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(naively: QCD jets are massless while top jets ~ mt)

Tops forward-backward asym’ (AFB) from hard            
new physics (NP), effective field theory (EFT).                                  

Outline

theorist

experimentalis
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(see also talk by Aguilar-Saavedra)
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CDF boosted top search. 
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[Warped flavor triviality                        ]

Summary.

(see talk by Seung Lee)



AFBForward-backward asymmetry in tt̄ production
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Measurement at Tevatron: inclusive and in bins of invariant mass Mtt̄
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               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
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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



AFB via EFT

✦ Heavy NP yield a simple description: (dim’ 8 not important)

i. Two leading op’ interfere to contribute to AFB:
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We conservatively use this result, as that of [47] would
be less constraining given our framework.

(iii) The tt̄ differential cross section, which for sim-
plicity we choose to represent by the following large Mtt̄

bin [48]:

σh ≡ σtt̄(700 GeV < Mtt̄ < 800 GeV) = 80 ± 37 fb ,
(10)

to be compared with the SM prediction [2, 47], σh =
80 ± 8 fb. The choice of this specific bin requires some
explanation.

• Since we focus on new physics which contributes to
the tt̄ cross section ∝ (Mtt̄/Λ)2 relative to the SM,
the corrections to lower Mtt̄ bins are less significant.

• In the more recent study of [1], which was based on
a larger sample, there is some discrepancy above
800 GeV (note however that the data in [1] is not
unfolded to the partonic level and so cannot be di-
rectly used). Hence we choose to use the next-to-
last bin given in [48].

In order to minimize the impact of NLO corrections
to the new physics (NP) contributions, we normalize the
new physics contribution to the SM one. We assume that
the K-factors are universal, so that the NP/SM ratios at
LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent
Eqs. (9) and (10) as follows:

Ni ≡
∣

∣σNP
i /σSM

i

∣

∣ ! 0.1 ,

Nh ≡
∣

∣σNP
h /σSM

h

∣

∣ ! 0.5 . (11)

Leff for tt̄ production. The basic assumption that
we aim to test is that the source of the large value of Att̄

h is
new physics that is characterized by a mass scale Λ that is
larger than Mtt̄ in all the measurements that we consider.
In such a case, the new physics can be represented as a
set of effective operators. These operators must lead from
an initial uū state to a final tt̄ state. (The contribution of
dd̄ → tt̄ at the Tevatron is at most 15% that of uū → tt̄
for Mtt̄ above 450 GeV, as relevant for the observables
that we consider.) When expanding in inverse powers
of the scale Λ, the leading NP contributions to top pair
production appear at O(1/Λ2):

|M |2 = |MSM|2 + 2Re(MSMM∗
NP) + O(1/Λ4) . (12)

Therefore, we should consider dimension-six operators
that interfere with the SM amplitude. There are two
such four-quark operators:

L4q
eff =

1

Λ2

(

c8
AO

8
A + c8

V O8
V

)

,

O8
A = (ūγµγ5T au)(t̄γµγ5T at) ,

O8
V = (ūγµT au)(t̄γµT at) . (13)

Below, we consider the effects of these two operators on
the forward-backward asymmetry and on the differential
cross section in top pair production. We work only at
leading order, using the MSTW PDF set [49] and run-
ning of the strong coupling at leading order. We use fac-
torization and renormalization scales given by the par-
tonic center of mass energy. Note that all other possi-
ble Lorentz structures (scalar, pseudoscalar, tensor and
pseudotensor) and the other possible color contractions
do not interfere with the SM amplitude.

In addition to the four-quark operators, there is a chro-
momagnetic dipole operator,

Ltg
eff =

ctgv

Λ2
(t̄σµνT at)Gaµν . (14)

Here v is the vacuum expectation value of the Higgs field,
reflecting the fact that the operator breaks SU(2). The
corresponding chromoelectric dipole operator violates CP
and, therefore, does not interfere with the SM amplitude.
The interference of the chromomagnetic operator requires
a chirality flip. Consequently, the corresponding operator
involving the up quark is suppressed by mu and therefore
negligible. Thus, among the dipole operators, Eq. (14) is
the only one that we need to consider.

The interference of the ctg term with the SM amplitude
does not contribute to the forward-backward asymmetry.
As concerns the contribution to the cross section, it falls
like 1/M2

tt̄. We learn that it does not affect Att̄
h , and its

effect on Nh and Nb is negligible. We therefore do not
discuss it any further and focus just on the effects of O8

A

and O8
V .

The forward-backward asymmetry. It is con-
venient to represent the new physics effects on Att̄ as
follows:

(Att̄)NP =
σNP
−

σSM
+ + σNP

+

, (15)

where σ± ≡ σ(∆y > 0)±σ(∆y < 0) and ∆y is the rapid-
ity difference, ∆y = yt − yt̄. Among the two operators of
Eq. (13), only O8

A contributes to σ− . If this is the only
NP operator, the NP contribution to Att̄

h is

(Att̄
h )NP % 0.17

c8
A

Λ2
TeV

, (16)

where ΛTeV = Λ/TeV. Requiring that (Att̄
h )NP ∼ +0.4±

0.1, we obtain

c8
A/Λ2

TeV ∼ 2.4 ± 0.7 . (17)

Eq. (17) implies, in turn,

(Att̄
l )NP ∼ +0.10 ± 0.03 =⇒ Att̄

l = +0.14± 0.04 , (18)

about 1.7σ higher than the experimental result in Eq. (8).
In addition, Eq. (17) predicts (Att̄)NP ∼ +0.21 ± 0.06,
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l )NP ∼ +0.10 ± 0.03 =⇒ Att̄

l = +0.14± 0.04 , (18)

about 1.7σ higher than the experimental result in Eq. (8).
In addition, Eq. (17) predicts (Att̄)NP ∼ +0.21 ± 0.06,

There are four additional orthogonal combinations of color contraction, which are given by:

O1
V = (ūγµu) (t̄γ

µt) , O1
A =

(
ūγµγ

5u
) (

t̄γµγ5t
)
,

O1
AV =

(
ūγµγ

5u
)
(t̄γµt) , O1

V A = (ūγµu)
(
t̄γµγ5t

)
.

(9)

The list of dimension six operators is concluded with eight scalar and two tensor operators:

O1,8
S = (ū T1,8u) (t̄ T1,8t) , O1,8

P =
(
ū T1,8γ

5u
) (

t̄ T1,8γ
5t
)
,

O1,8
SP = i (ū T1,8u)

(
t̄ T1,8γ

5t
)
, O1,8

PS = i
(
ū T1,8γ

5u
)
(t̄ T1,8t) ,

O1,8
T = (ū T1,8σ

µνu) (t̄ T1,8σµνt) ,

(10)

with T1 ≡ 1 and T8 ≡ T a .
The above dimension six operators contribute to top pair production at O(1/Λ4) as well, via

the square of their amplitudes. Another type of contribution at O(1/Λ4) comes from chirality-
conserving dimension eight operators that interfere with the SM. These can be constructed by
applying two covariant derivatives in various ways to the operators in Eq. (7). However, naive
dimensional analysis shows that their value is given by c2/(16π2) , where c is a typical dimension
six coefficient. We have verified numerically that their effect is at most of order a few percent, and
thus they can be safely neglected.

Note that in principle there are also dimension six chromo-magnetic/electric u and t dipole
operators that can be considered. Their effects at O(1/Λ2) were shown to be negligible in [40].
As they involve chirality flips, their contributions at order 1/Λ4 are suppressed by at least (mt/Λ)
compared to their 1/Λ2 effects. There are also chirality-flipping dimension eight operators which
interfere with the SM. These can be neglected either by naive dimensional analysis considerations
on top of the (mt/Λ) suppression factor.

To conclude, we describe the hard region of the tt̄ physics by the following effective Lagrangian:

Leff =
∑

i

ci
Λ2

Oi , (11)

where the ci are real coefficients and the operators Oi are listed in Eqs. (7)-(10). Below for
simplicity of notation, ci will denote ci/Λ2

TeV, where ΛTeV ≡ Λ/TeV . In our analysis we perform all
calculations at leading order and neglect renormalization group running and mixing. Consequently,
we also do not discuss the contribution from operator mixing to dijet production at the LHC [13].

4 Relating Operators to Data

We now write the contribution of the operators to the various observables of interest. We first
focus on the vector operators of Eqs. (7)-(9).

It is natural within the vector sector to distinguish between the operators that interfere with
the SM and those that do not. The latter set of operators can be parameterized by:

w2
± ≡ 1

2

{(
c8V A ± c8AV

)2
+

9

2

[(
c1V ± c1A

)2
+
(
c1V A ± c1AV

)2]
}

,

R2 ≡ w2
+ + w2

− , tan θ ≡ w−/w+ .

(12)

The relevant observables of Sec. 2 then take the simple form

NX " aXc
8
V + bX(c

8
V )

2 + dX(c
8
A)

2 + eXR
2 , (13)

Att̄
450 =

(
αc8A + βc8Ac

8
V +

β

2
R2 cos 2θ

)
(1 +N450)

−1 , (14)
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(
t̄γµγ5t

)
.

(9)

The list of dimension six operators is concluded with eight scalar and two tensor operators:

O1,8
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where the ci are real coefficients and the operators Oi are listed in Eqs. (7)-(10). Below for
simplicity of notation, ci will denote ci/Λ2

TeV, where ΛTeV ≡ Λ/TeV . In our analysis we perform all
calculations at leading order and neglect renormalization group running and mixing. Consequently,
we also do not discuss the contribution from operator mixing to dijet production at the LHC [13].

4 Relating Operators to Data

We now write the contribution of the operators to the various observables of interest. We first
focus on the vector operators of Eqs. (7)-(9).

It is natural within the vector sector to distinguish between the operators that interfere with
the SM and those that do not. The latter set of operators can be parameterized by:
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{(
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,
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The relevant observables of Sec. 2 then take the simple form

NX " aXc
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V )

2 + dX(c
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2 + eXR
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(
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inclusive asymmetry. We therefore use a theoretically-cleaner observable, also relevant for Att̄
450 ,

related to the cross section above 450 GeV, σ450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.

In order to minimize the impact of next to leading order (NLO) corrections to the new physics
(NP) contributions, we normalize the latter to the SM one. We assume that the K-factors are
universal, so that the NP/SM ratios at LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent Eq. (3) and the uncertainty on the cross
section above 450 GeV as follows:

|N700| ≡
∣∣σNP

700/σ
SM
700

∣∣ ! 0.5 , |N450| ≡
∣∣σNP

450/σ
SM
450

∣∣ ! 0.2 . (4)

It is also intriguing to explore the implications of the new physics in the context of the CDF
boosted jets study [8, 9]. The cross section for ultra-massive boosted jets (not coming from QCD
events) can be estimated as follows [40]

σb ∼
[
21− (8.7± 3.1)R−1

mass

]
fb, (5)

where σb is the cross section of hadronically-decaying tt̄ with a pT cut of 400 GeV on the leading
jet and Rmass is a parameter that determines the QCD background, as defined in [40, 46]. (An
assumption of naive factorization of the jet mass distribution yields Rmass = 1 , while matched
Monte-Carlo simulations give Rmass = 0.87 [40, 46] with an excellent agreement on this value
between the different generators.) The SM prediction for the top contribution is σSM

b = 2.0 ±
0.2 fb [47]. We interpret the excess as top pairs, generated by the new physics source. The
magnitude of this effect is then [40]

Nb ≡ σNP
b /σSM

b = 5± 2 , (6)

where σNP
b is the new physics contribution to the boosted cross section, assuming Rmass = 0.87.

3 The Operator Basis

As stated above, the basic assumption that we employ is that the new physics is characterized by
a scale Λ that is larger than the invariant mass of the top pair Mtt̄ in the measurements which
we consider. The natural approach is then to use a set of effective operators to describe the new
physics. These operators must lead from an initial uū state to a final tt̄ state, and as such appear
at dimension six and higher. (The contribution of dd̄ → tt̄ at the Tevatron is at most 15% that of
uū → tt̄ for Mtt̄ above 450 GeV, as relevant for the observables that we consider.)

At O(1/Λ2), there are only two four-quark operators that interfere with the SM:

O8
V = (ūγµT

au) (t̄γµT at) , O8
A =

(
ūγµγ

5T au
) (

t̄γµγ5T at
)
, (7)

where the superscript 8 denotes an octet color structure. Allowing for contributions that do not
interfere with the SM, there are two more vector octet operators at this order:

O8
AV =

(
ūγµγ

5T au
)
(t̄γµT at) , O8

V A = (ūγµT
au)

(
t̄γµγ5T at

)
. (8)
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ūγµγ

5T au
)
(t̄γµT at) , O8

V A = (ūγµT
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Implications of the CDF tt̄ Forward-Backward Asymmetry
for Hard Top Physics
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Abstract

The CDF collaboration has recently reported a large deviation from the standard model of
the tt̄ forward-backward asymmetry in the high invariant mass region. We interpret this mea-
surement as coming from new physics at a heavy scale Λ , and perform a model-independent
analysis up to O(1/Λ4) . A simple formalism to test and constrain models of new physics is
provided. We find that a large asymmetry cannot be accommodated by heavy new physics
that does not interfere with the standard model. We show that a smoking gun test for the
heavy new physics hypothesis is a significant deviation from the standard model prediction
for the tt̄ differential cross section at large invariant mass. At Mtt̄ > 1 TeV the cross section
is predicted to be at least twice that of the SM at the Tevatron, and for Mtt̄ > 1.5 TeV at
least three times larger than the SM at the LHC.

1 Introduction

The top quark is the most massive point-like particle known to exist. As a consequence, within
the Standard Model (SM), the top is largely responsible for the hierarchy problem. Furthermore,
in most natural models it is linked to electroweak symmetry breaking. Therefore, there is strong
motivation to search for new physics effects associated with top physics.

The CDF collaboration has recently announced several intriguing new measurements that ex-
hibit large deviations from the corresponding SM predictions. Evidence for an anomalous forward-
backward tt̄ production asymmetry was observed for large invariant mass of the tt̄ system [1]:

Att̄
450 ≡ Att̄(Mtt̄ ≥ 450 GeV) = +0.475± 0.114 , (1)

to be compared with the SM prediction [2, 3, 4], Att̄
450 = +0.09 ± 0.01. Previous D0 and CDF

measurements of the inclusive tt̄ asymmetry [5, 6] also show deviation from the SM prediction.
Another recent CDF analysis in the dilepton channel [7] supports this deviation, and furthermore
finds a rising Mtt̄ dependence for the forward-backward asymmetry.

Additionally, the CDF collaboration has recently made progress in studying the mass distri-
bution of highly boosted jets (pT > 400 GeV for the leading jet) [8], and found a hint for an excess
of events in the high mass region [9].

The above measurements suggest that new physics affecting the top sector is present. Our
approach in this work is the following. We interpret the measurement of Att̄

450 in terms of new
physics, checking the consistency of such a scenario with other measurements that do not show
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✦ Heavy NP phys. affect more hard physics, signal:

inclusive asymmetry. We therefore use a theoretically-cleaner observable, also relevant for Att̄
450 ,

related to the cross section above 450 GeV, σ450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.

In order to minimize the impact of next to leading order (NLO) corrections to the new physics
(NP) contributions, we normalize the latter to the SM one. We assume that the K-factors are
universal, so that the NP/SM ratios at LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent Eq. (3) and the uncertainty on the cross
section above 450 GeV as follows:

|N700| ≡
∣∣σNP

700/σ
SM
700

∣∣ ! 0.5 , |N450| ≡
∣∣σNP

450/σ
SM
450

∣∣ ! 0.2 . (4)

It is also intriguing to explore the implications of the new physics in the context of the CDF
boosted jets study [8, 9]. The cross section for ultra-massive boosted jets (not coming from QCD
events) can be estimated as follows [40]

σb ∼
[
21− (8.7± 3.1)R−1

mass

]
fb, (5)

where σb is the cross section of hadronically-decaying tt̄ with a pT cut of 400 GeV on the leading
jet and Rmass is a parameter that determines the QCD background, as defined in [40, 46]. (An
assumption of naive factorization of the jet mass distribution yields Rmass = 1 , while matched
Monte-Carlo simulations give Rmass = 0.87 [40, 46] with an excellent agreement on this value
between the different generators.) The SM prediction for the top contribution is σSM

b = 2.0 ±
0.2 fb [47]. We interpret the excess as top pairs, generated by the new physics source. The
magnitude of this effect is then [40]

Nb ≡ σNP
b /σSM

b = 5± 2 , (6)

where σNP
b is the new physics contribution to the boosted cross section, assuming Rmass = 0.87.

3 The Operator Basis

As stated above, the basic assumption that we employ is that the new physics is characterized by
a scale Λ that is larger than the invariant mass of the top pair Mtt̄ in the measurements which
we consider. The natural approach is then to use a set of effective operators to describe the new
physics. These operators must lead from an initial uū state to a final tt̄ state, and as such appear
at dimension six and higher. (The contribution of dd̄ → tt̄ at the Tevatron is at most 15% that of
uū → tt̄ for Mtt̄ above 450 GeV, as relevant for the observables that we consider.)

At O(1/Λ2), there are only two four-quark operators that interfere with the SM:

O8
V = (ūγµT

au) (t̄γµT at) , O8
A =

(
ūγµγ

5T au
) (

t̄γµγ5T at
)
, (7)

where the superscript 8 denotes an octet color structure. Allowing for contributions that do not
interfere with the SM, there are two more vector octet operators at this order:

O8
AV =

(
ūγµγ

5T au
)
(t̄γµT at) , O8

V A = (ūγµT
au)

(
t̄γµγ5T at

)
. (8)
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✦ Main Tevatron constraints:



Simple basis & relations

✦ “Radial” coordinates:

where the subscript X = 450, 750, b and in NX we neglect a term which is proportional to sin 2θ
and suppressed by 4m2

t/M
2
tt̄ . The coefficients (a, b, d, e)X and α, β are pure kinematical factors

given by

(a, b, d, e)450 = 0.35, 0.043, 0.023, 0.033 , (15)

(a, b, d, e)700 = 0.76, 0.16, 0.11, 0.14 , (16)

(a, b, d, e)b = 1.5, 0.57, 0.46, 0.51 , (17)

α, β = 0.17, 0.043 , (18)

where we use the MSTW parton distribution functions [48] at leading order in this calculation.
The physical interpretation of R is very clear — it parameterizes the overall size of the operators
which do not interfere with the SM. The angle θ controls how much these operators project on the
asymmetry. For a given R, the asymmetry is maximized for cos 2θ = 1, justifying the omission of
the sin 2θ term above.

It is useful to obtain relations between the various observables, allowing for a simple estimation
of the new physics contributions in terms of the constraints. One such relation is between the
boosted tops enhancement factor and the two cross section constraints, given by

Nb = −0.12 c8V + 5.6N700 − 7.5N450 , (19)

such that

∣∣c8V + 10
∣∣ < 10

√
1 +N450 − 0.21N700 and

∣∣c8V + 21
∣∣ > 15.6

√
1.8 +N450 − 0.24N700 . (20)

The constraints in Eq. (20) define the range in which R ≥ 0 and c8A is real.
Another useful relation is between Att̄

450 and the constraints N450 and N700. To obtain this, we
can substitute c8A for N700 using Eq. (13), yielding

(1 +N450)× Att̄
450 =

(
0.51 + 0.13 c8V

)√
N700 − [0.76 c8V + 0.16 (c8V )

2 + 0.14R2] + 0.022R2 cos 2θ .

(21)
This relation is only valid for c8A ≥ 0 , and indeed, as we show below, accounting for Att̄

450 as in
Eq. (2) requires c8A > 0 .

We would now like to comment on the most general case where the scalar and tensor operators
of Eq. (10) are also present. It is straightforward to show that the effects of the latter can be
captured by our Eqs. (13)-(18) with the following redefinitions

cos 2θ → F (θ,ψ, θV , θST ) ≡ cos 2θ cos2 θV +

√
2

3
cos 2ψ sin2 θV cos2 θST , (22)

R2 → R2 ≡ w2
+ + w2

− + r2ST + r2P , (23)

with |F | ≤ 1, and where we defined

r2ST ≡ y2+ + y2− , y2± ≡
(
c8T ±

√
3

8
c8S

)2

+
9

2

(
c1T ±

√
3

8
c1S

)2

, (24)

r2P ≡ 3

4

{
(c8P )

2 + (c8SP )
2 + (c8PS)

2 +
9

2

[
(c1P )

2 + (c1SP )
2 + (c1PS)

2
]}

, (25)
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There are four additional orthogonal combinations of color contraction, which are given by:

O1
V = (ūγµu) (t̄γ

µt) , O1
A =

(
ūγµγ

5u
) (

t̄γµγ5t
)
,

O1
AV =

(
ūγµγ

5u
)
(t̄γµt) , O1

V A = (ūγµu)
(
t̄γµγ5t

)
.

(9)

The list of dimension six operators is concluded with eight scalar and two tensor operators:

O1,8
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P =
(
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5u
) (
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)
,
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)
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5u
)
(t̄ T1,8t) ,

O1,8
T = (ū T1,8σ

µνu) (t̄ T1,8σµνt) ,

(10)

with T1 ≡ 1 and T8 ≡ T a .
The above dimension six operators contribute to top pair production at O(1/Λ4) as well, via

the square of their amplitudes. Another type of contribution at O(1/Λ4) comes from chirality-
conserving dimension eight operators that interfere with the SM. These can be constructed by
applying two covariant derivatives in various ways to the operators in Eq. (7). However, naive
dimensional analysis shows that their value is given by c2/(16π2) , where c is a typical dimension
six coefficient. We have verified numerically that their effect is at most of order a few percent, and
thus they can be safely neglected.

Note that in principle there are also dimension six chromo-magnetic/electric u and t dipole
operators that can be considered. Their effects at O(1/Λ2) were shown to be negligible in [40].
As they involve chirality flips, their contributions at order 1/Λ4 are suppressed by at least (mt/Λ)
compared to their 1/Λ2 effects. There are also chirality-flipping dimension eight operators which
interfere with the SM. These can be neglected either by naive dimensional analysis considerations
on top of the (mt/Λ) suppression factor.

To conclude, we describe the hard region of the tt̄ physics by the following effective Lagrangian:

Leff =
∑

i

ci
Λ2

Oi , (11)

where the ci are real coefficients and the operators Oi are listed in Eqs. (7)-(10). Below for
simplicity of notation, ci will denote ci/Λ2

TeV, where ΛTeV ≡ Λ/TeV . In our analysis we perform all
calculations at leading order and neglect renormalization group running and mixing. Consequently,
we also do not discuss the contribution from operator mixing to dijet production at the LHC [13].

4 Relating Operators to Data

We now write the contribution of the operators to the various observables of interest. We first
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{(
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)2
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2

[(
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)2
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)2]
}
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R2 ≡ w2
+ + w2

− , tan θ ≡ w−/w+ .

(12)

The relevant observables of Sec. 2 then take the simple form

NX " aXc
8
V + bX(c

8
V )

2 + dX(c
8
A)

2 + eXR
2 , (13)

Att̄
450 =

(
αc8A + βc8Ac

8
V +

β

2
R2 cos 2θ

)
(1 +N450)

−1 , (14)

4

✦ The relevant observables then take simple form:



Result

• The maximal enhancement of the boosted top pair cross section is Nb ∼ 4. Interestingly,
this is consistent with Att̄

450 within 1σ .

• Accounting for the high mass tt̄ forward-backward asymmetry within 1σ dictates a minimal
excess of Nb " 0.5 .
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Figure 2: The observables under consideration presented in the c8V − c8A plane: Each region corre-
sponds to the overlap of the 1σ ranges for Att̄

450 , N450 and N700 in Eqs. (2) and (4), for different
values of R .

6 Predictions for Near-Future Measurements

Thus far we focused on existing data from the Tevatron. This data could have interesting implica-
tions on future Tevatron and LHC measurements. To illustrate this, we consider the tt̄ differential
cross section within our framework. We emphasize that our results below are general and include
in particular the contributions from scalar and tensor operators. Fig. 3 depicts the Mtt̄ distribution
at the Tevatron and LHC. The plotted regions correspond to the predicted enhancement relative
to the SM, defined by

Ntot ≡
dσSM+NP/dMtt̄

dσSM/dMtt̄
, (29)

scanning over the entire parameter space obeying the 1σ constraints of Eqs. (2) and (4).
We learn that if the latest high mass tt̄ forward-backward asymmetry measurement persists

and is accounted for by heavy new physics, then a significant enhancement of the tt̄ differential
cross section compared to the SM is expected at both the Tevatron and LHC. Specifically, at
Mtt̄ ∼ 1 TeV, a minimal factor of two enhancement is expected at the Tevatron. Similarly, at
Mtt̄ ∼ 1.5 TeV, the LHC should find a tt̄ cross section of at least a factor of three higher than
within the SM. In both cases the minimal enhancement is obtained for R = 0, namely when only
operators interfering with the SM are present. The combination that minimizes the enhancement,
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Figure 1: The observables under consideration presented in the R− c8A plane for c8V = θ = 0 : The
solid curve describes the mean value of Att̄

450 from Eq. (2), while the shaded region corresponds to
the 1σ range. The red-shaded region is the overlap of the latter with the 1σ constraints on N450

and N700 in Eq. (4).

5.3 Axial Interference: c8A "= 0 and c8V = 0

Ref. [40] showed that it is possible to explain the forward-backward asymmetry measurement with
only O8

A . It is instructive to examine the addition of non-interfering operators. Fig. 1 shows the
region in the parameter space of c8A and R satisfying Eqs. (2) and (4). Interestingly, this region
is rather narrow, corresponding to c8A ∼ 2 and R ! 1 . Moreover, only the lower 1σ range of Att̄

450

can be accounted for in this case. (Note that the central value Att̄
450 ∼ 0.4 requires a deviation of

∼ 1.8σ in N700 , agreeing with [40] modulo the inclusion of 1/Λ4 effects.) As concerns the high-pT
tt̄ cross section, a maximal excess of Nb ∼ 2 can be achieved (with R = 0) along with the 1σ range
for Att̄

450 .

5.4 The General Case

We now explore the general parameter space accounting for the observables at hand. In Fig. 2 we
show the allowed region in the c8V − c8A plane for various values of R . We learn the following:

• As R grows, the allowed region becomes smaller, and the maximal possible value is R $ 3.1 .

• The allowed range for the vector octet operator is −2 ! c8V ! 0 .

• The allowed range for the axial octet contribution is 0.3 ! c8A ! 3.3 .

We conclude that:

• In order to explain the measurement of the tt̄ forward-backward asymmetry for Mtt̄ >
450 GeV within 1σ, a minimal contribution of the operator O8

A is necessary, c8A $ 0.3 .
(This point in the parameter space corresponds to c8V $ −1.9 and R ∼ 3.1 .)
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Figure 3: The ratio between the total and SM differential cross sections of top pair production
as a function of Mtt̄ at the Tevatron (left) and the LHC at 7 TeV (right), calculated at leading
order. The upper shaded regions correspond to the mean value of Att̄

450 ∼ 0.4 , scanning over the
allowed range for N450 and N700 defined in Eq. (4). The lower shaded regions correspond to the
lower 1σ range of Att̄

450 . The thick black curves at the bottom of the shaded regions correspond to
R = 0, c8V " −0.85, c8A " 1.7 .

as described by the thick black curves at the bottom of the shaded regions of Fig. 3, does not
depend on Mtt̄ and is given by c8V " −0.85, c8A " 1.7 . To summarize:

Ntot(Mtt̄ = 1TeV) ! 2 at the Tevatron ,

Ntot(Mtt̄ = 1.5TeV) ! 3 at the LHC with
√
s = 7TeV .

(30)

7 Outlook

We have performed a model independent analysis regarding the tt̄ forward-backward asymmetry,
assuming heavy new physics. Any corresponding high scale new physics model can be mapped to
our formalism to obtain constraints and predictions. We find a robust prediction in the form of
enhancement in hard top physics at the Tevatron and LHC. The observation of such an enhance-
ment would be exciting, and our analysis would assist in interpreting the signal and extracting
microscopic information on the underlying physics. An equally intriguing possibility would be the
absence of such an enhancement, assuming the asymmetry is established. Our findings would then
imply the presence of sub-TeV new physics. Consequently, the new physics search strategy should
be modified to include precision analysis in the 100-1000 GeV energy regime.
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Abstract

The CDF collaboration has recently reported a large deviation from the standard model of
the tt̄ forward-backward asymmetry in the high invariant mass region. We interpret this mea-
surement as coming from new physics at a heavy scale Λ , and perform a model-independent
analysis up to O(1/Λ4) . A simple formalism to test and constrain models of new physics is
provided. We find that a large asymmetry cannot be accommodated by heavy new physics
that does not interfere with the standard model. We show that a smoking gun test for the
heavy new physics hypothesis is a significant deviation from the standard model prediction
for the tt̄ differential cross section at large invariant mass. At Mtt̄ > 1 TeV the cross section
is predicted to be at least twice that of the SM at the Tevatron, and for Mtt̄ > 1.5 TeV at
least three times larger than the SM at the LHC.

1 Introduction

The top quark is the most massive point-like particle known to exist. As a consequence, within
the Standard Model (SM), the top is largely responsible for the hierarchy problem. Furthermore,
in most natural models it is linked to electroweak symmetry breaking. Therefore, there is strong
motivation to search for new physics effects associated with top physics.

The CDF collaboration has recently announced several intriguing new measurements that ex-
hibit large deviations from the corresponding SM predictions. Evidence for an anomalous forward-
backward tt̄ production asymmetry was observed for large invariant mass of the tt̄ system [1]:

Att̄
450 ≡ Att̄(Mtt̄ ≥ 450 GeV) = +0.475± 0.114 , (1)

to be compared with the SM prediction [2, 3, 4], Att̄
450 = +0.09 ± 0.01. Previous D0 and CDF

measurements of the inclusive tt̄ asymmetry [5, 6] also show deviation from the SM prediction.
Another recent CDF analysis in the dilepton channel [7] supports this deviation, and furthermore
finds a rising Mtt̄ dependence for the forward-backward asymmetry.

Additionally, the CDF collaboration has recently made progress in studying the mass distri-
bution of highly boosted jets (pT > 400 GeV for the leading jet) [8], and found a hint for an excess
of events in the high mass region [9].

The above measurements suggest that new physics affecting the top sector is present. Our
approach in this work is the following. We interpret the measurement of Att̄

450 in terms of new
physics, checking the consistency of such a scenario with other measurements that do not show
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the tt̄ forward-backward asymmetry in the high invariant mass region. We interpret this mea-
surement as coming from new physics at a heavy scale Λ , and perform a model-independent
analysis up to O(1/Λ4) . A simple formalism to test and constrain models of new physics is
provided. We find that a large asymmetry cannot be accommodated by heavy new physics
that does not interfere with the standard model. We show that a smoking gun test for the
heavy new physics hypothesis is a significant deviation from the standard model prediction
for the tt̄ differential cross section at large invariant mass. At Mtt̄ > 1 TeV the cross section
is predicted to be at least twice that of the SM at the Tevatron, and for Mtt̄ > 1.5 TeV at
least three times larger than the SM at the LHC.
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The top quark is the most massive point-like particle known to exist. As a consequence, within
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Smoking guns
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Figure 3: The ratio between the total and SM differential cross sections of top pair production
as a function of Mtt̄ at the Tevatron (left) and the LHC at 7 TeV (right), calculated at leading
order. The upper shaded regions correspond to the mean value of Att̄

450 ∼ 0.4 , scanning over the
allowed range for N450 and N700 defined in Eq. (4). The lower shaded regions correspond to the
lower 1σ range of Att̄

450 . The thick black curves at the bottom of the shaded regions correspond to
R = 0, c8V " −0.85, c8A " 1.7 .

as described by the thick black curves at the bottom of the shaded regions of Fig. 3, does not
depend on Mtt̄ and is given by c8V " −0.85, c8A " 1.7 . To summarize:

Ntot(Mtt̄ = 1TeV) ! 2 at the Tevatron ,

Ntot(Mtt̄ = 1.5TeV) ! 3 at the LHC with
√
s = 7TeV .

(30)

7 Outlook

We have performed a model independent analysis regarding the tt̄ forward-backward asymmetry,
assuming heavy new physics. Any corresponding high scale new physics model can be mapped to
our formalism to obtain constraints and predictions. We find a robust prediction in the form of
enhancement in hard top physics at the Tevatron and LHC. The observation of such an enhance-
ment would be exciting, and our analysis would assist in interpreting the signal and extracting
microscopic information on the underlying physics. An equally intriguing possibility would be the
absence of such an enhancement, assuming the asymmetry is established. Our findings would then
imply the presence of sub-TeV new physics. Consequently, the new physics search strategy should
be modified to include precision analysis in the 100-1000 GeV energy regime.
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“Postdiction”

inclusive asymmetry. We therefore use a theoretically-cleaner observable, also relevant for Att̄
450 ,

related to the cross section above 450 GeV, σ450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.

In order to minimize the impact of next to leading order (NLO) corrections to the new physics
(NP) contributions, we normalize the latter to the SM one. We assume that the K-factors are
universal, so that the NP/SM ratios at LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent Eq. (3) and the uncertainty on the cross
section above 450 GeV as follows:

|N700| ≡
∣∣σNP

700/σ
SM
700

∣∣ ! 0.5 , |N450| ≡
∣∣σNP

450/σ
SM
450

∣∣ ! 0.2 . (4)

It is also intriguing to explore the implications of the new physics in the context of the CDF
boosted jets study [8, 9]. The cross section for ultra-massive boosted jets (not coming from QCD
events) can be estimated as follows [40]

σb ∼
[
21− (8.7± 3.1)R−1

mass

]
fb, (5)

where σb is the cross section of hadronically-decaying tt̄ with a pT cut of 400 GeV on the leading
jet and Rmass is a parameter that determines the QCD background, as defined in [40, 46]. (An
assumption of naive factorization of the jet mass distribution yields Rmass = 1 , while matched
Monte-Carlo simulations give Rmass = 0.87 [40, 46] with an excellent agreement on this value
between the different generators.) The SM prediction for the top contribution is σSM

b = 2.0 ±
0.2 fb [47]. We interpret the excess as top pairs, generated by the new physics source. The
magnitude of this effect is then [40]

Nb ≡ σNP
b /σSM

b = 5± 2 , (6)

where σNP
b is the new physics contribution to the boosted cross section, assuming Rmass = 0.87.

3 The Operator Basis

As stated above, the basic assumption that we employ is that the new physics is characterized by
a scale Λ that is larger than the invariant mass of the top pair Mtt̄ in the measurements which
we consider. The natural approach is then to use a set of effective operators to describe the new
physics. These operators must lead from an initial uū state to a final tt̄ state, and as such appear
at dimension six and higher. (The contribution of dd̄ → tt̄ at the Tevatron is at most 15% that of
uū → tt̄ for Mtt̄ above 450 GeV, as relevant for the observables that we consider.)

At O(1/Λ2), there are only two four-quark operators that interfere with the SM:

O8
V = (ūγµT

au) (t̄γµT at) , O8
A =

(
ūγµγ

5T au
) (

t̄γµγ5T at
)
, (7)

where the superscript 8 denotes an octet color structure. Allowing for contributions that do not
interfere with the SM, there are two more vector octet operators at this order:

O8
AV =

(
ūγµγ

5T au
)
(t̄γµT at) , O8

V A = (ūγµT
au)

(
t̄γµγ5T at

)
. (8)
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t̄γµγ5T at
)
, (7)

where the superscript 8 denotes an octet color structure. Allowing for contributions that do not
interfere with the SM, there are two more vector octet operators at this order:

O8
AV =

(
ūγµγ

5T au
)
(t̄γµT at) , O8

V A = (ūγµT
au)

(
t̄γµγ5T at

)
. (8)

3

inclusive asymmetry. We therefore use a theoretically-cleaner observable, also relevant for Att̄
450 ,

related to the cross section above 450 GeV, σ450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.
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|N700| ≡
∣∣σNP

700/σ
SM
700

∣∣ ! 0.5 , |N450| ≡
∣∣σNP

450/σ
SM
450

∣∣ ! 0.2 . (4)

It is also intriguing to explore the implications of the new physics in the context of the CDF
boosted jets study [8, 9]. The cross section for ultra-massive boosted jets (not coming from QCD
events) can be estimated as follows [40]

σb ∼
[
21− (8.7± 3.1)R−1

mass

]
fb, (5)

where σb is the cross section of hadronically-decaying tt̄ with a pT cut of 400 GeV on the leading
jet and Rmass is a parameter that determines the QCD background, as defined in [40, 46]. (An
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where σNP
b is the new physics contribution to the boosted cross section, assuming Rmass = 0.87.

3 The Operator Basis
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at dimension six and higher. (The contribution of dd̄ → tt̄ at the Tevatron is at most 15% that of
uū → tt̄ for Mtt̄ above 450 GeV, as relevant for the observables that we consider.)

At O(1/Λ2), there are only two four-quark operators that interfere with the SM:
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V = (ūγµT

au) (t̄γµT at) , O8
A =

(
ūγµγ

5T au
) (

t̄γµγ5T at
)
, (7)

where the superscript 8 denotes an octet color structure. Allowing for contributions that do not
interfere with the SM, there are two more vector octet operators at this order:
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Nb > 0.5

How to measure ?
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(missing b + µ + ν̄µ

(i) Brief theory.
(ii) First measurements @ CDF.



Jet Mass-Overview

✦Jet mass-sum of  “massless” momenta in h-cal              

        inside the cone: m2
J = (

∑
i∈R Pi)2, P i2 = 0

(naively: QCD jets are massless while top jets ~ mt)



✦ Naively the signal is J ∝ δ(mJ −mt)

✦ In practice: 

Non trivial top-jet mass distribution



✦ Naively the signal is J ∝ δ(mJ −mt)

✦ In practice: 

+ detector smearing.

Non trivial top-jet mass distribution



Almeida, Lee, Perez, Sung,& Virzi (08), see also Fleming, Hoang, Mantry, Stewart (07,08).

http://arxiv.org/find/hep-ph/1/au:+Fleming_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Fleming_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Hoang_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Hoang_A/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mantry_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mantry_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stewart_I/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stewart_I/0/1/0/all/0/1


✦ Boosted QCD Jet via factorization:

i

QCD jet mass distribution
Ellis, Huston, Hatakeyama, Loch and Tonnesmann (07); Almeida, Lee, GP, Sung,& Virzi;  Almeida, Lee, GP, Sterman, Sung,& Virzi (08).

- can interpret the jet function as a probability density functions for a jet with a given pT to 
acquire a mass between mJ & mJ + δmJ



QCD jet mass distribution, Q+G

Data is admixture of the two, should be bounded by them:
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Jet mass distribution theory vs. MC (LHC 14TeV)
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between tools!
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Boosted Massive Jets @ CDF 

R, Alon, E. Duchovni, GP & P. Sinervo, for the CDF, CDF/PUB/JET/PUBLIC/10199; CDF/ANAL/TOP/PUBLIC/10234; 

experimentalist



The preliminary data to be looked at
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Top rejection cut.



Jet mass distribution,  high mass region
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Jet mass distribution,  high mass region
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Jet mass distribution,  high mass region
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Pythia 6.216Data nicely interpolates 
between quark and gluon jet 

functions consistent with 
mostly quark case!



19!

Best !Simple" Counting of 1+1!

!! With R=1.0 cones, mjet1 and 

mjet2 are equally powerful!

o! Use jet mass (130,210) GeV/c2 

to define ttbar candidates!

o! Expect 3.0±0.5 top quark 

events to populate this region!

Weizmann/UofT 

!! Employ data to estimate 

backgrounds!

o! Define mass windows "

mjet #(130,210) GeV/c2"

mjet #(30,50) GeV/c2 !

o! Use fact that mjet 

distributions uncorrelated 

for background!

o! Signal is region D!

o! In !1+1" sample, predict 

13±2.4 (stat) bkgd events!

o! Observe N
D
=32 events!
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Search for massive boosted particles
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Possible excess in di-massive jets

Implications of the CDF tt̄ Forward-Backward Asymmetry for Boosted Top Physics

Kfir Blum,∗ Cédric Delaunay,† Oram Gedalia,‡ Yonit Hochberg,§

Seung J. Lee,¶ Yosef Nir,∗∗ Gilad Perez,†† and Yotam Soreq‡‡

Department of Particle Physics and Astrophysics,
Weizmann Institute of Science, Rehovot 76100, Israel

New physics at a high scale Λ can affect top-related observables at O(1/Λ2) via the interference of
effective four quark operators with the SM amplitude. The (ūγµγ5T au)(t̄γµγ5T at) operator modifies
the large Mtt̄ forward-backward asymmetry, and can account for the recent CDF measurement.
The (ūγµT au)(t̄γµT at) operator modifies the differential cross section, but cannot enhance the
cross section of ultra-massive boosted jets by more than 60%. The hint for a larger enhancement
from a recent CDF measurement may not persist future experimental improvements, or may be
a QCD effect that is not accounted for by leading order and matched Monte Carlo tools or naive
factorization. If it comes from new physics, it may stem from new light states or an O(1/Λ4) new
physics effect.

Introduction. The top quark is unique among
the known elementary fermions in that its coupling to
the electroweak symmetry breaking sector is not small.
There is still much to be explored in both the top quark
sector and the electroweak breaking sector. This situa-
tion makes the experimental study of top physics inter-
esting as a probe of new physics, and promising in its
potential to lead to actual discoveries. The Tevatron ex-
periments, CDF and D0, are now reaching a stage where
the precision of their top-related measurements might
provide first hints to such new physics.

The CDF collaboration has recently provided two
new intriguing measurements. First, a large forward-
backward tt̄ production asymmetry was observed for
large invariant mass of the tt̄ system [1]:

Att̄
h ≡ Att̄(Mtt̄ ≥ 450 GeV) = +0.475± 0.114 , (1)

to be compared with the Standard Model (SM) predic-
tion [2–4], Att̄

h = +0.09 ± 0.01.
Second, the CDF collaboration has recently made

progress in studying the mass distribution of highly
boosted jets (pT > 400GeV for the leading jet) [5]. This
study led to an upper bound of 20 fb on the correspond-
ing boosted top pair cross section, based on naive QCD
background estimation [6]. The analysis included two
channels, one involving two massive jets (130−210GeV)
and another with one massive jet and large missing en-
ergy. An interesting result found was a significant devia-
tion from the estimated background in the first channel,
while no excess was found in the second channel or in the
combined inclusive search. However, in Ref. [7] it was ar-
gued that the hadronic channel is more sensitive to the
presence of boosted tops, and accounting for the excess in
that channel leads to a tension of less than 1.5 standard
deviations in the missing ET channel. This observation
motivates us to consider the possibility that the excess is
associated with an enhanced boosted tops cross section,
which might also be linked to Eq. (1).

The estimation of the excess depends on a parameter
Rmass, described below in Eq. (3), which determines the
QCD background. Assuming that both the statistical
and systematic uncertainties scale linearly with R−1

mass,
the cross section for ultra-massive boosted jets (not com-
ing from QCD events) can be written as follows

σb≡ σth t̄h(pT >400 GeV)∼
[

21−(8.7±3.1)R−1
mass

]

fb,
(2)

where th stands for a hadronically decaying top. The SM
prediction is σSM

b = 2.0 ± 0.2 fb [8].
It is not unlikely that the differences between either

or both of these measurements and the corresponding
SM predictions will disappear with improved experimen-
tal precision, or will be explained by non-trivial QCD
effects. Yet, either or both of these effects might repre-
sent hints for new physics. Our approach in this work is
the following. We interpret the measurement of Att̄

h in
terms of new physics, checking the consistency of such
a scenario with other measurements that do not show
any significant deviation from the SM predictions. Then
we extract the predictions of such new physics explana-
tions for ultra-massive boosted jets at the Tevatron, and
compare to the recent measurement.

Several works have interpreted the recent CDF mea-
surement of Att̄

h within specific models of new physics [9–
13]. Similarly, new physics models were invoked [14–28]
to explain earlier D0 and CDF measurements of the in-
clusive asymmetry [29, 30].

We do not discuss a specific new physics model, but we
focus on a large class of models with the following two
ingredients:

• The scale of the new physics is well above the scale
Mtt̄ that is relevant to the CDF measurements.

• The dominant contribution to Att̄
h comes from inter-

ference between the new physics contribution and
the SM contribution to top pair production.

K. Blum, C. Delaunay, O. Gedalia, Y. Hochberg, S. Lee, Y. Nir, GP, Y. Soreq, 1102.3133. 

Y. Eshel, O. Gedalia, GP, Y. Soreq, 1101.2898.

nD = nBnC
nA

R−1
mass

2

These assumptions allow us to follow a low energy model
independent approach, and lead us to particularly clear
and strong conclusions. Ref. [31] has recently presented a
comprehensive analysis of top pair production at hadron
colliders within the same framework. The novelty in our
work is, first, the incorporation of the measurement of the
Mtt̄-dependent Att̄ and, second, the study of the boosted
jets.

Boosted jets production. The CDF study [6] fo-
cused on events with two jets, with a lower bound on
the transverse momentum (pT > 400 GeV) and an up-
per bound on the pseudorapidity (η < 0.7) of the leading
jet. As concerns the jet masses, CDF has defined “light”
(30− 50 GeV) and “massive” (130− 210 GeV) jets. The
search was divided to four regions. Region A corresponds
to events with two light jets, regions B and C to one light
and one massive jet, depending on which is the leading
jet in terms of pT , and region D corresponds to two mas-
sive jets. The top pairs should contribute to region D.
To estimate the QCD contribution to this region, three
assumptions were invoked:

1. Events in regions A,B,C come from only QCD;

2. The actual cross section can be factorized into the
partonic cross section, which only weakly depends
on the masses of the final states, and the jet and
soft functions;

3. The masses of the leading and sub-leading jets are
largely uncorrelated.

Under these assumptions,

Rmass ≡
nBnC

nAnD

= 1 , (3)

where nX is the number of QCD events in region X . As-
sumption 3 above could turn out to be wrong if there
is some mechanism in QCD which leads to bias towards
two massive jets. In [7] it was shown that Rmass is insen-
sitive to the variation of the relative partonic momentum
fraction of the parton distribution function (PDF) value
due to the variation of the jet masses between regions
A to D. Furthermore, it is possible to test this assump-
tion by using various Monte Carlo (MC) tools to extract
Rmass. We did so with four different tools. The results
are summarized in Table I.

The impressive agreement between Sherpa and Mad-
Graph when matching is employed leads us to use, in-
stead of Eq. (3), the estimate

Rmass = 0.87 . (4)

The estimated number of background events within the
data sample of 5.95 fb−1 is then

QCD : 15 ± 5 ,

tt̄ : 3 ± 1 . (5)

TABLE I: The results for Rmass [Eq. (3)] from the differ-
ent MC tools: Sherpa (1.2.3) [32] with matching (jj,jjj,jjjj),
MadGraph/MadEvent (4.4.56) [33] with MLM match-
ing [34] (jj,jjj,jjjj) to the Pythia package (2.1.4) [35], Mad-
Graph/MadEvent with no matching, and Herwig (6.520) [36]
with no matching. We use the CTEQ6M PDF set [37] and
FastJet (2.4.2) [38] with anti-kt algorithm [39] (∆R = 1).
Quoted errors are statistical only.

MC tools Matching Rmass

Sherpa Yes 0.88 ± 0.03

MadGraph Yes 0.86 ± 0.04

MadGraph No 0.76 ± 0.04

Herwig No 0.86 ± 0.02

The number of observed events was 32 [6], which con-
stitutes a deviation of 2.7σ from the above expectation.
Following the exercise performed in Ref. [7], the differ-
ence between the 32 observed events and the mean value
of Eq. (5) is translated to a cross section of

σNP
b ∼ 10 ± 4 fb , (6)

or, equivalently,

Nb ≡ σNP
b /σSM

b ∼ 5 ± 2 . (7)

Below we obtain predictions from new physics scenarios
for Nb, which we will compare against Eq. (7).

Additional data. Other top-related CDF and D0
measurements, beyond Att̄

h and σb, do not show signifi-
cant deviations from the SM predictions. (Interestingly,
a recent D0 measurement of the differential pT distribu-
tion of tt̄ events hints towards some increase over the
NLO SM prediction for pT ∼ 300 GeV [40].) When we
invoke new physics to account for the large value of Att̄

h ,
we will have to make sure that such new physics does not
violate the constraints from other measurements. Specif-
ically, we consider the following measurements:

(i) The forward-backward tt̄ production asymmetry for
small invariant mass of the tt̄ system [1]:

Att̄
l ≡ Att̄(Mtt̄ ≤ 450 GeV) = −0.116± 0.153 , (8)

to be compared with the SM prediction [2], Att̄
l =

+0.040± 0.006.
(ii) The inclusive tt̄ production cross section reported

by the CDF collaboration [41, 42]:

σi ≡ σtt̄
inclusive = 7.50 ± 0.48 pb , (9)

which is consistent with the D0 result [43]. This is to be
compared with the SM prediction [44], σi = 7.2±0.4 pb.
We note that the results of [44] agree with other recent
evaluations [45, 46], but are in some tension with [47].

∼ 1 ⇒

Excess ∼
[
3.4− 6.1

(
1−Rmass

)]
σ

theorist



Assessing the significance of the excess

• Simplest explanation is QCD:

not coming from PDF, since the ratio is close to unity.
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These assumptions allow us to follow a low energy model
independent approach, and lead us to particularly clear
and strong conclusions. Ref. [31] has recently presented a
comprehensive analysis of top pair production at hadron
colliders within the same framework. The novelty in our
work is, first, the incorporation of the measurement of the
Mtt̄-dependent Att̄ and, second, the study of the boosted
jets.

Boosted jets production. The CDF study [6] fo-
cused on events with two jets, with a lower bound on
the transverse momentum (pT > 400 GeV) and an up-
per bound on the pseudorapidity (η < 0.7) of the leading
jet. As concerns the jet masses, CDF has defined “light”
(30− 50 GeV) and “massive” (130− 210 GeV) jets. The
search was divided to four regions. Region A corresponds
to events with two light jets, regions B and C to one light
and one massive jet, depending on which is the leading
jet in terms of pT , and region D corresponds to two mas-
sive jets. The top pairs should contribute to region D.
To estimate the QCD contribution to this region, three
assumptions were invoked:

1. Events in regions A,B,C come from only QCD;

2. The actual cross section can be factorized into the
partonic cross section, which only weakly depends
on the masses of the final states, and the jet and
soft functions;

3. The masses of the leading and sub-leading jets are
largely uncorrelated.

Under these assumptions,

Rmass ≡
nBnC

nAnD

= 1 , (3)

where nX is the number of QCD events in region X . As-
sumption 3 above could turn out to be wrong if there
is some mechanism in QCD which leads to bias towards
two massive jets. In [7] it was shown that Rmass is insen-
sitive to the variation of the relative partonic momentum
fraction of the parton distribution function (PDF) value
due to the variation of the jet masses between regions
A to D. Furthermore, it is possible to test this assump-
tion by using various Monte Carlo (MC) tools to extract
Rmass. We did so with four different tools. The results
are summarized in Table I.

The impressive agreement between Sherpa and Mad-
Graph when matching is employed leads us to use, in-
stead of Eq. (3), the estimate

Rmass = 0.87 . (4)

The estimated number of background events within the
data sample of 5.95 fb−1 is then

QCD : 15 ± 5 ,

tt̄ : 3 ± 1 . (5)

TABLE I: The results for Rmass [Eq. (3)] from the differ-
ent MC tools: Sherpa (1.2.3) [32] with matching (jj,jjj,jjjj),
MadGraph/MadEvent (4.4.56) [33] with MLM match-
ing [34] (jj,jjj,jjjj) to the Pythia package (2.1.4) [35], Mad-
Graph/MadEvent with no matching, and Herwig (6.520) [36]
with no matching. We use the CTEQ6M PDF set [37] and
FastJet (2.4.2) [38] with anti-kt algorithm [39] (∆R = 1).
Quoted errors are statistical only.

MC tools Matching Rmass

Sherpa Yes 0.88 ± 0.03

MadGraph Yes 0.86 ± 0.04

MadGraph No 0.76 ± 0.04

Herwig No 0.86 ± 0.02

The number of observed events was 32 [6], which con-
stitutes a deviation of 2.7σ from the above expectation.
Following the exercise performed in Ref. [7], the differ-
ence between the 32 observed events and the mean value
of Eq. (5) is translated to a cross section of

σNP
b ∼ 10 ± 4 fb , (6)

or, equivalently,

Nb ≡ σNP
b /σSM

b ∼ 5 ± 2 . (7)

Below we obtain predictions from new physics scenarios
for Nb, which we will compare against Eq. (7).

Additional data. Other top-related CDF and D0
measurements, beyond Att̄

h and σb, do not show signifi-
cant deviations from the SM predictions. (Interestingly,
a recent D0 measurement of the differential pT distribu-
tion of tt̄ events hints towards some increase over the
NLO SM prediction for pT ∼ 300 GeV [40].) When we
invoke new physics to account for the large value of Att̄

h ,
we will have to make sure that such new physics does not
violate the constraints from other measurements. Specif-
ically, we consider the following measurements:

(i) The forward-backward tt̄ production asymmetry for
small invariant mass of the tt̄ system [1]:

Att̄
l ≡ Att̄(Mtt̄ ≤ 450 GeV) = −0.116± 0.153 , (8)

to be compared with the SM prediction [2], Att̄
l =

+0.040± 0.006.
(ii) The inclusive tt̄ production cross section reported

by the CDF collaboration [41, 42]:

σi ≡ σtt̄
inclusive = 7.50 ± 0.48 pb , (9)

which is consistent with the D0 result [43]. This is to be
compared with the SM prediction [44], σi = 7.2±0.4 pb.
We note that the results of [44] agree with other recent
evaluations [45, 46], but are in some tension with [47].

=> tension is slightly reduced but is still there!Rmass ∼ 1

• Value of R from MC:
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and strong conclusions. Ref. [31] has recently presented a
comprehensive analysis of top pair production at hadron
colliders within the same framework. The novelty in our
work is, first, the incorporation of the measurement of the
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jets.
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nAnD

= 1 , (3)
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Quoted errors are statistical only.
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Herwig No 0.86 ± 0.02
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compared with the SM prediction [44], σi = 7.2±0.4 pb.
We note that the results of [44] agree with other recent
evaluations [45, 46], but are in some tension with [47].

=> tension is slightly reduced but is still there!Rmass ∼ 1

• Value of R from MC:
Consistent with the conclusion of the 
EFT AFB analysis shown, that predicts 
excess in the boosted top region!

Predictions: anomalies in spectrum

• The maximal enhancement of the boosted top pair cross section is Nb ∼ 4. Interestingly,
this is consistent with Att̄

450 within 1σ .

• Accounting for the high mass tt̄ forward-backward asymmetry within 1σ dictates a minimal
excess of Nb " 0.5 .
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Figure 2: The observables under consideration presented in the c8V − c8A plane: Each region corre-
sponds to the overlap of the 1σ ranges for Att̄

450 , N450 and N700 in Eqs. (2) and (4), for different
values of R .

6 Predictions for Near-Future Measurements

Thus far we focused on existing data from the Tevatron. This data could have interesting implica-
tions on future Tevatron and LHC measurements. To illustrate this, we consider the tt̄ differential
cross section within our framework. We emphasize that our results below are general and include
in particular the contributions from scalar and tensor operators. Fig. 3 depicts the Mtt̄ distribution
at the Tevatron and LHC. The plotted regions correspond to the predicted enhancement relative
to the SM, defined by

Ntot ≡
dσSM+NP/dMtt̄

dσSM/dMtt̄
, (29)

scanning over the entire parameter space obeying the 1σ constraints of Eqs. (2) and (4).
We learn that if the latest high mass tt̄ forward-backward asymmetry measurement persists

and is accounted for by heavy new physics, then a significant enhancement of the tt̄ differential
cross section compared to the SM is expected at both the Tevatron and LHC. Specifically, at
Mtt̄ ∼ 1 TeV, a minimal factor of two enhancement is expected at the Tevatron. Similarly, at
Mtt̄ ∼ 1.5 TeV, the LHC should find a tt̄ cross section of at least a factor of three higher than
within the SM. In both cases the minimal enhancement is obtained for R = 0, namely when only
operators interfering with the SM are present. The combination that minimizes the enhancement,
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Figure 3: The ratio between the total and SM differential cross sections of top pair production
as a function of Mtt̄ at the Tevatron (left) and the LHC at 7 TeV (right), calculated at leading
order. The upper shaded regions correspond to the mean value of Att̄

450 ∼ 0.4 , scanning over the
allowed range for N450 and N700 defined in Eq. (4). The lower shaded regions correspond to the
lower 1σ range of Att̄

450 . The thick black curves at the bottom of the shaded regions correspond to
R = 0, c8V " −0.85, c8A " 1.7 .

as described by the thick black curves at the bottom of the shaded regions of Fig. 3, does not
depend on Mtt̄ and is given by c8V " −0.85, c8A " 1.7 . To summarize:

Ntot(Mtt̄ = 1TeV) ! 2 at the Tevatron ,

Ntot(Mtt̄ = 1.5TeV) ! 3 at the LHC with
√
s = 7TeV .

(30)

7 Outlook

We have performed a model independent analysis regarding the tt̄ forward-backward asymmetry,
assuming heavy new physics. Any corresponding high scale new physics model can be mapped to
our formalism to obtain constraints and predictions. We find a robust prediction in the form of
enhancement in hard top physics at the Tevatron and LHC. The observation of such an enhance-
ment would be exciting, and our analysis would assist in interpreting the signal and extracting
microscopic information on the underlying physics. An equally intriguing possibility would be the
absence of such an enhancement, assuming the asymmetry is established. Our findings would then
imply the presence of sub-TeV new physics. Consequently, the new physics search strategy should
be modified to include precision analysis in the 100-1000 GeV energy regime.
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Abstract

The CDF collaboration has recently reported a large deviation from the standard model of
the tt̄ forward-backward asymmetry in the high invariant mass region. We interpret this mea-
surement as coming from new physics at a heavy scale Λ , and perform a model-independent
analysis up to O(1/Λ4) . A simple formalism to test and constrain models of new physics is
provided. We find that a large asymmetry cannot be accommodated by heavy new physics
that does not interfere with the standard model. We show that a smoking gun test for the
heavy new physics hypothesis is a significant deviation from the standard model prediction
for the tt̄ differential cross section at large invariant mass. At Mtt̄ > 1 TeV the cross section
is predicted to be at least twice that of the SM at the Tevatron, and for Mtt̄ > 1.5 TeV at
least three times larger than the SM at the LHC.

1 Introduction

The top quark is the most massive point-like particle known to exist. As a consequence, within
the Standard Model (SM), the top is largely responsible for the hierarchy problem. Furthermore,
in most natural models it is linked to electroweak symmetry breaking. Therefore, there is strong
motivation to search for new physics effects associated with top physics.

The CDF collaboration has recently announced several intriguing new measurements that ex-
hibit large deviations from the corresponding SM predictions. Evidence for an anomalous forward-
backward tt̄ production asymmetry was observed for large invariant mass of the tt̄ system [1]:

Att̄
450 ≡ Att̄(Mtt̄ ≥ 450 GeV) = +0.475± 0.114 , (1)

to be compared with the SM prediction [2, 3, 4], Att̄
450 = +0.09 ± 0.01. Previous D0 and CDF

measurements of the inclusive tt̄ asymmetry [5, 6] also show deviation from the SM prediction.
Another recent CDF analysis in the dilepton channel [7] supports this deviation, and furthermore
finds a rising Mtt̄ dependence for the forward-backward asymmetry.

Additionally, the CDF collaboration has recently made progress in studying the mass distri-
bution of highly boosted jets (pT > 400 GeV for the leading jet) [8], and found a hint for an excess
of events in the high mass region [9].

The above measurements suggest that new physics affecting the top sector is present. Our
approach in this work is the following. We interpret the measurement of Att̄

450 in terms of new
physics, checking the consistency of such a scenario with other measurements that do not show
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“Postdiction”

inclusive asymmetry. We therefore use a theoretically-cleaner observable, also relevant for Att̄
450 ,

related to the cross section above 450 GeV, σ450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.

In order to minimize the impact of next to leading order (NLO) corrections to the new physics
(NP) contributions, we normalize the latter to the SM one. We assume that the K-factors are
universal, so that the NP/SM ratios at LO and NLO are the same. Combining in quadrature the
experimental and theoretical uncertainties, we represent Eq. (3) and the uncertainty on the cross
section above 450 GeV as follows:

|N700| ≡
∣∣σNP

700/σ
SM
700

∣∣ ! 0.5 , |N450| ≡
∣∣σNP

450/σ
SM
450

∣∣ ! 0.2 . (4)

It is also intriguing to explore the implications of the new physics in the context of the CDF
boosted jets study [8, 9]. The cross section for ultra-massive boosted jets (not coming from QCD
events) can be estimated as follows [40]

σb ∼
[
21− (8.7± 3.1)R−1

mass

]
fb, (5)

where σb is the cross section of hadronically-decaying tt̄ with a pT cut of 400 GeV on the leading
jet and Rmass is a parameter that determines the QCD background, as defined in [40, 46]. (An
assumption of naive factorization of the jet mass distribution yields Rmass = 1 , while matched
Monte-Carlo simulations give Rmass = 0.87 [40, 46] with an excellent agreement on this value
between the different generators.) The SM prediction for the top contribution is σSM

b = 2.0 ±
0.2 fb [47]. We interpret the excess as top pairs, generated by the new physics source. The
magnitude of this effect is then [40]

Nb ≡ σNP
b /σSM

b = 5± 2 , (6)

where σNP
b is the new physics contribution to the boosted cross section, assuming Rmass = 0.87.

3 The Operator Basis

As stated above, the basic assumption that we employ is that the new physics is characterized by
a scale Λ that is larger than the invariant mass of the top pair Mtt̄ in the measurements which
we consider. The natural approach is then to use a set of effective operators to describe the new
physics. These operators must lead from an initial uū state to a final tt̄ state, and as such appear
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ūγµγ

5T au
)
(t̄γµT at) , O8

V A = (ūγµT
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related to the cross section above 450 GeV, σ450 . Note that there seems to be some discrepancy
in [41] between the measurement in this range and the SM prediction. However, in a more recent
measurement reported in [1] (but not translated to the partonic level) this discrepancy is not
present. We thus assume that the SM prediction agrees with the measured value of the cross
section above 450 GeV. For concreteness, we use the relative uncertainty reported in [1] for the
450-500 GeV Mtt̄ bin (see below), which dominates the uncertainty in the Mtt̄ > 450 GeV range.

In order to minimize the impact of next to leading order (NLO) corrections to the new physics
(NP) contributions, we normalize the latter to the SM one. We assume that the K-factors are
universal, so that the NP/SM ratios at LO and NLO are the same. Combining in quadrature the
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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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Also motivated by models with t-channel light particle exchange.
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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
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We conclude that the low value of App̄ in the double b-
tagged sample is consistent with a statistical fluctuation.
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top quark pairs produced in 1.96 TeV pp̄ collisions at
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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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ment for further examination of this effect, and additional
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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.
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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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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. ??,
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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-
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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-
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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
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is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
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fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
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event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
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✦ Even though LHC symmetric, a rate asym’ is induced

by the AFB:

3

where the difference between the top and anti-top cross
sections (numerator of Att̄

η ) as well as the rate asymme-
try, are plotted as functions of the muon pseudorapidity,
ηµ (alternatively, one could also study the dependence
on the b pseudorapidity). For illustration, the NP sig-
nal (drawn in thick full black line) is due to t-channel
Z ′ exchange, see Jung et al. in [? ], with parameters
chosen to yield a sizable forward-backward asymmetry
in the forward region (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. ??
(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. ??.
Our single top simulation corresponds to inclusive cross
sections of 41 pb (t) and 21 pb (t̄), consistent with [? ?
]. Note that precise ATLAS and CMS measurements of
the Wj and single top cross section asymmetries 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 [? ],
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.

Acknowledgments. We thank Ohad Silbert for use-
ful discussions. A.L.K. is supported by DOE grant FG02-
84-ER40153. J.F.K. is supported in part by the Slove-
nian Research Agency. G.P. is the Shlomo and Michla
Tomarin career development chair and supported by the
Israel Science Foundation (grant #1087/09), EU-FP7
Marie Curie, IRG fellowship, Minerva and G.I.F., the
German-Israeli Foundations, and the Peter & Patricia
Gruber Award. S. Stone thanks the U. S. National Sci-
ence Foundation for support.

[1] T. Aaltonen et al. [CDF Collab.], arXiv:1101.0034 [hep-
ex]; CDF Public Note 9724; CDF Note 9853.

[2] [LHCb Collab.], CERN-LHCC-98-004.
[3] J. Alwall et al., JHEP 0709, 028 (2007) [arXiv:0706.2334

[hep-ph]].
[4] J. Pumplin et al., JHEP 0207, 012 (2002) [hep-

ph/0201195].
[5] V. Ahrens, A. Ferroglia, M. Neubert, B. D. Pecjak and

L. L. Yang, arXiv:1103.0550 [hep-ph].
[6] N. Kidonakis, Phys. Rev. D82, 114030 (2010).

[arXiv:1009.4935 [hep-ph]].
[7] [ATLAS Collab.], ATLAS-CONF-2011-023.
[8] V. Khachatryan et al. [ CMS Collab. ], Phys. Lett. B695,

424-443 (2011). [arXiv:1010.5994 [hep-ex]].
[9] G. Aad et al. [ATLAS Collab.], arXiv:1012.5382 [hep-ex].

[10] [CMS Collab.], CMS-PAS-BPH-08-004
[11] [ATLAS Collab.], ATLAS-CONF-2010-099.
[12] N. Kidonakis, arXiv:1103.2792 [hep-ph].
[13] R. Schwienhorst, C. P. Yuan, C. Mueller and Q. H. Cao,

Phys. Rev. D 83, 034019 (2011) [arXiv:1012.5132 [hep-
ph]].

[14] N. Craig, C. Kilic and M. J. Strassler, arXiv:1103.2127
[hep-ph].

[15] J. Alwall, S. de Visscher, F. Maltoni, JHEP 0902, 017

3

where the difference between the top and anti-top cross
sections (numerator of Att̄

η ) as well as the rate asymme-
try, are plotted as functions of the muon pseudorapidity,
ηµ (alternatively, one could also study the dependence
on the b pseudorapidity). For illustration, the NP sig-
nal (drawn in thick full black line) is due to t-channel
Z ′ exchange, see Jung et al. in [? ], with parameters
chosen to yield a sizable forward-backward asymmetry
in the forward region (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. ??
(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. ??.
Our single top simulation corresponds to inclusive cross
sections of 41 pb (t) and 21 pb (t̄), consistent with [? ?
]. Note that precise ATLAS and CMS measurements of
the Wj and single top cross section asymmetries 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 [? ],
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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                      Summary

✦ Simple EFT description of AFB => smoking guns for 

Tevatron & LHC.

✦ Soon to be tested, overlap with boosted massive jet search 

✦Interesting excess of di-massive jet events @ CDF (not in ones 

\w MET)

✦LHCb has unique potential to probe forward region for tops,      

including SM rate & asym’ (especially for light t-channel).
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MidPoint searchcone IR2+1 => harder jets.

IR-collinear sensitivity & jet mass

Salam, Eur. Phys. J. (2010)
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Figure 1: Illustration of collinear safety (left) and collinear unsafety in an IC-PR type algorithm
(right) together with its implication for perturbative calculations (taken from the appendix of
[33]). Partons are vertical lines, their height is proportional to their transverse momentum, and
the horizontal axis indicates rapidity.
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Figure 2: Configurations illustrating IR unsafety of IC-SM algorithms in events with a W and
two hard partons. The addition of a soft gluon converts the event from having two jets to just
one jet. In contrast to fig. 1, here the explicit angular structure is shown (rather than pt as a
function of rapidity).

to find a new stable cone. Once passed through the split–merge step this can lead to the
modification of the final jets, thus making the algorithm infrared unsafe. This is illustrated
in fig. 2: in an event (a) with just two hard partons (and aW , which balances momentum),
both partons act as seeds, there are two stable cones and two jets. The same occurs in the
(negative) infinite loop diagram (b). However, in diagram (c) where an extra soft gluon
has been emitted, the gluon provides a new seed and causes a new stable cone to be found
containing both hard partons (as long as they have similar momenta and are separated
by less than 2R). This stable cone overlaps with the two original ones and the result of
the split–merge procedure is that only one jet is found. So the number of jets depends
on the presence or absence of a soft gluon and after integration over the virtual/real soft-
gluon momentum the two-jet and one-jet cross sections each get non-cancelling infinite
contributions. This is a serious problem, just like collinear unsafety. A good discussion of
it was given in [39].
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MidPoint searchcone IR2+1 => harder jets.

IR-collinear sensitivity & jet mass

Salam, Eur. Phys. J. (2010)

MidPoint IR3+1 => problem postponed to NLO.
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has been emitted, the gluon provides a new seed and causes a new stable cone to be found
containing both hard partons (as long as they have similar momenta and are separated
by less than 2R). This stable cone overlaps with the two original ones and the result of
the split–merge procedure is that only one jet is found. So the number of jets depends
on the presence or absence of a soft gluon and after integration over the virtual/real soft-
gluon momentum the two-jet and one-jet cross sections each get non-cancelling infinite
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