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Introduction

Outline

@ Introduction
@ Nucleon 3D-imaging & Generalized Parton Distributions (GPDs)

© Deeply Virtual Compton Scattering (DVCS): ep — epy

@ Experimental program at Jefferson Lab

o Recent results on DVCS and 7° production
e Experiments at 12 GeV

© Summary
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GPDs & DVCS

Deeply Virtual Compton Scattering (DVCS): v* p — v p
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GPDs & DVCS

DVCS experimentally: interference with Bethe-Heitler

DVCS
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Access in helicity-independent cross section Access in helicity-dependent cross-section
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GPDs & DVCS

Leading twist GPDs

8 GPDs related to the different combination of quark/nucleon helicities
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4 chiral-even GPDs: conserve the helicity of the quark

Access through DVCS (and DVMP)
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GPDs & DVCS

Leading twist GPDs

8 GPDs related to the different combination of quark/nucleon helicities
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4 chiral-odd GPDs: flip helicity of the quark
“transversity GPDs"
Experimental access more complicated (¥ electroproduction?)
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GPDs & DVCS

Kinematic coverage

Kinematic complementarity between different facilities:
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DVCS @ JLab

The GPD experimental program at Jefferson Lab

@ Hall A: high accuracy, limited kinematic coverage
e Hall B: wide kinematic range, limited precision

e Hall C: high precision program at 11 GeV

Partially overlapping, partially complementary programs
with different experimental setups J

The roadmap:
e Early results (2001) from non-dedicated experiment (CLAS)
°
° . precision tests + more spin observables
e Compeling DVCS experiments in Halls A+B+C at 11 GeV (22017)
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DVCS @ JLab  Recent results

Experimental setup

High Resolution Spectrometer
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DVCS @ JLab  Recent results

DVCS cross sections: azimuthal analysis

DVCS BH
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DVCS @ JLab  Recent results

DVCS cross sections: ()>~dependance

CPVES(F,Fr) RelC* (F)] Re[C* (Fery))
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No @Q?-dependance within limited range = leading twist dominance J
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DVCS @ JLab  Recent results

DVCS cross sections: kinematical power corrections
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KM10a

Kumericki, Miiller,

Nucl. Phys. B841, 1 (2010)

@ KM10a: global fit to HERA x-sec & HERMES + CLAS spin asymmetries
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DVCS @ JLab  Recent results

DVCS cross sections: kinematical power corrections

¥

—t=0.17 GeV*

—t=10.23 GeV?

—t =0.28 GeV?
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b Kin2
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Q% =1.8—2.0 GeV?

---- Bethe-Heitler

— KM10a + TMC*
Braun et al.,
Phys. Rev. D89, 074022

@ KM10a: global fit to HERA x-sec & HERMES + CLAS spin asymmetries

Kumericki and Mueller (2010)
@ Target-mass corrections (TMC): ~ O(M?/Q?) and ~ O(t/Q?)
Braun, Manashov, Mueller and Pirnay (2014)
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DVCS @ JLab  E07-007

Rosenbluth-like separation of the DVCS cross section

olep—epy)= |BH|> + ZI(BH-DVCS) + |IDVCS|?
N—— N— N———
Known to ~ 1%  Linear combination of GPDs Bilinear combination of GPDs
Toc 1)y = (k/v)?,
}7’])";("‘5"29( 1/y? = (k/v)?

BKM-2010 — at leading twist — 7 independent GPD terms:
{Re, Im [CF, TV, CEA] (F)}, and  CPVOS(F Fe).
p-dependence provides 5 independent observables:
~1, ~ cosp,~ sinp, ~ cos(2p), ~ sin(2y)

The measurement of the cross section at for exactly
the , provides the additional information in order to

extract all leading twist observables independently.
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DVCS @ JLab  E07-007

E07-007: DVCS beam-energy dependence

@ Cross section measured at 2 beam energies and constant Q2, =g, t

E =45 GeV E =5.6 GeV
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@ Leading-twist and LO simultaneous fit of both beam energies (dashed line)
does not reproduce the data

Light-cone axis in the (¢,¢') plane (Braun et al.): H,,, H,, E,,, E
C. Mufioz Camacho (IPNO, CNRS/IN2P3)
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DVCS @ JLab  E07-007

Beyond Leading Order (LO) and Leading Twist (LT)

Two fit-scenarios:

Light-cone axis in
the (¢,¢') plane (Braun et al.) B _ pertumative | § o
Non-Perturbative

x-§ x+§&
LO/LT + HT
Hyy, Hyt, Hoy, Hoy

q(+-) q'(+)

LO/LT + NLO Perturbative
H++, IFH-H—: H_+, ﬁ[__;,_ Z?g-perturb;:ée
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DVCS @ JLab  E07-007

E07-007: DVCS beam-energy dependence

@ Cross section measured at 2 beam energies and constant Q?, =g, t

- - FitLT/LO .
s — Fit HT /]
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® Leading-twist and LO simultaneous fit of both beam energies (dashed line)
does not reproduce the data

@ Including either NLO or higher-twist effects (dark solid line) satisfactorily
reproduce the angular dependence
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DVCS @ JLab  E07-007

DVCS? and Z (DVCS-BH) separation

DVCS? and Z (DVCS-BH) separated in NLO and higher-twist scenarios
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DVCS @ JLab w0 electroproduction

7 electroproduction (ep — epr)

At leading twist:

A by

! 1 1 . N
ML o /1d$|:x_§ + l’—|—§:| X {FlHﬂo—f-FgEﬂo}

Different quark weights: flavor separation of GPDs

_ ~ 1 (2 ~ 1 ~
oy _ 1 L\ _ 4 1774
|7V) = 75{|uu> |dd)} H.o = \/5{3H + 3H }
4 u 1 d
Ip) = |uud) Hpves = §H + §H
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DVCS @ JLab

w0 electroproduction

Exclusive ¥ electroproduction cross-sections — Hall A

o (VGG model)

/
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e or +epor ~Q°
(similar to o7 (ep — epr™t) measured in Hall C)

e GPDs predict o7, ~ Q™6

@ o7 likely to dominate at these QZ,
but L/T separation necessary (— new experiment. .. )

E. Fuchey et al., Phys. Rev. C83 (2011), 025125
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DVCS @ JLab w0 electroproduction

Rosenbluth separation

d*c 1 dor doy, dor
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DVCS @ JLab w0 electroproduction

70 separated response functions
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DVCS @ JLab w0 electroproduction

7¥ L/T separated cross section

@ Cross section largely dominated by transverse component

— far from asymptotic prediction of QCD

o Fair agreement with models using modified factorization approach

— potential access to transversity GPDs

@ Indications of small longitudinal response through non-zero oy
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DVCS @ JLab LDy target

E08-025: DVCS and 7 off quasi-free neutrons

@ LDs as a target
® Quasi-free p evts subtracted using the (normalized) data from E07-007

@ Concurrent running: switching LD2/LD2 — minimize uncertainties

D(e,en®)X —p(e,en)p = n(e,en®)n + d(e,en’)d

G

216

n(e, e )n +

"

L Tub b

A 1o bt B
i %;ﬁ‘% +‘F'r‘]l'ﬁ D+( :{j’f no)j

----------- o

AMZ =t(1— M/,

AR RARA LA RARN AR RARN RN RAR

‘.‘l"|‘.‘|‘.‘d(‘ehe'ﬁl‘]).d‘l‘.‘l‘.‘ N
0 02 04 06 08 1 12 14 16 21.8

The average momentum transfer to the target is much larger
than the np relative momentum, justifying this impulse approximation
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DVCS @ JLab

LDy target

7V electroproduction cross section off the neutron
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. . . . . bl F
negligeable within uncertainties o [SF
gl bf__ n(e, e n
+
0 §_ Shaded area = fit +
o Very low FEjeqyn dependence of the n oEf 2ot uncertainty
H H R L
cross section — dominance of or N d(e, end)d
YT T T SN ST YT ST ST SN Y ST ST SR SN N S
700 200 B 0deq)
3 osk E = 4.45 GeV . E=5.55GeV
ii, £
= 0.4;— r
Sl5osr & ! 3 7——"
T £ ——— 1.0
bj%o oF n(e.e'z")n L 7 GK11
© E —=—d(e,e'7%)d
01k L Shaded area = syst. uncertainty
cﬁ Q & .. 5 & & n
01555 o7 ois . 008 01 015,
t' (GeV?) t' (GeV?)

C. Mufioz Camacho (IPNO, CNRS/IN2P3)

3D structure of hadrons @ JLab & EIC

06/21/2018 25/ 35



DVCS @ JLab LD target

Separated 7 cross section off the neutron
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M. Mazouz et al, Phys.Rev.Lett. 118 (2017)

In the modified factorization approach (KG):
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JLab @ 12 GeV ~ Hall A

E12-06-114: JLab Hall A at 11 GeV

JLab12 with 3, 4, 5 pass beam
(6.6, 8.8, 11.0 GeV beam energy)

DVCS measurements in Hall A/JLab |

‘%10 /.
S -
: 7
7
7

7

/ [ ] weagev?
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/ [ ] Euum66GeV

Eyeun= 8.8 GV

[ B 11:0Gev
/ I:lE n=5.75 GeV.
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1 year of operations in JLab/Hall A
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Cumulated statistics

Jlab @ 12 GeV  Hall A

Period Kinematic Q? Xy % target
Charge
F'14 361 320 0.36 100.0
F'16 362 3.60 0.36 100.0
F'16 363 4.47 0.36 100.0
Sp '16 481 2.7 0.48 100.0
) Sp '16 482 4.37 0.48 56.6
Scaling tests of the DVCS cross section
350 Sp '16 483 533 048 76.4
E [
S Sp '16 484 6.90 048 53.0
ash S 12 GeV F'16 601 554  0.60 100.0
S —F16- 602 610 0.60 00
o s 110w
E Fall 14 :x\:; x5=0.36 =6days F'16 603 8.40 0.60 100.0
1.5 .
1 _ _ H 2 _ i 2
E spring’16 %xy=0.48 =20 days F-Fall Sp-Spring Q2%-in GeV
05—
F 3 . =62 days ~50% of allocated 100 PAC days
% 2 4 s BT from Fall 2014, Spring 2016, and Fall
Q? (Gev?) 2016
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Analysis status

Jlab @ 12 GeV  Hall A

P Beam Studies
v Beam energy measurement
v Polarization measurement
v Raster calibration
v BCM/BPM calibration

Ql B

M-E:Christy ]

P High Resolution Spectrometer
v Trigger Efficiency
v Particle Identification
v Optics calibration
v Tracking Efficiency
v Acceptance Studies
v DIS x-section

P Calorimeter

v Coincidence time correction

v Waveform analysis

+ Elastic and mt° calibration

v T11° electroproduction (in progress)

I I | I

C. Mufioz Camacho (IPNO, CNRS/IN2P3)

1 Il L
05 1 15 2 25 3 35
Set momentum from dipole ‘G\-y/:-

Q1 Status
Fall 2014 : Old Q1 at full field

+DVCS Simulation

Spring 2016: Maximum current was limited to 2.8 GeV setting (detuned)

Fall 2016: Q1 saturated

3D structure of hadrons @ JLab & EIC

8

B. Karki - Hall A Coll. Meet. (Jan'18)

06/21/2018

29 / 35



« Geant4 reconstructed photons energy smeared with

0 Gaussian(mean,sigma).
ﬁ « (mean,sigma) computed by »2 minimization :
E o=y data_Mx*-geant4_Mx*
2000 — t r= o*(data_Mx?)
F ‘ZLT_ « (mean,sigma) dependence against position in calorimeter
F ; .
r i L Smearing map : mean Smearing map : sigma

e
H

Mx2=(e+p-e’-y)?

S

<« Mx2cuts —

5,

02 04 06 08 1 12 14 o2
M (GeV?)
Normalized Geant4 smeared missing mass o.14
o2
VS I I S e I N i
data =
F. Georges



Jlab @ 12 GeV  Hall C

E12-13-010: DVCS in Hall C

e HMS (p < 7.3GeV): scattered electron
e PbWO, calorimeter: /7¥ detection
@ Sweeping magnet

sango=_|
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Jlab @ 12 GeV  Hall C

E12-13-010: beam energy separation in Hall C

Q? vs x, coverage in Halls A and C
"Hall C 11 GeV

10]Hall C 6.6 GeV /

-
L)

Q2 (GeV?)

8Hall A 6.6 GeV,
-Hall A 5.75

6
L Resonance region
rl W <2 GeV

Inaccessible ar

with E; <11 GeV r

2_
% 0.1

Xg

Approved by the PAC, possible running in 2 2020
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Projections

Jlab @ 12 GeV  Hall C

NPS cantelevered off SHMS platform

-t(0.030 - 0.070) GeV?

-(0.070 - 0.102) GeV?

-(0.102 - 0.142) GeV?

do/dQ?dxdtd (pb/GeV*)
S
<

l// ‘ IR

C. Mufioz Camacho

0 05 1 15 2

NPS angle range: 5.5 — 30 degrees —
%
Q 100
s |
R
oo = 0.229 (] PbF2 — g 0 i |
E3 / / /
Oppuos = 0.127 kel
PbWO, 2 |
5-100
@ Improved F 5
: z N I
resolution wrt 3 4(0-360) deg
Hall A
25
MM Gev?
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Jlab @ 12 GeV  Hall C

NPS construction
NPS Project Status

Four fully approved experiments, one conditionally, one PAC46 proposal
supported by NSF MRI PHY-1530874 (CUA, OU, ODU), international (IPN-Orsay, Glasgow, Yerevan), JLab

O Magnet: corrector coil, main coil and yoke
steel at JLab, assembly has started, testing
and field map next

O PMT and HV bases: design drawings final, prototyping,
procurement started, first articles received

O Frame and integrated systems: concepts and initial
design complete, detailed drawings to be presented

later this year prototype tests ongoing
O Crystals: 460 crystals procured from SICCAS in 2017,

400 SICCAS + 100 CRYTUR procurement ongoing in
2018, full crystal testing facilities established at CUA
and IPN-Orsay, chemical analysis and crystal growth

NPS crystal prototype in collaboration with Vitreous State Laboratory @

; and irradiation studies CUA, synergy with EIC crystal calorimeter R&D.
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Conclusion

Summary

e Hall A & C GPD program is dedicated to precision measurements of

DVCS and DVMP:

o Exploit the high luminosity and excellent detector capabilities of
JLab12

e Understand the contribution of higher order and higher twist

@ Large and accurate set of data is now available

e Dominance of leading twist, but. ..
o Necessity of higher twist corrections to explain high precision data

@ Compeling GPD program in the future at Jefferson Lab 12 GeV
in all 3 electron Hall A, B & C.
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Back-up
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DVCS process: leading twist ambiguity

@ DVCS defines a preferred axis: light-cone axis
@ At finite Q? and non-zero t, there is an ambiguity:

© Belitsky et al. (“BKM", 2002-2010): light-cone axis in plane (¢,P)
@ Braun et al. ("BMP", 2014): light-cone axis in plane (¢,¢)
easier to account for kin. corrections ~ O(M?/Q?), ~ O(t/Q?)

For= Fip + 3 [Fiy +F 4] — xoFoy p,—o |+ =0t $)F
Fop = Foy+ S Fey +F 4] = xoFor p ——2 ¢ Fy = 3F4s
For = —(L+x)Foy +xo0[Fiy +F_4] o For = xoF++

(eg. o = 0.25, x = 0.06 for Q? =2 GeV?, zp = 0.36, t = —0.24 GeV?)
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