHEP 1110, 101 (2011), arXiv:1109.0563
   MT2 method
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Full kinematic reconstruction
★ Four unknowns and four on-shell conditions

28
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-2  from MET

Quartic equation

Two complex, two real solutions
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Neutrino momentum reconstruction
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Top quark polarization

30

★ Polarization correlates with angle between 
top quark spin and charged lepton momenta

✴ Right-handed top quark yields 

✴ Charged lepton follows the top 
quark spin direction.
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The road map

31

Step 3: Reconstruct top quark kinematics.

Solve the kinetic equations of W-boson 
and top quark on-shell conditions.

Step 2:  Select the “correct” combination.

Calculate the MT2 variable, then choose 
the combination minimizes the MT2 value. 

Step 4: Investigate the property of the heavy 
resonance, top quark polarization, top-top 
(top-antitop) spin correlation, etc ...

Step 1:  Are there top quarks in the intermediate state ?

        The MT2 distribution exhibits an endpoint near mt
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Figure 7: (a) MT2 of !1, !2 and !ET (b) MT2 of b!, b! and !ET .

Figure 8: !"!b distribution from the same top quark decay and di!erent top quark decay.

two W bosons and two b-tagged jets from two top quarks. The di!culty is owing to the two

b jets in the final state. Experimentaly one cannot measure the charge of jets such that it is

not possible to discriminate b- and b̄-jets. The MT2 method requires the correct combination

of the bottom quark and charged lepton from one top quark decay. For example, the MT2

reconstructed with the lepton and jet from di"erent top quarks yields a endpoint around

2mt " 350GeV but without clear Jacobian peak; see the red curve in Fig. 7(b). On the

other hand, correct combination would generate a clear peak around top quark mass; see

the black curve. One then needs to find a prescription to pick up the correct lepton-quark

system.

VI. PHENOMENOLOGY OF "
3, 1

3

AND "
6, 1

3

A. Single top measurement at the Tevatron

Both sextet and triplet scalars (Y = 1/3) can induce single top productions via the

process of ud # ! # tb. The CDF and D0 experiments at the Fermilab Tevatron recently

17

* efficiency > 95% for t-channel
* efficiency > 95% for s-channel  
   resonance heavier than 600GeV 
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Interim summary

★ Among various NP explanations of top quark AFB data, the FCNC Z-prime is 
fascinating as it explains the large asymmetry found in large ttbar invariant mass 
and the forward regions.

★ The FCNC interaction, however, leads to same-sign top quark pair production, 
which could be easily detected at the 7 TeV. 

★ The CMS measurement of top-antitop quark pair productions imposes a very 
tight constraint on the FCNC couplings. 

★ The FCNC Z-prime alone cannot explain AFB data. 

32



Color Sextet Scalar
(s-channel resonance)

33
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The Model
★  Effective Lagrangian

34

We implement full spin correlations in our Monte Carlo simulation.

★  One can measure the polarizations of both top quarks to determine the spin of 
heavy resonances and also determine their gauge quantum numbers.   



Qing-Hong Cao (Peking University)                                       

Color sextet scalars

35

18

Chuan-Ren Chen, William Klemm, Vikram Rentala and Kai Wang,       arXiv:0811.2105

Ilia Gogoladze, Yukihiro Mimura, Nobuchika Okada, Qaisar Shafi,       arXiv:1001.5260

Jonathan M. Arnold, Maxim Pospelov, Michael Trott, Mark B. Wise,      arXiv:0911.2225  

couplings to 

1 1/3 1/3 QQ, UD

3 1/3 1/3, 2/3, 4/3 QQ

1 2/3 2/3 DD

1 4/3 4/3 UU

R. N. Mohapatra, Nobuchika Okada, Hai-Bo Yu,                                 arXiv:0709.1486 

★ Electroweak quantum numbers
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Narrow decay width

★                                                 ,    

                     possibly sharp peak in the tt invariant mass spectrum

36
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Production cross section

37
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Constraints from the Tevatron
★ Top pair cross section constrained 

by CDF measurement of

38

✴ Same-sign top pair search

✴Distribution in 

   Shaded region excluded 
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Signal and backgrounds

★ Signal topology

39

same sign di-muons, 

better reconstruction
 than for electrons

2 b-jets and MET

★ Prominent backgrounds (ALPGEN)

Dominant 
backgrounds
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Simulation details
★ Acceptance cuts

✴  leptons
✴  jets:
✴  separation:  

40

★ Energy smearing

✴ leptons: 

✴ Jets:
★ Tagging rates / Mistag rate

★ Signal and background (pb) before and after cuts, for 6 values of mass
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First early hint at LHC
★More positive di-muons 

✴ same-sign top pairs contribute an asymmetry in charge multiplicity
✴ strong dependence on sextet scalar mass owing to PDF dependence

41

✴ Same-sign charge ratio gives an independent check on scalar mass
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Discovery potential
★ Simple cuts to extract signal:

✴ Same sign di-muons
✴ Two jets with pT>50GeV

42

✴ Shown are numbers of signal events;
✴ about 4.6 background events

7 TeV
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Reconstructed event distribution

★The mass of the heavy resonance 
can be determined:

43

True

Reconstructed (GeV)

★ Strong correlation between the true          
           and reconstructed         
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Top quark polarization and resonance spin

★ Polarization correlates with angle between 
top quark spin and charged lepton momenta

44

Polarization of the top quarks can be determined.

✴ Right-handed top quark yields 

✴ Roughly 30 events required to distinguish 
from unpolarized case

✴ Charged lepton typically follows top quark spin



Color Sextet Vector
(s-channel resonance)

45
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Color sextet vector mesons

★ Production cross sections

46



★  The vector sextet must be a SU(2) doublet. It couples to a left-handed quark 
and a right-handed quark according to:

Qing-Hong Cao (Peking University)                                       

Color sextet vector meson

47

★ Top quarks are oppositely polarized,  
but the net polarization distribution 
of the two identical top quarks 
exhibits a flat profile (i.e. like 
unpolarized top quarks).

★ Even though the flat profile of sextet 
vectors is different from the one for 
scalars, it is interesting to see if we 
could determine that the top quarks 
have L and R polarizations.   

★ Can we measure the polarizations of the top quarks to distinguish 
the color sextet vector and scalar mesons?   

YES!!!
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Lepton energy and top quark polarization

★  Lepton energy distribution is sensitive to top quark polarization.

48

Leptons from right-handed top quark decay are more energetic
 than those from left-handed top quark decay.
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Lepton energy and top quark polarization

49

★  Lepton energy distribution is sensitive to top quark polarization.

C. R. Schmidt and M. E. Peskin,  Phys. Rev. Lett. 69, 410(1992) 
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Discovery potential

★  LHC ( 7 TeV and 1 inverse fb luminosity )

50

Asymmetric cuts on 
lepton pT 
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Top quark polarization measurement

★  Before lepton energy selection

51

★  After lepton energy selection

Flat profile is distorted 
by kinematic cuts.

✴ Roughly 98 (67) events required to distinguish vector lesser (greater) from 
vector unpolarized case
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Top quark polarization measurement

★  Apply the same analysis to sextet scalar (gauge singlet)

52

The                    shape of sextet scalar still remains with a moderate distortion.
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Summary
★ Color sextet scalar and vector mesons may be a long shot they offer good discovery     

potential in early LHC running at 7 TeV 
✴ Enhanced cross sections relative to EW scale new physics
✴ 30 events (scalar) and 100 events (vector) sufficient
✴ Naturally large same-sign dilepton rates allow background rejection

★ Search strategy 
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MT2

W, t
intermediate

combination
top quark

polarization

tripletsinglet

gauge #

doublet
vectorscalarscalar

spin
tt

resonance?

Yes

No FCNC
Z-prime
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Backup Slides
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★ Rate for 
§  Inelastic proton-proton reactions: 
§  bottom quark pairs:

§  top quark pairs:

§              
§              
§  Higgs boson (150GeV): 
§  Gluino, Squarks (1TeV):

55

3

(1)  LHC is a factory for SM and new 
         TeV scale physics.

LHC decade
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★ Rate for 
§  Inelastic proton-proton reactions: 
§  bottom quark pairs:

§  top quark pairs:

§              
§              
§  Higgs boson (150GeV): 
§  Gluino, Squarks (1TeV):

55

3

(1)  LHC is a factory for SM and new 
         TeV scale physics.

(2) What new physics may be         
observable at 7 TeV?     And how?    

LHC decade
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Production cross sections at NLO
★NLO QCD corrections for single color sextet scalar production are available 
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Han, Lewis, McElmurry, 0909.2666
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Questions to be answered 
(2) Does each jet + lepton pair  

reconstruct a top quark?

57

 

  

  

(1) Are the muons and missing X 
from W-boson decays?

(3) What is the mass 
     of the resonance? (5) Are the top quarks from

     a scalar or vector decay?(4) What is top quark
     polarization?

   Need full event    
   reconstruction

  Difficulty:
  identical muons
  and b jets

 Scalar / Vector
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Reconstructed event distribution

58

★ Can we determine the spin of the 
heavy resonance? 

Not realistic for early LHC! It requires  ~ O(1000) events to
verify the flat distribution.

 Not easy !φ
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MT2 method

59

★ The MT2 variable is a function of the 
momenta of visible particles (    ,     ) 
and missing transverse momentum.  Its 
upper bound yields the mass of the 
parent particle (    ) .

★ The method has been used in the top 
quark mass measurement at the 
Tevatron.

CDF collaboration, Phys. Rev. D  77, 112001 (2008)

★  When there are two heavy particles decaying into visible particles and invisible 
particles, the MT2 variable may be used to measure the mass of their parent.
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★ Among the top quark decay products, the charged lepton is maximally correlated 
with top quark spin.

60

★     is the angle, in the top quark rest frame, between the  direction of the charged 
lepton and the spin of the top quark. In the helicity basis, top quark spin is along its 
direction of motion.

Top quark polarization
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Lepton energy and top quark polarization
★  Peak positions are listed as follows:
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W is the Product Logarithm function

Hao Zhang, EB, Qing-Hong Cao, in preparation.
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NNLO QCD corrections 

★ A calculation of full NNLO QCD corrections is highly desired

✴ NLO corrections to ttbar + j production

(Dittmaier, Uwer, Weinzierl, 2007; Melnikov, Schulze, 2010) 

✴ NLL threshold resummation effects (Almeida, Sterman, Vogelsang, 2008)

✴ NNLL threshold resummation effects : asymmetry is not expanding in O(αs)

  Asymmetry is reduced by 20% at NLO but only by 5% at NLO+NNL. 

     (Ahrens, Ferroglia, Neubert, Pecjak, Yang 2010)

★ Corrections to inclusive asymmetry at NNLO are not known.

★ It would be good to have NLO implemented in an event generator, including spin 
correlations and top decays to leptons, so that experimental cuts can be fully 
matched
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