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Introdution Collinear fatorizations QCD at large s ConlusionExlusive proesses are hallengingCan one extrat information on hadrons using hard exlusive proesses?The aim is to redue the proess to interations involving a small numberof partons (quarks, gluons), despite on�nementThis is possible if the onsidered proess is driven by short distanephenomena (d≪ 1 fm)
=⇒ αs ≪ 1 : Perturbative methodsOne should hit strongly enough a hadronExample: eletromagneti probe and form fatorPSfrag replaements e− e−

γ∗

p

p

hard partoni proess
τ eletromagneti interation ∼ τ parton life time after interation
≪ τ arateristi time of strong interationTo get suh situations in exlusive reations is very hallenging:the ross setion are very small 2 /34



Introdution Collinear fatorizations QCD at large s ConlusionCounting 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 proesses 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
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„
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5absent with at least one γ(∗) (point-like oupling)3 /34



Introdution Collinear fatorizations QCD at large s ConlusionFrom inlusive to exlusive proessesExperimental e�ortInlusive proesses are not 1/Q suppressed (e.g. DIS)Going from inlusive to exlusive proesses is di�ultHigh luminosity aelerators and high-performane detetion failitiesHERA (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 fator: JLab�6 GeV future: PANDA (timelike proton form fatorthrough pp̄ → e+e−)
e+e− in γ∗γ single-tagged hannel: Transition form fator γ∗γ → π, exotihybrid meson prodution BaBar, Belle, BES,...Deep Virtual Compton Sattering (GPD)HERA (H1, ZEUS), HERMES, JLab�6 GeVfuture: JLab�12GeV, COMPASS-II, EICNon 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 ollisionsLHC (with or without �xed targets), ILC 4 /34



Introdution Collinear fatorizations QCD at large s ConlusionFrom inlusive to exlusive proessesTheoretial e�ortsVery important theoretial developments during the last deadeKey words:DAs, GPDs, GDAs, TDAs ... TMDsFundamental tools:At medium energies (for a partile physiist!):JLab, HERMES, COMPASS, BaBar, Belle, PANDA, Super-B, EICollinear fatorizationAt asymptotial energies:HERA, Tevatron, LHC, LHeC, ILC (EIC and COMPASS at the boundary)
kT -fatorization 5 /34



Introdution Collinear fatorizations QCD at large s ConlusionExtensions from DISDIS: inlusive proess → forward amplitude (t = 0) (optial theorem)(DIS: Deep Inelasti Sattering)ex: e±p → e±X at HERAStruture Funtion= Coe�ient Funtion ⊗ Parton Distribution Funtion(hard) (soft) PSfrag replaements γ∗ γ∗

s

p p

Q2 Q2

x xPDFCF
DVCS: exlusive proess → non forward amplitude (−t≪ s = W 2)(DVCS: Deep Vitual Compton Sattering)Amplitude= Coe�ient Funtion ⊗ Generalized Parton Distribution(hard) (soft) PSfrag replaements γ∗ γ

s

t

p p′

Q2

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



Introdution Collinear fatorizations QCD at large s ConlusionExtensions from DVCSMeson prodution: γ replaed by ρ, π, · · ·Amplitude= GPD ⊗ CF ⊗ Distribution Amplitude(soft) (hard) (soft)Collins, Frankfurt, Strikman '97; Radyushkin '97Crossed proess: s≪ −tAmplitude= Coe�ient Funtion ⊗ Generalized Distribution Amplitude(hard) (soft)PSfrag replaements
γ

γ∗

s

t

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



Introdution Collinear fatorizations QCD at large s ConlusionExtensions from DVCSStarting from usual DVCS, one allows: initial hadron 6= �nal hadron (inthe same otuplet): transition GPDsEven less diagonal:baryoni number (initial state) 6= baryoni number (�nal state) → TDAExample: PSfrag replaements
t

s

u

a

b

c

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



Introdution Collinear fatorizations QCD at large s ConlusionExtensions from DVCS TDA at PANDAPSfrag replaements
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PTDA π → γ TDA p→ γ at PANDA (forward sattering of p̄ on a p probe)
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TDA p→ π at PANDA (forward sattering of p̄ on a p probe)Spetral model for the p→ π TDA: Pire, Semenov, Szymanowski '10 9 /34



Introdution Collinear fatorizations QCD at large s ConlusionTwist 2 GPDs Physial 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 exhangeERBL region Emission and reabsoptionof a quark
∼ PDFs for quarksDGLAP-I region 10/34



Introdution Collinear fatorizations QCD at large s ConlusionTwist 2 GPDs Classi�ation of twist 2 GPDsFor quarks, one should distinguish the exhangeswithout 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
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2
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˛
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.with heliity �ip ( hiral-odd Γ′ mat.): 4 hiral-odd GPDs:
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Introdution Collinear fatorizations QCD at large s ConlusionTwist 2 GPDs Classi�ation of twist 2 GPDsanalogously, 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
Ẽg4 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 heliityannot be ompensated by a spin 1/2 target) 12/34



Introdution Collinear fatorizations QCD at large s ConlusionSpin transversity in the nuleonWhat is transversity?Tranverse spin ontent of the proton:
| ↑〉(x) ∼ | →〉+ | ←〉
| ↓〉(x) ∼ | →〉 − | ←〉spin along x heliity stateAn observable sensitive to heliity spin �ip gives thus aess to thetransversity ∆T q(x), whih is very badly known (�rst data have reentlybeen 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)partile, hirality = (-)heliityTransversity is thus a hiral-odd quantityQCD and QED are hiral even ⇒A ∼ (Ch.-odd)1 ⊗ (Ch.-odd)2 13/34



Introdution Collinear fatorizations QCD at large s ConlusionAessing transversity in the nuleonHow 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 ′ = 0this 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 theproton: impossible! Collins, Diehl '00diagrammati argument at Born order:

PSfrag replaements γ∗

N N ′

ρTGPDPSfrag replaements γ∗

N N ′

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



Introdution Collinear fatorizations QCD at large s ConlusionAessing transversity in the nuleonCan one irumvent this vanishing?This vanishing is true only a twist 2At twist 3 this proess does not vanishHowever proesses involving twist 3 DAs may fae problems withfatorization (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 reentlydevelopped:Light-Cone Collinear FatorizationAnikin, Ivanov, Pire, Szymanowski, S. W.Phys. Lett. B682:413-418, 2010; Nul.Phys. B 828:1-68, 2010 15/34



Introdution Collinear fatorizations QCD at large s ConlusionAessing transversity in the nuleon
γN → π+ρ0

T N ′ gives aess to transversityFatorization à la Brodsky Lepage of γ + π → π + ρ at large s and �xedangle (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 DAM2
πρ

x + ξ x − ξ

N
GPDs

N ′

t ≪ M2
πρ hiral-odd twist 2 GPDa typial non-vanishing diagram:PSfrag replaementshiral-even twist 2 DAhiral-odd twist 2 DAhiral-odd twist 2 GPD γ
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M. El Beiyad, P. Pire, M. Segond, L. Szymanowski, S.WPhys.Lett.B688:154-167,2010see also, at large s, with Pomeron exhange:R. Ivanov, B. Pire, L. Symanowski, O. Teryaev '02R. Enberg, B. Pire, L. Symanowski '06These 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 thetime-like domain) JLab, COMPASS 16/34



Introdution Collinear fatorizations QCD at large s ConlusionDVCS and TCS
PSfrag replaementsℓ ℓ
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Deeply Virtual Compton Sattering Timelike Compton Sattering
lN → l′N ′γ γN → l+l−N ′TCS versus DVCS:universality of the GPDsanother soure for GPDs (speial sensitivity on real part)spaelike-timelike rossing and understanding the struture of the NLOorretionsWhere to measure TCS? In Ultra Peripheral CollisionsLHC, JLab, COMPASS, AFTER 17/34



Introdution Collinear fatorizations QCD at large s ConlusionDVCS and TCS at NLO One loop ontributionsBelitsky, Mueller, Niedermeier, Shafer,Phys.Lett.B474, 2000Pire, Szymanowski, WagnerPhys.Rev.D83, 2011
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Introdution Collinear fatorizations QCD at large s ConlusionResummations e�ets are expetedPSfrag replaements
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⇒ two sales problem; threshold singularities to be resummedanalogous to the log(x− xBj) resummation for DIS oe�ientfuntions 19/34



Introdution Collinear fatorizations QCD at large s ConlusionResummation for Coe�ient funtionsSoft-ollinear resummation e�ets for the oe�ient funtionThe resummation easier when using the axial gauge p1 ·A = 0 (pγ ≡ p1)The dominant diagram are ladder-like
PSfrag replaements
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2πT. Altinoluk, B. Pire, L. Szymanowski, S. W.to appear in JHEP [arXiv:1207.4609℄; [arXiv:1206.3115℄Moment spae (Gegenbauer polynomials) ??unknown analog of the N-Mellin spae for xBj → 1 in DIS 20/34



Introdution Collinear fatorizations QCD at large s Conlusion
ρ−eletroprodution: Seletion rules and fatorization statushirality = heliity for a partiule, hirality = ⊖heliity for an antipartiulefor massless quarks: QED and QCD verties = hiral even (no hirality �ipduring 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∗

Lat t = 0, no soure of orbital momentum from the proton oupling ⇒heliity of the meson = heliity of the photonin the ollinear fatorization approah, t 6= 0 hange nothing from the hardside ⇒ the above seletion rule remains truethus: 2 transitions possible (s−hannel heliity onservation (SCHC)):
γ∗

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

γ∗
T

→ ρT transition: QCD fatorization has problems at t=3Mankiewiz-Piller '00
1
R

0

du
u

or 1
R

0

du
1−u

diverge (end-point singularity)PSfrag replaements DAu

1 − u 21/34



Introdution Collinear fatorizations QCD at large s Conlusion
ρ−eletroprodution: Seletion rules and fatorization statusImproved ollinear approximation: a solution?keep a transverse ℓ⊥ dependeny in the q, q̄ momenta, used to regulateend-point singularitiessoft and ollinear gluon exhange between the valene quark areresponsible for large double-logarithmi e�ets whih are onjetured toexponentiatethis is made easier when using the impat parameter spae b⊥ onjugatedto ℓ⊥ ⇒ Sudakov fator

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 formfators, based on the fatorization approah Li, Sterman '92it has been proposed to ombine this perturbative resummation tail e�etwith 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 phenomenologyGoloskokov, Kroll '05 22/34



Introdution Collinear fatorizations QCD at large s ConlusionTheoretial 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 DISother sales 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 appliable, and how to improve it?How to test this dynamis experimentally, in partiular based on exlusiveproesses? 23/34



Introdution Collinear fatorizations QCD at large s Conlusion
kT fatorization

γ∗ γ∗ → ρ ρ as an exampleUse Sudakov deomposition 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 replaements
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dα24/34



Introdution Collinear fatorizations QCD at large s Conlusion
kT fatorizationImpat representation for exlusive proesses k = Eul. ↔ 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) impat fatorPSfrag replaements
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25/34



Introdution Collinear fatorizations QCD at large s ConlusionMeson prodution at HERADi�rative meson prodution at HERAHERA (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 -fatorisationRyskin '93; Frankfurt, Koepf, Strikman '98; Ivanov, Kirshner, Shäfer,Szymanowski '00; Motyka, Enberg, Poludniowski '02Exlusive vetor meson photoprodution at large t (= hard sale):
γ(q) + P → ρL,T (p1) + Pbased on kT -fatorization: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 desribedExlusive eletroprodution of vetor meson
γ∗

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



Introdution Collinear fatorizations QCD at large s ConlusionPhenomenologial appliations: exlusive test of PomeronAn example of realisti exlusive test of Pomeron: γ(∗)γ(∗) → ρ ρas a subproess of e− e+ → e− e+ ρ0
L ρ0

LILC 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 thebeampipe (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 27/34



Introdution Collinear fatorizations QCD at large s ConlusionPhenomenologial appliations: exlusive test of PomeronQCD e�ets in the Regge limit on γ(∗)γ(∗) → ρ ρPSfrag replaements
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proof of feasibility:B. Pire, L. Szymanowski and S. W.Eur.Phys.J.C44 (2005) 545proof of visible BFKL enhanement:R. Enberg, B. Pire, L. Szymanowski and S. W.Eur.Phys.J.C45 (2006) 759omprensive study of γ∗ polarization e�etsand 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



Introdution Collinear fatorizations QCD at large s ConlusionExlusive vetor meson prodution at HERADi�rative exlusive proess e−p → e− p ρL,T

PSfrag replaements e−
e−

γ∗
ρL
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olorless gluoni exhange

C = +1 : Pomeron, in pQCD desribed by BFKL equation
C = −1 : Odderon, in pQCD desribed by BJKP equationbest but still weak evidene for O: pp and pp̄ data at ISRno evidene for perturbative O
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Introdution Collinear fatorizations QCD at large s ConlusionFinding the hard Odderon
O exhange muh weaker than P ⇒ two strategies in QCDonsider proesses, where P vanishes due to C-parity onservation:exlusive η, ηc, f2, a2, ... in ep; γγ → ηcηc ∼ |MO|2 Braunewell, Ewerz '04exlusive J/Ψ, Υ in pp (PO fusion, not PP)) Bzdak, Motyka, Szymanowski,Cudell '07onsider observables sensitive to the interferene between P and O(open harm in ep; π+π− in ep)∼ ReMPM∗

O ⇒ observable linear inMO
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Introdution Collinear fatorizations QCD at large s ConlusionFinding the hard Odderon
P−O interferene in double UPC

P−O interferene in γγ → π+ π− π+ π−

Hard sale = tB. Pire, F. Shwennsen, L. Szymanowski, S. W.Phys.Rev.D78:094009 (2008)pb at LHC: pile-up! 33/34



Introdution Collinear fatorizations QCD at large s ConlusionConlusionSine a deade, there have been muh progress in the understanding ofhard exlusive proessesat medium energies, there is now a oneptual framework starting from �rstpriniple, allowing to desribe a huge number of proessesat high energy, the impat representation is a powerful tool for desribingexlusive proesses in di�rative experiments; they are and will be essentialfor studying QCD in the hard Regge limit (Pomeron, Odderon, saturation...)till, 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 fullydemonstrated 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 for the non-perturbative orrelatorsentering GPDs, DAs, GDAs, TDAs are needed, even at a qualitative level!the e�et of QCD evolution, the NLO orretions with potentialresummation e�ets, hoie of renormalization/fatorization sale, powerorretions will be very relevant to interpret and desribe the foreomingdataLinks between theoretial 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 welome! 34/34
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