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The Standard Model of particle physics

three generations of matter interactions / force carriers
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The Standard Model of particle physics

VOLUME 19, NUMBER 21

PHYSICAL REVIEW LETTERS

20 NOVEMBER 1967

11 1 obtaining the expression (11) the mass difference
between the charged and neutral has been ignored.

2M. Ademollo and R. Gatto, Nuovo Cimento 44A, 282
(1966); see also J. Pasupathy and R. E. Marshak,
Phys. Rev. Letters 17, 888 (1966).

13The predicted ratio [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 I'(n— 7r+1r""y) /
T'tyy) calculated in Refs. 12 and 14.

Y4L. M. Brown and P. Singer, Phys. Rev. Letters 8,
460 (1962).

A MODEL OF LEPTONS*

Steven Weinbergt
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
natural 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-
mediate meson, and in their couplings. We
might hope to understand these differences
by imagining that the symmetries relating the
weak and electromagnetic interactions are 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.® 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

L=l ) ®
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and on a right-handed singlet

R=[3(1~y,)le. (2)

The largest group that leaves invariant the kine-
matic terms -Zyﬂa“L_fRf yH8, R of the Lagrang-
ian consists of the electronic isospin T acting
on L, plus the numbers Ny, Np of left- and
right-handed electron-type leptons. As far
as we know, two of these symmetries are en-
tirely unbroken: the charge @ =T3-Np—-3Np,
and the electron number N=Np +N;y. 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 Y= Np
+3N L-

Therefore, we shall construct our Lagrang-
ian out of L and R, plus gauge fields K“ and
B/, coupled to T and Y, plus a spin-zero dou-
blet

()

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

.M . e P GRS
~Ry" (8 -ig’B )R-L 0 igte A —-i3g'B )L
" g “) v ( iig m 2& H)

2 T<p+h(<p790)2- (4)

We have chosen the phase of the R field to make G, real, and can also adjust the phase of the L and
@ fields to make the vacuum expectation value A={¢° real. The “physical” ¢ fields are then Q-

1264

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, lliopoulos, 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

Giovanni Marchiori
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Successes of the Standard Model

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

Volume 46B, number 1 PHYSICS LETTERS

3 September 1973

OBSERVATION OF NEUTRINO-LIKE INTERACTIONS WITHOUT MUON
OR ELECTRON IN THE GARGAMELLE NEUTRINO EXPERIMENT

F.J. HASERT, S. KABE, W. KRENZ, J. Von KROGH, D. LANSKE, J. MORFIN,
K. SCHULTZE and H. WEERTS
HII. Physikalisches Institut der Technischen Hochschule, Aachen, Germany

G.H. BERTRAND-COREMANS, J. SACTON, W. Van DONINCK and P. VILAIN*!
Interuniversity Institute for High Eneréies, U.L.B., V.U.B. Brussels, Belgium

U. CAMERINI*?2 D.C. CUNDY, R. BALDI, 1. DANILCHENKO*3, W.F. FRY *2 D. HAIDT,
S.NATALI**, P. MUSSET, B. OSCULATI, R. PALMER *4, J. B M. PATTISON,
D.H. PERKINS*6, A. PULLIA, A. ROUSSET, W. VENUS*7 and H. WACHSMUTH

CERN, Geneva, Switzerland

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

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

E. BELOTTI, S. BONETTI, D. CAVALLI, C. CONTA*8

E. FIORINI and M. ROLLIER

Istituto di Fisica dell’Universita, Milano and I.N.F.N. Milano, Italy

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

Laboratoire de I’ Accélérateur Linéaire, Orsay, France

F.W. BULLOCK, M.J. ESTEN TW TNNFQ T M~-KEN7IF A MICHETTR %9

G. MY/

Unive

VOLUME 35, NUMBER 22

PHYSICAL REVIEW LETTERS

1 DECEMBER 1975

the fiducial decay volume. The corresponding
flux for the Kolar Gold Mines experiment is about
8x10' v, (and approximately an equal number of
v,)of E, >5 GeV.* The energy spectra for the
two experiments are shown in Fig. 3. The mean
(v, +7,) 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 Rijula, Georgi, and Glashow® have suggest-
ed that the Kolar Gold Mines events might have
been produced by a massive neutral lepton L°
produced by decays of a charged lepton L* which
was in turn pair-produced electromagnetically by
cosmic rays. Crude model-dependent estimates
give M o~2 GeV/c?, T,0~107"% sec. Rate esti-
mates based on this model and applied to our con-
ditions predict that > 500 events should have been
observed.

*Work supported in part by the U. S. Energy Research
and Development Agency.

!A. Benvenuti et al., Nucl. Instrum. Methods 125, 447
(1975); A. Benvenuti et al., Nucl. Instrum. Methods
125, 457 (1975).

’D. Bintinger et al., Phys. Rev. Lett. 34, 982 (1975).

M. R. Krishnaswamy et al., Phys. Lett. 57B, 105
(1975).

‘M. R. Krishnaswamy et al., Proc. Roy. Soc. London,
Ser. A. 323, 489 (1971).

SA. De Rijula, H. Georgi, and S. L. Glashow, Phys.
Rev. Lett. 35, 628 (1975).

Evidence for Anomalous Lepton Production in e*-¢~ Annihilation*

M. Boyarski, M. Breidenbach, D. D. Briggs, F. Bulos, W. Chinowsky,
man, C. E. Friedberg, D. Fryberger, G. Goldhaber, G. Hanson,
\-Marie, J. A. Kadyk, R. R. Larsen, A. M. Litke, D. Liike,I

VOLUME 33, NUMBER 23

Events induced by neutral particles and pr

Volume 122B, number 1 PHYSICS LETTERS

EXPERIMENTAL OBSERVATION OF ISOLATED LARGE TRANSVERSE ENERGY ELECTRONS

WITH ASSOCIATED MISSING ENERGY AT /5 = 540 GeV

Volume 126B, number 5
24 February 1983

PHYSICS LETTERS 7 July 1983

EXPERIMENTAL OBSERVATION OF LEPTON PAIRS OF INVARIANT MASS
AROUND 95 GeV/c2 AT THE CERN SPS COLLIDER

UAl1 Collaboration, CERN, Geneva, Switzerland

Volume 122B, number 5,6 PHYSICS LETTERS

OBSERVATION OF SINGLE ISOLATED ELECTRONS OF HIGH TRANSVERSE MOMENTUM

IN EVENTS WITH MISSING TRANSVERSE ENERGY AT THE CERN pp COLLIDER

17 March 1983

Volume 129, number 1,2 PHYSICS LETTERS 15 September 1983

EVIDENCE FOR Z0 - e*e™ AT THE CERN pp COLLIDER

The UA2 Collaboration

The UA2 Collaboration

M. BANNER, R. BATTISTON 2, Ph. BLOCH, F. BONAUDI P, K. BORER , M. BORGHINI®,
J.-C.CHOLLETY, A.G. CLARK®, C. CONTA®, P. DARRIULAT®, L. Di LELLAP_J. DINES-HANSEN¢,
P.-A.DORSAZP, L. FAYARD Y, M. FRATERNALI ¢, D. FROIDEVAUX® J..M. GAILLARD ¢,

0. GILDEMEISTERY, V.G. GOGGI ¢, H. GROTED®, B. HAHN? H. HANNI4, J.R. IIANSEN P,

P. HANSEN¢, T. HHIMEL Y, V. HUNGERBUILER®, P. JENNI®, 0. KOFOED-HANSEN ¢,
E. LANGON, M. LIVAN®¢ S LOUCATOS, B. MADSEN ¢, P. MANI#, B. MANSOULIE,
G.C.MANTOVANI', L. MAPELLI?, B. MERKEL 4, M. MERMIKIDES ®, R. MQLLERUD €,

P. BAGNAIA®, M. BANNER, R. BATTISTON .2, Ph. BLOCH, F. BONAUDI ®, K. BORER ¢,

M. BORGHINI® J-C. CHOLLETY, A.G. CLARK Y, C. CONTA®, P. DARRIULATY, L. Di LELLAY,

J. DINES-HANSEN ¢, P.-A. DORSAZ Y, L. FAYARD 9 M. FRATERNALI ¢, D. FROIDEVAUX®,

G. FUMAGALLI®, J-M. GAILLARD Y, O. GILDEMEISTER ®, V.G. GOGGI ¢, H. GROTE ", B. HAHN 2,
H. HANNI?® J R. HANSEN P P. HANSEN ¢, T. HIMEL >, V. HUNGERBUHLER b, P. JENNI b,

0. KOFOED-HANSEN ¢, E. LANGON', M. LIVAN b¢ S LOUCATOS', B. MADSEN ¢, P. MANI ¢,

B. MANSOULIEf, G.C. MANTOVANI ', L. MAPELLI b3 B. MERKEL Y, M. MERMIKIDES b
R.M@LLERUD ¢, B.NILSSON ¢, C. ONIONS b, G. PARROUR "4 F. PASTORE ¢, H. PLOTHOW-BESCH P,
M. POLVEREL', J-P. REPELLIN 4, A, RIMOLDI¢, A. ROTHENBERG P, A, ROUSSARIE ',
G.SAUVAGEY,J. SCHACHER ¥, J.L. SIEGRIST P, H.M. STEINER »* G. STIMPFL®, F. STOCKER “.

PHYSICAL REVIEW LETTERS

V. Liith, D. Lyon, C. C. Morehouse, J. M. Paterson,

Pierre,§ T. P. Pun, P. A, Rapidis, B. Richter,

2 DECEMBER 1974

CERN neutrino experiment. These events bel
The rates relative to the corresponding charge

We have searched for the neutral current (

Experimental Observation of a Heavy Particle J¥

J. J. Aubert, U. Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,

. H. Trilling, F. Vannucci,|l J
F. C. Winkelmann, and J.

wd Department of Physics, Univer
ccelevator Center, Stanford Univ
(Received 18 August 19"

charged current (CC) reactions:

NC v“/ﬁu +N—>v“/17u + hadrons,

*1 Chercheur agréé de L'Institut Interuniversitaire de
Sciences Nucléaires, Belgique.

*2 Also at Physics Department, University of Wiscon

*3 Now at Serpukhov.

*4 Now at University of Bari.

*5 Now at Brookhaven National Laboratory.

*6 Also at University of Oxford.

*7 Now at Rutherford High Energy Laboratory.

*8 On leave of absence from University and INFN-P:

* Supported by Science Research Council grant.
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et+e—~e* +uF +mis
etected. Most of the
The missing-energ
particles be product

proximately 1073 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 emv 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. Schulz, Ms. H. Feind,
N. Feind, D. Osborne, G. Krey, J. Donahue, and

nts.
2 DECEMBER 1974

of the ¢
E. D. Weiner for help and assistance, We thank s (1) tect suw
also M. Deutsch, V. F. Weisskopf, T. T. Wu, ' Most o:
S. Drell, and S. Glashow for many interesting don. mass e
conversations. (cles were fc
aingle Center:

TAccepted without review under policy announced in
Editorial of 20 July 1964 [Phys. Rev. Lett, 13, 79
(1964)1. -

!The first work onp +p—-pu*+u” +x was done by L. M.
Lederman et ql., Phys. Rev. Lett. 25, 1523 (1970).

%S, L, Glashow, private communication,

5T, D, Lee, Phys, Rev. Lett, 26, 801 (1971),

1S, Weinberg, Phys. Rev. Lett, 19, 1264 (1967), and
27, 1688 (1971), and Phys. Rev, D 5, 1412, 1962 (1972).

'After completion of this paper, we learned of a sim-
ilar result from SPEAR. B. Richter and W. Panofsky,
private communication; J.-E. Augustin et al., following
Letter [Phys. Rev. Lett. 33, 1404 (1974)].

%S. D. Drell and T. M. Yan, Phys. Rev. Lett. 25, 316
(1970). An improved version of the theory is not in con-
tradiction with the data,

Discovery of a Narrow Resonance in e¢* e~ Annihilation*

J.-E. Augustin,i A, M. Boyarski, M. Breidenbach, F. Bulos, J. T. Dakin, G. J. Feldman,
G. E. Fischer, D. Fryberger, G. Hanson, B. Jean-Marie,{ R. R. Larsen, V. Liith,
H. L. Lynch, D. Lyon, C. C. Morehouse, J. M. Paterson, M. L. Perl,
B. Richter, P, Rapidis, R. F. Schwitters, W. M. Tanenbaum,
and F. Vannuccii
Stanford Linear Accelevator Center, Stanford University, Stanford, California 94305

and

G. S. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R. J. Hollebeek,
J. A. Kadyk, B. Lulu, F. Pierre,§ G, H. Trilling, J. S. Whitaker,
J. Wiss, and J. E, Zipse
Lawrence Berkeley Labovatory and Department of Physics, University of California, Bevkeley, California 94720
(Received 13 November 1974)

We have observed a very sharp peak in the cross section for e *e™ —hadrons, e'e”, and
possibly u*u°-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 u*u” 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,
Ir's1.3 MeV

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

1406

uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture y(3105).] The 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 30% (6 nb) enhancement was

Sadoulet, R. F. Schwitters, W. Tanenbaum,

VoLuME 39, NUMBER 5

PHYSICAL REVIEW LETTERS

B. NILSSON ¢, C. ONIONSP, G. PARROUR %4 F, PASTORE b:¢ I, PLOTHOW-BESCH b:d,
M.POLVEREL', J.-P. REPELLIN®, A, ROTHENBERG P, A, ROUSSARIE, G. SAUVAGE 4,
I SCHACHER® 11 SIFGRISTYD HM STEINERDP? G, STIMPFLP, K. STOCKER @, J, TEIGERT,
ONEf and W. ZELLER®
it Bern, Sidlerstrasse 5, Bern, Switzerland

n. Denmark
é de Paris-Sud, Orsay, France

1 Augusr 1977 ¥sitd di Pavia and INFN, Sezione di Pavia.

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

ited clectrons of high transverse momentum at the CERN pp collider.
¢ missing transverse energy along a direction opposite in azimuth to that

pnd T K _Vob the events and their number are consistent with the expectations from

L B ) (€Y% =]

FPERTIER S SR NS 3 I 21 1 o4
T

Columbia University, New York, New York 10027

s, where W' is the charged Intermediate Vector Boson postulated by the

and

J. A. Appel, B. C. Brown, C. N. Brown, W. R. Innes, K. Ueno, and T. Yamanouchi
Fermi National Accelevator Laboratory, Batavia, Illinois 60510

and of approximately four events of the type
rak _ .
A, 8. Ito, H. Jostlein, D. M. Kaplan, and R. D. Kephart the ptp W'+ anything
State University of New York at Stony Brook, Stony Brook, New Yovk 11974 4 | N _
(Received 1 July 1977) —=e’ tu(v), (€))
ng
. . . ai ‘here W' is the charged Int diate Vector Boson
Accepted without review at the request of Edwin L. Goldwasser under policy announced 26 April 1976 Main where . s the C_]'"ge n e”"e, 1a cLor BOse
(IVB) which mediates the weak interaction between
Dimuon production is studied in 400-GeV proton-nucleus collisions. A strong enhance- adi charged currents [2]. In fact it was the search for such

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 1.6x 10*®
protons incident on Cu and Pt targets:

p +(Cu, Pt)— u* + u~ +anything.

particles, and for the neutral IVB. the Z°, that moti-
lifor- vated the transformation of the CERN Super Proton
The produced muons are analyzed in a double- Synchrotron (SPS) into a pp collider operating at a
arm magnetic-spectrometer system with a mass
resolution Am/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 30% of an interaction length are employed.

0031-9163/83/0000 0000/S 03.00 © 1983 North-Holland
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FIG. 1. Plan view of the apparatus. Each spectrometer arm includes eleven PWC’s P1-P11, seven scintillation
counter hodoscopes H1-H7, a drift chamber D1 and a gas-filled threshold Cerenkov counter €. Each arm is up/
down symmetric and hence accepts both positive and negative muons.
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Observation of Top Quark Production in 7p Collisions with the Collider Detector at Fermilab

F. Abe,'* H. Akimoto,” A. Akopian,?” M. G. Albrow,” S.R. Amendolia,* D. Amidei,'” J. Antos,® C. Anway-Wiese,*

P. Az

From a search for clectron pairs produced in Bp collisions at /5= 550 GeV we reg A. B

we interpret as resulting from the process p + p — Z% + anything, followed by the

S. Behr¢

where Z0 is the neutral Intermediate Veetor Boson postulated by the unified elect A

events to measure the Z0 mass

Mz =919 + 1.3 + 1.4 (systematic) GeV/je2.

1. Introduction. The primary goal of the experi-
mental program at the CERN pp Collider has been to
search for the massive Intermediate Vector Bosons
(LVB), which are postulated to mediate the electro-
weak interaction [1].
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Also at Scuola Normale Superiore, Pisa, Italy.

3 On leave from ININ, Pavia, Ttaly.

On leave from Department of Physics, University of California,

Berkeley, CA, USA.
* On lcave from Institute of Physics, University of Warsaw,
Poland.
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Successes of the Standard Model

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

VOLUME 35, NUMBER 22 PHYSICAL REVIEW LETTERS 1 DECEMBER 1975 Volume 126B, number § PHYSICS LETTERS 7 July 1983

Volume 46B, number 1

OBSERVATION OF NEUTRINO-L
OR ELECTRON IN THE GARG/

F.J. HASERT, S. KABE, W. KRENZ,
K. SCHULTZ
III. Physikalisches Institut der Te
G.H. BERTRAND-COREMANS, J. SA
Interuniversity Institute for High H

U. CAMERINI*2 D.C. CUNDY, R. BALDI
S.NATALI*4, P. MUSSET, B. OSC

D.H. PERKINS*¢, A. PULLIA, A. RO

CERN, G¢

e 1974 1st charm-quark resonance (BNL and Mark-1@SLAC

Istituto di Fisica dell’Universii
B. AUBERT, D. BLUM, L.M. CHQO
AM. LUTZ, A. ORKIN-

Laboratoire de I'Accélé,

N 1975 T lepton (Mark-I@SLAC

Events induced by neutral particles and pr
CERN neutrino experiment. These events bel
The rates relative to the corresponding charge

3 APRIL 1995

We have searched for the neutral current ( |
charged current (CC) reactions: S ollider Detector at Fermilab
_ — —_—
NC v, /uﬂ +N-> U“/Vu + hadrons, dei,'” J. Antos,?® C. Anway-Wiese,*

*1 Chercheur agréé de L'Institut Interuniversitaire de
Sciences Nucléaires, Belgique.
*2 Also at Physics Department, University of Wiscon
*3 Now at Serpukhov.
*4 Now at University of Bari. VIEW LETTERS 3 APRIL 1995

*5 Now at Brookhaven National Laboratory.
*6 Also at University of Oxford.
*7 Now at Rutherford High Energy Laboratory.
*8 On leave of absence from University and INFN-P: bf the Top Quark
*2 Supported by Science Research Council grant. 0 “ s .
, . Adam,'° D.L. Adams,’* M. Adams,"® S. Ahn,'2 H. Ai

ara,?”
138 mos,?? E. W. Anderson,'” S. H. Aronson,?> R. Astur,’® R.E.
Baldin,'? J. Bantly,* J. F. Bartlett,'> K. Bazizi,” J. Bendich,?’
hat,'” V. Bhatnagar,’' M. Bhattacharjee,'" A. Bischoff,’
? N.IL Bojko,” F. Borcherding,'? J. Borders,* C. Boswell,”

i,2 J.M. Butler,'? D. Casey,* H. Castilla-Valdez,’

1 .-P. Chen,?® W. Chen,?® L. Chevalier,?® S. Chopra,®' B.C.
k,2° W.G. Cobau,' J. Cochran,” W. E. Cooper,?
utts,* O.I. Dahl,?® K. De,*! M. Demarteau,'> R. Demina,”’
sov,>> W. Dharmaratna,'® H. T. Diehl,'> M. Diesburg,'> G. Di
, b,° S.R. Dugad,*’ S. Durston-Johnson,*> D. Edmunds,”® A. O.

S. Eno,?! G. Eppley,* P. Ermolov,?* O. V. Eroshin,*?> V. N.
K. Fatyga, J. Featherly,® S. Feher,’® D. Fein,? T. Ferbel,*
23 G.E. Forden,? M. Fortner,?® K. C. Frame,?* P. Franzini,'?
A4 C.S. Gao,'>' S. Gao,'>" T.L. Geld,? R.J. Genik 11,2
n,2” V. Glebov,?* S. Glenn,’ J. F. Glicenstein,*® B. Gobbi,?®
arov,” H. Gordon,? L. T. Goss,*? N. Graf,> P.D. Gran

| | | | Grossman,'? P. Grudberg,” S. Griinendahl,* J. A. Guida,?
n tnikov,?? N.J. Hadley,?' H. Haggerty,'? S. Hagopian,'?
. He J.M. Hauptman,'” D. Hedin,”® A.P. Heinson,’
S V I O a I O I e S O S a a r e e . Hirosky,"? J. D. Hobbs,'? B. Hoeneisen,"* J. S. Hoftun,*

i,'2 A.S. Ito,'? E. James,? J. Jaques, S. A. Jerger,® J.Z.-Y.
nson,'? H. Johnstad,* A. Jonckheere,'? H. Jostlein,'2 S. Y.
30 A. Kernan,” L. Kerth,?° C.L. Kim,'8 S. K. Kim,??
nstein,®® V. 1. Klyukhin,??> V.I. Kochetkov,*? J. M. Kohli,*!
6 A. V. Kozelov,?? E. A. Kozlovski,?> M. R. Krishnaswamy,*
1,38 R.E. Lanou,* J-F. Lebrat,’ J. Lee-Franzini,*
ima,® D. Lincoln,?? S. L. Linn," J. Linnemann,? R. Lipton,'?

o n x . Lueking,'? A.L. Lyo K. A. Maciel,® R.J. Madaras,?’
S. Mani,” B. Mansoulié,*® H.S. Mao,'>" S. Margulies,"®

n,'? M. Marx,*® B. May,” A.A. Mayorov,’> R. McCarthy,*

' | de Mello Neto,® K. W. Merritt,'2 H. Miettinen,** A. Milder,?

shra,'> M. Mohammadi-Baarmand,?® N. Mokhov,'2 N. K.
© C. Murphy,'® C. T. Murphy,'? F. Nang,* M. Narain,'? V. S.
beret,! E. Neis,? P. Nemethy,?® D. Nesi¢,* D. Norman,*
Owen,? P. Padley,* M. Pang,'” A. Para,'? C. H. Park,'?
P5 J. Perkins,*! A. Peryshkin,'?> M. Peters,'* H. Piekarz,"
G. Pope,?® H. B. Prosper,'? S. Protopopescu,® D. Puselji
. Ramirez,'> M. V.S. Rao,*® P. A. Rapidis,'? L. Rasmussen,’®
11,2 N. A. Roe,2° J. M. R. Roldan,' P. Rubinov,*® R. Ruchti,
D. Schamberger,*® H. Schellman,? D. Schmid,* J. Sculli,
E=3.105+0.003 GeV, structure are entirely unexpected. E. Shabalina,* C. Shaffer,'* H. C. Shankar,* R. K. Shivpuri,'' M. Shupe,? J. B. Singh,?' V. Sirotenko,® W. Sma
r<1.3 MeV Our attentif)n was first drawn to the possibility A. Smith,? R. P. Smith,'? R. Snihur,”® G.R. Snow,? S. Snyder,*® J. Solomon,'> P. M. Sood,>! M. Sosebee,*!' M. Souza,?®
of structure in the e*e”~ hadron cross section A.L. Spad .2 R.W. Stephens,*' M. L. Stevenson,” D. Stewart,?? F. Stocker,® D. A. Stoianova,*? D. Stoker,®
(full width at half-maximum), where the uncer- during a scan of the cross section carried out in K. Streets,?® M. Strovink,?® A. Taketani,'? P. Tamburello,?' J. Tarazi,® M. Tartaglia,'? T.L. Taylor,?? J. Teiger,’
tainty in the energy of the resonance reflects the 200-MeV steps. A 30% (6 nb) enhancement was J. Thompson,?! T.G. Trippe,® P. M. Tuts,'” N. Varelas,”> E. W. Varnes,”® P.R.G. Virador,” D. Vititoe,* ; A.
Volkov,?? E. von Goeler,?” A.P. Vorobiev,’?> H.D. Wahl,'* J. Wang,'>" L. Z. Wang,'>" J. Warchol,*® M. Wayne,*
1406 H. Weerts,”> W. A. Wenzel,?® A. White,*' J. T. White,*> J. A. Wightman,'” J. Wilcox,?” S. Willis,?® S.J. Wimpenny,”

0031-9007/95/74(14)/2632(6)$06.00 © 1995 The American Physical Society

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



Successes of the Standard Model

In the past 50+ years, many predictions of the SM concerning the phenomena of the microscopic world have been confirmed.
2013 NOBEL PRIZE IN PHYSICS

Francois Englert

Why did it take so long to find it?

Giovanni Marchiori

What have we learnt about it so far?

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

What is so special about the Higgs boson?

I The Standard Model of particle physics

Years from concept to discovery
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Vhat Happened after the Big Bang?
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What is the Higgs boson?

* 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

no Higgs field

From https://
videos.cern.ch/
record/2757407
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What would happen without the Higgs field”

- Without the interaction with the Higgs field giving the elementary particles their masses, our Universe would be much different:

- stars & galaxies

hydrogen atoms

HIQQs

electron

¢ @
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What would happen without the Higgs field”

- Without the interaction with the Higgs field giving the elementary particles their masses, our Universe would be much different:

hydrogen atoms  stars & galaxies

HIQQs

electron

{ o

no stars & galaxies

Nno hydrogen atoms
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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

- Qverall, the SM particle organisation would look quite different (and simpler):

M. Strassler 2011

The Particles of the Standard Model

M. Strassler 2011

If the Higgs Field Were Zero

Weak Nuclear Force

WrwW- 20 All Particles Massless

(Exceptthe Higgs Particles)

charged

JETLCELY

neutrinos
G Electromagnetic Force Strong | 3ar Force
» Photon Glug 3 types)

Isospin Force Hypercharge Force
W1 W2 W3 "

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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The Brout-Englert-Higgs (BEH) mechanism

* A solution to both puzzles (particle masses+EW symmetry breaking) is provided by the spontaneous symmetry breaking mechanism

_|_
- A doublet of complex scalar fields ¢ is added to the SM Lagrangian & = ( (ZO )

(Yukawa) interactions between
the field and the fermions

Interactions between the D\ im(g)
field and the gauge bosons

Infinite set of degenerate states with
minimum energy, satisfying

Higgs field potential ©* <0 ) >0
V(®)=pu?| 270 | +>\<| dTd |>

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

« Spontaneous symmetry breaking!

« Expanding around the minimum, & = - ( . J(: . ) , leads to the appearance of mass terms for fermions and weak gauge bosons,

V2

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

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

» A solution to both puzzles (particle masses+EW symmetry breaking) is provided by the spontaneous symmetry breaking mechanism
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* A doublet of complex scalar fields ¢ is added to the SM Lagrangian & = ( (ZO )
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Higgs mass, and Higgs self interactions Z H wW° H
1 M7 M¢ " = p
= prr  * 2 ' H g3 UH a7l ! ;
Ly a i U e e i " AU LA
1 A »-----H g3 M2 M3,
= §8MH8“H —~ §M12{H2 — MH® — ~H* SN y4 . H WA - H
H ) H ’ N H
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Predicted properties of the SM Higgs boson

- But related one each other through v:

Giovanni Marchiori

Spin and parity: O+

Mass and self-coupling: unknown

Couplings to other particles: all known

;‘ 1032 T R T l l T l T I % %
SR
:I 102§_ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" —g é
1 O S E
TE ey E
1 0_1 = e E
1072 e E
- https.//twiki.cern.ch/twiki/bin/ 7
3 | . view/LHCPhysics/L HCHW -
1080100 © 200 300 1000
M, [GeV]

My = v/—2u? = V2\v

u|  2Mw
V= — = —— = 246GeV
VA g

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)

my = 125 GeV
= [y=4.2 MeV

= T=1.6 10225

= CT =50 fm

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

(Almost) 10 years of Higgs boson: from the discovery to the precision era - APC seminar (21/1/2022)
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Could the Higgs tell us more about our Universe?

« Some open challenges in our understanding of the Universe:

Giovanni Marchiori

Baryon
Asym metry

Dark Matte

ens\l\g by

Dark Matter  [NASA/
PLANCK/ESA 2013

Higgs Mass
Hierarchy Problem

10 GeV: Planck scal

o S g W
orders H\ /' H

10> GeV: Higgs
mass

Flavor puzzle
fermion masses, mixing

CMS Supplementary 35 a.137 o' (13 TeV)

Strong CP
problem

0 <101

i "
Z ,."
W e

l
6 ]
3

r:ul oo
Bilia o |

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

E. Fuchs

16



Could the Higgs tell us more about our Universe?

« The Higgs could be the key to solving (at least some of) these issues

A

cosmological Higgs

v i
e e
i HIGGS heavy new physics

Higgs DM mediator S

Inflation :
Higgs inflation Phase transitions Fate OfS ::;ﬂlijnwerse
Inflaton vs Higgs Baryogenesis ty

gravitational waves

\

'The LHC provides the most precise, controlled way of studying

the Higgs and direct access to TeV scales

~

Exploiting complementarity with cosmo/astro probes

V. Sanz

Giovanni Marchiori
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Could the Higgs tell us more about our Universe?

* Hopefully yes!

@gsr@ — ¢ CP violation
<:f§fw’ 1Iggs

distribution

@i—Higgs __— Electroweak phase transition
roduction

QH, v, MD< Vacuum stability
Mono-x>< —— Dark Matter/ Dark Sector
searches

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

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

GV iggs

distribution

_ Gravit. wave
@Di—Higgs __— Electroweak phase transition nterferometry

roduction

+ Primordial magnetic fields

Vacuum stability

Con i

Spectroscop
Mono-X — Dark Matter/ Dark Sector |/ constants
searches \@eted exp

E. Fuchs
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Particle colligers

« Accelerate and collide particles to

- convert their kinetic energy into mass of heavier, unstable particles (E=mc?)

* probe the internal structure of the target

S
T

\ v fee Higgs decay.

+

QT@V =>10-1"m

nTldS Is weot CKqC‘ey 'Uﬁq{— anoU /:nddcled -

DN A

How we see\

atom

1012

y
electron g -,.-.-1

rmicroscope

—ts

=t
& accelerator

different-

sized
objects:

nucleus

116 A’I@per
s

1020

/

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

20




The Large Hadron Collider (LHC) at CERN

- 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

-----

xxxx

N W L TR . I will focus on the ATLAS
TERS-N TR el detector and results

Similar results were obtained
by the CMS experiment

. : L A - ; s,‘\ | R
v / " 3 p, 2 Tk i ‘. 13 ‘-“":;w \ | R
» ~ y v . = A - VN " o) el J T —)
4 2 7 : A " | 3 , L my ! v » o o
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The CERN accelerator complex

2010 (27 km)

ALICE TT20 /\NorthArea LHCb
1142
- T/ AWAKE
2016
HiRadMat ATLAS
hame
— |  AD  ELENA
2020 (31 m) ISOLDE
BOOSTER
1972 (157 m) % —]
TT10 § y RIBs REX/HIE
n_TOF W | East Area :
2 PS
\ 1959 (628 m) CI_EAR
”4 \ r] | 2017 |
LINAC 3 LEIR
‘I(;ns' ) —
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| HC fact sheet

* (Very) brief history:
+ 1984: Proposal
* 1994: Approval
+ 2008-2009: Startup

- Main parameters in Run2:

+ 2010-2012: Run 1 (JSpp = 7-8 TeV)
+ 2015-2018: Run 2 (Jspp = 13 TeV)

 Near future (2022-2025): Run 3 (/s = 13.6 TeV)

Quantity

Number

Circumference

Dipole operating temperature
Number of magnets

Number of main dipoles
Number of main quadrupoles
Number of RF cavities
Nominal energy, protons

Nominal energy, ions

No. of bunches per proton beam
No. of protons per bunch (at start)
Number of turns per second

Number of collisions per second

Nominal energy, protons collisions \/S

26 659 m

1.9 K (-271.3°C)

9593

1232

392

8 per beam

65Te7v = 1-v/Cc ~ 1e-8
2.56 TeV/u (energy per nucleon)

131ev  (Design value: 14 TeV)
2808 = Bunches collide every 25 ns (40 MHz)

1.2 x 101

11245

1bilion = 25 collisions/bunch x-ing (or more..)

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

- Event yield = Integrated luminosity * cross section N — LO'

ny fyn1n
- L = integral over time of instantaneous luminosity, ¥ = bJ 17
2T 22y
£ 2.2¢0 7 — 70
qlg 2_05_ Run 1 / Run 2 ‘g. E
G ,gFVs=7-8Tev Vs =13 TeV = 60
coo E 8 n 2017
— 1.6 = m
— L £ S0F
%‘ 1.4 z = E L 2018
= 1.2 E, 40—
SN /s e S F 2016
— — o 30_—
§ 0.8 £ F 2012
% 06 20~
0.4 -
0.2F- o o 2011 2015
0.0 ol i SR B - o _,_,_._../‘./_l_. T |
2011 2012 2013 2014 2015 2016 2017 2018 02-Mar 02-May 01-Jul 31-Aug 31-Oct 31-Dec
L= 25/fb at 7-8 TeV in Run1
L = 140/fb at 13 TeV in Run2
L ~ 350/fb in Run3 (expected) (b = 1028 2
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The LHC master formula

: . o IR AL
09) o xf(x,u2=10* GeV?)
0.8\ \

F. Maltoni o

06

i 05 .‘

P P 0.4 \

03

;Iong distance : 0.2 ‘\

............................................... 5 3 / .

\\

long distance:

-~
O' 1 | llll]ll 1 | lllllrt

-3 -2 -1
1d ) Q2 Qz 10 10° 10 1
OX = Z 0 L1ad2 X ,u2 ’,u2 ) « Gluons dominate at small x,
a,b FTR valence quarks at x~1

Parton Density Functions Parton-level Cross Section
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Producing a Higgs boson at the LHC

gluon-gluon fusion (ggF) 10°g A .
o ) o= 13 ToV o |
0000000 —10° N(Higgs)
: ; 2 Js=13 TeV in 140/fb
{ ¢ 5t e m=125 GeV
S E F 49 pb 6.9M
© - g9 9 :
mm 1 E
. L 3
vector boson fusion (VBF) - VBF 3.8 pb 530k
ql ql 10—2 g_ —E
10_3:5 y VH 2.3 pb 320k
1 1 1 1 L1 11 I 1 1 1 | | 1
W/Z —>—H— 10 20 30 100 200 1OOI(\)/I 2800
 [GeV] ttH 0.5 pb 70k
2011 2012 Run2 (2015-2018)
q q 102 ! 1 11 ! T 111 ! 111 I LI I L] I LI I | ! | I Frri !g
gUE M(H)=125 GeV ¢ TOTAL 56 pb 7.8M
2 [ o 0
+ i ; I : ’%
T10F : E
l- - : : OEW) ! .
e [ - : |
° 1k : WH (NNLOQCD * NOED — :—.
- _— - - ~8M Higgs bosons produced in Run2, ~600k in Run1
-1 - ! E - ‘ m ,
g — - . 1 = LHC = ‘Large Higgs Creator’!
_____ H 102" : ! =
_ -lllll‘llll‘llllllllllllllllllllllll:llllllllll—
g <« t 6 7 8 9 10 11 12 13 14 15
Vs [TeV] https.//twiki.cern.ch/twiki/bin/view/LHCPhysics/ HCHWG
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Detecting Higgs boson decays at the LHC: the ATLAS experiment

- ATLAS: a general-purpose, ~4n detector for multi-TeV pp and heavy-ion collisions

RPCs

Barrel
Toroid

Solenoid

Inner Tile
Detector Calorimeter

Liquid Argon
Calorimeter
AN

End-cap
Toroid

Shielding

- ID: charged particle tracks,

decay vertices
* In|<2.5
* opi/pP1~0.05%pT®1%

- ECAL: e/y energy and

direction, hadron rejection
* [n|<8.2
« oe/E~10%// E®0.7% (barrel)

- HCAL: hadron (jet) energy/

direction
* n|<4.9
« oe/E~50%/, E®3% (barrel)

« MS: muon tracks

« Inl<2.7
« op/p<10% up to 1 TeV

Giovanni Marchiori

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

27



Detecting Higgs boson decays at the LH ATLAS experiment

|
|

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



The ATLAS collaboration

 Formed in 1982 with Letter Of Intent O ®
for ATLAS experiment at LHC @ @ 1Y

3000 181 41 1200

Scientific authors Institutions Countries Doctoral students

4

Letter of Intent

At anitich g |
Ocean " AFRICA

PaclifiiG

©@cean
lindlicin;
@cean

o

7

Leaflet | © OpenStreetMap © CartoDB
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The ATLAS collaboration

« Formed in 1982 with Letter Of Intent

for ATLAS experiment at LHC

Letter of Intent
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l[dentifying and measuring the properties of parhc\es N ATLAS

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet
Transition

Radiation

Tracking Tracker

Pixel/SCT
detector

NeutnnOI

The dashed tracks
are invisible to
the detector

Why so big?

New Physics = High Mass

High Mass = High Momentum Tracks
High Momentum = Almost Straight
Big Field, Big Detector = Precision
Precision = Discovery!

Giovanni Marchiori

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"”

. ./
R ‘/ PR
. s . .
" Detection
e ~ Hadronization
hadrons @@

Fragmentation

partons @)@ @ ...

High prt jets can be efficiently reconstructed but
with worse energy/direction resolution wrt vy, lep.

- similarly/worse for v (momentum conservation)

Flavour of jets canbe — "™ b jet
identified with good b hadror \
efficiency and low

fake rate for b-quarks

thanks to the long b- # sccondary
quark lifetime b vertex

‘ (__7 &mary vertex

parameter
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HIgQQS boson decays

gg: high BR, but very poor

"q:)’ 1__ T 1 T | 1 L N R B Y L B B _ g /,b<\ Q/g discrimination
O - < WW = ZZ,YY: high mass
S - bb§ :g resolution channels
— I : 18 mass and precise
-g - ;; differential
— = measurements
+ TN :
C i
m
% _
04 = WW: High BR, but low
1 - ] mass resolution bb, TT: high BR, but
_ - low S/B, important to
- . directly probe
1 0_3 Higgs boson
7/ . coupling to fermions
- ’ pp:very small BR, but
' access to coupling to
2nd generation
1 0-4 R 1 L1 I R I fermions
80 100 120 140 160 180 200
M, [GeV]

https.//twiki.cern.ch/twiki/bin/view/LHCPhysics/L HCHWG

2.9%  Dominant bb decay: ~ 58%

L oop-induced effective photon coupling: cc: decent BR, but poor q,g rejection =>

challenging for coupling to 2nd gen fermions
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Backgrounds (and trigger) at the LHC

8 TeV 14 TeV 33 TeV 100 TeV
5 LHC LHC HE LHC VLHC 5
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Events / second @ 1033 ¢cm? s

WE FOUND 1T/
WE FOUND THE

HIG6S BOSON/

Level-1 trigger

High-level trigger

« 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

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

H(125 GeV) — approximate numbers
Channel Produced Selected Mass resolution
H— yy 18,200 6,440 1-2%
H—> ZZ" 210,000 210 1-2%

H — WW* 1.680 000 5 880 20%
TR 490.000 > 380 15%
H — bb 4 480.000 9 240 10%

A. Hoecker, CERN

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

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



The first tantalising signals

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

CERN PUBLIC SEMINAR

Tuesday 13 Dec 2011, 14:00 — 16:00 Europe/Paris
Q@ 500/1-001 - Main Auditorium (CERN)

&  VideoinCDS (&

Webcast : . .
B¢ There is a live webcast for this event

— 14:40 Update on the Standard Model Higgs searches in ATLAS ® 40m

Speaker: Fabiola Gianotti (CERN)

Slides

— 15:20 Update on the Standard Model Higgs searches in CMS ® 40m

Speaker: Guido Tonelli (Universita di Pisa and INFN Sezione di Pisa - CERN)

Slides

m —+ 16:00 Joint question session ® 40m

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

Analysis of up to 5/fb @ 7 TeV

2VY
>770)>4]

SWWOS vy
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The first tantalisin

g signals
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The first tantalising signals

1

Giovanni Marchiori

Local P-Value
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ATLAS Preliminary 2011 Data -

— Observed 4
---- EXpected Ldt=1.0-49fb -
1o | .
+2 0 \s =7 TeV :

lllllll

CLs Limits =

110 115 120 125 130 135 140 145 150
M, [GeV]

We have looked for a SM Higgs boson
0 over the mass region 110-600 GeV
O in 11 distinct channels

O using up to 4.9 fb! of integrated luminosity

—>

We have restricted the most likely
mass region (95% CL) to

115.5-131 GeV

within +1o

We observe an excess of events around my~ 126 GeV:
O local significance 3.6 g, with contributions from the
H-> vy (2.8 0), H> ZZ* > 41 (2.1 o), H> WW®) > Ivlv (1.4 0 ) analyses

O SM Higgs expectation: 2.4 o local > observed excess compatible with signal strength

O the global significance (taking into account Look-Elsewhere-Effect) is | ~2.30
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The Higgs boson discovery

+ 4th July 2012 @CERN: (experimental) birth of the Higgs boson

F. Gianotti

ATLAS)

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

A
R. Heuer J. Incandela
(CERN) (CMS)

Giovanni Marchiori
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Events / GeV

Data - Bkg

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: H->yy and H->ZZ0->4l (full dataset)

- The more complex, less sensitive ones: H>WWO->hly, H->T1T,

W/Z+H->vI/will + 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..)

1 I L} T 1 1 I 1 T
Selected diphoton sample

® Data 2011 and 2012
Sig + Bkg inclusive fit (mH =126.5 GeV)

------- 4th order polynomial

(s =7TeV, f Ldt=48fb"

I l 1 Ll 1 T

(s =8TeV, f Ldt=5.9fb"

E W Syst.Unc.

N
-

s =7TeV:[Ldt =4.8 fb
(s =8TeV:[Ldt=5.8fb"

|ll llI|lll|.ll|lll|lll|lll|lll|lll||ll|lll|lll|lll
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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: H>yy and H>ZZ0)->4 (full dataset)
- The more complex, less sensitive ones: H>WWO->hvlyv, H>11, W/Z+H->vI/W/ll+ bb (7 TeV data)

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

* Plus, some other H>WW/ZZ final states with lower sensitivity (e.g ZZ->1lqq)

Maximum excess observed at my = 126.5 GeV

Local signifi cance (including energy-scale systematics)

Probability of background up-fluctuation

Expected from SM Higgs m =126.5

Global significance: 4.1-4.3 o (for LEE over 110-600 or 110-150 GeV)
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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: H>yy and H>ZZ0)->4 (full dataset)
- The more complex, less sensitive ones: H>WWO->hvlyv, H>11, W/Z+H->vI/W/ll+ bb (7 TeV data)

* Plus, some other H>WW/ZZ final states with lower sensitivity (e.g ZZ->1lqq)

Zo5
-
5
5 2
%
= 1.5
| -
(@)
51
0.5
0
0.5
1E

» Lower reconstruction efficiency & resolution: missing energy from neutrinos, jets, flavour tagging, ..
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“signal strength”
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Best-fit value at 126.5 GeV:

p=12 = 0.3

(U ) BR)obs

po=

(0 - BR)sm

T T T T T 1
ATLAS Preliminary

W,ZH — bb

Vs =7TeV: [Ldt=4.6-4.7 b

H — Tt
Vs=7TeV: [Ldt=4.7fb"

H - WW' = Iviv

Vs=7TeV: [Ldt=4.7 b

H — vy
Vs=8TeV: [Ldt=5.91"
\s = 7Tevadt 48fo"

H—zz" =i

Vs=8TeV: [Ldt=5.81b"
Vs=7TeV: [Ldt=4.8fb"

I L

Combined
\s=8TeV: [Ldt=5.8-591fb"
\s=7TeV: [Ldt=4.6-481b"

I I IR I B N

|

-& p=1.27%7
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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..)

PDG 2012

Higgs Bosons — H9 and H*, Searches for

The July 2012 news about Higgs searches is described in the
addendum to the Higgs review in the data listings, but is not
reflected here.

The limits for Hcl’ and A9 refer to the m,TaX benchmark scenario for the
supersymmetric parameters.
HO Mass m > 115.5 and none 127-600 GeV, CL = 95%

H%inS tric Model <
1 in Supersymmetric Models (mHg mHg)
Mass m > 92.8 GeV, CL = 95%

PDG 2021

Mass m = 125.25 + 0.17 GeV (S = 1.5)
Full width [ = 3.21’%:2 MeV  (assumes equal

on-shell and off-shell effective couplings)

HO Signal Strengths in Different Channels

Combined Final States = 1.13 4 0.06
WWwW*=1.19 + 0.12

ZZ* =1.06 &+ 0.09

_ +0.10
Yy = 1.11_0.09

c¢ Final State = 37 &+ 20
bb = 1.04 + 0.13
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HIgQgS bOsSoON Mass

- Measured in high-resolution channels (yy, ZZ—4l) from the position of the invariant mass peak
+ Precision limited by statistical (ZZ) or experimental (yy) systematic uncertainties

« Requires precise lepton and photon energy calibration (use control samples such as Z—ee, pyp)

H—ZL2"—4] + H—yy, 36/fb Phys. Lett. B 784 (2018) 345 H—/2*—4l, 139/fb ATLAS-CONF-2020-005
! ! I ! ! ! ! I ! ! ! ! | ! ! ! ! | ! I|_.I_|-Il I |I ! IStla.tlolnII ! % :IIII|IIII|IIII|III||IIII|IIII|IIII|I|II|III||I||I|II|:
ATLAS ota - only S 9~ ATLAS Preliminary ¢ Pa E
Run 1: Vs = 7-8 TeV, 25 fo’', Run 2: ET 13 TeV, 36.1 fb” Total  (Stat. only) g 80 f— H— 77* s 4] — Fit —f
Run 1 H—4/ : ° : 124.51+£0.52 ( +0.52) GeV 7 705 's=13TeV, 139 fb™ Background -
Run1H-yy ' . 1 126.02 £ 0.51 (+0.43) GeV § - .
LL [ |
Run 2 H—4] —e I ' 124.79 +0.37 ( + 0.36) GeV 60; -
Run 2 H—yy —= 124.93 £ 0.40 ( £ 0.21) GeV 501 * E
Run 1+2 H—4I — 124.71+0.30 ( + 0.30) GeV 40 | —
Run 1+2 H—yy —— 125.32 £ 0.35 ( £ 0.19) GeV 30 ) =
Run 1 Combined — 125.38 + 0.41 (£ 0.37) GeV 205_ | + E
| Pun2Comoined Bl 12486 £027 (£0.18)GeV ord 4tk 4 ;
Run 1+2 Combined -—{-—- 124.97 + 0.24 (+0.16) GeV ' oo B I* 9
ATLAS + CMS Run 1 —e—jt 125.09 £0.24 (£0.21) GeV 1005 110 115 120 125 130 135 140 145 150 155 160
] | | | ] ] ] | ] | ] ] | ] | ] | | ] | ] ] | ] | ] ] I ] ] ] m4l [Gev]
123 124 125 126 127 128 mZZ" = 124.92 + 0.19 (stat) "0 (syst) GeV = 124.92+021 Gev
m, [GeV]
Runi + partial Run2: 0.19% precision - Full Run2: 0.16% precision

One of the most precisely measured electroweak parameters!
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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

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*—>2ZZ (or WW) xsections

gg—H—-ZZ"

0-0n-shell

HMon-shell =
Jon—shell,SM

with some assumptions:

- running of the couplings as in the SM: koff-shell = Kon-shell

eg—H—Z7Z"

2 o2
Kg,on-shell KZ,on-shell

T /TN

b

HMoff-shell =

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

10°

10%
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Events / 20 GeV

Events / SM

e L L B B L LI BRI R g
? ATLAS ® Data ?
=Vs=13TeV,36.1fb" ---- gg+VBF—(H-)ZZ(u  __=5)—
- H*—ZZ - 4l [_J 99+VBF—(H"-)ZZ(SM) .
= B 9077 =
= B Other backgrounds -
E Uncertainty =
: 4 3

300 400 500 600 700 800 900 100011001200

my, [GeV]

Events / 50 GeV

Events / SM

Events / 50 GeV

Events / SM

|||||||||||||||||||||||

60__ATLAS ® Data =
C Vs=13TeV,36.1 fb™ -~ gg+VBF—(H'>)ZZ(u_ _ _=5)
5OE_H" = ZZ - 2u2v [_Jgg+VBF—(H'>)ZZ(SM) T
- [ P
C wz ]
40 [ Other backgrounds —]
C .e. Uncertainty .

300 N
201

10F

3 *w@&\\
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mZ [GeV1

- 2u2v -

—

(J'I

S0 ys-13TeV, 36.1 o --o--
© H* = ZZ  2e2v

99+VBF>(H'=)ZZ(u
[ ] gg+VBF—(H*—)ZZ(SM)
- I zz 5
40~ = wz ]
o E [ Other backgrounds

30: Y Uncertainty

20—

2e2V

10:

1

oo \%
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_l.
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gg—H " —Z7Z

Phys. Lett. B 786 (2018) 223

T off-shell _ 2 2
gg—H*—Z7ZZ7Z " goff-shell Z,off-shell’
T off-shell, SM
2 [T T 1771 l T T 1 T T 71 T 1T T 71 I 1T T 1 I T 1]
= " ATLAS = ¢ Expected-Stat. only 7
Y 14 - — Expected _
' T H* > Z2Z > 41212v e Observed-Stat. only ]
12[-13Tev, 36.1 b — Observed -
| Kgv, on-shell = Kg/v, off-shell ]
10 7
8- .
6 .
4r .
2 .
1o ]
O ........ I — | L1 1 | | L1 1 | | [ |_
0 1 2 3 4 S
/"

95% CL upper limits

Observed Expected

Z /Z — 4L analysis 4.5 4.3
Lofshell 224 — 202y analysis 5.3 4.4
Combined 3.8 3.4
FH/I‘?{; Combined 3.5 ; 3.7

25% precision at HL-LHC... but model-dependent!
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https://www.sciencedirect.com/science/article/pii/S0370269318307494?via=ihub

HIgQgs boson spin and parity

» Spin 1 forbidden by observation of H—yy 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 6" of photon in yy CM frame (flat for spin-0, quadratic in cos0* 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—4|

— 0.14F | T -]
73 - ATLAS Simulation H—yy
8 0.12| o =
O \s =8 TeV Ry
< 01 F=2" k=0
2 T p~p<1 29 Gev — =2 K‘q=21'\'
= R q=<Rg
= 0.08__\_‘__\_\__| o
().()6__'l D — } ‘_‘—‘_\_ ]
S
0.04 —
0.02 :
0 0.2 0.4 0.6 0.8 1
|cos(67)|

Giovanni Marchiori

Arbitrary units

@ 2
ll+
: o
W
¢ v
o
s
v
| | | | | | | | | ]
- ATLAS -
e — J=0 -
- Simulation \s =8 TeV ; -
03__ H— WW* - evuv/uvev + 0 jets =="""" J =2, fqa = 29%]
0.2 o
0.1 - T -
0_ | ol |
0 1 2 3
Aq)”[rad]
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HIgQgS boson spin and parity

Eur. Phys. J. C75 (2015) 476

ATLAS H—o ZZ" — 4]

—eo— (Observed ~S =7/ TeV, 4.5 fb1
....... Expected /s =8TeV, 20.3 fo'

B 0'SM+ 1o
-0+S|V|‘|_‘2(5 H%WW*ABV,LLV

0"SM+3¢ /s =8 TeV, 20.3 fb'

B o H— vy
P
L JJ +20 ls=7TeV, 4510

O 30 's=8TeV, 20.3 o'
40F ; : : r :
op
10?._rF L =
0 [ . . . l . All alternative hypotheses
-10F I | disfavoured at > 30
30k | ? é :

JP=0r JP=0 JFP=2" JP=2" JF=20 JF=2t YF=2
Kq=Kgq Kq=0 Kq=0 K=2Kg Kq=2Kg4
pT<3OO GeV pT<125 GeV pT<300 GeV pT<125 GeV
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https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1

Observation of Higgs boson decays to T-leptons and to b-quarks

 First observation with partial Run2 datasets. More detailed studies performed with full dataset

f
- Best sensitivity provided by production modes with lower x-section but much better bkg rejection than gluon fusion
« VBF (~8% of on) for H—>1t, V(—leptons)H (~0.9% of on) for H—bb
- Large sensitivity boost from use of multivariate techniques for object reconstruction and S/B discrimination in Run2 analyses
q, q, W/Z
\ *
H_)TT W/Z +H_ H_)bb _ W)z \

q ~ H

x103 q q / .
% e rp et '- [ ' LI DL LN LB LR L %\ AL I L B
&  ATLASPreliminary ¢ Data - o 40 ATLAS e Data -
o - — ol 722222 Uncertaint i T _ _ -1 = ]
© 40 Vs=13TeV,139fb y — O - {s=13TeV, 1391b Bl VH,H — bb (u=1.17) =
E - All SRs g: Z (0.92 x SM) ] g 35:_ 0+1+2 leptons I Diboson E
GCJ : Other backgrounds | -g ~  2+3jets, 2 b-tags B-only uncertainty B
D 30 T Misidentified v — 7 30;_ Dijet mass analysis E
- - ) oF - Weighted by Higgs S/B B
§ ATLAS-CONF-2021-044 - ) - -
o0 [ N S-CONF-2021-044 - 8 F Eur. Phys. J. C 81 (2021) 178 -
i i c 20 ]
- - =2 - N
10  Significance: ~80 _ %’ 15E Significance: 6.70 3
| _. i > 10C E
0 L1 8 - -
E | L I | I L I I 11 I 11 I | L I | I L E . i
g 05 - p E = 5E :
| 0.0F ‘o085 R e o= SN\ N P
S = = n - ]
cDU 05 E_ I I I I I _E -E [ 1 | 1 1 | | I | | I I I I | 1 1 I 1 1 1 I | I | | | 1 | | | |

=1 1 1 1 L 1 1 1 I I | I I | | I I | I I q)
50 e 100 125 150 175 200 > 40 60 80 100 120 140 160 180 200
MMC GeV L]
m‘l"l‘ [ .e ] ) mbb [GeV]
Evidence of Yukawa couplings to T and b!
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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/

Observation of Higgs boson decays to T-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 on) for H—>1t, V(—leptons)H (~0.9% of on) for H—bb

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

H—1T ATLAS-CONF-2021-044 H—bb Eur. Phys. J. C 81 (2021) 178
IIIIIIllllIllllllllllllllllllIIIIIIII IIIIIIII |IIII|IIII|IIII|IIII| IIIIIIII |IIII|IIII
ATLAS Preliminary H — tt Vs =13 TeV, 139 fb™ ATLAS VH, H—> bb Vs= 13 TeV, 139 fb
—Total — Stat. Theo. |VH|<2-5 — Total Stat.

Tot. (Stat., Syst.) Tot. ( Stat., Syst.)
1.53 *1-% (”'O6 +1'14) +0.27 [/ +0.18 +0.19
HH | e @y 1.32 093 -0.94 WH o+ 095 "5 (Zo1g» 018 )
+0.59 +0.50 +0.32
VH| w—a—n 0.95 -0.57 (2048 032 )
+0.34 +0.15  +0.31
ggF e 0.95 )%  (lo1s5 Zo23 ) ZH ko= 1.08 fg_‘gg (*o1s . T01e)
+0.19 +0.13 +0.1
VBF|  ref 0.89 %517  (Toiz 12)| e
"""""""""""""""""""""""" +0.13  ,+0.07 +0.12 Comb. +0.18  /+0.12 +0.14
Comb. o 0.92 4()).11;3 (4()).8; 4()).113 ) Fp 1.02 4)17 (Z0.11 5 013 )
I | | | | | | | | | | I lIIIl IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 1 2 3 4 5 6 / O 05 1 1 5 2 2. 5 3 3. 5 4 4, 5 5
bb
(6xB)™%? / (oxB)>M Loy

Good agreement with SM predictions
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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/

Observation of Higgs boson production with ttbar pairs

. ttbar. p_air identifigd by presence of p—j_ets, large jet l+, q o «7
multiplicity, possibly leptons and missing momentum w* E
i rou . i A iy 01 st s
» Best sensitivity provided by decay modes with I — T e e .
leptons (WW, 11) or photons b H — multilepton 36.1 2.8 0 410
H — bb 36.1 1.6 o 140
H—Z7" — 4 79.8 1.2 o 0o
Combined (13 TeV) 36.1-79.8 49 o 5.8
Mu/ti/eptons Phys. Rev. D 97 (2018) 072003 Combined (7, 8, 13 TeV) 4.5, 20.3, 36.1—79.8 510 ( 6.3 o l
__Cg) 105 | I T I | |. Dat.la | |- ﬁl—ll I
= L ATLAS ) t
g o | 5= 13TeV, 361 o %’gi't/)‘gson %ﬁfﬂ_prompt H— 2% Phys. Rev. Lett. 125 (2020) 061802
0  Post-Fit Bl g mis-id [ Other
; Bl Fake 7, "/, Uncertainty n = - 5
ok - -~ Pre-Fit Bkgd. = 8 40 ® Data E
: R = =
. g 35 F — Signal + Background =
5 S30E = = Total background =
1o = - = = Continuum background =
] 2 ; - E
1F 520 E —
E 15 |- e 4 =
. —_— w , E ATLAS =
e ~ < "OF =13 Tev, 139 1 4+ 4
= 1gw/Af/}w///%}//%/l/f//%////g///////ﬂw s rotas. & 5 E ’ -$- 4
G075 | = In(1 + S/B) Weighted Sum
o 2&”8 3 l 3r l\ 37 45 37 ' 3 I\ gfsl 3&0* 47 2 2 7f+l 2&00 O = R L
S R ey Rog aRlion Ty Ty e dep %y Stip 110 120 130 140 150 160
o o m,. [GeV
Significance: 4.70 Significance: 5.20 ry [GeV]

Direct evidence of Yukawa couplings to the top quark!
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072003

The challenging Yukawa couplings to 2nd-generation fermions

mf
v
H
* H—pu: very small BR (0.02%), important background from Z0O)—ppu, but good resolution f
« H—cc: small BR (2%), poor resolution. Large bkg from QCD = search in V(—leptons)H. Poor c-tagging = bkg from H—=bb
ATLAS-CONF-2021-021
H_>’u’u Phys. Lett. B 812 (2021) 135980 H—cc
> :IllllIII.|.III|III|III|III|III|I:
> 700__|||||||||__ 8 —_ATLA Prehmmary —o— Data i
3 = ATLAS -+ Data = = S0 Go1aTev, 130 1 Bl VH(— c€) (u=-9) B
600 Vs=13TeV, 139 fb" —;_OW ngf — T ggf OtT+2leptons Bl VZ(— ct) (u=1.16) 'V‘_\fls-fi def't';?lnary it
P g - — Signal p E S [ 2c-tag, All SR I VW(- cq) (1=0.83) L — Expected
S 5005 A — pu, In(1 + S/B) weighted --- Bkg. pdf = § - B-only uncertainty - RAHASe — Observed ________________
I 400F = 5 2001~ — SMVH(—>¢E) x26 g 1epton
B = = o f 1 G 35xsM
E’ ZOOE g E 150:_ _: 1 |epton ---------------------
() — — n 4
< 00 - - _,g 100 _] gﬁﬂi %%igll\\/l/l
100F = o . T B |
— ) 1] - 7 2 lepton
S i - 0L g I A
2 X | » 1 I e T TR PR
mi ORR N g“&i‘,“ , _+_ - Combination
= ™ T 1 obezzsxsw
© O OSSOSO OSSOSO _ N ] ' ' o
a + 50 = 0 20 40 60 80 100
110 115 120 125 130 135 140 145 150 155 160 S N R S N T N 95% C.L. limitonpn
m,, [GeV 60 80 100 120 140 160 180 200 VH(eo
Expected 1.70 uu ' m,, [GeV]
Observed 2.00
k.| < 8.5(12.4)
u=12=x0.6
30 evidence in CMS! Expect observation in Run3 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)
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https://www.sciencedirect.com/science/article/pii/S0370269320307838
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

Rare (resonant and non resonant) decays to |+l-y h

« H=Zy—lly (I=e,u): ~4.4% of BR(yy) « H—lly (I=e,y), mi<30 GeV: ~5% of BR(yy) 2/
Y V—
« Tensor coupling, not measured yet: H 2\W§,,W“’”“ » Dedicated reconstruction of very close-by electrons
(EM showers partially overlapping in the calorimeter)

- Large Zy background, low-momentum leptons and photons

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

H_> Z)/—'//)/ Phys. Lett. B 809 (2020) 135754 H—>)/ y_>//y Phys. Lett. B 819 (2021) 136412
30—
> L B ] > ' c > B .- |
o B ATLAS i % ATLAS Slmulatlon H—>7/ y—eey yleld _: 116 5\3 8 B ) gig+Hew i
(\5 80— s =13 TeV, 139 fb” ] S 0-5_‘ (s =13 TeV, 139 fb™ Hoyy-ppyyeld 4y, £ g 208 — Bkg+H—yy+Sig (u=15) -
2 B All categories ] "c>T<> : 1 ¢ 5 20:
: ] _ =12 W o I
.-57 70t In(1 +868/868) weighted sum _| 3 0-41 Signal efficiencies: - g Z
g - - S I oy - 110 N 15}
— 7 o 0.3 [ | ¢ eey. A -A."""A"-A-A-A-'A-A-'A'-A-'A"A“-A-A-.A._; -
N 60 — — 3 i & ee merged 48 ’ i
B : _ < - 4 ee resolved 6 O:
- ~<3 ) R - - ATLAS :
ol y E i OOOO,O;"O';&.% e 5F Vs=13TeV, 139 o C
- - EXpeCted 1'20- 0 1__ 00030“““30 i. _52 E In(|1+ .S?O|/. BgO)lwelthed .S|u.r.n. I IR I A ._
40:_—Sig+Bngit __Observed 2.20' O?SMTWWW VVVVVVV 50 xc» 4_""|""|""|""|""|""|""|""|""|""_
L Blkg | 1 | | + . 0 0 1o Born1-level m [1Cg)eV] mi 2 +
g) 4:_I L I L | L l T 1T 1 | T l L I_: — 200 i 009 g ; O L
S + + + = Expected 2.1o N ol
: = = 110115120125130135140145150155160
= O ++ E: Observed 3.20 m_ [GeV]
L] §r+ t = "
— __I L 1 1 I | I I I | | I I l | I I I | | L1 1 1 I | I | l__ pu— 1 .5 i 0.5
115 120 125 130 135 140_ 145 K
m, [GeV]
Similar excess in CMS. First evidence! Keep watching with more data to look
Potential evidence in Run3? for SM deviations (compositeness, CP violation)
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub

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

ATLAS-CONF-2021-053

e.g. H=yy (Phys. Rev. D 98 (2018) 052005)

"ggH vBr. WH izH ggzH [BttH [llbbH | tHg @ tHW

ATLAS Simulation  H —yy, m_ =125.09Gev

tH lep Ofwd [TT.

Vs=13TeV, 36.1 - 139 b
tHIez::ZZ mH = 12509 GeV, IyHl < 25

1 e 50T ttH_tag Pam = . Total Stat. Syst.
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e Low /ZH-tag
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Cross-section normalised to SM value
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ATLAS Preliminary —e— Total Stat. [ Syst. SM

LI B

+0.06
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Fraction of Signal Process / Category
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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

ATLAS-CONF-2021-053
oMK - TSM 2 b [T T e
(O'-BR) (i —SH — f) — ST > L ATLAS Preliminary M
1" K5 = (s=13TeV, 36.1-139 b Z.-4 =
4 g0t SM Higgs boson g _
A 2 - -
O X «y, k7 102 e —=
q - ot =
/ o3 B . Assumes no new particles |
7 7 = u!,,/ in loops and decays =
E m,(my) used for quarks E
t %4
hem- : h o v T o 15943, +0.07 k2 - 0.67 kwk, 10 | | =
t W E 14 —H H H f -
v o _ T T |
. - ]
N 1.2 — ]
o 1 i ® & i
All measured couplings to fermions and bosons agree with the SM! - { { } -
Current uncertainties (5-11%, 30% for u) to be reduced by x3 at HL-LHC 107" 1 10 10°

Particle mass [GeV]
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Differential cross sections

- More granular measurement as a function of several observables characterising the kinematics of Higgs boson production
(Higgs pr, Nijets, 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

H—4]

Eur. Phys. J. C 80 (2020) 942
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Differential cross sections

* Measurements allow constraining Higgs couplings indirectly

: b 76600000
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Higgs boson as a portal to dark matter”?

- |F 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)

(o) Portals with extended Higgs sectors (c) Portals with extended Higgs and gauge sectors
(@) Higgs portal (mpm<mn/2) (e.g.: 2HDM+a) (e.g.: 2HDM+2’)
invisible Higgs decays “mono-Higgs”: Higgs recoils against invisible particles (large missing momentum)
= BR(H—invisible) / \ (+ searches for heavier Higgs bosons and Z’ resonances) j
FTr 1T rrrrrrrrrrrrrrrrrr ] '—'11 ' T T 1 T T T T 1 L L
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Higgs boson invisible decays

« BR(H—invisible) = 0.1% in SM (H—ZZ()—4v), too small for detection (poor missing momentum resolution, backgrounds from Z—vv)

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

Further combination with other searches (such as V(lep)H, V(had)H, ..)

VBF H—invisible (Run2) ATLAS-CONF-2020-008
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If Higgs decays to dark matter particles, BR(H—invisible) could be enhanced to a detectable level
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ATLAS-CONF-2020-052

B

< Ol.09l A

H — inv

- Al limits at 90% CL

| wm
———————
1

|||||
lllllllllllllllllllll

LAS Preliminary
— s=7TeV, 4.7 fo’

Vs =8TeV, 20.3 fb’ 7
Vs=13TeV, 139 fb’

-
—————
1 =

()
nt
||||“|||ll‘ - -
1

-

|
o'
——————
o'
-’

1
““|I - - -
IIII““‘ -
(A}

-
-

W : . T
Higgs Portal Other experiments

- siiiele Scalar WIMP DarkSide-50™]
wmam Majorana WIMP - v LUX

__ == PandaX-Il __|

— === XenoniT —

| 1 | 1 L1 11 I 1 | 1 | | I I | | | 1 | | L4 11 I
1 10 10° 10°

BR < 11% @95% CL (<9% at 90%CL) Mwwe[GeV]
Constraints on spin-independent WIMP-nucleon
x-section complementary to direct searches

Giovanni Marchiori

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

57


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/

Higgs boson self-coupling

« Double-Higgs production = direct probe of Higgs self-coupling A = crucial for determining shape of Higgs field potential

9 x50 S i V(') = We+A(s0)

' —

_<\
9 x50 A S H

[[[[[

« Tiny cross section ~1/1000 of Higgs production (33 fb at 13 TeV) = extremely challengingt <

- Multiple topologies investigated. Analysis of full Run2 for most sensitive channels: bbyy, bbtt. Analysis of other channels being
finalised, combinations starting. No significant signal seen yet = upper limits!

—r

I WWyy bbyy bbTt bbWW bbbb
bb BR HH_)Xny 1 BR 0.1 % 0.26 % 7.4 % 25 % 33 %
=10
WW (myn = 125 GeV) E 95%CL upper limit on u <747 (386) < 4.3 (5.7) < 4.6 (3.9) - <13 (21)
=107 ATLAS Preliminary g:s:g:j
99 ; bbyy, bbtt and T o o i 21
. . 1 Comb. exp.limitx20o
- = 10° combination "
T I 1.3% | : ATLAS-CONF-2021-052 Obs.  Exp
— — 10 _
3 bbttt | ATLAS- 4.6 3.9 —
ZZ E I»l < 3. 9 CONF-2021-030 : \
— I 107 bbyvy[F  ATLAS- \ 43 37 A
VY 0.2600 0-1% . CONF-2021-016 :
v LJ|LJ| | | 107 Combined}~ ) 3.1 31 o
rarer ,
bb WW g9 TT /7 YY rarer 1 ”

95% CL upper limit on signal strength
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Higgs boson self-coupling

 Correcting the upper limit on the signal yields for the A dependence of the acceptance®efficiency, limits on o vs A are determined

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

l—16'''I'''I'''I'''I"'I"'I"'I"'I"'I"I r— UL DL L L L L L s
3, | ATLAS Simulation Preliminary —— bbyy =, 104 ATLAS Preliminary — Observed limit (95% CL)
> 14} Vs _1 - i - f ' Vs = 13 TeV. 139 fb-! — == Expected limit (95% CL)
Q ' VS-= 13 TeV, 139 1b — bbTt"T™ ; T - VS = ev, 1 Comb. exp. limit +10
QD 1oL i —~ i [ Comb. exp. limit +20
'..c:J - é BE== Theory prediction
LLI ! + * SM prediction
< 10T ) 103t
8 i 5 ; TH
= 8 1 B
- | EXP
S | 102|
< ,f _ i
3 | Observed: k) € [-1.0, 6.6] ’
[ 1 - ——1bbttt™
2_‘ ] | Expected: k) € [-1.2,7.2] — " Combined -
055 Wi 6 2 02 4 6 b0
10 8 6 4 2 0 2 4 6 8 10 -10 -8 -6 -4 -
K KA

Observed: k) € [-1.0, 6.6]
Expected: k) € [-1.2,7.2]

With the other channels + full Run3 ATLAS+CMS could reach 2o sensitivity on diHiggs production!
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Higgs boson self-coupling

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

ATLAS and CMS HL-LHC prospects 3 ab1 (14 TeV)
12— .
5 } T ) PHYSICAL REVIEW D 94, 075008 (2016)
= [ SM HH SI9 nificance: 40 : —— Combination Probing the electroweak phase transition with Higgs factories
< 10 0.1< K1 <2.3[95% CL] ; and gravitational waves
: : 0.5<Kki<1.5 [68% CL] - bbYY Peisi Huang,l’z’* Andrew J. Long,” and Lian-Tao Wangm’;t
99.4% CL 8 iy bbrv : Real Scalar $inglet Model
_ - 1 ; : :
- """ bbbb - -
61 - L :!-, ~current
£ bbZZ*(41) S 0100k, e :
| _ 2 :
95% CL 4 - - 4t "= bbVV(Ivlv) S 0.010): " "7 T i T
- \‘ - 1 1
.; L E ' : CERC/ ILC-500
v ‘\ 1 i -ee
ofe. N 0.001 : | | :
68% CL [ S b
i I :‘L ; 1074 : 8 S d?shed = SppC / FCC-hh / ILC-1000
05+ '_11‘ - 015 1.0 115 2.0 2.5
hhh coupling: As/Az sm
K l.  Parameter space scan for the singlet model of Il A. An orange point indicates a first-order phase transition, a blue point

indicates a strongly first-order phase transition (3.4), and a green point indicates a very strong first-order phase transition with potentially
detectable gravitational wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today along with the
projected sensitivity of eLISA [2].
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Conclusion

+ (Almost) 10 year after its landmark discovery, the Higgs boson is now a grown-up kid

- |ts characteristics resemble remarkably the SM predictions
- Though accuracy of some measurement is still O(10%) or worse

« QOur team has been deeply involved in several key measurements
(discovery, mass and cross-section measurements with H—yy; 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 fleld potentlal

extended Higgs sector .

FASTEN YOUR SEAT BELTS.
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Giovanni Marchiori (APC)
The Higgs field and the associated scalar boson are the cornerstone of the
Standard Model (SM) of particle physics. The Higgs field might also be the portal
between the SM and the dark matter sector, and have cosmological implications.
After the first tantalising hints of its existence in December 2011, the discovery of
the Higgs boson was officially announced by the ATLAS and CMS
Collaborations at CERN on July 4th 2012.
In my talk | will review the role played by the Higgs boson in the SM, how it is

produced and observed at the LHC, its discovery and its latest property
measurements with the full dataset collected so far by the ATLAS experiment.
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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 ATLAS Preliminary —— 68% CL
. Right: invisible/undetected BR floating (s=13TeV, 36.1 - 139 fb"
« Use BR(inv) experimental upper limit my =125.09 G.eV, |yH| <2.3 | | 95% Gl
+ Assume kw, kz<=1 “z B + _ * _
Kw he +
R -
« | — —_
Kzy _ '_‘—— "_‘__ —
B, | B=B,=0 | )
Bu. - Pgy, = 33% .
| | | |
0 1 1 2
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Higgs invisible decays and WIMP-nucleon cross-section

Higgs portal model: the Higgs boson is assumed to be the only mediator in the WIMP-nucleon scattering X X
The upper limit on the invisible BR is converted to an upper limit on the partial width for the decay: 7o T

[inv _ BF(H — 1nvisible)
H — 1 -BF(H — invisible)

This in turn implies an upper limit on the Higgs-DM coupling A:
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H-VV 2567rm2 B m2 T m? , 2 /1222
, , V3 H H ﬁXZ\/1_4m)(/mH(X=S9V9f)9
A%, . 0°m
nv _ Hff Hﬂ f
H=171 327A2
which can then be converted into a limit on the WIMP-proton cross-section:
) Ahss  myfy
SN 167m*, (ms + my)? Vacuum expectation value v/ V2 | 174 GeV
2 . f2 Higgs boson mass my 125 GeV
ol = 16HV‘; NN - Higgs boson width Iy | 407 MeV
”zmH (my : m2N )2 Nucleon mass my | 939 MeV
S1 Agrr  Mymefy Higgs—nucleon coupling form factor | fy O.33J_r8:89

O-fN =

AnA2m?, (ms + my)?’
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HL-LHC Higgs couplings projections

M. Kado, Higgs 2021

s =14 TeV, 3000 fb' per experiment

NEW |
Higgs 2021 | Total ATLAS and CMS
ATLAS - CMS Run 1 CMS Curre_nt — Statlst.lcal HL-LHC Projection
combination ATLAS Run 2 Run 2 precision —— Experimental
—— Theory Uncertainty [%]
p i 04+ 0.06 1 01 10,09 59 e ‘ Tot Stat Exp Th
Y 137 e Lo e L et SR menn
Rw 11% 1.06 = 0.06 —1 11J_r8:(1)3 6% Ky = | 1.7 08 0.7 13
YA 11% 0.99 £ 0.06 0.96 = 0.07 6% Ky = 1.5 07 06 1.2
ii'g 149%, 0.92 fg:gg 1.16J_f8:ﬁ 7% Kg =___ 25 09 08 2.1
K+ 30% 0.92 +0.10 1.01 £0.11 11% Kt = | 3.4 09 11 3.1
K’b 26% 0.87x0.11 1-18J_r8:£ 11% Ky B l 3.7 13 13 32
K+ 15% 0.92 + 0.07 0.94 +0.12 8%  Ki=_. 1.9 09 08 15
JHEP 08 Ku = \ 4.3 38 1.0 1.7
ATLAS-CONF-2021-53 CMS-PAS-HIG-19-005
(2016) 045 Kz, 9.8 7.2 1.7 6.4
Still 25 times more data and reduction 0 — 002 | 064 | 066 | 068 | 'oi1' | 0112 | 0114

Measurements here assume

of a factor of 3 uncertainty!

no BSM in Higgs width
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L epton-flavor-violating Higgs boson decays

LFV Higgs decays

e No significant excesses over the SM prediction are found

» Phys. Lett. B 801 (2020) 135148

e Upper limits on the LFV Higgs branching fractions are set at

95% CL

e B(H— eu) < 0.061%
o B(H—er) <0.47%
e B(H— ur) < 0.28%

eu

e Branching fraction limits converted to limits on off-diagonal

Yukawa couplings
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1. Neep, Higgs 2021
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CERN - a paradigm for European cooperation

« 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

23 Member States

Austria — Belgium — Bulgaria — Czech Republic
Denmark — Finland — France — Germany — Greece
Hungary — Israel — Italy — Netherlands — Norway
Poland — Portugal — Romania — Serbia — Slovakia
Spain — Sweden — Switzerland — United Kingdom

RESEARCH

COLLABORATION S dina

7 Associate Member States

Croatia — India — Latvia - Lithuania — Pakistan —
Turkey — Ukraine

MEMBER STATES
ASSOCIATE MEMBER STATES

TECHNOLOGY
& INNOVATION

More than 50 Cooperation Agreements with non-Member States and Territories

Albania — Algeria — Argentina — Armenia — Australia — Azerbaijan — Bangladesh — Belarus — Bolivia

Bosnia and Herzegovina — Brazil — Canada — Chile — Colombia — Costa Rica — Ecuador — Egypt — Georgia — Iceland
Iran — Japan - Jordan — Kazakhstan — Lebanon — Malta — Mexico — Mongolia — Montenegro — Morocco — Nepal

New Zealand — North Macedonia — Palestine — Paraguay — Peru — Philippines — Qatar - Republic of Korea — Russia
Saudi Arabia —South Africa - Sri Lanka — Thailand — Tunisia — United Arab Emirates — Unites States - Vietham

CERN’s annual budget

IS 1200 MCHF (equivalent
to a medium-sized European university)

As of 31 December 2020:
Employees:

2635 staff, 756 fellows
Associates:
11399 users, 1687 others

Giovanni Marchiori (Almost) 10 years of Higgs boson: from the discovery to the precision era - APC seminar (21/1/2022)
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The CERN accelerator complex
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* Need detectors with excellent resolution to distinguish interaction vertices and discard signhals associated to pile-up vertices
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Why did it take so long to find the Higgs"?

- The Higgs boson is quite massive (125 GeV) and its production x-
section is small = needs collider with sufficient energy &

I The Standard Model of particle physics

Leptons Theornised/explained - . - .
y . Bosons | Theorisedexplainer luminosity + optimised detectors | 13
ears from concept to discovery Quark: | Discovered .
dlf kS 10 :
- LEP2 (ete-, 4 experiments, ~700/pb ‘ .
1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12 *ee—eeqq
at 189-206 GeV): o~1 fb 3 * e'e -qq)
Electron i | . e*e N ()
o)
. . o
Photon | | * too low luminosity => no events o
Muon i produced 5
Electron neutrino | | g
Muon neutrino | | 8 . _
ks - | o etemWW '
o = » Tevatron (ppbar, 2 experiments, 10/fb e A
i 5 at 1.96 TeV): o~1 pb | eewwy /L
In ' l 4. 20 e_—>w |
P 10 - e'e>HZ //
Charm = - Cleanest channels (yy, ZZ—4l..): S e
Tau ' no events prOduced Pippa Wells \jg(GeV)
Bottom ' ' proton - (anti)proton cross sections
__ ' | * main decay mode among the others: A R I
~ 0 10’ r ) . ? 10’
W boson l ' bb (BR 60 /0) p F Tevatron LHC ? y
Eboen ' ' - BUT very large backgrounds 1o
Top | | from QCD bb production ol {0
Tau neutrino | | R G L ouEM>vsr0) 10
HIGGS BOSON | | = Search for W(IV)H and Z(”)H, |=e, M- % :Z: iy :iz

Source: The Economist

selected, but poor resolution and jgf: :if
large background from other 0 F  oE> v {10°
processes (W/Z + jets, WZ(bb), ZZ(bb)) “ " 1
107 E 0,06 (M, = 500 GeV) 310
| Vs (TeV)
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o = 33fb, O(100) signal events

= 0, (E/"'>100 GeV)
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events/sec for L
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The Higgs boson discovery
- Final results published in Phys. Lett. B 716 (2012) 1-29

* Including also H>WW-=>hlv with 8 TeV data
;;; 87 e .
I | | | I ! | Q_O =T 1 1 1 T T 1 rrrryrrrryrrrrrrrryrrrrrrrr8 "“‘0:;:" PR (gov)
ATLAS 2011 - 2012 m,=1260GeV | = ATLAS 2011 - 2012 o Obs oy e e L
W,ZH — bb P § \s=7TeV: |Ldt=4.6-4.81b" --- Exp. R . e
;jl rrevilLar-a7 \s=8TeV: |Ldt=58591b" 1o
— TT
\s = 7 TeV: | Ldt = 4647fb1 ¢ 5 1 B s eI IIIIIIIIIIIIIIIIIIIIIIIIIIIII I Iz T O
H— ww" — Iviv i Ul N e . 1o
Vs =7TeV: JLdt=4.7 10 . ® SO 20
\s=8TeV: |Ldt=581b - e 36
H— Y?( : (o
\s=7TeV: |Ldt = 4.8 10" ; ° G Froomeooeooo oo eeEed i = T — 46
\s =8 TeV: ILdt 5.9 fo! 5 10 .,
H—zZ" - 4] § 0% Y
\s=7TeV: [Ldt= 48" PN 107/ e 56
Vs =8 TeV: JLdt=5.8 b 10 \\
Combined i LR I .. 60
\s=7TeV: |Ldt=4.6-481" U= 1.4+073 + 10°1° .
\s=8TeV: |Ldt=5.8-591b" 107 I I I I I ‘\‘ I I
" =1 1 1 1 L1 11 L1 11 Ll 11 L1 11 L1 1% L1 11 L1 =t
| | | _'1 ) 1' | 110 115 120 125 130 135 140 145 150
m, [GeV]

Signal strength (u)
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https://www.sciencedirect.com/science/article/pii/S037026931200857X

