TMDs and PDFs of spin-1 hadrons

Shunzo Kumano
Japan Women's University
High Energy Accelerator Research Organization (KEK)
http://research.kek.jp/people/kumanos/

Collaborators: F. E. Close (Oxford), W. Cosyn (FIU), Y.-B. Dong (IHEP),
S. Hino (Saga), T.Y. Kimura (Sokendai), M. Miyama (Saga) ,
M. Sargsian (FIU), Q.-T. Song (Zhengzhou Univ)

INT workshop on QCD at the Femtoscale in the Era of Big Data
INT, University of Washington, Seattle, USA, June 10 - July §, 2024
https://www.int.washington.edu/programs-and-workshops/24-2a

July 13, 2024



My Situ ation 3-4 days / week at the university
2 days / week at the KEK Tsukuba campus

View of Ikebukuro downtown

from my JWU office N r ; /
7 2 v /

.: | §:§ ':’ Eigq " KA MR
4 o .
§ mE L "Z‘-PHH’E
}a}n. ( S 7}( }3 0 O = Bapan proton Acceterator Research complex

(R oA
(o]

Tsukuba
- campus

Tokai

— | 35 min
campus
by car 1 hour p
5% by car
RS Eoﬂl%
\ i \'ﬁimmmo‘ s v/ﬂ oy T
/ AN \ 2N\ Z
Ikebukuro /\ m/ i | % mm@ R o il
§Fﬂl‘:~:\{§%§ \m\> *i“"ﬁ' = \d( mw : réﬁfm/w/, ’ N % =N
= \me \\ WM} // it N 4 TR > 2 hours by mE
m%’; emwm ’% ) 17 . o . Y
: ?\ @ \%w%‘/ \// 7,44%@ % H*ﬁ(fﬁ+ train + bus + walk Eirl;?t - \mi?
i AR T JUABILHERIR NRX R . | 1 ) ;
- st i)\ dews | § \Fo SRR Ty AL P y
7 HZKQ%K %= 0 \ \/ i 0o I\ v /,g? s
: APAN WOMEN'S UNWVERSITY VR’: \ \ \ R /\%\ﬁﬁ i 5 Ter @ /
) r o =) -wmmt(zﬁmzﬂ :)*w%-wov\_/ ¢ :r—% ;
m—-e HEETF @, { \@ﬁﬁ_ﬁgxﬁg cal o 9‘ /,); ’\ v . X a )
Shlllj}’llkll i gﬂgg/ »‘gxgﬁ?@@*\m’m = / /;‘?*XW m/wtﬁ%mﬁ = S ioﬁ /
R S @ mﬂﬂ%{ (N /rﬁm«a‘;@- g e o
| vnamy Q(rm?ﬁﬂi y, Q NG R e - Haneda :
@J (L ?[ﬁ;:ﬁﬁ‘.)ﬁmﬁﬁ \\}\ b 'z . “V‘\“ \ v
f%fria_ - 74 ~ BERE/\—) 'ﬁxxl
BR—LXRFEE ﬁ//;ﬁ/fa \\\%F@Trﬁmm'/ﬁaf/a < / :Fftmlzkgﬁaﬁﬁ)\;ﬁlh%\ alrport ///
s O/ \ W - | [\ HEETR gy 4 P
}g@*ﬂ:ﬁ \\ B ¥¥¥ BEMT BT /E’?\f PO ?/EW%(M(ZL ] LS RIR a

& 80 X B 1
ldva / B > )( mmau\vﬁgﬁ,}\ TOkyO
o 4 A B | | / \

W /@ station .
7 / RRME [ sm ‘,,m_‘ // -
=8 = /‘
[ P\ /l B \./ \ ,\\?% N
& gtk wEmxn || ~Y | Z 7 Kznta @ o .
Q B\\N;ﬂ /mﬂo**e leﬁ!@ L R T~ | | BRREEE el
£ Q; ) ~ 2 e T F WSS SR Y
g (23] /7 g / i i e A TOKY0|DMM
D | gl ¥ %
KEaIL) BEAM o Pa . [ Hgfmc{ @ 9
v WL .
*zw A Bl Yawis - e go%*‘? 7T L.u_}ﬁn



Contents

1. Introduction

* Tensor-polarized structure function b, gluon transversity
2. by, gluon transversity, TMDs, PDFs, fragmentation functions,
multiparton distribution functions of spin-1 hadrons

* b, by “standard” deuteron model [1]
* Tensor-polarized PDFs at hadron accelerator facilities (Drell-Yan) [ 2]
* Gluon transversity at hadron accelerator facilities (Drell-Yan) [3]
* TMDs and PDFs up to twist 4 [4]
* Twist-2 relation and sum rule for PDFs [5]
* Relations from equation of motion and a Lorentz-invariance relation [6,7]
* Summary of spin-1 PDFs, TMDs, fragmentation functions [8]
3. Future prospects and summary

References [1] W. Cosyn, Yu-Bing Dong, SK, M. Sargsian, PRD 95 (2017) 074036.
[2] SK and Qin-Tao Song, PRD 94 (2016) 054022.

3] PRD 101 (2020) 054011 & 094013.
4] PRD 103 (2021) 014025.

5] JHEP 09 (2021) 141.

[6] PLB 826 (2022) 136908.

[7] Qin-Tao Song, PRD 108 (2023) 094041.
[8] SK, arXiv:2406.01180.



Nucleon spin e O GO e M I e NU €0 spin puzzle!?
is carried by quarks!

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

1 (11 2
b,=0 standard model b,#0 £h, standard model
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A Note on our notations:
Gluon transverSIty AT g Tensor-polarized gluon distribution: ¢, g

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 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

g I

g \\»\’

A Y

AA,}.,-,A/}.]

sl A g(x)~ A(+1+1, —-1-1), A = not possible for nucleon
As=2
40 L MB =

— -
+ —_

A

+, ——

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

b, (6,9,0,28)#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???



“Standard” deuteron model
prediction for 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 A405 (1983) 557. ]

pypv i A i A . .
W, S=shgnt > + 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 - 1‘/2;( 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 vT—u 3 g/.w 3p,upv) b3,b4=tWiSt-4~ ]‘42
0



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

’-UQP

0.155—
27.6 GeV/ie &, 0 oaf
. = o.osf— + }
positron deuteron :
(1] e —— R .. g —— -
: : X . | —
b, measurement in the kinematical region g 0OSpl——
0.01 <x <045, 0.5GeV> < Q® <5 GeV? % o002k b ¢
N TS S
b, sum in the restricted Q° range Q° >1 GeV’ 0.002 +
0.85 [ '
jo b dx b,(x) =[0.35£0.10(stat) + 0.18(sys)] x 10~ o o004F L L —
| > ® s bt
Dt 2 o 1 . ®
at 0> =5 GeV 9 w"E... o
c 107 107 1
X
Idx bP (x)=lim- i L F,(t)+ Zezjdxﬁ q.(x)=0 ? bysumrule: F. E. Close and SK
1 t50 24 M? 2 i s PRD 42 (1990) 2377.

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

these antiquark distributions.




Theory 1: Basic convolution approach

g d A A
Convolution model: A, ,,(x,0%) = ITyZ fEDA, L (x 1y, 0= (1) ® A, (3,07

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

Apir=F—-8, A

+1y

o Fl t 8

12 E -
Momentum distribution: f(y)= jd3p ylo"(p)l 6(3)— M—sz

N

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

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

)= [ Vo, IR x1 3. 0

5Tf(y)=f"(y)—f(y);f_(” §7
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S + D waves

Standard model
of the deuteron




Comparison with HERMES measurements
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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", = 4 py :
2E, 2r)

D.p 47 t..D (1. 97
deuteron density: p,(A",A) = 2 [y, (koA AT Wy (kA5 ,4y)
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- =
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“Standard-model” prediction for 5, of deuteron

1
}) * W#V=; ImTuv
_ (D N 2 __Mp-q _2p
b= [TofDE 1y, @), y= T
+ + f
5:f =10y L 2f L2 q
2 P9
—j py[ or ¢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-
F10)= O+ £ 0)= [dp y19" (5) 5[y— ”Z] prandard mpge
My ) of the deuteron

D-state admixture: ¢” (p) = ¢, (p)+ o, (P) o0u3] { eoseen

0.004 o lrj_/ e

0.003 ,-~. $HERMES ot {

0.0024 { ) jﬂir 02 04 06 08 1i HEl:r . 14

0001 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 07 o6 o5 1 12 14 G-A.Miller, PRC 89 (2014) 045203,

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

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,

2 A )Ag Aq A PRD 59 (1999) 094026;
2., A9, (%) 8, (x2) + A, (x,) A, (x0) 60 (1999) 054018.
2 [qa xA qa (xB)+qa (xA)qa( B :I

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)]
PR YA KA CA LA CART ACN LIZACHN N alty, A W
15 Zzaej[qa(xA)qa(xB)+qa(xA)qa(xB):| 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 0004

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

0.002

Two-types of fit results:

o set-1(0,4=0): y’/d.of.=283 /

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

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

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

with tensor-polarized antiquark (set 2)

With finite J,¢, the fit is reasonably good. 0.001 0.01 01 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

still large errors,

need experimental improvement

— JLab, EIC, ...

experimental measurement
for antiquark distributions
— Fermilab, ...

Q? evolution

0.004
} HERMES /
0.002
xb1 0 = I
-0.002-
- = = = without tensor-polarized antiquark (set 1)
with tensor-polarized antiquark (set 2)
'0.004 T T
0.001 0.01 0.1
X
0.005 —
x0.q
I
X 6Tf i,
DAL :
0. s
-0.005 x0.q
. 02=25 GeV2 v
- = = - without tensor-polarized antiquark (set 1)
s with tensor-polarized antiquark (set 2)
'0.01 T T
0.001 0.01 0.1
X

0.006

0’ =25 GeV?
x8, f(x) — 30 GEVZ

Tensor PDF set-2

)
0.004

MH x6,u=x0,d=x0,5

0.00 HM M” “H """"""""""""""""""" |\||\II

""""""" “H\\\\\\““H\\|\I|\||\ii1ll"'1!!Y1““\|\|I!!!}|I\||\||\I|\||\|I\I\||\ﬂMnllnn||un||\|\|n||umw..‘..‘mm L )
000 R

-0.002-

-0.004] x0r8

0006] - - - - 02-25GeV?2 _

01=30 GeV? x0,u,=x0,d,
0005 01 01



Tensor-polarized spin asymmetry at Fermilab

- Zaez [qa (xA )6Tqa (xB) +q, (xA)éTqa (xB):I

A —

A

¢ X ala ()@ () + 0 (%) 4, (x5) ]

0.01-

0

Tensor PDF set-2
----- Tensor PDF set-1

Q

-0.01-
-0.02-
pt+ d Drell-Yan
0031 E,= 120 GeV 0.
0%2>25 GeV? <=
'0'04 T T T T T
0 0.1 0.2 03 04 05 0.6
X
2
0.02
Tensor PDF set-2
oo1!  ~—llly 00 m————— Tensor PDF set-1
0 0 ||||||||||||Iln.,. dl
i |||| ||
i
-0.01] l Ut
l“ Il
- i uy
0.02 _ I i ||| |
p+d Drell-Yan ||| ““ ”“
003] E,=120 GeV “‘ ”“ ”N “
M;fu =0?=30 GeV?
'0-04 T T T T T I
0 0.1 02 03 04 05 0.6

o)

Polarized fixed-target experiments
at the Main Injector

SK and Qin-Tao Song,
PRD 94 (2016) 054022.

E1039-SpinQuest

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
{rgonwe Natiooal Laboratory, Argonne, IL 60439
C, Brown , D, Christian
aboratory, Batavia IL 60510
o1, ). Peng
, Urbana, 1L 6108/
L Y.-C. Chen
iy Siitic

Fermi Natiowal Acce

Al Y v, Tah
S. Sawads

KEK, Trakaba, Iharcki 3050801, Japxan
T.-H. Chang

University. Taiwan
< K. Lau, M. Liu, P, McGaughey
Los Alamos, NM 87545

Los Alamox

e Park, MD 20742
. R. Raymond

- MI 481091040
. K. Shifer, R. Ziclinski

Rungers Un

Thomas Jefferson National Accel



Gluon transversity
at hadron accelerator facilities

(e.g. Fermilab)



A Note on our notations:
Gluon transverSIty AT g Tensor-polarized gluon distribution: ¢, g

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 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

g I

g \\»\’

A Y

AA,}.,-,A/}.]

sl A g(x)~ A(+1+1, —-1-1), A = not possible for nucleon
As=2
40 L MB =

— -
+ —_

A

+, ——

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

b, (6,9,0,28)#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 (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. Meckins
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606
W. Detmold, R. Jaffe, R. Milner, P. Shanahan
Laboratory for Nuclear Science, MIT, Cambridge, MA 02139
D. Crabb, D. Day, D. Keller, O. A. Rondon
University of Virginia, Charlottesville, VA 2290/

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 e'ME[
dx dy do| ., Loy 20° [xy F,(x,0*)+ (1 - y)F,(x,0’ )——x(l »A(x,0* )cos(2¢)} /
20\ as o 2 ldy 2
AxC9= Zn-zeqx L ?Arg(y,Q )

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.




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 O, 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 I —)3) +q(y,0?%) in the JLab experiment.
=

— 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.

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



Gluon transversity distribution in deuteron

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] E, P > in the deuteron linear polarization E_
/ Polarization vectors E. =£_=(1, 0, 0), Ey =£,=(0,1,0)
Spin and tensor of the deuteron S = (S, S%, St),
1 ’ 1 p'p’ . —2S51L + S§% ST Str
St=—¢e"p In(E.E,), T" =—=| g - 52— |-Re(E*'E" 1 . o
M p, Im(EEp) 3(g P’ ) 8 ) T = 3 Str —2581L — 8% Sir
'y - - SZ, SY.., 281 Tty _ Qr _ QY _
E*=0,B), B,=—=@1, -i,0), F=0,0,1) D s aal e SEr = S =
+ \/5 -
e E_E,, E_: Spin states with z-components of spin s,=+1,0, -1 Polarizations E St | St | St | Sce || SFr
e E.=(1,0,0), Ey =(0, 1, 0): Linear polarizations Longitudinal +z \/LE(—I —i,0)1 0 [ 0 | +1 +% 0
— to measure gluon transversity Longitudinal —z %(%-1, —i,0)| 0 | O |=1| 45| O
(1) Prepares, =0 [{Ex = (1, 0, 0)] by taking the quantization axis x T _ﬁ 0, -1, —i) [+1] © 0 B lx I %
ds. =0[E. =(0, 1, 0)] by taking th tization axis y. . _
and s, [E, =( )] by taking the quantization axis y Thareverss —1 % (0,41, | =5 | B 0 | = i 41
(2) Combination of transverse polarizations. 1- 1 ;
Transverse +1 —=(—1, 0, —1 0 110 | —3 || —5
Tl B, ransverse +y \/3( i, 0, —1) + i i
i7ati SRERE e 1 (_ . - _1
polarization Transverse —y —)( Z, 0, +1) 0 1 0 4 D)
SK and Qin-Tao Song, i Linear x (1, 0, 0) 01010 |+s5]|-1
inear —




Proton-deuteron Drell-Yan cross section

Drell-Yan cross section

kl i 1 1 A -1
Pa “+ dopd—)p*u'x = JO dxa _[0 dxbfa (xa )j}, (xb )do-ab—m*y‘d 2 Mab—)/,t+/.t_d > eM:*—m*p‘ E eMab—)y*d
In terms of lepton tensor LV and hadron tensor W,
do
Py o Ud(l) (45 ks Ky) 21 |W,,
drdg’ dpdy 12
ek, dk,

dilepton phase space: d®,(q; k,, k,)=6*(q—k, —k
Hep |Y Y (g5 kys k) (g—k, 2)2E1(27L')3 2E2(27t')3
I = 2(KPK + KKE — ke, Ky g™)
- of A L ]
W 22 _[mm(x) m“[rvp {@,.(x)+@,,x)}T, (I)g/B(xb)]’ D=7 gt

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).
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Py Pg 15 " Ly
q)q/A (xa) 3 E[ﬂ‘f;,q/A (xa) i ’},S”SA,Lgl,q/A (xa) + }{YSXAJ_hl,q/A (xa)]

1 . v \ 4
e —[nfl usX) F Y H Sy, 8 p (X)) 40,7 10 Sy Ry () + H Sy firn s (6) + O nSh ik p(X,)]

/B(xb [ 8r fl g/B(xb)+lleSB 811, g/B(xb) gT BLL-flLL g/B(xb)+Slf T ]TT,g/lf(xb):I

q 7 g ~*

Gluon transversity: A, g =h,, ,
(Sorry to use two differenent notations in a talk.)




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

o.pd—m*u‘X do.pd—m*u‘x
S =l ) — e o
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(E,)
2 2 Y
Cross section: Dimuon mass squred (3 fw = Q") dependence Spin asymmetry: A, = didg A dy ‘i;qu 4pdy
pdop X + O-pd—m*u‘X (E.)
drdq;dedy *  drvdq;dody
(nb/GeV?2) ’AExy
01
¢, =05 GeV ¢=0 ¢,=0.5 GeV
o qr=1‘0 GeV y=0.5 -—-— q,,=1.0 GeV
$=0 -
y=05 | | _----7T New proposal
B at Fermilab-PAC (2023, D. Keller)
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TMDs and PDFs
for spin-1 hadrons
up to twist 4

Note: Higher-twist effects are sizable at a few GeV? Q2
in tensor-polarized structure functions,
W. Cosyn, Yu-Bing Dong, SK, M. Sargsian,
PRD 95 (2017) 074036.



TMD correlation functions for spin-1 hadrons correiation

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 /4
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

A » pro Wy Ay pp L A 1 Ay pro e » | Bacchetta
d)(k,P,TIn)—(MI M2F+ 1€+ ©0,,P°k’ |k kT Ay, + MP +Mk O'Vp+M28WpaPkyy5 k,T ~Mulders (2000)
B M B_M B B,,M
+ 21 k 22 T,l.lV + . £ Pp 23 T 0O 24 kr o Tuv
P TPy Ve \ Py " T @y
+ | BZS ﬂk k + BZ6M2 28 P+ 30 ]{ BZ7M4 + BZE‘M2 /P/+ B31M2 ]{ nn + BSZMZ ,}, n TNV
New terms (P-n M (P ) S T ST O )l T S
o B 2 2
1n our paperj - Eps¥ " P? B, °k, + B33 k°n, B35M2 n’n, +£Mpak’l’y’P"n By ——k k, + By Tk,n, + B38M3 nn, | |ysT*
2
[M’po’kTPp o-((PBSQ)Z \4 (B;0A4)3 nv]ﬂ’},sTW
‘n ‘n
3
Lo P"k"( B, n, + B42M2 nﬂn‘,) + PPn° [—B‘B k,k, + B“"M2 k,n, + B45M3 ”u"vj T
(P-n)M (P-n) (P-n)M (P-n) (P-n)
3 3
+0,,| k’n’° _Bu .+ B47M2 k,n, + B“SM3 nn, [|[T* +0, o BoM k, B5°M2 n, [+ BaM pP° +—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 )




Twist-3 TMDs for spin-1 hadrons

1 1
®M(x, k,, T)= ETr[CDm(x, ks T)T]= ETrUdk‘CD(k, P, Tn) r}, F(x, k)= F'(x, k2) - (x, k2)
S, k; ; k.S, -k , Sik kik,-S,. -k
(I)[y](xa kT’ T)= |:fLL( 9k2 M +fu( ,kz)SLT fLJ';*(xa k;)%_.ﬁv‘(x, k; TZJTJ +f11( akz)%}
M S,k k.-S. -k
®"\(x, k,, T)= F|:eLL(x, KIS, =iy (o k) e (xy ki)%]
; M S, ..e¥k Srrukl ek,
@ (x, k,,T)= F|:eLT(x’ kf)%—e"(x, kz)"ﬂﬁT
M Su€k, ; elk,; S, -k, LSk elk ik, - Sy -k
(I)[”](x, k;, T)= [ g1, (x, ﬂ%“gn(x’ k:)é:;SLTj‘i'gtr(x’ k;)L"‘gn(x’ kﬂ%—g.ﬁr(x, ki)%
— M S, -k k,-S.-k
6] " 2 _ 2\Orr " 2Ry O "Ry
DT (x, ky, T) = Pt |:hLL (5 kp)Spy =Ry (2, ker) + Ry (%, kr) M? ] *2,*3 Because of the time-reversal invariance, the collinear PDFs g, . (x) and A, (x)
ip i 7 i j i i d t exist. H , th di 1li fi tation functi
o, b )= M A PRRp Sioki = Sioki G, K S* ke, ki _ZS;; k,k Go rzo exis . owever, the c.orrespon ing new co n;ear ragme'n ation functions
M M .r(z) and H,, (z) should exist. (see our PRD paper for the details)
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New TMDs [ - -] = chiral odd New collinear PDF's



Twist-4 TMDs for spin-1 hadrons

1 1 ] K
O (x, kyy T) = Te[@Tx, kyy T)T]= S Tr| [dk @k, P, TIn)T |, Flx, k)= F/xy k) = L F (2, k)

Q" \(x, ky, T) =
q)[}’ Ts](x kT’ T)

@ (x, k T)=£2 hi (x kZ)SLLkl+h’ (x, k2)Si —ht kz);—'
s Rpy P+2 3L\ M 3LT A LT 3o (X Mz

M? S, ky
P |:szL(x’ kz)SLL Sy (x, kz) = + fir (x5 k )—
M> S, £k, S kP eXk,
P

k, s"k}

_h;TT( X, kz)

ij

Si k
T;JTJ +hi,(x, k)

*4 Because of the time-reversal invariance,

kik, S, -k,

M3

may skip

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.
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New TMDs
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[ ) [ ) PRD
TMDs and their sum rules for spin-1 hadrons i R

X transverse plane

. 1 =2 m =1%1
Twist-2 TMDs Bacchetta-Mulders, PRD 62 (2000) 114004. 1 :
S I m =
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New fragmentation functions (FFs) for spin-1 hadrons | seearXiv: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,, n, ¥, o

Collinear FFs, twist 2 Collinear FFs, twist 3 Collinear FFs, twist 4
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New TMD FFs



PDFs for spin-1 hadrons
Twist-2 PDF's

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



Summary on Spin-1 TMDs and PDFs

TMDs of spin-1 hadrons
TMDs: interdisciplinary field of physics
We proposed new 30 TMDs and 3 PDFs in twist 3 and 4.

New sum rules for TMDs.
New TMD fragmentation functions.

. ok i m 1 e
(Ewist=SsTEMID: “f 55 e, onlomifis . €iprCr stlpponlines CrbiCrr s

| 1 I i I

T e e T N e L

Twist-4d TMD: f5,,, firrs farrs 83005 Forrs h3JI:L s Bypps h3JI:T s Byprs h3J]_‘T

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

Sumrules:  [d’k,g,,(x, k) =[ d’khy, (x, k) =[ dkyhy,, (x, K7) =0

TMD distribution functions: f, g, h, e; x, k., S, T, M, n, y*, ¢"
U
TMD fragmentation functions: D, G, H, E; z, k., S,, T,, M,, n, v, o




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, e o’,07"
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[ ] = chiral odd

We derived analogous relations to Wandzura-Wilczek relation

and Burkhardt-Cottingham sum rule for f;; and f;;. SR NGO Ta0wen o2

JHEP 09 (2021) 141.

For spin-1/2 nucleons,
1 1
g,x)=—g (x)+ J. ﬂgl( 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
Yoty = _.flzL(x)"'L %ﬁZL(J’)a jo dx f,1,(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

for spin-1 hadrons

o 3, ()= [ dy[F, 1 (6,3) 4 Gy ()] =0, 1, (00 5 ) =P [ dy

SK and Qin-Tao Song,
PLB 826 (2022) 136908.
G,LT (x9y) + GG,LT (x’y) & 0
xX=Yy

J_
+1 m (x y) m
1L G,LL ’ "
® xe,, (x)-— 2‘[_1 dyH;; ,, (x,y)— Mflu(x) =0, xe,(x)-2P d Y MfiLL(x) =0
and the Lorentz-invariance relation
dfl D (x) F, . (x,y) Lorentz invariance
T ~Jur () +7 f1LL (x)-2P j dy —()’C —y) 2 = frame independence of twist-3 observables
kZ
transverse-momemtum moment of TMD: £ (x) = Id ’k W —— f(x, k2
Twist-2 PDF's Twist-3 PDF's Twist-3 TMDs
Quark U(r®) L (y*7s) T (ic™ys/6™) Quark 7' Liys 7Ys o',o Quark | U (y*) L (r"7s) T (ic™y,/c™)
Hadron™. | Teven | Todd | Teven | Todd | Teven | Todd | |Hadron™ | Teven | Todd | Teven | Todd | Teven | Todd | |Hadron™_|Teven| Toodd |Teven| Todd | Teven | ST
U 1, U e | | U f k]
L o) L Il L ‘ e (A
T : (7] : T 8r T fir gir [hy], [hir]
LL LL ‘m LL | fu. ]
LT LT | Jur *1 LT ‘ Sir 8 i[hlLT]’[hfLT]
T T \ TT | fir g Uryerl, Uil

[ ] = chiral odd




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/iz=1/2,

Qin-Tao Song,
PRD 108 (2023) 094041.
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[ ] = chiral odd

Twist-2 FFs Twist-3 FFs
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Twist-2 TMD FFs

Twist-2 TMD FFs
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Future prospects
and summary



High-energy hadron physics experiments

CERN .

(LHC, COMPASS/AMBER, Baikal GVD
LHCspin, LHeC, FCC, CLIC)

JINR (nicA) / THEP (BEPC, CEPC)

IMP (HIAF, EicC)

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

BNL

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

IceCube

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



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

The Deuteron Tensor Structure Function b,

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

2011

J.-P. Chen (co-spokesperson), P. Solvignon (co-spokesperson),
K. Allada, A.Camsonne, A.Deur, D. Gaskell,

C. Keith, S. Wood, J. Zhang
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606

N. Kalantarians (co-spokesperson), O.Rondon (co-spokesperson)
Donpgiziizon o o )

The Deuteron Tensor Structure Function b;

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

2023

K. Allada, A.Camsonne, J.-P.Chen,/

A.Deur, D.Gaskell, M.Jones, C.Keith, J. Pierce,
P. Solvignon,” S. Wood, I.Zhang

Thomas Jefferson National Accelerator Facility, Newport News, VA 23606

O. Rondon Aramayo,” D.Crabb, D.B. Day,

C. Hanretty, D.Keller,' R.Lindgren, S.Liuti, B. Norum,
Zhihong Ye, X.Zheng

University of Virginia, Charlottesville, VA 22903
Ru

N. Kalantarians'

Seon
Hampton University, Hampton VA 23668

T. Badman, J. Calarco, J. Dawson,
S. Phillips, E.Long." K.Slifer’*, R.Zielinski

University of New Hampshire, Durham, NH 03861

Approved!

G. Ron

Hebrew University of Jerusalem, Jerusalem

W. Bertozzi, S.Gilad, J.Huang
A. Kelleher, V. Sulkosky

Massachusetts Institute of Technology, Cambridge, MA 02139

(2010) 017501
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Expected errors
by JLab

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

J. Pierce

Oak Ridge National Laboratory, Oak Ridge, TN 37831




Experimental possibility at Fermilab in 2020°s

Drell-Yan experiment with a polarized proton target

Polarized ﬁxed_target exp eriments F ermllab -E 1 03 9 Co-Spokespersons: A. Klein, X. Jiang, Los Alamos National Laboratory

at the Main Injector, (SpinQuest)

Argonne National Laboratory, Argonne, IL 60439
. C. Brown , D. Christian
Proton b e am — 1 2 0 ‘ e ‘} © Fermllab Fermi National .4cce_/emtor Laboratory, Batavia IL 60510
M. Diefenthaler, J.-C. Peng
University of lllinois, Urbana, IL 61081
W.-C. Chang, Y .-C. Chen
Institute of Physics, Academia Sinica, Taiwan
S. Sawada
KEK, Tsukuba, Ibaraki 305-0801, Japan
T.-H. Chang
Ling-Tung University, Taiwan
J. Huang, X. Jiang, M. Leitch, A. Klein, K. Liu, M. Liu, P. McGaughey
Los Alamos National Laboratory, Los Alamos, NM 87545
E. Beise, K. Nakahara
University of Maryland, College Park, MD 20742
C. Aidala, W. Lorenzon, R. Raymond
University of Michigan, Ann Arbor, MI 48109-1040
T. Badman, E. Long, K. Slifer, R. Zielinski
University of New Hampshire, Durham, NH 03824
R.-S. Guo
National Kaohsiung Normal University, Taiwan
Y. Goto
RIKEN, Wako, Saitama 351-01, Japan
L. El Fassi, K. Myers, R. Ransome, A. Tadepalli, B. Tice
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.
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Proposal for a Fermilab-PAC in 2023.



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)

ptp: . s,, =12~27 GeV On the physics potential to study the gluon content
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Spin-1 deuteron experiments
JLab

Fermilab
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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?

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

TMDs up to twist 4

Higher-twist effects could be sizable at a few GeV? Q2

— 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.

e There is no nuclear effect in p and @ mesons, so that the gluon transversity,
for example, could be sensitive to new physics?!
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