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Abstract

Taking into account the effect of final-state interaction, we calculate the non-zero (ffaivé) transverse momentum
dependent distributiomf (x, ki) of the pion in a quark-spectator-antiquark model with effective pion-quark-antiquark coupling
as a dipole form factor. Using the model result we estimate the¢ggcasgmmetries in the unpolarized™ N Drell-Yan process
which can be expressed b% X ﬁf We find that the resultingfn (x, kzL) has the advantage to reproduce the asymmetry that
agrees with the experimental data measured by NA10 Collaboration. We estimate thieasys#netries averaged over the
kinematics of NA10 experiments for 140, 194 and 286 GeVbeam and compare them with relevant experimental data.
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1. Introduction processeq?] from FSI/ISI via the exchange of a
gluon, have been explored and are recognized as previ-
¢ ously known Sivers effedB,4]. This effect, formerly
thought to be forbidden by the time-reversal prop-
erty of QCD[5], can be survived from time-reversal
invariance due to the presence of the path-ordered
exponential (Wilson line) in the gauge-invariant de-
finition of the transverse momentum dependent par-
ton distributions[6—8]. Along this direction some
phenomenological studid®9-11] have been carried
out on transverse single-spin asymmetries in SIDIS
E-mail address: mabg@phy.pku.edu.d.-Q. Ma). process, which is under investigation by current ex-

Recently it is demonstrated that the effect o
final-state interaction (FSI) or initial-state interaction
(ISl) can lead to significant azimuthal asymmetries
in various high energy scattering processes involv-
ing hadrond1,2]. Among these asymmetries, single
spin asymmetry (SSA) in semi-inclusive deeply in-
elastic scattering (SIDIS]1] and that in Drell-Yan
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periment[12]. Analogously the exchange of a gluon
can also lead to another leading twist (naiZ&pdd
distributionhf(x, ki): the covariant transversely po-
larization density of quarks inside an unpolarized
hadron. This chiral-odd partner of Sivers effect func-
tion, introduced first in Ref[13] and is referred to
as Boer—Mulders function, has been propofef to
account for the large cog2asymmetries in the un-
polarized pion-nucleon Drell-Yan process that were
measured more than 10 years @6,16] Recently
hf(x, ki) of the proton has been computed in a quark-
scalar diqguark moddB,17] and also used to analyze
the consequent cogZazimuthal asymmetries in both
unpolarizedep SIDIS proces$9] and unpolarizeg p
Drell-Yan proces§l 7], respectively.

The same mechanism producifigodd distribu-

tion functions can be applied to other hadrons such as

mesons. In a previous pagdés] we reported that non-
zerohi of the quark inside the pion (denoted/a$ )
can also arise from final-state interaction, by applying
a simple quark spectator-antiquark model. Among the
phenomenological implications of the functimf% is

an important result for the cog2azimuthal asym-
metry in the unpolarizedr— N Drell-Yan process
[15,16], which can be produced by the productiqf

of the pion and that of the nucleon. Therefore, one
can investigate how the theoretical prediction of the
asymmetry is comparable with the experimental re-
sult, as a test of the theory and the model. In the
present Letter, based dn from our model calcu-
lation, we analyze the cog2azimuthal asymmetry in
the unpolarizedr ~ N Drell-Yan process by consider-
ing the kinematical region of NA1O experimefis].

To obtain the rightQr dependence of the asymme-
try, we recalculatehliﬂ(x, ki) in a spectator model
similar to the model used in Refl8]. The differ-
ence is that here we treat the effective pion-quark-
antiquark coupling; as a dipole form factog, (k?),

in contrary to the treatment in Refl8] where we
takeg, as a constant. We find thagg, (x, ki) result-

ing from the new treatment together wittf (x, k?)

for the nucleon in a similar treatmef#0] can repro-
duce the cos@ asymmetry which agrees with NA10
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2. Non-zero hfn of the pion in spectator model

In this section, we will show how to calculate
hfﬂ(x, ki) in a quark-spectator antiquark model. We
follow Ref.[1] to work in Abelian case at first and then
generalize the result to QCD. There are pion-quark-
antiquark interaction and gluon-spectator antiquark in-
teraction in the model:

Lr=—gzVys¥or — ey YA, +hec, )

in which g, is the pion-quark-antiquark effective cou-
pling, ande; is the charge of the antiquark. When the
intrinsic transverse momentum of the quark is taken
into account, as required b§-odd distributions, the
guark correlation function of the pion in Feynman
gauge (we perform calculation in this gauge]4s]:

@D(ﬂ (-x7 kL)

dE P50 e .
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X LLE, 007 )Wu (&) Pr)le+ o, (2)

where L,(a,007) is the path-ordered exponential
(Wilson line) accompanied with the quark field which
has the form

o
Lo(0, 00) = Pexp(—ig / A1T(0,67,0)) d?;‘),

- €)
etc. The Wilson line has the importance to make
the definition of the distribution/correlation func-
tion gauge-invariant. Without the constraint of time-
reversal invariance, in leading twist the quark correla-
tion function of the pion can be parameterized into a
set of leading twist transverse momentum dependent
distribution functions as followfl3,19]

okl n” i| @

M ’

@ (x, k)
1
= 5| e b 1 02)
where n is the light-like vector with components
(”Jrv n—,ni)=(1,0,0y), Opy = lﬁ[)ﬁu Wl and M,

is the pion mass. Knowing, (x, k), one can obtain

data. We give the asymmetries predicted by our model these distributions from equations

averaged over the kinematics of NA1O experiments
for 140, 194 and 286 GeVt~ beam and find that

the energy dependence of these asymmetries is not

strong.

fir (6, k3) = Tr[@(x, k)Y T,
2h3 (x, k3K,

T

®)

=Tr[®(x,k)o']. (6)
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The calculation of unpolarized distribution func-
tion f1,, in the antiquark spectator model can be done
[20] from the lowest order (without Wilson line) cor-
relation function in Eq(2). However it cannot lead
to any T-odd distribution function such ah;fﬂ. As
demonstrated in Refl], the non-zeradl'-odd distri- P
bution requires final-state interaction from gluon ex- 4
change between the struck quark and target spectator.st
Here we follow the observation in Reff5,21] that
final-state interaction in an initial hadron state can be
taken into account effectively by introducing an ap-
propriate Wilson line in the gauge-invariant definition
of the transverse momentum dependent distribution
function, or equivalently, quark correlation function of
the hadron. The Wilson line can provide non-trivial
phase needed fdF-odd distribution functions. Since
we have defined such a correlation function in &),
we can start from Eq(2) to calculatehfrr with the
explicit presence of the Wilson line. We expand the

A

Fig. 1. Effective correlation functio® in the antiquark spectator
model with final-state interaction modeled by one gluon exchange.

light-cone vecton* = (n+,n~,71) =(0,1,0,). The
eikonal line gives rise the final-state interaction effect
between the fast moving struck quark and the gluon
field from target spectator systef@,21]. The Feyn-
man rule for the eikonal line is/1g™ + i) [22] (see
also appendix in Refl17]), whereg is the momentum

of the gluon attached to the eikonal line. The Feynman
rule for the eikonal line-gluon vertex ign* [22]. The

Wilson line to first order corresponding to one gluon
exchange. Therefore, according to Egj.and Eq.(2),

hfﬂ can be calculated in the antiquark spectator model
from the expression

2hi (x,k3)Ki
M

_ d§—d§,|
23 e

00—

x(c}s|<—iel/A+(0,$,OJ_)d$>

s
X b Va(©)| Pr)le+—o+h.C. (7)

in which |g*%) represents the antiquark spectator state
with spins, andes is the charge of the struck quark.
Fig. 1is the diagram equivalent to E¢Y). The fig-
ure shows the effective correlation function in the anti-
quark spectator model with the Wilson line expanding
to the first orderk, can be obtained from the diagram
by insertings'*, according to Eq(6). Fig. 1is similar
to the diagram used by Ji and Yuftl] to calculate
fllT of the proton in scalar diquark model. Thein-
side the circle denotes that the pion-quark-antiquark
coupling is pseudoscalar coupling. The double line
represents the eikonalized quark propagator (eikonal
line), which is produced by the Wilson line along the

R (P Yp(0)|g°)

straight line cut by the vertical dashed line denotes the
on-shell spectator antiquark stateor v°.

Usually there are two choices of the pion-quark-
antiquark coupling; :

e Case l:g, as a normalization constant which

is used in Ref.[18]. A similar treatment for
the proton-quark-diquark coupling has been
adopted in Refd1,17]to estimatefllr (x, ki) and
hi (x,k?) of the proton.

Case Zgﬂ as a dipole form factgi20]

k2_ 2

N m
g”(k )_N”(AZ_kZ)Z
k2—m2
=Ny(1—x)°———n, (8)
(k% + L)

with
L% :(1—x)A2+xm2—x(1—x)M3, )
k2 =—(1—x)k2—xm2+x(1—x)M§’ (10)

and N, is the normalization constant; is the
mass of the quark/antiquark inside the piof,

is the cut off parameter of the quark momen-
tum. This kind of treatment has been applied to
modelT -even nucleon distribution functiofia0],
and recently in the calculations ¢{LT (x, kzL) and
hi‘(x, ki) of the protor[10] in order to eliminate
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the divergences in thk, -moments of thesé -
dependent distribution functions.

In the previous papdil 8] we performed a computa-

tion onhiﬂ in case 1 which yields:
A k> + B
T 1 + JT)’ (11)

hi (x,k?) = In(
1 (0. 2) k2 (k2 + By) By

and the corresponding unpolarized distribution is

k2 +D
K =Cp—2— T 12
flﬂ(x L) (ki+Bn)2 12)
where
2
&r leie2]
Ay = My (1—
"= 2R ax M0,
By =m? —x(l—x)Mj%, (13)
Cr =(1—x)gZ/[2(2m)],
Dy = (14 x)°m?. (14)

An interesting result is that the transverse momentum
dependence oﬁfn (x, ki) in this model is the same
as that o’rhf of the proton in the quark-scalar diquark
model[17].

Now we perform the computation Q%T in case 2,
that is, in the situation of, as a dipole form factor.
According to Eq(7), also with the help ofFig. 1and
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line of Eq. (15) comes from the contraction of the
eikonal line-gluon vertex and the gluon-antiquark ver-
tex:n*g,,y" =y ™. The loop integral over the gluon
momentumg is similar to the integral for calculat-
ing flLT in [17,21] The g~ integral is realized from
contour method, ang™ integral can be done by
taking the imaginal part of the eikonal propagator:
1/(g* +ie) — —ind(g™), since the real part of the
propagator is canceled by the Hermitian conjugate
term. After performing the integral we yieh;itT with

a form different from Eq(11):

_ lexez] Njf(l—x)smMﬂ
4w 22m)3L2(K2 + L2)3

The corresponding unpolarized distribution is

h (x, k)

(16)

N2(1—x)3(k? + Dy)
k2 _ 'z 1 s )
flﬂ(xs J_) 2(2ﬂ)3(ki+L%)4

(17)

To calculate the trace in the nominator of E§j5)
we take the spin sum of the antiquark state as
Y V'Y = (P — ¥ — m), which is a little different
from the spin sum adopted in R¢20]. One can find
that the form of Eq(16) is similar tohf of the pro-
ton computed in Ref10]. We also calculatéy- , the
T-odd distribution of the valence antiquark inside the
pion, and yieldh; = hi_. Comparing the two ver-
sions ofhfn in Eq.(16)and Eq(11), we find that each

the Feynman rules introduced above, we can calculateone has a significant magnitude, which means both of

h1., from the integral:

2h (x,k?)Ki
My
ileiez]
8(27)3(1—x)P;

d4q _g 2 k—}-m ;
k i+
XXX:/(ZTL’)L‘v 8 ( )V5k2_m20
k+d+m 2
Xmgn((k‘i‘éﬂ )vs
F+d—Pa+m
(k+qg— Py)2—m2+ie
1 1
s h.c. 15
v q++i8q2—is+ (19)

In above equation we have useé®; |y (0)|7*) =
0% gz (K2 ysi (f + m)/ (k% — m?), etc., which is a re-
sult of the spectator mod¢R0]. The yT in the last

them can give unsuppressed cgsgsymmetry. How-
ever, the transverse momentum dependence of the two
versions are very different, that is to say, the be-
havior of the cos@ asymmetry predicted by the two
cases should be different. One may expect experiments
to make a discrimination between the two versions of
h1,. We will give a further comparison with available
experimental data in next section.

3. Thecos2¢ asymmetry in theunpolarized x~N
Drell-Yan process

The unpolarized Drell-Yan process cross section
has been measured in muon pair production by pion-
nucleon collisiont =N — uw =X, with N denoting
a nucleon in deuterium or tungsten andra beam
with energy of 140, 194, 286 GeM 5] and 252 GeV
[16]. The general form of the angular differential cross
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cross section expressed in the Collins—Soper frame

is [14]
“““““““““ do (hihy — 11X)
Y 2
/ h d2dx1dx2d?q.
> 2
0 A _ Yem Fa
l z =305 ;{A(y)f[ff Fi']+ B(y) cosBF
. R L,a}‘lL,ﬁ
Fig. 2. Angular definitions of the unpolarized Drell-Yan process in X |:(2h : pJ_h -k — pL- kL)W] },
the lepton pair center of mass frame. 142
(19)
section for the unpolarized Drell-Yan process is where 0? = ¢? is the invariance mass square of the
14 3 1 lepton pairg , is the transverse momentum of the pair,
229 2 = (14co26+ usind cosp and the vectoh = g, /Q7. We have used the nota-
od2 4dmAi+3 tion
+ Y sir?o cos 2¢> (18)
> ’ FUfi= [ dPprdPi Py k.- au)
where ¢ is the angle between the lepton plane and =
¢ g plon P x fix.p2) (. K3)- (20)

the plane of the incident hadrons in the lepton pair
center of mass frame (sdég. 2). The definition of From Eq.(19) one can give the expression for the

the lepton plane depends on the choice of axés asymmetry coefficient [14]:

the lepton pair center of mass system. In our calcula- }
tion we choose: parallel to the bisector oP, and 5 A hy“hy?
—Py, which is referred to as Collins—Soper frame vzz;e“}-[(Zh'pLh'kL —Pr-ky) M1M> }

[23]. The experimental data show large value ofear )

to 3(_)% in the Colllns_—Soper fr_ame. The asymmetry « (Z egf[ffff]) . (21)
predicted by perturbative QCD is expected to be small -

[15,24] Several theoretical approaches have been sug-

gested to interpret the experimental data, such as high- _ 1h€ c0s# dependence as observed by the NA10
twist effect[25,26]and factorization breaking mecha- Collaboration does not show a strong dependence
nism [24]. A natural explanation has been proposed on A [15], i.e. the asymme”Y IS unl|ke_ly a_lssoma_ted
by Boer[14] that the product of twd-odd chiral-odd with nuclear effect. The Ieadmg cﬁontrlliul'flon which
hi can give cos@ asymmetry without suppression ~comes from the valence quarkshg x hy"", there-

by the momentum of the lepton pair. In that paper, fore we can adopt the-quark dominance, i.e., we do
a parametrization ok% in a similar form of Collins notinclude sea quark'cont.rlbutlon whichis expectgd to
fragmentation functiof] has been given to fit the ex- P& small. We usé, given in Eq.(16)(case 2) to esti-
periment data. Recently it is found that non-zérpo mate the asymmetry. We also nelefl of the nucleon
can arise from final-state interaction without violation in a similar treatment with effective coupling as a di-
of time-reversal invariance, and has been used to esti-pole form factor. This has been done in Ré0]. We

mate cos @ asymmetry in the unpo|arizm{ﬁ =X use this Versiorhf but Only include contribution from
Drell-Yan proces§l7]. the scalar diquarkh(f’“ = hf’s, with S denoting the
Encouraged by this proposal, we aplhliT given scalar diquark). There are two considerations: the first

by our model calculation to estimate the consequent is to reduce the number of the parameters, and the sec-
cos 2 asymmetry in the unpolarized~ N Drell-Yan ond is because of the-quark dominance assumption.
process measured by NA10 Collaboration. In case the Based on Eq.21) with the denominator from the same
vector boson that produces the lepton pair is a vir- model result, we give the numerical estimation of the
tual photon, the leading order unpolarized Drell-Yan asymmetry atc = x = 0.5 in Fig. 3 (shown by the
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solid curve) with experiment data from NA10 Collab-
oration. For the parameters in the expressionhjgf
andhi we choosex = 0.6 GeV, M, = 0.137 GeV,
m = 0.1 GeV, My =0.94 GeV,rs = 0.8 GeV, and
my = 0.3 GeV, whereMy, ALs andmpy are the nu-

205

(the error inQr is chosen to be the bin size). We find
that the estimated asymmetry agrees with the experi-
ment data fairly well, although our estimation is crude
since some approximations are adopted. In contrast,
as shown by the dashed linekig. 3, the 97 shape of

cleon mass, the scalar diquark mass and the mass othe asymmetry produced by denoted in Eq(11)

the quark inside the nucleon, respectively. For the cou-

pling constanteies|/4m we extrapolatgesies|/d4m —
Crag, and takeay; = 0.3 and Cr = 4/3 which are
adopted in Ref[1]. We choose the data at 194 GeV
of Ref.[15], since the error bars of them are smallest

25 3.0

GeV

Fig. 3. The cos@ asymmetry (solid line) in the unpolarized
7~ N Drell-Yan process defined in the Collins—Soper frame at
X = x = 05. The dashed line represents asymmetry given by the
previous model resu[i8] (with hfn calculated in case 1). The data
are taken from Ref15] at 194 GeV.

(case 1 with the pion-quark-antiquark coupling as a
constant) is not consistent with experimental data (see
Ref.[18]).

We further usehfn given in Eqg.(16) and the same
parameters adopted above to estimate the asymme-
tries averaged over the kinematics of NA1O exper-
iments. ForQ2 « 02, the momentum fractions of
the quarks inside the pion and the nucleon satisfy
the relation:xx = Q?/s, where /s is the center of
mass energy of the pion-nucleon system, for instance,
for 194 GeV beam/s = /(194+ 0.94)2 — 192 =
19.1 GeV, and for 140 GeV, 286 GeV beayls =
16.2 GeV, 23.2 GeV respectivelyl5]. The data-
selecting condition of the NA10 experiments is<
0.7, 40GeV < Q £ 85GeV (405GeV <€ Q <
8.5 GeV for the 194 GeV data) and > 11 GeV. We
use above kinematical constrains to evaluate the aver-
aged asymmetries for~ beam with different energy.

In Fig. 4we plot the asymmetries in the Collins—Soper
frame versusQy for 140, 194 and 286 GeV beam
together with the data of Refl5]. The estimated
asymmetries for pion beam with different energy are
still consistent with experimental data. Our estimation
shows that the energy dependence of the asymmetries
is not strong, and this agrees with the experimental
observation.

0.5

04} 140 GeV

194 GeV

286 GeV

-0.1

3 0
Q. GeV

@

Fig. 4. The cos@ asymmetries in the Collins—Soper frame for pion beam with different energy averaged over kinematicsiregidi;
4.0GeV < 0 <85GeV (405 GeV < Q <85 GeV for the 194 GeV data) and > 11 GeV. The data are taken from REf5].
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4. Summary

The observed large cog2azimuthal asymmetry
in the unpolarized Drell-Yan process indicates a sub-
stantial non-zero value for leading twigt-odd dis-
tribution functionhf(x, ki) (which is referred to as
Boer—Mulders function) from phenomenological as-
pects. Theoretically it has been demonstrated hliiat
of the nucleon and the meson can arise from final-
or initial-state interaction. In this connection, we have
performed a calculation difn of the pion in a sim-
ple antiquark spectator model by taking into account
final-state interaction, and estimated the consequent
cos 2 azimuthal asymmetry in the unpolarized N
Drell-Yan process which is then compared with ex-
perimental data measured by NA10 Collaboration. In
the calculation we adopt the pion-quark-antiquark ef-
fective coupling as a dipole form factor. We find that
the resultingz;- , together with:1- of the nucleon re-
sulting from a similar treatment with nucleon-quark-
diquark coupling as a dipole form factor, can give
a good agreement of the estimated apsszimuthal
asymmetry with experimental data from NA10 Collab-
oration. This provides a new indication on the role of
T-odd distributionk;- to the cos 2 asymmetry in the
unpolarized Drell-Yan process from initial-state inter-
action.
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