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NuCleon Spin Almost none of nucleon spin
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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;_,4

[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,e--

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,
on TMDs and PDFs up to twist 4,
twist-2 relation and sum rule for PDFs

2021:

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




Standard model prediction for b, of deuteron
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Phys. Rev. D 95 (2017) 074036.
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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, (6,4, 6,8)#0 < stillA,g=0

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



TMDs and PDFK's
for spin-1 hadrons

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



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

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

Ay A A A Bacch
+ B“Mk B”Mzn nT" +iy.e, P’ _ By k’n"k‘,+7Bz"M2 k*n°n, |T"
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
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Twist-3 TMDs for spin-1 hadrons
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Twist-4 TMDs for spin-1 hadrons
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*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.
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TMDs and their sum rules for spin-1 hadrons

Twist-2 TMDs
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Sum rules for the TMDs of spin-1 hadrons
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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).



PDFs for spin-1 hadrons

Twist-2 PDF's

Quark| U (") L (r'ys) T (ic"y,/0™) s by, (x), *2:g,,(0), *3th,(x), *4:h,,(x)
Hadron TevenTodd ------ T evenTodd ----- TevenTodd Because of the time-reversal invariance, the collinear PDF vanishes.
U fi However, since the time-reversal invariance cannot be imposed
in the fragmentation functions, we should note that the corresponding
L £i.(8) fragmentation function should exist as a collinear fragmentation function.
T [A,]
s We derived analogous relations to
—— Wandzura-Wilczek relation and
LT 1 Burkhardt-Cottingham sum rule
TT for fir and fi;1.. (—Song’s talk)
SK and Qin-Tao Song,
. JHEP 09 (2021) 141
Twist-3 PDFs Twist-4 PDF's
Quark | 3,1, iy, r'Ys o', 07" Quark v Y7Vs o
Hadron\_| Teven | T-odd | Teven | T-odd /f Teven | T-odd | Hadron™_| T-even | T-odd | T-even | T-odd | Teven | T-odd |
U [e] U fy
L / [AL] L gL
| T [A31]




Twist-2 relation and sum rule o
Skip this page:

o Twist-3 matrix element in terms of tensor-polarized PDFs S on g, S t alk on O Ct 19
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o Twist-3 operator in terms of gluon field tensor JHEP 09 (2021) 1 41
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o Matrix element of field tensor in terms of twist-3 multiparton distribution functions
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Summary on the twist-2 relation and sum rule
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For tensor-polarized spin-1 hadrons, we obtained
F. E. Close and SK, PRD 42 (1990) 2377.
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Future prospects
and summary



Spin-1 deuteron experiments from the middle of 2020’s
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 375831

Proposal (approved),
Experiment: middle of 2020’s

' University of Virginia, Charlotlesuville, VA 22904

Fermilab

The Transverse Structure of the Deuteron with Drell-Yan

D. Keller!

Proposal,

Fermilab-PAC: January, 2022

Experiment: 2020’s

NICA LHCspin

CERN-ESPP-Note-2018-111

The LHCSpin Project

arXiv:1901.08002,
Experiment: ~2028

Contents lists available at Direct

Progress in Particle and Nuclear Physics

journal homepage: i ol

Review

On the physics potential to study the gluon content of proton )
and deuteron at NICA SPD

A. Arbuzov’, A. Bacchetta™, M. Butenschoen “, F.G. Celiberto

U. D'Alesio ", M. Deka”, I. Denisenko ', M.G. Echevarria’, A. Efremov *,
N.Ya. Ivanov *, A. Guskov “*, A. Karpishkov “, Ya. Klopot “, B.A. Kniehl *,
A.Kotzinian ', S, Kumano*, J.P. Lansberg °, Keh-Fei Liu ", F, Murgia",

M. Nefedov', B. Parsamyan “, C, Pisano ™", M. Radici *, A. Rymbekova *,
V. Saleev ', A, Shipilova “, Qin-Tao Song *, O, Teryaev

Prog. Nucl. Part. Phys.
119 (2021) 103858,
Experiment: middle of 2020’s

2030°s EIC/EicC

<

SCIENCE REQUIREMENTS
AND DETECTOR
CONCEPTS FOR THE
ELECTRON-ION COLLIDER

D. P. Anderle et al.,
Front. Phys. 16 (2021) 64701.

f. p Frontiers of Physics

EIC Yellow Report R’ Abdul Khalek et al. Electron-ion collider in China

arXiv:2103.05419.




Summary: our spin-1 TMD and PDF studies

TMDs of spin-1 hadrons

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

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

TMD distribution functions: Fed l, e R N ST M Mg Y E, ot
4
TMD fragmentation functions: D, G, H, E; z, k,, S,, T,, M,, n, v~, 0"
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