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Perturbative pion-photon transition form factors with transverse momentum corrections
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We perform a perturbative QCD analysis of the quark transverse momentum effect on the pion-photon
transition form factors- ., andF .+ in the standard light-cone formalism, with two phenomenological models
of the wave function as the input of the nonperturbative aspect of the pion. We point out that the transverse
momentum dependence in both the numerator and the denominator of the hard scattering amplitude is of the
same importance and should be considered consistently. It is shown that after taking into account the quark
transverse momentum corrections, the results obtained from different model wave functions are consistent with
the available experimental data at fin@. [S0556-282(96)05511-7

PACS numbsgs): 13.40.Gp, 12.38.Bx, 12.39.Ki, 14.40.Aq

I. INTRODUCTION the hadronic composite state at a particulas expressed in
terms of a series of light-cone wave functions in Fock-state
The pion-photon transition form factolFm(Qz) is a basis:
simple example for the perturbative analysis to exclusive
processes and was first analyzed by Lepage and Brddsky

They predictedr ,,(Q?) by neglectingk, relative toq, : m=2 lq@vaa+ 2 499 vagt - @

and the temporal evolution of the state is generated by the
m2 light-cone HamiltonianH, =P~ =P°—P3. Furthermore
§” (1) the vacuum state in the light-cone Fock basis is an exact

eigenstate of the full HamiltoniaH, . Thus all bare quanta

in a hadronic Fock state are part of the hadi@imis point is
and QZva(Qz) would be essentially constant & —.  Very different from that in the equalperturbative theory in
This approximation would be valid if the wave function is Which the quantization is performed at a given tihg
peaked at lovk, (k, is the transverse momentum of quark Light-cone PQCD is very convenient for light-cone-
so thatx;x,Q? in the hard scattering amplitude dominatesdominatefj processes. For the detail _quantization_rules we
the denominator. However, at the end-point region:0,1 refer to literatured1,5—7. The more important point for
andQ2~ a few Ge\? the wave function does not guarantee practical calculation is that the contributions coming from
the k, negligible. One should take into accouat correc-  higher Fock states are suppressed ty"1therefore we can
tions from both the hard scattering amplitude and the wav€mploy only the valence state to the leading order for large
function. Q2. In this paper, we analyze the quark transverse momen-

Recently, Refs[2,3] calculated ther-y transition form  tum effects on the pion-photon transition form factérs,
factor within the covariant hard scattering approach includ2ndF .« at finite Q* in the standard light-cone formalism,
ing transverse momentum effects and Sudakov correctionith two phenomenological models of wave function as the
[4] by neg'ecting the quark masses, the mass of the p|omput of the nonperturbative aSpeCt of the pion. We demon-
meson, and ‘thkL dependence in the numerator'm. Their strate that the PQCD predictions with different models of
results ShOW that Sudakov Suppression in the form factowave funCti.OI’l ?.re Consistent W|th the aVaiIable experimental
Fm(QZ) is less important than in other exclusive channelsdata by taking into account the quark transverse momentum.
and the Chernyak-Zhitnitsk¢CZ) wave function should be
discarded by fitting the experimental data. However, as we Il. THE PION-PHOTON TRANSITION FORM FACTORS
know, thek, dependence of the wave function in Ref] is Fazy AND F
the same in the different models and it may be difficult to o . )
draw a conclusion which excludes the CZ wave function. We oThf Y transmon fc’”‘.‘ factorF . is (.:ieﬁned from the
will reexamine this problem in the present paper. ™ yy" vertexin the amplitude oém—ey:
The Iight-cone_fqrr_nalism pro_vides a convenient frame- T =—ie?F e Bpueaqﬁ, 3)
work for the relativistic description of hadrons in terms of “ mymuvaptm
quark and gluon degrees of freedom, and for the applicatiopyherep . andq are the momenta of the incident pion and the
of perturbative QCOPQCD to exclusive process¢S,6]. In  yirtyal photon, respectively, anelis the polarization vector
this formalism, the hadronic wave function which describesyf the final(on-shel) photon. We adopt the standard momen-
tum assignment at the “infinite-momentum” frang]:

2 ([dx]

F . (Q%)= B E%(x) 1+0

g,

“Electronic address: caofg@bepc3.ihep.ac.cn p,=(p"p ,p,)=(10,0),
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q=(0,qf q,), (4)  from higher Fock states are suppressed, we take into account
only the conventional lowest Fock state of pion meson:
wherep™ is arbitrary. For simplicity we choosg™ =1, and
we haveg?=—qg?=—Q?2 Then theF ., is given b .
a u=-Q v159 Y S 1 |uu—uu;  did,—dd;|g(x k)
I+ ,=——= - . (6

_ (5 " Ing 2 V2 V2 VX1X2
—ie(e Xq,)

where €=(0,0,¢;), €,-q,=0 is chosen and The leading-order contribution ¥, is calculated from Fig.
€, X0, =€,10,2+€,59,1. Since the contributions coming 1 in light-cone PQCO1]:

Fry(Q%)=

Vne(eG—ed)
F‘IT’)’(QZ)_ |(Eiqud ]J 16 lp(xllkj_)
U_l(xz-_kﬂ UT(XlrkJ_+qJ_)U_T(X11kJ_+qJ_) LU (X1,k;) 1
¢ Z+(1-2)], @)
= a a7 % D

where [dx]=dx;dx;8(1—x;—X;), €,4 are the quark to contribute for thek, dependence. One is from the PQCD
charges in units oé, andD is the “energy denominator”:  hard scattering amplitud&,(x; ,Q,k, ), and another one is
(k, +q, )2+ m? kf+m2 from the nonperturbative wave functhﬂxi .k, ). Although .
D=q?— - ) (8)  one hopes that the end-point behavior of the wave function
X1 X2 can guarantee the reliability of neglecting these higher twist

The quark masses relative @ can be neglected since they corrections and can suppress the end-point singularity, these
are the current quark masses in PQCD calculation. Thus Egorrections may substantially modify the predictions for

(7) becomes F ., at the momentum transf& of a few GeV, especially
L 42k for the wave function with a milder suppression factor in the
F. (Q2)=2\/n_(e2—e2)f [dx]f (% ,K,) end-point region. It should be emphasized thatkhelepen-
7 T o 167 YK dence in the numerator and the denominatof gfis of the

same importance. Thus one cannot simply ignorekthgerm
in the numerator ofT; and Eq.(10) gives the complete
where expression in the leading order.

Q- (X0, +K,) The 7-y* transition form factorF .« is extracted from

Th(X1,X2,k )= —ﬁﬂle»z) (100 the w%y* y* vertex in the two- photon physics. Once again,
1(%e0, +k,)? we employ the standard momentum assignment at the
The leading behavior off, (at large Q) is obtained by “infinite-momentum” frame:
neglectingk, relative tox;q, [6]:
pw:(p+lp_!pj_):(110!q_)|

X Th(Xq,X0,K, ), )

ThO(XJ_lXkaL): (ll)

X1X,Q? )
v a=(097 -Q"%.q.).

Thus Eq.(9) becomes Eq(1) to the leading order. The

: i : LO

higher twist corrections toT,~ take the forms of q'=(192-Q'2,q,) (12)

(k. /x;Q)". Equation(10) tells us that there are two factors

whereq andq’ are the momenta of the two photons, respec-
tively, andg?=—q?=-Q? q'?=-Q’'% F .~ may be cal-
culated from Fig. 1 by substituting a virtual photesi for

0.q, . .
Xk : the on-shell photory, which gives
1 d%k
Fr@.QH)=2Vnc(ef—€)) f [dx] f Te.3 V0% k)
v 0
X,k lq,

g, - (X0, +Kk;)

(@) (b) X
2 7 2
q[ (X0, +K, ) +X1%0]

FIG. 1. The lowest order diagrams contributingRg,, in light-
cone PQCD. +(1<—>2)}. (13
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FIG. 2. Thesw-y transition form factor. The
solid curves are obtained by taking into account

the k, dependence, while the dashed curves are

Q’F,, Q) GeV)

results withoutk, dependence. In both of the
cases, the thick curves are calculated from the
BHL wave function and the thin curves are for
the CZ-like wave function. The data are taken
from Refs.[10,11].
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The leading order behavior d¢% .« can be obtained from

Eq. (13) by neglectingk, relative tox;q, [1]:

1
Fm*(QZ,Q’Z)=2\/n—c(eﬁ—e§)fo [dX]¢pH(X)

X ,2+(l<—>2)}. (14)

Y AR YY)
X2Q+x;,Q

Similar to theF ., Eq. (13) may substantially modify the
predictions obtained from E¢14).

[lI. NUMERICAL CALCULATIONS

In order to see the transverse momentum corrections,
employ two models of wave function(a) the Brodsky-
Huang-Lepag&BHL) wave function[5]

k2 +m?

Tepxx)

z/;BHL(x,kL)erxp{

where A=32 GeV !, g=0.385 GeV, andm=289 MeV
[8]; (b) the CZ-like wave functior9]
k? +m?

L
“epxax 1O

wcz(x,kl)zA(l—Zx)zex;{

whereA=136 GeV'!, B=0.455 GeV, andn=342 MeV

16

18 20

of Ty [see Eq.(10)] with the transverse momentum correc-
tions. As expected, the higher twist correction are suppressed
by 1/Q? and the prediction approaches to a constant which
depends on the wave function at larQeregion. The pertur-
bative predictions are smaller than the experimental data,
especially forQ? of 1-3 Ge\?, which supports the sugges-
tion that the higher order effects should provide some con-
tributions at experimental accessible momentum transfer and
become more important wittp? decreasing. Although the
asymptotic behaviors d¥ ., predicted from the BHL model
and CZ-like model of wave function are quite different, their
predictions at finiteQ? obtained with transverse momentum
corrections are consistent with the experimental data. The
wgason is as follows: There are two factors to affect the pre-
giction with the CZ-like wave function. First, the CZ-like
model emphasizes the end-point region in a strong way,
which enhances its prediction Bf,,. Second, the transverse
momentum corrections become more important in the end-
point region, which make its prediction decrease. Combining
these two factors, the CZ-like model gives a very similar
prediction as the BHL model in the finite momentum transfer
region. Thus, neither of the two models of wave function can
be excluded by the available data of this exclusive process.
The results ofF .« calculated withy®"- and 4 are
plotted in Fig. 3. Once again, the higher twist corrections are
suppressed by @7 and provide more contributions &3?
decreasing. The predictions of the two models are not dra-

[8]. These models express that the Fock state wave functigfiatically different, whether the transverse momentum cor-
¥(x; k) in the infinite momentum frame depends on thections are taken into account or not, since the energy scale
1

off-shell energy variables =="(k?;+m#/x;), which was
pointed out in Ref[5].
Substituting the modelgl5) and (16) into Egs.(9), (10),

and (13), one can get the transverse momentum correction

Q' coming from the other virtual photon makes the hard
scattering amplitude not as singular as that in the case of
F.,. Itis also difficult to exclude one of the two models of
wave function based ofi.,«. At present, the lack of experi-

to the pion-photon transition form factor. The results of mental data makes the examination of higher twist effects in

F ., calculated withyBHt and ¢ are plotted in Fig. 2. The =7 more complex than that i . But the future high-

dashed curves are calculated from the hard scattering amplpmmo?ty.e*e colliders in the “r-charm factory” or "B
tude TEC in the leading order without the transverse momen-/actory” will make this examination feasible.
tum correctiongsee Eq.(1)], and the constant predictions

with the different wave functions cannot describe the experi-
mental data at momentum transfer of a few Gedkplicitly. In summary, we emphasize again that the light-cone per-

The solid curves are obtained from the complete expressioturbative QCD is a natural framework to calculate the large-

IV. SUMMARY
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Ge\2. The explanation of the curves is similar to
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momentum-transfer exclusive processes. It is reasonable toodels of wave functions, can be excluded by the available
get the higher twist corrections by taking into account thedata of the pion-photon transition form factors. The future
quark transverse momentum dependenceQAs-x, these “ r-charm factory” as well as B factory” will provide the
corrections become negligible. After taking into account theopportunity to examine the higher twist effects in the pertur-
transverse momentum dependence, PQCD may give the cdsative calculation ofF ..+ and to test the validity of the
rect prediction for the pion-photon transition form factor perturbative analysis.

which is consistent with the experimental data. The trans-
verse momentum dependence in both the numerator and the
denominator of the hard scattering amplitutlg is of the
same importance and should be considered consistently. Nei- We would like to thank S. J. Brodsky and H. N. Li for
ther the BHL model nor the CZ-like model, the two typical helpful discussions.
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