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Tensor-polarized gluon distribution: 6,g

Gluon transversity: A, g




NuCleon Spin Almost none of nucleon spin

o, T e — Nucleon spin puzzle!?

= 2>

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

““old”’ standard model

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

@ | Fes
5 %-@

only S wave S + D waves b experiment
b=0 standard model b{#0 #h, standard model”




Gluon transversity A, g

Helicity amplitude A(A;,A;, 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, (6,4, 6,8)#0 < stillA,g=0

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



TMDs Of Spin- 1 hadrons Twist 2: A. Bacchetta and P. J. Mulders,

PRD 62 (2000) 114004.
Twist 3, 4: SK and Qin-Tao Song,
. 103 (2021) 014025.
Twist-2 TMDs PRD 103 (2021) 0140
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Tensor-polarized structure function b,
for spin-1 hadrons

(deuteron)
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HERMES l'eSllltS on bl A. Airapetian et al.  HERMES), PRL 95 (2005) 242001.

T =
2 oasf
276GeVic &, 0 01f
) &0 0.05F + }
positron deuteron :
]| R ... -.——--' ----- -
: : ; : | —
b, measurement in the kinematical region g 005 pr—
0.01< x <045, 0.5GeV><Q? <5 GeV> X i 5 +
lE Bessunedl N, N
b, sum in the restricted Q° range Q° >1 GeV’ 0.002}- +
0.85 [ 1 '
jm dx b, (x) =[0.35 £ 0.10(stat) + 0.18(sys) ] x 10~ i T
| > ® o *
. A 2 Q 1 : [
at 0" =5 GeV «g 10'1E,,. o ety 0 B e
c 102 10" 1
X
Idx bD(x) = lim— iL (1) + 2 e’ J dxo q.(x)=07? b, sum rule: F. E. Close and SK,
! -0 12 M* ¢ i Lot PRD 42 (1990) 2377.

Drell-Yan experiments probe
these antiquark distributions.

d 1 25 € Ol
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‘“Standard”’ deuteron model
prediction for b,



Standard model prediction for b, of deuteron 1

‘]} % Wuv=; Im Tuv
_ (Y N 2 __Mp-q 2p
b(x)= [ SOOI OIS o=
3 3 3 2 2 D q
= = ML =L | 2 -
Id p y[ a2n % (P)0;(p)+1 —19,(p) }(SCOS 6 1)5(y MNVJ N
S-D term D-D term D
Nucleon momentum distribution:
o 2 E -
o= o+ o= [dpyle" ()6 [y v M—p] Standard model
N

D-state admixture: ¢ (p) =9,2,(p) + ¢,.,(p) of the deuteron

0.004

0.003 N }HERMES |b, (theory)| < |b,(HERMES)|

% g \\\ at x<0.5

0.002 ] .

0.001# Standard convolution model does not
xb. o -1 work for the deuteron tensor structure!?

) —~
-0.001]
----- 02=1.0 GeV?2 v
0,002 { giﬁﬁ gexz G.A. Miller, PRC 89 (2014) 045203,
0.003 - Interesting suggestions:
0 02 04 06 . 08 1 12 14 Bidden caloriGranarktiat:
W. Cosyn, Yu-Bing Dong, SK, M. Sargsian, | 6q> = | NN > +| AA> + | CC> e

Phys. Rev. D 95 (2017) 074036.




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)
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Experimental possibilities Projects in 2030’
EIC, EicC

SCIENCE REQUIREMENTS
AND DETECTOR
g CONCEPTS FOR THE

; ELECTRON-ION COLLIDER
,QT J EIC Yellow Report

IHEP
ATy
~ Y Fermilab NICA has et
R polarized-deuteron beam
JLab Approved E1039 experiment
experiment! (with deuteron target) R ‘
Projects in 2020’s

Linear/Circular Colliders

Possibilities: other hadron facilities
(with fixed target)

COMPASS at CERN

N |

GSI CERN-LHCspin,
AMBER




Tensor-polarization asymmetry

in Drell-Yan



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

transversely polarized: A,q,, tensor polarized: 0gq,

Unpolarized cross section
do o’ .
<dxAdedQ> agr L e o)y 3 2% 4,00, (x0) + 0,(x,) 9. (xs)

Spin asymmetries T T
X, 2[A4, (x,)A, (x2) + A2, (x,)Ad, (5,)] PR sy gl
Zaej [qa (xA)qa (xB) + qa (xA)qa (xB):I

sin’ 9COS(2¢) zaej [ATqa (xA)ATqa (xB) + ATqa (xA)ATqa (xB)]

A =

Ap = [ L

1+COSZB zae:[qa(xA)qa(xB)_*_qa(xA)qa(xB)]
IR F DA AL AN R AN LT AL ) N
i’ Zzan[qa(xA)qa(xB)-l-qa(xA)qa(xB):l T T - £

= Apg, = Arg = Ayg, = Ay, = Apg, =0

Advantage of the hadron reaction (6¢g measurement)
2 e qa xA)5Tqa (xB)
zaeaqa xA)qa (xB)

A, (large X ) Note: o # transversity in my notation



Tensor-polarized PDF's 0004

SK, PRD 82 (2010) 017501.

0.002

Two-types of fit results:

% HERMES (2005) l

o set-1(5,§=0): x*/d.of.=283 /7 L
Without J,.¢, the fit is not good enough. -

o set-2(0,q#0): y°/dof.=1.57

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

with tensor-polarized antiquark (set 2)

With finite J,.q, the fit is reasonably good. g T P
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. (ﬁ
fray 4 o . A -0.005 x0.4,
Finite tensor polarization for antiquarks:
. = — — = without tensor-polarized antiquark (set 1) ‘/l
J- dxbl (x) = (0.058 —=—===_. with tensor-polarized antiquark (set 2)
0
1 ¢t ' -0.01
=5 [ dx[48,7(x)+ 8,d(x)+8,5(x)] 0.001 e




Tensor-polarized spin as

= zaez [qa (xA)5Tqa (xB) +q, (xA)BTqa (xB )]

A

AN Zaej[qa(xA)qa(xB)_*_qa(xA)qa(xB)]
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ymmetry at Fermilab

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
Argonne National Laboratory, Argomne, 1L 60439
C. Brown , D. Christian
Fermi National Accelerator Laboratory, Batavia IL. 60510
M. Dicfenthaler, J.-C. Peng
University of llinois, 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. Ai W. Lorenzon, R. Raymond
University of Michigan, Ann Arbor, MI 48109-1040
I. 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




Gluon transversity

in deuteron



Gluon transversity A, g

Helicity amplitude A(A;,A;, 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, (6,4, 6,8)#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
dé_ + ixptE” x x y y
Arg(x)= [Sxp” ¥ (pE [4* 04" ©) - X O Q)P ),. . |
E, = 8wz — 8z
z g/; = gluon distribution with the gluon linear polarization &,
y- E, pP—> in the deuteron linear polarization E_
/ Polarization vectors Ex = E—fx =1, 0, 0), E'y - ?:y =(0,1, 0)
Spin and tensor of the deuteron S = (S%, 8%, St),
1 * 1 . PP’ : ~3Su+SE%  SH Sk
St=—¢e"¥p In(E_E;), T" =—=| g* - —Re(E¥'E’ 1 . o
M p, Im(E,E,) 3[g Z ) a ) T= 3 STr —2S1L — ST Sir
L4 - - Se.. SY 2Srr Y _ Qr QY
E*=(0,E), E,= %@1, ~i,0), E,=(0,0,1) S or 3%l Srr=Sip =51, =0
e E, E,, E_: Spin states with z-components of spin s,=+1, 0, —1 Polarizations E St | Sz | St | Sir ||SFr
o £,=(1,0,0), Ey =(0, 1, 0): Linear polarizations Longitudinal +z %(—1 —i,0) 0 | O |+1| +5 |l O
— to measure gluon transversity Longitudinal —z %(—*—1, —3,0)| 0 [ O |=1|+3 | O
(1) Prepares, =0 [f]x =(1, 0, 0)] by taking the quantization axis x Thssverse: 4 % ©,—-1,—5) | +1| 0 0 B lx 4 %
ds =0[E, =(0, 1, 0)] by taking the quantization axis y. ;
nd s, =R, =1 i'by tatingiieqlantizgion axisy Transverse —x %(0, +1,-4) -1 0 | O | —3 |[+3
(2) Combination of transverse polarizations. 1 1 ;
Tl B, Transverse +y 72(—2., 0;~1)| @ |$L| O | ~F [|—5
polarization Transverse —y | ==(—4,0,+1) | 0 [ —-1] 0 | —% || -3
SK and Qin-Tao Song, o Linear x (1, 0, 0) 00| 0]+5]-1
PRD 101 (2020) 054011 & 094013. e tion | Lincoc ¢ L0 o]0 o]+




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

{ﬁ “.‘ 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

e‘ME
*>M? 4 Q

o 1d
A Q") = 22 P it [ SAr8(1,0Y)
q

do
dx dy d¢

[xyzF (x,0%) + (1~ y)F,(x,0* )——x(l NA(x,0* )COS(2¢)]

By looking at the deuteron-polarization angle ¢,

the quark transversty A, g can be measured.

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




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.

"\; S0

Fermilab-MI NICA RHIC (fixed target) GSI-FAIR J-PARC  LHC (fixed target) EIC
COMPASS/AMBER /EicC



Proton-deuteron Drell-Yan cross section

Drell-Yan cross section

ky [T 1 1 A -1
Aol J'O dx, J’O dx, f,(x) f,(x,)d6,,_ ., M, .  =eM’ . EeMab_W*d
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"(q -k, 2)2E1(2”)32E2(2”)3

I = 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 ’
(I)q/A (x,)= E I:”fl RA (x,)+YshS,, 8, g/A (x,)+AY8,h a/A (x, )]
1 . v v
® () =S [ M 0n () + VA Sps 81y () +0 Y WSy ey (6)+ A Sy Fins )+ 0" Sh 11 b i (5,) |

i 1 i . i i &
q)giB (x,) = E[_g¥-f'1,g/3(xb) +ig; B,LglL,g/B(xb) - g;SB,LL«flLL,g/B (x,)+ SI;J‘TthT,g/B (xb)]

*

q i

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
1

do-pd—wW'X(Ex Wit ?) - o’ ,Crq;

£ cos2g)|  dx =Y e2x, [4,(x,)+ G, (x,)] %, Ar g, (x,)

dtdq do dy 67s min(r,) “ (x,%,)" (X, — %, )(T —x,x,)" 4
2 A -— —
CF=N“ 1’ min(xa)=x1 T, xb=x"x2 C
2N, 1—x, i T

= (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.) do—pd;)/f/.L_X (E)
_dtdq;d¢dy dtvdq,d¢dy °
- — docer . M
pd>utu X pdoptu X ( y)

+
dtdqidgdy " dtdq; dody

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

do 2
. dy‘ (nb/GeV?) ‘AExy
0.01 0.1
q,=05 GeV =0 q,=05 GeV
- — - ¢,=10GeV y=05 - - - ¢,=10GeV
0001{
$=0 A p
t y=05 | | _----T New proposal at Fermilab-PAC
- in January, 2022 (D. Keller) !
0.0001 |
0.00001 ‘ ‘ ‘ ‘ ‘ ‘ 0.01 ‘ ‘ ‘ ‘ ‘ ‘
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

M 2(GeV?) M2 (GeV?)



Experimental possibility at Fermilab in 2020’s

° Drell-Yan experiment with a polarized proton target
POlarized ﬁxed_target eXperimentS Fermllab -E 1 039 Cf)-Spokespersons: A. Klein, X. Jiang, Los Alamos National Laboratory

at the Main Injector,

Argonne National Laboratory, Argonne, IL. 60439
C. Brown , D. Christian

PrOtOn beam — 120 GeV © Fermilab Fermi .\'ullo/m/y.\-:(-'(I';»ilslc;:zl)}:;lll.:rl'!zj;."u(l':.)flj:;'::‘ulurm 1L 60510

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/

New proposal for a Fermilab-PAC in January, 2022.



Nuclotron-based Ion Collider fAcility (NICA)

28 ..‘ML
7 é/ MPD
! BM@N (D tector ] etector)
Coil der
e
Y -

A
. J

D
‘

| njection Complex

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

B
B il

p+p: s,, =12~27 GeV On the physics potential to study the gluon content
w57 of proton and deuteron at NICA SPD, A. Arbuzov et al.
d+d: /s,y = 4~14 GeV (NICA project), Nucl. Part. Phys. 119 (2021) 103858.

Contents lists available at ScienceDirect

p+d is also possilbe.

Progress in Particle and Nuclear Physics

Unique opportunity in high-energy spin physics, - e
especially on the deuteron spin physics. DR P e Ay te gl cnrentatproen: i
A.Arbuzov“.‘ A. Bacchet’la“- .M: Butenschoen’, F.G. Ce}iberto et :
— Theoretical formalisms need to be developed. Y2 Ivanov-L1 A Cuskow A KarpishkovL. Ya.Kopot 2 B, Knihl,
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M. Nefedov ', B. Parsamyan -, C, Pisano “", M. Radici ‘, A. Rymbekova’,
V. Saleev ', A. Shipilova ', Qin-Tao Song*, O. Teryaev '



Summary on transversity situation may skip

* The quark-transversity distributions will be measured accurately
in future by COMPASS/AMBER, JLab, and EicC/EIC projects.

e Accurate quark-transversity distributions can be used for EDM studies.

* There is no experiment and only a few theoretical papers
on the gluon transversity A;g, which does not exist for spin-1/2 nucleons.

e Hadrons with spin=1 are needed, for example, the deuteron for Ag.

e There is a plan to measure A g at JLab in 2020’s.

 We proposed to use hadron facilities for measuring Ag.
In particular, we showed the theoretical formalism and cross sections
for the proton-deuteron Drell-Yan process with Ag .

e It will be proposed within the Fermilab-E1039 experiment (D. Keller).

Our formalism can be used at any other hadron facilities, NICA,
COMPASS/AMBER, RHIC, GSI-FAIR, J-PARC, LHC, (EicC/EIC/LHeC).

e Arg — “exotic” components in nuclei beyond bound states of nucleons.



TMDs and PDFs
for spin-1 hadrons



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-odd

T (ic"y,/o™)

T-even T-odd

fur®) |

Bacchetta-Mulders, PRD 62 (2000) 114004.

Spin-1/2 nucleon
(also spin-1 hadrons)

transverse plane

Spin-1 hadrons

*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-2021, for the details see PRD 103 (2021) 014025
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° 2 2
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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.

Terms associated with

1
n=——>1,0,0, -1
72 )




Twist-3 TMDs for spin-1 hadrons SK and Qin-Tao Song (2021)

®(x, k,, T)= —Tr[CI)m(x k,,T) r]_—Tr[ [ak-@, P, T1n) r] F(x, k2)= F'(x, k2)— (x, k2)
. ig . Si k,. .S
@7 e, ky, T) = [f”( R R SR S S A L LI ki)"Tk’MA?kT]

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

M2
. M S, .. ek S, kPek
@' (x, k,,T)= F|:e”(x’ kb% — e, (x, kb%
M S, €k, ) elk,.S,, k, els,..k; ek k- S,y k
(I)[YY](x9k T) |: gll( ’kz)%_glir(x’ k;)ggsLTj-i_gi_T(x’ kz)%"'gn( 9k2)%w_g’;—r(x7 k;)%
- M S, ky k, S,k
671 - 2 _ 2\ D11 2y Ry " Oqp Ry
7 (x, kp, T) = Pt [h 16 kp)Sp = By ey Bep) == M oty (k) M? ] *2,*3 Because of the time-reversal invariance, the collinear PDFs g, , (x) and £, (x)
(I)["’](x e M hJ- « kz) Sir k _S ir kz B kz) S;IT k,k i_g ;IT k,, K do not exist. However, the corresponding new collinear fragmentation functions
s Kps 1) = L7\ Xs —M (EACT M G,,(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

@' (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, . ek Srrkrer ks,
Q" (x, ky, T) = M+2 {gs,,( X, kﬂ%usn(x, kz)"”’T]

i Si k k. +S. -
B0 e g o )P G, 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 a 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



TMDs and their sum rules for spin-1 hadrons

Twist-2 TMDs

Quark | U (y*) L'y T o™y, /6™)
Hadron™_|Teven| T-odd |Teven| Todd | Teven | Todd
Y S | [h}]

. s (A
. g | e U], i)
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: [Ay11], [hi-LTD

Uy, U]

Twist-3 TMDs

Quark |y, 1,iy, s o’,c7
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[err el
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Time-reversal invariance in colliear corrlation functions (PDFs)
[ @k, @ pgq (e, K7) =0

Sum rules for the TMDs of spin-1 hadrons
[k, (k) =0, [k, g, k) =0,
[k, by, (0 =0, [ @ty by (x03) = 0

For example, in the twist-4

, k;
@k, by (e k) = [ dky [hm (k) = 5 L by (x,ki)] =0

o M2 TR b o kiSir - kr
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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

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



Summary on Spin-1 TMDs and PDFs

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

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.
e New TMD fragmentation functions.

. o ok I 1 0L i
iwisESSEMID: “frse, ol mifer . enane oo sifes enbie
a) 1 I i T
8r1s8irs 8irs 8rrs 8rs Mgy Ryps gy s By

TWiSt-4 TMD: f:%LL’f;LT’f;TT’ g3LT’f:’)TT’ h3Jl_,L’ h3LT’ hSJl_,T’ h3TT’ hSJT_‘T

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

Sumrules: [ d’k,g,,(x, k})=[d*kyhy, (x, k7) =[ dKyhy,, (x, k7)) =0

{

TMD distribution functions: Fed l, e R N ST M Mg Y E, ot

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




Twist-2 relation and sum rule
for PDF's of spin-1 hadrons

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



PDFs for spin-1 hadrons

Twist-2 PDF's
Quark U () L (y*Y,) T (ic™y. /™)
Hadron™_ | T-even | T-odd | T-even | T-odd | T-even | T-odd
U fi .
. o | We derived analogous relations to
g : Ld Ld
i Wandzura-Wilczek relation and
T L] Burkhardt-Cottingham sum rule
LL Sur @By | for fir and fiy .
LT | 1 SK and Qin-Tao Song (2021)
TT
Twist-3 PDFs Twist-4 PDFs
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Wandzura-Wilczek and Burkhardt-Cottingham relations for g, and g,

2

Structure functions: Id(Z—j_)eb‘PT <P,S‘ v Oy yw ()| P’S>¢+=E L, =2M, [glL(x)ﬁ”S N+ g (X)S7 + g5,(x) (?,{1;2 n"S- "}

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

J. Kodaira and K. Tanaka,

1 1
1 =18 X))+ g, (=x)], 1(X)+ g, =8 (X)+ g, (=
&0)=318u.+8u(0] 8@+ 8. =7erx)+ e (0] Prog. Theor. Phys. 101 (1999) 191.

Operators: R # =" lygy®y D ... phhy = R 4 RIOUTED — tyyist 2 + twist 3

R(Oﬂl"'ﬂn-l) = 1|:SO'P{#1P#2 » Pﬂn-l} + Sl‘lP{o'Pﬂz \ ¥ Pﬂn—l} + SﬂzP{thO' ~a P:un—l} +.. :|
n

Rlotmlta) 1[(,1 » I)SOP{MP#: v PR} g plopis | pld _ gl plpo | pled ]
n

2

<P,S|R{°"1"’”"-" | P,S> = ;anMN [SOP# ... Pt 4 P#ST ... Pl 4. ]

<P,S| R[O'{Ih]"'ﬂn—1}

P,S)= %anN [(STP# — PoS#)P*: ... PP  (SOP# — POSH)PH .. Pt ... ]

Wnﬂ] wom, (PSR | PS) =m0 (S m) || duxlg,, (0)+ 87 [ duxlg, (x)

- J._ll dxx"'g,, (x)=a,, ‘[_11 dxx""'g,(x)= %an + nT_ldn

> [law g 0= [ aw ' gu0=1a,  [lawlg@rawl=[ do g w= L+ 1,
- J.(: dxx""g,(x)= Ll dxx"™! [—gl (x)+ _[: %&(J’)} + nZ_—nl d,

. 1dy -
If we write g,(x) = g}" (x)+g,(x)=—g,(x)+ | —g,(y)+2,(x)
2 2 X ] -[ x y°t 8 Note: Twist-3 operators R'1""#~ are obtained

1d . | i i n—-1 by the Tayler expansion of & ¥ (0)(0*y° —3°y*)y.w (&)
=& ()=-gx)+ .[ x Tygl L) (P e IS (ol J. 0 dex'” g, (x) = d, which needs to be investigateg in details ) ’

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

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



Collinear PDFs for spin-1 hadrons may skip

2 +

+
1|4 (P) tn’ % (P+) = n*n +L(EHSZT v Sk T)_ M (nHSZT+n"S T)+Sﬂv:|

Tensor polarization: T == |: S

2 v =V A4
52 _ES (n”n +n'n" —gl )+

Collinear correlation function: ®(x,P,T)= —[ Jin (S, A + i —e,, (x)S;, +— P fLT (x)S,, :| , up to twist-3

Matrix element of vector operator: <P,T

ixP*E™ p+i e —ixP*E” + — M
S P,T> = J'_ldxe-“” PTr[®@,(x, P,T)(7*), | = J'_dxe 2P |:f1LL(x)SLLn” +Fs;;f”(x)}

o =1,2 = transverse: <P,T ye ="y ()| P,T> = ZMSZTJ.ldx e [—%flu(x)+fn (x)—di{xf”(x)}}
= X
_____________________________________ 1_ TR TTYR SR T LT Note: Twist-3 operators R are obtained
P (0)(@*y* - %y (&) =y (0)(D*y* — D*y*)w(é) - l[_/(O)}’”l/I(f)igJ‘ dtt prpa &) by the Tayler expansion of 5”7(0)(8”7" -3°y"w(é),
. ] which needs to be investigated in details
In the Fock-Schwinger gauge: £,A%(§) =0, wehave A"(&)= _[0 dtt§,G* (t&), G" = 9" A" -9 A —ig[A*, A"] for finding the details of twist-3 terms.

FOD Y =Dy () ==~ F O™ By (@) - SO o™y @~ [ diE,6™ (1) F0)y,,0™y )+
~ 358, GG (E)T O™y (@)=, dFO]-i£,6™ (£ £ +£,8 (1) fr.—[ 667 (£)-£,5°C" (&) |roy Jweo)
=FO B Y@+ Bo™y§)-ig| dtE'G,, (¢£)F O o™y ()
E[FO@ " -3y ()] =g dt u‘r(f»{i(t - %)G"*‘ (t€)- %5“" (té)n}&,,gw(x) + %gj: argO) £,°G" (18)-£G7 (&) [r.r-w(®
~ L& O™ (B - my (@)~ igﬂ.,-/(o)(ﬁ +ma () +2E,3,{FOWO, oy &)}

~gj dty/(O){ (t—l)G"” (t.f) (té’)ys}.f”gy/(x)

Multiparton correlation function: (®y);(x,,x,)= I‘;i‘;ie’” " it mxPEy <P,T‘ v, (0) gG™ (& (& )‘ P,T>
T 2

Express @, in terms of possible Lorentz vectors and multiparton distribution functions with the conditions Hermiticity, parity invariance, and time-reversal invariance
Mr. . ;
(I)Z; (x5x,) = 7 [lSZTFG,LT (x,5x,) = ETSLT;L}/SGG,LT (x,,%,) +i8,, 7% é,LL (%5%,)+ ’S;#YuHG,TT (%5, ):| H

H v l d d ixy 1 i (X=X )
((I)G)ij(’t)ji: SLT GLT(xlaxz)_ —g 25;_ 25:_ Pge( )P§<

v . v i dg dé i PYEC i(x,—x ) PYES = . = -
(@), Gysm) iz S[;Gg ,L,(xl,xz)=mg 2—7;2_7;8 Teelag <P,T\w(0) iy nn, G* (&; )w(§1)|P,T>

d(P ) ix, P- 1 v v v 1
j%e 8p T\gj dt 1//(0){ (t——) G* (t&) - ~y.G* (tg)}g B @©\P.T),; = 2MSL,:Pj dxzx -

G* (& (E)|P,T)

x[ {Fosr (r15%) + G () |+ 5— {Fcn<x2,xl>+Gp,LT(x2,xl>}]



Twist-2 relation and sum rule

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

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

(P.T| 0@y -3*y*)w (&)| P,T) =2MS, [ dx e [—%fm(x) + for () - %{xfn (x)ﬂ
e Twist-3 operator in terms of gluon field tensor
E[VO -y 3w ]=¢] dtw(m{ (t - 1]G’”’ (¢8)~- —75 (té)} EEv(©
o Matrix element of field tensor in terms of twist-3 multiparton distribution functions
JATE enrspalf, g Ofi(1-1) 606 - 17,67 D) & B OIPT) g

1
—|:ax {FG 1 (X15X,) + G (3,3, )} e {FG.LT (x5,%,) + G 11 (x, ’xl)}]

)

1 el
- =—%f1u(x)—f£?”(x), Higher-twist: f;7"(x) = - ?jody—x_ [ {FourGs0)+ Gour (e} o {Fcu(y,x>+0w(y’x)}]

+1 x>0

= 1 @=3 [ L0+ [TV 0, o= P[dy e = {_1 o

Define f+(x)=f(x)+f(x)=f(x)—f(—x), f=f1LL’ fLT’ If;”)’ x>0

> fix)=2 _[ fm( )+j B () Twist-2 relation: fi@=3 j %fl;(y)
If we define f,,,(x)= —fLT (%) = fi. (%),
fih ()= fm(x)+j fm(y)+ j f3™(y) o Twist-2 relation: f,7,(x)= £, (x)+ [ "D e+ (y), Wandzura-Wilczek like
xy

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

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:

Summary on the twist-2 relation and sum rule

[lax fz)=0

g, (x)=—g,(x)+ _[: %gl (y) (Wandzura-Wilczek relation), J‘Ol dx g,(x) = 0 (Burkhardt-Cottingham sum rule)

For tensor-polarized spin-1 hadrons, we obtained

_[dbe(x)_llm—i—F (t)+2 [ dx8,g,(x)

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

12
=0?

fitz @)= =i+ [ AL, [lax £ =0, LLT<x)E§fLT<x)—ﬁLL<x>

‘dx £20=0 it [ drfh =2 dx b (x)=0
0 0 3J0

Existence of multiparton distribution functions: F,,(x,,x,), G, ;1 (x;,X,), Hah (Bsiiis Hy m(x 5%7)




Summary on Twist-2 relation and sum rule

e We derived 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.

For spin-1/2 nucleons,
1 1
gx)=—g x)+ I le( y) (Wandzura-Wilczek relation), jﬂ dx g,(x) = 0 (Burkhardt-Cottingham sum rule)
Sy

For tensor-polarized spin-1 hadrons, we obtained

1 1 2
Fir@==F500+ [ VhL 0, fias fin@=0,  fur@=3fu®= fu®

1 1 2 el
jo dx £} (x)=0 if jo dxleL(x)=§I0 dx b, (x)=0

Existence of multiparton distribution functions: F,,(x,,x,), G, (x,x,), H;LL (%;5%,)s Hi 17 (%,,5X,)

Spin-1 structure functions of the deuteron (new spin structure)

* tensor structure in quark-gluon degrees of freedom beyond standard

* by, gluon transversity, new TMDs mnodg) of nucles
* new signature beyond ‘“standard’ hadron physics?
e experiments: JL.ab (approved), Fermilab (proposal in 2022), ...,

NICA (~2025), LHCspin (~2028), AMBER?, EIC, EicC, ...



Future prospects
and summary



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

JLab NICA

Fermilab

The Transverse Structure of the Deuteron with Drell-Yan
A Letter of Intent to Jefferson Lab PAC 44, June 6, 2016

. . ; D. Keller!
Search for Exotic Gluonic States in the Nucleus o

' University of Virginia, Charlottesville, VA 22904

M. Jones, C. Keith, J. Maxwell*, D. Meekins

Thomas Jefferson National Accelerator Facility, Newport News, VA 23606

Proposal,
Fermilab-PAC: January, 2022
Experiment: 2020’s

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

LHCspin

CERN-ESPP-Note-2018-111

The LHCSpin Project

3. Bowri®, V., Ca
>, Di Nezza®, R
ulders'$1%, F. Murgial®,
, M. Radici®, F, Rathn

D E, Steflens?!, A, Vasilyev?

arXiv:1901.08002,
Experiment: ~2028
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x regions of b, in 2020’s and 2030’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?

standard model

TMDs

Not discussed: GPDs, GDAs (Generalized Distribution amplitudes = timelike GPDs),
Multiparton distribution functions, Fragmentation functions, ¢« ¢

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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