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The last untested gauge coupling

The dominant background contributions originate from
nonprompt leptons or misreconstruction effects: pions in
jets or decay products of heavy-flavor mesons may give rise
to nonprompt lepton candidates; chargemisidentification in
events with opposite-sign lepton pairs results in same-sign
events. These background rates are determined fromcontrol
regions in the data using techniques that determine the
prompt and nonprompt lepton misidentification rates from
QCD dijet and Z ! ‘‘ event samples [25]. The result is an
estimate, fully based on control samples in the data, of
backgrounds with one or more lepton candidates that are
not reconstructed from a prompt final-state lepton. These
include semileptonic t!t decays, Drell-Yan events with hard
jet production, and QCD multijet production.

The background estimate due to charge misidentifica-
tion of one of the leptons is obtained from the number of
opposite-sign dilepton events in the signal region and the
probability to wrongly measure the charge of a lepton. This
probability is negligible for muons, but considerable for
electrons. From the fraction of same-sign events in a
control region dominated by Z decay, the electron charge
misidentification probability is measured to be 0.02%
(0.3%) in the barrel (endcap) region of the detector.

Systematic uncertainties relative to experimental mea-
surements or model uncertainties are evaluated in a similar
manner as in the trilepton channel and are expressed in
terms of uncertainties on the signal efficiency or the back-
ground yield. Uncertainties on the background prediction
are quantified differently for each of the background yield
estimates: a 50% uncertainty is assigned to the estimate
of processes with nonprompt leptons; the uncertainty on
charge misidentification backgrounds is driven by the un-
certainty on the measured single-lepton charge misidenti-
fication probability and amounts to about 20%; the
uncertainty onWZ production is taken from the CMS cross
section measurement and is equal to 20%; for all the other
SM processes taken from simulation, most of which have
not been measured yet, an uncertainty of 50% is assigned.
Similar to the trilepton analysis, the uncertainty of the
signal efficiency is estimated to be 13%. All uncertainties
that affect both signal and background yields are assumed
to be fully correlated, whereas background prediction
uncertainties are uncorrelated. The total systematic uncer-
tainty in the dilepton channel is 15%. The contribution
from a SM Higgs boson with a mass of 125 GeV to the
same-sign dilepton sample is estimated to be as large as
0.8 events. The majority of these events originate from
Higgs boson production in associated production with t!t
pairs, in conjunction with the decay channels H ! WW
and H ! !!. This contribution is not included in the
background estimation for this analysis, as doing so would
assume a degree of knowledge about the SM Higgs boson
that has not been verified yet.

Signal and background event yields are obtained as
shown in Fig. 2. A total of 16 events is selected in the

data, compared to an expected background contribution of
9:2! 2:6 events. The presence of a t!tV (V ¼ W or Z)
signal is established with a significance equivalent to 3.0
standard deviations and a corresponding p value of 0.002,
as computed by multiplying the likelihoods of the three
decay channels with an asymptotic profile likelihood esti-
mator. The combined cross section, as measured simulta-
neously from the three channels, is

"t!tV ¼ 0:43þ0:17
$0:15 ðstatÞþ0:09

$0:07 ðsystÞ pb:

The measured cross section is compatible with the NLO
prediction of 0:306þ0:031

$0:053 pb. A comparison of the observed
and predicted distributions for several kinematic variables
is available in the Supplemental Material [24].
In summary, the first measurement of the cross section

of vector-boson production associated with a top quark-
antiquark pair at

ffiffiffi
s

p ¼ 7 TeV has been presented. In the
trilepton channel a direct measurement of the t!tZ cross
section "t!tZ ¼ 0:28þ0:14

$0:11 ðstatÞþ0:06
$0:03 ðsystÞ pb is obtained,

with a significance of 3.3 standard deviations from
the background hypothesis. In the dilepton channel a
measurement of the t!tV process yields "t!tV ¼
0:43þ0:17

$0:15 ðstatÞþ0:09
$0:07 ðsystÞ pb, with a significance of 3.0

standard deviations from the background hypothesis.
Both cross section measurements are compatible with the
NLO predictions. These results are summarized in Fig. 3.
We congratulate our colleagues in the CERN accelerator

departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and
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FIG. 3 (color online). Measurements of the t!tZ and t!tV produc-
tion cross sections, in the same-sign dilepton (left) and trilepton
channel (right), respectively. The measurements are compared to
theNLOcalculations (horizontal black lines) and their uncertainty
(grey bands). Internal error bars for the measurements represent
the statistical component of the uncertainty.
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Although the top quark was discovered more than
15 years ago [1,2], many of its properties have not yet
been fully investigated. In particular, most of its couplings
have never been directly measured. The large value of its
mass indicates that the top quark could play a special
role in the context of electroweak symmetry breaking.
Extensions of the standard model (SM), such as techni-
color or other scenarios with a strongly coupled Higgs
sector, could alter the top-quark couplings. A measurement
of the production of a top-quark pair in association with
vector bosons is a key test of the validity of the SM at the
TeV scale. In Fig. 1 the most important leading-order
Feynman diagrams for t!tW and t!tZ production in proton-
proton collisions are shown. The current estimate of the
cross section for these processes is based on quantum
chromodynamics (QCD) calculations at next-to-leading
order (NLO), which yield 0:169þ0:029

"0:051 pb [3] for t!tW pro-
duction, and 0:137þ0:012

"0:016 pb [4] for t!tZ production.
In this Letter, the first measurement of the cross section

for associated production of a vector boson and a t!t pair is
presented. Two analyses are conducted: one based on
trilepton signatures produced in t!tZ decays, and one based
on same-sign dilepton signatures produced by t!tV events
(with V ¼ W or Z).

This measurement uses data from proton-proton colli-
sions, produced at a center-of-mass energy of 7 TeV, cor-
responding to an integrated luminosity of 5:0& 0:1 fb"1

[5]. The data were collected by the Compact Muon
Solenoid (CMS) detector at the Large Hadron Collider

(LHC) in 2011. As the signal would appear as an excess
over a background of similar size, the background estima-
tion is a focus of the analysis. The majority of background
contributions are estimated using the data, while the
remaining background processes are estimated using
Monte Carlo (MC) simulations. Simulated MC event
samples are generated using the MADGRAPH 5.1.3.30 event
generator [6], interfaced with PYTHIA 6.4 [7] for parton
showering. The same generator chain is used for signal
events. A GEANT4-based [8] simulation of the response of
the CMS detector is used for both signal and background
events. These events are processed with the same recon-
struction algorithms as the data. Simulated event yields are
scaled to the integrated luminosity in the data using cross
section calculations to the highest order available, taking
into account the trigger and reconstruction efficiencies
determined from the data. In addition, the simulated dis-
tribution of the number of simultaneous proton-proton
collisions within the same bunch crossing (pileup) is
reweighted to match the one observed in the data.
A detailed description of the CMS detector can be found

elsewhere [9]. Its central feature is a 3.8 T superconducting
solenoid of 6 m internal diameter. Within its field volume
are the silicon tracker, the crystal electromagnetic calo-
rimeter (ECAL), and the brass and scintillator sampling
hadron calorimeter. The muon system, composed of drift

FIG. 1. Most important leading-order Feynman diagrams for
t!tW and t!tZ production in proton-proton collisions. The charge
conjugate of the diagrams shown is implied.

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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The Era of 
Top Quark Precision



Top pair production in the SM
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Single top production in the SM
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Electroweak triangle
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Model Independent Analysis of 
      (1) Single-top Production

 (2) Wtb, Ztt and Zbb Couplings
(Indirect probe to new physics)



Top quark anomalous couplings

8 different form factors

C. Arzt, M.B. Einhorn, J. Wudka, Nucl.Phys.B433:41 (1995)

•   NP effects can be summarized in effective Lagrangian:

•   We adopt a new approach of effective field theory to   
     study top coupling.    

        We consider only tree-level induced operators. 
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Tree-level induced dim-6 operators
contributing to single-top productions
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• Inclusive cross sections:

• 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

plane of FL and G4f . Predictions for two different models, LHT (circle) and NP with heavy W ′

(box), are also given. (See the main text for its details.)

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

σs

σ0
s

=
σt

σ0
t

=
σtW

σ0
tW

, (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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Single top productions



-0.02 -0.01 0.00 0.01 0.02

F
L

-0.02

-0.01

0.00

0.01

0.02

G
4f

LHT

Normal W′

s

t
tW

δσ
t
 > 0

δσ
tW

 > 0

δσ
tW

 < 0

δσ
s
 < 0

δσ
s
 > 0

δσ
t
 < 0

5%-5%

5%

-5%

-5%

5%

FIG. 2: Regions corresponding to |δσi| ≤ 5% for various single-top production processes, in the

plane of FL and G4f . Predictions for two different models, LHT (circle) and NP with heavy W ′

(box), are also given. (See the main text for its details.)

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

σs

σ0
s

=
σt

σ0
t

=
σtW

σ0
tW

, (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

7

Single top productions
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•  The operator

    induces not only effective                but also             coupling.
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But wait ...
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Tree-level induced dim-6 operators
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Effective Wtb, Ztt, Zbb couplings



• New parameterization of couplings

• The coefficients of the left-handed neutral and charged 
  currents are related,

  which is predicted by the EW gauge symmetry after the   
  stringent constraint on              imposed. 

gL
Ztt̄ = 2gL

Wtb = 2FL

ZbLbL
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gp
2
FL W+

µ t̄L�µbL + h.c. ,

OZtt̄ =
g

2cw
Zµ (2FL t̄L�µtL + FR t̄R�µtR)

Effective Wtb, Ztt, Zbb couplings
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How to probe such correlations?



• At the Linear Collider 
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           Impact on       and    

�� = (� � �0)/�0

�(t) �(Ztt)

• Inclusive cross sections of single-t and Ztt productions:

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:

σt = σ0
t

[

1 + 2FL + 2δVtb + O
(

F2
L, δV 2

tb

)]

, (18)

σZtt̄ = σ0
Ztt̄

[

1 + 4.4FL − 1.5FR + O
(

F2
L, F2

R, FLFR

)]

, (19)

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

quark decay width.
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Note: Vtb cannot be extracted out from single top production alone.



Top quark polarization



Top-quark: king of the SM
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pQCD WEAK

• “bare” quark:
   spin info well kept among
   its decay products
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hadronization

• Short lifetime: 

• Large mass：172GeV ( yt ~O(1) )



Charged lepton distribution

• In top-quark rest frame
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• The charged-lepton tends to follow the top-quark 
spin direction.



Example 1:
Color sextet scalar/vector

Pheno 2010May. 10, 2010

๏ Signal topology

same sign di-muons with 2 b-jets

๏ Much better reconstruction than 
electron

๏ Prominent backgrounds (ALPGEN):
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The Models

Measuring 
polarizations of both 

top quarks 

• Effective Lagrangian ( SU(3)C x SU(2)L x U(1)Y )

Spin and gauge 
quantum numbers of 

heavy resonances 

Atag, Cakir, Sultansoy, PRD59 (1999) 015008

Berger, QHC, Chen, Shaughnessy, Zhang,    Phys Rev Lett 105 (2010) 181802
Zhang, Berger, QHC, Chen, Shaughnessy,    Phys Lett B 696 (2001) 68



Example 2:
Top-quark pair plus missing energy

• Typical collider signature in several NP models

‣ Universal Extra 
Dimension Model 
(UED)

‣ Little Higgs Model 
with T-parity 
(LHT)

‣Minimal 
Supersymmetric 
extension of the 
Standard Model 
(MSSM)
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          Difficulty in               events
• It is impossible to reconstruct a top-quark in the leptonic-decay mode. 
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Angular distribution of the charged-lepton cannot be used. 

tt̄ + 6ET

Masses and spins of      and       are not known.t̃ �̃0



Lepton energy and top-quark polarization

★ Lepton energy distribution is sensitive to top quark polarization.

d�(ŝt)

dx

=
↵

2
Wmt

64⇡AB

Z z
max

z
min

x�

2[1� x�

2(1� z�)]

⇥
✓
1 + ŝt
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Berger, QHC, Zhang, Yu, Phys. Rev. Lett. 109 (2012) 152004 



         distribution 
•      and       are separated 
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Summary
Questions: Observables

CPT invariant?

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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YOU!


