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QCD factorization at large Q2

F1(Q) =

soft spectators

® the same power at large Q2

F(Q) ~ fP(InQ?/A%) /@
Duncan, Mueller 1980
Milshtein, Fadin 1981/82

® Large at moderate values of Q?

Isgur, Smith 1984
Nesterenko, Radyushkin 1989

Braun et al, 2002, 2006

® SCET factorization scheme at large Q°
NK, Vanderhaeghen PRD, 2010

hard spectators

Brodsky, Lepage 1979
Chernyak, Zhitnitsky 1977
Efremov, Radyushkin 1980

® model independent QCD prediction
F(@Q%) ~ f(InQ*/4%)/Q"

® Non-perturbative \|/ is UNIVERSAL,
well defined objects <p| O; [0>

QCD Sum Rules
Estimates: Lattice calculations
Low energy models: QSM, ..



Soft spectator contribution

hard-collinear scale: QA < m3, hard-collinear = collinear + soft

CI= (O/O/O/-Q)
kL ~Q, ki ~ A ki ~Q, k_ ~ A

N hard-co|| jot

h 0xd_co\\ jet

n=(1,0,0,-1) ﬁz(l,0,0,l)

soft background
Pl=(Q'O'O"Q)/2 k ~ A P= (Q,0,0,Q)/Z

0

1
quark “jets” xm = Pexp {ig / dsn - Ahc(sn)}ﬂ% ¥he(0)

0,0

Soft-Collinear Effective Theory Form Factor NK, Vanderhaeghen 2010
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Soft spectator contribution

m- moderate values of Q2: QA ~ m3%  hard-collinear scale is not large

@ g 95E /-

= QA ~0.9-—1.5GeV?
A ~ 0.3GeV

NK, Vanderhaeghen PRD,2010 @@ m?\,

Fl(Q): == Fl

F(Q) = == fa




Soft spectator mechanism in SL and TL regions

2>A ¢ASmy  (timelike scattering)

Gu(Q — o0) = |Gu(q” — o)
2
U= st analytic function in g°

(Phragmen-Lindel6f theorem)
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Sudakov logs provide =40%

Hard spectator mechanism enhancement at large TL g2

can not explain TL enhancement
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Future experiments in JLab, SL:
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The ratio Ge/Gm in SL and TL regions

m  Assume that the soft spectator contribution
dominates in Ge and Gm

(G ()
Gum 4 f1(Q)

SL +0(1/Q%) =0

assuming /f2(Q) < f1(Q)

Q Fo(Q?)  gm’fa+4m?fi
mEE T fi

This is not pQCD asymptotic behavior!
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The ratio Ge/Gm in SL and TL regions

m  Assume that the soft spectator contribution
dominates in Ge and Gm

{ Y
Gu(Q) =~ ﬂ>m — () GE(Q)w—i Fzéw =—§fz<Q>
f Y
Ge|  1]f2(Q)]

TL Lo o) = 1

Gul — 41A(Q)]
we can also expect [f2(Q)] < [f1(Q)]

® Sudakov factors cancel in the ratio therefore
TL modification can be weaker comparing FFs

® If Ge is small then the Rosenbluth separation
IS more sensitive to the TPE corrections



Wide Angle Compton Scattering in SL region

RS e ~ ()2 > A2 QA < m3, Dominance of the soft
spectator scattering

GPD (handbag)-model
Radyshkin, 1998
Kroll et al, 2005

SCET approach
Kivel, Vanderhaeghen, 2012

Gm fi=eu(f¥— fB) +ea(fE— 2)

WACS F=e2(fi+ o+ i+ f2)

SCET .
power counting  f{

quarks dominate at large
hard collinear scale

O((QA)™)



Wide Angle Compton Scattering in SL region

Kivel, Vanderhaeghen, 2012

ratio F(t) ~ T5(s, 1) s Ty(s,1) 5 Ts(s, 1) amplifude approximately
L o (s t) - Hg(s,t) hard coeff. f. s-independent at LO

used data: JlLab, Hall A, 2007

R R R R R IR B IR
— fit

® s=6.8 GeV?
A $=8.9 GeV?
m s=10.9 GeV?

do  do7177(s,t) 2
= t .
o - | F(t)] + 0.20
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C
i) =
ht () lnz[—t/AQ] 0.05
_I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II_
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¢ = 0.10 & 0.01 -1, GeV?
A =1.0840.03

x?/d.o.f. =0.35



u=-0.84GeV?
JLAB, 2004 s=6.9GeV? t=-4GeV?

1_IIIIIIIIIIIIIIIIIIIIIIIII

NK, Vanderhaeghen, 2012

circular photon polarizations (R,L)

recoiled proton: longitudinal pol. 0.8f
O-|1|Q £ J|I|z 0.63
S — = o 0.4
ol 02
Y]
SCET results: K ~ Kt7 °
0.2
SCET FFs cancel and asymmetry is 04
not sensitive to proton structure 0.6f
: ASY /hard spect.-
0.8E /
recoiled proton: transverse pol. " 0 60 elo9'0 20 150
em  [deg]
ook
LS — of + oL K;; =0.684+0.08 (0.70)

K;q=0.114 4+ 0.08 (0.066)
SCET results: Krs ~ O(m?/Q) b

defined by power subleading terms (sensitive to helicity flip amplitudes)



Wide Angle Compton Scattering in TL region

Handbag model: Diehl, Kroll, Vogt 2002

.I.
4—\ SCET: Kivel, Vanderhaeghen (in progress)

S
:E ST T5(s,cos0)  Ty(s,cos8)  Tg(s,cosb)
- Hs(s,cos8)  Hy(s,cosf)  Hg(s,cosb)
cos @ -independent!

do  do99777 (s, cosb) .
dcosf d cos 6 F(s)

used data: BELLE, 2005 7YY — PD

R —
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BB or Two Photon Production

t Kivel, Vanderhaeghen (in progress)
S (—\ i~ T5(s,cos0)  Ty(s,cos8)  Tg(s,cosb)
:E - Hs(s,cos8)  Hy(s,cosf)  Hg(s,cosb)

cos 0

do do9777 (s, cos 0) ) used data: BELLE, 2005 7YY — PP
= F(s)]
dcost dcost 0.20 -
' 0.15:
At |F(s)| :
G .
In°[s/A2]
0.05 |
c = 0.027 4= 0.003 o
A=2134+0.04 oL L w1 L

X2/d.0.f. =5 S, GeV2



SCET ¥fs in SL and TL regions

used data: JlLab, Hall A, 2007 used data: BELLE, 2005 7YY — pPp

_||||||||||||||||||||||||||||||||||||||||||||_ 020_
— fit ]

0'20; a S]_ ® 5=6.8 GeV? _ “F‘ TL
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The large soft spectator L |F(s)]
contribution predicts 5 > 1

enhancement in TL region as in FF case



ffs in SL and TL regions

0.25 | — :
: — fit 0.20 |-
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0-20 - SL A s=8.9 GeV? 0 15:

- ~ ) .
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3
=l Gm  |F=len(fi + f1) + efUi~IL)l

' Q- 62(fl f1)‘|‘€d(f1 ffz) WACS 6u‘f1|—’6 Gig fl ‘i‘euGM‘

e (f — D) +6“6M

T+ R 7 =
147 RZGE/GM

A= Ea
J1~Gum




ffs in SL and TL regions

0.25 B I [ | [ | |
- ® s$=6.8 GeV? [
0.20 - SL A $=8.9 GeV? 0 15:
- _ 2 '
015 m s=10.9 GeV ]

- 0.10 f
0.10 — .

0.05 % _Cu J1 . 0.05 -

WACS  eulfil = E2(F — ) + euea Tt

l‘ eu

euf1 = ei(fiu 7 fia) s euQM

Is it really antiquarks? (from DIS we know that # of
antiquarks at large x is very small !!! )




SCET Ffs in TL regions: alternative approach
NK, Vanderhaeghen (in progress)

Assume that antiquark contribution is very small fZ < f1

d
F| =~ le2 fi + e f1 bl gt = 2ot
C with C=66.8GeV?2
O Ge ~ '
use |Gesfl from the FF data  |Gerrl(s) TR Mg

e consider as a free parameters

A¢ relative phase between F; and F2  (cosA¢ < 0)

r = |f{|/|f*| ratio of the abs. values of the quark ffs

) relative phase between f{and f'

e kinematical power corrections have been added



SCET ¥fs in TL regions: alternative approach
NK, Vanderhaeghen (in progress)

Assume that antiquark contributions are very small  fi < f{

U d
| A2 i - i f1l = |ewfi' + eafi
1] = |G
Our model |]__|2 - €3|fl|2 1—|—T/2-|—r2/16 e |fd‘/‘f“’
1— cos? A¢(1f;)2 1—r+r2/4 117171
| — E S
. n 4m?\,
assuming (NB!)
—QCOSA¢ 4 16 2
Gul = |G Fyl| ~ F o oy
Gu| = |G| & |F e 1| e . O )
large
assuming we need
Rff2d = | 2|2 cosAp=—095 gor coiiei s

r~0.9—0.6



Description BB production

YY — PP  data Belle collab., 2005 NK, Vanderhaeghen (in progress)
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Description BB production

YY — PP  data Belle collab., 2005 NK, Vanderhaeghen (in progress)
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Description BB production

PANDA Dpp — 7Y

predictions NK, Vanderhaeghen (in progress)
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Conclusions

® QCD factorization for em. FFs includes hard and soft spectator
contributions.

® There are indications that the soft spectator contribution is large
or even dominant for moderate values of Q% : QA ~ m3,
FF enhancement in the TL region
@ The full Q% dependence of the soft spectator contribution

can not be computed from pQCD but can be described by
universal form factors within SCET factorization framework

® QCD factorization allows us to study the soft spectator mechanism in
other reactions: WACS in SL and 2y(or BB)-production in TL regions

® Soft overlap in WACS and e.m. FF are not completely independent and
the new data (SL and TL) will help to understand much better
corresponding long-distance dynamics

® SCET factorization provides predictions which can be checked
experimentally in SL (JLab) and TL (PANDA) regions






FFs ratio: timelike vs. spacelike region
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