
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

qT Slicing with Multiple Jets

Fu, Rong Jun; Rahn, Rudi; Shao, Ding Yu; Waalewijn, Wouter J.; Wu, Bin
DOI
10.1103/htvz-wz1p
Publication date
2025
Document Version
Final published version
Published in
Physical Review Letters
License
CC BY

Link to publication

Citation for published version (APA):
Fu, R. J., Rahn, R., Shao, D. Y., Waalewijn, W. J., & Wu, B. (2025). qT Slicing with Multiple
Jets. Physical Review Letters, 135(17), Article 171903. https://doi.org/10.1103/htvz-wz1p

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.
You will be contacted as soon as possible.

Download date:19 May 2026

https://doi.org/10.1103/htvz-wz1p
https://handle.uba.uva.nl/personal/pure/en/publications/qt-slicing-with-multiple-jets(b6f3d6ce-c259-4c9a-ad25-570d7a0bdc58).html
https://doi.org/10.1103/htvz-wz1p


qT Slicing with Multiple Jets

Rong-Jun Fu ,1,* Rudi Rahn ,2,† Ding Yu Shao ,1,3,4,‡ Wouter J. Waalewijn ,5,6,§ and Bin Wu 7,∥
1Department of Physics and Center for Field Theory and Particle Physics, Fudan University, Shanghai 200433, China

2University of Vienna, Faculty of Physics, Boltzmanngasse 5, A-1090 Wien, Austria
3Key Laboratory of Nuclear Physics and Ion-beam Application (MOE), Fudan University, Shanghai 200433, China
4Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China

5Nikhef, Theory Group, Science Park 105, 1098 XG Amsterdam, The Netherlands
6Institute for Theoretical Physics Amsterdam and Delta Institute for Theoretical Physics,
University of Amsterdam, Science Park 904, 1098 XH Amsterdam, The Netherlands

7Instituto Galego de Física de Altas Enerxías IGFAE, Universidade de Santiago de Compostela, E-15782 Galicia, Spain

(Received 31 December 2024; revised 24 September 2025; accepted 30 September 2025; published 21 October 2025)

Modern collider phenomenology requires unprecedented precision for the theoretical predictions, for
which slicing techniques provide an essential tool at next-to-next-to-leading order (NNLO) in the strong
coupling. The most popular slicing variable is based on the transverse momentum qT of a color-singlet final
state, but its generalization to final states with jets is known to be very difficult. Here we propose two
generalizations of qT that can be used for jet processes, providing proof of concept with an NLO slicing for
pp → 2 jets. We present factorization formulas that enable our approach to NNLO, calculate the NNLO
collinear-soft function, anddemonstrate slicing at this order foreþe− → 2 jets.Oneof thesegeneralizationsof
qT only applies to planar Born processes, such aspp → 2 jets, but offers a dramatic simplification of the soft
function.Wealsodiscusshowourapproachcandirectlybeextendedtoobtainpredictionsfor thefragmentation
of hadrons. This presents a promising path for high-precision QCD calculations with multijet final states.

DOI: 10.1103/htvz-wz1p

Introduction—The excellent performance of the LHC
experiments has increased the need for precise theoretical
predictions. A crucial challenge towards precision is the
perturbative corrections due to quantum chromodynamics
(QCD), particularly for final states involving jets. Here
much progress has been made in recent years extending to
pp → 3 jets at second order in perturbation theory [1–3]
(which was already used in experimental measurements
[4]) and even third order for some processes involving jets,
e.g., [5–10]. The highest precision is typically achieved by
individual calculations, while automated procedures are
available primarily for leading order (LO) and next-to-
leading order (NLO). Next-to-next-to-leading order
(NNLO) differential cross sections by contrast are only
available for relatively simple processes through public
codes [11–16].

An important bottleneck is the handling of the cancella-
tion of infrared (IR) divergences between real and virtual
diagrams, which is guaranteed by the KLN theorem [17,18]
but challenging to arrange in practice. A range of
approaches have been developed [19–34], which can be
roughly subdivided into local subtraction methods and
slicing methods. While local subtractions are numerically
more stable, slicing methods are easier to extend to new
processes (illustrated by, e.g., the quick succession of
results using 1-jettiness discussed below). A key challenge
for slicing is the choice of a suitable resolution variable. In
this Letter we introduce two novel transverse-momentum-
based slicing variables for multijet final states.
For color-singlet production, its transverse momentum

qT ¼ jq⃗T j serves as an effective slicing variable [20]: the
virtual contribution occurs at qT ¼ 0 while real radiation
leads to qT > 0 [35]. Slicing capitalizes on this, by splitting
the cross section into pieces without (unres.) and including
(res.) additional resolved emissions. As unresolved real
emissions are soft or collinear, the former contribution can
then be approximated to leading power (LP) in the slicing
cutoff:
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Typically one uses a factorization formula for the cross
section for qT < δ, obtained, e.g., using soft-collinear
effective theory (SCET) [37–41], to approximate the cross
section and handle the cancellation of IR divergences. The
contribution for qT > δ reduces to a simpler calculation,
trading an αs from a complicated loop calculation for an αs
for a simpler resolved additional parton in the final state. In
Eq. (1), X denotes kinematics of the color-singlet final-state
(e.g., its rapidity). This factorization is not exact, as
indicated by the OðδpÞ power corrections. Thus δ ≪ 1 is
required, which, however, leads to large cancellations
between the two terms in Eq. (1), affecting the numerical
stability.
For processes with jets, such as pp → Z þ jet or pp → 2

jets, qT without modification is unsuitable as a slicing
variable because radiation emitted inside a jet leaves
qT ¼ 0. As an alternative, the N-jettiness variable [42]
has been proposed [25,26], and successfully applied to
processes involving a color-singlet plus one jet in the final
state [43–49]. One challenge in extending this to multijet
final states is the complicated form of the soft function at
NNLO [50,51] that enters the factorized cross section σLP.
For color-singlet processes, qT performs better than
0-jettiness as slicing variable [52], motivating the search
for an extension of qT to processes with jets. In this context,
kT-ness was recently introduced [53,54], but implementing
it at NNLO will be very challenging in the absence of a
factorization formula.
In this Letter we propose two ways of extending qT as

slicing variable, to processes with jets, using pp → 2 jets as
example. The first extension has a very simple factoriza-
tion, but is restricted to processes that are planar at LO,
while the second can be used in general and converges
faster, at the price of a more complicated soft function. The
key ingredient is the use of a recoil-free jet axis, e.g., by
employing the winner-take-all (WTA) recombination
scheme [55,56]. This seemingly subtle change enables
slicing because the jet momentum is now deflected by
radiation inside the jet, leading to a nonvanishing qT . The
transverse momentum decorrelation qT we consider here is
the vector sum of the momenta of all identified color
singlets and reconstructed jets in the event [57]. Note that
we only need to use this different recombination scheme to
obtain our slicing variable qT , and that the jets can be
defined in the standard way. As proof of concept, we
demonstrate our new slicing at NLO for pp → 2 jets and
NNLO for eþe− → 2 jets. We present factorization for-
mulas that can readily be used to extend pp →multiple jets
to NNLO, discuss the ingredients that enter in it, and
calculate the NNLO collinear-soft function (discussed in
the Supplemental Material [58]).
qx with jets: The planar case—For planar Born proc-

esses, such as pp → H þ jet or pp → 2 jets, we can use the
transverse momentum component qx perpendicular to this
scattering plane as slicing variable, or, equivalently, the

azimuthal decorrelation δϕ, see Fig. 1. By using the WTA
scheme, the jet axis is also affected by radiation inside the
jet leading to a nonzero qx (one of the components of q⃗T),
making it suitable as slicing variable.
The key selling point of qx as slicing variable is that we

have a factorization formula with particularly simple
ingredients. Denoting the transverse momenta and rapid-
ities of the jets with pT;1; η1; η2, and building on [70,71],
the cross section for small qx factorizes as

dσLP
dpT;1dη1dη2dqx

¼
Z

dbx
2π

eiqxbx
X
i;j;k;l

Biðxa; bxÞBjðxb; bxÞJ kðbxÞJ lðbxÞ

× tr½Ĥij→klðpT;1; η1 − η2ÞŜijklðbx; η1; η2Þ�: ð2Þ

This involves the standard TMD beam functions Bi;j,
whose matching onto parton distribution functions is well
known at NNLO [72–79], a soft function that can directly
be obtained [80] from the standard TMD soft function at
NNLO [81,82] [83], and TMD jet functions that are already
partially known at NNLO [85,86] and will soon be
available fully [87,88] [89]. In particular, the analytic
dependence of the soft function for this observable on
the jet kinematics [see Eq. (8) of [80] ], which enters
through a boost in the scattering plane to make two of the
beams or jets back to back, should be contrasted with
the much more complicated kinematic dependence of the
2-jettiness soft function that requires numerical methods

FIG. 1. The pp → 2 jet process. By using the WTA scheme, the
transverse momentum perpendicular to the scattering plane qx
(equal to px;2 in the above coordinates), or, equivalently, the
azimuthal decorrelation δϕ, is a suitable slicing variable. The
ingredients in the corresponding factorization are the hard
scattering (yellow), collinear initial- (purple) and final-state
(blue) radiation, and soft radiation (pink).
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[50,51]. The reason why the soft function is so simple in
this case, is that the recoil from soft radiation is independent
of the region of phase space it is emitted into. Note that one
additional advantage of recoil-free schemes is that they
typically remove [90] so-called nonglobal logarithms [91]
from the soft function, which here simplifies the structure
of the factorization theorem [71,92].
The hard function Ĥ in Eq. (2) describes the hard

partonic scattering process ij → kl, which for pp → 2
jets has been obtained at NNLO [93] from color-decom-
posed helicity amplitudes [94–98]. Ĥ and Ŝ are matrices in
color space (as indicated by the hat) and the trace is over
color. The momentum fractions xa;b in the beam functions
can be expressed in terms of the jet transverse momenta and
rapidities. Beyond NLO, linearly polarized contributions to
the beam and jet functions must be included [70,99].
As proof of concept, we show the result of using qx as a

slicing variable to obtain the NLO correction to dijet cross
section δσNLO in Fig. 2. We reiterate that the WTA scheme
is only used in the definition of qx, and that the jets
themselves are defined in the standard scheme. As is clear

from the bottom panel of Fig. 2, for small values of qx this
reproduces the NLO cross section. However, as the top
panel indicates, there is also a large cancellation between
the two terms. This highlights the main bottleneck of
slicing (in general), namely, the need for numerically
precise results for the dσres. term in Eq. (1).
qT with jets: The planar case—For processes that are

nonplanar at leading order, such as pp → Z þ 2 jets or
pp → 3 jets, the azimuthal decorrelation cannot be used
anymore, but the total transverse momentum qT ¼ jq⃗T j of
the jets (and color singlet, if present) is still viable as a
slicing variable, when using the WTA scheme. This is
because additional radiation beyond the LO process again
lifts the momentum balance of the final state jet axes, but in
general there is no preferred scattering plane. To study the
effects of this change, we first analyze the planar case
again, now with qT as slicing variable instead of qx. For
dijet production, employing qT modifies the factorization
in Eq. (2) to

dσLP
dpT;1dη1dη2dqT

¼ qT

Z
d2b⃗T
2π

J0ðqT jb⃗T jÞ

×
X
i;j;k;l

Biðxa; b⃗TÞBjðxb; b⃗TÞJ kðbxÞ

× J lðbxÞtr½Ĥij→klðpT;1; η1 − η2Þ
× Ŝijklðb⃗T ; η1; η2; RÞ�: ð3Þ

Though we have switched from one to two components of
the transverse momentum, the only major change compared
to Eq. (2) is in the soft function.
Soft radiation always contributes through momentum

conservation, recoiling the collinear radiation. However, if
it is emitted into the jet it also contributes through the
magnitude of the jet’s transverse momentum, which for the
WTA scheme is given by the scalar sum.We showed in [71]
that to leading power these two contributions cancel each
other for the transverse momentum component parallel to
the jet’s transverse momentum, while the perpendicular
component is unaffected. Thus outside the jet (where the
soft radiation only contributes via recoil) soft radiation
contributes its full transverse momentum to q⃗T , while
inside the jet (where both magnitude and recoil effects
are present) only the component perpendicular to the jet
axis does. The corresponding soft function knows about the
jet, in particular its radius, making it more complex than the
R-independent soft function for qx. A small computational
trick allows us to derive analytic instead of numerical
results nevertheless: In the limit of small R, it refactorizes
into simpler global and collinear-soft contributions [102],
presented in the Supplemental Material [58]. The leading
term in the small R limit is sufficient to establish the
consistency of the factorization in terms of the anomalous
dimensions, and in our numerical results we add finite

FIG. 2. In the lower panel the NLO correction δσNLO (blue dots)
obtained using the slicing is plotted as a function of the cut on the
azimuthal angle δϕcut, showing that this converges for small δϕcut

to the correct result (red line) obtained from NLOJET++ [100]. In
the upper panel the individual terms (green dashed and yellow
solid lines) in Eq. (1) are shown, of which the blue dots are the
sum. Jets are defined using the anti-kT algorithm [101] with
radius R ¼ 0.5, and subject to the following cuts on their
transverse momentum and rapidity pT;1 > 100 GeV,
pT;2 > 80 GeV, jη1;2j < 2. The renormalization and factorization
scales are set to μR;F ¼ 2pT;1. Note the different ranges of the
vertical axis for the two panels, and that the numerical uncer-
tainties are smaller than the size of the markers.
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terms up to OðR4Þ, achieving subpercent accuracy on the
cross section for R ¼ 0.5.
In Fig. 3 we show that using the total transverse

momentum qT of the two jets works well as a slicing
variable. It converges faster than qx shown in Fig. 2, but at
the price of a more complicated soft function. This faster
convergence is particularly clear when comparing the error
on the slicing for small values of the slicing variable, shown
in Fig. 4.

qT with jets: The nonplanar case—To illustrate that qT
can also be extended to the nonplanar case, we present the
factorization formula for pp → 3 jets:

dσpp→3 jets
LP

dpT;1dpT;2dη1dη2dη3dΦdqT

¼ qT

Z
d2b⃗T
2π

J0ðqT jb⃗T jÞ
X

i;j;k;l;m

Biðxa; b⃗TÞBjðxb; b⃗TÞ

× J kðb⊥;1ÞJ lðb⊥;2ÞJ mðb⊥;3Þ
× tr½Ĥij→klmðfpT;ig;Φ; fηigÞŜijklmðb⃗T ; fηig;Φ; RÞ�;

ð4Þ

which now also depends explicitly on the azimuthal angle
Φ between two jets. We have verified the consistency of
this factorization in terms of anomalous dimensions. The
new challenge is that the jets are no longer in the same
transverse plane, so the transverse momentum component
perpendicular to the jet depends on the jet at hand. For the
jet function this change is minor as only its argument is
modified to b⊥;i, which is the transverse component
perpendicular to the ith jet direction n̂T;i, i.e.

b⃗⊥;i ¼ b⃗T − n̂T;iðn̂T;i · b⃗TÞ. In the soft function the modi-
fication is less trivial, particularly for the jet-jet dipoles, as
discussed briefly in Supplemental Material [58].
Extension to NNLO—While one crucial ingredient for

WTA-qT slicing at hadron colliders is missing, namely, the

FIG. 3. Same as Fig. 2 but using instead a cut on the total
transverse momentum qcutT (with theWTA scheme) for the slicing.
This converges faster than δϕcut at the expense of a more
complicated soft function, and can also be extended to nonplanar
Born processes. Note again the different ranges of the vertical
axis for the two panels.

FIG. 4. A comparison of the precision of the slicing with rcut ¼
δϕcut and qcutT =pT;1 for pp → 2 jets with the same kinematics as
in Figs. 2 and 3. Enlarging the region of small rcut, this clearly
shows the faster convergence of qT . The curves are obtained from
fitting to arcut ln rcut þ brcut.

FIG. 5. Inthe lowerpanel theNNLOcorrectionδσNNLO (bluedots
with error bars) obtained using the slicing is plotted as a function of
θcut. This converges for small θcut to the correct resultK2 (red line),
given in Eq. (S-17) of Supplemental Material [58]. In the upper
panel the individual terms (greendashedandyellowsolid curves) in
Eq. (1) are shown, of which the blue dots are the sum.
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gluon WTA jet function, all ingredients for an implemen-
tation at lepton colliders are available. Extending our
slicing setup to calculate the inclusive dijet production
cross section (for easy comparison to known results), we
observe again the expected cancellation between LP and
resolved emission contribution, as shown in Fig. 5. We
relegate the details of this calculation (and in particular the
differences to the hadronic setup) to Supplemental
Material [58].
Extension to fragmentation—We can also use the same

slicing variables based on transverse momentum to
obtain predictions for the fragmentation of hadrons.
For planar Born processes, the azimuthal decorrelation
can be used again: One simply replaces one of the TMD
jet functions in Eq. (2) with a TMD fragmentation
function, whose matching onto fragmentation functions
is known at NNLO [77–79,103]. [104]. If instead of qx
the full transverse momentum qT is used, the soft
function is not the same as in Eqs. (3) and (4), since
there is no jet algorithm (or dependence on the jet
radius) for hadrons.
Conclusions and outlook—In this Letter we have pre-

sented two generalizations of the total transverse momen-
tum qT , that are promising slicing variables for LHC
processes with multiple jets. For planar Born processes,
like pp → 2 jets, the azimuthal decorrelation δϕ can be
used to handle the cancellation of IR divergences, while in
general the total transverse momentum qT can be
employed. The key innovation that makes these suitable
slicing variables is the use of a recoil-free axis, allowing us
to also resolve emissions inside jets.
We demonstrated these slicing variables for pp → 2 jets

at NLO, and eþe− → 2 jets at NNLO. We presented the
factorization formulas that enable this for general processes
with jets at NNLO. Most NNLO ingredients are already
available, except for the constant in the gluon jet function,
and the soft function for qT. For δϕ the NNLO soft function
is known and clearly much simpler than for 2-jettiness.
Though the power corrections are larger than for qT, we
expect that this simplicity should extend to the power
corrections. For qT, the NNLO soft function will be of
comparable complexity as the N-jettiness soft function.
However, we expect that the refactorization due to the
expansion in R will lead to simplifications, and present the
result for the NNLO collinear-soft function in
Supplemental Material [58].
The factorization formulas for multijet final states can

also be used as a baseline for studying factorization
violating effects, where there has been significant interest
in the transverse momentum of two back-to-back jets, see,
e.g., Refs. [105,106].
Overall, this Letter outlines a promising pathway for

achieving high-precision QCD calculations in multi-jet
final states, paving the way for further advancements in
theoretical and experimental high-energy physics.
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