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Bottom-Quark Forward-Backward Asymmetry in the Standard Model and
Beyond

Benjamı́n Grinstein∗ and Christopher W. Murphy†

Department of Physics, University of California, San Diego, La Jolla, CA 92093 USA

We computed the bottom-quark forward-backward asymmetry at the Tevatron in the Standard
Model and for several new physics scenarios. Near the Z-pole, the SM bottom asymmetry is domi-
nated by tree level exchanges of electroweak gauge bosons. While above the Z-pole, next-to-leading
order QCD dominates the SM asymmetry as was the case with the top quark forward-backward
asymmetry. Light new physics, MNP

<∼ 150 GeV, can cause significant deviations from the SM
prediction for the bottom asymmetry. The bottom asymmetry can be used to distinguish between
competing NP explanations of the top asymmetry based on how the NP interferes with s-channel
gluon and Z exchange.

INTRODUCTION

Measurements [1–3] of the forward-backward
asymmetry in top-quark pair production (Att̄FB) by
the CDF and DØ collaborations at the Tevatron
have attracted a lot of attention recently. At high
invariant mass, the CDF measurement Att̄FB(Mtt̄ ≥
450 GeV) = 0.295 ± 0.058(stat.) ± 0.031(syst.) is
approximately 3σ away from the Standard Model
(SM) prediction, 0.100 ± 0.030 [3]. In addition,
CDF observes that Att̄FB has an approximately lin-
ear dependence on both the invariant mass and the
magnitude of the rapidity difference (|∆ytt̄|) of the
tt̄ pair with slopes that are more than 2σ away
from the SM prediction.

Soon after CDF reported evidence for a mass-
dependent tt̄ asymmetry, it was realized [4–6] that
measuring the forward-backward asymmetry in
bottom quark production (Abb̄FB) may provide in-
sight into the source of the tt̄ asymmetry. Any
new physics (NP) explanation of Att̄FB involving
left- (right-)handed quarks that respects SU(2)L
(custodial) symmetry will in general also create an
asymmetry in bb̄ production. The CDF collabora-
tion is in the process of measuring the bb̄ forward-
backward asymmetry, and has stated [7] how it is
binning the data and how sensitive it expects to
be to a potential signal. However, Abb̄FB will likely
be more difficult to measure than Att̄FB . Among
the reasons for this are that gluon fusion, which
does not produce an asymmetry, is responsible for
>∼ 90% of bottom quark production at the Teva-

tron. In addition, the bb̄ asymmetry is measured
by selecting dijet events containing a soft muon,
and relating the charge of the muon to the charge
of the b that produced it [7]. This is potentially
problematic because B − B̄ mixing and cascade
decays will partially wash out the correlation be-
tween the charge of what is detected and the charge
of the bottom quark that produced it [8].

In this Letter, we computed the bottom-quark
forward-backward asymmetry at the Tevatron in
the SM and for several NP scenarios. It is nec-
essary to know the SM prediction in order to de-
termine whether or not any NP can possibly be
present. Since a small asymmetry is expected in
the SM, AFB provides an excellent window to ob-
serve NP. An interesting difference between the
bottom and top quark asymmetries is that the Z-
pole is in the signal region for the bb̄ asymmetry.
This leads to tree level exchanges of electroweak
gauge bosons dominating the SM contribution to
AFB near the Z-pole, as well as the opportunity for
there to be significant interference effects between
NP and tree level Z exchange.

STANDARD MODEL CALCULATION

The definition of the forward-backward asym-
metry in heavy quark production we use is

AFB =
σ(∆y > 0)− σ(∆y < 0)

σ(∆y > 0) + σ(∆y < 0)
. (1)

Here ∆y is the difference in the rapidity of the
quark and anti-quark, ∆y ≡ yQ−yQ̄, and is invari-
ant under boosts along the collision axis. A frame
dependent asymmetry may also be defined using
yQ instead of ∆y as the discriminating observable.
Leading order (LO) QCD is completely symmet-
ric with respect to ∆y, and thus does not generate
an asymmetry. Starting with next-to-leading or-
der (NLO) QCD, contributions to the asymmetry
as an expansion in powers of αs can be written
schematically as

AFB =
N

D
=
α2Ñ0 + α3

sN1 + α2
sαÑ1 + α4

sN2 + · · ·
α2
sD0 + α2D̃0 + α3

sD1 + α2
sαD̃1 + · · ·

= αs
N1

D0
+
α2

α2
s

Ñ0

D0
+ α

Ñ1

D0
+ · · · . (2)
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Analytic formulae for the O(αs) and O(α) terms
of AFB are given in [9, 10]. These results are
based on analogous calculations [11, 12] for the
e−e+ → γ? → µ−µ+ asymmetry. Prior results
on the QCD asymmetry also exist [13–15]. The
O(α2/α2

s) term for Att̄FB was computed in [16].
Electroweak (EW) Sudakov corrections are shown
in [17] to increase the O(αs) contribution to the in-
clusive Abb̄FB by a factor of 1.07. While the N1 and
D1 terms in (2) are known completely and have
been studied [18–27] in depth, N2 is only partially
known [28, 29].[69] Since it would be inconsistent
to include the N1D1/D0 term in our calculation
without the N2 term, we drop the O(α2

s) contribu-
tion to AFB . To account for this neglect of higher
order terms, we assign an uncertainty to our cal-
culation of 30% of the O(αs) contribution, origi-
nating from αsD1 ≈ 0.3D0.

Our calculation was done by convolving the
analytic formulae of [10, 16] with MSTW 2008
NLO PDFs [30] using the deterministic numeric
integration algorithm Cuhre from the CUBA li-
brary [31]. αs is set by the MSTW2008 best-fit
value, αs(MZ) = 0.120. We fixed µR = µF = MZ

and nlf = 4. The other numeric values em-
ployed in this analysis were: mb = 4.7 GeV,
MZ = 91.1876 GeV, ΓZ = 2.4952 GeV, α(MZ) =
1/128.93, and sin2 θW = 0.231.

To mimic CDF’s analysis [7] we required the
bb̄ pair in our calculation to have a maximum
acollinearity of δ = π − 2.8 radians. The phase
space that is available to the gluon in the bb̄g fi-
nal state is discussed in [32]. Additional cuts,
|yb,b̄| ≤ 1, and p⊥b,b̄ ≥ 15 GeV were made. We
found the O(α) corrections decrease the contribu-
tion of O(αs) to Abb̄FB by 3-11%, depending on the
bin. However, we neglect this O(α) contribution
as it is mostly canceled by the increase in Abb̄FB
due to electroweak Sudakov effects [17], and the
sum of the two effects is small compared to the
uncertainty in the total contribution. The flavor
excitation process, qg → qbb̄, as well as t-channel
W exchange were also neglected as they are nu-
merically small [10, 16].

Our results for the O(α2/α2
s) and O(αs) contri-

butions to binned Abb̄FB are shown in Table I. In
the second and third columns the uncertainty is
due to varying µR = µF from MZ/2 to 2MZ . In
the fourth column the first uncertainty is due to ne-
glect of higher-order terms, and the second is the
combined scale uncertainty. The uncertainty in the
O(α2/α2

s) contribution to Abb̄FB is larger than the
O(αs) term because the extra power of αs makes
it more sensitive to the choice of scales and PDFs.

Based on CDF’s expected sensitivities [7] and
assuming the Standard Model (and the measure-
ments follow a Gaussian distribution), CDF should
be able to exclude Abb̄FB(75 ≤Mbb̄/GeV < 95) = 0
at the 2.2σ confidence level (CL). Although the
central value for the asymmetry in the ≥ 130
GeV invariant mass bin is slightly larger than the
75− 95 GeV bin, CDF should only be able to ex-
clude Abb̄FB(130 ≤ Mbb̄/GeV) = 0 at the 1.2σ CL.
The likelihood of excluding zero asymmetry in the
95 − 130 GeV invariant mass bin is comparable
to the likelihood in the ≥ 130 GeV bin. In the
SM, all the other (mass or rapidity) bins should
be consistent with zero at the 1σ level based on
experimental uncertainties.

LO event generators can predict the O(α2/α2
s)

contribution to the asymmetry. MadGraph
5.1.5.5 [33] with CTEQ6L1 PDFs [34] gives
Abb̄FB(75 ≤ Mbb̄/GeV < 95) = (2.26 ±
0.32(stat.)+0.24

−0.74(scale))%, in good agreement with
our calculation.

It has been suggested [5, 6] that measuring
the charm-quark forward-backward asymmetry at
the Tevatron (Acc̄FB) and the bottom-quark charge

asymmetry at the LHC (Abb̄C ) may also provide in-
sight into the origin of the Att̄FB anomaly. We com-
puted SM asymmetries of a few percent in suitably
chosen kinematic regions for both Acc̄FB and Abb̄C .
While the central values for these asymmetries are
comparable to those of Abb̄FB , it is unlikely that
these asymmetries will be observed any time soon
in the absence of NP. For Acc̄FB , c-tagging is less

efficient than b-tagging. For Abb̄C , the kinematic
regions where the asymmetry becomes a few per-
cent have small production cross sections, and will
require the LHC to run for at least a year at 14
TeV to collect enough data for the SM asymmetry
to be statistically distinguishable from zero. Fur-
thermore, the EW contribution to the cross section
in these kinematic regions is negligible, and no Z-
resonance effects are expected.

NEW PHYSICS SCENARIOS

Many new physics models have been
proposed [35–45] as explanations of the
anomalously[70] large tt̄ forward-backward
asymmetry. For the stringent constraints
that these models must overcome see [46–55].
Prospects for discovery at the LHC are dis-
cussed in [36, 37, 42, 44–48, 51–55] among
others. Predictions for Abb̄FB in the context of
various NP scenarios have already been made
in [6, 8, 45, 46, 56, 57]. We expanded on these
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Bin O(α2/α2
s) O(αs) Abb̄FB [%]

35 ≤Mbb̄/GeV < 75 0. 0.179+0.014
−0.011 0.18± 0.05 +0.01

−0.01

75 ≤Mbb̄/GeV < 95 2.167+0.661
−0.550 0.676+0.032

−0.026 2.84± 0.20 +0.69
−0.58

95 ≤Mbb̄/GeV < 130 0.554+0.178
−0.147 1.241+0.058

−0.048 1.79± 0.37 +0.24
−0.20

130 ≤Mbb̄/GeV 0.150+0.046
−0.039 3.369+0.237

−0.199 3.52± 1.01 +0.28
−0.24

0.0 ≤ |∆ybb̄| < 0.5 0.023+0.005
−0.005 0.032+0.002

−0.001 0.06± 0.01 +0.01
−0.01

0.5 ≤ |∆ybb̄| < 1.0 0.082+0.020
−0.017 0.166+0.012

−0.010 0.25± 0.05 +0.03
−0.03

1.0 ≤ |∆ybb̄| ≤ 2.0 0.133+0.034
−0.029 0.382+0.031

−0.024 0.51± 0.11 +0.07
−0.05

Inclusive 0.074+0.018
−0.015 0.226+0.021

−0.016 0.30± 0.07 +0.04
−0.03

TABLE I: The O(α2/α2
s) and O(αs) contributions to Abb̄FB in various bins.

works by taking into account the resonance effects
of the Z, and limiting ourselves to the energy
regime accessible at the Tevatron. In particular,
we are interested in seeing if the NP contribution
to Abb̄FB can be large enough to be distinguishable
from the SM predictions we computed above
based on the expected sensitivities given in [7].
Any NP in the bottom sector must not spoil
the agreement between the SM and precise mea-
surements of flavor changing decays and meson
mixing observables such as Br(b → s + γ) and
B − B̄ mixing. These and other constraints,
such as same-sign top production, are more easily
satisfied in flavor symmetric models in which
the NP particles form complete representations
of the quark global flavor symmetry group,
GF = SU(3)UR

× SU(3)DR
× SU(3)QL

. Further-
more, the flavor symmetry guarantees a definite
relationship between Att̄FB and Abb̄FB . We consider
three different models, a light, broad axigluon
(G′), a scalar weak doublet (φ), and an SU(3)QL

octet of electroweak triplet (EWT) vectors (V );
see Table II.

It is convenient to split the contributions to the
forward-backward asymmetry into two terms

AFB = AI
FB +AII

FB . (3)

AI
FB contains the O(αs) contribution to Abb̄FB , and

can be obtained from Table I. The O(α) contribu-
tion to the asymmetry could also be included in
AI
FB , but we neglect it in what follows. On the

other hand, AII
FB contains the SM O(α2/α2

s) con-
tribution to the asymmetry as well as contributions
from NP. This includes both pure NP contribu-
tions and interference between NP and tree level s-
channel gluon and Z exchange. We calculatedAII

FB

using FeynRules 2.0.24 [58] to implement the NP
models in MadGraph 5.1.5.5 [33] including elec-
troweak processes (QED=2). For Att̄FB , 105 events
were generated for a given set of parameters using
the CTEQ6L1 [34] PDFs with the renormalization

and factorization scales set to mt. For Abb̄FB , 105

events were generated for each mass bin for a given
set of parameters with µR = µF = MZ . As was
the case for the SM analysis, a cut was placed on
the rapidity of the bottom quarks, |yb,b̄| ≤ 1.

Predictions for the binned tt̄ and bb̄ asymmetries
from the NP models are shown in the left and right
columns of Figure 1 respectively. Overflow is
included in the rightmost bins. The widths of the
axigluon and the EWT vectors were chosen to be
10% of their masses. For the scalars, the natural
width to quarks was used. Axigluon benchmark
points were taken from Table I of [47]. Benchmark
points for the φ and V models were chosen based
on adding approximately 10% to the inclusive tt̄
asymmetry, having a roughly linear dependence of
Att̄FB on Mtt̄, and adding (or subtracting) less than
1 pb from the tt̄ production cross section at the
Tevatron.

We have given three classes of models that can
accommodate Att̄FB and produce a Abb̄FB that is dis-
tinguishable from the SM prediction. However,
this is not generally the case. For example, a fla-
vor octet, EW singlet model (V bµ (T bL)ji → Vµδ

j
i in

Table II), can accommodate Att̄FB without caus-
ing any significant deviations from the SM predic-
tions because it only produces bb̄ from dd̄ initial
states whereas the other models involve uū initial
states. While all three models considered can in-
terfere with gluon exchange, φ and V can also in-
terfere with the Z, which dominates the NP contri-
bution to Abb̄FB in the Z-pole bin for these models.

In addition to the Att̄FB anomaly, there is the
longstanding puzzle of the bb̄ forward-backward

asymmetry at LEP1, A
(0,b)
FB , which is 2.4σ below

the SM value [59]. Furthermore, the ratio of the
partial width Z → bb̄ to the inclusive hadronic
width, Rb, is 2.3σ above the SM prediction [60].
Assuming only the bottom quark’s coupling to
the Z is modified, the value of δgRb which pro-
vides the best-fit to the EWPD collected at LEP
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Case SM GF Relevant Interaction Ref.

G′ (8, 1)0 (1,1,1) ga
(
ŪR /G

′ UR + D̄R /G
′DR − Q̄L /G′QL

)
[37, 39]

φ (1, 2)1/2 (3, 1, 3̄) λ
(
φ0 t̄L Vtb uR + φ− b̄L uR

)
+ h.c. [40]

V (1, 3)0 (1,1,8) η V a,bµ

(
Q̄αiL γµ (T aQ)βα (T bL)ji QLβj

)
[41, 42]

TABLE II: The gauge and flavor representations for the models under consideration. T aQ and T bL are
generators of SU(3)QL

and SU(2)L respectively.
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FIG. 1: Predictions for the binned Att̄FB (left) and Abb̄FB (right) from the axigluon (top), scalar weak
doublet (middle), and flavor octet vector (bottom) models. SM predictions are in orange. In black are

CDF’s measurements [3] and expected sensitivities [7] for Att̄FB and Abb̄FB respectively.
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is 0.016 [61], which is more than 20% of the LO
SM coupling. See [43, 44] for attempts to si-

multaneously explain Att̄FB and A
(0,b)
FB . In models

where the NP couples to quarks in a flavor univer-
sal way, the loop correction that gives the best-fit
value for δgRb will give an analogous correction
to δgRu,d, which is much larger than allowed by
atomic parity violation experiments [50]. The tree
level V − Z mixing of [62] is not a viable explana-
tion either for the same reason. Axigluon models
give δgRb = δgLb [50], which disagrees with the
best-fit value for δgLb, O(10−3) [61]. Prospects for
measuring bb̄ and tt̄ asymmetries at future linear
colliders are examined in [63].

CONCLUSIONS

In summary, we computed Abb̄FB in the SM and
for several NP scenarios, carefully accounting for
the Z-pole, which is in the signal region for the bb̄
asymmetry. The largest SM contribution to Abb̄FB
near the Z-pole comes from tree level exchanges of
Z and γ?. While at higher invariant mass, NLO
QCD dominates the SM asymmetry. Light NP,
MNP

<∼ 150 GeV, is needed to generate a bb̄ asym-
metry, which CDF would be able to distinguish
from the SM. Abb̄FB can be used to distinguish be-
tween competing NP explanations ofAtt̄FB based on
how the NP interferes with s-channel gluon and Z
exchange.
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Thaler, Michael Trott, and Thomas Wright for
helpful discussions. This work has been supported
in part by the U.S. Department of Energy under
Grant No. DE-SC0009919.
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