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Introduction
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Figure from Phys. Rev. D 62, 114004 (2000).

Spin-1 hadrons offer unique access to explore novel effects beyond spin-1/2 targets.



Introduction

B Experiments with deuteron

» Deuteron is the simplest stable spin-1 nucleus (a weakly bound system of a proton and a neutron).

« HERMES experiment: First measurement of tensor polarized structure function b,
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* Model results compared with HERMES data
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X Possible mechanism:

Hidden color state, six quark system, ...
W. Cosyn, Y-B. Dong, S. Kumano, and, M. Sargsian, Phys. Rev. D 95, 074036 (2017)
G. A. Miller, Phys. Rev. C 89 (2014) 045203

See S. Kumano’s talk

Understanding the tensor structure of spin-1 deuteron is required for learning
partonic structure of light nuclei.
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 Upcoming experiments: JLab, Fermilab

The Deuteron Tensor Structure Function b,

A Proposal to Jefferson Lab PAC-40

E12-13-011

Spin 1 Transverse Momentum Dependent Tensor Structure Functions in CLAS12
Jiwan Poudel, Alessandro Bacchetta, Jian-Ping Chen, Dustin Keller, Ishara Fernando et al. (Feb 27, 2025)
e-Print: 2502.20044 [hep-ph]

Experimental study of tensor structure function of deuteron

Jiwan Poudel (Jefferson Lab), Alessandro Bacchetta (INFN, Pavia), Jian-Ping Chen (Jefferson Lab), Nathaly
Santiesteban (New Hampshire U.) (Apr 18, 2025)

Published in: Eur.Phys.J.A 61 (2025) 4, 81 - e-Print: 2506.04506 [nucl-ex]

Inclusive DIS and SIDIS
tensor polarized collinear PDFs and TMD PDFs

Enhanced Tensor Polarization in Solid-State Targets
Dustin Keller, Don Crabb, Donal Day (Aug 21, 2020)
Published in: Nucl.Instrum.Meth.A 981 (2020) 164504 - e-Print: 2008.09515 [physics.ins-det]

The Transverse Structure of the Deuteron with Drell-Yan
SpinQuest Collaboration - D. Keller (Virginia U.) for the collaboration. (May 2, 2022)
e-Print: 2205.01249 [nucl-ex]

Proton-deuteron Drell-Yan

Corresponding theoretical study is required!



Kinematics and spin states

B Trento conventions

Virtual photon-target frame

¢(1) + d(P) — £(U') + h(Py) + X (Px)
1

Spin-1 target, e.g. deuteron

Several commonly used dimensionless variables:
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Kinematics and spin states
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Cross section in terms of structure functions

B Decomposition of the hadronic tensor
2
do o LW

6_ pr—
o / dzqdydzdpndpdP2, — 8Q*z
Ly =2 (L}, + L1, = gul - U + ide€pnpol17)
Polarized lepton beam

! h
N ¥ WH (q; P,S,T; Py) =Y 6* (P +q— P, — Px)
X
(P, S,T|J*(0)|Px, Py) {Px, Pu|J*(0)|P, S, T)

L 7
(
YY

Hadronic tensor must satisfy:
Wy (Q7P’57T7Ph) = W"H ((LPWS)T)Ph)

Hermiticity:
WH (C],P,S,T,Ph) — W,ul/ (Q7P7_§7T;Ph)

Parity invariance :
quW" (¢; P,S,T; P,) = W (¢; P, S, T; Pp) gy = 0

Gauge invariance:



Cross section in terms of structure functions

Hadronic tensor W#"” === Basis tensors multiplied by scaler functions.

. e v :
9 basic Lorentz tensors: ht"” = {gfj”, pipY, Pk Phg , Pp P ;L/q} Py = Pt — quqq“
7 Suv PP PP, pv} Ph-q
hoH = { lnaP Py Pé/}’ c1naP Py Phq} Pl =B — - 7"
A q"q”
hUMV — {P(][MP;L/;} ggy — g,uV _ q2

~

h{}w _ { cval 7 EIU/th}

Polarized basis tensors = Polarization dependent (pseudo) scalars x Basic Lorentz tensors

Symmetric part: hoH = {TPhPh7TPhq7TqCI}h5HV’ {ETPh PPq ETQPPhq};LEW 16

— 23 basis tensors

Antisymmetric part: hit” = {7700 e paal p A {eTPhPPhq, eTqPPhq}B{}W 7
0 ! bscript U, T: t t polarizati
WEr _ N VS RSEY 1 s N A AR subscript U, T: target polarization
T ; riltri ; T Ty superscript S, 4: symmetric, antisymmetric

V. structure functions
K. b. Chen, W. h. Yang, S. y. Wei, and Z. t. Liang, Phys. Rev. D 94, 034003 (2016).

J. Zhao, Z. Zhang, Z-t. Liang, T. Liu, and Y-j. Zhou, Phys. Rev. D 109, 074017 (2024). 10



Cross section in terms of

structure functions
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11



Cross section in terms of structure functions

B General cross section d0 Tens i
dzqdydzdendidP? |
¥ 2l Vo) cosn | Sy
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see C. Weiss’s talk 12



Cross section in terms of structure functions

Ao Tens Integrating over P, Ao Tens
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13



Cross section in terms of structure functions

The hadronic tensor of inclusive DIS for a spin-1 hadron is expressed as

y 1 .
WiA(P,q) = - / B (P, X|[TS(E), T (0))1P. 4)

4n
F, i :
=—F1gu + P P, + i €uicd S’ + %eﬂmqﬂw .q8° — 8- qP°) Spin-1/2
1 1
= b7 + gbz(s;w it ) + 5 03(S — ) + 5 ba(Sw — 1), Tensor polarized

P. Hoodbhoy, R. L. Jaffe, and A. Manohar, Nucl. Phys. B 312, 571 (1989).
The relations between these two sets of structure functions:

271 1
Fyinyr=— [2(1 +7%)b1 — Z—d <gbz — —b3>},

1
Fywr,r = q [2(1 + ) zgb1 — (1 + ’72)2( by + b3 + b4>
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Cos ¢ _ Y 1 2
FU(LT%T = _E |:(1 + ’)’2) (—bz — b4) + (§b2 - 2b3>],
2

cos(2¢rT) Y
FU(TT)TT = 2xd( b — —b3>

W. Cosyn, B. R. Tomei, A. Sosa, and A. Zec, Eur. Phys. J. A61, 83 (2025).
14



Structure functions in terms of partonic functions

® Hadronic tensor up to subleading order in 1/Q

WH = 922 Z e’ / d*prd*kré*(pr + qr — kT)Tr{Cba(x,pT)ﬂy“A“(z, kT)vy"

- o5 [ B P A k) +97H 1B k) 9o, pr) + e

®, A : quark-quark correlators @Aa, AAa : quark-gluon-quark correlators

(a) (b) (c) 15



Structure functions in terms of partonic functions

B Quark-quark correlators

S . de~d%r
quark-quark distribution correlator:  &,;(z,pr) = / (27)3 ePE(P|1;(0 WU 6 ¥i(€)|P) -
Srr- St -
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twist- (zh g [v_ ’¢+])—(ih Sct - pT [¢_’¢+])+(’ihl [$LTa¢T])
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A. Bacchetta and P. J. Mulders, Phys. Rev. D 62, 114004 (2000).
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M2

2
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2M?

20

twist-3

S. Kumano and Q. T. Song, Phys. Rev. D 103, 014025 (2021).

16



Structure functions in terms of partonic functions

m Spin-1 TMD PDFs

twist-2 Quark Polarization
Unpolarized Longitudinally Transversely
Polarized Polarized
1
S N
IS g1L hit
% T fir g1t h1, hip
a
= LL firr hirr
= 1
° LT flLT girLT hirt, h1LT
T firT NTT hirr, hirr

A. Bacchetta and P. J. Mulders, Phys. Rev. D 62, 114004 (2000).

See S. Kumano’s talk

twist-3

twist-4
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T

Hadron Polarization

T
LL
LT
T

Hadron Polarization

Quark Polarization

Unpolarized Longitudinally Transversely
Polarized Polarized
ft, e gt h
f[J,_7 €r gi_ hL
fT7 f%: €T, 6%‘ gr, g%‘_ hT, h%
f LlL, eLL gi_L hrr
fur, fir, et exr 9LT, 9T hir, bz
frr, fr, err, erp 917, 97T hrr, hr

Quark Polarization

Unpolarized Longitudinally Transversely
Polarized Polarized

f3 hy

gsL hiL
e 93T har, hap

faLL harr

farr gsLT harr, harr
farT g3TT hsrr, harr

S. Kumano and Q. T. Song, Phys. Rev. D 103, 014025 (2021).
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Structure functions in terms of partonic functions

quark-quark fragmentation correlator:

1 détd?ér | g - n
Bilerkr) = 5.3 | e O (€)X X, Oy, 0)

£+=0

ny —n_, €er— —er, P+—>Ph_, M — My, z—1/z

TMD PDFs ) TMD FFs

f—-D, e—~FE, h—H, g—G

The final-state hadron is unpolarized

< Az, kr) =5 A\ Du_ +iH{ M;}Z‘]} twist-2 .

My, k{l' . [yi’—’ 7£+] e )p)CTU .
| Eopit T o gt AL, S Wpriis -
+ 2P { + oM, + 1 9 +G Y5 A twist-3 4
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Structure functions in terms of partonic functions

B Quark-gluon-quark correlators

quark-gluon-quark correlator:

(@), (z.pr) = [ dﬁ(%‘ffT SUPTOU DO iDH)
plus-component: @5 (z,pr) = 2Pt ®(z, pr)
transverse component: @5 (z, pr) = % (2, pr) — PF®(2, PT)
Under the constraint of parity conservation
/(:c pr;T) = mi\/l {[(fLL igLL)SLLpX;; + (frr —i95r) Sprp — (frr — id7r) STTpai)\Z/
— (fir —idzr) SL:;V[pT pj\j/:;) + (f7r — i G7r) o SMTizr - 1;\7/})] (97" — iezs)
_ [(ﬁfT +iéty) r S?\z”p L9+ (b + i iy )GT ST?ZZpTﬁ pT]'VT'V
+ [(her +ierr)Ser — (hur —iérr) SL:’]’W'pT — (A — ierr) P2 ‘j\?g P iy
\ +... (g p+ieT'y5)}¢7+ /

twist-3

19



Structure functions in terms of partonic functions

QCD equation of motion: [iP(¢) — m]y(€) = [vTiD™(§) + v iDT(§) +1FiDa(é) — m| ¥(§) =0

~ m ”
Trl™ [x’y_@g + ’yT,,@iﬁ + p—T<I>2 — —@2] =0 't = {y, v v5,i0%" 5}

M M
The relations between the twist-2 and twist-3 functions: zgt, = zit, + %hm,
2
T-even zerr = TeLr + %flLL; T-odd Ty = Tdrr + %QILT + MhlLT + ]\n; 25)\52 hizr,
Tfip = melL + firr, Tty = Tty + 1T + MhlLT,

1 _ .~ + ﬁf 2
TeLT = FELT T 3 pJILT: TILT = TILT ~ 5 M2 Sapdir + h1LT,
rery = xépr + EflTT A m pr

M ’ Tgrr = Tgpr — _ngT + thT + — T p
2 ons2''1TT»
vepr = aEby M M 2M
’ T97r = TdTr — QT + Mhu"%

~1
rerr = Xerpr, 9

4 £ x = xq _ p_T + ﬂh
zfrr =z fLr, 91T = TITT — 58 pYITT + 3 TT
= p2 2 1
zfir =xfrr — ﬁflLT, chry = ahrr + -5 M2 T hirr
- 2
1 1 ~
foT = foT =+ flLTa zhrpr = xhpr + hipT — %h%LT,

s fpr = = fpr, i T m
) 2 zhip = zhip + hapr + 2]\;2 hirr + A LT
CI:fTT = x_fTT - QflTTa 7 p
i 2M zhrr = zhrr + hirr — T2 hf'TTv
N 0 2M
:EfTT = ’T’.fTT + flTT, ~ p2 m
xh%T = mh%T + hirr + —21\;2 h%TT — T

Each of the TMD PDFs defined by quark-quark correlator have the corresponding relations. 20



Structure functions in terms of partonic functions

B Results for structure functions

Substituting the correlators into hadronic tensor and using the relations from EoM relations,

WH = 22 Z e? / dprd*kr6%(pr + qr — kT)Tr{CI)“(x,pT)’y“A“(z, kr)y”

1

- G5 [ B P A k) +97H B k) 9o pr) + e

Contracting it with the leptonic tensor, the structure functions are expressed as the convolution of
TMD PDFs and TMD FFs.

For conciseness, we introduce the transverse momentum convolution notation

ClwfD]=z €2 / Pkrd*pré® (kr — pr — Phi/2)w (kr,pr) f* (2, k%) D* (2, p%)

21



Structure functions in terms of partonic functions

Up to twist-3, we have 21 nonzero structure functions:

Fyrr),L =0, ) )

o =" e (oo Gt ) e (shsat + 5 )

FE [ _ 2 ’“T)%ﬁl) —bropr h%LLH%],

FZ‘(“L‘% = 232/16 [ — ilMiT (weLLHf + %flLL%) + ﬁJT (wgfLDl + %hﬁwg)],

s [i‘ P D).

Fme " =0,

et ][t )| B o+ ) o )

h = P, /|P,.|: the direction of the transverse momentum

« §;;-dependent structure functions have similar expressions to unpolarized structure functions
« twist-2: even number of ¢, ¢;r ¢+ twist-3: odd number of ¢, ¢, drr

« Nonvanishing structure functions can be used to study the tensor-polarized TMD PDFs
22



Structure functions in terms of partonic functions

Py integrated SIDIS: [FU(LL),T(xda z) =1 Z e?szLL(m)Dcll(z)J

doves _ 207 " () T Nfg (g veR Fy(Lp),L(T4,2) = 0
drqdydipdz ~ zay@22(1 —€) 234 ) " HE\ T VED.T T EUL).L ) UEDLEGE T -
. cos o117 _ 258 g a
+ |Srr| (\/ 2¢(1+€) cos ¢LTF((}(22%T + Aev/2¢(1 — €) sin ¢LTle(nL‘?FL)T> EU(LT) (2a,2) = —x za: €a 0 fir(z) Dy (z)J
2 2
+ |S7rle cos(2¢TT)F[3(Z§ET¢)’TT)} F((}(zsér(Tq;TT)(xd, z) = 0.

Inclusive DIS:
vr),r(zTd) = Z eczszLL(x),] twist-2

doTens 20 y2 { ( ) F; ( ) =0
= S| F; + eF; U(LL),L\Zd ,
dl’ddy(hﬂ xdyQQ 2 (1 _ 8) LL U(LL),T U(LL),L - COS ¢LT( ) 2 2 fa‘ ( )
cos cos F, Td) = —T €a— A JLT\Z), ist-
+ |Srr|v/2e(1 + €) cos ¢LTFU(L('§“I§T + |STT|ECOS(2¢TT)FU(IS§%STT)} U(LT) Ea : 5 0 ] twist-3
2
F((}(E?ZSTQ)STT)(md) = 0.

Extract tensor-polarized collinear PDFs

23



Experimental feasibility and physical insights

> Leading-twist observables are experimentally favorable.

The leading-twist terms containing D, provide clearest access to tensor-polarized TMDs.

COS - 2 i:" _
[FU(LL),T:C[flLLDl] ] %U(CZS;?,’LT 2¢LT):C[_ ( p]’l\zz pr Dl}]
2(h-kr)(h-pr)—krpr, | k-

cos2¢p, 0l _ T 1 cos(2¢1T) T'PT 1
FU(LL) C[ MM, hlLLH1 FU(TT)TT :C[MMh hirr Hi ]

cos(gn—prr) _ o[ PP 4 k) (ho-pr)p2—8(h-kr) (hopr)?
[FU(LT),T —C[ flLTD1U FU(IS;?;L 2pr7) _ Cl_(( 7)( PTQIX/%M}E r)(h-pr)

cos(ontorr) o[ kT L A(kr-pr)(h-pr)*— (kr-pr)ps
FU(LTS‘ LT C[— M, hlLTH1] T QM3 M;, )thT ]
FCOS(3¢h_¢LT)_C—_4(ﬁ'kT)(ﬁ'pT)2_(il'kT)p%_2(ﬁ'pT)(kT'pT)hlLT } o) —p

U(LT = o )2 —

(L) _ 2M2Mj, [FL(T%’" —20rT) - c[— p]@z ”TngTm]]

mn [ ’A"
[F Z(L(% ) =c| - A glLTD1] ]

24



Experimental feasibility and physical insights

» The S;; sector is the most experimentally accessible.

* Ininclusive DIS: b, is a key measurement of the proposed experiment at JLab.

» InSIDIS: Fyuur Foo 2%h can be used to extract the S;;-polarized TMD PDFs f;;; and h,;;, respectively.

U(LL) -
Fyr),r=ClfiLrD1] Foiy =C _2(h.kT)(]’\l/[§/}Fh)_kT.pThfLLlLfll
> For the S;; sector, the twist-3 modulation term Ff,‘zif)” is noteworthy.
Fl‘;?LST";LT contribute in P, integrated SIDIS and inclusive DIS.
FE 5T (w4, 2) = —wZei%fﬁT(w)D‘f(z) Py (@a) =~ 3 e, 2Mfm~<w

Twist-3 distribution function i —— See K. Kuroki’s talk

» Model calculations can provide quantitative guidance for future experiments.

« Convolution model, light-front wave functions, spectator model, ......
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Summary

We express the tensor-polarized part of the SIDIS cross section in terms of 23 structure functions.

In the parton model, we compute the structure functions up to the subleading power in 1/0Q (twist-3).
The 21 structure functions have nontrivial expressions in SIDIS.

Only two structure functions contribute to the cross section in inclusive DIS.

Upcoming experiments, such as those at JLab using tensor-polarized deuteron targets, will facilitate
measurements, enhancing our understanding of nucleon spin dynamics and potential novel nuclear
phenomena.

Tbantk you!
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Structure functions in terms of partonic functions

QCD equation of motion

[iD(€) — m]p(€) = [y iD™ (&) + v iDT (&) + v§iDa(§) — m] (£) =0
M M2 3 5 M - M\2.
<1>=<1>2+ﬁ<1>3+<ﬁ) 2, LB = B+ i,4+(ﬁ) 89,5

Py [eMy~ @5+ My, & o + pp0s — m]

. - M
+ P, [achy By + Mg, , + P B3 — m<I>3} = =0,

where we use the relations Py ®4 =P_Py =0 Py@% 5 = P_954 = 0

_ = m .
Tl |2y~ @3 + 97,9 5 + %‘1’2 - M%] =0 It = {y, 7 y5,i0%" 5}
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Structure functions in terms of partonic functions

(A“) (2 kT)

QZZ [ s € OU D) Ol X (XN O Uiy

A% (z, kr) = AY (2, kr) — k2A(z, kr)

Mh - « 1\ - . ’yi—
AA('za kT) - 2z {( ZGJ_) M (gT + ZGT 75) (H + ,LE)ZFY'% t... (g;“f’ _ Ze%p75) }7
E E m
i ALY
> > + Mh 1
D+ Dt
- = — +D17
z z
G_L G'L m L
= H
z z + Mh 1o
] 2
E = E + k—THlJ‘
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Structure functions in terms of partonic functions

21 nonzero structure functions:

Fywr),L =0,

F{}(ESL% _ %C[— ﬁ% (xffLD1 n %Mﬁué) - FL]\'/;T <:L‘hLLH1J_ + %ﬁu%)],

F((}(ESL?)’L _c [ B 2(h - kT)(i;\/;;h) —kr 'PTh{_LLI_IlJ_] ,

ngi(j‘é)"’;qﬁw) =C VLJT flLTDl] ;

™" =0,

ngqusTL)T _ %C{ B KfoTDl + %hlwgﬂ + :JT\/H\IZ Kar:hLTHlL + %glLT%) + <achiTHlL - %flLT%)} },
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Structure functions in terms of partonic functions

h-k
s (Pn+orT) _ =C |: — ThlLTHf_:| )

U(LT) M,
oS (Bén—drT) _ —C h’ kr (h pT) (i" : kT)p%“ - 2(i" -pr)(kr - pT) hi

U(LT) 2M2Mh lLT

sin E kT - pPr M, DJ' M GJ‘
FL(L%T = C{ (ﬂchTD1 + —h1LT ) + oMM, KmeLTHl — ﬁhglLT7) — (xefTﬂl ]\/;flLT_ ,

~ 1

sin(2¢,—¢rr) _ 2M 2(h - kr)(h - pr) — kr - pr M, Gt M,, D
FL(LT)h LT Q C{ 2MMh .’EeLTHlJ_ + ﬁflLT7 + iEeLTHl — ﬁglLTT ,
E ZI(HL(I?)h #or) = l glLTD1] ;

22 fz .pr)? — P

F I(}(z;“(T()ﬁ”il“ el C{ A ]\4)2 Lf lTTD1] ;

cos (2¢n—2¢rT)
Foerry =0,

A ~ > 2 . al l J_

cos(¢n—26rr) _ 2M | h-pr M, H, (h-kr)p7—2(h-pr)(kr-pr) M, G Lo My D

Fyrry 0 C{ M (@frr Dy - ﬁthT;)“‘ 2M2 M, zhrrHi — 9T |+ zhprHi — ﬁflTTT ;
(on—26rr) _ 2M [ 3(h - pr)(2(h - pr)* — P7) My | H*

F((}(Z;T)h TT Q C{ YE xfTTDl + ﬁthT

4(h - k7)(h-pr)2 — 2(h - k- —(h-k D+ M Gt
n (h - kr)(h - pr) (2M2p]\7/:r)h( - pr) — (h-kr)pt KthTHl +—f1TT—) _ (thTHl +]thlTT)]},
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Structure functions in terms of partonic functions

oS (2é77) _ C |:kT - Pr thTHf] )

U(TT) MM,
eos Uen—20r7) _ o] _ A(h - kr)(h - pr)p3 — 8(h - kr)(h - pr)® n 4(kr - pr)(h - pr)? — (k7 - P1)DT Wi ol
U(TT) 2M3Mh 2M3Mh 1TTH1

L(TT) Q M M P 2M?2M,, M M

(b — oM [ h- M E h - kp)p2 — 2(h - pr)(kr - M, Gt M, Dt
psin(en—2677) _ C{ pT (ngTDl My > _ (h-kr)pr — 2(h - pr)(kr - PT) l(xeTTHf _ —hflTT7) _ (we%THf B

sin(3n—2677) _ ﬂc _ 3(ﬁ'pT)(2(ﬁ'PT)2 - p%) %hL E
L(TT) Q 2M3 M T

A(h - kr)(h - pr)? —2(h - pr)(kr - pr) — (h - kT)P? M Gt M DL
+ 2M2M,, T [(weTTHiL-f-ﬁhflTT?) + (:L'G%Tﬂf—{— ]WhngT . >] ,

in (2¢5—2 2(h - pr)? — p3
F ZI(HT(T()% ) = ¢ [ X M)2 L 917Dy

(wgql“TDl +

z
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