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Introdution Collinear fatorizations A few appliations Problems QCD at large s Beyond leading twist Conlusion

Exlusive proesses are theoretially hallenging

How to deal with QCD?

example: Compton sattering

PSfrag replaements

M

virtual photon (γ∗)
= probe

hadron

photon

hadron

Aim: desribe M by separating:

quantities non-alulable perturbatively

some tools:

Disretization of QCD on a 4-d lattie: numerial simulations

AdS/CFT ⇒ AdS/QCD : AdS5 × S5 ↔ QCD

Polhinski, Strassler '01

for some issues related to Deep Inelasti Sattering (DIS):

B. Pire, L. Szymanowski, C. Roiesnel, S. W. Phys.Lett.B670 (2008) 84-90

for some issues related to Deep Virtual Compton Sattering (DVCS):

C. Marquet, C. Roiesnel, S. W. JHEP 1004:051 (2010) 1-26

pertubatively alulable quantities

We will here fous on theory and phenomenology of exlusive proesses for

whih the dynamis is governed by QCD in the perturbative regime
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Introdution Collinear fatorizations A few appliations Problems QCD at large s Beyond leading twist Conlusion

Exlusive proesses are phenomenologially hallenging

Key question of QCD:

how to obtain and understand the tri-dimensional struture of hadrons

in terms of quarks and gluons?

Can this be ahieved using hard exlusive proesses?

The aim is to redue the proess to interations involving a small number

of partons (quarks, gluons), despite on�nement

This is possible if the onsidered proess is driven by short distane

phenomena (d≪ 1 fm)

=⇒ αs ≪ 1 : Perturbative methods

One should hit strongly enough a hadron

Example: eletromagneti probe and form fator

PSfrag replaements

e− e−

γ∗

p

p

hard partoni proess

τ
eletromagneti interation

∼ τ
parton life time after interation

≪ τ
arateristi time of strong interation

To get suh situations in exlusive reations is very hallenging

phenomenologially: the ross setions are very small
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Introdution

Hard proesses in QCD

Hard proesses in QCD

This is justi�ed if the proess is governed by a hard sale:

virtuality of the eletromagneti probe

in elasti sattering e± p→ e± p
in Deep Inelasti Sattering (DIS) e± p→ e±X
in Deep Virtual Compton Sattering (DVCS) e± p→ e± p γ

Total enter of mass energy in e+e− → X annihilation

t-hannel momentum exhange in meson photoprodution γ p→M p

A preise treatment relies on fatorization theorems

The sattering amplitude is desribed by the onvolution of the partoni

amplitude with the non-perturbative hadroni ontent

PSfrag replaements

e−
e−

γ∗

p

p

hard partoni proess

p
PSfrag replaements

e−
e−

γ∗

p X

PSfrag replaements

e−
e−

γ∗ γ

p p
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Introdution

Counting rules and limitations

The partoni point of view... and its limitations

Counting rules:

Fn(q
2) ≃ C

(Q2)n−1
n = number of minimal onstituents:

{
meson: n = 2
baryon: n = 3

Brodsky, Farrar '73

Large angle (i.e. s ∼ t ∼ u large) elasti proesses ha hb → ha hb

e.g. : ππ → ππ or p p→ p p

dσ

dt
∼
(
αS(p

2
⊥)

s

)n−2

n = # of external fermioni lines (n = 8 for ππ → ππ)

Brodsky, Lepage '81

Other ontributions might be signi�ant, even at large angle: e.g. ππ → ππ

PSfrag replaements PSfrag replaements

Brodsky Lepage meanism:

dσBL

dt
∼

(

1

s

)6

Landsho� '74 meanism:

dσL

dt
∼

(

1

s

)5

absent with at least one γ(∗)
(point-like oupling)
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Introdution Collinear fatorizations A few appliations Problems QCD at large s Beyond leading twist Conlusion

Introdution

DIS

Aessing the perturbative proton ontent using inlusive proesses

no 1/Q suppression

example: DIS

PSfrag replaements

e−
e−

γ∗

hard partoni proess

xB p

p X

sγ∗p = (q∗γ + pp)
2 = 4E2

c.m.

Q2 ≡ −q2γ∗ > 0

xB = Q2

2 pp·q∗γ
≃ Q2

sγ∗p

xB = proton momentum fration arried by the sattered quark

1/Q = transverse resolution of the photoni probe ≪ 1/ΛQCD
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Introdution

DIS

The various regimes governing the perturbative ontent of the proton

2ln Q

Y=ln 
xB

1

ln ln QCD
2

BFKL

DGLAP

BK JIMWLK

ln Q (Y)
2

s

SATURATION
REGION

�usual� regime: xB moderate ( xB & .01):
Evolution in Q governed by the QCD renormalization group

(Dokshitser, Gribov, Lipatov, Altarelli, Parisi equation)

∑

n(αs lnQ2)n + αs

∑

n(αs lnQ2)n + · · ·
LLQ NLLQ

perturbative Regge limit: sγ∗p →∞ i.e. xB ∼ Q2/sγ∗p → 0
in the perturbative regime (hard sale Q2

)

(Balitski Fadin Kuraev Lipatov equation)

∑

n(αs ln s)n + αs

∑

n(αs ln s)n + · · ·
LLs NLLs
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From inlusive to exlusive proesses

Experimental e�ort

Inlusive proesses are not 1/Q suppressed (e.g. DIS);

Exlusive proesses are suppressed

Going from inlusive to exlusive proesses is di�ult

High luminosity aelerators and high-performane detetion failities

HERA (H1, ZEUS), HERMES, JLab�6 GeV (Hall A, CLAS), BaBar, Belle, BEPC-II (BES-III)

future: LHC, COMPASS-II, JLab�12 GeV, LHeC, EIC, ILC

What to do, and where?

Proton form fator: JLab�6 GeV future: PANDA (timelike proton form fator

through pp̄ → e+e−)

e+e− in γ∗γ single-tagged hannel: Transition form fator γ∗γ → π, exoti
hybrid meson prodution BaBar, Belle, BES,...

Deep Virtual Compton Sattering (GPD)

HERA (H1, ZEUS), HERMES, JLab�6 GeV

future: JLab�12GeV, COMPASS-II, EIC, LHeC

Non exoti and exoti hybrid meson eletroprodution (GPD and DA), et...

NMC (CERN), E665 (Fermilab), HERA (H1, ZEUS), COMPASS, HERMES, CLAS

(JLab)

TDA (PANDA at GSI)

TMDs (BaBar, Belle, COMPASS, ...)

Di�rative proesses, inluding ultraperipheral ollisions

LHC (with or without �xed targets), ILC, LHeC
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From inlusive to exlusive proesses

Theoretial e�orts

Very important theoretial developments during the last deade

Key words:

DAs, GPDs, GDAs, TDAs ... TMDs

Fundamental tools:

At medium energies:

JLab, HERMES, COMPASS, BaBar, Belle, PANDA, EIC

ollinear fatorization

At asymptotial energies:

HERA, Tevatron, LHC, LHeC, ILC (EIC and COMPASS at the boundary)

kT -fatorization

We will now explain and illustrate these onepts, and disuss issues and

possible solutions...
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Extensions from DIS

DIS: inlusive proess → forward amplitude (t = 0) (optial theorem)

(DIS: Deep Inelasti Sattering)

ex: e±p → e±X at HERA

x⇒ 1-dimensional struture

Struture Funtion

= Coe�ient Funtion ⊗ Parton Distribution Funtion

(hard) (soft)

PSfrag replaements

γ∗ γ∗

s

p p

Q2 Q2

x x

PDF

CF

DVCS: exlusive proess → non forward amplitude (−t≪ s =W 2
)

(DVCS: Deep Vitual Compton Sattering)

Fourier transf.: t↔ impat parameter

(x, t)⇒ 3-dimensional struture

Amplitude

= Coe�ient Funtion ⊗ Generalized Parton Distribution

(hard) (soft)

PSfrag replaements

γ∗ γ

s

t

p p′

Q2

GPD

CF

x+ ξ x− ξ

Müller et al. '91 - '94; Radyushkin '96; Ji '97
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Extensions from DVCS

Meson prodution: γ replaed by ρ, π, · · ·

Amplitude

= GPD ⊗ CF ⊗ Distribution Amplitude

(soft) (hard) (soft)

Collins, Frankfurt, Strikman '97; Radyushkin '97

Crossed proess: s≪ −t

Amplitude

= Coe�ient Funtion ⊗ Generalized Distribution Amplitude

(hard) (soft)

PSfrag replaements

γ

γ∗

s

t

Q2

hadron

hadron

GDACF

Diehl, Gousset, Pire, Teryaev '98
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Extensions from DVCS

Starting from usual DVCS, one allows: initial hadron 6= �nal hadron (in

the same otuplet): transition GPDs

Even less diagonal:

baryoni number

(initial state)

6= baryoni number

(�nal state)

→ TDA

Example:

PSfrag replaements

t

s

u

a

b

c

d

Pire, Szymanowski '05

whih an be further extended by replaing the outoing γ by any hadroni state

Amplitude = Transition Distribution Amplitude ⊗ CF ⊗ DA

(soft) (hard) (soft)

Lansberg, Pire, Szymanowski '06
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Collinear fatorization

A bit more tehnial: DVCS and GPDs

Two steps for fatorization

momentum fatorization: light-one vetor dominane for Q2 →∞

p1, p2 : the two light-one diretions











p1 =
√

s

2 (1, 0⊥, 1) p2
1 = p2

2 = 0

p2 =
√

s

2 (1, 0⊥,−1) 2 p1 · p2 = s ∼ sγ∗p & Q2

Sudakov deomposition:

k = αp1 + β p2 + k⊥
+ − ⊥

PSfrag replaements

H

S

γ∗(q) γ

p = p2 p′ = p2 +∆

∫
d4k k k +∆

Q2→∞−→

PSfrag replaements

γ∗(q) γ

H
k+ = 0 , k⊥ = 0

S
∫
dk+

∫
d2k⊥

∫
dk−

= p−2
∫
dx

−
x+ ξ

−
x− ξ

− −

+− +

∫
d4k S(k, k +∆)H(q, k, k +∆) =

∫
dk−

∫
dk+d2k⊥ S(k, k +∆) H(q, k−, k− +∆−)

Quantum numbers fatorization (Fierz identity: spinors + olor)

⇒ M = GPD⊗ Hard part

Müller et al. '91 - '94; Radyushkin '96; Ji '97
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Collinear fatorization

ρ−meson prodution: from the wave funtion to the DA

What is a ρ−meson in QCD?

It is desribed by its wave funtion Ψ whih redues in hard proesses to its

Distribution Amplitude

PSfrag replaements

γ∗(q)

M

Ψ

p p′

ρ

pρ

∫
d4ℓ ℓ

ℓ− pρ
Q2→∞−→

PSfrag replaements

M
ℓ− = 0 , ℓ⊥ = 0

S
∫
dℓ−

∫
d2ℓ⊥+−

∫

dℓ+

= p+
1

∫

du
u +

−ū + (u ≡ 1 − u)

ρ

+

− −

∫
d4ℓ M(q, ℓ, ℓ− pρ)Ψ(ℓ, ℓ− pρ) =

∫
dℓ+M(q, ℓ+, ℓ+ − p+ρ )

∫
dℓ−
|ℓ2⊥| < µ2

F∫
d2ℓ⊥Ψ(ℓ, ℓ− pρ)

Hard part DA Φ(u, µ2
F )

(see Chernyak, Zhitnitsky '77; Brodsky, Lepage '79; Efremov, Radyushkin '80; ... in the

ase of form-fators studies)

14/58



Introdution Collinear fatorizations A few appliations Problems QCD at large s Beyond leading twist Conlusion

Collinear fatorization

Meson eletroprodution: fatorization with a GPD and a DA

PSfrag replaements

Ψ

S

H

pρ

γ∗(q)

p = p2 − ∆ p′ = p2 + ∆

∫
d4ℓ ℓ

ℓ− pρ
∫
d4k k k +∆

Q2→∞−→

PSfrag replaements

H
ℓ− = 0 , ℓ⊥ = 0

k+ = 0 , k⊥ = 0

S
∫
dℓ−

∫
d2ℓ⊥

S
∫
dk+

∫
d2k⊥

∫
dx

−
x+ ξ

−
x− ξ

− −

+−
∫
du u +

−ū +

+

∫

d4k d4ℓ S(k, k + ∆) H(q, k, k + ∆) Ψ(ℓ, ℓ− pρ)

=
∫

dk−dℓ+
∫

dk+
|k2

⊥| < µ2
F2

∫

d2k⊥ S(k, k + ∆)H(q; k−, k−+ ∆−; ℓ+, ℓ+− p+
ρ )

∫

dℓ−
|ℓ2⊥| < µ2

F1
∫

d2ℓ⊥Ψ(ℓ, ℓ− pρ)

GPD F (x, ξ, t, µ2
F2

) Hard part T (x/ξ, u, µ2
F1

, µ2
F2

, µ2
R) DA Φ(u, µ2

F1
)

Collins, Frankfurt, Strikman '97; Radyushkin '97
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Collinear fatorization

Meson eletroprodution: fatorization with a GPD and a DA

The building bloks

PSfrag replaements

Q2

Γ

Γ′

H

DA

PSfrag replaements

DA

M(p, λ)
Γ

PSfrag replaements

Γ′

DA

GPD

Γ, Γ′ : Dira matries ompatible

with quantum numbers: C, P, T, hirality

Similar struture for gluon exhange
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Collinear fatorization

Meson eletroprodution: fatorization with a GPD and a DA

The building bloks

PSfrag replaements

Q2

Γ

Γ′

H

DA

PSfrag replaements

DA

M(p, λ)Γ

PSfrag replaements

Γ′

DA

GPD

PSfrag replaements

DA

Γ′

Γ

Q2

H =

PSfrag replaements

DA

Γ′

Γ

Q2

+

PSfrag replaements

DA

Γ′

Γ

Q2

hand-bag diagrams

PSfrag replaements

DA

M(p, λ)
Γ

= 〈M(p, λ)|O(Ψ, Ψ̄A)|0〉 matrix element of a non-loal light-one

operator

PSfrag replaements

Γ′

DA

GPD
= 〈N(p′)|O′(Ψ, Ψ̄A)|N(p)〉 matrix element of a non-loal light-one

operator
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Collinear fatorization

Twist 2 GPDs

Physial interpretation for GPDs

ξ−x−ξ− x

x
−ξ ξ0 1−1

+ξxxξ− x+ξ x−ξ

Emission and reabsoption

of an antiquark

∼ PDFs for antiquarks

DGLAP-II region

Emission of a quark and

emission of an antiquark

∼ meson exhange

ERBL region

Emission and reabsoption

of a quark

∼ PDFs for quarks

DGLAP-I region
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Collinear fatorization

Twist 2 GPDs

Classi�ation of twist 2 GPDs

For quarks, one should distinguish the exhanges

without heliity �ip (hiral-even Γ′ matries): 4 hiral-even GPDs:

Hq ξ=0,t=0−−−−−−→ PDF q, Eq
, H̃q ξ=0,t=0−−−−−−→ polarized PDFs ∆q, Ẽq

F q =
1

2

∫
dz+

2π
eixP

−z+〈p′| q̄(− 1
2
z) γ−q( 1

2
z) |p〉

∣
∣
∣
z−=0, z⊥=0

=
1

2P−

[

Hq(x, ξ, t) ū(p′)γ−u(p) +Eq(x, ξ, t) ū(p′)
i σ−α∆α

2m
u(p)

]

,

F̃ q =
1

2

∫
dz+

2π
eixP

−z+〈p′| q̄(− 1
2
z) γ−γ5 q(

1
2
z) |p〉

∣
∣
∣
z−=0, z⊥=0

=
1

2P−

[

H̃q(x, ξ, t) ū(p′)γ−γ5u(p) + Ẽq(x, ξ, t) ū(p′)
γ5 ∆−

2m
u(p)

]

.

with heliity �ip ( hiral-odd Γ′ mat.): 4 hiral-odd GPDs:

Hq
T

ξ=0,t=0−−−−−−→ quark transversity PDFs ∆T q, E
q
T , H̃

q
T , Ẽ

q
T

1

2

∫
dz+

2π
eixP

−z+〈p′| q̄(− 1
2
z) i σ−i q( 1

2
z) |p〉

∣
∣
∣
z−=0, z⊥=0

=
1

2P−
ū(p′)

[

Hq
T iσ

−i + H̃q
T

P−∆i −∆−P i

m2
+Eq

T

γ−∆i −∆−γi

2m
+ Ẽq

T

γ−P i − P−γi

m

]
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Collinear fatorization

Twist 2 GPDs

Classi�ation of twist 2 GPDs

analogously, for gluons:

4 gluoni GPDs without heliity �ip:

Hg ξ=0,t=0−−−−−−→ PDF x g
Eg

H̃g ξ=0,t=0−−−−−−→ polarized PDF x∆g
Ẽg

4 gluoni GPDs with heliity �ip:

Hg
T

Eg
T

H̃g
T

Ẽg
T

(no forward limit reduing to gluons PDFs here: a hange of 2 units of heliity

annot be ompensated by a spin 1/2 target)
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A few appliations

Prodution of an exoti hybrid meson in hard proesses

Quark model and meson spetrosopy

spetrosopy:

~J = ~L+ ~S ; negleting any spin-orbital interation

⇒ S, L = additional quantum numbers to lassify hadron states

~J 2 = J(J + 1) , ~S 2 = S(S + 1) , ~L 2 = L(L+ 1),

with J = |L− S| , · · · , L+ S

In the usual quark-model: meson = qq̄ bound state with

C = (−)L+S and P = (−)L+1.

Thus:

S = 0 , L = J, J = 0, 1, 2, ... : JPC = 0−+(π, η), 1+−(h1, b1), 2
−+, 3+−, ...

S = 1 , L = 0 , J = 1 : JPC = 1−−(ρ, ω, φ)

L = 1 , J = 0, 1, 2 : JPC = 0++(f0, a0), 1
++(f1, a1), 2

++(f2, a2)
L = 2 , J = 1, 2, 3 : JPC = 1−−, 2−−, 3−−

...

⇒ the exoti mesons with JPC = 0−−, 0+−, 1−+, · · · are forbidden
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A few appliations

Prodution of an exoti hybrid meson in hard proesses

Experimental andidates for light hybrid mesons (1)

three andidates:

π1(1400)
GAMS '88 (SPS, CERN): in π− p→ η π0 n (through η π0 → 4γ mode)

M= 1406 ± 20 MeV Γ = 180± 30 MeV

E852 '97 (BNL): π− p→ η π− p
M=1370 ± 16 MeV Γ = 385 ± 40 MeV

VES '01 (Protvino) in π− Be → η π−Be, π− Be→ η′ π− Be,
π− Be → b1 π− Be
M = 1316 ± 12 MeV Γ = 287 ± 25 MeV

but resonane hypothesis ambiguous

Crystal Barrel (LEAR, CERN) '98 '99 in p̄ n→ π− π0 η and p̄ p→ 2π0 η
(through πη resonane)

M=1400 ± 20 MeV Γ = 310 ± 50 MeV

and M=1360 ± 25 MeV Γ = 220 ± 90 MeV
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A few appliations

Prodution of an exoti hybrid meson in hard proesses

Experimental andidates for light hybrid mesons (2)

π1(1600)
E852 (BNL): in peripheral π−p→ π+π−π−p (through ρπ− mode) '98 '02,

M = 1593 ± 8 MeV Γ = 168 ± 20 MeV π−p→ π+π−π−π0π0p (in

b1(1235)π−→ (ωπ0)π− → (π+π−π0)π0π− '05 and f1(1285)π− '04

modes), in peripheral π−p through η′π− '01

M = 1597 ± 10 MeV Γ = 340 ± 40 MeV

but E852 (BNL) '06: no exoti signal in π−p→ (3π)−p for a larger sample

of data!

VES '00 (Protvino): in peripheral π−p through η′π− '93, '00, ρ(π+π−)π−

'00, b1(1235)π− → (ωπ0)π− '00

Crystal Barrel (LEAR, CERN) '03 p̄p→ b1(1235)ππ

COMPASS '10 (SPS, CERN): di�rative dissoiation of π− on Pb target
through Primakov e�et π−γ → π−π−π+

(through ρπ− mode)

M = 1660 ± 10 MeV Γ = 269 ± 21 MeV

π1(2000): seen only at E852 (BNL) '04 '05 (through f1(1285)π
−
and

b1(1235)π
−
)
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A few appliations

Prodution of an exoti hybrid meson in hard proesses

What about hard proesses?

Is there a hope to see suh states in hard proesses, with high ounting

rates, and to exhibit their light-one wave-funtion?

hybrid mesons = qq̄g states T. Barnes '77; R. L. Ja�e, K. Johnson, and Z.

Ryzak, G. S. Bali

popular belief: H = qq̄g ⇒ higher Fok-state omponent ⇒ twist-3

⇒ hard eletroprodution of H versus ρ suppressed as 1/Q

This is not true!! Eletroprodution of hybrid is similar to

eletroprodution of usual ρ−meson: it is twist 2 dominated

I. V. Anikin, B. Pire, O. V. Teryaev, L. Szymanowski, S.W. '04
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A few appliations

Prodution of an exoti hybrid meson in hard proesses

Distribution amplitude of exoti hybrid mesons at twist 2

One may think that to produe |qq̄g〉, the �elds Ψ, Ψ̄, A should appear

expliitly in the non-loal operator O(Ψ, Ψ̄A)

PSfrag replaements

H

Φqq̄g

If one tries to produe H = 1−+
from a loal operator, the dominant

operator should be Ψ̄γµGµνΨ of twist = dimension - spin = 5 - 1 = 4

It means that there should be a 1/Q2
suppression in the prodution

amplitude of H versus the usual ρ-prodution (whih is twist 2 dominated)

But ollinear approah desribes hard exlusive proesses in terms of

non-loal light-one operators, among whih are the twist 2 operator

ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)

where [−z/2; z/2] is a Wilson line, neessary to full�l gauge invariane (i.e.

a �olor tube� between q and q̄) whih thus hides gluoni degrees of freedom:

the needed gluon is there, at twist 2. This does not requires to introdue

expliitely A!
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A few appliations

Prodution of an exoti hybrid meson in hard proesses

Aessing the partoni struture of exoti hybrid mesons

Eletroprodution γ∗p→ H0 p: JLab, COMPASS, EIC

PSfrag replaements

p p′

H0

γ∗

=

PSfrag replaements

γ∗

hard

part

DA

GPD

PSfrag replaements

hard

part

DA

GPD

H0

PSfrag replaements

hard

part

DA

GPD

predition:

dσH

dσρ ≈ 15%

I. V. Anikin, B. Pire, O. V. Teryaev, L. Szymanowski, S.W.

Phys.Rev.D70 (2004) 011501

Phys.Rev.D71 (2005) 034021

Eur.Phys.J.C42 (2005) 163

Channels γ∗γ → H and γ∗γ → πη: BaBar, Belle, BES-III

PSfrag replaements

γ∗

γ

H0
=

PSfrag replaements

γ∗

γ

hard

part

PSfrag replaements

H0
predition:

∣

∣

∣
Mγ∗γ→H

∣

∣

∣

2

|Mγ∗γ→π0 |2 ≈ 20%

I. V. Anikin, B. Pire, O. V. Teryaev, L. Szymanowski, S.W.

Eur.Phys.J.C47 (2006) [bakup℄

=⇒ the partoni ontent of exoti hybrid meson is experimentally aessible
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A few appliations

Spin transversity in the nuleon

What is transversity?

Tranverse spin ontent of the proton:

| ↑〉(x) ∼ | →〉+ | ←〉
| ↓〉(x) ∼ | →〉 − | ←〉

spin along x heliity state

An observable sensitive to heliity spin �ip gives thus aess to the

transversity ∆T q(x), whih is very badly known (�rst data have reently

been obtained by COMPASS)

The transversity GPDs are ompletely unknown

Chirality: q±(z) ≡ 1
2
(1± γ5)q(z) with q(z) = q+(z) + q−(z)

Chiral-even: hirality onserving

q̄±(z)γ
µq±(−z) and q̄±(z)γµγ5q±(−z)

Chiral-odd: hirality reversing

q̄±(z) · 1 · q∓(−z), q̄±(z) · γ5 · q∓(−z) and q̄±(z)[γµ, γν ]q∓(−z)
For a massless (anti)partile, hirality = (-)heliity

Transversity is thus a hiral-odd quantity

QCD and QED are hiral even ⇒A ∼ (Ch.-odd)1 ⊗ (Ch.-odd)2
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A few appliations

Spin transversity in the nuleon

How to get aess to transversity?

The dominant DA for ρT is of twist 2 and hiral-odd ([γµ, γν ] oupling)

Unfortunately γ∗N↑ → ρT N
′ = 0

this is true at any order in perturbation theory (i.e. orretions as powers of

αs), sine this would require a transfer of 2 units of heliity from the

proton: impossible!

Diehl, Gousset, Pire '99; Collins, Diehl '00

diagrammati argument at Born order:

PSfrag replaements

γ∗

N N ′

ρT

GPD

PSfrag replaements

γ∗

N N ′

ρT

GPD

vanishes: γα[γµ, γν ]γα = 0
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A few appliations

Spin transversity in the nuleon

Can one irumvent this vanishing?

This vanishing is true only a twist 2

At twist 3 this proess does not vanish

However proesses involving twist 3 DAs may fae problems with

fatorization (end-point singularities: see later)

The problem of lassi�ation of twist 3 hiral-odd GPDs is still open:

Pire, Szymanowski, S.W. in progress, in the spirit of our

Light-Cone Collinear Fatorization framework reently developped

(Anikin, Ivanov, Pire, Szymanowski, S. W.)
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A few appliations

Spin transversity in the nuleon

γN → π+ρ0TN
′
gives aess to transversity

Fatorization à la Brodsky Lepage of γ + π → π + ρ at large s and �xed

angle (i.e. �xed ratio t′/s, u′/s)

=⇒ fatorization of the amplitude for γ +N → π + ρ+N ′ at large M2
πρ

PSfrag replaements

z

z̄

γ

π

π

ρ

TH

t′

s
−→

PSfrag replaements

γ

TH

t′

π+
hiral-even twist 2 DA

ρ0
T hiral-odd twist 2 DA

M2
πρ

x + ξ x − ξ

N
GPDs

N ′

t ≪ M2
πρ

hiral-odd twist 2 GPD

a typial non-vanishing diagram:

PSfrag replaements

hiral-even twist 2 DA

hiral-odd twist 2 DA

hiral-odd twist 2 GPD

γ

π+

ρ0
T

N N ′Hud
T

M. El Beiyad, P. Pire, M. Segond, L. Szymanowski, S.W

Phys.Lett.B688:154-167,2010

see also, at large s, with Pomeron exhange:

R. Ivanov, B. Pire, L. Symanowski, O. Teryaev '02

R. Enberg, B. Pire, L. Symanowski '06

These proesses with 3 body �nal state an give aess to all GPDs:

M2
πρ plays the role of the γ∗ virtuality of usual DVCS (here in the

time-like domain) JLab, COMPASS
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Threshold e�ets for DVCS and TCS

DVCS and TCS

PSfrag replaements

ℓ

ℓ

γ∗

γ

s

t

N N ′

Q2

GPD

CF

x+ ξ x− ξ

PSfrag replaements

ℓ∓

ℓ±γ
γ∗

s

t

N N ′

Q2

GPD

CF

x+ ξ x− ξ

Deeply Virtual Compton Sattering Timelike Compton Sattering

lN → l′N ′γ γN → l+l−N ′

TCS versus DVCS:

universality of the GPDs

another soure for GPDs (speial sensitivity on real part)

spaelike-timelike rossing and understanding the struture of the NLO

orretions

Where to measure TCS? In Ultra Peripheral Collisions

LHC, JLab, COMPASS, AFTER
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Threshold e�ets for DVCS and TCS

DVCS and TCS at NLO

One loop ontributions to the oe�ient funtion

Belitsky, Mueller, Niedermeier, Shafer,

Phys.Lett.B474, 2000

Pire, Szymanowski, Wagner

Phys.Rev.D83, 2011

k−xp

k+ξp k− ξp

k+q

(1)

k −xp

k+ξp k− ξp

k−q

(2)

k + xp

k−ξp k+ ξp

k+q

(3)

k +xp

k−ξp k+ ξp

k−q

(4)

D

C A

B

(5)

Cq

Dq Bq

Aq

(6)
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Aµν = gµνT

∫ 1

−1

dx

[
nF∑

q

T q(x)F q(x) + T g(x)F g(x)

]

(symmetri part of the fatorised amplitude)
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Threshold e�ets for DVCS and TCS

Resummations e�ets are expeted

PSfrag replaements

Γ2

q

γ∗ γ

T q

(x+ ξ)p (x− ξ)p
S

U

PSfrag replaements

Γ1

F q

The renormalized quark oe�ient funtions T q
is

T q = Cq
0 + Cq

1 + Cq
coll log

|Q2|
µ2
F

Cq
0 = e2q

(
1

x− ξ + iε
− (x→ −x)

)

Cq
1 =

e2qαSCF

4π(x− ξ + iε)

[

log2
(
ξ − x
2ξ
− iε

)

+ ...

]

− (x→ −x)

Usual ollinear approah: single-sale analysis w.r.t. Q2

Consider the invariants S and U :

S =
x− ξ
2ξ

Q2 ≪ Q2
when x→ ξ

U = −x+ ξ

2ξ
Q2 ≪ Q2

when x→ −ξ

⇒ two sales problem; threshold singularities to be resummed

analogous to the log(x− xBj) resummation for DIS oe�ient

funtions
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Threshold e�ets for DVCS and TCS

Resummation for Coe�ient funtions

Soft-ollinear resummation e�ets for the oe�ient funtion

The resummation easier when using the axial gauge p1 ·A = 0 (pγ ≡ p1)

The dominant diagram are ladder-like [bakup℄

PSfrag replaements

γ∗ γ

x+ ξ x− ξ

resummed formula (for DVCS), for x→ ξ :

(T q)res =

(
e2q

x− ξ + iǫ

{

cosh

[

D log

(
ξ − x
2ξ
− iǫ

)]

−D
2

2

[

9 + 3
ξ − x
x+ ξ

log

(
ξ − x
2ξ
− iǫ

)]}

+Cq
coll log

Q2

µ2
F

)

− (x→ −x) with D =

√

αsCF

2π

T. Altinoluk, B. Pire, L. Szymanowski, S. W.

JHEP 1210 (2012) 49; [arXiv:1206.3115℄

Our analysis an be used for the gluon oe�ient funtion [In progress℄.

The measurement of the phenomenologial impat of this proedure on

the data analysis needs further analysis with the implementation of

modeled generalized parton distributions [bakup℄.

Our analysis ould and should be applied to other proesses:

TCS [done℄, exlusive meson prodution, form fators... [In progress℄.

A formulation of resummation in our exlusive ase in terms of

(onformal) moments is not yet available. This would generalize analogous

resummation of inlusive DIS ross-setion whih were performed in terms

of Mellin moments.
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Problems

ρ−eletroprodution: Seletion rules and fatorization status

hirality = heliity for a partiule, hirality = -heliity for an antipartiule

for massless quarks: QED and QCD verties = hiral even (no hirality �ip

during the interation)

⇒ the total heliity of a qq̄ produed by a γ∗ should be 0

⇒ heliity of the γ∗ = Lqq̄
z (z projetion of the qq̄ angular momentum)

in the pure ollinear limit (i.e. twist 2), Lqq̄
z =0 ⇒ γ∗L

at t = 0, no soure of orbital momentum from the proton oupling ⇒
heliity of the meson = heliity of the photon

in the ollinear fatorization approah, t 6= 0 hange nothing from the hard

side ⇒ the above seletion rule remains true

thus: 2 transitions possible (s−hannel heliity onservation (SCHC)):

γ∗L → ρL transition: QCD fatorization holds at t=2 at any order in

perturbation (i.e. LL, NLL, et...)

Collins, Frankfurt, Strikman '97 Radyushkin '97

γ∗T → ρT transition: QCD fatorization has problems at t=3

Mankiewiz-Piller '00

1∫

0

du
u

or

1∫

0

du
1−u

diverge (end-point singularity)

PSfrag replaements

DA

u

1 − u
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Problems

ρ−eletroprodution: Seletion rules and fatorization status

Improved ollinear approximation: a solution?

keep a transverse ℓ⊥ dependeny in the q, q̄ momenta, used to regulate

end-point singularities

soft and ollinear gluon exhange between the valene quark are

responsible for large double-logarithmi e�ets whih are onjetured to

exponentiate

this is made easier when using the impat parameter spae b⊥ onjugated

to ℓ⊥ ⇒ Sudakov fator

exp[−S(u, b,Q)]

S diverges when b⊥ ∼ O(1/ΛQCD) (large transverse separation, i.e. small

transverse momenta) or u ∼ O(ΛQCD/Q) Botts, Sterman '89

⇒ regularization of end-point singularities for π → πγ∗ and γγ∗π0
form

fators, based on the fatorization approah Li, Sterman '92

it has been proposed to ombine this perturbative resummation tail e�et

with an ad-ho non-perturbative gaussian ansatz for the DAs

exp[−a2 |k2⊥|/(uū)]
whih gives bak the usual asymptoti DA 6uū when integrating over k⊥
⇒ pratial tools for meson eletroprodution phenomenology

Goloskokov, Kroll '05
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QCD at large s
Theoretial motivations

A partiular regime for QCD:

The perturbative Regge limit s→∞

Consider the di�usion of two hadrons h1 and h2:√
s (= E1 + E2 in the enter-of-mass system) ≫ other sales (masses,

transfered momenta, ...) eg xB → 0 in DIS

other sales omparable (virtualities, et...) ≫ ΛQCD

regime αs ln s ∼ 1 =⇒ dominant sub-series:

A = +



 + + · · ·



 +



 + · · ·



+ · · ·

∼ s ∼ s (αs ln s) ∼ s (αs ln s)2

=⇒ σh1 h2→tout
tot =

1

s
ImA ∼ sαP(0)−1

with αP(0)− 1 = C αs (C > 0) hard Pomeron (Balitsky, Fadin, Kuraev, Lipatov)

This result violates QCD S matrix unitarity

(S S† = S† S = 1 i.e.

∑

Prob. = 1)

Until when this result ould be appliable, and how to improve it?

How to test this dynamis experimentally, in partiular based on exlusive

proesses?
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QCD at large s
kT fatorization

γ∗ γ∗ → ρ ρ as an example

Use Sudakov deomposition k = αp1 + β p2 + k⊥ (p21 = p22 = 0, 2p1 · p2 = s)

write d4k = s
2
dα dβ d2k⊥

t−hannel gluons with non-sense polarizations (ǫ
up
NS

= 2
s
p2, ǫ

down
NS = 2

s
p1)

dominate at large s

(illustration for 2-body ase)

PSfrag replaements

γ∗(q1)

γ∗(q2)

ρ(p1)

ρ(p2)

l1

−l̃1

l2

−l̃2

βր

αց
k r − k

∫
d2k⊥

α≪ αquarks ⇒ set α = 0 and

∫
dβ

β ≪ βquarks
⇒ set β = 0 and

∫
dα
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QCD at large s
kT fatorization

Impat representation for exlusive proesses k = Eul. ↔ k⊥ = Mink.

M = is

∫
d2 k

(2π)2k2 (r − k)2Φ
γ∗(q1)→ρ(p

ρ
1)(k, r − k) Φγ∗(q2)→ρ(p

ρ
2)(−k,−r + k)

Φγ∗(q1)→ρ(p
ρ
1)
: γ∗L,T (q)g(k1)→ ρL,T g(k2) impat fator

PSfrag replaements

Φ
q

k
o�-shell

r − k
o�-shell

ρ

Gauge invariane of QCD:

probes are olor neutral

⇒ their impat fator should vanish when k → 0 or r − k → 0

At twist-3 level (for the γ∗T → ρT transition), gauge invariane is a

non-trivial onstraint when ombining 2- and 3-body orrelators
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QCD at large s
Phenomenologial appliations: Meson prodution at HERA

Di�rative meson prodution at HERA

HERA (DESY, Hambourg): �rst and single e±p ollider (1992-2007)

The �easy� ase (from fatorization point of view): J/Ψ prodution

(u ∼ 1/2 : non-relativisti limit for bound state) ombined with kT -fatorisation
Ryskin '93; Frankfurt, Koepf, Strikman '98; Ivanov, Kirshner, Shäfer,

Szymanowski '00; Motyka, Enberg, Poludniowski '02

Exlusive vetor meson photoprodution at large t (= hard sale):

γ(q) + P → ρL,T (p1) + P
based on kT -fatorization:
Forshaw, Ryskin '95; Bartels, Forshaw, Lotter, Wüstho� '96; Forshaw, Motyka,

Enberg, Poludniowski '03

H1, ZEUS data seems to favor BFKL

but end-point singularities for ρT are regularized with a quark mass:

m = mρ/2
the spin density matrix is badly desribed

Exlusive eletroprodution of vetor meson

γ∗L,T (q) + P → ρL,T (p1) + P Goloskokov, Kroll '05

based on improved ollinear fatorization for the oupling with the meson

DA and ollinear fatorization for GPD oupling
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QCD at large s
Phenomenologial appliations: Meson prodution at HERA

Polarization e�ets in γ∗ P → ρP at HERA

|T11| / |T00|

0.25

0.5

0.75

1

0 1
|t| [GeV2]

H1 ρ prel.
H1 φ prel.

|T11| / |T00|

0.25

0.5

0.75

1

0 20
Q2 [GeV2]

H1 ρ prel.
H1 φ prel.

Very preise experimental data on the spin density matrix

(i.e. orrelations between γ∗ and ρ polarizations)

for t = tmin one an experimentally distinguish







γ∗L → ρL : dominates (�twist 2�: amplitude |A| ∼ 1
Q
)

γ∗T → ρT : visible (�twist 3�: amplitude |A| ∼ 1
Q2 )

How to alulate the γ∗T → ρT transition from

�rst priniples?
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QCD at large s
Phenomenologial appliations: Meson prodution at HERA

Di�rative exlusive proess e
−
p → e

−
p ρL,T

PSfrag replaements

e−
e−

γ∗
ρL

p p′

n

e

w−−→PSfrag replaements

e−

e−

γ∗
ρT

Using a simple model for the proton impat fator:

Φp→p ∝

[

1
M2 −

1
M2+k2

]

�rst desription ombining beyond leading twist

ollinear fatorisation

kT−fatorisation

I. V. Anikin, D .Yu. Ivanov, B. Pire, L. Szymanowski, S.W.

Phys.Lett.B682 (2010) 413-418

Nul.Phys.B828 (2010) 1-68

HERA, EIC, LHeC, AFP�LHC
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HERA (H1) data

I. V. Anikin, A. Besse, D .Yu. Ivanov, B. Pire,

L. Szymanowski, S.W.

Phys.Rev. D84 (2011) 054004
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QCD at large s
Phenomenologial appliations: exlusive proesses at Tevatron, RHIC, LHC, ILC

Exlusive γ(∗)γ(∗)
proesses = gold plae for testing QCD at large s

Proposals in order to test perturbative QCD in the large s limit

(t-struture of the hard Pomeron, saturation, Odderon...)

γ(∗)(q) + γ(∗)(q′)→ J/Ψ J/Ψ Kwieinski, Motyka '98

γ∗L,T (q) + γ∗L,T (q
′)→ ρL(p1) + ρL(p2) proess in

e+ e− → e+ e−ρL(p1) + ρL(p2) with double tagged lepton at ILC

Pire, Szymanowski, S. W. '04; Pire, Szymanowski, Enberg, S. W. '06; Ivanov, Papa '06;

Segond, Szymanowski, S. W. '07

onlusion: feasible at ILC (high energy and high luminosity); BFKL NLL

enhanement with respet to Born and DGLAP ontributions

What about the Odderon? C-parity of Odderon = -1

onsider γ + γ → π+π−π+π−: π+π− pair has no �xed C-parity
⇒ Odderon and Pomeron an interfere

⇒ Odderon appears linearly in the harge asymmetry

Pire, Shwennsen, Szymanowski, S. W. '07

= example of possibilities o�ered by ultraperipheral exlusive proesses at

LHC [bakup℄

(p, p̄ or A as e�etive soures of photon)

but the distintion with pure QCD proesses (with gluons intead of a photon) is triky...
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QCD at large s
Phenomenologial appliations: exlusive test of Pomeron

An example of realisti exlusive test of Pomeron: γ(∗)γ(∗) → ρ ρ
as a subproess of e− e+ → e− e+ ρ0L ρ

0
L

ILC should provide

{
very large

√
s (= 500 GeV)

very large luminosity (≃ 125 fb

−1/year)
detetors are planned to over the very forward region, lose from the

beampipe (diretions of out-going e+ and e− at large s)

good e�ieny of tagging for outgoing e± for Ee > 100 GeV and θ > 4 mrad

(illustration for LDC onept)

ould be equivalently done at LHC based on the AFP projet
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QCD at large s
Phenomenologial appliations: exlusive test of Pomeron

QCD e�ets in the Regge limit on γ(∗)γ(∗) → ρ ρ

PSfrag replaements
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≃ 4.103 events/year ≃ 2.104 events/year
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BFKL √
se+e− [GeV]

dσtmin

dt
(fb/GeV 2) proof of feasibility:

B. Pire, L. Szymanowski and S. W.

Eur.Phys.J.C44 (2005) 545

proof of visible BFKL enhanement:

R. Enberg, B. Pire, L. Szymanowski and S. W.

Eur.Phys.J.C45 (2006) 759

omprensive study of γ∗
polarization e�ets

and event rates:

M. Segond, L. Szymanowski and S. W.

Eur. Phys. J. C 52 (2007) 93

NLO BFKL study:

Ivanov, Papa '06 '07; Caporale, Papa, Vera '08
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Beyond leading twist

Light-Cone Collinear Fatorization versus Covariant Collinear Fatorization

The Light-Cone Collinear Fatorization, a new self-onsistent method,

while non-ovariant, is very e�ient for pratial omputations

Anikin, Ivanov, Pire, Szymanowski, S.W. '09

inspired by the inlusive ase

Ellis, Furmanski, Petronzio '83; Efremov, Teryaev '84

axial gauge

parametrization of matrix element along a light-like prefered diretion

z = λn (n = 2 p2/s).

non-loal orrelators are de�ned along this prefered diretion, with

ontributions arising from Taylor expansion up to needed term for a given

twist order omputation

their number is then redued to a minimal set ombining equations of

motion and n−independeny ondition

Another approah (Braun, Ball), fully ovariant but muh less onvenient

when pratially omputing oe�ient funtions, an equivalently be used

We have established the ditionnary between these two approahes

This as been expliitly heked for the γ∗T → ρT impat fator at twist 3

Anikin, Ivanov, Pire, Szymanowski, S.W.

Nul.Phys.B 828 (2010) 1-68; Phys.Lett.B682 (2010) 413
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Beyond leading twist

Light-Cone Collinear Fatorization

The impat fator Φγ∗(λγ)→ρ(λρ)
an be written as

Φγ∗(λγ)→ρ(λρ) =

∫

d4ℓ · · · tr[H(λγ)(ℓ · · · ) S(λρ)(ℓ · · · )]

hard part soft part

(2-parton exhange) (3-parton exhange)

PSfrag replaements

ℓq

ℓq

q
Hqq̄ Sqq̄

ρ
+

PSfrag replaements

ℓq

ℓq

q
Hqq̄g Sqq̄g

ρ
+ · · ·

Soft parts:

Sqq̄(ℓq) =

∫

d4z e−iℓq ·z〈ρ(p)|ψ(0) ψ̄(z)|0〉

Sqq̄q(ℓq, ℓg) =

∫

d4z1

∫

d4z2 e
−i(ℓq ·z1+ℓg·z2)〈ρ(p)|ψ(0) gA⊥α (z2)ψ̄(z1)|0〉
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Beyond leading twist

Light-Cone Collinear Fatorization

Light-Cone Collinear Fatorization

Sudakov expansion in the basis p ∼ pρ, n (p2 = n2 = 0 and p · n = 1)

lµ = u pµ + l⊥µ + (l · p)nµ, u = l · n

1 1/Q 1/Q2

Taylor expansion of the hard part H(ℓ) along the ollinear diretion p:

H(ℓ) = H(up) +
∂H(ℓ)

∂ℓα

∣
∣
∣
∣
ℓ=up

(ℓ− u p)α + . . . with (ℓ− u p)α ≈ ℓ⊥α

l⊥α
Fourier−−−−→ derivative of the soft term:

∫
d4z e−iℓ·z〈ρ(p)|ψ(0) i

←→

∂α⊥ ψ̄(z)|0〉

Color + spinor fatorization = Fierz transforms:

PSfrag replaements

ρ

ℓ

Hqq̄ Sqq̄ −→

PSfrag replaements

ρ

ℓ

Hqq̄ Sqq̄

Γ Γ

+

PSfrag replaements

ρ

ℓ

H⊥qq̄ S⊥qq̄

Γ Γ
PSfrag replaements

ρ
Hqq̄g Sqq̄g

−→

PSfrag replaements

ρ

Hqq̄g Sqq̄g

Γ Γ
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Beyond leading twist

Light-Cone Collinear Fatorization

2-body non-loal orrelators

ρL twist 2

ρT

kinematial twist 3 (WW)

genuine twist 3

genuine + kinematial twist 3

vetor orrelator

〈ρ(p)|ψ̄(z)γµψ(0)|0〉 F= mρ fρ
[

ϕ1(y) (e
∗ · n)pµ + ϕ3(y) e

∗T
µ

]

axial orrelator

〈ρ(p)|ψ̄(z)γ5γµψ(0)|0〉 F= mρ fρ i ϕA(y) εµλβδ e
∗T
λ pβ nδ

vetor orrelator with transverse derivative

〈ρ(p)|ψ̄(z)γµ i
←→

∂⊥α ψ(0)|0〉 F= mρ fρ ϕ
T
1 (y) pµe

∗T
α

axial orrelator with transverse derivative

〈ρ(p)|ψ̄(z)γ5γµ i
←→

∂⊥α ψ(0)|0〉 F= mρ fρ i ϕ
T
A(y) pµ εαλβδ e

∗T
λ pβ nδ,

where y (ȳ ≡ 1− y) = momentum fration along p ≡ p1 of the quark (antiquark) and

F
=

∫ 1
0 dy exp [i y p · z], with z = λn

⇒ 5 2-body DAs
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Beyond leading twist

Light-Cone Collinear Fatorization

3-body non-loal orrelators

genuine twist 3

vetor orrelator

〈ρ(p)|ψ̄(z1)γµgAT
α(z2)ψ(0)|0〉

F2= mρ f
V
3 B(y1, y2) pµ e

∗T
α ,

axial orrelator

〈ρ(p)|ψ̄(z1)γ5γµgAT
α(z2)ψ(0)|0〉 F2= mρ f

A
3 iD(y1, y2) pµ εαλβδ e

∗T
λ pβ nδ,

where y1, ȳ2, y2 − y1 = quark, antiquark, gluon momentum fration

and

F2=
1∫

0

dy1
1∫

0

dy2 exp [i y1 p · z1 + i(y2 − y1) p · z2] , with z1,2 = λn

⇒ 2 3-body DAs
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Beyond leading twist

Light-Cone Collinear Fatorization

Minimal set of DAs

Number of non-perturbative quantities: a priori 7 at twist 3

(5 2-parton DA and 2 2-parton DA)

Non-perturbative orrelators annot be obtained perturbatively!

One should redue their number to a minimal set before any use of a

model or any measure on the QCD lattie

n · p = 1

n2 = 0

PSfrag replaements

k⊥

kz

k0

n′ pn

independene w.r.t the hoie of the vetor n de�ning

the light-one diretion z: z = λn

the ρT polarization vetor: eT · n = 0

the axial gauge: n · A = 0

A = H ⊗ S dA
dnµ
⊥

= 0⇒ S are related

We have proven that 3 independent Distribution

Amplitudes are neessary:

{
QCD equations of motion 2 equations

Arbitrariness in the hoie of n 2 equations

ϕ1(y) ← 2-body twist 2 orrelator

B(y1, y2) ← 3-body genuine twist 3 vetor orrelator

D(y1, y2) ← 3-body genuine twist 3 axial orrelator
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Beyond leading twist

Dipole representation and saturation e�ets

The dipole piture at high energy

PSfrag replaements

ργ
(∗)
T,L

Ψi Ψf

p p

σ̂

lr⊥
Nikolaev, Zakharov '91

Initial Ψi and �nal Ψf states wave funtions of projetiles

Primitive piture: proton = olor dipole

sattering amplitude for two t− hannel exhanged gluons:

N (r, k) =
4παs

Nc

(

1− eik·r
)(

1− e−ik·r
)

Real proton: N → σ̂
dipole-target

= universal sattering amplitude

Gole-Biernat Wustho� '98

olor transpareny for small r⊥: σ̂
dipole-target

∼ r2⊥

saturation for large r⊥ ∼ 1/Qsat: T . 1

Data for ρ prodution alls for models enoding saturation

Munier, Stasto, Mueller '04; Kowalski, Motyka, Watt '06

The dipole representation is onsistent with the twist 2 ollinear

fatorization
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Beyond leading twist

Dipole representation and saturation e�ets

A dipole piture beyond leading twist?

New: the dipole piture is still onsistent with ollinear fatorization at

higher twist order:
PSfrag replaements

ρΨγ∗
T ΨρT

lr⊥ +

PSfrag replaements

ρΨγ∗
T ΨρT

lr⊥

twist 2 + kinematial twist 3 genuine twist 3

A. Besse, L. Szymanowski, S. W., NPB 867 (2013) 19-60

key ideas:

reformulate the Light-Cone Collinear Fatorization in the Fourier onjugated

oordinate spae: ℓ⊥ ↔ r⊥

use QCD equations of motion
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Beyond leading twist

Fatorization in oordinate spae: the 2-parton ontribution

Light-Cone Collinear Fatorization in the oordinate spae

Reall: impat fators Φγ∗→ρ
qq̄ = − 1

4

∫
d4ℓ T r(Hqq Γ)(ℓ) SqqΓ(ℓ)

Collinear approximation⇒ expansion around ℓ⊥ = 0 :

Tr(Hqq Γ)(ℓ) =

∫
d2r⊥

2π
H̃Γ

qq(y, r⊥) e
−iℓ⊥·r⊥ =

∫
d2r⊥

2π
H̃Γ

qq(y, r⊥)
︸ ︷︷ ︸

fatorizes out

Gives the moments of SqqΓ

︷ ︸︸ ︷

(1− iℓ⊥ · r⊥
︸ ︷︷ ︸

twist 2 and 3

+ · · · )

2-parton impat fator up to twist 3 (Wandzura-Wilzek (WW) approximation):

Φγ∗→ρ
qq̄ = −1

4
mρfρ

∫

dy

∫
d2r⊥

(2π)

{

H̃γ,µ
qq (y, r)

(

ϕ3(y) e
∗
ρµ + i ϕT

1 (y) p1µ(e
∗
ρ · r)

)

+H̃γ5γ,µ
qq (y, r)

(

i ϕA(y) εµe∗ρp1n + ϕT
A(y) p1µ εr⊥e∗ρp1n

)}

The Fourier transform of the hard part gives:

Φγ∗→ρ
qq =

∫

dy

∫

d2r ψ
γ∗
T→ρT

(qq) ×N (r, k) + Hard Terms ×
Canels due to EOM in WW approx.

︷ ︸︸ ︷

(2yȳϕ3(y) + (y − ȳ)ϕT
1 (y) + ϕT

A(y))

⇒ dipole piture!
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Beyond leading twist

Fatorization in oordinate spae: the 2-parton ontribution

WW approximation: interpretation

Sanning the ρ−meson wave funtion:

2-partons exhange overlap

︷ ︸︸ ︷

PSfrag replaements

z + · · ·∫
d2r ×× rr

pp

ρ

Ψ
γ∗
T

λγ ,h
φWW
λρ,h

N (r, k)

z = 0

r · ∂z

Link with the ρ−meson wave funtion

Ψ
ρ qq

λρ,h
= Spinor part× ϕ(qq)

λρ

φWW
λρ,h(y, r)
︸ ︷︷ ︸

∼ ombination of DAs

∝ (e(λρ) · r)yδh,λρ + ȳδh,−λρ

yȳ

∫ |ℓ⊥|<µF

d2ℓ⊥ ℓ
2
⊥ ϕ

(qq)

λρ
(y, ℓ⊥)
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Beyond leading twist

Fatorization in oordinate spae: the omplete twist 3 ontribution

The 3-parton amplitude in transverse oordinate spae at twist 3:

Φγ∗→ρ
qqg = − imρfρ

4

∫

dy1dyg

∫
d2r1⊥
(2π)2

d2rg⊥
(2π)2

[

ζV3ρB(y1, y2)pµeρ⊥α H̃α,γµ

qqg (y1, yg, r1⊥, rg⊥)

+ζA3ρiD(y1, y2) pµ εαeρ⊥pn H̃α,γµγ5
qqg (y1, yg, r1⊥, rg⊥)

]

3-partons exhanged; however, no quadrupole struture involved

(even at �nite Nc, beyond the 't Hooft limit)

3-partons results:

Φ
γ∗
T→ρT

qqg ∝
∫

dy1

∫

dy2

∫

d2rψ
γ∗
T→ρT

(qqg)
(y1, y2, r) ×N (r, k) +

∫

dy1 dy2
2S(y1, y2)

ȳ1

(S(y1, y2) = ζVρ (µ2)B(y1, y2;µ
2) + ζAρ (µ2)D(y1, y2; µ

2))

Full twist 3 impat fator:

Φγ∗
T→ρT = Φ

γ∗
T→ρT

qq + Φ
γ∗
T→ρT

qqg ∝
∫

dyi

∫

d2rN (r, k)
(

ψ
γ∗
T→ρT

(qq) (y, r) + ψ
γ∗
T→ρT

(qqg) (y1, y2, r)
)

+

∫
dy

yȳ

(

2yȳϕ3(y) + (y − ȳ)ϕT
1 (y) + ϕT

A(y)
)

+

∫

dy1 dy2
2S(y1, y2)

ȳ1
︸ ︷︷ ︸

Canel due to EOM of QCD

⇒ dipole piture again!
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Beyond leading twist

Comparison with data

Comparison with H1 and ZEUS data

A. Besse, L. Szymanowski, S.W.

[arXiv:1302.1766℄

We use a model for the dipole ross-setion σ̂:
running oupling Balitsky Kovhegov numerial solution (i.e. inlude saturation

e�ets at Leading Order) Albaete, Armesto, Milhano, Quiroga Arias, Salgado, 2011

H1
W = 75 GeV

Total
WW
AS

10.5.2. 20.3. 30.15.7.
Q2HGeV2L

1

10

100

ΣTHnbL

Total
AS

H1

W = 75 GeV

10.5.2. 20.3. 30.15.7.
Q2HGeV2L

1

5

10

50

100

500

ΣLHnbL

Q2
= 3.3 GeV2

Q2
= 6.6 GeV2

Q2
= 11.9 GeV2

Q2
= 19.5 GeV2

Q2
= 35.6 GeV2

40 60 80 100 120 140 160
WHGeVL

1

5

10

50

100

500

1000

ΣHnbL

Q2
= 2.4 GeV2

Q2
= 6.0 GeV2

Q2
= 3.7 GeV2

Q2
= 13.5 GeV2

Q2
= 8.3 GeV2

Q2
= 32. GeV2

10050 20030 15070
WHGeVL

1

5

10

50

100

500

1000

ΣHnbL

H1 ZEUS

57/58



Introdution Collinear fatorizations A few appliations Problems QCD at large s Beyond leading twist Conlusion

Conlusion

Sine a deade, there have been muh progress in the understanding of

hard exlusive proesses

at medium energies, there is now a oneptual framework starting from �rst

priniple, allowing to desribe a huge number of proesses

at high energy, the impat representation is a powerful tool for desribing

exlusive proesses in di�rative experiments; they are and will be essential

for studying QCD in the hard Regge limit (Pomeron, Odderon, saturation...)

Still, some problems remain:

proofs of fatorization have been obtained only for very few proesses

(ex.: γ∗ p→ γ p , γ∗L p → ρL p)

for some other proesses fatorization is highly plausible, but not fully

demonstrated at any order (ex.: proesses involving GDAs and TDAs)

some proesses expliitly show sign of breaking of fatorization

(ex.: γ∗T p→ ρT p whih has end-point singularities at Leading Order)

models and results from the lattie or from AdS/QCD for the

non-perturbative orrelators entering GPDs, DAs, GDAs, TDAs are needed,

even at a qualitative level!

the e�et of QCD evolution, the NLO orretions, hoie of

renormalization/fatorization sale, power orretions, threshold

resummations will be very relevant to interpret and desribe the foreoming

data

Links between theoretial and experimental ommunities are very fruitful

HERA, HERMES, Tevatron, LHC, JLab, Compass, BaBar, BELLE, EIC, LHeC, ILC
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A few appliations

Prodution of an exoti hybrid meson in hard proesses

Distribution amplitude and quantum numbers: C-parity

De�ne the H DA as (for long. pol.)

〈H(p, 0)|ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)|0〉∣∣
∣

∣

∣

z2 =0
z+=0
z⊥=0

= ifHMHe
(0)
µ

1∫

0

dy ei(ȳ−y)p·z/2φH
L (y)

Expansion in terms of loal operators

〈H(p, λ)|ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)|0〉 =
∑

n

1

n!
zµ1 ..zµn 〈H(p, λ)|ψ̄(0)γµ

↔

Dµ1
..
↔

Dµn ψ(0)|0〉,

C−parity:
{
H selets the odd-terms: CH = (−)
ρ selets even-terms: Cρ = (−)

〈H(p,λ)|ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)|0〉 =
∑

n odd

1

n!
zµ1 ..zµn 〈H(p, λ)|ψ̄(0)γµ

↔

Dµ1
..
↔

Dµn ψ(0)|0〉

Speial ase n = 1: Rµν = S(µν)ψ̄(0)γµ
↔

Dν ψ(0)

S(µν) = symmetrization operator: S(µν)Tµν = 1
2
(Tµν + Tνµ)
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A few appliations

Eletroprodution of an exoti hybrid meson

Non perturbative imput for the hybrid DA

We need to �x fH (the analogue of fρ)

This is a non-perturbative imput

Lattie does not yet give information

The operator Rµν is related to quark energy-momentum tensor Θµν :

Rµν = −iΘµν

Rely on QCD sum rules: resonane for M ≈ 1.4 GeV

I. I. Balitsky, D. Diakonov, and A. V. Yung

fH ≈ 50MeV

fρ = 216MeV

Note: fH evolves aording to the γQQ anomalous dimension

fH(Q2) = fH

(
αS(Q

2)

αS(M2
H)

)K1

K1 =
2 γQQ(1)

β0
,
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A few appliations

Eletroprodution of an exoti hybrid meson

Counting rates for H versus ρ eletroprodution: order of magnitude

Ratio:

dσH(Q2, xB, t)

dσρ(Q2, xB, t)
=

∣
∣
∣
∣

fH
fρ

(euH−uu − edH−dd)V(H,−)

(euH+
uu − edH+

dd)V(ρ,+)

∣
∣
∣
∣

2

Rough estimate:

neglet q̄ i.e. x ∈ [0, 1]

⇒ ImAH and ImAρ are equal up to the fator VM

Neglet the e�et of ReA
dσH(Q2, xB, t)

dσρ(Q2, xB, t)
≈
(
5fH
3fρ

)2

≈ 0.15

More preise study based on Double Distributions to model GPDs +

e�ets of varying µR: order of magnitude unhanged

The range around 1400 MeV is dominated by the a2(1329)(2
++)

resonane

possible interferene between H and a2
identi�ation through the πη GDA, main deay mode for the π1(1400)
andidate, through angular asymmetry in θπ in the πη ms

61/58



Bakup

A few appliations

Eletroprodution of an exoti hybrid meson

Hybrid meson prodution in e+e− olliders

Hybrid an be opiously produed in γ∗γ, i.e. at e+e− olliders with one

tagged out-going eletron

PSfrag replaements

γ∗

γ

e±

e±

H0
BaBar, Belle

This an be desribed in a hard fatorization framework:

PSfrag replaements

γ∗

γ

H0
H =

PSfrag replaements

γ∗

γ

H +

PSfrag replaements

DA
H0

with

PSfrag replaements

γ∗

γ

H =

PSfrag replaements

γ∗

γ

+

PSfrag replaements

γ∗

γ
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A few appliations

Eletroprodution of an exoti hybrid meson

Counting rates for H0
versus π0

Fatorization gives:

Aγγ∗→H0

(γγ∗ → HL) = (ǫγ · ǫ∗γ)
(e2u − e2d)fH

2
√
2

1∫

0

dzΦH(z)

(
1

z̄
− 1

z

)

Ratio H0
versus π0

:

dσH

dσπ0 =

∣
∣
∣
∣
∣
∣
∣
∣
∣

fH
1∫

0

dz ΦH(z)
(
1
z
− 1

z̄

)

fπ
1∫

0

dz Φπ(z)
(
1
z
+ 1

z̄

)

∣
∣
∣
∣
∣
∣
∣
∣
∣

2

This gives, with asymptotial DAs (i.e. limit Q2 →∞):

dσH

dσπ0 ≈ 38%

still larger than 20% at Q2 ≈ 1 GeV

2
(inluding kinematial twist-3 e�ets

à la Wandzura-Wilzek for the H0
DA) and similarly

dσH

dση
≈ 46%
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Threshold e�ets for DVCS and TCS

Resummation for Coe�ient funtions (1)

Computation of the n-loop ladder-like diagram

PSfrag replaements

x− ξ + β1 + · · ·+ βn ,
k⊥1 + · · ·+ k⊥n

p1 − 2 ξ p2 p1

βn, k⊥n

βn−1, k⊥n−1

β1, k⊥1

x+ ξ + β1 + · · ·+ βn,
k⊥1 + · · ·+ k⊥n

x+ ξ + β1 + · · ·+ βn−1,
k⊥1 + · · ·+ k⊥n−1

x+ ξ + β1, k⊥1

(x+ ξ) p2

x− ξ + β1 + · · ·+ βn,
k⊥1 + · · ·+ k⊥n

x− ξ + β1 + · · ·+ βn−1,
k⊥1 + · · ·+ k⊥n−1

x− ξ + β1, k⊥1

(x− ξ) p2

All gluons are

assumed to be on

mass shell.

Strong ordering in

ki, αi and βi.

The dominant

momentum �ows

along p2 are

indiated
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Threshold e�ets for DVCS and TCS

Resummation for Coe�ient funtions

Computation of the n-loop ladder-like diagram (2)

Strong ordering is given as :

|kn| ≫ |kn−1| ≫ · · · ≫ |k1| , 1≫ |αn| ≫ |αn−1| ≫ · · · ≫ |α1|
x ∼ ξ ≫ |β1| ∼ |x− ξ| ≫ |x− ξ + β1| ∼ |β2| ≫· · ·≫ |x− ξ + β1 + β2 − · · ·+ βn−1| ∼ |βn|
eikonal oupling on the left

oupling on the right goes beyond eikonal

Integral for n-loop:

In =

(
s

2

)n ∫

dα1 dβ1 d2k1 · · ·
∫

dαn dβn d2kn (Num)n
1

L2
1

· · · 1

L2
n

1

S2

1

R2
1

· · · 1

R2
n

1

k21
· · · 1

k2n

Numerator:

(Num)2 = −4 s −2k
2
1 (x+ ξ)

β1

[

1 +
2(x− ξ)
β1

] −2k22 (x+ ξ)

β2

[

1 +
2(β1 + x− ξ)

β2

]

· · · −2k
2
n (x+ ξ)

βn

[

1 +
2(βn−1 + · · ·+ β1 + x− ξ)

βn

]

︸ ︷︷ ︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸

gluon 1 gluon 2 gluon n

Propagators:

L2
1 = α1(x+ ξ)s , R2

1 = −k21 + α1(β1 + x− ξ)s ,

L2
2 = α2(x+ ξ)s , R2

2 = −k22 + α2(β1 + β2 + x− ξ)s ,
.

.

.

L2
n = αn(x+ ξ)s , R2

n = −k2n + αn(β1 + · · ·+ βn + x− ξ)s , 65/58
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Resummation for Coe�ient funtions

Computation of the n-loop ladder-like diagram (3)

In = −4(2πi)
n

x− ξ

∫ ξ−x

0

dβ1 · · ·
∫ ξ−x−β1−···−βn−1

0

dβn
1

β1 + x− ξ · · ·
1

β1 + · · ·+ βn + x− ξ

×
∫ ∞

0

dNkn · · ·
∫ ∞

k2
2

dNk1
1

k21
· · · 1

k2n−1

1

k2n − (β1 + · · ·+ βn + x− ξ)s
integration over ki and βi leads to our �nal result :

Ifin.n = −4 (2πi)n

x− ξ + iǫ

1

(2n)!
log2n

[
ξ − x
2ξ
− iǫ

]

Resummation :

remember that Kn = − 1
4
e2q

(

−i CF αs
1

(2π)2

)n

In

(
∞∑

n=0

Kn

)

− (x→ −x) = e2q
x− ξ + iǫ

cosh

[

D log

(
ξ − x
2ξ
− iǫ

)]

− (x→ −x)

where D =
√

αsCF

2π 66/58
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Resummed formula

Inlusion of our resummed formula into the NLO oe�ient funtion

The inlusion proedure is not unique and it is natural to propose two hoies:

modifying only the Born term and the log2 part of the Cq
1 and keeping the

rest of the terms untouhed :

(T q)res1 =

(
e2q

x−ξ+iǫ

{

cosh

[

D log

(

ξ−x
2ξ
− iǫ

)]

− D2

2

[

9 + 3 ξ−x
x+ξ

log

(

ξ−x
2ξ
− iǫ

)]}

+Cq
coll log

Q2

µ2
F

)

− (x→ −x)

the resummation e�ets are aounted for in a multipliative way for Cq
0

and Cq
1 :

(T q)res2 =

(
e2q

x−ξ+iǫ
cosh

[

D log

(

ξ−x
2ξ
−iǫ
)][

1− D2

2

{

9 + 3 ξ−x
x+ξ

log

(

ξ−x
2ξ
− iǫ

)}]

+Cq
coll log

Q2

µ2
F

)

− (x→ −x)

These resummed formulas di�er through logarithmi ontributions whih

are beyond the preision of our study.
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Phenomenologial impliations

We use a Double Distribution based model

S. V. Goloskokov and P. Kroll, Eur. Phys. J. C 50, 829 (2007)

Blind integral in the whole x−range: amplitude = NLO result ± 1%

To respet the domain of appliability of our resummation proedure:

restrit the use of our formula to ξ − aγ < |x| < ξ + aγ

width aγ de�ned through |D log(γ/(2ξ))| = 1

theoretial unertainty evaluated by varying a

a more preise treatment is beyond the leading logarithmi approximation

Ra(ξ)=
[
∫ ξ+aγ

ξ−aγ
+
∫ −ξ+aγ

−ξ−aγ
] dx(Cres − C0 − C1)H(x, ξ, 0)

|
∫ 1

−1
dx (C0 + C1)H(x, ξ, 0)|

.

0.1 0.2 0.3 0.4 0.5

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

R
a
(ξ)

ξ

Re[Ra(ξ)] : blak upper urves

Im[Ra(ξ)] : grey lower urves

a = 1 (solid)

a = 1/2 (dotted)

a = 2 (dashed)
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olorless gluoni exhange

C = +1 : Pomeron, in pQCD desribed by BFKL equation

C = −1 : Odderon, in pQCD desribed by BJKP equation

best but still weak evidene for O: pp and pp̄ data at ISR

no evidene for perturbative O
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O exhange muh weaker than P ⇒ two strategies in QCD

onsider proesses, where P vanishes due to C-parity onservation:
exlusive η, ηc, f2, a2, ... in ep; γγ → ηcηc ∼ |MO|2 Braunewell, Ewerz '04

exlusive J/Ψ,Υ in pp (PO fusion, not PP)) Bzdak, Motyka, Szymanowski,

Cudell '07

onsider observables sensitive to the interferene between P and O

(open harm in ep; π+π− in ep)∼ ReMPM∗O ⇒ observable linear inMO

γ*

c

c
_





MX
2 













sγp





MY
2

tp Y

C=+/−/

Brodsky, Rathsman, Merino '99

Ivanov, Nikolaev, Ginzburg '01 in photo-prodution

Hägler, Pire, Szymanowski, Teryaev '02 in eletro-prodution
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P−O interferene in double UPC

P−O interferene in γγ → π+ π− π+ π−

Hard sale = t

B. Pire, F. Shwennsen, L. Szymanowski, S. W.

Phys.Rev.D78:094009 (2008)

pb at LHC: pile-up!
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