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Outline

• Persistent hints of anomalous FBA in tt production at Tevatron

• NP proposals (phenomenological approach)

• Impact of existing LHC measurements

• Possible future directions

• Discriminating power of tt observables
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FB & Charge asymmetries in tt production

• Charge (a)symmetric cross-section

Forward-backward asymmetry in tt̄ production

Charge-(a)symmetric cross section

σa(s) =

∫ 1

0
cos θ

[

dσ(pp̄ → tt̄X )

d cos θ
− (+)

dσ(pp̄ → t̄tX )

d cos θ

]

P P̄

q̄q

t

t̄ B F

θ
At

FB =
Nt(F ) − Nt(B)

Nt(F ) + Nt(B)
=

σa

σs

Measurement at Tevatron: inclusive and in bins of invariant mass Mtt̄

(At
FB)pp̄

exp = (15.0 ± 5.0stat ± 2.4syst)%

(At
FB)Mtt̄ > 450 GeV

exp ≡ (At,>
FB )exp = (47.5 ± 11.4)%

[CDF ’11]
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Here the angle θ is defined as the angle between the direction of motion of the top quark

and the direction of motion of the incoming quark (e.g., the u-quark) in the tt̄ c.m. system.

The subscripts “SM”, “INT” and “NPS” denote the contribution from the SM, the interfer-

ence between the SM and NP, and the NP amplitude squared. For the G′ model, the SM

contribution is from the gluon-mediated s-channel diagram, the NPS contribution from the

exotic gluon G′-mediated diagram, and the INT contribution from the interference between

the two. The squared c.m. energy of the tt̄ system is ŝ = (pq + pq̄)
2, and β =

√

1− 4m2
t/ŝ

is the top quark velocity in the tt̄ c.m. system.

The forward-backward asymmetry of the top quark in the tt̄ c.m. frame is defined as

Att̄
FB =

σF − σB

σF + σB
, (23)

where

σF ≡
∫ 1

0

dσ

d cos θ
d cos θ, σB ≡

∫ 0

−1

dσ

d cos θ
d cos θ. (24)

We further parameterize the differential cross section dσ/d cos θ as follows:

dσi

d cos θ
= Ai +Bi cos θ + Ci cos

2 θ, (25)

where the subindex i denotes “SM”, “INT” and “NPS”. Hence, after integrating over the

angle θ, we obtain the asymmetry and total cross section

AFB =

∑

i Bi
∑

i(2Ai +
2
3Ci)

, and σtot =
∑

i

(

2Ai +
2Ci

3

)

, (26)

where the sums are over the SM, INT and NPS terms. In reality the incoming quark could

originate from either a proton or an anti-proton, but it predominantly comes from a proton

due to large valence quark parton distribution functions. Taking the quark from the anti-

proton and the anti-quark from the proton contributes less than 1% of the total tt̄ cross

section. Therefore, in p̄p collisions at the Tevatron one can choose the direction of the

proton to define the forward direction.

Now let us comment on a few interesting features of the asymmetry and cross section

generated by the INT and NPS effects individually, because both effects are sensitive to

different new physics scales: the former to a higher NP scale and the latter to a lower scale.

First, we note that the asymmetry is sensitive to the ratio of coupling (squared) differences

and sums for the INT (NPS) effects, e.g.,

AINT
FB ∝

(fL − fR)(gL − gR)

(fL + fR)(gL + gR)
×

2 〈β〉
2(2− 〈β2〉) + 2

3 〈β2〉
, (27)
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Conclusions: 
! tantalizing situation – but, too soon for conclusions  

! LHC should provide answers: 

Antunano,Kühn, 
Rodrigo 

! plus: like-sign tops, dijets, … 

! if data persist, QCD unlikely to explain observed AFB 

! Tosi’s talk:  
QCD: ~1%    (Rodrigo) 
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FB & Charge asymmetries in tt production

• Non-zero AFB,C require t-u odd contributions to σ 

• In QCD induced at order αs3

• Additional EW contributions

• SM predictions for Tevatron:

2 The QCD induced charge asymmetry

The QCD induced charge asymmetry in the reaction qq̄ → tt̄(g) is generated by the interference of final-
state with initial-state gluon radiation [Fig. 1, (a)×(b)] and by the interference of virtual box diagrams
with the Born process [Fig. 1, (c)×(d)]. The asymmetric contribution of the virtual corrections exhibit
soft singularities that are canceled by the real contribution, but do not exhibit collinear light quark mass
singularities which would have to be absorbed by the lowest order process which however is symmetric.
Ultraviolet divergences are absent for the same reason. The virtual plus soft radiation on one hand and
the real hard radiation on the other contribute with opposite signs, with the former always larger that the
latter such that the inclusive asymmetry becomes positive. Top quarks are thus preferentially emitted in
the direction of the incoming quark at the partonic level, which translates to a preference in the direction
of the incoming proton in pp̄ collisions. Flavour excitation gq(q̄) → tt̄X generates already at tree-level
a forward–backward asymmetry which at Tevatron is also positive although one order of magnitude
smaller than the asymmetry from qq̄ annihilation.

(c) (d)

(b)(a)

q

q

Q

Q

Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung, plus interference of the double virtual gluon
exchange (c) with the Born diagram (d). Only representative diagrams are shown.

The differential charge asymmetry of the single quark rapidity distribution is defined through

A(y) =
Nt(y) − Nt̄(y)

Nt(y) + Nt̄(y)
, (4)

where y denotes the rapidity of the top (antitop) quark in the laboratory frame andN(y) = dσ/dy. Since
Nt̄(y) = Nt(−y) as a consequence of charge conjugation symmetry, A(y) can also be interpreted as a
forward–backward asymmetry of the top quark. We have updated our previous analysis [2] by using the
new value of the top quark mass, mt = 170.9 ± 1.1 (stat) ± 1.5 (sys) GeV [21], and the new set of
MSRT2004 [22] structure functions. For the total charge asymmetry at

√
s = 1.96 TeV we predict

A =
Nt(y ≥ 0) − Nt̄(y ≥ 0)

Nt(y ≥ 0) + Nt̄(y ≥ 0)
= 0.051(6) , (5)
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�t =

r
1� 4m2

t

ŝ

t̂ = (pq � pt)2

ŝ = (pt + pt̄)2

Hollik & Pagani, 1107.2606 
Kuhn & Rodrigo, 1109.6830

q q

Q

Q̄

(a) (b)

(c) (d)

Figure 3: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks through flavor
excitation.

fQED
d respectively. The relative QED contribution thus amounts to

fQED
Tevatron =

4fQED
u + fQED

d

5
=

αQED

αS

56

25
≈ 0.18 , (5)

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

LHC = (2fQED
u + fQED

d )/3 ≈ 0.13,
which is lower than the result of Eq. (5) by a factor 5/7. The results using standard PDFs are close to
these values and will be listed in Sect. 3.2.

γ

g

g

(a)

g

γ

g

(b)

g

g

γ

(c)

Figure 4: Representative diagrams contributing to the QCD-QED interference term.

2.3 Weak asymmetry

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

4

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

Ahrens et al., 
1106.6051

...

ASM
FB ⇠ 7� 9%

5

_

LHC: ASM
C ⇠ 1%

(qq initial states dominate)

(gg initial state dominates)

_

ˆt, û = m2
t �

ŝ
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• Precisely measured inclusive observables

Measurements of tt production at Tevatron & LHC
_

Kidonakis, 1009.4935
1105.3481

Beneke et al., 1109.1536

CDF, Public Notes 
9913, 10398, 10807

D0, 1107.4995

s AFB
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1.0
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2.0

O
êOex

p

6

� = (7.50± 0.48) pb AFB = 0.187± 0.037 *

*naive average of 
CDF & DO 

measurements

Tevatron
see also talks by 

Mitov, Kidonakis, Yang



s AFB

0.0

0.5

1.0

1.5

2.0

O
êOex

p

• Precisely measured inclusive observables

• Sensitive mtt exclusive observables
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Figure 11: Distributions dσ/dβt at the Tevatron (left) and LHC (right).
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Figure 12: Comparison of the RG-improved predictions for the invariant mass spectrum with
CDF data [9]. The valuemt = 173.1GeV has been used. No fit to the data has been performed.

very useful distribution dσ/dβt, with βt defined as in (4). A simple change of variables yields

dσ

dβt
=

2mtβt

(1− β2
t )

3
2

dσ

dM
. (106)

The resulting spectra for the Tevatron and LHC, obtained using RG-improved perturbation
theory, are shown in Figure 11. As before, the distributions are normalized such that the area
under the curves corresponds to the total cross section. Recall that the physical meaning of
the variable βt is that of the 3-velocity of the top quarks in the tt̄ rest frame. The distributions
show that the dominant contributions to the cross section arise from the region of relativistic
top quarks, with velocities of order 0.4–0.8 at the Tevatron and 0.5–0.9 at the LHC. We will
come back to the significance of this observation in the next section.

In Figure 12, we compare our RG-improved prediction for the invariant mass spectrum

36

Ahrens et al., 1003.5827
CDF, 0903.2850

mtt̄

m
tt̄

Measurements of tt production at Tevatron & LHC

see also talks by 
Mitov, Kidonakis, Yang

see talks by
Soustruznik, Vellidis



• Precisely measured inclusive observables

• Sensitive mtt exclusive observables
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Measurements of tt production at Tevatron & LHC
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Measurements of tt production at Tevatron & LHC
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• Confronting Tevatron AFB & LHC AC measurements
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Measurements of tt production at Tevatron & LHC

Tevatron                 LHC
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*

*naive average of 
ATLAS & CMS 
measurements

ATLAS, 1203.4211
CMS, PAS-TOP-11-306

ATLAS-CONF-2011-106

No deviations seen at the LHC!

Ahrens et al., 1003.5827
...

(ATLAS)

(ATLAS)

(CDF) see also talks by 
Mitov, Kidonakis, Yang



• t(u)-channel resonances

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

• asymmetries driven by kinematics (Rutherford scattering)

New Physics Interpretation(s)
q

q̄
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t

t̄

(a) s-channel qq̄

g

g

M

t

t̄

(b) s-channel gg

q

q̄
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t

t̄

(c) t-channel qq̄

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

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.

5

11

c.f. Kamenik, Shu, Zupan, 1107.5257 



• t(u)-channel resonances

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

• asymmetries driven by kinematics (Rutherford scattering)

• Present impact of LHC: Z’, W’ incompatible with combined AFB & AC values

New Physics Interpretation(s)
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contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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• t(u)-channel resonances

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

• asymmetries driven by kinematics (Rutherford scattering)

• Present impact of LHC: Z’, W’ incompatible with combined AFB & AC values

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

• alternatively extend rapidity coverage of semileptonic tt events at 
ATLAS & CMS - y dependent charge asymmetries
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fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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• t(u)-channel resonances

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

• asymmetries driven by kinematics (Rutherford scattering)

• Present impact of LHC: Z’, W’ incompatible with combined AFB & AC values 

• predict flavor violating (t-j) resonances in t-associated production

New Physics Interpretation(s)
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H , and t̃ = t̄ when M = �a (triplet or sextet).

• Top forward-backward asymmetry generating models of type (ii) discussed above have

interactions of the form gMt̄q where M is the mediator, q is a light quark, and g is

order 1. Thus the production of M through qg ⇤ Mt as in Fig. 1 is expected to be

substantial.

• For mediators with mass mM > mt, this implies M can decay through M ⇤ t̃q, where

t̃ = t or t̄. Therefore, a t̃j resonance should exists in t̃t̃j events, where j is a jet formed

from the light quark q.

• To avoid constraints from same sign top pair production, we assume that M is not

self-conjugate, and then the signature is a top-jet (tj) or anti-top-jet (t̄j) resonance in

tt̄ plus jet events.

• Due to baryon number conservation, the final state light quark baryon number must

match that of the initial state quark. In a pp machine (as opposed to pp̄), which has

quark collisions dominantly over anti-quark collisions, the resonance will be dominantly

either tj or t̄j, depending on the baryon number of the mediator, BM = ±2/3 or

BM = 0, respectively.

Therefore, in contrast to other LHC search studies for models related to the At
FB anomaly,

which have focused on the tt̄ or dijet invariant mass distributions [30, 33, 34],2 here we

2 For generic colored resonance search through QCD interations, see [35].
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fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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TABLE I: Contributions to systematic uncertainty on
the two main expected background processes and the

total background yield and from an example 500
GeV/c2 resonance signal with an assumed total cross

section of 0.1 pb.

Process tt̄ W + jets Total Bg. Mt+ M̄ t̄
Yield 550.6 78.6 669.2 34.0
JES 17% 15% 16% 9%
Cross section 10% 30% 12% -
tt̄ generator 6% - 5% -
Gluon radiation 6% - 5% 4%
(e/µ, b-jet) ID eff. 5% 5% 5% 5%
Mult. interactions 3% 2% 3% 2%
Q2 scale - 19% 2% -
Total syst. uncert. 22% 39% 22% 11%

maximum-likelihood fit in the mtj variable, allowing for
systematic and statistical fluctuations via template mor-
phing [28]. There is no evidence for the presence of top-
quark+jet resonances in tt̄j events, so we set upper lim-
its on the combined production (pp̄ → Mt or M̄ t̄) at
95% confidence level using the CLs method [29]. The
observed limits are consistent with expectation in the
background-only hypothesis (Fig. 3). We interpret the
observed cross-section limit in terms of specific models,
one where M is a color singlet particle and one where M
is a colored triplet particle [9], and construct exclusion
regions in coupling-mass space [30], as shown in Fig. 4.
Figure 4 also shows that the excluded regions are con-
sistent with the observed anomalous Afb and constraints
from production cross sections of the top quarks.
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In conclusion, we report on the first search for top-
quark+jet resonances in tt̄j events. Such resonances are
predicted by new physics models explaining the anoma-
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FIG. 4: Excluded region in the space of resonance mass
versus resonance coupling (gR) for two specific models,
where the M particle is part of a new color-singlet (a)
or color-triplet (b) resonance [9], respectively. Also
shown are regions [30] which are consistent with the

observed anomalous Afb and constraints from top-quark
pair production and single-top production cross-section

measurements.

lous top-quark forward-backward production asymmetry
Afb. For each accepted event, we reconstruct the reso-
nance mass (mtj), and find the data to be consistent with
SM background predictions. We calculate 95% CL up-
per limits on the cross section of such resonance produc-
tion from 0.61 pb to 0.02 pb for M masses ranging from
200 GeV/c2 to 800 GeV/c2 and interpret the limits in
terms of specific physics models. These limits constrain
a small portion of the model parameter space. Analysis
of collisions at the Large Hadron Collider may probe the
remaining allowed regions.
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fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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the two main expected background processes and the

total background yield and from an example 500
GeV/c2 resonance signal with an assumed total cross

section of 0.1 pb.

Process tt̄ W + jets Total Bg. Mt+ M̄ t̄
Yield 550.6 78.6 669.2 34.0
JES 17% 15% 16% 9%
Cross section 10% 30% 12% -
tt̄ generator 6% - 5% -
Gluon radiation 6% - 5% 4%
(e/µ, b-jet) ID eff. 5% 5% 5% 5%
Mult. interactions 3% 2% 3% 2%
Q2 scale - 19% 2% -
Total syst. uncert. 22% 39% 22% 11%

maximum-likelihood fit in the mtj variable, allowing for
systematic and statistical fluctuations via template mor-
phing [28]. There is no evidence for the presence of top-
quark+jet resonances in tt̄j events, so we set upper lim-
its on the combined production (pp̄ → Mt or M̄ t̄) at
95% confidence level using the CLs method [29]. The
observed limits are consistent with expectation in the
background-only hypothesis (Fig. 3). We interpret the
observed cross-section limit in terms of specific models,
one where M is a color singlet particle and one where M
is a colored triplet particle [9], and construct exclusion
regions in coupling-mass space [30], as shown in Fig. 4.
Figure 4 also shows that the excluded regions are con-
sistent with the observed anomalous Afb and constraints
from production cross sections of the top quarks.
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Figure 9: Reach at the 7 TeV LHC for a W 0 resonance (a), which couples primarily to down-top,

and for a Z 0
H resonance (b) and triplet resonance (c), which couple primarily to up-top. Lines

of constant coupling gR as defined in (1) are shown in gray, assuming 100% branching ratios to

top-jet. Note that the W 0 and Z 0
H couplings to t̄RqR are defined with a factor of 1/

p
2.

Appendix B: �2 statistic in Semi-leptonic Top Pair System

In the semi-leptonic top decays, all momenta except the neutrino momentum are directly

measured in the detector. For the neutrino, the transverse directional components are

determined by the missing transverse momentum. The longitudinal and time component

must be determined as those giving the best fit value of �2

t¯t for Eqs. (A1)–(A5). In this

section, we summarize the definition of �2

t¯t in a semi-leptonic top pair system.

The �2

t¯t statistic represents the likelihood of the hypotheses, Eqs. (A1)–(A5). It is written

as

�

2

t¯t = y

T · V �1 · y, (B1)
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• t(u)-channel resonances

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

• asymmetries driven by kinematics (Rutherford scattering)

• Present impact of LHC: Z’, W’ incompatible with combined AFB & AC values 

• predict flavor violating (t-j) resonances in t-associated production 

• same-sign top pair production can be a problem - model-dependent
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Figure 1: Diagrams for (a) tt̄ production in the SM, (b) tt̄ production induced by Z′ exchange, (c,d) tt pair production,
and (e,f) ttū production.

further consider same-sign tt pair production in association with a jet, as depicted in Fig. 1(e) and (f), from
which one can obtain the invariant mass of the Z ′ from the reconstructed top quarks and the additional jet.
Note that there is no resonance in the tt invariant mass spectrum since both top quarks are produced in the
t-channel. Our inclusive cross sections for tt and ttū are shown in Ref. [7] as a function of the Z ′ mass. The ttū
rate is smaller because it relies on the gluon-quark luminosity, smaller than the large valence uu luminosity.

2. Analysis of the Tevatron Data

The forward-backward rapidity asymmetry AFB is defined as

AFB =
σF − σB

σF + σB
=

σSM
F − σSM

B + σNP
F − σNP

B

σSM
F + σSM

B + σNP
F + σNP

B

= ANP
FB ×R+ASM

FB (1−R) (2)

where σF (B) denotes the tt̄ cross section in the forward (F) and backward (B) rapidity region, and

ANP
FB ≡ (σNP

F − σNP
B )/(σNP

F + σNP
B ),

ASM
FB ≡ (σSM

F − σSM
B )/(σSM

F + σSM
B )

R ≡ (σNP
tot )/(σ

SM
tot + σNP

tot ) (3)

are the asymmetries induced by NP and in the SM, and R is the fraction of the NP contribution to the total
cross section. The standard model QCD and new physics contributions to the cross sections are denoted by
superscripts SM and NP. There are tight constraints on the model from Tevatron data alone. The inclusive
cross section for tt̄ production agrees with QCD SM expectations within the uncertainties of both experiment
and theory, so the cross section itself limits the magnitude of the right-handed coupling fR from above, as do
the data on the tt̄ invariant mass spectrum. On the other hand, the observed large size of AFB bounds fR from
below. The shaded regions in the fR plane in Fig. 2 are derived from requiring consistency with both AFB [1]
and the tt̄ production cross section σ(tt̄) [9]:

AFB = 0.475± 0.114 for mtt̄ ≥ 450 GeV

σ(tt̄) = 7.50± 0.48 pb. (4)
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Label Spin Quantum numbers Limit Mass Limit

Bµ 1 (1, 1)0 |g13|/Λ < 0.57 TeV−1 1.7 TeV

Wµ 1 (1, 3)0 |g13|/Λ < 0.57 TeV−1 1.7 TeV

Gµ 1 (8, 1)0 |g13|/Λ < 0.99 TeV−1 1.0 TeV

Hµ 1 (8, 3)0 |g13|/Λ < 0.99 TeV−1 1.0 TeV

Q5
µ 1 (3, 2)− 5

6
|g11g33|/Λ2 < 0.34 TeV−2 1.7 TeV

Y5
µ 1 (6̄, 2)− 5

6
|g11g33|/Λ2 < 0.63 TeV−2 1.3 TeV

φ 0 (1, 2)− 1
2

|gu13gu31|/Λ2 < 0.92 TeV−2 1.1 TeV

Φ 0 (8, 2)− 1
2

|gu13gu31|/Λ2 < 1.8 TeV−2 0.8 TeV

Ω4 0 (6̄, 1)− 4
3

|g11g33|/Λ2 < 0.33 TeV−2 1.8 TeV

Σ 0 (6̄, 3)− 1
3

|g11g33|/Λ2 < 0.16 TeV−2 2.5 TeV

Table 9. Lower (upper) limits at 95% confidence level on the masses (couplings) for generic heavy
vector bosons and scalars which mediate the production of same-sign top-quark pairs. A theoretical
uncertainty due to variations of the Q2 scale gives a 5% uncertainty on the limits of the couplings
g. Quantum numbers are defined in the text.
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Figure 9. Allowed regions for the new physics contributions to the inclusive (left) and high-mass
(right) AFB at Tevatron, and the tt cross section at LHC. Limits from this analysis are the solid
horizontal lines. The measurements of AFB from CDF and D0 are shown as vertical lines with
bands representing the uncertainties.

vanishing coupling g13 = 0. The shape of the curves is due to the interference of the

Z ′ with the tt̄ production amplitude, which gives a negative contribution to the forward-

backward production asymmetry, while the quadratic Z ′ contribution increases it. As the
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fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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FIG. 1: Lepton (left) and dilepton (right) forward-backward asymmetry in the qq̄ ! tt̄ process

as a function of the center-of-mass production energy in the chiral-QCD toy model. We assumed

purely right-handed couplings of the chiral gluon to the light quarks, and left-handed (RL), right-

handed (RR) and vector (RV) couplings to the top quark. In all three cases the threshold lepton

asymmetry is +50% and the threshold dilepton asymmetry is +66%.

state has orbital angular momentum and there is no longer a one-to-one correspondence

between the spins of the light quarks and of the tops, leading to A`

FB

di↵erent from 50%. In

fact, at very high
p
s when the tops have large velocities, the lepton asymmetry approaches

the value of the top forward-backward asymmetry which is positive (negative) for right-

handed (left-handed) coupling of the chiral gluon to the top, and which is zero if that

coupling is vector-like. The dilepton asymmetry has a very similar qualitative behavior, the

main di↵erence being the threshold value of ⇠ 66%.

We stress again that the lepton forward-backward asymmetry at threshold is independent

of the top forward-backward asymmetry, in particular for g
tL = g

tR the latter is zero, while

the former can be anywhere between �50% and 50% depending on the relative magnitude

of g
qL and g

qR . Furthermore, we underline the di↵erence between the threshold and inclusive

lepton asymmetries. In our example with g
qL = g

tR = 0 (marked as RL in the plot) the

inclusive lepton asymmetry is very small, ⇠ 5% while the threshold lepton asymmetry is

⇠ 50%.
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• s-channel resonances (KK or “Axigluon”, also EFT*) 

• asymmetries driven by spin interference effects

• top spins at threshold probe initial state chiralities

• use leptonic asymmetries as probes

• at large mtt interesting spin correlations
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fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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state.

The spins of top quarks can be determined statistically by measuring the direction of

the decay products. In particular, it is well known that the charged lepton in leptonic top

decays is a “perfect” top spin analyzer. For the top, the direction of the positively charged

lepton follows the distribution

1

�

d�

d cos ✓
=

1

2
(1 + cos ✓), (1)

where ✓ is the angle between the momentum of the outgoing lepton and the top spin in a

reference frame where the top quark is at rest. For the anti-top the situation is reversed: the

negative lepton has a 1�cos ✓ distribution with respect to the anti-top spin. Thus, a process

in which tt̄ pairs are produced at rest from an initial state with right-handed initial quark

chiralities predicts a distinctive angular distribution in semileptonic or dileptonic decays:

the positively charged leptons are predicted to go mostly in the positive z-direction with the

distribution Eq. (1) whereas negatively charged leptons are emitted mostly in the negative

z-direction. To quantify this e↵ect, one can define the lepton asymmetry

A`

FB

=
N

l

(q
l

cos ✓
l

> 0)�N
l

(q
l

cos ✓
l

< 0)

N
l

(q
l

cos ✓
l

> 0) +N
l

(q
l

cos ✓
l

< 0)
. (2)

Here ✓
l

is the angle between the lepton and the incoming quark directions. For the q
R

q̄
R

! tt̄

process in the tt̄ rest frame (where both the top and anti-top are at rest at threshold) we

obtain the threshold lepton asymmetry A`

FB

(
p
s = 2m

t

) = +50%.

If the initial state consists of left chirality quarks, q
L

q̄
L

, all spins are reversed. In this case

the tt̄ pair at threshold has spins in the negative z-direction and A`

FB

(
p
s = 2m

t

) = �50%.

More generally, by measuring the angular distribution of the charged leptons in semilep-

tonic or dileptonic top decays one can determine what fraction of tt̄ events at threshold

originated from left or right-handed initial quarks. Of course, QCD is parity symmetric and

predicts equal admixture of left- and right-chiral initial quarks. Thus, the QCD prediction

is A`

FB

(
p
s = 2m

t

) = 0 at the tree-level (in fact, this holds for arbitrary
p
s). If, however,

there are new physics contributions to tt̄ production for which the couplings to left- and

right-chiral fields di↵er one expects a non-vanishing lepton asymmetry.

Several comments are in order.

• The threshold lepton asymmetry is independent of the tt̄ forward-backward asymmetry

At

¯

t

FB

. In fact, it is easy to construct models in which the inclusive At

¯

t

FB

and A`

FB

have

4
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• s-channel resonances (KK or “Axigluon”, also EFT*) 

• asymmetries driven by spin interference effects

• need color octet axial vector contributions

• mtt differential AFB,C change sign at resonance mass

• Tevatron data suggest 
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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FIG. 2: Plot of the invariant mass distribution of the Tevatron tt̄ asymmetry from interference of the s-channel gluon and axigluon diagrams.
The three curves correspond to axigluons with mass 420 GeV which each produce a 30% asymmetry from new physics in the 450 GeV and
above invariant mass bin. Note that the asymmetry is negative below the resonance of the axigluon. All three example points predict about
-5% asymmetry when integrated from the tt̄ threshold to 450 GeV. To obtain an estimate for the total new physics + QCD asymmetry, one can
simply add the SM asymmetry (about 10% in the high invariant mass bin).

Here we used the partonic Mandelstam variables s ⇧ (p1 + p2)2, t ⇧ (p1 � k1)2, u ⇧ (p1 � k2)2, and we denoted tt = t�m2
t

and ut = u�m2
t . In terms of the top quark velocity � ⇧

p
1� 4m2

t/s and the scattering angle ⇧ between the outgoing top and
the incoming quark in the CM frame we have tt = �s(1� � cos ⇧)/2 and ut = �s(1 + � cos ⇧)/2.

The second term in (3) comes from axigluon-gluon interference and is odd under the reflection cos ⇧  � cos ⇧ (u  t),
whereas the QCD and new physics squared contributions are even. Therefore the interference term contributes to the forward-
backward asymmetry but not to the differential cross section d�/dmtt̄ , whereas the new physics squared term contributes to the
cross section but not to the asymmetry.

The measured pp̄� tt̄ total cross section, �tt̄ = (7.5±0.48) pb [64] and cross section shape d�tt̄/dmtt̄ [65] are in reasonable
agreement with predictions from perturbative QCD [66–69] �tt̄ = (6.5±0.5) pb while a large new contribution to the asymmetry
is required. This implies that the new physics squared term must be small for all values of s while the interference term is required
to be large. These two conditions are satisfied with small coupling ga ⌃ gs/3 and large width �a

>⌃ 0.1Ma. Much smaller
values of the width would produce a noticeable “bump” in the tt̄ invariant mass spectrum while much smaller values of the
coupling would fail to produce a significant asymmetry. The large values of the width which we need require additional decay
channels for the axigluon beyond the decay to standard model quarks. We postpone a discussion of models which accomplish
this until after showing the phenomenological fits.

In Figure 2 we show the new physics contribution to the asymmetry as a function of invariant mass mtt̄ for three different
choices of axigluon parameters. Each corresponds to an axigluon mass of Ma = 420GeV and a new physics contribution to the
high invariant mass asymmetry ANP (mtt̄ > 450GeV) = 0.3. Since the contributions from new physics to the differential cross
section are small it is a good approximation to simply add this to the SM value of the asymmetry, ASM (mtt̄ > 450GeV) =
0.11 [6]. Given the large uncertainties on the shape of the measured asymmetry all three are in good agreement with the
asymmetry data.

Figure 3 shows the corresponding tt̄ cross sections as a function of invariant mass. One sees that for 15% or 20% width,
the cross section shape shows very little distortion from the cross section of the SM alone. The integral of the new physics
contribution under the bump in these two cases is 0.6 and 0.5 pb, respectively. This is well within the experimentally allowed
cross section. For a width of <⌃ 10% there is a visible “bump” in the spectrum. However, even 10% may still be consistent
with experiment after taking into account significant smearing due to detector effects and statistical fluctuations. The total new
physics cross section in this case is 0.7 pb.

Another important constraint on many models comes from the absence of large deviations in the tt̄ cross section at the
LHC [70, 71] and the dijet cross sections measured at the Tevatron [72–74] and LHC [75–77]. Since the axigluon in our model
is relatively light and weakly coupled, the LHC top cross section does not give an interesting bound. Potentially more interesting
are dijet constraints. However our axigluon is sufficiently weakly coupled and broad that the bounds are evaded provided that
the new decay channels of the axigluon which are responsible for the large width do not correspond to dijets. We show a plot of
the dijet invariant mass distribution including the axigluon contribution at the Tevatron in Figure 4 where we multiplied the new
physics contribution by a factor of 3 to make its effect visible on the plot. The integrated new physics cross section under the
peak is below the CDF bound [72] for narrow resonances of about 8 pb for axigluon mass Ma = 420 GeV.

Tavares & Schmaltz, 1107.0978
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• s-channel resonances (KK or “Axigluon”, also EFT*) 

• asymmetries driven by spin interference effects

• need color octet axial vector contributions

• mtt differential AFB,C change sign at resonance mass

• predict resonance in mtt 

• may be very broad
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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Figure 4: The distributions of the invariant mass Mtt̄ (in GeV) at the LHC assuming 100 GeV
bins with a luminosity of L = 1 fb�1. The SM at NNLO (µF = µR = mt = 173 GeV) [blue
histogram] is shown together with the RS contribution [in black : the crosses indicate the statistical
error]. The e�ect of smearing is only implemented in the right-hand side figure.

In the right-hand side of Fig. 4, we have taken into account the fact that there is

a finite experimental resolution in the measurement of the invariant mass Mtt̄. For this

purpose, we have convoluted the Mtt̄ distributions with a gaussian function whose width

is the resolution taken from Ref. [37, 38] : it is typically � 150 GeV at Mtt̄ = 1.5 TeV.

This results in a smearing e�ect of the distribution visible in the figure.

Hence, future LHC data should show a clear excess of events with respect to the

SM. Because of the smearing and the large KK gluon width, this resonance e�ect is not

predicted to be a sharp peak in the Mtt̄ distribution but the realistic shape, shown in the

right-hand side of Fig. 4, still clearly di�ers from the SM behavior. Integrating the LHC

data e.g. over the bin [1050, 1750] GeV, one expects typically a statistical significance of

14⇥ for the excess, assuming L = 1 fb�1 which leads to hundred’s of events for the signal.

We note that by rescaling the KK gluon distributions in Fig. 4 to the present LHC

luminosity of L ⇥ 36 pb�1, we obtain tiny numbers of events which are compatible with

the available data [38] : few or no events in the region above Mtt̄ � 1.1 TeV where there

is typically no background subtraction needed.

More challenging types of signals at LHC that could be manifestations of the present

RS model are KK gluon e�ects in the dijet production, a second KK gluon excitation

resonance – predicted around 3.5 TeV – in the top pair production channel and anomalies

in FB or charge asymmetries potentially measurable with a pp initial state [46].

6. Conclusion

We have presented a RS scenario which allows for a common explanation of the anomalies

observed at LEP and the Tevatron on the heavy quark forward-backward asymmetries,

while satisfying the various tight constraints from collider data, including LHC. Our main

conclusion is that such a scenario can be tested at the LHC with the sample of pair

produced top quarks that will be collected this year. This data sample should show a

clear excess of events for tt̄ invariant masses around 1.5 TeV, induced by a KK gluon.

Let us stress that while several alternative models can also explain the excess in

At
FB, like in the case of axigluons for instance, they generally do not account for the Ab

FB

anomaly. A possible way to discriminate at the LHC the scenarios with the present KK

gluon or an axigluon is to search for KK electroweak gauge bosons – e.g. via their decay

– 10 –
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• s-channel resonances (KK or “Axigluon”, also EFT*) 

• asymmetries driven by spin interference effects

• need color octet axial vector contributions

• mtt differential AFB,C change sign at resonance mass

• predict resonance in mtt 

• may be very broad [Br(tt)<<1]
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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• s-channel resonances (KK or “Axigluon”, also EFT*) 

• asymmetries driven by spin interference effects

• need color octet axial vector contributions

• mtt differential AFB,C change sign at resonance mass

• predict resonance in mtt 

• may be very broad

• also (resonant) 4-top production
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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of four-top final states, see Fig. 1 (left). Non-resonant
diagrams such as the one depicted in the right panel, in
which the new gluons are not produced on-shell, are also
important for larger values of the gluon coupling to the
top quark, and dominate both below the tt̄ threshold and
at large gluon masses.

FIG. 1: Sample diagrams for resonant (left) and non-resonant
(right) contribution to four-top production in the presence of
new heavy gluons. The thick line corresponds to the massive
gluon.

Given the fact that gA,V
q ! gAt , the cross section for

four-top final states is essentially independent of the cou-
pling to light quarks. For definiteness, we take a purely
axial coupling gq ≡ gAq = 0.2 to light quarks, which is
around the upper limit for a wide range of heavy gluon
masses [14], and a right-handed one gt/2 ≡ gAt = gVt to
the top quark, as preferred by B physics constraints [32].
(Setting gq to zero the four-top cross section found is
nearly identical in all mass range, except for a slightly
steeper rise at the M ∼ 2mt threshold.) The coupling to
the second generation is also constrained to be small by
dijet production and has even a smaller effect on our re-
sults. For simplicity, it is set to zero. On the other hand,
the four-top cross section depends on the gluon mass and
its coupling to the top quark. In case that additional new
particles exist, the four-top cross section near and above
the tt̄ threshold also depends on the partial width for
gluon decays into these new particles.

In order to test the sensitivity of existing analyses to
four-top production, we have implemented our model in
MADGRAPH 5 [33] using FeynRules [34]. The matrix el-
ement generated by MADGRAPH has been implemented in
Protos [35] for an efficient exploration of the model pa-
rameter space and computation of four-top production
cross sections. We have generated events for different
configurations of gluon masses and couplings for pp col-
lisions at a centre of mass (CM) energy

√
s = 7 TeV

and passed them through PYTHIA [36] and PGS4 [37]. All
our simulations are performed at leading order. For the
same-sign dilepton final state we have applied the selec-
tion and kinematical cuts in Ref. [28] and found that the
analysis most sensitive to four-top production is the one
requiring

• two same-sign leptons !±!±, ! = e, µ with pseudo-
rapidity |η| < 2.4. Electrons must have transverse
momentum pT > 10 GeV and for muons pT > 5
GeV is required.

• HT ≥ 400 GeV, where HT is the scalar sum of the
pT of all jets. Only those with pT > 40 GeV and
|η| < 2.5 are considered here.

• Missing energy !ET ≥ 50 GeV.

The global efficiency of these cuts for our four-top sig-
nal, including the same-sign dilepton branching ratio, is
approximately of 2% for a wide range of heavy gluon
masses. (Requiring HT ≥ 200 GeV and !ET ≥ 120 GeV
results in an efficiency only slightly smaller.) With this
selection, the CMS Collaboration measures 7 events with
an integrated luminosity L = 0.98 fb−1, for a SM back-
ground prediction of 5.3 ± 2.4 [28]. For the trilepton
channel we ask for

• three leptons ! = e, µ with pT > 20 GeV and |η| <
2.4; same-flavour opposite-charge pairs are required
to be outside a window |MZ −mll| < 10 GeV (mll

is the invariant mass of the two leptons).

• Two jets with pT > 25 GeV and |η| < 2.4, at least
one b-tagged.

• The scalar sum HT +
∑

! p
!
T +!ET ≥ 50 must be

larger than 500 GeV.

With such cuts the efficiency for our four-top signal is
of 0.6%. With this selection, the CMS Collaboration
measures one event with a luminosity L = 1.16 fb−1, for
an expected SM background of 0.16± 0.09 [29].

Upper bounds on four-top production can be obtained
from either of these channels, as well as from their
combination, using the modified frequentist likelihood
method [30, 31]. These limits are evaluated using 106

pseudo-experiments of the expected signal and back-
ground samples. Statistical uncertainty effects are im-
plemented assuming Gaussian distributions [30]. The ob-
tained 95% CL bound on four-top production are

σ4t ≤ 0.50 pb (2l) ,

σ4t ≤ 0.70 pb (3l) ,

σ4t ≤ 0.36 pb (combined) . (2)

As we have mentioned, the four-top cross section cru-
cially depends on whether the new gluon can decay to
additional non-SM particles. Thus, a detailed discussion
of the heavy gluon width is compulsory. Let us denote
by Γ0 the partial width of the gluon to SM particles.
Below the M ∼ 2mt threshold, Γ0 receives the largest
contribution from decays G → uū, dd̄, with a smaller one
from four-body decays G → W+bW−b̄. (At any rate, for
masses M ≤ 320 GeV the four-top cross section is prac-
tically independent of Γ, as we will explicitly see below.)
Above this threshold, Γ0 is largely dominated by on-shell
decays to tt̄. This is clearly seen in Fig. 2, in which we
plot Γ0 as a function of M , for five values of the coupling
to the top quark gt = 1, 2, 3, 4, 5.

We consider in first place models in which the new
gluon only decays to SM particles, that is, Γ = Γ0.
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FIG. 3: Distribution of kinematic quantities for various mod-
els. Top, lepton multiplicity before any selection. Center, jet
multiplicity for events with same-sign dileptons. Bottom, HT

after all selection requirements other than HT > 350.

top-quark production, using the recent ATLAS same-sign
dilepton search. While this search is effective in placing
interesting limits on four-top-quark production, it was
optimized for events containing two top quarks, and so
one can imagine improving upon it by using the larger set
of handles available from the decay products of four top
quarks. Our work is only a first step into what should be
a fruitful age of multi-top-quark searches at the LHC.
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• s-channel resonances (KK or “Axigluon”, also EFT*) 

• asymmetries driven by spin interference effects

• need color octet axial vector contributions

• mtt differential AFB,C change sign at resonance mass

• predict resonance in mtt 

• may be very broad

• also (resonant) 4-top production

• large widths can again upset the limits
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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with gt of order unity [14]. In this case, four-top pro-
duction is well below the present and foreseable limits.
Still, one may consider a width enhancement from decay
to particles lighter than the top quark [16]. We show in
Fig. 5 the four-top cross section in this case, for width
enhancements Γ = Γ0 + 0.1M and Γ = Γ0 + 0.25M . In
both cases the cross section for masses M ≤ 300 GeV
is unchanged by the extra width, so models with very
light colour octets [15] may already be compromised by
limits on four-top production. On the other hand, four-
top production close to threshold is largely suppressed,
a fact which is expected since the extra width 0.1M ,
0.25M to non-SM states is orders of magnitude larger
than Γ(G → tt̄), see Fig. 2. Besides, achieving such a
width enhancement may not be natural and/or may re-
quire too large couplings to the new particles. At any
rate, an extra gluon width may hide the four-top signal
but gives rise to other new final states from the decay
of the heavy gluons, which have to be considered when
discussing the viability of any model.
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FIG. 5: Four-top cross section for new gluons below and
slightly above the tt̄ threshold, for gt = 1, with and with-
out an extra width enhancement.

Let us now consider the effect of the foreseen LHC en-
ergy upgrade. If the CM energy is increased to 8 TeV
we obtain a factor of 2− 2.3 increase in the four-top pro-
duction cross section, thus partially compensating the
supression due to an enlarged gluon width (see Fig. 4).
A much more dramatic increase of the signal cross section
is obtained for

√
s = 14 TeV, as we show in Fig. 6. The

four-top production cross section in enhanced by one to
almost two orders of magnitude, depending on the gluon
mass, with respect to the one at

√
s = 7 TeV. Although

the backgrounds also grow at this energy we can antici-
pate a very good sensitivity to four-top production. For
example, the lowest point in Fig. 6 has a cross section of
52 fb while an estimated 5 σ observation limit of 45 fb
is expected with 100 fb−1 of integrated luminosity [22].

Moreover, the production cross section at the tt̄ thresh-
old is almost four orders of magnitude larger than the
expected observation limit. Thus, even with a strong
suppresion due to an enlarged width, models with a light
gluon below the TeV scale are expected to be probed at
the LHC.
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FIG. 6: Four-top cross section for Γ = Γ0 (decays to SM
particles only) for the LHC with

√
s = 14 TeV. The five lines,

from bottom to top, correspond to gt = 1, 2, 3, 4, 5.

In summary, in this paper we have considered four-top
production in models explaining the Tevatron tt̄ asym-
metry with new ‘light’ gluons. Pair production of these
particles followed by decays into top pairs is a new, po-
tentially large, source of four-top final states. In order to
cover all the relevant parameter space, we have studied
the four-top production cross section as a function of the
gluon mass and its coupling to the top. We have also
considered some examples of scenarios where the heavy
gluon width is increased by decays to additional non-SM
particles. Our main results are summarized in Figs. 3, 4
and 5 for the 7 TeV LHC and Fig. 6 for the 14 TeV LHC.
The large four-top cross sections found in a large part of
the parameter space, and their small SM backgrounds,
make this channel a very promising probe of this class
of models, capable to reach gluon masses up to 800 GeV
with the luminosity already collected at the LHC. An
LHC energy upgrade to 8 (14) TeV implies an increase in
the four-top production cross section by a factor of ∼ 2
(10-500), thus improving dramatically the reach in these
models.
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• s-channel resonances (KK or “Axigluon”, also EFT*) 

• asymmetries driven by spin interference effects

• need color octet axial vector contributions

• mtt differential AFB,C change sign at resonance mass

• predict resonance in mtt 

• may be very broad

• also (resonant) 4-top production

• large widths can again upset the limits

• however, complementary dijet resonance searches
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fully leptonic tt̄ events, which has recently been discussed in a CDF note [49]. Lastly, we

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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• Incoherent tt production

• Production of “top partners” decaying to top + invisible particles 
• Need to pass tt selection criteria and escape searches for tt+Emiss  
• QCD production of scalars mostly p-wave, vanishes at threshold!

• ‘4th gen’ exclusions do not apply!

• In low mass region sizable σ still allowed

• mt~190GeV, mχ~O(GeV)
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FIG. 5: For three choices of (mT 0 ,mX), mTW for signals versus backgrounds in signal region.

VI. RESULTS

We convert limits on the tt̄+ /ET cross sections to exclude mT 0 up to 360 GeV at 95% confidence level, see Fig. 7

We reinterpret our cross section limits in terms of the supersymmetry decay, t̃ � t + �0. We cannot make any
mass exclusion for this decay. We compare median expected and observed limits and theoretical next-to-leading-order
(NLO) cross sections(prospino2 [6]) for fixed �0 mass; m�0 = 1GeV (Fig. 8a) and m�0 = 20GeV (Fig. 8b). Similar
plots can me made for di�erent �0 masses up to m�0 = 100GeV .

(a) Low mass region. (b) High mass region.

FIG. 6: 95% C.L. Upper limit on cross-sections..
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TABLE II: Number of expected and observed events in the
signal region before and after CHAOS application. Predic-
tion for the signal point (m(t̃1) = 125 GeV/c2 , m(χ̃0

1) =
70 GeV/c2 ) is also shown. Correlated and uncorrelated un-
certainties in the total background and expected signal were
treated separately in the analysis although they are combined
here.

Signal region Before CHAOS Final (after CHAOS)
W/Z + jets 423.6 ± 185.0 60.9± 26.6
Diboson 36.9± 6.5 10.7 ± 1.9
Top pair 61.9 ± 15.5 4.6± 1.3
Single top 39.0± 9.7 3.2± 0.8
HF Multijets 279.6 ± 208.3 20.4± 15.2
Light-flavor jets 658.3 ± 259.6 32.2± 12.7
Total expected 1499.3 ± 277.1 132.0 ± 24.4
Observed 1496 115
t̃1 signal 250.0 ± 66.2 90.2± 23.9

CHAOS, which are 4.4% [11] and 9.2% respectively, and
the luminosity (6%) [8]. Uncorrelated systematic uncer-
tainties on the background predictions are dominated by
uncertainties on the MUTARE parameterization (30%),
the mistag rate (16% [11] for light-flavor multijets), the
top-quark pair-production cross section (11%), the single
top-quark production cross section (13%), and the dibo-
son production cross section (10% forWW/WZ and 20%
for ZZ). The uncertainty on the normalization of the bo-
son plus HF jets to the total inclusive boson production
cross section translates into a 10% uncertainty in the SM
predictions. Correlated and uncorrelated uncertainties
are evaluated separately and combined in quadrature.

The signal region is analyzed after the background pre-
dictions are determined. We observe 115 events, where
132.0 ± 24.4 are expected from background, as summa-
rized in Table II where yields before selecting events
based on CHAOS output are also shown. Since no signif-
icant deviation from the SM prediction is observed, the
results are used to calculate a 95% C.L. exclusion limit
for the t̃1 pair production cross section.

We have used the differences in shape of the NN out-
put to set the limits. These limits are computed using a
Bayesian likelihood method [31] with a flat prior proba-
bility for the signal cross section and Gaussian priors for
the uncertainties on acceptance and backgrounds. Fig-
ure 2 shows the expected and observed limits as a func-
tion of m(t̃1) for a neutralino mass of 80 GeV/c2 .

We exclude, assuming BR(t̃1 → cχ̃0
1) = 100%, t̃1

masses up to 180 GeV/c2 at 95% C.L. In addition, a
95% C.L. limit is obtained in the mass parameter plane
of the model. Figure 3 shows the excluded region in
the stop-neutralino mass plane of the analysis, compared
with results from previous analyses [5, 6, 30]. The limit
obtained with the present analysis improves the results
of previous searches using a similar topology, and repre-
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CERN.

sents the world’s best limit in the region of large mass
splitting.

To summarize, we have searched for the pair produc-
tion of stop decaying into a charm quark and a neutralino,
in 2.6 fb−1 of CDF Run II data. We observe 115 candi-
date events, which are in agreement with SM background
expectations of 132.0± 24.4 events. No evidence for stop
is observed, and we exclude a region in the stop and neu-
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Conclusions

• The most significant hints of BSM physics at the Tevatron in top sector

• Large measured AFB could still be due to O(TeV) (s-channel) resonances

• at LHC expect excess in di-jet & tt spectra - already constrain such NP

• Interesting possibilities of sub TeV contributions in u- or t-channel

• predicted LHC signatures in tt+jets - opportunity for ATLAS & CMS
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Conclusions

• The most significant hints of BSM physics at the Tevatron in top sector

• Large measured AFB could still be due to O(TeV) (s-channel) resonances

• at LHC expect excess in di-jet & tt spectra - already constrain such NP

• Interesting possibilities of sub TeV contributions in u- or t-channel

• predicted LHC signatures in tt+jets - opportunity for ATLAS & CMS

• At LHC, AFB manifestation as rapidity dependent charge asymmetry

• Inclusive values consistent with SM - some tension in all NP proposals

• Enhanced σt in forward region - opportunity for LHCb

• Also top polarization, spin correlations affected by NP addressing AFB

• related leptonic angular asymmetries

• For incoherent AFB contributions, expect tt+Emiss, jj+Emiss
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• t(u)-channel resonances

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

• Need large FC (u-t, d-t) couplings

• potentially severe constraints from ΔF=2 and dijet searches

• first significant impact of LHC data with >1fb-1

• Tevatron still more sensitive if NP light!

• important constraints from dijet angular distributions

New Physics Interpretation(s)
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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• t(u)-channel resonances

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

• Need large FC (u-t, d-t) couplings

• potentially severe constraints from ΔF=2 and dijet searches

• requires non-trivial flavor structure of the underlying theory

• gauge symmetries

• flavor symmetries

New Physics Interpretation(s)

q

q̄

M

t

t̄

(a) s-channel qq̄

g

g

M

t

t̄

(b) s-channel gg

q

q̄

M

t

t̄

(c) t-channel qq̄

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

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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Name SU(3)c SU(2)L U(1)Y QQ Coupling LQ Coupling Tree-level ∆F = 2?
I 6 3 − 1

3 (qLqL) - Yes
II 3 3 − 1

3 [qLqL] qLlL No
III 6 1 − 1

3 [qLqL], uRdR - No
IV 3 1 − 1

3 (qLqL),uRdR qLlL, uReR No
V 6 1 − 4

3 (uRuR) - Yes
VI 3 1 − 4

3 [uRuR] dReR No
VII 6 1 2

3 (dRdR) - Yes
VIII 3 1 2

3 [dRdR] - No

TABLE I: Scalar diquarks and their couplings. The parentheses in the ‘QQ Coupling’ column indicate whether the relevant
coupling is symmetric () or antisymmetric [] in flavour indices.

φ

ψl

ψi

ψk

ψj

λ∗
kl

λij

FIG. 1: Tree-level exchange of a diquark contributing to
∆F = 2 FCNCs.

mixing between neutral mesons at tree-level, as illus-
trated in Fig. 1. For example, a canonically-normalized,
colour-triplet, electroweak-singlet diquark, φ, of mass M ,
coupled to quarks ψR ∈ {uR, dR}, has the Yukawa inter-
action

L ⊃ −
λψ
ij

2
εabcφaψ

iT
RbCψj

Rc + h.c., (8)

where a,b, and c are colour indices, and i and j are flavour
indices. This generates the dimension-six operator

Leff ⊃
λψ
ijλ

ψ∗
kl

4M2
ψla
R γµψj

Raψ
kb
R γµψ

i
Rb, (9)

where we have used the antisymmetry of the coupling
λψ
ij .
Similarly, for a colour-sextet, electroweak-singlet di-

quark, Φ, we use a matrix notation in colour space, writ-
ing

Φ =







Φ1
Φ4√
2

Φ5√
2

Φ4√
2
Φ2

Φ6√
2

Φ5√
2

Φ6√
2
Φ3






; (10)

the Yukawa coupling

L ⊃ −
1√
2
λψ
ijψ

iT
R ΦCψj

R + h.c. (11)

then generates, via tree-level exchange of the diquark, the
same operator (9), where now λψ

ij is symmetric. For any
diquark, tree-level ∆F = 2 processes can arise via such
diagrams only if the diquark can couple to two quarks

of the same generation and charge. As a result, five di-
quark states do not mediate such processes.6 They in-
clude the states VI and VIII, whose couplings are purely
antisymmetric in flavour indices in the mass basis. Two
more are III and IV, which can couple both to qLqL and
to uRdR, since both couplings only connect quarks of
different charge. The fifth and final state is II, which
couples antisymmetrically to the SU(2)L triplet combi-
nation of qLqL, in the gauge basis. This has components
coupled to uLuL or dLdL, but these couplings retain an-
tisymmetry in flavour indices in the mass basis. It also
contains a third component which couples to quarks of
different charges (but is no longer antisymmetric in the
mass basis).

We now wish to examine whether the three states
that mediate tree-level FCNCs are compatible with our
flavour paradigm, viz. a single, sizable coupling, together
with a hierarchical structure. Up until now, we have
been rather coy in specifying what we mean by a“sizable
coupling”. Since we are interested in the prospects for
flavourful production at hadron colliders, the most ap-
propriate definition of sizable would seem to be: large
enough to result in a statistically-significant sample of
signal events at the Tevatron or LHC, after cuts and in
the presence of backgrounds and finite experimental res-
olution. Without entering into a detailed discussion of
the experimental analysis, which depends on the specific
diquark interaction, we shall simply take the sizable cou-
pling to be unfixed, but of order unity. This will enable
readers to keep track in a simple way of the interdepen-
dent scaling of the various indirect bounds and direct
production cross-sections.

For states mediating tree-level FCNCs, the least dan-
gerous possibility would be to start with the extreme case
where all of the diquark couplings vanish in the gauge
basis [33], except for a single sizable coupling, λu

33. The
rotation that is required to go to the mass basis will then
generate a diquark coupling between the first and second
quark generations. The smallest this can be is in the case

6 This observation was previously made for state VI in [12] and for
states IV and VIII in [32].
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Forward-backward asymmetry in tt̄ production from flavour symmetries
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We show that the forward-backward asymmetry in top quark pair production can be enhanced
by fields that transform nontrivially under the flavour group and satisfy Minimal Flavour Violation,
while at the same time the constraints from associated e�ects on the d�(t t̄)/dMtt̄ distribution, dijet
resonance searches, same sign top pair production and other phenomenology are satisfied. We work
out two examples in detail, one where a scalar colour anti-sextet field, that is also anti-sextet of
SU(3)U, enhances the forward-backward asymmetry, and one where the enhancement arises from a
vector colour octet field that is also an octet of SU(3)U.

Introduction. In the Standard Model (SM) the only
quark that couples with O(1) strength to the electroweak
symmetry breaking sector – the SM Higgs boson – is
the top quark. Anomalous interactions of the top quark
could thus be our first window on the physics that sta-
bilizes the electroweak scale. The large coupling of the
top to the Higgs also breaks the SM quark flavour group
GF = SU(3)U ⇤ SU(3)D ⇤ SU(3)Q, which arises in the
limit where the SM Yukawas (YU , YD) vanish,

LY = (YU )
i
j ūiR Qj

L H + (YD)ij d̄iR Qj
L H† + h.c.. (1)

It is reasonable to expect that New Physics (NP) which
stabilizes the electroweak scale could have non trivial
flavour structure, and that measurements of top quark
properties could also improve our understanding of the
origin of flavour.

Recently, CDF announced that for the mass of the tt̄
pair Mt̄ t ⇧ 450GeV, the measured asymmetry in top
quark pair production, Att̄

FB = 0.475±0.114 [1], di⇥ers by
3.4⇤ from the next-to-leading order (NLO) SM prediction
Att̄

FB = 0.088 ± 0.013. This reinforces anomalously large

past measurements of Att̄
FB by CDF and DO/ [2–4].

This discrepancy could be due to an additional NP
contribution to tt̄ production or a statistical fluctuation.
NP models that explain these anomalies generally have
new particles exchanged in the s or t channel, and each
case faces a number of challenges. For models with s
channel exchange, there is no evidence for a resonance in
the tt̄ invariant mass spectrum [5, 6], pushing the mass
of the particle to at least O(1TeV) [7]. Further, in order
to obtain a positive Att̄

FB, the NP vector field has to cou-
ple to light quarks with an opposite sign than to the top
[7, 8]. These couplings can lead to large flavour changing

⇤Electronic address:bgrinstein@physics.ucsd.edu
†Electronic address:kaganalexander@gmail.com
‡Electronic address:mtrott@perimeterinstitute.ca
§Electronic address:jure.zupan@cern.ch; On leave of absence from
Josef Stefan Institute and U. of Ljubljana, Ljubljana, Slovenia.

neutral currents (FCNC’s), violating the observed agree-
ment between the SM and FCNC observables. In [9, 10]
SU(2)U symmetric quark couplings suppress dangerous
D meson mixing.
Models with t channel exchange require large inter-

generational couplings. It is possible to arrange that
despite such couplings no observable FCNC e⇥ects arise
[11–13]; however, it is challenging for such scenarios to be
incorporated into a realistic model of flavour. In concrete
models, nonzero c̄ � u couplings can lead to unaccept-
ably large contributions to D meson mixing. t channel
exchanges can also lead to same sign top-pair production,
which is tightly constrained [14].
This letter demonstrates that all of the above obsta-

cles, as well as dijet constraints, can be overcome, if the
NP particle exchanged in the t or s channel is in a non-
trivial representation of GF. For instance, an s channel
exchange of an SU(3)U octet vector field automatically
has couplings to light quarks of opposite sign than to the
top quark

1⇥
3
V 8
µ

�
ūR�

µuR + c̄R�
µcR�2t̄R�

µtR) + · · · , (2)

where the ellipses denote the remaining field components
of the 8 representation. The same flavour octet vector
will also lead to u ⌃ t transitions in the t channel

(ŪRT
A�µUR)V

A
µ =

�
V 4
µ � iV 5

µ

��
t̄R�

µuR

�
+ · · · , (3)

from the exchange of V 4,5
µ octet components, and simi-

larly to c ⌃ t transitions from the exchange of V 6,7
µ . De-

spite the large intergenerational transitions, no FCNC’s
arise before flavour breaking. Integrating out the NP,
one matches onto 4-quark operators that are schemati-
cally of the form (q̄iqj)�ij,kl(q̄kql). Before flavour break-
ing, �ij,kl has a form �ij,kl = . . . ⇥ij,kl + . . . ⇥il⇥jk. One
generates four quark operators (ūc)(c̄u) but not (ūc)2.

For GF breaking we assume Minimal Flavour Violation
(MFV), where the flavour violation (FV) in the NP sector
is proportional to YU , YD [15–17]. As a result FCNC’s
are consistent with experiment even for NP mass scales
< TeV. We use the MFV formalism of [17].
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• t(u)-channel resonances

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

• Need large FC (u-t, d-t) couplings

• Generically predict slow rise in mtt spectrum 

New Physics Interpretation(s)
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Figure 1: Tree level tt̄ production diagram with mediator M exchange.

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

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

II. MODELS

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

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

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

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

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

contribution from new physics, it can easily dominate.

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

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

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

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

must have a big axial coupling.

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

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

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

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

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

negative contribution to the asymmetry.
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FIG. 10: Predictions for the ratio (d⇥(t t̄)NP+SM/dMtt̄)/(d⇥(t t̄)SM/dMtt̄) for scalar and vector models. The scalar

model examples are for model SV with (�,mS) = (1, 400GeV) dashed blue, and for model SVI with (�,mS) =

(1/
⇥
2, 800GeV) dotted red. The vector model examples are for IIo with (fq = ft,MV ) = (1/

⇥
32, 500GeV) solid

blue, and for with (fq ft, fqt,MV ) = (0.5, 2, 500GeV) solid red.

the differential spectrum. In Fig. 10 we show the ratio

R� =
d⇥(t t̄)NP+SM/dMtt̄

d⇥(t t̄)SM/dMtt̄
. (24)

in models IIo,VIo, SV, and SVI for the benchmark points shown in Figs. 6, 7, and 9. In the ratio we use

SM NLO+NNLL prediction from Ref. [109], while NP contribution including interference with the SM is

calculated at LO, mirroring our procedure for Tevatron predictions used in previous sections. In Fig. 10 a

sharp resonant peak is clearly visible for the disfavored pure s-channel model IIo. Once convoluted with

the experimental resolution the peak will be less prominent. For instance assuming 10 GeV resolution the

peak leads to an O(30%) enhancement of the cross section in the bin containing the peak. The model VIo

example contains a rise in the tail region associated with the Rutherford scattering peak that is characteristic

of t-channel models with O(1) couplings. The scalar models SV and SVI, being u-channel models, display

a relative enhancement throughout the entire differential spectrum [44], similarly to the case at Tevatron (see

Fig. 3). Model SI displays virtually no deviation from the SM spectrum, as pointed out in Refs. [37, 68].

B. Contributions to Bs � B̄s mixing

There is some evidence for NP contributions to the measurement of the Bs mixing phase. A 3.9⇥

deviation from the negligible SM prediction has been measured in the like-sign dimuon charge asymmetry

by the DØ collaboration [9, 10]. This result is in agreement [92, 122] with a hint for a nonzero weak phase

Grinstein et al., 1108.4027
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Figure 2: Allowed regions for the Tevatron tt̄ asymmetry and the tt̄ tail at LHC for a

single scalar in each representation.

1. A colour-singlet isodoublet φ (with the same quantum numbers as the Higgs bo-

son) can give an asymmetry compatible with the experimental value, and still

produce a moderate tail at LHC. (Note that quadratic terms involving the oper-

ators Oqu(′) , Oqd(
′) decrease the asymmetry.) On the other hand, a colour octet

Φ produces an asymmetry smaller than the SM value because the interference

terms have opposite sign.

2. For colour-sextets Ω4 and Σ the interference terms increase the asymmetry be-

cause the operator coefficients are positive.2 However, producing an asymmetry

AFB ! 0.3 requires large couplings g13 and implies a large tt̄ tail at LHC, which

might be already excluded. For the colour triplets ω4, σ the situation is worse be-

cause the interference terms have negative operator coefficients, and even larger

couplings are required to produce a large asymmetry.

3. For the two scalars Ω1, ω1 which only contribute in dd̄ → tt̄, the deviations in

AFB are always very small.

2In Ref. [22] the SM and colour-sextet contributions have a wrong relative sign, resulting in a

decrease of the cross section at first order. The sign has been corrected in Refs. [23, 24].
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3

the di�erence between the top and anti-top cross sections
(numerator of Att̄

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

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

The Wj, Wb, and single top backgrounds also yield
a rate asymmetry. Their impact is included in Fig. 2
(in thin full purple, dashed orange and thick dashed blue
lines respectively), where the actual rate di�erences and
the individual asymmetries are shown in the upper and
lower panel, respectively. The largest background to the
top anti-top cross section di�erence 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

� . Sizable contributions to Att̄
� are

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

We emphasize that our analysis does not aim to re-
place a state of the art experimental e�ort, including op-
timization of cuts and detector e�ects. We merely wish
to point out that such an analysis may be feasible and
worthwhile, especially if the NP leads to anomalous top
kinematics in the forward direction. Finally, we note that
the pT and pseudorapidty distributions of the muon [20],
which is known to be a perfect top-spin analyzer, may
provide LHCb with sensitivity to di�erences between the
polarization of the top produced in the SM and in its
extensions.
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• Top quarks at LHCb identified via single muon and b-tagged high-pT jet

• Backgrounds for tt:

• Real muons, jets: W+bb, W+jets

• Fake muons, jets: bb, jj 

• Prospects for top charge asymmetry measurement

• top rest-frame cannot be reconstructed

• use μ, b pseudorapidity distribution instead
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the mistag rates found by ATLAS and CMS [10, 11] (for
a b-tagging e⇧ciency of 50%) is encouraging. For charm
jets, the Wc background can be brought to a level at or
below the top signal with a far more modest mistag rate
(consistent with [10, 11]). The a priori worrisome Wb
irreducible background lies well below the signal.

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

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

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

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

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no di⇥er-
ence between the top and anti-top distributions as func-
tions of �. 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,
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resulting in a di⇥erent number of tops vs. anti-tops in
the LHCb detector. This is demonstrated in Fig. 2, where
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the other one is identified with a b quark. We have simu-
lated these backgrounds using MadGraph interfaced with
Pythia 6.4.14 [15] for showering and hadronization. Fast-
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are imposed on the leading b or light jet. For the jj

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

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

Forward-backward asymmetry. At the LHC there
is a priori no preferred direction of collisions due to the
symmetric nature of the initial state. In principle, one
can measure a forward backward asymmetry based on the
fact that on average the proton’s valence quarks carry
larger momentum fractions. Hence, the event boost is
correlated with the initial quark direction, leading to a
physical axis with respect to which an asymmetry could
be measured. Unfortunately, full reconstruction of the
event and its boost is not possible at LHCb due to the
detector’s limited angular coverage. Instead, we propose
a way to indirectly measure the forward-backward asym-
metry. In the absence of an asymmetry, the tt̄ pseudora-
pidity distribution is symmetric, i.e., there is no di⇥er-
ence between the top and anti-top distributions as func-
tions of �. 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,
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