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Observation of a resonance as a narrow peak in the cross section has always
been a step forward in particle physics

. UA1 + UA2
Bound states of elementary particles: | O te'er
(770), Jiy(c?) b
- e.2. mesons: cC " 80
g P y JIPLCC), | [ 242 Events+ || b
= L : l
- e.g. barions: A(1232), i.e. 3 u/d-type quarks E A | sPECTROMETER
® 2 - % . i ~ B2 At normal current
N A . [
Elementary particles: Bm o e wow o R
Invariant mass of |I*1” pairs -
- W, Z, H bosons > 50}
=
a
102: | | | I I | I I I | I I | I I | I I | | | | | | | = 5 40 3 J
—~ F vacuum 1 & I
s P U, d, S y >
E W 3-loop pQCD ! SOF
= Nai k model B
£ 10 3 o ¥ I aive quark mode E
2 . 20 F
f ‘ - - : — X . ' ; 1 =
2y : 10
fz | s . . ] P
3 ' ¢ Sumof exclusive .. Inclusive S 6
o _1_ |l'| measurements /=N [GeV] measurements - 2.5 2.75 3.0 3.25 3.5
10 L 0|5 L1 11 |1 I I B 1|5 I I |2 I T 2|5 I I 3 me*e‘[GOV]

E. Di Marco 15/01/2024 2



CMS

/e #% bodon mkwaw%

INFN

LHC pp collisions can produce new particles, and search for them as a
resonance in the mass of the decay products is a robust signature (bump

hunt

) o

 Higgs discovery: Numberof | "t .e .
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- H — yy (di-photon resonance), .
- H - Z7Z — 4¢ (4-lepton resonance) S
.. 7
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LHC collisions recorded by CMS:

Run-1, 7 TeV: 6 fb-
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A collider to produce new resonances: LHC
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Mean number of interactions per crossing

Pileup:
up to 80 interactions
[ LHC bunch crossing
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Schematics of particle interactions with CMS material
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CMS

Redonarnce dearch in a nulstell ¢ InFN

1.Select a clean sample of candidates X into n stable particles:

X = fi,-..f, (f; = photon, lepton, b-jets, ... ) => Particle identification

2. Compute the invariant mass of the final state (if n = 2: My = 4/2E|Ex(1 — cos 0) )

- => better energy resolution means narrower peak => higher S/ B

- => precise vertexing defines the particle direction

3. Extract the signal yield on top of background in a robust way

1]

Tracker

Calorimeter

. &
Electromagnetic

Hadren

Calorimeter Superconducting

1) identify final state particles

Solenoid

Hypothetical X — yy signal
on top of background

poor detector resolution

/

good detector resolution

pp — yy background

2) calibrate the detector to
improve the resolution

Weighted events / GeV

Data - Bkg

w » (o)) [e2]
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N
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|
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H — Zy bump,
ATLAS+CMS

:l I L I L I L I 1T
- ATLAS and CMS Preliminary
- LHC Run2

¢ Data
—— Signal + background
--- Background

3) fit for a narrow peak on a
smooth background
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e After discovery, more modes have been used to measure Higgs couplings
to ordinary particles, with more data (LHC Run-2)
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bottom-quarks: H — bb

overwhelming QCD di-jet background
-> need rare productions (WH,ZH) to suppress it
-> need advanced b-tagging

2nd generation fermions: H — uu

overwhelming DrellYan background
-> need optimised event selection
-> need to use ALL production modes
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CMS CMS Experiment at the LHC, CERN
Data recorded: 2018-Jul-14 22:42:55.530432 GMT
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* From single-Higgs to di-Higgs production: the long way for the Higgs self-
coupling

- fundamental test of the SM: defines the Higgs potential

largest production mode in SM (gluon fusion) is rare:

V(D) = 20?4+ 1D o(ggHH) = 31 fb = 1/1500 X o(ggH)
g H g H g A, H
z@/ = j>Hd N+ A ]
\\\ At \\\
------------- \ g H . "y g 10005 }\t‘ R

self-coupling /1 Higgs-top coupling 4,

A defines the shape of the potential, once the H mass is determined
Direct non-resonant HH is still experimentally non-observed:

1) need alarge dataset (i.e. HL-LHC)

2) and/or use all possible combination of di-H decay modes

E. Di Marco 15/01/2024 10
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HH can appear, beyond the Standard Model, as decay of unknown
massive particles, produced at LHC: “resonant” X->HH production

1) X—HH (H = H125)
e Appears in all extended Higgs sectors if mX > 250 GeV:
2HDM (including MSSM), real singlet

-> suppressed in alignment limit
e Also generic resonances, e.g. in warped-extra-
dimension models

2) X2 YH and 3) XYY
e Larger extended Higgs sectors: E.g. two additional
singlets (TRSM), 2-Higgs-doublet + singlet (2HDM+S
including NMSSM)

-> not suppressed in alignment limit, hence often
discovery channel if kinematically allowed

{ EX Y

L XY
L R Y

E. Di Marco
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ai-Higgd channels (NN

e Combine a high BR channel (H — bb) with a high resolution channel
(e.g. H — yy)

Branching? ratio

—

if Y!=H125, BRs can be different,
but typically assumed similar
(model dependency!)
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* Three major final states:
bbyy, bbtt, bbbb (from low to high mass)

= : H — yy high purity and resolution + H — bb high
BR, use b-tagging for QCD di-jet background rejection

e ->yields BR=0.23% for X - HH search

- bbtt: multiple decay modes of the 7 leptons (full
hadronic, semi-leptonic, fully leptonic)

e -> sensitive in the same mass range of bbyy My
- bbWW: helps in intermediate mass range
- bbbb: full-hadronic complicate final state at LHC

* Exploit b-tagging at maximum

 Increased reach in bbbb merged-jet analysis from using
ParticleNet tagger

E. Di Marco 15/01/2024 14
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e Hadrons containing b-quarks and c-quarks have a measurable lifetime

- b-hadrons: ct ~ 450 — 500 ym

- c-hadrons: ¢t ~ 120 — 300 yum

CMS-DP-2016-032

- ->use information about displaced vertex of decay tracks in sophisticated neural net
(NN) to tag a jet as a light-flavor [ b-tagged [ c-tagged
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19 reconstructed vertices
2 b-tagged jets, 1-c-tagged jet

For c-tag efficiency~50%:
mistag rate vs b ~10%, vs light quark~1%
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s 4 Xo>HH->4b boodled INFN

o Forvery high Xmass (My > M), b-jets are Lorentz- | et b
boosted -> 2 b-jets merge in one large jet . % B
- Increased reach in bbbb analysis using ParticleNet tagger  ----- <_
Yy ™
e.g. at ~60% efficiency, 1/2 mis-tag of ]e? b
previous tagger (DeepAKS) b
(13 TeV) i 138 fb~'(13TeV)
%) 1CI\|IIS """"""""" S ';%méMSlllMXﬂlGOOGe\l/
S i ] 3 104 + Data — My=150 GeV
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https://arxiv.org/abs/1902.08570

CMS Experiment at the LHC, CERN
Data recorded: 2016-Aug-13 15:04:59.113664 GMT
Run / Event / LS: 278802 / 7164845 / 11
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cms Xe>tHH->b6WW redobred INFN

In addition to the three most important final states bbyy, bbtt, bbbb,
also results in bbWW and multilepton final states help

3 CMS Preliminary 138 fb~1 (13 TeV)
10
HH

105| ¢ Data —— Radion 400 GeV DY +Multi-boson Misid. lep.
Total Unc. W Top Other

® Di-lepton and single-lepton jot]  res.=1b res. = 2b boost.
channels .
e Fit DNN scores (times X . I"llli.

i

bbWW resolved:

Entries

mass estimator in o
di-lepton channel) in three
signal regions (1b,

2b, boosted) and two control

100

1071

S 1.25Ff

e {7 is main background 8 075¢ |
0 10 20 30 10 20 30 5 10 15

DNN score x HME bin / a.u.
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= X - HH AMW INFN

0 CMS Preliminary  August 2023 138 b (13 TeV)
.ﬁ.— — HH — 4W/41/2W21 — = 2| JHEP 07 (2023) 095 _
f | HH — bb,WW —=>1| (resolved) HIG-21-005 |
T . — HH — bb,WW — > 1l (mergeajey  JHEP 05 (2022) 005 |
T 1 k\ — HH — bb, Tt HIG-20-014
P4 FI\:Y HH — bb,yy HIG-21-011 ]
- bbyy 2310.01643 (subm. to JHEP) 1 - ‘\\/\'\/ — HH — bb,bb (merged-et PLB 842 (2023) 137392
° -1 N WO —
bbtt JHEP 11 .(2021) 057 Q 107"¢ \'\ Spin0 E
- bbbb (merged-jet) Phys. Lett. B 842 — A N Narrow Width Approximation ]
(2023) 137392 > >
« 4W/41t/2W21 JHEP 07 (2023) 095 o 102k \ |
* bbWW (merged-jet) JHEP 05 (2022) €
005 = I W\
« bbWW HIG-21-005 (March 2023) S I S e -
% 1 O_ = N\ e, —
Cl) E goF production e
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CMS B2G Summary Plots
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
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> | X->VH overwiew INFN

my 4 2D phase-spadce optimisation
§ s00F . 1oW ClowY —— midX_JowY gremeermeeeeeag] Y
i - ' .1 ®90
b >- 700:_. .......................................................................................... : ............................................. ' .o
E TF X midV-= highX_highy ™ |+ 100
g 600 :._.: ...... Pecscsceccscacsscdfeosoncencanasense ’E ® 150
X .y = Formmommmmmees ® 200
«  HY. b H e e
SEECCEEEEEEEPEEES = 300
.~ QOO oo & 555 eRs s Wi Bissseslinsn Wessnsnssassssdll) R R— ® -+
v - * 400
H * 300 :_ ............. ...... N £ R et b R s i e ) 500
g o 5 * 600
y 200 _E_T AAAAAAAAAAAAAAAAAAAA . AAAAAAAAAAAA . AAAAAAAAAAAAAAAA . AAAAAAAAAAAAAAA xE, £ i . . 700
00 e s s | 80D
=L PP [ enan] i Jsepgn fun pelwyge |fgl™0es
300 400 500 600 700 800 900 1000
m, (Spin-0) [GeV]

Compared to X— HH: >

m
X
* bbyy, bbtt, bbbb generally still most important
e However, Y branching fractions can be very non-SM-H-like, so other final
states can be most sensitive depending on Y mass and the model!

* Asymmetry: often only one H decay probed (e.g. H—=Yyy for bbyy result)
e Two masses to scan: Large phase space to probe, larger look-elsewhere
effect

Use bbyy in the following as an example
E. Di Marco 15/01/2024 21




| Lead Tungstate (PbWO,) homogeneous calorimeter

e 75848 crystals read via APD (barrel) or VPT (endcaps)
e depth: 25 X, width: 1.3 Ry;otiere
e excellent radiation hardness

CERN/LHCC 97-33CMS TDR 4

E. Di Marco 15/01/2024 22



2 A photon (0 electron) in FCAL (INFN

incompatible with refined supercluster A

unclustgred energy E

shared energy among 2 clusters
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no interaction
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interaction

N \
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%, silicon layers
\
GsfTrack

electron with bremsstrahlung
in the tracker before ECAL

Recover of a very soft bremsstrahlung
photon into the refined supercluster

Dynamic “super”-clustering is the key in electron [ photon reconstruction:
recover deposits from electron brems or photon conversions
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CMS

ECAL nedotlulion

INFN

Huge work to calibrate the detector:

e aligns the energy scale in data with simulation

e improves the resolution -> increases the analysis sensitivity

%108 41507 (13 TeV) 2017
> 1 4 __I | | T T 1 | T T 1 | T T 1 I 1T 1T I T T 71 l__
[0) :

O] "~ CMS - Before energy corrections
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o 1 .
c i A 7
S ’ ]
0.6/ . .
0.4 L ve v .
02:_ ++* . ’ ‘:' —:
OW'F I B ’ﬁm

60 70 80 90 100 110 120
EGM-17-001 Mee [GEV]

Energy corrections:
cluster containment and residual
data/MC scale corrections

ee
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4
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m|
Excellent Run-2 resolution:
between 1% - 3.4%
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2 Hanalles to kitl backgrounds (N

Backgrounds: resonant (~ttH(yy) ) and non resonant (yy+jets, y+jets)

e« NN-based ttH killer rejects resonant background (peaking m,,,)
* Handles to reject non-resonant background:
1. Kinematics, e.g. three helicity angles
2. Particle identification (jets -> photons; light jets -> b-jets...)
3. Energy resolution variables
CMS 138 tb' (13 TeV
§I L | L | rT1r17 1717171717 1T 1T T 1T TTTT T T T T T TTTTTT I | T T | T IE
» 0.25 x ; ——Data ggF H —i
= lowX = 5
s |- : VH VBF H -
@ 02| midX |C080 CS _ . .
® ~ highX HY - — tiH bbH .
g P Crravers = . —my = 600 GeV, m, =90 GeV (x 10°):
= Diyhlets _ +’ -
ot - ._Data: non-resonant bkg :
06102 03 04 05 06 07 08 09 1 i#
lcos(65)! WL
e.g.: X helicity angle 1070 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

BDT Output
E. Di Marco 15/01/2024 25




s Bump seanch: My usage (iR

o Bump search: select on 4-body mass: M, = —m,, + my + my)

( JJ vy J]

- Better resolution (30-90)% wrt using m;;,, alone (cancels correlated fluctuations)

__CMS Simulation 138 fb’ (13 TeV)
N My=400 GeV Sio0oE T T T g
A ) - M, selection

= 900F o upper boundary

MX_600 GeV

800§ o lower boundary

\ My=800 GeV 7005— =

\><’\ 6001
| - | 500F

>
«—» ~ 400

My

300F

| | | - | | - | | - | | - | | - | | - | | - | | 1
300 400 500 600 700 800 900 1000
m, [GeV]

Width increasing with My

Window keeping
~60% of events

Fitm,, - mj; as a 2D peak

over smooth background
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CMS

How lo nobustly (it a bump

INFN

The background composition can be unknown, no need to model it with simulation

e Only assumption: smooth bkg shape vs peaking signal

-> Fit on data with empiric smooth functions f(x)

-> Best y? choose the nominal f(x),

-> alternatives used as an uncertainty (discrete profiling method)

(Example data fit:

(Example signal) (Example background) inclusive Run2 H — yy)
CMS Simulation 13 TeV _ CMS Preliminary 13 TeV _gCMsS 18717 (13TeV)
%) 90 :_l LI | L | L | |||||||| | L | T 171 |_: E/ 300 ;l. i : vﬁ;_)df;Is?;aTev:bernz 8 E H - YY ’ mH - 1 25.38 Gev AII Categorles —
8 805 H— vy 0J high pYTY Tag0 7 g - Alternative e vorey o E) 50~ i/(SS;;weighted -
8- E— |_JI] Simulation —E L E : env_pdf_15_13TeV_bern5 (Best Fit Pdf) a:) o S+B flt E
% 70;— . Slgnal —; 200; f(X) — % 40: ----- B component .
Lﬁ 60:— - ri?)?é?emc f(x) _: 150 :— % 30; % i;(:j *:
g 2016: 0, = 1.64 GeV § 100 - 2 sof ) 7
S0E 2017: g, = 1.60 GeV 3 - @ - ]
20180 < 167 Ge . 50 0 -
a0 2018: o, =1.67 GeV = + : 2 — = 10 :
30:_ o, =164 GeV = 41002' N '110 120 130 140 150 160 170 180 0 ‘ ‘ ‘ ‘ ‘ ‘ .
20 3 E ) + ﬁJ B %#jﬁﬁ #ﬁﬁ iﬁw
10:_ vi _: WE + % I T%Tf ; %
- — — --!" PN - . o :— L L
P05 0 5 120 125 130 13b 140 500} e
(GeV) 100 110 120 130 140 150 160 170 180
m,, (GeV) M m,, (GeV)
Prob(Signal) Prob(Background) P(S+B)
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https://arxiv.org/abs/1408.6865

q C NS

X — YH — bbyy redulls (nFx

Events /(1 GeV)

From parametric fitinm,,

[

CMS 138 o (13 TeV)
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= | | | | -

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1
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Largest excess at mx = 650 GeV, my = 90 GeV
with 3.8 o local/2.8 ¢ global significance
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Limits below theoretical cross section

NMSSM
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https://www.lupm.in2p3.fr/users/nmssm/history.html

CMS

X — YH w other channels

INFN

o Comparing excess at (125, 90) with 650 GeV heavy resonance mass

A

m, = 300 GeV fm, =350 GeV ;mx_4oo GeV

z S -------- § ? ;
| 0 =% T 00 120 740 - 100 -~ 180 — 200 250

[m=de0Gey  fm=sbGev  fm-woee

o (pp — X) B (X —= HY — yybb) [fb]

138 fb' (13 TeV)

10‘15—

102 &

Caveat: cherry picking!

*H—77 90-100 GeV excess: 3.10
local, 2.70 global

*H—=>WW 650 GeV excess: 3.80
local, 2.60 global

*H—YyY 95 GeV excess: 2.9¢ local,
1021 700 150 200 250 300 350 400 100 150 200 250 300 350 400 100 200 ~ 300 - 400 500 1.30‘ glObaI
Ime=750Gev Imy=800Gev = _:'rﬁx'_ésb'Ge'V """
o) R — | e | D | JHEP 07 (2023) 073 CMS-PAS-HIG-20-002
L T T B A T B R B R R R T R R R o o CMS Prefiminary 1322 fo! (13 TeV)
""""""""" T e e o e I B T e e S I e e 1CMSSupp/ementary 138 fb™! (13 TeV) g S N L N
1My = 900 GeV Jimx =950 GeV J my = 1000 GeV 18 Wilowmess |Wovmas T ] @
10_Ev " v -—v- %:- ; %10_1
2? IIIIIII gg 1 1 1 1 1 1 1 §§ IIIIIIII ? g §
10700 200 300 400 500 600 700 100 200 300 400 500 600 700 '100'200'300'400'500'600'700'8&_I ] 1072
120
_ mY [GeV] 10-3;
(Sp|n'0) X — HY — YYbb l © —— Observed 13 TeV (2016)
. . . . 30 i _ served 13 TeV (2017 |
BN Expected limit =10 Expected limit 2 o [ E
----- EXpeCted 950/0 upper Ilmlt - Observed 950/0 upper Ilrr ggo—>Tt [ —— oObseved13Tev (Run2) 4o
10° =
1074 E Eoooo b boaa b b b b b i3
60 100 200 1000 2000 70 7‘5 sb 8‘5 95 9‘5 160 165 110
m, (GeV) my, (GeV)
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html
http://dx.doi.org/10.1007/JHEP07(2023)073

== Compare different V dec modes (N

Can we use other modes to check the excess (while waiting for new data from LHC)?

* Yes, but with some caveats: there is no clear model indepenent way to compare channels where
Y decays to different modes

e Y BR’s can vary widely (even if it is a scalar, eg an extra Singlet in 2HDM+S | NMSSM model)
e also H125 BR’s can vary

* inextensions involving only singlets, H125 and Y BR’s similar to SM H ones

Possible searches covering the excess:

e X - Y(bb)H(77)

e X — Y(yy)H(bb)

e X - Y(yy)H(rt) or X — Y(r7)H(yy)

e X — H/Y(bb) H(bb) with 4b resolved

e X - WW(4q) H(bb), WW -> “merged” or “resolved” jets
e ...and many more

N
N
|
LHC HIGGS XS WG 2013

Higgs BR + Total Uncert
= a

—
<
()

| llIIIIII

To combine different modes, \
and be model-independent: 10 50" 200 300 400 1000
->scan Y BR’s M, [GeV]
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= A note on inlerprelaltiond INFN

e When not finding an excess we need to be able to interpret our results
in @ motivated theory

e Extended H-sectors that allow the pp -> X-> HY signature have dozens
of parameters (eg NMSSM and TRSM)

- Theorists resort to the computation of maximally allowed cross sections

- They result from a scan over the multi-dimensional parameter space
discarding points that are excluded by existing measurement

* ->moving target, predictions evolves with time!

e Possible confusions:
1.The HH/HY analyses are added in the list of constraints to derive max. allowed XS
2.For NMSSM the values for 125 GeV H vary between points and theory versions

3.For TRSM all the channels HY+HY+YY are maximized simultaneously when a
channel resolution allows all
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> Compare: X — H(rr)Y(bb) (nFN

Old analysis from CMS, didn’t consider mx=650 T

GeV at that time :2> o E§H<T

e not possible to interpolate, since between 600 and o {;\_ b
700 GeV the analysis changes strategy - <

e now redoing it, coming soon b

my = 600 GeV my = 650 GeV my = 700 GeV

_ et HITAT,T, My, = 600 GeV 137107 (13 TeV) et +ut 41,1, M, =700 GeV 137 b (13 TeV)
o) F ] —~ r T T T T T T T T ]
o A CMS —e— Observed ﬁ._ L CMS —e— Observed
= 10°F Supplementary - - - - Expected 3 ~ 10°F Supplementary - - - - Expected E
- o) c

80) I [ ] 68% expected 8(0 I [ 68% expected

10F E E 3
:IC:\ 0 \j 95% expected fl—“\ 10 E \j 95% expected E
E i N -
< =
5 ) rexcess would be here D 5 ) ! excess would be here
© 10 'F : | E o o 10'F ' ° E
C 1 / (- 1 ]
o : o o . »
€ 1072 : e i E E 102k " -,;7’/ =
= i de- mmmm=== = S-meellanioonn: >o-—-—o"°
(TI) 000 cee ooeo—o c_|> ”ﬂl o oo o
< 10°F - 2 10°F : E
3 : e :

1 0_4 . . Iv | . . . 1 0—4 1 | Y ] | | 1
70 100 200 300 400 70 100 200 300 400
m, (GeV) m, (GeV)
s

JHEP 11 (2021) 057
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http://dx.doi.org/10.1007/JHEP11(2021)057

X — YY searches
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X — YY overwiew INFN

e CMS bbbb merged-jet: Phys. Lett. B 835 (2022) 137566
- Mx: 1-3 TeV
- My: 25-100 GeV (highly boosted!)

b
b
138 fb' (13 TeV)
-E | LI | LI LI LI | LI | LI | LI | LI
O CMS + Data
S~ 102 — —
i) = Total background and uncertainty 3
- - _
g ‘: tt background contribution N
\T L i
ol X500~ $ s, (0 = 50 fb) _
§ Xaso0™ ¢1oo¢1oo (0'=50 fb) §
e 3
1 0_1 | 1 Hﬂ | L a1 | | | Ll | |

Data - bkg
0data

N O N

1000 1500 2000 2500

3000 3500 4000 4500
i

5000

GeV)

-

== N 7

138 b (13 TeV)

. .m,=85GeV
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1 \\\ ’,.. \. \\ .... \~ N ... .
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AN RN SO AR AR mX(TeV)
oo .. m, =45 GeV
0% >y . L ¢
—mNf=1
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—e— observed
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https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-003/index.html
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CMS Z>I< N HA — 4’[ INFN

Q|

* In lepton-specific (or type X) 2HDM at large tan f

- which could explain g-2 - non-lepton couplings and 7
hence direct A/H production strongly suppressed - i
e HA pair production (via Z*) with decays to 4 tau q hH < )

leptons can probe this scenario!

7 lepton decays in multiple ways:
o Fully leptonic: “z,” (clean, but with ¢’s)

e Into charged hadrons “z,” (eg.p,w . . .)

e Charged hadrons can decay to 7°

o 7’ = yyimmediately

AN

e.g. 7, decay
" Quark/gluon — Jet

T; > gt otV + ...

Channels with 6/4/2 7, = 87% of signal
-> Main background: Jet resembling a 7,
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> 7% 5 HA — 41 redwlls INEN

o Strategy: fit the distribution of transverse mass (presence of neutrinos
=> no full kinematics closure)

. . -1
CMS Preliminary 138 b’ (13 TeV) Type X 2HDM Alignment Scenario 138 b (13 TeV)
» 2000 95% CL excluded:
GC) 1800 - ::i N ¢ Observation CMS I:I Obsel’ved 680/0 eXpeCted
= - v . ; : iminary = - Expected 95% expected
i F tot - [(J=tjet - Preliminary
1600 N mFI? — Z m (Pf, P%)z I Genuine - " [ ]HiggsTools-1
- NI . h
14001 \ L=1is [ Other 95% CL allowed:
1200 ™ Bkg. unc. 200 m, =200 GeV [ muon g-2: Phys. Rev. D 104, 095008
1 OOO - . H(200)A(1 60) % — I I I | I I | I I I | I I I | I IE -
- 180 0 -
800F @ 0.01 pb _'Cg E 5 =
600 :_ 1 60 E_ —E
400 140 -
200 120 =
0 —é L1 | L1 L1 1 Ll 1 OO E o E
— o —
: = ]
10— - —
T T O O IR BRI
60 80 100 120 140 16C
m, (GeV)

* Excludes type-X 2HDM as muon g-2 explanation
 Excludes type-X 2HDM in probed mass range
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INFN
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CMS has a wide variety program for X->HH / HY, done
or under finalization with Run-2 data, with many final
states

X — H(yy)Y(bb) with a small excess at mx,my =
(650,90-95) GeV can be also tested with other
channels: many X->HH, X->HY, X->YY analyses are
ongoing

With some assumptions combinations of the results in
different channels can be done

Looking forward to seeing more Run-2 and first Run-3
results!
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CMSI Preliminary

bb tt

bb bb merged-jet - Sub. to PLB (2204.12413) ]

bb yy

10
m, =400 GeV (x10")  Assumes SMHBR

m

m

. =450 GeV (x 10°)

. =500 GeV (x 10?)

13815 (13 Tev)

T T | T T
- JHEP 11 (2021) 057

- CMS-PAS-HIG-21-011

Narrow Width appr.

----- expected ]

— observed _

m, =550 GeV (x 10?%)

m, = 600 GeV (x 10°°)
m, =700 GeV (x 107%)
m, =800 GeV (x 10™%)
m, =900 GeV (x 10"%)

m, = 1000 GeV (x 10%)

10*
M, (GeV)
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Additional slides



5 4 ATLAS X->HV dearched
= - INFN
e Mostrecent HY analysis from ATLAS (JHEP 10 (2023) 009)
= X = YH = Y(VV) H(tT): no excess found
'3105: I I | 4 | I I 4 | | 1 | I
=, | ATLAS (s=13 TeV, 140 fb™
T i Exp. limits (95% CL) Obs. limits (95% CL)
) | m/25=[20,30,40,50,60] --** WW1£2Lq = WW1£2Tha
T 10% ms = [200,300,400,500] """ WW2£2Thay = WW2/2Thad
> f = 7726 2T g = LL2¢ 2T}5q
1\ Z =as: COmb. = 10 - Combined
& i Comb. + 20
© 10%
1025'
| | | | | | | | | I I |
220 240 260 320 340 360430 460 530 550
Mg +m, /25 [GeV]
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= ATLAS X->HH dearched INFN

e ATLAS published a new combination of resonant HH analyses in
2311.15956, Submitted to: Phys. Rev. Lett

= First combination with full run2 luminosity, features 4b, bbtt and bbyy

- The largest deviation is observed at 1.1 TeV and corresponds to a local
significance of 3.3 g, which corresponds to a global significance of 2.1 o when
the trial factor is taken into account

o | | | [ | | |
2100 o) LT T T T T [ T LA N N L B B B B T T T ]
© = o= » i
> S = . ATLAS
Q < 10 = —
Tg '? - Vs =13TeV, 126-139 fb-! —e— Observed limit (95% CL)
9 10 X [ Spin-0 ---- Expected limit (95% CL)
5 104k [0 Expected limit 10 -
E [ Expected limit +20 E
102k 103k
..-1.02E
103 =
N . ] v E
L VS=13TeV, 126-139 fbo- = bbt't i 107 A
104 Spin-0 —v— bbyy 4 F o i e
- —e— Combined 3 _ P TEESs)
;AQ:AOLV_AAk—agi_AiV_A7k~7¥k—4¥—A47_A7V_A7k~77k—A7¥_A7VA7¥_A7k_47¥—AA7VA7¥_A7V_777—A7V_A7—' 1005— —— Comblned . ................E ......................................... —g .
s 0e 5000 30005000 ; | 1 L I l | -
20 11 1 1 l l 1 | S I N N I I B | 1 ]
myx [GeV] 200 300 500 1000 2000 3000 5000
X mx [GeV]
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The Standard Moadel INFN

-

T

g 1 ; ) A
Logy=—— FWFW + WDy Precision Electroweak and QCD
+|D,® \2 Gauge interactions
+ V(D) Higgs potential
+y. yijl//j d Yukawa interactions (fermion masse.s =5
proton, neutron masses), CKM matrix
and CP violation

\_ N

LHC program is to study profoundly the validity of the Higgs and Yukawa
sectors of the Standard Model

Look for possible existence of new physics phenomena directly (new

particles: ), or through breaking of SM predictions in any term of -/,

new
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5 The H; lential
Wd £20 INFN
20T T A\ 2 Higgs
V(®) = -y 0'®o+A(P'D) Btontial
I 2 172 3 I 4 Our Stable
=V.+—m H+AvH’+—1H vacuum
0 H
2 4 ?
Metastable
S~ \
feld.
 Responsible of the EWK symmetry . y -
breaking and W/Z masses ' Instabiy | SRR
o Characterizing the Higgs potential s '_
means measuring the H boson mass (u) ™ ¥ //
. . —~ [ 108, '\ _
and the strength of its self coupling (A) 3 |~ / [l M
o V(d)and top mass determine the 170 l:%;f;;;:* 107 -
stability of our vacuum 2N\ o
I o __~ - . Absolute stability
el .
120 125 130 135 140
MH,GGV
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C H
The LH Wd /acz‘o‘z% INFN
g About 8 million Higgs bosons produced
49 pb ‘ : by LHC during Run-2
6.9M 4 - H gluon fusion
g o Formy ~ 125 GeV a wide range of
production and decay modes accessible
q —>—o—> q
3.8 pb vector boson ° EStabIIShlng each prOdUCtiOn mode and
520k v fusion (VBF) studying its properties
q > ——> q

-9 1:_II T | IIIIIIIIIIII | TTT IE T TTT | IIIIIIIIIIIIIII I_: §
€ - {5
. )] B . 3
W,Z associated £ Lww
. O 107 g9 |3
m - - *‘//_
. cC : N
10'25— 2z =
E Y F i
10_3M
o [po] ] W| | | | : | | | | |
#HHiggs produced during 10 26' 121 122 123 124 125 126 127 128 129 130
Run-2 M, [GeV]
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Higgs boson couplings
with SM particles

35.9-137 fb™' (13 TeV)

>|> III | | IIIIIII 1 | IIIIII| I ] IIIIII|
S5 1E cMs Prelimi >
Y - reliminary WE»
5 - mH - 125-38 Gev ”,"
E“'|>10_1 = p-value = 44% L E
L n e ]
“ o
102 & T 'Qx
- Leptons and neutrinos Quarks

¢
’,
’
L 4
-’
L 4
L 4
L 4

3 .07
0w - Ilﬂz
:;2' Force carriers Higgs boson -
_Ill | IIIIIII| IIIIIII| IIIIIII|
c% 1_5:II| | IIIIIII| | IIIIIII| I IIIIIII| ! :
S i Q.
o Mprimmeeereoosees ;"} """"""""" RN
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T 0550 1 10 102

particle mass (GeV)
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51 HH production
= L2/0 INFN

e Di-Higgs production at the LHC is dominated by the gluon-fusion
process, followed (1/20) by VBF production

ggF: o(ggHH) = 31 tb &~ 1/1500 X o(ggH)

T T T T T E
HH production at 14 TeV LHC at (N)LO in QCD 1

MadGranhS5 aMC@NLO

g //H g ) H g At ————— H L M,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
= j>-HdA + |
\\ )\t \\
Y N
g g I g Q09 A H
t
self-coupling A Higgs-top coupling 4,
destructive interference makes =" > ¢°M
-4 -3 -2 -1 MAOSM 1 2 3 4
VBF:0 = 1.72 fb ~ 1/1500 X o(ggH)

q
HHVV quartic coupling

self-coupling A HHH and HVV single H coupling «, only in VBF production
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https://doi.org/10.1016/j.physletb.2014.03.026

HH — bbyy

<k

o cross section upper limit=7.7 (5.2 exp) X

o,y B(HH — yybb) (fb)

Phase space of 2 photons and 2 b-tagged jets, with m

vy around 125 GeV

- both CMS and ATLAS also look for a resonant X — HH — bbyy
- bkgs: yy + jets from data sidebands and single Higgs from MC fullsim

CMS 137 b (13 TeV)
- 95% CL upper limits N
n Observed HH — yybb 3
SEETEIYP Median expected i
~ I 68% CL expected ]
C 95% CL expected K
K —~ Theoretical prediction / .
F\ /
=\ /3
=\ :

Constraint on trilinear coupling at 95% CL:
335K, < é‘P gat 95

HH
Osm
, CMS 137 fb' (13 TeV)
™ - Observed
1
0.5
O
.
= e HH cat. Best it
-1 — HH cat. 68% CL
e HH cat. 95% CL
150 HH+ttH cat. Best fit
~F HH-+ttH cat. 68% CL
- HH-+ttH cat. 95% CL

A s S | B | l i B | ! it e | | i S B | | s G | I i B G | S s s |
220 -15 -10 -5 0 5 10 15 20
2D constraint y
A
self-coupling k, vs Higgs-top coupling «,
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https://link.springer.com/article/10.1007/JHEP03(2021)257

HH — 4b INFN

- Two boosted H — bb candidates (two large-R jets) q

Early Run 2 results focused on ggF production in the context of EFT using the three
most sensitive channels: bbbb, bbtz, bbyy with non-boosted topology:

o Still far to be sensitive to SM process: JHH/ag\]] < 7.3 (10 exp.)

VBF HH — 4b also targets the extreme kinematic of i,y # 1

- VBF topology, tf and QCD bkg discriminated with convolutional NNs

138 fb' (13 TeV) 138 fb™ (13 TeV)
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2 ) " Preliminary = Theory prediction [EEBE 68% expected . 1.5 Preliminary ‘”N::::‘_‘:‘.,.- s E .f]
<10'g T 95% expected E i e o e . -
P vERS i Rt — 10
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S - et 3
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. —1.5p @ Tneeen e S 10
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K #0excluded @ >99.99% for kv=1

2
o)
0.6 <Kk <14 @ 95%CL @ 957
0.6 <k <1.4(@95%C 0.6< K, <1.4 @ 95% CL

E. Di Marco 15/01/2024 48


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-005/index.html
https://cds.cern.ch/record/2776802?ln=en

s Mulli HH dearch
p. 1 INFN

)

o Double H decays into 4W, 41, 2W27 in final states with £ = e, u and an hadronically
decaying 7, cover ~7.7% of the HH decays 1

bb B(HH — xxyy)
I D HH — Multilepton 01

e dedicated categories for 7 channels and 2 CRs ww

[ other CMS searches

e background estimates from data as ttH multileptons Pt
)

o Sensitivity ~ 20 x USM
8 H
35CMS _HH — Multilepton _ 138 fb' (13 TeV) ) bb WW g8 77 Z7Z 7

g' ] ' . H — zx
= - 68% CL expected —— Observed ] g H
T 3— . . CMS HH — Multilepton 138 b (13 TeV)
:IT: [ 95% CL expected -~ Median expected 1 V3 107
2 2_5; B 11001y prediction _ ol Excluded (observed) -+ Excluded (expected) |
E -+ Bestfitvalue - 68% CL expected

2 L |
% 6: ¢ Standard model - 95% CL expected
o
o
o
=
-
o
2
H
(=)

AR S TR TR N T R S L T T NS N SO SO S
-10 -5 0 5 10 15
K

Constraint on trilinear coupling at 95% CL: gl e

Pl

N It Jt-2H coupling ¢, vs H-t coupling k.
Zﬁ} -7 <K; <1 2t-2H coupling ¢, vs H-t coupling k; *
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