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Note: Many slides are courtesy of C. Yero



Why Deuterium?

Qualitative NN Interactive Potential

300

* Simplest nuclei to study
nucleon-nucleon
interaction.

o
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* We are still working in its

understanding at all length
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Proton Momentum Distribution

How can we really probe the D- and S- wave contributions?

L L

1fm™' ~200MeV/c
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Wiringa, Schiavilla, Pieper, Carlson, PRC 89 (2014) 024305



Probing the deuteron with electron-scattering
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In the plane wave impulse approximation (PWIA)

_ Oexp
p(pr) = fo




We can reduce at the right
kinematics

x> 1
Suppresses IC

Q? > 2GeV?
Suppresses MEC
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How do we control FSI?

Q* =3.54+0.25 GeV*

FSI min
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minimal FSI at an

CD-Bonn FSI (Calculations: Misak Sargsian)
Misak M. Sargsian Phys.Rev.C82014612 (2010)

Paris FSI (Calculations: J.M. Laget)
J. Laget Phys.Lett.B60949 (2005)

Paris FSI-MEC+IC (Calculations: J.M. Laget)
J. Laget Phys.Lett. B60949 (2005)

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

(o]

FSI peak at an ~ 70


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.014612
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.80.054001
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269305001139?via=ihub

Some other results

Oy =35+5°

P -=-=-- JML Paris PWIA
”E Hall C data + —— JML Paris FSI

= ero et al. 2020 === MS CD-Bonn PWIA
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aat (long-range (intermediate, NN (repulsive.hard-cc.)re, TSy

OPEP) tensor interaction) NN scalar interaction)
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Missing Momenta, p,, (GeV/c)
- non-relativistic theory calc. using CD-Bonn (M. Sargsian) reproduce dataup to p,,, ~ 0.7 GeV/c

- 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)




Deuteron Polarization

m=-1 Spin 1 System
W
D * Inamagnetic field:
,ILLE.Q.__*_.____ 3 sublevels (+1, O, 1) due to Zeeman
interaction.
1 Up * I'wo energy transitions with intensities
m=+
M E) I+(+1 o O) and I_(O o _1)
, = 0B
P h

vy, = 6.54MHz/T



Decuteron Polarization

E, = —hvpym+ hl/Q(60529 — DH(Bm?* -2)

m

eQ : Electric Quadrupole interaction shifts energy levels
eq : Electric field gradient

Keller, D. Eur. Phys. J. A53 (2017).

6 :angle between eq and B L T S S R
2 :
Yo =—¢,— - Quadrupole Frequency (71 SR SR S S— -
; .
S 03
Shnn—— E T |
————— o I
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m=0 - A . i T |
SFwIrmIm— -6 2 0 2 4
...... R
....... : UV — VD
UD + 3VQ Z/D — 6VQ 3I/Q
B m=+1 .} -—-i--— ' |
I — Deuteron NMR Line-shape.
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http://inspirehep.net/author/profile/Keller%2C%20D.?recid=1611137&ln=en
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DNP technique

Once upon a time
' this was the maximum
: limit with solid targets
|

50

P(%)
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DNP System
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Semi-Saturating RE (ss-RF)

Tensor enhanced signal:
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D. Keller. Nucl. Instrum. Meth. A 981 (2020).
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D. Keller. Nucl. Instrum. Meth. A 981 (2020).




Manipulation of spin-1 solid-state targets

1
0.35 EArea Measurement:
A

0.30 1. Differential binning
o 2. Spin temperature consistency
> Area
S P.=CU, + 1)
= P,=CU,—1I
S z ( + —)
C 013 3. Rate response
c v

0.10 1

Alost — EAgained
0.05 ﬂ
0.00
-3 -2 -1 1 2 3

X o

D. Keller. Nucl. Instrum. Meth. A1050 (2023).
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In reality...

36.5+3.5%
Tensor Polarization

0.4

0.3

Polarization

0.2

0.1

30)Q
Starting with a vector polarization of
50%
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Vector Enhanced P,

Tensor Enhanced P.,

Annealing once per day (100% efficiency - for one cup )

02 04 06 08
Dose (10" ¢ /cm®)

With a beam current of 80 nA

1.0
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Current Experimental Setup

ssRF: ~30 £+ 7 % (rel)
rssRF:~36 £+ 9.5 % (rel)

SoLID POLARIZED TARGET (GROUP a7 the

UNIVERSITYsVIRGINIA



What do we measure?

1
Opol = Ounpol [1 + P A + EP A, +h(A, +P er,Z T PZZAe’ZZ)]

pol 2722

d°c;

0; =
dE'dQ,dQ,

P, : target vector polarization

P,, : target tensor polarization

h, : electron beam helicity

A, : electron beam analyzing power
Az,(zz
A

)+ target vector (tensor) analyzing power

e2(zz) - Deam — target vector (tensor) analyzing power

21



Can we manipulate it?

1 /
o | = unp01[1+PA +—PA TPA ]

pol 22 zz z°7ez - ezz

integrate over
d’c .
i 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, .z - beam — target vector (tensor) analyzing power

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

22



Can we manipulate it? More....

1
O-pol — Gunpol [1 % EP zzAzz +h z°7e,z + P zer,zz)]
5 integrate over integrate over
d O; vector polarization electron beam-helicity

%= AEdQ,4Q,

P, : target vector polarization

P, : target tensor polarization

h, : electron beam helicity

A, : electron beam analyzing power

A

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

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

23



We will measure...

po 77822

1
O. 1=Gun01[1+_PA ] | . | |
P 9 Simplified tensor-polarized cross sections
from which tensor-asymmetry is extracted

P O.
— A= ( pOl—l)

<<
P 2z Gunpol
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 = o_1+ 00+ 041
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 Boeglin 2014 J. Phys.: Cont. Ser. 543 012011
for detailed step-by-step calculations of the above Azz expressions 24



Spin-Dependent d(e, e’p) polarized cross section

spin-dependent cross sections may be expressed as: ©,, = 6,,(P,;, Oy, Oynpol)

2 Ohol
po 1 ))
Oy = aunp01<1 b < 1)) torus” component

22 Gunpol

O+1 = Oy

| Gpol
‘dumbbell” component
wal1+5-(= 1)) p

unpol

Under PWIA assumption: spin-dependent ~momentum distributions ( p(p,,)o +1 ) can be
extracted from the spin-dependent cross sections 00 +1

00,+1 spin-dependent reduced cross sections

Ore = ~ po,il(pi)

4= k-o,y (are ~spin-dependent momentum distributions under PWIA)

25



Previous measurements

Forest J et al. 1996 Phys. Rev. C 54 646
1 ’ L ’ M 1 ’ ; L . I - T ! | ! ! N ! | ! L ! I ! N ! !
existing A, data 100 ¢ (b) = d(e,e’p):

@ NIKHEF ; ?
(1997) AN | — pi

0" \ 0,

average

10

py (fm’)

-5 |

10 3

107 L

1 fm~! ~ 200MeV/c /

R 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

9 |

10

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



Previous measurements

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

0" < 13°

0.2}

0 50 100 150 200
Py IMeV/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%A; in the long-dashed curve FSI effects are also included,

and the solid curve represents the full calculation.
27

@ 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).



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

I (a) I (b) I (c) I (d)
04 Same Sector 04k Opposing Sector 0.4 Same Sector 04 Opposing Sector
: Target spin angle = 31° “l Target spin angle = 31° al Target spin angle = 47° al Target spin angle = 47°
| @ BLAST data PR N | @ BLAST data | @ BLAST data | @ BLAST data
024--PWBA L’ N | 024--PWBA + o 024--PWBA 024--PWBA
| eeeee PWBA+FSI R ) IS PWBA+FSI | e PWBA+FSI | e PWBA+FSI
> | — Full Calculation - = S > | — FullCalculation & ~~ | — Full Calculation PRSEREN ~~ | — Full Calculation
e | ., = e | z .. +
g 0 GE> 0 —w . . “E’ 0 E T
3 L 3 L T £ L £
3 > ~ & >
< - < - N . < <
5 5 SO T 5 5
172 [ 172 » ~ w0 172
c c ~ c c
202 2 -0.21— S o ©-0.2 e
- - S e 7
s -~ - s
-0.4|- -0.4| -0.4|—
S -~
_064 llJl'llllVLllllL[ll' [[11'[111‘1111'1111\ 1111 _OGJJ Llll lllJ\LlllJllll\ llJJ llll\llllilllilllli\ —06 lllli\llll lllllvlllilllll\llll 11111'[1111[[[1' _OGJJLlllVL[ll LLlll\llllLLlllILllJ\lllll‘llll\lllll
"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 03 0.35 04 045 05
Missing Momentum Pm [GeVic] Missing Momentum Pm [GeVic] 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)
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tensor-polarized d(e, e'p)
measurements @ Hall G

at large Q* anc Xp; > 1

NO exclusive d(e, €’p) AZZ measurements
at 02 > 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, Opol,unpol

(3) extract the spin-dependent momentum distributions Po.+




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

PpisIMeV] kiGeV] 6,[deg] plGeV] 6,[deg]: |G][GeV] 6,[deg] 6,ldeg] 6,[deg] 02Gev?

300 | 97261 | 8204 | 1.4322 : 63.346 | 1.6665 | 56.3924 i 35311 | 6.9542

300 | 9.3870 : 9.817 | 1.8241 | 56.346 | 2.0616 :50.9282 | 35.0368 | 5.4179

300 | 91252 | 10.941 | 21142 | 52191 | 23510  47.4551 355878 | 4.7366
Courtesy of C. Yero

Q2 = 2.1 GeV"2
Pm Setting: 300 Pm Setting: 300 Pm Setting: 300

Model: Laget FSI Model: Laget FSI Model: Laget FSI

Ib [uA] 0.100 Ib [uA] 0.100 Ib [uA] 0.100

time [hr] 168.000 time [hr] 168.000 time [hr] 168.000

charge [mC] 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




1.2

missing momentum [GeV/c]

0.2
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Pm vs. 6, (yield)

0.6—

0.4

0.8—

0?=29 GeV? | =180
large FSI

small FSI  ¢,=75+5 e

0,=35+5
— 140
R 120

\/

100

80
60

40

|
] g 1
1 T |
_|_:|||||!___|__'|||||||||||||||||||||

20

40 60 80 100 120 140 160 180

recoil angle [deg]
Courtesy of C. Yero
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Selecting minimal FSI d(e, e'p) kinematical bins
Pm vs. 6, (yield)

1.2 e e e e e e .
o L 02=29GeV2 @l
S qb : ¢ - —160
O] E P 1
g E @ : —1140
g i . : —1120
é 0.6:— E E —100
[®) o i 80
E) 0.4/~ : : o
S . -
) -y ' 40
1) 02— 4 5
- B . . 20
00I I 20 40 60 80 :00 I12|0I l I1¢|10I I I1E|50I I I18|0I -
recoil angle [deg]
Missing Momentum, Prniss
7005_ THF Integral 3275

=
i ‘| n yield=3275 (e,e’p) . integrated over all recoil Grq angles (1D projection)
a0~ 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 ; 5 distributions p(p,,), +, as PWIA condition NOT
oof- | i met

0: | L  Ee | .
0 0.2 0.4 0.6 0.8 1 1.2
Courtesy of C. Yero



Pm vs. 6,, (yield)
1.2

- —1{180
Gl 0? =29 GeV?
\
> 11— —160
GJ L
8 I f0,=35+5 =
c 08— q
S _ —1120
2 B
o 06l 100
= B
o = 80
E -
= 0.4~ 60
cC &
N L 40
O o2
& E 20

O—I 11 L1 1 1 1 1 11 1 1 1 1 11 1 11 1 1 1 1 | 11 1 I | 0

0 20 40 60 80 100 120 140\_160 180

recoil angle [deg] ProjectionY of binx=4 [x=30..40]

140 —vvvo EH ............................ slice_py_of_H_Pm_vs_thrq |

) SeIeCted bln grq ~ 350 (1 D prOJeCt|On) 120_ ............................. ____________________________
where FSI reduced

Integral 454.1 |

w3 N .

- i |yield=454 (e,e’p)

= [beam_time=168 hrs
Courtesy of C. Yero B |rate=2.7 counts/hr |-

- rates drop dramatically (maybe widen bin?)

Number of Entries
o ®
o o
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o
|

IIITI
I
}
[
I
I

g

| | 1 1 1 | 1 | 1 | 1 | | 1 1
0 0.2 0.4 0.6 0.8 1 1.2
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Pm vs. 6,, (yield)

1.2
g 0%=29 GeV2| |*
% 1= —{160
O, g — £y — 140
E 0.8— l"q
- B —120
é 0_6:_ 100
O - 80
S o .
= -
0N B 40
€N 02—
& E 20
0OI I I20I I I40I I I60I I I80I I I100I I I120I I I140I I I1E|50I I I18|0I e
Courtesy of C. Yero recoll angle [deg] . \
------ +10 %
- selected bin 6, ~ 35° (1D projection) = o
where FSI reduced *"g ........................
- rates drop dramatically (maybe widen bin?) = = [ } ] r B
E -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

011 0t2 0t3 OI.4
Missing Momentumm, P, [GeV/c]

34 Courtesy of C. Yero



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

— :|_()2-E — AV18

C ] — Paris

e —— CD-Bonn

u —-- AV18 offshell

> --=Paris offshell

) 101': - CD-Bonn offshell

w ]
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1©)
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| S |

0.

c 10%

o ;

S

O

)

W 10—1_

W

8 Some Theory Motivation

@ Courtesy of M. Sargsian
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0.501

0.25+

0.00

Asymmetry
© o o
~ Ul N
Ul O Ul

—1.00+

—1.25

Q? = 3.50 GeV?

30% Tensor and 50% Vector Polarization =~
AV18 PWIA ?
Paris PWIA
CD-Bonn PWIA v #°,
AV18 FSI e

Paris FSI Ry
CD-Bonn FSI S/

Some Theory Motivation
Courtesy of M. Sargsian

04 05 0.6 0.7
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Summary

o Tensor-polarized d(e, €’p) provides unique opportunity
« We are working in optimizing the kinematics.

o We propose: to carry out detailed study of deuteron short-range structure

4+ measure exclusive tensor asymmetry A, (at unprecedented large Q)

4+ measure absolute spin projection dependent absolute cross sections,

00,+1
4+ cextract spin-dependent reduced cross sections, which under PWIA

~momentum distributions p(p,,)g +







