The Discovery of the Standard Model

A subjective stroll

From PETRA to the LHC and beyond

Precision matters




late 60ies, early 70ies

formulation of the electroweak theory

® applying current ideas to SU(2) x U(1) gauge theory
Weinberg 1967,  Salam 1968  (formulated for leptons)

® extension to hadrons
assuming two quark generations: c-quark postulated
Glashow, lliopoulos, Maiani 1970

® assuming three quark generations: ¢, b-quarks postulated
Kobayashi, Maskawa 1973
embedding of C' P-violation (discovered 1964)

Result: unified electroweak theory at the classical level
W. HOLLIK



1978 at DESY

First beams were stored in PETRA,
the new e+e- storage ring

4 experiments had been installed
JADE, MARK-J, PLUTO (Cello), TASSO

* DESY,Hamburg, Heidelberg,
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JADE: Carefully selected typical events
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Figure 5.1: Examples of a two jet and a three jet event in the JADE detector

“nicest” event displays available at that time

Planar events are the
signature for gluon
radiation

Discovery of the gluon



A jet is simply a highly collimated bunch of particles (calorimeter cells, tracks, etc.)
that can (easily) be found after a visual analysis of events.

But to compare observables based on jet momenta with a theory, one needs an
objective and unambiguous jet definition to be used by experimentalists and
theorists on an equal footing.

Most used algorithm for jet definitions at the time

W. Bartel et al. (JADE), Ezperimental Studies on Multi-Jet Production in ete~ Annihilation at PETRA Energies,
Z.Phys.C 33 (1986) 23.

optimal for a determination studies, setting the standard for a long time



JADE
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Figure 5.2: Thrust Distributions at four centre-of-mass energies compared with two models: The dotted line
was calculated for two jet events and o,=265 MeV, the full line is from a model (Lund) which contains glion
emission.

Thrust distributions
for different Vs

Excellent agreement with the
Lund Model



1989
1988

JADE published its studies of jet production rates in \

the energy range from 22 to 46.7 GeV, and
published the first

g Il

EXPERIMENTAL INVESTIGATION
OF THE ENERGY DEPENDENCE OF THE STRONG COUPLING STRENGTH

JADE Collaboration

L4 0 1§ 38
1t 104

Energy dependence of 0 38 HS(M:)=U-110f8j88§ (NLO)
G. Altarells, Ann. Eev. Nuel. Part. Se1. 39, 1989

S. Bethke: QCD at LEP LEPFest, CERN



But we expected more:

All experiments at PETRA were searching for the top quark
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JADE (of course) had
already
an online analysis program

and
a hew classification of results

new JADE classification

JADE (Incredibly Preliminary)
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Fig. 8 Online version of the “R-plot”, the normalised resonances according to a then actual theoretical prediction.
hadronic cross section as function of the c.m. energy, from  The expectation for R in case of 5 quark flavours, without
36 to 39.5 GeV, as plotted on 21 December, at the end of  the top-quark, is 3.8, and for 6 quarks, including the top-
the 1982 energy scan to search for the top quark (JADE quark in the continuum, about 5.2. The horizontal line at

online logbook #10, page 73 [45]). Drawn-in by hand is a R = 4 is drawn to guide the eye
sketch of the expectation for the ground state and higher ¢



Beyond the strong interaction:

Study of the electro-weak interference



Beate Naroska 1986 Physics Report
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Further progress needs progress in
experimental techniques
as well as
in theory



CERN 89-08
Volume |

1989 21 September 1949

1989 Looking to LEP

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

ZPHYSICS AT LEP |

Edited by
Guido Altarelli, Ronald Kleiss and Claudio Verzegnassi

Volume 1: STANDARD PHYSICS

Co-ordinated and supervised by G, Altarelli

The 7 polarization measurement  S. Jadach and Z. Wgs 235



2019 Looking forward
to FCC-ee

CERN Yellow Reports: g e

2019

Standard Model Theory for
the FCC-ee Tera-Z stage

A. Blondel
J. Gluza
§. Jadach
P. Janot
T. Riemann



(back to)
LEP

Max Energy 209 GeV

Data delivery 1989-2000

ALEPH-DELPHI-L3-OPAL
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Z. metrology: original expectations

Outlook shortly before LEP turn on: “The overall conclusion is that at LEP the
Z% mass and width can be measured with relative ease down to . ’;,L+/- 50 MeV.
A factor of 2-3 improvement can be reached with a determined effert—=
CERN 86-02 ‘Physics at LEP’, ed. Ellis and Peccei.

Vertical-scale uncertainty Also vital Is
dominated by luminosity, largely o understanding
correlated between experiments. A of shape, in

particular effect
of QED radiative
corrections.

It was assumed this

could be done to ~2%. \

Important, but
not discussed
further today.

Horizontal-scale uncertainty set
by knowledge of collision energy,
also common between experiments.

It was guessed that ~10 MeV

uncertainty might be possible.

Z, and W measurements at LEP and SLC
31/10/23 Guy Wilkinson 8



Prior to LEP, all calculations of radiative corrections were based on first- and, later,
partially second-order results. This limited the theoretical precision to the 1% level,
which was unacceptable for experiments. In 1987 S. Jadach solved that problem in a
single-author report, inspired by the classic work of Yennie, Frautschi and Suura,
featuring a new calculational method for any number of photons......

Most of the analysis of LEP data was based exclusively on the novel calculations
provided by Jadach and his colleagues. The most important concerned the LEP
luminosity measurement via Bhabha scattering, the production of lepton and quark
pairs, and the production and decay of W and Z boson pairs......

CERN Courier



LEP knowledge of line-shape parameters Iarrw' N 3 \ight ne

scans in 1993 and 1995, with final a0 e‘.at\o\’\‘S" |
precision on mass and width of| Ther< re{ore 3% &
d "X\e gereereseesaserenienss] *
= 21 Mev ar\ = I ALEPH [\
z © i DELPHI ::' Y
or =2.3MeV 30| oPAL ' i

Z

<<50 MeV I How did that happen ? [
20 [
Another noteworthy output of scans: [

L ¢ measurements (error bars
increased by factor 10)
L

N, =2.9840 £ 0.0082 10 F oo

[ venee QED corrected
o -,‘

in agreement with the three observed [ L
: - S R R TR NG, Ariy | N
generations of fundamental fermions 36 38 90 92 04

lthough, intriguingly, 2 si low...). .
(although, intriguingly, 2 sigma low...) E._[GeV

7 and W measurements at LEP and SLC
31/10/23 Guy Wilkinson



Luminosity measurement

Lumi measured in QED-dominated low-angle e*e-—e*e-.

LEP was expected to measure lumi to ~2%, but in fact did better than 0.1% !

Enormous theoretical Precision luminometers, e.g. OPAL
Two work, resulting in a with 5 ym tolerances & a;;ﬁieved
ingredients:  LEP-wide correlated excellent understandin~ 4, 154
error of 0.06% of acceptance
. . . . } g5\
There is an amusing epilogue. Reviews ~* %Ve ith

the FCC-ee in mind has discover-
sof
e3> a
c\s\©
plus updates to the LEP-era ca * " ..uons with
current knowledge [Janot & Jadach, PLB 803 (2020) 135319

beam-beam effects modifyi
[Voutsinas et al., PLB 800 (2020) 13 \)Ve

“The 20-years-old

20 tension...
N, =2.9840 £ 0.0052 W N, =29963+0.0074 g ooner

Z and W measurements at LEP and SL.C
31/10/23 Guy Wilkinson 10



Remember the electro-weak results at PETRA?
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From PETRA to LEP
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LEP beyond the e-w interaction:

Study of the strong interaction (QCD)



Progress within 10 years

World summary of «,

1989

o, iGl

as(M-)=0.1107000% (NLO)

G. Altarells, Ann. Rev. Nucl. Part. Sec1. 39, 1989
S. Bethke: QCD at LEP

2000
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91.2 GeV
OPAL 2-Jet

Going beyond three jets

80 [ D-scheme

OmXA Data

......... Jetset partons
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40
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Fig. 2. Relative production rates of n-jet events (n = 2-5) for different values of the jet resolution parameter ycyt, measured
at the Z° resonance at LEP [29]. The data are compared to predictions of the JETSET QCD shower and hadronisation model

(hadrons). The predictions for partons, before hadronisation, are also given in order to illustrate the size of the hadronisation
effect.



g recoiling vs. Q : direct comparison with QCD prediction

« compare g-lagged Lo uds
event hemispheres
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Energy increase
beyond

W-pair production
threshold




Energy increase beyond W-pair production threshold
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What should we do with the data once
the experiment is switched off?

Very often, data are unique achievements in many respects like energy range, process dynamics and
experimental techniques. New, improved and refined scientific questions may require (re-)analysis of such
data sets. Investments necessary to repeat past experiments would exceed the efforts of data preservation
by far.

Long-term preservation of data from large-scale high-energy physics (HEP) experiments is imperative to

preserve the ability of addressing scientific questions at times long after the completion of those
experiments.

The scientific motivation for re-using and re-analysing data from past experiments is given by:

e the availability of new theoretical input in terms of increased precision, advanced models or new
predictions;

e new and improved analysis techniques;

e the desire to perform cross-checks between different experiments.



The JADE collaboration had no plan for further data preservation and future use of their data. Private
initiatives for long-term preservation started in 1995/1996 at DESY, when Jan Olsson at DESY organised to
copy the JADE data to modern and more efficient data carriers, and to preserve the JADE software libraries.

Driven by the desire to re-analyse JADE data in terms of much advanced QCD calculations and Monte Carlo

models, the resurrection of the JADE software and its usability on modern computer platforms was initiated
in 1996/1997, by Siggi Bethke.

Until 2013, the revived software was actively used for new analyses of the JADE data, resulting in 3 further
PhD theses, 10 journal publications and several contributions to international conferences and workshops.

The recovery and reusability of JADE data
can be seen as a precursor of today’s FAIR principle
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But is there also life beyond all this?

———> Searches at LEP

Pointing the way to the top and the Higgs

Electroweak corrections present in the EW observables have a quadratic
dependence on the top mass, and a logarithmic dependence on the Higgs.



Search for the Top quark

LEP and SLD data indicated

001 the value of the top mass
: - well before discovery
{ ¥ REX! s
> 150 -
8 : ¢ Tevatron -
= ' [ SM constraint - Precision measurements (SM constraints)
< : 08% CL | and direct measurements agree and
100 = complement each other well
1/ Direct search lower limit (95% CL) ]
950

1990 1995 2000 2005
Year



Search for the Higgs-Boson  (at that time the last missing ingredient to the SM)

6 LEP1 data and SM
. Ao = | require something
> 000% | Higgs-like and within
----0.02749+0.00012
4 ++ incl. low Q? data — LHC reach
N, |
I 37 y
2- i
| Lesson 1 repeated:
1 - Precision
0 | Excluded . AF i meaSU.rementS
30 100 500 can guide the way to

m,, [GeV] the next discovery



After LEP: Towards the LHC




The ATLAS Detector

Data taking
« Inner Detector surrounded by superconducting solenoid magnet. since 2009

* Pixel detector,semiconductortracker, transition radiation tracker.
+ Momentum and vertex measurements, electron, tau and heavy-flavor ID.

e |" Lead /liquidargon
o i O o | D electromagnetic sampling
o o calorimeter.
Btk + Electron, photon D and

measurements.

« Hadronic calorimeter.
« Scintillator-tile barrel calorimeter.

+ Copper/liquid argon hadronic
end-capcalorimeter.

+ Tungsten /liquid argon forward
calorimeter.

+ Measurements of jet properties.

« Air-coretoroid magnet
+ Instrumented with muon

chambers.
D-ha L4 | « Muon spectrometer.
Barel Toroid ' a3 +  Measurementof muon

Hadronic Calorimeters

momentum.







Status of the search
for the Higgs-Boson
March 2011

LEP1 1989 - 2000

Precision tests of the
Standard Model

Search for the Higgs Particle

Status as of March 2011
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Signal Development

during the 12
months before the
announcement

Summer 2011 ﬁ _7 T'-_.,'V

CMS Prel. G2

o
ATLAS Pral. A4 Jidi=11

Spring 2012 57TV
CMS Prel. C3 =

ATLASPRDA5 = JLi=3%

Vs=7and 8 TeV

Jidi= 250"

Decamber 2012
CMS Prel. C5
ATLAS Pral. AT
R 130 135 140 145 150

my, [GeV]

< 3 sigma

< 5 sigma
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else. Like the uncovering of DNA's
structure by Francis Crick and James
Watson in 1953, the discovery .‘Oda
Higgs makes sense of what wou
otherwise be incomprehensible.
significance is massive. Literally. esS
Without the Higgs there would be
mass. And without mass, there
would be no stars, no planets and no
atoms. And certainly no human
beings. Indeed, there would be no
history.
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A decade turning the possible into the known A. DAVID (CERN) 3



Precision measurements

Mw : present experimental situation

At hadron colliders :

DO (4.3+1.1 fb-1) [Phys. Rev. D89 (2014) 012005]

mw = 80375 + 11 (stat.) £ 20 (sys.) MeV

CDF (8.8 fb") |science 376 (2022) 170)

mw = 80433.5 + 6.4 (stat.) £ 6.9 (sys.) MeV

ATLAS (4.6 fb") [Eur Phys. J. €78 (2018) 110]
mw = 80370 + 7 (stat.) + 18 (sys.) MeV

LHCb (1.7 fbo-1) uHEP 01 (2022) 036

mw = 80354 + 23 (stat.) + 22 (sys.) MeV

LEP legacy : mw = 80376 + 33 MeV

83L
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B1F

30

W mass (GeV)

79E

78F

84 o

T7E s i i L

T
—— Total uncerainty

Stat, uncertainty

1990 2000 2010

Tevatron | combination -
PRD 70 (20047 092008
Dol -
PRL 108 (2012) 151804
LEP combination -
Phys. Rept. 532 (2013) 119
ATLAS &
EPJC T8 (2018) 110
LHCh o
JHEP O] {2022) 036
CDFII
Science 376 (2022) 170 e
Electroweak Fit (J. Haller et al.)
EPIC T8 (201 8) 675
Electroweak Fit (1. de Blas et al )
arXiv:2112.07274
20100 80200 20300 80400 80500

my, [MeV]

20 Maarten Boonekamp



Achievements since the Higgs Boson Discovery

Ratio to SM

Example: measurement of the Higgs couplings to

fundamental particles

ATLAS result based on the full data set (Run 2)

Key prediction of the Standard Model:

Higgs coupling to particles is proportional to their

mass
35.9-137 f6" (13 TeV)
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Progress in experiments has to be accompanied by progress in theory
and vice versa

pp—=H+X 13 TeV, PDF4LHC15, up=pg=m,/2
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incomplete higher-order calculations provoke wrong conclusions!
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The path forward:

Update European Strategy for Particle Physics

CERN Council updated the European Strategy for _ o

Particle Physics in June 2020 Other high priority items:

+ Exploit synergies with neighboring
field, in particular nuclear and
astroparticle physics

» Mitigate environmental impact of
particle physics

Scientific recommendations

* Full exploitation of the LHC and HL-LHC

» Highest-priority next collider: e+e- Higgs
factory

* Increased R&D on accelerator technologies

 Investigation of the technical and financial
feasibility of a future = 100 TeV hadron collider

» Long-baseline neutrino projects in US and Japan

» High-impact scientific diversity programme
complementary to high-energy colliders
. R&D on detector and computing Importance of collaboration between

* Invest in next generation of
researchers

» Support knowledge and technology
transfer

* Public engagement, education and
communication

CERN and national labs highlighted

» Theory

ESPPU provides guidelines for the coming years/decades
to the particle physics community in general and to CERN



The path forward:

P5 Report

We recommend the following:

LAS the highest priority independent of the budget scenarios, complete construction projects and support
perations of ongoing experiments and research to enable maximum science. This includes HL-LHC Jthe
first phase of DUNE and PIP-II, the Rubin Observatory to carry out the Legacy Survey of Space and Time (LSST), and
the LSST Dark Energy Science Collaboration.

Construct a portfolio of major projects that collectively study nearly all fundamental constituents of our
universe and their interactions, as well as how those interactions determine both the cosmic past and future.
1. CMB-S4, which looks back at the earliest moments of the universe,
2. Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1 MW beam
as the definitive Inng-baseline neutrino oscillation experiment,

3. Offshore Higgs factory, realized in collaboration with international partners, in order to reveal
the secrets of the Higgs boson,

4 Imate Generation ark matter direct detection experiment reaching the neutrino fog,

5. IceCube-Gen2 for the study of neutrino properties using non-beam neutrinos complementary to DUNE and

for indirect detection of dark matter.



Concluding
Remarks

Steady progress in theory and
experiment over more than fifty
years established the Standard
Model

Stanislaw Jadach played a key
role during the whole journey
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