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Context

* 1930s: everything is made of protons, neutrons, and electrons

Minimal, economical theory!
However...

* Held together by and the strong force



Context

* 1930s: everything is made of protons, neutrons, and electrons

"If we consider protons and neutrons as elementary particles,
we would have three kinds of elementary particles [p,n,e|....
This number may seem large but, from that point of view,
two is already a large number.”

Paul Dirac 1933 Solvay Conference

From D. Tong slide

Lesson 1: Beauty in fundamental physics
is not an economy of particle
multiplicities, it’s an economy of
theoretical principles

* Held together by and the



Context

* Weak force explains radioactivity

* Neutron can change into proton, emitting electron



Context

* Weak force explains radioactivity Missing energy? Paul

postulates “a desperate
remedy”

(Bohr suggests fundamental
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* Neutron can change into proton, emitting electron
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* Weak force explains radioactivity Missing energy? Paul

postulates “a desperate

remedy”
(Bohr suggests fundamental
@ violation of energy
7\ conservation principle)
. 7% > 7
‘ v
\ w J
. /
S . i 4 o

* Neutron can change into proton, emitting electron and elusive neutrino



Context

* Weak force explains radioactivity Missing energy? Paul

postulates “a desperate
remedy”

(Bohr suggests fundamental
@ violation of energy
7 7\ conservation principle)
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* Neutron can change into proton, emitting electron and elusive neutrino



Context

* Weak force explains radioactivity * Missing energy? Pauli

(Lesson 2.5: Sometimes | postulates “a desperate

nature chooses the least | remedy”
radical option) 7

(Bohr suggests fundamental
@ violation of energy

| conservation principle)

7 Sy Lesson 2: perceived
V]’],.L, - -\ it prospects of experimental
' \f\l ‘ confirmation is not a useful
S scientific criteria for
establishing what nature
actually does

* Neutron can change into proton, emitting electron and elusive neutrino



Context

* Dirac: Einstein’s relativity + quantum mechanics = antiparticles
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* Every particle has an oppositely charged antiparticle partner



Context

* Dirac: Einstein’s relativity + quantum mechanics = antiparticles

c.f. Lesson 1: antiparticles
double the particle spectrum.

Nevertheless, the theory is
much tighter, less arbitrary,
and more elegant
j V]’LL Nt
AW Al
\
S

/
¢

\0/

* Every particle has an oppositely charged antiparticle partner



Context

* Higgs(+Brout+Englert): particle masses require a new scalar boson H



Context

* Higgs(+Brout+Englert): particle masses require a new scalar boson H

Lesson 3: Ideas initially

dismissed as unrealistic (e.g.
non-abelian gauge theories
and spontaneous symmetry
breaking because they
/
\

/ predicted unobserved
\ / 7‘ massless gauge bosons and

\ //,-— <=, ~? goldstones) can click together
‘ g : + " suddenly and make sense
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Context

* The Higgs boson discovery caps a remarkable century of particle physics

I The Standard Model of particle physics ;epfﬂﬂb | Thearised/explained
os0Nns

Years from concept to discovery Quar | Discovered
drks

1880 90 1900 10 20 30 40 50 &0 70 80 90 2000 12
Electron i |
Photon | |
Muon l
Electron neutrino | |
Muon neutrino | |
Down 1
Strange | |
Up H
charm N
Tau l
Bottom I
Gluon | |
W boson i |
I boson | |
Top l I
Tau neutrino I |

HIGGS BOSON | |

Source: The Economist

e What next?
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BSM theory challenges

* Until now, there had been a clear roadmap
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BSM theory challenges

* Until now, there had been a clear roadmap
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BSM theory challenges

* Until now, there had been a clear roadmap

Conventional
symmetry-based
solutions have not
shown up!

18



BSM theory challe

* Until now, there

nges

nad been a clear roadmap

Maybe just around
the corner...
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BSM theory challenges

* Until now, there had been a clear roadmap
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...but the larger the
separation of scales, the
more fine-tuned the
underlying theory is

The Higgs is
more mysterious
than ever!

20



BSM theory challenges

* Until now, there had been a clear roadmap

Vacuum energy is
also peculiarly tiny

ENERG Y
/\

...but the larger the
separation of scales, the
more fine-tuned the
underlying theory is

The Higgs is
more mysterious
than ever!



BSM theory challenges

* Why is fine-tuning such a big deal?



BSM theory challenges

* Why is fine-tuning such a big deal?

* Delicate UV-IR cancellations indicate an unprecedented breakdown of the effective
theory organisational structure of nature

Effective theory at each scale is
predictive as a self-contained
theory at that scale

Un-natural Higgs means the next
layer is no longer predictive
without including contributions
from much smaller scales



The Hierarchy Problem

* Hierarchy problem is still a problem: (m, )% .. + (M) agiative = (Mp)2,

1 1 m
5mfb X mﬁeaw, dmy o< My log ( h;a’w)

Historical precedent

[If Higgs mass is calculable
in underlying UV theory]

KTake aesthetic issues seriously

I'ninertial = qgravity

* Classical electromagnetism fine-tuning:

e2

2 2
(meﬂ )Dbs = (mec )bare + AEcoulomb, A Ecoulomb =
dmeqre

kPions, GIM mechanism, etc.

* Earliest example of an unnatural, arbitrary feature of a fundamental theory:

~

* Higgs? Expect new physics close to weak scale



Understanding the origin of EWSB

* The SM has many arbitrary features put in by hand which hint at underlying structure

Pattern of Yukawa couplings, CKM
QCD Theta term

Neutrino mass

Higgs potential

Maybe it just is what it is "\_(/)_/~

but we would like a deeper understanding i.e. an explanation for why things are the way they are

* e.g. PQ axion for Theta term, see-saw for neutrino mass, Froggat-Nielsen for Yukawas...

In SM, no understanding of Higgs sector: Higgs potential and couplings put in by hand and unexplained

We feel there must be some underlying system that explains the origin of EWSB

In any such theory in which the Higgs potential is calculable, there is a UV sensitivity to the Higgs mass (that is no longer a
free parameter) which requires fine-tuned cancellations

Unlike solutions to other arbitrary features, this one points to weak-scale new physics or a breakdown of EFT



BSM theory challenges

* What is the origin of the Higgs? Atoms

4.6%

Dark

« What is the origin of matter? v

* What is the origin of flavour?
 What is the origin of dark matter and dark energy”?
 What is the origin of neutrino mass? 2 %w

 What is the origin of the Standard Model? D P\ H ¥
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BSM physics opportunities

 LHC Run 3: improved detector performance and double the data
 Establish Higgs coupling to second generation

* SND/FASERnNu: Neutrinos from colliders to be detected for the first time
 Anomalies and excesses will be confirmed or refuted

* New types of searches / new types of theories

 SM EFT analyses will further probe indirectly the scale of new physics



SM to SMEFT framework

* New physics appear to be decoupled at higher energies
* Given particle content, write down all terms allowed by symmetries...

SUB). [ SU2). [ U1y Lsy=Lm+ Lo+ L+ Ly
QL 3 2 % |
QEZ g i 3 L. = Qri*D.Qr + qriv*Dqr + Liiv*DLLy, + lgiv*Dily
a3 -3 ‘ 1 1
L;| 1 2 i Lo =~ BuB" — W, W™
lr | 1 . —1 Ly = (DL¢) (D) — V(9)
6| 1 2 | I S R G

2 Ly = yaQroqr + yuQrédqr + yrLrdlr +h.c. ,

e ...Including higher-dimensional operators!

C;

g |80 =2" 50

* Generated by new physics at scale A > v



We've always been doing EFT  (even before we knew about 1

 QED EFT = QED + Euler-Heisenberg + Fermi theory

gFr — — .

ermi theor ) | — It= 1;.‘ ;f j L/ ,6
F1933)th "4 Z C(l V P'EE) 5{ r"\.lf) G
)
EI:Iiitre-nberg l (F‘ + )ﬂ ) E-:;il -F p;‘t ” + .
o
(1936) /\

* EFT fits to experimental data established V-A structure



SMEFT: phenomenology in the 215t century

e Standard Model Effective Field Theory (SMEFT) framework

Lsy=Ln+L;+Lp+L,
\‘-2 // 7‘ _» L = Qrin*DiQr + qrin*Diiar + Lriv* Dy Ly + lgin* Diilg
:”"l,/,_f:w::. PO PO "
\)r’-,--.\""/ G——a Ky _i ny
AR / '\‘
; \ Ly = (Dy9)'(D"¢) — V()

{ | _ _ _
\ H ) Ly = yaQrogs + vuQroqs + yrLrdlr + h.c. , 30



SMEFT: phenomenology in the 215t century

e Standard Model Effective Field Theory (SMEFT) framework

- Characterises heavy new ultra-violet (UV) physics

- Parametrised by coefficients ¢; and heavy energy scale A

Lyy =7

EFT

Loy =L+ Lo+ Ln+Ly + - Bo® 4

(7)
C’) \4

O(E’

(6)
\2(’) +

L., = Qriv*DiQr + qriv*Dqr + Lrin* DI Ly + lgiv* Dl
1 L 1 a afes

Lo=—BuB" — Wi W

Ly = (D) (D™¢) — V(9)

Ly = deLqﬁsz + yu@,:ef’cqﬁ + yLELQﬂR + h.c. 3 31



SMEFT: phenomenology in the 215t century

e Standard Model Effective Field Theory (SMEFT) framework

- What are the experimental constraints on

ENERG Y the energy scale of new physics, A ?
N\ - What are the experimental constraints on
Loy =7 their interaction strengths, c; ?
Al —— = — - - oSS

EFT

Cr
500) 4 (6) (7) (8)
Lsy=Ln+Ly+Ly+ L, +IO \20 + O \40 +.
.@ . _ _ _

= Quiv*D;Qr + @riv*Diiqr + Lriv* DL Ly, + lgin* D[y

S :
\ /' \I 1 1
%W ; Lo = BuB* — JWeW™
(/ H \I Lg= (Dﬁ’ﬁﬁ)T(DLpﬁﬁ) —V(¢)
\ / Ly = yaQroqs + 1uQré°qh + yrLrdlg + he. 32
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» Standard Model Effective Field Theory (SMEFT) framework

5U(3)°: EWPO+Diboson+Higgs
M SU(2)? x 5U(3)*: EWPO+Diboson+Higgs+top
Top operators: EWPQO+top (incl ttH)

95%CL marginalised; C;

(1Tev)?
/\2
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What are the experimental constraints on
the energy scale of new physics, A ?

What are the experimental constraints on
their interaction strengths, c; ?

J. Ellis, Madigan, Mimasu, Sanz, TY [2012.02779]

e.g. Combined global fit to Top, Higgs,
diboson, and electroweak experimental
data

33



SMEFT: phenomenology in the 215t century

» Standard Model Effective Field Theory (SMEFT) framework

5U(3)5: EWPO+Diboson+Higgs [ 2
95%CL marginalised; C; w

B e oo P91 | A - What are the experimental constraints on
15 op operators: EWPO+top (incl ttH) ]
the energy scale of new physics, A ?

- What are the experimental constraints on
their interaction strengths, c;|?

J. Ellis, Madigan, Mimasu, Sanz, TY [2012.02779]

- e.g. Combined global fit to Top, Higgs,
diboson, and electroweak experimental
data

34



SMEFT: phenomenology in the 215t century

» Standard Model Effective Field Theory (SMEFT) framework

...... L. . - (1Tewn?
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5U(3)°: EWPO+Diboson+Higgs
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What are the experimental constraints on
the energy scale of new physics, A ?

What are the experimental constraints on
their interaction strengths, c; ?

J. Ellis, Madigan, Mimasu, Sanz, TY [2012.02779]

e.g. Combined global fit to Top, Higgs,
diboson, and electroweak experimental
data

{Can now include also triboson }

A. Falkowski, S. Ganguly, P. Gras, J. No, K. Tobioka,
N. Vignaroli, TY [2011.09551]



S M E FT An a Iys I S Of mW Bagnaschi, Ellis, Madigan, Mimasu, Sanz, and You [2204.05260]

» S+T fit excluding myy,: other data compatible (¥1.50) with measurements avg. including CDF
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S M E FT An a Iys I S Of mW Bagnaschi, Ellis, Madigan, Mimasu, Sanz, and You [2204.05260]

» S+T fit excluding myy,: other data compatible (¥1.50) with measurements avg. including CDF
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S M E FT An a Iys I S Of mW Bagnaschi, Ellis, Madigan, Mimasu, Sanz, and You [2204.05260]
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°[S+T fit excluding mw:lother data compatible (~1.50) with[measurements avg.]inc/uding CDF

e A T 02f” | 5
—— Total uncertainty &
LEP2 80376 £33 r— —]
DO I 80375 +23 [T — 0.1}
ATLAS 80370x19 W=
LHCb 80354 £ 32 ———
(COF I 804349 ) o = 0.0l
World Avg. (w/o CDF) 8037012 —eo—
[ World Avg. (w/ CDF) 804118 | o
SM 80361 +7 FoH Indirect w/o my —0.1}
SM electroweak fit 80354 =7 [P
[ SM + ST fit 80378 + 24] . SM 2020 fit + LHCb my
llllllllllllllllll . o 0.2t no my 2022 my update ]
80100 80200 80300 80400 80500 -0.1 050 0.1
my [MeV]
a2 2yl
A2 -HWE|— 3 o\~ HD)— — 2 2
A 167 A 2?1'(91 + 92)
. e 2 . 2
* True in SMEFT more generally? 0my _  sin20, v (cosd | sinfy n @ . .
: = — + 4 :
mi, cos 26, 4A? \ siné,, T s 6. il - HWE Note: sign of shift
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SMEFT Analysis of my,

Bagnaschi, Ellis, Madigan, Mimasu, Sanz, and You [2204.05260]

* SMEFT fit excluding my,: other data prefer dim-6 subsets that include CHD or CHD+ClI
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(Also lifted by CKM unitarity measurements, see v2)
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SMEFT Analysis of my,

Bagnaschi, Ellis, Madigan, Mimasu, Sanz, and You [2204.05260]

{SMEFT fit excluding mW:}other data prefer dim-6 subsets that include CHD or CHD+ClI
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* Flat direction in CHD+CII, lifted by m;,, measurement

(Also lifted by CKM unitarity measurements, see v2)
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SMEFT Analysis of my,

Bagnaschi, Ellis, Madigan, Mimasu, Sanz, and You [2204.05260]

{SMEFT fit excluding mW:}other data prefer dim-6 subsets that include CHD or CHD+ClI
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S M E FT An a Iys I S Of mW Bagnaschi, Ellis, Madigan, Mimasu, Sanz, and You [2204.05260]

* SMEFT enables more systematic phenomenological survey of UV completions and
their pulls

* e.g. Tree-level single-field extensions with simplified couplings assumption:

De Blas, Criado, Perez-Victoria, Santiago [1711.10391]

11) [Model]| cup [Cu | CH Cu] Cuo | Cw | Cu | G
S [ %]
17231 5 XL 3 &
172371 g o g i
1/2(1,1,0) N Vlfsl 116 8
1/204-0 " NEIE E
101 BT 1| % | % | -%
1(1,1,0) B W/ 2 , , Y Y U
0130 | = va() () o ) o) o )
133D | w5 -3 —% -% -%
1(13,0) R -3 —y- —u —y
Model || Pull || Best-fit mass 1-o mass 2-0 mass 1-o coupling?
(TeV) range (TeV) | range (TeV) range
Wi 6.4 3.0 [2.8, 3.6] 2.6, 3.8] [0.09, 0.13]
B 6.4 8.6 [8.0, 9.4] [7.4, 10.6] [0.011, 0.016]
= 6.4 2.9 2.8, 3.1] 2.7, 3.2] [0.011, 0.016]
N 5.1 4.4 4.1, 5.0] 3.8, 5.8] [0.040, 0.060]
E 3.5 5.8 [5.1, 6.§] 4.6, 8.5] [0.022, 0.039]




Flavour anomalies in B physics

* New physics beyond the Standard Model in processes involving b - s u*u~
transitions?




Flavour anomalies in B physics

* New physics beyond the Standard Model in processes involving b - s u*u~
transitions?

e LHCb 3.4 o in P5’ angular distribution of B - k* u*.~ (2 o for Belle)




Flavour anomalies in B physics

New physics beyond the Standard Model in processes involving b - s u*pu~
transitions?

LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle)
Various other kinematic observables inb - s u*tu~
3.20inB;, » @ utu”




Flavour anomalies in B physics

* New physics beyond the Standard Model in processes involving b - s u*u~
transitions?

~

/° LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle)
* Various other kinematic observablesinb - s u*tu~
e 3.20iNnB, - outu”

N ="~4 ¢ non-zero Wilson coefficient in global fit to these “messy” observablej

U/d




Flavour anomalies in B physics

* New physics beyond the Standard Model in processes involving b - s u*u~
transitions?

/° LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle) A
* Various other kinematic observablesinb - s u*tu~
e 3.20iNnB, - outu”

N ="~4 ¢ non-zero Wilson coefficient in global fit to these “messy” observablej

* 2.50in “clean” observable Ry
* 2.50in “clean” observable Ry

U/d




Flavour anomalies in B physics

* New physics beyond the Standard Model in processes involving b - s u*u~
transitions?

/° LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle) A

* Various other kinematic observablesinb - s u*tu~
e 3.20iNnB, - outu”

N ="~4 ¢ non-zero Wilson coefficient in global fit to these “messy” observablej

/° 2.5 0 in “clean” observable Ry A
* 2.50in “clean” observable Ry
* = jndependent ~4 ¢ non-zero Wilson coefficient in combined fit to just these

two “clean” observables Y

» Consistency of all these various anomalies is extremely non-trivial

U/d




Flavour anomalies in B physics

* New physics beyond the Standard Model in processes involving b - s u*u~
transitions?

/° LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle) A

* Various other kinematic observablesinb - s u*tu~
e 3.20iNnB, - outu”

N ="~4 ¢ non-zero Wilson coefficient in global fit to these “messy” observablej

/ H I{4 V4 \
* 2.50in “clean” observable Rk (19/10/2021): 1.4 6in Ryp, 15 G in Ryg-+
* 2.50in “clean” observable Ry
* = jndependent ~4 ¢ non-zero Wilson coefficient in combined fit to just these

two “clean” observables Y

* Consistency of all these various anomalies is extremely non-trivial

U/d




Flavour anomalies in B physics

* New physics beyond the Standard Model in processes involving b - s u*u~
transitions?

/° LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle) A

* Various other kinematic observablesinb - s u*tu~
e 3.20iNnB, - outu”

N ="~4 ¢ non-zero Wilson coefficient in global fit to these “messy” observablej

/ H I{4 V4 \
* 2.50in “clean” observable Rk (19/10/2021): 1.4 6in Ryp, 15 G in Ryg-+
* 2.50in “clean” observable Ry
* = jndependent ~4 ¢ non-zero Wilson coefficient in combined fit to just these

two “clean” observables Y

» Consistency of all these various anomalies is extremely non-trivial
* Could be due to a new fundamental particle e.g. Z’

U/d

sl




Flavour anomalies in B physics v

* New physics beyond the Standard Model in processes involving b - s u*u~ b
transitions? <

N\ W

/° LHCb 3.4 ¢ in P5’ angular distribution of B - k* u*u~ (2 o for Belle) A
* Various other kinematic observablesinb - s u*tu~ o
e 3.20iNnB, - outu”

N ="~4 ¢ non-zero Wilson coefficient in global fit to these “messy” observablej +

a N 3

2.50in “clean” observable Ry (19/10/2021): 1.4 5 in Ryo, 1.5 G in R+ o
* 2.50in “clean” observable Ry

* = jndependent ~4 ¢ non-zero Wilson coefficient in combined fit to just these
two “clean” observables Y

vy
=

» Consistency of all these various anomalies is extremely non-trivial
* Could be due to a new fundamental particle e.g. Z’, leptoquark, ... LQ



Flavour anomalies in B physics

* If confirmed, can we guarantee a discovery at FCC-hh?

80 TeV unitarity limit = no general no-lose theorem at FCC-hh [Di Luzio, Nardecchia, 1706.01868]

* Project Z’ sensitivity in most pessimistic scenario assuming only couplings
required for b — su*u~ LHC
Naive o(pp—Z'—pj), vs = 14 TeV
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* If confirmed, can we guarantee a discovery at FCC-hh?
80 TeV unitarity limit = no general no-lose theorem at FCC-hh [Di Luzio, Nardecchia, 1706.01868]

* Project LQ sensitivity in most pessimistic scenario assuming only couplings

required for b - sutu~
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Theory opportunities: missing a new principle?

* Cosmological evolution could play a role

Dark Energy

Accelerated Expansion
V((p) Afterglow Light
Pattern Dark Ages Development of

\ 375,000 yrs. Galaxies, Planets, etc. o

Inflation  g&=

P = —M/e

Fiactuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years




Cosmological relaxation of the weak scale

* Axions could solve a variety of fundamental problems

* Relaxion scanning the Higgs mass in the early universe

,-/\\

A dynamical solution to the hierarchy problem

~

<h>=0

ENERG Y

V() N\

b

Graham, Kaplan, Rajendran ‘15 @



Cosmological Self-Organised Criticality

(See also J. Khoury et al
1907.07693, 1912.06706,

¢ SeIf-Organised Localisation (SOL) Giudice, McCullough, TY (2105.08617) 2003.12594)
* Can relate Higgs mass to vacuum instability scale (requires e.g. Vi fermions)
* Potential solution to the vacuum energy Cosmological Constant (CC) problem
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Phase h: hidden vacuum with vanishing Cosmological Constant by supersymmetry and R-symmetry

Phase v: visible vacuum with broken supersymmetry but SOL localises at critical point with vanishing CC
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BSM physics opportunities

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: July 2022 _’I dt = (3.6 —139) fb~! \5=8,13TeV
miss =
Model £,y Jetst ET™ [cdym) Limit Reference
T —TT T —TT
ADD Gkk + g/q Oep,7¥ 1-4j Yes 139 n=2 2102.10874
ADD non-resonant yy 2y - - 36.7 n= 3 HLZNLO 1707.04147
ADD QBH - 2j - 37.0 n= 1703.09127
ADD BH multijet - =3 - 386 n= 6, Mp = 3 TeV, rot BH 1512.02586
RS1 Gk — ¥y 2y - - 139 k{Mpy = 0.1 2102.13405
Bulk RS Gy — WW/ZZ multi-channel 36.1 k/Mps =10 1808.02380
Bulk RS Ggy — WV — fvqq 1eu 2j/1Jd  Yes 139 kiMg = 1.0 2004.14636
Bulk RS gy — tt 1ep =21b 2102 ves 361 Fim=15% 1804.10823
2UED / RPP 1epn z2b, 23] Yes 36.1 Tier (1,1), A S 1) =1 1803.09678
SSM Z' — £ 2eu - - 139 1903.06248
SSM Z' =TT 2r - - 36.1 1709.07242
Leptophobic Z‘ — bb - 2b - 36.1 1805.09209
Leptophobic Z* — tt Oeup  21b22J Yes 139 Mim=12% 2005.05138
SSM W' = {v 1eu - Yes 139 1506.05609
SSM W' = v 1T - Yes 139 ATLAS-CONF-2021-025
SSM W' — th - 21b 21J - 139 ATLAS-CONF-2021-043
HVT W’ — WZ — fvggmodel B 1e,u 2j/1J  Yes 139 gv=3 2004.14636
HVT W' — WZ = ¢v¢'¢' modelC 3e,u 2](VBF)  Yes 139 Even=1g =0 ATLAS-CONF-2022-005
HVT W’ — WH — fvbbmodelB 1 eu  1-2b1-0] Yes 139 sv-3 HDBS-2020-19
HVT Z' < ZH — {f/vvbbmodel B 0,2 e,u  1-2b,1-0] Yes 139 =3 HDBS-2020-19
LRSM Wg — uNg 2p 1J - 80 M(Nn) =05TeV. & = gn 190412679
Cl gqqq - 2] - 37.0 LN 1703.09127
Cl tfqq 2epu - - 139 L 2006.12945
Cl eebs 2e 1b = 139 E 2105.13847
Cl ppbs 2u ib - 139 g=1 2105.13847
Cl teet 2leu  21b,21] Yes 361 |Cael = dn 1811.02305
Axial-vector med. (Dirac DM) Oepry 1-4j Yes 139 £;=0.25, g =1, m{y)=1 GeV 2102.10874
Pseudo-scalar med. (Dirac DM) O e, u, 7y 1-4j Yes 139 &q=1. gy=1, m{y)=1 GeV 2102.10874
Vector med. Z'-2HDM (Dirac DM) O e, u 2b Yes 139 tang=1, gz=0.8, m{x)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi 139 tanf=1, g, =1, m(y)=10 GeV ATLAS-CONF-2021-038
Scalar LQ 1% gen 2e 22 Yes 139 A=1 2008.05872
Scalar LQ 2 gen 2p =2 Yes 139 A=1 2006.05872
Scalar LQ 3' gen 1T 2b Yes 139 B(LQY — br) =1 2108.07665
Scalar L@ 3" gen Oep  22),22b Yes 139 BLQG » ) =1 2004.14060
Sealar LQ 3™ gen z2epzitzlj21b - 139 —tr)=1 2101.11582
Sealar LQ 3™ gen Oep,2170-2j.2b Yes 139 —bv)=1 2101.12527
Vector LQ 3" gen 17 2b Yes 139 B(LQY — br) = 0.5, Y:M coupl. 2108.07665
VLQTT — Zt + X 2e/2u>3eu 21b,21] - 139 SU(2) doublet ATLAS-CONF-2021-024
VLQ BB — Wt/Zb+ X multi-channel 36.1 SU(2) doublet 1808.02343
VLQTg;gTsﬂng.rs—l We+ X 2(58)z3ep=z1b21] Yes 36.1 B(Tga — Wit)=1, o TsaWie)=1 1807.11883
VLQ T — Ht/Zt lep 21b,23] Yes 139 SU(2) singlet, k7= 05 ATLAS-CONF-2021-040
VLA ¥ — Wb tep =z1bzl] Yes 361 B(Y = Wh)= 1, cp(Wh)=1 1812.07343
VLQ B — Hb Oeu =2b, >1i. =1 - 139 SU(2) doublet, x5= 03 ATLAS-CONF-2021-018
VLL ™" = Z7/HT multi =1 Yes 139 SU(2) doublet EXOT-2020-07
Excited quark g* — qg - 2j - 139 only u* and d*, A = m(g") 1910.08447
Excited quark g* — gy 1y 1j - 36.7 only u* and d*, A = m(q') 1709.10440
Excited quark b* — bg - 1b 1] - 36.1 1805.09299
Excited lepton £ depu - - 20.3 A=3.0TeV 1411.2021
Excited lepton v* Jeut - - 20.3 A= 16TeV 1411.2021
Type Il Seesaw 234epu =2 Yes 139 2202.02039
LRSM Majorana v 2p 2] - 36.1 m{Wg) = 4.1 TeV, g1 = gr 1809.11105
Higgs triplet H** — W*W* 2,34 e u(SS) various Yes 139 DY production 2101.11861
Higgs triplet H** — ££ 234eu(SS) - - 139 DY production ATLAS-CONF-2022-010
Higgs triplet H** — 1 3e, T - - 20.3 DY production, B(H;* — 1) = 1 1411.2021
Multi-charged particles - - 139 DY production, |q] = Se ATLAS-CONF-2022-034
- - 34.4 DY production, lg] = 1go, spin 1/2 1905.10130
1 " "

Magnetic rnonoi

*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).

10 Mass scale [TeV]



BSM physics opportunities

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary
Status: July 2622 [Ldt=(328-139) b V5 =13TeV
Model Signature  [£dt[m"] Lifetime limit Reference
APV & = ug displaced vix + muon 138 Ellfstir.ns o R IR J0seom o m{:J:MITw S 2003.11956
APV i — eev/euv/uuv  displaced lepton pair 328 | §] Wetime 0.003-1.0m m{G)= 1.6 TeV, m({F})= 1.3 TeV 1907.10037
GGM 0 — Z6 displaced dimuon 329 | Wetime 0.029-18.0m m{g)= 1.1 TeV, (%)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 | ¥ Wetime . oz424m m(i?. &)= 60,20 GaV, By=2% | CERN-EP-2022-096
aMSB -+ (& displaced lepton 139 | 7 itetime - &m0mm m{F)= 600 Gov 2011.07812
GMSEF 18 displaced lepton 139 | 7 lfetime - s2omm m{F)= 200 Gev 2011.07812
AMSB pp — ¥i0.F,F,  disappearing track 136 | i} ifetime . 006306m mi{})= 650 GaV 2201.02472
AMSB pp — FiEL.E[F;  legepieldEidx 139 |} Wetime P a0 mik:)- 800 Gev 220506013
Stealth SUSY 2 MS vertices 36.1 | §lifetime 0.1-519m H(g — 5g)= 0.1, m(F)=500Gev|  1811.07370
Split SUSY large pixel dE/d:x 138 | g lifetime osoasm mi=18TeV.m(i)=100GeV | 220506013
Split SUSY displaced vix + E7™ 328 | g lifetime 0.03-132m m{E)= 1.8TeV, m(§?)= 100 GaV 1710.04901
Split SUSY 06,2-6jets +EF™ 361 | glifetime 0021m m{§)= 1.8 TeV, m(i})= 100 GeV | ATLAS-CONF-2018-003
H-ss 2 MS vertices 139 | slifetime O oam2Am mis)=35Gev 2203.00587
Hoss 2low-EMF trackless jets 139 | 5 lifetime - oa1s694m mi{s)=135 GeV 2203.01009
VHwith H — ss — bbbb  2¢ + 2 displ. vertices 139 |shfetime | 485mm mis)=35 GeV 2107.06092
FRVZ H - 2, + X 2u-jors s |yadetme  ossessem )= 400 v ATLAS CONF 2022 001
FRVZ H — 4y + X 2 u-jets 361 | yalifetime 37176 mm miye)= 400 MeV 1909.01245
H—= 247y displaced dimuon 329 | Zy lietime 0.009-24.0 m m{Z,)= 40 GV 1808.03057
H— ZZy 2 e, p + low-EMF trackless jet 36.1 Z4 lifetime 0.21-52m m(Z)= 10 GeV 1811.02542
®(200 GeV) 55 low-EMF trkc-less jets, MS vix 36.1 | s ifetime 0.41-51.5m o xB=1pb, m(s)= 50 GeV 1902.03094
D600 GeV) + 55 low-EMF Irk-less jets, MS vix36.1 | s ifetime 0.04-215m % 8= 1 pb, m(s)= 50 GeV 1902.03094
&1 TeV) = 55 low-EMF trk-lass jets, MS vix 36.1 s lifetime 0.06-524m o xB=1pb, m{s)= 150 GeV 1902.03084
W — NE N — v displaced vix (uu e, ee) + 139 m{N)= & GeV, Dirac 2204.11988
W — NE N — v displaced vix (e, e¢) + o 139 m(N)= & GeV, Majorana 2204.11988
W — NE N — v displaced vix (ure, ee) + & 139 m{N)= & GeV, Dirac 2204.11988
W — NE N —+ v displaced vix (uugre, e€) + & 139 ! ! ] m{N)=sGI|\r.w 2204.11988
0.01 0.1 1 10 100 cT [II"I]
4s=13TeV
0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.

7 [ns]



BSM physics opportunities

Search for heavy, long-lived, charged particles with
large ionisation energy loss in p p collisions at
Vs = 13 TeV using the ATLAS experiment and the
full Run 2 dataset

The ATLAS Collaboration (2205.06013)

Observed yields and distributions agree with the SM background expectations, with the exception of an
accumulation of events in the high-dE /dx and high-mass range. The local (global) significance of this
excess is 3.60 (3.307) in a sub-range of the signal region optimised for a target mass hypothesis of 1.4 TeV.



BSM physics opportunities

Overview of CMS cross section results

CMS preliminary 18 pb~! - 138 fb~? (7,8,13 TeV)
w 7Tev JHEP 10 (2011) 132 . 36 pb~t
w 8 Tev PRL 112 (2014) 191802 [l 18 pb?
w 13TV SMP-15-004 B oW) = 18e+081b 43 pb~t
z 7 Tev JHEP 10 (2011) 132 s 0(Z) = 2.9e+07 fo 36 pb~t
z 8Tev  PRL1L2 (2014) 191802 4 0f2)=3.4e+07 10 18 pb~t
z 13TV SMP-15-011 B o(2) =56e+07 b 2 bt
wy 7Tev. PRD 89 (2014) 092005 o(Wy) = 3.4e405 fbo 5fb1
wy 13TeV  PRL126 252002 (2021) - 4e+05 fb 137 fo~t
zy 7 Tev PRD 89 (2014) 092005 - =1.6e+05 fb 5fb~
zy 8TeV JHEP 04 (2015) 164 ®  0Zy) = 1.9e+05 fb 20 fbt
ww 7Tev. EPJC 73 (2013) 2610 0 oWw) =52e+04 fb 5 b1
ww 8Tev EPJC 76 (2016) 401 W o(WWw) = 6e+04 fb 19 fb!
ww 13TV PRD 102 092001 (2020) ® oWW)=12e+05fb 36 fb~t
wz 7TeV EPJC 77 (2017) 236 . 0(W2) = 2e+04 fb 5fb~1
wz 8Tev EPJC 77 (2017) 236 B o(WZ) = 2.4e+04 b 20 fb~t
wz 13 Tev Submitted to JHEP ¥ o(WZ) =51e+04 fb 137 fb~t
7z 7Tev. JHEP 01 (2013) 063 »  0(ZZ) = 6.2e+03 b 5 fb~
zz 8Tev PLB 740 (2015) 250 & 0(Z2)=77e+031b 20 fb~t
zz 13Tev  EPJC 81 (2021) 200 § 0(22) = 17e+04 10 137 fb~t
YW 13TeV  PRL125 151802 (2020) W ovWV) =1e+03fb 137 fb=!
www 13TeV  PRL125 151802 (2020) e o(WWW) = 5.8e+02fb 137 fbo~!
wwz 13TV PRL125 151802 (2020) W o(WwZ) = 3e+02fb 137 fb~t
€ wzz 13TeV  PRL125 151802 (2020) 0(WZZ) = 2e+02 fb 137 fb~t
§ 772 13 Tev PRL 125151802 (2020) (I e 0(zz2) < 2e+02 fb 137 fb~*
@ wvy 8Tev PRD 90 032008 (2014) — aWVy) < 3.1e+02 b 19 fb~2
E wyy 8Tev  JHEP 10 (2017) 072 = oWy =49 19 fb?
Wyy 13Tev  JHEP 10 (2021) 174 s o(Wyy) =141 19 fb~1
vy 8TeV  JHEP 10 (2017) 072 - olZyy) =137 19 fb-1
Zyy 13TeV  JHEP10(2021) 174 W ozy) =54 19 fb~2
VBF W 8Tev JHEP 11 (2016) 147 will=s  O(VBF W) = 42e+02 b 19 fb*
VBF W 13TeV  EPJC 80 (2020) 43 H®  O(VBF W) = 62e+03 o 36 fb?
VBF Z 7Tev. JHEP 10 (2013) 101 - O(VBF Z) = 1.5e+02 fbr 5 b1
VEF Z 8Tev EPIC 75 (2015) 66 wil=  o(VBFZ)= 17e4021b 20 fb~?
VBF Z 13 Tev. EPJC 78 (2018) 589 M o(VBF2)=53e+021b 36 fb~1
EWWV  13TeV  Submitted to PLB G(EW WV) = 1.9¢+03 fb 138 fb~!
ex. yy > WW8 Tev JHEP 08 (2016) 119 = olex. yy-oww) =22 b 20 fb~?
EWqgWy 8 Tev JHEP 06 (2017) 106 weils  O(EW qaWy) =11 fb 20 bt
EWqQWy 137TeV  SMP-21-011 ol O(EWaqqwy) =191 138 fb™*
EWosWW 13TeV  Submitted to PLB Wl O(EWosWW) =100 138 fb~t
EWssWW 8Tev PRL 114 051801 (2015) wE=— o(EW ssWW) = 4 b 19 fb?
EWss WW 13 Tev PRL 120 081801 (2018) O(EW ss WW) = 4 fb 137 fb~t
EWqaZy  8TeV PLB 770 (2017) 380 = oEWaazy) =19 b 20 fb~!
EWaqaZy 13TeV  PRD 104 072001 (2021} O(EW qqZy) = 5.2 fb 137 fb~t
EWQqqWZ 13 TeV PLB 809 (2020) 135710 o(EW qaWZ) = 18 fb 137 fb~t
EWqqZZ 13TeV  PLB 812 (2020) 135992 S oEWqaZz) =033 1b 137 fo~*
tt 7Tev  JHEP 08 (2018) 029 = oty =17e+05 b 5 b1
it 8Tev JHEP 08 (2016) 029 ®  oftt) = 24e+05 fb 20 fb!
tt 13TeV  Accepted by PRD *  oltt) = 7.9e+05 fb 137 fb~t
teen 7 TeV JHEP 12 (2012) 035 & olti) =67e+04fb 2fbt
teoan 8TeV JHEP 06 (2014) 090 W olte-c) = B.4e+04 0 5fb~t
te-en 13 Tev PLB 72 (2017) 752 ol olt_o) = 234051 2!
w 7Tev. PRL 110 (2013) 022003 - oltW) = 1.6e+04 fb 5fb~*
w 8Tev PRL 112 (2014) 231802 Bl otw) =23e+041b 20fbt
w 13TV JHEP 10 (2018) 117 e o(tW) = 6.3e+04 b 36 fb!
tioen 8Tev  JHEP 09 (2016) 027 = wfllls oltoc)=13e+04fb 20 b1
tty 8Tev  JHEP 10 (2017) 006 W= oltty)=35e+03fb 20 fb=2
tty 13TeV  Submitted to JHEP —f  Oltty) = 12e+03 fo 138 fb~t
tZg 8TeV JHEP 07 (2017) 003 I o(tZa) = 2.96402 b 20 fb~t
tZq 13TV Submitted to JHEP 0(tZq) = 8.7e+02 fb 138 fb~*
Hz 7Tev PRL 110 (2013) 172002 - 2.8e+02 fb 5 fb~
uz 8Tev. JHEP 01 (2016) 096 Ae+02 fb 20 fb~t
Hz 13TeV  JHEP 03 (2020) 056 - o(t1z) = 9.5e+02 b 78 fb~?
ty 13Tev  PRL121 221802 (2018) wflls  olty) = 11e+03 fb 36 fb~1
Hw 8Tev JHEP 01 (2016) 096 = W olttW) = 3.8e+02fb 20 fb~t
tw 13Tev TOP-21-011 — olttW) = 872402 0 138 fbo~!
e 13TeV  EPJC 80 (2020) 75 I ot =131 137 fb™*
‘ogH 7Tev. EPIC 75 (2015) 212 - alggH) = 1.6e+04 fb 5 b1
9gH 8TeV EPJC 75 (2015) 212 = olggH) = 1.5e+04 fb 20 fb~t
ggH 13TV Nature 607 60-68 (2022) @ olggH) =47e+04 o 139 fb~t
VBFqqH 7 TeV EPJC 75 (2015) 212 . olVBF qgH) = 2.2e+03 fb 5fb1
VBFqaH 8TeV  EPIC75(2015) 212 WS  o(VBF qaH) = 16e+03 b 20 fb!
VBFggH 13 Tev Nature 607 60-68 (2022) i O(VBFqgH) = 3e+03fb 138 fb~t
VH 8 Tev EPJC 75 (2015) 212 SN o(VH) = 11e403 b 20 fb*
WH 13TeV  Nature 607 60-68 (2022) W oWH) =2e+03fb 138 fbt
zH 13TeV  Nature 607 60-68 (2022) =l o(zH) = 11e+03fb 138 fb~!
tH 8Tev EPJC 75 (2015) 212 - Il ottH) = 4.2e+0210 20 fb~t
un 137eV Nature 607 60-68 (2022) W o) - 48es021b 138 fb-!
tH 13TeV  Nature 607 60-68 (2022) ol o(tH) = 5.4e+02 fb 138 fb™t
HH 13TeV  Nature 607 60-68 (2022) — o(HH) < 1.1e+02 fb 138 fb~
L L L L
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09
Measured cross sections and exclusion limits at 95% C.L. Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty July 2022

o [fb]

See here for all cross section summary plots Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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* Beyond the LHC



No BSM or new discoveries at LEP

e 1980-1990s: LEP physics programme a resounding success
* Improved our fundamental picture of nature by orders of magnitude
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* Indirect precision probe of physics at higher energies



No guarantee of new discoveries at FCC

* Further zooming in on our fundamental picture of nature
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* Rich physics programme covering Higgs, top, electroweak, multi-
bosons, flavour, rare decays, neutrinos, QCD, heavy ions and more.



No guarantee of new discoveries at FCC

* No guarantee of discovery at Tevatron either. Hadron collisions thought by some
to be too messy to do physics.

* Value in pushing frontiers: we learn something regardless of outcome
* Definite questions are answered, even if in the negative

» Science is about continually refining existing knowledge and exploring the
unknown

* A new generation of data management, analysis techniques, improved
measurements, theoretical calculational tools, hardware development, cutting-
edge engineering, large international collaboration, popular culture inspiration,
and spirit of fundamental exploration, can only benefit humanity regardless o
our own short-sighted disappointment at lack of BSM. Doing good science is its
own reward.



Potential BSM discoveries at FCC

First order electroweak phase transition

CP violation

Dark matter

Light dark sectors
Axion-like particles
Sterile neutrinos

Higgs portal

BSM Higgs couplings
Additional Higgs doublets
Supersymmetric partners
Top partners
Leptoquarks

New forces

Implications for naturalness?
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Potential BSM discoveries at FCC
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Dark matter
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Potential BSM discoveries at FCC

First order electroweak phase transition

CP violation
Dark matter
Light dark sectors

[Axion-like particles]

Sterile neutrinos

Higgs portal

BSM Higgs couplings
Additional Higgs doublets
Supersymmetric partners
Top partners

Leptoquarks

New forces

Implications for naturalness?
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Potential BSM discoveries at FCC

First order electroweak phase transition

CP violation

Dark matter

Light dark sectors
Axion-like particles

[Sterile neutrinos]

Higgs portal

BSM Higgs couplings
Additional Higgs doublets
Supersymmetric partners
Top partners

Leptoquarks

New forces

Implications for naturalness?
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Potential BSM discoveries at FCC

* First order electroweak phase transition
e CP violation

e Dark matter

* Light dark sectors

* Axion-like particles

* Sterile neutrinos

* Higgs portal

e BSM Higgs couplings

* Additional Higgs doublets
* Supersymmetric partners
* Top partners

* Leptoquarks

* New forces

. [ Implications for naturalness?}

e | /A [TeV
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Potential BSM outcomes for naturalness

Radically conservative: naturalness restored just around the corner
* Natural supersymmetry
* Composite Higgs/extra dimensions

Creatively conservative
* Twin Higgs
e Stealth supersymmetry

Post-naturalness BSM
* Split supersymmetry
* Vector-like fermions only
* Lowered vacuum instability scale
* Weak-scale new physics for cosmological dynamics

Radically new?
* Breakdown of QFT/EFT above the TeV scale a real possibility
* Hard to imagine what form this might take, by definition
* How might this show up?



Potential BSM outcomes for naturalness

Radically conservative: naturalness restored just around the corner
* Natural supersymmetry
* Composite Higgs/extra dimensions

Creatively conservative
* Twin Higgs
e Stealth supersymmetry

Post-naturalness BSM
* Split supersymmetry
* Vector-like fermions only
* Lowered vacuum instability scale
* Weak-scale new physics for cosmological dynamics
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Radically new?
* Breakdown of QFT/EFT above the TeV scale a real possibility
* Hard to imagine what form this might take, by definition

L * How might this show up? )




Radically new BSM?

Energy

— A A20@) (3) @) | B m5) L 5 n6) L T B )
Lir =N +220® +mO® + 0W + 200 + 00 + F0M + Z0® + ..

E<A
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Radically new BSM?

Energy
A Lyy =7
/ .
= e.g. Consider
'T\ indirect sensitivity to
/ UV theory
C/ / — (3
E <A Lig = A+ A20® + mO® + 0W 4 ° O{”+ =0 +;’;@£7)_“
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Radically new BSM?

Energy

b—>——>—u"

Matching explicit UV
models populates a
subspace of SMEFT
coefficient space

E<A

_ A4 2(2) (3) ) | 5 n6) L B o) T 1) 4| B )
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Radically new BSM?

Energy

Lyv =7 | Unitarity | | Locality Causality

Positivity bounds forbid
negative signs of
SMEFT coefficients
assuming only general
fundamental principles
in the UV

Lin= A+ A20® 4+ mo® + oW 4 So6) 4 E06) L Ton f Bo®) | /I\/Ieasuring the “wrong” A
- 2 3 4 o .
A A A A sign experimentally would

have truly revolutionary
consequences for the

kunderlying theory! )

E<A
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Radically new BSM?

Energy May not even have a
Lagrangian description

Lyy :?J Unitarity | | Locality Causality

Positivity bounds forbid
negative signs of
SMEFT coefficients
assuming only general
fundamental principles
in the UV

Lin= A+ A20® 4+ mo® + oW 4 So6) 4 E06) L Ton f Bo®) | /I\/Ieasuring the “wrong” A
- 2 3 4 o .
A A A A sign experimentally would

have truly revolutionary
consequences for the

Kunderlying theory! )

E<A
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Radically new BSM?

* Sometimes an anomaly in indirect precision measurement = something missing

Discovery of Neptune

Explained by General Relativity

74


https://www.google.co.uk/imgres?imgurl=https%3A%2F%2Fs2.r29static.com%2Fbin%2Fentry%2Fa69%2F720x864%2C85%2F2204602%2Fimage.webp&imgrefurl=https%3A%2F%2Fwww.refinery29.com%2Fen-gb%2F2019%2F06%2F235926%2Fneptune-retrograde-2019-pisces-astrology-meaning-2019&docid=XjlTvNbByi0QaM&tbnid=ZzT6h5tUjaWKQM%3A&vet=10ahUKEwiGvqr47vzmAhXKgVwKHfU8AB8QMwh-KAMwAw..i&w=720&h=864&bih=1278&biw=1530&q=Neptune&ved=0ahUKEwiGvqr47vzmAhXKgVwKHfU8AB8QMwh-KAMwAw&iact=mrc&uact=8

Radically new BSM?

* Sometimes an anomaly in indirect precision measurement = something missing
v
1 M b o

R 7 | ,
Anomaly in Flavour physics . - Discovery of Z'?

VY
=

* Sometimes its implications are far more radical

Anomaly in positivity bounds? Ly =7 Explained by ???
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 Conclusion



Conclusion

 Lack of new physics accompanying the Higgs is a major theoretical
challenge

* It is also an opportunity to rethink BSM possibilities with an open mind

* Exploiting the full potential of the LHC and fully exploring the multi-TeV
scale at FCC is crucial



Conclusion

e 1900: Almost all data agree spectacularly with the fundamental
framework of the time, no reason to doubt its universal applicability
or completeness.

e 1920s: A combination of precision measurements (Mercury),
aesthetic arguments (relativity) supported by null experimental
results (Michelson-Morley), and theoretical inconsistencies
(Rayleigh-Jeans UV catastrophe) lead to an overhaul of the
fundamental picture at smaller scales and higher energies after
pushing the frontiers of technology and theory into new regimes.



Conclusion

e 2020: Almost all data agree spectacularly with the fundamental
framework of the time, no reason to doubt its universal applicability
or completeness.

e 2050s: A combination of precision measurements (B mesons,
Hubble), aesthetic arguments (naturalness) supported by null
experimental results (LHC), and theoretical inconsistencies (black
hole information paradox) lead to an overhaul of the fundamental
picture at smaller scales and higher energies after pushing the
frontiers of technology and theory into new regimes.



