Precise predictions for
Higgs boson pair
production and decay
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nggs self Couplmg

* Mass generatmns of gauge bosons H1ggs mechamsm
* Mass generations of fermions: Higgs mechanism & Yukawa couplings

*Mass generations of scalars?
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Higgs pair production

e gluon fusion

g 0 ", H
--—
g s H
(NN)NLO QCD
~100000 events

Borowka,et al,PRL117,012001
Baglio, et al, EPJC, 79, 459
Chen,Li, Shao,JW, PLB 803,135292
JHEP,2003,072

e vector boson fusion

(N)NNLO QCD
~6000 events

Ling,Zhang,Ma,Guo,Li,Li,
PRD89,073001

Dreyer,Karlberg, PRD98,114016,
PRD99,074028

e double Higgs—strahlung

q W.Z
H
q ~« H
NNLO in QCD
~3200 events

Baglio,et al, JHEP1304,151
Li,Li,JW, PRD97,074026, PLB765,265

e associated production with top quark

& Qoo

Y

& OO —__ ;
NLO in QCD
~3000 events

Englert,et al, PLB743,93
Liu, Zhang, 1410.1855
Frederix,et al, PLB 732,142
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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 need precise prediction?

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

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

3. Renormalization and factorization scale uncertainties are sizable,
especially for Higgs productions.



Heavy top quark limit
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go>HH@NNLL
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gg> HH @NL() with full mt dep.
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LO
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go>HH@NLO with full mt dep.

Expand in pT

One-loop
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Bonciani, Degrassi, Giardino, Grober, PRL 121, 162003 (2018)



go>HH@NLO with full mt dep.

Expand in mH >
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Sl
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elliptic Feynman integrals

Xu and Yang, JHEP 1901, 211
Wang, Wang, Xu, Xu, Yang, PRD104,051901




go>HH@NLO with full mt dep.

Numerical method: sector decomposition

: Lo » The QMC methods were born in
'= /0 ax /0 dyx Ty Xty =) the 1950s and 1960s from the

desire to achieve faster

1 1
l; = / dxx 1€ / dit™¢(1 +t — xt) 1, convergence than the MC rate of
0 0 O(1/ n), and can achieve a

[, — ld —1—2¢ ldtt_1_€(1+t— £~ convergence rate of order O(1/n)
27 0 4 0 4 - for very smooth functions.

xl+ne — %:) + (}()+ + ne (m7x>+ + ("26!)2 (Inix)+ + O(e%)

Binoth and Heinrich, NPB, 585, 741
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go>HH@NLO with full mt dep.

Vegas/CPU QMC/GPU
P> —7.959 4+ 0.009 — 10.586/ = 0.009/ | —7.949 £+ 0.003 — 10.585/ + 0.005i
Py 39+ 0.1 —-28.1i £ 0.1/ 3.831 £ 0.005 — 28.022/ £ 0.005i
Po —3.9x0.8+92.3/ 0.8/ —4.63 = 0.07 + 92.13/ = 0.07/
Time 45540s (12.7h) 19s

Li, JW, Yan, Zhao, Chin.Phys.C40, 033103

This method was soon adopted by the SecDec group in their
code, and used in various calculations.

https://pypi.org/project/pySecDec/

14



go>HH@NLO with full mt dep.
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Borowka, et al, PRL 117, 012001
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20-30% reduction after including
top quark mass effects



go>HH@NLO: Full mt dependence

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

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



go>HH@NLO: Full mt dependence

99 — HH at NLO QCD | /s = 14 TeV | PDF4LHC15 donro
1 F T | T | ! | ! | ! | ! |
—— MS scheme with m,(m,) : dQ) 1Q=300 Gev
} MS scheme W%th Tt(mHH/4) - donro
10 . —— MS scheme with m,(mpy) 1
— OS scheme, m; = 172.5 GeV ] dQ Q=400 GeV
10 - | donrLo
d() 1Q=600 GeV
9 donro
do /dm,; [fb/GeV] d@Q 1Q=1200 Gev
ot L PR = pp=mpgy/2 ==
Full NLO results for different top-quark masses :'
Vs =13 TeV :
Vs =14 TeV :
Vs =27 TeV :
Vs =100 TeV :

L | L | L |
1000 1200 1400

| L | L |
400 600 800
My [GeV]

Otot
Otot
Otot

Otot

0.02978(7)*8%
0.1609(4) 9%
0.03204(9)+9%

0.000435(4) 9%

34%
13%
30%

35%

27.73(7) 1%, b

(
32.81(7) 1%, b
(2

197.8(2) 4%, 1

fb/GeV,

fb/GeV,

fb/GeV,

fb/GeV

1140(2) 3% fb

18%

Baglio, Campanario,Spira, et al, 1811.05692, 2003.03227



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

30.8 ¢

0-7F gr-subtraction 3

iHixs2+MG5 aMC --- 3
de Florian et al. [
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Validation of q 1" subtraction

0.5
0F . :
= - pp—hh+X :
5= i . hh_ _veto ]
S s=13 TeV Pt >p1 ' ]
S -0.5| H=Hp=Mpy/2 P <P -
Z c . PDF4LHC15_nnlo_30 sum
© I mh=125 GeV ]
-1 _ ) S
1.5 N P Liviniinn, PP Livisiiin, PPN FTTTITTT Liviniinn, Liviiniis, Lioes]

4 6 8 1 Oveto1 2 14 16 18 20
Pt [GeV]
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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?

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



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




o [fb]

300 [  iaanas e e e e _

om
NLO

{ NNLO 0
200 pp—hh+X : y
3 s=13 TeV N°LO .':’::s'\‘

: My /A<ur,Up<mpp 3 :

i PDF4LHC15_nnlo_30 ;

- mh=1 25 GeV
100 ¢ -
: | (-2, 6)
0

T UL
L

0.8 F _
0.6 £ :
0.4 F :
12 o e 4 6 8

L.B.Chen, H.T.Li, H,5.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072



Top quark mass effects

N*LO®N'LOm, __ N!'LO k.l
dO’ t = damt +A0mt—>oo

LO
NfLOg_;i®N'LOy,. 7. NLO k.l Ao,
dO’ 1 mig — dO’mt +A0mt—>00d L.O
Um,:—)oo
NXLO N!LO
N*LOQN'LOm, NLO 0 m; =00 _ ; NLO k.l Ao,
do t = do,, N0 do,,, +A0mt—>0°d0NlLO

mM¢— 00 Mt —>00
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go—HH@NNNLO
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L.B.Chen, H.T.Li, H.S.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072



go—HH@NNNLO

! pp—hh+X
6L | s=100 TeV
: Mpyp/4<PR,ME<Mph
PDF4LHC15_nnlo_30
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L.B.Chen, H.T.Li, H.S.Shao, JW, Phys.Lett.B,803,135292, JHEP,03(2020)072



10" 3

do/dp(hy) [fo/GeV]
o

go—HH@NNNLO
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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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go— HH including NLO decay

LO prod. & NLO decay

, Pj,py > 25 GeV
0.00005 F
| I 1,1y 1< 2.5
- ARjjyjyy > 04
0.00004 +
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& I
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0.00000 ;1 X . . R . X . . . . h
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g3 090
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e S H.T.Li, JW, X.Zhang, D.Zhao, 2304.xxxxx
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(fb/20GeV]
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H.T.Li, JW, X.Zhang, D.Zhao, 2304.xxxxx



Conclusion

~ Measuring Higgs self-couplings is of great importance in the
future.

- Precise theoretical prediction is heeded to properly interpret
the data.

- The dominant channel gg>HH has been calculated up to
NLO/NNNLO in the finite/infinite mt scheme.

- The higher order effects in decay should also be considered
for a detailed study.

Sle]



Thank you!



