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®  UNIVERSAL coefficients C; are defined by non-perturbative physics: Ci=<p| O; |0>

Interpretation: describe how the long. momentum is shared between the constituents

® scaling behavior is model independent QCD prediction (test of QCD!)

® Logarithmic corrections can be computed systematically in pQCD
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Proton FFs at large Q° Dirac FF Fi
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IS also relevant!
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4 4 same power behavior
~ 1H[Q/A]/Q as in hard rescattering
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Duncan, Mueller 1980 e > 5 é 5 -
visible™ in pQCD \ ke 7 /
soft spectator scattering from 2-loops ] " . T ]

IS also relevant!
Milshtein, Fadin 1981/82
complete 2- and 3- loop calc

Proton FFs at large Q% Dirac FF Fy

large “nonstandard”

logarithm:
same power behavior

~ o IH[Q/A]/Q4 as in hard rescattering

/= QCD factorization is more complicate:
both, hard and soft rescattering are relevant!

/= Soft rescattering could be more enhanced in
the barion sector comparing to meson ones
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Proton FFs at large Q% pquli FF F2

Large @ behavior is more complicate!

A® A8
Fy ~ —ozs (Q%) In?[A/Q)] ~ 6

two regions
overlap
P
— =4
Logs can not be computed

hard rescattering systematically
= NO FACTORIZATION

soft rescattering

= soft-overlap
= Feynman mechanism

Resume: Q°F3/F1 ~In® Q?/A?
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Soft spectator scattering at large Q2
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Soft spectator scattering at large Q2

1.
p=5(Q,0,0,Q) + O(m*/Q") @ I
P = 5(Q.0,0,-Q) + O(m?/Q?) g

p— k2 — k3 :
g 3 ’ W =% = %

> 3 > ) k
x3 P § q3 soft spectators ]{QM ~ k3u N
~ SL i
k3
g3 = x3p — k3 g3 ~ (p-k3) ~ QA < Q°
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Soft spectator scattering at large Q2

1 . N |
p_ 2(Q70707Q)+0(m /Q ) \ _ §_|§2_>____§ _ :J
/ I DD i Ks, . g

p— k2 — k3 :
g 3 ’ W =% = %

> > —_—— —
g k
T3p S q3 soft spectators ko, ~ k3, ~ A
> FPa kg

U = 45ay0)

@~ (p-ks) ~ QA< Q7

all red lines can be described as hard-collinear

ahe ~ (Q,0,+Q) + k Qhe ~ QA

with small residual momenta k ~ O(A)
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Soft spectator scattering at large Q?

e~ Soft spectator scattering involves 3 different scales
associated with the virtualities of the scattering particles

hard: qi ~ Q2 (hard subprocess)

hard-collinear: C];QLC ~ QA  (hard-collinear subprocess)

soft: qg SN (soft nonperturbative content)

e = e — === =

1. Factorization

¢ hard modes  F(@% QAN = (Ho + as(QP) Hy + ) x f(QA,A%) + O(1/Q)

2. Factorization : . - 2
B ollinear F(QA A% = (af{(Q@A)hy o (@A )Ry oy s SRS E)

modes +0O(1/QA)
QA > m?\,
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SoF’r spec’ra’ror sca’r’rerlng at large Q2

1. Factorization
of hard modes

2. Factorization
of hard-collinear

modes

s~ moderate values of Q2:

F(Q% QA A%) =D o (Q)Hy * F(QA,A%) + O(1/Q)

n>0

FQA,A?) =D a(QA)hy x S(A?) + O(1/QA)

n>0

@I m?\,

@ )5 CleN-
A~ 0.3GeV

QA ~ m35  hard-collinear scale is not large

= QA ~0.9—15GeV’
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Soft spectator scattering at large Q2: factorization

e _ __ = = 2

Soft Collinear Effective Theory
factorizing

-
QCD: hard hard modes SCET-I

hard-collinear *

CO“ineGr & SOF'I' collinear & sof'l'

hard-collinear

e ——

NK, Vanderhaeghen 2010
~ e QU(Q) f1(QA)

e
[ SCET-1 FFs j
;

~ e 5T, (Q) %ﬁ(@/\)

LLog's
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SoFf 5pec’ra’ror sca’r’rermg at large CQ2 SCET form Fac’rors

—_——— —_— == —————

z /\ NK, Vanderhaeghen 2010

\ I
FQ = D~ = ¢ 'PU1Q) f1(QA)

(Q,0,0,—Q) = Q %(QOOQ) —Qﬁ

Y

I
2

SCET FF <p/‘>_<n(0)’MuXﬁ (0)|p)scrr = N(p') YLlu N(p) f1(QA)

E—

iyt

0
quark-gluon “jet”  xn(0) = Pexp {—’ig/_ dsmn - A(Sn)}jw(o)

® process independent = universal

e constructed from the different collinear fields X» and Xan

e fact. scale dependence: f; obeys well defined RG equation
(allows to sum large logarithms)
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Soft spectator scattering at large Q2: coefficient function

==

/\ NK, Vanderhaeghen 2010
\ I
~ e~ DU(Q) 1(QM)

Coefficient function

/,/ZL\ + S HERE — 1 + o, In® Q/A F o InkE) I

large logs

F1(Q) =

® large logarithms can be resummed by RG equation

Sudakov Logs: "standard” Logs:

04 2 9 o 2 Y1/ Bo
S(Q) = Sig )C’Fln %Jr Ul(Q):< S(Q)>
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Soft spectator scattering at large Q2 leading log results

e — = e e ——

moderate Q?, Leading Log approximation NK, Vanderhaeghen 2010

Fi(Q) ~ e ?QU(Q) f1(QA)  Fo(Q) ~ e QU (Q) fQ(QA)

QQ

Thursday 22 September



Soft spectator scattering at large Q2 leading log results

——e e e —————e === SEES e

moderate Q?, Leading Log approximation NK, Vanderhaeghen 2010

Fi(Q) ~ e ?QU(Q) f1(QA)  Fo(Q) ~ e QU (Q) fQ(QA)

QQ

® Two gluon hard exchange is subleading effect
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Soft spectator scattering at large Q2 leading log results

= T ey e —————e -

moderate Q?, Leading Log approximation NK, Vanderhaeghen 2010

F1(Q) ~ e_S(Q)Ul(Q) f1(QA)  F3(Q) ~ e DU, (Q) QQ fQ(QA)

® Two gluon hard exchange is subleading effect

® FF ratio moderate Q2 2
Q2 096 m?2 f2(QA)

Fq Y QM)
|

l
hard confribution: Sudakov logs cancel,

very weak Q-dependence

Dominant contribution due to SCET FFs

0.00 -

= QA < 1.5GeV hard-coll scale defines
Q? (GeV?) main contribution
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S| S SO N O e e separation |Gul| and |Gl
o | ﬁ# T | | | | | ] (low statistic)
i ‘% _____ R e
gt ¥
S 2
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ol Gel=IGml =1

ft:  |Gerrl(s) =~ with C=66.8GeVZ A=300MeV
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Thursday 22 September



QCD factorization at large g>0

® general philosophy is the same: factorize hard modes in
the region of moderate g°

e unknown quantities: SCET FFs f; and f2defined by the same SCET

operators o _
(P’ p|Xn(0)YLuX7(0)]0)scrr = N ) v1,, U(p) f1(gA)

® timelike factorization is similar to the spacelike

m2
Fi(q) =~ e 5DUL(q) fi(gN)  Fa(q) ~ e > U3 (g) _—qufz(qA)

e |arge timelike logarithms generate imaginary contribution
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FFs ratio: timelike vs. spacelike region

T Te g0 - oBEs |
A E835 « BABAR |
() 3 B SUDIUUUN T P _|
2 | | | — 1 | enhancement
:. . . . . . A A °
% 2 ......... A ............. *E ..... *} ........... .......... _ N TL reglon
"'5 : L ; ; ; _
O L T | (e 5
_ A Y R R | R T R PpGD
Og 9 10 11 12 13 14 15
q2,G|eV2
1.55 A=400 MeV
S
Al _ | Uik (@ =
-~ 1|sL
s e U1 lsr |f1(Q)|se 1.45 S

1.40

|IIII|IIII|IIII|III'|II

Sudakov logs provide
enhancement at large time-like q= ™. L. 1 1 1. 1
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Exploring universality of SCET FFs

® SCET FFs appear in different reactions in the different
flavor combinations

F o~ — e e

Fy ~ f2 = ey f3 +eafs subleading
in 1/Q

wide angle annihilation pp — 77y or production Yy — Pp

t —t, —u, s > A

N 6 amplitudes: Ti-e

S
= E hel. cons. T246 ~ F1 = eiff“ L e?iffl

hel.ﬂip. Ti3s ~ JF2= eq%,fzu I e?lfzd

subleading
NK, Vanderhaeghen (to appear) in 1/Q
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Exploring universality of SCET FFs

NK, Vanderhaeghen (to appear)

2 ru 2 pd
g doc’7—=PP 9702 1 2 9 U8 = eI el
vy—opp LTIy |
dcos 0 s  sin“0 f-independent!

——

in order to compare with data:

e kinematical power corrections have been added

® assume |Gel=IGml and use |Gesfl from the FF data

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

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

0 relative phase between f{ and f{’

considered as a free parameters
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Explormg umversahty of SCET FFs

YY — PP data Belle collab,, 2005 NK, Vanderhaeghen (to appear)

10
— p=095, r=0.5 E — p=095, r=0.5
o A o BELLE . 0.1 e BELLE
S 1L
% 1° cos8=0.05 -
e —~ 0.01 —
O 102 -4 2
'g o)
T 107 - -4 0.001- lcosB  1<0.6
14— 1 1 . 1 . 1 . | S A S B
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5 BEEE——
C .
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el [sT ANl

shaded area 0 <r=|[fd|/|f¥ < 1

0 < p=—cosA¢ <1 relative phase befween F, and F2

cosd = 1 relative phase between fi'and f;
fixed for simplicity
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Explormg universality of SCET FFs

YY — PP data Belle collab,, 2005 NK, Vanderhaeghen (to appear)

. . — p=0.95, r=0.5 3 - — p=0.95, r=0.6
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D _ 2 fan)
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Exploring universality of SCET FFs

PANDA Dpp — VY

predictions NK, Vanderhaeghen (o appear)

o _ 2
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Conclusions

® QCD description of the soft spectator scattering for nucleon FFs
involves 2 large scales: hard ~Q% and hard collinear ~QA

® Intermediate ) ~ 4 —16—??GeV? : the hard-collinear scale is not large
enough QA ~ m3, -

@® non-perturbative dynamics is described in terms of SCET FFs f12(QA)
(they do not related to GPDs). In the large Q limit (QA > m%; ) can be
farther factorized.

@ Perturbative corrections associated with the hard scattering (hard ~Q?) can

be computed systematically. Well known hard 2-gluon contribution is the
NNLO correction

® The same picture works also for the proton FFs in the
timelike region. Sudakov logs provide enhancement.

@® The same SCET FFs can describe the other processes but in
the different flavor combination.
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Soft rescattering at large Q° : factorization approach

NK, Vanderhaeghen, 2010

Fl(S)(Q2) = CA(Q27“I) \Il,(yimuff) * f()oo dw1dwo J/(yivwia Q,,UI,,UII)

U(z, prr) * [, dvidve J(xi,vi, Q, pory porr) — S(wi, vis purr)

Soft correlation function: di-quark “propagator”

d d d\ d\
S (wi, Vi r1) / L 772 g U mwz/ 1/ 2 gt tidaws (0] Os(ni, Ai) |0)

Os(ni, \) == [S50)]"" [Sha(nm)]’ CT [Sha(han)]"

n

xeih 1S5 (00" [@Sa(m))’ TC [gSa(n2n)]"
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