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FY-2025 FY-2026 FY-2027 FY-2028 FY-2029 FY-2030
E2-13-011 The Deuteron Tensor Structure Function b A- 41
E12-15-005 Measurements of the Quasi-Elastic and Elastic A- 45

Experimental Hall C
E12-11-107: In Medium Nucleon Structure Functions with LAD
E12-06-104: L/T Separations in SIDIS
E12-06-107: Pion Color Transparency
E12-14-002: Nuclear R and E12-23-001 Polarizabilities
High luminosity cryotarget experiments
Hypernuclear installation

E12-15-008 and other Hypernuclear Experiments

Tensor Polarized Deuterium Target Installation

E1213 011 & E12 15 005 DIS and QE Tensor Deuteron experiments

Deuteron Tensor Asymmetries

* The tentative schedule places the installation in 2029, with experiments runningin 2030.
* Asacollaboration, we would like to start as soon as possible.
* Thiswill require successfully passing the Experimental Readiness Review.
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What do we need? Large tensor polarization

Spin-1 Polarization

W Spin-1in a magnetic field
System
A VD
_ *3 sub-levels (+1, 0, 1) due to

m=0 . ;

M-—--*_——-— Zeeman interaction.
Vb *Two energy transitions I (+1—0)

m = +1 and [_(0— -1).

M
L _ HoB
P h

Vvp = 6.54 MHz/T



Spin-1 Polarization

En = —hvpm + hvy(cos?0 —1)(3m* —2)

eQ: Electric quadrupole interaction

(shifts the eneray levels) Vector Polarization:

eq: Electric field gradient P= N, —N_
0: angle between eq and eQ —-1<P< +1
m = -1 Tensor Polarization:
---;---‘ Q= N, +N_—2N,
vp — 30, vp + 61 —2<Q< +1
m = 0 ‘,W
~~~~~~~ SN Normalization:
N I/D+31JQ yD_6VQ 1 = N++N_+ NO
B m = +1 __________________ -L




En = —hvpm + hvy(cos?0 —1)(3m* —2)
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The Deuteron
Tensor
Structure
Function b,
E2-13-011



DIS Hadron Spin Tensor

| 2
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b, and b, are leading twist and directly probe tensor-polarized

quark distributions
Tensor structure functions are accessible only in spin-1 systems

Jaffe, Manohar. Nuclear Physics B321 (1989)


https://www.sciencedirect.com/science/article/abs/pii/0550321389903490

Partonic Interpretation

In terms of tensor-polarized parton distributions:

(@) = 5 3 €2 [bra(z) + br()

with:

¢ () + ¢\ V(=)
9

orq(z) = f}m}($) -

b, measures how different the quark distributions are when the deuteron is in the m =0
spin state compared to the average of the m = +1 states.

If the deuteron was spherically symmetric b,(x)=0.

Jaffe, Manohar. Nuclear Physics B321 (1989)
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https://www.sciencedirect.com/science/article/abs/pii/0550321389903490

First and Only Measurement of b,

(to date)
d 3 d d
HERMES b = ——A°_F
9 zz+1
2 2 d
S H e F = “;ﬁ f}%F? Fj = Fy(1+ F3/F)/2
. —
— the measured asymmetry:
1 0
[ + + + + Atl — QJ - 20-
""""""""""""""""""" + """""""""""" “z BG'UPCH
g — - ol = (0 + 07 +0%)/3 ou = (201 +0°)/3
A Pf = (P + P5 + P — 3P2)/9
107 10" . HERMES collaboration. Phys. Rev. Lett. 95 (2005)

Observation: non-zero b;(x)atintermediate x. .


https://inspirehep.net/literature/684394

0.012

001 —
_ Gy The HERMES result suggests that at the quark level the
0.008 — = Miller bl6g at 0 =1.17 GeV
- = Miller bl6q at 0 =1.76 GeV* deuteron has:
0.006 — — Mi P =212 GeV? .. . .
vous [ — \Eﬁzg:ggig:;gg *non-trivial tensor polarization effects
olom - = Kumano epartonic correlations beyond nucleon degrees of freedom
~ oF ] *sensitivity to: .
000 - * quarkorbitalangular momentum
_0'004 C e possible non-nucleonic components (e.g. hidden-
0,006 — color configurations)
-0.008 —
001 —
oop ——L 1 1 1111111 1]
0 0.1 0.2 03 04 05 06 _ )
X Results: provocative but not conclusive
Khan, Hoodbhoy, PRC 44,1219 (1991) Limited statistics and kinematic coverage
Relativistic convolution model with binding *the detailed x-dependence of bl
Umnikov, PLB 391, 177 (1997) *whether sea quarks dominate the signal
Relativistic convolution with Bethe-Salpeter formalism *the role of gluons

W. Cosyn, Y. Dong, S. Kumano, M. Sargsian PRD95 (2017) *the Va“dlty of the blsum rule

Standard Convolution description

G. Miller PRC89 (2014)

Pionic contributions and Hidden-color six-quark configurations
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.44.1219
https://www.sciencedirect.com/science/article/abs/pii/S0370269396014402
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.074036
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.045203

E12-13-011: Proposed measurement
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Projected results with:
* Tensor polarization Q=26%

e Currentl=85nA
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Azz =

& Projected
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Kumano (No thbar} }
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b tl]

3
_éAgz Fil
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2 (a(+P, Q)+ o(—P,Q)
o(+P,0) 4+ o(—P,0)

)

f: Dilution factor; Q: Tensor polarization; P: Vector polarization
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E12-13-011: Equipment and Running Conditions

T Q? W R 0 time
(GeV?) | (GeV) | (GeV) (deg.) | (days)
SHMS | 0.15 1.21 2.78 6.70 735 6
SHMS | 0.30 2.00 2.36 745 896 9
SHMS | 0452 | 2.58 2.00 796 9385 15
HMS | 055 3.81 2.00 731 12.50 30
Ll - & Projected
0.01 p— ©® HERMES
0.008 |— e Miller b16g
= Sargsian (lc)
0.006 ___ Sargsian (vn)
0.004 — Kumano (With & gbar)
= - — : R
- 0.002 |— Kumano (No & gbar)
0 B Mlllcrl()m‘
0002 |— ! T /
>y 1 PVg
-0.004 ~ .ﬁ
) ST I S N
0 0.1 0.2 04 0.5 0.6

Bjorken

11 GeV electron beam

Tensor-polarized deuteron target (solid
ND;)

Hall C magnetic spectrometers: HMS and
SHMS for scattered electron detection
Beam diagnostics: raster system (fast and
slow), beam current monitors, Faraday
cup*

Polarization cycling and monitoring to
control systematic uncertainties

Major R&D and installation
Installation
Development and Installation

14



Measurements of
the Quasi-Elastic
and Elastic
Deuteron Tensor

Asymmetries
E12-15-005




Quasi-elastic Measurement

Experimental Cross-Section

o =00 [1+ PAL + QA% + h (A, + PAY + QA%)]

Unpolarized:

Punp(P) = n(p) = |u(p)|2 + |w(p)|2

Punp Tensor polarized:

pro(p,0) = 2O =L o () — o)

Arenhovel, Leidemann, Tomusiak PRC 46, 455 (1992)

16


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.46.455
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.46.455
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.46.455

Quasi-elastic Measurement

o =00 [1+ PAL + QA% + h (A, + PAY + QA%)]

 Born approximation A4,, A%, A% are all zero.
* Inapurely S-state Agz is also zero but will vary from zero as D-state

contributions become important providing a measure of the tensor
component of the NN interaction.
. A% will vary as D-state contributions become significant.

17



Previous Measurements
MIT-Bates 0.1 < Q%< 0.5 (GeV/c)?

[ (@ I (b) [ © [ (@
04 Same Sector 04— Opposing Sector 04l Same Sector 0al Opposing Sector
‘ Target spin angle =~ 31° L Target spin angle ~ 31° L Target spin angle ~47° al Target spin angle ~ 47°
[ & BLAST data . | & BLAST data | @ BLAST data | & BLAST data
0z = —PWBA L7 02l = -PWBA é 02l = - PWBA 0zl = ~PWBA
"L - PWBA+FSI L7 Lo PWBA+FSI "L - PWBA+FSI " - PWBA+FSI
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NIKHEF‘Q2 <0.2 (GeV/c)?
ol o< 13° |

< optE 1 Z.-L.Zhou et al., Phys. Rev. | ett. 82 /(1
02 S

.| A.DeGrushetal, Phys. Rev. | ett. 119, 182501 (2017
o8l There are no previous measurements of

‘ ‘ ‘ the inclusive asymmetry
0 50 100 150 200
Py, [MeV,/c] 18
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.687
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.687
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.687
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.687
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.687
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.687
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.82.687
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.182501

et

E12-15-005: Proposed measurement

-
%

& Projected
PW + FSI On-Shell
PW + FSI On- & Off-Shell
Plane Wave
PWBA-RC
Norm-MEC-IC-Rel
Light Cone
Virtual Nucleon

02 04 06 08 1 12 14 16 1.8 2 22

xBjorken

=

Projected results with:

Tensor polarization Q=26%
Currentl=85nA

* Very Large Tensor Asymmetries predicted

* Sensitive to the S/D-wave ratio in the
deuteron wave function

* 4o discrimination between hard/soft
wave functions

* 6 0 discrimination between relativistic
models

Azz

_ 2 (a(+P,Q)+a(—P,Q) _1)
fQ\ o(+P,0) + o(—P,0)

f: Dilution factor; Q: Tensor polarization; P: Vector polarization
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E12-15-005: Equipment and Running Conditions

E, Q? E’ 0., | PAC Time
(GeV) | (GeV?) | (GeV) | ©) (Days) 2.2,6.6, 8.8 GeV electron beam
SHMS (1) | 8.8 1.5 8.36 | 8.2 25 * Tensor-polarized deuteron target
HMS (H1)| 8.8 2.9 726 | 122 25 (solid ND.)
SHMS (82 6.6 0.7 635 | 75 8 3
HMS ((H2)) 6.6 1.8 506 | 123 3 * Hall C magnetic spectrometers:
SHMS (S3) ) 0.2 2.15 10.9 1 HMS and SH MS'fOI’ scattered
HMS (H3)| 22 0.3 211 | 149 1 electron detection
* Beamdiagnostics: raster system
(S CE N DO , (fastand slow), beam current
polarlzatlon measurements ‘ T | monltors Faraday Cup*
- J: g |  Polarization cycling and
Ig B 7 monitoring to control systematic
osf- by 17 T uncertainties
W AN
) A?z%:;’; %ﬁ Including some
15 N1 elastic Major R&D and installation
| oo measutements Installation
R e T ca Development and Installation

20



WY POLARIZED
L« TARGET




Enhancing Vector Polarization with DNP

At thermal equilibrium (B=5Tand T =1 K), the vector polarization in
Deuteriumis P ~0.1%

Dynamic Nuclear Polarization (DNP) enhances the vector polarization to up

to 50% in deuterated butanol and deuterated ammonia

Paramagnetic centers in the material, either chemically doped or irradiated, induce spin transitions
through the application of microwaves to the sample, which is already in a magnetic field at very low

temperatures.

Q4
Vector Polarization: Tensor Polarization: :
P= N,—N_ Q= N_,+N_—-2N,
—-1<P< +1 —2<0< +1 P*

Normalization:
1 e N_|_ + N_ + NO

22



Can we perform an experiment with this technique?

* Target material used in tensor polarized techniques: deuterated ammonia (NDj)

» After DNP, Vector and tensor polarizations are related as: Q = 2 — V4 — 3P?

Tensor polarization with DNP is atbest 15 -20%

and decays with dose (under electron beam)
0.90
A d+
— 0.80 u y d-=l
s
; 0.70
= Courtesy of Pushpa Pandey
é 0.60
S 0.50 = 4
E, 0.40 A ¥ x \
2 "‘\w » \ &‘\ » v
§ 0.30 : - !\ . T
é 0.20 4 :
= v
© 0.10
T T v - - v . 0.00
0 10 20 30 40 50 60 160600 17000 17200 17400 17600 17800

P [%)] Run Number

Need additional techniques to enhance the

tensor polarization 29



I (C_mV)

Our Plan: Use ss-RF to Enhance Tensor
polarization

Target cup

2400
2200
2000
1800
1600
1400

Semi-Saturating RF (ss-

xXimum Achieved:
~30 % 7% (rel)

1200
1000
800
600
400
200

III|I|I|III|III|I|I|III|lII|iII|lI[IIIIIIIIII[Il

UNIVERSITY
JVIRGINIA

Use optimized radiofrequency (RF) to
manipulate the NMR line of deuteron.
Semi-Selective RF (ss-RF)

* Technique has been successful with
deuterated butanol.

* Workisongoing to demonstrate its

effectiveness in ND;, with the goal of

é’o
IN
Y

l
0
R
D. Keller Eur. Phys. J. A53 (2017)

running the approved experiments b, and

Az
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https://link.springer.com/article/10.1140/epja/i2017-12344-0
https://www.jlab.org/exp_prog/proposals/13/PR12-13-011.pdf
https://www.jlab.org/exp_prog/proposals/15/PR12-15-005.pdf

Current Work Toward Experimental Readiness

eDemonstrate and characterize cold irradiated NDs.
eQuantify and minimize NMR and RF systematic errors.
eUpgrade and test ss-RF and AFP hardware plus adaptive control.

eValidate lineshape models against experimental benchmarks.

WORK IN PROGRESS
TENSOR TARGET

eEvaluate paths to higher tensor polarization benchmarks.

ePerform cross-checks with alternate scattering measurements.
(elastic scattering: such as the one proposed with E12-15-005)

eFully map spin diffusion effects (with/without DNP).

25



Signal (a.u.)

A Snapshot of Current Analysis
(Data taken in December 2025)

® HB Signal
—— HB Fit
C-D MNegative EQ
C-D Positive EQ
——- C-D Negative HB
-= C-D Positive
——- 0-D Negative
-= 0-D Positive

T T T T T T T T T
31.50 31.55 31.60 31.65 31.70 31.75 31.80 31.85 31.90
Frequency (MHz)

Courtesy of M. Farooq, C.Lama, E. Long, M. McClellan

Successfully manipulated

spin populations of ND

Residual Signal (TE Signal)

Residual

Measured TE signal I

26




Two Active Laboratories
W er_ < N ign B




Hall Overview

Installation and commissio N
of thetensortarget |

&1

Install and commission
Slow rasters
Faraday cup

HMS

Prepare electronics and trigger

28



The tensor-polarized target experiments require
monitoring relative changes in the beam current
atthe 0.01% level on an hourly basis.

The current planis to re-purpose and
commission the W-Cu calorimeter previously
used in Hall C.

Edep [GeV]

Faraday Cup for b; and 4,

Longitudinal profile of the energy distribution
0.5

Edep ~ 10.6 GeV

04

S o Work lead by D. Mack
02 ) ) ’ £ Not sure what will be the next
: R e step now?

0.1

P O T R U EEPEPUI PP B - S SO B

0 2 4 6 8 10 12 14 16

Courtesy of Hector Chinchay
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Looking

Beyond b,
and A,




LOI: Exclusive
Electro-
Disintegration of
Tensor Polarized
Deuterium




Probing the NN core

_ 2 2 u(p,y,): S-partial wave of the deuteron

Punp (Pm) = ()l + 1w (Pm) w(p,): D-partial wave of the deuteron

unpolarized
3cos2(0y) — 1 Oy : direction of internal
cos — .
P20 Pm) = N [2V2u@m)W (D) —W (Pm)?] momenta with respect to the
2 . polarization axis of the
Tensor polarized
deuteron

electron
detector

............................................................... * e- scattering off bound nucleon
. with internal momenta, ﬁ

» reconstructed (undetected) recoil
nucleon momenta, p,, = q — Py

hadron
detector

M. Sargsian 2410.08384 (2024).

32


https://arxiv.org/abs/2410.08384

Probing the NN Core

_ 2 2 u(p,y,): S-partial wave of the deuteron

Punp (Pm) = [w(pm) "+ [w (pm)| w(p,): D-partial wave of the deuteron

unpolarized
3cos2(0y) — 1 Oy : direction of internal
coS — .
P20 Pm) = N [2V2u@m)W (D) —W (Pm)?] momenta with respect to the
2 . polarization axis of the
Tensor polarized
deuteron

u(pm)? + 2V2u(@m)w (Pm)

A =
node T u(m)l? + W ()2
Age =0 u(Pm) = —2V2W(Pm),  Pm~ 180 MeV
R u(pm) =0, Py = 400 MeV

M. Sargsian 2410.08384 (2024)

33


https://arxiv.org/abs/2410.08384

Anode(p)

u= 22w u=20

_20 100 200 300 400 500 600
p,MeV/c

The node is a signature of nuclear repulsive core: In the
PWIA approximation, if deuteron consisted of only the S-
state, then in this case the node is like a hole in the
momentum space through which the probe-electron

will pass without interaction. _
M. Sargsian 2410.08384 (2024).
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https://arxiv.org/abs/2410.08384
https://arxiv.org/abs/2410.08384
https://arxiv.org/abs/2410.08384
https://arxiv.org/abs/2410.08384

Experimental Setup

Looking at forward kinematics to minimize FSI
(0 < Opq < 35).
In short, thisimplies Bp > 50deg

We currently are limited by the acceptance of

¢~
%
& the target magnet (£35 deg).

We can rotate the magnet maximum 20 deg:
Proton side up to 50 deg.

[ransverse
Magnet Aperture

Challenge: find the appropriate magnet for the target. The current magnet in the longitudinal
configuration has an aperture of 35° and in the transverse configuration an aperture of 25°.
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Anode

Current Projected Measurements

2.5

2.0

1.51

1.01

0.51

0.0

—0.51

—-1.01

65 < 0,y < 85°

AV18

CDBonn

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Pmiss [GeV/c]

A-rwds (P) =

Prode (P)
Punp(P)

24A.-(p, On)
3cos?(fy) — 1
_ u*(p) +2v2u(p)w(p)
u(p)? + w(p)?

1.5

1.01

0.5

Anode

—0.51

—1.01

=

PROPOSAL
IN PROGRESS

0.0

Dashed: PWIA
Solid: full calculations with FSI

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
Pmiss [GeV/c]
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LOI: Spin-1
TMDs and
Structure
Functions of the
Deuteron




Leading Twist Distribution Functions

Spin1

Quark| U@ | L) T (ic"y,/0")
Hadron™. | T.cven | Todd | Teven | Todd | Teven | Todd
L | S i)
| " Ul i !
T firr &rrr i[hml,[hrwl
Add 10 leading functions

completely unexplored

After integrating over the transverse momentum:

T (io™y./o™)

Quark Uyh L(y'ye)

Hadron T-even | T-odd | T-even | T-odd | T-even | T-odd

LL Jiwn (by)

LT *1

o
SLT*

Ty __
STT -

transverse plane

TT
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Longitudinally Polarized Target

y? ¥2
= 0= 1+ %)

dz dy di dz dey, dP? |
{FUU,T +eFyyr + v/2¢e(1 +¢) cos ¢y, P h
+ e cos(2¢n) iy *?" + Ao v/26(1 —€) sin gy Fyp "
vector +8) |V2e(1 +¢) singy Fyp " + esin(2¢5) Flsjigzd”“
+8jde | V1 — €2 Fri +1/26(1 —¢) cos ¢y Fy7
hensor + Ty | Fur),r +€Fur),L + \/m Ccos ¢y, F[CJ‘ESL"’L’S

+ e cos(2¢n) FI(}(ZSLZL?I + Aev/2e(l —€) singy, FISJ‘(“L";J")

}.

J. Zhao etal., arXiv:2508.06134 (2025).
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https://inspirehep.net/literature/2958480

Longitudinally Polarized Target

do o
lxdydy dzdep dP?,

tensor + Ty | Fo@r),r + eFu@wr),L + v 2¢(1+¢) cos gy, F(Cj?i:qlih)

}.

5 structure functions analogous to the unpolarized

+ £ cos(2¢p) Fgazf)h + Ae vV/2e(1 —¢) singy in(nLihj

J. Zhao et al., arXiv:2508.06134 (2025).
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https://inspirehep.net/literature/2958480

Tensor polarized structure functions

tensor + Ty | Foryr + €Fury,o + v26(1 +¢) cos g Fiy )

}.

+ € cos(2¢) ngizf)h + Ae v/2€(1 —€) singy, F;‘(HL?)

FyLry,r =C|firD1],

Fyry,. =0,

oM [ h-k My . D\ _h- Moy
Fcosth:_cl_ T(thLHf‘-l- hflLL > )— A;T(xffLDl—i'ﬁhhfLL;)}

U(LL) Q M, M

2(h-ky) (h-pr) —ky-p

2¢n __ T T T " PT
FI(}D(F:EL)h =C I:_ MM, h%LLHlJ_‘| )

dno, 2M [ h-k M, GL\ h-p M E
FL(LQ.;J) :—Cl_ T(xeLLHf‘F J\;flLL 2 )—I— MT (mgfLDlﬂL—hhfLL;)]-
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Tensor polarized structure functions

tensor + T\ | Fur),r + €Fu@r),c + V2&(1+¢) cos ¢y FE(ESL%

}.

+ e cos(2¢p) FE‘ES’IE’;" + Ae v/2e(1 —€) singy, FIle(nL‘;")

Fyr),r = Clfit)D1],

Fywry,r =0,
2M [ h-k M, D\ h- M i
cos ¢y, __ T il h pPr n h
Fcos2¢h_c _2(flkT) (ﬁ'pT)_kT'pT T 1
u(Lr) — MM, 1L/ |
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Experiment Overview
0 " i \ SHMS
ST \
1

LT3l

Alongitudinally tensor polarized deuteron target

The Super BigBite (SBS) Spectrometer, which will
be used to measure the produced hadron

SBS The Super High Momentum Spectrometer (SHMS)
will be used to measure the scattered electron

"Spin-1 TMDs and Structure Functions of the Deuteron"
at Hall C

Letter of Intent (LOl12-24-002 PAC 52, 2024)

Goal: Dedicated Measurement in Hall C (eD — e'z*X) 43



Experiment Overview

2" ) 6 (deg.) | ¢ (deg.) | P (GeV)
% | Electron | 10.3-12.4 | -2.87-2.87 | 4.0-5.4
Hadron | 5.0-150 | 167-193 | 2.0-4.0

0.12 0.14 0.16 0.18 020 022 0.24 0.26
X

2y
: = [z
PROPOSAL
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Tensor Deuteron Target: Driving
Exciting Times Ahead for
Jefferson Lab and the Nuclear
Physics Community

* Large number of young
scientists in the program

* Growing number of
experiments

* Numerous opportunities

MILESTONE #1:
b,AND Azz

LET'S MAKE
IT HAPPEN!




Thank yOU! Join our team:
Subscribe to the Mailing list
General meetings held biweekly on Fridays at 1:00 pm

46


https://mailman.jlab.org/mailman/listinfo/tensor
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