
Dynamical origin of 
       and        correlation

Qing-Hong Cao (曹庆宏)
Peking University

References:
    E. Berger, QHC, Chuan-Ren Chen, Jiang-Hao Yu and Hao Zhang, 

    arXiv:1111.3641

Workshop on LHC and Dark Matter Physics @ SJTU Nov 27, 2011

At
FB A`

FB



Top-quark F-B asymmetry in the SM
• A charge asymmetry arises at NLO
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A sizable difference in the differential production cross section of top and antitop quarks, respectively,

is predicted for hadronically produced heavy quarks. It is of order a
s

and arises from the interference
between charge odd and even amplitudes, respectively. For the Fermilab Tevatron it amounts to up
to 15% for the differential distribution in suitable chosen kinematical regions. The resulting integrated
forward-backward asymmetry of 4% 5% could be measured in the next round of experiments. At
the CERN Large Hadron Collider the asymmetry can be studied by selecting appropriately chosen
kinematical regions. [S0031-9007(98)06481-3]

PACS numbers: 12.38.Qk, 12.38.Bx, 13.87.Ce, 14.65.Ha

Top quark production at hadron colliders has become
one of the central issues of theoretical [1] and experimen-
tal [2] research. The investigation and understanding of
the production mechanism is crucial for the determina-
tion of the top quark couplings, its mass, and the search
for new physics involving the top system. A lot of effort
has been invested in the prediction of the total cross sec-
tion and, more recently, of inclusive transverse momen-
tum distributions [1].
In this Letter we will point to a different aspect of the

hadronic production process, which can be studied with
a fairly modest sample of quarks. Top quarks produced
through light quark-antiquark annihilation will exhibit
a sizable charge asymmetry—an excess of top versus
antitop quarks in specific kinematic regions—induced
through the interference of the final state with initial-
state radiation [Figs. 1(a) and 1(b)] and the interference
of the box with the lowest-order diagram [Figs. 1(c)
and 1(d)]. The asymmetry is thus of order a

s

relative
to the dominant production process. In suitable chosen
kinematical regions it reaches up to 15%, the integrated
forward-backward asymmetry amounts to 4%–5%. Top
quarks are tagged through their decay t ! b W

1 and can
thus be distinguished experimentally from antitop quarks
through the sign of the lepton in the semileptonic mode
and eventually also through the b tag. A sample of 100
to 200 tagged top quarks should, in fact, be sufficient for
a first indication of the effect.
Top production at the Fermilab Tevatron is dominated

by quark-antiquark annihilation, hence the charge asym-
metry will be reflected not only in the partonic rest frame
but also in the center of mass system of proton and an-
tiproton. The situation is more intricate for proton-proton
collisions at the CERN Large Hadron Collider (LHC),
where no preferred direction is at hand in the laboratory
frame. Nevertheless, it is also in this case possible to
pick kinematical configurations which allow the study of
the charge asymmetry.
The charge asymmetry has also been investigated in

[3] for a top mass of 45 GeV. There, however, only

the contribution from real gluon emission was considered
requiring the introduction of a physical cutoff on the
gluon energy and rapidity to avoid infrared and collinear
singularities. Experimentally, however, only inclusive
top-antitop production has been studied to date, and the
separation of an additional soft gluon will in general be
difficult. In this Letter, we will therefore include virtual
corrections and consider inclusive distributions only. We
will see below that the sign of the asymmetry for inclusive
production is opposite to the one given for the t

¯

tg process
in [3]. The charge asymmetry of heavy flavor production
in quark-antiquark annihilation to bottom quarks was also
discussed in [4–6] where its contribution to the forward-
backward asymmetry in proton-antiproton collisions was
shown to be very small. In addition, there is also a slight
difference between the distribution of top and antitop
quarks in the reaction gq ! t

¯

tq. At the Tevatron its
contribution is below 10

24. (This effect should not be
confused with the large asymmetry in the top quarks’
angular or rapidity distribution in this reaction which is a
trivial consequence of the asymmetric partonic initial state
and vanishes after summing over the incoming parton
beams.)
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FIG. 1. Origin of the QCD charge asymmetry in hadroproduc-
tion of heavy quarks: interference of final-state (a) with initial-
state (b) gluon bremsstrahlung plus interference of the box (c)
with the Born diagram (d).
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• Large mass：  173 GeV 

• Short lifetime: 

• “bare” quark： 

   spin info well kept among
   its decay products

Top-quark: king of the SM

Top

W
b

5⇥ 10�27 s



Top-quark leptonic decay
• Charged lepton: top-quark spin analyzer

FIG. 6: top quark spin correlation.

FIG. 7: R distribution.

Otherwise, it yields R ≤ 0.5. Figure 7 displays the R distributions for mφ = 500GeV and

1000GeV. For comparison we also plot the SM contribution ignoring the lepton charges.

9

The charged-lepton tends to follow 
the top-quark spin direction. 



Charged lepton distribution

• In top-quark rest frame
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Charged lepton distribution

• In the c.m. frame
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       dependence on top kinematics 

• Possibility of lepton in the forward region of detector 
for a top-quark (    ,       ,     )
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It is easy to show ...
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       dependence on top kinematics 
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Invariant mass spectrum of top quark pair
CDF, Phys.Rev.Lett. 102 (2009) 222003



       dependence on top kinematics 
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       dependence on top kinematics 
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and         correlation

• When                         (       ,        )
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• The simple approximation helps in understanding the NP 
prediction obtained from a complete numerical calculation.



Invariant mass spectrum of top quark pair
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



 NP models are divided into two classes

• 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

New physics models

SM BSM

	

 color singlet:  Z’-u-t  (φ-u-t)                      color sextet or triplet
	

 	

 	

            W’+-d-t (φ+-d-t)
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FCNC Z-prime: t-channel
• produce same-sign top-quark pair at the LHC
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FCNC Z-prime: t-channel
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• produce same-sign top-quark pair at the LHC
Ed Berger, QHC, Chuan-Ren Chen, Chong Sheng Li, Hao Zhang,  

Phys. Rev. Lett. 106 (2011) 201801, arxiv:1101.5625

Same-sign dileptons 
are predicted.



FCNC Z-prime: t-channel
• Disfavored by CMS direct search of same-sign top pair

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



Axigluon: s-channel

• Purely pesudo-vector coupling
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Axigluon: s-channel
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Axigluon: s-channel
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FC W-prime: t-channel

• Purely right-handed flavor changing interaction
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Conclusion
•          and          is connected by the top-quark and 

charged lepton spin correlation. 
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Conclusion
•          and          is connected by the top-quark and 

charged lepton spin correlation. 
At

FB A`
FB

A`
FB ⇡ ⇢tLA

tL
FB ⇥

�
2RtL

C � 1
�
+⇢tRA

tR
FB ⇥

�
2RtR

C � 1
�

 (%)t
FBA

10 12 14 16 18 20 22 24 26 28 30

 (%
)

l FBA

0

2

4

6

8

10

12

14

16

18

20

(200GeV,400GeV)

(400GeV,600GeV)

(600GeV,800GeV)

(800GeV,1000GeV)

(b)

 (%)t
FBA

10 12 14 16 18 20 22 24 26 28 30

 (%
)

l FBA

0

2

4

6

8

10

12

14

16

18

20

 (800GeV,1000GeV)

(1000GeV,1200GeV)

(1200GeV,1400GeV)

(1400GeV,1600GeV)

(1600GeV,2500GeV)

(a) G0 W 0

A`
FB ' 0.47⇥At

FB + 0.25% A`
FB ' 0.75⇥At

FB � 2.1%



Thank you !
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FIG. 3: The ratio of the charged lepton in the forward and backward region as a function of the

top quark rapidity for top quarks with fixed transverse momentum pT = 10, 50, 100, 300 GeV. For

a fixed pT = 50 GeV, the figures show that around the region of yt ∼ 0.2, the fraction of charged

leptons in the forward region is about 75% for a right-handed top quark while 45% for a left-handed

top quark.

On the contrary, in the case of tL’s, the ratio RF does not vary significantly with yt owing

to the anti-boost effect on the charged lepton. For Et = 200 GeV, the boost causes charged

leptons to distribute nearly uniformly, and RF is around 0.5, as seen in the red-dotted curve

in Fig. 2(a). When the energy of tL’s is large enough, the large boost forces most of the

charged leptons from top quark decays to move along the top quark direction of motion,

even if they move against the top quark direction of motion in the top quark rest frame.

The boost yields a large value RF in the region of large yt, as shown by the red-dotted curve

in Fig. 2(b). The competing influences leave the tL curve slightly below the tR curve.

In Fig. 3, we show how RF varies with ptT and yt. The distributions for right-handed
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