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Motivation

@® How does the nuclear force work”?

@ What is the structure of nuclear matter?

@ Short-range part of NN interaction is NOT
well understood ! !'!

o difficult to generate NN potentials at
high nucleon momentum / short distance

o difficult to calculate heavy nuclei from NN
potentials

o lack of experimental data on nuclei at
high momentum or short distances
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d(e, €’p)n break-up at ~ PWIA
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first d(e, e’p)n at high 02 (> 1 GeV?)

Q? = 3.5+ 0.25 GeV?
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FSI strongly anisotropic (angular-dependent):

e Sargsian uses GEA, Laget uses fully relativistic
o FSlpeakat 6, ~ 70°

e minimal FSlat €, ~ 35 —45°
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GEA theory:
L. L. Frankfurt, M. M. Sargsian, and M. |. Strikman Phys.Rev.C561124 (1997)

K. S. Egiyan et al. (CLAS) Phys. Rev. Lett. 98, 262502 (2007) 4
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experiment: probing the deuteron NN core
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Missing Momenta, p,, (GeV/c)

e non-relativistic theory calc. using CD-Bonn (M. Sargsian) reproduce data up to p,, ~ 0.7 GeV/c

e no model reproduces data p, > 0.7 GeV/c (non-nucleonic degrees of freedom?, quarks?)
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C. Yero et al. Phys.Rev.Lett. 125, 262501 (2020)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.262501

theory: probing the deuteron NN core

1-Body Momemtum Distribution for Deuteron's <pn> component — Includes: S, D, and P waves

Nspp — AV18

...... np - AV18 7 e non-relativistic deuteron w.f. (only S + D wave)
ns-AV18

1+ n,, = nNg + np

0.01 e fully relativistic calculation of deuteron w.f. in

the LF give rise to a ‘P-wave’ -like component
1074 _.-'

e P-wave starts to dominate at ~ k ~ 800 MeV/c
» angular dependence of momentum

LosL / distributions (7 )

» n,; modified by non-nucleonic components
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e relativistic deuteron more complex than simple 1074}
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-5
e possible non-nucleonic transitions (relativistic ‘P-wave’) 10
AA — np, NN* — np, hc - np, NNz — np -1.0



https://arxiv.org/pdf/2108.11502.pdf
https://arxiv.org/pdf/2208.00501.pdf

need angular distributions at high Q% and P, > 500 MeV/c

P_=500 MeV/c, Q% =3.5 GeV~
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e d(e, e'p) measurements are approaching NN core (~ 1 GeV/c) —> Yero et. al 2020
» need for extending angular distribution > 500 MeV/c to

demonstrate FSI are still small at 8, ~ 35 — 45 deg,

e e explore the possibilities of taking advantage of a beam energy upgrade (22 GeV) for
these measurements (2nd part of this talk, remaining slides)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.262501

Optimizing d(e, €’p) Kinematics
(in a future 22 GeV upgrade)

How high in beam energy can we go while keeping Q7 fixed?
—> Does it really work out 7

Consider e- arm spectrometer upgrade (up to ~ 20.5 GeV/c)
—> with upgrade, kinematics can reach E, = 22 GeV while keeping 0’ = 4.5 GeV?

Consider luminosity upgrade (double the beam current 80 -> 160 uA)
—> used baseline kinematics (E, = 11 GeV, Q° = 4.5 GeV?) to estimate increase in rates

Simulation Reaction: d(e,e’p), electrons: SHMS, protons: HMS

Fixed Parameters: 80 uA, 1 hour, 20 cm-long deuterium target,
Model: AV18 FSI (SIMC)

Angular Settings: (Hrq ~27, ~49, ~65) deg at fixed O = 4.5, P,=1x0.02 GeV/c
(3 settings provide wide angular coverage for FSI studies)




Baseline Kinematics

Baseline

 use existing spectrometer + no beam energy upgrade

Energy Upgrade
« full angular coverage up to 12 GeV

(limited by spectrometer momentum)
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counts / hour

Angular Distribution Rates @ 80 uA

1.2 - statistical uncertainty ( o,,,,, = \/N/N) ~5 %,
— requires 400 counts / bin
B Entries 24621
1 B Orq ~ 05 deg Integral  2.294
B (1000 hrs ) E,=11 GeV Entries 17554
N ' Integral 1.
0.8l 0,, ~ 49 deg 0% = 45 GeV? 9 1.957
. (1333 hrs) _
I - Pbn =1+£0.02 GeV/c
06__ 0,, ~ 27 deg
B (2000 hrs)
O4H ------ [P PR e === (avg.~ 0.4 cnts/bin/hr)
------ S DR PR ) (avg.~ 0.3 cnts/bin/hr)
O02F=====9--- f==pmm==l== (avg.~ 0.2 cnts/bin/hr)
O_||I—1__|_|||||||||||||||||||||||
0O 20 40 60 80 100 120 140 160 180

Neutron Recoil Angle [deg]
10




Angular Distribution Rates @ 80 uA

“Baseline Kinematics @ 80 uA”
(no upgrades)

Hrq ~ 65 deg 1000 hrs (42 PAC days)

9,,61 ~ 49 deg 1333 hrs (56 PAC days)

qu ~ 27 deg 2000 hrs (83 PAC days)

Total: 181 PAC days
(362 days)

Spectrometer Requirements (@ 11 GeV)

e- arm: proton arm:
9.5, 8.82, 8.00 [GeV/c]|1.76, 2.51, 3.37 [GeV/c]

11.9,12.3, 12.98 [deg] [64.0, 56.0, 44.8 [deg]

Neutron Recoil Angle [deg]
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consider electron arm spectrometer upgrade

e |[f electron arm (HMS?) momentum upgraded up to ~20 GeV/c (wishful thinking . . .)

» full angular coverage becomes available at all energies (11-22 GeV) © E,=11GeV
while keeping fixed at Q% = 4.5 GeV? © Ep=12 GeV
» problem: small e- angles ( < 10 deg) required for Eb >= 14 GeV @ E,=14 GeV
(need to modify HMS/beamline for lower angles) @ E,=16 GeV
» problem: SHMS cannot be further upgraded ! ®@ E,=18 GeV
@ E,=20GeV
O Ep=22 GeV
. :% 701 o e @ o) o) o) o)
= ! \20 GeV o e © o o) o) o)
o 1727 18 GeV 601 o ¢ @ @ 0 o o
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consider proton arm spectrometer upgrade

e SHMS CANNOT be used as proton arm

> limited mainly by the maximum angle (~40 deg)

while keeping fixed at Q% = 4.5 GeV? © Ep=11GeV
» Limited partially by momentum (cannot go below 2 GeV/c) © Ep=12GeV
» problem: large proton angles ( >40 deg) required for all kinematics @ Ep=14GeV
> key question: \What can be used as proton arm? ( BigBite, ... ?) @ Ep,=16GeV
O Eb=18 GeV
@ Ey=20GeV
O Ep=22 GeV
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Angular Distribution Rates @ 80 uA

5 “estimates assumin
spectrometers can ge statistical uncertainty (o, = \/N IN)~5 %,
4 5 upgraded” requires 400 counts / bin _
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Angular Distribution Rates @ 80 uA

“Upgrade Kinematics @ 80 uA”
(With Beam + Spectrometer upgrades)

Hrq ~ 65 deg 444 hrs (19 PAC days)

0,,~49 deg 333 hrs (14 PAC days)

qu ~ 27 deg 400 hrs (17 PAC days)

Total: 50 PAC days
(100 days)

experiment would take ~ 1 year !

Spectrometer Requirements (@ 22 GeV) (with current spectrometer setup)

e- arm: proton arm:
20.5, 19.8, 19.0 [GeV/c]ly 1.76, 2.51, 3.3 [GeV/c]

5.7, 5.8, 5.9 [de(g] 66.9, 59.0, 48.0 [ded]

Neutron Recoil Angle [deg]
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Consider Luminosity Upgrade (80 uA -> 160 uA)

“NO Upgrades” “Energy Upgrade “+ Luminosity Upgrade”
(8O UA, 11 GeV) (+ spectrometer upgrades) ” (80 UA —> 160 uA)
(80 UA, 22 GeV)

ONLY
Luminosity
Upgrade

Neutron Recoil Angle [deg]
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Summary

« need to measure angular distributions (qu) beyond P, ~ 500 MeV/c

. with existing spectrometer, can only take advantage up to 12 GeV (while fixing Q2 ~ 4.5 GeV?)
» can take ~ 1 calender year for a ~5 % measurement per angular bin 9,,61 + 5 deg
(unrealistic beam time requirement )

e to take advantage of full 22 GeV upgrade requires spectrometer upgrades
»  Our measurements require:
- electron: 18.5 - 20.5 GeV/c @ 5.7 -6 deg
proton: 1.6 - 3.8 GeV/c @ 43 - 66.8 deg
» Possible / impossible spectrometer upgrades:

HMS can be used as e- arm, if momentum can be upgraded (by how much? 15, 21 GeV/c ?)
(HMS is limited to 10 deg, can it be modified for lower angles? )

- SHMS cannot be further upgraded (can’t be used as e- arm),
and can’t be used as proton arm (due to its limitation in angle and momentum)

- Can Big Bite spectrometer be used as proton arm? Any other ideas ?

e Could it be more cost-effective to propose a luminosity upgrade ( 80 uA —> 160 UA 7))
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*NOTE

are actually better than opti:

since, optimal requires Q2 —> 9.5 GeV"2,

Pr

Not so “Optimum” Kinematics
(Without spectrometer upgrade)
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: baseline kinematics (Eb=11 GeV)
mal (:

th_rqg

70.2595
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25.9904

ib=14 GeV)

which significantly reduces count rates
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(With spectrometer upgrade)
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electron arm requirements
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proton
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P: 1.6-3.8 GeV/c
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o5 angle: 43 - 66.8 deg
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Integrated Count Rates Estimates @ 80 uA

0? = 4.5 GeV?
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Integrated Count Rates Estimates @ 80 uA

0? = 4.5 GeV?

. 2D Projections
Pbin =1+0.02 GeV/c
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Find Optimum Kinematics (at higher Q2)

e optimum kinematics @ Eb = 14 GeV, Q2 = 9.5 GeV/2

(optimum -> widest angular coverage at highest possible beam energy)

» increase in beam energy requires increase in Q2
In order to keep electron spectrometer within limits

» problem: higher Q2—> reduced count rates

SHMS Momentum [GeV/c]

12 GeV O
11Gev @
|

15 20
SHMS Angle [deg]

25

25

Epr=11 GeV
Epr=12 GeV
Ep=13 GeV
Er=14 GeV
Epr=15 GeV
Ep,=16 GeV
Epr=17 GeV

Widest 0, coverage

N

©C @0 6 60O

SHMS Angle [deg]



Angular Distributions, P,, = 0.40 GeV/c

3.51
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Theory calculations

Angular Distributions, P,, = 0.60 GeV/c
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Angular Distributions, P,, = 1.00 GeV/c
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Angular Distributions, P,, = 0.40 GeV/c

Angular Distributions, P,, = 0.60 GeV/c
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counts / hour
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Angular Distribution Rates (@ 80 uA

I|ll|IIII|||I||I|II|I||I||I|I|

I

0,, ~ 27 deg

(~ 0.15 cnts/hr)
(111 PAC days)

0,, ~ 49 deg

(~ 0.13 cnts/hr)
(128 PAC days)

0,, ~ 65 deg
~ 0.083 cnts/hr

Entries 21834

Integral 0.1262

(200 PAC days)

Total beam:
439 PAC days
(878 days)

- are you

Entries 15357

Integral 0.08316

“\kiddin me?
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E, =22 GeV
0’ =9.5 GeV?

Energy Upgrade Alone Is NOT Enough !
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Baseline Integrated Count Rates Estimates @ 80 uA

Baseline 10 deg bins

* NO spectrometer upgrade or energy upgrade required
* Plotted 2D Missing Momentum vs. Recoil Angle

. Projected Angular Distribution for Missing Momentum bin P2 =1 +0.02 GeV/c
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Counts / hour

Angular Distribution Rates (@ 80 uA

10 deg bins

2 — statistical uncertainty ( 6,,,,, = \/N IN) ~5 %,
— requires 400 counts / bin
1.8
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Angular Distribution Rates (@ 80 uA

“Baseline Kinematics @ 80 uA”
(no upgrades)

10 deg bins

Hrq ~ 65 deg 667 hrs (28 PAC days)

qu ~ 49 deg 714 hrs (30 PAC days)

qu ~ 27 deg 1000 hrs (42 PAC days)

Total: 100 PAC days

Spectrometer Requirements (@ 11 GeV)

e- arm: proton arm:

9.5, 8.82, 8.00 [GeV/c] 1.76, 2.51, 3.37 [GeV/c]
11.9,12.3, 12.98 [deq] 64.0, 56.0, 44.8 [ded]

Neutron Recoil Angle [deg]
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counts / hour

Angular Distribution Rates @ 80 uA

Entries 15290
Integral 9.538

Entries 8858
Integral 7.408

€-arm:
20.5, 19.8, 19.0 [GeV/c]

5.7, 5.8, 5.9 [deg]

proton arm:
1.76, 2.51, 3.3 [GeV/c]

(avg.~ 1.9 cnts/bin/hr) ~ 66:9, 590, 48.0 [ded|

6 —  statistical uncertainty (o, = \/N/N) ~5 % per bin,
| requires 400 counts / bin
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- 210 hrs
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Angular Distribution Rates @ 80 uA

10 deg bins

0, ~65deg  235hrs (9.8 PAC days)

9,,61 ~ 49 deg 210 hrs (8.8 PAC days)

erq ~ 27 deg 267 hrs (11.1 PAC days)

Total: 30 PAC days

- (60 days)

Spectrometer Requirements (@ 22 GeV)

e- arm: proton arm:
20.5, 19.8, 19.0 [GeV/c]| 1.76, 2.51, 3.3 [GeV/(]

b.7, 5.8, 5.9 [deg] 66.9, 59.0, 48.0 [deg]

Spectrometer (no Upgrade) : 200 days

Neutron Recoil Angle [deg]
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