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Two extreme limits of hard exclusive processes

@ Forward region
(small momentum transfer squared t between the baryons)

Based on
a factorised description of forward Deeply Virtual Exclusive Reactions

in terms of Generalised Parton Distributions
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Two extreme limits of hard exclusive processes

@ Forward region
(small momentum transfer squared t between the baryons)

Based on
a factorised description of forward Deeply Virtual Exclusive Reactions

in terms of Generalised Parton Distributions

@ Backward region
(small momentum transfer squared u between 1 baryon & the particle produced)

Based on
a factorised description of backward Deeply Virtual Exclusive Reactions

in terms of Transition Distribution Amplitudes
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Two extreme limits

The forward region
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Hard limit for forward exclusive processes

Hard limit for forward exclusive processes

= Study of 3D structure of the proton
via Deeply Virtual Compton Scattering (DVCS):

7 Y

hadron ~ ™ hadron

Non-pert. object
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Hard limit for forward exclusive processes

Hard limit for forward exclusive processes
= Study of 3D structure of the proton

For Q> > t, described in
terms of 4 generalised parton
distribution: GPDs

-~ ¢
Non-pert. object

proton ~ > proton

idem for meson electroproduction
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Hard limit for forward exclusive processes
= Study of 3D structure of the proton

For Q> > t, described in
terms of 4 generalised parton
distribution: GPDs

-~ ¢
Non-pert. object

proton ~ > proton

w Factorisation in the generalised Bjorken limit: Q> — oo, t, x fixed
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= Study of 3D structure of the proton

For Q> > t, described in
terms of 4 generalised parton
distribution: GPDs

-~ ¢
Non-pert. object

proton ~ > proton

w Factorisation in the generalised Bjorken limit: Q> — oo, t, x fixed
= The GPDs are not probability distributions

*
- /
T # .'I‘, x xT T ,'I',
= X
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but are universal !
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Hard limit for forward exclusive processes
= Study of 3D structure of the proton

For Q> > t, described in
terms of 4 generalised parton
distribution: GPDs

-~ ¢
Non-pert. object

proton ~ > proton

w Factorisation in the generalised Bjorken limit: Q> — oo, t, x fixed
= The GPDs are not probability distributions

*
- /
T # .'I‘, x xT T ,'I',
= X
p p p P

but are universal !

= |nterpretration only at the amplitude level
Amplitude of probability

for a proton to emit a quark with x & to absorb another with-x’
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Forward exclusive processes with hadron beams

E. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
- 7T p — v*n — (T ¢~ nat small t can also help study the GPDs.
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Forward exclusive processes with hadron beams

E. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
- 7T p — v*n — (T ¢~ nat small t can also help study the GPDs.

n(q) Y(q’)

. . N q/2
Bjorken variable 7 = 2+

o+
skewness 77 = % =5
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Forward exclusive processes with hadron beams

E. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
- 7T p — v*n — (T ¢~ nat small t can also help study the GPDs.

n(q) YH(q’)
& Bjorken variable T = sf/;z
o ;{ i /ex skewness 7 = Eg;g;i =5tz
N(p)/ (;)) \N(p’)

~ At LO, spacelike (¢) and timelike (—7) amplitudes are equal
w At HO, significant differences in the hard amplitude

(recall K-factor in Drell-Yan vs DIS)
— Check the factorization procedure and the universality of GPDs.
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Forward exclusive processes with hadron beams

E. Berger, M. Diehl, B. Pire, PLB 523 (2001) 265
- 7T p — v*n — (T ¢~ nat small t can also help study the GPDs.

n(q) YH(q’)
& Bjorken variable T = sf/;z
o ;{ i /ex skewness 7 = Eg;g;i =5tz
N(p)/ (;)) \N(p’)

~ At LO, spacelike (¢) and timelike (—7) amplitudes are equal
w At HO, significant differences in the hard amplitude

(recall K-factor in Drell-Yan vs DIS)
— Check the factorization procedure and the universality of GPDs.

= Spin observables:

@ Dominance of the longitudinal polarisation of the 4*
@ Target Transverse Spin Asymmetry: proportional to Sm(#HE™)
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Hard limit for backward exclusive processes

The backward region
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Hard limit for backward exclusive processes

Hard limit for backward exclusive processes
w | et us analyse the hard electroproduction of a meson
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Hard limit for backward exclusive processes
w | et us analyse the hard electroproduction of a meson

7 but backward !
Q’ Pert. P proton i

meson nearly

at rest in the
proton” {\'—/\ N proton proton ~ /\’“—/ meson
GPD TDA target rest frame
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Hard limit for backward exclusive processes
w | et us analyse the hard electroproduction of a meson

but backward !
Q’ Pert. P proton i

meson nearly

at rest in the
proton” NN proton  proton © I meson t
GPD TDA arget rest frame

= The kinematics imposes the exchange of 3 quarks in the u channel

= Factorisation in the generalised Bjorken limit: Q% — o, u, x fixed
B. Pire, L. Szymanowski, PLB 622:83,2005.
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= The kinematics imposes the exchange of 3 quarks in the u channel
= Factorisation in the generalised Bjorken limit: Q®> — oo, u, x fixed
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= The object factorised from the hard part is a Transition Distribution

Amplitude (TDA)
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Hard limit for backward exclusive processes
w | et us analyse the hard electroproduction of a meson

but backward !
Q’ Pert. {,proton i

meson nearly
. at rest in the
proton” NN proton  proton © T meson
GPD TDA < target rest frame
= The kinematics imposes the exchange of 3 quarks in the u channel
= Factorisation in the generalised Bjorken limit: Q®> — oo, u, x fixed

B. Pire, L. Szymanowski, PLB 622:83,2005.
= The object factorised from the hard part is a Transition Distribution

Amplitude (TDA)

= |nterpretation at the amplitude level in the ERBL region (for x; > 0)
Amplitude of probability to find a meson within-the proton !
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p — 7t parametrisation: similarities with the proton DA

= p — 7 (at Leading twist) é‘_"ﬁ

w A7 = 0:3TDAs (3 x p(1) — uud(11}) + 7) e N
TDA DA (Chernyak-Zhitnitsky)
4(r0| e uy (217t (22m) (201 [P, 5p) 4(0le™u (21 (2 dlf (25)|p)
(V7 (.2 82) (B C)ap (NG )+ [VOa) (B C)ap (1°NG, )+
AT (33,8, A2) (D13 C)ap (1PN o+ AX) (BY3C)ap (NG )y +
T (x1,2,8%)(0ppC)ag (7 NG, ) T(x) (ipp Cap (119N, ) |
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p — 7t parametrisation: similarities with the proton DA

= p — 7 (at Leading twist) é‘_"ﬁ

= A7 = 0: 3 TDAs (3 x p(1) — uud(11]) + 7) i S
TDA DA (Chernyak-Zhitnitsky)
4| Mot (21 )y (22}l (2a1)Ip. ) 4(01e ] (21)f (2 (20m) )
[Vi** (%12, 42) (B C)ap (NG, )+ (VOB C)ap(1ONG )1+
AT (%1, 52) (D YO C)ap (YN )+ Ax) (Y5 C)ap (N )+
7 (%, €, Az)(gppc)aﬁ('YpN;;)w} T(x;) (fopp C)aﬁ(“Yp“YSNsJZ)v]
7'[0 T T B. Pasquini et al., PRD 80:014017,2009.
i = DP,T + D*M ’
Us _
AT = Dy = Dy

0 Il
T = Dy
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p — 7t parametrisation: similarities with the proton DA

= p — 7 (at Leading twist) é‘_"ﬁ

= A7 = 0: 3 TDAs (3 x p(1) — uud(11]) + 7) i S
TDA DA (Chernyak-Zhitnitsky)
4| Mot (21 )y (22}l (2a1)Ip. ) 4(01e ] (21)f (2 (20m) )
[Vi** (%12, 42) (B C)ap (NG, )+ (VOB C)ap(1ONG )1+
AT (%1, 52) (D YO C)ap (YN )+ Ax) (Y5 C)ap (N )+
7 (%, €, Az)(gppc)aﬁ('YpN;;)w} T(x;) (fopp C)aﬁ(“Yp“YSNsJZ)v]
7'[0 T T B. Pasquini et al., PRD 80:014017,2009.
i = DP,T + D*M ’
Us _
AT = Dy = Dy

0 Il
T = Dy

L #0,., D] #0—8TDAs
(At is source of angular momentum)
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Where to look for that ?

o' [dag ]

O e7s 05005 & 025 a5 @75 1

cost,

= Kinematical coverage for 7+ of the CLAS experiment (or w > 2 Gev) (E1-6 sample)

K.J. Park, talk at the 4th plenary meeting of the nucleon GDR, Saclay, Nov. 25-26 2011
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Where to look for that ?

o' [dag ]

im
=
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(o) —5 -0.25 ° 025 05 075
co

st
= Kinematical coverage for 7+ of the CLAS experiment (or w > 2 Gev) (E1-6 sample)

K.J. Park, talk at the 4th plenary meeting of the nucleon GDR, Saclay, Nov. 25-26 2011
w We are interested in the region where cos 6}, is close to -1, i.e. u~0
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First data in the backward region

« The yield should increase when u gets closer to 0.
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First data in the backward region

« The yield should increase when u gets closer to 0.
« This is typically not included in the CLAS simulation.

Simulation: t-dependence o« e~ Data

(—u) (Gev

Constraints, Constraints,

—tor

(1) W > 2.0 [GeV]
(2) cos?’, < 0.0
(3) MMx(n) 40 cut

—t or (—u) [GeV

(1) W > 2.01GeV]
(2) cos¥’, < 0.0 10

(3) MMx(n) 40 cut

-0.8 -0.6 -04 -0.2

0 1
it -08 -06 -04 -02 o D.. 0.
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Data ?

First data in the backward region
« The yield should increase when u gets closer to 0.
« This is typically not included in the CLAS simulation.

Simulation: t-dependence o« e~ Data

Constraints, Constraints,

(1) W > 2.0 [GeV]
(2) cos?’, < 0.0
(3) MMx(n) 40 cut

(1) W > 2.0[GeV]
(2) cos®’, < 0.0
(3) MMx(n) 40 cut

0 0
-1 -08 -06 -04 -0.2 0 0.2 0.4 0. 0.8 1 -1 -08 -0.6 -04 -0.2 o

cosd,’

= Obvious —and very encouraging— excess !
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Backward Electroproduction of a meson: existing data

©?  Pert. v proton

= Data from JLab for the 7t N

7 ~
proton meson

Analysis nearly done (K. Park) TDA

= “Visible signal in the yield of w at 180°”
(G. Huber, Sept. 09)

= Electroduction of 7 and 7° at small u
(CLAS DVMP: V. Kubarovsky, P. Stoler)
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TDA studies at GSI/FAIR

TDA studies at GSI/FAIR
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TDAs in exclusive processes at GSI/FAIR

JPL, B. Pire, L. Szymanowski PRD76 :111502(R),2007

= pp — v*7° can be studied by PANDA
« |nvolves the same TDAs as for backward electroproduction

2lp) 7 (a) ¢
b - M, o
ky ks
. TDA
Y h
p(pp) w(pr)
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TDAs in exclusive processes at GSI/FAIR

JPL, B. Pire, L. Szymanowski PRD76 :111502(R),2007

= pp — v*7° can be studied by PANDA
« |nvolves the same TDAs as for backward electroproduction

plep) 7 (a) o7

00000

k1 ks >O
000000 -— J/w
TDA ) opaooooo}”
"v' \
p(pp) m(pr) p — é» ----- 70

= The same TDAs appear also in pp — J/¢ + 7°
Same channel as for h; studies
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pp — v*rt° at GSI/FAIR

w Factorised picture

p(pp) +(q) o
‘\
. (]
[+
M,
ky ks
TDA
’,V’ h
p(pp) 7(pr)
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pp — v*rt° at GSI/FAIR

w Factorised picture

g ) o
D), 0
&M, o
ki k3
A,
PG’[}) .\-Tr(pﬂ')
w The amplitude at the Leading-twist accuracy:
Iy r—
A (47tas) Artoaemfy 5
MS152 = —I 54f7rQ4 V(ppY Sp)z’((/\)r)/ U(ppvsp)
e 7 14
x /d3x/d3y<2 Y T+ Y Ta>
_1+§ 0 a=1 a=8
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pp — v*rt° at GSI/FAIR

w Factorised picture

p(pp) +(q) 0
‘\
M 0
[Jr
M,
ky ks
CaIDA D
,"’ ‘
plpp) 7(pr)

w The amplitude at the Leading-twist accuracy:

(4rtas)? \/4mxemf

M.)‘;]Sg =—i 54f Q4 (ppvsp)é(/\)’)/su(ppvsp)
1+ 1 2
< [ dx [oy ( LT +ZT>
—14+& 0 a=1
Example:

0 0
Qq(20)2 (V7™ —AT™ )(VP—AP)]
(x1+ie) (20 —x+ie) (x2—ie) y1 y2(1-y3)
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pp — v*rt° at GSI/FAIR

= GSI-FAIR: E, < 15 GeV = W2 < 30 GeV?
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TDA studies at GSI/FAIR

pp — v*rt° at GSI/FAIR
= GSI-FAIR: E; < 15 GeV = W? < 30 GeV?
= pp — ¢*7t° planned to be done
with the proton FF studies in the timelike region

Physics Performance Report for PANDA, 0903.3905 [hep-ex]
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pp — v*rt° at GSI/FAIR

= GSI-FAIR: E; < 15 GeV = W? < 30 GeV?
= pp — ¢*7t° planned to be done
with the proton FF studies in the timelike region

Physics Performance Report for PANDA, 0903.3905 [hep-ex]

o (7 < Q2 < 8GeVZ, W2 = 10GeV?, At < 0.5GeV) ~ 100fb.

JPL, B. Pire, L. Szymanowski PRD76 :111502(R),2007
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pp — v*rt° at GSI/FAIR

= GSI-FAIR: E; < 15 GeV = W? < 30 GeV?
= pp — ¢*7t° planned to be done
with the proton FF studies in the timelike region

Physics Performance Report for PANDA, 0903.3905 [hep-ex]

o (7 < Q2 < 8GeVZ, W2 = 10GeV?, At < 0.5GeV) ~ 100fb.

JPL, B. Pire, L. Szymanowski PRD76 :111502(R),2007

= Expected [ dtL of about 2 fo~1 for a 100-day experiment
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= Could be enough to study the angular dependence of the dilepton
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pp — v*rt° at GSI/FAIR

= GSI-FAIR: E; < 15 GeV = W? < 30 GeV?
= pp — ¢*7t° planned to be done
with the proton FF studies in the timelike region

Physics Performance Report for PANDA, 0903.3905 [hep-ex]

o (7 < Q2 < 8GeVZ, W2 = 10GeV?, At < 0.5GeV) ~ 100fb.

JPL, B. Pire, L. Szymanowski PRD76 :111502(R),2007
= Expected [ atL of about 2 fb~ for a 100-day experiment

= Could be enough to study the angular dependence of the dilepton
@ Off-shell photon is transversally polarised at leading twist
@ = 1+cos?d
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pp — v*rt° at GSI/FAIR

= GSI-FAIR: E; < 15 GeV = W? < 30 GeV?
= pp — ¢*7t° planned to be done
with the proton FF studies in the timelike region

Physics Performance Report for PANDA, 0903.3905 [hep-ex]

o (7 < Q2 < 8GeVZ, W2 = 10GeV?, At < 0.5GeV) ~ 100fb.

JPL, B. Pire, L. Szymanowski PRD76 :111502(R),2007
= Expected [ atL of about 2 fb~ for a 100-day experiment

= Could be enough to study the angular dependence of the dilepton
@ Off-shell photon is transversally polarised at leading twist
@ = 1+cos?d

w= QOther channels are also of much interest, such as
pp — {0y or pp — (0 °
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Not only a baryon exchange ?
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Single Spin Asymmetry and the DGLAP contribution

JPL, B. Pire, L. Szymanowski, arXiv:1008.3119

@ Single Transverse Spin Asymmetry:
ol — ot is non zero for complex 7 and 7~
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Single Spin Asymmetry and the DGLAP contribution

JPL, B. Pire, L. Szymanowski, arXiv:1008.3119

@ Single Transverse Spin Asymmetry:
ol — ot is non zero for complex 7 and 7~
@ Let’s look at the contribution of a typical graph:
Q(202((VE™ A8 (Vo P))
(x1+ie) (28 —xi+ie) (xe—ie) y1y2(1-ys)
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Single Spin Asymmetry and the DGLAP contribution

JPL, B. Pire, L. Szymanowski, arXiv:1008.3119

@ Single Transverse Spin Asymmetry:
ol — ot is non zero for complex 7 and 7~

@ Let’s look at the contribution of a typical graph:
Qy(20)2 (VP A ) (Vo)
(x1+i€e) (28 —x1+ie) (xe—ie) y1y2(1-ys)

— The TDAs (Tf”o,...) & the DAs (TP, ...) are real-valued functions
— The y-integration does not generate any imaginary part
— The x-integration may do so, but only if x; change sign

J.P. Lansberg (IPNO) TDA studies with PANDA January 20, 2011 17/21



Single Spin Asymmetry and the DGLAP contribution

JPL, B. Pire, L. Szymanowski, arXiv:1008.3119

@ Single Transverse Spin Asymmetry:
ol — ot is non zero for complex 7 and 7~
@ Let’s look at the contribution of a typical graph:
Q(202((VE™ A8 (Vo P))
(x1+ie) (28 —xi+ie) (xe—ie) y1y2(1-ys)

— The TDAs (Tf”o,...) & the DAs (TP, ...) are real-valued functions
— The y-integration does not generate any imaginary part
— The x-integration may do so, but only if x; change sign
@ Leading Twist SSA for the proton spin when t=(pp — pr)? < Q?
and for the anti-proton spin when u = (pp — pr)? < Q?
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Single Spin Asymmetry and the DGLAP contribution

JPL, B. Pire, L. Szymanowski, arXiv:1008.3119

@ Single Transverse Spin Asymmetry:
ol — ot is non zero for complex 7 and 7~
@ Let’s look at the contribution of a typical graph:
Q(202((VE™ A8 (Vo P))
(x1+ie) (28 —xi+ie) (xe—ie) y1y2(1-ys)

— The TDAs (Tf”o,...) & the DAs (TP, ...) are real-valued functions
— The y-integration does not generate any imaginary part
— The x-integration may do so, but only if x; change sign
@ Leading Twist SSA for the proton spin when t=(pp — pr)? < Q?
and for the anti-proton spin when u = (pp — pr)? < Q?
@ On the other hand, one expects a SSA vanishing for increasing
Q? and W? for (simple) baryon-exchange approaches
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Q(202((VE™ A8 (Vo P))
(x1+ie) (28 —xi+ie) (xe—ie) y1y2(1-ys)

— The TDAs (Tf”o,...) & the DAs (TP, ...) are real-valued functions
— The y-integration does not generate any imaginary part
— The x-integration may do so, but only if x; change sign
@ Leading Twist SSA for the proton spin when t=(pp — pr)? < Q?
and for the anti-proton spin when u = (pp — pr)? < Q?
@ On the other hand, one expects a SSA vanishing for increasing
Q? and W? for (simple) baryon-exchange approaches
@ Non vanishing and Q?-independent SSA :
signal of a non-zero DGLAP contribution— antiquark exchanges !
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Ideas for TDA Studies with COMPASS

— Reminder: 7 p — y*n — ("¢~ n at small t: study of GPDs
— Its backward limit (small u = (t; — t,)?) would provide info on TDAs
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o
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T

= Spin observables: DA
@ Forward: v* longitudinal polarisation dominates IJ _
&
P 4 pt
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— Reminder: 7 p — y*n — ("¢~ n at small t: study of GPDs
— Its backward limit (small u = (t; — t,)?) would provide info on TDAs

o
~ n
T

= Spin observables: DA
@ Forward: v* longitudinal polarisation dominates /IJ -
N
@ Backward: 1* transversal polarisations dominate  "_(/* !
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s
S

« Spin observables: DA
@ Forward: v* longitudinal polarisation dominates IJ -
@ Backward: o* transversal polarisations dominate ? 4
@ Target Spin Asymmetry is higher twist in the backward region
@ The Spin Asymmetry should be measured on the outgoing baryon
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Ideas for TDA Studies with COMPASS

— Reminder: 7 p — y*n — ("¢~ n at small t: study of GPDs
— Its backward limit (small u = (t; — t,)?) would provide info on TDAs

~ n

s
T

= Spin observables:

DA
@ Forward: v* longitudinal polarisation dominates IJ -
@ Backward: o* transversal polarisations dominate ? 4
@ Target Spin Asymmetry is higher twist in the backward region
@ The Spin Asymmetry should be measured on the outgoing baryon

@ Why not then study the A using K beams:
P

o

A

J.P. Lansberg (IPNO) TDA studies with PANDA January 20, 2011 19/21



Going further with COMPASS
= It is also possible to study 7= N — J/yN' for ((pr — pn)? < Q)

- N’
TDA

STV O ]/11'1
N
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Going further with COMPASS

= It is also possible to study 7= N — J/yN' for ((pr — pn)? < Q)

~ N’
TDA

T 0 ]/IIJ
’

@ Possibly cleaner signal by looking at a resonance
@ Different hard scattering: cross check of pQCD applicability
@ J/v spin studies are always sources of surprises

J.P. Lansberg (IPNO) TDA studies with PANDA January 20, 2011 20/ 21



Summary
@ Two extreme but complementary limits of exclusive processes
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= |leptoproduction: Q> <0 (ex: e p — e pn°)
= hadroproduction: Q% > 0 (ex: pp — ete~n0)
w Different effect of the hard scattering

@ What's next ?
« Data on backward v*p — nmr expected very soon from CLAS

= New models to be used:

08
X2

B. Pasquini et al., PRD 80:014017,2009.

12

B. Pire, K. Semenov, L. Szymanowski, PRD82:094030,2010.
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Summary

@ Two extreme but complementary limits of exclusive processes
w Forward to study GPDs
w Backward to study TDAs
w Different mapping of the baryon 3D structure

@ Two complementary classes of reactions
= |leptoproduction: Q> <0 (ex: e p — e pn°)
= hadroproduction: Q% > 0 (ex: pp — ete~n0)
w Different effect of the hard scattering

@ What's next ?
« Data on backward v*p — nmr expected very soon from CLAS

= New models to be used:

S
y SR
- \

? Ay
S
)

5
08
X2

B. Pasquini et al., PRD 80:014017,2009.

12

B. Pire, K. Semenov, L. Szymanowski, PRD82:094030,2010.

= Simulations to come for PANDA
= Hopefully discussions as well with COMPASS members
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