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CMS PreliminarySeptember 2020

All results at: http://cern.ch/go/pNj7
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CMS 95%CL limits at 7, 8 and 13 TeV

)-1 5.0 fb≤7 TeV CMS measurement (L 
)-1 19.6 fb≤8 TeV CMS measurement (L 
)-1 137 fb≤13 TeV CMS measurement (L 

Theory prediction
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LHC continues to confirm Standard Model

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined



4

No sign of New Physics in TeV range 

ATL-PHYS-PUB-2021-009

Model !, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 2007.052933.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0121.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0122.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a 0 e, µ 2 b Yes 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-006520 GeVmmed

Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y=0.4, λ=0.2, m(χ)=10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 2 e ≥ 2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥ 2 j, ≥ 2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥ 2e, µ, ≥ 1τ≥ 1 j, ≥ 1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e,µ, ≥ 1τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ ≥ 2 b, ≥ 1j Yes 79.8 singlet, κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 139 20008.07949790 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: March 2021

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).



5

§ BSM Direct Searches
• Many proposals for New Physics
• No model of New Physics really stands out ⇰ No obvious Candidates to look for BSM @ LHC

§ BSM Indirect Searches
• New Physics can be seen as small corrections to SM reactions 
• Precision SM measurements @ LHC  ⇰ BSM Physics ⇰ High Luminosity LHC
• Fully exploit experimental program  ⇰ High Precision Theoretical Predictions

Instead of Introduction

CERN webpage: LHC/ HL-LHC Plan (last update January 2021)
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§ Precision Physics
• Infrared structure of QCD 
• Electroweak sector of SM 
• Perturbative calculations 

§ Precision physics & BSM Direct Searches
• SM processes main backgrounds to many BSM scenarios

§ Precision physics & BSM Indirect Searches
• Various production modes & decay channels & properties & rare decays & …
• Extract SM parameters
• Constraining PDFs 
• Verify Higgs boson couplings to other particles
• Study specific infra-red safe observables
• Cross section ratios 
• Various asymmetries 

§ Discrepancies between Precise measurements & Precise Theory 

Instead of Introduction



Precision

Pheno

LHC7,8,13

• B1a - Production of colour-singlet final states through N3LO QCD 

Michal Czakon & Kirill Melnikov

• B1b - Precision top-quark physics at the LHC 

Michal Czakon & Malgorzata Worek

• B1c - Central Jets in Vector-Boson Scattering 

Dieter Zeppenfeld

• Heavy particles @ LHC

Gudrun Heinrich

• Any other work related to SM phenomenology & unrelated to other projects
7

Projects
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Projects

§ Not all projects have produced results yet

§ Some projects take longer than others

§ Many results in other projects 

§ Selection needed  ⇰ Latest & state-of-the-art 
results 

§ Three Parts 

• Top Quark Physics 
• W & Z Boson Physics
• 𝛾 & Jet Physics 

§ Only SM & without Higgs boson 
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Top Quark 
Physics 

W & Z  
Physics

Photon & 
Jet Physics
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LHC as Top Quark Factory

Collider σtt [pb] L  [ fb-1] Nevent

LHC7 TeV 180 5.0 9 x 105

LHC8 TeV 256 19.7 5 x 106

LHC13 TeV 835 139 1 x 108

HL-LHC14 TeV 987 3000 3 x 109

HE-LHC27 TeV 3840 15000 6 x 1010

Top quark pair production @ NNLO QCD with TOP++
CT14nnlo PDF  &  mt = 173.2 GeV

𝜇R = 𝜇F = ½ mt

Theoretical uncertainties: 
NNLO QCD: 5% - 6% & NNLO QCD + NNLL: 3% - 4%

LHC Run 2

LHC Run 1

Czakon, Mitov
arXiv:1112.5675 [hep-ph]  

High Luminosity 
High Energy 

ATLAS & CMS 
Statistics doubled   
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Top Quark
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Top-Quark Pair Production & Decay @ NNLO

<latexit sha1_base64="olkaOsNAXPvm3C73wmgpdUVvDb8="></latexit>

pp ! tt̄ + X ! W+W�bb̄ + X ! `+⌫` `
�⌫̄` bb̄ + X

Czakon, Mitov, Poncelet
arXiv:2008.11133 [hep-ph]

§ Predictions in NWA 
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Top-Quark Pair Production & Decay @ NNLO

Czakon, Mitov, Poncelet
arXiv:2008.11133 [hep-ph]

<latexit sha1_base64="olkaOsNAXPvm3C73wmgpdUVvDb8="></latexit>

pp ! tt̄ + X ! W+W�bb̄ + X ! `+⌫` `
�⌫̄` bb̄ + X



14

TTW Production & Decay @ NLO
§ NNLO QCD theoretical predictions only for tt

• di-lepton channel 

§ More exclusive final states produced @ LHC

§ Motivation ⇰ ttW production @ LHC
§ Background for ttH ⇰ 2lSS & 3l 

• Higher normalization for ttW compared to SM 
predictions from multipurpose MC generators   
30%−70%

• Problems with modeling of final states in phase 
space regions dominated by ttW

§ Improved description of ttW background needed to 
reach greater precision in future

§ First calculations for off-shell ttW confirmed by second 
group ⇰ di-lepton channel 

50
100
200
400
800

1600
3200
6400

8 13 27

tt-γ
tt-Z
tt-H

tt-W+

tt-W-

HELAC-PHEGAS
mt = 173.2 GeV
CT14llo PDF

σ
  [

fb
]

√s  [TeV] 

<latexit sha1_base64="pcumA2O57LUG/GhziX/x8DPaiSY="></latexit>

tt̄�, tt̄Z, tt̄H, tt̄W
+
, tt̄W

� @LHC

Stable top quarks

Cafarella, Papadopoulos, Worek arXiv:0710.2427 [hep-ph]

HELAC-PHEGASATLAS-CONF-2019-045

Bevilacqua, Bi, Hartanto, Kraus, Worek  arXiv:2005.09427 [hep-ph]
Denner, Pelliccioli arXiv:2007.12089 [hep-ph]
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TTW Production & Decay @ NLO

§ Complete off-shell effects:
• Off-shell top quarks described by Breit-Wigner propagators 
• Double-, single- & non-resonant top-quark contributions included 
• All interference effects incorporated at matrix element level

§ NWA:
• Works in the limit  ⇰

• Incorporates only double resonant contributions
• Restricts unstable top quarks & W gauge bosons to on-shell states

Bevilacqua, Bi, Hartanto, Kraus, Worek 
arXiv:2005.09427 [hep-ph]

<latexit sha1_base64="IVranfoZaMv9TsUle8vCaFJoVX0="></latexit>

pp ! e+⌫e µ
� ⌫̄µ e+⌫e bb̄ + X

<latexit sha1_base64="m7HfGB/REU9H/3ZaBXqTB2sYnAc="></latexit>

pp ! e�⌫̄e µ
+ ⌫µ e�⌫̄e bb̄ + X

<latexit sha1_base64="SgDqOj9QZqN9RxmL+jVlV8kEoGk=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiKkmFgLESA4xFog+piSLHdVurdhLZN0hVlL9g4VdYGECIFTb+BqftAC1Xsnx0zr32uSdMBNfgON9WaWV1bX2jvFnZ2t7Z3bP3D9o6ThVlLRqLWHVDopngEWsBB8G6iWJEhoJ1wvF1oXcemNI8ju5hkjBfkmHEB5wSMFRg17zpG1koUpZnXhiLvp5Ic2XeDZGSBHAmA8AexNjJcR7YVafmTAsvA3cOqmhezcD+8voxTSWLgAqidc91EvAzooBTwfKKl2qWEDomQ9YzMCKSaT+besrxiWH6eBArcyLAU/b3REakLtyaTklgpBe1gvxP66UwuPIzHiUpsIjOPhqkApsti5BwnytGQUwMIFRx4xXTEVGEgomyYkJwF1deBu16zb2o1e/Oqw1nHkcZHaFjdIpcdIka6BY1UQtR9Iie0St6s56sF+vd+pi1lqz5zCH6U9bnDwSPoFo=</latexit>

�t/mt ! 0

<latexit sha1_base64="QhWUi9ACE4torQmVKU7Ns5ReTns="></latexit>

�t = 1.35159 GeV, mt = 173.2GeV, �t/mt ⇡ 0.008

<latexit sha1_base64="zHOqR0j6dHnWg6j5uILG0G1uwzE="></latexit>

pp ! tt̄W+ + X ! W+W+W� bb̄ + X ! e+⌫e µ
�⌫̄µ e+⌫e bb̄
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TTW Production & Decay @ NLO

Bevilacqua, Bi, Hartanto, Kraus, Worek 
arXiv:2005.09427 [hep-ph]

§ Fixed scale choice ⇰ Leads to perturbative instabilities in TeV region of differential cross & Large distortions 
§ Dynamical scale choice  ⇰ Stabilises tails & keeps NLO uncertainties bands within LO ones

Off-shell ttW+ 
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TTW Production & Decay @ NLO

Bevilacqua, Bi, Hartanto, Kraus, Worek 
arXiv:2005.09427 [hep-ph]

Off-shell & NWA 
& NWALOdecay

Integrated level: 
• Complete top-quark off-shell effects 0.2% 
• NLO QCD around 10% & Theoretical uncertenties: Scales 6%-7%  ⇰ PDF 2%
• NLO QCD corrections to decays 3%-5%  

Differential level:
• Off-shell up to 60% - 70%
• NLO QCD 10% - 20% 
• PDF up to 10%
• Scales 10% - 20% 
• For central value of scale 

substantial differences 
between NWA & NWALOdecay

• Similar effects for ttW-

<latexit sha1_base64="/VCSjEtO+7O3zpB+LmNHpUfdrrA="></latexit>

pp ! e+⌫e µ
�⌫̄µ e+⌫e bb̄ + X
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TTW+ / TTW- @ NLO

Bevilacqua, Bi, Hartanto, Kraus, 
Nasufi, Worek 

arXiv:2012.01363 [hep-ph]

§ ttW+ & ttW- similar from NLO QCD point of view  ⇰ Integrated & differential level 
§ Scale uncertainties can be taken correlated
§ Cross section ratios stable with respect to pT(b)
§ Insensitive to details of modelling of top quark production & decays  ⇰ Off-shell/NWA/NWALOdecay
§ Insensitive to scale choice  ⇰ 𝜇0  = mt + mW /2 versus 𝜇0  = HT /3  

NLO QCD integrated fiducial cross sections & cross section ratios 

Searching for more precise observables 

Off-shell ttW±
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Top Quark Charge Asymmetry @ NLO

Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek 
arXiv:2012.01363 [hep-ph]

Searching for more precise observables 

• Atc charge asymmetry @ NLO for pp → ttW+

• Asymmetry larger than for pp → tt
• Top quark momenta must be reconstructed  
• Scales no important
• Modelling important

Off-shell ttW+ 
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Lepton Charge Asymmetry @ NLO
Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek 

arXiv:2012.01363 [hep-ph]

• Alc charge asymmetry @ NLO for pp → ttW+

• Directly measurable  ⇰ No top quark reconstruction needed  

Differential & Cumulative Al
c

NLO QCD for pp → ttW±

Off-shell ttW±
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Off-Shell TTBB @ NLO

§ Irreducible background for Higgs boson studied

§ ttH ⇰ Observation in 2018  

§ Top-Yukawa coupling Yt ⇰ Probed directly

§ ATLAS & CMS reported measurements for 
ttH(H → bb) decay channel of Higgs boson

Experimental Challenges 

§ Identification of candidates  for Higgs decay
§ Combinatorial background
§ Misidentification of light jets with b-jets
§ b-jet tagging
§ SM backgrounds 

<latexit sha1_base64="pjlMnPwqV5IDbK180Xmw+xzM3Vs="></latexit>

pp ! tt̄H ! tt̄bb̄ ! W
+
W

�
bb̄bb̄

Theory Challenges 

§ Two very different & distinctive scales
§ mt ⇰ tt production & top-quark decays
§ pT(b)  ⇰ Describes b-jets from g → bb splitting

§ Second calculation for off-shell ttbb in di-
lepton channel  ⇰ Agreement with first 
calculations   

<latexit sha1_base64="ki02y1wWfY1rr4HpWX1t5wYcykQ="></latexit>

pp ! e+⌫e µ
�⌫̄µ bb̄ bb̄ + X

<latexit sha1_base64="gxKOXkbnwjCck+mqkWjwGFORze0="></latexit>

pp ! tt̄bb̄ & pp ! tt̄H ! tt̄bb̄

Denner, Lang, Pellen arXiv:2008.00918 [hep-ph]
Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  

arXiv:2105.08404 [hep-ph]
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Off-Shell TTBB @ NLO

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  
arXiv:2105.08404 [hep-ph]

FeynGame

Harlander, Klein, Lipp
arXiv:2003.00896 [physics.ed-ph]

Integrated fiducial cross sections for ttbb

§ Results for NNPDF3.1 LO & NLO with  𝛼s(mZ) = 0.118
§ LO NNPDF3.1 PDF set with 𝛼s(mZ) = 0.130 ⇰ K = 1.45 
§ Other PDF sets give K-factor ∈ ( 1.81 & 1.37 & 1.23 )
§ With jet veto of 50 GeV K = 1.11 & K = 1.23

Off-shell ttbb
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Off-Shell TTBB @ NLO

§ Large but rather stable NLO 
corrections @ differential level

§ Dynamical scales important
§ PDF uncertainties small   

Bevilacqua, Bi, Hartanto, Kraus,
Lupattelli, Worek  

arXiv:2105.08404 [hep-ph]

Off-shell ttbb
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Off-Shell TTBB @ NLO
Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  

arXiv:2105.08404 [hep-ph]

ATLAS arXiv:1811.12113 [hep-ex]

§ Higher with leptonic 𝜏 decays into l
§ For similar scale choice HELAC-NLO

result is even higher ~ 21 fb 

§ Comparison to ATLAS results
§ e𝜇 channel @ 13 TeV
§ Agreements within theoretical uncertainties  
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Off-Shell TTBB @ NLO
Initial state bottom

§ Charge aware and charge blind schemes for b-jet tagging  
§ @ LO initial state b-quark contributions ⇰ 0.1% − 0.2%
§ @NLO ⇰ 1% & up to 1.5% with pT(b) scan & up to 2% for 

jet veto of 50 GeV  ⇰ Negligible contribution

Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek  
arXiv:2105.08404 [hep-ph]
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B-hadron production @ NNLO
§ Heavy flavours copiously produced @ LHC
§ bb & cc cross sections among largest @ LHC
§ Precise measurements in wide kinematic ranges

§ Theoretical description of these processes @ NLO 
§ Lags behind experimental needs

§ NNLO QCD corrections needed 

MCFM webpage

heavy flavour of mass mb

low pT regime where pT ∼ mb high pT one where pT ≫ mb

• Fixed order perturbation
• Expansion in 𝛼s(mb)  ⇰ Slow 

convergence
• Full dependence of heavy 

quark mass mb included 

• Fixed order perturbation 
theory no longer adequate

• Large quasi-collinear 
logarithms log(pT /mb)

• Resummation of logs needed
• Consistently carried out in 

perturbative fragmentation 
function (PFF) formalism

https://mcfm.fnal.gov/
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BB production @ NNLO

Catani, Devoto, Grazzini, Kallweit, Mazzitelli arXiv:2010.11906 [hep-ph]

Total cross section for bb production 
@ LO & NLO & NNLO 

mb = 4.92 GeV 

KNNLO = NNLO/NLO ranging from 1.25 to 1.34 

Uncertainties for bb production @ NNLO

§ NNLO QCD reduce theoretical uncertainties

§ KNNLO < KNLO

§ Values of σNNLO & σNLO consistent within their scale 
uncertainties

§ Values of σNLO & σLO consistent as well

§ Slow convergence of perturbative series comparing to tt

§ NNLO effects considerably larger than for tt
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Czakon, Generet, Mitov, Poncelet 
arXiv:2102.08267 [hep-ph]

B-hadron production @ NNLO
§ Heavy flavour production @ high pT performed with 

massless b quark ⇰ High-energy limit

§ All mass terms are negligible

§ Mass-independent terms & Logarithmically enhanced ones 
automatically accounted for by PFF formalism

§ Current state NLO + NLL accuracy

§ First results for NNLO in QCD

§ B-hadron differential distributions in tt production & decay

Motivation For tt
§ B-hadron production is central to top quark physics
§ B-hadron related observables great tool for precise top 

quark mass determination
§ Top quark mass provides large hard scale  ⇰ Power 

suppressed effects ∼ (mb )n negligible

§ Instead of b-jet based observables  ⇰ Observables 
involving momentum of single hadron H

§ Experiment: jet energy scale uncertainties dominate total 
uncertainty on jet-based observables  ⇰ Reduced for H

§ Fragmentation functions: Analogue parton distribution 
functions  ⇰ Transitions from partons to hadrons  ⇰
Perturbative (calculate) + Nonperturbative (fit to data) 

§ Fragmentation functions depend on hadron H ⇰
Otherwise universal & extracted from experimental data

Hadron’s energy

Partonic cross-section &
Fragmentation function
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B-hadron production @ NNLO

§ m(Bl) ⇰ mt
§ All curves convoluted with same FF  ⇰ FFKM @ NNLO
§ Shown comparison for LO & NLO & NNLO
§ Breakdown of scale variation  

Czakon, Generet, Mitov, Poncelet 
arXiv:2102.08267 [hep-ph]

§ Energy cut-off of E(B) > 5 GeV  implemented 
§ To avoid low x region of FF where predictions not valid

Directly measurable  ⇰ No need to reconstruct 
frames associated with top quark 
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B-hadron production @ NNLO

§ E(B)  ⇰ mt
§ All curves convoluted with same FF  ⇰ FFKM @ NNLO
§ Shown comparison for LO & NLO & NNLO
§ Breakdown of scale variation  

Czakon, Generet, Mitov, Poncelet 
arXiv:2102.08267 [hep-ph]

§ Energy cut-off of E(B) > 5 GeV  implemented 
§ To avoid low x region of FF where predictions not valid

Directly measurable  ⇰ No need to reconstruct 
frames associated with top quark 
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Mixed QCD-EW corrections to Z & W

§ Motivation For Drell-Yan Process
• “standard candle” processes 
• Allow for precision measurement of mW
& effective weak mixing angle 

• Constraining PDF 
• BSM: Mll @ 1 TeV

§ Mixed QCD-EW corrections to on-shell Z & W production

Dittmaier, Huss, Schwinn arXiv:1403.3216 [hep-ph]  & arXiv:1511.08016 [hep-ph]

§ A
NNLO-like  ⇰ Two loop                     corrections to 
on-shell Z & W.  W/Z + jet @              . W/Z + γ @                

. W/Z + γ + jet @  tree level. 

§ B
NLO ⊗ NLO  ⇰ corrections to W/Z
production combined with          corrections to
leptonic W/Z decay ⇰ Large corrections. Dominant
Impact on shape of distributions & on mW

§ C
QCD corrections to W/Z self-energies. No
impact on shape of distributions. Negligible

§ D
Soft-photon corrections connecting initial state, 
intermediate W/Z & final-state leptons
combined with QCD corrections to W/Z
production. @ 0.1% level. Negligible
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• ATLAS measurement of mW
• SM prediction from global electroweak fit 
• Combined values of mW measured at LEP & 

Tevatron collider 

CERN-EP-2016-305
§ Experiment 

• Direct: ATLAS & CMS collaborations aim to reduce 
uncertainty on mW below 10 MeV 

• Indirect: Match uncertainty obtained from precision 
electroweak fits 8 MeV ⇰ Gfitter, HEPfit & Δr
radiative corrections within SM to 𝜇 decay 

§ Theory
• Fixed-order perturbation theory reach at most 

~ 1% uncertainties @ N3LO
• Not enough to much precision of  0.01%
• Cannot predict pT(e+) & MT(W) to this precision

§ Instead 
• Combine W & Z predictions  ⇰ Correlations  
• Make use of available precision for mZ from LEP

Mixed QCD-EW corrections to Z & W

ATL-PHYS-PUB-2018-026

arXiv:1407.3792 [hep-ph], arXiv 1608.01509 [hep-ph]
Awramik, Czakon, Freitas, Weiglein ‘04

https://arxiv.org/abs/1701.07240
https://arxiv.org/abs/1407.3792
https://arxiv.org/abs/1608.01509
https://arxiv.org/abs/hep-ph/0311148


Mixed QCD-EW corrections to Z & W
Behring, Buccioni, Caola, Delto, Jaquier, Melnikov, Roentsch

arXiv:2005.10221 [hep-ph] & arXiv:2009.10386 [hep-ph] & arXiv:2103.02671 [hep-ph] 
§ Initial-Initial corrections to on-shell Z & W production
§ LO leptonic decays of Z & W in NWA  
§ Corrections small @ per mill level 

0.04%

22%

0.02%

§ Estimate Impact on mW measurement  ⇰ ⟨ pT(e+) ⟩

§ Theoretical correction factor

§ Adding new correction to theory changes both 
• Cth & mW

~ mW LHC

~ mZ LHC LEP 
𝛿mZ = 2.1 MeV

<latexit sha1_base64="tPPOWrTOQXXZe2Px07HfnY0OuzA="></latexit>
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https://arxiv.org/abs/2005.10221
https://arxiv.org/abs/2009.10386
https://arxiv.org/abs/2103.02671
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NNLO QCD for W+c jet Production @ LHC
Czakon, Mitov, Pellen, Poncelet  arXiv:2011.01011 [hep-ph] 

§ Direct link between W+c measurements &
strange PDF

§ Precision test of (perturbative) QCD
§ Study of flavour jets  

<latexit sha1_base64="MmSDNTy+tS7ESK4Bz5GFG/qRuXU="></latexit>

pp ! µ�⌫̄µ jc + X & pp ! µ+⌫µ jc + X

List of initial-state contributions

Large-angle soft gluon splitting to large-angle soft cc pair
cc clustered into different jets  ⇰ incorrect jet flavour assignment 

§ @ NLO flavour criterion of pseudo-jet ensures that 
collinear splitting                    is gluon (flavourless) jet 

§ IR-safety would be spoiled without this criterion
§ @ NNLO flavour-dependent distance measure is needed
§ Flavour-kt algorithm  ⇰ Soft flavoured quarks 

recombined first to give gluon-like pseudo-jet 

Banfi, Salam, Zanderighi arXiv:hep-ph/0601139
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W+ jc + X W+ j + X 
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NNLO QCD for W+c jet Production @ LHC
Czakon, Mitov, Pellen, Poncelet  arXiv:2011.01011 [hep-ph] 

§ Fiducial cross sections for pp → W+jc & pp → W−jc
§ Ratios @ LHC √s = 7 TeV § NLO QCD  ⇰ 160%-200%  ⇰ Giant K-

factors due to di-jet topologies with soft-
collinear W radiation 

§ NNLO QCD corrections  ⇰ 6%-10%

§ ⇰ Scales uncertainties taken as  
correlated

§ NNLO 𝛿scale  ⇰ 3% for 𝜎 & 0.5% for R

§ NNLO 𝛿PDF  ⇰ 4% for 𝜎 & 3% for R
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ATLAS arXiv:1402.6263 [hep-ex]

https://arxiv.org/abs/2011.01011
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NNLO QCD for W+c jet Production @ LHC
Czakon, Mitov, Pellen, Poncelet  arXiv:2011.01011 [hep-ph] 

ATLAS arXiv:1402.6263 [hep-ex]
HEPData

§ Rather good agreement  ⇰ Data seem to be systematically lower than NNLO QCD predictions for W+jc
• Differences in jet algorithm  ⇰ Part of definition of observable  

§ Grey band represents PDF uncertainties @ NNLO
§ Further studies & comparisons with ATLAS & CMS data will follow 

https://arxiv.org/abs/2011.01011
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Chawdhry, Czakon, Mitov, Poncelet 
arXiv:1911.00479 [hep-ph] & arXiv:2012.13553 [hep-ph] 

NNLO QCD for 𝛾𝛾𝛾 @ LHC
§ First NNLO QCD calculation for 2 → 3 process
§ Simplest among the 2 → 3 massless cases: colour singlet 

§ 2-loop in leading colour approximation
§ 𝛾𝛾𝛾 ⇰ Measured @ LHC 

§ Significantly above NLO QCD prediction in wide kinematic region
§ NLO theory error is completely dominated by missing higher-orders
§ Large NNLO/NLO K-factors  ⇰ NNLO QCD corrections essential for 

theory/data comparison

ATLAS CERN-EP-2017-302 

§ Large shifts from LO to NLO & from NLO to 
NNLO

§ Much larger than scale variations @ LO & NLO
§ NLO/LO correction of about 2.8
§ NNLO/NLO correction about 1.6

§ NNLO QCD correction plays crucial role

https://arxiv.org/abs/1911.00479
https://arxiv.org/abs/2012.13553
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Chawdhry, Czakon, Mitov, Poncelet 
arXiv:1911.00479 [hep-ph] & arXiv:2012.13553 [hep-ph] 

NNLO QCD for 𝛾𝛾𝛾 @ LHC

§ Anatomy of higher-order corrections to 𝛾𝛾𝛾 fiducial 
cross-section @ LO & NLO & NNLO by partonic channels

§ VV ⇰ Double virtual scale-independent part of two-loop
with leading colour 

Large K-factors

§ qq ⇰ Significant yet moderate correction @ 
NLO & NNLO  

§ gg & qq’ ⇰ Effects is marginal  ⇰ Few %

§ Loop-induced amplitude gg → 𝛾𝛾𝛾 vanishes 
due charge conjugation  
⇰ Furry's theorem

§ qg ⇰ Opens up only @ NLO  (LO-like)
⇰ Large corrections @ NNLO (NLO-like) 

§ NNLO first order with all partonic reactions

§ N3LO should show more convergent 
behaviour  ⇰ Scale variation should start to 
decrease

qg has dominant impact on large K-factors

https://arxiv.org/abs/1911.00479
https://arxiv.org/abs/2012.13553
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Chawdhry, Czakon, Mitov, Poncelet 
arXiv:1911.00479 [hep-ph] & arXiv:2012.13553 [hep-ph] 

NNLO QCD for 𝛾𝛾𝛾 @ LHC

§ Corrections to shape & normalization
§ Typical for colour singlets: Scale uncertainty stays large

https://arxiv.org/abs/1911.00479
https://arxiv.org/abs/2012.13553
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Chawdhry, Czakon, Mitov, Poncelet 
arXiv:2103.04319 [hep-ph] &  arXiv:2105.06940 [hep-ph] 

NNLO QCD for 𝛾𝛾j @ LHC

§ Main background to cleanest Higgs boson decay H → γγ

§ Higgs production @ high pT& Higgs couplings & Angular 
diphoton observables important for spin measurements 

§ Feature ⇰ Very large higher-order QCD corrections  ⇰
Reliability of higher-order predictions is in question

§ N3LO γγ ⇰ Ingredients: amplitudes for 𝛾𝛾 @ 3-loop
+ 𝛾𝛾j @ NNLO  

§ pT (𝛾𝛾) in  pp → 𝛾𝛾 + X ⇰ @ LO pT (𝛾𝛾) = 0

§ pp → 𝛾𝛾 + X @ NNLO  ⇰ NLO accuracy for pT (𝛾𝛾) > 0 

§ NNLO accuracy for pT (𝛾𝛾) @ nonzero pT (𝛾𝛾) ⇰ NNLO QCD 
corrections for pp → 𝛾𝛾j + X

Caola, Manteuffel, Tancredi
arXiv:2011.13946 [hep-ph] 

§ First NNLO calculation for pp → 𝛾𝛾j + X

§ 2-loop amplitude in leading colour 
approximation  ⇰ 1% - 2% contribution 

§ Loop-induced contribution gg → g𝛾𝛾
included & Contributes @ NNLO ⇰ 5%

https://arxiv.org/abs/2103.04319
https://arxiv.org/abs/2105.06940


§ Scale dependence: 
• NLO: ~10% & NNLO: ~1-2% 

§ Low pT region  ⇰ pT (𝛾𝛾) < 100 GeV 
• Increased scale dependence & Larger K= NNLO/NLO 
• Strong effect from LI contribution gg → g𝛾𝛾
• NLO QCD corrections to LI contribution needed 

・ 2-loop amplitude for gg → g𝛾𝛾
§ Small contribution from 2-loop finite remainder
§ Sub-leading colour corrections should not be important  
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Chawdhry, Czakon, Mitov, Poncelet 
arXiv:2103.04319 [hep-ph] &  arXiv:2105.06940 [hep-ph] 

NNLO QCD for 𝛾𝛾j @ LHC

§ Absolute pT (𝛾𝛾) differential distribution

§ Predictions in LO & NLO & NNLO

https://arxiv.org/abs/2103.04319
https://arxiv.org/abs/2105.06940
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NNLO QCD for jjj @ LHC Czakon, Mitov, Poncelet 
RADCOR & LoopFest 2021

§ Multi-jet rates provide an unique possibility to test QCD

§ Measurements of 𝛼s from jet ratios ~𝛼s

§ Test of 𝛼s running 

§ Multi-jet signatures backgrounds for many LHC 
signatures

§ Allow to probe broad ranges of energy scales for heavy 
new physics 

§ Large cross sections

§ Large statistics  ⇰ In practice only limited by systematics 

§ NNLO QCD tri-jet production:

• Bottleneck double virtual amplitudes
• Recently published in leading colour 

approximation

• Handling of real radiation 

Abreu, Febres Cordero, Ita, Page, Sotnikov
arXiv:2102.13609 [hep-ph]

Czakon, Heymes
arXiv:1005.0274 [hep-ph]
arXiv:1101.0642 [hep-ph]
arXiv:1408.2500 [hep-ph]
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NNLO QCD for jjj @ LHC Czakon, Mitov, Poncelet 
RADCOR & LoopFest 2021

Differential ratio 

§ Hardest pT in jj & jjj @ LHC 

§ All partonic subprocesses already present @ LO

§ Nice convergence of perturbative expansion in

§ Paper in preparation   

𝛼s

Two Jets                                                  Three Jets 
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Take-Home Message
§ Huge amount of new high precision theoretical results ! 

§ State-of-the-art:
• N3LO 2 → 1
• NNLO 2 → 2 & 2 →  3 
• NLO 2 → 5 & 2 → 6 with full off-shell effects

§ Proper modelling of production & decay essential already now in presence of inclusive cuts
• Corrections to production & decays important  ⇰ At least full NWA 
• NLO tt spin correlations
• Possibility of using kinematic-dependent µR & µF scales
• Complete off-shell effects for top quarks & W/Z gauge bosons 

§ Even more important for: 
• Exclusive cuts & High luminosity measurements 
• New Physics searches & Might impact exclusion limits 
• SM parameter extraction 

Lots of data, sophisticated analyses, precision measurements
Should be compared to state-of-the-art theoretical predictions 
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TTW
Bevilacqua, Bi, Hartanto, Kraus, Worek 

arXiv:2005.09427 [hep-ph]
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TTW
Bevilacqua, Bi, Hartanto, Kraus, Nasufi, Worek 

arXiv:2012.01363 [hep-ph]
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TT𝛾 Bevilacqua, Hartanto, Kraus, Weber, Worek 
arXiv:1912.09999 [hep-ph]
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TT𝛾 Bevilacqua, Hartanto, Kraus, Weber, Worek 
arXiv:1912.09999 [hep-ph]
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TT𝛾 Bevilacqua, Hartanto, Kraus, Weber, Worek 
arXiv:1912.09999 [hep-ph]
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3 @ LO & 9 @ NLO different possibilities 

Double-resonant (DR) region

Single-resonant (SR) regions

or

Non-resonant (NR) region

boundary parameter

§ n = 5, 10, 15 

§ For n = 15 


