
The Muon Shot — 

Combining energy with precision

Jürgen R. Reuter


 T. Han/W. Kilian/N. Kreher/Y. Ma/JRR/T. 
Striegl/K. Xie  arXiv: 2108.05362 [JHEP]

 Celada/Han/Kilian/Kreher/Ma/Maltoni/
Pagani/JRR/Striegl/Xie, arXiv:2312.13082  [JHEP]                           

P. Bredt, W. Kilian, JRR, 

P. Stienemeier

 arXiv: 2208.09438  [JHEP]

K. Mȩkała/JRR/A.F. Żarnecki,

 arXiv: 2301.02602 [PLB]   +  arXiv:2312.05223 [JHEP]

K. Korshynska, M. Löschner, M. Marinichenko, 
K. Mȩkała/JRR,  arXiv: 2402.18460 [EPJC]



                                                     J. R. Reuter,  DESY                                                   Seminar, U. of Warsaw, 7.6.2024

/  40
2The Muon Shot

    US Snowmass 2021 Summer Study: great enthusiasm for high-energy Muon Colliders (MuC) 


    Road map in P5 (Particle Physics Projects Prioritization Panel) report:  the Muon Shot        ↪︎  P5 report    

    EPPSU 2020: MuC R&D (accelerator roadmap)  ⟹  start of IMCC

https://www.usparticlephysics.org/2023-p5-report/
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mµ = 0.1056GeV ⇡ 207 ·me

�µ = 3 · 10�19 GeV ⌧µ = 2.2µs

c⌧µ ⇡ 660m

    EPPSU 2020: MuC R&D (accelerator roadmap)  ⟹  start of IMCC

https://www.usparticlephysics.org/2023-p5-report/
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3The glory of a muon collider
 Muons pointlike objects: cleaner environment than hh


 Much less synchrotron radiation than electrons 


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

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


 Difficult cooling of beams  

                  considerable progress: MICE collaboration


  Beam-induced bkgds (BIP) from decay @  IP


  Radiation hazard from beam dump (neutrinos)
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4The (high-energy) muon collider

Siting at FNAL
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4The (high-energy) muon collider

Siting at FNAL

Siting at CERN

Beam-induced background for the machine-detector interface (MDI)

VBF Higgs 



                                                     J. R. Reuter,  DESY                                                   Seminar, U. of Warsaw, 7.6.2024

/  40
5Three lamppost BSM searches

Scrutiny of 2nd generation Yukawa couplings

Search for Heavy Neutral Currents

Search for Heavy Neutral Leptons

 Celada/Han/Kilian/Kreher/Ma/Maltoni/Pagani/JRR/Striegl/
Xie, arXiv:      2108.05362 [JHEP] + arXiv:2312.13082  [JHEP]                           

K. Korshynska, M. Löschner, M. Marinichenko, 
K. Mȩkała/JRR,  arXiv: 2402.18460 [EPJC]

Motivation: Mass generation to be tested for all particles

Motivation:  GUTs,  B—L , difficulty of global symmetries

Motivation:  neutrino masses,  LFV,  CP violation,  GUTs 

K. Mȩkała/JRR/A.F. Żarnecki,

 arXiv: 2301.02602 [PLB]   +  arXiv:2312.05223 [JHEP]
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6Multi-Bosons: Elusive couplings 
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• Higgs muon Yukawa coupling — connected to muon mass [in the SM!]

•  Evidence for muon Yukawa coupling 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 5-10%      [ATLAS-PHYS-PUB-2014-016]

•   Model-independent test for this coupling; directly, not relying on decays


•   Sensitivity to the sign (and maybe phase) of coupling
SM:   𝜅 = 1 

or  𝛥𝜅 = 0  

EFT Modelling of SM µ-H coupling deviations

Non-linear representation (HEFT)   vs.  Linear representation ([truncated] SMEFT)

H doublet

Generalized (𝜇) Yukawa sector

 Benchmark scenario:  “matched” case
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8Multi-boson final states
•  Subtle cancellation between Yukawa coupling and multi-boson final states          [hep-ph/0106281]
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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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9Simulation, 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 
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9Simulation, 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 

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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10Kinematic 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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11Results 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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12 Multi-Higgs/V processes

Celada/Han/Kilian/Kreher/Ma/Maltoni/Pagani/JRR/Striegl/Xie, arXiv:2312.13082

•  EFT setup generating multi-boson vertices of higher multiplicity


•  Paradigmatic BSM implementations:  scalar singlet S / vector-like fermions 


•  Vertex parameterizations  (can be expressed by HEFT or SMEFT operators):

EL/R
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12 Multi-Higgs/V processes

Celada/Han/Kilian/Kreher/Ma/Maltoni/Pagani/JRR/Striegl/Xie, arXiv:2312.13082

•  EFT setup generating multi-boson vertices of higher multiplicity


•  Paradigmatic BSM implementations:  scalar singlet S / vector-like fermions 


•  Vertex parameterizations  (can be expressed by HEFT or SMEFT operators):

EL/R

Perturbative Unitarity bound
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13Results for μ+μ− → VkHl

Cut flow:  signal and background events
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3 TeV

Combination of μμ → HH, HVV, Vk
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Cut flow:  signal and background events

10 TeV

3 TeV

Combination of μμ → HH, HVV, Vk
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14Search for Heavy Neutral Currents
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  Many different motivations for :  GUTs, gauge composite models, gauged flavor symmetries


  (Remember:  global symmetries are difficult in string theory)


  Most basic processes:   


  Very simple event topologies


  Discovery & discrimination of models, many observables:


Z′￼

μ+μ− → f f̄ f = e, μ, τ, j, c, b, (t)

Rationale and search processes
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  Very simple event topologies


  Discovery & discrimination of models, many observables:


Z′￼

μ+μ− → f f̄ f = e, μ, τ, j, c, b, (t)

Rationale and search processes

  Forward-backward asymmetries:   


  Tau polarization asymmetries:    


  Binned angular distributions


  Left-right asymmetries:      (needs beam polarization)


  Spin-sensitive processes  ( ) 

Af
FB(μ+μ− → f f̄ )

Aτ
pol.(μ

+μ− → τ+τ−)

Af
LR(μ+μ− → f f̄ )

μ+μ− → W+W−, tt̄
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  Very simple event topologies
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Z′￼

μ+μ− → f f̄ f = e, μ, τ, j, c, b, (t)

Rationale and search processes

  Forward-backward asymmetries:   


  Tau polarization asymmetries:    


  Binned angular distributions


  Left-right asymmetries:      (needs beam polarization)


  Spin-sensitive processes  ( ) 

Af
FB(μ+μ− → f f̄ )

Aτ
pol.(μ

+μ− → τ+τ−)

Af
LR(μ+μ− → f f̄ )

μ+μ− → W+W−, tt̄
Investigated  models:   (1)   Sequential SM (SSM)

                                            (2)    (LR) 


     (3)   Littlest Higgs (LH), Simplest Little Higgs (SLH)

     (4)    model

     (5)       many more

Z′￼

E6, SU(2)L ⊗ SU(2)R

U(1)X
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16Resolving power for Z′￼

Normalization of couplings:
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16Resolving power for Z′￼

Normalization of couplings:   Model parameters to be determined: vector and axial vector couplings v, a


  Observables:   


   Resolving power:     for 95% CL 


  Statistical uncertainties:  


  Collider luminosity:    


𝒪i ∈ {σtot, Af
FB, Af

LR}
χ2

model =
nob

∑
i=1 ( 𝒪model

i − 𝒪i(v, a)
Δ𝒪i(v, a) )

2

< 5.99

Δσtot

σtot
= 1

N
, ΔAFB = 1 − A2

FB

N , ΔALR = 1 − (PALR)2

NP2

ℒint(ECM) = 10 ab−1 ⋅ ECM /10 TeVK. Korshynska/M. Löschner/M. Marinichenko/

      JRR/K. Mȩkała,  2402.18460
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17Mass reach and discriminationK. Korshynska/M. Löschner/M. Marinichenko/

      JRR/K. Mȩkała, 2402.18460

  HL-LHC between 7-8 TeV (15 TeV for SSM)


  MuC-10 covers 20—70 TeV


  very conservative:  no hadronic observables,

    no top final states, no optimization

10 100 1000 104 105
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A F
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18K. Korshynska/M. Löschner/M. Marinichenko/

      JRR/K. Mȩkała, 2402.18460  Results for discrimination

ECM = 10 TeV, P = 1, MZ′￼ = 30 TeV
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      JRR/K. Mȩkała, 2402.18460  Results for discrimination

ECM = 10 TeV, ℒ = 10 ab−1, MZ′￼ = 30 TeV
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18K. Korshynska/M. Löschner/M. Marinichenko/

      JRR/K. Mȩkała, 2402.18460  Results for discrimination

Systematic uncertainties should be tuned down to the level of ~ 1 per cent
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19Search for Heavy Neutral Leptons (HNL)
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20The neutrino mystery 
  Neutrinos masses is already physics beyond the standard model


  Simple extension of SM:  just add     and Yukawa couplings     


  Singlet allows for a Majorana mass term:                           [Minkowski, 1977; Mohapatra/Senjanovic, 1980; Yanagida, 1981]


  Dedicated “seesaw” models for neutrino physics:  type I (singlet fermion),  type II (triplet scalar),  type III (triplet fermion)

νR νR = (1, 1,1) − mν(νLνR + h . c.)(1 +
h
v )

−Mν νCν
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νR νR = (1, 1,1) − mν(νLνR + h . c.)(1 +
h
v )

−Mν νCν

   Pheno of neutrino oscillations, flavor etc.


   Connections to Dark Matter (DM) (?)


   Lepton sector CP violation  (?)


   Leptogenesis / Baryogenesis / 

     Baryon Asymmetry of Universe (BAU)


   Lepton Flavor/Number Violation 


   Fundamental Majorana Particles (?)
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21Simplified neutrino model
  Simplified model with right-handed (𝜈SM) and sterile neutrinos


  After EWSB heavy (sterile) neutrinos do mix with 𝜈SM neutrinos


   Lagrangian: 
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21Simplified neutrino model
  Simplified model with right-handed (𝜈SM) and sterile neutrinos


  After EWSB heavy (sterile) neutrinos do mix with 𝜈SM neutrinos


   Lagrangian: 

Incomplete literature: 

Aguilar-Saavedra ea., hep-ph/0502189; hep-ph/0503026; Shaposhnikov,

0804.4542; Das/Okada, 1207.3734; Banerjee ea., 1503.05491; Antusch, 

Cazzato, Fischer, 1612.0272;  Cai, Han, Li, Ruiz, 1711.02180; 

Pascoli, Ruiz, Weiland, 1812.08750
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   Lagrangian: 

Incomplete literature: 

Aguilar-Saavedra ea., hep-ph/0502189; hep-ph/0503026; Shaposhnikov,

0804.4542; Das/Okada, 1207.3734; Banerjee ea., 1503.05491; Antusch, 

Cazzato, Fischer, 1612.0272;  Cai, Han, Li, Ruiz, 1711.02180; 

Pascoli, Ruiz, Weiland, 1812.08750

   At lepton colliders, single production possible


  Associated production:   


   Vector boson fusion:      


   Three neutrino masses:  


   Nine real mixing parameters:  


   Three neutrino widths:   

ℓ+ℓ− → νN

ℓ+ℓ− → ν̄νN + ℓ+ℓ−N

MN1
, MN2

, MN3

Vℓk, ℓ = e, μ τ, k = N1, N2, N3

ΓN1
, ΓN2

, ΓN3
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22Signal, simulation, selection
  At lepton colliders:  optimal channel single production with decay to 


  In that case:  full reconstruction of N (incl. mass peak) possible


  Study for ILC250, ILC500, ILC1000, CLIC 3 TeV, MuC  3+10 TeV


  Simulation with Whizard 3.0 (first paper!) + Pythia6 + Delphes 


  Using UFO model HeavyN
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   Neutrino widths:      prompt decays only, no LLP signature

           displaced vertices possible for  
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   Assumption on couplings:   


    Neutrinos masses:     ,    


   Neutrino widths:      prompt decays only, no LLP signature

           displaced vertices possible for  

|VeN1
|2 = |VμN1

|2 + |VτN1
|2 ≡ |VℓN1

|2

100 GeV ≤ MM1
≤ 10.5 TeV MN2,3

= 1010 GeV

ΓN ≳ 𝒪(1 keV)
MN ≲ 10 GeV

 Background simulation:    without  propagators (“background”)


 Signal simulation:                        (“signal”)


       e.g. ILC500:   bkgd.  pb,  signal  fb


 Preselection on signal topology:  exactly 1 lepton and 2 jets


 BDT training;   CLs method to get final results


  

N

ℓℓ → Nν → ℓjjν

S/B ∼ 10−3 jjℓν ∼ 10 ∼ 10
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23Event selection & analysis
Bkgd processes with 

at least one lepton

๏  


๏  


๏   


๏   


๏    


๏    


๏    

μ+μ− → jjℓ±ν
μ+μ− → jjℓ+ℓ−

μ+μ− → ℓ+ℓ−ℓ′￼+ℓ′￼−

μ+μ− → jjℓ+ℓ−

μ+μ− → jjℓ+νℓ−ν̄
μ+μ− → jjjjℓ±ν
μ+μ− → jjjjℓ+ℓ−
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   No beamstrahlung, Gaussian beam spread irrelevant


   QED initial state radiation is almost negligible


   QED-ISR/beamstrahlung:   CLIC-3  vs. MuC-3


  Off-shell processes extend sensitivity beyond collider energy!
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8 variables considered in BDT

BDT response for model in RooStats, CLs method to set cross section limits 

Combination of  and  channelse± μ±

   No beamstrahlung, Gaussian beam spread irrelevant


   QED initial state radiation is almost negligible


   QED-ISR/beamstrahlung:   CLIC-3  vs. MuC-3
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24Reach for HNLs 
K. Mȩkała/JRR/A.F. Żarnecki,  2301.02602 

LHC analysis [1812.08750],

diff. assumption:  
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24Reach for HNLs 
K. Mȩkała/JRR/A.F. Żarnecki,  2301.02602 

MuC-10 outperforms FCC-hh-100

over the whole mass range!

LHC analysis [1812.08750],

diff. assumption:  
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25Discrimination of Dirac vs. Majorana

Full line — Dirac 

Dashed line — Majorana

  Exclusion limit very similar for Dirac & Majorana neutrino (except: off-shell production)


  Possible discriminant:  lepton emission angle in N rest frame
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25Discrimination of Dirac vs. Majorana

Full line — Dirac 

Dashed line — Majorana

  Exclusion limit very similar for Dirac & Majorana neutrino (except: off-shell production)


  Possible discriminant:  lepton emission angle in N rest frame

 More sophisticated variable:   lepton and dijet angles 

      relative to beam weighted by the lepton charge qℓ
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26Dirac vs. Majorana discrimination

310 410 [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS

FCC-hh

MuC10000

ILC250

CLIC3000

excl. 95% C.L.

σdisc. 5

Dir./Maj. 95% C.L.
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More difficult, but possible 
for off-shell case!
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27Flavor complementarity
  Dominant t-channel production (W exchange):  


  On-shell production 


  Off-shell more difficult: need to scan each parameter point

σ ∝
|Vℓin

N |2 ⋅ |VℓoutN |2

|VeN |2 + |VμN |2
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28Precision simulation for muon colliders — Loops and Legs

Getty Villa, Pacific Palisades, Etruscan, 525 BC
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29

 Automation of NLO corrections in MC generators


 Signal and background samples at full SM QFT interference level:


    @ NLO QCD ⨁ EW (arbitrary cuts,  fully differential)μ+μ− → 2f, 3f, 4f, 5f, 6f, [7 − 10f ]

NLO QCD ⨁ EW automated:    Whizard  v3.1.0+

Phd theses:  C. Weiss, 2017; Chokoufé, 2017; V. Rothe, 2021, P. Stienemeier, 2022; P. Bredt, 2022

   Subtraction scheme:  FKS  cf. Frixione/Kunszt/Signer, hep-ph9512328


    Phase-space partition  into collinear/soft-singular pairs Φn+1

Precision simulations for muon colliders
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30NLO QCD — Automation for all colliders
   Automatic differential fixed-order results  (histogrammed distributions) in MCs


   Photon isolation,  photon recombination,  light-, b-, c-jet selection


   Covers also loop-induced processes (“LO”, virtual-squared) 


   One-loop provider (OLP):   OpenLoops, Recola, GoSam


  UFO-based BSM models NLO QCD with Whizard+GoSam

arXiv:2104.11141

P. Bredt, J. Braun, G. Heinrich, M. Höfer:   DESY+KIT



                                                     J. R. Reuter,  DESY                                                   Seminar, U. of Warsaw, 7.6.2024

/  40
30NLO QCD — Automation for all colliders
   Automatic differential fixed-order results  (histogrammed distributions) in MCs


   Photon isolation,  photon recombination,  light-, b-, c-jet selection


   Covers also loop-induced processes (“LO”, virtual-squared) 


   One-loop provider (OLP):   OpenLoops, Recola, GoSam


  UFO-based BSM models NLO QCD with Whizard+GoSam

arXiv:2104.11141

P. Bredt, J. Braun, G. Heinrich, M. Höfer:   DESY+KIT



                                                     J. R. Reuter,  DESY                                                   Seminar, U. of Warsaw, 7.6.2024

/  40
31Differential distributions NLO QCD
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31Differential distributions NLO QCD

   Matching between NLO real emission from hard ME and parton shower (PS)


   Whizard uses the POWHEG scheme 


  Special cases: Massive/massless emitters, back-to-pack kinematics, running 


  Real partitioning of phase space into singular and finite regions


  Resonance-aware subtraction: Intermediate resonances handled 


  At the moment: NLO QCD;  straightforward (?) QED/EW generalization

αs
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   Matching between NLO real emission from hard ME and parton shower (PS)


   Whizard uses the POWHEG scheme 


  Special cases: Massive/massless emitters, back-to-pack kinematics, running 


  Real partitioning of phase space into singular and finite regions


  Resonance-aware subtraction: Intermediate resonances handled 


  At the moment: NLO QCD;  straightforward (?) QED/EW generalization

αs

ILC 500:    e+e− → tt̄j
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32Automation of NLO EW corrections
  EW splittings and singular regions


  Careful: EW scheme & renormalization scheme & complex mass scheme & photon definition (off-shell vs. on-shell)    


  Photon recombination with fermions for IR-safe observables

αs ∼ 0.1 α ∼ 0.01
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33Mixed NLO QCD/EW corrections

   Treatment of photons & gluons in protons/jets on a democratic basis


   Example:    at :    NLO EW contributions from   at   needs  mass singularity cancellations frompp → Zj 𝒪(ααs) pp → Zgγ 𝒪(α2α)

[  at ]  ×  [QED splitting]


[  at   ]  ×  [QCD splitting]

ℬ(qq̄ → Zg) 𝒪(ααs)

ℬ(qq̄ → Zγ) 𝒪(α2)

  Interfering correction type for  for : 
𝒪(αn
s ) n > 1
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34

NLO QCD NLO EW

Francesco Ucci, DESY summer student report, 2022

NLO correctios for muon colliders
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35SM EW Corrections to Multi-Bosons at MuC

νµ

µ+

µ−

µ+

W−

W+

Z

νµ

W−

H

µ−

µ+

W−

H

H

W+

νµ
γ/Z

µ−

µ+

W+

W−

Z
W

W

W+

W−

νµ

H

H

µ−

µ+

W−

H

H

W+

 arXiv: 2208.09438

  EW corrections for massive initial state muons


  Massive eikonals need special treatment at high energies
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36Differential results
Experimentally motivated photon veto in hard radiation:
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 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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37Validation of the QED & Sudakov regime

 arXiv: 2208.09438
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 arXiv: 2208.09438

µµ @ 1-16 TeV,   Validation of 
Sudakov regime

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

L(s,M2
W ) = ↵

4⇡ log2 s
M2

W

10 TeV⇠ 6%
<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 & single Sudakov logs


  Relevant in kinematic region of Sudakov limit


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


  Both initial and final states no EW “color” singlets

<latexit sha1_base64="D5MrFWAXfizI69WWT3ifnJC5wmk="></latexit>
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38Initial State Radiation — Lepton PDFs
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39Conclusions & Outlook

  Muon colliders offer a gigantic physics potential:  combination of energy & precision


  Three paradigm search channels presented:


       Anomalous muon-Higgs coupling: sign determination and precision up to 1% 


       Heavy Neutrinos: mass reach in off-shell production to several 10s of TeV, Majorana/Dirac disc.


       Heavy Z’ (neutral currents):   reach up to 70 TeV, with hadronic observables ca. 100 TeV


  Theoretical modelling very challenging, but very interesting:    


       Important (but still in infancy) work in QED + EW parton showers with matching


       Regime of EW PDFs, EW parton showers and EW fragmentation: deep in Sudakov regime      


       Matching and merging, definition of exclusive vs. inclusive events very complicated
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40IMCC Annual Meeting DESY 2025
Just confirmed this week:   IMCC annual workshop 2025 at DESY!!!          Very likely: May 12-16, 2025

Local Organizing team:  Federico Meloni (chair), Jenny List, Priscila Pani, Jürgen Reuter            ~ 200—250 participants
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42EFT 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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44BDT framework for model discrimination

  2 independent BDT trainins:   Dirac vs. ( Majorana + Bkgd.)    &   Majorana vs. ( Dirac + Bkgd.)


  -like statistics:  


  Statistical test:   signal hypotheses distinguishable 


  2D histograms:   


  Technical procedure:


αBDT ⋅ αBDT ⋅

χ2 T′￼= ∑
bins

[(B + D) − (B + M)]2

1
2 [(B + D) + (B + M)]

+ # DOF = ∑
bins

(D − M)2

B + D + M
2

+ # DOF T′￼⟶ T′￼(αlim) = ∑
bins

α2
lim(D − M)2

B + αlim ⋅ D + M
2

T ≥ χ2
crit(DOF) ⟹

BDTD + BDTM, BDTD − BDTM

1. Train BDT for different values 


2.  For each  :  calculate 95% CL limit

     such that  


3.  Select the best limit:   


4.  Set final limit as  

αBDT

αBDT
αlim T(αlim) = χ2

crit(DOF)
αmin = min {αlim}

Vlim
ℓN = αmin ⋅ Vref

ℓN
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45The importance of event generators
Why are event generators important? Because all our forward simulation chain depends on them! 
Why are event generators non-trivial? Because they contain all our knowledge of particle physics! 

e+e� ! µ̃+µ̃�

3 TeV

Courtesy to Philipp Roloff

The importance of MC event generators
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46Beam simulationsBeam simulations
   Micro-scale bunches create beam structure/-strahlung


   Mostly Gaussian shape for circular machines, but not fully 


   Machine simulation with tools like GuineaPig(++), CAIN 


  Has to be folded into realistic MC simulations

1.   Gaussian shape with specific spreads                   Avail.: ✔


2.   Parameterized (delta peak  power law)             Avail.: (✔)


3.   Generator for 2D histogrammed fit                       Avail.:  [✔]

⊕
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1.   Gaussian shape with specific spreads                   Avail.: ✔


2.   Parameterized (delta peak  power law)             Avail.: (✔)


3.   Generator for 2D histogrammed fit                       Avail.:  [✔]

⊕

Dalena/Esbjerg/Schulte [LCWS 2011]

DB1B2(x1, x2) 6= DB1(x1) ·DB2(x2)

DB1B2(x1, x2) 6= x↵1
1 (1� x1)

�1x↵2
2 (1� x2)

�2

   Pro (1.):     Easy implementation, covers main features


   Con (1.):   Gaussian approximative,  exceeds nominal collider energy


   Pro (2.):    Relatively easy implementation


   Con (2.):   Delta peak behaves badly in MC, beams maybe not factorizable/simple power law


   Pro (3.):    most exact simulation, generator mode avoids artifacts in tails


   Con (3.):   only available (yet) in dedicated tools like LumiLinker and CIRCE2 
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47BSM Models: UFO magic
   BSM models available from Lagrangian level tools (LanHEP, SARAH, FeynRules)


   Transferred to MC generator via UFO format:    v1 1108.2040  v2:2304.09883

   Allows for all Lagrangian-based BSM models

MuC example for SMEFT/HEFT UFO, from:   T. Han et al. arXiv:2108.05362

   Spin 0,  1/2, 1,  3/2,  2 supported  (some 3/2, 2 features missing in some MC)


   Majorana fermions and fermion-number violating vertices


   5-, 6-, 7-, 8-, … point vertices      (optimization for code generation pending)


   Arbitrary Lorentz structures in vertices


   Keeping track of the order of insertions


   Customized propators


   Exotic colored objects (sextets, decuplets, epsilon structures)


   (S)LHA-style input files from spectrum generators to MC generators (scans!)


   Automated calculations of widths (UFO side vs. MC generator side)


  Long-lived particles, displaced vertices, oscillations in decays (not all MCs yet)


   Lots of bug reports and constructive feedback from many different users


   LO fully supported, NLO (QCD) available on UFO side, but not all MCs
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48Beam simulations (technial details)
CIRCE2 algorithm   T. Ohl, 1996, 2005

Adapt 2D factorized variable width histogram to steep part of distribution

Smooth correlated fluctuations with moderate Gaussian filter [suppresses artifacts from limited GuineaPig 
statistics

Smooth continuum/boundary bins separately [avoid artificial beam energy spread]

(171,306 GuineaPig events in 10,000 bins)

↪︎  Talk by Thorsten Ohl 06/2023:  https://indico.cern.ch/event/1266492/
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48Beam simulations (technial details)
CIRCE2 algorithm   T. Ohl, 1996, 2005

Adapt 2D factorized variable width histogram to steep part of distribution

Smooth correlated fluctuations with moderate Gaussian filter [suppresses artifacts from limited GuineaPig 
statistics

Smooth continuum/boundary bins separately [avoid artificial beam energy spread]

3 simulation options

1. Unpolarized simulation with unpol. spectra
2. Pol. simulation: unpol. spectra + pol. beams 
3.Polarized spectrum with helicity luminosities  

↪︎  Talk by Thorsten Ohl 06/2023:  https://indico.cern.ch/event/1266492/
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49Precision simulations for muon colliders

    What is different to MC event generators for the LHC?


    What is different to MC event generators for (high-energy) electron-positron colliders?


    Where do we stand and what is still needed?


1.    Beam simulation:  mostly Gaussian beam spread (0.01%, very clean)


2.    Initial-state structure:  PDFs, collinear vs. soft resummation, cross section predictions …     


3.    Hard process (SM): NLO SM automation , NNLO automation (?), QED/EW dominated; EW Sudakov regime


4.    Exclusive processes (QED/QCD/EW):    photons, interleaved showers, EW fragmentation (?)
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Soft logarithms
Collinear logarithms
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50QED PDFs — QED Initial State Resummation

    Different factorization schemes: focus on collinear logs, , vs. soft logs,    , cf.  2203.12557


    YFS (Yennie-Frautschi-Suura), cf. e.g. 2203.10948


   Collinear factorization:  universal lepton QED PDFs, LL: , NLL:  


log Q2

m2
μ

log Q2

E2
γ

(αL)k α(αL)k−1

• Universal soft exponentiation factor,  provides  exclusive resolved photons with (almost) exact kinematics


• Implemented in “Krakow” MCs (BHLUMI/BHWIDE, KORAL(W/Z), KKMC-ee, YFS(WW/ZZ), also:  Sherpa, w.i.p.:  Whizard 

nγ

<latexit sha1_base64="DAC7e3Hpct1HO3gbrZrwRJpzunA="></latexit>

d� =
P1

n�

exp[Yres.]
n� !

Qn�

j=1

⇥
dLIPS�jSres.(kj)

⇤
[�0 + corrections]

Soft logarithms
Collinear logarithms
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51QED PDFs — Collinear Factorization
Collinear resummation LO/LL             Gribov/Lipatov, 1972;   Kuraev/Fadin, 1985; 


                           Skrzypek/Jadach, 1992; Cacciari/Deandrea/Montagna/Nicrosini, 1992 

NLO QED PDFs, collinear evolution @ NLL                      

           Frixione,  1909.0388;  Bertone/Cacciari/Frixione/Stagnitto, 1911.12040 + 2207.03265

Inclusive in all initial-state photons


Gives most precise normalization of total cross section


Integrable power-like singularity   for  


Numerical stability differs in different QED renormalization schemes, DIS vs. 

Also:  fast interpolation (CTEQ-like) grids available 


Implementations available in MG5 and  Whizard


Different levels of precision possible:  NLL+NLO, LL+NLO, LL+NLO, LL+LO


Different names in literature:  electron structure functions, ISR structure functions


“Photon PDF” (a.k.a. EPA, Weizsäcker-Williams)  , peaked at small z


 Very well known from ILC/CLIC simulations: “virtual photon”-induced processes


 At very high energies lepton colliders become  colliders   (like LHC is gg)

  

1/(1 − z) z → 1

MS

Γγ

γγ
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Han/Ma/Xie, 2007.14300
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52EW PDFs — EW Collinear Factorization

Collinear factorization not in QED, but in full SM      

                                                  Han/Ma/Xie, 2007.14300, 2103.09844


Ancient name (from SSC times!):  EWA (“Effective W approximation)


Fully inclusive in collinear/forward/beam direction


Also:  fast interpolation (CTEQ-like) grids available 
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Collinear factorization not in QED, but in full SM      

                                                  Han/Ma/Xie, 2007.14300, 2103.09844


Ancient name (from SSC times!):  EWA (“Effective W approximation)


Fully inclusive in collinear/forward/beam direction


Also:  fast interpolation (CTEQ-like) grids available 

 part (quasi-) identical to collinear QED lepton PDFs


Factorization has coherent interference  


Trivial on the PDF infrastructure side, complication for ME generation


Work in progress in MG5 and  Whizard


Has to be accompanied by EW fragmentation functions  (event selection!) 

γγ

γγ/γZ/ZZ
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53(Resonance) Matching to shower / hadronization
•  Problem:     not dominated by highest αs power, 


                                  but by resonances 

Solution:    proper merging w/ resonant subprocesses by resonance histories 


• MC generators allow to pass resonance history to SMC

μ+μ− → jjjj
μ+μ− → WW/ZZ → ( jj)( jj)?resonance_history = true


resonance_on_shell_limit = 4

resonance_on_shell_turnoff = 1

resonance_background_factor = 1e-10

#particles

# vis. particles

#photons

E (photon)


