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Precision (Rate)

Xuan Chen (SDU)

Standard Model Production Cross Section Measurements

Status: June 2024
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Perturbative QFT for Precision Predictions
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Standard Model Production Cross Section Measurements Status: February 2022
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Perturbative QFT for Precision Predictions
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Legs

Generalised polylogarithms
Riemann zeta values

Elliptic functions

Unitarity
Generalised Unitarity
Recursion
Twistors
Differential equations
Integrand/Integral
Sector decomposition
Numerical unitarity
Finite field
Auxiliary mass flow

Neural network amplitude

Jet Production at N3LO from eTe™ Colliders



Perturbative QCD @ NNLO
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State-of-the-Art QCD Calculations @ NNLO
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»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 ok —— -

» 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) Jet Production at N3LO from eTe™ Colliders L


https://inspirehep.net/literature/2064884

Perturbative QCD @ N3LO
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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
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NNLOJET: Parton Level Event Generator
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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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» 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
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NNLOJET: Parton Level Event Generator

» Processes implemented:
» Open-source code release: NNLOJET v1.0.2
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A pipeline for automating the NNLOJET workflow
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< » Cluster workflow management: Dokan , D D D g N TV :
RESIE G producton » Automated resource allocation ; | PR o) o : 0(01 | wRm A1) 0 ;
4 D D D D D
- - (vZ) + Ojet . 5 D D D D D
LS » Works with slurm and htcondor (Ixplus) | s D : : : :
*pp— (vYZ) + ljet 7 D D D
+ : . 5 : 8 PRD D D D
* pp —> W* + Ojet » Combination of results, quality control | of6] | PRD AL D :
e pp > W* + ljet & j j : 2D : :
12 D
Photon (+ jet) production 13 D D D
14 D
*pp—o>v+X 12 L : i PRD g m g B
*pp — Y + 1jet 1; : : : s 3 WRM D D
SNPDiYY o ] ] j X
Higgs (+ jet) production > ) i ] . ; .
23 - - - PRD D D
* pp > H+X £ i i i o AT D
°* pp > H + ljet 26 - - 3 PRD D
' 27 D
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Antenna Subtraction @ NNLO
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VvV U, ag U, a 2(U, b) =4 —(U, b) X9Xx3

XC, Gehrmann, Glover, Huss, Marcoli JHEP 10 (2022) 099
Xuan Chen (SDU) Jet Production at N3LO from eTe™ Colliders 12


https://arxiv.org/pdf/2203.13531

Generalized Antenna @ NNLO

Fox, Glover, Marcoli JHEP 12 (2024) 225
Xuan Chen (SDU) Jet Production at N3LO from eTe™ Colliders 13


https://arxiv.org/pdf/2410.12904

Generalized Antenna @ NNL

-

ete” = 3jets @ NNLO
MC efficiency boosted by

Fox, Glover, Marcoli JHEP 12 (2024) 225 a factor of 10
Xuan Chen (SDU) Jet Production at N3LO from eTe™ Colliders 14



https://arxiv.org/pdf/2410.12904

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) £ . s @ N ’ . .
XC, Jakubcik, Marcoli, Stagnitto

A JHEP 12 (2023) 198

Xuan Chen (SDU) Jet Production at N3LO from eTe™ Colliders 15


https://arxiv.org/abs/2310.13062
https://arxiv.org/abs/2306.10170
https://arxiv.org/abs/2211.08446

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, 2510.11665
ete” - ZH @ NNLO (Generalized Antenna) 2510.20485

Jet Production at N3LO from eTe™ Colliders
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https://arxiv.org/abs/2505.10618
https://arxiv.org/abs/2502.17333
https://arxiv.org/abs/2508.14282
https://arxiv.org/abs/2510.11665
https://inspirehep.net/literature/3072591

eTe” - JJ@N3ILO

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» 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
Xuan Chen (SDU) Jet Production at N3LO from eTe™ Colliders 17


https://arxiv.org/abs/2505.10618
https://arxiv.org/abs/2507.12537
https://arxiv.org/abs/2505.10618

eTe” - JJ@N3ILO

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

» 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

Xuan Chen (SDU)
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tRRR
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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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https://arxiv.org/abs/hep-ph/9503396
https://arxiv.org/abs/0802.0813

eTe” - JJ@N3ILO

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» 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 -

Jet Production at N3LO from eTe™ Colliders

1.5

1.0 -

% | ' , . 1 | ' ,

050 051 052 053 054 055 056 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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https://arxiv.org/abs/2505.10618
https://arxiv.org/abs/hep-ph/0402280

Xuan Chen (SDU)

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

ete” — di-jet @ N3LO (Antenna Subtraction) 2505.10618

ete” - ZH @ NNLO (Generalized Antenna) 2510.20485

Jet Production at N3LO from eTe™ Colliders
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https://arxiv.org/abs/2505.10618
https://arxiv.org/abs/2502.17333
https://arxiv.org/abs/2508.14282
https://arxiv.org/abs/2510.11665
https://inspirehep.net/literature/3072591

Higgs — JJ @ N3LO

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

g
H _____
g
@ o (pr)mi (NS — 1)
e 5767312

 effective vertex: infinite
top mass limit

 finitet, b and ¢ mass and
EW vertex corrections
included by rescaling

Marcoli’s slide @ Loop Summit 2

Inclusive decay widths at order k in QCD:

k
k 0 n n
F(H)—mz} ™ F(H)—ﬂ)l_) (1 & Z s (/LR)CIEb))

o |

k
(k) (0) n n
B e (1 + ) o] (;LR)ng>)

n=1
Expansion coefficients know up to k=4

Herzog, Ruijl, Ueda, Vermaseren, Vogt JHEP 08 (2017) 113

***% The interference between the two modes vanishes.
We verified that it is anyway negligible for the observables
we consider.

Jet Production at N3LO from eTe™ Colliders )


https://inspirehep.net/literature/1608630
https://indico.desy.de/event/44685/contributions/185299/attachments/98420/135808/Marcoli.pdf

Higgs — JJ @ N3LO
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» 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

. _NNLOJET H - n jets (bb mode) VS =my .. _NNLOJET H- njets (gg mode) vs=m, . _NNLOJET H - 2jet at N3LO VS =my
| —_— N=2 —_— N=4 ' — =2 — n=4 | ]|=— X=gg X=cC
— nN=3 — =5 ’

1 —— X=b5 T X=had

e S
o oo

o
B
e TR N

RE(2,Ycut)

(3)
Rps (N, Ycut)
o
N

|

|

TN

0.0 =

0.001 0.01 0.1 1

Ratio to Total
© © B o
()]

0.01 0.1 1

Yecut | | Yecut | Yecut
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https://inspirehep.net/literature/1730418
https://inspirehep.net/literature/1730411
https://inspirehep.net/literature/2893858

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]

Xuan Chen (SDU) Jet Production at N3LO from eTe™ Colliders
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https://inspirehep.net/literature/2962491

Higgs — JJ @ N3LO
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» Thrust distribution from Higgs decay

» Fraction of gg mode enhanced in the high multiplicity
hard region

> Perturbative predictions for the gluonic mode breaks
down earlier than for the Yukawa one in pencil-like regions

» All-order resummation effects are important in the back-
to-back region (z — 0)

an <
=
—?é ==

i

Wl

3 NNLOJET Tt (Total) at NNLO+NNLL

HMr = M4y

—— H-bb
e = g0

H-cC
— total

©

© 1.0
e | TUDT—WM—
: 9 0.5 R

r—oos, r—oor  7-065, =05 ININLO £ N
< g g=— - -

L . 0.02 0.1 0.2 0.3 0.4
pencil-like spherical JET 2
back to back Isotropic

Fox, Gehrmann-De Ridder, Gehrmann, Glover, Marcoli, Preuss [2510.11665]
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https://inspirehep.net/literature/3068454

Xuan Chen (SDU)

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

e"e” — di-jet @ N3LO (Antenna Subtraction) 2505.10618
H decay — di-jet @ N3LO (Generalized Antenna) 2502.17333, 2508.14282, 2510.11665

Jet Production at N3LO from eTe™ Colliders
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eTe” — IH @NNLO
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»ete™ - ZH — [T]™+ Jets
» The main Higgs production channel

» Consider production@LO + decay@NNLO
» Boosted decay frame leads to rich phenomenology

JET

» Comparison between Yukawa and gluonic mode

Leading Order Kinematics

Elab. 1 =282 + 62c0s20
=2 < yi\/yz—l‘ws@‘ cost, ; = — P+ [reos
my 2 e 1 — f%cos?6
s + mz — m2 1
with  y = ! ﬁ=\/1——2
Y

2mH\/§ |

NNLO .

o2 £ = ZH(e e bh) NNLOJET 102 €"€” > ZH(e*e gg) NNLOJET
IO —— NLO —— NNLO V5 = 240 GeV ] — L0 —— NLO —— NNLO /5 = 240 GeV
LR = MH ] LR = MK
01 Yeut = 0.03 101 | Yeut = 0.03
] —5%1_
F 10° - = 100
] <}
”lgb 1071 4 “E 10! 4
10_2': ,_r’) 10_2'5
1073 - . - . , . 1073 . [ ;
g 1.5 L‘\LL_ | ; 1.5 “‘"L
o i (o] .
2051 r——_’cﬁ"hl-‘ 205, F:qui_r'/‘\“lj
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1.0
Ejl/mH Ejl /mH
g2 &7¢ = ZHONNLO NNLOJET g2 €€ = ZHONNLO NNLOJET
H — bb H — gg \/g = 240 GeV Yeur = 0.03 Yeur = 0.01 Yeur = 0.1
H — cc Total UR = My
10! ; Yeur = 0.03 101 - V3 = 240 GeV]
] 3 LR = MH

T e

! .

0.2 0.3 04 059 06
Ejl /mH

~ 0.54
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0.7 ng 09 1.0 02 03 04 05 06 07 08 09 10
E; /my
~0.75 E'“>- distributions

Caletti, Gehrmann-De Ridder, Marcoli [2510.20485]
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eTe” — IH @NNLO
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— o 102 — ZH(e*e™bb) NNLOJET
>€+€ —> ZH —> l+l + JetS NﬁLO — L0 —— NLO —— NNLO V5 = 240 GeV
» The main Higgs production channel JET - eq
» Consider production@LO + decay @NNLO
» Boosted decay frame leads to rich phenomenology .
» Comparison between Yukawa and gluonic mode
Leading Order Kinematics P
e ete” - ZHANNLO e NNLOJET
e 10%; .
EIRE ol XK i
ﬁé 10"
(Z_F 10_1;
o 1 — 2p% + p*cos*0 17?1
= (£ \[r—1|cos|)  costy, = 2L T +
(T e 1 — f?cos?6 : r
, s + mi — m2 1 Vi
with Yy = . IBZ 1——2 ~ — 0.71
:277ZE{NV/G; 4

Xuan Chen (SDU)

Ratio to

10! 4

10° ;

i

p—
=
R
1 A

Ratio to NLO

102 5

101 -

IO"I;

=0.03

Yeut

s ZH(e*e-g9) NNLOJET
— 1O NLO —— NNLO /5 = 240 GeV
LR = My
Yeur = 0.03
~1.0 —08 —0.6 ¥4 —0.2 0.0
coSs Bj,jz
ete- — ZHAQNNLO NNLOJET
| — Yt =003 —— yeu=0.01 Yeur = 0.1
/5 = 240 GeV
KR = My
_ﬁﬁk
—:
—
~1.0 0.8 —0.6 —04 —02 0.0
COS 9j1j2

casé’j1 =S distributions

Caletti, Gehrmann-De Ridder, Marcoli [2510.20485]
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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.

Xuan Chen (SDU) Jet Production at N3LO from eTe™ Colliders 29
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BACK UP SLIDES

Jet Production at N3LO from eTe™ Colliders

31



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

7
doNLO
dqr

dé "NNLo

AV
dé ON3LO

dqr

AV
dé ON4Lo

dqr

NkLo
dqr

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
l
In(b>m?) 1
n262m2)  In(b2m2) 1

NLL

A2
B1

Jet Production at N3LO from eTe™

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
»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 ettects)

Xuan Chen (SDU)

pr— 1 GeV

1 4 {Non-perturbative

1.2 4 Lattice QCD
NP (% b7, €)

0.8 D . B 3D
NP models

~2% (fitting data)
0.4 4 > 10% (lattice)

1P

do/dpt Arbitrary Scale

Resummation Transition
do do
) _|_ o1
do i res dpr EO.
d
PT |reg _do
“i truncated
@ N3LL (full) ® D
‘ MiNNLO
@ N4LL (partial)
Profiling

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

~3% (multiple) ~3% (multiple)
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0.
".‘9‘ H
D
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Fixed Order
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@N3LO V

@NNLO V +jet
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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:

d’o dsz _
dQ2d2grdy :/( o blZULO 99 / W=k z1,bT, )fk/hl(wl/zlaﬂ')

d E 1 2
<3 [ty () fmalaaf ) i+ 00 9] +0 ()
j 9 -
» 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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§ | —— gy sub. total ——- Inclusive qg
= 1 === Inclusive total qr sub. gg + qQ PDF4LHC15 nnlo 30
,E %1 —— grsub. gg+q0 ——=- Inclusive gq +qQ
e {|=== Inclusive qg+gQ —  drsub.gg MF =g =100 GeV
S | — g7 sub. qg ~ == Inclusive gg 20
—-25 - i — —
- 100 10! 102
10
§<) [Chen, Gehrmann, Gﬂbfv%l;, [seNahg zhu '21] T
Q,
Fixed order T s S : 0
LO 339.62752-0% N
NLO 391.257 1005 —10
NNLO 390.0913-29
' —20
N3LO 382.0873 05 [14]
N°LO only |¢7"" = 0.63 GeV | g7 — 0 fit | [14] C. Duhr, E Dulat, B. Mistlberger. o
ag | -—15.32(32) |-15.34(54) |-1529  PRL. 125, 172001 (2020)
qq + q@Q +5.06(12) +5.05(12) | +4.97 %0
99 +2.17(6) +2.19(6) | +2.12
qq + qQ +0.09(13) +0.09(17) | +0.17
Total —7.98(36) —8.01(58) | —8.03
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NNPDF4.0 NNLO, 13 TeV, pp — Z/~*(—= £747) + X

I
Symmetric cuts
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a - g 3
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Without power corrections ¢ N3LO
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; o 000
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“With power corrections ¢ NNLO —
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XC, T. Gehrmann, N. Glover, et. al. PRL 128, 252001 (2022)
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https://doi.org/10.1103/PhysRevLett.128.052001
https://doi.org/10.1103/PhysRevLett.128.252001
https://doi.org/10.1007/JHEP12(2022)066

STATE-OF-THE-ART PREDICTIONS: doys3;

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

»(qT slicing at N3LO for neutral and charged current production (NNLOJET)

doV = deVe /1d dsV SCET /4 NC and CC Validated against inclusive XS within = 5% uncertainty
ON3LO = g PTV| cur T O3 PTV| cut ’
1 NNLO™ " 5-V pry>4f 4 WEILD 7 prvel0ar] Ac”.  =—-798+0.36fb vs. —8.03 fb
e 98 = 0. : :
Pry Pry Duhr, Dulat, Mistlberger Phys.Rev.Lett. 125 (2020)
* E
SCET+NNLOJET pp oy Vs =13 TeV SCET+NNLOJET pp to W Vs =13 TeV
0.1- s
G— = |
a — 0.0 T s — ===
> Bl SCET+NNLOJET total —— SCET+NNLOJET qq T
S S — SCET+NNLOJET qgb  —— SCET+NNLOJET gbgb -
Q O ,1] — SCET+NNLOJET qg —— SCET+NNLOJET gg j_—IZI:
éz” _: = _ SCET+NNLOJET gbg s
© gr sub. total - == Inclusive qg ‘cb; : B _i_
I/\l —207 ===~ |nclusive total g7 sub. gg + qQ |/\| 0
_ S & : PDF4LHC15 nnlo —
s 19 subSqg+ qO S ST SR NCLENS aaS G i NNPDF31 nnlo
=251 ==~ Inclusive qg+q@ ~—  drsub.gg HF = Hr = 100 GeV ' '
| e e - == Inclusive gg =031 UF = g = My
G - e (— | . = '
B 2__I_,_I_.—:|:——:|:—'—I—+'+ i 2
o
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gt [GeV] gsut [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 > Solid horizontal lines: NLO, NNLO at 1 GeV, N3LO at 4 GeV with MC error.
N NNPDF3.1 NNLO, 13 TeV, pp = Z/y"(— £7£7) + X » N3LO shows no plateau in 1905.05171
S;rm]m:et;ii: P | o > Pale dots are values used by DYTurbo in 2103.04974 and 2303.12781 (taken
0F ' et e e e 2SR from 1905.05171).
_ 20 —> g =4GeV ] > Fiducial power corrections are not included.
:: O F : ; : ’ : — ""jmf > Leads to 30% difference of N3LO coefficients at g5 = 4 GeV.
—20 | — | » Solid dots are corrected values with fiducial power correction.
=AU With powes corrections | E gi%)— » Central value shifts 2 pb starting from NLO (the dominant error).
B ¥ il .lill(f;: N e o= e > +2.1 pb uncertainty from MC and g5 (estimated from [3,5] GeV region).
XC. T. Gehrmann, N. Gl va}it‘[ji \;]RL 128, 252001 (2022) » Not consistent with DYTurbo update result of £0.7 pb uncertainty.
DYTurbo result with fiducial power correction DYTurbo result without fiducial power correction cited in ATLAS «, fitting
Order N°LO Order NLO NNLO N3LO
2 subtr, (& — 4GeV) 7471+ 0.7pb olpp — Z/v* = 1T17) [pb] 766.3+1 757.4 + 2 746.1 £ 2.5
R, subir 745.7 + 0.7 pb Order NLL+NLO NNLL+NNLO N°’LL4+NS3LO
olpp = Z/v*—1T17) [pb] T773.7+1 759.8 £+ 2 749.6 +2.5
S. Camarda, L. Cieri, G. Ferrera Eur.Phys.].C 82 (2022) 6 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
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—————"  simplified simulation
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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
Jet Production at N3LO from eTe™ Colliders

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




