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The Standard Model

3

• SU(3)c x SU(2)L x U(1)Y gauge symmetries.

• Matter is organised in chiral multiplets of the fund. representation.

• The SU(2) x U(1)  symmetry is spontaneously broken to U(1)EM. 

• Yukawa interactions lead to fermion masses, mixing and CP violation.

• Matter+gauge group => Anomaly free 

• Neutrino masses can be easily accommodated.


• Renormalisable = valid to “arbitrary” high scales.  

• A number of accidental symmetries,  

   

which allow to explain what we see and we don’t see in our exps.  

U(1)L, U(1)B, SU(2)L × SU(2)R, SU(N)f , GIM, …

ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)

Simplicity
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[Andreassen et al. 1707.08124]

SM

Simplicity

https://arxiv.org/abs/1707.08124
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t V

•Strong CP  ℒθ = θ
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…and at the TeV scale?
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• No EWBG  (Higgs too light, not enough CPV,…)
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• Ta n g i b l e r e s u l t s o f a n a m a z i n g 
experimental effort over a 10+ year span, 
accessing a wide range of final states, 
each with very different challenges. 

• Theory predictions seem adeguate. (The 
key role of MCs is hidden in this plot). 

The Standard Model at the TeV
Theory vs exp
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The Standard Model

6

Whatever New Physics might exist to address 
the SM theoretical shortcomings, its effects 
must be “smal l ” so that have gone  
undetected so far. 

The main path ahead is twofold


1] Explore the unexplored 


2] Increase the precision of TH and EXP to 
identify  possible deviations.

The Standard Model at the TeV
Theory vs exp

Precision observables do not point to any 
clear deviation either. 


The most puzzling experimental “issue” of the 
SM is that we don’t really understand why it 
works so well…
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Whatever New Physics might exist to address 
the SM theoretical shortcomings, its effects 
must be “smal l ” so that have gone  
undetected so far. 

The main path ahead is twofold


1] Explore the unexplored 


2] Increase the precision of TH and EXP to 
identify  possible deviations.

[Courtesy of De Blas et al., work in progress]

The Standard Model at the TeV
Theory vs exp

Precision observables do not point to any 
clear deviation either. 


The most puzzling experimental “issue” of the 
SM is that we don’t really understand why it 
works so well…
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Explored vs unexplored
[ATLAS 2020]

Unique mass generation mechanism 
for fermions and vectors.

Constrained system.

7

The Standard Model

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
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Explored vs unexplored
[ATLAS 2020]

Unique mass generation mechanism 
for fermions and vectors.

2  [ATLAS, 2020]σ
3   [CMS, 2020]σ

Constrained system.

7

The Standard Model

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/ATLAS-CONF-2020-027.pdf
https://arxiv.org/abs/2007.07830
http://cds.cern.ch/record/2725423
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H

8

The Standard Model
Explored vs unexplored
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The Standard Model
Explored vs unexplored

http://arxiv.org/abs/arXiv:1711.00019
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The Standard Model
Explored vs unexplored

http://arxiv.org/abs/arXiv:1711.00019
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[ATLAS, 2020]

One of the flagship measurements foreseen for the HL-LHC. [Di Micco et al., 1910.00012 ]

The Standard Model
Explored vs unexplored

https://cds.cern.ch/record/2693958
https://arxiv.org/abs/1910.00012
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The precision path
Two questions

10

1. What is the expected experimental precision on key SM measurements at the TeV scale 
and a reasonable goal for the corresponding TH predictions? Are we there yet?


2. How to frame and interpret our results to maximise the sensitivity to New Physics?
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Towards the HL-LHC
• 20-fold data sample

• 1/5 statistical uncertainties

• Comparable reduction of systematic uncertainties?

• Definition of tails and access to rare processes 


11
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HL-LHC projections
Higgs couplings

12

[De Blas et al., 2020]

10-20%

https://arxiv.org/abs/1905.03764
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HL-LHC projections
Higgs couplings

12

[De Blas et al., 2020] [De Blas et al., 2020]

    →          2-4%10-20%

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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Now
[ATLAS, 2020]

HL-LHC projections
Higgs couplings

https://cds.cern.ch/record/2693958
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Now
[ATLAS, 2020]

HL-LHC projections
Higgs couplings

[De Blas et al., 2020]

Currently limits on  from H and HH are comparable and will stay so at the HL-LHC.

Borderline sensitivity to say something about EW baryogenesis… 

kλ

Future

https://cds.cern.ch/record/2693958
https://arxiv.org/abs/1905.03764
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Precision calculations for the LHC
Status

14

Fixed Order 
LO, NLO,…


QCD EW

Resummation 
LL, NLL,… 


Parton Showers

PDF’s 
LO,NLO,..Evolution


Fits

Precision 
@ LHC



PANIC - Lisbon - 2021 - On line                                               Fabio Maltoni 

The path

15

αS

αW

∑
n

(αx u)n

“Rules of thumb at the LHC”:


• Predictions must be calculated at least to NLO QCD to control the central 
value at 10-20%.


• N2LO QCD provides control at 5% level and on the uncertainties stabilizing 
the perturbative expansion.


• N2LO QCD is expected to be of the same order as NLO EW , yet 
EW corrections grow large and negative at high energies (Sudakov logs). 


• N3LO QCD is the frontier of precision aiming ~1% of MHO uncertainties. 


• Resummation Universal, all-order terms that are potentially large for some 
observables (logs or 1PI loops for propagators) need to be resummed. They 
might refer to global or non-global observables. Resummation leads to 
mprovements in precision and accuracy. 


α2
S ∼ αW

Precision calculations for the LHC
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automation   NLO+PS

2-loop revolution
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NLO
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H γ* W±
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2030 2040

N4LO
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<5%

Precision calculations for the LHC
N3LO revolution

• Very significant 
reduction of MHO 
uncertainties. 


• Differential distributions 
are available. 


• Uncertainty budget 
points to PDF as the 
main source of error. 

[Chen et al , 2102.07607]

[Duhr, Dulat and Mistelberger, 2001.07717] [Duhr, Dulat and Mistelberger, 2007.13313 ]• Drell-Yan now available

[Anastasiou et al. , 1602.00695 ]

https://arxiv.org/abs/2102.07607
https://arxiv.org/abs/2001.07717
https://arxiv.org/abs/2007.13313
https://arxiv.org/abs/1602.00695
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Precision calculations for the LHC
Fully exclusive simulations

18

[Mazzitelli et al. , 2012.14267 ]

https://arxiv.org/abs/2012.14267
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[Mazzitelli et al. , 2012.14267 ]

https://arxiv.org/abs/2012.14267
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Precision calculations for the LHC
Status: PDF’s

19

[Khalek, et al. 1906.10127]

[ Moch et al. , 1707.08315]

• Complete N3LO PDF’s 
evolution not available yet. 
Non-singlet evolution available 
at 4 loops already. 


• Error budget with many 
sources. MHO uncertainties yet 
to be included in the final 
assessment. 


• Reaching 1% will be very 
challenging.


• Room for a breakthrough from 
lattice?

https://arxiv.org/abs/1906.10127
https://arxiv.org/abs/1707.08315
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Precision calculations for the LHC
The challenges towards the “1% goal”

20

Fixed Order 
LO, NLO,…


QCD/EW

Resum 
LL, NLL,… 


PS

PDF’s 
LO,NLO,..


Fits
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Precision calculations for the LHC
The challenges towards the “1% goal”

20

Fixed Order 
LO, NLO,…


QCD/EW

Resum 
LL, NLL,… 


PS

PDF’s 
LO,NLO,..


Fits

• Very fast progress in conceptual 
as well as technical aspects. 


• Tight and consolidated 
community, with high 
momentum. 


• Considering the status of 20 
years ago seems clear that 
NNLO will be completed and  
N3LO will start to become 
available for 2→2 (see 3-loop 

 results)


• Mixed QCD-EW being included. 

qq̄ → γγ

https://arxiv.org/abs/2011.13946
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• A variety of approaches 
available, both analytical and 
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• Analytically historically 
matching the FO accuracy. 


• NNLO+PS will be the new 
standard. (N3LO+PS already 
being explored)


• Having a NLL and beyond PS, 
is being explored now. To be 
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• Not clear  whether one can 
reach 1%. 
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https://arxiv.org/abs/2106.03206
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• NNLO+PS will be the new 
standard. (N3LO+PS already 
being explored)


• Having a NLL and beyond PS, 
is being explored now. To be 
seen. 


• Not clear  whether one can 
reach 1%. 

• Complete N3LO PDF’s 
evolution not available yet. 


• PDF determination from fitting 
large set of data. Final quality 
depends on measurements. 


• Error budget with many 
sources. MHO uncertainties yet 
to be included in the final 
assessment. 


• Reaching 1% will be very 
challenging.


• Room for a breakthrough from 
lattice.
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The precision path
Two questions

21

1. What is the expected experimental precision on key SM measurements at the TeV scale 
and a reasonable goal for the corresponding TH predictions? Are we there yet?


2. How to frame and interpret our results to maximise the sensitivity to New Physics?
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The way of SMEFT
Going beyond the SM

 Three key properties of the SM:


• Mass generation with gauge invariance 


• Unitarity (up to a predefined )


• Perturbativity/renormalizability

Λ

22
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 Three key properties of the SM:


• Mass generation with gauge invariance 


• Unitarity (up to a predefined )


• Perturbativity/renormalizability

Λ

Is it possible to "minimally" deform the SM in a way to encompass “all” New 
Physics and without losing any of the  above?

SM EFT UV

22
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One can satisfy all the previous requirements, by building an EFT 
on top of the SM that respects the gauge symmetries:

A powerful approach
Searching for new interactions with an EFT 

24

With the “only” assumption that all new states are heavier than 
energy probed by the experiment .


The theory is renormalizable order by order in , perturbative 
computations can be consistently performed at any order, and 
the theory is predictive, i.e., well defined patterns of deviations 
are allowed, that can be further limited by adding assumptions 
from the UV.  Operators can lead to larger effects at high energy 
(for different reasons).  


s < Λ

1/Λ

* Sufficiently weakly interacting states may also exist without spoiling the EFT.

.
Λ2 > s |ci | /δ

s |ci | /Λ2 < δ

Two main strategies for searching new physics 

 

SM

EFT in the tails

Rescaling

pT(t,H)

Illustrative plot

 

Energy helps precision

ℒSMEFT = ℒ(4)
SM +

1
Λ2

N6

∑
i

ci𝒪(6)
i +

1
Λ4

N8

∑
j

cj𝒪(8)
i + …

http://arxiv.org/abs/arXiv:1607.04251
http://arxiv.org/abs/arXiv:1610.05771
https://arxiv.org/abs/1709.08649
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A powerful approach
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1.6�
1.6�
1.6�2

⌅ < 1.1⇥ 10�2(TeV2)

|yS1 |2 < 1.6⇥ 10�2

|�⌃|2 < 4.5⇥ 10�2

|�Q7 |2 < 0.14

|�⌃1 |2 < 2.7⇥ 10�2

|��1 |2 < 1.7⇥ 10�2

1.2�

|�T1 |2 < 0.22

|ĝ�B1
|2 < 6.9⇥ 10�3

g2BB1
< 0.92

|�D|2 < 3.8⇥ 10�2

|�Q1Q7 |2 < 0.88

Z6 cos� < 0.995

|�U |2 < 7.2⇥ 10�2

|�E |2 < 2.2⇥ 10�2

|�T2 |2 < 0.099

|�Q5 |2 < 0.24

|��3 |2 < 2.9⇥ 10�2

2
S < 1.7 (TeV2)

(stL)
2 < 0.04

|ĝ�W1
|2 < 8.6⇥ 10�2

|�N |2 < 3.8⇥ 10�2

E F T b o u n d s t r a n s l a t e t o 
constraints on parameters of UV 
models


S i m p l e s t c a s e : s i n g l e - fi e l d 
extensions of the SM

[Ellis et al. 2012.02779]

The way of SMEFT
A simple approach

26

https://arxiv.org/abs/2012.02779
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Is this easy?

27

A powerful approach
[Galler, ICHEP2020]

It's as exciting as challenging. Pattern of deformations 
enter many observables in a correlated way. 


Needs to manage complexity, uncertainties and 
correlations. 


Needs coordinated work among analysis groups in 
collaborations traditionally working separately (top, 
Higgs, EW,…)


A new paradigm: shifting value from "the best single 
measurement” to “the best combinable measurement”!

Needs coordinated work between theorists and 
experimentalists (model dependence, validity, 
interpretations, matching to the UV).


https://indico.cern.ch/event/868940/contributions/3816408/attachments/2083331/3499523/topfitter.pdf
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What are we going to learn?

28

A powerful approach

Full mapping at tree level to SMEFT : [de Blas et al. 2018]

[Peskin, ICHEP2020][De Blas et al., 2020]

https://arxiv.org/pdf/1711.10391
https://indico.cern.ch/event/868940/contributions/3813537/attachments/2083210/3499299/SMatILC-ICHEP.pdf
https://arxiv.org/abs/1905.03764
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First explorations: EWPO+H+EW+Top
Global fits

• Already now and without a dedicated experimental effort there is 
considerable information that can be used to set limits:


•Fitmaker [J. Ellis, M. Madigan, K. Mimasu, V. Sanz, T. You  2012.02779]

•SMEFiT  [J. Either,  G. Magni, F. M., L. Mantani, E. Nocera, J. Rojo, E. Slade, E. Vryonidou, C. Zhang, 2105.00006]

•SFitter [Biekötter, Corbett, Plehn, 2018] +  [I. Brivio, S. Bruggisser, F. M., R. Moutafis, T. Plehn, E. Vryonidou, S. 
Westhoff, C. Zhang, 1910.03606]  (separated)

•HEPfit [de Blas, et al. 2019]

•  30+ operators, linear and/or quadratic fits, Higgs/Top/EW at LHC, 
WW at LEP and EWPO. [Ellis et al. 2012.02779]

29

https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
https://arxiv.org/abs/1910.03606
https://arxiv.org/abs/1910.03606
https://arxiv.org/abs/1910.14012
https://arxiv.org/abs/2012.02779
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Workflow
Theory

(N)NLO QCD for SM 
NLO QCD for SMEFT 

State-of-the-art PDFs without top data

Data
317 data points: Top: ttbar, single-top, associated top 

production, distributions.  
Higgs production and decay, differential distributions, STXS. 

Diboson production, distributions

Global EW/Top/Higgs  
SMEFT fit

Fit results can be used to bound 
specific UV complete models 

New data can be straightforwardly added

Faithful uncertainty estimate 
Avoid under- and over-fitting 

Validated on pseudo-data (closure test)

Methodology Output

Global fits
El

en
iV

ry
on

id
ou

®
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ZH

ggZH VBF

ggH

Global fits
Operators vs processes

Lu
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®
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Examples
Global EW(PO)+H+Top

[Ellis et al. 2012.02779]

34 operators,  


EWPO fitted, 341 data points

SU(2)2 × SU(3)3 36 operators,  


 EWPO fixed, 317 data points 

SU(2)2 × SU(3)3

[Either et al. (SMEFiT) 2105.00006]

32

https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
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https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2105.00006
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Global fits: now vs future
EWPO+EW+Higgs 

Now HL-LHC[HEPfit, courtesy of De Blas et al., work in progress]

EW known at 0.1% 
TGC known at 1% 
Higgs known at 10% 

As constraints improve for the TGC and Higgs correlations increase. 

33
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The SM at the TeV
Conclusions

34

• SM at the TeV scale is in an extremely good shape. No signs of significant deviations have been detected.  


• Tremendous improvements in the accuracy/precision of SM predictions have been achieved, opening a new 
realm of opportunities. 


• The LHC campaign of precision measurements is entering a new phase measuring at unprecedented 
precision a large number of channels and accessing for the first time rare final states. 


• A far reaching approach to interpreting SM measurements is to constrain the SM interactions at the TeV 
scale (and beyond) by employing the SMEFT, maximising sensitivity to heavy new physics. 


• Considerable theory effort going on, being matched by the experimental work.


• EFT’s are also being used to gauge sensitivity to NP at future colliders.


• Busy future ahead with even more integrated TH/EXP activities. 

Top

Higgs

EW


