
On spacelike vs timelike probe in

exclusive reactions

GDR 2011 ORSAY , October 2011

B. Pire
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DVCS vs TCS

γ∗(q)N(p)→ γ∗(q′)N ′(p′)

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

4

procedure of the whole scattering amplitude of the given process. Here we fix it in agreement with the structure of
denominators in the quark Born coefficient function for general double DVCS kinematics:

Cq
0 (DDV CS) = e2

q

(
1

x− xB + iε
+

1
x + xB − iε

)
. (11)

In particular, in the case of DVCS where xB = ξ we obtain the standard expression (x− ξ + iε)(x + ξ − iε) (see [4]).
In the case of the TCS where xB = −ξ this product becomes (x + ξ + iε)(x− ξ − iε). Detailed calculation of T̃ q and
T̃ g will be presented in the section III.

If the following relations between Born coefficient function, infrared divergent terms and evolution kernels hold:

Cq
coll(x

′) = Cq
0 (x) ⊗Kqq(x, x′) ,

Cg
coll(x

′) = Cq
0 (x) ⊗Kqg(x, x′) . (12)

one can rewrite the full amplitude in the fully factorized form:

Aµν = gµν
T

∫ 1

−1

dx

[
nF∑

q

T q(x)F q(x) + T g(x)F g(x)

]
, (13)

where renormalized coefficient functions are given by:

T q = Cq
0 + Cq

1 +
1
2

ln
( |Q2|

µ2
F

)
· Cq

coll ,

T g = Cg
1 +

1
2

ln
( |Q2|

µ2
F

)
· Cg

coll . (14)

In the next section we will describe one-loop calculations necessary to obtain the above coefficient functions, in more
details, as they can be useful in the calculations of similar processes (for example [17]).

III. INTEGRALS

A. Integrals with two propagators.

We start with a detailed description of the diagram shown on Fig. 2. Although this calculation is very simple, it
reveals some characteristic features of the full calculation, and some pattern of the analytical structure of the result.

Figure 2: Self energy correction to qγ → qγ scattering amplitude

The symmetric part of the amplitude is given by:

Tr [Mµν #p] = ie2g2CF
1

[(q + xp)2 + iε]2

∫
(dk)

Tr[γµ(#q + x #p)γρ(#q + x #p+ #k)γρ(#q + x #p)γν #p]
[(k + q + xp)2 + iε][k2 + iε]

, (15)

where (dk) ≡ µ4−D dDk
(2π)D , and CF = N2−1

2N . We have two types of integrals to perform:

b0 ≡
∫

(dk)
1

[(k + q + xp)2 + iε][k2 + iε]
,

bσ ≡
∫

(dk)
kσ

[(k + q + xp)2 + iε][k2 + iε]
= −1

2
(q + xp)σb0 , (16)
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LO : ADV CS = A∗TCS = C
q
0 = e2

q ( 1
x−ξ+iε + 1

x+ξ−iε)

NLO : ADV CS 6= A∗TCS

B.Pire, CPhT, Polytechnique GDR-2011 02/20



13

+
1

x + ξ + iε

[
− 9 + 3 log(−1− x

ξ
− iε) + 6

ξ

x− ξ
log(−1− x

ξ
− iε)− 6

ξ

x− ξ
log(−2− iε)

+ log2(−1− x

ξ
− iε)− log2(−2− iε)

]}
,

Cq
coll =

e2
qαSCF

4π

{
1

x− ξ − iε

[
6 + 4 log(−1 +

x

ξ
− iε)− 4 log(−2− iε)

]

+
1

x + ξ + iε

[
6 + 4 log(−1− x

ξ
− iε)− 4 log(−2− iε)

]}
. (50)

Gluon coefficient functions read:

Cg
coll =

(∑
q e2

q

)
αSTF

4π

8x

(x + ξ + iε)(x− ξ − iε)
·

[
x− ξ

x + ξ
log

(
−1 +

x

ξ
− iε

)
+

x + ξ

x− ξ
log

(
−1− x

ξ
− iε

)
− 2

x2 + ξ2

x2 − ξ2
log(−2− iε)

]
,

Cg
1 =

(∑
q e2

q

)
αSTF

4π

2x

(x + ξ + iε)(x− ξ − iε)
·

[
− 2

x− 3ξ

x + ξ
log

(
−1 +

x

ξ
− iε

)
+

x− ξ

x + ξ
log2

(
−1 +

x

ξ
− iε

)

− 2
x + 3ξ

x− ξ
log

(
−1− x

ξ
− iε

)
+

x + ξ

x− ξ
log2

(
−1− x

ξ
− iε

)

+ 4
x2 + 3ξ2

x2 − ξ2
log(−2− iε)− 2

x2 + ξ2

x2 − ξ2
log2(−2− iε)

]
. (51)

As in the DVCS case terms inside the square parenthesis of Cg
1 are regular in the limits x→ ±ξ.

There are some important differences between the Eqs. (50, 51) describing the TCS case and Eqs. (48, 49)
describing DVCS. First we notice that we have to add small imaginary part to ξ, i.e. ξ → ξ + iε, rather then substract
as in the DVCS case. The second difference is the minus sign under the logarithms, which produces additional terms.
Particularly log2(−2 − iε) present in the TCS result may produce correction much bigger then the log2(2) in the
DVCS case. Another important difference between the DVCS and TCS amplitudes concerns their imaginary parts,
which in the DVCS case is present only in the DGLAP region, while in the TCS case, it is present in both DGLAP
and ERBL regions.

V. CONCLUSIONS

It is well known that at the Born level TCS and DVCS hard scattering amplitudes are related:

Cq
0(DV CS) = Cq

0(TCS)

∗
. (52)

The same relation holds for the collinear terms:

Cq
coll(DV CS) = Cq

coll(TCS)
∗
, (53)

as they are equal to the convolution of the same evolution kernel with Born level amplitudes. Indeed this equality is
crucial for factorization to hold. But in the NLO this relation no longer holds. For the quark part, we have :

Cq
1(TCS)

∗ − Cq
1(DV CS)

e2αSCF

4π

=
1

x− ξ + iε

[(
3− 2 log 2 + 2 log |1− x

ξ
|
)

(iπ) + π2 (1 + θ(x − ξ)− θ(−x + ξ))
]

+
1

x + ξ − iε

[(
3− 2 log 2 + 2 log |1 +

x

ξ
|
)

(iπ) + π2 (1 + θ(−x− ξ)− θ(x + ξ))
]

(54)

To discuss this difference and present the magnitude of corrections we define the following ratio:

crucial for factorization to hold. But in the NLO this
relation no longer holds. For the quark part, we have

Cq
1ðTCSÞ

# $ Cq
1ðDVCSÞ

e2!SCF

4"

¼ 1

x$ #þ i"

!"
3$ 2 log2þ 2 log

########1$ x

#

########
$
ði"Þ

þ "2ð1þ $ðx$ #Þ $ $ð$xþ #ÞÞ
%

þ 1

xþ #$ i"

!"
3$ 2 log2þ 2 log

########1þ
x

#

########
$

' ði"Þ þ "2ð1þ $ð$x$ #Þ $ $ðxþ #ÞÞ
%
: (54)

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
T$S ¼

Cq
1ðTCSÞ $ Cq#

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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ë Both timelike and spacelike data useful to check NLO analysis !

work in progress : Hervé Moutarde, Franck Sabatié and Jakub Wagner

provisionnal conclusion : numerics are subtle, mistakes are easy ...

ë NLO corrections are sizeable but not huge

ë π2 terms cry for resummation : in progress with Tolga Altinoluk
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New data on timelike dvcs ( ?)

Event Selection

Muon Triggers (F/B/R/MUON or BAC)
Tracking and Vertex

exactly two, long, oppositely charged tracks matched to the primary vertex
pT > 1.5 GeV of each track
|η+ − η−| < 1.5; to suppress Bethe-Heitler background
|π − α| > 0.1; (anti-collinearity), α = ∠(�p+,�p−); to further reject cosmic-ray events

both tracks identified as a muon (F/B/R/MUON, BAC; 2nd muon at least as CAL MIP)
Elasticity and Photoproduction cuts (on CAL Energy)

Eclu < 0.5 GeV for clusters not matched to muon
(corresponds to an effective cut on Q2 < 1 GeV2)
Eir < 1 GeV the sum of the energy in the FCAL
around the beam hole; to suppress
proton-dissociative events, ep → eΥY
(corresponds to a requirement for MY � 4 GeV)

Kinematic range:
Q2 < 1 GeV2 (median Q2 ≈ 10−3 GeV2)
60 < W < 220 GeV
0 < |t | < 5 GeV2

5 < Mµ+µ− < 15 GeV

G. Grzelak (University of Warsaw) Υ (1S) t-slope at HERA (ZEUS) DIS 2011 8 / 22
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ZEUS

from G. Grzelak, DIS 2011.

Exclusive di-muon candidates

ë more to come from JLab, Hermes, Compass

ë next electron - ion collider
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GPDs at LHC (and RHIC)

ë Ultraperipheral Collisions : quasi real photons from proton beam

Bethe Heitler process

= large background

sγp = 105 GeV 2

5

0.004 0.005 0.006 0.007 0.008 0.009 0.01
100

110

120

130

140

150

160

170

x

!a"

10!6 2"10!6 5"10!6 10!5

100 000

200 000

300 000

400 000

500 000

x

!b"

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

F = 4
(dotted) , 5 (dashed) , 6 (solid) GeV2.
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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.

but GPDs are large at small x, ξ
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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
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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.

ξ = 10−2 ξ = 10−5
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Observing TCS at LHC

ë Characteristic signal from interference (charge conj. odd)
9
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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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First data
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 Exclusive Search Strategy

• Exclusive JPsi, Psi’, DiPhoton DiMuon Candidates evident 

• More stats required to investigate Exclusive Phi and Upsilon

!S = 7 TeV Data

!S = 7 TeV Data

8

D. Moran, DIS 2011
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γ∗N → πN ′ and πN → γ∗N ′

E.Berger,M.Diehl,BP,Phys Lett.B523

Pion beams reveal H̃, Ẽ Generalized Parton distributions266 E.R. Berger et al. / Physics Letters B 523 (2001) 265–272

Fig. 1. Sample Feynman diagrams at leading order in αs for pion electroproduction (a) and its timelike counterpart (b) in the scaling limit. In

both cases three other diagrams are obtained by attaching the photon to the quark lines in all possible ways. The plus-momentum fractionsx

and η refer to the average nucleon momentum 1
2
(p + p′).

of freedom of the generalized parton distributions. Fi-

nally, the process we study here involves beams of

hadrons instead of leptons or photons, and will thus

allow studies under quite different experimental con-

ditions. We consider both π−p → $+$−n and π+n →
$+$−p, which make use of different beams and targets
and present different requirements when the outgoing

nucleon is to be detected.

2. The scaling limit

A factorization theorem [9] can been proven for

pion production γ ∗N → πN . Its contents is repre-

sented in Fig. 1(a), where we also define the relevant

four-momenta. In the limit of large photon virtuality

Q2 = −q2 at fixed scaling variable xB = Q2/(2p · q)
and invariant momentum transfer t = (p − p′)2 the
amplitude can be written in terms of a hard-scattering

process at parton level, a distribution amplitude φπ

describing the formation of the pion from a qq̄ pair,

and generalized parton distributions H̃ and Ẽ en-

coding non-perturbative physics in the nucleon. The

arguments for factorization do not rely on the pho-

ton being spacelike and can be extended to the case

πN → γ ∗N , shown in Fig. 1(b), with the same non-
perturbative input. The appropriate kinematical limit

is now that of large timelike virtuality Q′2 = q ′2 at
fixed t and fixed scaling variable

(1)τ = Q′2

2p · q ≈ Q′2

s − M2
,

where s = (p + q)2 is the squared c.m. energy. Here
and in the following we neglect the masses of the pion

and the final-state leptons compared with the nucleon

massM .

Among the predictions of the factorization theorem

is that in the limit of large virtuality the dominant

polarization of the γ ∗ is longitudinal in the collision
c.m. The corresponding amplitude for πN → γ ∗N
scales like 1/Q′ at fixed t and τ , up to logarithmic

modifications due to radiative corrections. Transverse

photon helicity is suppressed by an extra factor of

1/Q′ in the amplitude. In the limit where it can be
neglected the cross section for the overall process

πN → $+$−N is simply

dσ

dQ′2 dt d(cosθ) dϕ

(2)= αem

256π3
τ 2

Q′6
∑

λ′,λ

∣∣M0λ′,λ∣∣2 sin2 θ,

where the superscript 0 stands for a longitudinal pho-

ton and we have, respectively, taken the average and

sum over the initial and final nucleon helicities λ

and λ′. The decay angles θ and ϕ of the photon in its

rest frame are defined in analogy to timelike Compton

scattering (cf. Fig. 5 of [8]), and the sin2 θ behavior

in (2) is the sign of the purely longitudinal γ ∗ polar-
ization. In general the distribution in these angles al-

lows separation of the contributions to the cross sec-

tion from longitudinal and transverse photons, as well

as their different interference terms. Along the lines

of [10] one can thus test whether Q′2 is large enough
to ensure the Q′ behavior and suppression pattern of
the different helicity transitions predicted by the fac-

torization theorem.With polarized nucleon targets one

has further access to different combinations of nucleon

helicities, in analogy with the case of $N → $πN

[11].

spacelike timelike
(= Exclusive Limit of Drell Yan process)

COMPASS with µ beams ⇐⇒ COMPASS with π beams

JLab with e beams
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Status of spacelike γ∗(Q)p→ πN

Data from HERMES :
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Figure 4: The un-separated π+-electroproduction cross section versus −t′.
The solid lines represent our predictions for the un-separated cross section.
The dashed and dot-dashed lines are the pion-pole contributions for the un-
separated and transversal cross sections, respectively. Data are taken from
[9]. (colors online)

In Figs. 4 and 5 we show the un-separated differential cross section
dσT /dt + εdσL/dt at various values of Q2 and W . We take ε = 0.8 for
the polarization of the virtual photon, a value that is characteristic of HER-
MES kinematics. As the comparison with the HERMES [9] data reveals we
achieve a fair description of the cross section.

In Fig. 5 we also display the four partial cross sections. The longitudi-
nal cross section is large and drops down rapidly with increasing −t′. Also
the transverse cross section, essentially made up by the twist-3 mechanism
is rather large. Hence, a considerable share of the un-separated cross sec-
tion measured by HERMES [9] is due to contributions from transversely
polarized photons. The longitudinal-transverse interference dσLT /dt is par-
ticularly large at very small −t′ due to the interference between the pion-pole
contribution to M0−,0+ and the twist-3 contribution to M0−,++. Since the
first amplitude vanishes for forward scattering a pronounced bump is pro-
duced by the interference term Re[M∗

0−,++M0−,0+]. For large −t′ the LT
cross section becomes negative. Not unexpectedly the TT cross section is
very small.

Results for the asymmetries AUT obtained with a transversely polarized
proton target, are displayed in Figs. 2 and 6. In order to elucidate the behav-
ior of the target asymmetries it is advisable to simplify the expressions (44)

20

σT + εσL σT vs σL ?

(also data from JLab)

2 contradictory phenom. analysis
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Figure 8: HERMES measurements [30] of the differential cross section dσγ∗p→nπ+
/dt′ versus minimalist

GPD model predictions: only with pion pole contribution (dotted), including H̃ (dashed), full model

with the setting (57) and frozen coupling (dot-dashed), same as dot-dashed within parameters (56) (dot-

dot-dashed), and versus a tuned GPD model (80) (solid).

Mellin-Barnes integral (21) and the forward Mellin moments (63), which are skewed by the PW

amplitudes (49) and (58). We like to add that the integration contour must be chosen carefully

and that the dispersion relations (60) and (61) served us to check our numerics. In the following we

list the various predictions for the differential cross section (74) that are displayed together with

the HERMES measurements [30] in Fig. 8, where statistical and systematical errors are added in

quadrature (same applies for Fig. 9 and Fig. 10). In the confrontation of model predictions and

measurements we should bear in mind that at small −t′ ! 0.5 GeV2 the longitudinal cross section

should dominate and that the large −t′ region, in which the neglected transverse cross section

plays a role, is a priory not suited for the collinear factorization approach.

dotted: pion pole and H̃ = 0, running coupling

We recall first the model prediction that relies on an overwhelming role of the pion pole, shown

in Fig. 4 of Ref. [30] as dot-dashed curve. We imitate this model by setting H̃ GPD to zero

and replacing Ẽ by its real part within the parameter set (57), see also left panel in Fig. 7. The

resulting cross section is plotted in Fig. 8 as dotted line, which resembles the corresponding curve

in Fig. 4 of Ref. [30]. As one realizes the model fails to describe the normalization of the cross

section at very low −〈t′〉 ∼ 0.08 GeV2, where the discrepancy can reach one order of magnitude

at larger Q2 values. Since Regge-inspired model estimates [33, 35], e.g., compare dashed and

dotted curves in Fig. 4 of Ref. [30], state that the 1/R ratio should be close to zero at t′ = 0, a

popular conclusion drawn from the observation is that so-called “power contributions” are needed.

dashed: pion pole and minimalist H̃ model, running coupling

33

π-exchange with exp FF ;

S. Goloskokov and P.Kroll, EPJ, C65

QCD with αS = .8

C. Bechler, D. Muller, ArXiv 0906.2571

B.Pire, CPhT, Polytechnique GDR-2011 10/20



Exclusive lepton pair production in πN scattering

π−p→ γ∗n→ µ+µ−n
266 E.R. Berger et al. / Physics Letters B 523 (2001) 265–272

Fig. 1. Sample Feynman diagrams at leading order in αs for pion electroproduction (a) and its timelike counterpart (b) in the scaling limit. In

both cases three other diagrams are obtained by attaching the photon to the quark lines in all possible ways. The plus-momentum fractionsx

and η refer to the average nucleon momentum 1
2
(p + p′).

of freedom of the generalized parton distributions. Fi-

nally, the process we study here involves beams of

hadrons instead of leptons or photons, and will thus

allow studies under quite different experimental con-

ditions. We consider both π−p → $+$−n and π+n →
$+$−p, which make use of different beams and targets
and present different requirements when the outgoing

nucleon is to be detected.

2. The scaling limit

A factorization theorem [9] can been proven for

pion production γ ∗N → πN . Its contents is repre-

sented in Fig. 1(a), where we also define the relevant

four-momenta. In the limit of large photon virtuality

Q2 = −q2 at fixed scaling variable xB = Q2/(2p · q)
and invariant momentum transfer t = (p − p′)2 the
amplitude can be written in terms of a hard-scattering

process at parton level, a distribution amplitude φπ

describing the formation of the pion from a qq̄ pair,

and generalized parton distributions H̃ and Ẽ en-

coding non-perturbative physics in the nucleon. The

arguments for factorization do not rely on the pho-

ton being spacelike and can be extended to the case

πN → γ ∗N , shown in Fig. 1(b), with the same non-
perturbative input. The appropriate kinematical limit

is now that of large timelike virtuality Q′2 = q ′2 at
fixed t and fixed scaling variable

(1)τ = Q′2

2p · q ≈ Q′2

s − M2
,

where s = (p + q)2 is the squared c.m. energy. Here
and in the following we neglect the masses of the pion

and the final-state leptons compared with the nucleon

massM .

Among the predictions of the factorization theorem

is that in the limit of large virtuality the dominant

polarization of the γ ∗ is longitudinal in the collision
c.m. The corresponding amplitude for πN → γ ∗N
scales like 1/Q′ at fixed t and τ , up to logarithmic

modifications due to radiative corrections. Transverse

photon helicity is suppressed by an extra factor of

1/Q′ in the amplitude. In the limit where it can be
neglected the cross section for the overall process

πN → $+$−N is simply

dσ

dQ′2 dt d(cosθ) dϕ

(2)= αem

256π3
τ 2

Q′6
∑

λ′,λ

∣∣M0λ′,λ∣∣2 sin2 θ,

where the superscript 0 stands for a longitudinal pho-

ton and we have, respectively, taken the average and

sum over the initial and final nucleon helicities λ

and λ′. The decay angles θ and ϕ of the photon in its

rest frame are defined in analogy to timelike Compton

scattering (cf. Fig. 5 of [8]), and the sin2 θ behavior

in (2) is the sign of the purely longitudinal γ ∗ polar-
ization. In general the distribution in these angles al-

lows separation of the contributions to the cross sec-

tion from longitudinal and transverse photons, as well

as their different interference terms. Along the lines

of [10] one can thus test whether Q′2 is large enough
to ensure the Q′ behavior and suppression pattern of
the different helicity transitions predicted by the fac-

torization theorem.With polarized nucleon targets one

has further access to different combinations of nucleon

helicities, in analogy with the case of $N → $πN

[11].

Bjorken variable τ = Q′ 2
s−M2

skewness η = (p−p′)+

(p+p′)+ = τ
2−τ

dσ
dQ′2 dt d(cos θ) dϕ

= αem
256π3

τ2

Q′6
∑
λ′,λ |M0λ′,λ|2 sin2 θ

M0λ′,λ(π−p→ γ∗n) = −ie 4π
3

fπ
Q′

1
(p+p′)+ ū(p′, λ′)

[
γ+γ5 H̃du(η, t) + γ5

(p′−p)+

2M
Ẽdu(η, t)

]
u(p, λ)

H̃du(η, t) = 8αS
3

∫ 1
−1 dz

φπ(z)
1−z2

∫ 1
−1 dx

[
ed

−η−x−iε −
eu

−η+x−iε
]

[H̃d(x, η, t)− H̃u(x, η, t)]
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H̃ and Ẽ GPDs

ë H̃(x, ξ = 0, t = 0) = ∆q(x)

ë Ẽ unknown : Pion pole dominance often assumed

!"

!"

!"

!"

!

N(p) N(p’)

!

N(p) N(p’)

!#$ #$!

(a) (b)

Figure 4: The part of the diagrams in Fig. 1 due to the pion pole contribution to the
distribution Ẽ.

other sources (such as the DGLAP region of the distribution Ẽ or the contribution of H̃).
An equation analogous to (11) relates the electroproduction process γ∗N → πN with

Fπ(−Q2), and is in fact being used to measure the spacelike pion form factor at large mo-
mentum transfer. The extraction of Fπ(−Q2) is however not trivial because the “non-pole
terms” in the amplitude need not be small in the accessible kinematics and typically have
to be modeled and subtracted. Models developed and tested for small photon virtualities
may not be adequate to describe physics at large Q2 where the photon scatters not on a
full off-shell pion but only on the small-size qq̄ component of its wave function shown in
Fig. 1 [22]. As we have seen, even the departure of the form factor F (t) from a pure pole
form is numerically important in a wide range of t, as has been pointed out earlier [23].
The timelike process presents a unique opportunity here, since one may directly compare
data for the timelike form factor from e+e− → π+π− with data from πN → #+#− N
and thus test the quality of the pion pole approximation or of models aiming to describe
corrections to it.

5 Radiative corrections

The O(αS) corrections to the pion form factor have been fully calculated, cf. [24] for a
recent discussion. By a straightforward rescaling of the longitudinal momentum variables
they also give the NLO corrections to γ∗N → πN [12]. The corresponding expressions
can be analytically continued to the timelike region; for this one needs to replace the
logarithms log(Q2/µ2) by log(Q′2/µ2)− iπ in the hard-scattering kernel, where µ is either
the renormalization or the factorization scale.

Numerical studies of the spacelike form factor [24] and of pion electroproduction [12]
indicate that the size of NLO corrections can be substantial and strongly depends on the
choice of renormalization scale µR in αS. If the asymptotic pion distribution amplitude
is taken, Ref. [24] found NLO corrections to be quite small for µ2

R ≈ Q2/20. Further

9

to be tested

ë t−dependence → proton femtophotography
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LO Estimates

E.Berger,M.Diehl,BP,Phys Lett.B523

Q′2 = 5GeV 2 τ = 0.2
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(dashed) = |H̃|2 ; (dash-dotted) = Re(H̃∗ Ẽ) ; (dotted) = |Ẽ|2.
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NLO analysis not done

At LO, space - and timelike amplitudes are related

M0λ′,λ(π−p→ γ∗n) =
[
Mλ′,0λ(γ∗p→ π+n)

]∗

At higher orders, significant differences expected

→ critical check of the universality of GPDs and of

factorization.
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How to factorize backward leptoproduction γ∗N → N ′π
remember Kirill’s presentation a few minutes ago

TDA

DA!1

!3

k1 k3

Mh

P (p1)

P ′(p2)γ#(q)

π(pπ)

at large q2, small u = (p1 − pπ)2, fixed ξ =
p+
N ′−p

+
π

p+
N ′+p+

π
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→ factorize timelike versions of backward γ∗N → N ′π

πN → N ′γ∗(Q′) K−N → Λγ∗(Q′)

TDA

µ+
µ−

TDA

µ+
µ−

π− N ′ K− Λ,Σ

N N

at large Q′2, small u = (pN ′ − pπ)2, fixed ξ
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and the PANDA@FAIR processes

2

tude and the TDAs, defined from the Fourier transform1

of a matrix element of a three-quark-light-cone operator
between a proton and a meson state. We have shown that
these TDAs obey QCD evolution equations, which follow
from the renormalisation-group equation of the three-
quark operator. Their Q2 dependence is thus completely
under control.

FIG. 1: γ!π pair production in pp̄ exclusive annihilation in
the proton rest frame (laboratory).

k1 k3

p(pp) π(pπ)

Mh

"1
DA

p̄(pp̄)
γ$(q)

"3

TDA

FIG. 2: The factorisation of the annihilation process pp̄ →

γ!π into antiproton-distribution amplitudes (DA), the hard-
subprocess amplitude (Mh) and proton → pion transition dis-
tribution amplitudes (TDA) .

The momenta of the process pp̄ → γ!π are defined as
shown in Fig. 1 and Fig. 2. The z-axis is chosen along
the colliding proton and antiproton and the x − z plane
is identified with the collision or hadronic plane. Then,
we define the light-cone vectors p and n (p2=n2=0) such
that 2 p.n = 1, as well as P = 1

2 (pp + pπ), ∆ = pπ − pp

and its transverse component ∆T (∆T .∆T = ∆2
T < 0),

which we choose to be along the y-axis. From those, we
define ξ in an usual way as ξ = − ∆.n

2P.n .
We can then express the momenta of the particles

through their Sudakov decomposition and we have:

pp =(1 + ξ)p +
M2

1 + ξ
n,

pp̄ =
2M2(1 + ξ)

W 2 − 2M2 + W
√

W 2 − 4M2
p+

W 2 − 2M2 + W
√

W 2 − 4M2

2(1 + ξ)
n

pπ =(1 − ξ)p +
m2

π − ∆2
T

1 − ξ
n + ∆T ,

q $2ξp +
M2

W 2
(1 + ξ) +

[W 2 + M2

1 + ξ
− m2

π − ∆2
T

1 − ξ

]

n − ∆T ,

to be checked

∆ = − 2ξp +
[m2

π − ∆2
T

1 − ξ
− M2

1 + ξ

]

n + ∆T

(5)

We then have (for ξ %= 1 and neglecting ∆2
T as well as

m2
π)

Q2 $ 2ξ
W 2

1 + ξ
or W 2 $ (1 + ξ)Q2

2ξ
(6)

which gives

ξ $ Q2

2W 2 − Q2
. (7)

In the proton target mode, the maximal reachable
value for W 2 at GSI will be (5.46)2 $ 30 GeV2 (for
Ep̄ = 15 GeV). Neglecting the pion mass, the highest
invariant mass of the photon could be Q2

max = 30 GeV2.
For Q2 > 20 GeV2 and W 2 $ 30 GeV2, ξ is large than
1/2.

Finally, we have :

∆2
T =

1 − ξ

1 + ξ

(

t − 2ξ
[ M2

1 + ξ
− m2

π

1 − ξ

]
)

. (8)

In Ref. [2], we have defined the leading-twist proton to
pion P → π transition distribution amplitudes from the
Fourier transform of the matrix element

〈π| εijkqi
α(z1n) [z1; z0] q

j
β(z2n) [z2; z0] q

k
γ(z3n) [z3; z0] |P 〉.

(9)

The brackets [zi; z0] in Eq. (9) account for the insertion
of a path-ordered gluonic exponential along the straight
line connecting an arbitrary initial point z0n and a final
one zin:

[zi; z0] ≡ P exp

[

ig

∫ 1

0
dt (zi − z0)nµAµ(n[tzi + (1 − t)z0])

]

(10)

which provide the QCD-gauge invariance for such non-
local operator and equal unity in a light-like (axial)
gauge.

J/ψ

p̄

c

c̄

π0p

N̄N → πγ∗→ πe+e− N̄N → πψ → πe+e−
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Interpretation of the (π → N)or(N → π) TDAs

Develop proton wave function as (schematically) |qqq > + |qqqπ > +...

|qqq > is described by proton DA : 〈0| εijkuiα(z1 n)ujβ(z2 n)dkγ(z3 n) |p(p, s)〉
∣∣∣
z+=0, zT=0

Define matrix elements sensitive to |qqq π > part : the TDAs

〈π(p′)| εijkuiα(z1 n)ujβ(z2 n)dkγ(z3 n) |p(p, s)〉
∣∣∣∣
z+=0, zT=0

light cone matrix elements of operators obeying usual RG evolution equations

ë The π → N TDAs provides information on the next to minimal Fock state
in the baryon

=
p p′

∗

p
×

p′

Proton = |u d d π+ > with small transverse separation for the quark triplet

or how one can find a meson in a proton
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Impact parameter interpretation

• As for GPDs Fourier transform ∆T → bT

F (xi, ξ, u = ∆2)→ F̃ (xi, ξ, bT )

→ Transverse picture of pion cloud in the proton

!p

b

"

"

1!

"

"

b/(1!   )

b/(1+   )" "

1+

1/Q
d
u
u

if factorization works
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Conclusions

GPDs and TDAs explore confinement dynamics of quarks in hadrons

in a complementary way.

GPDs extraction needs more understanding of NLO corrections

ë Timelike Compton Scattering = a useful complement to dVCS

ë Exclusive Drell-Yan with π and K beams complements DEMP

TDAs extraction is crucial to probe meson content of baryons

ë First signals at JLab at 6 GeV + CLAS12 : spacelike channels

ë PANDA @FAIR and π beam : timelike channels
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