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 Motivation

Parton 
Level

POWHEG CDF 9.4 fb-1 exceeding SM 
prediction

Inclusive 6.6% 16.4 ± 4.5 % 2.2 σ

Mtt  slope (3.4 ± 1.2)10 -4 
GeV -1

(15.2 ± 5)10 -4 
GeV -1 2.3 σ

|∆y| slope (10. ± 2.3)10 -2 
GeV -1

(28.6 ± 8.5)10 -2 
GeV -1 2.1 σ

(CDF, arXiv 1211.1003)

 

 

 

 

 

 

QCD predicts a charge asymmetry for top quark pair production

in hadron-hadron scattering

The corresponding forward-backward asymmetry has been mea-

sured at CDF and D0

Discrepancy to SM prediction

remains at 2− 3σ level

Sign of new Physics?

Need to measure the charge

asymmetry at the LHC

Problem: predicted SM charge asymmetry in inclusive top pair

production at LHC is very small
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 Motivation

 

 

 

Separating contributions with gluon Ecut:

virtual corrections generate positive
asymmetry

real emission diagrams contribute with
negative asymmetry

need to understand the tt̄+ jet contribution
especially in different phase space regions

LO: no charge asymmetry

NLO: Charge asymmetry is generated due to virtual

corrections (box diagrams) and real gluon emission

diagrams (ISR-FSR interference)
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tt+jet in QCD
S.B., S. Westhoff, JHEP 07(2013)179 
S.B., S. Westhoff, arXiv 1307.6225 
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 Charge asymmetry of                       in QCDqq̄ → tt̄+ jet
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(Furry theorem)

 

 

Differential charge asymmetry at a certain

phase space point:

dσ̂A = dσ̂tt̄ − dσ̂t̄t

Symmetric differential cross section :

dσ̂S = dσ̂tt̄ + dσ̂t̄t



 Charge asymmetry of                       in QCD

dσ̂A(qq̄ → tt̄j)

dϕ dθj dEt dEt̄
=− [N1 + sin2 θj (N

j
1 + cos2 ϕNϕ

1 )] cosϕ

+ [N2 + cos2 ϕNϕ
2 ] sin θj cos θj Energy Asymmetry

Incline Asymmetry

N i
1(Et, Et̄) - symmetric in Et and Et̄

N i
2(Et, Et̄) - antisymmetric in Et and Et̄

qq̄ → tt̄+ jet

Differential charge asymmetry:

dσ̂A = dσ̂tt̄ − dσ̂t̄t



Σ
"
A
#

Σ
"
A
Θt

Σ
"
A
E

qq% t t j

0 Π

4
Π

2
3 Π
4

Π

'0.6

'0.4

'0.2

0.0

Θj !rad "

dΣ
"
A
#d
Θ j
!p
b#
ra
d"

A
! "

A
! Θt

A
! E,j

q q$ t t j

0 Π

4
Π

2
3 Π
4

Π

&40

&30

&20

&10

0

Θj !rad "

A!
#Θ
j$
!'
"

Figure 4: Partonic incline asymmetry (plain), energy asymmetry (dotted) and top-
angle asymmetry (dashed) for the qq̄ channel as functions of the jet scattering angle
θj for

√
s = 1TeV and Ej ≥ 20GeV. Left: charge-asymmetric cross section dσ̂A/dθj.

Right: normalized asymmetry Â(θj).
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Figure 5: Partonic incline asymmetry (plain), energy asymmetry (dotted) and top-
angle asymmetry (dashed) for the qg channel as functions of the jet scattering angle
θj for

√
s = 1TeV and Ej ≥ 20GeV. Left: charge-asymmetric cross section dσ̂A/dθj.

Right: normalized asymmetry Â(θj).

In the qq̄ channel, all asymmetries are either symmetric or antisymmetric with respect to
θj → π−θj, because the jet distribution is forward-backward symmetric. Since the symmetric
cross section is enhanced in the collinear region, the normalized asymmetries are suppressed
for θj ≈ 0, π. The suppression is particularly strong for the incline asymmetry Âϕ, where
the charge-antisymmetric cross section dσ̂ϕ

A/dθj is largely constant in θj. For the energy
asymmetry ÂE,j and the top-angle asymmetry Âθt , where per definition dσ̂E,j

A /dθj and dσ̂θt
A /dθj

decrease for θj → 0, π, the shape distortion by the normalization is less significant. The
energy asymmetry is much smaller than the incline asymmetry and the top-angle asymmetry.
Its maximum amounts to |ÂE,j| = 5% for θj = 3π/10 and 7π/10 for

√
s = 1TeV and

12

qq̄ → tt̄+ jet

 

 

Partonic asymmetries for qq̄ → tt̄g in dependence of the jet scat-
tering angle θj,

√
s = 1 TeV, Ej ≥ 20 GeV.

Incline Asymmetry

Rapidity Asymmetry

dσ̂ϕ
A = dσ̂A(cosϕ ≥ 0)

dσ̂θt
A = dσ̂A(cos θt ≥ 0)

dσ̂E
A = dσ̂A(∆E ≥ 0, cos θj ≥ 0)− dσ̂A(∆E ≥ 0, cos θj ≤ 0)Energy Asymmetry

∆E = Et − Et̄cos θt = sin θj cosϕ sin ξ + cos θj cos ξ , cos ξ = f(Et, Et̄) ,



qg → tt̄+ q
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Partonic asymmetries for qg → tt̄q in dependence of the jet scat-
tering angle θj,

√
s = 1 TeV, Ej ≥ 20 GeV.

 

Energy asymmetry in qg → tt̄q: Quark direction does not need
to be determined!
 

dσ̂EA = dσ̂A (∆E ≥ 0) , ∆E = Et − Et̄



 Results: LHC @ 14 TeV
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Figure 10: Incline asymmetry Aϕ,q
(left) and energy asymmetry AE

(right) at LHC14,

as functions of the cuts {| cosϕ|min, |ytt̄j|min} and {|∆E|min, |ytt̄j|min}, respectively. An
additional fixed cut on the partonic jet rapidity, |ŷj| ≤ 0.5, has been applied, as well

as the detector cuts pjT ≥ 25GeV and |yj| ≤ 2.5. Superimposed are contour lines of

constant asymmetry (plain) and of constant statistical significance S = 5 for various

luminosities (dashed).

Aϕ,q
= −4% is expected to be observable. The maximum of the asymmetry, Aϕ,q

= −6%,

however, is difficult to access due to the limited amount of data.

Finally, we comment on the prospects to observe the incline asymmetry at the LHC running

at its design collision energy of
√
S = 14TeV (LHC14). Keeping the same detector cuts as

for the LHC8, the total cross section for tt̄ + j production at the LHC14 is σS = 458 pb at

|ŷj|max — — 0.5 — 0.5 0.5 0.25

|ytt̄j|min — 1.5 — — 1.3 1.85 1.9

| cosϕ|min — — — 0.8 0.5 0.7 0.9

Aϕ,q
[%] −0.41 −1.4 −0.77 −0.54 −2.4 −3.7 −4.2

σS [pb] 458 41.3 117 217 17.6 3.6 1.0

S(50 fb−1
) 4.4 4.4 4.2 4.0 5.0 3.5 2.1

S(100 fb−1
) 6.2 6.3 5.9 5.7 7.1 5.0 3.0

Table 3: Incline asymmetry Aϕ,q
, cross section σS and statistical significance S =

|Aϕ,q|/δAϕ,q
at LHC14. Framework as in Table 2.

22

 
 
 
 
 

Incline asymmetry Aϕ,q
is testing the charge asymmetry of the qq̄-channel

Energy asymmetry AE
is testing the charge asymmetry of the qg-channel

LHC Detector cuts have been applied. Furthermore |ŷj| < 0.5

A lower cut on ∆E implies a larger minimum pTj

Dashed lines: Luminosity needed to distinguish the asymmetry with 5 σ from

the null hypothesis (assumed tt̄+ jet reconstruction efficiency 0.05)
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tt+jet with massive 
color-octet bosons
S.B., S. Westhoff, Phys. Rev. D86 (2012) 094036
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 Lagrangian, contributing diagrams
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Ga
µ - massive gluon field

qiV , q
i
A - vector, axial-vector couplings of the

massive gluons to quarks

All combinations of diagrams can contribute to

the cross sections σA and σS

Asymmetry depends on the heavy gluon

mass MG, its width ΓG and products of coupling

combinations, e.g. gqV g
t
V or gqAg

t
A
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 Partonic asymmetries including color-octets
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Partonic normalized asymmetries for qq̄ → tt̄g (left) and qg → tt̄q
(right) in dependence of the jet scattering angle θj,

√
s = 1 TeV,

Ej ≥ 20 GeV.

MG = 2 TeV, gV = 0, gqA = 0.5, gtA = 2

Normalized rapidity and energy asymmetry are non-vanishing
for θj → 0, π
→ no jet cut necessary
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 Rapidity Asymmetry: LHC @ 8 TeV

∆A|y|
C = A|y|,tot

C − A|y|,SM
C

Mmin
tt̄ = 1TeV ∆A|y|

C [%]

V +, V − −0.22, −2.3
A+, A− −6.7, +4.3
V A++ +5.4
V A−− +8.9
V A+− −6.9

 

 

 

Large asymmetries are generated due

to axial-vector couplings

Also vector couplings generate additional

asymmetry (not in tt̄ inclusive at LO)

Similar results for LHC14, some additional

phase space cuts may need to be applied
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 Concluding Remarks

 

 

 

 

The QCD charge asymmetry can be observed at the LHC in

tt̄+ jet production using two new observables:

The incline asymmetry tests the charge asymmetry of the

qq-channel with asymmetries of up to −4%

The energy asymmetry tests the charge asymmetry of the

qg-channel with asymmetries of up to −11%

Massive color-octet bosons, that could explain the measured Tevatron

charge asymmetry in inclusive tt̄-production, have large effects on
the charge asymmetries in tt̄+ jet at the LHC.

Vector or axial-vector couplings can be determined by measuring

the differential jet distribution.


