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A brief (pre)history of time SM
Thomson's electron

Confirming Jean Perrin's 
hypothesis on the origin 
cathodic rays.

1897
Einstein's photon

Combining results Max Planck's 
black body experiment and the 
photoelectric effect, Einstein 
predicts the existence of photon.

1905

Rutherford's proton

After the discovery of the 
nucleus in 1911, the most 
elementary nucleus was called 
proton (from the ancient Greek 
"protos", first).

1918
Chadwick's neutron

Following the discoveries of 
Bothe, Becker and the 
Joliot-Curies on radioactivity, 
J. Chadwick demonstrated 
the existence of the neutron.

1932

Anderson's muon

When studying the effect of 
cosmic rays on a platinum 
plate, some particles deposit 
less energy than electrons 
while having the same 
electric charge.

1936

Pauli's neutrino

Theoretically postulated 
in 1930, it was not 
observed until 1956.

1930/56
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Building the SM
In the 50s, the SM was looking like more or 
less similar than St Malo, looking with today's 
eye: both needed huge efforts g
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Source of particles

Observation of new 
particle(s)

Krampouz
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Towards a more complex SM

- A source of energetic 
particles (coming from 
the cosmos at first, then 
from the first particle 
accelerators);


- A medium for these 
particles to interact;


- a technique for 
observing incident and 
outgoing particles.

A + B → C + D + ...

The principle of observing new particles requires 3 ingredients:

Nature 160 (1947) 855-857
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http://www.nature.com/physics/looking-back/rochester/index.html#f1


Louis D'Eramo (LPCA) - 25/11/2024 - JRJC - Introduction to SM Physics
4

Towards a more complex SM

- A source of energetic 
particles (coming from 
the cosmos at first, then 
from the first particle 
accelerators);


- A medium for these 
particles to interact;


- a technique for 
observing incident and 
outgoing particles.

A + B → C + D + ...

The principle of observing new particles requires 3 ingredients:

Nature 160 (1947) 855-857

30
s

50
s

60
s

70
s

80
s

90
s

10
s

http://www.nature.com/physics/looking-back/rochester/index.html#f1


Louis D'Eramo (LPCA) - 25/11/2024 - JRJC - Introduction to SM Physics
4

Towards a more complex SM

- A source of energetic 
particles (coming from 
the cosmos at first, then 
from the first particle 
accelerators);


- A medium for these 
particles to interact;


- a technique for 
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The principle of observing new particles requires 3 ingredients:
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Many new particles are observed ! 
And there seems to be many of them ...


So we start to classify them by properties. 

In 61, Gell-Mann, Zweig, Glashow and Bjorken 
worked their way to propose a partonic  
model, known as the Eightfold Way.
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A history of accelerators

L'accélérateur Linéaire: Orsay  
2,3 GeV

1962-68 

Wimshurst machine 
~ few keV

1882

Standford Linear Accelerator Center 
up to 50 GeV → 3 kms

1962 - 

DESY: Hamburg 
up to 20 GeV

1964 - 1976 - 

SPS: CERN 
up to 450 GeV

1992 - 2011

Tevatron: Fermilab 
up to 980 GeV

1971 - 84

PS/ISR: CERN 
up to 62 GeV

1989 - 2000

LEP: CERN 
up to 209 GeV
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Towards a more complex SM
At SLAC, in 73, some strange electron scattering on 
proton are observed:

‣ They are modelled with so-called form-factors 

modifying the usual photon exchange. 

‣ Only the parton model could explain this !

‣ At that time only 3 K'warks were predicted: u, p, s. 

VoLUME 2$, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OcTQBER 1969

OBSERVED BEHAVIOR OF HIGHLY INELASTIC ELECTRON-PROTON SCATTERING

M. Breidenbach, J. I. Friedman, and H. W. Kendall
Department of Physics and Laboratory for Nuclear Science, *

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

and

E. D. Bloom, D. H. Coward, H. DeStaebler, J. Drees, L. W. Mo, and R. E. Taylor
Stanford Linear Accelerator Center, g Stanford, California 94305

(Received 22 August 1969)

Results of electron-proton inelastic scattering at 6' and 10' are discussed, and values
of the structure function ~2 are estimated. If the interaction is dominated by transverse
virtual photons, vW2 can be expressed as a function of v = 2M v/q within experimental
errors for q2 & 1 (GeV/c)2 and &u &4, where v is the invariant energy transfer and q2 is
the invariant momentum transfer of the electron. Various theoretical models and sum
rules are briefly discussed.

In a previous Letter, ' we have reported experi-
mental results from a Stanford Linear Accelera-
tor Center-Massachusetts Institute of Technol-
ogy study of high-energy inelastic electron-pro-
ton scattering. Measurements of inelastic spec-
tra, in which only the scattered electrons were
detected, were made at scattering angles of 6'
and 10' and with incident energies between 7 and
17 GeV. In this communication, we discuss some
of the salient features of inelastic spectra in the
deep continuum region.
One of the interesting features of the measure-

ments is the weak momentum-transfer depen-
dence of the inelastic cross sections for excita-
tions well beyond the resonance region. This
weak dependence is illustrated in Fig. 1. Here
we have plotted the differential cross section di-
vided by the Mott cross section, (d'a/dQdE')/
(do d/Q) M«, as a function of the square of the
four-momentum transfer, q'= 2EE'(1-cos0), for
constant values of the invariant mass of the re-
coiling target system, W, where W'= 2M(E E')-
+M' -q'. E is the energy of the incident electron,
E' is the energy of the final electron, and 0 is
the scattering angle, all defined in the labora-
tory system; M is the mass of the proton. The
cross section is divided by the Mott cross sec-
tion

(
dG e' cos'p(9
d Mott 4E Sin 2

in order to remove the major part of the well-
known four -momentum transfer dependence aris-
ing from the photon propagator. Results from
both 6' and 10' are included in the figure for each
value of W. As S'increases, the q' dependence
appears to decrease. The striking difference
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FIG. 1. (d o/dQdE')/oM «, in GeV, vs q for W
=2, 3, and 3.5 GeV. The lines drawn through the data
are meant to guide the eye. Also shown is the cross
section for elastic &-p scattering divided by OM«„
(do/dD)/oMo«, calculated for t) = 10', using the dipole
form factor. The relatively slow variation with q2 of
the inelastic cross section compared with the elastic
cross section is clearly shown.

between the behavior of the inelastic and elastic
cross sections is also illustrated in Fig. 1, where
the elastic cross section, divided by the Mott
cross section for L9 = 10', is included. The q' de-
pendence of the deep continuum is also consider-

Phys. Rev. Lett. 23, 935
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The model was finally accepted after the so called 
November revolution in 74 :

VOLUME 33& NUMBER 23 PHYSICAL REVIEW LETTERS 2 DECEMBER 1974

observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;

80- I242 Events~

70 S PECTROME TER

- H At normal current

Q- I0%current

Io-

mewl 9
5-0 3.25 5.5

me+e- Qgv
'

Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
1405

In the same PRL 
issue (Phys. Rev. 
Lett. 33, 1404), the 
SLAC and BNL 
teams reported the 
discovery of a new 
meson, predicted to 
arise from a bound 

 state !cc̄
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The community got convinced that the 
K'wark model was real. 
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E' is the energy of the final electron, and 0 is
the scattering angle, all defined in the labora-
tory system; M is the mass of the proton. The
cross section is divided by the Mott cross sec-
tion

(
dG e' cos'p(9
d Mott 4E Sin 2

in order to remove the major part of the well-
known four -momentum transfer dependence aris-
ing from the photon propagator. Results from
both 6' and 10' are included in the figure for each
value of W. As S'increases, the q' dependence
appears to decrease. The striking difference

~ —W= 2 GeV
--- W=5 GeV
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FIG. 1. (d o/dQdE')/oM «, in GeV, vs q for W
=2, 3, and 3.5 GeV. The lines drawn through the data
are meant to guide the eye. Also shown is the cross
section for elastic &-p scattering divided by OM«„
(do/dD)/oMo«, calculated for t) = 10', using the dipole
form factor. The relatively slow variation with q2 of
the inelastic cross section compared with the elastic
cross section is clearly shown.

between the behavior of the inelastic and elastic
cross sections is also illustrated in Fig. 1, where
the elastic cross section, divided by the Mott
cross section for L9 = 10', is included. The q' de-
pendence of the deep continuum is also consider-
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The model was finally accepted after the so called 
November revolution in 74 :
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observed at a c.m. energy of 3.2 GeV. Subse-
quently, we repeated the measurement at 3.2
GeV and also made measurements at 3.1 and 3.3
QeV. The 3.2-GeV results reproduced, the 3.3-
QeV measurement showed no enhancement, but
the 3.1-GeV measurements were internally in-
consistent —six out of eight runs giving a low
cross section and two runs giving a factor of 3 to
5 higher cross section. This pattern could have
been caused by a very narrow resonance at an
energy slightly larger than the nominal 3.1-QeV
setting of the storage ring, the inconsistent 3.1-
QeV cross sections then being caused by setting
errors in the ring energy. The 3.2-GeV enhance-
ment would arise from radiative corrections
which give a high-energy tail to the structure.
Vfe have now repeated the measurements using

much finer energy steps and using a nuclear mag-
netic resonance magnetometer to monitor the
ring energy. The magnetometer, coupled with
measurements of the circulating beam position
in the storage ring made at sixteen points around
the orbit, allowed the relative energy to be deter-
mined to 1 part in 104. The determination of the
absolute energy setting of the ring requires the
knowledge of fBdl around the orbit and is accur-
ate to +0.1@.
The data are shown in Fig. 1. All cross sec-

tions are normalized to Bhabha scattering at 20
mrad. The cross section for the production of
hadrons is shown in Fig. 1(a). Hadronic events
are required to have in the final state either ~ 3
detected charged particles or 2 charged particles
noncoplanar by & 20'. ' The observed cross sec-
tion rises sharply from a level of about 25 nb to
a value of 2300 + 200 nb at the peak' and then ex-
hibits the long high-energy tail characteristic of
radiative corrections in e'e reactions. The de-
tection efficiency for hadronic events is 45% over
the region shown. The error quoted above in-
cludes both the statistical error and a 7%%uq contri-
bution from uncertainty in the detection efficiency.
Our mass resolution is determined by the en-

ergy spread in the colliding beams which arises
from quantum fluctuations in the synchrotron
radiation emitted by the beams. The expected
Gaussian c.m. energy distribution (@=0.56 MeV),
folded with the radiative processes, ' is shown as
the dashed curve in Fig. 1(a). The width of the
resonance must be smaller than this spread; thus
an upper limit to the full width at half-maximum
is 1.3 MeV.
Figure 1(b) shows the cross section for e'e

final states. Outside the peak this cross section
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is equal to the Bhabha cross section integrated
over the acceptance of the apparatus. '
Figure 1(c) shows the cross section for the

production of collinear pairs of particles, ex-
cluding electrons. At present, our muon identi-

FIG. 1. Cross section versus energy for (a) multi-
hadron final states, (b) e g final states, and (c) p+p,
~+7t, and K"K final states. The curve in (a) is the ex-
pected shape of a g-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency.
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tion of all the counters is done with approximate-
ly 6-GeV electrons produced with a lead convert-
er target. There are eleven planes (2&&A„3&&A,
3XB, 3XC) of proportional chambers rotated ap-
proximately 20' with respect to each other to re-
duce multitrack confusion. To further reduce the
problem of operating the chambers at high rate,
eight vertical and eight horizontal hodoseope
counters are placed behind chambers A and B.
Behind the largest chamber C (1 m&& 1 m) there
are two banks of 251ead glass counters of 3 ra-
diation lengths each, followed by one bank of
lead-Lucite counters to further reject hadrons
from electrons and to improve track identifica-
tion. During the experiment all the counters are
monitored with a PDP 11-45 computer and alI
high voltages are checked every 30 min.
The magnets were measured with a three-di-

mensional Hall probe. A total of 10' points were
mapped at various current settings. The accep-
tance of the spectrometer is 6 0=+ 1', h, q = + 2,
hm =2 GeV. Thus the spectrometer enables us
to map the e'e mass region from 1 to 5 GeV in
three overlapping settings.
Figure 1(b) shows the time-of-flight spectrum

between the e' and e arms in the mass region
2.5&m &3.5 GeV. A clear peak of 1.5-nsec width
is observed. This enables us to reject the acci-
dentals easily. Track reconstruction between the
two arms was made and again we have a clear-
cut distinction between real pairs and accidentals.
Figure 1(c) shows the shower and lead-glass
pulse height spectrum for the events in the mass
region 3.0 & m &3.2 GeV. They are again in agree-
ment with the calibration made by the e beam.
Typical data are shown in Fig. 2. There is a

clear sharp enhancement at m =3.1 GeV. %ithout
folding in the 10' mapped magnetic points and
the radiative corrections, we estimate a mass
resolution of 20 MeV. As seen from Fig. 2 the
width of the particle is consistent with zero.
To ensure that the observed peak is indeed a

real particle (7-e'e ) many experimental checks
were made. %e list seven examples:
(1) When we decreased the magnet currents by

10%%uo, the peak remained fixed at 3.1 GeV (see
Fig. 2).
(2) To check second-order effects on the target,

we increased the target thickness by a factor of
2. The yield increased by a factor of 2, not by 4.
(3) To check the pileup in the lead glass and

shower counters, different runs with different
voltage settings on the counters were made. No
effect was observed on the yield of J;

80- I242 Events~

70 S PECTROME TER

- H At normal current

Q- I0%current

Io-

mewl 9
5-0 3.25 5.5

me+e- Qgv
'

Fla. 2. Mass spectrum showing the existence of J'.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents. The run at reduced current was taken two
months later than the normal run.

(4) To ensure that the peak is not due to scatter-
ing from the sides of magnets, cuts were made
in the data to reduce the effective aperture. No
significant reduction in the Jyield was found.
(5) To check the read-out system of the cham-

bers and the triggering system of the hodoscopes,
runs were made with a few planes of chambers
deleted and with sections of the hodoscopes omit-
ted from the trigger. No effect was observed on
the Jyield.
(6) Runs with different beam intensity were

made and the yield did not change.
(7) To avoid systematic errors, half of the data

were taken at each spectrometer polarity.
These and many other checks convinced us that

we have observed a reaI massive particle J-ee.
U we assume a production mechanism for J to

be da/dp~ccexp(-6p~) we obtain a yield of 8 of ap-
1405

In the same PRL 
issue (Phys. Rev. 
Lett. 33, 1404), the 
SLAC and BNL 
teams reported the 
discovery of a new 
meson, predicted to 
arise from a bound 

 state !cc̄

1404

1406

The community got convinced that the 
K'wark model was real. 

The story went on with the discovery of the 
bottom in 77 and the top in 95 both in Fermilab.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.23.935
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1404
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.33.1406
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The photon, the weak and the Higgs
In 1933 Fermi suggested that the  β-decay of nucleus was due to a new interaction, designated later on as 
weak interaction.

But In 1956, Wu showed that this interaction was 
violating the so called parity property: a 
breakthrough questioning the interplay between 
that and other forces like electromagnetism.
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FIG. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

one unit and no change of parity, it can be given only
by the Gamow-Teller interaction. This is almost im-
perative for this experiment. The thickness of the
radioactive layer used was about 0.002 inch and con-
tained a few microcuries of activity. Upon demagnetiza-
tion, the magnet is opened and a vertical solenoid is
raised around the lower part of the cryostat. The
whole process takes about 20 sec. The beta and gamma
counting is then started. The beta pulses are analyzed
on a 10-channel pulse-height analyzer with a counting
interval of 1 minute, and a recording interval of about
40 seconds. The two gamma counters are biased to
accept only the pulses from the photopeaks in order to
discriminate against pulses from Compton scattering.
A large beta asymmetry was observed. In Fig. 2 we

have plotted the gamma anisotropy and beta asym-
metry vs time for polarizing field pointing up and
pointing down. The time for disappearance of the beta
asymmetry coincides well with that of gamma ani-
sotropy. The warm-up time is generally about 6 minutes,
and the warm counting rates are independent of the
field direction. The observed beta asymmetry does not
change sign with reversal of the direction of the de-
magnetization field, indicating that it is not caused by
remanent magnetization in the sample.

The sign of the asymmetry coeAicient, o., is negative,
that is, the emission of beta particles is more favored in
the direction opposit. e to that of the nuclear spin. This
naturally implies that the sign for Cr and Cr' (parity
conserved and pa. rity not conserved) must be opposite.
The exact evaluation of o. is difficult because of the
many eA'ects involved. The lower limit of n can be
estimated roughly, however, from the observed value
of asymmetry corrected for backscattering. AL velocity
v(c=0.6, the value of n is about 0.4. The value of
(I,)/I can be calculated from the observed anisotropy
of the gamma radiation to be about 0.6. These two
quantities give the lower limit of the asymmetry
parameter P(n P(=I,)/I) approximately equal to 0.7.
In order to evaluate o, accurately, many supplementary
experiments must be carried out to determine the
various correction factors. It is estimated here only to
show the large asymmetry effect. According to I-ee and
Yang' the present experiment indicates not only that
conservation of parity is violated but also that invari-
ance under charge conjugation is violated. 4 Further-
more, the invariance under time reversal can also be
decided from the momentum dependence of the asym-
metry parameter P. This effect will be studied later.
The double nitrate cooling salt has a highly aniso-

tropic g value. If the symmetry axis of a crysial is not
set parallel to the polarizing field, a small magnetic
field vill be produced perpendicular to the latter. To
check whether the beta asymmetry could be caused by
such a magnetic field distortion, we allowed a drop of
CoC12 solution to dry on a thin plastic disk and cemented
the disk to the bottom of the same housing. In this way
the cobalt nuclei should not be cooled su%ciently to
produce an appreciable nuclear polarization, whereas
the housing will behave as before. The large beta asym-
mef. ry was not observed. Furthermore, to investigate
possible internal magnetic effects on the paths of the
electrons as they find their way to the surface of the
crystal, we prepared another source by rubbing CoC1&
solution on the surface of the cooling salt until a
reasonable amount of the crystal was dissolved. AVe then
allowed the solution to dry. No beta asymmetry was
observed with this specimen.
3lore rigorous experimental checks are being initi-

ated, but in view of the important implications of these
observations, we report them now in the hope that they
Diay stimulate and encourage further experimental
investigations on the parity question in either beta or
hyperon and meson decays.
The inspiring discussions held with Professor T. D.

Lee and Professor C. N. Yang by one of us (C. S. Ku)
are gratefully acknowledged.
*YVork partially supported by the U. S. Atomic Energy

Commission.' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
~ Ambler, Grace, Halban, Kurti, Durand, and Johnson, Phil.

Mag. 44, 216 (1953).' Lee, Oehme, and Yang, Phys. Rev. (to be published' ).

Physical Review. 105 (4): 1413–1415.

Between 61 and 67, several theorists came out with possible solutions to restore the "broken" symmetries.

‣ Gladshow and Weinberg came with the first idea introducing new massive gauge bosons ;

‣ They would need another breakthrough to understand the spontaneous symmetry breaking of this...
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https://journals.aps.org/pr/pdf/10.1103/PhysRev.105.1413
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The photon, the weak and the Higgs

Phys, Lett. B. 46 121 (1973) 

In 73, Gargamelle at CERN found 
evidence of neutral currents in the 
leptonic and hadronic channels.


A clear sign that the Weinberg theory 
was correct.

It was not until 1983 and the use of the SPS 
with a 450 GeV beam, that the UA1 and UA2 
experiments could claim the direct 
observation of the W and Z bosons !


Have a look at the small signal and 
background...

June 16, 2015 15:44 60 Years of CERN Experiments and Discoveries – 9.75in x 6.5in b2114-ch06 page 150

150 60 Years of CERN Experiments and Discoveries

Fig. 11. UA1 scatter plot of all the events from the 1982 data which contain a high-pT electron
and large |!pmiss

T |. The abscissa is the electron |pT| and the ordinate is the !pmiss
T component

antiparallel to the electron !pT.

Fig. 12. Display of a UA1 W → eν event. The arrow points to the electron track.
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Phys. Lett. B 122, 103 (1983).

W → e + νe

June 16, 2015 15:44 60 Years of CERN Experiments and Discoveries – 9.75in x 6.5in b2114-ch06 page 152

152 60 Years of CERN Experiments and Discoveries

Fig. 14. Search for the decay Z → e+e− in UA1 (see text).

(a) (b)

Fig. 15. One of the Z → e+e− events in UA1: (a) display of all reconstructed tracks and
calorimeter hit cells; (b) only tracks with pT > 2GeV/c and calorimeter cells with ET > 2GeV
are shown.
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Z → e + e

Phys. Lett. B 126, 398 (1983).
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https://www.sciencedirect.com/science/article/pii/0370269373904942
https://www.sciencedirect.com/science/article/pii/0370269383911772
https://www.sciencedirect.com/science/article/pii/0370269383901880
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The photon, the weak and the Higgs
Now we have the SM as we understand it nowadays.
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The photon, the weak and the Higgs
One massive problem in the theory is the need to accommodate for massive gauge bosons, while leaving 

the photon massless ...  
The general SM theory is also unable to allow other elementary particles to get a mass (not even predicting their 
values).


Separately in 64 (Brout and Englert), (Higgs) and (Guralnik, Hagen and Kibble) utilised the concept of symmetry 
breaking through the phase transition of a new scalar field , causing a non trivial Vacuum Expected Value (v.e.v. 
noted ).

ϕ
ν

V(ϕ†ϕ) = − μ2ϕ†ϕ + λ(ϕ†ϕ)2

Is it the SM Higgs?

11

LHC (now)

(If you like this way of presenting Higgs self-coupling precision, please feel free 
to use it! The inspiration came from conversations with R. Petrossian-Byrne.) 

See talks by I. Low & M. Forslund

The great success of this theory is when linearising the field around this v.e.v. you 
can get several terms: 

‣ 3 massive gauge bosons →  (degenerate in mass) and Z with ;

‣ 1 massless gauge boson → photon;

‣ A new boson (now called Higgs boson) with unique properties: it can couple to 

itself !

W± mW < mZ

A side effect of this new scalar field, is the possibility to accommodate now for a mass term for other particles !

‣ The so-called Yukawa terms (introduced later on by Weinberg in 67) are not originating from first principles but 

allow to describe in a compact way the oscillation and CP violation proposed by Cabibbo–Kobayashi–
Maskawa in the famous CKM matrix in 73 !
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The photon, the weak and the Higgs
It took a long journey even with the most advanced machines to reach the discovery !

23
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FIG. 11: The exclusion strength 1-CLs as a function of the Higgs boson mass (in steps of 5 GeV/c2), for the combination
of the CDF and D0 analyses. The green and yellow bands correspond to the regions enclosing 1 s.d. and 2 s.d. fluctuations
around the median predicted value in the background-only hypothesis, respectively.

signal-plus-background hypotheses, and is shown in Figure 17. An interesting feature of this graph is that as mH

increases towards the high end of the range shown, Br(H → bb̄) falls rapidly, and the expected signal yield becomes
small. Thus LLR approaches zero as mH gets larger, independent of the experimental outcome. This feature can also
be seen with the shaded bands which also converge on zero at high mH . If there is a broad excess in the H → bb̄
searches, then LLR will fall to a minimum value and rise again.
Figure 18 shows the observed and expected values of CLs+b as functions of mH . Figure 19 shows the p-value for

the background-only hypothesis 1 - CLb, which represents the probability for the background to fluctuate to produce
an outcome as signal-like as the observed data or more. As with Figure 17, a broad deviation is seen. The smallest
p-value within the mass range where these searches are performed, 100 < mH < 150 GeV/c2, is ∼8.06×10−4 and
corresponds to a significance of 3.2 s.d. Table IX lists the observed p-values and local significances for the H → bb̄
searches as functions of mH .
These probabilities do not include the look-elsewhere effect (LEE), and are thus local p-values, corresponding to

searches at each value of mH separately. The LEE accounts for the probability of observing an upwards fluctuation
of the background at any of the tested values of mH in our search region, at least as significant as the one observed
at the value of mH with the most significant local excess. A simple and correct method of calculating the LEE, and
thus the global significance of the excess, is to simulate many possible experimental outcomes assuming the absence
of a signal, and for each one, compute the LLR and the fitted cross section curves as functions of mH and find
the deviation with the smallest background-only-hypothesis p-value. Using this minimum p-value as a test statistic,
another p-value is then computed, which is the probability of observing that minimum p-value or less. This method
is difficult to pursue in the Tevatron Higgs boson searches due to the fact that in most of the analyses, a distinct
multivariate analysis (MVA) discriminant function is trained for each value of mH that is tested. This step is an
important optimization, because the kinematic distributions and signal branching ratios are functions of mH , but
it introduces the difficulty of running the same set of simulated events separately through many MVA functions in
order to compute the LEE with the simple method. The use of a separate MVA function at each mH also introduces

72 The LEP Working Group for Higgs Boson Searches / Physics Letters B 565 (2003) 61–75

Fig. 9. The ratio CLs = CLs+b/CLb for the signal plus background hypothesis, as a function of the test mass mH. Solid line: observation;
dashed line: median background expectation. The dark and light shaded bands around the median expectation for the background hypothesis
correspond to the 68% and 95% probability bands. The intersection of the horizontal line for CLs = 0.05 with the observed curve is used to
define the 95% confidence level lower bound on the mass of the Standard Model Higgs boson.

the variable gHZZ designates the non-standard HZZ
coupling and gSMHZZ the same coupling in the Standard
Model. In deriving the limits on ξ2, which cover a
broad range of masses, the LEP1 data collected at the
Z resonance [19] have been combined with LEP2 data
taken at energies between 161 and 209 GeV. In part (a)
of Fig. 10 the Higgs boson is assumed to decay into
fermions and bosons according to the Standard Model
while the cross-sections for the process e+e− → HZ
and the fusion processes WW→ H and ZZ→ H are
scaled with g2HZZ. For masses below 12 GeV/c2, not
shown in the figure, the limits quoted in [20–23] apply.
In parts (b) and (c) it is assumed that the Higgs boson
decays exclusively into bb̄ or τ+τ− pairs. In the τ+τ−

case and for masses below 30 GeV/c2, the limit shown
is provided by the search of Ref. [24].

6. Summary

Combining the final results from the four LEP
experiments, ALEPH, DELPHI, L3 and OPAL, a

lower bound of 114.4 GeV/c2 is set on the mass of the
Standard Model Higgs boson at the 95% confidence
level. At the beginning of the LEP programme no solid
limit existed for the mass of this particle [25].
At a mass of 115 GeV/c2, where ALEPH reported

an excess compatible with the production of the Stan-
dard Model Higgs boson, the confidence 1 − CLb
of the combined LEP data expressing the level of
consistency with the background hypothesis is 0.09,
while the confidence CLs+b measuring the consis-
tency with the signal plus background hypothesis
is 0.15.
The LEP1 and LEP2 data have been combined to

set upper bounds on the HZZ coupling for a wide
range of Higgs boson masses and for various assump-
tions concerning the Higgs boson decay properties.
The searches for the Standard Model Higgs boson

carried out by the four LEP experiments extended
the sensitive range well beyond that anticipated at the
beginning of the LEP programme [26]. This is due to
the higher energy achieved and to more sophisticated
detectors and analysis techniques.
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Fig. 2. The local p-value as a function of mH in the γ γ decay mode for the com-
bined 7 and 8 TeV data sets. The additional lines show the values for the two data
sets taken individually. The dashed line shows the expected local p-value for the
combined data sets, should a SM Higgs boson exist with mass mH.

presence of a significant excess at mH = 125 GeV in both the 7 and
8 TeV data. The features of the observed limit are confirmed by the
independent sideband-background-model and cross-check analy-
ses. The local p-value is shown as a function of mH in Fig. 2 for
the 7 and 8 TeV data, and for their combination. The expected (ob-
served) local p-value for a SM Higgs boson of mass 125 GeV corre-
sponds to 2.8(4.1)σ . In the sideband-background-model and cross-
check analyses, the observed local p-values for mH = 125 GeV cor-
respond to 4.6 and 3.7σ , respectively. The best-fit signal strength
for a SM Higgs boson mass hypothesis of 125 GeV is σ /σSM =
1.6 ± 0.4.

In order to illustrate, in the mγ γ distribution, the significance
given by the statistical methods, it is necessary to take into ac-
count the large differences in the expected signal-to-background
ratios of the event categories shown in Table 2. The events are
weighted according to the category in which they fall. A weight
proportional to S/(S + B) is used, as suggested in Ref. [121], where
S and B are the number of signal and background events, respec-
tively, calculated from the simultaneous signal-plus-background fit
to all categories (with varying overall signal strength) and inte-
grating over a 2σeff wide window, in each category, centred on
125 GeV. Fig. 3 shows the data, the signal model, and the back-
ground model, all weighted. The weights are normalised such that
the integral of the weighted signal model matches the number of
signal events given by the best fit. The unweighted distribution,
using the same binning but in a more restricted mass range, is
shown as an inset. The excess at 125 GeV is evident in both the
weighted and unweighted distributions.

5.2. H → ZZ

In the H → ZZ → 4# decay mode a search is made for a narrow
four-lepton mass peak in the presence of a small continuum back-
ground. Early detailed studies outlined the promise of this mode
over a wide range of Higgs boson masses [122]. Only the search
in the range 110–160 GeV is reported here. Since there are dif-
ferences in the reducible background rates and mass resolutions
between the subchannels 4e, 4µ, and 2e2µ, they are analysed sep-
arately. The background sources include an irreducible four-lepton
contribution from direct ZZ production via qq and gluon–gluon
processes. Reducible contributions arise from Z+bb and tt̄ produc-
tion where the final states contain two isolated leptons and two
b-quark jets producing secondary leptons. Additional background

Fig. 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. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this Letter.)

arises from Z + jets and WZ + jets events where jets are misidenti-
fied as leptons. Compared to the analysis reported in Ref. [25], the
present analysis employs improved muon reconstruction, improved
lepton identification and isolation, and a kinematic discriminant
exploiting the decay kinematics expected for the signal events. An
algorithm to recover final-state radiation (FSR) photons has also
been deployed.

Electrons are required to have pT > 7 GeV and |η| < 2.5.
The corresponding requirements for muons are pT > 5 GeV and
|η| < 2.4. Electrons are selected using a multivariate identifier
trained using a sample of W + jets events, and the working point
is optimized using Z + jets events. Both muons and electrons are
required to be isolated. The combined reconstruction and selection
efficiency is measured using electrons and muons in Z boson de-
cays. Muon reconstruction and identification efficiency for muons
with pT < 15 GeV is measured using J/ψ decays.

The electron or muon pairs from Z boson decays are required to
originate from the same primary vertex. This is ensured by requir-
ing that the significance of the impact parameter with respect to
the event vertex satisfy |S IP| < 4 for each lepton, where S IP = I/σI ,
I is the three-dimensional lepton impact parameter at the point of
closest approach to the vertex, and σI its uncertainty.

Final-state radiation from the leptons is recovered and included
in the computation of the lepton-pair invariant mass. The FSR re-
covery is tuned using simulated samples of ZZ → 4# and tested
on data samples of Z boson decays to electrons and muons. Pho-
tons reconstructed within |η| < 2.4 are considered as possibly due
to FSR. The photons must satisfy the following requirements. They
must be within &R < 0.07 of a muon and have pγ

T > 2 GeV (most
photon showers within this distance of an electron having already
been automatically clustered with the electron shower); or if their
distance from a lepton is in the range 0.07 < &R < 0.5, they must
satisfy pγ

T > 4 GeV, and be isolated within &R = 0.3. Such photon
candidates are combined with the lepton if the resulting three-
body invariant mass is less than 100 GeV and closer to the Z boson
mass than the mass before the addition of the photon.

The event selection requires two pairs of same-flavour, oppo-
sitely charged leptons. The pair with invariant mass closest to the
Z boson mass is required to have a mass in the range 40–120 GeV

ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4" and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → "ν"ν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4", H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4", (b) H → γ γ and (c) H → W W (∗) → "ν"ν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

Physics Letters B 716 (2012)

1-29 30-61

‣ At LEP, a small excess was reported in 
ALEPH at 114 GeV, but got discarded by 
the others. 

• CERN decided to stop LEP in 2000 to 

start the construction of LHC ...

‣ Tevatron ran up until 2011 and published 

several results in 2012 trying to chase LHC 
... 

After few ~3σ excesses shown at Moriond 
QCD 2012 from LHC experiments ATLAS and 
CMS, a seminar was organised at CERN on 
the 4th of July 2012:


"I think we have it"
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https://www.sciencedirect.com/science/article/pii/S0370269303006142?via=ihub
https://arxiv.org/abs/1207.0449
https://www.sciencedirect.com/science/article/pii/S037026931200857X?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269312008581?via=ihub
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The Higgs portrait to this day

Phys. Rev. Lett. 131 (2023) 251802

Sub. to Phys. Rev. D
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A lots of measurements !

‣ Mass to per mile level;

‣ The top 4 production modes probed;

‣ All the decays to 3rd generation and starting to 

probe 2nd generation.

‣ Even the differential cross-section is probed.

See more in 
Ragansu's talk 30
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.251802
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-019/index.html
http://dx.doi.org/10.1007/JHEP07(2023)091
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The future is Higgs

V(H) ⊃ μ2

⏟
1
2 m2

H

H2 + λν H3

 λ =
μ2

ν2
= μ2 2 GF

‣ The first piece of information came from the 
Higgs boson discovery:

‣ First measurement of Higgs mass, 

combined with precise determination of :

  

↔︎  

↔︎ 

GF
mH = 125.09 GeV

μ = 88.45 GeV

λSM = 0.13

H H

mH

R

‣ Direct access to  through Higgs pair creation:

‣ Coupling strength denoted as  

‣ In direct way this is measured with production of 

pair of Higgs bosons →strong effect on XS.

‣ In indirect way this has an effect on the single 

Higgs cross-section and deviations in kinematics.
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the Higgs self-coupling

11

Changing the value of the Higgs 
self-coupling has a dramatic effect 

on the HH cross section
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Fig. 1 Representative one-loop diagrams in single Higgs processes with anomalous trilinear coupling. Differential information on ggF requires
the calculation of EW two-loop amplitudes for H j production, which is not yet feasible with the current technology

and thus negligible. On the other hand, in the limit κ3 → 1,
ZBSM
H → 1 and thus "BSM

λ3
goes to the SM case at fixed NLO

"SM
λ3

= "LO(1 + C1 + δZH ). (8)

This is particularly convenient for the discussion in Sect. 4,
where we will analyze NLO EW corrections in the SM in
conjunction with λ3-induced effects. In conclusion, the rela-
tive corrections due to the trilinear coupling can be expressed
as

δ"κ3 =
"BSM

λ3
− "SM

λ3

"LO

= (ZBSM
H − 1)(1 + δZH )+ (ZBSM

H κ3 − 1)C1, (9)

which manifestly goes to zero in the κ3 → 1 limit.
Numerical values of C1 at the inclusive level for the pro-

cesses considered in this work are reported in Table 1. The
calculation of C1 for single-top–Higgs production, which

appears for the first time here, is non-trivial and discussed
in Sect. 3.4. The range of validity of Eq. (9) has been iden-
tified in Ref. [39] as |κ3| < 20, given the values of δZH and
C1 in Table 1. As we will see, at the differential level this
limit may be too loose since C1 can receive large enhance-
ments (see Sect. 3.3). On the other hand, we believe that
the constraint |κ3| ! 6 identified in Ref. [57] is appropriate
for inclusive double Higgs production, but it is too strong
for the case of single-Higgs production. Indeed the violation
of perturbativity for the HHH vertex is kinematic depen-
dent and the condition |κ3| ! 6 arises from the configuration
with two H bosons on-shell and the third one with virtuality
slightly larger than 2mH . This is the kinematic configura-
tion present above the threshold in double Higgs production,
where the bulk of its cross section comes from, but is never
present in single Higgs production, since only one Higgs
boson can be on-shell in the HHH vertex appearing at one
loop.

123

κλ

Is it the SM Higgs?

11

LHC (now)

(If you like this way of presenting Higgs self-coupling precision, please feel free 
to use it! The inspiration came from conversations with R. Petrossian-Byrne.) 

See talks by I. Low & M. Forslund

When linearising the Higgs 
potential around the vev, 
one gets :

Two parameters 
of the potential 
linked by: 

See more in Arthur's talk
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Exploring alternative scenarios
The measurement of the Higgs potential is a key element to answer the nature of its mechanism.

The exact value of λ can lead to very different shapes and could help us to understand better the type of 
transition that occurred from the high temperatures to the current situation.
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Is it the SM Higgs?

C (10 TeV)μ

HL-LHCHL-LHC
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Equiprobable shapes of the 
potential given our current 
knowledge.

Taken from Nathaniel Craig's talk

https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf
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Exploring alternative scenarios
of the Higgs potential in each scenario is as follows:

V (H) '
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(1.1)

where f denotes the decay constant of the NG Higgs boson, and µ denotes the renormalization scale in

case EWSB is triggered by radiative corrections, m2,�, c6,⇤, a, b, ✏, are dimensionful or dimensionless

parameters in each new physics scenario. The shapes of the Higgs potential are schematically illustrated in

Fig. 1, respectively. In both the elementary and Nambu-Goldstone Higgs cases, the Higgs potential could

be expanded in the powers of H†H, which could recover the Landau-Ginzburg e↵ective theory description

if a truncation on the series provides a good approximation. The decoupling limit of these two scenarios

corresponds to the case when new physics sets in at a much higher energy scale than the EW scale. However,

such kind of decoupling limit does not exist in either the Coleman-Weinberg Higgs or the Tadpole-induced

Higgs scenario. In all the above cases, the trilinear and quartic Higgs couplings could be very di↵erent from

those in the SM.

Figure 1: The shapes of Higgs potential for various scenarios studied in this work.

All the above mentioned scenarios can be described in an e↵ective field theory (EFT) framework. One

of the most popular EFT frameworks is the SMEFT [19–21], which assumes new physics decouple at a

high energy scale, and EW symmetry is in the unbroken phase. The SMEFT is suitable for describing the

elementary Higgs and the Nambu-Goldstone Higgs scenarios, when the Higgs non-linearity e↵ect can be

neglected [22]. On the other hand, the Coleman-Weinberg Higgs and the Tadpole-induced Higgs scenarios

cannot be described within the SMEFT framework due to the existence of non-decoupling e↵ects. Hence,

to compare all the four NP scenarios in one theory framework, we utilize the EFT framework in the broken

phase of EW symmetry, which is known as the Higgs EFT [23–29]. Adopting the Higgs EFT framework, we

summarize the general Higgs e↵ective couplings in various scenarios, and parameterize the scaling behavior

of multi-Higgs production cross sections at various high energy hadron colliders.

In this work, we study how to utilize the measurements of the hh and hhh production rates in hadron

collision to discriminate the above mentioned scenarios. The hh production process, via gluon-gluon fusion,

has been extensively studied in the literature for measuring the trilinear Higgs boson coupling [30–49] and

the tt̄hh couplings in the EFT framework [50–52], and for probing various new physics models [53–64]. In

particular, probing the composite Higgs models via studying the hh production process has been studied

4

pseudo Nambu-Goldstone boson emerging from 
strong dynamics at a high scale
EWSB is triggered by renormalization group (RG) effects.
EWSB is triggered by the Higgs tadpole 
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elementary Higgs and the Nambu-Goldstone Higgs scenarios, when the Higgs non-linearity e↵ect can be

neglected [22]. On the other hand, the Coleman-Weinberg Higgs and the Tadpole-induced Higgs scenarios

cannot be described within the SMEFT framework due to the existence of non-decoupling e↵ects. Hence,

to compare all the four NP scenarios in one theory framework, we utilize the EFT framework in the broken

phase of EW symmetry, which is known as the Higgs EFT [23–29]. Adopting the Higgs EFT framework, we

summarize the general Higgs e↵ective couplings in various scenarios, and parameterize the scaling behavior

of multi-Higgs production cross sections at various high energy hadron colliders.

In this work, we study how to utilize the measurements of the hh and hhh production rates in hadron

collision to discriminate the above mentioned scenarios. The hh production process, via gluon-gluon fusion,

has been extensively studied in the literature for measuring the trilinear Higgs boson coupling [30–49] and

the tt̄hh couplings in the EFT framework [50–52], and for probing various new physics models [53–64]. In

particular, probing the composite Higgs models via studying the hh production process has been studied

4

minimal composite Higgs model/
composite twin Higgs model : 
different coupling to top quark

Several other models can show a non zero vacuum expected value with a different second order 
contribution:

Figure 11: The cross section ratio �/�SM in the double-Higgs production at the 27 TeV HE-LHC with an

integrated luminosity of 15 ab�1 (upper), and the 100 TeV pp collider with an integrated luminosity of

30 ab�1 (lower) for various models. Here, we consider the case that the SM cross section can be measured

with an accuracy of 13.8% and 5%, at the 1� level, respectively, at the 27 TeV HE-LHC and the 100 TeV pp

collider. The accuracy for the NP models are obtained using the rescaling procedure described in the text.

The blue bars denote the expected accuracy for a given model.

the 27 TeV HE-LHC with the integrated luminosity 15 ab�1, can be measured with the accuracy of 13.8% at

the 1� level. This accuracy would be further improved at the 100 TeV pp collider with a 30 ab�1 integrated

luminosity. Accordingly, the SM signal for the double-Higgs production can be measured with the accuracy

of 5% at the 1� level [43]. We shall use this information as the benchmark point and perform a recast to

obtain the signal significance in various NP scenarios. Using the fixed luminosity and the backgrounds from

Ref. [43], the significance is obtained using Z = ��1(1� 1/2p) =
p
2Erf�1(1� p) [117, 118], where � is the

26
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https://arxiv.org/pdf/1907.02078.pdf
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How to produce theses particles ?
Located under the French-Swiss border, the Large Hadron 
Collider is the final piece of a staged acceleration chain 
allowing high luminosity proton-proton collisions.


With a 13 TeV center-of-mass energy, it has allowed the ATLAS 
and CMS collaboration to record  of data during the 
Run-2 phase of the LHC.

ℒ ≃ 140 fb−1

NH NHH

Run-1 512,000 200
Run-2 6,800,000 4,300

Run-3* 7,700,000 5,000

HL-LHC* 165,000,000 110,000

*estimated

/4

The Run-3 phase is 
now ongoing at an 
unprecedented 
energy of 13.6 TeV, 
allowing to record  

 of data 
so far.
ℒ ≃ 183 fb−1

N = σ × ℒ

Collider 
performance

Physics
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Why is it hard to measure SM ?
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p
s = 13.6 TeV

Data 29.0 � 31.4 fb
�1

LHC pp
p
s = 13 TeV

Data 3.2 � 140 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.6 fb
�1

LHC pp
p
s = 5 TeV

Data 0.255 � 0.3 fb
�1

Standard Model Total Production Cross Section Measurements Status: June 2024

ATLAS Preliminary

p
s = 5,7,8,13,13.6 TeV

Orders of 
magnitude in 
particle production 
at the LHC
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Medium

Source of particles

Observation of new 
particle(s)

Krampouz

18

How to detect particles ?

A + B → C + D + ...

Experiment

A + A' → B + C + ...

We ha upgraded a bit the systems since the first bubble chambers: 
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How to detect particles ?

A + B → C + D + ...

Experiment

A + A' → B + C + ...

We ha upgraded a bit the systems since the first bubble chambers: 
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How to detect particles ?

Experiment

A + A' → B + C + ...

Or

We ha upgraded a bit the systems 
since the first bubble chambers: 

5

Statistics

• Contains 20188 pieces

• Total weight: 29.5 kg

• Measures over 100 cm long and over 50 cm wide!

• Hyper-accurate 1:50 scale (Literally: 1 stud = 404 mm)

• Costs 3200 GBP, ~3800 EUR, ~3600 CHF*

• No glue needed!

• Depicts many new detector features including:


• HL-LHC ITk

• New Small Wheels

• The HGTD


*Cost estimate based on purchasing bricks directly from LEGO. Cheaper options possible but may not be available under purchasing rules and regulations.

Inner detector: 
Charged particles 
tracks and vertices.

Electromagnetic 
calorimeter: 
Electron and photon 
reconstruction (E, direction)

Hadronic calorimeter: 
Charged and neutral hadron 
reconstruction (E, direction)

Muon spectrometer: 
Muon trajectories

Magnet system: 
Bends the charged 
particles for momentum 
measurements 

Krampouzometer: 
Heater
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How to reconstruct objects ?
Why aren't we just observing Higgs Boson and 
counting them ?

‣ Most of the searches are focussing on short 

lived particles (  s for the Higgs) → 
decaying to (quasi) stable particles.


‣ Each experiment wants to be as general as 
possible and opened to BSM particles. 


Therefore we classify particles according to 
their way to interact with our detector:

‣ Photons : will leave a nice deposit in your 

electromagnetic calorimeter and nothing else;

‣ Electrons :  will leave a nice deposit in your 

electromagnetic calorimeter and a track !

‣ Neutrons, protons, and other hadrons: might 

leave or not a track, a deposit in the 
electromagnetic and **hadronic** calorimeter;


‣ Muons: are weakly interacting with the 
detector and escape it.

1.6 10−22

See more in Théo's talk
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Is object reconstruction easy ?
Guess what ... no ;), one exemple:

See more in Théo's talk

Photons can interact with the tracker γ → e+ + e−

You need special algorithms not to mistake photons 
for electrons and vice versa: these will take into 
account the shape of the calorimeter deposit as well 
as the eventual tracks.

This has an effect on 
the resolution of the 
Higgs mass 
measurement, where 
converted photons 
have significant 
worse energy 
resolution.

Phys. Lett. B 847 (2023) 138315

11%

21%

The fraction of 
converted photons 
depends on the 
material of the tracker. 

https://www.sciencedirect.com/science/article/pii/S0370269323006494?via=ihub
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What's next ?

To this day FCC is still a 
project:

‣ 2 phases like LEP/LHC;

‣ Other competitors like 

CEPC, Linear Colliders, 
muon colliders.


‣Get involved in the 
ECFA ERC WG !

The LHC will run until 2040, but with an upgraded 
machine and detectors :

‣ More collisions per 
bunch crossing, 
going from ~40-60 to 
200 !


‣ That means more 
data but also busier 
environment !

See more in Théo's and Arthur's talks
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Conclusion
The SM has a rich history and still a bright future. Only a couple of small clouds in the blue sky 

Dark matter
Hierarchy

Neutrin
o masses

CP violation

Self-c
onsistency

Gravity The model is not 
so beautiful ... 

Just stay until the BSM session on Thursday ;)



BACK-UP
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An overview of EFT
The results can be further interpreted using Effective 
Field Theories:

‣ In the Standard Model EFT (SMEFT): the SM 

Lagrangian is supplemented with a set of extra  
operators, respecting gauge symmetries of the SM.


‣ In the Higgs EFT (HEFT): is following the same 
strategy, but recasting the operators to have a one-
to-one correspondance between operators and 
effective interactions.

JHEP 07 (2023) 095

The constraints are often set in 
terms of coefficients but several 
sets of benchmark models are also 
available (be careful though since 
the definitions might have changed 
between papers).

The pure extra EFT operator effect 
can be studied in the so-called 
quadratic case (~ 1/Λ4), while the 
interaction with the SM is taken 
into account in the linear one (~ 1/
Λ2). In all the results released, the 
linear+quadratic terms are 
considered.

H

H

q q

q q

H

V

V

�V

(a)

H

H

q q

q q

V

V

2V

(b)

H

H

q q

q q

V

V

V

V

(c)

Figure 2: The three tree-level vector-boson fusion di-Higgs production Feynman diagrams.

The analysis described in this paper targets the HH process in the bbbb final state, in both the ggF and
VBF production modes, using the data collected by ATLAS between 2016 and 2018, during Run 2 of the
LHC. Assuming the SM branching ratio of 58.2% for H ! bb [14, 15], about one third of di-Higgs events
decay into bbbb, making it the most abundant di-Higgs final state. However, as this is a fully hadronic
final state, the analysis faces the challenge of large backgrounds, which originate mostly from nonresonant
QCD production of multiple heavy (b/t) quarks, as well as from light-quark-initiated jets misidentified as
originating from heavy quarks.

The results are interpreted in terms of constraints on the ^
_

and ^2+ coupling modifiers, assuming ^
+
= 1.

The analysis also provides one- and two-dimensional constraints on relevant couplings in the SM effective
field theory (SMEFT) [16–18] and Higgs effective field theory (HEFT) [19, 20] frameworks. In the SMEFT
framework, the effects of new physics may be described with an effective Lagrangian:

LSMEFT = LSM + 1
⇤2

’
:

2
(6)
:

$
(6)
:

, (1)

where LSM represents the SM Lagrangian, $
:

are higher-dimensional local operators, 2
:

are the Wilson
coefficients, and ⇤ is the mass scale of the new physics phenomena (set to 1 TeV for this result). The
analysis considers operators $

:
in the Warsaw basis, which provides a complete set of operators allowed by

SM gauge symmetries at dimension six [21] (dimension-five operators introduce lepton and baryon number
violation, and are therefore ignored in this result). The five operators relevant to the HH process and their
coefficients, 2H , 2H⇤, 2CH , 2

C⌧
, and 2H⌧

, are listed in Table 1 [22]. The computation of amplitudes from
the above Lagrangian includes three terms: a pure SM term, a “quadratic” term of order (1/⇤4) including
purely new physics, and a “linear” term of order (1/⇤2) accounting for the interference between the SM
and new physics. The SMEFT constraints calculated in this analysis include both the linear and quadratic
new physics terms.

In the HEFT framework, new physics in the electroweak sector is described through anomalous couplings
of the Higgs boson. The organization of the HEFT Lagrangian is guided by chiral perturbation theory [23],
with the low-energy dynamics of electroweak symmetry breaking described using a nonlinear realization of
the gauge symmetry group (* (2)

!
⇥* (1)

.
. One advantage of the HEFT framework is that the anomalous

single-Higgs-boson and HH couplings are defined separately, allowing simplified HH interpretations. In
the HEFT Lagrangian, ggF HH production is described at LO by five relevant operators and their associated
Wilson coefficients: 2HHH , 2

CCH , 2
66H , 2

66HH , and 2
CCHH . In this formalism, 2HHH is equivalent to ^

_
and

2
CCH is equivalent to the modifier for the coupling between the Higgs boson and top quark, ^

C
, shown by the

3

JHEP 03JHEP 04

SMEFT

HEFT

HEFT

JHEP 01 (2024) 066

Phys. Rev. D 108 (2023)

http://dx.doi.org/10.1007/JHEP07(2023)095
https://doi.org/10.1007/JHEP03(2020)091
https://arxiv.org/abs/1507.02245
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
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How to look for Higgs pairs?

b

b

τ+

τ−

HH → bb̄τ+τ−

‣ : High BR


‣ : Low background
H → bb̄
H → τ+τ−

ATLAS: ATLAS-CONF-2023-071
CMS:    Phys. Lett. B 842 (2023) 

b

b

γ

γ

HH → bb̄γγ
‣ : High BR


‣ : Good mass resolution
H → bb̄
H → γγ

ATLAS: JHEP 01 (2024) 066
CMS:    JHEP 03 (2021) 257 

b

b

b

b

HH → bb̄bb̄
‣ : High BR 

‣ Large hadronic background 

H → bb̄

ATLAS: Phys. Rev. D 108 (2023)

             + ATLAS-CONF-2024-003 (VBF, boosted)

             + Eur. Phys. J. C 83 (2023) 519 (VHH)
CMS:    Nature 607 (2022)  

  + CMS-PAS-B2G-21-001 (VBF, boosted)

  + CMS-PAS-HIG-22-006 (VHH)

HH → bb̄VV and friends (with leptons)
‣ Decent BR from 

‣ High number of leptonic and hadronic channels

H → VV

ATLAS: JHEP 02 (2024) 037 ( , 2l+MET)

 + ATL-CONF-2024-005 ( ) 

bb̄(ZZ /WW/ττ)
bb̄ZZ /4V/2V2τ/4τ/2γ2V/2γ2τ

CMS:    JHEP 07 (2023) 095 ( , ≥2l)

 + JHEP 06 (2023) 130 ( , 4l)

 + CMS-PAS-HIG-21-005 ( , ≥1l)

 + CMS-PAS-B2G-21-001 ( )

 + HIGG-22-012 ( )

4W/WWττ/4τ
bb̄ZZ

bb̄WW
γγWW

γγττ

There is no clear Golden channel for the non-
resonant search, but several promising 
signatures: 

Combining the results is necessary for observation.

 (gluons, c, muon not shown) BR(HH → XXYY )

bb WW ττ ZZ γγ

bb 34 %

WW 25 % 4.6 %

ττ 7.3 % 2.7 % 0.39 %

ZZ 3.1 % 1.1 % 0.33 % 0.069 %

γγ 0.26 % 0.10 % 0.028 % 0.012 % 0.0005 %

Full Run-2 analyses: A for ATLAS only

A A

A

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
http://dx.doi.org/10.1016/j.physletb.2022.137531
https://link.springer.com/article/10.1007/JHEP01(2024)066
http://dx.doi.org/10.1007/JHEP03(2021)257
http://dx.doi.org/10.1038/s41586-022-04892-x
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-001/index.html
https://cds.cern.ch/record/2853338
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-003/
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
https://link.springer.com/article/10.1007/JHEP02(2024)037
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
http://dx.doi.org/10.1007/JHEP07(2023)095
http://dx.doi.org/10.1007/JHEP06(2023)130
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html
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Phys. Lett. B 843 (2023)

1 10 100 1000

Theory
σ HH)/→(pp σ95% CL limit on 

Observed: 97
Expected: 52

γγWW 
CMS-PAS-HIG-21-014

Observed: 14
Expected: 18
bb WW

CMS-PAS-HIG-21-005

Observed: 32
Expected: 40

♣bb ZZ 
Acc. by JHEP (2206.10657)

Observed: 21
Expected: 19

♣Multilepton 
Acc. by JHEP (2206.10268)

Observed: 8.4
Expected: 5.5

♣ γγbb 
JHEP 03 (2021) 257

Observed: 3.3
Expected: 5.2

♣ ττbb 
Acc. by PLB (2206.09401)

Observed: 7.2
Expected: 4.2

♣bb bb 
Nature 607 (2022) 60

Observed: 3.4
Expected: 2.5

♣Comb. of 
Nature 607 (2022) 60

Observed          Median expected
                        68% expected    
                        95% expected    

CMS Preliminary

 = 1tκ = λκ
 = 12Vκ = Vκ

 (13 TeV)-1138 fb
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Limits on HH production
One of the key figure of merit is the limit on either the HH cross-section to its SM prediction, or the signal strength μ. The 
later incorporates the theoretical uncertainties on the SM prediction. 

log scale

‣ ATLAS hasn't published a 
combination with their latest 

 and  results; 

‣ CMS is showing a 

combination between their 
resolved and boosted 
analyses for the  results.


This limit is dominated by the 
ggF, but some analysis have 
also shared specific VBF limits:

bb̄γγ bb̄ττ

bb̄bb̄

CMS Summary

Obs. 4b bb𝛄𝛄 bb𝝉𝝉

ATLAS 130 96 94

CMS 226* 225 124

* Only the resolved analysis is considered

The leading 3 channels ( , , ) are very close by with expected limits around 
~ 5 x SM prediction. The global combination leads then to a limit ~ 2.5-3 x SM. 

bb̄γγ bb̄ττ bb̄bb̄

https://www.sciencedirect.com/science/article/pii/S0370269323000795
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Higgs_PAG_Summary_Plots
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Interpretation in 𝜅 framework: κλ
Both collaborations are gradually 
moving from deriving limits from the 
cross-section, to providing the 
likelihood limits.


‣ ATLAS hasn't published a 
combination with their latest 

 and  results; 

‣ CMS is showing on the same plot the 

95% CL from cross section limit, and 
the best fit value from likelihood with 
1σ error.

HH → bb̄γγ HH → bb̄ττ

40− 30− 20− 10− 0 10 20 30 40
λκ

CMS-PAS-HIG-22-006
-5.6
+6.8 = -25.1λκ

(VHH) bb bb

CMS-PAS-HIG-21-014
-13.3
+5.5 = 14.8λκ

γγWW 

CMS-PAS-HIG-21-005
-5.7
+5.3 = 4.2λκ

bb WW

Acc. by JHEP (2206.10657)
-5.4
+5.6 = 2.3λκ

♣bb ZZ 

Acc. by JHEP (2206.10268)
-5.2
+5.2 = 2.3λκ

♣Multilepton 

Nature 607 (2022) 60
-2.8
+9.9 = -0.2λκ

♣bb bb 

JHEP 03 (2021) 257
-2.9
+2.8 = 3.6λκ

♣ γγbb 

Acc. by PLB (2206.09401)
-1.7
+2.5 = -0.2λκ

♣ ττbb 

Nature 607 (2022) 60
-1.7
+2.8 = 1.7λκ

♣Comb. of 

Excluded at 95% CL
Observed      Best fit value 
Expected      SM prediction

 = 1tκ
 = 1Vκ
 = 12Vκ

 (13 TeV)-1138 fbCMS Preliminary

Phys. Lett. B 843 (2023) CMS Summary

Exemple of 
limits from XS

From 
XS 
limit

From likelihood 
result with 1σ 
error

https://www.sciencedirect.com/science/article/pii/S0370269323000795
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Higgs_PAG_Summary_Plots

