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Towards a New Standard Model
Standard Model of particle physics: hugely succesful, 

but leaves many foundational questions unanswered

Quarks & Leptons: 

Matter particles

Mediators of 

fundamental 

interactionsProton:

see also talk from Chris Quigg!



Origin of particle masses?

18% Ordinary Matter
mtop−quark ≃ melectron ?

particle masses are free parameters in the SM, to be measured from data



18% Ordinary Matter
mtop−quark ≃ 106 × melectron

Unexplained, huge differences in the patterns of particle masses and couplings!
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mtop−quark ≃ 106 × melectron

Unexplained, huge differences in the patterns of particle masses and couplings!

Origin of particle masses?

see also Keri’s talk
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What is Dark Matter?
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What is Dark Matter?

82% Dark Matter

18% Ordinary Matter



Towards a New Standard Model
Standard Model of particle physics: hugely succesful, 

but leaves many foundational questions unanswered

requires new particles and interactions beyond the Standard Model!

What is Dark Matter? 

Origin of the 

particle masses?

Where is all the 

missing Antimatter?

see also 

Elisabetta’s talk



Hunting for New Physics
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Hunting for New Physics



Effective 

Theories!

Model-independent & Data-driven strategy

Hunting for New Physics
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A Journey to the Zeptospace

describe physics exclusively in terms of 
the degrees of freedom and dynamics 
relevant at every length (energy) scale, 

and integrate out everything else

Why Effective Theories?
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A Journey to the Zeptospace

Newtonian 

Physics


Δx ≃ 10−3 m
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Quantum  

Mechanics


Δx ≃ 10−9 m

A Journey to the Zeptospace

DoF: atoms
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Quantum  

Electrodynamics


Δx ≃ 10−11 m

A Journey to the Zeptospace

DoF: electrons + 
atomic nucleus
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Quantum  

Chromodynamics


Δx ≃ 10−15 m

A Journey to the Zeptospace

DoF: quarks & gluons
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the Zeptospace!


Δx ≃ 10−21 m

Standard Model 
Effective Theory

A Journey to the Zeptospace

DoF: all SM particles
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A Journey to the Zeptospace

the Zeptospace!




The Standard Model as an Effective Theory

extract from data

Assemble a New Standard Model from the bottom up!

(Standard Model) + ∑
k

ck × (New Interaction)k

complete basis spanning space 

of New Physics theories

The Standard Model Effective Field Theory (SMEFT):

constrain all SMEFT interactions from a global dataset

more than 2000!

rich variety of signals!



The Standard Model as an Effective Theory

extract from data

Assemble a New Standard Model from the bottom up!
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of New Physics theories

The Standard Model Effective Field Theory (SMEFT):
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The Standard Model as an Effective Theory

extract from data

Assemble a New Standard Model from the bottom up!

The Standard Model Effective Field Theory (SMEFT):

constrain all SMEFT interactions from a global dataset

rich variety of signals!
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known physics
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On the lookout for new physics. There exist two main approaches to identify novel particles and interactions arising in
high-energy collisions. In direct searches [6], once the available energy is sufficient to kinematically produce the new
particles, one can isolate their signatures as an excess signal over the known SM background processes – this was the
approach used e.g. for the discovery of the Higgs boson. This strategy is however limited by the available collider en-
ergy, 14 TeV (around 104 times the protonmass) at the LHC. In indirect searches instead, the goal is pinning down subtle
deviations in the properties of known particles, such as the strength of their interactions, arising from yet unknown
heavy particles whose effects feed down to lower scales via virtual quantum effects. This approach benefits frommodel
independence, can achieve a higher energy reach that the direct method, and was successful in predicting the masses
of the Higgs boson and the top quark before they were actually discovered at the LHC and the Tevatron, respectively.

Effective Theories: the ultimate quantum microscope
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ϕ (mϕ) , Φ (MΦ)

E ≃ MΦ ≫ mϕ

ϕ (mϕ)

ℒint ⊃ λϕ2Φ2

ℒint ⊃ c4(λ, MΦ)ϕ4

Full Theory

Effective Theory

Figure 2: Schematic of the matching be-
tween (toy) Full and Effective Theories.

In many physical systems, the dynamical laws governing widely
separated energy or distance scales become effectively decou-
pled. For instance, as shown in Fig. 3, knowledge about the inter-
nal structure of the proton (or even the existence of the strong
nuclear force) is not required to evaluate electronic transition
energies. An Effective Field Theory (EFT) is an implementation
of this paradigm in the framework of quantum theory [7]. We
can illustrate the EFT philosophy by considering a toy Full Theory
(Fig. 2) composed by a light field � with mass m� and a heavy
field � with mass M� (such that m� ⌧ M�), coupled via a
��2�2 interaction. At low energies, E ⌧ M�, the heavy field
becomes non-dynamical and can be integrated out. The result-
ing Effective Theory is now composed by only the light field �
but with a new interaction c4�4, where the value of c4 depends
on the Full Theory parameters � andM�. Therefore, we can in-
fer indirectly the existence and properties of the heavy particle
� even at low energies, via its modifications to the properties
(e.g. interaction strength) of the light particle �. The take-home
message is that, due to quantum effects, effective theories can
provide access to much higher energy scales than those directly
probed at facilities such as the Large Hadron Collider.

Figure 3: The effective theory paradigm is based on constructing our physical models by keeping only the relevant degrees of
freedom at each energy or length scale. As we image atoms with increasing spatial resolution�x, new degrees of freedom become
apparent: first the outer shell electrons, then the full electronic structure, and finally for the quark and gluon structure of protons.

The Standard Model as an Effective Theory. The Standard Model itself can be also understood as an effective field
theory, known as the SMEFT [8]. Assuming that the Standard Model provides an effective (as opposed to fundamental)
description of nature up to energy scales such thatE ' ⇤, the effects of new heavy particles and interactions present

ℒint = λ3ϕ2Φ

ϕ + ϕ → Φ → ϕ + ϕ
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The Standard Model as an Effective Theory. The Standard Model itself can be also understood as an effective field
theory, known as the SMEFT [8]. Assuming that the Standard Model provides an effective (as opposed to fundamental)
description of nature up to energy scales such thatE ' ⇤, the effects of new heavy particles and interactions present

ℒint = λ3ϕ2Φ

ϕ + ϕ → Φ → ϕ + ϕ

ϕ + ϕ → ϕ + ϕ

c4 = λ2
3 /M2

Φ



Low-energy parameters sensitive to ultraviolet dynamics!
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Constraints from low-energy data
Effective Theories can constrain New Physics in global analyses of processes from very 
high (above top quark mass) to very low energies (below proton mass)


Correlate persistent anomalies in the low-energy (B-meson) sector with high-energy data

SMEFiT: framework for data interpretation in terms of Effective Theories (Hartland et al 19)

Rojo et al 19

non-universal lepton interactions?



What can EFTs do for me?

 Crucial information to assemble the New Standard Model of particle physics 


 Marked increase in the potential to discover new particles and interactions

addressing the foundational questions left unanswered by the SM!

Scattering of Vector Bosons:

deep relation to Higgs mechanism

W± + W± → W± + W±

OHB OHW OHWB OHD OWWW
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Current Data
Future Data

Ethier et al, Jan 21




Toward a global EFT analysis
 Combine data from Higgs, top quark, and diboson production at the LHC

Ethier et al, Feb 21


A global interpretation of particle physics measurements is by 
construction the most powerful indirect probe of new UV dynamics

σSMEFT = σSM +
N6

∑
i=1

ci

Λ2
σ(eft)

i +
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∑
i, j=1

cicj

Λ4
σ̃(eft)

ij

 bounds on 50+ new interactions!



Toward a global EFT analysis



Exciting times for high-energy physics as we enter a precision, data-driven era! 


Stay tuned for news from the high energy frontier!

An Effective Pathway to the New Standard Model

Effective Theories represent a paradigm shift guiding the field towards new discoveries

unique opportunity: 90% of LHC data yet to come!

First global analysis of the New 
Standard Model interactions

Enormous increase in discovery 
potential of new particles


Pinpoint most promising directions 
for experimental searches

The ultimate goals:


