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Muon Collider Physics Potential
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Multi-TeV muon collider physics
Exploration+Intensity=Two colliders in one
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σs ∼
1
s

- annihilationμ+μ−

• “All energy in” at disposal  
ENERGY FRONTIER    


• Needs  to increase with s

⇒
MX = s /2

ℒ

σs ∼
1

M2
logn s

M

V V - fusion 

•  Vector PDFS limit the energy < 


• Cross sections increase with energy, 
become important for PRECISION 
measurements

s

[Han et al. , 2007.14300] 
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Two colliders in one

[Costantini et al. 2005.10289]
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σs ∼
1
s σs ∼

1
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logn s
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1 Higgs 2 Higgs 3 Higgs Vectors tt(+B) tt+BB

H H H

H H H Z

Multi-TeV muon collider physics

https://arxiv.org/abs/2005.10289
https://arxiv.org/abs/2005.10289
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Fast growing theory interest
Papers
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New Physics: direct reach
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VBF : → σ ∼ 1/M2

s − channel → σ ∼ 1/s = const .

M2/s ≲ 1 →
σS ∼ β3/s
σF ∼ β/s

[Buttazzo et al. 2012.11555]

Pair production of new states

https://arxiv.org/abs/2012.11555
https://arxiv.org/abs/2012.11555
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Indirect effects vs direct reach in SUSY
Targets by fine tuning: indirect vs direct
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Tree-level 
10 % → mh̃ = 300 GeV
1 % → mh̃ = 900 GeV

0.1 % → mh̃ = 2.8 TeV
⇒

One-loop
10 % → mt̃ = 1 TeV

⇒ 1 % → mt̃ = 3 TeV
0.1 % → mt̃ = 10 TeV

Two-loop
10 % → mg̃ = 3 TeV

⇒ 1 % → mg̃ = 10 TeV
0.1 % → mt̃ = 30 TeV

Direct

>10 TeV w/ 10 iab

>10 TeV w/ 10 iab

>10 TeV w/ 10 iab

[Smasher’s  guide: 2103.14043] 
Indirect

*
*

*

*

*
*

https://arxiv.org/abs/2103.14043
https://arxiv.org/abs/2103.14043
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Higgs couplings
A first look at the sensitivity with the kappa’s
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# Higgs:


@ FCC-ee  240 GeV: (sigma=200 fb) * 5 iab = 1M (ZH production)


@ -C 10 TeV:  (sigma=  fb) * 10 iab = 10M (via WW/ZZ H)


@ FCC-hh  100 TeV: (sigma=1 nb) * 30 iab = 30G (via gg H)

μ 103 →

→

[Costantini et al. 2005.10289]

https://arxiv.org/abs/2005.10289
https://arxiv.org/abs/2005.10289
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Higgs couplings
A first look at the sensitivity with the kappa’s

8

[Smasher’s  guide: 2103.14043] 

muon collider @ 10 TeV w/  10 iab

only                + HL-LHC               + HL-LHC + Higgs factory  

[Higgs European Strategy Group: 1905.03764]

10 parameter fit. The simplest one. No  .BRBSM

always better
mostly better/equivalent

Ve
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y

https://arxiv.org/abs/2103.14043
https://arxiv.org/abs/2103.14043
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Higgs couplings
Sensitivity to the Higgs self-interactions
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[Han et al. 2008.12204] [Buttazzo et al. 2012.11555] [Chiesa et al. 2003.13628]

(HHH prod only)(HH prod only)(HH+WW prod only)

λ3 λ3 λ4

https://arxiv.org/abs/2012.11555
https://arxiv.org/abs/2012.11555
https://arxiv.org/pdf/2003.13628.pdf
https://arxiv.org/pdf/2003.13628.pdf
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Interplay with precision physics
(g-2)μ
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[Buttazzo and Paradisi, 2012.02769]
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People
Theory/Phenomenology
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Staff: 

Dario Buttazzo (INFN-Pisa)


Roberto Franceschini (RM3)


Fabio Maltoni (BO)


Barbara Mele (INFN-RM1)


Mauro Moretti (INFN-FE)


Paride Paradisi (PD)


Fulvio Piccinini (INFN-PV)


Diego Redigolo (INFN-FI)


Andrea Wulzer (PD)


…


Collaborating post-docs and PhD students: 

Mauro Chiesa: PD (Pavia)


Clara del Pio: PhD (Pavia)


Antonio Costantini: PD (Bologna -> Louvain (now))


Richard Ruiz: PD (Louvain -> PAN)


Luca Mantani: PhD (Louvain (now)) ->PD (Cambridge)


Xiaoran Zhao: PhD (Louvain) -> PD (RM3 (now)) 

+ 

Italian theory community uniquely 
placed in this endeavour (SM, BSM, 
Simulations/MC) and with significant 
interest.


C l o s e c o l l a b o r a t i o n s w i t h t h e 
experimental efforts with mutual benefit.


Having the INFN support for HR in the 
TH exploration would al low our 
community to keep the leadership while 
the US and the rest of the world are 
gaining momentum!


Message: 

⇒
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The known unknowns 
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Fundamentals NP Reach Interplay
• Predictions for both Precision and HE behaviors


• EW physics at high energy: Soft vs collinear 
resummation. 


• MC’s for ’s


• Resummation vs power corrections: matching


• EW and QCD NLO computations + PS 


• “QCD” Backgrounds to Higgs analyses


• Multi boson production


• Precision Higgs/Top/EW physics


• ….

μ − C

• Dark Matter


• SUSY


• Multi-Higgs


• UV complete models


• Composite models


• SMEFT : precision vs HE 


• Leptogenesis


• Leptophilic physics


• EW charged new physics states


• Majorana/Dirac neutrinos 


• ….

• Flavour physics


• Flavour anomalies


• 


• SMEFT 


• HL-LHC feedback information


• Linking HE and bulk measurements within the 


• Lepton flavour


• …

(g − 2)μ

μ − C

Assegno 2 years Assegno 2 years Assegno 2 yearsEx:
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Summary
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* Theorist’s pow: A multi-TeV collider is a dream machine 


* Energy exploration together with intensity/precision at the 
same time. 


* With a reference 10 TeV/10 iab setup, very first studies 
already show great potential => much more work to nail it!


* ….and of course muons are the stars of the day…!!
      

 fever 
μ
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Supplemental material

14
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ΦW+
λ1

W−
λ2
(τ, μf ) = ∫

1

τ

dξ
ξ

fWλ1/μ (ξ, μf) fWλ2/μ ( τ
ξ

, μf)

This plot can be used in any case, but it is 
particularly simple when considering a muon-
collider in the same ring of a proton collider,  

  .  


For 2->1,  let’s take for example   


the luminosity ratio  is larger than   !

sμμ = spp

τ =
M

s
=

1
2

μμ/pp 104

Proton-proton vs muon-muon 
[Costantini et al. 2005.10289]

https://arxiv.org/abs/2005.10289
https://arxiv.org/abs/2005.10289
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•Event generation at LO based on matrix elements available (e.g. MadGraph and Whizard) for 
s-channel 

-   

 and t-channel (MadGraph and Whizard)

-    W W fusion
-      W Z/  fusion
-        Z/ Z/  fusion

•EWA/EZA(/EPA) LL implementations being validated in MadGraph to be compared with 
available resummed results.

•BSM scenarios including EFT available in FeynRules/MadGraph

μ+μ− → X

μ+μ− → X + νμν̄μ ⋅
μ+μ− → X + νμμ ⋅ γ*
μ+μ− → X + μμ̄ γ*⋅ γ*

Recent Examples:

• 2006.16277 * Capdevilla et al. (MadGraph) 
• 2005.10289 * Costantini et al. (MadGraph)
• 2003.13628 * Chiesa et al (MadGraph and Whizard)
• 2002.12218 * Kumar et al. (MadGraph)
• 2001.04431 * Bartosik et al. (Pythia8)
• 1810.10993 * Di Luzio et al. (by hand)
• 1807.04743 * Buttazzo et al. (MadGraph)
• more…

MonteCarlos

https://arxiv.org/abs/2006.16277
https://arxiv.org/abs/2005.10289
https://arxiv.org/abs/2003.13628
https://arxiv.org/abs/2002.12218
https://arxiv.org/abs/2001.04431
https://arxiv.org/abs/1810.10993
https://arxiv.org/abs/1807.04743
https://arxiv.org/abs/2006.16277
https://arxiv.org/abs/2005.10289
https://arxiv.org/abs/2003.13628
https://arxiv.org/abs/2002.12218
https://arxiv.org/abs/2001.04431
https://arxiv.org/abs/1810.10993
https://arxiv.org/abs/1807.04743
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The size of the Higgs

[Buttazzo et al. 2012.11555]

[Higgs EU Strategy Group: 1905.03764]

https://arxiv.org/abs/2012.11555
https://arxiv.org/abs/2012.11555
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Multi-boson
Oblique parameters
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[Buttazzo et al. 2012.11555]

https://arxiv.org/abs/2012.11555
https://arxiv.org/abs/2012.11555
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[Paradisi, Muon Collider Physics Potential, March 2021] 
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Luminosity
Collider wall power
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rXiv:1808.01858v2

[Boscolo et al arXiv:1808.01858v2] [Palmer, 2014] 


