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NuCleOn Spin Almost none of nucleon spin

N T e — Nucleon spin puzzle!?

S

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

“old” standard model

Tensor structure bl (e.g. deuteron) Tensor-structure puzzle!?
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Gluon transversity A, g

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

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

2 28 2 22
bymns. | ) | 1 <k 1 1 N
Quark transversity in nucleon: Aqgx)~ A +5 + ot AL A = +E — A, = = quark spin flip (As =1)
As =1
i A,
A A,
AA,J.,-.A,A/

Gluon transversity in deuteron: Agx)~ A(+1+1, —-1-1), not possible for nucleon
% As=2 E
+ p—
+ -

A

-, ——

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

gn b] (6Tq9 6Tg) 7 0 & Still ATg — 0

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



Twist-2 TMDs for spin-1/2 nucleons and spin-1 hadrons

Twist-2 TMDs Bacchetta-Mulders, PRD 62 (2000) 114004.
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: : : *1 Because of the time-reversal invariance, the collinear PDF £, , , (x) vanishes.
SJur(®y) : : . ! ; . d
: : However, since the time-reversal invariance cannot be imposed

in the fragmentation functions, we should note that the corresponding

fragmentation function H,,, (z) should exist as a collinear fragmentation function.
(see our PRD paper for the details)




TMDs and PDFs
for spin-1 hadrons
up to twist 4

Note: Higher-twist effects are sizable at a few GeV?2 Q>
in tensor-polarized structure functions,
W. Cosyn, Yu-Bing Dong, SK, M. Sargsian,
PRD 95 (2017) 074036.

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




TMDs and their sum rules for spin-1 hadrons

Twist-2 TMDs

see Appendix I and PRD paper
for the details

Time-reversal invariance in colliear corrlation functions (PDFs)
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New TMDs



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: f, g, h, e; x, k., S, T, M, n, y*, o
U

TMD fragmentation functions: D, G, H, E; z, k., S,, T,, M,, i, v, 0"

Collinear FFs, twist 2 Collinear FFs, twist 3 Collinear FFs, twist 4
Quark U@t L (77, T (i6™y, /™) Quark ¥ 1,iy, Yy, oo™ Quark ' 7Ys o
Hadron T-even T-odd | T-even | T-odd | T-even T-odd Hadron TevenTodd T-even Todd T-even | T-odd Hadron TevenTodd T-even T-odd | T-even | T-odd
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New TMD FFs



PDFs for spin-1 hadrons
Twist-2 PDFs

Quark U L (y77s) 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.
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Twist-2 relation and sum rule
for PDFs of spin-1 hadrons

(analogous to the Wandzura-Wilczek relation
and the Burkhardt-Cottingham sum rule)

SK and Qin-Tao Song,
JHEP 09 (2021) 141.




PDFs for spin-1 hadrons

Twist-2 PDFs
Quark U@ L (y*ys) T (ic™y,/ 6™)
Hadron™_ | Teven | Todd | T-even | T-odd | Teven | Todd |
U i |
. @ | We derived analogous relations to
g : L3 Ld
i Wandzura-Wilczek relation and
T L Burkhardt-Cottingham sum rule
LL Jur(®y) for fir and fip..
LT ‘ %1 SK and Qin-Tao Song (2021)
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Wandzura-Wilczek and Burkhardt-Cottingham relations for g, and g,

2

Structure functions: jd(lz)—g)e"x’ﬁé_ <P,S‘ gO)y yy ()| P,S>¢+ :  =2M, |:g1L(x)ﬁ#S'n+gT(x)S# + 85, (%) My n"S-n:|
” =l

£ (P*)?
+ 2 +
S”=SLP—71”—SL Mﬁn”+S,ﬁ, P”=P+ﬁ”+M—]‘frn”, S-n=SLP
M 2P 2P M,

J. Kodaira and K. Tanaka,

1 1
&)= 80+ 8u.(0], &0+ 80 =7{er )+ g (0] Prog. Theor. Phys. 101 (1999) 191.

Operators: R =" gy %y D ... ity = RIPtort) 4 RITUAI-) = twist 2+ twist 3

R{oﬂl“'ﬂn—ﬂ = l[SO'P{MPﬂz 2 Pﬂn—]) s SMP(O'Pﬂz . ¥ Pﬂn—l) + SﬂzP{”’lPa .- Pﬂ"—l} +-.. :l
n
RiC -t} — l[(n _I)Sop{ulpuz e PRy _QHplopl: | plet _ gl plnpo | pHaad L :|
n
2
<P,S|R‘°"1""‘""} | P,S> =Za,M,[STPH . P 4 PHST . PPt 4]
n

<P,S|R[O'{ﬂ1]"-ﬂ,,_1)

P.S)= 2am, [(STP# — POSH)P# .. Plet 4 (STP¥ — POS*)PH ... Pt ... ]
n

y VI (P.S| RO | P.S) = (S m)[ dix"tg,, (x)+ 57 [ dex"g, (x)
ZMN(P+)I1—1 #1 Mt 2 2 -1 1L T ), T
. 1 {opty - fy} 1 (o {1 pya}
= ML (P nen <P,S|R P,S>+ M, (P n,---m, <P,S‘R P,S>
1 E 1 X 1 n-1
- L dxx"'g,(x)=a,, J._] dxx""'g (x)= —a,+ d,
A n— ! n— 1 1 f n— 1 n— 1 1 n—1
- Io dxx""'g,(x)= J._ldxx y EglL(x) =5 ‘[0 dxx""'[g,(x)+ g,(x)]= I_ldxx : EgT(x) =2l tew d,

1 g 1 e 1d n—1
L Io dxx""'g,(x) = J.O dxx"! |:—g1(x)+ L Tygl(y)} + ?dn

. 1dy -
If we write g,(x)=g)" (x)+g,(x)=—g,(x)+ | —g,(»)+&,(x)
2 2 % . -[ x yt 8 Note: Twist-3 operators R'“*"#-1) are obtained

n-1 i by the Tayler expansion of &, (0)(0“y” —0°y*)y,w (&),
on & which needs to be investigated in details

for finding the details of twist-3 terms.

1 1
- 8" @) =-g,)+ | Yo At d=wilizek Telation): J'O dxx""'g,(x) =
*y

1
- _[0 dx g,(x) = 0 (Burkhardt-Cottingham sum rule)



Twist-2 relation and sum rule

e Twist-3 matrix element in terms of tensor-polarized PDFs

(P,T| F )@y -3y " ()| P,T) = 25, [ dxeE [_ % g fLT(x)_%{xfn(x)}] see Appendix II for the details
o Twist-3 operator in terms of gluon field tensor
L vy ot-y o w)]=¢ .[ dtl//(O){ (t - E) GRS _75 (tg)}é” v Note: Twist-3 operators R'°*“"#~1) are obtained

by the Tayler expansion of £,y (0)(0“y° —d°y*)y (&),
which needs to be investigated in details

_[d(;;’f)eix.ré (P,T| gJ' dt u/(O){ (t = 5) G* (t&) - —ySGﬂV(t!,‘)} & gw(§)|P T>§+ - for finding the details of twist-3 terms.

o Matrix element of field tensor in terms of twist-3 multiparton distribution functions

[ { ,LT(xl’x2)+GG o (% 5x2)}+ { ,LT(xzsx1)+Gc LT(xzaxl)}i|

d;
x%———fm() U (x), Higher-twist: £ (x)= ’PJ‘ d —[ {FGLT(x’y)+GG,LT(x’y)}+ {FG,LT(y,x)+GG,LT(y,x)}}
_ 3 pewdy O dy . ur) b, i )+ x>0
_)fLT(x)_EJ-x 7];LL()’)+L TfLT ), e(x)—;PJ._mdy;e "= 1 x<0

Define f*(x)= f(x)+ f(x)= f(x)= f(=x)s f=fizs frrs fa"s x>0
= fii(x)= %J- o (y )+J. &y Y (y)  — Twist-2 relation: f,}(x) = J' flLL( )

If we define f,,, (x) = —fLT(x)— Jie (),
R e I fuL = J- dy AT+ (y) s Twist-2 relation:  f,5, (x)=—f,7, (x) +I f1 7. (), Wandzura-Wilczek like

— Sum rule: ‘[0 dx f,},(x)=0, Burkhardt-Cottingham like

1 2 el 1
If the parton-model sum rule without the tensor-polarized antiquark distributions _[0 dx f,;, (x)= = L dx b(x)=0 isvalid, — Sum rule: _[0 dx f,;(x)=0

Summary on the twist-2 relation and sum rule

J'dxb”(x)—llm 15 F(t)+2 jdx&q,(x)

=07
F. E. Close and SK, PRD 42 (1990) 2377.

1 1
g, (x)=—g (x)+ J' ﬂg1 (¥) (Wandzura-Wilczek relation), J.o dx g,(x) = 0 (Burkhardt-Cottingham sum rule)
= 3
For tensor-polarized spin-1 hadrons, we obtained

1 2
fir @ =—fh 0+ [ fm(y), [ ax £z =0, Fur @ =3 fir ()= fi(0)

1 1 2 ¢l
L dx £} (x)=0 if _[0 dxf,ZL(x)=§IO dx b (x)=0

Existence of multiparton distribution functions: F;,,(x,,x,), G, (x,,%,), Hg ;, (x;,X,), Hg 1 (x,,%,)




Relations from equation of motion
for PDFs of spin-1 hadrons

(Equation-of-motion and Lorentz-invariance relations)

SK and Qin-Tao Song,
PLB 826 (2022) 136908.




Relations from equation of motion and Lorentz-invariance relation

f()l’ Spin- 1 h adr()ns Lorentz invariance = frame independence of twist-3 observables

see Appendix 111
for works on spin-1/2 nucleon
We explain derivations on relations from equation of motion for quarks
»¥)+ GG,LT (x,y)
x—-y

=0

o xf,, (x)— j dy|[ F, 11 (6,) + Gy, 11 (x,3) | =0, xf,,(x)— fi1) (x)— ?j dy Foar®

H(J}_,LL(xsy) h

+1 m +1 m
@ xe, (0 =2 Ay, (00) =+ () =0, xe,(0)-2P[ dy —fi(@)=0

and the Lorentz-invariance relation

de ()
dx

G,LT(x,y) k2

x—y)

_fLT( x)+= -flLL(x) 2TJ d f(x k2

=0, transverse-momemtum moment of TMD: f"(x) = J d 2k

Twist-2 PDFs Twist-3 PDFs Twist-3 TMDs

Quark U L (r*75) T (i6"ys/0™) Quark | ' 1,iy, Y'7e 0’07 Quark|  y(y*) | L(r'ys) T (i6™*y,/ 0™)
Hadron™ | Teven | Todd | Teven | Todd | Teven | Todd | |Hadron™ | Teven | Todd | Teven | Todd | Teven | Todd | |Hadron™_|Tecven| Teodd | Teven| Todd | Teven | Tl
v A v v A 3 o

L $u.(8) L U L g il
T i T gt T sk | e [l U]
LT It @ fu *1 LT (| fur | Euur §[h1LT1,[hfLT]
T T ‘ TT | fir | g Uryeel Vi)

[ ] = chiral odd




Equation of motion for quarks I

0=0D,y" -my =Dy +iD"y" +iD,y* —-m)y, a =1,2 (transverse index)
ic*” - (this equation of motion), use c*y” =i(g™y* — g™y*)—e*°y y,, € =+1

- [iy*D* ~y*D*) +iey y D" ~iey*y D, +imo™* |y =0
0= j‘;—i—em’*é' (PT[FO)[y"iD" —y*iD* +igiy,y4iD" - igiy "Dy, +imo** y(&)| P,T)

— 0=P"Tr[®}(x,P,T)y" |- P*Tr[ @} (x,P,T)y" |+ief P*Tr[ @} (x,P,T)y ;Y5 |- ie@ P*Tr[ @, (x,P,T)y "y | +imTr[ @(x,P,T)c** ]

"Equation of motion" expressed by multiparton correlation functions, P :momentum, T :tensor polarization

dé d&, pe g
Multiparton correlation functions: (®%),(y,x,P,T)= J.Z—(;Z—gze’y” Sel-re: <
T 2r

7O (EDWO,EW,(E)| P,T)
X (Y*)=G (gG™*), A (gA*), D (iD*), D* = 9*—igA*, W(O,é')=Pexp|:—igj:_df'A*(é)iLEE 3
Collinear correlation function: (cpg),.j(x,P,T)sj dy(®4), (y,x,P,T) = — j' dé "' (P,T | §,(0)iD*(E)W(O,E )y, (&)| P.T)
By PT) = [ O PT), B30, PT) = 5 o[ St Fy 1y (3) IS 7,7 G g (9) + 8,7 “H 1 (93) + SEY  Ho gy (30|
Expression in terms of multiparton distribution functions.

FD,LT(x9y) = FD,LT(y’x)a GD,LT(xyy) = _GD,LT(y,x)’ HLJ)-,LL(xay) S _HIJ)-,LL(y’x)’ HD,TT(x,)’) = _HD,TT(y’x)

(I);)(st9T) = +1dY‘I’Z(y,x,P,T)= +ldy6(y_x)y¢)(yaPsT) = x(I)(x9P’T)
-1 -1

@, P1)= [ e (1|7, OWO.E W PT), , = ;[ ST Fiun () + S0y (50 + 5 Sur i () + (;‘f) LJfstL(x)]ij
Refs. SK, Qin-Tao Song, PRD 103 (2021) 014025; JHEP 09 (2021) 141; PLB 826 (2022) 136908.
= 4fyr @)= [ dy[F, 1 (6,) + Gy (x,3)] = 0
<1>g(x,P,T)=M [ S8 10 (%) +IERS 1 ¥ 5G 1 (%153,) + 81, Y H 1y (%,03,) + Sy He 1y (6%, |
! 1 1 - see Appendix IV
e R g (x)”)( y] % GD’”(x’y)=T(x——yJGG’”(x’y ) U= fd for the details

G,LT (x,y)+ GG,LT (x,y)
xX—=Yy

=0, transverse-momemtum moment of TMD:

= X ()~ fih @) - P[ " dy



Equation of motion for quarks II

0=(D,y" —m)y =(iD*y” +iD"y* +iD,y* —m)y, o =1,2 (transverse index)
Y™ - (this equation of motion), (iD* —ic™*iD,—my*)y =0

- 0=P'Tr[ @} (x,P,T) |- P*iTr[ ®} (x,P,T)0*" |- P*iTr[ @, (x,P,T)0** |- mTr[ ®(x,P,T)y" ]

P,T>

a ol a a M a a —
@, (x,P,T) = J._l dy®@;,(y,x,P,T), q)D(y’x’P’T)=_[SLT Fy 7 (ysx)+iefS,, w¥s0p . (0,X)+ 8, Y H;)-,LL(y9x)+STT’}//.t DTT(yax):I}{

FD,LT(x‘)y) = FD,LT(y’x)’ GD,LT(x9y) = _GD,LT(y’x), HD,LL(x’y) = —Hﬁ,u(y,x)’ HD,TT(x’y) = _HD,TT(yax)

LLﬁf;LL (x):|

2

M )+

R 1 M
o, (x,P,T)=xP(x,P,T), ®(x,P,T)= —[ S A [ (x) + R Orr ) e i Py

1

+1 m
- xeLL(x)_ZI_l dyHlJ;.LL(x’y)_ _flLL(x) =0, HlJ)-,LL(xay) = ?(E] Hé,LL(x’y)

~ xe,, ()-2P [ dy Houey)

WE=Y

~fiu () =0

Lorentz-invariance relation for tensor-polarized PDF's

Yt GG,LT (x,y)
xX—y

xf, (x)= £V (x)-P I dy Four(x =0 (1)  from equation of motion I
Y™ _

» flLL(x) + ?j dy—[ {Fs 1 (x,3)+ G 1 (x, )} + %{Fw (9,X)+Gg 11 ( y,x)}:| (2) from Wandzura-Wilczek-type studies

) » 2
Lot (1) anduse @) fyp (o) +x L) Jur &) Tj_ldy[FG’LT(y’x) ComBR 1 {BFG’”(””‘)—aG@””’”H:o

dx dx (y—x) y—x ox ox
- S v T G 9 rp G
_fLT(x)_Ef;LL(x)-i_ J'—l )’m a—x{ (;,LT(x9y)+ G,LT(x’y)}+a_y{ G,LT(y’x)+ G,LT(y’x)}

de;)(x) P[" dy[FG,LT(y,x)—GG,LT(y,x) Yedl {aFg,LT(y,x)_aGg,LT(y,x)H

(y-x)° y-x ox ox
1)
= f (x )—Lx(x) 3f1LL(x)+2?.[ d %, Fy1r (95%) = =F 1(%,3), G 1p(3,%) = Gy 11 (%,9)

df; @ (x)
dx

F; JIT (x,y)

2 =0
(x—y)

~ f )+ =22 dy



Summary on relations from equation of motion
and a Lorentz-invariance relation

* We derived relations among tensor-polarized PDFs and multiparton distribution functions
by using the equation of motion for quarks and also showed a Lorentz-invariance relation.

Relations from equation of motion for quarks

Forr (X, )+ G 1 (x,y)
xX=)y

=0

o 5@~ [ D[F, 00+ GCy )] =0, @£ -P[ dy

A  Hg,, (x,y)
° xe, (x)-— 2_[ dyHDLL(xay) f1LL(x)=09 xeLL(x)_Z?I_ldy gr - _Zn‘;-flLL(x)=0

Lorentz-invariance relation

dfl 1) (x)
dx

&) koo, Lorn )




Future prospects
and summary



Spin-1 deuteron experiments from the middle of 2020’s
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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

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

New signature beyond ‘‘standard’ hadron physics?

TMDs up to twist 4

Higher-twist effects could be sizable at Q? of a few GeV?
— Our relations (WW-like, BC-like, from eq. of motion, Lorentz invariance)
could become valuable for future experimental analyses.

Not discussed: GPDs, GDAs (Generalized Distribution amplitudes = timelike GPDs), ¢ ¢ ¢

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.
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Appendix I

TMD correlation functions for spin-1 hadrons
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Tensor part (twist-2): Bacchetta, Mulders, PRD 62 (2000) 114004
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Tensor part (twist-2, 3,4): n* dependent terms are added for up to twist 4.
[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
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From this correlation function, new tensor-polarized TMDs are defined

in twist-3 and 4 in addition to twist-2 ones.
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Collinear PDFs for spin-1 hadrons Appendix 11
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Relations from equation of motion and Lorentz-invariance relation

for spin-1/2 nucleons Appendix III
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Relations among multiparton distribution functions

Multiparton correlation functions

((I)"Y‘)'_/(xl Sl D)= JLél_ng_e,xunzfeurz—x.u'*g; <P,T‘ 'P/(O)Y”(gz_)'l'i(él_)‘PvT>’ X (Y*)=G (gG**), A (gA"), D (iD*), D* =9*—igA*

(pl) (xl 7x’ 7P T) [SIT[‘II If(xl ’x’)+ ls IT.[lySGI).LT (xl ’x2)+ SLLyaHIJ;J_L (xl ’x2)+ SﬁyﬂHDJT (xl ’xl)]ﬁ

2P
M . p
D5 (x,,x,,P,T) = TI[S:TFU.LT (x15%,) + ISTH#SLTApySGU.LT(xI 2X,)+ SLLYEHKJ;.LI_ (xp5%,) + S#},[LHU.TT (%, vxz)]’[

k,-weighted correlation function

(@), (.P.1) = [ by P.T) = [ Pk ks [ 2L e (p 1)y W 0.0y, )| P.T) = [ % e (p.1] 7, @ids W 0L w, )| P.T)

(2 ) k+=xP+4§*=0 k*=xP*§*=E,=0
WHHI(0,€) = U[0,200 0" [0, 00, 10 [0, , &, U [teo™, 7]
o (§wH (0»5)5251:“ = U_[O,é']l);'(é)g‘:a:“ + igU'[O,iM']J.i_ dn U [1o", 0 1G**(n7)U[17,€7], o =transverse=1,2

@), (x,P,T) = j‘;—ie"""ﬁ' (P.T] 7, @i @W 0Ly &|PT), ... = j’;—ie"”‘f [< P.T|,)iDf €y, (9| P.T) —<P,T 7,0 _dan sG*

P,T>i|
it =xp* £ =E, =0

G =A%) forA'=0 o [* a6 )= AE) - A% ), DFE)=iD3E )+ AT

= j%em{ [(P.T| 7,002 W O] P.T)+{P.T| 7,0084% (& = 2oy, ()| P.T) ]
Average of ®}* and ®;* :
5 (@Y%), (x,P,T)+(®5'),(x,P,T) _ ¢dE™ ,pup
@), (x,P,T)=—2 2 =‘[Ee . [< ]

it =xpP* £*=E,=0

Ww{M}w&)‘ P,T>]

2

HOEHRUA] P,T>+<P,T =

1 - k -8, kyy - SK -k, &St kY & S¥krk,
D(x Ky T i =5[f.,_,4(x, K8, = fru0 (e k) =E 1 + fr (x, Ky >%ﬁ+g, (x, k )%wﬂgm (x, k )Tm

Sikiki—Si k2 /2

(SLKiKL = SL K2 12)k] e
M2

A Sij ki
O i, + Iy (x, k7) T;/[’o"“n + i (x, k) e b

k 8 2
+h, (x, kp )Su.ﬁo'”" + Iy (X, k7)S} 0 R, + I (x, K7)
2 M ’
B (0, iz = [ AT KKy T i = 7[/,;“(;:)57, T+ 855 (DEFS Yo7 = WD (x)S,,0% 7, + i3 (x)SE o 7" |

i)

= %[fl{;“”(x) + [l (0]S8 7, = fl‘” (X)S% 7, ® =T-even, onlyf,"(x)is T-even, transverse-momemtum moments of TMDs: [ (x)= Jd k k; Zf(x,kf.)

Lightcone gauge A* =0, G™=3_A%(y") —A%(y)= —j" A G™ @)+ A" () ==[_ dr 8z - y)G** () + A%(), A%(y)= j; A7 G™(2)+ A% (o) = [ dz 8(y = 2)G™ () + A% ()

A% (e0) + A% (—e0)

A%(y)= 3

1=
~5 [ dre -6 @), 6 -y) =06 ~y)=007~2)

BERAC R _
@%),(x,,x,,P.T) = ITiTéze' eI (PLT |7, (0)gA (&)W (ED)| P.T)

48 48, g yisimsorss AT AT (o) A= e BN =
=[S P.T|,(0) 3 S| anetr )6 ar) v\ P )
1 L mPtE -
@, );(x,,P,T) = FJ%‘” 5 (P.T|7,(00gA% (& = 1<)y, (&D)| PT)

em -& )=iT I~ dmle“mln'—é;», [ A&7 485 s i | amem -&)=2ip J'dél e s IR

2r 2m (x,—x, )P+ - 27
(‘P:H- >) (xl’P T)+(¢:(-’7) (xl’P ) 1 y 1 dg_ dé_ i PYET i(x,—x)PYE = e g =
=8(x, - x,) o EZlT(xl—xz)P+-[ e (P.T|7,(0026 (& w,(&)|P.T)
x,,P,T)+(®* i (x,P,T 9
=45(x, —x,)( s Rl W Rl W +(®F),(x,,%,,P,T)
2 (x, —x,)P i

©F (3,5, P,T) = 8(x, — 3, = 8% (x,P,T) - P—— @02 (x,,x,,P,T)
P (x, —x,)P

1 1
> Fnu(xnxz) 5(x| _xz)flm(xl)"'T[ ]H(JZ-,LL(XI %35 Hl),’l"l‘(xl’xz):?[ JH(;;rr(xl 2%,)
ke -x X, =X,

1 2

1
— JGG,I.'I‘(xl’xz)S H:J;,l_:,(x| X,) = ?[
2

JFGJ.T(xI ¥X3)s Gl),l_l‘(xl 2 X,) = ?(
—X

Appendix IV




Experimental projects and personal works on spin-1 physics

Year

1990

2000

2010

2020

2030

1988: EMC spin puzzle on proton

1989: Hoodbhoy-Jaffe-Manohar on b,_,
[1983: Frankufurt-Strikman]

1998: Courant’s BNL report on
polarized-deuteron acceleration at RHIC

2005: HERMES measurement on b,

2011: JLab proposal on b,

2016: JLab Lol on gluon transversity

2021: NICA paper on deuteron
2022: Fermilab proposal on deuteron

2025 ~: JLab, Fermilab, NICA, LHCspin, «- -

2030’s : EIC/EicC, -

Appendix V

Personal studies of SK with collaborators

1990: Close and SK on b, sum rule

1999: Hino and SK on formalism of
p-d Drell-Yan

2008: SK on projection operators for b,_,

2010: SK on determination of
tensor-polarized PDF's

2016: SK and Song on tensor-polarized
PDFs in p-d Drell-Yan
2017: Cosyn, Dong, SK, Sargsian,
on convolution estimate on b,
2020: SK and Song on gluon transversity
in p-d Drell-Yan,
2021: on TMDs and PDF's up to twist 4,
twist-2 relation and sum rule for PDF's

2022 : on relations from eq. of motion
and Lorentz-invariance relation

Deuteron spin-1 physics will be developed significantly in 2020’s and 2030’s.
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