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FIG. 16. Scale dependence of the total tt̄ production cross section at the Tevatron and the LHC [158].

3. Threshold resummation

When the physical process considered involves multi-
scale in high energy hard scattering, in certain kinematic
region, there exist the powers of large logarithms which
origin from soft gluon effects so that the convergence of
the fixed-order calculations in the QCD is spoiled. These
large logarithms can be resummed by reorganizing the
perturbative expansion, which is so-called soft gluon re-
summation.
The threshold resummation for top-pair production

can be mainly divided into three different cases which
are well reviewed in Ref. [198] and are summarized in
Table V. The soft gluon resummations for top-pair pro-
duction at NLL accuracy have been available for a long
time [199, 200]. The advances in the understanding of the
infrared structure of QCD amplitudes [201, 202] make it
possible to extend the resummation to NNLL level. In
the threshold limit β → 0, the NNLL resummed total
cross section was calculated [203]. The NNLL resumma-
tion for top quark pair invariant-mass (PIM) distribution
has been investigated [204, 205]. Recently, NNLL resum-
mation for the transverse-momentum and rapidity distri-
butions of the top quark were also calculated in the case
of single particle inclusive (1PI) kinematics [206–208].
Utilizing the results of soft gluon resummation, the ap-
proximate NNLO corrections are calculated in Refs. [204–
214].
Table VI shows the most accuracy predictions for the

total cross section at NNLO+NNLL level [128]. Their
scale uncertainties are about 2% and 4% at the Tevatron
and the LHC, respectively. Compared with the NNLO
results in Table IV, the resummation results agree with
the NNLO results and reduce the scale dependence.

4. Transverse momentum resummation

The transverse momentum distribution is one of the
interesting observables for top-pair production. The
measurements at the Tevatron show that the forward-
backward asymmetry of tt̄ production has strong depen-

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.164 +0.110(1.5%)
−0.200(2.8%)

+0.169(2.4%)
−0.122(1.7%)

LHC 7 TeV 172.0 +4.4(2.6%)
−5.8(3.4%)

+4.7(2.7%)
−4.8(2.8%)

LHC 8 TeV 245.8 +6.2(2.5%)
−8.4(3.4%)

+6.2(2.5%)
−6.4(2.6%)

LHC 14 TeV 953.6 +22.7(2.4%)
−33.9(3.6%)

+16.2(1.7%)
−17.8(1.9%)

TABLE VI. The NNLO+NNLL results for top-pair produc-
tion at the Tevatron and the LHC [128].
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FIG. 17. Comparison of normalized distribution between the
resummation prediction and the data from the CMS at the 8
TeV LHC [222].

dence on the transverse momentum of tt̄ system [144,
145]. An enhancement of the sensitivity of the invariant
mass distribution to the effects of NP can be obtained
by setting a kinematic cut on the top quark pair trans-
verse momentum, especially in the small qT region [215].
Therefore, it is significant to have an accuracy prediction
for small qT distribution in top-pair production.
It is well known that there are the large logarithms of

the form lnn(qT /M) at small qT region in the fixed-order
calculations. To obtain the correct prediction at small qT ,
these logarithms must be resummed to all order in the
QCD coupling constant αs. Efforts have been made in
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FIG. 7. Feynman diagrams of qq̄ → hV and gg → hV at the
lowest order.

liders have been made for a long time. The QCD NLO
and EW corrections for HV associated production were
performed [68–72]. Moreover, the QCD NNLO correc-
tions of the total cross section for HV associated pro-
duction were calculated in Refs. [12, 73, 74]. The cor-
responding numerical results are included in the code
VH@NNLO [75]. Based on the transverse momentum
substraction scheme[16], the QCD NNLO corrections of
differential cross section for HW± associated production
were completed [76]. And the effects of QCD NLO cor-
rections to both HW± associated production and subse-
quent decay of H → bb̄ were investigated [77]. Moreover,
the fully differential cross section of this process up to
QCD NNLO with the subsequent decay of the Higgs bo-
son into bb̄ at NLO is obtained [78].
Recently, the HV associated production at the LHC

with a jet veto is presented [79], where the large logarith-
mic terms lnpvetoT /Q existing in the perturbative expan-
sions are resummed to all order in SCET. The resumed
cross sections can be written as

dσ(pvetoT )

dM2
=
σ0

s
H(M,pvetoT )

∫ 1

τ

dz

z
II ij(z, p

veto
T , µf )

× ffij
(τ
z
, µf

)
, (8)

where II ij and ffij are defined as

II ij(z, p
veto
T , µf ) =

∫ 1

z

du

u
Iq←i(u, p

veto
T , µf )

× I q̄←j(z/u, p
veto
T , µf ) + (q ↔ q̄), (9)

ffij (y, µf ) =

∫ 1

y

dx

x
fi(x, µf )fj(

τ

xz
, µf ). (10)

Here H(M,pvetoT ) is the RG invariant hard func-
tion. Fig. 8 shows the renormalization group improved
NLO+NNLL predictions for HW associated production
cross section with a jet veto at the LHC. Obviously, the
renormalization group improved predictions reduced the
theoretical uncertainties, especially in small pvetoT region.

4. Higgs boson associated with tt̄ production

The production of the Higgs boson associated with top
quark pair is the main channel for measuring top quark
and Higgs boson Yukawa coupling at the LHC. Similarly
to top quark pair production, the LO predictions for tt̄h
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FIG. 8. The NLO+NNLL predictions for HW associated
production cross section with a jet veto at the 14 TeV LHC,
where the bands reflect the scale uncertainties [79].

production suffer from large theoretical uncertainties [80–
84]. However, the QCD NLO results show [85–88] that
QCD NLO corrections increase the total cross section by
about 20%, and the scale uncertainties are reduced to
10%. Besides, recently QCD NLO corrections to Higgs
boson production in association with tt̄+ jet were calcu-
lated [89].

FIG. 9. Feynman diagrams of qq̄ → tt̄h and gg → tt̄h at the
LO.

B. Higgs boson properties

1. CP and spin

In the SM, the Higgs boson is a CP-even, spin-0 par-
ticle (JP = 0+). The Landau-Yang theorem forbids
the direct decay of a spin-1 particle into a pair of pho-
tons [90, 91]. The spin-1 hypothesis is therefore strongly
disfavored by the observation of the h → γγ decay.
The difference between the SM predictions JP = 0+

and alternative hypotheses can be studied through the
bosonic decay channels h → γγ, h → WW ∗ → 2l2ν
and h → ZZ∗ → 4l, which recently are combined to dis-
tinguish between the SM assignment of JP = 0+ and
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Figure 12. Invariant mass distributions and the associated K-factors for Higgs boson pair produc-
tion at the LHC with

√
S = 14 and 33 TeV. The bands indicate the scale uncertainties. The blue

and red bands are FO results at the LO and NLO, respectively, and the green band includes the
effects of NNLL resummation matched to NLO results. The green solid and red dashed lines are
the K-factors defined as dσNNLL+NLO/dσLO and dσNLO/dσLO, respectively.

When the hard scale µ2
h = −3.6M2 is chosen in the time-like region while the other

matching scales are set equal to the factorization scale µf , only the contributions from

resummation of π2-enhanced terms are retained. As is stated in Sec.3 the corrections from

π2-enhanced terms decrease with the increasing the invariant mass of Higgs boson pair,

which is obviously shown in Fig. 11 (red dashed line). Besides, these enhanced effects

– 17 –
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FIG. 3. Feynman diagram of gg → h at the LO.

tum (pT ) spectrum of Higgs boson can help to improve
the statistical significance, especially in small pT region.
Up to O(α4

s), in the large pT region (pT ≫ mh) the pT
spectrum has been investigated in Refs. [15, 16, 25–29].
Moreover, contributions at O(α5

s) to the production of
Higgs boson associated with two jets have also been ac-
complished in Ref. [30]. However, in the small pT region
(pT ≪ mh), the convergence of the fixed-order expan-
sion is spoiled by the large logarithmic terms ln(m2

h/p
2
T ).

In order to obtain reliable predictions, these logarithmic
terms have to be resummed to all orders, which was done
in Refs. [31–43]. Recently, in the Collins-Soper-Sterman
(CSS) framework [44–46], the improved resummation cal-
culations for the Higgs boson production via gluon gluon
fusion by including the NNLO Wilson coefficient func-
tions and G-functions have been completed. And the
corresponding results are included in the ResBos pro-
gram [47]. The resummation formula can be written as

dσ(gg → HX)

dQ2dQ2
Tdy

= κσ0
Q2

S

Q2ΓH/mH

(Q2 −m2
H)2 + (Q2ΓH/mH)2

×

{
1

(2π)2

∫
d2beiQT ·bW̃gg(b∗, Q, x1, x2, C1,2,3)

× W̃NP
gg (b,Q, x1, x2) + Y (QT , Q, x1, x2, C4)

}

, (2)

where the updated NNLO Wilson coefficients are in-
cluded in W̃gg , which dominates at small QT , and be-
haves as Q−2T times a series of lnn (Q2/Q2

T ). The function

W̃NP
gg describes the non-perturbative part, and the term

containing Y incorporates the remainder of the cross
section which is not singular as QT → 0. The results
show that including NNLO Wilson coefficient functions
increases the total cross section predictions of ResBos for
a 125 GeV Higgs Boson production by about 8% and 6%
at the Tevatron and the LHC, respectively. The differ-
ent theoretical predictions on the transverse momentum
distributions for the Higgs boson production at the LHC
wiht 14 TeV are shown in Fig 4.

In Ref. [43] using methods of SCET, the calculation
of the cross sections for the Higgs boson production
at small transverse momentum qT region is performed,
where large logarithms of the scale ratio mH/qT are re-
summed to all orders. The differential cross section based
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FIG. 4. Different theoretical predictions on the transverse
momentum distributions for the Higgs boson production at
the 14 TeV LHC. In the bottom of each plot, the ratios to
ResBos2 predictions are also shown [47].

on SCET can be factorized as

d2σ

dq2T dy
= σ0(µ)C

2
t (m

2
t , µ)

∣∣CS(−m2
H , µ)

∣∣2

×
∑

i,j=g,q,q̄

∫ 1

ξ1

dz1
z1

∫ 1

ξ2

dz2
z2

C̄gg←ij(z1, z2, q
2
T ,m

2
H , µ)

× φi/P (ξ1/z1, µ)φj/P (ξ2/z2, µ) , (3)

where the Wilson coefficient Ct can be obtained after in-
tegrating out the heavy top quark, while the hard match-
ing coefficient CS arises when two-gluon operator in QCD
is matched onto an effective two-gluon operator in SCET.
φi/P is the ordinary parton distribution function (PDF).
Besides, the integral kernel C̄gg←ij is

C̄gg←ij(z1, z2, q
2
T ,m

2
H , µ) =

1

4π

∫
d2x⊥ e−iq⊥·x⊥

×
(
x2
Tm

2
H

b20

)−Fgg(L⊥,as) ∑

n=1,2

I(n)g←i(z1, L⊥, as)

× I(n)g←j(z2, L⊥, as) , (4)

where I(n)g←i is the matching coefficient when matching
the transverse momentum dependent PDF onto ordinary
PDF. Fgg is the collinear anomaly factor, which is first
studied in Ref. [48]. The results show that the resum-
mation predictions are fully compatible with the NNLL
order predictions [41] obtained in the traditional CSS
framework.
Recently, the QCD NNLO corrections to the process

gg → h + 1 jet were calculated [49]. This is one of
the first calculations, where QCD NNLO corrections are
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I. INTRODUCTION

Recently, a Higgs boson with a mass around 125 GeV
has been discovered by the ATLAS [1] and CMS [2] col-
laborations at the LHC. In the future, it is possible that
the LHC can tell whether this particle is the Standard
Model (SM) Higgs boson or one of many Higgs bosons in
new physics (NP) model.
In the SM, the Higgs boson is responsible for the ori-

gin of Electro-Weak (EW) symmetry breaking and the

∗ csli@pku.edu.cn

generation of elementary particle masses. The future
experimental task at the LHC is to examine the Higgs
mechanism and test the properties and couplings of Higgs
boson. Therefore, in order to compare with more precise
experimental results, it is important to perform accurate
theoretical predictions for the Higgs process at the LHC.
Besides discovering Higgs boson, another important

task at the LHC is the measurement of the top quark
properties. In fact, the LHC has produced over a mil-
lon and around ten million top quark events at a center
of mass energy of 7 TeV and 8 TeV, respectively, which
leads to precise measurements of observables relevant to
top quark. Thus, the accurate theoretical predictions are
necessary in order to test the SM and search for NP.
In general, QCD controls the theoretical predictions

for the production of any particle in both the SM and
NP at hadron colliders. And the QCD high order cor-
rections play a key role for the accurate theoretical pre-
dictions. These QCD corrections may come from virtual
corrections and extra hard parton emissions which in-
volve complicated multi-loop and multi-leg calculations,
respectively. Besides, significant contributions can also
come from the logarithmic terms by emitting the soft
and collinear gluons, which can be resummed to all order
in αs. A lot of efforts on QCD high order calculations
have been made for over twenty years, and the theoret-
ical predictions become more and more precise. In this
review some recent theoretical progress in the Higgs and
top quark physics are summarized below.

II. RECENT PROGRESS IN HIGGS BOSON
PHYSICS

Recently, the important experimental results are the
measurements of signal strength parameters of the Higgs
boson at the LHC, reported by ATLAS and CMS collab-
orations. The rates of Higgs boson production and decay
are parameterized using signal strength parameters µ,
which is defined as

µ =
σ × Br

(σ × Br)SM
. (1)

In Fig. 1, the signal strength for the various decay
channels is shown by the ATLAS and CMS collabo-
rations. For the ATLAS detector the combined sig-

ar
X

iv
:1

40
1.

11
01

v2
  [

he
p-

ph
]  

8 
Ja

n 
20

14
Some recent theoretical progress in Higgs boson and top quark physics at hadron

colliders

Chong Sheng Li,1, 2, ∗ Hai Tao Li,1 and Ding Yu Shao1

1School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2Center for High Energy Physics, Peking University, Beijing 100871, China

(Dated: January 9, 2014)

In this review we briefly summarize some recent theoretical progress in Higgs boson and top quark
physics, especially the fixed-order and resummation predictions in QCD at both the Tevatron and
the LHC.

CONTENTS

I. Introduction 1

II. Recent progress in Higgs boson physics 1
A. Higgs boson production 2

1. Gluon gluon fusion channel 2
2. Vector boson fusion channel 4
3. Higgs strahlung production channel 4
4. Higgs boson associated with tt̄ production 5

B. Higgs boson properties 5
1. CP and spin 5
2. Couplings 6
3. Self-coupling constant 6

III. Recent progress in top quark physics 8
A. Top quark mass determination 8
B. Top quark decay at NNLO 8
C. Top quark pair production 9

1. Forward-backward asymmetry 9
2. Cross section at fixed-order 10
3. Threshold resummation 11
4. Transverse momentum resummation 11

D. Single top quark production 12

IV. Summary 14

Acknowledgments 14

References 14

I. INTRODUCTION

Recently, a Higgs boson with a mass around 125 GeV
has been discovered by the ATLAS [1] and CMS [2] col-
laborations at the LHC. In the future, it is possible that
the LHC can tell whether this particle is the Standard
Model (SM) Higgs boson or one of many Higgs bosons in
new physics (NP) model.
In the SM, the Higgs boson is responsible for the ori-

gin of Electro-Weak (EW) symmetry breaking and the
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generation of elementary particle masses. The future
experimental task at the LHC is to examine the Higgs
mechanism and test the properties and couplings of Higgs
boson. Therefore, in order to compare with more precise
experimental results, it is important to perform accurate
theoretical predictions for the Higgs process at the LHC.
Besides discovering Higgs boson, another important

task at the LHC is the measurement of the top quark
properties. In fact, the LHC has produced over a mil-
lon and around ten million top quark events at a center
of mass energy of 7 TeV and 8 TeV, respectively, which
leads to precise measurements of observables relevant to
top quark. Thus, the accurate theoretical predictions are
necessary in order to test the SM and search for NP.
In general, QCD controls the theoretical predictions

for the production of any particle in both the SM and
NP at hadron colliders. And the QCD high order cor-
rections play a key role for the accurate theoretical pre-
dictions. These QCD corrections may come from virtual
corrections and extra hard parton emissions which in-
volve complicated multi-loop and multi-leg calculations,
respectively. Besides, significant contributions can also
come from the logarithmic terms by emitting the soft
and collinear gluons, which can be resummed to all order
in αs. A lot of efforts on QCD high order calculations
have been made for over twenty years, and the theoret-
ical predictions become more and more precise. In this
review some recent theoretical progress in the Higgs and
top quark physics are summarized below.

II. RECENT PROGRESS IN HIGGS BOSON
PHYSICS

Recently, the important experimental results are the
measurements of signal strength parameters of the Higgs
boson at the LHC, reported by ATLAS and CMS collab-
orations. The rates of Higgs boson production and decay
are parameterized using signal strength parameters µ,
which is defined as

µ =
σ × Br

(σ × Br)SM
. (1)

In Fig. 1, the signal strength for the various decay
channels is shown by the ATLAS and CMS collabo-
rations. For the ATLAS detector the combined sig-
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FIG. 7. Feynman diagrams of qq̄ → hV and gg → hV at the
lowest order.

liders have been made for a long time. The QCD NLO
and EW corrections for HV associated production were
performed [68–72]. Moreover, the QCD NNLO correc-
tions of the total cross section for HV associated pro-
duction were calculated in Refs. [12, 73, 74]. The cor-
responding numerical results are included in the code
VH@NNLO [75]. Based on the transverse momentum
substraction scheme[16], the QCD NNLO corrections of
differential cross section for HW± associated production
were completed [76]. And the effects of QCD NLO cor-
rections to both HW± associated production and subse-
quent decay of H → bb̄ were investigated [77]. Moreover,
the fully differential cross section of this process up to
QCD NNLO with the subsequent decay of the Higgs bo-
son into bb̄ at NLO is obtained [78].
Recently, the HV associated production at the LHC

with a jet veto is presented [79], where the large logarith-
mic terms lnpvetoT /Q existing in the perturbative expan-
sions are resummed to all order in SCET. The resumed
cross sections can be written as

dσ(pvetoT )

dM2
=
σ0

s
H(M,pvetoT )

∫ 1

τ

dz

z
II ij(z, p

veto
T , µf )

× ffij
(τ
z
, µf

)
, (8)

where II ij and ffij are defined as

II ij(z, p
veto
T , µf ) =

∫ 1

z

du

u
Iq←i(u, p

veto
T , µf )

× I q̄←j(z/u, p
veto
T , µf ) + (q ↔ q̄), (9)

ffij (y, µf ) =

∫ 1

y

dx

x
fi(x, µf )fj(

τ

xz
, µf ). (10)

Here H(M,pvetoT ) is the RG invariant hard func-
tion. Fig. 8 shows the renormalization group improved
NLO+NNLL predictions for HW associated production
cross section with a jet veto at the LHC. Obviously, the
renormalization group improved predictions reduced the
theoretical uncertainties, especially in small pvetoT region.

4. Higgs boson associated with tt̄ production

The production of the Higgs boson associated with top
quark pair is the main channel for measuring top quark
and Higgs boson Yukawa coupling at the LHC. Similarly
to top quark pair production, the LO predictions for tt̄h
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FIG. 8. The NLO+NNLL predictions for HW associated
production cross section with a jet veto at the 14 TeV LHC,
where the bands reflect the scale uncertainties [79].

production suffer from large theoretical uncertainties [80–
84]. However, the QCD NLO results show [85–88] that
QCD NLO corrections increase the total cross section by
about 20%, and the scale uncertainties are reduced to
10%. Besides, recently QCD NLO corrections to Higgs
boson production in association with tt̄+ jet were calcu-
lated [89].

FIG. 9. Feynman diagrams of qq̄ → tt̄h and gg → tt̄h at the
LO.

B. Higgs boson properties

1. CP and spin

In the SM, the Higgs boson is a CP-even, spin-0 par-
ticle (JP = 0+). The Landau-Yang theorem forbids
the direct decay of a spin-1 particle into a pair of pho-
tons [90, 91]. The spin-1 hypothesis is therefore strongly
disfavored by the observation of the h → γγ decay.
The difference between the SM predictions JP = 0+

and alternative hypotheses can be studied through the
bosonic decay channels h → γγ, h → WW ∗ → 2l2ν
and h → ZZ∗ → 4l, which recently are combined to dis-
tinguish between the SM assignment of JP = 0+ and

7
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at the LHC [96].

FIG. 12. Feynman diagrams of gg → hh at the lowest order.
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where fA
Tri, f

A
Box and fB

Box are the form factors including
complete top quark effects at one-loop level. The integral
kernel C(z,M, µf) has the form
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where CS is the hard matching coefficient, s̃ is the soft
function, and U is the evolution function.
Table I shows the NLO and NLO+NNLL total cross

sections of Higgs boson pair production at the LHC with√
S = 14 TeV for different Higgs boson self-coupling λ.

Obviously, due to the interference effects between two
channels, the total cross section of Higgs boson pair pro-
duction decreases with the increasing of λ. Besides, the
resummation effects increase the QCD NLO results by
about 20% ∼ 30%. Moreover, in Fig. 13 the resummation

λ/λSM

√
S = 14 TeV

NLO [fb] NLO + NNLL [fb] K-factor

-1 127.9+23.1+8.7 (+3.8)
−18.8−7.7 (−3.3) 161.6+9.8+12.0 (+6.0)

−3.1−11.4 (−4.9) 1.26

0 71.1+12.8+4.8 (+2.1)
−10.5−4.3 (−1.8) 90.0+5.4+6.8 (+3.3)

−1.7−6.4 (−2.8) 1.27

1 33.9+6.1+2.3 (+1.0)
−5.0−2.0 (−0.9) 42.9+2.6+3.3 (+1.6)

−0.8−3.1 (−1.3) 1.27

2 16.1+2.9+1.1 (+0.5)
−2.4−1.0 (−0.4) 20.4+1.2+1.6 (+0.8)

−0.4−1.5 (−0.7) 1.27

TABLE I. NLO and NLO+NNLL total cross sections of Higgs
boson pair production at the 14 TeV LHC for different Higgs
boson self-coupling λ. The first errors represent the scale
uncertainties. The second errors are PDF+αs uncertain-
ties [104].

results show that the shape of the normalized invariant
mass distribution of Higgs boson pair strongly depends
on the Higgs boson self-coupling λ. And it is possible
to extract the parameter λ from the Higgs boson pair
invariant mass distribution.
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FIG. 13. The normalized Higgs boson pair invariant mass
distribution at the LHC with

√
S = 14 TeV, where the bands

represent the scale uncertainties [104].

Later, the extraction of the Higgs self-coupling is also
studied by exploiting the double-to-single cross section
ratio [116]. The top quark mass effects on the total cross
section of Higgs boson pair production at the QCD NLO
have been studied [117, 118], where the NLO cross section
keeping exact top quark mass is expanded in powers of
1/mt. And the the power corrections are calculated up
to O(1/m8

t ) and O(1/m12
t ) for partonic channel gg →

HH and qg(q̄) → HH , respectively. They find that the
poor convergence induced by top quark mass effects can
be improved if the exact LO cross section are used to
normalize the QCD NLO correction, and the remaining
uncertainties from top mass effects are about O(10%) in
the QCD NLO results.
Veryrecently, the full QCD NNLO corrections for the

cross section in the large top mass limit for Higgs bo-
son pair production are calculated, in which the soft and
collinear divergences are removed via the FKS subtrac-
tion method [113]. Table II shows the total cross section
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FIG. 18. Feynman diagrams for single top production.
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FIG. 19. The RG improved (dashed) and fixed-order qT distributions for t-channel single top production at the Tevatron (left)
and the LHC (right) [224].

FIG. 20. Top quark mass dependence of the fixed-order and
resummed cross section [225].

Beyond the fixed-order calculations, the soft gluon re-
summations improve the theoretical predictions. Among
the three production channels at hadron colliders, the t-
channel is the dominant one at both the Tevatron and
the LHC. In the CSS framework, the NLL and NNLL
threshold effects were calculated in Refs. [249–251]. The
top quark transverse momentum distribution at large pT
is interesting because it can be directly compared with
the experimental results and is an important background
in the searches of NP. This has been investigated with
SCET in the partonic threshold limit s4 → 0 [224], which
is the first application of SCET to a spacelike process
with the final states of one massless and one massive col-

ored particle. In the SCET approach, the differential
cross section at partonic level can be factorized into the
convolution of hard, jet and soft functions, which can be
written in the form [224]

dσ̂thres
ij

dt̂dû
=

1

4N2
c

1

8π

1

ŝ
λ0,ijHup(µ)Hdn(µ)

∫
dk+

∫
dp21

×S(k+, µ)J(p21, µ)δ(s4 − p21 − 2k+E1), (28)

where Hup and Hdn stand for contributions from the up
and down fermion lines, respectively. The hard, jet and
soft functions represent interactions at different scales,
which can be calculated order by order in perturbative
theory. After combining the hard, jet and soft functions,
the RG improved top quark pT distributions are shown
in Fig. 19 [224]. It can be seen that the resummed dis-
tribution is increased by about 9% ∼ 13% and 4% ∼ 9%
for pT > 50 and 70 GeV at the Tevatron and the LHC,
respectively. Recently, the soft gluon resummation in the
partonic threshold s4 → 0 was recalculated in the CSS
framework, which also improved the NLO calculations by
including soft-gluon corrections at NNLO [252].

As for the s-channel single top production, it is also an
important process, because it is sensitive to the interac-
tion mediated by an extra heavy particle. Approximate
NNLO calculations from the NLL and NNLL threshold
resummation in the CSS framework were presented in
Refs. [249, 250] and Ref. [253], respectively. Based on
SCET, the factorization and the NNLL resummation re-
sults were given in Ref. [225], where the cross section is
also factorized into the convolution of hard, jet and soft
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in Fig. 19 [224]. It can be seen that the resummed dis-
tribution is increased by about 9% ∼ 13% and 4% ∼ 9%
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respectively. Recently, the soft gluon resummation in the
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framework, which also improved the NLO calculations by
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As for the s-channel single top production, it is also an
important process, because it is sensitive to the interac-
tion mediated by an extra heavy particle. Approximate
NNLO calculations from the NLL and NNLL threshold
resummation in the CSS framework were presented in
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SCET, the factorization and the NNLL resummation re-
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FIG. 5: Comparison of NNLL + NLO resummed qT distribution for W+W− and ZZ distributions

in the SCET and CSS frame at
√
S = 14 TeV with MRST2002NLO PDF set.

FIG. 6: Comparison of normalized qT distribution for ZZ productions between CMS experimental

data and resummation prediction at the LHC with
√
S = 8 TeV.

IV. CONCLUSION

We have studied the transverse-momentum resummation for W+W−, ZZ, andW±Z pair

productions at the NNLL + NLO accuracy with SCET at the LHC. Especially, this is the

first calculation of W±Z transverse-momentum resummation at the NNLL + NLO accuracy.
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SM Physics Precision

     Precision measurements 
              Mass:    W-boson,  Top-quark,  Higgs-boson

              Width:  W-boson,  Top-quark,  Higgs-boson

              Spin:    Higgs-boson, Top-quark spin correlation

              CP:      Higgs-boson

     Indirect searches 
              Anomalous couplings and rare decay

                       (Effective field theory)

see Z. G. Si’s talk



Untested Aspects of the SM

     Higgs electroweak couplings 
                         See Higgs Working-Group’s report

     Higgs boson self-coupling
                         Boosted object techniques

     Triple-gauge-coupling / Quartic-gauge-coupling 
                         Dim-6 and Dim-8 operators in linear realization

     Weak interaction of the 3rd generation quarks
                         Fully understanding top- and bottom-quark
                              chirality structure of couplings,   Vtb=1? ...



Mass Precision



Degrassi et al. '12

With the NNLO calculation we are able to derive a very precise relation between 
Higgs and top masses from vacuum stability:

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

Top-Quark Mass vs Higgs-Boson Mass

     v

At large field values:

Veff

    log(Λ/1 GeV)

Veff(|ϕ|)  ≈ λ(|ϕ|) × |ϕ|4  

|ϕ|

 mh = 150 GeV

Stability and metastability bounds

λ(Λ)

G. Isidori –  Theoretical constraints on the Higgs boson mass                                Orsay,  18th July  2012

Cabibbo et al.  '79; Hung '79;
Lindner 86; Sher '89; ....
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ILC 

Fig. 14: The tt̄ cross section at the production threshold, for a top quark mass of 174 GeV, as a function of
the centre-of-mass energy, taken from Ref. [48]. (Note: the measured top quark mass from Tevatron and LHC
is approximately 1 GeV smaller. The 1s peak is therefore around 346 GeV instead of 348 GeV as shown in
the Figure.) The black curve is the next-to-next-to-leading-order QCD-corrected cross section. The green curve
shows the effect of photon emission by the sole initial state radiation (ISR), as is expected in TLEP collisions. For
illustration, the red curve includes the effects of ILC beamstrahlung at

p
s = 350 GeV, in addition to those from

ISR.

is therefore a precision better than 0.0002. When combined with the measurement at Z pole, a preci-
sion of 0.0001 is within reach for ↵s(m2

Z ).

4.3 Measurements with MegaTop
With an integrated luminosity of the order of 130 fb�1 per year and per experiment, TLEP will be a top
factory as well, with over one million tt̄ pairs produced in five years (hence the “MegaTop” appellation)
at

p
s ⇠ 345 GeV. The precise measurement of the cross section at the tt̄ production threshold is sensitive

to the top-quark pole mass, mtop, the total top-quark decay width, �top, as well as to the Yukawa coupling
of the top quark to the Higgs boson, �top, through the virtual exchange of a Higgs boson between the
two top quarks.

The production cross section at threshold [47], corrected for QCD effects up to the next-to-next-
to-leading order, is displayed in Fig. 14 for mtop = 174 GeV/c2, with and without the effects of initial-
state radiation (present at all e+e� colliders) and of beamstrahlung (only affecting linear colliders). As
mentioned in Section 2, the absence of beamstrahlung at TLEP slightly increases the steepness (hence
the sensitivity to the top-quark mass) and absolute value (hence to overall number of events) of the cross-
section profile at the tt̄ threshold. The corresponding numbers of events expected at TLEP are given in
Table 10.

The most thorough study of the tt̄ threshold measurements was done in the context of the TESLA
project in Ref. [49], the parameters of which are very close to those of the ILC. The study makes use of a
multi-parameter fit of mtop, �top, �top and ↵s to the top cross section, the top momentum distributions,
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mt = 174 GeV

Peak ⇠ 348 GeV

Peak ⇠ 346 GeV

mt = 173 GeV

Table 10: Integrated luminosity and total number of tt̄ pairs produced with TLEP at
p

s ⇠ 345 GeV (where the
sensitivity to the top quark mass is maximal). For illustration, the corresponding numbers are also indicated for
the baseline ILC programme at

p
s ⇠ 350 GeV.

Collider TLEP 350 ILC 350
Total Integrated Luminosity (ab�1) 2.6 0.35

Number of tt̄ pairs 1,000,000 100,000

Table 11: Expected statistical uncertainties for mtop, �top and �top for TLEP, obtained from a five-years scan
of tt̄ threshold at

p
s ⇠ 350 GeV. The dominant experimental systematic uncertainties on the top quark mass are

expected to be of the order of or smaller than the statistical uncertainties for TLEP. Also indicated is the baseline
ILC potential for these measurements.

Parameter mtop �top �top

TLEP 10 MeV/c2 11 MeV ±13%
ILC 31 MeV/c2 34 MeV ±40%

and the forward-backward asymmetry. When constraining the value of ↵s(mZ) to its currently measured
value, the study obtained statistical uncertainties of �mtop = 31 MeV, ��top = 34 MeV, and a relative
uncertainty on the Yukawa coupling �top of the order of ±40%. The dominant experimental systematic
uncertainties on the mass stem from the knowledge of ↵s(mZ) (±30 MeV/c2 per unit of ±0.0007, the
current uncertainty on this quantity), and from the knowledge of the luminosity spectrum: a ±20%
uncertainty of the RMS width of the main luminosity peak would result in top mass uncertainties of
approximately ±75 MeV/c2, far in excess of the statistical uncertainty [48].

The expected TLEP statistical uncertainties are summarized in Table 11. In addition to the ten-
fold increase in the number of tt̄ events at TLEP, which reduces the statistical uncertainties by a factor
of three, the much better knowledge of the beam-energy spectrum, and the precise measurement of the
strong coupling constant with TeraZ and OkuW are bound to reduce the main experimental systematic
uncertainties by one order of magnitude, hence below the statistical uncertainties. The starting design
study plans to demonstrate fully the TLEP potential in the respect. A specific effort to reduce the theo-
retical Electroweak uncertainties on the cross section by one order of magnitude will also be needed.
An overall experimental uncertainty of 10 to 20 MeV/c2 is therefore considered to be a reasonable
target for the top-quark mass measurement at TLEP.

4.4 Global fit of the EWSB parameters
Once the Higgs boson mass is measured and the top quark mass determined with a precision of a few
tens of MeV, the Standard Model prediction of a number of observables sensitive to electroweak ra-
diative corrections will become absolute with no remaining additional parameters. Any deviation will
be demonstration of the existence of new, weakly interacting particle(s). As was seen in the previous
chapters, TLEP will offer the opportunity of measurements of such quantities with precisions between
one and two orders of magnitude better than the present status of these measurements. The theoretical
prediction of these quantities with a matching precision will be a real challenge – as discussed in the
next section –, but the ability of these tests of the completeness of the standard model to discover the
existence of new weakly-interacting particles beyond those already known is real.

As an illustration, the result of the fit of the Standard Model to all the Electroweak measurements
foreseen with TLEP-Z, as obtained with the GFitter program [50] under the assumptions that all relevant
theory uncertainties can be reduced to match the experimental uncertainties and if the error on ↵em(mZ)
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Fig. 15: The 68% C.L. contour from the fit of all Electroweak precision measurements from TLEP-Z (red curve)
in the (mtop, mW) plane, should the relevant theory uncertainties be reduced to match the TLEP experimental
uncertainties, compared to the direct W and top mass precisions (blue curve) expected at TLEP-W and TLEP-t. As
an illustration, the LHC (black curve) and ILC (green curve) projections for the direct mW and mtop precisions
are indicated, as well as the current precision of the Tevatron measurements (dashed curve). The purple line shows
the prediction from the Standard Model for mH = 125 GeV/c2. The value of the Tevatron W mass was modified
in this figure as to match this prediction for mtop = 173.2 GeV/c2.

can be reduced by a factor 5, is displayed in Fig. 15 as 68% C.L. contours in the (mtop, mW) plane. This
fit is compared to the direct mW and mtop measurements from TLEP-W and TLEP-t on the one hand,
and from the current Tevatron data, as well as the LHC and ILC projections, on the other. Figure 16
shows the ��2 of the Higgs boson mass fit, obtained from GFitter under the same assumptions, to the
TLEP Electroweak precision measurements. A precision of ±1.4 GeV/c2 on mH is predicted if all related
theory uncertainties can be reduced to match the experimental uncertainties. If the theory uncertainties
were kept as they are today [50], the precision on mH would be limited to about ±10 GeV/c2, as shown
also in Fig. 16.

4.5 Reducing the theory uncertainties
The unprecedented precision in Higgs, W, Z and top measurements at TLEP will require significant
theoretical effort in a new generation of theoretical calculations in order to reap the full benefits from their
interpretation, as illustrated in Fig. 16. In their absence, a few considerations are given here, based on
calculations made in the context of GigaZ and MegaW studies at the ILC [51]. The current measurements
of mH, mZ, ↵em, mtop and ↵s may be used to estimate mW and sin2 ✓e↵

W , as follows:

mW = 80.361 ± 0.006 ± 0.004 GeV/c2, (10)
sin2 ✓e↵

W = 0.23152 ± 0.00005 ± 0.00005, (11)

where in each case the first error is the parametric uncertainty and the second is the estimated uncertainty
due to higher-order Electroweak corrections.
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Mass Precision
Top-quark, W-boson and Higgs boson

1.2 Electroweak precision physics 23

LHC LHC ILC/GigaZ ILC ILC ILC TLEP SM prediction
p
s [TeV] 14 14 0.091 0.161 0.161 0.250 0.161 -

L[ fb�1] 300 3000 100 480 500 3000⇥4 -

�MW [MeV] 8 5 - 4.1-4.5 2.3-2.9 2.8 < 1.2 4.2(3.0)

� sin2 ✓`e↵ [10�5] 36 21 1.3 - - - 0.3 3.0(2.6)

Table 1-12. Target accuracies for the measurement of MW and sin2

✓

`
eff at the LHC, ILC and TLEP,

also including estimated future theoretical uncertainties due to missing higher-order corrections, and theory
uncertainties of their SM predictions. The uncertainties on the SM predictions are provided for �mt =
0.5(0.1) GeV (see Table 1-3 for details). At present the measured values for MW and sin2

✓

`
e↵ are: MW =

80.385 ± 0.015 GeV [112] and sin2

✓

`
e↵

= (23153 ± 16) ⇥ 10�5 [3] compared to their current SM predictions
of Section 1.2.1: MW = 80.360± 0.008 GeV and sin2

✓

`
e↵

= (23127± 7.3)⇥ 10�5.

The vertex correction to the Z ! bb̄ partial width is also of interest, which is sensitively probed by Rb =
�Z!bb̄/�had. A precision of 2� 5⇥ 10�5 is stated as a reasonable goal for the measurement of Rb at TLEP,
a factor of ⇡ 10 improvement over LEP and SLC.

A discussion of present and future anticipated theory errors of predictions for Rb and �Z can be found in
Section 1.2.1.

1.2.6 Prospects for determinations of SM parameters from global fits with
GFITTER

Measurements at future colliders will increase the experimental precision of key observables sensitive to
electroweak loop e↵ects. Among these are the W boson mass, the top quark mass, and the e↵ective
weak mixing angle. Alongside the construction of these machines, progress in the calculation of multi-
loop corrections to these observables, and also in the determination of �↵had(M2

Z), is expected. Taken
together in the global electroweak fit, these improvements will provide tests of the consistency of the SM
with unprecedented power.

This section presents a short summary of preliminary studies foreseen to be published soon. To date results
of the global electroweak fit are compared with expectations for the Large Hadron Collider (LHC) with
R

Ldt = 300 fb�1 at
p
s = 14TeV and the International Linear Collider (ILC) with GigaZ option [197].

The left columns of Table 1-13 summarize the current and the projected experimental precisions for the
observables used in the fit. For the studies of fit prospects at the LHC and ILC presented here, the central
values of the assumed future measurements have been adjusted to obtain a common fit value of MH '
126GeV. We assume that the theoretical uncertainties in the SM predictions of MW and sin2✓`e↵reduce from
the current �theoMW = 4 MeV and �theo sin

2✓`e↵ = 4.7 · 10�5 to 1 MeV and 10�5, respectively. We refer to
our past publications [115, 116, 117] for details about the theoretical calculations and the statistical methods
used.

Indirect determinations of the SM parameters and observables are obtained by scanning the ��2 profile in
fits where the corresponding input constraint is ignored. Examples for such profiles of the Higgs boson mass
are shown in the left panel of Fig. 1-6. The resulting one-sigma uncertainties are listed in Table 1-13.

The assumed improvements in the experimental precision of MW and mt from the LHC lead to a reduction
of the uncertainty in the indirect determination of MH (present: +44

�34 GeV, LHC: +23
�20 GeV). Substantial gain
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Figure 1-6. Fit results for the present and assumed future scenarios compared to the direct measurements.
For the future scenarios the central values of the input measurements are adjusted to reproduce the SM with
MH ' 126 GeV. Left: ��

2 profiles versus MH ; in blue the present result, and in light blue, green and
orange the present, LHC and ILC/GigaZ scenarios are shown, respectively, all using the future fit setup
with corresponding uncertainties. Right: MW versus mt; the horizontal and vertical bands indicate in blue
today’s precision of the direct measurements, and in light green and orange the extrapolated precisions for
LHC and ILC/GigaZ, respectively.

given in Table 1-13. The sensitivity to new physics is improved over a factor of three compared with that of
today.

1.2.7 EWPOs in the MSSM

Precision measurements of SM observables have proven to be a powerful probe of BSM physics via virtual
e↵ects of the additional BSM particles. In general, precision observables (such as particle masses, mixing
angles, asymmetries etc.) constitute a test of the model at the quantum-loop level, since they can be
calculated within a certain model beyond leading order in perturbation theory, depending sensitively on
the other model parameters, and can be measured with equally high precision. Various models predict
di↵erent values of the same observable due to their di↵erent particle content and interactions. This permits
to distinguish between, e.g., the SM and a BSM model, via precision observables. Naturally, this requires
a very high precision of both the experimental results and the theoretical predictions. (It should be kept
in mind that the extraction of precision data often assumes the SM.) Important EWPOs are the W boson
mass, MW , and the e↵ective leptonic weak mixing angle, sin2 ✓`e↵ , where the top quark mass plays a crucial
role as input parameter. As an example for BSM physics the Minimal Supersymmetric Standard Model
(MSSM) is a prominent showcase and will be used here for illustration.

The first analysis concerns the W boson mass. The prediction of MW in the MSSM depends on the masses,
mixing angles and couplings of all MSSM particles. Sfermions, charginos, neutralinos and the MSSM Higgs
bosons enter already at one-loop level and can give substantial contributions to MW . The evaluation used
here consists of the complete available SM calculation, a full MSSM one-loop calculations and all available
MSSM two-loop corrections [119, 120]. Due to the strong MSSM parameter dependencies, it is expected
to obtain restrictions on the MSSM parameter space in the comparison of the MW prediction and the
experimental value.
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All MSSM points included in the results have the neutralino as LSP and the sparticle masses pass the
lower mass limits from direct searches at LEP. The Higgs and SUSY masses are calculated using FeynHiggs
(version 2.9.4) [121, 122, 123, 124, 125]. For every point, it was tested whether it is allowed by direct Higgs
searches using the code HiggsBounds (version 3.8.0) [126, 127]. This code tests the MSSM points against
the limits from LEP, Tevatron and the LHC.

The results for MW are shown in Fig. 1-8 as a function of mt, assuming the light CP -even Higgs h in the
region 125.6± 0.7(3.1) GeV in the SM (MSSM) case. The red band indicates the overlap region of the SM
and the MSSM. The leading one-loop SUSY contributions arise from the stop sbottom doublet. However
requiring Mh in the region 125.6± 3.1 GeV restricts the parameters in the stop sector [128] and with it the
possible MW contribution. Large MW contributions from the other MSSM sectors are possible, if either
charginos, neutralinos or sleptons are light.

The gray ellipse indicates the current experimental uncertainty, whereas the blue and red ellipses shows the
anticipated future LHC and ILC/GigaZ precisions, respectively (for each collider experiment separately) of
Table 1-12, along with mt = 172.3± 0.9 (0.5, 0.1) GeV for the current (LHC, ILC) measurement of the top
quark mass. While, at the current level of precision, SUSY might be considered as slightly favored over the
SM by the MW -mt measurement, no clear conclusion can be drawn. The smaller blue and red ellipses, on
the other hand, indicate the discrimination power of the future LHC and ILC/GigaZ measurements. With
the improved precision a small part of the MSSM parameter space could be singled out.
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Figure 1-8. Predictions for MW as a function of mt in the SM and MSSM (see text). The gray, blue and
red ellipses denote the current, and the target LHC and ILC/GigaZ precision, respectively, as provided in
Table 1-12.

In a second step we apply the precise ILC measurement of MW to investigate its potential to determine
unknown model parameters. Within the MSSM we assume the hypothetical future situation that a light
scalar top has been discovered with mt̃1

= 400 ± 40 GeV at the LHC, but that no other new particle has
been observed. We set lower limits of 100 GeV on sleptons, 300 GeV on charginos, 500 GeV on squarks of
the third generation and 1200 GeV on the remaining colored particles. The neutralino mass is constrained
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Figure 1-6. Cross section predictions at proton-proton colliders as a function of center-of-mass operating
energy,

p
s.

can be estimated by,

�DPS
XY ⇡ �X�Y

15 mb
. (1.5)

In this equation the DPS contribution for the final state XY is related to the usual cross sections for
individually producing final states X and Y dividing by an e↵ective DPS cross section. This cross section
appears to be approximately independent of energy up to 8 TeV and is approximately 15 mb (for example,
see Ref. [82] for a recent measurement at 7 TeV). Of course the uncertainty on the e↵ective cross section,
and indeed on the accuracy of Eq. (1.5) itself, is such that this should be considered an order-of-magnitude
estimate only. A particularly simple application of this is the estimation of the fraction of events for a given
final state in which there is an additional DPS contribution containing a pair of b-quarks. This fraction is
clearly given by the ratio, �bb̄/(15 mb). From the figure this fraction ranges from a manageably-small 2%
e↵ect at 8 TeV to a much more significant 20% at 100 TeV. More study would clearly be required in order to
obtain a true estimate of the impact of such events on the physics that could be studied at higher energies,
but these simplified arguments can at least give some idea of the potentially troublesome issues.

As an example of the behavior of less-inclusive cross sections at higher energies, Fig. 1-7 shows predictions
for H + n jets +X cross sections at various values of

p
s and as a function of the minimum jet transverse

momentum. The cross sections are all normalized to the inclusive Higgs production cross section, so that
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Figure 2: Same as Fig. 1, but for the gluon PDF.

a parton luminosity, which, following Ref. [25], we define as

Φij

(

M2
X

)

=
1

s

∫ 1

τ

dx1
x1

fi
(

x1,M
2
X

)

fj
(

τ/x1,M
2
X

)

, (2)

where fi(x,M2) is a PDF at a scale M2, and τ ≡ M2
X/s. As the PDFs, all parton

luminosities will be compared for a common value of the strong coupling αs = 0.118. The
parton luminosities are displayed as ratios to the NNPDF2.3 set. We assume a center-of-
mass energy of 8 TeV.

The gluon-gluon and quark-gluon luminosities are shown in Fig. 6, and the quark-
quark and quark-antiquark luminosities are shown in Fig. 7. There is a reasonably good
agreement between the NNPDF2.3, MSTW08 and CT10 PDF sets for the full range of
invariant masses. However, the PDF uncertainties increase dramatically at MX > 1 TeV,
relevant for searches and characterization of heavy particles. Future data from the LHC
on high-ET jet production and high-mass Drell-Yan process should be able to provide
constraints in this region.3 Differences with other PDFs are more pronounced for the
ABM11 and HERAPDF1.5 PDF sets. For HERAPDF1.5, there is generally an agreement

3When using high-mass data in PDF fits one should be careful in avoiding possible contamination from
beyond the Standard Model (BSM) physics. There are various ways to achieve this, in the particular case
of jets, one could include in the fit only the data measuring high pT jet cross-section in the forward region,
where the two leading jets are well separated and span a similar range of Bjorken x values of the PDFs,
but with a smaller invariant mass, thus, being less sensitive to BSM dynamics.
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Figure 1-4. Comparison of the partonic luminosities at 14, 33 and 100 TeV between the CT10, MSTW
and NNPDF2.3 NNLO PDF sets. From top to bottom: quark-antiquark luminosity, quark-quark luminosity,
and the gluon-gluon luminosity.

1.5.5 Improvements from LHeC

With the LHeC, very precise measurements of charged currents (CC) and the exploitation of Z exchange in
neutral currents (NC) become possible, in addition to extending photon exchange NC to extremely low x.
The question of gluon saturation at low x can be expected to be settled with precision measurements of the
structure functions F2 and also FL down to x � 10�6 [23] while the large x determination of xg is crucial for
the LHC Higgs and BSM program [24,25]. The LHeC, combined with HERA to fill in the medium Q2-larger
x region, provides a unique and complete DIS data set. With unprecedented precision there will be for the
first time a determination possible of all PDFs, uv, dv, ū, d̄, s, s̄, c, b and even t, in furthermore a hugely
extended kinematic range. To explore this, a full set of NC and CC cross section measurements has been
simulated and a QCD fit analysis been applied in order to study the potential for the determination of the
parton distribution functions in the proton.

As detailed in [23], the strange quark distribution will be measured in an accurate way with charm tagging of
W fusion in CC scattering. Precise measurements of the charm and the beauty quark distributions would be
possible, from Q2 values below the quark masses squared up to ⇠ 105 GeV2, based on the small beam spot
size of ⇠ 7µm2 and a high resolution silicon detector of large acceptance. This, for example, will determine
the charm mass with the experimental error of 3MeV [23], an order of magnitude improved as compared
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Figure 1-4. Comparison of the partonic luminosities at 14, 33 and 100 TeV between the CT10, MSTW
and NNPDF2.3 NNLO PDF sets. From top to bottom: quark-antiquark luminosity, quark-quark luminosity,
and the gluon-gluon luminosity.

1.5.5 Improvements from LHeC

With the LHeC, very precise measurements of charged currents (CC) and the exploitation of Z exchange in
neutral currents (NC) become possible, in addition to extending photon exchange NC to extremely low x.
The question of gluon saturation at low x can be expected to be settled with precision measurements of the
structure functions F2 and also FL down to x � 10�6 [23] while the large x determination of xg is crucial for
the LHC Higgs and BSM program [24,25]. The LHeC, combined with HERA to fill in the medium Q2-larger
x region, provides a unique and complete DIS data set. With unprecedented precision there will be for the
first time a determination possible of all PDFs, uv, dv, ū, d̄, s, s̄, c, b and even t, in furthermore a hugely
extended kinematic range. To explore this, a full set of NC and CC cross section measurements has been
simulated and a QCD fit analysis been applied in order to study the potential for the determination of the
parton distribution functions in the proton.

As detailed in [23], the strange quark distribution will be measured in an accurate way with charm tagging of
W fusion in CC scattering. Precise measurements of the charm and the beauty quark distributions would be
possible, from Q2 values below the quark masses squared up to ⇠ 105 GeV2, based on the small beam spot
size of ⇠ 7µm2 and a high resolution silicon detector of large acceptance. This, for example, will determine
the charm mass with the experimental error of 3MeV [23], an order of magnitude improved as compared
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Figure 1-4. Comparison of the partonic luminosities at 14, 33 and 100 TeV between the CT10, MSTW
and NNPDF2.3 NNLO PDF sets. From top to bottom: quark-antiquark luminosity, quark-quark luminosity,
and the gluon-gluon luminosity.

1.5.5 Improvements from LHeC

With the LHeC, very precise measurements of charged currents (CC) and the exploitation of Z exchange in
neutral currents (NC) become possible, in addition to extending photon exchange NC to extremely low x.
The question of gluon saturation at low x can be expected to be settled with precision measurements of the
structure functions F2 and also FL down to x � 10�6 [23] while the large x determination of xg is crucial for
the LHC Higgs and BSM program [24,25]. The LHeC, combined with HERA to fill in the medium Q2-larger
x region, provides a unique and complete DIS data set. With unprecedented precision there will be for the
first time a determination possible of all PDFs, uv, dv, ū, d̄, s, s̄, c, b and even t, in furthermore a hugely
extended kinematic range. To explore this, a full set of NC and CC cross section measurements has been
simulated and a QCD fit analysis been applied in order to study the potential for the determination of the
parton distribution functions in the proton.

As detailed in [23], the strange quark distribution will be measured in an accurate way with charm tagging of
W fusion in CC scattering. Precise measurements of the charm and the beauty quark distributions would be
possible, from Q2 values below the quark masses squared up to ⇠ 105 GeV2, based on the small beam spot
size of ⇠ 7µm2 and a high resolution silicon detector of large acceptance. This, for example, will determine
the charm mass with the experimental error of 3MeV [23], an order of magnitude improved as compared
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Figure 1-4. Comparison of the partonic luminosities at 14, 33 and 100 TeV between the CT10, MSTW
and NNPDF2.3 NNLO PDF sets. From top to bottom: quark-antiquark luminosity, quark-quark luminosity,
and the gluon-gluon luminosity.

1.5.5 Improvements from LHeC

With the LHeC, very precise measurements of charged currents (CC) and the exploitation of Z exchange in
neutral currents (NC) become possible, in addition to extending photon exchange NC to extremely low x.
The question of gluon saturation at low x can be expected to be settled with precision measurements of the
structure functions F2 and also FL down to x � 10�6 [23] while the large x determination of xg is crucial for
the LHC Higgs and BSM program [24,25]. The LHeC, combined with HERA to fill in the medium Q2-larger
x region, provides a unique and complete DIS data set. With unprecedented precision there will be for the
first time a determination possible of all PDFs, uv, dv, ū, d̄, s, s̄, c, b and even t, in furthermore a hugely
extended kinematic range. To explore this, a full set of NC and CC cross section measurements has been
simulated and a QCD fit analysis been applied in order to study the potential for the determination of the
parton distribution functions in the proton.

As detailed in [23], the strange quark distribution will be measured in an accurate way with charm tagging of
W fusion in CC scattering. Precise measurements of the charm and the beauty quark distributions would be
possible, from Q2 values below the quark masses squared up to ⇠ 105 GeV2, based on the small beam spot
size of ⇠ 7µm2 and a high resolution silicon detector of large acceptance. This, for example, will determine
the charm mass with the experimental error of 3MeV [23], an order of magnitude improved as compared
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Figure 1-4. Comparison of the partonic luminosities at 14, 33 and 100 TeV between the CT10, MSTW
and NNPDF2.3 NNLO PDF sets. From top to bottom: quark-antiquark luminosity, quark-quark luminosity,
and the gluon-gluon luminosity.

1.5.5 Improvements from LHeC

With the LHeC, very precise measurements of charged currents (CC) and the exploitation of Z exchange in
neutral currents (NC) become possible, in addition to extending photon exchange NC to extremely low x.
The question of gluon saturation at low x can be expected to be settled with precision measurements of the
structure functions F2 and also FL down to x � 10�6 [23] while the large x determination of xg is crucial for
the LHC Higgs and BSM program [24,25]. The LHeC, combined with HERA to fill in the medium Q2-larger
x region, provides a unique and complete DIS data set. With unprecedented precision there will be for the
first time a determination possible of all PDFs, uv, dv, ū, d̄, s, s̄, c, b and even t, in furthermore a hugely
extended kinematic range. To explore this, a full set of NC and CC cross section measurements has been
simulated and a QCD fit analysis been applied in order to study the potential for the determination of the
parton distribution functions in the proton.

As detailed in [23], the strange quark distribution will be measured in an accurate way with charm tagging of
W fusion in CC scattering. Precise measurements of the charm and the beauty quark distributions would be
possible, from Q2 values below the quark masses squared up to ⇠ 105 GeV2, based on the small beam spot
size of ⇠ 7µm2 and a high resolution silicon detector of large acceptance. This, for example, will determine
the charm mass with the experimental error of 3MeV [23], an order of magnitude improved as compared
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Figure 1-4. Comparison of the partonic luminosities at 14, 33 and 100 TeV between the CT10, MSTW
and NNPDF2.3 NNLO PDF sets. From top to bottom: quark-antiquark luminosity, quark-quark luminosity,
and the gluon-gluon luminosity.

1.5.5 Improvements from LHeC

With the LHeC, very precise measurements of charged currents (CC) and the exploitation of Z exchange in
neutral currents (NC) become possible, in addition to extending photon exchange NC to extremely low x.
The question of gluon saturation at low x can be expected to be settled with precision measurements of the
structure functions F2 and also FL down to x � 10�6 [23] while the large x determination of xg is crucial for
the LHC Higgs and BSM program [24,25]. The LHeC, combined with HERA to fill in the medium Q2-larger
x region, provides a unique and complete DIS data set. With unprecedented precision there will be for the
first time a determination possible of all PDFs, uv, dv, ū, d̄, s, s̄, c, b and even t, in furthermore a hugely
extended kinematic range. To explore this, a full set of NC and CC cross section measurements has been
simulated and a QCD fit analysis been applied in order to study the potential for the determination of the
parton distribution functions in the proton.

As detailed in [23], the strange quark distribution will be measured in an accurate way with charm tagging of
W fusion in CC scattering. Precise measurements of the charm and the beauty quark distributions would be
possible, from Q2 values below the quark masses squared up to ⇠ 105 GeV2, based on the small beam spot
size of ⇠ 7µm2 and a high resolution silicon detector of large acceptance. This, for example, will determine
the charm mass with the experimental error of 3MeV [23], an order of magnitude improved as compared
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Figure 2: Same as Fig. 1, but for the gluon PDF.

a parton luminosity, which, following Ref. [25], we define as
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(
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=
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s
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τ

dx1
x1

fi
(

x1,M
2
X

)

fj
(

τ/x1,M
2
X

)

, (2)

where fi(x,M2) is a PDF at a scale M2, and τ ≡ M2
X/s. As the PDFs, all parton

luminosities will be compared for a common value of the strong coupling αs = 0.118. The
parton luminosities are displayed as ratios to the NNPDF2.3 set. We assume a center-of-
mass energy of 8 TeV.

The gluon-gluon and quark-gluon luminosities are shown in Fig. 6, and the quark-
quark and quark-antiquark luminosities are shown in Fig. 7. There is a reasonably good
agreement between the NNPDF2.3, MSTW08 and CT10 PDF sets for the full range of
invariant masses. However, the PDF uncertainties increase dramatically at MX > 1 TeV,
relevant for searches and characterization of heavy particles. Future data from the LHC
on high-ET jet production and high-mass Drell-Yan process should be able to provide
constraints in this region.3 Differences with other PDFs are more pronounced for the
ABM11 and HERAPDF1.5 PDF sets. For HERAPDF1.5, there is generally an agreement

3When using high-mass data in PDF fits one should be careful in avoiding possible contamination from
beyond the Standard Model (BSM) physics. There are various ways to achieve this, in the particular case
of jets, one could include in the fit only the data measuring high pT jet cross-section in the forward region,
where the two leading jets are well separated and span a similar range of Bjorken x values of the PDFs,
but with a smaller invariant mass, thus, being less sensitive to BSM dynamics.
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Top-Quark PDFs
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 Currently, only the NNPDF Collaboration provides sets with top quark PDF included (as well as sets in 
the other VFN schemes, NF=3, NF=4 and NF=5)

 At 10 TeV, the top quark PDF t(x,Q) is only a factor 2 smaller that all other quark PDFs (charm and 
bottom are very close to light quark PDFs): should be included in theoretical predictions
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Weak Couplings of 3rd Generation 
Something is rotten in the 3rd generation quarks

Measurement Measured Value, %
Theoretical
Expectation [1], %

CDF `+jets 9.4 fb�1 9.4+3.2
�2.9 3.8± 0.6

D0 `+jets (|⌘| < 1.5) 9.7 fb�1 4.7± 2.3(stat.) +1.1
�1.4 (syst.)

D0 dileptons 9.7 fb�1 4.4± 3.7(stat.)± 1.1(syst.)

Table 4: A` measurements at the Tevatron [13, 14, 15]. CDF `+jets and D0 dileptons measure-
ments are extrapolated to the full phase space, but D0 `+jets measurement is limited to the
acceptance |⌘| < 1.5.
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Figure 3: AFB asymmetry distribution as a function of mtt̄ and |�y| as measured by the CDF
experiment in the `+jets final state [10].

Figure 4: A` vs A``
FB asymmetry as measured by the D0 experiment in the dilepton final

state [15, 16].
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Figure 2: Charge asymmetry distribution as
a function of mtt̄ as measured by the CMS
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Measurement Measured Value, %
Theoretical
Expectation [1], %

CDF 9.4 fb�1 16.4± 4.7 8.8± 0.6

D0 5.4 fb�1 19.6± 6.5

Table 3: AFB measurements in the `+jets final state at the Tevatron [10, 11], unfolded to the
parton level.

the D0 dilepton channel is measured within the acceptance cut of |y| < 2.0. The extrapola-
tion procedure is model dependent and done in a di↵erent way in a di↵erent measurements.
Currently both experiments are working on the combination of measurements and defining the
most appropriate extrapolation procedure.

The dilepton final state gives an unique possibility to make a measurement of A``
FB asym-

metry. The D0 analysis measured it to be equal 12.3 ± 5.4(stat.) ± 1.5(syst.) [15, 16] which
is in agreement with the theoretical prediction 4.8 ± 0.4 [1]. In addition, in this analysis the
correlation between A``

FB and A` measurements has been studied, see Fig 4, and the ratio of
these two asymmetries has been found to be R = A`/A``

FB = 0.36 ± 0.20 which is 2 SD away
from the expectation, which could be estimated using the predicted values of A``

FB and A` in [1]:
Rth = 3.8/4.8 ⇠ 0.8. For further discussion about this measurement see [16].
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1 Introduction

The electroweak precision tests, driven primarily by the experiments at LEP, the Teva-
tron and the SLC, have, in recent years, held much of the attention of the field. Taken in
conjunction with the measurement of the top mass and certain other low energy measure-
ments, these experiments have vindicated the Standard Model (SM) to an unprecedented
degree of accuracy [1]. While startling deviations from the SM expectations have occa-
sionally appeared, only to disappear later as the precision increased, the results of the
precision tests have been remarkably steady over the last five years. Yet, certain discrep-
ancies persist. It is thus contingent upon us to examine their significance and especially
to ascertain whether they could be pointers to new physics at the weak scale.

In this article, we shall concentrate upon the most obvious of such a possible devia-
tion [2], namely the forward-backward asymmetry (Ab

FB) of the b-quark, the measurement
of which shows a 2.9σ deviation from the value predicted by the best fit to the precision
electroweak observables within the SM [1,3]. One might, of course, argue that this discrep-
ancy is but a result of experimental inaccuracies and/or just a large statistical fluctuation.
This viewpoint is supported, to some extent, by the observation that the corresponding
SLD measurement of the b-asymmetry factor Ab using the LR polarized b asymmetry is
in much better agreement with the SM [1]. It has also been argued that any correction to
the b̄bZ vertex, large enough to ‘explain’ Ab

FB would have shown up in the very accurate
measurement of Rb, the branching fraction of the Z into b’s. However, we shall demon-
strate that this need not be so. But more importantly, given the remarkable consistency
amongst the four LEP experiments as regards Ab

FB, it is perhaps worthwhile to take this
deviation from the SM seriously and to speculate on possible explanations thereof.

Let us begin by reviewing the relevant data at the Z-peak. We parametrize the
effective Zbb̄ interaction by

LZbb̄ =
−e

sW cW
Zµb̄γµ

[

ḡb
LPL + ḡb

RPR

]

b (1)

where sW ≡ sin θW , cW ≡ cos θW and PL,R are the chiral projection operators. An
analogous definition holds for the other fermions. Within the SM, the tree-level values
of the chiral couplings gf

L,R are determined by gauge invariance. The weak radiative
corrections to the same are well-documented and are insignificant for all but the b-quark.
Clearly then,

Rb ≡
Γ(Z → bb̄)

Γ(Z → hadrons)
≃

(ḡb
L)2 + (ḡb

R)2

∑

q [(ḡq
L)2 + (ḡq

R)2]
(2)

where the sum is to be done over all the light quarks. The forward-backward asymmetry
at LEP, on the other hand, is given by

Ab
FB|√s≃mZ

=
3

4
Aℓ Ab (3)

with

Ab ≃
(ḡb

L)2 − (ḡb
R)2

(ḡb
L)2 + (ḡb

R)2
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(ḡb

L)2 − (ḡb
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L)2 − (gℓ
R)2

(gℓ
L)2 + (gℓ

R)2
. (4)

Small corrections also accrue to the above observable from a non-zero b-quark and c-
quark masses as well as QCD, electroweak and electromagnetic vertex corrections [4–6].
Whereas the observed values are

Rb(obs) = 0.21646 ± 0.00065 , Ab
FB(obs) = 0.0990 ± 0.0017 , (5)

the SM expectations for a top quark mass of 174.3 GeV and a Higgs mass close to its
present experimental bound, are Rb(SM) ≃ 0.2157 and Ab

FB(SM) ≃ 0.1036. Thus, while
the observed value for Rb is consistent with the SM, that for Ab

FB shows, as emphasized
before, a relatively large deviation from the predicted value. This relatively large dis-
crepancy may be reduced by choosing larger Higgs masses, although only at the cost
of worsening the agreement between theory and experiment for other observables, most
notably the lepton asymmetries.

It has been noted, for example in Ref. [7], that the overall consistency of the SM with
the data improves if we dismiss altogether the measurement of the forward-backward
asymmetry. Such an act of exclusion leads to a preference for new physics scenarios
that produce a negative shift in the oblique electroweak parameter S [8], an example
being provided by supersymmetric theories with light sleptons [7]. We, instead, choose to
consider all experimental data on equal footing.

In this article, we investigate a possible way of resolving the disagreement between
the hadronic and leptonic asymmetries through the introduction of new quark degrees of
freedom at the weak scale thereby inducing non-trivial mixings with the third generation
of quarks. In section 2, we examine the experimental status in order to determine the
necessary modifications in the couplings of the right- and left-handed bottom quarks.
As the required modification in the right-handed sector turns out to be too large to
be obtainable via radiative corrections, we investigate, in section 3, the possibility that
tree-level mixing of the bottom quark with exotic quarks might be responsible for the
observed deviations. All possible assignments for such quarks are examined for their
effects on the precision electroweak observables and the two simplest choices identified.
The fits to the data for the two cases are presented in sections 4 and 5 respectively. Other
phenomenological consequences, including the question of unification, will be investigated
in sections 6 and 7. We reserve section 8 for our conclusions.

2 Bottom Quark Couplings Confront Data

Let us assume a purely phenomenological stance and attempt to determine ḡb
L,R from the

data. Even in the limit of infinite precision, the ellipse and the straight lines representing
the solution spaces for eqs.(2, 3) intersect at four points with the coordinates given by

(ḡb
L, ḡb

R) ≈ (±0.992gb
L(SM),±1.26gb

R(SM)) , (6)

3

where we indicate on the right the approximate values of the left- and right- handed
couplings necessary to fit the bottom-quark production data at the Z-peak1. Clearly, no
experiment performed at the Z-peak can reduce the degeneracy any further.
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Figure 1: The forward-backward asymmetry for the b-quark as a function of
√

s for the
four solutions of eq.(6). The signs in the parentheses refer to those for (ḡb

L, ḡb
R) in the

same order as in eq.(6) with (+, +) being SM-like. The experimental data correspond to
the measurements reported in Refs. [10–20].

Off the Z-peak though, the photon-mediated diagram becomes important thereby
affecting the forward-backward asymmetry of the bottom-quark. Such data, thus, could
discriminate amongst the four solutions described above. The asymmetry is easy to
calculate and in Fig. 1, we plot the same as a function of the center of mass energy of
the e+e− system for each of the solutions2 in eq.(6). It is quite apparent that the two
solutions with ḡb

L ≈ −gb
L(SM) can be summarily discarded. Interestingly enough, the

data does not readily discriminate between the two remaining solutions. This, though, is
not unexpected as |gb

R| ≪ |gb
L| within the SM. A similar analysis can be performed for Rb

as well, but the off-peak measurements of this variable are not accurate enough to permit
a similar level of discrimination.

1A similar analysis, although restricted to modifying the magnitude but not the sign of the couplings,
was performed in Ref. [9]

2Had we instead held the magnitudes of the couplings to their SM values, the resulting curves would
have been barely distinguishable from those in Fig. 1.
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R)2]
(2)

where the sum is to be done over all the light quarks. The forward-backward asymmetry
at LEP, on the other hand, is given by

Ab
FB|√s≃mZ

=
3

4
Aℓ Ab (3)

with

Ab ≃
(ḡb
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R)2]
(2)

where the sum is to be done over all the light quarks. The forward-backward asymmetry
at LEP, on the other hand, is given by

Ab
FB|√s≃mZ

=
3

4
Aℓ Ab (3)

with

Ab ≃
(ḡb
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3. Interpretations 
 
It is fair to say that there is some flexibility in above prediction and that, e.g. one can compensate a 
variation of the Z’ coupling by a change of the KK mass without consequences for LEP1 observables. This 
flexibility precludes a precise prediction of Mkk. Note however that a lower value of Mkk is usually 
discarded on the basis of electroweak precision measurements (S parameter).  Mkk  cannot be 
increased since our choice for the ratio gz’/gz is already close to the unitary limit. This therefore allows 
to speculate that the first KK resonance might be within future reach of LHC. The RS production 
mechanism for top pairs is discussed in [5]where one assumes that the AFBt anomaly observed at 
Tevatron calls for gluon KK excitation with mass ~2-3 TeV. This prediction is not yet eliminated by LHC 
searches given the large width predicted for such a resonance and also given the experimental 
limitations for reconstructing energetic tops, the so-called ‘boosted top’ problem.   
Another promising channel discussed in [6] would be the observation of a Z’/Zkk decaying into WW or a 
Wkk decaying into ZW. So far the WW channel is cleanly identified in the leptonic channel which does 
not allow precise mass reconstruction. The ZW channel, with Z into lepton pairs, gives a precise mass 
reconstruction.   

 

 

Figure 2 : Variation of tL and tR couplings to Z within models referenced in the text. In this paper our 
solution can be far off in the negative direction of the gRt axis as the arrow indicates next to the  
‘Djouadi et al’ solution (which corresponds to ctR=0.35). 
In our prediction one takes 3

tR
RI =1/2 and 3

bR
RI =1/2 but one cannot exclude other values. In [1] one had 

explored the solution with 3
bR
RI =-1/2 which requires dgRb/gRb=2.2. Such a solution works taking 

cbR=0.35 and is still acceptable from the LEP1 data.  
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Z-t-t Coupling Measurements
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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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The first measurement of vector-boson production associated with a top quark-antiquark pair in proton-

proton collisions at
ffiffiffi
s

p ¼ 7 TeV is presented. The results are based on a data set corresponding to an

integrated luminosity of 5:0 fb"1, recorded by the CMS detector at the LHC in 2011. The measurement is

performed in two independent channels through a trilepton analysis of t!tZ events and a same-sign dilepton

analysis of t!tV (V ¼ W or Z) events. 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. In the dilepton channel a measurement of the t!tV cross

section yields !t!tV ¼ 0:43þ0:17
"0:15 ðstatÞþ0:09

"0:07 ðsystÞ pb. These measurements have a significance, respectively,

of 3.3 and 3.0 standard deviations from the background hypotheses and are compatible, within un-

certainties, with the corresponding next-to-leading order predictions of 0:137þ0:012
"0:016 and 0:306þ0:031

"0:053 pb.

DOI: 10.1103/PhysRevLett.110.172002 PACS numbers: 14.65.Ha, 13.85.Qk, 14.70."e

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.
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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.

PRL 110, 172002 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

26 APRIL 2013

0031-9007=13=110(17)=172002(15) 172002-1 ! 2013 CERN, for the CMS Collaboration

CMS, PRL 110, 172002 (2013)



500GeV ILC, 250 fb-1
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Figure 6: In case of a t
R

decay, the jets from the W dominate the reconstruction of the
polar angle of the t quark. In case of a t

L

the W is practically at rest and jets from the
b quark dominate the and reconstruction of the polar angle of the t quark.

The described scenarios are encountered as shown in Figure 7. First, the recon-
structed spectrum of polar angles of the t quark in the case of right handed electron
beams is in reasonable agreement with the generated one. On the other hand the
reconstruction of cos ✓t in case of left-handed t quarks su↵ers from considerable mi-
grations. As discussed, the migrations are caused by a wrong association of jets
stemming from b quarks to jets stemming from W decays. This implies that the
reconstruction of observables will get deteriorated. This implication motivates to re-
strict the determination of At

FB

in case of P ,P 0 = �1,+1 to cleanly reconstructed
events as already studied previously in [25,26].
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Figure 7: Reconstructed forward backward asymmetry compared with the prediction by
the event generator WHIZARD for two configurations of the beam polarisations.

The quality of the reconstructed events is estimated by the following quantity
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Figure 10: Polar angle of the decay lepton in the rest frame of the t quark.

gitudinally polarised, soft W bosons from the decay of left handed t quarks. The
W

L

boson decay proportional to sin2✓. Therefore any boost into the rest frame of the
top leads predominantly to leptons with cos✓

hel

< 0.

The parameter �
t

can be derived from the slope of the helicity angle distribution
that is obtained by a fit to the linear part of the angular distribution in the range
cos✓

hel

= [�0.6, 0.9] for P ,P 0 = �1,+1 and cos✓
hel

= [�0.9, 0.9] for P ,P 0 = +1,�1
The results are summarised in Table 3 for the two initial beam polarisations P = ±1
and P 0 = ⌥1 and the statistical error is given for P ,P 0 = ⌥0.8,±0.3. The results
are compared with the values of �

t

as obtained for the generated sample. A quarter
of the shift between the generated and the reconstructed value is taken into account
for the systematic error of the measurement. The result changes by about 1% when
changing the fit range to cos✓

hel

= [(�0.4, 0.5), 0.9] for P ,P 0 = �1,+1. The errors
on the slope from the variation of the fit range and that from the di↵erence between
generated and reconstructed slope are added in quadrature.

P ,P 0 (�
t

)
gen.

(�
t

)
rec.

(��
t

)
stat.

(��
t

)
syst.

for P ,P 0 = ⌥0.8,±0.3
�1,+1 -0.484 -0.437 0.011 0.013
+1,�1 0.547 0.534 0.013 0.006

Table 3: Results on �
t

derived from the slope of the helicity angle distribution with errors
for di↵erent beam polarisations at the ILC.
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W-t-b Coupling
Have we measured Wtb coupling already?   No!  

t
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i
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µPL

Vtb measurement from Top-quark decay

R =
Br(t ! Wb)

Br(t ! Wq)
=

|Vtb|2P
q |Vtq|2

= |Vtb|2

Unitarity Assumption

How can one measure Vtb without assuming CKM unitarity 
(three generations) or the SM electroweak coupling?



Boosted Physics
New kinematics at a 100 TeV machine



New physics often occurs in the tail of high PT region. 

          T-prime, B-prime

          W-prime, Z-prime

          Heavy scalar

SM processes in large invariant mass range are bootcamp for
          all boost techniques

          Higgs-boson pair production

          Vector-boson pair production
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Higgs Self-coupling Measurement
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Figure 1. The leading order Feynman diagrams for Higgs boson pair production.

The cross section of Higgs pair production through gluon fusion was first studied in

Refs. [1, 2]. The next-to-leading order (NLO) Quantum ChromoDynamics (QCD) cor-

rections in the large top mass limit were calculated in Ref. [3]. Several improvements

over that prediction have been achieved in the year 2013. The soft gluon e↵ects beyond

the NLO were considered in Ref. [4]. The e↵ects from finite top quark mass at NLO in

QCD were studied in Ref. [5]. Finally, the next-to-next-to-leading order (NNLO) QCD

corrections in the large top mass limit were calculated in Ref. [6]. In Table 1 we list the

total cross sections at NLO and NNLO for this process at hadron colliders with di↵erent

center-of-mass energies. The NLO cross sections are obtained using the HPAIR program

with MSTW2008NLO parton distribution function (PDF) sets [7]. The pole masses of the

top quark and the bottom quark are chosen as mt = 173.2 GeV and mb = 4.75 GeV. The

renormalization and factorization scales are set to the invariant mass of the Higgs pair. The

NNLO cross sections are then obtained using the approximate formula for the K-factor in

Ref. [6].

p
s [TeV] 14 33 50 100

�NLO [fb] 33.9 208 446 1419

�NNLO [fb] 41.1 249 530 1672

Table 1. The total cross sections at NLO and NNLO for Higgs pair production at hadron colliders
with di↵erent center-of-mass energies.

We now turn to the decay of the Higgs bosons. We take the branching ratios of several

relevant decay modes of a 125 GeV Higgs boson from Ref. [8] and list them in Table 2. To

avoid large QCD backgrounds, we will only consider situations where the decay products

of one of the two Higgs bosons include leptons or photons. The decay process H ! l⌫qq̄0

proceeds by first decaying into a pair of W± bosons, and will be denoted as the W+W�

channel below. To have a reasonable production rate, the other Higgs boson is then forced

to decay to bottom quarks which has the largest branching ratio. Therefore, we will

consider the three channels bb̄⌧+⌧�, bb̄W+W� and bb��.

– 2 –

bb̄ l⌫qq̄0 ⌧+⌧� ��

57.7% 6.28% 6.32% 0.228%

Table 2. Relevant decay branching ratios of the Higgs boson for mH = 125 GeV. Here l = e or µ.

3 Sensitivity to Higgs pair production at the high luminosity LHC

The potential of detecting the Higgs pair production process at the LHC through various

decay channels has been studied in Refs. [9, 12–14]. A common conclusion is that this would

require much higher integrated luminosity than the designed one, i.e., 300 fb�1. A high

luminosity phase of the LHC (HL-LHC) has been proposed to address di�cult physics

problems such as this one. The ultimate goal is to collect up to 3000 fb�1 integrated

luminosity. An alternative, high energy phase of the LHC (HE-LHC) with 33 TeV center-

of-mass energy is also under discussion. This, together with possible future high energy

proton-proton colliders such as the SPPC or a 100 TeV collider in Europe or in the USA,

provides new perspective for measuring the Higgs self-couplings.

Ref. [9] has considered several decay channels of the Higgs pair and concluded that the

bb̄�� channel is the most promising. In recent years, QCD based techniques for studying

highly boosted hadronically decaying objects using jet substructures have been actively

developed (see, e.g., Ref. [10] for a recent overview). In particular, Ref. [11] has proposed a

method for detecting a high pT Higgs boson decaying into a bb̄ pair in the context of Higgs

production associated with a vector boson. This has motivated several reexaminations of

Higgs pair production. Ref. [12] found that the bb̄⌧+⌧� channel is very sensitive assuming

a good reconstruction e�ciency of the hadronically decaying ⌧ lepton. In both Ref. [9] and

Ref. [12], the bb̄W+W� channel was considered impossible due to the large tt̄ background.

A more careful study of the bb̄W+W� channel was carried out in Ref. [13]. In order to

rejects the main backgrounds from top quark pair production and Wbb̄+ jets production,

this study combines the jet substructure techniques with the reconstruction of the lepton-

ically decaying Higgs boson, and employs a multivariate method (Boosted Decision Tree).

The outcome shows that one can achieve over 3� sensitivity with an integrated luminosity

of 600 fb�1, and this can be further improved by including the ⌧ lepton in the final states.

S (600 fb�1) B (600 fb�1)

bb̄⌧+⌧� 50 104

bb̄W+W� 11.2 7.4

bb̄�� 6 12.5

Table 3. Numbers of expected signal and background events for a integrated luminosity of 600 fb�1

at the 14 TeV LHC.

The expected numbers of signal and background events in di↵erent decay channels

are summarized in Table 3. The benchmark integrated luminosity is chosen as 600 fb�1,

and the numbers for other luminosities can be easily obtained by rescaling. The numbers

– 3 –
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FIG. 11. The total cross sections for Higgs pair production
at the LHC [96].

FIG. 12. Feynman diagrams of gg → hh at the lowest order.

be factorized as

d3σ

dM2dY d cos θ
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√
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. (14)

where fA
Tri, f

A
Box and fB

Box are the form factors including
complete top quark effects at one-loop level. The integral
kernel C(z,M, µf) has the form

C(z,mt,M, µf ) =
[
Ct(m

2
t , µ

2
t )
]2 ∣∣CS(−M2, µ2

h)
∣∣2

× U(M2, µ2
t , µ

2
h, µ

2
s, µ

2
f )

z−η

(1− z)1−2η

× s̃

(
ln

M2(1 − z)2

µ2
sz

+ ∂η, µ
2
s

)
e−2γEη

Γ(2η)
, (15)

where CS is the hard matching coefficient, s̃ is the soft
function, and U is the evolution function.
Table I shows the NLO and NLO+NNLL total cross

sections of Higgs boson pair production at the LHC with√
S = 14 TeV for different Higgs boson self-coupling λ.

Obviously, due to the interference effects between two
channels, the total cross section of Higgs boson pair pro-
duction decreases with the increasing of λ. Besides, the
resummation effects increase the QCD NLO results by
about 20% ∼ 30%. Moreover, in Fig. 13 the resummation

λ/λSM

√
S = 14 TeV

NLO [fb] NLO + NNLL [fb] K-factor

-1 127.9+23.1+8.7 (+3.8)
−18.8−7.7 (−3.3) 161.6+9.8+12.0 (+6.0)

−3.1−11.4 (−4.9) 1.26

0 71.1+12.8+4.8 (+2.1)
−10.5−4.3 (−1.8) 90.0+5.4+6.8 (+3.3)

−1.7−6.4 (−2.8) 1.27

1 33.9+6.1+2.3 (+1.0)
−5.0−2.0 (−0.9) 42.9+2.6+3.3 (+1.6)

−0.8−3.1 (−1.3) 1.27

2 16.1+2.9+1.1 (+0.5)
−2.4−1.0 (−0.4) 20.4+1.2+1.6 (+0.8)

−0.4−1.5 (−0.7) 1.27

TABLE I. NLO and NLO+NNLL total cross sections of Higgs
boson pair production at the 14 TeV LHC for different Higgs
boson self-coupling λ. The first errors represent the scale
uncertainties. The second errors are PDF+αs uncertain-
ties [104].

results show that the shape of the normalized invariant
mass distribution of Higgs boson pair strongly depends
on the Higgs boson self-coupling λ. And it is possible
to extract the parameter λ from the Higgs boson pair
invariant mass distribution.
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FIG. 13. The normalized Higgs boson pair invariant mass
distribution at the LHC with

√
S = 14 TeV, where the bands

represent the scale uncertainties [104].

Later, the extraction of the Higgs self-coupling is also
studied by exploiting the double-to-single cross section
ratio [116]. The top quark mass effects on the total cross
section of Higgs boson pair production at the QCD NLO
have been studied [117, 118], where the NLO cross section
keeping exact top quark mass is expanded in powers of
1/mt. And the the power corrections are calculated up
to O(1/m8

t ) and O(1/m12
t ) for partonic channel gg →

HH and qg(q̄) → HH , respectively. They find that the
poor convergence induced by top quark mass effects can
be improved if the exact LO cross section are used to
normalize the QCD NLO correction, and the remaining
uncertainties from top mass effects are about O(10%) in
the QCD NLO results.
Veryrecently, the full QCD NNLO corrections for the

cross section in the large top mass limit for Higgs bo-
son pair production are calculated, in which the soft and
collinear divergences are removed via the FKS subtrac-
tion method [113]. Table II shows the total cross section

Contents

1. Introduction 1

2. Dissection of the cross sections 2

3. Ratios of cross sections 4

4. Constraining the self-coupling 7

4.1 Variation with self-coupling and top quark Yukawa 8

4.2 Assumptions for experimental uncertainties 9

4.3 Deriving constraints 10

5. Conclusions 13

6. Acknowledgements 17

1. Introduction

One of the aims of the Large Hadron Collider (LHC) is to search for the agent of

electroweak symmetry breaking (EWSB), which in its minimal form is the Standard

Model (SM) Higgs boson (H). Recently, both the ATLAS and the CMS collabora-

tions have observed a new state with a mass of about 125 GeV, whose properties are

in substantial agreement with the SM Higgs boson [1–5]. The quest for understand-

ing the mechanism behind EWSB does not end with the discovery of this particle.

It is crucial to test the Higgs sector to its full extent, measuring the couplings of

the Higgs boson to gauge bosons and matter fields [6–30], and also to probe its

self-interactions [31–36]. After EWSB, the Higgs potential can be written as

V (H) =
1

2
M2

HH
2 + �HHHvH

3 +
1

4
�HHHHH

4 . (1.1)

In the SM, �SM
HHH = �SM

HHHH = (M2
H/2v

2) ⇡ 0.13 for a Higgs mass of MH ' 125 GeV

and a vacuum expectation value of v ' 246 GeV. We can also define normalised

couplings � ⌘ �HHH/�
SM
HHH and �̃ ⌘ �HHHH/�

SM
HHHH .

A measurement of these two couplings is crucial to the reconstruction of the

Higgs potential and will allow testing of the EWSB mechanism. Moreover, in many

models beyond the SM, these couplings may deviate from the SM values, and in

– 1 –
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Figure 4. The cross sections for single and double Higgs boson production at next-to-leading order
using the MSTW2008NLO PDF set.

on the NNLO cross section computed in Ref. [6] and the threshold resummed cross section

computed in Ref. [4]. Furthermore, we note that the large perturbative corrections for the

cross sections are also largely canceled in the ratio. The K-factors (defined as �NLO/�LO)

for the cross sections can reach 2 which means 100% corrections. However for the ratio,

CNLO
HH /CLO

HH is about 0.8 giving only �20% correction. The PDF uncertainties, although

not show in the figures for the cross sections, also get reduced from a few percents down to

about 1%. All these findings support the idea of using the ratio instead of the cross section

to measure the Higgs trilinear self-coupling.

With the theoretical uncertainties on the ratio at hand, we now need to ask how well

can CHH be measured at a given integrated luminosity.

Channel S/B (600 fb�1) �CHH/CHH (600 fb�1) �CHH/CHH (3000 fb�1)

bb̄⌧+⌧� 50/104 0.400 0.279

bb̄W+W� 11.2/7.4 0.513 0.314

bb̄�� 6/12.5 0.964 0.490

Table 4. The expected uncertainties on CHH in the three channels at 600 fb�1 and 3000 fb�1.

The measurement of CHH can then be converted to a measurement of the normalized

Higgs trilinear self-coupling �. As already mentioned in Section 2 and is evident from

Eq. (4.1), we can’t do this without a good knowledge of the top Yukawa coupling Yt. We

start by assuming a perfect knowledge about Yt, which happens to be the Standard Model

value, i.e., we take the normalized coupling to be yt = 1. The expected confidence intervals

of � can then be constructed.

– 6 –

CHH =
�(pp ! HH)

�(pp ! H)
2

1
method



Higgs Self-coupling Li Lin Yang

CHH =
�(pp ! HH)

�(pp ! H)
2

1
method

Channel 600 fb�1 (2�) 600 fb�1 (1�) 3000 fb�1 (2�) 3000 fb�1 (1�)

bb̄⌧+⌧� (0.22, 4.70) (0.57, 1.64) (0.42, 2.13) (0.69, 1.40)

bb̄W+W� (0.04, 4.88) (0.46, 1.95) (0.36, 4.56) (0.65, 1.46)

bb̄�� (�0.56, 5.48) (0.09, 4.83) (0.08, 4.84) (0.48, 1.87)

Table 5. The expected confidence intervals for � at 1� and 2� confidence levels with yt = 1.

5 Extrapolating to higher energies

To access the potential of future colliders in the measurement of the Higgs self-couplings,

it is best to perform an analysis optimized for each energy. However, due to limited time,

here we attempt an extrapolation of the results for the LHC to higher energy by assuming

the same e�ciency for signals and backgrounds.

[TODO!]
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FIG. 11. The total cross sections for Higgs pair production
at the LHC [96].

FIG. 12. Feynman diagrams of gg → hh at the lowest order.

be factorized as

d3σ

dM2dY d cos θ
=

α2
sG

2
FM

2βH

2304(2π)3S

[∣∣∣fA
Tri + fA

Box

∣∣∣
2
+
∣∣∣fB

Box

∣∣∣
2
]

×

[∫ 1

√
τe−Y

dz

z
fg/A(

√
τeY , µf )fg/B(

√
τ

z
e−Y , µf )

+

∫ 1

√
τeY

dz

z
fg/A(

√
τ

z
eY , µf )fg/B(

√
τe−Y , µf )

]

×
C(z,M, µf)

2
. (14)

where fA
Tri, f

A
Box and fB

Box are the form factors including
complete top quark effects at one-loop level. The integral
kernel C(z,M, µf) has the form

C(z,mt,M, µf ) =
[
Ct(m

2
t , µ

2
t )
]2 ∣∣CS(−M2, µ2

h)
∣∣2

× U(M2, µ2
t , µ

2
h, µ

2
s, µ

2
f )

z−η

(1− z)1−2η

× s̃

(
ln

M2(1 − z)2

µ2
sz

+ ∂η, µ
2
s

)
e−2γEη

Γ(2η)
, (15)

where CS is the hard matching coefficient, s̃ is the soft
function, and U is the evolution function.
Table I shows the NLO and NLO+NNLL total cross

sections of Higgs boson pair production at the LHC with√
S = 14 TeV for different Higgs boson self-coupling λ.

Obviously, due to the interference effects between two
channels, the total cross section of Higgs boson pair pro-
duction decreases with the increasing of λ. Besides, the
resummation effects increase the QCD NLO results by
about 20% ∼ 30%. Moreover, in Fig. 13 the resummation

λ/λSM

√
S = 14 TeV

NLO [fb] NLO + NNLL [fb] K-factor

-1 127.9+23.1+8.7 (+3.8)
−18.8−7.7 (−3.3) 161.6+9.8+12.0 (+6.0)

−3.1−11.4 (−4.9) 1.26

0 71.1+12.8+4.8 (+2.1)
−10.5−4.3 (−1.8) 90.0+5.4+6.8 (+3.3)

−1.7−6.4 (−2.8) 1.27

1 33.9+6.1+2.3 (+1.0)
−5.0−2.0 (−0.9) 42.9+2.6+3.3 (+1.6)

−0.8−3.1 (−1.3) 1.27

2 16.1+2.9+1.1 (+0.5)
−2.4−1.0 (−0.4) 20.4+1.2+1.6 (+0.8)

−0.4−1.5 (−0.7) 1.27

TABLE I. NLO and NLO+NNLL total cross sections of Higgs
boson pair production at the 14 TeV LHC for different Higgs
boson self-coupling λ. The first errors represent the scale
uncertainties. The second errors are PDF+αs uncertain-
ties [104].

results show that the shape of the normalized invariant
mass distribution of Higgs boson pair strongly depends
on the Higgs boson self-coupling λ. And it is possible
to extract the parameter λ from the Higgs boson pair
invariant mass distribution.
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FIG. 13. The normalized Higgs boson pair invariant mass
distribution at the LHC with

√
S = 14 TeV, where the bands

represent the scale uncertainties [104].

Later, the extraction of the Higgs self-coupling is also
studied by exploiting the double-to-single cross section
ratio [116]. The top quark mass effects on the total cross
section of Higgs boson pair production at the QCD NLO
have been studied [117, 118], where the NLO cross section
keeping exact top quark mass is expanded in powers of
1/mt. And the the power corrections are calculated up
to O(1/m8

t ) and O(1/m12
t ) for partonic channel gg →

HH and qg(q̄) → HH , respectively. They find that the
poor convergence induced by top quark mass effects can
be improved if the exact LO cross section are used to
normalize the QCD NLO correction, and the remaining
uncertainties from top mass effects are about O(10%) in
the QCD NLO results.
Veryrecently, the full QCD NNLO corrections for the

cross section in the large top mass limit for Higgs bo-
son pair production are calculated, in which the soft and
collinear divergences are removed via the FKS subtrac-
tion method [113]. Table II shows the total cross section
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Tevatron March 2013  0.61± 0.36 ± 0.51 ±173.20 

LHC September 2013  0.88± 0.26 ± 0.23 ±173.29 

-1 = 3.5 fbint   L

CMS 2011, all jets  1.23± 0.69            ±173.49 

-1 = 4.9 fbint   L
CMS 2011, di-lepton  1.46± 0.43            ±172.50 

-1 = 4.9 fbint   L

CMS 2011, l+jets  0.98± 0.33 ± 0.27 ±173.49 

-1 = 4.7 fbint   L
ATLAS 2011, di-lepton  1.50± 0.64            ±173.09 

-1 = 4.7 fbint   L

ATLAS 2011, l+jets  1.35± 0.72 ± 0.23 ±172.31 

-1 - 4.9 fb-1 = 3.5 fb
int

 combination - September 2013,  LtopLHC m

 = 7 TeVsATLAS + CMS Preliminary, 

      (syst.)    (iJES)    (stat.)

FIG. 14. The combined measurements from the LHC
compared with the Tevatron combined top mass measure-
ments [119, 120].

as functions of the center of mass frame energy at NNLO.

Ecm 8 TeV 14 TeV 33 TeV 100 TeV

σNNLO 9.76 fb 40.2 fb 243 fb 1638 fb

Scale [%] +9.0− 9.8 +8.0− 8.7 +7.0− 7.4 +5.9− 5.8

PDF [%] +6.0− 6.1 +4.0− 4.0 +2.5− 2.6 +2.3− 2.6

PDF+αs [%] +9.3− 8.8 +7.2− 7.1 +6.0− 6.0 +5.8− 6.0

TABLE II. Total cross section as functions of the center of
mass frame energy at NNLO accuracy. The exact LO predic-
tion to normalize the results is used [113].

III. RECENT PROGRESS IN TOP QUARK
PHYSICS

Due to the large mass of top quark, it is one of the
hottest topics in particle physics. Top quarks are mostly
produced through top and anti-top pairs production via
strong interactions, or single top production via EW in-
teractions at hadron colliders.

A. Top quark mass determination

The top quark mass is one of the free parameters in
SM. Through EW corrections, the top quark mass to-
gether with the W boson mass can be used to constrain
the Higgs boson mass. Thus, the precise top quark mass
is important for testing the SM or searching for NP, us-
ing precision EW fits. It was pointed out in Ref. [121]
that precise measurement of MW in future requires the
high precision top quark mass so that EW precision fits
are not restricted by the uncertainty of the top quark
mass [122, 123]. Top quark mass also plays a crucial role
in constraining Higgs boson mass by vacuum stability
of Higgs field. If changing top quark mass by 2.1 GeV

around the central value mt = 173.1 GeV, vacuum insta-
bility scale changes from µneg ∼ 108 GeV to µneg ∼ 1014

GeV [121, 124]. Thus, the precision determination of top
quark mass has an important impact on the understand-
ing of the SM.
Because top quark mass can not be measured directly,

it can be only extracted from observables which is sensi-
tive to it. In the following, we briefly review some popular
methods.
The matrix element method [125, 126] used at the

Tevatron is the most precise approach for the measure-
ments of the top quark mass, where the measured re-
sults are compared with predictions of the LO tt̄ produc-
tion and decay convoluted with the detector response.
An approach including NLO QCD effects is being devel-
oped [127]. Another most precise approach is ideogram
and template methods which are used by the ATLAS and
CMS. With these approaches, the top quark mass is de-
termined by comparing the reconstructed distributions
with Monte Carlo spectrums. A third approach is ex-
tracting the top quark mass from the total cross section
of top-pair production, with which the latest results was
performed at the NNLO+NNLL level [128]. However,
the sensitivity of total cross section to mt is relatively
small, which means that with this method the precision
is lower than the ones of others. Besides above methods,
there are other approaches for the determination of mt,
which are reviewed recently in Refs. [129, 130].
In Fig. 14, the combined measurements from the LHC

are compared with the latest ones from the Tevatron [119,
120], which shows that the combined results are mt =
173.2 ± 0.87 GeV at the Tevatron and mt = 173.3 ±
0.95 GeV at the LHC.

B. Top quark decay at NNLO

The top quark decay width has already been directly
measured at the Tevatron [131]. In SM the top quark
almost 100% decays into a bottom quark and a W bo-
son. The QCD NLO calculations were done over twenty
years ago [132–134]. The EW corrections were computed
at NLO accuracy [135, 136]. In the approximation of
mt ≫ mW , the QCD NNLO corrections to width were
calculated [137]. Based on the calculations of top quark
self-energy as an expansion in m2

W /m2
t , the NNLO decay

width was presented in Refs. [138, 139].
Recently, the calculation of top quark decay width at

NNLO in QCD, including NLO EW corrections as well as
the finite bottom quark mass and W boson width effects,
was completed in Ref. [140], where the NNLO fully dif-
ferential decay rates were first presented. Later, another
calculation of NNLO differential top quark decay width
was presented in Ref. [141].
We briefly review the method proposed in Ref. [140].

In the NLO and NNLO calculations, the bottom quark
mass is set as mb = 0. All the partons in the final state
are clustered into a single jet whose invariance mass is
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FIG. 12. Feynman diagrams of gg → hh at the lowest order.
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τ
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τ
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where fA
Tri, f

A
Box and fB

Box are the form factors including
complete top quark effects at one-loop level. The integral
kernel C(z,M, µf) has the form

C(z,mt,M, µf ) =
[
Ct(m

2
t , µ

2
t )
]2 ∣∣CS(−M2, µ2

h)
∣∣2

× U(M2, µ2
t , µ

2
h, µ

2
s, µ

2
f )

z−η

(1− z)1−2η

× s̃

(
ln

M2(1 − z)2

µ2
sz

+ ∂η, µ
2
s

)
e−2γEη

Γ(2η)
, (15)

where CS is the hard matching coefficient, s̃ is the soft
function, and U is the evolution function.
Table I shows the NLO and NLO+NNLL total cross

sections of Higgs boson pair production at the LHC with√
S = 14 TeV for different Higgs boson self-coupling λ.

Obviously, due to the interference effects between two
channels, the total cross section of Higgs boson pair pro-
duction decreases with the increasing of λ. Besides, the
resummation effects increase the QCD NLO results by
about 20% ∼ 30%. Moreover, in Fig. 13 the resummation

λ/λSM

√
S = 14 TeV

NLO [fb] NLO + NNLL [fb] K-factor

-1 127.9+23.1+8.7 (+3.8)
−18.8−7.7 (−3.3) 161.6+9.8+12.0 (+6.0)

−3.1−11.4 (−4.9) 1.26

0 71.1+12.8+4.8 (+2.1)
−10.5−4.3 (−1.8) 90.0+5.4+6.8 (+3.3)

−1.7−6.4 (−2.8) 1.27

1 33.9+6.1+2.3 (+1.0)
−5.0−2.0 (−0.9) 42.9+2.6+3.3 (+1.6)

−0.8−3.1 (−1.3) 1.27

2 16.1+2.9+1.1 (+0.5)
−2.4−1.0 (−0.4) 20.4+1.2+1.6 (+0.8)

−0.4−1.5 (−0.7) 1.27

TABLE I. NLO and NLO+NNLL total cross sections of Higgs
boson pair production at the 14 TeV LHC for different Higgs
boson self-coupling λ. The first errors represent the scale
uncertainties. The second errors are PDF+αs uncertain-
ties [104].

results show that the shape of the normalized invariant
mass distribution of Higgs boson pair strongly depends
on the Higgs boson self-coupling λ. And it is possible
to extract the parameter λ from the Higgs boson pair
invariant mass distribution.
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FIG. 13. The normalized Higgs boson pair invariant mass
distribution at the LHC with

√
S = 14 TeV, where the bands

represent the scale uncertainties [104].

Later, the extraction of the Higgs self-coupling is also
studied by exploiting the double-to-single cross section
ratio [116]. The top quark mass effects on the total cross
section of Higgs boson pair production at the QCD NLO
have been studied [117, 118], where the NLO cross section
keeping exact top quark mass is expanded in powers of
1/mt. And the the power corrections are calculated up
to O(1/m8

t ) and O(1/m12
t ) for partonic channel gg →

HH and qg(q̄) → HH , respectively. They find that the
poor convergence induced by top quark mass effects can
be improved if the exact LO cross section are used to
normalize the QCD NLO correction, and the remaining
uncertainties from top mass effects are about O(10%) in
the QCD NLO results.
Veryrecently, the full QCD NNLO corrections for the

cross section in the large top mass limit for Higgs bo-
son pair production are calculated, in which the soft and
collinear divergences are removed via the FKS subtrac-
tion method [113]. Table II shows the total cross section
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1. Introduction

One of the aims of the Large Hadron Collider (LHC) is to search for the agent of

electroweak symmetry breaking (EWSB), which in its minimal form is the Standard

Model (SM) Higgs boson (H). Recently, both the ATLAS and the CMS collabora-

tions have observed a new state with a mass of about 125 GeV, whose properties are

in substantial agreement with the SM Higgs boson [1–5]. The quest for understand-

ing the mechanism behind EWSB does not end with the discovery of this particle.

It is crucial to test the Higgs sector to its full extent, measuring the couplings of

the Higgs boson to gauge bosons and matter fields [6–30], and also to probe its

self-interactions [31–36]. After EWSB, the Higgs potential can be written as

V (H) =
1

2
M2

HH
2 + �HHHvH

3 +
1

4
�HHHHH

4 . (1.1)

In the SM, �SM
HHH = �SM

HHHH = (M2
H/2v

2) ⇡ 0.13 for a Higgs mass of MH ' 125 GeV

and a vacuum expectation value of v ' 246 GeV. We can also define normalised

couplings � ⌘ �HHH/�
SM
HHH and �̃ ⌘ �HHHH/�

SM
HHHH .

A measurement of these two couplings is crucial to the reconstruction of the

Higgs potential and will allow testing of the EWSB mechanism. Moreover, in many

models beyond the SM, these couplings may deviate from the SM values, and in
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Figure 12. Invariant mass distributions and the associated K-factors for Higgs boson pair produc-
tion at the LHC with

√
S = 14 and 33 TeV. The bands indicate the scale uncertainties. The blue

and red bands are FO results at the LO and NLO, respectively, and the green band includes the
effects of NNLL resummation matched to NLO results. The green solid and red dashed lines are
the K-factors defined as dσNNLL+NLO/dσLO and dσNLO/dσLO, respectively.

When the hard scale µ2
h = −3.6M2 is chosen in the time-like region while the other

matching scales are set equal to the factorization scale µf , only the contributions from

resummation of π2-enhanced terms are retained. As is stated in Sec.3 the corrections from

π2-enhanced terms decrease with the increasing the invariant mass of Higgs boson pair,

which is obviously shown in Fig. 11 (red dashed line). Besides, these enhanced effects
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Figure 12. Invariant mass distributions and the associated K-factors for Higgs boson pair produc-
tion at the LHC with

√
S = 14 and 33 TeV. The bands indicate the scale uncertainties. The blue

and red bands are FO results at the LO and NLO, respectively, and the green band includes the
effects of NNLL resummation matched to NLO results. The green solid and red dashed lines are
the K-factors defined as dσNNLL+NLO/dσLO and dσNLO/dσLO, respectively.
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√
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Higgs boson pair invariant mass distribution at the LHC with
√
S = 14 TeV where the scale

uncertainties almost vanish due to the cancelation of scale uncertainties in ratio. When

λ < 0, there exists enhancement effects in the invariant mass region of 300 GeV (yellow

band), compared to the cases of λ = 0 (green band) and λSM (red band). With the

increasing of the value of λ, these enhancement effects decrease and the position of peak

moves towards large invariant mass region. Especially, when λ > λSM there exits two

different peak (blue band). In order to gain some insight into the reason why the shape of

the invariant mass distribution strongly depends on the value of λ, it is helpful to consider

the limit of the infinite top quark mass. As is shown in Eq.(2.23) the differential cross

sections in the infinite top quark mass limit share a common factor

1−
6λv2

M2 −m2
H + imHΓH

, (4.5)

where the second terms represent a Higgs boson exchanged in the s-channel. When λ < 0,

the invariant mass distributions at the small value region are added up, thus an obvious

enhancement effects exists in the small invariant mass region. When λ > 0, in the small

invariant mass region the contributions from two terms cancel each other, so these en-

hancement effects decrease and the peak of the invariant mass distribution moves toward

large value region with the increasing value of λ. In particular, when M2 = 6λv2 + m2
H

the common factor equals zero. Considering the threshold limit M > 2mH , there exists

a zero point in the invariant mass distribution as λ > λSM. For example, as shown in
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FIG. 12. Feynman diagrams of gg → hh at the lowest order.

be factorized as
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where fA
Tri, f

A
Box and fB

Box are the form factors including
complete top quark effects at one-loop level. The integral
kernel C(z,M, µf) has the form
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2
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e−2γEη
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, (15)

where CS is the hard matching coefficient, s̃ is the soft
function, and U is the evolution function.
Table I shows the NLO and NLO+NNLL total cross

sections of Higgs boson pair production at the LHC with√
S = 14 TeV for different Higgs boson self-coupling λ.

Obviously, due to the interference effects between two
channels, the total cross section of Higgs boson pair pro-
duction decreases with the increasing of λ. Besides, the
resummation effects increase the QCD NLO results by
about 20% ∼ 30%. Moreover, in Fig. 13 the resummation

λ/λSM

√
S = 14 TeV

NLO [fb] NLO + NNLL [fb] K-factor

-1 127.9+23.1+8.7 (+3.8)
−18.8−7.7 (−3.3) 161.6+9.8+12.0 (+6.0)

−3.1−11.4 (−4.9) 1.26

0 71.1+12.8+4.8 (+2.1)
−10.5−4.3 (−1.8) 90.0+5.4+6.8 (+3.3)

−1.7−6.4 (−2.8) 1.27

1 33.9+6.1+2.3 (+1.0)
−5.0−2.0 (−0.9) 42.9+2.6+3.3 (+1.6)

−0.8−3.1 (−1.3) 1.27

2 16.1+2.9+1.1 (+0.5)
−2.4−1.0 (−0.4) 20.4+1.2+1.6 (+0.8)

−0.4−1.5 (−0.7) 1.27

TABLE I. NLO and NLO+NNLL total cross sections of Higgs
boson pair production at the 14 TeV LHC for different Higgs
boson self-coupling λ. The first errors represent the scale
uncertainties. The second errors are PDF+αs uncertain-
ties [104].

results show that the shape of the normalized invariant
mass distribution of Higgs boson pair strongly depends
on the Higgs boson self-coupling λ. And it is possible
to extract the parameter λ from the Higgs boson pair
invariant mass distribution.

M (GeV)
300 400 500 600 700 800 900 1000

)
-1

/d
M

 (T
eV

σ
 d

σ
1/

0

1

2

3

4

5

NNLL+NLO
 = -1SMλ/λ
 = 0SMλ/λ
 = 1SMλ/λ
 = 2SMλ/λ

FIG. 13. The normalized Higgs boson pair invariant mass
distribution at the LHC with

√
S = 14 TeV, where the bands

represent the scale uncertainties [104].

Later, the extraction of the Higgs self-coupling is also
studied by exploiting the double-to-single cross section
ratio [116]. The top quark mass effects on the total cross
section of Higgs boson pair production at the QCD NLO
have been studied [117, 118], where the NLO cross section
keeping exact top quark mass is expanded in powers of
1/mt. And the the power corrections are calculated up
to O(1/m8

t ) and O(1/m12
t ) for partonic channel gg →

HH and qg(q̄) → HH , respectively. They find that the
poor convergence induced by top quark mass effects can
be improved if the exact LO cross section are used to
normalize the QCD NLO correction, and the remaining
uncertainties from top mass effects are about O(10%) in
the QCD NLO results.
Veryrecently, the full QCD NNLO corrections for the

cross section in the large top mass limit for Higgs bo-
son pair production are calculated, in which the soft and
collinear divergences are removed via the FKS subtrac-
tion method [113]. Table II shows the total cross section
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a specific model of JP = 2+ [92]. Up to now the data
strongly favor the JP = 0+ hypothesis, and the specific
JP = 2+ hypothesis is excluded with a confidence level
above 99.9%, independently of the contributions of gluon
fusion and quark-antiquark annihilation processes in the
production of the spin-2 particle.

2. Couplings

Extraction of the Higgs coupling constants can serve
to limit various new physics models, or further to confirm
the validity of the SM. The deviations from the SM can be
parameterized as scale factor κ of Higgs couplings relative
to the SM values:

ghff = κf · gSMhff , ghV V = κV · gSMhV V . (11)

Fig. 10 shows a summary of the coupling scale fac-
tor κ measured by the ATLAS and CMS collabora-
tions [93, 94], which indicates that the measured coupling
between Higgs boson and other SM particle are consis-
tent with the SM predictions. In the future, with the
increasing of statistics of Higgs boson, the measurement
of the couplings may be more precision.

3. Self-coupling constant

In the SM, the Higgs boson is responsible for the origin
of EW symmetry breaking and the generation of elemen-
tary particle masses. After the Higgs field Φ gets the
vacuum expectation value v, the SM Higgs potential in
the unitary gauge can be written as

V (h) = λ

[
(v + h)2

2
−

v2

2

]2
, (12)

where the Higgs boson self-coupling λ is given by λSM =
m2

H/(2v2) at the tree-level in the SM, and the radiative
corrections can decrease λSM by 10% for mH = 125 GeV
where main contributions come from top quark loops [95].
At the LHC, the Higgs boson self-coupling λ can be di-

rectly probed through Higgs boson pair production, and
the relevant studies have been performed [96–118]. Sim-
ilarly to the case of single Higgs boson production, there
are four classes of Higgs pair production at the LHC,
and the corresponding total cross sections are shown in
Fig. 11 as functions of the center of mass frame energy.
The Higgs boson pair production is mainly induced by

gluon gluon fusion (see Fig. 12). In Ref. [99], the QCD
NLO corrections are calculated in the large top quark
mass limit. Recently, the soft gluon threshold resumma-
tion and π2 enhancement effects in Higgs boson pair pro-
duction at the LHC have been calculated in Ref. [104]. In
the infinite top quark mass limit, the effective Lagrangian
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FIG. 10. Summary of the coupling scale factor measurements
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describing ggh and gghh interactions is given by

Leff =
αs(µ2)

12πv
Ct(µ

2)Ga
µνG

a µνh

−
αs(µ2)

24πv2
Ct(µ

2)Ga
µνG

a µνh2. (13)

Up to NLO, the Wilson coefficient Ct(µ2) was calculated
by performing the large top quark mass expansion of
the the corresponding one- and two-loop Feynman di-
agrams [99]. In SCET the differential cross section can

7

LO QCD

NNLO QCD

NLO QCD

NLO QCD

qq/gg → tt̄HH

qq̄ → ZHH
qq̄′ → WHH

qq′ → HHqq′

gg → HHMH = 125 GeV

σ(pp → HH+X) [fb]

√
s [TeV]

1007550258

1000

100

10

1

0.1

FIG. 11. The total cross sections for Higgs pair production
at the LHC [96].

FIG. 12. Feynman diagrams of gg → hh at the lowest order.
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where CS is the hard matching coefficient, s̃ is the soft
function, and U is the evolution function.
Table I shows the NLO and NLO+NNLL total cross

sections of Higgs boson pair production at the LHC with√
S = 14 TeV for different Higgs boson self-coupling λ.

Obviously, due to the interference effects between two
channels, the total cross section of Higgs boson pair pro-
duction decreases with the increasing of λ. Besides, the
resummation effects increase the QCD NLO results by
about 20% ∼ 30%. Moreover, in Fig. 13 the resummation
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TABLE I. NLO and NLO+NNLL total cross sections of Higgs
boson pair production at the 14 TeV LHC for different Higgs
boson self-coupling λ. The first errors represent the scale
uncertainties. The second errors are PDF+αs uncertain-
ties [104].

results show that the shape of the normalized invariant
mass distribution of Higgs boson pair strongly depends
on the Higgs boson self-coupling λ. And it is possible
to extract the parameter λ from the Higgs boson pair
invariant mass distribution.
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Later, the extraction of the Higgs self-coupling is also
studied by exploiting the double-to-single cross section
ratio [116]. The top quark mass effects on the total cross
section of Higgs boson pair production at the QCD NLO
have been studied [117, 118], where the NLO cross section
keeping exact top quark mass is expanded in powers of
1/mt. And the the power corrections are calculated up
to O(1/m8

t ) and O(1/m12
t ) for partonic channel gg →

HH and qg(q̄) → HH , respectively. They find that the
poor convergence induced by top quark mass effects can
be improved if the exact LO cross section are used to
normalize the QCD NLO correction, and the remaining
uncertainties from top mass effects are about O(10%) in
the QCD NLO results.
Veryrecently, the full QCD NNLO corrections for the

cross section in the large top mass limit for Higgs bo-
son pair production are calculated, in which the soft and
collinear divergences are removed via the FKS subtrac-
tion method [113]. Table II shows the total cross section
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ZWW AWW HWW HZZ HZA HAA WWWW ZZWW ZAWW AAWW

OWWW X X X X X X

OW X X X X X X X X

OB X X X X

O
�d X X

O
�W X X X X

O
�B X X X

O
˜WWW X X X X X X

O
˜W X X X X X

O
˜WW X X X X

O
˜BB X X X

Table 1-15. The vertices induced by each operator are marked with X in the corresponding column. The
vertices that are not relevant for three- and four-gauge-boson amplitudes have been omitted.

to be equivalent to a linear combination of the previous operators by using equations of motion. Consequently,
the choice of the basis of operators is not unique. Other choices than the one presented here can be found in
the literature. For example, the operators Q�D and Q�WB in Ref. [136] have been replaced in this paper by
OW and OB . Our basis avoids the otherwise necessary redefinition of the masses of the gauge bosons and
the mixing of the neutral vector bosons. The operator O�d does not contain any gauge boson since �†� is a
singlet under all the SM gauge groups. However, it contributes to the Higgs field’s kinetic term after � has
been replaced by its value in the unitary gauge, i.e. with

� =

✓

0,
v + hp

2

◆T

(1.26)

one finds
O�d 3 v2@µh@

µh, (1.27)

and it requires a renormalization of the Higgs field,

h ! h(1� c�d

⇤2
v2), (1.28)

in the full Lagrangian. The Higgs couplings to all particles including the electroweak gauge bosons are
consequently multiplied by the same factor. O�W and O�B modify the kinetic term of the gauge bosons
after the Higgs doublet has been replaced by its vacuum expectation value (v). Those two operators require
a renormalization of the gauge fields and the gauge couplings. As a matter of fact, their part proportional
to v2 is entirely absorbed by those redefinitions and can therefore be removed directly in the definition of
the operators, i.e.

O�W =
�

�†�� v2
�

Tr[Wµ⌫Wµ⌫ ]

O�B =
�

�†�� v2
�

Bµ⌫Bµ⌫

(1.29)

It is now clear that those operators a↵ect only the vertices with one or two Higgs bosons and not the TGCs
or the QGCs.

1.3.1.2 Dimension-eight operators for genuine QGCs

As can be seen in Table 1-15, the dimension–six operators giving rise to QGCs also exhibit TGCs. In order
to separate the e↵ects of the QGCs we shall consider e↵ective operators that lead to QGCs without a TGC
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1.3 New interactions in vector boson scattering and tri-boson processes 33

1.3.1.1 Dimension-six operators for electroweak vector boson pair and triple production and
scattering

If baryon and lepton numbers are conserved, only operators with even dimension can appear in the EFT.
Consequently, the largest new physics contribution is expected from dimension-six operators. Three CP
conserving dimension-six operators,

OWWW = Tr[Wµ⌫W
⌫⇢Wµ

⇢ ]

OW = (Dµ�)
†Wµ⌫(D⌫�)

OB = (Dµ�)
†Bµ⌫(D⌫�),

(1.18)

and two CP violating dimension-six operators,

OW̃WW = Tr[W̃µ⌫W
⌫⇢Wµ

⇢ ]

OW̃ = (Dµ�)
†W̃µ⌫(D⌫�),

(1.19)

a↵ect the triple and quartic gauge couplings. Here � denotes the Higgs doublet field. The covariant derivative
for such a field with hypercharge Y = 1/2 is given by

Dµ ⌘ @µ + i
g0

2
Bµ + igW i

µ

⌧ i

2
(1.20)

where ⌧ i, i = 1, 2, 3 are the SU(2)I generators with Tr[⌧ i⌧ j ] = 2�ij . The field strength tensors of the SU(2)I
(W i

µ) and U(1)Y (Bµ) gauge fields read

Wµ⌫ =
i

2
g⌧ i(@µW

i
⌫ � @⌫W

i
µ + g✏ijkW

j
µW

k
⌫ )

Bµ⌫ =
i

2
g0(@µB⌫ � @⌫Bµ) .

(1.21)

As in the SM, trilinear gauge couplings (TGCs) and quartic gauge couplings (QGCs) induced by dimension-
six operators are completely related by the requirement to guarantee gauge invariance. In addition, three
CP-conserving operators

O�d = @µ
�

�†�
�

@µ
�

�†�
�

(1.22)

O�W =
�

�†�
�

Tr[Wµ⌫Wµ⌫ ] (1.23)

O�B =
�

�†�
�

Bµ⌫Bµ⌫ (1.24)

and two CP-violating dimension-six operators

OW̃W = �†W̃µ⌫W
µ⌫�

OB̃B = �†B̃µ⌫B
µ⌫�

(1.25)

modify the coupling of the Higgs boson to the weak gauge bosons and therefore the four-gauge-boson
amplitudes. The list of vertices relevant to three- and four-gauge-boson amplitudes of each operator is
displayed in Table 1-15. We have neglected the operators a↵ecting the couplings of the bosons to fermions
as they can be measured in other processes such as Z boson decay. This is a minimal set of independent
dimension-six operators relevant to amplitudes involving vertices of three and four electroweak gauge bosons.
Additional dimension-six operators invariant under SM symmetries can be constructed but they can be shown
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amplitudes. The list of vertices relevant to three- and four-gauge-boson amplitudes of each operator is
displayed in Table 1-15. We have neglected the operators a↵ecting the couplings of the bosons to fermions
as they can be measured in other processes such as Z boson decay. This is a minimal set of independent
dimension-six operators relevant to amplitudes involving vertices of three and four electroweak gauge bosons.
Additional dimension-six operators invariant under SM symmetries can be constructed but they can be shown
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1.3.1.1 Dimension-six operators for electroweak vector boson pair and triple production and
scattering

If baryon and lepton numbers are conserved, only operators with even dimension can appear in the EFT.
Consequently, the largest new physics contribution is expected from dimension-six operators. Three CP
conserving dimension-six operators,

OWWW = Tr[Wµ⌫W
⌫⇢Wµ

⇢ ]

OW = (Dµ�)
†Wµ⌫(D⌫�)

OB = (Dµ�)
†Bµ⌫(D⌫�),

(1.18)

and two CP violating dimension-six operators,

OW̃WW = Tr[W̃µ⌫W
⌫⇢Wµ

⇢ ]

OW̃ = (Dµ�)
†W̃µ⌫(D⌫�),

(1.19)

a↵ect the triple and quartic gauge couplings. Here � denotes the Higgs doublet field. The covariant derivative
for such a field with hypercharge Y = 1/2 is given by

Dµ ⌘ @µ + i
g0

2
Bµ + igW i

µ

⌧ i

2
(1.20)

where ⌧ i, i = 1, 2, 3 are the SU(2)I generators with Tr[⌧ i⌧ j ] = 2�ij . The field strength tensors of the SU(2)I
(W i

µ) and U(1)Y (Bµ) gauge fields read

Wµ⌫ =
i

2
g⌧ i(@µW

i
⌫ � @⌫W

i
µ + g✏ijkW

j
µW

k
⌫ )

Bµ⌫ =
i

2
g0(@µB⌫ � @⌫Bµ) .

(1.21)

As in the SM, trilinear gauge couplings (TGCs) and quartic gauge couplings (QGCs) induced by dimension-
six operators are completely related by the requirement to guarantee gauge invariance. In addition, three
CP-conserving operators
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Quartic Gauge Coupling
Important for testing the SM

1.3 New interactions in vector boson scattering and tri-boson processes 37

Operators containing only field strength tensors

The following operators containing four field strength tensors also lead to quartic anomalous couplings:

OT,0 = Tr [Wµ⌫W
µ⌫ ]⇥ Tr

⇥

W↵�W
↵�

⇤

, (1.33)

OT,1 = Tr
⇥

W↵⌫W
µ�

⇤⇥ Tr [Wµ�W
↵⌫ ] , (1.34)

OT,2 = Tr
⇥

W↵µW
µ�

⇤⇥ Tr [W�⌫W
⌫↵] , (1.35)

OT,5 = Tr [Wµ⌫W
µ⌫ ]⇥B↵�B

↵� , (1.36)

OT,6 = Tr
⇥

W↵⌫W
µ�

⇤⇥Bµ�B
↵⌫ , (1.37)

OT,7 = Tr
⇥

W↵µW
µ�

⇤⇥B�⌫B
⌫↵ , (1.38)

OT,8 = Bµ⌫B
µ⌫B↵�B

↵� (1.39)

OT,9 = B↵µB
µ�B�⌫B

⌫↵ . (1.40)

It is interesting to note that the two last operators OT,8 and OT,9 give rise to QGCs containing only the
neutral electroweak gauge bosons.

Previous analyses [139, 140, 141] of the LHC potential to study QGCs were based on the non–linear realization
of the gauge symmetry, i.e. using chiral Lagrangians as for instance implemented in whizard. The relation
between the above framework and chiral Lagrangians can be found in Section 1.3.1.4.

WWWW WWZZ ZZZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA

OS,0, OS,1 X X X

OM,0, OM,1,OM,6 ,OM,7 X X X X X X X

OM,2 ,OM,3, OM,4 ,OM,5 X X X X X X

OT,0 ,OT,1 ,OT,2 X X X X X X X X X

OT,5 ,OT,6 ,OT,7 X X X X X X X X

OT,8 ,OT,9 X X X X X

Table 1-16. Quartic vertices modified by each dimension-8 operator are marked with X.

1.3.1.3 Comparison with the anomalous coupling approach and the LEP convention for
aQGCs

The anomalous couplings approach is based on the Lagrangian [142]

L =igWWV

✓

gV1 (W+
µ⌫W

�µ �W+µW�
µ⌫)V

⌫ + V W
+
µ W�

⌫ V µ⌫ +
�V

M2
W

W ⌫+
µ W�⇢

⌫ V µ
⇢

+igV4 W+
µ W�

⌫ (@µV ⌫ + @⌫V µ)� igV5 ✏µ⌫⇢�(W+
µ @⇢W

�
⌫ � @⇢W

+
µ W�

⌫ )V�

+̃V W
+
µ W�

⌫ Ṽ µ⌫ +
�̃V

m2
W

W ⌫+
µ W�⇢

⌫ Ṽ µ
⇢

!

,

(1.41)

where V = �, Z; W±
µ⌫ = @µW±

⌫ � @⌫W±
µ , Vµ⌫ = @µV⌫ � @⌫Vµ, gWW� = �e and gWWZ = �e cot ✓W .

The first three terms of Eq. 1.41 are C and P invariant while the remaining four terms violate C and/or
P . Electromagnetic gauge invariance requires that g�1 = 1 and g�4 = g�5 = 0. Finally there are five
independent C- and P -conserving parameters: gZ1 ,� ,Z ,�� ,�Z ; and six C and/or P violating parameters:
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Top-Rare-decay and Direct Top-Production
• Anomalous g-q-t FCNC coupling
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Search for anomalous top quark production at the early LHC

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

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

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

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

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

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

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

L = gs
∑

q=u,c

κtqg

Λ
t̄σµνT a(fL

q PL + fR
q PR)qG

a
µν + h.c. ,

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

q are chiral parameters normal-
ized to |fL

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

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

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

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

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

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

√
s = 14TeV. Moreover, they did

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

√
s = 7TeV. Besides, in order to pro-

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

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

★    NLO KF ~1.2

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

t u/c

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

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

g

u/c
t



Summary



Untested Aspects of the SM

     Higgs electroweak couplings 
                         SM Higgs? 

     Higgs boson self-coupling
                         Boosted object techniques

     Triple-gauge-coupling / Quartic-gauge-coupling 
                         Dim-6 and Dim-8 operators in linear realization

     Weak interaction of the 3rd generation quarks
                         Fully understanding top- and bottom-quark
                              chirality structure of couplings,   Vtb=1? ...


