
(Almost) 10 years of Higgs boson: 

from discovery                   to             the precision era

Giovanni Marchiori (APC)


APC Seminar

21 January 2022



Giovanni Marchiori (Almost) 10 years of Higgs boson: from the discovery to the precision era - APC seminar (21/1/2022)

• The Standard Model of particle 
physics and the role of the Higgs field


• The Higgs boson discovery in the LHC Run1


• Higgs Boson profiling with the LHC Run2 dataset
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The Standard Model of particle physics
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~~ In obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.
~2M. Adernollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and H, . E. Marshak,
Phys. Rev. Letters 17, 888 (1966).
~3The predicted ratio I.eq. |,'12)] from the current alge-

bra is slightly larger than that (0.23%) obtained from
the p-dominance model of Ref. 2. This seems to be
true also in the other case of the ratio &(t) ~+m y}/
&(VV} calculated in Refs. 12 and 14.
L. M. Brown and P. Singer, Phys. Rev. Letters 8,

460 (1962}.

A MODEL OF LEPTONS*

Steven Weinberger
Laboratory for Nuclear Science and Physics Department,

Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 17 October 1967)

Leptons interact only with photons, and with
the intermediate bosons that presumably me-
diate weak interactions. What could be more
natura, l than to unite' these spin-one bosons
into a multiplet of gauge fields? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
rnediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions a,re ex-
act symmetries of the Lagrangian but are bro-
ken by the vacuum. However, this raises the
specter of unwanted massless Goldstone bosons. '
This note will describe a model in which the
symmetry between the electromagnetic and
weak interactions is spontaneously broken,
but in which the Goldstone bosons are avoided
by introducing the photon and the intermediate-
boson fields as gauge fields. s The model may
be renormalizable.
We will restrict our attention to symmetry

groups that connect the observed electron-type
leptons only with each other, i.e. , not with
muon-type leptons or other unobserved leptons
or hadrons. The symmetries then act on a left-
handed doublet

and on a right-handed singlet

R = 4(i-},)le.
The largest group that leaves invariant the kine-
matic terms -I-yI" 8&L -R yI" 8&B of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers NI„Ng of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge Q =T3 NR 2NL—, —
and the electron number N=N~+NL. But the
gauge field corresponding to an unbroken sym-
metry will have zero mass, ' and there is no
massless particle coupled to N, ' so we must
form our gauge group out of the electronic iso-
spin T and the electronic hyperchange F=—Ng
+ 2NL.
Therefore, we shall construct our Lagrang-

ian out of L and B, plus gauge fields A& and
B& coupled to T and ~, plus a spin-zero dou-
blet

whose vacuum expectation value will break T
and ~ and give the electron its mass. The on-
ly renormalizable Lagrangian which is invar-
iant under T and & gauge transformations is

2=-g(6 A —6 A +gA xA ) -«(6 B -6 B ) -R}' (& ig'B )R Ly (6 igt—~ A —i2g'B )L-p. V V p, P, V P V V P P

1 1 2 —4 2 2igA ~ ty-+i ,g'B yl ——G (LcpR+Ry L)—M y y+h(y y) . (4)p, p, p, 1

We have chosen the phase of the 8 field to make Ge real, and can also adjust the phase of the L and
Q fields to make the vacuum expectation value A.

—= (y') real. The "physical" p fields are then p

• Though its birthdate is usually referred to as the publication of Weinberg’s 
1967 paper “A model of leptons”, the SM was built in the 60’s and 70’s as the 
result of the contributions of many brilliant theoretical physicists 

• These include (non-exhaustive list):


• 1961-1964: Glashow, Salam: SU(2) x U(1) model of electroweak interactions


• 1964: Gell-Mann and Zweig, quark model


• 1964: Higgs, Englert, Brout: spontaneous symmetry breaking


• 1967: Weinberg, Salam: coherent model of electroweak interactions AND spontaneous 
symmetry breaking. Prediction of a Higgs Boson 


• 1970: Glashow, Iliopoulos, Maiani: prediction of 4th quark (charm) to solve 
strangeness-violating first-order weak interactions


• 1971-72: t’Hooft, Veltmann, Lee, Zinn-Justin: renormalisability of electroweak theory


• 1973: Fritzsch, Gell-Mann: QCD as SU(3) model of strong interactions


• 1973-1974: Gross, Wilczek, Politzer: asymptotic freedom of strong interactions


• 1974: Kobayashi, Maskawa: extend Cabibbo’s theory (1963) of quark mixing to 3x3 
complex matrix leading to CP violation in SM. Prediction of 3rd generation of quarks
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EXPERIMENTAL OBSERVATION OF LEPTON PAIRS OF INVARIANT MASS 
AROUND 95 GeV/c 2 AT THE CERN SPS COLLIDER 

UA1 Collaboration, CERN, Geneva, Switzerland 

G. ARNISON J, A. ASTBURY J, B. AUBERT b, C. BACCI i, G. BAUER x, A. BI~ZAGUET d 
R. BOCK d T.J.V. BOWCOCK f, M. CALVETTI d p. CATZ b, p. CENNINI d, S. CENTRO d 
F. CERADINI d,i S. CITTOLIN d, D. CLINE 1, C. COCHET k, j. COLAS b, M. CORDEN c 
D. DALLMAN d,1, D. DAU 2, M. DeBEER k, M. DELLA NEGRA b,d, M. DEMOULIN d, 
D. DENEGRI k, A. Di CIACCIO i, D. DiBITONTO d, L. DOBRZYNSKI g, J.D. DOWELL c 
K. EGGERT a, E. EISENHANDLER f, N. ELLIS d, p. ERHARD a, H. FAISSNER a, M. FINCKE 21 
G. FONTAINE g, R. FREY h, R. FR()HWIRTH l, j .  GARVEY c, S. GEER g, C. GHESQUII~RE g, 
P. GHEZ b, K. GIBONI a, W.R. GIBSON f, Y. GIRAUD-HI~RAUD g, A. GIVERNAUD k, A. GONIDEC b, 
G. GRAYER J, T. HANSL-KOZAIqECKA a, W.J. HAYNES J, L.O. HERTZBERGER 3, C. HODGES h 
D. HOFFMANN a, H. HOFFMANN d, D.J. HOLTHUIZEN 3, R.J. HOMER c, A. HONMA f, W. JANK d, 
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R. KINNUNEN e, W. KOZANECKI h, D. KRYN d,g, F. LACAVA i, j._p. LAUGIER k, j..p. LEES b, 
H. LEHMANN a, R. LEUCHS a, A. LI~VI~QUE k,d, D. LINGLIN b, E. LOCCI k, j . . j .  MALOSSE k, 
T. MARKIEWICZ d, G. MAURIN d, T. McMAHON c, j._p. MENDIBURU g, M.-N. MINARD b 
M. MOHAMMADI 1, M. MORICCA i, K. MORGAN h, H. MUIRHEAD 4, F. MULLER d, A.K. NANDI J, 
L. NAUMANN d, A. NORTON d, A. ORKIN-LECOURTOIS g, L. PAOLUZI i, F. PAUSS d, 
G. PIANO MORTARI i, E. PIETARINEN e, M. PIMI,g, e, A. PLACCI d, j.p. PORTE d 
E. RADERMACHER a, j. RANSDELL h, H. REITHLER a, j._p. REVOL d, j. RICH k, 
M. RIJSSENBEEK d, C. ROBERTS J, J. ROHLF d, p. ROSSI d, C. RUBBIA d, B. SADOULET d, 
G. SAJOT g, G. SALVI f, G. SALVINI i, j .  SASS k, j .  SAUDRAIX k, A. SAVOY-NAVARRO k, 
D. SCHINZEL d, W. SCOTT J, T.P. SHAH J, M. SPIRO k, j.  STRAUSS 1, j. STREETS c, 
K. SUMOROK d, F. SZONCSO l, D. SMITH h, C. TAO 3, G. THOMPSON f, J. TIMMER d, 
E. TSCHESLOG a, j .  TUOMINIEMI e, B. Van EIJK 3, j..p. VIALLE d, j.  VRANAg, 
V. VUILLEMIN d, H.D. WAHL 1, p. WATKINS c, j. WILSON c, C. WULZ 1, G.Y. XIE d, 
M. YVERT b and E. ZURFLUH d 
Aachen a -Annecy  (LAPP) b -Birmingham c _ C E R N  d -Helsinki e Queen Mary College, London f -  
Paris (Coll. de Franee) g -Riverside h - R o m e  i -Ruther ford  Appleton Lab. J -Saelay (CEN} k _ Vienna h Collaboration 

Received 6 June 1983 

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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EVIDENCE FOR Z 0 ~ e+e - AT THE CERN ~p COLLIDER 

The UA2 Col laborat ion 

P. BAGNAIA b, M. BANNER t', R. BATTISTON x,z, Ph. BLOCH f, F. BONAUDI b, K. B O R E R  a, 
M. BORGHINI  b, J.-C. C H O L L E T d ,  A.G. C L A R K b ,  C. C O N T A e ,  p. D A R R [ U L A T  b L. Di LELLA b 
J. DINES-HANSEN c, P.-A. DORSAZ b, L. F A Y A R D d  M. F R A T E R N A L I e ,  D. F R O I D E V A U X  b, 
G. F U M A G A L L I  e, J.-M. G A [ L L A R D  d, O. G I L D E M E I S T E R  b, V.G. GOGGI c, H. G R O T E  b, B. HAHN a, 
H. H~i, NNI a, J .R. HANSEN b, p. HANSEN c, T. H[MELb,  V. H U N G E R B O H L E R  b, p. JENNI  b 
O. K O F O E D - H A N S E N  c, E. LAN(~ON f, M. LIVAN b,e  S. LOUCATOS f, B. MADSEN c, p. MANI a, 
B. M A N S O U L I E  f, G.C. M A N T O V A N I  ~ , L. M A P E L L I  b'3 B. M E R K E L  d , M . M E R M I K I D E S b  
R. M O L L E R U D  c, B. NILSSON c C. ONIONS b, G. P A R R O U R  b,d, F. PASTORE e, H. PLOTHOW-BESCH b 
M. POLVERELf,  J-P. REPELLINd A. RIMOLDIe ,  A. R O T H E N B E R G b  A. ROUSSARIEt"  
G. S A U V A G E d  J. SCHACHER a , J . L . S I E G R I S T b  H.M. S T E I N E R b , O , G .  STIMPFLh ,  F. S T O C K E R : '  
J. T E I G E R  t', V. VERCESI  e A.R. WEIDBERG b, H. ZACCONE f, J.A. ZAKRZEWSK1 b,S and 
W. Z E L L E R  a 
a Laboratoriurn ,~fir Hoehenergiephysik, Universitdt Bern, Sidlerstrasse 5, Bern, Switzerland 
b CERN, 1211 Geneva 23, Switzerland 
c Niels Bohr Institute, Blegdamsve] 1 7, Copenhagen, Denmark 
d Laboratoire de l 'Accdl&ateur Lin&ire, Universitd de Paris-Sud, Orsay, France 
e Dipartimento di Fisiea Nucleare e Teoriea, Universitd di Pavia and INFN, Sezione di Pavia, Via Bassi 6, Pavia, Italy 
t" Centre d'Etudes Nuclda&es de Saelay, France 

Received 11 August 1983 

From a search for electron pairs produced in ~p collisions at x/7 = 550 GeV we report the observation of eight events which 
we interpret as resulting from the process ~ + p ~ Z 0 + anything, followed by the decay Z 0 ~ e + + e- or Z ° -~ e + + e- + T, 
where Z 0 is the neutral Intermediate Vector Boson postulated by the unified electroweak theory. We use four of these 
events to measure the Z ° mass 

M z = 91.9 + 1.3 +- 1.4 (systematic) GeV/c z. 

1. I n t r o d u c t i o n .  The primary goal o f  the experi- 
mental  program at the CERN Fp Collider has been to 
search for the massive Intermediate  Vector  Bosons 
(IVB), which are postulated to mediate  the electro- 
weak interact ion [ 1 ]. 
i Gruppo INFN del Dipartimento di Fisica dell'Universitfi di 

Perugia, Italy. 
2 Also at Scuola Normale Superiore, Pisa, Italy. 
3 On leave from INFN, Pavia, Italy. 
4 On leave from Department of Physics, University of Calit'ornia, 

Berkeley, CA, USA. 
s On leave from Institute of Physics, University of Warsaw, 

Poland. 

The recent observat ion of  single isolated electrons 
with high transverse m o m e n t u m  in events with missing 
transverse energy [2,31 is consistent  with the process 

+ p ~ W e + anything,  fol lowed by lhe decay W'  --+ 
e + + u(u-), where W is the charged IVB. 

We report here the observat ion in tire UA2 detector  
o f  eight events which we interpret in terms of  the 
reaction 

+ p ~ Z 0 + anything 

~ + e + + e  o r e + + e  + 'y ,  ( I )  

130 0 .031-9163 /83 /0000  0000/$  03.00 © 1983 North-Hol land 
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Observation of Top Quark Production in p p Collisions with the Collider Detector at Fermilab
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the fiducial decay volume. The corresponding
flux for the Kolar Gold Mines experiment is about
8& 10"v„(and approximately an equal number of
v„) of Z„&5 GeV.~ The energy spectra for the
two experiments are shown in Fig. 3. The mean
(v„+v„) energy (E) (with a cutoff at 5 GeV) is
20 GeV for this experiment, and 7 GeV for Ref.
3.
It is difficult to make a direct quantitative com-

parison of the Kolar Gold Mines experiment and
the experiment described here, because the ge-
ometries of the two experiments are very differ-
ent. In the Kolar experiment the neutrinos are
incident from all directions so that the angle of
production of a new long-lived penetrating neu-
tral particle would be largely averaged by the
detector. Hence the detection efficiency in the
experiment does not appear to depend sensitive-
ly on either the angle of production or the amount
of target material available for neutrino inter-
actions. In the present experiment the neutrino
beam is incident from a single, well-defined di-
rection, and therefore the detection efficiency
varies appreciably with the assumed angle of pro-
duction. This leads to the qualitative conclusion
that although we cannot definitely rule out the

existence of the special class of events observed
in the Kolar Gold Mines, we do not in this ex-
periment confirm that result.
De Rujula, Georgi, and Glashow' have suggest-

ed that the Kolar Gold Mines events might have
been produced by a massive neutral lepton I '
produced by decays of a charged lepton L' which
was in turn pair-produced electromagnetically by
cosmic rays. Crude model-dependent estimates
give llf~o™2GeV/c', rl 0= 10 "sec. Rate esti-
mates based on this model and applied to our con-
ditions predict that & 500 events should have been
observed.
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(1975).
M. R. Krishnaswamy et al. , Proc. Roy. Soc. London,

Ser. A. MS, 4SB (1971).
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Evidence for Anomalous Lepton Production in e+-e- Annihilation*
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We have found events of the form 8++8 e +p,++missing energy, in which no other
charged particles or photons are detected. Most of these events are detected at or above
a center-of-mass energy of 4 GeV. The missing-energy and missing-momentum spectra
require that at least two additional particles be produced in each event. We have no con-
ventional explanation for these events.

We have found 64 events of the form
e++e —e'+ V,'+) 2 undetected particles (1)

for which we have no conventional explanation.
The undetected particles are charged particles
or photons which esca.pe the 2.6m sr solid angle

of the detector, or particles very difficult to de-
tect such as neutrons, K~' mesons, or neutrinos.
Most of these events are observed at center-of-
mass energies at, or above, 4 GeV. These events
were found using the Stanford Linear Accelerator
Center —Lawrence Berkeley Laboratory (SLAC-
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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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proximately 1.0 ~ cm .
The most striking feature of J is the possibility

that it may be one of the theoretically suggested
charmed particles' or a' s' or Z, 's, ' etc. In or-
der to study the real nature of J,' measurements
are now underway on the various decay modes,
e.g. , an e~v mode would imply that J is weakly
interacting in nature.
It is also important to note the absence of an
e'e continuum, which contradicts the predic-
tions of parton models.
We wish to thank Dr. R. R. Rau and the alternat-

ing-gradient synchrotron staff who have done an
outstanding job in setting up and maintaining this
experiment. We thank especially Dr. F. Eppling,
B.M. Bailey, and the staff of the Laboratory for
Nuclear Science for their help and encourage-
ment. We thank also Ms. I. Schule, Ms. H. Feind,
N. Feind, D. Osborne, Q. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
also M. Deutsch, V. F. Weisskopf, T. T. Wu,
S. Drell, and S. Glashow for many interesting
conversations.
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We have observed a very sharp peak in the cross section for e+e -hadrons, e+e, and
possibly p, p at a center-of-mass energy of 3.105+0.003 GeV. The upper limit to the
full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e'e - hadrons, e'e, and pos-
sibly p 'p. in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E = 3.105+0.003 GeV,
F&1.3 MeV

(full width at balf-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture g(3105).] Tbe cross section for hadron pro-
duction at the peak of the resonance is ~ 2300
nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.
Our attention was first drawn to the possibility

of structure in the e'e —hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 307o (6 nb) enhancement was
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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 results of a search for single isolated electrons of high transverse momentum at the ('I-RN ~p collider. 
Above 15 GeV/e, four events are found having large missing transverse energy along a direction opposite in azimuth to that 
of the high-p- l- electron. Both the configuration of the events and their number are consistent with the expectations from 
the process~+p ,W" +anything, withW - .e+v,  whereW' is the charged Intermediate Vector Boson postulated by the 
unified electroweak theory. 

1. I n t n ) d u c t i o n .  The very successful operation of 
the CERN ~p Collider at the end of  1982, with peak 
luminosities of  ~ 5  X 1028 cm -2  s - l  , has allowed the 
UA2 experiment to collect data corresponding to a 
total integrated luminosity of  ~ 2 0  nb 1. According 
to current expectations [1 ], these data should contain 

t Gruppo INI.N del l)ipartimento di Fisica dell'Universit:i di 
Perugia, Italy. 

2 Also at Scuola Normale Superiore, Pisa. It:,ly. 
3 On leave from Department of Physics, University of Califor- 

nia, Berkeley, CA, USA. 

approximately four events of  tile type 

+ p --+ W'  + anything 
r 

I ~ e + + u ( ~ ) ,  (1) 

where W" is the charged Intermediate Vector Boson 
(IVB) which mediates the weak interaction between 
charged currents [2]. In fact it was the search for such 
particles, and for the neutral IVB. the Z O, that moti- 
vated the transformation of  the CERN Super Proton 
Synchrotron (SPS) into a ~p collider operating at a 
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the gauge is fixed up to boundary conditions, and the
above results are encouraging. One may also argue
that direct closed loop calculations will not produce a

cosmological term either, simply because dimensional
regularization (which respects the gauge invariances)
leads to vanishing of tadpole diagrams.

observation of a Dimuon Resonance at 9.5 GeV in 400-GeV Proton-Nucleus Collisions
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Dimuon production is studied in 400-GeV proton-nucleus collisions. A strong enhance-

ment is observed at 9.5 GeV mass in a sample of 9000 dimuon events with a mass m&+&-
&5 GeV.

We have observed a strong enhancement at 9.5
GeV in the mass spectrum of dimuons produced
in 400-GeV proton-nucleus collisions. Our con-
clusions are based upon an analysis of 9000 di-
muon events with a reconstructed mass m„+„-
greater than 5 GeV corresponding to 1.6~ 10'
protons incident on Cu and Pt targets:
p+(Cu, pt)- it'+ p +anything.

The produced muons are analyzed in a double-
arm magnetic-spectrometer system with a mass
resolution bm/m (rms) ~ 2%.
The experimental configuration (Fig. 1) is a

modification of an earlier dilepton experiment in
the Fermilab Proton Center Laboratory. ' ' Nar-
row targets (™0.7 mm) with lengths correspond-
ing to 3O% of an interaction length are employed.
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FIG. 1. Plan view of the apparatus. Each spectrometer arm includes eleven PWC's P1-P11, seven scintillation
counter hodoscopes Hl-H7, a drift chamber Dl and a gas-filled threshold Cerenkov counter P. Each arm is up j
down symmetric and hence accepts both positive and negative muons.

• In the past 50+ years, many predictions of the SM concerning the phenomena of the microscopic world have been confirmed.                           
A few milestones:



Giovanni Marchiori (Almost) 10 years of Higgs boson: from the discovery to the precision era - APC seminar (21/1/2022)
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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. 
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From a search for electron pairs produced in ~p collisions at x/7 = 550 GeV we report the observation of eight events which 
we interpret as resulting from the process ~ + p ~ Z 0 + anything, followed by the decay Z 0 ~ e + + e- or Z ° -~ e + + e- + T, 
where Z 0 is the neutral Intermediate Vector Boson postulated by the unified electroweak theory. We use four of these 
events to measure the Z ° mass 

M z = 91.9 + 1.3 +- 1.4 (systematic) GeV/c z. 

1. I n t r o d u c t i o n .  The primary goal o f  the experi- 
mental  program at the CERN Fp Collider has been to 
search for the massive Intermediate  Vector  Bosons 
(IVB), which are postulated to mediate  the electro- 
weak interact ion [ 1 ]. 
i Gruppo INFN del Dipartimento di Fisica dell'Universitfi di 

Perugia, Italy. 
2 Also at Scuola Normale Superiore, Pisa, Italy. 
3 On leave from INFN, Pavia, Italy. 
4 On leave from Department of Physics, University of Calit'ornia, 

Berkeley, CA, USA. 
s On leave from Institute of Physics, University of Warsaw, 

Poland. 

The recent observat ion of  single isolated electrons 
with high transverse m o m e n t u m  in events with missing 
transverse energy [2,31 is consistent  with the process 

+ p ~ W e + anything,  fol lowed by lhe decay W'  --+ 
e + + u(u-), where W is the charged IVB. 

We report here the observat ion in tire UA2 detector  
o f  eight events which we interpret in terms of  the 
reaction 

+ p ~ Z 0 + anything 

~ + e + + e  o r e + + e  + 'y ,  ( I )  
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the fiducial decay volume. The corresponding
flux for the Kolar Gold Mines experiment is about
8& 10"v„(and approximately an equal number of
v„) of Z„&5 GeV.~ The energy spectra for the
two experiments are shown in Fig. 3. The mean
(v„+v„) energy (E) (with a cutoff at 5 GeV) is
20 GeV for this experiment, and 7 GeV for Ref.
3.
It is difficult to make a direct quantitative com-

parison of the Kolar Gold Mines experiment and
the experiment described here, because the ge-
ometries of the two experiments are very differ-
ent. In the Kolar experiment the neutrinos are
incident from all directions so that the angle of
production of a new long-lived penetrating neu-
tral particle would be largely averaged by the
detector. Hence the detection efficiency in the
experiment does not appear to depend sensitive-
ly on either the angle of production or the amount
of target material available for neutrino inter-
actions. In the present experiment the neutrino
beam is incident from a single, well-defined di-
rection, and therefore the detection efficiency
varies appreciably with the assumed angle of pro-
duction. This leads to the qualitative conclusion
that although we cannot definitely rule out the

existence of the special class of events observed
in the Kolar Gold Mines, we do not in this ex-
periment confirm that result.
De Rujula, Georgi, and Glashow' have suggest-

ed that the Kolar Gold Mines events might have
been produced by a massive neutral lepton I '
produced by decays of a charged lepton L' which
was in turn pair-produced electromagnetically by
cosmic rays. Crude model-dependent estimates
give llf~o™2GeV/c', rl 0= 10 "sec. Rate esti-
mates based on this model and applied to our con-
ditions predict that & 500 events should have been
observed.
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We have found events of the form 8++8 e +p,++missing energy, in which no other
charged particles or photons are detected. Most of these events are detected at or above
a center-of-mass energy of 4 GeV. The missing-energy and missing-momentum spectra
require that at least two additional particles be produced in each event. We have no con-
ventional explanation for these events.

We have found 64 events of the form
e++e —e'+ V,'+) 2 undetected particles (1)

for which we have no conventional explanation.
The undetected particles are charged particles
or photons which esca.pe the 2.6m sr solid angle

of the detector, or particles very difficult to de-
tect such as neutrons, K~' mesons, or neutrinos.
Most of these events are observed at center-of-
mass energies at, or above, 4 GeV. These events
were found using the Stanford Linear Accelerator
Center —Lawrence Berkeley Laboratory (SLAC-
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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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proximately 1.0 ~ cm .
The most striking feature of J is the possibility

that it may be one of the theoretically suggested
charmed particles' or a' s' or Z, 's, ' etc. In or-
der to study the real nature of J,' measurements
are now underway on the various decay modes,
e.g. , an e~v mode would imply that J is weakly
interacting in nature.
It is also important to note the absence of an
e'e continuum, which contradicts the predic-
tions of parton models.
We wish to thank Dr. R. R. Rau and the alternat-

ing-gradient synchrotron staff who have done an
outstanding job in setting up and maintaining this
experiment. We thank especially Dr. F. Eppling,
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Nuclear Science for their help and encourage-
ment. We thank also Ms. I. Schule, Ms. H. Feind,
N. Feind, D. Osborne, Q. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
also M. Deutsch, V. F. Weisskopf, T. T. Wu,
S. Drell, and S. Glashow for many interesting
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We have observed a very sharp peak in the cross section for e+e -hadrons, e+e, and
possibly p, p at a center-of-mass energy of 3.105+0.003 GeV. The upper limit to the
full width at half-maximum is 1.3 MeV.

We have observed a very sharp peak in the
cross section for e'e - hadrons, e'e, and pos-
sibly p 'p. in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

E = 3.105+0.003 GeV,
F&1.3 MeV

(full width at balf-maximum), where the uncer-
tainty in the energy of the resonance reflects the

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture g(3105).] Tbe cross section for hadron pro-
duction at the peak of the resonance is ~ 2300
nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.
Our attention was first drawn to the possibility

of structure in the e'e —hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 307o (6 nb) enhancement was
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EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS 

WITH ASSOCIATED MISSING ENERGY AT x/s  = 540 GeV 

UA1 Collaboration, CERN, Geneva, Switzerland 
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A. NORTON d, A. ORKIN-LECOURTOIS g, L. PAOLUZI i, G. PETRUCCI d, G. PIANO MORTARI i, 
M. PIMI~, e, A. PLACCI d, E. RADERMACHER a, J. RANSDELL h, H. REITHLER a, J.-P. REVOL d, 
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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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OBSERVATION OF SINGLE ISOLATED ELECTRONS OF HIGH TRANSVERSE MOMENTUM 
IN EVENTS WITH MISSING TRANSVERSE ENERGY AT THE CERN ~p COLLIDER 

The UA2 Collaboration 
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Received 15 February 1983 

We report the results of a search for single isolated electrons of high transverse momentum at the ('I-RN ~p collider. 
Above 15 GeV/e, four events are found having large missing transverse energy along a direction opposite in azimuth to that 
of the high-p- l- electron. Both the configuration of the events and their number are consistent with the expectations from 
the process~+p ,W" +anything, withW - .e+v,  whereW' is the charged Intermediate Vector Boson postulated by the 
unified electroweak theory. 

1. I n t n ) d u c t i o n .  The very successful operation of 
the CERN ~p Collider at the end of  1982, with peak 
luminosities of  ~ 5  X 1028 cm -2  s - l  , has allowed the 
UA2 experiment to collect data corresponding to a 
total integrated luminosity of  ~ 2 0  nb 1. According 
to current expectations [1 ], these data should contain 

t Gruppo INI.N del l)ipartimento di Fisica dell'Universit:i di 
Perugia, Italy. 

2 Also at Scuola Normale Superiore, Pisa. It:,ly. 
3 On leave from Department of Physics, University of Califor- 

nia, Berkeley, CA, USA. 

approximately four events of  tile type 

+ p --+ W'  + anything 
r 

I ~ e + + u ( ~ ) ,  (1) 

where W" is the charged Intermediate Vector Boson 
(IVB) which mediates the weak interaction between 
charged currents [2]. In fact it was the search for such 
particles, and for the neutral IVB. the Z O, that moti- 
vated the transformation of  the CERN Super Proton 
Synchrotron (SPS) into a ~p collider operating at a 
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the gauge is fixed up to boundary conditions, and the
above results are encouraging. One may also argue
that direct closed loop calculations will not produce a

cosmological term either, simply because dimensional
regularization (which respects the gauge invariances)
leads to vanishing of tadpole diagrams.

observation of a Dimuon Resonance at 9.5 GeV in 400-GeV Proton-Nucleus Collisions

S. W. Herb, D. C. Hom, L. M. Lederman, J. C. Sens, ' H. D. Snyder, and J. K. Yoh
Columbia University, New York, ¹se Fork 10027

J. A. Appel, B. C. Brown, C. ¹ Brown, W. R. Innes, K. Ueno, and T. Yamanouchi
I'ermi Nationa/Accelerator Laboratory, Batavia, Illinois 605'10

A. S. Ito, H. Jostlein, D. M. Kaplan, and R. D. Kephart
State University of Nese Fork at Stony Brook, Stony Brook, New Fork 11974

(Received 1 July 1977)

Accepted without review at the request of Edwin L. Qoldwasser under policy announced 26 April 1976
Dimuon production is studied in 400-GeV proton-nucleus collisions. A strong enhance-

ment is observed at 9.5 GeV mass in a sample of 9000 dimuon events with a mass m&+&-
&5 GeV.

We have observed a strong enhancement at 9.5
GeV in the mass spectrum of dimuons produced
in 400-GeV proton-nucleus collisions. Our con-
clusions are based upon an analysis of 9000 di-
muon events with a reconstructed mass m„+„-
greater than 5 GeV corresponding to 1.6~ 10'
protons incident on Cu and Pt targets:
p+(Cu, pt)- it'+ p +anything.

The produced muons are analyzed in a double-
arm magnetic-spectrometer system with a mass
resolution bm/m (rms) ~ 2%.
The experimental configuration (Fig. 1) is a

modification of an earlier dilepton experiment in
the Fermilab Proton Center Laboratory. ' ' Nar-
row targets (™0.7 mm) with lengths correspond-
ing to 3O% of an interaction length are employed.
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FIG. 1. Plan view of the apparatus. Each spectrometer arm includes eleven PWC's P1-P11, seven scintillation
counter hodoscopes Hl-H7, a drift chamber Dl and a gas-filled threshold Cerenkov counter P. Each arm is up j
down symmetric and hence accepts both positive and negative muons.

1973: neutral weak currents (Gargamelle@CERN)

1974: 1st charm-quark resonance (BNL and Mark-I@SLAC)

1975: τ lepton (Mark-I@SLAC)

1977: 1st b-quark resonance (E288@Fermilab)

1983: W and Z bosons (UA1, UA2@CERN)

1995: top quark (CDF, D0@Fermilab)

2000s: CP violation in B mesons (BaBar@SLAC, Belle@KEK)

(+ a large wealth of results in neutrino physics..)

• In the past 50+ years, many predictions of the SM concerning the phenomena of the microscopic world have been confirmed.                           
A few milestones:
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• In the past 50+ years, many predictions of the SM concerning the phenomena of the microscopic world have been confirmed.                           


• Crowning success of the SM: discovery of the Higgs boson in 2012 

• What is so special about the Higgs boson? 

• Why did it take so long to find it?


• What have we learnt about it so far?

Successes of the Standard Model

7
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• The Higgs boson is the particle corresponding to the quantum excitations of the Higgs field (as we shall se in the next slides..)


• The Higgs field is a scalar field that permeates all the universe since shortly after the Big Bang


• The interactions of the elementary particles with it give those particles their masses


• The stronger the interaction, the larger the particle mass

What is the Higgs boson?

8

no Higgs field Higgs field
From https://

videos.cern.ch/
record/2757407 
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• The Higgs boson is the particle corresponding to the quantum excitations of the Higgs field (as we shall se in the next slides..)


• The Higgs field is a scalar field that permeates all the universe since shortly after the Big Bang


• The interactions of the elementary particles with it give those particles their masses


• The stronger the interaction, the larger the particle mass

What is the Higgs boson?

9

no Higgs field Higgs field
From https://
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• Without the interaction with the Higgs field giving the elementary particles their masses, our Universe would be much different:

What would happen without the Higgs field?

10

no Higgs field Higgs field
v1<c

c

v2<c

Higgs

hydrogen atoms stars & galaxies

no stars & galaxies
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• Without the interaction with the Higgs field giving the elementary particles their masses, our Universe would be much different:

What would happen without the Higgs field?

11

no Higgs field Higgs field
v1<c

c

v2<c

Higgs

No Higgs

hydrogen atoms stars & galaxies

no hydrogen atoms

no stars & galaxies
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What would happen without the Higgs field?
• Not only the elementary particles would be massless, but their interactions would be different from the one we know! 

• Due to the SU(2)xU(1) gauge invariance of the SM Lagrangian (which is what forbids adding explicit mass terms!), weak interactions 
(mediated by massive gauge bosons) and electromagnetic interactions (mediated by the photon, affecting only charged fermions) would be 
replaced by a "isospin force" and a "hypercharge" force, both mediated by massless bosons, affecting both charged and neutral fermions


• Overall, the SM particle organisation would look quite different (and simpler):

12

https://profmattstrassler.com/articles-and-posts/particle-physics-basics/the-known-apparently-elementary-particles/the-known-particles-if-the-higgs-field-were-zero/ 

https://profmattstrassler.com/articles-and-posts/particle-physics-basics/the-known-apparently-elementary-particles/the-known-particles-if-the-higgs-field-were-zero/
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• A solution to both puzzles (particle masses+EW symmetry breaking) is provided by the spontaneous symmetry breaking mechanism


• A doublet of complex scalar fields φ is added to the SM Lagrangian


• The Lagrangian density remains invariant under SU(2)xU(1), but the minimum (vacuum) is not


• Spontaneous symmetry breaking!


• Expanding around the minimum,                              , leads to the appearance of mass terms for fermions and weak gauge bosons, 

Higgs boson self-interactions, and precise relations between the particle masses and their couplings to the Higgs boson 

The Brout-Englert-Higgs (BEH) mechanism

13

Interactions between the 
field and the gauge bosons

(Yukawa) interactions between 
the field and the fermions

Higgs field potential

infinite set of degenerate states with 
minimum energy, satisfying
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• A solution to both puzzles (particle masses+EW symmetry breaking) is provided by the spontaneous symmetry breaking mechanism


• A doublet of complex scalar fields φ is added to the SM Lagrangian


•

The Brout-Englert-Higgs (BEH) mechanism

14

Fermion masses + Higgs-fermion interactions

W, Z masses + W/Z-Higgs interactions

Higgs mass, and Higgs self interactions
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Predicted properties of the SM Higgs boson

15
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mH = 125 GeV

⇒ ΓH = 4.2 MeV

⇒ τ = 1.6 10-22s

⇒ cτ = 50 fm 

➡ We can only identify the Higgs boson 
by looking at its decay products

• Mass and self-coupling: unknown


• But related one each other through v: 


• Spin and parity: 0+


• Couplings to other particles: all known


• Partial and total widths: can be determined from the couplings once the Higgs boson mass is fixed


• Production cross sections and branching ratios can also be deduced (see later)

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
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Could the Higgs tell us more about our Universe?

16

E. Fuchs

• Some open challenges in our understanding of the Universe:
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Could the Higgs tell us more about our Universe?

17

V. Sanz

• The Higgs could be the key to solving (at least some of) these issues
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Could the Higgs tell us more about our Universe?

18

• Hopefully yes!

E. Fuchs
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Could the Higgs tell us more about our Universe?

19

• Even more so in complementarity with other probes (astroparticles & DM / cosmology / gravitational waves / low energy observables)

+ Primordial magnetic fields

E. Fuchs
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Particle colliders

20

• Accelerate and collide particles to

• convert their kinetic energy into mass of heavier, unstable particles (E=mc2)

• probe the internal structure of the target

<latexit sha1_base64="G+6tOVBlWMZIZAHBRmY17F80SJ8=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCqJFHUjFEVwWcE+oAllMpm0QycPZiZCiVn4K25cKOLW33Dn3zhts9DWAwOHc87l3jlewplUlvVtlJaWV1bXyuuVjc2t7R1zd68t41QQ2iIxj0XXw5JyFtGWYorTbiIoDj1OO97oeuJ3HqiQLI7u1TihbogHEQsYwUpLffPA4TrsY3SJnEBgkg1Jnt3kfbNq1awp0CKxC1KFAs2++eX4MUlDGinCsZQ920qUm2GhGOE0rzippAkmIzygPU0jHFLpZtP7c3SsFR8FsdAvUmiq/p7IcCjlOPR0MsRqKOe9ifif10tVcOFmLEpSRSMyWxSkHKkYTcpAPhOUKD7WBBPB9K2IDLGuQenKKroEe/7Li6R9WrPPavW7erVxVdRRhkM4ghOw4RwacAtNaAGBR3iGV3gznowX4934mEVLRjGzD39gfP4Ac1+Vwg==</latexit>
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The Large Hadron Collider (LHC) at CERN

21

I will focus on the ATLAS 
detector and results 

Similar results were obtained 
by the CMS experiment

• The biggest and most energetic collider: 27 km long, ~100m underground at CERN near Geneva

• Protons (and heavy ions) accelerated to close to the speed of light by radiofrequency cavities and steered/focused by superconducting magnets

• Two beams of same energy E rotate in opposite directions and collide head-on ⇒ center-of-mass energy √s = 2 E

Geneva lake
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The CERN accelerator complex

22

H-
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LHC fact sheet 
• (Very) brief history:


• 1984: Proposal

• 1994: Approval

• 2008–2009: Startup


• 2010–2012: Run 1 (√spp = 7-8 TeV)

• 2015–2018: Run 2 (√spp = 13 TeV)

• Near future (2022–2025): Run 3 (√s = 13.6 TeV)

23

⇒ 1-v/c ~ 1e-8

(Design value: 14 TeV)

• Main parameters in Run2:

⇒ Bunches collide every 25 ns (40 MHz)

⇒ 25 collisions/bunch x-ing (or more..)

√s
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LHC luminosity
• Event yield = Integrated luminosity * cross section


• L = integral over time of instantaneous luminosity, 

24

L =   25/fb at 7-8 TeV in Run1 
L = 140/fb at  13 TeV in Run2  
L ~ 350/fb in Run3 (expected) (*) 1b = 10-28 m2

<latexit sha1_base64="oeetvDJn73O7iQCvFDX6VVZc6js=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqI0QtLGwiGI+IHeEvc1esmR379jdE8KRv2FjoYitf8bOf+MmuUITHww83pthZl6YcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYk05k7RpmOG0kyiKRchpOxzdTP32E1WaxfLRjBMaCDyQLGIEGyv5D+gK3SFfs4HAvXLFrbozoGXi5aQCORq98pffj0kqqDSEY627npuYIMPKMMLppOSnmiaYjPCAdi2VWFAdZLObJ+jEKn0UxcqWNGim/p7IsNB6LELbKbAZ6kVvKv7ndVMTXQYZk0lqqCTzRVHKkYnRNADUZ4oSw8eWYKKYvRWRIVaYGBtTyYbgLb68TFpnVe+8WruvVerXeRxFOIJjOAUPLqAOt9CAJhBI4Ble4c1JnRfn3fmYtxacfOYQ/sD5/AFlV5Cj</latexit>
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The LHC master formula

• Gluons dominate at small x,  
valence quarks at x~1 

25

Parton Density Functions Parton-level Cross Section

F. Maltoni
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Producing a Higgs boson at the LHC

26

gluon-gluon fusion (ggF)

associated with ttbar (ttH)

vector boson fusion (VBF)

associated with V=W, Z (VH)

σ 

√s=13 TeV


m=125 GeV

N(Higgs)

in 140/fb

ggF 49 pb 6.9M

VBF 3.8 pb 530k

VH 2.3 pb 320k

ttH 0.5 pb 70k

TOTAL 56 pb 7.8M

2011 2012 Run2 (2015-2018)

~8M Higgs bosons produced in Run2, ~600k in Run1 

⇒ LHC = ‘Large Higgs Creator’!

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG 

σ

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
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Detecting Higgs boson decays at the LHC: the ATLAS experiment
• ATLAS: a general-purpose, ~4π detector for multi-TeV pp and heavy-ion collisions

27

• ID: charged particle tracks, 
decay vertices

• |η|<2.5

• σpT/pT~0.05%pT⊕1%


• ECAL: e/γ energy and 
direction, hadron rejection

• |η|<3.2 

• σE/E~10%/√ E⊕0.7% (barrel)


• HCAL: hadron (jet) energy/
direction

• |η|<4.9 

• σE/E~50%/√ E⊕3% (barrel)


• MS: muon tracks

• |η|<2.7

• σp/p<10% up to 1 TeV
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Detecting Higgs boson decays at the LHC: the ATLAS experiment

28
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The ATLAS collaboration
• Formed in 1982 with Letter Of Intent 

for ATLAS experiment at LHC

29
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The ATLAS collaboration
• Formed in 1982 with Letter Of Intent 

for ATLAS experiment at LHC

30

APC a full member

since 15/10/2021
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• Easiest particles to reconstruct: high-momentum 
electrons, muons and photons 


• Hadrons are produced in clusters from quark/
gluon hadronisation and reconstructed by 
clustering algorithms as "jets"


• High pT jets can be efficiently reconstructed but 
with worse energy/direction resolution wrt γ, lep.

• similarly/worse for 𝜈 (momentum conservation)


• Flavour of jets can be 
identified with good 
efficiency and low 
fake rate for b-quarks 
thanks to the long b-
quark lifetime

Identifying and measuring the properties of particles in ATLAS

31
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Higgs boson decays

32

cc: decent BR, but poor q,g rejection => 
challenging for coupling to 2nd gen fermions

μμ

gg: high BR, but very poor

q/g discrimination
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG 

Loop-induced effective photon coupling:

→4l

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG
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Backgrounds (and trigger) at the LHC

• SM non-Higgs processes much more likely to happen than Higgs


• Need selection with excellent background rejection => choose 
carefully the signatures under study 

• (e.g: inclusive Higgs production with H->bb very difficult because 
of bb production is 107 times bigger!)


• Total xsection too big to keep everything on disk => selective trigger


• Even with a trigger with a rejection=106, we still have about 200 PB of 
data (and MC) to analyse => distributed computing model (GRID): data 
and CPUs are distributed throughout the world, analysis code can run 
wherever resources are available

33
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High-level trigger

Level-1 trigger
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Higgs boson selection efficiency

• Out of 8M Higgs boson events only about 20k are selected and used to study the properties of the Higgs boson!

34
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The first tantalising signals

35

https://indico.cern.ch/event/164890/ 

See also https://atlas.cern/updates/press-statement/atlas-experiment-presents-latest-higgs-search-status 

Analysis of up to 5/fb @ 7 TeV

• Hàγγ

• HàZZ(*)à4l   

• HàWW(*)àlνlν

https://indico.cern.ch/event/164890/
https://atlas.cern/updates/press-statement/atlas-experiment-presents-latest-higgs-search-status
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The first tantalising signals

36
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The first tantalising signals

37
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The Higgs boson discovery
• 4th July 2012 @CERN: (experimental) birth of the Higgs boson 

38

F. Gianotti

(ATLAS)

J. Incandela

(CMS)

R. Heuer

(CERN)

F. Englert P. Higgs

https://indico.cern.ch/event/197461/

https://indico.cern.ch/event/197461/
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The Higgs boson discovery
• Analysis of up to 5/fb @ 7 TeV + 5/fb @ 8 TeV


• 5 final states considered: 


• The “easy” and cleanest ones:   Hàγγ   and   HàZZ(*)à4l   (full dataset)


• The more complex, less sensitive ones:  HàWW(*)àlνlν,   Hàττ,   W/Z+Hàνl/vν/ll + bb   (7 TeV data)


• Lower reconstruction efficiency & resolution: missing energy from neutrinos, jets, flavour tagging, ..


• More data AND improved analyses (better reconstruction and identification of physics object, event categories targeting VBF 
production with better S/B..)

39
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The Higgs boson discovery
• Analysis of up to 5/fb @ 7 TeV + 5/fb @ 8 TeV


• 5 final states considered: 


• The “easy” and cleanest ones: Hàγγ and HàZZ(*)à4l (full dataset)


• The more complex, less sensitive ones: HàWW(*)àlνlν, Hàττ, W/Z+Hàνl/vν/ll+ bb (7 TeV data)


• Lower reconstruction efficiency & resolution: missing energy from neutrinos, jets, flavour tagging, ..


• Plus, some other HàWW/ZZ final states with lower sensitivity (e.g ZZàllqq)


• More data but also improved analyses: better reconstruction and identification of physics object, event categories targeting VBF 
production with better S/B..

40
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The Higgs boson discovery
• Analysis of up to 5/fb @ 7 TeV + 5/fb @ 8 TeV


• 5 final states considered: 


• The “easy” and cleanest ones: Hàγγ and HàZZ(*)à4l (full dataset)


• The more complex, less sensitive ones: HàWW(*)àlνlν, Hàττ, W/Z+Hàνl/vν/ll+ bb (7 TeV data)


• Lower reconstruction efficiency & resolution: missing energy from neutrinos, jets, flavour tagging, ..


• Plus, some other HàWW/ZZ final states with lower sensitivity (e.g ZZàllqq)

41

“signal strength” 
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What have we learnt since the Higgs boson discovery?

• In the past ~10 years we have measured or constrained many of its properties:


• Mass


• Width


• Spin & parity


• Main decay and production modes


• Couplings to other particles


• Differential cross sections


• Rare decays


• Self-coupling


• beyond-SM interactions              
(anomalous couplings to SM 
particles, CP violation, coupling to 
dark matter sector..)

42

PDG 2021

…

PDG 2012
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Higgs boson mass
• Measured in high-resolution channels (γγ, ZZ→4l) from the position of the invariant mass peak


• Precision limited by statistical (ZZ) or experimental (γγ) systematic uncertainties


• Requires precise lepton and photon energy calibration (use control samples such as Z→ee, μμ)

43

H→ZZ*→4l + H→γγ,   36/fb H→ZZ*→4l, 139/fb

• Run1 + partial Run2: 0.19% precision • Full Run2: 0.16% precision

Phys. Lett. B 784 (2018) 345 ATLAS-CONF-2020-005

One of the most precisely measured electroweak parameters!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005
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Higgs boson width
• SM Higgs boson width (4.1 MeV) << experimental resolution (1–2 GeV) => too small to be measured directly (direct limits ~ 1 GeV)


• Can be inferred from ratio of off-shell/on-shell pp→H*→ZZ (or WW) xsections 


with some assumptions:

• running of the couplings as in the SM: 𝜅off-shell = 𝜅on-shell


• no new signals in the search reason, apart from a possibly enhanced off-shell Higgs contribution

44

4l
2μ2ν

2e2ν

Phys. Lett. B 786 (2018) 223

25% precision at HL-LHC… but model-dependent!

95% CL upper limits                 Observed  Expected

https://www.sciencedirect.com/science/article/pii/S0370269318307494?via=ihub
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Higgs boson spin and parity
• Spin 1 forbidden by observation of H→γγ decay (Landau-Yang’s theorem)


• JP = 0-, 0+ non-SM (different tensor structure of the HVV couplings), and various graviton-like 2+ scenarios are tested one-by-one 
against the SM 0+ hypothesis exploiting angular distributions that are sensitive to JP


• Polar angle θ* of photon in γγ CM frame (flat for spin-0, quadratic in cosθ* for spin 2)

• Azimuthal opening angle between two leptons in H→WW (small for spin-0, large for spin-2 due to W coupling to left-handed fermions)

• Decay angles and dilepton invariant masses in H→ZZ→4l

45

H→γγ
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Higgs boson spin and parity

46

All alternative hypotheses 
disfavoured at > 3σ

Eur. Phys. J. C75 (2015) 476

https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1
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Observation of Higgs boson decays to τ-leptons and to b-quarks
• First observation with partial Run2 datasets. More detailed studies performed with full dataset

• Best sensitivity provided by production modes with lower x-section but much better bkg rejection than gluon fusion


• VBF (~8% of σH) for H→ττ,    V(→leptons)H (~0.9% of σH) for H→bb

• Large sensitivity boost from use of multivariate techniques for object reconstruction and S/B discrimination in Run2 analyses

47

ATLAS-CONF-2021-044 Eur. Phys. J. C 81 (2021) 178

H→bbH→ττ

Significance: 6.7σSignificance: ~8σ

Evidence of Yukawa couplings to τ and b!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
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Observation of Higgs boson decays to τ-leptons and to b-quarks
• First observation with partial Run2 datasets. More detailed studies performed with full dataset

• Best sensitivity provided by production modes with lower x-section but much better bkg rejection than gluon fusion


• VBF (~8% of σH) for H→ττ,    V(→leptons)H (~0.9% of σH) for H→bb

• Large sensitivity boost from use of multivariate techniques for object reconstruction and S/B discrimination in Run2 analyses

48

Good agreement with SM predictions

ATLAS-CONF-2021-044 Eur. Phys. J. C 81 (2021) 178H→bbH→ττ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-044/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-51/
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Observation of Higgs boson production with ttbar pairs

49

Phys. Rev. Lett. 125 (2020) 061802

Phys. Rev. D 97 (2018) 072003Multileptons

H→γγ

Significance: 5.2σSignificance: 4.1σ
Direct evidence of Yukawa couplings to the top quark!

• ttbar pair identified by presence of b-jets, large jet 
multiplicity, possibly leptons and missing momentum


• Best sensitivity provided by decay modes with 
leptons (WW, ττ) or photons

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003
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The challenging Yukawa couplings to 2nd-generation fermions
• H→μμ: very small BR (0.02%), important background from Z(*)→μμ, but good resolution


• H→cc: small BR (2%), poor resolution. Large bkg from QCD ⇒ search in V(→leptons)H. Poor c-tagging ⇒ bkg from H→bb

50

Phys. Lett. B 812 (2021) 135980

3σ evidence in CMS! Expect observation in Run3

ATLAS-CONF-2021-021H→ccH→μμ

A long way before the observation… maybe at HL-LHC!

(Decays to 1st generation fermions (ee) also searched for but no evidence found and UL set at 7*104 the SM prediction of 5*10-9)

https://www.sciencedirect.com/science/article/pii/S0370269320307838
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
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Rare (resonant and non resonant) decays to l+l-γ
• H→Zγ→llγ (l=e,μ): ~4.4% of BR(γγ)


• Tensor coupling, not measured yet:  


• Large Zγ background, low-momentum leptons and photons


• H→llγ (l=e,μ), mll<30 GeV: ~5% of BR(γγ)


• Dedicated reconstruction of very close-by electrons 
(EM showers partially overlapping in the calorimeter)

51

Phys. Lett. B 809 (2020) 135754H→Zγ→llγ Phys. Lett. B 819 (2021) 136412

Similar excess in CMS.  
Potential evidence in Run3?

First evidence! Keep watching with more data to look 
for SM deviations (compositeness, CP violation) 

H→γ*γ→llγ

Potential BSM physics that could explain flavour anomalies could also modify these rates

https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub
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Observation of the main production modes
• Exploit different signatures of main production modes, define event categories enriched in one particular mode


• Simultaneous fit to event yields in various categories allows measurement of signal strengths for each production mode


• Assuming SM Higgs branching ratios (within TH uncertainties), different final states are combined to obtain x-section measurements 

52

e.g. H→γγ (Phys. Rev. D 98 (2018) 052005)

Rarer production modes not yet observed: tH, bbH (~0.5% of σH)

ATLAS-CONF-2021-053

ggF-tag

VBF-tag

WH/ZH-tag

ttH-tag

http://cdsweb.cern.ch/record/2789544/files/ATLAS-CONF-2021-053.pdf
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σ ∝   ,

Higgs boson couplings to other particles: summary 
• Assuming that the signals in the different channels are due to a single, narrow, CP-even resonance, the signal strengths can be 

parametrised in terms of coupling scaling factors


• A couple of examples:

53

Γγγ ∝

Assumes no new particles 
in loops and decays

ATLAS-CONF-2021-053

All measured couplings to fermions and bosons agree with the SM! 

Current uncertainties (5-11%, 30% for μ) to be reduced by x3 at HL-LHC

http://cdsweb.cern.ch/record/2789544/files/ATLAS-CONF-2021-053.pdf
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Differential cross sections
• More granular measurement as a function of several observables characterising the kinematics of Higgs boson production             

(Higgs pT, Njets, leading-jet pT, invariant mass of leading and subleading jets (if present), …)


➡Measured observables can be sensitive to production mode xsection ratios / spin / CP / Higgs Boson couplings ..


• In fiducial phase space, very close to experimental selection

➡Minimise model dependence from extrapolation from selected to full phase space; efficiency similar for all production modes

54

Eur. Phys. J. C 80 (2020) 942 ATLAS-CONF-2019-029H→4l H→γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
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Differential cross sections
• Measurements allow constraining Higgs couplings indirectly


• b, c couplings from pT(H)


• Anomalous (including CP-odd) couplings 
with gauge bosons, from various observables 

55

Eur. Phys. J. C 80 (2020) 942 ATLAS-CONF-2019-029b, c Yukawa couplings

b,c

Constraints on 𝜅c similar to those from direct searches No evidence of CP-odd interactions

d=6, Λ=1 TeV

anomalous couplings to gauge bosons

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
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Higgs boson as a portal to dark matter?

56

(a) Higgs portal (mDM<mH/2)
(b) Portals with extended Higgs sectors


(e.g.: 2HDM+a)
(c) Portals with extended Higgs and gauge sectors


(e.g.: 2HDM+Z’)

invisible Higgs decays 

⇒ BR(H→invisible)

“mono-Higgs”: Higgs recoils against invisible particles (large missing momentum)  

(+ searches for heavier Higgs bosons and Z’ resonances)

JHEP 11 (2021) 209

mono-H(bb)

• IF dark matter is composed of neutral, weakly-interacting, massive particle (WIMP), and the dark sector is coupled to the Higgs, Higgs 
physics at collider experiments could shed light on it (for a review see e.g. https://arxiv.org/abs/2109.13597)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-46
https://arxiv.org/abs/2109.13597
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Higgs boson invisible decays
• BR(H→invisible) = 0.1% in SM (H→ZZ(*)→4ν), too small for detection (poor missing momentum resolution, backgrounds from Z→vv)


• If Higgs decays to dark matter particles, BR(H→invisible) could be enhanced to a detectable level


• Most sensitive signature: VBF-tagged jets + large missing momentum


• Further combination with other searches (such as V(lep)H, V(had)H, ..)
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ATLAS-CONF-2020-008

BR(H→invisible)<13% @95%CL

ATLAS-CONF-2020-052VBF H→invisible (Run2) Combination 

BR < 11% @95% CL (<9% at 90%CL) 
Constraints on spin-independent WIMP-nucleon 

x-section complementary to direct searches

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
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• Double-Higgs production = direct probe of Higgs self-coupling λ ⇒ crucial for determining shape of Higgs field potential


• Tiny cross section ~1/1000 of Higgs production (33 fb at 13 TeV) ⇒ extremely challenging! 

• Multiple topologies investigated. Analysis of full Run2 for most sensitive channels: bbγγ, bbττ. Analysis of other channels being 
finalised, combinations starting. No significant signal seen yet ⇒ upper limits!

Higgs boson self-coupling

<latexit sha1_base64="OajHXC0WX14mUYgyTv8qh9UHheY=">AAAB7nicdVDLSsNAFL2pr1pfVZduBovgKiQxtHVXdOOygn1AG8pkMmmHTh7MTIQS+hFuXCji1u9x5984aSuo6IGBwznnMvceP+VMKsv6MEpr6xubW+Xtys7u3v5B9fCoK5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Lrwe/dUSJbEd2qWUi/C45iFjGClpd6Q62iAR9WaZV42645bR5ZpWQ3bsQviNNwLF9laKVCDFdqj6vswSEgW0VgRjqUc2FaqvBwLxQin88owkzTFZIrHdKBpjCMqvXyx7hydaSVAYSL0ixVaqN8nchxJOYt8nYywmsjfXiH+5Q0yFTa9nMVppmhMlh+FGUcqQcXtKGCCEsVnmmAimN4VkQkWmCjdUEWX8HUp+p90HdOum+6tW2tdreoowwmcwjnY0IAW3EAbOkBgCg/wBM9GajwaL8brMloyVjPH8APG2yefwo/I</latexit>

�

WWγγ bbγγ bbττ bbWW bbbb

BR 0.1 % 0.26 % 7.4 % 25 % 33 %

95%CL upper limit on μ <747 (386) < 4.3 (5.7) < 4.6 (3.9) - < 13 (21)

ATLAS-CONF-2021-052
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bbγγ, bbττ and 
combination

ATLAS-
CONF-2021-016

ATLAS-
CONF-2021-030μ < 3.9

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030
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Higgs boson self-coupling

59

• Correcting the upper limit on the signal yields for the λ dependence of the acceptance*efficiency, limits on σ vs λ are determined

• The crossings with the theoretical prediction (assuming other couplings are SM-like) gives confidence intervals for λ

With the other channels + full Run3 ATLAS+CMS could reach 2σ sensitivity on diHiggs production!

TH
EXP
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Higgs boson self-coupling

60

• HL-LHC projection (~2038, ~20x more data than Run2): 0.5 < 𝜅λ < 1.5


• could constrain models which predict strong first-order electroweak phase transitions


• complementary to information provided by gravitational waves detected by space-based interferometers

Phys. Rev. D 94 (2016) 7, 075008

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.075008
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Conclusion
• (Almost) 10 year after its landmark discovery, the Higgs boson is now a grown-up kid


• Its characteristics resemble remarkably the SM predictions

• Though accuracy of some measurement is still O(10%) or worse


• Our team has been deeply involved in several key measurements                                       
(discovery, mass and cross-section measurements with H→γγ; observation of H→bb; 
searches for rare Higgs decays, HH production, and Higgs production with dark matter)


• The Higgs physics programme of ATLAS and the (HL)-LHC is only in its infancy

• Expect 3x the current data in Run3 (2022-2025) and 20x by the end of the HL-LHC

• Potential for further breakthrough discoveries possibly linked to open issues in HEP:         

CP violation in Higgs interactions, coupling to the dark sector, Higgs field potential, 
extended Higgs sector ….

61
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Thanks for listening and 

many thanks to the organisers!
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Extra material
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Higgs couplings fit in the presence of extra particles in loops or invisible decays

• Left: invisible/undetected BR fixed to zero


• Right: invisible/undetected BR floating


• Use BR(inv) experimental upper limit


• Assume 𝜅W, 𝜅Z<=1

64
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Higgs invisible decays and WIMP-nucleon cross-section

65

Higgs portal model: the Higgs boson is assumed to be the only mediator in the WIMP–nucleon scattering

The upper limit on the invisible BR is converted to an upper limit on the partial width for the decay:


This in turn implies an upper limit on the Higgs-DM coupling λ: 


which can then be  converted into a limit on the WIMP-proton cross-section:
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HL-LHC Higgs couplings projections

66

Where do we Stand in Coupling Properties Measurements?

11%

11%

30%

26%

15%

14%

13%

ATLAS - CMS Run 1 
combination
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Measurements here assume 
no BSM in Higgs width

9

CMS 
  Run 2 

CMS-PAS-HIG-19-005

0.96 ± 0.07
−1.11 +0.14

−0.09

1.01 +0.09
−0.14

1.16 +0.12
−0.11

1.01 ± 0.11

0.94 ± 0.12
1.18 +0.19

−0.27

ATLAS  Run 2

ATLAS-CONF-2021-53

NEW  
Higgs 2021

1.04 ± 0.06
1.06 ± 0.06
0.99 ± 0.06
0.92 +0.07

−0.06

0.92 ± 0.10

0.87 ± 0.11
0.92 ± 0.07

6%

6%

6%
7%

11%

11%

8%

Current 
precision 

Still 25 times more data and reduction 
of a factor of 3 uncertainty! 

TH uncertainty dominant!

M. Kado, Higgs 2021
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Lepton-flavor-violating Higgs boson decays

67

T. Neep, Higgs 2021LFV Higgs decays Phys. Lett. B ��� (����) ������ Phys. Lett. B ��� (����) ������

• No signi�cant excesses over the SM prediction are found

• Upper limits on the LFV Higgs branching fractions are set at
��% CL

• B(H ! eµ) < �.���%
• B(H ! e⌧) < �.��%
• B(H ! µ⌧) < �.��%

• Branching fraction limits converted to limits on o�-diagonal
Yukawa couplings
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CERN - a paradigm for European cooperation

68

• Created in the early 1950’s, to build a powerful and competitive infrastructure for fundamental research in nuclear / particle physics in Europe


• Centered around four main pillars: scientific research / technological R&D / education and training of scientists and general public / collaboration


• Today’s world’s largest center for fundamental research 
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The CERN accelerator complex

69

H-
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Luminosity’s dark side: pile-up

• Need detectors with excellent resolution to distinguish interaction vertices and discard signals associated to pile-up vertices

70

Run1

Run2
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• The Higgs boson is quite massive (125 GeV) and its production x-
section is small ⇒ needs collider with sufficient energy & 
luminosity + optimised detectors


• LEP2 (e+e-, 4 experiments, ~700/pb 
at 189-206 GeV): σ~1 fb


• too low luminosity => no events 
produced


• Tevatron (ppbar, 2 experiments, 10/fb 
at 1.96 TeV): σ~1 pb


• Cleanest channels (γγ, ZZ→4l..): 
no events produced


• main decay mode among the others:  
bb (BR~60%)


• BUT very large backgrounds 
from QCD bb production


➡ Search for W(lν)H and Z(ll)H, l=e, μ:      
σ = 33fb, O(100) signal events 
selected, but poor resolution and  
large background from other 
processes (W/Z + jets, WZ(bb), ZZ(bb))

Why did it take so long to find the Higgs?
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The Higgs boson discovery
• Final results published in Phys. Lett. B 716 (2012) 1-29


• Including also HàWWàlνlν with 8 TeV data
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https://www.sciencedirect.com/science/article/pii/S037026931200857X

