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Motivation

When embedded in the nucleus,

I What about proton changes?

I What remains the same?

Accessing the nuclear generalized parton distributions (GPDs) and
form factors (FFs) are a way to approach and answer these
questions.

Measuring beam-spin asymmetries (BSA) from DVCS and DVMP
processes help to uncover these intricate math. objects.

Nuclear targets offer two distinct channels:

I Coherent (Nucleus stays intact)

I Incoherent (Nucleon breaks off and traverses nuclear medium)
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Enter the CLAS EG6 Experiment

Start with the simplest dense stable nucleus: 4He.

Measure the BSA for exclusive processes to get at nuclear and
modified nucleonic FFs and GPDs.

Channel Process BSA

Coherent

DVCS:
(

e 4He, e 4He γ
)

Published1

DVMP:

(
e 4

He, e 4
He π

0
)

This talk(
e 4He, e 4He η

)
Stats. too low

Incoherent
DVCS : 4He (e, e p γ) X Under review

DVMP:
4He

(
e, e p π0

)
X Work in prog.2

4He (e, e p η) X Work in prog.2

1M. Hattawy Phys. Rev. Lett. 119, 202004 (Nov. 2017)
2Perfectly suited for future ALERT detector 2/13



Formalism
Generally, the BSA can be expressed in terms of the squared-transition
amplitude

〈
|M±|2

〉
:

BSA =

〈
|M+|2

〉
−
〈
|M−|2

〉〈
|M+|2

〉
+
〈
|M−|2

〉 ;

〈
|M±|2

〉
=

(
e2

q2

)2

Lµν± Hµν ;

Hµν := J†µJν

C. R. Ji’s formulationa for 0−+ meson electroproduction off 0++ target(
e 4He→ e 4He π0

)
Jµ = FPSε

µναβqν P̄α∆β

⇒ Hµν = |FPS |2 εµαβγενα′β′γ′qα
′
P̄β
′
∆γ′

= Hνµ

⇒ BSA ≡ 0

aJi et al., arXiv:1806.01379 (June 2018)
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Experiment
CEBAF @ JLab delivers long. polarized 6 GeV electrons to CLAS
which detects the scattered electrons:

Energy : 6 GeV

Luminosity : 1034 cm2s−1

Long. Beam Polarization : 85%

CEBAF CLAS

Delivers e Detects e ′

pthres > 250 MeV/c

p4He ≈ 100 MeV/c
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Experiment

The Jefferson Lab’s CLAS EG6 experiment is characterized by its
helium gas target, solenoid magnet, and the addition of two
detectors:

Radial Time Projection Chamber (RTPC)

Detects 4He
′

Inner Calorimeter (IC)

Detects γ

θγ ∈ (8◦, 45◦)
⋃

(4◦, 15◦)
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Measuring BSA of π0 DVMP

We measured the fully exclusive coherent reaction:

e 4He→ e 4He π0 → e 4He γ γ

Measure the beam-spin asymmetry (BSA):

BSA(φ) =

(
1

PB

)
N+(φ)− N−(φ)

N+(φ) + N−(φ)

I Small cross-section → low statistics

I Relatively large background
I Clean event selection is important!

I Exclusivity Variable Cuts
I Kinematic Fitting
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Measuring BSA of π0 DVMP
φ
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I Small cross-section → low statistics

I Relatively large background
I Clean event selection is important!

I Exclusivity Variable Cuts
I Kinematic Fitting
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Measuring BSA of π0 DVMP
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I Small cross-section → low statistics

I Relatively large background
I Clean event selection is important!

I Exclusivity Variable Cuts
I Kinematic Fitting
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Kinematic Fitting in a Nutshell

Introduce and minimize L, with Lagrange multipliers #»µ:

L = ( #»ε ν)T C−1
η

#»ε ν + 2 ( #»µν)T
(
Aν

#»

ξ ν + Bν
#»

δ ν + #»c ν
)

.

At the end of the day, there is one cut that selects your events:
The Confidence Level Cut (CLC)

confLevels
Entries  2000
Mean   0.2544
Std Dev    0.3184

 Conf. Levels []
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

10

210

310
confLevels

Entries  2000
Mean   0.2544
Std Dev    0.3184

Confidence Levels ( 977 events, est. SNR = 36.902261, sig. pct. = 97.361635% with conf. cut @ 0.04) 

(Toy data)
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5C -Kinematic Fit on EG6: DVπ0P
e 4He→ e 4He π0

π0 → γ γ

5C ⇒


Einit − Efin ≡ 0
#»p init − #»p fin ≡

#»

0

Mπ0 −
√

(Eγ1 + Eγ2 )2 − ‖ #»p γ1 + #»p γ2‖
2 ≡ 0

Confidence Level Distribution
confLevels

Entries  796629
Mean   0.0003172
Std Dev    0.01431

 / ndf 2χ  41.52 / 25
p0        0.539± 7.557 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

10

210

310

410

510

610

confLevels
Entries  796629
Mean   0.0003172
Std Dev    0.01431

 / ndf 2χ  41.52 / 25
p0        0.539± 7.557 

Confidence Levels ( 547 events, est. SNR = 1.767808, sig. pct. = 63.870325% with conf. cut @ 0.05) 

CLC = 5%
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Kin. Fit Applied
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Red : Events failing CLC
Blue : Events passing CLC
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Sequential Exclusivity Cuts Applied
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Beam-Spin Asymmetry Comparison

For
e 4He→ e 4He π0 , (1)

the BSA is obtained from two different event selection methods:

Exclusivity Cuts

 [deg.]φ 
50 100 150 200 250 300

 []
R

aw
 A

0.2−

0.1−

0

0.1

0.2

0.3

 / ndf 2χ  4.455 / 7

   α  0.0528±0.08855 − 

 / ndf 2χ  4.455 / 7

   α  0.0528±0.08855 − 

Exc. Fit All 

)2 < 3.500 (GeV/c)2 (0.500 < Qφ vs RawA

BSA = -8.9±5.3 %
(800 events)

Kinematic Fit

 [deg.]φ 
50 100 150 200 250 300

 []
R

aw
 A

0.3−

0.2−

0.1−

0

0.1

0.2

 / ndf 2χ  3.477 / 7

   α  0.06363±0.005144 − 

 / ndf 2χ  3.477 / 7

   α  0.06363±0.005144 − 

Kin. Fit All 

)2 < 3.500 (GeV/c)2 (0.500 < Qφ vs RawA

BSA = -0.5±6.3 %
(537 events)
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Beam-Spin Asymmetry

Beam-spin asymmetries for events passing exclusivity cuts but
failing kin. fitting:
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Exc. Fit All 

)2 < 3.500 (GeV/c)2 (0.500 < Qφ vs RawA
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BSA = -8.9±5.3%

BSA = -20.3±8.5 %
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Summary
I The BSA of coherent π0 electroproduction off 4He is

consistent with 0 (-0.5±6.4%)
I Benchmark measurement for Ji’s formulation

I Event selection plays a crucial role
I Exclusivity cuts require some cleverness

I Intimate knowledge of the dataset and reaction needed to remove
background and to clean the dataset

I Kin. fitting does not
I It uses both detector resolutions and conservation law constraints to

do a fantastic job in rejecting background
I Some of these events cannot be rejected by any obvious series of

cuts

I Kinematic fitting should be used in more analyses!

Outlook

I Extend kin. fitting to look into the incoherent channel

I Measure BSA for incoherent DVMP

13/13



Thank you!

· · ·

Questions?
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5C -Kinematic Fit on EG6: DVπ0P
e 4He→ e 4He π0

π0 → γ γ

5C ⇒
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Invariant Mass Distribution for γγ

Measured values from:
Black: Exclusivity Cuts
Blue: Kinematic Fit

Fitted values from:
Green: Kinematic Fit
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Sanity Check: Vertex Coincidence
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Sanity Check: Photon Distance
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The 5C -fit has no knowledge of the vertex coincidence between
the helium in the RTPC and the electron in CLAS but produces a
clean distribution of their distance.

B. Torayev’s Cut : ∆X ∈ [3, 7] cm



Sanity Check: π0 Momentum Distribution

xs_0_0
Entries  547

Mean    4.459

Std Dev    0.5163

0 1 2 3 4 5 6
0

5

10

15

20

25

30

35
xs_0_0
Entries  547

Mean    4.459

Std Dev    0.5163

 (fitted) (x's)
0π

p
xs_1_0

Entries  547

Mean   0.1395

Std Dev    0.03417

0 0.05 0.1 0.15 0.2 0.25
0

2

4

6

8

10

12

14

16

18

20

22

24 xs_1_0
Entries  547

Mean   0.1395

Std Dev    0.03417

 (fitted) (x's)0πθ
xs_2_0

Entries  547

Mean   0.01385

Std Dev      1.73

3− 2− 1− 0 1 2 3
0

2

4

6

8

10

12

14

16

18
xs_2_0

Entries  547

Mean   0.01385

Std Dev      1.73

 (fitted) (x's)
0π

φ

Red: Fitted After CLC
Blue: Measured After CLC

The 5C -fit has no cut on the π0 momentum but the distribution
shows that the minimum momentum is around 3GeV /c .

B. Torayev’s Cut : Pπ0 > 3 GeV/c



Sanity Check: γ2 Momentum Distribution
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Red: Fitted After CLC
Blue: Measured After CLC

The 5C -fit has no cut on the γ2 but the distribution shows that
the minimum momentum is around 0.3GeV /c.

B. Torayev’s Cut : Pγ2 > 0.4GeV /c



Sanity Check: Exclusivity Variable Distributions
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Black: B. Torayev’s Distributions
Blue: Measured After CLC
Green: Fitted After CLC

B. Torayev’s Cuts:

|M2
X2
− 0.005| < 0.048

(
GeV/c2

)2

|∆φ− 0.16| < 0.138 deg.

|θπ0,X1
− 2.5| < 0.03 deg.

|M2
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− 14.079| < 0.03

(
GeV/c2

)2

The 5C -fit has no cuts on any of the exclusivity variables but they
are essentially within the previous cuts.



Datasets
Consider the Venn diagram of the datasets:



Beam Spin Asymmetries

 [deg.]φ 
50 100 150 200 250 300

 []
R

aw
 A

0.3−

0.2−

0.1−

0

0.1

0.2

 / ndf 2χ  3.477 / 7

   α  0.06363±0.005144 − 

 / ndf 2χ  3.477 / 7

   α  0.06363±0.005144 − 

Kin. Fit All 

)2 < 3.500 (GeV/c)2 (0.500 < Qφ vs RawA

 [deg.]φ 
50 100 150 200 250 300

 []
R

aw
 A

0.2−

0.1−

0

0.1

0.2

0.3

 / ndf 2χ  4.455 / 7

   α  0.0528±0.08855 − 

 / ndf 2χ  4.455 / 7

   α  0.0528±0.08855 − 

Exc. Fit All 
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(537 events, BSA = -0.5±6.4%)
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(488 events, BSA = -3.3±6.8%)



Invariant Mass Distributions
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Exclusivity Variable Distributions
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Beam Spin Asymmetries
Beam spin asymmetries summary:

(800 events, BSA = -8.9±5.3%)
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   α  0.0528±0.08855 − 

 / ndf 2χ  4.455 / 7

   α  0.0528±0.08855 − 

Exc. Fit All 

)2 < 3.500 (GeV/c)2 (0.500 < Qφ vs RawA

(488 events, BSA = -3.3±6.8%)

 [deg.]φ 
50 100 150 200 250 300

 []
R

aw
 A

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

 / ndf 2χ  4.662 / 7

   α  0.06789±0.03298 − 

 / ndf 2χ  4.662 / 7

   α  0.06789±0.03298 − 

Intersection 

)2 < 3.500 (GeV/c)2 (0.500 < Qφ vs RawA

(312 events, BSA = -20.3±8.5%)

 [deg.]φ 
50 100 150 200 250 300

 []
R

aw
 A

0.4−

0.2−

0

0.2

0.4

0.6

 / ndf 2χ  5.544 / 7

   α  0.08549±0.2029 − 

 / ndf 2χ  5.544 / 7

   α  0.08549±0.2029 − 

Exc. Cut Only 

)2 < 3.500 (GeV/c)2 (0.500 < Qφ vs RawA



Failed Fit == Background?

e 4He→ e 4He π0



All Exclusivity Variables
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Kinematic Fit Applied to EG6:
DVCS 4C -fit Validation

e 4He→ e 4He γ

4C ⇒

{
Einit − Efin ≡ 0
#»p init − #»p fin ≡

#»

0



DVCS 4C -fit Outputs

Confidence Level Distribution
confLevels

Entries  75051
Mean   0.01551
Std Dev    0.09916

 / ndf 2χ  44.41 / 25
p0        1.28± 42.52 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

210

310

410

510

confLevels
Entries  75051
Mean   0.01551
Std Dev    0.09916

 / ndf 2χ  44.41 / 25
p0        1.28± 42.52 

Confidence Levels ( 2407 events, est. SNR = 4.277739, sig. pct. = 81.052493% with conf. cut @ 0.05) 

CLC = 5%

Pull Distributions
pull_0_1

Entries  2407

Mean   0.03213

Std Dev    0.9199

 / ndf 2χ  71.86 / 55

N (normalization)  2.7± 104.2 

 (mean) µ  0.01871± 0.03467 

 (width) σ  0.0148± 0.8952 

5− 4− 3− 2− 1− 0 1 2 3 4 5
0

20

40

60
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120

pull_0_1
Entries  2407

Mean   0.03213

Std Dev    0.9199

 / ndf 2χ  71.86 / 55

N (normalization)  2.7± 104.2 

 (mean) µ  0.01871± 0.03467 

 (width) σ  0.0148± 0.8952 

 Pull  (After Conf. Lev. Cut)
e'

p
pull_1_1

Entries  2407

Mean  0.0664− 

Std Dev    0.9266

 / ndf 2χ   65.7 / 57

N (normalization)  2.8± 104.1 

 (mean) µ  0.01928±0.04521 − 

 (width) σ  0.0154± 0.8979 

5− 4− 3− 2− 1− 0 1 2 3 4 5
0

20
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60
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100

120
pull_1_1

Entries  2407

Mean  0.0664− 

Std Dev    0.9266

 / ndf 2χ   65.7 / 57

N (normalization)  2.8± 104.1 

 (mean) µ  0.01928±0.04521 − 

 (width) σ  0.0154± 0.8979 

 Pull  (After Conf. Lev. Cut)
e'

θ
pull_2_1

Entries  2407

Mean  0.1795− 

Std Dev    0.9708

 / ndf 2χ  72.58 / 61

N (normalization)  2.70± 98.65 

 (mean) µ  0.0197±0.1631 − 

 (width) σ  0.0172± 0.9452 

5− 4− 3− 2− 1− 0 1 2 3 4 5
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pull_2_1

Entries  2407

Mean  0.1795− 

Std Dev    0.9708

 / ndf 2χ  72.58 / 61

N (normalization)  2.70± 98.65 

 (mean) µ  0.0197±0.1631 − 

 (width) σ  0.0172± 0.9452 

 Pull  (After Conf. Lev. Cut)
e'

φ

pull_3_1
Entries  2407

Mean    0.146

Std Dev    0.9274

 / ndf 2χ  84.57 / 55

N (normalization)  2.7±   102 

 (mean) µ  0.0191± 0.1461 

 (width) σ  0.0159± 0.9109 

5− 4− 3− 2− 1− 0 1 2 3 4 5
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pull_3_1
Entries  2407

Mean    0.146

Std Dev    0.9274

 / ndf 2χ  84.57 / 55

N (normalization)  2.7±   102 

 (mean) µ  0.0191± 0.1461 

 (width) σ  0.0159± 0.9109 

 Pull  (After Conf. Lev. Cut)
he4'

p
pull_4_1

Entries  2407

Mean   0.03519

Std Dev    0.9539

 / ndf 2χ  68.38 / 53

N (normalization)  2.57± 98.24 

 (mean) µ  0.02030± 0.04056 

 (width) σ  0.0159± 0.9534 
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pull_4_1

Entries  2407

Mean   0.03519

Std Dev    0.9539

 / ndf 2χ  68.38 / 53

N (normalization)  2.57± 98.24 

 (mean) µ  0.02030± 0.04056 

 (width) σ  0.0159± 0.9534 

 Pull  (After Conf. Lev. Cut)he4'θ
pull_5_1

Entries  2407

Mean   0.3255

Std Dev    0.8551

 / ndf 2χ  65.84 / 54

N (normalization)  3.0± 113.7 

 (mean) µ  0.0171± 0.3404 

 (width) σ  0.0138± 0.8221 
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pull_5_1
Entries  2407

Mean   0.3255

Std Dev    0.8551

 / ndf 2χ  65.84 / 54

N (normalization)  3.0± 113.7 

 (mean) µ  0.0171± 0.3404 

 (width) σ  0.0138± 0.8221 

 Pull  (After Conf. Lev. Cut)
he4'

φ

pull_6_1
Entries  2407

Mean  0.01641− 

Std Dev     1.213

 / ndf 2χ  71.67 / 59

N (normalization)  1.95± 76.76 

 (mean) µ  0.02656±0.01752 − 

 (width) σ  0.020± 1.228 
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pull_6_1
Entries  2407

Mean  0.01641− 

Std Dev     1.213

 / ndf 2χ  71.67 / 59

N (normalization)  1.95± 76.76 

 (mean) µ  0.02656±0.01752 − 

 (width) σ  0.020± 1.228 

 Pull  (After Conf. Lev. Cut)
DVCS

γ
p

pull_7_1
Entries  2407

Mean  0.1457− 

Std Dev    0.9083

 / ndf 2χ  57.69 / 55

N (normalization)  2.8± 105.6 

 (mean) µ  0.0187±0.1467 − 

 (width) σ  0.0148± 0.8891 
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pull_7_1

Entries  2407

Mean  0.1457− 

Std Dev    0.9083

 / ndf 2χ  57.69 / 55

N (normalization)  2.8± 105.6 

 (mean) µ  0.0187±0.1467 − 

 (width) σ  0.0148± 0.8891 

 Pull  (After Conf. Lev. Cut)
DVCS

γθ
pull_8_1

Entries  2407

Mean    0.104

Std Dev    0.9876

 / ndf 2χ  63.05 / 61

N (normalization)  2.6±  97.5 

 (mean) µ  0.0200± 0.1074 

 (width) σ  0.0163± 0.9605 
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Entries  2407

Mean    0.104

Std Dev    0.9876

 / ndf 2χ  63.05 / 61

N (normalization)  2.6±  97.5 

 (mean) µ  0.0200± 0.1074 

 (width) σ  0.0163± 0.9605 

 Pull  (After Conf. Lev. Cut)
DVCS

γ
φ



DVCS 4C -fit Exclusivity Variable Distributions

Measured values from:
Red: Exclusivity Cuts
Blue: Kinematic Fit

Fitted values from:
Green: Kinematic Fit
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DVCS 4C -fit Beam-Spin Asymmetries

Measured values from:
Red: Exclusivity Cuts
Blue: Kinematic Fit

Bins in Q2

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  3.167 / 8
   α  0.05485± 0.3592 
 / ndf 2χ  3.167 / 8
   α  0.05485± 0.3592 

 / ndf 2χ  4.876 / 8
   α  0.04851± 0.3122 
 / ndf 2χ  4.876 / 8

   α  0.04851± 0.3122 

 )2 = 0.080654 GeV-t  = 0.131573 , x, 2  = 1.145889 GeV2Q (# events : 2404 )( φ vs. rawA

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  3.409 / 8
   α  0.05803± 0.3357 
 / ndf 2χ  3.409 / 8
   α  0.05803± 0.3357 

 / ndf 2χ  6.659 / 8
   α  0.04985± 0.4172 
 / ndf 2χ  6.659 / 8

   α  0.04985± 0.4172 

 )2 = 0.094169 GeV-t  = 0.170550 , x, 2  = 1.423673 GeV2Q (# events : 2404 )( φ vs. rawA

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  8.213 / 8
   α  0.05627± 0.3708 
 / ndf 2χ  8.213 / 8
   α  0.05627± 0.3708 

 / ndf 2χ  4.525 / 8
   α  0.05018± 0.311 
 / ndf 2χ  4.525 / 8

   α  0.05018± 0.311 

 )2 = 0.000000 GeV-t  = 0.000000 , x, 2  = 0.000000 GeV2Q (# events : 2404 )( φ vs. rawA

Bins in x

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  4.655 / 8
   α  0.05115± 0.3419 
 / ndf 2χ  4.655 / 8
   α  0.05115± 0.3419 

 / ndf 2χ  5.647 / 8
   α  0.04461± 0.3188 
 / ndf 2χ  5.647 / 8

   α  0.04461± 0.3188 

 )2 = 0.080654 GeV-t  = 0.131573 , x, 2  = 1.145889 GeV2Q (# events : 2404 )( φ vs. rawA

]° [φ 
50 100 150 200 250 300 350

ra
w

 A
0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  4.134 / 8
   α  0.06113± 0.2886 
 / ndf 2χ  4.134 / 8
   α  0.06113± 0.2886 

 / ndf 2χ  8.089 / 8
   α  0.05146± 0.3381 
 / ndf 2χ  8.089 / 8

   α  0.05146± 0.3381 

 )2 = 0.094169 GeV-t  = 0.170550 , x, 2  = 1.423673 GeV2Q (# events : 2404 )( φ vs. rawA

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  11.32 / 8
   α  0.05778± 0.441 
 / ndf 2χ  11.32 / 8
   α  0.05778± 0.441 

 / ndf 2χ  26.24 / 8
   α  0.05491± 0.3781 
 / ndf 2χ  26.24 / 8

   α  0.05491± 0.3781 

 )2 = 0.000000 GeV-t  = 0.000000 , x, 2  = 0.000000 GeV2Q (# events : 2404 )( φ vs. rawA

Bins in −t

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  4.756 / 8
   α  0.05657± 0.4206 
 / ndf 2χ  4.756 / 8
   α  0.05657± 0.4206 

 / ndf 2χ  3.324 / 8
   α  0.04964± 0.3789 
 / ndf 2χ  3.324 / 8

   α  0.04964± 0.3789 

 )2 = 0.080654 GeV-t  = 0.131573 , x, 2  = 1.145889 GeV2Q (# events : 2404 )( φ vs. rawA

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  13.74 / 8
   α  0.05617± 0.3475 
 / ndf 2χ  13.74 / 8
   α  0.05617± 0.3475 

 / ndf 2χ  12.21 / 8
   α  0.05026± 0.3195 
 / ndf 2χ  12.21 / 8

   α  0.05026± 0.3195 

 )2 = 0.094169 GeV-t  = 0.170550 , x, 2  = 1.423673 GeV2Q (# events : 2404 )( φ vs. rawA

]° [φ 
50 100 150 200 250 300 350

ra
w

 A

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5  / ndf 2χ  9.053 / 8
   α  0.05609± 0.3002 
 / ndf 2χ  9.053 / 8
   α  0.05609± 0.3002 

 / ndf 2χ  14.21 / 8
   α  0.04991± 0.3292 
 / ndf 2χ  14.21 / 8

   α  0.04991± 0.3292 

 )2 = 0.000000 GeV-t  = 0.000000 , x, 2  = 0.000000 GeV2Q (# events : 2404 )( φ vs. rawA



Power of Kin. Fit: E1-DVCS2
Dataset



5C -Kinematic Fit on E1-DVCS2:
DVπ0P

e p → e p π0 , π0 → γ γ

Confidence Level
confLevels

Entries  514857
Mean   0.06011
Std Dev    0.1837

 / ndf 2χ  605.4 / 74
p0        2.8± 596.9 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

310

410

510

confLevels
Entries  514857
Mean   0.06011
Std Dev    0.1837

 / ndf 2χ  605.4 / 74
p0        2.8± 596.9 

Confidence Levels ( 28122 events, est. SNR = -17.320616, sig. pct. = 106.127220% with conf. cut @ 0.50) 

Pulls
pull_0_1

Entries  28122

Mean   0.06669

Std Dev    0.6165

 / ndf 2χ  237.3 / 38

N (normalization)  13.0±  1840 

 (mean) µ  0.00365± 0.06183 

 (width) σ  0.002± 0.605 
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pull_0_1
Entries  28122

Mean   0.06669

Std Dev    0.6165

 / ndf 2χ  237.3 / 38

N (normalization)  13.0±  1840 

 (mean) µ  0.00365± 0.06183 

 (width) σ  0.002± 0.605 

 Pull After CLC
e

p
pull_1_1

Entries  28122

Mean  0.1967− 

Std Dev    0.7266

 / ndf 2χ   1328 / 39

N (normalization)  11.1±  1565 

 (mean) µ  0.0045±0.1745 − 

 (width) σ  0.003± 0.685 
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pull_1_1

Entries  28122

Mean  0.1967− 

Std Dev    0.7266

 / ndf 2χ   1328 / 39

N (normalization)  11.1±  1565 

 (mean) µ  0.0045±0.1745 − 

 (width) σ  0.003± 0.685 

 Pull After CLCeθ
pull_2_1

Entries  28122

Mean  0.1472− 

Std Dev    0.6697

 / ndf 2χ  359.8 / 38

N (normalization)  12.1±  1686 

 (mean) µ  0.0041±0.1376 − 

 (width) σ  0.0026± 0.6584 
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Entries  28122

Mean  0.1472− 

Std Dev    0.6697

 / ndf 2χ  359.8 / 38

N (normalization)  12.1±  1686 

 (mean) µ  0.0041±0.1376 − 

 (width) σ  0.0026± 0.6584 

 Pull After CLC
e

φ

pull_3_1
Entries  28122

Mean   0.2091

Std Dev    0.7389

 / ndf 2χ   1560 / 39

N (normalization)  10.9±  1546 

 (mean) µ  0.0046± 0.1578 

 (width) σ  0.0025± 0.6873 
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Entries  28122

Mean   0.2091

Std Dev    0.7389

 / ndf 2χ   1560 / 39

N (normalization)  10.9±  1546 

 (mean) µ  0.0046± 0.1578 

 (width) σ  0.0025± 0.6873 

 Pull After CLC
p

p
pull_4_1

Entries  28122

Mean  0.2547− 

Std Dev    0.7719

 / ndf 2χ   1625 / 38

N (normalization)  10.6±  1449 

 (mean) µ  0.0050±0.2096 − 

 (width) σ  0.0030± 0.7344 
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Entries  28122

Mean  0.2547− 

Std Dev    0.7719

 / ndf 2χ   1625 / 38

N (normalization)  10.6±  1449 

 (mean) µ  0.0050±0.2096 − 

 (width) σ  0.0030± 0.7344 

 Pull After CLCpθ
pull_5_1

Entries  28122

Mean   0.02825

Std Dev     0.632

 / ndf 2χ  409.8 / 39

N (normalization)  12.6±  1811 

 (mean) µ  0.00371± 0.01603 

 (width) σ  0.0021± 0.6109 
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pull_5_1
Entries  28122

Mean   0.02825

Std Dev     0.632

 / ndf 2χ  409.8 / 39

N (normalization)  12.6±  1811 

 (mean) µ  0.00371± 0.01603 

 (width) σ  0.0021± 0.6109 

 Pull After CLC
p

φ

pull_6_1
Entries  28122

Mean  0.07513− 

Std Dev    0.7593

 / ndf 2χ  935.7 / 39

N (normalization)  10.4±  1496 

 (mean) µ  0.00450±0.08217 − 

 (width) σ  0.003± 0.728 
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Motivation: Missing Mass2 Distribution
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Motivation: Missing Mass2 Distribution

M2_X_rec
Entries  514857

Mean    2.493

Std Dev     1.354

0 1 2 3 4 5 6
 ]2)2 [ (GeV/cXp

2 M

0

2000

4000

6000

8000

10000

M2_X_rec
Entries  514857

Mean    2.493

Std Dev     1.354

 )0π p e X→ (e p X
2M



Kinematic Fit Applied to EG6:
4C -fit on DVπ0P

e 4He→ e 4He γ γ

4C ⇒

{
Einit − Efin ≡ 0
#»p init − #»p fin ≡

#»

0

( No γγ invariant mass constraint! )



Motivation: Invariant Mass Dist.

Even with the detected e in CLAS and 4He in the RTPC, we still
have to sift all combinations of photon pairs formed from both the
IC and EC:
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3Exc. Cuts
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1For a fair comparison, additional π0 cuts includes a photon distance cut
(|∆xγγ − 5cm| < 2cm) and a momentum cut (pπ0 > 3GeV/c).



Motivation: Invariant Mass Dist.

4C Kin. Fit

]2 [GeV/cγγM
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0

20

40

60

80

100

120

140

160

180

200

220

240

M_pi0_after
Entries  1122
Mean    0.285

Std Dev    0.2292
h_M_pi0_bayram

Entries  802

Mean   0.1337

Std Dev    0.01044

 After CLC       γγ M

M_pi0_fit_pass
Entries  1122
Mean   0.2853
Std Dev    0.2283

Even with the 4C kinematic fit, we see that the invariant mass distribution has a clear π0-peak with very little
background.

Note: Nowhere in the implementation is the nominal value of M
π0 used!



Robustness of Exc. Cuts
(or lack thereof)

e 4He→ e 4He π0



Adding One Exclusivity Cut: E Cut

Exclusivity Variable Distributions

]2)2 [(GeV/c
0

X
2 M

8 10 12 14 16 18 20 22
0

5

10

15

20

25

30

35

40

45
cart_0_1
Entries  692

Mean    13.97

Std Dev      1.17

) After CLC0 X0π  (Final State: e 
0X

2M

]2)2 [(GeV/c
1X

2 M
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1

0

5

10

15

20

25

30 cart_1_1
Entries  692

Mean  0.002705− 

Std Dev    0.3302

) After CLC
1

He X4  (Final State: e 
1X

2M

]2)2 [(GeV/c
2X

2 M
0.1− 0.08− 0.06− 0.04− 0.02− 0 0.02 0.04 0.06 0.08 0.1

0

20

40

60

80

100

cart_2_1
Entries  692

Mean  0.005629− 

Std Dev    0.01412

) After CLC2 X0πHe 4  (Final State: e 
2X

2M

 [GeV/c]x P
0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2
0

5

10

15

20

25

30

35

cart_3_1
Entries  692

Mean  0.004173− 

Std Dev    0.05381

  After CLCxP

 [GeV/c]y P
0.2− 0.15− 0.1− 0.05− 0 0.05 0.1 0.15 0.2
0

5

10

15

20

25

30

35

40

45 cart_4_1
Entries  692

Mean  0.003019− 

Std Dev    0.0458

  After CLCyP

 [GeV/c]t P
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

0

5

10

15

20

25

30

cart_5_1
Entries  692

Mean   0.05839

Std Dev    0.03946

  After CLCtP

 [GeV]
2X E

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

35

cart_6_1
Entries  692

Mean   0.01007

Std Dev    0.1635

  After CLC
2XE

 [deg.]θ 
0 0.5 1 1.5 2 2.5 3 3.5

0

5

10

15

20

25

30

35

cart_7_1
Entries  692

Mean   0.7109

Std Dev    0.5075

  After CLCθ

 [deg.]φ ∆ 
5− 4− 3− 2− 1− 0 1 2 3 4 5

0

10

20

30

40

50

60

70

80
cart_8_1
Entries  692

Mean    0.144

Std Dev    0.5354

  After CLCφ ∆

Beam Spin Asymmetry
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 )2 = 0.176 GeV-t  = 0.111 , x, 2  = 1.492 GeV2Q (# events : 692 )( φ vs. rawA

(692 events, BSA = -6.4±5.6%)



Adding One Exclusivity Cut: E Cut

Exclusivity Variable Distributions
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Beam Spin Asymmetry
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 )2 = 0.175 GeV-t  = 0.113 , x, 2  = 1.490 GeV2Q (# events : 692 )( φ vs. rawA

(692 events, BSA = -7.8±5.6%)



Sampling Subsets of Exc. Cuts

e 4He→ e 4He π0



Likelihood of Selecting 312 out of 800 events having
ARaw = −20.3%
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Likelihood of Selecting 488 out of 800 events having
ARaw = −3.3%
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Likelihood of 692/800 events having 33% Less Asymmetry
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BSA and Nevents vs. CLC

e 4He→ e 4He π0



BSA vs. Conf. Level Cut: Full Dataset
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BSA vs. Conf. Level Cut: Exclusivity Selected Events
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RTPC: Particle Determination
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