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Top Production at Tevatron
• pp at 1.96 TeV

• CDF & D0

• ~9 fb-1/expt

•      ~8 pb
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σtt̄

~70,000 tt
t → Wb
W → eνe, µνµ → l + E

(W → τντ )

W → ud̄, cs̄ → jj

tt̄ → bb̄ll̄ + E (5%), tt̄ → bb̄ljj + E (30%)
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Top Production at LHC
• pp at 7,8 TeV

• ATLAS & CMS

• ~6 fb-1/expt

•      ~160 pb

• Expect ~20 fb-1 

this run (2012)
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σtt̄

~106 tt

But dominated by gg rather than qq collisions
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Parton distributions

• uu   tt dominates at Tevatron,  gg   tt at LHC
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Standard Model Prediction
• Only qq asymmetric

• NLO effect ~5% at 
parton level

• t prefers q direction

6

y ≡ 1

2
ln

�
E + pz
E − pz

�

yt > yt̄ExpectAsymmetry in Top Quark Pair Production DAMTP HEP-GR Colloquium 04/05/11

Standard Model prediction
• Only qq asymmetric

• NLO effect ~5% at 
parton level

• t prefers q direction

8

3

Standard Model Prediction

Asymmetry arises at !s
3 order.

(Close analogy with QED !3 asymmetry, Berends et al. 1973)

Interference of ISR with FSR:

Interference of box with tree:
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Standard Model Prediction

Asymmetry arises at !s
3 order.

(Close analogy with QED !3 asymmetry, Berends et al. 1973)

Interference of ISR with FSR:

Interference of box with tree:

y ≡ 1

2
ln

�
E + pz
E − pz

�

yt > yt̄Expect

∆y = yt − yt̄

AFB > 0 dominant (low ptt̄T )

AFB < 0 if extra jet or high ptt̄T

AFB ≡ N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
> 0
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QED/EW Contributions
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Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung plus interference of the box (c) with the Born
diagram (d). Crossed diagrams are omitted.
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Figure 2: Cut diagrams.

Another QED term originates from the interference between the gluon-γ box with the QCD Born ampli-
tude. Since gluons and photon are distinct fields, two contributions as depicted in Fig. 4b and 4c arise †.
Each of these contributes with the factor given in Eq. (3). In total the relative factor between QCD and
QED asymmetries amounts to

fQED
q = 3

αQED QtQq

αS

2

(

d2abc
4

)2 =
αQED

αS

36

5
QtQq (4)

for one quark species. Let us, in a first step, assume identical functional dependence of the PDFs for u
and d valence quarks in the proton (modulo the obvious factor two) and similarly for antiquarks in the
antiproton. Assuming, furthermore, dominance of valence quark-antiquark annihilation in tt̄ production,
the relative contributions of the uū versus dd̄ induced reactions to the cross section have to be weighted
with the ratio 4:1. The QED asymmetry has to be weighted, furthermore, with relative factors fQED

u and
†These small terms had been neglected in [12], in [11] only one of the two had been included. The present result is in

agreement with [35]
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Figure 3: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks through flavor
excitation.

fQED
d respectively. The relative QED contribution thus amounts to

fQED
Tevatron =

4fQED
u + fQED

d

5
=

αQED

αS

56

25
≈ 0.18 , (5)

at the Tevatron, and thus to an enhancement of nearly twenty percent of the QCD asymmetry, in good
agreement with the more detailed numerical studies presented below and with the results of [35]. Com-
pared to proton-antiproton collisions the relative importance of uū versus dd̄ annihilation at the LHC is
shifted from approximately 4 : 1 to 2 : 1, thus reducing fQED to fQED

LHC = (2fQED
u + fQED

d )/3 ≈ 0.13,
which is lower than the result of Eq. (5) by a factor 5/7. The results using standard PDFs are close to
these values and will be listed in Sect. 3.2.
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Figure 4: Representative diagrams contributing to the QCD-QED interference term.

2.3 Weak asymmetry

Weak and electromagnetic interactions are of comparable strength at energies characteristic for the Teva-
tron and the LHC. Hence, contributions similar to those depicted in Figs. 4a, 4b and 4c with the photon
replaced by the Z boson should be considered at the same footing. Let us start with the contribution
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23% increase

Kuhn & Rodrigo, JHEP01(2012)063

Bernreuther & Si, arXiv:1205.6580

+5% from Z0 contributions
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Monte Carlo Event Generation

Hard subprocess
e.g. uū → tt̄
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Parton showering
JETS

Monte Carlo Event Generation
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Top decays

Monte Carlo Event Generation
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Hadronization

Monte Carlo Event Generation



Is Top Asymmetry Just SM Physics? Bryan Webber, ETH, Oct 201212

Hadronization
and decays

Monte Carlo Event Generation
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Underlying event

Monte Carlo Event Generation
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Hard subprocess

Including Next-to-Leading Order
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Hard subprocess

Including Next-to-Leading Order

(loop correction)
NLO
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Hard subprocess

Including Next-to-Leading Order

NLO
(real emission)
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Monte Carlo Event Generation

Hard subprocessNLO
+Parton showering 
= Double counting?? need matching prescription
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MC@NLO matching

• Expanding gives NLO result 
18

finite virtual divergent

dσMC = B (ΦB) dΦB

�
∆MC (0) +

RMC (ΦB ,ΦR)

B (ΦB)
∆MC (kT (ΦB ,ΦR)) dΦR

�

≡ B dΦB [∆MC (0) + (RMC/B) ∆MC (kT ) dΦR]

dσNLO =

�
B (ΦB) + V (ΦB)−

� �

i

Ci (ΦB ,ΦR) dΦR

�
dΦB +R (ΦB ,ΦR) dΦB dΦR

≡
�
B + V −

�
C dΦR

�
dΦB +R dΦB dΦR

dσMC@NLO =

�
B + V +

�
(RMC − C) dΦR

�
dΦB [∆MC (0) + (RMC/B) ∆MC (kT ) dΦR]

+ (R−RMC) ∆MC (kT ) dΦB dΦR

>finite   0< MC starting from no emission
MC starting from one emission

S Frixione & BW, JHEP 06(2002)029

∆MC (pT ) = exp

�
−
�

dΦR
RMC (ΦB ,ΦR)

B (ΦB)
θ (kT (ΦB ,ΦR)− pT )

�Sudakov factor = 
P(no emission 

above pT)
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• NLO with (almost) no negative weights

• High pT always enhanced by

19

∆R (pT ) = exp

�
−
�

dΦR
R (ΦB ,ΦR)

B (ΦB)
θ (kT (ΦB ,ΦR)− pT )

�

B (ΦB) = B (ΦB) + V (ΦB) +

� �
R (ΦB ,ΦR)−

�

i

Ci (ΦB ,ΦR)

�
dΦR

dσPH = B (ΦB) dΦB

�
∆R (0) +

R (ΦB ,ΦR)

B (ΦB)
∆R (kT (ΦB ,ΦR)) dΦR

�

P Nason, JHEP 11(2004)040

K = B/B = 1 +O(αS)

arbitrary NNLO

POWHEG matching
dσMC = B (ΦB) dΦB

�
∆MC (0) +

RMC (ΦB ,ΦR)

B (ΦB)
∆MC (kT (ΦB ,ΦR)) dΦR

�

Use exact R in 
Sudakov factor for 
hardest emission
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Lepton+jets mode

• CDF: 2498 events

• Acceptance/selection cuts reduce asymmetry

✤ Lepton and at least 4 jets (inc. 1 b-jet)   
with

✤ Missing 

• Simulate SM with MC@NLO or POWHEG
20

5

What they measure

Actual measurement is made on collection of ttbar

events that have one top decaying leptonically and

the other hadronically.

p

pbar

t

tbar

b

bbar

W+

W-

j

j

 e-

!

2b+2j+lepton+MET

pT > 20GeV/c , |η| < 2 (|η|b < 1)

ET ≥ 20GeV
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• CDF report a large effect, increasing with tt invariant mass

• SM predicts a smaller NLO effect

• MC@NLO and POWHEG in good agreement 

• CDF claim PNLO=0.0065

CDF Note 10807
CDF Results

2 GeV/cttM
350 400 450 500 550 600 650 700 750 800

FB
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0.2

0.3

0.4

0.5 l+Jets Data

 + BkgtNLO (QCD + EW) t

-1CDF Run II Preliminary L = 8.7 fb

∆y ≡ yt − yt̄

AFB ≡ N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
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CDF data: low vs high mass

• No significant asymmetry below Mtt = 450 GeV

22

mass dependence 

         Mtt < 450 GeV/c2                                    Mtt > 450 GeV/c2 

15 

mass dependence 

         Mtt < 450 GeV/c2                                    Mtt > 450 GeV/c2 

15 
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Dilepton decay mode

• Consistent with lepton  jets mode

• Results from 8.7 fb-1 coming soon

23

lepton rapidity difference in dilepton top signal   

18 
KS = 0.8% 

top rapidity difference in dilepton sample   

20 

KS = 1.4%   

+
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D0 Results

• Disagreement with SM = 3.4 s.d.

• CDF Mtt dependence not confirmed (?)
24

arXiv:1107.4995
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FIG. 2. The discriminant for events with (a) ∆y < 0 and (b)
∆y > 0.
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FIG. 3. The reconstructed ∆y. Bin widths correspond to
about half of the detector resolution in ∆y.

range of each bin, with the disadvantage that the migra-
tion across the ∆y = 0 boundary is under-estimated for
events near ∆y = 0 while it is over-estimated for events
near the outer edges of the central bins.
Since the regularization suppresses the badly-measured

components of the data, it can also suppress part of the
tt̄ production asymmetry. We calibrate the unfolding
using ensembles of pseudo-datasets (PDSs). Each PDS
is generated including signal and background contribu-
tions and is unfolded using the same procedure as for D0
data. We use the ∆y distribution of tt̄ events predicted
by mc@nlo and a wide variety of distributions inspired
by the scenarios beyond the SM, which were listed in the
introduction. We choose a regularization strength that
balances the statistical strength of the measurement and
its model dependence. We find that the unfolded asym-
metries are smaller than the input values by a multiplica-
tive factor of 0.93±0.05, where the uncertainty covers the
various scenarios with AFB > 5% and the SM scenario.

All values and uncertainties given for the unfolded AFB

are corrected for this bias, and the uncertainty in this
factor is propagated to the result.
We estimate the statistical uncertainty on the unfolded

asymmetry from its RMS in an ensemble based on the
mc@nlo prediction. The regularized fine-bin unfolding
results in a statistical uncertainty on AFB of 6.0%, while
the coarse-bin matrix inversion technique [8, 9] results in
a statistical uncertainty of 7.7%. The results of the fine-
bin unfolding are given in Table IV. For comparison, the
4-bin unfolding procedure yields AFB = (16.9± 8.1)%,
with the statistical and systematic uncertainties com-
bined.

TABLE IV. ∆y-based asymmetries.

AFB (%)
Reconstruction level Production level

Data 9.2± 3.7 19.6± 6.5
mc@nlo 2.4± 0.7 5.0± 0.1

The difference between measured and predicted asym-
metries at the production level has a statistical signifi-
cance that corresponds to 2.4 SD, while it is 1.9 SD at
the reconstruction level. Given the SM hypothesis, the
probability to have this or a larger difference in signifi-
cance between the reconstruction and production levels
is 43%.

VII. MEASURING THE LEPTON-BASED
ASYMMETRY

An alternative to measuring and unfolding AFB is to
measure the asymmetry Al

FB, defined in Eq. 3. The pro-
cedure to measureAl

FB at the reconstruction level is iden-
tical to that for AFB. Figure 4 shows the distribution of
qlyl. In simulated tt̄ events, the correlation between qlyl
and the reconstructed ∆y is 38%. Background subtrac-
tion is performed using a fit for events selected with an
additional requirement of |yl| < 1.5, as described below.
The results of the fit are given in Table V.
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Lepton reconstruction offers excellent angular resolu-
tion and accurate determination of electric charge, mak-
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Top asymmetry

Lepton asymmetry

Results from reconstruction of AFB
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Bin width is 1/2 resolution

l+≥4 jets l+4 jets l+≥5 jets
AFB(%) 9.2±3.7 12.2±4.3 -3.0±7.9

mc@nlo AFB (%) 2.4±0.7 3.9±0.8 -2.9±1.1

Measured AFB =

�
9.2± 3.6(stat)+0.8

−0.9(syst)

�
%

Statistical significance from MC@NLO prediction: 1.9 SD

Doug Orbaker (Rochester) Asymmetry Workshop May 2, 2012 9 / 25

Lepton-based asymmetry
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Al
FB = N(qlyl>0)−N(qlyl<0)

N(qlyl>0)+N(qlyl<0)

Simple observable

Same technique as measurement of reconstructed AFB

To avoid large acceptance corrections: require |yl| < 1.5

1532 events

l+≥4 jets l+4 jets l+≥5 jets
Al

FB (%) 14.2± 3.8 15.9± 4.3 7.0± 8.0

mc@nlo Al
FB (%) 0.8± 0.6 2.1± 0.6 -3.8± 1.2

Doug Orbaker (Rochester) Asymmetry Workshop May 2, 2012 12 / 25
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tt  AFB at Tevatron

25

• CDF/D0 disagreement?

Comparison of Two-Bin Parton Level AFB to 

Previous Results 

Moriond 2012 D. Mietlicki 17 

!! Previous version of CDF analysis only provided parton-level 
results for two bins of Mtt and Δy 

!! Table compares the new result in the same two bins to the 
previous results (all numbers are percentages) 

Selection NLO (QCD+EW) CDF, 5.3 fb-1 D0, 5.4 fb-1 CDF, 8.7 fb-1 

Inclusive 6.6 15.8 ± 7.4 19.6 ± 6.5 16.2 ± 4.7 

Mtt < 450 GeV/c2 4.7 －11.6 ± 15.3 
7.8 ± 4.8 

(Bkg. Subtracted) 
7.8 ± 5.4 

Mtt ! 450 GeV/c2 10.0 47.5 ± 11.2 
11.5 ± 6.0 

(Bkg. Subtracted) 
29.6 ± 6.7 

|Δy| < 1.0 4.3 2.6 ± 11.8 
6.1 ± 4.1 

(Bkg. Subtracted) 
8.8 ± 4.7 

|Δy| ! 1.0 13.9 61.1 ± 25.6 
21.3 ± 9.7 

(Bkg. Subtracted) 
43.3 ± 10.9 

D. Mietlicki, Moriond, 2012
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NLO+NNLL Prediction

• Stable w.r.t. soft gluon resummation

•  Could still be hard HO effects

26

Ahrens, Ferroglia, Neubert, Pecjak, Yang, PRD84(2011)0740047
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FIG. 2: Left: The asymmetric cross section d∆σtt̄
FB/dMtt̄ as a function of the invariant mass at NLO and NLO+NNLL order.

Right: The asymmetry Att̄
FB(Mtt̄). The bands show the uncertainties related to scale variation as explained in the text.
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FIG. 3: The asymmetry in the high and low invariant-mass region as measured in [5], compared to our predictions at
NLO+NNLL order. The bands in the NLO+NNLL results are related to uncertainties from scale variation, while the NLO
result in the higher bin is evaluated at µf = mt.

evaluate the binned asymmetry

Att̄
FB(m1,m2) =

∫ m2

m1

dMtt̄

(

d∆σtt̄
FB/dMtt̄

)

∫ m2

m1

dMtt̄ (dσ/dMtt̄)
, (12)

for Mtt̄ ≤ 450 GeV and for Mtt̄ ≥ 450 GeV. Our findings are given in Table III, along with their visual representation
in Figure 3, which shows the NLO+NNLL calculation with an error band from scale variations along with the default
NLO number in the high invariant-mass bin. In both bins, the NLO+NNLL predictions for the asymmetric cross
sections have considerably smaller scale uncertainties than the NLO ones, but the results for the FB asymmetries are
essentially unchanged. As with all other results obtained in the tt̄ frame, the scale uncertainties in the FB asymmetries
are larger in the NLO+NNLL calculation that at NLO. However, if we had not expanded the ratio, the predicted FB
asymmetry in the high invariant-mass bin would be 9.0% at NLO and 10.6% at NLO+NNLL order3, showing the

3 Using MSTW2008 PDFs as an example.
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for Mtt̄ ≤ 450 GeV and for Mtt̄ ≥ 450 GeV. Our findings are given in Table III, along with their visual representation
in Figure 3, which shows the NLO+NNLL calculation with an error band from scale variations along with the default
NLO number in the high invariant-mass bin. In both bins, the NLO+NNLL predictions for the asymmetric cross
sections have considerably smaller scale uncertainties than the NLO ones, but the results for the FB asymmetries are
essentially unchanged. As with all other results obtained in the tt̄ frame, the scale uncertainties in the FB asymmetries
are larger in the NLO+NNLL calculation that at NLO. However, if we had not expanded the ratio, the predicted FB
asymmetry in the high invariant-mass bin would be 9.0% at NLO and 10.6% at NLO+NNLL order3, showing the
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tt  inv. mass at Tevatron
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• CDF/D0 in agreement with SM

4

leptonically (t→ lνb) and the other hadronically (t→ qq̄
�
b) [17]. We detect the lepton and four jets from top quark

decays and quark hadronization, and an inferred neutrino based on the presence of missing energy. The detector
is triggered by a high transverse momentum lepton (electron or muon) in the central portion of the detector, or
by �ET > 35 GeV if the event contains at least two energetic jets. This latter dataset makes up the “loose muon”
sample, which is a new addition compared to the previous version of this analysis. We require that all candidate
events contain exactly one electron or muon with ET (pT ) > 20 GeV(GeV/c), as well as four or more hadronic jets
with ET > 20 GeV and |η| < 2.0. Jets are reconstructed using a cone algorithm with δR =

�
δφ2 + δη2 < 0.4,

and calorimeter signals are corrected for detector inefficiencies with a jet energy scale factor. We require missing
transverse energy, �ET > 20 GeV, consistent with the presence of an undetected neutrino. We finally require that
HT , the scalar sum of the transverse energy of all objects (lepton, jets, �ET ) be HT > 220 GeV, which leaves 97%
of the signal but reduces the backgrounds by 17%. The SECVTX algorithm [18] is used to find displaced b-decay
vertices using the tracks within the jet cones, and at least one jet must contain such a “b-tag”. Jets with b-tags
are restricted to |η| < 1.0.
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FIG. 1: Reconstructed mass of the tt̄ system compared to the prediction of our background plus powheg model.

The sample passing this selection contains 2498 candidate events. The estimated non-tt̄ background in our sample
is 505±123 events. The predominant backgrounds are from QCD-induced W+multi-parton events containing either
b-tagged heavy-flavor jets or errantly tagged light-flavor jets. These are modeled with the alpgen generator [19]
scaled by tagging efficiencies, mis-tagging rates, and sample normalizations from direct measurements. QCD
multi-jet events with fake leptons and mis-measured �ET are modeled using multi-jet events with lepton candidates
that are rejected by our cuts. Small backgrounds from electroweak processes (WW,WZ, single-top) are reliably
estimated using Monte Carlo generators. The contributions from these various background sources are summarized
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scaled by tagging efficiencies, mis-tagging rates, and sample normalizations from direct measurements. QCD
multi-jet events with fake leptons and mis-measured �ET are modeled using multi-jet events with lepton candidates
that are rejected by our cuts. Small backgrounds from electroweak processes (WW,WZ, single-top) are reliably
estimated using Monte Carlo generators. The contributions from these various background sources are summarized
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FIG. 2: Expected and observed tt invariant mass distribution for the combined � + 3jets, and � + 4 or more jets channels, with
at least one identified b-jet. The error bars for the data drawn on top of the SM background indicate the statistical uncertainty.
Superimposed as white area is the theory signal for a top-color-assisted technicolor Z� boson with MZ� = 650 GeV. The number
of data, signal and expected background events from each source are indicated in Table I.

yields for the data and background sources are indicated in Table I. Invariant mass distributions are computed for
events with exactly one b-tag and for events with more than one b-tag. Additionally, the distributions are separated
into 3 jet and 4 or more jet samples, as well as Run IIa and Run IIb data ranges. The measured invariant mass
distributions and corresponding background estimations are shown in Fig. 2 for the 3 and ≥ 4 jet samples for Run
IIa and Run IIb samples combined.

Finding no significant deviation from the standard model expectation, a Bayesian approach is applied to calculate
95% C.L. upper limits on σX · B(X → tt) for hypothesized values of MX between 350 and 1000GeV. A Poisson
distribution is assumed for the number of observed events in each bin, and flat prior probabilities are taken for the
signal cross-section times branching fraction. The prior for the combined signal acceptance and background yields is
a multivariate Gaussian with uncertainties and correlations described by a covariance matrix [32].

The expected and observed 95% C.L. upper limits on σX · B(X → tt) as a function of MX , after combining the 1
and 2 b-tag samples and the 3 and ≥4 jet samples, are summarized in Table II and displayed in Fig. 3. Figure 3 also
shows the theoretical prediction [5] for the topcolor Z � resonance production. The 95% C.L. lower Z � mass limit is
derived by intersecting the theory prediction with the expected (observed) 95% C.L. lower limit on σX · B(X → tt̄).
The expected limit for the Z � boson is 870 GeV. The full Run II dataset used in this analysis excludes a Z � boson
with masses MZ� < 820GeV. The limits for the Run IIa (Run IIb) subsamples individually are 685 (820) GeV.

Figure 4 shows the measured σX · B(X → tt̄) values as a function of MX , together wtih the expected exclusion
region. The small excess of events around MX ≈ 650 GeV seen in Fig. 2 gives rise to an observed resonance cross
section of less than 2σ significance.

The limits for pure vector or pure axial vector couplings of the Z’ to top quark pairs were compared for part of
the Run IIb data set (1.2 fb−1). No difference was observed, therefore we conclude that our limit is valid for narrow
resonances of any arbitrary vector and axial vector couplings.
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FIG. 2: Expected and observed tt invariant mass distribution for the combined � + 3jets, and � + 4 or more jets channels, with
at least one identified b-jet. The error bars for the data drawn on top of the SM background indicate the statistical uncertainty.
Superimposed as white area is the theory signal for a top-color-assisted technicolor Z� boson with MZ� = 650 GeV. The number
of data, signal and expected background events from each source are indicated in Table I.

yields for the data and background sources are indicated in Table I. Invariant mass distributions are computed for
events with exactly one b-tag and for events with more than one b-tag. Additionally, the distributions are separated
into 3 jet and 4 or more jet samples, as well as Run IIa and Run IIb data ranges. The measured invariant mass
distributions and corresponding background estimations are shown in Fig. 2 for the 3 and ≥ 4 jet samples for Run
IIa and Run IIb samples combined.

Finding no significant deviation from the standard model expectation, a Bayesian approach is applied to calculate
95% C.L. upper limits on σX · B(X → tt) for hypothesized values of MX between 350 and 1000GeV. A Poisson
distribution is assumed for the number of observed events in each bin, and flat prior probabilities are taken for the
signal cross-section times branching fraction. The prior for the combined signal acceptance and background yields is
a multivariate Gaussian with uncertainties and correlations described by a covariance matrix [32].

The expected and observed 95% C.L. upper limits on σX · B(X → tt) as a function of MX , after combining the 1
and 2 b-tag samples and the 3 and ≥4 jet samples, are summarized in Table II and displayed in Fig. 3. Figure 3 also
shows the theoretical prediction [5] for the topcolor Z � resonance production. The 95% C.L. lower Z � mass limit is
derived by intersecting the theory prediction with the expected (observed) 95% C.L. lower limit on σX · B(X → tt̄).
The expected limit for the Z � boson is 870 GeV. The full Run II dataset used in this analysis excludes a Z � boson
with masses MZ� < 820GeV. The limits for the Run IIa (Run IIb) subsamples individually are 685 (820) GeV.

Figure 4 shows the measured σX · B(X → tt̄) values as a function of MX , together wtih the expected exclusion
region. The small excess of events around MX ≈ 650 GeV seen in Fig. 2 gives rise to an observed resonance cross
section of less than 2σ significance.

The limits for pure vector or pure axial vector couplings of the Z’ to top quark pairs were compared for part of
the Run IIb data set (1.2 fb−1). No difference was observed, therefore we conclude that our limit is valid for narrow
resonances of any arbitrary vector and axial vector couplings.
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tt  pT at Tevatron

28

• CDF/D0 disagreement
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FIG. 5: Comparison of D0 measurement with theoretical NLO QCD prediction. The data points are

obtained from Ref. [44] after background subtraction. The bands correspond to the variation of renormal-

ization and factorization scales in the interval mt/2 < µ < 2mt. The experimental distribution and the

µ = mt theoretical distribution are normalized in such a way that their integrals equal to one.

jet, the total transverse energy in the event H⊥ and the transverse momentum of the tt̄ pair. All

these distributions receive non-uniform enhancements from jet radiation in top quark decays. In

particular, H⊥ and p⊥(5th jet) distributions are strongly enhanced at low values of H⊥ and p⊥,

where relatively soft radiation in top quark decays dominates. Also, the rapidity distribution of

the 5th hardest jet receives strong enhancement at central rapidities which is a consequence of the

fact that top quark decay products are produced mostly at small rapidities. We note that similar

shape changes were recently observed in the context of studying pp̄ → tt̄j within the parton shower

approximation in Ref. [27]. Note, however, that the cross-section computed in Ref. [27] seems

closer to the contribution that we identify as “jet radiation in production”. While – as we just saw

– such a result underestimates the cross-section, it is probably consistent with the fact that decays

in Ref. [27] are treated in the parton shower approximation which by construction conserves the

overall probability and does not change normalization.

We also consider the distribution in the transverse momentum of the tt̄ pair in Fig. 4. This

kinematic distribution is particularly interesting because recent results by the D0 collaboration [44]

show a disagreement between predictions of MC@NLO [45] and data at low transverse momenta.

Since we deal with top quark decay products rather than with stable top quarks, we need to define

what is meant by the tt̄ transverse momentum. To this end, we imagine that the reconstruction

proceeds by finding two non-b jets whose invariant mass is closest to MW and then combining

the transverse momenta of these two jets, two b-jets, the lepton transverse momentum and the

missing transverse momentum, to obtain the transverse momentum of the tt̄ pair. We find that

the transverse momentum distribution of the tt̄ pair is affected by the radiation in the decay
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tt pT dependence of asymmetry

• Pure NLO (MCFM) has delta-function at pT = 0

• CDF data disagree with MC@NLO

• Asymmetry should change sign at ~25 GeV

29
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AFB in LO Monte Carlos

• Leading-order Monte Carlo  = 
Born process + parton showers

• Born process has no asymmetry

• Hence LO MC has no asymmetry?

30

Skands, Winter, BW, arXiv:0512:1466
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Wrong!

• LO MCs with coherent showering do!

31
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What’s going on?

• QCD radiation controlled by colour flow

• Backward top       more radiation

• More radiation       bigger recoils

32
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Soft gluon limit

• Negative asymmetry (for pT>0)

• Dipole shower gives                         , 
i.e.          in place of 

33
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AFB vs pT(tt)

34

Forward tops 
left at low pT

Backward tops 
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Inclusive AFB vs m(tt)
• Less radiation from forward tops

• Sudakov factor is larger: 

• Migration from F to B is smaller:

35

At the most inclusive level, this is reflected in the fact that the total integrated tt̄ cross

section is the same before and after showering.

However, the asymmetry is defined in terms of two separate cross sections, one com-

puted for ∆y > 0 and the other for ∆y < 0. If the shower kinematics allow any migration

between these two regions, then unitarity no longer guarantees complete cancellation in

each of the regions separately, leading to the possible generation of a net inclusive asym-

metry. Formally, we can write the cross section difference that generates the integrated

asymmetry as

∆σ+− =

�
dσLO

�
∆y>0

�
∆+ + (1−∆+)(P++ − P+−)

�

−
�

dσLO
�
∆y<0

�
∆− + (1−∆−)(P−− − P−+)

�
, (3.1)

where the first line represents events that start (at the matrix-element level, before show-

ering) with a positive value of ∆y and the second line represents events that start with

a negative one. The terms in parenthesis represent the action of the parton shower. The

probability for no branchings to occur is represented by the Sudakov factor, ∆, with sub-

script ± reflecting that the probability to radiate can be different between an event with

positive ∆y and one with negative ∆y. Indeed, as shown in the preceding section, events

with positive ∆y have less phase space for emission and so are less likely to radiate. There-

fore, in general, we have

∆+ > ∆− . (3.2)

This, however, is not by itself enough to generate an inclusive asymmetry. The second

terms in the square brackets in Eq. (3.1) represent those events that do experience one

or more branchings. For these events, the final top momenta, and hence possibly their

final rapidity difference, will depend on whether and how the top momenta are modified

by the branchings. In the present context, we do not care about the details of how this

occurs, merely about whether it is at all possible for an event with positive ∆y at the Born

level to migrate to negative ∆y after showering, and vice versa. This is represented by

the probabilities P+− and P−+ in Eq. (3.1). If the shower model preserves the rapidity

ordering of the tops, then

P++ = P−− = 1 and P+− = P−+ = 0 , (3.3)

and so the integrated asymmetry remains zero, despite the two Sudakov factors being

different. If, on the other hand, the shower model sometimes changes the relative rapidity

ordering of the tops, for instance as a consequence of longitudinal recoil effects (as will

be studied in more detail in the next section), then a total inclusive asymmetry can be

generated. In the context of unitarity, this can be interpreted as due to the fact that

unitarity involves an integral over the entire phase space, and hence the exact cancellation

that occurs in the total inclusive cross section is here broken by the splitting-up of the real-

radiation phase space into two regions that enter with different signs in the asymmetry.

From unitarity of the shower, we have

P++ = 1− P+− and P−− = 1− P−+ , (3.4)

– 9 –

so that Eq. (3.1) can be written as

∆σ+− = − 2

�
dσLO

�
∆y>0

(1−∆+)P+− + 2

�
dσLO

�
∆y<0

(1−∆−)P−+ , (3.5)

where we have used �
dσLO

�
∆y>0

=

�
dσLO

�
∆y<0

. (3.6)

Because 1 > ∆+ > ∆−, we expect the second term on the right-hand side of Eq. (3.5) to

dominate, giving a positive inclusive asymmetry, unless there is a compensating excess of

P+− over P−+. However, on rather general grounds one would not expect such an excess,

because there is less radiation when ∆y > 0 and hence a smaller probability of recoil effects

changing the sign of ∆y. Indeed we shall see below that the treatment of recoils in shower

generators normally leads to P−+ > P+−, enhancing the positive inclusive asymmetry due

to the unequal Sudakov factors.

Considering Eq. (3.5) from the viewpoint of perturbation theory, we observe that the

factors of (1 − ∆±) in the integrands are O(α1
S
), while P±∓ are O(α0

S
), being the con-

ditional probabilities that gluon emission will switch the sign of ∆y, given that at least

one emission has occurred. Thus the recoil effect in showering generates an approximate

inclusive asymmetry that starts at O(αS), like the full perturbative calculation. The fac-

tors of (1 −∆±) provide information about the virtual contribution and the probabilities

P±∓ specify what fraction remains after real-virtual cancellation. Since these probabilities

depend on the strategy for treating recoils in the shower, getting the best agreement with

the full asymmetry at O(αS) could be a good way to optimize this strategy.

4. Comparison between parton-shower models

In this section, we study the asymmetries produced by the following general-purpose event

generators: 4 HERWIG++ [25] (using angular-ordered parton showers [26]), PYTHIA 6 [27]

(using both its Q2- and p⊥-ordered parton-shower models [28,29], represented by tunes D6T

and Perugia 0, respectively), PYTHIA 8 [30] (using p⊥-ordered parton showers [31]), and

SHERPA [32] (using p⊥-ordered dipole showers [33]). Of these, HERWIG++ and SHERPA have

QCD coherence built in and PYTHIA 6 has options with varying amounts of coherence, while

the first ISR (initial-state radiation) emission is not subjected to coherence constraints in

this version of PYTHIA 8. For both PYTHIA 6 and SHERPA, we include some additional

illustrations of specific shower model variations.

A custom-made RIVET [34] analysis was used to process the events of all generators,

ensuring uniformity of the analysis. Between 1 and 4 million events (at least) were gen-

erated for each model. All the generators include the leading-order qq̄ → tt̄ and gg → tt̄

production processes, which are showered with default settings,5 unless otherwise specified.

4Specifically, we use HERWIG++ 2.5.2, PYTHIA 6.426, PYTHIA 8.162, and SHERPA 1.4.0.
5The choice of PDF set only gives small effects (� 10%) on the asymmetry, mostly via the relative

fraction of gluon- vs. quark-initiated tt̄ production. For completeness, HERWIG++ uses the MRSTMCal

PDF set (i.e. the LO fit from the MRST2002 family) [35], PYTHIA 6 with Perugia 0 uses CTEQ5L [36], and

PYTHIA 6 with D6T, PYTHIA 8, and SHERPA all use CTEQ6L1 PDFs [22]. There is also a slight dependence

on the choice of renormalization scale, see Section 4.2.1.
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Inclusive AFB vs m(tt)

• QCD loop effects reproduced 
(approximately) by Sudakov 
factors in coherent showering

• Shows importance of higher 
order recoil effects (not yet 
computed exactly) 
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Sherpa coherent 
dipole shower

Herwig++ coherent 
parton shower
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• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• SM effect is small 

37

∆y = yt − yt̄ , Ytt̄ =
1
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• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• Rapidity correlation should be as shown below 

• Top rapidity distribution should be wider

38

yt

yt̄ + +

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

Top quark asymmetry at LHC

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)

∆|y| ≡ |yt|− |yt̄| > 0 ∆y · Ytt̄ > 0

AFB =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
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tt  AC at LHC
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• Much smaller than AFB

• Good SM agreement (so far)

• EAG = effective axigluon, fits CDF
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1 Introduction

The top quark is the heaviest elementary particle so far
observed. With a mass close to the electroweak scale it
may play a special role in physics beyond the Standard
Model (SM). Its pair production at hadron colliders al-
lows a test of quantum chromodynamics (QCD) at high
energies.

This paper describes the measurement of the charge
asymmetry AC , defined as [1, 2]:

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)
, (1)

where∆|y| ≡ |yt|−|yt̄| is the difference between the ab-
solute values of the top and antitop rapidities (|yt| and
ae-mail: atlas.publications@cern.ch

|yt̄|) and N is the number of events with ∆|y| positive
or negative.

Although tt̄ production at hadron colliders is pre-
dicted to be symmetric under the exchange of t and t̄ at
leading order, at next-to-leading order (NLO) the pro-
cess qq̄ → tt̄g exhibits an asymmetry in the differential
distributions of the top and antitop, due to interfer-
ence between initial and final state gluon emission. The
qq̄ → tt̄ process also possesses an asymmetry due to
the interference between the Born and box diagrams.
Similarly, the qg → tt̄q process is asymmetric due to
interference between amplitudes which have a relative
sign difference under the exchange of t and t̄. The pro-
duction of tt̄ pairs by gluon-gluon fusion, gg → tt̄, on
the other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are
predominantly produced by quark-antiquark annihila-
tion, perturbative QCD predicts that the top quark will
be preferentially emitted in the direction of the incom-
ing quark and the antitop in the direction of the in-
coming antiquark [3]. Consequently, the charge asym-
metry is measured as a forward-backward asymmetry,
AFB. Recent measurements of AFB by the CDF and
D0 Collaborations [4–7] show a 2-3σ excess over the
SM expectations enhancing interest in scrutinising the
tt̄ asymmetry. For tt̄ invariant mass, mtt̄, greater than
450GeV, the CDF experiment measures an asymme-
try in the tt̄ rest frame which is 3.4σ above the SM
prediction [6]. Several new physics models have been
proposed to explain the excess observed at CDF and
D0 [1, 8–17]. Different models predict different asym-
metries as a function of mtt̄ [18].

In pp collisions at the LHC, the dominant mech-
anism for tt̄ production is expected to be the gluon-
gluon fusion process, while tt̄ production via qq̄ or qg is
small. Since the initial state is symmetric, the forward-
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Although tt̄ production at hadron colliders is pre-
dicted to be symmetric under the exchange of t and t̄ at
leading order, at next-to-leading order (NLO) the pro-
cess qq̄ → tt̄g exhibits an asymmetry in the differential
distributions of the top and antitop, due to interfer-
ence between initial and final state gluon emission. The
qq̄ → tt̄ process also possesses an asymmetry due to
the interference between the Born and box diagrams.
Similarly, the qg → tt̄q process is asymmetric due to
interference between amplitudes which have a relative
sign difference under the exchange of t and t̄. The pro-
duction of tt̄ pairs by gluon-gluon fusion, gg → tt̄, on
the other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are
predominantly produced by quark-antiquark annihila-
tion, perturbative QCD predicts that the top quark will
be preferentially emitted in the direction of the incom-
ing quark and the antitop in the direction of the in-
coming antiquark [3]. Consequently, the charge asym-
metry is measured as a forward-backward asymmetry,
AFB. Recent measurements of AFB by the CDF and
D0 Collaborations [4–7] show a 2-3σ excess over the
SM expectations enhancing interest in scrutinising the
tt̄ asymmetry. For tt̄ invariant mass, mtt̄, greater than
450GeV, the CDF experiment measures an asymme-
try in the tt̄ rest frame which is 3.4σ above the SM
prediction [6]. Several new physics models have been
proposed to explain the excess observed at CDF and
D0 [1, 8–17]. Different models predict different asym-
metries as a function of mtt̄ [18].

In pp collisions at the LHC, the dominant mech-
anism for tt̄ production is expected to be the gluon-
gluon fusion process, while tt̄ production via qq̄ or qg is
small. Since the initial state is symmetric, the forward-
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Fig. 4 The unfolded ∆|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

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

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

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

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.
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Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the prediction from MC@NLO. The error bands on the
MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and factorisation scales.

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

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

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

qv q̄s

t̄

t

10 8 Summary

Table 4: The corrected asymmetry values in three bins of the kinematic variables |ytt̄|, pT,tt̄, and
mtt̄ with statistical and systematic uncertainties, along with the SM predictions (in case of ptt

T
we compare to the values obtained from POWHEG simulation).

Kinematic variable AC in bin 1 AC in bin 2 AC in bin 3
|ytt| 0.029 ± 0.021 ± 0.010 −0.016 ± 0.015 ± 0.010 0.001 ± 0.026 ± 0.022
|ytt|(SM pred.) 0.0030 ± 0.0002 0.0086 ± 0.0004 0.0235 ± 0.0010
ptt

T 0.037 ± 0.025 ± 0.022 0.014 ± 0.014 ± 0.012 −0.030 ± 0.021 ± 0.019
ptt

T (simulation) 0.0185 ± 0.0004 0.0022 ± 0.0004 0.0006 ± 0.0004
mtt −0.051 ± 0.027 ± 0.021 0.017 ± 0.017 ± 0.014 0.019 ± 0.017 ± 0.023
mtt (SM pred.) 0.0077 ± 0.0003 0.0112 ± 0.0004 0.0157 ± 0.0006
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Figure 4: Unfolded inclusive ∆|y| distribution (upper left), corrected asymmetry as a function
of |ytt| (upper right), ptt

T (lower left), and mtt (lower right). The measured values are compared
to NLO calculations for the SM — based on the calculations of Ref. [7] — and to the predictions
of a model featuring an effective axial-vector coupling of the gluon (EAG) [23]. The error bars
on the differential asymmetry values indicate the statistical and total uncertainties, determined
by adding statistical and systematic uncertainties in quadrature. The shaded areas indicate the
theoretical uncertainties on the NLO calculations.

8 Summary
An inclusive and three differential measurements of the charge asymmetry in tt production
at the LHC have been presented. Events with top-quark pairs decaying in the electron+jets
and muon+jets channels were selected and a full tt event reconstruction was performed to
determine the four-momenta of the top quarks and antiquarks. The observed distributions
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Comparisons with BSM Models

• Not clear that any model is much better than SM
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Fig. 6 Measured FB asymmetries from the Tevatron and charge asymmetries from the LHC, compared to predictions from
the SM as well as predictions incorporating various potential new physics contributions. The horizontal (vertical) bands and
lines correspond to the ATLAS and CMS (CDF and D0) measurements. In (a) the inclusive values are presented and in (b)
the ATLAS measurement for mtt̄ > 450 GeV is compared to the CDF measurement. The MC predictions for the new physics
models are from Refs. [17, 55].
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• Good agreement with MC@NLO
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Fig. 1 Expected and observed distributions for the invariant mass (plots (a) and (b)) and transverse momentum (plots (c)
and (d)) of the reconstructed tt̄ system. The left hand panels show distributions in the electron channel, while the right
hand panels show distributions in the muon channel. The data are compared to the sum of the tt̄ signal contribution and
backgrounds. The background contributions from W+jets and multijet production have been estimated from data, while the
other backgrounds are estimated from simulation. The uncertainty on the combined signal and background estimate includes
systematic contributions. Overflows are shown in the highest bin of each histogram.

distribution ∆|y| as a function of the reconstructed top-
antitop invariant mass mtt̄ (a two-dimensional unfold-
ing problem).

Two bins are used for mtt̄ in the two-dimensional
unfolding of∆|y| versusmtt̄, separated atmtt̄ = 450 GeV.
The choice of this mtt̄ value is motivated by the ob-
served CDF forward-backward asymmetry [6] and by
separating the data sample into two bins with roughly
equal number of events.

An additional cut on the value of the likelihood for
the tt̄ candidate is required in the two-dimensional un-
folding, since a large fraction of simulated events with
a badly reconstructed mtt̄ are found to have a low like-
lihood value.

The response matrix (including both detector and
acceptance effects) for the inclusive AC measurement
is shown in Fig. 2. Six bins in ∆|y| are used in the
response matrix, with the outermost bins broader than

7
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Fig. 1 Expected and observed distributions for the invariant mass (plots (a) and (b)) and transverse momentum (plots (c)
and (d)) of the reconstructed tt̄ system. The left hand panels show distributions in the electron channel, while the right
hand panels show distributions in the muon channel. The data are compared to the sum of the tt̄ signal contribution and
backgrounds. The background contributions from W+jets and multijet production have been estimated from data, while the
other backgrounds are estimated from simulation. The uncertainty on the combined signal and background estimate includes
systematic contributions. Overflows are shown in the highest bin of each histogram.

distribution ∆|y| as a function of the reconstructed top-
antitop invariant mass mtt̄ (a two-dimensional unfold-
ing problem).

Two bins are used for mtt̄ in the two-dimensional
unfolding of∆|y| versusmtt̄, separated atmtt̄ = 450 GeV.
The choice of this mtt̄ value is motivated by the ob-
served CDF forward-backward asymmetry [6] and by
separating the data sample into two bins with roughly
equal number of events.

An additional cut on the value of the likelihood for
the tt̄ candidate is required in the two-dimensional un-
folding, since a large fraction of simulated events with
a badly reconstructed mtt̄ are found to have a low like-
lihood value.

The response matrix (including both detector and
acceptance effects) for the inclusive AC measurement
is shown in Fig. 2. Six bins in ∆|y| are used in the
response matrix, with the outermost bins broader than

MC@NLO

MC@NLOMC@NLO

MC@NLO

ATLAS, arXiv:1203.5015
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Conclusions
• Asymmetry larger than NLO SM seen by 

CDF in several independent data sets

• D0 also see this but no mass dependence

• D0 top pair pT also inconsistent with SM

• HO SM prediction not yet clear (recoils)

•  Asymmetry at CDF (not SM) level could be 
seen at LHC in this run

• So far no sign of BSM at LHC
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Backup
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AC vs AFB in various models

• NB:  Anew is deviation from SM (so SM is 0,0)

CMS 4.7 / fb

Adapted from J Aguilar-Saavedra, arXiv:1202:2382 
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“Axigluon” model

• Can fit CDF Att data

• Mtt spectrum will differ

45

color octet model 

•! to test methodologies on  

–! large asymmetry 

–! mass dependence 

•! color octets with axial couplings 

–! after Ferrario and Rodrigo   arXiv:0906.5541 

–! thanks to T. Tait for Madgraph 

•! sample “Octet A” 

–! gv = 0, |gA = 3| 

–! gq
A = - gt

A 

–! MG = 2.0 TeV 

–! xsec ratio: !/!sm = 1.02 

–! Mtt spectrum ~ compares to Pythia 

–! Model: Parton Att = 0.16   Reco Att = 0.08 

–! Data:   Parton Att = 0.15,  Reco Att = 0.06 

•! a test sample. not a hypothesis 

•! use to study parton level corrections 

and treatment of mass dependence 

–! 2-bin A(Mtt) 
24 
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Ferrario & Rodrigo, PRD80(09) 051701

color octet model 

•! to test methodologies on  

–! large asymmetry 

–! mass dependence 

•! color octets with axial couplings 

–! after Ferrario and Rodrigo   arXiv:0906.5541 

–! thanks to T. Tait for Madgraph 

•! sample “Octet A” 

–! gv = 0, |gA = 3| 

–! gq
A = - gt

A 

–! MG = 2.0 TeV 

–! xsec ratio: !/!sm = 1.02 

–! Mtt spectrum ~ compares to Pythia 

–! Model: Parton Att = 0.16   Reco Att = 0.08 

–! Data:   Parton Att = 0.15,  Reco Att = 0.06 

•! a test sample. not a hypothesis 

•! use to study parton level corrections 

and treatment of mass dependence 

–! 2-bin A(Mtt) 

–! optimal partition at Mtt = 450 GeV/c2 25 

low  high  

CDF
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Axigluon search in dijets

• Resonance bump would be similar to q*

• Exclude  0.6 < MG < 2.1 TeV

46

Search for New Physics in Dijet Distributions with the ATLAS Detector 12
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Figure 3. The 95% C.L. upper limits on the cross section times acceptance for
a resonance decaying to dijets taking into account both statistical and systematic
uncertainties (points and solid line) compared to an axigluon model and to a q∗ model
with three alternate MC tunes. We also show the expected limit (dotted line) and the
68% and 95% contours of the expected limit by the band.

and full detector simulation. There are large non-resonant contributions to the cross

section at low dijet mass, so we require at the parton-level that the axigluon invariant

mass be between 0.7 and 1.3 times the nominal mass of the resonance. Having made this
requirement, we note that the axigluon and q∗ signal templates result in very similar

limits. So for convenience we use the q∗ templates in setting cross section limits on

axigluon production.

The resulting limits are shown in Fig. 3. Using the MRST2007LO* PDFs, we

exclude at 95% C.L. axigluon masses in the interval 0.60 < m < 2.10 TeV. The expected

limit is m < 2.01 TeV. If only statistical uncertainties are included, the limit rises by
∼ 0.2 TeV, indicating that the systematic uncertainties are not dominant.

5.5. Limits on Quantum Black Hole Production

We search for production of Randall-Meade QBHs as these are expected to produce low

multiplicity decays with a significant contribution to dijet final states. Several scenarios

are examined, with quantum gravity scales MD ranging from 0.75 TeV to 4.0 TeV, and
with the number of extra dimensions, n, ranging from two to seven. The fully simulated

MC events are used to create templates similar to the q∗ analysis. These QBH models

produce threshold effects in mjj with long tails to higher mjj that compete with the

QCD background. However, the cross section is very large just above the threshold and

Search for New Physics in Dijet Distributions with the ATLAS Detector 9
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Figure 2. The observed (D) dijet mass distribution (filled points) fitted using a binned
QCD background (B) distribution described by Eqn. 4 (histogram). The predicted q∗

signals normalised to 36 pb−1 for excited-quark masses of 1000, 1700, and 2500 GeV
are overlaid. The bin-by-bin significance of the data-background difference is shown in
the lower panel.

where x ≡ mjj/
√
s and the pi are fit parameters, is fit to the dijet mass spectrum.

Although not inspired by a theory, this functional form has been empirically shown

to model the steeply falling QCD dijet mass spectrum [3, 5, 7]. Figure 2 shows the
resulting mass spectrum and fitted background, indicating that the observed spectrum is

consistent with a rapidly falling, smooth distribution. The bin widths have been chosen

to be consistent with the dijet mass resolution, increasing from ∼ 50 to ∼ 200 GeV for

dijet masses from 600 to 3500 GeV, respectively. The p-value of the fit to the data,

calculated using the chi-squared determined from pseudo-experiments as a goodness-

of-fit statistic, is 0.88. Although this p-value suggests that there is no significant
overall disagreement, we use a more sensitive statistical test, the BumpHunter

algorithm [42, 43], to establish the presence or absence of a resonance.

In its implementation for this analysis, the BumpHunter algorithm searches for

the signal window with the most significant excess of events above the background,

requiring insignificant discrepancy (Poisson counting p-value > 10−3) in both adjacent

sidebands. Starting with a two-bin window, the algorithm increases the signal window
and shifts its location until all possible bin ranges, up to half the mass range spanned by

the data, have been tested. The most significant departure from the smooth spectrum,

defined by the set of bins that have the smallest probability of arising from a background

fluctuation assuming Poisson statistics, is therefore identified. The algorithm naturally

ATLAS, arXiv:1103.3864

(gA=gs~1)
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Z’ exchange models

• Rutherford scattering      asymmetry

• Interferes with QCD 

• RH coupling avoids FCNC constraints

• Data favour light Z’ mass, below top

• BUT...

✤ Also get 

✤ and 
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Top quark forward-backward asymmetry from new t-channel physics
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Motivated by recent measurements of the top quark forward-backward asymmetry at the Tevatron,
we study how t-channel new physics can contribute to a large value. We concentrate on a theory
with an abelian gauge boson possessing flavor changing couplings between up and top quarks, but
satisfies flavor physics constraints. Collider constraints are strong, but can be consistent with the
aid of small flavor diagonal couplings. We find that MZ′ ≈ 160 GeV can yield a total lab-frame
asymmetry of ∼ 18% without being in conflict with other observables. There are implications for
future collider searches, including exotic top quark decays, like-sign top quark production, and
detailed measurements of the top production cross section. An alternate model with a gauged
non-Abelian flavor symmetry would have similar phenomenology, but lacks the like-sign top signal.

PACS numbers:

Introduction. The most recent measurement of the
top quark forward-backward asymmetry is from the CDF
experiment, which obtains At

FB = 19.3 ± 6.9% with 3.2
fb−1 of data [1]. The Standard Model (SM) prediction [2,
3, 4, 5] is dominated by O(α3

S) QCD interference effects
and is 5% in the lab frame. At present, this discrepancy
is less than 3σ. However, it is interesting to ask whether
such a large central value can be explained, especially
once one accounts for the other Tevatron measurements
of top quark properties, all consistent with the SM. It is
intriguing that past measurements at CDF and D0 have
yielded consistently large asymmetry values [6, 7].

Many models of new physics impact At
FB, but it is

difficult to produce a large positive asymmetry. The
most constrained idea is perhaps axigluons, which in-
terfere with QCD and induce large negative asymme-
tries [8, 9, 10]. Kaluza-Klein excitations of the gluon
in warped AdS space may produce positive asymme-
tries [11].

Model. Our model consists of a new vector boson
(Z ′) associated with an abelian gauge symmetry U(1)Z′

with flavor off-diagonal couplings L ! gXZ ′
µūγµPRt+h.c.

This can generate At
FB through t-channel exchange of Z ′,

uū → tt̄. We also allow a small flavor-diagonal coupling
to up-type quarks L ! εUgXZ ′

µūiγµPRui, with εU < 1
and generation index i. If no diagonal coupling for the Z ′

exists (εU = 0), it is forced to decay as: Z ′ → t(∗)ū, t̄(∗)u.
Events with, e.g., uū → Z ′Z ′ then lead to numerous like-
sign top quark events, strongly constrained by data [12].

The model has three free parameters, (gX , εU , MZ′).
For MZ′ < mt the phenomenology is essentially identical
for all small εU #= 0. This coupling is solely to provide
the dominant two-body decay Z ′ → uū. We will show
that a light Z ′, MZ′ ≈ 160 GeV with αX ≈ 2.4 × 10−2

is preferred when taking into account all considerations.
We call this the “best point” of the model.

FIG. 1: At
F B as a function of

√
ŝ = Mtt̄ for MZ′ = 160 GeV.

Since we are giving non-trivial charges to the right-
handed up-type quarks, bare Yukawa couplings are not
invariant under U(1)Z′ . We assume a Froggatt-Nielsen
type mechanism [13] generates the Yukawa couplings.
Chiral gauge anomalies can be satisfied, e.g., by adding
two sets of extra heavy fermions of appropriate charge,
and will not be discussed further here.

Asymmetry and cross sections. The t-channel ex-
change of a new particle is a promising way to gener-
ate a large At

FB . The cross-section in the forward, large
Mtt̄ =

√
ŝ region is enhanced due to a Rutherford scat-

tering peak. We plot the asymmetry as a function of Mtt̄

in Fig. 1, which shows this important effect.
A challenge for any model wishing to generate a large

At
FB is avoiding a too large modification of the tt̄ pro-

duction cross section. The current measurement from
2.8 fb−1 at CDF [14] is σ(tt̄) = 7.0 ± 0.3 (stat) ±0.4
(syst) ±0.4 (lumi) pb for mt = 175GeV, in good agree-
ment with the SM prediction of σ(tt̄)SM = 6.73 − 6.90
pb [15, 16, 17], and is consistent with measurements from
D0 [18] that use smaller data sets.

A typical color singlet Z ′ with flavor diagonal couplings
does not interfere with the dominant (color-octet) QCD
production process. Thus, it is difficult to avoid a large

Jung, Murayama, Pierce, Wells, 
PRD81(2010)015004

uu → tt

uū → Z �Z � → t∗ūt∗ū

need mixing soZ � → uū



Is Top Asymmetry Just SM Physics? Bryan Webber, ETH, Oct 2012

Nonabelian Z’ model

• SU(2)X doublet

• Gauge triplet              (they call           )

• Don’t get                (when unbroken)

• Flavour mixing reduces

• Data favour                         (point A)
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FIG. 1: Bounds in the {MZ′ ,  X} plane. Exclusion limits are obtained by considering constraints

arising from one-loop corrections to the hadronic width of the Z boson [35, 36], searches for dijet

resonances at UA2 and CDF [37–39] (UA2 results from the first and second stage running are

shown in separate colors), angular distribution of dijet events at the 7 TeV LHC [40] and the

combined tt̄ resonance searches at CDF and D0 using up to 1 fb−1 of data [41, 42]. Also shown are

locations of benchmark points A,B,C that will be studied in more detail later. Plots are shown

for cos  = 1 (top panel) and cos  = 0.95 (bottom panel).

IV. CONSISTENCY WITH EXISTING TOP CROSS SECTION MEASURE-

MENTS

We now address the question of whether our benchmarks are consistent with the detailed

cross section measurements of the top quark at the Tevatron.

7

An important constraint on these models comes from the tt̄ invariant mass distribution

[43]. With respect to the SM, these models overproduce top quarks at large invariant mass

due to the Rutherford enhancement. In Fig. 2, we show the invariant mass distribution of

the tt̄ for the benchmark points shown in Table I. We have applied the ŝ dependent NLO

K-factor of the SM [44] to all distributions (including those with new physics). Absent a

proper NLO calculation in these models, this approach represents an optimistic attempt to

capture some of the leading QCD corrections. We have used CTEQ6L [45] and CTEQ6.6M

[46] parton distribution sets for the LO and NLO cross sections, respectively. mt = 172.5

GeV and µ = mt are assumed. A naive examination of the highest ŝ bins of distributions

shown there would indicate that the new physics models are excluded.

However, this model produces very forward top quarks. The acceptance for these top

quarks is far from assured, and indeed, can be substantially lower than the SM. The angular

behavior deviates most substantially from the SM at the highest partonic center of mass
√
ŝ where the forward scattering peak is most pronounced. We now investigate whether the

large enhancement at high
√
ŝ persists after acceptance effects are addressed.

We model losses of very forward top quarks by modeling the unfolding procedure of the

experiments in an approximate but well-defined way. We first generate a parton-level Monte

Carlo event sample of the SM in MadGraph/MadEvent v.4.4.492 [47], and weight it by

an ŝ-dependent SM NLO K-factor. We take this sample, apply the selection cuts of the

CDF mtt̄ analysis [43] and calculate mtt̄ using only the leading four jets, a charged lepton

and the missing energy as done by CDF. The resulting d  /dmtt̄ distribution is compared

to the original theoretical distribution prior to the selection cuts. This comparison allows

us to derive a “smearing matrix” in the binned mtt̄ space that estimates how the cuts and

reconstruction take a theoretical distribution to a measured one. We then use this same

matrix for all model samples. This includes our benchmark points and generalized color-

octet models having At
FB = 0.1, 0.2 (which are sometimes used to test the experimental

unfolding procedure). Application of the cuts, K-factor and, subsequently, the smearing

matrix (as derived from the SM distribution) leave the mtt̄ distributions of the color-octet

models nearly unchanged – an indication that their acceptance is similar to the Standard

Model. This is not the case for our benchmark points. Many of the events in the highest mtt̄

bins are lost due to the selection cuts. The result of the above procedure (cuts, K-factor,

smearing) is shown in the lower panels in Fig. 2. As a result, for points A and B, the

8

↑ Z �
+

mt < mZ� < 2mt

Z �
0 → uū

gX
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• Jung-Pierce-Wells nonabelain model (point A) can fit data: 

49

{ Cuts
No cuts

Z’ model asymmetry
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• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• Jung-Pierce-Wells model (point A)        smaller effect (uu only)

50

LHC 7 TeV

∼ 2.5σ difference

CDF asymmetry at LHC?
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CDF  Wjj anomaly

• No anomaly in          flavour-changing Z’?

51
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FIG. 1: The dijet invariant mass distribution. The sum of electron and muon events is plotted. In the left plots we show the

fits for known processes only (a) and with the addition of a hypothetical Gaussian component (c). On the right plots we show,

by subtraction, only the resonant contribution to Mjj including WW and WZ production (b) and the hypothesized narrow

Gaussian contribution (d). In plot (b) and (d) data points differ because the normalization of the background changes between

the two fits. The band in the subtracted plots represents the sum of all background shape systematic uncertainties described

in the text. The distributions are shown with a 8 GeV/c
2
binning while the actual fit is performed using a 4 GeV/c

2
bin size.

resonance with definite mass. The width of the Gaus-
sian is fixed to the expected dijet mass resolution by
scaling the width of the W peak in the same spectrum:

σresolution = σW

�
Mjj

MW
= 14.3 GeV/c2, where σW and

MW are the resolution and the average dijet invariant
mass for the hadronic W in the WW simulations respec-
tively, and Mjj is the dijet mass where the Gaussian tem-
plate is centered.

In the combined fit, the normalization of the Gaus-
sian is free to vary independently for the electron and

muon samples, while the mean is constrained to be the
same. The result of this alternative fit is shown in Figs. 1
(c) and (d). The inclusion of this additional component
brings the fit into good agreement with the data. The
fit χ2/ndf is 56.7/81 and the Kolmogorov-Smirnov test
returns a probability of 0.05, accounting only for statis-
tical uncertainties. The W+jets normalization returned
by the fit including the additional Gaussian component is
compatible with the preliminary estimation from the �ET

fit. The χ2/ndf in the region 120-160 GeV/c2 is 10.9/20.

γjj

CDF, arXiv:1104.0699
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W’ model

• Includes simulation of CDF detector
52

A Papaefstathiou, in prep.


