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Resonance as a tool for discovery
Observation of a resonance as a narrow peak in the cross section has always 
been a step forward in particle physics
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Bound states of elementary particles: 

- e.g. mesons: , , 

- e.g. barions: , i.e. 3 u/d-type quarks 

Elementary particles: 

- W, Z, H bosons 

ρ(770) J/ψ(cc̄)

Δ(1232)

Fig. 1 The J-ψ signal detected by Ting 
and his group at BNL. The J-ψ appears as 
a quite striking peak in the distribution 
of the total mass of the electron-positron 
pairs.

sides Isotopic spin and Strangeness : 
Charm. Actually this new quantum 
number had appeared on and off in 
the scientific literature since the con-
firmation of the Gell-Mann Ne’eman 
SU (3) scheme, by the discovery of 
that very peculiar member of the zoo 
of elementary particles which is the 
Q_. From 1963 on, physicists had been 
wondering whether that quality of ha-
drons called “Strangeness” was in-
deed unique ; could not there be some 
other kind of super-strangeness or 
Charm ? The works of Hara, Bjorken 
and Glashow, and Amati, Bacry, Nuyts 
and Prentki were the first attempts to 
introduce Charm into the hadronic 
world, and the idea rested in peace 
until in 1970 it was resurrected by 
Glashow, lliopoulos and Maiani in the 
context of a model for the weak inter-
actions of the hadrons (GIM model).

The revived interest in the gauge 
theory of weak interactions proposed 
by Salam and Weinberg (SW model) 
which was sparked off by the’t Hooft 
proof (1971) of its renormalizability (i.e.

Fig. 3 The naive quark model description 
of two well-known hadrons : the π+ (left) 
and the proton (right).

the possibility of removing trouble-
some infinities in perturbative cal-
culations) and the discovery of neutral 
currents by the “Gargamelle” group 
working at CERN, involved also the 
GIM model as a possible extension 
of the SW-model to the hadronic weak 
interactions and gave further motiva-
tion for the search for such a quantum 
number as emphasized particularly by 
Gail lard, Lee and Rosner (1974). Thus 
in 1974 everybody was ready to wel-
come the discovery of Charm. But then, 
why did the J-ψ cause so much con-
fusion ? The answer is quite simple : 
nobody was prepared to describe as 
hadronic, an object which lived some 
thousand times longer than normal. 
Some lengthening of its lifetime was 
indeed expected, by following through 
the analogy with the Φ-meson, but 
nothing of the size that was observed.

However the elimination of altern-
ative hypotheses (besides the W- 
boson, another candidate soon fallen 
in disgrace had been the theory of 
Colour proposed in 1965 by Han and 
Nambu) corroborated the suspicion 
that with the J-ψ , a new quantum 
number had appeared in the world of 
hadrons. It was now a matter or further 
experimental work to confirm or reject 
this suspicion.

The New vs. the Old Physics
We cannot understand what physics 

vistas, the “New Physics”, i.e. the J-ψ 
discovery has been opening up if we 
do not try to set the stage of the “Old 
Physics” that high energy physicists 
have been investigating over the past 
30 years, since the momentous disco-
very of the π-meson. It must be said 
that in spite of the enormous amount 
of information available today on the 
most diverse aspects of hadrons and 
their interactions, the “Old Physics” is 
far from being a closed chapter of 
natural science. We do not yet know 
the laws obeyed by this peculiar kind 
of matter, nor can we calculate with 
any confidence some of its simplest 
properties. We do possess, however, 
a set of rules which can relate and 
organize an impressive body of exper-
imental information in a simple and 
amazingly successful way : The Quark 
Model.

According to the quark model the 
hadronic particles are all built up from 
basic constituents, the quarks, which 
carry the fundamental quantum num-
bers of the world of hadrons. Before 
the J-ψ, the observations were con-
sistent with the existence of three 
spin-1/2 objects : p, n and λ (also called 
u, d, s), whose (Charge, Strangeness) 
assignments are (2/3, 0), (-1/3, 0) and 
(-1/3, -1) respectively. One manu-

Fig. 2 This is how the SPEAR group saw 
the J-ψ. In (a) the e+e~ annihilation cross- 
section increases by a factor hundred in 
passing through the resonance at 3100 
MeV ; (b) and (c) show the J-y signal in 
the e+e- and channels respectively.

factures hadrons by combining either 
a quark and an antiquark (Meson) or 
three quarks (Baryons) ; much in the 
same way as the positronium is com-
posed of an electron-positron pair and 
the nucleus of 3He is made out of 
three nucleons. The picture above is 
supported to a high degree by our 
knowledge of the spectrum of ha-
drons : all known particles without 
exception can be described as quan-
tum mechanical states of such physi-
cal systems. This is very nice, but 
strangely enough, the more the quark 
model unravels about hadrons, the 
further it leads us towards an inex-
tricable paradox. For if the hadrons 
are composite, under appropriate ob-
servational conditions their consti-
tuents should reveal themselves ; this 
is what happens for any atom or nu-
cleus. Nobody, on the other hand, has 
yet been able to isolate quarks. An 
easy way out, which comes to mind 
at once, is that quarks have such a 
high mass that they cannot be pro-
duced as free objects until we dispose 
of the appropriate energy (and this in 
practice may never happen !). Even

4
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The Higgs boson discovery
• 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) 

• Higgs discovery:  

-  (di-photon resonance),  

-  (4-lepton resonance)

H → γγ

H → ZZ → 4ℓ

3
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Figure 3: The diphoton invariant mass distribution with each event weighted by the S/(S+ B)
value of its category. The lines represent the fitted background and signal, and the coloured
bands represent the ±1 and ±2 standard deviation uncertainties in the background estimate.
The inset shows the central part of the unweighted invariant mass distribution.
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Figure 4: Distribution of the four-lepton invariant mass for the ZZ ! 4` analysis. The
points represent the data, the filled histograms represent the background, and the open his-
togram shows the signal expectation for a Higgs boson of mass mH = 125 GeV, added to the
background expectation. The inset shows the m4` distribution after selection of events with
KD > 0.5, as described in the text.

Table 3: The number of selected events, compared to the expected background yields and ex-
pected number of signal events (mH = 125 GeV) for each final state in the H ! ZZ analysis. The
estimates of the Z+X background are based on data. These results are given for the mass range
from 110 to 160 GeV. The total background and the observed numbers of events are also shown
for the three bins (“signal region”) of Fig. 4 where an excess is seen (121.5 < m4` < 130.5 GeV).

Channel 4e 4µ 2e2µ 4`
ZZ background 2.7 ± 0.3 5.7 ± 0.6 7.2 ± 0.8 15.6 ± 1.4
Z + X 1.2+1.1

�0.8 0.9+0.7
�0.6 2.3+1.8

�1.4 4.4+2.2
�1.7

All backgrounds (110 < m4` < 160 GeV) 4.0 ± 1.0 6.6 ± 0.9 9.7 ± 1.8 20 ± 3
Observed (110 < m4` < 160 GeV) 6 6 9 21
Signal (mH = 125 GeV) 1.36 ± 0.22 2.74 ± 0.32 3.44 ± 0.44 7.54 ± 0.78
All backgrounds (signal region) 0.7 ± 0.2 1.3 ± 0.1 1.9 ± 0.3 3.8 ± 0.5
Observed (signal region) 1 3 5 9

Diphoton'bump'search'

5'

1)  Define'the'event'selec>on:''2'isolated'photons'
! must'be'loose'and'modelUindependent'

'
2)'Reconstruct'the'γγ'invariant'mass'
'
'

!  photon'reconstruc>on'
!  detector'resolu>on'and'scale'
!  dedicated'vertex'iden>fica>on'techniques'

' Search for High Mass Resonances with CMS

SEARCH STRATEGY

1. Pick your favorite di-object final state 
– crucial expertise in reconstruction and detector 

2. Be as model-independent as possible 
– do not design selection based on a particular model 
– be loose in kinematics 

3. Reconstruct invariant mass

13

at high energies

E1 E2

θ

  24

Interest of dijet data scouting

Giulia D'Imperio – 100 Congesso SIFGiulia D'Imperio – Università La Sapienza – INFN Roma

● Should be detected also in dijets 

● Standard analysis not sensitive to masses below 1.2 TeV

● “Data scouting” sensitive to lower dijet mass
● 8 TeV results are public, no observed excesses
● needed also at 13 TeV  � very interesting 

The production at LHC is allowed! 

Clean&final&state&at&hadron&colliders&

m(γγ)'

Number'
of'events'

m(decay products)

Number of 
events

H → ZZ → 4ℓH → γγ
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LHC collisions recorded by CMS: 

- Run-1, 7 TeV: 6 R-1 

- Run-1, 8 TeV: 23 R-1 

- Run-2, 13 TeV: 151 R-1 

- Run-3, 13.6 TeV: 73 R-1 (and counting)

LHC Run-1, 2 and 3!
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Pileup: 
up to 80 interactions  
/ LHC bunch crossing

A collider to produce new resonances: LHC
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CMS experiment

5

Schematics of particle interactions with CMS material
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CMS detector 

6
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Resonance search in a nutshell
1. Select a clean sample of candidates  into  stable particles:                               

 (  = photon, lepton, b-jets, … ) => Particle identification 

2. Compute the invariant mass of the final state (if :  ) 

- => 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

X n
X → f1, . . . fn fi

n = 2 MX = 2E1E2(1 − cos θ)

7

LHC Requirements for Calorimeters
• Fast response (25 ns or faster) and high granularity, to reduce pile-up 

induced noise

• Radiation-hard detectors and electronics

• Hermetic and cover the full azimuthal angle and rapidity range, to tag 
very forward jets and well measure the missing energy

• Excellent electromagnetic energy 
resolution
• To detect the two photon decay of 

an intermediate mass Higgs (golden 
channel together with H→ZZ →4l) 
• 𝑚𝛾𝛾 = 2𝐸1𝐸2(1 − cos 𝜃)
• Uncertainty on 𝑚𝛾𝛾

determined by uncertainty on 
photon energy and direction

Courtesy of C. Mariotti

18

2) calibrate the detector to 
improve the resolution1) identify final state particles

Particles’ Life through a Detector

https://cds.cern.ch/record/2120661

6

p-value greater than 55%. The p-value for the compatibility with the SM hypothesis (µ = 1) is about 6%,
and the observed local significance with respect to the SM is 1.9�. Assuming SM production cross-sections,
the measured branching fraction of the H!Z� decay is (3.4± 1.1)⇥ 10�3. The results hold for both Higgs
boson mass assumptions.

Figure 1: The Z� invariant mass distribution of events from all ATLAS and CMS analysis categories. The data
events (dots with error bars) in each category are weighted by ln(1 + S/B), where S and B are the observed signal
and background yields in that category, in the 120-130 GeV interval, derived from the fit to data. The fitted
signal-plus-background (background) pdfs in each category are also weighted in the same way and summed, and
represented by a red solid (blue dashed) line. In the lower panel, the same data and the two models are compared
after subtraction of the estimated background.

In summary, a combination of the ATLAS and CMS searches of the Higgs boson decay to a Z boson and a
photon, where the Z boson decays to electron or muon pairs, is presented. The analysis uses the CERN
LHC proton–proton collision data recorded by the ATLAS and CMS experiments between 2015 and 2018,
corresponding to integrated luminosities of 139 fb�1 (ATLAS) and 138 fb�1 (CMS) at a center-of-mass
energy of 13 TeV. Evidence for the H!Z� decay is established, with a significance of 3.4 standard
deviations. The observed signal yield is 2.2 ± 0.7 times the Standard Model (SM) prediction. The H!Z�
branching fraction is measured to be (3.4 ± 1.1) ⇥ 10�3, in agreement within 1.9 standard deviations with
the SM prediction.

4

3) fit for a narrow peak on a 
smooth background

 bump,  
ATLAS+CMS

H → Zγ



E. Di Marco 15/01/2024

Higgs “bumps” after discovery
• After discovery, more modes have been used to measure Higgs couplings 

to ordinary particles, with more data (LHC Run-2)

8

7

Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
Data set Expected Observed Signal strength
2017

0-lepton 1.9 1.3 0.73 ± 0.65
1-lepton 1.8 2.6 1.32 ± 0.55
2-lepton 1.9 1.9 1.05 ± 0.59
Combined 3.1 3.3 1.08 ± 0.34

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.22
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Figure 2: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

A combination of CMS measurements of the H ! bb decay is performed, including dedicated
analyses for the following production processes: VH (reported above), gluon fusion [38], vec-
tor boson fusion [44], and associated production with top quarks [30, 41, 42]. These analyses
use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of

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

H → bb̄
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Figure 12. Left: the mµµ distribution for the weighted combination of VBF-SB and VBF-SR
events. Each event is weighted proportionally to the S/(S+B) ratio, calculated as a function of
the mass-decorrelated DNN output. The lower panel shows the residuals after subtracting the
background prediction from the S+B fit. The best fit H → µ+µ− signal contribution is indicated
by the blue line and histogram, while the grey band indicates the total background uncertainty
from the background-only fit. Right: the mµµ distribution for the weighted combination of all
event categories. The lower panel shows the residuals after background subtraction, with the best
fit SM H → µ+µ− signal contribution for mH = 125.38GeV indicated by the red line.

B(H → µ+µ−) are correlated across the 7, 8, and 13TeV analyses. Experimental uncertain-
ties affecting the measured properties of the various physics objects (muons, electrons, jets,
and b quark jets), the measurement of the integrated luminosity, and the modelling of the
pileup conditions are assumed to be uncorrelated between the 7+8 and 13TeV analyses. Ta-
ble 10 reports the observed and expected significances over the background-only expectation
at mH = 125.38GeV and the 95% CL ULs on µ in each production category, as well as for
the 13TeV and the 7+8+13TeV combined fits. The combination improves, relative to the
13TeV-only result, both the expected and the observed significance at mH = 125.38GeV
by about 1%. Figure 13 shows the observed (solid black) and the expected (dashed black)
local p-values derived from the 7+8+13TeV combined fit as a function of mH in a 5GeV
window around the expected Higgs boson mass. The expected p-value is computed on an
Asimov data set generated from the background expectation obtained from the S+B fit
with a mH = 125.38GeV signal injected. As in figure 10, the solid markers indicate the
mass points for which the observed p-values are computed. The best fit signal strength,
and the corresponding 68% CL interval, obtained from the 7+8+13TeV combination for
the Higgs boson with mass of 125.38GeV is 1.19+0.40

−0.39 (stat)+0.15
−0.14 (syst).

The results presented in this paper are the most precise measurement of the H → µ+µ−

decay rate reported to date, and provide the best constraint of the coupling between the
Higgs boson and the muon. The signal strength measured in the H → µ+µ− analysis
cannot be translated directly into a measurement of the Higgs boson coupling to muons

– 36 –

2nd generation fermions:  
overwhelming DrellYan background 

-> need optimised event selection 
-> need to use ALL production modes

H → μμ
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 candidateH → μμ

9

 candidate 
 

pp → tt̄H( → μμ)
t → W( → q1q2)b1
t̄ → W( → eν)b2

-jetb1

-jetq1
-jetq2

pmiss
T (ν)

e

μ1

μ2

-jetb2
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 Towards di-Higgs quest
• From single-Higgs to di-Higgs production: the long way for the Higgs self-

coupling 

- fundamental test of the SM: defines the Higgs potential

10

The Higgs potential and the Higgs self-coupling
Expanding around the minimum, :Φ = ν + h

3

V(h) = λν2h2 + λνh3 + 1
4 λh4 = 1

2 m2
hh2 + λ3h3 + λ4h4

mh = 2λν

λ3 = λν = m2
h

2ν
λ4 = λ

4 = m2
h

8ν2

V(Φ) = μ2Φ2 + λΦ4

•  and  determine the shape of the Higgs potential and in the Standard Model they have defined values once 
the Higgs mass and the vacuum expectation value are known from experimental measurements   

• Still largely unconstrained by direct experimental measurements, measuring these couplings probes the validity 
of the Higgs mechanism and of the Standard Model itself  (  out of reach at the LHC but  accessible at the LHC 
through HH production)

λ3 λ4

λ4 λ3

triple Higgs coupling
quartic Higgs coupling

Mass term

H

H

H

λ3λ3
λ4

H H

HH

λ4

HH production in the SM: gluon fusion
� Dominant HH production mode in the SM is gluon fusion, 

driven by on self-coupling ɉand Higgs-top couplings ɉt
Ϋ ɐSM(ggHH) = 31 fb  [ ~ 1/1500 of ɐ(ggH) ! ]

� Destructive interference between the 
two contributions: ɐ larger at ɉ = 0!

���̷���Ǧ��͖͔͖͔ǡ�͖������͖͔͖͔Giovanni Petrucciani (CERN) 58

ʄt

ʄ�

ʄ�

ʄ +
�

g

H

H
ί ��

ɐ/ɐSM ~ 2.09 Ɉt
4 Ȃ 1.36 ɈɉɈt

3 + 0.28 Ɉɉ2Ɉt
2

[Ɉt := ɉt / ɉt
SM

; Ɉɉ := ɉ / ɉSM ]

[ PLB 732 (2014) 142-149 ]  

self-coupling λ Higgs-top coupling λt

largest production mode in SM (gluon fusion) is rare: 
 σ(ggHH) = 31 fb ≈ 1/1500 × σ(ggH)

 defines the shape of the potential, once the H mass is determined 
Direct non-resonant HH is still experimentally non-observed: 
1) need a large dataset (i.e. HL-LHC) 
2) and/or use all possible combination of di-H decay modes

λ
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Beyond SM: resonant X->HH
HH can appear, beyond the Standard Model, as decay of unknown 
massive particles, produced at LHC: “resonant” X->HH production

11

X H H

1) X→HH (H = H125) 
• Appears in all extended Higgs sectors if mX > 250 GeV:  
2HDM (including MSSM), real singlet  
     -> suppressed in alignment limit 
• Also generic resonances, e.g. in warped-extra-  
dimension models  

2) X→YH and 3) X→YY 
• 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  

X H Y

X YY

1)

2)

3)
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di-Higgs channels 
• Combine a high BR channel ( ) with a high resolution channel 

(e.g. ) 

- the most sensitive channels are , ,  

H → bb̄
H → γγ

bbγγ bbbb bbττ

12

Higgs Hunting, 11th September 2023 Higgs self-coupling

-

Jona Motta (LLR, École Polytechnique)

-

6

HH  bbbb *    Non-resonant, resolved topology Phys. Rev. Lett. 129.081802 

  Non-resonant, boosted topology Phys. Rev. Lett. 131.041803


  Non-resonant,  VHH production CMS-PAS-HIG-22-006


  Resonant X YH Phys. Lett. B 842.137392


HH  bb  *     Non-resonant Phys. Lett. B 842.137531


               Resonant X YH JHEP 11 (2021) 057


HH  bb  *     Non-resonant JHEP 03 (2021) 257


               Resonant X YH CMS-PAS-HIG-21-011


HH  bbZZ *     Non-resonant JHEP 06 (2023) 130


               Resonant Phys. Rev. D. 102.032003


HH  bbWW     Non-resonant + Resonant CMS-PAS-HIG-21-005 

                            Resonant  JHEP 05 (2022) 005 

HH  WW      Non-resonant CMS-PAS-HIG-21-014


HH  WWWW + WW  +  *  Non-resonant + Resonant JHEP 07 (2023) 095


HH combination Nature 607 (2022) 60 (uses only starred * final states)

→

→

→ ττ

→

→ γγ

→

→

→

→ γγ

→ ττ ττττ

Direct HH searches

Complementary searches to constrain BSM models:

H aa  [JHEP07 (2023) 148] [arXiv:2209.06197v1] 

H aa bb  + bb  [CMS-PAS-HIG-21-021] [CMS-PAS-HIG-22-007]


Check out Stephanie’s talk tomorrow morning

→ →γγγγ

→ → ττ μμ

What, why, and where to look

Higgs boson decay

8

Searching for events with 2 Higgs bosons … 

How do we identify the Higgs boson? 
The Higgs boson has a very short lifetime, decays almost immediately (lifetime of ) 

 we can only detect it indirectly by reconstructing its decay products
τ = 1.56 × 10−22 s

→

125 GeV

Higgs boson candidates: 
 final state objects from the Higgs decays with 

invariant mass around mH = 125 GeV

 Key element of the event selection  
common to all HH searches 

→
X H Y

if Y!=H125, BRs can be different, 
but typically assumed similar 

(model dependency!)

bbbb

bbττ

bbγγ

? ? ? ?



 searchesX → HH

13

X H H
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The contributing channels
• Three major final states:                                                                                    

, ,  (from low to high mass) 

- :  high purity and resolution +  high 
BR, use b-tagging for QCD di-jet background rejection  

• -> yields BR=0.23% for  search 

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

• -> sensitive in the same mass range of  

- : helps in intermediate mass range 

- : full-hadronic complicate final state at LHC 

• Exploit b-tagging at maximum 

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

bbγγ bbττ bbbb

bbγγ H → γγ H → bb̄

X → HH

bbττ τ

bbγγ

bbWW
bbbb

14

mX
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b (and c) tagging challenges
• Hadrons containing b-quarks and c-quarks have a measurable lifetime  

- b-hadrons:  

- c-hadrons:  

- -> 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

cτ ∼ 450 − 500 μm

cτ ∼ 120 − 300 μm

15

19 reconstructed vertices 
2 b-tagged jets, 1-c-tagged jet

CMS-DP-2016-032
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DeepAK15
ParticleNet

bb→ vs. Hcc→H
 vs. V+jetscc→H

GNN-based c-tagger for H → cc̄

For c-tag efficiency~50%:  
mistag rate vs b ~10%, vs light quark~1%
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X->HH->4b boosted
• For very high X mass ( ), b-jets are Lorentz-

boosted -> 2 b-jets merge in one large jet 

- Increased reach in bbbb analysis using ParticleNet tagger

MX ≫ MH

16

• X,Y: scalars, MX >> MY(H);   
• Models:  NMSSM 0910.1785,  Two-real-scalar-singlet extension 1908.08554
• 2D search over Mjj, Mj

Y variables
• 2 (wide) jets,  mH(Y): 110-140(>60) GeV, |Δηjj|<1.3 
• Tagging with Graph CNN (ParticleNet),  mistag~0.5%, eff~70%,  calibration with gàbb jets

CMS-DP2020-002

X à YH à 4b   boosted

12/3/22 2

B2G-21-003

Observed upper limits on
σ(pp→X→YH→bbbb)
Most stringent to date

LQ, VLQ & Reso Searches - Antonis Agapitos, Moriond EW 2022

SR1                                    SR1

8

Figure 3. Performance of the algorithms for identifying hadronically decaying Higgs bosons (Left: H→bb; Right:
H→cc). A selection on the jet mass, 90 < mSD < 140 GeV, is applied in addition to the ML-based identification
algorithm when evaluating the signal and background efficiencies. For the signal (background), the generated
Higgs bosons (quarks and gluons) are required to satisfy 500 < pT < 1000 GeV and |η| < 2.4. For each of the two
DeepAK8-DDT algorithms, the marker indicates the performance of the nominal working point, DeepAK8-DDT
> 0, and its background efficiency (shown in the vertical axis) is different from the design value (5% or 2%) due to
the additional selection on the jet mass.
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 candidateHH → 4b

17

b-jet1

b-jet2

b-jet3

b-jet4

 from b decayμ
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X->HH->bbWW resolved

18

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

bbWW resolved: 
• Di-lepton and single-lepton 
channels 
• Fit DNN scores (times X 
mass estimator in 
di-lepton channel) in three 
signal regions (1b, 
2b, boosted) and two control 
regions 
•  is main backgroundtt̄

X→HH→bbWW resolved (CMS)

9

HIG-21-005 (March 2023) 

In addition to the three most important final 
states bbɣɣ, bbττ, bbbb, also released results 
in bbWW and multilepton final states 

bbWW resolved: 
• Dilepton and single-lepton channels 
• Fit DNN scores (times X mass estimator in 

dilepton channel) in three signal regions (1b, 
2b, boosted) and two control regions 

• tt is main background 
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 summaryX → HH

19
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CMS Preliminary  (13 TeV)-1138 fbAugust 2023

Narrow Width Approximation
Spin-0

 2l≥ → τ/2W2τ 4W/4→HH 

(resolved) 1l ≥ → bb,WW →HH 

(merged-jet) 1l ≥ → bb,WW →HH 

ττ bb, →HH 

γγ bb,→HH 

(merged-jet) bb,bb →HH 

JHEP 07 (2023) 095

HIG-21-005

JHEP 05 (2022) 005

HIG-20-014

HIG-21-011

PLB 842 (2023) 137392

ggF production
Observed
Expected

• bbɣɣ 2310.01643 (subm. to JHEP)
• bbττ JHEP 11 (2021) 057
• bbbb (merged-jet) Phys. Lett. B 842 

(2023) 137392
• 4W/4τ/2W2τ JHEP 07 (2023) 095
• bbWW (merged-jet) JHEP 05 (2022) 

005
• bbWW HIG-21-005 (March 2023)

CMS B2G Summary Plots

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
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X H Y
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X->YH overview

21

Compared to X→HH: 
• bbɣɣ, bbττ, bbbb generally still most important 
• 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→ɣɣ for bbɣɣ result) 
• Two masses to scan: Large phase space to probe, larger look-elsewhere 

effect

X→YH overview

12

Compared to X→HH: 
• bbɣɣ, bbττ, bbbb generally still most important 
• 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→ɣɣ for public bbɣɣ result) 

• Two masses to scan: Large phase space to 
probe, larger look-elsewhere effect

Public searches 

No dedicated searches with early run 2 
data! 

First search: CMS bbττ JHEP 11 (2021) 057 
(PAS early 2021) 

CMS bbbb merged-jet: Phys. Lett. B 842 
(2023) 137392 (PAS late 2021) 

CMS bbɣɣ 2310.01643 (subm. to JHEP)  
(PAS summer 2022) 

ATLAS bb + generic hadronic Phys. Rev. D 
108 (2023) 052009  (June 2023) 

ATLAS ττ + WW/ZZ JHEP 10 (2023) 009  
(July 2023)

BDT training strategy
● In order to make analysis strategy 

optimal for each (mX,mY) point, we 
consider boost factor to divide (mX,mY)  
into 6 mass bins

● Boost Factor ~ mX / ( mY + mH ) 
reference arXiv:1303.6636 (backup)

● Training is performed for each mass 
range separately 

LowX = [300,400] GeV

MidX = [500, 700] GeV

HighX = [800,1000] GeV

LowY = [90, 250] GeV               

MidY = [300, 500] GeV               

HighY = [600, 800] GeV

Lata Panwar, Indian Institute of Science, India                     16

● According to mass range definition signal events 
are mixed with same cross section

● Signal and Background events are normalised to 
unity separately

● Hyperparameters are optimized with 5-fold 
cross-validation

● Early-stopping feature is also used to stop 
overtraining.

NOTE: training mjj intervals are [70, 400] GeV, [150, 560] 
GeV and [300, 1000] GeV for LowY, MidY and HighY

mX

mY 2D phase-space optimisation

Use bbɣɣ in the following as an example
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ECAL: the key photon detector

22

CMS Electromagnetic Calorimeter

BarrelEndcaps

Preshower

• Lead Tungstate (PbWO4) homogenous crystal calorimeter 

• Barrel (EB): 
• 36 super-modules, each 1700 crystals 
• |η|< 1.48

• Endcaps (EE): 
• 2 endcap sides, each 

7324 crystals
• 1.48<|η|<3.0

• Preshower (ES):
• Sampling calorimeter

(lead, silicon strips)
• 1.65<|η|<2.6

CERN/LHCC 97–33CMS TDR 4

21

Wikipedia

𝜂 ≡ ln(tan
𝜃
2
)

CMS Electromagnetic Calorimeter

BarrelEndcaps

Preshower

CERN/LHCC 97–33CMS TDR 4

22

CMS ECAL Crystals
• Incident electron/photon generates EM shower in the heavy PbWO4 material
• Charged particles in the shower produce scintillation light proportional to 

incident particle energy
• Scintillation light detected by photodetectors with internal amplification
• ECAL is made of 75848 PbWO4 crystals

Parameter Value
Radiation length 0.89 cm
Moliere radius 2.2 cm
Rad. hardness excellent
Refractive index 2.3
Peak emission 440 nm
% of light in 25 ns 80%
Light yield ~10 p.e./MeV

2.9 cm

23

Lead Tungstate ( ) homogeneous calorimeter 
• 75848 crystals read via APD (barrel) or VPT (endcaps) 
• depth: , width:   
• excellent radiation hardness

PbWO4

25 X0 1.3 RMoliere

× 75848
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A photon (or electron)  in ECAL

23

Refined Superclusters

• Refined superclusters use the information from the tracker, to be able to link 
bremsstrahlung emissions to missed ECAL deposits and reject some clusters which 
are highly incompatible with its matched tracks

E

Supercluster

Recover of a very soft bremsstrahlung 
photon into the refined supercluster

32

Electron Track Reconstruction
• Electrons leave a signal in both tracker and calorimeter
• Electron tracks have changing curvature because of radiative energy loss due to 

bremsstrahlung
• A dedicated tracking algorithm known as GSF tracking is used to take into 

account these changes in the curvature
• Used to associate additional bremsstrahlung radiation and photon conversion 

tracks to the supercluster

Pair productionBremsstrahlung

Courtesy of S. HarperCourtesy of S. Harper

31

unclustered energy

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

shared energy among 2 clusters

incompatible with refined supercluster

electron with bremsstrahlung 
in the tracker before ECAL

Refined Superclusters

• Refined superclusters use the information from the tracker, to be able to link 
bremsstrahlung emissions to missed ECAL deposits and reject some clusters which 
are highly incompatible with its matched tracks

E

Supercluster

Recover of a very soft bremsstrahlung 
photon into the refined supercluster

32
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ECAL resolution
Huge work to calibrate the detector: 

• aligns the energy scale in data with simulation 

• improves the resolution -> increases the analysis sensitivity

24

Energy Resolution

• Excellent data/MC agreement, 
after application of residual 
scales to data and smearings to 
simulated events

• Overall the energy resolution 
through Run 2 (2016-2018) 
between 1% and 3.4%

• Energy resolution measured in 
2017 significantly better, 
thanks to the refined “Legacy” 
calibration 

EGM-17-001

37

Data/MC Residual Corrections
• Refined supercluster calibration is MC-based 
• Residual data/MC discrepancies corrected using the Z mass and width, 

by comparing Z→ ee events in data and MC 
• Simultaneously adjust energy scale (data) and resolution (MC) 

EGM-17-001EGM-17-001

36

After energy corrections = refined supercluster calibration + scale corrections
Energy corrections:                                      
cluster containment and residual 
data/MC scale corrections

Excellent Run-2 resolution: 
between 1% - 3.4%
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Handles to kill backgrounds

25

Backgrounds: resonant (~  ) and non resonant ( +jets, +jets) 
•NN-based ttH killer rejects resonant background (peaking ) 
•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

ttH(γγ) γγ γ
mγγ

Lata Panwar, Indian Institute of Science, India                     17

1) Discriminative signal and background kinematic distributions:
a) Helicity angles, |cos𝛉HY

CS|, |cos𝛉bb
CS|, |cos𝛉ɣɣ

CS| 
where CS refer to Collins-Soper frame

b) First two minimal angular distance between selected 
photons and jets (𝚫R(ɣ,jet))

c) pT(jj)/mjjɣɣ and pT(ɣɣ)/mjjɣɣ
d) Leading and subleading photons pT(ɣ)/mɣɣ and jets pT(j)/mjj

Collins-Soper Frame

|cos𝛉HY
CS|

|cos𝛉ɣɣ
CS|            |cos𝛉bb

CS|

 BDT classifier input variables

NOTE: Red histograms represent the signal for three different mX
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Bump search:  usageM̃X
• Bump search: select on 4-body mass:   

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

M̃X = (mjjγγ − mjj − mγγ + mH + mY)

mjjγγ

26
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 selectionXM~

upper boundary
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Window keeping 
~60% of events

M̃X
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N

Width increasing with  MX

Diphoton'bump'search'

5'

1)  Define'the'event'selec>on:''2'isolated'photons'
! must'be'loose'and'modelUindependent'

'
2)'Reconstruct'the'γγ'invariant'mass'
'
'

!  photon'reconstruc>on'
!  detector'resolu>on'and'scale'
!  dedicated'vertex'iden>fica>on'techniques'

' Search for High Mass Resonances with CMS

SEARCH STRATEGY

1. Pick your favorite di-object final state 
– crucial expertise in reconstruction and detector 

2. Be as model-independent as possible 
– do not design selection based on a particular model 
– be loose in kinematics 

3. Reconstruct invariant mass

13

at high energies

E1 E2

θ

  24

Interest of dijet data scouting

Giulia D'Imperio – 100 Congesso SIFGiulia D'Imperio – Università La Sapienza – INFN Roma

● Should be detected also in dijets 

● Standard analysis not sensitive to masses below 1.2 TeV

● “Data scouting” sensitive to lower dijet mass
● 8 TeV results are public, no observed excesses
● needed also at 13 TeV  � very interesting 

The production at LHC is allowed! 

Clean&final&state&at&hadron&colliders&

m(γγ)'

Number'
of'events'

mγγ

N

Fit  -  as a 2D peak 
over smooth background

mγγ mjj

Diphoton'bump'search'

5'

1)  Define'the'event'selec>on:''2'isolated'photons'
! must'be'loose'and'modelUindependent'

'
2)'Reconstruct'the'γγ'invariant'mass'
'
'

!  photon'reconstruc>on'
!  detector'resolu>on'and'scale'
!  dedicated'vertex'iden>fica>on'techniques'

' Search for High Mass Resonances with CMS

SEARCH STRATEGY

1. Pick your favorite di-object final state 
– crucial expertise in reconstruction and detector 

2. Be as model-independent as possible 
– do not design selection based on a particular model 
– be loose in kinematics 

3. Reconstruct invariant mass

13

at high energies

E1 E2

θ

  24

Interest of dijet data scouting

Giulia D'Imperio – 100 Congesso SIFGiulia D'Imperio – Università La Sapienza – INFN Roma

● Should be detected also in dijets 

● Standard analysis not sensitive to masses below 1.2 TeV

● “Data scouting” sensitive to lower dijet mass
● 8 TeV results are public, no observed excesses
● needed also at 13 TeV  � very interesting 

The production at LHC is allowed! 

Clean&final&state&at&hadron&colliders&

m(γγ)'

Number'
of'events'

mjj

N
X
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How to robustly fit a bump

27

The background composition can be unknown, no need to model it with simulation 
•Only assumption: smooth bkg shape vs peaking signal 

-> Fit on data with empiric smooth functions  

-> Best  choose the nominal ,  

-> alternatives used as an uncertainty (discrete profiling method) 
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 resultsX → YH → bbγγ
• From parametric fit in  plane (fit in  uses same method as ) mγγ − mbb mbb mγγ

28
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sections from 
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https://www.lupm.in2p3.fr/users/nmssm/history.html
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 vs other channelsX → YH
• Comparing excess at (125, 90) with 650 GeV heavy resonance mass

29
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Compare different Y dec modes
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 

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

• also H125 BR’s can vary  

• in extensions involving only singlets, H125 and Y BR’s similar to SM H ones
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Possible searches covering the excess: 
•  
•  
•  or  
•  with 4b resolved 
• , WW -> “merged” or “resolved” jets 
• …and many more

X → Y(bb)H(ττ)
X → Y(γγ)H(bb)
X → Y(γγ)H(ττ) X → Y(ττ)H(γγ)
X → H/Y(bb) H(bb)
X → WW(4q) H(bb)

To combine different modes, 
and be model-independent: 

-> scan Y BR’s 
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A note on interpretations
• When not finding an excess we need to be able to interpret our results 

in a motivated theory 

• 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! 

• 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

31
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Compare: X → H(ττ)Y(bb)
Old analysis from CMS, didn’t consider mX=650 
GeV at that time  

• not possible to interpolate, since between 600 and 
700 GeV the analysis changes strategy  

• now redoing it, coming soon
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 overviewX → YY
• CMS bbbb merged-jet: Phys. Lett. B 835 (2022) 137566 

- MX: 1-3 TeV 

- MY: 25-100 GeV (highly boosted!)
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X→YY overview
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Z* → HA → 4τ
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•In lepton-specific (or type X) 2HDM at large tan 𝛃         
- which could explain g-2 - non-lepton couplings and 
hence direct A/H production strongly suppressed 

• HA pair production (via Z*) with decays to 4 tau 
leptons can probe this scenario!

 lepton decays in multiple ways: 
•Fully leptonic: “ ” (clean, but with ’s) 
•Into charged hadrons “ ” (eg. ) 

•Charged hadrons can decay to  

•  immediately

τ
τℓ ν

τh ρ, ω . . .
π0

π0 → γγ

e.g.  decay 

 

τh

τ+
h → π+π−π+π0 + . . .

Z*→HA→4τ

19

CMS-PAS-SUS-23-007

• Target the 6 final states with 4/3/2 τh (87% of total) 
• In ee/μμ/eμ + τhτh final states, further subdivide by 

light lepton charge (opposite- or same-sign) 
• Dominant background: jet→τh fakes, estimated using 

BDT-based fake factor method 
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• In lepton-specific (or type X) 2HDM at large tan 𝛃 - 
which could explain g-2 - non-lepton couplings and 
hence direct A/H production strongly suppressed 

• HA pair production (via Z*) with decays to 4 tau 
leptons can probe this scenario!

NEW!

4τh + pTmiss 

Quark/gluon  Jet→

Channels with 6/4/2  = 87% of signal 
-> Main background: Jet resembling a 

τh
τh
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 resultsZ* → HA → 4τ
• Strategy: fit the distribution of transverse mass (presence of neutrinos 

=> no full kinematics closure) 
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Z*→HA→4τ
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• In lepton-specific (or type X) 2HDM at large tan 𝛃 - 
which could explain g-2 - non-lepton couplings and 
hence direct A/H production strongly suppressed 

• HA pair production (via Z*) with decays to 4 tau 
leptons can probe this scenario!

NEW!

4τh + pTmiss 

Z*→HA→4τ

19

CMS-PAS-SUS-23-007

• Target the 6 final states with 4/3/2 τh (87% of total) 
• In ee/μμ/eμ + τhτh final states, further subdivide by 

light lepton charge (opposite- or same-sign) 
• Dominant background: jet→τh fakes, estimated using 

BDT-based fake factor method 
➡Fit  distributionmtot

T

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Ev
en

ts hτ hτ hτ

Observation

h
τ → 1 jet ≥

hτGenuine 

Other

Bkg. unc.

H(200)A(160)

 @ 0.01 pb

CMSPreliminary  (13 TeV)-1138 fb

 (GeV)tot
Tm

0.5
1

1.5

O
bs

/E
xp

[0
,3

0]
[3

0,
80

]
[8

0,
10

0]
[1

00
,1

10
]

[1
10

,1
25

]
[1

25
,1

40
]

[1
40

,1
60

]
[1

60
,1

80
]

[1
80

,2
00

]
[2

00
,2

20
]

[2
20

,2
40

]
[2

40
,2

70
]

[2
70

,3
00

]
[3

00
,3

50
]

[3
50

,4
00

]
[4

00
,4

50
] ]

∞
[4

50
,

• In lepton-specific (or type X) 2HDM at large tan 𝛃 - 
which could explain g-2 - non-lepton couplings and 
hence direct A/H production strongly suppressed 

• HA pair production (via Z*) with decays to 4 tau 
leptons can probe this scenario!

NEW!

4τh + pTmiss 

Z*→HA→4τ - results
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CMS-PAS-SUS-23-007

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

 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!

X → H(γγ)Y(bb)

38

CMS X→YH summary plots
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Higgs summary plots
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ATLAS X->HY searches
• Most recent HY analysis from ATLAS (JHEP 10 (2023) 009) 

- X → YH → Y(VV) H(ττ): no excess found

40

ATLAS pp -> X -> HY 17

• The last HY analyst from ATLAS dates from 2022 (JHEP 10 (2023) 009)

• X → YH → Y(VV) H(ττ): no excess found

Thank you Andrea Malara for helping research

This is all we found in ATLAS public material…

• This channel is now being covered by CMS

• Not preliminary sensitivity to compare yet
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ATLAS X->HH searches
• 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, bbττ and bbɣɣ 

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

41
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• Features only 4b, bbττ and bbɣɣ

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

• Our boosted searches exclude it


• At lower masses the current ATLAS comparison is better:

• We do not have yet a 4b resolved public 

• Our bbττ will improve considerably
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The Standard Model

42

Gauge interactions

Yukawa interactions (fermion masses => 
proton, neutron masses), CKM matrix 
and CP violation

Higgs potential

ℒSM = −
1
4

FμνFμν + iψ̄Dψ

+ |DμΦ |2

+V(Φ)
+ψiyijψjΦ

Precision Electroweak and QCD

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 ℒnew ℒSM
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The Higgs potential

• Responsible of the EWK symmetry 
breaking and W/Z masses 

• Characterizing the Higgs potential 
means measuring the H boson mass (μ) 
and the strength of its self coupling (λ) 

•  and top mass determine the 
stability     of our vacuum  
V(Φ)

43

V(Φ) = −μ2Φ†Φ+λ(Φ†Φ)2

= V0+
1
2

m2
HH2+λvH3+

1
4

λH4

All these observations approximately carry over to ~Mcri
t

and ~Mcri
H .

Apart from the issue of gauge dependence, our analysis
differs from that of Refs. [10,11] in the following respects.
In Refs. [10,11], the OðααsÞ term in δαsðμÞ [13] and the
Oðα4sÞ terms in δαsðμÞ [17] and δqðμÞ [18] were not
included; μthr was affected by the MMC

t variation, which
explains the sign difference in the corresponding shift in
Mcri

H ; and the scale uncertainties were found to be approx-
imately half as large as here for reasons unknown to us.
In Fig. 1, the RG evolution flow from μthr to μcri and

beyond is shown in the ðλ; βλÞ plane. The propagation with
μ of the 1σ and 3σ confidence ellipses with respect toMMC

t
and MH tells us that the second condition in Eq. (2) is
almost automatic, the ellipses for μ ¼ 1018 GeV being
approximately degenerated to horizontal lines. For default
input values, λðμÞ crosses zero at μ ¼ 1.55 × 1010 GeV.
The contour of Mcri

t approximately coincides with the right
envelope of the 2σ ellipses, while the one of Mcri

H , which
relies onMMC

t , is driven outside the 3σ band as μ runs from
μcriH to μthr.
Our upgraded and updated version of the familiar phase

diagram [10,11,20,24] is presented in Fig. 2. Besides the
boundary of the stable phase defined by Eq. (2), on which
the critical points with Mcri

t and Mcri
H are located, we also

show contours of λðμ0Þ ¼ 0 and βλðμ0Þ ¼ 0. The demar-
cation line between the metastable phase and the instable
one, in which the lifetime of our vacuum is shorter than the

age of the Universe, is evaluated as in Ref. [20] and
represents the only gauge-dependent detail in Fig. 2. The
customary confidence ellipses with respect to MMC

t and
MH, which are included Fig. 2 for reference, have to be
taken with caution because they misleadingly suggest that
the tree-level mass parameter MMC

t and its error [2]
identically carry over to Mt, which is actually the real
part of the complex pole position upon mass renormaliza-
tion in the on-shell scheme [25]. In view of the resonance
property, a shift of order Γt ¼ 2.00 GeV [2] would be
plausible, which should serve as a useful error estimate for
the time being.
In conclusion, we performed a high-precision analysis of

the vacuum stability in the SM incorporating full two-loop
threshold corrections [5,12–14], three-loop beta functions
[6], and Oðα4sÞ corrections to the matching and running of
gs [7,17] and yq [8,18], and adopting two gauge-indepen-
dent approaches, one based on the criticality criterion (2)
for λðμÞ [5] and one on a reorganization of VeffðHÞ so that
its minimum is gauge independent order by order [20]. For
the Mt upper bound we thus obtained Mcri

t ¼ ð171.44$
0.30þ0.17

−0.36Þ GeV and ~Mcri
t ¼ ð171.64$ 0.30þ0.17

−0.36Þ GeV,
respectively, where the first errors are experimental, due
the 1σ variations in the input parameters [2], and the second
ones are theoretical, due to the scale and truncation
uncertainties. In want of more specific information, we
assume the individual error sources to be independent and

FIG. 1 (color online). RG evolution of λðμÞ from μthr to μcri and
beyond in the ðλ; βλÞ plane for default input values and matching
scale (red solid line), effects of 1σ (brown solid lines) and 3σ
(blue solid lines) variation in MMC

t , theoretical uncertainty due to
the variation of ξ from 1=2 to 2 (upper and lower black dashed
lines with asterisks in the insets), and results for Mcri

t (green
dashed line) and Mcri

H (purple dashed line). The 1σ (brown
ellipses) and 3σ (blue ellipses) contours due to the errors in
MMC

t andMH are indicated for selected values of μ. The insets in
the upper right and lower left corners refer to μ ¼ MMC

t and
μ ¼ 1.55 × 1010 GeV, respectively.

FIG. 2 (color online). Phase diagram of vacuum stability (light-
green shaded area), metastability, and instability (pink shaded
area) in the ðMH;MtÞ plane, contours of λðμ0Þ ¼ 0 for selected
values of μ0 (purple dotted lines), contours of βλðμ0Þ ¼ 0 for
selected values of μ0 (solid parabolalike lines) with uncertainties
due to 1σ error in αð5Þs ðMZÞ (dashed and dot-dashed lines), critical
line of Eq. (2) (solid green line) with uncertainty due to 1σ error
in αð5Þs ðMZÞ (orange shaded band), and critical points with Mcri

t
(lower red bullet) and Mcri

H (right red bullet). The present world
average of ðMMC

t ; MHÞ (upper left red bullet) and its 1σ (purple
ellipse), 2σ (brown ellipse), and 3σ (blue ellipse) contours are
marked for reference.

PRL 115, 201802 (2015) P HY S I CA L R EV I EW LE T T ER S week ending
13 NOVEMBER 2015

201802-4
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The LHC Higgs factory
• About 8 million Higgs bosons produced 

by LHC during Run-2 

• For  a wide range of 
production and decay modes accessible 

• Establishing each production mode and 
studying its properties  

mH ∼ 125 GeV

44
Higgs 
From Discovery to Precision

Probing Higgs Couplings at the LHC �4
The Higgs boson at the LHC.
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µ = 1.07± 0.22 (at 68%CL)

In the kappa framework , fit for 6 
coupling strength modifiers (κ)  

for  mH = 125.38 GeV

CMS p-value for SM hypothesis (all κ=1): 44% 

for the first time, meaningful 68% and 95% 
confidence intervals for a Higgs boson coupling to a 

second generation fermion

CMS-HIG-19-006 
JHEP 01 (2021) 148
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HH production
• Di-Higgs production at the LHC is dominated by the gluon-fusion 

process, followed (1/20) by VBF production 

46

R. Frederix et al. / Physics Letters B 732 (2014) 142–149 145

Fig. 3. Total cross sections at the LO and NLO in QCD for H H production channels, at the
√

s = 14 TeV LHC as a function of the self-interaction coupling λ. The dashed
(solid) lines and light- (dark-)colour bands correspond to the LO (NLO) results and to the scale and PDF uncertainties added linearly. The SM values of the cross sections are
obtained at λ/λSM = 1.

Fig. 4. Transverse momentum distribution of the hardest Higgs boson in H H production in the gluon–gluon fusion, VBF, tt̄ H H , W H H and Z H H channels, at the 14 TeV
LHC. The main frame displays the NLO + PS results obtained after showering with Pythia8 (solid) and HERWIG6 (dashes). The insets show, channel by channel, the ratios of
the NLO + Pythia8 (solid), NLO + HERWIG6 (dashes), and LO + HERWIG6 (open boxes) results over the LO + Pythia8 results (crosses). The dark-colour (light-colour) bands
represent the scale (red) and PDF (blue) uncertainties added linearly for the NLO (LO) simulations. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this Letter.)

PLB 732 (2014) 142-149

HH production in the SM: gluon fusion
� Dominant HH production mode in the SM is gluon fusion, 

driven by on self-coupling ɉand Higgs-top couplings ɉt
Ϋ ɐSM(ggHH) = 31 fb  [ ~ 1/1500 of ɐ(ggH) ! ]

� Destructive interference between the 
two contributions: ɐ larger at ɉ = 0!

���̷���Ǧ��͖͔͖͔ǡ�͖������͖͔͖͔Giovanni Petrucciani (CERN) 58

ʄt

ʄ�

ʄ�

ʄ +
�

g

H

H
ί ��

ɐ/ɐSM ~ 2.09 Ɉt
4 Ȃ 1.36 ɈɉɈt

3 + 0.28 Ɉɉ2Ɉt
2

[Ɉt := ɉt / ɉt
SM

; Ɉɉ := ɉ / ɉSM ]

[ PLB 732 (2014) 142-149 ]  

self-coupling λ Higgs-top coupling λt

ggF: σ(ggHH) = 31 fb ≈ 1/1500 × σ(ggH)

VBF: σ = 1.72 fb ≈ 1/1500 × σ(ggH)

�������������ǣ������� ����� ������

� VBF is the second production mode, with ɐSM = 1.72 fb  
Ϋ ~1/20 of ggHH, ~1/2000 of VBF H

� Receives contributions from self-coupling HHH, HVV coupling (ɈV, 
well measured in single Higgs), and HHVV quartic vertex (Ɉ2V).
Ϋ Ɉ2V = ɈV

2 if H is part of a SU(2)L doublet, as in the SM or the SMEFT.
Ϋ Otherwise, large increase in ɐVBF possible: VL VLĺ H H would violate unitary

QCD@LHC-X 2020, 2 Sept 2020Giovanni Petrucciani (CERN) ͙͝

ί + +ʃʄ
ʃV

ʃV

ʃV
ʃϮs

self-coupling  HHH and  HVV single H coupling λ κλ
HHVV quartic coupling  
only in VBF production

destructive interference makes σλ=0 > σSM

SM
λ = 0

https://doi.org/10.1016/j.physletb.2014.03.026
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HH → bb̄γγ
• Phase space of 2 photons and 2 b-tagged jets, with  around 125 GeV 

- both CMS and ATLAS also look for a resonant  

- bkgs:  from data sidebands and single Higgs from MC fullsim 

• cross section upper limit = 7.7 (5.2 exp) 

mγγ

X → HH → bb̄γγ
γγ + jets

× σHH
SM

47

Constraint on trilinear coupling at 95% CL: 
-3.3 <  <8.5κλ JHEP 03 (2021) 257
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Observed

Figure 12. Negative log-likelihood contours at 68 and 95% CL in the (κλ, κt) plane evaluated with
an Asimov data set assuming the SM hypothesis (left) and the observed data (right). The contours
obtained using the HH analysis categories only are shown in blue, and in orange when combined
with the ttH categories. The best fit value for the HH categories only (κλ = 0.6, κt = 1.2) is
indicated by a blue circle, for the HH + ttH categories (κλ = 1.4, κt = 1.3) by an orange diamond,
and the SM prediction (κλ = 1.0, κt = 1.0) by a black star. The regions of the 2D scan where the
κt parametrization for anomalous values of κλ at LO is not reliable are shown with a gray band.
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Figure 13. Negative log-likelihood scan, as a function of κt , evaluated with an Asimov data set
assuming the SM hypothesis (left) and the observed data (right). The 68 and 95% CL intervals are
shown with the dashed gray lines. The two curves are shown for the HH (blue) and the HH +ttH
(orange) analysis categories. All other couplings are fixed to their SM values.
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HH → 4b

48

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

• Still far to be sensitive to SM process:   

• VBF  also targets the extreme kinematic of κ2V ≠ 1  

- Two boosted  candidates (two large-R jets) 

- VBF topology,  and QCD bkg discriminated with convolutional NNs

σHH /σHH
SM < 7.3 (10 exp.)

HH → 4b

H → bb̄

tt̄

14
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Figure 6: Observed (solid lines) and expected (dashed lines) 95% CL exclusion limits as a func-
tion of the k2V and kV couplings, obtained with the CLs method, assuming all the other cou-
plings to be fixed to the SM values. The hatched regions are excluded by the observed limits.
The dotted curves indicate theoretical VBF HH production cross section predictions as a func-
tion of the two couplings. The SM prediction is shown as a red marker.
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Multilepton HH search
• Double H decays into 4W, 4 , 2W2  in final states with  and an hadronically 

decaying  cover ~7.7% of the HH decays 

• dedicated categories for 7 channels and 2 CRs 

• background estimates from data as ttH multileptons 

• Sensitivity  

τ τ ℓ = e, μ
τh

≈ 20 × σHH
SM

49

HH search in multilepton final states

I Search for HH production in final states with ` and ⌧h;
where `: e or µ

I Target decay modes: HH ! 4W / 2W 2⌧ / 4⌧ ,
covering ⇠ 7.7% of the HH decays

I Channels:
4`, 3`+ 0⌧h, 2`ss + 0/1⌧h,
3`+ 1⌧h, 1`+ 3⌧h, 2`+ 2⌧h, 0`+ 4⌧h.

I Note: Background estimation methods adopted from the
Run-2 tt̄H-multilepton analysis Hig-19-008.

Similarities with tt̄H analysis are tagged by † marker. [Source: Thesis of T. Lange]

Siddhesh Sawant Approval of HIG-21-002 5/31
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Figure 7: Observed and expected 95% CL upper limits on the SM HH production cross section,
obtained for both individual search categories and from a simultaneous fit of all seven search
categories combined.
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Figure 8: Observed and expected 95% CL upper limits on the HH production cross section as
a function of the Higgs boson self-coupling strength modifier kl. All Higgs boson couplings
other than l are assumed to have the values predicted in the SM. The plot on the left shows
the result obtained by combining all seven search categories, while the plot on the right shows
the limits obtained for each search category separately. Overlaid on the left is a curve in red
representing the predicted HH production cross section.

The observed (expected) 95% CL interval for the Higgs boson trilinear self-coupling strength624

modifier is measured to be �7.0 < kl < 11.2 (�7.0 < kl < 11.7), where the upper limit is625

one of the strongest constraints on this fundamental SM parameter to date [54, 123, 124]. The626

observed and expected upper limits on the HH production cross section as a function of kl,627

obtained from the simultaneous fit of all seven search categories, are shown in Fig. 8, along628

with limits obtained for each search category individually.629

The observed and expected limits on the HH production cross section for the 20 benchmark630

scenarios are shown in Figs. 9 and 10. and summarized in Table 4. These limits refer to the631

ggHH process: the qqHH process can be safely neglected for these measurements. The ob-632
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Figure 10: Observed and expected 95% CL upper limits on the HH production cross section
for seven benchmark scenarios from Ref. [61]. The plot on the left shows the result obtained by
combining all seven search categories, while the plot on the right shows the limits obtained for
each search category separately.
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Figure 11: Observed and expected limits on the HH production cross section as function of
the effective coupling c2 (left) and region excluded in the kt–c2 plane (right). All limits are
computed at 95% CL. Higgs boson couplings other than the ones shown in the plots (c2 in the
left plot and c2 and kt in the right plot) are assumed to have the values predicted by the SM.

Figure 11 shows the observed and expected upper limits on the HH production cross section as643

a function of the coupling c2 and the region excluded in the kt–c2 plane. The effects of variations644

in kl and kt on the rate of the single SM Higgs boson background [125] and on the Higgs boson645

decay branching fractions [126] are taken into account when computing these limits and those646

shown in Fig. 8. Assuming the Higgs boson couplings kt and kl have the values expected in647

the SM, the coupling c2 is observed (expected) to be constrained, at 95% CL, within the interval648

�1.06 < c2 < 1.49 (�0.97 < c2 < 1.37).649

Figure 12 shows the observed and expected limits on the resonant HH production cross section650

as a function of mX for a spin-0 or spin-2 particle X decaying to a Higgs boson pair. Compared to651

previously published searches [54, 124], this analysis has similar sensitivity at very low masses652

(250-400 GeV), owing again to the efficient reconstruction and identification of low-pT leptons653

in CMS. In the mass range mX & 600 GeV, the observed limit is less stringent than the ex-654

pected limit. The reason is a small excess of data events concentrated near mX = 750 GeV in655

the categories 2`ss and 3`. The distributions in the output of the BDT classifier targeting reso-656

nances of spin 2 and mass 750 GeV in the 2`ss and 3` categories is shown in Fig. 13. A small657

Constraint on trilinear coupling at 95% CL: 
-7 <  < 11κλ 2t-2H coupling  vs H-t coupling c2 κt
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Figure 1: LO Feynman diagrams for SM nonresonant HH production via gluon fusion (a, b)
and via vector boson fusion (c, d, e).

and c2, referring to the interactions between two gluons and one Higgs boson, two gluons and47

two Higgs bosons, and two top quarks and two Higgs bosons, respectively. The corresponding48

Feynman diagrams for ggHH production are shown in Fig. 2. The LO diagrams for qqHH49

production contain no gluons, so the impact of cg, c2g, and c2 are only considered in ggHH50

signal in this paper.51
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Figure 2: LO Feynman diagrams for nonresonant HH production via gluon fusion in an effec-
tive field theory approach where loop-mediated contact interactions between (a) two gluons
and one Higgs boson, (b) two gluons and two Higgs bosons, and (c) two top quarks and two
Higgs bosons are parametrized by three effective couplings: cg, c2g, and c2.

An excess of HH signal events may also result from decays of new heavy particles, denoted52

X, into pairs of Higgs bosons. Various BSM theories postulate such decays, in particular two-53

Higgs-doublet models [25, 26], composite Higgs models [27, 28], Higgs portal models [29, 30],54

and models inspired by warped extra dimensions [31]. In the latter, the new heavy particles55

may have spin 0 (“radions”) or spin 2 (“gravitons”) [32]. In this paper, the resulting“resonant”56

HH production is sought for mass values of X from 250 to 1000 GeV, and the width of X is57

assumed to be negligible compared to the experimental resolution on mHH. This creates a peak58

in the reconstructed mHH distribution around the mass mX of the resonance. The Feynman59

diagram for this process is shown in Fig. 3. The production of new particles with masses above60

1000 GeV is probed via the effective coupling c2g in the EFT approach described above.61

In this paper, we present the results of a search for nonresonant as well as resonant HH produc-62

c2
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