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DISCLAIMER: 
THIS IS NOT A REVIEW OF RESULTS !! 

MORE OF A PERSONAL PERSPECTIVE ON SOME INTERESTING 
ISSUES THAT WE ARE DEALING WITH TODAY 


IT WILL BE, BY CONSTRUCTION, BIASSED AND INCOMPLETE



WHY (STILL) COLLIDERS? 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
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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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THE LHC HAS BECOME A PRECISION MACHINE

After its discovery in 2012, a lot (but not only) 
revolving around Higgs boson’s properties



THE HIGGS BOSON: THE LAST MISSING PIECEThe Higgs boson

�3

Higgs field “holds SM together” 
2

Thermal 
History of 
Universe

Higgs 
Physics

Origin of 
EWSB? Higgs Portal 

to Hidden Sectors?

Stability of Universe

CPV and 
Baryogenesis

Origin of masses?

Origin of Flavor?

Is it unique?

Fundamental 
or Composite?

Naturalness

Thermal History of 
Universe

Origin of EWSB?

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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LHC has opened a window for us to peak at 
Higgs’ interactions for the first time !

Hints to answer these questions hidden in the details of Higgs interactions to SM particles

HIGGS INTERACTIONS AT THE LHC
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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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Higgs discovery through its couplings to gauge sector

Anomalous couplings? 

HIGGS INTERACTIONS THE GAUGE SECTOR
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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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Introduction

• Since the discovery of the Higgs bosons, its 
interactions have been studied 

• In the SM Higgs field couples to fermions 
through a Yukawa interaction

• Coupling strength proportional to the mass of 
the interacting particles

• Run 2 has been very productive measuring the 
interaction of the H to fermions:
• Observation of Higgs couplings to all third-

generation charged fermions
• Evidence of H coupling to 𝜇
• Ongoing measurements to c quarks (second 

generation)
• Measurements of the CP properties of the 

Higgs Boson. In general parametrized as:

2

CMS-PHO-GEN-2020-002HIGGS INTERACTIONS THE YUKAWA SECTOR
Run 2 direct observation of H coupling to third family fermions

Run 3 and HL potential: 

1. Precision measurements for third family 

2. Discovery couplings to second family ( )μ & c
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We have seen the Higgs but 
   

is a “toy model”!  

1. more minima? 
2. more Higges? 
3. microscopic model of SSB? 
4. …

V(ϕ) = − μ2ϕ2 +
λ
4!

ϕ4

Higgs self coupling extremely difficult to 
measure.  

With 2018 estimates 4  ATLAS+CMSσ

HIGGS SELF INTERACTIONS THE MOST MYSTERIOUS?
HL-LHC first to see the triple-H coupling



PROBING THE GAUGE SECTOR
Multiboson final states as probe of electroweak sector of 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
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Standard Model Production Cross Section Measurements
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p
s = 7, 8, 13, 13.6 TeV
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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]

arXiv:2310.05164, Phys. Rev. Lett. 132 (2024) 121901
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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.

50

100

150

Ev
en

ts
 /b

in γWW
l Nonprompt
γ Nonprompt

 Syst⊕Stat 

γV
VV
Top
Data

 (20,150]∈ γllm  (150,250]∈ γllm )∞ (250,∈ γllm

 SRγPostfit WW
Category 0 jet

 (13 TeV)-1138 fbCMS  

(10,40]

(40,70]

(70,110]

110<

(10,40]

(40,70]

(70,110]

110<

(10,40]

(40,70]

(70,110]

110<

 [GeV]T
WWm

0.5
1.0
1.5

D
at

a/
Ex

p.

100

200

300

Ev
en

ts
 /b

in γWW
l Nonprompt
γ Nonprompt

 Syst⊕Stat 

γV
VV
Top
Data

 (20,150]∈ γllm  (150,250]∈ γllm )∞ (250,∈ γllm

 SRγPostfit WW
 1 jet≥Category 

 (13 TeV)-1138 fbCMS  

(10,40]

(40,70]

(70,110]

110<

(10,40]

(40,70]

(70,110]

110<

(10,40]

(40,70]

(70,110]

110<

 [GeV]T
WWm

0.5
1.0
1.5

D
at

a/
Ex

p.

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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● 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
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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
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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].
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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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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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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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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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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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Direct sensitivity in HH production:  Progress, but extremely hard to measure even at (HL-)LHC

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)

J. Alison LHCP 2024

PROBING H SELF INTERACTION THE CHALLENGES AHEAD

bb̄ττ + bb̄γγ + bb̄bb̄

SM HH Production at the LHC

arXiv:1212.5581

Production Mode Cross section  
(14 TeV)

ggF-hh 34 fb

VBF-hh ~2 fb

V-hh ~ 1 fb

tt-hh ~ 1 fb

Small in Standard Model. 
 - hh production higher order in αEWK  
 - Reduced phase space: 2 heavy particles in final state. 
 - Destructive interference among diagrams
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p

1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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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!
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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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PLENTY OF DISCOVERY POTENTIAL AHEADTimeline 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 discover “new 
interactions”, and have the concrete opportunity to uncover details of new “Higgs” physics!



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
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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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• Double-Higgs production 
is directly sensitive to the 
self-coupling
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⇒ see e.g. talks of L. Skyboz, N. De Filippi … 
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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
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nNNLO+PS: 
NNLO qq w/ MiNNLOPS + NLO ggF
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Vector Boson Scattering
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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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) Probe electroweak gauge theory in SM
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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)
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Complementary probe to direct Higgs measurements
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Couplings
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Couplings
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exchange

Gauge structure of SM EWSB
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complex final states, QCD & EW corrections 

massive external and virtual states

… and many others …
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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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� [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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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…
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 PRECISION, HOW DO WE GET THERE?%



FROM THEORY TO THEORY PREDICTIONS IT’S A LONG WAY!
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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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PRECISION AT COLLIDERS

“soft & collinear physics”: PDFs, 
jet substructure, parton 

showers, hadronization…



PRECISION AT COLLIDERS

Impressive effort dedicated to get 
all these ingredients under control 

with % level precision. 

“Understanding QCD”…!
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�qq̄!gg =

Z
[dPS] |Mqq̄!gg|2
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For now, we ignore all that (see 

later) and zoom in the so-called 
‘Hard Scattering’

Amplitudes can tell us also 
something beyond perturbative HS!

Building blocks are 
“Scattering Amplitudes” 

% precision possible?!

See talk by F. Devoto



HARD SCATTERING
�qq̄!gg =

Z
[dPS] |Mqq̄!gg|2
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small “coupling constant” ∼ 0.1

|Mqq̄!gg|2 =
��MLO

qq̄!gg

��2 +
⇣↵s

2⇡

⌘ ��MNLO

qq̄!gg

��2 +
⇣↵s

2⇡

⌘2 ��MNNLO

qq̄!gg

��2 + ...
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Tree-level Amplitudes
[slide from L. Dixon]
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Simplest pure-gluonic amplitudes 
Note: helicity label assumes particle is outgoing; reverse if it’s incoming  

Maximally helicity-violating (MHV) amplitudes: 

Parke-Taylor formula (1986) 

= 

   
 
 
 
 
 
 

1 

2 

(i-1) 

Strikingly, many vanish: 



Virtual Real

+ ~ O(30%-10%) 
precision 

One-loop Amplitudes

HARD SCATTERING

|Mqq̄!gg|2 =
��MLO

qq̄!gg

��2 +
⇣↵s

2⇡

⌘ ��MNLO

qq̄!gg

��2 +
⇣↵s

2⇡

⌘2 ��MNNLO

qq̄!gg

��2 + ...
<latexit sha1_base64="c5I0IL7hdsGPjBJU+IdIqn/fdhc="></latexit><latexit sha1_base64="c5I0IL7hdsGPjBJU+IdIqn/fdhc="></latexit><latexit sha1_base64="c5I0IL7hdsGPjBJU+IdIqn/fdhc="></latexit><latexit sha1_base64="c5I0IL7hdsGPjBJU+IdIqn/fdhc="></latexit>

�qq̄!gg =

Z
[dPS] |Mqq̄!gg|2

<latexit sha1_base64="ij6vSKktFuXijLKR2ATNdVJPIXQ="></latexit><latexit sha1_base64="ij6vSKktFuXijLKR2ATNdVJPIXQ="></latexit><latexit sha1_base64="ij6vSKktFuXijLKR2ATNdVJPIXQ="></latexit><latexit sha1_base64="ij6vSKktFuXijLKR2ATNdVJPIXQ="></latexit>



+ +

Double Virtual Real Virtual Double Real
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Often not even enough!
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Two-loop amplitudes

See talk by C. Signorile-Signorile
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Dear Sir or Madam,

We are pleased to inform you that the Letter

Three-loop gluon scattering in QCD and the gluon

Regge trajectory

Fabrizio Caola et al.
Phys. Rev. Lett. 128, 212001 (2022)

Published 26 May 2022

has been highlighted by the editors as an Editors’ Suggestion. Publication of a Letter is

already a considerable achievement, as Physical Review Letters accepts fewer than 1/4 of

submissions, and is ranked first among physics and mathematics journals by the Google

Scholar five-year h-index. A highlighted Letter has additional significance, because only about

one Letter in seven is highlighted as a Suggestion due to its particular importance, innovation,

and broad appeal. Suggestions are downloaded more than twice as often as the average

Letter, and receive substantially more press coverage. Suggestions are cited at roughly twice

the rate of nonhighlighted Letters. More information about our journal and its history can be

found on our webpage prl.aps.org.

Yours sincerely,

Hugues Chaté

Editor

Physical Review Letters

Michael Thoennessen

Editor in Chief

American Physical Society

PHYSICAL REVIEW LETTERS

g

g

g

g

Scattering amplitudes: more masses

Federico Buccioni Ringberg 10/05/2024 11

Starting to see preliminary results for 2→3 with external two and more external masses

VVj and friends: see talk by Samuel

tt associated production

ttj

ttH/ttW

completed evaluation of MIs contributing to Leading Colour ttj amplitude

for most integral families, deqs admit a dLog form representation
presence of elliptic sectors → non-logarithmic differential forms

[Badger, Becchetti, Giraudo, Zoia 2404.12325]

two-loop MIs for ttH production with a Light-Quark Loop
[F. Febres Cordero, G. Figueiredo, M. Kraus, B. Page, L. Reina 2312.08131]

two-loop MIs for ttH production with a 
Light-Quark Loop

Two-loop amplitudes for ttH production, the Nf-part
[Bakul Agarwal, Heinrich, Jones, Kerner, Klein, Lang, Magerya, Olsson 2402.03301]

solution via canonical deqs

solution via generalized series expansion
(Froebenius method)

MIs computed numerically: pySecDec

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

LHCH(XS)WG YR4 ’16

= x
?

% precision, two- and three-loop amplitudes!

THE NEED OF PRECISION: TOWARDS THE  LEVEL%

[plot from M.Grazzini]
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𝒜
The integrand

Decomposition into 
building blocks

computations of the 
building blocks

QED Mass-independent term: 2-loop contribution

aQED
e = C1

(α

π

)

+ C2

(α

π

)2
+ C3

(α

π

)3
+ C4

(α

π

)4
+ C5

(α

π

)5
+ . . .

7 diagrams

C2 =
197

144
+

1

12
π2

−
1

2
π2 ln 2 +

3

4
ζ(3)

= −0.328 478 965 579 . . .

obtained independently by Petermann and Sommerfield in 1957.

(The two-loop coefficient was also computed analytically by Karplus and Kroll in 1950, but

unfortunately their result was wrong)

Stefano Laporta, Climbing the mountain: the electron g-2, Inspired by precision, Bologna, 10 Dec 2021 Page 8
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Usually dealt with separately 

Connections among them, partly still to explore
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“just a sum of Feynman diagrams”
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ON THE INTEGRAND: WHO IS AFRAID OF FEYNMAN DIAGRAMS?

𝒜
+ 500 more pages

Is this what scares us?

(50000 Feynman diagrams)



𝒜
+ 500 more pages

Computers and clever programming today can handle hundreds of thousands of Feynman diagrams


The real issue: hidden simplicity

Gauge symmetry, analytic structure (poles and branch cuts) etc are hidden in this decompositions


Starting from generic Feynman diagrams, things might look much worse than what they really are…

ON THE INTEGRAND: WHO IS AFRAID OF FEYNMAN DIAGRAMS?



𝒜
+ 500 more pages

Where do we stand?


Tree-level: (On-shell) recursions: BCFW


One-loop: Unitarity (extended to higher loops in specific cases, no triangles/no bubbles etc)


Higher loops: ???  […Arkani-Hamed, Frost, Salvatori, Plamondon, Thomas ’23 …] 

ON THE INTEGRAND: WHO IS AFRAID OF FEYNMAN DIAGRAMS?
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ON THE DECOMPOSITION

𝒜

If we can decompose the amplitude into a (minimal) set of building blocks, problem solved ! 

(all cancelations, structures, symmetries should become manifest…) 

In practice, this can be achieved starting from any representation, but difficulty depends strongly on where we start 

*

(PL) (NPL1) (NPL2)

Figure 1: Representative top level topologies for the planar (PL), single nonplanar

(NPL1), and double nonplanar (NPL2) integral families.

form ki · kj and 9 of the form ki · pj , so we can write a generic Feynman integral of the

form eq. (4.2) as
Z  3Y

i=1

D
dki

!
f(d; {pi · pj})

Dn1
1 . . . Dn15

15

, (4.4)

where now ni can also be negative integers. We refer to each set of inequivalent {D1, ..., D15}

as an “integral family”. Within each family, it is well known that not all the integrals

are linearly independent. Indeed, Feynman integrals satisfy integration-by-parts (IBP)

identities [36] of the form

Z  3Y

i=1

D
dki

!
@

@kµj

vµj
Dn1

1 ...Dnm
m

= 0 , (4.5)

where vj can be any loop or external momentum. In principle, it is possible to use these

identities to express all the F i form factors in terms of a minimal set of independent “master

integrals” (MI) [37]. While all the steps described above are well-understood in principle,

the complexity involved in intermediate stages grows very quickly with the number of loops

and external scales. In our case, the three-loop calculation involves 3 di↵erent families, each

of which can contribute with 6 independent crossings of the external legs, and more than

4⇥106 integrals to the amplitude. Moreover, using (4.5) directly would lead to a very large

number of equations involving also many additional auxiliary integrals. We now describe

the procedure that we have adopted to keep the degree of complexity manageable.

First, we generated all Feynman diagrams with Qgraf [38] and mapped each diagram to

an integral family using Reduze 2 [39, 40] to generate the required shifts of loop momenta.

At this stage, it is useful to group diagrams that present similar structures together and

perform the P1,...,8 projections for each of these groups separately. This can be done by

keeping together diagrams that can be mapped to the same crossing of the same integral

families. This allows us to reduce redundancy in the algebraic manipulations required.

Examples of top sectors from our three families of integrals are depicted in Fig. 1, while

their complete definition can be found in the ancillary files. To evaluate the contributions

to the form factors, we performed the colour, Lorentz and Dirac algebra as well as further

symbolic manipulations described in the following with Form [41].

We find it important to stress that by expressing the result for each F1,...,8 in terms

of a minimal set of integrals under crossings and shift symmetries, prior to performing the

– 8 –
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* more on this in a moment…
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One of the main reasons of the so-called NLO revolution

=
X
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+
X

i

C3
i

<latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit><latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit><latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit><latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit>

+
X

i

C2
i

<latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit><latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit><latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit><latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit>

+
X

i

C1
i

<latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit><latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit><latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit><latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit>

+ R
<latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit><latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit><latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit><latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit>

[Extremely efficient techniques to get the   very efficient ones ALSO based on Feynman diagrams]Ci →

Blackhat, MadLoops, Openloops, Recola, GoSam, Ninja,…



ON THE DECOMPOSITION: 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 = ∫
L

∏
l=1

dDkl

(2π)D

∂
∂ℓμ

k [vμ Sb1
1 . . . Sbmm

Da1
1 . . . Dan

n ]

p1 pE

[Chetyrkin, Tkachov; Laporta; …]



IBPs are extremely powerful, both conceptually and practically! 

•One can prove that MIs are in finite number 

•MIs provide a basis in space of all Feynman integrals  structure of a vector space 

•Turn the decomposition problem into a linear algebra problem 

•As any basis in any vector space, some bases are better than others 

•VERY powerful bi-product: the differential-equation method 

→

𝒜 ℐ = ∫
L

∏
l=1

dDkl

(2π)D

Sb1
1 . . . Sbmm

Da1
1 . . . Dan

n

p1 pE

Master Integrals (MIs)

IBPs

ON THE DECOMPOSITION: IBPS AND MASTER INTEGRALS



𝒜QED 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.
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[Laporta, Remiddi ’97]

QED Mass-independent term: 2-loop contribution

aQED
e = C1

(α

π

)

+ C2

(α

π

)2
+ C3

(α

π

)3
+ C4

(α

π

)4
+ C5

(α

π

)5
+ . . .

7 diagrams

C2 =
197

144
+

1

12
π2

−
1

2
π2 ln 2 +

3

4
ζ(3)

= −0.328 478 965 579 . . .

obtained independently by Petermann and Sommerfield in 1957.

(The two-loop coefficient was also computed analytically by Karplus and Kroll in 1950, but

unfortunately their result was wrong)
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The “Laporta method”, first applied  in a systematic way in 1997 to reduce 3loop g-2 to 17 MIs*

 as far as I know…*

ON THE DECOMPOSITION: IBPS AND MASTER INTEGRALS



𝒜
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
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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.

Finite-fields methods
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Peraro, Abreu, Page, Ita, 
Klappert, Lange,….]

[Zhang, Bohem, Kosower, 
Peraro, Page, Abreu, Ita, von 
Manteuffel, Schabinger …]

Avoid intermediate expression swell Reduce the number of IBPs generated

Algebraic geometry methods



Local integrals

𝒜
ON THE DECOMPOSITION: LEARNING FROM N=4 SYM

Simplification happens in D=4

Together with computational advances, the crucial question is, what we decompose onto?

Learning from N=4 important breakthroughs:

ization directly without any regularization. A straightforward computation shows,

1

2

34

5

6

= Li2(1� u1) + Li2(1� u2) + Li2(1� u3) + log(u3)log(u1)�
⇡2

3
, (4.5)

where the ui are the familiar six-point cross-ratios

u1 ⌘
h12 34ih45 61i

h12 45ih34 61i
, u2 ⌘

h23 45ih56 12i

h23 56ih45 12i
, and u3 ⌘

h34 56ih61 23i

h34 61ih56 23i
. (4.6)

It is easy to find examples of integrals which are finite and chiral, but which

do not have unit leading singularities. For example, changing one the ‘dashed-line’

numerator factor hAB 13i in the integral above to a ‘wavy-line’ hAB (612)
T
(234)i

will leave the integral finite and chiral, but spoil the equality of its leading singular-

ities. Indeed, as it is also finite and dual-conformally invariant, the ‘mixed’ hexagon

integral can also be evaluated without any regularization, and one finds that,

1

2

34

5

6

=

Z

AB

hAB (612)
T
(234)ihAB 46i

hAB 12ihAB 23ihAB 34ihAB 45ihAB 56ihAB 61i

=

✓
h1234i

h1345ih1235i

◆
log(u1) log(u2) +

✓
h6134i

h1345ih5613i

◆
log(u3) log(u1) +

✓
h6123i

h1235ih3561i

◆
log(u2) log(u3).

In order for GRTs to yield the two-term identities necessary to guarantee that all

the leading singularities are equal up-to a sign, the numerator must force vanishing

residues for all but two Schubert problems. In the case of the ‘mixed-numerator’

hexagon integral, for example, GRTs can only be used to show that the coe�cients

combinations of boxes that did not end up being dual-conformal invariant. In every case, the
combinations of boxes in question were not honestly IR-finite: the divergences from di↵erent regions
of the integration contour canceling between each-other. Such a cancellation is is highly regulator-
dependent, and is not very meaningful.

– 47 –

encode (log) singularities of Amplitude locally

What about UV and IR divergences?

How do we keep dim reg, but also 
make simplicity in D=4 manifest?

Dim Reg is good ? Dim Reg is evil ?

Pure and of Uniform Transcendental Weight
How to define finite remainders?



ON THE DECOMPOSITION: OPEN ISSUES (& ONE-LOOP LESSONS)

𝒜
One loop decomposition often non-minimal.

=
X

i

C4
i
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<latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit><latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit><latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit><latexit sha1_base64="GqauocnM355lAD/g7juMLY+iMlw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJVFBwU+zGZQV7gSaGyXTSDp1JwsxEqKH4Km5cKOLW93Dn2zi9LLT1h4GP/5zDOfOHKWdKO863tbC4tLyyWlgrrm9sbm3bO7sNlWSS0DpJeCJbIVaUs5jWNdOctlJJsQg5bYb96qjefKBSsSS+04OU+gJ3YxYxgrWxAnv/xLtCnspEwAxUg5wN788Cu+SUnbHQPLhTKMFUtcD+8joJyQSNNeFYqbbrpNrPsdSMcDosepmiKSZ93KVtgzEWVPn5+PohOjJOB0WJNC/WaOz+nsixUGogQtMpsO6p2drI/K/WznR06ecsTjNNYzJZFGUc6QSNokAdJinRfGAAE8nMrYj0sMREm8CKJgR39svz0Dgtu07ZvT0vVa6ncRTgAA7hGFy4gArcQA3qQOARnuEV3qwn68V6tz4mrQvWdGYP/sj6/AG3pJQZ</latexit>

+
X

i

C2
i

<latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit><latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit><latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit><latexit sha1_base64="A43tHZ33SRFdYW5LNXDylI9UtU4=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiCEJJiqDgptiNywr2Ak0Mk+mkHTqThJmJUEPxVdy4UMSt7+HOt3F6WWjrDwMf/zmHc+YPU86Udpxva2l5ZXVtvbBR3Nza3tm19/abKskkoQ2S8ES2Q6woZzFtaKY5baeSYhFy2goHtXG99UClYkl8p4cp9QXuxSxiBGtjBfbhmXeFPJWJgBmoBTkb3VcCu+SUnYnQIrgzKMFM9cD+8roJyQSNNeFYqY7rpNrPsdSMcDoqepmiKSYD3KMdgzEWVPn55PoROjFOF0WJNC/WaOL+nsixUGooQtMpsO6r+drY/K/WyXR06ecsTjNNYzJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8CKJgR3/suL0KyUXafs3p6XqtezOApwBMdwCi5cQBVuoA4NIPAIz/AKb9aT9WK9Wx/T1iVrNnMAf2R9/gC2IJQY</latexit>

+
X

i

C1
i

<latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit><latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit><latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit><latexit sha1_base64="I22aJpgcYa9+fXnxPnQtOMfU0x4=">AAAB/XicbZDLSsNAFIZP6q3WW7zs3AwWQRBKIoKCm2I3LivYCzQxTKaTduhkEmYmQg3FV3HjQhG3voc738bpZaGtPwx8/Occzpk/TDlT2nG+rcLS8srqWnG9tLG5tb1j7+41VZJJQhsk4Ylsh1hRzgRtaKY5baeS4jjktBUOauN664FKxRJxp4cp9WPcEyxiBGtjBfbBqXeFPJXFATNQC3I2uncDu+xUnInQIrgzKMNM9cD+8roJyWIqNOFYqY7rpNrPsdSMcDoqeZmiKSYD3KMdgwLHVPn55PoROjZOF0WJNE9oNHF/T+Q4VmoYh6Yzxrqv5mtj879aJ9PRpZ8zkWaaCjJdFGUc6QSNo0BdJinRfGgAE8nMrYj0scREm8BKJgR3/suL0DyruE7FvT0vV69ncRThEI7gBFy4gCrcQB0aQOARnuEV3qwn68V6tz6mrQVrNrMPf2R9/gC0nJQX</latexit>

+ R
<latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit><latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit><latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit><latexit sha1_base64="G51L6t0LOScpx/jW1elB+dOQDIc=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEQSiJCApuim5cVrEPaEKZTCft0MkkzEyEGvolblwo4tZPceffOGmz0NYDA4dz7uWeOUHCmdKO822VVlbX1jfKm5Wt7Z3dqr2331ZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML7J/c4jlYrF4kFPEupHeChYyAjWRurb1VPvCnkR1iOCeXY/7ds1p+7MgJaJW5AaFGj27S9vEJM0okITjpXquU6i/QxLzQin04qXKppgMsZD2jNU4IgqP5sFn6JjowxQGEvzhEYz9fdGhiOlJlFgJvOIatHLxf+8XqrDSz9jIkk1FWR+KEw50jHKW0ADJinRfGIIJpKZrIiMsMREm64qpgR38cvLpH1Wd526e3dea1wXdZThEI7gBFy4gAbcQhNaQCCFZ3iFN+vJerHerY/5aMkqdg7gD6zPH/eUkqM=</latexit>

=
R(p2)
D − 4

IR (soft+collinear) divergence 

∼
1

(D − 4)2

UV divergence→
1

D − 4
×

Using IBPs (all massless):

} IBPs and dim-reg 
do “violence” on 
the Amplitude



ON THE DECOMPOSITION: OPEN ISSUES (& ONE-LOOP LESSONS)

𝒜 =
X

i

C4
i

<latexit sha1_base64="LigGMtVU9BhAVwUy7RMa18dxPDw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiuCqJFBREKHbjsoK9QBPDZDpph84kYWYi1FB8FTcuFHHre7jzbZxeFtr6w8DHf87hnPnDlDOlHefbWlpeWV1bL2wUN7e2d3btvf2mSjJJaIMkPJHtECvKWUwbmmlO26mkWISctsJBbVxvPVCpWBLf6WFKfYF7MYsYwdpYgX145V0iT2UiYAZqQc5G95XALjllZyK0CO4MSjBTPbC/vG5CMkFjTThWquM6qfZzLDUjnI6KXqZoiskA92jHYIwFVX4+uX6ETozTRVEizYs1mri/J3IslBqK0HQKrPtqvjY2/6t1Mh1d+DmL00zTmEwXRRlHOkHjKFCXSUo0HxrARDJzKyJ9LDHRJrCiCcGd//IiNM/KrlN2byul6vUsjgIcwTGcggvnUIUbqEMDCDzCM7zCm/VkvVjv1se0dcmazRzAH1mfP9XGlCw=</latexit><latexit sha1_base64="LigGMtVU9BhAVwUy7RMa18dxPDw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiuCqJFBREKHbjsoK9QBPDZDpph84kYWYi1FB8FTcuFHHre7jzbZxeFtr6w8DHf87hnPnDlDOlHefbWlpeWV1bL2wUN7e2d3btvf2mSjJJaIMkPJHtECvKWUwbmmlO26mkWISctsJBbVxvPVCpWBLf6WFKfYF7MYsYwdpYgX145V0iT2UiYAZqQc5G95XALjllZyK0CO4MSjBTPbC/vG5CMkFjTThWquM6qfZzLDUjnI6KXqZoiskA92jHYIwFVX4+uX6ETozTRVEizYs1mri/J3IslBqK0HQKrPtqvjY2/6t1Mh1d+DmL00zTmEwXRRlHOkHjKFCXSUo0HxrARDJzKyJ9LDHRJrCiCcGd//IiNM/KrlN2byul6vUsjgIcwTGcggvnUIUbqEMDCDzCM7zCm/VkvVjv1se0dcmazRzAH1mfP9XGlCw=</latexit><latexit sha1_base64="LigGMtVU9BhAVwUy7RMa18dxPDw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiuCqJFBREKHbjsoK9QBPDZDpph84kYWYi1FB8FTcuFHHre7jzbZxeFtr6w8DHf87hnPnDlDOlHefbWlpeWV1bL2wUN7e2d3btvf2mSjJJaIMkPJHtECvKWUwbmmlO26mkWISctsJBbVxvPVCpWBLf6WFKfYF7MYsYwdpYgX145V0iT2UiYAZqQc5G95XALjllZyK0CO4MSjBTPbC/vG5CMkFjTThWquM6qfZzLDUjnI6KXqZoiskA92jHYIwFVX4+uX6ETozTRVEizYs1mri/J3IslBqK0HQKrPtqvjY2/6t1Mh1d+DmL00zTmEwXRRlHOkHjKFCXSUo0HxrARDJzKyJ9LDHRJrCiCcGd//IiNM/KrlN2byul6vUsjgIcwTGcggvnUIUbqEMDCDzCM7zCm/VkvVjv1se0dcmazRzAH1mfP9XGlCw=</latexit><latexit sha1_base64="LigGMtVU9BhAVwUy7RMa18dxPDw=">AAAB/XicbZDLSsNAFIZPvNZ6i5edm8EiuCqJFBREKHbjsoK9QBPDZDpph84kYWYi1FB8FTcuFHHre7jzbZxeFtr6w8DHf87hnPnDlDOlHefbWlpeWV1bL2wUN7e2d3btvf2mSjJJaIMkPJHtECvKWUwbmmlO26mkWISctsJBbVxvPVCpWBLf6WFKfYF7MYsYwdpYgX145V0iT2UiYAZqQc5G95XALjllZyK0CO4MSjBTPbC/vG5CMkFjTThWquM6qfZzLDUjnI6KXqZoiskA92jHYIwFVX4+uX6ETozTRVEizYs1mri/J3IslBqK0HQKrPtqvjY2/6t1Mh1d+DmL00zTmEwXRRlHOkHjKFCXSUo0HxrARDJzKyJ9LDHRJrCiCcGd//IiNM/KrlN2byul6vUsjgIcwTGcggvnUIUbqEMDCDzCM7zCm/VkvVjv1se0dcmazRzAH1mfP9XGlCw=</latexit>

+
X

i

C3
i
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QCD is not UT

QCD is not Pure
} A good basis should encode singularities of QCD Amplitudes

Their richness indicates that we need to use an over-complete, non UT basis, which 
makes IR and UV divergences manifest (?)

See talk by D. Kosower

QCD is not N=4 SYM
..

. . .
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Result by G. Gambuti
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We can then proceed to find the solution of eq. (8) in terms of a (larger) set of master
integrals M4

j :

Ii =
X

j

C 0
ij(~s)M4

j . (9)

Let us now make two comments.
First, the procedure described above allows one to find all d-independent relations among

Feynman integrals, but relies on the full IBP reduction. Because reduction identities are
very often a bottleneck for state-of-the-art computations, it might be desirable to find an
alternative way of obtaining the relations (9).

Second, the set of master integrals M4
j is usually not finite. As the rank of integrals con-

sidered is increased, the number of master integrals grows accordingly. Though this might
seem problematic at first sight, the rank of Feynman integrals appearing in scattering am-
plitudes is always bounded by renormalisability. This automatically forbids the appearance
of an infinite number of master integrals.

III. INFRARED COMPATIBLE REPRESENTATION OF AMPLITUDES

IV. ONE-LOOP RESULTS

V. A TWO-LOOP EXAMPLE

9

4
IF + 2(d� 4)IIR +

2

3
(d� 5)(d� 1)IUV

1

� (d� 4)(d� 2)

3

✓
1

2
+

s23
s12

◆
IUV
2 � (1� s23

s12
)IUV

3 + IUV
4

�

+ (1 ! 2 ! 3 ! 4 ! 1)
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ON THE INTEGRALS: THE GEOMETRY OF FEYNMAN INTEGRALS



ℐ Two points of view on Feynman integrals

ON THE INTEGRALS: THE GEOMETRY OF FEYNMAN INTEGRALS

ℑ(a1, . . . , an) =
(−1)ω+dΓ(d/2)

Γ((L + 1)d/2 − ω) (
n

∏
k=1

∫
∞

0

xak−1
k dxk

Γ(ak) )[𝒢(xi, sij, m2
i )]−d/2

1. Direct Integration

[Lee, Pomeransky ’13]

𝒢(xi, sij, m2
i ) = 0 Determines an algebraic variety 

its first de Rham cohomology fixes numbers and functions that will appear



ℐ Two points of view on Feynman integrals

ON THE INTEGRALS: THE GEOMETRY OF FEYNMAN INTEGRALS

dℐ = A(D, sij)ℐ

2. Differential Equations

“trivial” consequence of IBPs

A(D, sij) Matrix of rational functions in , kinematical invariants and massesD

Homogeneous solution(s) close to  determine geometry (periods 
of algebraic varieties)

D → 4 (2n)A(D → 4,sij)
[Frellesvig, Papadopoulos, Primo, Tancredi, Weinzierl, Zhang, …]

[Kotikov ’93; Remiddi ’97; Gehrmann, Remiddi ‘99]



ON THE INTEGRALS: THE RIEMANN SPHERE

ℐ All meromorphic functions defined on RS 

are rational functions  
1

(x − a)k
a ∈ ℂ

If we integrate a rational function on ℂℙ1

Only non-trivial thing:  

log(1 − x/a) = ∫
x

0

dt
t − a

G(c1, c2, ..., cn, x) =

Z x

0

dt1
t1 � c1

G(c2, ..., cn, t1)

=

Z x

0

dt1
t1 � c1

Z t1

0

dt2
t2 � c2

...

Z tn�1

0

dtn
tn � cn
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Generalisation: Multiple PolyLogarithms (MPLs)



ON THE INTEGRALS: THE RIEMANN SPHERE & LOCAL INTEGRALS

ℐ
Further generalization:  

Chen iterated integrals over dlog forms

Local integrals fulfil canonical diff-equations

∫γ
d log f1 ∧ d log f2 ∧ . . . ∧ d log fn

See talk by S. Abreu

ization directly without any regularization. A straightforward computation shows,

1

2

34

5

6

= Li2(1� u1) + Li2(1� u2) + Li2(1� u3) + log(u3)log(u1)�
⇡2

3
, (4.5)

where the ui are the familiar six-point cross-ratios

u1 ⌘
h12 34ih45 61i

h12 45ih34 61i
, u2 ⌘

h23 45ih56 12i

h23 56ih45 12i
, and u3 ⌘

h34 56ih61 23i

h34 61ih56 23i
. (4.6)

It is easy to find examples of integrals which are finite and chiral, but which

do not have unit leading singularities. For example, changing one the ‘dashed-line’

numerator factor hAB 13i in the integral above to a ‘wavy-line’ hAB (612)
T
(234)i

will leave the integral finite and chiral, but spoil the equality of its leading singular-

ities. Indeed, as it is also finite and dual-conformally invariant, the ‘mixed’ hexagon

integral can also be evaluated without any regularization, and one finds that,

1

2

34

5

6

=

Z

AB

hAB (612)
T
(234)ihAB 46i

hAB 12ihAB 23ihAB 34ihAB 45ihAB 56ihAB 61i

=

✓
h1234i

h1345ih1235i

◆
log(u1) log(u2) +

✓
h6134i

h1345ih5613i

◆
log(u3) log(u1) +

✓
h6123i

h1235ih3561i

◆
log(u2) log(u3).

In order for GRTs to yield the two-term identities necessary to guarantee that all

the leading singularities are equal up-to a sign, the numerator must force vanishing

residues for all but two Schubert problems. In the case of the ‘mixed-numerator’

hexagon integral, for example, GRTs can only be used to show that the coe�cients

combinations of boxes that did not end up being dual-conformal invariant. In every case, the
combinations of boxes in question were not honestly IR-finite: the divergences from di↵erent regions
of the integration contour canceling between each-other. Such a cancellation is is highly regulator-
dependent, and is not very meaningful.

– 47 –

dℐ = (D − 4)dA(sij)ℐ

 in -form   naturally expressed as Chen iterated integralsdA d log →

[Henn; Kotikov; Lee …]



ℐ
Further generalization:  

Chen iterated integrals over dlog forms

QCD amplitudes: status

2→2 scattering:

Form factor:
4 

lo
op

s
2 

lo
op

s

2→3:

2→n≥4: 1-loop, numerical

Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, 

Steinhauser (2022) 

OpenLoops, Collier, MadLoops, Recola, GoSam, 
Ninja, Blackhat, Rocket… up to 20 (!) gluons 

3 
lo

op
s NEW: planar result with one 

off-shell leg
Gehrmann, Jacubčík, Mella, Syrrakos, Tancredi 

(2023) 

QCD amplitudes: status

2→2 scattering:

Form factor:

4 
lo

op
s

2 
lo

op
s

2→3:

2→n≥4: 1-loop, numerical

Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, 

Steinhauser (2022) 

OpenLoops, Collier, MadLoops, Recola, GoSam, 
Ninja, Blackhat, Rocket… up to 20 (!) gluons 

3 
lo

op
s NEW: planar result with one 

off-shell leg
Gehrmann, Jacubčík, Mella, Syrrakos, Tancredi 

(2023) 

QCD amplitudes: status

2→2 scattering:

Form factor:

4 
lo

op
s

2 
lo

op
s

2→3:

2→n≥4: 1-loop, numerical

Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, 

Steinhauser (2022) 

OpenLoops, Collier, MadLoops, Recola, GoSam, 
Ninja, Blackhat, Rocket… up to 20 (!) gluons 

3 
lo

op
s NEW: planar result with one 

off-shell leg
Gehrmann, Jacubčík, Mella, Syrrakos, Tancredi 

(2023) 

} Massless QCD profited enormously from MPLs 
and “iterated integrals of dlog-forms”

∫γ
d log f1 ∧ d log f2 ∧ . . . ∧ d log fn

See talk by S. Abreu
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Figure 1: The Feynman graphs contributing to the two-loop electron self-energy.
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Figure 2: The kite graph. This graph is equivalent to the second graph in fig. 1.

with the propagators

D1 = k2
1 −m2, D2 = k2

2, D3 = (k1 − k2)
2 −m2, D4 = (k1 − p)2, D5 = (p− k2)

2 −m2 (10)

and ν12345 = ν1+ν2 +ν3+ν4 +ν5. The internal momenta are denoted by k1 and k2, the internal
mass by m, the external momentum by p and the dimension of space-time by D = 4−2ε. The
arbitrary scale µ renders the integral dimensionless. In the following we set µ = m. We further

define

x =
p2

m2
. (11)

The five propagators D1-D5 are indicated by the numbers 1-5 in fig. 2. We note that all propa-
gators of the rainbow diagram and the fermion loop insertion diagram are a subset of these. In
order to show this, we labelled all propagators in fig. 1 with the appropriate numbers. Therefore

it is sufficient to consider only the master integrals of the kite integral. In order to present these
master integrals let us first denote by ψ1 and ψ2 two independent solutions of the second-order
differential equation [2, 36]

[

x(x−1)(x−9)
d2

dx2
+
(

3x2 −20x+9
) d

dx
+ x−3

]

ψ = 0. (12)

Of course, this does not fully specify ψ1 nor ψ2, but for the moment this is all what we would

like to assume about ψ1 and ψ2. The exact definitions of ψ1 and ψ2 will be given in section 6.
We denote the Wronskian by

W = ψ1
d

dx
ψ2 −ψ2

d

dx
ψ1. (13)

6
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In QCD this happens all the time, especially when masses cannot be neglected

The electron propagator in QED; A. Sabri 1962
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Figure 1: Examples of two-loop Feynman diagrams that contribute to the process
gg → Hg.

diagrams with QGRAF [14]. A few examples of the two-loop Feynman diagrams that

contribute to the gg → Hg amplitude are shown in Fig. 1. The projection operators
are applied diagram by diagram and the polarization sums are computed following
Eqs.(3.2, 3.3, 3.4). Once this step is completed, each contributing diagram is written

in terms of integrals that depend on the scalar products of the loop momenta between
themselves and the scalar products of the loop momenta with the external momenta.

We can assign all Feynman integrals that contribute to the scattering amplitude to
three integral families, two planar and one non-planar. These integral families are
given by

Itop(a1, a2, ..., a8, a9) =

∫
DdkDdl

[1]a1 [2]a2 [3]a3 [4]a4 [5]a5 [6]a6 [7]a7 [8]a8 [9]a9
, (3.7)

where top ∈ {PL1,PL2,NPL} is the topology label and the propagators [1], [2], ..., [9]

for each topology are shown in Table 1. The integration measure is defined as

D
dk = (−m2

h)
(4−d)/2 (4π)d/2

iΓ(1 + ϵ)

∫
ddk

(2π)d
. (3.8)

We note that the loop momenta shifts required to map contributing Feynman

diagrams on to the integral families are obtained using the shift finder implemented
in Reduze2 [15]. All algebraic manipulations needed at different stages of the com-

putation are performed using FORM [16]. Once the amplitude is written in terms of
scalar integrals, we simplify them using all possible loop momenta shifts with a unit

Jacobian; this can also be done using the momentum shift finder of Reduze2. When
the contributions of all diagrams to the form factors are summed up, significant sim-
plifications occur; for example, only integrals with up to three scalar products are

left, although some individual diagrams receive contributions from integrals with up
to four scalar products.

Having determined all scalar integrals that contribute to the amplitude, we need
to reduce them to master integrals. The reduction procedure relies on a systematic

– 8 –

ℐ

See talk by F. Porkert
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Figure 4. The double box graph.

The external momenta satisfy p21 = p22 = p23 = 0 and p24 = M2.
With Mandelstam variables defined by s = (p1 + p2)2 and t = (p1 + p3)2, the family

depends on a total of four dimensionful or, by dimensional analysis, three dimensionless
variables. Further, we set d = 4� 2✏ for this example.

This graph contributes to the planar corrections to the production of a Higgs boson
and a jet through a loop of massive quarks and was studied at length in the literature,
see [85, 86], where a complete calculation could only be achieved numerically.13 In the
literature, a total of 73 master integrals had been identified. A new reduction performed
with Kira 2.0 [87] reveals an additional relation, originating from a higher sector, which
reduces this number to 72. The relation reads

I0,1,0,0,1,1,2,0,0 =
s

M2 � t
I0,1,2,0,1,1,0,0,0 +

M2
� s

M2 � t
I0,2,1,0,0,1,1,0,0 �

t

M2 � t
I1,0,0,0,1,1,2,0,0 .

(4.27)
In [85], 64 independent candidate integrals for a canonical basis for all but one subsector

had been identified (in the notation of [85], fA
19 is no longer independent and we remove it

from our basis). Moreover, four suitable candidates on the maximal cut of the top topology
have been derived. The remaining four integrals lie in an elliptic subsector depicted in
figure 5, which is obtained from the top topology by pinching line number three. Here, we
wish to complement these results by applying our method to find suitable basis integrals for
the elliptic sector, such that a complete basis satisfying ✏-factorised differential equations
is at hand. In the following, we will give an overview of the relevant details of each step.

1

2 4

5 6 7

p21

p22

p23

p24

Figure 5. Feynman graph of the elliptic sector inside the double box.

As a starting basis to apply our method, we use a slight variation of the integrals

13Note that compared to [85], our propagator definitions (4.26) differ by a sign.
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to $0
0(z) and the non-✏-factorised term can be removed by shifting the integrals by a total

derivative. The full rotation can then be obtained as

T =

0

B@
9⇥9 0

0
1 0

1�24z
z2 $2

0 1

1

CA

0

B@
9⇥9 0

0
✏4 0

0 ✏3

1

CA

 
9⇥9 0

0 W
ss

!�1 
T

sub 0

0 �
1
z 2⇥2

!
. (4.9)

With this, the ✏-factorised GM equations are given by
d

dz
J = ✏GM

✏ J with J = T I , (4.10)

where the Gauss-Manin connection GM
✏ is given in appendix A eq. (A.1). We see here

that in this single-scale problem we do not need additional new functions. In fact, only
the holomorphic solution $0 is needed, while its derivative $0

0 does not appear in GM
✏.

The absence of the derivative of the period is an indication that all differential forms are
independent under integration by parts identities. Nevertheless, we stress that we have not
proven this last statement formally and we cannot exclude that non-trivial relations exist.

4.2 A second single-scale elliptic three-point function

1

3

2

4

2

5 6s

p21

p22

Figure 3. The graph of non-planar triangle number 2.

The next family of Feynman integrals we consider is given by another triangle graph (see
figure 3) but with a different mass configuration of the propagators and numerator

D1 = (k1 � p1)
2 , D2 = (k2 � p1)

2 , D3 = (k1 + p2)
2 ,

D4 = (k1 � k2 + p2)
2 , D5 = (k1 � k2)

2
�m2 , D6 = k22 �m2 ,

N1 = k21 .

(4.11)

For the external momenta, we again consider p21 = p22 = 0 and work with the dimensionless
variable

z =
s

m2
=

(p1 + p2)2

m2
. (4.12)

As before, we study these integrals in d = 4 � 2✏ and set for simplicity m = 1. We recall
here that this class of integrals contributes to the so-called electroweak form factor and was
first studied in [32] and later on in [59].11

11Also in this case, we thank Xing Wang for having shared his results for this integral family with us
prior to publication [84].
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Step 3: Transformation to upper triangular ✏-form

The third step of the procedure involves typically nothing more than just adjusting some
factors of ✏, as well as potentially swapping the position of some of the integrals in the
basis, such that terms that are not ✏-factorised appear only below the diagonal of the new
Gauss-Manin connection matrix GM. Further, all of these terms are either constant or go
with inverse powers of ✏. Notice that at this point, poles in ✏ typically appear.

Step 4: Clean up of the homogeneous differential equations

As the next step, we integrate out these remaining terms systematically in each homo-
geneous block. This is achieved by shifting the master integrals which generate non ✏-
factorised homogeneous equations, by terms proportional to the other master integrals
in the same sector. Frequently, this amounts to removing total derivatives involving the
objects already introduced by the rotation by the inverse of W

ss. However, for more com-
plex problems it happens that not all non-✏-factorised terms can be removed in this way. In
these cases, it becomes necessary to introduce new functions, which are defined as (iterated)
integrals of products of rational or algebraic functions and the transcendental functions in-
troduced by W

ss. This leads to new types of integration kernels in the final ✏-factorised
differential equations. It is desirable that these new objects are linearly independent under
integration by parts identities as discussed around eq. (2.5). We will comment on this below
when looking at explicit cases.

Step 5: Clean up of the inhomogeneous differential equations

After having completed the ✏-factorisation of all homogeneous blocks, the factorisation of the
whole system can be achieved by performing suitable shifts in the definitions of the master
integrals of a given sector, by integrals in lower sectors. This is in principle a straightforward
procedure. In practice, however, it can become tricky as also the functional dependence
on ✏ of the coefficient functions in these shifts might be complicated. Moreover, if a given
subsector exhibits singularities which were not present in the homogeneous equations for the
sector considered, the introduction of new functions might be required. These are likewise
(iterated) integrals of functions already present in the differential equations.

3 Application to the two-loop sunrise family

k1

k2

k1 + k2 � p

p p

Figure 1. The two-loop sunrise graph.

Let us see explicitly how our procedure works in the case of the two-loop sunrise graph [28–
31, 68–75] shown in figure 1. We work as it is customary in d = 2�2✏ space-time dimensions

– 10 –
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here that this class of integrals contributes to the so-called electroweak form factor and was
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procedure. In practice, however, it can become tricky as also the functional dependence
on ✏ of the coefficient functions in these shifts might be complicated. Moreover, if a given
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Let us see explicitly how our procedure works in the case of the two-loop sunrise graph [28–
31, 68–75] shown in figure 1. We work as it is customary in d = 2�2✏ space-time dimensions

– 10 –

5 Cases beyond a single elliptic curve

In the previous sections, we have provided examples of how our procedure can be applied
to multi-scale elliptic problems to obtain fully ✏-factorised systems of differential equations.
Here, we want to test the applicability of our procedure beyond the elliptic case, considering
families of Feynman graphs with different underlying geometries. We start with a family
with two elliptic curves and then consider a three-loop example characterised by a K3
surface.

5.1 The three-loop ice cone

Our first example of a Feynman graph family with underlying geometry beyond a single
elliptic curve is the three-loop ice cone family (see figure 6).

k1

k2

k3

P
i ki � p1

P
i ki + p2

p21 = 0 p22 = 0

s = (p1 + p2)2

Figure 6. The three-loop ice cone graph.

As it was argued in [66], by studying the maximal cut of the three-loop ice cone in d = 2

one finds two different elliptic curves, which can be both related to the elliptic curve of the
two-loop sunrise graph. We follow the conventions from [66] and define the propagators
and irreducible scalar products of the ice cone family as

D1 = k21 �m2 , D2 = k22 �m2 , D3 = k23 �m2 ,

D4 = (k1 + k2 + k3 � p1)
2
�m2 , D5 = (k1 + k2 + k3 + p2)

2
�m2 ,

N1 = (k1 + k2 + k3)
2 , N2 = k1 · k3 ,

N3 = k2 · k3 , N4 = k2 · p1 , N5 = k2 · p2 , N6 = k3 · p1 , N7 = k3 · p2 .
(5.1)

Again following [66], we take as the set of starting master integrals14

I1 = I1,1,1,0,0,0,0 , I2 = I1,1,1,1,0,0,0 , I3 = I2,2,0,1,1,0,0 ,

I4 = I1,1,1,1,1,0,0 , I5 = I1,1,1,1,1,�1,0 , I6 = I2,1,1,1,1,0,0 , I7 = I2,1,1,1,1,�1,0 ,

I8 = I1,1,1,1,1,�1,�1 +
1

6
I2 +

1

6
I4 �

1� z + z2

6z
I5 .

(5.2)

14For simplicity we only write down the first seven ⌫i’s. The other numerators are not needed for our
choice of master integrals.
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Figure 1. The l-loop banana graph with external momentum p and internal masses mi.

the integral only depends on the propagator masses and the dot products between the
external momenta. We refer to these collectively as the scales xk, and we collect them
into the vector x = (xk)1ÆkÆN . By dimensional analysis, the only non-trivial functional
dependence is through the ratios

zk := xk+1/x1 , 1 Æ k < N . (2.2)

It is well known that not all the integrals in this family are independent. We can
use integration-by-parts (IBP) relations to write every member of this family as a linear
combination of a certain set of basis elements, conventionally referred to as master inte-
grals [95, 96]. The basis of master integrals is known to be always finite [97–99]. In the
following it will be useful to group the members of the family into sectors, i.e., integrals that
share the same set of denominators in the integrand in eq. (2.1) (though the denominators
may be raised to di�erent powers). More precisely, consider the map Ë : Zp æ {0, 1}p

which sends ‹ = (‹j)1ÆjÆp to Ë(‹) = (◊(‹j))1ÆjÆp, where ◊(m) denotes the Heaviside step
function:

◊(m) =
I

1 , if m > 0 ,

0 , if m Æ 0 .
(2.3)

We say that I‹(x; D) and I‹Õ(x; D) belong to the same sector if Ë(‹) = Ë(‹ Õ). There is a
natural partial order on sectors, given by Ë(‹) Æ Ë(‹ Õ) if and only if ◊(‹ Õ

i) ≠ ◊(‹i) Ø 0, for
all 1 Æ i Æ p.

We work in dimensional regularization, and each member of this family is interpreted
as a Laurent series in the dimensional regularization parameter ‘ = (D0 ≠ D)/2, with D0

a positive integer, cf., e.g., ref. [100]. For algebraic values of the scales x, the Laurent
coe�cients are periods [1] in the sense of Kontsevich and Zagier [2]. This motivates the
use of techniques from algebraic geometry to compute Feynman integrals. One of the
main goals of this paper is to study how some methods from geometry to compute periods
can be used to compute multi-loop Feynman integrals in dimensional regularization. Our
recurrent example will be a special class of l-loop Feynman integrals in D = 2 ≠ 2‘ with at
most p = l + 1 propagators, known as banana integrals (see figure 1), and the propagators
are given by

Dj = k2

j ≠ m2

j , 1 Æ j Æ l ,

Dl+1 = (k1 + . . . + kl ≠ p)2 ≠ m2

l+1 .
(2.4)
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ON THE INTEGRALS: BEYOND IN DIMENSION AND IN GENUS

1 3

2 4

5 6 7

p21

p22

p23

p24

Figure 4. The double box graph.

The external momenta satisfy p21 = p22 = p23 = 0 and p24 = M2.
With Mandelstam variables defined by s = (p1 + p2)2 and t = (p1 + p3)2, the family

depends on a total of four dimensionful or, by dimensional analysis, three dimensionless
variables. Further, we set d = 4� 2✏ for this example.

This graph contributes to the planar corrections to the production of a Higgs boson
and a jet through a loop of massive quarks and was studied at length in the literature,
see [85, 86], where a complete calculation could only be achieved numerically.13 In the
literature, a total of 73 master integrals had been identified. A new reduction performed
with Kira 2.0 [87] reveals an additional relation, originating from a higher sector, which
reduces this number to 72. The relation reads

I0,1,0,0,1,1,2,0,0 =
s

M2 � t
I0,1,2,0,1,1,0,0,0 +

M2
� s

M2 � t
I0,2,1,0,0,1,1,0,0 �

t

M2 � t
I1,0,0,0,1,1,2,0,0 .

(4.27)
In [85], 64 independent candidate integrals for a canonical basis for all but one subsector

had been identified (in the notation of [85], fA
19 is no longer independent and we remove it

from our basis). Moreover, four suitable candidates on the maximal cut of the top topology
have been derived. The remaining four integrals lie in an elliptic subsector depicted in
figure 5, which is obtained from the top topology by pinching line number three. Here, we
wish to complement these results by applying our method to find suitable basis integrals for
the elliptic sector, such that a complete basis satisfying ✏-factorised differential equations
is at hand. In the following, we will give an overview of the relevant details of each step.

1

2 4

5 6 7

p21

p22

p23

p24

Figure 5. Feynman graph of the elliptic sector inside the double box.

As a starting basis to apply our method, we use a slight variation of the integrals

13Note that compared to [85], our propagator definitions (4.26) differ by a sign.
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to $0
0(z) and the non-✏-factorised term can be removed by shifting the integrals by a total

derivative. The full rotation can then be obtained as

T =

0

B@
9⇥9 0

0
1 0

1�24z
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1

CA
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9⇥9 0

0
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0 ✏3

1

CA

 
9⇥9 0

0 W
ss

!�1 
T

sub 0

0 �
1
z 2⇥2

!
. (4.9)

With this, the ✏-factorised GM equations are given by
d

dz
J = ✏GM

✏ J with J = T I , (4.10)

where the Gauss-Manin connection GM
✏ is given in appendix A eq. (A.1). We see here

that in this single-scale problem we do not need additional new functions. In fact, only
the holomorphic solution $0 is needed, while its derivative $0

0 does not appear in GM
✏.

The absence of the derivative of the period is an indication that all differential forms are
independent under integration by parts identities. Nevertheless, we stress that we have not
proven this last statement formally and we cannot exclude that non-trivial relations exist.

4.2 A second single-scale elliptic three-point function

1

3

2

4

2

5 6s

p21

p22

Figure 3. The graph of non-planar triangle number 2.

The next family of Feynman integrals we consider is given by another triangle graph (see
figure 3) but with a different mass configuration of the propagators and numerator

D1 = (k1 � p1)
2 , D2 = (k2 � p1)

2 , D3 = (k1 + p2)
2 ,

D4 = (k1 � k2 + p2)
2 , D5 = (k1 � k2)

2
�m2 , D6 = k22 �m2 ,

N1 = k21 .

(4.11)

For the external momenta, we again consider p21 = p22 = 0 and work with the dimensionless
variable

z =
s

m2
=

(p1 + p2)2

m2
. (4.12)

As before, we study these integrals in d = 4 � 2✏ and set for simplicity m = 1. We recall
here that this class of integrals contributes to the so-called electroweak form factor and was
first studied in [32] and later on in [59].11

11Also in this case, we thank Xing Wang for having shared his results for this integral family with us
prior to publication [84].
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Step 3: Transformation to upper triangular ✏-form

The third step of the procedure involves typically nothing more than just adjusting some
factors of ✏, as well as potentially swapping the position of some of the integrals in the
basis, such that terms that are not ✏-factorised appear only below the diagonal of the new
Gauss-Manin connection matrix GM. Further, all of these terms are either constant or go
with inverse powers of ✏. Notice that at this point, poles in ✏ typically appear.

Step 4: Clean up of the homogeneous differential equations

As the next step, we integrate out these remaining terms systematically in each homo-
geneous block. This is achieved by shifting the master integrals which generate non ✏-
factorised homogeneous equations, by terms proportional to the other master integrals
in the same sector. Frequently, this amounts to removing total derivatives involving the
objects already introduced by the rotation by the inverse of W

ss. However, for more com-
plex problems it happens that not all non-✏-factorised terms can be removed in this way. In
these cases, it becomes necessary to introduce new functions, which are defined as (iterated)
integrals of products of rational or algebraic functions and the transcendental functions in-
troduced by W

ss. This leads to new types of integration kernels in the final ✏-factorised
differential equations. It is desirable that these new objects are linearly independent under
integration by parts identities as discussed around eq. (2.5). We will comment on this below
when looking at explicit cases.

Step 5: Clean up of the inhomogeneous differential equations

After having completed the ✏-factorisation of all homogeneous blocks, the factorisation of the
whole system can be achieved by performing suitable shifts in the definitions of the master
integrals of a given sector, by integrals in lower sectors. This is in principle a straightforward
procedure. In practice, however, it can become tricky as also the functional dependence
on ✏ of the coefficient functions in these shifts might be complicated. Moreover, if a given
subsector exhibits singularities which were not present in the homogeneous equations for the
sector considered, the introduction of new functions might be required. These are likewise
(iterated) integrals of functions already present in the differential equations.

3 Application to the two-loop sunrise family

k1

k2

k1 + k2 � p

p p

Figure 1. The two-loop sunrise graph.

Let us see explicitly how our procedure works in the case of the two-loop sunrise graph [28–
31, 68–75] shown in figure 1. We work as it is customary in d = 2�2✏ space-time dimensions
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5 Cases beyond a single elliptic curve

In the previous sections, we have provided examples of how our procedure can be applied
to multi-scale elliptic problems to obtain fully ✏-factorised systems of differential equations.
Here, we want to test the applicability of our procedure beyond the elliptic case, considering
families of Feynman graphs with different underlying geometries. We start with a family
with two elliptic curves and then consider a three-loop example characterised by a K3
surface.

5.1 The three-loop ice cone

Our first example of a Feynman graph family with underlying geometry beyond a single
elliptic curve is the three-loop ice cone family (see figure 6).

k1

k2

k3

P
i ki � p1

P
i ki + p2

p21 = 0 p22 = 0

s = (p1 + p2)2

Figure 6. The three-loop ice cone graph.

As it was argued in [66], by studying the maximal cut of the three-loop ice cone in d = 2

one finds two different elliptic curves, which can be both related to the elliptic curve of the
two-loop sunrise graph. We follow the conventions from [66] and define the propagators
and irreducible scalar products of the ice cone family as

D1 = k21 �m2 , D2 = k22 �m2 , D3 = k23 �m2 ,

D4 = (k1 + k2 + k3 � p1)
2
�m2 , D5 = (k1 + k2 + k3 + p2)

2
�m2 ,

N1 = (k1 + k2 + k3)
2 , N2 = k1 · k3 ,

N3 = k2 · k3 , N4 = k2 · p1 , N5 = k2 · p2 , N6 = k3 · p1 , N7 = k3 · p2 .
(5.1)

Again following [66], we take as the set of starting master integrals14

I1 = I1,1,1,0,0,0,0 , I2 = I1,1,1,1,0,0,0 , I3 = I2,2,0,1,1,0,0 ,

I4 = I1,1,1,1,1,0,0 , I5 = I1,1,1,1,1,�1,0 , I6 = I2,1,1,1,1,0,0 , I7 = I2,1,1,1,1,�1,0 ,

I8 = I1,1,1,1,1,�1,�1 +
1

6
I2 +

1

6
I4 �

1� z + z2

6z
I5 .

(5.2)

14For simplicity we only write down the first seven ⌫i’s. The other numerators are not needed for our
choice of master integrals.
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5

FIG. 3. Examples of hyperelliptic Feynman integrals in which
genus drop via an extra involution can be observed. These
integrals contribute to gg ! tt with a top loop, and Møller
scattering e�e� ! e�e� with the exchange of three Z bosons.

and another that contributes to Møller scattering. The
maximum cut of both diagrams involve curves of genus 3
in momentum space that enjoy an extra involution sym-
metry and can be mapped to curves of genus 2.

It is also possible to see genus drop via the same mech-
anism in special kinematic limits. For instance, a further
involution symmetry appears in the equal-mass nonpla-
nar crossed box diagram when s = �2t. In this limit
there is a permutation symmetry that exchanges p1 $ p2,
and the curve becomes

y2 = 8t2
�
2ẑ2�m2t

� �
4ẑ2�2m2t�t2

� �
4ẑ2+6m2t�t2

�
,

with ẑ = z � t
2
. This makes it evident that the maximal

cut of this diagram drops from genus 2 to genus 1 in this
limit [93]. This is consistent with the Picard–Fuchs oper-
ator associated with this integral, which we also observe
to drop from order 4 to order 2 when s = �2t.

Finally, a similar genus drop can be observed for the
five-point box-pentagon-box integral shown in Figure 4,
for massless external particles and equal internal masses.
In momentum space, we find that the maximal cut of
this integral gives rise to a curve of genus 5 using Sin-
gular [94], which matches our expectations from the
results of [20]. We also find that the maximal cut ob-
tained using a loop-by-loop Baikov parametrization can
be identified with a period of a hyperelliptic curve of
genus 3. Notably—unlike the other examples we have
considered—the momentum space curve is in this case
not hyperelliptic; even so, we expect that a mechanism
similar to the one we have described for hyperelliptic
curves is responsible for this genus drop.

Conclusion

In this letter we have studied Feynman diagrams that
give rise to integrals over hyperelliptic curves, and high-
lighted the fact that di↵erent integral representations of
these diagrams can lead to curves with di↵erent genera.
Importantly, this drop in genus represents a significant
simplification in the types of functions that these dia-
grams are expected to evaluate to. In all of our hyper-
elliptic examples, we have observed that discrepancy in
genus can be explained by the presence of an extra invo-
lution symmetry that allows the higher-genus curve to be
algebraically mapped to the curve with lower genus. We

FIG. 4. The three-loop box-pentagon-box integral with equal
internal masses and massless external momenta, which ex-
hibits a genus drop from 5 to 3.

expect that the presence of extra involutions in the mo-
mentum representation can follow from discrete Lorentz
symmetries (spacetime parity or time reversal). We also
presented an algorithm to detect when an extra involu-
tion exists, and showed that this symmetry leads to linear
relations among the periods of the corresponding curve.

While it is important to be able to diagnose which class
of special functions a given Feynman integral is expected
to be expressible in terms of, it will be even more es-
sential to develop the technology for working with these
classes of functions. Despite remarkable recent progress
on iterated integrals involving elliptic curves (see [95] for
an overview), much less technology has currently been
developed for iterated integrals over hyperelliptic curves
(however, for recent work see [96–98]). The nonplanar
crossed box with equal internal masses represents an ideal
example on which to develop such technology, given that
it only involves a curve of genus 2 and depends on two
dimensionless variables [99].

Having identified a novel class of simplifications that
can occur in hyperelliptic Feynman integrals, it is natural
to wonder whether analogous simplifications can occur in
Feynman integrals that involve integrals over more gen-
eral varieties, such as curves that are not hyperelliptic or
higher-dimensional Calabi–Yaus. One way to search for
evidence of such simplifications would be to look for un-
expected relations between entries of the period matrix.
We leave this enticing possibility to future work.
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Figure 1. The l-loop banana graph with external momentum p and internal masses mi.

the integral only depends on the propagator masses and the dot products between the
external momenta. We refer to these collectively as the scales xk, and we collect them
into the vector x = (xk)1ÆkÆN . By dimensional analysis, the only non-trivial functional
dependence is through the ratios

zk := xk+1/x1 , 1 Æ k < N . (2.2)

It is well known that not all the integrals in this family are independent. We can
use integration-by-parts (IBP) relations to write every member of this family as a linear
combination of a certain set of basis elements, conventionally referred to as master inte-
grals [95, 96]. The basis of master integrals is known to be always finite [97–99]. In the
following it will be useful to group the members of the family into sectors, i.e., integrals that
share the same set of denominators in the integrand in eq. (2.1) (though the denominators
may be raised to di�erent powers). More precisely, consider the map Ë : Zp æ {0, 1}p

which sends ‹ = (‹j)1ÆjÆp to Ë(‹) = (◊(‹j))1ÆjÆp, where ◊(m) denotes the Heaviside step
function:

◊(m) =
I

1 , if m > 0 ,

0 , if m Æ 0 .
(2.3)

We say that I‹(x; D) and I‹Õ(x; D) belong to the same sector if Ë(‹) = Ë(‹ Õ). There is a
natural partial order on sectors, given by Ë(‹) Æ Ë(‹ Õ) if and only if ◊(‹ Õ

i) ≠ ◊(‹i) Ø 0, for
all 1 Æ i Æ p.

We work in dimensional regularization, and each member of this family is interpreted
as a Laurent series in the dimensional regularization parameter ‘ = (D0 ≠ D)/2, with D0

a positive integer, cf., e.g., ref. [100]. For algebraic values of the scales x, the Laurent
coe�cients are periods [1] in the sense of Kontsevich and Zagier [2]. This motivates the
use of techniques from algebraic geometry to compute Feynman integrals. One of the
main goals of this paper is to study how some methods from geometry to compute periods
can be used to compute multi-loop Feynman integrals in dimensional regularization. Our
recurrent example will be a special class of l-loop Feynman integrals in D = 2 ≠ 2‘ with at
most p = l + 1 propagators, known as banana integrals (see figure 1), and the propagators
are given by

Dj = k2

j ≠ m2

j , 1 Æ j Æ l ,

Dl+1 = (k1 + . . . + kl ≠ p)2 ≠ m2

l+1 .
(2.4)
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THE PRACTICAL APPROACH: NUMERICAL SOLUTIONS
Methods for direct numerical integration 

  enhanced contributions with sector decompositionqq̄ → tt̄H nf

Numerical solution of differential equations 

series expansions a la Frobenius  (many applications)
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Figure 4: Example diagrams for qq̄ ! tt̄H at two-loop level proportional to nl or nh.

Massive quarks are depicted using solid (blue) bold lines, while massless quarks are repre-

sented by lighter (grey/red) solid lines. The colour factors correspond to applying the first

colour projector from eq. (2.24).

solved by Ratracer through replaying the trace in a parallelized manner and using finite

field methods. Note that finite field methods used for function reconstruction as a way of

solving IBP equations is by now an established practice, pioneered in Refs. [75, 76]; our

usage however does not require function reconstruction, only rational number reconstruc-

tion and the Chinese remainder theorem. Our setup allows us to compute reductions in

around two CPU minutes for the two-loop amplitude, and under a second for the one-loop

amplitude on a desktop CPU for most points. Overall this reduction method is fast enough,

in the sense that we are more constrained by the evaluation of the master integrals.
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The parts not shown here have no IR poles.

2.6 Workflow of the calculation

The leading order (LO) amplitude A
b

0 can be represented by two Feynman diagrams:

q

q̄ t

t̄

H and

q

q̄ t

t̄

H . (2.36)

The LO amplitude has no Nf -part itself, but it contributes to the renormalisation of the

NNLO Nf -part, because the ↵s beta-function contains Nf . The LO amplitude in the quark

channel has both "0 and "1 parts (but no higher parts). We derive the corresponding expres-

sion using Alibrary [53], which is a Mathematica library interfacing with Qgraf [54],

Feynson [55, Chapter 4], Form [56], and Color.h [48] to generate amplitudes, sum

over tensor structures, construct integral families, and export the results to integration-by-

parts (IBP) relation solvers and/or pySecDec [57–60].

We can use the LO result to estimate the distribution of the events over the phase

space at the LHC, as done in Figure 2. These plots tell us that most of the events are

expected to come from the region of moderately high �2 and medium fracstt̄ . In particular,

the region of �2
2 [0.10, 0.95] (that is,

p
ŝ 2 [500 GeV, 2.1 TeV]) is expected to contain

99% of all events.

2.6.1 Amplitude generation

To generate the one-loop and two-loop amplitudes (Ab

1 and A
b

2 respectively) we use the fol-

lowing procedure: first we generate the corresponding Feynman diagrams (using Qgraf),

then we insert Feynman rules, apply the projectors, and sum over the spinor and colour

tensors (using Form and Color.h); all of this is done through Alibrary. This way, for

each diagram, we obtain a corresponding sum of many scalar integrals.

In total we find 31 non-zero one-loop diagrams and 249 two-loop diagrams. Examples

for one-loop diagrams with di↵erent colour factors are depicted in Figure 3; examples for

two-loop diagrams can be found in Figure 4.2

2.6.2 IBP reduction

The next step is to reduce the calculation of the approximately 20000 scalar integrals

that appear in the amplitudes to a much smaller number of master integrals using IBP

relations [65]. To this end we first calculate the symmetries between the diagrams (using

2
These diagrams were prepared using FeynGame [63, 64].
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integrals contributing to five-particle processes involving an external massive top-quark

pair and one massive propagator [14].

A particularly important five-point process is that of tt̄H production at hadron col-

liders, which gives a direct constraint on the top-quark Yukawa coupling. First observed

at the LHC in 2018 [15, 16], this process has by now allowed to constrain deviations from

a Standard-Model-like Yukawa coupling at the 10% level—an impressive achievement that

already challenges the precision of existing theoretical predictions. It is expected that by

the end of the high-luminosity run at the LHC, measurements will be able to constrain such

coupling at the 3-5% level and will be dominated by theory uncertainties [17, 18]. This

creates a pressing need for next-to-next-to-leading-order (NNLO) QCD corrections [19–21].

The tt̄H production process been studied extensively, with the leading-order (LO)

predictions known since the mid-eighties [22, 23]. Next-to-leading order (NLO) QCD cor-

rections were first computed in Refs. [24–29], and subsequently further improved by the

resummation of soft-gluon e↵ects [30–36], the inclusion of first-order electroweak correc-

tions [37–39], the study of NLO o↵-shell e↵ects [40–42], and the NLO QCD matching to

parton-shower event generators [43–46]. Recently, the first NNLO QCD calculation has

appeared [47], where the two-loop amplitudes were approximated by a soft expansion in

the momentum of the Higgs boson (pH ! 0). Obtaining the exact two-loop scattering

amplitudes is thus of great importance for the completion of the NNLO QCD corrections

to tt̄H production at hadron colliders.

As a first step towards this goal, in this work we compute a set of two-loop master

integrals contributing to the production of a top-quark pair in association with a Higgs

boson at hadron colliders. We focus on the Feynman integrals arising in the calculation

of the leading-color two-loop QCD scattering amplitudes for the parton-level processes

gg, qq̄ ! tt̄H including a closed light-quark loop. Examples of related Feynman diagrams

are given in figure 1 (see [48, 49] for a discussion about the color decomposition of related

scattering amplitudes). The corresponding amplitudes and Feynman integrals depend on

t̄

H

t

t̄

H

t

t̄

H

t

Figure 1: Examples of two-loop Feynman diagrams proportional to the number of light

flavors nf contributing to leading-color two-loop scattering amplitudes for the process

gg ! tt̄H. The red double lines represent top quarks and the external cyan dashed line the

Higgs boson. Light quarks are represented by black solid lines and gluons by black wavy

lines.

seven di↵erent kinematic scales, including the mass of the top quark (which also enters
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(c) Topology PBC .

Figure 1: The three pentagon-box topologies contributing to pp ! tt̄j in the leading colour limit.
Black lines denote massless particles and red double-lines denote massive particles.
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Table 1: Inverse propagators DF,i of the pentagon-box topologies shown in figure 1.

where

dij = pi · pj . (2.4)

The minimal set of master integrals (MIs) is obtained by Integration-by-Parts (IBP) reduc-
tion [87, 107]. We generate the systems of IBPs with the software LiteRed [88, 89] and Neat-
IBP [90], and solve them via the Laporta algorithm [108] within the finite-field framework Finite-
Flow [26]. Topology PBA has been considered previously in ref. [20] and has 88 MIs. For the new
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ON THE INTEGRALS: OPEN QUESTIONS

What are good integrands that give rise to nice integrals?

 factorised bases of differential equations?ϵ

Cohomology beyond Riemann sphere requires higher poles 

Space of functions must (in some form) encode higher singularities 

Conspiracy at the level of physical amplitudes for their cancellation — make it explicit?

Progress: Dlapa, Henn, Wagner; Pögel, Wang, Weinzierl; 
Frellesvig; Görges, Nega, Tancredi, Wagner; …

Whether we use numerical or analytical methods to evaluate the integrals, a question remains central:

See also work by J. Bourjaily, Caron-Huot, …

for elliptics, Calabi-Yaus and beyond



AN EXAMPLE CALCULATION: THE THREE-LOOP QED SELF ENERGY

of these relations are independent is not an obstacle since, when trying to solve them, some relations will vanish
identically and for this reason will automatically be of no use.
The next step is to solve the system of these equations. Though there are several ways of thinking about what such

a solution might be, we prefer to look for the most general one. We then want to construct an algorithm that, for a
given topology and for any given initial set of powers of propagators, expresses an initial integral through a minimal
set of “simpler” integrals. The simpler integrals are usually those that either have denominators raised to small powers
or those that belong to simpler topologies. We then consider these “simpler”, but still non-trivial topologies, write
down a new set of recurrence relations for them, construct an algorithm that reduces any integral to even simpler
topologies and continue along these lines until we have an algorithm that completely solves the initial problem in
terms of a few master integrals. The final set of master integrals is found experimentally. There is no proof that the
set we find is indeed minimal with respect to integration-by-parts relations in the strict mathematical sense, but for
practical calculations this set of integrals is sufficient.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k)

FIG. 1. Examples of three-loop quark propagator diagrams corresponding to eleven integration topologies.

Our solution of the system of recurrence relations shows that it is possible to express any integral which belongs to
the above topologies through 18 master integrals. Most of these integrals have been calculated in the course of the
analytical calculation of the electron anomalous magnetic moment [10] and can be taken from there. It is remarkable
that a transition from the abelian theory to the non-abelian theory does not result in a significant increase in the
number of master integrals to be computed, although the number of basic topologies does. As compared to Ref. [10],
we need one additional master integral that corresponds to topology A and we also need one of the master integrals
of Ref. [10] to a higher order in the regularization parameter ε. For the QCD wave function renormalization constant
we also need the constant C1 (see [10] ) which was not computed in [10], because it mysteriously canceled in the

4

 expressed in terms of  Masters Integrals 

There is a bunch of elliptic sectors

ΣV & ΣS 𝒪(50)

̂p ΣV(p2, m2) + m ΣS(p2, m2)

For each such sector: 

y = P3(x)

Forms of first kind  

No poles ω ∼ ∫
dx
y

Forms of third kind  

single poles G ∼ ∫
dx

(x − ci)y

Forms of second kind  

double poles η ∼ ∫
dx x

y

Only integrals involving forms of first and third kind show up at order  — second kind suppressed by  !𝒪(ϵ0) 𝒪(ϵ)

[Duhr, Gasparotto, Nega, Tancredi, Weinzierl] to appear soon
Similar structure in other elliptic amplitudes…!



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

2.Next generation colliders have the guaranteed outcome of discovering the Higgs self-
interactions and measuring the Higgs potential 

3.Problems in Collider physics and Scattering Amplitudes are tightly intertwined 

4.These furnish motivation to solve challenging problems for Amplitudes community 

5.Exporting from N=4 SYM, String theory, CFT to QCD provides us the chance to address 
deep problems in QFT (IR divergences, high-energy Regge limit, structure of singularities etc)

Let’s keep exploring!
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