Deep Exclusive Reactions

Lecture 1: Nucleon structure studies with the electromagnetic probe

 Elastic scattering: form factors
 DIS: structure function

* Exclusive reactions; Generalized Parton Distributions

Lecture 2: Deeply Virtual Compton Scattering
 GPDs and DVCS

« DVCS on the proton with JLab@6 GeV

« Extraction of GPDs from data

* Proton tomography and forces in the proton
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Lecture 3: DVCS and beyond

- DVMP

* New DVCS experiments@12 GeV
« TCS

Lecture 4: Perspectives
« Upgrades at JLab
« GPDs atthe EIC

Lecture 5: Tutorial
« Data analysis techniques for exclusive

reactions
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Q? (GeV?)

What we have learned from DVCS at 6 GeV
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Q? (GeV?)

What we have learned from DVCS at 6 GeV
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First tomographic image of the proton

Hints about distribution of pressure in the proton
Model-dependent extraction of J, and J,

First glimpses of H
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Exclusive reactions giving access to GPDs
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Deeply virtual meson production and GPDs

4 Different mesons — different sensitivity to GPDs
H H
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Complications: effective scale o in the hard scattering process, meson Distribution Amplitude (DA)



Deeply virtual meson production at CLAS

do ar

_ dO’T dO’L
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Vector mesons: exclusive p? o, ¢ and p*
electroproduction on the proton with CLAS

K. Lukashin et al., RRC 63 (2001) (¢@4.2 GeV)
C. Hadjidakis et al., PLB 605 (2005) (p°@4.2 GeV)

L. Morand et al., EPJA 24 (2005) (0@5.75GeV)

J. Santoro et al., PRC 78 (2008) (¢@5.75 GeV)

S. Morrow et al., EPJA 39 (2009) (p°@5.75GeV)
A. Fradi, Orsay Univ. PhD thesis (p*@5.75 GeV) Not published

Pseudoscalar mesons: exclusive n° and n
electroproduction on the proton with CLAS

R. De Masi et al., PRC 77 (2008) (n°@5.75GeV)
K. Park et al., PRC 77 (2008) (n*@5.75 GeV)
I. Bedlinskiy et al., PRL 109 (2012); PRC 90 (2014) (n°@5.75GeV)

I. Bedlinskiy et al., PRC 95 (2017) (n@5.75GeV)
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* Cross section for DVMP>>DVCS — « easier » to measure
* But GPD interpretation is more complicate
* Q2 needed to reach handbag regime may be higher than for DVCS

{1.60 <@ {GeV )< 190 ]

10'E

| 1.90=Q° (Gev )< 2.20 |

2.20 =@ (GeV )= 2.50 |

| 2.50 =" (GeV )< 2.80 |

i =G [E‘;-e'h;‘-‘ﬁl*:l :m: |

3.60 <@ (Ge\") < 410 |

»  CLAS (5.754 GeV)
CLAS (4.2 GeV)

o CORMELL

¢ HERMES

o EBES

W (Gevill

W (Gev)l0

The GPD models fail to reproduce o, at low W for p°



5(y p— pV) (1 b) o(y p— pV) (1 b)

5(y p— pV) (u b)

10§ 1.60 < Q2 (GeV?) < 1.90 1.90 < Q% (GeV?) < 2.20 E 3 2.20 < Q% (GeV?) < 2.50 f 2.50 < Q2 (GeV?) < 2.80
e & & |
3 o 0%g 3 3 00 * * F
i (B 3 - ;
10 1 3 3 *F
. o 2 i
F E 1
-cn—3- a P S N7 Y | 4 2 PR T T thr e | 2 M 2 g g vgiogeigia ) N A " g o aoacais i N
10§ 2.80 < Q% (GeV?) < 3.10 3.10 < Q2 (GeV?) < 3.60 3.60 < Q2 (GeV?) < 4.10 4.10 < Q2 (GeV?) < 4.60
: [ o [ »
! %« r ¥ J !.' E- 2
F i * * f k
1 Q 2
w ] 3 .
; ; .
10% ] 3
4:\-3. ) 4 FERT Sl P | " . | al
10§ 4.60 < Q? (GeV?) < 5.10 | 5.10 < Q* (GeV?) < 5.60 |
F i + CLAS (5.754 GeV) p*
1 3 = CLAS (4.2 GeV) i
2  $ o CORNELL o P°
10"5’ ] 3 333 ¢ HERMES
F i o E665 o M
10-3 *
E‘ !’ ZEUS ° (I)
: A H1
10 . "

Comparison between vector mesons (o)

10
W (GeV)

CLAS (unpublished)



Cyop — pp [ub]

C IlI T T 1T T T T ||||| 2| T ]
Foohy QF [GeV?H
= I'| i n‘*":'»-.-» PR W . Tlﬂ B —=
Flop ., o 06 ]
B AL RS NN
3 h*"'——t—-i'—*""*__a-*'j?%d 20 E
T o 407
R L = AU T B
N el N I Y
E ~ _L__l_*au J?41F 3
AR s
- * LowWph 7
“L o CORNELL 0 . -'i"? 2.
E = CLAS p 7 3
* HERMES 35. ]
4 EB6S -
- e Hi

| o zEus | | i
1 1 11 1111 1 1 11 1111 2 1 1 1

1 10 10
W [GeV]

- * |
T T i Lo 3
L1 15.0 7
m CLAS ut ]
¢ ¥ HERMES '*‘ﬁ/{” 1
* Hi 4
o zEUs
1 1 11 1 ||| 1 1 1 1111 II 1 1
2
10 10

W [GeV]

L. Favart, M. Guidal, T.

Comparison between vector mesons (o)

-Ew Toreevy
s P f‘}!#r
L i ’ﬂt |
oL, Ny
© 20 1Y
1 3 e ._i'_{. 4 q’ _]
- 0§
4| 40 M
10 F .
i @
T * Low W fixed target
T © CORMELL
r B CLAS
3 | o zeus
1D 1 | 1 1 1 1 1111 I 1 1 1 11111 I
1 10 10
W [GeV]
re) T T T
£ C * Fixed target Q! [GEV2] H ]
£ r ; ;éus 0. _Hﬁ'}“
= L #* ALICE 'f
T @ LHCb #J{éﬂ
2102 L Wi .
© -##*’ 3.2
Ira 7.0
kel
10 F :1r I %’ A 16 .
- 1%
_ %/f’*_:,.r-fl“* 24
NATARS
1 | 1 1 1 1 11 I 1 1 |
10 102 '1|.'l3
W [GeV]

Horn, P. Kroll, EPJA 52 (2016)

— fit function: oy (W, ju3,) = ay WO ) o g o2 (k)

13 = Q%+ M2

- 0
%o i
-1 _
s World data
-2 o p
5 o
-3 Ao
i x J¥
. w P(28)
4 i 0 Y
™ [ T T T 1 1 T T 11 | | T T 11
) l

Lighter VM: two W-slope regions (negative at low W,

positive at high W)

Heavier VM: only positive W slope



“ L © CORMELL pO ot -

| Qzl[eévzlr:
e TI:EJD"'“* 0. 4
L tag el 102
. SRR .fa-*:r'd' 2.0 -
L 5 40
i { I___..|--.D‘”-"F.n‘ 6.0
L \’r Ly H ? " o 8.0
B LI ERT
* Low W php v a0

® CLAS
HERMES

T * 7
4 EGES 3.7
* Hi a
| o zEus |
1 1 11 111 1 1 11 IIII| 1 1 =
2

3 5 Lowone E
4150
® CLAS “u'*a‘l"*
¢ ¥ HERMES +¢i/{1
* Hi
O FEUS
1 II| 1 1 1 1111 II
2
1 10 10
W [GeV]

Comparison between vector mesons (c, o, )

[1b]

-
(=]

a

™p — wp

10

_Ili;}z[Ge;J’]l T

o,

n HE
*W |

T 2.0 Pk

[ © CORMELL
- m cLAS
o zEUS
| 1 Lo aaal 1 L il
1 10 10
W [GeV]
T . T
* Fixed target Q! [GEV2] H :
; ;éus 0. _H-H'H% :
* ALICE 1A
@ LHCb i
n
L e |
11'.#“’ 3.2
A M z
i » M
! %’ hote. _
]l #/JJF/
J‘,/ +1H 224
Tt
| | L |
2 3
10 10 10
W [GeV]

L. Favart, M. Guidal, T. Horn, P. Kroll, EPJA 52 (2016)

S, (7p = p p’.9) (nb/GeV?)

—_
=
[

—_
[=1
2

0 |

* Q2=3.8 GeV?

_____._._-_-::?-—---"+'___+-_-_-l
) {___-,‘,-.?.'.'.'.'.- - + +
GK (full/)/{,-GK (sea and gluons)
- GK (full), & 41
s VGG

| T (valence and sea)

| GK (valence)

10 10
W (GeV)

Vi

Ix)
IJICD
g
g F

/( He Es(x, £ 1) &
N N

The GPD models
fail to reproduce
o, at low W for p°

At high W, the
contribution of gluons
IS necessary to
reproduce the
measured cross
sections



Reminder from Lecture 1: chiral-even GPDs and DVCS

4 GPDs for each quark flavor (leading order, leading twist, quark-helicity conservation)

conserve nucleon spin

flip nucleon spin
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The quark-helicity conservation approximation holds well for DVCS - but what about DVMP?



The transversity describes the distribution A A
of transversely polarized quarks in a
transversely polarized nucleon

Nucleon Polarization

Chiral-odd GPDs

4 chiral-odd GPDs (parton helicity flip) at leading twist
Difficult to access (helicity flip processes are suppressed)
Chiral-odd GPDs are very little constrained

Anomalous tensor magnetic moment:
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Exclusive w® electroproduction

Y* q-(;ll)\‘l ’ TCO
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e Chiral-odd GPD models predict this ratio
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* Chiral-even GPD models predict this
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Jefferson Lab at 12 GeV

HRS: High-R&spl
'Spectrometer " "

Upgraded CEBAF
« Upto 12 GeV continuous polarized electron beam e : s
» 4 experimental halls, 3 devoted to nucleon-structure studies  JE S ST m =t b e ,.

ah S;:fécf"rometer



Observable
(target)

G, AGbeam(p)

BSA(p)

ITSA(p), IDSA(p)
tTSA(p)
BSA(n)

ITSA(n), IDSA(n)

JLab@12 GeV DVCS program

12-GeV experiments

Hall A
CLAS12

Hall C
CLAS12

CLAS12
CLAS12
CLAS12

CLAS12

CFF sensitivity

Re#(p), ImH(p)

Im3(p)

Im#(p), Im#4(p), ReH(p), Re(p)
Im#(p), ImE(p)
ImE(n)

Im#(n), Re#(n)

Status

Hall A: data taken in 2016; Phys. Rev. Lett. 128 (2022)

CLAS12: data taken in 2018-2019; CS analysis in
progress
Hall C: experiment planned for 2023-2024

BSA: data taken in 2018-2019; Phys. Rev. Lett. 130
(2023)

Experiment just completed!
Experiment foreseen for > 2025

Data taken in 2019-2020, BSA analysis undergoing
CLAS review

Experiment just completed!

Complementarity of the experimental setups in the JLab Halls A/C and B
« Hall A/C: high luminosity — precision, small kinematic coverage, ey topology
Hall B (CLAS12): lower luminosity, large kinematic coverage, fully exclusive final state



Hall-A@11 GeV: high-precision cross sections for DVCS on the proton  eb—ey(p)
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CLAS12: beam spin asymmetry for DVCS on the proton Epepy
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Beyond DVCS: Timelike Compton Scattering

TCS is the time-reversal symmetric process to DVCS:
The incoming photon is real, the outgoing photon is highly virtual and decays in a pair of leptons

TCS i“ Bethe-Heitler (BH)
Y ¥ I i

", g Y,
o J'-rf.'; = f, - e :
;; !:""'";r r
[ M R E E "J‘-‘\ + ; - Q ..P - o
doINT a3, 1M 1 L 1+cos26 . ~__
= - Rel
dO7? dt d(cos 0) de s tQ ri-7 L | % gind

— c082p V2cos O ReM? + cos 3¢ sinff ReM *~ +l£3' 1

T
Incoming photon C em 1 M 1 -|— COS ﬁ' o

— sin 2 V2 cos # ImM "~ + sin 3¢ sin @ ImM ™~ + G

YP—Y™P



First-ever measurement of Timelike Compton Scattering (CLAS12)
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P. Chatagnon et al. (CLAS), Phys. Rev. Lett. 127 (2021)

YP—Y*p—(e’)eTep
Quasi-real photo-production (Q2~0)

The beam helicity asymmetry of TCS
accesses the imaginary part of the CFF in
the same way as in DVCS and probes the
universality of GPDs

The forward-backward asymmetry is
sensitive to the real part of the CFF —
direct access to the Energy-Momentum
Form Factor d(t) (linked to the D-term)
that relates to the mechanical properties of
the nucleon (quark pressure distribution)

This measurement proves the importance
of TCS for GPD physics.

Limits: very small cross section — high
luminosity is necessary for a more precise
measurement



Preliminary CLAS12 results: Beam Spin Asymmetry for
neutron DVCS
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First-time measurement of nDVCS
with detection of the active neutron
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Flavor separation of CFFs using the Hall A and CLAS12 p,n DVCS data

* Preliminary global fits of CFF using neural networks
« Data used: Hall-A pDVCS (11 GeV) and nDVCS (6 GeV) cross sections, CLAS12 pDVCS and nDVCS BSA
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Just ran at CLAS12: DVCS (p, n) on longitudinally polarized target

First-time measurement of longitidunal target-spin asymmetry

Ran from June and double (beam-target) spin asymmetry for nDVCS
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Ao, | ~ (A+Bcosd) Re{F H+E(F+F,)(H + Xg/2E) —EKF, E+...}

— 3 observables (including BSA), constraints on real and imaginary CFFs of various neutron GPDs
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CLAS12: projections for flavor separation with DVCS
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Exclusive =¥ electroproduction in Hall A at 10.6 GeV
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Gt1>> G, OTL Indication of significant transverse component

Confirmation of the trend observed in 6-GeV data
— dominance of transversity GPDs
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M. Dlamini et al., PRL 127 (2021)




summary

 DVMP is another way to access GPDs, beyond DVCS, providing in particular the possibility of quark-flavor

separation of GPDs by changing the type of meson
« Several DVMP channels were measured at JLab at 6 GeV:

Most of the currently available experimental DVMP data for vector mesons are not in a region in which the
leading-twist handbag applies: the data follow the leading-twist predictions only at very small values of xg, and

Q? larger than about 50 GeV~Z.
Substantial contributions of transverse photons is observed in the light pseudoscalar meson channels (exclusive

n° and n electroproduction)
The dominance of transverse photons opens new and unigue opportunities for accessing the transversity GPDs

over a large kinematic range.

» New results on DVCS and DVMP have started to come out of data taken after the 12-GeV CEBAF upgrade:

High precision DVCS and n° cross sections from Hall A, confirming the transverse cross section dominance
New beam spin asymmetries for pDVCS from CLAS12, covering a wider kinematic range and providing new
constraints to CFF fits

New beam-spin asymmetries for nDVCS from CLAS12, allowing flavor separation of CFFs using neural-
network-based global fits, and having strong sensitivity to Im&

The first-time measurement of TCS, at CLAS12, proves the universality of GPDs and the relevance of TCS in
the quest to determine the pressure distribution in the proton via the measurement of the D-term



Back-up slides



Commonly

Particle | Particle Antiparticle Quark Rest mass G PC . o decays to
4 * 14] 2 I ¢+ J°"% | 8 | C $| B #| Meanlifetime(s) # N
name | symbol symbol content! (MeV/c<) (»5% of
decays)
Pion!"] o m ud 139.570 39 + 0.00018 | 1~ 0 0 0 0 |2.6033 +0.0005 x 1078 11* +v,
Pionll | ° Self == | 1349768200005 | 1T 0 0 | 0 | 0 8.5+0.2x 10717 vy
Particle | Particle Antiparticle | Quark Rest mass c . Commonly decays to
’ J° S c B' Mean lifetime (s)
name | symbol symbol | content (MeV/ice) (>5% of decays)
. K"'+K or
Phi - - — —22If 0, Ko
meson2! $(1020) Self ss 1,019.461+£0020| O 1 0 0 0] 1.55+0.01 x 10 Kg + K or
(p+m/(m +m +1)
Commonly
Particle | Particle | Antiparticle | Quark Rest mass c . decays to
” © JF S C B’ Mean lifetime (s)
name symbol symbol | content (MeVic<) (»5% of
decays)
Omega ek T+ or
¥ o | w(782) Self wutdd | 78266+0.13 | 0 17~ 0 0 0 | (758:0.11)x10723s -
mesonl®] V2 m+y
Commonly
Particle | Particle Antiparticle Quark Mass decays to
$ P + - 2 I ¢ JPC 2 8 2/ C 4| B #| Meanlifetime (s)@ # y
name | symbol symbol content'™] | (Mev/c?)@ (>5% of
decays)
Charged
rho p (770) p (770) ud | 775.11:034 | 1* 1 0 0 0 | (4.415+0.024) x1072401 | ¥ 4 o
mesonl®]
Neutral o
tho | pY(770) Self ““;;d 77526£025 1t | 1T 0 0 0 |(4.453£0.027)x10°240) | 1f 4 p

meson!®]

Definitions:
Vector mesons: spin 1, odd parity JP=1"
Pseudoscalar meson: spin 0, odd parity JP=0-



DVMP @ CLAS12: exclusive ¢ electroproduction
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