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Roles of quark degrees of freedom in deuteron

The deuteron is a well-studied system
by hadronic degrees of freedom

If we find that the deuteron is not simple bound system of a proton
and a neutron (namely if we find an exotic quark signature), it is
an important discovery and it could open a new field of spin physics

(and possibly a new topic of nuclear physics), which is very different
from current nucleon-spin physics.

Tensor structure of the deuteron = old topic (in terms of nucleon d.o.f.)
but it is a good probe of new hadron phenomena in quark-gluon d.o.f.

old




Situation

e Spin structure of the spin-1/2 nucleon
Nucleon spin puzzle: This issue is not solved yet,

but it is rather well studied theoretically and experimentally.

e Spin-1 hadrons (e.g. deuteron)
There are some theoretical studies especially on tensor structure
in electron-deuteron deep inelastic scattering.

— HERMES experimental results — JLab experiment

No experimental measurement has been done for
hadron (p, &, ...) - polarized deuteron processes.

— Fermilab



Personal studies on tensor structure of the deuteron

Motived by the following works.

* Sum rule for b,

F. E. Close and SK, Phys. Rev. D42 (1990) 2377. Hacdphoy Jaffe Mpnohai{(195%)
* Polarized proton-deuteron Drell-Yan: General formalism ,

. Polarized deuteron acceleration at RHIC:
M. Hino and SK, Phys. Rev. D59 (1999) 094026. E.D. Courant. Report BNL-65606 (1998)

e Polarized proton-deuteron Drell-Yan: Parton model
M. Hino and SK, Phys. Rev. D60 (1999) 054018.

* Extraction of Au/Ad and A;li/A.d from polarized pd Drell-Yan
SK and M. Miyama, Phys. Lett. B497 (2000) 149. v

2 PrOj ec tiOIlS to bl RF . b4 fl’ om W,uv HERMES measurement on b, (2005)

T.-Y. Kimura and SK, Phys. Rev. D 78 (2008) 117505.
e Tensor-polarized distributions from HERMES data

SK, Phys. Rev. D82 (2010) 017501. Future possibilities
at JLab, Fermilab, J-PARC,

e Tensor-polarization asymmetry in pd Drell-Yan |RHIC ILC, ...

SK and Qin-Tao Song, Phys. Rev. D94 (2016) 054022.

e Convolution calculation for b,

W. Cosyn, Yu-Bing Dong, SK, M. Sargsian, JLab PAC-38 proposal, PR12-11-110,
J.-P. Chen et al. (2011) — approved!
Phys. Rev. D 95 (2017) 074036. Fermilab-E1039, under consideration.

JLab experiment ~2019, Fermilab pd Drell-Yan?, EIC?
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Electron scattering from a spin-1 hadron

P. Hoodbhoy, R. L. Jaffe, and A. Manohar, NP B312 (1989) 571.
[ L. L. Frankfurt and M. 1. Strikman, NP A405 (1983) 557. ]

PP,

I I k y
W Sisli st K 3 + g, —eumqls" ot aumql (p~qs" -5 qp") spin-1/2, spin-1

Vv Vv

1

1 1 :
~ b+ b, (s, +2, +u,, )+ b (5, — 1, )+ b, (5, =) spin-1 only
Note: Obvious factors from ¢“W,, = ¢"W = 0 are not explicitly written. E* = polarization vector
v=p-.q, k=1+ M?Q? /V2 , E>’=—-M?*, s° = —%SG“ﬂTE;Eﬁpr b, 5%, b4.tems are defined so that
they vanish by spin average.
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2xb, = b, in the Bjorken scaling limit.
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b,, b, = twist-4 ~ Ly
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Constraint on valence-tensor polarization (sum rule)

Folow Feynman's book on F.E.Close and SK,
Photon-Ha Interactions g—0 PRD42, 2377 (1990).
de < Intuitive derivation without calculation:
= Idx b, (x) = dimensionless quantity
= (mass)’ - (quadrupole moment)
jdbe(x)——jdx[B u +96 d]+—jdx[85 u’+26,d° +6,5" - P
1 =3
Elastic amplitude in a parton model \ by=52.¢ (8,4, +6:4q,)
i 1
=+ 4 | N +q.
FH,H 3 <p,H|J0(O)|p,H> = zeijdx[qif + qif = qtrH . qiLH] 0,9, =q; _%
1 1 1 1 8,4,=6,4-6,q
5[1“0,0 _E(FI’I +F_1,_1) = gjdx[STuv (x)+6,d,(x)] p ®

Macroscopically I'o,=1im Fc(t)—gFQ(t)} am =L —llm[F (t)+ (t)}

t—0

1 1 . s
E|:F0,0 d E(Fu + F—l,—l) = _ltl_r)lolgFQ(t)

[ dx b (x) = 5%[r0,0 —%(1“1,1 + r_l,_l)}+%.'dx[86,al’ +28,d" +8,5"]

5 1 s W,
— —gllth (t)+EJ-dx[86TuD +26TdD +6TSD]
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Constraint on tensor-polarized
1 _ = 3,
= 0 (valence) + Ejdx[SéTuD +26,d” +6,5 D]

valence quarks: jdx 0,q,(x)=0




Similarity to the Gottfried sum rule TRl R s Fa e R

[ 4 1 = 1 ]
1 dx EFP (%), = x| —{u(x)+u(x)} +—{d(x)+ d(x)} +—{s(x)+5(x)}

See j —[Fr@)-Frw)] it 9 : :
PR ) 5= *% g{u(x) +u(x)}+ %{d(x) +d(x)}+ %{s(x) +5(x)}

5 o 5,[0 dx| @(x)-d(x) ] —x %{d(x)+c7(x)}+%{u(x)+t_t(x)}+%{s(x)+§(x)}
| LA e = 14 52 == 3 -~ 3 A
- if i=4d ;[Fz ()0 = F"(x)10 | = 5{u(x)+u(x)}—;{d(x)+d(x)}
(Gottfried sum rule) X %[qup(x)m —F"()y0 =] ldx[l{uv<x)+zﬁ<x)} - l{a!v(x>+2c7<x)}}
2 1 2
NMC measurement (PRL 66 (1991) 2712; PRD 50 (1994)R1) 3 3 3j dx[#(x)-d(x)]

J-O.S [Fﬂp (x) F;m (x)] 0221+ 0.008 +0.019 Extrapolating the NMC data, they obtained
0.004 Se =0.235 £0.026

30% is missing! = u<d ?

As the Gottfried-sum-rule violation indicated # < d,
_[ [F Y(x)—F)'(x )] S + dx [u(x S d (x ):I the b, -sum-rule violation suggests

a finite tensor polarization for antiquarks (6,u # 0).

jdx b (x) = —%lti_I}OltFQ(t) + % j dx|88,u" +28,d” +5,5" |



A. Airapetian et al. ( HERMES), PRL 95 (2005) 242001.
HERMES results on b, =S

- G ]
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Drell-Yan experiments probe
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| %[Ff(x)—Fz (x)]=§Idx[uv —d,,]+§‘[dx[u—d:|;é1/3 these antiquark distributions




‘“Standard’’ deuteron model
prediction for b,

W. Cosyn, Yu-Bing Dong, S. Kumano, M. Sargsian,
Phys. Rev. D 95 (2017) 074036.

(1) Basic convolution model
(2) Virtual nucleon approximation and higher-twist effects

\ W. Cosyn’s talk




Theory 1: Basic convolution approach

. d : A
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Results on b, in the convolution description
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Results on b,: deuteron-wave-function dependence
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Results on b,: used PDF dependence

0.0015
| CD-Bonn-2001 MSTW2008
R1998 - - - -(CT14-2015
00014 N, e CJ15-2016
| SD+DD S, SN NNPDF3.0-2015
f LO PDFs
0.0005. 02=2.5 GeV2

')

\
W
W
\\\\\\
\
nt




Comparison with HERMES measurements
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Theory 2: Virtual nucleon approximation
with higher-twist effects

W. Cosyn’s talk

L. L. Frankfurt and M. 1. Strikman, Phys. Rep. 76, 215 (1981);

B. D. Keister and W. Polyzou, Adv. Nucl. Phys. 20, 225 (1991);

W. Cosyn and M. Sargsian, Phys. Rev. C 84, 014601 (2011);

W. Cosyn, W. Melnitchouk, and M. Sargsian, Phys. Rev. C 89, 014612 (2014).
For b,, see W. Cosyn, M. Sargsian, and C. Weiss, Proc. Sci., DIS2016 (2016) 210.

Virtual nulceon approximation (VNA)

W, (P, )= 4Q2n)' [T Z2W, ()P (A1)

% \4
[/

momentum-fractions for interacting (i) and spectator nucleons (NV):

2p. 2p.
a,:—;’_’ 5 ocN=—p_N=2—ai, P=p+p,
d3
phase space: dI’,, = Py -
ZEPN(Zrc)

Dy 47 ¥ D (T
deuteron density: p,(A",A)= Y [y (K, AL AT Y5 (K, AgAy)

A o\,
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Virtual nucleon approximation and high-twist effects

x 0? (GeV?) b, (107%) b, (1073) b3(1073) bs(1073) = o }
0.012 0.51 2.81 0.264 ~1.34 5.06 st |4
0.032 1.06 6.92 1.97 ~1.87 7.51 of
0.063 1.65 3.50 0.265 ~2.02 7.96 S
0.128 2.33 —1.80 ~7.38 -2.13 7.49 oot o}
0.248 3.11 ~8.39 ~28.1 ~2.09 4.58 of 4t
0.452 4.69 ~6.18 ~21.7 ~1.11 ~0.58 aona] |
N% 0-0(1’4;:... ] .
Higher-twist effects are not so small L WAV
in the HERMES kinematical region of QZ. ;
Tensor spin asymmetry A_
2(c" -0’ V2
i R { [1+3cos20)I(Fy, ,+€F,; )

Z " 2gt+0’ 4\/§(FUU’T +eF,, ;)

+3sin(20,)\2e(1+¢) Fyp " +3 [1-cos(26,)] eFyp " }
HERMES analysis: Only leading-twist b, and b, , Callen-Gross relation for b, = 2x,b, .

2,

v Fyyp =2F, Fy,=F

UTLLaL

FUTLL,T = \/3

We need to be careful about higher-twist effects.



Results on b, in the convolution description

Very different from

P. Hoodbhoy, R. L. Jaffe, and A. Manohar, NP B312 (1989) 571.

H. Khan and P. Hoodbhoy, PRC44 (1991) 1219;
(1) SD term is opposite,

(2) b,(x) exists even at x > 1,
(3) |b,(CDKS) =107 > |b,(KH) =107".

0.0015 L
| 02=2.5 GeV2

-L -
1.0x10

0.001




Comparison with HERMES measurements
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|b1 (theOI'y)| < |b1 (HERMES)| Standard convolution model does not
at x <03 work for the deuteron tensor structure!?




Situation of tensor structure by b,
Nucleon spin Nucleon spin crisis!?

Na odel
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194 ) We have shown in this work
old” standard model that the standard deuteron model

Tensor structure | goes not work!?

— new hadron physics?!

Tense 1sis!?
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Summary I

Spin-1 structure functions of the deuteron
* new spin structure
e tensor structure in quark-gluon degrees of freedom
* new exotic signature in hadron-nuclear physics?
e experiments: Jlab (approved), Fermilab, ... , EIC, ILC, ...

 EIC — appropriate to study tensor-polarized
antiquark distributions at small-x, Q? evolution of b,

€ new exotic
* mechanism?

standard model



Recent work: Pion, Hidden-color, Six-quark

G.A. Miller,

PRC 89 (2014) 045203.

|6g) =|NN) +[AA) +|CC) + -
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JLab PAC-38 (Aug. 22-26,2011) proposal, PR12-11-110

The Deuteron Tensor Structure Function b;

A Proposal to Jefferson Lab PAC-38.
(Update to LOI-11-003)

J.-P. Chen (co-spokesperson), P. Solvignon (co-spokesperson),

K. Allada, A.Camsonne, A.Deur, D. Gaskell,
C.Keith, S. Wood, J. Zhang
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606

N. Kalantarians (co-spokesperson), O.Rondon (co-spokesperson)

Donal B. Day, Hovhannes Baghdasaryan, Charles Hanretty
Richard Lindgren, Blaine Norum, Zhihong Ye
University of Virginia, Charlottesville, VA 22903

K. Sliferf(co-spokesperson), A. Atkins, T.Badman,
J. Calarco, J.Maxwell, S.Phillips, R.Zielinski
University of New Hampshire, Durham, NH 03861

J. Dunne, D.Dutta
Mississippi State University, Mississippi State, MS 39762

G.Ron

Hebrew University of Jerusalem, Jerusalem

W. Bertozzi, S.Gilad,
A Kelleher, V. Sulkosky

M. F s Institute of Technology, Cambridge, MA 02139
K. Adhikari
0ld Dominion University, Norfolk, VA 23529
R. Gilman

Rutgers, The State University of New Jersey, Piscataway, NJ 08854

Seonho Choi, Hoyoung Kang, Hyekoo Kang, Yoomin Oh
Seoul National University, Seoul 151-747 Korea

Approved!

Expected errors
by JLab
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Experimental possibilities  E1039 experiment  gIC @arXiv:1212.1701)

Approved
experiment!
(2019~)

Electron lon C
The Next QCD

© Fermilab

Linear Collider
(with fixed target)

© J-PARC © CERN-COMPASS © IHEP, Russia



Theoretical estimation on
tensor-polarization asymmetry
in Drell-Yan at Fermilab

S. Kumano and Qin-Tao Song,
Phys. Rev. D94 (2016) 054022.



Drell-Yan cross section and hadron tensor

1 4 I »  d’k, d’k
do = 2n) 8*(P,+P, -k, —k_—P,) (I'l' X|T|AB i .
= 4y(P, P,) - MM s,-Zs,ﬁg’( A il wie Sl AL (27)'2E, (27) 2E,

(rrx|r|AB)=iu(k,_ A, )ey,v(k. A, )#(Xk]v (0)| AB)
do o’ ( R l_)
uv

= LW ’
2040 20T W= [ L2 o0 (B RS, |14 (0)" (D) BS.BiS)

For the details, see

e M. Hino and SK, Phys. Rev. D59 (1999) 094026.
M. Hino and SK, Phys. Rev. D60 (1999) 054018.



Formalism of pd Drell-Yan process

= Yem

See Ref. PRD59
(1999) 094026.

proton-proton proton-deuteron

48 108

Number of

structure functions Additional structure

functions due to

. 1 — tensor structure
After integration over Q,

(or O, > 0) u 22

I explain
In parton model 3 @ in the next page.



Spin asymmetries in the parton model
unpolarized: ¢, longitudinally polarized: Agq,,

transversely polarized: A,q,, tensor polarized: dq,

Unpolarized cross section
4o = o (1+coszt9)12e2[q (x )6 (x )+§ (x )q (x )]
dxAdedQ 4Q2 3 = a a A a B a A a B

Spin asymmetries
Za eZ [Aqa (xA )Aqa (xB) + Aqa (xA)Aqa (xB ):I

Ean[qa (xA)qa (xB)+ q, (xA)qa (xB)]

sin’ 9COS(2¢) Zaej [ATqa (xA)ATqa (xB) +A.q, (xA)ATqa (xB)]
»)

Ay =

A =

1+ cos*0 Zaej[qa(xA)ﬁa(x +c7a(xA)qa(xB)]
A -’ 2 Z[qa xA Tqa )+qa(xA)6Tqa( )] e Ly T TR .
U0, 22 [ q, xA qa + qa ( xA) qa( )] Dl ‘A TIER Nl Ul i il s TON e 300,

= Ay, = Agg, = Ayg, = Apg, = Agg, =0
Advantage of the hadron reaction (6g measurement)

2 e, a9 xA ) 0,9, (x ( ) Note: o # transversity in my notation

Zeqaqua )

Ay, (large x;)



Functional form of parametrization
Assume flavor-symmetric antiqurk distributions: 6,g° =6,4” =6,d” =8,s" =5,5"
D 1 D D —D
b (x),, = E[45Tuv (x)+6,d](x)+12 §,g" (x) |

At Oy =25 GeV?, 6,4 (x,0;)=0,w(x)q,(x,05), 6,4"(x,0)=a,6,w(x)q"(x,0;)
Certain fractions of quark and antiquark distributions are tensor polarized and

such probabilities are given by the function 6, w(x) and an additional constant o

for antiquarks in comparison with the quark polarization.
D 1 D D —D
b (.00 10 = 15[ 4877 (,00) + 8,47 (x,0) +126," (x,0;)]
1 -
= géTw(x)[s{uv (x,0;) +d,(x,00)} +da, {20(x,07) + 2d (x,07) + 5(x,07) + 5 (x,07) } |
S,w(x)=ax"(1-x)"(x, — x)

Two types of analyses

Set1: 6,q ”(x)=0 Tensor-polarized antiquark distributions are terminated (o; =0),

Set 2: 6,q ”(x)# 0 Finite tensor-polarized antiquark distributions are allowed (ax; #0).



Results SK, PRD 82 (2010) 017501 0.004

% HERMES (2005)

Two-types of fit results: 0.002

e set-1: y*/d.of.=283
Without 6, ¢, the fit is not good enough. /’R”&

® Set'z: xz /doO-fo = 1.57 _0.002
. o o = = = = without tensor-polarized antiquark (set 1)

With finite 6, ¢, the fit is reasonably good.

- |~
-
-
-
____
—"
—— - -

with tensor-polarized antiquark (set 2)

-0.004
0.001 0.01 0.1 1
X
Obtained tensor-polarized distributions
0.005
0,q(x), 6,q(x) from the HERMES data.
— They could be used for
/\
e experimental proposals, 8 8
e comparison with theoretical models. :g b g
= L
Finite tensor polarization for antiquarks: -0.005 x6; ‘Iv\\l !
j dxb (x) 0 058 = = — = without tensor-polarized antiquark (set 1) ‘\ Ill
....... with tensor-polarized antiquark (set 2)
—j dx|:45 i(x)+6,d(x)+35, s(x)] -0.01 |
0.001 0.01 0.1 1




Experimental possibility at Fermilab

Polarized fixed-target experiments
at the Main Injector

© Fermilab

E1039

Drell-Yan experiment with a polarized proton target
Co-Spokespersons: A. Klein, X. Jiang, Los Alamos National Laboratory
List of Collaborators:

D. Geesaman, P. Reimer
Argonne National Laboratory, Argonne, IL 60439
C. Brown , D. Christian
Fermi National Accelerator Laboratory, Batavia IL 60510
M. Diefenthaler, J.-C. Peng
University of lllinois, Urbana, IL 61081
W.-C. Chang, Y.-C. Chen
Institute of Physics, Academia Sinica, Taiwan
S. Sawada
KEK, Tsukuba, Ibaraki 305-0801, Japan
T.-H. Chang
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Q? evolution
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Tensor-polarized spin asymmetry
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Summary Il

1 A
JLab PR12-11-110 (2019~) : b, = 52,-" e/ (6,4, +6,4,)

No separation between §,¢ and 8,.¢

T ()5, (x)
ZZanqa (xl)qa (xz)

Fermiab E1039 (20xx) : A, (large x,)

Separation of §,.¢
— possible new exotic hadron physics mechanism



EIC and future prospects



Electron-ion collider (US)

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDI'

EIC (arXiv:1212.1701)

T T

Cument poiarized DIS data:
OCERN ADESY ¢Jab OSLAC

Curent paarized BNL-RHIC pp data:

OPHENDR® ASTAR 14et

ERL Cryomodules

FFAG Recirculating Electron Rings

1.36.6 GeV

79212 GeV

Polarized
Electron Source

100 meters

From AGS

Figure 5.1:
eRHIC.

The layout of the ERL-based, 21 GeV x 250 GeV high-energy high-luminosity

Warm Large Booster
(3t025GeV)

Cold lon Collider Ring
(25 to 100 GeV)

Warm Electron
Collider Ring
(3t0 12 GeV)

Prebooster SRF Linac

Electron Injector

&

Figure 5.7:  An illustration of MEIC, the large booster and collider rings are vertically stacked
in a common tunnel.

12 GeV CEBAF




Electron-ion collider projects in the world

The EIC Science case: a report on the joint BNL/INT/JLab program

Gluons and the quark sea at high energies:
distributions, polarization, tomography

arXiv:1108.1713 (551 pages)

arXiv:1212.1701 (180 pages)

Electron lon Collider:
The Next QCD Frontier

Understanding the glue
that binds us all

SECOND EDITION

J. Phys. G: Nucl. Part. Phys.
39 (2012) 075001(632 pages)

LHeC-Note-2012-002 GEN

CERN

High Intensity Heavy Ion
Accelerator Facility (HIAF)

(Plan by Institute of Modern Physics,
Chinese Academy of Sciences)

T T T T T T

A Large Hadron Electron Collider at CERN

Report on the Physics and Design
Concepts for Machine and Detector

Luminosity (cm™s-")

LHeC Study Group
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Small-x physics of b, at EIC
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International Linear Collider

ILC-N (Fixed target option) for hadron physics?

ILC TDR (Technical Design Report)
https://www.linearcollider.org/ILC/Publications/Technical-Design-Report

Damping Rings IR & detectors

e- source

e o ey £ N
@vch e+ source a -
c0 SSOr y N

central region
5 km
electron
main linac
11 km
2km

\
ETURN
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S — 250 GeV electron beams
for fixed target experiments

Possibilities for hadron and nuclear physics
e ete” annihilation processes

* fixed target experiments
with 5 — 250 GeV electron beams (ILC-N)
— No serious studies about these feasibilities.

ILC-N is better than on-going COMPASS
but it is in competition with EIC in 2025 !
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Summary 111

Spin-1 structure functions of the deuteron
* new spin structure
e tensor structure in quark-gluon degrees of freedom
* new exotic signature in hadron-nuclear physics?
e experiments: Jlab (approved), Fermilab, ... , EIC, ILC, ...

 EIC — appropriate to study tensor-polarized
antiquark distributions at small-x, Q? evolution of b,

€ new exotic
* mechanism?

standard model



8th International Conference on Quarks and Nuclear Physics

November 13-17, 2018, Tsukuba, Japan
http://www-conf .kek.jp/qnp2018/

Quark and gluon structure of hadrons:
- parton distribution functions, generalized parton distributions,
- transverse momentum distributions, high-energy hadron reactions, ...

Hadron spectroscopy:
- heavy quark physics, exotics, N*, ...
Hadron interactions and nuclear structure:
- hypernuclear physics, kaonic nuclei, baryon interactions, ...

Hot and cold dense matter:
- quark-gluon plasma, color glass condensate, dense stars,
- strong magnetic field, mesons in nuclear medium, hadronization, ...

8th International Conference on
Quarks and Nuclear Physics

e

November 13(Tue) - 17(Sat), 2018
? Tsukubasilbaraki; JAPAN_




The End

The End



