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We perform the first simultaneous extraction of parton collinear and transverse degrees of free-
dom from low-energy fixed-target Drell-Yan data in order to compare the transverse momentum
dependent (TMD) parton distribution functions (PDFs) of the pion and proton. We demonstrate
that the transverse separation of the quark field encoded in TMDs of the pion is more than 50
smaller than that of the proton. Additionally, we find the transverse separation of the quark field
decreases as the longitudinal momentum fraction decreases. In studying the nuclear modification of
TMDs, we observe that it is similar to that found in collinear distributions. We comment on possible
explanations for these intriguing behaviors, which call for a deeper examination of tomography in a

variety of strongly interacting quark-gluon systems.

Introduction.— Hadrons compose nearly all the visi-
ble matter in the universe, yet much is still unknown
about them. Revealing their internal structure from ex-
perimental data requires the use of sophisticated theo-
retical frameworks based on quantum chromodynamics
(QCD), the theory of the strong force of quarks and glu-
ons (partons), that describe hadrons as emergent phe-
nomena. While decades of high-energy experiments have
provided data allowing for the high resolution of the lon-
gitudinal structure of protons [1-6], and to a lesser extent
also of pions [7-18], the information on the transverse
structure of hadrons is comparatively less well known.
In particular, achieving a 3-dimensional mapping of inter-
nal hadron structure requires sensitivity to both collinear
and transverse parton degrees of freedom, which can be
encoded in transverse momentum dependent distribu-
tions (TMDs) [19-23] and generalized parton distribu-
tions (GPDs) [24, 25]. Both are primary focuses at ex-
isting and future facilities, such as Jefferson Lab [26] and
the Electron-Ton Collider [27]. Here we focus on TMDs
and novel properties of the transverse separation of quark
fields as a function of their longitudinal momenta for the
proton and pion, giving deeper insights into color con-
fined systems that emerge from QCD.

TMDs depend on both the longitudinal momentum
fraction z and the intrinsic transverse momentum kr =
|kr| of partons inside the hadron. The unpolarized TMD
PDF is the kp-space Fourier transform of the light-front
correlator of hadron A (with momentum P) [21, 23],

fq//\/(vaT) (1)
= [ e N B W0, 00001,

where b = (b~,0",br), with by the transverse shift of

the quark field ¢, and by = |by|. The Wilson line
W(b, 0) ensures SU(3) color gauge invariance. The TMDs
in Eq. (1) require a modification to account for the ultra-
violet and rapidity divergenes, and acquire corresponding
regulators fo/ar(@,br) — fo/ar (@, b 1, ¢) [23, 28].

While fq /n is technically the object to be inferred from
data, its small-br behavior can be written in terms of
collinear PDFs [23, 29, 30]. Most phenomenological ex-
tractions to date [31-38] have made use of this connec-
tion by fixing the collinear PDFs and focusing on the
analysis of the nonperturbative large-byr region. How-
ever, these extractions are subject to the choices of the
input collinear PDFs, as discussed in Ref. [39].

In this Letter, we go beyond the previous studies by
performing the first simultaneous extraction of proton
and pion TMD PDFs, along with pion collinear PDF's,
through an analysis of fixed-target Drell-Yan (DY) and
leading neutron (LN) data within the JAM QCD analysis
framework [6, 14, 16-18, 40-57]. We find an intriguing
behavior of the average transverse separation of the quark
fields encoded in these TMD PDFs, with ~ (5.3 —7.5) ¢
smaller values for the pion than for the proton as a func-
tion of . For both systems the average transverse sepa-
ration of the quark field decreases as x decreases. We also
observe a nuclear modification of the TMDs, with the av-
erage transverse separation of a quark field in a bound
proton up to 10% smaller than that in a free proton.

Analysis framework.— The focus of our analysis is the
DY process in hadron-hadron or hadron-nucleus reac-
tions with center of mass energy +/s. Specifically, we
study the region of small transverse momentum g7 of the
produced lepton pair relative to its invariant mass Q. In
this regime, the measured cross section can be described
in terms of TMDs through a well-defined factorization



framework [23, 58, 59]. Schematically, the DY cross sec-
tion for hadron (N = , p)—nucleus (A) collisions differ-
ential in Q?, rapidity of the lepton pair y, and ¢r is given
by
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Here, the hard factor H,; represents the parton-level re-
action that is factorized from the process-independent
TMDs fq(q) /N(4)- The longitudinal momentum frac-
tions of the TMDs are kinematically constrained to be
Ta(a) = VTet (Y where 7 = Q2/s. Additionally, to
optimize the perturbative calculation, the scale depen-
dence is set as 1 = @ and the rapidity scale ¢ = Q2 [23].

We use the standard b, = by/\/1 + b3 /b2, prescrip-
tionto model the large-by behavior of the TMDs, and
following Ref. [60] we take

Fayneay (@07, 1g, Q%) = (C'® f)g/n(ay(@; b) (3)
X eXp{—gq/N(A)(ﬂz br)—gx (br) 1H% —S(bs, Q, MQ)} .

Here, the first line is the operator product expansion
(OPE) [23, 29, 30], which describes the small-by behav-
ior of the TMDs in terms of the collinear PDFs f,/ar(a)
convoluted with perturbative Wilson coefficients C. The
first two terms in the second line are nonperturba-
tive functions to be extracted from experimental data:
9a/N(A) [23] that describes the deviation from the OPE at
large by, and the nonperturbative part gx of the Collins-
Soper (CS) kernel [23]. The factor S contains the per-
turbative effects of soft gluon radiation, which can be
written as
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where p,, = 2e772/b,, the cusp anomalous dimension
vk [61-66], the anomalous dimension of the TMD oper-
ator vy [23, 60, 67|, and the perturbative part K of the
CS kernel [23, 60, 68, 69]. In our analysis we implement
next-to-next-to-leading-logarithmic (N?LL) accuracy for
TMD PDFs by using yx at O(a?) and v; and K at
O(a?) precision. The hard factor Hyg in Eq. (2) is taken
at O(as) [23, 60]. The number of active flavors is de-
termined by the hard scale Q. We use the starting scale
Qo = 1.27 GeV and byax = 2777 /Qq ~ 0.88 GeV L.
Since we use mA and pA DY data, we cannot extract
TMDs for p, 7, A systems simultaneously from two inde-
pendent processes. We therefore relate the TMD PDFs
for the nucleus to bound proton and neutron TMD PDFs
(and use the isospin relations) by fq/A = (Z/A)fq/p/A +

2

(1- Z/A)fq/n/A, for a nucleus with mass number A and
atomic number Z. Our modeling for the nuclear depen-
dence proceeds as follows: In the large-bp region, we in-
troduce a nuclear dependence on the quantity g,/x/a =
gg/n(1+an (A2 —1)), where ay is a fit parameter [70].
The quantity gx is universal regardless of the system, so
we do not modify it. In the small-by region controlled
by nuclear collinear PDF's, we describe the quarks in the
bound nucleons inside the nuclei using the isospin rela-
tionship, e.g. fu/p/a = ﬁfU/A + %fd/A. Here,
fq/a is taken from the EPPS16 analysis [71]. To be con-
sistent with EPPS16, we utilize the CT14 at NLO [1]
proton PDF's in the pA reactions. We consequently use
the Wilson coefficeints in the OPE at O(a).

In the collinear sector, our treatment for the gr-
integrated DY cross section includes threshold resumma-
tion in the double Mellin approach [17, 72]. For the LN
reactions, we utilize the combined chiral effective theory
and collinear factorization to describe the Sullivan pro-
cess [73, T4].

We employ the Bayesian Monte Carlo (MC) method-
ology of the JAM Collaboration [6, 14, 16-18, 40—
57]. To explore the model dependence of our extrac-
tions, we implement a variety of intrinsic nonpertur-
bative functions: Gaussian [75-78|, exponential, an in-
terpolation of Gaussian-to-exponential [33, 37], Bessel-
like [79-83], and a sum of Gaussians (MAP parametriza-
tion) [35]. In addition, we explore parametrizing gx us-
ing a Gaussian [35, 76, 78], exponential [33, 37], and log-
arithm [79, 84, 85] at large-br. A detailed comparison
of all the aforementioned parametrizations will be in a
forthcoming paper.

Phenomenology— As mentioned previously, we are in-
cluding both ¢r-dependent and collinear data, and are
consequently able to for the first time to simultaneously
extract the pion’s TMD PDFs and collinear PDFs. In
Tab. I we summarize all of the datasets that included in
our analysis.

We use data from the E288 experiment [86] taken with
200, 300, and 400 GeV proton beams on a platinum (Pt)
target, the E605 experiment [87] taken on a copper (Cu)
target, and the E772 experiment [88] using a deuterium
target expressed as Fd®c/d3q = (1/7)d?0/dydg%, which
can be related to Eq. (2). The E288 and E605 ex-
periments are measured with fixed rapidity and fixed
xp = 24/7sinh(y), respectively, while the E772 experi-
ment measured over 0.1 < zgp < 0.3.

This analysis also includes the ratios Rap =
(do/dgr)|pa/(do/dgr)|ps of DY cross section per nu-
cleon from an 800 GeV proton beam incident on beryl-
lium (Be), iron (Fe), and tungsten (W) targets from the
E866 experiment [89]. These datasets are particularly
sensitive to nuclear TMDs [70]. We integrate over the @
range for each bin and the measured 0 < zp < 0.8 range.

To constrain the pion TMDs, we include gp-dependent
DY data from the E615 [90] and E537 [91]. While these



experiments also measured d%c/dQdgr, the observables
we consider are d?c/dxpdgr. In the Q-dependent cross
section, an integration over 0 < zp < 1 would be re-
quired, the upper limit of which is not well defined in the
factorization approach. On the other hand, the range
of @ integration for the xzp-dependent cross section is
well within a region where factorization is valid. Com-
plementary to the gp-differential data, we include the
pion-induced gp-integrated DY data from the E615 and
NA10 [92] experiments measuring d?c/d\/7dzr, which
strongly constrain the pion’s valence quark distributions.
We also analyze the LN electroproduction data from
HERA [93, 94] as in previous JAM analyses [14, 16-18].

To ensure the validity of TMD factorization, we im-
pose a cut [37] on the data to small-gr: g7 max < 0.25Q,
where g7 max is the upper bound of the ¢r bin. We re-
strict our analysis to data in the range 4 < Q < 9 GeV
and @ > 11 GeV in order to avoid the region of J/¢
and T resonances. As was done in Ref. [37], we im-
pose a cut on the gp-dependent DY data of zp < 0.8
to avoid regions where threshold resummation may be
additionally needed. However, since we include thresh-
old effects for collinear DY observables, we extend their
kinematic range to 0 < zrp < 0.9 and use the range
4.16 < @Q < 7.68 GeV. We also impose cuts on the LN
data as was done in previous works [14, 16-18].

In summary, we analyze 383 g¢p-dependent pion-
induced and proton-nucleus DY data points, 117 qp-
integrated pion-induced DY data points, and 108 data
points from the LN experiments, totalling 608 data
points. In exploring the nonperturbative parmaetriza-
tions mentioned above, we observed that the Gaus-
sian gx and multi-component (sum of Gaussians) MAP-
like [35] flavor-independent parametrizations for the in-
trinsic gq/nr have the best agreement across all gr-
dependent observables. We do not find any significant
improvement in the description of the data with the in-
clusion of flavor dependence. This corresponds to 11 pa-
rameters for g,/ plus one parameter for nuclear depen-
dence, one parameter for gx to model the TMDs, along
with an additional 8 parameters for pion collinear PDF's,
and one LN cutoff parameter.

The resulting agreement with the data is shown in
Tab. T where the x? per number of points (N) and
the Z-scores are provided for each of the experimental
datasets considered in this work. The Z-score is the
inverse of the normal cumulative distribution function,
Z = & (p) = V2 erf }(2p — 1), where the p-value is
computed according to the resulting x? shown in Tab. I.
The Z-score describes the significance of the x? relative
to the expected x? distribution. Our analysis shows a
relatively good compatibility between data and theory
at the level of Z-score of 2.6, with a total x?/N = 1.15.
The worst agreement to the datasets we found was to
the E772 data, which provided a Z-score of above 5.
Other analyses [33, 35] also showed a difficulty in obtain-

TABLE I. Resulting x? and Z-scores for the MC analysis.

[Experiment[/s (GeV)[x*/N Z-score|
TMD

E288 [86] 19.4 093 0.25

l Process

qr-dep. pA DY

pA— X | E288[86] | 23.8 | 1.33 1.54
E288 [86] | 24.7 |0.95 023

E605 [87] | 388 | 1.07 0.39

E772[88] | 388 |241 574

(Fe/Be) | E866[89] | 38.8 | 1.07 0.29
(W/Be) E866 [89] | 388 [0.89 0.11

qr-dep. TA DY | E615 [90] | 218 | 1.61 2.8
oW — ptp~ X | E537 [91] | 153 | 1.11 057

Collinear
E615 [90] 21.8 0.86 0.76
NA10 [92] | 19.1 | 054 227
NA10 [92] | 232 091 0.8

qr-integr. DY
W = T~ X

Leading neutron| HI [93] 318.7 ] 0.36 4.61
ep — e'nX ZEUS [94] | 300.3 | 148 2.16
[Total (115 2.55 |

ing agreement, which may be related to an experimental
data issue.

We find that there is no substantial impact on the
collinear pion PDFs from the inclusion of the ¢p-
dependent data. This indicates that the TMD and
collinear regimes are well separated in the data we ana-
lyzed, in contrast to the high-energy analysis [39], and
that the measurements correlate more strongly with
TMDs than collinear PDFs.

Results and discussion.— The definition of the TMD
PDF is a 2-dimensional number density dependent on x
and bp. Under Bayes’ theorem we can define a condi-
tional density fq /n(br|z) dependent on “br given z” as
the following ratio:

fq//\i(m7bT;Q7Q2) )
f d2beq/N(‘r7 bT7 Q7 QZ)

fon(br|z:Q, Q) = (5)

Notice that this conditional probability is normalized
such that [ d?by fo/n (brle; Q,Q%) = 1.

We show in Fig. 1 the extracted proton and pion con-
ditional densities for the up quark f, /N (br|z; Q, Q?) in
the region covered by the experimental data z € [0.3,0.6].
Each TMD PDF is shown with its 1o uncertainty band
from the analysis. We focus here on the up quark since
our analysis does not include flavor separation in the non-
perturbative contribution to the TMDs. One can see
that the pion TMD PDF is significantly narrower in bp
compared to the proton and both become wider with in-
creasing values of z. To make quantitative comparisons
between the distributions of the two hadrons, we show
in Fig. 2 the conditional average by as a function of z,
defined as

(br|x)q/n = /deT br fq//\/(bT|-T§QaQ2) (6)
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FIG. 1. The conditional TMD PDFs for the pion (left) and
proton (right) as a function of by for various z values (in-
dicated by color) evaluated at a characteristic experimental
scale Q = 6 GeV. Each of the TMD PDFs are offset for visual
purposes.

for the up quark. We find that in the proton the correla-
tions among the up quarks in the transverse plane have
a wider range compared to those in the pion. On aver-
age, there is a ~ 20% reduction of the up quark trans-
verse correlations in pions relative to protons within a
~ 5.3 — 7.5 o confidence level. We note that this value is
approximately the same as the ratio of the charge radii of
the pion and proton from the nominal values in the PDG
(rp =0.8409 £ 0.0004 fm, r, = 0.659 £ 0.004 fm) [95].
Also, within each hadron, the average spatial separation
of quark fields in the transverse direction does not exceed
its charge radius, as shown on the right edge of Fig. 2.

The growing behavior of the transverse correlations in
the x — 1 region is because the phase space for the trans-
verse motion of partons becomes smaller since most of the
momentum is along the light-cone direction. Further-
more, as @ increases, more gluons are radiated, which
makes TMD PDFs wider in k7 space and therefore nar-
rower in by space. Both of these features are quantita-
tively confirmed by our results in Fig. 2. It is important
to note we checked that the differences between the pro-
ton and pion (br|x) are completely due to the nonper-
turbative TMD structure, independent of the collinear
PDFs.

In Ref. [96] it was proposed that apart from the size
of the nucleon, there exists an additional characteris-
tic smaller scale in QCD associated with ¢g conden-
sates. This suggests a possible explanation of the ob-
served monotonically decreasing behavior of (br|z) with

FIG. 2. The conditional average br calculated by Eq. (6)
for the up quark in the proton (upper, blue) and in the pion
(lower, red) for two @ values as a function of z. We also
include r, and r, are the PDG values [95] of the charge radii
for each hadron for reference.

<bT|x>u/p/W
<bT|$>u/p

0.1 0.2 0.3 0.4 0.5 0.6
T

FIG. 3. The ratio of the conditional average br of the up
quark in a proton bound in a tungsten nucleus to that of the
free proton at @ = 4 GeV.

decreasing values of x, since, in this picture, once sea
quarks emerge in the wave function, the quark g can
only be shifted by a reduced transverse distance. How-
ever, more work is needed in order to firmly establish a
connection between q¢ condensates and TMDs.

In Fig. 3 we analyze the effect the nuclear environ-
ment has on the transverse correlations of quarks inside
nucleons, i.e., a possible transverse EMC effect, by tak-
ing the ratio of (br|z) for a bound proton in a nucleus to
that of a free proton. We find an analogous suppression
around x ~ 0.3, similar to that found in the collinear
distributions [97]. We have verified that this effect is
genuinely produced by the non-perturbative nuclear de-
pendence in the TMD and not from the collinear depen-
dence in the OPE. Our results are consistent with the
findings in Ref. [70]. However, in this work, we went one
step beyond their analysis by studying the x-dependence
of the non-perturbative transverse structure within the



simultaneous collinear and TMD QCD global analysis
framework.

Conclusions.— We have presented a comprehensive
analysis of proton and pion TMD PDFs at N2LL pertur-
bative precision using fixed-target DY data. This anal-
ysis for the first time used both ¢r-integrated and g¢p-
differential DY data, as well as LN measurements, to si-
multaneously extract pion collinear and TMD PDFs and
proton TMD PDFs. The combined analysis, including
an exploration of the nuclear dependence of TMDs, al-
lowed us to perform a detailed comparison of proton and
pion TMDs and to study the similarities and differences
of their transverse momentum dependence.

In summary, we have determined conclusively that
the transverse correlations of quarks in a pion are 20%
smaller than those in a proton with a more than 50 con-
fidence level. The observed characteristic decrease of
the average separation of quark fields for decreasing x
may indicate the influence of the quark-antiquark con-
densate [96]. This calls for more scrutiny in the connec-
tion between our results and these theoretical expecta-
tions. We also found evidence for the transverse EMC
effect as earlier pointed out by results in Ref. [70].

Here, we explored the quark transverse correlations re-
stricted to two available hadronic systems. In the near
future, when the tagged SIDIS program at Jefferson Lab
and the EIC becomes available, we will be able to carry
out similar analyses to include kaons, neutrons, and be-
yond. Such analyses, in combination with future lattice
QCD calculations in the TMD sector, will provide a more
complete picture of strongly interacting quark-gluon sys-
tems that emerge from QCD.
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