PHYSICAL REVIEW D, VOLUME 59, 054017

Charge asymmetry of heavy quarks at hadron colliders
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A sizable difference in the differential production cross section of top quarks and top antiquarks, respec-
tively, is predicted for hadronically produced heavy quarks. It is of otdeand arises from the interference
between charge odd and even amplitudes, respectively. For the Fermilab Tevatron it amounts up to 15% for the
differential distribution in suitable chosen kinematical regions. The resulting integrated forward-backward
asymmetry of 4-5 % could be measured in the next round of experiments. At the CERN LHC the asymmetry
can be studied by selecting appropriately chosen kinematical regions. Furthermore, a slight preference at LHC
for a centrally produced top antiquark is predicted, with top quarks more abundant at large positive and
negative rapidities. S0556-282(199)04805-3

PACS numbses): 14.65.Ha, 12.38.Bx, 12.38.Qk, 13.87.Ce

[. INTRODUCTION This asymmetry has its origin in two different reactions:
radiative corrections to quark-antiquark fusi@fig. 1) and
Heavy flavor production at hadron colliders is one of theheavy flavor production involving interference terms of dif-
most active fields of current theoretical and experimentaferent amplitudes contributing to gluon-quark scatte(ifig.
studies. Large event rates, combined with improved experi2),
mental techniques, allow for detailed investigations of the
properties of heavy quarks and their production mechanism
at the same time. While charm quark production with a quark g+q—Q+Q+q, (3
mass around 1.5 GeV is barely accessible to perturbative
QCD calculations, bottom aral forteriori top quark produc-
tion should be well described by this approach. a reaction intrinsically of ordes? . Gluon fusion remains of
Theoretical and experimental resufts,2] for the cross course charge symmetric. In both reactigs and (3) the
section of hadronic tOp quark prOdUCtion are well ConSiStenhsymmetry can be traced to the interference between amp"_

with this expectation. Obviously, in view of the large QCD tydes which are relatively odd under the exchang®aind

coupling, the inclusion of higher order QCD corrections in 6 In fact, as shown below in detail, the asymmetry can be

these calculations is mandatory for a successful Comparisoﬂnderstood in analogy to the corresponding one in QED re-

Recent studies have, to a large extent, concentrated on trcJ;‘t%tions and is proportional to the color factiff,.. In con-
predictions of the total cross section and a few selected ON&fast, the non-Abelian contributions, in partichar those in-

particle inclusive distributions. In this paper a different issue_ " . . . I
. L . volving the triple-gluon coupling, lead to symmetric pieces

of heavy flavor production is investigated, namely, the. . : ; .
e " = in the differential cross section. Event generators which do

charge asymmetry, which is sensitive toward a specific sub-

class of virtual and real radiative corrections.

Evaluated in the Born approximation the lowest order 4 33 -
processes relevant for heavy flavor production, >(www m‘< ) }666666
— _ ] Q
q+q—Q+Q, oy (a) (b)
g+9-Q+Q, 2 e e
T66G0
do not discriminate between the final quark and antiquark, —<— 0000000 $——
thus predicting identical differential distributions also for the © @

hadronic production process. However, radiative corrections
involving either virtual or real gluon emission lead to a siz-  F|G. 1. Origin of the QCD charge asymmetry in hadroproduc-
able difference between the differential quark and antiquarkion of heavy quarks: interference of final-sté with initial-state
production processes and hence to a charge asymmetqy) gluon bremsstrahlung plus interference of the ifoxwith the
which could be well accessible experimentally. Born diagram(d). Only representative diagrams are shown.
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FIG. 2. Origin of the QCD charge asymmetry in hadroproduc- m{g@@@ i
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tion of heavy quarks through flavor excitation. %, '
not include the full next-to-leading matrix elemerjt3,4] © :
cannot predict the asymmetry.
Let us briefly discuss a few important aspects of this cal- FIG. 3. Cut diagrams.

culation. The box amplitude fagg— QQ is ultraviolet finite
and the asymmetric contribution to the cross section of ordefent. The charge asymmetry was also investigat¢@linin
a? is therefore not affected by renormalization, an obviousthis work only real gluon emission was considered. To arrive
consequence of the symmetry of the lowest order reactiorfit & finite result, a gluon energy infrared @, had to be
The same line of reasoning explains the absence of initialntroduced which leads to arbitrary large results with a pro-
state collinear singularities in the limib,—0 which would ~nounced dependence d#,,, and a different sign of the
have to be absorbed into tiigymmetrig lowest order cross asymmetry compared to our inclusive calculation.
section. Infrared singularities require a more careful treat- 1ne outline of this paper is as follows. The technical as-
ment. They are absent in the asymmetric piece of the proce§$Cts of the calculations will be presented in Sec. Il. The
in Eq. (3). However, real and virtual radiatiofFig. 1), if ~ @symmetric pieces of real and virtual corrections will be
considered separately, exhibit infrared divergences, whicHiven, together with the numerical evaluation, the compen-
compensate in the sum, corresponding to the inclusive prosation of infrared singularities from real and virtual radiation,
duction cross section. and the results at the partonic level. The implications for
The charge asymmetry in the partonic reactiéhsand  hadronic collisions, proton-proton as well as proton-
(3) implies, for example, a forward-backward asymmetry of@ntiproton, \_N|II be _studleq in Sec. lll. A brief summary and
heavy flavor production in proton-antiproton collisions. In ©Ur conclusions will be given in Sec. IV.
particular, it leads to a sizable forward-backward asymmetry The main thrust of this paper is toward the study of top
for top quark production which is dominated by reactiah quarks. Nevertheless, all the results are in principle appli-

and can, furthermore, be scrutinized by studiproduc-  yiP 8 AR S DA ABE o dominatec
tion at fixed longitudinal momenta and at various partonic 9 ' !

energiess. However, the charge asymmetry can also be Ob!r)n yO?é] iﬂg'rg:ﬂ'ﬁ; rr‘] ogf:lé’:::\ics)r;x?rllti;t:]on.mFl?;tqg:riI;sélfl:jrtf&er\—N
served in proton-proton collisions at high energies. In this ' 9 uded. e

) will comment on these points in more detail below.
case one has to reconstruct theest frame and select kine-

matic regions, which are dominated loyg annihilation or Il AMPLITUDES AND PARTONIC CROSS SECTION
flavor excitationgg—tt X. Alternatively, one may also study
the difference in the one-particle inclusive rapidity distribu- AS We shall see below, the dominant contribution to the
tion of a top quark versus a top antiquark, which again intecharge asymmetry originates frogg annihilation, namely,
grates to zero. from the asymmetric piece in the interference between the
The analysis of these effects allows to improve our underBorn amplitude forqq—QQ (Fig. 1d and the one loop
standing of the QCD production mechanism. At the sameorrections to this reactiofFig. 19, which must be com-
time it is important for the analysis of single-top-quark pro- pined with the interference term between initial state and
duction throughWb fusion. This reaction is charge asym- final state radiatior{Figs. 1a,1l The corresponding contri-
metric as a consequence of weak interactions. Although thgution to the rate is conveniently expressed by the absorptive
final states in single-top-quark production and hadrdnic contributions(cut9 of the diagrams depicted in Figs. 3a—3e.
production are different and should in principle be distin- However, only Fig. 3a plus the crossed Fig. 3b are rel-
guishable, it is nevertheless mandatory to control the chargevant for the charge asymmetric piece. Figures 3c, 3d, and
asymmetry from both sources. 3e, on the other hand, lead to a symmetric contribution only.
The presence of charge-asymmetric contributions in th@his can be seen as follows: the color factors corresponding
flavor excitation reaction has also been noticefbin7] forb  to Figs. 3a and 3ifafter averaging over initial and summing
quark production, however without any quantitative state-over final states respectively, are given by
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whereNg=3, fg,.=24, anddy,.=40/3. Without color fac- A
tors the contributions to the cross section from Figs. 3a and cos 6
3b are related by FIG. 4. Differential charge asymmetry in top quark pair produc-
= ~ tion for fixed partonic center-of-mass energi& 400 GeV(solid
dosa(Q,Q)=—dos(Q,Q), ) line), 600 GeV(dashed ling and 1 TeV(dotted ling. We also plot

which holds true both for two- and three-particle cuts. Thethe differential asymmetry fob quarks with/3=400 GeV/(dash-

asymmetric piece thus originates from % . term, and its ~ dotted line.

form is thus equivalent to the corresponding QED reaction,

with the replacement of the quark charges and QED couplin%cations[g’lo] (and the later works on hadronic heavy flavor
by the color factor roduction in[5-8]), the compact formulas shall be listed in

the Appendix for completeness and convenience of the

1 1 reader. In a first step virtual and soft radiation are combined,
adepQeQo— —5 1—6d§bca§. (6)  with a cut on the gluon energ?,,, [see the Appendix, Eq.
Nec (A5)]. The logarithmic divergence of this result for small

The production cross section, on the other hand, is obtaineléga‘t is cancelled bly Ithe correspfondinlg ?iverr]gence for real
. . { radiation. A particularly compact formula for the asymmetric
fr:]oerrr:t the corresponding QED process through the replacepiece of the hard radiation is given in EGA3). To obtain

finally the asymmetric piece of the inclusive cross section for

1 _
aéEDQéQéHFNCTFcFai, (7 q+9—Q+X, 9
C
the integral over the real gluon spectrum is performed nu-
with Te=1/2, Cc=4/3. The QCD asymmetry is thus ob- mericall?/. g P P
tained from the QED results by the replacement The differential charge asymmetry at the partonic level
d2 5 can then be defined through
abc
aQEDQqQQ—’—as:—as- (8) N N
16NCTECr 12 A(cosd) N;(cos6) —Ni(cosb)
cosf)= = —,
Let us note in passing that the cuts through diagrams in- N;(cosf) + Ni(cosh)
volving the triple gluon couplingFigs. 3c,3d,3glead to

Charge Symmetric ter.mS.. For-FigS. 3c and 3e this can be Se%ere’é denotes the top quark production ang]e in ttE

as follow_s: its contribution involves the factor {y*(Q rest frame andN(cos#)=do/dQ(cosd). Since Ni(cosd)
Fy~ L . . €

+M)y*(@—M)} which is evidently symmetric under the _\ _ cosp) as a consequence of charge conjugation sym-

exchange ofQ and Q. The remainder of the diagram de- metry, A(cosé) can also be interpreted as a forward-

pends orQ+Q only, which leads to the charge symmetry of packward asymmetry of top quarks. In this case the denomi-
the whole amplitude. The same line of reasoning applies t@ator is of course given by the Born cross section for the

Fig. 3d, as far as the exchange of the initial quarks is con: : A : A N i
cerned. Charge conjugation invariance then implies that als[)eact|onqq—>QQ [see Eq.(AL4)]. In Fig. 4, A(coso) is

Fig. 3d is symmetric under the exchange betw&eand Q. displayed for\/;= 400 GeV, 600 GeV, and 1 TeV fan,

These terms have to be combined with the charge—symmetrii_175 GeV. For completeness we also display the result for

CC, terms from Figs. 3a and 3b to yield a gauge-invarian®?P production ats=400 GeV withm,=4.6 GeV. The

combination. strong coupling constant is evaluated at the sq:aka\/glz
Although the relevant ingredients for the charge-from ag(m;)=0.118.

asymmetric piece are already listed in the original QED pub- The integrated charge asymmetry

(10
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is shown in Fig. 5 as a function ofg With a typical value 202
of around 6—8.5% it should be well accessible in the next 03 E 6
run of the Fermilab Tevatron. I = q a9
As mentioned already in the Introduction, the asymmetric 0.4 _
piece does not exhibit a divergence, even in the limit of o5 b L L b
vanishing initial quark mass; in other words, no collinear -1 0.5 0 0.5 1
singularities arise. The virtual plus soft radiation on the one cos b

hand and the real hard radiation on the other contribute with
opposite signs, with the former always larger than the latter FIG. 6. Asymmetric parts of the differential top quark pair pro-
which explains the difference in sign between our result andiuction cross section fromq- andqg-initiated processes for fixed
(8]. partonic center-of-mass energisa/;: 400 GeV and 1 TeV.

Before moving to the application of these results by fold-
ing with the parton distribution functions let us first discuss _
the charge asymmetry in the quark-gluon-induced reaction in 1(do(qg—QX) do(qg—QX)|  dod® 13
Eg. (3). The cross section for this reaction is obtained from 2 dcos?  dcosd " dcosd’ (13
the amplitudes depicted in Fig. 2. In fact its antisymmetric
piece can be obtained by crossing directly from the reaction _
0g—QQg and is given by Eq(A13). Again only the QED  are shown in Fig. 6 for a variety of partonic energ'\éwith
like piece contributes to the asymmetry, in contrast to thos&%=175 GeV. o _
amplitudes induced by the triple-gluon coupling. The inclu- The asymmetric contributions integrated in the forward-
sive cross section for quark production in quark-gluon colli-backward direction,
sions exhibits a collinear divergence; the charge asymmetric

piece is finite. The difference betwe€hand Q production _ 1 do'y
(for fixed initial g and gluon directionsshould not be con- U:;_\Zf
fused with an asymmetry in the angular distributionfor
Q), which is a trivial consequence of the asymmetric initial
state configuration.
The charge-asymmetric pieces as a function of the scafire shown in Fig. 7. Clearly, at the Tevatron energies with
tering angle, \/§<2 TeV, the dominant asymmetric contribution comes
from the gg-initiated processes, even more so, since the
_ - — guark-gluon luminosity in the relevant kinematic region is
1[do(qa—QX) do(qq—QX)| _ doy® far below the one for quark-antiquark reactions. Further-

= = = =, (12 i
2 d coséd d coséd d cosé 12 more, the difference betwed&p andQ production in quark-

" 0 da'lA " . _
Adcosa—f —~dcosd, i=qq,qg,
-1d cos@
(14)

0dcosé
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NA (GeV) Another QED-electroweak term originates from the interfer-

ence between the gluop-box and gluonZ box, respec-
FIG. 7. Integrated charge asymmetric parts of the top quark paitively, with the QCD Born amplitudéFig. 8. The result for
production cross section fromg- and qg-initiated processes as a this piecé is also given by Eq(15). In total this leads to an
function of the partonic center-of-mass energy. increase of the asymmetry as given by pure QCD by a factor
1.09. This change is thus smaller than uncalculated higher
gluon collisions does not exhibit a marked forward-backwardorder corrections.
asymmetry, which suppresses thg-induced asymmetry
even further. IIl. HADRONIC COLLISIONS
In addition to the pure QCD amplitudes also a mixed ) o ) )
QCD-electroweak interference term will lead to an asymmet- 1 he asymmetry can in principle be studied experimentally
ric contribution to theqq process. The QCD box diagram, in the partonic rest frame, as a functionfby measuring
Fig. 1c, can also give rise td in a color-singlet configura- the invariant mass of thet system plus an eventually radi-
ated gluon. It is, however, also instructive to study the asym-
metry in the laboratory frame by folding the angular distri-
bution with the structure function$l1,12. For proton-
antiproton collisions it is convenient to consider the forward-
Ybackward asymmetry as function of the production angle in
the center-of-mass system. The differential asymmetry for
Js=2 TeV is shown in Fig. 9 which displays separately the

contribution fromqa- andqg- (pluiag-) initiated reactions.

The denominator includes bottg- and gg-initiated pro-
cesses in lowest order. The numerator is evidently dominated
by guark-antiquark annihilation as anticipated 18] as can

tion, which in turn interferes witht production through the
photon orZ (Fig. 83. A similar consideration applies to
interference between initial- and final-state radiation. The re-
sulting asymmetry is obtained from the QCD asymmetr
through the following replacement:

FIG. 8. Representative diagrams contributing to the QCD neu-
tral current interference term. This small term had been neglected[i8].
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be seen from Fig. 9. Inclusion of mixed QCD-electroweak

interference term enhances the prediction by a factor of 1.09.
At this point we have to emphasize that both numerator

and denominator are evaluated in leading ordgd). The

next-to-leadingNLO) corrections to thét production cross
section are known to be largd4], around 30% or even
more. In the absence of NLO corrections for the numerator
we nevertheless stay with the LO approximation in both nu-
merator and denominator, expecting the dominant correc-
tions from collinear emission to cancel. However, from a
more conservative point of view an uncertainty of around
30% has to be assigned to the prediction for the asymmetry.

For the total charge asymmetry d6=1.8 TeV we pre-
dict

\s (TeV)

6%

7%

e N;(cos6=0)— N{cosf=0)
N;(cos#=0)+ N¢(cos6=0)

=4.8-5.8%, (16

1.8 q9

Vs (TeV)

where different choices of the structure function and differ- 1.6
ent choices of the factorization and renormalization scale,
p=m;/2 andu=2m;, have been considered and the factor
1.09 is included. An increase in the center-of-mass energy to 1.2
2 TeV leads to a slight decrease of our prediction to 4.6—

5.5%.

For illustrative purpose in Fig. 10 tteg- andqg- (qg-) 0.8
induced contributions in the partonic rest frame are also dis-

played separately in the=x;—Xx, ands plane for proton-

antiproton collisions withu = \/§/2. Furthermore, as charac-
teristic example the relative amount of gluon fusion as

function ofx=x, — x, ands is shown in the two-dimensional X=X,-X,

distribution of Fig. 11. In regions of Iargeqa- and corre- o _ -

spondingly smallegg-induced reactions a larger asymmetry ~ FIG. 10. Contributions frongyqg- andqg- (qg-) induced reac-

is expected. tions to the charge asymmetry in proton-antiproton collisiofs,
Bottom quark production at the CERN Large Hadron Col-=2 TeV, as a function ok, —X,=2P5(ttg)/\/s ands. Partonic

lider (LHC) or Tevatron is of course dominated by gluon rest frame(CTEQ-).

fusio& The forward-backward asymmetry froogpg and
gg (qg) reactions is thus negligible, at least as far as th

total cross section is concerned. However, Higg) final For some of the more extreme kinematic regions, namely,

state withs sufficiently large, say above 300 GeV, is again |, o and/or larges, a sizable difference between top quark
dominated byqq annihilation and a sizable asymmetry is and top antiquark production can be observed at the LHC. In
predicted in this kinematical region. Selecting, for example,Fig 12 the contributions frongq- andqg- (qg-) induced

V5=300 GeV andcosél<0.9 one predicts (S=2 TeV)  reactions are displayed separately. The production cross sec-
tion per se which is decisive for the possibility of measuring
the asymmetry in these regions is displayed in Fig. 14b, be-
low. In practice, only the region with below 2 TeV will be

. . . observable, in particular at large
which should be accessible by experiment. A factor 0.96, 11,4 asymmetry, as displayed in Fig. 12 as a function of

from the QCD-electroweak interference, has been also in- ~ . . —
cluded. X=X;—X, ands, is defined in thett(g) rest frame. From

Top_quark_top_antiquark production in proton_proton thIS it may seem that the I’eCOI’lStI’UCtion Of bt),th and even
collisions at the LHC is, as a consequence of charge conjifhe gluon is required for the study of the charge asymmetry
gation symmetry, forward-backward symmetric if the labo-in Pp collisions. However, also the difference between the
ratory frame is chosen as the reference system. However, tgingle-particle inclusive distribution dfandt, respectively,
selecting the invariant mass of the(+g) system and its May provide evidence for charge asymmetry. This can be
longitudinal momentum appropriately, one can easily coneasily understood from Fig. 13. Production taf{g) with

14

1

0.6

0-4_\||\||\|\||||\||\||
-1 -0.5 0 0.5 1

strain the parton momenta such that a preferred direction is
generated for quark-antiquark reactions.

A=4.3-5.1%, (17)
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FIG. 11. Relative amount of gluon-gluon-initiated processes as a F|G. 12. Contributions fronqaandqg(ag) induced reactions

function of x,—x,=2P(ttg)/\/s and s in lowest order, forys
=2 TeV in proton-antiproton collisions and/s=14 TeV in
proton-proton collisions. Contour lines go from 2%hite) to 10%
(dark) in steeps of 2% in the former case and from 1(#hite) to
90% (dark) in steeps of 10% in the latd CTEQ-1).

negativex is dominated by initiatj with smallx; andq with
largex,. The charge asymmetry implies th@{Q) is pref-

erentially emitted into the direction @q‘(a), Figs. 13a,13b.
The same line of reasoning is applicable for posityevith

Q(6) again preferentially emitted in the direction gfq),

to the charge asymmetry in proton-proton collisions/s

=14 TeV, as a function ok, —x,=2P(ttg)/\/s ands. Partonic
rest frame(CTEQ-D).

predicted in the region of large rapidity. It remains to be seen
if the low event rates in these extreme regions will permit
observation of this effect. The quark-gluon process is again
negligible.

o

and the role ofx; andx, reversed. In total this leads to a
slight preference for centrally produced antiquarks and
quarks slightly dominant in the forward and backward direc-

Q
_—
q q q
Q

tions, i.e., at large positive and negative rapidities.
The differential charge asymmetry

dN(Q)  dN(Q)

Ay —Y I (18)
PP dANQ)  dN(Q)
dy dy

preferred (a) preferred (c)
Q Q
-——— B —
q q q q
Q Q
supressed (b) supressed (d)

FIG. 13. Typical configuration of momenta for top quark and

is shown in Fig. 14a for top quark production at the LHC top antiquark production through quark annihilation in the region of
(Vs=14 TeV). As expected, a sizable charge asymmetry igarge parallel momenta.
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6 APPENDIX: BASIC FORMULAS

(a) For completeness we summarize here the charge-
antisymmetric contributions to the heavy quark production
cross section. The charge-asymmetric piece of the hard gluon
radiation process

Ao(¥) (%)

a(p)+a(p2) —Q(p3)+Q(ps) +9(ps),  (AL)

|||||||||'|||\I‘Ill\lllll\I

defined as
OF agixs) ~SSmsezoncoon® 3
A o dofi=3[do(ag—QX)~do(ag—QX)],  (A2)
y is given by
— 180
'g. B q,hard 3 2
; 160 :— (b) dO'qu' _ ag dabc 1
:g\ 140 ;_ dy35dy45d(2 47T§ 16Né y12(y34+ 2m2)y35
‘_g’ 120
- Y13
100 [ X\ == (Y3atYiat Yot Yo
80 | 15
%0 ;_ +2m?(Yaut 2mP+y15)) +4mPy,,
40 |—
20 |- —(1-2)—(3<4)+(1-2,3-4),
o L
2 0 2 (A3)
y with Nc=3 andd2,.=40/3. All the quantities are normal-

FIG. 14. Rapidity distribution of charge asymmetay and total  1Zed to the partonic center-of-mass enesgy
cross section at Born ordéb) of top quark production in proton-

proton collisions,'s=14 TeV andu=m,. Contributions fronmq Yij=2(pi-p;j)/s, m?= mé/s. (A4)
fusion and flavor excitatiorqg (ag), are shown separately. Labo-
ratory frame(CTEQ-J. The asymmetry is explicitly driven by the antisymmetric ex-
change of momentap{< p;).
IV. CONCLUSIONS On the other hand, soft radiation from Eé1) integrated

in phase space up to a cut in the soft gluon enefy,, plus

The difference between the distributions of quarks versust:h irtual i to the B trib
antiquarks produced in hadronic collisions has been investi- & virtual corrections to the Born procesg—QQ contrib-

gated. This asymmetry is particularly relevant for the pro-Ute to the asymmetry as
duction of top quarks in suitably chosen kinematical regions,

~ da_qavirtJrsoft
but can also be observed for bottom quarks at lacgét the A

partonic level it amounts up to 10% or even 15%. In proton- d cosf
antiproton collisions at the Tevatron the integrated forward-
backward asymmetry amounts close to 5%. At the LHC a ad d3. ) ,
slight preference for centrally produced top antiquarks is pre- "% 1602 B[ B(c)—B(—¢c)+(1+c+4am)
. . - s 16Ng
dicted, with top quarks more abundant at large positive and
negative rapidities. 1-c
X |4 log 17 c log(2w)+D(c)—D(—c¢) ]
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s

2Li,| 1 2m log?
2| 17 17¢) 799

1-c

B(c)= 5

1-c—2m?

+(c+2m?)

1-c
2

4c 2—c2—7m?

+————————mPlog(m?)+ EIogz(mz)
BZ (1_2m2)2_C2 2

c 1-8
o _ 2 4 v4 B
2,83(1 8m“+8m?)| log 173
aLi,| - =P I A7
B T R (A7)
D(c)=2 Rel Liy| — | i, ==
(c)= €y Ll -y —Llp 1-y
1+x X y
N - Pl — 2|7 | _ H 2
L|2( +Li, y) + log 1—y‘ Re Lix(x%)

+ %Iogz(xz)— log (x?)log (1—x?), (A8)

where

1-c

X:—
2(1—c—2m?)

. y=3[1-p+ EI-c- 2]

(A9)

In the limit m— 0 these functions simplify considerably:
1-c 1-c
2 2 )

1-c
|

B(c)=

1+c—c|og( Iog(

D(c)= Iogz(?) —2Li2< (A10)
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The charge-asymmetric contribution of the flavor excita-
tion process

a(p)+9(p2) —Q(p3)+Q(ps) +a(ps), (ALl

defined as
1 —
quAgEE[dU(ng QX)—do(qg—QX)], (Al2)

is given by
dodd 2 d 1

dy35dy45dQ _47T§ 16N% y15(y34+ 2m2)y23
Vis_ Ys

al
Y12 Yos

+2mA(yaut 2m?—y;g)]

2

@ abc

) [Yis+Yisty3stYas

+Am2(Y 5+ Y1) | — (34). (A13)

It is infrared finite and can be obtained just by crossing of
momenta from Eq(A3).
For the convenience of the reader we also list the Born

cross section foqaandgg fusion:

dO'qEﬂQa_ ZTFCF ’77[‘3

Tood NG 2—§(1+c2+4m2), (A14)
dg99-QQ ,TB 1 Te
— ~ — 0, ——=< -
d cosh ® 25\ Ng(1—c?) 2Cg
Z.n4
x| 1+c?+8m?— 2), (A15)
—c

and become also free of final-state collinear divergences

since only integrable divergences appeacatl.

whereTg=1/2 andCr=4/3.
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