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

A spin-1 target can have tensor polarization [associated with � = 0]
3 additional T -even and 7 additional T -odd quark TMDs compared to nucleon

Analogous situation for gluon TMDs [See talk of Mulders & Shanahan]

to fully expose role of gluons in nuclei need polarized nuclear targets [e.g. D, 6Li]
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• Quark correlator is the quantity that can be decomposed into 8 components (6 T -even and 2 T -odd
terms).
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Definition of ⇠:

Why light-cone coordinates are used? Because the manifestation of quark-parton structure of
QCD, and construction of multi-parton Fock states as eigen states of QCD Hamiltonian is only possible
in the light-cone quantization.

What’s the role of gauge-link

Why ⇠+ = 0 limit?

• Asymmetry measurements like A
sin�
UT

• The first measurement of the Sivers function was done by STAR collaboration.

• The origin of the non-Universality of the Sivers function (relative sign between DY and SIDIS) is the
gauge invariance in QCD.

• Usually, the “hard scale” is the intermediate photon/boson virtuality, and the “soft scale” is parton’s
transverse momentum.
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TMDPDFs for Spin 1 & Beyond …
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Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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The decomposition of the correlators in terms of relevant structures allowed by symmetry and scaling by the non-
perturbative TMD functions is now a common and advantageous practice. This enables a singling out of the relevant
quantities that contribute to the cross-section of a selected process. The complete parametrization of the TMD
correlator for quarks, including the T -odd structure, is given in [53] for spin-1/2 hadrons, and complemented in [54, 62]
with the addition of spin-1 hadrons with the tensor polarization parts for quarks. For gluons, the first parametrization
was performed in [55], followed by [56], with extended parameterization in [57]. The work on gluons indicate that
some distributions are accessible in polarized nuclei. Exploring nuclei in pursuit of gluonic content of hadrons of spin
greater than 1/2 is highly attractive, especially because they are expected to be accessible at high-x. Looking at novel
gluon distributions, not related to the ones from the nucleons, is very interesting in the study of exotic e↵ects in the
binding of nuclei, as well as their dynamic contribution to spin and mass.
To consider the application to the full spin-1 target including the tensor polarization components, we have to

start with the deuteron polarization density matrix. In being consistent with the popular work on the subject, the
subscript U is used to denote unpolarized hadrons, the subscripts L and T are used to denote respectively longitudinal
and transverse vector polarization, and the subscripts LL, LT , and TT are used to denote longitudinal-longitudinal,
longitudinal-transverse, and transverse-transverse tensor polarization. The tensor polarizations have double index,
indicating a specific orientation of the tensor polarized state (MJ = 0) of the spin-1 target. It is also necessary to
use superscripts to indicate which axis is the axis of quantization. For example, SLL is the longitudinal component of
the spin tensor, and it is oriented longitudinally along the z-axis, or the beam-line. However, the S

x

TL
term indicates

a tensor polarization pointed ⇡/4 with respect to the beam line in the xz-plane, where the x-axis is pointing directly
vertical transverse to the beam-line, and the y-axis is pointing sideways transverse to the beam-line.
The density matrix has the form:
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1

3
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2
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◆
, (18)

where the components S
i of the vector S represent the vector part of the spin. The tensor part of the spin state is

represented by the T
ij by demanding PµT

µ⌫ . With this notation in mind, the density matrix is parameterized in
terms of a spacelike spin vector S and a symmetric traceless spin tensor T [57]:
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The density matrix would take the form,
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To explore both transversity of quarks and gluons with the same spin-1 target, we must take a closer look at the
leading-twist correlators for both. For parametrization of the quarks, the leading-twist TMD correlator is,

� (x,kT ) ⌘ �[U ] (x,kT ;n, P, S, T )

⌘
Z

d(⇠ · P )d2kT

(2⇡)3
e
ik·⇠hP, S, T | ̄(0)U(0, ⇠) (⇠)|P, S, T i

����
⇠+=0

.
(22)

Using the indicated notation, the quark correlator is organized in terms of target polarization such that,

� = �U + �L + �T + �LL + �LT + �TT ,

and the decomposition is expressed as:

12

first defined by Ja↵e and Manohar [34] and referred to as nuclear gluonometry. This observable is related to a transfer
of two units of helicity to the polarized target and vanishes for any target of spin smaller than 1. A finite value of this
observable requires the existence of a tower of gluon operators contributing to the scattering amplitude, where such
a double-helicity flip cannot be linked to single nucleons. This observable is exclusive to hadrons and nuclei of spin
� 1, and measures a gluon distribution, providing a clear signature for exotic gluonic components in the target. In
the parton model language, this observable comes from the linearly polarized gluons in targets with transverse tensor
polarization and is related to the TMD h1TT . This interesting function is the focal point of our motivation and is
one of the least investigated aspects in the gluonic structure linked to the target polarization where non-nucleonic
dynamics becomes accessible. TMD h

g

1TT
is expected to yield new insights into the internal dynamics of hadrons and

nuclei.
Going beyond the collinear case, one can define new TMDs, see Fig 5. These TMDs appear in the parametrization of

a TMD correlator, which is a bilocal matrix element containing nonlocal field strength operators and Wilson lines. The
Wilson lines, or gauge links, guarantee color gauge invariance by connecting the nonlocality and give rise to a process
dependence of the TMDs. The description of spin-1 TMDs is presented by Bacchetta and Mulders [62] for quarks
and Boeret al. [57] for gluons. Additionally, a study of the properties of and the relations between the gluon TMDs
for spin-1 hadrons has recently been published [64]. Positivity bounds were derived that provide model-independent
inequalities that help in relating and estimating the magnitude of the gluon TMDs.
In [57], the gluon-gluon TMD correlator was parametrized in terms of TMDs for unpolarized, vector, and tensor

polarized targets. We use a decomposition for the gluon momentum k in terms of the hadron momentum P and the
lightlike four-vector n, such that,

k
µ = xP

µ + k
µ

T
+
�
k · P � xM

2
�
n
µ
,

satisfying P · n = 1 and P
2 = M

2, where M is the mass of the hadron. The gluon-gluon TMD correlator for spin-1
hadrons is defined as:
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where the process-dependent Wilson lines U[0,⇠] and U
0
[0,⇠] are required for color gauge invariance. The leading-twist

terms are identified as the ones containing the contraction of the field strength tensor with n and one transverse index
(i, j = 1, 2), explicitly indicating the dependence of the vector and tensor part of the spin. The correlator is then
expressed as,
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where there is a trace over color, and the dependence on the gauge links is omitted. After the separation in terms of
the possible hadronic polarization states, the correlator can be expressed using the indicated notation as the following,
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The parametrization in terms of TMDs with specific polarizations and orientations can then be expressed as,
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as the pretzelosity h
?
1T [58], but considerably less exists for the sea. Beyond this, there is essentially no experimental

information on any of the other functions. In Fig. 4, the list is shown of leading twist quark TMDs for the spin-1
target, which contain 3 additional T -even and 7 additional T -odd TMDs compared to spin-1/2 nucleons. The rows
indicate target polarization, and the columns indicate quark polarization. The bold-face functions survive integration
over transverse momenta.

FIG. 4. The list of leading twist quark TMDs for the spin-1 target, which contain 3 additional T -even and 7 additional T -odd
TMDs (all T -odd are shown in red) compared to spin-1/2 nucleons. The blue indicates collinear PDFs. Here, the rows indicate
target polarization, and the columns indicate quark polarization. The bold-face functions survive integration over transverse
momenta.

To zero in on some observables of interest, we can integrate over transverse momenta and force many functions to
vanish. The collinear correlator can then be parametrized as,
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
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2
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�
x, k

2
T

��
.

(23)

So, even for the spin-1 target (deuteron), the quark PDFs for the spin-1/2 constituents are easiest to access. They,
of course, represent the distribution of quarks in the longitudinal momentum space of unpolarized f1, longitudinally
polarized g1, and transversely polarized h1 quarks in the proton and neutron. For the polarized cases, the neutron
dominates in its contribution to the observables, as it caries more than 90% of the deuteron polarization.
Then, there are the extra collinear functions from the tensor polarization contributions f1LL and h1LT . For quarks,

there is a measurement of f1LL [59] indirectly as the b1 structure function in DIS. This observable deserves its own
Drell-Yan experimental e↵ort (mentioned later). Information on sea-quark f1LL specifically is needed [60, 61]. This is
also an attractive function because it contains non-nucleonic degrees of freedom that are detectable in nuclei. There
is also the tensor polarized observable h1LT , which is T -odd and simultaneously survives integration over transverse
momenta. At first order, the function h1LT vanishes due to the gauge link structure and the behavior under naive
time reversal transformations. In any case, these tensor polarized observables are mitigated when the spin-1 target
has zero tensor polarization but some finite vector polarization.
Naturally, valence quarks have been the focus for the last few decades. There has also been considerable theoret-

ical e↵ort in the last several years to understand the gluonic content of hadrons. Gluon observables can be easily
overwhelmed by the valence quarks depending on the target and the kinematics available at the facility. However,
the structure and dynamics produced by the gluons and the quark sea are turning out to be critical to answer many
pressing questions, and they must be studied in detail.
There is a clear need for sea-quark specific experiments; however, the information on gluon distributions is far more

scarce and essentially restricted to the collinear gluon PDFs for spin-1/2 targets. Gluon TMDs are mostly unknown
because it is generally very challenging to access the relevant kinematic regions for a spin-1/2 target. What little
information that is available on gluons comes from the LHC at CERN.
Little GPD or TMD information is available on spin-1 targets, and absolutely no experimental information is

available on the tensor polarization contributions in TMDs. However, the interest in the gluon content of nuclei is
growing, even if restricted to the collinear quantities. The collinear structure function for gluons in spin-1 targets was

The collinear correlators after integrating over the momentum, 

Kumano et al (2020)

An ongoing UVA project: Leading-twist quark and gluon 
TMDs, GPDs, Structure Functions for polarized spin-
3/2 targets as an exploratory first step (in progress).
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The deuteron polarization density matrix 
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The decomposition of the correlators in terms of relevant structures allowed by symmetry and scaling by the non-
perturbative TMD functions is now a common and advantageous practice. This enables a singling out of the relevant
quantities that contribute to the cross-section of a selected process. The complete parametrization of the TMD
correlator for quarks, including the T -odd structure, is given in [53] for spin-1/2 hadrons, and complemented in [54, 62]
with the addition of spin-1 hadrons with the tensor polarization parts for quarks. For gluons, the first parametrization
was performed in [55], followed by [56], with extended parameterization in [57]. The work on gluons indicate that
some distributions are accessible in polarized nuclei. Exploring nuclei in pursuit of gluonic content of hadrons of spin
greater than 1/2 is highly attractive, especially because they are expected to be accessible at high-x. Looking at novel
gluon distributions, not related to the ones from the nucleons, is very interesting in the study of exotic e↵ects in the
binding of nuclei, as well as their dynamic contribution to spin and mass.
To consider the application to the full spin-1 target including the tensor polarization components, we have to

start with the deuteron polarization density matrix. In being consistent with the popular work on the subject, the
subscript U is used to denote unpolarized hadrons, the subscripts L and T are used to denote respectively longitudinal
and transverse vector polarization, and the subscripts LL, LT , and TT are used to denote longitudinal-longitudinal,
longitudinal-transverse, and transverse-transverse tensor polarization. The tensor polarizations have double index,
indicating a specific orientation of the tensor polarized state (MJ = 0) of the spin-1 target. It is also necessary to
use superscripts to indicate which axis is the axis of quantization. For example, SLL is the longitudinal component of
the spin tensor, and it is oriented longitudinally along the z-axis, or the beam-line. However, the S

x

TL
term indicates

a tensor polarization pointed ⇡/4 with respect to the beam line in the xz-plane, where the x-axis is pointing directly
vertical transverse to the beam-line, and the y-axis is pointing sideways transverse to the beam-line.
The density matrix has the form:

⇢(S, T ) =
1

3

✓
I +

3

2
S
i⌃i + 3T ij⌃ij

◆
, (18)

where the components S
i of the vector S represent the vector part of the spin. The tensor part of the spin state is

represented by the T
ij by demanding PµT

µ⌫ . With this notation in mind, the density matrix is parameterized in
terms of a spacelike spin vector S and a symmetric traceless spin tensor T [57]:
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The density matrix would take the form,
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To explore both transversity of quarks and gluons with the same spin-1 target, we must take a closer look at the
leading-twist correlators for both. For parametrization of the quarks, the leading-twist TMD correlator is,

� (x,kT ) ⌘ �[U ] (x,kT ;n, P, S, T )

⌘
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Using the indicated notation, the quark correlator is organized in terms of target polarization such that,

� = �U + �L + �T + �LL + �LT + �TT ,

and the decomposition is expressed as:
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The decomposition of the correlators in terms of relevant structures allowed by symmetry and scaling by the non-
perturbative TMD functions is now a common and advantageous practice. This enables a singling out of the relevant
quantities that contribute to the cross-section of a selected process. The complete parametrization of the TMD
correlator for quarks, including the T -odd structure, is given in [53] for spin-1/2 hadrons, and complemented in [54, 62]
with the addition of spin-1 hadrons with the tensor polarization parts for quarks. For gluons, the first parametrization
was performed in [55], followed by [56], with extended parameterization in [57]. The work on gluons indicate that
some distributions are accessible in polarized nuclei. Exploring nuclei in pursuit of gluonic content of hadrons of spin
greater than 1/2 is highly attractive, especially because they are expected to be accessible at high-x. Looking at novel
gluon distributions, not related to the ones from the nucleons, is very interesting in the study of exotic e↵ects in the
binding of nuclei, as well as their dynamic contribution to spin and mass.
To consider the application to the full spin-1 target including the tensor polarization components, we have to

start with the deuteron polarization density matrix. In being consistent with the popular work on the subject, the
subscript U is used to denote unpolarized hadrons, the subscripts L and T are used to denote respectively longitudinal
and transverse vector polarization, and the subscripts LL, LT , and TT are used to denote longitudinal-longitudinal,
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To explore both transversity of quarks and gluons with the same spin-1 target, we must take a closer look at the
leading-twist correlators for both. For parametrization of the quarks, the leading-twist TMD correlator is,

� (x,kT ) ⌘ �[U ] (x,kT ;n, P, S, T )

⌘
Z

d(⇠ · P )d2kT

(2⇡)3
e
ik·⇠hP, S, T | ̄(0)U(0, ⇠) (⇠)|P, S, T i

����
⇠+=0

.
(22)

Using the indicated notation, the quark correlator is organized in terms of target polarization such that,

� = �U + �L + �T + �LL + �LT + �TT ,

and the decomposition is expressed as:
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where ~E+, ~E0, and ~E� indicate the three possible spin239

states of the deuteron. Here, the polarizations ~Ex and240

~Ey are spin-1 alignment-dependent states and can be241

used to orient the gluons in a linearly polarized config-242

uration in the target, based on the gluon transversity243

distributions defined by the matrix elements between244

linearly polarized states. The spin vector and tensor245

are written in terms of the polarization vector ~E of the246

deuteron as,247

~S = Im
⇣
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⇥ ~E
⌘
, Tij =
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�ij � Re (E⇤

i Ej) . (8)

The polarization vectors ~Ex, ~E0, and ~Ey are all in-248

dicative of a purely tensor polarized target with spin249

quantization axis along the x, z, and y axis respec-250

tively. From Eq. 8, we get for ~Ex a vector polarization251

of Sx
T = Sy

T = SL = 0, with SLL = 1/2, Sxx
T = �1,252

and Sxy
TT = Sx

LT = Sy
LT = 0. For ~Ey, a vector po-253

larization of Sx
T = Sy

T = SL = 0, with SLL = 1/2,254

Sxx
TT = +1 and Sxy

TT = Sx
LT = Sy

LT = 0 is obtained.255

For ~E0, a vector polarization of Sx
T = Sy

T = SL = 0,256

with SLL = �1, Sxx
TT = 0 and Sxy

TT = Sx
LT = Sy

LT = 0257

is obtained. We can then use combinations to optimize258

such that ~Ex � ~Ey yields Sx
T = Sy

T = SL = 0, with259

SLL = 0, Sxx
TT = �2 and Sxy

TT = Sx
LT = Sy

LT = 0.260

Also, 2 ~Ex � ~E0 yields Sx
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T = 0, with261
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T = �2, and Sxy
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LT = Sy

LT = 0. With262

either of these configurations, the longitudinal tensor263

polarization is zero as well as any vector polarization264

contributions, and the critical term Sxx
TT is also maxi-265

mized.266

3.1 Sea-quarks transversity distributions and the267

neutron Electric Dipole Moment (EDM)268

The general form of the hadronic tensor from [69] con-269

tains 48 structure functions. In particular, there are270

108 structure functions for the spin-1 target, with 60271

of them being associated with the tensor structure of272

the deuteron. The structure functions of the nucleon273

are given by the imaginary part of forward scattering274

amplitudes by the optical theorem. Figure 3 shows the275

parton-hadron forward scattering amplitudes, which can276

be written asA⇤i�i,⇤f�f with the initial and final hadron277

helicities ⇤i and ⇤f , and with parton helicities �i and278

�f , such that the PDFs can be related to the helicity279

amplitudes by [70,71], where the transversity distribu-280

tion is281

�T q(x) = q"(x)� q#(x) ⇠ Im (A"","" �A"#,"#) . (9)

Fig. 3 Parton-hadron forward scattering amplitude
A⇤i�i,⇤f�f

with the hadron helicities ⇤i and ⇤f and
parton helicities �i and �f [72].

Summing over the polarizations of the produced lep-282

tons, the expression for the Drell-Yan cross-section us-283

ing a transversely polarized nucleon target contains three284

transverse spin-dependent asymmetries. This part of285

the di↵erential cross-section can be expressed as [73,286
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quantization axis along the x, z, and y axis respec-250

tively. From Eq. 8, we get for ~Ex a vector polarization251

of Sx
T = Sy

T = SL = 0, with SLL = 1/2, Sxx
T = �1,252

and Sxy
TT = Sx

LT = Sy
LT = 0. For ~Ey, a vector po-253

larization of Sx
T = Sy

T = SL = 0, with SLL = 1/2,254

Sxx
TT = +1 and Sxy

TT = Sx
LT = Sy

LT = 0 is obtained.255
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T = SL = 0,256

with SLL = �1, Sxx
TT = 0 and Sxy

TT = Sx
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either of these configurations, the longitudinal tensor263

polarization is zero as well as any vector polarization264

contributions, and the critical term Sxx
TT is also maxi-265

mized.266

3.1 Sea-quarks transversity distributions and the267

neutron Electric Dipole Moment (EDM)268

The general form of the hadronic tensor from [69] con-269

tains 48 structure functions. In particular, there are270

108 structure functions for the spin-1 target, with 60271

of them being associated with the tensor structure of272

the deuteron. The structure functions of the nucleon273

are given by the imaginary part of forward scattering274

amplitudes by the optical theorem. Figure 3 shows the275

parton-hadron forward scattering amplitudes, which can276

be written asA⇤i�i,⇤f�f with the initial and final hadron277

helicities ⇤i and ⇤f , and with parton helicities �i and278

�f , such that the PDFs can be related to the helicity279

amplitudes by [70,71], where the transversity distribu-280

tion is281

�T q(x) = q"(x)� q#(x) ⇠ Im (A"","" �A"#,"#) . (9)

Fig. 3 Parton-hadron forward scattering amplitude
A⇤i�i,⇤f�f

with the hadron helicities ⇤i and ⇤f and
parton helicities �i and �f [72].

Summing over the polarizations of the produced lep-282

tons, the expression for the Drell-Yan cross-section us-283

ing a transversely polarized nucleon target contains three284

transverse spin-dependent asymmetries. This part of285

the di↵erential cross-section can be expressed as [73,286
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tions are T -odd [70]. This is an important distinction236

and will help to impose constraints with data from mul-237

tiple future experiments.238

3 Theory239
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such that ~Ex � ~Ey yields Sx
T = Sy

T = SL = 0, with278

SLL = 0, Sxx
TT = �2 and Sxy

TT = Sx
LT = Sy

LT = 0.279

Also, 2 ~Ex � ~E0 yields Sx
T = Sx

T = Sx
T = Sx

T = 0, with280

SLL = 0, Sxx
T = �2, and Sxy

TT = Sx
LT = Sy

LT = 0. With281

either of these configurations, the longitudinal tensor282

polarization is zero as well as any vector polarization283

contributions, and the critical term Sxx
TT is also maxi-284

mized.285

3.1 Sea-quarks transversity distributions and the286

neutron Electric Dipole Moment (EDM)287

The general form of the hadronic tensor from [71] con-288

tains 48 structure functions. In particular, there are289

108 structure functions for the spin-1 target, with 60290

of them being associated with the tensor structure of291

the deuteron. The structure functions of the nucleon292

are given by the imaginary part of forward scattering293

amplitudes by the optical theorem. Figure 1 shows the294

parton-hadron forward scattering amplitudes, which can295

be written asA⇤i�i,⇤f�f with the initial and final hadron296

helicities ⇤i and ⇤f , and with parton helicities �i and297

�f , such that the PDFs can be related to the helicity298

amplitudes by [72,73], where the transversity distribu-299

tion is300

�T q(x) = q"(x)� q#(x) ⇠ Im (A"","" �A"#,"#) . (9)

Summing over the polarizations of the produced lep-301

tons, the expression for the Drell-Yan cross-section us-302

ing a transversely polarized nucleon target contains three303
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The decomposition of the correlators in terms of relevant structures allowed by symmetry and scaling by the non-
perturbative TMD functions is now a common and advantageous practice. This enables a singling out of the relevant
quantities that contribute to the cross-section of a selected process. The complete parametrization of the TMD
correlator for quarks, including the T -odd structure, is given in [53] for spin-1/2 hadrons, and complemented in [54, 62]
with the addition of spin-1 hadrons with the tensor polarization parts for quarks. For gluons, the first parametrization
was performed in [55], followed by [56], with extended parameterization in [57]. The work on gluons indicate that
some distributions are accessible in polarized nuclei. Exploring nuclei in pursuit of gluonic content of hadrons of spin
greater than 1/2 is highly attractive, especially because they are expected to be accessible at high-x. Looking at novel
gluon distributions, not related to the ones from the nucleons, is very interesting in the study of exotic e↵ects in the
binding of nuclei, as well as their dynamic contribution to spin and mass.
To consider the application to the full spin-1 target including the tensor polarization components, we have to

start with the deuteron polarization density matrix. In being consistent with the popular work on the subject, the
subscript U is used to denote unpolarized hadrons, the subscripts L and T are used to denote respectively longitudinal
and transverse vector polarization, and the subscripts LL, LT , and TT are used to denote longitudinal-longitudinal,
longitudinal-transverse, and transverse-transverse tensor polarization. The tensor polarizations have double index,
indicating a specific orientation of the tensor polarized state (MJ = 0) of the spin-1 target. It is also necessary to
use superscripts to indicate which axis is the axis of quantization. For example, SLL is the longitudinal component of
the spin tensor, and it is oriented longitudinally along the z-axis, or the beam-line. However, the S

x

TL
term indicates

a tensor polarization pointed ⇡/4 with respect to the beam line in the xz-plane, where the x-axis is pointing directly
vertical transverse to the beam-line, and the y-axis is pointing sideways transverse to the beam-line.
The density matrix has the form:

⇢(S, T ) =
1

3

✓
I +

3

2
S
i⌃i + 3T ij⌃ij

◆
, (18)

where the components S
i of the vector S represent the vector part of the spin. The tensor part of the spin state is

represented by the T
ij by demanding PµT

µ⌫ . With this notation in mind, the density matrix is parameterized in
terms of a spacelike spin vector S and a symmetric traceless spin tensor T [57]:

S
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µ (19)

and,
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The density matrix would take the form,
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To explore both transversity of quarks and gluons with the same spin-1 target, we must take a closer look at the
leading-twist correlators for both. For parametrization of the quarks, the leading-twist TMD correlator is,

� (x,kT ) ⌘ �[U ] (x,kT ;n, P, S, T )

⌘
Z

d(⇠ · P )d2kT

(2⇡)3
e
ik·⇠hP, S, T | ̄(0)U(0, ⇠) (⇠)|P, S, T i

����
⇠+=0

.
(22)

Using the indicated notation, the quark correlator is organized in terms of target polarization such that,

� = �U + �L + �T + �LL + �LT + �TT ,

and the decomposition is expressed as:
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time-reversal odd fragmentation function, H1LT (z). Unlike the situation involving spin 1/2 particles, this does not
require any azimuthal asymmetries, although the function H1LT itself is not known.
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APPENDIX A: INTERPRETATION OF THE COMPONENTS OF THE SPIN TENSOR

A particular component of the spin tensor measures a combination of probabilities of finding the system in a certain
spin state (defined in the particle rest frame).
As “analyzing” spin states we can choose the eigenstates of the spin vector operator in a particular direction. We

can write the spin vector operator in terms of polar and azimuthal angles,

Σ
in̂i = Σx cos θ cosϕ+Σy cos θ sinϕ+Σz sin θ, (A1)

and we can denote its eigenstates as |m(θ,ϕ)⟩, m being their magnetic quantum number. The probability of finding
one of these states can be calculated as

P
(

m(θ,ϕ)

)

= Tr
{

ρ |m(θ,ϕ)⟩⟨m(θ,ϕ)|
}

. (A2)

Inserting in Eq. (3) the spin tensor, Eq. (5), and the spin vector, Eq. (4), the explicit form of the spin density
matrix ρ turns out to be

ρ =
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⎜
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From this explicit formula one can check that
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Below, we suggest a diagrammatic interpretation of these probability combinations. Arrows represent spin states
m = +1 and m = −1 in the direction of the arrow itself, while dashed lines denote spin state m = 0 again in the
direction of the line itself.

x transverse plane

z

y

SLL =
2
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time-reversal odd fragmentation function, H1LT (z). Unlike the situation involving spin 1/2 particles, this does not
require any azimuthal asymmetries, although the function H1LT itself is not known.
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Fig. 1. The potential values of tensor polarization Qn as a function of vector
polarization Pn. The red line corresponds to the Boltzmann condition, while the blue
triangular area corresponds to all allowed polarizations for the spin-1 system.

conditions, the system is in Boltzmann equilibrium and Qn can be
calculated directly from Pn as,

Qn = 2 *
t

4 * 3P 2
n . (6)

This relationship is indicated in Fig. 1 by the red line. It is clear from the
figure that vector polarization should be as high as possible to achieve
high tensor polarization when the Boltzmann condition applies across
the frequency domain.

Typically, the scale of polarization enhancement from DNP depends
greatly on the material in use. High-vector polarizations are often
at odds with high beam intensity and radiation resistance. Beam-
heating effects reduce the polarization of the target. Some materials
can achieve high polarization but are only applicable as low-intensity,
low-temperature targets due to their poor radiation resistance.

Selective semi-saturating RF radiation (ss-RF) [1] can be used to
manipulate the energy levels by driving transitions at select positions
in the NMR line at predetermined degrees of saturation. This technique
can increase, decrease, or modulate the target’s tensor polarization.
It can also connect spin reservoirs to transfer polarization. Finally, it
can drive the polarization of one spin system to zero to eliminate the
contamination in a spin asymmetry measurement. An example of the
latter is NH3, where the nitrogen polarization can contribute to the
asymmetry of polarized proton measurement. Eliminating the nitrogen
polarization without depleting the proton polarization reduces the error
in the proton asymmetry and improves the overall figure of merit of the
experiment.

2.2. Deuteron lineshape

The deuteron (or any other spin-1 particle without cubic symmetry)
has an NMR lineshape described by two peaks which form a doublet
function, where both peaks have an independent intensity but where
the shape of the peak is symmetric about zero in the frequency domain.
A single peak is described below with a dimensionless position in the
domain, R = !*!D

3!Q
, with ! being the probed frequency, `!D being the

deuteron Zeeman energy, and `!Q being the quadrupole energy [11].

The intensity in the NMR line as a function of R can be expressed as,

I(R, ✏) =
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(7)

with

X2 =
˘

� 2 + (1 * ✏R * ⌘ cos 2�)2 (8)

Y =
˘

3 * ⌘ cos 2�

cos ↵ = (1 * ✏R * ⌘ cos 2�)
X2

where ✏ = ±1 determines whether the tip of the peak is to be right
or left of R = 0, respectively. � and ⌘ cos 2� are parameters that are
material dependent and are approximately 0.05 and 0.04 respectively.
These parameters are determined for ND3 from experimental data [16].

The absorption line intensities, written as I+(R) and I*(R), can be
used to describe the polarizations at any frequency position in the
line R, which represents the polarizations of the target sample at a
particular frequency. In this regard, the vector polarization can be
written as the sum of the intensities, P (R) = C(I+(R) + I*(R)), and the
difference describes the tensor polarization Q(R) = C(I+(R) * I*(R)).
Integrating over R gives the total polarizations which can be written
as,

P = C(I+ + I*) (9)

Q = C(I+ * I*), (10)

where C is a calibration constant and I± is the integrated value,
total area, of I±(R) over the two absorption lines in Boltzmann equi-
librium. The Boltzmann equilibrium connection between vector and
tensor polarization, approximated in Eq. (6), dictates both the ratio
of the intensities and the corresponding relations, Eq. (9) and (10).
In this equilibrium state, the two absorption lines in the signal result
from the distribution over the polar angle between the direction of the
electric field gradient and the local magnet field vectors [11,14,16],
preserving the general shape of the NMR line with only the scale of the
intensities I+ and I* changing with respect to one another for different
polarization values.

2.3. Polar angle dependence

It is critical to be able to describe certain parts of the absorption
lines in terms of specific frequencies or frequency bins. This is necessary
for the positions and bins in the polar angle between the electric field
gradient and the holding field ✓ as well. The intensities I+ and I*
can be more naturally described in terms of ✓, shown in Fig. 2. The
intensity as a function of frequency position R of the deuteron Pake
doublet, with ✓ = ⇡_2 corresponding to the spin orientation, where
the principal axis of the coupling interaction is perpendicular to the
magnetic holding field. This is in contrast to ✓ = 0, which corresponds
to the spin orientation in which the principal axis of the coupling
interaction is parallel to the magnetic holding field. The position R = 0
is the common angle to both intensities and corresponds to the angle
✓ = cos*1

˘

1_3. The total vector polarization is shown as the red line,
the sum of the blue and green lines. The total tensor polarization is the
difference between these two.

The two absorption lines for each intensity represent the orientation
of different spins, the common ✓ seen at R and *R in the signal
is indicative of a shared energy level by the spin population. The
population of these energy levels, shown in Fig. 3, or population density
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Fig. 1. The potential values of tensor polarization Qn as a function of vector
polarization Pn. The red line corresponds to the Boltzmann condition, while the blue
triangular area corresponds to all allowed polarizations for the spin-1 system.

conditions, the system is in Boltzmann equilibrium and Qn can be
calculated directly from Pn as,

Qn = 2 *
t

4 * 3P 2
n . (6)

This relationship is indicated in Fig. 1 by the red line. It is clear from the
figure that vector polarization should be as high as possible to achieve
high tensor polarization when the Boltzmann condition applies across
the frequency domain.

Typically, the scale of polarization enhancement from DNP depends
greatly on the material in use. High-vector polarizations are often
at odds with high beam intensity and radiation resistance. Beam-
heating effects reduce the polarization of the target. Some materials
can achieve high polarization but are only applicable as low-intensity,
low-temperature targets due to their poor radiation resistance.

Selective semi-saturating RF radiation (ss-RF) [1] can be used to
manipulate the energy levels by driving transitions at select positions
in the NMR line at predetermined degrees of saturation. This technique
can increase, decrease, or modulate the target’s tensor polarization.
It can also connect spin reservoirs to transfer polarization. Finally, it
can drive the polarization of one spin system to zero to eliminate the
contamination in a spin asymmetry measurement. An example of the
latter is NH3, where the nitrogen polarization can contribute to the
asymmetry of polarized proton measurement. Eliminating the nitrogen
polarization without depleting the proton polarization reduces the error
in the proton asymmetry and improves the overall figure of merit of the
experiment.

2.2. Deuteron lineshape

The deuteron (or any other spin-1 particle without cubic symmetry)
has an NMR lineshape described by two peaks which form a doublet
function, where both peaks have an independent intensity but where
the shape of the peak is symmetric about zero in the frequency domain.
A single peak is described below with a dimensionless position in the
domain, R = !*!D

3!Q
, with ! being the probed frequency, `!D being the

deuteron Zeeman energy, and `!Q being the quadrupole energy [11].

The intensity in the NMR line as a function of R can be expressed as,
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where ✏ = ±1 determines whether the tip of the peak is to be right
or left of R = 0, respectively. � and ⌘ cos 2� are parameters that are
material dependent and are approximately 0.05 and 0.04 respectively.
These parameters are determined for ND3 from experimental data [16].

The absorption line intensities, written as I+(R) and I*(R), can be
used to describe the polarizations at any frequency position in the
line R, which represents the polarizations of the target sample at a
particular frequency. In this regard, the vector polarization can be
written as the sum of the intensities, P (R) = C(I+(R) + I*(R)), and the
difference describes the tensor polarization Q(R) = C(I+(R) * I*(R)).
Integrating over R gives the total polarizations which can be written
as,

P = C(I+ + I*) (9)

Q = C(I+ * I*), (10)

where C is a calibration constant and I± is the integrated value,
total area, of I±(R) over the two absorption lines in Boltzmann equi-
librium. The Boltzmann equilibrium connection between vector and
tensor polarization, approximated in Eq. (6), dictates both the ratio
of the intensities and the corresponding relations, Eq. (9) and (10).
In this equilibrium state, the two absorption lines in the signal result
from the distribution over the polar angle between the direction of the
electric field gradient and the local magnet field vectors [11,14,16],
preserving the general shape of the NMR line with only the scale of the
intensities I+ and I* changing with respect to one another for different
polarization values.

2.3. Polar angle dependence

It is critical to be able to describe certain parts of the absorption
lines in terms of specific frequencies or frequency bins. This is necessary
for the positions and bins in the polar angle between the electric field
gradient and the holding field ✓ as well. The intensities I+ and I*
can be more naturally described in terms of ✓, shown in Fig. 2. The
intensity as a function of frequency position R of the deuteron Pake
doublet, with ✓ = ⇡_2 corresponding to the spin orientation, where
the principal axis of the coupling interaction is perpendicular to the
magnetic holding field. This is in contrast to ✓ = 0, which corresponds
to the spin orientation in which the principal axis of the coupling
interaction is parallel to the magnetic holding field. The position R = 0
is the common angle to both intensities and corresponds to the angle
✓ = cos*1

˘

1_3. The total vector polarization is shown as the red line,
the sum of the blue and green lines. The total tensor polarization is the
difference between these two.

The two absorption lines for each intensity represent the orientation
of different spins, the common ✓ seen at R and *R in the signal
is indicative of a shared energy level by the spin population. The
population of these energy levels, shown in Fig. 3, or population density
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Boltzmann equilibrium and 𝑄𝑛 can be calculated directly from 𝑃𝑛 
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Fig. 11. The ss-RF is applied at the frequency position *R which depletes vector
polarization in the affected bins while also increasing the vector polarization at R.

We rewrite the above equation expressing the known transitions driving
from the m = 0 energy level to the m = *1. This is driven at a rate
proportional to the energy-level population and strength of the field
⇠. The parameter ⇠ is linearly dependent on the amplitude of the ss-RF
controllable through the RF generator. Here we leave out the redundant
argument *R for simplicity. The final intensity is then,

If* = C
⌅�

⇢0 * ⇠⇢0
�

*
�

⇢* + ⇠⇢0
�⇧

(31)

If* = C
⌅�

⇢0 * ⇢*
�

*
�

2⇠⇢0
�⇧

⌃ ÜI i*(*R) = *2C⇠⇢0.

A similar expression can be written for the I+ = C(⇢+ * ⇢0) intensity,
which again only drives the two energy levels to equalize. For a higher
population in the m = +1 energy level than in the m = 0 energy level,
the population is driven from +1 ô 0 with the resulting intensity If at
*R being,

If+ (*R) = Ii+(*R) + ÜI i+(*R) (32)

As the population ⇢+ decreases due to RF-driven transitions, the pop-
ulation ⇢0 increases at the same exact rate. Leaving out the redundant
argument *R for simplicity, the final intensity is,

If+ = C
⌅�

⇢+ * ⇠⇢+
�

*
�

⇢0 + ⇠⇢+
�⇧

(33)

If+ = C
⌅�

⇢+ * ⇢0
�

*
�

2⇠⇢+
�⇧

⌃ ÜI i+(*R) = *2C⇠⇢+.

These results are for the frequency position *R where the RF is applied,
but as previously outlined there are two frequency positions in R the
NMR line for a single ✓ bin. The corresponding R position for the
selected ✓ bin is opposite in sign to *R which we can write as just R.
The change in intensity at R also has two components I+ and I*. The
changes in these intensities are a direct result of the RF manipulation
at *R, such that at I*(*R) the RF-driven transitions result in a loss of
population in the m = 0 energy level which is seen as an increase in
intensity at I+(R) such that,

If+ (R) = Ii+(R) + ÜI i+(R). (34)

As the population, ⇢0 decreases due to RF-driven transitions, the inten-
sity in the opposing absorption line I+ = C(⇢+ * ⇢0) increases because

the population in ⇢0 is being reduced. Again leaving out the redundant
argument *R for simplicity, the final intensity is,

If+ = C
⌅�

⇢+
�

*
�

⇢0 * ⇠⇢0
�⇧

(35)

If+ = C
⌅�

⇢+ * ⇢0
�

+
�

⇠⇢0
�⇧

⌃ ÜI i+(R) = +C⇠⇢0.

The other component to the change in intensity at R comes from I*.
The change in this intensity is a direct result of the RF manipulation at
*R, such that at I*(*R) the RF driven transitions from +1 ô 0 so the
loss of population in the m = +1 energy level is seen as an increase in
intensity at I*(R) such that,

If* (R) = Ii*(R) + ÜI i*(R). (36)

As the population, ⇢+ decreases due to RF-driven transitions the inten-
sity in the opposing absorption line I* = C(⇢0 * ⇢*) increases because
the population in ⇢0 has increased. The final intensity is then,

If* = C
⌅�

⇢0 + ⇠⇢+
�

*
�

⇢*
�⇧

(37)
If* = C

⌅�

⇢0 * ⇢*
�

+
�

⇠⇢+
�⇧

⌃ ÜI i*(R) = +C⇠⇢+.

The change in intensity at the RF-frequency position can be written
in terms of the change in intensity at the frequency position in the
opposing absorption lines provided by the above equations of motion
at *R and R such that,

ÜI+(R) = * 1
2
ÜI*(*R)

ÜI*(R) = * 1
2
ÜI+(*R).

This resulting set of equations tells us that the hole in the NMR
line at the frequency position where the RF is applied (*R) depletes
twice as fast as the intensity growth in the opposing absorption line
at (R). Integrating over the frequency positions R provides a direct
relationship between the area lost (Alost) at the RF location and the
area gained (Agained) in the opposing absorption lines.

Agained = 1
2Alost. (38)

Eq. (38) is an exact and simple expression that can be used to quickly
calculate the amount of enhancement expected from ss-RF given any
particular loss in an absorption line. This can be done for each ab-
sorption line separately or as a sum. These equations of motion could
then be used directly to calculate the exact relative loss and gain for
each absorption line for any ss-RF application. In the next section, we
introduce a method that, when combined with Eq. (38), eliminates the
need for the rate equations altogether.

5. Spin temperature consistence

All of the dashed relaxation pathways shown in Fig. 10 depolarize
the target to a bulk polarization that is in spin temperature equilib-
rium (TE) across the frequency domain. Similarly, microwaves produce
bulk polarization in spin temperature equilibrium across the frequency
domain. The target material is in conditions of low temperature and
high magnetic field, with some free radical scattered through its glassy
matrix structure. The low temperature and high magnetic field produce
high TE polarization of the unpaired electron in the radical. Thermal
equilibrium between two states of different energies allows the use of
microwaves at a frequency difference between the electron ESR fre-
quency and the nucleons’ (or nuclei) NMR frequency. The microwaves
drive transitions from the lower hyperfine state to the higher one.
The radical then rapidly de-excites to one of the lower states. If it
de-excites to the original lower level, another microwave photon can
excite it again. The nucleons (or nuclei) in the original state are
pumped into the other low hyperfine state, resulting in high nuclear
polarization. Without continuous microwaves or other RF pumping,

9

29

FIG. 19. Drawing of the ss-RF cup and coil used for the set of experiments discussed. The microwaves come from the gold
plated horn shown on the target insert. The coils are designed to produce a homogeneous RF-field pointing orthogonal to the
holding field. These specialized coils can perform AFP and ss-RF and still allow the DNP microwave to penetrate the target
cell. Figure from Carlos Ramirez of UVA polarized target group.
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FIG. 20. The tensor polarization shown from the di↵erence of the intensities I+(R) and I�(R). Figure from [122].

Vector polarization is the sum of I+(R) and I�(R) over the frequency domain in R. Similarly, a tensor polarization plot is
shown in Figure 20 represents the di↵erence of I+(R) and I�(R) over the frequency domain in R. By selectively applying the
ss-RF, it is possible to reduce the regions in the Pzz line that drop below the x-axis. When this is done simultaneously over all
negative regions in the domain, the tensor polarization is enhanced.

5. Semi-Saturating RF Enhancement

To optimize the enhancement, the ss-RF excitation must minimize the negative tensor polarization for all R while minimizing
the reduction to the overall area of the NMR signal from the process. The two critical regions lie around R⇠⌥1 (✓ ⇡ ⇡/2) and
±1 < R < ±2 (✓ ⇡ 0). For positive vector polarization, the greatest integrated tensor polarization enhancement is achieved
through selective excitation to reduce the size of the smaller transition area with intensity I�. This can be thought of as
minimizing the negative parts of the tensor polarization, shown in Fig. 20. In both figures, the y-axis would normally be
millivolts scaled by a multiplicative factor CE , which is sensitive to the characteristics of the NMR coil, such as inductance,

Tensor Polarization Enhancement

A recent article on advanced ss-RF measurement
D. Keller (2026) 
https://doi.org/10.1140/epja/s10050-026-01790-y 
See Devin’s talk for updates on measuring and manipulating ss-RF

https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
https://doi.org/10.1140/epja/s10050-026-01790-y
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v  Formal proposal was presented to the FNAL PAC in
   January 2023 and was well received.

v  Stage 1 approval at FNAL PAC in March 2025
https://pac.fnal.gov/wp-

content/uploads/2025/04/PAC_Report_March_2025_Pub
lic.pdf 

v DOE funding limitations in FNAL operations budget for 
this year (2026) 

v  Long shutdown stops in 2029, and SpinQuest resumes 
   in 2030 with Proton Target with

v  Transversity run expected to start in 2031with Deuteron 
Target
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A finite value of the gluon h1TT is likely to trigger a660

multitude of new experiments to probe the full kine-661

matic range of this observable, helping to map out and662

detail the relationship between nuclear geometry and663

gluonic structure. It has also been suggested [109] that664

the magnitude of this observable should increase with665

atomic number (Z). There is ongoing polarized target666

research [110] to polarize higher-Z solid-state targets.667

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-0.05
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A
E
xy

Fig. 6 Projections of the linearly polarized gluon asymmetry
with expected errors from our proposed measurements. We
assume an additional 0.05% absolute error as a conservative
estimate, in addition to the expected statistical and relative
systematic contributions. An average over our range in qT
and y is used, while � is set to zero. The So↵er-like positivity
bound is also shown in grey and used for the upper limit,
providing a scale for demonstrating the information gained
from the proposed measurement [37].

Fig. 7 Simulated invariant mass spectrum generated using
the SpinQuest Monte Carlo Software Package integrated with
PYTHIA8 [111]. The relative percentage contributions from
Drell-Yan, J/ ,  0, and combinatoric-background are ⇠ 8%,
⇠ 8%,  1%, ⇠ 83% respectively.

Fig. 8 Kinematic phase-space distributions were generated
using the SpinQuest Monte Carlo Software Package inte-
grated with PYTHIA8 [111]. The plots depict: xB vs. xT

(top-left), cos (✓CS) vs. pz (top-right), qT vs. xT (bottom-
left), and qT vs. xB (bottom-right). A di-muon invariant mass
constraint of QM(µ+µ�) > 4 GeV was applied. Here, xB and
xT represent the momentum fractions of the beam and target
partons, respectively; pz denotes the lab frame reconstructed
z-component of the Lorentz vector of the Drell-Yan pair; ✓CS

is the polar angle between the dimuon momentum and the
z-axis in the Collins-Soper (CS) frame (the rest frame of the
dimuons); and qT is the transverse momentum of the dimuon
relative to the z-axis in the center-of-mass frame.

6 Count Rates and Statistical Errors668

The total Drell-Yan count rates on the ND3 target are669

calculated using our full GEANT4-based Monte Carlo670

simulation package, with Drell-Yan events generated by671

NLO calculations, incorporating the performance of the672

Fermilab Main Injector, as well as the geometry and673

detector characteristics from the SpinQuest spectrome-674

ter. Figure 7 shows the simulated invariant mass spec-675

trum, and Figure 8 presents kinematic phase-space dis-676

tributions generated using the SpinQuest Monte Carlo677

Software Package integrated with PYTHIA8. These dis-678

tributions illustrate the correlations between key kine-679

matic variables relevant to the SpinQuest experiment680

(E1039): the momentum fractions of the beam (xB) and681

target (xT ) partons, the transverse momentum (qT ) of682

the virtual photon in the Center of Mass (CM) frame,683

the longitudinal momentum (pz) of the dimuon system,684

and the Collins-Soper polar angle (✓CS). A selection cri-685

terion of di-muon invariant mass QM(µ+µ�) > 4 GeV686

was imposed to focus on the kinematic region of inter-687

est. These plots provide insight into the accessible phase688

space and guide the optimization of data selection and689

analysis.690
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x2-bin < x2 >
Vector-ND3 (d") Tensor-ND3 (d") n"

N �AE± N �AExy �AUT

0.10 - 0.16 0.139 2.1⇥ 104 7.1 2.2⇥ 104 15.8 7.4
0.16 - 0.19 0.175 1.9⇥ 104 7.5 2.0⇥ 104 16.7 7.8
0.19 - 0.24 0.213 2.4⇥ 104 6.7 2.5⇥ 104 14.9 7.1
0.24 - 0.60 0.295 2.4⇥ 104 6.7 2.5⇥ 104 14.9 7.1

Table 4 Event yield and statistical precision of the AExy and AUT measurement in each of the x2 bins for the vector polarized

ND3 (d") and the tensor polarized ND3 (d") targets, as well as the deduced AUT measurement precision for polarized n [37].

larization, indicated as AUT . After running for 2 years,777

with beam time shared between the vector and tensor778

target configurations, the integrated luminosity on the779

ND target is expected to be 1.82 ⇥ 1042 (1.05 ⇥ 1042)780

cm�2. With the various assumed e�ciencies shown in781

Table 3, the final event yield and statistical precision of782

the AUT measurement in each xT bin are summarized783

in Table 4. Here, the statistical precision is calculated784

by �AUT = 1

f
1

P
1p
N
, where f denotes the dilution fac-785

tor, P denotes the average polarization, and N denotes786

the event yield in each xT bin.787

7 Overall Systematic Error788

From the target, we expect contributions from the po-789

larization calibration measurements, with a large por-790

tion coming from the temperature/pressure measure-791

ments. Systematic errors associated with the Q-meter792

baseline measurements can be induced by changes in793

the RF ambiance. There can also be drifts in the target794

magnet field, errors in the charge averaging, and NMR795

tune drifts. All of these have been thoroughly studied,796

and the combined e↵ect has been reduced to a relative797

uncertainty of less than 3%. There are also errors re-798

lated to the packing fraction, as previously mentioned.799

Errors from a long target cell can lead to polarization800

inhomogeneity. This can also occur due to microwave-801

induced variations along the length of the cell. Some802

polarization inhomogeneity is also expected from beam803

heating, secondary scattering o↵ the downstream end of804

the target cell, and uneven decay in polarization due to805

radiation damage. Additionally, there are contributions806

from the ss-RF measurements and the NMR delays re-807

quired to produce the ss-RF irradiation.808

We estimate that all of these factors can be care-809

fully managed, resulting in an additional relative un-810

certainty of less than 3.5%. The total target contri-811

butions, including dilution factor, density, and packing812

fraction, are expected to result in a relative uncertainty813

of around 5%. Also considering the beam contributions,814

such as relative luminosity and alignment, as well as815

DAQ and background, we estimate a total relative un-816

certainty of just over 6% (see Table 5). We also expect817

an absolute systematic error due to the muon spectrom-818

eter of <1.0%.819

Quantity Error

Target Contributions 5.0%
Beam Contributions 2.5%
DAQ and Dead Time 1.5%

Background 2 %

Table 5 Estimates for the systematic errors [37].

8 Summary820

We propose using the 120 GeV primary proton beam821

from the Main Injector to measure Drell-Yan yields822

for a vector and tensor polarization-optimized deuteron823

(ND3) target. These measurements will provide precise824

information on sea-quark transversity and the previ-825

ously unmeasured gluon transversity. Despite the per-826

vasiveness of gluons in QCD, there is still a limited827

understanding of the gluonic structure of hadrons and828

nuclei. This can be attributed to the significant experi-829

mental challenges inherent in measuring gluon observ-830

ables, which are typically O(↵s)-suppressed relative to831

quark observables. Here, we propose a novel approach832

to accessing gluon information in non-perturbative833

kinematics. We request two calendar years of running,834

or a total of 8⇥ 1017 protons on target.835
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SIDIS Cross-Section for Deuteron Target

With Transversely
Tensor Polarized
Target

J. Zhao, A. Bacchetta, S. Kumano, T. Liu, Y.-J. Zhuo, arXiv: 2058.06134 8



With Unpolarized Beam With Longitudinally Polarized Beam

J. Zhao, A. Bacchetta, S. Kumano, T. Liu, Y.-J. Zhuo, arXiv: 2058.06134 9

Structure functions related to 
Transversely Tensor Polarized Targets



The dominant/leading contribution
Will be from this Structure function
Whereas the other terms suppressed
By the higher twist and order 1/Mn

Tensor TransversityTensor-Cahn like quadrupole Worm gear type / helicity counter-part
10

The phase-1 measurements with transversely 
tensor polarized ND3 target



Gluon Transversity TMD

With Transversely
Tensor Polarized
Target

11J. Zhao, A. Bacchetta, S. Kumano, T. Liu, Y.-J. Zhuo, https://arxiv.org/abs/2508.06134 (2025)
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Tensor-Cahn like quadrupole TMD

With Transversely
Tensor Polarized
Target

12
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�TT

A minor typo in 
the original 
paper
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Current plan (maybe revised if needed)
•  We selected the “Gluon Transversity” to start with the series of Tensor 

SIDIS experiments with “Transversely Tensor Polarized Target”
•  As we we going through the planning, we realized that the “Gluon 

Transversity PDF” with DIS is a lower hanging fruit.
•  A first step toward measuring ∆(x,Q2) experimentally was already 

outlined in a Letter of Intent using a transversely tensor-polarized NH3 
target at Jefferson Lab (J. Maxwell et al), representing the pioneering effort 
to access this quantity in a nitrogen spin-1 nucleus.
•  On the other hand, g2p2 experiment’s setup is relatively closer: additions 

are the “magnetic field transverse-side-way” orientation with the 
corresponding chicane adjustment (rotation)
•  While using SHMS for the DIS events, we could utilize the HMS 

spectrometer to collect data for the SIDIS proposal 
14



Gluon Transversity PDF

15

With the limited time, we were able to submit a LOI this time with the anticipation of 
a full proposal next year!

https://www.jlab.org/exp_prog/proposals/26/LOI12-26-006.pdf 

https://www.jlab.org/exp_prog/proposals/26/LOI12-26-006.pdf
https://www.jlab.org/exp_prog/proposals/26/LOI12-26-006.pdf
https://www.jlab.org/exp_prog/proposals/26/LOI12-26-006.pdf
https://www.jlab.org/exp_prog/proposals/26/LOI12-26-006.pdf
https://www.jlab.org/exp_prog/proposals/26/LOI12-26-006.pdf
https://www.jlab.org/exp_prog/proposals/26/LOI12-26-006.pdf


Gluon Transversity PDF

•  The central experimental idea is to form the difference of two 
orthogonal tensor polarized target cross-sections
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3 Theory and observables

3.1 Spin-1 target polarization

A spin-1 target is described by a vector polarization Sµ and a symmetric traceless tensor polarization
Tµ⌫ . In the target rest frame the tensor can be written in terms of the standard spin-1 polarization
parameters as

T =
1

2

0

@
�2

3
SLL + Sxx

TT Sxy
TT Sx

LT
Sxy
TT �2

3
SLL � Sxx

TT Sy
LT

Sx
LT Sy

LT
4

3
SLL

1

A . (2)

For a pure spin-1 linear-polarization state with polarization vector E,

S = Im(E⇤ ⇥E), Tij =
1

3
�ij � Re(E⇤

i Ej). (3)

The two transverse linear states are

Ex = (1, 0, 0), Ey = (0, 1, 0). (4)

They have

Ex : Sx
T = Sy

T = SL = 0, SLL = +
1

2
, Sxx

TT = �1, (5)

Ey : Sx
T = Sy

T = SL = 0, SLL = +
1

2
, Sxx

TT = +1. (6)

Therefore
Ex � Ey : �SLL = 0, �Sxx

TT = �2. (7)

The cancellation of the SLL term is not a statement that the ordinary inclusive tensor structure
functions vanish. They survive in the individual Ex and Ey cross sections and in the denominator
of a normalized asymmetry. The cancellation occurs only in the Ex � Ey numerator, because the
two transverse linear states carry the same SLL and opposite Sxx

TT .

3.2 Inclusive tensor-polarized DIS cross section

For an unpolarized or helicity-averaged electron beam, the relevant spin-1 inclusive DIS cross section
can be written schematically as

d�i
dx dy d�

= K(x,Q2, y)
h
U(x,Q2, y) + S(i)

LLTLL(x,Q
2, y) + Sxx,(i)

TT TTT (x,Q
2, y,�)

i
, (8)

where i labels the target state and � is the azimuthal angle between the lepton scattering plane
and the transverse tensor axis. The unpolarized part is

U(x,Q2, y) = xy2F1(x,Q
2) + (1� y)F2(x,Q

2), (9)

while the transverse-tensor gluon-transversity term is

TTT (x,Q
2, y,�) = �x(1� y)

2
�(x,Q2) cos 2�. (10)
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For a pure spin-1 linear-polarization state with polarization vector E,
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�(x,Q2) cos 2�. (10)
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The SLL term is therefore included in the full analysis as a denominator and nuisance contribution,
even though it cancels in the Ex � Ey numerator.

3.3 Extraction from the cross-section di↵erence

The cross-section di↵erence is the primary observable. In each accepted kinematic bin, or for each
SHMS setting after acceptance correction, the measured di↵erence will be fit to

��xy(�) = C0 + C2 cos 2�+ S2 sin 2�. (16)

The gluon-transversity signal is C2. The nuisance coe�cients C0 and S2 are diagnostic: a nonzero
C0 indicates an imperfect relative normalization or residual common tensor term, while a nonzero
S2 indicates angular misalignment, field-map leakage, or acceptance e↵ects. For a narrow bin,
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TT K(x,Q2, y)x(1� y)
. (17)

For the finite SHMS acceptance, the extracted coe�cient is the acceptance-weighted quantity
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The angular coverage of a single-arm Hall C spectrometer is limited compared with a solenoidal
detector. Nevertheless, the vertical and horizontal target-field configurations, the SHMS vertical
angular acceptance, and possible repeated settings can provide e↵ective angle information. If
at least three independent e↵ective � points are obtained, Eq. (16) will be used directly. If the
geometry provides only two dominant angles, the extraction will be performed with the cos 2� phase
constrained by the known target-axis geometry, and C0 and S2 will be constrained by zero-tensor
and unpolarized control data. In either case, the cross-section di↵erence remains the primary route
to �(x,Q2), while the normalized asymmetry is a consistency observable.
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Gluon Transversity PDF
The cross-section difference is the primary observable. In each accepted kinematic bin, or for each SHMS setting after 
acceptance correction, the measured difference will be fit to 

The gluon-transversity signal is C2. The nuisance coefficients C0 and S2 are diagnostic: a nonzero C0 indicates an 
imperfect relative normalization or residual common tensor term, while a nonzero S2 indicates angular misalignment, 
field-map leakage, or acceptance effects. For a narrow bin, 

For the finite SHMS acceptance, the extracted coefficient is the acceptance-weighted quantity 

The angular coverage of a single-arm Hall C spectrometer is limited compared with a solenoidal detector. Nevertheless, 
the vertical and horizontal target-field configurations, the SHMS vertical angular acceptance, and possible repeated 
settings can provide effective angle information. 
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Thus
Rcentral ' 0.993,

so the central ray retains about 99% of the ideal two-orientation tensor sensitivity.
The finite SHMS out-of-plane acceptance also rotates the event-by-event lepton plane. Using

the approximate vertical angular acceptance a = 45 mrad and a central angle ✓e = 8� = 0.140 rad,
a simple uniform-acceptance estimate gives

hcos 2 i ' �1 +
2✓e
a

tan�1

✓
a

✓e

◆
' 0.94, (22)

where  is the event-by-event rotation of the lepton plane. Combining this with Eq. (21), the
full-acceptance tensor lever arm at 8� is estimated to be

Re↵ ' 0.993⇥ 0.94 ' 0.93.

This is not an event-overlap fraction. With the same SHMS central momentum and angle, the
laboratory kinematic acceptance is the same for the two target orientations, up to target-field
transport e↵ects. The quantity Re↵ estimates the retained transverse-tensor angular sensitivity
after projecting the laboratory axes relative to the actual ~q direction and averaging over the finite
SHMS acceptance.

In the final extraction, the central-ray approximation will be replaced by event-weighted Monte
Carlo moments. For each bin and target orientation, the analysis will use

D
fb(pf )P

e↵

TT WTT

E

b
,

where fb(pf ) is the dilution factor including packing-fraction and material e↵ects, and P e↵

TT is the
run-averaged e↵ective transverse tensor polarization. The cross-section-di↵erence fit will therefore
use

di,b = Bb �
1

2
Ki,bxi,b(1� yi,b)

D
fb(pf )P

e↵

TT,iWTT,i

E

b
�(xb, Q

2

b) + ✏i,b, (23)

with i = Ex, Ey. The nuisance term Bb absorbs residual normalization and common tensor contri-
butions. If the Monte Carlo shows non-negligible LL or LT projection di↵erences between the two
target orientations, those terms will be included as constrained nuisance contributions.

3.5 Relation to the deuteron gluon transversity distribution

At leading twist the double-helicity-flip DIS structure function is related to the deuteron gluon
transversity distribution by [2]

�(x,Q2) = �↵s(Q2)

2⇡
TrQ2 x2

Z
1

x

dy

y3
�Gd(y,Q

2), (24)

where TrQ2 =
P

q e
2
q over active quark flavors. For u, d, s, TrQ2 = 2/3. The sign convention

in Eq. (24) follows Ref. [2]; the final experimental sign will be fixed by the measured target-axis
convention.

Taking Mellin moments gives
Z

1

0

dxxn�1�(x,Q2) = �↵s(Q2)

2⇡

TrQ2

n+ 2

Z
1

0

dxxn�1�Gd(x,Q
2). (25)

This relation provides a bridge between lattice matrix elements and the experimentally measured
structure function. In the present proposal, the lattice result of Ref. [3] is used as a scale check;
the central numerical projections use the deuteron spectator model of Ref. [7].

9

Here we used the Spectator model for the “Gluon Transversity” [X. Xie et al 2603.15224] to estimate the rates



Spectator Model

18

In the spectator model, the deuteron state 

3

+
S{i
LTk

j}
T

M
h1LT

(

x,k2
T

)

+
kijαT SLTα

M3
h⊥
1LT

(

x,k2
T

)

]

, (11)

Φij
TT (x,kT ) =

1

2

[

−
gijT kαβT STTαβ

M2
f1TT

(

x,k2
T

)

+
iϵijT ϵ

β
Tγk

γα
T STTαβ

M2
g1TT

(

x,k2
T

)

+ Sij
TTh1TT

(

x,k2
T

)

+
S{i
TTαk

j}α
T
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1TT

(

x,k2
T

)

+
kijαβT STTαβ

M4
h⊥⊥
1TT

(

x,k2
T

)

]

. (12)

Here, ϵijT = ϵn+n−ij = ϵ−+ij is the anti-symmetric trans-
verse tensor, with the nonzero components ϵ12T = 1. The
symmetric traceless tensors ki1...inT are defined as:

kijT ≡kiTk
j
T +

1

2
k2
T g

ij
T , (13)

kijkT ≡kiTk
j
T k

k
T +

1

4
k2
T

(

gijT kkT + gikT kjT + gjkT kiT

)

, (14)

kijklT ≡kiTk
j
T k

k
Tk

l
T +

1

6
k2
T

(

gijT kklT + gikT kjlT + gilTk
jk
T

+gjkT kilT + gjlT k
ik
T + gklT kijT

)

−
1

8
k4
T

(

gijT gklT + gikT gjlT + gilT g
jk
T

)

, (15)

satisfying the traceless conditions:

gTijk
ij
T = gTijk

ijk
T = gTijk

ijkl
T = 0 . (16)

TABLE I. The columns indicate the gluon polarization, un-
polarized (U), circularly polarized(Circ), linearly polarized
(Lin). The rows indicate the hadron polarization, unpolar-
ized (U), vector polarized (L or T), and tensor polarized (LL,
LT, or TT).

H\g U Circ Lin

U f1 h⊥
1

L g1 h⊥
1L

T f⊥
1T g1T h1 h⊥

1T

LL f1LL h⊥
1LL

LT f1LT g1LT h1LT h⊥
1LT

TT f1TT g1TT h1TT h⊥
1TT h⊥⊥

1TT

Table I summarizes the gluon TMDs appearing in
Eqs. (7)-(12), classified according to hadron and parton
polarizations. Among the nineteen functions, six are odd
under time reversal (T-odd): f⊥

1T , h
⊥
1L, h1, h⊥

1T , g1LT ,
and g1TT . In this work, we restrict ourselves to tree-
level contributions and neglect effects arising from gauge

links and their process dependence. At tree level, the
correlator does not yield nonvanishing T-odd TMDs, as
these typically require the interference of two amplitudes
with distinct imaginary parts. To generate the necessary
imaginary parts in the scattering amplitude, one must
take into account gluon loop diagrams, including those
arising from the gauge-link expansion.
In the spectator model, the deuteron state |P, S, T ⟩ ,

characterized by momentum P , spin vector S, and spin
tensor T , is assumed to split into an emitted gluon with
momentum k, while the remaining system is treated as
a single on-shell spectator particle of spin-1, denoted by
|P − k⟩ , with momentum P − k and mass MS .
The tree-level gluon-gluon correlator in this model is

given by
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The tree-level gluon-gluon correlator in this model is
given by
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Here, ϵµ(P,λ) is the deuteron polarization vector, and
ϵ∗νc (P − k,λS) is the polarization vector of the spectator
with color index c. The factor
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corresponds to the Feynman rule for the field strength
tensor −i (pµgνρ − pνgµρ) δab [39, 40]. The effective ver-
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(
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with P = (P+(P−k))/2. The functions g1,2,3(k2) are the
deuteron-gluon-spectator couplings. This parametriza-
tion follows the conventional form factor decomposition
of the vector current for a spin-1 particle [41–43]. Vari-
ous functional forms for gi(k2) exist in the literature [26].
The simplest choice is a point-like coupling (i.e., con-
stants gi). However, this form leads to divergences upon
integration over kT . To regularize these divergences, we
adopt an exponential form factor,
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= κ1,2,3e
k2/Λ2

S , (21)

where κ1,2,3 are free parameters and ΛS is a cut-off scale
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TABLE I. The columns indicate the gluon polarization, un-
polarized (U), circularly polarized(Circ), linearly polarized
(Lin). The rows indicate the hadron polarization, unpolar-
ized (U), vector polarized (L or T), and tensor polarized (LL,
LT, or TT).
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correlator does not yield nonvanishing T-odd TMDs, as
these typically require the interference of two amplitudes
with distinct imaginary parts. To generate the necessary
imaginary parts in the scattering amplitude, one must
take into account gluon loop diagrams, including those
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characterized by momentum P , spin vector S, and spin
tensor T , is assumed to split into an emitted gluon with
momentum k, while the remaining system is treated as
a single on-shell spectator particle of spin-1, denoted by
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with P = (P+(P−k))/2. The functions g1,2,3(k2) are the
deuteron-gluon-spectator couplings. This parametriza-
tion follows the conventional form factor decomposition
of the vector current for a spin-1 particle [41–43]. Vari-
ous functional forms for gi(k2) exist in the literature [26].
The simplest choice is a point-like coupling (i.e., con-
stants gi). However, this form leads to divergences upon
integration over kT . To regularize these divergences, we
adopt an exponential form factor,
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TABLE I. The columns indicate the gluon polarization, un-
polarized (U), circularly polarized(Circ), linearly polarized
(Lin). The rows indicate the hadron polarization, unpolar-
ized (U), vector polarized (L or T), and tensor polarized (LL,
LT, or TT).
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Table I summarizes the gluon TMDs appearing in
Eqs. (7)-(12), classified according to hadron and parton
polarizations. Among the nineteen functions, six are odd
under time reversal (T-odd): f⊥

1T , h
⊥
1L, h1, h⊥

1T , g1LT ,
and g1TT . In this work, we restrict ourselves to tree-
level contributions and neglect effects arising from gauge

links and their process dependence. At tree level, the
correlator does not yield nonvanishing T-odd TMDs, as
these typically require the interference of two amplitudes
with distinct imaginary parts. To generate the necessary
imaginary parts in the scattering amplitude, one must
take into account gluon loop diagrams, including those
arising from the gauge-link expansion.
In the spectator model, the deuteron state |P, S, T ⟩ ,

characterized by momentum P , spin vector S, and spin
tensor T , is assumed to split into an emitted gluon with
momentum k, while the remaining system is treated as
a single on-shell spectator particle of spin-1, denoted by
|P − k⟩ , with momentum P − k and mass MS .
The tree-level gluon-gluon correlator in this model is

given by
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Here, ϵµ(P,λ) is the deuteron polarization vector, and
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with color index c. The factor
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corresponds to the Feynman rule for the field strength
tensor −i (pµgνρ − pνgµρ) δab [39, 40]. The effective ver-
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with P = (P+(P−k))/2. The functions g1,2,3(k2) are the
deuteron-gluon-spectator couplings. This parametriza-
tion follows the conventional form factor decomposition
of the vector current for a spin-1 particle [41–43]. Vari-
ous functional forms for gi(k2) exist in the literature [26].
The simplest choice is a point-like coupling (i.e., con-
stants gi). However, this form leads to divergences upon
integration over kT . To regularize these divergences, we
adopt an exponential form factor,

g1,2,3
(
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where κ1,2,3 are free parameters and ΛS is a cut-off scale

deuteron polarization vector polarization vector of the spectator 

Three deuteron-gluon spectator couplings (exponential à regularize divergences) 

Reference: Xiupeng Xie, Dian-Yong Chen, Zhun Lu https://arxiv.org/abs/2603.15224 
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Spectator Model
The spectator mass is weighted by a spectral function, 

So that a TMD F is obtained from 

4 Model used for projections

4.1 Spectator-model input

The cross-section generator uses the recent model of Xie, Chen, and Lu [7]. The model assumes
that an on-shell deuteron emits a time-like o↵-shell gluon while the remaining system is represented
by an on-shell spectator with a continuous real mass distribution. The spectator mass is weighted
by a spectral function,

⇢(MS) = µ2a


A

B + µ2b
+

C

⇡�
exp

✓
�(MS �D)2

�2

◆�
, µ2 = M2

S �M2, (26)

so that a TMD F is obtained from

F (x, k2T ) =

Z 1

M
dMS ⇢(MS)F (x, k2T ;MS). (27)

The deuteron-gluon-spectator vertex contains three form factors. The parameters are fitted to the
integrated unpolarized deuteron gluon distribution at Q0 = 2 GeV. The model then predicts the
tensor-polarized gluon TMDs and their integrated distributions, including hg

1TT (x).
In the collinear limit, the leading-twist gluon correlator for a spin-1 target contains

�ij(x) =
x

2

h
�gijT f

g
1
(x) + i✏ijT SLg

g
1
(x)� gijT SLLf

g
1LL(x) + Sij

TTh
g
1TT (x)

i
, (28)

where the last term is the gluon transversity. We identify the deuteron gluon transversity input to
Eq. (24) with the model hg

1TT (x) up to the sign convention used in the cross-section generator.

4.2 Uncertainty philosophy

The model is not treated as a precision prediction. It is a benchmark for optimizing kinematics,
estimating rates, and defining the expected signal scale. The final result will be reported as both
a model-dependent comparison and a model-independent bound or extraction of �(x,Q2) in the
measured bins. The following uncertainty sources are carried as scenario bands in the generator:

1. the spectator-model band from bootstrap replicas;

2. the normalization uncertainty associated with the lack of physical-point lattice constraints;

3. the treatment of Q2 dependence between the model scale and the measured Hall C kinematics;

4. the common SLL denominator contribution in the normalized asymmetry.

The most important conclusion is robust within the current model family: the largest figure of merit
occurs near x ⇠ 0.1 or slightly below, where both the inclusive rate and the modeled cross-section
di↵erence are favorable.

5 Experimental apparatus

5.1 Relationship to the approved Hall C gp
2
experiment

The experiment is designed to run immediately after the approved Hall C proton g2 experiment. The
g2 experiment uses the standard Hall C equipment package with the addition of a 5 T transversely
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Since the spectator is on-shell, (P − k)2 = M2
S, the

virtuality of the gluon is given by

k2 = −
k2
T

1− x
−

xM2
S

1− x
+ xM2 . (22)

Using Eqs. (17) and (18), the tree-level spectator ap-
proximation to the gluon-gluon correlator can be written
as

Φij (x,kT ;S, T )

=
1

xP+

1

(2π)3
1

2 (1− x)P+

×Giβ∗
ab′ (k, k)G

jα
ab (k, k)Y

∗
µ′ν′β,b′c′Yµνα,bc

× ϵ∗νc (P − k,λS) ϵ
ν′

c′ (P − k,λS)

× ϵµ
′∗ (P,λ) ϵµ (P,λ) , (23)

where the summation over all polarization states of the
spectator yeilds:

∑

λS

ϵ∗νc (P − k,λS) ϵ
ν′

c′ (P − k,λS)

=− gνν
′

+
(P − k)ν (P − k)ν

′

M2
S

. (24)

By projecting the correlator Φij onto the tensors gijT ,

ϵijT , kiT , kijT , etc., we obtain the expressions for the
leading-twist T-even gluon TMDs, which are collected
in Appendix A. We observe that the coupling g2(k2) in
Eq. (20) contributes significantly to the final expressions.
In the ”g2-vanishing approximation”, where g2(k2) is set
to zero, the TMDs g1(x,k2

T ) and g1T (x,k2
T ) vanish, while

the remaining TMDs satisfy the following relations:

f
(g1,3)
1 =

k2
T

2M2
h
⊥(g1,3)
1 , (25)

f
(g1,3)
1LL =

k2
T

2M2
h
⊥(g1,3)
1LL , (26)

f
(g1,3)
1LT =h

(g1,3)
1LT = −

k2
T

4M2
h
⊥(g1,3)
1LT , (27)

h
(g1,3)
1TT =

k2
T

2M2

[

f
(g1,3)
1TT − h

⊥(g1,3)
1TT

]

=

(

k2
T

2M2

)2

h
⊥⊥(g1,3)
1TT . (28)

In this approximation, the gluon TMDs saturate the pos-
itivity bounds derived in Ref. [45]:

k2
T

2M2

∣

∣h⊥
1 − h⊥

1LL

∣

∣ ≤f1 − f1LL , (29)

k4
T

16M4

[

4
(

h⊥
1L

)2
+
(

2h⊥
1 + h⊥

1LL

)

]

≤

(

f1 +
f1LL

2
+ g1

)(

f1 +
f1LL

2
− g1

)

. (30)

Furthermore, the tensor polarized TMDs F
(g1,3)
(T ) in the

g2-vanishing approximation exhibit the same functional
dependence on the couplings g1 and g3:

F
(g1,3)
(T ) ∼

[

4M2(1− x)g1 +
(

k2
T + (M(1 − x)−MS)

2
)

g3

]

×

[

4M2(1− x)g1 +
(

k2
T + (M(1− x) +MS)

2
)

g3

]

.

(31)

Finally, in our model, the spectator mass MS is not
fixed but is allowed to take a continuous range of real
values, weighted by a spectral function ρ(MS):

ρ (MS) = µ2a

[

A

B + µ2b
+

C

πσ
e−

(MS−D)2

σ2

]

, (32)

where µ2 = M2
S − M2, and {A,B, a, b, C,D,σ} are free

parameters. This spectral function models the specta-
tor mass distribution as a smooth background with a
superimposed resonance peak.The gluon TMDs are then
weighted by the spectral function ρ (MS):

F
(

x,k2
T

)

=

∫ ∞

M
dMS ρ (MS)F

(

x,k2
T ;MS

)

, (33)

which provides an effective way to incorporate qq̄ con-
tributions to the spectator system that become energet-
ically accessible at large MS .

III. NUMERICAL RESULTS

In this section, we present the numerical results for
the gluon TMDs of the tensor-polarized deuteron. Our
model contains 11 free parameters: seven from the spec-
tral function (a, b, A, B, C, D, σ) and four from the
form factors (κ1, κ2, κ3, ΛS). To determine these pa-
rameters, we perform a fit to the integrated unpolarized
TMD f1(x), defined as

f1 (x) =

∫

dk2
T f1

(

x,k2
T

)

, (34)

which reproduces the collinear unpolarized gluon PDF
at an initial scale. The kT -integrated TMDs are also
weighted by the spectral function as in Eq. (33). Addi-
tionally, we define the n-th moment of a TMD as

F (n) (x) =

∫

dk2
T

(

k2
T

2M2

)n

F
(

x,k2
T

)

. (35)

Free (fit) parameters
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FIG. 4. The unpolarized, vector-polarized, and LL tensor-polarized TMDs (replica 60) as functions of k2
T for x = 0.001, 0.01,

and 0.1 at Q0 = 2GeV. Solid line: x = 0.001; dashed line: x = 0.01; dotted line: x = 0.1.

TABLE II. Central column:mean values and uncertainties of
the fitted model parameters. Rightmost column: correspond-
ing values for replica 60

Parameter Mean Replica 60

κ1 0.713±0.604 0.350

κ2 0.334±0.303 0.149

κ3 15.56±6.06 12.88

ΛS 1.34±0.18 1.36

a 1.564±1.442 1.529

b 10.14±5.66 5.93

A 138±141 221

B 5.86±6.65 6.42

C 305±164 359

D 1.19±0.55 1.31

σ 0.683±0.226 0.674

We fix our model parameters by fitting the
nNNPDF1.0 parametrization of f1 (x) [44] at the scale
Q0 = 2 GeV. We avoid using a lower energy scale, as
the parametrization in the small-x region at lower scales
exhibits large uncertainties, along with effects not in-
cluded in our model. The fit is performed over the range
0.001 < x < 1. To account for uncertainties in the fitting
procedure, we employ the bootstrap method: we create
N = 100 replicas of the nNNPDF1.0 central value, each
modified by adding randomGaussian noise with the same
variance as the uncertainty of the original parametriza-
tion. For each replica, we perform a separate fit to obtain
N parameter sets. The 68% uncertainty band of our fit
is constructed by rejecting the largest and smallest 16%

To determine these parameters, performed fit to the integrated unpolarized ‘gluon’ TMD
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S, the
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(2π)3
1

2 (1− x)P+

×Giβ∗
ab′ (k, k)G

jα
ab (k, k)Y

∗
µ′ν′β,b′c′Yµνα,bc

× ϵ∗νc (P − k,λS) ϵ
ν′

c′ (P − k,λS)

× ϵµ
′∗ (P,λ) ϵµ (P,λ) , (23)

where the summation over all polarization states of the
spectator yeilds:

∑

λS

ϵ∗νc (P − k,λS) ϵ
ν′

c′ (P − k,λS)

=− gνν
′

+
(P − k)ν (P − k)ν

′

M2
S

. (24)

By projecting the correlator Φij onto the tensors gijT ,

ϵijT , kiT , kijT , etc., we obtain the expressions for the
leading-twist T-even gluon TMDs, which are collected
in Appendix A. We observe that the coupling g2(k2) in
Eq. (20) contributes significantly to the final expressions.
In the ”g2-vanishing approximation”, where g2(k2) is set
to zero, the TMDs g1(x,k2

T ) and g1T (x,k2
T ) vanish, while

the remaining TMDs satisfy the following relations:

f
(g1,3)
1 =

k2
T

2M2
h
⊥(g1,3)
1 , (25)

f
(g1,3)
1LL =

k2
T

2M2
h
⊥(g1,3)
1LL , (26)

f
(g1,3)
1LT =h

(g1,3)
1LT = −

k2
T

4M2
h
⊥(g1,3)
1LT , (27)

h
(g1,3)
1TT =

k2
T

2M2

[

f
(g1,3)
1TT − h

⊥(g1,3)
1TT

]

=

(

k2
T

2M2

)2

h
⊥⊥(g1,3)
1TT . (28)

In this approximation, the gluon TMDs saturate the pos-
itivity bounds derived in Ref. [45]:

k2
T

2M2

∣

∣h⊥
1 − h⊥

1LL

∣

∣ ≤f1 − f1LL , (29)

k4
T

16M4

[

4
(

h⊥
1L

)2
+
(

2h⊥
1 + h⊥

1LL

)

]

≤

(

f1 +
f1LL

2
+ g1

)(

f1 +
f1LL

2
− g1

)

. (30)

Furthermore, the tensor polarized TMDs F
(g1,3)
(T ) in the

g2-vanishing approximation exhibit the same functional
dependence on the couplings g1 and g3:

F
(g1,3)
(T ) ∼

[

4M2(1− x)g1 +
(

k2
T + (M(1 − x)−MS)

2
)

g3

]

×

[

4M2(1− x)g1 +
(

k2
T + (M(1− x) +MS)

2
)

g3

]

.

(31)

Finally, in our model, the spectator mass MS is not
fixed but is allowed to take a continuous range of real
values, weighted by a spectral function ρ(MS):

ρ (MS) = µ2a

[

A

B + µ2b
+

C

πσ
e−

(MS−D)2

σ2

]

, (32)

where µ2 = M2
S − M2, and {A,B, a, b, C,D,σ} are free

parameters. This spectral function models the specta-
tor mass distribution as a smooth background with a
superimposed resonance peak.The gluon TMDs are then
weighted by the spectral function ρ (MS):

F
(

x,k2
T

)

=

∫ ∞

M
dMS ρ (MS)F

(

x,k2
T ;MS

)

, (33)

which provides an effective way to incorporate qq̄ con-
tributions to the spectator system that become energet-
ically accessible at large MS .

III. NUMERICAL RESULTS

In this section, we present the numerical results for
the gluon TMDs of the tensor-polarized deuteron. Our
model contains 11 free parameters: seven from the spec-
tral function (a, b, A, B, C, D, σ) and four from the
form factors (κ1, κ2, κ3, ΛS). To determine these pa-
rameters, we perform a fit to the integrated unpolarized
TMD f1(x), defined as

f1 (x) =

∫

dk2
T f1

(

x,k2
T

)

, (34)

which reproduces the collinear unpolarized gluon PDF
at an initial scale. The kT -integrated TMDs are also
weighted by the spectral function as in Eq. (33). Addi-
tionally, we define the n-th moment of a TMD as

F (n) (x) =

∫

dk2
T

(

k2
T

2M2

)n

F
(

x,k2
T

)

. (35)

Assumptions

• Used nNNPDF1.0 at fixed hard scale 2 GeV
• Used the range 0.001 < x < 1
• Employed bootstrap method with Gaussian noise (with 100 replicas)

4 Model used for projections

4.1 Spectator-model input

The cross-section generator uses the recent model of Xie, Chen, and Lu [7]. The model assumes
that an on-shell deuteron emits a time-like o↵-shell gluon while the remaining system is represented
by an on-shell spectator with a continuous real mass distribution. The spectator mass is weighted
by a spectral function,

⇢(MS) = µ2a


A

B + µ2b
+

C

⇡�
exp

✓
�(MS �D)2

�2

◆�
, µ2 = M2

S �M2, (26)

so that a TMD F is obtained from

F (x, k2T ) =

Z 1

M
dMS ⇢(MS)F (x, k2T ;MS). (27)

The deuteron-gluon-spectator vertex contains three form factors. The parameters are fitted to the
integrated unpolarized deuteron gluon distribution at Q0 = 2 GeV. The model then predicts the
tensor-polarized gluon TMDs and their integrated distributions, including hg

1TT (x).
In the collinear limit, the leading-twist gluon correlator for a spin-1 target contains

�ij(x) =
x

2

h
�gijT f

g
1
(x) + i✏ijT SLg

g
1
(x)� gijT SLLf

g
1LL(x) + Sij

TTh
g
1TT (x)

i
, (28)

where the last term is the gluon transversity. We identify the deuteron gluon transversity input to
Eq. (24) with the model hg

1TT (x) up to the sign convention used in the cross-section generator.

4.2 Uncertainty philosophy

The model is not treated as a precision prediction. It is a benchmark for optimizing kinematics,
estimating rates, and defining the expected signal scale. The final result will be reported as both
a model-dependent comparison and a model-independent bound or extraction of �(x,Q2) in the
measured bins. The following uncertainty sources are carried as scenario bands in the generator:

1. the spectator-model band from bootstrap replicas;

2. the normalization uncertainty associated with the lack of physical-point lattice constraints;

3. the treatment of Q2 dependence between the model scale and the measured Hall C kinematics;

4. the common SLL denominator contribution in the normalized asymmetry.

The most important conclusion is robust within the current model family: the largest figure of merit
occurs near x ⇠ 0.1 or slightly below, where both the inclusive rate and the modeled cross-section
di↵erence are favorable.

5 Experimental apparatus

5.1 Relationship to the approved Hall C gp
2
experiment

The experiment is designed to run immediately after the approved Hall C proton g2 experiment. The
g2 experiment uses the standard Hall C equipment package with the addition of a 5 T transversely

10

Reference: Xiupeng Xie, Dian-Yong Chen, Zhun Lu https://arxiv.org/abs/2603.15224 

https://arxiv.org/abs/2603.15224
https://arxiv.org/abs/2603.15224


20

Spectator Model

6

FIG. 3. The integrated LT and TT tensor-polarized TMDs as functions of x at Q0 = 2GeV. Conventions as in Fig. 2.
Left column: LT-polarized PDFs xf

(1)
1LT

, xh(1)
1LT

, and xh
⊥(2)
1LT

. Right column: TT-polarized PDFs xf
(1)
1TT

− xh
⊥(1)
1TT

, xh1TT , and

xh
⊥⊥(2)
1TT

.

8

FIG. 5. The LT and TT tensor-polarized TMDs (replica 60) as functions of k2
T for x = 0.001, 0.01, and 0.1 at Q0 = 2GeV.

Line conventions as in Fig. 4.

of the N values of any prediction.

The values of the model parameters are shown in
Tab. II. The second column lists the parameter values
and their uncertainties, calculated as the average and
the uncertainty given by the semi-difference between the
upper and lower limits of the distribution. We obtain a
total χ2/d.o.f. = 1.75 ± 0.28. The final column, labeled
“Replica 60”, shows the most representative parameter
set, which has the minimal deviation from the mean val-
ues.

In Fig. 1, we show the numerical results of our fit for
xf1(x) at Q0 = 2 GeV and the integrated vector polar-
ized gluon TMDs as functions of x. The results indicate
that the effects of these TMDs are significant and could
be probed by future experimental measurements. The

band with dashed borders represents the nNNPDF1.0
parametrization result. The solid line corresponds to the
fit from replica 60, and the cyan band shows the 68% un-
certainty of the spectator model fit. The size of xg1 (x)

and xg(1)1T (x) is several times smaller than that of xf1 (x).
As discussed in Section. II, this indicates that the cou-
pling g2

(

k2
)

in Eq. (20) has a small but necessary impact
on the numerical results of gluon TMDs for the deuteron.
The deuteron momentum and spin fractions carried by
gluons at the scaleQ0 = 2GeV in our model are predicted
as:

⟨x⟩g =

∫ 1

0
dx xf1 (x) = 0.412± 0.009 , (36)

Reproduced Plots

Reference: Xiupeng Xie, Dian-Yong Chen, Zhun Lu https://arxiv.org/abs/2603.15224 
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Thus
Rcentral ' 0.993,

so the central ray retains about 99% of the ideal two-orientation tensor sensitivity.
The finite SHMS out-of-plane acceptance also rotates the event-by-event lepton plane. Using

the approximate vertical angular acceptance a = 45 mrad and a central angle ✓e = 8� = 0.140 rad,
a simple uniform-acceptance estimate gives

hcos 2 i ' �1 +
2✓e
a

tan�1

✓
a

✓e

◆
' 0.94, (22)

where  is the event-by-event rotation of the lepton plane. Combining this with Eq. (21), the
full-acceptance tensor lever arm at 8� is estimated to be

Re↵ ' 0.993⇥ 0.94 ' 0.93.

This is not an event-overlap fraction. With the same SHMS central momentum and angle, the
laboratory kinematic acceptance is the same for the two target orientations, up to target-field
transport e↵ects. The quantity Re↵ estimates the retained transverse-tensor angular sensitivity
after projecting the laboratory axes relative to the actual ~q direction and averaging over the finite
SHMS acceptance.

In the final extraction, the central-ray approximation will be replaced by event-weighted Monte
Carlo moments. For each bin and target orientation, the analysis will use

D
fb(pf )P

e↵

TT WTT

E

b
,

where fb(pf ) is the dilution factor including packing-fraction and material e↵ects, and P e↵

TT is the
run-averaged e↵ective transverse tensor polarization. The cross-section-di↵erence fit will therefore
use

di,b = Bb �
1

2
Ki,bxi,b(1� yi,b)

D
fb(pf )P

e↵

TT,iWTT,i

E

b
�(xb, Q

2

b) + ✏i,b, (23)

with i = Ex, Ey. The nuisance term Bb absorbs residual normalization and common tensor contri-
butions. If the Monte Carlo shows non-negligible LL or LT projection di↵erences between the two
target orientations, those terms will be included as constrained nuisance contributions.

3.5 Relation to the deuteron gluon transversity distribution

At leading twist the double-helicity-flip DIS structure function is related to the deuteron gluon
transversity distribution by [2]

�(x,Q2) = �↵s(Q2)

2⇡
TrQ2 x2

Z
1

x

dy

y3
�Gd(y,Q

2), (24)

where TrQ2 =
P

q e
2
q over active quark flavors. For u, d, s, TrQ2 = 2/3. The sign convention

in Eq. (24) follows Ref. [2]; the final experimental sign will be fixed by the measured target-axis
convention.

Taking Mellin moments gives
Z

1

0

dxxn�1�(x,Q2) = �↵s(Q2)

2⇡

TrQ2

n+ 2

Z
1

0

dxxn�1�Gd(x,Q
2). (25)

This relation provides a bridge between lattice matrix elements and the experimentally measured
structure function. In the present proposal, the lattice result of Ref. [3] is used as a scale check;
the central numerical projections use the deuteron spectator model of Ref. [7].
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h1TT (x)

13

×

{

256π3M4(x− 1)2xM2
S

(

k2
T + x

(

M2(x− 1) +M2
S

))2

}−1

, (A8)

h⊥
1LT

(

x,k2
T

)

=
−4M3

2k2
T

(

(kT · SLT )
2 − k2

TS
2
LT

)

(

− S{i
LTk

j}
T +

3 (kT · SLT )
2 − 3k2

TS
2
LT

kT · SLT
gijT

+
8 (kT · SLT )

2 − 6k2
TS

2
LT

kT · SLT

ki
Tk

j
T

k2
T

)

Φij
LT (x,kT )

=

{

− 8 (2g1 − g2)M
4(x− 1)2

(

g2
(

k2
T + xM2

S

)

− g1
(

k2
T −M2(x− 1)2 +M2

S

)

)

− 2g3M
2(x− 1)

×

[

4g1
(

(

k2
T +M2

S

)2
−M4(x− 1)4

)

+ g2
(

− 2k2
T

(

M2(x− 1)2 + (2x+ 1)M2
S

)

− 3k4
T +M4(x − 1)4

+ 2M2(2x− 1)(x− 1)2M2
S + (1 − 4x)M4

S

)

]

+ g23

[

k4
T

(

M2(x− 1)2 + 3M2
S

)

+ k2
T

(

−M4(x− 1)4

− 2M2(x − 1)2M2
S + 3M4

S

)

+ k6
T −

(

M2(x − 1)2 −M2
S

)3
]

}

×

{

64π3M2(x − 1)2xM2
S

(

k2
T + x

(

M2(x− 1) +M2
S

))2

}−1

. (A9)

The TT tensor polarized gluon TMDs are given by

f1TT

(

x,k2
T

)

− h⊥
1TT

(

x,k2
T

)

=
−MgijT
kαβT Sαβ

TT

Φij
TT (x,kT )

=

{

2g3M
2

[

g2
(

2k2
T

(

M2(2x− 1)(x− 1)2 + (2(x− 1)x+ 1)M2
S

)

+ (3x− 2)k4
T + x

(

M2
S −M2(x− 1)2

)2
)

− 4g1(x− 1)k2
T

(

k2
T +M2(x− 1)2 +M2

S

)

]

+ g23k
2
T

(

2k2
T

(

M2(x− 1)2 +M2
S

)

+ k4
T +

(

M2
S −M2(x− 1)2

)2
)

+ 4M4(x− 1)

[

g22

(

(2x− 1)k2
T +M2x(x − 1)2 + x

(

2x2 − 1
)

M2
S

)

− 2g1g2
(

(3x− 2)k2
T +M2x(x− 1)2

+ x(2x− 1)M2
S

)

+ 4g21(x− 1)k2
T

]

}

×

{

128π3M2(x − 1)xM2
S

(

k2
T + x

(

M2(x − 1) +M2
S

))2

}−1
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h1TT

(

x,k2
T

)

=

(

2kijT
Sαβ
TTkTαβ

−
k4
TS

αβ
TTSTTαβ

2Sαβ
TTkTαβ − k4

TS
αβ
TTSTTαβ

(

Sij
TT

Sαβ
TTSTTαβ

+
2kijαT kTα

k2
TS

αβ
TTkTαβ

)

)

Φij
TT (x,kT )

=

{

4g2M
2k2

T

[

g3
(

k2
T

(

M2(3x− 1)(x− 1)2 + (x(2x − 1) + 1)M2
S

)

+ (2x− 1)k4
T + x

(

M2
S −M2(x− 1)2

)2
)

− 4g1M
2(x− 1)

(

(2x− 1)
(

k2
T + xM2

S

)

+M2x(x − 1)2
)

]

+ k4
T

[

− 2g3M
2
S

(

M2(x− 1) (g3(x− 1) + 4g1)− g3k
2
T

)

+
(

M2(x − 1) (4g1 − g3(x− 1))− g3k
2
T

)2
+ g23M

4
S

]

+ 4g22M
4

[

2xM2
S

(

(2(x− 1)x+ 1)k2
T −M2(x− 1)2x

)

+
(

(2x− 1)k2
T +M2x(x − 1)2

)2
+ x2M4

S

]

}

14

×

{

256π3M4(x − 1)xM2
S

(

k2
T + x

(

M2(x − 1) +M2
S

))2

}−1
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h⊥⊥
1TT

(

x,k2
T

)

=
4M4Sαβ

TTSTTαβ

2Sαβ
TTkTαβ − k4

TS
αβ
TTSTTαβ

(

Sij
TT

Sαβ
TTSTTαβ

+
2kijαT kTα

k2
TS

αβ
TTkTαβ

)

Φij
TT (x,kT )

=

{

− 4g3M
2(x− 1)

[

(2g1 − g2)
(

k2
T +M2(x− 1)2

)

+ (g2(1− 2x) + 2g1)M
2
S

]

+ g23

[

2k2
T

(

M2(x− 1)2 +M2
S

)

+ k4
T +

(

M2
S −M2(x − 1)2

)2
]

+ 4 (g2 − 2g1)
2 M4(x− 1)2

}

×

{

64π3(x− 1)xM2
S

(

k2
T + x

(

M2(x− 1) +M2
S

))2

}−1

. (A12)

Appendix B: Positivity bounds

At leading twist, the positivity bounds are the following nine inequalities:

k2
T

2M2

∣

∣h⊥
1 − h⊥

1LL

∣

∣ ≤ f1 − f1LL , (B1)

k4
T

16M4

[

4
(

h⊥
1L

)2
+
(

2h⊥
1 + h⊥

1LL

)2
]

≤

(

f1 +
f1LL

2
+ g1

)(

f1 +
f1LL

2
− g1

)

, (B2)

k2
T

2M2

(

h2
1 + 4h2

1LT

)

≤ (f1 − f1LL)

(

f1 +
f1LL

2
+ g1

)

, (B3)

k6
T

8M6

[

(

h⊥
1T

)2
+
(

h⊥
1LT

)2
]

≤ (f1 − f1LL)

(

f1 +
f1LL

2
− g1

)

, (B4)

k2
T

2M2

[

(

f⊥
1T + g1LT

)2
+ (f1LT + g1T + h1LT )

2
]

≤ (f1 − f1LL)

(

f1 +
f1LL

2
+ g1

)

, (B5)

k2
T

2M2

[

(

f⊥
1T − g1LT

)2
+ (f1LT − g1T + h1LT )

2
]

≤ (f1 − f1LL)

(

f1 +
f1LL

2
− g1

)

, (B6)

|h1TT | ≤
1

2

(

f1 +
f1LL

2
+ g1

)

, (B7)

k4
T

2M4

∣

∣h⊥⊥
1TT

∣

∣ ≤

(

f1 +
f1LL

2
− g1

)

, (B8)

k4
T

M4

[

g21TT +
(

f1TT − h⊥
1TT

)2
]

≤

(

f1 +
f1LL

2
+ g1

)(

f1 +
f1LL

2
− g1

)

. (B9)

For integrated TMDs case, there are the following three bounds:

|g1| ≤ f1 +
f1LL

2
, (B10)

f1LL ≤ f1 , (B11)

|h1TT | ≤
1

2

(

f1 +
f1LL

2
+ g1

)

. (B12)
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Here �(x,Q2) is the inclusive double-helicity-flip DIS structure function. The overall prefactor K
depends on whether the generator reports dx dy d� or dx dQ2 d� cross sections. The conversion
uses

y =
Q2

2MxE
, dy =

dQ2

2MxE
. (11)

Using Eq. (7), the ideal cross-section di↵erence is

d��xy
dx dy d�

⌘ d�(Ex)

dx dy d�
� d�(Ey)

dx dy d�
= K(x,Q2, y)x(1� y)�(x,Q2) cos 2�, (12)

up to the convention used to define Ex, Ey, and �. For the real ND3 target,

d��raw
xy

dx dy d�
= fP e↵

TT K(x,Q2, y)x(1� y)�(x,Q2) cos 2�, (13)

where f is the dilution factor and P e↵

TT is the experimentally realized e↵ective transverse tensor-
polarization factor. The normalized tensor asymmetry is

AExEy(�) =
�(Ex;�)� �(Ey;�)

�(Ex;�) + �(Ey;�)
. (14)

The denominator contains the unpolarized cross section and the common SLL tensor contribution,

�(Ex) + �(Ey) ' 2K

U(x,Q2, y) +

1

2
TLL(x,Q2, y)

�
. (15)

The SLL term is therefore included in the full analysis as a denominator and nuisance contribution,
even though it cancels in the Ex � Ey numerator.

3.3 Extraction from the cross-section di↵erence

The cross-section di↵erence is the primary observable. In each accepted kinematic bin, or for each
SHMS setting after acceptance correction, the measured di↵erence will be fit to

��xy(�) = C0 + C2 cos 2�+ S2 sin 2�. (16)

The gluon-transversity signal is C2. The nuisance coe�cients C0 and S2 are diagnostic: a nonzero
C0 indicates an imperfect relative normalization or residual common tensor term, while a nonzero
S2 indicates angular misalignment, field-map leakage, or acceptance e↵ects. For a narrow bin,

�(x,Q2) =
C2

fP e↵

TT K(x,Q2, y)x(1� y)
. (17)

For the finite SHMS acceptance, the extracted coe�cient is the acceptance-weighted quantity

Cbin

2 = fP e↵

TT

⌦
K(x,Q2, y)x(1� y)�(x,Q2)

↵
SHMS

. (18)

The angular coverage of a single-arm Hall C spectrometer is limited compared with a solenoidal
detector. Nevertheless, the vertical and horizontal target-field configurations, the SHMS vertical
angular acceptance, and possible repeated settings can provide e↵ective angle information. If
at least three independent e↵ective � points are obtained, Eq. (16) will be used directly. If the
geometry provides only two dominant angles, the extraction will be performed with the cos 2� phase
constrained by the known target-axis geometry, and C0 and S2 will be constrained by zero-tensor
and unpolarized control data. In either case, the cross-section di↵erence remains the primary route
to �(x,Q2), while the normalized asymmetry is a consistency observable.
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See Kenichi 
Nakano’s talk 
for More details!
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Figure 1. The SIDIS kinematic variables in Trento conventions.

where lµ⊥ = gµν
⊥ lν and Pµ

h⊥ = gµν
⊥ Phν indicate the transverse momenta of the lepton and the

detected hadron, respectively. We introduce the transverse tensors

gµν
⊥ = gµν − qµP ν + qνPµ

P · q(1 + γ2) + γ2

1 + γ2

(
qµqν

Q2 − PµP ν

M2

)
, (2.4)

ϵµν
⊥ = ϵµνρσ Pρqσ

P · q
√
1 + γ2

, (2.5)

which have nonzero components g11⊥ = g22⊥ = −1 and ϵ12⊥ = −ϵ21⊥ = −1 in the virtual
photon-target frame, where the convention for totally antisymmetric tensor is ϵ0123 = 1.

As defined in ref. [56], the polarization for spin-1 particles is characterized by both the
spin vector Sµ and the spin tensor Tµν . We define the transverse and longitudinal spin
components with respect to the three-momentum of the hadron. In light-cone coordinates,
the hadron momentum can be written as

Pµ = (P · n)n̄µ + M2

2P · nn
µ, (2.6)

where n and n̄ are two lightlike basis vectors and satisfy n · n = 0, n̄ · n̄ = 0, and n · n̄ = 1.
Then the spin vector and tensor can be parametrized as

Sµ = SL
P · n
M

n̄µ − SL
M

2P · nn
µ + Sµ

T , (2.7)

Tµν = 1
2

[4
3SLL

(P · n)2
M2 n̄µn̄ν − 2

3SLL(n̄{µnν} − gµν
T ) + 1

3SLL
M2

(P · n)2n
µnν

+ P · n
M

n̄{µSν}
LT − M

2P · nn
{µSν}

LT + Sµν
TT

]
, (2.8)

where the tensor gµν
T is given by

gµν
T = gµν − n̄µnν − nµn̄ν . (2.9)

When n and n̄ are chosen as in eq. (2.12), one can obtain the expression of gµν
⊥ in eq. (2.4).

The term a{µbν} indicates the symmetrization of the indices, i.e., a{µbν} = aµbν + aνbµ. The
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Figure 10: Results from experiment E12-10-003, a measurement of deuteron electro-disintegration at large missing momentum [17]. This too was
a 12 GeV era commissioning experiment in Hall C.
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Figure 11: Simplified plan view of Hall C showing the footprints of
the SHMS and HMS. The SHMS occupies the smaller side of Hall C,
where the smaller, low-momentum Short-Orbit Spectrometer (SOS)
was previously located.

would have been deflected outside of the beam dump.
Simulations were done to determine the optimal shield-
ing design to reduce the field in the beamline region for
all combinations of SHMS angle and momentum and
these mitigations were implemented [28]. The front of
the HB cryostat, between the beamline and the mag-
net bore, is made very narrow. Both Q1 and Q2 have
notches in their cryostats and iron yokes so that they,
too, can clear the beamline when the spectrometer is
configured at small scattering angles. Yoke steel for Q1

Figure 12: Top view schematic of the horizontal bender (HB) magnet
with dimensions given in units of cm. The center of the HB magnet is
at 5.5� for the beam line and 176 cm from the hall center.

is inside the cryostat. The final quadrupole (Q3) and the
dipole (DSHMS) have external warm yokes. Parameters
of the SHMS magnets are provided in Table 2.

To minimize multiple scattering as particles pass
through the SHMS, the bores of all of the magnets are
evacuated. The vacuum space begins at a window on
the front of HB. The entrance window into the HB is
approximately 15 cm square and is made of 0.01” thick
aluminum. A vacuum connection is made between the
exit of HB and Q1 entrance which is followed by the
40 cm diameter vacuum bore in Q1. The exit of Q1
is connected to the entrance of Q2 by a vacuum pipe.
The vacuum vessel bore through Q2, Q3, and DSHMS is
60 cm in diameter. The location of the end of the vac-
uum after the exit of DSHMS depends on the needs of
the experiment. If the experiment needs the Noble Gas
Cherenkov (NGC) detector (described in Sec. 4.5), then

7

https://arxiv.org/abs/2503.08706 https://doi.org/10.1007/JHEP12(2025)067 

Parameter HMS SHMS

Performance Specification

Range of Central Momentum 0.4 to 7.4 GeV/c 2 to 11 GeV/c
Momentum Acceptance ±10% -10% to +22%
Momentum Resolution 0.1% – 0.15% 0.03% – 0.08%
Scattering Angle Range 10.5� to 90� 5.5� to 40�

Target Length Accepted at
90�(HMS)/45� (SHMS)

10 cm 25 cm

Horizontal Angle Acceptance ±32 mrad ±18 mrad
Vertical Angle Acceptance ±85 mrad ±45 mrad
Solid Angle Acceptance 8.1 msr 4 msr
Horizontal Angle Resolution 0.8 mrad 0.5 – 1.2 mrad
Vertical Angle Resolution 1.0 mrad 0.3 – 1.1 mrad
Target resolution (ytar) 0.3 cm 0.1 - 0.3 cm
Maximum Event Rate 4–5 kHz 4–5 kHz
Max. Flux within Acceptance ⇠ 5 MHz ⇠ 5 MHz
e/h Discrimination >1000:1 at

98% e�ciency
>1000:1 at
98% e�ciency

⇡/K Discrimination 100:1 at
95% e�ciency

100:1 at
95% e�ciency

Table 1: Demonstrated performance of the HMS and design specifications for the SHMS. Resolutions are quoted at 1 sigma.

a window is placed at the exit of DSHMS with the NGC
detector placed between the exit window and the drift
chambers. Otherwise, a Vacuum Extension Tank (VET)
is attached to the exit of the DSHMS that puts the exit
window at 30 cm from the first drift chamber in the de-
tector stack. In both cases, the dipole exit window is
made of 0.020” thick aluminum.

3.1.2. Charged Particle Transport Models
A magnetic transport code, SNAKE [29], was used to

model the transport of charged particles in the SHMS.
The SNAKE model of the SHMS incorporated the
mechanical sizes of the magnets, while the magnetic
fields were generated by the static field analysis code
TOSCA [30] and validated with field measurements.
The relative strengths of the field integrals of the mag-
nets were selected to maximize the acceptance while
simultaneously providing the desired momentum and
scattering angle resolutions. For a charged particle with
relative momentum, � = p�pc

pc
, where p is the momen-

tum of the particle and pc is the central momentum of
the spectrometer, the transport from the target to the fo-
cal plane located midway between the two drift cham-
bers can be expressed in terms of a matrix representation
of the solutions of the equation of motion of charged
particles in magnetic fields [31]. The first-order trans-
port matrix for the SHMS is given by:

0
BBBBBBBBBBBBB@

xfp
x0fp
yfp
y0fp

1
CCCCCCCCCCCCCA
=

0
BBBBBBBBBBBB@

�1.5 0.0 0.0 0.0 1.65
�0.5 �0.7 0.0 0.0 3.2
0.0 0.0 �1.9 �0.2 �0.1
0.0 0.0 �3.0 �0.8 0.1

1
CCCCCCCCCCCCA

0
BBBBBBBBBBBBBBBBB@

xtar
x0tar
ytar
y0tar
�

1
CCCCCCCCCCCCCCCCCA

(1)

where xtar and ytar are the vertical and horizontal po-
sitions while x0tar =

�xtar
�ztar

and y0tar =
�ytar
�ztar

are the angles
in the ztar = 0 plane, all measured relative to the cen-
tral ray of the spectrometer. x f , y f p and x0f p, y0f p are the
positions and angles of the particle when transported to
the focal plane. The positions, angles, and � are in cen-
timeters, milliradians, and %, respectively.

The acceptance of the spectrometer is mainly deter-
mined by the collimator placed within a remotely op-
erated collimator box that is that installed between the
HB magnet and the first quadrupole magnet. The col-
limator ladder assembly within this box may be posi-
tioned at one of three settings. The top position (ac-
cessed when the assembly is at its lowest position) is a
stretched octagon with an opening height 9.843 in and
width 6.693 in on the upstream side. It is 2.5 in thick.
The lower two positions contain sieve slits with holes
in a rectangular pattern separated by 0.6457 in horizon-
tally and 0.9843 in vertically. The sieve pattern at the
middle ladder position has 11 columns of holes with
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Challenges / Things to consider:
• We will need to take data with two orthogonal target orientations
• Chicane magnet will be installed for g2p2 but we will need it to be rotated by 90-deg

(got some feedback from Jay Benesch)
• Currently HMS can be used, but there maybe a possibility of having SBS 
• Explore other target orientations (orthogonal) to utilize the use of HMS
• Use an easily movable hadron detector (similar to Neutral Particle Detector)
• The other option is to build a detector that can be moved around

https://arxiv.org/abs/2503.08706
https://arxiv.org/abs/2503.08706
https://doi.org/10.1007/JHEP12(2025)067
https://doi.org/10.1007/JHEP12(2025)067


Collin’s function extractions to date…
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Bacchetta et al 2001 https://arxiv.org/abs/hep-ph/0102278 

Bacchetta et al 2002 https://arxiv.org/abs/hep-ph/0201091 

Bacchetta et al 2003 https://arxiv.org/abs/hep-ph/0307282 

Amrath et al 2005 https://arxiv.org/abs/hep-ph/0504124 

Bacchetta et al 2007 https://arxiv.org/abs/0707.3372 

Anselmino et al 2007 https://arxiv.org/abs/hep-ph/0701006 

Kang et al 2016 https://arxiv.org/abs/1505.05589 

Zeng et al 2022 https://arxiv.org/abs/2208.14620 

Zeng et al 2024 https://arxiv.org/abs/2412.18324 

Zeng et al 2024

Bacchetta et al 2007

Kang et al 2016

Anselmino et al (2007)
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More TMDs to be probed…
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Tensor-Cahn like quadrupole Worm gear type / helicity counter-part

Figure 10: Results from experiment E12-10-003, a measurement of deuteron electro-disintegration at large missing momentum [17]. This too was
a 12 GeV era commissioning experiment in Hall C.
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Figure 11: Simplified plan view of Hall C showing the footprints of
the SHMS and HMS. The SHMS occupies the smaller side of Hall C,
where the smaller, low-momentum Short-Orbit Spectrometer (SOS)
was previously located.

would have been deflected outside of the beam dump.
Simulations were done to determine the optimal shield-
ing design to reduce the field in the beamline region for
all combinations of SHMS angle and momentum and
these mitigations were implemented [28]. The front of
the HB cryostat, between the beamline and the mag-
net bore, is made very narrow. Both Q1 and Q2 have
notches in their cryostats and iron yokes so that they,
too, can clear the beamline when the spectrometer is
configured at small scattering angles. Yoke steel for Q1

Figure 12: Top view schematic of the horizontal bender (HB) magnet
with dimensions given in units of cm. The center of the HB magnet is
at 5.5� for the beam line and 176 cm from the hall center.

is inside the cryostat. The final quadrupole (Q3) and the
dipole (DSHMS) have external warm yokes. Parameters
of the SHMS magnets are provided in Table 2.

To minimize multiple scattering as particles pass
through the SHMS, the bores of all of the magnets are
evacuated. The vacuum space begins at a window on
the front of HB. The entrance window into the HB is
approximately 15 cm square and is made of 0.01” thick
aluminum. A vacuum connection is made between the
exit of HB and Q1 entrance which is followed by the
40 cm diameter vacuum bore in Q1. The exit of Q1
is connected to the entrance of Q2 by a vacuum pipe.
The vacuum vessel bore through Q2, Q3, and DSHMS is
60 cm in diameter. The location of the end of the vac-
uum after the exit of DSHMS depends on the needs of
the experiment. If the experiment needs the Noble Gas
Cherenkov (NGC) detector (described in Sec. 4.5), then
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Things to consider

• It is possible to propose an experiment to measure both 
structure functions

• One requires ‘longitudinally polarized’ electron beam, 
while the other one 

• The other one requires an ‘unpolarized’ electron beam 
(which can be constructed with two opposite helicity 
configurations of the beam)

• Faces the same challenges mentioned on the previous slide



Collinear Fragmentation function (D1) extractions to date…
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DSS (de Florian, 
Sassot,Stratmann) 2007

https://arxiv.org/abs/hep-ph/0703242 

HKNS (Hirai, Kumano, Nagai, 
Sudoh) 2007

https://arxiv.org/abs/hep-ph/0702250 

AKK08 2008 https://arxiv.org/abs/0807.2214 

DSS 2014 https://arxiv.org/abs/1410.6027 

NNFF 2017 and 2018 https://arxiv.org/abs/1706.07049 
https://arxiv.org/abs/1807.03310 

MAPFF https://arxiv.org/abs/2105.08725 

JAM19/JAM20/JAM22 https://arxiv.org/abs/1905.03788 
https://arxiv.org/abs/2101.04664 
https://arxiv.org/abs/2202.03372 

NPC 2025 https://arxiv.org/abs/2503.21311 
https://arxiv.org/abs/2502.17837
https://arxiv.org/abs/2407.04422 

Borsa et al 2024 https://arxiv.org/abs/2110.14015 

DSS 2007

HKNS 2007

https://indico.jlab.org/event/498/contributions/9474/attachments/7655/10681/090322_CPHI22_FF.pdf 

https://arxiv.org/abs/hep-ph/0703242
https://arxiv.org/abs/hep-ph/0703242
https://arxiv.org/abs/hep-ph/0703242
https://arxiv.org/abs/hep-ph/0702250
https://arxiv.org/abs/hep-ph/0702250
https://arxiv.org/abs/hep-ph/0702250
https://arxiv.org/abs/0807.2214
https://arxiv.org/abs/1410.6027
https://arxiv.org/abs/1706.07049
https://arxiv.org/abs/1807.03310
https://arxiv.org/abs/2105.08725
https://arxiv.org/abs/1905.03788
https://arxiv.org/abs/2101.04664
https://arxiv.org/abs/2202.03372
https://arxiv.org/abs/2503.21311
https://arxiv.org/abs/2502.17837
https://arxiv.org/abs/2407.04422
https://arxiv.org/abs/2110.14015
https://indico.jlab.org/event/498/contributions/9474/attachments/7655/10681/090322_CPHI22_FF.pdf
https://indico.jlab.org/event/498/contributions/9474/attachments/7655/10681/090322_CPHI22_FF.pdf


The prospective (tentative) plan with 
transversely tensor polarized targets
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To run sequentially after the 
data taking for

<latexit sha1_base64="z97BGBYDO6hCPz/ptlz+K8tuBu0=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahgpREinosCuKhhwqmLbahbLabdulmE3Y3Qgn9F148KOLVf+PNf+O2zUFbHww83pthZp4fc6a0bX9buZXVtfWN/GZha3tnd6+4f9BUUSIJdUnEI9n2saKcCepqpjltx5Li0Oe05Y9upn7riUrFIvGgxzH1QjwQLGAEayM93vZS96xcr59OesWSXbFnQMvEyUgJMjR6xa9uPyJJSIUmHCvVcexYeymWmhFOJ4VuomiMyQgPaMdQgUOqvHR28QSdGKWPgkiaEhrN1N8TKQ6VGoe+6QyxHqpFbyr+53USHVx5KRNxoqkg80VBwpGO0PR91GeSEs3HhmAimbkVkSGWmGgTUsGE4Cy+vEya5xXnolK9r5Zq11kceTiCYyiDA5dQgztogAsEBDzDK7xZynqx3q2PeWvOymYO4Q+szx8kc4/u</latexit>

FU,(LL)

First Generation Tensor Experiments
Using standard DNP temps and intensity: 1K, 5T and 100nA

Pic credits C. Keith (JLab)

by Ishara Fernando, Forhad Hossain, Kenichi Nakano & Dustin Keller
(for the UVA Spin-Physics Group)

Using lower DNP temps, higher field, and lower intensity: 
0.5 K, B > 6.5 T, and 30nA

Gluon Transversity PDF with DIS (LOI submitted): Proposal for 2027

Second Generation Tensor Experiments 

@ Hall C

Potentially: 
@ Hall A (with SoLID), 
and @ Hall B (coordinating with CLAS Colaboration) 

The SBS SIDIS kinematic coverage

• Q2 > 1 GeV2 

• W2 > 4 GeV2 

• MX2 > 2.3 GeV2

• E’e  ≥ 1 GeV 

• ph  ≥ 2 GeV 

• Good tracks on all relevant detectors

10

Pic credits G. Cates (UVA)

See Dustin’s Talk



27This work is supported by DOE contract DE-FG02-96ER40950



Backup Slides
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SBS SIDIS Kinematic Coverage
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The SBS SIDIS kinematic coverage

• Q2 > 1 GeV2 

• W2 > 4 GeV2 

• MX2 > 2.3 GeV2

• E’e  ≥ 1 GeV 

• ph  ≥ 2 GeV 

• Good tracks on all relevant detectors

10

SBS SIDIS Azimuthal Coverage
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• Our original proposal envisioned eight 
spin orientations. 

• We find virtually unchanged azimuthal 
coverage (and overall FoM) with four. 

• Limiting to four spin orientations 
greatly simplifies the polarized 
target, enabling the use of the GEn 
target with small changes.

11

https://indico.jlab.org/event/450/contributions/8688/attachments/7234/9981/cates_sbs_sidis_jeopardy_pac49.pdf 

Pic credits G. Cates (UVA)

https://indico.jlab.org/event/450/contributions/8688/attachments/7234/9981/cates_sbs_sidis_jeopardy_pac49.pdf
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From Marco’s slides:
https://www.fe.infn.it/~mcontalb/JLAB12/TALKs/PAC53/rgh_250723.pdf

RGH Status

https://www.fe.infn.it/~mcontalb/JLAB12/TALKs/PAC53/rgh_250723.pdf
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From Marco’s slides:
https://www.fe.infn.it/~mcontalb/JLAB12/TALKs/PAC53/rgh_250723.pdf

RGH Status

https://www.fe.infn.it/~mcontalb/JLAB12/TALKs/PAC53/rgh_250723.pdf
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Prospective Plans with SoLID (Hall A)

From the slides by Haiyan Gao and Zhiwen Zhao:
https://indico.phy.anl.gov/event/51/sessions/89/#20240619 + Tensor Polarized ND3

https://indico.phy.anl.gov/event/51/sessions/89/
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Prospective Plans with SoLID (Hall A)

From the slides by Haiyan Gao and Zhiwen Zhao:
https://indico.phy.anl.gov/event/51/sessions/89/#20240619 

+ ND3 Setup

Kinematic Coverage
Z. Ye et al, Phys. Lett. B 767, 91 (2017)

https://indico.phy.anl.gov/event/51/sessions/89/

