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Plan

➫ QCD (colinear) factorization for exclusive reactions

* Success in DVCS : JLab, HERMES, HERA

→ GPD properties ; transverse imaging of the nucleon

➫ DVCS and Timelike Compton scattering at very high

energies

→ NLO corrections ; higher twist contributions

→ access in UPC at LHC ; access at LHeC

➫ Exclusive meson electroproduction, spin physics and

chiral-odd GPDs

➫ kT vs colinear factorization ; searching for the Odderon



QCD factorization in Exclusive processes

DVCS Meson Production
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➫ Factorisation between a hard part (perturbatively calculable) and a soft

part (non-perturbative) Generalized Parton Distribution demonstrated for

Q2,W2 →∞, xB = Q2

Q2+W2 fixed and |t| � Q2 fixed

D. Mueller et al., X. Ji, A. Radyushkin, J. Collins et al. , ’94, ’96,’98
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Some very good news

The simplest hard exclusive process : γ∗γ → π0
23

the functional form

Q2|F (Q2)| = A

�
Q2

10 GeV2

�β

, (22)

where A and β are fit parameters. BaBar reported
A = 0.182 ± 0.002 GeV and β = 0.25 ± 0.02; how-
ever, the uncertainty for A does not include the Q2-
independent systematic uncertainty that amounts to
2.3% (namely ±0.0041 GeV as this error component
for Q2|F (Q2)|). Taking this into account, the uncer-
tainty on A reported by BaBar could be replaced by
A = 0.182± 0.005 GeV. To compare our results with
BaBar’s, we use the same parameterization in our fit
procedure and assume a Q2-independent systematic
uncertainty (thus, the total normalization error) of
3.2% for Q2|F (Q2)|; we remove this component from
the combined statistical and systematic errors and
instead add it in quadrature to the uncertainty in A.
The fit results from Belle are A = 0.169±0.006 GeV
and β = 0.18 ± 0.05. The goodness of the fit is
χ2/ndf = 6.90/13, where ndf is the number of de-
grees of freedom. The fit results are also shown in
Fig. 24. The fit of the Belle data to the function is
good, and we find a difference of ∼ 1.5σ between the
Belle and BaBar results in both A and β.

We then try another parameterization in which
Q2|F (Q2)| approaches an asymptotic value, namely

Q2|F (Q2)| =
BQ2

Q2 + C
. (23)

The fit gives B = 0.209 ± 0.016 GeV and C = 2.2 ±
0.8 GeV2 with χ2/ndf = 7.07/13, and is also shown
in Fig. 24. The fitted asymptotic value, B, is slightly
larger than the pQCD value of ∼ 0.185 GeV but is
consistent.

VI. SUMMARY AND CONCLUSION

We have presented a measurement of the neutral
pion transition form factor for the process γγ∗ → π0

in the region 4 GeV2 <∼ Q2 <∼ 40 GeV2 with a
759 fb−1 data sample collected with the Belle detec-
tor at the KEKB asymmetric-energy e+e− collider.
The measured values of Q2|F (Q2)| agree with the
previous measurements [1, 3, 4] for Q2 <∼ 9 GeV2.
In the higher Q2 region, in contrast to BaBar, our
results do not show a rapid growth with Q2 and are
closer to theoretical expectations [5].

FIG. 24: Comparison of the results for the product
Q2|F (Q2)| for the π0 from different experiments. The
error bars are a quadratic sum of statistical and system-
atic uncertainties. For the Belle and BaBar results, only
a Q2-dependent systematic-error component is included.
The two curves denoted fit(A) use the BaBar parameter-
ization while the curve denoted fit(B) uses Eq.(23) (see
text). The dashed line shows the asymptotic prediction
from pQCD (∼ 0.185 GeV).
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Generalised Parton Distributions

Non-Local operators (as in DIS) and non diagonal matrix elements
= soft part of the amplitude for exclusive reactions
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GPD (x, ξ, t) = Fourier Transform of matrix elements

〈N(p′, λ′)|ψ̄(−z/2)α[−z/2; z/2]ψ(z/2)β|N(p, λ)〉
∣∣∣∣
z+=0, zT=0

ON THE LIGHT CONE z2 = 0

p′ − p = ∆ ∆2 = t ∆+ = −ξ(p+ p′)+ x− x′ = 2ξ
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Energy flow in GPDs

Three different regions : mean momentum fraction x vs skewness ξM. Diehl / Physics Reports 388 (2003) 41–277 53
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Fig. 5. The parton interpretation of GPDs in the three x-intervals [− 1;−!], [− !; !], and [!; 1].

with an analogous expression for H̃ q and Ẽq, where n− can be any light-like vector. The GPDs are
allowed to depend on x and on Lorentz invariant products of the vectors p, p′ and n−, which one
may choose as "n−, Pn− and t. Under a boost along the z axis the light-cone vectors n− and n+
transform as

n− → #n−; n+ → #−1n+ ; (16)

and we readily see from (15) that the GPDs are independent under such a boost. Therefore they
depend on "n− and Pn− only via the ratio !=−("n−)=(2Pn−). In other words they depend only
on plus-momentum fractions, but not on individual plus-momenta, which are rescaled under boosts.
The above de!nitions hold in the light-cone gauge A+ = 0 for the gluon !eld. In other gauges a

Wilson line W [− 1
2 z

−; 12 z
−] along a light-like path appears between the two !elds at positions − 1

2 z
and 1

2 z, where

W [a; b] = P exp
(

ig
∫ a

b
dx− A+(x−n−)

)

(17)

and P denotes ordering along the path from a to b. Most formulae and statements of this review
are readily generalized to this case, with exceptions we will indicate.
The distributions we have de!ned have support in the interval x∈ [ − 1; 1], which falls into the

three regions shown in Fig. 5:

(1) for x∈ [!; 1] both momentum fractions x + ! and x − ! are positive; the distribution describes
emission and reabsorption of a quark.

(2) for x∈ [−!; !] one has x+!¿ 0 but x−!6 0. The second momentum fraction is now interpreted
as belonging to an antiquark with momentum fraction !− x emitted from the initial proton.

(3) for x∈ [ − 1;−!] both x + ! and x − ! are negative; one has emission and reabsorption of
antiquarks with respective momentum fractions !− x and −!− x.

The !rst and third case are commonly referred to as DGLAP regions and the second as ERBL
region, following the pattern of evolution in the factorization scale (Section 3.8). Why the support
of GPDs is restricted to |x|6 1 will be discussed in Section 3.4.
The above interpretation can be made explicit in the framework of light-cone quantization. As

we will see in Section 3.4 one can then decompose the !eld operators "q and q in de!nitions (14)
in terms of annihilation and creation operators b; b† for quarks and d; d† for antiquarks [35,40,41].

antiquark content q̄q content quark content

Two different evolution equations

as q̄(−x,Q2) as Φπ(z,Q2) as q(x,Q2)

DGLAP ERBL DGLAP

→ δ(−x) → Φπ
as(z,Q

2) = 6zz̄ → δ(x)
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Impact picture Representation

M. Burkhardt, JP Ralston and BP, M. Diehl

t dependence of GPDs maps transverse position bT of quarks.

Fourier transform GPD at zero skewness
q(x, bT ) = (2π)−2 ∫

d2∆Te
i∆T .bTH(x, ξ = 0, t) probability

Generalize at ξ 6= 0→ Quantum femtophotography.

The t−dependence of dVCS localizes transversally in the proton
the q and g (DGLAP) or the q̄q and gg pairs of size 1

Q (ERBL)
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Quark and Gluon imaging

Thanks to Franck Sabatié

Parton imaging with an EIC 

Preliminary work done in collaboration with : 
 

E. C. Aschenauer, M. Diehl, S. Fazio, D. Müller and K. Kumerički 
 

in preparation for the EIC White Paper 

for this dream to become textbook for students in the 2030’s

one needs accurate measurement down to small values of ξ

→ High energy, high luminosity electron nucleon colliders essential
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This is the reason I consider GPDs as a

major breakthrough in QCD physics

➫ Beautiful progress in forward exclusive photon (DVCS) and meson

(DVMP) experiments and analysis

➫ Need to test universality of GPDs : TCS vs DVCS extractions

➫ Need to better understand NLO and twist 3 contributions ( → ρT )

➫ Need to resum soft gluon contributions (Altinoluk et al 2012)

➫ Need to go to higher energies, smaller skewness (EIC ; LHeC)

B.Pire, CPhT, Polytechnique LHeC-2012 09/27



HERA results on DVCS

experimental signature and is calculable in perturbative QCD. The DVCS
reaction can be regarded as the elastic scattering of the virtual photon off the
proton via a colourless exchange, producing a real photon in the final state
[1, 2, 3, 4]. In the Bjorken scaling regime, QCD calculations assume that the
exchange involves two partons, having different longitudinal and transverse
momenta, in a colourless configuration. These unequal momenta or skewing
are a consequence of the mass difference between the incoming virtual pho-
ton and the outgoing real photon. This skewedness effect can be interpreted
in the context of generalised parton distributions (GPDs) [5].

With t = (p−p′)2, the momentum transfer (squared) at the proton vertex,
the measurement of the VM and DVCS cross section, differential in t is one of
the key measurement in exclusive processes. A parameterization in dσ/dt ∼
e−b|t|, as shown in Fig. 1, gives a very good description of measurements. In
addition, in Fig. 1, we show that fits of the form dσ/dt ∼ e−b|t| can describe
DVCS measurements to a very good accuracy for different Q2 and W values.

 d
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Figure 1: The DVCS cross section, differential in t, for three values of Q2

expressed atand for three values of W . The solid lines represent the results
of fits of the form e−b|t|.

Then, we can define a generalised gluon distribution Fg which depends
both on x and t (at given Q2). From this function, we can compute a gluon
density which also depends on a spatial degree of freedom, a transverse size

2

I forget on purpose the beautiful data at lower energies from
HERMES and JLab
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Describing DVCS results with GPDs
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Figure 2: Two-step fit at LO to DVCS [8, 9, 7] and DIS [129] data with the Σ-PW model and the dipole

ansatz (83): (a) differential DVCS cross section versus −t for three values of Q2 at W = 82GeV [9], (b)

total DVCS cross section versus Q2 at W = 82GeV (circles, solid) [8, 9] and at W = 89GeV (triangles,

dash-dotted) [7], (c) total DVCS cross section versus W at the same Q2 values as on (a) [9], and (d) DIS

structure function F2(xB,Q2) versus Q2 for xB = {8 · 10−3, 3.2 · 10−3, 1.3 · 10−3, 5 · 10−4} [129].

We do not include in our fits one ZEUS data set16, H1 data versus xB, and model-dependent

extractions of skewness ratio and t-slope given by those Collaborations. Note that the more

recent H1 measurement [9], providing a larger data set on the t-dependence, was not used in our

previous GPD study [62]. Altogether, the H1 and ZEUS measurements provide us with 101 DVCS

data points.

We give a LO fitting example for the Σ-PW model in Fig. 2. Here the first panel shows the

t-dependence, the second and third the W - and Q2-dependence, respectively, and the fourth one

our fit to the DIS structure function F2.

16The excluded data is for the cross section, integrated over t, versus W for fixed Q2 = 9.6 GeV2. Including this

set and the analogous one from H1 would unavoidably increase the χ2 value of our fit. These two data sets are

mutually compatible; however, we give here preference to H1 data set, since it possesses a smoother W -dependence.

33

Fitting DVCS (and DIS) with GPDs (and PDFs)

from K Kumericki and D. Mueler ArXiv 0904.0458
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DVCS simulation for LHeC

(for 1 fb−1 luminosity)for ξ ≈ xB/2 from 2 10−5 to 6 10−3
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Figure 5.27: Simulated LHeC measurement of the DVCS cross section multiplied by Q4 for different x values
for a luminosity of 1 fb−1, with Ee = 50 GeV, and electron and photon acceptance extending to within 1◦

of the beampipe with a cut at P γ
T = 2 GeV. Only statistical uncertainties are considered.

[382,383,401], an additional cut is placed on the transverse momentum P γ
T of the final state photon.3367

The kinematic limitations due to the scattered electron acceptance follow the same patterns as for the3368

inclusive cross section (see Section 5.2.2). The photon P γ
T cut is found to be a further important factor in the3369

Q2 acceptance, with measurements at Q2 < 20 GeV2 almost completely impossible for a cut at P γ
T > 5 GeV,3370

even in the scenario with detector acceptances reaching 1◦. If this cut is relaxed to P γ
T > 2 GeV, it opens3371

the available phase space towards the lowest Q2 and x values permitted by the electron acceptance.3372

A simulation of a possible LHeC DVCS measurement double differentially in x and Q2 is shown in3373

Fig. 5.27 for a very modest luminosity scenario (1 fb−1) in which the electron beam energy is 50 GeV,3374

the detector acceptance extends to 1◦ and photon measurements are possible down to P γ
T = 2 GeV. High3375

precision is possible throughout the region 2.5 < Q2 < 40 GeV2 for x values extending down to ∼ 5× 10−5.3376

The need to measure DVCS therefore places constraints on the detector performance for low transverse3377

momentum photons, which in practice translates into the electromagnetic calorimetry noise conditions and3378

response linearity at low energies.3379

If the detector acceptance extends to only 10◦, the P γ
T cut no longer plays such an important role.3380

Although the low Q2 acceptance is lost in this scenario, the larger luminosity will allow precise measurements3381

for Q2 >∼ 50 GeV2, a region which is not well covered in the 1◦ acceptance scenario due to the small cross3382

section. In the simulation shown in Fig. 5.28, a factor of 100 increase in luminosity is considered, resulting3383

in precise measurements extending to Q2 > 500 GeV2, well beyond the range explored for DVCS or other3384

GPD-sensitive processes to date.3385

Maximising the lepton beam energy potentially gives access to the largest W and smallest x values,3386

provided the low P γ
T region can be accessed. However, the higher beam lepton energy boosts the final state3387

photon in the scattered lepton direction, resulting in an additional acceptance limitation.3388

132
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and at very large Q2

(for 100 fb−1 luminosity)ξ from 6 10−5 to 4 10−3
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Figure 5.28: Simulated LHeC measurement of the DVCS cross section multiplied by Q
4 for different x values

for a luminosity of 100 fb−1, with Ee = 50 GeV, and electron and photon acceptance extending to within
10◦ of the beampipe with a cut at P

γ
T = 5 GeV. Only statistical uncertainties are considered.

Further studies of this process will require a better understanding of the detector in order to estimate3389

systematic uncertainties. A particularly interesting extension would be to investigate possible beam charge3390

[382, 401] and polarisation asymmetry measurements at lower x or larger Q
2 than was possible at HERA.3391

With the addition of such information, a full study of the potential of the LHeC to constrain GPDs could3392

be performed.3393

Accessing chiral-odd transversity GPDs in diffractive processes3394

Transversity quark distributions in the nucleon remain among the most unknown leading-twist hadronic3395

observables. The four chiral-odd transversity GPDs [363], denoted HT , ET , H̃T , ẼT , offer a new way to3396

access the transversity-dependent quark content of the nucleon. The factorization properties of exclusive3397

amplitudes apply in principle both to chiral-even and to chiral-odd sectors. However, one photon or one3398

meson electroproduction leading-twist amplitudes are insensitive to the latter [402, 403]. At leading twist,3399

they can be accessed experimentally through the quasi-forward exclusive electro- or photoproduction of a3400

vector meson pair with a large invariant mass [404, 405]. In analogy with the virtual photon exchange3401

occurring in the deep inelastic electroproduction of a meson, one considers the subprocess:3402

P(qP ) p(p2)→ ρT (pρ) N
�(p2�) , (5.14)

of almost forward scattering of a virtual Pomeron on a nucleon, the hard scale being the virtuality −q
2
P3403

of this Pomeron. The choice of a transversely polarised vector meson ρT (pρ) involves at leading twist a3404

chiral-odd distribution amplitude (DA), which in turn selects the chiral-odd GPDs. Let us stress that the3405

target need not be polarised for the amplitude to contain the transversity GPD. This subprocess is at work3406

133
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On spacelike vs timelike probe

γ∗(q)N(p)→ γ∗(q′)N ′(p′) DVCS vs TCS
676 E.R. Berger et al.: Timelike Compton scattering: exclusive photoproduction of lepton pairs

!"+"

1+"

!#!"

x x

1!"

!#+"

  

Fig. 2. Handbag diagrams for the Compton process (1) in the
scaling limit. The plus-momentum fractions x, ξ, η refer to the
average proton momentum (1/2)(p + p′)

cuss the relevance of parton densities at very small x when
modeling generalized parton distributions with a double
distribution ansatz.

2 The Compton amplitude

Both DVCS and TCS are limiting cases of the general
Compton process

γ∗(q) + p(p) → γ∗(q′) + p(p′), (1)

where the four-momenta q and q′ of the photons can have
any virtuality. We will also use ∆ = p′ − p, the invariants

Q2 = −q2, Q′2 = q′2, s = (p + q)2, t = ∆2, (2)

and write M for the proton mass. In the region where
at least one of the virtualities is large, the amplitude is
given by the convolution of hard scattering coefficients,
calculable in perturbation theory, and generalized parton
distributions, which describe the nonperturbative physics
of the process. To leading order in αs one then has the
quark handbag diagrams of Fig. 2. The arguments for fac-
torization given in [4], based on the analysis of Feynman
graphs, hold both for large spacelike and for large time-
like virtualities [5]. We thus define the scaling limit as
|q2|+ |q′2| → ∞ at fixed t and fixed ratios q2/s and q′2/s.

For our subsequent discussion let us recall the expres-
sion of the hadronic tensor

Tαβ = i
∫

d4xe−iq·x〈p(p′)|TJα
em(x)Jβ

em(0)|p(p)〉, (3)

where eJα
em(x) is the electromagnetic current with e de-

noting the positron charge. In the scaling limit we have to
leading order in αs

Tαβ = − 1
(p + p′)+

ū(p′)
[

gαβ
T

(

H1γ
+ + E1

iσ+ρ∆ρ

2M

)

+ iεαβ
T

(

H̃1γ
+γ5 + Ẽ1

∆+γ5

2M

)]

u(p). (4)

This expression holds in reference frames where both pro-
ton momenta p and p′ have small transverse components
of order (−t)1/2 and are moving fast to the right, i.e., have
large plus-components. Light-cone coordinates are defined
as v± = (v0 ± v3)/21/2 for any four-vector v. The trans-
verse tensors gT and εT have as only nonzero components

−g11
T = −g22

T = ε12T = −ε21T = 1. Following the notation of
[6] we have introduced the convolutions

H1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

Hq(x, η, t)
ξ − x− iε

− Hq(x, η, t)
ξ + x− iε

)

,

E1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

Eq(x, η, t)
ξ − x− iε

− Eq(x, η, t)
ξ + x− iε

)

,

H̃1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

H̃q(x, η, t)
ξ − x− iε

+
H̃q(x, η, t)
ξ + x− iε

)

,

Ẽ1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

Ẽq(x, η, t)
ξ − x− iε

+
Ẽq(x, η, t)
ξ + x− iε

)

(5)

of the generalized quark distributions defined in [2], sum-
med over quarks of flavor q and electric charge eeq. The
scaling variables ξ and η are given by

ξ = − (q + q′)2

2(p + p′) · (q + q′)
≈ Q2 −Q′2

2s + Q2 −Q′2 ,

η = − (q − q′) · (q + q′)
(p + p′) · (q + q′)

≈ Q2 + Q′2

2s + Q2 −Q′2 , (6)

where the approximations hold in the kinematical limit
we are working in. x, ξ, and η represent plus-momentum
fractions

x =
(k + k′)+

(p + p′)+
, ξ ≈ − (q + q′)+

(p + p′)+
, η ≈ (p− p′)+

(p + p′)+
. (7)

The expressions (4) and (5) reveal that the two-photon
amplitude is independent of the photon virtualities at
fixed ξ, η and t. In the case of spacelike q = q′ this is just
Bjorken scaling. To be precise, the independence on q2 and
q′2 only holds up to logarithmic corrections: the photon
virtualities provide the hard scale of the process and thus
enter through the factorization scale dependence of the
parton distributions, which we have not displayed above.
The corresponding evolution equations are well known [1–
3,?], and as usual we will refer to −1 < x < −η and
η < x < 1 as the DGLAP regions, and to −η < x < η as
the ERBL region of the parton distributions.

Let us now recall the helicity structure of the two-
photon process in the scaling limit. Contracting the had-
ronic tensor with polarization vectors ε of the incoming
and ε′ of the outgoing photon, one obtains the helicity
amplitudes of (1) as

e2Mλ′µ′,λµ = e2εαTαβε′∗β , (8)

where λ (λ′) denotes the helicity of the incoming (outgo-
ing) proton and µ (µ′) the helicity of the incoming (out-
going) photon. Parity invariance provides the relations
M−λ′−µ′,−λ−µ = (−1)λ′−µ′−λ+µMλ′µ′,λµ. From (4) one
easily finds that the quark handbag diagrams only gener-
ate helicity conserving transitions between transverse pho-
tons, Mλ′+,λ+ and Mλ′−,λ−. At order αs one further has

spacelike q2 < 0 ; q′2 = 0 vs timelike q2 = 0 ; q′2 > 0

e N → e′ N γ vs γ N → N µ+ µ−

LO : ADV CS = A∗TCS

NLO : ADV CS 6= A∗TCS

crucial for factorization to hold. But in the NLO this
relation no longer holds. For the quark part, we have
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To discuss this difference and present the magnitude of
corrections we define the following ratio:

Rq ¼
Cq
1 þ 1

2 logð
jQ2j
%2

F
Þ ( Cq

coll

Cq
0

(55)

of the NLO quark correction to the coefficient function, to
the Born level. In Fig. 7, we show for %2

F ¼ jQ2j the real
and imaginary parts of the ratio Rq in timelike and space-
like Compton scattering as a function of x in the ERBL
(left) and DGLAP (right) regions for # ¼ 0:3. We fix !s ¼
0:25 and restrict the plots to the positive x region, as the
coefficient functions are antisymmetric in that variable. We
see that in the TCS case, the imaginary part of the ampli-
tude is present in both the ERBL and DGLAP regions,
contrarily to the DVCS case, where it exists only in the
DGLAP region. The magnitude of these NLO coefficient
functions is not negligible. We see that the importance of
these NLO coefficient functions is magnified when we
consider the difference of the coefficient functions
Cq
1ðTCSÞ

# $ Cq
1ðDVCSÞ. The conclusion is that extracting the

universal GPDs from both the TCS and DVCS reactions
requires much care.

As is well known in inclusive reactions, one may choose
a renormalization scheme (named the DIS 7scheme [15])
defined by the fact that NLO corrections to some observ-
ables vanish. This of course does not preclude the impor-
tance of next-to-next-to-leading order corrections. In the
exclusive case, we thus may propose that NLO corrections
vanish in the DVCS amplitude. This DVCS factorization
scheme then transfers all NLO corrections calculated here
to the TCS coefficient functions, which become very siz-
able. We illustrate this fact by showing in Fig. 8 the ratio
Rq
T$S of the difference of NLO quark coefficient functions

to the LO coefficient function

Rq
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Cq
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1ðDVCSÞ
Cq
0

: (56)

A final word is needed with respect to the presence of the
"2 terms in the difference of the NLO coefficient func-
tions. Quite a rich literature [15,16] exists on the impor-
tance of such factors in inclusive coefficient functions and
their relation to soft gluon exchange. One may verify that,
in the exclusive case that we study here, a soft gluon
approximation gives some of the "2 terms that one may
read from Eq. (54). One can suppose that these corrections
exponentiate when all order corrections are summed up. A
particular feature is worth pointing out: These "2 terms
exist only in the DGLAP regions. We confess that we do
not understand why this is the case.
Let us now briefly comment on the gluon coefficient

functions. As in the case of quark corrections, the collinear
parts are complex conjugated to each other:

Cg
collðDVCSÞ ¼ Cg

collðTCSÞ
#: (57)

Moreover, the real parts of the gluon contribution are equal
for the DVCS and TCS in the ERBL region. The differ-
ences between the TCS and DVCS emerge in the ERBL
region through the imaginary part of the coefficient func-
tion which is nonzero only for the TCS case and is of the

FIG. 8. Real (solid line) and imaginary (dashed line) parts of
the ratio Rq

T$S of the difference of NLO quark coefficient
functions to the LO coefficient functions in the TCS and
DVCS as a function of x in the DGLAP region for # ¼ 0:3.

FIG. 9. Ratio of the real (solid line) and imaginary (dashed
line) parts of the NLO gluon coefficient function in TCS to the
same quantity in DVCS as a function of x in the DGLAP region
for # ¼ 0:05 for %2

F ¼ jQ2j.
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exist only in the DGLAP regions. We confess that we do
not understand why this is the case.
Let us now briefly comment on the gluon coefficient

functions. As in the case of quark corrections, the collinear
parts are complex conjugated to each other:

Cg
collðDVCSÞ ¼ Cg

collðTCSÞ
#: (57)

Moreover, the real parts of the gluon contribution are equal
for the DVCS and TCS in the ERBL region. The differ-
ences between the TCS and DVCS emerge in the ERBL
region through the imaginary part of the coefficient func-
tion which is nonzero only for the TCS case and is of the

FIG. 8. Real (solid line) and imaginary (dashed line) parts of
the ratio Rq

T$S of the difference of NLO quark coefficient
functions to the LO coefficient functions in the TCS and
DVCS as a function of x in the DGLAP region for # ¼ 0:3.

FIG. 9. Ratio of the real (solid line) and imaginary (dashed
line) parts of the NLO gluon coefficient function in TCS to the
same quantity in DVCS as a function of x in the DGLAP region
for # ¼ 0:05 for %2

F ¼ jQ2j.

NEXT-TO-LEADING ORDER CORRECTIONS TO . . . PHYSICAL REVIEW D 00

11

➫ Both timelike and spacelike data useful to check NLO analysis !
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GPDs at LHC (and RHIC)

➫ Ultraperipheral Collisions : quasi real photons from proton beam

µ+µ− pair productionE.R. Berger et al.: Timelike Compton scattering: exclusive photoproduction of lepton pairs 679
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Fig. 5. Sketch of the kinematical variables and coordinate axes
in the γp and "+"− c.m. frames. Notice that the coordinate
systems differ from the one we used in the Compton amplitude
(4), where p and p′ have positive 3-components

=
Q′2(s−M2 −Q′2) + t(s−M2 + Q′2)

r
. (16)

The form of the second equation in (15) is useful in our
kinematics, where ∆T is small and σ = 1.

As polarization vectors ε(λ) for the incoming photon
we take ε(±) = (∓e(1)−ie(2))/21/2, where e(1) and e(2) are
unit vectors along the 1- and 2-directions in the γp c.m. as
shown in Fig. 5. Our polarizations ε′(λ′) of the outgoing
photon are ε′(±) = (∓e′(1) − ie′(2))/21/2 and ε′(0) = e′(3)

with unit vectors along the coordinate axes in the &+&−

c.m. described above.

4.2 The Bethe–Heitler contribution

The Bethe–Heitler amplitude is readily calculated from
the two Feynman diagrams in Fig. 6. We parameterize
the photon–proton vertex in terms of the usual Dirac and
Pauli form factors F1(t) and F2(t), normalizing F2(0) to
be the anomalous magnetic moment of the target. We find
for the BH contribution to the unpolarized γp cross sec-
tion

dσBH

dQ′2dtd(cos θ)dϕ
=

α3
em

4π(s−M2)2
β

−tL

×
[(

F 2
1 −

t

4M2 F 2
2

)

A

−t
+ (F1 + F2)2

B

2

]

, (17)

where we have used the abbreviations

A = (s−M2)2∆2
T − ta(a + b)

− M2b2 − t(4M2 − t)Q′2

+
m2

!

L

[

{(Q′2 − t)(a + b)− (s−M2)b}2

+ t(4M2 − t)(Q′2 − t)2
]

,

B = (Q′2 + t)2 + b2

+ 8m2
!Q

′2 − 4m2
!(t + 2m2

!)
L

(Q′2 − t)2. (18)

The cross section depends on the angles θ and ϕ through
the scalar products

a = 2(k − k′) · p′, b = 2(k − k′) · (p− p′) (19)

l+

l#

p p

$

Fig. 6. The Feynman diagrams for the Bethe–Heitler ampli-
tude

given in (15) above, and through the product of the lepton
propagators in the two BH diagrams,

L = [(q−k)2−m2
! ][(q−k′)2−m2

! ] =
(Q′2 − t)2 − b2

4
. (20)

These expressions are rather lengthy, but simplify con-
siderably in kinematics where t, M2 and m2

! can be ne-
glected compared to terms going with s or Q′2. We then
have

L ≈ L0 =
Q′4 sin2 θ

4
. (21)

and

dσBH

dQ′2dtd(cos θ)dϕ
≈ α3

em
2πs2

1
−t

1 + cos2 θ

sin2 θ

×
[(

F 2
1 −

t

4M2 F 2
2

)

2
τ2

∆2
T
−t

+ (F1 + F2)2
]

. (22)

We see that the product L of lepton propagators goes to
zero at sin θ = 0 in this approximation. Closer inspection
reveals that when sin θ becomes of order ∆T/Q′ or m!/Q′

the approximations (21) and (22) break down and one
must use the full expressions.

Let us see how small the product L can become. At
fixed s, Q′2, t, ϕ we find with (15) and (20) that L assumes
a minimum value,

Lmin ≈ Q′2m2
! + Q′2∆2

T
sin2 ϕ

(1− τ)2
, (23)

for

tan θmin ≈ −
2∆T

Q′
cos ϕ

1− τ
, (24)

up to corrections of order t/Q′2, M2/Q′2, m2
!/Q′2. For

θ ∼ θmin the leptons &− and &+ are nearly collinear with
the initial photon in the γp c.m. They have transverse
momenta of order ∆T with respect to -p and -q and share
their total longitudinal momentum in a highly asymmetric
way. In our numerical studies we will impose a cut on θ
which ensures that L remains of order Q′4, thus staying
away from the region where the BH cross section becomes
extremely large.

We finally remark that as long as L is of order Q′4 the
terms going with 1/L in (18) are suppressed at least like
m2

!Q
′2/L compared with the leading behavior of A and

B. For a large range in θ the BH cross section (17) will
thus approximately behave like 1/L instead of 1/L2.
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Fig. 2. Handbag diagrams for the Compton process (1) in the
scaling limit. The plus-momentum fractions x, ξ, η refer to the
average proton momentum (1/2)(p + p′)

cuss the relevance of parton densities at very small x when
modeling generalized parton distributions with a double
distribution ansatz.

2 The Compton amplitude

Both DVCS and TCS are limiting cases of the general
Compton process

γ∗(q) + p(p) → γ∗(q′) + p(p′), (1)

where the four-momenta q and q′ of the photons can have
any virtuality. We will also use ∆ = p′ − p, the invariants

Q2 = −q2, Q′2 = q′2, s = (p + q)2, t = ∆2, (2)

and write M for the proton mass. In the region where
at least one of the virtualities is large, the amplitude is
given by the convolution of hard scattering coefficients,
calculable in perturbation theory, and generalized parton
distributions, which describe the nonperturbative physics
of the process. To leading order in αs one then has the
quark handbag diagrams of Fig. 2. The arguments for fac-
torization given in [4], based on the analysis of Feynman
graphs, hold both for large spacelike and for large time-
like virtualities [5]. We thus define the scaling limit as
|q2|+ |q′2| → ∞ at fixed t and fixed ratios q2/s and q′2/s.

For our subsequent discussion let us recall the expres-
sion of the hadronic tensor

Tαβ = i
∫

d4xe−iq·x〈p(p′)|TJα
em(x)Jβ

em(0)|p(p)〉, (3)

where eJα
em(x) is the electromagnetic current with e de-

noting the positron charge. In the scaling limit we have to
leading order in αs

Tαβ = − 1
(p + p′)+

ū(p′)
[

gαβ
T

(

H1γ
+ + E1

iσ+ρ∆ρ

2M

)

+ iεαβ
T

(

H̃1γ
+γ5 + Ẽ1

∆+γ5

2M

)]

u(p). (4)

This expression holds in reference frames where both pro-
ton momenta p and p′ have small transverse components
of order (−t)1/2 and are moving fast to the right, i.e., have
large plus-components. Light-cone coordinates are defined
as v± = (v0 ± v3)/21/2 for any four-vector v. The trans-
verse tensors gT and εT have as only nonzero components

−g11
T = −g22

T = ε12T = −ε21T = 1. Following the notation of
[6] we have introduced the convolutions

H1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

Hq(x, η, t)
ξ − x− iε

− Hq(x, η, t)
ξ + x− iε

)

,

E1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

Eq(x, η, t)
ξ − x− iε

− Eq(x, η, t)
ξ + x− iε

)

,

H̃1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

H̃q(x, η, t)
ξ − x− iε

+
H̃q(x, η, t)
ξ + x− iε

)

,

Ẽ1(ξ, η, t) =
∑

q

e2
q

∫ 1

−1
dx

(

Ẽq(x, η, t)
ξ − x− iε

+
Ẽq(x, η, t)
ξ + x− iε

)

(5)

of the generalized quark distributions defined in [2], sum-
med over quarks of flavor q and electric charge eeq. The
scaling variables ξ and η are given by

ξ = − (q + q′)2

2(p + p′) · (q + q′)
≈ Q2 −Q′2

2s + Q2 −Q′2 ,

η = − (q − q′) · (q + q′)
(p + p′) · (q + q′)

≈ Q2 + Q′2

2s + Q2 −Q′2 , (6)

where the approximations hold in the kinematical limit
we are working in. x, ξ, and η represent plus-momentum
fractions

x =
(k + k′)+

(p + p′)+
, ξ ≈ − (q + q′)+

(p + p′)+
, η ≈ (p− p′)+

(p + p′)+
. (7)

The expressions (4) and (5) reveal that the two-photon
amplitude is independent of the photon virtualities at
fixed ξ, η and t. In the case of spacelike q = q′ this is just
Bjorken scaling. To be precise, the independence on q2 and
q′2 only holds up to logarithmic corrections: the photon
virtualities provide the hard scale of the process and thus
enter through the factorization scale dependence of the
parton distributions, which we have not displayed above.
The corresponding evolution equations are well known [1–
3,?], and as usual we will refer to −1 < x < −η and
η < x < 1 as the DGLAP regions, and to −η < x < η as
the ERBL region of the parton distributions.

Let us now recall the helicity structure of the two-
photon process in the scaling limit. Contracting the had-
ronic tensor with polarization vectors ε of the incoming
and ε′ of the outgoing photon, one obtains the helicity
amplitudes of (1) as

e2Mλ′µ′,λµ = e2εαTαβε′∗β , (8)

where λ (λ′) denotes the helicity of the incoming (outgo-
ing) proton and µ (µ′) the helicity of the incoming (out-
going) photon. Parity invariance provides the relations
M−λ′−µ′,−λ−µ = (−1)λ′−µ′−λ+µMλ′µ′,λµ. From (4) one
easily finds that the quark handbag diagrams only gener-
ate helicity conserving transitions between transverse pho-
tons, Mλ′+,λ+ and Mλ′−,λ−. At order αs one further has

QED dominates over TCS but in specific kinematics

→ cutting out QED with angular cuts :
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Figure 6: hu
+(x, η) = hu(x, η) − hu(−x, η) for η = 10−2 (a) and for η = 10−5 (b) for different factorization scales µ2
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Figure 7: (a) The BH cross section integrated over θ ∈ [π/4, 3π/4], ϕ ∈ [0, 2π] , Q′2 ∈ [4.5, 5.5] GeV2, |t| ∈ [0.05, 0.25] GeV2,
as a function of γp c.m. energy squared s. (b) The BH cross section integrated over ϕ ∈ [0, 2π] , |t| ∈ [0.05, 0.25] GeV2, and
various ranges of θ : [π/3, 2π/3] (dotted), [π/4, 3π/4] (dashed) and [π/6, 5π/6] (solid), as a function of Q′2 for s = 105 GeV2

and a double distribution ansatz for hq without any D-term:

hq(x, η) =

∫ 1

0
dx′

∫ 1−x′

−1+x′

dy′
[

δ(x− x′ − ηy′)q(x′)− δ(x + x′ − ηy′)q̄(x′)

]

π(x′, y′)

π(x′, y′) =
3

4

(1− x′)2 − y
′2

(1− x′)3

For the unpolarized distributions q(x) and q̄(x) we take NLO(MS) GRVGJR 2008 parametrization [9]. Their strong
dependence of the factorization scale choice for small x is shown on Fig.5. This results in the strong dependence of
hq for small values of η as shown on Fig.6.

III. CROSS SECTION ESTIMATES

Let us now estimate the different contributions to the lepton pair cross section for ultraperipheral collisions at the
LHC. Since the cross sections decrease rapidly with Q′2, we are interested in the kinematics of moderate Q′2, say a
few GeV2, and large energy, thus very small values of η. Note however that for a given proton energy the photon flux
is higher at smaller photon energy.

GPDs are expected to be large at small x ≈ ξ ξ ≈ Q2/sγp

➫ Probe of sea and gluon GPDs in small x regime
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Observing TCS at LHC

➫ Characteristic signal from interference (charge conj. odd)
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Figure 10: The differential cross sections (solid lines) for t = −0.2GeV2, Q′2 = 5GeV2 and integrated over θ = [π/4, 3π/4],
as a function of ϕ, for s = 107 GeV2 (a), s = 105 GeV2(b), s = 103 GeV2 (c) with µ2

F = 5GeV2. We also display the Compton
(dotted), Bethe-Heitler (dash-dotted) and Interference (dashed) contributions.
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Gluon imaging through DVCS

from T Horn, EIC study

Gluon imaging: gluon vs. singlet quark size

Tanja Horn, Imaging in Exclusive Processes, INT10-3, Seattle

     Detailed differential image of 
nucleon’s partonic structure

• EIC: gluon size from J/!, singlet quark size from 
DVCS

– x-dependence: quark vs. gluon diffusion in wave 
function

– Detailed analysis: LO     NLO [Mueller et al.]!

• Do singlet quarks and gluons have the same 
transverse distribution?

– Hints from HERA: 

– Dynamical models predict difference: pion cloud, 
constituent quark picture            [Strikman, Weiss 09]

– No difference assumed in present pp MC 
generators for LHC!

Area "q#$q % & Area " g %

12

talk by T. Horn
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Exclusive Meson production and GPDs

Vector meson production the most dominant process
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Figure 5: The integrated cross section for γ∗p→ ρp (left) and γ∗p→ φp (right) versus Q2

at W " 75 GeV. Data taken from [12, 44] (filled squares) and [13, 45] (open squares) for
ρ and φ production, respectively. The solid lines represent our results.

L→ L one at t " 0. Due to the smaller slope BV
TT takes the lead for −t larger than about

0.4 GeV2. The T → L contribution is shown only for comparison, it is of no account to
the cross sections.

Let us now turn to the discussion of the process γ∗p→ V p. The integrated cross section
for this process is related to the integrated partial cross sections (83) by

σ(γ∗p→ V p) = σT (γ∗p→ V p) + ε σL(γ∗p→ V p) . (85)

The H1 [12, 44] and ZEUS [13, 45] data on the cross sections for γ∗p → pV (V = ρ, φ),
integrated over the diffraction peak, are compared to our results in Fig. 5. We repeat our
results are evaluated from the handbag amplitude (57) multiplied by the exponentials (79)
and using the GPD Hg shown in Fig. 3. Good agreement between model and experiment
is achieved for both processes provided Q2 is larger than about 4 GeV2.

The HERA experiments also measured the decay angular distributions of the ρ and φ
mesons and determined their spin density matrix elements. This information allows for a
determination of the cross section ratio

R(V ) =
σL(γ∗p→ V p)

σT (γ∗p→ V p)
, (86)

from which, in combination with (85), the longitudinal cross section, σL, can be isolated
as well. The HERA data for σL and R are compared to our results in Figs. 6 and 7,
respectively. Again reasonable agreement is to be observed for Q2 larger than 4 GeV2.
The ratio R increases with Q2 since the transverse cross section is suppressed by 1/Q2 as
compared to the longitudinal one, see the hierarchy (41).

The experimental results on cross section ratio are derived from data on the spin density
matrix element r04

00. The extracted ratio is therefore a ratio of the differential cross sections

23

Goloskokov Kroll hep-ph/0501242

ρL production leading twist and dominant.

ρ0L production mostly sensitive to gluon GPDs

probes H(x, ξ, t) and E(x, ξ, t) GPDs
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Sea quark imaging through π electroproduction

from T Horn, EIC study

[Tanja Horn, Antje Bruell, Christian Weiss]

• New territory for collider!

• Spatial structure of non-perturbative sea

– Closely related to JLab 12 GeV

o Quark spin/flavor separations

o Nucleon/meson structure

• Simulation for !+ production assuming 100 

days at a luminosity of 1034 with 5 on 50 GeV 

(s=1000 GeV2)

– V. Guzey, C. Weiss: Regge model

– T. Horn: empirical !+ parameterization

Tanja Horn, Imaging in Exclusive Processes, INT10-3, Seattle

EIC: Transverse sea quark imagingEIC: Transverse sea quark imaging

ep " e'!+n

• Lower and more symmetric energies essential 

to ensure exclusivity

23

     Transverse spatial structure of  non-

perturbative sea quarks!

talk by T. Horn
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Spin dependent GPDs

A virtue of exclusive processes

→ spin physics without polarized beam/target !

π or η production (twist 2) : sensitive to H̃(x, ξ, t) and Ẽ(x, ξ, t) GPDs

recall : H̃q(x,0,0) = ∆q(x); H̃g(x,0,0) = x∆G(x)

because γ5 in meson DA selects γ5 in GPD operator

Vector meson production selects ”helicity averaged” GPDs ;

Photon (DVCS or TCS) production mixes all 4 chiral even GPDs

What about chiral - odd GPDs ?
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Transversity GPDs

Transverse spin structure is very badly known !

⇒ Even at the PDF level (∆T q(x)) :

interesting but indirect (through TMDs) measurement of transversity

⇒ Usefulness of direct measurements of chiral-odd GPDs.

4 leading twist C-O GPDs : Hq
T (x, ξ, t), E

q
T (x, ξ, t), H̃

q
T (x, ξ, t), Ẽ

q
T (x, ξ, t)

with H
q
T (x,0,0) = ∆T q(x).

Access to more features about the spin nucleon structure as :

– Momentum correlations of transversally polarized partons in a

transversally polarized nucleon

– Transverse asymmetry of the angular momentum carried by quarks

– Density of polarized quarks in the impact parameter plane
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Exclusive electroproduction of one vector meson VT = ρT

Diehl, Gousset, BP, Phys. Rev. D59, 034023
Collins and Diehl, Phys. Rev. D61, 114015

Photoproduction of a πρT pair with a large invariant mass and Transversity GPD
Probing h1 and γ DA in lepton pair photoproduction

Exclusive electroproduction of one vector meson VT

Diehl, Gousset, Pire, Phys. Rev. D, 59, 034023

Collins and Diehl, Phys. Rev. D, 61, 114015

DA of VT ∝ < 0|ū(0)σαβu(x)|V >

C-O GPDs ∝ < p′|ū(0)σδγu(x)|p >

Due to angular momentum and
chirality conservation

Tr [Hµ
αβγδσ

αβσδγ ] = 0

at leading power in 1/Q to all orders
in the strong coupling

Other electroproductions (twist-3 contributions) : Ahmad et al., hep-ph/0805.3568

Goloskokov and Kroll, hep-ph/0906.0460

Lech Szymanowski Probing nucleon’s transversity

DA of VT ∝ < 0|ū(0)σαβu(x)|V >

C-O GPDs ∝ < p′|ū(0)σδγu(x)|p >

Basic Idea : C-O nature of ρT DA reveals the C-O GPDs

BUT due to angular momentum and chirality conservation

Tr[Hµ
αβγδσ

αβσδγ] = 0

at leading power in 1/Q to all orders in the strong coupling

way out → twist 3 contributions to π electroproduction ...or ...
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Photo- or electroproduction of 2 vector mesons

Ivanov, BP, Szymanowski and Teryaev, Phys. Lett. B550, 65
Enberg, BP and Szymanowski, Eur. Phys. J. C47, 87

Process at high energy, governed by the virtuality of the Pomeron

Photoproduction of a πρT pair with a large invariant mass and Transversity GPD
Probing h1 and γ DA in lepton pair photoproduction

Photo- or electroproduction of 2 vector mesons

Ivanov, Pire, Szymanowski and Teryaev, Phys. Lett. B 550, 65

Enberg, Pire and Szymanowski, Eur. Phys. J. C 47, 87

Process at high energy, governed by the virtuality of the Pomeron

Photo- or electroproduction on
a (polarized) nucleon target

Mesons (ρ0
L and ρ+

T ) separated
by a large rapidity gap

Hard scale : virtuality of the
Pomeron (or pT of the ρ0)

Estimate of rate and access to
HT in the ERBL domain

Lech Szymanowski Probing nucleon’s transversity

Photo- or electroproduction on a (polarized) nucleon target

Mesons (ρ0L and ρ+T ) separated by a large rapidity gap

Hard scale = virtuality of the Pomeron (or pT of the ρ0)

Estimate of rate and access to HT in the ERBL domain

An hybrid description of exclusive processes

mixing kT factorization (à la BFKL) and colinear factorization.
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Modeling Chiral-Odd GPDs

model for GPD based on tensor meson exchange :
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Figure 5.30: The differential cross section for the photoproduction (a) and electroproduction (b) of the meson

pair ρ0
T ρ+

T as a function of ξ for (a) p
2
T = 2, 4 and 6 GeV2 and for (b) p

2
T = 2 GeV2 and Q

2 = 2, 4 and 6

GeV2. The cross sections for the production of the meson pair ρ0
T ρ0

T are two times smaller.

This yields, identifying the axial meson as A = b1(1235),3430

H
ud
T (x, ξ, 0) =

gb1NNf
T
b1
�k2
⊥�

2
√

2MN m
2
b1

φb1
⊥

�
x+ξ
2ξ

�

2ξ
, (5.17)

with the average of the intrinsic transverse momentum of the quarks �k2
⊥� ≈ 0.8 GeV2. The resulting cross3431

sections estimated in the approximation where the Pomeron is modeled by a two gluon exchange do not3432

depend on the variable W
2, but on the variable ξ. They are shown in Fig. 5.30 as a function of ξ for various3433

values of p
2
T and Q

2. The rise at small ξ comes mostly from the phase space factor. NLO corrections for3434

this amplitude are as yet unknown. The cross sections look reasonably large. Studies into the prospects for3435

detection of the final states and of the accessible kinematic range are left for the future.3436

Diffractive vector meson production off nuclei3437

Exclusive diffractive processes are similarly promising as a source of information on the gluon density in3438

the nucleus [357]. Quasi-elastic scattering of photons from nuclei at small x can be treated within the3439

same dipole model framework as for ep scattering, making the comparisons with the proton case relatively3440

straightforward. The interaction of the dipole with the nucleus can be viewed as a sum of dipole scatterings3441

off the nucleons forming the nucleus. Nuclear effects can be incorporated into the dipole cross section by3442

modifying the transverse gluon distribution and adding the corrections due to Glauber rescattering from3443

multiple nucleons [276,357]. Previous experimental data on exclusive production from nuclei exist [406,407],3444

but are limited in both kinematic range and precision.3445

There is one aspect of diffraction which is specific to nuclei. The structure of incoherent diffraction with3446

nuclear break-up (eA→eXY ) is more complex than with a proton target, and it can also be more informative.3447

In the case of a target nucleus, we expect the following qualitative changes in the t-dependence. First, the3448

low-|t| regime of coherent diffraction illustrated in Fig. 5.31 left, in which the nucleus scatters elastically and3449

remains in its ground state, will be dominant up to a smaller value of |t| (about |t| = 0.05 GeV2) than in3450

the proton case, reflecting the larger size of the nucleus. The nuclear dissociation regime (incoherent case),3451

see Fig. 5.31 right, will consist of two parts: an intermediate regime in momentum transfer up to perhaps3452

|t| = 0.7 GeV2, where the nucleus will predominantly break up into its constituent nucleons, and a large-|t|3453

regime where the nucleons inside the nucleus will also break up, implying - for instance - pion production in3454

the Y system. While these are only qualitative expectations, it is crucial to study this aspect of diffraction3455

quantitatively in order to complete our understanding of the transverse structure of nuclei.3456

135

+ some existing first Lattice QCD calculations

→ Born amplitude through γ → ρ0 Impact factor Jγ→ρ
0

:

γ ρ0

ρ+

p
 T

r

J

S

IP

p n
F

Figure 5.29: Factorization of the process γ(∗)
p→ ρρN

� in the asymmetric kinematics discussed in the text.
P is the hard Pomeron modeled by two gluon exchange.

in the diffractive process3407

ep(p2)→ e
�γ(∗)

L/T (q) p(p2)→ e
�ρ0

L,T (qρ) ρT (pρ) N
�(p2�) , (5.15)

shown in Fig. 5.29. The final state may be either ρ0ρ0
p or ρ0ρ+

n. We consider the kinematics where the3408

energy of the system (ρT (pρ) N
�) is smaller than the energy of the system (ρL,T ρT ) but still large enough3409

to justify a factorized approach (in particular much larger than baryonic resonance masses). In this regime,3410

the amplitude is calculable consistently within the collinear factorization method, as an integral (over the3411

longitudinal momentum fractions of the quarks) of the product of two amplitudes: the first one (the impact3412

factor J
γ→ρ0

) describes the transition γ(∗) → ρ0
L,T in the Born approximation via two gluon exchange3413

and the second one describes the subprocess P p → ρT N
�. The fact that this latter process is closely3414

related to the electroproduction process γ∗ p → ρ N
� allows the separation of its long distance dynamics3415

expressed through the GPDs from a perturbatively calculable coefficient function. The skewness parameter3416

ξ is related in the usual way (ξ ≈ xB/(2− xB)) to the Bjorken variable defined by the Pomeron momentum3417

xB = −q
2
P /(2qP · p2).3418

The resulting scattering amplitude Mγ∗ p→ρ0 ρT p then receives contributions from the four chiral-odd3419

GPDs HT , H̃T , ET and ẼT , but only the first contribution does not vanish kinematically in the forward di-3420

rection. Thus, assuming that the Mandelstam variable −t = −(p2−p2�)2 is sufficiently small, the transversity3421

GPD HT contribution dominates the amplitude which reads in the ρ0ρ+
T case:3422

Mγ p→ρ0 ρ+
T n = sin θ 16π2

W
2αsf

T
ρ ξ

�
1− ξ

1 + ξ

CF

Nc (p 2
T )2

(5.16)

×
1�

0

du φ⊥(u)

u2ū2
J

γ→ρ0

(upT , ūpT )
H

ud
T (ξ(2u− 1), ξ, t)√

2
,

with H
ud
T = H

u
T −H

d
T , fρ the ρ decay constant, φ⊥(u) the DA of the ρT meson, W

2 = (q + p2)2, θ the angle3423

between the transverse polarisation vector of the target �n and the polarisation vector ��T of the produced3424

ρT−meson, and pT the transverse momentum of the ρ0 meson (see [404, 405]). Note that the squared3425

amplitude averaged over the nucleon polarisations does not cancel, leading to the remarkable feature that3426

these exclusive unpolarised reactions are sensitive to the transversity GPDs.3427

To get an estimate of the differential cross section of this process, we use a simple meson pole model for the3428

transversity GPD H
q
T (x, ξ, t) starting with the effective interaction Lagrangian LANN = gA NN

2M N̄σµνγ5∂ν
A

µ
N .3429

134

Nucleon spin orientation appears only through sin(θ)

unpolarized cross section non-zero !
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Estimated cross sections
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Figure 5.30: The differential cross section for the photoproduction (a) and electroproduction (b) of the meson

pair ρ0
T ρ+

T as a function of ξ for (a) p
2
T = 2, 4 and 6 GeV2 and for (b) p

2
T = 2 GeV2 and Q

2 = 2, 4 and 6

GeV2. The cross sections for the production of the meson pair ρ0
T ρ0

T are two times smaller.

This yields, identifying the axial meson as A = b1(1235),3430

H
ud
T (x, ξ, 0) =

gb1NNf
T
b1
�k2
⊥�

2
√

2MN m
2
b1

φb1
⊥

�
x+ξ
2ξ

�

2ξ
, (5.17)

with the average of the intrinsic transverse momentum of the quarks �k2
⊥� ≈ 0.8 GeV2. The resulting cross3431

sections estimated in the approximation where the Pomeron is modeled by a two gluon exchange do not3432

depend on the variable W
2, but on the variable ξ. They are shown in Fig. 5.30 as a function of ξ for various3433

values of p
2
T and Q

2. The rise at small ξ comes mostly from the phase space factor. NLO corrections for3434

this amplitude are as yet unknown. The cross sections look reasonably large. Studies into the prospects for3435

detection of the final states and of the accessible kinematic range are left for the future.3436

Diffractive vector meson production off nuclei3437

Exclusive diffractive processes are similarly promising as a source of information on the gluon density in3438

the nucleus [357]. Quasi-elastic scattering of photons from nuclei at small x can be treated within the3439

same dipole model framework as for ep scattering, making the comparisons with the proton case relatively3440

straightforward. The interaction of the dipole with the nucleus can be viewed as a sum of dipole scatterings3441

off the nucleons forming the nucleus. Nuclear effects can be incorporated into the dipole cross section by3442

modifying the transverse gluon distribution and adding the corrections due to Glauber rescattering from3443

multiple nucleons [276,357]. Previous experimental data on exclusive production from nuclei exist [406,407],3444

but are limited in both kinematic range and precision.3445

There is one aspect of diffraction which is specific to nuclei. The structure of incoherent diffraction with3446

nuclear break-up (eA→eXY ) is more complex than with a proton target, and it can also be more informative.3447

In the case of a target nucleus, we expect the following qualitative changes in the t-dependence. First, the3448

low-|t| regime of coherent diffraction illustrated in Fig. 5.31 left, in which the nucleus scatters elastically and3449

remains in its ground state, will be dominant up to a smaller value of |t| (about |t| = 0.05 GeV2) than in3450

the proton case, reflecting the larger size of the nucleus. The nuclear dissociation regime (incoherent case),3451

see Fig. 5.31 right, will consist of two parts: an intermediate regime in momentum transfer up to perhaps3452

|t| = 0.7 GeV2, where the nucleus will predominantly break up into its constituent nucleons, and a large-|t|3453

regime where the nucleons inside the nucleus will also break up, implying - for instance - pion production in3454

the Y system. While these are only qualitative expectations, it is crucial to study this aspect of diffraction3455

quantitatively in order to complete our understanding of the transverse structure of nuclei.3456

135

Chiral-Odd GPDs should be measured at EIC / LHeC
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Looking for the Odderon

(within kT factorization - link to twist 3 gluon GPD?)

Figure 6.33: Feynman diagrams describing π+π− electroproduction in the Born approximation.

momenta ki of the t-channel gluons:3929

MP = −i s

�
d2k1 d2k2 δ(2)(k1 + k2 − �p2π)

(2π)2 k2
1 k2

2

Jγ
∗→π

+
π
−

P
(k1, k2) · JN→N

�

P (k1, k2) , (6.14)

MO = −8 π2 s

3!

�
d2k1 d2k2d2k3 δ(2)(k1 + k2 + k3 − �p2π)

(2π)6 k2
1 k2

2 k2
3

Jγ
∗→π

+
π
−

O
(k1, k2, k3) · JN→N

�

O (k1, k2, k3) ,

where Jγ
∗→π

+
π
−

P/O
is the impact factor for the transition γ∗ → π+ π− and JN→N

�

P/O
is the impact factor for the3930

transition of the nucleon in the initial state N into the nucleon in the final state N �.3931

The impact factors are calculated by standard methods. An important feature of the Jγ
∗→π

+
π
−

P/O
impact3932

factors is the presence of the appropriate two-pion generalized distribution amplitude (GDA) [491–493]:3933

J
γ
∗
L→π

+
π
−

P
(k1, k2) = − i e g2 δab Q

2 NC

� 1

0
dz zz̄ PP (k1, k2) Φ

I=1
(z, ζ, m2

2π) , (6.15)

3934

J
γ
∗
L→π

+
π
−

O
(k1, k2, k3) = − i e g3 dabc Q

4 NC

� 1

0
dz zz̄ PO(k1, k2, k3)

1

3
Φ

I=0
(z, ζ, m2

2π) , (6.16)

where PP and PO are known perturbatively calculated functions. ζ is the light-cone momentum fraction of3935

the π+ in the two pion system of invariant mass m2π, which is related to the polar decay angle θ of the π+
3936

in the rest frame of the two pion system. The GDAs ΦI(z, ζ, m2
2π) are non-perturbative matrix elements3937

containing the full strong interactions between the two pions. They are universal quantities much related to3938

GPDs in the meson. One must distinguish the GDA ΦI=0 where the pion pair is in an isosinglet state from3939

the GDA ΦI=1 where it is in an isovector state. The charge conjugation parity of the exchanged particle3940

selects the charge parity, hence the isospin of the emerging two-pion state: the Pomeron (Odderon) exchange3941

process involves the production of a pion pair in the C-odd (even) channel which corresponds to odd(even)3942

isospin. In the numerical studies we use a simple ansatz [494] for the generalized distribution amplitudes3943

ΦI(z, ζ, m2
2π). A crucial point is the choice of the parametrization of the phases in the GDA’s, since through3944

interference effects, the rapid variation of a phase shift leads to a characteristic m2π-dependence of the3945

asymmetry. We show on Fig. 6.34 the resulting estimate for the charge asymmetry defined as3946

A(Q2, t, m2
2π) =

�
cos θ dσ(s, Q2, t, m2

2π, θ)�
dσ(s, Q2, t, m2

2π
, θ)

=

� 1
−1 cos θ d cos θ 2 Re

�
Mγ

∗
L

P
(Mγ

∗
L

O
)∗

�

� 1
−1 d cos θ

�
|Mγ∗L

P
|2 + |Mγ∗L

O
|2

� , (6.17)

where θ is the polar decay angle of the π+ in the rest frame of the two pion system. In order to visualize a3947

rather large uncertainty in our modeling we present our results with an error band dominated by the value of3948

the soft coupling constant αsoft which we vary in the interval of αsoft = 0.3− 0.7 (see Ref. [490] for details).3949

This estimate demonstrates that the presence of the perturbative Odderon may be discovered in two pion3950

electroproduction at high energy.3951
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Figure 6.34: The charge asymmetry defined in Eq. (6.17) as a function of the π+π− invariant mass m2π.

6.2.4 Inclusive diffraction3952

Introduction to Diffractive Deep Inelastic Scattering3953

Approximately 10% of low-x DIS events are of the diffractive type, ep→ eXp, with the proton surviving the3954

collision intact despite the large momentum transfer from the electron (Fig. 6.35). This process is usually3955

interpreted as the diffractive dissociation of the exchanged virtual photon to produce any hadronic final state3956

system X with mass much smaller than W and the same net quantum numbers as the exchanged photon3957

(JPC = 1−−). Due to the lack of colour flow, diffractive DIS events are characterised by a large gap in the3958

rapidity distribution of final state hadrons between the scattered proton and the diffractive final state X.3959

As discussed in section 6.2.3, similar processes exist in electron-ion scattering, where they can be sub-3960

divided into fully coherent diffraction, where the nucleus stays intact (eA→ eXA) and incoherent diffraction,3961

where the nucleons within the nucleus are resolved and the nucleus breaks up (eA→ eXY , Y being a system3962

produced via nuclear or nucleon excitation, with the same quantum numbers as A).3963

Theoretically, rapidity gap production is usually described in terms of the exchange of a net colourless3964

object in the t-channel, which is often referred to as a pomeron [495,496]. In the simplest models [497,498],3965

this pomeron has a universal structure and its vertex couplings factorise, such that it is applicable for3966

example to proton-(anti)proton scattering as well as DIS. One of the main achievements at HERA has been3967

the development of an understanding of diffractive DIS in terms of parton dynamics and QCD [499]. Events3968

are selected using the experimental signatures of either a leading proton [500–502] or the presence of a large3969

rapidity gap [501,503]. The factorisable pomeron picture has proved remarkably successful for the description3970

of most of these data.3971

The kinematic variables used to describe diffractive DIS are illustrated in Fig. 6.35. In addition to x, Q2
3972

and the squared four-momentum transfer t, the mass MX of the diffractively produced final state provides3973

a further degree of freedom. In practice, the variable MX is often replaced by3974

β =
Q2

Q2 + M2
X − t

. (6.18)

Small values of β refer to events with diffractive masses much bigger than the photon virtuality, while values3975

of β close to unity are associated with small MX values. In models based on a factorisable pomeron, β may3976

be interpreted as the fraction of the pomeron longitudinal momentum which is carried by the struck parton.3977
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Figure 6.33: Feynman diagrams describing π+π− electroproduction in the Born approximation.

momenta ki of the t-channel gluons:3929

MP = −i s

�
d2k1 d2k2 δ(2)(k1 + k2 − �p2π)

(2π)2 k2
1 k2

2

Jγ
∗→π

+
π
−

P
(k1, k2) · JN→N

�

P (k1, k2) , (6.14)

MO = −8 π2 s

3!

�
d2k1 d2k2d2k3 δ(2)(k1 + k2 + k3 − �p2π)

(2π)6 k2
1 k2

2 k2
3

Jγ
∗→π

+
π
−

O
(k1, k2, k3) · JN→N

�

O (k1, k2, k3) ,

where Jγ
∗→π

+
π
−

P/O
is the impact factor for the transition γ∗ → π+ π− and JN→N

�

P/O
is the impact factor for the3930

transition of the nucleon in the initial state N into the nucleon in the final state N �.3931

The impact factors are calculated by standard methods. An important feature of the Jγ
∗→π

+
π
−

P/O
impact3932

factors is the presence of the appropriate two-pion generalized distribution amplitude (GDA) [491–493]:3933

J
γ
∗
L→π

+
π
−

P
(k1, k2) = − i e g2 δab Q

2 NC

� 1

0
dz zz̄ PP (k1, k2) Φ

I=1
(z, ζ, m2

2π) , (6.15)

3934

J
γ
∗
L→π

+
π
−

O
(k1, k2, k3) = − i e g3 dabc Q

4 NC

� 1

0
dz zz̄ PO(k1, k2, k3)

1

3
Φ

I=0
(z, ζ, m2

2π) , (6.16)

where PP and PO are known perturbatively calculated functions. ζ is the light-cone momentum fraction of3935

the π+ in the two pion system of invariant mass m2π, which is related to the polar decay angle θ of the π+
3936

in the rest frame of the two pion system. The GDAs ΦI(z, ζ, m2
2π) are non-perturbative matrix elements3937

containing the full strong interactions between the two pions. They are universal quantities much related to3938

GPDs in the meson. One must distinguish the GDA ΦI=0 where the pion pair is in an isosinglet state from3939

the GDA ΦI=1 where it is in an isovector state. The charge conjugation parity of the exchanged particle3940

selects the charge parity, hence the isospin of the emerging two-pion state: the Pomeron (Odderon) exchange3941

process involves the production of a pion pair in the C-odd (even) channel which corresponds to odd(even)3942

isospin. In the numerical studies we use a simple ansatz [494] for the generalized distribution amplitudes3943

ΦI(z, ζ, m2
2π). A crucial point is the choice of the parametrization of the phases in the GDA’s, since through3944

interference effects, the rapid variation of a phase shift leads to a characteristic m2π-dependence of the3945

asymmetry. We show on Fig. 6.34 the resulting estimate for the charge asymmetry defined as3946

A(Q2, t, m2
2π) =

�
cos θ dσ(s, Q2, t, m2

2π, θ)�
dσ(s, Q2, t, m2

2π
, θ)

=

� 1
−1 cos θ d cos θ 2 Re

�
Mγ

∗
L

P
(Mγ

∗
L

O
)∗

�

� 1
−1 d cos θ

�
|Mγ∗L

P
|2 + |Mγ∗L

O
|2

� , (6.17)

where θ is the polar decay angle of the π+ in the rest frame of the two pion system. In order to visualize a3947

rather large uncertainty in our modeling we present our results with an error band dominated by the value of3948

the soft coupling constant αsoft which we vary in the interval of αsoft = 0.3− 0.7 (see Ref. [490] for details).3949

This estimate demonstrates that the presence of the perturbative Odderon may be discovered in two pion3950

electroproduction at high energy.3951
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Conclusions

➫ The future of GPD measurements is bright at medium

energies : JLab 12, COMPASS 2

➫ Much work began to uncover EIC possibilities in this

domain.

➫ Much remains to be done for LHeC, including detector

requirements.

NB : some uncovered items : nuclear GPDs, including

coherent and break-up cases, saturation phenomena ...

Thank you
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