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The electroweak contributions to the forward-backward asymmetry in the production of top-quark pairs

at the Tevatron are evaluated at O(a?) and O(a«a

). We perform a detailed analysis of all partonic

channels that produce an asymmetry and combine them with the QCD contributions. They provide a non-
negligible addition to the QCD-induced asymmetry with the same overall sign, thus enlarging the standard
model prediction and diminishing the observed deviation. For the observed mass-dependent forward-

backward asymmetry a 3¢ deviation still remains at an invariant-mass cut of M; > 450 GeV.
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I. INTRODUCTION

The investigation of the top quark at the Tevatron has
substantially contributed to precision tests of QCD and the
electroweak theory. Besides the valuable set of top-quark
observables like mass, width, cross section, which are fully
consistent with the standard model (SM), the measured
forward-backward asymmetry Agg of top-pair production
[1,2] is larger than expected from the SM prediction and
has led to speculations on the presence of possible new
physics.

Two options for the forward-backward asymmetry have
been used in the experimental analysis, with the definitions

_o(Ay>0)—o(Ay<0)

A = By >0) F oAy <0) M

and
Agg=0(yt>0)_0-(yt<0) )
o(y,;>0) + oy, <0)

given in [3] reporting the recent CDF result. Ay is defined as
the difference between the rapidity y, and y; of  and f where
the proton direction defines the beam axis. Ay (not y,) is
invariant under a boost along the beam axis, thus it is the
same in the partonic and in the hadronic rest frame.

The recent values for the inclusive asymmetry obtained
by CDF [3] are

Al =0.158 £ 0.075,  ARD =0.150 + 0.055. (3)

The SM LO predictions for the asymmetry are of O(«;)
and originate from the NLO, O(a?), QCD contributions to
the differential cross section for #7 production that are
antisymmetric under charge conjugation [4,5], yielding
values for Al (AFF) around 7%(5%) (see e.g. [6]). The
observed difference between the measurement and the
prediction has inspired quite a number of theoretical papers
proposing various new physics mechanisms as potential
additional sources for the forward-backward asymmetry
(see for example [7-10] and references therein).

The importance of identifying signals from possible
new physics requires a thorough discussion of the SM
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prediction and the corresponding uncertainty. At present,
the theoretical accuracy is limited by the incomplete cal-
culation of the NNLO contribution from QCD to the anti-
symmetric part of the ¢f production cross section
(approximate calculations have been done in [11,12]).
Besides the strong interaction, the electroweak interaction
gives rise to further contributions to the #7 forward-
backward asymmetry, through photon and Z exchange at
the tree level as well as through interference between QCD
and electroweak amplitudes at one-loop order (including
real-radiation corrections) in both interactions. Although
smaller in size, they are not negligible, and a careful
investigation is an essential ingredient for an improved
theoretical prediction.

In this paper we perform a detailed analysis of the
electroweak contributions to the forward-backward asym-
metry in #f production based on the evaluation of all
partonic channels that produce an asymmetry both at the
tree level and at one-loop order, and combine them with the
QCD contributions. We apply the calculation to both types
of asymmetries given above in (1) and (2). Moreover, we
present results for A{fB also with a cut M,; > 450 GeV on
the invariant 7 mass as well as with a rapidity cut [Ay| > 1,
for comparison with the experimental values given in [3],

Al (M; = 450 GeV) = 0.475 = 0.114,
Al (JAYl = 1) = 0.611 * 0.256, @)

where, in particular, the result for the high invariant-mass
cut exhibits the largest deviation from the QCD prediction.

II. CALCULATIONAL BASIS

At leading order the production of ¢f pairs in pp colli-
sions originates, via the strong interaction, from the par-
tonic processes gg — tf and gg — tf, which yield the
O(a?) of the (integrated) cross section, i.e. the denomina-
tor of Agg in (1) and (2). The antisymmetric cross section,
the numerator of Agg, starts at O(a?) and gets contribu-
tions from gg — t#(g) with g = u, d (the processes from
other quark species, after convolution with the parton
distributions and summation, are symmetric under
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v, — —y, and thus do not contribute to Apg) as well as
from qg — tfq and gg — 11 q.

Writing the numerator and the denominator of Agg (for
either of the definitions (1) and (2)) in powers of a, we
obtain
N_a?Nl + aiN, + -

A = =
FB D Q%Do‘i‘ang + -

= 25Ny + @y (Ny = NiDy/Dy) e (5)
0

The terms up to one-loop (Dy, D, N;) have been calcu-
lated [5,13-22], whereas only some parts of N, are cur-
rently known [11,12]. The inclusion of the ND; /D, term
without N, would hence be incomplete, and we have
chosen to use only the lowest order cross section in the
denominator and the @(a?) term in the numerator, as done
in [5].
Rewriting N and D to include the EW contributions
yields the following expression for the leading terms,
N  a?Ny+ a’N, + a?aN, + aN, + - -+

App = == —= =
) a’Dy + a2Dy + alD, + a2aD, + - --

2
a b+ S04 (6)

where the incomplete O(a?) part has been dropped. In the
following we (re-)evaluate the three contributions on the
last line of (6). The previous literature provides the first
term involving N;; the second and the third terms are of
electroweak origin and have been treated only marginally
so far. Whereas the third term ~N,, has not been consid-
ered at all, the contribution from the second term ~N,; was
obtained in [5] in an approximate way by a rescaling of the
leading QCD contribution with coupling constants and
group factors. Reference [6] does not contain an indepen-
dent calculation for the N, contribution but takes over the
result given in [5].

Figure 1 contains all the tree-level diagrams for the
partonic subprocesses qg — tf and gg — tf (Higgs ex-
change is completely negligible). The squared terms
M jgsg—sil* and | M, 71> yield Dy of the LO cross
section; the O(a?) terms arise from [|M ;. +
qu_.z_,tflz, which generate a purely-electroweak anti-
symmetric differential cross section, in the parton cms

given by
q q q
t t t

¢ 7 g Z g 7

t
t t
g g t
g g
FIG. 1. Electroweak and QCD Born diagrams.
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FIG. 2. QCD box diagrams.
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FIG. 3. Real emission of gluons at O(a?).

4T asym =27a? 0059(1 - 4mt2)|:fcw
dcosé s (s —M3)
s
+ 2K2AthVqV,mi|,
1
= . V=T —2Q,sin*(0y),
“ 4sin(0yy)cos(0y) g = Tq = 2Qsin7(0)
A, =T, ()

where s is the squared CM energy in the parton reference
frame, 6 is the top-quark scattering angle, Q, and Q, are
the charges of the parton g and of the topand A, A, and V,
V, are their axial and vectorial couplings to the Z boson. In
Apg (6) this leads to the term N,. The complementary
symmetric cross section provides the D term in the de-
nominator, which does not contribute in the order under
consideration. Interference of ¢g— vy, Z—1tf and
q§ — g — t1 is zero because of the color structure.’

The O(a?) terms that contributes to N arise from four
classes of partonic processes: qg — tf, qq — t1g, qg —
ttq and gg — t7 g . In the first case the origin is the inter-
ference of QCD one-loop and Born amplitudes; the other
processes correspond to real-particle emissions. All one-
loop vertex corrections and self-energies do not generate
any asymmetric term, hence, among the virtual corrections,
only the box diagrams (Fig. 2) are relevant. The box
integrals are free of ultraviolet and collinear divergences,
but they involve infrared singularities which are cancelled
after adding the integrated real-gluon emission contribu-
tion ggq — tig, shown in Fig. 3. For the corresponding
relevant gluon-radiation part only the interference of initial
and final state gluon radiation has to be taken into account,
yielding another antisymmetric cross section. The pro-
cesses of real-quark radiation gg — tfq and gg — 11§
yield contributions to Agg which are numerically not im-
portant [5].

"For qg — 17 there are also O(a) W-mediated t-channel dia-
grams with ¢ = d, s, b, but they are strongly suppressed by the
CKM matrix or by parton distributions (¢ = b).
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In order to analyze the electroweak O(a?a) terms, it
is useful to separate the QED contributions involving
photons from the weak contributions with Z bosons. In
the QED sector we obtain the O(a?a) contributions to
N from three classes of partonic processes: gg — tf,
qq — ttg and qg — tty. The first case is the virtual-
photon contribution, which can be obtained from the
QCD analogue, namely, the O(a}) interference of box
and tree-level amplitudes, by substituting successively
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each one of the three internal gluons by a photon, as
displayed in Fig. 4.

The essential differences between the calculation of the
O(a?) and of QED O(a?a) terms are the coupling con-
stants and the appearance of the SU(3) generators in the
strong vertices. Summing over color in the final state and
averaging in the initial state we find for the virtual contri-
butions to the antisymmetric cross section the following
ratio,

Mo arasym _ 2Re( M) M) oy T 2REM ) M ) sy _ Foep(ay @, 0, Q) )
W?D(a?),asym 2 Re(.?\/l@(a )Mt(tg(az))asym FgCD(aS)
that can be expressed in terms of two factors F SED and F gCD depending only on coupling constants and color traces,
Ficp = 8 o 9apdsrdrc Tr(tAtBtC)[ Tr(PEeF) + ; Tr(tDtFtE)] 15? 5 &, (9a)
Fgn = n,;{% 8108 5p Tr(tA 1) Tr(tCtD)} _ o (9b)

Fg, ! contains two different color structures and the result
depends on d*=d*Cd,pc =%, which arises from
Tr(tA81€) = L (i fABC + aBC). F{gp instead depends on
the charges of the incoming quarks (Q,) and of the top-
quark (Q;), together with n,; = 3 corresponding to Fig. 4.

In a similar way, also the real-radiation processes gg —
ttg and qq — tty (Figs. 5 and 6) can be evaluated starting
from the result obtained for gg — t7g in the QCD case and
substituting successively each gluon by a photon, yielding
the ratios

2 ll
|-7Vlttg|(9(afa),asym _ ZRG(M@W\/——)

7012 gt 12
|Mng|@(0(?)»asym |M2§am/@ |asym

_ Fn(ay,a,0,0,)

ME.
@(avm)asym

. , (10)
i
F QgCD(a's)
— tty
|Mﬂyl@(a§a),asym _ | @(a:\/z)lasym
— ——
1ig tig
|M |(9(0z§.),asym lM@(OA\mlaSYm
g%D(as, a, Oy Q )
= . (11)
g
QCD( s)
Fg*éD, Fg‘;’;D and FQED are related to Fop, Fipp in the

following way,

2

ttg i ttg 7
Focp = F 6CD’ Fopp = §F SED’

tiy 7 7 _ ptig tiy
FQED - §F6ED’ FgED - FQ%D + FQED' (12)

This guarantees the cancellation of the IR singularities
stemming from the virtual contributions.

The O(a?a) antisymmetric term from ggG — tfg comes
from the interference of ¢g — g — tfg (Fig. 3) and g —
v — ttg (Fig. 5). It can be obtained from the corresponding
QCD result with the replacement of one gluon by a photon
and the right couplings, as done in the case of gg — 7. The
only difference is the number of gluons to be replaced: in

t 209090

’y 200208
g

" K
q t

FIG. 4. Different
0O(a?a).

t t t
7t qg 7 4 f
N Ut g t h 2]
q q
g q

FIG. 5. Real gluon emission from photon exchange diagrams.

ways of QED—QCD interference at
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FIG. 6. Real photon emission from gluon exchange diagrams.

the gg — tfg case they are only two instead of three as for
the virtual photon contributions.

The O(a?a) antisymmetric term from ¢g — tfy comes
from the gg — g — tfy diagrams in Fig. 6, and again it can
be obtained from the corresponding QCD result for the
gluon-radiation process gg — tfg. Here we have a one-to-
one relation between the QED and QCD diagrams.

Finally, we can relate the QED contribution to the anti-
symmetric term N, in (6) to the @(a?) QCD term N, for a
given quark species gg — tf + X in the following way,

aNEP  FY 36 «a
R "1 _ “QBD_ et 13
QED(Qq) aSNl FgCD Qth 5 a, ( )

Now we consider the weak contribution to N,. It can be
depicted by the same diagrams as for ¢g — tf and gg —
ttg in the QED case, but with the photon now substituted
by a Z boson, involving massive box diagrams. The result
cannot be expressed immediately in a simple factorized
way. We performed the explicit calculation including also
the contribution from real gluon radiation with numerical
integration over the hard gluon part.

Basically also Z-boson radiation, gg — t7Z, can con-
tribute at the same order. As our calculation has shown, it
yields only a tiny effect of 107> in Apz and thus may be
safely neglected. The same applies to ud — ttW™ as well
as to Higgs-boson radiation.

Weak one-loop contributions to the ¢ggg and tfg vertices
induce also axialvector form factors, which however yield
vanishing interference terms with the Born amplitude for
the antisymmetric cross section at @(a’?a) and are thus
irrelevant.

III. NUMERICAL RESULTS

The numerical analysis is based on the analytical evalu-
ation of the required symmetric and antisymmetric parts of
the parton cross sections and seminumerical phase-space

TABLE 1. Integrated cross sections at O(a?) from the various
partonic channels.

o (pb) mo=m./2 m= My n=2m
ui 6.245 4.454 3.355

dd 1.112 0.777 0.575

s§ 1.37 X 1072 9.60 X 1073 0.706 X 102
cc 2.24 X 1073 1.69 X 1073 1.32 X 1073
g 0.617 0.378 0.248

PP 7.990 5.621 4.187
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TABLE II. The various contributions to the antisymmetric
cross section N of Al and ALS.

(a) Affg

N (pb) m=m/2 m=m = 2m,
0(a3) ui 0.560 0.354 0.234
O(a?) dd 925X 1072 576X 1072  3.76 X 1072
O(a?a)qpp uii 0.108 0.0759 0.0554
O(a?a)gep dd =89 X 1073 —62X 1073 —45%x1073
O(Q?2a) e it 1.25X 1072 0.89 X 1072 0.66 X 1072
O(a2@)yey dd  —3.6X1073 —25%x1073 —1.8%x 1073
O(a?) uit 147X 1072 130X 1072  1.17 X 1072
O(a?) dd 1.8 X 1073 1.6 X 1073 1.4 %1073
(b) Aff

N (pb) m=m2 m=m, = 2m,
0(a?) ui 0.373 0.236 0.155
O(a3) dd 597X 1072 372X 1072 242x 1072
O(a?a)opp uit 715X 1072 506X 1072 3.67 X 102
O(a?a)gep dd  —5.7%X 1073 —4.0Xx 1072 —29x1073
O(a?a) e Uit 82X 1073 5.8 X 1073 42 %1073
O(a2a)yey dd  —23 X103 —1.6X 1073 —1.1x1073
O(a?) uit 9.1x107% 80x1073 7.1 %1073
O(a?) dd 1.LI1X107° 10X 1073 0.9 X 1073

integration for the radiation processes with phase-space
slicing, with support of FeynArts [23] and FormCalc
[24]. This is done also for the QED subclass starting
from the ¢f, tfg and tfy diagrams, for comparison with

TABLE III.  Individual and total contributions to A, and AZS.

(a) AthB

Al mo=m./2 M= my m=2m,
O(a?) uit 7.01% 6.29% 5.71%
O(a?) dd 1.16% 1.03% 0.92%
O(ata)qep wit 1.35% 1.35% 1.35%
O(a?a)qep dd —0.11% —0.11% —0.11%
O(a? @) yeu it 0.16% 0.16% 0.16%
O(a2 ) ey dd —0.04% —0.04% —0.04%
O(a?) uii 0.18% 0.23% 0.28%
O(a?) dd 0.02% 0.03% 0.03%
tot pp 9.72% 8.93% 8.31%
(b) A}

Aty pw=m]2 M= my m=2m,
O(a3) ui 4.66% 4.19% 3.78%
O(a?) dd 0.75% 0.66% 0.59%
O(e?a)gpp ui 0.90% 0.90% 0.90%
O(e?a)gep dd —0.07% —0.07% —0.07%
O(02 @) yyeqi it 0.10% 0.10% 0.10%
O(2 ) ey dd —0.03% —0.03% —0.03%
O(a?) uii 0.11% 0.14% 0.17%
O(e?) dd 0.01% 0.02% 0.02%
tot pp 6.42% 5.92% 5.43%
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the QED result obtained from (13), showing perfect
compatibility.

We choose MRST2004QED parton distributions [25] for
NLO calculations and MRST2001LO for LO [26], using
thereby a,(u) of MRST2004QED also for the evaluation
of the cross sections at LO (a similar strategy was em-
ployed in [6]). The same value w is used also for the
factorization scale. The numerical results are presented
with three different choices for the scale: u = m,/2, m,,
2my;. Other input parameters are taken from [27].

The results for the cross sections from the individual
partonic channels and their sum, yielding the denominator
of Agpg, are listed in Table 1. The various antisymmetric
terms entering the numerator of either of the two variants
Al and AZL are collected in Table II, and the correspond-
ing contributions to the asymmetry in Table III.

As already mentioned, the QED part was obtained in two
different ways based on the diagrammatic calculation and
on the use of (13); the weak part results exclusively from
the diagrammatic calculation. The ratio of the total
O(a?a) + O(a?) and O(a?) contributions to the numera-
tor N of the asymmetry (6) gives an illustration of the
impact of the electroweak relative to the QCD asymmetry.
The values obtained numerically for u = (m,/2, m,, 2m,)
for the two definitions of Apg are

- Nj
Rify, = —2e0r0 _ (0.190,0.220, 0.254),
Now
p (14)
p ng ta)+0(a?)
RYp, = 20 _ (0,186,0.218, 0.243).
Now)

This shows that the electroweak contribution provides a
non-negligible additional part to the QCD-based antisym-
metric cross section with the same overall sign, thus
enlarging the SM prediction for the asymmetry (the elec-
troweak O(a2a) contribution of uii — tf to the asymme-
try is even bigger than the O(a?) contribution of
dd — 7).

The result (14) is larger than the estimate of 0.09 given in
[5]. Recently the authors of [5] have reevaluated the mixed
EW—QCD contribution to Arg and have found it in agree-
ment with our results [28]. We have also estimated the
influence of the choice of parton distributions. Turning off
the QED evolution leads only to marginal modification.
Indeed the difference between the calculation of the QCD
part in the numerator of A, using MRST2004QED and
MRST20042 [29] is smaller than 1% of the result obtained
with MRST2004QED.

The final result for the two definitions of Agg can be
summarized as follows,

>This set of pdf comes from the same input data of
MRST2004QED, but it does not include the QED evolution.

PHYSICAL REVIEW D 84, 093003 (2011)
TABLE IV. Cross sections with cuts at O(a2).

o (pb) w=m/2  p=mg u=2m,
pp(M,; > 450 GeV) 3.113 2.148 1.573
pp(lAyl > 1) 1.846 1.276 0.937

Al = (9.7,89,83)%,  AXL =(6.4,5.9,54)%. (15)

Figure 7 displays the theoretical prediction versus the
experimental data. The prediction is almost inside the

experimental 10 range for Al and inside the 20 range

for AEE. It is important to note that the band indicating the
scale variation of the prediction does not account for all the
theoretical uncertainties. For example, the O(a?) term in N
is missing, and we did not include the O(«?) part in D.
Including the this @(a?) term for the cross section in D
would decrease the asymmetry by about 30%, which in-
dicates the size of the NLO terms in the asymmetry. In a
conservative spirit one would consider this as an uncer-
tainty from the incomplete NLO calculation for the asym-
metry(see also the discussion in [5]).

We have performed our analysis also for applying two
different types of cuts, one to the ¢7 invariant mass and the
other one to the rapidity: M,; > 450 GeV and |Ay| > 1.
With those cuts, experimental data have also been pre-
sented in [3]. The cross section values for these cuts at
LO are given in Table IV. The various terms of the

TABLE V. Individual and total contributions to Af,(M,; >

450 GeV) and A (|Ay| > 1).

(a) Al (M,; > 450 GeV)

Afp mo=m./2 M= my m=2m,
O(a?) uit 10.13% 9.10% 8.27%
O(a?) dd 1.44% 1.27% 1.14%
O(a?a)gpp uit 1.94% 1.95% 1.96%
O(a?a)qep dd —0.14% —0.14% —0.14%
O(@2 ) yeq Uil 0.28% 0.28% 0.28%
O(a2 ) yen dd —0.05% —0.05% —0.05%
O(a?) uii 0.26% 0.33% 0.41%
O(a?) dd 0.03% 0.03% 0.04%
tot pp 13.90% 12.77% 11.91%
(b) Al (1Ay] > 1)

AgB ,LL=m,/2 M= my ®=2m,
O(e?) uin 15.11% 13.72% 12.41%
O(a?) dd 2.28% 2.02% 1.84%
O(a?a)opp uit 2.90% 2.94% 2.94%
O(a?a)qep dd —0.22% —0.22% —0.22%
O(a?a) year Uil 0.25% 0.25% 0.26%
O(a? ) yen dd —0.09% —0.09% —0.08%
O(a?) uii 0.35% 0.45% 0.55%
O(a?) dd 0.04% 0.05% 0.06%
tot pp 20.70% 19.12% 17.75%
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FIG. 7 (color online). Theory (blue) and experimental data
(black = central value, orange = lo, yellow = 20).

antisymmetric cross section contributing to IV, as discussed
above in the case without cuts, are now calculated for Al
for both cases M,; > 450 GeV and |Ay| > 1. The corre-
sponding contributions to the asymmetry Al; are the en-
tries of Table V.

The asymmetry with cuts is the total result,

AlL(M ;> 450 GeV) = (13.9, 12.8, 11.9)%,

] (16)
AT(|Ay] > 1) = (20.7,19.1, 17.5)%.

A comparison between Table V and III shows that the ratio
of the QCD contribution to the uit — 7 and dd — tf sub-
processes is larger with the M,; > 450 GeV cut, which
leads to a slight increase of R,

PHYSICAL REVIEW D 84, 093003 (2011)
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(a) AL 5 (Mg > 450 GeV)
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ot

(b)A%, (|Ay| > 1)

FIG. 8 (color online). Theory (blue) and experimental data
(black = central value, orange = 10, yellow = 20).

R, (M; > 450 GeV) = (0.200, 0.232, 0.266)
R, (1Ayl > 1) = (0.191,0.216, 0.246). (17)

It is, however, not enough to improve the situation.

Figure 8 displays the theoretical prediction versus data
for Af; with cuts. The SM prediction is inside the 20 range
for the |Ay| > 1 cut, but it is at the 30 boundary for the
invariant-mass cut M; > 450 GeV.

IV. CONCLUSIONS

Our detailed analysis of the electroweak contributions to
the forward-backward asymmetry in #f production shows
that they provide a non-negligible addition to the QCD-
induced asymmetry with the same overall sign, thus
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enlarging the SM prediction for the asymmetry at the
Tevatron. For high invariant masses, a 30 deviation from
the measured value still persists. The observed dependence
of Agg on the invariant mass of #7 could be an indication for

PHYSICAL REVIEW D 84, 093003 (2011)

the presence of new physics below the TeV scale; it is,
however, difficult to interpret these deviations as long as
the NLO QCD calculation for the asymmetry is not
available.
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