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Precision Predictions at Hadron Collider

1 1
OAB = zab:/o dfl?a/o dzy foja(Ta) fop(@s) Gap(Ta, 2) (1+O(Aqep/Q))

Xuan Chen (SDU) Precision QCD with NNLOJET event generator 2



Precision Predictions at Hadron Collider

QCD improved parton model /—M
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1 1
OAB = zab:/o dfl?a/o dzy faja(@a) forg(@s) Gap(Ta, 2) (1+O(Aqep/Q))

+ 3-5 % at LHC energy

Xuan Chen (SDU) Precision QCD with NNLOJET event generator 3



Precision Predictions at Hadron Collider
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1 1
OAB = zab:/o dfl?a/o dzy faja(@a) fora(@s) Gap(Ta, 2p) (1+O(Aqep/Q))

+ 3-5 % at LHC energy

+ 1~3 % level!
Xuan Chen (SDU) Precision QCD with NNLOJET event generator 4



Precision Predictions at Hadron Collider

+ 3-5 % at LHC energy

+ 1~3 % level! + A QCD/1/$
Xuan Chen (SDU) Precision QCD with NNLOJET event generator 5



PRECISION PREDICTIONS AT LEPTON COLLIDER

o o o & ab 5] ab ab a
Factorisation at Lepton Collider —_— ( ; > —
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1 1
g Ebj /O A% /O dp fuia(2a) foin (@) Gan(@as @) (1+O(Aqen/Q))

+ 0.1~1 % at O(10%) GeV
+ 5~10 % for jets

+ 0.01~2 % for leptons + A/\/E 5(0 — C@/\/E)
Xuan Chen (SDU) Precision QCD with NNLOJET event generator 6



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)
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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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Perturbative QCD @ N3LO
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NNLOJET: Parton Level Event Generator

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: NNLOJET collaboration meeting 2026 CERN

A. Huss et al. (NNLOJET Collaboration)

NNLOJET: a parton-level event generator for jet cross sections at NNLO QCD accuracy
arXiv:2503.22804 [INSPIRE] » NNLO parton level event generator

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

» Provides infrastructure

» Process management » Parallel computing

License GNU General Public License (GPL) v3.0 (MPI) support

» Phase space, histogram routines

- . » Typical runtimes:
Contact Please send comments, questions and suggestions to nnlojet-support@cern.ch > Validation and testing 60 k ~ 250 k core-hours

Rl

https://nnlojet.hepforge.org/index.html
Xuan Chen (SDU) Precision QCD with NNLOJET event generator 10
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Xuan Chen (SDU)

Application of NNLOJET at the LHC

pp = HH @ N3LO 2601.19990
pp — vy (+jet) @ NN(N)LO  2501.14021

Precision QCD with NNLOJET event generator
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HH Production at N3LO QCD

TOO p I,
» Feynman diagrams in the SM: AN L Vs (TeV) NLO,,(fb) NLO(fb)
18 g 2SN PSRRI
- Earlier Studies: SM LO (1988) = - - - = NLO (2016) = | et - S
Nucl. Phys. B 309 (1988) 282-294 JHEP 10 (2016) 107 27 1262%12%  183.0%16%
PRL 117 (2016) 1, 012001 frmremrmeren s oo
» Heavy Top Limit (HTL): Integrate out top quarks (m, — o) e S el 1%_|

: : 1 h h?
» Effective Lagrangian: Zer="7 (Ch— — Chhﬁ) GoG™ + O (h*,k > 3)
1% V

HTL NLO (1998) = NNLO (2013)

. a, a, e, Flov. D 58 (1008) 11501 Ph¥s-Bev. Lett. 111 (2013) 201801
* Couplings: C,=- E(l +68), GCy=-— 3—ﬂ(1 +0+71) R Nucl, Phys. B 888 (2014) 17-29
NNLO FT:
e . —, NNLOFTa . N3LO (2020)
* Wilson Coefficients: 6= Z <4—S> DAL T Z <4—S> n® (2018) Phys. Lett, B 803 (2020) 135292
i=0 % i=0 & JHEP 05 (2018) 059 JHEP 03 (2020) 072
h
] : vs | 13TV | WUTeV | 27TV | 100 TeV
» Feynman diagrams in the HTL: \ L0 | 13807300 | 17.06%30% | 98227 %% | 901571%
T N0 | 28R | gttt | gggfEh | aragl
* HH production: 2m;, < /3 o NNLO | 30.4173%% F 3755122k 1l 914.9748% | 4gpqt2h
]—) Top-quark mass effects NSLO) | 31 311066% | ag - t085% | g0 91053% | 1gaq+051%
\ - oo o Ologn |9000 gy §| A0 g | 329y gy
HTL Valid condition: 1/§ < 2m, v

Total cross section + my,;, distribution
Xuan Chen (SDU) Precision QCD with NNLOJET event generator 12


https://inspirehep.net/literature/252796
https://inspirehep.net/literature/1450011
https://inspirehep.net/literature/1481820
https://inspirehep.net/literature/1773489
https://inspirehep.net/literature/1754176
https://inspirehep.net/literature/470212
https://inspirehep.net/literature/1255445
https://inspirehep.net/literature/1310409
https://inspirehep.net/literature/1658914

HH Production at N3LO QCD

» According to the number of effective couplings: do,;, = do,, + da,’fh + do,,

g hx, g h .
class-a: [Zzza@) _|_ZZZ§,::' ]

g ho. PR

g h . g h.. :
class-b: [:zzg;---@:" +Z§;ﬂ):jj ]

g B P o) WA

» Scheme of each class (fully differential): XC, YH. Dai, H.T. Li, S.Y. Li, H.S.
LLO NLO | NNLO | N3LO Shao, J. Wang in JHEP 06 (2026)
total | O(a?) | O(a?) | O(a})
class-c “

NNLOJET (derived from single H) at-slicing: do,,, = doy,, + do,,
Xuan Chen (SDU) Precision QCD with NNLOJET event generator 13
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HH Production at N3LO QCD

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

> Apply g;-slicing at N3LO with and expand to N3LO:
dc [ d°b, e—iqr’%z CHH g Z 1@ (20, 62, 1) o (/200 1) dg : HH+jet @ NNLO
1 2
q
X ZJ (200 075 1) fin, (X2/ 20, 1) S(b 1, ) | + @(Q—Z)

» All factorised functions are known @ N3LO:
1) 3-loop hard function Hg):

Batkov, Chetyrkin et. al., Phys.Rev.Lett. 102 (2009) 212002, Gehrmann, Glover et. al., JHEP 06 (2010) 094

2) TMD soft function S(b,, ) at ag’ . Li, Zhu, Phys.Rev.Lett. 118 (2017) 022004 - 5 X p%{H
m . _veto
3) Matching kernel of TMD beam function ka(z, b,,p)at as’ : I/e PT

Luo, Yang, Zhu, Zhu, Phys.Rev.Lett 124 (2020) 092001, Ebert, Mistlberger, Vita, JHEP 09 (2020) 146
Catani, Grazzini, Phys.Rev.Lett. 98 (2007) 222002

> Apply p;" to factorise N3LO contribution into two parts:
Hil.a & HH HH HH+jet HH CT] veto 2
d6N3L0 [% ® do ]N3L0 5(pliH) [dGNNLO 3L0 JIHEE - @((p /Q) )
Competing interests: p,“" as small as possible piCas large as possible
< suppress power corrections < numerical stability & efficiency

Xuan Chen (SDU) Precision QCD with NNLOJET event generator 14
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https://inspirehep.net/literature/1800390
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HH Production at N3LO QCD

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Class-a contribution achieve N3LO accuracy via g;-slicing:

pli<piee

dth — dth ” t
plih>preto

> Large cancellation between above and below p7"’ cut.

> Fit the p;“’” power correction with y? and functional form:

3 veto2 O

Mhph

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

2.0
—— Fit
— 1912.13001
1.8+ 1o Error Band
¢ Data
|—|16_
é PP | I i = %
2 1.4 L T 5 :
Zbg
Tiapiap
class-a Ag/3LO
p)}eto - hh
S b A 1L [ s
= | 1 11* T f I I T T
i |

3 3 8
AO’N LO (p\é'gto) N AO’ON LO | > S 3pT2 a,,,(f’) In™
(2m)* My
10.0%— T e
| = t P >pye
> $ sum
; +*
5.0F
B .
s 2.55 * s ssoes o * * ¢ )4 : : :
g 0.0f 3] + * *
oF class-a Ao, ", s
-2.5} pp = hh+X
| N Vs= 14 TeV
= MR = M = Mpp/2
. + PDF4LHC15 nnlo 30
| * W mh=125 GeV
; - o
e L . —

p_\I/_eto [GEV]

101 | | """1(I)2
p_\,/_eto [GeV]

XC, Y.H. Dai, H.T. Li, S.Y. Li, H.S. Shao, ]. Wang, JHEP 06 (2026)
> p;°° plateau observed < 10 GeV.

» Excellent agreement with inclusive total XS:
N3LO only (p7*"° — 0): 1.513(47) fb

N3LO only reference: 1.4904(1) fb (based on iHixs 2)
E Dulat, A. Lazopolulos, B. Mistlberger, Comput.Phys.Commun 233 (2018)

Xuan Chen (SDU) Precision QCD with NNLOJET event generator 15
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HH Production at N3LO QCD

» Differential XS calculation setup:

* Fiducial cuts:

» Centre of mass energy:

* PDF:  NNPDF40_an3lo_as_01180

« SM Parameters:

v=246.2 GeV m;, =125 GeV m,= 173 GeV
» Central scale: up = pg =my,/2

. Scale variation: #r = k, Mg, Hp = Kk, Hp

Vs = 14 TeV

(k, .k, )€ {(1,1),(1,1/2),(1,2),(1/2,1), (2,1), (1/2,1/2), (2,2)}

XC, Y.H. Dai, H.T. Li, S.Y. Li, H.S. Shao, J. Wang, JHEP 06 (2026)

Xuan Chen (SDU)

Precision QCD with NNLOJET event generator

LO NLO NNLO N°LO
Oy D) Ohy - Lb] Ohy  Iib) Opy [
- +30% +18% +5.2% +1.4%
Sum ..4.85_3(2);) 27.87_%3259 32.74_;%9 34.00(4)_%%0 +0.05%
‘ . 1307 + 187 +0.17 +1.77
| +4270 1297 + 137
Clash | 0 | -0amsB) [ -08864(0)7 i | -L163)" 5 & 1%
' +0070 +417
Class-c C ( 0.003065(3)_34% 0.008865(3)_28%
MadGraph5+NNLOJET pp - hh + X Vs =14 TeV
0.05-3 - i 53,
| dO-/dmhh e
; 0.04 - hﬁl = L bl O
8 J N3LO
S8 .. NNPDF40_an3lo_as_01180
E J - *L =1 _  7-point scale variation
& 0.02 1 S e | LHMES MR = Mpn/2
= ; ) A&E}
S o1 ) —‘—1___%—‘—1_\_
: —— pyeto =4 GeV pyete =5 GeV pyete =6 GeV
S O - — R st
__8 > 1.0 -~
© Z
ad 0.9 g
400 600 mhh [Gz()\()/] 1000 1200
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HH Production at N3LO QCD
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pp = hh + X VS =14 TeV pp—hh + X VS =14TeV
10-1. — ] N,
- H L2 3007 — nNNLO®NLO, 21 H I
1 ! .
= ) dG/de — 5501 — N°LO®NLO, ﬂdﬁ/dl ¢ = ¢ 2 ‘
O 102 - 5 Il—— N3LO
= £200:
— NNPDF40 an3lo_as 01180 - NNPDF40 _an3lo_as 01180
E 10-3 - 7-point scale variation IH 1501 7-point scale variation
. L
% } —— NLOm, MF = Hg = Mhn/2 S 100 UE = Ui = Mpp/2
) | —— NNLO ® NLO, § i
S 1074 —— NLO®NLOp, 5 S0:
] — N°LO T ¥ [l _=F
i > B s e e wi— i E
S . ‘ S |
49 9 1.0 @) 9 1.5 -
o < = Yy N "C_; =
T O T O —
o 7 0.6 = e ——
< 0.4 e e e e e RS
200 400 600 800 1000 0.0 0.2 0.4 0.6 0.8 1.0
PT, hy [GeV] |¢h1 a ¢h2|/ﬂ

» Fully differential predictions from event generators with nontrivial N3LO corrections to the shape of distributions.

» Excellent fixed order convergence with scale uncertainties reduced by more than 60%.

veto __ veto veto

> Reference p;~“= 5 GeV with stable predictions by varying p,~*” at 4 and 6 GeV (negligible p~ dependence)

> Top mass effects at NLO included by reweighting (available from ggxy package) Davies et. al. Comput.Phys.Commun. 320 (2026) 109933

» Included in LHCHWG YR5 report as inclusive and differential benchmarks Ajjath, Alioli et. al. 2609.04868
Xuan Chen (SDU) Precision QCD with NNLOJET event generator 17
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Xuan Chen (SDU)

Application of NNLOJET at the LHC

pp = HH @ N3LO 2601.19990
pp = yy (+ jet) @ NN(N)LO  2501.14021

Precision QCD with NNLOJET event generator
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vy + Recoil Production at NNLO QCD

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

pp — yy + recoll @ NNLO QCD

> Di-photon production at the LHC with p/” > 1 GeV g
» The main SM background of H — yy 2,

» Large pQCD and photon fragmentation corrections g"

> NNLO = 0(a?) terms: 3
» NNLO in gg and gg channels: %
Tree and 1-loop ME: OpenLoops s

Two-loop, five-point full colour contributions
» LO loop-induced process for gg channel

» NNLO™ = NNLO + NLO (loop-induced new result)®
» Comparison with ATLAS 13 TeV data:

> Better agreement but still with systematic deviation

do [ dPacop

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

Ratio to data

» 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)

NNLOJET pp — ¥y + Jet V5 =13TeV
- —— LO —— NLO —— NNLO —— NNLO*
100 - = ‘—.
10! _R{:Eﬁa
B,
do/dp?’
E—1SN
b
AL
1073 4 .113
PDF4LHC21 mc g,
7-point scale variation A
107 HF = KR = ET,'y'y ‘-:%
2.0
1.5
1.0
0.5 1

102 {2

101_

10!

PT vy [GeV]
pp — vy + et

Vs =13TeV

NLO —— NNLO

. -

PDF4LHC21 mc H
7-point scale variation

HF = iR = BTy

- NNLO*

e

¢acop
E Buccioni, XC, W.]. Feng, T. Gehrmann et. al., Phys. Rev. Lett. 134 (2025) 17

Precision QCD with NNLOJET event generator

do/dap [pbGeV ™|

Ratio to data

»  [pb]

do /d¢

Ratio to data

100 4
10-14
1072 3

1073 3

aT
%))

i
o

o
S

102.

101_

100-

10—1.

10—2-

23 i
o ES

NNLOJET

pp — vy + et

V5=

13TeV

L-L-_‘"_

LO

NLO —— NNLO

PDF4LHC21 mc

NNLO*

7-point scale variation 1_‘1:::‘:';"
UF = UR = ET,'y'y "'1_‘_‘:2(;
s
o | TT oL 4 11
. — W—f—j -' B
161 162
ar [GeV]
NNLOJET pp — vy +jet Vs = 13TeV
‘3“7-:—\1&%::5! Lo NLO —— NNLO NNLO*
ey e

PDF4LHC21 mc

7-point scale variation
pr = pR = Erqy
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vy Production up to N3LO QCD
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pp — vy @ NNLO QCD (O(SZ)

» Achieved by multiple groups with slicing and local subtraction
» 1st calculation in 2011 by 2yNNLO (erratum in 2016):
s =14 TeV, MSTW2008 PDF with match fixed order.
» Smooth y isolation: EiTSO = p;/Z, AR<04, n=1
> M, € [20,250] GeV, |y"| € [0,2.5], a = 1/137
> p%l > 40 GeV, p%z > 25 GeV, q%m >4 % 107° GeV
» 2nd calculation in 2016 by MCEM:
» Find disagreement with 2yNNLO — erratum
> iUt > 1 x 1072 or 7Yt > 4 x 107 GeV extrapolated to 0
» 3rd calculation in 2017 by MATRIX:
> rU > 5% 107 (XU = ¢SUY/M, ) and extrapolation
» 4th calculation in 2020 by NNLOJET:

» First local subtraction implementation (no slicing

dependence of r°Ut, gSut, Cuh)

» Including 2-loop colour singlet and gluon induced
contribution

>

Xuan Chen (SDU)

Ratio to

> Moo (fb)

Antenna

14400

14200 A

14000 A

13600 -
1 —— NNLOJET gT slicing

T
o
=

.
o
N

o,
o
o

NNLOJET pp -GG VS =14 TeV
-
[} I T
i
g
=
- -
MSTW2008nnlo68cl  Mr = Hr = Myy

NNLOJET antenna

MATRIX R€Ut =104

MATRIX Rt - 0

~}-
-

13400- _I_ MATRIX R4t =10-°>~10"% I

2yNNLO 1110.2375 q&“t=0.04 GeV

MCFM 1603.02663 1¢t~0.002 GeV
MCFM 10.3 T =10"* GeV
MCFM 10.3 19> 0 GeV

gt (GeV)

Translate all slicing parameters to g$%t, all published

Newer version of public tools can make correct predictions

results are questionable!

Precision QCD with NNLOJET event generator
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vy Production up to N3LO QCD

pp — vy @ NNLO QCD (0{ ) ~
» Achieved by multiple groups with slicing and local subtraction
» |st calculation in 2011 by 2yNNLO (erratum in 2016):
»1/s =14 TeV, MSTW2008 PDF with match fixed order.
» Smooth y isolation: EiTSO = p%/Z, AR<LO04, n=1
> M, € [20,250] GeV, |y”| € [0,2.5], a = 1/137
> p! z 40 GeV, pI» > 25 GeV, ¢§' > 4 x 107* GeV
» 2nd calculation in 2016 by MCFM:
» Find disagreement with 2yNNLO — erratum

; 3 . . 154 === NLO Stripper —— NLO
> q]qu > 1x107%or 7Y > 4 x 107" GeV extrapolated to O ——=- NNLO Stripper —}— NNLO
3P Cal culabien 10 200 D AR i A o e e SR e -—=- ATLAS 2021 —— N3LO
M. Wiesemann, EPJC. 78 (2018) 537 10
e RG] OF s — qTUt/M ) and extrapolation | '1'6'_3 T 10_2 | S '1'6_1

3
— vy @ N3LO QCD (o Feut
p p }/7/ Q ( S ) M. Czakon, E Eschment, T. Generet, R. Poncelet, 2604.12613
» The first di-photon production with N3LO QCD correction do” = [27 @ do"]ysy + [dorrier — derr CT]
3 7}’>p¥et0

N3LO ‘ 5(pi) NNLO N3LO 1P

+0((py1 DY) + O((py'° 0)*)

Smooth isolation g factorisation

Xuan Chen (SDU) Precision QCD with NNLOJET event generator BRI e R Hower correction 21

» Also with smooth y isolation and g;-slicing at A = 9 e g

» Excellent numerical stability control with 10M CPU hours


https://inspirehep.net/literature/1636973
https://inspirehep.net/literature/3144736

vy Production up to N3LO QCD
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pp — vy @ NNLO QCD (O{SZ)

NLO_only: tot NNLO only: tot
7750 - T3 56001 — reference X,
iii;ggfiiifiii ¢ vanilla !I I!
] 5 3 $ ; 5400 $ 3
7500 ¢ g 3 ; ¢ new ¥
g ¢ 3
3 3 5200 -
7250 - B
¢ 3
$ 5000 -
¢
7000 -
5 <
¢ |
g ua $ 4800
$ 3
e 4600 -
—— reference e
62504 ¢ vanilla : 4400 ~
$ old
$ new ¢ 1
6000-"" v 5,0 A - & TR ) Ju . ) o |
ii=> Tros (0] % 1072 10°1 1053 10~4 103 102 1071
lcut Feut
Vanilla: Apply simple recoil prescription 1507.06937 2203.01565 Y — [PV vy yr+jet _ J~rr CT
pPply Simp p p daN3L o = AT ® do" w30 s + [daNNLO daN3L 0] Pl preio
o R . T
Old: Address single quark emission 2408.05265

New: Address all linear power correction

Xuan Chen (SDU)

Precision QCD with NNLOJET event generator

+0((py1O)") + O((py™°1 0)*)

Smooth isolation g, factorisation
power correction power correction

)


https://arxiv.org/abs/2203.01565
https://arxiv.org/abs/1507.06937
https://inspirehep.net/literature/2817229
https://arxiv.org/abs/2408.05265

Xuan Chen (SDU)

Application of NNLOJET in e "¢~ Colliders

ete” = 4 jets @ NNLO 2602.18185

Precision QCD with NNLOJET event generator

23


https://inspirehep.net/literature/3122111

eTe” — JJJ) @NNLO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Es]

OpenLoops2:

R QO O

FEN,

> Massless quark with n, = 5 flavour scheme

» Tree and one-loop matrix elements are obtained from
Buccioni, Lang, Lindert, Maierhoefer et. al., EPJC. 79 (2019) 10, 866

» Efficient and stable numerical evaluations in IR regions
» Axial-vector coupling of the Z to closed quark loops ignored

> Two-loop matrix elements finite remainders obtained from
PentagonFunctions+ + and FivePointAmplitudes+ +:

De Laurentis, Ita, Page, Sotnikov, JHEP. 06 (2025) 093 Abreu, et. al., Phys. Rev. Lett. 132 (2024) 141601

» Solve the canonical differential equations with one-mass
pentagon functions and cross kinematics to decay channel

» Use leading colour approximation in each partonic channel
> Vector coupling with singlet contribution (d ;) ignored

» Finite remainders defined in Catani’s scheme
»e¢te™ = 5Jets @ NLO validation with SHERPA:

ycut

NNLOJET

Sherpa

Deviation

1.419(3) - 10*(VI)
8.32(7) - 103

—2.60(1) - 10*(VI)
8.35(9) - 103

10—2° —1.13(2) -102(RS) | 1.843(8) - 103(RS) | 0.11c
6.96(1) - 102(VI) | —1.262(3)-10%(VI)
5.84(2) - 102 5.84(4) - 102

3 —5.87(6) - 103(RS) | 3.42(3) - 10*(RS) | 0.260

Xuan Chen (SDU) Precision QCD with NNLOJET event generator



https://gitlab.com/pentagon-functions/PentagonFunctions-cpp
https://gitlab.com/five-point-amplitudes/FivePointAmplitudes-cpp
https://inspirehep.net/literature/1747023
https://inspirehep.net/literature/2899891
https://inspirehep.net/literature/2672322

+ I xx._
+D30FF(a, i, j)*B3g0Z([a,i], [i,j],k,1,b,1,2)%JET45([a,i], [1i,]j],k,,b)*al
+F30FF(1i,j,k)*B3g0Z(a, [i,j],[j,k],,b,1,2)%JET45(a, [1,]], [j,k],,b)*a2
+F30FF(j, k, 1)*B3g0Z(a, i, [j, k], [k,1],b,1,2)%JET45(a, 1, [j,k], [k, 1],b)*a3
+D30FF(b, 1, k)*B3g0Z(a,1i,j, [k,1], [1,b],1,2)%JET45(a,1,j, [k, 1], [1,b])*ad

® &6 0 0 0 o o ® &6 6 0 0 0 o o ® © 6 06 06 06 0 06 0 & 0 0 0 0 06 0 0 0 O O 0 O 0 0 O 0 O O 0 0 0 0 o

+D40FF(a, i,j,k)*B2g0Z([a,i,j], [i,j,k],1,b,1,2)*IET44([a,i,j], [1,],k],1,b)*a5
-D30FF(

Generalized antenna subtraction to handle IR di\/ergences o1 HONFE a1, 5,51,K0502002( 13,1, 4,311, T1,51,K1, b, 1, 21088 [, 11, 1,311, (14,3141, L lsas

a,li,jl, [j,k])=B2g0Z([a,[i,j]1,(([41,j],(j,k]],,b,1,2)*]ET44([a, [1i,j1],([1i,7],[j,k]l],1,b)*a7
+F40FF(1i,j,k, 1)*B2g0Z(a, [i,j,k], [j,k,11,b,1,2)*JET44(a, [i,]j,k], [j,k, 1],b)*a8
~F30FF(i,j,k)*F30FF([i,j], [j, k], )*B2g0Z(a, [[i,j1,[j,kI1, [[j,k]1,1],b,1,2)*]ET44(
a,[[i,71,[7,k11,([[j,k],1],b)*a9

7 -F30FF(1,k,j)*F30FF([1,k], [k,j],1i)*B2g0Z(a, (i, [j, k1], [[j, k], [k,1]1],b,1,2)*]ET44(
Colour Almost Single R L L
+D40FF (b, 1,k, j)*B2g0Z(a, i, [j,k, 11, [k,1,b]l,1,2)*JET44(a, i, [j,k, 1], [k, 1,b])*all

-D30FF(b, 1, k)*D30FF( [b, 1], [1,k], j)*B2g0Z(a,1i, [j, [k, 111, [[k,1],[1,b]],1,2)*JET44(
a,i, [j, [k, 1], [[k,1],[1,b]])*al2
-F30FF(j, k, L)*D30FF(b, [1,k], [k,j])*B2g0Z(a,i, [[j, k], [k,11], [[k,1],b],1,2)*]ET44(
a,i, [[j,k],[k,11],[[k,1],b])*al3

-D30FF(a, i, j)*F30FF([4i,j],k,)*B290Z([a,i], [[i,j],k], [k,1],b,1,2)*JET44(([a,i], [[4,]],k], [k,1],b)*dip(1)*al4
-F30FF(1,k, j)*D30FF(a, i, [j, k] )*B2g0Z((a,il, [i, [j,kI], [k,1],b,1,2)*JET44([a,i], [i, [j, k1], [k, 1],b)*dip(-1)*al5

-D30FF(b, 1, k)*F30FF([1,k],]j,i)*B2g0Z(a, [i,j], [j, [k,1]],[1,b],1,2)*])ET44(a, [i,j], [], [k, 1], [1,b])*dip(1)*al6
-F30FF(1i,j,k)*D30FF(b, 1, [j,k])*B2g0Z(a, [i,j], [1, [j,k]], [1,b],1,2)*]ET44(a, [i,]], [1, [j,k]], [1,b])*dip(-1)*al7

+D30FF(a, i, j)*D30FF(b, 1, k)*B2g0Z( [a,i], [i,j], [k, 1], [1,b],1,2)%JET44([a,i], [i,j], [k, 1], [1,b])*al8
-D30FF(a, i, j)*D30FF(b, 1, k)*B2g0Z( [a,i], [i,j], [k,1],[1,b],1,2)%]JET44([a,i], [i,]j], [k, 1], [1,b])*al9
-D30FF(b, 1, k)*D30FF(a, i, j)*B2g0z([a,i], [i,]j], [k,1],[1,b],1,2)%JET44([a,i], [i,j], [k, 1], [1,b])*a20

+D530FF(a, i,j,k, 1)*B2g0Z([a,1i,j], [a,1,i,k,1],[j,k,1],b,1,2)%]ET44([a,i,]],[a,1,]i,k, 1], [],k,1],b)*a21
+D530FF(b, 1,k,j,i)*B2g0Z(a, [k,j,il,[i,j,k,1,bl, [b,1,k],1,2)%JET44(a, [k,j,il, [i,j,k,1,b]l, [b,1,k])*a22

RV

22 subtraction terms for leading colour /%%R(CI, 2,8.8.89)

XX:=
-(+J21QGFF(3, 1) +J21GGFF(1i,j)+J21GGFF(j,k)+J21QGFF(k,4))*B3g0Z(3,1i,j,k,4,1,2)*JET45(3,1,j,k,4)*al

1
__‘SZTEZVQQZ]Q :ila;}){§304%213

-

+J21QGFF (3, 1) *D30FF(3, i, j)*B290z([3, 1], [1i,]
+J21GGFF (i, j)*D30FF(3,1i,j)*B29g0z([3,1], [i,]
+J21GGFF (j,Kk)*D30FF(3, i,j)*B290z([3,1i], [i,]
+J21QGFF (k,4)*D30FF(3, i, j)*B290z([3, 1], [1,]

,2)%JET44([3,1],([1,7],k,4)*a2
,2)*JET44([3,i], [1,j],k,4)*a3
,2)*JET44([3,1],[1,j],k,4)*dip(-1)*ad
,2)*JET44(([3,1],[1,j],k,4)*a5

]lk' 01
]Ikl 01
]lkl 01
]'kl 01
+J21QGFF(3,1i)*F30FF(1i,j,k)*B2g0z(3, [i,7]1,[j,k],4,1,2)*JET44(3,[1,j],[]j,k],4)*dip(1)*a6
+J21GGFF(i,j)*F30FF(i,j,k)*B2g0z(3, [i,j], [j,k],4,1,2)*JET44(3, [i,]], [],k],4)*a7

+J21GGFF(j, k)*F30FF(1i,j,k)*B29g0z(3, [i,j],[j,k],4,1,2)*xJET44(3,[i,j],[]j,k],4)*a8

+J21QGFF(k,4)*F30FF(1i,j,k)*B2g0z(3, [i,j]1, [j,k]l,4,1,2)*JET44(3, [i,]], [j,k],4)*dip(-1)*a9

+]21QGFF(3,1)*D30FF (4, k, j)*B290Z(3,1, [j, k], [k,4],1,2)*JET44(3,1, [j,k], [k,4])*al0
+J21GGFF(1i,j)*D30FF(4,k,j)*B290z(3,1, [j,k], [k,4],1,2)*JET44(3,1, [, k], [k,4] )*dip(-1)*all
+]21GGFF (3, k) *D30FF (4, k,j)*B290Z(3,1, [j,k], [k,4],1,2)*IET44(3,1, [, k], [k,4])*al12
+J21QGFF (k,4)*D30FF (4,k, j)*B2g0Z(3,1, [j, k], [k,4],1,2)%JET44(3, 1, [,k], [k,4] ) *al3

VV +D30FF(3,1,j)*B2912([3,1i],[i,j],k,4,1,2)*JET44([3,1],[i,j],k,4)*al4
+F30FF(1i,j,k)*B2912(3, [1,j], [j,k],4,1,2)%JET44(3,[1,]], [j,k],4)*al5
+D30FF(4,k, j)*B291Z(3,1, [j,k], [k,4],1,2)*JET44(3,1, [j,k], [k,4])*al6

+D31FF(3,1,j)*B2g0z((3,i],[1,j],k,4,1,2)*JET44((3,1i],[1,j],k,4)*al7
+F31FF(1i,j, k)*B2g0z(3, [i,j],[j,k],4,1,2)*JET44(3,[1,j], [j,k],4)*al8

C;zylc;zyle/ézf +D31FF(4,k,j)*B290Z(3, 1, [j,k], [k,4],1,2)*JET44(3,1, [j,k], [k,4])*a19
257 »

+D431_gFF(3,1,j,k)*B2g0z([3,1],[1,j]1,k,4,1,2)%JET44([3,1],[1,j],k,4)*a20
+F431_qFF(k,j,i,3)*B2g0z(3,[i,j],[j,k],4,1,2)%JET44(3,[1,j],[j,k],4)*a21
+F431_qFF(i,j,k,4)*B2g0z(3,[i,j]1,[j,k],4,1,2)%JET44(3,[4i,j],[]j,k],4)*a22
+D431 gFF(4,k,j,1i)*B2g0Z(3,1i, [k,jl, [k,4],1,2)%JET44(3,1, [k,jl, [k,4] )*a23

~ 20| |- X3y
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. . . 4 Table 4.2: Wish-list for calculations of missing higher-order perturbative QCD &'(¢t; ) and/or
> Apphcatlon to Jet rates @ ag : EW €(a") to match the expected experimental uncertainty at future e e and e p colliders.
4 Observable Missing higher-order & power-suppressed corrections
4) (Z/})/*—Wl jetS(bett) Hadronic Z width ﬁ(aé_) ﬁ(ag), ﬁ(az), Oola,a’), 0o o)
. Hadronic W width oa;), O(a), O(a;a)
Rn (ycut) =l F(4) Hadronic 7 width ﬁ(af)
” Hadronic event shapes (Z, W, H decays) N’LO differential, N 34LL res i er corrections
Z/]/ —hadrons Inclusive jet rates 3-jet cross-sections at N3LQ, 4-jets at NZLO,bS-jew at NLO
1 1 Lattice QCD results 74 (af) B-function; & (ocs5 ) heavy quark decoupling; & (a:' ) static potential
4 4 d 0} d O (o extr.; quark masses m,.,m;,) o (as3) lattice perturbation theory matching (lattice coupling to aéw 3 etc.)
R( )(y t)F( ) — ——dy;, — ——dy,s clete” > WW7)vs. /s EW N°LO: 6(a”), Mixed EW-QCD: &(a,”), 6(a. )
4 cu Z/ 14 *—hadrons d d G(eTe” —tf) vs. y/s NRQCD: & (0555 ), Non-resonant: 6’(0655 ), O (af ) differential; QED: & (Oz3) at NNLL
Jy., V34 Iy A4S = b5 NEEO Gy 2 O) RO il 0)
H— gg width NZI;O (heavy-top 11m12t)3 N*LO (m, # 0); N*LO differential, N°LO differential (m, # 0)
MC simulations fore e — X processes N“"LO matched to N““LL PS. Permille control of non-pQCD effects (hadronization, CR, ...)
R (as) a O a 1 a 2 a 3 a 4 ep — hadrons (PDF and ¢, determ.) Nz’4LO evolution equations and inclusive cross-sections
n S S S S S ep — jets (o determ.) N-LO cross-sections
=2 p— 2004, 2004, FO Physics Briefing Book: Input for the 2026 update
n= SRASS 2006 of the European Strategy for Particle Physics
1980, 1981,/2008, 2008, 1 1 1 1
n=3 1076 N4LO > J]JJ@NNLO is also genuine NNLO contribution
— 1981, 1982 2014, 2025 to event Shapes:
1996,1997, 2026 pipi
= 1979,19
h=4 1780157598, 1999 | This work D e
1989, 1989 D = 2124,43, C=344p43, from ©Y = Y 15l
n=5 77 5010,2011| NNLO , k 1Pk
@ ML 1 . 9) 9)
—S = ?mm ( Z pk) . ( Z pk)
n=6 1999 NLO k. €H, k. €H,
>
5 R Wz
LO A==1, from ®=—""X —
- z k | Pk |
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» Application to 4 jet rate up to NNLO: | 0. NNLOJET VS =91.2 GeV
» Computational setup: T

»m, =91.2 GeV, agim,) = 0.118

> ug =/ with up € [\/5/2,2¢/5] S W

a, . :
> FZ/;/*—> .o with matching a; order.

> Perturbative region 107> < y.,¢ < 107! for \/E = Mmy:
» Remarkable convergence with NLO.
» Excellent agreement with ALEPH data.

» Scale uncertainty reduced to =(3% — 5%) smaller
than LEP systematic errors.

» Symmetrization of scale uncertainty.

» Two-loop finite reminder has size above -2% ~ -5%

> LCA 1S eXpeCted to have - 05% mOdlﬁcathn EI | NLO NNLO | NNLO without th) loop finite remainder
. : . 8
» Resummation and none-perturbative region: i
3
> NNLO peak moves to larger y. ;¢ value than NLO B e
q 103 iy - Lo 1071
> Jet rate turns negative around Y.t = 107 Yeut

XC, Chicherin, Fox, Glover, Marcoli, Sotnikov, Sun,
Xuan Chen (SDU) Precision QCD with NNLOJET event generator Zhang, Zoia, Phys.Rev.Lett. 136 (2026) 25 o7
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» Application to 4 jet rate up to NNLO:

NNLO!ET s PO =——aNNEG® § ALEPH Data

» Computational setup:
O_
»m, =91.2 GeV, agim,) = 0.118 2
> Uy = \/E with yp € [\/5/2,2\/5] 0
. . 2
>0 . . with matching a; order. ; ERLEImIND SR b Tk
y—hadrons Qo e " ©
» Perturbative region: =
. . . o Vs =172GeV l }
» Ry(Ycyt) dependence of \/E is only via running of o (up).2 g TR 1 o8
» FO prediction extends to smaller y-;¢ as \/E Increase. o 2 V5 =183Gev Rl 1
. ; = 4!__!__=1—=—L—P [} . ——
> Excellent agreement with ALEPH data for y., ~ 107 e | LM i
2

Vs =189GeV

» Two-loop finite remainder is largely insensitive to \/E .

L 3 e
2 |
» Further validation with data: 0 -
. RS 2 Vs =200GeV 1’
» Reanalyzing existing measurements — T
» Future electron-position colliders . =
. A . Vs =206GeV s 3 L L T
» Resummation and none-perturbative region: e —
102 107}

» NLO and NNLO results deviate for y. ¢ < 1073
Ycut
» Need resummation to reduce dominant scale uncertainty XC. Chicherin. Fox. Glover. Marcoli. Sotnikov. Sun.
Xuan Chen (SDU) Precision QCD with NNLOJET event generator Lo R i 3602026)25 ., o9
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CONCLUSIONS AND FUTURE PROSPECTS

» Precision phenomenology
requires improvements in | i o o R

multiple frontier (PDFs, a,,
quark mass etc.)

>» Event generators serve as
Swiss knives to push the
prediction power to new level of
accuracy.

» First few applications of fully-
differential N3LO QCD
calculation are available with
nontrivial corrections.

» NNLO QCD predictions maybe
solved, but still not easily
accessible. The public release
of NNLOJET aims to improve
the accessibility.

Xuan Chen (SDU) Precision QCD with NNLOJET event generator 29
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CONCLUSIONS AND FUTURE PROSPECTS

» Precision phenomenology

requires improvements in | | % |
multiple frontier (PDFs, a,, | '
quark mass etc.) N

> Event generators serve as - \
Swiss knives to push the B
prediction power to new levelof |
accuracy. | 53

» First few applications of fully-
differential N3LO QCD
calculation are available with
nontrivial corrections.

» NNLO QCD predictions maybe
solved, but still not easily
accessible. The public release

of NNLOJET aims to improve / ‘ :
the accessibility Thank You for Your Attention
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Generalized Antenna @ NNLO

m Colour Connected Almost Connected Single lterated
0 0 0v0 0 0v0 0v0

1
0,

Fox, Glover, Marcoli, JHEP 12 (2024) 225
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ANTENNA SUBTRACTION @ NNLO
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Feature

Reference

Traditional

e Built from scattering matrix element (di-pole)
types available: LHC, LEP, DIS etc.
e Most 2 to 2 scattering and crossing available

 Branch to Trunk and Trunk to Branch algorithms

Original:
hep-ph/0505111 hep-ph/0612257
0/10.0346 0212.0374 1006.1849
1112.3613 1211.2710 1301.4693

Massive:

(NNLOJETv.1.0)  |* Partially i b eREET 0904.3297 1102.2443 1105.0530
* (Massive/heavy quark) 1112.4736 1207.6546 1309.6887 1409.3124
* (Identified hadron, photon) e |dentified:
X9, j, X0, .k I X, .k 2201.06982 2208.02650 2406.09925
B AutemEiBn: A205 8130 SN GOSN /S 7
e Built from IR limits

|dealised

e Based on two hard partons (di-pole)

e Currently only fina

state partons for NNLO

2302.12787 2307.14999 2308.10829

Generalised

Xuan Chen (SDU)

e Built from

R

limits

e Based on three hard partons (tri-pole)

e Currently only final state partons for NNLO

e Possible extension to N3LO with sector mapping

e Efficiency boost at x5 ~ x10

X2 (0, j. k, 1, m) X, 50, . k, 1)
Precision QCD with NNLOJET event generator

2410.12904 2507.12537
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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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