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Introduction



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 2£h, Stndard model”




A Note on our notations:
Gluon transversity A, g

Tensor-polarized gluon distribution: ¢, g

Gluon transversity: A, g

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

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

2 20 2 2o
bymn 1 1 1 <k 1 1 2L
Quark transversity in nucleon: Agx)~ A +E + S e A, = +E = A, = = quark spin flip (As =1)
As=1
=70
?:’: - . -
A _ - A,

AA,-}.,-.A,}.f

Gluon transversity in deuteron: A,glx)~ A(+1+1, —-1-1), not possible for nucleon
1=

-—

% e ~
A

+, ——

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

b, (6,9,0,8)#20 < stillA, g=0
1 y | 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???
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High-energy hadron physics experiments

CERN .
(LHC, COMPASS/AMBER, Baikal GVD

LHCspin, LHeC, FCC, CLIC)
JINR (NicA) / IHEP (BEPC, CEPC)

IMP (HIAF, EicC)

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

Tau-charm
BNL = D 5 D :
(RHIC, EIC) S & J .
JLab S av (KEKB, J-PARC)

IceCube

Facilities on spin-1 hadron structure functions including future possibilities
(time-like processes).



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 . .
W, S=shgnt E > + g ;eumq s+ g, Feumq (p -qs° —s- qp") spin-1/2, spin-1
1 1 1 :
—br,, + gbz (suv +¢,+u, ) + Eb3 (suv —u,, ) + 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?, s°=——_ ™ "'E b,,---, b, tems are defined so that
T 0 / ’ i M? apPs they vanish by spin average.

i — 1 qg-E'q-E - 1‘;2;( O = = qg-E'q-E - lsz- Puby b,, b, tems are defined to satisfy
uv 2 3 uv uv 2 3
14 v v 2xb, = b, in the Bjorken scaling limit.
1 % * £ % 4
t,, = Z_VZ(qE puEv +q-E pVEu +Q'EPpEv +q-EpVE“ _EVPMPVJ

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

2 2
u,=—|EE+EE +-M'g, —= :
uv V( v vTu 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

o d0'(+1)+d0'(—1) >M<

o(+1)+o(-1)

note: ¢ (0)— = =3(o >—— [o(+1) + o (-1)]
1 2 > 1 n 1"
Parton E=5;ei (4. +4,) 0 =§(q,- Ly g0 +q)
Model .
81 52612 (qu 3 Aq ) Aql qlT K qu,




Sum rule for b,



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
de Z S < Intuitive derivation without calculation:

O 2 a0 jdx b, (x)= dimensionless quantity

\ "

= (mass)’ - (quadrupole moment)

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

Elastic amplitude in a parton model \ b, = 12e.2(5 q,+8,q,)
2 i i TH1i T7i

Iyw= (p,H|J,(0)| p,H) = Zeijdx[qu(x) > qu(x)] e U q" +q
i T1i i 2
' +T %
Ly~ = 2 e [6,u,(6)+ 6,d, ()] 6:4,=8,4-6,q

o . t . t
Macroscopically Ty, = ggrrol[ﬂ(t)—ﬁFQ(t)], s e B lglg[ﬂ(thFQ(t)]

1
Ty, - E(Fl e — 1}3012 F,@t)
[ dx b} (x) = is[ro0 4 l(1"1 +T", 4 }+ Ze?jdxaTq. (%) 5
36 2 ’ 5 [ dx by (x) = —ahm Q(t)+2e [dx8,, ,(x)
5
=——llm—F )+ ) e |dxo,q; ,(x)
24 50 M ° 2 j S 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 ’ 1 1
F'(x),,=x 6{u(x) +u(x)}+ 6{d(x) +d(x)}+ 6{s(x) +5(x)}

o= [, [~ R o]

B 5= 1 %{u(x) +u(x)}+ %{d(x) +d(x)}+ %{s(x) +5(x)}

1D i o - - 4
3 2 3 jﬂ dx [u(x) 4 d(x)] =x %{d(x)+ d(x)} +%{u(x) +i1(x)} +%{s(x) +5(x)}
] e ol | - = 3 - 3 I
5 if u=d SLE (o — B (o | = G lu) + 800} - S{d(x) +d ()]
(Gottfried sum rule) J‘:%[qup (X)o — B (x)LO] — jldx[l{uv (x)+2u(x)} - l{dv (x)+ 2(7(x)}}
2l "2

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

J.0.8 dx FF7(x)— FM( x)] 0221+ 0.008 + 0.019 Extrapolating the NMC data, they obtained
0.004 x Sc =0.23510.026

30% is missing! = u<d ?

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

f, d;x[F;’(x) - F}(x)]= %J’ %L de| #(x) = d(x)]

the b,-sum-rule violation suggests

D 2 =
Idx by’ (x) = i Idx5T 4:(X)  |a finite tensor polarization for antiquarks (8, # 0).

24 M*




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

’-UQP

0.15 i—
27.6 GeV/e =40 0af
. & 0.05F + ;
positron deuteron :
0 et e -.-——--' ----- -
b, measurement in the kinematical region o Y] S E——————r
0.01 <x <045, 0.5GeV> < Q® <5 GeV? < o002k b ¢

b, sum in the restricted Q° range Q° >1 GeV’

[ dx b, (x) =[0.35 £.0.10(stat) + 0.18(sys) | x 10° S
- -0.004| | :
at 0’ =5 GeV’ LN . e e °
Q 1 o o
g 10 1 ! risl
A. Efremoy and O. Teryaev (1982), [ dxxb,(x). N 02 o 1
e X
jarxbl’(x)=1im—i L F (t)+2e2jdx5 g.(x)=02
1 (>0 24 M2 2 - i T4 i .

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

these antiquark distributions.




“Standard” deuteron model
prediction for b,



Theory 1: Basic convolution approach

: d A A
Convolution model: A, ,,(x,0%) = jTyZ fEDA, L (x 1y, @)=Y (1) ® A, (3,07

A + A % 1
AhH hH _8h WHHgl‘:’ b, il = ) — 7 Wuv =—Im Tuv

Apir=F—-8, A

+1y

o Fl t 8

12 E -
Momentum distribution: f(y)= jdsp ylo"(p)l 6(3)— M—sz

N

__Mp-q 2p Hy N— fH H
Y= M pq P =R+ 0) D

D-state admixture: ¢ (p) = ¢, ,(p)+9,.,(p)
J

)= [ Vo, IR x1 3. 0

5Tf(y)=f"(y)—f(y);f_(” §7
E 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

0.004 -
| MSTW2008
0.003‘ B R1998 // -~ N . + HERMES
0.002- t CD-Bonn-2001 /' AN
[l SD+DD / ‘.
0001 ] L )
xb, o- \/, -----
10.001- R
t | mme==- Q2=1.O GeV2
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Theory 2: Virtual nucleon approximation
with higher-twist effects

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

Virtual nulceon approximation (VNA)

WiH(P, q)=4Q2n)’ [dT, aNWN(p,,qu(/l' )

1

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

2p; 2py
o, = S aN:P—_N=2—Ot,., P=p. +py

3
phase space: dT", = 4Py :
2E, 2r)

D.r 47 t..D (1. 77
deuteron density: p,(A",A) = 2 [y, (koA AT Wy (kA5 ,Ay)
A'N’;Lzl\l aNa

[/




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)| =10™". o'

0.0015 s =
| @2=25Gev? -
0.001- =
0.0005-
xb, o
-0.0005
-0.0017 T T T I T T T I T T T I T T T I T T T I T T T I T T T I T ! !
0 02 04 06 08 1 12 14 16




“Standard-model” prediction for 5, of deuteron

L W,=1ImT,
Y T
_ (D N 2 __Mp-q 2p
b= [TofDE 1y, @), y= T
+ + f
2 P q
=[d py[ Mon ¢0(p)¢2(p)+ 9 (2) ](3cos 6 - 1)5[y—MNV) N
S-D term D D term D
Nucleon momentum distribution:
2 E-
F 0= F 0+ [0 = [dp y14" ()] 5[y— ”Z] prandard-mogel
My ) of the deuteron

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

0.004 o lrj_/ e

0.003 ,-~. $HERMES ot {

0.0021 { ) jﬂir 02" 04 06 08 1i HEl:r . 14

0.001f]] T i

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

-001y - 02210 GeV? Standard convolution model does not

-0.002. % ________ G rooev: | work for the deuteron tensor structure!? 1
0003 o7 oe  os 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> L | NN> + | AA> 4 | CC> +




Tensor-polarized PDFs
at hadron accelerator facilities

(e.g. Fermilab)



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

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

Unpolarized cross section

d 2
<dxAd)ZdQ>=4an (1+cos ) 28 [qa xA xB +qa(xA)qa(xB)]

Spin asymmetries M. Hino and SK,

Y. [Ag,(x,)A7,(x,)+Ag,(x,)Aq,(x,)] PR WoINg e
2 [qa X4 qa(xB)+qa(xA)qa( Xp ] .

A=

)
sin GCOS 2¢ 2 [ATq xA) Tqa(xB) Arq ( ) Tqa(xB)]
)+4,(x

A 1+ cos’ 0 2 [qa xA qa X ( )qa(xB)]
P YA KA CA LA CART ACN LIZACHN N alty, A W
15 Zzaej[qa(xA)qa(xB)+qa(xA)qa(xB):| L R e R R

= Ay, = Agg, = Ay, = Apg, = 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 004

% HERMES (2005)
SK, PRD 82 (2010) 017501.

0.002

Two-types of fit results:

o set-1(0,4=0): y’/d.of.=2.83 /

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

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

o set-2 (0,4 #0): y*/dof.=1.57

with tensor-polarized antiquark (set 2)

With finite ,¢, the fit is reasonably good. 0.001 0.01 o1 1
X
Obtained tensor-polarized distributions 0.005
0,q(x), 6;q(x) from the HERMES data.
— They could be used for = 0
N—
e experimental proposals, S~
e comparison with theoretical models. ?é
s 4 E N -0.005 x0,4,
Finite tensor polarization for antiquarks: ‘
1 — — — = without tensor-polarized antiquark (set 1) ‘,l
I dxbl ( x) — 0.058 ....... with tensor-polarized antiquark (set 2)
0
1 1 g -0.01
=5 jo dx[48,7(x)+8,d(x)+5,5(x)] 0.001 0.01 N 0.1 !



Tensor-polarized PDFs with errors

0.004 [ still large errors,
{ HERMES _ need experimental improvement
0.0027 q JLab, EIC, [ X X )
xb o MMIMIOIIGHAES . - - =~ experimental measurement
1 [ ] [J [ J [J
: for antiquark distributions
-0.002- = Fermilab, YY)
- = = = without tensor-polarized antiquark (set 1)
with tensor-polarized antiquark (set 2) 2 °
_ evolution 7 I 2
000001 0.01 0.1 Q Q =2.5 GEVZ
X x6, f(x) — 30 GeV
0.005 — 0.006
6,4 il
0.004 - - _
*of itz 2 T T
M A 0.00 \||\ .....................
0 = N | T S ¢
LIS wwwwwvwwwvwwvwwwmm'mm“m.w.m ~
-0.002]
00051 92=3.5 GeV2 X0, -0.004. x0r8
- = = - without tensor-polarized antiquark (set 1) 0.006] = = = = 02225 GeV2
T+ Wwith tensor-polarized antiquark (set 2) houe gz — ;05 g ezz X 6T u,=x 6T dv
-0.008 ‘
-0.01 ; \ 0.01 0.1 1
0.001 0.01 0.1
X X




Tensor-polarized spin asymmetry at Fermilab

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

X L4508, (6) + 2. (5)8,4. (5,)]

SE) Y PAENTACAET AENPRER)

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 87543
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
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Gluon transversity



Gluon transversity distribution in deuteron

X
Linear-polarization difference: do(E, —E ) <A, g
E d ) + ixpTE x x
: A, g(x)= jixp e ( pE,|A*(0)A* (&) - A*(0)A* (§)| pE, ) . .
/ A 27[ 5 —51—0
AT p = 8z~ 8z

X

Confusing situation of gluon transversity

(no consensus even on its notation: publication # = different notation #)

A2G(z) = g3/2(x) — 9g/2(T)
a(Z) = 93/3(T) — 9g/3(x)
Arg(z) = g2/2() — gg/2 (%)
0G{B] = —gsmslE) + G57s(0)
hirT,g(%) = —93/2(x) + 95/5()
Arg(x) = ga/:(x) — gg/2()

13, 44),

23, 25],

19],

26, 45],

36, 38, 46],
47], this work,

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

— One can imagine how premature this field is!



A Note on our notations:
Gluon transversity A, g

Tensor-polarized gluon distribution: ¢, g

Gluon transversity: A, g

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

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

2 20 2 2o
bymn 1 1 1 <k 1 1 2L
Quark transversity in nucleon: Agx)~ A +E + S e A, = +E = A, = = quark spin flip (As =1)
As=1
=70
?:’: - . -
A _ - A,

AA,-}.,-.A,}.f

Gluon transversity in deuteron: A,glx)~ A(+1+1, —-1-1), not possible for nucleon
1=

-—

% e ~
A

+, ——

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

b, (6,9,0,8)#20 < stillA, g=0
1 y | 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 do| .. Loy 20° [xy F,(x,0*)+ (1 - y)F,(x,0’ )——x(l yA(x,0* )cos(2¢)} /

o 1d
A0 = T e | 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 Linear-polarization difference: do(E, —E ) <A, g
dg_ + _ixptE x x y y
Arg(0) = [Sxp” ¢ (pE,| A" 04" €) - A’ OA Q)| pE, )., ,
E, = 8w~ 81z
Z g.,. = gluon distribution with the gluon linear polarization &
/ 3 ¥
3] E, P > in the deuteron linear polarization E_
/ Polarization vectors E, =€, =(1, 0, 0), E, =£,=(0, 1, 0)
Spin and tensor of the deuteron S = (S%, S%,.51),
1 ; 1 0P’ * “3Su+SEH SH Su
St=—¢e"p In(E.E,), T" =—=| g —==— |-Re(E*'E" 1 : o
M AL S(g P’ g ) T = = Str 25, - 855 SYr
Iy s - Sz oy 4Sr1 Ty _ Qv _ QY _
E*=(0,E), E.= %@1, ~i,0), E,=(0,0,1) o bro 3OS Srp =i = Sir =0
e E_,E,, E_: Spin states with z-components of spin s,=+1, 0, -1 Polarizations E St | St | St | Sce || STr
o Ex =(1, 0, 0), Ey =(0, 1, 0): Linear polarizations Longitudinal +z \%(—1 —i, 0) 0 |- _}_% 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. Transverse —a % 0, +1, —i) | =1] 0 0 | — ll L %
(2) Combination of transverse polarizations. 1 1 ;
oy B, Transverse +y -%(—=2,0,-1)| 0 |+1| 0 | =3 || -3
polarization Transverse —y é(~z 0,+1)| 0 [-1| 0 | —3 || -2
i e Linear x (1,0, 0) 01010 |+;5|-1
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
Sl _=SEY) _d’aC 1
pdoptu X X y - FqT 2 —
cos(2 e’x x)+q,(x)|x A by
dt dq; d¢ dy 67s’ ( "’)jmm(x T (1, ) (x, = x,)(T = x,x,) 2,," el 2D+ L]0 ()
2
F=NC 1, min(xa):xl z', xb:x"x2 T
2N, Ii=—=x; xn—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 , —=2 3
e CTEQI14 for g(x)+ g(x), NNPDFpoll.1 for Ag(x)

o.pd—m*u‘X do.pd—m*u‘x
S =l ) — e o

0.001 -

0.0001

0.00001

(E,)
2 2 y
Cross section: Dimuon mass squred (M fw = Q") dependence Spin asymmetry: A, = didg A dy ti;qu 4pdy
pdop X + O-pd—m*u‘X (E.)
drdq;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
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M 2(GeV?)
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Experimental possibility at Fermilab in 2030°s

Polarized fixed-target experiments
at the Main Injector,
Proton beam = 120 GeV © Fermilab

D. Keller. Technical Report,
FERMILAB-PUB-22-381-743V, 2022,
https://arxiv.org/abs/2205.01249.

. Drell-Yan experiment with a polarized proton target
F e rmllab -E 1 03 9 Co-Spokespersons: A. Klein, X. Jiang, Los Alamos National Laboratory
(SpinQu est) 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, 1.-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

The SpinQuest Collaboration®

Proposal for a Fermilab-PAC




Nuclotron-based Ion Collider fAcility (NICA)

SPD
CV ctor) ¥

3 MPD .
BM@N (Detector) *‘f (Detector)

i Extracte d beam Collider g
Injection Complex ‘Y Zﬁ \
\ ¥ ‘

E
! nu‘
Boosler e £ -
& :
~ »y
'ﬂ\ >

SPD (Spin Physics Detector for physics with polarized beams)
MPD (MultiPurpose Detector for heavy ion physics)

* *’é ks

1_5 + 1_5 R /spp =12 ~ 27 GeV On the physics potential to study the gluon content
e g of proton and deuteron at NICA SPD, A. Arbuzov et al.
d+d: \[syw = 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, . e
Review
especially on the deuteron spin physics. o0 e physics poten B toshidy s ghuon contentolproton: |y
by B A.Afbuzqvt:]A.Bacchel{la"-'.MA. Butenfchoen"’.F,G,Cglipeno"-‘-'-’. s
— Theoretical formalisms need to be developed. N.YaIvanov-(1 . uskov->. A Karishkov - 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

i e (P,T| 7,W (0,0, (&)| P,T)

W(0.5)=Pexp| -ig [ a¢- A& |

+ d"

Spin vector: S* = SLﬁr_z” -S, + Sy (Dif(k’P’T)=j(2,,
, 14 P _,, P, 2 —{u v v M v 1 M* v
Tensor: T* =5[§SLL—M2 n'n +ﬁn“‘SL}—§SLL (n“‘n }—g}’V)+S#T 2P n'*Sy) +— SLL TSR n*n

Tensor part (twist-2): Bacchetta, Mulders, PRD 62 (2000) 114004
0, Pk° ) k kT + [Anyv + (

Tensor part (twist-2, 3,4): n* dependent terms are added for up to twist 4.

A

iPl’_i_A
M

ln LNy /04
M

Ok, P, T)= By p 15 16 40
( ) (M ZMZP ]”2]( ,’”3

Jo-

+ Veﬂ,paP” k"y’ys}kﬂT”"

[For the spin-1/2 nucleon: Goeke, Metzand, Schlegel, PL.B 618 (2005) ,90; Metz, Schweitzer, Teckentrup, PLB 680 (2009) 141.]

Kumano-Song-2021, for the details see PRD 103 (2021) 014025

Ap 14 P10 Wy A P Ay ) Ay pP1LOAT w Bacchetta
®(k, P, T | n)= ( iy I+ a P + 0.4 + ©0,,P’k’ |k kT Ay, + U P oL k* |o,, o EpoPPR°Y Y5 |k, T ~Mulders (2000)
B, M B,M B B,,M
+ 21 k 22 T,l.lV + . £ Pp 23 T O 24 k‘r c TﬂV
P T (Pony T\ Py " T @y
B 2 4 2 2 2
+ Il);zs ﬂkukv_'_[(B;dW) B, F"‘ B,, k/) n, [(3;71‘4)3 +(BI:9A4)2P+(BI:IIM)2 k/)nunv_'_B;)zM '}’u”v:|T”V
New terms Lo " o " "
o B 2 2
1l our paperjy - smp‘,y’P"( By, °k, + By k°n, B35M2 n"nvj+shpak’l’y’P"n [ B, Tk k, + By Tk,n, + B38M3 n#n‘,] y T
(2021) L P-n P-n (Pn) P- M (P n) (Pn)
B B, M’
k*P’n a( 39 40 n, |ny T
mptr 2 My 3% 5
(P-n) (P-n) ]
3
0, | PPk’ B, n, + B42M2 n,n, |+P°n° _ By k,k, + B“"M2 k,n, + B45M3 nn, ||T
(P-n)M (P-n) (P-n)M (P-n) (P-n)
3 3
+0,,| kn’ _Bu .+ B47M2 k,n,+ B“SM3 nn, [|[T* +0, o BuM k, B5°M2 n, [+ BaM ) i +—BSZM k° |n, (T
P (P-n)M * (P-n)* * (P-n) * P-n (P-n) P-n P-n

From this correlation function, new tensor-polarized TMDs are defined
in twist-3 and 4 in addition to twist-2 ones.

Terms associated with

1
n=——>1,0,0, —1
72 )




[ ) [ ) PRD
TMDs and their sum rules for spin-1 hadrons M o G

X tnssverse plane

: ] =2 m =1%1
Twist-2 TMDSs Bacchetta-Mulders, PRD 62 (2000) 114004. O
S (. ms =
Quark |y (y*) L (y'ys) T (ic™y,/o™) A
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i T T Sir = - 5{1 = ) . = {

U fi (1]

L g | il == 0-0 = 0]

T L S Sir | Ley], U] Time-reversal invariance in colliear corrlation functions (PDFs)
uh [k, @, o (k) =0
| [Ay11]s [hfLTD Sum rules for the TMD:s of spin-1 hadrons
el i) [k, by i3y =0, [k g (eik) =0,
' [k, by, (e k) =0, [ &ty by (x,def) = 0

Twist-3 TMDS SK and Qin-Tao Song, PRD 103 (2021) 014025. Twist-4 TMDs
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PDFs for spin-1 hadrons
Twist-2 PDFs

Quark U L (y"7s) T (io"ys/0™)
Hadron T-even T-odd T-even T-odd T-even T-odd by, (6), *2:g,,(0), *3:h,x), *4:h,(x)
U h Because of the time-reversal invariance, the collinear PDF vanishes.
L 21 (2) However, since the time-reversal invariance cannot be imposed
: I , in the fragmentation functions, we should note that the corresponding
T (] fragmentation function should exist as a collinear fragmentation function.

Fur®) |

[ ] = chiral odd

Twist-3 PDFs Twist-4 PDF's

Quark | 57 1,iy, Y'7s cl, o7 Quark s Y7Ys c"
Hadron™ | Teven | Todd | Teven | Todd | Teven | T-odd | Hadron™_ | T-ven | T-odd | Teven | T-odd | Teven | T-odd
o | o | 5 | | |
L (A ] L &L
| T ]

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



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).

TMD distribution functions: [ %2, Same sl . X5k, SN M %, Sy o't | Shandong group:
U K.-B Chen, W.-H. Ynag,
i 4 g B . | S.-Y. Wei, Z.-T. Liang,
TMD fragmentation functions: D, G, H, E; z, k;, S,, T, M,, n, Y, O | PRD 94 (2016) 034003.
Collinear FFs, twist 2

Collinear FFs, twist 3

. L3
Collinear FFs, twist 4
Quark U@t L (77, T (i6™y, /™) Quark Y 1,iy, Yy, oo™ Quark ' 7Ys o
Hadron T-even T-odd T-even T-odd T-even T-odd Hadron ”:Ir‘-reven T-odd T-even T-odd T-even | T-odd Hadron T-even T-odd Teven | T-0dd T-even T. odd
v b | | v B | | U D,
L Gy, | | L | | [Hy] 1 L Gy,
T [H,] T Gy T [H3p]
LL Dy, LL [£] [Hy;] LL Dy,
LT [H112] LT Dyy Gir : LT ; [H3p]
T | | T | TT | |
[ ] = chiral odd .
Q 0
TMD FFs, twist 2 TMD FFs, twist 3 TMD FFs, twist 4
Quark | Uy L (7'7s) T (i6™y, /™) Quark 71,8y, r'7s 6o Quark s 775 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
.l
U D, (i) U 7 G* [H] U D, 31
L
L Gu [ L ey | e [H,] L Gy, (4]
Dy, Dy
T Dy | Gy [H,], [Hir] T [ET' E-l:] G1,Gy [Hy], [H7] T Dy Gir [Hyyl, [z
D,
LL Dy [Hii] LL I III/] Giv [Hy.] LL Dy, [H3i.]
N T Dyy. Diy P — "
LT Dyyx Gy [H o], (il [ Eir] LD PLr Ll LT LT Dy Gy [H3p 0], [Hp 0]
Dy, DL n
TT Dirr Gy [H,11], [Hir] T [ “’ “] Gy, Gty [H ], [Hip) TT Darr Gyrr [Hyrrl, [Hir]

New TMD FFs



may skip

Analogous relations to Wandzura-Wilczek relation

and Burkhardt-Cottingham sum rule Twist-3 PDFs
Quark U@y’ L (7*7s) T (i6"ys/0™) Quark |y 1,iy, Y*Ys o0
Hadron™ | Teven | Todd | Teven | T-odd | Teven & Todd | Hadron™_ | T-even | T-odd | T-even | Todd | T-even | T-odd |
U fi . ' U [e]
; | Twist-2 PDFs | |
L g gu(e) | : L | | [hu]
T Uil | T &

[ ] = chiral odd

We derived analogous relations to Wandzura-Wilczek relation

and Burkhardt-Cottingham sum rule for f; and f; . SR and i TaoiSun s

JHEP 09 (2021) 141.

For spin-1/2 nucleons,
1d 1
g,x)=—g (x)+ J. —ygl( y) (Wandzura-Wilczek relation), ‘[0 dx g,(x) = 0 (Burkhardt-Cottingham sum rule)
)y

For tensor-polarized spin-1 hadrons, we obtained

1d 1 2
et = _.flzL(x)"'L %ﬁZL(J’)a jo dx f,7,(x) =0, f;LT(x)ngLT(x)_ﬁLL(x)

[Lax ;=0 it [ ax . x) = %j:dx 5 =0

Existence of multiparton distribution functions: F,,(x,,x,), G, (x,x,), H s 1 (X15%,)s Hg 17 (x5,5x,)




Relations from equation of motion and Lorentz-invariance relation

Im- SK and Qin-Tao Song, .
for spin-1 hadrons S e A g may skip
1 G,LT(x9y)+GG,LT(x9y)
o xf, (x)— I dy[FDLT(xay)+GDLT(xay)] 0, xf,,(x)- fl()(x) TI dy X—y =0
i 8 m é JLL (x,y) m
® xeLL(x)_Z_[_l dyHD,LL(an’)_MﬂLL(x) =0, xe,(x)-2P d - _MfiLL(x)z 0
and the Lorentz-invariance relation
df1 D (x) F, . (x,y) Lorentz invariance
dx ~Jur(X)+7 f11L(x) 2P j dy —(x —y) 2 = frame independence of twist-3 observables
k 72
transverse-momemtum moment of TMD: £ (x) = Id ’k W —— f(x, k2
Twist-2 PDF's Twist-3 PDF's Twist-3 TMDs
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Relations on fragmentation functions

2 - = dz, H (2,2
° LL(z)+iHLL(z)—ﬁ‘1 1LL(Z)=ZZ|:_1H1J'IEI{)(Z)+?IZ 2y G,LL( 1):|

(zl)2 1/z=1/2,

Qin-Tao Song,
PRD 108 (2023) 094041.

m o d G ,Z °%
D1 @)+ 16100+ 20 =~ 1685 0) [ e Sos G|l iy o)+
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) 1 G,IT 1l
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D) 1 (2) 1r(2) z( zdz) hor(2) L (zl)z (1/z—1/z1)2

d 0, > 0o dzl Im[Hé"LL(Z,Zl)]
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d

[ ] = chiral odd

Twist-2 FFs Twist-3 FFs

dz, DG,LT(Z’ZI)
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Twist-2 TMD FFs

Twist-2 TMD FFs
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Kuture prospects
and summary



Recent progress
Twist-3 PDFs

* Drell-Yan: Si-Yi Qiao and Qin-Tao Song, PRD 111 (2025) 054026

Quark ¥, 1, iy, 7'y, oo™
1 o e Semi-inclusive DIS: J. Zhao, A. Bacchetta, S. Kumano, T. Liu,
. “ and Y.-J. Zhou, JHEP 12 (2025) 067;
o | o W. Cosyn and C. Weiss, arXv:2603.23699, 2603.23700.
v e fir(x) estimate: S. Kumano, K. Kuroki, PLLB 875 (2026) 140348.
Twist-2 TMDs - A7, ) i 2
T e e * OPE derivation of twist-2 relations, arXiv:2605.00430.
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I may miss your papers.

Other works on spin-1

GPDs
E.R. Berger, F. Cano, M. Diehl, B. Pire, Phys. Rev. Lett. 87, 142302 (2001);
W. Cosyn, B. Pire, Phys. Rev. D 98, 074020 (2018).

Lightcone models on p and D
B.D. Sun, Y.B. Dong, Phys. Rev. D 96, 036019 (2017); 99, 016023 (2019); 101, 096008 (2020);
N. Kumar, Phys. Rev. D 99, 014039 (2019);
S. Kaur, C. Mondal, X. Zhao, C.-R. Ji, arXiv:2507.09886.

Lightcone models on TMDs
C. Shi, et al., Phys. Rev. D 106, 014026 (2022);
S. Kaur, et al., Phys. Lett. B 851, 138563 (2024).

Spin-3/2

J. Zhao, Z.. Zhang, Z.-T. Liang, T. Liu, Y.-J Zhou, Phys. Rev. D 106 (2022) 094006; 109 (2024) 074017,
D. Fu, B.-D. Sun, Y.-B. Dong, Phys. Rev. D, 106 (2022) 116012; 10 (2023) 116021;

D.-Y. Fu, Y.-B. Dong, S. Kumano, Phys. Rev. D 109 (2024) 096006; 112 (2025) 096027;

D.-Y. Fu, Y.-B. Dong, S. Kumano, J.-J. Xie, arXiv:2602.11587 (PRD in press).



High-energy hadron physics experiments
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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, ¢«
* 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? Stangatgmodel

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?!



The End
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