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We consider an alternative explanation of newly found growth of neutral pion transition form factor
with high virtuality of one of photons. It is based on Sudakov suppression of quark—photon vertex. Some
applications to scattering and annihilation channels are considered including the relevant experiments
with lepton—proton scattering.

P ccMm TpuB ercd JIbTEpPH THBHOE OOBSICHEHHE Hell BHO OOH PYXEHHOro poct ¢opMmd KTOp Hei-
TP JIBHOTO IIMOH C OJHUM p€ JIbHBIM M OJHUM BHUPTY JIbHBIM (POTOHOM. B 11 HHOIf CT The MOIXOJ OCHOB H
H Cyl KOBCKOM MOJ BIE€HHHU KB PK-(hOTOHHON BepIUUHBEL [IpencT BIeHbl BO3MOXKHBIC MPHIOXEHUI K
OKCIIEPUMEHTY B K H JI X P CCeIHHS M HHHUTWIILUH.

PACS: 14.40.Aq; 13.60.-r; 13.66.Bc; 13.40.Gp

INTRODUCTION

A lot of attention was paid to the problem of describing the transition form factor of
neutral pion [1-3]. It is the information about the wave function of neutral pion; namely,
the distribution on the energy fractions of u, d quarks inside a neutral pion is the motivation
of numerous theoretical approaches to describe the transition form factor. Recently some
experimental information about its behavior was obtained in the process eTe™ — eTe .
The kinematics when one of the photons is almost real and the other is highly virtual was
considered [4,5]. The result was presented by the authors of the experiment as some nonde-
creasing function of the module of square of momentum of a virtual photon. Such a type of
behavior is in clear contradiction with the predictions of factorization theorem applied to this
process (see [6-9] and references therein).
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Below we consider another reason to explain such a type of behavior, using the well-
known expression of a virtual photon—quark vertex (so-called Sudakov form factor [10, 11])
which is entered in the triangle Feynman diagram, describing the conversion of two photons
to the neutral pseudoscalar meson. It is the motivation of this paper. Here we consider the
regime of sufficiently large virtualities of one of the photons.

Both channels of pseudoscalar meson production in elastic electron—positron collisions —
the scattering and annihilation ones — are considered. The second one eTe™ — mpl™1™ can
be the subject of experimental investigation.

1. SCATTERING CHANNEL

In the scattering type of experiments

e (pp)+e (p-) = et () +e () +7° (gx) (1)

(p3 = p'2 =m2, ¢2 = M?) neutral pion is created by two photons with momenta ¢ = p, —p/,
and ¢ = p_— — p__ that are involved in lepton interaction as presented in Fig.1. Due to
Weizsicker—Williams (WW) kinematics of this process (the scattered electron assumed to
move close to beam direction, i.e., the BaBar facility kinematics), one of the photons is
almost real |¢| < M? and the other is off mass shell Q% = —¢? > M?.

The matrix element has the form (for details, see Appendix)

2s(4ma)?
M = 782223) [q X ql]z V(QQ)N+N7,
1
oy _ My Q?
V(Q ) - 27T2F71—Q2F Mg ’ (2)

INL[?

1
L P-pep-p4] =2,

7(q)

e~ (po) e~ (pl)

e*(py) e (ph) 7*()

Fig. 1. Scattering process of pion production Fig. 2. Triangle vertex for v4* — mo
process
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where s = (p; +p-)? > Q? and V(Q?) is the transition form factor of pion, F, = 93 MeV
is the decay constant of pion, M, = M, = Mg = 280 MeV is the quark mass, q, q; are
components of photon momenta transversal to the beam axis (z) direction. The quantity
F(Q?/M?) has the form

Mg im? (k%2 — Mg +10)(p? — Mq2 +10)(p3 — Mq2 +10)’
where p; = k 4+ ¢1 and ps = k + ¢, and the Sudakov vertex function Vg [12,13] is
asCF Q2 Q2
Vs(Q?, pi,p3) = exp (——ln—ln— ; 4)
(@pip2) 2 [P} [P

where Q% > |pi 5| > M? and Cp = (N? — 1) /(2N) = 4/3. We use here the Goldberger—
Treiman relation on the quark level F = M, / Ggqr = 93 MeV.
The cross section of the process (1) takes the form

1
do = — |M|*dl's. (5)
8s

The phase volume of the final state dI's can be expressed through the Sudakov parametrization
of the photon’s momenta which turns out to be convenient:

@ =a1py +5ip-+q, q=apr+Pp-+qL, aipr=0, ¢, =-q:,, (6)

and we imply the 4-vectors pi to be light-like, 2p,p_ = s. Therefore (for details, see
Appendix),

_ dBpl ¢ qx
AUy = (27) " 6% (ps +p- =Py — P — @) ot =
+ 2F' 2E' 2E,
.1 dA
omy P — P
(2m) 4s 61 (1 = (34)

Pqdiq, (7)

2 2
+M

@AW <

Using the expression for the square of momentum of «almost» real photon

1
2—_
qr = 1_ﬂ1

and performing the integration on the parameters of scattered electron (31, q1), moving close
to z axis, we obtain for the cross section

l[af, +m267], ai, < @? (8)

do _ & om0

JQ) = 313+ LulLe = 1) = (Lo +1),
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Fig. 3. A fit of our approach (Eq. (12)) with resultant fitting parameters A = 0.49, B = 0.23 for 7°
production and the comparison with the experimental data of BaBar facility [5]

where
Li=In———~-, L.,=1ln—. (10)

There are several approaches to infer the value V' (Q?), which is named the pion transition
form factor.
One of them is based on QCD collinear factorization theorem [2]:

1
2F dx
VEL@Q?) = T/TQQ%(x,s), (11)
0

and in papers [6,9] different forms of pion wave function ¢, (x,s) were used. Another
possible mechanism of the effect was given in [8, 14].

Also, in papers [7,15] it was pointed out that the pion form factor in the framework of the
constituent quark model has the double logarithmic asymptotic at large momentum transfer.

The approach used here is based on the Sudakov form of the vertex function which
describes interaction of a photon with large four-momentum square |¢?| with two quarks of
an anomalous three-angle quark diagram describing the conversion of two photons to the
neutral pion.

The three-angle quark-loop diagram itself at large Q? has the double-logarithm asymp-
totic [15], and insertion of the Sudakov form of the vertex function which includes also
QCD-inspired corrections gives the asymptotic In (In (Q*/m?)) behavior.

The final expression is (details are in Appendix)

M;

2\
V(@) = Ag ot —~2(zp), (12)
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where
1

dx mnn(l—g Crag Q?
q)(ZB) :/?(l_e Bx(l ))’ zZB = o 1n2 BM(?’

0

where A, B can be considered as positive fitting parameters of order of unity. We find it
through BaBar data fitting. Function Q2V (Q?) is presented in Fig. 3, where the experimental
data are also presented.

2. ANNIHILATION CHANNEL
Let us consider now the annihilation channel depicted in Fig. 4:
et () +e (p-) = 7" (@) = 7 (g=) IF (g4) 17 (=), (13)
where | = e,pand p2 =0, ¢ =m?, 2 = M? s =¢*> = (p++p-)% s1 = ¢} = (¢++q-)°

We put the matrix element of this process in the form

(47TO[)2 JrgrOy (8) € qaqﬂ
i prest (14)

JH =0 (py) vpu(p-), Jv® = Uy (q+) Yy (g-)

M =

where quantity V (s) describing conversion of two off-mass-shell photons to the neutral pion
(pion transition form factor) is defined in (2).
The phase volume of the final state

Bqy dPq-Pax

dls = (2m) % 64 =y —q- —qr 15
3 = (2m) (p++pP- — a4 —q- — Gx) 3F, 20 2F, (15)
could be written in the form
Al/2 2 A2
dT; = (21)° ndl,, dqu (16)

2s ’

e (p) (qz) ~(q2)

7(qy)

7 ()

et (p-) I"(q,)

Fig. 4. The annihilation channel of the process ee™ — w01TI~
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where A(a,b,c) = a® + b + ¢ — 2(ab + ac + be) and

d3q+ d3q,
dr,, = | —/———=¢* —qy —q-). 17
Performing the integration on the invariant mass square of the lepton pair (we use the
approximation s; < s and s; < M 2), the relevant cross section has the form (details
are in Appendix)

4 2 2\ 3
ee—moll T V(S) M S 5
W= (1 - — In— —=]|. 18
7 6 s . m? 3 (18)
CONCLUSION

From our point of view, the QCD corrections connected with the vertex of interaction
of the highly virtual photon with quarks are essential and pion can be considered as a point
particle. So at rather large values of Q2 the details of pion wave function become irrelevant.

For heavy s quarks M; = 400 MeV involved in the heavy pseudoscalar mesons 7’ the
effect of Sudakov form factor becomes weaker.

In literature there are alternative explanations (see the end of Sec. 1) of the BaBar
experimental data [5].

In Fig.3 we represent a numerical estimation fit of the BaBar data. We obtain the
qualitative logaritm-logarithmic growth (see Eq.(27)) of the transitional form factor (12). On
the plot we put the best fitting of BaBar data with two adjustable parameters A and B.

Similar phenomena can take place for the case of scalar meson production as well.

We remind also the possibility to measure the transition pion form factor in electron—
proton scattering ep — emgp. The relevant cross section will be

do®PeToP = QAGpqqdpNN ’ V2 (Q?)
dQ? 8m(Q? + Mg) Q2

where Fj, Fy are Dirac and Pauli proton form factors. Here instead of virtual photon the
virtual vector meson takes place; g,qq, gonn are the p-meson couplings with quarks and
nucleons, correspondingly. In this case a problem with background (ep — eAt — en¥p)
must be overcomed.

We consider Sudakov form factor for time-like transfer momentum. With ordinary par-
ticles in the loop we must take into account the imaginary part of relevant amplitude. For
quarks inside a loop the imaginary part is absent.

Taking into account the nonleading terms in expression of Sudakov exponent results in
modification of quark mass and a general shift of normalization:

F(q%p1.p3) = AF (¢*.p3,p3), QB> BM}, (20)

where A ~ B ~ 1 can be considered as fitting parameters A, B > 0.

In our opinion, the fitting quark mass M, ~ 135 MeV (which corresponds to the value
of fitting parameter B = 0.23) is quite realistic value which takes into account the effect of
decreasing of quark mass at high virtualities.

2

{FE(QQHMF%(Q?) J(@), 19
P
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In conclusion we should emphasize once again that, applying Sudakov approximation to
quark vertex function, we imply a rather large value of virtualities of one of the photons
(i.e., q2| >5 GeV2). Thus, our approach differs from the ones based on pion wave function
modification [8] as well as ones based on instanton model [7, 16-18] which impose some
restriction in loop momentum integration.

Acknowledgements. We thank Dr. S. V. Mikhailov for his interest in the subject.

Appendix
DETAILS OF CALCULATION

Transformation of the phase volume of 2-gamma creation process 2 — 3 consists in
introduction of two transferred vectors q1, q:

dl's = (2m)°d*qy d*qd*q. d*p, d*p’ x
X6 (po—q -0 )0 (py —q—1) 0" e+ a1 —qn)0 ((Q1 —p_)’ - mi) X
X6 ((q—p+)2 —M§) 0 ((q1 +q)* - M2) :

and using the Sudakov parameterization for the scattering channel (6), we put it in the form

drs = (2%)_5§da1 s d2q1§da dB d?qx
x 0 (saf —q* — s —mZa)d (sar By — qf — sox —m?2By) x
x 8 (saf — (a+a)’ = M?). @1
Performing the integrations over a1, «, 3, we obtain the result given above (see Eq. (7)).

Expression for scalar loop integral with 3 denominators and Sudakov vertex inserted has
the form

P (Q_2> _ / d'k Q*Vs(Q*, p?, p3)
Mg i (k)(1)(2)

(k) = k* — M7 + 0,

(1) = (k+aq1)* = M7 +10,

(2) = (k +gr)* = Mg + 0,
where Vs (Q?, p?,p3) was defined in (4).

To perform the integration, we use Sudakov parameterization of the loop momentum:
k=any +pne + k1, (22)

2

with n; o being light-like 4-vectors n; = 0, transversal to k,, n;k; = 0, built from the
4-vectors ¢y, q1 such that 2nins = Q2. In such a parameterization

2
d*k = 7aza g d’k, . (23)
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Expressing the denominators of quark Green functions

(k) = Q%af — k> — Mg +i0, (1)~ Q%, (2)=~Q*3

and performing the integration over k2 = —k? as (we imply that the principal part does no
contribute)
/ mdk _ —in? / dk?*5(—k? + Q*aff — M?) = —in®0[Q*a3 — M?] (24)
(k) - q/ qb
we obtain
Q? 1 / d i dg C 1.1
(67 asCUp
Fl= )=z — —0(Q*apB — M - In—In—). (25
<M3> s | 5 ] Fo@es q)e"p< r Pg “ﬁ) )
MZ/Q? Mz/Q?
Performing one integration, we obtain
Q° ™
F| =)= ) 26

where

1
2
() = / Cic_x (1-e=02), 2= 0Crpe p o
0

For large values of Q% we obtain

Q? ™
Fl =) = 1 2
(57) = s )+, @
where )
c= / 9T ey d—i ~ 0.57. (28)
X xre
0 1

In reality the quantity L ~ 5 for light consistent quarks «, d which are present in the neutral
pion and L ~ 1—2 for s quark in 7/ meson.

When considering the integration on the pair phase volume in annihilation channel, we
use the relation (consequence of gauge invariance)

. (D)) 1 Q1pq1y o
Z/dl“qu(/ (l))(J( (l))) = _g (g/w — ;2 ) (q% + Qm?) T,

1

ol
’ (29)
4m?
B =4 1-—*+
q7
The differential cross section is
474
_ 077 (6% M d.fL' 1 1
AT i _ q A3/2 2 M2 =1 - 1- = 30
? 2473 F285 (5,01, M%) z Ut x’ 30)

where z = ¢}/ (4m}) > 1.
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