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Introduction

¢ The Higgs particle is responsible for the masses of elementary particles.
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¢ Higgs potential approximation:
1 | . m2
V(h) = =mzh* HAsvi® + — Agh®| with M =AM = 53
2 4 AHHH 2V
Self-coupling Kp=K3= PEL
HHH

Higgs self-coupling is crucial to understand the EW symmetry breaking mechanism
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HH production and decays
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,7\/ HH production at 14 TeV LHC at (N)LO in QCD 1

A -- w1 L ’SSiEE M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl)

\ “““““““
; N\ 3 -
900 \H Iy i

Yy

NNLO o i (2F) = 31.02742% (Scale) +3.0% (s +PDF) £2.6% (m4op) fb

MadGraph5_aMC@NLO

A
w
N
L
o
-
)]
w
N

Migm
N3LO  omn (VBF) = 1.727005% (Scale) +2.1% (e +PDF) fb
bb WW TT /7 Yy
HH production —> direct determination of Higgs o0
trilinear coupling AunH
WWwW 4.6%
¢ Difficulty of the HH search: _ 2 49, vsor | 0309
Destructive interference between triangle and box diagrams
Tiny onH: o(gg—HH) ~ 0.1%xo(gg—H) 4 3.1%
¢ VBF:
VY 0.26%
second production mode, but open a window for VVHH
coupling (czv) Complementarity from the final states
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Di-Higgs combination

® Only used partial Run2 dataset

® Assume all kinematic properties of HH pair are same as SM prediction, and
only ggF XS can deviate from SM
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A sensitivity of ~10*SM for Di-Higgs production rate




Constraint on the Higgs self-coupling

Kinematic dependence on x; is estimated with LO prediction, and K-
factor is only estimated with =1

Amplitude dependence on k) can be expressed with 3 reference samples
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Constraint on self-coupling (obs/exp) @ 95% CL.: -5.0<ka<12.0 / -5.8<kx<12.0

Will focus on HH search with full Run2 data
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Large BR of H—bb, low S/B

‘ Resolved Channel‘




HH—bbbb @ CMS
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HIG-20-005-pas

Combination of di-bjet pairs solved with the HH mass distance and
Higgs Pt: correct rate ranging 82 - 96% (91 - 98%) for ggF (VBF).

Advanced categorization: low vs high mny in ggF and SM-like vs
anomalous «ay-like in VBF

Powerful multivariate discriminant to separate background from signal.




HH—bbbb @ CMS
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HH—Dbbbb (VBF boosted) @ CMS

A

A}
ALV, = HH) = — (% = K7)

Highly sensitive to anomalous Koy

Select events with 2 large-radius jets + 2

small-radius jets

ParticleNet discriminate Dpb to identify

the bb candidates

3 purity categories based on Dub

Excellent separation at high mun

leading to good S/B ratio
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95% CL upper limit on o(pp — qqHH)B(HH — bbbb) [fb]

HH—Dbbbb (VBF boosted) @ CMS

138 fb™ (13 TeV)
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Observed constraint:
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Further constraint is expected
with the combination with single H

measurement

B2G-21-001-pas
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HH—bbbb (VBF) @ ATLAS

4 b jets
pt > 40 GeV

- Based on early Run2 ggF resolved analysis
strategy, optimization for the VBF HH

A RJJ sub-leading

Selections
At least two jets Two highest-pr jets with opposite sign 7
VBEF topology with pr > 30, || >2.0
’ |AnYB¥|> 5.0 and m}PF> 1000
a Exactly 4 b-tagged jets with pp > 40, |n| <2.0 )
36005 < ARG < 853 4 0.475 = i _ _
If mgp < 1250 . < AREH < 5 1 035 0] 200 ATLAS Simulation 0.004
H H : b bb Map . — — .
Higgs pair}selection b : = /s = 13 TeV. 126 fb-!
Signal topol If > 1250 ARL%ad <! A ,
1shal Topolosy b = ARSIV < 1 E - SM non-resonant HH in SR+VR+SB
Pairs with minimum : —0.003
_ lead 2 subl\2 | —1(mu™M\ .. —1(1165 ’
Dy = /)2 + ()2 s (van () —eant (8D))| 150
{ ‘ |A’I7HH‘ <15 B
|X:pT;| < 60, where i = b-jets and VBF-jets - 0.002
Multijet i
Background rejection plf?fl > 0.5mgp — 103
pSTltl;jlv > 0.33myp — 73 1 00 |
- > 2 0.001
1 | Veto it X, = \/ (mpmsod) g (mtr2e ) <15 -
ead __ 2 msubl_ 2 -
? Signal region (SR) Xbog = (%ﬁuw) + <%) <16
Region definition Validation region (veto SR) \/ (ml2ebad — 123.7) 4 (m;%bl — 116.5) <30 S T S TR N O SO SR SO AN SO SR N 0
1 1 2
Sideband region (veto SR, VR) \/(mlzebad — 123.7)2 + (myP! — 116’.5)2 < 45 50 00 50 mlead [GGV?O
2b

arxiv:2001.05178
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Events / 40 GeV

Data / Pred.

HH—bbbb (VBF) @ ATLAS
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Largest deviation from background-only hypothesis has a local significance of
1.50 at 550GeV

Observed limit on onH is compatible with the expectation at a level of <20
Observed (expected) constraint on kav: [-0.76, 2.9] ([-0.91, 3.11])

Dominant uncertainty is from the mis-modelling of multi-jet background
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HH—bbbb @ ATLAS

Resolved Analysis Boosted Analysis

Targets low-medium mass resonances - Targets high mass resonances
4 small R-jet (R=0.4) - 2 large R-jet (R=1.0)
4b signal region - 3SR are defined : 2b, 3b, 4b
;.200 10;
8 3
£ 180 302 4b 3b 2b
£ 2 High-tag - - -
1 e e Pl P
140
2.0
120 Low-tag 2b;2f Zkilf 1b;1f
‘ 15 categories
y 100

80

) & = - N

60 large-R jet b-tagged track jet  untagged track jet

80 100 120 140 160 180 200

m(H,) [GeV]

60
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HH—bbbb @ ATLAS

Resolved Analysis Boosted Analysis

- 4 small R-jet (R=0.4) - 2 large R-jet (R=1.0)

Targets low-medium mass resonances +Targets high mass resonances
3SR are defined : 2b, 3b, 4b

4b signal region
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> I . ottt
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HH—bbbb @ ATLAS

E! I I I I I — T T T T
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- The most significant excess @ 1.1 TeV
- Local significance 2.6 (2.70) for the spin-0 (spin-2) model

- Global significance 1.00 (1.20) for the spin-0 (spin-2) model

ATLAS-CONF-2021-035 15




HH—vyybb

One of the golden channels for HH search

ATLAS

EXPERIMENT

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST

- Full reconstructable final state

- Excellent di-photon resolution
- Large BR of H—=bb




HH—vyybb (@ ATLAS and CMS

CMS ATLAS

Events

’ 2 high py photons, x
> 2 b-jets
- Dedicated MVA for ttH suppression
mX > 350 GeV mX < 350 GeV
- MVA optimization with the separation of 1 1 1 1
ggH/VBF and mx cases.
High mass High mass Low mass Low mass
BDT tight BDT loose BDT tight BDT loose
Category Category Category Category

M= My, — My, —m,, + 250 GeV =—> Better mass resolution

X
CMS 137 b (13 TeV) . e
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> 10 -, E Y S Yrijets =
LL] 104 —Eo ?— 5 E 0.25%: | | ] + Data E
% % § 0.4:— 01.52— : _:
= L - o L
? 03__ 0055 i i—_
= t [
/ 0.2F —
o.1f— :I:—f
:\ /// ,W; ' - . i :
o e e e \ Al 00102 03 04 05 06 07 08 08 1

0 0.10.2 03 04 05 0.6 0.7 0.8 0.9 1 ' ' ' ' ' ' ' BDT'S
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JHEP 03 (2021) 257 99 ATLAS-CONF-2021-016 |7




HH—yybb @ ATLAS and CMS

CMS 137 fb™ (13 TeV) 3 8l 4 pata " ATLAS Preliminary | 165 +I Data | ATLAS Preliminary
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Z C . 1 o L | n ]
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@i_ S |1l «® %J 10— +I Dat | | ATILAS Prelirl'ninary _ % S ! ! ATILAS Prelirlninary N
» I q 7le O o s=13Tev, 130" | Oopsp ° D 13
= - * u o L[ Continuum Background . .\ = ] 250 . ; Vs = 13 TeV, 139 fb™ 7
) olev 1 UL M R [ A A N A ad, d T Qal - 9 HH—>bb’\{Y T g C Continuum Background HH_>bbYY 7]
Frrrrjrrrryrrrryrrrorrrr [T 11Tt [T 11T T[T 17T ; 8'_ Total BaCKground Low mass BDT tlght _‘ ~ 20__ Total Background Low mass BDT |OOSG__
10 = = [ ] @ r ]
= o 6 — S ]
5 o[ ] o 155 E
S : 2 ] - .
_10E H + B component subtracted r . S

:I | | | - | 111 | | - | 111 | | - | | - | 111 ~ -1 : -
100 110 120 130 140 150 160 170 180 B T Ty T B V.- S O L0 |l. o b Ly ]

m. (GeV) 110 120 130 140 1%‘3 [Ge\1/]60 T90 120 130 140 150 _ 160
JHEP 03 (2021) 257 ATLAS-CONF-2021-016 e

e CMS: 2D fit over myy and mpp With the negligible correlation treatment
 ATLAS: signal extraction in the myy, spectrum over all categories
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HH—vyybb (@ ATLAS and CMS

CMS 137 b (13 TeV)

—~ 4 — e B — :
e, - 95% CL upper limits = e} i .. L aEo ]
= - Observed HH — 'Y'Ybb ] E . ATLAS pre"mmary — Observed !Im.lt (95% CL) :
|g 3.5 s Median expected = T - /s=13 TeV, 139 -1 Expected I!m!t (95% CL) |
e - B 68% CL expected - L 4| HH—bbyy [0 Expected limit +1c
7 S 95% CL expected 7 u 10% [ Expected limit +2c
N Theoretical prediction /: > E== Theory prediction

% 2.3 :_\ / = l-l; : % SM prediction
@ LF N\ 20 I

T n / ] 10°F

I — . B

© _ ]

15~~~ g L emmTTTmTTT

—_
-
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Observed: ) € [-1.5,6.7]
- Expected: k) € [-2.4,7.7]

L T el = - e R e 1 [ T T S S S S S S
6 4 =2 0 2 4 6 8 10 12 100786 4 2 0 2 4 6 8 10

Observed (Expected) 95% CL < Observed (Expected) 95% CL <

-3.3<Kx<8.5 (-2.5<k)<8.2) -1.5<Ki<6.7 (-2.4<K)<7.7)

s(pp—HH) = 7.7 (5.2)*SM @95% CL  o(pp—HH) = 4.1 (5.5)*SM @95% CL

JHEP 03 (2021) 257 ATLAS-CONF-2021-016
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S(X—sHH) [fb]

HH—7yybb @ ATLAS and CMS

Observed limits: 610 - 47 fb

for [251, 1000] GeV

~_ Cms 137 fo™ (13 TeV) CMS 137 tb™ (13 TeV)
8  E 95% GL upper limits HH —> yybb - 9 - 95% CL upper limits HH — yybb -
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Medium BR, medium S/B
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Events /0.14

Data/Pred.

HH—bbtt @ ATLAS

- Target thth,eTh,uth: 88% of the total decays

BDT/NN used to separate signal from background
Final fit on the BDT/NN output
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HH—bbtt @ ATLAS
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PNN used for the resonance search: automatically retrieve the

optimized training response for different resonance mass points
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HH—bbtt @ ATLAS
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95% CL limits on ¢ (pp — X — HH) [fb]

Most significant excess ThTh (TiepTh) for at 1TeV (1.1TeV)

Combined results @ mx= 1TeV:
a local significance of 30 and a global significance of 2.0+04¢ 20




HH—bblvly @ ATLAS

e Target for bblvlv final states, dominated by the bbWW* (only signal for the

, Most discriminate variable with DNN output: d,;, = In(

optimization )
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HH—bblvly @ ATLAS

—20 -—1lo Expected +1o0 +20 Observed
o (gg —» HH) [pb] 0.5 0.6 0.9 1.3 1.9 1.2
o(gg > HH) /o™ (gg > HH) | 14 20 29 43 62 40

1OdI =

100:—

1071 - —— Observed
[ === Expected
B +1o

+20

_»| #== Theory prediction |
102—_l||||l||||l||||l||||ll|||l||||l||||l||||l——

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

K
PLB 801 (2020) 135145 ’

95% CL upper limit on o(gg — HH) [pb]

+ A counting experiment is performed with a profile likelihood fit.
* No evidence of the HH production is observed

« Observed (expected) upper limit: onn <40 (29) xSM @ 95% CL
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HH—bbZZ (41) @ CMS

- Very rare BR (0.0145%) but very small background + clean H signature peaks
- Final fit to the BDT distribution in data
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HIG-20-004-pas
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HH combination of full Run2 data
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Preliminary - 68% expected 032;F+VBF =32.78 fb [ Comb. exp. limit+ 10
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Phys. Rev. Lett. 122 (2019) 121803
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CMS-PAS-HIG-20-004
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HH combination of full Run2 data
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A local significance of 3.20 and a global

significance of 2.1c @ mX = 1.1 TeV
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Self-coupling from single Higgs

All the single Higgs production and decay processes are affected by an
anomalous trilinear (not quartic) Higgs self coupling, parametrized by K ).
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Self-coupling from single Higgs @ ATLAS

35.9-137 fb'' (13 TeV)

g 1A e e T w 13— 16
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Assumption Best fitx, 95% CL interval
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ATLAS (H): -3.2<kx<11.9/ -6.2<k)\<14.4 1 10.31%) —5.5,21.7]
=
+8.8 - -
ATLAS (HH): -5.0<kx<12.0/ -5.8<Kr<12.0 (135)  (1-74172)
6.61%2 —3.3,14.4
ATLAS (H+HH): -2.3<kx<10.3/-5.1<ka<11.2 Ky = 1 ( +8:2) <: 55 13 81)
—4.0 |y Y]

Complement HH direct measurement and provide more stringent constraint. ‘
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Self-coupling from single Higgs @ ATLAS

35.9-137 fb'' (13 TeV)
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ATL-CONF-2019-012 Ky HIG-19-005-pas Ky,

¢ Limited access to possible BSM effect
@ No consideration of the kinematic dependence on kA in the single Higgs process
@ No consistent EFT predicts only SM coupling variation without new interactions.
e Combine LO and NLO effects in the two measurements with a k-framework
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Prospect @ HL-LHC

Expected SM HH events for 3000 fb™

ATLAS CMS
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ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV) ATLAS CMS ATLAS CMS
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Sob it | 01 <ki<23[95% CL HH — bbrT 2.5 1.6 2.1 1.4
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ok Y HH - wVV(Qw) - 059 - 0.56
i evescnnrns HE HH — bbZ Z(4l) - 0.37 - 0.37
ok 7 bbbp combined 35 28 3.0 2.6

B bbZZ*(4]) Combined Combined
95% CL 4:‘\‘ --= bbVV(Iviv) 4.5 4.0

2 _\‘ ‘ \“ ‘
68% CL :

Room with the exploration
of the dependence on Ky
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Prospect @ HE-LHC

¢ Extrapolate ATLAS HL-LHC results to HE-LHC:

- scale cross-section (*4) from 14TeV to 27TeV and luminosity (*5) to 15ab-1

- bbyy: 7.10 with the precison on k) of ~20%

- bbtt: 10.70 with the precision on k) of ~40%

- Combination: the precision on k) of 10-20%
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+ Higgs self-coupling have been measured in most main
HH channels with Run2 data, with the benefit from high
statistics data, advanced MVA technique, and better
reconstruction performance.

» Higgs self-coupling can be indirectly probed with single-
Higgs process via NLO-EW correction, it can help to
further constrain K

- HL-LHC: 40 evidence of the HH process with ATLAS and
CMS combination.

More promising results are coming soon.
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