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Introduction
®0

Motivations

DVCS (v*p — vp)

DVCS through its ¢—dependence
and its interference with BH
provides a rich and clean survey of
GPDs and GPD integrals

P I3 Bjorken limit
v v
i 2
x+§/ x—@ Q >> AQCD
"""""""""" t < Q?

P H®&ED E®EH P
x £ & : momentum fraction

N BGEn E@ED A
\/ tmin — t: Fourier conjugate to transverse

t=(p-p)’ position of parton in nucleon
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Introduction
oe

Motivations

Interference with Bethe-Heitler (BH)

DVCS

LT

= |Tsu* + T + |Tpves)?

Tgpg: independent of helicity,
and exactly known up to form factors accuracy in our —t range (< 1 GeV?)

do _dopn | dow: | dopvos
dd  dP dd dP
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Introduction

@00

DVCS observables

Cross section measurements:
Separation of Im and Re parts of DVCS observables

1.- Helicity-correlated cross section: maginary part
&Py 1 [d50+ d5o_] -

$T 2| BD B

sin(gy )T Sm [cf (f)} — 8in(2¢,)05 Sm {cf (fe“)] + 8in (¢ )T T a1 Sm [COVES (7o %)

Interference BH-DVCS |DVCS|? (twist-3)

» Different ¢, dependence of Twist-2 & Twist-3 interference terms:
= independent determination

> sin¢,,I'? term determines observable Sm [CT=P(F)]:

Sm [che(F)] = Sm [CH(F)]+nsn)3m [CPVEFF)] [{ns1)] Boo-110 < 0.01
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Introduction

@00

DVCS observables

Cross section measurements:
Separation of Im and Re parts of DVCS observables

2.- Helicity-independent cross section: Real part

d°c 1 [dPot o~ d°o(|BH|?) DVCS «
ﬁzg[d5q>+d5®:|: 5D +I'nC (F,F*)+

Known from FF IDVCS|? (twist-2)

(T — cos(¢)TT)Re [CT(F)] + TG aRe [T+ ACT] (F) + cos(264, ) T3 e [T (7))

Interference BH-DVCS

> Re [C1: =P (F)] = Re [C1(F)] + (ne1) COVES(F, F*)

> Re [Ch &P+ ACT OP] (F) = Re [C + ACT] (F) + (o) CPVE(F, )
[(n0,c1)|E00-110 < 0.05
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Introduction

oeo

DVCS observables

From cross sections to Compton Form Factors (F)

F={H,HEZE}
Twist 2:

c'(F) = D + Cut Ue D)~ i PEE )

'+ ACT|(F) = Fi(OH(E L) - 4M2 B(t)E(E,t) — EGu(t) [H(E 1) + E(&,1)]
COVS(F,F) = (=) [HEOH (61 + HEH (& 1)) +

Twist 3:
CFT) = RO ) +EGu AT D) — 1 FaA(DET(E )
CVE(F T = (=) [HT(E D& 1) + HE OH (€, )] +

(FL(t), Fy(t), with —t < Q?)
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Introduction

ooe

DVCS observables

Cross section measurements

Cross sections give INDEPENDENT sensitivity
to Real and Smaginary parts of (combinations of ) Compton form factors

Zef{ R (E.6.0) — Hy—6.€.00]+

Smaginary part (z = +£)

+1 1 1
;P/_l dl‘|:§_aj £+ ]Hf(xft)}

-~

Jeal part
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E00-110: DVCS at 6 GeV
.

Exclusivity

Missing mass squared ¢ p — e v X (E00-110)

5000F — Raw o s000F ep->eyX

[ — m contribution F ep>eyp

L M cut r Inclusive contamination M2 cut
4000 — n° subtracted L 4000

3000 VPBEJ‘IHI w /JJ_JE 3000

ij L] / nrJ‘HJ 2000 ‘}l
J‘P 1000 jj LH‘\.J'Ij
‘,.,-/r Obtained from j H(e,eyp) scaled
H(e,e y 7) DATA el

Lo b b e Ly oo b b b L
0.5 1 15 2 25 0.5 1 15

2 25
W (GeV’) ME (Gev?)

P

o

2000

1000

T

>
>

Competing channels:
» 7Y electroproduction: e p e p 1°X —wepyyX
» Associated DVCS:  ep—e N w7y
» Non-resonant: e p —e N 7 v M% > (M +myo)?
» Resonant: e p — e (A or N*)y m% = 1.52 GeV?
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Results

DVCS cross sections (E00-110)

Accurate determination of ¢, dependence of d3 =

Q2

E00-110: DVCS at 6 GeV

000

= 23GeV2, (t) = —0.28GeV2, zg = 0.36
om? f
0.017
9: ........ e 1
-0.01— .
_0'02; d's (nb/GeV*)
015 ‘ ‘
F d's (nb/GeV')
0.051
G:__‘_“ __________ ===
0 90 180 270 360
¢,,(deg)

—

— ImCLeR(F)
Sm CT (Fef)
— Total fit

— ReCLP(F)

- Re[CT + ACT|P(F)
Re CT (FefM)

— Bethe-Heitler

— Total fit

do: - rich and complex ¢, structure beyond BH
- interesting & complementary GPD information (real part)

Carlos Muiioz Camacho
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E00-110: DVCS at 6 GeV

(o] le]

Results

()?>—dependence: twist-2 dominance

SmCE(F) Sm 7 (FeM)
35 35
3 3
25 1 7 25

~

T[T T T [T [T [T T[T
~

AN AR AR E AR R AR AR RARRN AR RN R

1.5 15
1 1
05 05
) S T T I A ) I | 1 I ) T S Rt

1.4 1.6 1.8 2 22 1.4 1.6 1.8 2 2.2

! 24 ! 2.4
Q* (Gev?) Q* (GeV?)
Larger Q% range for this proposal (2:1 for Q2 > 2 GeV?) will provide:

» Accurate estimate of twist-2 dominance

» Better determination of higher twists

Carlos Muiioz Camacho Los Alamos National Laboratory
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E00-110: DVCS at 6 GeV

ocoe

Results

GPD linear combinations and integrals

E00-110 results
® ReC' Q°-23GeV’ A ImC' Q°=15GeV?
® -Re(C4AC) Q°=23GeV? O ImC' Q°-1.9GeV? .
RoC' (vGa) 0 Ind' G-29G0¢® New experiment
—— -Re (C'+A C) (VGG) ----ImC' (VGG)
5 » Wide range on :
N I > 0.36 < g < 0.6
SE P e 2 2 2
o = » 3GeV” < @Q* < 9GeV
= i) ®
2[ef ; & . .
E > High statistics
1
E - t—dependence at each
o; - IBj and Q2
= ) L]
oF * > Strong test of factorization
e . at each (zg;j,t)
S s w2 g
<t>(GeV)
» t—distributions at one zg; = 0.36
» (Q?—dependence only in Im part
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PR12-06-114
[ Jele)

Physics case

Beam time (days)

Kinematic coverage 0? .
. 2) 036 050 0.60
JLab12 with 3, 4, 5 pass beam (Gg\é ) = ' :
(6.6, 8.8, 11.0 GeV beam energy) 4.0 2
1

DVCS measurements in Hall A/JLab | 4.55

3.1 5
o« 4.8 4
E 10 o 6.3 4
) d 7.2 7
S %/ 5.1 13
/ 6.0 16
% %’ 7.7 13
%, = 9.0 20
5 / 5= 4 (mmpr Total 6 20 62
/ % A Unphysical with E__ <11 GeV|
éf%/ [ Em=66Gev ‘ 1GeV? range in tyin —t ‘
L [ ] Earm88GeV
%: [CJ Eeunm11.0Gev
88 days
|:| Epoun= 5.75 GeV .
250k events/setting

0704 02 0.3 0.4 05 0.6 0.7 0.8 09
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PR12-06-114
[o] Jo)

Physics case

Physics reach

1. Q2 variation:
» 2:1 range at each wp;
» Accurate measurement of twist-2 dominance
2. xgj variation (§ dependence):
» Precision data on variation of t—dependence with x
» Study of transverse correlations
3. t variation:
> 5binsin 0 < tpm —t < 1 GeV?
» Fourier-conjugate to the spatial distributions of quarks as
a function of their momentum fraction =
4. 70 electroproduction cross section:

» Dominance of Twist-2 (isolation of leading twist)
> Sensitive to nucleon GPDs H and E (x the m DA)

Carlos Muiioz Camacho Los Alamos National Laboratory
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PR12-06-114
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Physics case

70 electroproduction: o + or/e

At leading twist:

=50 > IM* (A =0, by, hy)| Xgv  OTX G

A

I b 6 (2) ! 1 1 ~ ~
M* x / dz - / dx . £+$ n f X I‘lHﬂ.o-l-FgEﬂ.o
JO - 1 -

Different quark weights: flavor separation of GPDs

- ~ 1 (2~ 1~
0oy _ 1 =\ _ “ 17U - rrd
|7¥) = ﬁ{\uu> |dd) } H,o = —\/5{31‘[ + 3H }
4 u 1 d
Ip) = |uud) Hpyces = §H + §H

Los Alamos National Laboratory
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PR12-06-114

[ Jele}

Technical issues

Upgrades (from E00-110)

1. Expanded PbF% calorimeter: 11x12 + 76 blocks.

» Higher acceptance for 7° measurements/subtraction.
» Increased t—acceptance: A(tyin —t) = 1 GeV2,

2. Electronics:

» ARS system (as E00-110) + Upgraded calorimeter trigger
(2 thresholds to increase ep — epm® statistics).
» FPGA & VME upgrades to increase livetime & bandwidth.

3. No proton detection: calorimeter can handle 4 < E00-110 rate

4. Flared beam pipe to minimize secondary background in
calorimeter.
(Background dominated by Mgller and 7° — ~~ from target)

Carlos Muiioz Camacho Los Alamos National Laboratory
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Technical issues

Experimental configuration (ep — ey X)

BEAM DUMP

Y

Calorimeter
at 1.50 M

calorimeter
at3.00 M

Carlos Muiioz Camacho Los Alamos National Laboratory
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PR12-06-114
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Technical issues

Calorimeter radiation damage
E00-110 experience:

» Dose dominated by e and 7% above 15° and Mgller below 10°
» Dose grows a factor 5 from 11.5° to 7.5°

> 20% gain loss without loss in M?% /energy resolution

New experiment strategies:

» Minimum angle of the closest block: 7°

» Luminosity equal to the peak luminosity in E00-110 taking into
account the distance to the target: £ =4-10%"(D/110cm)?cm—2s~1

» Blue light curing (MAMI-A4): 17 h to cure a transparency loss of 25%

Curing every 6" day of running at the minimum angle

Total of 12 curing days for 88 beam days‘

Carlos Muiioz Camacho Los Alamos National Laboratory
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[ Jelee]

Projected results

Missing mass resolution

(Cf. Table V for all kinematic settings)

6.6 GeV setting 11 GeV setting
20000 — 0=0.226 20000 — 0=0.22

0=0.199 0=0.199
(Me+m,)? (Mpt+m,)?

% %

0 L | 0 L_L

0 2 0 2

M (GeV?) M (GeV?)

E00-110 This proposal

Very similar M)2( resolution = same exclusivity with e v detection only.

Carlos Muiioz Camacho Los Alamos National Laboratory
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(o] le]e]

Projected results

Helicity-independent cross sections (pb/GeV*)

ross sections .
C 6.6 GeV setting Q? = 3.0 GeV?, zg; = 0.36

éi .l

> Model by F
Vanderhaeghen, Guichon i
& Guidal (VGG), with ot

. 4] ‘ 1é0 ‘ 3507 ‘
factorized t—dependence —0.11> t, >-0.19> t, >-0.24> t; >—0.31> t, >—0.42> t, >—1 GeV?

o
T
T
LB B e
BEPEANRERE AN

. ks E E E E
al Eil E
» 250k events/ settmg or i ,N 9’\ - 3 i
40k events per t—bin 1?, Voo i i
. . . 1 t | t ’ﬁ 3
» Similar statistical S B I SO T S
- | [ C Ol E B [
accuracy as E00-110 DI I R
£ oWlE e E ]
T R — —

¢ degree
Helicity-dependent cross sections (pb/GeV4)
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Projected results

Cross sections
Helicity-independent cross sections (pb/GeV4)

8.8 GeV setting Q2 = 4.8GeV?, zg; = 0.50 11 GeV setting Q2 = 9.0 GeV?, zg; = 0.60

b I f 3 3 3 b i
10 b e £ = £ 05 [, 1 F E E
[ o £ £ £ ' {
\
s [ R = = £ 04 [ DB E E
< | E, SR I £ o
5 3 s £ ! "
sEL B E s | F 03 | A E 3
f L . L qF A R
4 fan? [ L £ ' ’F 02 | ELoo b, E
£ [ £ b ! : -
2 E E E £ o1 [ = o E
oY SR N [ PR I oY PR I oY P ol 0 | e
0 180 360 0 180 360

=011 > t, >=0.19> t, >-0.24> t; >-0.31> t, >-0.42> t; >—-1 GeV® —0.4> t, >-0.67> t, >-0.8> t; >-0.93> t, >-1.14> t, >—1.6 CeV?
bl

| ?0 £ ? ? 0'067}” E 3 3
Bt Ll = L
(AR O w L1 PR A
‘<} 3 v £ P N u\ ‘M‘ i ‘Nh’ i ", f -
£ Ok '»‘ | E . | I i, o
—1F }} ({ E Vol E o F k. -0.02F WH | F ”” “ = N}H}“ = !
-2 }" | - ‘,m} E ‘,“4 F E -0.04 HHH £ W £ £
s S “” E B B B -ooe- | E. el . . B
0 180 360 0 180 360

@ degree ¢ degree

Helicity-dependent cross sections (pb/GeV*)
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Projected results

PR12-06-114

[e]e] o]

Systematic errors
Type Relative errors (%)
E00-110 | proposed
Luminosity target length and beam charge 1 1
HRS-Calorimeter | Drift chamber multi-tracks 15 1
Acceptance 2 2
Trigger dead-time 0.1 0.1
DVCS selection | 7V subtraction 3 1
e(p,e’y)mN contamination 2 3
radiative corrections 2 1
Total cross section sum 4.9 41
Beam | Polarization AP/P 2 1
Total cross section difference 5.3 4.2

Carlos Muiioz Camacho
DVCS in Hall A

Los Alamos National Laboratory
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PR12-06-114

Projected results

Model prediction for Q?, xg; and ¢ dependencies

. 2sF —imC'(F)
» Sample of statistical & E —ReC'F)
. 2= — Re [C+A C (F)
systematic errors on g
155
coefficients i3
» Total of 55 data points o5
of
» Full t—dependence at each E //_//_‘/
2 . el 1 L L L L L
(Q 'xBj) po|nt 03 035 [ 0.45 05 0.55 o.;
Bi
o ° —%=0.36 o6
E,, =050 - Tremode
— Xg=0.60 s ey

o ~
FT T[T T[T T T
w

0.5 k—é; 1 \é_\&\
e SN ——

0 Il | Il i | | T TR ol v v 1o b L b
2 3 4 5 6 7 8 9 [ 0.1 0.2 03 0.4 0.5
Q* (GeV?) Lt (GEV?)
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Conclusion

Summary

» Absolute DVCS cross sections in almost the complete
kinematic region of JLabl2

» Precision determination of Twist-2 and Twist-3 observables:
&t (and @Q?) scan

» 79 electroproduction cross sections

... using the successful experimental technique of E00-110 (nucl-ex/0607029)

‘This experiment requires 88 days of beam + 12 days for calorimeter curing‘

Future extentions: DVCS on the neutron, recoil polarimetry. . .

Carlos Muiioz Camacho Los Alamos National Laboratory
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Backup

[ Jele}

Extensions

Equipment

» Compton polarimeter
» LPC-Clermont: equipment & technical manpower
» HRS electronics:
» LPC-Clermont: pre-trigger electronics
» ODU: technical manpower for DAQ integration
> PbFQZ
» LPC-Clermont:
- Upgrade to trigger & DAQ
- PMT custom bases & preamps.
» Other collaborators:
- 76 additional crystals & PMTs

Carlos Muiioz Camacho
DVCS in Hall A

Los Alamos National Laboratory
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Backup
0e0

Extensions

Recoil polarimetry

» Solenoid (or Helmholtz coil) on the target for high luminosity
recoil detection

» Recoil proton polarimetry H (€, e'vp):

» 7cm Carbon analyser — FoM (p > 500 MeV/c) > 0.005
» Full separation of all four GPDs

» Coherent light nuclei: D(e,e’yD), 3*He(e, e'vy3* He)

Carlos Muiioz Camacho
DVCS in Hall A

Los Alamos National Laboratory
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Backup
ooe

Extensions

DVCS on the neutron and deuterium
015 < -t < 0.55 I

*kin4 - kin2 i |

0.< M < 145 fraction=53% ——

015540358
a0,

NN cohereﬁt Full region  Neutron QF

Carlos Muiioz Camacho Los Alamos National Laboratory
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Backup

( Jo}

Kinematics

Kinematic constraints

(.;IU: / A.A._. (.;IU
(] % for (]
(S 3 o
=8 : =8
o (<]
6 6
4 4
2f 2 ;<
L R
B0 0.1 02030470506 0.7 08 09510 8.0 0.10.270370.470.5°0.6 0.7 0.8 0.9%1.0
Xg; X

L w?<a4.0 Gev?
[ kp> 43GeV
[ 8e<125deg

- 9,=6.0 deg
.......... 6,=10.0 deg

e proposed measurements

8.0 0.170270370.4 05706 0.7 0.8 O.QXEI.O

Carlos Muiioz Camacho Los Alamos National Laboratory
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Backup

(o] J

Kinematics

Kinematic settings

Q? k zg | ¢'(0°) D 04 O | in tmax J(M%) £/10%

GeV?)  (GeV) (GeV) (m) | (deg) (deg) | (GeV?) (GeV?) | (GeV?) | (cm—2/:
3.0 6.6 0.36 4.35 1.5 11.7 7.1 -0.16 -0.42 0.23 0.75
4.0 8.8 0.36 5.83 2.0 10.3 7.0 -0.17 -0.42 0.26 1.3
4.55 11.0 036 | 6.65 2.5 10.8 7.0 -0.17 -0.42 0.27 2
3.1 6.6 0.5 311 15 18.5 11.0 -0.37 -0.64 0.17 0.75
4.8 8.8 0.5 491 2.0 14.5 8.9 -0.39 -0.70 0.20 1.3
6.3 11.0 0.5 6.50 2.5 12.4 7.9 -0.40 -0.72 0.20 2.
7.2 11.0 0.5 7.46 2.5 10.2 7.0 -0.40 -0.75 0.25 2.
51 8.8 0.6 4.18 15 17.8 10.4 -0.65 -1.06 0.16 0.75
6.0 8.8 0.6 4.97 2.0 | 1438 9.2 -0.67 -1.05 0.18 13
7.7 11.0 0.6 6.47 2.5 131 8.6 -0.69 -1.10 0.20 2.
9.0 11.0 0.6 7.62 3.0 10.2 7.3 -0.71 -1.14 0.22 3.

edge

Carlos Muiioz Camacho Los Alamos National Laboratory
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Backup

[ Je]
DVCS?

8ll.D: BH*DVCS & Terms
&5 d’oPH
Po Po

1

S{x! sie[ch]eostnp+ k! sl Jsincag}

n

" PP (9)

}[CDVCS (Feﬁle*)]

singIm

DVCS
K cosgie
+Kg)vcs§ﬁe[CDVCS(F,F* )] +l CIIJVCS H
sl

« Fourier analysis of cross section combines
into effective BH*DVCS observables, with acceptance
averaged kinematic weights n,.
Ny = <P1P2K 9SS ikl >m
- —ZXB/'
acc Q2

DVCS |1
nc,i=<P1P2Kc,i /Kc,i>

Carlos Muiioz Camacho Los Alamos National Laboratory
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oe
DVCS?

811.D: BH

Effective [Twist-2] Interference Terms

*DVCS &

Terms

d55exp(}t) ~ d5GBH Il

nfcten].

e’ ]

S‘ie[(C+ ac)! ’e"P]

ssm[c’ (F)]
el )

| me[(c +AC) (F)

E00-110: <ngy>=-0.1
|[<ng>|= |<n,>| < 0.051

Carlos Muiioz Camacho

DVCS in Hall A

. [kl clew @)+ k! stefc+ac] P E)
&P So PPl o 0

gDbves cos¢
4ol

Ak Pves
sl

Re
{Sm}[c,’; {G)

+ |3 PV (O F))

sing

+(Ne; >m3[CDVCS(F,F* )] +Twist3
+(ng >§RE[CD ves (F,F*)]+Twisz3

—txn:
k nA & Bj

QZ

Los Alamos National Laboratory
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70 subtraction

Procedure

70 substraction (7% — )

Pion center—of-mass Laboratory frame

% Symmetric
Direction of the boost decay
Direction of the boost .
Asymmetric
0 decay

> Symmetric decay: minimum angle in lab of 4.4° for E75* = 3.5 GeV
= Clusters separation

» Asymmetric decay: sometimes only 1-cluster
= Mistaken for DVCS event

Carlos Muiioz Camacho Los Alamos National Laboratory
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70 subtraction

Procedure

70 substraction (7% — )

Pion center—of-mass Laboratory frame

% Symmetric
Direction of the boost decay
Direction of the boost )
Asymmetric
[¢] decay

Substraction procedure:
1. Compute kinematics of each detected 7 (2 clusters in calorimeter).

2. Randomize the decay : sample cos 6 randomly between [-1,1] a big
number of times (~ 5000).

3. Compute the ratio of 2-cluster/1-cluster events generated by this 7°
(~30% in average).

Repeating this procedure for each detected ¥ provides an automatic
normalization of the contamination as a function of Q2, ¢, o, ..

Carlos Muiioz Camacho Los Alamos National Laboratory
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70 subtraction

[ Je]

Results

70 subtraction results for different (¢, ¢,-) bins

<t>=-0.28 GeV'

j i : s
E W cut; Jl.l‘Frr

T

W cul 1
Tl E
ok A
3 A

7.
[’ (G'V;)

05
<t>=-0.17 GeV'

: ¥ - i g
; .|Ilfl M2 cut:

.
3

AL

7
f
i
g
L

2

15
M} (GeV)

e

05

0.5 5 5
3 (G-V?i

Los Alamos National Laboratory
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70 subtraction

[ Je]

Results

70 subtraction results for different (¢, ¢,-) bins

<t>=-0.33 GeV' <t>=-0.28 GeV'
W2 cu 5 f M2 cut:

i
A

0

I'\“e }
‘h"‘-

o

E ] E )
f'f——ﬁ‘—‘eﬁf‘&g\l J'" . Oi——i’é‘:{.-*u,'.""-'i’ ‘N"'_JL
ﬂ:s 1' 15 2. ﬂ.‘5 1' 1. 2.

<t>=-0.23 GeV' <t>=-0.17 GeV'

M cul E ﬁl\ M.cu

T 'Uh
FRRST . JU P g .
= R iy ~ T I bl
0.5 T 5 25 05 T 5 3.
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70 subtraction

oe

Results

70 subtraction results for different (¢, ¢,-) bins

o i )
I N Jﬁ i IIII|.J“-I"“'“"ﬂ‘,_{"rprl

05 15 0. 7. P2

<t>=-0.23 GeV’, 130<¢<216 <t>=-0.23 GeV’, 216<0<302

T v

Ve

6
\3
:
2

0.5 5 25 05 5 2
M (GeV®) M} (GeV)

Carlos Muiioz Camacho Los Alamos National Laboratory

DVCS in Hall A 37



70 subtraction

oe

Results

70 subtraction results for different (¢, ¢,-) bins

=

J.w’"ﬁ,“h.,_ -, wr,,m s

05 15 2. 0. 7. 2

<t>=-0.23 GeV”, 216<0<302

Carlos Muiioz Camacho Los Alamos National Laboratory
DVCS in Hall A 38




70 subtraction

0 electroproduction cross section

70 identification

Missingmassep—en® X  [GeV]
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Calorimeter performances

Calorimeter resolution

Calorimeter damage & calibration
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Figure: Energy resolution obtained in both elastic calibration: 2.4%, the average

energy of the incident electron being 4.2 GeV. The results of the second calibration

when first calibration coefficients are used are also plotted to show the necessity of a

careful monitoring of the coefficients in between these two calibration points.
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Calorimeter damage & calibration

oe

Calorimeter performances

Calibration coefficients evolution
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Figure: Relative variation of the calorimeter calibration coefficients between two elastic
calibration. Their values are histogrammed (left) and plotted as a function of the block
number (right). Larger block numbers correspond to blocks closer to the beamline.
These blocks have accumulated a larger radiation dose and their gain have decreased

more than those of other blocks.
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