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Outline

@ Introduction:

Electromagnetic Form Factors of the Nucleon and Two-Photon
Exchange

@ Two-Photon Exchange in the Timelike Region: pp — ete~
in coll. with: N. Kivel, M. Vanderhaeghen

@ Form Factors in the Unphysical Region: pp — et e~

in coll. with: C. Adamus¢in, F.Maas, M. Vanderhaeghen, M. Zambrana

@ Summary
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Electromagnetic Form Factors of the Nucleon

Spacelike Region (g° < 0) Timelike Region (g% > 0)

Elastic eN-scattering: pp-Annihilation:

o

N Crossing symmetry:

_ (N(p")|Jem|N(p)) — (0] Jem| N(P)N(p"))
Electromagnetic current:

(N(p')|JemIN(P)) = (O]t IN(P)N(R')) =
) |Fi(@)r + @) T 2 )| ) |FulaP )= Fala®) 2 ute)

@ Form factors are real @ Form factors are complex

functions of @*> = —¢? functions of g?
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Spacelike Electromagnetic Form Factors

e-p-Scattering: Rosenbluth separation

Obtain form factors from e-dependence of unpolarized cross section
Rosenbluth cross section in 1y-exchange approximation:

do = C(Q?, €) [Gﬁ,,(oz) i+ feg(oz)}

reduced cross section og

@?

ith = —
wi T=

=9
and e= <1 +2(1 4 7)tan? g)

e-p-Scattering: Polarization transfer

Scatter polarized electron beam & measure outgoing proton polarization:
é+p—e+p

N . Py 2¢ Ge(@?)
Polarization ratio: — =—{/—— — %
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Spacelike Electromagnetic Form Factors

| Rosenbluth
@ The two methods give

meas.

different results:

Rosenbluth exp:

rpGE ~ 1  Polarisation
Gm meas.

0.00

Polarization exp.:
linear decrease of S&

. 0.0 2.0 4.0 6.0 8.0 10.0 12.0
with G? Q? (Gev?)

(Puckett et al., PRL (2010))

A possible explanation for the discrepancy:
Two-photon exchange corrections
(Guichon, Vanderhaeghen (2003), Blunden et al. (2003), ..
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Two-Photon Exchange
in the Timelike Region

JGlu

sorannes GUTENBERG
UNIVERSITAT Mz

Julia Guttmann Nucleon Form Factor Processes at Panda: Theoretical Analysis


http://www.uni-mainz.de
http://www.uni-mainz.de
http://www.kph.uni-mainz.de
mailto:guttmann@kph.uni-mainz.de

Johannes Gutenberg-Universitédt Mainz
Institut fiir Kernphysik

Two-Photon Exchange in Timelike Processes?

pp —ete
Cross section in Born approximation:

et (k) 1 .
Y doy, =¢() [|GM|2(1 + cos?9) + ;|GE|zsm279

v

Gu(d®t) = Gu(g®) + 6Gu(q?, t)
Fa(q%t) = Fa(q?) + 8Fa(q?, 1)
2 Fa(P,t) = 0+ 8Fa(q% 1)
M = ?U(’ﬁ)w v(ka) " "

P P roton FF 2~ amplitude
x  N(pz) GM”Y“*FzﬁJrFaK Ny P vamp
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Leading pQCD Analysis of 2v-Exchange

2+y-exchange at large g2
= consider factorization approach:

2~-exchange correction as convolution of:

@ Hard amplitude (calculable in pQCD)

@ nonperturbative contribution:
Nucleon Distribution Amplitudes pn

on(X() * Tu(q?, €) * on(xi)

2- 5Giy ~ o Fa ~ M2
exchange M a*
amplitudes: 5F> ~1/g® (suppressed)
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Nucleon Distribution Amplitudes

Distribution Amplitude pp: Model for asymptotic behavior of the DAs and the first
corrections:

xrp
2 _E . wn(X;) = 120 fy Xy xo X3 (1+r— (X1 —Xx2)+r+(1-3x3)+...)
x3p

DAs include 3 parameters: fy, r—, ry

describes how the —3 >
longitudinal momentum is | : | fy (107" GeV*) | I= | [ |
shared between the Coz 5.0 4.0 1.1
constituents BLW? 5.0 1.37 0.35
- v
COozZ

—
1Chernyak et al., Z.Phys C (1989) 2Braun et al., PRD (2006) Iclu
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Results

% =6Gev?, DA mode: COZ %= 6Gev?, DA model: BLW

0.5 T T T

o
N

0.15

o
[

0.05

-0.05

S
2

-0.15

2y-Contribution: 62y [%)]
2y-Contribution: 62y [%)]

0 05 1
cos0;]

(JG, Kivel, Vanderhaeghen, PRD(2011))

S
N

-1 -0.5

o
3
[N

-0.5

0
cog 6]

Two-Photon Contribution &z, : do112,= do, (1 + d2+)

e, 2\ C
] Form faCtOI’ from QCD'flt |GM(q )| = m(/‘é) (Lepage, Brodsky PRL43)

@ Assumptions: |Gu| = |Ge|, Gu = G
@ 5Ge = A 6Gu, with —1 < X < 1 (bands)
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Results

cos[8,] = 0.9, DA model: COZ cos[8;,] = 0.9, DA model: BLW
T T

0.44

0.4

0.36

0.32

0.28

0.24

2y-Contribution: 62y [9%]
2y-Contribution: ézy [%]

5 10 15 20 25 30 5 10 15 20 25 30
o’ [Gev?] q° [Gev?]

(JG, Kivel, Vanderhaeghen, PRD(2011))

Two-Photon Contribution &z, : do112,= do, (1 + d2+)

a. 2\ (9
@ Form factor from QCD-fit: |Gu(g°)| = W(X%) (Lopage, Brodsky PALAZ)

@ Assumption |Gy| = |Ge|, Gu = G}
@ 6Ge = )\ 6Gy, with —1 < X < 1 (bands) ok
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¢?=6 GeV?, DA model: COZ
08 " 1Gel = [Gyl. Gy = Gu*
El = 19Ml: BM = v
06 impr. log-fit - - - - ]
N WL fit ==eeeee ]
o ]
=
>
&
04 |
0.6 [ 1
08 Il Il Il
-1 0.5 0 0.5 1

cos®

(JG, Kivel, Vanderhaeghen, PRD(2011))

Two-Photon Contribution &z, : do1112,= doy (1 + d2+)

3 parametrizations give similiar results:
@ Form factor from QCD-fit using |Gu| = |Ge|, Gu = G
@ Fitincl. logarithmic corrections, Brodsky et al. (2004) .
@ VMD model, lachello et al. (2004) JOWGUBER“GW
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Nucleon Form Factors
in the Unphysical Region
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Form Factors in the Unphysical Region
@ Unphysical region:
0 < q2 < 4,772 10‘ T I | T
I I
I I
@ Not accessible by process k3 i i E
p+[_3—>e++97 0 b i i i
g :
@ Idea: Consider process oL ! | 3
p+p — w0+ o} o
— 7%+ et +e i |
10'2 1 1 1 1
(Dubnickova et al., ZPhys. (1996), - - ¢ [Cov?] 5 w0
Adamuséin et al., PRC (2007))
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Processp+p — 7’ +e" +e
Phenomenological Approach:
(Adamuscéin et al., PRC (2007))
* e
oy
Do Do g = T
et
-
e d p——wvvv<
7" e
P(pr) + p(p2) — 7°(qx) + ™ (ki) + & (ke)
@ Decribed by nucleon exchange
@ Neglecting off shell effects — v*NN-vertices parametrized by:
w_ I 2y g
F@W" = 5, Fa(d)0" g |
< e
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Processp+p — 7’ +e" +e

Cross Section (within Born model): % (t—m?)® [nb]

tdq'
s=5Gev?, q2 =1Gev? s=20 GeV?, q2 =1Gev?
16
~ ~ 6010%F g
& 12 - i &
£ £
=1 [=% ’
g st J o 4000 p
o o
e} e}
g g
S 47 1 S 20m0* F g
ol . . . . M. . . . .
m? 05 0 05 1 15 2 m? 05 0 05 1 15 2
-t -t
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pp — 7°eTe~: Model Independent Calculation

Amplitude:

Separate amplitude of the process:

TR = T|(M* (@) o5 (@ Ntk ev* vik) |
A

evaluate in evaluate in
(pp)-cm frame ~*-rest frame
M* : pp — 7°~*amplitude
Variables:
s, t— 0, Octo—s Poro—

Photon-virtuality g2
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pp — 7°eTe~: Model Independent Calculation

do - 1 e’ 4m
dtdg?dQ; ~ 167n2s(s — 4m?) (47)22q2 3

' W(Oe+e— ’ ¢e+e— )

3 .
W(9e+ef ) ¢e+e*) = an [SIHZ Ot - P00 + (1 + C032 Oete- )p11
+v25iN 20,1 - COS D+ o— Re[p10]

+8iN? B+ o— COS 20+ o— Re[p1_1] ]

Density matrix:  paa = (M“e;(q, A)) . (M“s’;(q, )\')>*
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Results: (within Born-Model)

Cross Section:  49/(didg2d®;) [nb/GeV¥sr]

s=5GeV? ¢?=15Gev? 6, = 30° s=5Gev? ?=15GeV? 6, = 30°
0.05 o 0.05 = 0°
90° e B = 90°
g ™ B0 F oo4af N S Dgrg- = 180°
2 003 2 3.
g S oo0s
8 o002 S
= =
8 oo 8 o002
0 L L L 0.01
-1 0.5 0 0.5 1
CoSBgter OBt -
(preliminary results)
@ Nucleon form factor: @ Nucleon form factor:
2
|Gu(¢?)] = O/a*109* (%5 ) VMD model
Gu =Gy =G (lachello et al. (2004))
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Results: (within Born-Model)

Cross Section:  49/(dtdq2d;) [nb/Gevisi]

_ 2 2_ 2 — o
s=10GeV? ¢?=3GeV? 0,=30° $=10GeV*, g =3GeV*, 6;= 30

-5
1500 . . . S 500 — gz 0°
— e 5 ceem D= 90°
<} 1200 o ®e+e': 90 e AT EN m:,:: 180°
kel SN TTYOO Do = 180 N‘o 310
N 9.000° o
hel ©
£ 6.0010° § 200°
E 3.010° 8 110°
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
CoBgter coBgte
(preliminary results)
@ Nucleon form factor: @ Nucleon form factor:
2
|Gu(@?)| = /e 0g? (% ) VMD model

Gu = Gj; = Ge (lachello et al. (2004))

@ sin26,.,- cosd,. . structure: basically proportional to (Gg — Gu) ~ F2 GERG
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Summary

2~-exchange in the timelike region:

@ Estimate of 2y-exchange using a pQCD factorization
approach

@ Contribution d2, < 1%

Proton form factor in the unphysical region:
@ Accessible in the process pp — w’ete~
@ General form for decay angular distribution
@ Measurement necessitates fixed g2, different t values

@ Form factor extraction: requires model
— can be tested through t dependence
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