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Gluon transversity and TMDs for spin-1 hadrons
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We explain a gluon transversity, transverse-momentum-dependent parton distribution functions (TMDs), and parton distribution functions
(PDFs) for spin-1 hadrons. The gluon transversity exists in hadrons with spin more than or equal to one, and it does not exist in the spin-1/2
nucleons. Since there is no direct contribution from the nucleons, it is an appropriate quantity to probe an exotic component in the spin-
1 deuteron beyond a simple bound system of the nucleons. We show how the gluon transversity can be measured at hadron accelerat
facilities by the Drell-Yan process in addition to lepton-accelerator experiments. Next, possible TMDs are explained for the spin-1 hadrons
at the twists 3 and 4 in addition to twist-2 ones by considering tensor polarizations. We found that 30 TMDs exist in the tensor-polarized
spin-1 hadron at the twists 3 and 4 in addition to 10 TMDs at the twist 2. There are 3 collinear PDFs at the twists 3 and 4. We also indicate
that the corresponding TMD fragmentation functions exist at the twists 3 and 4. Due to the time-reversal invariance in the collinear PDFs,
there are new sum rules on the time-reversal odd TMDs. In addition, we obtained a useful twist-2 relation, a sum rule, and relations with
multiparton distribution functions by using the operator product expansion and the equation of motion for quarks. These findings are valuable
for experimental investigations on polarized deuteron structure functions in 2020’s and 2030’s at world accelerator facilities.
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1. Introduction spin-1 target is the deuteron, which can be used for experi-
mental measurements. Since the proton and neutron cannot
In spin-1 hadrons, there are structure functions in addition teontribute directly, the gluon transversity is an appropriate
the ones of the spin-1/2 nucleons, and they are related to thefibservable to find any exotic signature in the deuteron be-
tensor polarizations. These new structure functions were prorond the simple bound system of the nucleons. If a finite
posed in 1980's; however, experimental progress was rathelistribution is found experimentally, it could lead a new field
slow except for the HERMES$; measurement in 2005 [1]. of hadron physics. On this topic, the purpose of our study is
In spite of this situation, we have a bright future prospect beto provide a theoretical formalism for investigating the gluon
cause there are experimental projects in 2020’s and 2030tansversity at hadron accelerators, for example, by the Drell-
to investigate polarized deuteron structure functions at variYan process [3, 4] as discussed in Sec. 3, whereas the lepton
ous accelerator facilities, such as Thomas Jefferson Nationacattering measurement was already considered at JLab [2,5].

Accelerator Facility (JLab), Fermilab (Fermi National Ac- The second topic is on transverse-momentum-dependent
celerator Laboratory), Nuclotron-based lon Collider fAcility parton distribution functions (TMDs) and parton distribution
(NICA), LHC (Large Hadron Collider)-spin, and electron-ion ynctions (PDFs) of tensor-polarized spin-1 hadrons up to
colliders (EIC, EicC) [2]. Therefore, time has come to inves-yuist 4 [6] as explained in Secs.4 and 5. Polarized PDFs

tigate them theoretically before experimental measurementsys ine nucleons have been investigated up to twist 4 [7]; how-

In this report, we discuss a gluon transversity, especiallyever, they were investigated only at the twist-2 level [8] un-
how to find it in a proton-deuteron Drell-Yan process. Theretil recently for spin-1 hadrons. The purpose of our study is
are already significant works on a quark transversity both theto provide full TMDs, PDFs, and fragmentation functions
oretically and experimentally. However, there is no experi-up to twist 4 for the spin-1 hadrons [6]. Due to the time-
mental measurement on the gluon transversity because it doesversal (T) invariance in the collinear PDFs, there are sum
not exist in the spin-1/2 nucleons. The gluon transversity igules for T-odd TMD distributions. For the collinear PDFs,
defined by an amplitude with a gluon-spin flip, namely thea useful twist-2 relation and a sum rule were found [9] in
difference of two units of spinfs = 2), so that the hadron the similar way to the Wandzura-Wilczek relation and the
spin needs to be larger than or equal to one. The most stabRurkhardt-Cottingham sum rule. Furthermore, the equation
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of motion for quarks was used for obtaining relations among3. Gluon transversity in Drell-Yan process
the collinear parton- and multiparton-distribution functions

for spin-1 hadrons [10]. We explain these results in this paThe gluon transversity has not been measured yet, although
per. there are global analysis results on the quark transversity. In

principle, it exists in the spin-1 deuteron although it does not
for the spin-1/2 nucleons, so that it is a unique quantity to
probe a new hadronic physics within the deuteron.

Polarizations of spin-1 hadrons are described by the spin vec- The gluon transversitirg is defined by the matrix ele-
tor § and tensoff}; defined by the polarization vectéfas ~ Ment between the linearly polarized{() deuteron as [3]

2. Polarizations of spin-1 hadrons

S=Im(E" x E) = (S, St, SL), Arg(x) = er7,08 / dzixzﬁ eir e
1 s

T;; = =0;; — Re(E;E;

1= ghu —RelBEs) x (pEx | A%(0) AY(©)|pEa)es_g, o (D

—3Scr + 5% Stir Str _ _ .
_1 g _2g,  _gax gy (1) wherez is the momentum fraction for a gluomy.. is the
2 TT soLL T eTT  CLT | transverse parameter given by}, = +1 ande??, = —1, ¢
Sir SY. %S LL is the space-time coordinate expressed by the lightcone coor-

dinates¢* = (€0 + ¢3)/y/2 and&, p is the deuteron mo-
whereSz, Sp, Sr, Spr, Stp, Spr. Sir, @ndSip 88 P& menium, andA” is the gluon field. It is expressed by the
rameters to express the vector and tensor polarizations. T'?ﬁuon distribution difference as

polarizations of the spin-1 hadrons, for example the deuteron,
are listed in Table | by showing the polarizati(ﬁand the
polarization parameters for the longitudinal, transverse, and
linear polarizations of a spin-1 hadron. The longitudinal po-whereg /3 is the gluon linear polarization, in the deuteron
larizations contain botly;, andSy ., and the transverse ones with the polarizationE,. Because this distribution is de-
do S%, Srr, andSE%.. Itis interesting to see that these po- fined by the linear polarizations for the gluon and the spin-
larizations partially have the tensor polarization parametenl hadron, it could be called gluon linearity. However, the
Srr and that the linear polarization paramef&i7. is con-  gluon transversely is commonly used in literature, so that this
tained in the transverse polarization. The linear polarizationgxpression is used throughout this paper. In terms of parton-
are defined by the polarization vectdl, = (1, 0,0) and  hadron forward scattering amplitude$y, x,, 1,,, With the

E, = (0,1, 0). They also have the parametgy, in addi-  initial and final hadron helicities\; andA ;, and parton ones,
tion to 577~ as shown in Table |, so that tg, ;. terms should  )\; and)\, the gluon transversity is given by

be cancelled in order to extract the gluon transversity defined

in association withb7%.. Arg(z) ~ImA 4 __ . 4)

Arg(z) = gz/z(x) — 94/3(), 3

TABLE I. Longitudinal, transverse, and linear polarizations of a Namely, itis defined by the amplitude with the gluon helicity
spin-1 hadron, polarization vectors, and parameters of the spin vecflip, so that the change of two spin unit&{ = 2) is needed
tor and tensor [2,3]. between the initial and final states. It is the reason why the

Polarizations E St SY Sy Si i spin-1/2 nucleons cannot. accqmmodate this distribution.

Longitudinal = (-1 1.0) 0 0 +1 +1 0 The gluon_ transvers!ty will be measured at charged-
vaiom 2 lepton scattering by looking by the angle dependence of the

Longitudinal—z —=(+1, —,0) 0 0 -1 +5 0 deuteron spin in the cross section [2]. It is the angle be-
Transverserz %(0, -1,-i) +1 0 0 -1 +1 tween the lepton-scattering plan and the target-spin orienta-
Transverse-z %(07 +1,—) -1 0 0 -1 41 t|on.t The |_r;)t|ens;or:1 (()jf our stuolllestls tfo rq_at_ke tkf:e mealsu_re-
L, 1 1 ment possible at hadron accelerator facilities by supplying

Transversery vz ( Z 0.-1) 0 +1 0 1 2 a theoretical formalism for the Drell-Yan process [3,4]. As
Transverse-y (=4, 0,+1) 0 -1 0 -3 -3 an example, the proton-deuteron Drell-Yan process was in-
Linearz (1,0,0) 0 0 0 +5 -1 vestigated because it is possible at Fermilab. The formalism
Lineary (0, 1, 0) 0 0 0 +3i +1 details are explained in the paper [3], where the cross section

of p(A) + d(B) — p*p~ + X is given by the difference
do(E;) — do(E,) as

Supl. Rev. Mex. Fis3 0308097
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E,—E,) =
dr a2 dpdy e )

cos(2¢)

> € Talqa(ra) + Ga(za) ] 2oATgp(2H)

(Taxp)? (g — 1) (T — Ta22)?

dzx, ) )

min(zq)

by considering the deuteron linear polarizatios, ( £,).

Here,r is defined by the dimuon mass or momentum squarel:i

asT = M},/s Q?/s with the center-of-mass energy
squareds, ¢ is the dimuon transverse momentum squaged,
is its azimuthal angley is the rapidity in the center-of-mass
frame, « is the fine structure constant, is the QCD run-
ning coupling constant;r is the color factolCr = (N2 —
1)/(2N.) with N, = 3, ande, is the quark charge. The mo-
mentum fractionx,, is given byz, = (2,22 — 7) /(20 — 21),
and the minimum ok, is min(z,) = (x1 —7)/(1 — 25) with

1 = e¥\/(Q% + q7#)/s andxy = e ¥/(Q% + ¢7)/s. The

4. TMDs and PDFs for spin-1 hadrons

Next, we discuss the TMDs and PDFs at the twists 3 and
4 for tensor-polarized spin-1 hadrons. Recently, fully consis-
tent investigations have been done for finding possible twist 3
and twist 4 TMDs and PDFs, whereas the higher-twist PDFs
were found many years ago for the nucleons. In general, the
TMDs and PDFs are defined from the correlation function
<I>£9], which is the amplitude to extract a parton from a hadron

qa(zq) andga(z,) are quark and antiquark distribution func- and then to insert it into the hadron at a different space-time

tions in the proton, and\r-g(z;) is the gluon transversity in
the deuteron.

In estimating the cross section numerically, we used the <I>£§](k,P,T |n) =
CTEQ14 PDFs for the unpolarized PDFs of the proton and
also the deuteron by ignoring nuclear corrections. Since there

point:

ik-&

< (PT|40) WH(0,0%:(6) | P T). ()

is no available gluon transversity at this stage, we assumed o

it is equal to the longitudinally-polarized gluon distribution Here,x and P are quark and hadron moment&,indicates
given by the NNPDF1.1; however, it is likely an overestima- the tensor polarization of a spin-1 hadranis the lightcone
tion of the cross section. In Fig. 1, the polarization asymmeYectorn* = (1,0,0, —1)/v2, ¢ is a space-time coordinate,

try Ag,, = do(E, — E,)/do(E, + E,) is shown for the
Fermilab kinematics witlp, = 120 GeV by taking¢ = 0,
y = 0.5, andgr = 0.5 or 1.0 GeV as the function/?,.

The asymmetry is typically a few percent. However, if a fi-

v is the quark field, and’[<(0, £) is the gauge link with the
integral pathc.

This correlation function is expanded in a Lorentz invari-
ant way with the constraints of the Hermiticity and parity in-

nite gluon transversity is found in an experiment, it couldVariance. The time-reversal invariance does not have to be

lead to an interesting new hadron physics. Fortunately, thi§atisfied in the TMD level due to the existence of the color
experiment will be proposed at Fermilab within the E-1039flow given by the gauge link; however, it is imposed in the

collaboration [2].
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FIGURE 1. Polarization asymmetryA g, , |.

collinear PDFs. Then, we obtain [6]

A A
Bk, P, T |n) = ]\143 T + -+ ‘J\Z(Q)EWP]C%%TM
B M Bsa M
Thon + - - T (7
P.n " + + P-n Tk (7)

for the tensor polarization part. The twist-2 expression was
given in Ref. [8] for spin-1 hadrons. Higher-twist expres-
sions were investigated for the spin-1/2 nucleons in Ref. [7]
by including the lightcone vectat to accommodate twist-

3 and 4 effects. In the same way, we includeterms for

the spin-1 hadrons for defining the higher-twist TMDs and
PDFs. HereA; and B; are expansion coefficients, the ten-
sor polarization is expressed Wy*”, and the contraction
Xux = X, k¥ is used. The TMDs are given by integrating
the function over the quark momenta as

@ (x, kp, P, T) :/dk+dk‘ ol
x (k,P,T|n)s(kt—zPT). (8)

The TMDs and collinear PDFs are defined by traces of
the correlation functions withy matrices [) as o'l =

Supl. Rev. Mex. Fis3 0308097
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Tr[®T'] /2. The twist-2 TMDs were defined by the traces 5. Useful relations among PDFs and multipar-

ol @bl and glic™ ] (Or o) [8]. The twist-3 ton distribution functions

TMDs were obtained byp['], @[t @il i) <I>["’;],

ar[1d7<1> | M, arESIiE?e twist-4 TMDs were obtained B L For the new twist-3 PDFs, we derived useful relations. First,
@0 7+, and®l” 1 [6]. For example, we have we obtained a twist-2 relation and a sum rule [9], analogous

; M ki, to the Wandzura-Wilczek (WW) relation and the Burkhardt-
oM@, kr, T) = B |:fLL(x k7)SLL~= i L+ flr(x,k7)Sir  Cottingham (BC) sum rule, for the twist-2 and twist-3 tensor-
polarized parton distribution functiorfs;, ;. and fr.r, respec-

kpSir - kr Sirkr ively. Using the formalism of th t duct -
L (g R2\ET o (, 2) 2T tively. Using the formalism of the operator product expan
Jir (@ kr) M? fTT( 7) M sion and defining multiparton distribution functions for twist-
1 T - St - kr KT 3 terms, we obtained the relation
br o oTT BT B 9
+ frr(z, k) e M}’ )
as the trace for defining some of the twist-3 TMDs. Instead Fur )7§ J fize(y) 4[4 £ () (14)
of the primed TMDs we define other TMDs Wy(z, k) = LT{T) =75 Ty Y '
F'(x,k2) — (k2/(2M?)) F*(z, k2) wherek2 = k:T, S0 (@) e(=)

that the primed TMD$ may not be used in actual TMD lists.
From these traces, we find that the following tensor-polarizedere, ¢(x) is defined bye(z) = 1 (1) atz > 0 (z < 0),

TMDs exist [6]: and the last term is the twist-3 effect given by the multipar-
ton distribution functions. We defing PDFs by f*(z) =
TWist-2 TMD: firr, firr, fir, gier, 17T, f(z)+ f(z)inthe range® < z < 1. TheflLL is the same as
hivr, bavr, hipr, barr, hirr, by with the relationb!*? = —(3/2)f,},.. Then, neglecting

. the higher-twist term, we obtain
Twist-3 TMD: fﬁ[n €LL, fLTa f;:Ta e1ir, efT7 fTTa f%T? g

1 1 1 1
err, €err, 9rr, 9.7 97> 97T 977>

hir, hor, hip, her, hyr, fip(z) = ;’/dy Fi ). (15)
Yy

Twist-4 TMD: farr, farr, fsrr, 93LT, 9377, 1
L + S 1

M hsirs My, hres Myrr (10) Namely, the twist-2 part off. is expressed by an inte-
Namely, there are 10, 20, and 10 tensor-polarized TMDs agral of fir; (or b1). If the function forr is define by
twists 2, 3, and 4, respectively. These are classified by chirafy;;, = (2/3)frr — fioz, it leads to the twist-2 relation
even/odd and time-reversal even/odd. Since the time-reversaimilar to the WW relation as
invariance should be satisfied in collinear PDFs by the inte-
gral over the transverse momentum, there are sum rules

for the T-odd TMDs as fir(@) = —fi7 (2) + / dynyL( )-

1
/d kT hlLT(x kT) /d kTgLT(IC kT)
Integrating this equation ovear, we obtain the BC-like sum
/d kr hip(a, k2) = /d krhopr(e,k?) =0. (12) o0 o9 TS €

The TMD fragmentation functions are also found up to 1
twist 4 [6] simply by changing kinematical variables and /
0

+ _
function names as [8]: dx f3pp(x) = 0.

Kinematical variablesz, kr, S, T, M,n,~*, o't

= z,kp,Sn, Th, My, 0,y ", 0", If the parton-model sum rule fof, .., (b1), [ dzf; ,(z) =
o _ 0 (fdebi*%(z) = 0) [12], is applied by assuming
Distribution functions: £, g, , e vanishing tensor-polarized anthuark distributions, another
= Fragmentation functiond), G, H, E. (12) sum rule exists forf.r itself, fo dmeT( ) = 0.1In

o . - ) deriving these relations, we showed that the following
In addition, if the TMDs are integrated ovér, we obtain  yensor-polarized multiparton distribution functions exist:

the tensor-polarized PDFs up to twist 4 as: Frr(x,y), Gor(z,y), Hip(z,y), Hrr(z,y).
Twist-2 PDF: f1pr, Twist-3ierr, frr,

_ (13) Next, from the equation of motion for quarks, useful
Twist-4: fr1,. relations were also obtained (1) for the twist-3 PBEr,
The collinear fragmentation functions were investigated inthe trasverse-momentum moment P@ET, and the mul-
Ref. [11]. tiparton distribution functiong’c . andGg,rr; (2) for the

Supl. Rev. Mex. Fis3 0308097



GLUON TRANSVERSITY AND TMDS FOR SPIN-1 HADRONS

twist-3 PDFey 1, the twist-2 PDFf; 1., and the multiparton
distribution function g , ;, as [10]

(€]
1LT

zfrr(r) — (z)

—P/d Forr(z,y) + Ga rr(v,y) _o,
r—y
[ HE ()
x,y m
xeLL(a:)fZP/iy%fMflLL(z):O.

-1

6. Summary

We explained a possible gluon transversity measurement
by the proton-deuteron Drell-Yan process. Then, possible
twist-3 and twist-4 TMDs and PDFs were shown for tensor-
polarized spin-1 hadrons. In addition, the corresponding
TMD fragmentation functions exist at twists 3 and 4. A use-
ful twist-2 WW-like relation and a BC-like sum rule were de-
rived by defining multiparton distribution functions at twist
3. Furthermore, from the equation of motion for quarks, the
twist-3 PDFs are related to other PDFs and multiparton dis-
tribution functions, and so called the Lorentz-invariance rela-

The transverse momentum moments of the TMDs are detion was also obtained. Since there are various experimental

fined by f (M (z = [d*kr( (k2/(2M?)) f(x,k2), P is the
principle mtegral andn is the quark mass. In addition, the
Lorentz-invariance relation was obtained as [10]

(1)
dflLdZ( ) _ fLT(x) + gflLL(x)
1
Ferr(z,y)
= 2P |dy ———<5— = 0.
/1 —y)?

In these derivations, we also obtained relations

projects to investigate spin-1 hadrons, these studies should be
useful.
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