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Generalized-parton-distribution (GPD) projects (complementary to EIC)

* Introduction to GPDs and gravitational form factors
* Generalized distribution amplitudes (= timelike GPDs)
and extraction of gravitational form factors

* GPDs at hadron accelerator facilities, e.g. at J-PARC
* GPDs at neutrino facilities

Spin-1 structure functions (directly related to EIC)

* Motivations for spin-1 structure functions: slightly long
by, gluon transversity, TMDs introduction

e TMDs, PDFs, multiparton distributions,

- - o go through quickly
fragmentation functions up to twist-4 (. " 4 orieinal papers
e Useful relations for twist-3 PDF's for the details)

* Experimental prospects
Collaboration opportunities



GPDs



Generalized Parton Distributions (GPDS) | See B. Pasquini’s talk at DIS2022

for updated information.
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GPDs are defined as correlation of off-forward matrix:
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Forward limit: PDFs  H(x,&,) roteo = SO H(x = Af(x),

First moments: Form factors
Dirac and Pauli form factors F; F, L dx H(x,8,t) = F(t), L dx E(x,6,t) = F,(?)

Axial and Pseudoscalar form factors G, , Gp Il dx H(x,E,t) = g ,(0), j‘ dx B(x,E,6) = g,(t)

Second moments: Angular momenta
1 (1 1
Sum rule: J, = Ej_ldxx[Hq(x,g,t =0)+E,(x,,t=0)], J,=2Ag+L,
= probe L, key quantity to solve the spin puzzle!



Why “gravitational’” interactions with quarks Westudied in 2017-2015.

Y

We may also use neutrino.

\};\f\/“. vector \‘I}V\f\/“. vector — axial-vector E%m
qy"q gy'd-v°)q
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S. Kumano, Q.-T. Song, O. Teryaev,
PRD 97 (2018) 014020.

tensor
qgy“d'q

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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Non-local operator of GPDs/GDAs:
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Virtual Compton
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or (timelike) two-photon process
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= source of gravitiy
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Generalized Distribution Amplitudes (GDAS)
and extraction of gravitational form factors
from KEKB data

Spacelike GPDs GDA = Timelike GPDs

%
e T

SK, Q.-T. Song, O. Teryaeyv,
Phys. Rev. D 97 (2018) 014020.
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GPD H (x,&,t) and GDA( = timelike GPD) @ (z,{,W?)

GDA: @, (z,{,9)= ‘;Lﬂ_ e (h(p)h(p")
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Cross section for y'y = n'n’
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e Continuum: GDAs without intermediate-resonance contribution
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There exist resonance contributions to the cross section.
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FF(s)=
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¢ Resonances:
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Including intermediate
resonance contributions

0’ =17.23, 24.25 GeV’
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Gravitational form factors and radii for pion

1 0,0 2 ’ ++
[, 22z =107 2.8 9 = o (7 (0w (O] T, 0)]0) b o
’ v 1 v \4 14 A
(7" (p)m" (p))| T} (0)]0) =E|:(sg" —P"P")®, () + A*A"O, (s) |
+p’ ,
p=2 2p , A=p'—p 3 J\P‘r
uv q y ’
T, : energy-momentum tensor for quark 7 \I:

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

Hyun-Chul Kim, PRD90 (2014) 111901.

Analyiss of ¥’y — n’m’ cross section
Gravitational form factors:

neralized distribution ampli z

i secncnalized i bk ol IS g < ce ) Original definition: H. Pagels, Phys. Rev. 144 (1966) 1250.

= Timelike gravitational form factors el,q (s), 62,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

1 1¢-~
>—| .ds eV ImF(s)
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This is the first report on gravitational radii of hadrons from actual experimental measurements.

< r2> =032~039 fim \ <r2> = (0.82 ~ (.88 fm <€ First finding on gravitational radius
mass mech

from actual experimental measurements

& 1) e =0.672:£0.008 fm
mass (energy) distribution
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Hadron mass radius vs charge radius
charge

For pion

(r’) =032~039fm & [(r’)  =0.672%0.008 fm

charge

S. Kumano, Q.-T. Song, O. Teryaev, PRD 97 (2018) 014020;
Erratum in v3 of arXiv:1711.08088.

Mass radius seems to be much than the charge radius for pion.

This is the first result on the mass radius from actual measurement,
so further studies are needed to find whether there is acutally a significant difference

Quarks contribute to both charge and mass distributions,

but gluons contribute to only the mass distribution. Recentielited Farke:

- : ; S June-Young Kim and Hyun-Chul Kim,
Electric interactions are repulsive (or could be attractive) and PRD 104 (2021) 074019; Ho-Yeon Won

gravitational interactions are always attractive, et al.. arXiv:2210.03320
so there would be some differences in both radii. ’

However, the difference of the factor of 2 may not be expected. Seortlie e

J.-L. Zhang, K. Raya, L. Chang,

For example, related theoretical studies: Z.-F. Cui, J. M. Morgado,
A.Freeseand I. C. Cloet, PhyS. Rev. C 100 (2019) 015201; C.D. Roberts, " B Rodriguez-Quintero,
P. E. Shanahan and W. Detmold, Phys. Rev. D 99 (2019) 014511; Phys. Lett. B 815 (2021) 136158
C. D. Roberts, D. G. Richards, T. Horn, and L. Chang, o€
Prog. Part. Nucl. Phys.120 (2021) 103883. \Ch Sots.
‘ﬁ\“‘i e pav®
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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 (2022),
Please get in touch with W.-C. Chang if you are interested in this project.




GPD projects at JLab /EIC and J-PARC

JLab / EIC

dz” ixPtz= /s + 1 7 =7 N = =y A"
jﬂe Pz 227 Y Y 212\ P) ey = T [H(x,é,t)u(p )Y Y su(p) + E(x,E,0u(p )G—Mu(p)}

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

t/

’
Vil
p t

Investigation of GPDs
with 2—2 hadron elastic s’ u'>M NZ
scattering amplitude

p B (n,A’,-)



Exclusive Drell-Yan 7~ + p —» 4" 4™ + n and GPDs
(=&, &, 1) }

do, 4rmno’ 1’
dQ’Zdt 27 0

i {(1 ENA"(-E, &, 0| —28°Re{ A" (£, &,0) E*(-£,&,0} - &

’2 ’2
Q,2=q,2, t=(p_p,)2, T= Q . Q ~
2p-q, s—m;

j AP 5 A"
[HZ(x,é,t)ft(p')Y "ysu(p)+ EZ(x,é,t)ft(p')gM u(p)}

dr-
J.i P <p(p )|q( z/2)y ysq(z/Z)\P(P» ‘0’5¢=°=2P+

é,t)a(p')%u(p)}

ar
[ e (m(p) 3, (=21 27 Y@ @D PP oy, o = s | L (6 E T Yy s(p)+ B
ar np)q,(—z i ’J/Squ 4 p\p 7*=0,Z,=0 - 2P+ p—on X,G,0)u(p )y vysulp p—n X

du . ¢ (Z) ed - d u
H"(x,&,0)= J' dz jd [ e A }[H o, &, 0—-H" (", &0 ]
}[E &, &,0-E"(x",&,1) ]

£+

€, 2

i _38 ¢(z)
i 59 aj % 2 d [x x'—ie x+x'-

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

JungKeun Ahn,' Sakiko Ashikag,” Wen-Chen Chang,** Seonho Choi,* Stefan

12 Hiroyuki

1~ (td) + p(uud) — n(udd)+y"(— £147)



72 ’2
Expected Drell-Yan events at J-PARC OfS da =S = zf.q e
T N
dGL 472'-“2 TZ 2 2\| rrdu = 2 rydu * du 2 L Edu /i
w0rn= 2 g | A ONAN L 6t 28 Re{A (8, &, 07 B (8, 8,0} -8 1 5B (=8, 8.1
N
2 80
8 [t-tol< 0.5 GeV «— bk M_=1.5GeV
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Letter of Intent to join J-PARC-ES0 collaboration (Jan. 2019)

LETTER OF INTENT
Studying Generalized Parton Distributions with Exclusive Drell-Yan process

at J- PARC

JungKeun Ahn,' Sakiko Ashikag.> Wen-Chen Chang.** Seonho Choi.* Stefan
Diehl.® Yuji Goto,® Kenneth Hicks,” Youichi Igarashi.® Kyungseon Joo,*> Shunzo
Kumano,” ' Yue Ma,® Kei Nagai,® Kenichi Nakano,'' Masayuki Niiyama,'> Hiroyuki
Noumi,'** T Hiroaki Ohnishi,"* Jen-Chieh Peng,'> Hiroyuki Sako,'® Shin’ya Sawada,® !

Takahiro Sawada,'” Kotaro Shirotori,'* Kazuhiro Tanaka,''? and Natsuki Tomida'?

Extension of J-PARC E5S0 Experiment
for Drell-Yan measurement

Top View Muon-ID Wall

(2.4x1.8 m?) Scintillator wall
(3.5x2.5 m?)

\ J \ J

A4 Y
Original Configuration Extension part
for Charmed Baryon Spectroscopy Proposal is currently

Stage-1 approved by J-PARC PAC-18, August 12, 2014. | being prepared.




Possible studies on GPDs

at neutrino facilities

* SK, EPJ Web Conf. 208 (2019) 07003.

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

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




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

e’ Fermilab| H
JLab/ COMPASS/ EIC -DUNE
y A y 0 . oy
Factorization condition:
¢ i Q*> 1tl, A}y
GPD
N N’

107

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

GeV /m?/ POT)

/

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

nurx

Flux [neut

.............

10 Lo PR - | | "
2 4 6 8 10 12 14 16 18 20

E [GeV]

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



CrOSS Section formalism B. Pire, L. Szymanowski, J. Wagner,
Cross section

Phys. Rev. D 95, 114029 (2017).
do(v,N—> (" N'm) _

1-y G, 0’
= GO, 05w s —
dydQ* dtd¢ 1-y+y* /2 R2Qr) (s—-m:)y(d-e)1+4x’m’ | Q°
- b 3 P PTa H 2 & 2 iy
0, = W6y = 5| 1=8) c, 3, +C H | +|C,H, o {|quq+cgfg\ +C,E,| }

28 Re{(C,H,+C,H ,)C,E,+C,E,) }-28 Re{cﬁf q(cq%q)*}]

Quark contributions

my

ot et o Wl TSy R
Tq =_liN(P )|:}[qn+fq2u_}[qn75 =& sl? i|N(P)

'1 ‘E':___ e
dz¢ (z) F, (x9§9t) d I' f ‘7
=2 el .7 Sl | (7 il oA i 4
o f”j =2 j xx—§+is e
= (pion distribution amplitude) - (quark GPD)
Fq(x9 5,1) = Fd(x9 §9t)_ Fu(_x, é,t)

F=H,E,H,E
Gluon contributions

C io"'n A
T = —i—£ N(p")| H i+ Es =227 | Np)
E 20 m,

F = 8?"‘dz¢,,(z)"'dng(x,§,t)

z(1-2) x—&+ie




Cross section estimates
proton: vp— £ ' p neutron: vn— £ nw'n

5x 1074 —

5x 1074 y , , . » . . . .
- \\ gluon > quark - gluon > quark
L ixi0-) xj-:\\ ] LooIx1074p \\\ 1
‘_': 5% 1075F . ™ i 5% 1075k ‘\:‘\\\
(=% D e (-9 N i
— D TS — Bl S ol
i .~ total
S . \\\;‘j-\~\IOtal 5 | e SN
NPT LS ey i bl 1X 1075 E 2 g
i T sx 1070} Quark gluon i e K T sxi10-cf quark glllQH e
) R \\\ . < R S
1x10-° - s : - (, 1107 3 4 E - 6
0 GeV?) 02 GeV?]

FIG. 3. The Q? dependence of the cross section "}”(;’\X,“QI_:,?’”‘ ) (in pb GeV™) for y = 0.7, Ay = 0 and s = 20 GeV?2, on a proton (left
panel) and on a neutron (right panel). The quark contribution (dotted curves) is significantly smaller than the gluon contribution (dashed

curves). The solid curves are the sum of the (quark + gluon + interference) contributions.

neutron — proton: vin— £ n'p

- no gluon | Neutrino GPD studies are complementary

i to the charged-lepton projects.

% | 95 = _ e Gluon GPDs could be probed in charged-pion production.
15, | y= y\‘=\°\-\5\ e Flavor dependece of quark GPDs could be investigated.

no gluon for 7°

do(vn—1"pr°) ;.

FIG. 6. The Q? dependence of the cross section —ddo%d (in
pb GeV~) for Ay = 0 and s = 20 GeV>. The solid, dashed, and
dotted lines correspond to y = 0.7, 0.5, and 0.3, respectively.
There is no gluon contribution to this amplitude.




Future prospects



High-energy hadron physics experiments

CERN Baikal GVD
(LHC, COMPASS, LHeC, FCC, CLIC)

JINR (nica) / IHEP (BEPC, CEPC)
IMP (HIAF, EicC)

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

BNL

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

IceCube

Facilities on hadron structure functions on GPDs including future possibilities.



By hadron tomography

3D view
of hadrons

0
b

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.




Summary on GPDs

Hadron-tomography and gravitational form factors

e 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.

* There are world-wide lepton and hadron accelerator facilities
which has been used and could be used in future for our studies.

Time has come to understand the gravitational sources
in microscopic (instead of usual macroscopic/cosmic)
world in terms of quark and gluon degrees of freedom.




Structure functions of
spin-1 deuteron



Nucleon Spin Almost none of nucleon spin

a1 —> Nucleon spin puzzle!?

S 2>

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

‘“old”’ standard model

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

e
% %ﬁ

only S wave S + D waves b experiment

b,=0 standard model b;#0 £, Standard model”




Structure < (do) >MN<
Functions M
g «<do(T,+1)-do(T,-1) i

P B 0) da(+1)+d0( 1) >WW<

note: 0(0)—6(“);0( D_3(6 >——[0'(+1)+o'(—1)] 0, +1
It A h
yartin =32 (a+a) g,=3(a"+4"+a)
Model .
=526 (A +Aq) Ag=q7 -q]
i [ 4 (x,0)]




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

?d- 0.15;—
27.6 GeVic &, 0 01f
. g o.osf— * }
positron deuteron :
(1] R ... -.——--.. ----- -—
X : 1 ! | —
b, measurement in the kinematical region g 005l — o
0.01<x <045, 0.5GeV><Q* <5 GeV> sl b +
| 0 L5 . T I, N—
b, sum in the restricted Q° range Q° >1 GeV> 0.002 +
0.85 [ '
jm dx b, (x) =[0.35 £ 0.10(stat) £ 0.18(sys)] X 10 o B0y w o e wow
d = ® M * .
2l 2 Q 1 = ®
at Q° =5 GeV Ng 10-1E“1 o
c 107 10" 1
X
jdbe(x) = li]'n—ii (t)+23,2‘[dx6 q(x) =0? b, sum rule: F. E. Close and SK
1 >0 12 M* ¢ et Togss PRD 42 (1990) 2377.

Drell-Yan experiments probe
these antiquark distributions.

d 1 SR
j;x[Fz”(x)—Fz"(x):|= ) axlu,—d, ]+ [ax[a-d]=1/3




“Standard-model” prediction for b, of deuteron

1
’J/*W!W=; ImT’w
_(P N 2 __Mp-q 2p
b(x)= OO OO o=
6,/ = 'y -V q
— | 43 3 3 i 2 2 _Pq
=[a py[ a2g PP+ 10,(p)] }(3cos 6 1)5[y MNVJ N
S-D term D-D term D
Nucleon momentum distribution:
H H H 3 H, = 2 E -
F o= O+ ) =[dp y19"(5)) 6[y— Mpz) Standard model

D-state admixture: ¢ (p) = ¢/, (5) + ¢/, (p) of the deuteron

0.004
0.003 ] -~. §uERMES |b, (theory)| < |b,(HERMES)
% . RN . at x<0.5
0.002 ) ‘
0.001 # Standard convolution model does not
xb. 0 ~1 work for the deuteron tensor structure!?
) -
oo0Ly 1 . o=10cev2 | G.A.Miller, PRC 89 (2014) 045203,
2 — 2 . o
e 52220 Cev Interesting suggestions:
000 0 oe 08 1 12 14 hidden-color, 6-quark, - - -
X 6g) =|NN)+|AA)+[CC) +---
W. Cosyn, Yu-Bing Dong, SK, M. Sargsian,
Phys. Rev. D 95 (2017) 074036. see also

W. Cosyn and C. Weiss, PRC 102 (2020) 065204.




Gluon transversity A, g

Helicity amplitude A(A;,4;, A;,A,), conservationA,—A,=A, -4,

Longitudinally-polarized quark in nucleon: Ag(x) ~ A(+ —+—, +—+—

Quark transversity in nucleon:

Gluon transversity in deuteron:

ATq(x)~A(+1+1 1—1

A

A ARy
A,gx)~ A(+1+1, -1-1),
o As=2

Note on our notations:

Tensor-polarized gluon distribution: 6, g

Gluon transversity: A, g

)_A(_*_l_l, +1_l)
20 2 252

1 1
), A=+, = = quark spin flip (As =1)

2

A E:-» not possible for nucleon

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

@7 " b, (6,9, 6,8)%20 < stillA,g=0 S T

What would be the mechanism(s)

S + D waves

for creating A, g #0?

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



Our recent works on
spin-1 hadrons

Gluon transversity at hadron accelerator facilities by Drell-Yan

PRD 101 (2020) 054011 & 094013.

TMDs, PDFs, multiparton distributions,
fragmentation functions up to twist-4
PRD 103 (2021) 014025.
Useful relations similar to Wandzura-Wilczek relation

and Burkhardt-Cottingham sum rule
JHEP 09 (2021) 141.

Relations from equation-of-motion and Lorentz-invariance relations
PLB 826 (2022) 136908.

Collaborator on recent works:
Qin-Tao Song (Ecole Polytechnique / Zhengzhou University)



Letter of Intent at Jefferson Lab (middle 2020’s)

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 2290
J. Pierce

Oak Ridge National Laboratory, Oak Ridge, TN 37831

For development of polarized deuteron target,
see D. Keller, D. Crabb, D. Day
Nucl. Inst. Meth. Phys. Res. A981 (2020) 164504.

Electron scattering with polarized-deuteron target

¢‘ME
0*>M? 4 Q

(04 1d
A= | y—ZATgu,QZ)
q

do

I dv do dy d9 [xy F(x,0*)+ (- y)F,(x,0* )——x(l MA(x,0 )cos(2¢)}

By looking at the deuteron-polarization angle ¢,

the quark transversty A, g can be measured.

Theory: J. P. Ma, C. Wang, and G. P. Zhang, arXiv:1306.6693.




Proton-deuteron Drell-Yan cross section

Drell-Yan cross section
ki p~ il il A . - -1
do . = J'O dx, J'O dx, f,(x ) f, ()8 oy M, =eME EeMaIHfd

In terms of lepton tensor L** and hadron tensor W,

do

ST [j'dcb (¢ kl,k)zLﬂW
dtdq’ do dy 127; 0"
d’k, a’k,

dilepton phase space: d®,(q; k,, k,)=8*(q—k,—k )2E @n) 2E,27)

¥ =2(k k! +K'KY —k, - k,g™)
[ vB {q)q/A(xa)+ q)q’/A(xa)}f‘yaq)?/BB(xb)jI’ rv[i i ,},OFVﬁ,},O

W= 2 2 o 5 ey T

spin, ¢
color

Collinear correlation functions
Refs. A.Bacchetta and P. J. Mulders, Phys. Rev. D 62 (2000) 114004,

D. Boer et al., JHEP 10 (2016) 013,
T. van Daal, arXiv:1812.07336 (Ph.D. Thesis).

1-_ i 4
[ A, 04 () + VA, 181 ya(X)+ Y8 By 4ya(x,) ]

Pg ¥
: q)q/A (xa) >3 5
-2 n S i,y n"S S VSt h
q/B(xb) 5 _[ﬂji,q/B(xb) +Y A S, gl,q/B(xb)+lO-uvy R Sg iy q/B(xb)+ﬂ LL flLL,q/B(xb)+ O, dp 1 lLT,q/B(xb)]
1, (x,) =~ g} ' is Sy ok
g/B(xb) = _[ h g/B(xb)+l8 B.L81L, g/B(xb) 8rSphii, g/B(xb)+ BIT lTT,g/B(xb)]
*
%
4 7 q g
Gluon transversity: A, g=h,, ,
(Sorry to use two differenent notations in a talk.)
g qa 9 1




Proton-deuteron Drell-Yan cross section

Drell-Yan cross section

do-pd—>#+ﬂ'X (Ex % Ey) oo CFqT

dtdq; dody 6rxs’

2
CF—N

cos(2¢)j

min(x, )

2N,

i x
min(x,) = 11 =

1

SK and Qin-Tao Song,
PRD 101 (2020) 054011 & 094013.

— 15 X T

- X, X —7T

(x xb) x,—x N o—=x x2)

zeqx“[qA(x )+q,(x, )]xb r8z(x,)

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

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

e No available A, g, so we may tentatively assume A, g = Ag, + Ag, (or

o CTEQ14 for g(x)+ g(x), NNPDFpoll.1 for Ag(x)

Cross section: Dimuon mass squred (Mfw = (") dependence

do 2
W‘ (nb/GeV?)

0.01

q,=05 GeV
- - - ¢,=10GeV
0.001

¢0
0.5

0.0001 -

0.00001 ‘ ‘ ‘ ‘ ‘ ‘
10 20 30 40 S0 6 70 80
M2(GeV?)

0.1

Ag,+Ag, Ag,+Ag,
2 ? 4
M E )—M(E )
2 x 2 y
Spin asymmetry: A, = dtdq, d¢dy dt dq; d¢ dy
O pwrwx gy Cmowwx gy
drdg:dody  *  drdg:dedy
‘AExy
=0 q,=0.5 GeV
y=05 - - - ¢,=10GeV

0.01

New proposal under preparation
at Fermilab-PAC (D. Keller)

10

20 30 40 50 60 70
M2(GeV?)

80



TMDs and their sum rules for spin-1 hadrons el

Twist-2 TMDS Bacchetta-Mulders, PRD 62 (2000) 114004. w\'
4 ms =
Qllal‘k U (,y"’) L (,},+,},5) T (io.i+,},s /o.i+) )
Hadron™_|T-even | T-odd | T-even | T-odd | T-even | T-odd - - N
T T : Sip = - Sty = -
U A | I
L g (3] w= (- O - -
I i | s L], Lhin] Time-reversal invariance in colliear corrlation functions (PDFs)
i [k, @ gy (x,K7) =0
| [Ayirl, [hllLTjD Sum rules for the TMDs of spin-1 hadrons
2 P L 2 oy
Dyl D] J &y by (k) =0, [k, g, (x k) =0,
' [k, by, (k) =0, [k, by (k) =0

Twist-3 TMDS sk and Qin-Tao Song, PRD 103 2021) 014025. Twist-4 TMDs

Quark v, 1,iy, 7'Ys o’,o* Quark y" YYs o
Hadron | Toen | Toid | Teen | Todd | Ten | Tod Hadeon_| Tave | ot | T | Todd | v | todd
o | | § | |
v ] s . U 5o § o
LR i i : : ‘
L [eL] 8 Al L &L [h31]
T far &1 [h3e], ]

8iL (A1

fir S - 5 :
feprein) G sir ) Wl Uizl
Jrr, fr § ‘

[erTs esr] !

: [R310], [hsinl

g gt ], ] s, D]




New fragmentation functions (FFs) for spin-1 hadrons

Corresponding fragmentation functions exist for the spin-1 haddrons

simply by changing function names and kinematical variables.
x’ kT’ S’ T’ M’ n, y+9 o-i"'

TMD distribution functions:

TMD fragmentation functions:

Collinear FFs, twist 2

f, 8 h, e;

l
D’ G’ H’ E; z’ kT’ Sh’ Th’ Mh’ ﬁ, },_9 o'i_

Collinear FFs, twist 3

see arXiv:2201.05397

Collinear FFs:
X. Ji, PRD 49, 114 (1994).

Collinear FFs, twist 4

Quark U@ L (7%y5) T (iO'H'}’s /™) Quark yi, 1,iy, ,yi,},s o, 67" Quark ¥~ Yy, o
Hadron T-even T-odd T-even T-odd T-even T-odd Hadron T-even T-odd T-even T-odd T-even T-otia Hadron T-even T-odd T-even T-odd T-even T-mi&
U D, U [E] U Dy
L GlL L [HL] L GSL
T [H,] T Gy T [H3;)
LL Dy LL [:] [Hy) LL Dy,
LT [H i1l LT Dyy (e LT [Haol
TT TT TT
) [ 1= chiral odd a I
TMD FFs, twist 2 TMD FFs, twist 3 TMD FFs, twist 4
Quark | U (y*) L (r*ys) T (ic"ys/ ™) Quark 7,1y, 7'Ys 6’07 Quark 'a YYs o'
Hadron T-even | T-odd | T-even | T-odd T-even T-odd Hadron T-even T-odd T-even T-odd T-even T-odd Hadron T-even | T-odd | T-even | T-odd T-even T-odd
DJ.
U D, [H7l Y [E] G* [H] U D, [H3]
L
L Gu [H] L o Gt Hy] L Gy (H4]
Dy, Di
T Dy | Gy [H,], [Hix] T [ET' £y | GnGr [Hy], [H7] T Dy | Gy [Hitl, [Hi]
DJ.
LL Dy, [HﬁJJ LL [ l‘L] Gix (A LL Dy, [H31.]
L LT Dyy, Dixx Gy, GL [Hy1l, [HE ] L
LT Dyiy Gyr [Hy0]s [ ] [y ] 7LD VLT Lrls Lo LT Dy Gy [H3 1], [H310]
Dyr. D n
TT D1y Gyrr [H 1'1"1‘]’[Hf'r'r] T [ TT; TT] Grry G#T [Hryl, [Hrr] TT D3y Girr [Hl'r'r]y[Hi'n]

New TMD FFs



PDFs for spin-1 hadrons
Twist-2 PDFs

Quark U@ L(r'7s) T (i6"y,/6™)
Hadron T-even T-odd T-even T-0dd T-even T-odd b, (x), *2:g,.(x), *3:h,(x), *4:h,.(x)
U S Because of the time-reversal invariance, the collinear PDF vanishes.
L 2y (2) ' However, since the time-reversal invariance cannot be imposed
: ' in the fragmentation functions, we should note that the corresponding
T [A,] fragmentation function should exist as a collinear fragmentation function.

fien () |

[ ] = chiral odd
Twist-3 PDFs Twist-4 PDF's
Quark '}'ia 1,1y, 7+75 o’ N Quark ' Y7s o”
Hadron™_ | Teven | T-odd | T-even | T-odd | T-even | T-odd | Hadron™_ | Teven | T-odd | T-even | Todd | T-even . T-odd |
U O U £
L (AL L &1
T U]

New collinear PDF's SK and Qin-Tao Song, PRD 103 (2021) 014025.



PDF's for spin-1 hadrons
Twist-2 PDFs Twist-3 PDFs [ 1= chiral odd

Quark U@ L (y*y,) T (ic™y./ o™) Quark v, 1,0y, 7Y o’,o™"
Hadron™ | Teven | Todd | Teven | Todd | Teven | Todd | Hadron™._ | Teven | T-odd | T-even | Todd | T-even | T-odd |

U i | | U ] | ' '

L g8y L L]

T il T &

We derived analogous relations to Wandzura-Wilczek relation
and Burkhardt-Cottingham sum rule for f; and f;;; . SK and Qin-Tao Song (2021)

For spin-1/2 nucleons,
1 1
g (x)=—g,x)+ j ﬂgl( y) (Wandzura-Wilczek relation), IO dx g,(x) =0 (Burkhardt-Cottingham sum rule)
Y,

For tensor-polarized spin-1 hadrons, we obtained

1 1 2
Sorr ()= _ﬁZL(x)+L %fufl,(.)’)’ Jo dx f,;,(x)=0, fZLT(x)EEfLT(x)_fiLL(x)

1 2
[Lax fr@=o0 if j:dxfIZL(x)=§j:dx b*(x)=0

Existence of multiparton distribution functions: F;,(x,,x,), G; ;(x,,x,), H ;LL (%y5%,)s H 1 (x1,x,)




Relations from equation of motion and Lorentz-invariance relation
for spin-1 hadrons

In the following, I explain derivations on relations from equation of motion for quarks

® xfir (%)= I_Jrlldy[FD,LT(xay) +Gppp (x,y)] =0, xf,;(x)— fi7(x)— :ijlldy

® xe,, (x)

AL

+1
rs 2‘[_1 dyH;

and the Lorentz-invariance relation

L A

)

FG,LT(x9y) =

(x,y) - % fun (=0, xe,(x)-2P[ " dy

Hé,LL (x,y)

Lorentz invariance

Fo 10 (%,9)+Gg 17 (X,) -
X—=y
m
= Mf;LL(x) =0

0

3 +1
= = fi0)-2P[ d 0 : -
dx Jur(¥)+ ) Ji () =2P Y Y (x — y)Z = frame independence of twist-3 observables
k’ 2
1 2 2
transverse-momemtum moment of TMD: £ (x) = Id k, —T2 f(x,k;)
2M
Twist-2 PDF's Twist-3 PDF's Twist-3 TMDs
Quark U@ L (775 T (ic"ys/o™) Quark 7’5 1,iy, 7775 o',o Quark | U (y") L (y*7s) T (ic™ys/o™)
Hadron™ | Teven | Todd | Teven | Todd | Teven | Todd | |Hadron | Teven | Todd | Teven | Todd | Teven | Todd | |Hadron™_|Teven| Todd |Teven| Todd | Teven | Todd
U f 1 ; U [e] U fl 3 ‘ [th.]
L &gy L | Ly L 81L [hi-L]
T | T g T s | e Ul ]
LL LL ‘m LL | fur | i)
LT LT | Jix *1 LT ‘ Sir 8irr [yx], i
TT TT ‘ TT Sirr gt [yl [hipr]

[ 1= chiral odd




Future prospects
and summary
on spin-1 hadrons



High-energy hadron physics experiments

CERN .
(LHC, COMPASS/AMBER, Baikal GVD

LLHCspin, LHeC, FCC, CLIC)
JINR (nica) / IHEP (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.



JLab PAC-38 (Aug. 22-26,2011) proposal, PR12-11-110

The Deuteron Tensor Structure Function by

A Proposal to Jefferson Lab PAC-38.

(Update to LOI-11-003) 0.012

& Projected

0.01 @ HERMES

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 0.006 ? SK, PRD82 (2010) 017501

0.008 Kumano

N. Kalantarians (co-spokesperson), O.Rondon (co-spokesperson) ~ 0.004
Donal B. Day, Hovhannes Baghdasaryan, Charles Hanretty
Richard Lindgren, Blaine Norum, Zhihong Ye
University of Virginia, Charlottesville, VA 22903

T~
o 0.002

0
|
K. Sliferf(co-spokesperson), A. Atkins, T.Badman, B J
J. Calarco, J.Maxwell, S.Phillips, R.Zielinski -0.002 — - i
University of New Hampshire, Durham, NH 03861 =
-0.004 —
J. Dunne, D.Dutta L.
Mississippi State University, Mississippi State, MS 39762 -0.006 — I | | | | |
| | | | | | |
G.Ron
Hebrew University of Jerusalem, Jerusalem 0 0.1 2 0.3 0.4 0.5 0.6
X,
W. Bertozzi, S.Gilad, Bjorken

A. Kelleher, V. Sulkosky
Massachusetts Institute of Technology, Cambridge, MA 02139

K. Adhikari
Old Dominion University, Norfolk, VA 23529

R Gilman Expected errors

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

Seonho Choi, Hoyoung Kang, Hyekoo Kang, Yoomin Oh by JLab

Seoul National University, Seoul 151-747 Korea

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

Approved ! 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 2290/

J. Pierce

Oak Ridge National Laboratory, Oak Ridge, TN 37831



Experimental possibility at Fermilab in 2020’s

Drell-Yan experiment with a polarized proton target

Polarized ﬁxed_target experiments FSer!nllab'%1039 CT).-Spokespersons:A.. Klein, X. Jiang, Los Alamos National Laboratory
at the Main Injector, (SpinQuest) .

Argonne National Laboratory, Argonne, IL 60439
P b 120 G V © c C. Brown , D, Christian
— F l b Fermi National Accelerator Laboratory, Batavia IL 60510
roton beam = e ermila
University of Ninois, 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!
" University of Virginia, Charlottesville, VA 2290/

New proposal for a Fermilab-PAC in 2022.




Nuclotron-based Ion Collider fAcility (NICA)
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SPD (Spin Physics Detector for physics with polarized beams)
MPD (MultiPurpose Detector for heavy ion physics)

p+p: s » =12 ~27 GeV On the physics potential to study the gluon content
o’ A of proton and deuteron at NICA SPD, A. Arbuzov et al.
d+d: syy = 4~14 GeV (NICA project), Nucl. Part. Phys. 119 (2021) 103858.

p+d is also possilbe.

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

Unique opportunity in high-energy spin physics, - —
especially on the deuteron spin physics. it i iyelcs pofiikial (s shidy hieglucn contenbofproton. iy

-~ 3 A. Arbuzov’, A. Bacchetta ", M. Butenschoen ?, F.G. Celiberto ",
3 U. D’Alesio“", M. Deka ", I. Denisenko ', M.G. Echevarria ', A. Efremov’,
TheOretlcal fOrmallsmS need tO be developed L] N.Ya. Ivanov "/, A. Guskov "', A, Karpishkov ', Ya. Klopot "', B.A. Kniehl ¢,
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



in-1 deuteron experiments from the middle of 2020’s
JLab Fermilab NICA LHCspin

CERN-ESPP-Note-2018-111

The LHCSpin Project

M. Boglione'”. G. Bozzi®?, V. Cara
U, D'Alesio™ ", P, Di Nezza®, R
A. Metz'*, PJ. Mulders' %, F. Murgi
i*7, C. Pisano™" dic

S. Scopetta

arXiv:1901.08002,
Experiment: ~2028

lala’, A. Bacchet
mtalb

Contents lists available at SciencuDirect

Progress in Particle and Nuclear Physics

z journal homepage: v
The Deuteron Tensor Structure Function by The Transverse Structure of the Deuteron with Drell-Yan
A Propeonsd 0 Reffersan Lib PAC- 38 D. Keller! Review
frim e ; e On the physics potential to study the gluon content of proton )
/i 5 0 iy N o Sl 7A 20004 -
University of Virginia, Charlottesville, VA 22904 and deuteron at NICA SPD
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Richard Lindgren, Blaine Norus, Zhibong Ye
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Y o s Experiment: 2020’s Prog. Nucl. Part. Phys.
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L, 119 (2021) 103858,
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Proposal (approved), 203 0 ,S EIC/ EiCC D. P. Anderle et al.,

Experiment: middle of 2020’s Front. Phys. 16 (2021) 64701.
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x regions of b;in 2020’s and 2030’s
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Summary on spin-1

Spin-1 structure functions of the deuteron (additional spin structure to nucleon spin)

e Tensor structure in quark-gluon degrees of freedom

Tensor-polarized structure function b; and PDFs, gluon transversity
Experiments at JLab, Fermilab, NICA, LHCspin/AMBER, EIC/EicC, ¢ ¢«

New signature beyond ‘“‘standard” hadron physics?
(beyond the standard model in particle physics???)

TMDs up to twist 4

Higher-twist effects could be sizable at a few GeV? Q>

— Our relations (WW-like, BC-like, from eq. of motion, Lorentz invariance)
could become valuable for future experimental analyses.

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.

The US-EIC should play the leading role.



Collaboration opportunities



Collaboration opportunities

Spin-1 deuteron with tensor polarizations (directly related to EIC)

* Most spin-1 studies are for fixed target experiments.
EIC: polarized-deuteron beam will be available.
* Gluon-transversity estimates
* Antiquark tensor polarization
* Leading-twist distributions from small x to large x
* Estimates of higher-twist distributions and
possible methods for measuring higher-twist distributions

GPD (our studies were, so far, indirectly related to EIC)
* Timelike GPDs
* GPDs at hadron accelerator facilities
* Advantages of GPD studies in neutrino reactions
* Model studies on gravitational form factors
* Gluon contributions to gravitational form factors



The End

The End



