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Exclusive processes and GPDs
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I Various exclusive processes give information about GPDs: DVCS, TCS,
DDVCS, DVMP, HVMP

I Also neutrino-production of light mesons considered: allows for flavour
separation, different combinations of GPDs due to the charged current
coupling structure. Much smaller cross sections, but process in the reach
of the i.e. MINERVA experiments

→ [Kopeliovich,Schmidt, Siddikov] PRD 86
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Neutrino production of charmed meson

I Here we consider D pseudo scalar charmed meson production - heavy
quark production allows to extend the range of validity of collinear
factorization, the heavy quark mass playing the role of the hard scale.

I Factorization theorem with heavy quark: → [J. C. Collins, PRD58]
I Independently of the relative sizes of the heavy quark masses and Q
I Size of the errors is a power of Λ/

√
Q2 +M2

D when
√
Q2 +M2

D is the
large scale.

I Sensitivity to transversity GPDs. → [Pire,Szymanowski] PRL 115
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Transversity

I The transverse spin structure of the nucleon - that is the way quarks,
antiquarks and gluons spins share the polarization of a nucleon, when it is
polarized transversely to its direction of motion - is almost completely
unknown. Poorly known PDF, TMDs, GPDs.

I Quark transversity is a chiral odd quantity; to observe it need another
chiral odd quantity (another PDF in Drell Yan, another fragmentation
funcion in SIDIS, a heavy quark mass effect in coefficient function, a
3-body final state)

I Lattice result and SIDIS analysis suggest that transversity distributions are
not small

I Transversity GPDs coupled to chiral-odd twist 3 pi-meson DA may explain
π electroproduction data at JLab [Goloskokov, Kroll], [Ahmad, Goldstein,
Liuti]

I One can consider a 3-body final state process [Ivanov, Pire, Szymanowski,
Teryaev], [Enberg, Pire, Szymanowski], [El Beiyad et al.], [Boussarie, Pire,
Szymanowski, Wallon]

→ Leading twist process

γN → ρρN ′ γN → πρN ′ γN → γρN ′
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Neutrino-production of charmed meson
We consider the exclusive production of a pseudoscalar D−meson through the
reactions on a proton (p) or a neutron (n) target:

νl(k)p(p1) → l−(k′)D+(pD)p′(p2) ,

νl(k)n(p1) → l−(k′)D+(pD)n′(p2) ,

νl(k)n(p1) → l−(k′)D0(pD)p′(p2) ,

ν̄l(k)p(p1) → l+(k′)D−(pD)p′(p2) ,

ν̄l(k)p(p1) → l+(k′)D̄0(pD)n′(p2) ,

ν̄l(k)n(p1) → l+(k′)D−(pD)n′(p2) ,

in the kinematical domain where collinear factorization leads to a description of
the scattering amplitude in terms of nucleon GPDs and the D−meson
distribution amplitude, with the hard subprocesses:

W+d→ D+d , W+d→ D0u , W−d̄→ D−d̄ , W−d̄→ D̄0ū ,

convoluted with chiral-even or chiral-odd quark GPDs, and the hard
subprocesses:

W+g → D+g , W−g → D−g ,

convoluted with gluon GPDs.
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Feynman diagrams

Figure: Feynman diagrams for the factorized amplitude for the νµN → µ−D+N ′

process; the thick line represents the heavy quark.
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Figure: Feynman diagrams for the factorized amplitude for the W+N → D+N ′

process involving the gluon GPDs; the thick line represents the heavy quark.
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Neutrino-production of charmed meson
Standard notations of deep exclusive leptoproduction:

• P = (p1+p2)
2

, ∆ = p2 − p1, t = ∆2, xB = Q2

2p1·q
,

• y = p1·q
p1·k

and ε ' 2(1− y)/[1 + (1− y)2].

• Similarly to DDVCS we can introduce two variables:

ξ = − (p2 − p1).n

2
, ξ′ = −q.n

2
. (1)

where n is the light-cone vectors

ξ ≈ Q2 +M2
D

4p1.q −Q2 −M2
D

, ξ′ ≈ Q2

4p1.q −Q2 −M2
D

. (2)

• The azimuthal angle ϕ is defined in the initial nucleon rest frame as:

sin ϕ =
~q · [(~q × ~pD)× (~q × ~k)]

|~q||~q × ~pD||~q × ~k|
,

while the final nucleon momentum lies in the 1− 3 plane (∆y = 0)
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Neutrino-production of charmed meson

• νN → µ−D+N differential cross section:
T. Arens, O. Nachtmann, M. Diehl and P. V. Landshoff, Z. Phys. C 74, 651 (1997).

d4σ(νN → l−N ′D)

dy dQ2 dt dϕ
= Γ̃

{1 +
√

1− ε2

2
σ−− + εσ00

+
√
ε(
√

1 + ε+
√

1− ε)(cosϕ Reσ−0 + sinϕ Imσ−0)
}
,

with

Γ̃ =
G2
F

(2π)4

1

32y

1√
1 + 4x2

Bm
2
N/Q

2

1

(s−m2
N )2

Q2

1− ε ,

and the “cross-sections” σlm = ε∗µl Wµνε
ν
m are product of amplitudes for the

process W (εl)N → DN ′, averaged (summed) over the initial (final) hadron
polarizations.

• transverse amplitude WT q → Dq′ gets its leading term in the collinear QCD
framework as a convolution of chiral odd leading twist GPDs with a coefficient
function of order mc

Q2 or MD
Q2 (to be compared to the O( 1

Q
) longitudinal

amplitude)
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GPD Models

• Chiral even GPDs: Goloskokov-Kroll model

• Transversity GPDs

1

2

∫
dz−

2π
eixP

+z− 〈p2, λ
′| ψ̄(− 1

2
z) iσ+i ψ( 1

2
z) |p1, λ〉

∣∣∣
z+=zT=0

=
1

2P+
ū(p2, λ

′)

[
Hq
T iσ

+i + H̃q
T

P+∆i −∆+P i

m2
N

+ EqT
γ+∆i −∆+γi

2mN
+ ẼqT

γ+P i − P+γi

mN

]
u(p1, λ).

The GPD HT (x, ξ, t) is equal to the transversity PDF in the ξ = t = 0 limit.
G-K provide parametrization (with some lattice input) for HT (x, ξ, t) and for
the combination ĒT (x, ξ, t) = 2H̃T (x, ξ, t) + ET (x, ξ, t). Since ẼT (x, ξ, t) is
odd under ξ → −ξ, most models find it vanishingly small. We will put it to
zero. We consider 3 models:

I model 1 : H̃T (x, ξ, t) = 0;ET (x, ξ, t) = ĒT (x, ξ, t).

I model 2 : H̃T (x, ξ, t) = HT (x, ξ, t);ET (x, ξ, t) = ĒT (x, ξ, t)− 2HT (x, ξ, t).

I model 3 : H̃T (x, ξ, t) = −HT (x, ξ, t);ET (x, ξ, t) = ĒT (x, ξ, t) + 2HT (x, ξ, t).
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Distribution amplitudes

• Usual heavy-light meson DA reads :

〈D+(PD)|c̄β(y)dγ(−y)|0〉 = i
fD
4

∫ 1

0

dzei(z−z̄)PD.y[(P̂D −MD)γ5]γβφD(z) ,

with z =
P+
D
−k+

P+
D

,
∫ 1

0
dz φD(z) = 1, fD = 0.223 GeV, z̄ = 1− z and p̂ = pµγ

µ.

• We will parametrize φD(z):

φD(z) = 6z(1− z)(1 + CD(2z − 1))

with CD ≈ 1.5, which has a maximum around z = 0.7.
→ [T. Kurimoto, H. n. Li and A. I. Sanda, Phys. Rev. D 65]
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Neutrino-production of charmed meson Transverse W

The transverse amplitude is then written as (τ = 1− i2):

TT =
−i2Cqξ(2MD −mc)√

2(Q2 +M2
D)

N̄(p2)

[
HT iσnτ + H̃T

∆τ

m2
N

+ ET
n̂∆τ + 2ξγτ

2mN
− ẼT

γτ

mN
]N(p1),

with Cq = 2π
3
CFαsVdc, in terms of transverse form factors that we define as :

FT = fD

∫
φD(z)dz

z̄

∫
F dT (x, ξ, t)dx

(x− ξ + βξ + iε)(x− ξ + αz̄ + iε)
,

where F dT is any d-quark transversity GPD, α =
2ξM2

D

Q2+M2
D
, β =

2(M2
D−m

2
c)

Q2+M2
D

.
• TT vanishes when mc = 0 = MD.

For chiral-even GPDs due to the collinear kinematics and the leading twist CF

For chiral-odd GPDs due to the odd number of γ matrices in the Dirac trace.
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Neutrino-production of charmed meson Longitudinal W

The quark contribution to longitudinal amplitude of leading twist is a slight
modification of the calculation in:

B. Z. Kopeliovich, I. Schmidt and M. Siddikov, Phys. Rev. D 86 and D 89
G. R. Goldstein, O. G. Hernandez, S. Liuti and T. McAskill, AIP Conf. Proc. 1222

T qL =
−iCq
2Q

N̄(p2)

[
HLn̂− H̃Ln̂γ5 + EL

iσn∆

2mN
− ẼL

γ5∆.n

2mN

]
N(p1),

with the chiral-even form factors defined by

FL = fD

∫
φD(z)dz

z̄

∫
dx

F d(x, ξ, t)

x− ξ + αz̄ + iε

[
x− ξ + γξ

x− ξ + βξ + iε
+

Q2

Q2 + zM2
D

]
,

with γ = 2MD(MD−2mc)

Q2+M2
D

, β =
2(M2

D−m
2
c)

Q2+M2
D
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Neutrino-production of charmed meson Longitudinal W
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The gluonic contribution to the amplitude reads:

T gL =
iCg
2

∫ 1

−1

dx
−1

(x+ ξ − iε)(x− ξ + iε)

∫ 1

0

dzfDφD(z) ·[
N̄(p2)[Hgn̂+ Eg

iσn∆

2m
]N(p1)MS

H

+N̄(p2)[H̃gn̂γ5 + Ẽg
γ5n.∆

2m
]N(p1)MA

H

]
≡ −iCg

2Q
N̄(p2)

[
Hgn̂+ Eg iσ

n∆

2m
+ H̃gn̂γ5 + Ẽg γ

5n.∆

2m

]
N(p1) ,

where the last line defines the gluonic form factors Hg, H̃g, Eg, Ẽg and
Cg = Tf

π
3
αsVdc with Tf = 1

2
and the factor −1

(x+ξ−iε)(x−ξ+iε) comes from the
conversion of the strength tensor to the gluon field.
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The longitudinal cross section σ00

σ00 =
1

Q2

{
[ |CqHL + CgHg|2 + |CqH̃L − CgH̃g|2](1− ξ2)

+
ξ4

1− ξ2
[ |CqẼL − CgẼg|2 + |CqEL + CgEg|2]

−2ξ2Re[CqHL + CgHg][CqE∗L + CgE∗g ]

−2ξ2Re[CqH̃L − CgH̃g][CqẼ∗L − CgẼ∗g ]

}
.
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Figure: The y dependence of the longitudinal contribution to the cross section
dσ(νN→l−ND+)

dy dQ2 dt
(in pb GeV−4) for Q2 = 1 GeV2, ∆T = 0 and s = 20 GeV2 for a

proton (left panel) and neutron (right panel) target : total (quark and gluon, solid
curve) and quark only (dashed curve) contributions. GLUONS IMPORTANT!!!
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The transverse cross section σ−−

σ−− =
16ξ2C2

q (mc − 2MD)2

(Q2 +M2
D)2

{
(1− ξ2)|HT |2 +

ξ2

1− ξ2
|E ′T |2 − 2ξRe[HT E ′

∗
T ]

}
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Figure: The y dependence of the transverse contribution to the cross section
dσ(νN→l−ND+)

dy dQ2 dt
(in pb GeV−4) for Q2 = 1 GeV2, ∆T = 0 and s = 20 GeV2 for a

proton (dashed curve) and neutron (solid curve) target.
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The interference cross section σ−0

Vanishes at zeroth order in ∆T , the term linear in ∆T /mN reads
λ = τ∗ = 1 + i2

σ−0 =
ξ
√

2Cq
m

2MD −mc

Q(Q2 +M2
D)

{
− iH∗T [CqẼL − CgẼg]ξεpn∆λ + iE ′∗T εpn∆λ[CqH̃L − CgH̃g]

+ 2H̃∗T∆λ{CqHL + CgHg −
ξ2

1− ξ2
[CqEL + CgEg]}

+ E∗T∆λ{(1− ξ2)[CqHL + CgHg]− ξ2[CqEL + CgEg]}

− H∗T∆λ[CqEL + CgEg] + E ′∗T∆λξ[CqHL + CgHg + CqEL + CgEg]
}

In our kinematics, ∆1 = ∆x = ∆T , ∆y = 0, εpn∆λ = −i∆T .
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Neutrino-production of charmed meson Observables

< cos ϕ > =

∫
cos ϕ dϕ d4σ∫

dϕ d4σ
= Kε

Reσ−0

σ00
,

< sin ϕ > = Kε
Imσ−0

σ00

• with Kε =
√

1+ε+
√

1−ε
2
√
ε

• Simple approximate results:

< cosϕ >≈ KRe[HD(2H̃φT + EφT + ĒφT )∗ − EDHφ∗T ]

8|H2
D|+ |Ẽ2

D|
,

< sinϕ >≈ KIm[HD(2H̃φT + EφT + ĒφT )∗ − EDHφ∗T ]

8|H2
D|+ |Ẽ2

D|
,

K = −
√

1 + ε+
√

1− ε
2
√
ε

2
√

2ξmc

Q

∆T

mN
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Azimuthal dependence
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Figure: The Q2 dependence of the < cos ϕ > (solid curves) and < sin ϕ > (dashed
curves) moments normalized by the total cross section, for ∆T = 0.5 GeV, y = 0.7
and s = 20 GeV2. The three curves correspond to the three, and quantify the
theoretical uncertainty of our estimates.
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Light meson production - importance of gluon contribution.

νN → l−Nπ+
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Figure: The Q2 dependence of the quark (dashed curve) contribution compared to the

total (quark and gluon, solid curve) longitudinal cross section dσ(νN→l−Nπ+)

dy dQ2 dt
(in pb

GeV−4) for π+ production on a proton target for y = 0.7,∆T = 0 and s = 20 GeV2.
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Light meson production - importance of gluon contribution.

Two models for Eg from [Koempel, Kroll, Metz and Zhou] Phys. Rev. D 85
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Figure: The Q2 dependence of the cross section d3σ(νN→l−Nπ+)

dy dQ2 dt
(in pb GeV−4) for

y = 0.5,∆T = 0 and s = 13 GeV2, on a proton (left panel). The dotted line
corresponds to Eg(x, ξ, t) = 0, the dashed (resp. solid) one uses V2 (resp. V4)
parametrization of Eg(x, ξ, t). On the right panel we show the ratio of the cross
section calculated with V4 of Eg (upper line) and V2 of Eg (lower line) to the cross
section calculated with Eg = 0.

20 / 42



Summary - neutrinos

Charmed meson production:
I Collinear QCD factorization allows to calculate neutrino production of
D−mesons in terms of GPDs down to Q2 = 0.

I Chiral-odd and chiral-even GPDs contribute to the amplitude for different
polarization states of the W

I The azimuthal dependence of the cross section allows to get access to
chiral odd quark transversity GPDs

I The behaviour of the proton and neutron target cross sections for D+,
D− and D0 production with ν and ν̄ enables to separate the u and d
quark contributions.

I Within the reach of planned medium and high energy neutrino facilities
and experiments such as Minerνa and MINOS+.

I TODO: NLO calculation, showing how factorization works with one light
and one heavy quark

Light meson production:
I Gluon contribution very important
I Simple relation between π and longitudinal ρ production - useful in

studying meson DA’s
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Hard photoproduction of a diphoton with a large invariant mass
A. Pedrak, B. Pire, L. Szymanowski, JW, arXiv:1708.01043

γ(q, ε) +N(p1, s1)→ γ(k1, ε1) + γ(k2, ε2) +N ′(p2, s2)

Figure: Feynman diagrams contributing to the coefficient function of the process
γN → γγN ′
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Hard photoproduction of a diphoton with a large invariant mass

I Purely electromagnetic process at Born order - as are deep inelastic
scattering (DIS), deeply virtual Compton scattering (DVCS) and timelike
Compton scattering (TCS).

I Insensitive to gluon GPDs.
I No contribution from the badly known chiral-odd quark distributions.
I This study enlarges the range of 2→ 3 reactions analyzed in the

framework of collinear QCD factorization. Simplest - great tool to study
factorization.
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Coefficient functions and generalized Form Factors

iCFVq = Tr[iM 6 p] =

− ie3
q

[
AV

(
1

D1(x)D2(x)
+

1

D1(−x)D2(−x)

)
+BV

(
1

D1(x)D3(x)
+

1

D1(−x)D3(−x)

)
+ CV

(
1

D2(x)D3(−x)
+

1

D2(−x)D3(x)

)]
,

iCFAq = Tr[iMγ5 6 p] =

−ie3
q

[
AA
(

1

D1(x)D2(x)
− 1

D1(−x)D2(−x)

)
+BA

(
1

D1(x)D3(x)
− 1

D1(−x)D3(−x)

)]
where AV , . . . , AA, . . . depend on photons polarizations and final photons pT .
Denominators read:

D1(x) = s(x+ ξ + iε), D2(x) = sα2(x−ξ + iε), D3(x) = sα1(x−ξ + iε)
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Generalized form factors
The scattering amplitude is written in terms of generalized Compton form
factors Hq(ξ), Eq(ξ), H̃q(ξ) and Ẽq(ξ) as

T =
1

2s

[(
H(ξ)Ū(p2) 6 nU(p1) + E(ξ)Ū(p2)

iσµν∆νnµ
2M

U(p1)

)
+(

H̃(ξ)Ū(p2) 6 nγ5U(p1) + Ẽ(ξ)Ū(p2)
iγ5(∆ · n)

2M
U(p1)

)]

H(ξ) =
∑
q

∫ 1

−1

dx CFVq (x, ξ)Hq(x, ξ), H̃(ξ) =
∑
q

∫ 1

−1

dx CFAq (x, ξ)H̃q(x, ξ) ,

ReH(ξ) ∼
∑
q

e3
qP.V.

∫ 1

−1

dx
Hq(x, ξ) +Hq(−x, ξ)

x− ξ

ImH(ξ) ∼
∑
q

e3
q [Hq(ξ, ξ) +Hq(−ξ, ξ)]

Re H̃(ξ) ∼ 0

Im H̃(ξ) ∼
∑
q

e3
q

[
H̃q(ξ, ξ)− H̃q(−ξ, ξ)

]
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Differential cross section
Choosing as independent kinematical variables {t, u′,M2

γγ}, the fully
unpolarized differential cross section reads

dσ

dM2
γγdtd(−u′) =

1

2

1

(2π)332S2
γNM

2
γγ

∑
λ,λ1λ2,s1,s2

|T |2

4
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Figure: the M2
γγ dependence of the unpolarized differential cross section on a proton

at t = tmin and SγN = 20GeV 2 (full curves) and SγN = 100GeV 2 (dashed curve).
The bounds in u′ are chosen so that both −u′ and −t′ are larger than 1 GeV2.

26 / 42



Polarization asymmetries

I Circular initial photon polarization cross-section difference reads:

T+T ∗+ − T−T ∗− ∼ |∆t||pt| ,

so circular polarization asymmetry is of O( ∆T
Q

).
I Linear initial photon polarization defines the x axis:

ε(q) = (0, 1, 0, 0)

and hence the azimuthal angle φ through

pµT = (0, pT cosφ, pT sinφ, 0).
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Azimuthal dependence
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Figure: the azimuthal dependence of the differential cross section dσ
dM2

γγdtdu
′dφ

at

t = tmin and SγN = 20 GeV2. (M2
γγ , u

′) = (3,−2) GeV2 (solid line),
(M2

γγ , u
′) = (4,−1) GeV2 (dotted line) and (M2

γγ , u
′) = (4,−2) GeV2 (dashed line).

φ is the angle between the initial photon polarization and one of the final photon
momentum in the transverse plane.
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Summary - diphoton photoproduction

I Purely electromagnetic process at Born order
I Insensitive to gluon GPDs
I Cross section of the order of TCS which is measurable at JLAB
I Strong azimuthal dependence for linearly polarized photon beam

To be done:
I The O(αs) corrections to the amplitude need to be calculated.They are

particularly interesting since they open the way to a perturbative proof of
factorization.

I Importance of the timelike vs spacelike nature of the probe with respect to
the size of the NLO corrections; since the hard scales at work in our
process are both the timelike one M2

γγ and the spacelike one u′, we are
facing an intermediate case between timelike Compton scattering (TCS)
and spacelike DVCS.

I Leptoproduction needs to be complemented by the analysis of the Bethe
Heitler processes where one or two photons are emitted from the lepton
line. Probably dominating and leading to interesting interference effects.
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PARTONS
Motivation

I New precise experiments
I Various models, schemes, processes, observables
I Extraction of GPDs is complicated - various channels needed
I Various approaches: local and global CFF fitting, GPDs fitting...,
I Extrapolation for tomography (uncerteinties propagation),
I Various groups doing usually one chain

based on the talks and material from
H. Moutarde, P. Sznajder, L. Colaneri, N.Chouika

→ C.Mezrag talk
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PARTONS
Structure
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PARTONS
Layers

Layered structure:
I Layer - collection of objects designed for common purpose
I One module - one physical developenement
I Operation on modules provided by services
I Automation
I Features improving calculation speed (some layer services store previously

calculated values)
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PARTONS
Existing modules

I GPD models: Goloskokov-Kroll, VGG, Vinnikov, MPSSW13, MMS13,
I Evolution: Vinnikov,
I Compton Form Factors (generally: convolution of GPDs or DA with

coefficient functions): LO, NLO, NLO + heavy quarks (Noritsch)
I Cross section (DVCS + BH): VGG, BMJ, GV
I Observables: ALU , AUL, ALL, AC , fourier moments, . . .
I Running coupling: 4-loop PDG expression, constant value
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PARTONS
Release

Release expected soon (September 2017)
I Open source
I Virtual Machine with out-of-the-box running PARTONS (also possible to

install on your own Linux or Mac)
I Examples: xml, c++ codes
I preprint arXiv:1512.06174v1 (new description to appear soon !)
I Website with detailed manual
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PARTONS
Examples

N.Chouika, L.Colaneri
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PARTONS
Examples

L.Colaneri

Beam spin asymmetry at φ = π/2 for EIC

36 / 42



PARTONS
Examples: FITS

→ Paweł Sznajder DIS2017, IPNO2017
Asumptions:

I Leading order, Leading twist, with dispersion relations:

I Border function (aval fitted to F1)

I Substraction constant,

I CFF E and Ẽ prop to GK:
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PARTONS
Examples: FITS

→ Paweł Sznajder
Results of fit to new CLAS and HALL A data:

I cuts: Q2 > 1.5 GeV2, −t/Q2 < 0.25

I free parameters: aHsea , aH̃val , aH̃sea , Csub, asub, NE , NẼ .

I χ2/ndf = 3272.6/(3433− 7) ≈ 0.96

I Datasets
[1] Phys.Rev.C92 (2015), [2] Phys.Rev.Lett.115 (2015), [3] Phys.Rev.D91 (2015)
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PARTONS
Examples: FITS
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PARTONS
How to use it?

C++:
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PARTONS
How to use it?

XML:
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PARTONS
Summary

I Modern platform devoted to study GPDs
I Design to support the effort of GPD community
I Can be used by both theoreticians and experimentalists
I Come with number of available physics developments implemented
I Modular - addition of new developments as easy as possible
I Release of the code in September 2017 out-of-the-box running PARTONS

with examples and documentation
I Coming soon: Study of DVCS Observables at EIC kinematics (NLO

effects, heavy flavours)
I Coming soon: Local fits of CFFs, neural networks, . . .
I We are looking forward to your input and feedback
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