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Precision of
measurements and

Accuracy of
theoretical predictions
are important
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Some preliminary remarks



The state of the nation



The Standard Model of Particle Physics

Leptons
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A renormalizable Quantum Field Theory,
built on the powerful principle of gauge theories,
with great predictive power

“It works”

as shown, eg. by the results from the first decade
of the LHC
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http://www.ph.ed.ac.uk/higgs/searches

The SM: Tested to greatest precision (EW sector)

Standard Model Total Production Cross Section Measurements Status: June 2024
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The SM: Tested to greatest precision (QCD sector)

CMS 33.5f (13 TeV)
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The SM: Tested to greatest precision (QCD sector)

CMS 33.5f (13 TeV)
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The SM: Tested to greatest precision (QCD sector)

CMS 33.5fb1 (13 TeV) https:/arxiv.org/pdf/2412.21165
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The SM: Tested to greatest precision (QCD sector)

CMS 33.5fb1 (13 TeV) https://arxiv.org/pdf/2412.21165
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The Higgs boson: a fundamentally new tool and future “precision probe*

aa Y
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Again, the amazing precision and accuracy
achieved “already” at this stage is also thanks
to Stefano’s (and collaborators) work
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/

The Higgs boson: a fundamentally new tool and future “precision probe*
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Again, the amazing precision and accuracy
achieved “already” at this stage is also thanks
to Stefano’s (and collaborators) work
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/

Enormous ,clean up® of Beyond-SM model/parameter space:
an achievement probably not valued enough

See talks by Livia Soffi and Marumi Kado, ICHEP 2024
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The SM: Highly successful, but....

Simplicity, governed by
symmetries, few free parameters

Not governed by symmetries
many (!) parameters
set by the “hand” of experiments!
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The SM: Highly successful, but.... Why is the Higgs boson so light

No dark matter candidate in the
Simplicity, governed by model on the left !
symmetries, few free parameters

Not governed by symmetries
many (!) parameters
set by the “hand” of experiments!
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Not governed by symmetries
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set by the “hand” of experiments!

Why is the Higgs boson so light?

No dark matter candidate in the
model on the left !

We have no clue about the
(possible) underlying principle of
flavour!
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set by the “hand” of experiments!
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model on the left !

We have no clue about the
(possible) underlying principle of
flavour!

Is there a unification of forces?

Why is gravity so much weaker?

ETH:zurich



The SM: Highly successful, but....
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Simplicity, governed by
symmetries, few free parameters

10

Not governed by symmetries
many (!) parameters
set by the “hand” of experiments!

Why is the Higgs boson so light?

No dark matter candidate in the
model on the left !

We have no clue about the
(possible) underlying principle of
flavour!

Is there a unification of forces?

Why is gravity so much weaker?

Why are neutrinos so light?

Matter-Antimatter asymmetry?
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New physics needed, but where is it?

i.e. what is the scale of New Physics?
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New physics needed, but where is it?

i.e. what is the scale of New Physics?
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New physics needed, but where is it?

i.e. what is the scale of New Physics? /'\
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New physics needed, but where is it?

A

’V‘r[_ =

/\ &’
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New physics needed, but where is it?
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n + precision
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New physics needed, but where is it?

A

’V‘r[_ =

7
/\ ‘ . combination of

precision and

higher energy
NTeV +
E UK
n + precision
W measurements
mp and higher energy
TR
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How to explore the unknown

(coupling)14
or

(uncert.)

4
Mass Scale
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How to explore the unknown
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How to explore the unknown
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more statistics =

more energy =>
f 4
Mass Scale
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How to explore the unknown

~ i T :
(coupling)-14 >ZWQWZ< T> ,,,,,,,,,,,

anti-to| 9
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el ‘;swwu oW S ‘
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more statistics =

more energy =

Mass Scale
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A look back at the
"good old” LEP times



Physics at LEP
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Z mass: relative precision of 0.02 per-mille

“Height” of the Z resonance : ~ 1 per-mille
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http://arxiv.org/abs/hep-ex/0509008

Sensitivity to quantum loops, thanks to precision and accuracy
o(ete = ff) =

e’ f et f e* f
top H
AN ‘ o
SARN + ANV AN + g . + .
Z : Y4 Y4 Z Z
i anti-top i Z
e f € f e f

x M}

% level correction

x log M%

sub-% level correction

Observable O

= Otheo = OL0 X (1 T AT) “ﬂﬁ;’ Omeas

/

“loop” corrections: /Ay = f(Mt2 3 log M 1%1)

S

== with per-mille level precision measurements sensitivity to heavy particles in the loops!
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Proof of principle

“prediction” of the top quark mass and comparison to the direct measurement  om asepexososnos

[ I I I I I 1 1 I 1 ] 1 1 1 Ll I
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{ { ?$33 $ 5 M =173t Gev
% 150 - ; y :
: Tevatron - ! 1
S SM constraint - WZW@WZW
_ 68% CL : t
2 ] -
100 - - €>>ww€éw
Direct search lower limit (95% CL)

50 | S — T 1 ) w 6 %
1990 1995 2000 2005 w l
Year -

Prof. Dr. Giinther Dissertori | 9.1.25 17 E'"ZUFiCh



http://arxiv.org/abs/hep-ex/0509008

And then the “Higgs prediction”....

Vary a few input parameters, including My, in a global fit to:
Z-pole data, direct measurements of my, Iy, m,,, and the hadr. vac. pol.

Measurement Fit  10™*-0"|/o™
0o 1 2 3
Aa®) (m;)  0.02758 +0.00035 0.02767 m
m,[GeV] 91.1875=0.0021 91.1874 1
I,[GeV]  24952:0.0023 2.4965 mm
Opyg [ND] 41.540 + 0.037 41.481 n—
R, 20.767 +0.025 ~ 20.739 mm—
A 0.01714 + 0.00095 0.01642 mmmm
A(P) 0.1465 +0.0032  0.1480 mm
R, 0.21629 + 0.00066 0.21562 m—
R, 0.1721 £0.0030  0.1723 1
AS° 0.0992 +0.0016  0.1037 T————
AY° 0.0707 + 0.0035  0.0742 m—
A, 0.923 + 0.020 0.935 mm
A, 0.670 + 0.027 0.668 1
A(SLD) 0.1513+0.0021  0.1480 ——
sin“0r'(Q,) 0.2324 +0.0012  0.2314 =
m, [GeV] 80.425+0.034  80.380 M
r,[GeV]  2.133:0.069 2,093
m, [GeV] 178.0 = 4.3 178.5
S ——— Number of standard deviations
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And then the “Higgs prediction”....

Vary a few input parameters, including My, in a global fit to:

. E le taken f LEP EWK binati ly 2006
Z-pole data, direct measurements of my, 'y, M, and the hadr. vac. pol. e e e e e

Measurement Fit  10™2_0"/gmee 6 ; 5

0 1 2 3 ] 'A e
At (m,) 0.02758 + 0.00035 0.02767 m Aaﬁad = :
m,[GeV] 91.1875x0.0021 91.1874 I 97 — 0.02758+0.00035 :
I,[GeV]  2.4952:0.0023 2.4965 mmm 1 == 0.02749+0.00012 .
o [nb]  41.540+0.037  41.481 m—— 4 -incl. low Q®data [ -
R, 20.767 +0.025  20.739 mm— | g
AY 0.01714 £ 0.00095 0.01642 m=m N y:
A(P) 0.1465 =0.0032  0.1480 mm é 3 H B
Ry 0.21629 = 0.00066 0.21562 mum— ] :
R, 0.1721£0.0030  0.1723 1 o ; J
AYP 0.0992 +0.0016  0.1037 T———— —
AY° 0.0707 +0.0035  0.0742 m— | |
A, 0.923 + 0.020 0.935 mmm 14 .
A, 0.670 + 0.027 0.668 | ] |
A(SLD) 0.1513+0.0021  0.1480 — Excluded )
sin®07(Q,) 0.2324 +0.0012  0.2314 jmm 0 30 100 ' 500
m,[GeV] 80.425:0.034  80.389 M
r,[GeV]  2.133:0.069 2.093 mm m, [GeV]
m, [GeV] 178.0 = 4.3 178.5 I

A ——————

Number of standard deviations
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And then the “Higgs prediction”....

Vary a few input parameters, including My, in a global fit to:

. E le taken f LEP EWK binati ly 2006
Z-pole data, direct measurements of my, 'y, M, and the hadr. vac. pol. e e e e e

Measurement Fit  I0™2-0™/gmeas 6 ; '

- 0 1 2 3 . & .
Aot (m,) 0.02758 + 0.00035 0.02767 m Aoy =
m,[GeV] 91.1875+0.0021 91.1874 1| S — 0.02758+0.00035 B
I,[GeV]  2.4952:0.0023 2.4965 mm T === 0.02749:0.00012 I
ot [nb] 415400037  41.481 p—— 4 - + incl. low Q° data :
R, 20.767 +0.025  20.739 Mmmm— | |
A 0.01714 £ 0.00095 0.01642 mmm o
A(P) 0.1465+0.0032  0.1480 mm é 3 7]
Ry 0.21629 + 0.00066 0.21562 m— 1 J
R 0.1721 £0.0030  0.1723 1 :
Afgt;b 0.0992 = 0.0016  0.1037 T———— 2 e | —
AY° 0.0707 00035  0.0742 mmmm | |
A, 0.923 + 0.020 0.935 mmm 14 .
A, 0.670 = 0.027 0.668 1 ] 1
A(SLD) 0.1513+0.0021  0.1480 — Excluded \
sin®07(Q,) 0.2324 +0.0012  0.2314 jmm 0 30 100 ' 500
my[GeV] 80.425:0.034  80.389 mmmm
r,[GeV]  2.133:0.069 2.093 mm m, [GeV]
m, [GeV] 178.0 = 4.3 178.5 1

My = 129775 GeV
My < 285GeV at 95% C.L.

Number of standard deviations
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LEP: Also a wonderful tool for precision QCD studies...

Space

Time

Electroweak
Processes
Hadronization

1

0
-
Lo}
3
et
e
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Measurements of the strong coupling

< Thrust >
_ 1/2 1 -
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e 5 i E | | | i | | [ | i
_ g S 05 | ALEPH ; )
o - : I
/LY ~ [ | :
€ Q L Fit Range i
q T 04K :
0.3 | | i
02 || -
I e Corrected i
N Uncorrected i
. N T N | Lovi by |
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Measurements of the strong coupling

~ 10 Thrust >
q
et %l :':' 'I""I'"'I"é"l""l""l""l"
- o S 05 |  ALEPH
Z",y = o
€ Q :: Fit Range
q s 04 - <

/

e Corrected

3 (4,5) jet region o1
. Uncorrected

11 1 1 I L1 11 I L1 1 1 I 1 Iil 1 I L1 11 I 11 1 1 I L1 11 I L1 11
1.2 1.6 2 2.4 2.8 3.2 3.6 4
L=—In (1-T)
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Measurements of the strong coupling

)

~ 10 Thrust >

q
et %l :':' 'I""I'"'I"é"l""l""l""l" i
- o S 05 F i  ALEPH .
/AN = _
€ Q :: Fit Range i
q ;0.4—.‘/ —

/

e Corrected

2 jet region

3 (4,5) jet region o1
. Uncorrected

IIIIIIIIIIIIIIIIIEIIIIIIIIIIIIIIIIIIIIII
1.2 1.6 2 2.4 28 32 3.6 4 4.4

L=—In (1-T)
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Measurements of the strong coupling

12 «——— Thrust —4m8 —— 1

Elcctroweak radiative corrections for Z physics M. Consoli and W. Hollik
Ar, or the relation between the electroweak couplings
and the weak vector boson masses ~ G. Burgers and F. Jegerlehner
Z line shape  F. Berends
Neutrino counting L. Trentadue
Bhabha scattering M. Caffo and E. Remiddi
Forward-backward asymmetries M. Béhm and W. Hollik
The 7 polarization measurement 8. Jadach and Z. Was
Heavy flavours  J.H. Kiihn and P.M. Zerwas
QCD  Z. Kunszt and P. Nason

s R e B e o B

Q L ]

‘8 0.5 ALEPH 7] Introduction  G. Altarelli

iy i 1 List of participants

Q L Fit Range ]

— 0.4 | . Volume 1: STANDARD PHYSICS
o L -

s Corrected

3 (4,5) jet region 2 jet region
0.1

Uncorrected

s b b b b b bv v Ly

1.2 1.6 2 2.4 28 32 3.6 4 4.4
L=—In (1-T)
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‘CERN 89-08

Measurements of the strong coupling =

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

1/2 «—— Thrust —— 1 \
3 R CONTENTS
S b ; ]
,8 05 i ALEPH i ) Introduction  G. Altarelli 1
o~ I i ] Z PHYSICS AT LEP 1 Listof particmants 4
~ L Fit Range i J
— 04 - & — Edited by Volume 1: STANDARD PHYSICS
b - . Guido Attarelli, Ronald Kleiss and Claudio Vi
3 /’ﬂ— Elcctroweak radiative corrections for Z physics M. Consoli and W. Hollik 7
r ; ] - Yo T ANDASD RIS Ar, or the relation between the electroweak couplings
F : 1 Co-ordinated and supervised by G. Altarelli and the weak vector boson masses ~ G. Burgers and F. Jegerlehner 55
r ] Z line shape  F. Berends 89
L d Neutrino counting L. Trentadue 129
B ] Bhabha scattering M. Caffo and E. Remiddi 71
- E Forward-backward asymmetries M. Béhm and W. Hollik 203
3 (415) jet region i s Corrected ] 2 jet region The 7 polarization measurement ~ S. Jadach and Z. Was 235
Q.1 - Heavy flavours  J.H. Kiihn and P.M. Zerwas 267
i Uncorrected 1 QCD  Z. Kunszt and P. Nason 373
o L P S I S M I B B B
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The path from NLO to NLO+NLL
EEC B DELPHI
AEEC —e— o=
JCEF . 3
1-Thr -

O ]

C -

B o e

B&un 0

PH O

Ps e

Pp e

D,E0 db—

D, .

D,P -

D Jade lo

D 2DLu‘ham gl

DzGeneva

D,Cambridge -

w.average: — 4« (M,?) = 01232 +0.0116
King =71/17
Pege = 0635
f,, =338

P [ NP S P (P S —
0.06 0.08 0.1 012 0.14 0.16 0.18
ag (M,2)

NLO only, typical results
os(Mz) = 0.125 £ 0.010
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D 2E0
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— 4 (M,?) - 01232 £0.011¢
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012 014 016 0.18
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NLO only, typical results
os(Mz) = 0.125 £ 0.010
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The path from NLO to NLO+NLL

=]

EEC B DELPHI
AEEC —o} R

DZP e
D Jate o
DzDurham S EIEK n : m
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“the rise of resummation”

w.average :  — 4« (M,?) =01232 + 00116
King =71/17
Pat = 0635
f,, =338
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P —— T [y N p——
006 008 01 012 014 016 0.8
o (Mz)

NLO only, typical results
os(Mz) = 0.125 £ 0.010
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The path from NLO to NLO+NLL
EEC B DELPHI
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NLO only, typical results
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Resummation s T

North-Holland

Thrust distribution in e*e~ annihilation *

Resummation of lar rithmsine*e~ ev
S. Catani **, G. Turnock *, B.R. Webber * and L. Trentadue © oS ation of la g¢ IOga t 5 e”e” event Shape

+ Cavendish L y, University of Cambridge, Madingley road, Cambridge CB3 OHE, UK LETTERS B 18 July 1991 distributions *
Y INFN, Sezione di Firenze, Largo Fermi 2, I- 50125 Florence, Italy
¢ Dipartimento di Fisica, Universita di Parma, and INFN, Gruppo Collegato di Parma, I-43100 Parma, ltaly resum all leading and next-to-lcading terms, neglect- S. Catani !

ing only the sub-dominant logarithms.

Received 18 April 1991 Theory Division, CERN, CH-1211 Geneva 23, Switzerland

2. Calculation

We calculate the thrust distribution in e*e~ anni i ion of leading and next-to-leading logarithms of L. Trentadue

1—To all orders in QCD perturbation theory. This enables us to predict the distribution up 1o the largest values of T and reduces

tat, fi 3 di Dipartii di Fisica, Universita di Ry 11, Tor Vi , 1-0017. 3 7
the renormalization scale dependence relative to the leading order at both large and small 7. From a comparison with experimen- For a final hcs g to a i o vome or Vergata, 1-00173 Rome, ltaly
1al data, we find Az =200+ 140 MeV, corresponding 1o a,(m3 ) =0.116+0.012, large value of the “‘"’“Sl eq. (1) can be approxi-
mated by G. Turnock
i 1 =T~ (ki +k3)/Q?, (5) Cavendish Lab v, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK
1. Introduction directly comparable with perturbative calculations at 3 5 2 3 . Catani et al. / Resummation of large logs in e*e~ s
the parton level, after small corrections for non-per- where k{ and k3 are the invariant masmsq“"d, of 2
two back-to-back jets. Thus the key to the evaluation B.R. Webber

The detailed experimental data on event shapes in turbative hadronization effects.
e*e~ annihilation at LEP energies [ 1) and below [2- So far, comparisons between the theoretical and
5] provide both a challenge to QCD and a good op- experimental thrust distributions have been per-
portunity for accurate determinations of the strong formed [1-8] using theoretical predictions based on

when ag is small, a perturbative treatment of the shape distribution
appear to make sense when agL? is also small, which excludes a large
the two-jet configuration, where most of the events occur. Whenever
even if agL? is still small, we can improve the range and accuracy

of the thrust distribution is its relation to the jet mass
distribution, which was introduced in refs. [11,12]
and calculated to next-to-leading logarithmic accu-
racyinref. [17]. 1f J(Q?, k?) denotes the probability

Theory Division, CERN, CH-1211 Geneva 23, Switzerland

Received 29 January 1993
Accepted for publication 27 May 1993

coupling constant a,. Of the various possible event the relevant QCD matrix elements evaluated to sec- distribution of jet invariant mass-squared & at scale tive predictions by identifying these logarithmically-enhanced terms
shape measures (see ref. [6] for a recent review ), one ond order in the strong coupling ¢, [9]. As long as Q2. then to this accuracy the thrust fraction R takes aucalle freummne lhcm}? . °,r,dcrs'k 2 ists fi
of the earliest and most widely-used is the thrust, 7 the thrust is not too large, the fixed-order perturba- the forn We describe a method for the resummation of leading and next-to-leading large logarithms f lundes ne of logarit e e TOW SABS On A
(7], defined as tive calculations should be reliable. At large values of 10 all orders in QCD per theory, applicable to e* ¢~ event shape distributions that of shape variables, nfamcly those for which the leading logarithmic
s T, however, there are terms in higher order that be- R(t, a,(Q’)) )_'( 7, a,(Q?)) have the property of exponcmmnon near the two-jet region. After a general discussion of ns exponentiate. By this we mean that at small y the logarithm of the
P » » SR the ditions for ion and the evaluation of matrix elements and phase space section takes the form
T=Max —Z, TR (1) comf, enhat!ocd by powers of ln.( 1-T).In lhls_kme- s 1o next-to-leading logarithmic accuracy, we give details of the application of the method to
) matical region the real expansion parameter is the B Idk; AKIIQ% KDI(QY K3) the thrust and heavy jet mass distributions. We show how the resummed expressions can InR(y) ~ Lgi(asL) @)
where the sum is over all final-state particles / and the large effective coupling a,In*(1—T) and therefore = ! *h T be matched with known second-order results to obtain imp function g, has a power series expansion in asL. More precisely, the
maximum is with respect to the direction of the vec- any finite-order perturbative calculation cannot give L the whole of phase space, and how to suppress spurious hlshcr-ordﬂ terms Btﬂeﬂ'td by n of QCD matrix elements in the two-jet region implies that ‘pro-
tor m (the thrust axis). It can be seen from this defi-  an accurate evaluation of the cross section. The log- XO(1Q* ki —ki), (6) fesummation outside the physical region. We also give the necessary ingredients for the hase space by which R(y) is defined also has factorization propertics
nition that the thrust is an infrared and collinear safe arithmic terms need to be identified and resummed ) L . improvement of third-order predictions by resummation when they become available. ) specify, then
quantity, that is, it is insensitive to the emission of to all orders in &, before a reliable prediction can be where © is the H“V's'?c siep, funcsnon. gt Icla" :e il
zero-momentum particles and to the splitting of one made. Show".l 18] lhf" gomqilnons e e:‘ ( = )“ a:‘;:;::n: R(y) = Clas)Z(y,as) + D(y,as), (5)
St i 4 S cort e jel "
particle "|“° two collinear ones. Thus the cross section " ;l':: r:?‘:)::r:e::: ;f‘::;gncyc:‘(::zl; onnlil:.n:;; lseer’:,nis overlap between the jets, give only contributions that 1. Introduction
: : . TOCESS IR 5 are sub-dominant in the sense defined above. Intro- H % i - <
o(1)= :—;dr (2) inclusive or Sudakov region, where emission of ra- ducing the Il.aplaoe transform of the jet mass The measurement of hadronic event shape parameters in e*e~ annihilation Clag) = 1 + Z Caag,
[ diation is inhibited by the kinematics. In the case of distribution, is one of the most important ways in which QCD can be tested and its coupling "'I'
. : § i jetcross sections at 1 — T<< |, the jet invariant masses n: i § ood ol 2
e o oo areconsirained (0 b 50 smalla o allow oly emis 7 coossiomat s it shous » lioaon ntick i ptoreim s 00~ X O ¥
e
and the experimental data on this quantity should be sion of gluons that are soft and collinear with respect J.(Q%) = I k2 J(Q2 k) e~ (7) n=lmel
o

Lg(asL) + gx(asL) + asgilasl) + ...,
) vanishes as y — 0 order-by-order in perturbation theory. For later

* Research supported in part by the UK Science and Engineering Rescarch Council and in part
by the Italian Ministero dell'Universita e Ricerca Scientifica.
' On leave of absence from INFN, Sezione di Firenze, Italy.

* Research supported in part by the UK Science and Engincer- to the parton generating the jet. The double logar-

ing Research Council and in part by the Italian Ministero della itmic terms @, In*(1—7) are due to such soft and and using the integral representation

Pubblica Istruzione. collinear gluons. chico 2 i iisad i 5 ¢ we have defined ag = ag/27 in the expansions. The word expo-
010 —k?) = ANV e™ waer . () On leave of absence from Cavendish Laboratory, University of Cambridge, UK refers o the fact that the terms a2 L™ with m > n + 1 are absent from
0370-2693/91/$ 03.50 © 1991 - Elsevier Science Publishers B.V. ( North-Holland ) 491 e i N 0550-3213/93/$06.00 © 1993-Elsevier Science Publishers B.V. All rights reserved hereas they do appear in R(y) itself. The function g, resums all the

tributions ngL"’l while g, contains the next-to-leading logarithmic
s afL", and g; etc. rep the ini bdomi logarith-
ions af L™ with 0 < m < n. All the functions g vanish at L = 0
since they resum terms with m > 0.

Eq. (6) represents an improved perturbative expansion in the small-y region.
If we can find the form of the functions g;, then we shall have a systematic per-
turbative treatment of the shape distribution throughout the region of y in which
asL < 1, which is much larger than the domain asL? < 1 in which the non-
exponentiated perturbation series was applicable. Furthermore, the resummed
expression (6) can be consistently matched with fixed-order calculations. In
particular, one can evaluate the leading and next-to-leading functions g, and g;
and combine them with the known order~a§ results on the shape cross section,

we find that

e+im

2 ()= j

|]~/al(Q N ()

rithms when n <m< 2n, next-to-leading when m=n, 2 N

and sub-dominant when m < n. In the next section we

492
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The path from NLO to NLO+NLL

0.22 e 0.3

0.25L ¢ O pp i

i A Thrust
: o * Ry :
o, 0.2} |
0.151 H i
e SO $H- - -
()_1- ] ] ] ]
2 -15-1-050 05 1 15 2 O(ay) O@@?)  O(2+NLLA)

In (u2/Q%)

Resummation matched to NLO, typical results
as(Mz) = 0.120 + 0.005
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The path from NLO to NLO+NLL, and the dawn of the NNLO era

= e ALEPH data
= 10 | E =912 GeV
~— : cm
) :
=1 ;
D .-
=1
fit range
10 ——— NNLO, ¢ =0.1261 +0.0003, */n, =12
2l NLO, c1,=0.1354 +0.0003, 5 '/n, =4.3
10
NLO + NLLA, ¢, =0.1198 =0.0002, %" /n,, =7.6
-3
10
-4
10
=04 © stat. ® exp. uncertainty
S _
202
-
= 0 : .
8 [
= [/ , :
04 [ TN stastical uncertainty 7
ya ke o by by by ey by ey b I 1l
0 005 01 015 02 025 03 0.35M
H
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The path from NLO to NLO+NLL, and the dawn of the NNLO era

NNLO NLO NLO+NLLA
= - ALEPH data
3 (U SR E_ =912 GeV
) :
= : y
N ’
A |
fit range BT
-1
10 | NNLO, 0201261 200003, %n, =12 * B,
a2l NLO, c1,=0.1354 +0.0003, %"/, =4.3
10 C
© NLO + NLLA, o =0.1198 =0.0002, %’/n,, =7.6
-3
10 My
-4
10 T
=04
= =R =R N =R
g =8bhEh E2ERBBRER EBERBEBRGL
k? 0 as as as
S
=
Z02 much less scatter at NNLO, reduced pert. uncertainty : 0.003
il SN N S T B S DU A as(M2) = 0.1240 + 0.0008 (stat) & 0.0010 (exp) =+ 0.0011 (had) £ 0.0029 (theo)
0 005 01 015 02 025 03 035
H

Th. Gehrmann, A. Gehrmann-DeRidder, G. Heinrich, N. Glover, H. Stenzel, GD, JHEP 2008, 040, arXiv:0712.0327
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Jet algorithms

=

2 min(E7, E7) (1-cosfij) k¥ “Durham"
B2 T E2. JetAlgo

Yij =

EG (1 — COS OQG)

1420 citations

Physics Letters B 269 (1991) 432-438
North-Holland PHYSICS LETTERS B

New clustering algorithm
for multijet cross sections in e *e~ annihilation®

S. Catani **!, Yu.L. Dokshitzer ¢, M. Olsson ¢, G. Turnock  and B.R. Webber *
* Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK

® INFN, Sezione di Firenze, Largo Fermi 2, I-50125 Florence, Italy

¢ Leningrad Nuclear Physics Institute, Gatchina, SU-188 350 Leningrad, USSR

¢ Department of Theoretical Physics, University of Lund, Sélvegatan 144, S-22362 Lund, Sweden

Received 2 August 1991

Cross sections for e*e~ —n-jets, as functions of the jet resolution parameter y.,,, are computed according to a new clustering
algorithm. The jet multiplicity 7 is defined in such a way that jets i and j with energies E; and E; at relative angle 6; are resolved if
Vi=2(1—cos 8,) min(E?, E?)/s> y.,, where s is the centre-of-mass energy squared. Using this algorithm, large higher-order
corrections at small values of y,, can easily be evaluated. Our calculations include resummation of leading and next-to-leading
logarithms of y,, to all orders in QCD perturbation theory. This enables us to predict the jet cross sections at small y,,, for
arbitrary n. Simple analytical results for n< 5 are presented.
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Jet algorithms

! 2 min(E?, Ejz) (1 - cosb;) k*  “Durham"
Yii = Jet Algo

E2. T R?

EG (1 — COS HQG)

1420 citations

Physics Letters B 269 (1991) 432-438

North-Holland PHYSICS LETTERS B

In the next section we describe a new jet algorithm *' in which relative transverse momentum replaces the
invriant mass of the original JADE algorithm as the jet resolution variable. To emphasize this change of vari-

) ) ablg, we call the new algorithm the & , -algorithm. The use of transverse momentum to resolve jets is suggested
New clustering algorithm : - ) it i
for multijet cross sections in e* e~ annihilation® by the coherence properties of QCD soft 0,21] in order to preserve exponentiation and LPHD.
The results of our calculation are presented in section 3. We study the behaviour of multijet cross sections at

S. Catani **!, Yu.L. Dokshitzer ¢, M. Olsson ¢, G. Turnock  and B.R. Webber *

 Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK small values of the resolution parameter y,,, using the k , -algorithm. We show that leading and next-to-leading
® INFN, Sezione di Firenze, Largo Fermi 2, I-50125 Florence, Italy X ’ v i . .
 Leningrad Nuclear Physics Institute, Gaichina, SU-188 350 Leningrad, USSR logarithms can be resummed to all orders in & for any number of jets and give simple results up to five jets.

¢ Department of Theoretical Physics, University of Lund, Sélvegatan 144, S-22362 Lund, Sweden

Received 2 August 1991

1" This algorithm arose from discussions at the Durham Whrkshop on Jet Studies at LEP and HERA, December 1990, and is sometimes
referred to as the Durham algorithm.

Cross sections for e*e~ —n-jets, as functions of the jet resolution parameter y.,,, are computed according to a new clustering
algorithm. The jet multiplicity 7 is defined in such a way that jets i and j with energies E; and E; at relative angle 6; are resolved if
Vyi=2(1—cos 8,) min(E?, E?)/s> y.,, where s is the centre-of-mass energy squared. Using this algorithm, large higher-order
corrections at small values of y,, can easily be evaluated. Our calculations include resummation of leading and next-to-leading
logarithms of y.,, to all orders in QCD perturbation theory. This enables us to predict the jet cross sections at small y.,, for
arbitrary n. Simple analytical results for n< 5 are presented.
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Longitudinally-invariant k, -clustering
algorithms for hadron-hadron kt

has become widely used

SR
dij = min(ka?,ky2)AR2/R?

N In the past few years, a suite of IRC safe algorithm
uclear Physics B ¢

Catani et al ‘91

.. Ellis, Soper ‘93
— collisions hierarchical in rel P,
] S. Catani **, Yu.L. Dokshitzer @ ® M.H. Seymour, B.R. Webber *** S R
1 — Cambridge/ d = AR2/R2 Dokshitzer et al ‘97
: 2 172 U ! Wengler, Wobish ‘98
g ‘ 2 mm(Ez- , EJ ) (1 — COS 0”) ki “Durham" AaChen hierarchical in angle 3
| Yij = ~
| ! E2, E2,  JetAlgo SR
. =l 2L .2 2/D2 MC, Salam, Soyez ’08
q !x . for anti-k dij = min(ka* kg ?)AR?/R (Delsart, Loch)
hadron-hadron collisions which is invariant under boosts along the beam gives perfectly conical hard jets ’
directions. This leads to improved factorization properties and closer
o correspondence to experimental practice at hadron colliders. We examine . .
s alternative definitions of the resolution variables and cluster recombination SeedleSS |te ra.tlve cone
- scheme, and show that the algorithm can be implemented efficiently on a . o ¢
EG ( 1 — COS OQG ) computer to provide a full clustering history of each event. Using simulated S I S C O n e WIth SPI It-merge Salam' So)'ez 07

data at VS = 1.8 TeV, we study the effects of calorimeter segmentation,
hadronization and the soft underlying event, and compare the results with

1420 Citations hose obtained usine a conventional cone-tvne aleorithm atteo Cacciari - LPTHE

Physics Letters B 269 (1991) 432-438
North-Holland PHYSICS LETTERS B

gives ‘economical’ jets

CMSWeek - May 19,2010

25

New clustering algorithm

¢ Department of Theoretical Physics, University of Lund, Sélvegatan 144, S-22362 Lund, Sweden

Received 2 August 1991

Cross sections for e*e~ —n-jets, as functions of the jet resolution parameter y.,,, are computed according to a new clustering
algorithm. The jet multiplicity 7 is defined in such a way that jets i and j with energies E; and E; at relative angle 6; are resolved if
Vyi=2(1—cos 8,) min(E?, E?)/s> y.,, where s is the centre-of-mass energy squared. Using this algorithm, large higher-order
corrections at small values of y,, can easily be evaluated. Our calculations include resummation of leading and next-to-leading
logarithms of y.,, to all orders in QCD perturbation theory. This enables us to predict the jet cross sections at small y.,, for
arbitrary n. Simple analytical results for n< 5 are presented.

referred to as the Durham algorithm.
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In the next section we describe a new jet algorithm *' in which relative transverse momentum replaces the
invriant mass of the original JADE algorithm as the jet resolution variable. To emphasize this change of vari-
, we call the new algorithm the &, -algorithm. The use of transverse momentum to resolve jets is suggested

for multijet cross sections in e*e~ annihilation™ by the coherence properties of QCD soft 0,21] in order to preserve exponentiation and LPHD.

. . The results of our calculation are presented in section 3. We study the behaviour of multijet cross sections at
S. Catani **!, Yu.L. Dokshitzer ¢, M. Olsson ¢, G. Turnock ® and B.R. Webber ? X . . K .
* Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK small values of the resolution parameter y,,, using the k , -algorithm. We show that leading and next-to-leading
® INFN, Sezione di Firenze, Largo Fermi 2, I-50125 Florence, Italy X ’ v i . .
 Leningrad Nuclear Physics Institute, Gaichina, SU-188 350 Leningrad, USSR logarithms can be resummed to all orders in & for any number of jets and give simple results up to five jets.

1" This algorithm arose from discussions at the Durham Whrkshop on Jet Studies at LEP and HERA, December 1990, and is sometimes
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Now back to our current
LHC times...



New physics needed, but where is it?

A

MrL =

7.
/\ ‘ : combination of

precision and

higher energy
ATV +
£ UK
o precision
W measurements
mp and higher energy
TR
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New physics needed, but where is it?

A

MrL =

combination of
precision and

higher energy
NTeV +
£ UK
n 4+ precision
W measurements
mp and higher energy
RISt —
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Could the Higgs boson
be a gateway to it?
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Differential cross sections and importance of exp

. . . . Y
Besides incl. cross sections/couplings, g th tb
new physics could also b Ko gy b
modify the differential cross sections ’ ’

tb tb
g Y
CMS Preliminary 138 fb~! (13 TeV)

S\ - I [ [ | ] [ [ [ | [ [ | [ | [ [ | E
[0) T‘L—*‘; e S
O 102 } 1 =
S f -
- KR
T 1L = ] ]
- 107} L |
S i
o E:

oL = _
<7 .

10k ﬁ E

aMC@NLO, NNLOPS l:!& =

Combination, Syst. unc. 1

-2 aMC@NLO (I

10 — Powheg v%/l 14

Combination ¥:

I I I I I | | | | | | | ] | | | | ]

_5 2 | | I | | [ | [ | | [ | | | [ | | [

© B 1 1

Sl T .

: | R :
o 0 [ | | | | | | | | | | | | | | | | | |

Q 1) N .\9.) (,/Q ,ﬁo ,-30 ,b‘o b?) ‘bQ %Q \QQ \Q/Q ,\bp (\Q ‘LQQ r)f-’Q %60 b?’g &

- H (GeV

https://cds.cern.ch/record/2905139/files/HIG-23-013-pas.pdf pT e )
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. precision and tools
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Differential cross sections and importance of exp. precision and tools

Besides incl. cross sections/couplings, g tb tb !
new physics could also k., Ky 6 Courtesy: M. Donega
. , . . t,b ——-H--- t,b x10
modify the differential cross sections 5 012" " T RAW
tb t,b i
) ’ (D L
g g 0_1} ~——— Cut Based
w -
CMS Preliminary 138 fb~' (13 TeV) S 008" — M
< E | [ [ | | [ [ [ | [ [ [ I [ [ | E i
S ; ] 1 C
(O} S - B
G 10 —TJ i i’T = 0.06—
8 if g :
I 101 Pl s ] 0.04
T |
5 0.02
Téi 050 80 100 120
E M,. (GeV/c?)
aMC@NLO, NNLOPS :EC:
Combination, Syst. unc.
UeENLO e Thanks to Machine Learning tools:
Combination L [E improvements in resolution - increases S/sqrt(B),
that can be directly translated to a luminosity gain:
82, [ [ | | [ [ | | [ | | [ [ |
5 | T ! - improve the resolution by 20%
=1 W% iemoskar 1?§ ; B——— - equivalent to a gain in sensitivity of 10%
g { { 1 - equivalent to a gain in luminosity of 20%
[~ | | | | | | | | | | |
00 © 00 R PP PSSO

https://cds.cern.ch/record/2905139/files/HIG-23-013-pas.pdf
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i.e. equivalent to running the LHC for 20% longer time
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The Higgs boson is used as a ,,search tool“, already now

2499 ((6)

Example from CMS PAS HIG-23-013 Lomrr = Lom + E # 01(6)
j=0

L@, 7 =[[r |

> i (@Sign(@) + B@) | - [ (@17)
if J

CMS Preliminary 138 fo~! (13 TeV) CMS Pfe/iminary https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-23-013/index.html 1 38 fb_1 (1 3 TeV)
T T T

Chg x1073

cug %107 L HE c =0.01 - ci = (4m)? |
Crws x1073
Re(cpn) x1072
Chw x1072
Re(cig) x1072
Im(cpn) x107"

102

T
Ll
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¢/ (95% CL) (TeV)
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Chg x1077
ciiy <1071
) x10-1
c® x10-1
Chu x1077
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Re(ci) x10~" ==

Re(cy) x107"

Re(cw) x10°! =
EE

10!

T TTTTT
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Ll

- 10°

T TTTTT

|

cw x107"
Re(cos) T 1

T

IM(Cen) -1
Re(CeH) — —= 1 0

CHb

T™TTTTTT

CHD —

Che. =~ -

T

1 .
ol 1

e —_—— 1 0—2
HQ
3
i
Im(cow) x10

&t
Re(Cow) x10][ -~ Combination ss% cL &

CHD
CHe
chi
cid

= Combination 68% CL
Re(Cyn) x10)| ® Combinaton Best it =
== Combination expected 95% CL
Chy x102||— Combination expected 68% CL
® Combination expected Best fit

Re(cos)
m(Cpw)

CHG x1073
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CHW x1072
CHd x1071
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c® x10-1
CHu x10~!

|(|’) x10""
Re(cig) x107"
Cw x1071
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Im(Cen)
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CHp x10
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Re(cig) x1072
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L
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New physics needed, but where is it?

/

MrL"

\

=

combination of
precision and

higher energy
ATV +
£ UK
o precision
W measurements
mp and higher energy
RISt —
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New physics needed, but where is it?

AN = -{RF"

Mer T + i P r+\nc
+\/";\3«\-)‘IL~;¢+\(\.C b

+|DP-V(®)

7.
/\ . - combination of

precision and

higher energy Could the Higgs boson
be a gateway to it?

TV +
T Teuk
L precision Consensus (?) regarding a
n W] measurements e*e- Higgs factory as next step, beyond HL-LHC
m - and higher energy In any case: We are in an
j exploratory phase!
UE———— Actually, this is the “normal” case...
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Remember: How to explore the unknown

+ i
b * ;f ' S € e
\\ K P H H
7 P PREREN
\\\ W ) ’ B - ’ \
A M
o Z ZIW ZW
v, Z 7 zZw
+ e e f

(coupling)'4

or

(uncert.)-1

more statistics =

more energy =

Mass Scale
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Remember: How to explore the unknown

(coupling)'4

or

(uncert.)-1

more statistics =

more energy =

Note:
» only CERN machines shown here

* length and angle of arrows only indicative Mass Scale
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The future (?)



The imminent future, HL-LHC: Failure is not an option....

4 » We are here!
LHC .

HL-LHC

13.6 TeV

13 TeV 13.6 - 14 TeV

energy
Diodes Consolidation
splice consolidation imit LIU Instaliation HL-LHC
8 TeV button collimators interaction inner triplet
7TeV Civil Eng. P1-P§ pilot beam radiation limit installation

R2E project regions
5to 7.5 x nominal Lums
ATLAS -CMS

experiment upgrade phase 1 ATLAS - CMS y/—""‘—'

beam pipes HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCb b 2 x nominal Lumi

75% nominal Lumi | /_ upgrade
P 3000 fb"
e — e

HL-LHC TECHNICAL EQUIPMENT: _

DESIGN STUDY ; PROTOTYPES == CONSTRUCTION INSTALLATION & COMM. | PHYSICS

Marumi Kado, ICHEP 2024

Current challenge: in parallel data taking, data analyses and upgrades
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The imminent future, HL-LHC: Latest schedule update

350 fb~1
N
2021 2022 2023 2024
J[FIMAIM 3] 3]A]S|oIN[D| 3] FIM[AIM[ 3] 3 A[S|ON[D| 3] F[M[AIM] 3] 3]A]S[OIN[D| 3 FIM[AIM[ 3] 3] AlS|ON[D| 3 [ F[M
Run 3
2030 2031 2032 2033 2034 2035 2036 2037
J[FIMAM 3 3]AlS|oIN[D{ 3[FM[AIM[ 3] 3]A]S]ON]D] 3] FIM[AIM] 3 3]ATS[OIND{ 3[ FIM[AIM[ 3] 3]A]S[ON]D] 3] FIM[AIM] 3] 3]ATS[OIND{ 3[ FiM[AIM[ 3] 3]A]S[ON[D] ] FIM[AIM] 3] 3]ATS[OIND| 3 [ FIM[AIM[ 3 3]A]S[ON]D [ FM

Last update: November 24

Prof. Dr. Giinther Dissertori | 9.1.25

35

2041

=

3000 fb1
(160M H + 120k HH )

Shutdown/Technical stop
Protons physics

Ions

Commissioning with beam
Hardware commissioning

LS4
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The imminent future, HL-LHC: Latest schedule update

350 fb~1
N
2021 2022 2023 2024
J[FIMAIM 3] 3]A]S|oIN[D| 3] FIM[AIM[ 3] 3 A[S|ON[D| 3] F[M[AIM] 3] 3]A]S[OIN[D| 3 FIM[AIM[ 3] 3] AlS|ON[D| 3 [ F[M
Run 3
2030 2031 2032 2033 2034 2035 2036 2037
J[FIMAM 3 3]AlS|oIN[D{ 3[FM[AIM[ 3] 3]A]S]ON]D] 3] FIM[AIM] 3 3]ATS[OIND{ 3[ FIM[AIM[ 3] 3]A]S[ON]D] 3] FIM[AIM] 3] 3]ATS[OIND{ 3[ FiM[AIM[ 3] 3]A]S[ON[D] ] FIM[AIM] 3] 3]ATS[OIND| 3 [ FIM[AIM[ 3 3]A]S[ON]D [ FM

Run 4 LS4 Run 5

7CMS Projections Preliminary ~ HIG-20-011 (14 TeV)
RS E T WAL P I I 7 B2 o R L B T T [ T

- 82 scenario
. — 1000 fb —— 2000 fb'! — 3000 fbo™'

2041

>
n
2
-2 Alog(L)

Shutdown/Technical stop
Protons physics

Ions

Commissioning with beam
Hardware commissioning

Last update: November 24

95.4% CL

3000 fb1

(160M H + 120k HH )
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A Scientific Mission for the 21st Century

Rende Steerenberg
HL-LHC (Runs 4-6)
LHC Run 2 2029-2041 13.6 - 14 TeV and 2x
2014-2018 13 TeV Nominal Luminosity, PU 140 - 200
100% to 2x Nom. Lumi, PU 40 Int. Lumi. 3000 fb-1
Int. Lumi. 120 fb-1
di-Higgs boson production
Higgs coupings to and Higgs self coupling and
Fm O‘(‘g: third precision Higgs physics!
generation (top, bottom
and taus)!
LS2
2018-2022
Experiments Phase-l
and accelerator
upgrades
M| 2020
LS3
2Los1;204 2026-2029 HL-LHC
c dation of LHC instaliation and major exp.
nterconnections Upgracien
LHC Run 1
2009-2012 7-8 TeV LHC Run 3
75% Nom. Lumi, PU 30-40 2022-2026 13.6 TeV
Int. Lumi. 30 fo-1 2x Nom. Lumi., PU 60
Int. Lumi. 450 fb-1
Discovery of the Hggs Higgs couplings to
Boson, measurements of Fermions of the second
Hggs Boson couplngs to generation (muons) and
bosons (glucns, photens, more rare decays
Wand 2
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LHC

36

CepC 90 - 240 GeV

FCC-ee 90 - 265 GeV

Ultimate Precision ete™

CLIC 380 GeV- 3 TeV
ILC 250 GeV - 1 TeV
Cool Copper Collider 250 - 550 GeV

FCC-hh 100 TeV

Ultimate Energy (pp, 1 1")
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If you are in an exploratory regime....
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If you are in an exploratory regime....

or

Prof. Dr. Giinther Dissertori | 9.1.25 37 E'"Z ur ICh



If you are in an exploratory regime....

or

The full FCC programme (ee then hh, and more
than one experiment) is the most versatile toolbox
among all options on the table!
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The FCC programme :

:/[home.cern/scien lerators/future-circular-collider

FCCIN A NUTSHELL

Timeline

e 2025: Completion of the FCC Feasibility Study
* 2027-2028: Decision by CERN Member States and international partners

Tunnel

¢ 90.7 km circumference
* 200 m average depth

* 8surface points (7 in France, 1 in Switzerland)

Two stages

¢ FCC-ee (precision measurements) about 15 years from the mid-2040s
¢ FCC-hh (high energy) about 25 years from the 2070s

Costs/benefits

« 15 billion CHF, spread over at least 15 years for FCC-ee with four
experiments

¢ Estimated benefit-cost ratio of 1.66

¢ About 800 000 person-years of employment created
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The FCC programme :

:/[home.cern/scien lerators/future-circular-collider

FCCIN A NUTSHELL

Timeline

e 2025: Completion of the FCC Feasibility Study
* 2027-2028: Decision by CERN Member States and international partners

Tunnel

¢ 90.7 km circumference
* 200 m average depth

* 8surface points (7 in France, 1 in Switzerland)

Two stages

¢ FCC-ee (precision measurements) about 15 years from the mid-2040s
¢ FCC-hh (high energy) about 25 years from the 2070s

+ Stage 1: FCC-ee (Z, W, H, ff) as a Higgs factory, electroweak & top factory at highest luminosities Costs/benefits

+ Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, proton-proton with options « 15 billion CHF, spread over at least 15 years for FCC-ee with four

experiments
N * Estimated benefit-cost ratio of 1.66
L ] . L ] L ] L] . L] .

) s : ¢ About 800 000 person-years of employment created
Conceptual Design  Feasibility Pre-TDR  Project for approval Start tunnel Start FCC-ee HL-LHC  Operation of FCC-ee Operation of FCC-hh

Study Study Study by CERN council  construction installation ends  ~15 years of physics ~20 years of physics

Rende Steernberg, ICHEP 2024
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FCC: promises and challenges

Some examples taken from
Blondel & Janot, https://inspirehep.net/literature/1870513

Ir T I T T T T T T T T I T L
= o SHRE 3

NU) E Z(91.2GeV): 4.6 x 10° cm?s™ *  FCC-ee (Baseline, 2 IPs) .
)

E B ILC (Baseline) &
(&] - < B
< CLIC (Baseline)

o 1 T . TR ———— r..... CEPC (Baseline; 2 IPs) ... —
A = g -
— - W'W (161 GeV): 5.6 x 10°° cm2s! 7
n - 4
8 - HZ (240 GeV): 1.7 x 10* cm2s"! =
E 10 R e e =
3 = 3
- [~ . - oll

- tt (350 GeV): 3.8 x 194 cm?s™ —

- (365 GeV): 3.1 x 10°"_cav?s™ -

HZ (250 GeV): 1.35 x 10* cm?s! l
1 o B -~
| 1 ! 1 1 1 P M | ! i
102 10°
\s [GeV]
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FCC: promises and challenges

Some examples taken from
Blondel & Janot, https://inspirehep.net/literature/1870513

r T [ T T T T I L
1 = e
NU) E Z (91.2 GeV) : 4.6 x 10°® cm2s! *  FCC-ee (Baseline, 2 IPs) .
)
E B ILC (Baseline) &
(&] - < B
< CLIC (Baseline)

o 1 T . TR ———— r.....CEPC (Baseline, 2 IPs)--.--..—
ha 3 W'W (161 GeV): 5.6 x 10°° cm2s! 7
n = 4
8 - HZ (240 GeV): 1.7 x 10° cm2s"! =
E 10 R e e =
3 - 3
- [~ - PR |

- tt (350 GeV): 3.8 x 1q4 cmist " —
" (365 GeV): 3.1 x 10™ co?s™" 2
HZ (250 GeV): 1.35 x 10* cm?s! l
1 :_'"l""'"'"d.'s'é';'{éi"i:'ﬁ'-is'-" ............................................... = Gt -~
107 10°
\s [GeV]
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Collider HL-LHC FCC-ee940-5365 FCC-INT

Lumi (ab~1) 3 5402415 30

Years 10 3+1+4 2

gnuzz (%) 1.5 0.18/0.17 0.17/0.16

guHH (%) 50 44/33 34
27124

Iy (%) SM 14 0.91
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FCC: promises and challenges

Some examples taken from
Blondel & Janot, https://inspirehep.net/literature/1870513

& T T T T L ]
1 — A
R - Z(91.2GeV): 4.6 x 10 cm?s” *  FCCwe (Baseline,2IPs) |
E B ILC (Baseline) .
(&] o =

< CLIC (Baseline)
mo 102 TNTUCh . SO B S 1.....CEPC (Baseline, 2Ps) - ------ —
ha s W'W (161 GeV): 5.6 x 10*° cms" =
® - .
8 - HZ (240 GeV): 1.7 x 10* cm?s™! =
E 10 R e =
35 - .
- — - =|
u tt ?50 GeV): 3.8 x 10" cm?s”! =
& (365 GeV): 3.1 x 10 )

HZ (250 GeV): 1.35 x 10* cm?s! l
1 :_"'I""'""6.52'1'1'65‘2;}}{-5:'-" ............................................... s —~
107 10°
\s [GeV]
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Collider HL-LHC FCC-eep40-5365 FCC-INT
Lumi (ab!) 3 5402+15 30
Years 10 3+1+4 29
guzz (%) ) 0.18/0.17 0.17/0.16
guHH (%) 50 44/33 34
27124
Iy (%) SM 1 0.91
80 80
£ [HEPT B o @) |
70 e [ S - FCC-ee (Higgs) _: 70
- B FCC-ce (EW-+Higgs) |
60 —_ ......................................................................................................................................... __.' 60
%‘ 50 E_ ......................................................................................................................................... _.E 50
E F =
fg 40 :_ .......................................................................................................... _: 40
;d 30 S_ ........................................................... _f 30
20 é_ .................................... ._i 20
10 E_. ................ ._.f 10

O O O O
9 9w 9B Owp 0 dg

hp 9 by U

O O owo®0 owo®0 O O O O O O
o1 91 % gg 9 N W

Fig. 5 Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a
global EFT fit. The constraints are presented as the 95% probability bounds on the interaction scale, A/,/c;,
associated to each EFT operator. Darker shades of each colour indicate the results when neglecting all SM
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FCC: promises and challenges

Some examples taken from

Blondel & Janot, https://inspirehep.net/literature/1870513

1 I 1 Ll
Z(91.2 GeV) : 4.6 x 10°* cm?s™

T TTTT

Luminosity [10** cmr2s-1]

t{(gaso GeV): 3.8 x 103 cms’"

FCC-ee (Baseline, 2 IPs)

ILC (Baseline)
CLIC (Baseline)

................................................................... 1.cEPc.(Base"ne,2|Ps)
W'W (161 GeV): 5.6 x 10°° cm2s!

HZ (240 GeV): 1.7 x 10°°* cm?s"!

65 GeV): 3.1 x 10

11 11117

11 lllllll

| N B | llll

Call for new generation(s) of brave

theorists to tackle the new challenges...
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Collider HL-LHC FCC-ee240-365 FCC-INT
Lumi (ab!) 3 5402+1.5 30
Years 10 3+1+4 23
guzz (%) 1.5 0.18/0.17 0.17/0.16
gHHH (%) 50 44/33 BoA
27124
Iy (%) SM 1.1 0.91
80
B FCC-ee (EW) -
B FCC-ce (Higgs) —70
B FCC-ce (EW-+Higgs) |
.................................................................................... _.~ 60
.................................................................................... _.f 50
..................................................... _‘E 40
........................................................ _f 30
oo lle B isnnnaabasnnipsenovaefiilces ol « nos @Re s> D+ - .;E 20
5 0

O O

O O
oG W B Sy 9

O O

fQ

[Te1CX0) 0030 O O O O O
Ow)ow) fe o¢q)o¢q) fu A

up 9 by

Fig. 5 Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a
global EFT fit. The constraints are presented as the 95% probability bounds on the interaction scale, A/,/c;,
associated to each EFT operator. Darker shades of each colour indicate the results when neglecting all SM
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theory uncertainties


https://inspirehep.net/literature/1870513

The biggest challenges (for getting the thing off the ground)

* Obviously, the finances (note: not the first science project of the “10 billion class®)
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 People

— Make sure that we will be able to (still) attract the brightest young minds,
especially in a (hopefully not too long) transition phase

— Make sure that the (still) existing technical know-how (accelerators, detectors) is
efficiently transferred to the next generations; mind the long time scales

Prof. Dr. Giinther Dissertori | 9.1.25 40 E'" ZUur ICh



The biggest challenges (for getting the thing off the ground)

* Obviously, the finances (note: not the first science project of the “10 billion class®)
« Sustainability aspects (energy consumption) - public acceptance

 People

— Make sure that we will be able to (still) attract the brightest young minds,
especially in a (hopefully not too long) transition phase

— Make sure that the (still) existing technical know-how (accelerators, detectors) is
efficiently transferred to the next generations; mind the long time scales

« Make sure that, besides such a (timely) flagship project, there remains an
attractive portfolio of other projects at CERN (like in the past).
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What will be needed

* A strong and united Council,
supporting a strong management
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What will be needed

* A strong and united Council,
supporting a strong management

* Visionary and top quality scientists

— never compromise on the
quality of the people

* Highly motivated young people
* A united community
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What will be needed

Timeline for the update of the
European Strategy for Particle Physics

« Astrong and united Council, EnsEy A, e
supporting a strong management S AR REEDN  Tets  blka
* Visionary and top quality scientists | 4) CL 4}
— never compromise on the ® ®
quality of the people Cf ? (T)
 Highly motivated young people Docomber 2024 26 May 202 B oo e T e
« A united community 2“:;'0')‘ Sl

-particle-physi

A remark regarding the upcoming European Strategy exercise:
There is only one question to be answered: do you envision a bright future for CERN?

No need to repeat the entire discussions of the last time — the physics situation is clear,
basically no change since last time. Fight the entropy.
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https://home.cern/news/news/knowledge-sharing/updating-european-strategy-particle-physics

Conclusion(s)
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Concluding statements

» Our current, amazing, understanding of nature at the smallest distance scales is
thanks to a loooong list of
fantastically precise measurements and impressively accurate theoretical predictions
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fantastically precise measurements and impressively accurate theoretical predictions
« Stefano‘s contributions to this understanding have been immense

« Personally, | feel privileged of having had a chance to know and interact with him
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» Our understanding, obviously, is not complete. So what next, how to move on?

« We are at a crucial phase in particle physics’ history, a crucial phase in CERN's history
— Its future could be bright, but this future is not yet secured
— An institution like CERN definitely needs a flagship project for a bright future
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| wish that all stakeholders realize what actually is at stake, and will act accordingly
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Concluding statements

» Our current, amazing, understanding of nature at the smallest distance scales is
thanks to a loooong list of
fantastically precise measurements and impressively accurate theoretical predictions

« Stefano‘s contributions to this understanding have been immense
« Personally, | feel privileged of having had a chance to know and interact with him

» Our understanding, obviously, is not complete. So what next, how to move on?

« We are at a crucial phase in particle physics’ history, a crucial phase in CERN's history
— Its future could be bright, but this future is not yet secured
— An institution like CERN definitely needs a flagship project for a bright future

| wish that all stakeholders realize what actually is at stake, and will act accordingly

Thank you for the invitation!
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