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Disclaimer
• Fairly representing past and present contributions of the Italian/INFN theory community 

to 60+ years of collider physics, and discuss the future is a task well beyond speaker’s 
abilities. 


• The speaker has just arbitrarily selected a minimal set to allow him to tell a story.


• The result clearly reflects several of the biases and limitations of the speaker. 


• Apologies beforehand for mistakes and omissions (any feedback welcome).
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The story of collider physics in the last 60 years is marked by the accelerators eras 
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The story of collider physics in the last 60 years is the slow yet steady turning of the 

Standard Model into a Standard Theory for Strong and EW interactions. 
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+ |Dμϕ |2 − V(ϕ)

Strong and electroweak gauge interactions

Flavour structure      Yukawa couplings

EWSB mechanism      Higgs potential
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Present

• 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 

• Renormalisable = valid to “arbitrary” high scales. 

• A number of accidental symmetries seen in Nature.  

• Neutrino masses can be accommodated in two distinct ways. 

ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)
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Present
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[D. Buttazzo, G. Degrassi, PP Giardino, G. Giudice, F. Sala, A. Salvio, A. Strumia 2013]

[Cabibbo, Maiani, Parisi, Petronzio, 1979] [G. Isidori, G. Ridolfi, A. Strumia, 2001] 
[Degrassi, Di Vita, Miro, Espinosa, G. Giudice, 2012]

ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)

[Devoto, Devoto, Di Luzio, Ridolfi, 2022]

https://arxiv.org/pdf/1307.3536
https://doi.org/10.1016/0550-3213(79)90167-6
https://arxiv.org/pdf/hep-ph/0104016
https://arxiv.org/pdf/1205.6497
https://arxiv.org/pdf/2205.03140
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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. 

• So many processes test very different 
sectors of the SM.
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H

Higgs couplings
Present
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V (H) =
m

2
H

2
H

2 + �3vH
3 +

�4

4
H

4 + . . .

V SM(�) = �µ2(�†�) + �(�†�)2 )
m2

H
= 2�v2

{ �SM
3 = �{ �SM
4 = �

v2 = µ2/�

Unique mass generation mechanism for fermions/vectors and the scalar.

In the SM gauge invariance + SSB => constrained system. Two-point 
functions (propagators/masses) fix the 3-point and 4-point interactions! 

+ 4 point interactions.}
🔒
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Higgs potential

Combining information from the direct 
search and from the indirect single Higgs 
production at one-loop one can maximise 
the constraints.[G. Degrassi, PP Giardino, FM, D. 
Pagani, 2016] 
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“Direct”

“Indirect”
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The experimental value for  gives a second order phase 
transition.  Increasing  makes it first.

mH
λ3

https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1607.04251
https://arxiv.org/abs/1607.04251
http://arxiv.org/abs/arXiv:1711.00019
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ℒ(4)
SM = −

1
4

FμνFμν + ψ̄i/Dψ + (yijψ̄ i
Lϕψ j

R + h . c.) + |Dμϕ |2 − V(ϕ)

Seagull vertex of scalar SU(2) or (ɸ†.ɸ)2

🔓

Unlocking the SM

10
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Higgs couplings
Present

Since its discovery, impressive advances in our understanding of the Higgs boson's properties have 
been achieved. At this moment, the new scalar seems consistent with the expectations of the SM, with 
different degrees of precision yet order 10%, in all measured channels.  

Need to explore 2nd and 1st fermion generation and Higgs potential. 
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https://indico.cern.ch/event/1135177/
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13 years later
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A model for EW interactions

14

SM

BEH

1964

Weinberg

1967
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20 years later

Discovery of the W and Z
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p
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pp collider

× σ̂ab→X(x1, x2, αS(µ2

R),
Q2

µ2

F

,
Q2

µ2

R

)σX =
∑
a,b

∫ 1

0

dx1dx2 fa(x1, µ
2

F )fb(x2, µ
2

F )

σ̂ab→X = σ0 + αSσ1 + α
2

Sσ2 + . . .

Two  ingredients necessary:


1. Parton Distribution Functions  (from exp, but evolution from th).


2. Short distance coefficients as an expansion in αS (from th).

Leading order
Next-to-leading order

Next-to-next-to-leading order

17
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Scaling violations and PDF determination
DIS at HERA

19

30 years later
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LEP era

Lineshape: 

TOPAZ0 [Montagna, Nicrosini, Passarino, Piccinini, Pittau, 1993] 
(also for LEP2)


Luminosity: 

Bhabha scattering : Important contributions from the Parma-
Pavia group [Cacciari, Deandrea,  Montagna, Nicrosini, Trentadue, 
1991] Pavia-Torino [Montagna, Nicrosini, Passarino, Piccinini, Pittau, 
1993] (BABAYAGA) [Carloni Calame, Montagna, Nicrosini, Piccinini, 
2000] Bologna group (BHAGEN) [Caffo, Czyz, Remiddi , 1993].

Even with a model-independent approach [Borrelli, Consoli, Maiani, 
Sisto, 1990] precision analysis for LEP1 and LEP2 would not been 
possible without precision predictions.


https://doi.org/10.1016/0010-4655(93)90060-P
https://doi.org/10.1016/0550-3213(93)90297-3
https://doi.org/10.1016/0550-3213(93)90297-3
https://doi.org/10.1016/0550-3213(93)90297-3
https://doi.org/10.1016/0550-3213(93)90297-3
https://doi.org/10.1016/0550-3213(93)90297-3
https://doi.org/10.1016/0550-3213(93)90297-3
https://doi.org/10.1016/0550-3213(93)90297-3
https://doi.org/10.1016/0550-3213(93)90297-3
https://arxiv.org/abs/hep-ph/0003268
https://arxiv.org/abs/hep-ph/0003268
https://arxiv.org/abs/hep-ph/0003268
https://arxiv.org/abs/hep-ph/0003268
https://doi.org/10.1142/S0129183193000574
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Precision for discovery
 parameterρ

m
2

W

(

1 −

m2

W

m2

Z

)

=
πα

√

2GF

(1 + ∆r)

∆rtop = −

3α

16π

cos2 θW

sin
4
θW

m2
t

m2
W

Indirect evidence for the existence of particles not yet detected can 
be inferred from quantum corrections. At tree level mW=mZ cos θW.  
At one loop:

∆rHiggs = +
11α

48π sin2
θW

log
m2

H

m2
W

Two-loop corrections:

[Barbieri, Beccaria, Ciafaloni, Curci, Viceré, 1993]
[Degrassi, Fanchiotti, Gambino, Feruglio, Vicini, 1994]

Long tradition of groups doing  EWPO fits

     [Consoli, Hollik Jegernelher, 1983]

[Doujadi, Verzegnassi, 1987]
[Ellis, Fogli, Lisi, 1992/3/4/5/6]
[Montagna, Nicrosini, Passarino, Piccinini, 1993]
[De Blas, Ciuchini, Franco, …Pierini, Reina, Silvestrini, 2021]

23

https://doi.org/10.1016/0550-3213(93)90448-X
https://arxiv.org/abs/hep-ph/9403250
https://doi.org/10.1016/0370-2693(89)91301-4
https://doi.org/10.1016/0370-2693(87)91206-8
https://doi.org/10.1016/0370-2693(92)91459-M
https://arxiv.org/abs/hep-ph/9407246
https://arxiv.org/abs/2112.07274
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[Quigg, 2008]

Precision for discovery : the top

24
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Top discovery at FNAL

25
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[D'Agostini, G. Degrassi, hep-ph/9902226] [CDF&D0, 2011]

Precision for discovery : the Higgs

26

https://arxiv.org/abs/hep-ph/9902226v1
https://arxiv.org/abs/1107.5518v2
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[Altarelli, Barbieri, Caravaglios,1993, 1994, 1997]

ϵ1, ϵ2, ϵ3

One can extend the idea of looking at rho to predict SM missing ingredients to 
the full set of self energies to probe new physics:


“…for a useful definition we choose a set of representative observables that are used to 
parametrize those hot spots of the radiative corrections where new physics effects are most 
likely to show  up. “

[Ellis, Ridolfi, Zwirner, 1991]

Testing the unknown through precision

[Barbieri, Pomarol, Rattazzi, Strumia, hep/0405040]
[Barbieri, Maiani, 1983]

27

https://arxiv.org/abs/hep-ph/9712368
https://doi.org/10.1016/0370-2693(91)90626-2
https://arxiv.org/abs/hep-ph/0405040
https://lib-extopc.kek.jp/preprints/PDF/1983/8306/8306047.pdf
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the hedgehogs view the world through 
the lens of a single defining idea

the foxes draw on a variety of 
experiences and for them the world 

cannot be boiled down to a single idea

[Archilocus]

[Erasmo]

[Berlin]
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Direct searches

29

What about new physics?

• Apart from periodic hints, no tension between accelerator data and SM 
predictions has survived the test of time and scrutiny, at least so far.  At 
the LHC no evidence for BSM phenomena has emerged. Indications 
from lower energy (g-2, LFUV) are still being considered. 

• Schematically current collider direct searches 
exclude the existence of new states at the weak 
scale interacting with SM-like couplings. High-
intensity low energy  experiments cover low 
couplings, low masses. 

M

g
Collider

direct

Collider 

precision

High-Int

Direct
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Effective field theory
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At LEP, QCD and EW physics were loosely connected. At hadron colliders they are 
intrinsically connected. No QCD?  no EW! ⇒

Precision for discovery

31
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General methods to 

compute IR safe observables 
at NLO.

NNLO Structure

General methods to 

compute IR safe observables 
at NNLO.

Improving the QCD accuracy for the LHC

32
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Improving the QCD accuracy for the LHC
Showers

Hard scattering at the lowest order.

…
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Improving the QCD accuracy for the LHC
Methods and tools
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automation   NLO+PS

2-loop revolution
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The future
The LHC reference frame and unit of time

36
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The future
The LHC reference frame and unit of time
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The LHC reference frame and unit of time

37

5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13 - 14 TeV 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 350 fb-1 3000 fb-1

4000 fb-1

20402027

BUILDINGS

5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13 - 14 TeV 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 350 fb-1 3000 fb-1

4000 fb-1

20402027

BUILDINGS

2028     |   2029     |   2030     |   2031     |   2032     |   2033    |   2034    |   2035    |   2036    |   2037    |   2038    |  2039       

t0

We are at 1/3 of our adventure with 1/20 of the expected data 

tHL-LHC

The future
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The Higgs future
Couplings at HL-LHC
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The Higgs future
Couplings at HL-LHC
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[De Blas et al., 2020]

10-20%

[De Blas et al., 2020]

    →          2-4%

https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1905.03764
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dim=2 dim=2

The importance of being  
the Higgs boson
• Many questions and mysteries remain 

open that call for a deeper understanding.


• The first elementary (?) scalar interaction 
=> a force not from a gauge symmetry (?).  


• A scalar particle opens the gates to New 
Worlds: 

dim=5/2

• Provide a template for: inflation modelling, 
extension of gravity, dark matter, 
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• Many questions and mysteries remain 

open that call for a deeper understanding.


• The first elementary (?) scalar interaction 
=> a force not from a gauge symmetry (?).  


• A scalar particle opens the gates to New 
Worlds: 

dim=5/2

• Provide a template for: inflation modelling, 
extension of gravity, dark matter, 

NHA@

https://indico.cern.ch/event/1135177/
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Our leptonic future(s)
Higgs-and-more factories

40

Extensive studies with ESU & Snowmass and now in ECFA w/ 106  Higgs bosons 
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Our leptonic future(s)
Higgs-and-more factories
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Extensive studies with ESU & Snowmass and now in ECFA w/ 106  Higgs bosons 
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HL-LHC projections
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Now
[ATLAS, 2022]

Higgs self-coupling

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
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HL-LHC projections

42

Now
[ATLAS, 2022]

Higgs self-coupling

[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://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://arxiv.org/abs/1905.03764
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Daring to explore…
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Daring to explore…

…the muon collider option
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Muon collider physics
The essentials #1 : two colliders in one

σs ∼
1
s

σs ∼
1

M2
logn s

M

A completely new regime opening for a multi-TeV muon collider
Different physics being probed in the two channels  

Energetic final states  
(either heavy or very boosted)

‘

‘

O(10) TeV muon collider energy  allows to have two colliders in one: 

Large production rates,  
SM coupling measurements 

Discovery light and weakly interacting

44
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Muon collider physics
The essentials #2 : luminosity with energy

arXiv:2208.06030 Collider Implementation Task Force  
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Muon collider physics
The essentials #2 : luminosity with energy

arXiv:2208.06030 Collider Implementation Task Force  

10 ab-1 in 5 years

45
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Muon collider physics

t
x

The essentials #3: compactness

46



INFN -70 : Theory - Collider Physics                                                                                                  Fabio Maltoni 

Muon collider physics

1] O(10) TeV Energy small hybrid collider:

FCC-ee

+

FCC-hh

⟺

100 km10 km 100 km

MuC

t
x

The essentials #3: compactness
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Muon collider physics

2] Luminosity growing with energy: 5 years
⟺ +

15 years 25 years

MuC is an STCC = Space-Time-Compact Collider 

 Goal of the tens:   

10 TeV ,  10 iab,  10 x smaller and O(10) x faster than the FCC 


⇒

⇒

1] O(10) TeV Energy small hybrid collider:

FCC-ee

+

FCC-hh

⟺

100 km10 km 100 km

MuC

t
x

The essentials #3: compactness
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Higgs precision physics
[Chiesa, Mele, Piccinini et al. 2020]
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The essentials #4: Higgs physics

arXiv:2203.07256v1 

Similar constraining power of 
a ee Higgs factory


https://arxiv.org/abs/2003.13628
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Muon collider physics
The essentials #5: New Physics

[Franceschini, Wulzer, 2021]

 A few months of run could be 
sufficient for a  discovery. 


Exclusion contour for a scalar singlet of mass mφ 
mixed with the Higgs boson with strength sin γ. 


[Buttazzo, Redigolo, Sala, Tesi, 1807.04743]

48

https://arxiv.org/abs/1807.04743
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• We have gone a long way and established a 
Standard Theory for matter and strong+electroweak 
interactions. 
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Final considerations

• We have gone a long way and established the Standard 
Theory for strong and electroweak interactions. 


• Our story has been made by many enthusiastic and 
passionate theorists and experimentalists aligned to 
the same goals. 


• Our future is in the hands of a strong and ambitious 
new generation of young theorists.
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Final considerations

• We have gone a long way and established the Standard 
Theory for strong and electroweak interactions. 


• Our story has been made by many enthusiastic and 
passionate theorists and experimentalists aligned to 
the same goals. 


• Our future is in the hands of a strong and ambitious 
new generation of young theorists.

Thanks!

52



INFN -70 : Theory - Collider Physics                                                                                                  Fabio Maltoni 53

Some additional material
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QCD bound states are still hot
Excitement in the hadron community

[Maiani, Polosa, Piccinini, Riquer, 2004/2005/2014/2015]
[Maiani, Pilloni,2022]

54

https://arxiv.org/abs/hep-ph/0407017
https://arxiv.org/abs/hep-ph/0407017
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Experiment (E989 − Run I) 116592040(54)

QED contribution

"g � 2 is not an experiment: it is a way of life."
[John Adams (Head of the Proton Synchrotron at CERN (1954-1961)]

This statement also applies to many theorists! [Nyffeler ’16]

a
QED
µ = (1/2) (↵/⇡) [Schwinger, 1948]

+ 0.765857426 (16) (↵/⇡)2

[Sommerfield; Petermann; Suura&Wichmann ’57; Elend ’66]

+ 24.05050988 (28) (↵/⇡)3

[Remiddi, Laporta, Barbieri...; Czarnecki, Skrzypek ’99]

+ 130.8780 (60) (↵/⇡)4

[Kinoshita et al. ’81-’15; Steinhauser et al. ’13-’16; Laporta ’17]

+ 750.86 (88) (↵/⇡)5 [Kinoshita et al. ’90-’19]

M. Passera    IAS    13.4.2021

aμ
QED  =  (1/2)(α/π)       Schwinger 1948 

         +  0.765857426 (16) (α/π)2 

Sommerfield; Petermann; Suura&Wichmann ’57; Elend ’66; MP ’04

         +  24.05050988 (28) (α/π)3 

Remiddi, Laporta, Barbieri … ; Czarnecki, Skrzypek ’99; MP ’04; 
Friot, Greynat & de Rafael ’05, Ananthanarayan, Friot, Ghosh 2020

         +  130.8780 (60) (α/π)4 
Kinoshita & Lindquist ’81, … , Kinoshita & Nio ’04, ’05; 
Aoyama, Hayakawa,Kinoshita & Nio, 2007, Kinoshita et al. 2012 & 2015;
Steinhauser et al. 2013, 2015 & 2016 (all electron & τ loops, analytic);
Laporta, PLB 2017 (mass independent term)   COMPLETED2!

         +  750.86 (88) (α/π)5  COMPLETED!        
Kinoshita et al. ‘90, Yelkhovsky, Milstein, Starshenko, Laporta,…
Aoyama, Hayakawa, Kinoshita, Nio 2012, 2015, 2017 & 2019. 
Volkov 1909.08015: A1(10)[no lept loops] at variance, but negligible δaμ~6×10-14

Muon g-2: the QED contribution

Adding up, we get:

aμQED  = 116584718.931 (19)(100)(23) x 10-11 
                 mainly from 4-loop coeff. unc.              6-loop              from α(Cs)             

 α = 1/137.035999046(27) [0.2ppb] Parker et al 2018

5

μ

WP20 value 

Shift down in aμQED  ~ 1.4 x 10-12  with new LKB Paris α(Rb) value (Morel et al 2020)[WP20 ⌘ T. Aoyama et al., Phys. Rept. ’20]

Paride Paradisi (University of Padova and INFN) Theoretical implications of the muon g-2 measurement 4 / 31

G-2
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Experiment (E989 − Run I) 116592040(54)

HVP MUonE: a new determination of �↵had

M. Passera    IAS    13.4.2021 30

  Δαhad(t) can be measured via the elastic scattering μ e ➞ μ e. 

  We propose to scatter a 150 GeV muon beam, available at CERN’s  
North Area, on a fixed electron target (Beryllium). Modular 
apparatus: each station has one layer of  Beryllium (target) followed 
by several thin Silicon strip detectors.

//
μ μ

e

ECAL
Be

Si Si Si

Abbiendi, Carloni Calame, Marconi, Matteuzzi, Montagna,  

Nicrosini, MP, Piccinini, Tenchini, Trentadue, Venanzoni 

EPJC 2017 - arXiv:1609.08987 

MUonE: Muon-electron scattering @ CERN

[Courtesy by M. Passera]

• Letter of Intent submitted to CERN SPSC in 2019: Test run approved for 2021
Paride Paradisi (University of Padova and INFN) Theoretical implications of the muon g-2 measurement 9 / 31

MUonE: a new determination of �↵had

M. Passera    IAS    13.4.2021 29

Δαhad(t) is the hadronic contribution to the running of  α in the 
spacelike region: aμHLO can be extracted from scattering data! 

  The leading hadronic contribution aμHLO computed via  
     the timelike formula:

aHLO
µ =

1

4�3

� �

4m2
⇡

ds K(s) �0
had(s)

K(s) =

� 1

0
dx

x2 (1 � x)

x2 + (1 � x)
�
s/m2

µ

�

  Alternatively, simply exchanging the x and s integrations:

aHLO
µ =

↵

�

� 1

0
dx (1 � x) �↵had[t(x)]

t(x) =
x2m2

µ

x � 1
< 0

Hadronst

 Lautrup, Peterman, de Rafael, 1972

Carloni Calame, MP, Trentadue, Venanzoni, 2015

Spacelike proposal for aμHLO

[Carloni Calame, Passera, Trentadue, Venanzoni, 2015]

Paride Paradisi (University of Padova and INFN) Theoretical implications of the muon g-2 measurement 10 / 31
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  We propose to scatter a 150 GeV muon beam, available at CERN’s  
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apparatus: each station has one layer of  Beryllium (target) followed 
by several thin Silicon strip detectors.
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MUonE: Muon-electron scattering @ CERN

[Courtesy by M. Passera]

• Letter of Intent submitted to CERN SPSC in 2019: Test run approved for 2021
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TEO-EXP proposal in the best tradition of the INFN initiatives  

G-2
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The way of SMEFT
Interpretation needs precision

ΔObsn = ObsEXP
n − ObsSM

n =
1

Λ2 ∑
i

a(6)
n,i (μ) c(6)

i (μ) + 𝒪 ( 1
Λ4 )

The master equation of an EFT approach has three key elements:

57
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increased UV identification power 

UV
EFT

⇒
⇒

57

 

http://arxiv.org/abs/arXiv:1607.04251


INFN -70 : Theory - Collider Physics                                                                                                  Fabio Maltoni 

Future ee collider
Tera-Z option and Higgs factory
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The path
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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The lattice frontier
 and PDF’sαS

Lattice determinations of the strong coupling   [Del Debbio and A. Ramos e-Print: 2101.04762 ]

MHO PC
Using Lattice QCD, one can combine input from well-measured QCD quantities -- like 
for example the proton mass, or a meson decay constant -- with the perturbative 
expansion of a short distance observable that does not need to be directly observable 
(like the quark anti-quark force). The advantage of this approach is that the 
experimental input comes from the hadron spectrum with a negligible uncertainty.

Neural-network analysis of Parton Distribution Functions from Ioffe-time pseudodistributions [L. Del Debbio et al. 2010.03996 ] 

This formula allows to relate collinear PDFs to quantities which are computable 
in lattice QCD simulations, through a factorized expression similar to those 
relating collinear PDFs to physical cross sections.It can be used in a fitting 
framework, to extract PDFs from lattice data, performing the same kind of 
analysis which is usually done when considering experimental data.
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https://arxiv.org/abs/2101.04762
https://inspirehep.net/literature/1821940
https://arxiv.org/abs/2010.03996


INFN -70 : Theory - Collider Physics                                                                                                  Fabio Maltoni 

[De Blas et al., 2020]

HL-LHC projections
Simple model interpretation
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Resummation improves the stability of the cross 
section predictions even in presence of cut-
induced log effects. 

[Billis et al.  et al,  2102.08039]

NNLO+N3LL : already not enough

EXP (way) better than TH already now!!
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Precision calculations for the LHC

https://arxiv.org/abs/2102.08039


INFN -70 : Theory - Collider Physics                                                                                                  Fabio Maltoni 

Algorithmic challenges
Machine Learning techniques

A survey of machine learning-based physics event generation 

[Y. Alanazi, et al. 2106.00643 ]

Understanding Event-Generation Networks via Uncertainties 

[M. Bellagente et al  2104.04543 ] 

Phase Space Sampling and Inference from Weighted Events with Autoregressive Flows 

[B. Stienen et al. , 2011.13445 ]

i-flow: High-dimensional Integration and Sampling with Normalizing Flows 

[Christina Gao  et al. 2001.05486 ]

How to GAN Event Unweighting 

[M. Backes et al. : 2012.07873 ]

Generative Networks for LHC events 

[Anja Butter and Plehn 2008.08558 ]

Invertible Networks or Partons to Detector and Back Again 

[M. Bellagente et al. e-Print: 2006.06685 ]

How to GAN away Detector Effects 

[M. Bellagente et al,  1912.00477 ]

How to GAN LHC Events 

Anja Butter et al. 1907.03764 [hep-ph]

Impressive progress in the exploration of different 
methods and in identifying the most relevant 
questions in last couple of years! 


• Can the ML-MC go beyond the statistical precision of the 
training event samples?


• Can they faithfully reproduce the physics?

• Can they provide new physics insights? 
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Quantum Computing
Algorithmic challenges

Quantum Algorithm for High Energy Physics Simulations
[C. W. Bauer et al. 1904.03196]

Simulating collider physics on quantum computers using effective field theories
C. W. Bauer et al.  2102.05044 [hep-ph]

Quantum algorithm for Feynman loop integrals
Selomit Ramírez-Uribe et al. 2105.08703 

Towards a quantum computing algorithm for helicity amplitudes and parton showers
Khadeejah Bepari et al. 2010.00046 [hep-ph]

Quantum Algorithms for Jet Clustering
Annie Y. Wei et al. 1908.08949 [hep-ph]

Growing interest in quantum computations for HEP: 

Many initiatives (see e.g. https://quanthep.eu/)   

Determining the proton content with a quantum computer
Adrián Pérez-Salinas et al. 2011.13934

sum over helicities sum over PS histories
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Ada
Adone

LHC

Energy of colliders is plotted in terms of the laboratory energy of particles colliding with a proton at rest to reach the same center of mass energy.

https://www.symmetrymagazine.org/article/october-2009/deconstruction-livingston-plot
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Precision calculations for the LHC
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N3LO revolution

Taken from M. Spira’s talk who took it from M. Grazzini’s talk at Higgs10


