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A factor 20x more data

than at the time of the
Higgs discovery
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Probing this Higgs Boson potential



Testing the shape
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Testing the shape

V($) = — u’¢p* + A
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Higgs boson self-coupling
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HH production allows to probe the self-coupling: Ac/c ~ AA/AifA ~ Agy,
Extremely challenging measurement at the LHC, but it can be sensitive to large deviations from BSM: K, = Al gy
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1 in a billion
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The Higgs Boson potential

At the present time, we have no experimental evidence that the Higgs boson results from the scalar
potential of the SM

Observing double Higgs Boson production is crucial.

Precision measurements of double Higgs boson production can then be combined with single
Higgs measurements for a better understanding of the structure of the Higgs potential.

Models of new physics that contain multiple Higgs bosons can lead to the production of Higgs
bosons with different masses, leading to new experimental signatures.
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HH, a variety of final states

T
Zy 5 H(bb) is a key element in the exploration of HH at the
LHC
44 highest BR

good b-jets identification performance: 70% efficiency at
0.3-1% qg/g mistag probability

H(yy)

clean final state
excellent mass resolution, ~1%
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HH, a variety of final states

T
% 0.2% 5 H(bb) is a key element in the exploration of HH at the
LHC
g °°" highest BR
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good b-jets identification performance: 70% efficiency at
0.3-1% qg/g mistag probability

H(yy)

clean final state
excellent mass resolution, ~1%

yy4 3.1% 1.1%

ook 3.4% 1.2%

iak® /.3% 2.7%

(%) \AXAX < HH dd

s[ef 9.5% 3.5%

Several channels have been investigated:
Similar sensitivity to SM HH
Different coverage on muH
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good b-jets identification performance: 70% efficiency at 0.7-1% g/g (10-20% c) mistag probability
excellent diphoton (yy) mass resolution, ~1%
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ATLAS-Phys. Rev. D 106, 052001
CMS-JHEP 03 (2021) 257

HH to bbyy

O 0 ¥ o o e L e
E - | i | ATLAS Simulation - Photon selection similar to H(yy)
0 0.25F s=13TeV ~ HH-bbyy - measurements
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s 015~ | 1 - ——  yy+jets — used to categorize events
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- - - SM single Higgs
0.05¢ B Sensitivity to Low/High myybs

800250 300 350 400 450 500 550 600
Invariant mass [GeV]

M*yybb = Myybb = (Mbb = MH) = (Myy-MH)
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HH to bbyy

ATLAS-Phys. Rev. D 106, 052001
CMS-JHEP 03 (2021) 257
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* CMS performs a likelihood fits simultaneous to
m(bb) and m(yy) while ATLAS only uses the
m(yy) distribution

- ATLAS 95% CL limits on HH production
observed (expected) at 4.1 (5.5) times the SM
prediction

5x improvement over previous result and
current best available limits

- CMS observes 7.7 times SM predictions
(expected 5.2x)
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Constraints on k, from bbyy

ATLAS-Phys. Rev. D 106, 052001
CMS-JHEP 03 (2021) 257

% 0.25_ T TT l T TT ! T TT I T TT | T TT l TTTT I TTTT l T TT T TT T TT ]
o - ATLAS Simulation i
& oo Vs =13 TeV N
P - HH—bbyy ggF j
E_, i — K, =-6 ]
8 0.15~ — 1, =0 ]
g B — k=1 ]
'§ 0'1:_ K, =2 _:
i - —x, =10 1
0.05]- ]

__I i

1 1 | 1 1 1 1 I 1111 | 1111 | 1111 | I | ] =7

250 300 350 400 450 500 550 600 650 700 750

my;, [GeV]

E 105:' LA L L I L B B R R R I LI I B B B T L ]
=, - ATLAS _— Observed I|m|t (95% CL)
T V/s=13TeV, 139 fio~1 ---- Expected limit (95% CL) |
L 4' HH—>b6W [ Expected limit +1c ]
L 107F [ Expected limit +2c
> 3 E== Theory prediction
+
Uc-» ka SM prediction
o)
© 103§
102}
- Observed: x; € [-1.5,6.7]
: Expected: x) € [-2.4,7.7]
101 [T SRS T 1 PR B
10 —8 "6 4 2 0 2 4 6 8 10 y|
Ky, =—
Asm

Ky € [-1.5, 6.7] ATLAS / [-3.3, 8.5] CMS
assuming SM top-H coupling

ol AR

Si~< Caterina Vernieri - LOOPFEST - June 26, 2023

16


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://arxiv.org/abs/2011.12373

More on the constrains from HH on k; OMS-JHEP 03 (2021) 257

It is impossible to extract x; constraints from HH production without assumptions on «;

CMS 137 fb (13 TeV)

- 2
© |G / i/ . A simultaneous likelihood scan for k; and , is
J performed to account for the modifications to
production HH and single Higgs cross
sections
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SLAZL Caterina Vernieri + LOOPFEST - June 26, 2023 17


https://arxiv.org/abs/2011.12373

_ | o 200 [ T A R R [ T [T T m
HH to bbbb e e M
UL el I
tcof bdata s et \ CR2 oo
: LA 1 %N
Large background from QCD multi-jet processes il s
Online b-tagging requirements to suppress multi-jet background i 4
Dedicated b-jet momentum corrections, to improve mass resolution (10—13%) “E ERR
Data driven background modeling with multi-variate kinematic reweighing from control regions B ik ugo['G‘ V_] =
CMS 102 b (13 TeV)
> EI T T TT I T 17T | 1T 17T I T 17T | T T 1T | T T | T 17T |E n - —— O
S VE . = o - ggF high-m -~ mmm Bkg. model @)
O 7090 = Vs=13TeV, 126 fb~' N\ Stat. + Syst. Error 3 > E A region T 9- :
a = ! ; = (Ll 600 Aggregion Bkg. unc Y,
Ny = ggF Signal Region 4+ b Dat 3 . g. unc. T
0 600 — 0.5<]|Anpn| < 1.0, Xy >0.95 ata = 5 SM ggF-HH x 100 -.c<n
§ 500 - [ ] 400xSMHH = 5005 —— VBF-HH (k,,=2) x 100 >
L 400 f_ 200XK}\=6 HH _f :' C<D
: : : =2
3 E - o C
200 ;_ : _; | _L CP
100 == = N o
= = © 2
0 —_'u'!'l:l_||| (I T T T T M S = /S Z<
N s
15 T T TT T 17T T T T T T T T 17T T T T T T T I'\)
5 O | | | | [ N @
- PSR e = W [ S 2
gt —+ ER- % 3
005_||||||||||||||||||||||||||||||||||||_ R ] o o b b b b 1 o N
~ 300 400 500 600 700 800 900 1000 = 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 S
muy [GeV] () BDT OUtpUt

—_
o

e An

Si.~e Caterina Vernieri - LOOPFEST - June 26, 2023


https://arxiv.org/abs/2301.03212
https://arxiv.org/abs/2202.09617
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HH to bbtt

ATLAS-arXiv:2209.10910
CMS-arXiv:2206.09401

ThTu+ThTe+ThTh , 88% of H(TT)

- 2 jets (resolved) or 1 large-R jet (boosted) [CMS]
+ Events are then categorized by number of b-tags (1 b-tag category adds 10% to sensitivity in CMS)
* NNs to separate signal from background based on angular separation of leptons and reconstructed invariant mass
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ATLAS-arXiv:2209.10910
CMS-arXiv:2206.09401

ThTu+ThTe+ThTh , 88% of H(TT)

- 2 jets (resolved) or 1 large-R jet (boosted) [CMS]
+ Events are then categorized by number of b-tags (1 b-tag category adds 10% to sensitivity in CMS)
* NNs to separate signal from background based on angular separation of leptons and reconstructed invariant mass
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ATLAS-JHEP 05 (2021) 207
CMS-ArXiv:2205.06667

VBF production

: ] e 3
138 fo" (13 TeV) VBF production has a small cross-cross-section (1.73 fbo @ N3LO)

c W ] »two high pr forward jets provide a very specific topology |,
-~ - CMS $ Data Il cco ] - Dependencies on kay (VVHH), kv and Ky
"2 103:_ VBF cat. +HH (kyy = 0) .tf+jets .
q>) C Bkgd. unc.
LU r il
102 LP MP HP -

. New results from CMS for bbbb which targets Higgs bosons with
high Lorentz boost
- It probes large deviations of k}, and k,,, from their SM predictions,

8 2.0 : which result in a harder myn spectrum and higher momentum for
& 1.5 l # | | the b-jet from the Higgs boson decay.
£ (1)g ' ' ? | ! - Each H — bb decay is reconstructed as a large-radius jet with
= 0.0 . . . . characteristic substructure
800~79007200~760; 7600 900-1, 1200. 7605 200 200 . The observed (expected) limits constraint K,y within 0.6 < K, <

My, [GeV] 1.4 at 95% CL - strongest limit on k,y,
- X30 improvement wrt early Run 2 results

ol AR

St A% Caterina Vernieri -+ LOOPFEST - June 26, 2023 20


https://arxiv.org/abs/2001.05178
https://arxiv.org/abs/2205.06667

ATLAS-Phys. Lett. B 843 (2023) 137745
Nature 607 (2022) 60-68

Double Higgs Results

Similar sensitivity from bbbb, bbtt and bbyy to SM HH production

CMS Preliminary 138 fb™' (13 TeV)
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ATLAS-Phys. Lett. B 843 (2023) 137745
Nature 607 (2022) 60-68

Double Higgs Results

Similar sensitivity from bbbb, bbtt and bbyy to SM HH production
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Self-coupling : HH searches at the LHC

mmm ATLAS Snowmass Higgs report
— M5 CMS bbTT -

comb -

ATLAS bbTT A
bbtt -

CMS bbyy -

CMS bbbb A

&
3

bbbb -
ATLAS bbbb -

R
B
e A
ATLAS bbyy - R
R R
e

2 3 4 5 6 -5.0 =25 0.0 2.5 5.0 7.5 10.0 12.5
95% CL expected limit on oy (XSM) 95% CL expected k, limits

o_
(]
~
m_

Main channels only based on full Run 2 (126-139/fb) analyses
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Single Higgs to probe k

Single Higgs processes are sensitive to A via NLO EW ;-

dependent corrections to
cross-sections (ttH, ggF, VH, VBF )
Higgs boson decay rates

kinematics properties of the event (differential

distributions)

JHEP 12 (2016) 080,
Eur. Phys. J. C77 (2017) 887
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First double and single Higgs combination

I | | | I I I | | I I I I
ATLAS

= H K, only

- HH K only

= HH + H K, only
HH + H k; only: HH + H kj generic

Vs =13 TeV, 126—139 fb~! . . .
First constraints derived from 13 TeV

single H + double H measurements with 126-139/fb
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8+ Expected SM

© HH + H k) generic: |
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2 = —{ HH+H combination, ; floating —04<k1<63 -19<k1<76 Kk =3.013
i 1 HH+H combination, k;, kv, Kp, k¢ floating -14<k1<6.1  22<Kk1<77 k=231
0 - N
-5 0 5 10 15
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o am ATLAS-Phys. Lett. B 843 (2023) 137745
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First double and single Higgs combination
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ATLAS-Phys. Lett. B 843 (2023) 137745
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Towards an (SM)EFT analysis for the self-coupling

The EFT formalism summarizes deviations that might appear in a very wide class of models beyond the SM
The most general set of BSM perturbations will modify other interactions and not just the self-coupling

Within the EFT formalism, data from several different processes can be combined to constrain the new physics parameters
BSM contributions to HH production cross sections are at most of size E2/M2, if E~muy and M~ O(TeV):

C.
L =Ly + Zﬁ’z@ﬁ

l ’
7
’ 4 4
s 4 4
Ve 4
Ve 7
-9
N N
AN N\
\ N \
AN N \
S
S
4 7
4 /
/ Ve
7
- @
S S
N S
N N
N S
Te = 0.05,7“[{ =1

To determine the self-coupling at O(10%) we could consider : ric = 10,70 = 200
only a subset of operators contributing at LO to gg — HH ‘ ‘ ‘ T ‘

- 5 operators contribute to the process - if CP conserved 200 B S =5 0 > o520

o/osm
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ATLAS-arXiv:2301.03212

An example, HH to bbbb

1D & 2D constraints on Wilson Coefficients

Wilson Coefficient Operator
0 | | | | | | H (H'H)’
S 50 ATLAS —— Observed Limit (95% CL) — CHO (HTH)I:]({{TH)
Vs=13TeV,126f0' T Expeoted Limit (95% CL) Cin (H'H)(QHt)
40— ¢=0.0, ¢1=0.0, cyg=0.0 Expected Limit +10 — CHe HT HGﬁuGiu
ol Expected Limit 20 | e (Qo" vpA t) H Gf,,
%*  SM Prediction
20— —
Parameter Expected Constraint Observed Constraint
10~ N Lower Upper Lower Upper
ol _ cy —20 11 —22 11
CHG —0.056 0.049 —0.067 0.060
-101— ~ cyO -9.3 13.9 —8.9 14.5
ool B Crp —10.0 6.4 —10.7 6.2
(e —0.97 0.94 —1.12 1.15
_aol_| | | | | | | |
—40 30 -20  -10 0 10 20 30
CH
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LHC — High Luminosity LHC

LHC HL-LHC
RUN 3
RUN 2 acg;ﬂ:gf:r:‘fn ; HL-LHC installation RUN 4/5
SMH experiments 16M H ATLAS/CMS Upgrades 170M H
120K HH

2020 2021 2022 2023 2024 2025 2026 2027

Phase-2 HL-LHC
detector upgrades are
TODAY peing built
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradeEventDisplays

ATLAS+CMS HL-LHC 2022 study
CMS-Nature 607, 60-68 (2022)
ATL-PHYS-PUB-2022-053

Higgs physics at the HL-LHC

Extrapolations from Run 2 analyses

CMs
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- E S 20 ATLAS Preliminary
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L = ! ] - No syst. unc. -
L ] 15 Asimov data (k) = 1) -
> L - - —— bbTTT" .
% 10% i bb i i i i = 10 E_ bbbb _E
5 . s - —e— Combined ]
E § - ]
: == e - :
X E E ~ ]
3 2 3 51 —
i - e . e L T e T 495%
. I :
s RS —. 79\ W T et S aaers N — 68%
L | | | | 0 [ 111 I L1 1| I | L1 1 1 I L1 1 1 I L1 1| I L1 1| I L1 1| I L 111
& & L —e— Observed =2 -1 0 1 2 3 4 5 6 7 8
S & N .
Y\OQ A8 Y - Vol expectod From 3.35 t0 4.95 on the expected SMoun K2
«\‘\\/ [ 68% expected
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Conclusions and perspectives

Experiments at LHC are approaching SM sensitivity to non-resonant HH production

- Several final states investigated, more to exploit with more data
- new improved analysis techniques
- ML approaches being used in most final states
- More to be learned on the self-coupling from differential muH, VBF topology and single H measurements
- First H+HH and EFT combined analyses for a more general interpretation
- At HL-LHC more data will be available to test the self-coupling and probe rare (new?) processes
- Challenging experimental environment for online selections and b-tagging
- Improved tracker detectors should allow us to maintain or even yield to increased acceptance
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Conclusions and perspectives

Experiments at LHC are approaching SM sensitivity to non-resonant HH production

- Several final states investigated, more to exploit with more data
- new improved analysis techniques
- ML approaches being used in most final states
- More to be learned on the self-coupling from differential mHH, VBF topology and single H measurements
- First H+HH and EFT combined analyses for a more
- At HL-LHC more data will be available to test the scE———
- Challenging experimental environment for on SCIENCE  comems - News - careers +  Journals -
- Improved tracker detectors should allow us tc The LHG experiments may need years (o see

a signal. Later this year, the LHC will idle for
2 years for upgrades. In 2026 it will undergo
another 2-year hiatus to boost its collision
rate. The so-called High-Luminosity LHC
would then run until 2034. On paper, only the
9 full run will yield enough data to validate the
standard model prediction. However, some
physicists think they can beat that timetable
as their Higgs-spotting algorithms continue
to improve. "Even before the High-Luminosity
LHC, | think we could get close to the
standard model prediction," says Caterina
Vernieri, a CMS member at Fermilab

Two Higgs bosons may have Cf.‘(.ik}"i‘d n l) bottom
quarks in this 2016 collision in the ATLAS detector
X I

Of course, all LHC experimenters hope the
rate for double-Higgs events will exceed the
SLAZL Caterina Vernieri - IS Integration standard model prediction. It cannot be sky


https://www.sciencemag.org/news/2018/09/physicists-search-rare-higgs-boson-pairs-could-yield-new-physics
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arXiv:1910.00012

Which precision on the self-coupling is needed?

Oy

<),
o U R

Bronze 100% Silver 25-50% Gold 5-10% Platinum 1%

Sensitivity to:

models where we expect new particles of few hundred GeV mass

mixing of the Higgs boson with a heavy scalar with a mass of order 1 TeV

loop diagram effects created by any new particle with strong coupling to the H
typical quantum corrections to the Higgs self-coupling generated by loop diagrams
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Bronze 100% Silver 25-50% Gold 5-10% Platinum 1%

Sensitivity to:
m

r
|L Interplay between precisions inference and direct searches for new particles.
.
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Impact on muH

0.10
o8l - A global SMEFT interpretation could constrain the O
% coefficient at levels of order 1 with HL-LHC dataset
% 0.06k - All these effective operators induce different distortions in the
g muH distribution
3 0.04 - A shape analysis can thus help in disentangling the
2 various operators in a global fit
0.02f
0.00E
100:
& 1o
o I
Otp
300 400 500 600 700 800
My, (GeV)
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HH to bbbb

o 200 e T R R [N R T T
8 [ ATLAS
€

9 180 /5 _13Tev, 126 fb!

Large background from QCD multi-jet processes

Online b-tagging requirements to suppress multi-jet background

Dedicated b-jet momentum corrections, to improve mass resolution (10-13%) A

F S ) SN IS I R

760
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Data driven background modeling with multi-variate kinematic reweighing from control regions
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VHH production

ATLAS-ArXiv:2210.054157
CMS-HIG-22-006

CMS Preliminary
L B B B

138 fb" (13 TeV)
T 1 I 1 T 1 T I T Ll T T

t Data SMx 145
— Background (postfit) —x, =25
&x Uncertainty (postfit) — Ky =8
3 -4 -
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VHH production has a small cross-cross-section
(0.86 fb @ NNLO)
Dependencies on k2y (VVHH), kv and Kx

4 h V

,h

‘h

h

VHH production allows separation of WHH and ZHH
- Three leptonic channels (OL, 1L, 2L), one for each leptonic
decay mode of the W and Z bosons
- HH in the bbbb final state

- The observed (expected) limits constraint k,,, within -8.6 < k,, <

10 at 95% CL (ATLAS) and -12.2 < ky;, < 13.5 at 95% CL (CMS)
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Impact of the regression for b-jets

CMS Simulation Supplementary arXiv:2011.12373
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Single Higgs constraints
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First constraints derived from 13 TeV single H
measurements with 36-80/fb

K — 4.0+4'3-4.1

Ka €[-3.2,11.9] @95%CL (kr = kv =1) [-6.2,14.4] exp.

ATLAS-Phys. Lett. B 843 (2023) 137745
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Single Higgs constraints
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gg - HH In SMEFT

“HH pr(;duction ‘L 14 O¢ ]
including interference and squared terms 8 g .
L M t . . . .
dashed:” excluded by DHC results /o Oya — The LO gg — HH cross section depends rather strongly on five coefficients
\ ) ;-
\ / 4

0t L / ] - Top quark measurements would constrain the dipole operator O,
AN ; - The top Yukawa operator O, can be constrained by ttH
’ . @¢G can be determined by ggF

O'/O'SM

- Oy can be extracted as a uniform rescaling of all Higgs couplings
- O can lead to deviations of order 10 in the HH cross section

| - A global SMEFT interpretation could constrain the O coefficient at levels of order 1
N ] with HL-LHC dataset

\\ / r¢ = 0.05,rg =1

rig = 10,r¢q = 200
’l“t¢ =1 |

100 [
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99 — HH in the HEFT

- HEFT singles out the anomalous Higgs couplings as the leading effects of
new physics in the EW sector

- At LO it provides a field-theory basis for the empirical k-framework
- For gg — HH the relevant terms in the HEFT Lagrangian are

% V2 % %

h R\ mp o ag h P\ e s
Agx = — mt Cl‘_ + Ctt_ It — Chhhz_h + 8_ ngh_ + nghh_2 GMI/G )

. The SMEFT relations between ¢, and ¢, ,
here

- Cp,,, CaN be extracted only through a global analysis

+ ¢ and gy, @ppear only in processes involving HH and we cannot
use single Higgs data to fix them as in SMEFT

- ttHH production can allow a determination of ¢,, independently from
Chih

Coonn @Nd C,0p, @re not present

Si.~e Caterina Vernieri - LOOPFEST - June 26, 2023
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Hvs HH in the HEFT

If ¢y = Coonn = Coon =0, 88§ — HH depends only from ¢, and ¢y,

~ 2.5
¥ - o(pp — HH)/OSM
B —1
_ .2 of
er —_ Ct ‘le + Ct Chhh‘Q[Q, - — 6.9
1 52 HH white-paper 10
4 2 R of . of* 2 2 F
O-gg—>HH(Ct’ Chin) X (Cz | |7+ 2¢, cpypRA | A 5 T Cionn | 2| ) : P
— C — C N
2 hhh hhh 2 N
xct ||, )? +2 Rl | A% + EA 0.5/
Ct C[ : _________________ //// ’\\\\" .................
= _ 4 ) S N U B I I
It is impossible to extract ¢, constraints from HH production withou =0 -5 =10 - 05 101520
- ¢; and ¢, can be constrained also using single Higgs measurements.
- A combination of single H and HH measurements would provide a more model independent
determination of ¢,
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Perspectives for HH at HL-LHC

ArXiv:1902.00134

Estimates of the sensitivity to HH at HL-LHC are based on:

extrapolations from Run-2 analyses
dedicated studies with smeared/parametric detector response, corresponding to pile-up of 200
A combined significance to the SM HH process of 46 can be achieved with all systematic

uncertainties

Statistical-only

Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrr 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbV'V (llvv) - 0.59 - 0.56
HH — bbZ Z(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6
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