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Generahzed Parton Distributions (GPDs)
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Origin of hadron masses

Mass and spin of the nucleon are two of fundamental quantities in physics.

3 50 Ordinary matter
Nucleon mass: M = < p‘ jd x T (x) ‘ p> = Atoms = Nucleons Quark mass
Energy-momentum tensor: ’
1 g
T (x) = Ecj(x)iD(”yV)q(x)

1 —
Tl & c (x ) — F* (x )F ; (x ) Dark matter Quark, gluon
4 Dark energy energies

Dark matter Origin of nucleon mass

o o |
Nucleon spin: =5 <p‘ IE | p>

1 . :
3rd component of total angular momentum: J° = o g j d’x M (x)
momenta of partons
Angular-momentum density: M*" (x) =T (x)x" —=T* (x)x"

Origin of nucleon spin
(“Dark spin”)



Why “gravitational” interactions with quarks We studied in 2017-2018.

S. Kumano, Q.-T. Song, O. Teryaev,
g % PRD 97 (2018) 014020.
We may also use neutrino.
Y vector vector — axial-vector g tensor
IRt e e UV - 5 U U U JREe
qy*“q qy"d-7")q qy“d’q
X. Chen, SK, R. Kunitomo, S. Wu, Y.-P. Xie,
‘ ‘ Euro. Phys. J. A 60 (2024) 208. ‘

It is possible to probe gravitational sources
in the microscopic level without gravitons.

GPDs (Generalized Parton Distributions), GDAs (Generalized Disgribution Amplitudes) = timelike GPDs
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= source of gravitiy t=A7




Gravitational form factors and radii for pion

This is the first report on gravitational radii of hadrons

from actual experimental measurements.

<r2>mm = 0.32 ~ 0.39 fm, <r2 >mech —0.82 ~ 0.88 fm

SK, Q.-T. Song, O. Teryaev
< <” : >chmge =0.672+0.008 fm PRD 97 (2018) 014020.

Related theoretical studies:
A. Freeseand 1. C. Cloet, PRC 100 (2019) 015201;

P. E. Shanahan and W. Detmold, PRD 99 (2019) 014511; Proton mass radius:
C. D. Roberts et al., Prog. Part. Nucl. Phys.120 (2021) 103883; R. Wang, W. Kou, Y.-P. Xie, X. Chen,
J.-L. Zhang et al. PL.LB 815 (2021) 136158; PRD 103 (2021) L091501.

June-Young Kim and Hyun-Chul Kim, PRD 104 (2021) 074019;

Ho-Yeon Won et al., PRD 106 (2022) 114009. et :
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Nucleon pressure

p(u:<vo HAV UV A2
(NPT (O)|N(p) = ﬁ(p’)[AY(”FV’ +BY lg o e e +5Mg“v}u(p)
r2p(r) (0.01 GeV/fm)
V. D. Burkert, L. Elouadrhiri, and F. X. Girod, 107
Nature 557 (2018) 396;
M. V. Polyakov and P. Schweitzer, 5
Int. J. Mod. Phys. A 33 (2018) 1830025;
C. Lorce, H. Moutarde, and A. P. TranwinsKki, 0
Eur. Phys. J. C 79 (2019) 89. | N —
-5
0 1 2
Highest pressure in nature 1 Pa (Pascal) =1 N/m? r (fm)

Earth atmosphere Center of earth Center of Sun Neutron star Hadron
10° Pa=1000 hPa 10! Pa=100GPa 10°Pa=10PPa 103 Pa 10%° Pa



Proton (hadrons) puzzle studies by hadron tomography

Hadron tomography Proton radius puzzle

z

Bjorken x

Origin of nucleon spin | Source of gravity (mass) Exotic hadrons




Charged-lepton scattering
on spacelike GPDs
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DVCS (Deeply Virtual Compton Scattering) DVMP (Deeply Virtual Meson Production
Jefferson Lab CERN-AMBER EIC-US EicC

[4 of Physics ont. Phy
i P . g /10.1007/611467-021-1062.0 6(6), 64701 (2021)
Proposal for Measurements at the M2 beam line of the CERN SPS psi fdoi.org 7/511467-021-1062 !
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Deeply Virtual Compton Scattering (DVCS)

Y
& ¥ Y ' Y
Sl +
do = ‘ ' * %3 N
DVCS Bethe-Heitler (BH)
do@eN —>e'N'y)

& |TDVCS +TBH |2

- HERMES, JLab,
dQ* dx dt d ¢

e.g. Polarized beam: do(e’)-d o(e*) < T}, * Im(TDVCS )

Re.‘]-[q=e;TJ-01dx[Hq(x,.f,t)—H"(—x,f,t)][ L : J
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e Polarized beam, unpolarized target: Im{.?-[ - H ,E }
e Unpolarized beam, longigudinally-polarized target: Im{#{, y

e Polarized beam, longigudinally-polarized target: Re{
o Unpolarized beam, transversely-polarized target: I {

COMPASS/AMBER, EIC, EicC, ---



Recent measurement at JLab may skip

F. Georges et al., PRL 128 (2022) 252002.

doeN —e'N'y)
dQ* dx dt d ¢
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Deeply Virtual Meson Production (DVMP)
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T
bin 7 (Q® = 4.2 GeV?, x, = 0.41)

bin 8 (Q* = 3.7 GeV?, x, = 0.51)

T T T T T T

bin 9 (Q? = 5.8 GeV?, Xg = 0.55)

—— ——

‘reett, L | L
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T
bin 5 (Q° = 3.5 GeV?, x, = 0.33)

bin 6 (Q° = 2.6 GeV?, x, = 0.41)
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S. Diehl ez al., PLB 839 (2023) 137761.

Meson Flavor
T Au — Ad
Hr.E1 =0 2Au + Ad
7 2Au — Ad + 2As
pT u—d
H.E p° 2u+d
w 2u—d
b g

K. Joo, EIC Asia workshop (2024).
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ete” facilities on timelike GPDs

Generalized Distribution Amplitudes
(GDAs = timelike GPDs)

Spacelike GPDs GDA = Timelike GPDs

%
e T

Extraction of GDAs and

.  ~F st crossing

gravitational form factors SK, Q.-T. Song, O. Teryaev,
from KEKB data. Phys. Rev. D 97 (2018) 014020.




GPD H; (x,&,t) and GDA( = timelike GPD) ®" (z,{,W?)

GDA: ®,(z.{,9)= ‘;Lﬂ_ e (h(p)h(p")
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Light-cone momentum ratio for a hadron in hh: { = e 5

p+_pr+ At
=Ll

Skewdness parameter:

p++pr+ _2P+

Invariant mass of hh: W> =(p+ p’)’



Cross section for y'y —» n'n’

do 1 /
d(cosB) 167(s + Q%) Z|M|
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1
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There exist resonance contributions to the cross section.
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. . oo . may skip
Gravitational form factors and radii for pion =
1 0.0 q y*

Jo ez =D 0.9 = s (2 () |7, O)0) oy
(=" (p)7’ (p")| T} (0)]0) = %[(sg”” —P*P")@, () + A*A"O, (s) 1
Ps M, A=p’'—p JJ\I

" q" Y .

T q“ : energy-momentum tensor for quark 7 \I:

0,,, ©,,: gravitational form factos for pion See also Hyeon-Dong Son,

Hyun-Chul Kim, PRD90 (2014) 111901.

Analyiss of v’y — n’n® cross section

0,0 . . )
=> Generalized distribution amplitudes ®7 " (z,,s) Gravitational form factors:

y = g Original definition: H. Pagels, Phys. Rev. 144 (1966) 1250.
= Timelike gravitational form factors el,q (s), 92,q (s) Operator relations: K. Tanaka, Phys. Rev. D 98 (2018) 034009;

=> Spacelike gravitational form factors O, (¢), ©, (?) Y. Hatta, A. Rajan, and K. Tanaka, JHEP 12 (2018) 008;
=> Gravitational radii of pion K. Tanaka, JHEP 01 (2019) 120.
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Spacelike gravitational form factors and radii for pion

" ImF j 5 |
F(S)=®1(s)9 ®1(S)9 F(t)z_':‘mzdsn.(snit(_sz'g), p(l‘ (2 ) _lqr (q)_47l' r Jam;

" dse Im F(s)

This is the first report on gravitational radii of hadrons from actual experimental measurements.

<r2> =032 ~0.39 fim, <r2> = (.82 ~ (.88 fim <€ First finding on gravitational radius
mass mech

from actual experimental measurements

& 1) e = 067220008 fm
mass (energy) distribution
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Possible studies on GPDs

at hadron accelerator facilities

SK, M. Strikman, K. Sudoh,
PRD 80 (2009) 074003;
T. Sawada, W.-C. Chang, SK, J.-C. Peng, S. Sawada, and K. Tanaka,
PRD 93 (2016) 114034.
J-PARC Lol 2019-07, J.-K. Ahn et al. (2019).
J-PARC proposal under preparation,
Please get in touch with W.-C. Chang, N. Tomida
if you are interested in this project.




GPD projects at JLab /EIC and J-PARC

JLab / EIC

A Mir e . +
J‘Leszz <p|v/(_z/2)’}/ ’}/SIII(Z/Z)|p>

A 1 '3 —r I\, o —r 7 7/5A+
T A [H(x,é,t)u(p Y ysu(p)+ B, 0u(p7) 7 u(p)}

SK, M. Strikman, K. Sudoh,
PRD 80 (2009) 074003

’
t/\ o J-W. Qiu and Z. Yu,

p \ + JHEP 08 (2022) 103;

y/(4 PRD 107 (2023) 014007.
Investigation of GPDs ;
with 2?3 hadr(fn elastic s’y t, u > ]‘41\72 T+N o>y+y+N
scattering amplitude h+M, >h'+y+M

0 B D
p B (n,A",--) h+M, >h'+M_+M,




Cross section estimate (£ dependence)

/
pN pB TN K\

Skewdness parameter: &= N
J N
do Ub
as a function of >
dEdtdt’ (GeVZ ) 5 N

at fixed 7, =30 (50) GeV,
t=—03GeV?, ¢=-5GeV°.

200
—~ 100
g +
4 1 > prp—op+m +n
At this stage, our numerical results are &
for rough order of magnitude estimates = T, = 30 GeV
on cross sections by assuming ©- and p-like SRt
intermediate states. -
= T, =50 GeV
~Nd
=k
-9 t=-03 GeV?
For the details, please look at P t'=-5.0 GeV®
T 02

our PRD paper in 2009. 0 005 01 015 02 025
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Exclusive Drell-Yan 7~ + p —» u" 1™ + n and GPDs
(=&, &) }

do, 4mo’ 1’
dQ'zdt 27 O
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72 ’2
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e
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Z 45 =35 T US x+x —1i€

du ~d ¢(z) ed .
E(xét) ajdlz d|:x x'—ie x+x’

,g,t)ﬁ(p’)%u(p)}

][Hd(x E,0—-H"(x',&,0)]

}[E"(x JED—E'(x",&,0)] i
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T. Sawada, W.-C. Chang, SK, J.-C. Peng,
S. Sawada, and K. Tanaka, PRD93 (2016) 114034.

LETTER OF INTENT

Studying Generalized Parton Distributions with Exclusive Drell-Yan process
Lol for a J-PARC experiment

at J- PARC
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%19 Yue Ma.® Kei Nagai,” Kenichi Nakano,'" Masayuki Niiyama,'* Hiroyuki

imi,"** ! Hiroaki Ohnishi,'* Jen-Chich Peng,'* Hiroyuki Sako,'® Shin'y: - ALY ® s ofi
w (ud)+ p(uud) - n(udd)+y (— £707)
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Physics of J-PAC high-momentum beamline
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E16: Hadron masses
in nuclear medium

« « « | ES0: Charmed baryons
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High-energy hadron
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Possible GPD studies
at neutrino facilities

X. Chen, SK, R. Kunitomo, S. Wu, Y.-P. Xie,
Euro. Phys. J. A 60 (2024) 208.

See also
SK, EPJ Web Conf. 208 (2019) 07003.

EIC yellow report, R. Abdul Khalek ez al., arXiv:2103.05419,
Sec. 7.5.2, Neutrino physics by SK and R. Petti.

SK and R. Petti, PoS (NuFact2021) 092.

may skip




Neutrino reactions for gravitational form factors @Fermilab-DUNE
(Origins of hadron masses and pressures)

e’ Fermilab| H
JLab/ COMPASS/ EIC -DUNE
y* 7 (or M)
r\j\f Factorization condition:
2 : Q> > 1tl, A},
GPD
N N’

10 10

= 120 GeV v, optimiZ#d (ME)

= 80 GeV CDR (LE)

Deep Underground Neutrino Experiment (DUNE)
at Long-Baseline Neutrino Facility (LBNF)

rinds/ GeV /m?/ POT)

High-energy part of the LBNF v beam /
can be used for the GPD studies. '

Flux [neut

10 Bl . | | | | PP PR B S | L
2 4 6 8 10 12 14 16 18 20
E [GeV]

J. Rout et al., PRD 102 (2020) 116018



nuSTORM (Neutrinos from Stored Muons)

Feasibility Study, C. C. Ahdida et al., (2020);
L. A. Ruso et al., arXiv:2203.07545.

.
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At this stage, the considered beam energy

is not high enough for structure-function studies;

however, high-energy option could be possible.

(personal communications: Xianguo Lu)

— SKs talk at the nuSTORM-collaboration meeting
on July 15, 2024

They could be interested in the higher-energy possibility.

Fermilab

Letter of Intent, arXiv:1206.0294,

P. Kyberd ez al. (2012);

Proposal, D. Adey et al., arXiv:1308.6822.
No recent update.
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o o B. Pire, L. Szymanowski, J. Wagner,
C ross SECthH formahsm Phys. Rev. D 95, 114029 (2017).

Cross section
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Cross sections —
y=07, Ar=0GeV, s=20GeV? _ :;Ziln
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g T Neutrino GPD studies are complementary
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o) N
b‘gw e Gluon GPDs could be probed in charged-pion production.
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e Quark GPDs could be probed in z° production.
e Flavor dependece of quark GPDs could be investigated.
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Contribution of each term to the w’-production cross section
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Structure functions

of spin-3/2 A (£2)

D.-Y. Fu, Y.-B. Dong, S. Kumano,
Phys. Rev. D 109 (2024) 096006,

arXiv:2508.15245 (Phys. Rev. D in press).

may skip




GPD H; (x,&,t) and GDA( = timelike GPD) ®" (z,{,W?)
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Transition GPDs from /N to A

JLab / EIC

In future

K +p > Ay +7

SK, M. Strikman, K. Sudoh,
PRD 80 (2009) 074003

4
t/
p /J\\/\ S;z_+ J-W. Qiu and Z. Yu,

JHEP 08 (2022) 103;

Investigation of GPDs
with 2—3 hadron elastic s’ ' u>M?:2 AR LRIl
c 2 ’ b N '
scattering amplitude n+N >y+y+N
P A’ h+M,>h'+y+M,

h+M, >h'"+M +M,



Quark GPDs of spin-3/2 hadrons may skip

k-4/2 k+A4/2

The quark GPDs can be defined by the maxtrix element
A= j ’X(PZ)<P , A'0 | (Z)‘ P /1>z+=0’2l=0 3 U, 1’: parton helicities

and the quark transversity GPDs are defined by P-A/2 - - P+A4/2
S T e o (. | (]
L, = = == ix(P-z) ! A{l (__ )-O.m 3 )
aaeli= <p’ S N D =

oV = i[,},u’ ,},v:| See alSO
& L , - D.-Y. Fu, B.-D. Sun, and Y.-B. Dong,
i (i BartaSth igeeropiniy Phys. Rev. D 106 (2022) 116012.

H""**(x,E,t): tensor function which can be decomposed into 16 terms.
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Gluon GPDs of spin-3/2 hadrons may skip

k+A4/2

\

The gluon GPDs can be defined by the maxtrix element k-4/2
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Quark transversity GPDs of spin-3/2 A by diquark spectator model

may skip

T
H‘,‘j(x.{:O.t) r:g »(j(f:O,t)
" (x,=0) '

Hi' (x,6=0,9

—

H'(x E=-0.2.1)
/T.\ —_—
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02N
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//T: ~——

Figure 4: The 3D d quark transversity GPDs of A™ Hffgﬁﬁ at £ =0, 0.2, —0.4.



Prospects on GPD projects



High-energy hadron physics experiments

CERN

(LHC, COMPASS/AMBER, Baikal GVD

LHeC, FCC-ee, CLIC, nuSTORM)

JINR (NnicA) / THEP (BEPC, CEPC)

IMP (HIAF, EicC)

Fermilab
(SeaQuest, SpinQuest, DUNE)

GSI (FAWR)

KM3NeT

If the proton beam
becomes higher at HIAF.
Tau-charm
(RHIC, EIC) o A, \ E o b
JLab e (KEKB, J-PARC)

IceCube

Facilities on hadron structure functions on GPDs including future possibilities.
Hadron accelerator facilities. Lepton accelerator facilities.



By hadron tomography

— >

3D view
of hadrons

Origin of nucleon spin
\By the tomography, we determine

or

Exotic hadrons

By tomography,
we determine

Origin of gravitational source (mass)
By tomography,
we determine gravitational

sources in terms of
quarks and gluons.




Part I. Summary on the GPDs

Hadron-tomography and gravitational form factors by the GPDs.

* Puzzle to find the origin of hadron masses and pressures
in terms of quark and gluon degrees of freedom

e Puzzle to find the origin of nucleon spin

e Exotic hadron candidates could be studied
in the same tomography method.

e In addition to the electron scattering projects, the GPD studies
are possible by neutrino- and hadron-beam facilities and e"e™ colliders.

 transversity GPDs for spin-3/2 hadrons:
16 quark GPDs and 16 gluon GPDs

* A (€2) GPDs could be investigated at KEKB (BES) “in principle”.

* There is already an experimental study at JLab on N—A GPDs.



Structure function of
spin-1 hadrons



Contents

1. Introduction

e JLab experiment on spin-1 structure functions (fully approved in 2023!)

2. Tensor-polarized structure function b,

* b, sum rule may skip

* b, by “standard” deuteron model

* Tensor-polarized PDFs at Fermilab (hadron accelerator facilities by Drell-Yan)

3. Gluon transversity

* Gluon transversity at JLab and Fermilab

4. TMDs, PDFs, fragmentation functions of spin-1 hadrons
* TMDs, PDFs, and fragmentation functions up to twist 4

* Their useful relations may skip

* Other works, semi-inclusive DIS, twist-3 PDF f, ;

S. Future prospects and summary



Nucleon spin Almost none of nucleon spin |_, Nyycleon spin puzzle!?
is carried by quarks!

S >

Naive Quark Model Sea-quarks and gluons?  Orbital angular momenta ?

“old” standard model

Tensor structure bl (e.g. deuteron) Tensor-structure puzzle!?

e
% %ﬂ

only S wave S + D waves b experiment

b,=0 standard model b,#0 # by Standard model”




Note on our notations:

Gluon transversity A, g

Gluon transversity: A, g

Tensor-polarized gluon distribution: ¢, g

Helicity amplitude A(A;,4;, A,,A,), conservation A, -4, =A, -4,

9

Longitudinally-polarized quark in nucleon: Ag(x)~ A(+% + %, + L\ + 1) — A(+ cul + L 1)

2 N 2
» 7 ) . | gt | 1 1 A
Quark transversity in nucleon: Agx)~ A +5 + P, o 1) A = +E — A, = 55 quark spin flip (As =1)
=1
z ‘ ‘/1,
A, A,
AA,-}.,-.A py
Gluon transversity in deuteron: Agx)~ A(+1+1, -1-1), not possible for nucleon
3 As=2 g

Note: Gluon transversity does not exist for spin-1/2 nucleons.

b, (6,9,0,8)#20 < stillA, g=0
1 T T T \

What would be the mechanism(s)
for creating A, g #0?

S + D waves

Physics beyond “the standard model” in nuclear physics?
(Physics beyond the standard model in particle physics???



JLab PAC-38 (2011)

The Deuteron Tensor Structure Function b,

2011

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 Accel Facility, Newport News, VA 23606

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

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

FPR12-13—011

The Deuteron Tensor Structure Function b,

A Proposal 1o Jefferson Lab PAC-40
(Update to PR12-11-110)

2023

K. Allada, A.Camsonne, JI.-P.Chen,

A.Deur, D.Gaskell, M.Jones, C.Keith, J. Pierce,
P. Solvignon,! S. Wood, J.Zhang
A Thomas Jefferson National Accelerator Facility, Newport News, VA 23606

O. Rondon Aramayo,’ D.Crabb, D.B. Day,
C. Hanretty, D.Keller,' R. Lindgren, S. Liuti, B. Norum,
Rui Zhihong Ye, X.Zheng
University of Virginia, Charlottesville, VA 22903
Seon

N. Kalantarians'
Hampron University, Hampion VA 23668

proposal, PR12-11-110

Expected errors by JLab

Full approval in 2023

0.012 :
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T. Badman, J. Calarco, J. Dawson,
S. Phillips, E.Long,' K.Slifer'*, R.Zielinski
University of New Hampshire, Durham, NH 03861

b, experiment

G. Ron

Hebrew University of Jerusalem, Jerusalem

W. Bertozzi, S.Gilad, J. Huang

See J. Poudel, A. Bacchetta, J.-P.
Chen, N. Santiesteban,

EPJA 61 (2025) 81

for updated information.

A. Kelleher, V. Sulkosky

Massachusetts Institute of Technology, Cambridge, MA 02139

A Letter of Intent to Jefferson Lab PAC 44, June 6, 2016

Search for Exotic Gluonic States in the Nucleus

Gluon transversity

M. Jones, C. Keith, J. Maxwell*, D. Meckins
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
W. Detmold, R. Jaffe, R. Milner, P. Shanahan
Laboratory for Nuclear Science, MIT, Cambridge, MA 02139
D. Crabb, D. Day, D. Keller, O. A. Rondon
University of Virginia, Charlottesville, VA 22904

J. Pierce

Oak Ridge National Laboratory, Oak Ridge, TN 37831

THE EUROPEAN ®

PHYSICAL JOURNAL A

Eur. Phys. J. A (2025) 61:81
https://doi.org/10.1140/epja/s 10050-025-01558-w

Review

Experimental study of tensor structure function of deuteron

Jiwan Poudel* (9, Alessandro Bacchetta’, Jian-Ping Chen', Nathaly Santiesteban®
! Jefferson Lab, 12000 Jefferson Ave, Newport News, VA 23606, USA

2 University of Pavia, Via Bassi 6, 1-27100 Pavia, Italy

3 University of New Hampshire, 9 Library Way, Durham, NH 03824, USA



High-energy hadron physics experiments

CERN .
(LHC, COMPASS/AMBER, Baikal GVD

LHCspin, LHeC, FCC, CLIC)
JINR (nicA) / THEP (BEPC, CEPC)

IMP (HIAF, EicC)

Fermilab
(SeaQuest, SpinQuest, DUNE) GSI (FAIR) | KM3NeT

BNL
(RHIC, EIC) ILC
KEK
JLab (KEKB, J-PARC)

IceCube

Facilities on spin-1 hadron structure functions including future possibilities.



Tensor-polarized
structure function b,



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 A4035 (1983) 557. ]

pypv i A i A . .
Wuv =, _I?lgyv +172 Vv +g1 ;Suwloq SG +g2 FS‘UVA«O'q (p°qso _S°qp0) Spln-l/z’ Spln-l
1 1 1 ,
—br, + gbz (suv +t, +u, ) + Eb3 (suv ot ) + 5b4 (suv - tuv) spin-1 only
Note: Obvious factors from ¢*W,, = ¢"W , = 0 are not explicitly written. E" = polarization vector

i
v=np- x=1+M*0*/v?, E*=—M?. §° =——_ P I'E b,,---, b, tems are defined so that
L 0 / : 2 M? apPr they vanish by spin average.

PR Al q-E'q-E - 1‘;2;( (7 o T 2 qg-E'q-E - 1‘/2;( Puby b,, b, tems are defined to satisfy
uv 2 3 uv uv 2 3
14 4 v 2xb, = b, in the Bjorken scaling limit.
1 % * % % 4
ty, = Z_VZ(qE puEv +q-E pVEu +Q'EPpEv +q-EpVE“ _EVPMPVJ

4 2xb, = b, in the scaling limit ~ O(1)

2 2
u,=—|EE+EE +-M'g, —= :
uv V( v v—u 3 g/.w 3p,upv) b3,b4=tWiSt-4~ ]‘42
0



Struct.ure F, = (do) >.NW<
Functions e D M
g «<do(T,+1)-do(T,-1) efp 4 \D

) d0'(+1)+d0'( -1) M

o(+)+o(-1)

note: o (0)— 5 =3(o >—— [o(+1) + o (-1)]
1 2 i 1 n .
Parton FF;Z.@ (4. +4,) 7 =§(q,- Ly g0 +q7)
Model :
&1 5% 52612 (qu I Aq ) Aql qlT ~ qu,




Sum rule for b,



may skip

Constraint on valence-tensor polarization (sum rule)

Folow Feynman's book on F.E.Close and SK,
Photon-Hadkon Interactions qg—0 PRD42, 2377 (1990)

9
J dx Z S < Intuitive derivation without calculation:

O e =20 jdx b, (x)= dimensionless quantity

O "

= (mass)’ - (quadrupole moment)

[dxby (x)= %J‘dx[&uv (xX)+6,d,(x)]+ Y, € [ dx 5,7, ,(x)

Elastic amplitude in a parton model \ b, = 12e.2(5 q,+6,q;)
2 : i TH1i T7i

Iyw= (p,H|J,(0)| p,H) = Zeijdx[qu(x) * qu(x)] B g q" +q
i T1i i 2
I',,+I i
Ly~ = 2 e [6,u,(6)+6,d, 1) 8:4,=8,4-6,q

L3 . t . t
Macroscopically Ty, = ltgrol[Fc(t)—WFQ(t)], Bl S ratis lgl(}[ﬂ(tHWFQ(t)}

1
g 5(1“1 A R = 1}3012 F,@t)
[ dx b} (x) = is[r00 —1(1"1 + % }+ Ze?jdxaTq. (%) 5
36 2 ; £ [ dx by (x) = —ahm Q(t)+2e [dx8,, ,(x)
5
~ ——llm—F O+ ) e |dxo,q; ,(x)
24 0 M ° 2 j e Constraint on tensor-polarized

= ( (valence) + 2 e; Idx 0:q; p(x) valence quarks: Idx 0,9,(x)=0



Similarity to the Gottfried sum rule sk phys. Rept.303 1998)183. 2 skip

4 1 g 1 ]
F'(x),,=x 6{u(x) +a(x)}+ 6{d(x) +d(x)}+ 6{s(x) +5(x)}

o= [, 1R~ R o]

B )P =kr %{u(x) +u(x)}+ %{d(x) +d(x)}+ %{s(x) +5(x)}

a2, &1 o - ; !
3 i 3 jﬂ dx [u(x) i d(x)] =x %{d(x)+ d(x)} +%{u(x) +i(x)} +%{s(x) +5(x)}
] g e T 1h-ats # 3 - 3 =
35 if u=d ZLE (o — B (o | = Glu) + 800} - S{d(x) +d ()]
(Gottfried sum rule) j:%[ﬂ“p (X)o — B (x)LO] = jldx[l{uv (x)+2u(x)} - l{dv (x)+ 2(7(x)}}
2e5i% 2

h s [Lax[a()-d )]
NMC measurement (PRL 66 (1991) 2712; PRD 50 (1994) R1)

J.0.8 dx FP7(x)— F( x)] 0221+ 0.008 + 0.019 Extrapolating the NMC data, they obtained
0.004 x Se =0.23510.026

30% is missing! = u<d ?

As the Gottfried-sum-rule violation indicated # < d,

J, d;x[F;’(x) ~ F}(x)]= %J’ %L el #(x)—d ()]

the b,-sum-rule violation suggests

D 2 =
Idx by’ (x) = i Idx5T 4:(X)  |a finite tensor polarization for antiquarks (5, # 0).

24 M*




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

T r L
8 o1sf
af
27.6 GeVlec za il 01
> @ 0.05F * }
positron deuteron ] PP
| —
. . . . ~ -0.05 e

b, measurement in the kinematical region ‘:e i

0.01<x<045, 05GeV’ <0’ <5GeV?

b, sum in the restricted Q2 range Q2 >1 GeV? -o.oozf— +

0.85 | : ' 1
|| dxb,(x)=[035%0.10(stat)  0.18(sys)] x 10~ L
i > ® . ® ¢
t Q° =5 GeV’ 5 E ¢ °
at ¢ % Ng 10 kL "
c 107 107 1
X
jdxb”(x)=1im—i L (t)+2e2jdx5 7 (x)=02?
1 50 24 M? @ i i r .

these antiquark distributions.

J‘%[sz (x)— F (x)] o %J‘dx[uv v dv]+§jdx|:l_t— ‘7] £1/3 Drell-Yan experiments probe




“Standard” deuteron model
prediction for b,



may skip

Basic convolution approach

: d A 5
Convolution model: A, ,, (x,0%)= j %2 fPDA L (x 1y, @)=Y (1 ® A, (3,07

A + A %* 1
AhH hH _8h WHHEI‘:’ b, = AR = L ) s 7 Wuvz_ Im Tuv

Apn=Fh-8, A

+1y

+,+d o Fl t &

i %2 E -
Momentum distribution: £ (y)= jd3p ylo"(p)l 6(3)— M—sz

N

_ Mp-q ~2p_ Hy.\_ pH H
Y= M p.q P =R+ 0) D

D-state admixture: ¢” (p)=¢,.,(p) +¢,.,(p)
J

)= [ Vo, IR x/ 3. 0

5Tf(y)=f"(y)—f(y);f_(” §7
- jd%ay[ N P R I¢2(p>lz}<360829 1)5(%1‘1;?/) C§

S + D waves

Standard model
of the deuteron




Comparison with HERMES measurements

may skip

0.004 -
| MSTW2008
0.003‘ B R1998 // -~ N . + HERMES
0.002- t CD-Bonn-2001 /' AN
(¢l . SD+DD / N
0.001(| T /- *
xb, o- \/, -----
-0.001- i
t | mme==- Q2=1.O GeV2
-0.002 0?%2=2.5 GeV?2
........ Q2 =5.0 GeV2
-0.003 ——
0 0.2 04 0.6 08 1 1.2 14




“Standard-model” prediction for 5, of deuteron

L W,=1ImT,
Y T
_ (D N 2 __Mp-q 2p
b= [TEfDE 1y, @), y= T
+ a Wes
2 P q
=[d py[ TR ¢0(p)¢2(p)+ A ](3cos 6 - 1)5[y—MNV) N
S-D term D D term D
Nucleon momentum distribution:
b 7 E-
F 0= F 0+ [0 = [dp y14" ()] a[y— ”Z] paRdardingae
My X of the deuteron

D-state admixture: ¢” (p) = ¢, (p)+ ¢, (P) 0003 { eoseen

0.004 o lrj_/ e

0.003 ,-~. $HERMES ot {

0.0021 { ) jﬂir 02" 04 06 o8 1i HEl:r . 14

0.001f]] T 4

b ¢ » 4 |b,(theory) < |b,(HERMES)
Xb, 0 I \“\: at x<0.5

-0001y 02210 GeV? Standard convolution model does not

-0.002. % ________ G rsoev: | work for the deuteron tensor structure!? 1
0003 o7 o6 o5 1 12 14 G-A.Miller, PRC 89 (2014) 045203,

X Interesting suggestions:
W. Cosyn, Yu-Bing Dong, SK, M. Sargsian, hidden-color, 6-quark, - - -

Phys. Rev. D 95 (2017) 074036. |6q> Vg | NN> + | AA> + | CC> +




Tensor-polarized PDFs
at hadron accelerator facilities

(e.g. Fermilab)



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

transversely polarized: A,q,, tensor polarized: dgq,

Unpolarized cross section

d 2
<dxAd)ZdQ>=4an (1+cos ) Ee [qa xA xB +qa(xA)qa(xB)]

Spin asymmetries M. Hino and SK,

Y. [Ag,(x,)A7,(x,)+Ag,(x,)Aq,(x,)] FRDS 0050 B dics
2 [qa X4 qa(xB)+qa(xA)qa( Xp ] :

Ay =

)
sin GCOS 2¢ 2 [ATq xA) Tqa(xB) Arq ( ) Tqa(xB)]
)+, (x

Sy 1+ cos’ 6 2 [qa xA qa X8 ( )qa(xB)]
PR YA CA CA LA CART ACN LIZACHN S S0 S s, ST g e
% Zzaej[qa(xA)qa(xB)+qa(xA)qa(xB):| Kk O o R ot R Tk 3

= Ay, = Agg, = Ay, = Ay, = Agp, =

Advantage of the hadron reaction (6 measurement)
2 e qa xA)aTqa (xB)
zaeaqa xA)qa (xB)

Note: 6 # transversity in my notation

Ay, (large x, ) =



Tensor-polarized PDFs

SK, PRD 82 (2010) 017501.

Two-types of fit results:

Without 6, g, the fit is not good enough.

o set-1(0,4=0): y’/d.of.=283 /

o set-2(0,4#0): x*/dof.=157
With finite §,¢, the fit is reasonably good.

Obtained tensor-polarized distributions
0,q(x), 6;q(x) from the HERMES data.

— They could be used for
e experimental proposals,

e comparison with theoretical models.
Finite tensor polarization for antiquarks:
1
| dxb,(x)=10.058
K 1 et &
=5 jo dx[ 48,7 (x)+8,d(x)+5,5(x)]

0.004

may skip

0.002

$ HERMES (2005)

-
— -~
-
-
-
e oo
-

= — = = without tensor-polarized antiquark (set 1)

with tensor-polarized antiquark (set 2)

0.001 0.01 0.1

0.005

x0:f (x)

-0.005

-0.01

x6T qv

— — — = without tensor-polarized antiquark (set 1)

....... with tensor-polarized antiquark (set 2)

0.001 0.01 0.1




Tensor-polarized PDFs with errors

may skip

still large errors,

need experimental improvement
— JLab, EIC, ...

experimental measurement
for antiquark distributions
— Fermilab, ...

0.004
} HERMES /
0.002
xb1 0 = I
-0.002-
- = = = without tensor-polarized antiquark (set 1)
with tensor-polarized antiquark (set 2)
'0.004 T T
0.001 0.01 0.1
X
0.005 —
x0.q
T it || i |I‘ > 1
0- = ]
-0.005 x0.q
. 02=2.5 GeV2 v
- = = - without tensor-polarized antiquark (set 1)
s with tensor-polarized antiquark (set 2)
'0.01 T T
0.001 0.01 0.1
X

Q? evolution
x0,f(x)

0.006

0.004

0

-0.002-|

-0.004-

-0.006-

-0.008

---------------- "‘II\I|\|N"‘“m|‘||‘||‘||‘||‘|N|‘|Hm|\Mﬂ||ﬂI\l|!|ﬂ|I\I\I|\Il\lI\II\II‘"‘"‘mnm "'"“wnIlwil\|\||\||\||\|mm||‘|m ~ 7
[ x5
""‘||‘||""|‘||“““"“||‘||‘|"""“"““““H“““W“\HI\II\ ....... w WWWWWWWWWWWI Iy m W T

sl

0’ =25 GeV?
— 30 GeV’

Tensor PDF set-2
MMH x5 u=x0 g:x(STg
n M” \||\ --------------------

x0,8

- - - - 02=25GeV2
02=30 GeV2

x0,u,=x0,d,

001

0.1 1



Tensor-polarized spin asymmetry at Fermilab

Spin asymmetry in proton-deuteron Drell-Yan process with tensor-polarized deuteron

X L4508, () + 2. (5)8,4. (5,)]

S Y PAENTACAET AENPER)

Polarized fixed-target experiments
at the Fermilab Main Injector

0.2 E1039-SpinQuest

———— Tensor PDF set-2
0.01- = = = == Tensor PDF set-1

Drell-Yan experiment with a polarized proton target

|||||||||||| Co-Spokespersons: A. Klein, X. Jiang, Los Alamos National Laboratory
B DN
A 0 0 K List of Collaborators:

|
| |||| ||| x == 0 .2 D. Geesaman, P. Reimer
||| ||| 1 Argonne National Laboratory, Argonne, IL 60439
-0.01- |||| || C. Brown , D. Christian
|| ||||| Fermi National Accelerator Laboratory, Batavia IL 60510
M. Diefenthaler, J.-C. Peng
University of lllinois, Urbana, I1. 61081
W.-C. Chang, Y.-C. Chen
Institute of Physics, Academia Sinica, Taiwan

T "
- Ui ||||| . 4
p+d Drell-Yan ‘ S Sawada
““ ““ ““ KEK, Tsukuba, Ibaraki 305-0801, Japan

-0.02-

003] E,=120GeV M Chang
Ling-Tung University, Taiwan
M ;ﬁt =0?=30 GeV? J. Huang, X. Jiang, M. Leitch, A. Klein, K. Liu, M. Liu, P. McGaughey
Los Alamos National Laboratory, Los Alamos, NM 87545
E. Beise, K. Nakahara
-0.04 T T T T T i University of Maryland, College Park, MD 20742
01 02 03 04 05 0.6 C. Aidala, W. Lorenzon, R. Raymond
University of Michigan, Ann Arbor, MI 48109-1040
X T. Badman, E. Long, K. Slifer, R. Zielinski
2 University of New Hampshire, Durham, NH 03824
R.-S. Guo
National Kaohsiung Normal University, Taiwan
Y. Goto

SK and Qin_TaO Song, RIKEN, Wako, Saitama 351-01, Japan

L. El Fassi, K. Myers, R. Ransome, A. Tadepalli, B. Tice

Rurgers University, Rurgers NJ 08544
PRD 94 (2016) 054022 1. Chen
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
K. Nakano, T.-A. Shibata
Tokyo Institute of Technology, Tokyo 152-8551, Japan
D. Crabb, D. Day, D. Keller, O. Rondon
University of Virginia, Charlottesville, VA 22904




x regions of b,in 2020’s and 2030’s
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may skip
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Gluon transversity



Note on our notations:

Gluon transversity A, g

Gluon transversity: A, g

Tensor-polarized gluon distribution: ¢, g

Helicity amplitude A(A;,4;, A,,A,), conservation A, -4, =A, -4,

9

Longitudinally-polarized quark in nucleon: Ag(x)~ A(+% + %, + L\ + 1) — A(+ cul + L 1)

2 N 2
» 7 ) . | gt | 1 1 A
Quark transversity in nucleon: Agx)~ A +5 + P, o 1) A = +E — A, = 55 quark spin flip (As =1)
=1
z ‘ ‘/1,
A, A,
AA,-}.,-.A py
Gluon transversity in deuteron: Agx)~ A(+1+1, -1-1), not possible for nucleon
3 As=2 g

Note: Gluon transversity does not exist for spin-1/2 nucleons.

b, (6,9,0,8)#20 < stillA, g=0
1 T T T \

What would be the mechanism(s)
for creating A, g #0?

S + D waves

Physics beyond “the standard model” in nuclear physics?
(Physics beyond the standard model in particle physics???



Letter of Intent at Jefferson Lab

Jefferson Lab, Lol, arXiv:1803.11206

EleCtron accelerator ~12 GeV A Letter of Intent to Jefferson Lab PAC 44, June 6, 2016

Search for Exotic Gluonic States in the Nucleus

M. Jones, C. Keith, J. Maxwell*, D. Meekins
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
W. Detmold, R. Jaffe, R. Milner, P. Shanahan
Laboratory for Nuclear Science, MIT, Cambridge, MA 02139
D. Crabb, D. Day. D. Keller, O. A. Rondon
University of Virginia, Charlottesville, VA 22904

J. Pierce
Oak Ridge National Laboratory, Oak Ridge, TN 37831

For development of polarized deuteron target,
see D. Keller, D. Crabb, D. Day

Electron scattering with polarized-deuteron target Nucl. Inst. Meth. Phys. Res. A981 (2020) 164504
do eME[
dx dy d¢| ;. e 20° [xy F,(x,0*)+ (1 - y)F,(x,0° )——x(l yA(x,0* )cos(2¢)} /

o 1d
NCNPEED Wl | y—fATg(y,Qz)

By looking at the deuteron-polarization angle ¢,

the quark transversty A, g can be measured.

Lattice QCD estimates:
W. Detmold and P. E. Shanahan,
PRD 94 (2016) 014507; 95 (2017) 079902.




Gluon transversity distribution in deuteron may skip

X

pP—>

Spin and tensor of the deuteron

Linear-polarization difference: do(E, —E ) <A, g

Ag(x)= ‘;—ixf e (pE,

A*(0)A*(§)— A’ (0)A* (&) | pE, ) b

Ak s i
g;,; = gluon distribution with the gluon linear polarization €,
in the deuteron linear polarization E

Polarization vectors E. =£_=(1, 0, 0), Ey =£,=(0,1, 0)

S = (82, S, S1),

1 : 1 p'p’ y —3Su+Sfr Sty Sir
St=—e"fp I(E'E,), T" =—=| g" - =L | —Re(E*E" 1 ., o
TR w2 3(5’ e S(Eats) T= S% -3S,.-Sm S
! " 8 S% SV 4Sr1 Ty _ Qv _ QY _
E*=(0,E), E.= %@1, ~i,0), E,=(0,0,1) o A ol vk ) el
e E_E,, E_: Spin states with z-components of spin s,=+1, 0, -1 Polarizations E St | St | St | Scr || STr
o E’x =, 0, 0), Ey =(0, 1, 0): Linear polarizations Longitudinal +z %(—1 —i, 0) 0 | +1 _}_% 0
— to measure gluon transversity Longitudinal —z %(4_17 —i,0) | 0 0 |.—1 _}_% 0
(1) Prepares, =0 [E =1, 0, 0)] by taking the quantization axis x Tesnsverse: L _\% (O, el g z) . | o 0 . % n %
ands, =0 [E, = (0, 1, 0)] by taking the quantization axis y. -
o et by kg e Quatization axisy Transverse —x \/LE(O +1,—4) |-1{ 0 | O | —3 |[+35
(2) Combination of transverse polarizations. 1 1 )
- Bt Transverse +y -(=2,0,-1) | 0 |+1| 0 | =3 || -3
polarization Transverse —y é(~z 0,+1)| 0 [-1| 0 | —3 || -2
Linear x 1,0,0 01070 -1
Taffe inear x (1, 0, 0) 45
polarization Linear y (0, 1, 0) 00| 0 |+5|+1




Proton-deuteron Drell-Yan cross section

SK and Qin-Tao Song,

PRD 101 (2020) 054011 & 094013.
Drell-Yan cross section
o R _d’aC 1
pdoptu X X y 5 FqT 2 —
cos(2 e’x x)+qg,(x)|x, A by
dt dq; d¢ dy 67s’ ( "’)jmm(x T (1, ) (x, = x,)(T = x,x,) 2,," el L]0 ()
-4
F=NC 1, min(xa):xl z', xb:x"x2 T
2N, il =) Xy =T

do
dv dq} d¢ dy

0.01

= (unpolarized PDFs of proton) * (gluon transversity distribution in the deuteron)

e Consider the Fermilab-E1039 experiment with the proton beam of p =120 GeV

: : Ag,+Ag, Ag, +Ag,
e No available A, g, so we may tentatively assume A, g = Ag, +Ag, | or —* 5 , —= i
e CTEQI14 for g(x)+ g(x), NNPDFpoll.1 for Ag(x)

o.pd—w*u‘X do.pd—m*u‘x
R LT L % PR A

0.001 -

0.0001

0.00001

(E,)
2 2 y
Cross section: Dimuon mass squred (M fw = Q”) dependence Spin asymmetry: A, = drdg, dpdy ti;qu a9 dy
pdop X + O-pd—m*u‘X (E.)
dtdq;dedy " drvdq;dody
(nb/GeV?) ’AExy
0.1
¢, =05 GeV ¢=0 ¢,=0.5 GeV
o qr=1‘0 GeV y=0.5 -—- q,,v=1.0 GeV
$=0 -
y=05 | | ===~ " -
- Proposal at Fermilab-PAC (D. Keller)
T T 1 T T T 0.01 T T T T T T
10 2 30 40 0 6 70 80 10 20 30 40 50 60 70 80
M 2(GeV?)

M2(GeV?)




Experimental possibility at Fermilab in 2020’s

i Drell-Yan experiment with a polarized proton target
POlarized ﬁxed-target exp eriments Fermllab -E 1 03 9 Co-Spokespersons: A. Klein, X. Jiang, Los Alamos National Laboratory
(Spanu est) List of Collaborators:

at the Main Inj ector, D. Geesaman, P. Reimer

Argonne National Laboratory, Argonne, IL 60439
o C. Brown , D. Christian
PrOtOn b e am —_ 1 2 0 ‘ ;e ‘/ © Fermllab Fermi National ,’l('('(’/L’I:(IIUI‘ 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
Ling-Tung University, Taiwan
J. Huang, X. Jiang, M. Leitch, A. Klein, K. Liu, M. Liu, P. McGaughey
Los Alamos National Laboratory, Los Alamos, NM 87545
E. Beise, K. Nakahara
University of Maryland, College Park, MD 20742
C. Aidala, W. Lorenzon, R. Raymond
University of Michigan, Ann Arbor, MI 48109-1040
T. Badman, E. Long, K. Slifer, R. Zielinski
University of New Hampshire, Durham, NH 03824
R.-S. Guo
National Kaohsiung Normal University, Taiwan
Y. Goto
RIKEN, Wako, Saitama 351-01, Japan
L. El Fassi, K. Myers, R. Ransome, A. Tadepalli, B. Tice
Rurgers University, Rutgers NJ 08544
J.-P. Chen
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
K. Nakano, T.-A. Shibata
Tokyo Institute of Technology, Tokyo 152-8551, Japan
D. Crabb, D. Day, D. Keller, O. Rondon
University of Virginia, Charlottesville, VA 22904

Fermilab experimentalists are interested

in the gluon transversity by replacing

the E1039 proton target for the deuteron one.
(Spokesperson of E1039: D. Keller)

However, there was no theoretical formalism
until our work.

SK and Q.-T. Song,
PRD 101 (2020) 054011 & 094013

The Transverse Structure of the Deuteron with Drell-Yan

D. Keller!
Y University of Virginia, Charlottesville, VA 2290/

Proposal for a Fermilab-PAC in 2023.



Nuclotron-based Ion Collider fAcility (NICA)
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p+d is also possilbe.

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

Unique opportunity in high-energy spin physics, . e
Review
especially on the deuteron spin physics. Onthe pliyslcs potentialbo sy the gluod contentotproion, |y
& s A.Afbuzqvt:]A.Bacchel{la"-'.MA. Butenfchoen"’.F,G,Cglipeno"-‘-'-’. s
— Theoretical formalisms need to be developed. N.Ya Ivanov-1 . uskov->. A Karpishkov - Y. Kiopa - B Knieh’,

A. Kotzinian’’, S. Kumano ", J.P. Lansberg“, Keh-Fei Liu', F. Murgia",
M. Nefedov', B. Parsamyan ", C. Pisano *", M. Radici , A. Rymbekova*,
V. Saleev ', A. Shipilova ', Qin-Tao Song ", O. Teryaev*



TMDs, PDFs,

and fragmentation functions

for spin-1 hadrons up to twist 4



TMD correlation functions for spin-1 hadrons corretation

functions
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Kumano-Song-2021, for the details see PRD 103 (2021) 014025
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PDFs for spin-1 hadrons
Twist-2 PDFs
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New fragmentation functions (FFs) for spin-1 hadrons

see arXiv:2201.05397

Corresponding fragmentation functions exist for the spin-1 haddrons Collinear FFs:

simply by changing function names and kinematical variables. X. Ji, PRD 49, 114 (1994).
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may skip

Analogous relations to Wandzura-Wilczek relation

and Burkhardt-Cottingham sum rule Twist-3 PDFs
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Relations from equation of motion and Lorentz-invariance relation

IM- SK and Qin-Tao Song, .
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Relations on fragmentation functions
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I may miss your papers.
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Semi-inclusive DIS with a spin-1 hadron

may skip

J. Zhao, A. Bacchetta, S. Kumano,
T. Liu, and Y.-J. Zhou, arXiv:2508.06134.
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High-energy hadron physics experiments

CERN .
(LHC, COMPASS/AMBER, Baikal GVD

LHCspin, LHeC, FCC, CLIC)
JINR (nicA) / THEP (BEPC, CEPC)

IMP (HIAF, EicC)

Fermilab
(SeaQuest, SpinQuest, DUNE) GSI (FAIR) | KM3NeT

BNL
(RHIC, EIC) ILC
KEK
JLab (KEKB, J-PARC)

IceCube

Facilities on spin-1 hadron structure functions including future possibilities.
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Part II. Summary

Spin-1 structure functions of the deuteron (additional spin structure to nucleon spin)
e Tensor structure in quark-gluon degrees of freedom
e Tensor-polarized structure function b, and PDFs, gluon transversity
Experiments at JLab, Fermilab, NICA, LHCspin/AMBER, EIC/EicC, ¢« ¢
e New signature beyond “standard” hadron physics?

(beyond the standard model in particle physics???)

e TMDs up to twist 4

o Higher-twist effects could be sizable at a few GeV? Q? Standard model

There are various experimental projects on the polarized spin-1 deuteron
in 2020’s and 2030°, and “exotic” hadron structure could be found

by focusing on the spin-1 nature.

Comment: There is no nuclear effect in p and ¢ mesons, so that the gluon transversity,

for example, could be sensitive to new physics?!
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