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Muon Collider Efforts at Fermilab

 Muon Collider Requirements 

 Physics Benchmarks

 Simulation Efforts
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 Existing facilities in 2020:

– LHC with luminosity upgrade

 Options: 

– low energy lepton collider:                      
ILC (500 GeV) (upgradable)  or                          
muon collider - Higgs Factory

– lepton collider in the multi-TeV range:                        
CLIC or muon collider                                              

– hadron collider in hundred TeV range:  
VLHC  

 High energy lepton collider likely required 
for full study of Tevascale physics.

SM
SUSY

SUGRA, gauge or 
anomaly mediated 
SUSY Breaking?

MSSM, NMSSM, Split 
SUSY

R parity violation? 
...

New Dynamics
Technicolor, ETC, 
walking TC

topcolor
little Higgs models

compositeness

unparticles    ...

Extra 
Dimensions

Gravity

Randall-Sundrum

Universal ED

KK modes

 ...

LHC

SM extensions
two Higgs doublets
Higgs triplets  
Higgs singlets

new weak gauge 
interactions

new fermions
...

Preparing for a Lepton Collider

Thursday, June 17, 2010



Estia Eichten             DOE Review KA-12@DOE Headquarters - Germantown, MD                      June 22, 2010                         

A Muon Collider

 Muon Collider:

– Center of Mass energy:  1.5 - 5 TeV (focus 3 TeV)

– Luminosity > 1034 cm-2 sec-1 ( focus 400 fb-1 per year )

3

Abridged Parameter List

Machine 1.5-TeV µ+µ− 3.0-TeV µ+µ− CLIC 3 TeV

Lpeak [cm−2 s−1] 7 × 1034 8.2 × 1034 8 × 1034
tot

Lavg [cm−2 s−1] 3.0 × 1034 3.5 × 1034 3.1 × 1034
99%

∆p/p [%] 1 1 0.35

β! 0.5 cm 0.5 cm 35 µm

Turns / lifetime 2000 2400

Rep. rate [Hz] 65 32

Mean dipole field 10 T 10 T

Circumference [m] 2272 3842 33.2 km site

Bunch spacing 0.75 µs 1.28 µs 0.67 ns

Chris Quigg (Fermilab) Giant Steps LεµC · 12.2.2007 24 / 50
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Muon Collider - Physics and Detectors

The overall physics goals of a future lepton collider is similar for ILC/CLIC/MC.  
A coordinated program of detector research is appropriate.  The 5 labs have 
proposed this to DOE.   

The Muon Collider (MC) physics effort is in the early stages. Needs much work to 
scope out the potential.

The physics and backgrounds at significantly different for a 500 GeV ILC and    
a multiTeV  CLIC/MC.  For a MC there are additional backgrounds due to muon 
decays.

–  Fusion  processes increasingly dominate                                                                       
s-channel processes.

– An Electroweak Boson collider

4 17

Cross Sections at CLIC

CLIC  (or MC e<->μ)
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CLIC/MC 
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Z’

  Differences between MC and CLIC affects physics capabilities.  
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MAP support
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 Essential to match the research of the MAP program on accelerators with 
detector studies to determine the physics capability of a 1.5-4 TeV Muon Collider
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Present Status 

  Coordinated effort begun on physics and detector studies:

– Machine-Detector Interface  group within MAP will generate machine background files for 
physics-detector activity.

– Physics-detector studies leader will participate in MAP “management council”

  Detailed detector and muon decay background studies from ~10yrs ago gave 
encouraging results, but since then:
– New MC lattice design 
– A decade of detector development
– Greater community expectations for detector performance

 New physics, detector and background studies have begun:
– Kick-off workshop on Physics and Detectors held at Fermilab  Nov. 10-12, 2009                 

[Ken Peach(UK), Jacobo Konigsberg (Florida), E.E.]                                                                                                   
(http://www.fnal.gov/directorate/Longrange/Steering_Public/workshop-muoncollider.html)

– Rapid progress since then on shielding design (shielding cone angle reduced from 20o to 10o).
– Started biweekly meetings including SLAC, Fermilab and other interested parties.             

Aim is to create an active detector simulation group.                                                       
[Marcel Demarteau, EE (Fermilab), Norman Graf (SLAC)]  (http://indico.fnal.gov/categoryDisplay.py?categid=137])

• Began effort to develop a fast monte carlo sufficient for initial the physics studies.

• Evaluating the existing SiD software framework as a starting point for more complete detector simulation.
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Iterative  Process
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Machine Detector Interface Design

 Detector Design Requirements

(Nikolai Mokhov)

(Marcel Demarteau)

Physics Benchmark Studies

(Estia Eichten)

 Three interconnected elements of Fermilab effort 

– Machine Detector Interface at the collision point 

– Physics benchmarks for studying the capabilities of the MC  

– Detector design to realize this physics
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Muon Collider Benchmarks

 Physics processes similar CLIC/MC for 3TeV energy

9

Jets from W, Z decays
 -> Must resolve W/Z 

Many events have large missing energy
 ->  What is impact for SUSY?

No penalty for heavy flavors
 ->  Need excellent b and t tagging
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Initial Benchmarks

  Ayres Freitas, Tao Han, E.E.:  A first pass at benchmarks 
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Z’

KK mode

Strong Dynamics

4th Generation,
 Little Higgs Models

Strong Dynamics

SUSY
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General Questions 

  Should we adopt the ILC benchmarks for a multiTeV lepton collider?

  If a s-channel resonance is observed at LHC, how do CLIC/MC studies compare?

  What is the best way to determine the SUSY spectrum and couplings at a          
few TeV lepton collider?

  If the LHC results suggest a new strong dynamics, can we reach the scale? 

  What if the LHC finds the SM Higgs (with possibly more scalars)?
11

Benchmarks for ILC Physics Study 2009-2010  (1 TeV)     from Michael Peskin
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A Start
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Toward Benchmark Processes for 3 TeV Muon Collider:
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Fast Monte Carlo Effort

  Use the backgrounds from MARS15 simulations to feed into a detector area.  
Defined initially as a geometry with a cone of shielding 10 degrees about the 
beam axis.  (20 degrees in old work 1997)

13

Stephen Mrenna
Ray Culbertson
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Particle Fluxes at Boundaries

14
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Using Backgrounds in Fast Simulation

15

  For the calorimetry can use the heat load from backgrounds

  Tracking more difficult: particles entering the detector away from IP

  For Vertex detector - determine occupancy 

  Fast MC should be available in PGS form so theorists can use it for 
physics simulation.

  Will allow the identification of issues for retuning of MDI and help set 

the focus for detector component research.
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Monte Carlo Development Flow Chart
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Summary of plan for 2011-2013

  Complete a fast Monte Carlo for physics simulations

  Develop an initial physics and detector report by the end of 2011.  
Allows input to the design parameters of the MAP study.

– This study should set requirements on luminosity, energy, determine 
acceptable background event rates and suggest feasible methods of 
attaining these levels. 

– The impact of the polarized beams, energy spread, and detector fuducial 
volume should be evaluated. 

– The physics opportunities should be compared to the CLIC option and take 
account of the substantial running of LHC after a luminosity upgrade. 

– Synergies with the ILC/CLIC and LHC detector R&D should be exploited. 

  Using an existing framework (e.g. SiD framework) to do a more 
detailed detector study to identify the needs for detector 
development.

17
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Backup slides
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Muon Collider Motivation

19

Thursday, June 17, 2010



Estia Eichten             DOE Review KA-12@DOE Headquarters - Germantown, MD                      June 22, 2010                         

Challenges
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Muon Collider Schematic

21
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 For √s < 500 GeV lepton collider

- SM threshold regions:                                        top 
pairs; W+W-; Z0Z0;  Z0h production

 For low energy muon collider 

- s-channel Higgs production   

‣ Coupling ∝  lepton mass   

‣ Narrow width

‣ Direct width measurement
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Low Energy Muon Collider Basics 

Standard Model Cross Sections

22
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FIG. 13: Total width of the standard-model Higgs boson vs.
mass, from [167].

FIG. 14: Higgs-boson production cross sections in pp colli-
sions at

√
s = 14 TeV, from [167]

reflects the behavior of the top-quark loop.] A fourth
generation of heavy quarks would raise the gg → H rate
significantly, increasing the sensitivity of searches at the
Tevatron and LHC.

For small Higgs-boson masses, the dominant decay is
into bb̄ pairs, but the reaction p±p → H + anything fol-
lowed by the decay H → bb̄ is swamped by QCD produc-
tion of bb̄ pairs. Consequently, experiments must rely on
rare decay modes (τ+τ− or γγ, for example) with lower
backgrounds, or resort to different production mecha-
nisms for which specific reaction topologies reduce back-
grounds. Accordingly, the production of Higgs bosons
in association with electroweak gauge bosons is receiv-
ing close scrutiny at the Tevatron. The rare γγ chan-
nel is seen as an important target for LHC experiments,
if the Higgs boson is light. Fine resolution of the elec-
tromagnetic calorimenters is a prerequisite to overcom-
ing standard-model backgrounds. At higher masses, the

Tevatron experiments have exploited good sensitivity to
the gg → H → W+W− reaction chain to set their exclu-
sion limits [115].

At the LHC, the multipurpose CMS and ATLAS detec-
tors will make a comprehensive exploration of the Fermi
scale, with high sensitivity to the standard-model Higgs
boson reaching to 1 TeV. Current projections suggest
that a few tens of fb−1 will suffice for a robust discov-
ery [165, 166].

Once the Higgs boson is found, it will be of great inter-
est to map its decay pattern, in order to characterize the
mechanism of electroweak symmetry breaking. It is by no
means guaranteed that the same agent hides electroweak
symmetry and generates fermion mass. In the following
§IVD1, we shall see how chiral symmetry breaking in
QCD could hide the electroweak symmetry without gen-
erating fermion masses. Indeed, many extensions to the
standard model significantly alter the decay pattern of
the Higgs boson. In supersymmetric models, five Higgs
bosons are expected, and the branching fractions of the
lightest one may be very different from those presented
in Figure 12 [168].

Precise determinations of Higgs-boson couplings is one
of the strengths of the projected International Linear Col-
lider [169, 170], but the LHC will supply crucial clues to
the origin of fermion masses. For example, a Higgs-boson
discovery in gluon fusion (gg → H), signalled by the large
production rate, would argue for a nonzero coupling of
the Higgs boson to top quarks—an important qualita-
tive conclusion. In time, and by comparing with other
production and decay channels, it should be possible to
constrain the Htt̄ coupling. With the LHC’s large data
sets, it is plausible that Higgs-boson couplings can even-
tually be measured at levels that test the standard model
and provide interesting constraints on extensions to the
electroweak theory.

D. Alternatives to the Higgs mechanism

1. How QCD would hide electroweak symmetry

An analogy between electroweak symmetry breaking
and the superconducting phase transition led to the in-
sight of the Higgs mechanism. The macroscopic order pa-
rameter of the Ginzburg-Landau phenomenology, which
corresponds to the wave function of superconducting
charge carriers, acquires a nonzero vacuum expectation
value in the superconducting state. Within a supercon-
ductor, the photon acquires a mass Mγ = !/λL, where
the London penetration depth, λL, characterizes the ex-
clusion of magnetic flux by the Meissner effect. In the
particle-physics counterpart, auxiliary scalars introduced
to hide the electroweak symmetry pick up a nonzero vac-
uum expectation value that gives rise to masses for the
W± and Z0.

A deeper look at superconductivity reveals an exam-
ple of a gauge-symmetry-breaking mechanism that does

3

choosing R to be such that σ√
s

<∼ Γtot
h . In particular, in the SM context this corresponds to R ∼ 0.003% for

mhSM
<∼ 120 GeV.

If the mh ∼ 115 GeV LEP signal is real or if the interpretation of the precision electroweak data as an
indication of a light Higgs boson (with substantial V V coupling) is valid, [36] then both e+e− and µ+µ−

colliders will be valuable. In this scenario the Higgs boson would have been discovered at a previous higher
energy collider (possibly a muon collider running at high energy), and then the Higgs factory would be built with
a center-of-mass energy precisely tuned to the Higgs boson mass.[37] The most likely scenario is that the Higgs
boson is discovered at the LHC via gluon fusion (gg → H) or perhaps earlier at the Tevatron via associated
production (qq̄ → WH, ttH), and its mass is determined to an accuracy of about 100 MeV. If a linear collider
has also observed the Higgs via the Higgs-strahlung process (e+e− → ZH), one might know the Higgs boson
mass to better than 50 MeV with an integrated luminosity of 500 fb−1. The muon collider would be optimized
to run at

√
s ≈ mH , and this center-of-mass energy would be varied over a narrow range so as to scan over the

Higgs resonance (see Fig. 2 below).

III. HIGGS PRODUCTION

The production of a Higgs boson (generically denoted h) in the s-channel with interesting rates is a unique
feature of a muon collider [10, 11]. The resonance cross section is

σh(
√

s) =
4πΓ(h → µµ̄)Γ(h → X)

(s − m2
h)

2
+ m2

h

(
Γh

tot

)2 . (1)

In practice, however, there is a Gaussian spread (σ√
s
) to the center-of-mass energy and one must compute the

effective s-channel Higgs cross section after convolution assuming some given central value of
√

s:

σh(
√

s) =
1√

2π σ√
s

∫
σh(

√
ŝ) exp





−

(√
ŝ −

√
s
)2

2σ2√
s




 d

√
ŝ

√
s=mh&

4π

m2
h

BF(h → µµ̄) BF(h → X)
[

1 + 8
π

(
σ√

s

Γtot
h

)2
]1/2

. (2)

It is convenient to express σ√
s

in terms of the root-mean-square (rms) Gaussian spread of the energy of an

FIG. 2: Number of events and statistical errors in the bb final state as a function of
√

s in the vicinity of mhSM = 110 GeV,
assuming R = 0.003%, and εL = 0.00125 fb−1 at each data point.

individual beam, R:

σ√
s

= (2 MeV)

(
R

0.003%

) ( √
s

100 GeV

)
. (3)
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 For √s > 500 GeV                 
– Above SM pair production thresholds:                                    

R ≡ σ/σQED (μ+μ-->e+e-)   flat

 Luminosity Requirements                   

µ+µ−(20o cut) = 100

W+W− = 19.8

γγ = 3.77

Zγ = 3.32

tt̄ = 1.86

bb̄ = 1.28

e+e− = 1.13

ZZ = 0.75

Zh(120) = 0.124

R at √s = 3 TeV  
O(αem

2)  O(αs0)  

(one unit of R)

For example: 

L = 1034 cm−2sec−1

→ 100 fb−1year−1

⇒    965 events/unit of R

Total - 128 K SM events per year

Processes with R ≥ 0.1 can be studied

1 ab−1

100 fb−1

10 fb−1

23

Multi-TeV Muon Collider Basics
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- Large cross sections
- Increase with s.
- Important at multi-Tev energies
- MX2 < s

• Backgrounds for SUSY processes 
• t-channel processes sensitive to angular cuts
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Cross Sections at CLIC

CLIC  (or MC e<->μ)

Fusion Processes

 An Electroweak Boson Collider
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