First analysis of world polarized DIS data with small-z helicity evolution
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We present a Monte Carlo based analysis of the combined world data on polarized lepton-nucleon
deep-inelastic scattering at small Bjorken x within the polarized quark dipole formalism. We show
for the first time that double-spin asymmetries at < 0.1 can be successfully described using only
small-z evolution derived from first-principles QCD, allowing predictions to be made for the g¢i

structure function at much smaller z.

Anticipating future data from the Electron-Ion Collider,

we assess the impact of electromagnetic and parity-violating polarization asymmetries on g; and
demonstrate an extraction of the individual flavor helicity PDF's at small x.

Introduction — The partonic origin of the proton spin
remains one of the most intriguing and persistent prob-
lems in hadronic physics. Spin sum rules [1, 2] decompose
the proton spin of 1/2 (in units of &) into the contri-
butions from quark and gluon helicities (AY, AG) and
orbital angular momenta. Extensive experimental pro-
grams at facilities around the world over the past three
decades have provided important insights into the proton
spin decomposition [3]. However, outstanding questions
remain, especially about the detailed momentum depen-
dence of the associated quark and gluon helicity parton
distribution functions (PDFs) Ag and Ag, respectively.
These PDFs are related to the total quark and gluon
spin contributions to the proton spin via integrals over
the partonic momentum fraction x,

1
A2Q) =% [ dr At Q). (a)

1
AG(Q?) = / dz Ag(z, Q). (1b)

where Aq™ = Aq + Ag, the sum runs over the quark
flavors ¢ = u, d, s, and Q2 denotes the momentum scale.

Determining the quark and gluon contributions to the
proton spin crucially depends on knowing the x depen-
dence of the PDFs Ag¢™(z,Q?) and Ag(x,Q?). This is
especially true at small values of x, where the compu-
tation of the moments (1) involves extrapolation below
the experimentally accessible region, down to x = 0. In
recent years, an effort to develop small-z evolution equa-
tions for helicity PDFs has been underway [4-11], build-
ing in part on Refs. [12-14]. Specifically, small-z evo-
lution equations (herein referred to as KPS evolution)
for the so-called “polarized dipole amplitude” have been
derived [4, 6, 7, 15-18].

The polarized dipole amplitude is a critical ob-
ject for spin-dependent phenomena at small values of

x (see Fig. 1): it allows one to obtain the spin-dependent
g1 structure function, along with the (collinear and trans-
verse momentum dependent) helicity PDFs [4, 6]. At
leading order (LO) in the strong coupling ay, these equa-
tions resum powers of a; In(1/z), which is known as the
double-logarithmic approximation (DLA). The KPS evo-
lution equations close in the large-N, limit [4], where N,
is the number of colors. Numerical and analytic solutions
for these have previously been constructed [7, 15, 16].
However, an analysis of the world polarized deep-inelastic
scattering (DIS) data at small 2 utilizing KPS evolution
has never been performed.

In this Letter, we present such an analysis. We empha-
size that KPS evolves in « instead of the traditional evo-
lution in Q2 [19-21]. Unpolarized small-z evolution [22—
27] was previously used to describe DIS data on the pro-
ton Fy and Fp, structure functions [28-30]. We show for
the first time that an analogous helicity-dependent small-
x approach can successfully describe polarized DIS data
for z < 0.1, and we use this to extract the g; struc-
ture functions for the proton and neutron in that region.
This approach differs from earlier work [31] which in-
corporated the small-z resummation from Ref. [14] into
the polarized DGLAP splitting functions [19-21], thereby
mixing the small-z and Q? resummations.

In addition, we use pseudodata from the future
Electron-Ion Collider (EIC) on electromagnetic and
parity-violating polarization asymmetries to demonstrate
an extraction of helicity PDF's at small z within the KPS
formalism and assess the impact on g;. This is a first step
towards ultimately using small-z evolution with experi-
mental data from various reactions to genuinely predict
the amount of spin carried by small-z partons, which is
crucial to resolving the puzzle of the partonic origin of
the proton spin.

Formalism — In the DLA the quark helicity PDFs can
be written in terms of the polarized dipole amplitude
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FIG. 1. Ilustration of polarized DIS at small . The ex-

changed virtual photon fluctuates into a ¢g dipole of trans-
verse size 119, with § the fractional energy carried by the less
energetic parton in the dipole. The spin-dependent scatter-
ing amplitude of the dipole on the polarized nucleon N is
described by G, (73, 8s), producing an asymmetry between
the cross sections for positive and negative helicity leptons.

Gq(ri, Bs) [4, 6, 7] (see Fig. 1),
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where s ~ Q?(1 — x)/z is the invariant mass squared
of the v*N system and  is the fraction of the virtual
photon’s momentum carried by the less energetic parton
in the ¢g dipole. The amplitude G is also integrated over
all impact parameters [4, 6, 7, 15-18], r1g = |r1—7p| is the
dipole transverse size, where 7; is a coordinate vector in
the transverse plane, and r2, = min{1/A% 1/(8Q?)}.
We regulate the long-distance behavior of r1y with an
infrared cutoff 1/A and set A =1GeV.
Changing variables to
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we can rewrite Eq. (2) in the form [7]
1 TImax n
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where the limits on the 7 and s integrations are
given by Nmax = v/asN./2m In(Q?/zA?), and sWir =
VasN:/2rnIn(1/z),0

In the large-N. limit the polarized dipole amplitude
G4 obeys the evolution equations [4, 6, 7],

max{n — , respectively.

G (8107 77)
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Ly(s10,821,7') = Ggo)(smm/) (5b)
7]/ n//
+ /d’f]” / d832 [Fq(5107832, )+3G (8327 /)],

where s5i" =max{s1o, s21 — 7' + 7"}, and T, (s10, 521,7")
is an auxiliary polarized “neighbor” dipole amplitude,
defined in Ref. [4], whose evolution mixes with G4 (s10,7)-
Note that only G,(s10,7) contributes to Ag™ in Eq. (4).
The evolution kernel in Egs. (5) is LO in a, and has been
further simplified to contain only the DLA terms. Since
running coupling corrections are higher order, we freeze
the coupling in Eq. (4) at a5 = 0.3, a typical value in our
Q? range.

For given initial conditions Géo)(swm), we can solve
Egs. (5) for G4(s10,7) and use it in Eq. (4) to calculate
Ag™T. Inspired by the Born-level perturbative calculation
of G4(s10,7m) [4, 6, 7], we employ the ansatz

GO (s10,m) = agn + by s10 + ¢4 (6)

for the initial conditions, with flavor-dependent coeffi-
cients aq, by, and ¢, (¢ = u,d, s) as free parameters.
The evolution in Egs. (5) starts at 7 = s19, or s =
1/r%,. Since 719 ~ 1/Q and the 8 integral in Eq. (2)
extends up to 1, the evolution in Egs. (5) begins at = 1.
This cannot be the case for small-z evolution, so (5) must
be modified to reflect the start of evolution only at = =
o < 1. For unpolarized small-z evolution, which can be
written as a differential equation in x, this usually means
that one only needs to set the initial conditions at = =
o [28-30]. However, the modifications in the polarized
case are more involved because (5) are integral equations
and cannot be cast in a differential form. Defining yo =
In(1/xg), for n—s10 > yo and 1’ — s19 > Yo, the modified
evolution equations are

Gq(s10,m) = G (510, 1) (7a)
, v
+ / dn’ / dsa1 [Dq(s10,521,m") + 3 Gq(s21,1")],
s10+¥o
Ly(s10,521,m )= G(O (s10,7") (7b)
n' n"—yo
+ / dn” / dssa [Tq(s10, 832,0") + 3 Gy(s32,m")].

510+Y0 spin

In the region below yg, the polarized dipole amplitude is
given by the initial conditions G4(s10,7 — s10 < Yo) =
Ly(s10,521,m" — 510 < %0) = G((zo)(Sm,n)- This prescrip-
tion implements our matching onto large-x physics, with
development of a more rigorous matching procedure left
for future work. The numerical solution of Egs. (7) is
accomplished with the discretization utilized in Ref. [7]
and employing the algorithm presented in Ref. [32].



Observables — In this work we focus on polarized
inclusive DIS data to demonstrate that KPS evolution
can describe the existing measurements at small x us-
ing the simple initial conditions (6). The main observ-
ables used in our analysis are the double-longitudinal spin
asymmetries A and A; from the scattering of polar-
ized leptons on polarized nucleons. At large @2, these
are given by ratios of the ¢g; to Fj structure functions,
Aj oc Ay o< g1/F1, where in the DLA the g; structure
function is

0 Q) =3 Y AR )

The denominator F} is taken from data in the form of
the JAM global analysis [33]. Note that to this order
the Bjorken z variable coincides with the partonic mo-
mentum fraction, although at higher orders these are of
course different.

Analyses solely utilizing inclusive proton and neutron
(deuteron or *He) DIS data [34, 35] need additional in-
put to separately determine each of the flavors Au™T,
AdT, and AsT. This can be partially achieved by as-
suming SU(3) flavor symmetry in the sea and employing
the octet axial charge, ag = foldx (AuT 4+ Adt —2AsT),
as a constraint on these moments. However, this is in-
sufficient to uniquely determine the z dependence, so at
least one more observable is needed to solve for all three
distributions. One approach is to include semi-inclusive
DIS (SIDIS) data, with 7 and K fragmentation functions
(FFs) as tags of individual flavors. However, to avoid ad-
ditional uncertainties due to FFs, which would need to
be fitted simultaneously with the PDFs [36-38], we leave
this to future work.

A new opportunity presented by the future EIC, in ad-
dition to precision measurements of A|| at smaller values
of z, is the possibility to perform parity-violating (PV)
DIS with unpolarized electrons scattering from longitu-
dinally polarized nucleons. By utilizing the interference
between the electromagnetic and weak neutral currents,
the resulting asymmetry Apy can provide independent
combinations of helicity PDF's that could allow clean fla-
vor separation at low x.

One contribution to the Apy asymmetry comes from
the lepton axial vector-hadron vector coupling, which
is proportional to the gfz interference structure func-
tion, weighted by the weak axial vector electron charge
9% = —%. The other comes from the lepton vector—
hadron axial vector coupling, given by the ggz structure
function weighted by the weak vector electron charge,
g = —1(1 — 4sin®6y ) [39, 40]. The 977 structure
function provides information on nonsinglet combina-
tions Ag~ = Ag — Ag. However, since |¢f/| < 1, and
at small z one has Aqg~ < Ag™' [6], its contribution to
Apv is strongly suppressed. For three quark flavors, the
PV asymmetry is then determined by the ratio gi’Z /1,

where in the DLA we have, for the proton,

giyz(xan) = Zeq g\q/ Aqu(a:aQQ)v (9)
q

with ¢f, = i% — 2e, sin? @y the weak vector coupling
to u- and d-type quarks, respectively. Since sin® 6y ~
1/4, the gYZ structure function is approximately given
by 977 (2,Q%) = § ¥, Agt(z,Q?) = §AX(z,Q?). With
sufficient precision, the combination of Apyv and A for
the proton and neutron could enable an extraction of
AuT, AdT, and AsT separately.

Constraints from polarized DIS data — For our base-
line analysis, we fit the existing world polarized DIS
data on the longitudinal double-spin asymmetries for pro-
ton, deuteron, and 3He targets. We restrict the data
to the kinematics relevant for this study: z < 0.1 with
Q? > m? ~ 1.69 GeV?, and, to avoid the nucleon reso-
nance region, s > 4 GeV?, where s is the invariant mass
of the final state hadrons. The data sets included are
from the SLAC [41-45], EMC [46], SMC [47, 48], COM-
PASS [49-51], and HERMES [52, 53] experiments, giv-
ing a total number of points Ny = 122 that survive the
cuts. Note that the variable yg = In(1/z¢) that enters
the evolution equations (7) has been fixed using zg = 0.1,
consistent with the  cut on the data.

As discussed above, these data alone are not sufficient
to extract the individual PDFs Aut, Adt, and As™.
Instead, we can only constrain the linear combinations
of ag, by, and ¢, from Eq. (6) that enter in the proton
g7 and neutron ¢} structure functions (8). This gives
effectively six free parameters (in addition to o and A),
which we determine using Bayesian inference within the
JAM Monte Carlo framework [37, 38]. The comparison
between our fit (which we refer to as “JAMsmallx”) at
lo CL and the z < 0.1 data on the proton, deuteron, and
3He double-spin asymmetries is shown in Fig. 2, with the
associated g} structure function displayed in Fig. 3. We
find a very good fit to the data, with x?/Nps = 1.01.

The precise value of xy at which KPS evolution sets
in, corresponding to the cut = < xg applied to the data,
is not known a priori. We find equally good fits for
0.01 < zp < 0.2, which introduces an additional system-
atic uncertainty into the behavior of g7 down to x = 10~°
in Fig. 3, beyond the experimental uncertainty reflected
by the error band. This ambiguity in xy indicates that
current polarized DIS data have not been measured at
small enough x to identify the onset of small-z helicity
evolution. The data do, however, constrain the value
of z¢ by imposing an upper bound. Our fit is not ex-
pected to work at larger values of x(, where the small-z
formalism should become inapplicable. We find that the
data can indeed discriminate this breakdown, with the fit
quality x?/Nps degrading substantially for zg > 0.3. We
note that the unpolarized evolution resummation param-
eter as In(1/z) at z = 0.01 is approximately equal to the
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FIG. 2. Comparison of longitudinal double-spin asymmetry
data on proton (red), deuteron (blue), and ®He (green) targets
at x < 0.1 with the JAMsmallx fit.

polarized evolution parameter o, In*(1/z) at z = 0.1,
suggesting comparable accuracy for our helicity evolu-
tion with zg = 0.1 and the unpolarized small-x evo-
lution [22-25, 57-64] with the commonly used value of
xo = 0.01 [28, 29, 65-68].

A unique feature of our analysis is that KPS evolution
predicts the small-x behavior of helicity PDF's. This is in
contrast to DGLAP evolution, where the x dependence
of the PDFs follows from ad hoc parametrizations at an
input scale Qq, with the behavior at small x obtained by
extrapolation. This distinction allows better controlled
uncertainties in KPS evolution at small x, as Fig. 3 con-
firms. For the fits to existing data, the relative error
8g% /g% at small z is ~ 25% for JAMsmallx and ~ 100%
for the DSSV fit with standard @2 evolution [54, 55].

Impact from EIC data — To estimate the impact of fu-
ture EIC data on the g; structure function, we generate
pseudodata for A and Apy for proton, deuteron, and
3He beams using a fit of existing DIS data with As™ set
to zero. The inclusion of Apy allows us to also extract
the individual PDFs Aut, Adt, and As™ using nine pa-
rameters (a4, by, and ¢, for each quark flavor) in addition
to our choices for g and A. For the proton, the pseudo-
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FIG. 3. Extracted proton g% structure function. The JAMs-
mallx result from existing polarized DIS data is shown (light
red band) as well as with EIC pseudodata (dark red band).
For comparison, the DSSV fit to existing data [54, 55] (light
blue band) and with EIC pseudodata at v/S = 45 and
141 GeV (light purple band) [56] are included. The inset
gives the relative uncertainty dg% /g% for each fit at small x.

data covered c.m. energies V'S = {29,45,63,141} GeV
with integrated luminosity of 100 fb~!, while for the
deuteron and 3He beams the pseudodata spanned /S =
{29,66,89} GeV with 10 fb~! integrated luminosity.
These are consistent with the EIC detector design of the
Yellow Report, including 2% point-by-point correlated
systematic uncertainties [69]. After imposing the kine-
matic cuts discussed above, 487 data points survived for
each of A)| and Apy, along with the 122 data points from
existing polarized DIS data, for a total of 1096 points
used in this analysis.

The results for the extracted helicity PDF's, as well as
for the flavor singlet sum AY(z, Q?), are shown in Fig. 4,
and ¢¥ is given by the dark red band in Fig. 3. Clearly,
the EIC pseudodata have a significant impact, reducing
the relative uncertainties of g7 to the sub-percent level.
This precision will allow a more accurate determination
of the starting point xy of KPS evolution, leading to a
more precise prediction for lower x values.

In particular, the improved control over the small-x
behavior with KPS evolution of the g; structure func-
tion and the helicity PDFs is evident in Figs. 3 and 4
when compared with the DSSV analysis [54, 55], which
uses standard DGLAP evolution. For the latter, note
that even after including EIC pseudodata, the relative
error of the DSSV+EIC fit [56] for g grows to ~ 100%
when one enters the unmeasured region (z < 107%). The
same trend occurs for zAY(x): the magnitude of the
JAMsmallx+EIC uncertainty band stays relatively con-
stant, while the DSSV+EIC error increases significantly
at x < 1071 We emphasize that this is a consequence of
DGLAP evolution not being able to prescribe the small-
z behavior of PDF's, whereas KPS evolution enables a
genuine prediction at small z.

Outlook — In this work, we have demonstrated for the
first time that double-spin asymmetries in polarized DIS
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FIG. 4. (Top) Fitted helicity PDFs zAg™ (z, Q?) from the
current JAMsmallx fit to existing polarized DIS data and EIC
pseudodata for Ajj and Apy at < 0.1. (Bottom) The result
for zAX(z,Q?) from the same fit (red), compared with that
from the DSSV analysis with (light purple) and without (light
blue) the EIC pseudodata [56].

at ¢ < 0.1 can be successfully described using the KPS
small-z evolution equations. In the future, several ex-
tensions can be pursued, such as including «; In(1/z)
corrections to the DLA and going beyond the large-NN,
limit employed here. The former will introduce satura-
tion effects and may permit an extraction of AG, while
the latter may be studied either in the large-N.& Ng
limit [4, 17, 32] or by using functional methods [18]. Our
formalism can also be extended to SIDIS and pp colli-
sions in order to provide a more universal small-z he-
licity phenomenology. The approach we have pioneered
here will allow us to achieve well-controlled uncertain-
ties as one extends into the unmeasured small-z region
(beyond what even the EIC can reach), a feature that
ultimately will be crucial to resolving the puzzle of the
partonic origin of the proton spin.
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