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Forward-backward asymmetry in tt production

• Charge (a)symmetric cross-section at the Tevatron

• In bins of Δy:

Forward-backward asymmetry in tt̄ production

Charge-(a)symmetric cross section
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Measurement at Tevatron: inclusive and in bins of invariant mass Mtt̄

(At
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∆y = yt − yt̄
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uncertainty is large.

B. Cross-Checks of the Inclusive Asymmetry

Table VII shows the asymmetries in the data when the

sample is separated according to the lepton flavor and the

number of b-tagged jets in the event. All of our simulated

models predict asymmetries that are independent of the

lepton type. Within the large errors, the data are con-

sistent with this expectation.

The b-tagged sample contains 281 events with two b-
tags. This double-tag sample is small, but has mini-

mal backgrounds and robust jet-parton assignment. The

double-tag sample is a special category of tt̄ decays where
both the b and b̄ jet have | η |≤ 1.0, but all of our simu-

lation models predict similar asymmetries in single tags

and double-tags. In the data the results are consistent

across single and double-tags, albeit with reduced agree-

ment in App̄. We will discuss the double-tag consistency

in the laboratory frame in more detail in Sec. VIII E.

TABLE VII: Measured asymmetries at the data-level for dif-
ferent lepton and b-tag selections.

selection Att̄ App̄

inclusive 0.057± 0.028 0.073± 0.028
electrons 0.026± 0.037 0.053± 0.037
muons 0.105± 0.043 0.099± 0.043
single b-tags 0.058± 0.031 0.095± 0.032
double b-tags 0.053± 0.059 −0.004± 0.060

VI. RAPIDITY DEPENDENCE OF THE
ASYMMETRY IN THE tt̄ REST FRAME

In Sec. IV we discussed the importance of measur-

ing the rapidity and Mtt̄ dependence of the asymme-

try. The correlated dependence on both variables would

be most powerful, but, given the modest statistical pre-

cision of our current dataset, we begin with separate

measurements of each. In this section we show how a

∆y-dependence may be calculated from the results of

Sec. VA. The Mtt̄-dependence (as well as the correla-

tion of Mtt̄ and ∆y) will be discussed in the sections

following.

In the standard model at NLO the tt̄ frame asymme-

try increases linearly with ∆y, as seen in Fig. 6. The

slope is significant, with the asymmetry reaching values

of roughly 20% at large ∆y.
The ∆y dependence of the asymmetry in our binned

data can be calculated in each bin i of positive ∆y as

Att̄
(∆yi) =

N(∆yi)−N(−∆yi)

N(∆yi) +N(−∆yi)
(6)

∆

FIG. 6: ∆y-dependence of Att̄ according to mcfm.

FIG. 7: Parton level asymmetries at small and large ∆y com-
pared to SM prediction of mcfm. The shaded bands represent
the total uncertainty in each bin. The negative going uncer-
tainty for ∆y < 1.0 is suppressed.

A parton-level measurement of Att̄(∆yi) in two bins

of high and low ∆y is available from the corrected ∆y
distribution in Fig. 5. We calculate the asymmetry sep-

arately for the low rapidity difference inner bin pair

|∆y| < 1.0 and the large rapidity difference outer bin pair

|∆y| ≥ 1.0. The systematic uncertainties in the bin-by-

bin comparison are evaluated using the same techniques

as in the inclusive measurement. Uncertainty in the back-

ground shape and normalization assumptions cause a sig-

nificant systematic uncertainty in the high ∆y bin.

The ∆y-dependent asymmetries are shown in Table



• Large AFB at large tt rapidity differences

               AFB Data (see also Marina Cobal’s talk)

! D0 inclusive (not-unfolded):

! CDF had-lep:

! CDF di-lepton inclusive (unfolded):

! CDF di-lepton (not-unfolded):
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Finally, we look at App̄ as a function of the b-tag mul-

tiplicity. We observed in Sec. VII that the inclusive App̄

is zero in the double b-tagged events. In Table XVII, we

see that this pattern persists at high mass, although the

statistical precision is poor. Appealing again to pseudo-

experiments with Poisson fluctuations, we find that a ra-

tio of double to single tag App̄ as small as that in the data

occurs in 6% of all pseudo-experiments with mc@nlo.
We conclude that the low value of App̄ in the double b-
tagged sample is consistent with a statistical fluctuation.

IX. CONCLUSIONS

We have studied the forward-backward asymmetry of

top quark pairs produced in 1.96 TeV pp̄ collisions at

the Fermilab Tevatron. In a sample of 1260 events in

the lepton+jet decay topology, we measure the parton-

level inclusive asymmetry in both the laboratory and tt̄
rest frame, and rapidity-dependent, and Mtt̄-dependent

asymmetries in the tt̄ rest frame. We compare to NLO

predictions for the small charge asymmetry of QCD.

The laboratory frame measurement uses the rapidity

of the hadronically decaying top system and combines

the two lepton charge samples under the assumption of

CP conservation. This distribution shows a parton-level

forward backward asymmetry in the laboratory frame of

App̄ = 0.150 ± 0.055 (stat+sys). This has less than 1%

probability of representing a fluctuation from zero, and

is two standard deviations above the predicted asymme-

try from NLO QCD. We also study the frame-invariant

difference of the rapidities, ∆y = yt − yt̄, which is pro-

portional to the top quark rapidity in the tt̄ rest frame.

Asymmetries in ∆y are identical to those in the t pro-

duction angle in the tt̄ rest frame. We find a parton-level

asymmetry of Att̄ = 0.158 ± 0.075 (stat+sys), which is

somewhat higher than, but not inconsistent with, the

NLO QCD expectation of 0.058± 0.009.
In the tt̄ rest frame we measure fully corrected asym-

metries at small and large ∆y

Att̄(|∆y| < 1.0) = 0.026± 0.118
Att̄(|∆y| ≥ 1.0) = 0.611± 0.256

to be compared with mcfm predictions of 0.039 ± 0.006
and 0.123± 0.008 for these ∆y regions respectively.

In the tt̄ rest frame the asymmetry is a rising function

of the tt̄ invariant mass Mtt̄, with parton level asymme-

tries

Att̄(Mtt̄ < 450 GeV/c2) = −0.116± 0.153
Att̄(Mtt̄ ≥ 450 GeV/c2) = 0.475± 0.114

to be compared with mcfm predictions of 0.040 ± 0.006
and 0.088±0.013 for these Mtt̄ regions respectively. The

asymmetry at high mass is 3.4 standard deviations above

the NLO prediction for the charge asymmetry of QCD,

however we are aware that the accuracy of these theo-

retical predictions are under study. The separate results

at high mass and large ∆y contain partially independent

information on the asymmetry mechanism.

The asymmetries reverse sign under interchange of lep-

ton charge in a manner consistent with CP conservation.

The tt̄ frame asymmetry for Mtt̄ ≥ 450 GeV/c2 is found

to be robust against variations in tt̄ reconstruction qual-

ity and secondary vertex b-tagging. When the high-mass

data is divided by the lepton flavor, the asymmetries

are larger in muonic events, but statistically compatible

across species. Simple studies of the jet multiplicity and

frame dependence of the asymmetry at high mass may

offer the possibility of discriminating between the NLO

QCD effect and other models for the asymmetry, but the

statistical power of these comparisons is currently insuf-

ficient for any conclusion.

The measurements presented here suggest that the

modest inclusive tt̄ production asymmetry originates

from a significant effect at large rapidity difference ∆y
and total invariant mass Mtt̄. The predominantly qq̄
collisions of the Fermilab Tevatron are an ideal environ-

ment for further examination of this effect, and additional

studies are in progress.
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X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and
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Abstract

In this note, we report on a measurement of the forward-backward asym-
metry in tt̄ production in pp̄ collisions at

√
s = 1.96 TeV using 334 dilepton

candidates observed in 5.1 fb−1 beam data. We look at the asymmetry of the
rapidity difference between top and anti-top (∆yt) and find the asymmetry of
the reconstructed ∆yt to be

Aobs = 0.138± 0.054(stat.) ,

and the asymmetry of the background subtracted ∆yt distribution to be

Asub = 0.205± 0.073(stat.)± 0.021(bkg. shape) .

We also measure an asymmetry of a true ∆yt distribution which is speculated
by assuming an asymmetry as a function of ∆yt to be A(∆yt) = α∆yt, and find
the true asymmetry on the assumption to be

Atrue = 0.417± 0.148(stat.)± 0.053(syst.) .

1yuji@fnal.gov

t
 y!

-2 0 2
t

 y!
-2 0 2

E
v

e
n

ts
  

0

50

100

150

 differencety

Data

Data-Bkg

)" 1±Bkg(

 0.054±= 0.138 obsA

 0.015± 0.073 ±= 0.179 subA

CDF II Preliminary

-1
 L dt = 5.1 fb#

Flip fake bkg.

Figure 61: The background subtracted ∆yt distribution assuming that background

shape from QCD fake events has completely opposite sign, i.e. letting −∆yt for fake

background prediction. The asymmetry of the background subtracted ∆yt distribution

on the assumption is found to be Afake flip
sub = 0.179±0.073±0.015. The discrepancy from

the nominal fake prediction case is 0.025 which corresponds to 1.2σ of the background

shape systematic uncertainty.

Figure 65 shows the reconstructed Mtt̄ distribution of dilepton candidates in 5.1 fb
−1

data. The distribution of data is consistent with the prediction.

Figure 66 show the scatter plots of reconstructed Mtt̄ versus the true value of the

corresponding variable for dilepton candidates in tt̄ Monte Carlo events generated with

PYTHIA (ttop25). The event cluster in the diagonal region indicates the reconstructed

variable is well reproduced as the generated variable. The reconstructed Mtt̄ is slightly

biased toward low mass side since in the kinematical reconstruction method we assume

lower Mtt̄ has higher probability (See Fig. 17).

Figure 67, 68 show the reconstructed ∆yt distributions for the DIL candidates

with the reconstructed Mtt̄ < 450 GeV and Mtt̄ > 450GeV, respectively. The raw

asymmetries are found to be

A<450 GeV
obs = 0.104± 0.066(stat.) (Pred. : 0.003± 0.031)

A>450 GeV
obs = 0.212± 0.096(stat.) (Pred. : − 0.040± 0.055) .
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DØ Note 6062-CONF

Measurement of the forward-backward production asymmetry of t and t̄ quarks in
pp̄→ tt̄ events

The DØ Collaboration
URL http://www-d0.fnal.gov

(Dated: July 23, 2010)

We present a new measurement of the forward-backward production asymmetry (Afb) of t and

t̄ quarks in pp̄ → tt̄ events. We perform the measurement in lepton+jets final states, with events

selected using a b-tagger based on a neural network, and tt̄ candidates fully reconstructed using a

kinematic fitter. In 4.3 fb
−1

of data collected by the D0 experiment at the Fermilab Tevatron at√
s = 1.96 TeV, we find Afb = (8± 4(stat)± 1(syst))%, integrated over acceptance.

Preliminary Results for Summer 2010 Conferences
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uncertainty is large.

B. Cross-Checks of the Inclusive Asymmetry

Table VII shows the asymmetries in the data when the

sample is separated according to the lepton flavor and the

number of b-tagged jets in the event. All of our simulated

models predict asymmetries that are independent of the

lepton type. Within the large errors, the data are con-

sistent with this expectation.

The b-tagged sample contains 281 events with two b-
tags. This double-tag sample is small, but has mini-

mal backgrounds and robust jet-parton assignment. The

double-tag sample is a special category of tt̄ decays where
both the b and b̄ jet have | η |≤ 1.0, but all of our simu-

lation models predict similar asymmetries in single tags

and double-tags. In the data the results are consistent

across single and double-tags, albeit with reduced agree-

ment in App̄. We will discuss the double-tag consistency

in the laboratory frame in more detail in Sec. VIII E.

TABLE VII: Measured asymmetries at the data-level for dif-
ferent lepton and b-tag selections.

selection Att̄ App̄
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muons 0.105± 0.043 0.099± 0.043
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double b-tags 0.053± 0.059 −0.004± 0.060

VI. RAPIDITY DEPENDENCE OF THE
ASYMMETRY IN THE tt̄ REST FRAME

In Sec. IV we discussed the importance of measur-

ing the rapidity and Mtt̄ dependence of the asymme-

try. The correlated dependence on both variables would

be most powerful, but, given the modest statistical pre-

cision of our current dataset, we begin with separate

measurements of each. In this section we show how a

∆y-dependence may be calculated from the results of

Sec. VA. The Mtt̄-dependence (as well as the correla-

tion of Mtt̄ and ∆y) will be discussed in the sections

following.

In the standard model at NLO the tt̄ frame asymme-

try increases linearly with ∆y, as seen in Fig. 6. The

slope is significant, with the asymmetry reaching values

of roughly 20% at large ∆y.
The ∆y dependence of the asymmetry in our binned

data can be calculated in each bin i of positive ∆y as

Att̄
(∆yi) =

N(∆yi)−N(−∆yi)

N(∆yi) +N(−∆yi)
(6)

∆

FIG. 6: ∆y-dependence of Att̄ according to mcfm.
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FIG. 7: Parton level asymmetries at small and large ∆y com-
pared to SM prediction of mcfm. The shaded bands represent
the total uncertainty in each bin. The negative going uncer-
tainty for ∆y < 1.0 is suppressed.

A parton-level measurement of Att̄(∆yi) in two bins

of high and low ∆y is available from the corrected ∆y
distribution in Fig. 5. We calculate the asymmetry sep-

arately for the low rapidity difference inner bin pair

|∆y| < 1.0 and the large rapidity difference outer bin pair

|∆y| ≥ 1.0. The systematic uncertainties in the bin-by-

bin comparison are evaluated using the same techniques

as in the inclusive measurement. Uncertainty in the back-

ground shape and normalization assumptions cause a sig-

nificant systematic uncertainty in the high ∆y bin.

The ∆y-dependent asymmetries are shown in Table
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• Light to moderate mass t(u)-channel resonances

• Z’, W’, scalar color triplets, sextets

• Exhibit Rutherford scattering peak

• enhanced forward x-section 

New Physics Interpretation(s)

q

q̄

M

t

t̄

(a) s-channel qq̄

g

g

M

t

t̄

(b) s-channel gg

q

q̄

M

t

t̄

(c) t-channel qq̄

Figure 1: Tree level tt̄ production diagram with mediator M exchange.

fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

discuss the LHC reach for discovering such states, based on the analysis of [48].

II. MODELS

The Leading Order (LO) SM tree-level amplitude for tt̄ production does not generate a

forward-backward asymmetry. In the SM, a small positive top forward-backward asymmetry

is generated through interference between a one-loop box diagram and a LO tree level

diagram, AFB(Mtt̄ < 450GeV) = 0.040 ± 0.006, AFB(Mtt̄ > 450 GeV) = 0.088 ± 0.013.3

Since the SM contribution is generated at NLO, if there is an additional LO tree-level

contribution from new physics, it can easily dominate.

Such LO diagrams are of the form of those in Fig. (1). They can be either s-channel

(Fig. (1a) and (1b)) or t-channel (Fig. 1c). s-channel mediators couple directly to light

flavors and gluons, and therefore the mediator masses must be large enough to evade dijet

resonance search constraints [11, 17]. To maximize the contribution to AFB, such a model

must have a big axial coupling.

On the other hand, t-channel models should have large flavor violation between the light

and the top generations, as can be seen in Fig. (1c). Large flavor violation is experimentally

allowed even for low mass mediators, M , as long as new couplings between light generations

and left-handed quarks is suppressed; then strong limits on flavor violation and from dijet

3 Interference between initial state gluon radiation and final state gluon radiation makes a very small

negative contribution to the asymmetry.

5

t̂ = m2
t −

ŝ

2
[1− βt cos θ]

βt =

�
1− 4m2

t

ŝ

t̂ = (pq − pt)2

M ∝ 1

t̂
∝ 1

1− cos θ

(cos θ = tanh∆y)

See Jure’s talk
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Figure 4: Event distribution densities for benchmark models at the parton level. The vertical axis

is top quark pseudo-rapidity, and the horizonal axis it tt̄ invariant mass.
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H
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becomes clear after examining the distribution of events in top pseudorapidity, ηt, and and

tt̄ invariant mass, mtt̄, as shown in Fig. (4). In order to generate a large asymmetry, the ηt

distribution must be skewed significantly with respect to the SM distribution. To generate a

very large asymmetry in the high invariant mass bin, the distribution must be more skewed

at high invariant mass. The distributions for the Z �
H

and W � models are so skewed at high

invariant mass that the peak of the distribution lies close to the ηt = 1 line. Thus a cut on

lepton pseudorapidity of |η| ≤ 1 and jet rapidity of |η| ≤ 2 ends up cutting out a signifi-

cantly greater fraction of events at high invariant mass than in the SM case. Importantly, in

unfolding the differential tt̄ cross-section, assumptions about event selection efficiencies must

be made; the assumption is that actual event selection efficiencies do not differ substantially

from the Standard Model efficiencies [52, 53]. This assumption clearly breaks down in the
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• initial state valence quarks dominate large x

• result in rapidity dependent charge asymmetry

Cross-check of Tevatron AFB measurements at LHC?

For a given y0, we define both a forward charge asymmetry,

AF (y0) =
Nt(y0 < |y| < 2.5)−Nt̄(y0 < |y| < 2.5)

Nt(y0 < |y| < 2.5) +Nt̄(y0 < |y| < 2.5)
, (1)

and a central charge asymmetry,

AC(y0) =
Nt(|y| < y0)−Nt̄(|y| < y0)

Nt(|y| < y0) +Nt̄(|y| < y0)
. (2)

Both definitions exploit the fact that the quark parton distribution functions (PDF) have

more support at large parton x than either the gluon or anti-quark PDFs, resulting in

an event-by-event correlation between the rapidity of the tt̄ pair and the incoming quark

direction. As a result, a positive forward-backward asymmetry implies that the number of

anti-top quarks in the central region is larger than the the number of top quarks, while the

total number of top and anti-top quarks integrated over the whole rapidity region is the

same (up to finite η acceptance, which we find to be a negligibly small effect). Thus, AF

and AC will have opposite signs. Note that in a given event both the top and the anti-top

can be either central or forward; with the definitions of Eq.(1) and Eq.(2), a single event can

thus contribute to both AF and AC , and the two observables are not independent. Since the

central region contains a larger proportion of symmetric gg initiated tt̄ events, the forward

charge asymmetry AF (y0) is a more sensitive probe of the underlying asymmetry in the tt̄

cross-section.

To estimate the potential to measure a charge asymmetry with a specific significance we

define the significance of an asymmetry observable as,

σA(y) =
|A(y)|
∆A(y)

, (3)

where ∆A(y) is the statistical uncertainty on A(y)

∆A(y) =

�
[∆Nt]2 + [∆Nt̄]2

Nt +Nt̄
. (4)

In this study we confine ourselves to estimates including statistical uncertainties. Systemat-

ics may prove important as well, but require detailed detector simulations which are beyond

the scope of this work.

A. Simulations

To generate the Standard Model signal we use MC@NLO [27] and shower those events

with Herwig. We normalize the tt̄ production cross section for
√
s = 14 TeV to its SM NNLO
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Forward Central

Hewett et al., 1103.4618

Kuhn & Rodrigo, hep-ph/9802268 
hep-ph/9807420 

Antunano et al., 0709.1652

Conclusions: 
! tantalizing situation – but, too soon for conclusions  

! LHC should provide answers: 

Antunano,Kühn, 
Rodrigo 

! plus: like-sign tops, dijets, … 

! if data persist, QCD unlikely to explain observed AFB 

! Tosi’s talk:  
QCD: ~1%    (Rodrigo) 



• t-channel contributions exhibit a forward scattering peak in σ

• Effects at Tevatron and LHC correlated

• expect sizable σt excess in the forward region: top quarks at LHCb?

Cross-check of Tevatron AFB measurements at LHC?
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LHCb

• Virtues/caveats of LHCb for top physics

• High pseudorapidity coverage η<5 (4.5) for jets (muons)

• Excellent vertexing, b-tagging capabilities

• Low calorimeter saturation energy, high punch-through rate

• Small phase-angle coverage (no Emiss constraints)

✗t



• Top quarks at LHCb identified via single muon and b-tagged high-pT jet

• Feasibility of high-pT track reconstruction and μ isolation demonstrated in 
W/Z studies

LHCb✗t

Keaveney [LHCb],1101.4897

LHCb unique forward top                         
detection potential

! CDF had-lep: 
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Finally, we look at App̄ as a function of the b-tag mul-

tiplicity. We observed in Sec. VII that the inclusive App̄

is zero in the double b-tagged events. In Table XVII, we

see that this pattern persists at high mass, although the

statistical precision is poor. Appealing again to pseudo-

experiments with Poisson fluctuations, we find that a ra-

tio of double to single tag App̄ as small as that in the data

occurs in 6% of all pseudo-experiments with mc@nlo.
We conclude that the low value of App̄ in the double b-
tagged sample is consistent with a statistical fluctuation.

IX. CONCLUSIONS

We have studied the forward-backward asymmetry of

top quark pairs produced in 1.96 TeV pp̄ collisions at

the Fermilab Tevatron. In a sample of 1260 events in

the lepton+jet decay topology, we measure the parton-

level inclusive asymmetry in both the laboratory and tt̄
rest frame, and rapidity-dependent, and Mtt̄-dependent

asymmetries in the tt̄ rest frame. We compare to NLO

predictions for the small charge asymmetry of QCD.

The laboratory frame measurement uses the rapidity

of the hadronically decaying top system and combines

the two lepton charge samples under the assumption of

CP conservation. This distribution shows a parton-level

forward backward asymmetry in the laboratory frame of

App̄ = 0.150 ± 0.055 (stat+sys). This has less than 1%

probability of representing a fluctuation from zero, and

is two standard deviations above the predicted asymme-

try from NLO QCD. We also study the frame-invariant

difference of the rapidities, ∆y = yt − yt̄, which is pro-

portional to the top quark rapidity in the tt̄ rest frame.

Asymmetries in ∆y are identical to those in the t pro-

duction angle in the tt̄ rest frame. We find a parton-level

asymmetry of Att̄ = 0.158 ± 0.075 (stat+sys), which is

somewhat higher than, but not inconsistent with, the

NLO QCD expectation of 0.058± 0.009.
In the tt̄ rest frame we measure fully corrected asym-

metries at small and large ∆y

Att̄(|∆y| < 1.0) = 0.026± 0.118
Att̄(|∆y| ≥ 1.0) = 0.611± 0.256

to be compared with mcfm predictions of 0.039 ± 0.006
and 0.123± 0.008 for these ∆y regions respectively.

In the tt̄ rest frame the asymmetry is a rising function

of the tt̄ invariant mass Mtt̄, with parton level asymme-

tries

Att̄(Mtt̄ < 450 GeV/c2) = −0.116± 0.153
Att̄(Mtt̄ ≥ 450 GeV/c2) = 0.475± 0.114

to be compared with mcfm predictions of 0.040 ± 0.006
and 0.088±0.013 for these Mtt̄ regions respectively. The

asymmetry at high mass is 3.4 standard deviations above

the NLO prediction for the charge asymmetry of QCD,

however we are aware that the accuracy of these theo-

retical predictions are under study. The separate results

at high mass and large ∆y contain partially independent

information on the asymmetry mechanism.

The asymmetries reverse sign under interchange of lep-

ton charge in a manner consistent with CP conservation.

The tt̄ frame asymmetry for Mtt̄ ≥ 450 GeV/c2 is found

to be robust against variations in tt̄ reconstruction qual-

ity and secondary vertex b-tagging. When the high-mass

data is divided by the lepton flavor, the asymmetries

are larger in muonic events, but statistically compatible

across species. Simple studies of the jet multiplicity and

frame dependence of the asymmetry at high mass may

offer the possibility of discriminating between the NLO

QCD effect and other models for the asymmetry, but the

statistical power of these comparisons is currently insuf-

ficient for any conclusion.

The measurements presented here suggest that the

modest inclusive tt̄ production asymmetry originates

from a significant effect at large rapidity difference ∆y
and total invariant mass Mtt̄. The predominantly qq̄
collisions of the Fermilab Tevatron are an ideal environ-

ment for further examination of this effect, and additional

studies are in progress.
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X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and
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X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and

Also motivated by models with t-channel light particle exchange.

! What’s top?  

2

b jet detection efficiency. The fact that this is in the ball
park of the mistag rates found by ATLAS and CMS [? ?
] (for a b-tagging efficiency of 50%) is encouraging. For
charm jets, the Wc background can be brought to a level
at or below the top signal with a far more modest mistag
rate (consistent with [? ? ]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. ?? (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [? ], and
a prior NLO analysis [? ]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second b
jet in the forward direction, may allow a further reduc-
tion of the single top background. It is important to note
that the LHCb is sensitive to models in which single top
production receives a large forward enhancement (see [?
] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [? ] for showering and hadronization.
FastJet [? ] has been employed for jet clustering us-
ing the anti-kt [? ] algorithm with R = 0.4. Cuts of

pT > 50 GeV are imposed on the leading b or light jet.
For the jj background we assume a j → b mistag rate
of 1 : 100, as discussed above. Fake j → µ muons origi-
nate from calorimeter punch through and also from early
leptonic decays of pions and kaons. The former can be
removed with a cut on the maximum energy deposited
in the hadronic calorimeters [? ]. The muons originating
from decay in flight can be efficiently rejected by requir-
ing an isolation cut. We estimate the rejection power by
requiring that the subleading jet in pT contains only a
single particle (pion or kaon). In addition, we employ an
early leptonic decay rate of 10−3, as obtained with a full
detector simulation in [? ]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting
in a rejection power of 1 : 105. In Fig. ??, the raw jj
and bb backgrounds (drawn in thick dot-dashed green and
dotted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. ?? shows, after the cuts described above and
with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. ??,

b & isolated � with pb,�
T > 50, 20 GeV & mb� > 50 GeV.

Studies of electroweak boson production in the forward region with LHCb
James Keaveney (on behalf of the LHCb collaboration

(a) Before selection cuts (b) After selection cuts

Figure 1: Ptµ distributions forW → µ! and background components before and after selection criteria are
applied. The Ptµ > 30 GeV requirement is illustrated.

2.2 Z and "∗ selection

Similar techniques are used to the select dimuons arising from the decays of Z and "∗ bosons.
These events are triggered by the requirement of a di-muon with PT > 1.5 GeV in the initial L0
hardware trigger and requirement of a dimuon with an invariant mass in the range 2.5 < mµµ <

40 GeV for "∗ → µ+µ− events and mµµ > 40 GeV for Z → µ+µ− events in the subsequent
software trigger. Backgrounds are dominated by the decays of heavy quarks and the mis-ID of
high momentum di-hadrons as di-muons. In the offline selection of Z bosons, requiring two muons
that originated at the primary vertex, each with PT > 20 GeV and the hadronic energy associated
to each track <50GeV with 71< mµµ < 111 GeV, yields a selected signal sample with 97% purity
and 91% efficiency on triggered events [3]. To further suppress backgrounds and increase selected
signal sample purity the isolated nature of muon tracks from electroweak boson decay is exploited.
For a given dimuon candidate, the cone isolation (Cpt , previously defined in (2.1)) of each muon is
used to construct a dimuon asymmetry Ipt

Ipt =

√

(Cµ+
pt −1)2+(Cµ−

pt −1)2

8
(2.2)

By requiring dimuon candidates to have Ipt < 0.2, the purity of the selected sample is increased
to 99%. The background components described are far more dominant at the low invariant mass
region corresponding to "∗ → µ+µ− events. To suppress this large background the candidate
tracks are required to pass a pre-selection based on impact parameter significance (IPS < 3) and
track #2 per degree of freedom less than 2.5. A muon hypothesis likelihood is constructed from
subdetector information associated to a muon candidate and a requirement is placed on this variable
to reject background arising from mis-identified pions and kaons. Finally, a Fisher discriminant is
constructed from four asymmetries of the form A(x,y) = (x− y)/(x+ y):

A(Pµ+,Pcone+), A(Pµ−,Pcone−), A(Pµ+ +Pµ−,Pother tracks in event), A(Pcone+ +Pcone− ,Pother tracks in event),
(2.3)

and cuts on the Fisher discriminant are optimized for purity in four distinct regions of the "∗ →

µ+µ− mass spectrum [4].
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Studies of electroweak boson production in the forward region with LHCb
James Keaveney (on behalf of the LHCb collaboration

1. Introduction

The LHCb experiment [1], one of the four main experiments at the LHC, has begun taking
data at

√
s = 7TeV and expects to take 1fb−1 by the end of 2011. Studies of electroweak boson

production in this data form a significant component of the early physics programme at the LHC
for numerous reasons. Firstly, these studies can make a precise test of the standard model at a new
energy regime and provide an input to proton PDF constraining procedures. Secondly, the low
theoretical uncertainty on the Z boson production cross section coupled with the ability to select
signal samples of high purity makes an indirect luminosity measurement possible with a relatively
small data sample. Thirdly, the clean experimental signature of the muonic decay channels allows
detector calibration and performance studies to be performed using early data.

As electroweak theory can currently describe the fundamental partonic processes of elec-
troweak boson production at the LHC at next-to-next-to-leading order [2], the dominant uncer-
tainties on theoretical predictions of these processes arise from the knowledge of proton PDFs. In
kinematic regions where PDF uncertainties are low, precise measurements of electroweak bosons
provide a stringent test of the standard model. In other regions where PDF uncertainties are large,
these studies can constrain PDFs. Uniquely among the LHC experiments, LHCb is instrumented
in one direction only, with acceptance in the pseudorapidity region 1.9 < ! < 4.9. This angular
acceptance is complimented by the ability to trigger and reconstruct muons in the kinematic range
(Pµ > 6 GeV, Ptµ > 1 GeV). By studying the low mass "∗ → − > µ+µ− LHCb can access two
distinct regions of (x,Q2) space, one of which is previously unexplored.

We present the methods developed to select samples ofW → µ# ,Z→ µ+µ− and "∗→ µ+µ−

events. The efficiencies, purities and yields of these methods are estimated using Monte Carlo data.

2. Triggering and offline selection of signal events

2.1 W → µ# selection

The muonic decay channel of the W boson is characterized by a single, isolated muon with
a large transverse momentum. At LHCb, these events will be initially triggered by requiring a
muon with PT > 1 GeV in the Level-0 hardware trigger. In the subsequent software stages of the
LHCb trigger we require a muon with PT > 20 GeV to be reconstructed. The largest backgrounds
to these events arise from the semi-leptonic decay of heavy quark hadrons, Z → µ+µ− events in
which one muon decays outside the LHCb acceptance and mis-identification of high momentum
hadrons as muons. To suppress these backgrounds offline, the candidate muon track is required to
have PT > 30 GeV. Isolation requirements are then imposed on the remaining candidate tracks. In
Equation 2.1 we define an asymmetry, Apt , between the PT of the candidate track and the summed
PT of all other tracks in the event and an asymmetry Cpt between the PT of the candidate track and
the summed PT of all tracks in an imaginary cone around the candidate of radius 1 in eta-phi space,

Apt =
Ptµ −Ptother tracks in event
Ptµ +Ptother tracks in event

Cpt =
Ptµ −Ptall tracks in cone
Ptµ +Ptall tracks in cone

(2.1)

and require Apt > 0.3andCpt > 0.7
In Fig. 2.1 the effect of the selection cuts on signal and background is shown.
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Finally, we look at App̄ as a function of the b-tag mul-

tiplicity. We observed in Sec. VII that the inclusive App̄

is zero in the double b-tagged events. In Table XVII, we

see that this pattern persists at high mass, although the

statistical precision is poor. Appealing again to pseudo-

experiments with Poisson fluctuations, we find that a ra-

tio of double to single tag App̄ as small as that in the data

occurs in 6% of all pseudo-experiments with mc@nlo.
We conclude that the low value of App̄ in the double b-
tagged sample is consistent with a statistical fluctuation.

IX. CONCLUSIONS

We have studied the forward-backward asymmetry of

top quark pairs produced in 1.96 TeV pp̄ collisions at

the Fermilab Tevatron. In a sample of 1260 events in

the lepton+jet decay topology, we measure the parton-

level inclusive asymmetry in both the laboratory and tt̄
rest frame, and rapidity-dependent, and Mtt̄-dependent

asymmetries in the tt̄ rest frame. We compare to NLO

predictions for the small charge asymmetry of QCD.

The laboratory frame measurement uses the rapidity

of the hadronically decaying top system and combines

the two lepton charge samples under the assumption of

CP conservation. This distribution shows a parton-level

forward backward asymmetry in the laboratory frame of

App̄ = 0.150 ± 0.055 (stat+sys). This has less than 1%

probability of representing a fluctuation from zero, and

is two standard deviations above the predicted asymme-

try from NLO QCD. We also study the frame-invariant

difference of the rapidities, ∆y = yt − yt̄, which is pro-

portional to the top quark rapidity in the tt̄ rest frame.

Asymmetries in ∆y are identical to those in the t pro-

duction angle in the tt̄ rest frame. We find a parton-level

asymmetry of Att̄ = 0.158 ± 0.075 (stat+sys), which is

somewhat higher than, but not inconsistent with, the

NLO QCD expectation of 0.058± 0.009.
In the tt̄ rest frame we measure fully corrected asym-

metries at small and large ∆y

Att̄(|∆y| < 1.0) = 0.026± 0.118
Att̄(|∆y| ≥ 1.0) = 0.611± 0.256

to be compared with mcfm predictions of 0.039 ± 0.006
and 0.123± 0.008 for these ∆y regions respectively.

In the tt̄ rest frame the asymmetry is a rising function

of the tt̄ invariant mass Mtt̄, with parton level asymme-

tries

Att̄(Mtt̄ < 450 GeV/c2) = −0.116± 0.153
Att̄(Mtt̄ ≥ 450 GeV/c2) = 0.475± 0.114

to be compared with mcfm predictions of 0.040 ± 0.006
and 0.088±0.013 for these Mtt̄ regions respectively. The

asymmetry at high mass is 3.4 standard deviations above

the NLO prediction for the charge asymmetry of QCD,

however we are aware that the accuracy of these theo-

retical predictions are under study. The separate results

at high mass and large ∆y contain partially independent

information on the asymmetry mechanism.

The asymmetries reverse sign under interchange of lep-

ton charge in a manner consistent with CP conservation.

The tt̄ frame asymmetry for Mtt̄ ≥ 450 GeV/c2 is found

to be robust against variations in tt̄ reconstruction qual-

ity and secondary vertex b-tagging. When the high-mass

data is divided by the lepton flavor, the asymmetries

are larger in muonic events, but statistically compatible

across species. Simple studies of the jet multiplicity and

frame dependence of the asymmetry at high mass may

offer the possibility of discriminating between the NLO

QCD effect and other models for the asymmetry, but the

statistical power of these comparisons is currently insuf-

ficient for any conclusion.

The measurements presented here suggest that the

modest inclusive tt̄ production asymmetry originates

from a significant effect at large rapidity difference ∆y
and total invariant mass Mtt̄. The predominantly qq̄
collisions of the Fermilab Tevatron are an ideal environ-

ment for further examination of this effect, and additional

studies are in progress.
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X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and
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predictions for the small charge asymmetry of QCD.
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the two lepton charge samples under the assumption of

CP conservation. This distribution shows a parton-level
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QCD effect and other models for the asymmetry, but the
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ficient for any conclusion.

The measurements presented here suggest that the

modest inclusive tt̄ production asymmetry originates

from a significant effect at large rapidity difference ∆y
and total invariant mass Mtt̄. The predominantly qq̄
collisions of the Fermilab Tevatron are an ideal environ-

ment for further examination of this effect, and additional

studies are in progress.

We thank T. Tait, G. Sterman, W. Vogelsang, and

A. Mitov for valuable conversations and assistance. We

thank the Fermilab staff and the technical staffs of the

participating institutions for their vital contributions.

This work was supported by the U.S. Department of En-

ergy and National Science Foundation; the Italian Isti-

tuto Nazionale di Fisica Nucleare; the Ministry of Educa-

tion, Culture, Sports, Science and Technology of Japan;

the Natural Sciences and Engineering Research Council

of Canada; the National Science Council of the Repub-

lic of China; the Swiss National Science Foundation; the

A.P. Sloan Foundation; the Bundesministerium für Bil-

dung und Forschung, Germany; the World Class Uni-

versity Program, the National Research Foundation of

Korea; the Science and Technology Facilities Council and

the Royal Society, UK; the Institut National de Physique

Nucleaire et Physique des Particules/CNRS; the Russian

Foundation for Basic Research; the Ministerio de Cien-

cia e Innovación, and Programa Consolider-Ingenio 2010,

Spain; the Slovak R&D Agency; and the Academy of Fin-

land.

X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and

Also motivated by models with t-channel light particle exchange.

! What’s top?  
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b jet detection efficiency. The fact that this is in the ball
park of the mistag rates found by ATLAS and CMS [? ?
] (for a b-tagging efficiency of 50%) is encouraging. For
charm jets, the Wc background can be brought to a level
at or below the top signal with a far more modest mistag
rate (consistent with [? ? ]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. ?? (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [? ], and
a prior NLO analysis [? ]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second b
jet in the forward direction, may allow a further reduc-
tion of the single top background. It is important to note
that the LHCb is sensitive to models in which single top
production receives a large forward enhancement (see [?
] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [? ] for showering and hadronization.
FastJet [? ] has been employed for jet clustering us-
ing the anti-kt [? ] algorithm with R = 0.4. Cuts of

pT > 50 GeV are imposed on the leading b or light jet.
For the jj background we assume a j → b mistag rate
of 1 : 100, as discussed above. Fake j → µ muons origi-
nate from calorimeter punch through and also from early
leptonic decays of pions and kaons. The former can be
removed with a cut on the maximum energy deposited
in the hadronic calorimeters [? ]. The muons originating
from decay in flight can be efficiently rejected by requir-
ing an isolation cut. We estimate the rejection power by
requiring that the subleading jet in pT contains only a
single particle (pion or kaon). In addition, we employ an
early leptonic decay rate of 10−3, as obtained with a full
detector simulation in [? ]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting
in a rejection power of 1 : 105. In Fig. ??, the raw jj
and bb backgrounds (drawn in thick dot-dashed green and
dotted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. ?? shows, after the cuts described above and
with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. ??,

b & isolated � with pb,�
T > 50, 20 GeV & mb� > 50 GeV.
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the mistag rates found by ATLAS and CMS [10, 11] (for
a b-tagging efficiency of 50%) is encouraging. For charm
jets, the Wc background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. 1 (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [12], and
a prior NLO analysis [13]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second
b jet in the forward direction, may allow a further re-
duction of the single top background. It is important to
note that the LHCb is sensitive to models in which sin-
gle top production receives a large forward enhancement
(see [14] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0.4. Cuts of pT > 50GeV
are imposed on the leading b or light jet. For the jj

background we assume a j → b mistag rate of 1 : 100,
as discussed above. Fake j → µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in flight can be efficiently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10−3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.
As Fig. 1 shows, after the cuts described above and

with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.
Forward-backward asymmetry. At the LHC there

is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
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Finally, we look at App̄ as a function of the b-tag mul-
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is zero in the double b-tagged events. In Table XVII, we

see that this pattern persists at high mass, although the
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metries at small and large ∆y

Att̄(|∆y| < 1.0) = 0.026± 0.118
Att̄(|∆y| ≥ 1.0) = 0.611± 0.256

to be compared with mcfm predictions of 0.039 ± 0.006
and 0.123± 0.008 for these ∆y regions respectively.

In the tt̄ rest frame the asymmetry is a rising function

of the tt̄ invariant mass Mtt̄, with parton level asymme-

tries

Att̄(Mtt̄ < 450 GeV/c2) = −0.116± 0.153
Att̄(Mtt̄ ≥ 450 GeV/c2) = 0.475± 0.114

to be compared with mcfm predictions of 0.040 ± 0.006
and 0.088±0.013 for these Mtt̄ regions respectively. The

asymmetry at high mass is 3.4 standard deviations above

the NLO prediction for the charge asymmetry of QCD,

however we are aware that the accuracy of these theo-

retical predictions are under study. The separate results

at high mass and large ∆y contain partially independent

information on the asymmetry mechanism.

The asymmetries reverse sign under interchange of lep-

ton charge in a manner consistent with CP conservation.

The tt̄ frame asymmetry for Mtt̄ ≥ 450 GeV/c2 is found

to be robust against variations in tt̄ reconstruction qual-

ity and secondary vertex b-tagging. When the high-mass

data is divided by the lepton flavor, the asymmetries

are larger in muonic events, but statistically compatible

across species. Simple studies of the jet multiplicity and

frame dependence of the asymmetry at high mass may

offer the possibility of discriminating between the NLO

QCD effect and other models for the asymmetry, but the

statistical power of these comparisons is currently insuf-

ficient for any conclusion.

The measurements presented here suggest that the

modest inclusive tt̄ production asymmetry originates

from a significant effect at large rapidity difference ∆y
and total invariant mass Mtt̄. The predominantly qq̄
collisions of the Fermilab Tevatron are an ideal environ-

ment for further examination of this effect, and additional

studies are in progress.
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X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and
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is zero in the double b-tagged events. In Table XVII, we

see that this pattern persists at high mass, although the

statistical precision is poor. Appealing again to pseudo-

experiments with Poisson fluctuations, we find that a ra-

tio of double to single tag App̄ as small as that in the data

occurs in 6% of all pseudo-experiments with mc@nlo.
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however we are aware that the accuracy of these theo-

retical predictions are under study. The separate results

at high mass and large ∆y contain partially independent

information on the asymmetry mechanism.

The asymmetries reverse sign under interchange of lep-

ton charge in a manner consistent with CP conservation.

The tt̄ frame asymmetry for Mtt̄ ≥ 450 GeV/c2 is found

to be robust against variations in tt̄ reconstruction qual-

ity and secondary vertex b-tagging. When the high-mass

data is divided by the lepton flavor, the asymmetries
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QCD effect and other models for the asymmetry, but the
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modest inclusive tt̄ production asymmetry originates
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X. APPENDIX: THE COLOR-OCTET MODELS

In the generic color-octet model of Ref. [8], the gluon-

octet interference produces an asymmetric cos(θ∗) term

in the production cross section. The couplings of the

top and the light quarks to the massive gluon have op-

posite sign, giving a positive asymmetry as seen in the

data. This was implemented in the madgraph frame-

work, and the couplings and MG were tuned to reason-

ably reproduce the asymmetries and Mtt̄ distribution of

the data [26]. The sample called OctetA, with couplings

gV = 0, gA(q) = 3/2, gA(t) = −3/2, and mass MG = 2.0
TeV/c2, has parton level asymmetries of App̄ = 0.110 and

Also motivated by models with t-channel light particle exchange.

! What’s top?  
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b jet detection efficiency. The fact that this is in the ball
park of the mistag rates found by ATLAS and CMS [? ?
] (for a b-tagging efficiency of 50%) is encouraging. For
charm jets, the Wc background can be brought to a level
at or below the top signal with a far more modest mistag
rate (consistent with [? ? ]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. ?? (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [? ], and
a prior NLO analysis [? ]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second b
jet in the forward direction, may allow a further reduc-
tion of the single top background. It is important to note
that the LHCb is sensitive to models in which single top
production receives a large forward enhancement (see [?
] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [? ] for showering and hadronization.
FastJet [? ] has been employed for jet clustering us-
ing the anti-kt [? ] algorithm with R = 0.4. Cuts of

pT > 50 GeV are imposed on the leading b or light jet.
For the jj background we assume a j → b mistag rate
of 1 : 100, as discussed above. Fake j → µ muons origi-
nate from calorimeter punch through and also from early
leptonic decays of pions and kaons. The former can be
removed with a cut on the maximum energy deposited
in the hadronic calorimeters [? ]. The muons originating
from decay in flight can be efficiently rejected by requir-
ing an isolation cut. We estimate the rejection power by
requiring that the subleading jet in pT contains only a
single particle (pion or kaon). In addition, we employ an
early leptonic decay rate of 10−3, as obtained with a full
detector simulation in [? ]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting
in a rejection power of 1 : 105. In Fig. ??, the raw jj
and bb backgrounds (drawn in thick dot-dashed green and
dotted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.

As Fig. ?? shows, after the cuts described above and
with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. ??,

b & isolated � with pb,�
T > 50, 20 GeV & mb� > 50 GeV.
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the mistag rates found by ATLAS and CMS [10, 11] (for
a b-tagging efficiency of 50%) is encouraging. For charm
jets, the Wc background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. 1 (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [12], and
a prior NLO analysis [13]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second
b jet in the forward direction, may allow a further re-
duction of the single top background. It is important to
note that the LHCb is sensitive to models in which sin-
gle top production receives a large forward enhancement
(see [14] for a recent discussion).
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FIG. 1: The tt̄ signal and background distributions as a func-
tion of the invariant mass of the candidate b and muon, mbµ,
see text for details. The curves from top to bottom (at
mbµ = 100 GeV) are for tt̄, Wj, single top, Wb, bb, and
jj.

Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0.4. Cuts of pT > 50GeV
are imposed on the leading b or light jet. For the jj

background we assume a j → b mistag rate of 1 : 100,
as discussed above. Fake j → µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in flight can be efficiently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10−3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.
As Fig. 1 shows, after the cuts described above and

with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.
Forward-backward asymmetry. At the LHC there

is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. 2, where
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the difference between the top and anti-top cross sections
(numerator of Att̄

η ) as well as the rate asymmetry, are
plotted as functions of the muon pseudorapidity, ηµ (al-
ternatively, one could also study the dependence on the
b pseudorapidity). For illustration, the NP signal (drawn
in thick full black line) is due to t-channel Z � exchange,
see Jung et al. in [19], with parameters chosen to yield a
sizable forward-backward asymmetry in the forward re-
gion (Att̄

∆y>1 = 0.43 at leading order in QCD). The SM
leading order contribution is symmetric, consistent with
no rate asymmetry.
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FIG. 2: The signal and background top anti-top cross section
differences (upper pannel) and individual rate asymmetries
(lower pannel), as functions of ηµ. See text for details.

The Wj, Wb, and single top backgrounds also yield
a rate asymmetry. Their impact is included in Fig. 2
(in thin full purple, dashed orange and thick dashed blue
lines respectively), where the actual rate differences and
the individual asymmetries are shown in the upper and
lower panel, respectively. The largest background to the
top anti-top cross section difference is due to Wj (again
we have assumed a j → b mistag rate of 1 : 100). How-
ever, the underlying Wj cross section asymmetry should
be be well measured by LHCb, due to the large statistics

that will be available in Wj. Thus, precise knowledge
of the j → b mistag rate would accurately determine
this background for Att̄

η . Sizable contributions to Att̄
η are

also expected to arise from single top production, see
Fig. 2. Our single top simulation corresponds to inclu-
sive cross sections of 41 pb (t) and 21 pb (t̄), consistent
with [12, 13]. Note that precise ATLAS and CMS mea-
surements of the Wj and single top cross section asym-
metries at lower pseudorapidities will again be useful for
calibrating the relevant Monte Carlo tools.

We emphasize that our analysis does not aim to re-
place a state of the art experimental effort, including op-
timization of cuts and detector effects. We merely wish
to point out that such an analysis may be feasible and
worthwhile, especially if the NP leads to anomalous top
kinematics in the forward direction. Finally, we note that
the pT and pseudorapidty distributions of the muon [20],
which is known to be a perfect top-spin analyzer, may
provide LHCb with sensitivity to differences between the
polarization of the top produced in the SM and in its
extensions.
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jets, the Wc background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome Wb
irreducible background lies well below the signal.

Single top production, due to its forward nature, is
another relevant irreducible background for the tt̄ signal.
As shown in Fig. 1 (in thick dashed blue line), within
the SM and with the cuts described above, a signal to
background ratio of a few is expected. Our leading order
curve for the sum of single top and anti-top production
corresponds to an inclusive cross section of 62 pb, consis-
tent with a recent approximate NNLO analysis [12], and
a prior NLO analysis [13]. Note that single top measure-
ments at ATLAS and CMS, particularly at the high end
of their pseudorapidity reach, η ∼ 2, will be useful for
calibrating single top production in the various Monte
Carlo tools. A detailed study of the differences between
single top and tt̄ events, e.g. the presence of a second
b jet in the forward direction, may allow a further re-
duction of the single top background. It is important to
note that the LHCb is sensitive to models in which sin-
gle top production receives a large forward enhancement
(see [14] for a recent discussion).
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Backgrounds in the second category consist of QCD
production of bb̄ as well as light jets, where one jet in-
side the detector is mistagged as an isolated muon and
the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
Jet [16] has been employed for jet clustering using the
anti-kt [17] algorithm with R = 0.4. Cuts of pT > 50GeV
are imposed on the leading b or light jet. For the jj

background we assume a j → b mistag rate of 1 : 100,
as discussed above. Fake j → µ muons originate from
calorimeter punch through and also from early leptonic
decays of pions and kaons. The former can be removed
with a cut on the maximum energy deposited in the
hadronic calorimeters [18]. The muons originating from
decay in flight can be efficiently rejected by requiring an
isolation cut. We estimate the rejection power by requir-
ing that the subleading jet in pT contains only a single
particle (pion or kaon). In addition, we employ an early
leptonic decay rate of 10−3, as obtained with a full de-
tector simulation in [18]. Combining the two yields a
rejection power of 1 : 106. For the b → µ fake rate we
require that one b decays (semi)leptonically and apply a
∆R = 0.4 isolation cut on the emitted muon, resulting in
a rejection power of 1 : 105. In Fig. 1, the raw jj and bb
backgrounds (drawn in thick dot-dashed green and dot-
ted red lines respectively) are multiplied by 10−8 and
10−5, respectively, demonstrating that they are reduced
to levels well below the signal using our estimates.
As Fig. 1 shows, after the cuts described above and

with a j → b mistag rate of 1 : 100, a signal to back-
ground ratio near one is expected. However, the largest
background, due to Wj, could be well measured given a
precise determination of the j → b mistag rate at LHCb.
Consequently, with enough statistics the tt̄ signal can be
extracted. For instance, with the above cuts more than
one hundred tt̄ events are expected for one fb−1.
Forward-backward asymmetry. At the LHC there

is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no differ-
ence between the top and anti-top distributions as func-
tions of η. However, a positive forward-backward asym-
metry would imply that the top direction is correlated
with the u or d parton direction from the hard part of
the interaction. Hence it is expected to be more boosted
and forward on average, compared to the anti-top. Thus,
one would expect the forward-backward asymmetry to
generate a tt̄ rate asymmetry at given pseudorapidity,

Att̄
η =

�
dσt/dη − dσt̄/dη

dσt/dη + dσt̄/dη

�

η∈2−5

, (2)

resulting in a different number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. 2, where
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the difference between the top and anti-top cross sections
(numerator of Att̄

η ) as well as the rate asymmetry, are
plotted as functions of the muon pseudorapidity, ηµ (al-
ternatively, one could also study the dependence on the
b pseudorapidity). For illustration, the NP signal (drawn
in thick full black line) is due to t-channel Z � exchange,
see Jung et al. in [20], with parameters chosen to yield a
sizable forward-backward asymmetry in the forward re-
gion (Att̄

∆y>1 = 0.43 at leading order in QCD). The SM
leading order contribution is symmetric, consistent with
no rate asymmetry.
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FIG. 2: The signal and background top anti-top cross section
differences (upper pannel) and individual rate asymmetries
(lower pannel), as functions of ηµ. See text for details.

The Wj, Wb, and single top backgrounds also yield
a rate asymmetry. Their impact is included in Fig. 2
(in thin full purple, dashed orange and thick dashed blue
lines respectively), where the actual rate differences and
the individual asymmetries are shown in the upper and
lower panel, respectively. The largest background to the
top anti-top cross section difference is due to Wj (again
we have assumed a j → b mistag rate of 1 : 100). How-
ever, the underlying Wj cross section asymmetry should
be be well measured by LHCb, due to the large statistics

that will be available in Wj. Thus, precise knowledge
of the j → b mistag rate would accurately determine
this background for Att̄

η . Sizable contributions to Att̄
η are

also expected to arise from single top production, see
Fig. 2. Our single top simulation corresponds to inclu-
sive cross sections of 41 pb (t) and 21 pb (t̄), consistent
with [12, 13]. Note that precise ATLAS and CMS mea-
surements of the Wj and single top cross section asym-
metries at lower pseudorapidities will again be useful for
calibrating the relevant Monte Carlo tools.
We emphasize that our analysis does not aim to re-

place a state of the art experimental effort, including op-
timization of cuts and detector effects. We merely wish
to point out that such an analysis may be feasible and
worthwhile, especially if the NP leads to anomalous top
kinematics in the forward direction. Finally, we note that
the pT and pseudorapidty distributions of the muon [21],
which is known to be a perfect top-spin analyzer, may
provide LHCb with sensitivity to differences between the
polarization of the top produced in the SM and in its
extensions. Moreover, a measurement of the top polar-
ization could shed light [22] on the origin of a large top
charge asymmetry in the forward region.
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(numerator of Att̄

η ) as well as the rate asymmetry, are
plotted as functions of the muon pseudorapidity, ηµ (al-
ternatively, one could also study the dependence on the
b pseudorapidity). For illustration, the NP signal (drawn
in thick full black line) is due to t-channel Z � exchange,
see Jung et al. in [19], with parameters chosen to yield a
sizable forward-backward asymmetry in the forward re-
gion (Att̄

∆y>1 = 0.43 at leading order in QCD). The SM
leading order contribution is symmetric, consistent with
no rate asymmetry.
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FIG. 2: The signal and background top anti-top cross section
differences (upper pannel) and individual rate asymmetries
(lower pannel), as functions of ηµ. See text for details.

The Wj, Wb, and single top backgrounds also yield
a rate asymmetry. Their impact is included in Fig. 2
(in thin full purple, dashed orange and thick dashed blue
lines respectively), where the actual rate differences and
the individual asymmetries are shown in the upper and
lower panel, respectively. The largest background to the
top anti-top cross section difference is due to Wj (again
we have assumed a j → b mistag rate of 1 : 100). How-
ever, the underlying Wj cross section asymmetry should
be be well measured by LHCb, due to the large statistics

that will be available in Wj. Thus, precise knowledge
of the j → b mistag rate would accurately determine
this background for Att̄

η . Sizable contributions to Att̄
η are

also expected to arise from single top production, see
Fig. 2. Our single top simulation corresponds to inclu-
sive cross sections of 41 pb (t) and 21 pb (t̄), consistent
with [12, 13]. Note that precise ATLAS and CMS mea-
surements of the Wj and single top cross section asym-
metries at lower pseudorapidities will again be useful for
calibrating the relevant Monte Carlo tools.

We emphasize that our analysis does not aim to re-
place a state of the art experimental effort, including op-
timization of cuts and detector effects. We merely wish
to point out that such an analysis may be feasible and
worthwhile, especially if the NP leads to anomalous top
kinematics in the forward direction. Finally, we note that
the pT and pseudorapidty distributions of the muon [20],
which is known to be a perfect top-spin analyzer, may
provide LHCb with sensitivity to differences between the
polarization of the top produced in the SM and in its
extensions.
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Conclusions

• At LHC, AFB manifestation as rapidity dependent charge asymmetry

• In light t-channel models, forward region particularly enhanced

• Opportunities for top physics program at LHCb

• High-pt muon reconstruction demonstrated, b-tagging feasible

• use additional information (jets, etc.) in the detector to suppress 
backgrounds?

• Possibilities to measure charge asymmetry in t and t rates

• even access to top polarization observables?
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