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What are we made of?
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What are we made of?
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What are we made of?

QUARKS GAUGE BOSONS SCALAR BOSON

u Y
Up Photon
Gluon

' Gluons are the carriers

of the strong force. They
bind quarks together
inside nucleons and also
hold the nucleons together
in the nucleus.

, — 3 ‘Q @ Neutron
LEPTONS 7 e = U

Down Gluons

Proton
(up + down quarks)

(up + down + down quarks)

e

Gluon

~ — N (binds the nucleons
4 ¢ K < - J A\ together)
Electron ‘ e
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What are we made of?
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What are we made of? PR
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What are we made of?

QUARKS

| GENERATION Il GENERATION
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The SM lagrangian

Kinematics of gauge bosons
and fermions (and their
Interactions)

Yukawa couplings: induce
mass to fermions

—» Higgs boson kinematics
and potential




The SM symmetries

SU(3)xSU(2) x U(1)

St

(Color)

8 generators

( SU(2) ) -

(Weak Isospin)

3 generators

DD

J\

UQ)

(Hypercharge)

1 generator

%,

sy

—

The Standard Model Gauge Group

| Sergio Sanchez Cruz




The standard model independent parameters

18* independent parameters — the rest can be determined from them

From Standard Model Parameters to Boson Masses

Gauge sector

Gauge couplings of the three SM interactions

V5 Sl B2 83 (U(1)y x SU(2), x SU(3)c¢)

Fermion sector

Yukawa couplings (fermion masses and mixing)

* 9 charged fermion masses (6 quarks + 3 charged leptons)

* 4 CKM parameters (3 mixing angles + 1 CP phase)
Higgs sector

Higgs potential parameters

e 2 parameters (e.g. u?and 1)

*Plus the neutrinos masses and the strong CP term

13

1. Higgs boson

Scalar self-coupling
My = N2AY

Inputs
e V: Higgs vacuum expectation value

e A: Higgs self-coupling

2. W boson

Charged weak interaction

gvu
mW:7

Inputs
e g: weak SU(2); gauge coupling

e V: Higgs vacuum expectation value

3. Z boson

Neutral weak interaction

A=

N <

Inputs
e g: weak SU(2); coupling
e g': hypercharge U(1)y coupling

e V: Higgs vacuum expectation value

| Sergio Sanchez Cruz
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What can the SM explain?

The SM describes almost every

experiment on Earth in the past 20

centuries:

- Electromagnetism — chemistry, biology \\X \ / )

- Strong and electroweak forces — "ﬁlml)
nuclear physics

| Sergio Sanchez Cruz




What can’t the SM explain?

Observations

Gravity

Dark matter

Neutrino masses

| Sergio Sanchez Cruz 12




What looks fishy in the SM?
The flavor problem
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What looks fishy in the SM?
The naturalness problem

Planck

e Large corrections

1
“““““ 61
Particles in loops (e.g. top quark) The corrections grow with
contribute to the Higgs mass. the high-energy scale A.

Huge difference
in scale

Higgs mass Planck scale
125Gev VS 10" GeV
(102 GeV) (10"° GeV)

~ 10" times larger

v

| Sergio Sanchez Cruz
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SUSY or not SUSY? SUSY = SUperSymmetry

SM particle superpartner
t t
o = 6 (boson) ’ . ! /,-»\\ y 5 5 1 5
LA A rr NS e
: e 4
a 7 e (feAniar) top quark loop stop loop (instead of ~ A?)
o + A2 x — A2
—> 0 (fermion)
e.g: “If SUSY particles are not much*
: ﬂg’;ri;sg”ark heavier than the Higgs, it would be a
® gauge bosons — gauginos solution to the hierarchy problem"
® gluons — gluinos

| Sergio Sanchez Cruz
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The Large Hadron collider at a glance

27 km

Circumference of the ring

13.6 TeV

Center-of-mass energy

40 million/s

Collision rate

4

Particle interaction points

Colliding protons and heavy ions, the “effective” |
collision energy is lower than 13.6 TeV

| Sergio Sanchez Cruz 16




The CMS experiment

21m

Detector length

1I5m

Detector diameter / height

14,000 tonnes

Total detector weight

38T

Solenoid magnetic field

| Sergio Sanchez Cruz 17




The Higgs discovery

S/(S+B) weighted events / GeV

-100

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

x103:
a5k EMS S/(S+B) weighted sum
L . Ty ¢ Data

3P
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25 : ------ B component
S . +1lo

2 :_ """ +20

15F
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05F m

0:|||||||||||||||||||||||||||||||||||||||
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200 N
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100

110 115 120 125 130 135 140 145 150

m,, (GeV)

The SM was “completed” with the
discovery of the Higgs boson in 2012

| Sergio Sanchez Cruz
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The Standard Model at work

Incoming protons: proton PDFs are not
calculable (yet)

Hard scattering: from first principles but with
perturbative expansions

Parton shower: non-perturbative QCD, based
on first principles, but approximations

Hadronization: non-perturbative, generally
not calculable, using phenomenological
models

¢'¢¥%"§x | Sergio Sanchez Cruz )
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https://arxiv.org/abs/1107.2381
https://link.springer.com/article/10.1140/epjc/s10052-020-8001-z
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When data and theory joint forces

What does

data tell us
about the
theory?
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Bottomline: no sign of physics at the LHC

Message to the experts — limits only true for simplified models, they are much
weaker in full models

| Sergio Sanchez Cruz 22



https://cms-summary-searches.docs.cern.ch/

More direct searches for new physics
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More direct searches for new physics

CMS Preliminary 627" (13.6 TeV)
/\ 3 T I T T T T I | R R | I L | T T T 7T | T T T T
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o1 9 102 M o B zy—n [Jaco
@ — My=36TeV = M,=5.6 TeV Stat. + Syst. (!
NEW RESONANCES 5 i o
o e+ p’T“ o T
; g
N
- 1
Z'[W', gravitons, @)
heavy bosons 5
1
(V]
&
A bump in high-mass i
. (V]
lepton, photon or jet spectra e T S
% poes Gt Tﬂ Il U
a 05 _ i
0 1000 2000 3000 4000 5000 6000
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racker muon pair Search for long-lived
_ Muons reconstructed in the muon / particles decaying to Muons reconstructed only in the muon detectors

detectors as well as the tracker

LONG-LIVED PARTICLES

a pair of muons

Dark photons, heavy neutral
leptons, exotic states

Displaced vertices/jets,
delayed signals, disappearing tracks

02

DARK SECTOR

Dark matter, dark photons,
hidden-sector particles

Missing transverse momentum;
visible or semi-visible decays

04
UNUSUAL MATTER/
STRUCTURE

Leptoquarks, extra dimensions,
heavy or highly charged states

Lepton—jet combinations,
unusual ionisation or event topology

| Sergio Sanchez Cruz
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-24-021/index.html

What if the new particles not there?

The “problems” that motivated us to look
for SUSY are still there!

Those “problems” also suggest that the new
physics can’t be VERY* far —

What if, still, the LHC is not energetic
enough to produce new particles?

| Sergio Sanchez Cruz 25




Effective field theories

e Interference

e—
b 4
= o+
q 0
Z
Each particle is an 0
excitation of a quantum field. q &
Fields Interference
NV Particles = excitations =3 Amplitudes add up,
of quantum fields changing probabilities

do
dmy

—— y contribution
—-=—Z contribution

—— total (interference)

The photon and Z amplitudes
contribute to the same final state
and interfere, shaping the spectrum.

Observable

d_{l Measured as the

Mee spectrum

| Sergio Sanchez Cruz
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Effective field theories

q & A |
Y do —  SM ' Experimental
Photon exchange dm“ - % New phySiCS (X) ; reach
(SM) ¥ 2 5
q i
!

New physics
resonance

q 7 ¢ : (> O(TeV))
>\/W\N\/< Z boson exchange

(SM)

q ¢+ *

q 0 :

= ¥_ S Heavy new physics T T : T
(above the reach) 10 02 103 1 04
e+

mee [GeV]

Indirect searches for new physics Direct searches for new physics

| Sergio Sanchez Cruz 27




Effective field theories in real life

Limiting factor of the pp-chain:
H+1H—>2H+e +v,

p (uud)| u > > u ¢n (udd)

Typical energy of the quarks — O(100 MeV)
W boson mass — 8o GeV (1000 times more!!)
The reaction is only possible through a very virtual W boson

| Sergio Sanchez Cruz 28



https://es.wikipedia.org/wiki/Electr%C3%B3n
https://es.wikipedia.org/wiki/Neutrino

The SM effective field theory

>Wm< \B e
6 : el . .

g L= £5M+Z 5 0

; ’
> N
q ¢ operator involving only SM fields

coupling and new physics scale




The SM effective field theory

X3 ¢ and @iD? Y23
Qc fABCG;lVGVBPGS# Qy (@T‘r’g)g Qe vy (l_per@)
Qz | FAECGHGEGS* || Qun (Ple)0(ele) Qi (01 0) (GurP)
Qw | EWIW]PWEr | Qup | (¢TD*0)” (¢'Dup) | Qap (¢"0) (@pdrp)
= 5IJKW'L{1/VVI;IpW;{(p
X2p? VX V22D
Que | ¢oGAGW | Quv | (owe)rloW], | QD | (otiD,v)EHL,)
Qi | ¢oGAe™ | Qs | Gowe)eB. || @Y | (oiDlo)Grv,)
Qow | SeWLW | Quo | (G0™TAu)FC4, | Qpe | (¢1iDu0)@Ente,)
Qa | eloWLw | Quw | (Go™u)r'dW,, | QG | (o D, ¢)(@"4)
QeB o By, B* QuB | (40" ur)P B o (wTiB;f ©) (@ v )
Qs | PeBuB | Quo | @ TAd)eGL, | Qe | (¢1iD, )@ u,)
Qews | ¢ITIOWLB* || Qaw | (§o*d, )T 0 W), | Qua (¢'1 D, ¢)(dyy#d,)
Quve | ©TeWLB* | Qi | (G0"d)eBu | Qua| 4@ Dup)(@n*d,)

Ci
L=Lsmu+), 75 0

In total, 2499 operators!!

New physics could induce
many operators at the
same time, and they can
cancel each other

| Sergio Sanchez Cruz
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The SMEFT, the strategy

New physics could be ~anywhere,
and 2499 operators are not possible
to test simultaneously

In practice, focusing on in “sectors”

| Sergio Sanchez Cruz
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What sectors are more important?
A clearly unbiased assessment

e T e The Higgs and the top are the most massive
2 ) L Q@ . .
‘ - particles in the SM

10°

T faed] @ ] They are directly connected to the fundamental
3 - problems of the SM: naturalness and flavor
.E::';m_? Up quark t E
2 )
2 Electron H

10 - -

1
|
S
1
1
e
1
1
P
7 \
/ \
A 4
\ /
3 7
1
|
e o
1

PR T e G MASSLESS
10710 BOSONS
Muon- J
neutrino Tau- ) Photon top quark loop stop loop
10t  Electron- } neutrino

neutrino " 2 .
) OGluon X +A X _A2

10»‘.2

| Sergio Sanchez Cruz 32




The top quark - everybody’s
second favourite particle

The top quark was observed 30 years
ago at the Tevatron

It has been studied with a great level of
detalil, but some aspects remain elusive

Top quark event display, CDF

| Sergio Sanchez Cruz 33




The top landscape in a nutshell

10°k

Production cross section, o (pb)
o

CMS

_.
A
T

—_

(=]
=)
T

Fo o

0j (pr > 25GeV, [n| < 2.5) @

>20GeV, |n| <2.4) il

22¢ (pr

<2

Theory prediction

M 13.6TeV(L<5M")
o 13 TeV (L<138fb7")
8 TeV (L<19.6fb7")

Wi 7 TeV (LS5
mm 5.02 TeV (L<231nb™")

“From precision measurements to the
rarest processes”

top-antitop production: ~500 million
events until now - studied to death

4top production: ~4000 events until
now — potentially large new physics
contributions, only explorable now!
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The top quark sector of the SMEFT

.1 Operators generating lepton flavor
violation, FCNCs, etc are also possible
- see the backup

o g t
Heavy quark + lepton operators
(8 + 3 CPV) x 3 lep generations

4-heavy quark operators

11 + 2 CPV operators
W ﬁE R AR “““‘M

d W

» " 2-heavy-2-light quark operators | § 2-heavy quark+ boson operators
aend L O0CIEOR il Dssaninais an, SperElOrS

| Sergio Sanchez Cruz 35




Studying rare top production
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University of Zurich, colab with Oviedo, Notre Dame, Nebraska, Ohio 3
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Studylng rare top production
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CMS Supplementary 138t~ (13 Tev)

Bl c;=0.01 c=1 ¢ = (4m)?

Studying rare top production

Setting limit on the operators based on the number
of observed events in all the regions studied

Setting limits up to 4 TeV on the scale of
new particles — probing an energy much
larger than the reactions taking place!!

Results with a larger dataset will be released soon —
Increased sensitivity reach

107! 100 10!

A = Vci/95%limit [TeV]
| Sergio Sanchez Cruz Colab with Notre Dame, Nebraska, Ohio JHEP 12 (2023) 068 39



https://arxiv.org/abs/2307.15761

The top “combination”

Rare top quark Differential Spin correlations
production mode cross sections

; (e.g. ttZ) . + \l,
NN Z + + + ------
g9 : + > 'T\

t

Preliminary result: we will likely
not manage to probe the full
parameter space at the LHC

Combined
result

Work in progress, colab with Rice University 40



How to get the most out of the LHC?

Easy way: build observables using machine learning

Machine learning algorithms can be greatly enhanced when profiting from
physics-induced symmetries — equivariant neural networks

|

decay
plane

Median

Rotation-equivariant neural network

S Ap

PRD 109, 076012, PRD 110, 096023 (2024), PLB 869 (2025) 139857

| Sergio Sanchez Cruz CERN, colab with HEPHY-Viena “
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https://arxiv.org/abs/2405.13524
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How to get the most out of the LHC?

Easy way: build observables using machine learning

Machine learning algorithms can be greatly enhanced
when profiting from physics-induced symmetries —
equivariant neural networks

CP-equivariant neural network:
symmetric for CP-conserving processes
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How to get the most out of the LHC?

More complicated: don’t build observables, use the full information — simulation

based inference

Simulation-based Classical analyses

inference
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m=) £(6,7n) = Poisson(N|v(8,m)) | | p(xel6,m) m(n)

e=1
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Simulation-based inference

The name of the game is to obtain a "surrogate” model of the per-event probability

.

L£(6,m) = Poisson(N|v(0,m)) | | p(xc|6,m) 7(n)

e=1

The surrogate can be parametrized with neural networks, trained using
simulations

More details in an upcoming technical seminar
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Simulation-based inference at work

Simulation-based inference is most powerful for complex models, with
many parameters, such as the SMEFT

Q*=10 GeV’-

¢ o

CERN-GRAPHICS-2019-001
The proton is a complex yet "*common” system, its structure
cannot be computed (yet)!
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Simulation-based inference at work
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The SMEFT, the strategy

New physics could be ~anywhere, /
and 1499 operators are not possible '/
to test simultaneously

In practice, focusing on in “sectors” |

This program is only possible through a great development of
theoretical work on the SM on the past years!!
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it at the LHC, CERN
2012-May-13 20:08:14.621490 GMT

108 / 564224000

The Higgs discovery

19.7 fb™ (8 TeV) + 5.1 fb™ (7 TeV)
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What do we know about the Higgs

35.9-137 fb™' (13 TeV)
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What don’t we know about the Higgs
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What do we know about the Higgs?
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How can we explore the Higgs potential

V(h) = Av*h? + Avh® + -} Ah*

Higgs self-coupling is given by the quartic term in the potential

The study of Higgs pair production is one of the main scientific targets of the LHC
until the end of the programme
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How can we explore the Higgs potential

CMS Preliminary March 2026
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How can we explore the Higgs potential
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The HL-LHC
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How can we explore the Higgs potential

HH — bbbb
e Highest branching ratio
e Huge multijet background

HH — bbyy
e Tiny branching ratio
e Excellent mass resolution

HH — bbtt
e Moderate background
e Moderate branching ratio
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We expect the HL-LHC to be able to observe di-Higgs production...

e But we needto actuallydoit
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Di-Higgs production in the bbtt channel

e Recentsearch for HH in the bbtt (by collaborators, HEP-Uniovi has recently joined the

effort)
e Setting (expecte) limits on 4 times the SM expectation

110 fb™' (13.6 TeV)
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Di-Higgs production in the bbtt channel
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e More than just taking data!! — Technical and physics developments are needed
e Production of simulations is a clear example, more work will be done from object
selection to the end of the analysis
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What comes after? The FCC-ee
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Electrons are fundamental particles
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59



_g‘l_ t —  SM : Experimental
. dm - ==+ new physics (X) , reach
Indirect searches at the FCC-ee ; p "
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Measurements of ttbar production

2.72 ab™! (365 GeV) + 0.4 ab~! (340-345 GeV)
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What sensitivity do we expect to new
particles coupling to top?

Sensitivity to new particles up to 30 TeV, 100 larger than the collision energy
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CMS Supplementary 138 -1 (13 Tev)

s =001 ci=1 ¢i=(4m)?

Conclusions

e The SM has (so far) survived to the LHC physics program
e Indirect searches provide a way to extend the LHC's energy

reach

o Indirect searches need a complete understanding of
the SM and robust theoretical predictions

o Indirect searches need advanced observables for an
efficient use of the data

o The Higgs and top sectors are the most promising, with
the observation of HH being the next flagship of the
LHC

e The FCC-ee will open a new frontier in the search for new
physics, reaching unprecedented energies e
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Forbidden transitions in the SM - flavor-changing
neutral currents cus

- 13817 (13 TeV)
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First CMS EFT combination

 Statistical combination of CMS results, mostly particle-level cross
sections

» Considering 64 independent Wilson coefficients

* Higgs physics: H — yy e EWPO from LEP and SLC
* Including gluon fusion, VBF, ttH * Electroweak sector
* Top physics: « WW
e ttbar (l+jets) * Wy
* {(t)X: dedicated EFT analysis (analysis at o/ — VWV
reconstruction level) e Inclusive jet production

* Only a taste of the CMS physics programme, but covering most sectors
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