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Origin of single transverse-spin asymmetries in high-energy collisions
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In this paper, we perform the first simultaneous QCD global analysis of data from semi-inclusive deep
inelastic scattering, Drell-Yan, e'e™ annihilation into hadron pairs, and proton-proton collisions.
Consequently, we are able to extract a universal set of nonperturbative functions that describes the
observed asymmetries in these reactions. The outcome of our analysis indicates single transverse-spin
asymmetries in high-energy collisions have a common origin. Furthermore, we achieve the first
phenomenological agreement with lattice QCD on the up and down quark tensor charges.
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I. INTRODUCTION

For some 50 years, the spin and momentum structure of
hadrons has been investigated in terms of their partonic
(quark and gluon) content within the theory of QCD. Single
transverse-spin asymmetries (SSAs) have played a central
role in these studies. Early predictions from QCD that SSAs
in single-inclusive hadron production should be exceed-
ingly small [1] were in stark contrast with measurements
showing large asymmetries [2,3] that persist in recent
experiments [4—18].

A better understanding of SSAs has emerged with the aid
of QCD factorization theorems [19-23]. They separate cross
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sections into perturbatively calculable scattering contribu-
tions and nonperturbative physics encoded in parton distri-
bution functions (PDFs) and fragmentation functions (FFs).

For processes with one large measured scale, Q >
Aqcp, Where Agep is a typical hadronic mass, experiments
are sensitive to the collinear motion of partons. For
example, in pTp — hX, the hard scale is set by the hadron
transverse momentum P,;. In this case, collinear twist-3
(CT3) factorization [19,20] is valid, and spin asymmetries
arise due to the quantum mechanical interference from
multiparton states [19,20,24-33].

For reactions with two scales Q, > Q; ~ Agcp, experi-
ments probe also intrinsic transverse parton motion. For
example, in semi-inclusive lepton-nucleon deep inelastic
scattering (SIDIS), /N — £hX, one has Agcp ~ Py < Q,
where —Q? is the photon virtuality. For such processes,
transverse momentum dependent (TMD) factorization
[21-23,34,35] is valid, and the mechanism responsible
for spin asymmetries is encoded in TMD PDFs and FFs
(collectively called TMDs) [36—41].

There are theoretical calculations that use CT3 and TMD
factorization theorems to yield a unified picture of spin
asymmetries in hard processes [42—47]. This is one of the
cornerstones for studying the three-dimensional structure
of hadrons at existing [48-52] and future facilities,
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including the Electron-Ion Collider [53,54]. In this paper,
we provide, for the first time, phenomenological results that
indicate SSAs have a common origin. We perform the first
simultaneous QCD global analysis of the available data in
SIDIS, Drell-Yan (DY), semi-inclusive ete™ annihilation
(STIA), and proton-proton collisions. Furthermore, we find,
for the first time, excellent agreement with lattice QCD for
the up and down quark tensor charges.

II. THEORETICAL BACKGROUND

The key observation that makes our analysis possible is
that in both the CT3 and TMD formalisms, collinear
multiparton correlations play an important role. A generic
TMD PDF F(x,ky) depends on x, the fraction of the
nucleon’s longitudinal momentum carried by the parton,
and k= |I;T| the parton’s transverse momentum. The
same TMD when Fourier conjugated into position (br)
space [35,55-57] exhibits an operator product expansion
(OPE) in the limit when by is small. TMDs relevant for
SSAs can be expressed in terms of CT3 multiparton
correlation functions in this OPE [57-60].

Another way to establish the connection between CT3
functions and TMDs is by the use of parton model
identities. One such relation, derived at the level of
QCD operators, is [61]

- k2
wFprte) = [ @Erol i) =00, ()

where Fpp(x,x) is the Qiu-Sterman CT3 matrix element

and f\"(x) is the first moment of the TMD Sivers
function fi;(x, k%) [62,63]. Here, we do not address the
validity of this relation beyond leading order [57-60,64].

A central focus of TMD asymmetries has been on the
Sivers and Collins SSAs in SIDIS, A{n# ) = ASiv [65-
70] and AP = ACel [66-69,71]; Sivers SSA in DY,
ASY . for W/Z production = A)/? [72] and for ptu~
production = A?I;ﬁfl _ [73]; and Collins SSA in SIA, AS%
[74-78]. The relevant TMDs probed by these processes
[36-41] are the transversity TMD £, (x, k%) [79], the Sivers
function fi;(x,k%) [62,63], and Collins function
Hi(z,22p7) [80]. Each of them can be written in a
model-independent way in terms of a collinear counterpart
using the OPE. The function h,(x, k%) is related to the
collinear (twist-2) transversity function £ (x) [81],

17(x,k3) to the Qiu-Sterman function Fpr(x,x) [57],
and Hi (z,z°p}) to its first p, -moment [82], defined as

2
11 - P
HIH(Z)EZQ/GI2 Ly HE (2 2pY), (2)
2M;,
where M, is the hadron mass and p, is the parton

transverse momentum. Note Hf(l)(z) is a CT3 function
(the so-called kinematical type [58]).

The same set of functions, &, (x), Fzr(x, x), HIL(I)(Z) in
the OPE of TMDs are also the nonperturbative objects that
drive the collinear SSA Aﬁ’v in pr — hX [26,28,30-33]. In
fact, in the CT3 framework, the main cause of A]}(, can be

explained by the coupling of i (x) to H ll(l) (z) and another
multiparton correlator H (z) [83,84]. The latter generates
the P-integrated SIDIS A}%%s asymmetry by coupling
with /;(x) [39]. In A%, we include both the Qiu-Sterman
(“Sivers-type”) and fragmentation (“Collins-type”) terms in
our analysis. As in Refs. [83,84], we again find the former
is negligible while the latter is dominant. Based on the
above discussion, one can argue that SSAs have a common
origin, namely, multiparton correlations.

We present, for the first time, a phenomenological
verification of this by performing a simultaneous QCD
global analysis of ASY o, ASYs, ASy, ASO, and Al In
addition, the fact that we are able to describe both A3,
and A% (where the latter includes both Collins-type and
Sivers-type contributions) further indicates a resolution to
the “sign-mismatch” puzzle between the Sivers function
and Qiu-Sterman function [31] found when using the
parton model relation, Eq. (1).

We further claim that such an analysis serves as a
universality test since 1) the system must be overcon-
strained, i.e., the number of equations relating partonic
functions to observables must be larger than the number of
partonic functions; 2) each function must appear at least
twice in such equations; and 3) there must be reasonable
kinematical overlap between observables. These conditions
are satisfied in our analysis, as summarized in Table I.
There is also considerable kinematical overlap in x, z, and
0? between observables. SIDIS covers a region x < 0.3,
02<z<06, and 2 < Q% <40 GeV2. SIA data have
0.2<z<0.8 and Q*=~ 13 GeV? or 110 GeVZ2. For DY
data, 0.1 <x<0.35 and Q=30 GeV? or (80 GeV)>.
Lastly, A% integrates from x;, to 1 and z, to 1. For
A% data from BRAHMS, 0.2 < (Xpin: Zmin) < 0.3, with
1<Q*<6GeV: The A% data from STAR have
0.2 < (Xmins Zmin) < 0.7, and 1 < 0% <13 GeV?. Moreover,
we provide additional evidence in Sec. IV that SSAs for
TMD and CT3 observables have a common origin by first
extracting the TMDs from only SSAs in SIDIS, DY, and
et e” and then making predictions for A%, based on those
results. A necessary condition for TMD and CT3 SSAs to
have the same dynamical origin is that, within error bands,
our predictions should describe the A}, measurements.
Indeed, this is exactly what we find, as we will show later
in Sec. IV.

II1. METHODOLOGY

To perform our global analysis, we must postulate a
functional form for the nonperturbative functions. For the
TMDs, we decouple the x and ky (z and p ) dependence.
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TABLEI. Summary of the SSAs analyzed in our global fit. There are a total of 18 different reactions. (UC and UL stand for “unlike-
charged” and “unlike-like” pion combinations.) There is also a total of 6 nonperturbative functions when one takes into account flavor
separation.
Observable Reactions Nonperturbative function(s) 22/ Nps.- Refs.
At e+ (pdt s e+ (zt, 77, 2% + X fi(x,K2) 150.0/126 = 1.19  [65,66,68]
A s e+ (p.d)t e+ (at,n, 2% + X hy(x, k%), Hi (z, 22p3 111.3/126 = 0.88 [66,68,71]
A et +e - ata (UC.UL)+X Hi(z.22p%) 154.5/176 = 0.88 [74-77]
ASDSV{ a4 pt st + X 1r(x, k%) 5.96/12 = 0.50 [73]
A%‘% pl+p— (W W=.2) + X Fi(x, ki)1 y 31.8/17 = 1.87 [72]
AN pT +p— (ﬂ+’ﬂ;—,” )+X hl(x),FFT(x,x) :%f”(_ )(x),H,< >(Z) 66.5/60: 1.11 [7,9,10,13]
This is phenomenologically well motivated within the DM4(z,22p?) = DM(z) G?)/l"(zzpi), (6)
literature and has been successfully used in a wide variety
of reactions—see, e.g., Refs. [85-100]. This ansatz is also while the Collins FF reads
supported by a lattice QCD calculation in Ref. [101]. We
employ a Gaussian parametrization for the transverse 2212

. Lh < L1 h
momentum dependence. This assumes most of the trans- H, /q(LZZPZL) = L Hiy )(Z) gH/lf (Zp1), (1)

verse momentum is nonperturbative and thus related to
intrinsic properties of the colliding hadrons rather than to
hard gluon radiation.

Although this type of parametrization does not have the
complete features of TMD evolution, it was shown in
Refs. [102,103] that utilizing such a parametrization is
comparable to full TMD evolution at next-to-leading-
logarithmic accuracy [82,104—-107]. In addition, asymme-
tries are ratios of cross sections where evolution and
next-to-leading-order effects tend to cancel out [107].
We also implement a Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP)-type evolution for the collinear twist-3
functions analogous to Ref. [108], where a double-
logarithmic Q°-dependent term is explicitly added to the
parameters. For the collinear twist-2 PDFs and FFs, we use
the standard leading-order DGLAP evolution.

For the unpolarized and transversity TMDs, we have

fix, k) = f9(x) Gi (k7). (3)

where the generic function f = f or h;, and

g2y exp | — k7
G = ey | <k%>?]' @

Using the relation 7F pr(x,x) = f f_T“)(X) [61], the Sivers
function reads

2M?
i (0 k) = o (v, x) G, (). (5)
T/ rL

ST

For the TMD FFs, the unpolarized function is para-
metrized as

- h 1h/
(P

where we have explicitly written its z dependence in terms

th(/l()] (z) [82]. The widths for the FFs are

denoted as (P29 where D = D, or H. (Note that the
hadron transverse momentum P, = —zp ) For f 7(x) and
D1(z), we use the leading-order CTEQ-Jefferson Lab [109]
and de Florian-Sassot-Stratmann [110] functions. The pion
PDFs are taken from Ref. [111] and are next-to-leading
order [112].

Note Eqgs. (3), (5), and (7) make clear that the underlying
nonperturbative functions, A (x), Frr(x,x), H f(l)(z), that
drive the (TMD) SSAs A3 <, ASS s ARV, and AS, are
the same collinear functions that enter the SSA A%, [along
with H(z)]. We generically parametrize these collinear
functions as

of its first moment H

N,x%(1 —x)(1 +y,x% (1 —x)Pa)
a,+2.b,+1]+7,Bla, +a,+2,b,+p,+1]

(8)

Fi(x) :B[

where F¢ = hi, nF},, Hth(/lé (with x — z for the Collins
function) and B is the Euler beta function. In the course of
our analysis, we found that A(z) was consistent with zero
within error bands. Therefore, data on the aforementioned
(P, r-integrated) Aiif}% asymmetry in SIDIS is needed to
properly constrain F(z). For now, we set H(z) to zero,
which is consistent with preliminary data from HERMES

[113] and COMPASS [114] showing a small A};;"5.

For the collinear PDFs h{(x) and nF;(x, x), we only
allow g = u, d and set antiquark functions to zero. For both
functions, {y, a, #} are not used, and we set b, = b,. This
approach is similar to previous analyses [82,95,102,
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103,106,115]. For the collinear FF H]Lh(/l;(z), we allow for

favored (fav) and unfavored (unf) parameters. We also
found that, similar to what has been done in fits of
unpolarized collinear FFs [110], {y,f3} are needed for

L(1) : : Col  ACol
H,,;,,,(z), while a can be set to zero since Agpy, Agpps are

at z 2 0.2. The need for {y, #} is due to the fact that the data
for ASY have a different shape at smaller versus larger z.
Indeed, we found that (y? /Ny )gia = 3.85 if Hll,f/l;(z) only
has a functional form proportional to Nz%(1 — z)*. In the end,
we have a total of 20 parameters for the collinear functions.

There are also four parameters for the transverse momentum
widths associated with /iy, fiy, and Hi: (k3)j L=

() = (k)0 (305, = (R3), = (k) (PLY, and
P

We extract unpolarized TMD widths [85,96,97] by
including HERMES pion and kaon multiplicities [116],
which involves six more parameters: (k7)}, (k7)},

<P2¢>‘£ s (PR >Wff «- The pion PDF widths are taken to

be the same as those for the proton. We also include
normalization parameters for each dataset to account for
correlated systematic uncertainties.

We use the multistep strategy in a Monte Carlo frame-
work developed in Ref. [117] to reliably sample the
Bayesian posterior distribution for the parameters. This
approach allows us to determine the relevant regions in
parameter space and give state-of-the-art uncertainty quan-
tification, for the hadronic structures that best describe
the data.

IV. PHENOMENOLOGICAL RESULTS

We first test the universality of our proposed mechanism
by making predictions for A%, using TMDs extracted from
only SSAs in SIDIS, DY, and e e™. The results are shown
in Fig. 1 and are similar to what was found in Ref. [84]. As
one can see, both the BRAHMS and STAR data fall within
the theoretical predictions. The large uncertainties of the
STAR predictions are due to the fact that the x-dependent
PDFs (transversity and Qiu-Sterman) must be extrapolated
beyond where they are constrained by the TMD SSAs. By

BRAHMS STAR +
sLo=10 + 101 ¢4 =33
g o ¢ ¢ ¢ + $n=37
:-E .«¢Tr7 .................................. 5k o ' + +
< 4
—10}F 1 \ [0 SEERREE 1+' : ..I ...........
! 2 Pur 1 2 3 Pur
FIG. 1. Predictions for A% using TMDs extracted from only
A, ASS s, ARY, and ASPL. Similar results are found for the

other BRAHMS and STAR datasets.
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S < N, --- Echevarriact al ‘14
-~ \ 7 u -~ Anselmino et al ‘17
= N e
S 0021 Y i 0.02
45 =
~ \ /
S N S JAM20
~0.04 - " . 0.00
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— 0.0
N Anselmino et al 13
~ 03r Anselmino et al ‘15 / unf
= 02k —:= Kang et al ‘15 / o
3 2.~ —04 L/ Radici, Bacchetta ‘18
m”' 01k Nt fav i —-— Benel et al ‘19
. — T / --- D’Alesio et al ‘20
N L 2 L L n
0.4 0.6 0.8 z 0.4 0.6 0.8 z

FIG.2. The extracted functions /; (x), fi;" (x), and H; "V () at
0% = 4 GeV? from our (JAM20) global analysis (red solid
curves with 1-6 CL error bands). The functions from other
groups [82,95,102,103,106,115,119,120] are also shown.

including A% data in a simultaneous QCD global analysis
of SSAs, we can decrease the theoretical error bands and
isolate the PDF and FF solutions that optimize the
description of all measurements.

We also emphasize that the number of parameters and
functional form used in this fit, as described in Sec. III, do
not guarantee one would be able to successfully describe all
SSA data simultaneously. In general, we are interested in
whether certain functions (transversity, Qiu-Sterman, and
Collins first moment) have universal values for a given
kinematic point irrespective of the process in which they
are used. The answer to this question should be indepen-
dent of how the functions are parametrized. In addition, if
our parametrization were too flexible to where we overfit
the data, one would expect poor predictions for A% in
Fig. 1, which is not the case. Note that if the A, data did not
fall within the predictions of Fig. 1, one would not expect to
simultaneously describe all SSA data. We stress no addi-
tional parameters are introduced when A7, is included in the
combined analysis with TMD SSAs.
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L UC E UL ] ok uc o 5: UL
o g 5 ) ) i o
i QM i &
b 4 b e} E
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FIG. 3. Theory compared to experiment for Agp,.
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FIG. 4. Theory compared to experiment for Ao/ s".

We now perform our simultaneous QCD global analysis
of the SSA data summarized in Table I. The standard cuts
of 02<7<06,0%>>1.63GeV?, and 02 < P,y <
0.9 GeV have been applied to all SIDIS datasets [97],
and P,y > 1 GeV has been applied to all AY, datasets
[83,84], giving us a total of 517 SSA data points in the fit

BRAHMS 20l STAR
@ ne(33,41]
S’ M $:°s
\E ) -t 10+ @ n=37
& 7
< _5l
0 . O T BT
1 2 3 Pyr
100 83/% STAR 20 '* * L + ‘
~ sof 97 b + X opl +_ ' 1
=3 g
Né 0-| 1 1 ‘1*20' 1 1 |'+ 1 1
N —0.5 0.0 05 Y &*— 1 1.5 grT 02 04 XF
EQZ“JU = k= :5
< 20f -
b < b4
? ' 4
’r 1 1 1 L =20, 1 1 pOl\{PAS?
2 4 6 Pr 0.3 05 Tbeam0.1 0.15 Ttarget

FIG. 5. Theory compared to experiment for A% and A3Y.

6d GLOBAL * JAM20 itschn
ein et al (2014) : ef
SIDIS + SIA # Radici, Bacchetta (2018) :
SIDIS :
0.2 = | Anselm (2013
- Sol neta
- a al 5
- # etta (2018)
—0.2 > > : 1(2019)
- - ’ Alesio et al (2020)
_‘ | ——————— SIDIS
—0.6 .

0w 05 10 15 20 gr
FIG. 6. The tensor charges du, dd, and gr. Our (JAM20) results
at Q% = 4 GeV? along with others from phenomenology (black),
lattice QCD (purple), and Dyson-Schwinger (cyan).

along with 807 HERMES multiplicity [116] data points.
The extracted functions [118] and their comparison to other
groups are shown in Fig. 2. We obtain a good agreement
between theory and experiment, as one sees in Figs. 3-5.
Specifically, we find (y?/Nys )ssa = 520/517 = 1.01 for
SSA data alone, and )(Z/Npts_ = 1373/1324 = 1.04 for all
data, including HERMES multiplicities.

Figure 6 displays our extracted tensor charges of the
nucleon. The individual flavor charges g = [ dx[h(x) —
h?(x)] are shown along with the isovector combination
gr = ou — dd. We compare our results to those from lattice
QCD computations at the physical point [121-123], other
phenomenological extractions [82,95,115,119,120,124,125],
and a calculation using Dyson-Schwinger equations [126].
From Fig. 6, the strong impact of including more SSA
datasets is clear, highlighting the importance of carrying
out a simultaneous extraction of partonic functions in
a global analysis. In going from SIDIS — (SIDIS + SIA) —
GLOBAL (where GLOBAL in particular includes A%), we
find g; = 1.4(6) — 0.87(25) — 0.87(11). This is the most
precise phenomenological determination of g7 to date. All of
the inferred tensor charges (ou, dd, and g7) are in excellent
agreement with lattice QCD data. As can be seen from Fig. 6,
including A%, is crucial to achieve the agreement between our
results 5u = 0.72(19), 6d = —0.15(16) and those from lat-
tice QCD.

V. CONCLUSIONS

In this paper, we have performed the first simultaneous
QCD global analysis of the available SSA data in SIDIS,
DY, eTe™ annihilation, and proton-proton collisions. The
predictive power exhibited by the results of the combined
analysis indicates SSAs have a common origin. Namely,
they are due to the intrinsic quantum-mechanical interfer-
ence from multiparton states. Our findings imply that the
effects are predominantly nonperturbative and intrinsic to
hadronic wave functions. Also, the extracted up and down
quark tensor charges are in excellent agreement with
lattice QCD.
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The future data from JLab-12 GeV [51], COMPASS
[49,50], an upgraded Relativistic Heavy Ion Collider [48],
Belle II [52], and the Electron-Ion Collider [53,54] will
help to reduce the uncertainties of the extracted functions.
Measurements that have kinematical overlap to the current
data, like SIDIS data from JLab-12 GeV [51,127] and an
Electron-Ion Collider [54], more precise Drell-Yan data
from COMPASS [49,50] and STAR [48], and new Ay and
pion-in-jet data from STAR [48], will test our results.
Ultimately, all these measurements will lead to a deeper
understanding of hadronic structure.
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