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Fundamental questions...

Today t,

Life on earth
Solar system

Quasars

Galaxy formation
Epoch of gravitational collapse

Recombination
Relic rodiation decouples (CBR)

Matter dominance
Onset of gravitational instability

Nucleosynthesis
Light elements created - D, He, Li

Quark-hadron transition
Hedrons form - profons & neutrons

Electroweak phase transition

Electromagnetic & weak nuclear
forces become differentioted:
SU(3) x SU(x) x U{1) — SU(3) x U(1)

Particle Desert
Axions, supersymetry?

Grand unification transition

6 —H —SU(3) x SU[2) x U(1)
Inflation, baryogenesss,

manompoles, cosmic strings, etc?

The Planck epoch
Quantum gravity?

®e G ravity?

* What is the world made of?
* What holds the world together?
* How did the world begin!?

electron
<10"'%cm
proton
é' (neutron)
quark
g <10"%cm
nucleus _,
~10"%cm

~10"%cm

Weak Strong
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Brief Hlstory of Partlcle Phy5|cs
IST I___roo 2000 12
.,.I.D.,hOt_on ] I

I i._.|,L'_.: 15

bosons

Standard Model
from concept to discovery

s

| Theorised/Explained

| Discovered
Gluon | | 1959
W-boson Muon vs Electron
Z-boson neutrino
]
Tau neutrino
HIGGS BOSON :

Courtesy to The Economist



What is the Standard Model?

A Quantum-Field-Theory:
which specify:

* particles

* interact

Particles as
quantum field
excitations

Interactions are
due particle
exchange

Particle Zoo: ( + antiparticles!)
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Theory of Almost Everything, Robert Oerter

H

Higgs
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https://books.google.ru/books?id=KAMlsa8jjt4C&printsec=frontcover&hl=ru&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
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What is the Standard Model?

Crucially the fundamental particles
are dll connected to one another

: : . Electromagnetic
via the various forces

SU(2)xU( + Weak

SU(B)C WEBOsons

COlorﬂJl Strong @ @ Photon

“force”-mediators

=1UoNSs
0000
0009 ~—
LEDIONS
o ° ° SOl ° e °
three quark colors
4
I:l[ng[.'- Boson
Gauge symmetries
o SU@B) x SU(2) x U(!) dictate
interaction pattern between

particles
Confinement... Theory of Almost Everything, Robert Oerter



http://www.thomasgmccarthy.com/an-introduction-to-collider-physics-i/
https://books.google.ru/books?id=KAMlsa8jjt4C&printsec=frontcover&hl=ru&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false

9/42

What is the Standard Model?

All this information is encoded in the SM
Lagrangian

]' 174
L = —FuF"™ +|D,0 V(e)

+ Z&ﬁ@b + (?Lzyq,ﬂqub + h.c.)

Vi fermions (spin 1/2)
F,Uﬂ/ vector bosons (spin 1)

@  scalar bosons (spin 0)

Gauge symmetries Invariance under v .=
SU(3) x SU(2) x U( transformations . v TRy
. . . s T 'ﬂq}‘-:,jﬁw..:_
dictate interaction > of fields )
pattern between ,
particles « y -
- /
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Perturbation theory and Feynman
Diagrams

1 174
L = —FuF"™ + D0~ V(9)

+ Z@Eﬁw + (&zywqub + h.C.)

Every term in the Lagrangian with more than 2 fields corresponds
to an interaction, e.g.,

; WHAT PART OF

D0 you Hﬂf’
ERSTAND!

gluon photon /&

$ \ ." ‘

= G Y

= At g

S K i

g\ \VASE \/a };&/\\
)

- qi ¢ Gil q, L qi, i, v Qi li, Vi Uy, V4 di, l;  ai, Li i, i

Elementary interactions of vector (gauge) bosons with fermions,
the strength is characterized by the corresponding coupling “constant”,
details of interactions (e.g., of red and blue quarks) are due to postulated symmetries



Why do we need gauge symmetry breaking!?

Gauge symmetry requires the gauge bosons™ (“force-carriers”)
to be massless (long-range).

*and all the SM fermions!
,-'.\,T/_"l_

" ,f-. Ok, photon is massless

Gluon seems to be “ok”

Something wrong

'i | with your theory..
- - Weak forces are short-range
A=A and cannot be massless!

This is one of the problems that
Englert, Brout and Higgs were trying
to solve in sixties,
(do not forget about Guralnik, Hagen and Kibble!)
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http://www.scholarpedia.org/article/Englert-Brout-Higgs-Guralnik-Hagen-Kibble_mechanism

12/42
¥

_~ Gravity?
y x 1 due to

Forces from particle exchange =+ "

Spin 2
o Spin | A
@7
V(r) = —qq2— Vir) = —=25 4
" 3 r
< < < <
Spin | Electomagnetic Strong Spin | %
> > > >
W M mims vy
V(’P) = — e wT V(T) _ ] ) e Mygr
r ™ M2,
short-range
< < ]
Spin I Weak Yukawa E Spin 0 t
> > > "
My =~ 91 GeV Mg ~ 125 GeV

Where are all Y??
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Spontaneous Symmetry Breaking
in-theSM

Laws(equations) of Nature are symmetric, but the states (solutions) are not.
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Spontaneous Symmetry Breaking
in the SM

Negative! LHiggs — (l),uJ(I))]L (D,u) — |

V(®) =m?*|®[" + A[@[*

Would-be goldstone
\:eaten” by W-bosons

o 5 () )
=5 (¢ +ix)
/ “eaten” by Z-boson

Neutral higgs field Would-be goldstone y4

e
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Spontaneous Symmetry Breaking
in the SM oV (¢)

:O
2 A 0 _
V(qﬁ) — 77; ¢2 4+ Z¢4 ¢ p=v

| @k, =k,
100 *+ K¢ is a free parameter e
The electroweak vacuum =~ SMprediction Z
state is characterized by 42 10_1;_ Nature 607, W
vacuum expectation value (vev) ~ [ 52-59(2022)
S 107 et
<¢> p— \/5’0 # O Elé = T Leptons Quarks
with v ~ 174 GeV O - NS < |-
2 E/E Force carriers Higgs boson
—m 10— c o| - [N [~
at tree |eve| VUV = N S e S el —
e 2 A Particle mass (GeV)

MhZZ\/X%J mf:Yf-v MW,ZZQW,Z’U

Fermions can also acquire their mass via coupling to the Higgs field



SSB and Fermion Masses

BOSONS ~—‘

10
: Top quark Higgs
The heaviest P :
? = - —
elementary(?) . L d‘w
fermion 10! Bottom quark
Charm quark
g w @
f / 4f“5d“1683£85 ) ’trange quark
5 e 4t
E ’ Muaon
g Down quark
g 10
.2:: p quark
S (12
]
= Electron
0™
NG i e T g MASELESS
1g-i0 BOSONS
Muon- )
neutring Tau= ) Photon
. . -1t - i
Open Question: Why such a hierarchy? 107 = Eeeenon I @
0% _j

The SM fermions acquire their mass via Yukawa coupling to the Higgs field
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Flavor Physics: Beautiful yet Mysterious

— Flavor is about indices...
’(pz' }/7,] ¢'j ¢ + h.c. Flavor in the SM is due to non-trivial (matrix)
Yukawa couplings

After diagonalization of the fermion mass matrices = (neutral higgs
interactions in the SM) observable mixing appears only in
charged-current interactions of the LH quarks* with W-bosons:

Cabbibo-Kobayashi-Maskawa

4 -  O()
- »  O(l07)
O(10?)
; O(1073)
1/3 b Open Question: Why such a pattern?

For neutrinos: Pontecorovo-Maki-Nakagawa-Sakata matrix


https://en.wikipedia.org/wiki/Cabibbo%E2%80%93Kobayashi%E2%80%93Maskawa_matrix
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Flavor Physics: Beautiful yet Mysterious

1-5 IS S SR IEEE I = =R \I | e I = I f==tl==]
- d s b p ™ | excluded area has CL > 0.95 % 3
e I i i N
5 5 P B a
“ nt_é; Kﬁ;f’ ; 1_—‘2[31 =
~_sin ¥
" I - o \ g
Ve D=7 DIéV[B%V 0.5'—\?\
™ i D - \ i
_ _ w - % .
t BU B & B, z = o 3
: \i'\\ - l)ﬁ:
) 0.5 =
NB: a lot of B's here! - /n/
L Y A
o . . 15 \)/ =
This picture survives stringent - | ;‘;a;wm :
tests from different experiments! gt i Uy SERY L
-1 -0.5 0 0.5 1 1.5 2

The area of Unitarity triangle(s) T L
is connected to amount of CP-violation: V CKM VC'KM — 1

=
' \w*

at least 3 sides (= generations)
are required!

NB: CP-violation is crucial for generation of baryon asymmetry!


https://arxiv.org/abs/1610.02629
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Flavor Physics: Beautiful yet Mysterious
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at least 3 sides (= generations)
are required! X

NB: CP-violation is crucial for generation of baryon asymmetry!


https://arxiv.org/abs/1610.02629

Distorted mirrors of electroweak interactions

P-transformation — reflection ina  C-transformation — replacement of
mirror. particles with antiparticles.

“RH” “LH” Electroweak gauge bosons (Z,W) couple

P p to left-handed (LH) particles — violation of P and C
H H

EW interactions are CP-symmetric?

NB: for massless! l No (1964)!
Sketch of Wu | Comirror I
| i

experiment (1957)
i
>

I
current (&
X direction
I

_!
P-mirror
|

!

!
1\
;R
!

!

D = 0Co

od

What is Alien
doing here!?

1
| current
A direction
[

T—
‘_bd

S
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http://www.feynmanlectures.caltech.edu/I_52.html
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CP-violation and Flavor Physics

Weak interactions exhibit tiny violation of CP-symmetry, e.g., in
decays of long-lived heavy neutral kaon built from down and
strange quarks (antiquarks)

K°(ds) &5 KO(ds)

K} »7nte 1, K} w7 ey,

\ Nature prefers this mode,

Long-lived (5:10® s) mixture but only slightly 107
K- K"

Common notion of Once again: the very possibility to account for CP-
matterantimatter violation in the SM is tightly connected with the
and left-right can . .

existence of three generations

be established across
the Universe... (prediction of Kobayashi and Maskawa in 1973)
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Flavor Physics: Beautiful yet Deadly(?)

Peculiar Feature of Example:

Flavor transitions in the SM:

) s ot
- No FCNC at tree-level: Flavor- K™ (us) = v,

Changing transitions between 64 out of 100 decay like this
quarks of the same electric charge

(“Neutral Current”) are forbidden K?’, (d§) — lu_l_lu_

at the leading (no quantum loops) . _ _ A
order. 7 out of 107 decay like this
Why is this important!? Rare FCNC processes impose very

important constraint on possible
New Physics (“New Physics killers”)

New Physics?

Bs(sb) — pp”

"B R
Again B’s! o 'ZF)" 4



https://en.wikipedia.org/wiki/Preikestolen
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Loops (radiative corrections)...

SMis a renormalizable QFT. Predicts scale-dependent (“running”) couplings

Test charge )

—

g nt g Measured
charge

ay(Q?)

» T decays (N*LO)
& DIS jets (NLO)

i A e e b q

[ « e.w. precision fils (VLO) ] _ Measured

i el asymptotic colour

o ~ freedom charge

0
01 T . .
= QCD (M) =0.1181 £ 00011 Anti-screening of colour charge Confinement!?

1 100 1000

0 5 1GevV]



24/42

Radiative corrections are very important!

Radiative corrections are mandatory if one wants to relate physics
at different scales. Moreover, some of the physical processes forbidden
in the lowest order of perturbation theory are generated via loops, e.g.*

proton photon
v oA

J"J

4

S’

At
1

- o

: 4
f}/ e

NB: Loops may involve
New Physics states!

Top quark
(heaviest known quark)

*The sketch of the process with the SM Higgs boson, which lead to its discovery....



Radiative corrections are very important!

Radiative corrections are mandatory if one wants to relate physics
at different scales. Moreover, some of the physical processes forbidden
in the lowest order of perturbation theory are generated via loops, e.g.

NB: Not the whole story!
QCD corrections to the process
are known to be very important!

LO — leading order,
NLO — next-to-leading order

(“one additional QCD loop™),
etc

o(pp—~H+X)[pb]

pp—H+X 13 TeV, PDFALHCAS, pp=pg=m/2
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ATLAS®

A NLO QCD
QCD
or
New-
) Dawson, Spira et al
F_)h.y.s.}es..l 1991-2003
LO v

Georgi et al
1978

NNLL+NNLO QCD+NLO EW

M. Grazzini, D. de Florian
2003-2016

From M. Grazzini

N3LO QCD+NLO EW

Anastasiou et al
2016-

Doubles the effect!

There will be other examples demonstrating crucial role of loop effects...



H — yy at the LHC: evolution of precision

> 1800

O]
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21200
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MEYEAS = 126.0 £ 0.6 GeV
MCMS —125.3+£ 0.6 GeV

2012

5 %0 accuracy

ATLAS
Myg=2s

2023

| %0 accuracy

R R S R T C e B N S S R S ] N I B N RN G N SR B N - B O S R R R B N O B S
E ATLAS Pre“minary —+— Data - ATLAS Preliminary - Total Stat.only |  Combination
= v = Run1: /s=7-8TeV 25fb ', Run 2: /s =13TeV 140 *

E Vs=13TeV, 140fb’ === Background . Total (Stat. only)
:_ s vy — 81’gna|+Backgr0und _: Run1 H - 94 b——e—— 126.02 £ 0.51 (+ 0.43) GeV
o Rlicaisaadss - Run1 H — 4¢ —e——— 124,51 + 0.52 (+ 0.52) GeV
® ] Run2 H — (- 12517 + 0.14 (+ 0.11) GeV
E In(1+ S30°/Bgy’) weighted sum — Run2 H — 4 =) 124.99 + 0.19 (+ 0.18) GeV
— -] Run 142 H — 7 e 125.22 + 0.14 (+ 0.11) GeV
o TeDe = Run 142 H — 4/ e 124.94 + 0.18 (+ 0.17) GeV
- ] Run 1 Combined —— 125.38 + 0.41 (+ 0.37) GeV
= = Run 2 Combined H|v-| 125.10 + 0.11 (+ 0.09) GeV
— 2308 072 I 6 — Run 1+2 Combined I—|-—| 125.11 £ 0.11 ( 0.09) GeV
“Ho 120130 140 150 Teo 12 iz 125 26 %7 28

m,, [GeV] my [GeV]

= 125.17 + 0.14 GeV



https://arxiv.org/abs/2308.07216
https://cds.cern.ch/images/ATLAS-PHOTO-2022-066-1
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bh of the SM at LHC

B olinelastic) = 6e+10 fb
| alinelastic) = 6.8e+10 fb
W o(et) = 4.2e+09 fb

CMS
preliminary

I o(W) = 6.8e+07 fb
b o(W) = 9.5e+07 fb
1 o(W)=11e+08 fb
i1 o(W) = 1.9e+08 fb
I o2 =89e+06 b
I o(2) = 2e+07 b
} 0(2) = 2.9e+07 fb
§ 0(2)=3.4e+07 b
1 0(2) = 6e+07fb
1 0(2) = 6e+07 fb
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o(Wy) = L4e+05 fb

®  0(Zy) = 1.6e+05 fb
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B ow2) =2e+04 fb
§ o(W2) = 2.4e+04 fb
¥ owz)=

W 0(zz) =5.3e403 b
B o0z2)=62e+03f
# 0(z2) = 77e+03 fb
§ 0(22) = 17e+04 b

o(WW) = 3.7e+04 fb

®  0(Zy) = 1.9e+05 fb

5.2e+04 fb

Black bars/dots
Theory predictions

o(WW) = 1.2e+05 fb

5.1e+04 fb

Wl o(vWV) = 1e+03 b
il o(WWW) = 5.9e+02 fb
o(WW2) = 3e+02 fb
0(WZ2) = 2e+02 fb
27) < 2e+02 fb
o(WVy) < 3.1e+02 fb

More than 20 years of

measurement

a(WWy) = 6 b
miiE=ls owyy) =491
a(Wyy) = 14 fb
= o(zyy)=13fb
il oz =541
il O(VBF W) = 4.2e+02 fb
B O(VBF W) = 6.2e+03 fb
mullim  o(VBF Z) = 1.5e+02fb
mils O(VBFZ) = 17e+02 b

W O(VBF2)=53e+021b
s O(EWWV) = 1.9e+03 fb
S o(ex yyoWw) =221b
=i o(EW qaWy) = 11 fb
ol o(EW qqWy) =24 b
Wl o(EWosWw) =10fb
oS- o(EW ssWWw) =4 fb
= O(EWSssWW) =4fb
mSE  o(EW qqZy) = 1.9 b
il o(EWqqzZy) =52fb
o(EW qaWZ) = 1.8 fb
o(EW qq22) = 0.33 fb

Amazing agreement
between theory and
experiment

L L L
1.0e+01 1.0e+03 1.0e+05

L L L
1.0e+07 1.0e+09 1.0e+11

o [fb]
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137 fo~!
137 fb~t
137 fo~!
137 fb~t
137 fo~1
19 fb-?

138 fb~1
19 fb~?

137 fo~1
19 fb?

137 fb~t

19 fb~t

Measured/Computed cross-sections span about 10 orders of magnitude!



Mini-summary on nice features of the SM

* Minimalistic model describing (all?) known experimental data with
(very) high precision
* Involves only observed particles/antiparticles!
* Based on symmetry principles!
* Accounts for the properties of three four known forces
(still w/ o gravity)
* Accounts for P,C, and CP-violation
* Accounts for peculiarities in flavor transitions

* Gives a hint on quark confinement

* All the parameters™ (18 + |) are measured [+ PMNS matrix]

* Radiative corrections are mandatory to prove SM valid at
different scales

* assuming massless neutrino. See lectures on neutrino for more detail...
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The SM Issues (Quest for New Physics)

...since we have already mentioned New Physics several times,
let us briefly review main shortcomings of the SM Theory Of Almost Everything:

* Hierarchy problem(s) S E

@ E‘;‘
* Why is the Higgs boson so light (125 instead of 107 GeV)? D e ¥
I <A
* Why are fermion masses/couplings to higgs so different? ?;:;"""i“,,,_
* Lack of gauge-coupling unification at high energies S EenE

No Dark Matter candidate (85 % of Matter is not explained!)

Matter-Antimatter asymmetry ?_EY
—9
* No enough CP-violation * ~ 10

* No strong first-order EW phase transition in Early Universe

* Neutrinos are assumed to be massless. Mass scale? Nature of neutrinos?

Possible New Physics models aim to solve these problem:s...



Quest for New Physics...

™,

PERSTRING \ & Grand s'ute)

Unification

M-theory ﬁt’l’erutlé“\\ ot
s feo i'nnnn}. EFIEE \\ oo
Type-IA T?pg.',[ LA Matter

Solsy) e Anti-matter

yee ff@m

Plenty of possibilities...

No roadmap...

Scale? TeV? 100 TeV?

No guaranteed discoveries in
the near future!

Better to check every option...

Start by looking under lamp-post...

Courtesy to D. Dominguez and H. Murayama
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Quest for New Physics...

There seems to be two ways to discover something New:

Energy frontier Precision frontier

~ ~

.
.
(7
SH
=
+

Produce real heavy particles(?) B
and search for their signatures Study influence of virtual
degrees of freedom on
The latter are usually . <3 known Phenomena
model-dependent, e.g., p N J N '/
in SUperSYmmetry w0
; B g Higgs sector Gauge sector
| il
P i X<ﬁy 1,2j.Br < g 9 Flavor sector
z 1

@’




Result from LHC: Energy frontier

ATLAS Heavy Particle Searches™ - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 JLdt = (3.6 -139) bt \5=13TeV
Model Ly Jdetst ET™ [ratm] Limit Reference

ADD Gyx +g/q Depr.y 1-4j 139 n=2 2102.10874
ADD non-resonant yy 2y £ 2 36.7 n =3 HLZ NLO 1707.04147

ADD QBH - 2j - 139 n="6 191008447

ADD BH multijet - =3 - a6 n =6, My = 3 TeV, rot BH 1512.02586

RS1 Gy — 7y 2y - - 139 ™, 2102.13405
Bulk RS Ggx — WW/ZZ multi-channel 36.1 1808.02380
Bulk RS gy — tt lep 21b21J2 Yes 361 1804.10823
2UED/ RPP lep  =2b,23] Yes 361 Tier (1.1), BAY ) =1 1803.09678
SSM 2" — ¢f 2e.p = - 139 190306248
S5SM Z' — 1 2r - = 36.1 1708.07242
Leptophobic Z' — bb - 2b - 361 g
Leptophobic Z* — tt Oept  21b,22J Yes 139 Fim=12% 2005.05138
S5M W' — fr legp = Yes 139 1906.05609
SSM W' — v ir = Yes 139 ATLAS-CONF-2021-025
SSM W' — th - zibz1J - 139 ATLAS-CONF-2021-043
HVT W' — WZ model B 0-2epn 2j/1d  Yes 139 B =3 2004.14636
HVT W' — WZ — fv{f modelC 3e.p 2](VBF) Yes 139 Bven=1,8=0 2207.03925
HVT 2° — WW model B lepn 2j/1d  Yes 139 g =3 2004.14836
LRSM Wg — uNg 2u 1d - 80 m(Ng) = 0.5 TeV. g = gr 190412679

Cl qqqq » 2j - 0 170309127
Clifqq 2e.pu - - 139 L 2006.12946

Cl eebs 2e 1b = 139 g=1 2105.13847

Cl ppebs 2u 1b - 139 =1 2105.13847

Cl tere zlep zib2z1j Yes 361 1Cal = 4 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 8a=0.25, g, =1, my)=10 TeV ATL-PHYS-PUB-2022-036
Pseudo-scalar med. (Dirac DM)  Oe,p, 1,y 1-4j Yes 139 a1, g =1, miy)=1 GeV 2102.10874
Vector med. Z°-2HDM (DiracDM) Oe,p 2b Yes 139 tan =1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 tanfiel, g =1, my)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e =2j Yes 138 £=1 2006.05872
Scalar LQ 2™ gen 2p =2j Yes 139 B=1 2006.05872
Scalar LQ 3 gen 1r 2b Yes 139 BLQY = br) =1 2303.01294
Scalar LQ 3™ gen Oep  22),22b Yes 139 BLQY = tv) =1 2004.14080
Scalar LQ 3 gen >2ep21t21),21b - 139 BLYY = tr) =1 2101.11582
Scalar LQ 3™ gen Oep=2170-2j,2b Yes 139 BLY by =1 2101.12527
Vectar LQ mix gen multi-channel 21, 21b  Yes 139 B0y — ) = 1, Y-M coupl. ATLAS-CONF-2022-052
Vector LQ 3™ gen 2egu7 =1b Yas 139 BLOQY — br) = 1, ¥-M coupl. 2303.01284
VIQTT = Zt+ X 2ei2pz3eu 21 b, 21] - 139 5U(2) doublet 2210.15413

VLQ BB — Wt/Zb+ X multi-channel 36.1 5U(2) doublet 1808.02343

VLQ To3ToalTss — We+ X 2(SS)=3en=1b21j Yes 361 B(Toa = Wie)e 1, ¢ ToaWi)e 1 1807.11883
VLQ T — Ht/Zt 1ep =1b, 23] Yes 138 SUi2) singlet, xy= 0.5 ATLAS-CONF-2021-040
VIQY — Wb lep 21b21) Yes 361 B(Y — Wh)= 1, crWh)= 1 1812.07343
VLQ B — Hb Oep =22b 21210 - 139 5U(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLT — Zr/Hr multi-channel =1 Yes 139 SU(2) doublet 2303.05441
Excited quark g° — qg - 2j - 139 only u" and a", A = m{q") 1910.08447
Excited quark g* — gy 1y 1j - 36.7 only u* and a", A = m{q") 1709, 10440
Excited quark b* — bg - 1b1j - 139 1910.08447
Excited lepton 2r =2j - 139 A= 4.6 TeV 2303.09444
Type lll Seesaw 234ep 22 Yes 139 2202.02039
LRSM Majorana v 2u 2j - 36.1 m{Wr) =41TeV, g = gr 1809.11105
Higgs triplet H** — W*W* 2,34 e, it (SS) various  Yes 139 DY production 2101.11961
Higgs triplet H** — ¢ 234ep(S8) - = 139 D production 2211.07505
Multi-charged particles 139 DY production, |4 = 5e ATLAS-CONF-2022-034
Magnetic monopoles 34.4 DY production, |gl = 1gp, spin 1/2 1805.10130

107!

*Only a selection of the available mass limits on new states or phenomena is shown.
‘+Small-radius (large-radius) jets are denoted by the letter j (J).

1 10 Mass scale [TeV]
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Fermions

03
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

Result from LHC: Energy frontier

string resonance

Scalar Diquark
pp+2IY

i+ . pseudoscalar (scalar), 0%, x BR($—eelii) >
i+ ¢, pseudoscalar (scalar), 0%, x BR(p—eelu) > = 0.
&+ ¢, pseudoscalar, g7, x BR(#-TT) > =02
&+, scalar, g, x BR(§~TT) > =02

quark compositeness (£1), N

Excited Lepton Contact Interaction

tor (qq). go = 0.25. gom =
tor (1),9 = 0.1, 9o
(axial-)vector mediator (qq). gq

(axial)-vector mediator (1), gy = 0.1, gow = 1,/ = 0.1, my >

scalar mediator (+1/tD), gq = 1, gou = 1, my = 1 GeV.
scalar mediator (+£8), 9o = 1, gon = 1,m; = 1 GeV.
1Gev

scalar mediator (fermi

n portal), A,

pseudoscalar mediator (+i1V), 9,

pseudoscalar mediator (+£0), g
Complex sc. med. (dark QCDY), My, =5 GeV, CTa, =25 mm
Baryonic 7/, gq = 0.25, gow = 1,m, = 1 GeV.

z med!atnr (dark QCD), Maan = 20 GeV, finy = o 3 aum =ale
2~ 2HDM, gz = 0.8, gou = 1. tanf
Lepwquaﬂ( mediator, =1, 8= 0.1, Ay,on = 0.1, aao <M <1500 GeV.
axion-like particle, £~ =12 Tev~

inelastic dark matter model, y =10, a = 0.1

inelastic dark matter model, y =107, ap = 0.1

dark Higgs, g = 0.25, gow = 1,6 = 0.01, my = 200 GeV, m; = 700 GeV.

RPV stop to 4 quarks
RPV squark to 4 quarks

RPV gluino to 4 quarks

RPV stop scouting boosted

RPV mass degenerated higgsinos to trijet boosted scouting

ADD () HLZ, neo =3
ADD (yy, ) HLZ, neo

ADD QBH (uT), neo =4

ADD QBH (). nco

RS Grn11), Kiln =

RS Gexlyy),

RS Gexlad. 99), kiffin = 0.1
RS QB!

gg

non-rotating BH, Mo = 4 TeV, nep =

Tzzzzzzzzal

TTTTTITTITITITTTITTITTTII

Tzzzz

TTzzzzzTITTIa

CMS Preliminary

Overview of CMS EXO results

August 2023

191103947 @
1712.03143 (2p + 1y; 2e + 1v; 2) + 1y)
80 210010509 1)+ 1v)
PO 072-3:25 1808.01257 (1) + 1y)
B 0sa7 191103047 @)
o ass
. 0616 2303.04596 (pp + L, PP +Y)

o, =an

CHS-PAS £X0.21.018 (31, = 41)

S O0850:35 CMS PASEX0-21.018 (31, = 41)
00203 CHS-PAS-EXO-21-018 (31, = 41)

1911.03947 (2))
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210302708 (21)
2103.02708 (2¢)
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DO 002008 230511649 (2 displaced i+ pF™)
[ 060352 CMS-PAS-EXO-21-012 (11 + 2§ + PYF, 20 + pEe)

008052 1908.03124 (2 4))
0072 1506.01056 (2)
1806.01058 (2j)
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2107.13021 (= 1j + py'=*)
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2205.06709 (ep)
2205.06709 (eT)
220506709 (o)
2305,07998 (y +1)
2103.02708 (21)
1809.00327 (2y)
026 1911.03947 (2]
1803.08030 (2j)

[ 2052 230507998 (Y +1)

3-brane WED Gre(¢ -+ g - 999), Goray = 6. G, = 3, € = 0.5, (@) )
Split-UED, u=2 Tev.

excited light quark (q9). A=m;
excited light quark (qy), fs = = =1,A=
excited b quark, fs= = = 1. A=m;
excited electron, f; = f= £ = 1, A= m_
excited muon, f

VMM, [Verl? = 1.0, [Vol? = 1. o
VMSM, [Vonl? = 1.0, Vynl?
VMSM, VeV 2| Venl? + M»«\ »— 10

Tyt seesow heauy fermions, Flavordemcratic
taus, Doublet

Vecto i o Singlet

Zp. narrow resonance, €2 = 8 x 10-° (90% C.L.)
41072 (90% C.L.)
7% 1077 (90% C.L)
Zo, narrow resonance, €2 =3 x 10°° (90% C.L.)
SSM Z(11)

s5M Z(qq)

z(aa)

Superstring Z,,

LFV Z', BR(ep) = 10%

LV 2/, BR(eT) = 10%

LFV Z', BR(uT) = 10%

SSM W/(tv)

Leptophobic 2/

SSM W(qd)

LRSM w.wu.). My, = 0.5My,

SSM W/(v
LRSM w,(eml My, =0.5M,

8~ Ly 2, Igz| X (1 TeVim;) = 0.08 , 825= 0
LRSM Wa(TNR), Mu, = 0.5Mu,

Axigluon, Coloron, cotd =

)
58

T3z

Tzzzzz

TTTITIIITITTITITITITTII

FEEEY

1805.06013 (= 7j(£, V)
[ 2 220102140 @)
W08 2202.06075 (¢ + pY)

06 1911.03947 (2)
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02538 1811.03052 v+ 2
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i 0.001-1.24 1802.02965; 1806.10905 (3p; = 1j + 2)
i 0.001-1.43 1802.0296!

806.10905 (3e; = 1j + 2€)
| 0.02-1.6 1806.10905 (= 1j+ p+e)
0.1-0.98 2202.08676 (31, = 4f, 1t + 31,27 + 21, 3t + 11, 11+ 24, 27+ 11)
0.1-1.045 2202.08676 (32, = 41, 1+ 32, 2T + 22, 3T+ 12, 11+ 22, 27 + 11)
0.125.0.15 2202.08676 (31, = 4f, 1t + 31, 27+ 22, 3T+ 1¢, 1T+ 21, 2T + 12
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1912.04776 (2)
1912.04776 (241)

2103.02708 (2e, 21)
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1905.10331 (1), 1y)
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2205.06709 (ep)
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)45 1909.04114 (2))
1911.03947 (2J)
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Trees!

Loops!

Precision frontier in Higgs sector

Test deviations from SM predictions...

Z-boson
W-boson
top
bottom
tau
muon
gluon
photon
Z-photon

Kz

Kw

K
v

Nature 607,
52-59.(2022)
- ] - B

Force carriers Higgs boson

——
S B

3

Quarks

-

@
———————————— relll ===
—— —— Binv.=Bu.=0
PomEe -m- B, free,B, >0,k,<1
—— SM prediction
1= Parameter value not allowed
He e e e e e - == —.—=— —————————— 4
...l....l ........ |....|....|....|....I....l....l
0.8 1.0 1.2 1.4 1.6
———————————— 4 invisible?
——————————— 4 undetected?
[ [ T
0.05 0.10 0.15 0.20

So far so good...

NB: higgs can be a portal to New Physics!

SM Higgs Physics:

tt Fusion

gg Fusion

—
TTTYT

1l

LHC HIGGS X5 WG 2013

—
f==]

Higgs BR + Total Uncert [% ]
Qo
[

107

| L R L1y PR
120 140 160 180 200
M, [GeV]

=41 T S
0% 100
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Precision is the key: “anomalies”
®
! !
507 <20 507 ~20 3-40

muon nuclear B meson
=0.1 GeV =1GeV =10GeV

é From Crivellin, Mellado,2023

=3
‘Vud‘2+|v \2+\Vub\2 0.9985(5 I I
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Muon anomalous magnetic moment, a.k.a a,

— . —S p— a, M _S
Hf = 9f 2m d m g
- Dirac equation predicts gf;=2, and a;=0 —20;

- Quantum corrections lead to a;~0.1 %
(Schwinger’1948) 1

A +— BNL (final result 2006)
0 : FNAL Run-1  (2018)
g B FNAL Run-2/3 (2019-2020)
——+ FNAL Run-1 + Run-2/3
---------------------- e~ e"— hadrons
+——+ Exp. Average
20.0 205 21.0 215 220 235 H H non-perturbative
9
a,x 10" —1165900 (hadrons)

Magnet traveled from
Brookhaven to Fermilab

a, " = 116592055(24) - 10~

(0.20 ppm)
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Muon anomalous magnetic moment, a.k.a a,

. e e )
fir=9p gni=0+a) o5 @

. . . (87
- Dirac equation predicts gf;=2, and a;=0 —
- Quantum corrections lead to a;~0.1 %

. ’
< — N (Schwinger’1948) L4
+—eo—
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 5o ¢
@ +—eo—+
SM: e+e- HVP N ew World Average
T.I. White Paper A (2023) |
(2020) Physics? |
Slelected new results & e €+ — had rons
since White Papﬁm’z{)) SM: Lattice HVP
ew BMW Collab. o
(2020) H H non-perturbative
H OT SM: +' HVP
Its! ising:only AHD.S (hadrons)
resuits. data below 1 GeV

. 8.0 8. 19.0 9. 20.0 20. 21.0 _
B i W ©" M =116592055(24) - 107

(0.20 ppm)

Long-standing discrepancy ... still no full understanding....
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Mass of the VV-boson: theory vs experiment ﬁ

GF T
— = Ar(M

quantum corrections

from virtual SM
& possible New Physics!

Given measured values of Fermi constant G,

fine-structure constant «, and the Z-boson mass
M7 one predicts My.

MM = 80354 47 MeV [ [amasroimony =
(90 ppm) T R G=7Teviasm® | Gl
=i - | ——
MCDF =80433.5+94 MeV |, ... | ..
S-:-on:;::>.-'|L:.Li!>5=_=.5|-'::-|z:J"" PP: il e
88! 1L T
/ sigma deviation? New Physics? | ###=- |
ATLAS ATASZOT D ..._
My, = 80360 + 16 MeV | ... |8
""""""""" 80200 80300 80400
m,, [MeV]

CDF 2022 result is the most precise one
An independent confirmation from LHC is still missing...


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-004/

B B(B — Dt 1) ’ £

B-,B°
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Precision frontier in flavour physics

B-physics: (LHCb, Belle 2,...)

A Challenge to SM Lepton Universality

in B-meson Decays

-
PO R TISN
- S
. ~
. ~

B(B - Du~7)

~y -
~a -
-----------

z
>

vg.

Some examples:

Measurement of extremely
rare B-meson decays:

ATLAS CMS LHCb - Summer 2020
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“ig\ . /,/- ¥ Prehmmary e ATLAS ]
S osp sl /0 2011-20l6daa  __cms -
L 'L F e s, sedHGE o
Sl T A “~.— Combined ¥
> ¥y |
T 03fF /x’ / =
=) - ,,!‘! 4
% 0.2 £ ; ,.r{ f -
P 3
0.1 :i.‘ 5{ =
N E‘\ \\‘ ol
oE A, ]
1 95

0 . _
BB, — ptu) (107)

Brn(Bs — pp”) =
Brogao(Bs — ptu™) =

(3.66 £ 0.14) - 10~
(2.6970735) - 107°
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Precision frontier in flavour physics vg'

B-physics: (LHCb, Belle 2,...)

A Challenge to SM Lepton Universality

in B-meson Decays

BB - Dt U
P = ( )

" B(B — Du D)

R(D*)
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A = 1.0 contours

4 HFLAV SM Prediction
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C BaBarl2 7
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N Bellel7 World Average ]

R(D) =0.339 +0.026 £0.014

z
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Some examples:

Measurement of extremely
rare B-meson decays:

0-7 T I T I T I I T I T I
I- contours correspond to 68%, 95%, 99% CL regions
0.6 3 LHCb
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Not much room for New Physics...



Anomalies and New Physics!?

* Vector-Like Quarks (VLQ)

* Leptoquarks (LQ)

* Vector-Like Leptons (LLQ)

* New Scalars ()

* Z’-bosons (neutrai)

* W’-bosons (charged)

* Scalar Diquarks (DQ)
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(r - yvv\,
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From Crivellin, Mellado,2023
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Large Hadron Collider: Past, Present and Future
of the World’s largest microscope

HiLumi
LARGE HADRON COLLIDER

HL-LHC
{1 —
‘ | Run 2 Run 3
[ s | 13 Toy AL LS2 13.6 Tev 1IN 136-14Tev
Diodes Consolidation
splice consolidation limit LIU Installation |

7 TeV 8 TeV button collimators i?'\r:/e_orellrtr:lllion - § inner triplet . [ilk LH(.:
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

s || 2 2l 2016 2020 sz 228 | 2ted IIIIIIIﬂ»

5to0 7.5 x nominal Lumi

ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS

peSnIEIPES i i . HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCb . 2 x nominal Lumi

75% nominal Lumi upgrade

e

luminosity REOTR{

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY PROTOTYPES CONSTRUCTION | INSTALLATION & COMM. ”” PHYSICS
— 80— T [ R — T T 3
£ _ | ATLAS Online Luminosity 3
= 70~ 2011pp fs=7TeV 3
> F —— 2012pp {s=8TeV .
‘B o —— 2015pp {s=13TeV =
O GO — 2016pp (5=13TeV =3
£ E ——2017pp (s=13TeV ]
g F —— 2018pp Eﬂsuv E
[ —— 2022pp fs=13.6TeV =
- 50: e 2023 pp 5 = 13.6 TeV 4
= E =
5 40 =]
= E 3
] = i
a 30 B .
20t EL

0 E + 1 : AT 1 3
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https://ideas.lego.com/projects/5c3aec53-00d2-40a2-be73-9e2db09da86f

Indicative scenarios of future
colliders [considered by ESG]

China Japan
(o l'Ll

CERN

Beyond the LHC...

B proton collider
Electron collider
B Muon collider

2038 start physics
ILC: 250 GeV
2 ab?t

500 GeV
4 ab?

5 years 20 km tunnel

31km tunnel

2035 start physics

CepC: 30/160/240 GeV

100 km tunnel 100/6/20 ab*

LHC HL-LHC (14TeV, 3 ab")

(13.6TeV, 450 fb!)

91 km tunnel, installation FCC-ee: 90/160/250 GeV

-150/10/5 ab?
~3 km of SRF

CLIC: 380 GeV

11 km tunnel 1.5 ab1

holding

I*IIIIIIIIIIIII-IIIIIIIIIIIIIIIIII i
2020 2030 2040 2050

SppC: 75-125 TeV, 10-20 ab™

29 km tunnel
EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEE
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W= Construction/Transformation

Preparation / R&D

40 km tunnel

350-365 installation

GeV 1.7 ab

FCC hh: 100 TeV = 30 ab?

50 km tunnel

2060 2070 2080 2090

F. Zimmermann - Future Circular Colliders
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Conclusions and Outlook

" The SMis a beautiful particle physics model.
" We believe it is not the ultimate theory.
But it is very hard to find a hint (from Mother Nature) for New

Physics scale! A lot of NP variants are on the market!
LHC (and not only LHC!) works hard to discover New Physics,
have to wait and test different possibilities.

An upgrade to High-Luminosity LHC is planned after the
ongoing Run 3 (pushing forward Precision frontier) and even to
High-Energy LHC (Energy frontier).

Complimentary machines (ILC, CLIC, FCC,...) are considered

for construction.
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Thank you for your attention!
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Special thanks go
to Melnitsa Animation for nice cartoon characters
to Particle Zoo for nice subatomic plush



