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Study of the pion distribution amplitude in polarized muon pair production
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We consider the production of muon pairs from the scattering of pions on longitudinally polarized protons.
We calculate the cross section and the single spin asymmetry for this process, taking into account pion bound
state effects. We work in the kinematic region where the photon has a large longitudinal momentum fraction,
which allows us to treat the bound state problem perturbatively. Our predictions are directly proportional to the
pion distribution amplitude. A measurement of the polarized Drell-Yan cross section, thus, allows the deter-
mination of the shape of the pion distribution amplitup0556-282(96)05209-5

PACS numbegs): 13.88+e, 14.60.Ef

I. INTRODUCTION single spin asymmetry, taking into account pion bound state
effects. We consider the kinematical range of not too small
Spin effects are known to provide sensitive tests for thgransverse photon momentum and large longitudinal momen-
underlying particle theories in many cases. One may recafum fraction. This kinematical situation allows us to apply
the spin asymmetries in pion-nucleon scattering which canthe usual counting rule for the large momentum transfer be-
not be described in the simplest pole approximation of thdavior of the pion wave function. It is then reasonable to
Regge theory and require to take into account cuts. In th@ssume that the lowest pion Fock state component is domi-
case of QCD the so-called European Muon Collaboratiorﬂant_for the m_cluswe process (_:onS|dered her_e. This assump-
(EMC) spin crisis was a signal of a breakdown of the naivetion is the basis of the calculation presented in the following
parton model and of the importance of the incorporation ofS€ction.
such a subtle field theory effect as the axial anonjaly
A less popular, but also extremely interesting example is  1l. CALCULATION OF THE HADRONIC TENSOR
the problem of single transverse spin asymmetries in reac- ) ) ) ) ) .
tions mediated by strong interactions. As these effects re- W& Will consider the inclusive production of muon pairs
quire a mass parameter and an imaginary part in the scattefoM the scattering of a pion on a polarized protdre Drell-
ing amplitude, they are proportional t,as in the “naive” Yan process
perturbative approach. However, a careful application of B .
QCD factorization at the twist-3 level removes both of these 7 (P2)+p(Pp,s)— v (Q,e)+X
small parameteri2]. The collective gluon field of the hadron St (QO+pT ()X, (2.0
is shifting the current quark mass, to a mass parameter of

the order of the hadron mass and, simultaneously, providegneres, denotes the degree of longitudinal polarization of
the imaginary part. Technically, the latter appears when the,e proton, and all momenta refer to the overall c.m. system.

pole of the quarkor gluon[3]) propagator is integrated over |; is” convenient to write the differential cross section for

the light-cone momentum fraction. _ _ (2.1) in terms of a hadronic and a leptonic tensor:
A similar imaginary part is present in the QCD higher

twist contributions to dilepton production in pion-nucleon 1/1\2 g8 3

) . . . a+ d°q-

scattering, due to the integration over the light-cone momen- dg= _(_2> =3 3

tum fraction of the quark in the pion. This effect leads, in the 2s\Q%) (2m)*2q5 (2m)°2q

case of unpolarized nucleon targets, to a significant contribu- (2.2

tion to the dilepton angular distributigs], which is sensi- _ ) )

tive to differentAnsazefor the pion distribution function. ~ Wheres is the hadronic c.m. energy. The leptonic tensor has
It is interesting to look for single spin asymmetries for the well-known form

which the imaginary part does not constitutdlage cor-

rection, but the whole contribution. The natural candidate is L#r=4e*(g%q” +9“q} —g*"Q?/2). 2.3

the spin asymmetry in the production of dileptons from the

scattering of pions on dongitudinally polarizednucleon. Note thatL*” is symmetric, since we only consider the ex-

This spin asymmetry has been thoroughly studied in perturehange of a virtual photofmot aZ bosor) and since we sum

bative QCD[5,6]. The analogous mesonic processes havever the polarizations of.™.

been discussed if7]. In the present work we study this The hadronic tensoV*” may be written as

0 WMV(S/)LILLVY
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W’”(S/)=§X: (2m)*8(Q+Px—P o= Pp)(¥(Q,e"), X(P|717 (P,),p(Py.s,))

X(¥(Q.€"),X(Py)|71m(P),p(Pp.s,))*. (2.9

Only the symmetric part ofV*” is relevant after contraction with ,, of Eq. (2.3. ThereforeW*” in the following is
implicitly assumed to be symmetrized.
The angular distribution oft™ in (2.1) may be parametrized as
do

dQ?dQ3dx d cosfd¢

14 N 14
x1+\ cog6+ u sin26 cosp+ > Sirf 6 cos2p+ u sin26 sing+ > Sirf 6 sin2¢. (2.5

Here, 6 and ¢ are angles defined in the muon pair rest frame, ~ do(s,=+1)—do(s,=—1)
and \,u,v,u, and v are angle independent coefficients. A= do(s,=+1)+do(s,=—1)
They depend orQ? [the virtuality of the photonQ% (the
squared transverse momentum of the photon in the hadronig he angular coefficients is simply given by
c.m. system(c.m.s)], and xL=2QL/\/§ (the longitudinal

momentum fraction of the photpnWe takex, >0 for a

photon moving forward with respect to the pion in the had-

(2.9

,u(s/= +1) sin26 sing+ 3 v(s,=+1) sirfé sin2¢

ronic c.m. system. The normalization of the cross section can 1+\ cog 0+ u sin20 cosp+ 3 v sinth cos2p
be determined from (2.9
For the unpolarized Drell-Yan process the parton model
Q%do e (3+MN 6 predictions8] fail to describe the data an,u, andv [9]. In

dQZdQ$de - 96(2m)* \/5\/Q2+Q$+xfs/4' (26 contrast, taking into account pio.n bounq state effects y!elds
reasonable fits to the dafd]. An interesting feature of this

The normalizatiorN and the angular coefficients are re- bound state model is a nonvanishing absorptive paigad-

lated to the helicity amplitudes of the hadronic tensor: ~ ing order which is proportional to the pion distribution am-
plitude ¢. This property directly leads to nonvanishing
N=Wr+W =¢€,(+ 1WA e (+1)+ €, (0)W+"€,(0), and v which are strongly sensitive . In the following we
will shortly describe the salient features of the bound state
?\ZN_l(WT—WL)ZN_l{EM(+1) WHY X (+1) [nigd‘;]al for the pion. Further details may be found, e.g., in
—€,(0)WH"€,(0)}, The bound state problem may be treated perturbatively if
the momentum fraction of the quark from the pion is large,
pw=N" W = (12N) e, (0)W-"e,(+1) which is the case for large_. The dominant contribution to
the Drell-Yan process comes from the annihilation of a quark
+e,(0WH el (+1)}, with an antiquark 11]. In the region of largex, , the dia-
grams of Fig. 18), 1(b) then give the leading contributions.
v=N""Wrr=N"Ye, (+1)W* ) (—1) We will explain the formalism for the annihilation of @

quark from the proton with the quark from the pion; the
other possible annihilation process ofdaquark from the
proton with thed quark from the pion is treated in complete

+ e;( +1)WHe (—1)},

p=N""W_=i(\2N) Heu(0)WH e, (+1) analogy and its contribution will later be added incoherently.
— e, (0)WH e (+1)}, In diagram 1a) we see that the quark propagator is far
a . off shell, pﬁ—= —Q%/(l—xﬁ, if the light-cone momentum
o= N—lvaT: iN“Le,(+1)Whre (— 1) fraction of the quark from the piorg=x_ is close to 110].
” Thus, the pion can be resolved by a single hard gluon ex-
— €, (+D)WH¢, (- 1)}, (2.7  change[12]. The second diagram, Fig(W), is required by
gauge invariance.
where the polarization vectorg*(+1)=(0,+¢e,+ig;) and The hadronic tensdV*” is obtained by a convolution of
e€*(0)=(0,,) are determined by specifying the coordinatethe partonic tensow*” with the corresponding parton distri-
axese (i=Xx,y,z) in the muon rest frame. bution functions for the polarized protdrThe partonic ten-

The coefficients, andv are nonzero only in the polarized sorw*” is computed from the produd!“M*”. M* is the
Drell-Yan process and are induced by absorptive parts in thamplitude for the reaction
scattering amplitude7. In the parton model, the leading
contributions tou andv come from the interference of Born
diagrams with the absorptive parts of one-loop diagrféiis IHere we take into account the correct partonic flux factor which
The relation of the single spin asymmetry amounts to multiplying witrs/$, $=(P_+p,)?.



6182 A. BRANDENBURG, D. MULLER, AND O. V. TERYAEV 53

(b)
d
=, FIG. 1. Leading contributions
to the amplitude for the Drell-Yan
g process at largg, .
u
ul+ 7 —9*(Q,e") +X, (2.10 malization. However, this does not change the qualitative

features of our predictions and thus it will not be discussed in
where the arrow indicates the polarization of the parton. Thighis paper. o _ _
amplitudeM* is obtained by convoluting the partonic am- The imaginary part in this model arises because the inter-

plitude T#(u' +ud— y* +d) with the pion distribution am- nal quark line of Fig. b) can go on shell. After integrating
plitude (2 62) [12]: the hard scattering amplitudé* according to Eq(2.11), we

are left with a regular amplitud&!# which has an imaginary

f_ 1 _ part proportional to the pion distribution amplitude at the
M#= dZ(p(Z Q )TH, f dze(z,Q%) =1, (2.11 point where the quark propagator gets singular.

4N 0 We are now ready to present our analytic results. We

- relegate the full result for the hadronic tensor to the Appen-
WhereQ2~Q$/(1—xuﬁ is the cutoff for the integration over dix, and confine ourselves here to a discussion of the angular
soft momenta in the definition of, f.~133 MeV is the coefficientsu andv. To present our results for the angular
pion decay constant, ard.= 3 is the number of colors. A distribution we choose the Gottfried-Jackson frame where
detailed discussion of the scale setting problem for exclusivéhe e, axis is taken to be the pion direction in the muon rest
processes is given ifiL3]. Using the commensurate scale frame and theg, axis lies in thew™ P plane such that the
relations in the calculation 0f2.11) would allow one to proton momentum has a negatixecomponent. From Egs.
eliminate ambiguities caused by the factorization and renor¢2.7), (A1), and(A2) we get the angular coefficients

— —2s,pX Fro(X) s Ag(xp) + 5 Adg(xp) + 5 Agg(xp)
(1=X)*[F+Re (X )?+ m2p(X )%} +p?X ?F2(4+p?)  §a%(Xp)+ 5 3(Xp) + 5 G3(Xp)

v=2pu. (212
Here,p=Q+/Q andX is a function ofx, ,Q?/s, andp: [1l. NUMERICAL RESULTS

The numerical results for the angular coefficient functions
xi 1x +XC+4Q% X(1+pd) w andv, Eq.(2.12, depend orX, p, the pion distribution
1+,2- 2 1+ 52 (213 amplitude, and on the ratio of the polarized and unpolarized
p p o ,
quark distribution functions of the proton. Whereas the un-
polarized quark distributions are known quite well, the po-
Furthermore, larized ones still contain large uncertainties. For our results
we choose the parametrizations given ifl4] at
) ~, Q?=4 Ge\
F_J dZ‘P(Z’Q )' In Fig. 2 we present our results for several distribution
0 z amplitudese that are quite different in shape. Figuréap
shows our choices fop: The solid line represents the two-
humped functior{15] which gave a good fit to the data on
& )_f 422 ¢(2,Q?) \,u, and v [4]. The effective evolution parameter is set to

X=

(2.14

2(z+X—1+ie) Q%~4 Ge\2. Since the predictions are also very sensitive

to the behavior of the distribution amplitude in the end point
region, we choose two different parametrizatipbg] for the

denote integrals over the pion distribution amplitude. Finally,convex distribution amplitude¢(z)=2z%(1-2)%/B(a+1,

q{(xp) and Aq{(xp) are the unpolarized and polarized va- a+1). The dashed line in Fig(&) represents the asymptoti-

lence and sea quark distribution functions evaluated at theal amplitude, i.e.a=1, and the dotted line shows a narrow

pointxprZ/(s"i(). The results for\, u, and v within the  distribution amplitude witha=10.

pion bound state model are given elsewhefe In Fig. 2(b) the moment/sin26singdo(s, =+ 1)«Nu is
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FIG. 2. In (8) we show different pion distribution amplitudes(z). Solid line, two-humped function with an effective evolution
parameter 0fQ?~4 Ge\?; dashed lineg(z)=23(1-2)*/B(a+1,a+1) with a=1; dotted line, same witla=10. In (b) the moment
[sin26singdo(s,=1) is plotted versus, for the values=20° GeV?, Q=3 GeV, andQ:=0.9 GeV. In(c) and(d) the angular coefficient
u(s,=1) is plotted versug, for the two different value®;/Q=0.3 andQ;/Q=0.06, respectively, and for the same valuess@nd
Q as in(b). In (b)—(d) we use the same choices fo(z) as in(a).

plotted in arbitrary units versusx, for the values small uncertainty for the determination of the shape of pion
s=20° GeV?, Q=3 GeV, andQ;=0.9 GeV. It can be seen distribution amplitude, if thex, dependence of the correc-
that different shapes of the distribution amplitude could betions is weak.
distinguished by a measurement of this quantity, which is Although the naive parton model is at variance with the
proportional to the pion distribution amplitude evaluated atunpolarized angular distributid®], we would like to present
X=~x_ [cf. the numerator 0f2.12)]. It is also demonstrated for completeness and comparison also the predictions of this
that narrow distribution amplitudes give a moment whichmodel foru andv. We took the analytic results fropé] and
vanishes in the large, region. again used the parton distribution functions[@#]. In the

In Figs. 2c) and 2d) the angular coefficient range 0.5x, <1 the parton model vyields coefficients
u(s,=+1) is plotted versus, for two different choices of u(s,=+1) and v(s,=+1) which are positive and to a
Q+ and the same values ferandQ as in Fig. Zb). In Fig.  very good approximation independent xaf. For the same
2(c), Q7 was set again to 0.9 GeV, which gives the moderatevalues used in Figs. (B) and 2c), i.e,
value p=0.3. It is demonstrated that the two-humped forms=20° GeV?, Q=3 GeV, andp=0.3, we get a value of
for ¢ induces a minimum at, ~0.6 which, however, van- u(s,=+1)~0.122,~0.036. This means that bound state
ishes for the smaller valup=0.06 used in Fig. @). For effects are roughly of the same magnitude but opposite in
very narrow distribution amplitudeg. is strongly sup- sign compared to the parton model at moderate values of
pressed. Since=2pu [cf. EQ. (2.12] in the bound state p. For the smaller value p=0.06 we find
model, we do not show separate plots for this quantity. u(s,=+1)~0.034x,~0.01, again independent of and

Note that the effects of a variation of the pion distribution positive. At such a small value gf the bound state model
amplitude in the spin-dependent and spin-averaged cross squredicts thaj and» are concentrated at largg for not too
tions, i.e., in the numerator and denominator(®fL2), par-  narrow distribution amplitudes. In the kinematical range con-
tially compensate each other. As a consequence, the resusidered, the relation betweenand . calculated within the
for the two-humped distribution amplitude appears in be-parton model takes a similar form as in the bound state
tween the results for the two convex distributions. The spinmodel, namelyy~3pu.
dependent part of the cross section is a more sensitive “par- In conclusion we have shown that experiments on dimuon
tonometer” than the dimensionless coefficienjs,v. production from the scattering of pions on polarized targets
Although the former quantity suffers from larger uncertain-allow one to distinguish between different underlying pro-
ties due to higher order corrections, one may expect only duction mechanisms. Furthermore, such experiments also
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test the consistency of the pion bound state model prediavhere g**=g*”—Q*Q*/Q? and 5{‘=§’;Pi”, we obtain

tions for the unpolarized and polarized Drell-Yan processrom the bound state model the following predictions for the
and thus also the assumptions of the perturbative leadingtructure functions:

order and lowest Fock state dominance. Tipelarized

Drell-Yan process provides information about the shape and n - ) - —2
the endpoint behavior of the pion distribution amplitude Wl:z({[l_x(1+9 )F+(1-X)Re (X)}
which is not provided by other exclusive or inclusive pro-

cesses. A typical example is the measured pion transition + 2 e(X) A (Xp)

form factor at CELLO and CLEO: The perturbative analysis

of this proces$17] (and of other exclusive processediows W,=—nX 2f(x,) (F+(1-X )Rel (X )]

one to extract the value of an integral over the distribution

-3 2)2
amplitude. This provides a very important constraint on the X{[1=x (1+p9)7F

pion distribution amplitude; as demonstrated in the present +(1-X )Rel (X)} + 720(X)?)
work, it could be supplemented by an analysis of the angular
distribution in the Drell-Yan process. Nx2X
Ws=—=[1-X(1+p?) PF[F +Rel (X )If(x,)
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APPENDIX: RESULT FOR THE HADRONIC TENSOR Here,
Using the kinematic decomposition of th®ymmetric part 2122 2
of the) hadronic tensor, — M ; :NC L
n with Cg (A3)
NZQ$ 2N,
. PMPY P“P”
WH?= —gH"W, + Q2 TW,+ Qz is a normalization factor, and
(PuPy+PLPY) F(Xp)= & A4(Xp) + 3 G506) + § G5(%p),
+ TWA
Af(xp)= 5 Aqy(xp) + 5 Ag(Xp) + 5 AG3(Xp)  (Ad)
(€5, Pl+els PLPE Pngs W P TR S TR T S A
Q4 /1S are given by the unpolarized and polarized valence and sea

u epp quark distribution functions. The varia&e&a\ndxp as well as
n (eaﬁyp +€aﬁ7 p)P7PrQ” S W (A1) the integrald= and Ré containing the pion distribution am-
Q* s We» plitude are defined below E@2.12).
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