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Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
tionEx
lusive pro
esses at high energy in QCD
Sin
e a de
ade, there have been mu
h developpements in hard ex
lusivepro
esses.form fa
tors, Distribution Amplitudes → Generalized DistributionAmplitudesDVCS → Generalized Parton Distributions, Transition DistributionAmplitudesThe key tool is the 
ollinear fa
torization

3 /41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
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) 4 /41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
tionExtensions from GPDMeson produ
tion: γ repla
ed by ρ, π, · · ·Amplitude= GPD ⊗ CF ⊗ Distribution Amplitude(soft) (hard) (soft)Crossed pro
ess: s≪ −tAmplitude= Coe�
ient Fun
tion ⊗ Generalized Distribution Amplitude(hard) (soft)PSfrag repla
ements
γ

γ∗

s

t

Q2 hadronhadronGDACF 5 /41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
tionExtensions from GPDstarting from usual DVCS, one allows initial hadron 6= �nal hadronexample:
whi
h 
an be further extended by repla
ing the outoing γ by any hadroni
 stateAmplitude = Transition Distribution Amplitude ⊗ CF ⊗ DA(soft) (hard) (soft) 6 /41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
tion: phenomenology of ex
lusive pro
esses within 
ollinearfa
torizationExperimental tests are possible in �xed target experiments
e±p, µ±p: HERA (HERMES), JLab, COMPASS...as well as in 
olliders, mainly for medium s

e±p 
olliders: HERA (H1, ZEUS)
e+e− 
olliders: LEP, Belle, BaBar, BEPCCollinear fa
torization has been proven only for spe
i�
 
ases:e.g.: ρT produ
tion 
annot dire
tly be fa
torized (appearan
e of end pointsingularities)

⇒ improvement needed for a 
onsistent approa
h of ex
lusive pro
esses
7 /41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsQCD in the perturbative Regge limitAt the same time, at large s, the interest for phenomenologi
al tests ofhard Pomeron and related resummed approa
hes has be
ome pretty wide:in
lusive tests (total 
ross-se
tion) and semi-in
lusive tests (di�ra
tion,forward jets, ...)ex
lusive tests (meson produ
tion)These tests 
on
ern all type of 
ollider experiments:
e±p : HERA: (H1, ZEUS)
pp̄ and pp: TEVATRON (CDF, D0); LHC (CMS, ATLAS, ALICE)
e+e−: (LEP, ILC)These high energy ex
lusive pro
esses in the perturbative Regge limit mayprovide new ideas when dealing with 
ollinear fa
torization 8 /41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
tionEx
lusive ρ-produ
tionOur studies attempt to des
ribe ex
lusive pro
esses involving the produ
tion of
ρ-mesons in di�ra
tion-type experiment. We 
hoose t = tmin for simpli
ity.

γ∗(q) + γ∗(q′)→ ρT (p1) + ρ(p2) pro
ess in
e+ e− → e+ e−ρT (p1) + ρ(p2) with double tagged lepton at ILC
γ∗(q) + P → ρT (p1) + P at HERA

1
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10 2

10 3
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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) 9 /41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
tionEx
lusive ρ-produ
tion Polarization e�e
ts in γ∗ P → ρ P at HERA
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(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) 10/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsIntrodu
tionEx
lusive ρ-produ
tionThe pro
esses with ve
tor parti
le su
h as rho-meson probe deeper into the �nefeatures of QCD.It deserves theoreti
al developpement to des
ribe HERA data in its spe
ialkinemati
al range:large sγ∗P ⇒ small-x e�e
ts expe
ted, within kt-fa
torizationlarge Q2 ⇒ hard s
ale ⇒ perturbative approa
h and 
ollinear fa
torization
⇒ the ρ 
an be des
ribed through its 
hiral even Distribution Amplitudes


ρL twist 2
ρT twist 3The main ingredient is the γ∗ → ρ impa
t fa
torFor ρT , spe
ial 
are is needed: a pure 2-body des
ription would violategauge invarian
e.We 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 and does not violates theQCD fa
torization 11/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsImpa
t fa
tor for ex
lusive pro
essesTheoreti
al motivations QCD 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
12/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsImpa
t fa
tor for ex
lusive pro
esses
kT fa
torization

γ∗ γ∗ → ρ ρ as an exampleUse Sudakov de
omposition k = αp1 + βp2 + 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

αk ≪ αquarks ⇒ set αk = 0 and R
dβ

βk ≪ βquarks
⇒ set βk = 0 and R

dα13/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsImpa
t fa
tor for ex
lusive pro
esses
kT fa
torization impa
t representation 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)The γ∗L,T (q)g(k1)→ ρL,T g(k2) impa
t fa
tor is normalized as

Φγ∗→ρ(k2) = eγ∗µ 1

2 s

Z
dκ

2π
Dis
κ S

γ∗ g→ρ g
µ (k2),with κ = (q + k)2 = β s − Q2

− k2PSfrag repla
ements
Φ

q

k r − k

ρ
κ

|
{
z

}

PSfrag repla
ements
κ
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Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsImpa
t fa
tor for ex
lusive pro
essesGauge invarian
e within subleading twists Gauge invarian
eQCD gauge invarian
e (probes are 
olorless)
⇒ impa
t fa
tor should vanish when k→ 0 or r − k → 0In the following we will restri
t ourselve to the 
ase t = tmin, i.e. to r = 0PSfrag repla
ements

Φ
q

k1 = k k2

ρ

k1 = κ+Q2+k2

s
p2 + k⊥

k2 = κ+k2

s
p2 + k⊥,

k2
1 = k2

2 = −k2This kinemati
s takes into a

ount skewedness e�e
ts along p2

⇒ restri
tion to the transitions  0 → 0 (twist 2)(+ or -) → (+ or -) (twist 3)At twist 3 level (for γ∗T → ρT transition), gauge invarian
e is a non trivialstatement whi
h requires 2 and 3 body 
orrelators 15/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationLight-Cone Collinear approa
hThe impa
t fa
tor 
an be written as
Φ =

Z

d4l · · · tr[H(l · · · ) S(l · · · )]hard part soft partPSfrag repla
ements
l

q
Hqq̄ Sqq̄

ρ
+PSfrag repla
ements

l
q

Hqq̄g Sqq̄g

ρ
+ · · ·At the 2-body level:

Sqq̄(l) =

Z

d4z e−il·z〈ρ(p)|ψ(0) ψ̄(z)|0〉,

H and S are related by R
d4l and by the summation over spinor indi
es 16/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationLight-Cone Collinear approa
h: 2 steps of fa
torization (2-body 
ase)1 - Momentum fa
torization (1)Use Sudakov de
omposition in the form (p = p1, n = 2 p2/s⇒ p · n = 1)
lµ = y pµ + l⊥µ + (l · p)nµ, y = l · ns
aling: 1 1/Q 1/Q2de
ompose H(k) around the p dire
tion:

H(l) = H(yp) +
∂H(l)

∂lα

˛
˛
˛
˛
l=yp

(l − y p)α + . . . with (l − y p)α ≈ l
⊥
αIn Fourier spa
e, the twist 3 term l⊥α turns into a derivative of the softterm

⇒ one will deal with R
d4z e−il·z〈ρ(p)|ψ(0) i

←→
∂α⊥ ψ̄(z)|0〉 17/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationLight-Cone Collinear approa
h: 2 steps of fa
torization (2-body 
ase)1 - Momentum fa
torization (2)write
d4l −→ d4l δ(y − l · n) dy

R
d4l δ(y − l · n) is then absorbed in the soft term:

(S̃qq̄, ∂⊥S̃qq̄) ≡

Z

d4l δ(y − l · n)

Z

d4z e−il·z〈ρ(p)|ψ(0) (1, i
←→
∂⊥ )ψ̄(z)|0〉

“

δ(y − l · n) =
R

dλ
2π
e−iλ(y−l·n) ⇒

”

=

Z
dλ

2π
e−iλy

Z

d4z δ(4)(z − λn) 〈ρ(p)|ψ(0) (1, i
←→
∂⊥ )ψ̄(z)|0〉

=

Z
dλ

2π
e−iλy〈ρ(p)|ψ(0) (1, i

←→
∂⊥ )ψ̄(λn)|0〉

R
dy performs the longitudinal momentum fa
torization 18/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationLight-Cone Collinear approa
h: 2 steps of fa
torization (2-body 
ase)2 - Spinorial (and 
olor) fa
torizationUse Fierz de
omposition of the Dira
 (and 
olor) matri
es ψ(0) ψ̄(z) and
ψ(0) i

←→
∂⊥ ψ̄(z):PSfrag repla
ements

ρ
k k

l
q

Γ Γ

Hqq̄ S̃qq̄ +PSfrag repla
ements
ρ

k k

l
q

Γ Γ

∂⊥Hqq̄ ∂⊥S̃qq̄

Φ has now the simple fa
torized form:
Φ =

Z

dx
ntr [Hqq̄(x p) Γ] SΓ

qq̄(x) + tr [∂⊥Hqq̄(x p) Γ] ∂⊥S
Γ
qq̄(x)

o

Γ = γµ and γµ γ5 matri
es
SΓ

qq̄(x) =

Z
dλ

2π
e−iλx〈ρ(p)|ψ̄(λn) Γψ(0)|0〉

∂⊥S
Γ
qq̄(x) =

Z
dλ

2π
e−iλx〈ρ(p)|ψ̄(λn) Γ i

←→
∂⊥ ψ(0)|0〉
hoose axial gauge 
ondition for gluons, i.e. n ·A = 0 ⇒ no Wilson line 19/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationLight-Cone Collinear approa
h: 2 steps of fa
torization (3-body 
ase)Fa
torization of 3-body 
ontributions3-body 
ontributions start at genuine twist 3
⇒ no need for Taylor expansionMomentum fa
torization goes in the same way as for 2-body 
aseSpinorial (and 
olor) fa
torization is similar:PSfrag repla
ements

ρ
Hqq̄g S̃qq̄g

→

PSfrag repla
ements
ρ

Hqq̄g S̃qq̄g

Γ Γ

20/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationParametrization of va
uum�to�rho-meson matrix elements (DAs): 2-body 
orrelators2-body non-lo
al 
orrelators ρL twist 2
ρT

kinemati
al twist 3 (WW)genuine twist 3genuine + kinemati
al twist 3ve
tor 
orrelator
〈ρ(p)|ψ̄(z)γµψ(0)|0〉

F
= mρ fρ

h

ϕ1(y) (e∗ · n)pµ + ϕ3(y) e
∗T
µ

iaxial 
orrelator
〈ρ(p)|ψ̄(z)γ5γµψ(0)|0〉

F
= mρ fρ i ϕA(y) εµλβδ e

∗T
λ pβ nδve
tor 
orrelator with transverse derivative

〈ρ(p)|ψ̄(z)γµ i
←→
∂⊥α ψ(0)|0〉

F
= mρ fρ ϕ

T
1 (y) pµe

∗T
αaxial 
orrelator with transverse derivative

〈ρ(p)|ψ̄(z)γ5γµ i
←→
∂⊥α ψ(0)|0〉

F
= mρ fρ i ϕ

T
A(y) pµ εαλβδ e

∗T
λ pβ nδ,where y (ȳ ≡ 1− y) = momentum fra
tion along p ≡ p1 of the quark (antiquark) and

F
=
R

1

0
dy exp [i y p · z], with z = λn

⇒ 5 2-body DAs 21/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationParametrization of va
uum�to�rho-meson matrix elements: 3-body 
orrelators3-body non-lo
al 
orrelators genuine twist 3ve
tor 
orrelator
〈ρ(p)|ψ̄(z1)γµgA

T
α(z2)ψ(0)|0〉

F2= mρ f
V
3 B(y1, y2) pµ e

∗T
α ,axial 
orrelator

〈ρ(p)|ψ̄(z1)γ5γµgA
T
α(z2)ψ(0)|0〉

F2= mρ f
A
3 iD(y1, y2) pµ εαλβδ e

∗T
λ pβ nδ,where y1, ȳ2, y2 − y1 = quark, antiquark, gluon momentum fra
tionand F2=

1
R

0

dy1

1
R

0

dy2 exp [i y1 p · z1 + i(y2 − y1) p · z2] , with z1,2 = λn

⇒ 2 3-body DAs 22/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationSymmetry propertiesFrom C-
onjugation on the previous 
orrelators, one gets:2-body 
orrelators:
ϕ1(y) = ϕ1(1− y)

ϕ3(y) = ϕ3(1− y)

ϕA(y) = −ϕA(1− y)

ϕT
1 (y) = −ϕT

1 (1− y)

ϕT
A(y) = ϕT

A(1− y)3-body 
orrelators:
B(y1, y2) = −B(1− y2, 1− y1)

D(y1, y2) = D(1− y2, 1− y1) 23/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationEquations of motion Equations of motion twist 2kinemati
al twist 3 (WW)genuine twist 3genuine + kinemati
al twist 3Dira
 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:
ȳ1 ϕ3(y1) + ȳ1 ϕA(y1) + ϕT

1 (y1) + ϕT
A(y1)

+

Z

dy2
h

ζV
3 B(y1, y2) + ζA

3 D(y1, y2)
i

= 0 (1)In WW approximation: genuine twist 3 = 0 i.e. B=D=0
8

<

:

ϕT
A(y) = 1

2
[(y − ȳ)ϕWW

A (y)− ϕWW
3 (y)]

ϕT
1 (y) = 1

2
[(y − ȳ)ϕWW

3 (y)− ϕWW
A (y)] 24/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear 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 gauge �xing ve
tor

n

⇒ we prove that 3 independent Distribution Amplitudes are needed:
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 25/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torization
n−independen
e

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

∗ · n keeping n · p = 1for 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) p
ρ /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,
dS

dnµ
= 0 26/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torization
n−independen
e Constraints from n−independen
e twist 2kinemati
al twist 3 (WW)genuine twist 3genuine + kinemati
al twist 3ve
tor 
orrelators

d

dy1
ϕT

1 (y1) = −ϕ1(y1) + ϕ3(y1)

−ζV
3

1Z

0

dy2
y2 − y1

(B(y1, y2) +B(y2, y1))axial 
orrelators
d

dy1
ϕT

A(y1) = ϕA(y1)− ζ
A
3

1Z

0

dy2
y2 − y1

(D(y1, y2) +D(y2, y1)) 27/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationA set of independent non-perturbative 
orrelators
Solution twist 2kinemati
al twist 3 (WW)genuine twist 3genuine + kinemati
al twist 3the set of 4 equations (2 EOM + 2 n-independen
e relations) 
an besolved analyti
ally

7 −→ 3 independent DAs
28/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationA set of independent non-perturbative 
orrelatorsSolution in WW approximation twist 2kinemati
al twist 3 (WW)genuine twist 3genuine + kinemati
al twist 3WW: B = D = 0

ϕ3/A
WW (y) =

1

2

2

4

yZ

0

dv

v̄
ϕ1(v)±

1Z

y

dv

v
ϕ1(v)

3

5

ϕT
1/A

WW (y) =
1

2

2

4−ȳ

yZ

0

dv

v̄
ϕ1(v)± y

1Z

y

dv

v
ϕ1(v)

3

5

29/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationA set of independent non-perturbative 
orrelatorsSolutions: genuine twist-3 ve
tor part twist 2kinemati
al twist 3 (WW)genuine twist 3genuine + kinemati
al twist 3ve
tor 2-body DAs for ρT : ϕ3(y) and ϕT
1 (y)

ϕ3(y) = ϕ3
WW (y) + ϕgen

3 (y)

ϕ
gen
3

(y) = −

1

2

1
Z

y

du

u

2

4

u
Z

0

dy2

d

du
(ζ

V
3

B − ζ
A
3

D)(y2, u) −

1
Z

u

dy2

y2 − u
(ζ

V
3

B − ζ
A
3

D)(u, y2)

−

u
Z

0

dy2

y2 − u
(ζV

3
B − ζ

A
3

D)(y2, u)

3

5

−

1

2

y1
Z

0

du

ū

2

4

1
Z

u

dy2

d

du
(ζV

3
B + ζ

A
3

D)(u, y2) −

1
Z

u

dy2

y2 − u
(ζV

3
B + ζ

A
3

D)(u, y2)

−

u
Z

0

dy2

y2 − u
(ζV

3
B + ζ

A
3

D)(y2, u)

3

5

ϕT
1 (y) = ϕT

1
WW (y) + ϕgen

1 (y)

ϕ
T gen
1

(y) =

y
Z

0

du ϕ
gen
3

(u) − ζ
V
3

y
Z

0

dy1

1
Z

y

dy2

B(y1, y2)

y2 − y1 30/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCollinear fa
torizationA set of independent non-perturbative 
orrelatorsSolutions: genuine twist-3 axial part twist 2kinemati
al twist 3 (WW)genuine twist 3genuine + kinemati
al twist 3axial 2-body DAs for ρT : ϕA(y) and ϕT
A (y)

ϕA(y) = ϕA
WW (y) + ϕgen

A (y)

ϕT
A (y) = ϕT

A
WW (y) + ϕgen

A (y)the 
orresponding expressions for ϕgen
A (y) and ϕT gen

A (y) are obtained bythe substitutions:
ϕgen

A (y) ←→
ζV
3 B ↔ ζA

3 D

ϕgen
3 (y)

ϕT gen
A (y) ←→

ζV
3 B ↔ ζA

3 D

ϕT gen
1 (y) 31/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsComputation of the hard part 2-body diagramswithout derivative twist 2 (γ∗L → ρL)twist 3 (γ∗T → ρT )pra
ti
al tri
k for 
omputing ∂⊥H : use the Ward identityPSfrag repla
ements
∂

pµ
=

ppp γµ
wherePSfrag repla
ements

p
= 1

m−/p−iǫPSfrag repla
ements PSfrag repla
ements PSfrag repla
ements PSfrag repla
ements 32/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsComputation of the hard part 3-body diagrams�abelian� type
�non-abelian� type

33/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsRe
all: γ∗

L → ρL impa
t fa
tor
γ∗L → ρL impa
t fa
tor

Φγ∗

L→ρL(k2) =
2 e g2 fρ

Q

δab

2Nc

Z

dy ϕ1(y)
k2

y ȳ Q2 + k2pure twist 2 s
aling
34/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsResults: γ∗

T → ρT impa
t fa
tor
γ∗T → ρT impa
t fa
tor:Spin Non-Flip/Flip separation appears

Φγ∗

T→ρT (k2) = Φ
γ∗

T→ρT

n.f. (k2)Tn.f. + Φ
γ∗

T→ρT

f. (k2)Tf.where
Tn.f. = −(eγ · e

∗) and Tf. =
(eγ · k)(e

∗k)

k2 +
(eγ · e

∗)

2non-�ip transitions 
+→ +
− → −

�ip transitions 
+→ −
− → +
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Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsResults: γ∗

T → ρT impa
t fa
tor pure twist 3 s
aling
Φ

γ∗
T

→ρT
n.f.

(k
2
)

= −
e g2mρfρ

2
√

2 Q2

δab

2 Nc

8

<

:

−2

Z

dy1

“

k2 + 2 Q2 y1 (1 − y1)
”

k2

y1 (1− y1)
`

k2 + Q2 y1 (1− y1)
´

2

h

(2y1 − 1) ϕ
T
1

(y1) + ϕ
T
A(y1)

i

+2

Z

dy1 dy2

h

ζ
V
3

B (y1, y2)−ζ
A
3

D (y1, y2)
i y1 (1− y1) k2

k2 + Q2 y1 (1− y1)

"

(2−Nc/CF )Q2

k2 (y1 − y2 + 1) + Q2 y1 (1− y2)

−
Nc

CF

Q2

y2k2 + Q2 y1 (y2 − y1)

#

− 2

Z

dy1 dy2

h

ζ
V
3

B (y1, y2) + ζ
A
3

D (y1, y2)
i

»

2 + Nc/CF

1 − y1

+
y1 Q2

k2 + Q2y1 (1− y1)

 

(2− Nc/CF ) y1 k2

k2 (y1 − y2 + 1) + Q2y1 (1 − y2)
− 2

!

+
Nc

CF

(y1 − y2) (1 − y2)

1 − y1

Q2

k2 (1− y1) + Q2 (y2 − y1) (1 − y2)

#)and
Φ

γ∗
T →ρT

f.
(k

2
) = −

e g2mρfρ

2
√

2 Q2

δab

2 Nc

(

4

Z

dy1

k2 Q2

`

k2 + Q2 y1 (1 − y1)
´

2

h

ϕ
T
A(y1)− (2y1 − 1) ϕ

T
1

(y1)
i

− 4

Z

dy1 dy2

y1 k2

k2 + Q2 y1 (1 − y1)

h

ζ
A
3

D (y1, y2) (−y1 + y2 − 1) + ζ
V
3

B (y1, y2) (y1 + y2 − 1)
i

×
"

(2 −Nc/CF )Q2

k2 (y1 − y2 + 1) + Q2 y1 (1 − y2)
−

Nc

CF

Q2

y2 k2 + Q2y1 (y2 − y1)

#) 36/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsResults: γ∗

T → ρT impa
t fa
tor WW limitWW limit: keep only twist 2 + kinemati
al twist 3 terms (i.e B = D = 0)The only remaining 
ontributions 
ome from the two-body 
orrelatorsnon-�ip transition
Φ

γ∗
T

→ρT
n.f.

(k
2
) =

− e mρfρ

2
√

2 Q2

δab

2 Nc

1
Z

0

dy

(

(y − ȳ)ϕT
1

W W (y) + 2 y ȳ ϕ3
W W (y) + ϕT

A
WW (y)

y ȳ

−
2 k2

“

k2 + 2 Q2 y ȳ
” “

(y − ȳ) ϕT
1

W W (y) + ϕT
A

WW (y)
”

y ȳ
`

k2 + Q2 y (1 − y)
´

2

9

=

;whi
h simpli�es, using equation of motion:
Z

dy [(y − ȳ)ϕT
1

WW (y) + 2 y ȳ ϕ3
WW (y) + ϕT

A
WW (y)] = 0

Φ
γ∗

T
→ρT

n.f.
(k

2
) =

e mρfρ√
2 Q2

δab

2 Nc

1
Z

0

dy
2 k2

“

k2 + 2 Q2 y ȳ
”

y ȳ
`

k2 + Q2 y ȳ
´

2

h

(2 y − 1) ϕ
T
1

W W
(y) + ϕ

T
A

WW
(y)
i

.�ip transition:
Φ

γ∗
T

→ρT
n.f.

(k
2
) = −

e mρfρ√
2 Q2

δab

2 Nc

1
Z

0

2 k2 Q2

`

k2 + Q2 y ȳ
´

2

h

(1 − 2 y)ϕ
T
1

W W
(y) + ϕ

T
A

WW
(y)
i

.37/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsDis
ussion: gauge invarian
eThe obtained results are gauge invariant:
Φγ∗

T→ρT → 0 when k → 0this is straightforward in the WW limitat the full twist 3 order:the CF part of the abelian 3-body 
ontribution 
an
els the 2-body
ontribution after using the equation of motionthe Nc part of the abelian 3-body 
ontribution 
an
els the 3-bodynon-abelian 
ontributionthus γ∗

T → ρT impa
t fa
tor is gauge-invariant only provided the 3-body
ontributions have been taken into a

ount 38/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsComputation and resultsDis
ussion: 
onsisten
e with fa
torization
Our results are free of end-point singularities, in both WW approximationand full twist-3 order 
al
ulation:the �ip 
ontribution obviously does not have any end-point singularitybe
ause of the k2 whi
h regulates themthe potential end-point singularity for the non-�ip 
ontribution is spurioussin
e ϕT

A(y), ϕT
1 (y) vanishes at y = 0, 1 as well as B(y1, y2) and D(y1, y2).

39/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCon
lusions1 We have performed a full up to twist 3 
omputation of the γ∗ → ρ impa
tfa
tor, in the t = tmin limit.Our result respe
ts gauge invarian
e. This is a
hieved only after in
luding2 and 3 body 
orrelators.It is free of end-point singularities(this should be 
ontrasted with standard 
ollinear treatment, at moderate
s, where kT -fa
torization is NOT appli
able: see Mankiewi
z-Piller).Phenomenologi
al appli
ations will be done in the near future.In this talk we relied on the Light-Cone Collinear approa
h(Ellis + Furmanski + Petronzio; Efremov + Teryaev; Anikin + Teryaev),whi
h is non-
ovariant, but very e�
ient for pra
ti
al 
omputations.This Light-Cone Collinear approa
h is systemati
, and 
an be extended toany pro
ess, in
luding higher twist e�e
ts (but does not pre
lude potentialend-point singularities) 40/41



Introdu
tion Impa
t fa
tor for ex
lusive pro
esses Collinear fa
torization Computation and results Con
lusionsCon
lusions2 Comparison with a fully 
ovariant approa
h by Ball+Braun et al:The di
tionnary between the two approa
hes within a full twist 3treatment is now established:
B(y1, y2) = −

V (y1, 1− y2, y2 − y1)

y2 − y1
,

D(y1, y2) =
A(y1, 1− y2, y2 − y1)

y2 − y1

ϕ1(y) = fρ mρ φ‖(y)

ϕ3(y) = fρ mρ g
(v)(y) ,

ϕA(y) = −
1

4
fρ mρ

∂g(a)(y)

∂yWe also performed 
al
ulations of the same impa
t fa
tor within the
ovariant approa
h by Ball+Braun et al: 
al
ulations pro
eed in quitedi�erent way : eg. no ϕT
1,A−DAs but Wilson line e�e
ts are important !!We got a full agreement with our approa
h 41/41
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