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Avant-propos
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“The Fabulous  ’60”  
Impressive sequence of theoretical discoveries that have completely changed the 
vision we had of the world.
1961 Goldstone: prediction of unavoidable massless bosons if global symmetry of the Lagrangian is spontaneously broken  
1961 Salam and Ward: invention of the gauge principle 
1962 Glashow: first introduction of the neutral intermediate weak boson  
1963 Cabibbo: introduction of the Cabibbo angle and hadronic weak currents.  
1964 Bjorken and Glashow: proposal for the existence of a charmed fundamental fermion  
1964 Higgs, Englert, and Brout: field theory with spontaneous symmetry breakdown, no massless Goldstone boson,  
  and massive vector boson  
1964 Salam and Ward: Lagrangian for the electroweak synthesis, estimation of the W mass  
1967 Weinberg: Lagrangian for the electroweak synthesis and estimation of W and Z masses  
1968 Salam: Lagrangian for the electroweak synthesis.  
1970 Glashow, Iliopoulos and Maiani: lepton–quark symmetry and the proposal of charmed quark  
1971 ’t Hooft: rigorous proof of renormalizability of the mass-less and massive Yang– Mills quantum field  
  theory with spontaneously broken gauge invariance.  
1973 : Kobayashi and Maskawa: CP violation is accommodated in the Standard Model with six favours.  
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“The Fabulous  ’60”  
Impressive sequence of theoretical discoveries that have completely changed the 
vision we had of the world.

In the last 50 years LLR with IN2P3 
played a fundamental role in the 

experimental proofs of these theories
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The weak neutral current
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𝞶μ

N or e X or e 

𝞶μ A muon neutrino (𝞶μ)  and hadron (N) or 
electron (e) change energy. 

Flavors are unaffected(*) 

Its existence can be probed with “elastic neutrino interaction” 

Time

(*) 

4

readily described (Weinberg, 1967). These interactions
all fall within the context of the general gauge theory of
SU(2)L⇥U(1)Y . This readily divides the types of possi-
ble interactions for neutrinos into three broad categories.
The first is mediated by the exchange of a charged W

boson, otherwise known as a charged current (CC) ex-
change. The leptonic charged weak current, jµW , is given
by the form:

j
µ
W = 2

X

↵=e,µ,⌧

⌫̄L,↵�
µ
l↵L. (5)

The second type of interaction, known as the neutral
current (NC) exchange, is similar in character to the
charged current case. The leptonic neutral current term,
j
µ
Z , describes the exchange of the neutral boson, Z0:

j
µ
Z = 2

X

↵=e,µ,⌧

g
⌫
L⌫̄↵L�

µ
⌫↵L + g

f
L l̄↵L�

µ
l↵L + g

f
R l̄↵R�

µ
l↵R

(6)
Here, ⌫↵L(R) and l↵L(R) correspond to the left (right)

neutral and charged leptonic fields, while g
⌫
L, g

f
L and

g
f
R represent the fermion left and right- handed cou-
plings (for a list of these values, see Table I). Though
the charged leptonic fields are of a definite mass eigen-
state, this is not necessarily so for the neutrino fields,
giving rise to the well-known phenomena of neutrino os-
cillations.

Historically, the neutrino-lepton charged current and
neutral current interactions have been used to study the
nature of the weak force in great detail. Let us return to
the case of calculating the charged and neutral current
reactions. These previously defined components enter
directly into the Lagrangian via their coupling to the
heavy gauge bosons, W± and Z

0:

LCC = � g

2
p
2
(jµWWµ + j

µ,†
W W

†
µ) (7)

LNC = � g

2 cos ✓W
j
µ
ZZµ (8)

Here, Wµ and Zµ represent the heavy gauge boson
field, g is the coupling constant while ✓W is the weak
mixing angle. It is possible to represent these exchanges
with the use of Feynman diagrams, as is shown in Fig-
ure 3. Using this formalism, it is possible to articulate all
neutrino interactions (’t Hooft, 1971) within this simple
framework.

Let us begin by looking at one of the simplest mani-
festations of the above formalism, where the reaction is
a pure charged current interaction:

⌫l + e
� ! l

� + ⌫e (l = µ or ⌧) (9)

+

FIG. 3 Feynman tree-level diagram for charged and neutral
current components of ⌫e + e

� ! ⌫e + e
� scattering.

The corresponding tree-level amplitude can be calcu-
lated from the above expressions. In the case of ⌫l + e

(sometimes known as inverse muon or inverse tau decays)
on finds:

MCC = �GFp
2
{[l̄�µ(1� �

5)⌫l][⌫̄e�µ(1� �
5)e]} (10)

Here, and in all future cases unless specified, we as-
sume that the 4-momentum of the intermediate boson is
much smaller than its mass (i.e. |q2| ⌧ M

2
W,Z) such that

propagator e↵ects can be ignored. In this approximation,
the coupling strength is then dictated primarily by the
Fermi constant, GF :

GF =
g
2

4
p
2M2

W

= 1.1663788(7)⇥ 10�5 GeV�2
. (11)

By summing over all polarization and spin states, and
integrating over all unobserved momenta, one attains the
di↵erential cross-section with respect to the fractional en-
ergy imparted to the outgoing lepton:

d�(⌫le ! ⌫el)

dy
=

2meG
2
FE⌫

⇡

✓
1� (m2

l �m
2
e)

2meE⌫

◆
, (12)

where E⌫ is the energy of the incident neutrino and me

and ml are the masses of the electron and outgoing lep-
ton, respectively. The dimensionless inelasticity parame-
ter, y, reflects the kinetic energy of the outgoing lepton,

which in this particular example is y =
El � (m2

l +m2
e)

2me
E⌫

.
The limits of y are such that:

0  y  ymax = 1� m
2
l

2meE⌫ +m2
e

(13)

Note that in this derivation, we have neglected the con-
tribution from neutrino masses, which in this context is

Scattering with same flavour involved  
as well charged currents 

An essential part of the electroweak unification: a neutral particle (Z0 boson) 
should exist to carry the weak fundamental force.
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The weak neutral current

5

An experiment was prompted to answer this fundamental question

This current exists?  
YES or NO?

𝞶μ

N or e X or e 

𝞶μ

Time

1970

An essential part of the electroweak unification: a neutral particle (Z0 boson) 
should exist to carry the weak fundamental force.
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The Gargamelle(*) experiment

6

    An intense and well measured 
muon (anti)neutrino flux 

A gigantic bubble chamber with  
very large target mass

Yoke

Coils

Chamber

Fiducial volume  
Filled with high density freon

5m

2m

Good identification of muons/electrons and detailed knowledge about final states 

The key characteristics of the success   

1. 2.

3.

(*) named it by Leprince-Ringuet 
after the giantess created 

400 years earlier by Rabelais

Target Magnetic horn 

K0

π0 K0

Decaying in flightProtons form CERN PS 𝞶μ / 𝞶μ

π0

Decay tunnel

𝞶

N X 

𝞶
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Pictures 
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The discovery
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1973

The analysis was based on O(105) 𝞶μ and 𝞶μ pictures manually scanned 
After the selection 166 hadronical Neutral Currents events observed 

June 16, 2015 15:44 60 Years of CERN Experiments and Discoveries – 9.75in x 6.5in b2114-ch07 page 174

174 60 Years of CERN Experiments and Discoveries

Table 1 The neutral current (NC) and
charged current (CC) event samples in
the ν and ν films.

Event Type ν-exposure ν-exposure

# NC 102 64
# CC 428 148

Fig. 4. Various distributions43 of the neutral current (NC) and charged current (CC) samples;
R denotes the radial and X the longitudinal position.
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𝞶μ 𝞶μ

N hadrons

𝞶μ μ+

N hadrons

No charged leptons in 
the final states 

Charged  
Currents

Neutral  
Currents

 
 

Ratio  
 

Similar spatial distributions of  
Neutral and Charged Currents

Neutrino beam Antineutrino beam 
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The discovery
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𝞶μ 𝞶μ

N hadrons

𝞶μ μ+

N hadrons

No charged leptons in 
the final states 

Charged  
Currents

Neutral  
Currents

 
 

Ratio  
 

Similar spatial distributions of  
Neutral and Charged Currents

A hadronic Neutral Currents event 

𝞶μ

3 secondary particles, all clearly identifiable as hadrons,

There is no charged lepton!
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OBSERVATION OF NEUTRINO-LIKE INTERACTIONS WITHOUT MUON 
OR ELECTRON IN THE GARGAMELLE NEUTRINO EXPERIMENT 

F.J. HASERT, S. KABE, W. KRENZ, J. Von KROGH, D. LANSKE, J. MORFIN, 
K. SCHULTZE and H. WEERTS 
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S. NATALI*4, P. MUSSET, B. OSCULATI, R. PALMER*4, J.B.M. PATTISON, 

D.H. PERKINS*6, A. PULLIA, A. ROUSSET, W. VENUS*7 and H. WACHSMUTH 
CERN, Geneva, Switzerland 

V. BRISSON, B. DEGRANGE, M. HAGUENAUER, L. KLUBERG, 
U. NGUYEN-KHAC and P. PETIAU 

Laboratoire de Physique Nucleaire des Hautes Energies, Ecole Polytechnique, Paris, France 

E. BELOTTI, S. BONETTI, D. CAVALLI, C. CONTA*8. E. FIORINI and M. ROLLIER 
Istituto di Fisica dell’ltniversitci, Milan0 and I.N.F.N. Milano, Italy 

B. AUBERT, D. BLUM, L.M. CHOUNET, P. HEUSSE, A. LAGARRIGUE, 
A.M. LUTZ, A. ORKIN-LECOURTOIS and J.P. VIALLE 

Laboratoire de I’Accelltrateur Linenire, Orsay, France 

F.W. BULLOCK, M.J. ESTEN, T.W. JONES, J. MCKENZIE, A.G. MICHETTE*9 
G. MYATT* and W.G. SCOTT*6t*9 

University College, London, England 

Received 25 July 1973 

Events induced by neutral particles and producing hadrons, but no muon or electron, have been observed in the 
CERN neutrino experiment. These events behave as expected if they arise from neutral current induced processes. 
The rates relative to the corresponding charged current processes are evaluated. 

We have searched for the neutral current (NC) and 
charged current (CC) reactions: 

NC u,, /FM t N + v~/;~ t hadrons, 

(2) 
which are distinguished respectively by the absence 

(1) of any possible muon, or the presence of one, and on- 
ly one, possible muon. A small contamination of 
ue /vi exists in the v,, /V, beams giving some CC events 
which are easily recognised by the eye’ signature. The 
analysis is based on 83 000 v pictures and 207 000 V 
pictures taken at CERN in the Gargamelle bubble 
chamber filled with freon of density 1.5 X lo3 kg/m3 * 
The dimensions of this chamber are such that most 

*r Chercheur agree de L’Institut Interuniversitaire des 
Sciences Nucleaires, Belgique . 

** Also at Physics Department, University of Wisconsin. 
*3 Now at Serpukhov. 
*4 Now at University of Bari. 
*’ Now at Brookhaven National Laboratory. 
*’ Also at University of Oxford. 
r7 Now at Rutherford High Energy Laboratory. 
*a On leave of absence from University and INFN-Pavia. 
*9 Supported by Science Research Council grant. 
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+ A more detailed account of the analysis of this experiment 
appears in a paper to be submitted to Nuclear Physics. 
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SEARCH FOR ELASTIC MUON-NEUTRIN0 ELECTRON SCATTERING 
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D. LANSKE, J. MORFIN, K. SCHULTZE and H. WEERTS 
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G. MYATT *s , J. PINFOLD and W.G. SCOTT *s'  "8 
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v + One possible event of the process v~ + e- ~ ,~ e- has been observed. The various background processes are 
discussed and the event interpreted in terms of the Weinberg theory. The 90% confidence limits on the Weinberg 
parameter are 0.1 < sin2Ow < 0.6. 

Recently many theoretical models have been postu- 
lated in an a t tempt  to resolve the divergency of  the 
classical current-current theory by unifying the weak 
and electromagnetic interactions. All these theories 
require neutral currents, heavy leptons or both.  One 
of  these theories, that  of  Salam and Ward [ 1 ] and 
Weinberg [2], gives specific predicitons about  the 

amplitudes of  the neutral  currents which are .suscept- 
ible to experimental  tests. 

In particular,  using this model,  t 'Hoof t  [3] has 
calculated the differential cross sections for the purely 
leptonic processes 

v~ +e -  -~v~ +e -  (1) 

*l Chercheur Agr~e'A 1 'I.I.S.N. Belgique. 
*2 Columbia University, New York, U.S.A. 
*3 On leave from the University of Milan. 
*4 Istituto di Fisica, Bari, Italy. 
*s And at the University of Oxford, England. 

*6 Rutherford High Energy Laboratory, Chilton, England. 
*7 On leave of absence from the Sezione INFN and Univer- 

sity of Pavia 
*8 Grant from the Science Research Council. 
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The discovery papers 

10

1973

First event ever of this type!
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Gargamelle aftermath

11

The discovery of Neutral Currents was major step in HEP bringing to 

the first experimental support for the electroweak theory  

   the first reliable value of the weak mixing angle (sin2𝞱W)  
   a fundamental parameter of the electroweak theory   

         the first estimations of the expected masses of W± and Z0   
      vector bosons several years before their discovery  
        (predicted in theory in terms of the parameter sin2𝞱W)

The next natural step is the direct search of W± and Z0  vector bosons… 
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Search of W± and Z0 bosons

12

Two detectors/experiments approved in late ’70 in the collision points : UA1 and UA2 
The UA1 was at cutting edge of technology those days  and the key feature was the 

“hermeticity” → it becomes the basic of all future general-purpose 
 

Protons Antiprotons

W or Z

Decay products 

273 GeV 273 GeV

Protons

Antiprotons

UA2

UA1

SPS 2.2 Km

PS

ACOL

Underground Area 1 

Underground Area 2

View of UA1

The CERN proton-antiproton SPS (√s = 546 GeV), the first protons and 
antiprotons collider, designed to discover the bosons during LEP construction
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The Discovery of the W and Z Particles 149

Fig. 10. UA1 distribution of the missing transverse momentum (called EMIS
T in this plot) for

equal bins of (EMIS
T )2. The events shown as dark areas in this plot contain a high pT electron.

from momentum conservation that p⃗miss
T is equal to the neutrino transverse

momentum.
Figure 10 shows the |p⃗miss

T | distribution, as measured by UA1 from the 1982
data.9 There is a component decreasing approximately as |p⃗miss

T |2 due to the effect
of calorimeter resolution in events without significant |p⃗miss

T |, followed by a flat
component due to events with genuine |p⃗miss

T |. Six events with high |p⃗miss
T | in the

distribution of Fig. 10 contain a high-pT electron. The p⃗miss
T vector in these events

is almost back-to-back with the electron transverse momentum vector, as shown in
Fig. 11. These events are interpreted as due to W → eνe decay. This result was first
announced at a CERN seminar on January 20, 1983. Figure 12 shows the graphics
display of one of these events.

The results from the UA2 search for W → eν events10 was presented at a
CERN seminar on the following day (January 21, 1983). Six events containing an
electron with pT > 15GeV/c were identified among the 1982 data. Figure 13 shows
the distribution of the ratio between |p⃗miss

T | and the electron pT for these events.
Also shown in Fig. 13 is the electron pT distribution for the events with a |p⃗miss

T |
value comparable to the electron pT (four events). These events have the properties
expected from W → eν decay.
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3. Event selection and data analysis. The present 
work is based on a four-week period of  data-taking 
during the months of  April and May 1983. The inte- 
grated luminosity after subtraction of  dead-time and 
other instrumental inefficiencies was 55 nb -1  . As in 
our previous work [1], four types of  trigger were 
operated simultaneously: 

(i) An "electron trigger", namely at least 10 GeV 
of  transverse energy deposited in two adjacent elements 
of  the electromagnetic calorimeters covering angles 
larger than 5 ° with respect to the beam pipes. 

(ii) A "muon trigger", namely at least one penetrat- 
ing track detected in the muon chambers with pseudo- 
rapidity Ir~l ~< 1.3 and pointing in both projections to 
the interaction vertex within a specified cone of  aper- 
ture + 150 mrad. This is accomplished by a dedicated 
set of  hardware processors filtering the patterns of  the 
muon tube hits. 

(iii) A "jet trigger", namely at least 20 GeV of  
transverse energy in a localized calorimeter cluster * a. 

(iv) A global "E T trigger", with > 5 0  GeV of  total  
transverse energy from all calorimeters with IrTI < 1.4. 

Events for the present paper were further selected 
by the so-called "express line", consisting of  a set of  
four 168E computers [13] operated independently in 
real time during the data-taking. A subsample of  
events with E T ~> 12 GeV in the electromagnetic calo- 
rimeters and dimuons are selected and writ ten on a 
dedicated magnetic tape. These events have been fully 
processed off-line and further subdivided into four 
main classes: (i) single, isolated electromagnetic clus- 
ters with E T > 15 GeV and missing energy events with 
Emiss > 15 GeV, in order to extract  W +- ~ e -+ v events 
[ 1,5] ; (ii) two or more isolated electromagnetic clus- 
ters w i t h e  T > 25 GeV for Z 0 ~ e+e - candidates; 
(iii) muon pair selection to find Z 0 ~/a+M - events; 
and (iv) events with a track reconstructed in the cen- 
tral detector,  of  transverse momentum within one 
standard deviation, PT ~> 25 GeV/c, in order to evalu- 
ate some of  the background contributions. We will 
discuss these different categories in more detail. 

4. Events with two isolated electron signatures. An 
electron signature is defined as a localized energy 

a The jet cluster is defined as in ref. [1], namely six electro- 
magnetic cells and two hadronic cells immediately behind. 
Energy responses of calorimeters for hadrons and electrons 
are somewhat different. 
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Fig. 1. Invariant mass distribution (uncorrected) of two elec- 
tromagnetic clusters: (a) with E T > 25 GeV; (b) as above and 
a track with PT > 7 GeV/c and projected length >40 cm 
pointing to the cluster. In addition, a small energy deposition 
in the hadron calorimeters immediately behind (< 0.8 GeV) 
ensures the electron signature. Isolation is required with ~ PT 
< 3 GeV/c for all other tracks pointing to the cluster. (c) The 
second cluster also has an isolated track. 

deposition in two contiguous cells of  the electromag- 
netic detectors with E T > 25 GeV, and a small (or no) 
energy deposit ion (~<800 MeV) in the hadron calori- 
meters immediately behind them. The isolation require- 
ment  is defined as the absence of  charged tracks with 
momenta  adding up to more than 3 GeV/c of  transverse 
momentum and pointing towards the electron cluster 
cells. The effects of  the successive cuts on the invari- 
ant e lec t ron-e lec t ron  mass are shown in fig. 1. Four 
e+e - events survive cuts, consistent with a common 
value of  (e+e - )  invariant mass. They have been care- 
fully studied using the interactive event display facil- 
i ty MEGATEK. One of  these events is shown in figs. 
2a and 2b. The main parameters of  the four events are 
listed in tables 1 and 3. As one can see from the ener- 
gy deposition plots (fig. 3), their dominant feature is 
of  two very prominent  electromagnetic energy deposi- 
tions. All events appear to balance the visible total  
transverse energy components;  namely, there is no 
evidence for the emission of  energetic neutrinos. Ex- 
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The discovery of  W± and Z0 bosons

13

1983

q

q' l+

W+

𝞶l q

q l+

Z0

l-

6 signal candidates

Focus on leptonic decays  
high transverse momentum isolated lepton  
high missing transverse momentumW± decay : Z0 decay : 2 high transverse momentum isolated leptons  

their invariant mass consistent with the detector resolution  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EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS 
WITH ASSOCIATED MISSING ENERGY AT x/s  = 540 GeV 
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We report the results of two searches made on data recorded at the CERN SPS Proton-Antiproton Collider: one for 
isolated large-E T electrons, the other for large-E T neutrinos using the technique of missing transverse energy. Both searches 
converge to the same events, which have the signature of a two-body decay of a particle of mass ~ 80 GeV/c 2 . The topology 
as well as the number of events fits well the hypothesis that they are produced by the process ~ + p ~ W e + X, with W e 
-~ e -+ + v; where W e is the Intermediate Vector Boson postulated by the unified theory of weak and electromagnetic inter- 
actions. 

1 University of Wisconsin, Madison, Wl, USA. 
2 NIKHEF, Amsterdam, The Netherlands. 
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We report the observation of four electron-positron pairs and one muon pair which have the signature of a two-body 
decay of a particle of mass ~95 GeV/c 2. These events fit well the hypothesis that they are produced by the process p + p 

Z ° + X (with Z ° ~ ~+ + Q-), where Z ° is the Intermediate Vector Boson postulated by the electroweak theories as the 
mediator of weak neutral currents. 

1 University of Wisconsin, Madison, WI, USA. 
2 University of Kiel, Fed. Rep. Germany. 

3 NIKHEF, Amsterdam, The Netherlands. 
4 Visitor from the University of Liverpool, England. 
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LEP : the Large Electron-Positron Collider

15

A collider 4 times bigger than anything before it
To push the frontiers of knowledge and understand the electroweak interactions, with 

high-precision measurements of the properties of the Z0 and W± bosons  

LEP Changed the high-energy physics from a 10% to a 1% science

✓ 27-kilometre circumference 
✓ The largest electron-positron collider ever built 
✓ 4 enormous detectors:  ALEPH, DELPHI, L3 and OPAL 
✓ 11 years of operational life : 1989 →2000 
✓ Energy stages (LEP1/LEP2) from 90 GeV to 210 GeV 
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The existence of 3 neutrino flavours

Analysis done with 3 weeks of data… and there were only 3 neutrinos 
16

Volume 235, number 3,4 PHYSICS LETTERS B l February, 1990 
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crgy. The standard model predictions for N~=2, 3 and 4 arc 
shown. 
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standard model predictions for N~=2, 3 and 4. 

Fh,a = 1737+_22 MeV,  

F~.~_ = 8 3 . 5 + 0 . 5  McV 

Fvv= 166.5+ 1.0 M e V ,  

together with Fz = Fh~d + 3Fe ÷~_ + "~%1 ~, to find Nv on 
the basis of  the measured total width Fz. The result 
is A%= 3.30+ 0.37. 

7. Number of neutrino families 

In the frame of  the s tandard model,  the statist ically 
most powerful way to obtain the number  of  ncutr ino 
families is not from the measurement  of  the width, 
but from the peak cross-section, ~rOad. thc data  are re- 
fitted with only Nv and Mz as parameters.  Since the 
mass de te rmina t ion  is independent  of  the absolute 
cross-section and the width, Mz changes only slightly 
in this fit. We find 

Mz = 91.175 + 0.027 + 0.030 G e V ,  

A%= 3.01 + 0.15 (exp.)  + 0.05 ( theor . )  . 

The theoretical  uncertainty is due to uncertaint ies in 
the part ial  width calculation and is discussed in our  
previous letter [5].  T h e z  2 of  this fit is 11.3 for 9 de- 
grees of  freedom. The agreement  with the earl icr  re- 
suits [ 1-5 ], which give an average of~%= 3.13 + 0.25, 
is good. 

8. Leptonic branching ratios 

The leptonic branching ratio o f  the Z [ 19,20] has 
been determined,  using the larger data sample, in a 
way similar  to that reported in ref. [ 19]. The rcsult 
of  the detai led analysis is given in table 3. The e+e - 
and x"-~- channels were analyzed in a manner  iden- 
tical to ref. [ 19] using the same range of  energies. A 
somewhat  larger data sample, however, was used for 
the x+z-  than for the e+e - .  For  the la+p - channel a 
slightly different procedure  to ref. [ 19 ] was adopted 
in order  to extend the angular  range to [cos 0[ < 0.90 
and data at all center-of-mass energies were used. 
Candida te  events for g~p. -  pairs were selected as in 
rcf. [19],  However,  muons were identif ied here by 
requiring also that at least one of  the two energetic 
tracks to have a low energy deposi t  in the ECAL, 
compat ib le  with a m in imum ionizing particle. Some 
runs in which the HCAL readout  was not operat ional  
were excluded. The principal  backgrounds in each 
channel in table 3 are lepton pairs mistaken as an- 
other  type of  lepton pair. The last row in table 3 gives 

409 

June 16, 2015 15:44 60 Years of CERN Experiments and Discoveries – 9.75in x 6.5in b2114-ch04 page 91

The Measurement of the Number of Light Neutrino Species at LEP 91

electroweak interactions, and the proof of its internal consistency, through the
study of physical observables describing Z-boson production and decay. Among
these observables, the ‘invisible’ width of the Z-boson is related to its decay into
neutrinos and gives access to Nν . This section presents the physical observables
leading to the measurement of Nν and some key theoretical assumptions.

2.1. The width of the Z boson

The width of the Z boson is defined as

ΓZ = Γee + Γµµ + Γττ + Γhad + NνΓνν , (1)

where the first three terms are the widths of decays into electrons, muons and taus,
respectively. Γhad is the sum of the widths of decays into u, d, s, c and b quarks and
Γνν the width of decays into neutrinos. The simultaneous measurement of ΓZ, and
of observables related to the hadronic and leptonic widths of the Z boson, allows
one to determine Nν .2

The partial decay widths of the Z boson into each fermion pair are related to
the Z-boson couplings and to Standard Model parameters as:9–11

Γf f̄ = N f
c
GFm3

Z

6
√

2π

(
|GAf |2 RAf + |GVf |2 RVf

)
+ ∆ew/QCD (2)

where N f
c is the number of colours (three for quarks and one for leptons), GF is

the Fermi constant determined from muon decay,12 RAf and RVf factorise final-
state QED and QCD corrections and contributions from non-zero fermion masses
to the axial and vector terms, respectively, ∆ew/QCD accounts for non-factorisable
electroweak and QCD corrections, and GAf and GVf are the axial and vector effective
couplings of the Z-boson to fermions, written as13

GAf =
√

RfT
f
3 , (3)

GVf =
√

Rf

(
T f

3 − 2QfKf sin θW

)
. (4)

The form factors Rf and Kf absorb the overall scale of the coupling and the on-shell
corrections to the electroweak mixing angle, θW, Qf and T f

3 are the electric charge
and the third component of weak isospin of the fermion, respectively.

2.2. Experimental observables

Four experimental observables describe the total hadronic and leptonic cross section
around the Z-boson resonance, and connect Nν to the Z-boson lineshape:

(1) the mass of the Z boson, mz;
(2) the width of the Z boson, Γz;
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The ‘invisible’ width (𝝘𝞶𝞶) of the Z-boson is 
related to its decay into neutrinos and gives 

access to the number of neutrino (N𝞶)

The first Z0 pole cross section measured by ALEPH

1989

A cornerstone the physics program is the study of the Z-boson 
“lineshape” to measure the parameters of the electroweak interactions
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Fh,a = 1737+_22 MeV,  

F~.~_ = 8 3 . 5 + 0 . 5  McV 

Fvv= 166.5+ 1.0 M e V ,  

together with Fz = Fh~d + 3Fe ÷~_ + "~%1 ~, to find Nv on 
the basis of  the measured total width Fz. The result 
is A%= 3.30+ 0.37. 

7. Number of neutrino families 

In the frame of  the s tandard model,  the statist ically 
most powerful way to obtain the number  of  ncutr ino 
families is not from the measurement  of  the width, 
but from the peak cross-section, ~rOad. thc data  are re- 
fitted with only Nv and Mz as parameters.  Since the 
mass de te rmina t ion  is independent  of  the absolute 
cross-section and the width, Mz changes only slightly 
in this fit. We find 

Mz = 91.175 + 0.027 + 0.030 G e V ,  

A%= 3.01 + 0.15 (exp.)  + 0.05 ( theor . )  . 

The theoretical  uncertainty is due to uncertaint ies in 
the part ial  width calculation and is discussed in our  
previous letter [5].  T h e z  2 of  this fit is 11.3 for 9 de- 
grees of  freedom. The agreement  with the earl icr  re- 
suits [ 1-5 ], which give an average of~%= 3.13 + 0.25, 
is good. 

8. Leptonic branching ratios 

The leptonic branching ratio o f  the Z [ 19,20] has 
been determined,  using the larger data sample, in a 
way similar  to that reported in ref. [ 19]. The rcsult 
of  the detai led analysis is given in table 3. The e+e - 
and x"-~- channels were analyzed in a manner  iden- 
tical to ref. [ 19] using the same range of  energies. A 
somewhat  larger data sample, however, was used for 
the x+z-  than for the e+e - .  For  the la+p - channel a 
slightly different procedure  to ref. [ 19 ] was adopted 
in order  to extend the angular  range to [cos 0[ < 0.90 
and data at all center-of-mass energies were used. 
Candida te  events for g~p. -  pairs were selected as in 
rcf. [19],  However,  muons were identif ied here by 
requiring also that at least one of  the two energetic 
tracks to have a low energy deposi t  in the ECAL, 
compat ib le  with a m in imum ionizing particle. Some 
runs in which the HCAL readout  was not operat ional  
were excluded. The principal  backgrounds in each 
channel in table 3 are lepton pairs mistaken as an- 
other  type of  lepton pair. The last row in table 3 gives 
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electroweak interactions, and the proof of its internal consistency, through the
study of physical observables describing Z-boson production and decay. Among
these observables, the ‘invisible’ width of the Z-boson is related to its decay into
neutrinos and gives access to Nν . This section presents the physical observables
leading to the measurement of Nν and some key theoretical assumptions.

2.1. The width of the Z boson

The width of the Z boson is defined as

ΓZ = Γee + Γµµ + Γττ + Γhad + NνΓνν , (1)

where the first three terms are the widths of decays into electrons, muons and taus,
respectively. Γhad is the sum of the widths of decays into u, d, s, c and b quarks and
Γνν the width of decays into neutrinos. The simultaneous measurement of ΓZ, and
of observables related to the hadronic and leptonic widths of the Z boson, allows
one to determine Nν .2

The partial decay widths of the Z boson into each fermion pair are related to
the Z-boson couplings and to Standard Model parameters as:9–11

Γf f̄ = N f
c
GFm3

Z

6
√

2π

(
|GAf |2 RAf + |GVf |2 RVf

)
+ ∆ew/QCD (2)

where N f
c is the number of colours (three for quarks and one for leptons), GF is

the Fermi constant determined from muon decay,12 RAf and RVf factorise final-
state QED and QCD corrections and contributions from non-zero fermion masses
to the axial and vector terms, respectively, ∆ew/QCD accounts for non-factorisable
electroweak and QCD corrections, and GAf and GVf are the axial and vector effective
couplings of the Z-boson to fermions, written as13

GAf =
√

RfT
f
3 , (3)

GVf =
√

Rf

(
T f

3 − 2QfKf sin θW

)
. (4)

The form factors Rf and Kf absorb the overall scale of the coupling and the on-shell
corrections to the electroweak mixing angle, θW, Qf and T f

3 are the electric charge
and the third component of weak isospin of the fermion, respectively.

2.2. Experimental observables

Four experimental observables describe the total hadronic and leptonic cross section
around the Z-boson resonance, and connect Nν to the Z-boson lineshape:

(1) the mass of the Z boson, mz;
(2) the width of the Z boson, Γz;
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The ‘invisible’ width (𝝘𝞶𝞶) of the Z-boson is 
related to its decay into neutrinos and gives 

access to the number of neutrino (N𝞶)

Volume 235, number 3,4 PHYSICS LETTERS B 1 February 1990 
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The first Z0 pole cross section measured by ALEPH

Analysis done with 3 weeks of data… and there were only 3 neutrinos 

1989

A cornerstone the physics program is the study of the Z-boson 
“lineshape” to measure the parameters of the electroweak interactions
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Lessons from LEP

18

Spectacular agreement of data with the prediction of the Standard Model

But the Higgs boson still has to be discovered  

Measured the radiative corrections, the essential 
element showing that the Standard Model is a 
renormalisable theory. 
Enabled predictions of the top-quark mass, later 
confirmed at Tevatron 
Showed that the strong coupling constant, αS, 
runs with energy 
Used the combined electroweak measurements 
to make prediction of the Higgs boson mass

2000
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The Higgs boson

“Only” requires one new particle: the Higgs boson (H)  
“Only” one unknown: the Higgs boson mass (mH)

The economical way to endow fundamental 
particles with mass while keeping the theory 
gauge invariant and predictive 
The field is responsible for the spontaneous breaking of 
electroweak symmetry 

19

The Brout-Englert-Higgs (BEH) mechanism
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The Higgs boson is special

➡

20

It is a fundamental scalar particle (spin 0) and  
its theory is unlike anything else has been seen in Nature!

A Yukawa interaction  
with the fermions 

Α potential V(𝜙)~-μ2(𝜙𝜙†)+λ(𝜙𝜙†)2  
the keystone of the BEH mechanism 
and SM

A gauge interaction  
with vector bosons 

Inspired by G. Salam’s LHCP2018 talk 
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The world’s largest and most powerful particle accelerator 

CMS detector 

14000-tonne weight 
21 metres long, 15 metres wide and 15 metres high 
4 Tesla field (~106 times the magnetic field of the Earth) 

LHC : a new dimension in particle physics 



19/05/21- Roberto Salerno -Le 50 ans de l’IN2P3 avec le 

“Intermezzo”

1960              1974         1977                             1983 

22

4 2 Data and Monte Carlo Samples

• Jet and missing transverse energy (E
miss

T ) triggers. Using calorimeter information, jets
and missing transverse energy are reconstructed online. Triggers with different
thresholds on jet transverse energy and E

miss
T were implemented. These events were

used to select a sample of muons that was unbiased by the requirements of the muon
trigger.

In addition, a loose double-muon trigger requiring two or more muon candidates reconstructed
online and not applying any additional selection criteria was implemented, taking advantage
of the relatively low luminosity during 2010 data taking. This trigger selected dimuons in the
invariant mass region spanning more than three orders of magnitude, from a few hundred
MeV/c

2 to a few hundred GeV/c
2, as shown in Fig. 3. The events collected with this trigger

were used in both the detector commissioning and physics studies.

)2 Dimuon mass (GeV/c
1 10 210

E
ve

nt
s 

/ G
eV

1

10

210

310

410

510

610

CMS 

-1
int

 = 7 TeVs

, J/

'

Z

L    = 40 pb

)2 mass (GeV/c-+
8 8.5 9 9.5 10 10.5 11 11.5 12

 )2
E

ve
nt

s 
/ (

 0
.1

 G
eV

/c

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

)2 mass (GeV/c-+
8 8.5 9 9.5 10 10.5 11 11.5 12

 )2
E

ve
nt

s 
/ (

 0
.1

 G
eV

/c

0

5000

10000

15000

20000

25000

30000

35000

40000

45000
 = 7 TeVsCMS,

-1 = 40 pbintL

| < 2.4|
2 = 100 MeV/c

Figure 3: Invariant mass spectrum of dimuons in events collected with the loose double-muon
trigger in 2010. The inset is a zoom of the 8–12 GeV/c

2 region, showing the three U(nS) peaks
clearly resolved owing to a good mass resolution, about 100 MeV/c

2 in the entire pseudorapid-
ity range and 70 MeV/c

2 when both muons are within the range |h| < 1.

All collision data samples studied in this paper were filtered by requiring at least one well-
reconstructed primary vertex to reduce the contamination from non-collision backgrounds.
Techniques to further suppress the non-collision backgrounds according to the needs of physics
analysis are discussed in Section 7.

To compare the results obtained in data to predictions, a number of simulated samples were
produced using Monte Carlo (MC) techniques. All MC samples were produced with the
CTEQ6L [7] set of parton distribution functions and different event generators were used de-
pending on the process considered. Samples of tt and QCD multijet events were generated
using PYTHIA 6 [8] with the Z2 tune [9], as well as inclusive muon-enriched samples, in which
only events containing at least one muon with transverse momentum greater than a given
threshold were selected at generation level. Samples of prompt J/y mesons as well as J/y
particles originating from the decays of b hadrons were generated with PYTHIA interfaced to
EVTGEN [10]. Inclusive W and Z samples and non-resonant Drell–Yan events were produced

(qq) composites

Fundamental  
spin-1 boson

50 years of particle physics … in few weeks  of data taking 

2010

Protons Protons

Muon

Antimuon
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The Higgs boson timeline at LHC

Roberto Salerno 
LLR - Ecole Polytechnique - INP23/CNRS

23

Years of unprecedented moments in HEP 
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Higgs boson observation 

Higgs boson searches 

LHC combination

Towards the precision physics era

Observation 3rd-generation couplings
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Key channel : H→ZZ→4l

24

“  a world leader”
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Key channel : H→ZZ→4l

25

Clean experimental signature: narrow 
resonance of four primary and isolated leptons, 
with very large signal-to-background ratio …

muon

antimuon

electron

positron

e+

e-

μ+

μ-

Higgs
Z0

Z0

“  a world leader”
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The Higgs boson discovery day 

26
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Looking up to a new boson 

CMS at LHC HXSWG 7 A. David (LIP, Lisboa) 

4 

CERN Main auditorium 4th July 2012

A new boson with mass close to 125 GeV was discovered 
The fantastic outcome of a long experimental journey and a new start 

H→ZZ→4l

2012
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The discovery paper 

27

2012

17/05/2021 14)02Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC | Elsevier Enhanced Reader

Page 1 of 32https://reader.elsevier.com/reader/sd/pii/S0370269312008581?tok…2692CA9F15&originRegion=eu-west-1&originCreation=20210517120155

17/05/2021 14)02Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC | Elsevier Enhanced Reader

Page 18 of 32https://reader.elsevier.com/reader/sd/pii/S0370269312008581?tok…692CA9F15&originRegion=eu-west-1&originCreation=20210517120155
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The birth of a                   Higgs boson “nobel” 2013
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(*) LLR H→ZZ→4l on the front line  

(*)
(*)

2013The birth of a                   Higgs boson “nobel”

https://www.youtube.com/watch?v=8MRqQQuvGzs&t=830s
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The birth of a                   Higgs boson “nobel”

Shown during the 2013 Noble announcement 
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LHC Run2, LHC Run3, HL-LHC, …

31

..with the Higgs boson discovery a huge landscape of possibilities opens 

Complete study of the strength 
and tensor structure of the  
Higgs-boson

Study of the Higgs Boson self-
coupling

The Higgs boson as a tool  
to reveal the mysteries of 
Universe (Dark matter, BSM, ….)
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The Higgs boson profile 
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Today : The Higgs boson coupling 
with gauge bosons, 3rd and 2nd 
generation fermions is probed!
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The Higgs boson profile 
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HL-LHC : first measurement of 
the Higgs boson self-interactions

H

hopes & wishes December 16th, 2019Luca Cadamuro Exploring the Higgs boson self-coupling at the LHC

24

125 GeV) = 2.76 GeV.

The 1s and 2s CL regions in the (M, e) fit are shown in Fig. 10 (left). The results of the fit
using the six parameter k model are plotted versus the particle masses in Fig. 10 (right), and
the result of the (M, e) fit is also shown for comparison. For the b quark, since the best fit point
for kb is negative, the absolute value of this coupling modifier is shown. In order to show both
the Yukawa and vector boson couplings in the same plot, a “reduced” vector boson couplingp

kVmV/v is shown.
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Figure 10: Likelihood scan in the M-e plane (left). The best fit point and the 1s and 2s CL
regions are shown, along with the SM prediction. Result of the phenomenological (M, e) fit
overlayed with the resolved k-framework model (right).

8.2 Generic model within k-framework with effective loops

The results of the fits to the generic k model where the ggH and H ! gg loops are scaled using
the effective coupling modifiers kg and kg are given in Fig. 11 and Table 8. In this parametriza-
tion, additional contributions from BSM decays are allowed for by rewriting the total width of
the Higgs boson, relative to its SM value, as,

GH

GSM
H

=
k2

H
1 � (Bundet + Binv)

, (7)

where kH is defined in Table 6.

Two different model assumptions are made concerning the BSM branching fraction. In the first
parametrization, it is assumed that BBSM = Binv + Bundet = 0, whereas in the second, Binv
and Bundet are allowed to vary as POIs, and instead the constraint |kW|, |kZ|  1 is imposed.
This avoids a complete degeneracy in the total width where all of the coupling modifiers can
be scaled equally to account for a non-zero Bundet. The parameter Bundet represents the total
branching fraction to any final state that is not detected by the channels included in this com-
bined analysis. The likelihood scan for the Binv parameter in this model, and the 2D likelihood
scan of Binv vs. Bundet are given in Fig. 12. The 68 and 95% CL regions for Fig. 12 (right) are
determined as the regions for which q(Bundet,Binv) < 2.28 and 5.99, respectively. The 95%
CL upper limits of Binv < 0.22 and Bundet < 0.38 are determined, corresponding to the value
for which q < 3.84 [106]. The uncertainty in the measurement of kt is reduced by nearly 40%

… and its self-coupling

4

■ Observed by ATLAS and CMS in 2012

■ Mass precisely determined: 

mH = 125.09 ± 0.24 GeV

■ Precise study of its interactions with fermions and 

vector bosons…

λHHH : direct access to the shape of the scalar potential

Direct test of the EW symmetry breaking

■ … but self-interactions not measured experimentally!


V (H) =
1

2
m

2

H
H

2 + �HHHvH
3 +

1

4
�HHHHH

4 � �

4
v
4

�HHH = �HHHH = � =
m2

H

2v2
⇡ 0.13

or
p

k �
m

H v

H

Self 
interaction?

EPJC 79 (2019) 421
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The Higgs boson profile 
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125 GeV) = 2.76 GeV.

The 1s and 2s CL regions in the (M, e) fit are shown in Fig. 10 (left). The results of the fit
using the six parameter k model are plotted versus the particle masses in Fig. 10 (right), and
the result of the (M, e) fit is also shown for comparison. For the b quark, since the best fit point
for kb is negative, the absolute value of this coupling modifier is shown. In order to show both
the Yukawa and vector boson couplings in the same plot, a “reduced” vector boson couplingp

kVmV/v is shown.
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Figure 10: Likelihood scan in the M-e plane (left). The best fit point and the 1s and 2s CL
regions are shown, along with the SM prediction. Result of the phenomenological (M, e) fit
overlayed with the resolved k-framework model (right).

8.2 Generic model within k-framework with effective loops

The results of the fits to the generic k model where the ggH and H ! gg loops are scaled using
the effective coupling modifiers kg and kg are given in Fig. 11 and Table 8. In this parametriza-
tion, additional contributions from BSM decays are allowed for by rewriting the total width of
the Higgs boson, relative to its SM value, as,

GH

GSM
H

=
k2

H
1 � (Bundet + Binv)

, (7)

where kH is defined in Table 6.

Two different model assumptions are made concerning the BSM branching fraction. In the first
parametrization, it is assumed that BBSM = Binv + Bundet = 0, whereas in the second, Binv
and Bundet are allowed to vary as POIs, and instead the constraint |kW|, |kZ|  1 is imposed.
This avoids a complete degeneracy in the total width where all of the coupling modifiers can
be scaled equally to account for a non-zero Bundet. The parameter Bundet represents the total
branching fraction to any final state that is not detected by the channels included in this com-
bined analysis. The likelihood scan for the Binv parameter in this model, and the 2D likelihood
scan of Binv vs. Bundet are given in Fig. 12. The 68 and 95% CL regions for Fig. 12 (right) are
determined as the regions for which q(Bundet,Binv) < 2.28 and 5.99, respectively. The 95%
CL upper limits of Binv < 0.22 and Bundet < 0.38 are determined, corresponding to the value
for which q < 3.84 [106]. The uncertainty in the measurement of kt is reduced by nearly 40%

… and its self-coupling

4

■ Observed by ATLAS and CMS in 2012

■ Mass precisely determined: 

mH = 125.09 ± 0.24 GeV

■ Precise study of its interactions with fermions and 

vector bosons…

λHHH : direct access to the shape of the scalar potential

Direct test of the EW symmetry breaking

■ … but self-interactions not measured experimentally!
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Outlook 
The last 50 years was an historical period for HEP  
LLR and IN2P3 were there as main players! 
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Looking forward to the bright future that will increase our 
knowledge of the Universe and, if not enable a new discovery,  
point us to the best street lamp under which to look for it.

Outlook 
The last 50 years was an historical period for HEP  
LLR and IN2P3 were there as main players! 


