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Top Production at Tevatron
• pp at 1.96 TeV

• CDF & D0

• ~5 fb-1/expt

•      ~8 pb
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σtt̄

40,000 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 TeV

• ATLAS & CMS

• ~2.5 fb-1/expt

•      ~160 pb

• Expect >5 fb-1 

this run (2012)
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σtt̄

400,000 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
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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:
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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 Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
> 0

Att̄ < 0 if extra jet or high ptt̄T

Att̄ > 0 dominant (low ptt̄T )
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Lepton+jets mode

• CDF: 1260 events, i.e. ~10% acceptance

• Acceptance/selection cuts reduce asymmetry

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

✤ Missing 

• Simulate SM with MC@NLO event generator
7
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What they measure

Actual measurement is made on collection of ttbar

events that have one top decaying leptonically and

the other hadronically.
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2b+2j+lepton+MET

pT > 20GeV/c , |η| < 2 (|η|b < 1)

ET ≥ 20GeV
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MC@NLO matching

• Expanding gives NLO result 
8

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  MC starting from no emission

MC starting from one emission
S Frixione & BW, JHEP 06(2002)029

Emission 
phase space

Born phase 
space

Sudakov form factor  
(no-emission probability)

�

�

S Frixione, P Nason & BW, JHEP 08(2003)007
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Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

{ Cuts
No cuts

• CDF reports a large effect, increasing with tt invariant mass

• SM predicts a smaller NLO effect

• MC@NLO and MCFM in good agreement 

arXiv:1101.0034
CDF Results
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tt invariant mass distribution

• No sign of bumps or 
other anomalies

• 2/3 of events below  
Mtt = 450 GeV

• 10% disagree with SM

• Claim 3.4 st.dev. above 
SM at Mtt > 450 GeV

10

13

TABLE VIII: The tt̄ frame asymmetry Att̄ at small and large
rapidity difference, compared to the SM prediction of mcfm.

sample level |∆y| < 1.0 |∆y| ≥ 1.0
data data 0.021± 0.031 0.208± 0.062
data parton 0.026± 0.104± 0.056 0.611± 0.210± 0.147
mcfm parton 0.039± 0.006 0.123± 0.018

VIII. For the parton-level data, the first uncertainty is

statistical and the second is systematic. The uncertainty

on the mcfm prediction is dominated by the NLO theory

uncertainty. For |∆y| ≤ 1.0, the small data-level asym-

metry maps into a small parton-level value with large

error. In the large ∆y region the parton-level asymme-

try is Att̄(|∆y| > 1.0) = 0.611 ± 0.270 (statistical and

systematic errors added in quadrature) compared to the

mcfm prediction of 0.123 ± 0.018. Fig. 7 displays the

parton level comparison of asymmetries in data in the

two ∆y regions.

VII. MASS DEPENDENCE OF THE
ASYMMETRY IN THE tt̄ REST FRAME
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FIG. 8: Mtt̄-dependence of Att̄ according to mcfm.

We now turn to the dependence of the asymmetry

on the tt̄ invariant mass Mtt̄. The NLO QCD asym-

metry also has a strong Mtt̄ dependence, as shown in

Fig. 8. We generally expect the Mtt̄ dependence to con-

tain characteristic information on the fundamental asym-

metry mechanism.

In this analysis, the value of Mtt̄ is derived from the

same reconstruction used to compute the top quark ra-

pidities. The Mtt̄ distribution in our sample, shown in

Fig. 9, is agreement with the standard prediction. Other

recent studies of the top pair mass spectrum, including
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FIG. 9: Event distribution as a function of the total invariant
mass Mtt̄.

the parton-level differential cross section dσ/dMtt̄, show

good agreement with the standard model [10, 30, 31].

Since the mass dependent behavior is usually described

in the tt̄ rest frame we focus on the asymmetry in rapidity

difference ∆y as a function of Mtt̄. The laboratory frame

asymmetry derived with yh is discussed in Sec. VIII.

The underlying 2-dimensional distribution of ∆y
vs.Mtt̄ is shown on the left in Fig. 10. We expect

these variables to obey the simple kinematic relation-

ship Mtt̄ = 2mT cosh(∆y), where mT is the transverse

mass of the tt̄ system, and we see this in both the data

and the prediction. It is clear that the prior measure-

ment at large ∆y captures only part of the region at

large Mtt̄. Consequently, the separate measurements of

the ∆y- and Mtt̄-dependence of the asymmetry provide

complementary information.

Because cosh(∆y) is symmetric, this kinematic correla-

tion is independent of the Mtt̄-dependence of any asym-

metry in ∆y. Because of the independence of mT ,the

measurement at large |∆y| > 1.0 captures only part of

the region at large Mtt̄. The separate measurements

therefore provide complementary information.

A mass dependent asymmetry Att̄(Mtt̄,i) is found by

dividing the ∆y—Mtt̄ plane into bins of mass Mtt̄,i and

calculating the asymmetry in each:

Att̄
(Mtt̄,i) =

N(∆y > 0,Mtt̄,i −N(∆y < 0,Mtt̄,i)

N(∆y > 0,Mtt̄,i) +N(∆y < 0,Mtt̄,i)
(7)

We use 50 GeV/c2 bins of Mtt̄ below 600 GeV/c2, and

Events

532 322

190

95

58
34

29
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NLO+NNLL Prediction

• Stable w.r.t. soft gluon resummation

•  Could still be hard NNLO effects

11

Ahrens, Ferroglia, Neubert, Pecjak, Yang, arXiv:1106.60517
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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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CDF data: low vs high mass

• No significant asymmetry below Mtt = 450 GeV

12

26 

!y at low and high mass 

Mtt̄ < 450GeV Mtt̄ > 450GeV
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• Independent data sets are consistent

13

27 

!ylh at high mass by lepton charge CDF data: lepton charge
Mtt̄ > 450GeVMtt̄ > 450GeV
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Dilepton decay mode

• Consistent with lepton  jets mode

14

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 s.d.”

• CDF Mtt dependence not confirmed
15

arXiv:1107.4995
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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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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.
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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-
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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.
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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
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4-bin unfolding procedure yields AFB = (16.9± 8.1)%,
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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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FIG. 4. The reconstructed charge-signed lepton rapidity.

Lepton reconstruction offers excellent angular resolu-
tion and accurate determination of electric charge, mak-
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dependence

• D0 data disagree with MC@NLO

• Asymmetry changes sign at ~20 GeV

• Loss at high pT would enhance 
asymmetry

• What about CDF data?

16
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X. RESULTS AND DISCUSSION

Tables IV and VI summarize our measurements of the
∆y- and lepton-based asymmetries at the reconstruction
and production levels. The measurements are signifi-
cantly higher than the mc@nlo-based predictions.
Within the SM, the tt̄ production asymmetry first

arises at order α3
s as a result of interference of several

production diagrams. At this order, interference of the
Born and box diagrams results in positive asymmetry in
two-body production, while negative contributions to the
asymmetry arise from tt̄g production. Thus, the asym-
metry is likely to show a dependence on variables that
indicate the presence of extra gluons, in particular the
multiplicity and kinematics of additional jets. As shown
in Table II, the asymmetry in the lepton+4 jets subsam-
ple is observed to be positive, while its most likely value
is negative in the lepton+≥5 jets subsample.
An extra parton does not always result in the recon-

struction of an extra jet, which is required to exceed a
prescribed energy threshold, and be within the accep-
tance of the detector. In particular, a gluon emitted by
an initial-state parton is likely to be too forward and/or
too soft to be registered as a jet. The transverse mo-
mentum of the tt̄ system, on the other hand, is sensitive
to both soft and hard gluon radiation. Low values of ptt̄T
correspond predominantly to two-body production, while
regions of large ptt̄T correspond to three-body diagrams,
which do not necessarily produce an extra reconstructed
jet. The dependence of the asymmetry on the presence
of an extra jet has been studied in the literature [27], but
we are not aware of studies of a dependence on ptt̄T .
As shown in Fig. 6, some event generators predict that

the tt̄ production asymmetry has a strong dependence on
ptt̄T , while others do not. In particular, this dependence
is present in pythia tunes that force an angular coher-
ence between the top quarks and the initial state parton
showers (with the MSTP(67) parameter). We account for
this possible dependence in the systematic uncertainties
on the measured asymmetries due to signal modeling.
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FIG. 6. The tt̄ asymmetry versus ptt̄T as predicted by
mc@nlo+herwig. For comparison, the predictions from
pythia with different tunes [28] are also shown.
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FIG. 7. The reconstructed ptt̄T . The hatched band represents
systematic uncertainties due to the jet energy scale and reso-
lution. Data points are compared to predictions based on (a)
mc@nlo and (b) pythia with ISR off. Bin widths correspond
to about half of the detector resolution in ptt̄T .

As the predicted asymmetry may be sensitive to the
modeling of gluon radiation, we examine ptt̄T in data. Fig-
ure 7(a) shows that the ptt̄T spectrum is softer in data than
in the mc@nlo-based model, indicating less gluon emis-
sion. To verify this hypothesis, we simulate tt̄ events
using pythia with initial state radiation (ISR) turned
off. This unrealistic scenario, presented in Fig. 7(b), is in
better agreement with the data. Together with the fact
that final states without extra gluons are associated with
positive predicted AFB, this suggests that future simu-
lations that predict softer ptt̄T spectra may also predict
higher inclusive asymmetries. In pythia the main effect
of the additional QCD radiation is to boost the previ-
ously generated tt̄ 4-vectors, so turning the ISR off has
little effect on the inclusive production asymmetry.
Including the α4

s terms in the calculation of AFB for
tt̄j processes yields an asymmetry that is significantly
less negative than at order α3

s [29]. Reference [30] argues
that this does not affect the inclusive asymmetry in tt̄
production.

XI. SUMMARY

We measure the forward-backward asymmetry in top
quark-antiquark production, defined according to the ra-
pidity difference between the top and antitop quarks. Af-
ter background subtraction, we find a reconstructed tt̄
asymmetry of AFB = (9.2± 3.7)%, to be compared with
the mc@nlo-based prediction of (2.4± 0.7)%. We find
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• LHC is a pp collider        no effect?? 

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

• SM effect is small (plots show MC truth for 2 fb-1) 
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∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)LHC 7 TeV
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Top quark asymmetry at LHC
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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

18

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

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
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SM asymmetry at LHC
• LHC cuts assumed:

✤ 1 charged lepton and at least 4 jets (inc. 2 b’s) 
with

✤ Missing 

• 4 jet cut reduces gg contribution 

19
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• LHC is a pp collider        no effect?? 

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

• SM effect is small (plots show MC@NLO for 2 fb-1) 
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Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

∆y = yt − yt̄ , Ytt̄ =
1

2
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• LHC is a pp collider        no effect?? 

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

• SM effect enhanced by cut on Mtt (still insignificant)  

21

LHC 7 TeV

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

{ Cuts
No cuts

SM asymmetry at LHC
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Modelling the CDF asymmetry

• CDF reports a large effect, increasing with tt invariant mass

• Suppose this is new physics

• Model it by reweighting qq contribution by: 

22

1 + f(Mtt̄) tanh(∆y/2)

� 1 + f(Mtt̄)β
∗
t cos θ

∗
t

f(Mtt̄) = Mtt̄/200− 2

{ Cuts
No cuts
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CDF asymmetry at LHC?
• LHC is a pp collider        no effect?? 

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

• Model CDF effect by reweighting SM by:

23

1 + f(Mtt̄) tanh(∆y/2)

� 1 + f(Mtt̄)β
∗
t cos θ

∗
t

f(Mtt̄) = Mtt̄/200− 2LHC 7 TeV

∼ 3σ difference
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First ATLAS Results 
• Looked for 

• No significant effect: consistent with SM

24

ATLAS-CONF-2011-106
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Figure 7: The unfolded ∆|Y | distribution for the electron channel (left) and the muon channel (right) after
b-tagging. The uncertainties are statistical only.

Asymmetry detector unfolded detector and acceptance unfolded

AC (muon pretag) -0.020 ± 0.026 (stat.) ± 0.062 (syst.) -0.016 ± 0.028 (stat.) ± 0.064 (syst.)
AC (muon b-tag) -0.030 ± 0.021 (stat.) ± 0.020 (syst.) -0.028 ± 0.019 (stat.) ± 0.022 (syst.)
AC (electron pretag) -0.017 ± 0.031 (stat.) ± 0.067 (syst.) -0.023 ± 0.034 (stat.) ± 0.065 (syst.)
AC (electron b-tag) -0.012 ± 0.026 (stat.) ± 0.030 (syst.) -0.009 ± 0.023 (stat.) ± 0.032 (syst.)

Table 2: The measured charge asymmetry values for the electron and muon channels before and after the

b-tagging requirement is applied for different levels of unfolding. The quoted uncertainties are statistical

and systematic, respectively.

contributions. The normalisation of Z+jet events was estimated using Berends-Giele-scaling [34]. The

uncertainty in the normalisation is 48% in the four jet bin and increases with the jet multiplicity. A

systematic uncertainty in the shape was accounted for by comparing simulated samples generated with

ALPGEN and SHERPA [35]. The uncertainty on the normalisation of the small background contribu-

tions from single top and diboson production was estimated to be about 10% (depending on the channel)

and 5%, respectively.

Limited Monte Carlo sample sizes give rise to a systematic uncertainty in the response matrix. This

was accounted for by independently fluctuating the bins of the response matrix according to Poisson

distributions.

8.2 Detector modelling

The mis-modelling of muon (electron) trigger, reconstruction and selection efficiencies in simulation was

corrected for by scale factors derived from measurements of the efficiency in data. Z → µµ (Z → ee
and W → eν) decays were used to obtain scale factors as functions of the lepton kinematics. The

uncertainties were evaluated by varying the lepton and signal selections and from the uncertainty in the

evaluation of the backgrounds. Systematic uncertainties at the level of 1%were found for both cases. The

same processes were used to measure the lepton momentum scale and resolution. Scale factors and their

uncertainties were derived to match the simulation to observed distributions. A systematic uncertainty

12

t
Y-tY

-3 -2 -1 0 1 2 3

E
v

e
n

ts

0

5

10

15

20

25

3
10×

PreliminaryATLAS 
-1

 L = 0.70 fb∫
 4 jets (b tag)≥ + e

t
Y-tY

-3 -2 -1 0 1 2 3

E
v

e
n

ts

0

5

10

15

20

25

3
10×

PreliminaryATLAS 
-1

 L = 0.70 fb∫
 4 jets (b tag)≥ + µ

Figure 7: The unfolded ∆|Y | distribution for the electron channel (left) and the muon channel (right) after
b-tagging. The uncertainties are statistical only.

Asymmetry detector unfolded detector and acceptance unfolded

AC (muon pretag) -0.020 ± 0.026 (stat.) ± 0.062 (syst.) -0.016 ± 0.028 (stat.) ± 0.064 (syst.)
AC (muon b-tag) -0.030 ± 0.021 (stat.) ± 0.020 (syst.) -0.028 ± 0.019 (stat.) ± 0.022 (syst.)
AC (electron pretag) -0.017 ± 0.031 (stat.) ± 0.067 (syst.) -0.023 ± 0.034 (stat.) ± 0.065 (syst.)
AC (electron b-tag) -0.012 ± 0.026 (stat.) ± 0.030 (syst.) -0.009 ± 0.023 (stat.) ± 0.032 (syst.)

Table 2: The measured charge asymmetry values for the electron and muon channels before and after the

b-tagging requirement is applied for different levels of unfolding. The quoted uncertainties are statistical

and systematic, respectively.

contributions. The normalisation of Z+jet events was estimated using Berends-Giele-scaling [34]. The

uncertainty in the normalisation is 48% in the four jet bin and increases with the jet multiplicity. A

systematic uncertainty in the shape was accounted for by comparing simulated samples generated with

ALPGEN and SHERPA [35]. The uncertainty on the normalisation of the small background contribu-

tions from single top and diboson production was estimated to be about 10% (depending on the channel)

and 5%, respectively.

Limited Monte Carlo sample sizes give rise to a systematic uncertainty in the response matrix. This

was accounted for by independently fluctuating the bins of the response matrix according to Poisson

distributions.

8.2 Detector modelling

The mis-modelling of muon (electron) trigger, reconstruction and selection efficiencies in simulation was

corrected for by scale factors derived from measurements of the efficiency in data. Z → µµ (Z → ee
and W → eν) decays were used to obtain scale factors as functions of the lepton kinematics. The

uncertainties were evaluated by varying the lepton and signal selections and from the uncertainty in the

evaluation of the backgrounds. Systematic uncertainties at the level of 1%were found for both cases. The

same processes were used to measure the lepton momentum scale and resolution. Scale factors and their

uncertainties were derived to match the simulation to observed distributions. A systematic uncertainty
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First CMS Results 

25

CMS PAS TOP-11-014

• Looked at         and

• No significant effect: consistent with SM

7

reconstructed and the generated top quarks and W bosons) and all hypotheses, which is a
measure for the probability that a hypothesis with a given value of the three masses is the best
possible hypothesis.

In addition, also the b tagger discriminator values for the jets assigned to the two b quarks
and to the two light quarks are considered. The probability that a jet with a certain b tag
discriminator value x is assigned to one of the b quarks is denoted Pb(x).

Now, having all ingredients at hand, we can calculate the final estimator ψ which is used for
the purpose of choosing one single hypothesis in each single event. ψ is given by the product of
the three ratios of mass distributions and the four b jet probabilities, where for the light quarks
for obvious reasons (1 − pb(xqi)) has been used:

ψ = L(m1)L(m2)L(m3)Pb(xb,lep)Pb(xb,had)(1 − Pb(xq1))(1 − Pb(xq2)) . (3)

Implementing the observed values of the three reconstructed masses and the b tagger discrimi-
nator values of the used jets for each hypothesis a value of ψ can be calculated. The hypothesis
with the smallest value of − ln ψ is then chosen in each event for further consideration. Studies
on simulated events show that in about 29% of all events we choose the best possible hypothe-
sis using this criterion. Studying only events in which all jets corresponding to one of the four
final-state quarks are present in the event, the best solution is found in 51% of the events.

6 Measurement of the tt̄ Charge Asymmetry
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Figure 3: ∆(|η|) and ∆(y2) distributions for the combined lepton+jets channel. The simulation
has been normalized to the prediction.

The distributions of the sensitive variables obtained from the reconstructed top and antitop
quark four vectors are shown in figure 3. These distributions can be used to calculate an uncor-
rected raw charge asymmetry AC,raw by simply counting the numbers of events with negative
and positive values.

Using the definition in equation 1 we find Aη
C,raw = −0.004 ± 0.009 and Ay

C,raw = −0.004 ±
0.009, where in both cases the combined electron+jets and muon+jets dataset has been used.

These values are not directly comparable with any theoretically motivated prediction, since
several effects bias the measurement at this stage. First of all, 15% of events used to measure
AC,raw come from background processes, although we apply a relatively tight tt̄ event selection.

∆|η| ∆y · Ytt̄

11

Aη
C Ay

C
Source of Systematic − Variation + Variation − Variation + Variation

JES −0.003 0.000 −0.007 0.000
JER −0.002 0.000 −0.001 0.001

Q2 scale −0.014 0.000 −0.013 +0.003
ISR/FSR −0.006 +0.003 0.000 +0.024

Matching threshold −0.006 0.000 −0.013 +0.006
PDF −0.001 +0.001 −0.001 +0.001

b tagging −0.001 +0.003 0.000 0.001
Lepton ID/sel. efficiency −0.002 +0.004 −0.002 0.003

QCD model −0.008 +0.008 −0.006 +0.006
Pileup −0.002 +0.002 0.000 0.000

Overall −0.019 +0.010 −0.021 +0.026

Table 2: Systematic uncertainties taken into account in the measurement of AC. Listed are the
positive and negative shifts induced by systematics in ensemble tests.
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Figure 5: Unfolded ∆(|η|) spectrum (left) and unfolded ∆(y2) spectrum (right). The LNO
prediction has been taken from [24].

Observable Raw AC BG-subtracted AC Unfolded (and corrected) AC
∆|η| −0.004 ± 0.009 −0.009 ± 0.010 −0.016 ± 0.030+0.010

−0.019
∆(y2) −0.004 ± 0.009 −0.007 ± 0.010 −0.013 ± 0.026+0.026

−0.021

Table 3: The measured asymmetries for both variables at the different stages of the analysis
from the raw value to the background subtracted value and to the final unfolded result.

Ay
C = −0.013 ± 0.026 (stat.)+0.026

−0.021(syst.) . (6)

Both measured values are within the uncertainties in agreement with the theory predictions of
Aη

C(theo.) = 0.013 ± 0.001 [24] and Ay
C(theo.) = 0.011 ± 0.001 [24]. One can also measure the

background subtracted asymmetry as a function of the reconstructed invariant mass of the tt̄
system to investigate whether one can see a dependence of the asymmetry on mtt̄. Figure 6
shows the results for the two variables, where no increase of the asymmetry for increasing
mtt̄ can be seen. However, these studies allow only for a qualitative statement, while for a
quantitative statement a proper simultaneous unfolding in the sensitive variable as well as in

QCD 
+0.013 
+0.011

η ≡ 1

2
ln

�
|p|+ pz
|p| − pz

�
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Conclusions
• Asymmetry larger than 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 

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

• So far no sign of it
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Backup

27
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“Axigluon” model

• Can fit CDF Att data

• Mtt spectrum will differ

28

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) 
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Axigluon search in dijets

• Resonance bump would be similar to q*

• Exclude  0.6 < MG < 2.1 TeV

29

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

32
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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)

33

LHC 7 TeV

∼ 2.5σ difference

CDF asymmetry at LHC?
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CDF  Wjj anomaly

• No anomaly in          flavour-changing Z’?

34
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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
35

A Papaefstathiou, in prep.


