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Precision Measurement of the Isospin Dependence in the 2N
and 3N Short-range Correlation Region

Tritium Experiment Group:

2017.12: Comissioning
2018.2-2018.5: E12-11-103 MARATHON
2018.5 E12-14-011 e’p (exclusive
SRC)

2018.5: E12-11-112 x>1 (inclusive
SRC) 2.2 GeV beam

2018.9-11 : E12-11-112 x>1 (inclusive
SRC) 4.3 GeV beam

2018.11: E12-17-003 e’'K

**E12-14-009 Elastic —not scheduled




Run Schedule
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JLab E12-11-112 Kinematics

Fall 2018 3.0

LHRS: Dedicated NN and 3N SRC —=
study (1<xbj<3) with 4.3 GeV beam 2.5
RHRS: QE scan
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Dec 2017:  —
Commissioning 0.0
Target “boiling” study ( also QE data at 00

Q2=0.4 GeV2)

Generated by Shujie Li, Nov. 2018
Curves show only phase space coverage at central Q2. No statistics information.
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Precision Measurement of the Isospin Dependence in the 2N

and 3N Short-range Correlation Region

1H, 2H, 3H, 3He, (C12, Ti48) inclusive cross sections at 0.6<xbj<3




08

-y

0.6

0.4

0.2

Nucleons in Nuclei:
Beyond Shell Model
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Nucleon-Nucleon Short Range Correlation (SRC)

Free nucleon-nucleon potential = Repulsive core + attractive tensor force
T=1,S=0:np, pp, nn pairs. The tensor operator S, ,= 0, no attractive tensor force
T =0, S = 1: Deuteron-like np pair. '
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Nucleon-Nucleon Short Range Correlation (SRC)
Isospin dependence

Free nucleon-nucleon potential = Repulsive core + attractive tensor force
T=1,S=0:np, pp, nn pairs. The tensor operator S, ,= 0, no attractive tensor force
T =0, S = 1: Deuteron-like np pair. ’

Subedi et al, Science 320, 1476 (2008)
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~20% of nucleons in C12 are short-range correlated
pairs. 90% of the pairs are n-p pairs = isospin 0 pairs
dominate



Inclusive Quasi-elastic Scattering

4-momentum tranfer Q?=-q? JLab E02-019 data from N. Fomin
Bjorken x = Q?/2m(E-E,) N RERN AR RS
E‘)- k') : . o o2
/;\ C . 939 e 12C
< N s . o 63
> e, % Cu
A 1 S ﬂc
g 10°F v :"'.’., ..'.
. - Q.Q_. .\,
84 5l .
8 : ;..o
= : b‘o : »
o N
o 10-3:— I 'o_.t‘!Q
: a‘-@
: L] :."'._ L
I !E D @
-4 | 1 \.'.| L R |
L 1 15 2 25




PrOblng 2N SRC at X>1 The x>1 plateau of A/D cross section ratios

give the percentage of high momentum pairs
in each nucleus

In inclusive (e,e) quasi-elastic scattering,

high momentum nucleons dominate the x = N. Fomin et al., Phys. Rev. Lett. 108 (2012) 092502.
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J. Alcorn et al. | Nuclear Instruments and Methods in Physics Research A 522 (2004) 294-346

HRS Design Layout
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events/hr

Runplan for LHRS at 17 degree with Simulation
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Electron Detection: Cherenkov + Calorimeters

e CO2 Cherenkov:
o  Threshold of Cherenkov radiation:

,b’czE
n

o  HRS Cherenkov Chambers use 1 atm CO2 to
reject pions from electrons::
n =1.00041 = pmin,e=17.85 MeV/c

Entries 49995
Cerenkov FADC(PedSub) PMT 3 Mean 1424

Std Dev 2285

Single photon electron peak

2000 2000 5000 8000

e Calorimeter(pion rejectors):
o Detect ionization energy loss through two
layers of lead-glass.
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Cerenkov PMTs Performance:

L PMT 1

L PMT 2

L PMT 3

L PMT 4

L PMT 5
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PID Cut Efficiency: Cerenkov

Single photon peak at ADC channel 300 L Cerenkov Sum

f Ch PMT no calorimeter cu
ores RUN 100684 3 forimeter out

itting function: n x e

—— (L.prl1.e+L.pri2.e)>1000
(k/c)!

Total number of photons from electron where.n=41240.6, c=340.8, A=14.8

Cerenkov light follows Poisson
distribution
ADC Cut on channel 1500:

Prob( L.cer.asum_c<1500|elctron) = 0.01%
Prob( L.cer.asum_c>1500|pion) ->0

3000 4000 5000 6000 7000 8000 9000 10000
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LHRS PID: electron/pion discrimination

LHRS Cer:E/P

Kinematics (Run 100684):
Ebeam = 4.3 GeV

Angle =17.8 degree,

pO =3.543 GeV

Electrons:
large Cerenkov and calorimeter
signals

Pion contaminations:
A m:
No Cerenkov signal,
small energy deposit in calorimeter
B. 7 knock out electron (ionization)
before/in Cerenkov:
Cerenkov triggered,
small calorimeter signal
C. nwn->n’ ->py:
No Cerenkov signal,
large calorimeter signal

16



Trigger Efficiency

Run 100684, events passed
PID and one-track cuts

Evtypebits =
-> Cerenkov trigger inefficient
-> S0 or S2 triggers inefficient

-> good

LHRS:

T1: SO && S2 Cerenkov trigger
Production —>T2: (SO && S2) && Cer efficiency
Trigger! T3: (SO || S2) && Cer Scintillators (s0, s2)

trigger efficiency

Cuts: track==1, cer>1500,E/P>0.7, abs(th,ph,delta)<60 mrad,40 mrad,5%

I 0.00 %, only T1
I 0.34 %, only T3

0.07 %, only T3, with sO fired
[ 99.16 %, T1,T2,T3 fired

15
evtypebits

17



- Find the one-to-one mapping between focal plane (VDC

Optics Calibration:

projected tracking) and target variables (reaction point)
- Y_tg (target position as seen by the spectrometer) :
- fixed by multifoils
- Phi, theta (in/out-of-plane scattering angle:
- fixed by sieve pattern
- Delta (momentum diviation from central ray):
- fixed by hydrogen elastic scattering

J. Alcorn et al. | Nuclear Instruments and Methods in Physics Research A 522 (2004) 294-346

Top View
HRS Design Layout

(design magnet effective lengths displayed)

1st VDC Plane —

\
\
Spectrometer Dimensions in meters

Central Ray 4 FHm

Electron Beam

Origin " —
of TCS % Scattered Particle

Figure A-2: Target coordinate system (top and side views).




Optics Calibration:

Find the one-to-one mapping between focal plane (VDC

projected tracking) and target variables (reaction point)
- Y_tg (target position as seen by the spectrometer) :
- fixed by multifoils
- Phi, theta (in/out-of-plane scattering angle:
- fixed by sieve pattern
- Delta (momentum diviation from central ray):
- fixed by hydrogen elastic scattering

(wly) (ylo)
(dly) (D)
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Optics Calibration: target position
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Optics run summary:
https://wiki.jlab.org/tegwiki/index.php/Fall_2018 Optics_Runs

L.tr.vz {L.cer.asum_c>2000&&L.tr.n==1}

_ h
— Entries 16422
N Mean -0.005162
140 StdDev  0.07866
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In the Fall run period we only have 10 foils ( the foil at z=7.5cm) is missing
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3.93 GeV, before theta phi calibration Q1 saturated at p0>3GeVv

Sieve Plane Proj. (ig_X vs tg_Y) for Data set #3

Sieve Plane Proj. {ig_X vs tg_Y) for Data set #0
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3.93 GeV, after theta,phi calibration

Sieve Plane Proj. {ig_X vs tg_Y) for Data set #0 Sieve Plane Proj. (ig_X vs tg_Y) for Data set #1
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Manually Delta Calibration with Hydrogen elastic data

3.93 GeV with new YTP terms
but old D term (run 111702)
Invariant mass v.s. Angle
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Manually Delta Calibration with Hydrogen elastic data

3.82 GeV at 13 degree (run 111842), with new theta, phi, y calibration
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Manually Delta Calibration with Hydrogen elastic data

3.82 GeV at 13 degree (run 111842), with new theta, phi, y calibration, energy loss
correction an,dmad,u‘led D1 QQ.,, D200 terms,hm »
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Manually Delta Calibration with Hydrogen elastic data

3.82 GeV at 17 degree (run 3605), before calibration
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Manually Delta Calibration with Hydrogen elastic data

3.82 GeV at 17 degree (run 3605), with new theta, phi, y calibration, energy loss
correction, and ‘modified D100, D200 terms from run 111842
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The manually delta adjustments provided by run 111842 also significantly
improved the reconstructed quantities in run 3605, which has the same Q1 o9
setting but different focal plane coverage.



The Gas Target System:

Hall A target GUI
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The Gas Target System: special handling

<  Maximum current = 22.5 uA on gas cells to minimize the risk of gas leak.
<%  Endcap(75mg/cm2 Aluminum) being mis-reconstructed into thin gas body ( 77mg/cm2 Tritium)
%  “Boiling”: gas density change along beam path (after reached equilibrium which takes less than 1 second)
Charge Normalized Yield
ol Ty T The Tritium density reduced by ~ 10 percent
£ Tritium @ 11.6 uA, yield=4.691 _ | at 22.5 uA
~ Tritium @ 18.9 uA, yield=4.556
- B Empty Cell @ 22.6 uA, yield=0.069
= S. Santiesteban etal., arXiv:1811.12167
- 1023 —— Quadratic Fit
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E 1.000 4 Fall 2018 Data
B o
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https://arxiv.org/abs/1811.12167

The Gas Target System: special handling

<  Maximum current = 22.5 uA on gas cells to minimize the risk of gas leak.
<%  Endcap(75mg/cm2 Aluminum) being mis-reconstructed into thin gas body ( 77mg/cm2 Tritium)
%  “Boiling”: gas density change along beam path

Charge Normalized Yield
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———— Tritium @ 11.6 uA, yield=4.691

——— Tritium @ 18.9 uA, yield=4.556
Empty Cell @ 22.6 uA, yield=0.069 q

Make vertex z cut
remove endcaps

||I|IIIl|lIII

-0.2 -0.15

=0.1

PRI IR
-0.05

0

0.05 0.1 0.15 0.2

Vertex Z (m)

The endcap contamination (after vertex cut)
varies from less than 0.1% to 10% depends
on spectrometer angle and kinematics.
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The Gas Target System: surprise (>__<)

Hydrogen in the 2nd Tritium cell (used in the fall 2018)

Raw Yield Normed by Charge

run 3991, Tritium

gas
run 3989, Hydrogen x0.016
Tritium - 0.016 x Hydrogen

N

Liguid, stick to the wall at low
temperature

I|IIIIIII|IIIIIII

I0.17I = I0.|8I = I0.|9 1 1|.1I - I1.I2I = ‘1.|3‘ = I1.I4I I
Tritium replaced by hydrogen:
1.6% * 0.0708 g/cm2 * 3 ( H20->HTO) / 0.0851g/cm2 = 4.0 %

Remained tritium density:
0. 0851 g/lcm2 * (1-4%) = 0.0817 g/lcm2 ??

33



Beam Current and Charge, Livetime:

1.
2.
3.

Find beam on currents, loop over fast scaler readout (evLeft/evRight) to find current associated with every TTree
event.

For each stable beam current, find corresponding events ( +- 1.5 uA), also discard events within the first 5 seconds
of stable beam, then accumulate charge and raw trigger signals from scaler, and triggered events (DL.bit2) counts
Save event list of events passed beamtrip cuts, record corresponding mean current, charge,, and livetime.

2
current(uA)

—
<<
E)
=
=
c
[
E
=
o

1000
time(sec)
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Extract Yield from Data

For a given good production run i, periods of data with stable currents are first identified. Then
for events from each good current (allow 1.5uA fluctuation) we calculated the following quantities:

C; : raw good electron counts per x;; bin,

PS; : the prescale factor for the production trigger,

LT; : the computer livetime in fraction for the production trigger,

effi : the product of all efficiencies including trigger, tracking, cut efficiencies,

Q; : charge with stable beam current,

Pl . effective area density of the target (g/cm?). For a gas cell it should represent

the amount of gas after vertex z cut (target length cut),

Boiling; : the ratio of the effective gas target density at given beam current comparing
to no beam. See the boiling study for details.

The yield for this run

with

1
VCi

# of observed events C;
Ef fective Luminosity  Q; - p; - Boiling; - ef f; - LT;/ PS;

Y =

as the fractional statistical uncertainty.

The overall yield of a given kinematics is the weighted arithmetic mean of all good production
runs under this kinematics:

with a fractional statistical uncertainty of

Y. _ Zi Ci
overall = > Qi - p - Boiling; -ef f; - LT;/PS;

P

k3

35



Yield (rate) Calculation from Monte-Carlo Simulation

Good events in simulation and XEMC
1

20 ‘l\JA /
do Q .
rate, =>.p,/AZ @g(g) ot . efficency
Ntot tot — # of trials in simulation
(!! The single arm simulation will only

record good events)

%
Cross section tables generated from XEMC model:
- from Zhihong

- Included bremsstrahlung radiation

- y-scaling. Use He3 fitting parameter for H3



Compare Data vs MC Simulation

target variables
—— Data
—— MC(Nadia)

0.05 0.1
Xp (theta)
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Compare Data vs MC Simulation

Red: data, blue: simulation, black: endcap contamination from empty cell
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Acceptance Cuts Sensitivity:
theta, phi, delta = 0.035rad, 0.025rad, 3.5%
theta, phi, delta = 0.060rad, 0.035rad, 45% (picked)
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C i Combined analysis of data from 2 experiments:
SRC Aﬂﬂ'VSIS StatUS - 1.4 GeV2 data from this experiment (red)
- 1.8 GeV2 data from the exclusive SRC (blue)

Calibration result: 3He/2H ratio
N. Fomin, arxiv: 1206.6343
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Combined analysis of data from 2 experiments:

SRC Aﬂﬂ'VSIS StatUS - 1.4 GeV2 data from this experiment (red)

- 1.8 GeV2 data from the exclusive SRC (blue)

Calibration result: 3He/2H ratio

Helium-3/Deuterium ratio
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>Status of GMn (inclusive-SRC) Analysis: by Nathaly Santiesteban

Q* (GeV?)

(UNH) and Zhihong Ye
7
3»5_] TTT I'u!'_‘l.-l‘-""l'4~|..]‘_..l.'l ] TTTT l | 7% I | I | 722 % B | I | P P l_ ”’
F L WR [ D TR
30F PRy mmm Right HRS ("parasitic”) []
F/ / 20 ) - Left &RightHRS [ o
asf / 24°(R) £ s
all-2048 e ]
00—_ EH-— : ‘\(\.SWL*C‘WSRL _:
1sE ,-*"';42‘03.&('”- 170° (L)
S T s0000@)
10ff o 2800°(L) i E
ri 25.95°(L) |

12 QE kinematics ranged from 0.8GeV?to 3GeV?
Data analysis is in parallel with the SRC analysis
Different physics interpolation at x=1 peaks

R(QZ) - [d26/dEdQ]3H - 2(do/dQ), + (do/dQ), , (doldQ), . 2JR—1
[d%6/dEdQ): g, (doldQ), + 2(de/dQ), (doldQ), =D

do
Gn, = 1—1'2\/( E,“;;" el + 7) — e(G%)?
aa /Mort

To cover the entire QE peak (and long tails), three set of data
were taken:

6000)

¢ Arnold
Solid - Miller

Green band - Diehl

Dashed - Guidal.

500
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4000 Peak

300

200
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11111111111111111
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=] 100
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The new data will address the
discrepancy in 0.5<Q?<1 GeV?



>Low Q?inelastic cross section ratio of 3H, 3He by Tyler Kutz

Spring 2018 data (MARATHON):

Fall 2018 data:

Eo (GeV) | E (GeV) | 0 ()
KIN 0 10.6 3.1 16.807
KIN 1 10.6 3.1 17755
KIN 2 10.6 9l 19.115
KIN 3 10.6 ol 20.578
KIN 4 10.6 3l 21.930
KIN 5 10.6 3.1 23.213
Eo (GeV) | E' (GeV) | 0 (%)

R28-DIS1 4.3 1.58 28.004

R28-DIS2 4.3 171 28.004

R28-DIS3 4.3 1.91 28.004

Targets: 1H, 2H, 3H, 3He, Ti48




>Low Q?inelastic cross section ratio of 3H, 3He by Tyler Kutz

D2, R28-DIS1, MARATHON KIN 0,1, , 3,4, 5 D2, R28-DIS2, MARATHON KIN O, 1, ,3,4,5
. LT_hist " LT_hist
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Next step:

SRC:

fine-tuning x>1 ratio results

Analyze x>2 data

Extract absolute cross sections (??)
GMn and DIS: continue data analysis
More:

SRC v.s. EMC

3H and 3He nuclear smearing study with QE data



Test 3H and 3He nuclear smearing and off-shell correction models
AJ.Tropiano, et. al., arXiv:1811.07668
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https://arxiv.org/abs/1811.07668

The tritium group students
Florian, Evan, MeeRins
Shift workers
Hall A engineer/tech group
The GMp collaboration



Tritium Cells Raw Counts v.s. X,
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2nd cell, Q%=1.4 GeV?
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Nucleons in Nuclei:
Independent Particle Shell Model(IPSM)

- Low energy, non-relativistic:

h2
[Z_MV? +Z'U2(mi,zj) e Z ’U3(xi,xj,£k) A E ] Uy =E U,

i i<j i<j<k

- Nucleons move independently in an averaged potential.induced. by the rest of the

% 2j+1
: = ssee s
[ i~ V? + U(z)] ¢a(:) = €aa(®:). . 32
Proton = 1dsp
potential\/’/ : L S
i | 1 X
Notka | : T eV == 1p1/2
' | Fermilevel —_— i
Neutron Protons  Neutrons | | g L
potential [ 00 i
| 00 00!
(6B o EP |EP
| OO -0—0- :
i - = — 1sy2

proton (neutron)



