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The production of identified hadrons inside jets in e"e™ annihilation allows for detailed studies of
parton-to-hadron fragmentation functions in a clean environment. We compute hadron-in-jets production
cross sections for eTe™ — 2 jets and ete” — 3 jets to next-to-next-to-leading order (NNLO) in
perturbative QCD. By comparing with data from the ALEPH experiment, we demonstrate the implications
of the newly computed theory predictions for precision phenomenology.
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Introduction—Studying identified hadrons inside jets
provides valuable insights into jet formation, its partonic
composition, and on the parton-to-hadron fragmentation
[1-3]. These studies are best performed in the clean
environment of e*e™ annihilation. The LEP experiments
provided a substantial amount of precision measurements
of identified-hadron production cross sections. These data
have been instrumental in the tuning of hadronization
models in multi-purpose event simulation programs. For
these data to be equally relevant to precision QCD studies,
theory predictions that allow to describe the full kinematics
of the final state containing the identified hadron are
required.

Precision calculations for identified hadron cross sec-
tions have been performed up to now solely for semi-
inclusive observables in e e~ annihilation (SIA), which are
differential only in the energy fraction of the identified
hadron in the event, but fully inclusive on the rest of the
final state. For SIA, QCD corrections up to third order in
perturbation theory (N*LO) are known [4-8]. These are
routinely included in fits of parton-to-hadron fragmentation
functions (FFs) for various hadron species at next-to-
leading order (NLO) [9-26] and next-to-next-to-leading
order (NNLO) [27-33]. These fits usually combine data on
SIA, semi-inclusive deep inelastic scattering (SIDIS), also
known to NNLO [4,34-36], and identified hadron produc-
tion at hadron colliders. Semi-inclusive coefficient func-
tions for the latter are known to NLO [37,38], and fully
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differential cross sections at NNLO have been obtained
most recently [39,40].

Future electron-positron colliders [41] will produce
enormous data sets of hadronic final states, thereby
allowing a new era of precision QCD studies [42,43]. To
enable these studies, theory predictions must go beyond the
simple SIA kinematics and include full final state descrip-
tions for identified hadron observables. In this letter, we
present the first NNLO QCD calculation for identified
hadron observables in 2-jet and 3-jet final states in eTe™
annihilation. We demonstrate the impact of these correc-
tions through a precise phenomenological study of ALEPH
data on neutral light mesons in jet final states, whilst
comparing predictions obtained employing recent determi-
nations of FFs.

Methodology—We consider the production of 2-jet and
3-jet final states at eTe™ colliders, with one of the jets
containing an identified hadron H:

ete” — jet(H) + jet,
ete” > jet(H) + jet + jet. (1)

In the fully differential cross section for these processes,
de” Zda”"H Z/dzDH 2u3)dé,(zpud),  (2)

the fragmentation function Df,’ encodes the probability for
the transition of the parton p into the identified hadron H.
Collinear factorization is performed at a fragmentation
scale p,. The short-distance one-parton-identified cross
section dé, admits a perturbative expansion in the renor-
malized strong coupling constant «;
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2
dé, = d&t0 + (%) daNLO (;‘—ﬂ) dsNNLO - (3)

Beyond leading order (LO), individual real and virtual
contributions to the short distance cross section contain
infrared divergences. To deal with such divergences at
intermediate steps of the calculation, we adopt the antenna
subtraction method [44,45]. In this method, with the
introduction of subtraction terms, infrared divergences
associated to single- and double-unresolved configurations
in real radiation matrix elements are extracted and recom-
bined with virtual and collinear factorization contributions.
The building blocks of the subtraction terms are antenna
functions that encode all possible radiation patterns
between a pair of hard radiating partons.

Since the fragmentation process is sensitive to the
momentum fraction of individual partons within a collinear
cluster, the identification of a parton in (2) affects the
cancellation of collinear divergences. The antenna sub-
traction method has been extended to account for identified
hadrons as described in [46-48]. This extended formalism
was first employed in the computation of charged hadrons
inside jets in association with a leptonically decaying Z
boson at the LHC [49].

In this Letter, we implement identified-hadron produc-
tion for ete™ — 2 jets and e'Te” — 3 jets processes
through NNLO accuracy within the parton-level event
generator NNLOjet [50]. The subtraction terms for these
processes structurally resemble the ones for jet production
in deep-inelastic scattering (DIS) [51]: initial-state collinear
singularities in DIS are related to final-state collinear
singularities in identified hadron production through cross-
ing symmetry of matrix elements and subtraction terms.

Identified hadron production in ete™ — 2 jets is vali-
dated against an implementation [52] of the NNLO
coefficient functions [5-7] for SIA, where the convolution
of coefficient functions and fragmentation functions is
performed analytically in Mellin space.

Phenomenological setup—The bulk of LEP data with
identified hadrons in the final state are for SIA reactions,
whereas only a limited set of measurements are available
for hadron-in-jet production [53-55].

The ALEPH collaboration measured the production of
identified neutral light hadrons (z° and # mesons) in jet
events [53], based on data collected at the Z peak
(v/s =Mz =91.2 GeV). Measured cross sections are
presented differential in the observable

2Ey
==z

X

(4)

where Ej is the energy of the identified hadron. The
differential cross sections are normalized to the fiducial
cross section Oy for the production of nj jets.

Jets are reconstructed from event tracks using the
Durham jet algorithm [56] with y,, = 0.01. In the study
on hadron production in 3-jet events, jets are ordered
according to their energy, providing distributions in x for
the leading (LJ), subleading (SLJ), and sub-subleading jet
(SSLJ). Events are accepted for 8 € [30°, 150°] where 07 is
the polar angle between the thrust direction and the beam
axis. Jets are required to have a polar angle between the jet
and the beam axis 6; €[30° 150°]. These criteria define
fiducial cross sections for a given jet multiplicity. In their
analysis [53], the ALEPH collaboration corrected the data
to full 4z solid angle acceptance using parton-shower event
simulations.

To demonstrate the feasibility of a data—theory compari-
son at fiducial cross section level, we recompute the
acceptance correction factors with JETSET 7.4 [57] in
analogy to the prescription in the ALEPH analysis. We
then use these correction factors to revert the data to
fiducial cross section level. Correction factors are between
0.95 and 1.02 for 2-jet z° data, 0.93 and 0.99 for 2-jet 5
data, and between 0.96 and 1.00 for 3-jet 70 data. In
general, they exhibit only a moderate x dependence. In the
phenomenological analysis that follows, all data are cor-
rected with these acceptance factors.

We present the first NNLO QCD predictions for the
observables measured in [53]. The choice of renormaliza-
tion and fragmentation scales deserve particular attention.
For the renormalization scale u, we adopt , = /s, as the
hard scale of the overall process, and use a,(M,) = 0.118.
Regarding the fragmentation scale y,, in semi-inclusive
calculations the only natural choice is y/s. In contrast, when
hadrons are identified within jets, the maximum size of the
jet yeu introduces an intrinsic cut-off for extra radiation,
thereby reducing the fragmentation scale [1-3,58,59]. We
shall examine different choices of fragmentation scales in
our QCD predictions.

We investigate the impact of the FF sets used in
predictions for 2-jet and 3-jet events for z° production
by comparing four different FF sets from the BDSSV and
the NPC collaborations: BDSS21FF NLO PIO0 [18],
BDSSV22FF NNLO PIO [30], NPC23 PIO nlo [26],
and NPC23 PIO_ nnlo [31]. Both collaborations provide
a NNLO set fitted to SIA and SIDIS data, and a NLO set
with an improved description of DZU due to the inclusion of
proton—proton collision data in the fit. For 2-jet events, we
also focus on 7 meson production and compared the results
using the NLO FF sets ALMSS25 ETA nlo [60] and
NPC23 Eta nlo [26].

2-jet results—In Fig. 1 we compare our theoretical
calculation to ALEPH data for z° production in 2-jet
exclusive events. Predictions up to NNLO are computed
with the NNLO FF set BDSSV22 FF _NNLO PIO. Higher-
order theory uncertainties, here and in what follows, are
estimated with a 7-point scale variation of y, and y, around
the central scales. We investigate the effect of the
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FIG. 1. Data-theory comparison for z° production in 2-jet
exclusive events up NNLO with BDSSV22FF_NNLO_PIO0. Left

panel: u, = +/s. Right panel: p, = \/Yeu:S-

fragmentation scale choice by comparing our predictions
for two values of the central scale, u, =+/s and
Ha = /YeurS- We observe that the perturbative convergence
of the calculation drastically improves for p, = \/ycus,
with reduced perturbative corrections and good agreement
between theory and data. This observation confirms the
assertion [1-3,58,59] that the typical hadron-in-jet produc-
tion scale is determined by the individual jet kinematics
rather than the full event kinematics.

In Fig. 2 we assess the performance of the NNLO
predictions of z° 2-jet events computed with the selected
FF sets. We observe that the predictions are compatible
within theoretical uncertainties for a given collaboration in
the entire x range, while for x < 0.32 the predictions from
BDSSV and NPC do not overlap. The BDSSV FFs provide
a better quantitative description of the data.

We find that the dominant source of theoretical uncer-
tainty comes from the variation of the fragmentation scale.
As previously observed in SIA [5,6], the fragmentation-
scale dependence of quark- and gluon-initiated contribu-
tions exhibits a partial cancellation at higher perturbative
orders. For z < 0.1 at u, = |/YouS, the BDSSV sets differ
considerably from the NPC sets. The sea-like shape of
BDSSV in this range results in considerably larger absolute
values of the quark and gluon induced contributions than
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FIG. 2. Data-theory comparison of z° production in 2-jet
exclusive events at NNLO with different FF sets.
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FIG. 3. Data-theory comparison for 7 production in 2-jet

exclusive events up NNLO for ALMSS25 ETA nlo (green)
and NPC23_ Eta_nlo (purple) FF sets. Left panel: NLO. Right
panel: NNLO.

the valence-like shape of NPC, leading to larger scale-
variation uncertainty bands in the differential distributions.

In Fig. 3 we compare our theoretical predictions up to
NNLO against ALEPH data for # meson production
in 2-jet exclusive events using the NLO FF sets
ALMSS25 ETA nloand NPC23 Eta nlo. The n data
cover a larger kinematic range in x as compared to the 7°
data. Both sets provide a satisfactory description of the data
for 0.2 < x < 0.7. While the ALMSS25 ETA nlo pro-
vides a better description of the data at small x, the
NPC23 Eta nlo performs better at large x. Overall,
predictions computed with the ALMSS25 ETA nlo FF
set describe the data the best.

As observed for 7° 2-jet predictions, theoretical uncer-
tainties are dominated by the fragmentation scale variation.
Predictions obtained with the ALMSS25 ETA nlo setare
more sensitive to y, variations as compared to the ones
produced with NPC23 Eta nlo.

Accounting for FF uncertainties does not change the
conclusions drawn above on the description of the data for
both z° and 7 in 2-jet observables. Lastly, we note that none
of the FF fits include the z° and 5 2-jet exclusive data.

3-jet results—Identified hadron production in 3-jet final
states is particularly relevant due to its direct sensitivity to
the gluon-to-hadron FF.

Similarly to the 2-jet observables, we investigate the
effect of the choice of the fragmentation scale. To produce
predictions for 3-jet final states, we can choose between a
jet resolution based scale p, = /Y, and a jet energy
based scale u, = Ejy) corresponding to the energy of the
jet containing the identified hadron. In Fig. 4 we compare
our predictions up to NNLO computed with the
BDSSV22FF NNLO_PIO FF set for the two choices of
the fragmentation scale against 7° 3-jet data. Both frag-
mentation scale choices provide comparable predictions.
They yield an excellent description of the LJ data, which
degrades consecutively for SL.J and SSLJ. Predictions for
both choices show good perturbative convergence, with
Hqa = \/YeuS featuring slightly smaller corrections and
lower scale uncertainties.

251903-3



PHYSICAL REVIEW LETTERS 136, 251903 (2026)

NNLOJET NNLOJET
10°F D™ BDSSV22FF NNLO PIO  ALEPH LJ x102 § V5 =912 GeV LO———
ALEPH SLJ x10* ¥ Yo = 0.01 NLO ——
102 ALEPH SSLJ x10° & /L:“; N NNLO ——
2|y
_g kel
—&
. I
-
Ha = \/YeutS -
1.5} LI LJ
1.0 x . . S PR - . . N
]
g 0.5 { b i
Z 15 SLJ|F SLJ
E === ¥ = = ¥ X x ¥ =
S 0.5¢ - T » * i
E 15 SSLI|f SSLJ
1.0 x -
0.5 = . - L - = B
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5

T

xT

FIG. 4. Data-theory comparison for z° production in 3-jet exclusive events up NNLO with BDSSV22FF_NNLO PIO. Left panel:

Ha = Ej). Right panel: p, = \/yeuS.

The BDSSV22FF NNLO_ PIO set used in Fig. 4 has
been fitted only to SIA and SIDIS data, which are both
largely dominated by quark fragmentation processes. The
resulting uncertainty on the gluon FF is the most likely
explanation for the degrading description of the distribu-
tions in the SLJ and SSLJ. To gain further insights into this
matter, in Fig. 5 we compare the NNLO predictions (for
Ha = \/Yeurs) for the selected FF sets. The LJ predomi-
nantly originates from quarks, and predictions for the LJ
distribution with all FF sets describe the data equally
well, reflecting the accuracy on the D;’U FFs. The impact
of gluon-initiated processes increases from LJ to SLJ
and SSLJ. Only the BDSS21FF NLO PIO and
NPC23 PIO nlo sets include proton—proton collision
data in their global fits, thereby providing more reliable
constraints on the D’g’O FF, which is reflected in better
descriptions of the ALEPH data for the SLJ and SSLJ. In
particular the NPC23 PIO nlo set, which uses this
specific dataset as a test observable, shows the best
agreement with the data. The improvement in the descrip-
tion of SLJ and SSLJ data confirms the relevance of the
ALEPH data in constraining the gluon FF.

As in the 2-jet analysis, the uncertainty from scale
variations is predominantly driven by the fragmentation
scale. The larger overall uncertainty bands obtained with
the BDSSV sets can be traced back to the small-z behavior
of the corresponding fragmentation functions. Unlike the
2-jet case, where the contribution of D;’O only plays a
marginal role, the 3-jet observables show a stronger
dependence on the FF uncertainties. Nevertheless, these
FF uncertainties do not alter the overall pattern of agree-
ment among the different sets displayed in Fig. 5.

On gluon fragmentation—To illustrate the role of the
gluon FF we perform a breakdown of the total fiducial 3-jet

cross section into the g- and g-initiated fragmentation
processes. To this end, we define
0
por
0 03
REE ==
03

(5)
as the ratio of fiducial cross sections for z° production in
3-jet events initiated through parton-type p divided by the
sum of all parton types. In addition, to further investigate z°
production separately for each jet of the 3-jet event, we
introduce

0

0 ol "
p—n’ T Jet
Rjet - P (6)
O
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NNLOJET
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FIG. 5. Data-theory comparison of z° production in 3-jet

exclusive events at NNLO with different FF sets.
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TABLE 1. Quark- and gluon-initiated fractions of the fiducial
cross sections for identified hadron production in 3-jet events up
to NNLO separating LJ, SLJ, and SSLJ contributions. Predictions
are computed with p, = \/yc,s and the NPC23_PIO0_nlo FF
set.

LO NLO NNLO
RKT”O 95.385% 96.477% 100.50%
joﬂo 4.615% 3.523% -0.50%
Rgaﬂ” 81.027% 78.86% 79.4%
R,gfjﬂ“ 18.973% 21.14% 20.6%
Rg;ﬁ;o 46.644% 40.45% 35.8%
Rg;ﬁo 53.356% 59.55% 64.2%
Ra—7’ 84.161% 82.480% 83.26%
Ro~7 15.839% 17.520% 16.74%

where jet denotes the identification of the 7 meson within
the LJ, SLJ, or SSLJ. .

In Table I we report the values of R”~* and R for
p = q, g up to NNLO for the NPC23 PIO0 nlo set and
Ha = y/YeuS- The fractions change only moderately with
increasing perturbative orders, except for the SSLJ. 7°
mesons in the LJ originate almost entirely from the
fragmentation of a quark. The contribution from gluons
increases in the SLJ, with g-originated fragmentation
accounting for 21% of the events. In the SSLIJ, gluon
fragmentation dominates the production of pions. In this
case, substantial higher-order corrections are observed,
which increase the gluon-induced fraction from 53% at
LO to 64% at NNLO.

Conclusions—In this Letter, we compute the NNLO
QCD corrections to identified hadron-in-jet production
observables in 2-jet and 3-jet final states in eTe™ annihi-
lation. Our novel results establish the perturbative stability
of the predictions, provided that the choice of the frag-
mentation scale takes into account the jet resolution, as
advocated in [1-3,58,59].

Our calculation is performed in the NNLOjet parton-level
event generator framework, which allows to compute any
infrared-safe observable derived from these final states, and
to account for geometrical acceptance cuts that define the
fiducial cross sections. It shows that modern-day theory
predictions no longer require ad hoc corrections to full
geometrical acceptance for precision physics studies on
ete™ data.

Our results demonstrate the increased sensitivity of the
distribution of hadrons in the subleading-energy jets to the
poorly constrained gluon-to-hadron fragmentation func-
tions and show the impact of ALEPH hadron-in-jet data in
their determination. Our newly derived NNLO QCD
corrections lay the ground for precision QCD studies on
hadron-in-jet observables through the reanalysis of LEP

data, following recent works on jets [61] and event shapes
[62], and at future high-energy e"e™ colliders.
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