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Standard Model Higgs Boson
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➤SM Higgs properties 
➤  A fundamental scalar boson with spin zero, CP even, giving mass to SM massive particles (SSB) 

➤   GeV leads metastable EW vacuum but all current data compatible with SM predictions 
➤  Higgs production 

channels at the LHC: 
(by cross sections) 

➤Higgs production 
channels at  colliders: 
(by cross sections) 

➤Higgs decay  
channels:

mH ∼ 125

e+e−



Collider Event in Theorist’s Eye

MPIMPI

d�̂0

·
·

·
·

··

Meson

Baryon

Antibaryon

· Heavy Flavour

Ti
m

e 
or

de
ri

ng

PYTHIA 8.3

➤For a scale of 100 GeV, the idea of factorisation in 
Quantum Field Theory plays important role to help 
understanding complex high energy processes:
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https://arxiv.org/abs/2203.11601
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➤For a scale of 100 GeV, the idea of factorisation in 
Quantum Field Theory plays important role to help 
understanding complex high energy processes:

https://arxiv.org/abs/2203.11601


The Bucket Effect in Precision Predictions
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Which is the 
shortest panel? 



The Bucket Effect in pp → H + X
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Slide based on M. Grazzini’s talk @ Higgs10
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https://indico.cern.ch/event/1135177/contributions/4788684/attachments/2474237/4246146/Grazzini_Higgs10.pdf


F. Dulat, A. Lazopoulos, B. Mistlberger 2018

Hadronisation 

Parton Shower

Hard Scattering

Proton      Parton

Xuan Chen                                                                            Precision SM Higgs Predictions and Future Prospects                   11
Slide based on M. Grazzini’s talk @ Higgs10

Georgi, Glashow, 
Machacek Nanopoulos 

1978

Djouadi, Graudenz, Spira, 
Zerwas, Dawson 

1991~1995

Harlander, Kilgore, 
Anastasiou, Melnikov, 

Ravindra, Catani, 
deFlorian, Nason, Grazzini, 

Passarino, Czakon, 
Klappert, Niggetiedt, Re, 

Rottoli, Torrielli  et al  

2002~2021

Anastasiou,  Duhr, Dulat, 
Furian, Gehrmann, Herzog, 

Lazopoulos, Mistlberger, 
Cieri, XC, Glover, Huss, 
Pelloni, Billis, Dehnadi, 

Ebert, Michel, Tackmann, 
Baglio, Szafron et al  

2016~2022

Which is the 
shortest panel? 

The Bucket Effect in pp → H + X
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Scales



Frontier: loops + legs + scale = 7~8

Lo
op

s
 Perturbative QFT for Precision Predictions

Diagrams: FeynGame 
Comput.Phys.Commun. 

256 (2020) 107465
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Scales

https://web.physik.rwth-aachen.de/user/harlander/software/feyngame/


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
…

Frontier: loops + legs + scale = 7~8

Lo
op

s
 Perturbative QFT for Precision Predictions
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Scales
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loops + legs + scale = 7

Legs

State-of-the-art Parton Distribution Functions
➤ Experiment input 

➤ All past and current measurements of DIS, DY, jets etc. 
provide fitting targets of  

➤ Differential and total cross sections provide sensitivity 
in different regions of  

➤ Various technology for fitting: functional form, neural 
network, fast evaluation grids etc.

fa(x, Q)

x ∈ [0,1]

N
N

PD
F4

.0
 C

ov
er

ag
e

Parton Distributions @ approximated N3LO

➤ Theory input 

➤ Option A: solve proton wave function with Lattice 
QCD  

➤ Option B: collinear factorisation  
with p-QCD evolution of factorisation scale

fa → fa(x, μ)

d
dlnμ2 (

fq
fg) = (

Pq←q Pq←g

Pg←q Pg←g) ⊗ (
fq
fg)

DGLAP evolution with

G. Falcioni, F. Herzog et. al. Phys.Lett.B 842 (2023)γ(3)
q←q(N) = − ∫

1

0
dxxN−1P(3)

q←q(x)

pa←b =
αs

π
P(0)

a←b +
α2

s

π2
P(1)

a←b +
α3

s

π3
P(2)

a←b + ⋯
1970’s 1980 2004

γ(3)
q←g(N) = − ∫

1

0
dxxN−1P(3)

q←g(x) G. Falcioni, F. Herzog, S. Moch, A. Vogt 2307.04158

For N = 2,4,⋯20 x

Q2

Recent progress in D. Chakrabarti, P. Choudhary et. al. 2304.09908
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https://doi.org/10.1140/epjc/s10052-022-10328-7
https://doi.org/10.1016/j.physletb.2023.137944
https://inspirehep.net/literature/2675638
https://inspirehep.net/literature/2652890


State-of-the-art Parton Distribution Functions

G
. M

agni @
 Les H

ouches 23

➤ Approximated N3LO PDF available: 
 

MSHT20aN3LO 

 

NNPDFaN3LO  

➤ More precise 4-loop splitting 
functions affect small x region. 

➤ Large correction at aN3LO at small 
x region outside 68% c.l. region. 

➤ Missing Higher Order Uncertainty 
(MHOU) not included in standard 
NNLO PDF. 

➤ Crucial to consider MHOU and 
IHOU to understand consistency 
between NNLO and N3LO PDF.

NNPDF preliminary

Eur.Phys.J.C 83 (2023) 4

x Pqq(x) x Pqg(x)

x fg(x) x fg(x)
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Parton Distributions @ approximated N3LO

By the first 10 Melin moments}
By the first 4 Melin moments}

https://phystev.cnrs.fr/wiki/_media/2023:lh2023_16_06_23.pdf
https://phystev.cnrs.fr/wiki/_media/2023:lh2023_16_06_23.pdf
https://doi.org/10.1140/epjc/s10052-023-11451-9
https://indico.cern.ch/event/1276727/contributions/5629118/attachments/2750942/4788316/WG1PDF_ubiali.pdf
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Parton Distributions @ approximated N3LO

M. Ubiali @ HWG 23
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loops + legs + scale = 8~9

Legs

➤ (Scale) : 4-loop QCD form factors 

von Manteuffel, Schabinger(2019), Das, Moch, 
Vogt (2020), Lee, von Manteuffel, Schabinger et 
al (2022) 

➤ (Scale) : Diff. N3LO(+N3LL) QCD 

Cieri, XC et al (2018), XC, Gehrmann et al 
(2021), Billis, Dehnadi et al (2021),  

δ

δ
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Gluon Fusion Channel Uncertainties

➤  :  NLO mixed QCD-EW ~ 0.5% 

Bonetti, Panzer et al (2020), Becchetti, Bonciani 
et al (2020), Becchetti, Moriello, Schweitzer 
(2021), Bonetti, Panzer, Tancredi (2022) 

δ(EW)

➤ (t,b,c) : NLO+NNLL QCD 

Caola, Lindert, Melnikov et al 
(2018), Anastasiou, Penin (2020),  

➤ (t,b,c) : 3-loop form factor 

Harlander, Prausa Usovitsch (2019)

δ

δ

➤  : 3 and 4-loop QCD form factors 

Davies, Gröber et al (2019), Davies, Herren, Steinhauser (2019) 

➤  : H@NNLO QCD ~ 0.3% 

Czakon, Niggetiedt (2020), Czakon, Harlander et al (2021) 

➤  : H+J(J)@NLO QCD 

XC, Huss, Jones et al (2020), Bonciani, Del Duca, Frellesvig et al (2022) 

δ(1/mt)

δ(1/mt)

δ(1/mt)

Dulat, Lazopoulas, Mistlberger (2018)

https://arxiv.org/pdf/1903.06171.pdf
https://arxiv.org/pdf/2004.00563.pdf
https://arxiv.org/pdf/2004.00563.pdf
https://arxiv.org/pdf/2202.04660.pdf
https://arxiv.org/pdf/2202.04660.pdf
https://arxiv.org/pdf/1807.11501.pdf
https://arxiv.org/pdf/2102.07607.pdf
https://arxiv.org/pdf/2102.07607.pdf
https://arxiv.org/pdf/2102.08039.pdf
https://arxiv.org/pdf/2007.09813.pdf
https://arxiv.org/pdf/2010.09451.pdf
https://arxiv.org/pdf/2010.09451.pdf
https://arxiv.org/pdf/2112.07578.pdf
https://arxiv.org/pdf/2112.07578.pdf
https://arxiv.org/pdf/2203.17202.pdf
https://arxiv.org/pdf/1804.07632.pdf
https://arxiv.org/pdf/1804.07632.pdf
https://arxiv.org/pdf/2004.03602.pdf
https://arxiv.org/pdf/1907.06957.pdf
https://arxiv.org/pdf/1906.00982.pdf
https://arxiv.org/pdf/1911.10214.pdf
https://arxiv.org/pdf/2001.03008.pdf
https://arxiv.org/pdf/2105.04436.pdf
https://arxiv.org/pdf/2110.06953.pdf
https://arxiv.org/pdf/2206.10490.pdf
https://www.sciencedirect.com/science/article/pii/S0010465518302479?via=ihub
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Vector Boson Fusion to Higgs
➤ Double DIS approx. @ inclusive N3LO with ~  0.2% scale uncertainty Dreyer, Karlberg (2016) 

➤ Fully differential predictions @ NNLO (DDIS approx.) with ~  1% scale uncertainty: 
Cacciari, Dreyer, Salam, Zanderighi (2015), Cruz-Martinez, Gehrmann et al (2018), Asteriadis, Caola et al (2021) 

➤ Non-factorizable corrections @ NNLO (eikonal approx.) ~0.4%: 
Liu, Melnikov, Penin (2019), Dreyer, Karlberg, Tancredi (2020), Long, Melnikov, Quarroz (2023) 
Partial N3LO ( ) corrections ~ 0.2% : Brønnum-Hansen, Long, Melnikov (2023) 

➤ EW and QCD showers @ NLOPS (Powheg): Jäger, Scheller (2022)

±

±

β0α3
s

More details in M.M. Long’s talk

https://arxiv.org/pdf/1606.00840.pdf
https://arxiv.org/pdf/1506.02660.pdf
https://arxiv.org/pdf/1802.02445.pdf
https://arxiv.org/pdf/2110.02818.pdf
https://arxiv.org/pdf/1906.10899.pdf
https://arxiv.org/pdf/2005.11334.pdf
https://arxiv.org/pdf/2305.12937.pdf
https://arxiv.org/pdf/2309.06292.pdf
https://arxiv.org/pdf/2208.00013.pdf
https://indico.ihep.ac.cn/event/18025/contributions/142733/


CMS 2308.01253
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Vector Boson Fusion to Higgs
➤ Double DIS approx. @ inclusive N3LO with ~  0.2% scale uncertainty Dreyer, Karlberg (2016) 

➤ Fully differential predictions @ NNLO (DDIS approx.) with ~  1% scale uncertainty: 
Cacciari, Dreyer, Salam, Zanderighi (2015), Cruz-Martinez, Gehrmann et al (2018), Asteriadis, Caola et al (2021) 

➤ Non-factorizable corrections @ NNLO (eikonal approx.) ~0.4%: 
Liu, Melnikov, Penin (2019), Dreyer, Karlberg, Tancredi (2020), Long, Melnikov, Quarroz (2023) 
Partial N3LO ( ) corrections ~ 0.2% : Brønnum-Hansen, Long, Melnikov (2023) 

➤ EW and QCD showers @ NLOPS (Powheg): Jäger, Scheller (2022)

±

±

β0α3
s

➤ What is the shortest panel of the bucket? 
➤ CMS and ATLAS measurement in 2023 

indicates parton shower uncertainties.

More details in M.M. Long’s talk

https://arxiv.org/pdf/1606.00840.pdf
https://arxiv.org/pdf/1506.02660.pdf
https://arxiv.org/pdf/1802.02445.pdf
https://arxiv.org/pdf/2110.02818.pdf
https://arxiv.org/pdf/1906.10899.pdf
https://arxiv.org/pdf/2005.11334.pdf
https://arxiv.org/pdf/2305.12937.pdf
https://arxiv.org/pdf/2309.06292.pdf
https://arxiv.org/pdf/2208.00013.pdf
https://arxiv.org/pdf/2308.01253.pdf
https://link.springer.com/article/10.1007/JHEP07(2023)088
https://indico.ihep.ac.cn/event/18025/contributions/142733/
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Vector Boson Fusion to Higgs
➤ Double DIS approx. @ inclusive N3LO with ~  0.2% scale uncertainty Dreyer, Karlberg (2016) 

➤ Fully differential predictions @ NNLO (DDIS approx.) with ~  1% scale uncertainty: 
Cacciari, Dreyer, Salam, Zanderighi (2015), Cruz-Martinez, Gehrmann et al (2018), Asteriadis, Caola et al (2021) 

➤ Non-factorizable corrections @ NNLO (eikonal approx.) ~0.4%: 
Liu, Melnikov, Penin (2019), Dreyer, Karlberg, Tancredi (2020), Long, Melnikov, Quarroz (2023) 
Partial N3LO ( ) corrections ~ 0.2% : Brønnum-Hansen, Long, Melnikov (2023) 

±

±

β0α3
s

➤ What is the shortest panel of the bucket? 
➤ CMS and ATLAS measurement in 2023 

indicates parton shower uncertainties. 

➤ Comparative study of VBF with different 
parton showers (NLO+LL accuracy): 
Jäger, Karlberg, Plätzer, Scheller, Zaro (2022) 
Buckley, XC, Cruz-Martinez et al (2021) 

➤ Can we Improve the PS accuracy? 

~10%

More details in Simone Alioli’s talk

More details in M.M. Long’s talk

https://arxiv.org/pdf/1606.00840.pdf
https://arxiv.org/pdf/1506.02660.pdf
https://arxiv.org/pdf/1802.02445.pdf
https://arxiv.org/pdf/2110.02818.pdf
https://arxiv.org/pdf/1906.10899.pdf
https://arxiv.org/pdf/2005.11334.pdf
https://arxiv.org/pdf/2305.12937.pdf
https://arxiv.org/pdf/2309.06292.pdf
https://arxiv.org/pdf/2308.01253.pdf
https://link.springer.com/article/10.1007/JHEP07(2023)088
https://arxiv.org/pdf/2003.12435.pdf
https://arxiv.org/pdf/2105.11399.pdf
https://indico.ihep.ac.cn/event/18025/contributions/133681/
https://indico.ihep.ac.cn/event/18025/contributions/142733/


State-of-the-art Parton Shower accuracy
➤ Standard parton showers are Leading Logarithmic (LL) accurate. 

(SHERPA, PYTHIA, DIRE, GENEVA, HERWIG, VINCIA etc.) 
➤ NNLO + LL PS established for  colour singlet and . 

➤  + [QCD, QED] shower 

➤ Several groups working on new PS framework aiming for NLL: 
➤ CVOLVER: Forshaw, Holguin, Plätzer DEDUCTOR: Nagy, Soper 

ALARIC: Assi, Herren, Höche, Krauss, Reichelt, Schönherr 
PANSCALES: van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto-
Ontoso, Soyez, Verheyen, Halliwell, Medves, Dreyer, Scyboz, Karlberg, 
Monni, El-Menoufi 

➤ Test of shower accuracy (PANSCALES): 
 
 

➤ PANSCALES: VBFH (initial and final NLL shower) 
➤ First NLL shower uncertainty estimation at ~10% 

➤ ALARIC: massive shower (final NLL shower)

2 → 2 tt̄
pp → W±Z → l+l−l′￼±ν′￼

l

pp → H (VBF) + PS

dσ/dΔηj1j2/σLO

~5%

Beekveld, Ferrario Ravasio (2023) 

3 NLL shower models
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Vector Boson Fusion to Higgs

J. M. Lindert, D. Lombardi, M. Wiesemann et al (2022) 

B. Assi, S. Höche (2023) Alaric Collaboration (2022), 

More details in Simone Alioli’s talk

https://inspirehep.net/literature/2659790
https://doi.org/10.1007/JHEP11(2022)036
https://inspirehep.net/literature/2673959
https://inspirehep.net/literature/2135530
https://indico.ihep.ac.cn/event/18025/contributions/133681/
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loops + legs + scale = 8
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VH Production
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➤  @ NNLO contribute ~ 4% to Higgs XS with  5% error 

➤  @ NLO contribute ~ 0.5% to Higgs XS:  
Wang, Xu et al (2021), Chen, Davies et al (2022), Degrassi, Gröber, et al (2022) 

qq̄ → VH ±

gg → VH

https://arxiv.org/pdf/2107.08206.pdf
https://arxiv.org/pdf/2204.05225.pdf
https://arxiv.org/pdf/2205.02769.pdf
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op
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loops + legs + scale = 8

Legs

VH Production
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➤  @ NNLO contribute ~ 4% to Higgs XS with  5% error 

➤  @ NLO contribute ~ 0.5% to Higgs XS:  
Wang, Xu et al (2021), Chen, Davies et al (2022), Degrassi, Gröber, et al (2022) 

➤ VH + jet @ NNLO  5% scale error: Gauld, Gehrmann-De Ridder et al (2021)

qq̄ → VH ±

gg → VH

±

https://arxiv.org/pdf/2107.08206.pdf
https://arxiv.org/pdf/2204.05225.pdf
https://arxiv.org/pdf/2205.02769.pdf
https://arxiv.org/pdf/2110.12992.pdf


qq̄ → ZH

σ/
σ N

3 L
O qq̄ → W−H

qq̄ → W+H

Baglio, Duhr, Mistlberger, 
Szafron (2022)

VH Production

Xuan Chen                                                                            Precision SM Higgs Predictions and Future Prospects                   29

➤ VH @ N3LO (DY type contribution)  0.5% error 
➤ ME from  @ NNLO + ME @ 3-loop. 
➤ Use reverse unitarity for IR pole cancellation. 
➤ Different perturbative-series convergent behaviour

±
2 → 3

➤  @ NNLO contribute ~ 4% to Higgs XS with  5% error 

➤  @ NLO contribute ~ 0.5% to Higgs XS:  
Wang, Xu et al (2021), Chen, Davies et al (2022), Degrassi, Gröber, et al (2022) 

➤ VH + jet @ NNLO  5% scale error: Gauld, Gehrmann-De Ridder et al (2021)

qq̄ → VH ±

gg → VH

±

https://doi.org/10.1007/JHEP12(2022)066
https://arxiv.org/pdf/2107.08206.pdf
https://arxiv.org/pdf/2204.05225.pdf
https://arxiv.org/pdf/2205.02769.pdf
https://arxiv.org/pdf/2110.12992.pdf
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Szafron (2022)

VH Production

➤ VH @ N3LO (DY type contribution)  0.5% error 
➤ ME from  @ NNLO + ME @ 3-loop. 
➤ Use reverse unitarity for IR pole cancellation. 
➤ Different perturbative-series convergent behaviour

±
2 → 3
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➤  @ NNLO contribute ~ 4% to Higgs XS with  5% error 

➤  @ NLO contribute ~ 0.5% to Higgs XS:  
Wang, Xu et al (2021), Chen, Davies et al (2022), Degrassi, Gröber, et al (2022) 

➤ VH + jet @ NNLO  5% scale error: Gauld, Gehrmann-De Ridder et al (2021)

qq̄ → VH ±

gg → VH

±

https://doi.org/10.1007/JHEP12(2022)066
https://arxiv.org/pdf/2107.08206.pdf
https://arxiv.org/pdf/2204.05225.pdf
https://arxiv.org/pdf/2205.02769.pdf
https://arxiv.org/pdf/2110.12992.pdf


 @NNLO + NNLL QCD + NLO EWpp → tt̄H

3%±

σtt̄H

ttH Production
➤ Rapid progress of NNLO QCD corrections to  scattering at the LHC 

➤ Automation of tree and 1-loop scattering ME with OpenLoops. 
➤ IR pole structure at 2-loop: Chen, Ma, Wang, Yang, Ye (2022) 
➤ Processes dependent approximation for 2-loop-5-leg ME with 1 mass scale: 

➤ Soft approximation to estimate  @ 2-loop 
➤ Mature machinery of NNLO qT-slicing in MATRIX Catani, Devoto et al (2023)  

2 → 3

Htt̄gg, Htt̄qq̄

Catani, Devoto et al (2023) 
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More details in Simone Devoto’s talk

Lo
op

s

loops + legs + scale = 8

Leg

https://doi.org/10.1140/epjc/s10052-019-7306-2
https://arxiv.org/pdf/2202.02913.pdf
https://doi.org/10.1103/PhysRevLett.130.111902
https://doi.org/10.1103/PhysRevLett.130.111902
https://indico.ihep.ac.cn/event/18025/contributions/133680/


Preliminary

Preliminary

 @NNLO + NNLL QCD + NLO EWpp → tt̄H

3%±

σtt̄H

ttH Production

Lo
op

s

loops + legs + scale = 8

Leg

Catani, Devoto et al (2023) 
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More details in Simone Devoto’s talk

➤ Combined with NNLL QCD + NLO EW: 
Broggio, Ferroglia et al (2019) ,  
 

Kulesza, Motyka et al (2020)  
➤ see also high energy EW correction in   

Pagani et al (2023)  
➤ Combined effort at 13.6 TeV in HWG: 

➤ Two resummation collaborations 
➤ Three different central scales 
➤ Contribute 0.58 pb ~ 1% to Higgs XS

S. Sánchez Cruz @ HWG 23

➤ Rapid progress of NNLO QCD corrections to  scattering at the LHC 
➤ Automation of tree and 1-loop scattering ME with OpenLoops. 
➤ IR pole structure at 2-loop: Chen, Ma, Wang, Yang, Ye (2022) 
➤ Processes dependent approximation for 2-loop-5-leg ME with 1 mass scale: 

➤ Soft approximation to estimate  @ 2-loop 
➤ Mature machinery of NNLO qT-slicing in MATRIX Catani, Devoto et al (2023)  

2 → 3

Htt̄gg, Htt̄qq̄

https://doi.org/10.1103/PhysRevLett.130.111902
https://indico.ihep.ac.cn/event/18025/contributions/133680/
https://arxiv.org/pdf/1907.04343.pdf
https://arxiv.org/pdf/2001.03031.pdf
https://arxiv.org/pdf/2309.00452.pdf
https://indico.cern.ch/event/1276727/contributions/5643347/attachments/2751943/4790489/ttH_tH_LHC_Higgs_WG_SanchezCruz.pdf
https://doi.org/10.1140/epjc/s10052-019-7306-2
https://arxiv.org/pdf/2202.02913.pdf
https://doi.org/10.1103/PhysRevLett.130.111902


Slide by S. Jones

Lo
op

s

loops + legs + scale = 8-9

Legs
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HH Production
➤  theory history in 35 years 

➤ LLS complexity from 6 to 9 
➤ State-of-the-art accuracy at 13 TeV: 

➤ NNLO QCD FT  fiducial ~ 5% 
➤ N3LO QCD HTL total ~ 3% 
➤ Large NLO  scheme dependence  
➤ Partial NNLO QCD ME know: 

Davies, Schönwald, Steinhauser (2023) 
➤ NLO EW corrections: 

Davies, Schönwald, Steinhauser, Zhang (2023) 

pp → HH

approx.

mT

More details in H.T. Zhang’s talk

https://arxiv.org/pdf/1803.02463.pdf
https://arxiv.org/pdf/1912.13001.pdf
https://arxiv.org/pdf/2008.11626.pdf
https://arxiv.org/pdf/2307.04796.pdf
https://arxiv.org/pdf/2308.01355.pdf
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Higgs Boson Decay
➤Higgs decay branch ratio (YR4): 

➤ ~ 4 MeV for all Higgs FactoriesΓtot
H

➤ Dominant   
➤ Inclusive BR known at N4LO: Baikov, Chetykin, Kuhn (2005), Herzog et al (2017), 

Davies et al (2017) 
~ 0.15% scale error for   

➤ Differential BR known at N3LO ~ 0.7%: Mondini, Schiavi, Williams (2019) 
➤ Additional 1% (15%) contribution for top induced  ( ) decay at N3LO:  

Mondini, Schubert, Williams (2020) 
➤ Need IR safe flavour tagging (anti-kT is NOT) 

➤  BR known at N4LO ~  3%: Davies et al (2017), Herzog et al (2017) 

➤  
➤ Mixed QCD-EW at 2-loop contribute 0.2~1% depending on EW schemes: 

Ma, Wang, Xu, Yang, Zhou (2021) 
➤  

➤ Mixed QCD-EW correction (2-loop triangle) Wang, Xu, Yang (2019) 
➤  interference at NNLO  

➤  background 
➤ -2% destructive contribution to  

H → bb̄

± μ ∈ [0.1,10] × mH

±

bb̄ cc̄

H → gg ±

H → W+W−

H → Zγ, ZZ

H → γγ SV

gg → H → γγ × gg → γγ
σH→γγ

More details in L. Chen’s talk

Bargiela, Buccioni et al  (2022)

https://arxiv.org/pdf/hep-ph/0511063.pdf
https://arxiv.org/pdf/1707.01044.pdf
https://arxiv.org/pdf/1703.02988v1.pdf
https://arxiv.org/pdf/1904.08960.pdf
https://arxiv.org/pdf/2006.03563.pdf
https://arxiv.org/pdf/1703.02988v1.pdf
https://arxiv.org/pdf/1707.01044.pdf
https://arxiv.org/pdf/2105.06316.pdf
https://arxiv.org/pdf/1905.11463.pdf
https://arxiv.org/pdf/2212.06287.pdf


Future Prospects
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Reflection From History



 Perturbative QCD @ NNLO
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Lo
op

s

loops + legs + scale = 7~8

Leg

 Perturbative QCD @ N3LO

N3LO QCD 
Phenomenology 
Study by year

17
16

15

23

22

21

20

19
18

Higgs (ggF HTL) total, Anastasiou, Duhr, Dulat, Furlan, Gehrmann et al.

Higgs (VBF) total, Dreyer, Karlberg

Higgs (ggF HTL) yH, Dulat, Mistlberger, Pelloni

Higgs (ggF HTL) total, Mistlberger

Higgs (ggF HTL) yH, Cieri, XC, Gehrmann, Glover et. al.

Higgs (ggF HTL) yH, Dulat, Mistlberger, Pelloni

HH (VBF) total, Dreyer, Karlberg DIS (1-jet) diff, Currie, Gehrmann, Glover et. al.

Higgs (bbF) total, Duhr, Dulat, Mistlberger

HH (ggF) total, Chen, Li, Shao, WangHiggs (bb decay) diff, Modini, Schiavi, Williams

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

Higgs (bbF) total, Duhr, Hirschi, et. al.

 DY (W) total, Duhr, Dulat, Mistlberger

EEC diff, Duhr, Dulat, Mistlberger
Higgs (ggF HTL) diff, XC, Gehrmann et. al.
Higgs (ggF HTL) qT, Billis et. al.
DY (Z/ ) qT, Camarda, Cieri, Ferreraγ*

DY y , Chen, Gehrmann et. al.γ*
DY (Z/ ) total, Duhr, Mistlbergerγ*

DY (Z/ ) diff, XC, Gehrmann et. al.
γ*

DY (W) diff, XC, Gehrmann et. al.DY (Z/ ) diff, Neumann, Campbell et. al.

γ*

 from ZpT, Camarda, Ferrera, Schott

αs

VH total, Baglio, Duhr, Mistlberger, Szafron
 total, Chen, Guan, He, Liu, Ma

e +e − → tt̄

Higgs (ggF HTL) total, Anastasiou, Duhr, et al.

Higgs (ggF HTL) jet veto, Banfi, Caola, Dreyer, et al.
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DY (Z/ ) qT, Camarda, Cieri, Ferrera

γ* 
, Chen, Chen, et al.

t → b + W 
, Chen, Li et. Al.

t → b + W
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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 

➤ Mass origin, Higgs potential, EW vacuum metastability etc.  

→

→

An electron-positron Higgs 
factory is the highest-priority 

next collider

https://books.google.de/books?id=HysXAAAAYAAJ&pg=PA159&redir_esc=y#v=onepage&q&f=false
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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 

➤ Mass origin, Higgs potential, EW vacuum metastability etc.  

➤ European strategy start new around of strategy inputs, due in 2025 

➤ Higgs Yellow Report 5 planned at 2025, publication style, not monolithic

→

→

G. Heinrich @ HWG 23

https://books.google.de/books?id=HysXAAAAYAAJ&pg=PA159&redir_esc=y#v=onepage&q&f=false
https://indico.cern.ch/event/1276727/contributions/5629099/attachments/2750737/4787915/LHC_HiggsWorkingGroup_Plans.pdf
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[Apologies for the personal selection of topics, and 
for the many interesting results not covered here]



STATE-OF-THE-ART PREDICTIONS FOR dσN3LO+N3(4)LL
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Resummation Fixed OrderTransitionNon-perturbative

Predictions of Colourless pT at Hadron Collider

➤Beyond QCD improved parton model

➤pQCD describes the tail of spectrum

➤Large logarithmic divergence 
 

➤Various LP resummation schemes

➤Multiple solutions in transition region

➤Non-perturbative effects ~ 1 GeV 
(Short distance and long distance effects) 

ln
pT

Q
as pT → 1 GeV
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Resummation Fixed OrderTransitionNon-perturbative

H

g

g

Hg

gg

t/b? ?

@ N3LL (full) 

@ N4LL (partial)

@N3LO V 

@NNLO V+jet

⊗ ⊕
MiNNLO 

Profiling

S.D. and L.D.  

NP models

dσ
dpT res

dσ
dpT F.O.

dσ
dpT res

+
dσ
dpT F.O.

−
dσ
dpT truncated

fNP(x, bT, ξ)
Lattice QCD

~2% (fitting data) 

> 10% (lattice)

~ 1% (single) 

~3% (multiple)

~ 1% (single) 

~3% (multiple)

~1-10%  

 (Scale Unc.)

➤Beyond QCD improved parton model

➤pQCD describes the tail of spectrum

➤Large logarithmic divergence 
 

➤Various LP resummation schemes

➤Multiple solutions in transition region

➤Non-perturbative effects ~ 1 GeV 
(Short distance and long distance effects)

ln
pT

Q
as pT → 1 GeV

Predictions of Colourless pT at Hadron Collider
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➤State-of-the-art differential N3LO predictions
➤ Fully differential N3LO Drell-Yan production (via ) (XC, T. Gehrmann, N. Glover, A. Huss, T.-Z. Yang, H. X. Zhu 2021) 

➤ Apply qt-slicing at N3LO with SCET factorisation and expand to N3LO: 
 
 
 

➤ All factorised functions are recently known up to N3LO: 
1) 3-loop hard function   (T. Gehrmann, E.W.N. Glover, T. Huber, N. Ikizlerli, C. Studerus 2010) 
2) Transverse-momentum-dependent (TMD) soft function  at  (Y. Li, H.X. Zhu 2016) 
3) Matching kernel of TMD beam function  at  (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:  

                

γ*

H(3)
qq̄

S(b⊥, μ) α3
s

Iqk α3
s

dσγ*
N3LO = [ℋγ* ⊗ dσγ*]N3LO

δ(pT,γ*)
+ [dσγ*+jet

NNLO − dσγ* CT
N3LO ]pT,γ*>qtcut

+ 𝒪(qt2
cut /Q2)

Anatomy of differential cross sections d ̂σab
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