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Sommario

 i costituenti elementari della materia 
 le tre famiglie di costituenti 
 quattro (cinque…) forze fondamentali: mediatori  
 interazioni protone - protone 
 decadimenti 
 il bosone di Higgs
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Masterclasses @ Roma Tre- 03/04/2014 

Materia Molecola Atomo Nucleo

chimica
Fisica Atomica

Fisica  
Nucleare

  Fisica delle particelle

QuarkAdroni

 Elettrone 

(protoni,  
neutroni, …)

Partiamo dalle basi! 

(brevemente e in maniera molto schematica…)

3

La materia

rappresentazione 
schematica
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La materia

Il nucleo è 10.000 volte più piccolo 
dell’atomo: la materia ordinaria è prevalentemente spazio vuoto. 

Stessa cosa nel nucleo del sole: la distanza media tra due nuclei di idrogeno ionizzato 
è circa 1 nm 

Esistono stelle formate esclusivamente da neutroni, stelle di neutroni, con distanze 
tipiche del raggio nucleare (densità elevatissime: una regione di una stella di neutroni 
che ha la stessa massa della terra ha un raggio di circa 2 km)



Prof. Biagio Di Micco International Physics Masterclass

Il muone  la terra è bombardata da protoni, 
elettroni e nuclei di vario tipo 
provenienti dall’attività solare e da 
esplosioni stellari (raggi cosmici 
primari); 
 queste particelle interagiscono con 
gli strati alti dell’atmosfera e 
producono fiotti di particelle più 
leggere; 

 studiando questi raggi cosmici 
Anderson e Neddermeyer (1936) 
trovarono una particella 200 volte 
più pesante dell’elettrone: il muone. 

Da allora numerosi esperimenti, sia  
con i raggi cosmici che con 
acceleratori, hanno trovato centinaia 
di nuove particelle-.



Prof. Biagio Di Micco International Physics Masterclass

L’antimateriaL’antimateria
Paul Dirac predisse l’esistenza del positrone 
(antiparticella dell’elettrone) nel 1928. 

L’equazione di Dirac implica che abbia stessa 
massa dell’elettrone ma carica opposta. 

Il positrone e’ stato scoperto da Anderson nel 
1932.

Ogni particella ha la corrispettiva 
antiparticella!  
Questo e’ il quadro completo:

6

La traccia di un positrone osservata da 
Anderson mentre curva in un campo 

magnetico.


Utilizzando collisori di particelle, macchine 
in cui due particelle vengono fatte collidere 
riproducendo in laboratorio ciò che si 
osserva nei raggi cosmici), si è visto che 
tutte le particelle cariche  hanno un partner 
di carica opposta e stessa massa: le 
antiparticelle.



Prof. Biagio Di Micco International Physics Masterclass

L’antimateria a servizio della medicina

radiografia ai raggi X PET Combinazione delle 
due immagini

 si creano delle sostanze radioattive che 
emettono positroni, ad esempio glucosio 
con emettitori di positroni; 

 le sostanze vengono assorbite dai tessuti 
in modo non uniforme: ad esempio zone 
t u m o r a l i t e n d o n o a d a s s o r b i r e 
maggiormente gli zuccheri, quindi le 
sostanze radioattive si concentrano in 
quelle zone; 

 i positroni emessi incontrano gli 
elettroni ordinari e annichilano in coppie 
di fotoni (luce) 
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Grazie ai collisori è possibile produrre tante particelle, e studiarle

LHC - Ginevra - Francia/Svizzera - p p

Fermilab - Chicago - USA - p p

DAFNE - Frascati (RM) - Italia - e+ e- 

tracce di particelle 
prodotte in interazioni 

p p in ATLAS
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Forza debole

átomo

10-5

Forza 
gravitazionale

Forza forte  
(o di colore)

• 1

Forza  
elettromagnetica

..

.
.10-210-40

Tutte le forze osservate in natura sono riconducibili a 4 interazioni fondamentali 
Responsabili:  

 della coesione della materia 
 del suo decadimento

 Le forze o interazioni

L’interazione avviene grazie allo scambio di particelle

Sono i bosoni (spin intero), i 
“quanti” del campo di 
interazione. 

Es: Il fotone e’ il quanto del campo 
di interazione elettromagnetica

Forze ed interazioni
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Il Modello Standard delle Interazioni Fondamentali

La materia è composta da particelle di spin 1/2 (fermioni) divisi in leptoni e quark a 
seconda delle forze cui sono soggetti. I quark non possono esistere come particelle 

libere ma possono solo formare particelle più pesanti (protone, neutrone, …)

Leptoni e quark si dividono in 3 famiglie di massa crescente.

Il Modello Standard (MS) delle particelle elementari

La materia e’ composta da paricelle di spin ½ (fermioni) divisi in leptoni 
e quarks a seconda delle forze cui sono soggetti. 

I quark non possono esistere come particelle libere ma possono solo 
formare particelle piu’ pesanti (protone, neutrone, …) 

Leptoni e quark si dividono in 3 famiglie di massa crescente.

Le forze sono 
mediate dallo 
scambio di 
bosoni (spin 1)

10
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I costituenti elementari della materia

L’antimateria
Paul Dirac predisse l’esistenza del positrone 
(antiparticella dell’elettrone) nel 1928. 

L’equazione di Dirac implica che abbia stessa 
massa dell’elettrone ma carica opposta. 

Il positrone e’ stato scoperto da Anderson nel 
1932.

Ogni particella ha la corrispettiva 
antiparticella!  
Questo e’ il quadro completo:

6

p, n sono costituiti da 3 quarks 
p: uud 
n: ddu

 la materia ordinaria è 
costituita da quarks: nei nuclei, 
ed elettroni; 

 esistono però tre repliche 
delle particelle, di massa 
sempre più grande; 

 inoltre per ogni particella 
esiste una sua anti-particella di 
carica opposta. 
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Mediatore gravitone 
(G)

W- W+ Z0 Fotone (γ) Gluone (g)

Particelle 
coinvolte

tutte Leptoni e quarks Particelle cariche Quark e gluoni

forse ?
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Master Classes @ Roma Tre 

Problemi col modello standard…

Descrive con successo le nostre 
osservazioni  

Ma deve necessariamente essere esteso! 
Per spiegare l’eccesso di materia 
sull’antimateria 
Per spiegare da cosa sia fatta l’energia del 
nostro universo:  
✓ la materia nota ne rappresenta solo il 4% 

✓ cos’è il restante 96%? 
Per fornire un meccanismo che genera 
l’inflazione cosmica
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Produrre nuove particelle con gli acceleratori

Protone 1 Protone 2

Energia: E1

Prima della collisione

1 2 2total proton protonE E E E= + =

2E m→

…con l’energia disponibile 
vengono create nuove particelle 
(note o sconosciute)

… maggiore e’ l’energia, 
maggiore la probabilita’ 
di produrre nuove 
particelle “pesanti”

Dopo la collisione

Energia: E2

Dalla famosa 
relazione di 

Einstein
2E mc=

Produrre nuove particelle con gli acceleratori
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Decadimenti delle particelle

 ad eccezione dei neutrini, elettroni e positroni, protoni e anti-protoni, tutte le 
particelle elementari decadono;


 decadimento del neutrone:

n → p e- ν decadimento beta, responsabile della radioattività ambientale,

tempo di decadimento medio 15 min

 il decadimento del neutrone è mediato da un bosone W


n p

W- e-

ν

in termini di quarks
n

u

d

d

W- e-

ν

u

d

u

p

il bosone W si accoppia sia ai quarks che ai 
leptoni, pertanto può  decadere in coppie 
quark - anti-quark o leptone - anti-leptone

W-(+) → Br
e-(+)ν(—) 11%
μ-(+)ν(—) 11%
τ-(+)ν(—) 11%

qq 67%—
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Il bosone di Higgs

 in una teoria senza bosone di Higgs  alcuni processi non sono calcolabili: ad esempio 
W+W- → W+W- (si ottengono probabilità di interazione infinite) ; 

   altri processi possono essere calcolati, ma non con precisione arbitrariamente elevata. 
Effettuando calcoli più accurati, di nuovo compaiono degli infiniti che ne impediscono il 
calcolo.

Masterclasses @ Roma Tre- 03/04/2014 28

4 Luglio 2012

8 Ottobre 2013

 se le masse delle particelle sono tutte messe a zero, i 
problemi non compaiono: la teoria si dice 
rinormalizzabile; 

 nel 1964 e negli anni successivi,  Froncois Englert, 
Peter Higgs e Robert Borut (e Gerard ’t Hooft)  
mostrarono che con l’introduzione di una nuova 
particella, il bosone di Higgs, è possibile risolvere 
questo tipo di problemi 
 il bosone di Higgs deve interagire di più con le 
particelle più pesanti
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L’interazione del bosone di Higgs

Masterclasses @ Roma Tre- 03/04/2014 25

L’enigma della massa

Atomo di Ferro 

Perché le particelle elementari 
hanno massa?  

Perché hanno  masse così 
diverse?

Interazione con il 
campo di Higgs

Interazione con un 
liquido viscoso

Le particelle hanno massa 
perche’ “rallentate” 
dall’interazione col campo 

Le masse sono diverse perche’ 
ogni particella interagisce 
diversamente col campo

Il meccanismo di Higgs (+ Englert e 
Brout) permette di attribuire loro delle 
masse tramite l’interazione con un 
campo (il campo di Higgs) che 
permea tutto lo spazio.
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L’enigma della massa

Atomo di Ferro 

Perché le particelle elementari 
hanno massa?  

Perché hanno  masse così 
diverse?

Interazione con il 
campo di Higgs

Interazione con un 
liquido viscoso

Le particelle hanno massa 
perche’ “rallentate” 
dall’interazione col campo 

Le masse sono diverse perche’ 
ogni particella interagisce 
diversamente col campo

Il meccanismo di Higgs (+ Englert e 
Brout) permette di attribuire loro delle 
masse tramite l’interazione con un 
campo (il campo di Higgs) che 
permea tutto lo spazio.

Il campo di Higgs permea lo spazio vuoto, le particelle che si propagano 
interagiscono continuamente con il campo di Higgs e questa interazione 

gli fornisce massa
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Osservazione del bosone di Higgs

ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 5

Fig. 2. The distribution of the four-lepton invariant mass, m4ℓ , for the selected can-
didates, compared to the background expectation in the 80–250 GeV mass range,
for the combination of the

√
s = 7 TeV and

√
s = 8 TeV data. The signal expectation

for a SM Higgs with mH = 125 GeV is also shown.

Table 3
The numbers of expected signal (mH = 125 GeV) and background events, together
with the numbers of observed events in the data, in a window of size ±5 GeV
around 125 GeV, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Signal Z Z (∗) Z + jets, tt̄ Observed

4µ 2.09 ± 0.30 1.12 ± 0.05 0.13 ± 0.04 6
2e2µ/2µ2e 2.29 ± 0.33 0.80 ± 0.05 1.27 ± 0.19 5
4e 0.90 ± 0.14 0.44 ± 0.04 1.09 ± 0.20 2

(±2.3%/±7.6%) for m4ℓ = 115 GeV. The uncertainty on the electron
energy scale results in an uncertainty of ±0.7% (±0.5%/±0.2%) on
the mass scale of the m4ℓ distribution for the 4e (2e2µ/2µ2e)
channel. The impact of the uncertainties on the electron energy
resolution and on the muon momentum resolution and scale are
found to be negligible.

The theoretical uncertainties associated with the signal are de-
scribed in detail in Section 8. For the SM Z Z (∗) background, which
is estimated from MC simulation, the uncertainty on the total yield
due to the QCD scale uncertainty is ±5%, while the effect of the
PDF and αs uncertainties is ±4% (±8%) for processes initiated by
quarks (gluons) [53]. In addition, the dependence of these uncer-
tainties on the four-lepton invariant mass spectrum has been taken
into account as discussed in Ref. [53]. Though a small excess of
events is observed for m4l > 160 GeV, the measured Z Z (∗) → 4ℓ
cross section [93] is consistent with the SM theoretical predic-
tion. The impact of not using the theoretical constraints on the
Z Z (∗) yield on the search for a Higgs boson with mH < 2mZ has
been studied in Ref. [87] and has been found to be negligible. The
impact of the interference between a Higgs signal and the non-
resonant gg → Z Z (∗) background is small and becomes negligible
for mH < 2mZ [94].

4.4. Results

The expected distributions of m4ℓ for the background and for
a Higgs boson signal with mH = 125 GeV are compared to the
data in Fig. 2. The numbers of observed and expected events in
a window of ±5 GeV around mH = 125 GeV are presented for the
combined 7 TeV and 8 TeV data in Table 3. The distribution of the
m34 versus m12 invariant mass is shown in Fig. 3. The statistical
interpretation of the excess of events near m4ℓ = 125 GeV in Fig. 2
is presented in Section 9.

Fig. 3. Distribution of the m34 versus the m12 invariant mass, before the applica-
tion of the Z -mass constrained kinematic fit, for the selected candidates in the m4ℓ

range 120–130 GeV. The expected distributions for a SM Higgs with mH = 125 GeV
(the sizes of the boxes indicate the relative density) and for the total background
(the intensity of the shading indicates the relative density) are also shown.

5. H → γ γ channel

The search for the SM Higgs boson through the decay H → γ γ
is performed in the mass range between 110 GeV and 150 GeV.
The dominant background is SM diphoton production (γ γ ); con-
tributions also come from γ + jet and jet + jet production with
one or two jets mis-identified as photons (γ j and j j) and from
the Drell–Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data. Among other
changes to the analysis, a new category of events with two jets
is introduced, which enhances the sensitivity to the VBF process.
Higgs boson events produced by the VBF process have two for-
ward jets, originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sensitivity of
the analysis has been improved by about 20% with respect to that
described in Ref. [95].

5.1. Event selection

The data used in this channel are selected using a diphoton
trigger [96], which requires two clusters formed from energy de-
positions in the electromagnetic calorimeter. An ET threshold of
20 GeV is applied to each cluster for the 7 TeV data, while for the
8 TeV data the thresholds are increased to 35 GeV on the lead-
ing (the highest ET) cluster and to 25 GeV on the sub-leading (the
next-highest ET) cluster. In addition, loose criteria are applied to
the shapes of the clusters to match the expectations for electro-
magnetic showers initiated by photons. The efficiency of the trigger
is greater than 99% for events passing the final event selection.

Events are required to contain at least one reconstructed ver-
tex with at least two associated tracks with pT > 0.4 GeV, as well
as two photon candidates. Photon candidates are reconstructed in
the fiducial region |η| < 2.37, excluding the calorimeter barrel/end-
cap transition region 1.37 ! |η| < 1.52. Photons that convert to
electron–positron pairs in the ID material can have one or two re-
constructed tracks matched to the clusters in the calorimeter. The
photon reconstruction efficiency is about 97% for ET > 30 GeV.

In order to account for energy losses upstream of the calorime-
ter and energy leakage outside of the cluster, MC simulation re-
sults are used to calibrate the energies of the photon candidates;
there are separate calibrations for unconverted and converted

8 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near mγ γ =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H → W W (∗) → eνµν channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp → Z/γ (∗) → ℓℓ) with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W γ events in which the photon undergoes a con-
version. Boson pair production (W γ ∗/W Z (∗) and Z Z (∗)) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H → Z Z (∗) → 4ℓ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ℓνℓν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number
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Table 5
The expected numbers of signal (mH = 125 GeV) and background events after all
selections, including a cut on the transverse mass of 0.75mH < mT < mH for mH =
125 GeV. The observed numbers of events in data are also displayed. The eµ and
µe channels are combined. The uncertainties shown are the combination of the
statistical and all systematic uncertainties, taking into account the constraints from
control samples. For the 2-jet analysis, backgrounds with fewer than 0.01 expected
events are marked with ‘–’.

0-jet 1-jet 2-jet

Signal 20 ± 4 5 ± 2 0.34 ± 0.07

W W 101 ± 13 12 ± 5 0.10 ± 0.14
W Z (∗)/Z Z/W γ (∗) 12 ± 3 1.9 ± 1.1 0.10 ± 0.10
tt̄ 8 ± 2 6 ± 2 0.15 ± 0.10
tW /tb/tqb 3.4 ± 1.5 3.7 ± 1.6 –
Z/γ ∗ + jets 1.9 ± 1.3 0.10 ± 0.10 –
W + jets 15 ± 7 2 ± 1 –

Total background 142 ± 16 26 ± 6 0.35 ± 0.18

Observed 185 38 0

generators. The potential impact of interference between resonant
(Higgs-mediated) and non-resonant gg → W W diagrams [116] for
mT > mH was investigated and found to be negligible. The ef-
fect of the W W normalisation, modelling, and shape systematics
on the total background yield is 9% for the 0-jet channel and
19% for the 1-jet channel. The uncertainty on the shape of the
total background is dominated by the uncertainties on the nor-
malisations of the individual backgrounds. The main uncertainties
on the top background in the 0-jet analysis include those asso-
ciated with interference effects between tt̄ and single top, initial
state an final state radiation, b-tagging, and JER. The impact on
the total background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the total yield is
14%. Theoretical uncertainties on the W γ background normalisa-
tion are evaluated for each jet bin using the procedure described
in Ref. [117]. They are ±11% for the 0-jet bin and ±50% for the
1-jet bin. For W γ ∗ with mℓℓ < 7 GeV, a k-factor of 1.3 ± 0.3 is
applied to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for W γ ∗/W Z (∗)

with mℓℓ > 7 GeV is 1.5±0.5. These uncertainties affect mostly the
1-jet channel, where their impact on the total background yield is
approximately 4%.

6.4. Results

Table 5 shows the numbers of events expected from a SM
Higgs boson with mH = 125 GeV and from the backgrounds, as
well as the numbers of candidates observed in data, after appli-
cation of all selection criteria plus an additional cut on mT of
0.75mH < mT < mH . The uncertainties shown in Table 5 include
the systematic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Section 6.2. An ex-
cess of events relative to the background expectation is observed
in the data.

Fig. 6 shows the distribution of the transverse mass after all
selection criteria in the 0-jet and 1-jet channels combined, and for
both lepton channels together.

The statistical analysis of the data employs a binned likelihood
function constructed as the product of Poisson probability terms
for the eµ channel and the µe channel. The mass-dependent cuts
on mT described above are not used. Instead, the 0-jet (1-jet) sig-
nal regions are subdivided into five (three) mT bins. For the 2-jet
signal region, only the results integrated over mT are used, due
to the small number of events in the final sample. The statistical
interpretation of the observed excess of events is presented in Sec-
tion 9.

Fig. 6. Distribution of the transverse mass, mT, in the 0-jet and 1-jet analyses with
both eµ and µe channels combined, for events satisfying all selection criteria. The
expected signal for mH = 125 GeV is shown stacked on top of the background
prediction. The W + jets background is estimated from data, and W W and top
background MC predictions are normalised to the data using control regions. The
hashed area indicates the total uncertainty on the background prediction.

7. Statistical procedure

The statistical procedure used to interpret the data is described
in Refs. [17,118–121]. The parameter of interest is the global sig-
nal strength factor µ, which acts as a scale factor on the total
number of events predicted by the Standard Model for the Higgs
boson signal. This factor is defined such that µ = 0 corresponds
to the background-only hypothesis and µ = 1 corresponds to the
SM Higgs boson signal in addition to the background. Hypothe-
sised values of µ are tested with a statistic λ(µ) based on the
profile likelihood ratio [122]. This test statistic extracts the infor-
mation on the signal strength from a full likelihood fit to the data.
The likelihood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the C Ls prescription [123]; a
value of µ is regarded as excluded at 95% CL when C Ls is less than
5%. A SM Higgs boson with mass mH is considered excluded at 95%
confidence level (CL) when µ = 1 is excluded at that mass. The sig-
nificance of an excess in the data is first quantified with the local
p0, the probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. The equiva-
lent formulation in terms of number of standard deviations, Zl , is
referred to as the local significance. The global probability for the
most significant excess to be observed anywhere in a given search
region is estimated with the method described in Ref. [124]. The
ratio of the global to the local probabilities, the trials factor used
to correct for the “look elsewhere” effect, increases with the range
of Higgs boson mass hypotheses considered, the mass resolutions
of the channels involved in the combination, and the significance
of the excess.

The statistical tests are performed in steps of values of the
hypothesised Higgs boson mass mH . The asymptotic approxima-
tion [122] upon which the results are based has been validated
with the method described in Ref. [17].

The combination of individual search sub-channels for a specific
Higgs boson decay, and the full combination of all search chan-
nels, are based on the global signal strength factor µ and on the
identification of the nuisance parameters that correspond to the
correlated sources of systematic uncertainty described in Section 8.

8. Correlated systematic uncertainties

The individual search channels that enter the combination are
summarised in Table 6.

 H → ZZ → 4l  H → γγ  H → W+W- → l+ν l- ν 

Il bosone di Higgs essendo neutro decade in uno stato finale complessivamente neutro per la 
conservazione della carica elettrica
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L’energia del bosone di Higgs

 nel Modello Standard il campo di Higgs è l’unico 
ad avere un’energia intrinseca associata; 
 questa energia potrebbe essere stata rilasciata nei 
primi istanti di formazione dell’universo , ed essere 
responsabile della formazione di tutta la materia 
conosciuta; 
 oggi il campo di Higgs si trova al minimo di 
energia, e il valore residuo di questa energia 
contribuisce all’accelerazione dell’universo; 
 non è ancora chiaro se il bosone di Higgs, e la sua 
energia, da soli possono spiegare l’espansione 
dell’universo, ma hanno sicuramente un ruolo 
fondamentale nel processo 
 Studiare il potenziale di Higgs è la nuova frontiera 
della fisica delle particelle 
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where the Higgs 
boson energy 
plays a role


10-36 -  10-33 s

after the Big 

Bang
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Il Future Circular Collider

Il potenziale di Higgs può essere studiato producendo un gran numero di bosoni di Higgs: e+e-→ ZH

oppure producendo un gran numero di coppie di bosoni di Higgs: pp→ HH
In entrambi i casi serve un nuovo acceleratore, di 91 km di lunghezza, 

che è al momento sotto studio sia in Europa che in Cina 


