_—
UNIVERSITY Jefferson Lab

Update on JLab Experiment E12-14-012:

Inclusive (e,e’) and Exclusive (e,e’p) Electron Scattering
from 12C, 4811 and 40Ar.

Daniel L. Abrams
UNIVERSITY of VIRGINIA

Hall A Collaboration Meeting
January 30, 2019



_—
UNIVERSITY Jefferson Lab

Presentation Outline
Experiment E12-14-012

Motivation - Neutrino oscillations
Physics - electron scattering from nucle1
HRS kinematics

Argon target cell

Part I: Inclusive Analysis
Cross Section Extraction Methods
Systematic Uncertainties
Results

Part II: Exclusive Analysis

Particle Identification
Preliminary Analysis Results



/
UNIVERSITY Jefferson Lab

JLab Experiment E12-14-012:

Primary Goal: Measurement of the spectral functions of argon through coincidence (e,e’p)
scattering off of 49Ar and 48T1.

Primary Motivation: To help improve the accuracy of the measurement of the neutrino
oscillation parameters (including the CP violation in the leptonic sector) in
future neutrino experiments, such as LBNE/DUNE.

The argon spectral function 1s key to the reconstruction of neutrino energies, currently the
largest source of uncertainty in neutrino experiments.

Virtually no argon-electron scattering data available - collection of coincidence (e,e'p) data will
serve as a benchmark to test nuclear models against.
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Electron Scattering from Nuclei

Exclusive (e,e’p): Scattered electron and knocked-out proton
detected in coincidence

d%o 4 o’ E.
dEefdQB/dEde Q* E HY

L*" s the leptonic tensor

W is the target response tensor

: . Inclusive (e.e’): Only scattered electron detected
K a kinematical factor (e,e") y

Integrate over exclusive spectrum to get inclusive
Single particle wave functions ®;(p) with energies ¢; are the cross section:

basic quantities accessed in knockout reactions
da
l3 / / p E/
P E P 5 e o 0

Energy integral of spectral function gives nucleon
momentum distribution:

d°c o S(|P|, E) n(p) / dE, S(p, E)

Can construct a probability function to describe the shell
structure of the nucleus:

S(|P|, E) Z\‘I’ )28(E + €;)
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Electron Scattering from Nuclei

Why Titaniu

m?
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Different spectral function for protons, neutrons.

Exploiting the correspondence of the level structures of 40Ar and 48T1, the neutron
spectral function can be obtained from the proton spectral function of titanium.
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Ar(e,e'p) gives the proton spectral function for Ar

e+ [9Ar e +p+X = S,(Bl.E)

Ti(e,e’p) gives the neutron spectral function for Ar

e+ 5Ti—e +p+X = S.(Bl.E)
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Electron Scattering from Nuclei

Plane Wave Impulse Approximation (PWIA) q,v q,v

Distorted Wave Impulse Approximation (DWIA)

|
IS
Scattering off of nuclear target reduces to incoherent =\ = i N
sum of elementary scattering processes involving
individual bound nucleons

e oo K a kinematic factor
FSI between proton and recoiling nucleus are negligible

do
—2 the elastic electron-proton cross section
o= K (290 5(5,.|, ) e
dS). m by S(|P,, |, Em) the spectral function

8 Tp(k,E) [Gev™]

!

Accounts for FSI with spin-independent optical potential

160 Spectral Function

Appropriate choice of kinematics reduces FSI
Potential has minimal effect on outgoing proton momentum I
Factorization of differential cross-section holds! i
DWIA implemented in MC using Carlotta’s code

d®c A do
— K _p SD Em g g
AdBe dQer d By dS), (dﬂe) ( , |Pil; [PI)
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Connection to Neutrino Physics

How does the Argon spectral function help with neutrino physics?

The reconstruction of (anti-)neutrino energy in the LArTPC detectors requires understanding
of the spectral functions describing both neutrons and protons.

2

E — Mn — mfb — Ez% +2E,Ep — 2k, ||[Ppy| + Pg E, and P, are distributed according to the

2(E, — E, + |k, |cosf, — |P,|cosb,) proton spectral function.

In the detectors, the neutrinos will interact with the argon nucleus through the charged-current
weak interactions: vy +n — [~ +p and v +p — T +n

-
Vi
W- Physics of these neutrino interactions 1s analogous to (e,e'p)
p
In the PWIA/DWIA approximation scheme, the neutrino cross
sections can be written in terms of a spectral function
7 I*
l
W+ The spectral function is an intrinsic property of the nuclear

n ground state, and hence can describe interactions involving
different particle probes
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E12-14-012: Kinematics and Data Summary
Data collection from Feb-March 2017

E. E., @0, P, 0, q| Drm x
MeV MeV deg MeV/c deg MeV/e MeV/e
kinl [ 2222 1799 215 915 -50.0 857.5 Ol 040

kin2 | 2222 1716 20.0 1030 —-44.0 846.1 1839 0.48 Ar/Ti/C(e,e’) for kin5 only

kin3 | 2222 1799 17.5 915 -47.0 7409 174.1 0.47 D oot d “varallel ki .,
kind | 2222 1799 155 915 —44.5 6585 229.7 0.37 ata collection used “parallel kinematics™ to

kin5 | 2222 1716 155 1030 -390 7303 209.7 029  reduce the effects of FSI on the cross-section

Ar/T1/C(e,e'p) for five kinematic settings

goll

>
>

momentum delta scan
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E12-14-012 Targets
C and Ti targets are foils

+  Carbon

+  Titanium Ar target 1s a sealed gas cell
- Argon

+  25cm Al dummy

+  Optics

Dummy target: same as the entry and exit window as the gas target

Length =25 cm

Pressure = 500 PSI
Temperature = 300 K

Optical target: a series of foils of carbon (9) to check the alignment of target and
spectrometers (optics) 9
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E12-14-012 Argon Target Boiling Study

Calculate normalized yield for different currents

..lﬁerson Lab

A change 1n the yield represents a change in the target density: AY = Apiar

Fit the yield data with a function f (Icesar) such that /(0) = 1

Density correction factor:

1.00

f(ICEBAF) = a- I(%EBAF + b IcEBAF +C

0.95 |-

Normalized Yield

o
®
«

0.80 |-

0.75 |-

Boiling study courtesy of Nathaly Santiesteban.
Available at: arXiv:1811.12167

Model(Quadratic)

0.90 |-

- — init

Ar ® & data

— best-fit

Best Fit
A = 0.00039+/- 0.00016
B = -0.02157+/- 0.00387
C = 1.00000+/- 0.02087

x2/ndf = 1.764

2

4 6 8 10 12 14 16 18
curent pA
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PART I

Inclusive (e,e’) Scattering
from 12C, 487T1, 40Ar, and 27Al
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Cross Section Extraction Methods
Yield Ratio Method:

Acceptance Method: Calculate the “yield” for both the data and

MC simulation:
Number of detected events:

. NS ' DAQpre—scale
Yield =
N —BG=L-0-(AE'AQ)-c- A(F',0) N, - LT -¢
Multiply model cross section by data/MC
Let Y = N~ — BG, and solve for the cross- yield ratio:
section: ( A2 ) B ( 2o ) Yieldgata
dME" ) ., dQdE" ) o Yieldyc

( dQO' ) o Yleld
dQIE - L-e-(AE'AQ) - A(E',0 :
exp ( ) - Al ) Carbon Comparison Method:

Scale the Carbon cross section by the titanium-

L 1s the (integrated) luminosity to-carbon yield ratio:

o 1s the differential cross section
¢ 18 the total detector efficiency d’c \' _( dPo " Yieldh,
A(E',0) 1s the HRS acceptance function dQUE'" ) - \ dQdE' C ' Yieldé

12
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Inclusive Analysis: Systematic Uncertainty

Total systematic uncertainty =~ 3% Radiative corrections calculated using the peaking

approximation of Mo and Tsai.

— 0
Beam charge ~ 0.3 % To determine the effect of the cross section model

Beam energy ~ 0.1 % used to calculate the radiative correction factor,
Beam x and y offset ~ 0.8 % we scaled the original MC model by 1/ Q?/2 and
HRS x and y offset ~ 0.8 % recalculated the correction factor.

Target boiling ~ 0.7 % Rer — Tborn
Acceptance ~ 0.6 % Orad

Cherenkov cut ~ 0.02 %

We use the code COSY to generate the optical

COSY ~0.64 % matrix for simulation.
Radiative corrections ~ 1 % To estimate the optical matrix uncertainty due to
RC on model ~ 0.49 % the magnetic field settings of Q1, Q2, and Q3, we

varied the individual settings by 1%
13
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12C(e,e") Cross Section - ]

2 a0| E12-14-012 Preliminary

g Ec=2.222GeV, 6.=15.541"

—~

+

Ostat < 1.207 £ 35 e acceptance method {
% * vyield ratio method
O-Syst < 2-95% ? {
30 é’
251 : :
Compare result with MC model: {
40000: [/\ 20 1 ;
350003 b °
30000; f %T\% 15 1 $
25000
20000] { .;‘,'ai! s 10 -
150005 [ i
10000F j . :
S R A P 1.2 1.4 1.6 1.8 2.0 2.2
' ' ' T 0[GeV] E'(GeV)

Results published in Phys. Rev. C 98, 014617

14
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48T1(e,e") Cross Section

FEy =2.222 GeV —

60 = 15.541° s &CCth
=15 < 160 | yield - -
~—
—
\%
Ostar < 1.24% = 120t .
3“
Usyst < 263%
30t Ceetttgen® -
Compare result with MC model:
1405 40 i -— gettugsevstics ]
80; O L L L | L L L | L L L | L L L | L L L
12 14 16 1.8 20 22
o E' (GeV)
L R R Results published in Phys. Rev. C 98, 014617 15
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40Ar(e,e’) Cross Section

O stat S 29%

Usyst S 30%

Compare result with MC model:

x10°

1201~
i i
100 ii(( '\l

80

B |
H 7 ﬂ]i

20

40
i i/
Il 1 1 1 1 1 1 1 1 1 l 1 1 1

o [GeV]

nb/str/GeV
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1le5
12{ E12-14-012 Preliminary
Ec=2.222GeV, 6., =15.541"
e acceptance method
1.0 , yield ratio method
!
t
0.6
@
b
#
B ;
0.4 ﬁh
w ®
1
@
0.2 ¥
1.2 1.4 1.6 1.8 2.0 2.2

E'(GeV)

Available at: arXiv:1810.10575, under review at PRL

16
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27Al(e,e") Cross Section

Eo = 2.222 GeV
6 = 15.541°

p—
-
-

QO
-
I
I

ub/str/GeV

szst S 27%

D
-
I
I

Compare yield and acceptance methods: 40 B \ |
100 2 i
- yield P - e / v
80 [ — accept. a0 ] _ S LS
E :::III III E 20 B —]
60 X L B i
PRati ’::::II Vo] i 7
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Inclusive Cross Sections Per Nucleon 18
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PART 11

Exclusive (e,e'p) Scattering
from 40Ar: Preliminary Analysis

23
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E12-14-012 Exclusive Analysis

LHRS Data Cuts

dp: (0.01,0.04)

0: (—0.04,0.04)

$: (~0.02,0.015)

Vertex Z.: £ 9 cm

..lﬁerson Lab

RHRS Data Cuts

dp: (0,0.03)
0: (—0.04,0.04)
$: (~0.02,0.015)

B>0.6

Coincidence Time: £1o

21
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(e,e'p) Particle Identification and Proton Selection

Coincidence trigger cut: T1

Coincidence time: L.sO0.time - R.sO.time

Coincidence Time: L.s0O.time - R.s0.time

hcoinc
- Entries 10631
1400 — Mean -2.995e-07
- RMS 3.371e-08
1200 —
- +30 ~ 34+ 0.6%
1000 —
800 —
- +]lo
sool- ~ 0.8 4 0.04%
400|—
200|—
- D T B L_HJ:IJTLLl I |1W 10_6
—%.4 -0.35 -0.3 -0.25 —O?<2

e+p— e +p+ 1’ +— True coincidence!

/ +
erp—reTnTm ¥~ Accidental
e+n — e +p-+ m 4« coincidences!

108

10?2

10

RHRS f: R.tr.beta

g=2 _ P
E \/p2+m2

RHRS AB = B - P/E, Proton, Run 370, kin1

I

T IIIIII|

T IIIIII|

T TTTT

III|
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E12-14-012 Exclusive Analysis Ldp_data Rdp_data

o F Ldp_data T T Rdp_data
0D161- Enries 85450 |  Con 12 Entries 85450
Analysis of full exclusive data 1l o ooz E [
underway for Ar target, Ti analysis .t o e BT Aus_oooaso
upcoming oot dRos
0-0083— 0.006:—
Using MCEEP for MC model 0006 0004l
0.004 -
S 0.002—
MCEEP Input file: 2 o : o

e~ Arm PO' 1762 GeV T 7 Y 002 004 006 —8.;)6| X7 Ry 002 004 006
e~ Arm Spec. 0 offset: -7 mrad

Ltheta_data Rtheta_data
p Arm Spec. 0 offset: -7 mrad . heta data] o - ” Riheta_data
o?;os:— Entries 85450 0505:_ Entries 85450
Data: Run 370 E’, § RMS  0.02279 g), X RMS  0.02279
004 08041~
e~ Arm Po: 1777 GeV St o I
0.003f- 0.003f-
Red: normalized data 0 002 0.002f-
Blue: MCEEP - :
0.001~ 0.0011
R R B 1,7 T R R R B 1,7 T R

22
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E12-14-012 Exclusive Analysis

Lphi_data Rphi_data
5 F Lphi_data ° Rphi_data
Q2 L o I
201 Entries 85450 go1— Entries 85450
q) q) =
g n Mean -0.003444 % B Mean -0.002226
c | c
008} RMs  0.01011 0808 RMS  0.009537
© 5 F
< B <
o L o F
0.006 _— 0.006—
0.004 0.004
0.002— 0.002—
i 1 1 1 | 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 i 1 1 1 | 1 1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
—8.06 -0.04 -0.02 0 0.02 0.04 0.06 —8.06 -0.04 -0.02 0 0.02 0.04 0.06
Z_data beta_data
0PO7FE Z_data s T beta_data
S F &o4r-
- B Entries 85450 - F Entries 85450
[} = o) L
0?06 n Mean 0.0004776 0%35 — Mean  0.6943
[ - c -
o F RMS  0.04832 o F RMS  0.04345
0B051 &o3[-
< B < -
[ 0.025
0.004}- -
0.02F
0.003 -
- 0.015F
0.002F :
C 0.01—
0.001F 0.005F-

L1l 1 1 Ll 1 1 IIII|IIII|IIII|II I|IIII|IIII oIIII|IIII|IIII|IIII|IIII|IIII IIII|IIII
—%.2 -0.15 -01 -005 O 005 0.1 0.15 0.2 0 01 02 03 04 05 06 07 08 0.9 23
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E12-14-012 Exclusive Analysis

Em_data

5 Em_data
Q
0912~ Entries 85450
S L
E -
5 B Mean 0.02172
901~
or L RMS 0.01083
5 L
ey
5
0.008—
0.006—
0.004—
0.002—
O ||||||||||||||||||||||| ||||||||||||||||||||||||
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
Pm1_data
Pm1_data
16001~ Entries 30682
1400 Mean 0.1016
B RMS 0.01803
1200_—
1000F
800
600
400
200
O_|||||||||||||||||||||||||||| ||||||
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Pm_data

Pm_data
go1f-
2T Entries 85450
q) =
g B Mean 0.09857
0908
S L RMS 0.01938
s L
e
o |
0.006—
0.004—
0.002|—
O_Illll I|III|III|III|III|II L_JIIIII
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Pm2_data
n Pm2_data
1600
C Entries 29140
1400:— Mean 0.09476
1200:_ RMS 0.01893
1000
800
600
400
200
O_I L1 | L1l
0 0.18 0.2

..lﬁerson Lab
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E12-14-012 Exclusive Analysis

Whats next for exclusive analysis?

Include FSI in calculations
Isolate shells with cut on Emiss
Calculate momentum distribution n(p) for each shell

Repeat everything for titanium!
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