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why study the deuteron 7

Qualitative NN Interactive Potential

e most simple np bound state 300 T T T T T Ty Ty T
to study NN interaction at i neutrog 7
sub-Fermi scale (repulsive core) — - ¢ -

E 200 F proton 3

e clementary system for studying = § 5
short-range correlations (SRC) 5 - -
in A>2 nuclei s 100F :

g
. _ | .“_3 _ Repulsive ' -
e final-state interactions (FSI) = - core T, P, 0,6 v T _
reliable and well-understood 5 U wepw
. . . =
which is a requirement for s quark exchanedd
. . exchange ? 8
directly probing short-range other meson -
-100 exchange E]
PR EEET T T N N [ N D N DN N (Y DO Y N N Y |

0 0.5 1.0 1.5 2.0 2.5
Separation [fm]



momentum distribution

Wiringa, Schiavilla, Pieper, Carlson,

PRC 89 (2014) 024305
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simplest np-pair
(deuteron)
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Experimental Facts
Total Angular Momentum: J = 17

Even Parity: P = (1) = +

| (L=2) |\ Re (Wq) = ps |*S1) +pp |°D1)
—  “tensor” 'y
4 I NN interaction \\,
(Ui !
| I
-
|
6| (L
107+
l
1 fm~' ~ 200MeV/c \ -
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orobiNg Nign-momentum structure

e ¢- scattering off bound nucleon
with internal momenta, p:

electron
detector

e reconstructed (undetected) recoll
nucleon momenta, p, = g — p;

IR
----------------------------------------------------------------

hadron
detector



orobiNg Nign-momentum structure

d’c
Gex —
P dE ’dQede

Gexp

O —
red
k - OeN

k ) GeN ) p(pl)

~ p(pl-) “‘experimental momentum distributions”

e plane-wave impulse approximation
(PWIA)

» no further re-interaction between
knocked-out and recoil nucleon

» recoil momentum unchanged,
pr ~ = pi

» P, can be used to access internal
nucleon momentum distributions

electron
detector

hadron
detector

O



orobiNg Nign-momentum structure

d’c
Gex —
P dE ’dQede

k-o,npp(pi»D,)

electron
detector

Gexp

O —
red
k - OeN

~ . ‘experimental momentum
PD(PisPr) 4 ons distorios by FSI

IR
----------------------------------------------------------------

e [inal-state interactions (FSI):

» recoil nucleon re-interacts with ja—
knocked-out nucleon '

» recoil momentum modified,
ﬁr ;é o ﬁi

» P, cannot be used to access
internal nucleon momentum — , N

distributions pl"

hadron
detector




controlling final-state interactions (FSI)

Q? = 3.5+ 0.25 GeV?

1.5 CD-Bonn FSI
ESI mi e (Calculations: Misak Sargsian)
nin . (a) Misak M. Sargsian Phys.Rev.C82014612 (2010)
1.0 L

o
U
—O

1.0 I?_F_SI_____ S.Jeschonnek and J. W. VanOrden Phys.Rev.C80054001 (2009)
) S = 0.2 :
0.0 > 35 B> Z?m OI GeY/C Paris FSI
o = = = =m =m s (Calculations: J.M. Laget)
= |, FSImax © J. Laget Phys.L ett.B60949 (2005)
S 210 EF_SL—"’ é |
2 0.5 ' é' é\ Paris FSI+MEC+IC
sz 1 i W -5 N~ mmmmmmmmmmr  ((Calculations: J.M. Laget)
I ) AN J. Laget Phys.Lett.B60949 (2005)
&= e Q Pm = 0.4 Ge\lf/c § DATA

FSI strongly anisotropic (angular-dependent):

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

e minimal FSlat 6, ~ 35 —45°

o g)
; ol pm = 0.5 GeV /d
30 60 90

Onq (deg)

Boeglin et al. (Hall A) Phys.Rev.Lett. 107, 262501 (2011)
K. S. Egiyan et al. (CLAS) Phys. Rev. Lett. 98, 262502 (2007)

120
GEA theory:
L. L. Frankfurt, M. M. Sargsian, and M. |. Strikman Phys.Rev.C561124 (1997)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.262501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.262502
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.56.1124
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.014612
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.80.054001
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controlling final-state interactions (FSI)

107 |

(a)

Boeglin et al. (Hall A) Phys.Rev.Lett. 107, 262501 (2011)

] -+
+

(b)

-=- Paris PWIA (c)
——Paris FSI

----  CD-Bonn PWIA
— CD-Bonn FSI |

0.1 0.2 0.3 04 0.5 0.6

0.1 0.2 0.3 0.4 05 0.6
pPm(GeV/c)

CD-Bonn (Calculations: Misak Sargsian)

Misak M. Sargsian Phys.Rev.C82014612 (2010)

= = = = = = Pgris (Calculations: J.M. Laget)

K. S. Egiyan et al. (CLAS) Phys. Rev. Lett. 98, 262502 (2007)

J. Laget Phys.Lett.B60949 (2005)

GEA theory:

0.1 0.2 0.3 04 0.5 0.6

L. L. Frankfurt, M. M. Sargsian, and M. |. Strikman Phys.Rev.C561124 (1997)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.262501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.262502
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.56.1124
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.014612
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub

orobing the NN repulsive core in unpolarized d(e, e'p)

@)
Oy = 35 % 5
-=--- JML Paris PWIA

A~
”E Hall C data + —— JML Paris FSI
— ero et al. 2020 -=-- MS CD-Bonn PWIA
~ ].00 I (Y ) —— MS CD-Bonn FSI

S ---- MS AV18 PWIA

6-‘ — MS AV18 FSI

~ JVO WJC2 PWBA
N
JVO WJC2 FSI

5 1072 Hall A data 1 L L
9 (Boeglin et al. 2011) Phenomenological Fit (f = Ae™"* 4 ¢)
43 N 9 ' ® Commissioning Data (Hall C)

¥ B Hall A Data
z ¢ Proj

rojected Data

2 10~ | -

8 projected data
O (2023)
e

S 10-6

= 107
8 r >~2fm ~1.0<r<~21fm
A (long-range (1ntermed1ate, NN (repulsive hard-core, \\

OPEP) tensor interaction) NN scalar interaction)

0.0 02 04 06 08 1.0 1.2
Missing Momenta, p,, (GeV/c)

 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?)

C. Yero et al. Phys.Rev.Lett. 125, 262501 (2020)



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

orobing the NIN repulsive core: recent theoretical advances

1-Body Momemtum Distribution for Deuteron's <pn> component — Includes: S, D, and P waves
o fully relativistic calculation of ¥ in the

\
\ . . ~ light-front give rise to a ‘P-wave’ -like
Al ‘ | ,IO((C) calculated using non- nspp -AV18 | component
\ relativistic ¥ (only S+ Dwave) — _____. nsp -AV18
p(k) calculated Uging fully nS—AV18 e P-wave starts to dominate at
relativistic ¥ ; (S + D + P wave) 1k~ 3800 MeV/c, characterized by
“D-wave” ™ np-Av18 a ‘flattening trend’ also observed
001 ( 2) np - Dipole in published data Yero et al. 2020
UlF = ———upT= =
,/" ~~~~~~~~~~~~~~~~~ * could this ‘flattening’ be indication
/S of transition from nucleonic to
{ non-nucleonic degrees of freedom?
n; '
l . "
107°r 1 “P-wave”
I (relativistic)
T - .
: // =~ non-relativistic
-6 /
10 /
/
/ 1 ® recent Hall C d(e, e’'p) experiment
| : with higher statistics / improved
| . Vera Thesis (2021 ) quality currently being analyzed
10—80:) : : : 012 : : : Ol4 : : : Ol6 : : : 018 : : T to verify theory prediction
k (GeV/c)
See Misak Sargsian talk: ECT Trento workshop 2023
See recently published theoretical paper : “A New Structure in the Deuteron”
10

Misak M. Sargsian and Frank Vera Phys. Rev. Lett. 130, 112502



https://arxiv.org/pdf/2108.11502.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.112502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.262501
https://indico.ectstar.eu/event/173/timetable/#20230713.detailed

‘dumbbell”

“olarizing the

D Keller 2014 J. Phys.: Conf. Ser. 543 012015 (2014)

D. Keller, D. Crabb, D. Day Enhanced tensor polarization in solid-state targets
Nuclear Instruments and Methods in Physics Research Section A: Accelerators,

Deuteron

Spectrometers, Detectors and Associated Equipment, vol. 981, pp. 164503, 2020,

1ssn; 0168-9002.

11


https://doi.org/10.1016/j.nima.2020.164504
http://10.1088/1742-6596/543/1/012015

spin-1 (deuteron) system under magnetic field
splits INto 3 spin-substates via Zeeman Interaction

—

B

ext

f guantization axis

. ‘dumbbell”

. ‘dumbbell”

Forest J et al. 1996 Phys. Rev. C 54 646

12


https://doi.org/10.1103/PhysRevC.54.646

target spin orientation

+X

N,,N_, N, : relative population of target nuclei in a particular spin configuration

+z B Tz
vector polarization tensor polarization
p N, —N_ p N, + N_ - 2N,
* N,+N_ “ N, +N_+2N,
Ny
> +y > Ty
N rlensor structure
- / symmetric in

.................... the x-y plane and
donut shape due to
repulsive core +
attractive tensor

interaction

13



target spin asymmetry
B4

vector asymmetry

0, —O_

O, + O_

tensor asymmetry

o, + o_ — 20y

o, +o_+ 20

c,,0_, 0, : absolute cross sections 1n particular spin configuration

r » +y

+ tensor structure
symmetric in
the x-y plane and
donut shape due to
repulsive core +
attractive tensor

interaction

14



general d(e, e'p) polarized cross section

1
Gpol — unpol [1 T P A T EP zzAzz T he(Ae +P er,z +P zer,zz)]

d°c;

l

T dEdQ,dQ,

P, : target vector polarization

P_. : target tensor polarization

h, : electron beam helicity

A, : electron beam analyzing power
A, ., : target vector (tensor) analyzing power

A, .z, - beam — target vector (tensor) analyzing power

Arenhovel, H., Leidemann, W. & Tomusiak, E.L. The role of the neutron electric form factor in d(e, ¢ N)N including polarization observables.
Z. Physik A - Atomic Nuclei 331, 123—-138 (1988) 1 6



https://doi.org/10.1007/BF01313635

general d(e, e'p) polarized cross section

1 —
Gpol — unpol[l T P A T _P zzAzz + h Z°7ez +P 22 e,zz)]
5 integrate over
d’o; electron beam-helicity

T dEdQ,dQ,

P, : target vector polarization

P_. : target tensor polarization

h, : electron beam helicity

A, : electron beam analyzing power
A
A

.(zz) - target vector (tensor) analyzing power

e.2(22) - beam — target vector (tensor) analyzing power

Arenhovel, H., Leidemann, W. & Tomusiak, E.L. The role of the neutron electric form factor in d(e, ¢ N)N including polarization observables.
Z. Physik A - Atomic Nuclei 331, 123—-138 (1988) 1 6



https://doi.org/10.1007/BF01313635

general d(e, e'p) polarized cross section

1 4
Opol = Ounpol [1 % EP ZZAZZ +WZA€,ZZ)]
5 integrate over integrate over
d O; vector polarization electron beam-helicity

T dEdQ,dQ,

P, : target vector polarization

P_. : target tensor polarization

h, : electron beam helicity

A, : electron beam analyzing power

A, ., : target vector (tensor) analyzing power

A, .z, - beam — target vector (tensor) analyzing power

Arenhovel, H., Leidemann, W. & Tomusiak, E.L. The role of the neutron electric form factor in d(e, ¢ N)N including polarization observables.
Z. Physik A - Atomic Nuclei 331, 123—-138 (1988) 17



https://doi.org/10.1007/BF01313635

general d(e, e'p) polarized cross section

1
6..=0 l1+—P._A ]
pol unp(’l[ oA Simplified tensor-polarized cross sections

from which tensor-asymmetry is extracted

s O.
— A = (pOI 1)

<<
P 22 Ounpol
P_, : target tensor polarization Opol, unpol - POlarized, unpolarized cross sections

A, : target tensor analyzing power

(041 —00) + (0-1 — 00)

Azz can also be expressed in terms — A = 01400+ 01
of the spin-dependent cross sections 9 B

and can be substituted above and solve _ (041 — 00)

for spin-dependent absolute cross sections 3 Ounpol

See W U Boeqlin 2014 J. Phys.: Conf. Ser. 543 012011
for detailed step-by-step calculations of the above Azz expressions



https://doi.org/10.1088/1742-6596/543/1/012011

spin-dependent d(e, e'p) polarized cross section

spin-dependent cross sections may be expressed as: ©,, = 0,,(P,, Oyl Oynpol)

2 Gpol
0y = 5unpol<1 < 1) ) torus” component

2z © O unpol

1 Gpol ‘ )
Or1 = O npol<1 | ( 1)) dumbbell” component

unpol

Under PWIA assumption: spin-dependent ~momentum distributions ( p(pm)O,il ) can be
extracted from the spin-dependent cross sections o .

5 .= 00,+1 ~ o 1(p) spin-dependent reduced cross sections
red = k-o,y 0,217 (are ~spin-dependent momentum distributions under PWIA)

See W U Boeqglin 2014 J. Phys.: Conf. Ser. 543 012011
for detailed step-by-step calculations of the above formulas 19



https://doi.org/10.1088/1742-6596/543/1/012011

theoretical spin-dependent momentum distrioutions

Forest J et al. 1996 Phys. Rev. C 54 646

1

existing A,_ data 10

T T T
E
b
-
-

T T T

(b)

@ NIKHEF '
(1997)

E \
F \
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Pi

Py (fM°)

_ M d=1 ,9k=1t/2 ...... ?

-7 B

107 ¢ M,=1,6,=0

;_ M,=0,0,=m/2 :

O 1 fm~! ~ 200MeV/c /
10" P S S AU IS SR S S SN W S S S S N WU 4 S S—

0 1 2 3 4 5 6

k (fm™)
(a) k< 150 MeV/c missing momenta covered by NIKHEF: Zhou Z L et al. 1999 Phys. Rev. Lett. 82 687

: A. DeGrush et al. (BLAST Collaboration)
Phys. Rev. Lett. 119, 182501 (2017) 20


https://doi.org/10.1103/PhysRevC.54.646

theoretical spin-dependent momentum distrioutions

Forest J et al. 1996 Phys. Rev. C 54 646

o 100 A\ /v A AT
existing A__ data (a) (b) existing A__data  F d(e,e’p);
@ NIRHEE O N - @ MIT-Bates 5
(1997) S (2017) ;

i average
10° | . O M,=0,6,=
& TR
10~ L A NS
- Md=1,9k=1'l:/2 ..............
-7 : . _’
0 F M,=1,6,=0
M,=0,0,=1/2 .;
O I fm~! ~ 200MeV/c /‘
10 0 s " 1 N 1 A " s N 2 L N L L 3 . X ! L 4 " " " 5 6

k (fm™)

(¢) proposed kinematic coverage @ Hall C:
missing momenta k ~ 150 - 450 MeV/c and Q% = 2.9 or 3.5 GeV?or ...
(to be determined)


https://doi.org/10.1103/PhysRevC.54.646

orevious tensor-polarized d(e, €'p) measurements

Z.-L. Zhou et al. Phys. Rev. Lett. 82, 687 (1999)

0" < 13°

. [ J

7 [

-
=

0 50 100 150 200
P, [MeV/c]

FIG. 3. AZ as a function of p,, for parallel kinematics (i.e.,
0°™ < 13°). The short-dashed curve represents the result for

P{{’BA; in the long-dashed curve FSI effects are also included,
and the solid curve represents the full calculation.

@ NIKHEF: first-ever exclusive d(e, e’p)
tensor-polarized data (Q? < 1 GeV?,
Pm < 150 MeV/c)

extracted deuteron tensor-asymmetry AdT(or, A)
at 3-momentum transfers |G| = 1.7fm™! (~340 MeV)

dominated by FSI, MEC, IC, but effects well described
by theoretical model

Theory calculations:

H. Arenhovel, W. Leidemann,

and E.L. Tomusiak, Phys.

Rev. C 52, 1232 (1995). o)



orevious tensor-polarized d(e, €'p) measurements

A. DeGrush et al. (BLAST Collaboration) Phys. Rev. Lett. 119, 182501 (2017)

(a) i (b) i (c) L (d)
04l Same Sector 0.4 Opposing Sector 04 Same Sector 04 Opposing Sector
L Target spin angle = 31° l Target spin angle = 31° l Target spin angle = 47° Tl Target spin angle = 47°
| @ BLAST data LT TR | @ BLAST data | @ BLAST data | @ BLAST data
02%--PWBA e N | 02%--PWBA + n 027--PWBA 02%--PWBA
| e PWBA+FSI R4 i T e PWBA+FSI | e PWBA+FSI I PWBA+FSI
~~ | — FullCalculation -~ > | — FullCalculation & ~~ | — Full Calculation PRSEREN ~~ | — Full Calculation +
2 [ s 2 T > T +
T o T o = e g o T o0 L + : +
i S R o S e
E | E | o E | g | W W g mT
2 @ ~ ? >
< - < - N . < < -
5 | 5 | SO . 5 5 |
2 2 S e 2 2 k
© -0.2f- 0.2 S 2 -0.2 2 -0.21- \
L L S e 4 L \
s -~ - ’ AY
\
\
-0.4} -0.4|- -0.4 |- -0.4f- . ’
N /
) ’
~ ~_. 7’
_061‘llll‘llllllllllllll‘llll‘lll]llllllllll‘lI]] _061‘lIII‘II]Illllllllll‘llll[lll'[llllllllllllll _06llllIllllll‘llIll‘lllllllll'llll‘lllll‘lll]llllll _06lllllllllll‘lllII‘lIIJllIIJll]]I‘llI]I‘]IIlLlIIll
"0 005 01 015 02 025 03 035 04 045 05 "0 005 01 015 02 025 03 035 04 045 05 "0 005 01 015 02 025 03 035 04 045 05 "0 005 01 015 02 025 0.3 0.35 04 045 05
Missing Momentum P'n [GeV/c] Missing Momentum P'n [GeV/c] Missing Momentum Pm [GeVic] Missing Momentum Pm [GeV/c]

FIG. 3. Tensor asymmetries A} for 0.1 < Q* < 0.5 (GeV/c)? vs. pm. Panels (a) and (c) refer to same sector kinematics for
target spin angles ~ 32° and = 47°. Panels (b) and (d) refer to opposing sector kinematics for the same target spin angles.

e @ MIT-Bates: exclusive d(e, e’p)
tensor-polarized data ( Q% ~ 0.1 — 0.5 GeV?,
up to Pm ~ 500 MeV/c, the highest-to-date )

o extracted A_, analyzing power dominated by

FSI, MEC, IC, but effects mostly well-described

by theoretical calculations
Theory calculations: H. Arenhovel, W. Leidemann, and E.L. Tomusiak,
Eur. Phys. J. A23, 147-190 (2005)

23



tensor-polarized d(e, e'p)
measurements @ Hall C

at large Q* anc Xp; > 1

NO exclusive d(e, e’p) A_, measurements
at 0° > 1 GeV? exist to-date

NO py+ spin-dependent d(e, e'p)
momentum distributions exist to-date

We propose to:

(1) measure tensor-analyzing power AZZ,

(2) measure absolute unpolarized/polarized cross sections, 6, unpol

(3) extract the spin-dependent momentum distributions p) .

24



exclusive tensor-polarized
d(e, e’'p) rates estimates

20



Selecting Optimal Central Kinematics

E, = 10.549[GeV] p, = 0.167[g/cm’]
LD2 10 cm o, = 1670[mg/cm?]
I, = 100 [nA] 168 [hrs]

radiative effects: ON

PouIMeV] kiGeV] 6,[deg] pAGeVl g,[deg]!|G|[GeV] 6,[deg] 6, ldegl 6, [deg] 2(GeV?)

300 | 9.7261 | 8204 | 1.4322 | 63.346

........................................................................................................................

300 | 9.3870 : 9.817 | 1.8241 | 56.346

o < U

300 | 91252 | 10941 | 21142 | 52.191

Q2 = 3.5 GeV"2
Pm Setting: 300 Pm Setting: 300 Pm Setting: 300
: Laget FSI Model: Laget FSI Model: Laget FSI

0.100 Ib [uA] 0.100 Ib [uA] 0.100

168.000 time [hr] 168.000 time [hr] 168.000

60.480 charge [mC] 60.480 charge [mC] 60.480
Pm counts = 1535.644 Pm counts = 3275.409 Pm counts = 1503.470
d(e,e'p) Rates [Hz] = 2.539E-03 d(e,e'p) Rates [Hz] = 5.416E-03 d(e,e'p) Rates [Hz] = 2.486E-03
DAQ Rates [Hz] = 0.032 DAQ Rates [Hz] = 0.010 DAQ Rates [Hz] = 0.005



missing momentum [GeV/c]

Selecting minimal Fsl die, e'p) kinematical bins

1.2

0.8

0.6

0.4

0.2

Pm vs. 6,, (yield)

B 0% =2.9 GeV? 180
L large FSI

— smallFSI ¢, =755 L
[ 8, =3%F

B 140
i 120

100

80

60

40

20

III|Iﬂ._l_!lllllL-_L_Flllllllllll|lll|lll|l

0 20 40 60 80 100 120 140 160 180

recoil angle [deg]
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Selecting minimal Fsl die, e'p) kinematical bins
Pm vs. 6,, (yield)

1.2——r—-—m
cl i L 0 00
> 11—, . —160
(b} E P 1
O E L : —140
c o8 , .
-] 1 1 —120
£ 0 :
| | |
GEJ 0.6—: ' 100
- | |
o E - ! 80
E — 1
| |
0.4— I
o [ 0 60
E B 1 !
) £ ' 40
9D o02— .
|- | |
] 20
E o :
! A | | | |
0 1 1 L 1 1 1 1 1 I 1 1 1 0
0 40 60 80 100 120 140 160 180

recoil angle [deg]

Missing Momentum, P__
miss

700; =E,, Integral 3275
5001~ “%‘ +  |yield=3275 (e,e’p) . integrated over all recoll 9,,61 angles (1D projection)
400 beam_time=168 hrs
. + |rate=19.5 counts/hr - includes bins where FSI are large (>45 deg),

: n therefore NOT ideal for extracting momentum
3 ; 2 distributions p(p,,), 1, as PWIA condition NOT
100F- =i met

oL | L [ | |

I 1.2 28



Selecting minimal Fsl die, e'p) kinematical bins
Pm vs. 6,, (yield)

(=]

0’ =29 GeV?

1.2
T |
= 1
GJ -
O
c 08— rq
S B
= B
GC_) |

0.6—
c B
O -
S 0.4—
Oj -
S -
m L
N 02
- B

B | |
0 20

|| I S N ) N A N A |
40 60 80

120 140 160 180

recoil angle [deg]

- selected bin 6, ~ 35° (1D projection)
where FSI reduced

* rates drop dramatically (maybe widen bin?)

—180

—160

—140

—120

100

80

60

40

20

0

ProjectionY of binx=4 [x=30..40]

Number of Entries

60_ ......................... ..........

40_ ......................... ..........

ST ) E——— I RS ORI UEA ............................ slice_py_of H_Pm_vs_thrq |

120 ............................. ............................

w3 . .

Integral 454.1 |

e -
= |yield=454 (e,e’p)

[beam_time=168 hrs
rate=2.7 counts/hr |~

ol ]L ...... .
B = 1 ] ] ] 1 ]
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Selecting minimal Fsl die, e'p) kinematical bins
Pm vs. 6,, (yield)

1.2
g 02=29 GeV2| |*
% 1 = —160
o B0 o
E 0.8— q
- B —120
é 0'6:_ 100
o) - 80
S o .
E= B
) £ 40
0 02—
& E 20
00 I2|0I I I4|OI I I6|OI I I8|0I I I1(|)0I I I12|0I I I140I I I16|0I I I18|OI 0
recoil angle [deg] .. \
------ +10%
- selected bin 6, ~ 35° (1D projection) .
X
where FSI reduced P it EETEIECERI TEE
- rates drop dramatically (maybe widen bin?) 2 _ * } k
ﬁ -20
- 1 week (168 hrs) @ 100 nA (unpolarized)
< 20 % stats error for missing momenta 1 week (168 hrs) @ 100 nA
Pm ~ 180 - 340 MeV/c ~40

0.1 0.2 0.3 0.4 0.5

Missing Momentumm, P, [GeV/c] SO



exclusive tensor-polarized
d(e, e’p) theory calculations
@ 0° = 3.5 GeV?

Gy
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m = 0, Q2 = 3.50 GeV?
30% Tensor and 50% Vector Polarization

— AV18
—— Paris

—— CD-Bonn
-=-= AV18 offshell

-== Paris offshell
--- CD-Bonn offshell

0.1 0.2 O.

Plots / code execution by: Nathaly Santiesteban
Theoretical calculation by: Misak Sargsian
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polarized d(e,e’p) Tensor Asymmetry

—5.01 Q2 = 3.50 Ge\?
30% Tensor and 50% Vector Polarization
— AV18
| —— Paris
5.5 —— CD-Bonn
—6.0
—06.5
<

—-7.0
—7.5
_8.0 ) /
—8.5

001 02 03 04 0.5
I:)miss [GeV]

Plots / code execution by: Nathaly Santiesteban
Theoretical calculation by: Misak Sargsian
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Tensor Asymmetry (after multiplying Azz by some kinematical factors)

Q% = 3.50 GeV?

O . 5 O } 30% Tensor and 50% Vector Polarization ;_a’:
— AV18 PWIA /:' -
—— Paris PWIA /: “
| —— CD-Bonn PWIA gy
0.257 ___ AV18 FSI /: /
-=-- Paris FSI R
-==CD-Bonn FSI /// ,
0.00-
>
S
I
> —0.50"
L
—0.75-
—1.00-
—1.25-

I I

01 02 03 04 05 0.6 0.7
I:)miss [GeV]

Plots / code execution: Nathaly Santiesteban
Theoretical calculation by: Misak Sargsian



Summary

e tensor-polarized d(e, e'p) provides unigue opportunity
to carry out detailed study of deuteron short-range structure

® We Propose:
measure exclusive tensor asymmetry A, (at unprecedented large 0%

measure absolute spin projection dependent absolute cross sections, o +

- extract spin-dependent reduced cross sections, which under PWIA
~ momentum distributions p(p,,,), +

e these measurements will complementary to the inclusive b1/Azz approved
experiments and will provide great insight into the toroidal structure
of the deuteron which is directly related to the tensor (attractive) and
repulsive core of the deuteron
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d(e, e'p) reaction mechanisms

pi,p+ pi,n= 0

deuteron

Plane Wave Impulse Approximation (PWIA)

pi,p+ pi,n= 0

7 Py

deuteron

Meson-Exchange Currents (MEC)
suppressed at 0% > 1(GeV/c)?

deuteron

Final State Interactions (FSI)

suppressed at specific 6, ~ 35°

pi,p+ pi,n= 0

deuteron

Isobar Configurations (I1C)

suppressed at xg; > 1

33



SIMC Analysis Cuts
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HMS X-Collimator [cm]

HMS Collimator SHMS Collimator
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e angular acceptance (geometrical cut on collimator)
e HMS determines acceptance
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KiInematics

Final e Momentum
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KiInematics

In-Plane Angle, 6,
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Number of Entries

Selecting minimal Fsl d(e, e'p) kinematical bins
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yields and rates (integrated over all 6, )

Missing Momentum, P _
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yield and rates (selected bin 6,, = 35 £ 5°)

ProjectionY of binx=4 [x=30..40]

e peak relative stat error: 1/4/78 ~11.3 %
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d(e, e'p) kinematical bins

¢ the highest (peak missing momentum bin) stats that can
be collected @ bin 35+/-5 deg for 168 hrs beam-on-target (~ 1 week):

- Q2=2.1 Pm bin~ 300-350 MeV/c ~ 11.3 % (78 counts)
- Q2=2.9 Pm bin~ 200 MeV/c ~ 8.7 % (130 counts)
- Q2=83.5 Pm bin~ 200-250 MeV/c ~ 14.1 % (50 counts)

¢ the highest stats that can be collected @ bin (35 +/-6 deg, 300 +/-20 MeV)
for 168 hrs beam-on-target (~ 1 week):

- Q2=2.1 Pm bin~ 300 +/- 20 MeV/c ~ 11.3 % (78 counts)
- Q2=2.9 Pm bin~ 300 +/-20 MeV/c ~ 14.1 % (50 counts)
- Q2=3.5 Pm bin~ 300 +/-20 MeV/c ~ 20 % (25 counts)
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—xperimental Setup
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Vector Polarization

F,=Ny1 —N_4
—1<P, < +1

P, (%)

Tensor Polarization

P,z = Ny1 + N_q — 2N
—2< P, < +1




Longitudinally
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Unpolarized  Raster Target
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Fast
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Using the same target technology as the b1 and Azz
experiment approved at JLab

1
— Area
2
A
—0.25
> Area
&
w
Q 0.20
>
=
(7]
2 0.15
v
c v
0.10
0.00
-3 -2 -1 0 1 2 3
R
Material

Irradiated Butanol (C;DyOH)

Note: Tensor enhancement can be treated similarly
for materials with the same lineshape (NDj).

Measurement:
1. Differential binning

2. Spin temperature consistency

P=C(U, +1)
0=C(,-L)

3. Rate response

A = 1A
lost_2

gained

J. Clement, D. Keller, Submitted to
Nucl. Instr. Meth. A (2022)

Sorip PoLARIZED TARGET (GROUP ar i

UNIVERSITYs/VIRGINIA
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Using the same target technology as the b1 and Azz
experiment approved at JLab

Expected target polarization under beam conditions
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Deuteron Shapes
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vector polarization
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L+S=1
L=0 (S-wave), 2 (D-wave)

« For surfaces of constant density (momentum dist)
on deuteron S-wave and D-wave, the deuteron can
be found in either an Ms=0 (torus) or Ms=+/-1
(dumbbell) shape

* For unpolarized deuteron, the S and D wave
are essentially contain both torus and dumbbell
shapes integrated, however, once deuteron
becomes tensor polarized (to a certain extent,
~30%), the S-wave can be separated into an Ms=0
and Ms=+1 or -1 state? Similarly, the D-wave can
be separated into an Ms=0 and Ms=+1, or -1 state,
leading to spin-projection dependent momentum
distributions

Figure 2. The calculated deuteron momentum distribution for different values of Mg and 6y
from reference [8]. The area (a) indicates the missing momentum range covered by the NIKEF
experiment [9] and area (b) represents the kinematic range that could be explored at Jefferson
Lab. [10]
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Py (fm’)

Mg = +1

(b)

average

k~200-500 MeV/c
dominated by D-state
(can be explored with

k>500 MeV very
small xsec, requires

tensor-polarized deuteron)

M,=1,6,=0 ,
high beam-current ]
M=0,6,=n/2 tensor-pol target
. canlhandle nA,L not uA | /
1 2 3 4 5

We can separate the torus from the dumbbell
shape, so essentially we can have:
rho_torus = a|S-wave> + b|D-wave>
rho_dumbbell = a|S-wave> + b|D-wave>

but for a given shape (torus or dumbbell) we
cannot experimentally separate the

S-wave from the D-wave?

Figure 2. The calculated deuteron momentum distribution for different values of Mg and 6y
from reference [8]. The area (a) indicates the missing momentum range covered by the NIKEF
experiment [9] and area (b) represents the kinematic range that could be explored at Jefferson

Lab. [10]
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