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» The idea of factorisation in Quantum Field Theory
plays important role to help theorists understanding
complex high energy processes:

Time ordering
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The Bucket Effectinpp — H + X
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pp—~H+X 13 TeV, PDF4LHC15, pp=pg=my/2
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Slide based on M. Grazzini’s talk @ Higgs10
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Perturbative QCD @ NNLO
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State-of-the-Art QCD Calculations @ NNLO Naroll's slide @ Loop Summil
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Antenna subtraction,
NNLOJET

qT slicing, MATRIX

Sector improved residue subtraction,
STRIPPER

Precise predictions for t# H production at the LHC:
inclusive cross section and differential distributions

pp—Htt P

soft approx.
massification (LC)

pp—~Wtt

soft approx.
massification (LC)

pp—>Wbb
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Precise Predictions for the Associated Production of a W Boson
with a Top-Antitop Quark Pair at the LHC
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We present next-1o-next-to-leading-order (NNLO) QCD corrections to the production of three isolated
photons in hadronic collisions at the fully differential level. We employ gy subtraction within MATRIX
and an efficient implementation of analytic two-loop amplitudes in the leading-colour approximation to
achseve the first on-the-fly calculation for this process at NNLO accuracy. Numerical results are presented
for proton-proton collisions at energies ranging from 7 TeV to 100 TeV. We find full agreement with the
8 TeV results of Ref [1] and confirm that NNLO corrections are indispensable to describe ATLAS 8 TeV
data. In addition, we demonstrate the significance of NNLO corrections for future precision studies of

triphoton production at higher collision energies.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY lcense
(hetp://creativecommaons.org/licenses/ by/4.0/). Funded by SCOAP3,

Precision studies have become of major importance in the rich
physics programme at the Large Hadron Collider (LHC). Many LHC
reactions, in particular 2 — 1 and 2 — 2 processes, are not only
measured, but also predicted at a remarkable accuracy by now.
Prime examples are colour singlet processes, such as vector-boson

pair production, cf. for instance the recent Zy [2] and ZZ |3| mea-

tor bosons gives direct access to anomalous quartic gauge cou-
plings, e.g. the Z — yyy decay has been constrained in Ref. [38).
Furthermore, the triphoton final state is important to constrain
anomalous Higgs couplings in rare Higgs boson decays [39-41] or
in the rare Higgs boson production process in association with a
photon [42] with the Higgs boson decaying into a pair of pho-
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https://indico.desy.de/event/44685/contributions/185299/attachments/98420/135808/Marcoli.pdf

State-of-the-Art QCD Calculations @ NNLO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

»NNLO QCD predictions for 2 — 2 processes (NNLO revolution since 2015 )

» Accomplished during past 10 years on case-by-case basis

» As parton-level event generators (fully differential final state information)

> Current frontier at NNLO 2 — 3 pPp - Jjj event shapes with STRIPPER

100M *

» Typical size of corrections and uncertainty

» NLO corrections: 10~100%, uncertainty: 10~30% 10M e g

» NNLO corrections: 2~15%, uncertainty: 3~8% " | ;3 o E g

» expect N3LO to yield uncertainty at level of 1% E v o% L i - % -§

g 100k EE . e

» So, is NNLO solved? g 10k —— -

» In principle yes: STRIPPER, given the relevant amplitudes and enough 1k

computational resources, the NNLO calculation is streamlined. 100 .
> But: 10

» Prohibitive computational cost (loop AMP, IR subtraction)
» Missing cross-validation (many years between 1st and 2nd) Snowmass White Paper, Comput. Softw. Big Sci. 6 (2022)

» Still a long way to automated NNLO event generation
Xuan Chen (SDU) Precision frontier of pQCD with NNLOJET 11


https://inspirehep.net/literature/2064884

NNLOJET: Parton Level Event Generator
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r
NNLO
JET

A parton-level event generator
for jet cross sections at NNLO QCD accuracy

About NNLOJET is a parton-level event generator for jet cross sections using the antenna subtraction method. It can be
used to compute a large number of jet cross sections and related observables in e*e’, ep and pp collisions at
next-to-next-to-leading order in QCD. NNLOJET contains routines for Monte Carlo phase-space integration,
event handling and analysis.

Citation If you are using NNLOJET for a scientific paper, please cite:

A. Huss et al. (NNLOJET Collaboration)
NNLOJET: a parton-level event generator for jet cross sections at NNLO QCD accuracy
arXiv:2503.22804 [INSPIRE]

Please also cite the revelant references for each processes (as included in the .bib file which is automatically
written when running NNLOJET through the automatic workflow)

License GNU General Public License (GPL) v3.0

Contact Please send comments, questions and suggestions to nnlojet-support@cern.ch

https://nnlojet.hepforge.org/index.html
Xuan Chen (SDU)
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A.Huss, L.Bonino, O.Braun-White, S.Caletti, XC, J.Cruz-Martinez, J.Currie,
W.Feng, G.Fontana, E.Fox, R.Gauld, A.Gehrmann-De Ridder, T. Gehrmann,
E.W.N.Glover, M.Ho6fer, P.Jakubcik, M.Jaquier, M.L6chner, F.Lorkowski, |.Majer,
M.Marcoli, P.Meinzinger, J.Mo, T. Morgan, J.Niehues, J.Pires, C.Preuss,
A.Rodriguez Gracia, K.Schonwald, R.Schirmann, V.Sotnikov, G.Stagnitto,
D.Walker, J.Whitehead, T.Z.Yang, H.Zhang,

» NNLO parton level event generator
» Based on antenna subtraction
» Provides infrastructure

» Process management > Parallel computing

> Phase space, histogram routines (MPI) support

» Typical runtimes:

» Validation and testing 60 k ~ 250 k core-hours

Precision frontier of pQCD with NNLOJET 12


https://nnlojet.hepforge.org/index.html

NNLOJET: Parton Level Event Generator

» Processes implemented:
» Open-source code release: NNLOJET v1.0.2

e sesfiering et production htt S// ithllb com/a khuss/dokan
fem s et » Analytic matrix elements and subtraction Paikie Y
o ete” — 2jets

. etem — 3jets » Download from nnlojet.hepforge.org dokan (i#é'-)

» Runcard options:

ep scattering Jet production

pypi v1.0.0 python missing

. > Process/sub-process selection
e ep — lepton + ljet

—

* ep — lepton + 2jets » (Generic histogramming [ A pipeline for automating the NNLOJET workflow

) ‘_ : . .
TN v Multi-run feature: e.g. jet radius

» Example runcards for published studies

e pp — ljet + X

# LO R V RR RV vV
® PP — 2jets » Cluster workflow management: Dokan , D D D g N TV :
Vector boson (+ jet) production » Automated resource allocation ; | pro ato) o ; o(01 | wR (11 o ;
4 D D D D D
e pp— (YZ) + Ojet . 5 D D D D D
PP (rz) o+ » Works with slurm and htcondor (Ixplus) | D D : D :
epp—> (YZ) + ljet 7 D D D
+ ) . 2 : 8 PRD D D D
« pp > W* + Ojet » Combination of results, quality control |5 : : : [6] | PRD AL11 D :
e pp — WE + 1jet ﬂ ] ; ] - : X ‘
12 D
Photon (+ jet) production 13 D D D
14 D
*pp—oy+X 12 : : i PRD g m g B
* pp — v + Ljet 1; : : : s 3 WRM D D
* pp — 7Y . _ - - 3
Higgs (+ jet) production ;é ! i i o g g
23 - - - PRD D D
* pp > H+X £ i i i o AT D
* pp — H + ljet 26 : - : PRD D
' 27 D

Xuan Chen (SDU) Precision frontier of pQCD with NNLO]ET 13
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Deve lopment Of Antenna SUbtra Ction MEthUd Based on Marcoli’s slide @ Loop Summit 2
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Successfully applied at NNLO to a variety of processes within the NNLOJET Monte Carlo framework

00 i (gluons

‘06 ‘15 ‘16 ‘17 ‘18 ‘19 20 ar ot =7 ‘23 ‘24 ‘25 l
: : : i ee—|j
i F) i
p
(FS only) Féghfnf:i?agﬁ)vioﬁ; C‘E‘isfz’ 31‘]’[“‘“0“ 221 “colourful” antenna general “colourful”
: ’ (gluons-only) antenna NNLOJET

‘07

[Gehrmann-De inclusion of
Ridder, Gehrmann, . P .
Glover ’05] IS radiation Gehrmann, Schiirmann ’22] : - =
of, e identified FS particles
‘Glover, Pires ’10] [Currie, Glover, Wells ’13] |Gehrmann, Stagnitto "22] £ .
Gehrmann-De Ridder, Glover, Pires "12] Bonino, Gehrmann, Marcoli et. al. "24] (fragmentation)
[ Gehrmann-De Ridder, Gehrmann, Glover, Pires ’13]

Sector antenna

‘Braun-White, Glover, Preuss 23] “idealized” antenna e
‘ C I | t [Braun-White, Glover, Preuss 23] . PpINg
alculations : ; functions
[Fox, Glover ’23] [XC, Marcoli ’25]

® Formulation and extensions e B e A ”gene?lizet(?" antenna
unctions

Xuan Chen (SDU) Precision frontier of pQCD with NNLOJET 14
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https://inspirehep.net/literature/682504
https://inspirehep.net/literature/682504
https://inspirehep.net/literature/857468
https://inspirehep.net/literature/1081541
https://inspirehep.net/literature/1202308
https://inspirehep.net/literature/1215339
https://inspirehep.net/literature/2058537
https://inspirehep.net/literature/2715745
https://inspirehep.net/literature/2798444
https://inspirehep.net/literature/2012936
https://inspirehep.net/literature/2132386
https://inspirehep.net/literature/2840911
https://inspirehep.net/literature/2689791
https://inspirehep.net/literature/2636334
https://inspirehep.net/literature/2682412
https://inspirehep.net/literature/2948353

Antenna Subtraction @ NNLO
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VvV U, ag U, a 2(U, b) =4 —(U, b) X9Xx3

RV

RR

XC, Gehrmann, Glover, Huss, Marcoli JHEP 10 (2022) 099
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Antenna Subtraction @ NNLO Mazcol side @ Loop Suzmit
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NNLO: two unresolved emissions = multiple topologies

colour-unconnected emissions: no shared hard radiatior

MP. (..., 51,51, k1,...,102,52,k2,...)

fully iterated structure

.

X9(ih, 51, M) XI (B, jo, KYMO(. ..., (111), Gik1)s - - - » (B2]2), (Gaka), - - )

colour-connected emissions: both hard radiators shared

] J 0 B
M gy o
[ K n+2( MEAAL ) 4-2 momentum mapping
| X{0", 5, k, IMMO(. .., (ijk), (jKI),...)
() 2 O/: - 2
y X0, j, ) = B3P g0 ;1 1)) = k60
| 29T, K) | MYk, jkD) |

Xuan Chen (SDU) Precision frontier of pQCD with NNLOJET 16


https://indico.desy.de/event/44685/contributions/185299/attachments/98420/135808/Marcoli.pdf

Generalized Antenna @ NNLO .o c.cocoi

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

There is more ... almost colour-connected emissions: only one shared hard radiator ot eompiE el RETeeT

sector of antenna subtraction

NOT fully iterated: the two emissions “feel” each
other through the recoil on the shared radiator i T R

traditional antenna functions can be used, o s e o s+ AP~ )

but a very complicated sequence of iterated G0 5,5 o 555+~~~
structures is needed, plus Large-Angle-Soft-Terms i 0 i o e, 0w Swm - Sws, o so - Sue)
[Gehrmann-De Ridder, Gehrmann, Glover, Heinrich ’07] B e e : ' }

[Weinzierl ’08] [Currie, Glover, Wells ’13]
from e*e—jjj @NNLO

Ideally we want:

0 s 5-3 momentum mapping
" SO EE Indadion], T . &) _ ,

N

X9 56", 4, k" L m")M(. .., (ijk), (ijkim), (kim), ..

generalized three-hard-radiator antenna function
Xuan Chen (SDU) Precision frontier of pQCD with NNLOJET 17


https://inspirehep.net/literature/1215339
https://arxiv.org/abs/0807.3241v2
http://%5BWeinzierl%20%E2%80%9908%5D
https://indico.desy.de/event/44685/contributions/185299/attachments/98420/135808/Marcoli.pdf

Generalized Antenna @ NNLO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Not possible with matrix element-based antenna functions

non-trivial function of the

three-particle phase space \

final-state radiation only,
extension to ISR in progress

: : 4 . _ » Constructed with an iterative algorithm
With the designer antenna algorithm, it is possible to construct antenna , i,
» From the desired IR limits (not from

functions with more than two hard radiators: generalized antenna functions. physical matrix-elements)

[Fox, Glover, Marcoli ’24] » Using projector (up-down) to

Analytical integration made particularly simple thanks to a connect full phase space (antennae)

convenient choice of 53 momentum mapping. and subspace (IR limits)
> Can be integrated analytically (as in

Sij .
= pi+Dj — —Dk conventional method)
Sik T Sik
Sij Slm ) _
maps_,a : pr =1+ 5 Pk [Braun-White, Glover, Preuss ’23’
Sik T Sjk  Sik T Smk
Sim, [Braun-White, Glover, Preuss ’23]
: : : Py = Pt t+ Pm — Pk

iterated dipole mapping Sik T Smk [Fox, Glover *23]

Xuan Chen (SDU) Precision frontier of pQCD with NNLOJET 18


https://inspirehep.net/literature/2636334
https://inspirehep.net/literature/2682412
https://inspirehep.net/literature/2840911
https://inspirehep.net/literature/2689791

@ NNL(

Generalized Antenn

Fox, Glover, Marcoli JHEP 12 (2024) 225
Xuan Chen (SDU) Precision frontier of pQCD with NNLOJET 19


https://arxiv.org/pdf/2410.12904

Generalized Antenna @ NNL

-

ete” = 3jets @ NNLO

Fox, Glover, Marcoli JHEP 12 (2024) 225 Efficiency boost by a factor of 10
Xuan Chen (SDU) Precision frontier of pQCD with NNLOJET 20



https://arxiv.org/pdf/2410.12904
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Application of NNLOJET at the LHC

Precision frontier of pQCD with NNLOJET
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PDF grids: APPLfast and PineAPPL

Data Vs [TeV] do R L

ATLAS [10] 7 dﬂf;gy* 0.6 4.5 +1.8%
CMS [12] 7 Trdeme 07 5.0fb7 £2.2%
CMS [13] 8 g gyeae 07 1977 £26%
ATLAS [11] 13 d,nf;gy* 0.4 32 ' +21%
CMS [14] 13 Trdome 0-833.5f71 £1.2%
CMS [14] 13 Tt 08 29.6fb7 +1.2%

367 LHC data

* 119 HERA data

Data set X /Mot as(mz)

ATLAS 7TeV 74.7/ T7 0.1193 (33) (4) ( 6)
ATLAS 13TeV 87.7/106 0.1145(32) (4) (16)
CMS 7TeV 50.7/ 45 0.1151(39) (1) ( 9)
CMS 8TeV 37.0/ 56 0.1173 (25) (0) (11)
CMS 13TeV (2D) 71.6/ 78 0.1209 (25) (2) (20)
CMS 13TeV (3D) 1372 a2 0.1181 (20) (1) (15)
LHC dijets (cms13-2D) 335.3/366 0.1178 (14) (0) (17)
LHC dijets (cms13-3D) 397.9/400 0.1172(14) (0) (14)
HERA 92.8/118 0.1177 (14) (1) (34)
LHC+HERA (cmsi3-2p)  428.4/485 0.1180 (10) (0) (29)
LHC+HERA (cmsis-3p)  491.0/519 0.1177(10) (0) (27)

Xuan Chen (SDU)

NNLOJET: New Feature To Be Released

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

9 Gi 1 Cj ¢ LHC or HERA jet data
X = E :log — (Vexp + VNP + VNNLOstat + VPDF)Z']' log — g NNLO theory
i 0; o V covariance matrices
. L Hr =AMl == o, from Dijet Cross Sections in NNLO
o T T | T [ T T T T |
> 1 == World average [PpG24 | | LHC dijet data [NNLO]
< 0.20 = ¢ LHC and HERA dijets [NNLO, this work] — ATLAS 7TeV (R=0.6) : -
2, 7 LHC dijet data [NNLO, this work] : CMS 7TeV (R=0.7) : 9 :
2 CMS 8TeV (R=0.7) ——
0.15 | | ATLAS 13TeV (R=0.4) ——a—
I 3 CMS 13TeV 2D (R=0.8) —e
I i CMS 1 =0.8 +——e—+
L & i
L 7 | LHC dijet data N 5 .
0 1 <>
. APPLfast and NNLOJET 4 Qo
APPL{asl :d: il B ‘\N}\ Global dijet data [NNLO] =
i L 1 | HERA dijet data s =
‘EZ, L i HERA+LHC dijet data o o
K * =
I 1 | World average [rpGz3] - X
0.10 b= NS e WA A o S o . =
10 100 1000 10000 0110 0120
ug [GeV] ot (M)

» All LHC and HERA di-jet double- and triple-differential measurements.
» APPLfast PDF grids from NNLOJET NNLO di-jet predictions.

> Fitting of the strong coupling constant: a(m,) = 0.1178 = 0.0022.

Ahmadova, Britzger, XC, Gal3ler et. al., Phys. Rev. Lett. 135 (2025) 3
Precision frontier of pQCD with NNLOJET
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https://journals.aps.org/prl/accepted/10.1103/knrv-2r3t

NNLOJET: New Feature To Be Released

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

pp — yy + recoll @ NNLO QCD

> Di-photon production at the LHC with p7” > 1 GeV
» The main SM background of H — yy

» Large pQCD and photon fragmentation corrections
> NNLO = O(a?) terms:
» NNLO in gg and gg channels:

Tree and 1-loop ME: OpenLoops

Two-loop, five-point full colour contributions

» LO loop-induced process for gg channel

do/dpr [pb GeV_l]

Ratio to data

» NNLO™ = NNLO + NLO (loop-induced new result)®

» Comparison with ATLAS 13 TeV data:
> Better agreement but still with systematic deviation

» Loop-induced corrections are crucial for the
reduction of systematic uncertainties.

» Future plan (to be included in public release) :

» Impact of various photon-isolation algorithm
> Extend to p7’ € [0,1] GeV to complete N3LO
Xuan Chen (SDU)

do [ dPacop
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pp — vy + Jet
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—

=119 — 'O

PDF4LHC21 mc

7-point scale variation
pr = g = By,

= NNEO

— NNLO™*

pp —> vy +Jet

Vs =13TeV

102 {2

101_

NLO

—

PDF4LHC21 mc H
7-point scale variation

pr = pR = Eryy

S NNLO

- NNLO*

e

¢acop
E Buccioni, XC, WJ. Feng, T. Gehrmann et

Precision frontier of pQCD with NNLOJET

do/dap [pbGeV ™|

Ratio to data
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S
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100-
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LO
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25 i
o

7-point scale variation 1_‘1:::‘:';"
UF = UR = ET,'y'y "'1_‘_‘:2(;
s
o | TT oL 4 11
. — _h—fhdknzrﬁn B
161 162
ar [GeV]
NNLOJET pp — vy +jet Vs = 13TeV
‘3“7-:—\1&%::5! Lo NLO —— NNLO NNLO*
T

PDF4LHC21 mc

7-point scale variation
pr = pR = Erqy

. al., Phys. Rev. Lett. 134 (2025) 17
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NNLOJET: New Feature To Be Released

SCET+NNLOJET pp to W~ VS =13 Tev
............................................................................................................................................ T e— ﬂ
Drell-Yan @ N3LO QCD (g slicing) o
E 0.0 _l_l_l_l_lﬁ - i
» Fully differential N3LO correction in event generator j o £+*
O _,1] — SCET+NNLOJET qg —— SCET+NNLOJET gg
» Recycle pp = V +J @ NNLO with g slicing S S —
A 021 - it Al
F _ I F [ F+jet _ i CT] ( cut 2) NNPDF31 nnlo
daNkLO o %NkLO ® dGLO |5(q ) + dGNk_lLO dGNkLO QT>QYC”W + @ (qT /Q) ‘0-35%@=HR=mw
» Fiducial power correction removed via MC recoil technique. ' o i B
s Bt e el el ==
» Below-cut contribution from expansion of N3LL resummation to @(af) &%E e g s L
R XC, Gehrmann, Glover, Huss, Li, Neill et. al.. PLB 788, 425 (2019) e a1 2 o
SCET+NNLOJET  pp=I71"(y") Vs =1Sgel Billis, Ebert, Michel, Tackmann. EPJP 136, 214 (2021) g5t [GeV]
I S i qq Camarda, Cieri, Ferrera. PRD 104, L111503 (2021) SCET+NNLOJET  pp-W=(-1v) + X VS =1.96 Tev
reemszzonooo-- 13-4 88 > Ingredients: 3-loop soft and beam LA |
L sssnnnmmammaonocremessssssocossiiiimeeeeceemal I functions: Cp o i CDF 11
Li, Zhu. PRL. 118, 022004 (2017) 5 °**>
Luo, Yang, Zhu, Zhu. PRL. 124, 092001 (2020) &, 22‘7"; = 7-poli seale vanition
. . - . ] MF = Mp =My,
3 Ebert, Mistlberger, Vita. JHEP. 09, 146 (2020) S R
CUt 1%~ e
> Independence on g slicing parameter S 2222 = da/dm}v loc L.
ge ” Validation against inclusive total XS: oot
O - ] | : Cutl_ cut — cut
: = s sub. total - == |nclusive Qg9 DU”H’, Dulat, MiStlb@Tger. PRL. 125, 172001 (2020) El i;:_ , gT = LO0ey Il 0:75 Gev DA R
{ === Inclusive total —— grsub. gq+qQ PDF4LHC15 nnlo . < T
| Grsub.qg+qd  —-- Inclusive qq +qQ » Separated in parton channels 2 100 |
| === Inclusive qg+qgQ 9 SUb_' 99 HF = MR =100 GeV . ) f:) s —I_,i
| — arsub.qg ~o e o » Foundation of numerical Monte Carlo & 0.90 T —————
T e i V. 60 65 70 75 80 85 90 95 100
q7c_ut [GeV] m¥vt [GeV]
XC, Gehrmann, et. al. PRL. 128, 052001 (2022) XC, Gehrmann et. al. PLB 840 (2023)
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https://doi.org/10.1103/PhysRevLett.128.052001
https://inspirehep.net/literature/1752396
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https://arxiv.org/abs/2006.05329
https://doi.org/10.1007/JHEP12(2022)066

Perturbative QCD @ N3LO
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: s N na N s r b =
1g2° e fal, DX H 3 rH ’ ¢ Mi
P g (821 o0 (VB O g S g5 Qe 85 X )y PR
H1gs D : (g Karlberg
Higgs \® Dreyel,
o'/// . b (VBE) tord Dulat, Mistlberse!
- : (bbF) tota\, DUhY, < SCh1 aVi, Wﬂhams
‘ _._, \ {AEN £ “ l . S -
4 R ng%{H (ggF) total, Chen, Li, Shao, Wang

DY (v*) total, Duhr, Dulat, Mistlberger

Higgs (bbF) total, Duhr, Hirschi, et. all
DY (W) total, Duhr, Dulat, Mistlberger

Q
EEC diff, Duhr, Dulat, Mistlberger
% Higgs (ggF HTL) diff, XC, Gehrmann et. al.
O

Higgs (ggF HTL) qT, Billis et. al.

 “ DY (zZ/y*) qT, Camarda, Cieri, Ferrera
0  DY yy*, Chen, Gehrmann et. al.

N3LO QCD
Phenomenology
Study by year

DY (z/y*) total, Duhr, Mistlberger
loops + legs + scale = 7~8

DY (Z/y*) dift XC, Gehrmann et. 4]
o w a, fr ——
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State-of-the-Art QCD Calculations @ N3L0
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> Several phenomenologically
relevant results despite the
extreme complexity.

> Available techniques are
applicable to limited cases with
high quality EXP data.

> New approaches must be
developed for more complicated
scattering.

(10 M — X00 k CPU hours)

e Inclusive

© 7 slicing
* Projection-2-Born

T Antenna subtraction

Precision frontier of pQCD with NNLOJET
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Xuan Chen (SDU)

Application of in e Te ™ Colliders
(Close Relation to Antenna Subtraction)

H decay — di-jet @ N3LO (Generalized Antenna) 2502.17333, 2508.14282

Precision frontier of pQCD with NNLOJET
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Antenna Suhtractlon @ N3LO ... .
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Antenna Suhtractlon @ N3LO ... .
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Antenna Subtraction @ N3L0
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Topology of X2, X/, X32 antenna functions: Integration of X?, X, X32 finished for all final states:

/
ey 1y Vet
d Jakubcik, Marcoli, Stagnitto
JHEP 01 (2023) 168

y
_____ 2 H— gg

&\(\ XC, Jakubcik, Marcoli, Stagnitto
/ JHEP 06 (2023) 192
N ./ .
e 57T e -g X — 88
(Only for validation) é . e @ ’ , ,
XC, Jakubcik, Marcoli, Stagnitto

A JHEP 12 (2023) 198

/
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eTe” - JJ@N3ILO
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» Simple process: (3)txiphirani A AD It finduz) o red donblevlil @) i
» Only y* — gg N3LO antenna functions
» Only dipole-like correlations at N3LO donsro = [dOVVV 1 di] i [dO-RVV - dO-U]
> Recycle ingredients from eTe™ — JJJ @ NNLO n n
> Goals: T =
» Establish N3LO antenna subtraction framework sug':falz\ig:l:::m F d;‘é'::;;‘f{;ﬁi;:ﬁl
» Extension of NNLO framework p—s— T
e requirement of sub.anter BiARIS. R | el L (N e
» Exploration of numerical challenges: n+1 / n+2 /
» One-loop double-unresolved regions /  triple-real //

double-real-virtual
subtraction term

subtraction term

» Two-loop single-unresolved regions

> Rescue-system to trigger:
1, Quadruple precision

2, Taylor expansion of special functions 165 — doS' + doS2 -+ doSs SR s / doV151 _ / ol
» Preparation of computational framework: 1 2

> Spike tests of multiple unresolved IR limits dg? = do¥1°: + do"2%2 — / doSt Al A / do V251 _ / dgV152 _ / doS3
1 1 2 3

> Phase space generators
» Code generation for N3LO MC. XC, Jakubcik, Marcoli, Stagnitto, Phys. Lett. B. 869 (2025) 139804

XC, Marcoli, 2507.12537
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eTe” - JJ@N3ILO
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» Fully working subtraction terms for all partonic channels:
» Spike test in IR limits of RRR, RRV and RVV

rrr = 108 ‘ 1 S ‘ )
RRR

» Green — Blue — Red: deeper in IR divergence, better
cancellation between ME and Subtraction terms.

MRRR

» Use sector antenna mapping in RRR and RRV:

X, sector: eTe™ — gggg @RRV

(a) s12534 < s13524: {4 — 2} mapping with ordering {p}, p2, p3,p}}.
(b) s12834 > 513524: {4 — 2} mapping with ordering {p%, ps, p2,p}}.

)725 sector: eTe” — ggg2g @RRR
Xs sector: eTe” — ggggg @RRR
X sector: ete” = gg2qg @RRR

> E{(R}icit ole cancellation checked analytically for RRY,
RVV and VVV

XC, Jakubcik, Marcoli, Stagnitto, Phys. Lett. B. 869 (2025) 139804
XC, Marcoli, 2507.12537
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eTe” — JJ@N3ILO

» Basic checks: inclusive cross section
N3LO coefficient:

Xuan Chen (SDU)

a
6 = —= )3(=105 £ 11)

2r /

Monte Carlo error:

NNLO
JET

Not so small for inclusive quantities due to large cancellations.

Not the most clever way to compute inclusive cross sections.

XC, Jakubcik, Marcoli, Stagnitto, Phys. Lett. B. 869 (2025) 139804

a
c® =6V = )°(-102.14-.)
2T

Chetyrkin, Kiinn, Kwiatkowski, Phys. Rept. 277 (1996) 189

N3LO 2-jet rate:

3
F;(/*)—m jets(y cut)

Exclusive n-jet rate @ N3LO: R,ff)(ycm) —

)

y*—hadrons

For back-to-back QCD emissions, we have at least two jets — n > 2

Ya do 2min(E?, E?)
1{(3)(y )F(3) L\ J —dy i+h _ [ ° 1 — 0

PReicut/) ek 23 withh y;; = ( Ccosb);)

% adrons A dng ij Q2 ij
1 1
do do
3 3 Al _
R3( )(y C”t)r}(’*)—>hadrons 'O [ dy23 o A dy 34
y... 4Y23 y,,, &34 m+2
R =
| | - Z n cut
do do n=2
3 3 s
Ri )(ycm)ry(/*Lhadmns - J dy34 = by dy45
Yeut Y34 Yeut Y45
1
R(3)(y z)F(S) s [ ﬁ dy45 Gehrmann-De Ridder, Gehrmann, Glover,

5 oW y*—hadrons s dyys Heinrich, Phys. Rev. Lett. 100 (2008) 172001
Full agreement between direct and | | 21
. | : e R, 1
indirect calculation of R2(3)(ycm) Al R:e:

1.0 S— 3
; : e—— R

£ -=== NILO RS Ry jet
@ 0.5 1
o ] —-—- NNLO
1 06 . 3
g ] R o theory
= N ALEPH data

1.2 7 , Q = 206 GeV
! 15 as(mz) = 0.118 04 | _ .
8 3 Durham [ \“ (XS (MZ) =0.1189
Z N
Z. [ \
_8 0.2 + i p b é\\‘i 1
e Sa y
§ ¥ ; "k
T T 0 "’/. Llf—i T\}~L_¢ 1
I3 1008 108 10° = = % i L
Yt Iog 1 0(ycut)
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eTe” - JJ@N3ILO
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» Differential observable:
> Leading-jet energy £;

> Defined on 2-jet events, bin-integrated
and normalized to exclusive 2-jet XS

> Lower orders vanish faster at high £;

for smaller y,,, due to energetic leadmg
jet recoil against multiple emissions

» Very good convergence for large y_ .

> The dlstrlbutlon can be obtained by

combining eTe”™ — J] @ NNLO and
N3LO inclusive XS

» Future plan:

» Include in public release
» Jet forward-backward asymmetry

»ete™ = J]] @ N3LO

Xuan Chen (SDU)

ratio to NNLO

NNLO =
JET -

Precision frontier of pQCD with NNLOJET

1.5

1.0 -

% | ' , . 1 | '

0.50 051 052 053 054 055 056 0.57 0.58
J,l/\/_

- 1 I 1 | 1 I I I I I 1 T T T T I 1 {1 -
1.0 ! o
0.8 ‘1,0 =4

0.6~ — SRS —

1'T‘birl

jENNN)E | L T R O ) =0 nor ! L
0.50 0.51 0.52 0.53 0.54 0.55

: Durham

108 - 1

5 Yeut = 0.01 -
S 1.5 - i |
% - Tl
8 1.0 - -l'_:_—'—__'_—_g_—- ......................
Al T -~§=u-18
@ 1]

D < '_-_

‘; » 1 l =

0.90. 0.51 052 053 054 055 0.56 057 0.58
J,l/\/_

XC, Jakubcik, Marcoli, Stagnitto,
Phys. Lett. B. 869 (2025) 139804

Full agreement up to NNLO with

Anastasiou, Melnikov, Petriello,
Phys. Rev. Lett. 93 (2004) 032002
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Xuan Chen (SDU)

Application of in e Te ™ Colliders
(Close Relation to Antenna Subtraction)

eTe” — di-jet @ N3LO (Antenna Subtraction) 2505.10618
H decay — di-jet @ N3LO

Precision frontier of pQCD with NNLOJET
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nggs 3 JJ @ N 3 LU Marcoli’s slide @ Loop Summit 2

We consider a Higgs boson at rest (neglect production mode) decaying hadronically.

Yuakawa mode

b
H ______
b
F(O) : mg(:uR)mHNc
H—bb 12

* massless b (apart from
Yuakwa interaction) ***

* analogous contribution
from charm

Xuan Chen (SDU)

Gluonic mode Inclusive decay widths at order k in QCD:

J k
(k) ¥ (0) n (n)
T e (1 T Z as (1r)Cy )
n=1
k
_____ (k) i 5 (0) n n
H B 7 ol (1 - Z ol ([LR)Cég))
n=1

Expansion coefficients know up to k=4

g
Herzog, Ruijl, Ueda, Vermaseren, Vogt JHEP 08 (2017) 113
pO)  _ as(pr)mpy(Ne — 1)
g 576302 *** The interference between the two modes vanishes.
We verified that it is anyway negligible for the observables
« effective vertex: infinite we consider.
top mass limit
« finitet, b and c mass and
EW vertex corrections H----- Lt sl H =0
included by rescaling
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Higgs — JJ @ N3LO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» We compute the decay of a Higgs boson into three jets up to NNLO in QCD
» From this we can extract the 3-jet rate at NNLO and 2-jet rate at N3LO

> Previous calculation in the Yukawa mode. Novel results in the gluonic mode. J E T
Mondini, Williams, JHEP 06 (2019) 120

Mondini, Schiavi, Williams, JHEP 06 (2019) 079

Fox, Gehrmann-De Ridder, Gehrmann, Glover, Marcoli, Preuss
Phys.Rev.Lett. 134 (2025)251905

Physical parameters:  y,(my) = my(my)/vev = 0.011309 y.(my) = m.(my)/vev = 0.0024629
my = 125.09 GeV m, =91.2GeV vev =246.22 GeV a(m,) =0.118 m(my) = 166.48 GeV

nnLojer H— n jets (bb mode) ys=m, nnLojeT H— n jets (gg mode) vs=m, . _NNLOJET H - 2jet at N3LO

A — my
1.0 1.0 }
—_— n=2 — n=4 —_— nN=2 —_— n=4 | — X=gg X=cC
— n=3 — n=5 ’ {—— X=pp —— X=had —
0.8 - —r
3 0.6 -
>
—_ N ]
= i
O s sy
> 2 04
= = .
A — et
o /
= 0.0
46 %ﬁ
S = 1.0
@)
"; 0.5
\_\ — il
0.0 S . e e — o T 0.0 —— — —
0.001 0.01 0.1 1 . . ) 1 o 0.001 0.01 0.1 1
Yecut Yecut Ycut
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Higgs — JJ @ N3LO
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» Thrust distribution from Higgs decay

NNLOJET 7 (Total) at NNLO pr = "3
» Fraction of gg mode enhanced in the high multiplicity 10 —— H b H = 2
hard region e e o il
» Perturbative predictions for the gluonic mode breaks 1071
down earlier than for the Yukawa one in pencil-like regions ’j:g 5 ’Jr‘/
A
» All-order resummation effects are important in the back- ; 4
to-back region (z — 0)
JPi i
P ZZ i £ 1.0
1 =) o S
o < o B - — P
= -=== T=1—T—m1n(1 f— ) & "
4 7 i 0.0 =
10
_§ e -\Mw‘-\_n_l"'\-r"\-rl_
- O.O--J'f' - - -
0.015 0.100 0.200 0.300 0.400
roms, oo T—o0ss. =05 ININLO T
pencil-like spherical
pencil-like spherical JE ' back to back isotropic
back to back Isotropic

Fox, Gehrmann-De Ridder, Gehrmann, Glover, Marcoli, Preuss [2508.14282]
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FUTURE PROSPECTS
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» Precision is not the ultimate goal — identify anomaly then understand

» The most famous failed experiment: Michelson—Morley in 1887, foundation of special relativity. = 1907
Nobel Prize to Albert A. Michelson . (@

> “_.. it seems probable that most of the grand underlying principles have been firmly established and
that further advances are to be sought chiefly in the rigorous application of these principles to all the
phenomena which come under our notice. ... An eminent physicist remarked that the future truths of
physical science are to be looked for in the sixth place of decimals.” Albert A. Michelson, 1894
University of Chicago

» NNLO QCD precision maybe solved, but still not easily accessible. Several ongoing efforts towards
aotumation and generalization. N3LO is very challenging, but first steps have been made in this direction.

>» Generalized antenna functions yield a simpler and more efficient formulation of final-state IR subtraction.

> First application of antenna subtraction to a fully-differential N3LO calculation. Gradual extension to more
complicated processes is desired in the future.
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Xuan Chen (SDU)

BACK UP SLIDES
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STATE-OF-THE-ART PREDICTIONS FOR dons; oo n3y 1

NkLo

Resum

A

B
Xuan Chen (SDU)

NLO

N2LO

N3LO

N4LO

NKLO

|nW(xa, Xp, My, b, H = bO/b) o= I d/z //2(14(as(/z ))Inﬁ_;’/ + B(as(/z )))
Hh
1
In(b>m?) 1
n2@%m?)  In(b*m3) 1

NLL

A2
B1

n3@2md)  In2e*m2)  In@*md) 1

ik =1@2md)  nk2@2md) Ik 302my)

NNLL  N3LL N4LL Nk+HT
A3 A4 AS Ak+2
B2 B3 B4, -
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PREDICTIONS OF COLOURLESS PT AT HADRON COLLIDER
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pr Spectrum = multi-scale problem

»Beyond QCD improved parton model 1.4 {Non-perturbative
»pQCD describes the tail of spectrum

»[arge logarithmic divergence

Pt
In— as

Q

» Various LP resummation schemes
»Multiple solutions 1n transition region

»Non-perturbative effects ~ 1 GeV

(Short distance and long distance eftects)

Xuan Chen (SDU)

pr— 1 GeV

@ 124 Lattice QCD
O

O pr(X, br, 5)
N 10-

>

C

@ 0.84 S.D.andL.D.
et
®) NP models

-
< 0.6 -
~2% (fitting data)

-

Q 0.4 4 > 10% (lattice)
3

O
T 0.2- ?
0.0 A ¢

Resummation Transition
do do
- _|_ -
do dpr res dpr EO.
d
PT |reg _do
dpr truncated
@ N3LL (full) ® D
. MiNNLO
@ N4LL (partial)
Profiling

~ 1% (single) ~ 1% (single)

~3% (multiple)

~3% (multiple)

?

Fixed Order

do
dpy

EO.

@N3LO V

@NNLO V +jet

~1-10%
(Scale Unc.)

LQQ%O
A

A
’Gﬁéﬁﬁéﬁ
1 1

Y

1071
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PERTURBATIVE QFT FOR PRECISION PREDICTIONS
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» State-of-the-art differential N3LO predictions (2 — 1)

» Fully differential N3LO Drell-Yan production (via y*) (XC, T. Gehrmann, N. Glover, A. Huss, T.-Z. Yang, H. X. Zhu 2021)

» Apply qt-slicing at N3LO with and expand to N3LO:
&30 by _,
dQ2d2Grdy | (27)?2 1L Z o1 oHa / —ZLak, (21,07, 1) fioyn, (21/21, 1)

d 7 2
<3 [y (a,8hon) a0 i)+ 0 0)| + 0 ()
j L2 .
» All factorised functions are recently known up to N3LO:

1) 3-100p hard function Hg) (T. Gehrmann, E.W.N. Glover, T. Huber, N. Ikizlerli, C. Studerus 2010)

2) Transverse-momentum-dependent (TMD) soft function S(b, u) at a3 (Y.Li, H.X. Zhu 2016)

3) Matching kernel of TMD beam function /; at a? (M.-X. Luo, T.-Z. Yang, H. X. Zhu, Y. J. Zhu 2019, M. A. Ebert, B.
Mistlberger, G. Vita 2020)

> Apply qt cut to factorise N3LO contribution into two parts:

= * & y*+jet CT 2
do?, = [2"" ® do" Tys10 o + [dofo = do?, L sar, T 00tz Q%)
Ly
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N3 LO NNPDF4.0 NNLO, 13 TeV, pp — Z/v*(— £T¢7) + X
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AN &= _s5. ! " v o = [
" > — 20 —— .! — %" (i
B | { NLO
i ‘z’_lo —30 "With poweni corrections ¢ NNLO-
S % Without power corrections ¢ N3LO
- . | I R B B | l l I T R
s W L 40
:'\ 40 | | | | I | | | | | | | | | | |
§ | — quub.. total —== Inclusive qg Product Cut:;S
§ _20; : Incluswe_total_ - anrlsubi;/qq+jo PDF4LHC15 nnlo 30 — ° o E' ° ° P —— > o o e 0 0 0 0
— _ qr sub. qg + qQ clusive qq + qQ .
E - Inclusive qgG + gQ qr sub. gg MF =g =100 GeV - i —
g f— gr sub. gg - == Inclusive gg 20 i
~25 . : I K : e |
@) 1°° . o 10 + i -
= a7 [GeV] o) ;
.E‘. : ® o © oo ‘
Fixed order Opp—s~* (fb) . 0 —e ° o ° - o0 0o 0 0 00 © |
LO 334G0% =00 N o
+10.84 — _ l
NLO 391.25 "1 ¢ " ; . e — . ,_._.ﬂ
NNLO 390.0913-9¢ oo L : e e 2
N3LO 382.0873505 [14] i ¢ NLO (x1/4)
N°LO only |¢7** = 0.63 GeV | ¢7"* — 0 fit | [14 ‘ |
y |qr QT 14] C. Duhr, E Dulat, B. Mistlberger. 30 FWith power corrections $ NNLO B
g9 —15.32(32) —15.34(54) | —-15.29 PRL. 125, 172001 (2020) Without power corrections ¢ N3LO
qq + qQ +5.06(12) +5.05(12) | +4.97 g0 by | | N R N R S
99 +2.17(6) +2.19(6) | 42.12 10° 10"
qq + qQ +0.09(13) +0.09(17) | 4+0.17 ptt [GeV]
Total —7.98(36) —8.01(58) | —8.03

XC, T. Gehrmann, N. Glover, et. al. PRL 128, 252001 (2022)
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STATE-OF-THE-ART PREDICTIONS: doys3;
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»(qT slicing at N3LO for neutral and charged current production (NNLOJET)

Z doV. = Z d0V+jet/dp | n Z do” SCET 1 dp.. . | NC and CC Validated against inclusive XS within & 5% uncertainty
N3LO E NNLO" ~ 1.V pry>q 4 N3LO LV pryel0.g5] Ao?, =-798+0.36fb vs. —8.03 fb
. 968 £ 0. . :
Pry Prv Duhr, Dulat, Mistlberger Phys.Rev.Lett. 125 (2020)
>k
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cut cut
qgr" [GeV] g7’ [GeV]

XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Rev.Lett. 128 (2022) 5 XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Lett.B 840 (2023)
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STATE-OF-THE-ART PREDICTIONS: doys3;
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> slicing at N3LO for neutral and charged current production (MCEFM)

Vo Vet V SCET NC MCFM: —22.6 pb + 1.4 pb (num.) £ 1 pb (slicing)
Z doys10 = Z 0! AP |y g Z doysio 1Pyl etoam1 NC NNLOJET: —18.7pb £ 1.1 pb (num.) £ 0.9 pb (slicing)

de’V deV CC agree to inclusive XS within = 60% uncertainty of A(ag’)
010 -200 -
| “" corelates g5 T,
2 3 kJ
g' 0.05- == (g coeff, -o- Ol coeff, -e- Ol coeff. o= sum -130 - - 030000
o002 \ o 133057
O 000= rrar ez @ gl e e e TIOYT LL I i E TR |
\, 355130
f 002 S CE SR e mn . py, e A e e =
0 946525
= -0.05-
2.522626
-0.10- o o]
2 3 45 10 20 30
CUt [G eV]
Neumann and Campbell Phys.Rev.D 107 (2023) 1 Neumann and Campbell JHEP 11 (2023) 127
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Precision Predictions at Hadron Collider
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2 — 1 @ N3LO (+ N3LL) QCD

NNPDF3.1 NNLO, 13 TeV, pp — Z/v*(—= £747) + X
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XC, T. Gehrmann, N. Glover, et. al. PRL 128, 252001 (2022)

DYTurbo result with fiducial power correction

Order N3LO
gr subtr. (¢¥" =4GeV) 747.1£0.7pb
recoil qr subtr. 745.7 + 0.7 pb

Xuan Chen (SDU)

S. Camarda, L. Cieri, G. Ferrera Eur.Phys.].C 82 (2022) 6

» Solid horizontal lines: NLO, NNLO at 1 GeV, N3LO at 4 GeV with MC error.
» N3LO shows no plateau in 1905.05171

> Pale dots are values used by DYTurbo in 2103.04974 and 2303.12781 (taken
from 1905.05171).

» Fiducial power corrections are not included.

> Leads to 30% difference of N3LO coefficients at g5 = 4 GeV.

» Solid dots are corrected values with fiducial power correction.

» Central value shifts 2 pb starting from NLO (the dominant error).
cut

» +2.1 pb uncertainty from MC and g;* (estimated from [3,5] GeV region).

» Not consistent with DYTurbo update result of £0.7 pb uncertainty.

DYTurbo result without fiducial power correction cited in ATLAS «, fitting

Order NLO NNLO N3LO
olpp — Z/~v* —1717) [pb] 766.3+1 757.4 £+ 2 746.1 £ 2.5
Order NLL+NLO NNLL+NNLO NSLL+N3LO

olpp = Z/v*—1T17) [pb] T773.7+1 759.8 £+ 2 749.6 +2.5

S. Camarda, L. Cieri, G. Ferrera Phys. Rev. D 104, L111503 (2021)
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W MASS IN CDFIl MEASUREMENT
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>do/dm;’ two templates with Amy, = 100 MeV

Arbitrary number of events

Xuan Chen (SDU)
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= Slide by Chris Hays ICHEP 2022
5 simplified simulation
5_ . 7IO "L 7|5 = 8|O P S L
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:-—- ...... A m‘.‘/. .i. .]:OO .M.e.v ..........................................
z 2%
3 1%
: 0%
—————"  simplified simulation
5 70 75 80 85

M, (GeV)

Amy, = 100 MeV ~ 0.5-2% change in do/dm; — Amy, = 10 MeV ~ 0.1% precision in do/dm;’
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PRECISION PREDICTIONS IN CDF I
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»(CDF II use ResBos to generate theory templates

»NLO+NNLL accuracy for W/Z production

Balazs, Brock, Landry, Nadolsky and Yuan 97 to 03

»(CSS factorisation and resummation of p,in b space:

do

dQ? d?pr dydcosfdo
X CQ® f(z1,1) CQ f(x2, )+ Y (Q, Pr, T1, T2, 4R, UF)

»Use data driven method:

Fix g g2 g3 a,
d?b .. &
— UO/ e PT 0e=5(0) 7 | Global | CDFIl |Globalfit| CDFIl
(27) 9 B, G T 03 fit
. Global fit
\ Z | W
Collins, Soper and Sterman 85 pP7 / pPr 03

»Non-perturbative effects at a (A) and large b:

S(b) = SnpSPert

C§Q2 d—2
SPert (b) S / L

c2/(b*)2 H?

Syp assumes the BLNY functional form

Xuan Chen (SDU)

i

Sne = | —91 — g9 ln( ¢ )—glgg ln(100x1x2) b?
_ 2Q0 _

C3Q*

T

Glol

Collins and Soper 77

) A(f, C1)+B (1, ClaCQ)-

Brock, Landry, Nadolsky and Yuan 02

Precision frontier of pQCD with NNLOJET

bal fit by Brock, Landry, Nadolsky and Yuan 03
mﬁ/ ~ 0.7 MeV, p% ~ 2.3 MeV, p7 ~ 0.9 MeV

CDF supplementary materials 22

»Scale uncertainty of p7; 2/ Pr ¥ by DYQT

Bozzi, Catani, Ferrera, de Florian, Grazzini 09 11

m}v ~ 3.5 MeV, pé ~ 10.1 MeV, p; ~ 3.9 MeV
Not included in final result CDF sm*22




