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Introdu
tion Collinear fa
torizations QCD at large s Con
lusionEx
lusive pro
esses are 
hallengingCan one extra
t information on hadrons using hard ex
lusive pro
esses?The aim is to redu
e the pro
ess to intera
tions involving a small numberof partons (quarks, gluons), despite 
on�nementThis is possible if the 
onsidered pro
ess is driven by short distan
ephenomena (d≪ 1 fm)
=⇒ αs ≪ 1 : Perturbative methodsOne should hit strongly enough a hadronExample: ele
tromagneti
 probe and form fa
torPSfrag repla
ements e− e−

γ∗

p

p

hard partoni
 pro
ess
τ ele
tromagneti
 intera
tion ∼ τ parton life time after intera
tion
≪ τ 
ara
teristi
 time of strong intera
tionTo get su
h situations in ex
lusive rea
tions is very 
hallenging:the 
ross se
tion are very small 2 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionCounting rules The partoni
 point of view... and its limitationsCounting rules:
Fn(q2) ≃ C

(Q2)n−1
n = number of minimal 
onstituents:  meson: n = 2baryon: n = 3Brodsky, Farrar '73Large angle (i.e. s ∼ t ∼ u large) elasti
 pro
esses ha hb → ha hbe.g. : ππ → ππ or p p→ p p

dσ

dt
∼

„

αS(p2
⊥)

s

«n−2

n = # of external fermioni
 lines (n = 8 for ππ → ππ)Brodsky, Lepage '81Other 
ontributions might be signi�
ant, even at large angle: e.g. ππ → ππ

PSfrag repla
ements PSfrag repla
ementsBrodsky Lepage me
anism: dσBL

dt
∼

„

1

s

«

6 Lansho� '74 me
anism: dσL

dt
∼

„

1

s

«

5absent with at least one γ(∗) (point-like 
oupling)3 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionFrom in
lusive to ex
lusive pro
essesExperimental e�ortIn
lusive pro
esses are not 1/Q suppressed (e.g. DIS)Going from in
lusive to ex
lusive pro
esses is di�
ultHigh luminosity a

elerators and high-performan
e dete
tion fa
ilitiesHERA (H1, ZEUS), HERMES, JLab�6 GeV (Hall A, CLAS), BaBar, Belle, BEPC-II (BES-III)future: LHC, COMPASS-II, JLab�12 GeV, Super-B, LHeC, EIC, ILCWhat to do, and where?Proton form fa
tor: JLab�6 GeV future: PANDA (timelike proton form fa
torthrough pp̄ → e+e−)
e+e− in γ∗γ single-tagged 
hannel: Transition form fa
tor γ∗γ → π, exoti
hybrid meson produ
tion BaBar, Belle, BES,...Deep Virtual Compton S
attering (GPD)HERA (H1, ZEUS), HERMES, JLab�6 GeVfuture: JLab�12GeV, COMPASS-II, EICNon exoti
 and exoti
 hybrid meson ele
troprodu
tion (GPD and DA), et
...NMC (CERN), E665 (Fermilab), HERA (H1, ZEUS), COMPASS, HERMES, CLAS(JLab)TDA (PANDA at GSI)TMDs (BaBar, Belle, COMPASS, ...)Di�ra
tive pro
esses, in
luding ultraperipheral 
ollisionsLHC (with or without �xed targets), ILC 4 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionFrom in
lusive to ex
lusive pro
essesTheoreti
al e�ortsVery important theoreti
al developments during the last de
adeKey words:DAs, GPDs, GDAs, TDAs ... TMDsFundamental tools:At medium energies (for a parti
le physi
ist!):JLab, HERMES, COMPASS, BaBar, Belle, PANDA, Super-B, EIC
ollinear fa
torizationAt asymptoti
al energies:HERA, Tevatron, LHC, LHeC, ILC (EIC and COMPASS at the boundary)
kT -fa
torization 5 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionExtensions from DISDIS: in
lusive pro
ess → forward amplitude (t = 0) (opti
al theorem)(DIS: Deep Inelasti
 S
attering)ex: e±p → e±X at HERAStru
ture Fun
tion= Coe�
ient Fun
tion ⊗ Parton Distribution Fun
tion(hard) (soft) PSfrag repla
ements γ∗ γ∗

s

p p

Q2 Q2

x xPDFCF
DVCS: ex
lusive pro
ess → non forward amplitude (−t≪ s = W 2)(DVCS: Deep Vitual Compton S
attering)Amplitude= Coe�
ient Fun
tion ⊗ Generalized Parton Distribution(hard) (soft) PSfrag repla
ements γ∗ γ

s

t

p p′

Q2

GPDCF
x + ξ x− ξMüller et al. '91 - '94; Radyushkin '96; Ji '97 6 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionExtensions from DVCSMeson produ
tion: γ repla
ed by ρ, π, · · ·Amplitude= GPD ⊗ CF ⊗ Distribution Amplitude(soft) (hard) (soft)Collins, Frankfurt, Strikman '97; Radyushkin '97Crossed pro
ess: s≪ −tAmplitude= Coe�
ient Fun
tion ⊗ Generalized Distribution Amplitude(hard) (soft)PSfrag repla
ements
γ

γ∗

s

t

Q2 hadronhadronGDACFDiehl, Gousset, Pire, Teryaev '98 7 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionExtensions from DVCSStarting from usual DVCS, one allows: initial hadron 6= �nal hadron (inthe same o
tuplet): transition GPDsEven less diagonal:baryoni
 number (initial state) 6= baryoni
 number (�nal state) → TDAExample: PSfrag repla
ements
t

s

u

a

b

c

dPire, Szymanowski '05whi
h 
an be further extended by repla
ing the outoing γ by any hadroni
 stateAmplitude = Transition Distribution Amplitude ⊗ CF ⊗ DA(soft) (hard) (soft)Lansberg, Pire, Szymanowski '06 8 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionExtensions from DVCS TDA at PANDAPSfrag repla
ements

p
p′

q
q′

π+

π−

γ

γ∗

u d̄

e+

e−

PSfrag repla
ements

p
p′

q
q′

γ

γ∗

e+

e−

u u d

P̄

PTDA π → γ TDA p→ γ at PANDA (forward s
attering of p̄ on a p probe)

PSfrag repla
ements

p p′

q′

P

P̄ γ∗

u u

e+

e−

d

π

k

DA

TDA

TH

TDA p→ π at PANDA (forward s
attering of p̄ on a p probe)Spe
tral model for the p→ π TDA: Pire, Semenov, Szymanowski '10 9 /34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionTwist 2 GPDs Physi
al interpretation for GPDs
ξ− x−ξ− x

x
−ξ ξ0 1−1

+ξxxξ− x+ξ x−ξ

Emission and reabsoptionof an antiquark
∼ PDFs for antiquarksDGLAP-II region Emission of a quark andemission of an antiquark

∼ meson ex
hangeERBL region Emission and reabsoptionof a quark
∼ PDFs for quarksDGLAP-I region 10/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionTwist 2 GPDs Classi�
ation of twist 2 GPDsFor quarks, one should distinguish the ex
hangeswithout heli
ity �ip (
hiral-even Γ′ matri
es): 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

Z

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

Z

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 heli
ity �ip ( 
hiral-odd Γ′ mat.): 4 
hiral-odd GPDs:
Hq

T

ξ=0,t=0−−−−−−→ quark transversity PDFs ∆T q, Eq
T
, H̃q

T
, Ẽq

T

1

2

Z

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

–11/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionTwist 2 GPDs Classi�
ation of twist 2 GPDsanalogously, for gluons:4 gluoni
 GPDs without heli
ity �ip:
Hg ξ=0,t=0−−−−−−→ PDF x g
Eg

H̃g ξ=0,t=0−−−−−−→ polarized PDF x∆g
Ẽg4 gluoni
 GPDs with heli
ity �ip:
Hg

T

Eg
T

H̃g
T

Ẽg
T(no forward limit redu
ing to gluons PDFs here: a 
hange of 2 units of heli
ity
annot be 
ompensated by a spin 1/2 target) 12/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionSpin transversity in the nu
leonWhat is transversity?Tranverse spin 
ontent of the proton:
| ↑〉(x) ∼ | →〉+ | ←〉
| ↓〉(x) ∼ | →〉 − | ←〉spin along x heli
ity stateAn observable sensitive to heli
ity spin �ip gives thus a

ess to thetransversity ∆T q(x), whi
h is very badly known (�rst data have re
entlybeen obtained by COMPASS)The transversity GPDs are 
ompletely unknownChirality: q±(z) ≡ 1

2
(1± γ5)q(z) with q(z) = q+(z) + q−(z)Chiral-even: 
hirality 
onserving

q̄±(z)γµq±(−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)parti
le, 
hirality = (-)heli
ityTransversity is thus a 
hiral-odd quantityQCD and QED are 
hiral even ⇒A ∼ (Ch.-odd)1 ⊗ (Ch.-odd)2 13/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionA

essing transversity in the nu
leonHow to get a

ess to transversity?The dominant DA for ρT is of twist 2 and 
hiral-odd ([γµ, γν ] 
oupling)Unfortunately γ∗ N↑ → ρT N ′ = 0this is true at any order in perturbation theory (i.e. 
orre
tions as powers of
αs), sin
e this would require a transfer of 2 units of heli
ity from theproton: impossible! Collins, Diehl '00diagrammati
 argument at Born order:

PSfrag repla
ements γ∗

N N ′

ρTGPDPSfrag repla
ements γ∗

N N ′

ρTGPD vanishes: γα[γµ, γν ]γα = 0Diehl, Gousset, Pire '99 14/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionA

essing transversity in the nu
leonCan one 
ir
umvent this vanishing?This vanishing is true only a twist 2At twist 3 this pro
ess does not vanishHowever pro
esses involving twist 3 DAs may fa
e problems withfa
torization (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 framework re
entlydevelopped:Light-Cone Collinear Fa
torizationAnikin, Ivanov, Pire, Szymanowski, S. W.Phys. Lett. B682:413-418, 2010; Nu
l.Phys. B 828:1-68, 2010 15/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionA

essing transversity in the nu
leon
γN → π+ρ0

T N ′ gives a

ess to transversityFa
torization à la Brodsky Lepage of γ + π → π + ρ at large s and �xedangle (i.e. �xed ratio t′/s, u′/s)
=⇒ fa
torization of the amplitude for γ + N → π + ρ + N ′ at large M2

πρ

PSfrag repla
ements
z

z̄

γ

π

π

ρ

TH

t′

s
−→

PSfrag repla
ements
γ

TH

t′

π+ 
hiral-even twist 2 DA
ρ0

T 
hiral-odd twist 2 DAM2
πρ

x + ξ x − ξ

N
GPDs

N ′

t ≪ M2
πρ 
hiral-odd twist 2 GPDa typi
al non-vanishing diagram:PSfrag repla
ements
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.WPhys.Lett.B688:154-167,2010see also, at large s, with Pomeron ex
hange:R. Ivanov, B. Pire, L. Symanowski, O. Teryaev '02R. Enberg, B. Pire, L. Symanowski '06These pro
esses with 3 body �nal state 
an give a

ess to all GPDs:
M2

πρ plays the role of the γ∗ virtuality of usual DVCS (here in thetime-like domain) JLab, COMPASS 16/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionDVCS and TCS
PSfrag repla
ementsℓ ℓ

γ∗

γ

s

t

N N ′

Q2

GPDCF
x + ξ x− ξ

PSfrag repla
ements ℓ∓

ℓ±γ
γ∗

s

t

N N ′

Q2

GPDCF
x + ξ x− ξ

Deeply Virtual Compton S
attering Timelike Compton S
attering
lN → l′N ′γ γN → l+l−N ′TCS versus DVCS:universality of the GPDsanother sour
e for GPDs (spe
ial sensitivity on real part)spa
elike-timelike 
rossing and understanding the stru
ture of the NLO
orre
tionsWhere to measure TCS? In Ultra Peripheral CollisionsLHC, JLab, COMPASS, AFTER 17/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionDVCS and TCS at NLO One loop 
ontributionsBelitsky, Mueller, Niedermeier, S
hafer,Phys.Lett.B474, 2000Pire, Szymanowski, WagnerPhys.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)

PSfrag repla
ements
Aµν = gµν

T

Z 1

−1

dx

"

nF
X

q

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

#

18/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionResummations e�e
ts are expe
tedPSfrag repla
ements
Γ2

q

γ∗ γ

T q

(x + ξ)p (x− ξ)p

S

U

PSfrag repla
ements Γ1

F q

The renormalized quark 
oe�
ient fun
tions T q is
T q = Cq

0 + Cq
1 + Cq

coll log
|Q2|
µ2

F

Cq
0 = e2

q

„

1

x− ξ + iε
− (x→ −x)

«

Cq
1 =

e2
qαSCF

4π(x− ξ + iε)

»

log2

„

ξ − x

2ξ
− iε

«

+ ...

–

− (x→ −x)Usual 
ollinear approa
h: single-s
ale analysis w.r.t. Q2Consider the invariants S and U :
S =

x− ξ

2ξ
Q2 ≪ Q2 when x→ ξ

U = −x + ξ

2ξ
Q2 ≪ Q2 when x→ −ξ

⇒ two s
ales problem; threshold singularities to be resummedanalogous to the log(x− xBj) resummation for DIS 
oe�
ientfun
tions 19/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionResummation for Coe�
ient fun
tionsSoft-
ollinear resummation e�e
ts for the 
oe�
ient fun
tionThe resummation easier when using the axial gauge p1 ·A = 0 (pγ ≡ p1)The dominant diagram are ladder-like
PSfrag repla
ements

γ∗ γ

x + ξ x− ξ

resummed formula (for DVCS), for x→ ξ :
(T q)res =

„

e2
q

x− ξ + iǫ



cosh

»

D log

„

ξ − x

2ξ
− iǫ

«–

−D2

2

»

9 + 3
ξ − x

x + ξ
log

„

ξ − x

2ξ
− iǫ

«–ff

+Cq
coll log

Q2

µ2
F

«

− (x→ −x) with D =

r

αsCF

2πT. Altinoluk, B. Pire, L. Szymanowski, S. W.to appear in JHEP [arXiv:1207.4609℄; [arXiv:1206.3115℄Moment spa
e (Gegenbauer polynomials) ??unknown analog of the N-Mellin spa
e for xBj → 1 in DIS 20/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusion
ρ−ele
troprodu
tion: Sele
tion rules and fa
torization status
hirality = heli
ity for a parti
ule, 
hirality = ⊖heli
ity for an antiparti
ulefor massless quarks: QED and QCD verti
es = 
hiral even (no 
hirality �ipduring the intera
tion)

⇒ the total heli
ity of a qq̄ produ
ed by a γ∗ should be 0
⇒ heli
ity of the γ∗ = Lqq̄

z (z proje
tion of the qq̄ angular momentum)in the pure 
ollinear limit (i.e. twist 2), Lqq̄
z =0 ⇒ γ∗

Lat t = 0, no sour
e of orbital momentum from the proton 
oupling ⇒heli
ity of the meson = heli
ity of the photonin the 
ollinear fa
torization approa
h, t 6= 0 
hange nothing from the hardside ⇒ the above sele
tion rule remains truethus: 2 transitions possible (s−
hannel heli
ity 
onservation (SCHC)):
γ∗

L
→ ρL transition: QCD fa
torization holds at t=2 at any order inperturbation (i.e. LL, NLL, et
...)Collins, Frankfurt, Strikman '97 Radyushkin '97

γ∗
T

→ ρT transition: QCD fa
torization has problems at t=3Mankiewi
z-Piller '00
1
R

0

du
u

or 1
R

0

du
1−u

diverge (end-point singularity)PSfrag repla
ements DAu

1 − u 21/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusion
ρ−ele
troprodu
tion: Sele
tion rules and fa
torization statusImproved 
ollinear approximation: a solution?keep a transverse ℓ⊥ dependen
y in the q, q̄ momenta, used to regulateend-point singularitiessoft and 
ollinear gluon ex
hange between the valen
e quark areresponsible for large double-logarithmi
 e�e
ts whi
h are 
onje
tured toexponentiatethis is made easier when using the impa
t parameter spa
e b⊥ 
onjugatedto ℓ⊥ ⇒ Sudakov fa
tor

exp[−S(u, b, Q)]

S diverges when b⊥ ∼ O(1/ΛQCD) (large transverse separation, i.e. smalltransverse momenta) or u ∼ O(ΛQCD/Q) Botts, Sterman '89
⇒ regularization of end-point singularities for π → πγ∗ and γγ∗π0 formfa
tors, based on the fa
torization approa
h Li, Sterman '92it has been proposed to 
ombine this perturbative resummation tail e�e
twith an ad-ho
 non-perturbative gaussian ansatz for the DAs

exp[−a2 |k2
⊥|/(uū)]whi
h gives ba
k the usual asymptoti
 DA 6uū when integrating over k⊥

⇒ pra
ti
al tools for meson ele
troprodu
tion phenomenologyGoloskokov, Kroll '05 22/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionTheoreti
al motivations A parti
ular 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 s
ales (masses,transfered momenta, ...) eg xB → 0 in DISother s
ales 
omparable (virtualities, et
...) ≫ ΛQCDregime αs ln s ∼ 1 =⇒ dominant sub-series:

A = +

0

@ + + · · ·

1

A +

0

@ + · · ·

1

A + · · ·

∼ s ∼ s (αs ln s) ∼ s (αs ln s)2

=⇒ σh1 h2→tout
tot =

1

s
ImA ∼ sαP(0)−1with αP(0)−1 = C αs (C > 0) hard Pomeron (Balitsky, Fadin, Kuraev, Lipatov '75)This result violates QCD S matrix unitarity(S S† = S† S = 1 i.e. P

Prob. = 1)Until when this result 
ould be appli
able, and how to improve it?How to test this dynami
s experimentally, in parti
ular based on ex
lusivepro
esses? 23/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusion
kT fa
torization

γ∗ γ∗ → ρ ρ as an exampleUse Sudakov de
omposition k = α p1 + β p2 + k⊥ (p2
1 = p2

2 = 0, 2p1 · p2 = s)write d4k = s
2

dα dβ d2k⊥

t−
hannel gluons with non-sense polarizations (ǫup
NS

= 2
s

p2, ǫdown
NS = 2

s
p1)dominate at large s (illustration for 2-body 
ase)PSfrag repla
ements

γ∗(q1)

γ∗(q2)

ρ(p1)

ρ(p2)

l1

−l̃1

l2

−l̃2

β ր

αց

k r − k
R

d2k⊥

α≪ αquarks ⇒ set α = 0 and R

dβ

β ≪ βquarks

⇒ set β = 0 and R

dα24/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusion
kT fa
torizationImpa
t representation for ex
lusive pro
esses k = Eu
l. ↔ k⊥ = Mink.

M = is

Z

d2 k

(2π)2k2 (r − k)2
Φγ∗(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) impa
t fa
torPSfrag repla
ements
Φ

q

ko�-shell r − ko�-shellρ

25/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionMeson produ
tion at HERADi�ra
tive meson produ
tion at HERAHERA (DESY, Hambourg): �rst and single e±p 
ollider (1992-2007)The �easy� 
ase (from fa
torization point of view): J/Ψ produ
tion(u ∼ 1/2 : non-relativisti
 limit for bound state) 
ombined with kT -fa
torisationRyskin '93; Frankfurt, Koepf, Strikman '98; Ivanov, Kirs
hner, S
häfer,Szymanowski '00; Motyka, Enberg, Poludniowski '02Ex
lusive ve
tor meson photoprodu
tion at large t (= hard s
ale):
γ(q) + P → ρL,T (p1) + Pbased on kT -fa
torization:Forshaw, Ryskin '95; Bartels, Forshaw, Lotter, Wüstho� '96; Forshaw, Motyka,Enberg, Poludniowski '03H1, ZEUS data seems to favor BFKLbut end-point singularities for ρT are regularized with a quark mass:

m = mρ/2the spin density matrix is badly des
ribedEx
lusive ele
troprodu
tion of ve
tor meson
γ∗

L,T (q) + P → ρL,T (p1) + P Goloskokov, Kroll '05based on improved 
ollinear fa
torization for the 
oupling with the mesonDA and 
ollinear fa
torization for GPD 
oupling 26/34



Introdu
tion Collinear fa
torizations QCD at large s Con
lusionPhenomenologi
al appli
ations: ex
lusive test of PomeronAn example of realisti
 ex
lusive test of Pomeron: γ(∗)γ(∗) → ρ ρas a subpro
ess of e− e+ → e− e+ ρ0
L ρ0

LILC should provide  very large √s (= 500 GeV)very large luminosity (≃ 125 fb−1/year)dete
tors are planned to 
over the very forward region, 
lose from thebeampipe (dire
tions of out-going e+ and e− at large s)
good e�
ien
y of tagging for outgoing e± for Ee > 100 GeV and θ > 4 mrad(illustration for LDC 
on
ept)
ould be equivalently done at LHC based on the AFP proje
t 27/34
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tion Collinear fa
torizations QCD at large s Con
lusionPhenomenologi
al appli
ations: ex
lusive test of PomeronQCD e�e
ts in the Regge limit on γ(∗)γ(∗) → ρ ρPSfrag repla
ements
e+

e+

e−
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ρ0
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ρ0
L
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γ∗
L,TBFKL −→

PSfrag repla
ements
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BFKL
≃ 4.103 events/year ≃ 2.104 events/year
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ements
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proof of feasibility:B. Pire, L. Szymanowski and S. W.Eur.Phys.J.C44 (2005) 545proof of visible BFKL enhan
ement:R. Enberg, B. Pire, L. Szymanowski and S. W.Eur.Phys.J.C45 (2006) 759
omprensive study of γ∗ polarization e�e
tsand event rates:M. Segond, L. Szymanowski and S. W.Eur. Phys. J. C 52 (2007) 93NLO BFKL study:Ivanov, Papa '06 '07; Caporale, Papa, Vera '08 28/34
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lusive ve
tor meson produ
tion at HERADi�ra
tive ex
lusive pro
ess e−p → e− p ρL,T

PSfrag repla
ements e−
e−

γ∗
ρL

p p′

new−−→PSfrag repla
ements e−

e−

γ∗
ρT

�rst des
ription 
ombining beyond leading twist
ollinear fa
torisation
kT −fa
torisationI. V. Anikin, D .Yu. Ivanov, B. Pire, L. Szymanowski, S.W.Phys.Lett.B682 (2010) 413-418Nu
l.Phys.B828 (2010) 1-68HERA, LHeC, AFP�LHC
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lusionDipole representation and saturation e�e
ts
PSfrag repla
ements

ργ
(∗)
T,L

Ψi Ψf

p p

σ̂

lx⊥ Nikolaev, Zakharov '91Initial Ψi and �nal Ψf states wave fun
tions of proje
tilesUniversal s
attering amplitude σ̂ ≡ σ̂dipole-target Gole
-Biernat Wustho�
olor transparen
y for small x⊥: σ̂dipole-target ∼ x2
⊥saturation for large x⊥ ∼ 1/Qsat: T < 1Data for ρ prod. 
alls for models en
oding saturationMunier, Stasto, Mueller '04; Kowalski, Motyka, Watt '06The dipole repr. is 
onsistent with the twist 2 
ollinear fa
torizationNew: still 
onsistent with 
ollinear fa
torization at higher twist order:

PSfrag repla
ements
ρΨγ∗

T ΨρT

lx⊥ +
PSfrag repla
ements

ρΨγ∗
T ΨρT

lx⊥twist 2 + kinemati
al twist 3 genuine twist 3A. Besse, L. Szymanowski, S. W., arXiv:1204.2281 [hep-ph℄, to appear in NPBPhenomenology: A. Besse, L. Szymanowski, S. W. in preparation
γ 
ase for large |t|? b-dependen
e? 30/34
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olorless gluoni
 ex
hange

C = +1 : Pomeron, in pQCD des
ribed by BFKL equation
C = −1 : Odderon, in pQCD des
ribed by BJKP equationbest but still weak eviden
e for O: pp and pp̄ data at ISRno eviden
e for perturbative O

31/34
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O ex
hange mu
h weaker than P ⇒ two strategies in QCD
onsider pro
esses, where P vanishes due to C-parity 
onservation:ex
lusive η, ηc, f2, a2, ... in ep; γγ → ηcηc ∼ |MO|2 Braunewell, Ewerz '04ex
lusive J/Ψ, Υ in pp (PO fusion, not PP)) Bzdak, Motyka, Szymanowski,Cudell '07
onsider observables sensitive to the interferen
e between P and O(open 
harm in ep; π+π− in ep)∼ ReMPM∗

O ⇒ observable linear inMO
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
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



MY
2

tp Y

C=+/−/Brodsky, Rathsman, Merino '99
Ivanov, Nikolaev, Ginzburg '01 in photo-produ
tionHägler, Pire, Szymanowski, Teryaev '02 in ele
tro-produ
tion 32/34
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P−O interferen
e in double UPC

P−O interferen
e in γγ → π+ π− π+ π−

Hard s
ale = tB. Pire, F. S
hwennsen, L. Szymanowski, S. W.Phys.Rev.D78:094009 (2008)pb at LHC: pile-up! 33/34
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tion Collinear fa
torizations QCD at large s Con
lusionCon
lusionSin
e a de
ade, there have been mu
h progress in the understanding ofhard ex
lusive pro
essesat medium energies, there is now a 
on
eptual framework starting from �rstprin
iple, allowing to des
ribe a huge number of pro
essesat high energy, the impa
t representation is a powerful tool for des
ribingex
lusive pro
esses in di�ra
tive experiments; they are and will be essentialfor studying QCD in the hard Regge limit (Pomeron, Odderon, saturation...)till, some problems remain:proofs of fa
torization have been obtained only for very few pro
esses(ex.: γ∗ p → γ p , γ∗
L

p → ρL p)for some other pro
esses fa
torization is highly plausible, but not fullydemonstrated at any order (ex.: pro
esses involving GDAs and TDAs)some pro
esses expli
itly show sign of breaking of fa
torization(ex.: γ∗
T p → ρT p whi
h has end-point singularities at Leading Order)models and results from the latti
e for the non-perturbative 
orrelatorsentering GPDs, DAs, GDAs, TDAs are needed, even at a qualitative level!the e�e
t of QCD evolution, the NLO 
orre
tions with potentialresummation e�e
ts, 
hoi
e of renormalization/fa
torization s
ale, power
orre
tions will be very relevant to interpret and des
ribe the fore
omingdataLinks between theoreti
al and experimental 
ommunities are very fruitfulHERA, HERMES, Tevatron, LHC, JLab, COMPASS, BaBar, BELLE, Super-B, EIC,LHeC, ILCThis is very hot and pleasant domain. Everybody is wel
ome! 34/34
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