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1. Introduction

In the experimental analyses at the Tevatron, two different definitiotedbrward-backward
asymmetry have been used:
(Ay > 0) —o(Ay < 0)
(Ay > 0)+o(Ay < 0)

ALy =2 (1.1)

and

pp_ O >0)—0o(y <0

5 o(y>0)+0(y <0)

whereAy is defined as the difference between the rapigitgndy; of t andt and the beam axis is
oriented in the direction of the proton. The values obtained by CDF for thasine asymmetry
[1] are (Allg = 0.158+ 0.075 AP} = 0.150+ 0.055). All; is compatible with the value obtained
by D@ (A, = 0.196:+0.065) [2]. )
All these values are larger than the Standard Model LO predicﬂ&g& 7%, AEE ~ 5% (see
e.g. [3]) and imposing a cii > 450 GeV, the value obtained by CIZQRE_B =0.475+0.114) is
at 3.40 from the prediction at this level of accuracy. These results have led tg spatulations
on the presence of new physics and so a thorough discussion of theggMdtipn and the corre-
sponding uncertainty is necessary. At present, the theoretical agdarimited by the missing
calculation of the complete NNLO contribution from QCD to the antisymmetric pattett pro-
duction cross section. Besides the strong interaction, the electroweadciidargives rise also to
contributions to thet forward-backward asymmetry. Although smaller in size, they are not negli-
gible, and a careful investigation is an essential ingredient for an imgrineretical prediction.
In the following we briefly summarize our calculation and compare numerisaltsewith experi-
mental data. This talk is based essentially on [4].

(1.2)

2. Outline of the calculation

Tree level diagrams of the partonic subprocesses are gluon, photrs-a&thannel type for
qq — tt (Higgs exchange is completely negligible) and s-channel, t-channel-ahdnnel type
for gg— tt. At leading order the production ¢ff pairs in pp collisions originates, via the strong
interaction, from the partonic processgs— g — tt andgg — tt, which yield the¢'(a?2) of the
(integrated) cross section, i.e. the denominatdkfin (1.1) and (1.2). Instead the antisymmetric
cross section, the numerator Afg, starts only a(ag), so the leading term of the asymmetry
involves one loop corrections tb pair production.

Writing the numerator and the denominatorAgfs (for either of the definitions (1.1) and (1.2)) in
powers ofas anda we obtain
Acs— N _ a2l~\NIo+ adNy + a2aN; + a;‘N~2+ o
D  a?Do+a2Do+ adD;+aZaDy+---
N1 Z(NZ_ N]_D]_/Do) N]_ 02 No

= Os— + Q. 0O—+——+-- 2.1
SD0+ s Do + D0+C¥SZD0+ ( )

Only some parts o, are currently known [5, 6] and the inclusion of tNgD; /Do term without
N> would be incomplete, so we have chosen to drop the incomglete) part, as done in [7]. The
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inclusion of this term would decrease the asymmetry by about 30%, whiclatedithe size of the
NLO QCD term that we dropped.

The remaining terms includg, coming from the leading’(a2) part of the total cross sectioNg

from the asymmetric part of the NLO QCD correction to the cross sectiomNarid, from asym-
metrico'(a?), 0(a2a) parts of the cross section. In the following we show how these terms arise
and how we (re-)evaluated them (for more details see [4]).

The squared terms#qg,qtf|> and|.#gq > yield Do of the LO cross section; th€(a?) terms
arise from|.Zug—y—tt + //qqﬁzﬁtﬁz, which generate a purely-electroweak antisymmetric differ-
ential cross section, in the parton cms given by

d Oasym 2 4rT}2 QuQtAA: ) S
ol = 2na? cos (1— - )[K M) + 2K AqA[qutm : 2.2)

1 Vg =Ty — 2Qqsin’(Bw), Ag=T2,

K= 2sirt(B) co2(6n)’

where® is the top-quark scattering angl@g andQ; are the charges of the partgrand of the top
andAq, A andVy, \t are their axial and vectorial couplings to théoson. INAgg (2.1) this leads to
the termNy. The complementary symmetric cross section provides thefgrimthe denominator,
which does not contribute in the order under consideration. Intedeseafqq — y,Z — tt and

qq — g — tt are zero because of the color structure. Basicallyépr> tt there are als@(a) W-
mediated-channel diagrams with = d, s, b, but they are strongly suppressed by the CKM matrix
or by parton distributionsg(= b).

The ¢(af) terms that contributes thl arise from four classes of partonic processeg:— tt,

qq — ttg, qg — ttg andgg — ttq. In the first case the origin is the interference of QCD one-loop
boxes and Born amplitudes; the other processes correspond to réelkepamissions. The box
integrals are free of ultraviolet and collinear divergences, but theyhiavinfrared singularities
which are cancelled after adding the integrated interference of initial aaldstiate gluon radiation,
the only asymmetric contribution fromq — ttg at ¢(ad). qg — ttq and qg — ttq yield also
contributions taAgg, but they are numerically not important [7].

In order to analyze the electrowedk aZa) terms, it is useful to separate the QED contributions
involving photons from the weak contributions withbosons. In the QED sector we obtain the
¢(aZa) contributions toN from these three classes of partonic processgs: tt, qq — ttg
andqq — tty. The first case is the virtual-photon contribution, which can be obtaired the
QCD analogue, namely th€(a?) interference of box and tree-level amplitudes, by substituting
successively each one of the three internal gluons by a photon, ¢syaidpn Figure 1.

In a similar way, also the real-radiation process@s- ttg andqg — tty can be evaluated starting
from the result obtained fagg — ttg in the QCD case and substituting successively each gluon by
a photon.

The antisymmetri&Z(aZa) term fromgq — ttg comes from the interference qff — g — ttg and
qq — y — ttg, while in the case ofjq — tty it comes from the squared amplitude obtained from
qq — g — tty diagrams. The essential differences between the calculation aftbé) and of
QED ¢(a2a) terms are only the coupling constants and the appearance 863 generators in
the strong vertices. Summing over color in the final state and averaging intibéstate, we find
that we can relate the QED contribution of the antisymmetric tigrim (2.1) to thed(ag) QCD
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Figure 1: Different ways of QED-QCD interference &t a2a).

termN; for a given quark specieg — tt(+X) in the following way,

RjQED
Roeol(Qa) = 34—~ Q@ o 23)

5 as

Now we consider the weak contribution My. It can be depicted by the same diagrams as for
qq — tt andgq — ttg in the QED case, but with the photon now substituted Byl@son, involv-

ing massive box diagrams. The result cannot be expressed immediateiynipla &actorized way.
We performed the explicit calculation including also the contribution fromglesin radiation with
numerical integration over the hard gluon part.

Also Z-boson radiationgq — ttZ, can contribute at the same order, but it yields only a tiny effect
of 10~ in Arg and thus may be safely neglected. The same applied_te ttw* as well as to
Higgs-boson radiation.

It is important to note that all these partonic subprocegses — tt(+X) can be generated with
p1(p2) coming from the first(second) hadrbm(hy) or from hz(hy). Given a kinematic configura-
tion of pypz — tt(+X), if it contributes too (Y; > 0) in thehy (h,) configuration it contributes with
the same partonic weight alsodqY; < 0) in thehy(hy) configuration. So the total contribution to
AR is non vanishing only if the weights coming from the parton distributions arereiffethat is

if:

fpl-,hl(xl) fpz-,hz (XZ) # fpl,hz(xl) fpz,hl (XZ) (2.4)

where fy, 1, (%) is the parton distribution of the partqm in the hadrorh;. The same argument
applies also té\lg.

Atthe LHCh; = hy S0Agg, using definitions (1.1) and (1.2), is equal to zero, at Tevatron (2.4)is n
generally true but it can be used to distinguish which subprocessesveatisg to contribution to
Arg. Only initial states with at least one of the twg andp, equal to (anti)quark up or (anti)quark
down can produce an asymmetric contribution. This last statement is completepeimdent on
the assumptions made for the partonic calculation, it relies only on the waynpsttecture is
described by partonic distribution functions.
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3. Numerical results

According to the argument discussed after (2.1), we choose MRST@D4arton distribu-
tions for NLO calculations and MRST2001LO for LO, using therehyu) of MRST2004QED
also for the evaluation of the cross sections at LO (a similar strategy wasadglo [3]). We
used the same valye for the factorization scale and we present the numerical results with three
different choices for the scalgt = m /2, m,2m. Other input parameters are taken from [8].
The various contributions to the asymmetry of either of the two variaﬁﬁsand PP are listed
in Table 1. The ratio of the tota¥’(a2a) + ¢(a?) and ¢ (ag) contributions to the numeratdt

(a) Allg (b) A2
Alg [H=m/2 p=m p=2m AR [ u=m/2 p=m p=2m
o) ud 7.01% 6.29%  5.71% o) ud 466% 4.19%  3.78%
o) dd 1.16% 1.03%  0.92% o) dd 0.75% 0.66%  0.59%

0(a2a)oep uu 1.35% 1.35%  1.35% O(a2a)oep uld 0.90% 0.90%  0.90%
0(aZa)gep dd -0.11% -0.11% -0.11% &(a2a)oep dd -0.07% -0.07%  -0.07%
0(a2a)yeax UT 0.16% 0.16%  0.16% 0(a2d)weax UT 0.10% 0.10%  0.10%
0(a2a)yeak dd -0.04% -0.04%  -0.04% O(a2a)yeax dd -0.03% -0.03% -0.03%
o(a?) ua 0.18% 0.23%  0.28% o(a?) ud 0.11% 0.14%  0.17%
0(a?) dd 0.02% 0.03%  0.03% 0(a?) dd 0.01% 0.02%  0.02%

tot pp| 972% 893%  831% tot pp| 642% 592%  543%

Table 1: Different contributions td\}fB andAE'g.

of the asymmetry (2.1) gives an illustration of the impact of the electroweativeela the QCD
asymmetry. The values obtained for= (m /2,m;, 2m) for the two definitions ofArg are

B Ntt
R, = —ASO0 _ (0,1900.220,0.254),
NG (a2)
N a2
R, — % = (0.186,0.218 0.243). (3.1)
o(ad)

This shows that the electroweak contribution provides a non-negligibié@ua part to the QCD-
based antisymmetric cross section with the same overall sign. Thus it ertlaeggsndard Model
prediction for the asymmetry (the electrowe@kaZa) contribution oful — tt to the asymmetry
is even bigger than thé (ag) contribution ofdd —s tt).

The recent reevaluation of the mixed EW-QCD contributiorAtg in [9] presented values in
agreement with our results.

The final result for the two definitions éf-g can be summarized as follows,

Mg =(97,89,83)%, AP = (6.4,59,54)%. (3.2)

Figure 2 displays the theoretical prediction versus the experimental dag.SW prediction is
almost inside the experimentatrrange forAltg and inside the & range forALR. It is important
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Figure 2: Theoretical prediction (blue) and CDF data (black=centadlie, orange=d, yellow=20).

to note that the band indicates the scale variation of the prediction, it doescmint for all the
theoretical uncertainties. For example, as already noteoﬁ(hé) term inN is missing, and we
did not include theg(ad) part inD. The decrement by about 30% obtained by the inclusion of
this term can be considered, in a conservative spirit, as an uncertantyttie incomplete NLO
calculation for the asymmetry.

(a) Aty (M > 450 GeV)

Alg [pu=m/2 p=m p=2m

O(a) uu| 10.13% 9.10%  8.27%
O(ag) dd 1.44%  1.27%  1.14%
0(aZ2a)oep uU 1.94%  1.95%  1.96%
0(aZa)oep dd -0.14% -0.14%  -0.14%

O(a2a)weak UU 0.28%  0.28% 0.28%
O(a2a)yeax dd -0.05% -0.05%  -0.05%
o(a?) uu 0.26% 0.33%  0.41%
0(a?) dd 0.03% 0.03%  0.04%

tot pp| 13.90% 12.77% 11.91%

Table 2: Different contributions toAlLg (M > 450 GeV).

We have performed our analysis also applying aMgt> 450 GeV to thdt invariant mass. The
various contributions to the asymmeﬂ&_B, as discussed above in the case without cuts, are listed
for M > 450 GeV in the Table 2.

The asymmetry with cuts yields

AL (Mi> 450 GeVj = (13.9,12.8,11.9). (3.3)
FB

A comparison between Table 2(a) and Table 1(a) shows that the ratio QGBecontribution to
theuu — tt anddd — tt subprocesses is larger withviir > 450 GeV cut, which leads to a slight
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Figure 3: Theoretical prediction (blue) and CDF data (black=centahlie, orange=d, yellow=20).

increase oRL,,:

R, (Mi> 450 GeV) = (0.200,0.232,0.266). (3.4)

These values dR‘gW, however, are not enough to improve the situation, indeed the Standalel Mo
prediction is at the 8 boundary in case of invariant-mass &t > 450 GeV (see Figure 3).

In Figure 4 the comparison between theoretical prediction and experindatealfrom DJ is
shown. The deviation is larger than in the CDF case (Figure 2(a)), bufritgertant to stress
that no statistically significant enhancements have been found by D@ foedghan according to
the cutMy > 450 GeV.

0.35E
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Figure 4: Theoretical prediction (blue) and D@ data (black=centedlig, orange=d, yellow=20).
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4. Conclusions

The uncertainty of theoretical prediction for the top quark forward-bacll asymmetry at
the Tevatron is dominated by the incomplete calculation of the contribution froldfONRCD
correction to the cross-section. The electroweak contributions is nbgidg and increases the
LO prediction by a factor 1.2, with differences due to the specific definition of the asymmetry
and the choice of the renormalization scale. The main part of this correctifmasnisQED origin
and it can be derived from the LO contributions multiplied by a simple factoeni@ipg on the
charge of the incoming partons.

Electroweak corrections cannot explain the enhancement found byi@iDking a cutMi >
450 GeV, but they must not be neglected when the deviation is interpreteaessnce of new
physics.
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