PHYSICAL REVIEW LETTERS 136, 021901 (2026)

Nucleon Tomography with Zero Jettiness

Shen Fang ,1’* Shuo Lin,z’Jr Ding Yu Shao ,1’3’i and Jian Zhou®>**
'Department of Physics, Center for Field Theory and Particle Physics, Key Laboratory of Nuclear Physics
and lon-beam Application (MOE), Fudan University, Shanghai 200433, China
2Key Laboratory of Particle Physics and Particle Irradiation (MOE), Institute of Frontier and Interdisciplinary Science,
Shandong University, (Qingdao), Shandong 266237, China
3Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China
*Southern Center for Nuclear-Science Theory (SCNT), Institute of Modern Physics,
Chinese Academy of Sciences, Huizhou, Guangdong 516000, China

® (Received 27 June 2025; revised 17 November 2025; accepted 8 December 2025; published 14 January 2026)

We propose a novel strategy to systematically isolate the nucleon’s intrinsic nonperturbative three-

dimensional structure by employing zero jettiness to suppress initial-state radiation in transverse-

momentum-dependent observables. Applying this method to transverse single spin asymmetries (SSAs)
in W* and Z° boson production at Relativistic Heavy Ion Collider (RHIC), we demonstrate a substantial
enhancement of the asymmetry signal (e.g., by 115% for W~ SSA at ¢, =5 GeV). We show that this
enhancement yields a substantial net gain in experimental sensitivity—even after accounting for the
statistical cost of the veto—facilitating a more definitive test of the predicted Sivers function sign change.
We further explore its applicability to spin-dependent measurements at the Electron-Ion Collider. Our
analysis is formulated within a joint resummation framework that systematically resums large logarithms
associated with both the veto scale and the gauge boson’s transverse momentum.
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Introduction—Understanding the three-dimensional (3D)
structure of the nucleon is of fundamental importance to
hadron physics, particularly with the upcoming Electron-
Ion Colliders (EICs) in the United States [1,2] and China
[3]. One of the central objectives of these future facilities is
to map out the 3D motion of partons inside the nucleon
through ep and eA collisions, as characterized by trans-
verse-momentum-dependent (TMD) parton distributions
[4-8]. TMD distributions not only provide a direct 3D
imaging of the nucleon [9,10] but also offer insights into the
nucleon’s spin structure [9-14] and shed light on funda-
mental aspects of QCD factorization theorem [15-19].
They also encode crucial information on the color glass
condensate—a unique form of nuclear matter at small
x [20-29].

A significant challenge in probing the intrinsic trans-
verse motion of partons is the contamination from initial
state radiation (ISR), whose recoil effects introduce
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perturbative contributions that obscure and complicate
the disentanglement of the nonperturbative structure of
TMDs [8]. To address this, we propose in this Letter a
novel strategy: employing zero jettiness as a veto to
suppress central ISR. This approach enhances experimen-
tal sensitivity to the inherent nonperturbative TMD dynam-
ics, opening new avenues to separate these from
perturbative contamination, a persistent difficulty that
has limited precision extractions at collider energies.
Notably, while semi-inclusive deep inelastic scattering
(SIDIS) processes allow for experimental tuning of the
hard scale Q, electroweak Drell-Yan processes have Q
fixed by the gauge boson mass. Here, zero jettiness
emerges as an effective tunable energy scale, offering
novel flexibility in controlling TMD evolution effects.

The zero-jettiness observable, originally introduced as a
global event shape to veto additional jets in an inclusive
manner [30], has become a powerful tool in collider
phenomenology [31-34]. This observable enhances signal
sensitivity by effectively suppressing additional radiation.
Recent advances in resummation techniques have enabled
precise and systematically improvable predictions for zero-
jettiness cross sections [35—41], thereby playing an essen-
tial role in interpreting LHC data.

Despite these advances, the application of the zero-
jettiness veto to polarization-dependent TMD observables
remains unexplored. Here, we present the first-ever exten-
sion of joint resummation [37,42-45] to polarization-
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FIG. 1. Schematic illustration of the final state configuration for
70 production in polarized pp collisions with zero jettiness. The
faint red lines represent the soft radiation vetoed by the cut, and
the bright straight lines represent the collinear hard radiation that
drives the scale evolution of PDFs and give rise to SSAs via the
Qiu-Sterman mechanism.

dependent observables in Drell-Yan-like processes
shown in Fig. 1, combining veto-induced logarithms and
k, logarithms. More specifically, we investigate the impact
of the zero-jettiness veto on transverse SSAs in W+ and Z°
boson production at RHIC [46,47], which provides a
critical test of the predicted sign change of the Sivers
function [17]. Existing SSA measurements are strongly
diluted by TMD evolution effects at high energies [48,49].
We demonstrate that imposing a central zero-jettiness veto
significantly enhances the SSA signal generated by the
Qiu-Sterman mechanism [50,51]. Crucially, we show that
this enhancement provides a substantial net gain in exper-
imental sensitivity, even after accounting for the statistical
cost of the veto. Moreover, while our results focus on
transverse spin asymmetries in Drell-Yan processes, the
formalism is broadly applicable. This approach opens a
new strategy to enhance sensitivity to intrinsic parton
motion across a wide range of TMD observables, with
relevance for RHIC, LHC, the future EIC, and beyond.
TMDs with zero jettiness—As TMD evolution is pre-
dominantly driven by soft gluon radiation, observables that
suppress radiation in the central rapidity region are particu-
larly effective for enhancing sensitivity to nonperturbative
effects. Among the various event shape observables, beam
thrust, also referred to as zero jettiness [30,52-56], stands
out as a powerful tool for this purpose. For electroweak
Drell-Yan processes, the zero jettiness variable is defined as

Eszmm{Pa Liypy-li} = Z'h”e—ly -, (1)

where O and y are the mass and rapidity of the produced
gauge boson, respectively. The sum runs over all particles i
(excluding the gauge boson) with momentum /;, transverse
momentum 7“ and rapidity y; in the final state. The
momenta of the incoming partons are defined as pg =

Qe™ny/2 and ply = Qe™n}, /2, where 1), , = (1,0,0,£1)
are lightlike reference vectors. This observable is designed
so that energetic particles collimated along the beam
directions contribute minimally to 7, while central emissions
contribute significantly. Imposing a veto 7 < 7, therefore
strongly suppresses central gluon radiation and effectively
constrains ISR effects.

We examine the transverse momentum spectrum of the
gauge boson across a wider range of scales, where the
perturbative expansion is spoiled by two distinct types of
large logarithms: In(Q%/¢3) and In(1/7,), thereby going
beyond the standard TMD resummation framework, which
accounts only for the former. While previous studies have
explored the joint resummation of TMDs with zero jettiness
or jet veto [37,42-45], we present a novel derivation that is
both transparent and heuristic, aiming to enhance acces-
sibility to a broader audience. Our formulation unifies the
various soft-collinear effective theory (SCET) [57-61]
regimes (SCET], SCETy, and SCET, ) and is applicable
in a more comprehensive kinematic region.

Sudakov form factor in TMD resummation—To establish
the joint resummation framework, we first recall the
standard TMD factorization formula for the unpolarized
Drell-Yan cross section [4-7],

= GOZ|qu |2

Xf‘!/!’(xlﬂb’”’gq)fq//p(xq”bv.u’é:q’)a (2)

where b = |b V| is the
Cabibbo-Kobayashi-Maskawa (CKM) matrix element, H is
the hard factor, and f;/,(x;, b, u. ;) is the unpolarized
TMD parton distribution function (PDF) depending on
scales yu and (. Parton fractions are x, = Qe’/\/s
and x; = Qe™/\/s.

At next-to-leading logarithmic (NLL) in the Collins-
Soper-Sterman framework [7,62], for g, > Agcp, the
TMD PDF is related to the collinear PDF f,,(x, u) at
Uy, =2e77¢ [ b:

fq/p (x’ bv l’lv é’) = e_S;MD(b’M’C)/zfq/p ('x’ Iub)' (3)
(g =0°

dO'UU

— iaL'ZLH
dyd*g

qq’(Q’ ﬂ)

Substituting into Eq. (2) with 4 = Q and {, =
and using azimuthal integration, we obtain

bdb
oquq g / 2D roiba)

X fq (xqv ﬂb)fq’ (er, ﬂb)e—SEMD(b)’ (4)

where J, is the Bessel function and the perturbative
Sudakov factor SPMP(b) = STMP (b, 0, Q?) is given by

C QZd 2 2
:_F/ _'“2 (an_z_
T Jie u H

b

dGUU
dyd?g,

ST™MD (1) %) ag(u). (5

021901-2



PHYSICAL REVIEW LETTERS 136, 021901 (2026)

Sudakov form factor in joint resummation—Imposing a
veto 7 < 7 restricts the phase space for ISR, introducing
logarithms of 7, and modifying the standard TMD Sudakov
factor in Eq. (5), particularly below the scale ¢ = 7,Q>. The
resulting NLL perturbative Sudakov factor for the joint
resummation, incorporating both TMD and zero-jettiness
logarithms, is given by

d t wordu® 7ot
[ g3
T e p po2 Woop
Q> du? rd 2
+/ S (1 —-—) / a 1n—}a‘ ). (6)
¢ M rot,u Tol

Here, the third integral, covering the range [z, Q%], corre-
sponds to the standard TMD evolution above the scale t.
The remaining terms encapsulate the modifications below
the scale ¢ due to the phase space restrictions imposed by
the zero-jettiness veto. This result is derived independently
within both perturbative QCD phase space analysis and the
SCET framework. Details are provided in Supplemental
Material [63], which includes Refs. [7,37,43,52].

Our calculation employs NLL accuracy for the Sudakov
resummation. While the next-to-next-to-leading logarith-
mic (NNLL) joint resummation framework is available for
the unpolarized cross section [37], the corresponding one-
loop corrections for polarized TMDs under a zero-jettiness
veto remain unknown. Extending the formalism to NNLL
accuracy is therefore beyond the scope of this Letter.

Impact of zero jettiness on spin asymmetries—We now
examine the phenomenological implications of this
approach for probing the spin structure of the nucleon.
As an example, we focus on the SSAs for W*/ 70
production in polarized pp collisions.

As is well known, the scale evolution of polarization-
dependent TMDs is governed by the standard Collins-Soper
equation [64], since the light cone divergence exhibits the
same structure for both unpolarized and polarization de-
pendent cases. Accordingly, the analysis presented in
the previous section extends directly to the polarization-
dependent case, yielding the same perturbative Sudakov
factor for the Sivers distribution. In the small » limit (or
equivalently, large g, region), the Sivers function can be
further matched onto [51] a collinear twist-3 quark-gluon
correlation function, known as the Qiu-Sterman function
Tr 4 [50,65,66]. Recently, the collinear twist-3 factorization
has been verified at one-loop order, marking a significant
achievement [67,68]. A comprehensive study of the match-
ing between the k,-odd TMDs and the collinear twist-3
correlations has been carried out in Refs. [69,70].

The transverse-spin-dependent cross section for W+
boson production in polarized pp collisions can be written
as [48]

Sp(b)

w p2db
—sin(¢, —¢s)00/0 4—J1(b51¢)

XZ|qu"2TF,q Xg» q,/«lb)fq( ”ub)e—sp(b)

doyr(S)) _
dydzﬂh

(7)

In general, the SSA Ay for W* boson production is
given by

77 dep,2sin(¢p, — ¢s)doyr

Av —
v Jo* deydoyy

(8)

The SSA for Z° production takes a similar form, with
appropriate modifications for the electroweak couplings.

Phenomenology—We now present numerical results to
demonstrate the implications of the key results in Eq. (8).
To ensure a smooth transition from the perturbative to the
nonperturbative regions, the Sudakov factor is convention-
ally decomposed into two components,

S(b) = Sp(b.) + Sxp(D). )

where the scale p;, in the perturbative Sudakov factor
Sp(b,) is replaced by u, =2e77t/b, with b, =
1 + b%/b2,, and b, = 1.5 GeV~! [62]. Note that,
in our numerical evaluation, the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) evolution of PDFs is
frozen for y? > t [52]. The parametrizations for the non-
perturbative component of the Sudakov factor associated
with the unpolarized quark TMDs are taken from [71],

: b
Slp(b) = 0.42 1nQ21nb— +0.10652, (10)

0 *

with Q) = V2.4 GeV. For the Qiu-Sterman function 7z ,,
the most economical choice is to parameterize it in terms of
the unpolarized collinear PDF [72,73],

TF,q(x’x’ﬂ) :Nq(x)fq(xf/“t)’ (11)
where we adopt a parametrization for the function N, (x)
given in Table 2 in Ref. [49] (see also Refs. [74,75] for the
state-of-the-art extractions of the Sivers functions). It is
worth noting that the diagonal component of the scale
evolution equation for the Qiu-Sterman function closely
resembles the standard DGLAP kernel for the normal
unpolarized quark PDF [76-86]. Consequently, this para-
metrization effectively addresses the scale dependence of
the Qiu-Sterman function. In addition, we use the non-
perturbative Sudakov factor for the Sivers distribution
obtained from the same global fitting [49],
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FIG. 2. Top: SSA for W~ production versus transverse
momentum ¢, . Bands correspond to theoretical uncertainties
estimated via scale variation. Bottom: Corresponding normalized
transverse momentum distribution. Results are for polarized
pp collisions at the RHIC energy /s = 500 GeV and the
rapidity y = 0, comparing various values of 7, (indicated by
color and style).

b
w(b) = 0.421anlnb—+0.18b2. (12)

0 *

Moreover, the one-loop running coupling a,(u) is used in
our numerical estimations.

At RHIC energies, the SSAs for W+ and Z° production
are predicted to be small (see Supplemental Material [63]),
so we focus on W~ production here. In Fig. 2, we present
theoretical predictions for SSA (Ay) versus ¢ (top) and
normalized ¢, distribution (bottom) at /s = 500 GeV and
y = 0. Curves compare various 7, values, with 7y =1 as
inclusive. Central predictions use the hard scale Q, with
uncertainties from varying only this scale between Q/2 and
20 in Eq. (6). As expected, SSA magnitude increases as 7
decreases, thus enhancing Sivers sensitivity.

The estimate of the experimental uncertainties, i.e., the
statistical uncertainty of Ay, corresponding to a 68% con-
fidence level (CL) for a given integrated luminosity £ and
beam polarization rate P is given by

1 1= (Ay)?
5AN_P c- L

1
7 (13)

|-
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FIG. 3. Projected SSA for W~ production in polarized pp
collisions at /s =500 GeV. Top half: Distributions versus
transverse momentum ¢, (integrated over 0 < y < 1). The upper
panel shows Ay for the inclusive case (zy = 1, red) and with a
zero-jettiness veto (7 = 0.015, blue). Bands represent estimated
statistical uncertainties (68% CL). The lower panel shows the
relative enhancement of the asymmetry (purple) compared to the
relative increase in statistical uncertainty (green). Bottom half:
Distributions versus rapidity y (integrated over g, < 6 GeV).
Panels are as described for the top half.

where the second (approximated) equality holds due to the
expected small value of Ay. For projected performance at
RHIC, we assume polarized pp collisions at the center-of-
mass energy /s = 500 GeV with an integrated luminosity
of £ = 780 pb~! and effective polarization P = 53% [87].

Figure 3 presents the projected Ay for W~ production,
comparing the inclusive (zyp =1, red) and vetoed
(o = 0.015, blue) scenarios at /s = 500 GeV. The top
half shows the distributions versus transverse momentum
q (integrated over 0 < y < 1), and the bottom half shows
the distributions versus rapidity y (integrated over
g, < 6 GeV). In both halves, the upper panels plot the
Ay values, including estimated statistical error bands
(68% CL) based on Eq. (13). A quantitative comparison
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FIG. 4. SSAs for z* (blue and red) and z~ (green and purple)
production in SIDIS at the EIC (/s = 100 GeV) as a function of
q . Predictions compare the inclusive case (rq = 1, red and
purple bands) with a one-jettiness veto (z, = 0.04, blue and green
bands). Kinematic selections are 0.4 < z, < 0.8,0.1 < x5 < 0.6,
and 20 < Q < 30 GeV. Statistical uncertainty bands (68% CL)
assume a projected integrated luminosity of £ = 100 fb~! and
beam polarization P = 70% [2,89].

in the g, distribution shows that the enhancement in the
asymmetry is comparable to the estimated combined
statistical uncertainty, indicating that the net gain is
statistically significant and measurable at RHIC. To
visualize this trade-off directly, the lower panels plot the
relative enhancement of the asymmetry, (A}t /Alnclusive) —
1 (purple line), against the relative increase in statistical
uncertainty, (SA}°/SAkclusive) — 1 (green line). Across the
entire kinematic range in both ¢ | and y, the relative gain in
the asymmetry (purple line) significantly exceeds the
relative cost in precision (green line). For example, in
the ¢, =5 GeV bin (top-right panel), the asymmetry
increases by ~115%, while the statistical uncertainty
increases by only ~80%. This confirms that the zero-
jettiness veto yields a substantial net improvement in
sensitivity. These results demonstrate that implementing
a zero-jettiness veto offers a promising strategy to enhance
the sensitivity of SSA measurements to the predicted sign
flip of the Sivers function.

Our formalism can be naturally extended to describe the
produced hadron’s transverse momentum distribution in the
SIDIS process. The relevant factorization framework asso-
ciated with one-jettiness in deep inelastic scattering (DIS)
has been previously studied in the context of inclusive
observables [36,41,53,88]. In Fig. 4, we apply our method
to SSAs for z7 and n~ production at the future EIC,
plotting the predictions with projected statistical uncer-
tainty bands (68% CL) based on Eq. (13) (adapted for EIC
parameters). The results, with and without imposing a veto

of 79 =0.04, demonstrate a clear enhancement in the
asymmetries at moderate ¢; when the veto is applied.
The statistical separation is clear: the error bands for the 7+
vetoed and inclusive cases show no overlap for
q, 2 1 GeV, confirming a measurable improvement in
sensitivity.

Conclusions and outlook—In this Letter, we establish a
novel method for probing the nucleon’s spin structure by
employing a zero-jettiness veto to suppress TMD evolu-
tion effects. This approach directly addresses the long-
standing challenge of disentangling nonperturbative
dynamics from perturbative radiation. To this end, we
derive a k;,-resummation formalism for zero-jettiness
events and demonstrate its phenomenological impact by
analyzing SSAs in W*/Z° production at RHIC. We find
that the veto leads to a remarkable enhancement of the
asymmetry, enabling a more definitive test of the predicted
sign change of the Sivers function.

This approach broadens the potential of TMD studies
across a variety of experimental settings. The ability to
systematically tune the veto scale, or to employ other veto
observables like jet transverse momentum or vector angu-
larities [90], provides a powerful new lever to isolate
intrinsic parton motion and constrain the nonperturbative
Sudakov factor [91]. The framework’s versatility extends to
studying TMDs in di-jet and electron-jet production at the
EIC, while offering particular advantages for TMD mea-
surements at the LHC, where evolution effects are more
pronounced. These developments pave the way for a new
era of precision in mapping the nucleon’s 3D structure.
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