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• Large mass：173 GeV ( yt ~O(1) )

Top-quark: king of the SM
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Top-quark as a link to new physics
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Top-quark as a link to new physics
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163,000 top-quark pair events
76,000 single top quark events

At the LHC ( 7TeV, 1fb-1 )
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Top-quark as a probe of new physics
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Top pair production in the SM
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Tevatron: 90% 10%
LHC (7TeV): 20% 80%
LHC (14TeV): 10% 90%
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NLO + threshold res.  (NLL):  Moch Uwer, Cacciari et al; Kidonakis, Vogt
NNLL extensions at threshold: 

Czakon et al; Beneke et al;  Ahrens, L. L. Yang, et al
Partial results at NNLL QCD:  Czakon; Bonciani et al
ttbar + jet at NLO:    Dittmaier et al; Melikov, Schulze
ttbar + bb:                Bredenstein et al, Bevilacqua et al
ttbar + jet with top decay at NLO:            Melnikov, Schulze; 
                with weak interference corr.     Bernreuther, Zong-Guo Si
ttbar spin correlations: Mahlon, Parke; Bernreuther, Zong-Guo Si
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Top pair production cross section

 [pb]tt�
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19 March 2012
Theory (approx. NNLO)
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stat. uncertainty
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Exp uncertainties ~10-20%
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Single top production in the SM
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Single top production at the NLO
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Single top production at the NLO
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Single top measurements at LHC 
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The two measurements are compatibile, taking into account correlated and uncorrelated un-
certainties. The latter category includes the uncertainties on the W+heavy flavours extraction,
on the QCD extraction procedure, on the lepton reconstruction and trigger efficiencies, and on
the hadronic part of the trigger.

The combination of the muon and electron measurement gives:

st�ch. = 70.2 ± 5.2(stat.) ± 10.4(syst.)± 3.4(lumi.) pb (combined)

Figure 5 shows the comparison of the current measurement with the Standard Model expecta-
tion.
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t-channel single top quark production

Figure 5: Single top cross section in the t-channel versus centre-of-mass energy, comparing our
measurement with the dedicated t-channel cross section measurements at Tevatron [21, 22] and
with the QCD expectations computed at NLO with MCFM in the 5-flavour scheme [23] and at
NLO+NNLL [1]. The error band (width of the curve) is obtained by varying the top mass
within its current uncertainty [24], estimating the PDF uncertainty according to the HEPDATA
recommendations [25], and varying the factorization and renormalization scales coherently by
a factor two up and down.

The absolute value of the CKM element |Vtb| is determined (similar to [2]) assuming that |Vtd|
and |Vts| are much smaller than |Vtb|, resulting in:

|Vtb| =
s

st�ch.

sth
t�ch.

= 1.04 ± 0.09 (exp.) ± 0.02 (th.) , (1)

where sth
t�ch. is the SM prediction assuming |Vtb| = 1.

7 Conclusion

We measured the cross section of t-channel single-top quark production in pp collisions using
2011 data in semi leptonic top decay mode with improved precision compared to our ear-
lier measurement. The characteristic pseudorapidity distribution of the light quark recoiling
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Top-quark F-B asymmetry in the SM
• A charge asymmetry arises at NLO

VOLUME 81, NUMBER 1 P HY S I CA L REV I EW LE T T ER S 6 JULY 1998

Charge Asymmetry in Hadroproduction of Heavy Quarks

J. H. Kühn and G. Rodrigo
Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany

(Received 12 February 1998; revised manuscript received 17 April 1998)
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.)

(c) (d)

(b)(a)

q

q

Q

Q

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).

0031-9007y98y81(1)y49(4)$15.00 © 1998 The American Physical Society 49
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Top-quark AFB at the Tevatron
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CDF new data (8.7fb-1):

Ainclusive
FB = 0.162± 0.041± 0.022

ANLO+EW
FB = 0.066
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FIG. 21: Parton level Mtt̄ distributions for events with positive and negative �y.
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FIG. 22: Parton level AFB as a function of Mtt̄ (left) and the same distribution with a best-fit line superimposed (right).

level results from this analysis with the same divisions into two bins in order to directly compare to the previous
analysis. The change in central values across the two bins has been reduced somewhat compared to the previous
analysis, but the trend of growth of the asymmetry with mass and |�y| remains.

VIII. CONCLUSIONS

We have studied the forward-backward asymmetry AFB in top quark pair production in the full CDF dataset.
In the full dataset, we observe a raw asymmetry of 0.066 ± 0.020, and an approximately linear dependence on
both |�y| and M

tt̄

. After subtracting o↵ the predicted background contribution, we determine the significance of
the rapidity and mass dependence by comparing the best fit slopes in the data to the standard model powheg

prediction, finding a p-value of 0.00892 for AFB as a function of |�y| and a p-value of 0.00646 for AFB as a function
of M

tt̄

. Finally, we correct our results to the parton level to find the di↵erential cross-section in �y and allow
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FIG. 22: Parton level AFB as a function of Mtt̄ (left) and the same distribution with a best-fit line superimposed (right).
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1101.0034 (cited > 240)



曹庆宏 (Qing-Hong Cao)                                         第十⼀一届全国粒子物理学术会议                                                                                

Top-quark AFB at the Tevatron
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CDF new data (8.7fb-1):
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FB = 0.162± 0.041± 0.022

ANLO+EW
FB = 0.066

19

VII. DIFFERENTIAL CROSS-SECTION AND PARTON LEVEL RESULTS

Applying our correction procedure to the data yields the di↵erential cross-section shown in Figure 19 compared
to the standard model powheg prediction. We find an inclusive asymmetry of 0.162 ± 0.041 ± 0.022. The |�y|
dependence of this distribution is shown in Figure 20, with the di↵erential asymmetry values being summarized in
Table XVI. Performing a linear fit to the parton level results, we find a slope ↵�y

= (30.6± 8.6)⇥ 10�2, compared
to an expected slope of 10.3⇥ 10�2. In performing this fit in the data, we utilize the full covariance matrix for the
corrected AFB values when minimizing �2 in order to account for the correlations between bins in the parton level
distribution. The systematic uncertainties on AFB in each bin are added to the diagonals of the covariance matrix.
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FIG. 20: Parton level AFB as a function of |�y| (left) and the same distribution with a best-fit line superimposed (right).

CDF Run II Preliminary L = 8.7 fb�1

Parton Level Data NLO (QCD+EW) tt̄
|�y| AFB (± stat. ± syst.) AFB

Inclusive 0.162 ± 0.041 ± 0.022 0.066
< 0.5 0.037 ± 0.035 ± 0.020 0.023

0.5� 1.0 0.163 ± 0.058 ± 0.036 0.072
1.0� 1.5 0.384 ± 0.084 ± 0.041 0.119
� 1.5 0.547 ± 0.140 ± 0.085 0.185
< 1.0 0.088 ± 0.042 ± 0.022 0.043
� 1.0 0.433 ± 0.097 ± 0.050 0.139

Data NLO (QCD+EW) tt̄
Slope ↵�y of Best-Fit Line (30.6 ± 8.6)⇥ 10�2 10.3⇥ 10�2

TABLE XVI: Measured and predicted parton level asymmetries as a function of |�y|.

We also can determine the parton level mass dependence of AFB by correcting the �y and M
tt̄

distributions
simultaneously. Doing so yields the M

tt̄

distributions for forward and backward events shown in Figure 21. These
distributions can then be combined to determine the di↵erential AFB as a function of M

tt̄

shown in Figure 22
and summarized in Table XVII. The best fit line to the parton level data has a slope ↵

Mtt̄
= (15.6 ± 5.0)⇥ 10�4,

compared to the powheg prediction of 3.3⇥ 10�4.

A. Comparison to Previous Results

In the 5.3 fb�1 version of this analysis, parton level di↵erential asymmetries were considered in two bins of |�y|
(above and below 1.0) and two bins of M

tt̄

(above and below 450 GeV/c2). In Table XVIII, we provide the parton
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VII. DIFFERENTIAL CROSS-SECTION AND PARTON LEVEL RESULTS

Applying our correction procedure to the data yields the di↵erential cross-section shown in Figure 19 compared
to the standard model powheg prediction. We find an inclusive asymmetry of 0.162 ± 0.041 ± 0.022. The |�y|
dependence of this distribution is shown in Figure 20, with the di↵erential asymmetry values being summarized in
Table XVI. Performing a linear fit to the parton level results, we find a slope ↵�y

= (30.6± 8.6)⇥ 10�2, compared
to an expected slope of 10.3⇥ 10�2. In performing this fit in the data, we utilize the full covariance matrix for the
corrected AFB values when minimizing �2 in order to account for the correlations between bins in the parton level
distribution. The systematic uncertainties on AFB in each bin are added to the diagonals of the covariance matrix.
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• KK-Gluon
      new space-time structure
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Dijet constraints requires SMALL 
couplings to light flavor quarks. 

Large AFB demands LARGE 
couplings to top quarks. 

3

First we define the NP cross section, σNP, as the dif-
ference between tt̄ cross section in a model with a new
massive COVB, and the SM:

σNP = σSM+NP − σSM. (10)

The SM cross sections, including both the qq̄- and gg-
channel, are calculated with the program MCFM [32].
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FIG. 1. σNP, defined in Eq. (10), as functions of MG for
two different benchmark schemes. The black (red) bands are
the LO (NLO) uncertainties, estimated by varying the scales
around their default values by a factor of two within each
scheme. The blue dashed lines are the naive estimates of the
NLO effects by simple rescaling of the LO results with the
SM K-factor.

In Fig. 1, we plot the NP contribution to the cross
section at the LHC with

√
s = 7 TeV, as a function of

MG. The bands reflect the scale uncertainties estimated
by varying the renormalization and factorization scales
around their default values by a factor of two. We present
the results in two benchmark schemes, namely the fixed
scale scheme, where the scales are fixed to be mt, and the
dynamical scale scheme, where the scales are set to be the
invariant mass of the top quark pair mtt̄. We find that
the NLO QCD effects are much larger (by about 50%)
in the fixed scale scheme than the dynamical scheme for
our choice of parameters, and the naive estimate of the
NLO effects by simple rescaling of the LO results with
the SM NLO K-factor is not appropriate. It is also clear
that the inclusion of NLO QCD effects strongly reduces
the theoretical uncertainty of the NLO cross section in
either scheme, comparing with the LO ones, as expected.
Fig. 2 gives the LO and NLO invariant mass distribu-

tion of the top quark pair at the LHC with
√
s = 7 TeV,

including contribution from the SM LO and NLO top
quark pair production. It can be seen that in the fixed
scale scheme, NLO QCD corrections significantly change
the shape of the LO curve, leading to the reduction of
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FIG. 2. LO (dashed lines) and NLO (solid lines) invariant
mass distribution of the top quark pair at the LHC with

√

s =
7 TeV. Also shown are the differences between two different
schemes at the LO and NLO.

the width of the resonance, which is important for accu-
rate extraction of the mass and width of resonance from
tt̄ invariant mass distribution experimentally. The NLO
width can be expressed analytically as

ΓNLO(µ)

ΓLO(µ)
=

[

1 +
αs(µ)

π

(

167

12
− π2 −

15

4
ln

M2
G

µ2

)]

.

(11)
From Eq. (11), it’s obvious that the width of COVB is
reduced at the NLO when µ = mt, and the large log-
arithmic contribution can be canceled by a dynamical
scale choice µ = mtt̄. This is confirmed in Fig. 2, where
the NLO results for the dynamical scale scheme has rela-
tively small corrections comparing with the LO one. The
predictions in the two scheme at the NLO level are close
to each other, while at the LO level they show large differ-
ence, as shown in the lower panel of Fig. 2. The difference
between the two schemes reflects the uncertainty of the
theoretical prediction. Hence, the NLO result leads to a
smaller theoretical uncertainty in mtt̄ distribution, which
could improve the accuracy of extracting the theory pa-
rameters of NP models from comparing to experimental
data. We also note that similar conclusion holds in other
cases, e.g., KK gluon in RS model.
Fig. 3 shows the LO and NLO contribution to the AFB

as a function of the mass of the COVB at the Tevatron
with

√
s = 1.96 TeV in the center of mass frame of the tt̄

pair. The results are given for both the total asymmetry
and the asymmetry in the large invariant mass region,
mtt̄ > 450 GeV, respectively. As we know, the NLO
QCD corrections in the SM enhance the AFB comparing
with the LO results [7], but the NP contributions at the
NLO level only reduce the AFB by 1 − 2%. Similar be-
haviors are also found for vector-like coupling (not shown

Zhu, C. S. Li, Shao, Wang, Yuan, 1201.0672
(NLO QCD corrections)
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Att̄
C =

�(�y > 0)� �(�y < 0)

�(�y > 0) + �(�y < 0)

23rd Recontres de Blois - May/June  2011 Fabio Maltoni

 PROGRESS IN SM TOP PREDICTIONS:

EXAMPLE 3: COLOR CHARGE ASYMM.

�yTEV = yt � yt̄ �yLHC = |yt|�| yt̄|

Att̄
CC =

�(�y > 0)� �(�y < 0)
�(�y > 0) + �(�y < 0)

Other definitions are used: lab frame at Tevatron, central charge [Antunano, et al,] and one-side 
asymmetries [Wang et al. 2010] at the LHC which depend on a cut.  ACC at the LHC has been introduced 
by CMS (in terms of pseudo-rapidity). LHCB does not need any special definition [Kagan et al.]

Monday 30 May 2011

�yTev = yt � yt̄ �yLHC = |yt|� |yt̄|

• One side asymmetry 

2

via gg fusion efficiently. In this paper, we propose a
new definition of FB asymmetry, namely the one-
side FB asymmetry AOFB, to conquer this diffi-
culty. AOFB can be large and arises from the same

O(α3
s) contributions which induce the observed FB

asymmetry at Tevatron. This quantity can be ex-
amined at the LHC and cross-checked to the cor-
responding measurements at the Tevatron.

At the LHC, up to next-to-leading order (NLO)
QCD, top pair events can be generated through the
channels qq̄ → tt̄, qq̄ → tt̄g, qg → tt̄q or q̄g → tt̄q̄
and gg → tt̄ at the partonic level. Being a proton-
proton collider, LHC does not have the preferred
directions in the laboratory rest frame. However
except the symmetric gluons, the incoming par-
tons do have preferred direction. Usually the va-
lence quark momentum is larger than that of the
sea quark. For example, for the process uū → tt̄
(taking the momentum of the u quark as the posi-
tive z direction), momentum of u is most probably
larger than that of ū. On average, this will induce
the z direction tt̄ total momentum in lab frame
P z
tt̄ > 0. So even for the pp collider, uū → tt̄ can

contribute an asymmetric tt̄ distribution. How-
ever, this asymmetry is completely canceled with
the opposite direction ūu → tt̄ events. If we ob-
serve only one-side tt̄ events, i.e. P z

tt̄ > 0, such
asymmetry will be kept. To maintain the partonic
asymmetry and suppress the symmetric events, we
require a cut |P z

tt̄| > P z
cut on the z direction top

pair momentum of the final tt̄ pair in the pp rest
frame. One may argue that determination of the
momentum in beam line direction may be problem-
atic, especially when one neutrino is missing when
using the associated charged lepton to trigger the
top/antitop event. This issue can be solved by re-
quiring invariant mass of the neutrino and charged
lepton just equal to that of the W boson, which is
assumed to be the decay product of the top quark.
Thus P z

tt̄ is still a measurable quantity [13].

The new one-side forward-backward asymmetry
AOFB can be defined in the pp rest frame as

AOFB = σ(∆Y >0)−σ(∆Y <0)
σ(∆Y >0)+σ(∆Y <0) |P z

tt̄
>P z

cut
,Mtt̄>Mcut

= σ(∆Y <0)−σ(∆Y >0)
σ(∆Y <0)+σ(∆Y >0) |P z

tt̄
<−P z

cut
,Mtt̄>Mcut

(4)
or

AOFB =
F− +B−

F+ +B+
≡

σA

σ
, (5)

with

F± = (σ(∆Y > 0)± σ(∆Y < 0))|P z

tt̄
>P z

cut
,Mtt̄>Mcut

(6)

B± = (σ(∆Y < 0)± σ(∆Y > 0))|P z

tt̄
<−P z

cut
,Mtt̄>Mcut

(7)
The asymmetry defined in Eq.(5) is the same

as that in Eq.(4) except the statistics are dou-
bled. We will adopt the asymmetry definition in
Eq.(5) in the following evaluation. The goal to
apply constraint on P z

tt̄ and Mtt̄ is to exclude the
symmetric gg → tt̄ events. In Eq.(5), the asym-
metric cross section in the numerator arises from
O(α3

s) in QCD, and the denominator is the to-
tal cross section. Although some high order ef-
fects in tt̄ production have been considered, such
as soft gluon resummation [14, 15] and the ex-
clusive next-to-leading order cross section of tt̄ +
jet production[16–18], the exact inclusive next-to-
leading order asymmetric cross section which in-
volves the two-loop contributions is still unknown.
For consistency, we choose the lowest order result
of total cross section at O(α2

s) as a rough estima-
tion.

The typical Feynman diagrams of O(α2
s) for the

denominator in Eq. 4 are drawn in Fig. 1.
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FIG. 1: Typical Feynman diagrams for tt̄ pair produc-
tion at LHC at O(α2

s).

In the SM, the leading asymmetric cross section
arises at O(α3

s). The related Feynman diagrams
at partonic level can be classified into three cate-
gories: (1) the interference among virtual box in
Fig. 2 and the leading diagrams for the process
qq̄ → tt̄ in Fig. 1; (2) the interference among ini-
tial and final gluon radiation diagrams of qq̄ → tt̄g
in Fig. 3; and (3) contributions from diagrams of
qg → tt̄q and q̄g → tt̄q̄ in Fig. 4.

The asymmetric cross section at the parton level
was given analytically in Ref. [7]. However, we
carry out independent calculations [19] with the
help of FeynCalc [20], FormCalc [21] and QCD-
Loop [22].

The asymmetric cross section σA contributed
from each of the above three categories is UV and

You-Kai Wang, Bo Xiao, Shou-Hua Zhu, 1008.2685
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via gg fusion efficiently. In this paper, we propose a
new definition of FB asymmetry, namely the one-
side FB asymmetry AOFB, to conquer this diffi-
culty. AOFB can be large and arises from the same

O(α3
s) contributions which induce the observed FB

asymmetry at Tevatron. This quantity can be ex-
amined at the LHC and cross-checked to the cor-
responding measurements at the Tevatron.

At the LHC, up to next-to-leading order (NLO)
QCD, top pair events can be generated through the
channels qq̄ → tt̄, qq̄ → tt̄g, qg → tt̄q or q̄g → tt̄q̄
and gg → tt̄ at the partonic level. Being a proton-
proton collider, LHC does not have the preferred
directions in the laboratory rest frame. However
except the symmetric gluons, the incoming par-
tons do have preferred direction. Usually the va-
lence quark momentum is larger than that of the
sea quark. For example, for the process uū → tt̄
(taking the momentum of the u quark as the posi-
tive z direction), momentum of u is most probably
larger than that of ū. On average, this will induce
the z direction tt̄ total momentum in lab frame
P z
tt̄ > 0. So even for the pp collider, uū → tt̄ can

contribute an asymmetric tt̄ distribution. How-
ever, this asymmetry is completely canceled with
the opposite direction ūu → tt̄ events. If we ob-
serve only one-side tt̄ events, i.e. P z

tt̄ > 0, such
asymmetry will be kept. To maintain the partonic
asymmetry and suppress the symmetric events, we
require a cut |P z

tt̄| > P z
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pair momentum of the final tt̄ pair in the pp rest
frame. One may argue that determination of the
momentum in beam line direction may be problem-
atic, especially when one neutrino is missing when
using the associated charged lepton to trigger the
top/antitop event. This issue can be solved by re-
quiring invariant mass of the neutrino and charged
lepton just equal to that of the W boson, which is
assumed to be the decay product of the top quark.
Thus P z

tt̄ is still a measurable quantity [13].

The new one-side forward-backward asymmetry
AOFB can be defined in the pp rest frame as

AOFB = σ(∆Y >0)−σ(∆Y <0)
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The asymmetry defined in Eq.(5) is the same

as that in Eq.(4) except the statistics are dou-
bled. We will adopt the asymmetry definition in
Eq.(5) in the following evaluation. The goal to
apply constraint on P z

tt̄ and Mtt̄ is to exclude the
symmetric gg → tt̄ events. In Eq.(5), the asym-
metric cross section in the numerator arises from
O(α3

s) in QCD, and the denominator is the to-
tal cross section. Although some high order ef-
fects in tt̄ production have been considered, such
as soft gluon resummation [14, 15] and the ex-
clusive next-to-leading order cross section of tt̄ +
jet production[16–18], the exact inclusive next-to-
leading order asymmetric cross section which in-
volves the two-loop contributions is still unknown.
For consistency, we choose the lowest order result
of total cross section at O(α2

s) as a rough estima-
tion.

The typical Feynman diagrams of O(α2
s) for the

denominator in Eq. 4 are drawn in Fig. 1.
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FIG. 1: Typical Feynman diagrams for tt̄ pair produc-
tion at LHC at O(α2

s).

In the SM, the leading asymmetric cross section
arises at O(α3

s). The related Feynman diagrams
at partonic level can be classified into three cate-
gories: (1) the interference among virtual box in
Fig. 2 and the leading diagrams for the process
qq̄ → tt̄ in Fig. 1; (2) the interference among ini-
tial and final gluon radiation diagrams of qq̄ → tt̄g
in Fig. 3; and (3) contributions from diagrams of
qg → tt̄q and q̄g → tt̄q̄ in Fig. 4.

The asymmetric cross section at the parton level
was given analytically in Ref. [7]. However, we
carry out independent calculations [19] with the
help of FeynCalc [20], FormCalc [21] and QCD-
Loop [22].

The asymmetric cross section σA contributed
from each of the above three categories is UV and

You-Kai Wang, Bo Xiao, Shou-Hua Zhu, 1008.2685

• Difficulty:  gg fusion is dominant and symmetric

Top-quark AFB at the LHC

AC ⇠ �qq̄

�qq̄ + �gg
⇥At

FB ⇥ ✏

⇠ 20%⇥ 5%⇥ 50% ⇠ 0.005

It is hard to measure
in hadron collision. 

Separate qq and gg initial state

23rd Recontres de Blois - May/June  2011 Fabio Maltoni

 PROGRESS IN SM TOP PREDICTIONS:

EXAMPLE 3: COLOR CHARGE ASYMM.

�yTEV = yt � yt̄ �yLHC = |yt|�| yt̄|

Att̄
CC =

�(�y > 0)� �(�y < 0)
�(�y > 0) + �(�y < 0)

Other definitions are used: lab frame at Tevatron, central charge [Antunano, et al,] and one-side 
asymmetries [Wang et al. 2010] at the LHC which depend on a cut.  ACC at the LHC has been introduced 
by CMS (in terms of pseudo-rapidity). LHCB does not need any special definition [Kagan et al.]

Monday 30 May 2011

�yTev = yt � yt̄ �yLHC = |yt|� |yt̄|
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• Charged lepton is maximally correlated with top-spin. 

20

q

q

t

b
n

l+

D0:  At
FB = 0.196± 0.065

A`
FB = 0.152± 0.040

SM:
A`

FB = 0.021± 0.001
At

FB = 0.051± 0.001

A`
FB

At
FB

�����
SM

⇠ 1

2

A`
FB

At
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�����
D0

⇠ 3

4

Bernreuther, Zong-Guo Si, NPB837 (2010) 90

CDF:
(8.7fb-1) 

t

A`
FB

At
FB

�����
>450

⇠ 3

5
A`

FB

At
FB

�����
inc

⇠ 3

4

A`
FB = 0.066± 0.025

At
FB = 0.085± 0.025

(Before unfolding)

versus At
FBA`

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

FB A`
FB

versus At
FBA`

FB
Berger, Qing-Hong Cao, Chen, Yu, Zhang, PRL 108 (2012) 072002
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Search for heavy resonances
(tt, tt, tb, tt+VV, direct-t)
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Measuring W’-t-b and Z’-t-t couplings

23

★  Top polarization can probe the handness of W’-t-b coupling.

Gopalakrishna, Han, 
Lewis, Si, Zhou,
PRD82 (2010) 115020
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Figure 10: The angular distribution of the charged lepton in pp → W ′ → tb̄ → bb̄ !+ν! production
at the LHC for MW ′ = 1 TeV in the top quark rest-frame with respect to a spin quantization
direction â taken to be the top direction in the c.m. frame, for (a) without smearing or cuts, and
(b) with energy smearing and cuts in Eqs. (16),(18),(19),(23), and tagging the softest b-jet.

Table 4: Forward-backward asymmetry of the charged lepton in pp → tb̄ → bb̄!+ν! for ! = e+ or
µ+ at the LHC for MW ′ = 1TeV with and without the SM W contribution.

A W +W ′
L W +W ′

R W ′
L W ′

R

No Cuts or smearing −0.42 0.17 −0.48 0.48

No Cuts −0.42 0.15 −0.49 0.45

Cuts Eqs.(16) −0.48 0.24 −0.51 0.37

+Eq.(19) −0.49 0.39 −0.49 0.40

+Eq.(18) −0.53 0.36 −0.53 0.37

+Eq. (23) & tagging 1 b-jet −0.48 0.40 −0.48 0.40

Using the reconstructed events we can also determine the asymmetric observable A. The results

for A are given in Table 4 for the signal of W ′
L and W ′

R with and without including the SM

W contribution. To demonstrate the realistic kinematical effects, we give the asymmetries with

consecutive cuts in the table. Once all the cuts have been applied we still obtain a very good

determination of the chirality of the W ′.

4.3 W ′ chiral couplings from transverse momentum distributions

As discussed already in Sec. 3.2, the pT distributions also convey information on the W ′ chirality

as shown in Fig. 3 due to their spin correlations. The charged lepton pT in the case of W ′
R is

harder than that in W ′
L. This can be understood from angular-momentum conservation; for the

23
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FIG. 6: Distributions in cos θ! of the lepton from the decay of top quarks produced in tt̄ events

before and after cuts: (a) SM, (b) right-handed polarized top quarks in Z ′ decay; (c) left-handed

polarized top quarks in Z ′ decay. The distributions for W ′ decay are similar to those for Z ′ decay.

models. We adopt a general linear least squares fit in this study to estimate how well the

degree of top quark polarization can be determined.

An observed angular distribution O(y) after the SM background is subtracted can be

expressed as

O(y) = εL FL(y) + εR FR(y), (12)

where εL (εR) is the fraction of left-handed (right-handed) top quarks. The values of εL and

εR are chosen as the best parameters that minimize χ2, defined as

χ2 =
N
∑

i=1

[

O(yi)− εLFL(yi)− εRFR(yi)

σi

]2

, (13)

where N is the number of bins, and σi =
√

O(yi) is the statistical error (standard deviation)

of the ith data point. The minimum of Eq. 13 occurs where the derivative of χ2 with respect

to both εL and εR vanishes, yielding the normal equations of a least-squares problem:

0 =
N
∑

i=1

1

σ2
i

[O(yi)− εLFL(yi)− εRFR(yi)]Fl(yi), where l = L(R). (14)

Interchanging the order of summations, one can write the above equations as matrix equa-

tions,

αLLεL + αLRεR = βL, αRLεL + αRRεR = βR, (15)

15

★  Top polarization can probe the handness of Z’-t-t coupling.

Berger, 
Qing-Hong Cao, 
Chen, Zhang, 
PRD83 (2011) 
114026 
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Exotic color scalars
• Same-sign top-quark pair

24

• Four top-quarks or two top-quarks plus jets

Mohapatra, Okada, Hai-Bo Yu, 0709.1486
Berger, Qing-Hong Cao, Chen, Shaughnessy, Zhang, PRL 105 (2010) 181802

Chen, Klemm, Rentala, Wang, 0811.2105

t
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Motivation for heavy quark
• Natural NP models always have non-trial couplings 

between tops and new physics: 

        Higgsless, Little Higgs, RS, SUSY, TC, ...

• New heavy quark loops stabilize EWSB

...

25

~ Λ2 λt
2 + λT

2 − $λT
2( ) = Λ2 0( )

The Little Higgs Models
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Heavy quark production and decay

26

• Pair production via QCD
- Major discovery channel for small MQ
- Sensitive to decay BRs, but not the couplings 
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• Single production via EW
    - Determine the weak coupling strength of 
        heavy quark 
    - Probe the mixing of SM quarks and heavy quarks
    - Depend on quark flavors

• Heavy quark decay
    -  through Yukawa mixing with SM quarks
    -  via CKM mixing ! Zt

! ht
T 0

! W+b
eg.
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Direct top-quark production
• Anomalous g-q-t FCNC coupling
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Search for anomalous top quark production at the early LHC

Jun Gao,1 Chong Sheng Li,1, ∗ Li Lin Yang,2 and Hao Zhang1

1Department of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2Institute for Theoretical Physics, University of Zürich, CH-8057 Zürich, Switzerland

We present a detailed study of the anomalous top quark production with subsequent decay at the
LHC induced by model-independent flavor-changing neutral-current couplings, incorporating the
complete next-to-leading order QCD effects. Our results show that, taking into account the current
limits from the Tevatron, the LHC with

√
s = 7 TeV may discover the anomalous coupling at 5σ

level for a very low integrated luminosity of 61 pb−1. The discovery potentials for the anomalous
couplings at the LHC are examined in detail. We also discuss the possibility of using the charge
ratio to distinguish the tug and tcg couplings.

The CERN Large Hadron Collider (LHC) is currently
operating at a center-of-mass (c.m.) energy of 7TeV.
Even with a relatively low integrated luminosity (∼
40 pb−1), it has already delivered many interesting re-
sults, including new tests on the standard model (SM) in
both electroweak and strong interacting sectors, as well
as constraints on new physics models beyond the SM. In
particular, both the ATLAS and the CMS collaborations
have measured the cross section for top quark pair pro-
duction with a precision of around 10%. With more data
being collected, it can be expected that the top quark
properties will be well measured in the near future, and
exotic physics in the top quark sector can also be poten-
tially probed.
In the SM, flavor-changing neutral-currents (FCNC)

in the top quark sector are strongly suppressed. How-
ever, many new physics models can induce large FCNC
couplings of the top quark with a light up-type quark
and a gluon, which can be possibly detected at the
LHC [1, 2]. Such couplings can be incorporated into the
model-independent effective Lagrangian [3, 4]

L = gs
∑

q=u,c

κtqg

Λ
t̄σµνT a(fL

q PL + fR
q PR)qG

a
µν + h.c. ,

where κtqg/Λ are real numbers representing the strength
of the couplings, and fL,R

q are chiral parameters normal-
ized to |fL

q |2 + |fR
q |2 = 2. Both the CDF and D0 col-

laborations at the Tevatron have searched for processes
induced by these operators and provided constraints on
the anomalous couplings [5, 6]. The most stringent one-
dimensional exclusion limit (assuming only one coupling
is non-zero) is given by [6]

κtug/Λ < 0.013TeV−1 , κtcg/Λ < 0.057TeV−1 , (1)

at the 95% confidence level (C.L.). The above anomalous
couplings can induce various rare processes at hadron col-
liders. Among them, the most interesting one is direct
top quark production, where a single top quark is pro-
duced without any additional particle. The signature of
this process is different from the single top production
in the SM (where the top quark is always accompanied
by other particles). Given the couplings allowed by the

Tevatron search, the production rate for this process can
still be large at the LHC, which makes it a promising
channel to search for new physics in the flavor sector.
Any observation of this characteristic process definitely
indicates the existence of the tqg anomalous couplings,
and the underlying new physics.

There have been several analyses in the literature of
direct top quark production at the LHC at the leading
order (LO) [2, 4, 7]. The next-to-leading order (NLO)
QCD correction to the total cross section of this pro-
cess has also been calculated in [8]. However, there is no
detailed phenomenological study based on the NLO re-
sult. Also, the previous LO studies [2, 4] only focused
on the LHC with

√
s = 14TeV. Moreover, they did

not include the SM single top quark production in the
background processes, and therefore underestimated the
background rate. The SM single top quark production
can mimic the signal process if the additional jet is not
reconstructed. At the NLO, the signal process can also
emit an additional jet which makes the single top back-
ground more prominent. With these considerations, it
is therefore very important to perform an analysis tak-
ing into account the NLO QCD effects and all the SM
backgrounds for the early LHC search of the anomalous
couplings with

√
s = 7TeV. Besides, in order to pro-

vide a more complete NLO prediction, the QCD effects
in the top quark decay process should also be included.
While the QCD correction to the decay process does not
alter the inclusive rate, it may change the signal accep-
tance significantly when kinematic cuts are applied. In
this Letter, we present a detailed study of the direct top
quark production with subsequent decay at the LHC, in-
cluding NLO QCD corrections for both the production
part and decay part. The SM backgrounds and the LHC
discovery potential of the anomalous couplings are also
examined in detail.

The NLO QCD corrections to the direct top quark pro-
duction with subsequent decay can be factorized into two
independent gauge invariant parts, i.e., the top quark
production at NLO with subsequent decay at LO, and
production at LO with subsequent decay at NLO, by us-
ing the modified narrow width approximation incorpo-

★    NLO KF ~1.2

Zhang, C. S. Li,  Gao, Zhang, Li,
PRL 102 (2009) 072001

t u/c

gGao, C. S. Li,  Yang, Zhang, 
PRL 107 (2011) 092002

★    NLO KF ~1.3-1.5 
★    promising at the LHC

g

u/c
t
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More ...
• CP violation in single-top production 

       and top-quark pair productions

28

• Top-quark effective theory

‣ Wtb coupling (W Helicity)

‣ Top-quark chromo-dipole, etc. 

• Top-quark spin correlations

• Top-quark rare decay

• Top-quark Yukawa couplings

• ...
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Summary

29

Questions Measurements

What is the Higgs
boson mass?

Do we understand 
heavy flavor 
production in QCD?

Are there more 
than three fermion 
generations? 

Are there new 
massive particles?

Does top quark 
have the expected 
couplings?

mtt̄ distribution

Top quark mass

Charge asymmetry of top pair

Single top production

Constraints on Wtb coupling

H+ ! tb̄ t! H+b̄Searches for                  or

W boson helicity

Search for t-prime quark

Search for FCNC top interaction

Top quark pair production cross section
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