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NuCleOn Spin Almost none of nucleon spin
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Drell-Yan experiments probe
these antiquark distributions.
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Standard model prediction for b, of deuteron
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Possible studies on

gluon transversity

S. Kumano and Qin-Tao Song, Phys. Rev. D 101 (2020) 054011 & 094013;
A. Arbuzov et al., Prog. Nucl. Part. Phys. 119 (2021) 103858.



Gluon transversity A, g

Helicity amplitude A(A;,4;, A;,A4;), conservation A, —A, =A, -4,

1 1 J . | 1 1 1 1
Longitudinally-polarized quark in nucleon: Ag(x)~ A(+ —+—y +—+ —) - A(+ ———, +—= —)

250 =2 20 2. W)
by 1 1 1 -~ 1 1 2.5
Quark transversity in nucleon: Agix)~ A +E + e A = +E — ﬂ,f = = quark spin flip (As =1)
As=1
A, i
A; A,
AA,.;.,-.A,A,
Gluon transversity in deuteron: A,g(x)~ A(+1+1, —1-1), A E:-» not possible for nucleon
As=2
" % E_
+ -
A++. ==

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

g” b, (6,9, 8,8)#0 & stillA,g=0

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



Gluon transversity distribution in deuteron

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

X
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E, = 8wz — 8z
z g;/; = gluon distribution with the gluon linear polarization &,
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Spin and tensor of the deuteron S = (S3, S¥, Sr),
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Letter of Intent at Jefferson Lab (middle 2020’s)

Lol, arXiv:1803.11206

A Letter of Intent to Jefferson Lab PAC 44, June 6, 2016
Search for Exotic Gluonic States in the Nucleus

Jefferson Lab,
Electron accelerator ~12 GeV

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

do
dx dy d¢

e'ME
0*>M> 4 Q

o 1d
A0 =2 N e [, y—{ATg(y,QZ)
q

[xyzF (x,0") + (1~ y)F,(x,0* )——x(l VA(x,0 )COS(2¢)}

By looking at the deuteron-polarization angle ¢,

the quark transversty A, g can be measured.




Our motivation by considering the JLab experiment

We proposed to use hadron accelerator facilities for studying the gluon transversity.
Advantages:
¢ Independent experiment from JLab
e Different kinematical regions: larger Q?, smaller x
e Hadron facilities are often useful for probing gluon distributions (namely a leading effect).
e Hadron cross sections are generally larger (not for Drell-Yan).

e The gluon transversity could be measured in a different form

1d
from the integral [ “2A_q(y,0?) in the JLab experiment.
X y3 &

— In our PRD 101 (2020) 054011 & 094013 , we proposed proton-deuteron Drell-Yan process
by considering the Fermilab-E1039.

However, our formalism is valided for Drell-Yan experiments at any other facilities.

J-PARC LHC (fixed target) EIC,
COMPASS/AMBER EicC



Proton-deuteron Drell-Yan cross section

k]_ [.L_

Drell-Yan cross section

1 1 A -1
4o,y =] 5] A6 L) f,6)A6 s M = eME 57 My
In terms of lepton tensor I/ and hadron tensor W,
do . _
i _ @140, (g by, k) 21 |W,,
dtdq, d¢dy 1271: o
d’k, d’k,

dilepton ph : d®,(q; ky, k,)=8*(q—k, —k
ilepton phase space: d®,(q; k,, k;)=0" (¢ -k, 2)2E1(2”)32E2(2”)3

¥ = 2(kk) + kK — k- k,g™)
W,=X Yl a p(x—_m r[ T { @y () + @, ()}, 00 () |, Ty =750

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-_ J ’
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*

~

Gluon transversity: A, g=h,;, ,

(Sorry to use two differenent notations in a talk.)




Proton-deuteron Drell-Yan cross section

Drell-Yan cross section

do Ty (E —E) azac - 1 1
pdoptu XX y sSCrlr 2 L
— cos(2 dx e.x x)+q,(x)|x A X
dtdq; dg dy A AL "’)fmm(xa) ”(xax,,)z(xa—xl)(r—xaxz)z; Tl G+ |5 Ay ()
2— — —
G, Ty B SO U JOET
2N, 1-x, X, -7

= (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 %

e CTEQ14 for g(x)+ q(x), NNPDFpoll.1 for Ag(x)
dopd?ﬂ+”_x (E.) dapd;/fﬂ_x (E)
_dtdq;d¢dy dtvdq,d¢dy °
- — docer . M
pd->utu X pdoptu X ( y)

+
dtdqidgdy " dtdq; dpdy

Cross section: Dimuon mass squred (M /241 = (%) dependence Spin asymmetry: A,

do
W‘ (nb/ GeV?) ‘AExy
0.01 0.1
q,=0.5 GeV 9=0 g =05 Gev
- — - ¢,=10GeV y=05 - — - ¢,=1.0 GeV
0001 |
$=0 - p
t y=05 | | _-=--T New proposal at Fermilab-PAC
- in January, 2022 (D. Keller) !
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0.00001 : : ‘ : ‘ ‘ 0.01 : : : ‘ ‘ ‘
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Experimental possibility at Fermilab in 2020’s

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

Fermilab-E1039

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

D. Geesaman, P. Reimer
Argonne National Laboratory, Argonne, IL 60439
C. Brown , D. Christian
Fermi National Accelerator Laboratory, Batavia IL. 60510
M. Diefenthaler, J.-C. Peng

University of lllinois, Urbana, IL 61081
W.-C. Chang, Y.-C. Chen
Institute of Physics, Academia Sinica, Taiwan
S. Sawada
KEK, Tsukuba, Ibaraki 305-0801, Japan
T.-H. Chang
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 Marvland, 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
Rutgers 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.

The Transverse Structure of the Deuteron with Drell-Yan

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

© J-PARC

New proposal is being written for a Fermilab-PAC in 2022.



Nuclotron-based Ion Collider fAcility (NICA)

2 15 Y
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BM@N (Detector)

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

d+d: / Sy = 4~14 GeV of proton and deuteron at NICA SPD, A. Arbuzov et al.
(NICA project), Nucl. Part. Phys. 119 (2021) 103858..

p+d is also possilbe.

Unique opportunity in high-energy spin physics,

It is a timely project in 2020's in competition with
especially on the deuteron spin physics. JLab, Fermilab, and EIC/EicC
— Theoretical formalisms need to be developed. (possibly also AMBER, J-PARC, GSI-FAIR).



TMDs for spin-1 hadrons

S. Kumano and Qin-Tao Song,
Phys. Rev. D 103 (2021) 014025.



Importance of color flow (gauge link)
in semi-inclusive DIS and Drell-Yan processes

dz dzzj_ —lxp 2 +ik, 7|
2(2m)’

g(x, k)= | (PlW(z,2) 7" UG, 2,5 0w (0| ).,

Semi-inclusive DIS (deep inelastic scattering): Drell-Yan process: p+p— pu'u +X
e+p—e’+h+X

V¥ h p

y

A

®
N1 @




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

Twist-2 TMDs

T-even T-odd

T (ioc™y,/o™)

[y, ] |

[#ice]

[7i, il

Twist-2 collinear PDFs [ ‘]=chiral odd

Uy, T

T-even

| T-odd

T-even

T (ic"y,/o™)

T-odd | T-even | T-odd

fur®) |

Bacchetta-Mulders, PRD 62 (2000) 114004.

Spin-1/2 nucleon

transverse plane

Spin-1 hadrons 1

*1 Because of the time-reversal invariance, the collinear PDF £/, . (x) vanishes.
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)



TMD correlation functions for spin-1 hadrons

Spin vector: S =S, %n” . 21;1 +S¢
1{4 P*Y _,_, P*_ 2 _
Tensor: T = E|:§SLL (1‘4—2)”””‘/ +_n{ﬂsz; _ESLL (n{unv} - g#V)-I_ S#; {#SZ; +3 SLL

Tensor part (twist-2): Bacchetta, Mulders, PRD 62 (2000) 114004
A A A A
@k, P, T)=(ﬁl+#P+#](+#

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

1 Mm?

®,(k,P.T)= % (P,

P,T>

y;(0OW(0,5)y,

W06 = Pexp -ig [, ag-A®) |

n”n":|

(P*)*

GpaPpk")k#va”"+[Al7yv+(%P"+%k”) +;‘/I—£ P”k"y’y ] k, T*

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

Kumano-Song-2020, for the details see KEK-TH-2258

Ay A A A Bacch
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Pn* P-n** e (P-n)M (P-n)
[ B B, M* B,M* BM . B,M’ B, M’ )
N t * Pziz ”k”kv-l_[(l’zfn) st P+ - ]{] y ((Pn.n)g' ”+(I:9-n)2 P+(Iil-n)2 k/]nﬂnv-l_ 13’211 y#nvi|T”
ew terms -
: B 2 B, B, .M*?
1n our paperj -(¢ PPl =20k, + By k°n,+ ——n°n, |+¢ K*v'Pn°| —3 _k k, + kn+—=2_nn T+
p p I m’pay P-n v P-n (P-n)2 v Arpo 'J/ P. Mz uy (P )2 utv (P-n)3 utv 75
B B, M*
kTPp 39 40 THV
m:po ((Pn)z v (P )3 v]ﬂ?’s
3
C,.| Pk’ By n,+ B“2M2n n, |+ P’n° By k,k, + "4M2k n,+ B“5M3n n, | |T"
P P-n)M " (P-n)* * P-n)M " (P-n)* * P-n’ "
3 3
o - kPn° B46 v B47M2k nv+ B48M3n n, T”V+O' B49Mkv+ B50M2 n, +(B51MP°-+B52Mko-)nV T
b P-n)M * (P-n* * (P-n)y* * 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 )




Twist-3 TMDs for spin-1 hadrons

®&"(x, k,, T)= lTr[cbm(x, k;, T)T]= %Tr[ J' dk®(k, P, T | n) r], F(x,k})=F'(x, k})- (x, k})
S, ki, ; kS, -k , Siky; kik, Sy -k
(D[”(x, kT’ T) |:-fll( ’kz IX/IT +.fLT(x’ kTZ‘)SLT_-fI%T(x’ ki)%_frr(x’ ki) T;/ITJ +leT(x’ ki)%]

" (x, ky, T)= M [e,,(x, k2)S,, —el (x, H)#H#T(x, k;)M}

M2
. M S, .. ek S, kPerk
& (x, k,,T)= F[e”(x’ kb% — e, (x, kb%
M S, €k, ) elk,.S,, k, els,..k; ek kS, k
O (x, ky, T) = [ g1 )= — g o RS,y 1 (e K= g ey )= = g ki)%]
. M S, ky k, S,k
(6™ == 2 - 2y 2Lt 2y I Ry
Q7 (X, ky, T)= Pt [h 0 (6 Bep)Spy = Py (0 dep) == M oty (x, ky) M? ] *2,*3 Because of the time-reversal invariance, the collinear PDFs g, , (x) and £, (x)
q)l"’](x e M hJ' « kz) Sir k _S ZT k’ B kz) S;'{T k,k i_g ;IT k,, K do not exist. However, the corresponding new collinear fragmentation functions
s Kpy 1) = L7\ Xs —M (EACT M? G,,(z) and H,, (z) should exist. (see our PRD paper for the details)
Quark | ', 1,iy, r'7e 0’07 Quark | i 1, iy, 7Y o’ 07"
Hadron T-even T-odd | T-even T-odd | T-even T-odd Hadron™_ | Teven | Todd | T-even | T-odd | T-even | T-odd |
TR : : : : :
U o e o U [e]
: 1 : : : :
L [ei] g (h] | L | | [hL]
o a a
T I st Ul U]

fin b i
[eLL] é é é [hLL]

fLT fLT i i 81 ng i [Ayx], [htT]
kﬂbeﬂﬂ; : i

Jr, fTT

[errs efr] |

| grp gt [yl [

New TMDs [- - -]= chiral odd New collinear PDF's



Twist-4 TMDs for spin-1 hadrons

@' (x, kT,T)E%Tr[(Dm(x, kT,T)F:|=%Tr|:jdk'(b(k,P,Tln)l":l F(x, k)= F'(x, k})— I;;Fl(x, K2)

- M? S, -k, k,-S; -k,
o (x, ks, T)=F|:f3u‘(xs kTZ‘)SLL = far (%, kz) L?W + [ (X, k )¢j|
2 S, . e¥k Serukrer k,
Q7" (x, ky, T) = M+2 {gs,,( X, k2)$+gm(x, kz)"”’T]

i Si k k. +S. -
L R e T

o= M2 S ki ’ i
g ](x9 k., T)= F[hju X, k;)#'l'hnr(x’ ki)SLT _h;_LT Xy kz)

*4 Because of the time-reversal invariance, h,,,(x) does not exist;
however, the corresponding new collinear fragmentation function
H,,, (z) should exist because the time-reversal invariance does not
have to be imposed.

Quark a Y7Ys o Quark Y Y7s o
Hadron™ | Teven | T-odd | Teven | T-odd | Teven |  Todd Hadron™ | Teven | Todd | Teven | Todd | Teven | Todd |

U A [h3] U S | | |

L 831 [h31] L 831

T foo | g sl ] T (3]

[P311]

| [, i

s, Thty]

New TMDs [- - -]= chiral odd New collinear PDF's



Sum rules for TMDs of spin-1 hadrons

Time-reversal invariance in colliear corrlation functions (PDFs)

TWiSt'Z TMDs J‘dzk ® (x,k2)=0

uark + + . i+ i+ X
Quark| U(y) _________ L (775 ) ____________ TGc™ys /6™ Sum rules for the TMDs of spin-1 hadrons
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Y 1 7] 2 2 2 2
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Twist-3 TMDs Twist-4 TMDs
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New fragmentations for spin-1 hadrons

Corresponding fragmentation functions exist for the spin-1 haddrons

simply by changing function names and kinematical variables.

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,, n, ¥, o

Fragmentation functions:
X. Ji, Phys. Rev. D 49, 114 (1994).



Summary on our recent spin-1 TMD studies

TMDs of spin-1 hadrons
 TMDs: interdisciplinary field of physics

(Color Aharonov-Bohm effect, Color entanglement)

* We proposed new 30 TMDs and 3 PDFs in twist 3 and 4.
* New sum rules for TMDs.

* New TMD fragmentation functions.

: ™ T T o 1 1
Twist-3 TMD: f.5, e, firs fi7s €irs 7 s Jors Jor s €rrs €
1 T i i i
Lirs8ir> 8irs &rrs 8rro Mg By By By By

Twist-4 TMD: £, firrs farrs &irs farrs hSJI_,L9 Ry h3Jl_,T s Byprs h3JT_T

Twist-3 PDF: e, , f,r
Twist-4 PDF: f,,,

Sumrules:  [d’k,g,, (x, k) =[d*k,hy, (x, k) =[ Ak, (x, Kp) =0

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, ¥y, ¢~




Twist-2 relation and sum rule
for PDFs of spin-1 hadrons

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

S. Kumano and Qin-Tao Song,
arXiv:2106.15849, submitted for publication.



Wandzura-Wilczek and Burkhardt-Cottingham relations for g, and g,

2

9 ’ M
(PSlgOr T @|Ps), ,  =2M, [guoc)n”s g (VS + 83, () oS- "}

d(P'E7) e

Structure functions: I b
T

(P

Pt M M? P
St=8,—n*-S,—Ln*+St, P'=P'n*+—Ln*, S-n=S§,
M 2P 2P M,

1 1
8 =28, +8. (0], &) +8.(x)=[g:(x)+g,(=x)]
Operators: Rt = "y @y D ... Dh-ly = RIPHn) 4 RICUARI) = twist 2 + twist 3

R{"ﬂr"ﬂn—l} = 1[SO'P{111P”2 A P#n—l} + SﬂlP(O'Pllz . o P”n—l} + SﬂzPU‘lPO' 0 Pﬂn—l} +-. :|
n

R[a{ull...;t,,_l} L 1[(,1 _I)SO'P{MP#Z . _P”n—l) . Sﬂlp{opﬂz .5 ,P#n-l} . S#zp{ﬂlpo ...Pﬂn—l) i :l
n

2

<P’S‘R{0ﬂ1"'ﬂn-1} Za,
n

P,S> =Za,M,[STP" ... Pt 4 PHST ... P 4. ]

<P’S‘R[O'{ﬂ1]"'ﬂn-1)

P.S)= %anN [(STP* — PoSH)P*: ... PAt 4 (SP# — POSH)PH ... P ... ]

L oy} _ —0o f 1 e ol -
W"ul ...npn_n<P,S‘R poeep |P,S>—n (S-n)J_ldxx 8. (x)+ S, J._ldxx g, (x)
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1 {opy -ty
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2MA(P ) s

1 1 1 o |
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1 n— L n— 1 1 1 n— 1 o 1 1 n—1
> [ (0= [ da g, =24, [ dotg 0+ g,01= [ da g (0= o-a,+=—d,

! n—-1 i f n-1 L dy n-1
- _[0 dxx""g,(x) = JO dxx |:—g1(x) + J.x 7g1 (y):| + de

- 1dy 3
If we write g,(x)=g)" (x)+8,(x)=—g,(x)+ | —g,(y)+ &,(x)
2 % 4 ; -[x y°! . Note: Twist-3 operators R “"#+1) are obtained

14 y \ 1 - by n—-1 by the Tayler expansion of & ¥ (0)(d*y° —d°y* )y (&)
= :VW (x) = —g,(x)+ .[ x 7yg1 WA dara v eeircuer); .[ 0 dxx""'g ) ==-"d, which needs to be investigateg in details ’

2n
for finding the details of twist-3 terms.

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



Collinear PDFs for spin-1 hadrons

114 _ (P - 1 M? p*
n

Tensor polarization: T =—|=S
8 2|37 371 (py

Collinear correlation function: ®(x,P,T)= —[ S ()8, A7 + M —e,, (X)S;, +— = fLT x)S,, ] , up to twist-3

. 1 o
atrix element of vector operator: . b I )= x e r| Q. (x,P,T)y"); |= xe” X n°+
Matrix el £ P,T|w(0O)y*y(&E)|P,T _ld SEPT @, (x, P,T)(YY) ;| = | dxe™™ 2P| £, (x)S,,

J e d
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In the Fock-Schwinger gauge: & A*(&£)=0, we have A"(§)= 1dtt G" (&), G =0"AY —d" A" —ig[A*, A”]
7 0 7

L o 1 Ly Lol g '
FOD'7" - Dy (§) =~ FO)0* By ()~ ¥ O Doy (&)~ g[ di&,6" (i€)yO)y,0%w(E)+
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Strfir (x)]
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& [w "y -0y w (&) ]= gj dt W(O){ (t - l)G“” (¢8)- —G (té‘)}/s}ﬁﬂgu/(x) Note: Twist-3 operators R'?'*"#- are obtained : :
77 =97 )w(8),

by the Tayler expansion of £, (0)(9*
which needs to be investigated in details
for finding the details of twist-3 terms.

Multiparton distribution functions: (®},),(x,,x,)= J’ %%&“-‘“5 gt <P,T\ 7,(0) gG™ (&) (&) P,T>

Express @, in terms of possible Lorentz vectors and multiparton distribution functions with the conditions Hermiticity, parity invariance, and time-reversal invariance

M, : . ’ -
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Twist-2 relation and sum rule

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

(P,T|§(0)@" 7™ -0y )y (£)| P,T) =2MS}; j_ldx e e [—% Fin )+ frp(x)— d%{xf” (x)}:|

e Twist-3 operator in terms of gluon field tensor

& [aO " -y*3"9®)]=¢], dtq(0>{ [t—le‘”‘(té)——rs "”(té)}éﬂfq@

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

J'd(;;ff)ewé P T|g_|' dt u/(O){ (t——) G* (t&) - —ysGﬂV(t{f)}é gw(§)|P T>§+ B

1
=-2MS},P| dr, —— [ {Fw<xl,x2)+GG,LT(x1,x2)}+ {FG,LT(xz,xl)+GG,L,(xz,xl)}]
x—df”(x)——éf (x)- f¥"(x), Higher-twist: £ (x) = led il {F (x,)+ Gy . ( )}+ {F (y5%)+Gg 11 ( )}
de 2w LT ) 2 s Jir = K yx— cor\XsY ot \XsY c.or\YsX .1\ YsX
d
= 10 @=3 [0+ [TV 0 o= 2 P[Tay e-“y—{ g

Define f*(x) = f(x)+ f ()= f(X) = f(=x), f=firrs furs fir" > x>0
> fix)=2 _[ fm( )+_[ B () Twist-2 relation: fi@=3 j %fl;(y)

If we define f,,,(x) = —fLT (x) = fi. (),
+ fume + tdy .. . ]
for @) ==f1 (x)+j fm(y)+ j (») - Twist2 relation: f,7;.(x)= £/, (x)+ | “Thi(y), Wandzura-Wilezek like

1
— Sum rule: IO dx f,;,(x)=0, Burkhardt-Cottingham like

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

Summary on the twist-2 relation and sum rule
1 1
g, x)=—g(x)+ I le (y) (Wandzura-Wilczek relation), IO dx g,(x) = 0 (Burkhardt-Cottingham sum rule)
* o)
For tensor-polarized spin-1 hadrons, we obtained

2
fzzr(x)=—fl,f,‘(x)+jjd—yyf1:,‘<y>, fodx £ =0, Fur =3 Fr = )

1 " ! A 2 pl )
de fix)=0 lfjodxﬁLL(x)=§jodx b*(x)=0

Existence of multiparton distribution functions: F; ,,(x,,x,), G;,;(x,,X,), H(J;’,‘,‘ (x;,%,), Hy o (x15X,)




High-energy hadron physics experiments

CERN Baikal GVD
(LHC, COMPASS/AMBER, 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.



Summary

Spin-1 structure functions of the deuteron (new spin structure)
 tensor structure in quark-gluon degrees of freedom
e gluon transversity: We showed that it is possible to investigate the gluon transversity
at hadron accelerator facilities, for example, by the Drell-Yan process.
e new signature beyond ‘“‘standard’ hadron physics?
e experiments: JLab (approved), Fermilab (to be proposed), ...,
NICA (in progress), AMBER?, EIC, EicC, ...
 TMDs: interdisciplinary field of physics to probe color degrees of freedom:
e.g. Color Aharonov-Bohm effect, Color entanglement
We proposed new TMDs and PDFs in twist 3 and 4 and their sum rules.
We also derive twist-2 relation and sum rule analogous to
Wandzura-Wilczek relation and Burkardt-Cottingham sum rule.
We showed the existence of tensor-polarized multiparton distribution functions.

standard model



The End

The End



