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Generalized Parton Distributions (GPDs)

DIS Parton Distribution Functions Elastic Form Factors

No information about
the underlying
dynamics of the

No information on
the spatial location
of the constituents

system
« Elastic Scattering (ep > ¢’p’) =2 Elastic Form Factors =» Spatial distribution
« |Inelastic Scattering (ep = ¢’X) =» Parton Distribution Functions  =» Momentum distribution
« DVCS (ep > e’p’y) =>» Generalized Parton Distributions =» Spatial-Momentum correlations

& Spin structure



Deeply Virtual Compton Scattering (DVCS)

: o, , 2

i R In the Bjorken Limit: Q% = _f : z } vp= @ fixed
q v i Hard part

X+E / x—&  (QCD, can be computed)

"""""""""" Factorization | DVCS: ep > e’p’y

, Soft part
P “H/xEn ExEDH - P Parametrized by GPDs

k) £ (el
Proton structure described by 4 quark GPDs:

t=(p'-p)’ H EHE

XB
Ez

DV CS cross section = GPDs = Description of the proton internal structure.



GPDs and Compton Form Factors (CFFs)

k/ ky’* ; The variable x is not experimentally accessible with DVCS.
q In the DVCS amplitude, GPDs are integrated over x or
X 4E / X—§ evaluated in x = ¢,

p geccc.:) E(xCH P To study GPDs, one must extract Compton Form Factors:

WE
ReH, (5t) =P ['[H,(x,5t) — H (—x,5 )]

(= (p-p)
£~ prp ”ﬂ% (E: t) — Hq(Er E' t) o Hq(_E' E' t)
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DVCS and Bethe-Heitler

k electron k’
proton p’
ep—epy DVCS Bethe-Heitler

A Sm
d° 0 +d° ¢ = |BH|? + Re(TBH . TPVCS) 1 | DV CS|?
}

Known to 1% (. 1. kelly. Simple parametrization of nucleon form factors. Phys. Rev. C 70, 068202, 2004.)



DVCS at Jefferson Lab, Hall A — Goal

 Data acquisition between Fall 2014 and Fall 2016.

100 days of beam (88 + 12 calibration)

kinematic | Q* (GeV?) Xp
k36 1 3.2 0.36
kin36 2 3.6 0.36
kin36 3 4.5 0.36

« E12-06-114 goals:
« Scaling test: Wide Q? scans at fixed Xg (larger Q2 lever arm than
previously & several values of Xg).

» Separation of Re and Im parts of DVCS cross-section amplitude.

|  DVCS measurements in Hall A/JLab |

<—— postponed

Unphysical with E__ <11 GeV|
[ ] Eeeam=66GeV

|| Ean=8.8GeV

[ ] Ewan=11.0GeV

[ ] Ewern=575GeV
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<— postponed




DVCS at Jefferson Lab, Hall A — Apparatus

o Jlab: 12 GeV electron accelerator facility + 4 experimental Halls (A, B, C, D).

Pion
S2 Rejector 2

« Electron beam: e

« Liquid Hydrogen target: p
* Spectrometer: detect e’

» Calorimeter: detect vy

* p’not detected

| e : == g  DVCS missing mass:
f_; Tl - — ‘ 5 ep - e’X'Y

Missing mass2= (e + p - ¢’ - y)?

Exclusivity of the DVCS
process is ensured by a cut on
the missing mass.

R



Event selection and exclusivity

« Vertex: cut the target aluminum walls. Aluminum walls

/ \
» Calorimeter: 12000 [
e Only 1 photon detected. 10000 B . Mﬂn e
« Minimum photon energy: cut low energy background. L H“H%

8000

« Energy leaks on the edges: cut photons in edges blocks.

e Spectrometer:

 Electron identification: Cherenkov & Pion Rejector cuts to | <o
eliminate 7.

« Single track: cut events with multiple tracks.
 Acceptance cut: the R-Function. %
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Spectrometer acceptance: the R-function

8, vs. 5p . ¢tg vs. &p

o H‘b[rad)
o2 o ©

Spectrometer acceptance: 5-dimensional.
 Naive approach: five 1-dimensional cuts.

- Inefficient (variables are correlated).

« Better approach: cut on the distance of the electron to the
acceptance edges.

-> Efficiency multiplied by 2.

« The R-function computes this distance: the R-value.

(Courtesy of A. Johnson) | MGEvents

Data Events

- If R-value > 0 the electron is inside of the acceptance.

« Cut on R-value: R-cut. Data and Geant4 R-value
distributions must agree for R-value > R-cut.

Number of Events (Scaled)

Identical cuts will be applied to both data and simulation to
compute the acceptance.
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Background subtraction: accidental events

« DVCS event: photon & electron are detected in
coincidence in [-3 ns, 3 ns.

* Photon & electron can come from different events
and be in coincidence - accidental events.

o Subtraction of accidental events:

 The probability for accidental events in [-3 ns, 3 ns] Is
the same as in [-3+n ns, 3+n nsj.

 Beam time structure: 4 ns.

—> Subtract events detected in [-11 ns , -5 ns].
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Background subtraction: n® contamination

* ep > e’p’yandep > e’p’nl can both occur.

« 10 > vy : if asymmetric decay, low energy photon can be missed.
* ep > e’p’y(y) wrongfully identified as DVCS.

Y

Lorentz boost direction 0
> p  Case 1: Symmetric decay

Y

Lorentz boost direction °
> »  Case 2: Asymmetric decay

v

7’ center of mass frame Laboratory frame 12



« 10 contamination subtraction method:

* ldentify n¥ in data:

» 2 photons.

» Avoid calorimeter edges (energy leaks).

* Invariant mass m?, = 2E  E ,(1 - cosb,;,,
 For each n%: MC simulation 7 > y vy
« Subtract from DVCS data:

* Normalized MC events with only 1 photon detected.

) compatible with 7°.

- Advantage: ep > e’p’aP cross section taken into
account by using n° data.

« Subtraction efficiency checked with Geant4

- “Octagonal cut” (acceptance effect).

y (cm)
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n0 subtraction efficiency depending on
the position in the calorimeter.
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Recoll proton identification: the missing mass cut

* DVCS missing mass: ep =2 ¢’ Xy

sz — (e + p _ ea _ y)z 3000 J_|_|J
Exclusivity of the DVCS process Is 2500 o
ensured by a cut on the missing mass. rH

7

2000

« Remaining contamination: SIDIS 1500

R
]

ep > e’p’yX - HJJ r jﬂ%
SIDIS process with lowest missing mass; | %" rA IIJ B
ep 2 e’p’yn® (My2 = 1.15 GeV?). o e
* M2 < 1.15 GeV? eliminates (most of) B
SIDIS contamination. R ISR i N I BRI B R
0 0.2 0.4 0.6 0.8 1 1.2 4

« Systematic uncertainty. | | | Ve



Corrections

* Trigger efficiency: measured > 99%

« Beam polarization: measured 86%

 Dead time: 2% - 3% correction.

 Spectrometer multi-tracks: 4% - 7% correction.

 Calorimeter multi-clusters (1 DVCS y + X) : 0.5% - 2% correction.



Geant4 simulation and radiative corrections

\V

» Acceptance computation = Geant4 simulation:
 Target + beam line + calorimeter fully implemented.
» Spectrometer: only entrance window, then R-function.

» Real radiative corrections (event generator):
» Bremsstrahlung for incoming electron (straggling effect)
* Internal Bremsstrahlung
 (Final state particles: handled by Geant4)

Advantage: radiative tail taken into account in acceptance computation.

 Virtual radiative corrections (preliminary):
» Expected to be similar to previous experiment E00-110.
» 3% correction to polarized cross sections, 6% to unpolarized cross sections.




Radiative tail + energy resolution - DVCS events lost due to missing mass cuts.

Compensation: same cuts applied to simulation - need distributions to match.
» Energy leaks + Cherenkov photon not simulated - Calibration + Smearing.

Geant4 reconstructed photons energy smeared by a Gaussian(u,o).
(u,0) computed by ¥ minimization:

2__ 2
X2 — Z data_Mx“—geant4_Mx
o?(data_Mx?)

(n,0) dependence with respect to the position in the calorimeter.
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Cross sections extraction

* Four-fold cross section: Q?, xg, tand ¢. L/"Y* v
(each kinematic setting: 1 Q? bin, 1 Xg bin, 5 t-t_. . bins, 24 ¢ bins) q& -
X+ -
e One method: L =---E- / ------- \ ------
do Nex i — Nsimu 3
"aa " Laa with  AQ = N Al P ABG.C.) E (SN P
and L integrated luminosity. I~ Hxtn ExgD CE
* Then fit cross sections, CFFs... \_/
Q* = —q° ,
t=(p-p)

* Another method, that we use:

* Fit number of events with CFFs parametrization of
Cross section.

-> Correct bin migration.

-> Integrate kinematical dependences over the
experimental acceptance.




The cross section fitting method

=L [ 22dQ

simu

=Y. (Nexvo-_ Nsimu) with N

exp

Parametrization o = };,, F, X, with F, kinematic prefactors and X,

CFF combinations up to fwist-3.

Example: 0 = K,CFF,+ K, cos(¢) CFF, + K, cos(2¢) CFF,

(A.V. Belitsky and D. Muller. Compton scattering: from deeply virtual to quasi-real. Nucl. Phys. B878, 214-268, 2010. arXiv:1212.6674.)

 F, integration & bin migration computed W|th the S|mulat|on
* v2 minimization with respect to X, | |

- Fit X, (3 for unpolarlzed, 2 for polarlzed)
> Compute O = 2n iy

- Compute N

simu

dG 200_

> Reconstruct &z = New %n
dql N K9]

simu 100

400

—Lf—f—dﬂ

1|
0 S50 100 150 200 250 300 350

Kinematic setting \%wm,/(l(),f \fm,/(lof
361 2.28 0.89
362 1.69 1.20
36_3 1.14 0.76
48 1 1.64 1.02
48 2 1.41 1.05
48 3 1.33 1.25
48 4 1.29 1.07
60 1 1.61 0.78
60_3 1.13 1.05

<& (degree)

= Experimental number of

events

= Fijtted number of events




Preliminary systematic uncertainties

« Main systematic uncertainty: missing mass cuts.
« Leftover SIDIS contamination below 1.15 GeV?2 (detector resolution).
 Data and simulation missing mass distributions imperfect matching (smearing).

—> Define cuts where matching is still good.
—> Systematic uncertainty: cross section variations when the cut is changed.
—> Point-to-point systematic uncertainty: ~ 2% - 5%.

. L4 ' Systematic uncertainty Value (%)
900} 50 HRS electron identification * 0.5
800 [P Ty | ‘;-1 osk HRS multi-track correction * 0.5
ook rf '”I.j ;E i HRS acceptance (R-function) * 1.0

- 5 I < 05— Luminosity and dead time * 1.0
8001 I Hl | i Virtual radiative corrections * 2.0
500/ — JJ - .LW{ - 10al ' Beam polarization 1.0 (2.2)
400— | n i : CFFs parametrization 1.5
e |- | 11. 1.02[L Total (unpolarized) 3.0
sooE- .-fj l'“H,L i Total (helicity-dependent) 3.1 (3.7)
ool fﬁ T N * Evaluated from Preliminary

002_.,T7-;_:, o os Tos i iz ia 0'980;9' X e I IR experiment E00-110

3
M2 (GeV?) M2 cut (GeV?) 20



interference increases at ¢ = 0° and ¢ = 360°.

Preliminary results

 Unpolarized: DVCS term dominant at ¢ = 180°,

« Twist-2 dominant, Twist-3 compatible with 0.

d*c (nb/GeV?)

30 x107®
- —+4— Experimental cross section
-
: Fitted cross section
25 - Bethe Heitler
: KM15 model
20 — KM10a model v
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150 ———= ReCI(F ), twist-2
a Re C(F_), twist-3
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Fitted cross section
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Preliminary results

Unpolarized: DVCS term dominant at ¢ = 180°,
interference increases at ¢ = 0° and ¢ = 360°.

Twist-2 dominant, Twist-3 compatible with O.

with model KM10a than KM15.

Polarized: good agreement of both models with data.

30

KM10a & KM15: global fits to DVCS data. http:/calculon.phy.hrigpd/
KM10a: does not use Hall A data.

« KM15: use Hall A and CLAS data up to 2015.
Unpo|arized: models overshoot data’ better ag reement K. Kumerigki, S. Liuti, and H. Moutarde. GPD phenomenology and DVCS fitting. Eur. Phys. J. A. 52,

157, 2016. arXiv:1602.02763.

K. Kumeri¢ki and D. Muller. Description and interpretation of DVCS measurements. EPJ Web of

25

d*c (nb/GeV?)
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15

—+4— Experimental cross section

Fitted cross section

Conferences 112, 01012, 2015. arXiv:1512.09014.
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d'o (nbiGeV?)

d'o (nbiGeV™)
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Preliminary results
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Summary and Outlook

 First DVCS experiment at 11 GeV in Jefferson Lab Hall A.

» Measured unpolarized & polarized cross sections (preliminary results):
* 9 Kinematic settings.
120 bins for each setting.
* CFFs extracted.

:|- Total of 1080 new data points.

 Outlook:
 Simulation smearing improvement (weighting with DVCS cross section).
 Finalization of systematic uncertainties assessment.
« Study of the Q¢ dependence of the CFFs (scaling test).



Thank You !

Questions ?



Backup



DVCS cumulated statistics

Im C'

Scaling tests of the DVCS cross section kinematic 7 of target PAC
3.5¢ charge days
af Kin36_1 100.0 O —
| %3 1000 1
2.5 IN .
» ' \ —
o A Kin48_1 100.0 0 ——
' Fall’14 e ** x5=0.36 =6 days kind8 2 56.6 4 —
1.5 kin4d8_3 76.4 4 —
£ Kind8_4 53.0 R —
- Spring’16 [ R SR }““’:X]xs=o.4s = 20 days kin60_1 100.0 13
0.5 xR X - 62 days kin60_2 0.0 16 +—
N ST - A B kin60_3 100.0 13
- o kin60_4 0.0 20 +—
Could not go back and complete kin48 [234] because of ~50% of beam time allocation completed -

beam energy change over the summer 2016. between 2014 and 2016. 29



DVCS Calorimeter DAQ
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« Jlab : High Luminosity > Challenge : Pile-up.
* Analog Ring Sampler boards : 1GHz Digitizer electronics, 128 ns samples.
—> Allows clear identification of DVCS photons and pile-up resolution.

—>Challenge: Large amount of data to deal with, need “smart” trigger.

30



DVCS Trigger System

e Level 1 — Electron Trigger in Spectrometer:
 Coincidence: Scintillator paddle + Gaz Cerenkov detector.

* If Level 1 trigger fired > Level 2 — Coincidence with Calorimeter:
» Calorimeter ARS boards freeze.
* Look for event in Calorimeter.
 Energy threshold.

* If level 2 fired > Event recorded (ARS encoding slow > dead time).
* If level 2 NOT fired > Event NOT recorded (no ARS encoding > fast).
* Then, clear ARS boards and resume acquisition.



Event selection and exclusivity

 \ertex: cut the target aluminum walls.

 Calorimeter:
* Only 1 photon detected.

« Minimum photon energy: cut low energy background. Aluminum walls

» Energy leaks on the edges: cut photons in edges blocks. / N\
. 12000 — st J‘"“Ll’-"‘“ﬂf_‘...,,ﬂm
* Spectrometer: - <
 Electron identification: Cherenkov & Pion Rejector cuts to oo 7 T \J
eliminate . C IS i
- - - | | il
« Single track: cut events with multiple tracks. 8000 — | |- — Pl
* Acceptance cut: the R-Function. - | |
10° = 7 ' 4000/ -
100 T T1 HHH_I_‘ - E-H B {
. T el i __ 2000 — | i
10° = P -tmhf‘m,‘ i SR %%frﬁﬂf_f ) - |
, 102: , -%-.1‘; -'0.‘08 | -o.‘oe 004 -‘o.loz“ 0 002 0.64 | b.ée 008 '6.1
10° &7 E , vertex (m)
105_ 10E
o s oo isoo 2oco | zsos o0 'o oo 4oo eoo. 800 1000 1200

Cherenkov total energy (ADC channels) Normalized Pion Rejector total energy (ADC channels)



Coincidence time correction

* Trigger jitter correction.

« Scintillator S2 paddles relative
time correction (cabling).

* Photon travel time in S2
correction.

* Electron travel time in the
spectrometer correction
(dispersive angle and
momentum).

o(ns)

0.5

A o w4

jitter

jitter, offset calibration

jitter, offset calibration, S2m paddles

jitter, offset calibration, S2m paddles. Y position

jitter, offset calibration, S2m paddles. ¥ position, 8-HRS

jitter, offset calibration, S2m paddles, ¥ position, 8-HRS,momemtum

(Courtesy of Dr. M. Dlamini)

0

50

100

150 200
Calorimeter channel number
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Simulation calibration and smearing

Radiative tail + energy resolution - DVCS events lost due to missing mass cuts. | '8¢
i . ) ] .. ) 1600|
Compensation: same cuts applied to simulation = need distributions to match. ol
» Energy leaks + Cherenkov photon not simulated - Calibration + Smearing. -
1200
Geant4 reconstructed photons energy smeared by a Gaussian(p,c). 1000
(u,0) computed by ¥? minimization: 800
2=y data_Mx*—geant4_Mx? 600
X = o?(data_Mx?) 400| -
(u,0) dependence with respect to the position in the calorimeter. 2"";
% 02 04 06 08 ‘.‘é1.4'2
M G (GeV) M; (GeV?)
£ F 112 B -
‘;' 20( i 20/— !0-4
15:— 11 15?— o s
10f 10:
5; 1.08 5: 03
0 1.06 s .
-5 5
10F 1.04 o = oo
'15} 1.02 45? 0.15
-20; -20:
2“0 1|5 1‘0 5 C‘) g 1|0 15 1 - E“O 1|5 10 l5 (l) 5 1‘0 15



Bin migration

* bin migration: (1)) N, =), K, N,
N, = number of events in a bin r, reconstructed: what we measure.
N’, = number of events in a bin v, at the vertex: what we want.

Ideally: N;=N’; if same bins at vertex and reconstructed.
But bin migration (resolution effects, radiative effects, etc...).

K;; = Probability event € bin; > event € bin 4 - What we need to
compute with %,he simulatioh, = (reconsiructed)

* Cross section: (2) N', = L fﬂ Z—gdﬂ

in(M)>@) N, =L,/ K., =d0

35




Cross sections CFFs parametrization

do
¢ (3) Nr =L Zv vaKrvd_Qd‘Q‘

* Cross section parametrization with CFFs: (4) Z—g =Y. F.X,

with X CFFs combinations and F, kinematic prefactors (known).

(4)in(3)> B)N, =L %, % [, K, ,F,X,d0

rvc- nn

 Averaging X, over Q. X > X,
(5)> B) N, =LYy Xn Xy Jo Kol ,dQ)

36



Bin migration computation

* (6) Nr — LZvZann f_Q Kernd‘Q‘

» Notation: K., = [, K, F,dQ
6)> ()N, =LYy 2nK. X0

« Compute K., with simulation:
K . 2 F A‘Q‘l simu
ron noN

le{v—r} gene
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> minimization and CFFs fitting

* ¥2 minimization with respect to X, > fit CFF combinations X,

2 Nexpr NSlmur
X Z( — ) WlthNSlmur_LzzK X,,

T expr

* From fitted CFFs X,
« Compute NSlmur

 Compute —f—‘“ed” = 2nF. X

d*o

N .
- Reconstruct Zeer = Jewr & rieds
dl N _. das

simur




