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a simplistic outsider view

ë Success of π beams : spectroscopy

−→ beautiful π1(1600) discovery

ë Success of µ beams : hadronic structure

−→ ∆G(x) historical measurements , TMDs

near future : GPDs through DVCS and other exclusive channels

MY PROPOSAL :

ë use π beams to explore the structure of proton in exclusive

processes (= one limit of the Drell Yan program)

ë use µ beams to analyze the hybrid meson π1(1600)

(= one limit of the DEMP program)



Plan of the talk

ë use π beams to explore the structure of proton in exclusive

processes (= two limits of Drell Yan )

−→ Forward exclusive πN → µ+µ−N ′ Accessing GPDs Ẽ and H̃

−→ Backward exclusive πN → µ+µ−N ′ Accessing π → N TDAs

−→ discover the exclusive K factor

ë use µ beams to analyze the 1−+ hybrid meson π1(1600)

−→ scrutenize the hybrid DA, namely its q̄q Fock state (sic)

ë use quasi real γ beams for Drell Yan pairs on transv. pol. target

−→ scrutenize the γ chiral odd DA and h1(x)



Success of factorized description of DVCS/TCS

γ∗N → γ∗N ′ in terms of Generalized Parton Distributions
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γ∗N → γN ′ and γN → γ∗N ′ in terms of the same GPDs, the

same LO coeff. function and different NLO contributions
BP, L.Szymanowski, J.Wagner : Phys Rev. D83,034009(2011)



γ∗N → πN ′ and πN → γ∗N ′

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



Exclusive lepton pair production in πN scattering

π−p→ γ∗n→ µ+µ−n
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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)]



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



Lepton angular distribution

Dominant Amplitude : longitudinal γ∗E.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.

dσ
dQ′2 dt d(cos θ) dϕ

= αem
256π3

τ2

Q′6
∑
λ′,λ |M0λ′,λ|2 sin2 θ

Crucial Test of the validity of the twist expansion

if σT not small, extract GPDs from σL only !



LO Estimates

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

Q′2 = 5GeV 2 τ = 0.2

-1.5
-1

-0.5
0

0.5
1

1.5
2

2.5

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

d
/(

dQ
’2

dt
)  

[p
b

/G
eV

4 ]

|t |  [GeV2]

(a)

-1.5
-1

-0.5
0

0.5
1

1.5
2

2.5

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

d
/(

dQ
’2

dt
)  

[p
b

/G
eV

4 ]

|t |  [GeV2]

(b)

(dashed) = |H̃|2 ; (dash-dotted) = Re(H̃∗ Ẽ) ; (dotted) = |Ẽ|2.



Target Transverse Spin asymmetry

At the twist 2 level :

Note that the factorization theorem [1] tells us only that the inverse ratio 1/R formally vanishes

with 1/Q2, however, it does not state that it is numerically small at accessible photon virtualities.

Rather it should be expected that 1/R is numerically enhanced by non-factorizable contributions,

which might also include rather large logarithmical modification of its expected 1/Q2 fall-off; for

an example see the perturbative study to the proton Pauli form factor in Ref. [107]. Indeed,

measurements in Hall C at JLAB reveal that 1/R is rather sizeable for Q2 < 4 GeV2 and W ≈
2 GeV [31, 32].

Unfortunately, to our best knowledge, also a model understanding of the 1/R ratio is at

present not fully reached. For instance, the Regge-inspired model [33] describes at such low W

the longitudinal and the real transverse photoproduction cross section measurements, however,

underestimates the virtual transverse one. On the other hand it is in fair agreement with the

HERMES measurements for the virtual photoproduction cross section [30]. A refined version of

this model, tuned to low energy data from JLAB [34], does describe most of HERMES data, too,

however not those at large photon virtualities and relative low energy [35]. In the models the pion

pole is reggeized and it essentially contributes only to the longitudinal cross section, which for

|t′| ≤ 0.5 GeV2 is dominant. Hence, for smaller −t′ values both models suggest that we can set

1/R to zero.

Only the sin(φ− φS) harmonic of the single transverse proton spin asymmetry

d↑σ − d↓σ

d↑σ + d↓σ
= A

sin(φ−φS)
UT sin(φ− φS) + other harmonics , (75)

is counted as a further twist-two observable [16], while other harmonics are at least formally

suppressed by 1/Q. In the notation of Ref. [108] the asymmetry is written in terms of so-called

polarized photoabsorption cross sections σij
mn:

A
sin(φ−φS)
UT = − $m

(
εσ+−

00 + σ+−
++

)

εσ++
00 + 1

2

(
σ++

++ + σ−−++

) , (76)

where the subscripts (superscripts) refer to the photon (target) helicity. Both terms σ+−
++ and

σ++
++ +σ−−++ ∝ dσT arise from the exchange of a transverse polarized photon and, thus, are counted

as 1/Q2 power suppressed non-factorizable contributions. We neglect both of them and from the

longitudinal cross section (3) we read off the twist-two approximation for the asymmetry

A
sin(φ−φS)
UT

Tw−2
=

−2
√

t−tmin

tmin
ξ2 $m H̃π+Ẽ∗

π+

(1− ξ2)|H̃π+ |2 − t
4M2 |ξẼπ+ |2 − 2ξ2&e H̃π+Ẽ∗

π+

∣∣∣∣∣
ξ→ xB

2−xB

. (77)

Note that the authors of Ref. [16] argued that non-perturbative contaminations mostly cancel in

this asymmetry and that a cancellation of perturbative corrections has been numerically estab-

lished within some GPD models in Refs. [18, 25].

30

AUT =
−2

√
t−tmin
tmin

η2 Im ( H̃ Ẽ∗ )

(1−η2)|H̃|2− t
4M2|ηẼ|2−2η2Re(H̃Ẽ∗)

ë New information on GPDs.

e.g. if Ẽ is well modelized by pion pole, Ẽ is real → AUT ∼ H̃(x, ξ = x, t)



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.



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
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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].

Sufficient rates (O(1− 10/hour)

Transverse spin asymmetry

1 < q′2 < 10GeV 2, small t = (q − q′)2, fixed ξ =
p+
N−p

+
N ′

p+
N ′+p+

N

Measure lepton pair momentum ; deduce missing mass2 = M̄2.

Select small M̄2 ≈M2
p . ((or detect final proton with recoil detector ?)

Small ξ : lepton pair forward.



How to factorize backward leptoproduction γ∗N → N ′π
BP, L Szymanowski, PRD71 and PLB622

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



→ 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

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.

N̄N → πγ∗



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



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



Define Transition Distribution Amplitudes

• Dirac decomposition at leading twist :

4〈π0(p′)| εijkuiα(z1)ujβ(z2)dkγ(z3) |p(p, s)〉
∣∣∣∣
z+=0, zT=0

=

−fN
2fπ

[
V 0

1 (P̂C)αβ(B)γ +A0
1(P̂ γ5C)αβ(γ5B)γ − 3T0

1 (P νiσµνC)αβ(γµB)γ] +

V 0
2 (P̂C)αβ(∆̂TB)γ +A0

2(P̂ γ5C)αβ(∆̂Tγ
5B)γ + T0

2 (∆µ
TP

νσµνC)αβ(B)γ

+T0
3 (P νσµνC)αβ(σµρ∆ρ

TB)γ +
T0

4
M (∆µ

TP
νσµνC)αβ(∆̂TB)γ

B = nucleon spinor Vi(zi), Ai(zi), Ti(zi) are the TDAs

V1 and T1 dominant . If isospin = 1/2, T1 = f(V1)

• Fourier transform each TDA, → momentum fractions representation

F (zi) =

1+ξ∫

−1+ξ

d3xδ(
∑

xi − 2ξ)e−iPnΣxizi F (x1, x2, x3, ξ, t, Q
2)

F = Vi, Ai, Ti



ë Write the Amplitude (πN(p2)→ N ′(p1)µ+µ−)

The second term, which takes care of the nucleon pole
term, does not contribute at threshold and will not be
considered in the following.

For the transition p! !0, Qa
5 ! Q3

5, and O ! u"u#d$.
Since the commutator of the chiral charge Q5 with the
quark field  (%a being the Pauli matrix)

 "Qa
5 ;  # ! $ %a

2
$5 ; (18)

the first term in the right-hand side of Eq. (18) gives three
terms from %$5u&"u#d$, u"%$5u&#d$, and u"u#%$5d&$.
The corresponding multiplication by $5 [or %$5&T when it
acts on the index #] on the vector and axial structures of
the DA [Eq. (16)] gives two terms which cancel and the
third one, which remains, is the same as the one for the
TDA up to the modification that on the DA decomposition,
p is the proton momentum, whereas for the TDA one, p is
the light-cone projection of P, i.e. half the proton momen-
tum if one neglects the pion one. This introduces a factor 2
in the relations between the 2 DAs Ap and Vp and the 2
TDAs Vp!

0

1 and Ap!
0

1 , which is canceled though by the
factor one half in Eq. (18).

To what concerns the tensorial structure multiplying Tp,
the three terms are identical at leading-twist accuracy and
correspond to the structure multiplying Tp!

0

1 , this gives a
factor 3. We eventually have the soft limit for our three
TDAs at !T ! 0:

 Vp!
0

1 %x1; x2; x3; 1;M2& ! Vp
!
x1
2
;
x2
2
;
x3
2

"
;

Ap!
0

1 %x1; x2; x3; 1;M2& ! Ap
!
x1
2
;
x2
2
;
x3
2

"
;

Tp!
0

1 %x1; x2; x3; 1;M2& ! 3Tp
!
x1
2
;
x2
2
;
x3
2

"
:

(19)

Note the factor 1
2 in the argument of the DA in Eq. (19).

Indeed, for the TDAs, the xi are defined with respect to p
[see e.g. F ' %p:n&3 R1

$1 "jdzjei#kxkzkp:n] which tends to
p1
2 when & ! 1. Therefore, they vary within the interval
"$2; 2#, whereas for the DAs, the momentum fractions are
defined with respect to the proton momentum p1 and vary
between 0 and 1.

Our results are comparable to the ones for the proton-
pion DAs obtained in [17]. Finally, it is essential to note
that these limiting values are not zero, unlike for some
GPDs. Hence, we find it reasonable to conjecture that these
expressions give the right order of magnitude of the TDAs
for quite large values of & (say & ( 0:5) in a first estimate
of cross sections.

IV. HARD-AMPLITUDE CALCULATION

At leading order in "s, the amplitude M'
s1s2 for

$?%q;'&P%p1; s1& ! P0%p2; s2&!0%p!& reads

 

M'
s1s2 ! $i %4!"s&

2 ###############
4!"em

p
f2N

54f!Q4

$
$u%p2; s2&"6 %'&$5u%p1; s1&|%%%%%%%%%%%%%%%%%%%%{z%%%%%%%%%%%%%%%%%%%%}

S'
s1s2

Z 1)&

$1)&
d3x

Z 1

0
d3y

!
2
X7

"!1

T" )
X14

"!8

T"

"

|%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%{z%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%}
I

$ "%'&(!T;) $u%p2; s2&%*() ) g()&$5u%p1; s1&|%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%{z%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%}
S0'
s1s2

Z 1)&

$1)&
d3x

Z 1

0
d3y

!
2
X7

"!1

T0
" )

X14

"!8

T0
"

"

|%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%{z%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%}
I 0

&
; (20)

where the coefficient T" and T0
" (" ! 1; . . . ; 14) are func-

tions of xi, yj, &, and !2 and are given in Table (I). In
general, we have 21 diagrams: we have not drawn 7 others
which differ only to the 7 first ones by a permutation
between the u-quark lines 1 and 2. The symmetry of the
integration domain and of the DAs and TDAs with respect
to the changes x1 $ x2 and y1 $ y2 therefore tells us that
they give the same contributions as the 7 first diagrams.
They are accounted for by a factor 2 in the last equation.

The integrals in Eq. (20) are understood with two delta-
functions insuring momentum conservation:

 

Z
d3x '

Z
dx1dx2dx3+%2&$ x1 $ x2 $ x3& (21)

and

 

Z
d3y '

Z
dy1dy2dy3+%1$ y1 $ y2 $ y3&: (22)

The expression in Eq. (20) is to be compared with the
leading-twist amplitude for the baryonic form factor [20]
 

M' / $i $u%p2&"6 %'&u%p1&
"2
sf2N
Q4

Z 1

0
d3x

Z 1

0
d3y

*
!
2
X7

"!1

Tp"%xi; yj;&; t& )
X14

"!8

Tp"%xi; yj;&; t&
"
: (23)

The factors Tp" are very similar to the T" obtained here.

V. CROSS SECTION ESTIMATE FOR
UNPOLARIZED PROTONS

When & is large, the ERBL region covers most of the
integration domain. This corresponds to the emission of

J. P. LANSBERG, B. PIRE, AND L. SZYMANOWSKI PHYSICAL REVIEW D 75, 074004 (2007)

074004-4

= baryon helicity conserving + baryon helicity violating amplitudes

ë The Hard Amplitude is calculated from 21 Feynman diagrams

Interference of S and S’ → Transverse spin asymmetry



Compass Opportunity

TDA

µ+
µ−

π N’

also with Kaon beam (N ′ → Λ)

N

1 < Q2 < 10GeV 2, small u = (pπ − pN ′)2, fixed ξ =
p+
π −p+

N ′
p+
N ′+p+

π

Measure lepton pair momentum ; deduce missing mass2 = M̄2.

Select small M̄2 ≈M2
p .

Small u = (ptarget − q)2 : lepton pair almost at rest in lab frame



Transverse Target spin asymmetry

Recall M = STi + S ′T ′i ; S(S ′) is Nucleon helicity conserving (violating)

ë Comes from Interference of S and S’

ë Leading twist (i.e. not 1/Q2) in eN and N̄N reactions

ë zero in πN reaction

ë Proportionnal to Im (TiT
′∗
j )

ë absent in a hadronic (nucleon exchange) description

ë i.e. specific to a partonic (TDA) description

→ transversally polarized Λ in KN → Λ µ+µ−



Extending Drell Yan to charmonium case : πN → N ′ψ

ë Recall ψ → p̄p decay

c̄

c

J/ψ

p

p̄

the amplitude of which is described with the help of proton (and p̄) DAs

ë Replace antiproton DA by π → N TDA ξ ≈ M2
ψ

2sπN

TDA

π
N′

N

J/ψ

ψ is isoscalar → Isospin 1
2 part of π → N TDA selected by hard amplitude



Tests of the applicability of the TDA framework

The process amplitude Factorizes at large enough Q2 :

M(Q2, ξ, t) =
∫
dxdyφ(yi)TH(xi, yi, Q

2)F (xi, ξ, t)

You know that you reach the right domain if you check :

• scaling law for the amplitude : M(Q2, ξ) ∼ αs(Q2)2

Q4 , ( up to log corrections )

• Dominance of transversely polarized virtual photon σT >> σL

ë crucial test : Universality of TDAs → this description applies as well

to spacelike and timelike reactions

→ Backward DEMP γ∗ P → P ′π and Backward πN → N ′γ∗

Data exist (JLab) for Q2 up to a few GeV2 −→ More to come !



Conclusions

ë Exclusive limit of Drell Yan reactions with π (K and p̄ ?) beams will

yield crucial information on GPDs and TDAs !

GPD and TDA physics explore confinement dynamics in hadrons

ë Recent theoretical progress

- Quadruple distribution representation

- Isospin relations

-N and ∆ exchange models

πN TDA in a toy model II

ë Experimental breakthrough expected from COMPASS :

- first measurements of H̃(x, ξ, t), Ẽ(x, ξ, t) at small ξ

in spacelike and timelike cases

- first measurements of TDA in a timelike regime



HARD muoPRODUCTION OF EXOTIC HYBRID

IV Anikin, BP, L.Szymanowski, OV Teryaev, S Wallon, Phys. Rev D70 and D71

γ∗γ

Q2

Γ

Γ′

H
H(p, λ)Γ

Γ′

GPD

ë AIM : measure DA of the hybrid already discovered

(we discussed π1(1400)→ πη specific case ; also applicable to π1(1600))



The crucial non perturbative parts

γ∗γ

Q2

Γ

Γ′

H
H(p, λ)Γ

Γ′

GPD

Γ′

Γ

Q2

H =

D

Γ′

Γ

Q2

+

Γ′

Γ

Q2

H(p, λ)
Γ

= 〈H(p, λ)|O(Ψ, Ψ̄ A)|0〉

Γ′

GPD
= 〈N(p′)|O′(Ψ, Ψ̄A)|N(p)〉



The TWIST 2 DA of the EXOTIC HYBRID
γ∗γ

|qq̄g〉 Ψ Ψ̄ A
O(Ψ, Ψ̄A)

H

Φqq̄g

H = 1−+

Ψ̄γµGµνΨ

1/Q2

H ρ

ψ̄(−z/2)γµ[−z/2; z/2]ψ(z/2)

[−z/2; z/2]

A



Feasibility - step 1

γ∗γ

H ρ

H ρ

dσH(Q2, xB, t)

dσρ(Q2, xB, t)
=

˛̨
˛̨fH

fρ

(euH−uu − edH−dd)V(H,−)

(euH+
uu − edH+

dd)V(ρ,+)

˛̨
˛̨
2

q̄ x ∈ [0, 1]

⇒ ImAH ImAρ VM

ReA

dσH(Q2, xB, t)

dσρ(Q2, xB, t)
≈
„

5fH

3fρ

«2

≈ 0.15



Feasibility - step 2
γ∗γ

H ρ

H ρ

µ2
R = Q2

ξ = 0.2 µ2
R = e−4.9Q2 ρ

xB ≈ 0.33 µ2
R = e−5.13Q2 H

ξ = 0.1 µ2
R = e−4.68Q2 ρ

xB ≈ 0.18 µ2
R = e−5.0Q2 H

1 10
10-2

10-1

100

101

102

103

104

 !0 - meson, xB = 0.18
 !0 - meson, xB = 0.33
 H0 - meson, xB = 0.18
 H0 - meson, xB = 0.33

d "
/d

t (
 t=

t m
in
) (

nb
/G

eV
2 )

Q2 (GeV2)
1 10

10-1

100

101

102

103

104

 !0 - meson, µ2
R=e- 4.9Q2

 !0 - meson ( M.V. et al ) 
 H0 - meson,  µ2

R=e- 5.13Q2

d "
/d

t (
 t=

t m
in
) (

nb
/G

eV
2 )

Q2 (GeV2)

µ2
R = µ2

F = Q2 µ2
R = µ2

F = µ2
BLM xB ≈ 0.33

dσH/dσρ

xB 0.33 0.18

Q2 (GeV2)

µ2
R = Q2

µ2
R = µ2

BLM



An asymmetry to mimic phase shift analysisγ∗γ

πη

π1 a2

A(Q2, yl, t̂, mπη) =

R
cos θcm dσπ0η(Q2, yl, t̂, mπη, cos θcm)R

dσπ0η(Q2, yl, t̂, mπη, cos θcm)

=

8
15
Re

»
B11(m

2
πη)B12

∗(m2
πη)

–

2
3

˛̨
˛̨B11(m2

πη)

˛̨
˛̨
2

+ 2
5

˛̨
˛̨B12(m2

πη)

˛̨
˛̨
2

1,0 1,5 2,0 2,5 3,0
-0,4

-0,3

-0,2

-0,1

0,0

0,1

0,2

 !
 "

 

 ! "



PHOTOPRODUCTION OF DRELL YAN PAIRS

γN− > l+l−X

How to access the transversity PDF

Consider γN− > l+l−X

order subprocess is

γ(k)u(xr) → l−(p)l+(p�)u(q�) (2)

where u denotes a quark of any flavour. Scattering on an
antiquark is easily deduced with straightforward changes.
We define s = (k + r)2, u = (k − q�)2 , t1 = (p − k)2

and t2 = (p� − k)2; the Bjorken variable is τ = Q2

s ; �vT

denotes the component of any 3−vector transverse to the
z−direction. We describe 4−vectors through a Sudakov
decomposition along k and r as :

q = αk +
Q2 + �Q2

⊥
αs

r + Q⊥ (3)

p = γαk +
(γ �Q⊥ +�l⊥)2

γαs
r + γQ⊥ + l⊥ (4)

p� = γ̄αk +
(γ̄ �Q⊥ −�l⊥)2

γ̄αs
r + γ̄Q⊥ − l⊥ (5)

q� = ᾱk +
�Q2
⊥

ᾱs
r −Q⊥ . (6)

In the laboratory frame of a fixed target experiment, α
measures the fraction of energy that the lepton pair car-
ries with respect to the photon energy, and γ (resp. γ̄)
the fraction of energy carried by the lepton (resp. an-
tilepton) with respect to the dilepton energy. Momentum
conservation yields

x =
ᾱQ2 + �Q2

⊥
αᾱs

Q2 =
�l2⊥
γγ̄

. (7)

If one measures the energies of the final lepton and the
transverse momentum of the dilepton, one thus fixes
x, α, γ.

Definitions. The transversity distribution function is
defined as (p and sT are along the + and x directions) :

hq
1(x) =

�
dz−

4π
eixp+z−�p sT |q̄(0)iσ1+γ5q(0, z−, 0T )|p sT � ,

while the chiral-odd photon distribution amplitude φγ(u)
reads [8]

�0|q̄(0)σαβq(x)|γ(λ)(k)� = (8)

= i eq χ �q̄q�
�
�(λ)
α kβ − �

(λ)
β kα

� 1�

0

dz e−iz(qx) φγ(z) ,

where the normalization is chosen as
�

dz φγ(z) = 1, and
z stands for the momentum fraction carried by the quark.
The product of the quark condensate and of the magnetic
susceptibility of the QCD vacuum χ �q̄q� has been esti-
mated [9] with the help ofthe QCD sum rules techniques
to be of the order of 50 MeV [19] and the distribution am-
plitude φγ(z) has a QCD evolution which drives it to an
asymptotic form φas

γ (z) = 6z(1− z). Its z−dependence
at non asymptotic scales is very model-dependent [10]
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FIG. 1: Some amplitudes contributing to lepton pair pho-
toproduction. (a) : The Bethe-Heitler process. (b) : The
Drell-Yan process with the photon pointlike coupling. (c) -
(d) : The Drell Yan process with the photon Distribution
Amplitude.

Amplitudes. While the Bethe-Heitler (fig1a) and
Drell-Yan amplitudes, both with a pointlike photon
(fig1b) and a photon content expressed through its quark
distribution, have been much discussed, the amplitude
where the photon interacts through its distribution am-
plitude has, to our knowledge, never been scrutinized.
There are two diagrams contributing at lowest order,
shown on Fig. 1c and 1d. In Feynman gauge their sum
is readily calculated as

Aφ(γq → ll̄q) = 2i
CF

4Nc
e2

qe4παsχ �q̄q�
1

Q2

�
dzφγ(z)

· ū(q�)[
A1

xz̄s(t1 + i�)
+

A2

zu(t2 + i�)
]u(r)ū(p)γµv(p�) ,(9)

with

A1 = x r̂ �̂ k̂ γµ + γµ k̂ �̂ q̂ (10)

A2 = �̂ q̂ γµ k̂ + k̂ γµ q̂ �̂ .

Most interesting is the analytic structure of this ampli-
tude since the quark propagators may be on shell so that
the amplitude Aφ develops an absorptive part propor-
tionnal to
�

dzφγ(z)ū(q�)[
A1

xz̄s
πδ(t1) +

A2

zu
δ(t2)]u(r)ū(p)γµv(p�) .

order subprocess is

γ(k)u(xr) → l−(p)l+(p�)u(q�) (2)

where u denotes a quark of any flavour. Scattering on an
antiquark is easily deduced with straightforward changes.
We define s = (k + r)2, u = (k − q�)2 , t1 = (p − k)2

and t2 = (p� − k)2; the Bjorken variable is τ = Q2

s ; �vT

denotes the component of any 3−vector transverse to the
z−direction. We describe 4−vectors through a Sudakov
decomposition along k and r as :

q = αk +
Q2 + �Q2

⊥
αs

r + Q⊥ (3)

p = γαk +
(γ �Q⊥ +�l⊥)2

γαs
r + γQ⊥ + l⊥ (4)

p� = γ̄αk +
(γ̄ �Q⊥ −�l⊥)2

γ̄αs
r + γ̄Q⊥ − l⊥ (5)

q� = ᾱk +
�Q2
⊥

ᾱs
r −Q⊥ . (6)

In the laboratory frame of a fixed target experiment, α
measures the fraction of energy that the lepton pair car-
ries with respect to the photon energy, and γ (resp. γ̄)
the fraction of energy carried by the lepton (resp. an-
tilepton) with respect to the dilepton energy. Momentum
conservation yields

x =
ᾱQ2 + �Q2

⊥
αᾱs

Q2 =
�l2⊥
γγ̄

. (7)

If one measures the energies of the final lepton and the
transverse momentum of the dilepton, one thus fixes
x, α, γ.

Definitions. The transversity distribution function is
defined as (p and sT are along the + and x directions) :

hq
1(x) =

�
dz−

4π
eixp+z−�p sT |q̄(0)iσ1+γ5q(0, z−, 0T )|p sT � ,

while the chiral-odd photon distribution amplitude φγ(u)
reads [8]

�0|q̄(0)σαβq(x)|γ(λ)(k)� = (8)

= i eq χ �q̄q�
�
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α kβ − �

(λ)
β kα
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0

dz e−iz(qx) φγ(z) ,

where the normalization is chosen as
�

dz φγ(z) = 1, and
z stands for the momentum fraction carried by the quark.
The product of the quark condensate and of the magnetic
susceptibility of the QCD vacuum χ �q̄q� has been esti-
mated [9] with the help ofthe QCD sum rules techniques
to be of the order of 50 MeV [19] and the distribution am-
plitude φγ(z) has a QCD evolution which drives it to an
asymptotic form φas

γ (z) = 6z(1− z). Its z−dependence
at non asymptotic scales is very model-dependent [10]
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FIG. 1: Some amplitudes contributing to lepton pair pho-
toproduction. (a) : The Bethe-Heitler process. (b) : The
Drell-Yan process with the photon pointlike coupling. (c) -
(d) : The Drell Yan process with the photon Distribution
Amplitude.

Amplitudes. While the Bethe-Heitler (fig1a) and
Drell-Yan amplitudes, both with a pointlike photon
(fig1b) and a photon content expressed through its quark
distribution, have been much discussed, the amplitude
where the photon interacts through its distribution am-
plitude has, to our knowledge, never been scrutinized.
There are two diagrams contributing at lowest order,
shown on Fig. 1c and 1d. In Feynman gauge their sum
is readily calculated as

Aφ(γq → ll̄q) = 2i
CF

4Nc
e2

qe4παsχ �q̄q�
1

Q2

�
dzφγ(z)

· ū(q�)[
A1

xz̄s(t1 + i�)
+

A2

zu(t2 + i�)
]u(r)ū(p)γµv(p�) ,(9)

with

A1 = x r̂ �̂ k̂ γµ + γµ k̂ �̂ q̂ (10)

A2 = �̂ q̂ γµ k̂ + k̂ γµ q̂ �̂ .

Most interesting is the analytic structure of this ampli-
tude since the quark propagators may be on shell so that
the amplitude Aφ develops an absorptive part propor-
tionnal to
�

dzφγ(z)ū(q�)[
A1

xz̄s
πδ(t1) +

A2

zu
δ(t2)]u(r)ū(p)γµv(p�) .

photon-lepton coupling pointlike photon-quark coupling

with photon DA
Bethe - Heitler process Drell Yan process

ë Quasi real photon beam

ë Transversely polarized target

ë A difficult but rewarding experiment

BP, L.Szymanowski, Phys. Rev. Lett. 103, 072002



MOTIVATION

Transverse spin structure of nucleon is very badly known !

Even at the usual (integrated) parton distribution level :

interesting but indirect knowledge of ∆T q(x) = h
q
1(x)

Basic reason transversity distribution is CHIRAL ODD

An observable quantity contains an even number of chiral-odd objects

ë Drell Yan double polarized cross section h
q
1(x1)hq̄1(x2) → PAX

ë Use another chiral-odd object : fragmentation, TMD ...



BASIC IDEA

Leading Twist Photon Distribution Amplitude and

Transversely polarized Vector Meson Distribution Amplitude

are CHIRAL ODD

Recall Distribution Amplitude = hadron light cone wave function

∫
dx− e−iz(P.x) 〈0|q̄α(0)qβ(x)|H(P )〉

∣∣∣∣
x+=0, xT=0

( → Fourier Transform
∫
dk−d ~kT)



The photon Distribution Amplitude

Non-triviality of the QCD vacuum −→ 〈q̄q〉 6= 0

Magnetic susceptibility χ 6= 0

Photon couples to quarks through em coupling and through a twist 2

photon distribution amplitude (DA) φγ(u)

〈0|q̄(0)σαβq(x)|γ(λ)(k)〉 = i eq χ 〈q̄q〉
(
ε
(λ)
α kβ − ε(λ)

β kα

) 1∫
0
dz e−iz(kx) φγ(z) ,

ë normalization :
∫
dz φγ(z) = 1,

ë z = momentum light-cone fraction carried by the quark.

Here the photon is real ; not much change if slightly virtual.



How to access the transversity PDF

Consider γN− > l+l−X

order subprocess is

γ(k)u(xr) → l−(p)l+(p′)u(q′) (2)

where u denotes a quark of any flavour. Scattering on an
antiquark is easily deduced with straightforward changes.
We define s = (k + r)2, u = (k − q′)2 , t1 = (p − k)2

and t2 = (p′ − k)2; the Bjorken variable is τ = Q2

s ; #vT

denotes the component of any 3−vector transverse to the
z−direction. We describe 4−vectors through a Sudakov
decomposition along k and r as :

q = αk +
Q2 + #Q2

⊥
αs

r + Q⊥ (3)

p = γαk +
(γ #Q⊥ +#l⊥)2

γαs
r + γQ⊥ + l⊥ (4)

p′ = γ̄αk +
(γ̄ #Q⊥ −#l⊥)2

γ̄αs
r + γ̄Q⊥ − l⊥ (5)

q′ = ᾱk +
#Q2
⊥

ᾱs
r −Q⊥ . (6)

In the laboratory frame of a fixed target experiment, α
measures the fraction of energy that the lepton pair car-
ries with respect to the photon energy, and γ (resp. γ̄)
the fraction of energy carried by the lepton (resp. an-
tilepton) with respect to the dilepton energy. Momentum
conservation yields

x =
ᾱQ2 + #Q2

⊥
αᾱs

Q2 =
#l2⊥
γγ̄

. (7)

If one measures the energies of the final lepton and the
transverse momentum of the dilepton, one thus fixes
x, α, γ.

Definitions. The transversity distribution function is
defined as (p and sT are along the + and x directions) :

hq
1(x) =

∫
dz−

4π
eixp+z−〈p sT |q̄(0)iσ1+γ5q(0, z−, 0T )|p sT 〉 ,

while the chiral-odd photon distribution amplitude φγ(u)
reads [8]

〈0|q̄(0)σαβq(x)|γ(λ)(k)〉 = (8)

= i eq χ 〈q̄q〉
(
ε(λ)
α kβ − ε

(λ)
β kα

) 1∫

0

dz e−iz(qx) φγ(z) ,

where the normalization is chosen as
∫

dz φγ(z) = 1, and
z stands for the momentum fraction carried by the quark.
The product of the quark condensate and of the magnetic
susceptibility of the QCD vacuum χ 〈q̄q〉 has been esti-
mated [9] with the help ofthe QCD sum rules techniques
to be of the order of 50 MeV [19] and the distribution am-
plitude φγ(z) has a QCD evolution which drives it to an
asymptotic form φas

γ (z) = 6z(1− z). Its z−dependence
at non asymptotic scales is very model-dependent [10]
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toproduction. (a) : The Bethe-Heitler process. (b) : The
Drell-Yan process with the photon pointlike coupling. (c) -
(d) : The Drell Yan process with the photon Distribution
Amplitude.

Amplitudes. While the Bethe-Heitler (fig1a) and
Drell-Yan amplitudes, both with a pointlike photon
(fig1b) and a photon content expressed through its quark
distribution, have been much discussed, the amplitude
where the photon interacts through its distribution am-
plitude has, to our knowledge, never been scrutinized.
There are two diagrams contributing at lowest order,
shown on Fig. 1c and 1d. In Feynman gauge their sum
is readily calculated as

Aφ(γq → ll̄q) = 2i
CF

4Nc
e2

qe4παsχ 〈q̄q〉
1

Q2

∫
dzφγ(z)

· ū(q′)[
A1

xz̄s(t1 + iε)
+

A2

zu(t2 + iε)
]u(r)ū(p)γµv(p′) ,(9)

with

A1 = x r̂ ε̂ k̂ γµ + γµ k̂ ε̂ q̂ (10)

A2 = ε̂ q̂ γµ k̂ + k̂ γµ q̂ ε̂ .

Most interesting is the analytic structure of this ampli-
tude since the quark propagators may be on shell so that
the amplitude Aφ develops an absorptive part propor-
tionnal to
∫

dzφγ(z)ū(q′)[
A1

xz̄s
πδ(t1) +

A2

zu
δ(t2)]u(r)ū(p)γµv(p′) .

order subprocess is

γ(k)u(xr) → l−(p)l+(p′)u(q′) (2)

where u denotes a quark of any flavour. Scattering on an
antiquark is easily deduced with straightforward changes.
We define s = (k + r)2, u = (k − q′)2 , t1 = (p − k)2

and t2 = (p′ − k)2; the Bjorken variable is τ = Q2

s ; #vT

denotes the component of any 3−vector transverse to the
z−direction. We describe 4−vectors through a Sudakov
decomposition along k and r as :

q = αk +
Q2 + #Q2

⊥
αs

r + Q⊥ (3)

p = γαk +
(γ #Q⊥ +#l⊥)2

γαs
r + γQ⊥ + l⊥ (4)

p′ = γ̄αk +
(γ̄ #Q⊥ −#l⊥)2

γ̄αs
r + γ̄Q⊥ − l⊥ (5)

q′ = ᾱk +
#Q2
⊥

ᾱs
r −Q⊥ . (6)

In the laboratory frame of a fixed target experiment, α
measures the fraction of energy that the lepton pair car-
ries with respect to the photon energy, and γ (resp. γ̄)
the fraction of energy carried by the lepton (resp. an-
tilepton) with respect to the dilepton energy. Momentum
conservation yields

x =
ᾱQ2 + #Q2

⊥
αᾱs

Q2 =
#l2⊥
γγ̄

. (7)

If one measures the energies of the final lepton and the
transverse momentum of the dilepton, one thus fixes
x, α, γ.

Definitions. The transversity distribution function is
defined as (p and sT are along the + and x directions) :

hq
1(x) =

∫
dz−

4π
eixp+z−〈p sT |q̄(0)iσ1+γ5q(0, z−, 0T )|p sT 〉 ,

while the chiral-odd photon distribution amplitude φγ(u)
reads [8]

〈0|q̄(0)σαβq(x)|γ(λ)(k)〉 = (8)

= i eq χ 〈q̄q〉
(
ε(λ)
α kβ − ε

(λ)
β kα

) 1∫

0

dz e−iz(qx) φγ(z) ,

where the normalization is chosen as
∫

dz φγ(z) = 1, and
z stands for the momentum fraction carried by the quark.
The product of the quark condensate and of the magnetic
susceptibility of the QCD vacuum χ 〈q̄q〉 has been esti-
mated [9] with the help ofthe QCD sum rules techniques
to be of the order of 50 MeV [19] and the distribution am-
plitude φγ(z) has a QCD evolution which drives it to an
asymptotic form φas

γ (z) = 6z(1− z). Its z−dependence
at non asymptotic scales is very model-dependent [10]

( a )

r

k

p

p’

q’

r

k

p’

p

q’

( b )

q

r

k

p’

p

q’

( c )

u

r

k

p’

p

q’

( d )

u

FIG. 1: Some amplitudes contributing to lepton pair pho-
toproduction. (a) : The Bethe-Heitler process. (b) : The
Drell-Yan process with the photon pointlike coupling. (c) -
(d) : The Drell Yan process with the photon Distribution
Amplitude.

Amplitudes. While the Bethe-Heitler (fig1a) and
Drell-Yan amplitudes, both with a pointlike photon
(fig1b) and a photon content expressed through its quark
distribution, have been much discussed, the amplitude
where the photon interacts through its distribution am-
plitude has, to our knowledge, never been scrutinized.
There are two diagrams contributing at lowest order,
shown on Fig. 1c and 1d. In Feynman gauge their sum
is readily calculated as

Aφ(γq → ll̄q) = 2i
CF

4Nc
e2

qe4παsχ 〈q̄q〉
1

Q2

∫
dzφγ(z)

· ū(q′)[
A1

xz̄s(t1 + iε)
+

A2

zu(t2 + iε)
]u(r)ū(p)γµv(p′) ,(9)

with

A1 = x r̂ ε̂ k̂ γµ + γµ k̂ ε̂ q̂ (10)

A2 = ε̂ q̂ γµ k̂ + k̂ γµ q̂ ε̂ .

Most interesting is the analytic structure of this ampli-
tude since the quark propagators may be on shell so that
the amplitude Aφ develops an absorptive part propor-
tionnal to
∫

dzφγ(z)ū(q′)[
A1

xz̄s
πδ(t1) +

A2

zu
δ(t2)]u(r)ū(p)γµv(p′) .

photon-lepton coupling pointlike photon-quark coupling

with photon DA



Kinematics

γ(k)q(x r)→ l(p)l(p′)q(q′)

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

The partonic photoproduction of lepton pairγ(p)q(x r)→ l(p)l(p�)q(q�)

q = αk + Q2+Q2

αs r + Q⊥

p = γαk + (γQ+l)2

γαs r + γQ⊥ + l⊥

p� = γ̄αk + (γ̄Q−l)2

γ̄αs r + γ̄Q⊥ − l⊥

q� = ᾱk + Q2

ᾱs r − Q⊥

x = ᾱQ2+Q2

αᾱs Q2 = l2

γγ̄ s = 2r · p O2
⊥ = −Q2

r

k

q’

x r

l(p)

l(p’)

Lech Szymanowski Probing nucleon’s transversity

p+ p′ = q = αk + Q2+QT
2

αs r +Q⊥

q′ = ᾱk + QT
2

ᾱs r −Q⊥

p = γαk + (γQT+lT)2

γαs r + γQ⊥+ l⊥

p′ = γ̄αk + (γ̄QT−lT)2

γ̄αs r + γ̄Q⊥ − l⊥

x = ᾱQ2+QT
2

αᾱs Q2 = lT
2

γγ̄



Interference effects

Remember BH-DVCS interference BP, L.Szymanowski, Phys. Rev. Lett. 103, 072002

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

Interf. between CHIRAL-EVEN and CHIRAL-ODD parts
e.g.

r

k

p

p’

q’

!  DA

h
1

+ ....

1

2

X

λ

dσφBH (γ(λ)p → l− l+X ) =
(4παem)3

4s

CF 4παs

2Nc
·

χ �q̄q�
�Q2
⊥

Z
dx
X

q

Q3
l Q3

qh
q
1 (x)2Re(IφBH ) dLIPS ,

Result : INTERFERENCE DOESN’T VANISH

∼ χφγ(
Q2α

Q2+Q2 ) · h1(
ᾱQ2+Q2

αᾱs )

- may be singled out by the lepton azymuthal distribution

- only nucleon is polarized, i.e. SINGLE SPIN EFFECTS

Lech Szymanowski Probing nucleon’s transversity

ë Chiral-oddity of photon DA −→ Interference builds a proton

transversity dependent contribution

ë Charge conjugation properties : d∆Tσ(l−)−d∆Tσ(l+)
d4QdΩ

=
dσφBH
d4QdΩ

Crucial point : CHIRAL-ODD amplitude has an absorptive part :

Amplitude AΦ ∼
1∫
0
du

φγ(u)

u− Q2α
Q2+Q2−iε

= PV
1∫
0
du

φγ(u)

u− Q2α
Q2+Q2

+ iπφγ( Q2α
Q2+Q2)



Cross section difference

dσ̄φBH = (4παem)3

4s
CF4παs

2Nc
· χ〈q̄q〉~Q2

⊥

∫
dx
∑
qQ

3
l Q

3
qh

q
1(x)2Re(IφBH) dLIPS

2Re(IφBH) = φγ[ αQ2

Q2+ ~Q2
⊥

] 32πα2ᾱ
xs(ᾱQ2+ ~Q2

⊥)2
· (Q2 + ~Q2

⊥)[εrksTQTA1 + εrksT lTA2]

Result : INTERFERENCE DOESN’T VANISH

∼ χφγ( Q2α

Q2+QT
2) · h1(ᾱQ

2+QT
2

αᾱs )

ë may be singled out by the lepton azymuthal distribution

ë allows to scan h1(x) and Φγ(z)

ë only nucleon is polarized, i.e. SINGLE SPIN EFFECTS



CONCLUSION

THERE IS MUCH PHYSICS TO BE STUDIED WITH

COMPASS, BOTH WITH HADRON and MUON

BEAMS

there is EVEN MORE than in the existing PROPOSALS

Thank you for your attention


