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Introduction

DVCS experimentally: interference with Bethe-Heitler

At leading twist:

d5
→
σ −d5 ←σ = =m (TBH · TDV CS)

d5
→
σ +d5

←
σ = |BH|2 + <e (TBH · TDV CS) + |DV CS|2

T DV CS =

∫ +1

−1

dx
H(x, ξ, t)

x− ξ + iε
+ · · · =

P
∫ +1

−1

dx
H(x, ξ, t)

x− ξ︸ ︷︷ ︸
Access in helicity-independent cross section

− iπ H(x = ξ, ξ, t)︸ ︷︷ ︸
Access in helicity-dependent cross-section

+ . . .
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Introduction

DVCS cross-section measurements

PRL97, 262002 (2006)

Accurate measurement of the DVCS:

helicity-dependent (d4Σ) cross section for Q2 = 1.5, 1.9, 2.3 GeV2,

helicity-independent (d4σ) cross section for Q2 = 2.3 GeV2.
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Introduction

Overview of DVCS program at JLab1

Two complementary approaches:

Survey measurements with large acceptance device (CLAS+CLAS12):
study of many different observables over a wide range of kinematics,
but limited statistical and systematic uncertainties.

Precision measurements in selected kinematic settings (Hall A):
test of scaling, higher twist corrections, L/T separation. . .

At 12 GeV the Hall A program is limited to the kinematics of
approved experiment E12-06-114 (HRS: p <4 GeV) :

Hall C (with the addition of a photon detector) is perfectly suited
to carry out the DVCS/π0 precision program

1Summary document on exclusive program submitted to PAC40
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Introduction

Motivation #1

σ(ep→ epγ) = |BH|2︸ ︷︷ ︸
Known to ∼ 1%

+ I(BH ·DV CS)︸ ︷︷ ︸
Linear combination of GPDs

+ |DV CS|2︸ ︷︷ ︸
Bilinear combination of GPDs

The I and DVCS2 terms mix as a function of the azimuthal angle ϕ, but:

Re(I) ∝ 1/y3 = (Eb/ν)3

DV CS2 ∝ 1/y2 = (Eb/ν)2
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Physics case Overview

PR12-13-010 physics goals

1 Beam energy dependence of cross section:

Separation of the |DVCS|2 and I(BH·DVCS) from DVCS cross section

L/T separation of π0 cross section

Unique to Hall C

Proposed at 6 GeV in Hall A (E07-007) –preliminary results will be shown–,
but at 12 GeV the high momentum reach of Hall C HMS is essential

2 Increase the Q2 reach to even higher values at fixed xB

Allowed by the use of a sweeping magnet: smaller calorimeter θ permitted

3 Expand the kinematic coverage at smaller values of xB

Allowed by the use of a sweeping magnet: smaller calorimeter θ permitted
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Physics case Kinematics

Kinematics coverage

Resonance region 
W < 2 GeV 

Inaccessible 
with Eb<11 GeV 
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Physics case Kinematics

Kinematics coverage

Beam energy 
separation 

Carlos Muñoz Camacho (IPN-Orsay) PR12-13-010: DVCS and Deep-π0 in Hall C PAC40 – Jun 17–20, 2013 8 / 22



Physics case Kinematics

Kinematics coverage

Q2 expansion 
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Physics case Kinematics

Kinematics coverage

Low xB extension 
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Physics case Kinematics

Kinematics: combined Hall A and Hall C coverages

Resonance region 
W < 2 GeV 

Inaccessible 
with Eb<11 GeV 
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Neutral Particle Spectrometer (NPS) Overview

Experimental setup

HMS (p < 7.3 GeV): scattered electron

PbWO4 calorimeter: γ/π0 detection

Sweeping magnet
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Neutral Particle Spectrometer (NPS) Photon detector

PbWO4 electromagnetic calorimeter

Design based on HYCAL detector

58×70 cm2 detector: 1116 PbWO4 crystals (2×2 cm2 each)

Temperature controlled frame

“Hall-D” 250 MHz flash ADC to record PMT waveforms
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Neutral Particle Spectrometer (NPS) Photon detector

Exclusivity: ep→ eγX missing mass squared (M 2
X)

Experimental M2
X resolution (Hall A) Simulated M2

X resolution

Final data (ep->eγX)  
(π0 subtracted) 

Raw data – Accidentals 
(ep-> eγX) 

ep->eγpX 
(scaled) 

Simulation 

2
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 = 0.229
PbF2

σ

 = 0.127
PbWO4

σ

Higher light yield of PbWO4 (compared to PbF2)
significantly improves the M2

X resolution
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Beamtime request

Kinematics
Energy Dependence at fixed (Q2, xB) Low-xB High-Q2

xB 0.36 0.50 0.60 0.2 0.36 0.50 0.60

Q2 (GeV)2 3.0 4.0 3.4 4.8 5.1 6.0 2.0 3.0 5.5 8.1 10
k (GeV) 6.6∗ 8.8 11 8.8∗ 11 8.8 11 11 6.6 8.8∗ 11 11 6.6 8.8 11 11 11

k′ (GeV) 2.2 4.4 6.6 2.9 5.1 5.2 7.4 5.9 2.1 4.3 6.5 5.7 1.3 3.5 5.7 3.0 2.9 2.4 2.1

θCalo (deg) 11.7 14.7 16.2 10.3 12.4 20.2 21.7 16.6 13.8 17.8 19.8 17.2 6.3 9.2 10.6 6.3 7.9 8.0 8.0

DCalo (m) 3 3 3 4 3 3 3 3 3 3 3 3 6 4 4 6 4 4 4

Ibeam (µA) 28 28 28 50 28 28 28 28 28 28 28 28 11 5 50 11 50 50 50

Nevt (105) 1.5 8.8 8.2 2.1 7.9 7.3 11 5.1 0.2 0.2 2.7 2.6 3.5 3.6 64 3.4 6.1 0.8 0.4

σM2
X

(GeV2) 0.13 0.13 0.12 0.15 0.15 0.09 0.09 0.11 0.09 0.09 0.09 0.09 0.17 0.17 0.17 0.22 0.19 0.15 0.13

Days 1 2 1 1 3 3 2 5 5 1 5 10 1 1 1 1 5 5 12

∼ 3− 10 · 105 counts in a 0.01 GeV2 bin in t⇒
1-2% statistical precision per φ-bin.

Less statistics are needed in cross-check points (DIS cross section)

Compromise at high Q2/xB to obtain valuable physics results,
despite being statistically limited

Total request: 65 days of beam

* 3 cross-checks with Hall-A kinematics (3 days total)
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Projections DVCS

DVCS: Energy separation setting (Q2 = 3.4 GeV2, xB = 0.5)

Eb = 8.8 GeV Eb = 11 GeV

BH 
Projected cross -section 
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Projections DVCS

DVCS: high-Q2 and low-xB extension

Q2 = 10 GeV2, xB = 0.6 Q2 = 3 GeV2, xB = 0.2
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E07-007

E07-007 missing mass

1-photon π0 

Raw data 

Accidentals 

Final 
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E07-007

E07-007: DIS normalization check

5% band 

Eb Q2 DIS parametrization Exp. data Relative difference
(GeV) (GeV2) (nb/GeV/sr) (nb/GeV/sr) (%)

3.3 1.5 9.16+0.61%
−3.87%

8.98 -2.0

5.6 1.5 56.07+0.66%
−3.81%

51.14 -8.8

4.5 1.75 13.41+0.85%
−3.58%

12.86 -4.1

5.6 1.75 29.39+0.88%
−3.6%

27.14 -7.7

4.5 2 6.7+1%
−3.43%

6.79 1.3

5.6 2 16.14+1.05%
−3.4%

14.9 -7.7

Still preliminary: studying multi-track, dead-time, radiative. . . corrections

But overall normalization correct to < 10% at this stage of the analysis
Carlos Muñoz Camacho (IPN-Orsay) PR12-13-010: DVCS and Deep-π0 in Hall C PAC40 – Jun 17–20, 2013 17 / 22



E07-007

E07-007 preliminary results

Q2 = 1.5 GeV2, xB = 0.36

Eb = 5.552 GeV

Large contribution of DVCS2

to the total cross section

Significant relative variation with Eb

Eb = 3.355 GeV

Final normalization checks ongoing

Other Q2 settings under analysis

Preliminary results not
shown in online version

The energy dependence of the cross section is an
essential and powerful tool for the DVCS program
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Deep π0

π0 electroproduction cross section

Data taken concurrently with DVCS

Current data hint to a significant contribution of the transverse part

No L/T separated cross section available

If σL is large: access to ordinary GPDs
If σT is large: access to transversity GPDs

It is crucial to have σT and σL measured !
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Deep π0

L/T separation projections

Projections assuming the GK model predictions
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Deep π0

Systematic uncertainties

Source pt-to-pt scale
(%) (%)

Acceptance 0.4 1.0
Electron PID <0.1 <0.1
Efficiency 0.5 1.0
Electron tracking efficiency 0.1 0.5
Charge 0.5 2.0
Target thickness 0.2 0.5
Kinematics 0.4 <0.1
Exclusivity 1.0 2.0
π0 subtraction (for DVCS) 0.5 1.0
Radiative corrections 1.2 2.0

Total 1.8–1.9 3.8–3.9
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Conclusion

Summary

Precision measurements of DVCS and deep π0 cross sections

Energy separation of the DVCS cross section

L/T separation of the π0 cross section

High–Q2 and low–xB extension

Every observable measured as a function of Q2:

Test of scaling

Study of higher twist corrections

We request 65 days of beam,
excluding set-up and detector check-out
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Back-up
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DVCS cross-section: ϕ & Q2

I =
i0/Q

2 + i1cosϕ/Q+ i2cos 2ϕ/Q2 + i3cos 3ϕ/Q

P1P2
DVCS2 = d0/Q

2 + d1cosϕ/Q3 + d2cos 2ϕ/Q4 .

The product of the BH propagators reads:

P1P2 = 1 +
p1
Q

cosϕ+
p2
Q2

cos 2ϕ .

Reducing to a common denominator (×P1P2), one obtains:

P1P2I +P1P2DVCS2= (i0 + d0)/Q
2 + d1p1/2/Q

4 + p2d2/2/Q
6

+[i1/Q+ (p1d0 + d1)/Q
3 + (p1d2 + p2d1)/2/Q

5]cosϕ

+[i2/Q
2 + (p2d0 + p1d1/2 + d2)/Q

4]cos 2ϕ

+[i3/Q+ (p1d2 + p2d1)/2/Q
5]cos 3ϕ

+[p2d2/4/Q
6]cos 4ϕ .

The I and DVCS2 terms mix at leading order in 1/Q in the ϕ expansion
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Single and random rates

Eb Q2 xB HMS PbWO4 (MHz) PbWO4(MHz) Random coinc.
(GeV) (GeV2) (kHz) Eth =300 MeV Eth =1 GeV Eth =1 GeV

6.6 3 0.36 0.73 115 27 0.03
8.8 3 0.36 4.40 68 11 0.01
11 3 0.36 13.0 52 7 0.008
8.8 4 0.36 1.20 145 41 0.05
11 4 0.36 2.90 100 22 0.02
8.8 3.4 0.50 3.30 26 2 0.002
11 3.4 0.50 9.00 20 1.3 0.001
11 4.8 0.50 1.70 48 6 0.007
6.6 5.1 0.60 0.053 79 14 0.01
8.8 5.1 0.60 0.34 39 4.2 0.005
11 5.1 0.60 1.10 27 2.2 0.002
11 6 0.60 0.45 43 5 0.006
6.6 2 0.20 0.26 30 14 0.02
8.8 2 0.20 1.30 18 6 0.007
11 2 0.20 47.0 28 8 0.009
11 3 0.20 0.70 30 14 0.02
11 5.5 0.36 0.53 222 86 0.1
11 8.1 0.50 0.072 220 84 0.09
11 10 0.60 0.017 220 85 0.1

Table: Single rates in HMS and PbWO4 calorimeter for each kinematic setting. Random rates
in calorimeter are calculated assuming a coincidence window of 50 ns and a solid angle of 25
blocks.
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Effect of background in the missing mass resolution
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Simulation of the missing mass resolution of PbF2 with real background measured in Hall A

experiment E07-007 (red). In order to match the resolution of the data, the simulation needs to

be smeared assuming 175 photons/GeV were collected by PMTs (blue).
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