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Precyzja, poczatki

» Tycho de Brahe (~ 1601) orbita Marsa, tablice rudolfiniskie;

— Johannes Kepler (~ 1609) - prawa ruchu planet;
— Isaac Newton (~ 1686) - grawitacja

Kos¢ z Abri Branchard (~ 30 000 lat),

Alexander Marschack, ‘Cognitive Aspects of Upper Paleolithic Engraving'
Current Anthropology (1972),

Interpretacja: Chantal Jegues-Wolkiewicz - prawdopodobnie pierwszy
ksiezycowy kalendarz

Podobnie szkice, jaskinie w Lascaux, ~ 17 000 pne.
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Precyzja, wybrane zagadnienia

Albert Michelson, Edward Morley (1881) - stata predkosé¢ $wiatta (etef);
— A. Einstein (1905) - ?

> — A. Eddington (1919) OTW (zakrzywienie promieni $wiatta);

O. Lummer, E. Pringsheim, H. Rubens, and F. Kurlbaum (1900) - rozktad
promieniowania ciata doskonale czarnego
— M. Planck (1900) - kwanty;

Anomalny moment magnetyczny (i) elektronu (Rabi et al, 1947,
Schwinger, 1948) (ii) mionu;

M. Veltman (1977) p-parametr ~ m?;
— Tevatron (1994) - odkrycie top-u;

LEP era: bozony W, Z, czastka Higgsa (poprawki elektrostabe);
— Eksperymenty LEP, SLAC, LHC;

Neutrina (masy, katy, fazy CP);

Fale grawitacyjne;

Planowane eksperymenty w niskich i wysokich energiach.



Dlaczego zalezy nam na coraz wiekszej precyzji?

» Zwiekszenie precyzji pozwala nam na dojrzenie subtelniejszych
sygnatow;
1. w ramach znanej fizyki (anomalie);
2. nowe procesy, zjawiska;

» Ogdlniej - ustalenie nowych standarddw;
» Konsekwencje

> Historia, ekonomia, nauki spoteczne, polityka, badania podstawowe.

Kontekst: redefinicja jednostki masy, 2018

"The revision of the SI- the result of three decades of progress in metrology”
https://iopscience.iop.org/article/10.1088/1681-7575/ab0013

"The CODATA 2017 values of h, e, k, and N4 for the revision of the SI" -
https:/ /iopscience.iop.org/article/10.1088/1681-7575/aa950a


https://iopscience.iop.org/article/10.1088/1681-7575/ab0013
https://iopscience.iop.org/article/10.1088/1681-7575/aa950a

Prawo wedtug "miary, liczby, wagi”

" To be just was precisely to use balance.”

Przypowiesci Salomona:

" Dwojakie odwazniki sa ohyda dla Pana, a fatszywe wagi, to rzecz niedobra”

Kodeks Hammurabiego 1772 pne - $mieré oszukujacym na wadze




Réznorakie drogi do precyzyjnej fizyki czastek, zaczynajac od skal atomowych

Ostatni zjazd PTF w Krakowie, 2019,
prof. Krzysztof Pachucki "Elektrodynamika kwantowa lekkich atoméw
Krzysztof i czasteczek” (QED)




Precision matters, FCC-ee workshop 2020

Z.Ligeti

Aside: factor-of-2 improvements can matter!

Search for KL~ nnt

ANNALS 0¥ puYsics: 6, 156-151 (1955)

Long-lived Neutral K Mesons”

M. Banooy, K. Laxe, axp L. M. Levemuax

Coumbi Unirety, Now York, New Yok, cnd Brotbese
jonal Laboratories, Upton, N

axp
WiLLIAM CHINOWSKY

‘Brookhaven National Laboratories, Upton, New York

set an upper limit <0.6% on the reactions
(W +€*
K= {e* +¢
Wt + 4

< 0.6%

andon K —#* + 77,

Votuus 13, Newara & PHYSICAL REVIEW LETTERS

Vouuwr 6, No

PHYSICAL REVIEW LETTERS My 15, 1961

'DECAY PROPERTIES OF K, MESONS'
D. Neagu, E. O. Okonov, N. 1. Petrov, A. M. Rosanova, and V. A. Rusakor
Soin sttt of Naclesr Rosearch, Moscow, U,5.5.R.
Receved Apel 20, 1961

Combining our data with those obtained in refer-
ence 7, we set an upper limit of 0.3% for the rel-
ative probability of the decay K, ~5-+7+. Our

<0.3%

“At that stage the search was terminated by administration of the Lab."
[Okun, hep-ph/0112031]

=0.2x0.04 %

27 Juur 1964

EVIDENCE FOR THE 21 DECAY OF THE K, MESON*!

JH. cnn-nenmu J.W. Cronin ! V. L. vu-:n’uun Turlay®
ion University, Brinceton, New Jersey
(Received 10 July 1964)

We would conclude therefore that K,° decays to
two pions with a branching ratio R = (K,~*+77)/
(K;°~ all charged modes) = (2.0 0.4)x 10 where
the error is the standard deviation. As empha-




Nowy wynik (2020)

Aricie | Publshed: 02 December 2020
Measurement of the fine-structure constant as a test of Determination of the fine-structure constant with
the Standard Model anaccuracy of 81 parts per trillion

Wecheng Zhong’ Bran Estey’, © Holgr Miller Léo Morel, Zhibin Yao, Pierre Cladé & Saida Guellati-Khéifa &

Nature 588, 61-65(2020) | Cite this article
6367 Accesses | 1 Citations | 300 Altmetric | Metrcs

a~!(Cs)= 137.035 999 046(27) a~'(Rb)= 137.035 999 206(11)

a~(a,)= 137.035 999 139(31)

Uwaga: (i) nowy wynik juz odchylenie od SM w kierunku jak dla
(9 — 2)u, (ii) duza rozbieznos¢ z Cs (~ 5.40).

Guellati-Khélifa poprawiata eksperyment 22 lata
https://www.nature.com/articles/s41586-020-2964-7 [02 December 2020]
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https://www.nature.com/articles/s41586-020-2964-7

Przesuniecie Lamba — stata Rydberga.

. < . n=2 < heoy
" m =L, = +im = 2,m, =~} hee p—
n=1 ho n=1 her AE~g-2
m=0m,=+Lm=1m,=-}
he, z 2 e —
=0 T,
" b n=0 hur,
n=0,m,=-}
The Electromagnetic Shift of Energy Levels
. A, B

Cornels University, Ithaca, New York
(Received June 27, 1947)

2p(n=1,1=1) 2y, (1=312)

B0 Ny govm | AEss_ap ~ %(Za)4ln(Za)~1057 MHz

Ly-a Physics Letters B
Volume 795, 10 August 2019, Pages 432-437

1s (n=1,1=0)

ELSEVIER

Bohr Dirac The Lamb shift of the 1s state in hydrogen: Two-
loop and three-loop contributions

Robert Szafron e o s wmona

1y A Shelyuto %<, Robert Szafron ¢, Vadimir G. Ivanov ¢




Czy pomiar a ma wptyw na niestandardowe modele (BSM)?

| g a1 = Allowed range

10! 102

Podstruktura: m*, rozmiar L = h/(m*c) — dodatkowa modyfikacja
rzedu da, ~ m./m*
stad wykluczone:

m* <520GeV=L>2x10"%/4x 107" m

Eksperyment ma polepszy¢ doktadnos¢ da. o rzad w nastepnych latach,
bedzie na poziomie czutosci (g — 2),,.



aqep(s), polaryzacja prézni

«10?
8.001 — time-like

1 —— space-like B
7.801 w g (M)
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L e g P
L ¢ €

L .- + ?5‘
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F. Jegerlehner, http://dx.doi.org/10.23731/CYRM-2020-003.9

A :aqep(0) ~1/137, B: aqep(M3) ~ 1/128.


http://dx.doi.org/10.23731/CYRM-2020-003.9

Unifikacja oddziatywan
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Komplementarnos¢ poszukiwan: niskie energie, LFV: u — e, konwersja y — e

Muon Campus today

N iz
e PN
© e e

«PP'\H\Y. e
e v g

my, ~ 200 m,

R+—€ < 7-10713, oczekiwana poprawa precyzji 4 rzedéw,

Wrazliwos¢ na nowe efekty: ~ 10 000 TeV!



tamanie liczby leptonowej, neutrina Majorany, H+*,

Proces Obecne ograniczenie  Oczekiwany limit Eksperyment
wt S ety <42x10 13 5 x 1014 MEG Il
put o ete—et <1.0x 10712 10— 16 Mu3e

—_— pT Al > e Al <6.1x 1013 1017 Mu2e, COMET
wTSi/C — e~ Si/C 5 x 10— 14 DeeMe
T — ey < 3.3x 10~ 5 x 10~ 9 Belle I, FC
= vy <4.4x10°8 10—9 Belle I, FC
T — eee <2.7x 108 5 x 10— 10 Belle I, FC
T ppp <21x10°8 5 x 10—10 Belle II, FC
T — e had < 1.8 x 108 3 x 1010 Belle 11, FC
had — pe <4.7x 10 12 1012 NAG62
h— ep <35x 104 3 x 1075 HL-LHC, FC
[—— < 2.5 x 1073 3 x 10—4 HL-LHC, FC
h— Te <6.1x 103 3 x 10~ 4 HL-LHC, FC

Asymetria materia-antymateria! 7 = % a2 o o 1071

Double beta decay Neutrinoless Wy
which emits anti-neutrinos double beta decay I



Neutrina, wiasnosci

Kilkanascie lat temu (PDG, 1996):

2 1
2 L
1. m,, <15 eV; U U 3o L
PMNS R UTB = | ——= —= ——=
2. my, <170 keV; Ve V32
3. m,, <24 MeV; Ve V3 V2
Ve 151
Mechanika kwantowa! vy, = Vous | 2 ,
Vr Vs
In Standard Model: determined by _2 (. l.
arbitrary Yukawa coupling constants
e o
LMA-MSW sc I e uw T
1
Biswajit Karmakar, MTTD2021 . ° °
M . ° <4—— normal hierarchy
° L]
v, <4——  inverted hierarchy
vy v,
oo oor : 00 10000 tews  tews  terio tewiz
meV eV keV MeV GeV

TeV


http://indico.if.us.edu.pl/event/9/overview

Neutrina, wiasnosci i konsekwencje

Super-K, Hyper-K, T2K, NOvA, Antares, KM3NeT, Juno, Dune, SNO+, Daya
Bay, Double Chooz, RENO, ...

{—0.485,—0.479}  {0.467,0.563} {0.669,0.743}

{0.810,0.829}  {0.539,0.562} {0.147,0.169}
Upmns =
{0.278,0.339} {—0.683, —0.626} {0.647,0.728}

612 = 33.9° + 1.0° PMNS

023 = 36° — 54° 1 v v3
015 = 9.12° & 0.63°

AmZ, = (7.53 £ 0.18) x 10~° [¢V?] Ve . u

Amj, = (2.44 % 0.06) x 10~° [eV?]

CKM v,
- ° ° g . .
" : o . .

Whiosek: Fizyka neutrin wkroczyta w ere precyzji.
Do 2030: hierarchia mass, dcp (moze), absolutne masy, Majorana-Dirac,
L. Wen, EPS2021.

THEMIRROR
CRACKD




Neutrina, wiasnosci i konsekwencje

The CP Phase

T2K Run 1-10 Preliminary
T T T

—— Normal ordering

Inverted ordering

i NOVA FD  13.6x10% POT equiv v + 12.5x10%° POT ¥
T T

T
[ ==+NH Lower octant ]

— NH Upper octant
===1H Lower octant

6 = - /2 favored

Large range of values of 6.,
around +7/2 are excluded at
EENS

Best-fit 6= 0.82 1
Exclude IH 6 =1/2 at >30
Disfavor NH & = 3t/2 at ~20

1H Upper octant

I Normal Hierarchy
0.5

0.4

[ NOVA: + BF <90% CL
03[ 9\/ [:‘| 90% Cl

[ T2K, Nature 580: = BF — <90%CL -
Run 1-9)

<68% CL

W <es%cCL ]

0 T T

2
Alex Himmel @ Neutrino 2020 dcp




FUTURE COLLIDERS

HL-LHC,
HE-LHC,
FCC-hh,
lon, lon-e,
LHeC/FCC-eh, Matter To The Deepest 2021
b/c/tau,
muon,

®
SppC, —_—
FCC-ee,

ILC,
CLIC,

SLAC - 3.2 km, Tevatron - 6.2 km, LEP/LHC/HL-LHC - 27 km, ILC/CLIC -
50 km, FCC/CEPC - 100 km



EPPSU Briefing Book

arXiv.org > hep-ex > arXiv:1910.11775

High Energy Physics - Experiment
Physics Briefing Book

European Strategy for Particle Physics Preparatory Group
(Submitted on 25 Oct 2019)

The European Particle Physics Strategy Update (EPPSU) process takes a bottom-up approach, whereby the community is first invited to
submit proposals (also called inputs) for projects that it would like to see realised in the near-term, mid-term and longer-term future. National
inputs as well as inputs from National Laboratories are also an important element of the process. All these inputs are then reviewed by the
Physics Preparatory Group (PPG), whose role is to organize a Symposium around the submitted ideas and to prepare a community
discussion on the importance and merits of the various proposals. The results of these discussions are then concisely summarised in this
Briefing Book, prepared by the Conveners, assisted by Scientific Secretaries, and with further ibutions provided by the C:

listed on the title page. This constitutes the basis for the considerations of the European Strategy Group (ESG), consisting of scientific
delegates from CERN Member States, Associate Member States, directors of major European laboratories, representatives of various
European organizations as well as invitees from outside the European Community. The ESG has the mission to formulate the European
Strategy Update for the consideration and approval of the CERN Council.

Comments:  254p
Subjects: High Energy Physics - Experiment (hep-ex); High Energy Physics - Phenomenology (hep-ph)
Report number: CERN-ESU-004

Cite as: arXiv:1910.11775 [hep-ex]



Constituent Center-of-Mass Energy

Historia, przysztosc¢

FCC-ee: Your Questions Answered

(S et pag o the i of uthon)
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F. Zimmermann, 11th FCC-ee Workshop, CERN, January 2019

https://indico.cern.ch/event/766859

vertical spot size challenge
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FCC-ee in the regime of FFTB, ATF-2, and especially SuperKEKB



https://indico.cern.ch/event/766859

J. Wenniger, LEP Fest 2000, https://indico.cern.ch/event/408341/

) Moonrise over LEP @

Fall of 1992 : The historic tide experiment !

T 46475 | N, th 1992
2 ¢ ﬂ
= \
) A :
S
o
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s *
a A
H Tde prediction #
M \
46465 |\ + \_ 4
t
2:00  6:00 18:00  22:00  2:00

Daytime

total strain is 4 x 10® (AC = 1 mm)

J.Wenninger - LEP fest 8



https://indico.cern.ch/event/408341/

The Future Gircular Collider (FCC) study is

aimed

completed its operational Iifetime. The FCC will

questions in science: What s dark
The FCC collaboration, hosted

is open to universities,

the current energy and lUmINOSity frontiers in order 1o help answer the most fundamental

dimensior the u

before the end of 2018, in time for the next update of the European Strategy

FCC-hh— A discovery machine HGee A machine for precision / FCC-he -

The 100 TeV, proton-proton collider (FHC-hh) will
have an energy seven times higher than the LHC.
such a collider will give access to the smallest scales
and ‘energetic phenomena in nature.

New ntal forces and particles can be
discovered, extending the reach for searching dark
matter pamas, SUpSTSYmMEtTC parters of quarks
and gluo

The second scenario af the FGC design study (FGC-

energies between 90 and 350 GeV. Located in the
same 100 km long tunnel as the FCChh it is
considered a potential intermediate step towards
the reakization of the facility, and

Billions of Higgs bosons and trillons of

will be produced, nziﬁlgmuwwmriﬁﬁhrm
study of rare decays, flavor physics, and the
mechanism of electroweak symmetry breaking .

The Fec-lih collider provides also the opportunity o
push the exploration of the collective structure of
matter & the most exreme density and
temperature conditions to new frontiers through
the study of heavy-ion collisions.

Clean _experimental conditions give  electron-
pasitron colliders the capability to measure known
particles with the highest precision.

FCC-ee would measure the properties of the Z, W,
Higes and top particles with unequalled accuracy,
affering the potential for discovering dark matter or
heavy neutrinos. The FCC-ee could enable profound
investigations of electroweak symmetry breaking
and open a broad indirect search for new physics
‘over several orders of magnitude in energy.

rse? Are there other forces in nature?

rsm:d high-tech companies. A conceptual design will be delivered
Physics.

celerator that will replace the LCH once it has

Future Circular Collider — A key to new physics

The FCC study explores three different scenarios: a hadron-ha
collider (FCC-hh), an electron-positron colider (FOC-ee), an
hadron-epton (FCC-he) collider. The hadron-hadron collider def
the overall infrastructure for the FCC. With a target center-of-n
energy of 100 TeV, and 16-Tesla bending magnets, such a mad
will have a circumference of 100 km.

opportunities
by the 50 Tev

with the provided
the potential availability of an

proton

electron| vith of the
mmmwhﬂnph‘snﬂﬂnp

inelastic
The FCC-he collider would be both a high-precision
HigEs factory and a powerful microscape 10 discaver
new particles. It would be the mast acaurate tool
for studying quarkgluon interactions, passible
substructure  of  mater  and unplmdenbed
measurements  of strong

interaction  phenomena.  The In‘lmn—denmn
collider is 3 unigue complement 1o the exploration
of nature at high energies within the FOC complex

Contacts and further information

FCC - FeC Office
foc office@cem ch

2

http://fcc.web.cem.ch

EuroGirCol - Prof. Carsten P. Welsd
carsten welsch@ cockoroft.ac uk

¥¥|universiTy o
Ky LIVERPOOL
http://www.eurocircol.eL

e



~ 50 lat fizyki bozonu Z — dwustronicowa praca

S. Weinberg, ‘A model of leptons’

VOLUME 19, NUMBER 21

PHYSICAL REVIEW LETTERS

20 NoveMmBER 1967

and

020"+ " -20AT 0= - havr. ()
The condition that ¢, have zero vacuum expec-
tation value to all orders of perturbation the-
ory tells us that A* =M ?/2k, and therefore the
field @, has mass M, while ¢, and ¢~ have mass
zero. But we can easily see that the Goldstone
bosons represented by ¢, and ¢~ have no phys-
ical coupling. The Lagrangian is gauge invar-
iant, so we can perform a combined isospin
and hypercharge gauge transformation which
eliminates ¢~ and ¢, everywhere® without chang-
ing anything else, We will see that G, is very
small, and in any case M, might be very large,’
s0 the ¢, couplings will also be disregarded
in the following.

The effect of all this is just to replace ¢ ev-
erywhere by its vacuum expectation value

(@ =x(3) ©

The first four terms in & remain intact, while
the rest of the Lagrangian becomes

B CY !

-1 A’(gAu’ +g’Eu)’-M,‘2§z, (W] |

ig M g’ "
' VW Bt By eA
w77 Qe W B ey ed

A s

We see immediately that the electron mass
is \G,. The charged spin-1 field is

W =27VEHA Vaid 2
o (A, '+id” (®)

and has mass

=g 9)

The neutral spin-1 fields of definite mass are
Z = (g2+g")"MgA *4g'B ), 10
Paitalel (g“g#) (10)
A= Ay-M2_gra 3,08 ).
p= (BT gA P gB ) 11y
Their masses are

=g+, (12)

M, =0, 3)

50 A, is to be identified as the photon field.
The interaction between leptons and spin-1
mesons 15

38",
(- SUARE RS e, aw



LEP (W, Z), LHC (H") - uksztattowanie Modelu Standardowego

@ QUARKS @ LEPTONS (@ BOSONS @@ HIGGS BOSON

Janusz Gluza



LEP (W#,Z), LHC (H") - uksztattowanie Modelu Standardowego

A mind to rank with the greatest

Steven Weinberg, one of the greatest theo-
retical physicists of all time, passed away on
23 July, aged 88. He revolutionised particle
physics, quantum field theory and cosmol-
ogy with conceptual break throughs that still
form the foundation of our understanding of
physical reality.

Weinberg is well known for the unified
theory of weak and electromagnetic forces,
which earned him the Nobel Prize in Physics
in1979, jointly awarded with Sheldon Glashow
and Abdus Salam, and led to the prediction of
the Z and W vector bosons, later discovered at
CERNin1983. His breakthrough was thereal-
isation that some new theoretical ideas, ini-
tially believed to play a role in the description
of nuclear strong interactions, could instead
explain the nature of the weak force. “Then it
suddenly occurred to me that this was a per-
fectly good sort of theory, but [ was applying
itto the wrong kind of interaction. The right
place to apply these ideas was not to the strong
interactions, but to the weak and electromag-
netic interactions,” as he later recalled. With
his work, Weinberg had made the next step in -
the unification of physical laws, after Newton Steven Weinberg radically changed theway we lookat the universe
understood that the motion of apples on Earth

gty vegorndyiesns. [0 my life, Thavebuilt s sty ontiws o sene
that electric and magnetic phenomenaare the only one model Steven Weinberg is among the very few indi-

expression of a single force. viduals who, during the course of the history



Theoretical Predictions for the LHC

Hard (perturbative) scattering process
72> N(N)LO QCD + EW
P

Hadronization/fragmentation/decay o
» pheno models A

Y
Mult Particle Interactions (MPI) = g
» pheno model =

Key: QCD factorization:
h1

Short distance non-
perturbative effects (PDFs)

QCD Bremsstrahlung
» parton shower
» matched to NLO matrix elements

X PDFs

» DGLAP fitting QED Bremsstrahlung
» parton shower

» matched to NLO matrix elements

{d@ -y / d.x:,:l.x:-zf,”")(:.)fér")(m-z)déy_,(J‘lrz,s)]
%

"Standard Model Theory, Jonas M. Lindert, EPS 2021,
https://indico.desy.de/event /28202


https://indico.desy.de/event/28202

Od 2012: coraz wieksza precyzja, szerokie spektrum proceséw

35.9-1371b” (13 TeV) LU L e e
T T ATLAS Preliminar =

G- aTov 2hs ot ) Total CStat. ==Syst. 11 SM
m,,:‘ZSDSGeV-Vﬂk’ZS

Py = 87% Total Stat. Syst.
9oF vr
99F ZZ
ggF ww
ggF 1 —

T T
E CMS

my, = 125.38 GeV
E p-value = 44%

=)
L

103 son( o, 13%)
094 133
108 o
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b _.e* ‘ggF comb.

102F f,,-?' B VBF 17
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-

- VBF WW v
. §  Vector bosons VBF -

o ]
W . 3 3“generation fermions VBF Lo

' VBF Gomb.

i Muons VAT

L e SM Higgs boson 4 VH 22
1 04 ! 99 VH bb

VH comb.

HHAH Ty re
HHAH VY

MHAtH =
ftHAtH bb e

Ratio to SM

lw“”.r,{l nu!'

HH1H comb.

|
Particle mass (GeV) o 0 2 4 6 8

ATLAS 2020: https://cds.cern.ch/record /2725733
CMS 2020: http://cds.cern.ch/record /2730058


https://cds.cern.ch/record/2725733
http://cds.cern.ch/record/2730058

HL-LHC IS A HIGGS FACTORY

>At HL-LHC, we expect to produce ~170M Higgs Bosons, including ~120k of pair produced
events

>Over 1Million for each of the main production mechanisms, spread over many decay modes

9 ST
99 fusion "> >H 3000 b - Total Everss. 100000000

92000000000l * = Non-hadronic

3000 fb!

. w2 HH ~100k
ST 10000000
7 b
T\, Zbremsstabhung
o - 1000000
i w  wE o wM o m
e fusion w
9 \
<
S22t
g o
E A bb m o e 0o W WW Z Xy Ny
2Enables a broad program:
N Precision O(few %) measurements of couplings across broad kinematics
< . . . .
< > Exploration of Higgs potential (hh production)
N - . . )
g( > Sensitivity to rare decays involving new physics
o

> extend BSM Higgs searches (extra scalars, BSM Higgs resonances, exotic decays...)
15




Czy "krajobraz" potencjatu moze byé tak prosty? Géra Mayon
(Znana jako " doskonaty stozek)

+
@E@SM = <(ZO)

—’®T P 4+ A(®TD)?
Vinin = v/V2,v = /p2/X ~ 250 GeV

180 f Instabilty region
> _
5 17
o 175 Meta-stabilty
76 -
4
2
Z172F "
=170 -
o Stabilty region
20 122 124 126 128 130

Higgs mass, m;,/GeV



Compositeness - testing substructures of elementary particles

Higgs Factories

» The Higgs boson has a size/wavelength. What'’s
inside?

Precision measurements are
different ways of probing
the “compositeness of the
Higgs”.

Moev <10 m

PTF2021 + Matthew Philip Mccullough, Oxford 2019,

https://indico.cern.ch/event/783429 /contributions /3305140 /attachments /1829729/2996092/CEPC.pdf


https://indico.cern.ch/event/783429/contributions/3305140/attachments/1829729/2996092/CEPC.pdf

Is the Higgs Fundamental?

Including direct searches for the associated

composite-sector mesons
Composite Higgs, 20

10F%

m, [TeV]
provides valuable complementary information.



The Electroweak Phase

Transition

The EW phase transition only happened once, a long
long time ago. How can we tell what happened,

Weak Scale
__BesistaneeimTT

06 0.62 0.64

UD.SZ 0.54 0.56 0.58 X
T TempermMreimidelvin—

Cosmological temperature...

and study the details of the phase transition?

18



Alain Blondel, Epiphany 2021 https://indico.cern.ch/event/934666

gy Gluon-Fusion

Fi EL “I\ j == Loop - Top coupling
T \s=8Tev 33 _W' ; (99— H) " BSM contribution?
= G
= i
k =i S . — VBF - i
E| ~ ree level W(/Z) V coupling
Y E (gq H)
& ]
g
¥

LH____ Tree level top coupling

P # W H i
W, Z .- Tree level W coupling
100 } rrrrr g =
M, [GeV] 7 g —
s ZH____ Tree level Z coupling

THE LHC is a Higgs Factory...BUT

~100 Million Higgs already produced... more than most “Higgs factory” projects.

Oi>f

observed 2 2 relative error scales with
i oc 0-prod (gHi ) (ng)

1/purity and 1/Vefficiency of signal

We don’t know this until measured directly

difficult to extract the couplings because .4 uncertain and I'; is unknown

jnvisible+ unm r hannels) > m ?hxi with ratios.
07.01 70(;151 sible+ unmeasured channels) a‘\JnSt%on of Sics Btmz?{esos 36


https://indico.cern.ch/event/934666

LHC/HL-LHC nie wyjasni wielu kwestii w SM/BSM

Jakie skale energii mozemy bada¢ (TeV)? Jakie zderzacze?

Przyktad: rozpady egzotyczne bozonu Higgsa, 1612.09284
‘Exotic decays of the 125 GeV Higgs boson at future e e~ lepton colliders’ by Liu, Wang, Zhang.

BR(h-Exotics)

95% C.L. upper limit on selected Higgs Exotic Decay BR



https://inspirehep.net/literature/1507128

Czuto$¢ FCC-ee, poréwnania, Blondel & Janot inspires

Upper Limits / Precision on K,

@ =
< F
10° &=
10 &
1 | Sandard Model ! .
E T 13
E o = =
F 25 25 ¢ £ CEN )
o& R S I5) A - S -
101 & 5 = s} o oo
E I s Lo [y

Sprzezenie Higgsa do elektronéw: He™ e~


https://inspirehep.net/literature/1773245

Jorgen D'Hondt, " Strategies and plans for particle physics in Europe”,

Epiphany 2021, https://indico.cern.ch/event/934666

e*e” Higgs Factories (incl. B/c/t/EW/top factories)

1000

precision 2 1Ps assumed for FCCE'PES i energy
. circular colliders LG 4
frontier ILCup frontier
100 CLIC --m--
synchrotron radiation y~=~\CLIC-up o

8.5 years (4hb! @ 0.5 TeV)

8.5 years (8abl @ 1 TeV)
7 years (2.5ab* @ 1.5 TeV)

CLICJ 8 years (5ab’ @ 3 TeV)

for the same power, less
luminosity at higher E_,
(Energy Recovery Linac
technology might mitigate this

1
& allow to go to higher E,,) /ﬁ)o == 1000

Ecm [
Higgs Factories with complementarity
B/c/t/EW Factories
/ / / *  8uz (250GeV) versus gy (380GeV)
per detectorine’e #z #8 #t | #charm [ #ww + top quark physics
LEP 4x108 1x100 3x10° | 1x10° 2x10¢ «  beam polarization for EW precision tests
SuperKEKB - 10 104 104 - (transverse polarization in circular e*e collders only at lower
E,m while longitudinal polarization at linear colliders
FCCee 25x102 | 75x100 | 2x10% | 6x10% | 15x108



https://indico.cern.ch/event/934666

Luminosity [10* cm2s]

Z(91.2 GeV) : 4.6 x 10™ cm?s

107 |

W'W (161 GeV): 6.4 x 10% cm?s'!

>

«
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r_—«z:_ua;u_uq‘cm:s‘_:_
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ﬁ 34 .2,

FGG-ee (Baseline, 2 IPs)

FCC-ee (with 10% safety margin)

ILC (250 GeV baseline)

- JLC (with Jumitenergy Upgrade).

CLIC (Baseline)

GEPG (100km, double ring)

111

1

|
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Alain Blondel, Epiphany 2021 https://indico.cern.ch/event/934666

N Fi The opportunities  The challenges
'~ — |
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Precision EW measurements:
is the SM complete?

Loviprr = £y + 3 5501

Notheory

o,

o
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L
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s =
3

0 010®0 0WO™ O
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g LI

-A- EFT D6 operators (some assumptions)

-A- Higgs and EWPOs are complementary
-A- top quark mass and couplings essential!
(the 100km circumference is optimal for this)

<-- systematics are preliminary

(aim at reducing to systematics)
<--tau, b, and c observables still to be added
<-- complemented by high energy FCC-hh
Theory work is critical and initiated 1s09.01830


https://indico.cern.ch/event/934666

Expected precision in 2040

o Conclusion of the 2018 Workshop

"We anticipate that, at the beginning of the FCC-ee campaign of precision
measurements, the theory will be precise enough not to limit their physics interpre-
tation. This statement is however conditional to sufficiently strong support by the
physics community and the funding agencies, including strong training programmes".

+ Numerical evaluation with three-loops calculations:

arXiv:1901.02648
[ 0Tz [MeV] [ 6R, [10~7) [ 6R, [107°] | dsin’}, 6 [10°F]
Present EWPO theoretical uncertainties
EXP-2018 23 250 66 160
TH-2018 0.4 60 10 45
EWPO theoretical uncertainties when FCC-ee will start
EXP-FCC-ee 045705 10 2+6 —6 3
TH-FCC-ee 0.07 7 3 7
e 500 person-years needed over 20 years — Recognized as strategic priority.
Patrick Janot FC%XYE%'; g{rﬁzsels 23

a Cross section : Z mass and width

+ ~30% QED corrections (ISR)



Collider Physics at the Precision Frontier G. Heinrich, 2009.00516

analityczne numeryczne
kasowanie biegunéw doktadne z niepewnoscia numeryczna
kontrola catkowalnych osobliwosci kontynuacja analityczna mniej bezposrednie
szybka i stabilna ewaluacja tak (przewaznie) zalezy
rozszerzenie na wiecej skal/petli trudne obiecujace
automatyzacja trudne mniej trudne

Mocne i stabe strony analitycznych i numerycznych metod obliczeniowych dla catek petlowych.

Skale mas :
A M12~1 M{%V mf s+tie
MZ ML MZ0 MZ



https://inspirehep.net/literature/1814379

Metoda Wynik Btad absolutny

MBnumerics | -18.779406962 - 6.390785027 - i 10794+107° -4

pySecDec | -18.787167067 - 6.384327811 - ¢ | 0.0093 + 0.0097 - ¢

dPk; dPks dPks
iﬂ.D/Q ,L‘ﬂ.D/Z 7;7.|.D/2

/ [(p1 + k1)?]* [(By — ko)) 2 [k3]% [— M, + (ko — ks)?]o4[(ky — ks)?]s
1
[k3]ee (k3197 [(p1 + K2)?]s[(p1 + k3)?]0

D=4 —2e.



Klasyfikacja diagraméw ztozonos$¢ obliczen

Z — bb
Liczba 1 petla 2 petla 3 petla
topologii 1 5 50
Liczba diagraméw 15 1114 120187*
Petle fermionowe 0 150 17580
Petle bozonowe 15 964 102607
QCD / EW 1/14 | 98 /1016 | 10405 / 109782

* diagramy tensorowe w dekompozycji "rozmnazaja" sie w rézny sposéb
w zaleznosci od stosowanej metody obliczen.



Fizyka zderzaczy to w gruncie rzeczy ... magia $wiata matematyki!

Annals of Mathematics, 141 (1995), 443-551

Modular elliptic curves A
and
Fermat’s Last Theorem

Feynman integrals and iterated integrals
By ANDREW JOHN WILES*

of modular forms

For Nada, Claire, Kate and Olivia

LUISE ADAMS AND STEFAN WEINZIERL

Cubum autem in duos cubos, aut quadratoquadratum in duos quadra-
toquadratos, et generaliter nullam in infinitum ultra quadratum
potestatum in duos cjusdem nominis fas est dividerc:  cujes rei

demonstrationem mirabilem sane detexi. Hanc marginis exiguitas
non caperet.

Analityczne rozwiazania dla wielopetlowych " masywnych” catek opisujacych
rozpraszania czastek wykraczaja poza funkcje eliptyczne v



Podsumowanie

Kilka fundamentalnych probleméw zwiazanych z precyzyjnymi badaniami

w fizyce czastek elementarnych:
» Potencjat Higgsa, czastki skalarne;
» Jaki model BSM w przypadku anomalii?
» Asymetria CP (kwarki, neutrina, skalary);
» Mieszanie zapachdéw, hierarchii mas kwarkéw, neutrin, typ neutrin;
>

Zagadnienia astro i kosmologiczne.



Przysztos¢ fizyki

“in this field, almost everything is
already discovered, and all that remains
is to fill a few unimportant holes"

advice to the young Max Planck
not to go into physics, Munich 1878

Prorokowanie jest trudne.

Albert Michelson (1894):

"It seems probable that most of the grand underlying
principles have been firmly established (...) the future
truths of physical science are to be looked for in the
sixth place of decimals"

Q: Dear Albert: What about special and general relativity, and quantum
mechanics, particle physics, ...?7



Dziekuje za uwage.




Cztowiek rozsadny dostosowuje sie do swiata. Cztowiek nierozsadny
usituje dostosowaé Swiat do siebie. Dlatego wielki postep dokonuje sie
dzieki ludziom nierozsadnym. George Bernard Shaw




Dodatkowe slajdy
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Compositeness - testowanie podstruktur czastek elementarnych

The magnetic moment of charged leptons (e, 1, 7): /i =@2%§

Dirac: g =2 §

2

y/\‘ quantum effects ‘/.\

Julian Schwinger g

«
[1948] N 9=2 (1 * 27)
u 12 u
1
Sl

Anomalous magnetic moment:

a= % = 0.00116. ..

Janusz Gluza



Compositeness - testowanie podstruktur czastek elementarnych, (g — 2),

El“ = a,(QED) + a,(Weak) + au(Hadronicﬂ

OED L, M6eEMTISIMW x 107" 0,001 ppm
Weak :

AL 153.6 (1.0) x 10711 0.01 ppm

w TN

Hadronic...
...Vacuum Polarization (HVP) 6845 (40) x 10~ 0.37 ppm
@ A .. [0.6%]
...Light-by-Light (HLbL)

g' s 92(18) x 107! 0.15 ppm

(13 3 ',:; +... [20%]

u



Compositeness - badanie prézni, https://youtu.be/81PfYnpuOPA

Image Credits: Derek Leinweber

New physics search

Measuring the precession tells us the
muon magnetic moment

The high precision allows us to ‘see’
if new particles or forces are
contributing to the anomaly!

g-—2

a, 2

Dark matter! SUSY! Monsters yet to
e ey tiates be imagined!

~

1

o

deJ 2
u‘)d @

saae @ o

£ Fermilab


https://youtu.be/81PfYnpuOPA

Nowy wynik Fermilab 2021

Comparison to SM prediction

a,(SM) = 0.00116591810(43) -> 368 ppb

BNLg2 +——e—+
>37c

FNAL g-2 +——o—+

2330
A \
4 420 >
\ v
—_—— +——+
Standard Experiment
Model average

175 18.0 185 19.0 19.5 20.0 20.5 21.0 215
a, - 10° — 1165900

Individual tension
with SM

- BNL:3.7¢

— FNAL: 3.3c

a,(Exp) - a,(SM) = 0.00000000251(59) = 4.26

£ Fermilab



Elektromagnetyzm: atomy, chemia, biologia

62 D)
_ ¢e 4regL e h
— o= —s = 2 = 9 L=—
mc mc 4mephc mc

qQ 1 qQ
F=k—= —
72 4eq T2

Stata struktury subtelnej & wynosi liczbowo okoto 1/137 [137.035999206(11)]

Czy 1/136 lub 1/138 robi réznice?
Procentowe zmiany w wartosci « implikuja czerwone lub niebieskie gwiazdy
(" Gravitation”, Misner, Thorne, Wheeler)

https://www.nature.com/articles/s41586-020-2964-7 [02 December 2020]


https://www.nature.com/articles/s41586-020-2964-7

Ramy czasowe startu planowanych przysztych duzych eksperymentéw

0.5/ab 1.5/ab
250 GeV 250 GeV

5.6/ab
. 240 GeV

1.0/ab
or 380 GeV

FcC 150/ab 10/ab 5/ab
ee, M, e, 2My | ee, 240 GeV

(=] [
CEPC z W

Ic 250 Gev B 500 GeV & 350 GeV
FCC-ee. z W 240Gev || 350-365GeV

cLic 380 GeV | ]
LHeC
FCC-eh/hh:
HE-LHC
SPPC
HL-LHC

Janusz Gluza



tau, A. Blondel, Epiphany 2021
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T-lepton properties and
Lepton Universality

Snowmass2021 - Letter of Interest a) Mass
Tau lepton properties and lepton universality b) Llfetlm.e " X
measurements at the FCC-ee <) Leptonic branching fractions
“Thematic Areas;
W EF(4: EW Physies: EW Precision Physics and constraining new physics = 17.90
W EF03: EW Physics: Heavy flsvor and iop quark physics g v S — }
& oday (2018) |
Contact Information z
Mogens Dorm (Nisls Bobe Institte, Copenbagen Usiverst) [dam0ni k] § 8-
b

Authors: @
Alain Blondel!, Mogzns Dam?, Puick Janor™ w5
Abstract:
"The FCC-ce is a frontier Higgs, Top, Elecuoneak, and Flavour factory. Tt will be operated in a 100-km ¢ir- 1775
calactonnelbul i he CERN srea andwill P :

ls i 111, With its buge 1 ity at I N
pes, g samp 5% 101 7 deca The five ordars \
of magaiude pun a1 e posil <lepion .70 b
Sropertiesifetme, leponic) branching ractions, and msss—in =/ fnal sate. Such meceuremans Lepton universality with

. ing csts o o i constant i the

same in © decays as in  decays. The ultimaie goul, that experimental errcrs maich the statstical aceuracy, By Ec £ 0 MaV
e 0 highly demanding i on detstordesga, This Lot of st deseibs some of e 17.65 ;
many challenges presenied by thisbonchomark measorernen, 289 a0

<lifetime [fs]

This measurement is sensitive to heavy neutrino mixing with the v_



Flavour physics numbers for FCC-ee

Table 7.1: Expected production yields of heavy-flavoured particles at Belle II (50 abfl) and FCC-ee.

Particle production (10°) B°/B° BT /B~ BY/B! A, /A, € Tt
Belle II 275 275 /a na 65 45
FCC-ce 1000 1000 250 250 550 170

Table 7.2: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B? = K**(892)e e are given in the low ¢ region.

Decay mode B’ — K*(892)eTe” B’ - K*(892)x't~ By(B%) »uu

Belle IT ~ 2000 ~ 10 n/a (5)
LHCb Run I 150 - ~15()
LHCb Upgrade ~ 5000 - ~ 500 (50)

FCC-ee ~ 200000 ~ 1000 ~1000 (100)




The ‘universe’ stability fate phase diagram, https://arxiv.org/abs/1707.08124

Dotted lines indicating the scale at which the addition of higher-dimension could stabilize the SM
(one of possible BSM scenarios). Is BSM needed there?

‘The Standard Model of Particle Physics as a Conspiracy Theory and the Possible Role of the
Higgs Boson in the Evolution of the Early Universe', F. Jegerlehner, 2106.00862



https://arxiv.org/abs/1707.08124
https://inspirehep.net/literature/1866834

DG Fabiola Gianotti, CERN vision and goals until next strategy update, — pdf
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Tadeusz Lesiak Polish Physical Society (pdf): Nieracjonalna uzy ¢ fizyki dla
German Rodrigo, MTTD2021, The future of particle physics

https://inspirehep.net/literature /1425942


https://indico.cern.ch/event/923801/contributions/3942028/attachments/2138905/3603386/FCC-2020.pdf
http://www.ptf.us.edu.pl/wordpress/?p=970
http://indico.if.us.edu.pl/event/9/timetable/##20210915.detailed
https://inspirehep.net/literature/1425942
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Engineering

There are 10 times more engi and technicians employed by CERN
than research physicis




BASIC RESEARCH
fudomental forces
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Fizyka jadrowa, Nuclear reaction Terapia ciezkimi

fuzje, jonami
datowanie Backscattering

Microstructures X

lithography  litografia

Glosses
production
. . Semiconduct Produkcja
Nadprzewodniki piatary | . ! .
radioizotopéw

Modyfikacja

polimeréw



WHAT'S THE USE OF BASIC SCIENCE?

Christopher Llewellyn Smith, by C.H. Llewellyn Smith,
Director-General of CERN from 1994-1998 former Director-General of CERN
Original:The use of basic science

Content:
1. Introduction

2. Basic versus applied science

3. Benefits of basic science

4. Why governments must support basic science
5. Can it be left to others? Lessons from Japan?
6. What science to fund

7. Concluding remarks

Video: https://cds.cern.ch/record/3881107In=en
https://www-zeuthen.desy.de/ jknapp/JK/Reading_files/basic_science.html


https://cds.cern.ch/record/388110?ln=en
https://www-zeuthen.desy.de/~jknapp/JK/Reading_files/basic_science.html

Znaczenie " basic science”

Faraday... anegdota - podatki.

Dyr. Fermilabu pytany przez kongresmenéw USA:

Q: "What will your lab contribute to the defence of the US?"

A: "Nothing, but it will make it worth defending”

Ekonomia, aplikacje:

Casimir o uzasadnianiu badan podstawowych: “l have heard statements
that the role of academic research in innovation is slight. It is about the
most blatant piece of nonsense it has been my fortune to stumble upon”
“Styszatem stwierdzenia, ze rola nauki akademickiej w inowacjach jest
niewielka. Jest to najbardziej razacy kawatek bzdury na ktéry miatem
szczescie sie natknad” ...

One might ask even whether induction coils in motor cars might have
been made by enterprises which wanted to make motor transport and
whether then they would have stumbled on the laws of induction. But the
laws of induction had been found by Faraday many decades before that.



Accelerators’

® semiconductor industry
® sterilisation - food, medical, sewage
® radiation processing
® non-destructive testing
® cancer therapy
® incineration of nuclear waste
® power generation (energy amplifier)?
@ source of synchrotron radiation (biology, condensed matter physics...)
® source of neutrons (biology, condensed matter physics...)
Particle detectors
® Crystal Detectors?
» @ medical imaging
® security
® non-destructive testing
® research

Multiwire Proportional Chambers
® container inspection
® research
Semi-conductor Detectors
® many applications at the development stage



Informatics

World Wide Web3

Simulation programmes

Fault diagnosis

Control systems

Stimulation of parallel computing

Superconductivity

Particle physics

multifilamentary wires/cables

nuclear magnetic resonance imaging

many others (cryogenics, vacuum, electrical engineering, geodesy...)



Gdzie jestesmy: wymiary i skale
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‘A democratic Cosmos’, Y. Yargic, G. Franzmann
https://arxiv.org/abs/1910.00481


https://arxiv.org/abs/1910.00481

