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Higgs pair production

e gluon fusion e vector boson fusion e double Higgs—strahlung e associated production with top quark
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Higgs pair production

e gluon fusion e vector boson fusion e double Higgs—strahlung e associated production with top quark
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CMS 35.9 fb' (13 TeV)
bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

gg—HH
bbrt

Observed 31.4xSM

Expected 25.1xSM —e— QObserved

- --- Median expected

bbyy
Observed 23.6xSM - 680/0 expected
Expected 18.8xSM 95% expected
Combined
Observed 22.2xSM ~20xSM
Expected 12.8xSM

6 78910 20 30 40 506070 100 200 300 400

95% CL on O-HH/o-g'\’f'l ~7xSM from ATLAS

Phys.Rev.Lett. 122, 121803 (2019)



Non-resonant HH production at 13 TeV with about 36 /5~

Final state collaboration allowed « , interval at 95% CL
observed expected
- - ATLAS -11-20 -12-19
bbbb CMS -23 -30 -15-23
Dt ATLAS -7.3-16 -8.8-17
CMS -18 - 26 -14-22
b ATLAS -8.1-13 -8.2-13
44 CMS 11-17 8.0-14
. ATLAS -5.0-12 -5.8—12
Combined CMS 1219 7.1-14
Our combination Both experiments | -6.8 — 14 -46-11

Micoo et al, 1910.00012



Why do we care about precision?

1. The measured numbers do not depend on the theoretical
prediction, but the interpretation does.

2. As time goes by, the experimental uncertainties reduce definitely.
Theoretical uncertainties will reduce only after we calculate
higher-order corrections.

3. Renormalization and factorization scale uncertainties are
Intrinsic, especially for Higgs productions. How do we distinguish
new physics signal from these theoretical uncertainties?



Heavy top quark limit
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go>HH@NNLL
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VS =33 TeV

A/Asm
NLO [fb] NLO + NNLL [fb]  K-factor

+109.8445.5 (+19.4) +54.2455.4 (+30.8)

-1 125.6 _g97_ 417 (~17.4)  S81-4_ 165 50.4(-213) 1.21
+99.1441.0 (+17.4) +48.9+50.0 (+27.8)

0.8 6953 g1 1 _s76(-15.8)  (90-0_149_47.3(~193) 1.21
+89.14+36.9 (+15.7) +43.9+44.9 (+24.9)

0.6 589.0 799 337(—141) 196 134 405 (-17.3) 1.21
+79.8432.9 (+14.0) +39.2+40.2 (+22.3)

045269 55 301 (-126) 040-2°150-380(-155) 1.22
+71.0429.3 (+12.5) +34.9435.8 (+19.8)

0.2 468.8 551 g6s(—112) 0097 106-33.8(-138) 1.22
+62.9+25.9 (+11.0) +30.8431.6 (+17.5)

0 4.9 55 936(-09) 9043 94 30.0(-12.2) 1.22
+55.4+22.7 (49.7) +27.1427.9 (+15.4)

0.2 365.2 454 208(-87) 4438 g3 963 (-108) 1.22
+48.5+19.8 (+8.5) +23.7+24.4 (+13.4)
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+36.5+14.9 (+6.4) +17.74+18.3 (+11

0.8 240.9_300_13.5 (—5.7) 2924 54 173 (—7.1
+31.54+12.8 (+5.5) +15.2415.8 (48

1 2002 559 116 (—4.9) 202.0_4 7 149 (—6.
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gg>HH @NLO
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go>HH@NLO: Full mt dependence

-15%

o(gg — HH) = 32.78(7)1132%  (PDFALHC15)

Borowka, Greiner, Heinrich, et al, Phys.Rev.Lett.117,012001(2016),
Baalio. Campanario.Spira. et al. 1811.05692



Frontiers: NNNLO

2015 2016 2017 2018 2019 2020

ggH x-sec
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go>HH@NNNLO

Many checks:
1. Self consistency (gauge invariance, poles cancellation, RG equations)

2. Reproduce single Higgs xs up to NNLO
3. Reproduce double Higgs xs up to NNLO

L.B.Chen, H.T.Li, H.S.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072
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T'he idea of g1 subtraction
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Validation of q 1" subtraction
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Validation of q 1" subtraction
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0F . :
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How large are NNNLO corrections?

or der\/g 13 TeV 14 TeV 27 TeV 100 TeV
T31% T31% 26% T19%

LO 13.8()_%:? 17.()6_%;) 98.22_%253 2015_%:?;)
NLO 25.81;5}%?72 31.89;5152?; 183.0;4}%7; 3724;411277‘;
N 1;IL O | 30.4 1+_07 :686?; 37.5 5+_07 gé 214. 2+_o6 5 73%; 4322;05 :531((7;
N°LO |31.317, 25" 38.657, 70" 220.27 75" 44387 25"

87%

18%

3%

L.B.Chen, H.T.Li, H.S.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072




o [fb]

How to choose a scale?

P E
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20 |

L pp—hh+X
15 F Vs=13 TeV
- UR=ME=EMp/2
. PDF4LHC15_nnlo_30
10F m =125Ge

NLO —
NNLO — 1

L.B.Chen, H.T.Li, H.S.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072



o [fb]

How to choose a scale?
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How to choose a scale?
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L.B.Chen, H.T.Li, H.S.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072



o [fb]

How to choose a scale?
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Invariant mass of nggs pair
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L.B.Chen, H.T.Li, H.S.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072
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Top quark mass effects
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go—HH@NNNLO

! pp—hh+X
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