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Two-photon exchange to proton electromagnetic

properties in time-like region *
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Abstract The contributions of two-photon exchange in the process e+ + e− → p + p̄ including N and ∆

intermediate states are estimated in a simple hadronic model. The corrections to the unpolarized cross section

as well as to the polarized observables Px and Pz 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 ∆(1232)

contributions simultaneously, while the correction to Pz is enhanced.
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1 Introduction

The electromagnetic form factors in both space-

like (Q2 > 0) and time-like (Q2 < 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[1, 2] and elsewhere[3], have

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-

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 = µpGE/GM have generally been consistent with

R ≈ 1 for Q2 6 6 GeV2[4—7]. Polarized lepton beams

give another way to access the form factors[8] and

has been applied only recently in Jefferson Lab[1],

The result about the ratio of Sachs form factors[9, 10]

is monotonically decreasing with increasing of Q2,

which strongly contradicts to the scaling ratio de-

termined by the traditional Rosenbluth separation

method[11].

In order to explain the discrepancy caused by dif-

ferent experimental measurement, radiative correc-

tions, especially the two-photon contribution, have

been involved[12—19]. 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 1γ⊗2γ 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 e++e− → p+p̄

process.

2 TPE in simple hadronic model

Using the simple hadronic model[14, 15, 19] and in-

cluding N and ∆ as the intermediate states like Fig. 1,

the unpolarized cross section can be written as

dσ = dσ0(1+δ2γ
N +δ2γ

∆ )∝
∑

|M0 +M2γ
N +M2γ

∆ |2,(1)
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where M0 is the contribution from one-photon ex-

change diagram and M2γ
N,∆ denote the contribution

from TPE diagrams with N and ∆ as intermediate

state.

Fig. 1. Feynman diagrams included in present

calculations.

The corrections to the unpolarized cross section can

be defined as

δ2γ
N,∆ =

∑

2Re{M2γ
N,∆M

†
0}

∑

|M0|2
. (2)

In our present work, for e+ +e− → p+p̄ 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 Px and Pz
[20, 21] with the

definitions

dσ

dΩ
=

dσun

dΩ
[1+Pyξy +λePxξx +λePzξz ]. (3)

Here we define TPE corrections to double spin polar-

ized observables as[21]:

δ(Px,z) = P 1γ⊗2γ
x,z /P 1γ

x,z. (4)

To discuss the correction from ∆, we take the follow-

ing matrix elements as[15, 23]

Γ µα
N→∆γ

=

−F∆(q2)

M 2
N

[g1(g
α
µ k̂q̂−kµγαq̂−γµγαk ·q+γµk̂qα)+

g2(kµqα−k ·qgα
µ )+g3/MN(q2(kµγα−gα

µ k̂)+

q1µ(qαk̂−γαk ·q))]γ5T3 ,

Γ µα

γ→∆N̄
=

−F∆(q2)

M 2
N

T+
3 γ5[g1(g

β
ν q̂k̂−kν q̂γβ −γβγνk ·q+ k̂γνq

β)+

g2(kνqβ −k ·qgβ
ν )−g3/MN(q2(kνγβ −gβ

ν k̂)+

q2ν(qβ k̂−γβk ·q))], (5)

where k (or q) is the momentum of the photon (or ∆)

and T3 is the third component of the N →∆ isospin

transition operator. Here and after we have k̂≡ γ ·k.

For the propagator of ∆, the same form is em-

ployed as[15]

S∆
αβ(k) =

−i(k̂+M∆)

k2−M 2
∆+iε

P 3/2
αβ (k),

P 3/2
αβ (k) = gαβ −

γαγβ

3
−

(k̂γαkβ +kαγβ k̂)

3k2
. (6)

In the practical calculation, we take the form factor

F∆ in the monopole form as GE in N case[21]

F∆(q2) = GE(q2) = GM(q2)/µp =
−Λ2

1

q2−Λ2
1

, (7)

and the coupling parameters and cut-offs are[21, 23]

g1 = 1.91, g2 = 2.63, g3 = 1.58, Λ1 = 0.84 GeV. (8)

3 Numerical results and discussion

Taking the Eqs. (7) and (8) as input, the TPE cor-

rections can be calculated directly. We use the pack-

age FeynCalc[24] and LoopTools[25] 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[26], 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 δ2γ and double spin polarization

observables Px and Pz. 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[17].

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,

δ2γ
soft =−2

α

π
ln

∣

∣

∣

∣

s−M 2
N

s+ t−M 2
N

∣

∣

∣

∣

ln

∣

∣

∣

∣

t

λ2

∣

∣

∣

∣

. (9)

with s = (p1 − p3)
2, t = (p1 + p2)

2 = q2 and λ 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 λ. Our numerical results verify

such cancelation.

The numerical results for δ2γ
N,∆ are showed in

Fig. 2. The correction δ2γ
∆ is found to be always oppo-

site to the corrections δ2γ
N in all the angle region. This

behavior is similar to the ep scattering case[15]. De-

tailedly, at q2 = 4 GeV2 the absolute magnitude of δ2γ
∆

is so close to δ2γ
N that results in the large cancelation

and small total correction to unpolarized cross sec-

tion. The small δ2γ
N+∆ 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 q2 = 5 GeV2, the absolute mag-

nitude of δ2γ
∆ becomes larger than δ2γ

N which suggests

the important roles played by ∆(1232) intermediate

state in the process of e+ +e− → p+p̄.

Fig. 2. TPE contributions to unpolarized differential cross section. The dashed and dotted lines are the con-

tributions from nucleon and ∆ intermediate states separately, while the solid line are the total contributions.

Fig. 3. TPE contributions to polarized observ-

able Px. The different lines have the same

meanings as those in Fig. 2.

The results of the corrections to Px and Pz are pre-

sented in Fig. 3 and Fig. 4. In our previous results[22],

when discussing the TPE corrections to polarized ob-

servables, only the contributions in term
dσ

dΩ
are con-

sidered, while the corrections in
dσun

dΩ
are neglected.

Here the calculations are improved to include both

corrections.

Fig. 4. The same as Fig. 3 but for polarized

observable Pz .
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For the polarized observables, Fig. 3 shows the

corrections to Px from ∆ and N are in opposite sign,

but the former is much smaller than later. The total

correction to Px is about ±2.5% at cosθ = ±1. In

Fig. 4, we show the correction to Pz. One can see

the contributions from ∆ and N are in same sign and

similar magnitude. This increases the TPE correc-

tions to Pz which enhances our previous suggestion

that the nonzero Pz at θ = π/2 may be a good place

to measure the two-photon exchange like effects di-

rectly.

References

1 Jones M K et al (Jefferson Lab Hall A collaboration). Phys.

Rev. Lett., 2000, 84: 1398

2 Gayou O et al (Jefferson Lab Hall A collaboration). Phys.

Rev. Lett., 2002, 88: 092301

3 Andivahis L et al. Phys. Rev. D, 1994, 50: 5491

4 Walker R C et al. Phys. Rev. D, 1994, 49: 5671

5 Arrington J, Phys. Rev. C, 2003, 68: 034325

6 Christy M E et al. Phys. Rev. C, 2004, 70: 015206

7 Qattan I A et al. Phys. Rev. Lett., 2005, 94: 142301

8 Akhiezer A I, Rozentsveig L N, Shmushkevich I M. Sov.

Phys. JETP, 1958, 6: 588

9 Sachs R G. Phys. Rev., 1962, 126: 2256

10 Walecka J D. Nuovo Cimento, 1959, 11: 821

11 Rosenbluth M N. Phys. Rev., 1950, 79: 615

12 Maximon L C, Tjon J A. Phys. Rev. C, 2000, 62: 054320

13 Guichon P A M, Vanderhaeghen M. Phys. Rev. Lett., 2003,

91: 142303

14 Blunden P G, Melnitchouk W, Tjon J A. Phys. Rev. Lett.,

2003, 91: 142304

15 Kondratyuk S, Blunden P G, Melnitchouk W, Tjon J A.

Phys. Rev. Lett., 2005, 95: 172503

16 CHEN Y C, Afanasev A, Brodsky S J, Carlson C E, Van-

derhaeghen M. Phys. Rev. Lett., 2004, 93: 122301

17 Borisyuk D, Kobushkin A. Phys. Rev. C, 2006, 74: 065203

18 Borisyuk D, Kobushkin A. Phys. Rev. C, 2007, 75: 038202

19 Blunden P G, Melnitchouk W, Tjon J A. Phys. Rev. C,

2005, 72: 034612

20 Adamuscin C, Gakh G I, Tomasi-Gustafsson E.

arXiv:0704.3375 [hep-ph]

21 CHEN D Y, ZHOU H Q, DONG Y B. Phys. Rev. C, 2008,

78: 045208

22 ZHOU H Q, CHEN D Y, DONG Y B. Phys. Lett. B, 2009,

675: 305

23 Nagata K, ZHOU H Q, KAO C W, YANG C N.

arXiv:0811.3539

24 Mertig R, Bohm M, Denner A. Comput. Phys. Commun.,

1991, 64: 345

25 Hahn T, Perez-Victoria M. Comput. Phys. Commun., 1999,

118: 153

26 Iachello F, Jackson A D, Lande A. Phys. Lett. B, 1973,
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