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DIS O ὦᶿὊὃ
HERMES, 
upcoming at JLab

QE O ὃ
First measurement at 
JLab C2-approved

Elastic O Ὕ ᶿὃ
10 measurements 
from Bates, JLab, 
NIKHEF, and VEPP
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A Brief Introduction to 
Tensor Polarization
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Tensor Polarization
For tensor polarization, need spin-1 particles
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Development of a high 
luminosity, high tensor 

polarized target has 
promise as a novel probe 

of nuclear physics
ὴ ὴ πȢυȟ        ὴ πȢυȟ  ὖ ρ

ὴ ὴ πȟ           ὴ ρȟ      ὖ ς

ὴ ὴ ρȟ           ὴ πȟ      ὖ ρ

ὴ ὴ ςȾσȟ     ὴ ρȾσȟ  ὖ π
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Tensor Polarization Techniques

5

Unpolarized Target + Polarimeter
D2O waterfall[1]

Liquid D2
[2]

Medium-high luminosity, no polarization 
enhancement

Gas Jet/Storage Cell Target[3]

Low luminosity, very high tensor 
polarization

Solid Polarized DNP Target[4]

High luminosity, polarization 
enhancement, large dilution at high x

[3] AV Evstugneev, et al, NIM A 23812 (1985)
[4] B Boden, et al, Z. Phys. C 49175 (1991)

[1] ME Schulze, et al, PRL 52597 (1984)
[2] D Abbot, et al, PRL 845053 (2000)
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Tensor Structure Function, 
Dynamic Nuclear Polarization of ND3

Approved experiments for ὖ  ͯ σπϷ
5 Tesla at 1 K

6

ά.ǊǳǘŜ CƻǊŎŜέ ¢ŜƴǎƻǊ tƻƭŀǊƛȊŀǘƛƻƴ
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Tensor Structure Function, 

7

D Keller, HiXWorkshop (2014)

UVA Tensor Enhancement on Butanol (2014)

άIƻƭŜ .ǳǊƴƛƴƎέ ¢ŜƴǎƻǊ 9ƴƘŀƴŎŜƳŜƴǘ
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Techniques in R&D:
1) Selective Semi-Saturation
2) Time Dependence of Sample 

Rotation
3) Material Crystallization
4) Alternative Materials



Target Status Update
Results from UVA are promising, 
preliminary Pzz=30% recently 
achieved with full analysis in progress

8

UNH target lab is nearing 
complete, successfully 
tested magnet, NMR, 
horizontal He fridge

D Keller, PoS(PSTP 2013) 010

D Keller, HiXWorkshop (2014)
D Keller, J.Phys.:Conf.Ser. 543, 012015 (2014)
UVA Tensor Enhancement on Butanol (2014)
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Target Status Update
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Progress made on measuring ὖ through NMR line-shape analysis

D Keller, PoS(PSTP 2013) 010

D Keller, HiXWorkshop (2014)
D Keller, J.Phys.:Conf.Ser. 543, 012015 (2014)
UVA Tensor Enhancement on Butanol (2014)
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C12-13-011: The 
Deuteron Tensor 
Structure Function 
Spokespeople:

K. Slifer*, O.R. Aramayo, J.P. Chen, N. Kalatarians, D. Keller, E. 
Long, P. Solvignon

C1-Approved, A- Physics Rating
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DIS Tensor Observables
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ὡ ‌Ὂ ‍Ὂ Scattering on Unpolarized Targets

Ὥ‎Ὣ Ὥ‏Ὣ Scattering on Vector Polarized Targets

‐ὦ ‒ὦ –ὦ ‖ὦ Scattering on Tensor-Polarized Targets

P Hoodbhoyet al, Nucl. Phys. B312,571 (1989) A Airapetian, et al, PRL 95242001 (2005)
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Tensor Structure Function, 
ὦᴼLeading twist

ὦ is the measure of quark distributions when the nucleus is in a particular spin state

Looks at nuclear effects at the resolution of quarks!

If there are no nuclear effects, then ὦvanishes.

Even with D-ǎǘŀǘŜ ŀŘƳƛȄǘǳǊŜΣ ƛǘΩǎ ŜȄǇŜŎǘŜŘ ǘƻ ōŜ ǾŀƴƛǎƘƛƴƎƭȅ ǎƳŀƭƭ

12

= n p+Deuteron

Khan & Hoodbhoy, PRC 441219 (1991)

Umnikov, Phys. Lett. B 391177 (1997)
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Tensor Structure Function, 

13

All conventional models 
predict small or vanishing 

values of b1 in contrast with 
the HERMES data

All conventional models 
predict small or vanishing 

values of b1 in contrast with 
the HERMES data

Any measurement of a b1<0 
indicates exotic physics

K Slifer et al, JLab E12-13-011

02/12/2016 Next Generation Nuclear Physics  Elena Long <ellie@jlab.org>



Close-Kumano Sum Rule
ὦ᷿ ὼὨὼ π

Related to the electric quadrupole structure

Vanishes in any model with an unpolarized sea

ὦ ύυό‏ Ὠ τ‌ ςό ςὨӶί ίӶ

Looked at difference between ‌ πand floating ‌

‌ ͯTensor polarization of sea

‌ σȢςππȢςρςimproved …, indicating significant tensor 
polarization in antiquark distributions 

14

Quarks Sea Strange and Anti-Quarks

S Kumano, PRD 82017501 (2010)
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Close-Kumano Sum Rule

15

…ȾὨέὪςȢψσ

…ȾὨέὪρȢυχ

S Kumano, PRD 82017501 (2010)
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6-Quark, Hidden Color
Deuteron wave function can be expressed as

Early hidden color calculations gave small results, but author noted 
άŀǎ ŜȄǇŜǊƛƳŜƴǘŀƭ ǘŜŎƘƴƛǉǳŜǎ ƘŀǾŜ ƛƳǇǊƻǾŜŘ ŘǊŀƳŀǘƛŎŀƭƭȅΣ 
ǘƘŜ ƳŜŀƴƛƴƎ ƻŦ ǎƳŀƭƭ Ƙŀǎ ŎƘŀƴƎŜŘΦέ

Even though experimental upper limit of ὖ ρȢυϷ, a much 
smaller value (0.15%) can have a significant effect on ὦ

16

G Miller, PRC 89045203 (2014)

Nucleon-
Nucleon

Delta-Delta Hidden Color

Probability of Hidden-Color Effects
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6-Quark, Hidden Color
6-quark, hidden 
color states predict 
large negative ὦ at 
large ὼ

Using central values  
R=1.2 fm, 
m=338 MeV

17

G Miller, PRC 89045203 (2014)

Blue = Central
Others = πȢρὙ

Blue = Central
Others = πȢρὓ
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6-Quark, Hidden Color
First theory to 
reproduce 
anomalous HERMES 
result

ὦ ὦ  predictions 
made for upcoming 
JLab ὦ
measurement
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G Miller, PRC 89045203 (2014)
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Kinematics
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Det. ● ╠
(GeV2)

╦
(GeV)

╔▄
(GeV)

Ᵽ▄
(deg)

Rate
(kHz)

Time
(Day)

SHMS 0.15 1.21 2.78 6.70 7.4 1.66 6

SHMS 0.30 2.00 2.36 7.45 9.0 0.79 9

SHMS 0.45 2.58 2.0 7.96 9.9 0.38 15

HMS 0.55 3.81 2.0 7.31 12.5 0.11 30

WŜŦŦŜǊǎƻƴ [ŀōΩǎ Iŀƭƭ /

Unpolarized beam, tensor polarized 
target (longitudinal alignment)

Polarized

Target

Slow

Raster

Fast

Raster

Lumi
Faraday

Cup
Unpolarized

Beam
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Tensor Structure Function, 
Measuring ὦwill give insight into:

ÅClose-Kumano sum rule[1]

Å6-quark hidden color[2]

ÅOAM and spin crisis[3]

ÅPioniceffects[2,4]

ÅPolarized sea quarks[4]

20

ApprovedJLab Experiment C12-13-011
Spokespersons: K. Slifer, E. Long, D. Keller, P. Solvignon,J.P. 

Chen, O.R. Aramayo, N. Kalantarians

[3] SK Tanejaet al, Phys. Rev. D86,036008 (2012)
[4] S Kumano, Phys. Rev. D82,017501 (2010)

[1] FE Close, S Kumano, Phys. Rev. D42,2377 (1990)
[2] G Miller, Phys. Rev. C89,045203 (2014)
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PR12-15-005: Quasi-Elastic 
and Elastic Deuteron 
Tensor Asymmetry 

21

Spokespeople:

E. Long*, K. Slifer, P. Solvignon, D. Day, D. Keller, 

D. Higinbotham

C2-Approved
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Deuteron Wavefunction
Is the deuteron wavefunction hard or 
soft?

AV18 is an example of a moderate-hard WF

CDBonnis an example of a soft WF

Unpolarized deuterons need to be probed 
at Ὧ τππ -Å6to distinguish between 
hard and soft WFs

Not practical

Currently no unambiguous experimental 
evidence for which is more valid

Tensor polarization enhances the D-state, 
allowing hard and soft WFs to be 
distinguished at lower momenta

22

Ὧ
ɇ
ὲ
Ὧ

O. Hen, et al,PRC 92, 045205 (2015)

ὈὩȟὩὴ — συЈ
— τυЈ

Ὧ ὯȾὯ
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Deuteron Wavefunction
CƛǊǎǘ ŎŀƭŎǳƭŀǘŜŘ ƛƴ ǘƘŜ ΨтлǎΣ ὃ can be used in to discriminate 
between hard and soft wavefunctions

In the impulse approximation, ὃ is directly related to the S-
and D-states

Modern calculations indicate a large separation of hard and 
soft WFs begins just above the quasi-elastic peak at ὼ ρȢσ

23

L.L. Frankfurt, M.I. Strikman, Phys. Rept. 76215 (1981)

AV18

CDBonn

M. Sargsian
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Relativistic NNBound System
Relativistic calculations needed to understand 
underlying physics in short-range correlations 
at high momenta

Light Cone (LC) and Virtual Nucleon (VN) 
calculations are often used

Large momenta ( υππ -Å6Ⱦὧ) needed to 
discriminate with unpolarized deuterons

With tensor polarized ὃ significant difference 
at much lower momenta ( σππ -Å6Ⱦὧ) and 
ὼ ρȢρ

24

Light 
Cone

Virtual
Nucleon

M Sargsian, Tensor Spin Observables Workshop (2014)
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First Measurement of Quasi-Elastic 

25

Sensitive to effects that are very difficult to measure 
with unpolarized deuterons

Huge 10-100% asymmetry

Measuring ὃ over a range in ὼand ὗ provides 
insight to

Nature of NNForces

Hard/Soft Wavefunctions

Relativistic NNDynamics

On-Shell/Off-Shell Effect FSI

Decades of theoretical interest that we can only now 
probe with a high-luminosity tensor-polarized target

Importance ranges from understanding short-range 
correlations to the equations of state of neutron stars

02/12/2016 Next Generation Nuclear Physics  Elena Long <ellie@jlab.org>



Elastic - Calibration & Measurement

26

Simultaneous measurement of the elastic 
tensor analyzing power Ὕ

At low ὗ ,
Ὕ well known 

ὖ can be extracted from Ὕ

Completely independent ὖ measurement 
from NMR line-shape ὖ

Ὕ in the largest and highest ὗ range 
ever done in a single experiment

Import cross-check of Hall C high ὗ data

02/12/2016 Next Generation Nuclear Physics  Elena Long <ellie@jlab.org>



Kinematics
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Longitudinally
Polarized

Target
Slow

Raster

Fast
Raster

Lumi
Faraday

Cup
Unpolarized

Beam

Hall C with HMS & SHMS

Identical equipment and technique 
as ὦ (E12-13-011)
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for with 

ὗ ρȢυ 'Å6 ὗ ρȢψ 'Å6 ὗ ςȢω 'Å6

Solid = Quasi-elastic

Open = Elastic LL Frankfurt, et al, PRC 482451 (1993)
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Summary
First measurement of QE ═◑◑will give insight 

into:
ÅRelativistic LC and VN models[1,2]

ÅHard or soft NN potentials[4]

ÅSRCs & pn dominance[3]

ÅFinal state interaction models[5]

Bonus:Ὕ for largest ὗ range ever measured in 
a single experiment, region of systematic 

discrepancy, highest ὗ measured

[4] L Frankfurt, M Strikman, Phys. Rept. 160, 235
[5] W Cosyn, M Sargsian, arXiv:1407.1653[3] J Arrington et al, Prog. Part. Nucl. Phys. 67,898 (2012)

[1] E. Long, et al, JLab PR12-15-005
[2] Sargsian, Strikman, J. Phys.: Conf. Ser. 543, 012099 (2014)
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LOI12-14-001: Search 
for Exotic GluonicStates 
in the Nucleus

30

Authors:

J. Maxwell*, W. Detmold, R. Jaffe, R. Milner, D. Crabb, D. 
Day, D. Keller, O.A. Rondon, M. Jones, C. Keith, J. Pierce
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Tensor Structure Function, (or )

31

R Jaffe, A Manohar, Phys. Lett. B223,218 (1989) J. Maxwell, et al, JLab LOI-14-001

Å Hadronic double helicity flip structure function, 
ɝὼȟὗ ὦ

Å Unpolarized electron beam on transversely-
aligned tensor polarized target

Å Insensitive to bound nucleons or pions

Å Any non-zero value indicates exotic gluonic
components

Å Encouraged for full proposal submission

02/12/2016 Next Generation Nuclear Physics  Elena Long <ellie@jlab.org>



Physics accessible with a tensor polarized target:
Orbital Angular Momentum 
& Spin Crisis

GravitomagneticForm Factors

PionicEffects

Polarized Sea Quarks

Tensor polarized antiquarks

Linking traditional nuclear physics and quark-
gluon picture

Final State Interactions

GluonicEffects

New tensor structure functions Ąὦ, ὦ

Tensor DVCS Ą Test sum rules, new helicity term

Tensor Drell-Yan Ą 60 new structure functions

ΧŀƴŘ ƳƻǊŜΗ

The Future of Tensor Polarization

32

Growing tensor program:
DIS ὦalready approved (C12-13-011)

QE and Elastic ὃ C2-approved (PR12-15-005)

Exotic gluon states through Ў(LOI12-14-001)

02/12/2016 Next Generation Nuclear Physics  Elena Long <ellie@jlab.org>

J. Phys.: Conf. Ser. 543 011001-012015 (2014)
http://iopscience.iop.org/1742-6596/543/1
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W[ŀōмн ¢ŜƴǎƻǊ tǊƻƎǊŀƳ ό{ƻ ŦŀǊΧύ
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Thank you
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Backup Slides
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6-Quark, Hidden Color
Pioniceffects alone 
would violate Close-
Kumano Sum Rule 
ὦ᷿ ὼὨὼ π

37

G Miller, PRC 89045203 (2014)
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Summary

ά¢ƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ǇǊƻǇƻǎŜŘ ƘŜǊŜ ŀǊƛǎŜǎ ŦǊƻƳ 
a well-developed context, presents a clear 

objective, and enjoys strong theory support. It 
would further explore the nature of short-

range pn correlations in nuclei, the discovery 
of which has been one of the most important 
results of the JLab 6 GeVƴǳŎƭŜŀǊ ǇǊƻƎǊŀƳΦέ

-JLab PAC42 & PAC43 Theory TACs
(C. Weiss, R. Schiavilla, J.W. Van Orden)

E. Long, et al, JLab PR12-15-005

Sargsian, Strikman, J. Phys.: Conf. Ser. 543, 012099 (2014)



Deuteron
Simplest composite nuclear system

However, understanding of deuteron at short 
distances remains unsatisfying

A well-constrained theoretical model is necessary 
for understanding tensor interactions underlying 
short-range correlations and pn-dominance

Short-range deuteron structure can be 
probed using choice in kinematics (ὼ ρ) 
and by enhancing the D-state through tensor 
polarization

This proposal uses a combination of both 
techniques

39

J Forest, et al, PRC54646 (1996)



Final State Interactions

To determine nucleonic 
components of the deuteron 
WF, FSI must be understood

Minimum and maximum 
effects from FSI have been 
calculated by W. Cosyn

Even with FSI, large 
discrepancy based on WF 
input

40

AV18
CDBonn



DIS Tensor Observables

41

A Airapetian, et al, PRL 95242001 (2005)

HERMES ὦ -- First tensor structure function measurement

x

Q
2
(G

e
V

/c
)2
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for with 

ὗ πȢχ 'Å6 ὗ πȢσ 'Å6 ὗ πȢς 'Å6

ϝ aƻǊŜ ŎŀƭŎǳƭŀǘƛƻƴ ŎƻƳƛƴƎ ǎƻƻƴΧ
Solid = Quasi-elastic

Open = Elastic



Systematics

437/8/2015 PAC43 ςPR12-15-005 Elena Long <ellie@jlab.org>

More than 10x less 
sensitive to systematics 
than ὦ



Overhead

44



Challenges and Opportunities
Tensor polarized target in development with dedication from 
multiple labs

Stray SHMS fields will have negligible effect on target

Data recoverable in rare event of target material shifting

Very large ὃ asymmetry (10-120%) 

Identical equipment and technique as ὦ

More than an order of magnitude less dependent on systematics 
than ὦ

Perfect testing ground for fully understanding and controlling systematics

45



Theoretical Interest

46

άA measurement of Azz will provide important information on whether thedeuteron wavefunction is hard or soft, 
as well as on relativisticeffects. These are important for the progress of our understanding of the short-range 
dynamics of nuclear interactions, which have relevance rangingfrom short-range correlations in nuclei to the 
equations of state of neutron ǎǘŀǊǎΦέ - M. Sargsian

άὃ is a unique method to measure the ratio of S- and D-waves in the deuteron at short distances and hence test 
the spin structure of short-range correlations. It is also the most sensitive observable to test different approaches 
ǘƻ ǘƘŜ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǊŜƭŀǘƛǾƛǎǘƛŎ ŘȅƴŀƳƛŎǎΦέςM. Strikman

ά²Ƙŀǘ ƛƴǘŜǊŜǎǘǎ ƳŜ Ƴƻǎǘ ƛƴ ǘƘƛǎ ǇǊƻǇƻǎŀƭ ƛǎ ǘƘŀǘ ƛǘ Ŏŀƴ ǘŜŀŎƘ ǳǎ ŀōƻǳǘ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ƴǳŎƭŜƻƴ-nucleon force at 
short distances and with an observable sensitive to non-nucleonic contributions there is also room for surprising 
results. Additionally, on the theory side, this measurement would also provide an incentive for additional 
ŎŀƭŎǳƭŀǘƛƻƴǎ ŀƴŘ ǎǘǳŘƛŜǎ ƻƴ ǘƻǇ ƻŦ ǘƘŜ ǘŜǎǘƛƴƎ ƻŦ ǾŀǊƛƻǳǎ ŜȄƛǎǘƛƴƎ ƳƻŘŜƭǎΣ ǿƘƛŎƘ ƛǎ ŀƭǿŀȅǎ ŀ ƎƻƻŘ ǘƘƛƴƎΦέ

-W. Cosyn

άtǊŜǾƛƻǳǎ ƭƻǿ ὗ measurements seemed to indicate that the asymmetries are far less sensitive to reaction 
mechanisms than the cross sections; so while the new calculations are not yet available, it is clear that the 
ŀǎȅƳƳŜǘǊƛŜǎ ǿƛƭƭ ǇǊƻŘǳŎŜ ǳƴƛǉǳŜ ŎƻƴǎǘǊŀƛƴǘǎ ƻƴ ƻǳǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŘŜǳǘŜǊƻƴΦέ

- W. Van Orden

ά¢Ƙƛǎ ǇǊƻǇƻǎŀƭ ǊŜŀƭƭȅ ŎƘŀƭƭŜƴƎŜǎ ǘƘŜƻǊƛǎǘǎ ǘƻ ōŜǘǘŜǊ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ƳŜŀƴƛƴƎ ƻŦ ƴǳŎƭŜŀǊ ǿŀǾŜ ŦǳƴŎǘƛƻƴǎ ƛƴ ŀ 
situation that demands a relativistic treatment. I plan on working to understand this reaction during the upcoming 
ǎǳƳƳŜǊΦέ - G. A. Miller



Tensor Structure Function, 
Measured by ratio method

47



OAM and Angular Momentum Sum Rule
Deuteron angular momentum dominated by the GPD Ὄ

ὐ Ὠ᷿ὼὼὌ ὼȟπȟπ

DVCS ὃ on tensor-polarized deuterons would be an ideal observable to test this sum rule

Sum rule can calculate normal nuclear effects with high precision, 
giving Ὄ Ὄ Ὁ

Any measured deviation might shed light on elusive gluon angular momentum 
components

Measurement of ὦ Ὄ ὼȟπȟπwill provide necessary information for 
assumptions in the above sum rule and relates to gravitomagneticform factors

Ὠ᷿ὼὼὌ ὼȟ‚ȟὸ ꞉ ὸ ꞉ ὸ

48

SK Taneja, et al, PRD 86036008 (2012)



Quasi-Elastic 
Encouraged for full submission by PAC42

ά¢ƘŜ ƳŜŀǎǳǊŜƳŜƴǘ ǇǊƻǇƻǎŜŘ ƘŜǊŜ ŀǊƛǎŜǎ 
from a well-developed context, presents a 
clear objective, and enjoys strong theory 

support. It would further explore the nature 
of short-range pn correlations in nuclei, the 

discovery of which has been one of the 
most important results of the JLab 6 GeV

ƴǳŎƭŜŀǊ ǇǊƻƎǊŀƳΦέ
-JLab PAC42 Theory Advisory Committee

E. Long, et al, JLab LOI12-14-002

Sargsian, Strikman, J. Phys.: Conf. Ser. 543, 012099 (2014)



Elastic Tensor Observables

R Gilman, F Gross, J. Phys. G 28R37 (2002)

VEPP-3 Internal gas 1.65-4.26 Ὕ ȟὝ 6 2003

Bates Internal gas 0.42-0.89 Ὕ ȟὝ 9 2011



Frankfurt and StrikmanLight Cone 
Calculations

όὯ is the momentum-dependent S state
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