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PRECISION PREDICTIONS FOR THE LHC



HUGE COMMUNITY WORKING AT LHC PRECISION PHYSICS 
TOO MANY INTERESTING RESULTS TO SUMMARISE IN FEW MINUTES


SO I AM NOT EVEN GOING TO TRY…

Quantum Chromodynamics

Higgs Physics

Resummation, parton showers, non 
perturbative corrections, physics of jets…

Production of electroweak vector bosons

DY, di-boson, three-boson production

Heavy quarks

Higgs couplings, Higgs potential, 
Electroweak symmetry breaking

QCD, EW corrections

top, bottom, charm quarks
QCD and EW effects, fragmentation, hadronization….



WHAT CAN I DO IN 25 MINUTES…
1.MOTIVATE WHY WE ARE DOING THIS AND MOST IMPORTANT PHYSICS


2.INTRODUCE THE FRAMEWORK ON WHICH THESE RESULTS ARE BASED


3.GIVE YOU AN IDEA OF THE STATE-OF-THE-ART 


4.STRESS THE LIMITATIONS WE STILL NEED TO OVERCOME


5. … AND CONVEY SOME EXCITEMENT FOR THIS FIELD… :)



HIGHER AND HIGHER PRECISION AT THE LHC (AND BEYOND)…
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� = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb (data)
NLO QCD + EW (theory) 140 EPJC 83 (2023) 496

� = 0.55 ± 0.14 + 0.15 � 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 PLB 798 (2019) 134913

� = 0.82 ± 0.01 ± 0.08 pb (data)
NLO QCD (theory) 139 PRL 129 (2022) 061803

� = 176 + 52 � 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

� = 860 ± 40 ± 40 fb (data)
NLO + NNLL (theory) 140 ATLAS-CONF-2023-065

� = 369 + 86 � 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11, 172 (2015)

� = 890 ± 50 ± 70 fb (data)
NNLOQCD + NLOEW (theory) 140 ATLAS-CONF-2023-019

� = 4.8 ± 0.8 + 1.6 � 1.3 pb (data)
NLO+NNL (theory) 20.3 PLB 756 (2016) 228-246

� = 8.2 ± 0.6 + 3.4 � 2.8 pb (data)
NLO+NNL (theory) 140 JHEP 06 (2023) 191

� = 6.7 ± 0.7 + 0.5 � 0.4 pb (data)
NNLO (theory) 4.6 JHEP 03, 128 (2013)

PLB 735 (2014) 311

� = 7.3 ± 0.4 + 0.4 � 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

� = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

� = 16.9 ± 0.7 ± 0.7 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 29.0 ATLAS-CONF-2023-062

� = 19 + 1.4 � 1.3 ± 1 pb (data)
MATRIX (NNLO) (theory) 4.6 EPJC 72 (2012) 2173

� = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

� = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79 (2019) 535

� = 51.9 ± 2 ± 4.4 pb (data)
NNLO (theory) 4.6 PRD 87 (2013) 112001

PRL 113 (2014) 212001

� = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

� = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 EPJC 79 (2019) 884

� = 22.1 + 6.7 � 5.3 + 3.3 � 2.7 pb (data)
LHC-HXSWG YR4 (theory) 4.5 EPJC 76 (2016) 6

� = 27.7 ± 3 + 2.3 � 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76 (2016) 6

� = 55.5 ± 3.2 + 2.4 � 2.2 pb (data)
LHC-HXSWG YR4 (theory) 139 JHEP 05 (2023) 028

� = 58.2 ± 7.5 ± 4.5 pb (data)
LHC-HXSWG YR4 (theory) 31.4 arXiv:2306.11379

� = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

� = 23 ± 1.3 + 3.4 � 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

� = 94 ± 10 + 28 � 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

� = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb (data)
MCFM (NNLO) (theory) 0.3 arXiv:2310.01518

� = 68 ± 2 ± 8 pb (data)
MCFM (NNLO) (theory) 4.6 PRD 90, 112006 (2014)

� = 89.6 ± 1.7 + 7.2 � 6.4 pb (data)
MCFM (NNLO) (theory) 20.3 EPJC 77 (2017) 531

� = 221 ± 1 ± 13 pb (data)
MCFM (NNLO) (theory) 140 ATLAS-CONF-2023-026

� = 67.5 ± 0.9 ± 2.6 pb (data)
top++ NNLO+NNLL (theory) 0.3 JHEP 06 (2023) 138

� = 182.9 ± 3.1 ± 6.4 pb (data)
top++ NNLO+NNLL (theory) 4.6 EPJC 74 (2014) 3109

� = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74 (2014) 3109

� = 829 ± 1 ± 15.4 pb (data)
top++ NNLO+NNLL (theory) 140 JHEP 07 (2023) 141

� = 850 ± 3 ± 27 pb (data)
top++ NNLO+NNLL (theory) 29.0 arXiv:2308.09529

� = 29.53 ± 0.03 ± 0.77 nb (data)
DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

� = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

� = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

� = 61.65 ± 0.059 ± 2.91 nb (data)
NNLO(QCD)+NLO(EW) (theory) 1.2 ATLAS-CONF-2022-070

� = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

� = 112.69 ± 3.1 nb (data)
DYNNLO + CT14NNLO (theory) 20.2 EPJC 79 (2019) 760

� = 190.1 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

� = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B (2014) 486

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158

� = 104.7 ± 0.22 ± 1.07 mb (data)
COMPETE HPR1R2 (theory) 34⇥10�8 EPJC 83 (2023) 441
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Standard Model Total Production Cross Section Measurements

Status: October 2023

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV

Figure 2: Summary of several Standard Model total production cross-section measurements, corrected for branching
fractions, compared to the corresponding theoretical expectations and ratio with respect to theory. The associated
references can also be found in Table 1(b).
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(a)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

tZj 13 139 � = 97 ± 13 ± 7 fb � = 102 + 5 � 2 fb (Madgraph5 + aMCNLO (NLO)) JHEP 07 (2020) 124
ts�chan 8 20.3 � = 4.8 ± 0.8 + 1.6 � 1.3 pb � = 5.61 ± 0.22 pb (NLO+NNL) PLB 756 (2016) 228-246
ts�chan 13 140 � = 8.2 ± 0.6 + 3.4 � 2.8 pb � = 10.32 + 0.4 � 0.36 pb (NLO+NNL) JHEP 06 (2023) 191
Wt 7 2.0 � = 16.8 ± 2.9 ± 3.9 pb � = 17.1 ± 0.8 pb (NLO+NLL) PLB 716, 142-159 (2012)
Wt 8 20.3 � = 23 ± 1.3 + 3.4 � 3.7 pb � = 24.4 + 1.1 � 1 pb (NLO+NLL) JHEP 01, 064 (2016)
Wt 13 3.2 � = 94 ± 10 + 28 � 23 pb � = 79.3 + 2.9 � 2.8 pb (NLO+NNLL) JHEP 01 (2018) 63
tt�chan 5 0.3 � = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb � = 30.3 + 0.7 � 0.5 pb (MCFM (NNLO) ) arXiv:2310.01518
tt�chan 7 4.6 � = 68 ± 2 ± 8 pb � = 63.7 + 1.4 � 0.8 pb (MCFM (NNLO)) PRD 90, 112006 (2014)
tt�chan 8 20.3 � = 89.6 ± 1.7 + 7.2 � 6.4 pb � = 84.3 + 1.7 � 1.2 pb (MCFM (NNLO)) EPJC 77 (2017) 531
tt�chan 13 140 � = 221 ± 1 ± 13 pb � = 214.2 + 4.1 � 2.6 pb (MCFM (NNLO) ) ATLAS-CONF-2023-026
t̄t [njet � 8] 7 4.7 � = 0.0425 ± 0.004 ± 0.012 pb JHEP 01, 020 (2015)
t̄t [njet = 7] 7 4.7 � = 0.161 ± 0.007 ± 0.033 pb JHEP 01, 020 (2015)
t̄t [njet = 6] 7 4.7 � = 0.611 ± 0.024 ± 0.083 pb JHEP 01, 020 (2015)
t̄t [njet = 5] 7 4.7 � = 1.72 ± 0.04 ± 0.16 pb JHEP 01, 020 (2015)
t̄t [njet = 4] 7 4.7 � = 3.76 ± 0.05 ± 0.27 pb JHEP 01, 020 (2015)
t̄t 5 0.3 � = 67.5 ± 0.9 ± 2.6 pb � = 68.2 + 5.2 � 5.3 pb (top++ NNLO+NNLL) JHEP 06 (2023) 138
t̄t 7 4.6 � = 182.9 ± 3.1 ± 6.4 pb � = 177 + 10 � 11 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 8 20.2 � = 242.9 ± 1.7 ± 8.6 pb � = 252.9 + 13.3 � 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 13 140 � = 829 ± 1 ± 15.4 pb � = 832 + 46.4 � 50.9 pb (top++ NNLO+NNLL) JHEP 07 (2023) 141
t̄t 13.6 29.0 � = 850 ± 3 ± 27 pb � = 924 + 32 � 40 pb (top++ NNLO+NNLL) arXiv:2308.09529
Z [njet � 7] 7 4.6 � = 0.0062 ± 0.001456 ± 0.00214 pb JHEP 07, 032 (2013)
Z [njet � 6] 7 4.6 � = 0.0253 ± 0.00265 ± 0.00595 pb JHEP 07, 032 (2013)
Z [njet � 6] 13 139 � = 0.000338 ± 5.3e � 05 ± 5.5e � 05 pb� = 0.000511 + 0.00034 � 0.00019 pb (Sherpa (NLO QCD+ NLO EW corr)) ATLAS-CONF-2021-033
Z [njet � 5] 7 4.6 � = 0.135 ± 0.006 ± 0.027 pb JHEP 07, 032 (2013)
Z [njet = 5] 13 139 � = 0.00305 ± 0.00017 ± 0.00025 pb � = 0.00326 + 0.0022 � 0.0012 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 4] 7 4.6 � = 0.65 ± 0.01 ± 0.11 pb � = 0.646 ± 0.031 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 4] 13 139 � = 0.0226 ± 0.0004 ± 0.0015 pb � = 0.0234 + 0.015 � 0.0083 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 3] 7 4.6 � = 3.09 ± 0.03 ± 0.4 pb � = 3.1 ± 0.14 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 3] 13 139 � = 0.1995 ± 0.0013 ± 0.0096 pb � = 0.186 + 0.11 � 0.058 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 2] 7 4.6 � = 15.05 ± 0.06 ± 1.51 pb � = 14.9 ± 0.4 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 2] 13 139 � = 1.941 ± 0.004 ± 0.061 pb � = 1.807 + 0.69 � 0.39 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 1] 7 4.6 � = 68.84 ± 0.13 ± 5.15 pb � = 64.8 ± 3.1 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 1] 13 139 � = 11.74 ± 0.01 ± 0.33 pb � = 11.17 + 2.2 � 1.3 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
�fid(Z! ee, µµ) 5 0.025 � = 374.5 ± 3.4 ± 7.9 pb � = 356 + 9 � 10 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(Z! ee, µµ) 7 4.6 � = 451 ± 0.4 ± 8.8 pb � = 432 + 12.5 � 13.8 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 8 20.2 � = 506 ± 0.2 ± 11 pb � = 486 + 13.6 � 16 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13 3.2 � = 776 ± 1 ± 18 pb � = 744 + 22 � 28 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13.6 29.0 � = 744 ± 11 ± 11 pb � = 746 + 21 � 22 pb (DYNNLO+CT14 NNLO) arXiv:2308.09529
W [njet � 7] 7 4.6 � = 0.041 ± 0.0068 ± 0.031 pb EPJC 75 (2015) 82
W [njet � 7] 8 20.2 � = 0.041 ± 0.003 ± 0.032 pb � = 0.052 + 0.007 � 0.02 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 6] 7 4.6 � = 0.199 ± 0.019 ± 0.11 pb EPJC 75 (2015) 82
W [njet � 6] 8 20.2 � = 0.22 ± 0.006 ± 0.121 pb � = 0.239 + 0.03 � 0.084 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 5] 7 4.6 � = 0.877 ± 0.032 ± 0.301 pb � = 0.933 ± 0.027 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 5] 8 20.2 � = 1.107 ± 0.013 ± 0.423 pb � = 1.1 + 0.13 � 0.38 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 4] 7 4.6 � = 4.241 ± 0.056 ± 0.885 pb � = 4.67 ± 0.06 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 4] 8 20.2 � = 5.47 ± 0.03 ± 1.47 pb � = 5 + 0.5 � 1.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 3] 7 4.6 � = 21.82 ± 0.1 ± 3.23 pb � = 23.47 ± 0.22 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 3] 8 20.2 � = 26.38 ± 0.06 ± 5.34 pb � = 23.6 + 1.3 � 5 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 2] 7 4.6 � = 111.7 ± 0.2 ± 12.2 pb � = 111.98 ± 0.44 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 2] 8 20.2 � = 128.35 ± 0.12 ± 20.39 pb � = 126.5 + 2.1 � 14.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 1] 7 4.6 � = 493.8 ± 0.5 ± 45.1 pb � = 474.22 ± 0.84 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 1] 8 20.2 � = 564.71 ± 0.24 ± 72.13 pb � = 584 + 8 � 37 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
�fid(W! e⌫, µ⌫) 5 0.025 � = 3.667 ± 0.016 ± 0.084 nb � = 3.58 ± 0.11 nb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(W! e⌫, µ⌫) 7 4.6 � = 4.911 ± 0.001 ± 0.092 nb � = 4.777 + 0.12 � 0.14 nb (DYNNLO + CT14NNLO) EPJC 77 (2017) 367
�fid(W! e⌫, µ⌫) 8 20.2 � = 5247 ± 0.6 ± 111 pb � = 5120 ± 142 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 760
�fid(W! e⌫, µ⌫) 13 0.081 � = 8.03 ± 0.01 ± 0.23 nb � = 7.82 + 0.26 � 0.3 nb (DYNNLO + CT14NNLO) PLB 759 (2016) 601
� [njet � 3] 8 20.2 � = 8.7 ± 0.02 ± 0.8 pb � = 9.5 + 0.9 � 1.2 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 2] 8 20.2 � = 30.4 ± 0.04 ± 1.8 pb � = 29.2 + 2.8 � 2.7 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 8 20.2 � = 134 ± 0.1 ± 4 pb � = 128 + 11 � 9 pb (JETPHOX (NLO)) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 13 3.2 � = 300 ± 0.4 ± 12 pb � = 319 + 55 � 46 pb (SHERPA (NLO)) PLB 780 (2018) 578
� 7 4.6 � = 359 ± 3 + 22 � 16 pb � = 308 ± 40 pb (JETPHOX (NLO)) PRD 89 (2014) 052004
� 8 20.2 � = 56.8 ± 0.1 + 5.8 � 5.6 nb � = 52.2 ± 7 nb (PETER (NLO+N3LL)) JHEP 06 (2016) 005
� 13 3.2 � = 399 ± 0.4 ± 16 pb � = 352 + 36 � 30 pb (JETPHOX+MMHT2014 (NLO)) PLB 2017 04 072
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 7 4.5 � = 86.87 ± 0.26 + 7.56 � 7.2 nb � = 86.9 + 4.7 � 12.4 nb (NLOJet++, CT10) JHEP 05 (2014) 059
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 13 3.2 � = 321 ± 0.8 + 18.6 � 19 nb � = 340 + 17 � 54 nb (NLOJet++, CT14) JHEP 05 (2018) 195
Incl. jet R=0.4, |y| < 3.0 7 4.5 � = 563.9 ± 1.5 + 55.4 � 51.4 nb � = 569.8 + 29.5 � 46.3 nb (NLOJet++, CT10) JHEP 02 (2015) 153
Incl. jet R=0.4, |y| < 3.0 8 20.2 � = 726.4 ± 1.1 + 42.7 � 41.8 nb � = 800 + 59 � 100 nb (NLOJet++, CT14) JHEP 09 (2017) 020
Incl. jet R=0.4, |y| < 3.0 13 3.2 � = 1845 ± 4 + 119 � 120 nb � = 1997 + 152 � 208 nb (NLOJet++, CT14) JHEP 05 (2018) 195
pp inelastic 7 8⇥10�8 � = 71.34 ± 0.36 ± 0.83 mb � = 71.5 + 20 � 2 mb (Schuler/Sjöstrand) Nucl. Phys. B (2014) 486
pp inelastic 8 50⇥10�8 � = 71.73 ± 0.15 ± 0.69 mb � = 73 ± 2 mb (Schuler/Sjöstrand) PLB 761 (2016) 158
pp inelastic 13 34⇥10�8 � = 77.41 ± 1.08 mb � = 78.4 ± 2 mb (Schuler/Sjöstrand) EPJC 83 (2023) 441
pp 7 8⇥10�8 � = 95.35 ± 0.38 ± 1.3 mb � = 97.26 ± 2.12 mb (COMPETE HPR1R2) Nucl. Phys. B (2014) 486
pp 8 50⇥10�8 � = 96.07 ± 0.18 ± 0.91 mb � = 99.55 ± 2.14 mb (COMPETE HPR1R2) PLB 761 (2016) 158
pp 13 34⇥10�8 � = 104.7 ± 0.22 ± 1.07 mb � = 100.3 ± 0.12 mb (COMPETE HPR1R2) EPJC 83 (2023) 441

Standard Model Production Cross Section Measurements

Status: October 2023

ATLAS Preliminary
p
s = 5, 7, 8, 13, 13.6 TeV

(b)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

�fid
(WZjj) EWK 8 20.3 � = 0.29 + 0.14 � 0.12 + 0.09 � 0.1 fb � = 0.13 ± 0.01 fb (VBFNLO) PRD 93 (2016) 092004

�fid
(WZjj) EWK 13 36.1 � = 0.57 + 0.14 � 0.13 + 0.07 � 0.05 fb � = 0.32 ± 0.03 fb (Sherpa 2.2.2) PLB 793 (92019) 469

�fid
(ZZjj) EWK 13 139 � = 0.82 ± 0.18 ± 0.11 fb � = 0.61 ± 0.03 fb (Sherpa 2.2.2) Nature Phys. 19 (2023) 237

�fid
(W

±
W
±
jj) EWK 8 20.3 � = 1.5 ± 0.5 ± 0.2 fb � = 0.95 ± 0.06 fb (PowhegBox) PRD 96, 012007 (2017)

�fid
(W

±
W
±
jj) EWK 13 139 � = 2.92 ± 0.22 ± 0.19 fb � = 2.53 + 0.22 � 0.19 fb (Madgraph5 + aMCNLO) Target journal JHEP

��!WW!eµX 8 20.2 � = 6.9 ± 2.2 ± 1.4 fb � = 4.4 ± 0.3 fb (HERWIG++) PRD 94 (2016) 032011
��!WW!eµX 13 139 � = 3.13 ± 0.31 ± 0.28 fb � = 3.5 ± 1 fb (MG5 aMCNLO+Pythia8 ⇥ Surv. Fact (0.82)) PLB 816 (2021) 136190
Z�jj EWK 8 20.3 � = 1.1 ± 0.5 ± 0.4 fb � = 0.94 ± 0.09 fb (VBFNLO) JHEP 07 (2017) 107
Z�jj EWK 13 140 � = 3.6 ± 0.5 ± 0.5 fb � = 3.5 ± 0.2 fb (Madgraph5 + aMCNLO) PLB 846 (2023) 138222
WWW 13 139 � = 0.82 ± 0.01 ± 0.08 pb � = 0.511 ± 0.018 pb (NLO QCD ) PRL 129 (2022) 061803
WWZ 13 79.8 � = 0.55 ± 0.14 + 0.15 � 0.13 pb � = 0.358 ± 0.036 pb (Sherpa 2.2.2) PLB 798 (2019) 134913
�fid

(WZ� ! e⌫µ⌫�) 13 140 � = 2.01 ± 0.3 ± 0.16 fb � = 1.5 ± 0.06 fb (Sherpa2.2.11 (NLO)) arXiv:2305.16994
�fid

(WW� ! e⌫µ⌫�) 8 20.2 � = 1.5 ± 0.9 ± 0.5 fb � = 2 ± 0.1 fb (VBFNLO+CT14 (NLO)) EPJC 77 (2017) 646
�fid

(W�� ! `⌫��) 8 20.3 � = 6.1 + 1.1 � 1 ± 1.2 fb � = 2.9 ± 0.16 fb (MCFM NLO) PRL 115, 031802 (2015)
�fid

(W�� ! `⌫��) 13 140 � = 12.2 ± 1 + 1.9 � 1.8 fb � = 12 + 2.15 � 1.46 fb (Sherpa 2.2.10 NLO) arXiv:2308.03041
�fid

(Z�� ! ``��) 8 20.3 � = 5.07 + 0.73 � 0.68 + 0.42 � 0.39 fb � = 3.7 + 0.21 � 0.11 fb (MCFM NLO) PRD 93, 112002 (2016)
�fid

(Z�� ! ``��) 13 139 � = 2.45 ± 0.2 ± 0.22 fb � = 2.26 + 0.36 � 0.28 fb (Sherpa 2.2.10 NLO) EPJC 83 (2023) 539
t̄tt̄t 13 140 � = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb � = 13.4 + 1 � 1.8 fb (NLO QCD + EW) EPJC 83 (2023) 496
�fid

(���) 8 20.2 � = 72.6 ± 6.5 ± 9.2 fb � = 67.5 + 7.5 � 5.7 fb (NNLO) PLB 781 (2018) 55,
Zjj EWK 8 20.3 � = 10.7 ± 0.9 ± 1.9 fb � = 9.38 + 0.3 � 0.4 fb (PowhegBox (NLO)) JHEP 04, 031 (2014)
Zjj EWK 13 139 � = 37.4 ± 3.5 ± 5.5 fb � = 39.5 ± 3.6 fb (Herwig7+VBFNLO ) EPJC 81 (2021) 163
Wjj EWK (mjj > 500 GeV) 7 4.7 � = 144 ± 23 ± 26 fb � = 144 ± 11 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
Wjj EWK (mjj > 500 GeV) 8 20.2 � = 159 ± 10 ± 26 fb � = 198 ± 12 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
t̄t� 7 4.6 � = 63 ± 8 + 17 � 13 fb � = 48 ± 10 fb (Whizard+NLO) PRD 91 (2015) 072007
t̄t� 8 20.2 � = 139 ± 7 ± 17 fb � = 151 ± 25 fb (MadGraph+PRD 83 (2011) 074013) JHEP 11 (2017) 086
t̄t� 13 36.1 � = 521 ± 9 ± 41 fb � = 495 ± 99 fb (PRD 83 (2011) 074013) EPJC 79 (2019) 382
t̄tH(H ! yy) 13 139 � = 1.24 + 0.32 � 0.35 + 0.08 � 0.11 fb � = 1.33 ± 0.12 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tH 8 20.3 � = 220 ± 100 ± 70 fb � = 133 + 8 � 13 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173
t̄tH 13 139 � = 560 ± 80 + 70 � 80 fb � = 580 ± 50 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
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VH(bb̄), |yH| < 2.5 13 139 � = 1190 ± 130 + 160 � 140 fb � = 1162 + 31 � 29 fb (Powheg Box NLO(QCD)) ATLAS-CONF-2020-027
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(��)[�R�� > 0.4] 8 20.2 � = 16.82 ± 0.07 + 0.75 � 0.78 pb � = 14.2 + 1.25 � 0.91 pb (2�NNLO + CT10) PRD 95 (2017) 112005
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(��)[�R�� > 0.4] 13 139 � = 31.4 ± 0.1 ± 2.4 pb � = 29.7 + 2.4 � 2 pb (NNLOjet (NNLO) ) JHEP 11 (2021) 169
ZZ 7 4.6 � = 6.7 ± 0.7 + 0.5 � 0.4 pb � = 6.735 + 0.195 � 0.155 pb (NNLO) JHEP 03, 128 (2013), PLB 735 (2014) 311
ZZ 8 20.3 � = 7.3 ± 0.4 + 0.4 � 0.3 pb � = 8.284 + 0.249 � 0.191 pb (NNLO) JHEP 01, 099 (2017)
ZZ 13 36.1 � = 17.3 ± 0.6 ± 0.8 pb � = 16.9 + 0.6 � 0.5 pb (Matrix (NNLO) & Sherpa (NLO)) PRD 97 (2018) 032005
ZZ 13.6 29.0 � = 16.9 ± 0.7 ± 0.7 pb � = 16.7 ± 0.4 pb (Matrix (NNLO) & Sherpa (NLO)) ATLAS-CONF-2023-062
WZ 7 4.6 � = 19 + 1.4 � 1.3 ± 1 pb � = 19.34 + 0.3 � 0.4 pb (MATRIX (NNLO)) EPJC 72 (2012) 2173
WZ 8 20.3 � = 24.3 ± 0.6 ± 0.9 pb � = 23.92 ± 0.4 pb (MATRIX (NNLO)) PRD 93, 092004 (2016)
WZ 13 36.1 � = 51 ± 0.8 ± 2.3 pb � = 49.1 + 1.1 � 1 pb (MATRIX (NNLO)) EPJC 79 (2019) 535
WW 7 4.6 � = 51.9 ± 2 ± 4.4 pb � = 49.04 + 1.03 � 0.88 pb (NNLO) PRD 87 (2013) 112001, PRL 113 (2014) 212001
WW 8 20.3 � = 68.2 ± 1.2 ± 4.6 pb � = 65 + 1.2 � 1.1 pb (NNLO) PLB 763, 114 (2016)
WW 13 36.1 � = 130.04 ± 1.7 ± 10.6 pb � = 128.4 + 3.2 � 2.9 pb (NNLO) EPJC 79 (2019) 884

Standard Model Production Cross Section Measurements

Status: October 2023

ATLAS Preliminary
p
s = 7, 8, 13, 13.6 TeV

(c)

Figure 3: Summary of several Standard Model total and fiducial production cross-section measurements (a) with
associated references (b) and (c). Where total cross sections are reported, the measurements are corrected for
branching fractions and compared to the corresponding theoretical expectations. In some cases, the fiducial selection
is di�erent between measurements in the same final state for di�erent centre-of-mass energies

p
B, resulting in lower

cross section values at higher
p
B.
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THE LHC HAS BECOME A PRECISION MACHINE

After its discovery in 2012, a lot (but not only) 
revolving around Higgs boson’s properties
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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.

References 40

I. ABSTRACT

A future Higgs Factory will provide improved precision on measurements of Higgs couplings beyond those obtained
by the LHC, and will enable a broad range of investigations across the fields of fundamental physics, including
the mechanism of electroweak symmetry breaking, the origin of the masses and mixing of fundamental particles, the
predominance of matter over antimatter, and the nature of dark matter. Future colliders will measure Higgs couplings
to a few per cent, giving a window to beyond the Standard Model (BSM) physics in the 1-10 TeV range. In addition,
they will make precise measurements of the Higgs width, and characterize the Higgs self-coupling.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental
data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.

[Snowmass 2022 arXiv:2209.0751]
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Figure 3: The expected and observed four-lepton invariant mass distribution for the selected Higgs boson candidates
with a constrained Z boson mass, shown for an integrated luminosity of 36.1 fb�1 and at

p
s = 13 TeV assuming the

SM Higgs boson signal with a mass mH = 125.09 GeV.

Table 6: The expected and observed numbers of signal and background events in the four-lepton decay channels
for an integrated luminosity of 36.1 fb�1 and at

p
s = 13 TeV, assuming the SM Higgs boson signal with a mass

mH = 125.09 GeV. The second column shows the expected number of signal events for the full mass range while the
subsequent columns correspond to the mass range of 118 < m4` < 129 GeV. In addition to the Z Z

⇤ background, the
contribution of other backgrounds is shown, comprising the data-driven estimate from Table 4 and the simulation-
based estimate of contributions from rare triboson and tt̄V processes. Statistical and systematic uncertainties are
added in quadrature.

Decay Signal Signal Z Z
⇤ Other Total Observed

channel (full mass range) background backgrounds expected
4µ 21.0 ± 1.7 19.7 ± 1.6 7.5 ± 0.6 1.00 ± 0.21 28.1 ± 1.7 32

2e2µ 15.0 ± 1.2 13.5 ± 1.0 5.4 ± 0.4 0.78 ± 0.17 19.7 ± 1.1 30
2µ2e 11.4 ± 1.1 10.4 ± 1.0 3.57 ± 0.35 1.09 ± 0.19 15.1 ± 1.0 18
4e 11.3 ± 1.1 9.9 ± 1.0 3.35 ± 0.32 1.01 ± 0.17 14.3 ± 1.0 15

Total 59 ± 5 54 ± 4 19.7 ± 1.5 3.9 ± 0.5 77 ± 4 95
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Figure 6: Reduced coupling strength modifiers and their uncertainties per particle type with e�ective photon,
`$ and gluon couplings. The horizontal bars on each point denote the 68% confidence interval. The scenario
where ⌫inv. = ⌫u. = 0 is assumed is shown as solid lines with circle markers. The ?-value for compatibility with the
SM prediction is 61% in this case. The scenario where ⌫inv. and ⌫u. are allowed to contribute to the total Higgs
boson decay width while assuming that ^+  1 and ⌫u. � 0 is shown as dashed lines with square markers. The lower
panel shows the 95% CL upper limits on ⌫inv. and ⌫u..

of SM Higgs boson production processes into a set of regions defined by the specific kinematic properties
of the Higgs boson and, where relevant, of the associated jets, , bosons, or / bosons, as described in
Methods. The regions are defined so as to provide experimental sensitivity to deviations from the SM
predictions, to avoid large theory uncertainties in these predictions, and to minimize the model-dependence
of their extrapolations to the experimentally accessible signal regions. Signal cross sections measured
in each of the introduced kinematic regions are compared with those predicted when assuming that the
branching fractions and kinematic properties of the Higgs boson decay are described by the SM.

The results of the simultaneous measurement in 36 kinematic regions are presented in Figure 7. Compared
to previous results with a smaller dataset [22] a much larger number of regions are probed, particularly at
high Higgs boson transverse momenta where in many cases the sensitivity to new phenomena beyond the
SM is expected to be enhanced. All measurements are consistent with the SM predictions.
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Figure 6: Reduced coupling strength modifiers and their uncertainties per particle type with e�ective photon,
`$ and gluon couplings. The horizontal bars on each point denote the 68% confidence interval. The scenario
where ⌫inv. = ⌫u. = 0 is assumed is shown as solid lines with circle markers. The ?-value for compatibility with the
SM prediction is 61% in this case. The scenario where ⌫inv. and ⌫u. are allowed to contribute to the total Higgs
boson decay width while assuming that ^+  1 and ⌫u. � 0 is shown as dashed lines with square markers. The lower
panel shows the 95% CL upper limits on ⌫inv. and ⌫u..

of SM Higgs boson production processes into a set of regions defined by the specific kinematic properties
of the Higgs boson and, where relevant, of the associated jets, , bosons, or / bosons, as described in
Methods. The regions are defined so as to provide experimental sensitivity to deviations from the SM
predictions, to avoid large theory uncertainties in these predictions, and to minimize the model-dependence
of their extrapolations to the experimentally accessible signal regions. Signal cross sections measured
in each of the introduced kinematic regions are compared with those predicted when assuming that the
branching fractions and kinematic properties of the Higgs boson decay are described by the SM.

The results of the simultaneous measurement in 36 kinematic regions are presented in Figure 7. Compared
to previous results with a smaller dataset [22] a much larger number of regions are probed, particularly at
high Higgs boson transverse momenta where in many cases the sensitivity to new phenomena beyond the
SM is expected to be enhanced. All measurements are consistent with the SM predictions.
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PROBING THE GAUGE SECTOR
Multiboson final states as probe of electroweak sector of SM
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Standard Model Production Cross Section Measurements
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ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV

(a)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

tZj 13 139 � = 97 ± 13 ± 7 fb � = 102 + 5 � 2 fb (Madgraph5 + aMCNLO (NLO)) JHEP 07 (2020) 124
ts�chan 8 20.3 � = 4.8 ± 0.8 + 1.6 � 1.3 pb � = 5.61 ± 0.22 pb (NLO+NNL) PLB 756 (2016) 228-246
ts�chan 13 140 � = 8.2 ± 0.6 + 3.4 � 2.8 pb � = 10.32 + 0.4 � 0.36 pb (NLO+NNL) JHEP 06 (2023) 191
Wt 7 2.0 � = 16.8 ± 2.9 ± 3.9 pb � = 17.1 ± 0.8 pb (NLO+NLL) PLB 716, 142-159 (2012)
Wt 8 20.3 � = 23 ± 1.3 + 3.4 � 3.7 pb � = 24.4 + 1.1 � 1 pb (NLO+NLL) JHEP 01, 064 (2016)
Wt 13 3.2 � = 94 ± 10 + 28 � 23 pb � = 79.3 + 2.9 � 2.8 pb (NLO+NNLL) JHEP 01 (2018) 63
tt�chan 5 0.3 � = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb � = 30.3 + 0.7 � 0.5 pb (MCFM (NNLO) ) arXiv:2310.01518
tt�chan 7 4.6 � = 68 ± 2 ± 8 pb � = 63.7 + 1.4 � 0.8 pb (MCFM (NNLO)) PRD 90, 112006 (2014)
tt�chan 8 20.3 � = 89.6 ± 1.7 + 7.2 � 6.4 pb � = 84.3 + 1.7 � 1.2 pb (MCFM (NNLO)) EPJC 77 (2017) 531
tt�chan 13 140 � = 221 ± 1 ± 13 pb � = 214.2 + 4.1 � 2.6 pb (MCFM (NNLO) ) ATLAS-CONF-2023-026
t̄t [njet � 8] 7 4.7 � = 0.0425 ± 0.004 ± 0.012 pb JHEP 01, 020 (2015)
t̄t [njet = 7] 7 4.7 � = 0.161 ± 0.007 ± 0.033 pb JHEP 01, 020 (2015)
t̄t [njet = 6] 7 4.7 � = 0.611 ± 0.024 ± 0.083 pb JHEP 01, 020 (2015)
t̄t [njet = 5] 7 4.7 � = 1.72 ± 0.04 ± 0.16 pb JHEP 01, 020 (2015)
t̄t [njet = 4] 7 4.7 � = 3.76 ± 0.05 ± 0.27 pb JHEP 01, 020 (2015)
t̄t 5 0.3 � = 67.5 ± 0.9 ± 2.6 pb � = 68.2 + 5.2 � 5.3 pb (top++ NNLO+NNLL) JHEP 06 (2023) 138
t̄t 7 4.6 � = 182.9 ± 3.1 ± 6.4 pb � = 177 + 10 � 11 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 8 20.2 � = 242.9 ± 1.7 ± 8.6 pb � = 252.9 + 13.3 � 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 13 140 � = 829 ± 1 ± 15.4 pb � = 832 + 46.4 � 50.9 pb (top++ NNLO+NNLL) JHEP 07 (2023) 141
t̄t 13.6 29.0 � = 850 ± 3 ± 27 pb � = 924 + 32 � 40 pb (top++ NNLO+NNLL) arXiv:2308.09529
Z [njet � 7] 7 4.6 � = 0.0062 ± 0.001456 ± 0.00214 pb JHEP 07, 032 (2013)
Z [njet � 6] 7 4.6 � = 0.0253 ± 0.00265 ± 0.00595 pb JHEP 07, 032 (2013)
Z [njet � 6] 13 139 � = 0.000338 ± 5.3e � 05 ± 5.5e � 05 pb� = 0.000511 + 0.00034 � 0.00019 pb (Sherpa (NLO QCD+ NLO EW corr)) ATLAS-CONF-2021-033
Z [njet � 5] 7 4.6 � = 0.135 ± 0.006 ± 0.027 pb JHEP 07, 032 (2013)
Z [njet = 5] 13 139 � = 0.00305 ± 0.00017 ± 0.00025 pb � = 0.00326 + 0.0022 � 0.0012 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 4] 7 4.6 � = 0.65 ± 0.01 ± 0.11 pb � = 0.646 ± 0.031 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 4] 13 139 � = 0.0226 ± 0.0004 ± 0.0015 pb � = 0.0234 + 0.015 � 0.0083 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 3] 7 4.6 � = 3.09 ± 0.03 ± 0.4 pb � = 3.1 ± 0.14 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 3] 13 139 � = 0.1995 ± 0.0013 ± 0.0096 pb � = 0.186 + 0.11 � 0.058 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 2] 7 4.6 � = 15.05 ± 0.06 ± 1.51 pb � = 14.9 ± 0.4 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 2] 13 139 � = 1.941 ± 0.004 ± 0.061 pb � = 1.807 + 0.69 � 0.39 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 1] 7 4.6 � = 68.84 ± 0.13 ± 5.15 pb � = 64.8 ± 3.1 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 1] 13 139 � = 11.74 ± 0.01 ± 0.33 pb � = 11.17 + 2.2 � 1.3 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
�fid(Z! ee, µµ) 5 0.025 � = 374.5 ± 3.4 ± 7.9 pb � = 356 + 9 � 10 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(Z! ee, µµ) 7 4.6 � = 451 ± 0.4 ± 8.8 pb � = 432 + 12.5 � 13.8 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 8 20.2 � = 506 ± 0.2 ± 11 pb � = 486 + 13.6 � 16 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13 3.2 � = 776 ± 1 ± 18 pb � = 744 + 22 � 28 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13.6 29.0 � = 744 ± 11 ± 11 pb � = 746 + 21 � 22 pb (DYNNLO+CT14 NNLO) arXiv:2308.09529
W [njet � 7] 7 4.6 � = 0.041 ± 0.0068 ± 0.031 pb EPJC 75 (2015) 82
W [njet � 7] 8 20.2 � = 0.041 ± 0.003 ± 0.032 pb � = 0.052 + 0.007 � 0.02 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 6] 7 4.6 � = 0.199 ± 0.019 ± 0.11 pb EPJC 75 (2015) 82
W [njet � 6] 8 20.2 � = 0.22 ± 0.006 ± 0.121 pb � = 0.239 + 0.03 � 0.084 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 5] 7 4.6 � = 0.877 ± 0.032 ± 0.301 pb � = 0.933 ± 0.027 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 5] 8 20.2 � = 1.107 ± 0.013 ± 0.423 pb � = 1.1 + 0.13 � 0.38 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 4] 7 4.6 � = 4.241 ± 0.056 ± 0.885 pb � = 4.67 ± 0.06 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 4] 8 20.2 � = 5.47 ± 0.03 ± 1.47 pb � = 5 + 0.5 � 1.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 3] 7 4.6 � = 21.82 ± 0.1 ± 3.23 pb � = 23.47 ± 0.22 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 3] 8 20.2 � = 26.38 ± 0.06 ± 5.34 pb � = 23.6 + 1.3 � 5 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 2] 7 4.6 � = 111.7 ± 0.2 ± 12.2 pb � = 111.98 ± 0.44 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 2] 8 20.2 � = 128.35 ± 0.12 ± 20.39 pb � = 126.5 + 2.1 � 14.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 1] 7 4.6 � = 493.8 ± 0.5 ± 45.1 pb � = 474.22 ± 0.84 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 1] 8 20.2 � = 564.71 ± 0.24 ± 72.13 pb � = 584 + 8 � 37 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
�fid(W! e⌫, µ⌫) 5 0.025 � = 3.667 ± 0.016 ± 0.084 nb � = 3.58 ± 0.11 nb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(W! e⌫, µ⌫) 7 4.6 � = 4.911 ± 0.001 ± 0.092 nb � = 4.777 + 0.12 � 0.14 nb (DYNNLO + CT14NNLO) EPJC 77 (2017) 367
�fid(W! e⌫, µ⌫) 8 20.2 � = 5247 ± 0.6 ± 111 pb � = 5120 ± 142 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 760
�fid(W! e⌫, µ⌫) 13 0.081 � = 8.03 ± 0.01 ± 0.23 nb � = 7.82 + 0.26 � 0.3 nb (DYNNLO + CT14NNLO) PLB 759 (2016) 601
� [njet � 3] 8 20.2 � = 8.7 ± 0.02 ± 0.8 pb � = 9.5 + 0.9 � 1.2 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 2] 8 20.2 � = 30.4 ± 0.04 ± 1.8 pb � = 29.2 + 2.8 � 2.7 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 8 20.2 � = 134 ± 0.1 ± 4 pb � = 128 + 11 � 9 pb (JETPHOX (NLO)) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 13 3.2 � = 300 ± 0.4 ± 12 pb � = 319 + 55 � 46 pb (SHERPA (NLO)) PLB 780 (2018) 578
� 7 4.6 � = 359 ± 3 + 22 � 16 pb � = 308 ± 40 pb (JETPHOX (NLO)) PRD 89 (2014) 052004
� 8 20.2 � = 56.8 ± 0.1 + 5.8 � 5.6 nb � = 52.2 ± 7 nb (PETER (NLO+N3LL)) JHEP 06 (2016) 005
� 13 3.2 � = 399 ± 0.4 ± 16 pb � = 352 + 36 � 30 pb (JETPHOX+MMHT2014 (NLO)) PLB 2017 04 072
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 7 4.5 � = 86.87 ± 0.26 + 7.56 � 7.2 nb � = 86.9 + 4.7 � 12.4 nb (NLOJet++, CT10) JHEP 05 (2014) 059
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 13 3.2 � = 321 ± 0.8 + 18.6 � 19 nb � = 340 + 17 � 54 nb (NLOJet++, CT14) JHEP 05 (2018) 195
Incl. jet R=0.4, |y| < 3.0 7 4.5 � = 563.9 ± 1.5 + 55.4 � 51.4 nb � = 569.8 + 29.5 � 46.3 nb (NLOJet++, CT10) JHEP 02 (2015) 153
Incl. jet R=0.4, |y| < 3.0 8 20.2 � = 726.4 ± 1.1 + 42.7 � 41.8 nb � = 800 + 59 � 100 nb (NLOJet++, CT14) JHEP 09 (2017) 020
Incl. jet R=0.4, |y| < 3.0 13 3.2 � = 1845 ± 4 + 119 � 120 nb � = 1997 + 152 � 208 nb (NLOJet++, CT14) JHEP 05 (2018) 195
pp inelastic 7 8⇥10�8 � = 71.34 ± 0.36 ± 0.83 mb � = 71.5 + 20 � 2 mb (Schuler/Sjöstrand) Nucl. Phys. B (2014) 486
pp inelastic 8 50⇥10�8 � = 71.73 ± 0.15 ± 0.69 mb � = 73 ± 2 mb (Schuler/Sjöstrand) PLB 761 (2016) 158
pp inelastic 13 34⇥10�8 � = 77.41 ± 1.08 mb � = 78.4 ± 2 mb (Schuler/Sjöstrand) EPJC 83 (2023) 441
pp 7 8⇥10�8 � = 95.35 ± 0.38 ± 1.3 mb � = 97.26 ± 2.12 mb (COMPETE HPR1R2) Nucl. Phys. B (2014) 486
pp 8 50⇥10�8 � = 96.07 ± 0.18 ± 0.91 mb � = 99.55 ± 2.14 mb (COMPETE HPR1R2) PLB 761 (2016) 158
pp 13 34⇥10�8 � = 104.7 ± 0.22 ± 1.07 mb � = 100.3 ± 0.12 mb (COMPETE HPR1R2) EPJC 83 (2023) 441

Standard Model Production Cross Section Measurements
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p
s = 5, 7, 8, 13, 13.6 TeV

(b)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

�fid
(WZjj) EWK 8 20.3 � = 0.29 + 0.14 � 0.12 + 0.09 � 0.1 fb � = 0.13 ± 0.01 fb (VBFNLO) PRD 93 (2016) 092004

�fid
(WZjj) EWK 13 36.1 � = 0.57 + 0.14 � 0.13 + 0.07 � 0.05 fb � = 0.32 ± 0.03 fb (Sherpa 2.2.2) PLB 793 (92019) 469

�fid
(ZZjj) EWK 13 139 � = 0.82 ± 0.18 ± 0.11 fb � = 0.61 ± 0.03 fb (Sherpa 2.2.2) Nature Phys. 19 (2023) 237

�fid
(W

±
W
±
jj) EWK 8 20.3 � = 1.5 ± 0.5 ± 0.2 fb � = 0.95 ± 0.06 fb (PowhegBox) PRD 96, 012007 (2017)

�fid
(W

±
W
±
jj) EWK 13 139 � = 2.92 ± 0.22 ± 0.19 fb � = 2.53 + 0.22 � 0.19 fb (Madgraph5 + aMCNLO) Target journal JHEP

��!WW!eµX 8 20.2 � = 6.9 ± 2.2 ± 1.4 fb � = 4.4 ± 0.3 fb (HERWIG++) PRD 94 (2016) 032011
��!WW!eµX 13 139 � = 3.13 ± 0.31 ± 0.28 fb � = 3.5 ± 1 fb (MG5 aMCNLO+Pythia8 ⇥ Surv. Fact (0.82)) PLB 816 (2021) 136190
Z�jj EWK 8 20.3 � = 1.1 ± 0.5 ± 0.4 fb � = 0.94 ± 0.09 fb (VBFNLO) JHEP 07 (2017) 107
Z�jj EWK 13 140 � = 3.6 ± 0.5 ± 0.5 fb � = 3.5 ± 0.2 fb (Madgraph5 + aMCNLO) PLB 846 (2023) 138222
WWW 13 139 � = 0.82 ± 0.01 ± 0.08 pb � = 0.511 ± 0.018 pb (NLO QCD ) PRL 129 (2022) 061803
WWZ 13 79.8 � = 0.55 ± 0.14 + 0.15 � 0.13 pb � = 0.358 ± 0.036 pb (Sherpa 2.2.2) PLB 798 (2019) 134913
�fid

(WZ� ! e⌫µ⌫�) 13 140 � = 2.01 ± 0.3 ± 0.16 fb � = 1.5 ± 0.06 fb (Sherpa2.2.11 (NLO)) arXiv:2305.16994
�fid

(WW� ! e⌫µ⌫�) 8 20.2 � = 1.5 ± 0.9 ± 0.5 fb � = 2 ± 0.1 fb (VBFNLO+CT14 (NLO)) EPJC 77 (2017) 646
�fid

(W�� ! `⌫��) 8 20.3 � = 6.1 + 1.1 � 1 ± 1.2 fb � = 2.9 ± 0.16 fb (MCFM NLO) PRL 115, 031802 (2015)
�fid

(W�� ! `⌫��) 13 140 � = 12.2 ± 1 + 1.9 � 1.8 fb � = 12 + 2.15 � 1.46 fb (Sherpa 2.2.10 NLO) arXiv:2308.03041
�fid

(Z�� ! ``��) 8 20.3 � = 5.07 + 0.73 � 0.68 + 0.42 � 0.39 fb � = 3.7 + 0.21 � 0.11 fb (MCFM NLO) PRD 93, 112002 (2016)
�fid

(Z�� ! ``��) 13 139 � = 2.45 ± 0.2 ± 0.22 fb � = 2.26 + 0.36 � 0.28 fb (Sherpa 2.2.10 NLO) EPJC 83 (2023) 539
t̄tt̄t 13 140 � = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb � = 13.4 + 1 � 1.8 fb (NLO QCD + EW) EPJC 83 (2023) 496
�fid

(���) 8 20.2 � = 72.6 ± 6.5 ± 9.2 fb � = 67.5 + 7.5 � 5.7 fb (NNLO) PLB 781 (2018) 55,
Zjj EWK 8 20.3 � = 10.7 ± 0.9 ± 1.9 fb � = 9.38 + 0.3 � 0.4 fb (PowhegBox (NLO)) JHEP 04, 031 (2014)
Zjj EWK 13 139 � = 37.4 ± 3.5 ± 5.5 fb � = 39.5 ± 3.6 fb (Herwig7+VBFNLO ) EPJC 81 (2021) 163
Wjj EWK (mjj > 500 GeV) 7 4.7 � = 144 ± 23 ± 26 fb � = 144 ± 11 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
Wjj EWK (mjj > 500 GeV) 8 20.2 � = 159 ± 10 ± 26 fb � = 198 ± 12 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
t̄t� 7 4.6 � = 63 ± 8 + 17 � 13 fb � = 48 ± 10 fb (Whizard+NLO) PRD 91 (2015) 072007
t̄t� 8 20.2 � = 139 ± 7 ± 17 fb � = 151 ± 25 fb (MadGraph+PRD 83 (2011) 074013) JHEP 11 (2017) 086
t̄t� 13 36.1 � = 521 ± 9 ± 41 fb � = 495 ± 99 fb (PRD 83 (2011) 074013) EPJC 79 (2019) 382
t̄tH(H ! yy) 13 139 � = 1.24 + 0.32 � 0.35 + 0.08 � 0.11 fb � = 1.33 ± 0.12 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tH 8 20.3 � = 220 ± 100 ± 70 fb � = 133 + 8 � 13 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173
t̄tH 13 139 � = 560 ± 80 + 70 � 80 fb � = 580 ± 50 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tZ 8 20.3 � = 176 + 52 � 48 ± 24 fb � = 215 ± 30 fb (HELAC-NLO) JHEP 11, 172 (2015)
t̄tZ 13 140 � = 860 ± 40 ± 40 fb � = 860 + 80 � 90 fb (NLO + NNLL) ATLAS-CONF-2023-065
t̄tW 8 20.3 � = 369 + 86 � 79 ± 44 fb � = 232 ± 32 fb (MCFM) JHEP 11, 172 (2015)
t̄tW 13 140 � = 890 ± 50 ± 70 fb � = 745 ± 52 fb (NNLOQCD + NLOEW ) ATLAS-CONF-2023-019
�fid

(W� ! `⌫�) 7 4.6 � = 2.77 ± 0.03 ± 0.36 pb � = 2.658 ± 0.11 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 7 4.6 � = 1.31 ± 0.02 ± 0.12 pb � = 1.327 + 0.026 � 0.037 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 8 20.3 � = 1.507 ± 0.01 + 0.083 � 0.078 pb � = 1.483 + 0.019 � 0.037 pb (NNLO) PRD 93, 112002 (2016), arXiv:1407.1618
�fid

(Z� ! ``�) 13 36.1 � = 533.7 ± 2.1 ± 15.4 fb � = 515 + 20 � 19 fb (Matrix NNLO QCD + NLO EW) JHEP 03 (2020) 054
VH(��), |yH| < 2.5 13 139 � = 6 + 1.3 � 1.4 + 0.4 � 0.5 fb � = 4.53 + 0.13 � 0.14 fb (Powheg Box NLO(QCD)) Nature 607, pages 52-59 (2022)
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Figure 3: Summary of several Standard Model total and fiducial production cross-section measurements (a) with
associated references (b) and (c). Where total cross sections are reported, the measurements are corrected for
branching fractions and compared to the corresponding theoretical expectations. In some cases, the fiducial selection
is di�erent between measurements in the same final state for di�erent centre-of-mass energies

p
B, resulting in lower

cross section values at higher
p
B.
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● Observation of WWγ: 5.6σ (4.7σ) obs. (exp.) & search for Hγ
○ Hγ fit on ∆Rll [0.5, 1.8, 2.0, 2.3) and mT

WW [0, 10, 40, 70, 110, ∞) [initiated by light quarks]
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton

3

simulated using MADGRAPH5 aMC@NLO or POWHEG v2.0 [43–48] at NLO in QCD interfaced
with PYTHIA8 for hadronization and fragmentation in a manner similar to that for the WWg
signal sample. The background due to events containing nonprompt leptons and photons, in-
cluding those from instrumental mismeasurements and genuine leptons or photons within jets,
is estimated from data using a method similar to that of Ref. [49–51]. The relative contribution
of events with well-isolated, high-quality leptons to less-isolated, lower-quality leptons is mea-
sured in a dijet control region (CR) in data as a function of the lepton |h| and pT, and corrected
for prompt leptons and prompt photon conversions based on simulated samples. A similar
procedure is applied for photons, based on a W+jets CR that excludes the signal region (SR).
In the nonprompt-photon case, a fit to the width of the photon ECAL shower is used to deter-
mine the nonprompt-photon fraction in the well-isolated, high-quality category, as described
in Ref. [52]. Based on the matching to the generator level, the two procedures are combined to
avoid double counting [49]. The SM contributions from other Higgs-related processes [53] are
negligible.

Experimentally, we select W+W�g ! e+neµ�nµ g and µ+nµe�neg events, which pass the
level-1 [54] and high-level [55] triggers that require an isolated muon and/or electron. We
require the isolated electron and muon to satisfy additional identification criteria [26, 27], a sin-
gle reconstructed photon [26] must be present in the event, and the p

miss
T must exceed 20 GeV.

The photon must satisfy high performance identification requirements that correspond to a
signal efficiency > 80% [26]. Off-line kinematic requirements on the selected objects, based on
the detector acceptance and the trigger thresholds, are p

g
T > 20 GeV, |hg | < 2.5, |he(µ)| < 2.5

(2.4) and p
e(µ)
T > 25 (20) GeV. To reduce backgrounds from WZg and relevant top quark pro-

cesses, events are rejected that contain at least one b jet or an additional muon or electron with
pT > 10 GeV passing looser criteria than those of the primary leptons. Moreover, it is required
that DR =

p
(Dh)2 + (Df)2 > 0.5, where Df and Dh are the spatial separations in the azimuthal

angle f and h between leptons and photon. We further suppress background contributions by
requiring the dilepton mass (m`` ) > 10 GeV, the transverse momentum (p

``
T ) > 15 GeV, and the

transverse mass, m
WW
T =

q
2p

``
T p

miss
T [1 � cos Df(~p``T ,~p miss

T )] > 10 GeV.

A CR with charged leptons of the same sign, SSWWg, is constructed to validate the nonprompt
lepton background modeling. Another Topg CR, dominated by events corresponding to top
quark production, is used to validate the modeling of both nonprompt-lepton and nonprompt-
photon backgrounds. These two CRs are included in the simultaneous maximum likelihood fit
to constrain the estimates of these process rates. The selection for the SSWWg CR is the same
as for the SR, except that the m

WW
T requirement is removed and the two leptons are required to

have the same sign. The definition of the Topg CR also follows closely that of the SR, except that
at least one b-tagged jet with pT > 20 GeV is required and the m

WW
T requirement is removed.

The observed distributions in the SR of the invariant mass of the dilepton-photon system (m``g )
and m

WW
T are compared with the expected distributions before the fit in Fig. 2. The experimen-

tal data agree with the prediction within the uncertainties.

Various sources of systematic uncertainty are included in the fit as nuisance parameters and
subject to log-normal constraints. Theoretical sources of systematic uncertainty include the
choice of the renormalization and factorization scales, PDFs, and parton shower modeling.
The two scales are varied by factors of 2 and 0.5 independently. The envelope of these varia-
tions, excluding the two extreme (2, 0.5) and (0.5, 2) cases, is assumed as the uncertainty. The
systematic uncertainty due to PDFs is calculated using the PDF4LHC15 nnlo 30 pdfas PDF
replicas, following the PDF4LHC group prescription [56–59]. Parton shower modeling uncer-
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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simulated using MADGRAPH5 aMC@NLO or POWHEG v2.0 [43–48] at NLO in QCD interfaced
with PYTHIA8 for hadronization and fragmentation in a manner similar to that for the WWg
signal sample. The background due to events containing nonprompt leptons and photons, in-
cluding those from instrumental mismeasurements and genuine leptons or photons within jets,
is estimated from data using a method similar to that of Ref. [49–51]. The relative contribution
of events with well-isolated, high-quality leptons to less-isolated, lower-quality leptons is mea-
sured in a dijet control region (CR) in data as a function of the lepton |h| and pT, and corrected
for prompt leptons and prompt photon conversions based on simulated samples. A similar
procedure is applied for photons, based on a W+jets CR that excludes the signal region (SR).
In the nonprompt-photon case, a fit to the width of the photon ECAL shower is used to deter-
mine the nonprompt-photon fraction in the well-isolated, high-quality category, as described
in Ref. [52]. Based on the matching to the generator level, the two procedures are combined to
avoid double counting [49]. The SM contributions from other Higgs-related processes [53] are
negligible.

Experimentally, we select W+W�g ! e+neµ�nµ g and µ+nµe�neg events, which pass the
level-1 [54] and high-level [55] triggers that require an isolated muon and/or electron. We
require the isolated electron and muon to satisfy additional identification criteria [26, 27], a sin-
gle reconstructed photon [26] must be present in the event, and the p

miss
T must exceed 20 GeV.

The photon must satisfy high performance identification requirements that correspond to a
signal efficiency > 80% [26]. Off-line kinematic requirements on the selected objects, based on
the detector acceptance and the trigger thresholds, are p

g
T > 20 GeV, |hg | < 2.5, |he(µ)| < 2.5

(2.4) and p
e(µ)
T > 25 (20) GeV. To reduce backgrounds from WZg and relevant top quark pro-

cesses, events are rejected that contain at least one b jet or an additional muon or electron with
pT > 10 GeV passing looser criteria than those of the primary leptons. Moreover, it is required
that DR =

p
(Dh)2 + (Df)2 > 0.5, where Df and Dh are the spatial separations in the azimuthal

angle f and h between leptons and photon. We further suppress background contributions by
requiring the dilepton mass (m`` ) > 10 GeV, the transverse momentum (p

``
T ) > 15 GeV, and the

transverse mass, m
WW
T =

q
2p

``
T p

miss
T [1 � cos Df(~p``T ,~p miss

T )] > 10 GeV.

A CR with charged leptons of the same sign, SSWWg, is constructed to validate the nonprompt
lepton background modeling. Another Topg CR, dominated by events corresponding to top
quark production, is used to validate the modeling of both nonprompt-lepton and nonprompt-
photon backgrounds. These two CRs are included in the simultaneous maximum likelihood fit
to constrain the estimates of these process rates. The selection for the SSWWg CR is the same
as for the SR, except that the m

WW
T requirement is removed and the two leptons are required to

have the same sign. The definition of the Topg CR also follows closely that of the SR, except that
at least one b-tagged jet with pT > 20 GeV is required and the m

WW
T requirement is removed.

The observed distributions in the SR of the invariant mass of the dilepton-photon system (m``g )
and m

WW
T are compared with the expected distributions before the fit in Fig. 2. The experimen-

tal data agree with the prediction within the uncertainties.

Various sources of systematic uncertainty are included in the fit as nuisance parameters and
subject to log-normal constraints. Theoretical sources of systematic uncertainty include the
choice of the renormalization and factorization scales, PDFs, and parton shower modeling.
The two scales are varied by factors of 2 and 0.5 independently. The envelope of these varia-
tions, excluding the two extreme (2, 0.5) and (0.5, 2) cases, is assumed as the uncertainty. The
systematic uncertainty due to PDFs is calculated using the PDF4LHC15 nnlo 30 pdfas PDF
replicas, following the PDF4LHC group prescription [56–59]. Parton shower modeling uncer-
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].

In summary, this Letter reports the first observation of WWg production in proton-proton
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two categories based on jet multiplicity: 0 jet and �1 jet. The number of events in data and pre-
dictions after the fit to the data are listed in Table 1. The observed (expected) signal significance
from the fit is 5.6 (5.1) standard deviations, corresponding to the observed distributions after
the fit to the data shown in Fig. 3. The observed signal strength, µobs. = 1.11 ± 0.16 (stat) ±
0.15 (syst) ± 0.13 (modeling), is extracted in a fiducial region defined by applying the signal
selection at particle level, without the requirements on b jets and additional leptons. The the-
oretical prediction for the WWg fiducial cross section is 5.33 ± 0.34 (scale) ± 0.05 (PDF) fb at
NLO QCD as evaluated by MADGRAPH5 aMC@NLO. The WWg measured cross section from
the simultaneous fit with the uncertainties divided into statistical, experimental, and theoreti-
cal modeling components is s = 5.9 ± 0.8 (stat) ± 0.8 (syst) ± 0.7 (modeling) fb = 5.9 ± 1.3 fb.
The theoretical modeling uncertainties include the renormalization and factorization of QCD
scales, PDFs, and parton shower modeling from all simulations.
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Figure 3: The unrolled two-dimensional m
WW
T -m``g distributions in category 0 jet (left) and �1

jet (right) after the fit to data. The data are compared with the sum of the signal and expected
background. The black points with error bars represent the data and their statistical uncertain-
ties, whereas the hatched bands represent the total uncertainties in the predictions.

We also search for the Hg production mechanism shown in Fig. 1 with modified Higgs bo-
son couplings to light quarks, which have different p

g
T spectra and equivalently Hg invariant

mass compared with other anomalous HZg coupling processes as described in Ref. [14]. The
selection for this search is similar to the EW WWg signal selection but targets the Higgs boson
characteristics by requiring Df`` < 2.5, DR`` < 2.3, and DR`g > 0.8, since the two oppositely
charged W bosons from the Higgs boson decay tend to have opposite spin orientation and the
leptons from W bosons are likely to travel in the same direction [63]. Now the observed WWg
is regarded as a background whose normalization floats and is constrained by incorporating
the remaining WWg events and all CRs in the simultaneous fit. Since the DR`` observable has
good discrimination power [64], the profile likelihood ratio test statistic [65] is built separately
for four processes in bins of DR`` and m

WW
T , where DR`` and m

WW
T are divided into bins of [0.5,

1.8, 2.0, 2.3) and [0, 10, 40, 70, 110, •), respectively. The upper limits on the Hg cross sections
at 95% C.L. are shown in Table 2. The results can be interpreted as limits on the Higgs boson
to light quarks Yukawa couplings kq [10], assuming that the light quark and the Higgs boson
interaction vertex in Fig. 1 is the only parameter that does not behave according to the SM. The
normalized light Yukawa couplings kq are also provided, which rescales kq into units of y

SM

b
evaluated at scale µ = 125 GeV as described in Ref. [66].
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See talk by P. Govoni, June 7

A light Higgs boson prevents cross-
section of VBS processes from 
becoming unphysical (diverging)

VBS measurements test the 
consistency of the SM and is 
sensitive to New Physics

…

Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.
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Complementary probe to direct Higgs measurements

Triple Gauge 
Couplings

Quartic Gauge 
Couplings

Higgs 

exchange

Gauge structure of SM EWSB

 productionVV & VVV

 jets productionV & VV +

 (vector boson fusion)VBF



b-associated production
• b-associated production (via b-fusion and 

gluon fusion with gluon➔bb splitting ) studied 
in final states with leptons (WW, ττ)


• Obs (exp) upper limit: 3.7 (6.1) x SM
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p
s = 5,7,8,13,13.6 TeV

(a)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

tZj 13 139 � = 97 ± 13 ± 7 fb � = 102 + 5 � 2 fb (Madgraph5 + aMCNLO (NLO)) JHEP 07 (2020) 124
ts�chan 8 20.3 � = 4.8 ± 0.8 + 1.6 � 1.3 pb � = 5.61 ± 0.22 pb (NLO+NNL) PLB 756 (2016) 228-246
ts�chan 13 140 � = 8.2 ± 0.6 + 3.4 � 2.8 pb � = 10.32 + 0.4 � 0.36 pb (NLO+NNL) JHEP 06 (2023) 191
Wt 7 2.0 � = 16.8 ± 2.9 ± 3.9 pb � = 17.1 ± 0.8 pb (NLO+NLL) PLB 716, 142-159 (2012)
Wt 8 20.3 � = 23 ± 1.3 + 3.4 � 3.7 pb � = 24.4 + 1.1 � 1 pb (NLO+NLL) JHEP 01, 064 (2016)
Wt 13 3.2 � = 94 ± 10 + 28 � 23 pb � = 79.3 + 2.9 � 2.8 pb (NLO+NNLL) JHEP 01 (2018) 63
tt�chan 5 0.3 � = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb � = 30.3 + 0.7 � 0.5 pb (MCFM (NNLO) ) arXiv:2310.01518
tt�chan 7 4.6 � = 68 ± 2 ± 8 pb � = 63.7 + 1.4 � 0.8 pb (MCFM (NNLO)) PRD 90, 112006 (2014)
tt�chan 8 20.3 � = 89.6 ± 1.7 + 7.2 � 6.4 pb � = 84.3 + 1.7 � 1.2 pb (MCFM (NNLO)) EPJC 77 (2017) 531
tt�chan 13 140 � = 221 ± 1 ± 13 pb � = 214.2 + 4.1 � 2.6 pb (MCFM (NNLO) ) ATLAS-CONF-2023-026
t̄t [njet � 8] 7 4.7 � = 0.0425 ± 0.004 ± 0.012 pb JHEP 01, 020 (2015)
t̄t [njet = 7] 7 4.7 � = 0.161 ± 0.007 ± 0.033 pb JHEP 01, 020 (2015)
t̄t [njet = 6] 7 4.7 � = 0.611 ± 0.024 ± 0.083 pb JHEP 01, 020 (2015)
t̄t [njet = 5] 7 4.7 � = 1.72 ± 0.04 ± 0.16 pb JHEP 01, 020 (2015)
t̄t [njet = 4] 7 4.7 � = 3.76 ± 0.05 ± 0.27 pb JHEP 01, 020 (2015)
t̄t 5 0.3 � = 67.5 ± 0.9 ± 2.6 pb � = 68.2 + 5.2 � 5.3 pb (top++ NNLO+NNLL) JHEP 06 (2023) 138
t̄t 7 4.6 � = 182.9 ± 3.1 ± 6.4 pb � = 177 + 10 � 11 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 8 20.2 � = 242.9 ± 1.7 ± 8.6 pb � = 252.9 + 13.3 � 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 13 140 � = 829 ± 1 ± 15.4 pb � = 832 + 46.4 � 50.9 pb (top++ NNLO+NNLL) JHEP 07 (2023) 141
t̄t 13.6 29.0 � = 850 ± 3 ± 27 pb � = 924 + 32 � 40 pb (top++ NNLO+NNLL) arXiv:2308.09529
Z [njet � 7] 7 4.6 � = 0.0062 ± 0.001456 ± 0.00214 pb JHEP 07, 032 (2013)
Z [njet � 6] 7 4.6 � = 0.0253 ± 0.00265 ± 0.00595 pb JHEP 07, 032 (2013)
Z [njet � 6] 13 139 � = 0.000338 ± 5.3e � 05 ± 5.5e � 05 pb� = 0.000511 + 0.00034 � 0.00019 pb (Sherpa (NLO QCD+ NLO EW corr)) ATLAS-CONF-2021-033
Z [njet � 5] 7 4.6 � = 0.135 ± 0.006 ± 0.027 pb JHEP 07, 032 (2013)
Z [njet = 5] 13 139 � = 0.00305 ± 0.00017 ± 0.00025 pb � = 0.00326 + 0.0022 � 0.0012 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 4] 7 4.6 � = 0.65 ± 0.01 ± 0.11 pb � = 0.646 ± 0.031 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 4] 13 139 � = 0.0226 ± 0.0004 ± 0.0015 pb � = 0.0234 + 0.015 � 0.0083 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 3] 7 4.6 � = 3.09 ± 0.03 ± 0.4 pb � = 3.1 ± 0.14 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 3] 13 139 � = 0.1995 ± 0.0013 ± 0.0096 pb � = 0.186 + 0.11 � 0.058 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 2] 7 4.6 � = 15.05 ± 0.06 ± 1.51 pb � = 14.9 ± 0.4 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 2] 13 139 � = 1.941 ± 0.004 ± 0.061 pb � = 1.807 + 0.69 � 0.39 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 1] 7 4.6 � = 68.84 ± 0.13 ± 5.15 pb � = 64.8 ± 3.1 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 1] 13 139 � = 11.74 ± 0.01 ± 0.33 pb � = 11.17 + 2.2 � 1.3 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
�fid(Z! ee, µµ) 5 0.025 � = 374.5 ± 3.4 ± 7.9 pb � = 356 + 9 � 10 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(Z! ee, µµ) 7 4.6 � = 451 ± 0.4 ± 8.8 pb � = 432 + 12.5 � 13.8 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 8 20.2 � = 506 ± 0.2 ± 11 pb � = 486 + 13.6 � 16 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13 3.2 � = 776 ± 1 ± 18 pb � = 744 + 22 � 28 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13.6 29.0 � = 744 ± 11 ± 11 pb � = 746 + 21 � 22 pb (DYNNLO+CT14 NNLO) arXiv:2308.09529
W [njet � 7] 7 4.6 � = 0.041 ± 0.0068 ± 0.031 pb EPJC 75 (2015) 82
W [njet � 7] 8 20.2 � = 0.041 ± 0.003 ± 0.032 pb � = 0.052 + 0.007 � 0.02 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 6] 7 4.6 � = 0.199 ± 0.019 ± 0.11 pb EPJC 75 (2015) 82
W [njet � 6] 8 20.2 � = 0.22 ± 0.006 ± 0.121 pb � = 0.239 + 0.03 � 0.084 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 5] 7 4.6 � = 0.877 ± 0.032 ± 0.301 pb � = 0.933 ± 0.027 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 5] 8 20.2 � = 1.107 ± 0.013 ± 0.423 pb � = 1.1 + 0.13 � 0.38 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 4] 7 4.6 � = 4.241 ± 0.056 ± 0.885 pb � = 4.67 ± 0.06 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 4] 8 20.2 � = 5.47 ± 0.03 ± 1.47 pb � = 5 + 0.5 � 1.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 3] 7 4.6 � = 21.82 ± 0.1 ± 3.23 pb � = 23.47 ± 0.22 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 3] 8 20.2 � = 26.38 ± 0.06 ± 5.34 pb � = 23.6 + 1.3 � 5 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 2] 7 4.6 � = 111.7 ± 0.2 ± 12.2 pb � = 111.98 ± 0.44 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 2] 8 20.2 � = 128.35 ± 0.12 ± 20.39 pb � = 126.5 + 2.1 � 14.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 1] 7 4.6 � = 493.8 ± 0.5 ± 45.1 pb � = 474.22 ± 0.84 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 1] 8 20.2 � = 564.71 ± 0.24 ± 72.13 pb � = 584 + 8 � 37 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
�fid(W! e⌫, µ⌫) 5 0.025 � = 3.667 ± 0.016 ± 0.084 nb � = 3.58 ± 0.11 nb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(W! e⌫, µ⌫) 7 4.6 � = 4.911 ± 0.001 ± 0.092 nb � = 4.777 + 0.12 � 0.14 nb (DYNNLO + CT14NNLO) EPJC 77 (2017) 367
�fid(W! e⌫, µ⌫) 8 20.2 � = 5247 ± 0.6 ± 111 pb � = 5120 ± 142 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 760
�fid(W! e⌫, µ⌫) 13 0.081 � = 8.03 ± 0.01 ± 0.23 nb � = 7.82 + 0.26 � 0.3 nb (DYNNLO + CT14NNLO) PLB 759 (2016) 601
� [njet � 3] 8 20.2 � = 8.7 ± 0.02 ± 0.8 pb � = 9.5 + 0.9 � 1.2 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 2] 8 20.2 � = 30.4 ± 0.04 ± 1.8 pb � = 29.2 + 2.8 � 2.7 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 8 20.2 � = 134 ± 0.1 ± 4 pb � = 128 + 11 � 9 pb (JETPHOX (NLO)) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 13 3.2 � = 300 ± 0.4 ± 12 pb � = 319 + 55 � 46 pb (SHERPA (NLO)) PLB 780 (2018) 578
� 7 4.6 � = 359 ± 3 + 22 � 16 pb � = 308 ± 40 pb (JETPHOX (NLO)) PRD 89 (2014) 052004
� 8 20.2 � = 56.8 ± 0.1 + 5.8 � 5.6 nb � = 52.2 ± 7 nb (PETER (NLO+N3LL)) JHEP 06 (2016) 005
� 13 3.2 � = 399 ± 0.4 ± 16 pb � = 352 + 36 � 30 pb (JETPHOX+MMHT2014 (NLO)) PLB 2017 04 072
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 7 4.5 � = 86.87 ± 0.26 + 7.56 � 7.2 nb � = 86.9 + 4.7 � 12.4 nb (NLOJet++, CT10) JHEP 05 (2014) 059
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 13 3.2 � = 321 ± 0.8 + 18.6 � 19 nb � = 340 + 17 � 54 nb (NLOJet++, CT14) JHEP 05 (2018) 195
Incl. jet R=0.4, |y| < 3.0 7 4.5 � = 563.9 ± 1.5 + 55.4 � 51.4 nb � = 569.8 + 29.5 � 46.3 nb (NLOJet++, CT10) JHEP 02 (2015) 153
Incl. jet R=0.4, |y| < 3.0 8 20.2 � = 726.4 ± 1.1 + 42.7 � 41.8 nb � = 800 + 59 � 100 nb (NLOJet++, CT14) JHEP 09 (2017) 020
Incl. jet R=0.4, |y| < 3.0 13 3.2 � = 1845 ± 4 + 119 � 120 nb � = 1997 + 152 � 208 nb (NLOJet++, CT14) JHEP 05 (2018) 195
pp inelastic 7 8⇥10�8 � = 71.34 ± 0.36 ± 0.83 mb � = 71.5 + 20 � 2 mb (Schuler/Sjöstrand) Nucl. Phys. B (2014) 486
pp inelastic 8 50⇥10�8 � = 71.73 ± 0.15 ± 0.69 mb � = 73 ± 2 mb (Schuler/Sjöstrand) PLB 761 (2016) 158
pp inelastic 13 34⇥10�8 � = 77.41 ± 1.08 mb � = 78.4 ± 2 mb (Schuler/Sjöstrand) EPJC 83 (2023) 441
pp 7 8⇥10�8 � = 95.35 ± 0.38 ± 1.3 mb � = 97.26 ± 2.12 mb (COMPETE HPR1R2) Nucl. Phys. B (2014) 486
pp 8 50⇥10�8 � = 96.07 ± 0.18 ± 0.91 mb � = 99.55 ± 2.14 mb (COMPETE HPR1R2) PLB 761 (2016) 158
pp 13 34⇥10�8 � = 104.7 ± 0.22 ± 1.07 mb � = 100.3 ± 0.12 mb (COMPETE HPR1R2) EPJC 83 (2023) 441
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(b)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

�fid
(WZjj) EWK 8 20.3 � = 0.29 + 0.14 � 0.12 + 0.09 � 0.1 fb � = 0.13 ± 0.01 fb (VBFNLO) PRD 93 (2016) 092004

�fid
(WZjj) EWK 13 36.1 � = 0.57 + 0.14 � 0.13 + 0.07 � 0.05 fb � = 0.32 ± 0.03 fb (Sherpa 2.2.2) PLB 793 (92019) 469

�fid
(ZZjj) EWK 13 139 � = 0.82 ± 0.18 ± 0.11 fb � = 0.61 ± 0.03 fb (Sherpa 2.2.2) Nature Phys. 19 (2023) 237

�fid
(W

±
W
±
jj) EWK 8 20.3 � = 1.5 ± 0.5 ± 0.2 fb � = 0.95 ± 0.06 fb (PowhegBox) PRD 96, 012007 (2017)

�fid
(W

±
W
±
jj) EWK 13 139 � = 2.92 ± 0.22 ± 0.19 fb � = 2.53 + 0.22 � 0.19 fb (Madgraph5 + aMCNLO) Target journal JHEP

��!WW!eµX 8 20.2 � = 6.9 ± 2.2 ± 1.4 fb � = 4.4 ± 0.3 fb (HERWIG++) PRD 94 (2016) 032011
��!WW!eµX 13 139 � = 3.13 ± 0.31 ± 0.28 fb � = 3.5 ± 1 fb (MG5 aMCNLO+Pythia8 ⇥ Surv. Fact (0.82)) PLB 816 (2021) 136190
Z�jj EWK 8 20.3 � = 1.1 ± 0.5 ± 0.4 fb � = 0.94 ± 0.09 fb (VBFNLO) JHEP 07 (2017) 107
Z�jj EWK 13 140 � = 3.6 ± 0.5 ± 0.5 fb � = 3.5 ± 0.2 fb (Madgraph5 + aMCNLO) PLB 846 (2023) 138222
WWW 13 139 � = 0.82 ± 0.01 ± 0.08 pb � = 0.511 ± 0.018 pb (NLO QCD ) PRL 129 (2022) 061803
WWZ 13 79.8 � = 0.55 ± 0.14 + 0.15 � 0.13 pb � = 0.358 ± 0.036 pb (Sherpa 2.2.2) PLB 798 (2019) 134913
�fid

(WZ� ! e⌫µ⌫�) 13 140 � = 2.01 ± 0.3 ± 0.16 fb � = 1.5 ± 0.06 fb (Sherpa2.2.11 (NLO)) arXiv:2305.16994
�fid

(WW� ! e⌫µ⌫�) 8 20.2 � = 1.5 ± 0.9 ± 0.5 fb � = 2 ± 0.1 fb (VBFNLO+CT14 (NLO)) EPJC 77 (2017) 646
�fid

(W�� ! `⌫��) 8 20.3 � = 6.1 + 1.1 � 1 ± 1.2 fb � = 2.9 ± 0.16 fb (MCFM NLO) PRL 115, 031802 (2015)
�fid

(W�� ! `⌫��) 13 140 � = 12.2 ± 1 + 1.9 � 1.8 fb � = 12 + 2.15 � 1.46 fb (Sherpa 2.2.10 NLO) arXiv:2308.03041
�fid

(Z�� ! ``��) 8 20.3 � = 5.07 + 0.73 � 0.68 + 0.42 � 0.39 fb � = 3.7 + 0.21 � 0.11 fb (MCFM NLO) PRD 93, 112002 (2016)
�fid

(Z�� ! ``��) 13 139 � = 2.45 ± 0.2 ± 0.22 fb � = 2.26 + 0.36 � 0.28 fb (Sherpa 2.2.10 NLO) EPJC 83 (2023) 539
t̄tt̄t 13 140 � = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb � = 13.4 + 1 � 1.8 fb (NLO QCD + EW) EPJC 83 (2023) 496
�fid

(���) 8 20.2 � = 72.6 ± 6.5 ± 9.2 fb � = 67.5 + 7.5 � 5.7 fb (NNLO) PLB 781 (2018) 55,
Zjj EWK 8 20.3 � = 10.7 ± 0.9 ± 1.9 fb � = 9.38 + 0.3 � 0.4 fb (PowhegBox (NLO)) JHEP 04, 031 (2014)
Zjj EWK 13 139 � = 37.4 ± 3.5 ± 5.5 fb � = 39.5 ± 3.6 fb (Herwig7+VBFNLO ) EPJC 81 (2021) 163
Wjj EWK (mjj > 500 GeV) 7 4.7 � = 144 ± 23 ± 26 fb � = 144 ± 11 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
Wjj EWK (mjj > 500 GeV) 8 20.2 � = 159 ± 10 ± 26 fb � = 198 ± 12 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
t̄t� 7 4.6 � = 63 ± 8 + 17 � 13 fb � = 48 ± 10 fb (Whizard+NLO) PRD 91 (2015) 072007
t̄t� 8 20.2 � = 139 ± 7 ± 17 fb � = 151 ± 25 fb (MadGraph+PRD 83 (2011) 074013) JHEP 11 (2017) 086
t̄t� 13 36.1 � = 521 ± 9 ± 41 fb � = 495 ± 99 fb (PRD 83 (2011) 074013) EPJC 79 (2019) 382
t̄tH(H ! yy) 13 139 � = 1.24 + 0.32 � 0.35 + 0.08 � 0.11 fb � = 1.33 ± 0.12 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tH 8 20.3 � = 220 ± 100 ± 70 fb � = 133 + 8 � 13 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173
t̄tH 13 139 � = 560 ± 80 + 70 � 80 fb � = 580 ± 50 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tZ 8 20.3 � = 176 + 52 � 48 ± 24 fb � = 215 ± 30 fb (HELAC-NLO) JHEP 11, 172 (2015)
t̄tZ 13 140 � = 860 ± 40 ± 40 fb � = 860 + 80 � 90 fb (NLO + NNLL) ATLAS-CONF-2023-065
t̄tW 8 20.3 � = 369 + 86 � 79 ± 44 fb � = 232 ± 32 fb (MCFM) JHEP 11, 172 (2015)
t̄tW 13 140 � = 890 ± 50 ± 70 fb � = 745 ± 52 fb (NNLOQCD + NLOEW ) ATLAS-CONF-2023-019
�fid

(W� ! `⌫�) 7 4.6 � = 2.77 ± 0.03 ± 0.36 pb � = 2.658 ± 0.11 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 7 4.6 � = 1.31 ± 0.02 ± 0.12 pb � = 1.327 + 0.026 � 0.037 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 8 20.3 � = 1.507 ± 0.01 + 0.083 � 0.078 pb � = 1.483 + 0.019 � 0.037 pb (NNLO) PRD 93, 112002 (2016), arXiv:1407.1618
�fid

(Z� ! ``�) 13 36.1 � = 533.7 ± 2.1 ± 15.4 fb � = 515 + 20 � 19 fb (Matrix NNLO QCD + NLO EW) JHEP 03 (2020) 054
VH(��), |yH| < 2.5 13 139 � = 6 + 1.3 � 1.4 + 0.4 � 0.5 fb � = 4.53 + 0.13 � 0.14 fb (Powheg Box NLO(QCD)) Nature 607, pages 52-59 (2022)
VH(bb̄), |yH| < 2.5 13 139 � = 1190 ± 130 + 160 � 140 fb � = 1162 + 31 � 29 fb (Powheg Box NLO(QCD)) ATLAS-CONF-2020-027
VH 8 20.3 � = 1.03 + 0.37 � 0.36 + 0.26 � 0.21 pb � = 1.12 ± 0.03 pb (NNLO(QCD)+NLO(EW)) JHEP 12 (2017) 024
VH 13 36.1 � = 2719 + 947 � 810 fb � = 2255 ± 44 fb (NNLO(QCD)+NLO(EW)) JHEP 12 (2017) 024
VBF H ! ��, |yH| < 2.5 13 139 � = 11.7 ± 1.6 + 1.1 � 1.4 fb � = 7.97 + 0.21 � 0.22 fb (NNLO QCD and NLO EW ) Nature 607, pages 52-59 (2022)
VBF H ! ⌧⌧, |yH| < 2.5 13 139 � = 197 ± 28 + 32 � 26 fb � = 220 ± 5 fb (NNLO QCD and NLO EW ) JHEP 08 (2022) 175
VBF H ! ZZ

⇤, |yH| < 2.5 13 139 � = 120 + 40 � 50 ± 10 fb � = 92.8 + 2.3 � 2.4 fb (NNLO QCD and NLO EW ) Nature 607, pages 52-59 (2022)
VBF H ! WW

⇤ 8 20.3 � = 0.51 + 0.17 � 0.15 + 0.13 � 0.08 pb � = 0.35 ± 0.02 pb (LHC-HXSWG) PRD 92 (2015) 012006
VBF H ! WW

⇤ 13 139 � = 0.79 + 0.11 � 0.1 + 0.16 � 0.12 pb � = 0.81 ± 0.02 pb (NNLO QCD and NLO EW ) PRD 108 (2023) 032005
H VBF 8 20.3 � = 2.43 + 0.5 � 0.49 + 0.33 � 0.26 pb � = 1.6 ± 0.04 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
H VBF, |yH| < 2.5 13 139 � = 4 ± 0.3 + 0.3 � 0.4 pb � = 3.51 ± 0.07 pb (LHC-HXSWG) Nature 607, pages 52-59 (2022)
�fid

(H ! ZZ ! 4`) 8 20.3 � = 2.11 + 0.53 � 0.47 ± 0.1 fb � = 1.29 ± 0.13 fb (LHC-HXSWG) JHEP 10 (2017) 132
�fid

(H ! ZZ ! 4`) 13 139 � = 3.28 ± 0.3 ± 0.11 fb � = 3.41 ± 0.18 fb (N3LO) EPJC 80 (2020) 941
�fid

(H ! ZZ ! 4`) 13.6 29.0 � = 2.8 ± 0.7 ± 0.21 fb � = 3.67 ± 0.19 fb (N3LO) ATLAS-CONF-2023-032
�fid

(H!��) 8 20.3 � = 42.5 ± 9.8 + 3.1 � 3 fb � = 31 ± 3.2 fb (LHC-HXSWG) ATLAS-CONF-2015-060
�fid

(H!��) 13 139 � = 65.2 ± 4.5 ± 5.6 fb � = 63.6 ± 3.3 fb (LHC-HXSWG) JHEP 08 (2022) 027
�fid

(H!��) 13.6 31.4 � = 76 ± 11 + 9 � 7 fb � = 67.6 ± 3.7 fb (LHC-HXSWG) arXiv:2306.11379
�fid

(H ! ⌧⌧) 8 20.3 � = 2.1 ± 0.4 + 0.5 � 0.4 pb � = 1.39 ± 0.14 pb (LHC-HXSWG) JHEP 04 117 (2015)
�fid

(H ! ⌧⌧) 13 139 � = 2.94 ± 0.21 + 0.37 � 0.32 pb � = 3.17 ± 0.09 pb (LHCHiggsXSWG ) JHEP 08 (2022) 175
gg ! H ! WW

⇤ 8 20.3 � = 4.6 ± 0.9 + 0.8 � 0.7 pb � = 4.2 ± 0.5 pb (LHC-HXSWG) PRD 92 (2015) 012006
gg ! H ! WW

⇤ 13 139 � = 12.4 ± 0.6 ± 1.5 pb � = 10.4 ± 0.6 pb (N3LO (LHC-HXSWG)) PRD 108 (2023) 032005
H 8 20.3 � = 27.7 ± 3 + 2.3 � 1.9 pb � = 24.5 + 1.3 � 1.8 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
H 13 139 � = 55.5 ± 3.2 + 2.4 � 2.2 pb � = 55.6 ± 2.5 pb (LHC-HXSWG YR4 ) JHEP 05 (2023) 028
H 13.6 31.4 � = 58.2 ± 7.5 ± 4.5 pb � = 59.9 ± 2.6 pb (LHC-HXSWG YR4 ) arXiv:2306.11379
�fid

(��)[�R�� > 0.4] 7 4.9 � = 44 + 3.2 � 4.2 pb � = 44 ± 6 pb (2�NNLO) JHEP 01, 086 (2013)
�fid

(��)[�R�� > 0.4] 8 20.2 � = 16.82 ± 0.07 + 0.75 � 0.78 pb � = 14.2 + 1.25 � 0.91 pb (2�NNLO + CT10) PRD 95 (2017) 112005
�fid

(��)[�R�� > 0.4] 13 139 � = 31.4 ± 0.1 ± 2.4 pb � = 29.7 + 2.4 � 2 pb (NNLOjet (NNLO) ) JHEP 11 (2021) 169
ZZ 7 4.6 � = 6.7 ± 0.7 + 0.5 � 0.4 pb � = 6.735 + 0.195 � 0.155 pb (NNLO) JHEP 03, 128 (2013), PLB 735 (2014) 311
ZZ 8 20.3 � = 7.3 ± 0.4 + 0.4 � 0.3 pb � = 8.284 + 0.249 � 0.191 pb (NNLO) JHEP 01, 099 (2017)
ZZ 13 36.1 � = 17.3 ± 0.6 ± 0.8 pb � = 16.9 + 0.6 � 0.5 pb (Matrix (NNLO) & Sherpa (NLO)) PRD 97 (2018) 032005
ZZ 13.6 29.0 � = 16.9 ± 0.7 ± 0.7 pb � = 16.7 ± 0.4 pb (Matrix (NNLO) & Sherpa (NLO)) ATLAS-CONF-2023-062
WZ 7 4.6 � = 19 + 1.4 � 1.3 ± 1 pb � = 19.34 + 0.3 � 0.4 pb (MATRIX (NNLO)) EPJC 72 (2012) 2173
WZ 8 20.3 � = 24.3 ± 0.6 ± 0.9 pb � = 23.92 ± 0.4 pb (MATRIX (NNLO)) PRD 93, 092004 (2016)
WZ 13 36.1 � = 51 ± 0.8 ± 2.3 pb � = 49.1 + 1.1 � 1 pb (MATRIX (NNLO)) EPJC 79 (2019) 535
WW 7 4.6 � = 51.9 ± 2 ± 4.4 pb � = 49.04 + 1.03 � 0.88 pb (NNLO) PRD 87 (2013) 112001, PRL 113 (2014) 212001
WW 8 20.3 � = 68.2 ± 1.2 ± 4.6 pb � = 65 + 1.2 � 1.1 pb (NNLO) PLB 763, 114 (2016)
WW 13 36.1 � = 130.04 ± 1.7 ± 10.6 pb � = 128.4 + 3.2 � 2.9 pb (NNLO) EPJC 79 (2019) 884

Standard Model Production Cross Section Measurements

Status: October 2023

ATLAS Preliminary
p
s = 7, 8, 13, 13.6 TeV

(c)

Figure 3: Summary of several Standard Model total and fiducial production cross-section measurements (a) with
associated references (b) and (c). Where total cross sections are reported, the measurements are corrected for
branching fractions and compared to the corresponding theoretical expectations. In some cases, the fiducial selection
is di�erent between measurements in the same final state for di�erent centre-of-mass energies

p
B, resulting in lower

cross section values at higher
p
B.
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ttH production
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b-associated production
• b-associated production (via b-fusion and 

gluon fusion with gluon➔bb splitting ) studied 
in final states with leptons (WW, ττ)


• Obs (exp) upper limit: 3.7 (6.1) x SM
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 productionbb̄H

PROBING THE YUKAWA SECTOR



The Higgs self-coupling

35

• Single-Higgs production 
modes indirectly sensitive to 
the self-coupling through 
electro-weak effects


• Precision theory predictions 
absolutely crucial  

De Grassi et al 1607.04251

Bizon et al 1610.05771 


Maltoni et al 1709.08649  
Indirect sensitivity through precision studies!

The Higgs self-coupling

34

• Double-Higgs production 
is directly sensitive to the 
self-coupling


• Sensitivity limited also  
because of destructive 
interference 

⇒ see e.g. talks of L. Skyboz, N. De Filippi … 

ATLAS-CONF-2022-050 (see also 2211.01216)

bb̄ττ + bb̄γγ + bb̄bb̄

PROBING H SELF INTERACTION THE CHALLENGES AHEAD
Direct sensitivity in HH production:  Progress, but extremely hard to measure even at (HL-)LHC
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p
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(a)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

tZj 13 139 � = 97 ± 13 ± 7 fb � = 102 + 5 � 2 fb (Madgraph5 + aMCNLO (NLO)) JHEP 07 (2020) 124
ts�chan 8 20.3 � = 4.8 ± 0.8 + 1.6 � 1.3 pb � = 5.61 ± 0.22 pb (NLO+NNL) PLB 756 (2016) 228-246
ts�chan 13 140 � = 8.2 ± 0.6 + 3.4 � 2.8 pb � = 10.32 + 0.4 � 0.36 pb (NLO+NNL) JHEP 06 (2023) 191
Wt 7 2.0 � = 16.8 ± 2.9 ± 3.9 pb � = 17.1 ± 0.8 pb (NLO+NLL) PLB 716, 142-159 (2012)
Wt 8 20.3 � = 23 ± 1.3 + 3.4 � 3.7 pb � = 24.4 + 1.1 � 1 pb (NLO+NLL) JHEP 01, 064 (2016)
Wt 13 3.2 � = 94 ± 10 + 28 � 23 pb � = 79.3 + 2.9 � 2.8 pb (NLO+NNLL) JHEP 01 (2018) 63
tt�chan 5 0.3 � = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb � = 30.3 + 0.7 � 0.5 pb (MCFM (NNLO) ) arXiv:2310.01518
tt�chan 7 4.6 � = 68 ± 2 ± 8 pb � = 63.7 + 1.4 � 0.8 pb (MCFM (NNLO)) PRD 90, 112006 (2014)
tt�chan 8 20.3 � = 89.6 ± 1.7 + 7.2 � 6.4 pb � = 84.3 + 1.7 � 1.2 pb (MCFM (NNLO)) EPJC 77 (2017) 531
tt�chan 13 140 � = 221 ± 1 ± 13 pb � = 214.2 + 4.1 � 2.6 pb (MCFM (NNLO) ) ATLAS-CONF-2023-026
t̄t [njet � 8] 7 4.7 � = 0.0425 ± 0.004 ± 0.012 pb JHEP 01, 020 (2015)
t̄t [njet = 7] 7 4.7 � = 0.161 ± 0.007 ± 0.033 pb JHEP 01, 020 (2015)
t̄t [njet = 6] 7 4.7 � = 0.611 ± 0.024 ± 0.083 pb JHEP 01, 020 (2015)
t̄t [njet = 5] 7 4.7 � = 1.72 ± 0.04 ± 0.16 pb JHEP 01, 020 (2015)
t̄t [njet = 4] 7 4.7 � = 3.76 ± 0.05 ± 0.27 pb JHEP 01, 020 (2015)
t̄t 5 0.3 � = 67.5 ± 0.9 ± 2.6 pb � = 68.2 + 5.2 � 5.3 pb (top++ NNLO+NNLL) JHEP 06 (2023) 138
t̄t 7 4.6 � = 182.9 ± 3.1 ± 6.4 pb � = 177 + 10 � 11 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 8 20.2 � = 242.9 ± 1.7 ± 8.6 pb � = 252.9 + 13.3 � 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 13 140 � = 829 ± 1 ± 15.4 pb � = 832 + 46.4 � 50.9 pb (top++ NNLO+NNLL) JHEP 07 (2023) 141
t̄t 13.6 29.0 � = 850 ± 3 ± 27 pb � = 924 + 32 � 40 pb (top++ NNLO+NNLL) arXiv:2308.09529
Z [njet � 7] 7 4.6 � = 0.0062 ± 0.001456 ± 0.00214 pb JHEP 07, 032 (2013)
Z [njet � 6] 7 4.6 � = 0.0253 ± 0.00265 ± 0.00595 pb JHEP 07, 032 (2013)
Z [njet � 6] 13 139 � = 0.000338 ± 5.3e � 05 ± 5.5e � 05 pb� = 0.000511 + 0.00034 � 0.00019 pb (Sherpa (NLO QCD+ NLO EW corr)) ATLAS-CONF-2021-033
Z [njet � 5] 7 4.6 � = 0.135 ± 0.006 ± 0.027 pb JHEP 07, 032 (2013)
Z [njet = 5] 13 139 � = 0.00305 ± 0.00017 ± 0.00025 pb � = 0.00326 + 0.0022 � 0.0012 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 4] 7 4.6 � = 0.65 ± 0.01 ± 0.11 pb � = 0.646 ± 0.031 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 4] 13 139 � = 0.0226 ± 0.0004 ± 0.0015 pb � = 0.0234 + 0.015 � 0.0083 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 3] 7 4.6 � = 3.09 ± 0.03 ± 0.4 pb � = 3.1 ± 0.14 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 3] 13 139 � = 0.1995 ± 0.0013 ± 0.0096 pb � = 0.186 + 0.11 � 0.058 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 2] 7 4.6 � = 15.05 ± 0.06 ± 1.51 pb � = 14.9 ± 0.4 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 2] 13 139 � = 1.941 ± 0.004 ± 0.061 pb � = 1.807 + 0.69 � 0.39 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 1] 7 4.6 � = 68.84 ± 0.13 ± 5.15 pb � = 64.8 ± 3.1 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 1] 13 139 � = 11.74 ± 0.01 ± 0.33 pb � = 11.17 + 2.2 � 1.3 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
�fid(Z! ee, µµ) 5 0.025 � = 374.5 ± 3.4 ± 7.9 pb � = 356 + 9 � 10 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(Z! ee, µµ) 7 4.6 � = 451 ± 0.4 ± 8.8 pb � = 432 + 12.5 � 13.8 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 8 20.2 � = 506 ± 0.2 ± 11 pb � = 486 + 13.6 � 16 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13 3.2 � = 776 ± 1 ± 18 pb � = 744 + 22 � 28 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13.6 29.0 � = 744 ± 11 ± 11 pb � = 746 + 21 � 22 pb (DYNNLO+CT14 NNLO) arXiv:2308.09529
W [njet � 7] 7 4.6 � = 0.041 ± 0.0068 ± 0.031 pb EPJC 75 (2015) 82
W [njet � 7] 8 20.2 � = 0.041 ± 0.003 ± 0.032 pb � = 0.052 + 0.007 � 0.02 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 6] 7 4.6 � = 0.199 ± 0.019 ± 0.11 pb EPJC 75 (2015) 82
W [njet � 6] 8 20.2 � = 0.22 ± 0.006 ± 0.121 pb � = 0.239 + 0.03 � 0.084 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 5] 7 4.6 � = 0.877 ± 0.032 ± 0.301 pb � = 0.933 ± 0.027 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 5] 8 20.2 � = 1.107 ± 0.013 ± 0.423 pb � = 1.1 + 0.13 � 0.38 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 4] 7 4.6 � = 4.241 ± 0.056 ± 0.885 pb � = 4.67 ± 0.06 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 4] 8 20.2 � = 5.47 ± 0.03 ± 1.47 pb � = 5 + 0.5 � 1.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 3] 7 4.6 � = 21.82 ± 0.1 ± 3.23 pb � = 23.47 ± 0.22 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 3] 8 20.2 � = 26.38 ± 0.06 ± 5.34 pb � = 23.6 + 1.3 � 5 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 2] 7 4.6 � = 111.7 ± 0.2 ± 12.2 pb � = 111.98 ± 0.44 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 2] 8 20.2 � = 128.35 ± 0.12 ± 20.39 pb � = 126.5 + 2.1 � 14.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 1] 7 4.6 � = 493.8 ± 0.5 ± 45.1 pb � = 474.22 ± 0.84 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 1] 8 20.2 � = 564.71 ± 0.24 ± 72.13 pb � = 584 + 8 � 37 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
�fid(W! e⌫, µ⌫) 5 0.025 � = 3.667 ± 0.016 ± 0.084 nb � = 3.58 ± 0.11 nb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(W! e⌫, µ⌫) 7 4.6 � = 4.911 ± 0.001 ± 0.092 nb � = 4.777 + 0.12 � 0.14 nb (DYNNLO + CT14NNLO) EPJC 77 (2017) 367
�fid(W! e⌫, µ⌫) 8 20.2 � = 5247 ± 0.6 ± 111 pb � = 5120 ± 142 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 760
�fid(W! e⌫, µ⌫) 13 0.081 � = 8.03 ± 0.01 ± 0.23 nb � = 7.82 + 0.26 � 0.3 nb (DYNNLO + CT14NNLO) PLB 759 (2016) 601
� [njet � 3] 8 20.2 � = 8.7 ± 0.02 ± 0.8 pb � = 9.5 + 0.9 � 1.2 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 2] 8 20.2 � = 30.4 ± 0.04 ± 1.8 pb � = 29.2 + 2.8 � 2.7 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 8 20.2 � = 134 ± 0.1 ± 4 pb � = 128 + 11 � 9 pb (JETPHOX (NLO)) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 13 3.2 � = 300 ± 0.4 ± 12 pb � = 319 + 55 � 46 pb (SHERPA (NLO)) PLB 780 (2018) 578
� 7 4.6 � = 359 ± 3 + 22 � 16 pb � = 308 ± 40 pb (JETPHOX (NLO)) PRD 89 (2014) 052004
� 8 20.2 � = 56.8 ± 0.1 + 5.8 � 5.6 nb � = 52.2 ± 7 nb (PETER (NLO+N3LL)) JHEP 06 (2016) 005
� 13 3.2 � = 399 ± 0.4 ± 16 pb � = 352 + 36 � 30 pb (JETPHOX+MMHT2014 (NLO)) PLB 2017 04 072
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 7 4.5 � = 86.87 ± 0.26 + 7.56 � 7.2 nb � = 86.9 + 4.7 � 12.4 nb (NLOJet++, CT10) JHEP 05 (2014) 059
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 13 3.2 � = 321 ± 0.8 + 18.6 � 19 nb � = 340 + 17 � 54 nb (NLOJet++, CT14) JHEP 05 (2018) 195
Incl. jet R=0.4, |y| < 3.0 7 4.5 � = 563.9 ± 1.5 + 55.4 � 51.4 nb � = 569.8 + 29.5 � 46.3 nb (NLOJet++, CT10) JHEP 02 (2015) 153
Incl. jet R=0.4, |y| < 3.0 8 20.2 � = 726.4 ± 1.1 + 42.7 � 41.8 nb � = 800 + 59 � 100 nb (NLOJet++, CT14) JHEP 09 (2017) 020
Incl. jet R=0.4, |y| < 3.0 13 3.2 � = 1845 ± 4 + 119 � 120 nb � = 1997 + 152 � 208 nb (NLOJet++, CT14) JHEP 05 (2018) 195
pp inelastic 7 8⇥10�8 � = 71.34 ± 0.36 ± 0.83 mb � = 71.5 + 20 � 2 mb (Schuler/Sjöstrand) Nucl. Phys. B (2014) 486
pp inelastic 8 50⇥10�8 � = 71.73 ± 0.15 ± 0.69 mb � = 73 ± 2 mb (Schuler/Sjöstrand) PLB 761 (2016) 158
pp inelastic 13 34⇥10�8 � = 77.41 ± 1.08 mb � = 78.4 ± 2 mb (Schuler/Sjöstrand) EPJC 83 (2023) 441
pp 7 8⇥10�8 � = 95.35 ± 0.38 ± 1.3 mb � = 97.26 ± 2.12 mb (COMPETE HPR1R2) Nucl. Phys. B (2014) 486
pp 8 50⇥10�8 � = 96.07 ± 0.18 ± 0.91 mb � = 99.55 ± 2.14 mb (COMPETE HPR1R2) PLB 761 (2016) 158
pp 13 34⇥10�8 � = 104.7 ± 0.22 ± 1.07 mb � = 100.3 ± 0.12 mb (COMPETE HPR1R2) EPJC 83 (2023) 441
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(b)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

�fid
(WZjj) EWK 8 20.3 � = 0.29 + 0.14 � 0.12 + 0.09 � 0.1 fb � = 0.13 ± 0.01 fb (VBFNLO) PRD 93 (2016) 092004

�fid
(WZjj) EWK 13 36.1 � = 0.57 + 0.14 � 0.13 + 0.07 � 0.05 fb � = 0.32 ± 0.03 fb (Sherpa 2.2.2) PLB 793 (92019) 469

�fid
(ZZjj) EWK 13 139 � = 0.82 ± 0.18 ± 0.11 fb � = 0.61 ± 0.03 fb (Sherpa 2.2.2) Nature Phys. 19 (2023) 237

�fid
(W

±
W
±
jj) EWK 8 20.3 � = 1.5 ± 0.5 ± 0.2 fb � = 0.95 ± 0.06 fb (PowhegBox) PRD 96, 012007 (2017)

�fid
(W

±
W
±
jj) EWK 13 139 � = 2.92 ± 0.22 ± 0.19 fb � = 2.53 + 0.22 � 0.19 fb (Madgraph5 + aMCNLO) Target journal JHEP

��!WW!eµX 8 20.2 � = 6.9 ± 2.2 ± 1.4 fb � = 4.4 ± 0.3 fb (HERWIG++) PRD 94 (2016) 032011
��!WW!eµX 13 139 � = 3.13 ± 0.31 ± 0.28 fb � = 3.5 ± 1 fb (MG5 aMCNLO+Pythia8 ⇥ Surv. Fact (0.82)) PLB 816 (2021) 136190
Z�jj EWK 8 20.3 � = 1.1 ± 0.5 ± 0.4 fb � = 0.94 ± 0.09 fb (VBFNLO) JHEP 07 (2017) 107
Z�jj EWK 13 140 � = 3.6 ± 0.5 ± 0.5 fb � = 3.5 ± 0.2 fb (Madgraph5 + aMCNLO) PLB 846 (2023) 138222
WWW 13 139 � = 0.82 ± 0.01 ± 0.08 pb � = 0.511 ± 0.018 pb (NLO QCD ) PRL 129 (2022) 061803
WWZ 13 79.8 � = 0.55 ± 0.14 + 0.15 � 0.13 pb � = 0.358 ± 0.036 pb (Sherpa 2.2.2) PLB 798 (2019) 134913
�fid

(WZ� ! e⌫µ⌫�) 13 140 � = 2.01 ± 0.3 ± 0.16 fb � = 1.5 ± 0.06 fb (Sherpa2.2.11 (NLO)) arXiv:2305.16994
�fid

(WW� ! e⌫µ⌫�) 8 20.2 � = 1.5 ± 0.9 ± 0.5 fb � = 2 ± 0.1 fb (VBFNLO+CT14 (NLO)) EPJC 77 (2017) 646
�fid

(W�� ! `⌫��) 8 20.3 � = 6.1 + 1.1 � 1 ± 1.2 fb � = 2.9 ± 0.16 fb (MCFM NLO) PRL 115, 031802 (2015)
�fid

(W�� ! `⌫��) 13 140 � = 12.2 ± 1 + 1.9 � 1.8 fb � = 12 + 2.15 � 1.46 fb (Sherpa 2.2.10 NLO) arXiv:2308.03041
�fid

(Z�� ! ``��) 8 20.3 � = 5.07 + 0.73 � 0.68 + 0.42 � 0.39 fb � = 3.7 + 0.21 � 0.11 fb (MCFM NLO) PRD 93, 112002 (2016)
�fid

(Z�� ! ``��) 13 139 � = 2.45 ± 0.2 ± 0.22 fb � = 2.26 + 0.36 � 0.28 fb (Sherpa 2.2.10 NLO) EPJC 83 (2023) 539
t̄tt̄t 13 140 � = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb � = 13.4 + 1 � 1.8 fb (NLO QCD + EW) EPJC 83 (2023) 496
�fid

(���) 8 20.2 � = 72.6 ± 6.5 ± 9.2 fb � = 67.5 + 7.5 � 5.7 fb (NNLO) PLB 781 (2018) 55,
Zjj EWK 8 20.3 � = 10.7 ± 0.9 ± 1.9 fb � = 9.38 + 0.3 � 0.4 fb (PowhegBox (NLO)) JHEP 04, 031 (2014)
Zjj EWK 13 139 � = 37.4 ± 3.5 ± 5.5 fb � = 39.5 ± 3.6 fb (Herwig7+VBFNLO ) EPJC 81 (2021) 163
Wjj EWK (mjj > 500 GeV) 7 4.7 � = 144 ± 23 ± 26 fb � = 144 ± 11 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
Wjj EWK (mjj > 500 GeV) 8 20.2 � = 159 ± 10 ± 26 fb � = 198 ± 12 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
t̄t� 7 4.6 � = 63 ± 8 + 17 � 13 fb � = 48 ± 10 fb (Whizard+NLO) PRD 91 (2015) 072007
t̄t� 8 20.2 � = 139 ± 7 ± 17 fb � = 151 ± 25 fb (MadGraph+PRD 83 (2011) 074013) JHEP 11 (2017) 086
t̄t� 13 36.1 � = 521 ± 9 ± 41 fb � = 495 ± 99 fb (PRD 83 (2011) 074013) EPJC 79 (2019) 382
t̄tH(H ! yy) 13 139 � = 1.24 + 0.32 � 0.35 + 0.08 � 0.11 fb � = 1.33 ± 0.12 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tH 8 20.3 � = 220 ± 100 ± 70 fb � = 133 + 8 � 13 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173
t̄tH 13 139 � = 560 ± 80 + 70 � 80 fb � = 580 ± 50 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tZ 8 20.3 � = 176 + 52 � 48 ± 24 fb � = 215 ± 30 fb (HELAC-NLO) JHEP 11, 172 (2015)
t̄tZ 13 140 � = 860 ± 40 ± 40 fb � = 860 + 80 � 90 fb (NLO + NNLL) ATLAS-CONF-2023-065
t̄tW 8 20.3 � = 369 + 86 � 79 ± 44 fb � = 232 ± 32 fb (MCFM) JHEP 11, 172 (2015)
t̄tW 13 140 � = 890 ± 50 ± 70 fb � = 745 ± 52 fb (NNLOQCD + NLOEW ) ATLAS-CONF-2023-019
�fid

(W� ! `⌫�) 7 4.6 � = 2.77 ± 0.03 ± 0.36 pb � = 2.658 ± 0.11 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 7 4.6 � = 1.31 ± 0.02 ± 0.12 pb � = 1.327 + 0.026 � 0.037 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 8 20.3 � = 1.507 ± 0.01 + 0.083 � 0.078 pb � = 1.483 + 0.019 � 0.037 pb (NNLO) PRD 93, 112002 (2016), arXiv:1407.1618
�fid

(Z� ! ``�) 13 36.1 � = 533.7 ± 2.1 ± 15.4 fb � = 515 + 20 � 19 fb (Matrix NNLO QCD + NLO EW) JHEP 03 (2020) 054
VH(��), |yH| < 2.5 13 139 � = 6 + 1.3 � 1.4 + 0.4 � 0.5 fb � = 4.53 + 0.13 � 0.14 fb (Powheg Box NLO(QCD)) Nature 607, pages 52-59 (2022)
VH(bb̄), |yH| < 2.5 13 139 � = 1190 ± 130 + 160 � 140 fb � = 1162 + 31 � 29 fb (Powheg Box NLO(QCD)) ATLAS-CONF-2020-027
VH 8 20.3 � = 1.03 + 0.37 � 0.36 + 0.26 � 0.21 pb � = 1.12 ± 0.03 pb (NNLO(QCD)+NLO(EW)) JHEP 12 (2017) 024
VH 13 36.1 � = 2719 + 947 � 810 fb � = 2255 ± 44 fb (NNLO(QCD)+NLO(EW)) JHEP 12 (2017) 024
VBF H ! ��, |yH| < 2.5 13 139 � = 11.7 ± 1.6 + 1.1 � 1.4 fb � = 7.97 + 0.21 � 0.22 fb (NNLO QCD and NLO EW ) Nature 607, pages 52-59 (2022)
VBF H ! ⌧⌧, |yH| < 2.5 13 139 � = 197 ± 28 + 32 � 26 fb � = 220 ± 5 fb (NNLO QCD and NLO EW ) JHEP 08 (2022) 175
VBF H ! ZZ

⇤, |yH| < 2.5 13 139 � = 120 + 40 � 50 ± 10 fb � = 92.8 + 2.3 � 2.4 fb (NNLO QCD and NLO EW ) Nature 607, pages 52-59 (2022)
VBF H ! WW

⇤ 8 20.3 � = 0.51 + 0.17 � 0.15 + 0.13 � 0.08 pb � = 0.35 ± 0.02 pb (LHC-HXSWG) PRD 92 (2015) 012006
VBF H ! WW

⇤ 13 139 � = 0.79 + 0.11 � 0.1 + 0.16 � 0.12 pb � = 0.81 ± 0.02 pb (NNLO QCD and NLO EW ) PRD 108 (2023) 032005
H VBF 8 20.3 � = 2.43 + 0.5 � 0.49 + 0.33 � 0.26 pb � = 1.6 ± 0.04 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
H VBF, |yH| < 2.5 13 139 � = 4 ± 0.3 + 0.3 � 0.4 pb � = 3.51 ± 0.07 pb (LHC-HXSWG) Nature 607, pages 52-59 (2022)
�fid

(H ! ZZ ! 4`) 8 20.3 � = 2.11 + 0.53 � 0.47 ± 0.1 fb � = 1.29 ± 0.13 fb (LHC-HXSWG) JHEP 10 (2017) 132
�fid

(H ! ZZ ! 4`) 13 139 � = 3.28 ± 0.3 ± 0.11 fb � = 3.41 ± 0.18 fb (N3LO) EPJC 80 (2020) 941
�fid

(H ! ZZ ! 4`) 13.6 29.0 � = 2.8 ± 0.7 ± 0.21 fb � = 3.67 ± 0.19 fb (N3LO) ATLAS-CONF-2023-032
�fid

(H!��) 8 20.3 � = 42.5 ± 9.8 + 3.1 � 3 fb � = 31 ± 3.2 fb (LHC-HXSWG) ATLAS-CONF-2015-060
�fid

(H!��) 13 139 � = 65.2 ± 4.5 ± 5.6 fb � = 63.6 ± 3.3 fb (LHC-HXSWG) JHEP 08 (2022) 027
�fid

(H!��) 13.6 31.4 � = 76 ± 11 + 9 � 7 fb � = 67.6 ± 3.7 fb (LHC-HXSWG) arXiv:2306.11379
�fid

(H ! ⌧⌧) 8 20.3 � = 2.1 ± 0.4 + 0.5 � 0.4 pb � = 1.39 ± 0.14 pb (LHC-HXSWG) JHEP 04 117 (2015)
�fid

(H ! ⌧⌧) 13 139 � = 2.94 ± 0.21 + 0.37 � 0.32 pb � = 3.17 ± 0.09 pb (LHCHiggsXSWG ) JHEP 08 (2022) 175
gg ! H ! WW

⇤ 8 20.3 � = 4.6 ± 0.9 + 0.8 � 0.7 pb � = 4.2 ± 0.5 pb (LHC-HXSWG) PRD 92 (2015) 012006
gg ! H ! WW

⇤ 13 139 � = 12.4 ± 0.6 ± 1.5 pb � = 10.4 ± 0.6 pb (N3LO (LHC-HXSWG)) PRD 108 (2023) 032005
H 8 20.3 � = 27.7 ± 3 + 2.3 � 1.9 pb � = 24.5 + 1.3 � 1.8 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
H 13 139 � = 55.5 ± 3.2 + 2.4 � 2.2 pb � = 55.6 ± 2.5 pb (LHC-HXSWG YR4 ) JHEP 05 (2023) 028
H 13.6 31.4 � = 58.2 ± 7.5 ± 4.5 pb � = 59.9 ± 2.6 pb (LHC-HXSWG YR4 ) arXiv:2306.11379
�fid

(��)[�R�� > 0.4] 7 4.9 � = 44 + 3.2 � 4.2 pb � = 44 ± 6 pb (2�NNLO) JHEP 01, 086 (2013)
�fid

(��)[�R�� > 0.4] 8 20.2 � = 16.82 ± 0.07 + 0.75 � 0.78 pb � = 14.2 + 1.25 � 0.91 pb (2�NNLO + CT10) PRD 95 (2017) 112005
�fid

(��)[�R�� > 0.4] 13 139 � = 31.4 ± 0.1 ± 2.4 pb � = 29.7 + 2.4 � 2 pb (NNLOjet (NNLO) ) JHEP 11 (2021) 169
ZZ 7 4.6 � = 6.7 ± 0.7 + 0.5 � 0.4 pb � = 6.735 + 0.195 � 0.155 pb (NNLO) JHEP 03, 128 (2013), PLB 735 (2014) 311
ZZ 8 20.3 � = 7.3 ± 0.4 + 0.4 � 0.3 pb � = 8.284 + 0.249 � 0.191 pb (NNLO) JHEP 01, 099 (2017)
ZZ 13 36.1 � = 17.3 ± 0.6 ± 0.8 pb � = 16.9 + 0.6 � 0.5 pb (Matrix (NNLO) & Sherpa (NLO)) PRD 97 (2018) 032005
ZZ 13.6 29.0 � = 16.9 ± 0.7 ± 0.7 pb � = 16.7 ± 0.4 pb (Matrix (NNLO) & Sherpa (NLO)) ATLAS-CONF-2023-062
WZ 7 4.6 � = 19 + 1.4 � 1.3 ± 1 pb � = 19.34 + 0.3 � 0.4 pb (MATRIX (NNLO)) EPJC 72 (2012) 2173
WZ 8 20.3 � = 24.3 ± 0.6 ± 0.9 pb � = 23.92 ± 0.4 pb (MATRIX (NNLO)) PRD 93, 092004 (2016)
WZ 13 36.1 � = 51 ± 0.8 ± 2.3 pb � = 49.1 + 1.1 � 1 pb (MATRIX (NNLO)) EPJC 79 (2019) 535
WW 7 4.6 � = 51.9 ± 2 ± 4.4 pb � = 49.04 + 1.03 � 0.88 pb (NNLO) PRD 87 (2013) 112001, PRL 113 (2014) 212001
WW 8 20.3 � = 68.2 ± 1.2 ± 4.6 pb � = 65 + 1.2 � 1.1 pb (NNLO) PLB 763, 114 (2016)
WW 13 36.1 � = 130.04 ± 1.7 ± 10.6 pb � = 128.4 + 3.2 � 2.9 pb (NNLO) EPJC 79 (2019) 884
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(c)

Figure 3: Summary of several Standard Model total and fiducial production cross-section measurements (a) with
associated references (b) and (c). Where total cross sections are reported, the measurements are corrected for
branching fractions and compared to the corresponding theoretical expectations. In some cases, the fiducial selection
is di�erent between measurements in the same final state for di�erent centre-of-mass energies

p
B, resulting in lower

cross section values at higher
p
B.
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jets of strongly 
interacting particles



Timeline of particle discoveries

2

Over the last 150 years, new particles have been continually discovered, 
marking a triumph for particle physics made possible by the increasing 
support and investment in collider machines

For the first time in decades, we might not expect new particles ahead…


Still, thanks to % precision physics program at colliders, we have the chance to investigate these 
“new interactions”, and scrutinize quantum field theory to the highest precisions

PLENTY OF POTENTIAL FOR “DISCOVERY” AHEAD



K. Potamianos – LHCP2024

Vector Boson Scattering

10

See talk by P. Govoni, June 7

A light Higgs boson prevents cross-
section of VBS processes from 
becoming unphysical (diverging)

VBS measurements test the 
consistency of the SM and is 
sensitive to New Physics

…

Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.

6

Denner, Hahn, Nucl.Phys.B525:27-50,1998
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Motivation for this analysis

Motivation:
Gauge boson scattering includes
triple, quartic, and Higgs couplings

) Probe electroweak gauge theory in SM

Coupling to Higgs restores unitarity

) May give complementary insight in EWSB
wrt direct Higgs measurements

VBS channel with highest EW/QCD cross
section ratio

Previous Results:
ATLAS, 8 TeV: Evidence with 3.6 � (2.3 �)
observed (expected) [CERN-EP-2016-167]

CMS, 13 TeV: Observation with
5.5 � (5.7 �) observed (expected)
[CMS-PAS-SMP-17-004]
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Complementary probe to direct Higgs measurements

Triple Gauge 
Couplings

Quartic Gauge 
Couplings

Higgs 

exchange

Gauge structure of SM EWSB

PRECISION STUDIES “OPPORTUNITIES” ALL OVER

ttH production
• 1% of Higgs 

bosons


• Direct probe of top 
quark Yukawa 
coupling


• H➔bb: ML for S/B 
discrimination, CRs 
for backgrounds

10
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μincl = 0.33 ± 0.17 (stat) ± 0.21 (syst)

Same bin boundaries, grouped differently between ATLAS 
and CMS

CMS-PAS-HIG-19-011

JHEP 06 (2022) 97

μincl = 0.35 ± 0.20 (stat) ± 0.29 (syst)

b-associated production
• b-associated production (via b-fusion and 

gluon fusion with gluon➔bb splitting ) studied 
in final states with leptons (WW, ττ)


• Obs (exp) upper limit: 3.7 (6.1) x SM
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● Better Njet description 
with nNNLO+PS

● Better description of 
m4l with EW-corrected 
nNNLO+PS, but 
negligible effect on 
other distributions

arXiv:2404.02711, submitted JHEP

60 < mZ1,Z2 < 120 GeV

nNNLO+PS: 
NNLO qq w/ MiNNLOPS + NLO ggF

Rule of thumb: 1 more loop  1 more leg∼

complexity scales very badly with 
number of masses and external legs
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Vector Boson Scattering

10

See talk by P. Govoni, June 7

A light Higgs boson prevents cross-
section of VBS processes from 
becoming unphysical (diverging)

VBS measurements test the 
consistency of the SM and is 
sensitive to New Physics

…

Figure 2: The cross-sections for longitudinal gauge-boson scattering resulting from subsets of
the tree-level diagrams: (a) diagrams involving only three-gauge-boson couplings, (b) diagram
involving only four-gauge-boson couplings, (c) diagrams involving Higgs bosons.

Figure 3: The integrated lowest-order cross-sections for various polarizations.
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Complementary probe to direct Higgs measurements

Triple Gauge 
Couplings

Quartic Gauge 
Couplings

Higgs 

exchange

Gauge structure of SM EWSB

Complex multiscale processes 

, including QCD and EW corrections 

Massive external and virtual states

2 → n

… and many others …
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Standard Model Production Cross Section Measurements
Status: October 2023

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV

(a)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

tZj 13 139 � = 97 ± 13 ± 7 fb � = 102 + 5 � 2 fb (Madgraph5 + aMCNLO (NLO)) JHEP 07 (2020) 124
ts�chan 8 20.3 � = 4.8 ± 0.8 + 1.6 � 1.3 pb � = 5.61 ± 0.22 pb (NLO+NNL) PLB 756 (2016) 228-246
ts�chan 13 140 � = 8.2 ± 0.6 + 3.4 � 2.8 pb � = 10.32 + 0.4 � 0.36 pb (NLO+NNL) JHEP 06 (2023) 191
Wt 7 2.0 � = 16.8 ± 2.9 ± 3.9 pb � = 17.1 ± 0.8 pb (NLO+NLL) PLB 716, 142-159 (2012)
Wt 8 20.3 � = 23 ± 1.3 + 3.4 � 3.7 pb � = 24.4 + 1.1 � 1 pb (NLO+NLL) JHEP 01, 064 (2016)
Wt 13 3.2 � = 94 ± 10 + 28 � 23 pb � = 79.3 + 2.9 � 2.8 pb (NLO+NNLL) JHEP 01 (2018) 63
tt�chan 5 0.3 � = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb � = 30.3 + 0.7 � 0.5 pb (MCFM (NNLO) ) arXiv:2310.01518
tt�chan 7 4.6 � = 68 ± 2 ± 8 pb � = 63.7 + 1.4 � 0.8 pb (MCFM (NNLO)) PRD 90, 112006 (2014)
tt�chan 8 20.3 � = 89.6 ± 1.7 + 7.2 � 6.4 pb � = 84.3 + 1.7 � 1.2 pb (MCFM (NNLO)) EPJC 77 (2017) 531
tt�chan 13 140 � = 221 ± 1 ± 13 pb � = 214.2 + 4.1 � 2.6 pb (MCFM (NNLO) ) ATLAS-CONF-2023-026
t̄t [njet � 8] 7 4.7 � = 0.0425 ± 0.004 ± 0.012 pb JHEP 01, 020 (2015)
t̄t [njet = 7] 7 4.7 � = 0.161 ± 0.007 ± 0.033 pb JHEP 01, 020 (2015)
t̄t [njet = 6] 7 4.7 � = 0.611 ± 0.024 ± 0.083 pb JHEP 01, 020 (2015)
t̄t [njet = 5] 7 4.7 � = 1.72 ± 0.04 ± 0.16 pb JHEP 01, 020 (2015)
t̄t [njet = 4] 7 4.7 � = 3.76 ± 0.05 ± 0.27 pb JHEP 01, 020 (2015)
t̄t 5 0.3 � = 67.5 ± 0.9 ± 2.6 pb � = 68.2 + 5.2 � 5.3 pb (top++ NNLO+NNLL) JHEP 06 (2023) 138
t̄t 7 4.6 � = 182.9 ± 3.1 ± 6.4 pb � = 177 + 10 � 11 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 8 20.2 � = 242.9 ± 1.7 ± 8.6 pb � = 252.9 + 13.3 � 14.5 pb (top++ NNLO+NNLL) EPJC 74 (2014) 3109
t̄t 13 140 � = 829 ± 1 ± 15.4 pb � = 832 + 46.4 � 50.9 pb (top++ NNLO+NNLL) JHEP 07 (2023) 141
t̄t 13.6 29.0 � = 850 ± 3 ± 27 pb � = 924 + 32 � 40 pb (top++ NNLO+NNLL) arXiv:2308.09529
Z [njet � 7] 7 4.6 � = 0.0062 ± 0.001456 ± 0.00214 pb JHEP 07, 032 (2013)
Z [njet � 6] 7 4.6 � = 0.0253 ± 0.00265 ± 0.00595 pb JHEP 07, 032 (2013)
Z [njet � 6] 13 139 � = 0.000338 ± 5.3e � 05 ± 5.5e � 05 pb� = 0.000511 + 0.00034 � 0.00019 pb (Sherpa (NLO QCD+ NLO EW corr)) ATLAS-CONF-2021-033
Z [njet � 5] 7 4.6 � = 0.135 ± 0.006 ± 0.027 pb JHEP 07, 032 (2013)
Z [njet = 5] 13 139 � = 0.00305 ± 0.00017 ± 0.00025 pb � = 0.00326 + 0.0022 � 0.0012 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 4] 7 4.6 � = 0.65 ± 0.01 ± 0.11 pb � = 0.646 ± 0.031 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 4] 13 139 � = 0.0226 ± 0.0004 ± 0.0015 pb � = 0.0234 + 0.015 � 0.0083 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 3] 7 4.6 � = 3.09 ± 0.03 ± 0.4 pb � = 3.1 ± 0.14 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 3] 13 139 � = 0.1995 ± 0.0013 ± 0.0096 pb � = 0.186 + 0.11 � 0.058 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 2] 7 4.6 � = 15.05 ± 0.06 ± 1.51 pb � = 14.9 ± 0.4 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 2] 13 139 � = 1.941 ± 0.004 ± 0.061 pb � = 1.807 + 0.69 � 0.39 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
Z [njet � 1] 7 4.6 � = 68.84 ± 0.13 ± 5.15 pb � = 64.8 ± 3.1 pb (Blackhat) JHEP 07, 032 (2013)
Z [njet = 1] 13 139 � = 11.74 ± 0.01 ± 0.33 pb � = 11.17 + 2.2 � 1.3 pb (Sherpa (NLO QCD+ NLO EW corr)) JHEP 06 (2023) 080
�fid(Z! ee, µµ) 5 0.025 � = 374.5 ± 3.4 ± 7.9 pb � = 356 + 9 � 10 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(Z! ee, µµ) 7 4.6 � = 451 ± 0.4 ± 8.8 pb � = 432 + 12.5 � 13.8 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 8 20.2 � = 506 ± 0.2 ± 11 pb � = 486 + 13.6 � 16 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13 3.2 � = 776 ± 1 ± 18 pb � = 744 + 22 � 28 pb (DYNNLO+CT14 NNLO) JHEP 02 (2017) 117
�fid(Z! ee, µµ) 13.6 29.0 � = 744 ± 11 ± 11 pb � = 746 + 21 � 22 pb (DYNNLO+CT14 NNLO) arXiv:2308.09529
W [njet � 7] 7 4.6 � = 0.041 ± 0.0068 ± 0.031 pb EPJC 75 (2015) 82
W [njet � 7] 8 20.2 � = 0.041 ± 0.003 ± 0.032 pb � = 0.052 + 0.007 � 0.02 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 6] 7 4.6 � = 0.199 ± 0.019 ± 0.11 pb EPJC 75 (2015) 82
W [njet � 6] 8 20.2 � = 0.22 ± 0.006 ± 0.121 pb � = 0.239 + 0.03 � 0.084 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 5] 7 4.6 � = 0.877 ± 0.032 ± 0.301 pb � = 0.933 ± 0.027 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 5] 8 20.2 � = 1.107 ± 0.013 ± 0.423 pb � = 1.1 + 0.13 � 0.38 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 4] 7 4.6 � = 4.241 ± 0.056 ± 0.885 pb � = 4.67 ± 0.06 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 4] 8 20.2 � = 5.47 ± 0.03 ± 1.47 pb � = 5 + 0.5 � 1.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 3] 7 4.6 � = 21.82 ± 0.1 ± 3.23 pb � = 23.47 ± 0.22 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 3] 8 20.2 � = 26.38 ± 0.06 ± 5.34 pb � = 23.6 + 1.3 � 5 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 2] 7 4.6 � = 111.7 ± 0.2 ± 12.2 pb � = 111.98 ± 0.44 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 2] 8 20.2 � = 128.35 ± 0.12 ± 20.39 pb � = 126.5 + 2.1 � 14.4 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
W [njet � 1] 7 4.6 � = 493.8 ± 0.5 ± 45.1 pb � = 474.22 ± 0.84 pb (Blackhat) EPJC 75 (2015) 82
W [njet � 1] 8 20.2 � = 564.71 ± 0.24 ± 72.13 pb � = 584 + 8 � 37 pb (Sherpa 2.2.1 NLO) JHEP 05 (2018) 077
�fid(W! e⌫, µ⌫) 5 0.025 � = 3.667 ± 0.016 ± 0.084 nb � = 3.58 ± 0.11 nb (DYNNLO + CT14NNLO) EPJC 79 (2019) 128
�fid(W! e⌫, µ⌫) 7 4.6 � = 4.911 ± 0.001 ± 0.092 nb � = 4.777 + 0.12 � 0.14 nb (DYNNLO + CT14NNLO) EPJC 77 (2017) 367
�fid(W! e⌫, µ⌫) 8 20.2 � = 5247 ± 0.6 ± 111 pb � = 5120 ± 142 pb (DYNNLO + CT14NNLO) EPJC 79 (2019) 760
�fid(W! e⌫, µ⌫) 13 0.081 � = 8.03 ± 0.01 ± 0.23 nb � = 7.82 + 0.26 � 0.3 nb (DYNNLO + CT14NNLO) PLB 759 (2016) 601
� [njet � 3] 8 20.2 � = 8.7 ± 0.02 ± 0.8 pb � = 9.5 + 0.9 � 1.2 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 2] 8 20.2 � = 30.4 ± 0.04 ± 1.8 pb � = 29.2 + 2.8 � 2.7 pb (NLOBlackhat+CT10) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 8 20.2 � = 134 ± 0.1 ± 4 pb � = 128 + 11 � 9 pb (JETPHOX (NLO)) Nucl. Phys. B, 918 (2017) 257
� [njet � 1] 13 3.2 � = 300 ± 0.4 ± 12 pb � = 319 + 55 � 46 pb (SHERPA (NLO)) PLB 780 (2018) 578
� 7 4.6 � = 359 ± 3 + 22 � 16 pb � = 308 ± 40 pb (JETPHOX (NLO)) PRD 89 (2014) 052004
� 8 20.2 � = 56.8 ± 0.1 + 5.8 � 5.6 nb � = 52.2 ± 7 nb (PETER (NLO+N3LL)) JHEP 06 (2016) 005
� 13 3.2 � = 399 ± 0.4 ± 16 pb � = 352 + 36 � 30 pb (JETPHOX+MMHT2014 (NLO)) PLB 2017 04 072
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 7 4.5 � = 86.87 ± 0.26 + 7.56 � 7.2 nb � = 86.9 + 4.7 � 12.4 nb (NLOJet++, CT10) JHEP 05 (2014) 059
Dijet R=0.4, |y| < 3.0, y⇤ < 3.0 13 3.2 � = 321 ± 0.8 + 18.6 � 19 nb � = 340 + 17 � 54 nb (NLOJet++, CT14) JHEP 05 (2018) 195
Incl. jet R=0.4, |y| < 3.0 7 4.5 � = 563.9 ± 1.5 + 55.4 � 51.4 nb � = 569.8 + 29.5 � 46.3 nb (NLOJet++, CT10) JHEP 02 (2015) 153
Incl. jet R=0.4, |y| < 3.0 8 20.2 � = 726.4 ± 1.1 + 42.7 � 41.8 nb � = 800 + 59 � 100 nb (NLOJet++, CT14) JHEP 09 (2017) 020
Incl. jet R=0.4, |y| < 3.0 13 3.2 � = 1845 ± 4 + 119 � 120 nb � = 1997 + 152 � 208 nb (NLOJet++, CT14) JHEP 05 (2018) 195
pp inelastic 7 8⇥10�8 � = 71.34 ± 0.36 ± 0.83 mb � = 71.5 + 20 � 2 mb (Schuler/Sjöstrand) Nucl. Phys. B (2014) 486
pp inelastic 8 50⇥10�8 � = 71.73 ± 0.15 ± 0.69 mb � = 73 ± 2 mb (Schuler/Sjöstrand) PLB 761 (2016) 158
pp inelastic 13 34⇥10�8 � = 77.41 ± 1.08 mb � = 78.4 ± 2 mb (Schuler/Sjöstrand) EPJC 83 (2023) 441
pp 7 8⇥10�8 � = 95.35 ± 0.38 ± 1.3 mb � = 97.26 ± 2.12 mb (COMPETE HPR1R2) Nucl. Phys. B (2014) 486
pp 8 50⇥10�8 � = 96.07 ± 0.18 ± 0.91 mb � = 99.55 ± 2.14 mb (COMPETE HPR1R2) PLB 761 (2016) 158
pp 13 34⇥10�8 � = 104.7 ± 0.22 ± 1.07 mb � = 100.3 ± 0.12 mb (COMPETE HPR1R2) EPJC 83 (2023) 441

Standard Model Production Cross Section Measurements

Status: October 2023

ATLAS Preliminary
p
s = 5, 7, 8, 13, 13.6 TeV

(b)

Model ECM [TeV]
R
L dt[fb

�1
] Measurement Theory Reference

�fid
(WZjj) EWK 8 20.3 � = 0.29 + 0.14 � 0.12 + 0.09 � 0.1 fb � = 0.13 ± 0.01 fb (VBFNLO) PRD 93 (2016) 092004

�fid
(WZjj) EWK 13 36.1 � = 0.57 + 0.14 � 0.13 + 0.07 � 0.05 fb � = 0.32 ± 0.03 fb (Sherpa 2.2.2) PLB 793 (92019) 469

�fid
(ZZjj) EWK 13 139 � = 0.82 ± 0.18 ± 0.11 fb � = 0.61 ± 0.03 fb (Sherpa 2.2.2) Nature Phys. 19 (2023) 237

�fid
(W

±
W
±
jj) EWK 8 20.3 � = 1.5 ± 0.5 ± 0.2 fb � = 0.95 ± 0.06 fb (PowhegBox) PRD 96, 012007 (2017)

�fid
(W

±
W
±
jj) EWK 13 139 � = 2.92 ± 0.22 ± 0.19 fb � = 2.53 + 0.22 � 0.19 fb (Madgraph5 + aMCNLO) Target journal JHEP

��!WW!eµX 8 20.2 � = 6.9 ± 2.2 ± 1.4 fb � = 4.4 ± 0.3 fb (HERWIG++) PRD 94 (2016) 032011
��!WW!eµX 13 139 � = 3.13 ± 0.31 ± 0.28 fb � = 3.5 ± 1 fb (MG5 aMCNLO+Pythia8 ⇥ Surv. Fact (0.82)) PLB 816 (2021) 136190
Z�jj EWK 8 20.3 � = 1.1 ± 0.5 ± 0.4 fb � = 0.94 ± 0.09 fb (VBFNLO) JHEP 07 (2017) 107
Z�jj EWK 13 140 � = 3.6 ± 0.5 ± 0.5 fb � = 3.5 ± 0.2 fb (Madgraph5 + aMCNLO) PLB 846 (2023) 138222
WWW 13 139 � = 0.82 ± 0.01 ± 0.08 pb � = 0.511 ± 0.018 pb (NLO QCD ) PRL 129 (2022) 061803
WWZ 13 79.8 � = 0.55 ± 0.14 + 0.15 � 0.13 pb � = 0.358 ± 0.036 pb (Sherpa 2.2.2) PLB 798 (2019) 134913
�fid

(WZ� ! e⌫µ⌫�) 13 140 � = 2.01 ± 0.3 ± 0.16 fb � = 1.5 ± 0.06 fb (Sherpa2.2.11 (NLO)) arXiv:2305.16994
�fid

(WW� ! e⌫µ⌫�) 8 20.2 � = 1.5 ± 0.9 ± 0.5 fb � = 2 ± 0.1 fb (VBFNLO+CT14 (NLO)) EPJC 77 (2017) 646
�fid

(W�� ! `⌫��) 8 20.3 � = 6.1 + 1.1 � 1 ± 1.2 fb � = 2.9 ± 0.16 fb (MCFM NLO) PRL 115, 031802 (2015)
�fid

(W�� ! `⌫��) 13 140 � = 12.2 ± 1 + 1.9 � 1.8 fb � = 12 + 2.15 � 1.46 fb (Sherpa 2.2.10 NLO) arXiv:2308.03041
�fid

(Z�� ! ``��) 8 20.3 � = 5.07 + 0.73 � 0.68 + 0.42 � 0.39 fb � = 3.7 + 0.21 � 0.11 fb (MCFM NLO) PRD 93, 112002 (2016)
�fid

(Z�� ! ``��) 13 139 � = 2.45 ± 0.2 ± 0.22 fb � = 2.26 + 0.36 � 0.28 fb (Sherpa 2.2.10 NLO) EPJC 83 (2023) 539
t̄tt̄t 13 140 � = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb � = 13.4 + 1 � 1.8 fb (NLO QCD + EW) EPJC 83 (2023) 496
�fid

(���) 8 20.2 � = 72.6 ± 6.5 ± 9.2 fb � = 67.5 + 7.5 � 5.7 fb (NNLO) PLB 781 (2018) 55,
Zjj EWK 8 20.3 � = 10.7 ± 0.9 ± 1.9 fb � = 9.38 + 0.3 � 0.4 fb (PowhegBox (NLO)) JHEP 04, 031 (2014)
Zjj EWK 13 139 � = 37.4 ± 3.5 ± 5.5 fb � = 39.5 ± 3.6 fb (Herwig7+VBFNLO ) EPJC 81 (2021) 163
Wjj EWK (mjj > 500 GeV) 7 4.7 � = 144 ± 23 ± 26 fb � = 144 ± 11 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
Wjj EWK (mjj > 500 GeV) 8 20.2 � = 159 ± 10 ± 26 fb � = 198 ± 12 fb (Powheg+Pythia8 NLO) EPJC 77 (2017) 474
t̄t� 7 4.6 � = 63 ± 8 + 17 � 13 fb � = 48 ± 10 fb (Whizard+NLO) PRD 91 (2015) 072007
t̄t� 8 20.2 � = 139 ± 7 ± 17 fb � = 151 ± 25 fb (MadGraph+PRD 83 (2011) 074013) JHEP 11 (2017) 086
t̄t� 13 36.1 � = 521 ± 9 ± 41 fb � = 495 ± 99 fb (PRD 83 (2011) 074013) EPJC 79 (2019) 382
t̄tH(H ! yy) 13 139 � = 1.24 + 0.32 � 0.35 + 0.08 � 0.11 fb � = 1.33 ± 0.12 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tH 8 20.3 � = 220 ± 100 ± 70 fb � = 133 + 8 � 13 fb (LHCHXSWG NLO QCD + NLO EW) PLB 784 (2018) 173
t̄tH 13 139 � = 560 ± 80 + 70 � 80 fb � = 580 ± 50 fb (LHCHXSWG NLO QCD + NLO EW) Nature 607, pages 52-59 (2022)
t̄tZ 8 20.3 � = 176 + 52 � 48 ± 24 fb � = 215 ± 30 fb (HELAC-NLO) JHEP 11, 172 (2015)
t̄tZ 13 140 � = 860 ± 40 ± 40 fb � = 860 + 80 � 90 fb (NLO + NNLL) ATLAS-CONF-2023-065
t̄tW 8 20.3 � = 369 + 86 � 79 ± 44 fb � = 232 ± 32 fb (MCFM) JHEP 11, 172 (2015)
t̄tW 13 140 � = 890 ± 50 ± 70 fb � = 745 ± 52 fb (NNLOQCD + NLOEW ) ATLAS-CONF-2023-019
�fid

(W� ! `⌫�) 7 4.6 � = 2.77 ± 0.03 ± 0.36 pb � = 2.658 ± 0.11 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 7 4.6 � = 1.31 ± 0.02 ± 0.12 pb � = 1.327 + 0.026 � 0.037 pb (NNLO) PRD 87, 112003 (2013), arXiv:1407.1618
�fid

(Z� ! ``�) 8 20.3 � = 1.507 ± 0.01 + 0.083 � 0.078 pb � = 1.483 + 0.019 � 0.037 pb (NNLO) PRD 93, 112002 (2016), arXiv:1407.1618
�fid

(Z� ! ``�) 13 36.1 � = 533.7 ± 2.1 ± 15.4 fb � = 515 + 20 � 19 fb (Matrix NNLO QCD + NLO EW) JHEP 03 (2020) 054
VH(��), |yH| < 2.5 13 139 � = 6 + 1.3 � 1.4 + 0.4 � 0.5 fb � = 4.53 + 0.13 � 0.14 fb (Powheg Box NLO(QCD)) Nature 607, pages 52-59 (2022)
VH(bb̄), |yH| < 2.5 13 139 � = 1190 ± 130 + 160 � 140 fb � = 1162 + 31 � 29 fb (Powheg Box NLO(QCD)) ATLAS-CONF-2020-027
VH 8 20.3 � = 1.03 + 0.37 � 0.36 + 0.26 � 0.21 pb � = 1.12 ± 0.03 pb (NNLO(QCD)+NLO(EW)) JHEP 12 (2017) 024
VH 13 36.1 � = 2719 + 947 � 810 fb � = 2255 ± 44 fb (NNLO(QCD)+NLO(EW)) JHEP 12 (2017) 024
VBF H ! ��, |yH| < 2.5 13 139 � = 11.7 ± 1.6 + 1.1 � 1.4 fb � = 7.97 + 0.21 � 0.22 fb (NNLO QCD and NLO EW ) Nature 607, pages 52-59 (2022)
VBF H ! ⌧⌧, |yH| < 2.5 13 139 � = 197 ± 28 + 32 � 26 fb � = 220 ± 5 fb (NNLO QCD and NLO EW ) JHEP 08 (2022) 175
VBF H ! ZZ

⇤, |yH| < 2.5 13 139 � = 120 + 40 � 50 ± 10 fb � = 92.8 + 2.3 � 2.4 fb (NNLO QCD and NLO EW ) Nature 607, pages 52-59 (2022)
VBF H ! WW

⇤ 8 20.3 � = 0.51 + 0.17 � 0.15 + 0.13 � 0.08 pb � = 0.35 ± 0.02 pb (LHC-HXSWG) PRD 92 (2015) 012006
VBF H ! WW

⇤ 13 139 � = 0.79 + 0.11 � 0.1 + 0.16 � 0.12 pb � = 0.81 ± 0.02 pb (NNLO QCD and NLO EW ) PRD 108 (2023) 032005
H VBF 8 20.3 � = 2.43 + 0.5 � 0.49 + 0.33 � 0.26 pb � = 1.6 ± 0.04 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
H VBF, |yH| < 2.5 13 139 � = 4 ± 0.3 + 0.3 � 0.4 pb � = 3.51 ± 0.07 pb (LHC-HXSWG) Nature 607, pages 52-59 (2022)
�fid

(H ! ZZ ! 4`) 8 20.3 � = 2.11 + 0.53 � 0.47 ± 0.1 fb � = 1.29 ± 0.13 fb (LHC-HXSWG) JHEP 10 (2017) 132
�fid

(H ! ZZ ! 4`) 13 139 � = 3.28 ± 0.3 ± 0.11 fb � = 3.41 ± 0.18 fb (N3LO) EPJC 80 (2020) 941
�fid

(H ! ZZ ! 4`) 13.6 29.0 � = 2.8 ± 0.7 ± 0.21 fb � = 3.67 ± 0.19 fb (N3LO) ATLAS-CONF-2023-032
�fid

(H!��) 8 20.3 � = 42.5 ± 9.8 + 3.1 � 3 fb � = 31 ± 3.2 fb (LHC-HXSWG) ATLAS-CONF-2015-060
�fid

(H!��) 13 139 � = 65.2 ± 4.5 ± 5.6 fb � = 63.6 ± 3.3 fb (LHC-HXSWG) JHEP 08 (2022) 027
�fid

(H!��) 13.6 31.4 � = 76 ± 11 + 9 � 7 fb � = 67.6 ± 3.7 fb (LHC-HXSWG) arXiv:2306.11379
�fid

(H ! ⌧⌧) 8 20.3 � = 2.1 ± 0.4 + 0.5 � 0.4 pb � = 1.39 ± 0.14 pb (LHC-HXSWG) JHEP 04 117 (2015)
�fid

(H ! ⌧⌧) 13 139 � = 2.94 ± 0.21 + 0.37 � 0.32 pb � = 3.17 ± 0.09 pb (LHCHiggsXSWG ) JHEP 08 (2022) 175
gg ! H ! WW

⇤ 8 20.3 � = 4.6 ± 0.9 + 0.8 � 0.7 pb � = 4.2 ± 0.5 pb (LHC-HXSWG) PRD 92 (2015) 012006
gg ! H ! WW

⇤ 13 139 � = 12.4 ± 0.6 ± 1.5 pb � = 10.4 ± 0.6 pb (N3LO (LHC-HXSWG)) PRD 108 (2023) 032005
H 8 20.3 � = 27.7 ± 3 + 2.3 � 1.9 pb � = 24.5 + 1.3 � 1.8 pb (LHC-HXSWG YR4) EPJC 76 (2016) 6
H 13 139 � = 55.5 ± 3.2 + 2.4 � 2.2 pb � = 55.6 ± 2.5 pb (LHC-HXSWG YR4 ) JHEP 05 (2023) 028
H 13.6 31.4 � = 58.2 ± 7.5 ± 4.5 pb � = 59.9 ± 2.6 pb (LHC-HXSWG YR4 ) arXiv:2306.11379
�fid

(��)[�R�� > 0.4] 7 4.9 � = 44 + 3.2 � 4.2 pb � = 44 ± 6 pb (2�NNLO) JHEP 01, 086 (2013)
�fid

(��)[�R�� > 0.4] 8 20.2 � = 16.82 ± 0.07 + 0.75 � 0.78 pb � = 14.2 + 1.25 � 0.91 pb (2�NNLO + CT10) PRD 95 (2017) 112005
�fid

(��)[�R�� > 0.4] 13 139 � = 31.4 ± 0.1 ± 2.4 pb � = 29.7 + 2.4 � 2 pb (NNLOjet (NNLO) ) JHEP 11 (2021) 169
ZZ 7 4.6 � = 6.7 ± 0.7 + 0.5 � 0.4 pb � = 6.735 + 0.195 � 0.155 pb (NNLO) JHEP 03, 128 (2013), PLB 735 (2014) 311
ZZ 8 20.3 � = 7.3 ± 0.4 + 0.4 � 0.3 pb � = 8.284 + 0.249 � 0.191 pb (NNLO) JHEP 01, 099 (2017)
ZZ 13 36.1 � = 17.3 ± 0.6 ± 0.8 pb � = 16.9 + 0.6 � 0.5 pb (Matrix (NNLO) & Sherpa (NLO)) PRD 97 (2018) 032005
ZZ 13.6 29.0 � = 16.9 ± 0.7 ± 0.7 pb � = 16.7 ± 0.4 pb (Matrix (NNLO) & Sherpa (NLO)) ATLAS-CONF-2023-062
WZ 7 4.6 � = 19 + 1.4 � 1.3 ± 1 pb � = 19.34 + 0.3 � 0.4 pb (MATRIX (NNLO)) EPJC 72 (2012) 2173
WZ 8 20.3 � = 24.3 ± 0.6 ± 0.9 pb � = 23.92 ± 0.4 pb (MATRIX (NNLO)) PRD 93, 092004 (2016)
WZ 13 36.1 � = 51 ± 0.8 ± 2.3 pb � = 49.1 + 1.1 � 1 pb (MATRIX (NNLO)) EPJC 79 (2019) 535
WW 7 4.6 � = 51.9 ± 2 ± 4.4 pb � = 49.04 + 1.03 � 0.88 pb (NNLO) PRD 87 (2013) 112001, PRL 113 (2014) 212001
WW 8 20.3 � = 68.2 ± 1.2 ± 4.6 pb � = 65 + 1.2 � 1.1 pb (NNLO) PLB 763, 114 (2016)
WW 13 36.1 � = 130.04 ± 1.7 ± 10.6 pb � = 128.4 + 3.2 � 2.9 pb (NNLO) EPJC 79 (2019) 884
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(c)

Figure 3: Summary of several Standard Model total and fiducial production cross-section measurements (a) with
associated references (b) and (c). Where total cross sections are reported, the measurements are corrected for
branching fractions and compared to the corresponding theoretical expectations. In some cases, the fiducial selection
is di�erent between measurements in the same final state for di�erent centre-of-mass energies

p
B, resulting in lower

cross section values at higher
p
B.
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LHC is reaching  level precision for 
many of these observables, and much 
is still to come with 95% more data 

set at HL-LHC!

%

And then another miracle occurs…

9



 PRECISION, HOW DO WE GET THERE?%



FROM THEORY TO THEORY PREDICTIONS IT’S A LONG WAY!

9

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

-20 -15 -10 -5  0  5  10  15  20

√s = 13.6 TeV

pT,γ > 20 GeV   |ηγ| < 2.5

pT,γ1
 pT,γ2

 > (35 GeV)2 

∆ Rγ1,2
 > 0.4

dσ
/d

m
γγ

 [f
b/

M
eV

]

mγγ - mH [MeV]

NLO(gg)
NLOsv(gg)

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

 0

 0.05

 0.1

 0.15

-20 -15 -10 -5  0  5  10  15  20

√s = 13.6 TeV

pT,γ > 20 GeV   |ηγ| < 2.5

pT,γ1
 pT,γ2

 > (35 GeV)2 

∆ Rγ1,2
 > 0.4

dσ
/d

m
γγ

 [f
b/

M
eV

]

mγγ - mH [MeV]

 NLO
 NLOsv

Fig. 3 Left pane: comparison of the exact NLO calculation and the soft-virtual approximation in the gg channel. Right pane:
complete NLO prediction, inclusive of all channels, compared to the corresponding soft-virtual approximation
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Fig. 4 Signal-background interference contribution to the
diphoton invariant mass distribution after Gaussian smearing.
Bands represent the envelope given by the scale variation.

The smallness of the LO imaginary part is indeed seen
in Fig. 5. In our setup, we find

‡LO

S
= 24.21+15%

≠14%
fb, ‡LO

I
= ≠0.11+20%

≠17%
fb. (21)

Here and in the following the quoted uncertainties are
obtained by coherently varying the renormalisation and
factorisation scales by a factor of two around the cen-
tral value µ = m““/2. At LO, we find that more than
80% of the destructive interference quoted above comes
from the imaginary part of the signal interfering with
the real part of the background. This gives us confi-
dence that neglecting mass e�ects in the background
prediction does not significantly impact our result. Fur-
thermore, as far as the signal goes, we note that the
bulk (about 95%) of the imaginary part is generated by
bottom-mass e�ects in the production amplitude. This

is easy to understand just by looking at the relative
importance of the top, bottom and W contributions to
the production and decay amplitudes.

At higher orders however, a larger interference is gen-
erated by the imaginary part of the background, which
no longer requires the presence of bottom quarks (see
the discussion in Sec. 3). Because of this, beyond LO
we only compute radiative corrections in the infinite-
top approximation and drop any mass dependence in
the background amplitudes. At NLO, we obtain

‡NLO

S
= 58.12+20%

≠14%
fb, ‡NLO

I
= ≠0.72+27%

≠21%
fb. (22)

These results are consistent with the analysis in
Ref. [26]. Our best prediction beyond NLO is ob-
tained within the soft-virtual approximation described
in Sec. 3. We find

‡NNLOsv
Õ

S
= 72.21+8%

≠8%
fb, ‡NNLOsv

I
= ≠1.21+7%

≠10%
fb,

(23)

hence the destructive interference reduces the total
rate by 1.7%.5 Given the theoretical [62] (see also
Refs. [63, 64]) and experimental [35, 36] uncertainty on
the Higgs total cross section, this e�ect is actually not
negligible and it can be used to further constrain the
Higgs width [26]. We do not pursue this line of investi-
gation here, but we estimate that, with current uncer-
tainties, one could already constrain the Higgs width to
about 20-30 times the Standard Model.

We can finally present the main result of our study, i.e.
the prediction for the mass-shift at NNLO. As discussed
5We point out that the theory uncertainties for the signal cross
section in Eq. (23) have been computed employing the exact
NNLO QCD scale variations.

Signal to BKG interference for gg → H → γγ
[Bargiela, Buccioni, Caola, Devoto, Manteuffel, Tancredi ‘22]

?

STANDARD MODEL — KNOWABLE UNKNOWNS

�9

This is what you get when you buy one 
of those famous CERN T-shirts

“understanding” = knowledge  ?
“understanding” = assumption ?
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The LHC as a precision hadron collider
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• good news: predictions mostly at NNLO (or higher) 0 0.5 1 1.5 2 2.5 3
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• bad (?) news: need higher precision in both data and predictions to clearly identify deviations from the SM 



PRECISION AT COLLIDERS: IS IT UNDER CONTROL?

The usual picture
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Recently excluded for some observables

What about more subtle effects?   Λ2
QCD ln2 ΛQCD

 [Makarov, Melnikov, Nason, Ozcelik ’23]qq̄ → tt̄

Single top [Makarov, Melnikov, Nason, Ozcelik ’23, ’24]

Impact in  jets for  fits (subtleties in 3 jets vs 
2 jet case)[Nason, Zanderighi ’23]
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Figure 7: Theoretical predictions compared to data for our default setup on the left side,

and the default setup with the ⇣2J functions on the right side. The gray band represents the

theoretical errors, while the red bars indicate the experimental ones, with the smaller one

representing the statistical error, and the green lines show the pure perturbative results.

The highlighted region represents the fit range.

are well described with the ⇣ functions computed here, while this is not the case with the

values of table 3.

– 28 –

Using short-distance ( ) top-mass schemeMS

Depending also on observable (positron momentum components!)



The usual picture
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PRECISION AT COLLIDERS: PARTON DISTRIBUTION FUNCTIONS

Huge effort to understand PDF evolution to N3LO 

Interesting low-  behaviourx

[Gehrmann, Manteuffel, Sotnikov, Yang ’23, ’24]
[Falcioni, Herzog, Moch, Pelloni, Vogt ’23, ’24]

[Davies, Vogt, Ruji, Ueda, Vermaseren,’16]
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→ see Tommaso’s talk

• A lot of effort in computing N3LO evolution [Davies, Falcioni, Gehrmann, 

Herzog, von Manteuffel, Moch, Pelloni, Ruijl, Sotnikov, Ueda, Vermaseren, Vogt, Yang…] 

• In many cases, enough moments + asymptotic for collider pheno
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Figure 1: Two sets of 80 trial functions for the four-loop (N3LO) contribution to the quark-to-gluon splitting

function at nf = 4. The two cases selected for eq. (18) are shown by the solid (red) lines. Also shown, by

the dashed (blue) lines, are the selected approximations of ref. [12] based on only the first 5 even moments.
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• Still to improve: small-x 

• Issue: DGLAP/BFKL duality problematic, 

because the latter ill-defined beyond 

(LC) NLL 

• Thanks to amplitudes development, 

better control on BFKL → interesting 

investigations ahead[F
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PDFs and evolution: the rise of N3LO (+th. unc.)

Figure 1: Sample Feynman diagrams for the Nf C
3
F contribution to the four-loop, non-singlet OME with two external quarks.

The crossed circle represents the non-singlet operator Ons.

study the matching coe�cient of heavy flavor quark contributions in deep-inelastic scattering [32, 33, 34, 35]
and splitting function calculations [36, 37, 22] from o↵-shell OMEs.

We translated the Feynman rules in n-space to parameter t-space and then worked in t-space throughout.
For this calculation, we used Mathematica to substitute the Feynman rules in t-space into the Feynman
diagrams. FORM [38] was used to evaluate the traces of Dirac and color matrices. Regarding topology
classification, we first used Apart [39] and MultivariateApart [40] (see also [41, 42, 43]) to eliminate the
linear dependence among Feynman propagators. Then we classified all resulting topologies into integral
families with 18 propagators by an in-house code. The code searches for the possible loop momentum
transformations to see if one topology can be mapped into another one or not. To reduce the size of the
unreduced amplitude, we first employed Reduze2 [44] to eliminate integrals from zero sectors, and then
applied shift relations to relate integrals between di↵erent sectors.

The IBP reductions for the amplitude were done by the private code Finred, which employs finite field
sampling and rational reconstruction techniques [45, 46, 47]. It is well-established that optimizing the input
IBP system can significantly enhance the e�ciency of the reduction process. In our study, we achieved
this optimization by utilizing the linear algebra method [48] in order to exert control over the generation of
squared propagators.

We used the di↵erential equation (DE) method [49] to determine the solutions of the master integrals.
The derivation of the system of di↵erential equations for the master integrals follows the same approach
as used for the amplitude reduction. In the first step, we select master integrals according to our generic
integral ordering, and chose to ignore IBP relations generated from seeds in supersectors even if this leads
to missing linear relations between the master integrals. The rational functions in the di↵erential equations
are therefore somewhat complicated and involve rational numbers with many digits, Consequently, for their
reconstruction, we employed a significant number of samples for the variables and several finite fields, each
with a cardinality of order O(263). We chose to reveal these missing “hidden” relations by exploring the
so-called scaling relations (see e.g. [50]) of the master integrals. In our case, the scaling relations read

p
2 @Ii

@p2
=

[Ii]

2
Ii , (13)

where Ii represents the i-th master integral and [Ii] denotes mass dimension of Ii, and we set [t] = 0, [�] = �1
such that both � · p and t are dimensionless. In practice, through IBP reductions, the left-hand side of (13)
can not always be reduced to the simple form on the right-hand side. By enforcing the above scaling
relations, we obtained several extra relations among the master integrals. Those additional relations greatly
simplified the DE system. In the current case, the Nf C

3
F contribution, we found 658 remaining master

integrals, and the corresponding DE system with respect to t can be cast into ✏-form [51] by applying the
codes CANONICA [52, 53] and Libra [54, 55]. We obtained

d~I(t, ✏) = ✏

X

i

d ln(t� ti)A
(i)~I(t, ✏) , (14)

4

[Ball, Bertone, Bonvini, Marzani, Rojo, Rottoli ’18]
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small “coupling constant” ∼ 0.1
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~ O(5%) precision 

Often not even enough in pure QCD
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QCD+EW effects must be included!
See T. Armadillo’s talk this afternoon
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Cancellation of IR divergences 

Well under control up to NNLO
Antennas, Stripper, Nested, Torino, 
Colorful, Geometric, slicing schemes 

(Some more developed than others, 
but conceptually under control!)

The usual picture

<latexit sha1_base64="/jHoApBC76dr5zSqWVIv/A7TjkI="></latexit>

d� =

Z
dx1dx2f(x1)f(x2)d�part(x1, x2)FJ(1 +O(⇤n

QCD/Q
n))

See L. Bonino’s and G. Fontana’s talks
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Two-loop amplitudes often bottleneck

Cancellation of IR divergences 

Well under control up to NNLO

The usual picture
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Antennas, Stripper, Nested, Torino, 
Colorful, Geometric, slicing schemes 

(Some more developed than others, 
but conceptually under control!)

See L. Bonino’s and G. Fontana’s talks



AMPLITUDES: THE STANDARD WAY AT  LOOPSℓ

Integration by parts identities (IBPs) 

(+ Symmetries, Lorentz ids and all that)

𝒜 = ϵμ1
1 ⋯ϵμn

n v̄(q) Γμ1,...,μn
u(p)

ℐ = ∫
L

∏
l=1

dDkl

(2π)D

Sb1
1 . . . Sbmm

Da1
1 . . . Dan

n

scalar Feynman integrals 

 Di = q2
i − m2

i

Si = {ℓj ⋅ ℓk , ℓj ⋅ pk}

p1 pE

0 = ∫
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∏
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dDkl

(2π)D

∂
∂ℓμ

k [vμ Sb1
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n ]

p1 pE

[Chetyrkin, Tkachov; Laporta; …]



 as far as I know…*

ON THE DECOMPOSITION: IBPS AND MASTER INTEGRALS
QED Mass-independent term: 3-loop contribution
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• The final analytical expression was obtained by S.L. and Ettore Remiddi in 1996.

• Ettore Remiddi begun the analytical calculation of C3 in 1969. I joined him and his group in

Bologna in 1989 as a graduate student.

• In 1989 there were 21 diagrams (3groups) still not known analytically. It took us 7 years to complete

the analytical calculations.
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[Laporta, Remiddi ’97]

𝒜 Modern methods, first applied  systematically in 1997 to calculate electron g-2 to 3 loops 

Reduction to 17 Master Integrals

*



Since then, things have changed a lot! 

Complexity increases factorially with # of legs and # of loops 

- many scales  huge rational functions to handle symbolically (typically TBs of RAM on large machines!) 

- many loops  explosion in number of identities (typically  for  at three loops, again TBs!)

→

→ ≥ 109 2 → 2

Modern methods, first applied  systematically in 1997 to calculate electron g-2 to 3 loops 

Reduction to 17 Master Integrals

*

 as far as I know…*

ON THE DECOMPOSITION: IBPS AND MASTER INTEGRALS
QED Mass-independent term: 3-loop contribution

aQED
e = C1

(α

π

)

+ C2

(α

π

)2
+ C3

(α

π

)3
+ C4

(α

π

)4
+ C5

(α

π

)5
+ . . .

72 diagrams

C3 = 83

72
π
2
ζ(3) −

215

24
ζ(5) +

100

3

[(

Li4

(

1

2

)

+
ln4 2

24

)

−

π2ln2 2

24

]

−

239

2160
π
4 +

139

18
ζ(3) −

298

9
π
2ln 2 +

17101

810
π
2 +

28259

5184

= 1.181 241 456 587 200 006. . .

• The final analytical expression was obtained by S.L. and Ettore Remiddi in 1996.

• Ettore Remiddi begun the analytical calculation of C3 in 1969. I joined him and his group in

Bologna in 1989 as a graduate student.

• In 1989 there were 21 diagrams (3groups) still not known analytically. It took us 7 years to complete

the analytical calculations.

Stefano Laporta, Climbing the mountain: the electron g-2, Inspired by precision, Bologna, 10 Dec 2021 Page 9

QED Mass-independent term: 3-loop contribution

aQED
e = C1

(α

π

)

+ C2

(α

π

)2
+ C3

(α

π

)3
+ C4

(α

π

)4
+ C5

(α

π

)5
+ . . .

72 diagrams

C3 = 83

72
π
2
ζ(3) −

215

24
ζ(5) +

100

3

[(

Li4

(

1

2

)

+
ln4 2

24

)

−

π2ln2 2

24

]

−

239

2160
π
4 +

139

18
ζ(3) −

298

9
π
2ln 2 +

17101

810
π
2 +

28259

5184

= 1.181 241 456 587 200 006. . .

• The final analytical expression was obtained by S.L. and Ettore Remiddi in 1996.

• Ettore Remiddi begun the analytical calculation of C3 in 1969. I joined him and his group in

Bologna in 1989 as a graduate student.

• In 1989 there were 21 diagrams (3groups) still not known analytically. It took us 7 years to complete

the analytical calculations.

Stefano Laporta, Climbing the mountain: the electron g-2, Inspired by precision, Bologna, 10 Dec 2021 Page 9

QED Mass-independent term: 3-loop contribution

aQED
e = C1

(α

π

)

+ C2

(α

π

)2
+ C3

(α

π

)3
+ C4

(α

π

)4
+ C5

(α

π

)5
+ . . .

72 diagrams

C3 = 83

72
π
2
ζ(3) −

215

24
ζ(5) +

100

3

[(

Li4

(

1

2

)

+
ln4 2

24

)

−

π2ln2 2

24

]

−

239

2160
π
4 +

139

18
ζ(3) −

298

9
π
2ln 2 +

17101

810
π
2 +

28259

5184

= 1.181 241 456 587 200 006. . .

• The final analytical expression was obtained by S.L. and Ettore Remiddi in 1996.

• Ettore Remiddi begun the analytical calculation of C3 in 1969. I joined him and his group in

Bologna in 1989 as a graduate student.

• In 1989 there were 21 diagrams (3groups) still not known analytically. It took us 7 years to complete

the analytical calculations.

Stefano Laporta, Climbing the mountain: the electron g-2, Inspired by precision, Bologna, 10 Dec 2021 Page 9

[Laporta, Remiddi ’97]
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6

cycles and cocycles. In order to do so, we introduce the
notion of a metric on these spaces. Assuming existence of
dual spaces |'i and [C|, let us consider pairings between
their basis elements:

Cij := h'i|'ji, Hkl := [Ck|Cl]. (4.1)

These pairings are called intersection numbers. Using
simple linear algebra, we can decompose an arbitrary
twisted cocycle h'| into a basis of h'i| as follows:

h'| =

|�|X

i,j=1

h'|'ji (C
�1)ji h'i|, (4.2)

Concerning the decomposition of Feynman integrals in
terms of basic integrals, (4.2) constitutes the first main
result of this work, hence we define to be the master
decomposition formula.

Similarly for a twisted cycle |C] in a basis of |Cl]:

|C] =

|�|X

k,l=1

|Cl] (H
�1)lk [Ck|C]. (4.3)

Here h'|'ji (C�1)ji and (H�1)lk [Ck|C] are coe�cients
of the expansions. Putting these two decompositions to-
gether, we find that the original integral h'|C] is expressed
in terms of basis functions in P as follows:

h'|C] =

|�|X

i,j,k,l=1

h'|'ji (C
�1)ji Pil (H

�1)lk [Ck|C]. (4.4)

In fact, this statement is completely general and holds
for any Feynman integral in arbitrary parametrization,
as long as one is able to identify |'i and [C| and their
pairings. The advantage of the Baikov representation of
maximal cuts is that such identifications can be made,
which allows for explicit computations.

For completeness, we define the dual space as equiv-
alence classes |'i : ' ⇠ ' + r�!⇠ with the connection
r�! and similarly for dual twisted cycles [C|.6 With
this choice, intersection numbers [Ci|Cj ] are trigonometric
functions of the dimension D [43]. They can be computed
straightforwardly by considering all the places where Ci

and Cj intersect geometrically (additional care needs to
be taken when boundaries of Ci and Cj are non-normally
crossing). In the current manuscript, we will not make
use of intersection numbers for cycles: there exist nu-
merous ways of evaluating them, and we refer the reader
to, e.g., [31, 43, 68–82]. In the example at hand, the

6
The latter is an equivalence class of cycles [C| : C ⇠ C + eC such

that Z

C
B(z)��

'(z) =

Z

C+ eC
B(z)��

'(z) (4.5)

for any '(z). Notice the negative sign in the exponent of the

Baikov polynomial compared to (2.6).

original Baikov integration domain C from (2.11) already
decomposes as:

|C] = |C1] + |C3]. (4.6)

and hence no detailed computation is necessary. Examples
for other maximal cuts will appear elsewhere.
Let us stress that intersection numbers entering the

expression (4.2) can be computed for any basis, which does
not necessarily have to be the logarithmic one introduced
in Section 3. For example, one could construct a basis
of maximal cuts with di↵erent powers of ISPs, e.g., (2.9)
with ⌫ = 0, 1, 2.

A. Intersection Numbers of Logarithmic Forms

Similarly, intersection numbers h'i|'ji can be evalu-
ated in multiple di↵erent ways, see, e.g., [31, 44, 45, 69, 71–
80, 82–84]. They are rational functions in kinematic in-
variants and the dimension D. It was recently found that
for logarithmic forms 'i and 'j there exists a formula
localizing on the critical points given by ! = 0 [45]:

h'i|'ji = (�1)M�N

Z MY

a=N+1

dza �(!a) b'i b'j . (4.7)

Here !a are components of ! =
PM

a=N+1 !adza, and b' de-

notes a di↵erential-stripped cocycle ' =: b'
QM

a=N+1 dzi.
Let use apply it to the two-loop example (2.8). For

simplicity, we are going to choose the same representatives
(3) for cocycle bases of both h'i| and |'ji. The above
formula (4.7) becomes:

h'i|'ji = �

X

z⇤

1

@b!/@z b'i b'j

����
z=z⇤

, (4.8)

where the sum goes over the three critical points z⇤ from
(3.12) and we have a Jacobian @b!/@z coming from evalu-
ating the delta function. Performing this computation for
every combination of h'i| and |'ji gives us the matrix C

from (4.1):

C =
2

D�5

2

4
2 �1 0
�1 2 �1
0 �1 2

3

5 . (4.9)

It is always possible to choose the dual basis |'ji to be
orthonormal, i.e., such that C = 1, which simplifies the
decomposition (4.2).7

7
For instance, an orthonormal basis to (3) is given by:

|'1i = � d log(z+⇢), |'2i = �� d log(z�s)(z�⇢),

|'3i = �� d log(z�⇢), (4.10)

with � = (d� 5)/2, though we will not make use of it in the text.
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PROBING QCD AT THE HIGHEST ENERGIES

Multijet to fit αS

2

II. NOTATION AND CONVENTIONS

A. Helicity amplitudes

We consider the channels of the five-parton scat-
tering in QCD that involve external quarks. We as-
sociate indices 1 and 2 to the initial state partons
and 3, 4 and 5 to final states. There are three chan-
nels with a pair of quark and anti-quark,

ū
�h1
�p1

+ u
�h2
�p2

! g
h3
p3

+ g
h4
p4

+ g
h5
p5

, (1)

ū
�h1
�p1

+ g
�h2
�p2

! ū
h3
p3

+ g
h4
p4

+ g
h5
p5

, (2)

g
�h1
�p1

+ g
�h2
�p2

! u
h3
p3

+ ū
h4
p4

+ g
h5
p5

. (3)

Without loss of generality we denote the quarks with
u for up-type quark. There are four quark channels
with distinct quark flavors, chosen to be up-type and
down-type quarks,

ū
�h1
�p1

+ u
�h2
�p2

! d
h3
p3

+ d̄
h4
p4

+ g
h5
p5

, (4)

ū
�h1
�p1

+ d
�h2
�p2

! d
h3
p3

+ ū
h4
p4

+ g
h5
p5

, (5)

ū
�h1
�p1

+ d̄
�h2
�p2

! d̄
h3
p3

+ ū
h4
p4

+ g
h5
p5

, (6)

ū
�h1
�p1

+ g
�h2
�p2

! ū
h3
p3

+ d
h4
p4

+ d̄
h5
p5

. (7)

All other channels involving distinct quark flavors
are related to the above by charge conjugation and
permutation of labels. The three channels with four
identical quark flavors are obtained as linear combi-
nation of the distinct quark ones,

ū
�h1
�p1

+u
�h2
�p2

! u
h3
p3

+ ū
h4
p4

+ g
h5
p5

= (8)
�
ū

�h1
�p1

+ u
�h2
�p2

! d
h3
p3
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h4
p4

+ g
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�
�

�
ū

�h1
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! d
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�
,
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�h1
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+ū
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! ū
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h4
p4

+ g
h5
p5

= (9)
�
ū
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�
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�
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�
,
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+g
�h2
�p2

! ū
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h5
p5

= (10)
�
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�
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�
.

Representative diagrams for the two-loop contri-
butions are collected in table I and II.

Throughout this article we use two interchange-
able notations to specify the particles’ helicities. We
either give signs ± to label positive/negative helic-
ities or, equivalently, the (half-)integers h = ±1/2
and h = ±1 to provide a better distinction between
the quark and gluon helicities, respectively.

Whenever we use the arrow notation (!), the first
two particles are to be understood as crossed to be

Table I: Representative Feynman diagrams for
two-quark three-gluon amplitudes, contributing at

order N
0
f , N

1
f and N

2
f .

Table II: Representative Feynman diagrams for
four-quark one-gluon amplitudes, contributing at

order N
0
f , N

1
f and N

2
f .

incoming, such that their quantum numbers and mo-
menta are given in incoming convention, while the
final states are understood in out-going convention.
If no arrow (!) is used we consider the all-outgoing
convention.

B. Kinematics and permutation groups

We consider the scattering of five massless parti-
cles using the same conventions as in ref. [20]. The
kinematic is defined with five Mandelstam invariants
{s12, s23, s34, s45, s15}, together with the parity-odd
contraction tr5 = tr(�5

/p1/
p
2/
p
3/
p
4
).

The particles’ helicity states are specified us-
ing two-component spinors, �

↵
i and �̃

↵̇
i , with i 2

{1, . . . , 5}. We define spinor brackets as the con-
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FIG. 36: The multijet cross section ratio R3/2, measured in p-p collisions at
p
s = 7TeV as a function of hpT1,2i in the

CMS experiment [248] and in p-p̄ collisions at
p
s = 1.96TeV as a function of pmax

T in the D0 experiment [497]. Two sets
of pQCD predictions, corrected for non-perturbative contributions, are compared to the data: the fixed-order results for
R3/2, and the results from the “standard” approach, computed from the ratio of the fixed-order results for the two cross
sections. The shaded areas represent the ranges of the scale dependencies of the calculations.

separations, �R, for the neighboring jets, as a function of inclusive jet pT from 50 to 450 GeV. The results
of the fixed-order and the “standard” calculations for R�R are compared to the data in Figure 37 (right). In
almost all of the phase space the conclusions mirror those for the theoretical description of the CMS R3/2 data
in Figure 36 (left): The fixed-order pQCD predictions agree with those from the “standard” method, and both
give a good description of all data with pnbrTmin � 50GeV. Only in the softer regime, for pnbrTmin = 30GeV at
smaller pT , they slightly underestimate the experimental measurement results.
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FIG. 37: The multijet cross section ratio R��, measured in p-p collisions at
p
s = 8TeV in the ATLAS experiment [499]

(left) as a function of HT, in three regions of y⇤ and for three values of ��max, and the multijet cross section ratio R�R,
measured in p-p̄ collisions at

p
s = 1.96TeV in the D0 experiment [498] (right) as a function of pT, in four values of pnbrTmin

and in three regions of �R. Two sets of pQCD predictions, corrected for non-perturbative contributions, are compared
to the data: the fixed-order results for R�� and R�R, and the results from the “standard” approach, computed from the
ratio of the fixed-order results for the two cross sections. The shaded areas represent the ranges of the scale dependencies
of the calculations.

The measurements of the multijet cross section ratio R�� by the D0 and ATLAS Collaborations [499, 500]
probe the azimuthal decorrelations of the two leading pT jets in an event, and both analyses follow the recom-
mendations from the original proposal [501]. The ATLAS result is shown in Figure 37 (left). The D0 result is
shown in Ref. [493]. Both measurements are performed in the same three rapidity regions, y⇤, and for the same
azimuthal decorrelation requirements, ��max. The ATLAS (D0) data are presented as a function of the scalar
pT sum of all jets in an event, HT , over the range 0.46–4 TeV (180–900 GeV). The degree of agreement between
the NLO pQCD predictions from the fixed-order and the “standard” calculations and how they describe the data
is pretty much the same for the ATLAS and D0 data sets. In different y⇤ and ��max regions, however, the two
calculations exhibit a rather different behavior. For 0. < y⇤ < 1. and ��max = 7⇡/8 and 5⇡/6, both calculations
agree very well, exhibit a relatively small scale dependence, and both describe the data. At ��max = 3⇡/4, the
two predictions start to deviate from each other, and in some cases their larger scale uncertainty bands have
only a small overlap. The data are described by both predictions. At 1 < y⇤ < 2, for ��max = 7⇡/8 and 5⇡/6,
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V. NOTE ADDED: ERRATUM TO THE
PUBLISHED VERSION

In the original publication, we evaluated the two-loop
finite remainder function R

(2)l.c.(s12) defined in equa-
tion (2) with an incorrect colour factor. This oversight
was due to a missing conversion factor between the con-
ventions for the colour generator T

a
ij used by the au-

thors of ref. [27] (see [41], section 2 before equation
2.3) and our convention (see ref. [29], appendix A). By
convention, the generators in ref. [27] are normalised
such that Tr T

a
T

b = �
ab. In our convention we use

Tr T
a
T

b = 1

2
�
ab, which implies a factor of

p
2 per ap-

pearing colour generator T
a
ij . The following table lists

the colour factors and the conversion coe�cient for the

square of a colour factor as it appears in the squared
matrix element for each partonic channel:

Channel Colour factor C (|C|
2)our/(|C|

2)ref. [1]

0 ! ggggg Tr T
a
T

b
T

c
T

d
T

e 64

0 ! gggqq̄ (T a
T

b
T

c)ij 8

0 ! gQQ̄qq̄ (T a)ij�kl 2

These conversion factors should have been included in
our original calculation, and we include them now in this
erratum. These factors are sizable and have implications
on the phenomenology. In this version of the document,
we provide the corrected plots of the original publication.
The NNLO prediction increases flatly by about ⇡ 10%.
This implies that the double virtual contribution is about
⇡ 10% of the total NNLO cross-section in contrast to our
previous findings of ⇡ 2%. With this, the naive estimate
for corrections from sub-leading colour terms would cor-
respond to 1% corrections of the NNLO QCD prediction.
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Recently, full-color calculation of all scattering amplitudes
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of the bare amplitudes M. In the MS scheme, the bare coupling is related to its renormalized
counterpart by
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where µ0 is the dimensional regularization scale, which from now on we assume to be equal to
µ. We will suppress the dependence on µ from all quantities. At leading color, and after setting
TF = 1/2, CA = Nc and CF = (N2

c � 1)/(2Nc), the coe�cients of the QCD �-function are given by

�0 =
11CA � 4TFNf

6
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At each order in perturbation theory, the renormalized partial amplitudes are given by

A
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(2.9)

As already stated above, our calculations are done in the HV scheme of dimensional regulariza-
tion and with the definition of helicity amplitudes from ref. [50]. To present our results in a form
that is independent of these choices (see e.g. [51]) and which is su�cient for physical applications
(see e.g. [52]), we define the finite remainders R. These are obtained by removing the infrared
singularities from the renormalized amplitudes, as they are determined by the previous orders in
perturbation theory and known universal factors [46–48]. The finite remainders also admit an
expansion in powers of the renormalized coupling,

R = R
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↵s
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R
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 +

⇣
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R
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s) , (2.10)
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ēW

A
(2),nf
6,u

ū

g

d

ē

⌫e

�

W

ū
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Figure 2: Sample two-loop Feynman diagrams for W
+
�j production containing closed

fermion loop. A
(2),nf

6,q vanishes due to Furry’s theorem.

where sij = (pi + pj)2 and sijk = (pi + pj + pk)2, Qu and Qd are the up- and down-quark
charges respectively, the sum runs over the quark flavours q, while

P (s) =
1

s�M
2
W + iMW�W

, (2.4)

is the denominator factor of W boson propagator. MW and �W are the mass and decay
width of the W boson, respectively. The sub-amplitudes A

(L)
6,i in Eq. (2.3) are categorised

as follows:

• A
(L)
6,u : the photon is radiated off the u quark;

• A
(L)
6,d : the photon is radiated off the d quark;

• A
(L)
6,W : the photon is radiated off the W boson;

• A
(L)
6,e : the photon is radiated off the positron;

• A
(L)
6,q : the photon is radiated off the internal quark loop.

We stress that the sub-amplitudes are not separately gauge invariant in the electroweak
sector. Using the relation [9]

P (s56)P (s156) =
1

s156 � s56


P (s56)� P (s156)

�
(2.5)
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

the leading b-jet (�y
Z,b-jet1), where similar di↵erences

appear. Although less pronounced than in the 4FS,
such trend is also present the 5FS predictions at large
�y

Z,b-jet1 and �R
Z,b-jet1 , see Figs. 6 and 7 of Ref. [15].

That behaviour also appears in the�y
Z,b-jet1 distribution

in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].

Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the
perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.

Acknowledgements.—We would like to thank Luca
Buonocore, Fernando Febres Cordero, Rhorry Gauld,
Massimiliano Grazzini, Pier Francesco Monni, Luca Rot-
toli and Giulia Zanderighi, for fruitful discussions and
comments on the manuscript. We are indebted to Fed-
erico Buccioni for providing OpenLoops amplitudes
with a di↵erent number of quarks running in the loops.
We are thankful to Stefan Kallweit for helping us with
a fixed-order implementation, which we used for com-
parison. We further thank Luca Buonocore and Luca
Rottoli for performing cross checks on the massification
procedure with us, and we thank Chiara Savoini and
Massimilano Grazzini for bringing to our attention the
issues related to the singular behaviour of the massless
amplitudes for certain mappings from the massive to the
massless momenta of the bottom quarks.

NNLO corrections to  + PS matchingpp → Zbb̄



Precision is essential to understand LHC data and learn from them

Standard Model and Higgs Theory                                               Daniel de Florian 21

Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini

THE NEED OF PRECISION: TOWARDS THE  LEVEL%

[plot from M.Grazzini]



Precision is essential to understand LHC data and learn from them

Standard Model and Higgs Theory                                               Daniel de Florian 21

Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini[plot from M.Grazzini]

THE NEED OF PRECISION: TOWARDS THE  LEVEL%



Precision is essential to understand LHC data and learn from them

Standard Model and Higgs Theory                                               Daniel de Florian 21

Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini[plot from M.Grazzini]

THE NEED OF PRECISION: TOWARDS THE  LEVEL%



Precision is essential to understand LHC data and learn from them

Standard Model and Higgs Theory                                               Daniel de Florian 21

Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini[plot from M.Grazzini]

THE NEED OF PRECISION: TOWARDS THE  LEVEL%



Precision is essential to understand LHC data and learn from them

Standard Model and Higgs Theory                                               Daniel de Florian 21

Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini[plot from M.Grazzini]

THE NEED OF PRECISION: TOWARDS THE  LEVEL%

Beyond NNLO: 

IR subtraction becomes an issue again 


Amplitudes even more complicated
See G. Fontana’s talk this afternoon



TOWARDS N3LO: THE NEW FRONTIER

Our current ability of going to N3LO still rather limited and based on: 

- either direct “analytic calculation” of some observables (reverse unitarity) 
and Projection to Born 

- or slicing techniques based on factorization theorems ( , N-jettines) qT

[Anastasiou, Melnikov ’02]

[Cacciari, Dreyer, Karlberg, Salam, Zanderighi ’15]
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First results for  processes (DY, Higgs)2 → 1



TOWARDS N3LO: THE NEW FRONTIER
N3LO INCLUSIVE CROSS SECTIONS
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Figure 16: Inclusive cross sections for the associated Higgs production with a massive
gauge boson (in pb) at a proton-proton collider as a function of the c.m. energy (in
TeV), up to N3LO in QCD including the 7-point scale uncertainty. All cross sections are
calculated with the PDF4LHC15 nnlo mc PDF set. The lower panels display the ratio to
the central N3LO prediction. Upper row: W±H predictions. Lower row: ZH predictions.
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GOING DIFFERENTIAL

๏ Projection-to-Born 
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gg → H

qT

gg → H

pp → γ*

pp → Z

pp → W
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double unresolved    V+jet @ NNLO≃

• 1/ε4, 1/ε3, … 
• single unresolved

• 1/ε2, 1/ε 
• single unresolved  
• double unresolved

• 1/ε6, 1/ε5, … • single unresolved  
• double unresolved 
• triple unresolved

fully unresolved  (   )    V @ N3LO ↭ qT → 0 ≃

…two methods for 
“ ” 2 → 1

isolate “radiating” part

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21] 

[Chen, Gehrmann, Glover, AH, Yang, Zhu, ’21]

[NNLOJET + RadISH ’22]

[Billis, Dehnadi, Ebert, Michel, Tackmann '21]

[Chen, Gehrmann, Glover, AH, Yang, Zhu ‘22]

[Camarda, Cieri, Ferrera '21]

[Neumann, Campbell ’22]
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[Chen, Gehrmann, Glover, AH, Yang, Zhu ‘21,‘22]4

Fixed order �pp!�⇤(fb)

LO 339.62+34.06
�37.48

NLO 391.25+10.84
�16.62

NNLO 390.09+3.06
�4.11

N3LO 382.08+2.64
�3.09 [14]

N3LO only qcutT = 0.63 GeV qcutT ! 0 fit [14]

qg �15.32(32) �15.34(54) �15.29

qq̄ + qQ̄ +5.06(12) +5.05(12) +4.97

gg +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

TABLE I: Inclusive cross sections with up to N3LO
QCD corrections to Drell-Yan production through
a virtual photon. N3LO results are from the qT -
subtraction method and from the analytic calculation
in [14]. Cross sections at central scale of Q = 100 GeV
are presented together with 7-point scale variation.
Numerical integration errors from qT -subtraction are

indicated in brackets.

NNLOJET and SCET predictions involve logarithms up
to ln6(Q/q

cut
T ), which become explicit in the SCET cal-

culation. The NNLOJET calculation produces the same
large logarithms but with opposite sign, as well as power
suppressed logarithms (qcutT )m lnn(Q/q

cut
T ), where m � 2

and n  6. The physical N3LO total cross section con-
tribution must not depend on the unphysical cuto↵ q

cut
T ;

therefore it is important to choose a su�ciently small qcutT
to suppress such power corrections.

Figure 2 demonstrates the dependence on q
cut
T of the

SCET+NNLOJET predictions is negligible for values be-
low 1 GeV. In fact, for all partonic channels except qg,
the cross section predictions become flat and therefore
reliable already at qcutT ⇠ 5 GeV. It is only the qg chan-
nel that requires a much smaller q

cut
T , indicating more

sizeable power corrections than in other channels.

Also shown in Fig. 2 in dashed lines are the inclusive
predictions from [14], decomposed into di↵erent partonic
channels. We observe an excellent agreement at small-qT
region with a detailed comparison given in Table I. We
present total cross sections at small qcutT value (0.63 GeV)
and results from fitting the next-to-leading power sup-
pressed logarithms with q

cut
T extrapolated to zero. This

agreement provides a fully independent confirmation of
the analytic calculation [14], and lends strong support to
the correctness for our qT -subtraction-based calculation.
We observe large cancellations between qg channel (blue)
and qq̄ channel (orange). While the inclusive N3LO cor-
rection is about �8 fb, the qg channel alone can be as
large as �15.3 fb. Similar cancellations between qg and
qq̄ channel can already be observed at NLO and NNLO.
The numerical smallness of the NNLO corrections (and
of its associated scale uncertainty) is due to these cancel-

FIG. 3: Di-lepton rapidity distribution from LO to
N3LO. The colored bands represent theory uncer-
tainties from scale variations. The bottom panel is
the ratio of the N3LO prediction to NNLO, with dif-

ferent cuto↵ q
cut
T .

lations, which may potentially lead to an underestimate
of theory uncertainties at NNLO.
In Fig. 3, we show for the first time the N3LO pre-

dictions for the Drell-Yan di-lepton rapidity distribution,
which constitutes the main new result of this Letter. Pre-
dictions of increasing perturbative orders up to N3LO
are displayed. We estimate the theory uncertainty band
on our predictions by independently varying µR and µF

around 100 GeV with factors of 1/2 and 2 while elimi-
nating the two extreme combinations (7-point scale vari-
ation). With large QCD corrections from LO to NLO,
the NNLO corrections are only modest and come with
scale uncertainties that are significantly reduced [5, 7, 8].
However, as has been observed for the total cross sec-
tion, the smallness of NNLO corrections is due to cancel-
lations between the qg and qq̄ channels. Indeed, Fig. 3
shows clearly that the N3LO correction is large compared
with NNLO, and that the NNLO scale uncertainty band
fails to overlap with N3LO over the full rapidity range.
It should however be noted that the uncertainties from
PDFs, especially from the missing N3LO e↵ects in their
evolution, can be at the percent level [14], which high-
lights the necessity for a consistent PDF evolution and
extraction at N3LO in the future.
In the bottom panel of Fig. 3, we show the ratio of

the N3LO rapidity distribution to the previously known
NNLO result [7, 8]. As can be seen, the corrections are
about �2% of the NNLO results, and are flat over a
large rapidity range. There is minimal overlap between
the scale uncertainty bands only at large y�⇤ . To test the
numerical stability at N3LO, three values of qcutT are ex-
amined in the bottom panel. We observe the qcutT depen-

|yγ* | yW+ yW−

๏ same collider @     almost universal NNLO  N3LO corrections!

๏  &  processes probe different parton content across   (valence  vs. , …) 

13 TeV ⇝ →
NC CC± YV u d

qT SUBTRACTION @ N3LO
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qT

dσ
dqT

+∞

−∞

1
qT

ln2n−1(qT/Q)

1/ϵm

dσV
N3LO = dσV

N3LO
qT<qcut

T

+ dσV
N3LO

qT>qcut
T

= ℋV
N3LO ⊗ dσV

LO + [dσV+jet
NNLO − dσV,CT

N3LO]
qT>qcut

T

+ 𝒪 ((qcut
T /Q)n)

[Catani, Grazzini ’07]
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[Gehrmann, Glover, Huber, Ikizlerli, Studerus '10]

[Li, Zhu '16]

[Luo, Yang, Zhu, Zhu '19] [Ebert, Mistlberger, Vita '20]

3

and the beam functions [70–72], using the rapidity reg-
ulator proposed in [73]. These newly available results
provide the key ingredients for applying qT -subtraction
to processes with colorless final states at N3LO. The
perturbative beam functions are expressed in terms of
harmonic polylogarithms [74] up to weight 5, which can
be evaluated numerically with standard tools [75].

The resolved contribution above the q
cut
T for N3LO

Drell-Yan production contains the same ingredients of
the NNLO calculation with one extra jet. Fully di↵eren-
tial NNLO contributions for Drell-Yan-plus-jet produc-
tion have been computed in [76–78]. The application to
N3LO qT -subtraction further requires stable fixed-order
predictions at small qT [79–81], enabling the cancella-
tion of the q

cut
T between resolved and unresolved contri-

butions to su�cient accuracy. In this Letter, we em-
ploy the antenna subtraction method [82–85] to compute
Drell-Yan production above q

cut
T up to NNLO in pertur-

bation theory, implemented in the parton-level event gen-
erator NNLOJET [76, 79]. To achieve stable and reliable
fixed order predictions down to the qT ⇠ 0.4 GeV re-
gion, NNLOJET has been developing dedicated optimiza-
tions of its phase space generation based on the work
in [68]. This ensures su�cient coverage in the multiply
unresolved regions required for the qT -subtraction.

RESULTS

Applying the qT -subtraction method described above,
we compute Drell-Yan lepton pair production to N3LO
accuracy. For the phenomenological analysis, we restrict
ourselves to the production of a di-lepton pair through a
virtual photon only. We take ECM = 13 TeV as center
of mass collision energy and fix the invariant mass of
the di-lepton pair at Q = 100 GeV. Central scales for
renormalization (µR) and factorization (µF ) are taken at
Q, allowing us to compare with the N3LO total cross
section results from [14]. We use the central member of
PDF4LHC15_nnlo PDFs [86] throughout the calculation.

To establish the cancellation of qcutT -dependent terms
between resolved and unresolved contributions, Fig. 1
displays the qT distribution of virtual photon obtained
with NNLOJET (used for the resolved contribution) and
obtained by expanding the leading-power factorised pre-
diction at small qT using Eq. (2) up to O(↵3

s). The high-
est logarithms at this order are 1/qT ln5(Q/qT ). The
singular qT distribution is expected to match between
NNLOJET and SCET, which is a prerequisite for the
qT -subtraction method. This requirement is fulfilled by
the nonsingular contribution (NNLOJET minus SCET)
demonstrated in the bottom panel of Fig. 1. Remarkably,
the agreement starts for qT at about 2 GeV and extends
down to 0.32 GeV for each perturbative order. Numerical
uncertainties from phase space integrations are displayed
as error bars. We emphasize that the observed agreement

FIG. 1: Perturbative contributions to transverse mo-
mentum distribution of the virtual photon up to ↵

3
s.

The upper panel displays the qT -distribution obtained
from NNLOJET and from expanding SCET to each
order. The bottom panel contains the nonsingular re-

mainder (NNLOJET minus SCET).

FIG. 2: Inclusive N3LO QCD corrections to total
cross section for Drell-Yan production through a vir-

tual photon.

is highly nontrivial, providing very strong support to the
correctness of the NNLOJET and SCET predictions.

In Fig. 2, we display the N3LO QCD corrections to
the total cross section for Drell-Yan production through
a virtual photon, using the qT -subtraction procedure, de-
composed into di↵erent partonic channels. The cross
section is shown as a function of the unphysical cut-
o↵ parameter q

cut
T , which separates resolved and un-

resolved contributions. Integrated over qT , both the

qq̄
gg
qq

qg

Σ
𝒪(qcut

T )

[Chen, Gehrmann, Glover, AH, Yang Zhu '21]

validation against analytic result  (— — —)  

plateau   &  fully independent cal.≲ 1 GeV
[Duhr, Dulat, Mistlberger '20]



TOWARDS N3LO: THE NEW FRONTIER

Impressive effort to compute all missing ingredients for slicing methods to N3LO 

- N-jettiness Beam Functions  

- zero-jettiness soft function (for color singlet) [Baranowski, Delto, Melnikov, Pikelner, Wang ’24]3

n

n̄

2-loop tree

n

n̄

1-loop 1-loop

n

n̄

1-loop tree

n

n̄

tree tree

FIG. 1. Di↵erent contributions to the zero-jettiness soft function at N3LO, see text for details. Only contributions with final-
state gluons are shown. Diagrams to the right of the cut are complex-conjugated.

the phase space of three real gluons with a �-function
�(⌧ �x1�x2�x3) where xi = min[↵i,�i], and a product
of three ✓-functions whose arguments are ±(↵i � �i).

We note that the required eikonal function for three
soft gluons was computed and simplified in Ref. [41].
For the qq̄g soft final-state partons the required eikonal
function can be extracted from Ref. [42]. We have re-
computed these eikonal functions for the case of two hard
partons, that we require for the analysis in this paper,
and found agreement with the results reported in these
references.

Using these results for the eikonal functions, we can
construct all required real-emission integrals with con-
straints provided by the definition of the zero-jettiness
variable. These integrals are complicated, and we make
use of the various internal symmetries to simplify them.
For example, we note that upon relabelling n $ n̄, inte-
grals do not change. This implies that we have only two
classes of integrals to consider. The first class involves
integrals where the phase-space constraint is

�(1�
3X

i=1

�i)
3Y

i=1

✓(↵i � �i). (9)

We will refer to such integrals as nnn integrals. The
second class of integrals are integrals where the constraint
reads

�(1�
2X

i=1

�i � ↵3)
2Y

i=1

✓(↵i � �i) ✓(�3 � ↵3). (10)

We will refer to these integrals as nnn̄ integrals. All

integrals that are needed for the calculation of S(3)
⌧ can be

written as a linear combination of nnn and nnn̄ integrals
using the freedom to re-name n $ n̄ and ki $ kj , i, j 2

{1, 2, 3}.
To further reduce the number of triple-real integrals

that have to be calculated, we employ integration-by-
parts (IBP) identities [43, 44]. To make this technol-
ogy applicable to phase-space integrals which contain ✓-
functions as constraints, we use its extensions discussed
in Refs. [35, 45]. Following Ref. [45] and re-writing phase
space integrals as cuts of loop integrals, we derive the
integration-by-parts identities where we encounter ad-
ditional terms associated with derivatives of (some) ✓-
functions. Since d✓(x)/dx = �(x), we can apply reverse

unitarity [45] one more time, obtaining a system of equa-
tions for integrals with ✓-functions and integrals where
one of the ✓-functions is replaced by a �-function. Se-
lecting the latter, and writing the integration-by-parts
equations for them, we obtain integrals that contain two
�-functions and one ✓-function, in addition to the origi-
nal ones. Applying this procedure iteratively, we obtain
a list of integrals that close the system of integration-by-
parts equations. These integrals contain various number
of ✓- and �-functions; the original integrals possess three
✓-functions and the ”simplest” ones – three �-functions.
Upon generating su�ciently many IBP equations, we

obtain a system of linear equations that contains all in-
tegrals that are required to compute the triple-real emis-
sion contribution to the soft function. We then solve this
system and express the required integrals through a set
of basis (or master) integrals. Once master integrals are
calculated, the result for the triple-real emission contri-
bution to the soft function is obtained.
Although the set-up that we describe above is stan-

dard, realizing it in practice turned out to be quite chal-
lenging. We list below some of the issues that we encoun-
tered and briefly comment on how we solved them.

• The (usually straightforward) step of constructing
linear algebraic equations for the required triple-
real integrals with the help of the integration-by-
parts method turns out to be non-trivial in this
case because none of the public computer codes
dedicated to processing loop integrals and deriv-
ing and solving IBP equations for them, can work
with ✓-function constraints.

• A replacement of ✓-functions with �-functions in
integrands creates di�culties with defining unique
integral families since, upon such replacements,
propagators that define classes of integrals become
linear-dependent. A multi-variate partial fraction-
ing has to be applied to map integrals on the unique
set of families. This has to be done on the fly when
the integration-by-parts identities are constructed.

• Once a large-enough system of linear equations is
obtained, we solve it using the program Kira [46–
48]. To obtain the solution, we need to choose pre-
ferred master integrals, and we do so by using cri-

[Ebert, Mistlberger, Vita ’20]

[Baranowski, Behring,  Melnikov, Rietkerk, Tancredi, Wever ’17,’19,’22]

j(p)

V

f3(k3)

f2(k2)

f1(k1)

f̄(p̄)

i⇤(pi)

Figure 1. Sketch of a triple-real contribution to the process j(p) + f̄(p̄) ! V + f1(k1) + f2(k2) +
f3(k3), for j = q, f̄ = q̄ and f1,2,3 = g, to illustrate the notation for the momenta and flavours.

where s123 = (p� k1� k2� k3)2 is the o↵-shell propagator of the parton i which enters the

hard process and Pij is the corresponding splitting function. In principle, the factorisation

formula shown in Eq. (2.3) is not exact because of spin correlations but since, eventually,

we integrate over momenta of collinear partons, the spin correlations average out.

To define the variable z in Eq. (2.3), we use the Sudakov decomposition of the mo-

mentum pi = p� k1 � k2 � k3 and write

pi = zp+ yp̄+ k? , (2.4)

where p · k? = p̄ · k? = 0. Thanks to momentum conservation, we find

k123 = k1 + k2 + k3 = (1� z)p� yp̄� k? . (2.5)

Multiplying this equation with p̄ and using p̄2 = 0, we obtain

1� z =
p̄ · k123
p̄ · p . (2.6)

In the collinear limit where k1,2,3||p, the zero-jettiness defined in Eq. (1.1) simplifies

and becomes1

T0 ⇡
2p · k123

Qp
. (2.7)

To compute the matching coe�cient at fixed zero-jettiness, we introduce a new variable,

the so-called transverse virtuality t, defined as

t = 2zp · k123 . (2.8)

Once the matching coe�cients at fixed t are available, it is straightforward to change

variables from t to T0 using Eq. (2.7), if needed.

1
We note that this formula applies to an arbitrary N -jettiness variable T , not only to the zero-jettiness,

in the limit where unresolved final state partons are collinear to the incoming parton with momentum p.

– 6 –

See G. Fontana’s talk this afternoon- recent progress on generalization of Antenna’s to N3LO 



TOWARDS N3LO: THE NEW FRONTIER (FOR AMPLITUDES TOO)
First 3 loop amplitudes with one off-shell external leg 

- 3 loop leading-color amplitudes for  

- 3 loop master integrals for leading color amplitudes for  

qq̄ → {Zj , Wj}

pp → Hj

[Gehrmann, Jakubcik, Mella, Syrrakos, Tancredi ’23]

[Bobadilla, Henn, Lim,’23]
[Bobadilla, Gehrmann, Henn, Jakubcik, Lim, Mella, Syrrakos, LT  to appear soon]

[Vita, Mastrolia, Schubert, Yundin, Syrrakos ’14]

[Canko, Syrrakos ’23]

(a) N
3 (b) N

2
N f

(c) NN
2
f

Figure 1: Representative three-loop planar diagrams which contribute to the
three leading color layers.

In the following, we fix the renormalization scale in ⌦ as
µ2 = q

2. The full scale dependence can then be recovered
through

⌦(3)(µ) =
 

5
16
�3

0L(µ)3 + �0�1L(µ)2 +
1
2
�2L(µ)

!
⌦(0)

+

 
15
8
�2

0L(µ)2 +
3
2
�1L(µ)

!
⌦(1)

+
5
2
�0L(µ)⌦(2) +⌦(3) (13)

with L(µ) = log
⇣
µ2/q2

⌘
.

The helicity amplitudes for the decay of a Standard Model
vector boson V can finally be related to the helicity amplitudes
obtained above by dressing with the appropriate electroweak
couplings

M
V

�q2�3�l5
= �

i
p

4⇡↵s(4⇡↵) L
V

l5l6
L

V

q1q2

D(p
2
56,m

2
V

)

⇥ Ta

i j
M�q2�3�l5

, (14)

where p56 = p5 + p6, the vector boson propagator reads

D

⇣
q

2,m2
V

⌘
= q

2
� m

2
V
+ i�VmV (15)

and the couplings for the bosons V = Z,W±, �⇤ are

R
�
f1 f2
= L

�
f1 f2
= �e f1� f1 f2 , (16)

L
Z

f1 f2
=

I
f1
3 � sin2 ✓we f1

sin ✓w cos ✓w
� f1 f2 , (17)

L
W

f1 f2
=

✏ f1, f2
p

2 sin ✓w
, (18)

R
Z

f1 f2
= �

sin ✓we f1

cos ✓w
� f1 f2 , (19)

R
W

f1 f2
= 0 . (20)

In the formulas above, ↵ is the electroweak coupling constant,
✓w is the Weinberg angle, I3 = ±1/2 is the third component of
the weak isospin and the charges ei are measured in terms of
the fundamental electric charge e > 0. Moreover, ✏ f1, f2 = 1
if f1 , f2 but belonging to the same isospin doublet, and zero
otherwise.

In order to compute the (unrenormalized) corrections to the
helicity amplitude coe�cient, we use the same unified work-
flow as for the tree-level, one- and two-loop amplitudes for
Vqq̄g [22], whose agreement with older results in the litera-
ture up to the finite part in ✏ provides an additional check on
our method. In summary, the relevant three-loop diagrams
are generated using QGRAF [44] and every manipulation in-
cluding insertion of Feynman rules, evaluation of Dirac and
Lorentz algebra and application of the projectors are performed
in FORM [50]. Once the helicity projectors have been applied,
all Feynman diagrams are expressed in terms of scalar integrals,
which can be written in terms of a single planar auxiliary topol-
ogy of the form

In1,...,n15 = e
3�E✏

Z 3Y

i=1

d
d
ki

i⇡d/2
1

D
n1
1 ...D

n15
15

(21)

with �E = 0.5772 . . . the Euler constant and propagators

D1 = k1 D6 = k3 � p1 D11 = k2 � p123
D2 = k2 D7 = k1 � p12 D12 = k3 � p123
D3 = k3 D8 = k2 � p12 D13 = k1 � k2
D4 = k1 � p1 D9 = k3 � p12 D14 = k1 � k3
D5 = k2 � p1 D10 = k1 � p123 D15 = k2 � k3

with pi j(k) = pi + p j(+pk). The integrals can be reduced to a
set of master integrals using integration-by-parts (IBP) iden-
tities [12, 49]. For the actual reduction, we use the imple-
mentation of the Laporta algorithm [40] in the automated code
Kira2 [37, 41] and express all integrals directly in terms of the
canonical basis for the three-loop planar family defined in [6].
Here it was shown that, in line with the one- and two-loop re-
sults, the three-loop planar integrals can be evaluated to arbi-
trary orders in the dimensional regularization parameter ✏ in
terms of multiple polylogarithms (MPLs) [26, 32, 48, 51] with
alphabet {y, z, 1 � y, 1 � z, y + z, 1 � y � z}.

The amplitude before reduction can be expressed in terms of
95625 scalar integrals, which in turn are reduced to 291 canoni-
cal basis elements and their crossings. The size and complexity
of intermediate expressions makes the use of traditional meth-
ods for symbolic insertion of the IBP reduction into the unre-
duced amplitude highly non-trivial. Therefore, in view of the
expected increase in complexity of the subleading layers in the
color expansion (12), we also devised a hybrid method involv-
ing finite field reconstruction, in parallel to a standard fully an-
alytic approach.

In particular, in the standard approach, we produced the IBP
identities with Kira2 and used Mathematica and Fermat to in-
clude them into the unreduced amplitude and simplify the re-
sulting coe�cients. We then expanded the master integrals in
✏ and obtained the final expression for the amplitude in terms

3

[Canko, Syrrakos ’21]



CONCLUSIONS
1.Colliders remain some of the most flexible (multi-purpose) experiments to investigate 
fundamental questions in physics  

2.Higher-order corrections crucial to precision physics studies: QCD, QCD-EW, pure EW … 

3.QCD NNLO calculations for  have become a reality! 

4.Breaking the QCD N3LO barrier seems to be also around the corner (including progress on 
PDF evolution): amplitudes are on the way, progress on IR subtraction. 

5.Accounting for QCD-EW and pure EW to higher order becomes increasingly important 

2 → 3

Exciting developments all over! Stay tuned…!
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