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The scalar sector and the selt-coupling

V(®TD) = —p2dTd + \(DTD)?

m [he scalar sector : the cornerstone of the SM
.

s m Brout-Englert-Higgs mechanism: a scalar potential

with a v.e.v. # 0 originates a spontaneous breaking
of the electroweak symmetry

m Properties of the scalar sector = potential shape,
controlled by A = strength of the self-coupling
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How to measure Aynn?

Two complementary strategies exist:

Direct ) Indirect
EERNGInERIS - measurements
in HH In single H

| | m Extract the value of Awnn from precision
= Use the production of two Higgs bosons to single H cross section measurements

probe AHHH 0 indirect measurement: stronger theory
o0 direct measurement: theoretically clean assumptions needed to disentangle NLO AnnH

0 very rare process — experimentally effects from other couplings / new physics

challenging 0 benefit of the large single H cross section
(~ 1000 X OHH)

The combination of both strategies maximises our sensitivity to AHHH
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Direct measurements : HH production
g OO00N, Aunn__ - H g «— - - -}
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NNLO FT-approx [JHEP 05 (2018) 059 (scale ®PDF @ as ® m,) o 555575
+ m; unc [PRD 103, 056002 (2021)]

I I I I I I I -
HH production at 14 TeV LHC at (N)LO in QCD - : : : :
M,=125 GeV, MSTW2008 (N)LO pdf (68%l) - HH production = direct determination of

Phys. Lett. B 732 (2014) 142 _ Higgs trilinear coupling AxnH
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® Gluon fusion: dominant production mode
o driving the determination of AHHH

m | arge destructive interference
= tiny cross section

m Self-coupling information both total and
differential cross section (strong mun
dependence on AnHH)

MadGraph5 aMC@NLO
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https://doi.org/10.1007/JHEP05(2018)059
https://doi.org/10.1103/PhysRevD.103.056002

HH final states

v :current public results at the LHC Run 2

—h

m Phenomenologically rich set of final states

o B (HH — xxyy)
m Branching fraction and S/B largely vary, my = 125 GeV
resulting in several sensitive channels . o
o . WW l l
N SenS|t|V|ty to HH maximised from geuc;’fgzggnazglyas

combination of several decay channels
TT

Y4

Broad experimental programme by

the ATLAS and CMS Collaborations

Trade-off rarer
NQOTE: a broad program of searches for new resonances and between B

similar signatures in HH also exists and is not covered in this talk

and purity
Keep B high Collect several decays
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High B, low S/B : HH—Dhbb 758 eess 10000 #at 101 0se oerecs

CMS Supplementary 36 fb' (13 TeV)

2 400F HH —bbbb & 2016 Data Resolved Boosted
L% 350—,%\9Fr|;|g:)rr1nHH F Eig model w/o reshaping . . . . .
MR HHx 100 m 4 b jet signal region and b jet triggers m High pT phase space leading

—— VBF-HH (x,,=2) x 100

250 -
= High multijet bkg requires accurate data- to eXCfellle&tLSé B usglnk?b 0
L driven modelling from 3b/2b regions powertul ViL-Dase
100 (28, - 138fbT(13TeV)
% _| T T 1 [ | T 11 | T 11 | T 11 |PI [ II:IB| Ikl I |: E 20; | | | B
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EE 21% ,,,,,, ces00000008,000ntag®ee0®e®? S ﬁ — ggF Signal Region 4+ 4bData ] [ B ]
8 o '.'bi"é'é"d'é"6'4"6'5"6'6"6'7’"6':’3"65"'1 @ 0L I8Nl <05, Xiyy <095 E s 14 - ' i
@© - — 400 x SM HH . > - .
0 * BDT Output o S o o i 125 ,  Total unc.
CMS 36 b (13 TeV) TP b T - 10;
£ 400f HH - bBbE 2016 Data 200 :_F G B 8
L%) 350:— g‘gb relgIOI:nHH — Eig Lnnocdel 100 ;T; L—-\Q:¢ _l_ _f 25
300; _ \S;ZFQ.‘EFH :IKI:V)(:;;) : 100 0 o e I Tﬁﬁ% = 5 5
250 g_ 8 1.5 n T T T L L | A ] 0
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100 05300 400 500 600 700 800 _ 900 _ 1000 s 1.0F
50 Muy [GeV] S 0.5
. L0 0.0= 80 100 120 140 160 180 200 220
% 1:% Q««w*w*%*”&*‘i#****ﬁwé&ﬁw*ﬁ wi i O bS (e ) 5'3 (8' 1) X O-SM (ATLAS) J Mreg [GEV]
D ggpd MICHITIR T Y LR (exp.) - .
§ 0T0T0203 0 OGE‘;’ST"&?SUE P 3.9 (7.8) x asu (CMS) Obs. (exp.) : 9.9 (6.1) X gsu (CMS)
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https://doi.org/10.1103/PhysRevLett.129.081802
http://dx.doi.org/10.1103/PhysRevLett.131.041803
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub

Medium S, medium B : HH—=bbtt

JHEP 07 (2023) 040

PLB 842 (2023) 137531

3 7 final states considered (e,
TuTh, ThTh) . 88% of total decays

0 event categorised by tr decay mode
(thTh, T¢Th), production mode, and muH

Irreducible backgrounds

o tt: MC simulation

o Z(r7) + bb : simulation + data-driven
correction from Z—pp

Reducible backgrounds (mis-ID tn)

from QCD multijet
o0 data-driven from inverted t ID region

Signal extracted with a BDT/NN
discriminant
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Events

Data/Pred.

e Data
— SM HH at exp. limit
Top-quark
Jet — 1, _, fakes (MJ)
Z — 1t + (bb,bc,cc)
I Jet — 1, _, fakes (tt)
I Other
SM Higgs

Uncertainty

ATLAS
{s =13 TeV, 139 fb’

T 1adhad

Signal Region

----- Pre-fit background

I I I I I I I I I I I I I

E_. @@ LN ‘@ \\\‘\\\\\‘\\\\\5\\\\\*\\\\\*\\\\\*\\\\\\?\\\\\\\*\\\&

1 2 3 45 6 7 8 9 1011 12 13 14
BDT score bin

Observed (expecteqd)
4.7 (3.9) X Osm
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CMS 59.7 fo" (13 TeV)
bb t,T, Expected VBF HH x 150—— Expected ggF HH x 5
res2b I Drell-Yan tt

. QcCD I Single H
I Others ® Data
: Stat+Syst post-fit unc.

Observed (expected)
3.3 (6.2) X Osm
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https://link.springer.com/article/10.1007/JHEP07(2023)040
http://dx.doi.org/10.1016/j.physletb.2022.137531

; JHEP 03 (2021) 257
I_OW S/ |()W B . H H —) bbyy JHEP 01 (2024) 066

Rare but pure channel Analyses optimised to maximise acceptance and S/B

CMS 137 b (13 TeV) 18
S 0F 4 pata S veend @ . ATLAS -
: _ o = ata _ggH |— 3 O 16F -
= Main backgrounds: y/yy + = 107 —SMggFHHx10° [JVH [JiH - 12 F (s=13TeV,140f" ¢ Data E
jets continuum, single H ~ § ¢l | .. 4 @ HH—Dby ol e
0 dedicated MVA for Rt ¥ T E’ I High Mass 1 E
rejection 10° : v N of E
. . ] : v - o -
m Purity X muy categories 102% : 7 = 6L =
10/?// : 1 ?*+ E - ? ? ’ -
: : = > . . o A LI 41— —
= Signal extracted from a fit 1;/7% - H*ﬂ”ﬁ A E
to the my, distribution BT 02 05 oo et Sl SEPTLVTEALTINS SR AL, 14 A
e for CMS) 7o A 110 120 130 140 15;(1)w [Gec/?o
m Clearly statisticall
i teg' y Observed (expected) Observed (expected)
' 8.4 (6.5) X Osm 4.0 (6.0) X Osm
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https://doi.org/10.1007/JHEP01(2024)066
https://doi.org/10.1007/JHEP03(2021)257

Combination : SM HH sensitivity

—e— Observed limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb! (UHH =0 hypothesis)
SM [ Expectedlimit 10
] HH)=32.8 fb
agF + ver(HH) [ Expected limit +20
Obs. Exp.
bbig + EMiss } 10 14
Multilepton f— * 17 11
bbbb— * 5.3 8.1
bByy— * 4.0 50
bbTtT + arXiv:2406.09971 (sub. to PRL) 59 3.3
Combined|— } 2.9 2.4
] I | I L1 1 1 I L1 1 1 I L1 1 1 I I I | I I I | I I I | I L1 1 1 I ]
0 ) 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength gy

Obs (exp) : 2.9 (2.4) X SM
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Expected: 52
Observed: 97

bb WW
Expected: 18

Observed: 14

bb ZZ &
Expected: 40

Observed: 32

Multilepton &
Expected: 19
Observed: 21

bb yy &
Expected: 5.5
Observed: 8.4

bb tt &
Expected: 5.2
Observed: 3.3

bb bb o
Expected: 4.2

Observed: 7.2

Comb. of &
Expected: 2.5

Observed: 3.4

CMS Preliminary

138 f” (13 TeV)

Kx—Kt—1
KV=K2V=1

LI I I I I LI I
— Observed  ----- Median expected

B 68% expected
----- 95% expected

CMS-PAS-HIG-21-014

CMS-PAS-HIG-21-005

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

JHEP 03 (2021) 257

Acc. by PLB (2206.09401)

Nature 607 (2022) 60

Nature 607 (2022) 60

CMS Summary Plots

10 100

95% CL limit on o(pp — HH)/OTheory

1000

Obs (exp) : 3.4 (2.5) x SM
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PRL 133 (2024) 101801

Nature 607 (2022) 60
CMS summary plots

m Similar sensitivity
from ATLAS and CMS

O but different hierarchy
across channels

m Results are limited by
stat. uncertainties

0 theo (onH) and bkg
modelling as
dominant
uncertainties

m Ongoing effort for an
ATLAS+CMS
combination

o
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https://arxiv.org/abs/2406.09971
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma
https://doi.org/10.1038/s41586-022-04892-x
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Summary_of_Run_2_sigma_HH_sigma

Combination : self-coupling e

Xs, soft spectrum)
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CMS 138 b (13 TeV) arXiv:2406.09971 (sub. to PRL)
o S L L I < S L S AU Effect of interference
=~ - K=Ky, =K = —— Observed ~ ----- Median expected c [ ATLAS Combined bbyy
] — ict ° o 7k —— Multilepton —— bbbb 7 '
<§> _ Theory prediction  [EEEE 680/0 expected C\Il 7:—\/§=13 TeV, 126—140 fb™ - bgﬂ' _e|_pEOrrr1]iss - b5T+T—_: N gg—PHH Clearly
= Nature 607 (2022) 60-68 17 95% expected " HH combination T - iSibl
T . . B . - VISIDIe
f Joo b N : 6~ All other « fixed to SM — Obs.: 95% CL [-1.2,7.2] —

: B — == Exp. (SM): 95% CL[-1.6,7.2] 1 1 A

5 — < A = 5 hardest
Q . .
] - : :
S region to probe (min
€
1
O
2
(g}
(@))

Complementarity of
channels to cover full
Ka (MHH) spectrum

Excluded Excluded |

10__I | 1 1 1 | 1 1 1 |\I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | I\I | 1 1 1 | I__

. Sensitivity
Observed : -1.2 < Ka< 6.5 Observed: le<k< 7.2 maximised with
(95% CL upper limits on o) Expected : -1.6 <kKx< 6.5 a
o LL upp (95% CL from likelihood) combination
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http://dx.doi.org/10.1038/s41586-022-04892-x
https://arxiv.org/abs/2406.09971
https://doi.org/10.1038/s41586-022-04892-x

Beyond A : the VWWHH interaction "y

0.04 — k,,=1, SM

— Kk,,,=2, Enhanced VVHH interaction

SN~

PRD 98, 114016 (2018) EPJC 77 (2017) 7, 481 / Ky
/ > / q > / > /
1.68 tb [].3 TeV] q V- - H @ S---"- -
p— + 23f79%) ~ — - - -==<_ - s C -
1.87 fb [13.6 TeV] 2 ; viocH 8-
- - -
. . . \\ q \\ \\
VBF HH 20 times rarer than ggF HH, but unique access to VVHH coupling Xy % s Koy
CMS 138 b (13 TeV)
.103 :_| T T T I T T T T I T T T T I T T T T I T T T T I T T T |.t <=: éa__l | | | | I | | | | I | | | | I | | | | I | | | | I | | _I | I |
F K =K =Ky = —— Observed ~ ----- Median expected - c | ATLAS — Combined = bbyy 1
(13 TeV) I —— Theory prediction ¥ 68% expected o\ 7:—\/§= 13 TeV. 126—140 fb-" - MEJItiIepton. - btfbf ) —
50.05 Nature 607 (2022) 60-68 == 95% expected | © HH co mbinaiion —— bblf + E{8 bbT*T :
- qq'—HHaq - N - 6 All other K fixed to SM —— Obs:: 95% CL [0.6,1.5] —]
K,,=0, No VVHH interaction 1021 | - == Exp. (SM): 95% CL [0.4,1.6] E

Excluded Excluded

0.03

T1\kl L1

95% CL limit on o(pp — HH (incl.)) / fb

—_
o
TTT

0.02 E

oofld = 0w o ww | ] s NN O et e ’ _@f}?@_Q;L,;

T T T I B T R R L et e -

ob—L 1 1_2 _I1 (I) |1 é 5|3 4 : . . 2.5

500 1000 1500 2000 Kay Kav
CERN-THESIS-2021-218 my,, [GeV] Observed : 0.7 < Kov< 1.4

Observed : 0.6 < kKoy< 1.5

kov = 0 excluded at 6.60 Expected : 0.4 < Koy 1.6

assuming other interactions at the SM
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https://cds.cern.ch/record/2791685
http://dx.doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1038/s41586-022-04892-x
https://doi.org/10.1103/PhysRevD.98.114016
https://doi.org/10.1140/epjc/s10052-017-5037-9

Indirect constraints on A

v Single H production as a precision tool
to look for NLO effects from AnnH

Simplified template XS single H
measurements used as input

Differential distributions

SBR[ %] T tH
: : 13 TeV LHC

BSM/SM

w2 VBF =mm= 7H s——WH === ttH

HEP 1612, 080 (2016)
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H+HH combination results s

HH + H K, generic:
95%: K) € [-1.4,6.1]

4= NN\ 90% —

In gg—’HH IOFO(;UC“O” k, effects in single H standalone cannot
do/dx « K, (1 Tr+r ) with r = K, /k; be disentangled from other couplings
. 17CMSI I_I.I-I13|8fp'1l(13lTe|V)_ <1O_| — T JL I R IR A AL E
' Observed single-H comb. ] — ATLAS
18] Ky = Koy = 1 — HH comb. E — [ vs=13Tev, 126—139 fb- — H K only ]
x single-H and HH comb. ] (\Il —— HH K, only
1.5 ¢ Best fit value . 8 Observed —
i — 68.3% CL (10) ] . — HH+Hkponly _
1.4F RSSO . "T95.4% CL (20) - - HH + H K only: HH + H K, generic -
: ‘ : 6_— 95%: K; € [-0.4,6.3] i

Degeneracy with k, in HH lifted thanks to Degeneracy with k, Ky In single H lifted
the independent k, measurement thanks to combined k; constraint

Luca Cadamuro (IJCLab - CNRS/IN2P3) Higgs boson self-coupling overview


https://doi.org/10.1016/j.physletb.2023.137745
http://arxiv.org/abs/2407.13554

LHC Run 3 prospects O e 0P 2025 0

s = 13, 13.6 TeV

T g T T T Snprrasagpraresnsseagy sy epnsusnans B Sl S
= ATLAS Simulation Prellmlnary 12500 2 "?[C " Run3viriggers: e(HH—bbrz) =74.4%  Preliminary B = - Simulation Preliminary Run 3 2023 HH trigger ¢(HH-» 4b) = 82%
B \/— _ GN2 7 "0:3 - O Run 2 v-triggers: ¢(HH—bbrt) = 69.0% Vs=13.6 TeV . ()] 14 B
60F V> 13 TeV _ & 1___4__‘_‘_1?15_(_2._b_'.t?‘_g_g?fj_)i.5.(_"_”_'5.__"_"1.’_)_?-?.7:.77_°----F_Aﬂ’_‘_’ff_hf_h__o____' 'O - HH — 4bwith x, = 1 = Run 3 2022 HH trigger ¢(HH 4b) = 68%
 tt jets, £ = 70% - ol e & q2F
- ’ ~ 2000 ~ i _o_—°— G o= - m = L s Run 2 £(HH— 4b) = 52%
S Sy 2 0'8:_ —— _¢_-¢-=é= i a i = ’ :_ _____________________________________________________________________________
-—_ i : 7] @) —— ffline selection: i B
S 4oL | Run 3 reco Jis00 S o ome et B M- ~_ T
GL_)‘ : i G N 1 : -l:—)' 0.4 '_'¢___2: 2 jets, pT>20 GeV, Inl<2.5, — E 0 .8 _— Je—
— 30 B : : = :—¢— b-tagged (GN2, ¢~ 82%) . 0 6 - — o) a L —
©, S0F | DL1d 1000 £, _ O +60%
¥ ok DL1r i : 2 : -
B DL1 i : o) ! Lo b b b b by b 5 =
10 f— i i >00 % izgj | E 0.2 :— — Event selection: = 4 jets with p_ > 30 GeVand <25
B I 4 o 1.5_: —— =
O: ey Ilill _O Eigg: _o__o__o_—o—_o_ :% 0—"'I""I'lllllllllllll||1|||1||.|...,|..,,|l,,
2017 2018 2019 2020 2021 2022 2023 L3 e = v = e S S S, e e 200 300 400 500 600 700 800 900 1000
Y 300 400 500 600 700 800 9(_')rO . 1000 Reco
ear mis" [GeV] My (GeV)
Improved object identification leveraging on Improved triggers on hadronic signatures (bbbb, bbthth)

modern machine learning methods

95% CL UL @ Run 2 : ~2.4 X SM per experiment
— 1.4 x SM / experiment (Run 2 + 3 lumi scaling)

m Will at least double the data set with at Run 3

s Opportunity to maximise the analysis sensitivity = 1 X SM ATLAS+CMS (Run 2 + 3 lumi scaling)
(triggers, object reconstruction, analysis — analysis improvements : HH evidence @ Run 3?

techniques)

Exciting opportunities for HH physics at Run 3
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https://twiki.cern.ch/twiki/pub/AtlasPublic/TauTriggerPublicResults/ATL-COM-DAQ-2023-100-a.pdf
https://cds.cern.ch/record/2868787/files/DP2023_050.pdf

HL-LHC prospects ATL PHYS PUB 2024016

2018 European Strategy New projection from the legacy
ATLAS and CMS HL-LHC prospects 3 ab-! (14 TeV) bbzt Run 2 analysis! s Current
12 g ; . .
= SM HH significance: 40 — Combination 8 8 projections
S0 | 01<Kk1<23[95% CL] , ] T | ATLAS Preliminary h hosyst une ; based on 36
. 0.5 < k1< 1.5 [68% CL] : "7 bbyy 37 L:/ - 1;; :e;/ v uBnacse"nT’dMC scaled 7 fb-1 Run 2
99.4% CL 8[_ “"r:".‘ ________________ bbr % 6;' oo o e o The e 50% _;6 analyses |
o bbbb & 5 s extrapolation /
6 : Z .
95% CL af-4_ _ 1 ~ BBVV(h) | Iy simulation
i ) |, = Ongoing
of= _- :
68% CL :_‘_‘____“ Y X OS G i f ] updateeffort
0 L |: | .‘. Loy s* 1 1000 1500 2000 2500 3000 1 fOr the next
2 1 0 1 2 3 4 5 6 7 8 Integrated Luminosity [fb™1]
” European
50% precision on kx @ 68% CL 40 3.50 significance in bbtt ATLAS alone Strategy
significance (ATLAS+CMS) in realistic scenario

Combination of channels and experiments is crucial to observe HH Major HL-LHC legacy
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https://doi.org/10.48550/arXiv.1902.00134
https://cds.cern.ch/record/2910850

Conclusions

m HH is a fundamental process to probe the electroweak symmetry breaking mechanism
0 access to the self-coupling HHH — shape of the scalar potential
O access to the quartic coupling VVHH — electroweak Higgs doublet structure

m ATLAS and CMS conducted a broad programme of analyses with the full Run 2 data set
0 several channels covered
0 comprehensive study of ggF and VBF production modes
0 combined constraint from H and HH data

m Possibility of combined evidence at the Run 3 with a long-term observation at HL-LHC at reach
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