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INTRODUCTION:  WHY MUONS? 
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Why Muons? 

Physics 
Frontiers 

•  Intense and cold muon beams a unique physics reach 
• Tests of Lepton Flavor Violation 
• Anomalous Magnetic Moment (g-2) 
• Precision sources of neutrinos 
• Next generation lepton collider 

Colliders 

• Opportunities 
•  s-channel production of scalar objects 
• Strong coupling to particles like the Higgs  
• Reduced synchrotron radiation a multi-pass acceleration feasible 
• Beams can be produced with small energy spread 
• Beamstrahlung effects suppressed at IP 

• BUT accelerator complex/detector must be able to handle the impacts of µ decay 

Collider 
Synergies 

• High intensity beams required for a long-baseline Neutrino Factory 
are readily provided in conjunction with a Muon Collider Front End 

• Such overlaps offer unique staging strategies to guarantee physics  
output while developing a muon accelerator complex capable of  
supporting collider operations 
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High Energy Muon Accelerator Capabilities 
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Why a Muon Collider? 
•  First – why a lepton collider? 

–  In proton (or proton-antiproton) collisions, composite particles 
(hadrons), made up of quarks and gluons, collide 
•  The fundamental interactions that take place are between individual 

components in the hadrons 
•  These components carry only a fraction of the total energy of the particles 
•  For p-p collisions, the effective interaction energies are O(10%) of the total 

center-of-mass (CoM) energy of the colliding protons 
•  Thus a 14 TeV CoM energy at the LHC probes an energy scale  

E < 2 TeV 
– Electrons (and positrons) as well as muons are fundamental 

particles (leptons) 
•  Leptons are point-like particles 
•  Their energy and quantum state are well understood during the collision 
•  When the leptons and anti-leptons collide, the reaction products probe the 

full CoM energy  
•  Thus a few TeV lepton collider can provide a precision probe of the full 

energy range of fundamental processes that are discovered at the LHC 
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Muon Collider Features 
Beamstrahlung 
•  Effect of ISR and  

beamstrahlung at the  
IP for  3 TeV CoM  
energy 

•  Typical metric  
developed for e+e-  
LCs is the fraction of  
luminosity within 1%  
of ECM 
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µ+µ- Colliders vs e+e- Colliders 
•  s-Channel Production 

– When 2 particles annihilate with the correct quantum numbers to 
produce a single final state.  Examples: 
 e+e- g Higgs    OR   µ+µ- g Higgs 

– The cross section for this process scales as m2 of the colliding 
particles, so: 

 

– Thus a muon collider offers the potential to probe the Higgs 
resonance directly  
•  The luminosity required is not so large 
•  A precision scan capability is particularly interesting in the case 

of a richer Higgs structure (eg, a Higgs doublet) 

February 17, 2016 Higgs-Maxwell Workshop - Royal Society of Edinburgh 9 

σ µ+µ− → H( ) = mµ

me

$

%
&

'

(
)

2

×σ e+e− → H( ) = 105.7MeV
0.511MeV
$

%
&

'

(
)
2

×σ e+e− → H( )

σ µ+µ− → H( ) = 4.28×104σ e+e− → H( )



Muon Collider Features 
Energy Resolution 
•  Muon beams enable colliding  

beams with very small energy  
spread 

•  Of particular significance for a  
Higgs Factory if there were signs  
of a non-standard Higgs 
–  Ability to directly probe the width and  

structure of the resonance 

• Specific Cases: 
δEb/Eb~4×10-5 @ Higgs 
δEb/Eb~10-4 to 10-3 @ Top 
δEb/Eb~1×10-3 @ TeV-scale 
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Muon Collider Features 
High Energy Collisions 
•  At √s > 1 TeV:  Fusion processes 

dominate 
–  An Electroweak Boson Collider 
–  A discovery machine complementary 

to very high energy pp collider 

•  At >5TeV:  Higgs self-coupling  
resolution <10% 
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Synchrotron Radiation and Energy Reach 

• Synchrotron Radiation 
– In a circular machine, the energy loss per turn due to 

synchrotron radiation can be written as: 
 
                                           

 where ρ is the bending radius 

 
– If we are interested in reaching the TeV scale, an e+e- circular 

machine is not feasible due to the large energy losses 
Solution 1:  e+e- linear collider 
Solution 2:  Use a heavier lepton – eg, the muon 
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Muon Colliders –  
Efficiency at the multi-TeV scale 

February 17, 2016 Higgs-Maxwell Workshop - Royal Society of Edinburgh 13 

Efficiency of multi-
pass acceleration 



Parameter Units
CoM$Energy TeV

Avg.$Luminosity 1034cm;2s;1

Beam$Energy$Spread %
Higgs$Production/107sec

Circumference km
No.$of$IPs

Repetition$Rate Hz
β* cm

No.$muons/bunch 1012

Muon%Collider%Parameters
Higgs

Production*
Operation

0.126
0.008
0.004
13,500

0.3
1
15
1.7
4

Muon%Collider%Parameters
Higgs

Accounts*for*
Site*Radiation*
Mitigation

1.5 3.0 6.0
1.25 4.4 12
0.1 0.1 0.1

37,500 200,000 820,000
2.5 4.5 6
2 2 2
15 12 6

1$(0.5;2) 0.5$(0.3;3) 0.25
2 2 2

Muon%Collider%Parameters
Multi:TeV

Norm.$Trans.$Emittance,$εTN π mm;rad
Norm.$Long.$Emittance,$εLN π mm;rad

Bunch$Length,$σs cm

0.2
1.5
6.3

0.025 0.025 0.025
70 70 70
1 0.5 0.2

Proton$Driver$Power MW 4 4 4 1.6
Wall$Plug$Power MW 200 216 230 270

Muon Collider Parameters 
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Success of advanced cooling concepts  
a several × 1032 [Rubbia proposal:  5×1032] Exquisite Energy Resolution  

Allows Direct Measurement  
of Higgs Width 
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North

Project X
Accelerate hydrogen ions to 8 GeV 
using SRF technology.

Compressor Ring
Reduce size of beam.

Target
Collisions lead to muons with energy 
of about 200 MeV.

Muon Cooling
Reduce the transverse motion of the 
muons and create a tight beam.

Initial Acceleration
In a dozen turns, accelerate muons 
to 20 GeV.
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In a number of turns, accelerate 
muons up to 2 TeV using SRF 
technology.
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PHYSICS WITH A MUON COLLIDER 
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A Higgs Factory 
Direct s-channel production 
of the Higgs 

•  σ(µ+µ- à H) ~  
σ(e+e- à H) x 40,000 

•  Expect ~14K Higgs/yr 
with MAP baseline  
luminosity 

•  Advanced cooling as  
assumed in the Rubbia  
plan would provide  
another factor of ~5 
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and a circular µ+µ� collider.[1] This report examines the potential ability of
a proposed muon collider to fill that role and probe the Standard Model to
its limits. We examine the physics backgrounds relevant to a muon collider
operating at the Higgs s-channel resonance and explore an energy scanning
search strategy for locating the narrow Higgs peak. We find that the high beam
energy resolution and ability to use s-channel resonance Higgs production at a
muon collider make it an attractive option for further research and development.

In this report we assume a Standard Model Higgs. Unless stated otherwise,
we assume a mass and width of

MH = 126.0GeV, �H = 4.21MeV (1)

1.1 S-Channel Resonant Higgs Boson Production

The Higgs boson’s resonant production cross section is given by the Breit-
Wigner formula. For a center of mass energy

p
ŝ, this is given by [5]

�(µ+µ� ! H0) =
4⇡�2

HBr(H0 ! µ+µ�)

(ŝ�M2
H)

2
+ �2

HM2
H

(2)

�H is referred to as the ‘width’ of the Higgs peak. The peak value of the cross
section, using Standard Model values for the width and branching fractions of
a 126 GeV Higgs, is approximately 64pb. The observable cross section is in
practice the convolution of this Higgs peak with the energy distribution of the
collider. We assume that the distribution of the center of mass energy is a
Gaussian and unless otherwise stated, use a beam with a standard deviation inp
ŝ of 4.2 MeV, roughly the same as the Higgs peak. As will be shown later,

this is an optimal width for discovering the Higgs. To calculate cross sections
and to fit simulated data we numerically convolute the Higgs Breit-Wigner with
a Gaussian. The peak value of the smeared cross section is 28.3pb.

2 Muon Collider as a Higgs Factory

2.1 Lepton Mass Coupling

The Higgs mechanism couples to the square of a leptons’s mass so s-channel
resonance Higgs production is enhanced by a factor of 4.28 ⇥ 104 in a muon
collider as compared to an electron collider[4].

gHµµ

gHee
/

m2
µ

m2
e

= 4.28⇥ 104 [4] (3)

In e+e� colliders the only feasible channels for Higgs production are Higgs-
strahlung (e+e� ! ZH) and vector boson fusion (e+e� ! H⌫e⌫̄e), which have
lower cross sections, higher physics backgrounds and do not allow for direct
measurement of the Higgs mass and width.

2.2 Beam Energy Resolution

Many properties of a muon collider make it an attractive option for a Higgs
factory. The high mass of the muon compared to the electron, a ratio of about

3
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Figure 6: Line-shape of the direct Higgs production process in the µ+µ� collider including
e↵ect of ISR type and the machine energy spread. The same input and notation as in Fig. 4
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A Higgs Factory 
• With a beam energy spread of 0.004%, a Higgs Factory 

has unique operating features 
– Requires excellent machine energy stability 
– Would utilize a “g-2” technique to monitor the beam energy (Rana 

and Tollestrup) 
•  Electron calorimeter to monitor 

the decay electrons as the  
beam polarization precesses  
in the dipole field of the ring 

•  Precision measurement of the  
oscillation frequency provides  
the energy 

– An initial energy scan  
campaign required to  
locate the resonance 
•  Presently know mH to ±250 MeV 
•  ~2 orders of magnitude smaller 

with a muon collider 
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A Higgs Factory 
• Direct production combined  

with precise energy resolution  
– Ability to probe detailed structure 

in the region of the resonance 
– A full line-shape measurement 

probes: 
•  The Higgs mass, mH    
•  The Higgs width, ΓH 

•  The branching ratio into µ+µ-, �
BR(H → µµ) [and hence gHµµ] 

 
– But also to look for new physics 

features 
•  Ex:  Higgs doublet model  
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Figure 5: Resolving high degenerate Higgs bosons at the muon collider through scanning.
The b-tagging e�ciency is assumed to be 60 %, and the acceptance ✏ is thus 0.84 with
at least one b-jet tagged. The solid, dashed and dotted lines represent mass splitting of
the Higgs bosons 20 MeV, 15 MeV and 10 MeV. The blue and red curves represent
constructive and destructive interferences, respectively.

we have at a given integrated luminosity. The relative strength a↵ects the resolution in

the sense that when one Higgs is dominate, the other insignificant one would be hard to

separate at a fixed overall number of events. The optimal scenario would be both Higgs

bosons having same total width and signal strength. Instead of this optimal scenario, our

choice in Fig. 5 is more realistic with both Higgs bosons having same order of strength

and total width. We can see the shape fitting is very necessary to resolute 10 MeV

degeneracy. As a result, we argue the muon collider could resolve mass degeneracy to the

level of these Higgs bosons’ total widths.

There are other ways to resolve the mass degeneracy at the muon collider. For example,

for 2HDM and related models, the other Higgs usually is expected not to couple to the

vector bosons much. One could fit the mass from the WW ⇤ mode to sub MeV level for

the SM-like Higgs and fit the mass from bb mode to similar level. These two fittings

shall have di↵erent best fitting masses and thus resolve the degeneracy. This scenario

15
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Higher Energy Colliders 
•  A multi-TeV lepton collider will 

be required for a thorough 
exploration of Terascale 
physics 

•  Muon colliders come into their 
own at energies >2 TeV 
–  Absolute luminosity 
–  Luminosity per input wall-plug 

power 
– Compact rings 

•  Their excellent energy 
resolution can disentangle 
closely spaced states 
–  Example:  Extended Higgs  

Sector and the H/A resonance 

February 17, 2016 Higgs-Maxwell Workshop - Royal Society of Edinburgh 20 



•  Can be applied to heavier H and A in 2HDM (e.g., from SUSY) 
–  Example 1: mA = 400 GeV                                                    Example 2: mA = 1.55 TeV 

–  Best performance is ultimately obtained by optimizing the ring for operation  
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tanβ	=	
10	

tanβ	=	
8	

tanβ	=	
6	

Background 

128 E. Eichten, A. Martin / Physics Letters B 728 (2014) 125–130

Table 1
Properties of the H and A states in the Natural Supersymmetry benchmark model
[44]. In addition to masses and total widths, the branching ratios for various decay
modes are shown. For this benchmark point, tanβ = 23a.

H A

Mass 1.560 TeV 1.550 TeV
Width 19.5 GeV 19.2 GeV

(Decay) Br (Decay) Br

(bb̄) 0.64 (bb̄) 0.65

(τ+τ−) 8.3 × 10−2 (τ+τ−) 8.3 × 10−3

(ss̄) 3.9 × 10−4 (ss̄) 4.0 × 10−3

(µ+µ−) 2.9 × 10−4 (µ+µ−) 2.9 × 10−4

(tt̄) 6.6 × 10−3 (tt̄) 7.2 × 10−3

(gg) 1.4 × 10−5 (gg) 6.1 × 10−5

(γ γ ) 1.1 × 10−7 (γ γ ) 3.8 × 10−9

(Z 0 Z 0) 2.6 × 10−5 (Z 0γ ) 4.3 × 10−8

(h0h0) 4.4 × 10−5

(W +W −) 5.3 × 10−5

(τ̃±
1 τ̃∓

2 ) 9.2 × 10−3 (τ̃±
1 τ̃∓

2 ) 9.5 × 10−3

(t̃1 t̃∗
1) 3.1 × 10−3 (t̃1 t̃∗

2) 1.1 × 10−3

(χ0
1 χ0

1 ) 2.6 × 10−3 (χ0
1 χ0

1 ) 3.2 × 10−3

(χ0
2 χ0

2 ) 1.3 × 10−3 (χ0
2 χ0

2 ) 1.1 × 10−3

(χ0
1 χ0

3 ) 2.8 × 10−2 (χ0
1 χ0

3 ) 3.9 × 10−2

(χ0
1 χ0

4 ) 1.7 × 10−2 (χ0
1 χ0

4 ) 4.0 × 10−2

(χ0
2 χ0

3 ) 3.8 × 10−2 (χ0
2 χ0

3 ) 2.7 × 10−2

(χ0
2 χ0

4 ) 4.0 × 10−2 (χ0
2 χ0

4 ) 1.5 × 10−2

(χ±
1 χ∓

2 ) 5.7 × 10−2 (χ±
1 χ∓

2 ) 6.0 × 10−2

a For tanβ = 10 (5), the branching ratio to muons drops by a factor of 4 (15),
while the branching fraction increases by a factor of 1.3 for tanβ = 30.

include gaussian beam-energy smearing with a resolution param-
eter R = 0.001. As can be seen from the top panel of Fig. 2, the
peak signal is more than an order of magnitude larger than the
background.

We use this channel to study the ability of extracting separate
information about the two nearby resonances. We fit the cross sec-
tion in this region by a sum of background, σB given by:

σB(
√

s) = c1
(mHmA)

s
(8)

and one or two Breit–Wigner’s (Eq. (1)) for the signal contribu-
tions.

The resulting fits are shown in Table 2. A single Breit–Wigner is
completely ruled out while the two resonance fit provides an ex-
cellent description of the total cross section and allows an accurate
determination of the individual masses, widths and Bbb̄ branching
ratios of the A and H .7

As can be seen in Fig. 1, a large H/A signal to background ratio
at a muon collider is fairly independent of mH/A , provided H/A are
narrow and assuming ŝ has been tuned to mH/A . The separability
of the signal into two distinct resonances, however, is more model
dependent because depends on the overall H/A mass, and the ra-
tio of the H/A mass difference &mH/A to the width ΓH/A . The
mass sets the overall rate, and thereby the number of events one

7 Note that interpreting the improved fit as evidence for a 2DHM Higgs sector
requires some caution: a scenario with three resonances where two of the three
states are degenerate (or a similar configuration with more than three resonances)
would generate the same rate vs.

√
s shape as H/A.

Fig. 2. Pseudo-data (in black) along with the fit results in the b̄b (top) and τ+τ−

(bottom) channels. The two Breit–Wigner components (A in green, H in red) along
with the background component (yellow) are also shown. In each bin, the expected
number of events – the PYTHIA cross section times 5 fb−1 was allowed to fluctuate
according to Poisson statistics. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Fit of the H/A region to background plus Breit–Wigner resonances. Both a sin-
gle and two resonance fits are shown. General form of the background fit is
σB (

√
s) = c1(1.555)2/s (in TeV2). The values of the best fit for one or two Breit–

Wigner resonances are given.

Mass (GeV) Γ (GeV) σpeak (pb)

One resonance
1555 ± 0.1 GeV 24.2 ± 0.2 1.107 ± 0.0076
χ2/ndf = 363/96 c1 = 0.0354 ± 0.0006

Two resonances
1550 ± 0.5 GeV 19.3 ± 0.7 0.6274 ± 0.0574
1560 ± 0.5 GeV 20.0 ± 0.7 0.6498 ± 0.0568
χ2/ndf = 90.1/93 c1 = 0.040 ± 0.0006

can fit, while &mH/A/ΓH/A quantifies how much the resonances
overlap.

To study the separability, we performed a small Monte Carlo
study. Specifically, we created pseudodata by randomly draw-
ing a fixed number of events from a truth distribution made
from two Breit–Wigner lineshapes with a given width-to-mass
and mass-difference-to-width ratio. We then compared a fit to
the pseudodata using a single resonance to a fit from two sepa-
rate resonances. If the difference in χ2 between the double- and

δE/E	=	0.1%	 δE/E	=	0.1%	P. Janot (1999) 

tanβ	=	
20	

E. Eichten, A. Martin 
 PLB 728 (2014)125 

H/A Examples 
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Additional	Higgs	bosons	(3)	
q  Automatic	mass	scan	with	radiative	returns	in	µµ	collisions	

◆  Go	to	the	highest	energy	first	
●  √s	=	1.5,	3	or	6	TeV	

◆  Select	event	with	an	energetic	photon	
●  Check	the	recoil	mass	mRecoil	=	[s	–	2Eγ√s]1/2			

◆  Can	“see”	H	and	A	
●  If	tanβ	>	5	

◆  Build	the	next	collider	
●  At	√s	~	mA,H	

22	

fraction to this final state to be 80%. We also assume 80%
b-tagging efficiency and require at least one b-jet tagged.
In fact, any visible decay of the heavy Higgs boson except
for the dimuon final state, negligible in most of models,
would be very efficient in background suppression. One
could also interpret our assumption as that 80% of the
decays of the Higgs boson could be utilized.
We employ MADGRAPH5 [36] for parton level signal and

background simulations and tuned PYTHIA 6.4 [37] mainly
for ISR and FSR, and further implement detector smearing
and beam energy spread with our own code. We show the
recoil mass distribution for the heavy Higgs boson mass of
0.5, 1, 1.5, 2, 2.5, 2.9 TeVeach with 1, 10, 100 GeV width
at a 3 TeV muon collider in Fig. 3 (right panel). Both cross
sections of the signal and the background at fixed beam
energy increase as the recoil mass increases due to the
infrared nature of the photon radiation. The spread of recoil
mass peak increases at a lower mass, due to the larger
photon energy detector resolution smearing at a higher
photon energy. We can see that the pronounced mass peaks
look promising for the signal observation, and the RR
process is a plausible discovery production mechanism that
does not rely on the precise knowledge of the new heavy
Higgs boson mass. We discuss the observability of this
mode in the next subsection.

2. Estimated sensitivities

To quantify the reach of the signal observation, we
choose different bin sizes according to the spread of the
photon energy distribution. This is because the recoil mass
spread is broader than the photon energy smearing, as
scaled by a factor of

ffiffiffi
ŝ

p
=mH=A. This implies the Higgs

mass resolution would be much worse than the photon
energy resolution if the mass is far away from the beam

energy. We find the bin sizes in step of 1 GeV that optimize
statistical significance of signal at κμ ¼ 10 over the
background. With this optimal choice of number of bins,
we show the 2 σ exclusion (solid) and 5 σ discovery
(dashed) limits from RR in Fig. 4 for both 1.5 and 3 TeV
muon colliders as described in Table II, for three different
benchmark heavy Higgs width values 1, 10 and 100 GeV
in red, blue and green, respectively. The results show
that the RR production mode could cover a large κμ
(tan β in type II 2HDM) region. To put these results into
perspective, we reproduce the LHC curves for the discov-
ery reach on the mA − tan β plane in solid black lines
for 300 fb−1 and 3000 fb−1 [17]. These LHC discovery
projections are mainly from searches on heavier Higgs
bosons decaying into SM particles such as τþτ− and tt̄, in
the maximal mixing scenario in the MSSM. This “wedge”
shape indicates the LHC’s limitation in discovering heavy
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FIG. 4 (color online). Estimated 2σ exclusion limits (solid
lines) and 5σ discovery limits (dashed lines) in the Higgs mass
and κμ plane, shown as the shaded region. We include the cases
with Higgs width 1 (red), 10 (blue) and 100 (green) GeV. We
overlay the 3 TeV muon collider reach (gray shade) over 1.5 TeV
muon collider results (pink shade). For comparison, the two
solid black wedged curves reproduce the LHC coverage in the
mA-tan β plane for 300 fb−1 and 3000 fb−1, respectively.
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fraction to this final state to be 80%. We also assume 80%
b-tagging efficiency and require at least one b-jet tagged.
In fact, any visible decay of the heavy Higgs boson except
for the dimuon final state, negligible in most of models,
would be very efficient in background suppression. One
could also interpret our assumption as that 80% of the
decays of the Higgs boson could be utilized.
We employ MADGRAPH5 [36] for parton level signal and

background simulations and tuned PYTHIA 6.4 [37] mainly
for ISR and FSR, and further implement detector smearing
and beam energy spread with our own code. We show the
recoil mass distribution for the heavy Higgs boson mass of
0.5, 1, 1.5, 2, 2.5, 2.9 TeVeach with 1, 10, 100 GeV width
at a 3 TeV muon collider in Fig. 3 (right panel). Both cross
sections of the signal and the background at fixed beam
energy increase as the recoil mass increases due to the
infrared nature of the photon radiation. The spread of recoil
mass peak increases at a lower mass, due to the larger
photon energy detector resolution smearing at a higher
photon energy. We can see that the pronounced mass peaks
look promising for the signal observation, and the RR
process is a plausible discovery production mechanism that
does not rely on the precise knowledge of the new heavy
Higgs boson mass. We discuss the observability of this
mode in the next subsection.

2. Estimated sensitivities

To quantify the reach of the signal observation, we
choose different bin sizes according to the spread of the
photon energy distribution. This is because the recoil mass
spread is broader than the photon energy smearing, as
scaled by a factor of

ffiffiffi
ŝ

p
=mH=A. This implies the Higgs

mass resolution would be much worse than the photon
energy resolution if the mass is far away from the beam

energy. We find the bin sizes in step of 1 GeV that optimize
statistical significance of signal at κμ ¼ 10 over the
background. With this optimal choice of number of bins,
we show the 2 σ exclusion (solid) and 5 σ discovery
(dashed) limits from RR in Fig. 4 for both 1.5 and 3 TeV
muon colliders as described in Table II, for three different
benchmark heavy Higgs width values 1, 10 and 100 GeV
in red, blue and green, respectively. The results show
that the RR production mode could cover a large κμ
(tan β in type II 2HDM) region. To put these results into
perspective, we reproduce the LHC curves for the discov-
ery reach on the mA − tan β plane in solid black lines
for 300 fb−1 and 3000 fb−1 [17]. These LHC discovery
projections are mainly from searches on heavier Higgs
bosons decaying into SM particles such as τþτ− and tt̄, in
the maximal mixing scenario in the MSSM. This “wedge”
shape indicates the LHC’s limitation in discovering heavy
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FIG. 4 (color online). Estimated 2σ exclusion limits (solid
lines) and 5σ discovery limits (dashed lines) in the Higgs mass
and κμ plane, shown as the shaded region. We include the cases
with Higgs width 1 (red), 10 (blue) and 100 (green) GeV. We
overlay the 3 TeV muon collider reach (gray shade) over 1.5 TeV
muon collider results (pink shade). For comparison, the two
solid black wedged curves reproduce the LHC coverage in the
mA-tan β plane for 300 fb−1 and 3000 fb−1, respectively.
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lþl− → AHðl ¼ e; μÞ in Sec. II B. To make the illustration
more concrete, we compare these production modes in
Sec. II C in the framework of 2HDM. Because of the
rather clean experimental environment and the model-
independent reconstruction of the Higgs signal events at
lepton colliders, we also study the sensitivity of the
invisible decay from the radiative return process in
Sec. III. Finally, we summarize our results and conclude
in Sec. IV.

II. PRODUCTION MECHANISMS

Peraps the most useful feature of a muon collider is the
potential to have s-channel resonant production of the
Higgs boson [6–8,10,22]. As has been already mentioned
in the previous section, such a machine undoubtedly has its
merits in analyzing in detail the already discovered Higgs
boson near 125 GeV. When it comes to identifying a
heavier additional (pseudo)scalar, however, we do not have
any a priori knowledge about the mass, rendering the new
particle search rather difficult. If one envisions a rather
wide-ranging scanning, it would require one to devote a
large portion of the design to integrated luminosity [9,10].
In this section, we discuss the three different production
mechanisms for the associated production of the heavy
Higgs boson. Besides the radiative return as in Eq. (1),
we also consider

μþμ− → Z% → ZH and HA: ð2Þ

The relevant Feynman diagrams are shown in Figs. 1(b)
and 1(c).
We first parametrize the relevant heavy Higgs boson

couplings as

Lint ¼ −κμ
mμ

v
Hμ̄μþ iκμ

mμ

v
Aμ̄γ5μþ κZ

m2
Z

v
HZμZμ

þ g
2 cos θW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − κ2ZÞ

q
ðH∂μA − A∂μHÞZμ: ð3Þ

The two parameters κμ and κZ characterize the coupling
strength with respect to the SM Higgs boson couplings to
μþμ− and ZZ. The coupling κμ controls the heavy Higgs
resonant production and the radiative return cross sections,
while κZ controls the cross sections for ZH associated

production and heavy Higgs pair HA production. We have
used κμ as the common scale parameter for Yukawa
couplings of both the CP-even H and the CP-odd A,
although in principle they could be different. For the HAZ
coupling we have used the generic 2HDM relation: κZ is
proportional to cosðβ − αÞ and the HAZ coupling is
proportional to sinðβ − αÞ.2 In the heavy Higgs decoupling
limit of 2HDM at large mA, κZ ≡ cosðβ − αÞ ∼m2

Z=m
2
A is

highly suppressed and κμ ≈ tan βð− cot βÞ in type II [28,29]
and lepton-specific [30–33] (type I [23,28] and flipped
[30–33]) 2HDM. Note that many SUSY models, including
minimal supersymmetric Standard Model (MSSM) and
next-to-minimal supersymmetric Standard Model, are
essentially type II 2HDM, subject to fewer tree-level
parameters for the Higgs potential and potentially large
supersymmetric loop corrections. We tabulate our choices
of parameters and their 2HDM correspondences in Table. I.
We reiterate that such a notation can be carried over to any
scenario where there is another multiplet in addition to the
SM Higgs doublet contributing to the W and Z masses,
whereby the WW and ZZ couplings of the two neutral
CP-even scalars are connected by a unitary relationship, with
some SUð2Þ Clebsch-Gordan coefficients arising in addition.
We choose the following configuration as shown in

Table II for the muon collider parameters and the detector
acceptance, to study feasibilities of these different produc-
tion channels. The beam energy spread is defined as

dLð
ffiffiffi
s

p
Þ

d
ffiffiffi
ŝ

p ¼ 1

2πΔ
exp

"
−
ð

ffiffiffi
s

p
−

ffiffiffi
ŝ

p
Þ2

2Δ2

#
; ð4Þ

with Δ ¼ R
ffiffiffi
s

p
=

ffiffiffi
2

p
.

A. Radiative return

Due to the radiative return, when the heavy Higgs boson
mass is below the center-of-mass energy of the muon
collider, the photon emission from the initial state provides
an opportunity of the heavy Higgs boson back to reso-
nance. The signature is quite striking: a monochromatic
photon plus other recoil particles. The “recoil mass” is a

FIG. 1. Main production mechanisms of heavy Higgs boson H=A at lepton colliders. (a) H=A “Radiative Return.” (b) ZH associated
production. (c) HA pair production.

2Customarily, tan β is the ratio of the two vev’s, and α is the
mixing angle of the two scalar states.
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Summary 
• Muon colliders offer great potential for exploration of the 

Terascale 
– May offer the only cost-effective route to a lepton collider operating 

in the several TeV range 

•  There are technical challenges 
– Muon cooling technology 
– Detector backgrounds from µ decays 
– Let’s take a quick look at some of the technology issues 

•  And, further work is desirable to understand the detailed 
physics reach given the proposed solutions to those 
challenges 
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ACCELERATOR TECHNOLOGY 
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High Energy Muon Accelerator Capabilities 
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Luminosity 
• The principle parameter driver is the production of 

luminosity at a single collision point 
 

  
  

• where  
 N is the number of particles per bunch (assumed equal for all bunches)  
 fcoll is the overall collision rate at the interaction point (IP) 
σx and σy are the horizontal and vertical beam sizes (assumed equal for  
 all bunches) 
 HD is the luminosity enhancement factor  

•  Ideally we want: 
– High intensity bunches 
– High repetition rate 
– Small transverse beam sizes 

Linear Collider Form 

   
L =

N 2 fcoll

4πσ xσ y

H D
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ILC Parameters at the IP 
•  The parameters at the interaction point have been chosen to  

provide a nominal luminosity of 2×1034 cm-2s-1.  With 
N = 2×1010 particles/bunch 
σx ~ 640 nm ⇔ βx

* = 20  mm, εx = 20    pm-rad  
σy ~  5.7 nm ⇔ βy

* = 0.4 mm, εy = 0.08 pm-rad 
HD~ 1.7 
 
 

 
•  An average collision rate of ~14kHz is required. 
•  Beam sizes at the IP are determined by the strength of the final focus 

magnets and the emittance (phase space volume) of the incoming bunches.   
 

A number of issues impact the choice of the final focus parameters.  For example, the beam-beam 
interaction as two bunches pass through each other can enhance the luminosity, however, it also disrupts 
the bunches. If the beams are too badly disrupted, safely transporting them out of the detector to the beam 
dumps becomes quite difficult. Another effect is that of beamstrahlung which leads to significant energy 
losses by the particles in the bunches and can lead to unacceptable detector backgrounds. Thus the 
above parameter choices represent a complicated optimization. 

   
L =

N 2 fcoll

4πσ xσ y

H D = 1.4×1030 cm−2( )× fcoll



Muon Collider Luminosity 
•  For a muon collider, we can write the luminosity as: 

•  For the 1.5 TeV muon collider design, we have 
– N = 2×1012 particles/bunch 
–  σx,y ~ 5.9 µm ⇔ β* = 10  mm, εx,y(norm) = 25 µm-rad  
–  nturns~1000 
–  fbunch=15 Hz (rate at which new bunches are injected) 

 
 
•  But this is optimistic since we’ve assumed N is constant for 

~1000 turns when it’s actually decreasing.  The anticipated 
luminosity for this case is ~1.2×1034 cm-2s-1. 
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L =

N 2 fcoll

4πσ xσ y

=
N 2

nturns

nturns fbunch

4πσ ⊥
2

   
L ≈

N0
2nturns fbunch

4πσ ⊥
2 ≈ 1.4×1034 cm−2s−1



Challenges for a µ+µ- Collider   
• Create pions from a MW-scale proton beam  

striking a target 
•  To avoid excessive power requirements, must efficiently 

capture the produced pions 
– Capture of both forward and backward produced pions loses 

polarization 
•  The phase space of the created pions is very large! 

– Transverse:  20π mm-rad 
– Longitudinal:  2π m-rad 

•  Emittances must be cooled by factors of ~106 to be 
suitable for multi-TeV collider operation 

~1000x in the transverse dimensions 
~40x in the longitudinal dimension 

•  The muon lifetime is 2.2 µs lifetime at rest 
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Cooling Options 
• Electron/Positron cooling: use synchrotron radiation  
a For muons ΔE~1/m3 (too small!) 

• Proton Cooling:  use  
– A co-moving cold e- beam 
a For muons this is too slow 

– Stochastic cooling 
a For muons this is also too slow 

• Muon Cooling:  use  
– Use Ionization Cooling 
a Likely the only viable option 

– Optical stochastic cooling 
a  Maybe, but far from clear 
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Key Feasibility Issues 
• Proton Driver 

• Target 

• Front End 

• Cooling 

• Acceleration 

• Collider Ring 

• Collider MDI 

• Collider Detector 

High Power Target Station 
Capture Solenoid 
Energy Deposition 
RF in Magnetic Fields 
Magnet Needs (Nb3Sn vs HTS) 
Performance 
Acceptance (NF) 
>400 Hz AC Magnets (MC) 
IR Magnet Strengths/Apertures 
SC Magnet Heat Loads (µ decay) 
Backgrounds (µ decay) 
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Characteristics of the Muon Source 
• Overarching goals 

 
– NF:   Provide O(1021) µ/yr within the acceptance of a µ ring 
– MC:   Provide luminosities >1034/cm-2s-1 at TeV-scale (~nb

2)  
  Enable precision probe of particles like the Higgs 

• How do we do this? 
– Tertiary muon production through protons on target (followed 

by capture and cooling) 
Rate > 1013/sec  nb = 2×1012 
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Proton Driver 
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ü  Based on 6-8 GeV Linac 
Source 

ü  Accumulator & Buncher 
Ring Designs in hand 

ü  H- stripping requirements 
same as those 
established for 
Fermilab’s Project X 

kicker for 
vertical 
extraction 

H- 
beam 

3.87 
MHz 
RF 
V=11 
kV 

Accumulator Ring 
Layout & Injection Orbits 

(Alexahin, Kapin) 

Buncher Ring 
Layout & Optics 
(Alexahin) 

Optics: 
½ staight +  
1 arc cell 



High Power Target 
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Compact 
Taper Design 

C Target 
Option 

1 cm 
MERIT 
@CERN 

ü  MERIT Expt: 
• LHg Jet in 15T 
• Capability:  8MW 
@70Hz  

ü  MAP Staging aims at 
1-2 MW a C Target 

ü  Improved Compact 
Taper Design 
• Performance & Cost 



Front End 
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Control of FE Energy Deposition 

FE Energy 
Deposition 

Buncher and Phase  
Rotator Matched to a  
325 MHz Initial Cooling 
Channel 

ü  Energy Deposition 
ü  Full 325 MHz RF 

Design 
ü  Validation of gas-

filled RF cavity 
performance 

Validation of FE 
performance  
with gas-filled 
cavities 



Cooling Methods 
•  The unique challenge of muon cooling is its short lifetime 

– Cooling must take place very quickly 
– More quickly than any of the cooling methods presently in use 
a Utilize energy loss in materials with RF re-acceleration 
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Muon 
Ionization 
Cooling 

Kaplan 



Muon Ionization Cooling 
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Advanced techniques a  
Improved HF Luminosity  
Simplified Final Cooling requirements 

MAP Higgs  
Factory Target PIC assumed in Carlo 

Rubbia’s Proposal 



Muon Ionization Cooling (Design) 

Initial 6D Cooling:  ε6D  60 cm3 a ~50 mm3;  Trans = 67% 
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6D Rectilinear Vacuum Cooling Channel (replaces Guggenheim concept):   
εT = 0.28mm, εL = 1.57mm @488m 
Transmission = 55%(40%) without(with) bunch recombination 



Muon Ionization Cooling (Design) 

•  Helical Cooling Channel (Gas-filled RF Cavities):   
εT = 0.6mm, εL = 0.3mm  
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Matching 

Late Stage w/ Induction Linac 

•  Final Cooling with 25-30T solenoids (emittance exchange): 
εT = 55µm, εL = 75mm  



Muon Ionization Cooling (Design) 
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 •  MAP Baseline Designs offer 
–  Factor >105 in emittance reduction 

•  Alternative and Advanced 
Concepts 
–  Hybrid Rectilinear Channel  
 (gas-filled structures) 

–  Parametric Ionization Cooling 
–  Alternative Final Cooling 
One example: 
a Early stages of existing scheme  
a Round-to-flat Beam Transform  
a Transverse Bunch Slicing  
a Longitudinal Coalescing 
    (at ~10s of GeV) 

a Considerable promise to exceed 
our original target parameters 
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Cooling: The Emittance Path 
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Successful Operation of 
805 MHz “All Seasons” 
Cavity in 5T Magnetic 
Field under Vacuum  
MuCool Test Area/Muons Inc 

World Record HTS-
only Coil 

15T on-axis field (16T on coil) 
R. Gupta 
PBL/BNL 

Demonstration of High 
Pressure RF Cavity in 3T 
Magnetic Field with Beam 

Extrapolates to required   
µ-Collider Parameters 

MuCool Test Area 

Breakthrough in HTS 
Cable Performance with 
Cables Matching Strand 

Performance 
FNAL-Tech Div 

T. Shen-Early Career Award 
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Cooling Technology R&D 
>20MV/m operation  
in up to 5 T B-field 

MICE 201 MHz RF Module –  
MTA Acceptance Test in B-field Complete 
11MV/m in Fringe of 5T Lab-G Solenoid 

<4×10-7 Spark Rate (0 observed) 
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Muon Ionization Cooling Experiment 
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Cooling Channel 
Commissioning 
Underway for 
MICE Step IV 



Ionization Cooling Summary 
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ü  6D Ionization Cooling Designs 
•  Designs in hand that meet performance targets in simulations with 

stochastic effects 
•  Ready to move to engineering design and prototyping 
•  Able to reach target performance with Nb3Sn conductors (NO HTS) 

ü  RF operation in magnetic field (MTA program) 
•  Gas-filled cavity solution successful and performance extrapolates to 

the requirements of the NF and MC 
•  Vacuum cavity performance now consistent with models 
•  MICE Test Cavity significantly exceeds specified operating 

requirements in magnetic field 
ü  MICE Experiment now in commissioning phase 
~  Final Cooling Designs 

•  Baseline design meets Higgs Factory specification and performs 
within factor of 2.2× of required transverse emittance for high energy 
MC (while keeping magnets within parameters to be demonstrated 
within the next year at NHMFL). 

•  Alternative options under study 



Acceleration Requirements 
• Key Issues: 

– Muon lifetime a ultrafast acceleration chain 

– NF with modest cooling a accelerator acceptance 

– Total charge a cavity beam-loading (stored energy) 

– TeV-scale acceleration focuses on hybrid Rapid Cycling 
Synchrotron a requires rapid cycling magnets 

 Bpeak ~ 2T  f > 400Hz 
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An Initial Acceleration Scheme:  
RLAs 

Aug 4, 2013 Opportunities with High Intensity Accelerators Beyond the Current Era 26 
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244 MeV 900 MeV 

3.6 GeV 0.9 GeV 

3.6 GeV 12.6 GeV 

86 m 
0.6 GeV/pass 

202 m 

255 m 
2 GeV/pass 

S.A. Bogacz 

Acceleration 
Technologies include:   
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!

• Superconducting Linacs (NuMAX choice) 
• Recirculating Linear Accelerators (RLAs) 
• Fixed-Field Alternating-Gradient (FFAG) Rings 
•  (Hybrid) Rapid Cycling Synchrotrons (RCS) 

for TeV energies 

RCS requires  
2 T p-p magnets  
at f > 400 Hz 
(U Miss & FNAL) 

Hybrid RCS 

ü  Design concepts in hand 
ü  Magnet R&D indicates 

parameters achievable  



Collider Rings 
•  Detailed optics studies for Higgs,  

1.5 TeV, 3 TeV and now 6 TeV CoM 
– With supporting magnet designs 

and background studies 
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ü  Higgs, 1.5 TeV CoM and 
3 TeV CoM Designs 

•  With magnet 
concepts 

•  Achieve target 
parameters 

ü  Preliminary 6 TeV CoM 
design 

•  Key issue is IR 
design and impact 
on luminosity 

•  Utilizes lower power 
on target 

Higgs 

1.5 TeV 

3 TeV 

Higgs Ring (single IR) 



Machine Detector Interface 
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ü  Backgrounds appear 
manageable with suitable 
detector pixelation and 
timing rejection 

ü  Recent study of hit rates 
comparing MARS, EGS 
and FLUKA appear 
consistent to within factors 
of <2 
a Significant improvement 

in our confidence of 
detector performance 



Detector Backgrounds & Mitigation 
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Single layer hit efficiency 

Single layer bkgd occupancy 

1st pass setup:  
Further  
improvements 
anticipated  

ü  Preliminary detector 
study promising 
• Real progress 

requires dedicated 
effort, which MAP 
was not allowed to 
fund 

MARS Bkgds a ILCRoot Det Model 

Trackers:  Employ double-layer 
structure with 1mm separation for 
neutral background suppression 



Conclusion 

•  Multi-TeV MC a potentially  
only cost-effective route to  
lepton collider capabilities with  
ECM > 5 TeV 

•  Capability strongly overlaps  
with next generation neutrino 
source options, i.e., the  
neutrino factory 

 
 

•  Key technical hurdles have  
been addressed: 
–  High power target demo (MERIT) 
–  Realizable cooling channel designs with acceptable performance 
–  Breakthroughs in cooling channel technology 
–  Significant progress in collider & detector design concepts 
 

Muon collider capabilities offer unique potential for the future of high energy 
physics research 
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~200 MeV
MICE 160(240 MeV

3(4 GeV

νSTORM 3.8 GeV
4(10 GeV

NuMAX9(Initial) 4(6 GeV
NuMAX+ 4(6 GeV

IDS(NF9Design 10 GeV
~126 GeV-CoM
~126 GeV(CoM
>-1 TeV-CoM

Opt.91 1.5 TeV9CoM
Opt.92 3 TeV9CoM
Opt.93 6 TeV9CoM

Energy-Scale

Energy-Frontier-µ-Collider

Accelerator
Cooling-Channel

Muon-Storage-Ring

Intensity-Frontier-ν-Factory

s-Channel(µ(Collider
Higgs-Factory

*(Decays(of(an(individual(species((ie,(µ+(or(µ−)

1.2x1034cm(2s(1

4.4x1034cm(2s(1

12x1034cm(2s(19

Performance
Emittance-Reduction

Useable-µ decays/yr*

Useable-µ decays/yr*

Avg.-Luminosity

Higgs/107s
3,500-13,500

3x1017

5x1020

8x1019

5x1020

5%


