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TOP-ANTITOP CHARGE ASYMMETRY
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CHARGE ASYMMETRY IN THE STANDARD MODEL

7

QCD:  charge asymmetry at NLO

[Ahrens et al., PRD 84 (2011) 074004]
[Hollik, Pagani, PRD 84 (2011) 093003]
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[QCD NLO: Kuehn, Rodrigo, 1999] 

[EW: Hollik, Pagani, 2011] 

Inclusive top-pair production in QCD:

Aexp
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[NNLO: Czakon et al., 2014]

Measured rapidity differences

[NLO+NNLL: Ahrens et al., 2011]
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CHARGE ASYMMETRY AT THE LHC
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Rapidity asymmetry in qq channel suppressed	
by large gluon background.

CA
0.05− 0 0.050

8

ATLAS l+jets  0.005± 0.004 ±0.009 

ATLAS l+jets boosted  0.026± 0.019 ±0.043 

CMS  l+jets template  0.003± 0.003 ±0.003 

CMS l+jets  0.004± 0.007 ±0.001 

 0.0004  ±0.0111 Theory (NLO+EW)
PRD 86, 034026 (2012)

 0.0004  ±0.0160 Theory (NLO+EW)
JHEP 1201 (2012) 063

 |y|| < 2)∆ > 0.75 TeV && |
tt

(M
ATLAS-CONF-2015-048

arXiv:1509.02358

arXiv:1507.03119

arXiv:1508.03862

 asymmetrytt

 = 8 TeVs Sept 2015ATLAS+CMS Preliminary WGtopLHC

total   stat
(syst)±(stat) ± CA

parton distributions

qq̄ : 7.7%

gg : 65.6%

qg + q̄g : 26.7%

�tt̄(
p
s = 8TeV)

[also: asymmetry in di-lepton channel; ATLAS, CMS 2016] 



ENERGY ASYMMETRY
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Figure 11: Energy asymmetry A

E (✓j ) at LHC8 without (plain) and with a boost cut
of |yt t̄j | ! 1 (dot-dashed), as well as the contributions from qg/gq states (dashed) and
the pollution from q̄g/gq̄ states (dotted). Detector cuts of pj

T ! 25GeV and |yj | " 2.5
have been applied.

charge-symmetric gg background. An additional lower cut on the top-antitop energy di↵erence
�E further enhances the asymmetry, as we discussed at the parton level in Section 2.5.
In Figure 9, right, the energy asymmetry A

E at the LHC8 is displayed for variable lower
cuts |�E|min and |yt t̄j |min and a fixed cut of |ŷj | " 1. With strong cuts, the asymmetry
reaches up to A

E = # 14%. The significance, however, is strongly limited by the amount of
data collected in 2012. The maximal significance, S(22 fb�1) = 3.3, is thus reached for the
loose cut |�E|min = 20GeV and no cut on |yt t̄j |. The corresponding asymmetry amounts to
A

E = # 1.9%. The e↵ects of di↵erent cuts on the asymmetry A

E , the cross section �S and

|ŷj |max — — 0.5 — 1 1

|yt t̄j |min — 1 — — — 0.85

|�E|min [GeV] — — — 70 20 60

p

j
T,min [GeV] 25 25 25 25 25 70

A

E [%] # 0.79 # 1.7 # 1.5 # 1.3 # 1.9 # 5.0

�S [pb] 97.5 19.2 25.7 23.4 25.9 2.3

S(22 fb�1) 2.6 2.4 2.5 2.0 3.3 2.5

Table 4: Energy asymmetry A

E , cross section �S and statistical significance S =
|AE |/�AE at LHC8. Detector cuts pj

T ! 25GeV and |yj | " 2.5 have been applied, as
well as additional cuts on the boost of the final state, yt t̄j , the jet rapidity in the parton
frame, ŷj , and the top-antitop energy di↵erence in the parton frame, �E. Combined
cuts on |ŷj | and |�E| imply a stronger bound on p

j
T,min without changing A

E and �S.

24

AE =
�tøtj(�E > 0)� �tøtj(�E < 0)

�tøtj(�E > 0) + �tøtj(�E < 0)
(parton frame)

jet distribution reflects	
boost of incoming quark

[Berge, SW, 2013] 

[Berge, SW, 2013] 
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OPTIMIZED ENERGY ASYMMETRY
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Aopt

E (✓j) =
�A(✓j , yt¯tj > 0) + �A(⇡ � ✓j , yt¯tj < 0)

�S(✓j , yt¯tj > 0) + �S(⇡ � ✓j , yt¯tj < 0)

Enhance qg/gg ratio by selecting forward jet region:

qout "" qin q
out

"# q
in

pT (j 1)Cut on transverse momentum of leading jet,          ,	
helps selecting the quark-gluon channel.

[Alte, Berge, Spiesberger, 2014]
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QCD ANATOMY
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Figure 1: Feynman diagrams contributing to the charge asymmetry in the quark-gluon
channel at NLO, a) and b), and at LO, c).

an observed jet, however, Ay is drastically changed by QCD corrections at NLO [6–8]. This
fact raises the question, if a similar e↵ect occurs for the energy asymmetry. In what follows,
we will discuss the NLO corrections to the energy asymmetry in detail and show that and
why their impact is moderate.

3 Energy asymmetry at NLO QCD

The features of the energy asymmetry at NLO can be understood qualitatively by analyzing
its properties in the soft and collinear regime. The jet angular distribution of the cross
section, d�S/d✓j, is displayed in Figure 2, left. A cut on the jet transverse momentum,
pT (j) > 100GeV, has been applied. The two maxima are due to a double-logarithmic
enhancement in the soft-collinear limit, �S ! log2(mt/pT (j)) for pT (j) " 0. In turn, the
LO contribution to the asymmetric cross section, �LO

A , is finite in this limit. The energy
asymmetry at LO thus depends on the jet transverse momentum as
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A

�S
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◆
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At the NLO, AE receives two types of contributions, as shown by the representative diagrams
in Figs. 1 a) and b). In Fig. 1 a, the asymmetry is generated by the same LO process from
Fig. 1 c), with an additional gluon emission shown as a thick curly line. Assuming that
the jet stems from the quark, the NLO contribution to the asymmetry has the same pT (j)
dependence as at LO,
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In the second type of NLO contributions, the asymmetry is not generated by the quark-jet,
but either by the interference of initial- and final-state real radiation, as shown in Fig. 1 b),
or by the exchange of a virtual gluon. This contribution is logarithmically enhanced in
the collinear limit of the quark-jet, �NLO,b

A ! ↵s log(mt/pT (j)). The normalized asymmetry
therefore depends on the jet momentum as
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ENERGY ASYMMETRY AT NLO QCD
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MORE CUTS FOR MORE ASYMMETRY

�8Maximum asymmetry preserved at NLO.

|ytt̄j | > 0.5, |�E| > 50GeV

|ytt̄j | > 1.0, |�E| > 100GeV
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PARTON SHOWER
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Little dependence on generation cut, jet radius, jet algorithm.
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PARTON SHOWER
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SCALE DEPENDENCE
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Scale variation: µF = µR 2 [mt/2, 2mt]

PDF uncertainties have little effect on asymmetry. 
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PROSPECTS FOR LHC RUN II
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AE = �11%
�S = 0.14 pb
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Statistical significance for total energy asymmetry (here       ):

Discovery scenarios	
(dep. on systematics)

Integrate over region of large asymmetry,                             .|ŷj1 | < 0.5 $ 1 . ✓j . 2

!2" !4"

!6"

!8"

!10"

!12"
AE#

S#5,
L#30!fb

50!fb 100!fb 300!fb

0 50 100 150 200
0.0

0.5

1.0

1.5

2.0

"$E#min

"y ttj# m
in

|�E|min

jet rapidity |ŷj |  0.5
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TAKE HOME
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Reader’s suggestion: 
a brilliant novel on Pittsburgh’s smoky past 

The energy asymmetry in               is a good observable	
of the QCD charge asymmetry for LHC Run II:

pp ! tt̄j

NLO QCD corrections are moderate.

Parton shower effects, scale and PDF dependence	
largely cancel in normalized asymmetry.

Phase-space cuts select the quark-gluon	
channel, thus enhancing the asymmetry.
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ASYMMETRY AT TEVATRON
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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW[26] (red). Capital letters (NLO, NNLO) corre-
spond to the unexpanded definition (2), while small letters
(nlo, nnlo) to the definition (3). The CDF/DØ (naive) av-
erage is from Ref. [27]. Error bands are from scale variation
only. Our final prediction corresponds to scenario 10.

eq. (3), is the expansion of the ratio eq. (2) in powers of
αS . 5

In the present letter, we present differential asymme-
tries with the unexpanded definition (2) and without EW
corrections (see figs. 2,3,4). The inclusive asymmetry, see
fig. 1, is computed with both definitions (2) and (3) in-
cluding EW corrections. 6 The numerator factor NEW is
taken 7 from Table 2 in Ref. [26]. Only for the inclusive
asymmetry we determine the scale variation by keeping
µR = µF

8 (since the scale dependence of NEW is pub-
lished [26] only for µR = µF ). We also note that the scale
variation of AFB is derived from the consistent scale vari-
ation of the ratio, i.e. both numerator and denominator
in eqs. (2) and (3) are computed for each scale value.

DISCUSSION AND CONCLUSIONS

In fig. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) definitions of inclusive

5 Such an expansion is not, strictly speaking, fully consiste nt since
the αS expansion is performed after convolution with pdfÕs. Nev-
ertheless, following the existing literature, we consider it as an
indication of the sensitivity of A FB to missing higher order terms.

6 EW corrections to Di are neglected since EW effects to the total
cross-section are very small O(1%), see Refs. [55Ð59].

7 We have checked that the di fferent pdf and mt used in Ref. [26]
have negligible impact on the QCD numerator N3 and so we
expect the same to hold for NEW.

8 We have checked that for the pure QCD corrections to the to-
tal asymmetry the di fference with respect to scale uncertain ty
derived with µR ̸= µF variation is negligible.
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FIG. 3: As in fig. 2 but for the M tt̄ differential asymmetry.
The highest bin contains overflow events and the lowest bin
includes all events down to the production threshold 2mt.

AFB differ significantly at NLO but less so at NNLO.
While the unexpanded definition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB defini-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded definition
eq. (2). Therefore, following the previous literature, we
choose as our final prediction ASM

FB = 0.095± 0.007 (sce-
nario 10 in fig. 1) which is derived with the expanded
definition (3) and includes EW [26] corrections.

[Czakon et al., 2014]
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FIG. 6: Fractions of events when the leading (non-b) jet at the 7 TeV LHC comes from tt̄j production, the

decay t → Wbj or mixed processes, as a function of jet transverse momentum. Note the sign of the mixed

contribution and the cancellation between decay and mixed mechanisms at high transverse momentum.

Renormalization and factorization scales are set to µ = mt .

non-uniformly – the decay contributions are more important for small values of p⊥(tt̄).

To further compare the results of our computation with D0 data [44], we combine the pp̄ → tt̄j

calculation described above with a pp̄ → tt̄ computation at NLO QCD [22]. In the pp̄ → tt̄

computation we impose a jet veto prohibiting additional jets with the transverse momentum larger

than 20 GeV, for consistency with the current tt̄j computation. We present our results2 and the

D0 data [44] in Fig. 5. The normalization of the µ = mt NLO computation is chosen such that the

integrals of the two distributions agree. In spite of the significant theoretical uncertainty in the

lowest bin, it appears that our calculation can well describe the shape of the p⊥(tt̄) distribution

observed by the D0 collaboration. The lower pane in Fig. 5 shows that inclusion of NLO QCD

corrections to pp → tt̄j and pp → tt̄ is crucial for achieving the agreement.

We continue with the discussion of tt̄j production at the
√
s = 7 TeV LHC. We imagine that W -

bosons from both t and t̄ decays decay leptonically. For definiteness, we assume that the top quark

decays to a positron and the antitop quark decays to an electron. All generic input parameters that

we employ in the calculation were already described at the beginning of Section III. Specific to the

LHC case, we require at least three jets, defined by the anti-k⊥ jet algorithm [46] with ∆R = 0.4.

All jets have a minimum transverse momentum p⊥,j > 25 GeV and central rapidities |yj| < 2.5.

Similarly, leptons need to satisfy p⊥,l > 25 GeV and |yl| < 2.5, and the missing energy in the event

2 We note that the kinematic cuts on the final state particles that we use are similar but not identical to the ones
used by D0 collaboration.

[Melnikov, Scharf, Schulze, 2011]

Notice: cross section dominated by gg channel,	
    could be different for asymmetry, qg channel.

„Mixed“ NLO corrections might be important.

LHC — 7 TeV


