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CHEN Dian-Yong(Fl%5)1%1  ZHOU Hai-Qing(JH¥iH)*» DONG Yu-Bing(#5%1%)12

1 (Institute of High Energy Physics, CAS, Beijing 100049, China)
2 (Theoretical Physics Center for Science Facilities, CAS, Beijing 100049, China)
3 (Department of Physics, Southeast University, Nanjing 211189, China)

Abstract The contributions of two-photon exchange in the process et +e~ — p+p including N and A
intermediate states are estimated in a simple hadronic model. The corrections to the unpolarized cross section
as well as to the polarized observables P, and P, are evaluated. The results show the corrections to unpolarized
cross section are small and the angle dependence becomes weak at small s after considering the N and A(1232)
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contributions simultaneously, while the correction to P, is enhanced.
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1 Introduction

The electromagnetic form factors in both space-
like (@* >0) and time-like (Q* < 0) regions are essen-
tial to understand the intrinsic structures of hadrons.
The experimental data of elastic form factors over
several decades, including recent high precision mea-
surement at Jefferson Lab!" 2
provided considerable insight into the detail structure
of the nucleon.

In the space-like region, the standard method that
has been used to determine the electric and mag-

and elsewherel® | have

netic form factors, particularly those of the proton
has been the Rosenbluth, or longitudinal-transverse
(LT), separation method. The results of the Rosen-
bluth measurements for the proton form factor ratio
R = p,Gg /Gy have generally been consistent with
R~ 1 for Q%<6 GeV** ™. Polarized lepton beams
give another way to access the form factors® and
has been applied only recently in Jefferson Lab™
The result about the ratio of Sachs form factors!® **
is monotonically decreasing with increasing of Q2
which strongly contradicts to the scaling ratio de-
termined by the traditional Rosenbluth separation
method!",
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In order to explain the discrepancy caused by dif-
ferent experimental measurement, radiative correc-
tions, especially the two-photon contribution, have
been involved™ *!. From these calculations one can
conclude that the two-photon exchange (TPE) cor-
rections can, at least, partly explain the discrepancy
of the two separation methods. Further more the am-
plitudes of TPE process have imaginary parts. In this
case, the 17 ® 2v interference terms are supposed to
be more important in time-like region, as the form
factors are complex.

In the theoretical point of view, it seems un-
avoidable to check the TPE contributions to the nu-
cleon form factors in the time-like region. In simple
hadronic model, we calculate the TPE correction to
the unpolarized differential cross section as well as the
double spin polarization observables of eT+e~ — p+p
process.

2 TPE in simple hadronic model

Using the simple hadronic model™ ** **! and in-
cluding N and A as the intermediate states like Fig. 1,
the unpolarized cross section can be written as

do =doo(1+0% +0X) o 3 [Mo+MT +MT2(1)

* Supported by National Sciences Foundations of China (10475088, 10747118)

1) E-mail: chendy @mail.ihep.ac.cn
2) E-mail: zhouhq@mail.ihep.ac.cn

©2009 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute
of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



No. 12

CHEN Dian-Yong et al: Two-photon exchange to proton electromagnetic properties in time-like region 1337

where M, is the contribution from one-photon ex-
change diagram and MIQ\,TA denote the contribution
from TPE diagrams with N and A as intermediate
state.

7 P3 j2% p3

P2 P1 P2 P4

(0) (d)

Fig. 1.
calculations.

Feynman diagrams included in present

The corrections to the unpolarized cross section can
be defined as
o SIRAMEL M) o)
e > [Mol? '
In our present work, for e™ +e~ — p+p process, the
incoming electron is longitudinally polarized, while
the polarization of anti-proton in the final state is
measured. Then a similar calculation can be applied
to the polarized quantities P, and P, 2! with the
definitions

do  douw

dQ e
Here we define TPE corrections to double spin polar-
ized observables as®":

1+ P&+ APl +APL] (3)

3(P,..) =P, /P, (4)

To discuss the correction from A, we take the follow-
ing matrix elements as!® 23]

pa _
FNHA'Y -

—Fa(q?)
Mg

92(kuq® —k-qg2) + g3/ Mx(q* (k" — gok) +
‘Jm(qak —7%k- Q))]’YsTa )

[91(9% kG — kG — 7,7k - g +7,kq®) +

j21e4 =
v—AN
—Fa(q? - ) .
——j}g—213*75hh(95qk-—kyqvﬁ-—vﬁwuk-q+—kwuqﬁ)+
N
92(kuq” — k- qg8) — g3/ M (? (k" — gL k) +
020 (0°k =~k -q))), (5)

where k (or ¢) is the momentum of the photon (or A)
and T3 is the third component of the N — A isospin
transition operator. Here and after we have k=~ -k.
For the propagator of A, the same form is em-
ployed as!*®
—i(k+Ma) poso
k2 — M3 +ie °°
3/2 Yo¥s _ (kvaks +kavsk)
In the practical calculation, we take the form factor
FA in the monopole form as Gg in N casel?!

FA(QQ)ZGE(QQ):GM(QQ)/MPZqg%/ljl%a (7)

[21, 23]

S2,(k) = (k),

and the coupling parameters and cut-offs are

g1 =191, g,=2.63, g5 =158, A, =0.84 GeV. (8)

3 Numerical results and discussion

Taking the Eqgs. (7) and (8) as input, the TPE cor-
rections can be calculated directly. We use the pack-
age FeynCalc® and LoopTools® to carry out the
calculation. Practically, for the interaction of the out-
going hadrons, the time-like form factors have a phase
structure, which means the form factors are complex
in the time-like region. But the phase structures of
the form factors keep unknown at present. In the IJL
model with two components fits!*® | one can reproduce
the latest JLab data in the space-like region. After
continued to the time-like region, we find the imagi-
nary parts of the form factors are much smaller than
the real parts. Further more, what we concern in this
work are the ratio d,, and double spin polarization
observables P, and P,. The phenomenological form
factors appear in both denominator and numerator
of these physical observables. In such cases, the form
of form factors varies the ratio and polarization ob-
servables in a very limited extension. The same con-
clusion can be drawn from the results of two-photon
exchange corrections to space-like form factors!'™.

The IR divergence only exist in the N intermedi-
ate case and it is exact in the soft calculations. In
amplitudes of TPE process, after replacing one of the
photon momentum in the numerator by zero, one can
get the results with soft approximation. For example,
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the TPE correction to unpolarized differential cross
section is,

t
A2

o s—M?2
60 =—2-In|——N_
. s+t—M32

soft —

: 9)

1n‘

with s = (p; —ps)?, t = (p1 +p2)?> = ¢* and ) is in-
finitesimal photon mass, which has been introduced
in the photon propagator to regulate the IR diver-
gence. The finite corrections we calculated are the
full calculations of TPE corrections minus the IR part
of soft approximation and these finite corrections are
independent with the A. Our numerical results verify

such cancelation.

. 2 .
The numerical results for 6y’, are showed in |
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Fig. 2.

Fig. 2. The correction 6% is found to be always oppo-
site to the corrections d5 in all the angle region. This
behavior is similar to the ep scattering case!*”. De-
tailedly, at ¢> =4 GeV? the absolute magnitude of 6%’
is so close to 63 that results in the large cancelation
and small total correction to unpolarized cross sec-
tion. The small 63, 5 and its weak angle dependence
suggest the Rosenbluth method will work well in this
region. This conclusion is some different with the ep
scattering case where the cancelation is much smaller
and the total correction still strongly depend on the
scattering angle. At ¢> =5 GeV?, the absolute mag-
nitude of 6% becomes larger than 6% which suggests
the important roles played by A(1232) intermediate
state in the process of et +e~ — p+p.

0.0
cos (0)

TPE contributions to unpolarized differential cross section. The dashed and dotted lines are the con-

tributions from nucleon and A intermediate states separately, while the solid line are the total contributions.
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Fig. 3. TPE contributions to polarized observ-

able P,.
meanings as those in Fig. 2.

The different lines have the same

The results of the corrections to P, and P, are pre-

[22]
3

sented in Fig. 3 and Fig. 4. In our previous results
when discussing the TPE corrections to polarized ob-

o
servables, only the contributions in term 1o are con-

doun,
sidered, while the corrections in 10 are neglected.
Here the calculations are improved to include both
corrections.

Fig. 3 but for polarized

Fig. 4. The same as
observable P, .
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For the polarized observables, Fig. 3 shows the
corrections to P, from A and N are in opposite sign,
but the former is much smaller than later. The total
correction to P, is about +£2.5% at cos§ = £1. In
Fig. 4, we show the correction to P,. One can see
the contributions from A and N are in same sign and
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