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Introdution Beyond leading twist Conlusion

Extensions from DIS

DIS: inlusive proess → forward amplitude (t = 0) (optial theorem)

(DIS: Deep Inelasti Sattering)

ex: e±p → e±X at HERA

x⇒ 1-dimensional struture

Struture Funtion

= Coe�ient Funtion ⊗ Parton Distribution Funtion

(hard) (soft)
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γ∗ γ∗

s

p p

Q2 Q2

x x

PDF

CF

DVCS: exlusive proess → non forward amplitude (−t≪ s =W 2
)

(DVCS: Deep Vitual Compton Sattering)

Fourier transf.: t↔ impat parameter

(x, t)⇒ 3-dimensional struture

Amplitude

= Coe�ient Funtion ⊗ Generalized Parton Distribution

(hard) (soft)
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Müller et al. '91 - '94; Radyushkin '96; Ji '97
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Introdution Beyond leading twist Conlusion

Collinear fatorization

A bit more tehnial: DVCS and GPDs

The two steps for fatorization, in a nutshell

momentum fatorization: light-one vetor dominane for Q2 →∞

p1, p2 : the two light-one diretions











p1 =
√

s

2
(1, 0⊥, 1) p2

1 = p2
2 = 0

p2 =
√

s

2
(1, 0⊥,−1) 2 p1 · p2 = s ∼ sγ∗p & Q2

Sudakov deomposition:

k = αp1 + β p2 + k⊥
+ − ⊥

PSfrag replaements

H

S

γ∗(q) γ

p = p2 p′ = p2 +∆

∫

d4k k k +∆
Q2→∞
−→

PSfrag replaements

γ∗(q) γ

H
k+ = 0 , k⊥ = 0

S
∫

dk+
∫

d2k⊥

∫

dk−

= p−2
∫

dx
−

x+ ξ
−

x− ξ

− −

+− +

key point:

large (+)× (−) �ux

⇒ short distane

(masses negleted)

∫

d4k S(k, k +∆)H(q, k, k +∆) =
∫

dk−
∫

dk+d2k⊥ S(k, k +∆) H(q, k−, k− +∆−)

Quantum numbers fatorization (Fierz identity: spinors + olor)

⇒ M = GPD⊗ Hard part

Müller et al. '91 - '94; Radyushkin '96; Ji '97
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Introdution Beyond leading twist Conlusion

Collinear fatorization

Twist 2 GPDs

Physial interpretation for GPDs

ξ− x−ξ− x

x
−ξ ξ0 1−1

+ξxxξ− x+ξ x−ξ

Emission and reabsoption

of an antiquark

∼ PDFs for antiquarks

DGLAP-II region

Emission of a quark and

emission of an antiquark

∼ meson exhange

ERBL region

Emission and reabsoption

of a quark

∼ PDFs for quarks

DGLAP-I region
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Introdution Beyond leading twist Conlusion

Collinear fatorization

Twist 2 GPDs

Classi�ation of twist 2 GPDs

For quarks, one should distinguish the exhanges

without 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

F q =
1

2

∫

dz+

2π
eixP

−z+〈p′| q̄(− 1
2
z) γ−q( 1

2
z) |p〉

∣

∣

∣

z−=0, z⊥=0

=
1

2P−

[

Hq(x, ξ, t) ū(p′)γ−u(p) +Eq(x, ξ, t) ū(p′)
i σ−α∆α

2m
u(p)

]

,

F̃ q =
1

2

∫

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 heliity �ip ( hiral-odd Γ′ mat.): 4 hiral-odd GPDs:

Hq
T

ξ=0,t=0
−−−−−−→ quark transversity PDFs ∆T q, E

q
T , H̃

q
T , Ẽ

q
T

1

2

∫

dz+

2π
eixP

−z+〈p′| q̄(− 1
2
z) i σ−i q( 1

2
z) |p〉

∣

∣

∣

z−=0, z⊥=0

=
1

2P−
ū(p′)

[

Hq
T iσ

−i + H̃q
T

P−∆i −∆−P i

m2
+Eq

T

γ−∆i −∆−γi

2m
+ Ẽq

T

γ−P i − P−γi

m

]
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Introdution Beyond leading twist Conlusion

Collinear fatorization

Twist 2 GPDs

Classi�ation of twist 2 GPDs

analogously, 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

Ẽg

4 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 heliity

annot be ompensated by a spin 1/2 target)
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Introdution Beyond leading twist Conlusion

Spin transversity in the nuleon

What is transversity?

Tranverse spin ontent of the proton:

| ↑〉(x) ∼ | →〉+ | ←〉
| ↓〉(x) ∼ | →〉 − | ←〉

spin along x heliity state

An observable sensitive to heliity spin �ip gives thus aess to the

transversity ∆T q(x), whih is very badly known (�rst data have reently

been obtained by COMPASS)

The transversity GPDs are ompletely unknown

Chirality: q±(z) ≡
1
2
(1± γ5)q(z) with q(z) = q+(z) + q−(z)

Chiral-even: hirality onserving

q̄±(z)γ
µq±(−z) and q̄±(z)γ

µγ5q±(−z)

Chiral-odd: hirality reversing

q̄±(z) · 1 · q∓(−z), q̄±(z) · γ
5 · q∓(−z) and q̄±(z)[γ

µ, γν ]q∓(−z)

For a massless (anti)partile, hirality = (-)heliity

Transversity is thus a hiral-odd quantity

QCD and QED are hiral even ⇒A ∼ (Ch.-odd)1 ⊗ (Ch.-odd)2
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Introdution Beyond leading twist Conlusion

Spin transversity in the nuleon

How 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
′ = 0

this 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 the

proton: impossible!

Diehl, Gousset, Pire '99; Collins, Diehl '00

diagrammati argument at Born order:

PSfrag replaements

γ∗

N N ′

ρT

GPD

PSfrag replaements

γ∗

N N ′

ρT

GPD

vanishes: γα[γµ, γν ]γα = 0
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Introdution Beyond leading twist Conlusion

Spin transversity in the nuleon

Can one irumvent this vanishing?

This vanishing is true only at twist 2 in eletroprodution:

one may onsider a �nal state with 3 partiles

(next slide)

At twist 3 this proess does not vanish but for onsisteny one needs to

onsider higher twist orretions both for the meson DAs and for the GPDs

(next part of this talk: for simpliity we will onsider the π0
ase )
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Introdution Beyond leading twist Conlusion

Spin transversity in the nuleon

γN → π+ρ0TN
′
gives aess to transversity

Fatorization à la Brodsky Lepage of γ + π → π + ρ at large s and �xed

angle (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 DA

M2
πρ

x + ξ x − ξ

N
GPDs

N ′

t ≪ M2
πρ

hiral-odd twist 2 GPD

a typial non-vanishing diagram:

PSfrag replaements

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.W

Phys.Lett.B688:154-167,2010

see also, at large s, with Pomeron exhange:

R. Ivanov, B. Pire, L. Symanowski, O. Teryaev '02

R. Enberg, B. Pire, L. Symanowski '06

These 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 the

time-like domain) JLab, COMPASS
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Introdution Beyond leading twist Conlusion

Beyond leading twist

Light-Cone Collinear Fatorization versus Covariant Collinear Fatorization

The Light-Cone Collinear Fatorization, a self-onsistent method, while

non-ovariant, is very e�ient for pratial omputations

Anikin, Ivanov, Pire, Szymanowski, S.W. '09

inspired by the inlusive ase

Ellis, Furmanski, Petronzio '83; Efremov, Teryaev '84

axial gauge

parametrization of matrix element along a light-like prefered diretion

z = λn (n = 2 p2/s).

non-loal orrelators are de�ned along this prefered diretion, with

ontributions arising from Taylor expansion up to needed term for a given

twist order omputation

their number is then redued to a minimal set ombining equations of

motion and n−independeny ondition

Another approah (Braun, Ball), based on non-loal OPE and fully ovariant

but less onvenient (at least at twist 3) when pratially omputing

oe�ient funtions, an equivalently be used

We have established the ditionnary between these two approahes

This has been expliitly heked for the γ∗T → ρT impat fator at twist 3

Anikin, Ivanov, Pire, Szymanowski, S.W.

Nul.Phys.B 828 (2010) 1-68; Phys.Lett.B682 (2010) 413
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization

The impat fator Φγ∗(λγ)→ρ(λρ)
an be written as

Φγ∗(λγ)→ρ(λρ) =

∫

d4ℓ · · · tr[H(λγ)(ℓ · · · ) S(λρ)(ℓ · · · )]

hard part soft part

(2-parton exhange) (3-parton exhange)

PSfrag replaements

ℓq

ℓq

q
Hqq̄ Sqq̄

ρ
+

PSfrag replaements

ℓq

ℓq

q
Hqq̄g Sqq̄g

ρ
+ · · ·

Soft parts:

Sqq̄(ℓq) =

∫

d4z e−iℓq ·z〈ρ(p)|ψ(0) ψ̄(z)|0〉

Sqq̄q(ℓq, ℓg) =

∫

d4z1

∫

d4z2 e
−i(ℓq ·z1+ℓg·z2)〈ρ(p)|ψ(0) gA⊥α (z2)ψ̄(z1)|0〉
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization

Light-Cone Collinear Fatorization

Sudakov expansion in the basis p ∼ pρ, n (p2 = n2 = 0 and p · n = 1)

ℓµ = u pµ + ℓ⊥µ + (ℓ · p)nµ, u = ℓ · n

1 1/Q 1/Q2

Taylor expansion of the hard part H(ℓ) along the ollinear diretion p:

H(ℓ) = H(up) +
∂H(ℓ)

∂ℓα

∣

∣

∣

∣

ℓ=up

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

l⊥α
Fourier
−−−−→ derivative of the soft term:

∫

d4z e−iℓ·z〈ρ(p)|ψ(0) i
←→

∂α⊥ ψ̄(z)|0〉

Color + spinor fatorization = Fierz transforms:

PSfrag replaements

ρ

ℓ

Hqq̄ Sqq̄ −→

PSfrag replaements

ρ

ℓ

Hqq̄ Sqq̄

Γ Γ

+

PSfrag replaements

ρ

ℓ

H⊥qq̄ S⊥qq̄

Γ Γ
PSfrag replaements

ρ
Hqq̄g Sqq̄g

−→

PSfrag replaements

ρ

Hqq̄g Sqq̄g
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization

2-body non-loal orrelators

ρL twist 2

ρT

kinematial twist 3 (WW)

genuine twist 3

genuine + kinematial twist 3

vetor orrelator

〈ρ(p)|ψ̄(z)γµψ(0)|0〉
F
= mρ fρ

[

ϕ1(y) (e
∗ · n)pµ + ϕ3(y) e

∗T
µ

]

axial orrelator

〈ρ(p)|ψ̄(z)γ5γµψ(0)|0〉
F
= mρ fρ i ϕA(y) εµλβδ e

∗T
λ pβ nδ

vetor orrelator with transverse derivative

〈ρ(p)|ψ̄(z)γµ i
←→

∂⊥α ψ(0)|0〉
F
= mρ fρ ϕ

T
1 (y) pµe

∗T
α

axial 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 fration along p ≡ p1 of the quark (antiquark) and

F
=

∫

1
0

dy exp [i y p · z], with z = λn

⇒ 5 2-body DAs
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization

3-body non-loal orrelators

genuine twist 3

vetor 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 fration

and

F2=
1
∫

0

dy1
1
∫

0

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

⇒ 2 3-body DAs
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization

Minimal set of DAs

Number of non-perturbative quantities: a priori 7 at twist 3

(5 2-parton DA and 2 2-parton DA)

Non-perturbative orrelators annot be obtained perturbatively!

One should redue their number to a minimal set before any use of a

model or any measure on the QCD lattie

Independene w.r.t the hoie of the vetor n de�ning

the light-one diretion z: z = λn

the ρT polarization vetor: eT · n = 0

the axial gauge: n · A = 0

We have proven that 3 independent Distribution Amplitudes are

neessary:

{

QCD equations of motion 2 equations (DAs from ∂⊥ operators eliminated)

Arbitrariness in the hoie of n 2 equations

ϕ1(y) ← 2-body twist 2 orrelator

B(y1, y2) ← 3-body genuine twist 3 vetor orrelator

D(y1, y2) ← 3-body genuine twist 3 axial orrelator
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization: n−independene

n−independene at the amplitude level

ρT polarization: e∗Tµ = e∗µ− pµ e
∗ ·n keeping

{

n · p = 1
n2 = 0

PSfrag replaements

k⊥
kz

k0

n′ pn

for the full fatorized amplitude:

A = H ⊗ S
dA

dn⊥µ
= 0 ,

rewrite hard terms in one single form, of 2-body type: use Ward identities

Example: hard 3-body −→ hard 2-body

tr
[

H3ρ(y1, y2) p
ρ
/p
]

B(y1, y2) =
1

y1 − y2

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

(y1 − y2) pµ

PSfrag replaements

y1

y2 − y1

µ

1 − y2

=

PSfrag replaements

y1

1− y1

-

PSfrag replaements

y2

1− y2

thus, symbolially,

dS

dn⊥µ
= 0
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization: n−independene

n−independene from the operators

Variation of a Wilson line

When implementing the two above generators, one should not forget the

hidden Wilson line, entering the non-loal operators!

Wilson line [y, x]C between x and y along an arbitrary path C, de�ned as

[y, x]C ≡ PC exp ig

∫ y

x

dxµA
µ(x) .

Variation of a Wilson line from path C to path C′

δ[y, x]C =

−i g

∫ 1

0

[y, x[σ]]C Gνγ(x[σ]) δx
γ [σ]

dxν

dσ
[σ] [x[σ], x]C dσ

+ i g A(y) · δx[1] [y, x]C − i g [y, x]C A(x) · δx[0] ,

{

[0, 1] → C
σ 7→ x[σ]

with x[0] = x and x[1] = y .

PSfrag replaements

C

C′

x[0] = x

x[1] = y
x′[0] = x′

x′[1] = y′

x[σ]

x′[σ]

δx[σ]

δx[0]

δx[1]
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization

n−independene from the operators

Variation of a Wilson line

onsider now the Wilson line envolved in our non-loal operators, like

ψ̄(z) Γ [z,−z]ψ(−z) with Γ ∈ {σαβ , 1, iγ5}

For simpliity, take a straight line from −z to z: x[τ ] = τ z , τ ∈ [−1, 1] .

Consider an in�nitesimal transformation δ zγ :

∂

∂zγ

[

ψ̄(z)Γ[z, −z]ψ(−z)

]

=

−ψ̄(z)Γ[z, −z]
−→

Dγ ψ(−z) + ψ̄(z)
←−

Dγ Γ[z, −z]ψ(−z)

−ig

1
∫

−1

dv v ψ̄(z)[z, vz]zνGνγ(vz)Γ[vz, −z]ψ(−z) ,

with

−→

Dα=
−→

∂α −igAα(−z) and
←−

Dα=
←−

∂α +igAα(z) . Balitsky, Braun '89
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Introdution Beyond leading twist Conlusion

Beyond leading twist : γ
∗
→ ρ impat fator up to twist 3 as an example

Light-Cone Collinear Fatorization

n−independene from the operators

Appliation to matrix elements

∂

∂zγ

[

〈ρ(p)|ψ̄(z)Γ[z, −z]ψ(−z)|0〉

]

=

−〈ρ(p)|ψ̄(z)Γ[z, −z]
−→

Dγ ψ(−z) + ψ̄(z)
←−

Dγ Γ[z, −z]ψ(−z)|0〉

−ig

1
∫

−1

dv v 〈ρ(p)|ψ̄(z)[z, vz]zνGνγ(vz)Γ[vz, −z]ψ(−z)|0〉 . (1)

Use light-like gauge: n ·A = 0

Thus

zνGνγ = zν∂νAγ

Only the γ⊥ index ontributes non-trivially

Thus (1) only involves matrix elements with the ⊥ omponents of the �eld

Aγ introdued before

One �nally gets a set of two integral equations between DAs
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Introdution Beyond leading twist Conlusion

Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Kinematis and fatorization

Consider the proess Aπ0 → B π0

(e.g. γ∗ π0 → ρπ0 π0
, i.e. B = ρπ0

).

P ≡
p1 + p2

2
and ∆ ≡ p2 − p1 .

Pr

PSfrag replaements

A B

↓ ∆

π0(p1) π0(p2)
Sudakov basis provided by p and n (p2 = n2 = 0 , p · n = 1):

k = (k · n) p+ (k · p)n+ k⊥ .

In partiular ∆ = −2ξ p+ (∆ · p)n+∆⊥ .

Symmetri kinematis for p1 and p2:

p1 = (1 + ξ) p+
m2 −

∆2
⊥
4

2(1 + ξ)
n−

∆⊥
2
,

p2 = (1− ξ) p+
m2 −

∆2
⊥
4

2(1− ξ)
n+

∆⊥
2
,

makes P longitudinal (no ⊥ omponent): P = p+ (P · p)n = p+
m2−

∆2
⊥
4

1−ξ2
n .
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Introdution Beyond leading twist Conlusion

Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Light-Cone Collinear Fatorization

The p, ⊥, n basis is natural for the twist expansion

To implement T−invariane, the basis P , ⊥, n is more suitable

We only onsider 2- and 3-parton orrelators

s

PSfrag replaements

Hqq̄

Φqq̄

A B

π0(p1) π0(p2)

ℓ1
+

s

PSfrag replaements

A B

π0(p1) π0(p2)

ℓ1 ℓ2

Hqq̄g

Φqq̄g

+ · · ·
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Introdution Beyond leading twist Conlusion

Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Light-Cone Collinear Fatorization

Loop integrations:

s

PSfrag replaements

Hqq̄

Φqq̄

A B

π0(p1) π0(p2)

ℓ1
+

s

PSfrag replaements

A B

π0(p1) π0(p2)

ℓ1 ℓ2

Hqq̄g

Φqq̄g

+ · · ·

Taylor expansion of the hard part w.r.t. loop momenta ℓi

H(ℓi) = H(yi p) +
∂H(ℓi)

∂ℓα

∣

∣

∣

∣

ℓi=yip

(ℓi − y p)α + . . . .

with (ℓi − yi p)α = ℓ⊥iα + (ℓ · p)nα

Using

∫

d4ℓi =
∫

d4ℓi
∫

dyi δ(yi − ℓi · n) we integrate aording to

∫

d4ℓi =

∫

dyi ×

∫

d(ℓi · n) δ(yi − ℓi · n) ×

∫

d2ℓi⊥ ×

∫

d(ℓi · p)

→֒ fat. →֒ trivial →֒ soft-part

Fourier transf. w.r.t. :

ℓ⊥i ⇒ non-loal op. with ∂⊥ (e.g. ψ̄ ∂⊥ψ) ⇒ orrelators Φ⊥(l)

(ℓ · p)nα ⇒ non-loal op. with ∂γn ≡ (∂ · p)nγ
(e.g. ψ̄ ∂γnψ) ⇒ orrel. Φn(l)
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Light-Cone Collinear Fatorization

For onsisteny, we stop at order 1: the A �eld and the derivative should

appear in a QCD gauge invariant way, through the ovariant derivative

Dµ = ∂µ − igAµ(z) .

Here: number of gluons ≤ 1 =⇒ number of derivatives ≤ 1

Color + spinor fatorization = Fierz transforms

s

PSfrag replaements

Hqq̄A B

π0(p1) π0(p2)

x+ ξ x− ξ

Φqq̄

−→

PSfrag replaements

Hqq̄

A B

π0(p1) π0(p2)

Γ

Γ

x+ ξ x− ξ

Φqq̄

+

PSfrag replaements

A B

π0(p1) π0(p2)

Γ

Γ

x+ ξ x− ξ

H⊥qq̄

Φ⊥qq̄

+

PSfrag replaements

A B

π0(p1) π0(p2)

Γ

Γ

x+ ξ x− ξ

Hp
qq̄

Φn
qq̄

s

PSfrag replaements

Hqq̄gA B

π0(p1) π0(p2)

x1 + ξ x2 − ξ↑ xg

Φqq̄g

−→

PSfrag replaements

Hqq̄g

A B

π0(p1) π0(p2)

Γ

Γ

x1 + ξ x2 − ξ
↑xg

Φqq̄g
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Parametrization of the non-loal orrelators

2-parton (with no derivative) non-loal orrelators

Based on C, P, T , this leads to the following set of 4 real GPDs:

〈π0(p2)|ψ̄(z)





σαβ

1

iγ5



ψ(−z)|π0(p2)〉 =

1
∫

−1

dx ei(x−ξ)P ·z+i(x+ξ)P ·z ×







− i
mπ

(

Pα∆β
⊥ − P

β∆α
⊥

)

HT + imπ

(

Pαnβ − P βnα
)

HT3 − imπ

(

∆α
⊥n

β −∆β
⊥n

α
)

HT4

mπHS

0







twist 2 & 4 twist 3 twist 4
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Parametrization of the non-loal orrelators

2-parton (with ⊥ derivative) and 3-parton non-loal orrelators: σαβ
struture

Based on C, P, T , this leads to the following set of 12 real GPDs:

〈π0(p2)|ψ̄(z) σ
αβ

{

i
←→

∂γ
⊥

g Aγ(y)

}

ψ(−z)|π0(p1)〉 =







1
∫

−1

dx ei(x−ξ)P ·z+i(x+ξ)P ·z

∫

d3[x1, 2, g] e
iP ·z(x1+ξ)−iP ·y xg+iP ·z (x2−ξ)







×

[

imπ

(

Pαgβγ
⊥ − P

βgαγ
⊥

)

{

T T
1

T1

}

+
i

mπ

(

Pα∆β
⊥ − P

β∆α
⊥

)

∆γ
⊥

{

T T
2

T2

}

(twist 3 & 5)

+imπ

(

∆α
⊥g

βγ
⊥ −∆β

⊥g
αγ
⊥

)

{

T T
3

T3

}

+ imπ

(

Pαnβ − P βnα
)

∆γ
⊥

{

T T
4

T4

}

(twist 4)

+im3
π

(

nαgβγ
⊥ − n

βgαγ
⊥

)

{

T T
5

T5

}

+ imπ

(

nα∆β
⊥ − n

β∆α
⊥

)

∆γ
⊥

{

T T
6

T6

}]

, (twist 5)

∫

d3[x1, 2, g] ≡

1+ξ
∫

−1+ξ

dxg

1
∫

−1

dx1

1
∫

−1

dx2 δ(xg−x2+x1) , and

←→

∂γ
⊥≡

1

2
(
−→

∂γ
⊥ −

←−

∂γ
⊥) .

T T
i ≡ T

T
i (x, ξ, t) and Ti ≡ Ti(x1, x2, ξ, t) (i = 1, · · · 6) .
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Parametrization of the non-loal orrelators

2-parton (with ⊥ derivative) and 3-parton non-loal orrelators: 1 and iγ5
strutures

Based on C, P, T , this leads to the following set of 4 real GPDs:

〈π0(p2)|ψ̄(z) 1

{

i
←→

∂γ
⊥

g Aγ(y)

}

ψ(−z)|π0(p1)〉 =







1
∫

−1

dx ei(x−ξ)P ·z+i(x+ξ)P ·z

∫

d3[x1, 2, g] e
iP ·z(x1+ξ)−iP ·y xg+iP ·z (x2−ξ)







× mπ ∆γ
⊥

{

HT4
S

TS

}

. (twist 4)

〈π0(p2)|ψ̄(z) iγ
5

{

i
←→

∂γ
⊥

g Aγ(y)

}

ψ(−z)|π0(p1)〉 =







1
∫

−1

dx ei(x−ξ)P ·z+i(x+ξ)P ·z

∫

d3[x1, 2, g] e
iP ·z(x1+ξ)−iP ·y xg+iP ·z (x2−ξ)







× mπ ǫ
γ nP ∆⊥

{

HT
P

TP

}

. (twist 4)
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Parametrization of the non-loal orrelators

2-parton (with long. derivative) and 3-parton non-loal orrelators: σαβ
struture

Based on C, P, T , this leads to the following set of 6 real GPDs:

(∂γ
n ≡ (∂ · p)nγ and Aγ

n ≡ (A · p)nγ)

〈π0(p2)|ψ̄(z) σ
αβ

{

i
←→

∂γ
n

g Aγ
n(y)

}

ψ(−z)|π0(p1)〉 =







1
∫

−1

dx ei(x−ξ)P ·z+i(x+ξ)P ·z

∫

d3[x1, 2, g] e
iP ·z(x1+ξ)−iP ·y xg+iP ·z (x2−ξ)







×

[

imπ

(

Pα∆β
⊥ − P

β∆α
⊥

)

nγ

{

M−1
M1

}

(twist 4 & 6)

+ im3
π

(

Pαnβ − P βnα
)

nγ

{

M−2
M2

}

(twist 5)

+ im3
π

(

nα∆β
⊥ − n

β∆α
⊥

)

nγ

{

M−3
M3

}]

, (twist 6)

∫

d3[x1, 2, g] ≡

1+ξ
∫

−1+ξ

dxg

1
∫

−1

dx1

1
∫

−1

dx2 δ(xg−x2+x1) , and

←→

∂γ
n ≡

1

2
(
−→

∂γ
n −

←−

∂γ
n ) ,

M−i ≡M
−
i (x, ξ, t) and Mi ≡Mi(x1, x2, ξ, t) (i = 1, · · · 3) . 28/34
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Parametrization of the non-loal orrelators

2-parton (with long. derivative) and 3-parton non-loal orrelators: 1 and iγ5
strutures

Based on C, P, T , this leads to the following set of 2 real GPDs:

〈π0(p2)|ψ̄(z)1

{

i
←→

∂γ
n

g Aγ
n(y)

}

ψ(−z)|π0(p1)〉 =







1
∫

−1

dx ei(x−ξ)P ·z+i(x+ξ)P ·z

∫

d3[x1, 2, g] e
iP ·z(x1+ξ)−iP ·y xg+iP ·z (x2−ξ)

× m3
π n

γ

{

H−S
MS

}

. (twist 5)

For the iγ5
struture, we annot de�ne orrelators with the needed parity :

〈π0(p2)|ψ̄(z) iγ
5

{

i
←→

∂γ
n

g Aγ
n(y)

}

ψ(−z)|π0(p1)〉 = 0 .
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Minimal set of GPDs

Number of GPDs: a priori 28 up to twist 5

Two onstraints:

QCD equations of motion (EOM)

Arbitrariness of p and n
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Minimal set of GPDs: QCD equations of motion

Dira equation in a ovariant form (no inlusion of mass e�ets):

(i /Dψ)α = 0 and (i /Dψ̄)β = 0

i.e. at orrelator level:

〈π0(p2)| (i /Dψ)α(−z) ψ̄β(z) |π
0(p1)〉 = 0

and

〈π0(p2)|ψα(−z) (i /Dψ̄)β(z) |π
0(p1)〉 = 0 .

=⇒ relations between various orrelators

=⇒ 8 equations between GPDs.
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Beyond leading twist : Chiral-odd pion GPDs beyond leading twist (up to 6)

Light-Cone Collinear Fatorization

Minimal set of GPDs: n−independene

The implementation of n−independene is muh more di�ult here, in

omparison with the ase of the DAs (beause of ξ). Under progress...
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Conlusion

The transversity GPDs are di�ult extrat

In order to extrat the quark transversity GPDs:

At twist 2 one may think of rather involved proesses w.r.t. to usual DVCS

or vetor meson eletroprodution, with 3 instead of 2 partiles in the �nal

state

Another possibility is to onsider vetor meson eletroprodution beyond

leading twist

This requires to lassify the orresponding DAs and GPDs

For simpliity, we onsidered the π0

In the light-one ollinear fatorization framework, we introdued the

relevant matrix element for:

2-partons non-loal orrelators, with and without transverse and longitudinal

derivatives

3-partons non-loal orrelators

Their detailled parametrization is �xed by C, P, T
This leads to the introdution of 28 real GPDs

Their symmetry properties have been obtained

Their redution to a minimal set requires the use of

QCD equations of motions

Implementation of the n−independene onstraint

The omplete redution to a minimal set is under proess

The next stage is to perform the same analysis for the nuleons and to use

it for phenomenology
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SCHOOL: �Correlations between partons in nuleons�

ORSAY, LPT, June 30th - July 4th

https://indio.in2p3.fr/onfereneDisplay.py?ovw=True&onfId=9917

Long letures :

Maro Stratmann, BNL (USA)

Partons Distribution Funtions and the LHC (6h)

Markus Diehl, DESY (Germany)

Multi Parton Interations (6h)

Cédri Loré, IPNO (Frane) and IFPA Liège (Belgium)

Nuleon struture (4h)

Raju Venugopalan, BNL and Stony Brook University (USA)

Color Glass Condensate (4h)

Leif Lönnblad, Lund Observatory (Sweden)

Introdution to event generators physis (3h)

Abhay Deshpande, Stony Brook University (USA)

The questions of Hadroni physis (3h)

Short letures :

Paolo Bartalini, CERN and Central China Normal University (China)

CMS and ATLAS signals for MPI proesses (1.5h)

Sarah Porteboeuf-Houssais, LPC Clermont Ferrand (Frane)

ALICE signals for MPI proesses (1.5h)

David Kosower, IPhT (Frane)

Introdution to multi-gluons proesses (1.5h)
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