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Introdution TCS Transversity Di�rative proessesExtensions 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∗
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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
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Introdution TCS Transversity Di�rative proessesTwist 2 GPDs Physial interpretation for GPDs
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∼ 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 3 /25



Introdution TCS Transversity Di�rative proessesTwist 2 GPDs Classi�ation of twist 2 GPDsFor quarks, one should distinguish the exhangeswithout heliity �ip (hiral-even Γ′ matries): 4 hiral-even GPDs:
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Introdution TCS Transversity Di�rative proessesTwist 2 GPDs Classi�ation of twist 2 GPDsanalogously, for gluons:4 gluoni GPDs without heliity �ip:
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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) 5 /25



Introdution TCS Transversity Di�rative proessesDVCS and TCS
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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 CollisionsAFTER is good plae, sine:a very large ms energy is not neessarya high luminosity is neededit would be omplementary to JLab and COMPASS programs 6 /25



Introdution TCS Transversity Di�rative proessesCoordinates for TCSKinematial variables and oordinate axes
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Introdution TCS Transversity Di�rative proessesThe Bethe-Heitler ontribution
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Figure: The Feynman diagrams for the Bethe-Heitler amplitude.
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Introdution TCS Transversity Di�rative proessesThe Compton ontributionPSfrag replaements
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Introdution TCS Transversity Di�rative proessesInterferene Interferene part of the ross-setionConsider γp→ ℓ+ℓ− p with unpolarized protons and photonsAt leading order
dσINT

dQ′2 dt d cos θ dϕ
∼ cos ϕ ReH(ξ, t)linear in GPD'sodd under exhange of the ℓ+ and ℓ− momenta (ϕ ↔ π + ϕ)

⇒ angular dist. of ℓ+ℓ− pair = good tool to study the interferene termBerger, Diehl, Pire, 2002B-H dominant for small energies
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Introdution TCS Transversity Di�rative proessesTCS at NLO One loop ontributionsBelitsky, Mueller, Niedermeier, Shafer,Phys.Lett.B474, 2000Pire, Szymanowski, WagnerPhys.Rev.D83, 2011
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Introdution TCS Transversity Di�rative proessesTCS Compton Form Fators at NLO
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Introdution TCS Transversity Di�rative proessesResummation for Coe�ient funtionsSoft-ollinear singularity of the oe�ient funtionThe Coe�ient funtions are singular in the limit x→ ±ξ
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,The singularity is typial of a soft-ollinear singularities(f. Sudakov form fators) 13/25



Introdution TCS Transversity Di�rative proessesResummation 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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Introdution TCS Transversity Di�rative proessesSpin 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 15/25



Introdution TCS Transversity Di�rative proessesAessing 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:
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Introdution TCS Transversity Di�rative proessesAessing transversity in the nuleon
Can 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 ourLight-Cone Collinear Fatorization framework reently developped(Anikin, Ivanov, Pire, Szymanowski, S. W.)
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Introdution TCS Transversity Di�rative proessesAessing 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
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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 18/25



Introdution TCS Transversity Di�rative proessesExlusive vetor meson prodution at HERADi�rative exlusive proess e−p → e− p ρL,T
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�rst desription ombining beyond leading twistollinear fatorisation
kT −fatorisationI. V. Anikin, D .Yu. Ivanov, B. Pire, L. Szymanowski, S.W.Phys.Lett.B682 (2010) 413-418Nul.Phys.B828 (2010) 1-68HERA, LHeC projet
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Introdution TCS Transversity Di�rative proessesExlusive vetor meson prodution in UPC at LHCDi�rative exlusive proess p(A) p → p(A) p ρL,TFor large impat parameter, γ exhange from p(A) dominates the purestrong-interation proesses: Ultra-Peripheral CollisionsCoulomb pole for UPC 1/p2
T

versus exp(−B p2
T

) for strong interationeventsin heavy ion mode, detetion of neutrons produed by the giant dipoleresonane as a signal of UPC
γ, i.e. γ∗(Q2) with Q2 ≃ 0 strongly dominates the Weizsäker-WilliamsspetrumHard sale = −tCan one tag the outgoing p or A in order to get aess to γ∗(Q2) with

Q2 ≫ Λ2
QCD at LHC?
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Introdution TCS Transversity Di�rative proessesDipole representation and saturation e�etsPSfrag replaements
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⊥saturation for large x⊥ ∼ 1/Qsat: T < 1The dipole representation is onsistent with the twist 2 CollinearapproximationNew: still onsistent with ollinear fatorization at higher twist order:
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γ ase for large |t| ? Phenomenology? 21/25



Introdution TCS Transversity Di�rative proessesFinding the hard Odderon
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

22/25



Introdution TCS Transversity Di�rative proessesFinding 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|2exlusive J/Ψ, Υ in pp (PO fusion, not PP))onsider observables sensitive to the interferene between P and O(open harm in ep; π+π− in ep)∼ ReMPM∗
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C=+/−/Brodsky, Rathsman, Merino 1999
Ivanov, Nikolaev, Ginzburg 2001 in photo-produtionHägler, Pire, Szymanowski, Teryaev 2002 in eletro-prodution 23/25



Introdution TCS Transversity Di�rative proessesFinding 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! 24/25



Introdution TCS Transversity Di�rative proessesConlusion
Many exlusive studies ould be performed using AFTERprospets depends on the detetion failitiesthe main interest is the high luminosity, whih is a prerequisite for rareproessesTCS in UPC is very promisingother proesses ould be measured with dediated detetors
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