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Jet Production in Polarized Deep Inelastic Scattering at Next-to-Next-to-Leading Order
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We present the next-to-next-to-leading order (NNLO) calculation for single-inclusive jet production in
polarized deep inelastic lepton-nucleon scattering € p — jet + X. We perform the computation based on the
projection-to-Born method by combining our recent next-to-leading order result for di-jet production in
polarized deep inelastic lepton-nucleon scattering along with the NNLO coefficients for the inclusive cross
section. In this way, we achieve NNLO accuracy in a fully exclusive way for single-jet observables, the first
time for a polarized cross section. We study the perturbative stability and phenomenological consequences
of the QCD corrections for Electron-Ion Collider kinematics.
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Introduction.—The study of the internal spin structure of
the proton in terms of the contributions by quarks,
antiquarks, and gluons, as codified in the (longitudinally)
polarized parton distributions, is a key focus of modern
particle physics. The quark Ag and gluon Ag helicity
distributions can be probed in high-energy scattering
processes with polarized nucleons. Experiments on
fixed-target polarized deep inelastic lepton-nucleon scatter-
ing (DIS) performed since the late 1980s [1] have shown
that a relatively small amount of the proton spin is carried
by the quark and antiquark spins. The fixed-target inclusive
DIS measurements have, however, little sensitivity to
gluons. Instead, the best probes of Ag were so far offered
by polarized proton-proton collisions available at the
Brookhaven National Laboratory Relativistic Heavy Ion
Collider [2], where several processes such as jet or hadron
production at high transverse momentum pr receive sub-
stantial contributions from gluon-induced hard scattering.

Regardless of significant progress over the past three
decades and contrary to the situation in the unpolarized
sector, many open questions concerning the helicity struc-
ture of the nucleon still remain. For example, we so far have
only a rather incomplete picture of the individual longi-
tudinal polarizations of the light quarks and antiquarks and
just a first hint on the helicity contribution of gluons inside
the proton [[3—7] and references therein].
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The announcement of the approval of the Electron-
Ion Collider (EIC) to be constructed at Brookhaven
National Laboratory, which will collide polarized electrons
and nucleons with center-of-mass energies up to /s =
140 eV, opens a new era in the research on the polarized
structure of the proton. Polarized DIS at larger energies
allows for the study of many observables in a new
kinematical range far beyond those previous measurements
at fixed target. Among them, inclusive DIS at much smaller
values of momentum fraction x and larger virtuality Q* and
jet production would grant access to definite knowledge
on the polarized gluon content of the proton. Clearly, the
extraction of information on the spin structure of the
nucleon requires both accurate measurements and precise
theoretical evaluations for the corresponding observables.
In perturbative QCD, cross sections are computed as an
expansion in the strong coupling constant a,. Leading order
(LO) calculations O(a?) usually present only a qualitative
description of an observable since higher order correc-
tions are known to be large and need to provide reliable
quantitative predictions for a high-energy process. Besides
reaching a higher accuracy, one of the key issues is to check
the perturbative stability of the process considered, that is,
to examine to what extent the higher order corrections
affect the cross sections and the asymmetries relevant for
experimental measurements. Only if the corrections are
under control can a process that shows good sensitivity to a
given parton density be considered as a genuine probe for
that and be reliably used to extract accurate distributions
from future data.

Furthermore, the inclusion of extra partons in higher
order perturbative calculations is particularly important in
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the case of jet production, since it is only from next-to-
leading order (NLO) that the QCD structure of the jet starts
to play a role in the theoretical description, providing the
possibility of realistically matching the experimental con-
ditions imposed to define a jet. In general, a better
description of the jet can be achieved when more partons
are included in the final state. This is particularly obvious
when the calculation is performed at the fully exclusive
level such that the four-momenta of all outgoing particles
(Ieptons and partons) become available in order to apply the
same cuts used at the experimental level.

In the case on unpolarized colliders such as the CERN
Large Hadron Collider, next-to-next-to-leading order
(NNLO) computations [i.e., O(a?) with respect to the
corresponding lowest order] have become the state of
the art, and some observables have even already reached
the next level. A similar situation occurs for unpolarized
DIS, where both the inclusive [8] and single-inclusive jet
[9] cross sections have been computed up to next-to-next-
to-next-to-leading order (see, e.g., [10]).

The situation is quite different in the polarized sector.
While a number of observables were computed to NLO
accuracy, only a couple of fully inclusive cross sections,
such as DIS [11] and Drell-Yan [12], as well as the helicity-
dependent splitting functions [13—15], are known to the
next order, NNLO. Clearly, the advent of the EIC requires
the state of the art in polarized cross sections to be brought
up to the level of that for the corresponding unpolarized
counterparts in order to perform a detailed study of
asymmetries. In particular, jet production in polarized
lepton-nucleon scattering has been computed to NLO
accuracy in the photoproduction domain, either analytically
in the small-cone approximation [16,17] or as a fully
exclusive Monte Carlo implementation [18]. A recent
calculation for single-inclusive jet production [19], based
on the polarized extension of the N-jettiness subtraction
scheme [20], accounts for DIS at NLO and for the lowest
order contribution in the photoproduction regime.

In this Letter, we present the first NNLO calculation
for single-inclusive jet production in polarized DIS
ép — 1 jet. This is achieved by combining our recent
fully exclusive computation for di-jet production at NLO in
polarized € p — 2 jet collisions [21] with the NNLO
expression for inclusive DIS [11] by means of the projec-
tion-to-Born (P2B) method [22]. We study the perturbative
stability and phenomenological effects on both polarized
and unpolarized cross sections, with the corresponding
asymmetries, in terms of the most relevant variables for the
process at EIC kinematics.

NNLO corrections to DIS.—We specify the process
e(k) + P(P) — e(k') +jet(pr.,n) + X, where k and P
are the momenta of the incoming electron and proton,
respectively, and k' is the momentum of the outgoing
(detected) electron. We consider only photon exchange
such that its four-momentum is given by ¢ = k — k” and its

virtuality by Q? = —g* The usual electron and Bjorken
variables are given by y=P-qg/P-k and x = Q%/
(2P - q), respectively. The final state jet is characterized
by the transverse momentum p; and pseudorapidity #.
We analyze the process in the laboratory frame of the
lepton-proton system where the jet always has nonvanish-
ing transverse momentum with a contribution starting
already at O(a?). This is at variance with the Breit frame,
where the proton and the virtual photon collide head on and
the LO term does not contribute to the production of jets,
starting only from di-jet production at O(a;).

The computation of higher order QCD corrections to any
process is complicated due to the appearance on many
infrared singularities that cancel when adding all real,
virtual, and factorization contributions. There are several
methods to handle the singularities in the intermediate steps
of the calculation, either subtraction or slicing based. One
of the simplest is the P2B method [22], which defines the
subtraction by the full matrix element evaluated at the
original phase space point but binned in the kinematic
corresponding to the Born-projected equivalent for the
lowest order process. The method is restricted only to
processes such as the production of colorless particles in
hadronic collisions or single-inclusive jet production in DIS
in the laboratory frame of the lepton-proton system, where
the Born-projected kinematics can be reconstructed from
the momenta of non-QCD particles. For those observables
O, one can write the cross section at N\LO accuracy as

doy'0 = dGOJrjetNk_]Lo—dag:;&,‘z’BJr L0l (1)
where the first term represents the result for the same
observable (single-jet production in this case) plus one
extra jet at N*~'LO accuracy, the second is the subtraction
term corresponding to the same quantity as before but now
binned at the P2B kinematics, and the last one corresponds
to the fully inclusive result at the same desired accuracy. In
the case of DIS, the P2B kinematics is simply constructed
by noting that the lowest order partonic process is char-
acterized by e(k) + q(p) — e(k') + q(p’). The P2B algo-
rithm is then defined by keeping the original momenta of
the event for the electrons (k and k') and mapping the
momenta of the incoming and outgoing partons by the Born
relations p = xP and p’ = xP + g. Therefore, in order to
reach NNLO accuracy for the process of interest one needs
an exclusive calculation for di-jet production in polarized
DIS at NLO and the NNLO expression for the polarized
structure function, as presented in [11]. For the first
ingredient, we have performed the corresponding di-jet
NLO computation using a modified version of the dipole
subtraction method [23] that accounts for spin dependent
effects [21]. The calculation is implemented in the code
POLDIS, which allows the computation of any infrared safe
observable related to single-jet production at NNLO
accuracy, as well as to single- and di-jet production in
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Single-jet pseudorapidity and transverse momentum unpolarized distributions at LO, NLO, and NNLO. The bands reflect the

variation in the cross section when changing the scales as pgz = pur = [1/2,2]Q. The lower inset shows the corresponding K factors as

defined in the main text.

the Breit frame with NLO precision [24]. Here we
concentrate on single-jet observables; further phenomeno-
logical results involving more jets will be shown else-
where [21].

In order to present the NNLO results for the EIC con-
sidering the configuration with a proton beam energy £, =
275 GeV and electron beam energy E, = 18 GeV, we rely
on the following setup. For unpolarized and polarized
parton distributions, we use the NLO PDF4LHCI15 [29]
and DSSV [5,30] sets, respectively, and fix the central
factorization and renormalization scales to u2 = u% = Q?
with a, evaluated also at NLO accuracy with a (M) =
0.118. Jets are reconstructed using the antiky clustering
algorithm with R = 0.8 using the Ej;-weighted recombi-
nation scheme, and are required to satisfy

5GeV < pr <36 GeV and |y <3. (2)
Furthermore, on the leptonic side we request cuts similar to
those of the Hadron-Electron Ring Accelerator (HERA),
with

25 GeV? < Q% < 1000 GeV?, and 0.04 <y < 0.95.

3)

Here, the lower limit in Q? is set considering that at LO the

transverse momentum of the jet is given by pi(LO) =

0?(1 —y). Notice that for 0? <25 GeV the calculation
is actually one order less accurate since the Born-level
contribution is kinematically not allowed.

In Fig. 1, we present the unpolarized cross section for
single-inclusive jet production calculated at LO, NLO, and
NNLO accuracy in terms of the pseudorapidity # and the
transverse momentum py of the jets. The lower inset shows

the corresponding K factors defined as KNMO = NLO /510

and KNNLO — GNNLO /5NLO in order to quantify the effect of

the corrections at each subsequent order.

As it happens in the case of HERA [9], a clear trend can
be observed on the effect of higher order corrections on
pseudorapidity, with rather small corrections in the central
region but larger contributions in the forward regionn > 1,
which becomes populated by the extra jets generated at
NLO and NNLO. In that kinematical regime, higher order
corrections become essential for an accurate description of
the distribution. The shift in the distribution toward larger
rapidities also results in a considerable reduction in the
cross section in the electron beam direction (7 < —1). In the
same way, the transverse momentum distribution is also
much affected by higher order corrections in the low py
region. In Fig. 1, we also present a first estimate of the
perturbative uncertainties by performing simultaneous
variations of the renormalization and factorization scales
as pg = up = [1/2,2]Q, represented by the corresponding
bands. In general we observe a reduction in the size of the
band when moving to higher orders and rather good overlap
between the NLO and NNLO bands, anticipating an
improvement in the convergence of the expansion.

Figure 2 introduces the same observables studied in
Fig. 1 but in the polarized case. The pattern for the
corrections are roughly the same but some differences
already arise. For example, the scale dependent bands at
NLO are smaller than the ones in unpolarized collisions and
for some bins even smaller than the NNLO ones. This is
due to the particular behavior of the polarized parton
distributions and partonic cross sections such that the
NLO polarized structure function g,(x, Q*) presents a
change of sign in the relevant (x, Q?) domain for these
observables. We also observe an overlap between the NLO
and NNLO bands for all bins in both pseudorapidity and
transverse momentum distributions. Nevertheless, the scale
variation presented here should be considered only a a first
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attempt to quantify the perturbative stability but not as true
estimate of the size of the missing higher orders [31].

Finally, we look at the most relevant observables in
polarized collisions, the double spin asymmetries, defined
as the ratio between the corresponding polarized and
unpolarized cross sections A;; = Ac/6. The LO, NLO,
and NNLO results for EIC kinematics with asymmetries at
the level of A;; ~ O(1-2%) are presented Fig. 3.

Even though polarized and unpolarized distributions
show similar features, the effect of the higher order cor-
rections in the asymmetries is not negligible, as can be
observed in the K factors presented in Fig. 3, which shows
an NNLO correction that can reach about 15% with respect
to NLO. In this sense, it is worth noticing that the NNLO
enhancement of the unpolarized cross section in the
forward region leads to a sizable suppression of the double
spin asymmetry for # > 1.5. At the extreme kinematical
regime of very forward jet production n > 2.5 and for
the particular set of cuts applied (especially on y > 0.04),
the fixed order perturbative expansion does not show
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Same as Fig. 1 but for polarized DIS.

convergence and the resummation of large logarithmic
corrections would become necessary. A somewhat milder
enhancement is obtained for the central region in pseudor-
apidity, and higher order corrections turn out to be also
relevant for an accurate description of A;; for low values of
pr for which a rise in the asymmetry is observed.

In terms of the share between initial state partons, we
find that the asymmetry for single-jet production is mostly
determined by the quark (and antiquark) polarization, given
the relevance of that channel open at the Born level. The
polarized gluon accounts for a negative contribution of the
order of —5% to —10% of the total asymmetry at central
pseudorapidities, as expected since it starts only from NLO.
Stronger constraints on the polarized content of the gluon
could be obtained from di-jet production in the Breit frame,
with an initial state gluon channel open already at its lowest
order a,. The uncertainties arising from the polarized
parton distributions turn out to be of the order of 5% to
10% over the kinematical range studied here, comparable to
and for some bins even smaller than the size of the higher
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Double spin asymmetries A;; at LO, NLO, and NNLO.

082001-4



PHYSICAL REVIEW LETTERS 125, 082001 (2020)

order corrections. It is clear, therefore, that for a more
precise extraction of polarized parton distributions from
those observables at the EIC, it is essential to consider the
perturbative QCD expansion up to NNLO accuracy.

Conclusions and outlook.—In this Letter, we have
presented the first NNLO fully exclusive calculation for
single-inclusive jet production in polarized DIS. This was
achieved by the projection-to-Born method, which uses our
computation of fully exclusive NLO polarized di-jet pro-
duction in € p collisions along with the inclusive NNLO
polarized structure function. The calculation was imple-
mented in our new code POLDIS, which allows the compu-
tation of any infrared-safe observable in single- and di-jet
production up to NNLO and NLO accuracy, respectively.

We presented the single-inclusive jet production results
in the kinematics of the future EIC in terms of the jet
pseudorapidity # and its transverse momentum pr. The
differential distributions show sizable corrections at NNLO
in both the polarized and unpolarized cases that shift the
rapidity distribution toward the forward region, as observed
previously in HERA kinematics [9]. In both cases, we
found good agreement between the NLO and NNLO cor-
rections, with overlapping theoretical uncertainties, indi-
cating convergence of the perturbative expansion. The
impact of higher order corrections was also observed in
the corresponding double spin asymmetries, which are
suppressed at NNLO in the forward region, albeit with
larger theoretical uncertainties.

Our results highlight the importance that higher order
corrections in @, will have in a precise description of the
observables to be measured in the EIC and ultimately in
the improvement of our picture of the spin structure of
nucleons.
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