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Introdu
tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionIntrodu
tionEx
lusive pro
esses at high energy in QCDA tremendous e�ort is being performed to extra
t ex
lusive data. They arenow 
oming with in
reasing pre
ision (DVCS, meson produ
tion, polarizedexperiments, ...) at moderate and high energySin
e a de
ade, there have been mu
h theoreti
al developpements in hardex
lusive pro
esses.form fa
tors, Distribution Amplitudes → Generalized DistributionAmplitudesDVCS → Generalized Parton Distributions, Transition DistributionAmplitudesThe key tool is the 
ollinear fa
torization
2 /36



Introdu
tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionIntrodu
tionExtensions from DISDIS: in
lusive pro
ess → forward amplitude (t = 0)Stru
ture Fun
tion= Coe�
ient Fun
tion ⊗ Parton Distribution Fun
tion(hard) (soft)DVCS: ex
lusive pro
ess → non forward amplitude (−t≪ s = W 2)Amplitude= Coe�
ient Fun
tion ⊗ Generalized Parton Distribution(hard) (soft)Müller et al. '91 - '94; Radyushkin '96; Ji '97 3 /36



Introdu
tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionIntrodu
tionExtensions from GPDMeson 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 4 /36



Introdu
tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionIntrodu
tionExtensions from GPDstarting from usual DVCS, one allows initial hadron 6= �nal hadronexample:
Pire, 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(see talk of J-P.Lansberg) 5 /36



Introdu
tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionDVCS and GPD Two steps for fa
torizationmomentum fa
torization: use Sudakov de
omposition

k = αp1 + β p2 + k⊥ (p2
1 = p2

2 = 0, 2p1 · p2 = s)
+ − ⊥PSfrag repla
ements H

S

γ∗(q) γ

p = p2 −∆ p′ = p2 + ∆

R
d4k k k + ∆

Q2→∞
−→

PSfrag repla
ements
γ∗(q) γ

H
k+ = 0 , k⊥ = 0

S
R
dk+

R
d2k⊥

R
dk−

= p−2
R
dx

−
x+ ξ

−
x− ξ

− −

+− +

R
d4k S(k, k + ∆)H(q, k, k + ∆) =

R
dk−

R
dk+d2k⊥ S(k, k + ∆) H(q, k−, k− + ∆−)supplement with Fierz identity in spinor + 
olor spa
e

⇒ M = GPD⊗ Hard partMüller et al. '91 - '94; Radyushkin '96; Ji '97 6 /36
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tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tion
ρ−meson produ
tion: from the wave fun
tion to the DAWhat is a ρ−meson in QCD?It is des
ribed by its wave fun
tion Ψ whi
h redu
es in hard pro
esses to itsDistribution AmplitudePSfrag repla
ements
γ∗(q)

M

Ψ

p p′

ρ

pρ

R
d4ℓ ℓ

ℓ− pρ

Q2→∞
−→

PSfrag repla
ements
M

ℓ− = 0 , ℓ⊥ = 0

S
R
dℓ−

R
d2ℓ⊥+−

R

dℓ+

= p+
1

R

du
u +

−ū +

ρ

+

− −

R
d4ℓ M(q, ℓ, ℓ− pρ)Ψ(ℓ, ℓ− pρ) =

R
dℓ+M(q, ℓ+, ℓ+ − p+

ρ )
R
dℓ−
|k2
⊥| < µ2

FR
d2ℓ⊥Ψ(ℓ, ℓ− pρ)Hard part DA Φ(u, µ2

F )(see Chernyak, Zhitnitsky '77; Brodsky, Lepage '79; Efremov, Radyushkin '80; ... inthe 
ase of form-fa
tors studies) 7 /36



Introdu
tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tion
ρ−meson produ
tion: fa
torization with a GPD and a DAPSfrag repla
ements

Ψ

S

H

pρ

γ∗(q)

p = p2 − ∆ p′ = p2 + ∆

R
d4ℓ ℓ

ℓ− pρ

R
d4k k k + ∆

Q2→∞
−→

PSfrag repla
ements

H
ℓ− = 0 , ℓ⊥ = 0

k+ = 0 , k⊥ = 0

S
R
dℓ−

R
d2ℓ⊥

S
R
dk+

R
d2k⊥

R
dx

−
x+ ξ

−
x− ξ

− −

+−

R
du u +

−ū +

+

R

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

=
R

dk−dℓ+
R

dk+
|k2

⊥| < µ2
F2

R

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

R

dℓ−
|ℓ2⊥| < µ2

F1
R

d2ℓ⊥Ψ(ℓ, ℓ − pρ)GPD F (x, ξ, t, µ2
F2

) Hard part T (x/ξ, u, µ2
F1

, µ2
F2

) DA Φ(u, µ2
F1

)Collins, Frankfurt, Strikman '97; Radyushkin '97 8 /36
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troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionChiral-even DA Two-parti
les DAs

R
dℓ−

R
dℓ⊥ ⇒ one deal with non-lo
al 
orrelators between �elds separated bya light-like distan
e z (along p2, 
onjugated to + dire
tion by Fourier transf.)
〈0|ū(z)γµd(−z)|ρ

−(P, λ)〉 = fρmρ

»
pµ
e(λ) · z

p · z

Z 1

0

du ei(u−ū)p·zφ‖(u, µ
2
F )

+e
(λ)
⊥µ

R 1

0
du ei(u−ū)p·zg

(v)
⊥ (u, µ2

F )− 1
2
zµ

e(λ)·z
(p·z)2

m2
ρ

R 1

0
du ei(u−ū)p·zg3(u, µ

2
F )

itwists: 2 (ρL) + 3 (ρ⊥) + 4 p = p1, P = pρ

〈0|ū(z)γµγ5d(−z)|ρ
−(P, λ)〉 = 1

2

h
fρ − f

T
ρ

mu+md
mρ

i
mρǫ

ναβ
µ e

(λ)
⊥νpαzβ

R 1

0
du eiξp·zg

(a)
⊥ (u, µ2

F )twists: 3 (ρ⊥) normalization: from lo
al limit
〈0|ū(0)γµd(0)|ρ

−(P, λ)〉 = fρmρe
(λ)
µ , 〈0|ū(0)σµνd(0)|ρ

−(P, λ)〉 = ifT
ρ (e

(λ)
µ Pν − e

(λ)
ν Pµ)All four fun
tions φ = {φ‖, g

(v)
⊥ , g

(a)
⊥ , g3} are normalized as R

1
0

du φ(u) = 1 . 9 /36
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tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionChiral-even DA: the hard part

GPD

γ *(q)

GPD

γ *(q)

DA DA
ρ ρ

with quark GPDs
GPD

DA

ρ

γ *(q)

GPD

DA

ρ

γ *(q)

GPD

DA

ρ

γ *(q)

with gluoni
 GPDs 10/36



Introdu
tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionSele
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 produ
tion: QCD fa
torization holds at t=2 at any order (i.e.LL, NLL, et
...)Collins, Frankfurt, Strikman '97
γ∗T → ρT produ
tion: 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) 11/36
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tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionSome solutions to fa
torization breaking? Add 
ontribution of 3-parti
le DAs for ρTaddition of 3-parti
le DAs for ρ Anikin, Teryaev '03 (not enough for ρT )Chiral-even three-parti
le DAs of ρ

Gµν = ∂µAν − ∂ν Aµ − g[Aµ, Aν ]

〈0|ū(z)g eGµν(vz)γαγ5d(−z)|ρ
−(P, λ)〉 = fρmρpα[pνe

(λ)
⊥µ − pµe

(λ)
⊥ν ]A(v, pz)

+fρm
3
ρ
e(λ) · z

pz
[pµg

⊥
αν − pνg

⊥
αµ] eΦ(v, pz) + fρm

3
ρ
e(λ) · z

(pz)2
pα[pµzν − pνzµ] eΨ(v, pz)

〈0|ū(z)gGµν(vz)iγαd(−z)|ρ
−(P )〉 = fρmρpα[pνe

(λ)
⊥µ − pµe

(λ)
⊥ν ]V(v, pz)

+fρm
3
ρ
e(λ) · z

pz
[pµg

⊥
αν − pνg

⊥
αµ]Φ(v, pz) + fρm

3
ρ
e(λ) · z

(pz)2
pα[pµzν − pνzµ]Ψ(v, pz)twists: 3 + 4

A(v, pz) =

Z
Dα e−ipz(αu−αd+vαg)A(α)

α is the set of three mom. fra
tions α = {αd, αu, αg}
R
Dα ≡

R 1

0
dαd

R 1

0
dαu

R 1

0
dαg δ(1−

P
αi)Ball, Braun, Koike, Tanaka '98 12/36
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tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionSome solutions to fa
torization breaking? Transverse momenta ℓ⊥ as a regulatorImproved 
ollinear approximationkeep 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 exponentiatethis 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 '92
ombining this perturbative resummation tail e�e
t with 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 phenomenology of meson ele
troprodu
tionGoloskokov, Kroll '05 13/36
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ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionChiral-odd se
tor: Chiral-even versus 
hiral-odd DAsChiralityDe�ne

q±(z) ≡
1

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

q̄±(z)γµq±(−z) or q̄±(z)γµγ5q±(−z)Chiral-odd: 
hange 
hirality
q̄±(z) · 1 · q∓(−z), q̄±(z) · γ5 · q∓(−z) or q̄±(z)[γµ, γν ]q∓(−z)QCD 
onserves 
hirality =⇒ A ∼ (Ch.-odd)1 ⊗ (Ch.-odd)2
hiral-odd obje
ts appear in pairs 14/36
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i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionChiral-odd DAs Chiral-odd two-parti
les DAs σµν ≡ i

2
[γµ, γν ]

〈0|ū(z)σµνd(−z)|ρ
−(P, λ)〉 = ifT

ρ

»
(e

(λ)
⊥µpν − e

(λ)
⊥νpµ)

Z 1

0

du eiξp·zφ⊥(u, µ2)

+ (pµzν − pνzµ)
e(λ) · z

(p · z)2
m2

ρ

Z 1

0

du eiξp·zh
(t)

‖ (u, µ2)

+
1

2
(e

(λ)
⊥µzν − e

(λ)
⊥νzµ)

m2
ρ

p · z

Z 1

0

du eiξp·zh3(u, µ
2)

–

〈0|ū(z)d(−z)|ρ−(P, λ)〉 =

− i

„
fT

ρ − fρ
mu +md

mρ

«
(e(λ) · z)m2

ρ

Z 1

0

du eiξp·zh
(s)

‖ (u, µ2)twists:
φ⊥ of ρT is twist-2
h

(s)

‖
and h(t)

‖
of ρL are twist-3

h3 of ρT is twist-4 15/36
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ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionChiral-odd DAsChiral-odd three-parti
les DAs

〈0|ū(z)σαβ g Gµν(vz)d(−z)|ρ−(P, λ)〉

= fT
ρ m

2
ρ
e(λ) · z

2(p · z)
[pαpµg

⊥
βν − pβpµg

⊥
αν − pαpνg

⊥
βµ + pβpνg

⊥
αµ] T (v, pz)

+4 DAs involving ρTtwists:
T of ρL is twist 3the 4 DA of ρT are twist 4

〈0|ū(z)g Gµν(vz)d(−z)|ρ−(P, λ)〉 = ifT
ρ m

2
ρ[e

(λ)
⊥µpν − e

(λ)
⊥νpµ]S(v, pz)

〈0|ū(z)ig eGµν(vz)γ5d(−z)|ρ
−(P, λ)〉 = ifT

ρ m
2
ρ[e

(λ)
⊥µpν − e

(λ)
⊥νpµ] eS(v, pz)twists: S and eS of ρT are twist 4 16/36
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h Con
lusion
ρ−ele
troprodu
tionA

essing GPD of transversity with ρT −ele
troprodu
tionEle
troprodu
tion of ρT on linearly polarized N

GPD

γ *(q)

GPD

γ *(q)

DA DA
ρ ρ

with the 
hiral-odd 〈ρT |q̄ σ
µν q|0〉 DAAND with the 
hiral-odd 〈p′ ↑ |q̄ σµν q|p ↑〉 GPDResult: A = 0 at the leading twist 2!!! sin
e γα [γµ, γν ] γα = 0Can we avoid the vanishing ofM at the leading twist 2? 17/36
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torization in the Light-Cone Collinear approa
h Con
lusion
ρ−ele
troprodu
tionA

essing GPD of transversity with ρT −ele
troprodu
tionEle
troprodu
tion of π+ AND ρ0

T on a linearly polarized NPSfrag repla
ements π+

ρ0
T

γ

p p′
hiral-odd twist 2 GPD 
hiral-odd twist 2 DA
hiral-even twist 2 DA
+ ∼ 60 diagrams hard s
ale = p⊥ of π+ and ρ0

TOur proposition for JLab and CompassM. El Beiyad, B. Pire, M.Segond, L.Szymanowski, S. W., in preparation 18/36
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tion ρ−ele
troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionGeneri
 results for DAsGauge invarian
e: appli
ation to exoti
 hybrids mesonsThe above non-lo
al 
orrelators full�ll gauge invarian
e:
〈0|Ψ̄(z)γµΨ(−z)|ρ〉should be understood as

〈0|Ψ̄(z)γµ[z, −z ]Ψ(−z)|ρ〉where [, ] is a Wilson line along p2Thus, even at twist 2, gluons are there, although hidden!Taylor expansion with respe
t to z involves the 
ovariant derivative ↔Dµ

⇒ this 
an be used for studying hard ele
troprodu
tion of exoti
 (non qq̄quantum numbers) hybrids mesons |qq̄g〉 with JPC = 1−+Thus, γ∗p→ H0p is not suppressed: it is twist 2. Expe
ted order ofmagnitude of the 
ross-se
tion 
omparable with ρ-ele
troprodu
tion.Anikin, Pire, Szymanowski, Teryaev, S.W. '04, '05Tests at JLab, Compass ? n.b.: H0 
ould be the π1(1400) 
andidatesame 
on
lusion for the pro
ess γγ∗ → H0 with the advantage of avoidingthe mixing with GPD ibid. '06Tests at BaBar, BELLE, Bep
-II ? n.b.: H0 → πη 19/36
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tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionGeneri
 results for DAsEquations of motion Equations of motionDira
 equation leads to
〈i(
→/D (0)ψ(0))α ψ̄β(z)〉 = 0 (i

→

Dµ= i
→

∂ µ +Aµ)Apply the Fierz de
omposition to the above 2 and 3-body 
orrelators
− 〈ψ(x) ψ̄(z)〉 =

1

4
〈ψ̄(z)γµψ(x)〉γµ +

1

4
〈ψ̄(z)γ5γµψ(x)〉γµγ5.

⇒ Equation of motion whi
h relates the various 2 and 3-body DAs.
20/36
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i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionGeneri
 results for DAsRenormalization group equations
Ba
k to the fa
torization of the pro
ess in term of a DA:

M(Q2) = Φ∗(x,µ2
F ) ⊗ TH(x,Q2, µ2

F ) .The DA Φ(u, µ2
F ) satis�es the Efremov-Radyushkin,Brodsky-Lepage equation:
µ2

F
∂

∂µ2
F

Φ(x, µ2
F ) = V (x, u, µ2

F ) ⊗ Φ(u, µ2
F ) ,

21/36
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i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionGeneri
 results for DAsCollinear 
onformal invarian
e: Generalitiesthe full 
onformal group SO(4, 2) is de�ned as transformations whi
h only
hange the s
ale of the metri

Q2 →∞: hadron states are repla
ed by a bun
h of partons that are
ollinear to p1, whi
h thus lives along p2 ⇒ z variable onlytransformations whi
h map the light-ray in p2 dire
tion into itself =
ollinear subgroup of the full 
onformal group SO(4, 2)= SL(2,R):translations z → z + cdilatation z → λzspe
ial 
onformal transformation

z → z′ =
z

1 + 2 a zalgebra of SL(2,R) = O(2, 1)one remaining additional generator 
ommutes with the 3 previous one: the
ollinear-twist operator 22/36
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troprodu
tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionGeneri
 results for DAsCollinear 
onformal invarian
e: Appli
ationsthe light-
one operators whi
h enters the de�nition of DAs 
an beexpressed in terms of a basis of 
onformal operators
onformal transformations 
ommute with exa
t Equations Of Motion(EOM are not renormalized) ⇒ EOM 
an be solved exa
tly (with anexpansion in terms of the 
onformal spin n+ 2). Ex.: twist 2 DA for ρL :

φ‖(u, µ0) = 6uū
∞X

n=0

a‖n(µ)C3/2
n (u−ū) C3/2

n = Gegenbauer polynomialOhrndorf '82; Braun, Filyanov '90 but a
‖
n(µ) are unpredi
tedthe Leading Order renormalization of the 
onformal operators is diagonalin the 
onformal spin (
ounterterms are tree level at this a

ura
y ⇒ theyrespe
t the 
onformal symetry of the 
lassi
al theory)

φ‖(u, µ) = 6uū
∞X

n=0

a‖n(µ0)

„
αs(µ)

αs(µ0)

«γ
(0)
n /β0

C3/2
n (u− ū)

µ→∞
−→ 6uū asymp. DAwith the anomalous dimensions γ(0)

n = CF

„
1− 2

(n+1)(n+2)
+ 4

n+1P
m=2

1
m

«at Next to Leading Order 
onformal symetry is broken; studying 
onformalanomalies provides the NLO anomalous dimensions and 
orrespondingERBL kernels Belitsky, Freund, Müller '99 '00 23/36
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tion Generi
 results for DAs The spe
i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionThe spe
i�
 
ase of QCD at large sQCD in perturbative Regge limitIn this limit, the dynami
s is dominated by gluons (dominan
e of spin 1ex
hange in t 
hannel)BFKL (and extensions: NLL, saturations e�e
ts, ...) is expe
ted todominate with respe
t to Born order at large relative rapidity.Born order: BFKL ladder:PSfrag repla
ements gluon reggeone�e
tive vertex
24/36
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torization in the Light-Cone Collinear approa
h Con
lusionThe spe
i�
 
ase of QCD at large s
kT fa
torization

γ∗ γ∗ → ρ ρ as an exampleUse Sudakov de
omposition k = αp1 + 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(k1)

ρ(k2)

l1

−l̃1

l2

−l̃2

βր

αց
k r − k

R
d2k⊥

α≪ αquarks ⇒ set α = 0 and R
dβ

β ≪ βquarks
⇒ set β = 0 and R

dα25/36
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i�
 
ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionThe spe
i�
 
ase of QCD at large s
kT fa
torization Impa
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

k r − k

ρQCD gauge invarian
e:probes are 
olorless
⇒ impa
t fa
tor should vanish when k→ 0 or r − k → 0At twist 3 level (for γ∗T → ρT transition), gauge invarian
e is a non trivialstatement whi
h requires 2 and 3 body 
orrelators 26/36
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ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionThe spe
i�
 
ase of QCD at large sPhenomenologi
al appli
ations: Data for meson produ
tion at HERARe
ently, a whole bun
h of very ni
e results, with high pre
ision, have beenobtained, in parti
ular for ve
tor mesons with detailled polarization studies.(see the talk of S. Kananov)example: γ∗L,T (q) + P → ρL,T (p1) + P

1

10

10 2

10 3

10
2

W [GeV]

σ γ∗
p

→
ρp

[n
b

]
Fit ∝ Wδ

H1 ρ electroproduction (preliminary)

Q2 [GeV2]
H1 HERA-1 prel.

 3.3

 6.5

11.9

19.5

37.0

H1 SV

 2.0This pro
ess was studied by H1 and ZEUSthe total 
ross-se
tion stronglyde
reases with Q2dramati
 in
rease with W 2 = sγ∗P(transition from soft to hard regimegoverned by Q2)(from X. Janssen (H1), DIS 2008) 27/36
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torization in the Light-Cone Collinear approa
h Con
lusionThe spe
i�
 
ase of QCD at large sPhenomenologi
al appli
ations: Data for meson produ
tion at HERAPolarization e�e
ts in γ∗ P → ρ P 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.

(from X. Janssen (H1),DIS 2008)

one 
an experimentally measure allspin density matrix elementsat t = tmin one 
an experimentally distinguish

γ∗L → ρL : dominates (twist 2 dominan
e)
γ∗T → ρT : sizable (twist 3)S-
hannel heli
ity 
onservation:


γ∗L → ρL (≡ T00)
γ∗T → ρT ,Dominate with respe
t to all other transitions.Experimentally, γ∗T → ρT is dominatedby γ∗T (−) → ρT (−) and γ∗T (+) → ρT (+) (≡ T11) 28/36
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torization in the Light-Cone Collinear approa
h Con
lusionThe spe
i�
 
ase of QCD at large sPhenomenologi
al appli
ations: meson produ
tion at HERAProdu
tion of mesons in di�ra
tion-type experiment at HERAthe safe 
ase: J/Ψ produ
tion fa
torizes (u ∼ 1/2 : non-relativisti
 limitfor a bound state) 
ombined with kT -fa
torizationRyskin '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) + Prelying on kT -fa
torization:Forshaw, Ryskin '95; Bartels, Forshaw, Lotter, Wüstho� '96; Forshaw, Motyka,Enberg, Poludniowski '03H1, ZEUS data seem to favor BFKLbut one needs to regularize end-point singularities for ρT : use of a quarkmass m = mρ/2rather poor understanding of the whole spin density matrixex
lusive ve
tor meson ele
troprodu
tion
γ∗L,T (q) + P → ρL,T (p1) + PGoloskokov, Kroll '05based on the modi�ed 
ollinear fa
torization for DA 
oupling and 
ollinearfa
torization with GPD 29/36
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ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionThe spe
i�
 
ase of QCD at large sPhenomenologi
al appli
ations: ρ−meson produ
tion at HERA and twist 3A full twist 3 treatment of ρ-ele
troprodu
tion in kT -fa
torisationwe have 
omputed the γ∗T → ρT impa
t fa
tor at twist 3Anikin, Ivanov, Pire, Szymanowski, S.W. to appearwe show that:In
luding in a 
onsistent way all twist 3 
ontributions, i.e. 2-body and3-body 
orrelators, gives a gauge invariant impa
t fa
torOur treatment is free of end-point singularities due to the presen
e of kTand thus does not violates the QCD fa
torizationThese points remain valid in the Wandzura-Wil
zek approximation (i.e.3-body 
orrelators = 0, in whi
h 
ase twist 3 e�e
ts only arise due tokinemati
al e�e
ts and not from gluoni
 dynami
al degrees of freedom)phenomenology remains to be done... 30/36
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h Con
lusionThe spe
i�
 
ase of QCD at large sPhenomenologi
al appli
ations: ex
lusive pro
esses at Tevatron, RHIC, LHC, ILCEx
lusive γ(∗)γ(∗) pro
esses = gold pla
e for testing QCD at large sProposals in order to test perturbative QCD in the large s limit(t-stru
ture of the hard Pomeron, saturation, Odderon...)
γ(∗)(q) + γ(∗)(q′)→ J/Ψ J/ΨKwie
inski, Motyka '98
γ∗L,T (q) + γ∗L,T (q′)→ ρL(p1) + ρL(p2) pro
ess in
e+ e− → e+ e−ρL(p1) + ρL(p2) with double tagged lepton at ILCPire, Szymanowski, S. W. '04; Pire, Szymanowski, Enberg, S. W. '06; Ivanov,Papa '06; Segond, Szymanowski, S. W. '07
on
lusion: feasible at ILC (high energy and high luminosity); BFKL NLLenhan
ement with respe
t to Born and DGLAPWhat 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 appear linearly in the
harge asymetryPire, S
hwennsen, Szymanowski, S. W. '07see the talk of F. S
hwennsenother ex
lusive ultraperipheral pro
esses: see the talk of J. Nystrand 31/36
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ase of QCD at large s Collinear fa
torization in the Light-Cone Collinear approa
h Con
lusionCollinear fa
torizationLight-Cone Collinear approa
h versus Covariant approa
hThe Light-Cone Collinear approa
h, whi
h is self-
onsistent, whilenon-
ovariant, is very e�
ient for pra
ti
al 
omputationsAnikin, Ivanov, Pire, Szymanowski, S.W. '09inspired by the in
lusive 
aseEllis, Furmanski, Petronzio '83; Efremov, Teryaev '84axial gaugeparametrization of matrix element along a light-like prefered dire
tion
z = λ n (n = 2 p2/s).Non-lo
al 
orrelators are de�ned around this prefered dire
tion, with
ontributions arising from Taylor expansion up to needed term for a giventwist order 
omputationtheir number is then redu
ed to a minimal set 
ombining EOM and
n−independen
y 
onditionanother approa
h (Braun, Ball), fully 
ovariant but less 
onvenient whenpra
ti
ally 
omputing 
oe�
ient fun
tions, 
an equivalently be usedwe have established the di
tionnary between the two approa
hesthis as been expli
itly 
he
ked for the γ∗T → ρT impa
t fa
tor at twist 3Anikin, Ivanov, Pire, Szymanowski, S.W. to appear 32/36
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torization in the Light-Cone Collinear approa
h Con
lusionCollinear fa
torizationLight-Cone Collinear approa
h: fa
torization using Taylor expansionUse Sudakov de
omposition in the form (p = p1, n = 2 p2/s⇒ p · n = 1)
lµ = u pµ + l⊥µ + (l · p)nµ, u = l · ns
aling: 1 1/Q 1/Q2de
ompose H(k) around the p dire
tion:

H(ℓ) = H(up) +
∂H(ℓ)

∂ℓα

˛̨
˛̨
ℓ=up

(ℓ− u p)α + . . . with (ℓ− u p)α ≈ ℓ
⊥
αtwist 3 term l⊥α

F ourier
−→ derivative of the soft term:

R
d4z e−iℓ·z〈ρ(p)|ψ(0) i

←→

∂α⊥ ψ̄(z)|0〉after Fierz, this givesPSfrag repla
ements
ρ

ℓ

Hqq̄ Φqq̄ −→

PSfrag repla
ements
ρ

ℓ

Hqq̄ Φqq̄

Γ Γ

+

PSfrag repla
ements
ρ

ℓ

H⊥qq̄ Φ⊥qq̄

Γ Γthis leads to introdu
e 7 DAs at twist 3 (2 and 3 body DAs) 33/36
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lusionCollinear fa
torization
n−independen
e A minimal set of DAsThe non-perturbative 
orrelators 
annot be obtained from perturbativeQCD (!)one should redu
e them to a minimal set before using any modelthis 
an be a
hieved by using an additional 
ondition:independen
y of the full amplitude with respe
t to the light-
one ve
tor n

⇒ we prove that 3 independent Distribution Amplitudes are needed:7 - 2 (=nb of EOM) - 2 (=nb of eq. from n-ind. 
ond.)
φ1(y) ← 2 body twist 2 
orrelator
B(y1, y2) ← 3 body genuine twist 3 ve
tor 
orrelator
D(y1, y2) ← 3 body genuine twist 3 axial 
orrelator 34/36
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torization
n−independen
e

n−independen
e in pra
ti
e
ρT polarization: e∗Tµ = e∗µ− pµ e

∗ ·n keeping n · p = 1

PSfrag repla
ements
k⊥

kz

k0

n′ pnfor the full fa
torized amplitude:
A = H ⊗ S

dA

dnµ
= 0 , where d

dnµ
=

∂

∂nµ
+ e∗µ

∂

∂(e∗ · n)rewrite hard terms in one single form, of 2-body type: use Ward identitiesExample: hard 3-body −→ hard 2-body
tr

ˆ

H3ρ(y1, y2) pρ /p˜

B(y1, y2) =
1

y1 − y2

(tr [H2(y1) /p] − tr [H2(y2) /p])B(y1, y2) ,PSfrag repla
ements
y1

y2 − y1

1− y2

=PSfrag repla
ements
y1

1 − y1

-PSfrag repla
ements
y2

1 − y2thus, symboli
ally, example of the γ∗T → ρT impa
t fa
tor
dS

dnµ
= 0 35/36
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i�
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torization in the Light-Cone Collinear approa
h Con
lusionCon
lusionsin
e a de
ade, there have been mu
h progress in the understanding ofhard ex
lusive pro
essesat moderate energies, 
ombined with GPD, there is now a frameworkstarting from �rst prin
iple 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...)still, some problems remains:proofs of fa
torization have been optained only for a very few pro
esses(ex.: γ∗ p → γ p , γ∗L p → ρL p , γ∗p → J/Ψ p)for some other pro
esses fa
torization is highly plausible, but not fullydemonstrated at any order (ex.: pro
esses involving TDAs)some pro
esses expli
itly shows 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 and renormalization/fa
torization s
ale mightbe relevant with the in
reasing pre
ision of datalinks between theoreti
al and experimental 
ommunities are very fruitfulmessage to experimentalists: high luminosity e+e− ma
hine like BaBar,BELLE, BEPC-II are gold pla
es for ex
lusive pro
esses studies in γ∗γ(∗)

⇒ it is time to realize this and to use the potential of these experiments!We need your help! 36/36
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