Eur. Phys. J. C 50, 771-779 (2007)
DOI 10.1140/epjc/s10052-007-0245-3

THE EUROPEAN
PHYSICAL JOURNAL C

Regular Article — Theoretical Physics

Determination of the 17 and 1’ mixing angle
from the pseudoscalar transition form factors

Tao Huang!'?, Xing-Gang Wu?3:P

! Institute of High Energy Physics, Chinese Academy of Sciences, P.O. Box 918(4), Beijing 100039, P.R. China
2 Institute of Theoretical Physics, Chinese Academy of Sciences, P.O. Box 2735, Beijing 100080, P.R. China
3 Department of Physics, Chongqing University, Chongqging 400044, P.R. China

Received: 1 December 2006 /

Published online: 13 March 2007 — © Springer-Verlag / Societa Italiana di Fisica 2007

Abstract. The possible range of the n—7’ mixing angle is determined from the transition form factors
Fm(QQ) and Fnrv(QQ) with the help of up-to-date experimental data. For this purpose, the quark-flavor
mixing scheme is adopted and the pseudoscalar transition form factors are calculated in the framework of
light-cone pQCD, in which the transverse-momentum corrections and the contributions beyond the lead-
ing Fock state have been carefully taken into consideration. We construct a phenomenological expression
to estimate the contributions to the form factors beyond the leading Fock state, based on their asymptotic
behavior at Q% — 0 and Q% — cc. By taking the quark-flavor mixing scheme, our results lead to ¢ = 38.0° &
1.0° +2.0°, where the first error comes from the experimental uncertainty and the second error from the
uncertainties of the parameters of the wavefunction. The possible intrinsic charm component in 1 and 7’
is discussed, and our present analysis also disfavors a large intrinsic charm component in 1 and 71, e.g.

|f5/] < 50 MeV.

PACS. 13.40.Gp; 12.38.Bx; 14.40.Aq

1 Introduction

The light-cone (LC) formalism [1-4] provides a conve-
nient framework for the relativistic description of hadrons
in terms of quark and gluon degrees of freedom and for
the application of pQCD to exclusive processes. Among
these, n—n' mixing is a subject of considerable interest,
which has been examined in many investigations, i.e.
experimental ones [5—15] and theoretical ones [16—26].
Some experiments have been done recently, e.g. the new

KLOE value of Ry = P21 = (4.9 4014000 % 0.24ys0)

x 1073 [11] leads to ¢ = 41.2° £1.2° [14]; the BES collabo-
ration has announced a new measured value for Ry, i.e.

Rypw = Bl = 4.944£0.40 [15), which leads to ¢ =

38.8° +1.2°. Furthermore, new measurements of the form
factors Fy,(Q?) and F,/(Q?) in the asymptotic region
by the BaBar collaboration [12], Q*F,, (Q*)| 2112 evz =
0.229 4 0.030 +0.008 GeV and Q*F,.,(Q?) lo2-112 Gevz =
0.251+£0.019 +0.008 GeV, will provide further constraints
on the theoretical predictions.

The pseudoscalar transition form factors F,,(Q?) and
F,,(Q?) provide a good platform to study n and 1’ mix-
ing effects; these have already been studied in the literature
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by several groups [22—24,27-29]. However, in these calcu-
lations, either only the leading Fock state (see e.g. [28])
or only the asymptotic behavior of the form factors (see
e.g. [29]) have been taken in consideration to determine the
mixing angle. As has been pointed out in [24, 27], the mix-
ing angle cannot be reliably determined without properly
considering the contributions from the non-valence quark
states, due to the fact that even though the contributions
of the higher Fock states are power suppressed in a large
Q? region, they will give sizable contributions to the small
and intermediate regions. In fact, it has been pointed out
in [30, 31] that the leading Fock state contributes only half
of Fp~(Q?)|g2—o (P stands for the pseudoscalar mesons),
and the remaining half should come from the higher Fock
states. The contributions of higher Fock states in a small
Q? region cannot be calculated in the perturbative QCD
approach due to its non-perturbative features. Recently,
the authors of [32] have constructed a phenomenological
expression for the pion—photon transition form factor to
estimate the contributions beyond the leading Fock state,
based on its asymptotic behavior at Q2 — 0 and Q2 — co
(Q? stands for the momentum transfer in the process).
These predicted results for Fy,(Q?) agree well with the
experimental data in the whole Q? region. In the present
paper, we will adopt this newly developed method to esti-
mate the higher Fock state contributions of the form fac-
tors Fy,(Q?) and F,;.,(Q?) and then to derive the possible
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range for the mixing angle by comparing the predicted re-
sults with the experimental data.

As for n—n’ mixing, two mixing schemes are adopted
in the literature, i.e. the octet—singlet mixing scheme and
the quark-flavor mixing scheme. These two schemes can
be related to a proper rotation of the ideal mixing angle
(6iq = — arctan /2 =~ —54.7°) [21, 33]. A dramatic simplifi-
cation can be achieved by adopting the quark-flavor mix-
ing scheme; especially, the decay constants in the quark-
flavor basis simply follow the pattern of state mixing due
to the OZI-rule [21]. Furthermore, by adopting the quark-
flavor mixing scheme and also by carefully dealing with
the higher Fock state contributions, a naive discussion (at
the end of Sect. 2.3) shows that the value of Q?F,,(Q?)
decreases, while the value of Q*F,., (Q?) increases, with in-
creasing mixing angle ¢, so the possible range for ¢ can be
derived by comparing with the experimental data on the
form factors F,, (Q?) and F,,(Q?). And then, by adopting
the relation between the two schemes as shown in [21, 33],
all the three mixing angles 6p, #; and g involved in the
octet—singlet scheme can be determined, where 0p is the
mixing angle for the states and the 6,3 are the mixing
angles for the decay constants f; and fs. The theoretical
and phenomenological considerations performed in [19, 22,
34, 35] also favor the quark-flavor basis. Therefore, we will
adopt the quark-flavor mixing scheme to do our calculation
throughout the paper.

The paper is organized as follows. In Sect. 2, we outline
our techniques for determining the -7’ mixing angle, in
which expressions for the pseudoscalar transition form fac-
tors beyond the leading Fock state are provided. In Sect. 3,
we present the numerical results for the 7y and 1’y tran-
sition form factors, and then we derive the possible range
for the mixing angle ¢ by comparing with the present ex-
perimental data on the form factors Fy, (Q?) and F,,., (Q?).
Some discussion of the uncertainty sources for ¢ determin-
ation is provided in Sect. 4. The final section is reserved for
our summary.

2 n — 1’ mixing angle and expressions
of the pseudoscalar transition form factors
beyond the leading Fock state

2.1 Definition in the quark-flavor basis

In the quark-flavor basis, the two orthogonal basis states
are assumed to have the following parton composition in
the Fock state description:

|uti +dd ) ~
|nq>:quT+“'a |775>:¢7]s|35>+.”7 (1)
where the ¥, (i = ¢, s) denote the LC wavefunctions of the

corresponding parton states, and the dots stand for higher
Fock states. The physical meson states are related to the
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basis (1) by an orthogonal transformation,
')\ _ |7q) _ (coso
() =ve ()« veor=(5s

where ¢ is the mixing angle. In such a scheme, the decay
constants in the quark-flavor basis simply follow the pat-
tern of state mixing due to the OZI-rule [21], i.e.

(7 7)-
fS/ f;;;/
where the two basic decay constants f, and f, are defined
by

—sin ¢
cos¢ )’
(2)

U(¢)diag[fq; fs], 3)

dzd®k

fi=2V3 | e

9 _ o @y, (z, k1), (4)

kT <upg

with po the factorization scale, which is of order O(1 GeV).

Useful constraints to determine the -’ mixing angle

can be derived by considering the two-photon decay of n

and 7'. The decay amplitudes of ns — vy and 7, — 7y have
a Lorentz structure similar to that of 70 — ~y~y [36]:!

w(k1)e (k2)kiakag,  (5)

where the fine-structure constant o = 1/137, cp = (cs, ¢q)
= (v/2/3,5/3) for the states P = (n,,7,), and fp is the
corresponding decay constant. Then the decay widths for
17— vy and ' — ~7y can be written

a CP l‘l’o‘ﬁ

APk = 270

B a2M$’ cqCco8¢p cssing 2
b= \ 77 TR
and
- oMY /¢, sin ¢ LG cosp\” (©)
1= T a3 fa 2 )

where the two-photon decay widths of n and 1’ and their
masses can be found in PDG [37]; we have
Iy yy =0.46+0.04keV, M, =547.30+0.12MeV ,
I, =4.37+£0.25keV, M, =957.78+0.14 MeV .

n' =y

From (6), we obtain the correlation between f,/fs and

-1
I, I, .
1/ }'\Z;V cosqﬁ—l—”%smgﬁ] (7)
/F/ T
7 cos p— }7\;;7 S11’1¢‘|
(8)

It shows that, knowing the range of the mixing angle ¢, the
ranges of the decay constants f; and f; can be determined
accordingly, and vice versa.

a= 87r3/2

and

5 87T3/2

1 1t is noted that the higher helicity states do not have a con-
tribution to the decay amplitude.
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2.2 A brief review of the 7~ transition form factor

In order to calculate the ny and n'y transition form fac-
tors, we first give a brief review of the 7 transition form
factor Fr(Q?). A comprehensive analysis of Fi(Q?) has
been given in [32], in which the transverse-momentum de-
pendence of both the hard-scattering amplitude and the
LC wavefunction and the contributions beyond the leading
Fock state have been taken into consideration. Especially,
a phenomenological expression to estimate the contribu-
tions beyond the leading Fock state has been constructed,
which is based on the form factors’ asymptotic behavior at
Q? = 0and Q% — oo.

e
F#‘W/) (Q?) can be written as
FENQY) =
! d*k
2V3e, / [dz] / T ok VT (o k1), (12)
0 1673
where [dz] = dzd2’d(1 —z—1'), ex = (€2 —€2) and the

hard-scattering amplitude Ty (x, 2’, k, ) takes the form

q.(z'qr +ki)

Ty (z,2' k) =
H(:E xT J_) qi(wqu‘FkL)z

+(z+ ).

(QQ) can be further simplified, as the model wave-

As has been pointed out in [27], the transverse- mornentumfunCthn depends on k| through k% only, i.e. ¥ (z,k1) =

dependence of both the hard-scattering amplitude and the
wavefunction of the meson should be kept to give a consis-
tent analysis of the form factor. The revised LC harmonic
oscillator model, as suggested in [38], was employed for the
LC wavefunction ¥, (z, k1 ), which is constructed based on
the Brodsky—Huang—Lepage (BHL) prescription [30, 31].
More explicitly, the LC wavefunction of 70 = %hm —dd)
q K
867‘- x)>X (mq,l’,kL)‘| ’

can be written as
exp [ —
P ( Ze(1 -
(9)

with the normalization constant A, the harmonic scale G,
and the light quark mass m, to be determined. Since the
contribution from the higher helicity states (A; + A2 = £1)
has a small contribution in comparison to the usual he-
licity state (A1 + A2 =0), we only write the explicit term
for the usual helicity state. The spin-space wavefunction
XX (z,k.) for the usual helicity state of the pion can be

written [38] x& mq/y/m2+k3, where k; =

|k |. Furthermore, one can derive a relation between my
and 3, by adopting the constraints from 7° — puv and
70 — 7y [32]:

6.00”33?” ~1.12 ([TH 31) <ﬁ—+5 47 x 10 )
i ’ ’ (10)

k? +m?2

Ww(wakl) = A7r

(mqvkal-) =

There are two basic types of contributions to
F(Q?) [30-32], i.e.
Fry (Q%) = (@) + FTV(Q?). (11)
Fﬂ‘y/ (Q?) involves direct annihilation of a (q@)-pair into
two photons, which is the leading Fock state contrlbu—
tion; it dominates the large Q2 contribution. Fm (QQ)
involves the case of one-photon coupling ‘inside’ the LC
wavefunction of the 7 meson, i.e. strong interactions occur
among the photon interactions, which is related to the con-
tributions of higher Fock states.
By keeping the transverse-momentum dependence in
both the hard scattering amplitude and the LC wave-
function, the valence quark state transition form factor

V. (z, k%), and we have

N \z/l;e;/ xQQ/

As for the second type of contribution, FYV)(Q2?), it
is difficult to calculate it in any Q2 region due to its non-
perturbative nature One can construct a phenomenologi-
cal model for Fm (Qz) based on the asymptotic behav-
ior at Q% — 0 and Q2 — co. As suggested in [32], we assume
that it takes the following form:

FY(Q?*) = (z,k2)dk? . (13)

Q%) =

kel

AT Q27 (14)

where k and o are two parameters that are determined by
the asymptotic behavior at Q2 — 0, i.e.

1
a= §F7"'Y(Q2)|Q2~>O

and

k= |- 20 , (15)
Q2Fﬂ'7 (Q2)|Q2~>0

where the first derivative of F\ V)(QQ) over Q2 takes the
form
NV) ()2
@
V3er

~ 8n?

)20

el [ (e

From the phenomenological formula (14), it is easy to find

that Fm (Q2) will be suppressed by 1/Q? to Fé‘{ (Q?) in
the limit Q2 — oo.

(z ]ﬁ) 2
2202 ) dxdkL]

Q20

2.3 7~ and n’~ transition form factors

As for the LC wavefunctions for the pseudoscalars, n, =
|uu +dd) and 1, = |s5), they can be modeled as [38]

k2 2
v, (k) =A; [exp <— L )) XK(mi,x,kL)] ,

8@296(1 —x
(16)
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where ¢ = gq,s respectively. They also depend on k;
through k3 only, i.e. ¥, (z,k, ) =¥, (z, k3 ). Substituting
them into the normalization (3), we obtain

/1 Almlﬁl 111(1 —III)
0 4\/571-3/2

X (Erf [
_h

2v/3’

where g stands for the factorization scale, and following

the discussion in [32], we take its value to be pp ~ 2 GeV.
With such a choice, one may safely set pg — oo to simplify

m? + pj
832x(1—x)

m?

(17)

2 2
mi+uG

W |p0—>oo — 1, due to

the computation, e.g. Erf [

the fact that the contribution from the higher |k | region
to the wavefunction normalization falls off exponentially
for the above model wavefunctions.

Under the quark-flavor mixing scheme, the 7y and n’y
transition form factors take the following form:

Fm(QQ) :anw(Qz) COS¢_Fnsv(Q2)Sin¢ (18)
and
Fn’v(QQ) :anv(QQ) sin¢+Fn57(Q2) cos¢, (19)

where F,,_-(Q?) and F,,,(Q?) stand for the n,y and 7y
form factors, respectively. Similar to the pion—photon tran-
sition form factor, the pseudoscalar form factors Fp.(Q?)
(P =g and 7,) can also be divided into the following two
parts:

v NV
Fpy (@) = FR) @)+ F (@), (20)
The leading Fock state contribution F (Q2) can be sim-
plified like (13), and we only need to replace er and ¥, to
the present case of ep and ¥p, where ep = (€2 + €2, \/ieg)

for P = (nq,ns) respectively. And similar to (14), we as-
sume the following form for the power suppressed non-

leading Fock state contribution FP (Q2)
Py (Q ) (1+Q2/:‘$2)2 ) ( )
where k and « are two parameters that are determined by

1
a= §FP7(Q2)|Q2—>O )
2
R = Nv)a ) (22)
2
3Q2F (Q ) Q24>0

where the first derivative of F(NV (Q?) over Q? takes the
form

(NV)!
Fp (Qz)leﬁo

- la@/ / (WP fQ]ZL)>dxdki]

Q20
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Naively, under strict SU(3), symmetry, one has
mﬂ(Qz) F,.~(Q?), which leads to
F,,(Q?) o cos(¢+45°) and Fyy., (Q?) o sin(¢+45°) .
(23)

Therefore, if ¢ varies within the region of [0,45°], which is
most probably the case, F,,,(Q?) under SU(3) will decrease
with increasing ¢, while F,., (Q?) will also increase with ¢.
In the next section, we will show that in the case of broken
SU(3) » symmetry, this is still a fact. And then the possible
range of ¢ can be obtained by comparing with the experi-
mental data on the transition form factors F,,(Q?) and

F(Q2).

3 Numerical analysis

With the help of the constraints from the two-photon de-
cay amplitudes of n and n’ (e.g. (7) and (8)) and the ex-
perimental data on the 7y and 1’y transition form fac-
tors [5—9], one can obtain a reasonable region for ¢. There
are several parameters in the wavefunction ¥p to be deter-
mined. As for the constituent quark masses, we take the
conventional values: m, 4 = 300 MeV and m, = 450 MeV.
By studying the pion—photon transition form factor, one
may observe that the best fit of the experimental data is
derived in the case of m,, 4 ~ 300 MeV [32]. For the trans-
verse parameters (3., 3, and 3, they are proportional to
the inverses of the charge radii of the corresponding va-
lence quark states [39]. The differences between them are
less than ~ 10%, as shown in [40]. For simplicity, we assume
Bq = Bs = B~ throughout this work. The uncertainties from
the different choices of 3,4, Bs, my,q and m, will be dis-
cussed in Sect. 4.

As for the experimental results of F,,(Q?) and
Fn/W(Qz), we take the pole-mass parameter fit formula that
is adopted in those experiments [5—9]:

QQF(n/n’)’v(QQ)
_ 1 Jeanl (/) =] Q@ (24)
(4rar)? M} 14+Q?/4%
As for the values of 4, and A,/, we have
Ay =T74+114+16£22MeV,
Ay = 85949418 +20MeV (25)

for the CLEO collaboration [5, 6];
A, =0.70+0.08GeV, A, =0.85+£0.07GeV (26)

for the TPC/Two-Gamma collaboration [8];

A,y =900+ 46 + 22 MeV (27)
for the L3 collaboration [9], and
Ay =0.84+0.06GeV, A,y =0.79£0.04GeV  (28)
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stands for the average pole-mass fit with /L, =771 MeV or A,» =850 MeV and the shaded band shows the experimental uncertainty
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Fig. 2. Color on-line: QQFW (Q2) and QQFWW(Q2) with the BHL-like wavefunction. The dash-dot line, the solid line and the

dashed line are for ¢ = 37.0°, ¢ = 38.0° and ¢ = 39.0°, respectively. It shows that Q% Fy,(Q?) decreases and QQF,,/7

(Q?) increases

with increasing ¢. The shaded band is the region allowed by the experiments [5—9]

for the CELLO collaboration [7]. Averaging the above
experimental values, we obtain the central values for A,

and Ay, i.e. A, =771 MeV and A,, = 850 MeV. We draw
the pole-mass fit of the form factors Q?*F,,(Q?) and
Q*F,,(Q?) in Fig. 1, where the shaded band is derived
by adopting the pole-mass fit formula (24) and by vary-
ing A, and A,/ within the widest possible range allowed
by the above experimental results.? The shaded band (re-
gion) for Q*F,,(Q?) and Q*F,,,(Q?) can be regarded as
constraints to determine the n/n’ wavefunctions, i.e. the
values of the parameters in the wavefunctions and also the

2 Here we do not take the weighted average of these experi-
ments and treat them on an equal footing, as these experiments
concentrate on different energy regions and only a few data are
available.

mixing angle ¢ should take Q*F,,(Q?) and Q*F,/,(Q?)
to within the region of the shaded bands as shown in
Fig. 1.

From (17), we obtain

Ay ~2.77x 10%f, and A, ~ 2.85 x 10%f ,

and then with the help of (7), (8), (18) and (19), it can
be found that only the mixing angle ¢ is undetermined.
As shown in Fig. 2, one may observe that the value of
Q*F,,(Q?) decreases with increasing ¢, while the value of
Q*F,y.,(Q?) increases, and such a fact can be used to de-
termine the possible range for ¢ by comparing with the
experimental data. In fact, it can be found that the lower
limit of ¢ is determined by Q?F,),(Q?), and the upper limit
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of ¢ is determined by Q*F,.,(Q?), i.e.

¢ =38.0°+1.0°. (29)
Furthermore, we obtain J{—g =1.0740.01 and = =124+
0.10. By using the correlation between the quark-flavor
mixing scheme and the octet—singlet scheme [21,33], we
obtain

0p = ¢ —arctan V2 = —17.0° £ 1.0°, (30)
2fs

03 = ¢ — arctan V2] =-20.7°£1.0°,
fq

61 = ¢ — arctan @ =—12.6°+3.3° (31)

S

%: 1/@/ﬁr:ugiom,
%: 1/@/ﬁrzl.lgio.og. (32)

and

4 Discussion of the uncertainties
in determining ¢

In this section, we discuss the uncertainties in deter-
mining the mixing angle ¢ from the above approach.
First, we compare the differences caused by the differ-
ent model wavefunctions, e.g. the BHL-like one and the
CZ-like (Chernyak—Zhitnitsky-like) one [41] which is much
broader. Next, we restrict ourselves to the use of the BHL-
like model wavefunction for a detailed analysis of the
effects on the determination of ¢ caused by each of the un-
certainty sources separately, where the uncertainty sources
mainly include the value of 3, and (3, the masses of the
constitutent quarks u/d and s, and the possible intrinsic
charm components of n and r’. Some other even smaller un-
certainty sources for the electro-magnetic transition form
factors such as the gluon component in 7/n" will not be
discussed.?

4.1 Model dependence

One possible typical broad wavefunction is described by
the CZ-like wavefunction. For convenience and for sim-
plicity, we take mg = 0.30 GeV and m, = 0.45 GeV, and
Bq = Bs = Bx. It can be found that 3, = 0.70 GeV for the
case of the CZ-like wavefunction [32].

3 The gluon contributions might be important to some other
exclusive processes like two-body non-leptonic exclusive decays
for the B meson. A discussion of the two-gluon components in
the form factors can be found in [42].
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The CZ-like wavefunctions for n; and 7, take the form
W%Z(x, k) =A%%(1-2z)?

k? +m?

X [exp (—m> XK(mi,w,kL)} ;
(33)

where ¢ = g, s. Following a similar procedure, it can be
found that

A7 ~8.86x10°f,, and AJ%~8.95x10%f,.

By a numerical calculation, it can be found that the nvy
and n’y transition form factors from the CZ-like wavefunc-
tion increase faster than the case of the BHL-like wave-
function. The shapes of the 7y and 'y form factors from
the BHL-like wavefunction are closer to the pole-mass pa-
rameter fits of the experimental data. Although the model
is different, one may find that the value of Q?F,, (Q?) de-
creases with increasing ¢, while the value of Q*F,. (Q?)
increases. Therefore, the range for ¢ can also be estimated,
i.e. ¢ = 38.0° £ 1.0°, which is close to the case of the BHL-
like wavefunction. This shows that the -’ mixing angle ¢
is almost model independent in our approach.

Recently, the BaBar collaboration has measured the
value of Q*F,, (Q?) and Q*F,.,(Q?) at Q* =112 GeV? [12]:
Q*F,(Q%) = 0.229+0.030£0.008 GeV and Q*F,,(Q?) =
0.251£0.019+0.008 GeV, and the ratio of the form factors

_ Q2Fn"y(Q2)
k= 4 nY\E
Q2Fm(Q2) Q2=112 GeV2

In the case of ¢ € [37°,39°], for the BHL-like wave-
function, we have Q?F,,(Q?) = [0.176,0.190] GeV and
Q*F,,(Q*) =[0.228,0.277] GeV at Q? =112 GeV?, which
is close to the experimental values? and leads to k=
1.44+£0.06., while for the CZ-like wavefunction we have
Q*F,,(Q?) = [0.267,0.297]GeV  and QQF,M(Q2) =
[0.388,0.411] GeV at Q* =112 GeV?, which is somewhat
bigger than the experimental values and leads to k=
1.41£0.06. For comparison, one may conclude that the
asymptotic behavior of the form factors Q*F,,(Q?) and
Q*F,,(Q?) disfavor the CZ-like wavefunction but favor
the asymptotic-like wavefunction.

It is due to these differences that the form factors of
the CZ-like wavefunction and the BHL-like one are affected
differently by the following uncertainty sources. For ex-
ample, as shown in [32], the best fit of the 7y form factor
to the experimental data is obtained with m, ~ 300 MeV in
the case of the BHL-like wavefunction, which is shifted to
mgq =~ 400 MeV for the case of the CZ-like wavefunction.

In the following, we will only take the BHL-like wave-
function as an explicit example to show the uncertainties;
the case of the CZ-like one can be done in a similar way.
For clarity, in studying the uncertainty caused by a cer-
tain source, the other uncertainty sources are taken to have
their central values, as adopted above.

=1.10£0.17.

4 It is also close to the theoretical predictions based on
the asymptotic wavefunction that have been shown clearly in
Fig. 13 of [12].
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4.2 The uncertainty A¢™ from mg and m,

We take a wider range for m, and m, to study their ef-
fects on the mixing angle ¢, e.g. my = 0.30£0.10 GeV
and mg = 0.45+£0.10 GeV. In the present case we adopt
Bp = Bs = Br, where the value of 3, varies within the region
of [0.48,0.70] GeV according to the value of my [32]. From
(17), we obtain the uncertainty from the constituent quark
masses:
A, = 2771099 x 10%f,,  Ag ~2.857170 x 10%f,,

where both A, and A, increase with the increment of m,
and my respectively. Also, it can be found numerically that

Ap™ < £0.5°. (34)

4.3 The uncertainty A¢?® from 3, and 3,

Due to SU(3) symmetry breaking, there are differences
among B, By and (s, which are smaller than 10%, as can
be seen by a light-cone quark model analysis [40]. For clar-
ity, we choose the broader ranges of 3, =0.55+0.10 GeV
and (s =0.55+0.10 GeV to discuss how these transverse
size parameters affect the mixing angle. Other wavefunc-
tion parameters are fixed by setting mg = 0.30 GeV (or
equivalently B, = 0.55GeV) and ms = 0.45 GeV. Under
such conditions, we have the following uncertainty from the
transverse parameters 3, and Gs:
A, = 277030 x 107 f,,  As ~2.851098 x 107 £,

where both A, and A, increase with the decreasing 3, and
Bs, respectively. It can be found numerically that

A¢P <42.0°. (35)

4.4 The uncertainty A¢°
from the intrinsic charm component

It has been suggested that a larger intrinsic charm com-
ponent might be possible, explaining the abnormally large
production of 7’ in the standard model [43,44]. However,
some studies in the literature disfavor such a large intrin-
sic charm component; see e.g. [19, 24, 45, 46] and references
therein. It has been found [19] that the mixing between the
cC state with a gg—s3 basis is quite small, e.g. less than 2%.
So, for simplicity, we do not consider the mixing between a
cc and a qg—ss basis. We then have

an(QQ) = anv(Q2) cos ¢ — Fnsw(Qz) sin ¢+ Fé’cy(QQ) )
(36)

Fn’v(QQ) = F’Iq’Y(Q2) sin ¢+ Fnsv(Q ) cos ¢+ ncv(Qz) )
(37)
where F)!_(Q?) and Fgﬂ (Q?) correspond to the contri-

butions from the intrinsic charm component in 1 and 7/,
respectively, which will be calculated in the following.

T

The wavefunction of the “intrinsic” charm component
= |ec) can be modeled by

!75/”/ (.’ﬂ,kj_) =

A%/n/ [exp (-

k% +m? K
m))( (mcvkal_)]v (38)

where we adopt 8. = B = 0.55GeV and m. = 1.5 GeV.?
The overall factor A° It is determined by a wavefunction
normalization similar to (17), which shows that
c __ 3 rc c __ 3 rc
Ap =9.45x10°f7,  Ap, =9.45x10°f7,

where f;; and f;; are related by [19],

c 2 ;
f—g = —tan | ¢ — arctan V2] (39)
Iz fa
and on taking ¢ = 38.0° £ 1.0°, we have J{—Q =1[0.36,0.40].

It is noted that different from the 1,7y and 757y transition
form factors, the helicity-flip amplitude, which is propor-
tional to the current quark mass, cannot be ignored for the
present case. For the 7. transition form factor, a direct
calculation shows® that

1
" (2Y 2
F1m(Q%) = 2v/6e? /0 [da]
d%k . .
X / W n/n’ (.T, kJ_)TH(.’IJ, LL'/, kJ_) .

(40)

where the hard-scattering amplitude T (x, ', k. ), which

includes all the helicity states (A; + A2 = 0, £1) of . takes

the form [24,47],

q.(z'qr +ky)
at [(z'qr +ki)?+m2

Ti(z, 2 k) = +(z+2'). (41)

The above formula can be further simplified by doing the
integration over the azimuthal angle:

2 _
Fnc’Y - 472 / II?QQ/ n/n .’ﬂ kl)
1—z—1y?
X |1+ kj_ko_,
VE+T-9)2)+T+y)?)
(42)
h — m? d kL
w erez-x2Q2 and y = 775.

5 By varying . and m. within their possible regions, the fol-
lowing results will be only slightly changed, and the present
conceptual results stay the same.

6 We will not consider the contribution of the non-valence
charm quark states, since it is quite small due to the large
charm mass effect.
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Fig. 3. Q2Fn7(Q2) and Q2Fn/7(Q2) for ¢ = 38.0° with the BHL-like wavefunction. The shaded band shows the experimental
uncertainty [5—9]. The solid line, the dotted line, the dashed line and the triangle line are for fﬁ/ =0, —5MeV, —15MeV and

—50 MeV, respectively

Taking ¢ = 38.0°, we show in Fig. 3 how the value of fg,
affects the form factors Q?F,,(Q?) and Q*F,.,(Q?%). One
may observe that the experimental data disfavor a larger
charm component: | f$,| > 50 MeV. Or conversely, it can be

founded that under the condition of | f¢ | < 50 MeV, the un-
certainty from the possible intrinsic cqlarm components is
given by

Ag® < +1°, (43)

4.5 A summary remark on ¢

Under the quark-flavor mixing scheme, and by carefully
dealing with the contributions of the higher Fock states,
the possible range for ¢ can be derived by comparing with
the experimental data on the form factors F,,(Q?) and
F,,(Q?), due to the fact that the value of Q*F)(Q?) de-
creases, while the value of Q*F,., (Q?) increases, with in-
creasing ¢ in the whole Q? region. It has been found that

the allowed range for the mixing angle ¢ is

$2238.0°£1.0°+£2.0°, (44)

where the first error is from the experimental uncer-
tainty [5-9] and the second error is from the uncertainties
of the wavefunction parameters and the possible intrinsic
charm component in 7 and 7. It should be noted that the
second uncertainty is lower than the direct sum of the er-
rors caused by each source separately, i.e. Ap™ + Agp? +
A¢@°, which is due to the fact that these uncertainty sources
are correlated to each other.

5 Summary

In the present paper, we have performed a light-cone
pQCD analysis of the 1y and #'y transition form fac-

tors F,(Q?) and F,.,(Q*) involving the transverse-
momentum corrections, in which n—7’ mixing effects and
the contributions beyond the leading Fock state have been
taken in consideration. For this purpose, we have adopted
the quark-flavor mixing scheme for 1 and n’ mixing, and
we have constructed a phenomenological expression to es-
timate the contributions beyond the leading Fock state
based on its asymptotic behavior at @2 — 0 and Q2 — co.
It has been found that the value of Q*F,,(Q?) decreases,
while the value of Q*F,.,(Q?) increases, with increasing
¢, in the whole Q2 region, and thus the possible range for
¢ can be determined by comparing with the experimen-
tal data, which is found to be ¢ 22 38.0° +1.0° £+ 2.0°, with
the first error coming from experimental uncertainty [5—
9] and the second error from the uncertainties of the
wavefunction parameters and the possible intrinsic charm
component in 7 and 7’. A more accurate weighted aver-
age of the above mentioned value together with the seven
adopted experimental values as described in [19], and the
two new experimental values, ¢ =41.2°+1.2° [14] and
¢ = 38.8° 4+ 1.2° [15], yields ¢ = 39.5° & 0.5°. Furthermore,
our results show that the n—7’ mixing angle ¢ slightly de-
pends on the different wavefunction models. However, the
asymptotic behavior of the form factors Q?F,,(Q?) and
Q*F,y.,(Q?) disfavor the CZ-like wavefunction but favor
the asymptotic-like wavefunction. It has been found that
the intrinsic charm component in 1 and 7’ cannot be too
big; e.g. [fy | <50MeV. Such a conclusion agrees with
other investigations [19, 24,45, 46]. These results are help-
ful to understand other exclusive processes involving the
pseudo-scales  and 7/’.

Acknowledgements. This work was supported in part by the
Natural Science Foundation of China (NSFC). Xing-Gang Wu
thanks for the support from the China Postdoctoral Science
Foundation.



T. Huang, X.-G. Wu: Determination of the 1 and ' mixing angle from the pseudoscalar transition form factors

References

[\V]

10.

11.

12.

13.

14.
15.

16.
17.
18.
19.

20.

21
22

. G.P. Lepage, S.J. Brodsky, Phys. Rev. D 22, 2157 (1980)

. S.J. Brodsky, G.P. Lepage, Phys. Rev. D 24, 1808 (1981)

. G.P. Lepage, S.J. Brodsky, T.Huang, P.B. Mackezie, in
Particles and Fields-2, page 83, Invited talk presented at
the Banff summer Institute on Particle Physics, Banff, Al-
berta, Canada, 1981

. S.J. Brodsky, H.C. Pauli, S.S. Pinsky, Phys. Rep. 301, 299
(1998) and references therein

. CLEO Collaboration, V. Savinov et al., hep-ex/9707028

. CLEO Collaboration, J. Gronberg et al., Phys. Rev. D 57,
33 (1998)

. CELLO Collaboration, H.-J. Behrend et al., Z. Phys. C 49,
401 (1991)

. TPC/Two-Gamma Collaboration, H. Aihara et al., Phys.
Rev. Lett. 64, 172 (1990)

. L3 Collaboration, M. Acciarri et al., Phys. Lett. B 418, 399

(1998)

KLOE Collaboration, A. Aloisio et al., Phys. Lett. B 541,

45 (2002)

KLOE Collaboration, S.E. Muller et al., Int. J. Mod. Phys.

A 20, 1888 (2005)

BABAR Collaboration, B. Aubert et al., Phys. Rev. D 74,

012002 (2006)

PLUTO Collaboration, C. Berger et al., Phys. Lett. B 142,

225 (1984)

P. Kroll, Mod. Phys. Lett. A 20, 2667 (2005)

BES Collaboration, M. Ablikim et al., Phys. Rev. D 73,

052008 (2006)

H. Fritzsch, J.D. Jackson, Phys. Lett. B 66, 365 (1977)

N. Isgur, Phys. Rev. D 13, 122 (1976)

F.J. Gilman, R. Kauffman, Phys. Rev. D 36, 2761 (1987)
T. Feldmann, P. Kroll, B. Stech, Phys. Rev. D 58, 114006
(1998)

T. Feldmann, P. Kroll, B. Stech, Phys. Lett. B 449, 339
(1999)

. T. Feldmann, Int. J. Mod. Phys. A 15, 159 (2000)
. T. Feldmann, P. Kroll, Eur. Phys. J. C 5, 327 (1998)

23

24.

25.
26.
27.

28.
29.
30.

31.

32.
33.
34.
35.
36.

37.

38.

39.
40.
41.

42.

43.
44.
45.
46.
47.

779

. J. Schechter, A. Subbaraman, H. Weigel, Phys. Rev. D 48,
339 (1993)

J. Cao, F.G. Cao, T. Huang, B.Q. Ma, Phys. Rev. D 58,
113006 (1998)

K. Kawarabayashi, N. Ohta, Nucl. Phys. B 175, 477 (1980)
K. Kawarabayashi, Prog. Theor. Phys. 66, 1789 (1981)
F.G. Cao, T. Huang, B.Q. Ma, Phys. Rev. D 53, 6582
(1996)

R. Jakob, P. Kroll, M. Raulfs, J. Phys. G 22, 45 (1996)
F.G. Cao, A.L Signal, Phys. Rev. D 60, 114012 (1999)
S.J. Brodsky, T.Huang, G.P.Lepage, in Particles and
Fields-2, Proceedings of the Banff Summer Institute,
Banff, Alberta, 1981, ed. by A.Z.Capri, A.N.Kamal
(Plenum, New York, 1983), p. 143

T. Huang, in Proceedings of XXth International Confer-
ence on High Energy Physics (Madison, Wisconsin, 1980)
ed. by L. Durand, L.G. Pondrom, AIP Conf. Proc. No. 69
(AIP, New York, 1981), p. 1000

T. Huang, X.G. Wu, hep-ph/0606135

T. Feldmann, Nucl. Phys. Proc. Suppl. 74, 151 (1999)

H. Leutwyler, Nucl. Phys. Proc. Suppl. 64, 223 (1998)

R. Kaiser, H. Leutwyler, hep-ph /9806336

J.F. Donoghue, B.R. Holstein, Y.-C.R. Lin, Phys. Rev.
Lett. 16, 2766 (1985)

Particle Data Group, E.J. Weinberg et al., Phys. Rev. D
66, 010001 (2002)

T. Huang, B.Q. Ma, Q.X. Shen, Phys. Rev. D 49, 1490
(1994)

T. Huang, X.G. Wu, Phys. Rev. D 70, 053007 (2004)
H.M. Choi, C.R. Ji, Phys. Rev. D 59, 074015 (1999)

V.L. Chernyak, A.R. Zhitnitsky, Nucl. Phys. B 201, 492
(1982)

S.S. Agaev, N.G. Stefanis, Phys. Rev. D 70, 054020
(2004)

I. Halperin, A. Zhitnitsky, Phys. Rev. D 56, 7247 (1997)
H.Y. Cheng, B. Tseng, Phys. Lett. B 415, 263 (1997)
T.W. Yeh, Phys. Rev. D 65, 094019 (2002)

F. Yuan, K.-T. Chao, Phys. Rev. D 56, 2495 (1997)

F.G. Cao, T. Huang, Phys. Rev. D 59, 093004 (1999)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


