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e Motivations

e Non-resonant searches at CMS
o Keychannels: the top 3
o HHcombinations
o More challenging decay modes

Run 3 improvements

e Conclusions ,
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Probing the Higgs potential oy

Higgs boson discovery revealed only a part of
the Higgs potential
o important property of the Higgs boson still
weakly constrained by LHC data is the
Higgs self-coupling (A)
m crucial component of our
understanding!

V(9) = —u2(¢'9) + Mo'9)?

J EWSB
HH production
> direct probe of Higgs ;elf—interaction Vi = M2H? + WH® + AH* — %mg{m n AHHH|qu3 ¥ ApngnH
> the Higgs potential
Any deviations from the SM predictions would h
indicate the presence of new physics n _
o the modifier of A ., wrt the SM prediction - B
. 2 y - o
isdenoted ask, = /A, = INFN?EE
BICOCC)
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Hunting for HH at LHC

g - h
At LHC, HH production through: ¢
o gluon fusion (ggF) : ~ 88% at 13 TeV 8 TRy h
o Vector Boson Fusion (VBF) : ~ 7% at 13 TeV 0
o smaller contributions from VHH and ttHH 8 :E> hon e
t el
Searches are both focused on: 8 “h

o resonant: new resonances decaying into HH
m several models: search for a bump in the m,, distributions
> more in Rainer Mankel’s talk

o non-resonant: upper limits on the SM HH production XS & explore possible BSM processes
(could modify XS or kinematics properties)
m EFTapproach » deviations from SM are defined by coupling modifiers (e.g. k,) ZpEuSTLD
> addressing these searches in this talk ;
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https://indico.cern.ch/event/1307446/contributions/6055794/
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Non-resonant searches at CMS: main players

Higgs boson decay branching ratios: large variety
of final states

states: good
ratios and

is driven by 3 final
branching

Sensitivity
compromise between
selection purity

o bbbb
m ggF and VBF production
e resolved topologies [Phys. Rev. Lett.

129, 081802]
e Dboosted topologies [Phys. Rev. Lett.

131, 041803]
m  VV production [arXivi2404.08462]

o bbyy [JHEPQ3 (2021) 257]

o  bbr [Phys. Lett. B 842 (2023) 137531]

Di-Higgs

> W = = Yy
bb
Ww 4.6%
TT 7.3% 27% | 0.39%
zZ 3.1% 11% | 0.33% | 0.069%
YY 0.26% 0.10%
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://arxiv.org/abs/2404.08462
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://www.sciencedirect.com/journal/physics-letters-b/vol/842/suppl/C

Non-resonant searches at CMS: rarer decays

e Recently, searches have also directed towards rarer

decays:
bb Ww 1T 7 YY
o WWWW, WWir, 1111 (multilepton) [JHEP 07
(2023) 095]
o bbzz (40 [JHEP 06 (2023) 130] 4.6%
) TT 7.3% 2.7% 0.39%

o bbWW [arXiv:2403.09430]

7z 3.1% 1.1% 0.33% | 0.069%
o [CMS-HIG-PAS-21-014] ‘

Yy 0.26% 0.10%

o TTYY [CMS-PAS-HIG-22-012]
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https://link.springer.com/article/10.1007/JHEP07(2023)095
https://link.springer.com/article/10.1007/JHEP07(2023)095
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://arxiv.org/abs/2403.09430
https://cds.cern.ch/record/2840773
https://cds.cern.ch/record/2893031

HH -»> bbbb (resolved)

<

Large branching ratio

Multi-jet background

Phys. Rev. Lett. 129, 081802

CMS

138 fb™' (13 TeV)

Branching ratio: 33%
Background: multi-jet QCD and tt processes
data-driven estimate

95% CL upper limits
—— Observed

------ Median expected
I 68% expected

95% expected
—— Theoretical prediction

Al cateé;ories ]
HH — bbbb ]

Strategy insights:

Deeplet b-tag

Non-trivial jet pairing

Simultaneous fit of BDT for ggk and of m_,,
for VBF

ggF+VBF (pp_)H H) [fb]

(&)
—
o
o
o

Upper limits @ 95%
observed:
expected: -5

-235< K,
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802

J. High Energ. Phys. 2021, 257

HH -» bbyy

"4 Clean signature and precise resolution of m,,

X Small BR
CMS 137 fb™ (13 TeV)
. ) :_.5 4: 95% CL upper limits HH bb .
e Branching ratio: 0.26% = 5 | — Observed — YYbb 3
) . . . g 99F ... Median expected .
e Background: y(y) + jets and single Higgs S [ mmm 68% CL expected ]
o data-driven estimate T °F 35% oL expected f
— — Theoretical prediction .
T 23 =
e Strategy insights: En’I 5 E
o Deeplet b-tag + kinematical signal region & [ =
o DNN to reduce ttH 15
o 2 BDT to separate signal from background 1
0.5
P [T B P L L A R
e Upperlimits @ 95% % 4 2 0 2 4 8 8 10 12
o Observed: -33 < k, <85 K
o expected: -25 < k, <82 INFNB
BIC/0CC
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https://link.springer.com/article/10.1007/JHEP03(2021)257#citeas

HH - bbrr

Cood compromise between BR and clean
signature

X EW and top background

e Branching ratio: 7.3%
e Background: DY, tt and QCD multi-jet
o QCD estimated from data
e Strategy insights:
o Deeplet b-tag and DeepTlau
o elliptical cuton m__and m_ to reduce bkg
o DNN-based discriminant for signal
extraction
e Upperlimits @ 95%
o Observed: -17 < k, <87
o expected: -29 < k, <98
9 Simona Palluotto | Di-Higgs

95% CL limit on o(pp — HH) x B(bbtr) (fb)

Phys. Lett. B 842137531

CMS bbtr, 138 fb”! (13 TeV)
— T ——— T T T
N K = Ky = Ky =1 —— Observed ~ ==--- Median expected

eory prediction o expecte
Th dicti 68% ted

_
o
w
T

----- 95% expected

10?

—
o

LYY
< DEGLI STUD
=

—

P

M

P
[UNIVERSITA
- AT

E
2
2

@' —
[)
(]
(]
—


https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub

Run 2 HH combination

10

Combined full Run2 measurement: 2.5 x O'HHSM

O

Improvements principally thanks to:

O

(@]

based on the early Run2 results, we would
have anticipated ~ 65 x o > due to
luminosity scaling

New ML technigues for

m jettag
m 71D

m signal extraction

Improved triggers (both L1 and HLT)

Simona Palluotto

Di-Higgs

bb 77
Expected: 40
Observed: 32

Multilepton
Expected: 19
Observed: 21

bb vy
Expected: 5.5
Observed: 8.4

bb 1t
Expected: 5.2
Observed: 3.3

bb bb
Expected: 4.0
Observed: 6.4

Combined
Expected: 2.5
Observed: 3.4

Nature 607 (2022) 60

cMs 138 fb~1 (13 TeV)
] : ———y ——
=K =1 —e— Observed ~ ----- Median expected
oy = tegy = 1 9= 68% expected
----- 95% expected
TU
11 1 1 11 1 I 11 1 I
1 10 100
95% CL limit on o(pp — HH)/og,6,, c
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https://www.nature.com/articles/s41586-022-04892-x

Run 2 HH+H combination

n

H measurements are sensitive to k
corrections
o affect XS and decay widths, with significant impact on
processes like ttH and VH

. through NLO EW

Combination of H measurements and HH searches
simultaneously constrain the Higgs self-coupling

Challenge: managing overlaps between signal regions in
different analyses to avoid double-counting and reduce
uncertainties, ensuring precise and accurate constraints

Constraints on k,
o HH channelis close to 1 (-1.7 <k, < 7.0), aligning with SM
expectation of -2.3to 8
o Hchannelisslightly above 1 (-12 <k, <7.5), with expected
x, being from -4.5to 1.
o Combining Hand HH: -12 to 75 (observed) and -2.0 to 7.7
(expected)

Simona Palluotto | Di-Higgs

-2 Alog(L)

CMS-PAS-HIG-23-006

CMS Preliminary
= ey

| 138 fb:‘ (153TIeV)

new since LHCP24!

T T

[ Observed — single-H comb., 5.8:f"'25
[ K=Ky =Ky =1 A

— HH comb., 1.0%7

/]

~— single-H and HH comb., 3.1:‘:]” i

/ 95% CL (20)]
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https://cds.cern.ch/record/2882424

HH - T1TYVY

e Never studied before!

Yy has a good mass resolution and 171 features a quite clean
signature

X small BR (0.027%)

e Background: modeled through analytic functions by
fitting m,, spectrum

e Strategy insights:
o cutonm,
o events Categor|zed according to a discriminant
designed to separate signal from background
o double Crystal Ball fitted on simulation for signal

e Upperlimits @ 95%

o Observed: -13< k, <18
o expected: -1 < x, <16
12 Simona Palluotto | Di-Higgs

CMS-PAS-HIG-22-012

new since LHCP24!

138 fo-" (13TeV)

95% CL upper I|m|ts .
— Observed ]
--- Median expected |
I 68% expected

95% expected ]

10°- CMS

s o = Theory prediction
- Preliminary e

* SM prediction

0(pp — HH) [fb]

10 .
-15
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https://cds.cern.ch/record/2893031

HH - bbVV

e Never studied before!
high branching ratio, sensitive to x, , deviations
¥ hadronic final state » high QCD background

e Branching ratio: 13%

e Background: data driven background: parametric transfer
factor fromm QCD

e Strategy insights:
o first use of Particle Transformer!
o multi-variate event classification to improve sensitivity
o fittom,, distribution

e Upper limits @ 95%:
o Observed: -004< k, <205
o expected: 005 < k,, <198
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CMS-PAS-HIG-23-012

95% CL limit on o(pp — HH) x B(bb WW) (fb)
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new since ICHEP24!

CMS Preliminary 138 fb™' (13 TeV)
T T T T T e e
E K=K =xy=1 —— Observed ===~ Median expected 73
= Theory prediction =5 68% expected
¥ SMpredicton ~ ====: 95% expected
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https://cds.cern.ch/record/2904879?ln=en

CERN-CMS-DP-2023-050

: s =13, 13.6 TeV
Run 3 Improvements 5 o
(IC.) 1.4 | Smuiaton Preiminary o 3 2825 1 igger et Ab) s 2%
s L HH — 4bwithk, = 1 Run 32022 HH trigger ¢(HH—» 4b) = 68%
E 1.2 :_ —— RUN 2 £(HH- 4b) = 52%
. & 1F M
New trigger deployed at the HLT targeting HH and HHH o osf — —_
production " oosf e
04f
o exploiting recent improvements with ParticleNet tagger 0L e et ST ity
O :,L.I“.,l..Hl“..l.lul.“.l....I...Ll....l,..
o data parking strategy for HH 200 300 400 S0 600 700 B e (1(2(;0\/)
HH
o subsequent investigations demonstrated effectiveness a MEE— S
h 1 B " " . e HH O 7, ET*"triggers: £(HH— 2b21) = 58%
of this new trigger for HH -» 4b and HH » bbTr g Ladf- S e mome sy
o - HH- 2b2t,  withk, =1 o iggera: c{HH» 2021) = 4%
= 12 S
LLI — Ey -trigger: c(HH— 2b27) = 3%
o 1F
Improved 1, _ triggers, Deeplau based § 08l —_—
- r e— Temm— TR
06 —
Particularly anticipating improvements in HH searches where gk e
one Higgs boson decays to bb or 11 I == e . v P
——
o : S T LY L))
200 400 600 800 1000 :
mie® (Ge\ﬂi
0CCH
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https://cds.cern.ch/record/2868787/files/DP2023_050.pdf?version=1

Conclusions

e Measuring the Higgs boson self coupling is fundamental to probe the Higgs potential and
test our Standard Model predictions

e [Full Run-2results have been highly promising, surpassing even our expectations thanks to
new and improved analysis techniques

e \We are getting closer to reaching sensitivity levels aligned with the SM value
o we also explored new channels, with combined potential and strong «,,, constraints
o Run2 delivered great results, including new H+HH combination

e With more data available in Run-3 combined with more and more precise techniques,
there are ample opportunities for advancements in analysis strategies

e In conclusion, the future looks bright as we move forward with our research, building on
the successes of Run-2 and facing the challenges and opportunities presented by Run-3
and beyond ,

o aiming for 50 observation at HL-LHC!
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Backup

Di-Higgs
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HH » bbbb (resolved) - strategy

e Iriggersonjet p. and H,

e Background estimation:

o

SR (4b) QCD estimation using SR (3b) data

o Scaling the number of events using the TF
in the CR
o TF dependence in the mass plane
parameterised by m,
o BDT-reweighting used to model
differences between 3b and 4b regions,
m trained on CR, applied on SR
m Foreach GGF and VBF categories
o Validation:
Depleted signal region V
Same method applied
m Found good agreement between
estimate and V_,*"
17 Simona Palluotto | Di-Higgs

Phys. Rev. Lett. 129, 081802

_— CMS Preliminary 36 fb' (13 TeV)
% - [ 2016 Data m
" | Region 3b, All Categori
(.2. 300 N egion ategories = ” 6000
g g
€ 250F 5000
200 4000
150 — 3000
100 —2000
50 1000
0:-....1...,1..“1....1....1..“1,.., -0
0 50 100 150 200 250 300 350

my; [GeV]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802

Phys. Rev. Lett. 131, 041803

HH -»> bbbb (boosted)

Large branching ratio

138 fb" (13 TeV)
T T T I T T | T I T :

—
S

=i E I FL RS B L LR L LR O
o g CMS Prelimiinan —— Observed B Expected = 10
X Multi-jet background ) K= o = 1 S5 Theory prediction -2+ Expected = 20
1Q
0
e Branching ratio: 33% 2 0 ps
e Background: multi-jet QCD and tt processes E
o data-driven estimate !
g
e Strategy insights: g 102}
o first analysis using ParticleNet for b-tagging = !
o BDT to separate signal from background %
&)
X 10}
e Upper limits @ 95% @ |

o oObserved: -99< x, <169
o expected: -51< k, <122
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803

Phys. Rev. Lett. 131, 041803

HH -» bbbb (boosted) - strategy

Event selection Background estimation
Triggers Preselection gl Gt QCD multijet
o Several single-jet + H. ° abiBL e U RE Alphabet
. . pT, A® & An requirements
triggers: LIESCEIN .09 50<m., <20 Gov | | Sdeband A
°  Reauirements In ¥ e | | e el D = Cx T
jet p;, trimmed mass =500 G b TF computed
. T Nij > from A and B
& double b-tagging g:;;gb; ——
o Fully efficient for jet i Dy categories
classification GEFcalegaries
pT>SOO GeV » Parametric alphabet method

* Regions defined by BDT score and j2 Dbb score
* TF parameterized as j2 mreg

GGF | GGF | GGF
Catl|Cat2 | Cat3

. . BDT + j2 Dbb based High, medium, low purity .
ParticleNet AK8 jet-tagger categories categories K tt + minor backgrounds : MC J
o j2 reg variable in fit mHH variable in fit + corrections

discriminant score Dop

from ICHEP 2022 presentation S
INFN:‘E-~
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https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=2944&pid=24785
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803

HH - bbyy - strategy

Di-photons triggers + photon requirements
o excellent resolution (~1.4-2 GeV)

e Db-jets: selected the first two with the highest score from
Deeplet

e Background from:
o real photons are mitigated through kinematic
requirements
o fake photons by requiring photon ID
o top backgrounds are reduced with jet/lepton veto +
kinematic
o ttH rejection through a dedicated DNN (ttHScore)

e BDT for event categorization

e 2D maximum likelihood fit on (m,, m, )

20 Simona Palluotto Di-Higgs

from ICHEP 2022 presentation

J. High Energ. Phys. 2021, 257

Backgrounds
Real photons :
yy+jets, VH, ggH, qqH
v v

Jet/lepton veto
Kinematic,etc

Kinematic
requirements

---------- ¥ Rejection DNN

. .

Classification BDT

HHmass o |
estimation S

VBF selection
Multiclass
BDT

Categories

GGF
VBF

Low mygg — k)
High MHH — Koy
xx/xjﬂ'ets |

Z

dinen

0CCH


https://link.springer.com/article/10.1007/JHEP03(2021)257#citeas
https://cms-mgt-conferences.web.cern.ch/conferences/pres_display.aspx?cid=2944&pid=24785

[ J
taus

e 3 channels considered:r

e 2 jets with p; > 20 GeV and [p[<25 +
b-tagging using HH-btag

e FElliptical cut on m__and m_ to reduce
background

e Background estimation:

21

HH - bb1r - strategy

o tt, DY+jet

method

o Other processes from simulation

Simona Palluotto

Triggers based on leptons and hadronic

from
(+normalization from CR)
o Multijet QCD from data using ABCD

Di-Higgs

had¥had, Thad® Thadt

simulations

Phys. Lett. B 842137531

oS SS
signal SS
iso region =
A B
anti | OS SS A =* B/D
iso | noiso no iso A=B*C/D
C D | I

Gluon fusion HH signal Sum of backgrounds

L R LR Ry LR LR LA LA AR LA



https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub

HH - bbZZ

Only result in this channel in LHC
X Small BR

e Branching ratio: 3.1%
e Background: ZZ and single Higgs

e Strategy insights:
o Deeplet b-tag
o BDT used for signal extraction

e Upperlimits @ 95%

o Observed: -88< k, <134
o expected: -98 < k, <15

22 Simona Palluotto | Di-Higgs
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102

95% CL upper limit on o(pp—HH) (fb

10’

104

108)

J. High Energ. Phys. 2023, 130

138 b~ (13 TeV)
Thleoretical predictlion 1
Theoretical uncentarties |
Observed 95% CL limit
Expected 95% CL limit
Expected +1 s.d.
Expected +2 s.d.
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https://link.springer.com/article/10.1007/JHEP06(2023)130#citeas

J. High Energ. Phys. 2023, 130

HH -» bbZZ - strategy

e FEventswith 4 identified leptons (e, u) + jet

selection
o b-jetsselected as those with the 138 o (13 TeV)
) e
highest score =107
5 oy —>Z2Z -4
510° CMS Cqq—>2Z > 4
(0]
. ) £10° [ sSMH
e 3categories: 4e, 4u, 2€2u L B 1V, where V = Z, W
10 [ VV, VWV, where V = Z, W
. . 3
e Cuton 4leptons invariant mass (115, 135) GeV 10 i
10? - == HH —> bb4/ signal

e Background
o Reducible b. (fake leptons) reduced with
a data driven approach (fake factors in
control regions)

-08 -06 -04 -02 0 02 04 06 08 1

o Irreducible b. modeled from MC BDT score
ﬁDEGLISTUI;
e BDT for signal extraction |NFNJB
0cC!
23 Simona Palluotto | Di-Higgs ?f"


https://link.springer.com/article/10.1007/JHEP06(2023)130#citeas

J. High Energ. Phys. 2023, 95

HH » multilepton

Small background CMS _ HH - Mulilepton _ 1381b” (13 TeV)

3.5
- 68% expected = Observed
¥ Small BR 3L ]
i 95% expected @ === Median expected ]
2.5F = Theoretical prediction .
e Branching ratio: (4W)=4.6% (WW7r1)=2.7% (47)=0.4% .

e Background: QCD, V, VV, tt processes

e Strategy insights:
o 7 categories of I-multiplicity
o BDT used for signal extraction

95% CL upper limit on o(pp — HH) [pb]
no

e Upperlimits @ 95% SRS P SN :
-10 -5 0 5 10 15

o Observed: -69< K, < 11 o)
@) expectedi —6.9< K)\ < -|-|7 VI)FCIISTUI)

_
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https://link.springer.com/article/10.1007/JHEP07(2023)095#citeas

