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Motivation

When embedded in the nucleus,
» What about proton changes?

» 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:
» Coherent (Nucleus stays intact)

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

Start with the simplest dense stable nucleus: *He.

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

Channel Process BSA
DVCS: (e 4He, e *He ’y) Published?
Coherent
4 4 0 .
BYMP: (e He, e *He ) This talk
e 4He7 e *He n Stats. too low
DVCS : 4He (e, e p ) X Under review
Incoherent
4He (e e 71'0) X Work in prog.?
DVMP: &P prog.
4He (e, e p 1) X Work in prog.2

M. 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|?):
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Formalism
Generally, the BSA can be expressed in terms of the squared-transition

amplitude (|M|?):
(MY = (IM_|?)
(IMe?) + (M=)

62 2
(M) = (&) 2

Hyw = Iy

BSA =

C. R. Ji's formulation® for 0~ meson electroproduction off 017 target
(e *He — e "He 7°)

Ju = Fpse"’ P q, Py g
2 - ’
= Huv = |Fps|” €papyevarprr q° P7 A
= HV[,L

= BSA=0

2Ji et al., arXiv:1806.01379 (June 2018) 3/13



Experiment

CEBAF @ JLab delivers long. polarized 6 GeV electrons to CLAS
which detects the scattered electrons:

Energy : 6 GeV
Luminosity : 1034 cm?s~1
Long. Beam Polarization : 85%

CLAS

CEBAF
Large
Acceptance
Spectrometer

South LINAC

M Beam Switchyard
Separator

Stations £ /

Delivers e

Pthres > 250 MeV/c
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Energy : 6 GeV
Luminosity : 1034 cm?s~1
Long. Beam Polarization : 85%

CLAS

CEBAF
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Acceptance
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South LINAC

M Beam Switchyard
Separator
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Delivers e

Pthres > 250 MeV/c

pi, ~ 100 MeV/c 413



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) Inner Calorimeter (IC)

Detects “He’ Detects v

0~ € (8°,45°)J (4°,15°)
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Measuring BSA of 7% DVMP

We measured the fully exclusive coherent reaction:
e *He — e *He 7% — e *He v v

Measure the beam-spin asymmetry (BSA):

1 ) N*(¢) — N~ ()

BoA) = (PB N () T N~ (9)

» Small cross-section — low statistics

> Relatively large background

» Clean event selection is important!
» Exclusivity Variable Cuts

» Kinematic Fitting 6/13



Measuring BSA¢of 70 DVMP

Besti
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» Small cross-section — low statistics

s

[Vt

> Relatively large background

» Clean event selection is important!

» Exclusivity Variable
» Kinematic Fitting

Cuts

h g2 1

. Enties 546
Mean 1471
1 Std Dev_0.4198
12
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s
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Measurir

» Small cross-section — low statistics
> Relatively large background

» Clean event selection is important!
» Exclusivity Variable Cuts

M, Coherent Final State : & 10

Missing P

(e*He)

Missing P,

» Kinematic Fitting
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Kinematic Fitting in a Nutshell

Introduce and minimize £, with Lagrange multipliers i:

L= (?1/)T C771 V42 (ﬁu)T <AVEV + Bugu + E’u)

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

confLevels

10° Entries 2000
C Mean 0.2544

Std Dev_ 0.3184

© LLH;LM_M_ML B fafl soca fllagan
USSR

i

PN P NN N I IS B S I W
0.1 0.2 03 0.4 05 0.6 0.7 0.8

0.9 1
Conf. Levels ]

(Toy data)
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5C-Kinematic Fit on EG6: DV7'P

e ‘He — e ‘He #°
™ =y
Einit — Ein =0
5C = { Pinit — Pin=10

M7r° - \/(E’n + EW2)2 - HBM + 3‘/2“2 =0

Confidence Level[ﬁstﬁbug n

I L I I I I I I I
01 02 03 04 05 06 07 08 09 1

CLC =5%
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Kin. Fit Applied
M, (e “He - eX 1)

M_X 0

C ? ? g ... [Enmies 4037
1801 % % ST | Mean 434
160 : : j i | Std Dev_ 0.6267

140 L g B N
P S e LAV USSR SOTOTORUTOURROE b NOTORURION SR
100 .....................

80— .....................

25 3 35 4 45 5 55
M, [ GeVic® ]
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Kin. Fit Applied
M, (e “He - eX 1)

M _X_0

C Entries 4037
180 - i | Mean 4.34
15| ARSI SUSSE WM. S - SRR =% N i .|StdDev  0.6267

140
120
100 ; ; e OO SRS RO OO SO

80 | S O = S S S B

P - Hiuuiuu—l-n

35 45 5 55
M, [ GeVic® ]

Red : Events failing CLC

Blue : Events passing CLC
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Sequential Exclusivity Cuts Applied

COpIﬂ"la”t(XJ M, (e *He - eXT’)
. ‘ M X
160 =
E m & Entries 4037
140 T Mean 4.34
o ‘ L m U LLW Std Dev  0.6267
120 ; 10
- i MU LLr
100F [
8o i
of [ LL
40}~ HJ
20: J_Aﬂu :
o L !
s T T T T T s T T T T T T s T T T s T s
M, [ GeVic? ]
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Sequential Exclusivity Cuts Applied
CopIAi‘rlarity

M, (e *He - eXT’)

M_X

- H‘ ﬁ Entries 2022
100 Mean 4.164

N
1

L
: ] o
e PﬁJjﬁJJWﬂaJJJTJA | :‘ s LLLLM

.
2 25 3 35 4 45 5 55
M, [ GeVic? ]
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Sequential Exclusivity Cuts Applied

Coplanarity M, (e *He - eXT1’)
. X | M X
B “ H Entries 1164
1001 = Mean 3.912
- - i Std Dev  0.4438
Cone Angle g0l :

g

2 25 3 35 4 45 5 55
M, [ GeVic? ]

I
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Sequential Exclusivity Cuts Applied

Coplanarity M, (e “He - eXT)
: % ‘ M_X
B “ H Entries 877
1001 = Mean 3.781
- ! Std Dev  0.1921
807 :

60| ; W

T

2 25 3 35 4 45 5 55
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Sequential Exclusivity Cuts Applied

‘COPIﬂ"la”fZﬁ M, (e *He - eXT’)

M_X

B M_L Entries 877
| I
100 Mean 3.782

Std Dev  0.1921

80: oy

i

} ﬁﬁ

200 r:JI'j &

I R

M, [ GeVic? ]

Red : Events failing CLC
Blue : Events passing CLC
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Beam-Spin Asymmetry Comparison

For
e "He — e He 7° | (1)

the BSA is obtained from two different event selection methods:

Exclusivity Cuts Kinematic Fit

A VS ®(0.500 < @ < 3.500 (GeV/cy) Aga VS ©(0.500 < Q° < 3.500 (GeV/cy)

<k lExc Fit Al ‘ < ozf le. Fit Al
0af E

£l
9ldeg] oldeg]

BSA = -8.94+5.3 % BSA = -0.5+6.3 %
(800 events) (537 events)
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Beam-Spin Asymmetry

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

BSA = -8.94+5.3%

Ay VS ©(0.500 < QF < 3.500 (GeVicy)

M_X

L U—|/ Entries 877
100 Mean 3.782

N i Std Dev  0.1921
i
80 P
L ;
N Pjh
60
i
i

40 " "
L lJ_L\J' J-El AL, VS §(0.500 < Q° < 3.500 (GeV/cy)
| )
H ;
F L 7 of e cutony
20 1 £ |
: iE : |
L ; — C ]

P
25 35 4 45

5 55 E
M, [ GeVic? | E l
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Summary

» The BSA of coherent 70 electroproduction off “He is
consistent with 0 (-0.54-6.4%)

» Benchmark measurement for Ji's formulation

v

Event selection plays a crucial role

v

Exclusivity cuts require some cleverness

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

v

Kin. fitting does not
» |t uses both detector resolutions and conservation law constraints to
do a fantastic job in rejecting background
> Some of these events cannot be rejected by any obvious series of
cuts

v

Kinematic fitting should be used in more analyses!

Outlook
» Extend kin. fitting to look into the incoherent channel

» Measure BSA for incoherent DVMP
13/13



Thank you!

Questions?



Backup Slides



5C-Kinematic Fit on EG6: DV#'P

e “He — e *He #°

™ Sy

Einit — Ein =0
5C = { Pinit — Pin=10

M7r° - \/(E’Yl + E’Yz)2 - HB’YI + 77)72“2 =0
Pull Distributions

/ﬂ\i JAM\E jw\i
AL
e ————— S ST
CLC = 5% | Aﬁ | Aﬁ :. Ai

Confidence Level Distributi




Invariant Mass Distribution for v~

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

Fitted values from:
Green: Kinematic Fit

90F
80
70F
60
501
40F
30F
20F

10F

M,, Distribution After

M_piO_fit_pass
Entries 547
Mean 0.135
Std Dev  0.0002981
M_piO_after
Entries 547
Mean 0.1342

Std Dev  0.008738

h_M_pi0_bayram

Entries 802

Mean 0.1337
Std Dev  0.01044
| ik P P . I

0.15 0.2

0.25 0.3
M, [GeV/c?]



Sanity Check: Vertex Coincidence

Before CLC After CLC

Avz, Avz, ., After CLC
e, "He e, ‘He
vz _ dV7_after
E Enries 796620 F Erfries 547
20000
E Mean  -0.02084 E Man 0008289
18000 Std Dev 1061 %= StfiDev 07514
16000 L
E 20—
14000— F
12000 r
E 15—
10000 r
8000 e
s000/— L
4000 £
3 F b i
E L 1 | | | C In L | I il
°3 -2 1 [ 1 2 2 -2 -1 o 1 2
Bvz, .y, fom] Avz, 4, fem]

Line Distribution: All Measured Events
Filled Distribution: Measured Events After CLC



Sanity Check: Photon Distance

DX, AX, ., After CLC
oY 5 o2 o
ool Enies 166863 £ Entries 531
1400 Mean 6.44 30 Mean 4621
E Std Dev 21 £ Std Dev_ 09666
1200/ £
£ e
1000 E
£ 20
800~ £
£ 15—
600~ E
L 10—
00— E
2001~ S
Ot L L entpade ) bbbl ORI PO [ b O 1T PR P
T2 a4 5 6 7 8 9 1 T2 8 9 10
%, fom] 8%, fem]

Line Distribution: All Measured Events
Filled Distribution: Measured Events After CLC

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 : AX € [3,7] cm



Sanity Check: 7° Momentum Distribution

P, (fitted) (x's)

xs 0 0

Entries 547

3sf-

Mean 4.459

30
L Std Dev 05163

25
20F
15f

10F

Red: Fitted After CLC
Blue: Measured After CLC

The 5C-fit has no cut on the 7% momentum but the distribution
shows that the minimum momentum is around 3GeV//c.

B. Torayev's Cut : Po >3 GeV/c



Sanity Check: 72 Momentum Distribution

pv (fitted) (After Conf. Lev. Cut)

Red: Fitted After CLC
Blue: Measured After CLC

The 5C-fit has no cut on the 7, but the distribution shows that
the minimum momentum is around 0.3GeV//c.

B. Torayev's Cut : P, > 0.4GeV/c



Sanity Check: Exclusivity Variable Distributions

B. Torayev's Cuts:

|M2, — 0.005| < 0.048 (GeV/c?)”
|AG — 0.16] < 0.138 deg.

|00 3, — 2.5 < 0.03 deg.
|MZ, — 14.079| < 0.03 (GeV/c?)’

D R

Black: B. Torayev's Distributions
Blue: Measured After CLC
Green: Fitted After CLC

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:

Exclusivity Cuts (800 Events)
Common (488 Events)
Kinematic Fitting (547 Events)



Beam Spin Asymmetries

Agay VS ©(0.500 < Q7 < 3.500 (GeV/c))

(537 events, BSA = -0.51+6.4%)

T T 7 E E
aldeg]

Aa VS ©(0.500 < Q7 < 3.500 (GeV/c))

GARRRRRRRRM

(800 events, BSA = -8.94-5.3%)

E T T E B >
oldeq]

(0.500 < Q7 < 3.500 (GeVI/cy)

Anull

e I et (488 events, BSA = -3.31+6.8%)

o
aldeg]



Invariant Mass Distributions

C Intersection (488 events)
60—

C Exc. Cut Only (312 events)
50— Kin. Fit Only (49 events)
40
30—

20—

10—

0’\\\\\\\\\ PR T S S NI
0 0.05 0.2 0.25

0.3
[GeVic?]




Exclusivity Variable Distributions
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Beam Spin Asymmetries

Beam spin asymmetries summary:

(800 events, BSA = -8.9+5.3%)

Aga, V5 (0500 < QF < 3.500 (GeVicy)

N
i

ool

(488 events, BSA = -3.3+6.8%)

Aga V5 @ (0,500 < QF < 3500 (GeVic))

e

sl

(312 events, BSA = -20.3+8.5%)

A V5 9(0.500 < Q7 < 3.500 (GeVicy)

i [
{ |
SN

ool



Failed Fit == Background?

e ‘He — e *He 7°



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

e He — e *He v

o [E B0
Pinit — Pfin =0



DVCS 4C-fit Outputs

Conﬂdence LeveI Dlstrlbut|on

1o (2007 evers, e,

I L L L
01 02 03 04 05 06 07 08 09

CLC = 5%
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DVCS 4C-fit Exclusivity Variable Distributions
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DVCS 4C-fit Beam-Spin Asymmetries

Bins in Q2

7%
H 4172 004585

=0
2005115

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

Bins in —t




Power of Kin. Fit: E1-DVCS2

Dataset



5C-Kinematic Fit on E1-DVCS2:
DV7OP
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Motivation: Missing Mass? Distribution

M)Z( ©p - ep XT‘O) M2_X_prod
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Motivation: Missing Mass? Distribution

M (ep - e X, 1)
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Kinematic Fit Applied to EG6:
4 C-fit on DV7OP

e He — e “He ~ v

4C = E"it - E.f:" = O_.
Pinit — Prin= 0

( No vy invariant mass constraint! )



Motivation: Invariant Mass Dist.

Even with the detected e in CLAS and “He in the RTPC, we still
have to sift all combinations of photon pairs formed from both the
IC and EC:

No Cuts 3Exc. Cuts

Invariant Mass of Photon Pair (All) Invariant Mass of Photon Pair (All)
h_M_pi0 h_M_pi0

Entries 796629
Mean 02775 250
StdDev 0.1798

40000|

Std Dev_0.2064

35000]

30000|

25000]

20000]

15000)

10000)

g

b
¢
i

5000)

1For a fair comparison, additional 7° cuts includes a photon distance cut
(JAxyy —5ecm| < 2cm) and a momentum cut (pro > 3GeV/c).



Motivation: Invariant Mass Dist.

4C Kin. Fit
M,, After CLC

240 ; : ‘
220 .!' : :
200 : : :

c ! i M_piO_fit_pass
180~ ]_ ! Entries 1122
160 : : Mean 02853
140F- : ‘ Std Dev  0.2283

= i i i M_piO_after
120 : ‘ Entries 1122
100 1 ‘ Mean 0.285

o : : StdDev  0.2202
60 = ‘ ; h_M_pi0_bayram
C i i Entries 802
40~ } ‘ Mean  0.1337
20— : ! Std Dev 0.01044
= ‘,r'ﬁ[w i i mqmﬂihnﬂﬂ’hrmm.ml
0 01 02 0.3 04 05 0.6 07

0.8 0.9
M,y [GeV/c?]

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

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



Robustness of Exc. Cuts
(or lack thereof)

e ‘He — e *He 7°



Adding One Exclusivity Cut: E Cut

Exclusivity Variable Distributions

1, (ot st ) At ? -

e
E’ZJ

Beam Spin Asymmetry

A VS. @ (# events 1692 )( Q7 = 1.492 GeV*,X =0.111, T =0.176 GeV* )

‘ X2 T'ndf 2,678
04 a -0.05976 + 0.05634
- ¥
P
\Q:jf% =

[XZ 7 ndf 485177
o a -0.08983 + 0.05258

(692 events, BSA = -6.4+5.6%)



Adding One Exclusivity Cut: E Cut

Exclusivity Variable Distributions

1, (ot st ) At ? -

e
E’ZJ

Beam Spin Asymmetry

A VS. @ (# events 1692 )( Q7 = 1.490 GeV*,X =0.113, T =0.175 GeV* )

‘ X Tndf 8174
04 a -0.07553 + 0.05648
i P~
£ 1
[ Tndf 285177
a -0.08983 + 0.05258

ol]

(692 events, BSA = -7.8+5.6%)



Sampling Subsets of Exc. Cuts

e ‘He — e *He 7°



Likelihood of Selecting 312 out of 800 events having

Araw = —20.3%

Agaw (Choosing 312 Random Events Out of 800 Exc. Cut Coh. 1 Events)

asym
Entries ! 10000
Mean ! -9.309
Std Dev 5.629
X2 / ndf; 133.4/97
Constant 137.6 +£1.9
Mean -8.967 + 0.090
Sigma | 6.856 + 0.095
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|
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0
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Likelihood of Selecting 488 out of 800 events having
Araw = —3.3%

Agaw (Choosing 488 Random Events Out of 800 Exc. Cut Coh. 1 Events)

asym
180 — Entries | 10000
- Mean ! -8.917
160 — Std Dev | 3.879
E x2/ndf | 88.45/97
140 |— Constant | 164.9+22
e Mean ; -8.902 + 0.049
120~ Sigma 4.306 + 0.046
- T
100 — !
~ |
80—
60— :
40— !
- |
20 p- !
E. [ B TR R
-18 -5 -4 -2

0
Agaw [%]



Likelihood of 692/800 events having 33% Less Asymmetry

A
asym
20 Entries 10000
Mean ! —-8.866
Std Dev i 2.099
200 X2 I ndf | 132.9/97
Constant 12231+ 2.8
Mean -8.854 + 0.022
Sigma 2.116 + 0.016
:

150

100

50

A%



BSA and N.ents vs. CLC

e ‘He — e *He 7°



BSA vs. Conf. Level Cut: Full Dataset

P
o |
B e



BSA vs. Conf. Level Cut: Exclusivity Selected Events

o2
Cort Level Cut

°
2
&

o

Beam Spin Asymmetry

o
S
2l

o2
CortLevel Cut



dEdx

RTPC: Particle Determination

Left side Right side

———
150 200 250

p/q[MeV/c]
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p/q[MeV/c]
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