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Introdu
tion TCS Transversity Di�ra
tive pro
essesExtensions 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 2 /25



Introdu
tion TCS Transversity Di�ra
tive pro
essesTwist 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 3 /25



Introdu
tion TCS Transversity Di�ra
tive pro
essesTwist 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
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˛

˛

˛
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1

2P−
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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
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m2
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+ Ẽq

T
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Introdu
tion TCS Transversity Di�ra
tive pro
essesTwist 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) 5 /25



Introdu
tion TCS Transversity Di�ra
tive pro
essesDVCS 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 CollisionsAFTER is good pla
e, sin
e:a very large 
ms energy is not ne
essarya high luminosity is neededit would be 
omplementary to JLab and COMPASS programs 6 /25



Introdu
tion TCS Transversity Di�ra
tive pro
essesCoordinates for TCSKinemati
al variables and 
oordinate axes
∆T
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Berger, Diehl, Pire, 2002 7 /25



Introdu
tion TCS Transversity Di�ra
tive pro
essesThe Bethe-Heitler 
ontribution
l+

l−

p p’

γ

Figure: The Feynman diagrams for the Bethe-Heitler amplitude.
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,For small θ BH 
ontribution be
omes very large 8 /25



Introdu
tion TCS Transversity Di�ra
tive pro
essesThe Compton 
ontributionPSfrag repla
ements
ℓ∓

ℓ±γ
γ∗

s

t

N N ′

Q2

GPD : F

CF : T

x + ξ x− ξ

Amplitude
Aµν = gµν

T F(ξ, t)given in terms of Compton Form Fa
tors:
F(ξ, t) =

Z 1

−1

dx T (x, ξ, Q′) F (x, ξ, t) 9 /25



Introdu
tion TCS Transversity Di�ra
tive pro
essesInterferen
e Interferen
e part of the 
ross-se
tionConsider 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 ex
hange of the ℓ+ and ℓ− momenta (ϕ ↔ π + ϕ)

⇒ angular dist. of ℓ+ℓ− pair = good tool to study the interferen
e termBerger, Diehl, Pire, 2002B-H dominant for small energies
6
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B-H is negligible at HERA energies 10/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesTCS at NLO One loop 
ontributionsBelitsky, Mueller, Niedermeier, S
hafer,Phys.Lett.B474, 2000Pire, Szymanowski, WagnerPhys.Rev.D83, 2011
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Introdu
tion TCS Transversity Di�ra
tive pro
essesTCS Compton Form Fa
tors at NLO
LODVCS�N

DVCS�NLO

TCS�NLOD

10-4 10-3 10-2

101

102

103

104

Ξ

ÈÂ
e
H
HΞ

,t=
0,
Q

2 =
4

G
eV

2 L
È

The real part of CFF H vs. ξ with µ2 = Q2 = 4 GeV2 and t = 0solid: LODVCS NLO: dashedTCS NLO: its (negative) value is shown as dotted 
urve 12/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesResummation for Coe�
ient fun
tionsSoft-
ollinear singularity of the 
oe�
ient fun
tionThe Coe�
ient fun
tions are singular in the limit x→ ±ξ

T q = Cq
0 + Cq

1 + Cq
coll ln

„ |Q2|
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F

«with the LO and NLO quark 
oe�
ient fun
tions:
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–ff

,The singularity is typi
al of a soft-
ollinear singularities(
f. Sudakov form fa
tors) 13/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesResummation 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

resommed formula (for DVCS), for x→ ξ :
Cq

res(x, ξ) ≈ A
e
√

KCF αs log2(x−ξ) + e−
√

KCF αs log2(x−ξ)

x− ξ + iǫT. Altinoluk, B. Pire, L. Szymanowski, S. Wallon, in preparationMoment spa
e (Gegenbauer polynomials) ??unknown analog of the N-Mellin spa
e for xBj → 1 in DIS 14/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesSpin 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 15/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesA

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 16/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesA

essing transversity in the nu
leon
Can 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 ourLight-Cone Collinear Fa
torization framework re
ently developped(Anikin, Ivanov, Pire, Szymanowski, S. W.)

17/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesA

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
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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 18/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesEx
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 proje
t

M=0.5 GeV

M=1 GeV

M=1.5 GeV

M=0.3 GeV

M=2 GeV

Λ = 0 GeV

0 5 10 15 20 25
Q2

0.2

0.4

0.6

0.8

1.0

1.2

T11

T00

HERA (H1) dataI. V. Anikin, A. Besse, D .Yu. Ivanov, B. Pire,L. Szymanowski, S.W.Phys.Rev. D84 (2011) 054004 19/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesEx
lusive ve
tor meson produ
tion in UPC at LHCDi�ra
tive ex
lusive pro
ess p(A) p → p(A) p ρL,TFor large impa
t parameter, γ ex
hange from p(A) dominates the purestrong-intera
tion pro
esses: Ultra-Peripheral CollisionsCoulomb pole for UPC 1/p2
T

versus exp(−B p2
T

) for strong intera
tioneventsin heavy ion mode, dete
tion of neutrons produ
ed by the giant dipoleresonan
e as a signal of UPC
γ, i.e. γ∗(Q2) with Q2 ≃ 0 strongly dominates the Weizsä
ker-Williamsspe
trumHard s
ale = −tCan one tag the outgoing p or A in order to get a

ess to γ∗(Q2) with

Q2 ≫ Λ2
QCD at LHC?

PSfrag repla
ements p(A)
p(A)

γ(∗)

ρL

p p′

new−−→PSfrag repla
ements p(A)

p(A)

γ(∗)

ρT20/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesDipole representation and saturation e�e
tsPSfrag repla
ements
ργ

(∗)
T,L

Ψi Ψf

p p

σ̂

l x⊥

yk

yjInitial 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 < 1The dipole representation is 
onsistent with the twist 2 CollinearapproximationNew: still 
onsistent with 
ollinear fa
torization at higher twist order:

PSfrag repla
ements
ρΨγ∗

T ΨρT

lx +
PSfrag repla
ements

ρΨγ∗
T ΨρT

lxtwist 2 + kinemati
al twist 3 genuine twist 3A. Besse, L. Szymanowski, S. W., arXiv:1204.2281 [hep-ph℄
γ 
ase for large |t| ? Phenomenology? 21/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesFinding the hard Odderon

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

22/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesFinding the hard Odderon
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|2ex
lusive J/Ψ, Υ in pp (PO fusion, not PP))
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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c
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
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




sγp





MY
2

tp Y

C=+/−/Brodsky, Rathsman, Merino 1999
Ivanov, Nikolaev, Ginzburg 2001 in photo-produ
tionHägler, Pire, Szymanowski, Teryaev 2002 in ele
tro-produ
tion 23/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesFinding the hard Odderon
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! 24/25



Introdu
tion TCS Transversity Di�ra
tive pro
essesCon
lusion
Many ex
lusive studies 
ould be performed using AFTERprospe
ts depends on the dete
tion fa
ilitiesthe main interest is the high luminosity, whi
h is a prerequisite for rarepro
essesTCS in UPC is very promisingother pro
esses 
ould be measured with dedi
ated dete
tors

25/25
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