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/  172On a personal note

Denny Martin Flinn:  “The fearful summons”  (1990)

It was rumored that the Fleet’s Department of Humanoid Resources

began some years ago to encourage face-to-face meetings where 

possible. The department apparently now felt that the failure of 
electronic dialogue to carry useful nuances and improvised content 

was a factor in inhibiting the quality of collaborative decision making.

It’s great to be back in Corfu, and have

in-person workshops again, because …
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/  17Higgs Precision Paradigm 3

•  Higgs properties at high precision utmost priority                  ⟹            ↪︎  ESU2020 document


•  Higgs potential and Higgs couplings to all SM particles             


•  Higgs muon Yukawa coupling — connected to muon mass [in the SM!]
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•  Muon Yukawa coupling established at LHC (not yet 5𝜎)                                 

                 [ATLAS:  2007.07830 ;  CMS: 2009.04363]

•  Projections for the high-luminosity LHC (HL-LHC): (model-dependent) sensitivity 

     with precision of (several) 10%      [ATLAS-PHYS-PUB-2014-016]

•  (very) small coupling needs (very) large luminosity


•  Model independence I: Separate production/decay


•  Model independence II:  sensitivity to many BSM models


   use high-luminosity lepton (muon) collider   

Challenges / wishlist: 

SM:   𝜅 = 1 

or  𝛥𝜅 = 0  

https://cds.cern.ch/record/2721370/files/CERN-ESU-015-2020%20Update%20European%20Strategy.pdf
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/  174Running of muon Yukawa
VeV and muon mass in the SM Muon Yukawa in different BSM models

arXiv: 1110.1942; 1209.6239; 1306.4852  
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/  175The (high-energy) muon collider
<latexit sha1_base64="1XZCOiRU+ZIjtWzKDImsCrsVR2s="></latexit>

mµ = 0.1056GeV ⇡ 207 ·me

�µ = 3 · 10�19 GeV ⌧µ = 2.2µs

c⌧µ ⇡ 660m

 Muons pointlike objects: cleaner environment than hh


 Much less synchrotron radiation than electrons 


 Much smaller beam energy spread:  𝛥E ≈ 0.1 — 0.001 %


 Complicated production: protons → target → 𝝅 →  𝝁


 Short lifetime: difficult to get high-quality/lumi beams


 Difficult cooling of beams   


  Beam-induced bkgds (BIP) from decay @  IP


  Radiation hazard from beam dump (neutrinos)

cf. also talk by David Marzocca
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/  176Multi-boson final states
•  Subtle cancellation between Yukawa coupling and multi-boson final states          [hep-ph/0106271]
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•  (Multi-) boson final states: longitudal polarizations dominate high energies


•  Analytic calculations can be approximated by Goldstone-boson 

Equivalence Theorem (GBET)          [NPB261(1985) 379; PRD34(1986) 379]   


•  New physics parameterized by EFT operator insertions (Wilson coeff.  CX  )

Cross section ratios:

arXiv: 2108.05362
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/  177EFT modelling of SM deviations
Non-linear representation (HEFT) Linear representation ([truncated] SMEFT)

H doubletScalar NGB

Generalized (𝜇) Yukawa sector

Parameterization of 𝜇 mass and Yukawa modifier

 Extreme case:  vanishing 𝜇 Yukawa:  no pure Higgs final states at tree-level !

 Benchmark scenario:  “matched” case
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/  178Simulation, Consistency, Unitarity & Cross Sections

   Analytical calculations checked independently by 3 groups


   Validation of analytic calculation with 2 different MCs 


   Final simulation: using UFO files in WHIZARD

States with multiplicity 2

   Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined


   Matched case: combination such that Yukawa coupling is zero 


   HEFT contains in principle all orders: matched is zero Yukawa
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/  178Simulation, Consistency, Unitarity & Cross Sections

   Analytical calculations checked independently by 3 groups


   Validation of analytic calculation with 2 different MCs 


   Final simulation: using UFO files in WHIZARD

   Different cases: dim 6 alone, dim 8 alone, dim 6+8 combined


   Matched case: combination such that Yukawa coupling is zero 


   HEFT contains in principle all orders: matched is zero Yukawa

States with multiplicity 4

n ≤  3

n ≤  5

n ≤  7

n ≤  9

n ≤  11

Unitarity bound for final states X ≠ 𝜇𝜇 :

hep-ph/0106281

Unitarity violation for 

operator insertions at d = 6, 8, 10:

corresponds to 

95 TeV, 17 TeV, 11 TeV, resp.
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/  179Variations of cross sections with 𝜅 
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/  1710Kinematic separation of signal
Kinematic separation between multi-boson direct production and VBF, e.g. 10 TeV:

<latexit sha1_base64="wcWQLIx0ftwJ/VnqJoTJMvTYp38="></latexit>
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  WWZ largest cross section, but small deviation


  WWH large cross section and considerable deviation


  ZZH smaller/-ish cross section, but largest (relative) deviation


  Direct production has almost full energy (except for ISR)  ⟹  M3B 


  VBF generates mostly forward bosons   ⟹  𝛳B


   Separation criterion for final state bosons   ⟹  𝛥RBB

QED ISR

arXiv: 2108.05362
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/  1711Kinematic separation of signal
<latexit sha1_base64="7wmKwEBAtP2SwL3YKXhPHZyJRic=">AAACKXicbVDLSgMxFM3UV62vqks3wSKIYpkpoi6LbrqsYB+0U0smc9uGZjJjkhHL0N9x46+4UVDUrT9i+ljU6oGEw7nn3uQeL+JMadv+tFILi0vLK+nVzNr6xuZWdnunqsJYUqjQkIey7hEFnAmoaKY51CMJJPA41Lz+1aheuwepWChu9CCCVkC6gnUYJdpI7WzR9aDLRAJ38Vg5GmYwxq4XPoCfuEF8ezy6TrCrQ9xolPAw44LwZ+ztbM7O22Pgv8SZkhyaotzOvrp+SOMAhKacKNV07Ei3EiI1oxzM/FhBRGifdKFpqCABqFYy3nSID4zi404ozREaj9XZjoQESg0CzzgDontqvjYS/6s1Y925aCVMRLEGQScPdWKOzdqj2LDPJFDNB4YQKpn5K6Y9IgnVJtyMCcGZX/kvqRbyzln+9LqQK15O40ijPbSPDpGDzlERlVAZVRBFj+gZvaF368l6sT6sr4k1ZU17dtEvWN8/mBymOw==</latexit>
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/  1712Results and final projections
1901.06150; 2001.04431; 


PoS(ICHEP2020)703; Nat.Phys.17, 289-292 
and luminosityMuon collider with energy range
<latexit sha1_base64="q3oOQe1dCqYfYVy//6IWUneRymY="></latexit>

1 <
p
s < 30 TeV

  Sensitivity to (deviations of) the muon Yukawa coupling


   Definition of # signal events: 


   Definition of # background events:


   Statistical significance of anom. muon Yukawa couplings:

(note that always:                              )

  5𝜎 sensitivity to 20% @ 10 TeV  …. 2% @ 30 TeV


   Sensitivity to 𝜅 translates to new physics scale 𝛬

⟹

arXiv: 2108.05362
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/  1713SM tails — watch out for EW corrections

<latexit sha1_base64="A2wcRIkMiS0F4HqpqHFA6M9N4ic="></latexit>
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<latexit sha1_base64="Pk9H6X15duX2B0qMUIz+W6PGAVQ="></latexit>
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<latexit sha1_base64="GBl0FmwOlKK3ZVB0DWCLqEfzpPs="></latexit>

l(s,M2
W ) = ↵

4⇡ log s
M2

W

10 TeV⇠ 0.6%

  EW corrections at high energies dominated by EW double and single Sudakov logarithms


  Relevant in kinematic region of Sudakov limit


  Infrared quasi-divergencies of virtual corrections not cancelled by real EW radiation


  Both initial and final states no EW “color” singlets


  Relevant in kinematic region of Sudakov limit 


  Leading double logarithms and single (angular-dependent) logarithms

<latexit sha1_base64="D5MrFWAXfizI69WWT3ifnJC5wmk="></latexit>

rkl = (pk + pl)2 ⇠ s � M2
W

 Quadratic Casimir operators rather large, for longitudinal / left-handed degrees 
<latexit sha1_base64="DJIzlxAEcTKOijrBq1hSWORVb8Y=">AAACAnicbVDLSgMxFM3UVx1fVVfiJtgKrupMEXVZdOOygn1AOw6ZNNOGZjJDckcopbjxV9y4UMStX+HOvzFtZ6GtBy73cM69JPcEieAaHOfbyi0tr6yu5dftjc2t7Z3C7l5Dx6mirE5jEatWQDQTXLI6cBCslShGokCwZjC4nvjNB6Y0j+UdDBPmRaQnecgpASP5hYOS3dE8wu6pafK+0oE+A+I37ZJfKDplZwq8SNyMFFGGml/46nRjmkZMAhVE67brJOCNiAJOBRvbnVSzhNAB6bG2oZJETHuj6QljfGyULg5jZUoCnqq/N0Yk0noYBWYyItDX895E/M9rpxBeeiMukxSYpLOHwlRgiPEkD9zlilEQQ0MIVdz8FdM+UYSCSc02IbjzJy+SRqXsnpfPbivF6lUWRx4doiN0glx0garoBtVQHVH0iJ7RK3qznqwX6936mI3mrGxnH/2B9fkDbjeViw==</latexit>

⇠ 1/ sin2 ✓W

  EW corrections for massive initial state muons


  Alternatively: collinear lepton NLL PDF,   1909.03886, 1911.12040, 2207.03265


  WHIZARD NLO SM Automation Framework with FKS subtraction


  Massive eikonals need special treatment at high energies


  Validation against MCSANC-ee ; analytic Sudakov comparison


  Extraction of pure QED corrections
 arXiv: 2208.09438
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/  1714SM EW Corrections to Multi-Bosons
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 arXiv: 2208.09438
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/  1715Validation of the Sudakov regime

 arXiv: 2208.09438
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/  1716Differential results
Experimentally motivated photon veto in hard radiation:
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Higgs scattering angle

 arXiv: 2208.09438

More tasks for even more realistic predictions:     exclusive events w/ matching to QED/weak showers, resummation,

                                                     off-shell processes,  separate VBF from VBS 
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/  1717Conclusions & Outlook
    Muon collider highly interesting Energy Frontier option


   Recent technological progress:   muon cooling,  beam dump etc.  …. still a long way to go


   Huge potential for Higgs and electroweak physics as well as BSM sensitivity (multi bosons)


   Example:  sensitivity to anomalous muon Yukawa couplings


   Deviations grow with number of final state (EW/Higgs) bosons 


   Optimal:  tri-boson processes   (diboson less sensitivity,  quartic bosons smaller xsec.)


    Separation direct production from VBF:   BBB invariant mass and B angular cuts 


   Muon Yukawa coupling testable with sensitivity  20% @ 10 TeV  …. 2% @ 30 TeV


   Translates to 5𝜎 sensitivities to new physics of  𝛬 ∼ 20 — 70 TeV 


   Thorough understanding of SM EW corrections:    available in well automated way


   Sudakov regimes necessitates resummation


    Work in progress:   multi-Higgs final states & trilinear/quartic Higgs coupling
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/  1718

B A C K U P 
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/  1719Additional cross sections

𝜅 = 2
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/  1720Collection of useful formulæ
Unitarity violation for operator insertions at d = 6, 8, 10: corresponds to 95 TeV, 17 TeV, 11 TeV, respectively


