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Testmg Reactlon I\/Iechanlsm andNN I\/Iodels

e Measure nucleon-knockout cross sections.

e Compare with calculations using different
NN interactions and modeling of reaction.

e See which one works best.



- exactly calculable
- test and benchmark theory

Deuteron @




- exactly calculable
- test and benchmark theory

Why A=3?
Deuteron @ } - only pn interaction
- extensively measured
_ - pp, ph, hn interactions
A=3 ;
- - °H targets are uncommon

@ (available once a generation)



EIectron mduced Proton Kn_ockout |

scattered
electron

electron
probe

knocked-out
> nucleon




EIectron mduced Proton Kn-ockout |

Missing momentum

—> —>

meSS pf q




Plane Wave Impulse Apprommahon (PWIA)

Missing momentum

—> —>

meSS pf q

Assuming:

1) momentum transfer
absorbed by a single nucleon.

2) knocked-out nucleon did not
rescatter as it left the nucleus.

Bmiss = F_)>I



Prewous studles and non- QE mechanlsms

10 |3
. 10 F He
"
§ 0 Data ]
~ -1 C ] .
c g 1 Large differences
(@) -2 T
= y between data & PWIA
S oL T N
a |
S w0k 4 => Data useful to study
- 10° [ Qﬁgg ] reaction mechanism, not
Q i J ] . . .
S [ ' b nucleon distributions.
3 _ _
L o7 — PWIA 1

10—8 I | | | |
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F. Benmokhtar et al., PRL 94, 082305 (2005)



Prewous studles and non- QE mechanlsms

Reduced Cross Section (fm™)
|

10° [ | | | |
0 250 500 750 1000 1250

b (MeV/c) YE (

F. Benmokhtar et al., PRL 94, 082305 (2005) £S|




Mmlmlzmg non- QE mechanlsms

Q%> 2 GeV?
Xg = Q*/2m w>1 %
IC MEC

M. M. Sargsian, Int. J. Mod. Phys. E10, 405 (2001) FSI
M. M. Sargsian et al., J. Phys. G29, R1 (2003) 10
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epmiss'q — 350
Small FSI

N

CD-Bonn PWIA
CD-Bonn FSI

\\\
— 0N
pmiss'q _ 1 1 O \\\\

Large FSI
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Beam direction




Measured kmematlcs

-3
150 f He
= 10°
= 100
3 | 2
— l=
e - )
@ 8
=
TR 10
0 1
0 1 OO 200 300 400 500 600
[MeV/c]
mISS
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Extracting Absolute Cross Sections

d°o (Counts)

= X C
R N T

o Detector Efficiency Corrections
Luminosity e PID e bin migration
e tracking e bin centering

e trigger e radiation

Phase-space
o volume
( Live Ume) and acceptance
correction

e — -
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Isolatmg the He 3bbu channel

e 3He(e,e’p) final state can be 2bbu (pd) or 3bbu (ppn)
e 3H(e,e’p) does not have a 2bbu channel

10°

B —e— Data \
B 107
i —— 2bbu -
10°E M 3bbu i m
- s — Total (2bbu+3bbu) -
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| ]
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Corrections

Corrections

1.5—
¢4 '
e oo :
]
[ ]
i )
| | | |
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miss
3
3
—e— Radiative H
25 —e— Bin Migration
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Extracted Absolute Cross Sectlons B

1E -
: 3He E 3H
[ - ]
[ ] B L ]
1 0—1 - ° . — )
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reaction
modeling

-
"

NN potential
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reaction
modeling
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/ Cracow \

e Faddeev-formulation
based calculations

e Unfactorized

e Includes FSl,;

\_ /

22



/ Cracow \

e Faddeev-formulation
based calculations

e Unfactorized

e Includes FSl,;

- /

/ CK+CC1 \

O = O¢p ° S(pi, Ei)

e Spectral function: C.
Ciofi degli Atti and
L.P. Kaptari

e ep off-shell cross
section: CC1

K Includes FSl,4 /

23



/ Cracow \ / CK+CC1 \ /Sargsian-FSI\

O = O¢p ° S(pi, Ei)

e Faddeev-formulation e Spectral function: C. * FSlcalculation based
based calculations Ciofi degli Atti and on the Generalized
L.P. Kaptari Elkonal. :
e Unfactorized Approximation
e ep off-shell cross .
e Includes FSl,, section: CC1 e Does NOT include

FSl,5

\ / Klncludes FSl,, / \ /

24




FSl,3 is more important at lo
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Comparlson totheory

[ ]
—e— Data .\\

— CK+CC1
§ —— Cracow '\
i Sargsian-FSI
: | | | | | | | |
0 0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4 0.5
P [GeV/c] P [GeV/c]
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A3H Data, ’Cracow agreeW|th|n 10- 20%I I

. ittt

Opwia* g gl—

0.6

| | | |
0.45 0.1 0.2 0.3 0.4 0.5

* including FSI,; i



~ °H Data, PWIA*-calculation comparison

1.2~

Orxp

Opwia* g gl—

_. { |
0l }%¥%¥§§II I E i % -

11—

_ Cracow

CK+CCT1 i I
| | |

0.40

* including FSI,;

I
0.1 0.2 0.3 0.4
P [GeV/c]

0.5
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3He agreementls limited

This work,

ol [Q° ~2 GeV?, x_ > 1]
Cracow "

Orxp 191 38 * %
Opwia* : 3
DU L E SO 0 T S—
0.5
O I I I I
0 0.1 0.2 0.3 0.4 0.5

[GeV/c]

mISS
* including FSI,;
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This work,
ol [Q° ~2 GeV?, x_ > 1]
Cracow
Orxp 191 38 * %
Opwia* : 3
LTSS TS N S
: : P !
E 0,3 $ ¢ ! E §
0.5
CK+CC1
0 | | | |
0 0.1 0.2 0.3 0.4 0.5
p  [GeV/c]
* including FSI,; MISs
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Still better agreement than

= e e g — e

Vious at_a

o e e e

4 3 Benmokhtar et al.
3 5 He [Q° ~ 1.5 GeV?, X, ~ 1]% % %
3 } % 0
5. 220 Thiswork % ;
PP oL [@~2GeV? x > 1] 74
Opwia* Cracow % | *
1.5
85, ? _E
ERLIT F 1
05 §§05.0.|!%%%§l
' @% 00 CK+CC1
I | | I
% 01 02 03 04 05
P [GeV/c]

* including FSI,; 31
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» FSI smaII but |mprovestheagreementk

1.2 1
[ |

Ofxp USROS OSSO SOt YOS SO S
Ofs) i ]

0L E } {

3
0.6 H
O 4 | | | | | |
' 0.25 0.3 0.35 04 0.45 0.5
[GeV/c]
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~ Single-Charge Exchange (SCX)

B RS

2y

pn-SCX

(e,e’p) -> (e,e’n)
decreases o(e,e’p)
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~ Single-Charge Exchange (SCX)

e ==

pn-SCX

(e,e’p) -> (e,e’n)
decreases o(e,e’p)

np-SCX

(e,e’n) -> (e,e’p)
increases o(e,e’p)

35



GEXP / GFSI

1.2

0.8

0.6

0.4
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SCX in A=3 at high-p ;s

1.2~

GEXP / GFSI
T

0.8

0.6/ *He+H *H

04 | | | | |




Summary and Conclusmns

arXiv:2001.07230

e Smaller Non-QE contribution
compared to previous
measurements

4
3 Benmokhtar et al.
3.5 He [Q*~ 1.5 GeV?, x_ ~ 1]% % %

o i

<
= 2.5~ This work, { ;%
O oL [@*~2GeV? x> 1]
o Cracow % {
bu.l 15_ i } i . § i E E
B 1 veprgg b dg o
$%epeeony §3% 0
0.5 fomoo®T  ckicet
| | | |
GO 0.1 0.2 0.3 0.4 0.5

P [GeV/c]
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Summary and Conclusmns

e Smaller Non-QE contribution
compared to previous
measurements

e Better agreement with Cracow
than with CK+CC1

“arXivi2001.07230

1.2 .
ogm iiiif{ """"" T
mfiﬁiﬁi big] ]
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Summary and Conclusuons

e Smaller Non-QE contribution 2.5
compared to previous 2_3"'9-
measurements %
e Better agreement with Cracow ~ : oL T L
than with CK+CC1 g PRt
0.5
e Better agreement of PWIA
calculations with 3H than with 3He % o1 o0z 03 04 o5
°H
1.2

0.8~

Sexp ! Opwia
—
|
—to—
—te——
—+Ot—1
—He+—i
—-O-—1
H—.—i—H
H—.—f—H
H——H

0.6~

1 | | |
0% 0.1 0.2 0.3 0.4 0.5

P [GeV/c]




Summary and Conclu5|ons

Smaller Non-QE contribution
compared to previous
measurements

Better agreement with Cracow
than with CK+CC1

Better agreement of PWIA
calculations with 3H than with 3He

Inclusion of leading nucleon FSI
enhances the agreement

0EXP / 6FSI

1.6

1.4

1.2

arXiv:2001.07230

| |
0.25 0.3 0.35 0.4
P [GeV/c]
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Summary and Conclusuons

arXiv:2001.07230

Smaller Non-QE contribution
compared to previous
measurements

Better agreement with Cracow
than with CK+CC1

Better agreement of PWIA
calculations with 3H than with 3He

Inclusion of leading nucleon FSI
enhances the agreement

High-p,.... disagreement could be

explained by SCX in an np-SRC
dominated regime.
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Summary and Conclu5|ons

Smaller Non-QE contribution
compared to previous
measurements

Better agreement with Cracow
than with CK+CC1

Better agreement of PWIA
calculations with 3H than with 3He

Inclusion of leading nucleon FSI
enhances the agreement

High-p,.... disagreement could be

explained by SCX in an np-SRC
dominated regime.

These data are a crucial benchmark for few-body nuclear theory
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Backup slides



3-body breakup

46



~ A=3 (e,e’p) channels

3-body breakup

2-body breakup

3He

1@
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~ Trigger Efficiencies

R e

LHRS triggers: RHRS & Coincidence triggers:
T1: (SO& S2) T4: T1 & (SO & S2) | gups
T2: (SO& S2) & Cer T5: T1 & SO |pyrs
T3: (S0]]S2) & Cer T6: T1 & S2 | ppps

T7: (SO & S2) | aups

T4 T4
T3 & [ (T1||T2)] €S2ruRs — ﬁ ) €Sorurs = ﬁ
T1 = T1& T2 & T3

€17 = €S2pygs ><€SORHRS

Coincidence timing: T1 -T7

€Ecoincidence — €11 XE€T7

438



Phase Space Factor and Acceptance Correctlon

(Normahzed yield)

O — VB

* Simulate Ny, events by uniformly sampling in the ranges AE,, AE,, AQ,, AQ,..

e Out of Ny, N(PisssEmniss) @re generated in that (p,,...,E, i) Pin.

miss miss

e Out of N(Piss:Emics)r Nocel Prisss Emiss) Pass the acceptance cuts.
Phase Space volume of the bin: Acceptance Correction:
N(pmiss: Emiss) Nacc (pmiss: Emiss)
o = X(AE.AE,AQ.AQ A=
Ntot ( : P : p) N(pmiSSr Emiss)

acc (meSSI mISS) » Lmiss

V, = Ad = X(AE.AE,AQ.AQ))
M Ntot
N . E._.
V, = ace(Pmiss) Emiss) X(AE.AE,AQ.AQ,)

Ntot 49



Correctlons

e Bin Centering Correction

del
I)noolns (meSS)

S (B

Cbc(pmiss) —

e Bin Migration Correction

generated

Op (pmiss; Emiss)
C ( . E ) )_ orn
bm (Pmiss,» Emiss) = reconstruc

GBorn (pmiss' miss)

e Radiative Correction

model
0_Born (pmiSSr Emiss)

1
O-R pen (meSS’ mlss)

CRad(pmiss: Emiss)
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: »Klnematlcal sethngs.

1246.0 MeV/c
High-P_...
kinematics

(RHRS)

1480.5 MeV/c

Low-P_...

kinematics
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Counts

Counts

20

10

40

30

20

10

=

l
&

| 1 1
1.6 1.8 2 2.2
Q?[(GeV/c)F

2.4

Measured

Simulated

Hall-A Monte Carlo event
generator

Emulates experiment setup
(detector resolution, optics,
acceptance, ...)

Includes radiative effects, energy
loss, ...

3He, 3H cross section model not
properly implemented
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Slgnlﬁcance of SRCresearch

QCD effects
'in nuclei

high-q
processes

O <LL _  Atomic Gas -+ ‘K Atoms /
~4F Q@O . %iaoms ))y
- -# Nuclei y [Iech 9au >
3 : g
) 7 Nuc{lel
4

) - %15)
Atomic et
. High-densit
Neutrino 5 y

systems 53



* Interpretation of missing-momentum in PWIA relies on
single nucleon interaction operators.

e Unitary transforms simplifies calculations of heavy

nuclei at the expense of forming many-body operators.

<U|0|¥>=<¢ Ut UOUUW>
— Transforms “high momentum” to “short range”

Win: Simpler wave functions

Lose: Complicated interaction operators

Trick: Transform wave-function but not the operators © &
— No calculations for e-scattering off heavier nuclei, yet.

e Complete physical equivalent.
— Same cross sections
— Different interpretations

54



Event selectlon cuts

eIectron PID: Eca,/lpl >O 5
proton in coincidence: At <
target wall cut: |vz|< 9.5 cm

Avz, ;< 1.2 cm (< 30)

Acceptance:

0 <4%

¢ (horizontal) < 25.5 mrad
O (vertical) < 55.0 mrad

FSI: 0, < 37.5 deg

<30

non-QE events: xB > 1.3
(high-Pmiss kinematics)

O = N W A U o
I L e .

| "He(e,e'p)

500 MeV/c
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. (pmz’ss) — R

Correctlons

S COTT. yzeld

3He/3H (pmiss) X X CRad X CEmACC
—_ a gen a
OBiang o Rgil}nd (pmzss) / Rgil?nd (pirebgss)
— OBorn (,,8€11 ORa gen
CRad T RSFm ( miss) / RSind( miss)7
— gen OBorn gen
CEmACC — ngHe/SH(pmzss) / RSFm ( miss)
low Poiss setting high P s setting
1.2f 1.2f
_ _I---l—'_‘—|_.—.— T E—
YT | O o S
0.8; 0.8 “Cginmig ™ CRad
| [ CEmAcc_ CTotal
0655 100 150 200 250 °° 300 400 500
| [MeV/c] | [MeV/c]
mISS mlss
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_Ratlos of AV18/N2LO momentum _dlStFIbUl‘IO

1.3

0.9

—— °He proton (E1)
——He proton (Er)
)
)

- 3H neutron (E1
—— °H neutron (Et

700 200 300 400 500
k [MeV/c]

1.3

1.2

0.9

0.8"

100

200 300
k [MeV/c]

FIG. 2: Ratio of different distributions obtained using the AV18 and N2?LO potentials.
(na=3)avis/(na=3)n2r0, where na—s refers to the 3He proton and *H neutron momentum distributions. The right figure

shows the double ratio (n5,,_/n5,)avis/(ns,, /ns,)N2Lo-

400 500

The left figure shows the
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Measurement- S|mulat|on comparison

settlng

|OW pmiss
- *He
2500:_ == Measured
X = Simulated
2000 3
" B mj= Measured
E1500F . = =« Simulated
: -
s F M
(@) : ]
1000F |-
B b

0 0.1 0.2

I5miss

low pmiss
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=

== Measured

==+ Simulated
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100
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hlgh pmiss
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Pl P |
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high pmiss

setting

50
40
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®

®He
== Measured
= Simulated
°H
== Measured
==« Simulated

h -'u

0.01 0.02 003 0.04 0.05 0.06 0.07 0.0

[GeV]

mISS
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Measurement- S|mulat|on comparison

low Piss setting high P s setting

F 90F %
- - e
800 E_ 80 ;— == Measured
700F 70E = Simulated
600E : *H
w g ” 60 5_ == Measured
500:— ‘g 50F === Simulated
Q 400 F == Measured /s) =
© F — Simulated - © 405
300F- °H o 30F-
200E = Measured o0E-
E = = = Simulated -
100 10
o) W TN PRI PRRTE PEETE FERTE PR P M P O: - )
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
6,, [deg] 9,4 [ded]
low Piss setting high P i setting
2500_— e 120:_ e
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[ 3H B 3y
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J/E’1500_— - =+ Simulated £ B === Simulated
3 3 60
O - O B
1000~ -
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500:— 20:_
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- 2- an’d3 bodybreakups‘m 3He

low P settlng

+ 3He
2500
== Measured
2000 = Simulated
2 I = =« 2-body breakup
£1500
8 = =« 3-body breakup
1000

500

GeV]

mISS

Counts

high P settlng
50 %o
== Measured
40
= Simulated
30 * = = = 2-body breakup
= = = 3-body breakup
20 i
10 ]l]l ]l
! " ]l i 5
r 1 by | B o

|!_'il|||||||-| |-|-|-r"I'FF"FFF‘F
00 0.01 0.02 003 0.04 0.05 006 007 0.0&
Epniss [GEV]
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Cross Section Models

e S —— — — =

Unfactorized Calculation
— ZHV WA
o OMott uv

- J. Golak, M. Sargsian

Factorized Approximation
0 = O¢p * S(Pi, Ei)

- Ogp! T. De Forest, S: CDA, Kaptari

61



Overall

Point-to-point

Target Walls < 1%
Target Density 1.5%
Beam-Charge and Stability| 1%

Tritium Decay 0.18%

Cut sensitivity 1% - 8%
Simulation Corrections
(bin-migration, radiation, 1% - 2%

E,, acceptance)
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