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LHC: a top factory

2

      Rate for 

★  bottom quark pairs:        5 x 106/s

★  top quark pairs:                    10/s

★              :                            150/s

★              :                              15/s

★  Higgs boson (150GeV):        0.2/s

★  Gluino, Squarks (1TeV):      0.03/s

! Cross Sections and Production Rates (LHC)

• Inelastic proton-proton 

reactions:                               109 / s

• bb pairs                               5  106 / s 

• tt pairs                               8        / s

• W  ! e "#################################150   / s

• Z  ! e e                                15   / s

• Higgs (150 GeV)                  0.2    / s

• Gluino, Squarks (1 TeV)    0.03   / s

Rates for L = 1034 cm-2 s-1:  (LHC)

LHC is a factory for: 

top-quarks, b-quarks, W, Z, ……. Higgs, ……

The only problem: you have to detect them !

L = 1034cm�2s�1

W ! `⌫

Z ! ``

163,000 top quark pair                     
  76,000 single top 7TeV, 1fb-1
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Top quark pair production
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Tevatron: 90% 10%

LHC (7TeV): 20% 80%

LHC (14TeV): 10% 90%
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•  Major backgrounds to almost all kinds of BSM
•  Sensitive to different NP qq or gg initial state ?

NLO + threshold res.  (NLL):  Moch Uwer, Cacciari et al; Kidonakis, Vogt
NNLL extensions at threshold: Czakon et al; Beneke et al; Ahrens 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, Si
ttbar spin correlations: Mahlon, Parke; Bernreuther, Si

Pheno 2010May. 11, 2010

๏ Decreased Ecm probes 
different region of 
Bjorken-x

๏ Gluon-induced channels 
more suppressed than 
valence-quark induced 
channels
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Top pair production cross section

 [pb]tt�
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Data 2011

Channel & Lumi.

New measurements

19 March 2012
Theory (approx. NNLO)

 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± tt�

Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 

Dilepton -10.70 fb  pb-   7
+  8  -  11

+ 14  6  ±173 

All hadronic
-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
+  8  3  ±177 

 + jetshad� -11.67 fb  43 pb± 19 ±200 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 
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+jetsµCMS e/   7±  29
36 ± 14 ±173 

arXiv:1106.0902 (L=36/pb)  lum)± syst. ± stat. ±(val 

)µ,eµµCMS dilepton (ee,   7±  14
14 ± 18 ±168 

arXiv:1105.5661 (L=36/pb)  lum)± syst. ± stat. ±(val 

+jets+btagµCMS e/   6±  17
17 ±  9 ±150 

arXiv:1108.3773 (L=36/pb)  lum)± syst. ± stat. ±(val 

CMS 2010 combination   6±  17
17 ±154 

arXiv:1108.3773 (L=36/pb)  lum.)± tot. ±(val 

)τµCMS dilepton (   9±  26
26 ± 24 ±149 

TOP-11-006 (L=1.09/fb)  lum)± syst. ± stat. ±(val 

CMS all-hadronic   8±  40
40 ± 20 ±136 

TOP-11-007 (L=1.09/fb)  lum)± syst. ± stat. ±(val 

)µ,eµµCMS dilepton (ee,   8±  16
16 ±  4 ±170 

TOP-11-005 (L=1.14/fb)  lum)± syst. ± stat. ±(val 

+jets+btagµCMS e/   7±  12
12 ±  3 ±164 

TOP-11-003 (L=0.8-1.09/pb)  lum)± syst. ± stat. ±(val 

=7 TeVsCMS Preliminary, 

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
 PDF(90% C.L.) uncertainty⊗MSTW2008(N)NLO PDF, scale 
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~10-20% uncertainties
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• Spin correlation in 
top-pair production 
confirmed by ATLAS 
( 7 TeV, 2.1fb-1 )  

• Evidence seen by D0 
at 3.2 sigma (2012)

Top-quark spin correlation
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The event selection rejects Z/γ∗+jets events with low
invariant mass and those with invariant mass near the
Z-boson mass. However Z/γ∗+jets events with an e+e−

or µ+µ− invariant mass outside of these regions can en-
ter the signal sample when there is large Emiss

T , typi-
cally from mismeasurement. These events are difficult to
properly model in simulations due to uncertainties on the
non-Gaussian tails of the Emiss

T distribution, on the cross
section for Z-boson production with multiple jets, and on
the lepton energy resolution. The Z/γ∗+jets background
in dielectron and dimuon events is evaluated using a data-
driven (DD) technique in which the MC simulation yield
of Z/γ∗+jets events is normalized to the data using a
control region defined by a dilepton invariant mass within
10 GeV of the Z-boson mass [38].
The backgrounds from events with misidentified (fake)

leptons, primarily from W+jets events, are evaluated
from data using a matrix method [41]. The matrix
method makes use of the efficiency of real lepton identi-
fication and rate of lepton misidentification measured in
several control regions, which are chosen to be enhanced
in different sources of fake leptons [38]. Contributions
from real leptons due to W+jets events in the fake lep-
ton control region are subtracted using MC simulation.
Comparisons of data and MC simulation in control re-
gions are used to tune the rates to the expected signal
region composition. The fake lepton yield is then esti-
mated by weighting each event in a sample containing
one or two loosely-identified leptons.

The contributions from other electroweak background
processes with two real leptons, such as single top, Z →
ττ , WW , ZZ and WZ production are determined from
MC simulations normalized to the theoretical predic-
tions. The expected numbers of signal and background
events are compared to data in Table I. The number
of observed events in each channel is: 477 for the e+e−

channel, 906 for the µ+µ− channel and 2930 for the e±µ∓

channel, which dominates the total yield due to the looser
selection criteria.

TABLE I. Observed dilepton yield in data and the expected
signal and background composition from MC and DD sam-
ples. Systematic uncertainties are included.

Z/γ∗(→ e+e−/µ+µ−)+jets (MC+DD) 64+11
−16

Z/γ∗(→ ττ )+jets (MC) 175 ± 29

Fake leptons (DD) 160+140
−70

Single top (MC) 197 ± 21

Diboson (MC) 148 ± 20

Total (non-tt̄) 740+150
−80

tt̄ (MC) 3530+280
−340

Total expected 4270+320
−350

Observed 4313

A binned log-likelihood fit is used to extract the spin
correlation from the ∆φ distribution in data. The fit in-
cludes a linear superposition of the distribution from SM
tt̄ MC simulation with coefficient fSM, and from the un-
correlated tt̄ MC simulation with coefficient (1 − fSM).
The e+e−, µ+µ− and e±µ∓ channels are fitted simulta-
neously with a common value of fSM, a tt̄ normalization
that is allowed to vary (per channel) and a fixed back-
ground normalization. The fitted tt̄ normalizations are in
agreement with the theoretical prediction of the produc-
tion cross section [42]. Negative values of fSM correspond
to an anti-correlation of the top and antitop quark spins.
A value of fSM = 0 implies that the spins are uncorre-
lated and values of fSM > 1 indicate a larger strength of
the tt̄ spin correlation than predicted by the SM. The ex-
traction of fSM using the fitting procedure has been ver-
ified over a wide range of possible values, −1 ≤ fSM ≤ 2,
using MC simulation pseudo-experiments with full detec-
tor simulation.
Figure 2 shows the reconstructed ∆φ distribution for

the sum of the three dilepton channels in data. SM and
uncorrelated tt̄ MC samples are overlaid along with the
expected backgrounds.
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FIG. 2. Reconstructed charged lepton ∆φ distribution for
the sum of the three dilepton channels. The integrated num-
ber of events for both the SM and the uncorrelated tt̄ samples
is fixed to the value from the fit. MC background samples are
normalized using their predicted cross sections and the DD
method in the case of Z/γ∗+jets. The fake lepton background
is evaluated from data.

Systematic uncertainties are evaluated by applying the
fit procedure to pseudo-experiments created from MC
samples modified to reflect the systematic variations.
The fit of fSM is repeated to determine the effect of each
systematic uncertainty using the nominal templates. The
difference between the means of Gaussian fits to the re-
sults from many pseudo-experiments using nominal and
modified pseudo-data is taken as the systematic uncer-

Observation of spin correlation in tt̄ events from pp collisions
at

√

s = 7 TeV using the ATLAS detector
(Dated: March 20, 2012)

A measurement of spin correlation in tt̄ production is reported using data collected with the
ATLAS detector at the LHC, corresponding to an integrated luminosity of 2.1 fb−1. Candidate
events are selected in the dilepton topology with large missing transverse energy and at least two
jets. The difference in azimuthal angle between the two charged leptons in the laboratory frame is
used to extract the correlation between the top and antitop quark spins. In the helicity basis the
measured degree of correlation corresponds to Ahelicity = 0.40+0.09

−0.08 , in agreement with the next-to-
leading-order Standard Model prediction. The hypothesis of zero spin correlation is excluded at 5.1
standard deviations.

PACS numbers: 14.65.Ha, 12.38.Qk, 13.85.Qk

The top quark was discovered in 1995 [1, 2] at the
Tevatron proton-antiproton collider. The lifetime of the
top quark is at least an order of magnitude shorter than
the timescale for strong interactions, implying that the
top quark decays before hadronization [3–6]. Therefore
the spin of the top quark at production is transferred
to its decay products and can be measured directly via
their angular distributions [3]. While the polarization of
t and t̄ quarks in a hadronically produced tt̄ sample is
predicted to be very small, their spins are predicted to
be correlated [7, 8]. In this Letter the hypothesis that
the correlation of the spin of top and antitop quarks in
tt̄ events is as expected in the Standard Model (SM),
as opposed to the hypothesis that they are uncorrelated,
is tested. This tests the precise predictions of tt̄ pair
production and of top quark decay, which is expected
to occur before its spin is flipped by the strong interac-
tion [8–11]. Many scenarios of new physics beyond the
SM predict different spin correlations whilst keeping the
tt̄ production cross section within experimental and theo-
retical bounds [12–16]. For example, the spin correlation
measured in this Letter may differ from the SM if the tt̄
pairs were produced via the exchange of a virtual heavy
scalar Higgs boson [17] or if the top quark decayed into a
scalar charged Higgs boson and a b-quark (t → H+b) [18].

At the LHC tt̄ production occurs mostly through the
gg → tt̄ channel. At low tt̄ invariant mass it is dominated
by the fusion of like-helicity gluon pairs which produce
top quarks in the left-left or right-right helicity configu-
rations [11]. When these decay via tt̄ → W+W−bb̄ →
l+νl−ν̄ they produce charged leptons which possess cor-
relations in azimuthal angle, ∆φ [19], in the labora-
tory frame [11]. In contrast, at the Tevatron production
via qq̄ annihilation dominates. The different production
mechanisms and center-of-mass energies make a measure-
ment of the spin correlation at both colliders complemen-
tary [20]. Both the CDF and DØ Collaborations have
performed measurements of the spin correlation [21–23],
with a recent analysis by the DØ Collaboration reporting
evidence for the presence of spin correlation in tt̄ events
with a significance of 3.1 standard deviations [24].

The azimuthal angle between charged leptons is well

measured by the ATLAS detector and does not require
reconstruction of the top quarks. Figure 1 shows the dis-
tribution of charged lepton ∆φ for generated events at
parton level for

√
s = 7 TeV, using MC@NLO [25–27] with

the CTEQ6.6 parton distribution function (PDF) [28]
and a top quark mass of 172.5 GeV. It compares the SM
prediction (solid line) to a scenario with no spin correla-
tion between top and antitop quarks (dashed line).

φΔ
0 0.5 1 1.5 2 2.5 3

)φ
Δ

/d
(

σ
) d
σ

(1
/

0

0.1

0.2

0.3

0.4

0.5

0.6

 (SM)tt
 (uncorrelated)tt

ATLAS Simulation

FIG. 1. Normalized reconstructed charged lepton ∆φ distri-
bution for generated events at parton level for

√
s = 7 TeV

using MC@NLO. The two histograms show the SM and uncor-
related spin scenarios.

The degree of correlation,A, is defined as the fractional
difference between the number of events where the top
and antitop quark spin orientations are aligned and those
where the top quark spins have opposite alignment,

A =
N(↑↑) +N(↓↓)−N(↑↓)−N(↓↑)
N(↑↑) +N(↓↓) +N(↑↓) +N(↓↑)

. (1)

The arrows denote the spins of the top and antitop quarks
with respect to a chosen quantization axis. This analysis
uses a fit to templates constructed from simulated event
samples to determine the amount of spin correlation fromar
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

CERN-PH-EP-2012-074
Submitted to: Physical Review Letters

Observation of spin correlation in tt̄ events from pp collisions
at

√

s = 7 TeV using the ATLAS detector

The ATLAS Collaboration

Abstract

A measurement of spin correlation in tt̄ production is reported using data collected with the ATLAS
detector at the LHC, corresponding to an integrated luminosity of 2.1 fb−1. Candidate events are se-
lected in the dilepton topology with large missing transverse energy and at least two jets. The differ-
ence in azimuthal angle between the two charged leptons in the laboratory frame is used to extract
the correlation between the top and antitop quark spins. In the helicity basis the measured degree of
correlation corresponds to Ahelicity = 0.40+0.09

−0.08, in agreement with the next-to-leading-order Standard
Model prediction. The hypothesis of zero spin correlation is excluded at 5.1 standard deviations.

arXiv: 1203.4081

SM theory predictions: 
  Bernreuther and Z. G. Si, NPB837 (201) 90 
  Bernreuther, Brandenburg, Z. G. Si, P. Uwer, 

PRL 87 (2011) 242002
  Bernreuther, Brandenburg, Z. G. Si, P. Uwer, 

NPB 690 (2004) 81

NP effects in ttbar spin correlation, 
J. J. Cao, Wang, Wu, Yang, 
PRD84 (2011) 074001
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Single top production
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 Single top quarks are produced through interactions involving a W boson and b quark
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Single-top production and NP
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Single-top measurements

9

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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The combination of the muon and electron measurement gives:
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Top-down approach

• Hundreds of proposal of BSM:

-  Weakly coupled model at TeV scale
   Introduce new particles to cancel SM “Divergences” 

-  Strongly coupled model at TeV scale
   New strong dynamics emerge at ~TeV

-  New space-time structure
   Extra dimensions to lower the Planck scale to TeV

11

Top partners, new vectors or scalars 
(strongly coupled to top quark) 

Top-quark condensation, colorons.
(Top quark is composited. ) 

KK excitations. 
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Bottom-up approach
• EFT: a powerful tool to probe NP

12

• Example: Z-prime

S. Weinberg, Physica A96, 327 (1979)
W. Buchmuller and D. Wyler, Nucl. Phys. B268, 621 (1986)
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Effective Field Theory for Top Quark Physics

Cen Zhang and Scott Willenbrock(1)

(1) Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green
Street, Urbana, IL 61801

Summary. — Physics beyond the standard model can affect top-quark physics
indirectly. We describe the effective field theory approach to describing such physics,
and contrast it with the vertex-function approach that has been pursued previously.
We argue that the effective field theory approach has many fundamental advantages
and is also simpler.

There are two broad categories of approaches to physics beyond the standard model
(SM). The first is to look for the new physics directly via the production of new particles.
The second is to look for new interactions of the known particles of the SM. Here we
address the question of the best way to formalize the latter approach [1].

An example of the two approaches is displayed in fig. 1, in the context of a Z ′ boson.
At energies above the mass of the Z ′, one observes the new particle directly. At energies
below the mass of the Z ′, one observes new interactions of SM fermions mediated by the
exchange of a virtual Z ′ boson. At energies much less than the Z ′ mass, this appears as
an effective four-fermion interaction.

Fig. 1. – At energies greater than the Z′ mass, one observes the new particle directly. At energies
below the Z

′ mass, one observes its effects on SM particles indirectly.

c© Società Italiana di Fisica 1
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What can we learn 
from top-quark?

• What is the mass of Higgs boson?

• Do we understand heavy flavor production in 
perturbative QCD?

• Are there more than three generations?

• Are there any new gauge bosons?

• Does top quark have the expected couplings?

• ......
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What can we learn from top quark?

* 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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W,  Top and Higgs masses
• Accurate measurements of mt and mw give Higgs boson less space to hide 

15
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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

t̄

t

P (q) P̄ (q̄)

Top quarks are produced along the direction of the incoming quark

tt
tt

tt

ttpp

yyy
yNyN
yNyNA

yNyN
yNyN

A

−=Δ=
<Δ+>Δ

<Δ−>Δ
=

=
>+>

>−>
=

)9(078.0
)0()0(
)0()0(

)6(051.0
)0()0(
)0()0(



Kuhn, Rodrigo
hep-ph/9802268
SM NLO QCD
At

FB = 5%

Brown, Ellis, Rainwater
hep-ph/0509267

Collider simulation of tt+0(1)j
Measuring AFB is 
very challenging 

Almeida, Sterman, Vogalsang
0805.1885

NLL Threshold resum.
Asymmetry is robust

Dittmaier, Uwer, Weinzierl
hep-ph/0703120

NLO QCD corr. to ttbar+j

Ahrens, Ferroglia, Neubert, 
Pecjak, Li Lin Yang,

1003.5827
NNLL resummation

1998 2005 2007 2008 2010

Melnikov, Schulze
1004.3284

Confirm Dittmaier et al

D0 (1.9 fb-1)
0712.0851

uncorrected 

2011

AFB = [12± 8± 1]%

CDF (1.9 fb-1)
0806.2472

Consistent with SM
AFB = [24± 14]%

D0 (5.4fb-1)
1107.4995

CDF (5.3fb-1)
1101.0034

AFB = 0.475± 0.114
mtt̄ � 450 GeVfor

At
FB = [19.6± 6.5]%

A`
FB = [15.2± 4.0]%

SM
 t

he
o.

 P
re

di
ct

io
n

Exp. Measurements

Timeline of top-quark AFB

Bernreuther, Si,
 1003.3926

Top spin @ NLO



Timeline of         and NP modelsAt
FB

2007, 2008 2010, 20112009

Antunan, Kuhn, Rodrigo
Axigluon

0709.1652

Frampton, Shu, Wang
Axigluon

0911.2955

Shu, Tait, Wang
Color Sextet/triplet scalar

0911.3237

Arhrib, Benbrik, Chen
Color Sextet/triplet scalar

0911.4875

Djouadi, Moreau, Richard, singh
KK Gluon
0906.0604

Jung, Murayama, Pierce, Wells
FCNC Z-prime

0907.4112

Cheung, Keung, Yuan 
FC W-prime
0908.2589               

J. Cao, Heng, Wu, Yang
  -SUSY and TC2

0912.1447
6R

QHC et al
Effective coupling
(G’, Z’, W’, H0,H+)

1003.3461

Jung, Ko, Lee, Nam
EFT

0912.1105

Ferrario, Rodrigo
Axigluon

0809.3353
Ferrario, Rodrigo

chiral G’
0906.5541

Xiao, Wang, Zhu,
NLO QCD to Z-prime

1006.2510

Shao, Li, et al
NLO QCD to EFT

1107.4012

Yan, Wang, Shao, Li
NLO QCD to W-prime

1110.6684

s-channel

t-channel

EF
T

N
LO

 Q
C

D



versus At
FBA`

FB

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
FB

�����
D0

⇠ 3

4

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

?



Q.-H.  Cao (PKU)                                                  Mini-LHC Workshop @ IHEP                                                                             /60

d�

d cos ✓
/ #1 +#� cos ✓ +#�2

cos

2 ✓

CDF data (8.7 fb-1)
• “Linear” dependence of AFB on mtt

21

Ainclusive
FB = 0.162± 0.041± 0.022

ANLO+EW
FB = 0.066

20

)2 (GeV/c
tt

Parton Level M
350 400 450 500 550 600 650 700 750

 (p
b)

y)Δ
)d

(
tt

d(
M

σ2 d

0

0.5

1

1.5

2

2.5 y > 0Δl+Jets Data, 

y < 0Δl+Jets Data, 

-1CDF Run II Preliminary L = 8.7 fb
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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

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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CDF data (8.7 fb-1)
•           vs

22

At
FBA`

FB

16

CDF Run II Preliminary L = 8.7 fb�1

AFB (± [stat.+syst.]) AFB (± [stat.+syst.]) AFB (± [stat.+syst.])
Sample Inclusive Mtt̄ < 450GeV/c2 Mtt̄ � 450GeV/c2

All Data 0.085 ± 0.025 0.025 ± 0.031 0.198 ± 0.043
Positive Leptons 0.100 ± 0.037 0.044 ± 0.046 0.198 ± 0.060
Negative Leptons 0.071 ± 0.035 0.008 ± 0.043 0.198 ± 0.059
Exactly 0 b-tags 0.056 ± 0.052 0.079 ± 0.066 0.005 ± 0.085
Exactly 1 b-tags 0.103 ± 0.030 0.039 ± 0.037 0.226 ± 0.050
At least 2 b-tags 0.034 ± 0.046 -0.014 ± 0.057 0.122 ± 0.077
Electron Events 0.058 ± 0.038 -0.018 ± 0.048 0.199 ± 0.062
Muon Events 0.107 ± 0.034 0.060 ± 0.041 0.197 ± 0.057

TABLE XII: Measured asymmetries after background subtraction in various subsets of the data.

C. Determination of the Significance

We determine the significance of the observed |�y| and M
tt̄

dependence of the asymmetry at the background
subtracted level by comparing the observed slopes ↵�y,Mtt̄

to the powheg prediction. To do this, we perform
simulated experiments to determine how often we should expect a statistical fluctuation of powheg to result in a
slope as large as that observed in the data. Starting with the prediction of powheg plus the various background
sources, we fluctuate the contribution from the tt̄ signal and each background source. For each simulated exper-
iment, the nominal background prediction is subtracted, and the slope of the remaining background-subtracted
di↵erential asymmetry is measured. The p-value is determined to be the fraction of simulated experiments in which
the slope exceeds that which we observe in our data. We find a p-value of 0.00892 for AFB(|�y|) and 0.00646 for
AFB(M

tt̄

) (based on the 4-bin version of the M
tt̄

distribution), as shown in Table XIII.

CDF Run II Preliminary L = 8.7 fb�1

Slope Parameter Data p-value
↵�y (AFB vs. |�y|) 0.00892
↵Mtt̄

(AFB vs. Mtt̄) 0.00646

TABLE XIII: The significance of the slopes ↵�y,Mtt̄
of the background subtracted di↵erential asymmetries.

D. The Background-Subtracted Lepton Asymmetry

We can also consider the asymmetry in the lepton direction of motion after background subtraction. In this case,
the asymmetry in the background prediction is large (of the same order as the observed asymmetry) because of a
large contribution from standard model W boson production. The observed q · ⌘

lep

distribution after background
subtraction is shown in Figure 18 and yields an asymmetry of 0.066± 0.025. The behavior of this asymmetry with
M

tt̄

is given in Table XIV.

CDF Run II Preliminary L = 8.7 fb�1

Data NLO (QCD+EW) tt̄
Mtt̄ AFB (± [stat.+syst.]) AFB

Inclusive 0.066 ± 0.025 0.016
< 450GeV/c2 0.037 ± 0.031 0.007
� 450GeV/c2 0.116 ± 0.042 0.032

TABLE XIV: Measured and expected asymmetries in q · ⌘lep. after background subtraction
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CDF Run II Preliminary L = 8.7 fb�1

AFB (± [stat.+syst.]) AFB (± [stat.+syst.]) AFB (± [stat.+syst.])
Sample Inclusive Mtt̄ < 450GeV/c2 Mtt̄ � 450GeV/c2

All Data 0.085 ± 0.025 0.025 ± 0.031 0.198 ± 0.043
Positive Leptons 0.100 ± 0.037 0.044 ± 0.046 0.198 ± 0.060
Negative Leptons 0.071 ± 0.035 0.008 ± 0.043 0.198 ± 0.059
Exactly 0 b-tags 0.056 ± 0.052 0.079 ± 0.066 0.005 ± 0.085
Exactly 1 b-tags 0.103 ± 0.030 0.039 ± 0.037 0.226 ± 0.050
At least 2 b-tags 0.034 ± 0.046 -0.014 ± 0.057 0.122 ± 0.077
Electron Events 0.058 ± 0.038 -0.018 ± 0.048 0.199 ± 0.062
Muon Events 0.107 ± 0.034 0.060 ± 0.041 0.197 ± 0.057

TABLE XII: Measured asymmetries after background subtraction in various subsets of the data.

C. Determination of the Significance

We determine the significance of the observed |�y| and M
tt̄

dependence of the asymmetry at the background
subtracted level by comparing the observed slopes ↵�y,Mtt̄

to the powheg prediction. To do this, we perform
simulated experiments to determine how often we should expect a statistical fluctuation of powheg to result in a
slope as large as that observed in the data. Starting with the prediction of powheg plus the various background
sources, we fluctuate the contribution from the tt̄ signal and each background source. For each simulated exper-
iment, the nominal background prediction is subtracted, and the slope of the remaining background-subtracted
di↵erential asymmetry is measured. The p-value is determined to be the fraction of simulated experiments in which
the slope exceeds that which we observe in our data. We find a p-value of 0.00892 for AFB(|�y|) and 0.00646 for
AFB(M

tt̄

) (based on the 4-bin version of the M
tt̄

distribution), as shown in Table XIII.

CDF Run II Preliminary L = 8.7 fb�1

Slope Parameter Data p-value
↵�y (AFB vs. |�y|) 0.00892
↵Mtt̄

(AFB vs. Mtt̄) 0.00646

TABLE XIII: The significance of the slopes ↵�y,Mtt̄
of the background subtracted di↵erential asymmetries.

D. The Background-Subtracted Lepton Asymmetry

We can also consider the asymmetry in the lepton direction of motion after background subtraction. In this case,
the asymmetry in the background prediction is large (of the same order as the observed asymmetry) because of a
large contribution from standard model W boson production. The observed q · ⌘

lep

distribution after background
subtraction is shown in Figure 18 and yields an asymmetry of 0.066± 0.025. The behavior of this asymmetry with
M

tt̄

is given in Table XIV.

CDF Run II Preliminary L = 8.7 fb�1

Data NLO (QCD+EW) tt̄
Mtt̄ AFB (± [stat.+syst.]) AFB

Inclusive 0.066 ± 0.025 0.016
< 450GeV/c2 0.037 ± 0.031 0.007
� 450GeV/c2 0.116 ± 0.042 0.032

TABLE XIV: Measured and expected asymmetries in q · ⌘lep. after background subtraction
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•          and          is connected by the top-quark 
and charged lepton spin correlation. 
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Top charge asymmetry at the LHC
• AC definition

24

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.

u

u

t

tg

g

g

t

tg

g

g

t

t

t

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
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Top charge asymmetry at the LHC
• “lepton + jets” channel
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AC = �0.018± 0.028± 0.023

MC@NLO: 

CMS (1.09 fb-1): AC = �0.013± 0.026+0.026
�0.021

ATLAS (1.04 fb-1): 

CMS PAS TOP-11-014

1203.4211
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Fig. 4 The unfolded ∆|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

AC (electron) -0.034 ± 0.019 (stat.) ± 0.010 (syst.) -0.047 ± 0.045 (stat.) ± 0.028 (syst.)

AC (muon) -0.010 ± 0.015 (stat.) ± 0.008 (syst.) -0.002 ± 0.036 (stat.) ± 0.023 (syst.)

Combined -0.018 ± 0.028 (stat.) ± 0.023 (syst.)

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.

 [GeV]ttm

C
A

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

< 450 > 450

Unfolded data

MC@NLO

ATLAS-1 L dt = 1.04 fb∫

Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the prediction from MC@NLO. The error bands on the
MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and factorisation scales.

considering masses between 100 GeV and 10 TeV and
the range of couplings for which the new physics con-
tribution to the tt̄ cross section at the Tevatron lies in
the interval [-0.8,1.7] pb. This is a conservative require-
ment which takes into account the different predictions

for the SM cross section as well as the experimental
measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to σtt̄ for mtt̄ > 1 TeV is imposed. Fur-
ther details can be found in Refs [17,55]. The coloured

AC = 0.006± 0.002

14
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Fig. 6 Measured FB asymmetries from the Tevatron and charge asymmetries from the LHC, compared to predictions from
the SM as well as predictions incorporating various potential new physics contributions. The horizontal (vertical) bands and
lines correspond to the ATLAS and CMS (CDF and D0) measurements. In (a) the inclusive values are presented and in (b)
the ATLAS measurement for mtt̄ > 450 GeV is compared to the CDF measurement. The MC predictions for the new physics
models are from Refs. [17, 55].
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What can we learn from top quark?

* 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 and/or b-prime quark

Search for FCNC top interaction

Top quark pair production cross section
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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

• New heavy quark condensates to form BCS type EWSB

• New heavy quark explains B_S and other flavor puzzles

• New heavy quark explains CP violation and Baryon 
asymmetry

• ...

27
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Heavy Quark production

• Pair production via QCD

- Major discovery channel for small MQ

- Sensitive to decay BRs, but not the couplings. 

28
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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 upon quark flavors
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Heavy quark production at NLO
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Heavy quark production at NLO
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Berger, QHC, PRD81 (2010) 035006

!
!

!
!

!
!

!
!

!

!

!

!

!

!

!

!

!

!

!
!

!
!

!
!

!
!

!
!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
!

!
!

!
!

!
!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!a" QQ production at the LHC

! : s "7 TeV

! : s "10 TeV

! : s "14 TeV

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
10#4

0.001

0.01

0.1

1

10

mQ !TeV"

Σ
!p
b"

!b"

Black:
Σ%!10%TeV"
Σ%!7%TeV"

Red:
Σ%!14%TeV"
Σ%!10%TeV"

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

10

20

30

40

50

60

mQ !TeV"

R
!Σ

i#
Σ
j"

!c" LHC 7TeV

Μ"Μ0#2

Μ"2Μ0

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.5

1.0

1.5

2.0

mQ!TeV"

1'
(

Σ
#Σ
0

!d" LHC 10TeV

Μ"Μ0#2

Μ"2Μ0

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.6

0.8

1.0

1.2

1.4

mQ!TeV"

1'
(

Σ
#Σ
0

!e" LHC 14TeV

Μ"Μ0#2

Μ"2Μ0

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.6

0.8

1.0

1.2

1.4

mQ!TeV"
1'

(
Σ
#Σ
0

FIG. 2: (a) NLO QQ pair production cross sections as a function of the quark mass mQ at the

LHC. The square symbols denote the results of the exact calculation, while the curves present

results of our phenomenological fit. (b) Ratios of the cross sections at different c.m. energies.

(c-e) Theoretical uncertainties of the QQ production cross section. The band denotes the PDF

uncertainties, while the black solid (red dashed) curve denotes the scale dependence obtained by

varying the renormalization scale by a factor 2 about the central value µ0 = mQ.

PDFs are available, notably the MSTW [31] and NNPDF [32] sets, and one might use these

sets in addition to the CTEQ6.6M set to compute a range of predictions. All of these PDF

sets include an analysis of the uncertainties in the PDF determinations associated both with

uncertainties in the data used in the global fits and with the choices of theoretical expressions

used to fit the data. A comparison may be found in Ref. [31]. In this paper, we compute

the PDF uncertainty (at 90% C.L.) from the master formula in Eq. (2.5) in Ref. [30], using

all 44 sets of the CTEQ6.6M package. For heavy quark production at the large masses we

are considering, the PDF uncertainties arise primarily from the valence quark PDF where

different PDF sets tend to agree better than they do for gluon distributions.

In Fig. 2(c)-2(e) we display the uncertainties associated with the choices of PDFs and the

4

µ0 = mQ
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(1) Singlet/Triplet vector-like quark mass mixing
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(2) Doublet vector-like quark mass mixing
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Heavy quark mixing
• CKM mixing with the top quark (4th gen, chiral doublet)
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Indirect constraints

• S, T parameters

• Zbb corrections

• Wtb coupling

• b to s gamma

• Other flavor constraints (B, Charm)

• Higgs search limits (heavy quark loop)

• WW scattering and Unitarity
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Figure 2: Singlet (left) and non-SM doublet (right) cases: in magenta the bound from Wtb, in
blue from the T parameter, in black the direct exclusion limit from TeVatron. The grey lines mark
constant values of the mt0 mass (the value can be read from the intersection with the x = 0 axis).

3.1 Case I: singlets

Let us first consider the case  = (1, 2
3

) = U : only a top partner is present. The Yukawa

couplings can be written as:

L
Yuk

= �yu q̄LH
cuR � � q̄LH

cUR �M ŪLUR + h.c.

= �yuvp
2
ūLuR � �vp

2
ūLUR �M ŪLUR + h.c. . (3.1)

In this case x = �vp
2

: only the up mixing is present, and the right-handed angle is smaller.

As the bottom sector is una↵ected, the only tree level bound comes from the Wtb coupling

which is reduced compared to the SM value:

�gW
gsmW

= cos ✓Lu � 1 =
M2 �m2

tp
(M2 �m2

t )
2 +M2x2

� 1 ⇠ �1

2

x2

M2

. (3.2)

The tree level bounds, therefore, are not very tight. The T parameter receives a positive

contribution. In Figure 2 we show the bounds in the parameter space x–M . For light t0

the dominant constraint is coming from the W coupling, while for heavier ones the tighter

bound comes from the oblique parameters. Changing the reference value for T does not

a↵ect the blue line much, so the bound is robust.

The only heavy fermion is a top partner t0: in this case, there are no o↵-diagonal right

handed couplings for the Z and W . Therefore, it can decay to Zt and Wb via left-handed

couplings of strength respectively 1

2

g
cos ✓W

cLus
L
u and gp

2

sLu . If kinematically allowed, the

decay to ht can also occur due to the new Yukawa coupling. The branching ratios will be

discussed in detail in the next sections.

In the case  = (1,�1

3

) = D, only a bottom partner is present: this case is much more

constrained than the previous one because the couplings of the bottom are much better

– 7 –

Singlet Cacciapaglia et al, 
JHEP 11(2010) 
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t-prime searches
• T-prime pair production with Br(t’-> Wb)=1

(same topology as ttbar in the SM)
-  “lepton+jets” channel (at least 3 jets, 1 charged leptons, large MET, at leasting one jet is b-tagged)
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FIG. 2. Observed (solid line) and expected (dashed line) 95%
C.L. upper limits on the t′ t̄′ cross section as a function of the
t′ mass. The surrounding shaded bands correspond to the 1
and 2 standard deviations (s.d.) around the expected limit.
The thin line shows the theoretical prediction including its 1
s.d. uncertainty band. The shaded area is the mass region
previously excluded by the CDF experiment [4].
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• T-prime pair production with Br(Q-> Wq)=1
(same topology as ttbar in the SM)
-  “di-leptons+jets” channel (at least 2 jets, 2 charged leptons, large MET)

6

not work well for single-top, diboson, Drell-Yan, and fake
lepton events. An event is only kept if the two values of
reconstructed mass are within 25 GeV of each other.

The final reconstructed mass (m
Collinear

) is taken to
be the average of the two reconstructed masses in the
event. Distributions of m

Collinear

for various simulated
QQ̄ samples and the tt̄ background are shown in Figure 5.
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its daughter lepton and neutrino. The scale, shown on the
right, indicates the number of generated MC events.
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FIG. 4. Correlation between reconstructed masses
for QQ̄ pairs produced with mQ = 350 GeV and for
background samples. The fitting method selects solu-
tions with correlated mass values, however this correla-
tion is smaller for background events. Events within
|m

Collinear1 �m
Collinear2 | < 25 GeV are kept; this region is

found between the two lines in the figure.

The expected background yields and number of ob-
served events after the baseline selection are given in Ta-
ble II. Distributions of H

T

and m
Collinear

are shown in
Figure 6.
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for simulated heavy-quark pairs produced
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selection requirements.
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T

and
(b) m

Collinear

for the sum of ee, µµ and eµ channels after
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with the systematic uncertainties shown in Table VI and
Table VII; these fluctuations are not constrained by the
data.

Statistical interpretation of the fitted cross-section �
is made using the CLs technique [41, 42]. The observed
data are in good agreement with the expected back-
ground, and the fitted QQ̄ cross-sections at each mass
point are consistent with the absence of a heavy-quark
signal. Figure 10 shows the observed and expected limits
on the production cross-section �(pp ! QQ̄).

The upper limit on the production cross-section is
converted into a lower limit on m

Q

by finding the
point of intersection with the theoretical prediction as
a function of m

Q

. This analysis finds a lower limit of
m

Q

> 350 GeV at 95% confidence level (C.L.) whereas a
limit ofm

Q

> 335 GeV was expected. This limit assumes
that the branching ratio (BR) of Q ! Wq is 100%.
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FIG. 10. Observed and median expected 95% C.L. cross-
section upper limits on QQ̄ production, compared to the the-
oretical prediction. The limit was calculated for five signal
masses, and a linear interpolation has been made between
mass points.

XI. CONCLUSIONS

This Article presents a search for pair production of
heavy quarks decaying to Wq in the dilepton channel at
the CERN LHC. This search allows q = u, d, c, s or b in
the final state. The analyzed data correspond to an inte-
grated luminosity of 1.04 fb�1 collected by the ATLAS
detector in pp collisions at

p
s = 7 TeV. To enhance the

sensitivity to a new quark, mass reconstruction is per-

formed by exploiting the boost received by the heavy-
quark decay products. The reconstructed mass is used
for binned maximum-likelihood ratio fitting.
The data are found to be in agreement with the ex-

pectation from the Standard Model. A lower limit is
set on the mass m

Q

> 350 GeV at 95% confidence level.
This limit assumes BR(Q ! Wq) = 100% and is appli-
cable to many exotic models [43, 44], including up-type
fourth-generation quarks u

4

, down-type fourth genera-
tion quarks d

4

, and quarks with exotic charges (such as
�4/3) decaying to light quarks.
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Search for down-type fourth generation quarks with the ATLAS Detector

in events with one lepton and high transverse momentum hadronically

decaying W bosons in

p
s = 7 TeV pp collisions

The ATLAS Collaboration

This Letter presents a search for pair production of heavy down-type quarks decaying via b

0 !
Wt in the lepton + jets channel, as b

0
b̄

0 ! W

�
tW

+
t̄ ! bb̄W

+
W

�
W

+
W

� ! l

±
⌫bb̄qq̄qq̄qq̄. In

addition to requiring exactly one lepton, large missing transverse momentum and at least six jets,
the invariant mass of nearby jet pairs is used to identify high transverse momentum W bosons.
In data corresponding to an integrated luminosity of 1.04 fb�1 from pp collisions at

p
s = 7 TeV

recorded with the ATLAS detector, a heavy down-type quark with mass less than 480 GeV is
excluded at the 95% confidence level.

PACS numbers: 12.60.-i, 13.85.Rm, 14.65.-Jk

A fourth generation of chiral quarks is a natural exten-
sion to the Standard Model (SM). It can explain some
discrepancies observed in meson-mixing data and can
provide an additional source of CP violation in B

s

de-
cays. A review of theoretical and experimental motiva-
tions for a fourth generation of quarks can be found in
Refs. [1, 2].

This Letter presents a search for a fourth generation
down-type quark, b0. If b0 is chiral and its mass is
larger than m

t

+ m
W

, then it decays predominantly as
b0 ! Wt ! WWb. Pair production of b0 quarks leads
therefore to four W bosons and two b quarks in the final
state. This analysis applies more broadly to any heavy
quarks that decay into a W boson and a t quark, though
the fourth-generation b0 model is chosen as the bench-
mark. The previous limit in the single lepton channel is
m

b

0 > 372 GeV from CDF, based on 4.8 fb�1 of data [3].
Searches using two or more high pT leptons in the fi-
nal state have also been done at the Tevatron [4] and at
the Large Hadron Collider (LHC) [5–7] with comparable
sensitivity.

In the decay mode studied here, one of the four W
bosons decays leptonically and the others decay hadron-
ically. This lepton + jets channel has more SM back-
ground than the mode with two W bosons decaying lep-
tonically, but significantly larger acceptance. If the mass
di↵erence between the b0 quark and the top quark is large,
the momentum of the W boson from the b0 ! Wt decay
is also large, and the W boson decay products become
collimated. At the mass scales relevant to this search,
the two quarks from the hadronic W decay give rise to
two jets close to each other but still resolvable in the
detector as separate jets. The angle between the decay
products is related to the transverse momentum (pT) of
the W boson by �R ⇡ 2m

W

/pWT [8]. To distinguish the
b0 signature from the SM backgrounds, the number of jet
pairs with small opening angle and invariant mass close
to the W boson mass is therefore used.

The major challenge for the lepton+jets mode is the
estimation of the SM background. The dominant source
is tt̄ production with additional jets, while W+ jets is
the next most important contribution. The significant

theoretical uncertainty in the level of gluon radiation af-
fects the prediction of these backgrounds. As the sig-
nal is distinguished from the background largely by the
kinematic properties of the jets, there are also significant
experimental uncertainties due to the energy scale and
resolution of the jet measurements. Most of these un-
certainties can be reduced by examining signal-depleted
samples which are sensitive to them. Other backgrounds
include single top, Z+jets where a lepton is not detected,
and multijet production in which a jet is misidentified as
a lepton.
The data for this search were recorded with the ATLAS

detector [9]. The momenta of charged particles with
pseudorapidity |⌘| < 2.5 are measured with the inner
detector (ID), which includes a silicon pixel detector, a
silicon microstrip detector and a straw-tube detector, all
operating in a uniform 2 T axial magnetic field. Elec-
tromagnetic (EM) calorimetry is provided by a high-
granularity, three-layer-depth sampling liquid argon de-
tector in the region |⌘| < 3.2. Jet reconstruction also
uses hadronic calorimetry provided by a scintillating tile
detector with iron absorbers in the region |⌘| < 1.7, and
liquid argon detectors over 1.5 < |⌘| < 4.9. The muon
spectrometer (MS) includes tracking chambers for preci-
sion measurement in the bending plane up to |⌘| = 2.7
and fast trigger chambers up to |⌘| = 2.4. The trigger
chambers measure also the coordinate in the non-bending
plane. The muon detectors operate in a magnetic field
generated by three superconducting air-core toroids.
The events used in this analysis were selected using

inclusive single electron and muon triggers [10]. Elec-
tron candidates are identified by localized energy deposits
in the EM calorimeter with transverse energy ET > 20
GeV and |⌘| < 2.47. The energy cluster must satisfy
shower-shape requirements [11] and should be matched
with a track reconstructed in the ID. Muon candidates
must have transverse momentum pT > 18 GeV, |⌘| < 2.4
and a consistent trajectory reconstructed by combining
segments in the ID and MS.
The data used in this search were collected in the first

half of 2011, and correspond to a total integrated lu-
minosity of 1.04 ± 0.04 fb�1. During this period, the
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FIG. 5: Expected and observed cross section exclusion upper
limits at 95% C.L. for a fourth-generation b

0 quark. System-
atic uncertainties on the expected limit are shown with shaded
bands. Previously published limits from CDF [3, 4], CMS [5],
and ATLAS [7] are also shown.
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★ s-channel resonance
 Quark-quark initial states can produce   
 color sextet and anti-triplet resonances

★ same-sign top 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

Berger, QHC, et al, PRL105 (2010) 181802

Berger, QHC, et al, PRL106 (2011) 201801
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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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, Berger et al.FB consistent with Aσ2
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 = 7 TeVs, -1 = 35 pbintCMS  L

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 !

Same-sign dileptons are 
predicted.

Tevatron: �(tt) < 0.4pb

ATLAS (Sep 26, 2011):  
similar results

 ATLAS-Conf-2011-139

JHEP 1108 (2011) 005
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Label Spin Quantum numbers Limit Mass Limit

Bµ 1 (1, 1)0 |g13|/Λ < 0.57 TeV−1 1.7 TeV

Wµ 1 (1, 3)0 |g13|/Λ < 0.57 TeV−1 1.7 TeV

Gµ 1 (8, 1)0 |g13|/Λ < 0.99 TeV−1 1.0 TeV

Hµ 1 (8, 3)0 |g13|/Λ < 0.99 TeV−1 1.0 TeV

Q5
µ 1 (3, 2)− 5

6
|g11g33|/Λ2 < 0.34 TeV−2 1.7 TeV

Y5
µ 1 (6̄, 2)− 5

6
|g11g33|/Λ2 < 0.63 TeV−2 1.3 TeV

φ 0 (1, 2)− 1
2

|gu13gu31|/Λ2 < 0.92 TeV−2 1.1 TeV

Φ 0 (8, 2)− 1
2

|gu13gu31|/Λ2 < 1.8 TeV−2 0.8 TeV

Ω4 0 (6̄, 1)− 4
3

|g11g33|/Λ2 < 0.33 TeV−2 1.8 TeV

Σ 0 (6̄, 3)− 1
3

|g11g33|/Λ2 < 0.16 TeV−2 2.5 TeV

Table 9. Lower (upper) limits at 95% confidence level on the masses (couplings) for generic heavy
vector bosons and scalars which mediate the production of same-sign top-quark pairs. A theoretical
uncertainty due to variations of the Q2 scale gives a 5% uncertainty on the limits of the couplings
g. Quantum numbers are defined in the text.
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Figure 9. Allowed regions for the new physics contributions to the inclusive (left) and high-mass
(right) AFB at Tevatron, and the tt cross section at LHC. Limits from this analysis are the solid
horizontal lines. The measurements of AFB from CDF and D0 are shown as vertical lines with
bands representing the uncertainties.

vanishing coupling g13 = 0. The shape of the curves is due to the interference of the

Z ′ with the tt̄ production amplitude, which gives a negative contribution to the forward-

backward production asymmetry, while the quadratic Z ′ contribution increases it. As the

– 19 –

1202.5520
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Figure 1. Production of same-sign top-quark pairs via the production of a heavy vector boson
(such as color-triplet Q5

µ or color-sextet Y5
µ [15]) in the s-channel (left) or exchange of a heavy

vector boson (such as Z ′ or g′) in the t-channel (right) . For large resonance masses, both cases
can be described by a four-fermion interaction (middle).

Figure 2. Pair production and decay of heavy quarks with decays to W+W−b̄W−W+b.

interesting since it has a low background rate in the Standard Model, and potentially large

contributions from new theories, for example new flavour-changing Z bosons, proposed [1]

to explain the forward-backward asymmetry (AFB) measured at the Tevatron [2, 3], or

new heavy quarks [4, 5].

In this paper we present a search for events characterised by two isolated same-sign

leptons in association with at least two jets and large missing transverse momentum (Emiss
T ).

Two specific signal processes are considered, same-sign top-quark production [6, 7] and

pair production of down-type heavy quarks of charge −1/3 [8]. Feynman diagrams of these

processes are shown in figures 1 and 2, respectively. The uu → tt process illustrated in

figure 1 can be mediated at the tree level by the exchange of a s-channel resonance (left), or

a t-channel resonance (right). In the case of new vector bosons exchanged in the s-channel,

the new particle must be a colour-triplet or colour-sextet (respectively labelled as Q5
µ, Y5

µ)

with charge 4/3, while for t-channel exchange it can be a colour-singlet Z ′ or colour-octet

g′, both with zero charge. For resonance masses m much larger than the electroweak

symmetry breaking scale v and the typical energy scales in the process, all these cases

can be described by a gauge-invariant effective four-fermion interaction, as shown in figure

1 (middle). For the heavy quark search, a specific model in which the heavy quark is a

fourth-generation chiral quark is taken as representative and referred to as b′. The search

uses data recorded by the ATLAS detector from pp collisions at a centre-of-mass energy of√
s = 7 TeV produced by the Large Hadron Collider (LHC) with an integrated luminosity

– 2 –

Chirality Median expected 68% range Observed Observed

config. limit, σ limit, σ limit, σ limit, C

LL σ < 1.8 pb 1.1-3.2 pb σ < 1.7 pb CLL/Λ2 < 0.35 TeV−2

LR σ < 1.7 pb 1.0-3.0 pb σ < 1.7 pb CRL/Λ2, C ′
LR/Λ

2 < 0.98 TeV−2

RR σ < 1.7 pb 1.0-3.0 pb σ < 1.7 pb CRR/Λ2 < 0.35 TeV−2

Table 7. Expected and observed upper limits on same-sign top-quark cross section at 95% con-
fidence level. The uncertainties for the expected limits describe a range which includes 68% of
pseudo-experiments drawn from the background-only hypothesis. A dileptonic decay branching
ratio of 10.6% has been taken into account, so that the limits are directly on σ(pp → tt). The
observed limit on the coefficients CLL, CLR = C′

RL, CRR of the effective operator is also indicated.

9 Interpretation of the Results

Since the data are consistent with the Standard Model expectations, the analysis sets

limits on the production of two processes producing same-sign dilepton signals from new

physics sources. For each model, upper limits at 95% confidence level on the cross sections

of the hypothetical processes are derived using the CLs method [37, 38]. In both cases,

we use a single-bin counting experiment, fitting the data to extract the most likely signal

cross section. Systematic uncertainties are included as variations in the expected signal

and background yields, which are fluctuated in the ensembles used to generate the CLs

distributions.

9.1 Same-sign top-quark production

We calculate upper limits on the cross section of same-sign top-quark pair production

using only the positively-charged lepton pairs. Modeling tt production in terms of effective

four-fermion operators, the expected 95% confidence level limits on σ(pp → tt) are shown

in table 7 for the three possible chirality combinations of the tt pair, which influence the

efficiency primarily through the lepton transverse momentum. In table 8 the limits are

given for a model with a light flavour-changing Z ′ boson with right-handed couplings, and

three values of its mass. These limits supersede those on this process previously reported

by ATLAS [39]. The limits reported here are more stringent than those of Ref [39] due

to the use of both electrons and muons, and an event selection optimized for same-sign

top-quark pair production including a jet multiplicity requirement. Ref [39] used a more

inclusive selection examining a range of new physics models.

The cross-section limits in table 7 can be directly translated into limits on coefficients

of effective operators corresponding to each pair of chiralities. There are five independent

dimension-six four-fermion operators mediating uu→ tt [14], with four possible structures.

The resulting Lagrangian relevant for tt production reads

L4F = 1
2

CLL

Λ2
(ūLγ

µtL)(ūLγµtL) +
1
2

CRR

Λ2
(ūRγ

µtR)(ūRγµtR)

−1
2

CLR

Λ2
(ūLγ

µtL)(ūRγµtR)− 1
2

C ′
LR

Λ2
(ūLaγ

µtLb)(ūRbγµtRa) + h.c. , (9.1)

– 17 –
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Hsieh, Schmitz, Jiang-Hao Yu, and  Yuan, Phys. Rev. D 82, 035011 (2010)

[11], a software that utilizes the CERN library MINUIT [12]
and was used for the Particle Data Group global analysis
[13]. We also discuss which observables are especially
sensitive to the new physics contributions in these various
models. We conclude in Sec. VI with a summary and
outlook of our key findings. The appendix contains the
explicit effective Lagrangians for the Gð221Þ models.

II. THE Gð221Þ MODELS

We focus on the so-called Gð221Þ models having a
SUð2Þ1 # SUð2Þ2 #Uð1ÞX gauge structure that ultimately
breaks to Uð1Þem. Relative to the standard model, these
models have three additional massive gauge bosons, and
their phenomenology depends on the specific patterns of
symmetry breaking as well as the charge assignments of
the SM fermions. For our studies, we consider the follow-
ing different Gð221Þ models: left-right (LR) [1–3], lepto-
phobic (LP), hadrophobic (HP), fermiophobic (FP) [14–
16], ununified (UU) [17,18], and nonuniversal (NU) [19–
21]. The charge assignments of the SM fermions in these
models are given in Table I, and these models can be
categorized by two patterns of symmetry breaking (sum-
marized in Table II):

(i) Breaking pattern I (the LR, LP, HP, and FP models):
We identify SUð2Þ1 as SUð2ÞL of the SM. The first
stage of symmetry breaking then is SUð2Þ2 #
Uð1ÞX ! Uð1ÞY , giving rise to three heavy gauge
bosons W 0$ and Z0 at the TeV scale. The second
stage is SUð2ÞL #Uð1ÞY ! Uð1Þem at the electro-
weak scale.

(ii) Breaking pattern II (the UU and NU models): We
identifyUð1ÞX asUð1ÞY of the SM. The first stage of
symmetry breaking is SUð2Þ1 # SUð2Þ2 ! SUð2ÞL.
The second stage is SUð2ÞL #Uð1ÞY ! Uð1Þem at
the electroweak scale.

In addition to specifying the gauge group and the fer-
mion charge assignments, a complete Gð221Þ model
should also include the ingredients of the Higgs sectors
and the Yukawa couplings. While the observed relation-
ships between the masses of W and Z bosons leave little
freedom in the Higgs representation used for electroweak
symmetry breaking (EWSB), we have freedoms in the
choices of the Higgs representation used to break the
fundamental Gð221Þ gauge group to the SM gauge group.
In breaking pattern I we assume the two simplest cases of
symmetry breaking: via a doublet or a triplet Higgs. In the
breaking pattern II we assume the simplest case of using a
bi-doublet Higgs to achieve this symmetry breaking. The
model-specific Higgs representations and vacuum expec-
tation values (VEV’s) are given in Table III. For heavy
Higgs boson, Wang et al. [22] used a nonlinear effective
theory approach to obtain an electroweak chiral
Lagrangian for W 0. In our paper, by assuming a light
Higgs, we analyze the low-energy constraints by using a
linearized effective Lagrangian approach.
The lepto-phobic, hadro-phobic, and ununified models

are, with the current setup, incomplete because of gauge
anomalies. It is entirely possible that the additional matter
content used to address the anomalies can alter the low-
energy phenomenologies and the results of our studies.
Nevertheless, for completeness, we include these models

TABLE I. The charge assignments of the SM fermions under the Gð221Þ gauge groups. Unless otherwise specified, the charge
assignments apply to all three generations.

Model SUð2Þ1 SUð2Þ2 Uð1ÞX
Left-right (LR) uL

dL

! "
,

!L

eL

! "
uR
dR

! "
,

!R

eR

! " 1
6 for quarks;

% 1
2 for leptons:

Leptophobic (LP)
uL
dL

! "
,

!L

eL

! "
uR
dR

! " 1
6 for quarks;

YSM for leptons:

Hadrophobic (HP)
uL
dL

! "
,

!L

eL

! "
!R

eR

! "
YSM for quarks;
% 1

2 for leptons:

Fermiophobic (FP)
uL
dL

! "
,

!L

eL

! "
YSM for all fermions:

Ununified (UU)
uL
dL

! "
!L

eL

! "
YSM for all fermions:

Nonuniversal (NU)
uL
dL

! "

1st;2nd
,

!L

eL

! "

1st;2nd

uL
dL

! "

3rd
,

!L

eL

! "

3rd
YSM for all fermions:

TABLE II. Summary of the two different breaking patterns and the two different stages of symmetry breaking in Gð221Þ models.

Pattern Starting point First stage breaking Second stage breaking

I Identify SUð2Þ1 as SUð2ÞL SUð2Þ2 #Uð1ÞX ! Uð1ÞY SUð2ÞL #Uð1ÞY ! Uð1Þem
II Identify Uð1ÞX as Uð1ÞY SUð2Þ1 # SUð2Þ2 ! SUð2ÞL SUð2ÞL #Uð1ÞY ! Uð1Þem

KEN HSIEH et al. PHYSICAL REVIEW D 82, 035011 (2010)
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SU(2)1 SU(2)2 U(1)X

U(1)Y

U(1)em

⊗ ⊗SU(2)1 SU(2)2 U(1)X

SU(2)L

U(1)em

⊗ ⊗(a) (b)

U(1)Y SU(2)L

FIG. 1: Pictorial illustration of symmetry breaking patterns of G(221) model.

to SM quarks is ! 10% (for coupling strength ∼ 0.4)). Our overall summary is found in

Sec. V.

II. MODELS WITH EXTRA GAUGE BOSONS

Extra gauge bosons may be classified according to their electromagnetic charges: W ′

(charged bosons) and Z ′ (neutral bosons). While a Z ′ can originate from an additional

abelian U(1) group, a W ′ arises often in models with an extra non-abelian group. In this

section we consider the so-called G(221) model [22] which carries the simplest non-abelian

extension to the SM

G(221) = SU(2)1 ⊗ SU(2)2 ⊗ U(1)X . (1)

The model represents a typical gauge structure of many interesting NP models such as the

non-universal model (NU) [23–25], the ununified (UU) model [26, 27], the fermiophobic (FP)

model [28], left-right (LR) models [29], and so forth. Both W ′ and Z ′ bosons appear after

the G(221) symmetry is broken to the SM symmetry GSM = SU(2)L ⊗ U(1)Y . As depicted

in Fig. 1, these models can be categorized by two symmetry breaking patterns,

(a) In the UU and NU models:

U(1)X is identified as the U(1)Y of the SM. The first stage of symmetry breaking

SU(2)1 × SU(2)2 → SU(2)L occurs at the TeV scale, while the second stage of sym-

metry breaking SU(2)L × U(1)Y → U(1)em occurs at the electroweak scale;

(b) In the FP and LR models:

SU(1)1 is identified as the SU(2)L of the SM. The first stage of symmetry breaking

4

•  Minimal model with both W-prime and Z-prime
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★ At the LEP and the Tevatron, the forward-backward asymmetry is used to 
investigate the chirality of the couplings.

★ Forward direction is NOT well defined at the LHC (a proton-proton machine).
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Figure 8: The angular distribution of the top quark in the reconstructed c.m. frame in pp → W ′ → tb̄
production at the LHC for MW ′ = 1 TeV, with different rapidity cuts, with (a) and (c) for W ′

L and
(b) and (d) for W ′

R.

Figs. 8 (c) and (d) show the top quark angular distribution in the reconstructed c.m. frame for

the W ′
L and W ′

R, respectively, with all the cuts from Eqs. (16), (18), (19), and (23) and various

cuts on the partonic c.m. frame rapidity as listed in the figures. To illustrate the effects of the

additional kinematical cuts, instead of being normalized to one, each angular distribution is now

normalized using the cross section that was employed in the normalization of the corresponding

angular distribution in Figs. 8 (a) and (b). Again, the solid histograms are with the most stringent

W ′ rapidity cut and still follow the (1 + cos θt)2 curve most faithfully for cos θt ! 0.25 . For all

W ′ rapidity cuts, the cut of Eq. (23) tends to eliminate events where cos θt ≈ ±1. The additional

deficit or distortion in the high rapidity region for cos θt " 0.25 is due to the final state rapidity

cuts of Eq. (16).

This well-known distribution in Fig. 8 can be easily understood based on the argument of spin

18

W ′+
t

b̄

u

d̄ W 0

Gopalakrishna, Han, Lewis, Si, Zhou, Phys Rev D82 (2010) 115020
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Berger, QHC, Chen, Zhang, Phys.Rev. D83 (2011) 114026 

Top-quark polarization depends on 
how the top-quark is gauged under new gauge symmetry,

or, the handness of  W’-t-b and Z’-t-t couplings.

q

q̄′

W ′

t

b̄

q

q̄

Z ′

t

t̄

Gopalakrishna, Han, Lewis, Si, Zhou, Phys Rev D82 (2010) 115020

Hsieh, Schmitz, Jiang-Hao Yu, and  Yuan, Phys. Rev. D 82, 035011 (2010)

[11], a software that utilizes the CERN library MINUIT [12]
and was used for the Particle Data Group global analysis
[13]. We also discuss which observables are especially
sensitive to the new physics contributions in these various
models. We conclude in Sec. VI with a summary and
outlook of our key findings. The appendix contains the
explicit effective Lagrangians for the Gð221Þ models.

II. THE Gð221Þ MODELS

We focus on the so-called Gð221Þ models having a
SUð2Þ1 # SUð2Þ2 #Uð1ÞX gauge structure that ultimately
breaks to Uð1Þem. Relative to the standard model, these
models have three additional massive gauge bosons, and
their phenomenology depends on the specific patterns of
symmetry breaking as well as the charge assignments of
the SM fermions. For our studies, we consider the follow-
ing different Gð221Þ models: left-right (LR) [1–3], lepto-
phobic (LP), hadrophobic (HP), fermiophobic (FP) [14–
16], ununified (UU) [17,18], and nonuniversal (NU) [19–
21]. The charge assignments of the SM fermions in these
models are given in Table I, and these models can be
categorized by two patterns of symmetry breaking (sum-
marized in Table II):

(i) Breaking pattern I (the LR, LP, HP, and FP models):
We identify SUð2Þ1 as SUð2ÞL of the SM. The first
stage of symmetry breaking then is SUð2Þ2 #
Uð1ÞX ! Uð1ÞY , giving rise to three heavy gauge
bosons W 0$ and Z0 at the TeV scale. The second
stage is SUð2ÞL #Uð1ÞY ! Uð1Þem at the electro-
weak scale.

(ii) Breaking pattern II (the UU and NU models): We
identifyUð1ÞX asUð1ÞY of the SM. The first stage of
symmetry breaking is SUð2Þ1 # SUð2Þ2 ! SUð2ÞL.
The second stage is SUð2ÞL #Uð1ÞY ! Uð1Þem at
the electroweak scale.

In addition to specifying the gauge group and the fer-
mion charge assignments, a complete Gð221Þ model
should also include the ingredients of the Higgs sectors
and the Yukawa couplings. While the observed relation-
ships between the masses of W and Z bosons leave little
freedom in the Higgs representation used for electroweak
symmetry breaking (EWSB), we have freedoms in the
choices of the Higgs representation used to break the
fundamental Gð221Þ gauge group to the SM gauge group.
In breaking pattern I we assume the two simplest cases of
symmetry breaking: via a doublet or a triplet Higgs. In the
breaking pattern II we assume the simplest case of using a
bi-doublet Higgs to achieve this symmetry breaking. The
model-specific Higgs representations and vacuum expec-
tation values (VEV’s) are given in Table III. For heavy
Higgs boson, Wang et al. [22] used a nonlinear effective
theory approach to obtain an electroweak chiral
Lagrangian for W 0. In our paper, by assuming a light
Higgs, we analyze the low-energy constraints by using a
linearized effective Lagrangian approach.
The lepto-phobic, hadro-phobic, and ununified models

are, with the current setup, incomplete because of gauge
anomalies. It is entirely possible that the additional matter
content used to address the anomalies can alter the low-
energy phenomenologies and the results of our studies.
Nevertheless, for completeness, we include these models

TABLE I. The charge assignments of the SM fermions under the Gð221Þ gauge groups. Unless otherwise specified, the charge
assignments apply to all three generations.

Model SUð2Þ1 SUð2Þ2 Uð1ÞX
Left-right (LR) uL

dL

! "
,

!L

eL

! "
uR
dR

! "
,

!R

eR

! " 1
6 for quarks;

% 1
2 for leptons:

Leptophobic (LP)
uL
dL

! "
,

!L

eL

! "
uR
dR

! " 1
6 for quarks;

YSM for leptons:

Hadrophobic (HP)
uL
dL

! "
,

!L

eL

! "
!R

eR

! "
YSM for quarks;
% 1

2 for leptons:

Fermiophobic (FP)
uL
dL

! "
,

!L

eL

! "
YSM for all fermions:

Ununified (UU)
uL
dL

! "
!L

eL

! "
YSM for all fermions:

Nonuniversal (NU)
uL
dL

! "

1st;2nd
,

!L

eL

! "

1st;2nd

uL
dL

! "

3rd
,

!L

eL

! "

3rd
YSM for all fermions:

TABLE II. Summary of the two different breaking patterns and the two different stages of symmetry breaking in Gð221Þ models.

Pattern Starting point First stage breaking Second stage breaking

I Identify SUð2Þ1 as SUð2ÞL SUð2Þ2 #Uð1ÞX ! Uð1ÞY SUð2ÞL #Uð1ÞY ! Uð1Þem
II Identify Uð1ÞX as Uð1ÞY SUð2Þ1 # SUð2Þ2 ! SUð2ÞL SUð2ÞL #Uð1ÞY ! Uð1Þem

KEN HSIEH et al. PHYSICAL REVIEW D 82, 035011 (2010)

035011-2
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★  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, QHC, 
Chen, Zhang, 
PRD83 (2011) 
114026 



Q.-H.  Cao (PKU)                                                  Mini-LHC Workshop @ IHEP                                                                             /60

Extra gauge bosons (Z-prime and W-prime)

47

4

FIG. 3: Correlations of CC and NC lepton and third-
generation quark cross sections for fixed MW ′ = 4.0 ± 0.1
TeV (top, center) and MZ′ = 4.0± 0.1 TeV (top, bottom).

Conversely, agreement of the experimental measure-
ments with the SM predictions in Figs. 1-3 would allow to
considerably constrain the parameter space of the differ-
ent G(221) models or even to exclude the corresponding
new gauge boson masses altogether.

CONCLUSIONS

In conclusion, we have proposed a novel and powerful
method to distinguish general SU(2)×SU(2)×U(1) mod-
els, motivated experimentally, e.g., by the observation of
neutrino masses and theoretically as an intermediate step
towards the grand unification of the SM gauge groups.
The total cross sections of the predicted charged and
neutral gauge bosons decaying into leptons and third-
generation quarks were confirmed to be accessible at the
LHC up to masses of 5 TeV within the range of parame-
ters allowed by a recent global analysis of low-energy and
LEP constraints. Individually, these cross sections did,
however, not allow for the unique identification of the un-
derlying G(221) model. With a Monte Carlo simulation
and after applying realistic experimental cuts, we demon-
strated that this does become possible by correlating the
charged and neutral current cross sections of leptons and
third-generation quarks, assuming only that the mass of
either the W ′ or the Z ′ boson has been measured with a
conservative uncertainty. The mixing angle of the high-
energy symmetry breaking stage will then also become
measurable. The correlations of two observables work

nicely here because we only have two (three) free param-
eters describing all the G(221) models. In the general
case of models with more parameters the identification
of suitable subsets of correlated observables would repre-
sent a first step towards a global analysis of the parameter
space.
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Figure 5: Expected and observed CLs 95% confidence level upper limits on s(pp ! Z0 ! tt)
for narrow resonances Z0, as a function of the invariant mass of the resonance with logarithmic
scaling.

We perform toy experiments without signal to determine the expected upper limits for each of
the four Z0 mass points. The median central 68% (95%) of the upper limits for the toy exper-
iments define the expected upper limit and the ±1s (±2s) bands, respectively. The resulting
CLs expected and observed limits are shown in Fig. 5 and Table 4.

8 Conclusion
We presented a model-independent search for the production of a narrow heavy resonance
with mass greater than 1 TeV decaying into top quark pairs in 7 TeV pp collisions at the LHC
in the electron+jet topology. New developments in the suppression of background, particularly
QCD multijet, were presented. After analyzing 4.33± 0.20 fb�1 of CMS data from 2011, we find
no evidence of such massive resonances. We place an 95% C.L. upper limit on s(pp ! Z0 ! tt)
as a function of the invariant mass of the resonance. A limit of 2.51 pb is set for Z0 mass 1
TeV/c2, resonance width 1%, and 0.62 pb or below for Z0 mass above 2 TeV/c2 using CLs
method.
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Are there new 
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operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
Dµ = ∂µ−igs 1

2λ
AGA

µ −ig 1
2τ

IW I
µ −ig′Y Bµ is the covariant derivative. W I

µν = ∂µW I
ν −∂νW I

µ+gεIJKW J
µ W

K
ν

is the W boson field strength, and GA
µν = ∂µGA

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

The operator O(3)
φq with an imaginary coefficient can be removed using the EOM.

operator process

OtW = (q̄σµντI t)φ̃W I
µν (with imaginary coefficient) top decay, single top

OtG = (q̄σµνλAt)φ̃GA
µν (with imaginary coefficient) single top, qq̄, gg → tt̄

OG̃ = fABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [17]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order. In
general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying theory
may not be a weakly coupled gauge theory, or the loop diagrams could be enhanced due to the index of a
fermion in a large representation. Furthermore, the underlying theory may not be a gauge theory at all.
Fortunately, the effective field theory approach does not depend on the underlying theory. We will consider
all dimension-six operators, without making any assumptions about the nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [18]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [19]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [20]. None of these virtues are shared by the vertex function
approach [21].

3

• CP-even operators (linear realization as EWPT prefers a light Higgs)
Figure 12: The Feynman diagrams for uū → tt̄ process. (a) is the SM amplitude, (b) is the correction on
gtt coupling induced by OtG, and (c) is the four-fermion interactions. The dd̄ → tt̄ process has the same
diagrams.

Using the Fierz transformation and the following SU(2) and SU(3) identities

τIabτ
I
cd = −δabδcd + 2δadδbc

tAijt
A
kl = −

1

6
δijδkl +

1

2
δilδjk (50)

we find that only the following four-quark operators contribute to the uū, dd̄ → tt̄ reaction:

O(8,1)
qq = 1

4 (q̄
iγµλAqj)(q̄γµλAq) O(8,3)

qq = 1
4 (q̄

iγµτIλAqj)(q̄γµτIλAq)

O(8)
ut = 1

4 (ū
iγµλAuj)(t̄γµλAt) O(8)

dt = 1
4 (d̄

iγµλAdj)(t̄γµλAt)

O(1)
qu = (q̄ui)(ūjq) O(1)

qd = (q̄di)(d̄jq)

O(1)
qt = (q̄it)(t̄qj)

(51)

We don’t include the operators that have the form (q̄λAui)(ūjλAq). This operator can be turned into a

linear combination of O(1)
qu , which is already considered, and another operator (q̄cui

b)(ū
j
aqd)δabδcd (a, b, c, d

denote color indices), which does not contribute because the t and t̄ form a color singlet. In addition, we
also need to consider the operator OtG, whose effect is to change the gtt coupling. The diagrams are shown
in Figure 12. The result is

1
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√
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s
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36
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d
s
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d
s
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where

C1
u = C(8,1)

qq + C(8,3)
qq + C(8)

ut (53)

C2
u = C(1)

qu + C(1)
qt (54)

C1
d = C(8,1)

qq − C(8,3)
qq + C(8)

dt (55)

C2
d = C(1)

qd + C(1)
qt (56)

M2
1 =

4g2s
9s2

(3m4 −m2(t+ 3u) + u2) (57)

M2
2 =

4g2s
9s2

(3m4 −m2(3t+ u) + t2) (58)
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operator process

O(3)
φq = i(φ+τIDµφ)(q̄γµτIq) top decay, single top

OtW = (q̄σµντI t)φ̃W I
µν (with real coefficient) top decay, single top

O(1,3)
qq = (q̄iγµτIqj)(q̄γµτIq) single top

OtG = (q̄σµνλAt)φ̃GA
µν (with real coefficient) single top, qq̄, gg → tt̄

OG = fABCGAν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG = 1
2 (φ

+φ)GA
µνG

Aµν gg → tt̄
7 four-quark operators qq̄ → tt̄

Table 1: CP-even operators that have effects on top-quark processes at order 1/Λ2. Here q is the left-handed
quark doublet, while t is the right-handed top quark. The field φ (φ̃ = εφ∗) is the Higgs boson doublet.
Dµ = ∂µ−igs 1

2λ
AGA

µ −ig 1
2τ

IW I
µ −ig′Y Bµ is the covariant derivative. W I

µν = ∂µW I
ν −∂νW I

µ+gεIJKW J
µ W

K
ν

is the W boson field strength, and GA
µν = ∂µGA

ν −∂νGA
µ +gsfABCGB

µG
C
ν is the gluon field strength. Because

of the Hermiticity of the Lagrangian, the coefficients of these operators are real, except for OtW and OtG.

The operator O(3)
φq with an imaginary coefficient can be removed using the EOM.

operator process

OtW = (q̄σµντI t)φ̃W I
µν (with imaginary coefficient) top decay, single top

OtG = (q̄σµνλAt)φ̃GA
µν (with imaginary coefficient) single top, qq̄, gg → tt̄

OG̃ = fABCG̃Aν
µ GBρ

ν GCµ
ρ gg → tt̄

OφG̃ = 1
2 (φ

+φ)G̃A
µνG

Aµν gg → tt̄

Table 2: CP-odd operators that have effects on top-quark processes at order 1/Λ2. Notations are the same
as in Table 1, and G̃µν = εµνρσGρσ.

can be obtained from its decay products. CP violation will be discussed in Section 5.

There is an argument that can be used to neglect some of the new operators [17]. Some new operators can
be generated at tree level from an underlying gauge theory, while others must be generated at loop order. In
general the loop generated operators are suppressed by a factor of 1/16π2. However, the underlying theory
may not be a weakly coupled gauge theory, or the loop diagrams could be enhanced due to the index of a
fermion in a large representation. Furthermore, the underlying theory may not be a gauge theory at all.
Fortunately, the effective field theory approach does not depend on the underlying theory. We will consider
all dimension-six operators, without making any assumptions about the nature of the underlying theory.

We do not make any assumptions about the flavor structure of the dimension-six operators, although we
don’t consider any flavor-changing neutral currents in this paper. The charged-current weak interaction of
the top quark is proportional to Vtb, so the SM rate for top decay and single top production is proportional
to V 2

tb. We write all dimension-six operators in terms of mass-eigenstate fields, so no diagonalization of the
new interactions is necessary. Hence, in charged-current weak interactions, the interference between the SM
amplitude and the new interaction is proportional to VtbCi, where Ci is the (real) coefficient of the dimension-
six Hermitian operator Oi (also recall that Vtb itself is purely real in the standard parameterization [18]).
If the operator is not Hermitian, the coefficient Ci is complex; CP-conserving processes are proportional to
VtbReCi, while CP-violating processes are instead proportional to VtbImCi.

Deviations of top-quark processes from SM predictions have often been discussed using a vertex-function
approach, where the Wtb vertex is parameterized in terms of four unknown form factors [19]. Given our
precision knowledge of the electroweak interaction, this approach is too crude. The effective field theory
approach is well motivated; it takes into consideration the unbroken SU(3)C × SU(2)L ×U(1)Y gauge sym-
metry; it includes contact interactions as well as vertex corrections; it is valid for both on-shell and off-shell
quarks; and it can be used for loop processes [20]. None of these virtues are shared by the vertex function
approach [21].
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 Cross section sum rules:

It is important to note that the natural values for the coefficients FL, FR and G4f is

of order (v/ΛNP )2 and that the formalism is applicable whenever the CM energy for the

hard process,
√

ŝ, is significantly below ΛNP . Taking ΛNP ∼ 2 TeV we find the following

estimates:

|FL| , |FR| , |G4f | < 0.01. (8)

Concerning the right-handed coupling in (3), it is well known that recent data on the decay

of b → sγ leads to the constraint |FR| < 0.004 [9, 10, 11], provided that other new-physics

effects, such as those produced by a bs̄tt̄ 4-fermion interaction 4, are absent. This constraint

will still hold provided we assume (as we will) that no cancellations occur between these

two effects; in this case all FR effects are negligible. Hence, we will restrict ourselves to the

effective vertices containing the couplings FL and G4f and examine their effects in various

experimental observables. In our calculation we will take all the effective couplings to be

real in order to simplify our analysis. We will also assume that the ν#W vertex does not

receive significant contributions from physics beyond the SM. Finally, we note that in order

to be consistent with the LEP II experimental measurements of the asymmetry observables

Ab
FB and Ab

LR [12], the WtLbL, Zb̄LbL and Zt̄LtL couplings should be strongly correlated.

The operator O(3)
φq , of. Eq. (2), modifies the WtLbL and Zb̄LbL couplings, at the same

order of magnitude as FL; however, the complete set of effective operators includes O(1)
φq =

i
(

φ†Dµφ
)

(q̄hγµqh)+h.c. (also tree-level induced [6, 7]), which contributes to the Zb̄LbL and

Zt̄LtL couplings. To agree with the LEP II data, the contributions from O(1)
φq and O(3)

φq to the

Zb̄LbL coupling must cancel, in which case the Zt̄LtL coupling receives a modification of the

same order as FL, a prediction that can be tested at the LHC and future Linear Colliders

by measuring the associated production of Z boson with top quark pairs [13]. In this paper

we will not investigate such effects.

The explicit formulas for the inclusive cross sections of the three single-top production

channels at the LHC are found to be:

σtW = σ0
tW (1 + 4FL) , (9)

σs = σ0
s (1 + 4FL + 19.69G4f) , (10)

σt = σ0
t (1 + 4FL − 3.06G4f) , (11)

4 This operator can be generated, for example, by exchanging a heavy W ′ vector boson.

5

while those for the Tevatron Run II are

σtW = σ0
tW (1 + 4FL) , (12)

σs = σ0
s (1 + 4FL + 13.8G4f) , (13)

σt = σ0
t (1 + 4FL − 2.2G4f ) , (14)

where σ0
i , with i = s, t, tW denote the SM cross sections. The FL contribution is universal

since it is associated with a rescaling of the SM vertex. The four-fermion operators have dif-

ferent effects in the s-channel and t-channel processes, acting constructively or destructively

(depending on the sign of G4f ) so that one process is always enhanced. The large coefficient

in (10) indicates that the s-channel process is better suited for detecting the effects of the

operator containing G4f . The contribution of this operator in the top quark decay is negligi-

ble because the SM contribution peaks in the region of phase space where (p! + pν)2 " M2
W ,

much smaller than Λ2
NP . As expected, the space-like t-channel exchange process is sup-

pressed by the large mass of the new particle, e.g. Z ′ [4, 14]. The measurements can also

determine the sign of G4f . For illustration, we show in Fig. 2 the regions in theFL- G4f plane

where the inclusive cross sections of various single-top production processes deviate from

their corresponding SM cross sections, δσi ≡ (σi − σ0
i ) /σ0

i , by less than 5% in magnitude,

which we take this as a very rough estimate of the systematic experimental uncertainty at

the LHC [15]; a realistic determination of this number must await the turning on of the

machine. It is worth noting that for the observables under consideration, the NP effects

can be comparable to the SM radiative corrections, so we assume that all SM quantities are

evaluated up to the one-loop level, but the interference between the SM one-loop and the

new physics Born contributions can all be ignored.

Measuring each of the three production processes separately with sufficient accuracy

would allow for a complete determination of the FL and G4f coefficients. In Table I we sum-

marize the LHC reach study of the single-top production by the ATLAS [16] and CMS [17, 18]

Collaborations. Both studies clearly demonstrate that LHC has a great potential for discov-

ering all three single-top production processes and precisely measuring their cross sections.

In addition, we can derive the consistency sum rule that the results must satisfy. It is

σs

σ0
s

+ 6.43
σt

σ0
t

= 7.43
σtW

σ0
tW

. (15)
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FIG. 2: Regions corresponding to |δσi| ≤ 5% for various single-top production processes, in the
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these relations can be used to discriminate new physics models, as to be discussed below.

For example, in the Little Higgs model with T-parity (LHT) [19, 20, 21], the heavy gauge

boson does not mix with the W -boson at tree-level, so that FL can only be induced through

the mixing of the top quark with its even T-parity partner. In this theory ΛNP = 4πf and,

to first order in an expansion in powers of v2/f 2, FL = −c4
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2/(2f 2) where cλ = λ1/
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2

(λ1,2 denote the Yukawa couplings for the top quark and its heavy partner); we also have

G4f = 0 so that (16) can be used to restrict the other parameters. For example, taking

cλ = 1/
√

2 and f = 1 TeV, yields FL = −0.007 5 and is represented by the circle in Fig. 2.

5 We note that for this sample model of LHT, the predicted single-top production rates for all three processes
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It is important to note that the natural values for the coefficients FL, FR and G4f is

of order (v/ΛNP )2 and that the formalism is applicable whenever the CM energy for the

hard process,
√

ŝ, is significantly below ΛNP . Taking ΛNP ∼ 2 TeV we find the following

estimates:

|FL| , |FR| , |G4f | < 0.01. (8)

Concerning the right-handed coupling in (3), it is well known that recent data on the decay

of b → sγ leads to the constraint |FR| < 0.004 [9, 10, 11], provided that other new-physics

effects, such as those produced by a bs̄tt̄ 4-fermion interaction 4, are absent. This constraint

will still hold provided we assume (as we will) that no cancellations occur between these

two effects; in this case all FR effects are negligible. Hence, we will restrict ourselves to the

effective vertices containing the couplings FL and G4f and examine their effects in various

experimental observables. In our calculation we will take all the effective couplings to be

real in order to simplify our analysis. We will also assume that the ν#W vertex does not

receive significant contributions from physics beyond the SM. Finally, we note that in order

to be consistent with the LEP II experimental measurements of the asymmetry observables

Ab
FB and Ab

LR [12], the WtLbL, Zb̄LbL and Zt̄LtL couplings should be strongly correlated.

The operator O(3)
φq , of. Eq. (2), modifies the WtLbL and Zb̄LbL couplings, at the same

order of magnitude as FL; however, the complete set of effective operators includes O(1)
φq =

i
(

φ†Dµφ
)

(q̄hγµqh)+h.c. (also tree-level induced [6, 7]), which contributes to the Zb̄LbL and

Zt̄LtL couplings. To agree with the LEP II data, the contributions from O(1)
φq and O(3)

φq to the

Zb̄LbL coupling must cancel, in which case the Zt̄LtL coupling receives a modification of the

same order as FL, a prediction that can be tested at the LHC and future Linear Colliders

by measuring the associated production of Z boson with top quark pairs [13]. In this paper

we will not investigate such effects.

The explicit formulas for the inclusive cross sections of the three single-top production

channels at the LHC are found to be:

σtW = σ0
tW (1 + 4FL) , (9)

σs = σ0
s (1 + 4FL + 19.69G4f) , (10)

σt = σ0
t (1 + 4FL − 3.06G4f) , (11)

4 This operator can be generated, for example, by exchanging a heavy W ′ vector boson.

5

while those for the Tevatron Run II are

σtW = σ0
tW (1 + 4FL) , (12)

σs = σ0
s (1 + 4FL + 13.8G4f) , (13)

σt = σ0
t (1 + 4FL − 2.2G4f ) , (14)

where σ0
i , with i = s, t, tW denote the SM cross sections. The FL contribution is universal

since it is associated with a rescaling of the SM vertex. The four-fermion operators have dif-

ferent effects in the s-channel and t-channel processes, acting constructively or destructively

(depending on the sign of G4f ) so that one process is always enhanced. The large coefficient

in (10) indicates that the s-channel process is better suited for detecting the effects of the

operator containing G4f . The contribution of this operator in the top quark decay is negligi-

ble because the SM contribution peaks in the region of phase space where (p! + pν)2 " M2
W ,

much smaller than Λ2
NP . As expected, the space-like t-channel exchange process is sup-

pressed by the large mass of the new particle, e.g. Z ′ [4, 14]. The measurements can also

determine the sign of G4f . For illustration, we show in Fig. 2 the regions in theFL- G4f plane

where the inclusive cross sections of various single-top production processes deviate from

their corresponding SM cross sections, δσi ≡ (σi − σ0
i ) /σ0

i , by less than 5% in magnitude,

which we take this as a very rough estimate of the systematic experimental uncertainty at

the LHC [15]; a realistic determination of this number must await the turning on of the

machine. It is worth noting that for the observables under consideration, the NP effects

can be comparable to the SM radiative corrections, so we assume that all SM quantities are

evaluated up to the one-loop level, but the interference between the SM one-loop and the

new physics Born contributions can all be ignored.

Measuring each of the three production processes separately with sufficient accuracy

would allow for a complete determination of the FL and G4f coefficients. In Table I we sum-

marize the LHC reach study of the single-top production by the ATLAS [16] and CMS [17, 18]

Collaborations. Both studies clearly demonstrate that LHC has a great potential for discov-

ering all three single-top production processes and precisely measuring their cross sections.

In addition, we can derive the consistency sum rule that the results must satisfy. It is

σs

σ0
s

+ 6.43
σt

σ0
t

= 7.43
σtW

σ0
tW

. (15)
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In case of G4f = 0, Eq. (15) becomes
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, (16)

while in case of FL = 0,
σs

σ0
s

+ 6.43
σt

σ0
t

= 0; (17)

these relations can be used to discriminate new physics models, as to be discussed below.

For example, in the Little Higgs model with T-parity (LHT) [19, 20, 21], the heavy gauge

boson does not mix with the W -boson at tree-level, so that FL can only be induced through

the mixing of the top quark with its even T-parity partner. In this theory ΛNP = 4πf and,

to first order in an expansion in powers of v2/f 2, FL = −c4
λv

2/(2f 2) where cλ = λ1/
√

λ2
1 + λ2

2

(λ1,2 denote the Yukawa couplings for the top quark and its heavy partner); we also have

G4f = 0 so that (16) can be used to restrict the other parameters. For example, taking

cλ = 1/
√

2 and f = 1 TeV, yields FL = −0.007 5 and is represented by the circle in Fig. 2.

5 We note that for this sample model of LHT, the predicted single-top production rates for all three processes
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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-
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ŝ+ 2m2

t + 2<
⇥
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S + ŝ)m2

t + m4
S + m4

F − 2m2
Fm2

S + m2
F ŝ
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λ1 λ2 κ f λ1 λ2

λ1

λ1 0.71 ! λ1 ! 2.51 κ

κ

f f ∼ 500

λ1 = 2.5, κ = 5, f = 500 GeV, mt = 175 GeV,

mW = 80.4 GeV, mZ = 91.2 GeV, mh = 120(500) GeV,

mW mZ mh W Z

mT+
= 1302 GeV, mT−

= 364 GeV,

mt− # mb− = 3536 GeV, mω±, 0 = 327 GeV, mη = 78 GeV.

ξ

α β gV gA

Lgtt = �igsT
at̄�µt QHC, Chen, Larios, Yuan, PRD79 (2009) 015004
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}

,
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• Impact on ttbar production

Figure 12: The Feynman diagrams for uū → tt̄ process. (a) is the SM amplitude, (b) is the correction on
gtt coupling induced by OtG, and (c) is the four-fermion interactions. The dd̄ → tt̄ process has the same
diagrams.

Using the Fierz transformation and the following SU(2) and SU(3) identities

τIabτ
I
cd = −δabδcd + 2δadδbc

tAijt
A
kl = −

1

6
δijδkl +

1

2
δilδjk (50)

we find that only the following four-quark operators contribute to the uū, dd̄ → tt̄ reaction:

O(8,1)
qq = 1

4 (q̄
iγµλAqj)(q̄γµλAq) O(8,3)

qq = 1
4 (q̄

iγµτIλAqj)(q̄γµτIλAq)

O(8)
ut = 1

4 (ū
iγµλAuj)(t̄γµλAt) O(8)

dt = 1
4 (d̄

iγµλAdj)(t̄γµλAt)

O(1)
qu = (q̄ui)(ūjq) O(1)

qd = (q̄di)(d̄jq)

O(1)
qt = (q̄it)(t̄qj)

(51)

We don’t include the operators that have the form (q̄λAui)(ūjλAq). This operator can be turned into a

linear combination of O(1)
qu , which is already considered, and another operator (q̄cui

b)(ū
j
aqd)δabδcd (a, b, c, d

denote color indices), which does not contribute because the t and t̄ form a color singlet. In addition, we
also need to consider the operator OtG, whose effect is to change the gtt coupling. The diagrams are shown
in Figure 12. The result is

1

36
|Mūu→t̄t|2 = g2s(M

2
1 +M2

2 ) +
32

√
2ReCtGg3svm

9Λ2
+ C1

u
s

Λ2
M2

1 + C2
u
s

Λ2
M2

2

1

36
|Md̄d→t̄t|2 = g2s(M

2
1 +M2

2 ) +
32

√
2ReCtGg3svm

9Λ2
+ C1

d
s

Λ2
M2

1 + C2
d
s

Λ2
M2

2 (52)

where

C1
u = C(8,1)

qq + C(8,3)
qq + C(8)

ut (53)

C2
u = C(1)

qu + C(1)
qt (54)

C1
d = C(8,1)

qq − C(8,3)
qq + C(8)

dt (55)

C2
d = C(1)

qd + C(1)
qt (56)

M2
1 =

4g2s
9s2

(3m4 −m2(t+ 3u) + u2) (57)

M2
2 =

4g2s
9s2

(3m4 −m2(3t+ u) + t2) (58)
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Summary
As we know,
There are known knowns.
There are things we know we know.
We also know
There are known unknowns.
That is to say
We know there are somethings
We do not know.
But there are also unknown unknowns,
The ones we don’t know
We don’t know. 

---  Feb 12, 2002, Department of Defense news briefing
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: Higgs doublet

Ed L. Berger, QHC, Ian Low, Phys.Rev.D80:074020(2009)
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  which is predicted by the EW gauge symmetry after the   
  stringent constraint on              imposed. 
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differential distributions are insensitive. A measurement of FL requires a very precise mea-

surement of the total cross section. The coupling FL also affects top quark decay, but it

does not change the top quark decay branching ratio, i.e. Br(t → W+b) = 1.3 On the other

hand, the Ztt̄ amplitude involves both FL and FR, and it is conceivable that differential

distributions in the decay products of Ztt̄ production would have different sensitivity to FL

and FR, respectively. We will look at two possibilities: the opening angle ∆φ("+, "−) from

the decay of Z → "+"− and the spin correlation between the top quark and the Z decay

products.

The inclusive cross sections for single top quark and Ztt̄ associated production at the

LHC are:
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where σ0
t and σ0

Ztt̄ denote the SM cross sections for single top quark production and Ztt̄

production, respectively. We include the possibility of a non-unitary CKM matrix element

δVtb = |Vtb|(exp) − |Vtb|(SM). From Eq. (18) we see immediately the possibility of extracting

δVtb from

δVtb = −0.23δσZtt̄ + 0.5δσt − 0.34FR, (20)

which is not possible from measurements of single top quark production alone. In the

above, FR could in principle be measured from differential distributions in Ztt̄ associated

production, as is discussed in detail below.

Since new physics contributions to the Wtb, Ztt̄, and Zbb̄ couplings are of the order

v2/Λ2 # 1/(16π2) for Λ # 1 TeV, we can safely ignore interference effects between new

physics and SM one-loop contributions in the total cross section. Therefore, the SM quanti-

ties in Eq. (18) are understood to be evaluated at one-loop level, as calculated in Refs. [47–

60].

We define the deviation of the cross sections from the SM predictions as δσ ≡

(σ − σ0) /σ0. The contours of δσZtt̄ in the plane of FL and FR are shown in Fig. 2(a).

The ranges of FL and FR in this figure are consistent with the allowed regions shown in

3 Whatever FL contributes to the matrix element of the decay is canceled by its modification to the top
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Note: Vtb cannot be extracted out from single top production alone.
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 b-tagging:

 Detector smearing effects:

 Z-boson mass window cuts:

�E

E
=

50%p
E/GeV
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insensitive to kinematic cuts. The correlation between Ztt̄ and single top quark production

is exploited at the end of this section.

We mention in passing that Ztt̄ associated production is an important SM background

in searches for possible new physics, especially when the Z boson decays into neutrinos,

resulting in missing transverse energy in collider detectors. Examples are pp → t̃t̃ → tt̄χ̃χ̃ in

the minimal supersymmetric standard model (MSSM) where t̃ and χ̃ denote the top squark

and the neutralino (Wino like), and pp → T−T̄− → tt̄AHAH in the Little Higgs theories with

T-parity (LHT) [62–67], where T− and AH are the T-odd top quark and photon partners,

respectively. In the LHT, the AH − t−T− coupling is predominately right-handed polarized.

In the MSSM the χ̃ − t − t̃ coupling depends on the t̃ mixing. The top quark polarization

then will be a key to distinguish or to provide information on various models.

C. Monte Carlo Simulation

We perform a Monte Carlo simulation of Ztt̄ production at the parton level, sufficient for

our purposes. We do not include SM one-loop contributions in our simulation of the differ-

ential decay rate. These effects should certainly be taken into account when one attempts

to analyze real data.

1. Event Reconstruction

To mimic detector capability, we require the transverse momentum of the charged lepton

and jets (including both b and j) to satisfy the following basic cuts:

p!
T > 15 GeV, |η!| < 2.5, pb

T > 20 GeV, |ηb| < 2.5,

pj
T > 15 GeV, |ηj | < 2.5, #ET > 20 GeV,

∆R(j, j) > 0.4, ∆R(j, #) > 0.4, ∆R(j, b) > 0.4, ∆R(b, b) > 0.4. (23)

Here ∆R =
√

(∆φ)2 + (∆η)2 is the separation in pseudo-rapidity-azimuth space, and #ET is

the missing transverse momentum originating from the neutrino which escapes the detector.

In this study we adopt the pT -dependent b-tagging efficiency defined as [68]

εb = 0.57 × tanh

(

pb
T

35 GeV

)

.

15

insensitive to kinematic cuts. The correlation between Ztt̄ and single top quark production

is exploited at the end of this section.

We mention in passing that Ztt̄ associated production is an important SM background

in searches for possible new physics, especially when the Z boson decays into neutrinos,

resulting in missing transverse energy in collider detectors. Examples are pp → t̃t̃ → tt̄χ̃χ̃ in

the minimal supersymmetric standard model (MSSM) where t̃ and χ̃ denote the top squark

and the neutralino (Wino like), and pp → T−T̄− → tt̄AHAH in the Little Higgs theories with

T-parity (LHT) [62–67], where T− and AH are the T-odd top quark and photon partners,

respectively. In the LHT, the AH − t−T− coupling is predominately right-handed polarized.

In the MSSM the χ̃ − t − t̃ coupling depends on the t̃ mixing. The top quark polarization

then will be a key to distinguish or to provide information on various models.

C. Monte Carlo Simulation

We perform a Monte Carlo simulation of Ztt̄ production at the parton level, sufficient for

our purposes. We do not include SM one-loop contributions in our simulation of the differ-

ential decay rate. These effects should certainly be taken into account when one attempts

to analyze real data.

1. Event Reconstruction

To mimic detector capability, we require the transverse momentum of the charged lepton

and jets (including both b and j) to satisfy the following basic cuts:

p!
T > 15 GeV, |η!| < 2.5, pb

T > 20 GeV, |ηb| < 2.5,

pj
T > 15 GeV, |ηj | < 2.5, #ET > 20 GeV,

∆R(j, j) > 0.4, ∆R(j, #) > 0.4, ∆R(j, b) > 0.4, ∆R(b, b) > 0.4. (23)

Here ∆R =
√

(∆φ)2 + (∆η)2 is the separation in pseudo-rapidity-azimuth space, and #ET is

the missing transverse momentum originating from the neutrino which escapes the detector.

In this study we adopt the pT -dependent b-tagging efficiency defined as [68]

εb = 0.57 × tanh

(

pb
T

35 GeV

)

.

15

We smear all final state parton momenta by a Gaussian distribution with

∆E

E
=

50%√
E

,

where E is the energy of the observed parton, and the resolution in energy is assumed to

be 50%
√

E. We also require that there be a same flavor, opposite-sign charged lepton pair

with invariant mass near the Z resonance,

|m!′+!′− − mZ | < 10 GeV.

As a result of this final state signature requirement, Ztt̄ production as observed is insensitive

to tt̄γ production, where γ denotes a virtual photon.

To study spin correlations, one must reconstruct the W -boson pair and the top quark

pair. The hadronically decaying W could be reconstructed from the invariant mass of the

two light jets, while the leptonically decaying W -boson is reconstructed from the final state

electron and the observed missing transverse energy #ET . The lack of information about

the longitudinal component of the neutrino momentum (pν
z) is addressed by requiring the

invariant mass of the electron-neutrino system to be equal to the mass of the W -boson.

This additional constraint yields two possible solutions for pν
z , and typically, both of them

are physical solutions for a signal event. We follow the prescription in Ref. [69] to choose

the solution which has the smaller |pν
Z |. This method picks the correct pν

z in about 70%

of the events passing the above basic cuts. We find no physical solution for quite a few

events due to the detector smearing effects. To recover these events, we generate a Breit-

Wagner distribution around mW and use the generated mass to derive pν
Z . About 7% of the

remaining events do not exhibit a physical solution and are not included in our analysis.

To reconstruct the top quark, we combine the reconstructed W -boson with the b-jet from

the top quark decay. The challenge in this case is to identify the correct jet. To this end

we make use of the top quark mass measured in tt̄ events. In single top quark events, the

Wj combination that gives an invariant mass closest to the true top mass is chosen as the

reconstructed top quark. In Ztt̄ events there are two W bosons and two b-jets in the final

state. Labeling the leptonically decaying W boson W! and the hadronically decaying W -

boson Wh, we loop over two the combinations of the W -bosons and b-jets, i.e. (W!b1, Whb2)

and (W!b2, W!b1), and we calculate the invariant masses of the reconstructed top quarks.

We then require all the masses of the reconstructed (Wb) systems to be within 20 GeV of

16
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Figure 3. The differential cross sections at the LHC as a function of pT (Z) for !′+!′−!νbb̄jj

final states. Shown are the SM predictions for tt̄Z production (solid), the single-top background

(dashed), the WZbb̄jj background (histogram), and the predictions for several non-standard ttZ

couplings. Only one coupling at a time is allowed to deviate from its SM value. The cuts imposed

are listed in Eqs. (23), (26) and (31).

in Fig. 4. Anomalous vector couplings (dashed line) reduce the peaking at small opening
angles, whereas the opposite is true for non-standard axial vector couplings (dotted line).
The shape change is most pronounced for F Z

2V,A. Since the pT (Z) distribution is considerably
harder in the presence of these couplings, the increased Z boson Lorentz boost leads to a
decrease of ∆Φ(!′!′).

B. The tt̄Z dilepton final state

As in the trilepton case, we impose the cuts of Eq. (23) to identify leptons, b quarks
and light jets, and again require that the !′+!′− invariant mass satisfies Eq. (31). The main
background arises from Zbb̄ + 4j production, which we calculate using ALPGEN [56]. To
adequately suppress it, we additionally require that events have at least one combination of
jets and b quarks which fulfills the requirements

mt − 20 GeV < m(b1j1j2) < mt + 20 GeV, MW − 20 GeV < m(j1j2) < MW + 20 GeV, (32)

mt − 20 GeV < m(b2j3j4) < mt + 20 GeV, MW − 20 GeV < m(j3j4) < MW + 20 GeV, (33)
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 n : left-handed t-prime
     : right-handed t-prime
 p: chiral 4th generation
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