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Muon	based	Colliders	
•  A	µ+µ-	collider	offers	an	ideal	technology	to	extend	lepton	

high	energy	fron<er	in	the	mul<-TeV	range:	
–  No	synchrotron	radia<on	(limit	of	e+e-	circular	colliders)	
–  No	beamstrahlung	(limit	of	e+e-	linear	colliders)	
–  but	muon	life<me	is	2.2	µs	(at	rest)	

•  Best	performances	in	terms	of	luminosity	and	power	
consump<on	

•  Great	poten<ality	if	the	technology	proves	its	feasibility:	
–  cooled	muon	source	
–  fast	accelera<on	
–  µ	Collider		
–  radia<on	Safety	(muon	decay	in	accelerator	and	detector)	



Giudice	

The strength of a µ-beam facility lies in its richness: 

Take 1!
!

Get 4 !!

!  Muon rare processes 
!  Neutrino physics 
!  Higgs factory 
!  Multi-TeV frontier 
 

µ-colliders can essentially do the HE program of  
e+e− colliders with added bonus (and some limitations) 

Giudice#

Focus#here#



TeV/MulIJTeV#Lepton#Collider#Basics##

•  At#√s=MH#resonant#Higgs#
producIon#

•  For#√s<500GeV#
–#SM#threshold#region:#top#
pairs;#W+WJ;#ZZ;#Zh;#...#

•  For#√s>500GeV#
–#For#SM#pair#producIon#################

##R#=#σ/σQED(μ+μJ#J>#e+eJ)#~#flat##
–  #High#luminosity#required##

##



==	1036			cm-2	s-1@	√s	30	TeV	



SM at a muon collider:



Vector	boson	fusion	



Higgs'Physics''

M.#Antonelli,#Padova,#July#16th#2015#



Higgs#boson#producIon#
•  Muons#are#leptons,#like#electrons#

–  Muon#colliders#can#a#priori#do#everything#that#e+e�#colliders#can#do,#e.g.:#

•  FCCJee#luminosity:#0.5#–#1.1#×#1035#cmJ2sJ1#/#IP#and#up#to#4#IPs#
•  Muon#collider#luminosity:#few×#1033#cmJ2sJ1#/#IP#

–  Precision#on#branching#raIos,#couplings,#width,#mass,#etc.#,#with#2#IPs#
•  A#factor#10#beier#at#FCCJee#(and#twice#beier#at#ILC)#than#at#a#muon#collider##

7#
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.
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SM#Higgs#resonance#

•  Resonant#producIon##

–  Convoluted#with##
•  Beam#energy#spectrum#
•  IniIal#state#radiaIon#(ignored#in#most#studies)#

–  The#measurement#of#the#lineshape#gives#access#to##
•  The#Higgs#mass,#mH####
•  The#Higgs#width,#ΓH#

•  The#branching#raIo#into#µ+µ�, BR(H#→#µµ)"
–  Hence,#the#coupling#of#the#Higgs#to#the#muon,#gHµµ##

•  Some#branching#fracIons#and#couplings,#with#exclusive#decays#

24#Sept#2015# FCCJee#Higgs#miniJworkshop# 8#

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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Major#background:#
µ+µ� →#Z/γ� →#XX#
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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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•  Muons#are#heavy,#unlike#electrons:#mµ/me#~#200#
–  Large#direct#coupling#to#the#Higgs#boson:#σ(µ+µ�#!#H)#~#40,000#×#σ(e+e�#!#H)##
–  Much#less#synchrotron#radiaIon,#hence#potenIally#superb#energy#definiIon#

•  δE/E#can#be#reduced#to#3J4#×#10J5#with#more#longitudinal#cooling#
–  Albeit#with#equivalent#reducIon#of#luminosity:#2#–#8#×#1031#cmJ2sJ1##

9#

(1):%with%ISR%
(2):%δE/E%=%3×1045%%
(3):%δE/E%=%6×1045%%

S. Jadach, R.A. Kycia 
 arXiV:1509.02406 

•  σ(µ+µ� → H) ~ 15 pb 
%%%%%%(ISR%often%forgotten...)%

•  200%–%800%pb41%/%yr%

•  3000%–%12000%Higgs%/%yr%
%

√s (GeV) 

Similar#results##
from#M.#Greco#

SM#Higgs#resonance#



Figure 7: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting X ! bb̄ events with a
total energy of at least 98.0 GeV visible to the detector and cutting on event
shape parameters. Data is taken in a 60 MeV range centered on the Higgs mass
in bins separated by the beam width of 4.2 MeV. Event counts are calculated
as Poisson-distributed random variables and the data is fit to a Breit-Wigner
convoluted with a Gaussian plus linear background. The fit width is 4.78±0.48
MeV, the error in the mass measurement is 0.01± 0.05 MeV and the branching
ratio is measured at 0.271 ± 0.001. Total luminosity is 1000pb�1, or 71.4pb�1

per point.
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Figure 16: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all H0 ! WW ⇤ events
with a minimal background. Data is taken in a 60 MeV range centered on the
Higgs mass in bins separated by the beam width of 4.2 MeV. Event counts
are calculated as Poisson-distributed random variables and the data is fit to a
Breit-Wigner convoluted with a Gaussian plus linear background. The fit width
is 4.06± 0.24 MeV, the error in the mass measurement is 0.00± 0.07 MeV and
the branching ratio is measured at 0.217± 0.001. Total luminosity is 1000pb�1,
or 71.4pb�1 per point.

Figure 17: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all H0 ! WW ⇤ !
lepton + missing energy events with a minimal background. Data is taken in
a 60 MeV range centered on the Higgs mass in bins separated by the beam
width of 4.2 MeV. Event counts are calculated as Poisson-distributed random
variables and the data is fit to a Breit-Wigner convoluted with a Gaussian
plus linear background. The fit width is 3.96 ± 0.17 MeV, the error in the
mass measurement is �0.16± 0.04 MeV and the branching ratio is measured at
0.1271± 0.0002. Total luminosity is 1000pb�1, or 71.4pb�1 per point.
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Figure 18: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all X ! ⌧+⌧� events.
Data is taken in a 60 MeV range centered on the Higgs mass in bins separated by
the beam width of 4.2 MeV. Event counts are calculated as Poisson-distributed
random variables and the data is fit to a Breit-Wigner convoluted with a Gaus-
sian plus linear background. The fit width is 4.82± 4.46 MeV, the error in the
mass measurement is �0.54± 0.47 MeV and the branching ratio is measured at
0.0623± 0.0005. Total luminosity is 1000pb�1, or 71.4pb�1 per point.

Figure 19: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting X ! ⌧+⌧� events with
a total energy of at least 60.0 GeV visible to the detector and cutting on event
shape parameters. Data is taken in a 60 MeV range centered on the Higgs mass
in bins separated by the beam width of 4.2 MeV. Event counts are calculated
as Poisson-distributed random variables and the data is fit to a Breit-Wigner
convoluted with a Gaussian plus linear background. The fit width is 0.84±2.97
MeV, the error in the mass measurement is 1.07± 0.30 MeV and the branching
ratio is measured at 0.24± 0.23. Total luminosity is 1000pb�1, or 71.4pb�1 per
point.
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Scan#of#the#SM#Higgs#resonance#

#

–  Notes#
•  Some#opImism#in#these#numbers#(perfect#b#tag,#only#Z#bkgd,#no#beam#bkgd…)#

•  Errors#to#be#increased#to#account#for#ISR#
•  A#beier#scan#strategy#should#be#designed#(less#in#the#sides,#more#in#the#peak)#
•  The#numbers#are#for#5#years#at#low#luminosity,#and#1.2#year#aser#lumi#upgrade#

–  Combined#numbers#(next#slide)#given#for#5#(low#lumi)#+#5#(upgrade)#years.##

24#Sept#2015# FCCJee#Higgs#miniJworkshop# 10#

Perfect#b#tagging#
No#ISR#

Δσµµ→H→bb#~#4%#
ΔmH#~#0.3#MeV#
ΔΓH#~#0.6#MeV#

No#background#
No#ISR#

Δσµµ→H→WW#~#3%#
ΔmH#~#0.4#MeV#
ΔΓH#~#0.8#MeV#

Δσµµ→H→ττ#~#25%#

No#ISR#
A.#Conway,#H.#Wenzel#
#arXiV:1304.5270#

H#→#bb##

H#→#WW#→#lνq# H#→#ττ #



Possible#results#with#1#vJ1##

•  Simulated#results#with#backgrounds#and#cuts#

–  1#vJ1#=#1#yr#(107#sec)#@#1x1032##

–  Combined:#

•  σ(MH)#~#0.03#MeV#(<~#100#MeV#@ILCJ500)#

•  σ(ΓH)##~#0.16#MeV#(#####0.08#MeV#@ILCJ500)#

Muon#Collider#meeIng,#

Seiembre#2015#
F.#Bedeschi,#INFNJPisa# 12#

YKK#FNAL#study#
arxiv1308.2143#



Higgs#producIon#for#mulITev#muon#collider#
–  VBF#dominant#producIon#mode#
#

#

•  WHIZARD#event#generator#for#cross#secIon#
computaIon##
–  hip://whizard.hepforge.org/#
#
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@sqrt(s)#=#3#TeV#
#
µµJ>vvH#:#495#v#
#
µµJ>µµh#:#52#v#
#
#R#Di#Nardo,#M#Rotondo,#

G#Simi##

VBF##Higgs#producIon#

Analysis#study#
to#be#performed#
#



	A.Conway,	H.Wenzel,	R.Lipton	and	E.Eichten,	
		arXiv:1405.5910	



SM	Higgs	

•  Resonant	Higgs	produc<on:  
–  Unique	measurements																																																																																					
of	mh	and	Γh		

	(mh	~	0.1	MeV,	Γh	~	0.2	MeV)	
–  Best	test	of	2nd	genera<on																																																																							
Higgs	couplings	(h	→	μ+μ−)		

•  HZ	produc<on:	
–  Similar	to	e+e-	measurements	but	lower	sta<s<cs	factor	10	(ILC/
CEPC)	100	FCC-ee	

•  VBF	at	mu<TeV		
–  High	xs(O(1Pb)@6TeV)	&	high	lumi		befer	sta<s<cs	than	FCC-
ee	?	

–  Compe<<ve	(probably	best)	measurement	of	HH	produc<on	

P.	Janot	



BSM'Higgs'Physics''

M.#Antonelli,#Padova,#July#16th#2015#



BSM'Higgs'Physics''

M.#Antonelli,#Padova,#July#16th#2015#

BSM#Higgs#boson#producIon##

21#
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width. However, this combination does not occur in supersymme-
try or Type II 2HDM. The couplings of the top quark to H/A are
suppressed by tanβ , while the couplings of H/A to b/τ are en-
hanced by tan β but come with the price of the small bottom/tau
mass.5 Finally, there is a Zµ(H∂µ A) interaction that could conceiv-
ably lead to an mH -enhanced partial width, however this mode is
typically strongly suppressed by phase space since the H/A are of-
ten nearly degenerate.

Extra light matter that interacts with H/A will also contribute
to the width, so there is no model-independent way to guarantee
that H/A remain narrow, even in the alignment limit. However, in
scenarios where the extra matter is only weakly coupled to H/A,
such as supersymmetry, the H/A width typically remains low. The
heavy Higgses do couple strongly to third generation squarks, but
the resulting partial widths do not grow with mH/A :

ΓH/A

mH/A
∼

m2
q

v2

µ2

m2
H,A

,
m2

q

v2

A2
q

m2
H/A

. (6)

The only corner of parameter space where the H/A partial width
into superpartners can become large is where µ, At ≫ mH/A while,
simultaneously, at least one stop/sbottom mass eigenstate remains
far lighter than mH,A .

While the fact that the hV V couplings are close to their SM
values allows us to make fairly general statements about the H/A
width, we know much less about the H/A mass. Within supersym-
metry, the Higgs potential simplifies (compared to general 2HDM
form) and deviations from the alignment limit can be expressed in
terms of the mA :

cos(β − α)|align = m2
Z sin 4β

2 m2
A

. (7)

Because of the quadratic dependence on mA , limits on sin(β − α)
need to improve significantly before indirect limits on mA limits
are pushed much above the weak scale.

While the widths we are discussing are low, a ΓH/mH ∼ 1
16π2 is

still an order of magnitude larger than the nominal muon collider
beam-energy resolution.

4. Benchmark scenarios

We illustrate the general picture with specific supersymmetry
benchmark examples for which complete spectra are specified. For
ease of comparison, we will use some of the supersymmetry spec-
tra proposed in Ref. [44] as benchmarks for Linear Collider studies.

A comparison of the cross section for resonant H/A produc-
tion with other Higgs production processes is shown in Fig. 1. The
top panel of Fig. 1 compares the cross sections for s-channel reso-
nances H/A for a number of different supersymmetry benchmark
models. In all these cases, the s-channel rates dominate the cross
sections for associated production of the light SM-like Higgs. The
bottom panel of Fig. 1 compares the s-channel for the Natural Su-
persymmetry benchmark with other production modes for these
heavy Higgses available to both a muon collider and a linear elec-
tron collider. The resonant production available in a muon collider
is over two orders of magnitude larger than the other processes.

5. Natural supersymmetry example

In order to study the opportunities of the muon collider as
a H/A factory in detail, we focus here only one benchmark of

5 For Type-I 2HDM all SM fermion decay modes of H/A are suppressed by tanβ .

Fig. 1. Top panel: comparison of resonant H/A production in several benchmark su-
persymmetry scenarios [44] with Z 0h and γ ∗/Z 0 production. The models are: HS =
Hidden Supersymmetry, NS = Natural Supersymmetry, NUGM = non-universal
Higgs mass, and TDR4 = light-slepton, stau NLSP model. For the complete spec-
tra in these scenarios, see Ref. [44]. Bottom: comparison of H/A production in the
Natural Supersymmetry model with Z 0h, Z 0 H and heavy Higgs pair production. In
both plots H/A production is the sum of µ+µ− → H and µ+µ− → A as the states
are nearly degenerate.

Ref. [44] the Natural Supersymmetry model. The masses and prin-
cipal decay modes of the H/A in this model are given in Table 1.6

First, we consider cross section for the largest decay mode of
the H/A, i.e. bb̄. Since a muon collider requires shielding in the
forward and backward cones, we make fiducial cuts at 10o about
the beam axis. In Fig. 2 the bb̄ cross section is shown for a scan
from

√
s = 1450–1650 GeV in 100 steps of 2 GeV with a lumi-

nosity of 5.0 fb−1 per step. The cross section at a given nominal
luminosity is calculated using PYTHIA6 [45] with modifications to

6 This particular benchmark yields a Higgs mass that is too low, mh ∼ 121 GeV.
However this can be remedied by increasing the stop squark mass/mixing without
changing any of the physics relevant to this study.

•  Resonant%H/A%production%%
%µ+µ� → H,A%

2%states%separation%√s<900%GeV%
%
%
%
%
%
%
%
•  Pair%production%like%e+e4%
%
%

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



RadiaIve#return#H/A#producIon#
•  AutomaIc#mass#scan#with#radiaIve#returns#

in#µµ#collisions#
–  Select#event#with#an#energeIc#photon#

•  Check#the#recoil#mass#mRecoil#=#[s#–#2Eγ√s]1/2###

–  Can#“see”#H#and#A#
•  If#tanβ#>#5#

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. 3 (color online). (Left panel) Total cross section for H=A → bb̄ (solid lines) and tt̄ (dashed lines) as a function of mH=A atffiffiffi
s

p
¼ 3 TeV, in type II 2HDM scenario for tan β ¼ 5 (blue) and 40 (red). (Right panel) Recoil mass distribution for heavy Higgs mass

of 0.5, 1, 1.5, 2, 2.5, 2.9 TeV with total width 1 (red), 10 (blue) and 100 (green) GeV at a 3 TeV muon collider. The beam energy
resolution and photon energy resolution are as shown in Table II. ISR and FSR are included but not beamstrahlung. Background (black)
includes all events with a photon that has pT > 10 GeV. Note that signal and background have different multiplication factors for
clarity.

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.

CHAKRABARTY et al. PHYSICAL REVIEW D 91, 015008 (2015)

015008-4

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. 3 (color online). (Left panel) Total cross section for H=A → bb̄ (solid lines) and tt̄ (dashed lines) as a function of mH=A atffiffiffi
s

p
¼ 3 TeV, in type II 2HDM scenario for tan β ¼ 5 (blue) and 40 (red). (Right panel) Recoil mass distribution for heavy Higgs mass

of 0.5, 1, 1.5, 2, 2.5, 2.9 TeV with total width 1 (red), 10 (blue) and 100 (green) GeV at a 3 TeV muon collider. The beam energy
resolution and photon energy resolution are as shown in Table II. ISR and FSR are included but not beamstrahlung. Background (black)
includes all events with a photon that has pT > 10 GeV. Note that signal and background have different multiplication factors for
clarity.

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.

CHAKRABARTY et al. PHYSICAL REVIEW D 91, 015008 (2015)

015008-2

tanβ"

N. Chakrabarty et al. 
 PRD 91 (2015)015008 



BSM'Physics''



SUSY#





Resonances#



Strong#dynamics#

M.#Antonelli,#Padova,#July#16th#2015#



Extradimensions#



•  Study	the	same	benchmark	used	for	White	Paper:	
–  New	heavy	par<cles,	both	colored	and	EW	charged	(~vector	like	
quarks)è	xsec	can	be	predicted		

–  FCC	reach	stops	at	MX	=	7	TeV	

•  Hadron	machine	pays	the	price	of	the	exponen<ally	falling	
PDF	è	mul<-TeV	muon	machine	can	be	compe<<ve!	

Muon	collider	vs	hadron	collider	

27	
[Wulzer]	



18#Nov#2015# 29#

Experimental#environment#

1.#the#luminosity#and#frequency#of#crossings#are#such#that##
pileJup#will#not#be#a#problem.#SituaIon#beier#than#LHC/CLIC/FCCJhh#
#
2.#the#main#background#arises#from#µ→eνν#decays#with#off#momentum/axis#electron#radiate##
or#hit#material#around#the#detector#(low#beta#point#is#most#achromaIc)###
1012#muons#!#109#e±#produced#per#turn#"#produce#lots#of#photons#and#neutrons.##
#
Shielding#against#these#backgrounds#is#necessary.#10J15o##cones#of#tungsten#have#been#proposed#
seems#OK.##Never#worse#than#the#background#at#HLJLHC!#But#much#lower#physics#rates#
Much#work#to#do.#SituaIon#worse#than##e+eJ#colliders.##
##############################much#reduced#with#the#e+eJ##muon#source##opIon#
3.#luminosity#measurement#with#µµ→µµ#(muon#equivalent#to#Bhabha#scaiering)#
has#to#be#done#through#this#shielding#(probably#OK,#needs#to#be#demonstrated)##
#
4.#HF#design#similar#to#that#of#ILC/CLIC#detectors#(beam#constraint#is#more#constraining)#
#
5.#High#energy#collider#more#similar#to#LHC##

A#Blondel#



18#Nov#2015# 30#
A#Blondel#



Dec	11,	2008	 S.	Kahn	--	Muon	Collider	Detector	
Backgrounds	 30	

Background	Sources	
•  Muon	Decay	Background	

–  Electron	Showers	from	high	energy	electrons.	
–  Bremsstrahlung	Radia<on	for	decay	electrons	in	magne<c	fields.	
–  Photonuclear	Interac<ons	

•  Source	of	hadrons	background.	
–  Bethe-Heitler	muon	produc<on.	

•  Beam	Halo	
–  Beam	Scraping	at	180°	from	IP	to	reduce	halo.		Could	it	cause	some?	
–  Collider	sources	such	as	magnet	misalignments.	

•  Beam-Beam	Interac<ons.	
–  Believed	to	be	small.	



Dec	11,	2008	 S.	Kahn	--	Muon	Collider	Detector	
Backgrounds	 31	

Muon	Decay	Background	
•  Upper	figure	shows	electron	

energy	spectrum	from	decay	of	2	
TeV	muons.	
–  2×1012	Muons/bunch	in	each	

beam	
–  2.6×105	decays/meter	
–  Mean	Decay	Electron	energy	=	

700	GeV	
•  Lower	figure	shows	trajectories	of	

decay	electrons.	
–  Electron	decay	angles	are	of	

the	order	of	~10	microradians.	
–  In	the	final	focus	sec<on,	the	

decay	electrons	tend	to	stay	in	
the	beam	pipe	un<l	they	see	
the	final	focus	quad	fields.	
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Neutron	Background	

Generated	Neutron	Spectrum	

Log(	 )	

Neutron	Spectrum	Seen	in	
Detector	

Log(	 )	)	



Dec	11,	2008	 S.	Kahn	--	Muon	Collider	Detector	
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Time	Distribu<on	of	Neutron	
Background	

•  The	top	distribu<on	shows	the	
<me	distribu<on	of	the	
neutron	background	
generated.	

•  The	lower	distribu<on	shows	
the	<me	distribu<on	of	the	
neutron	background	that		is	
seen	in	the	tracker.	

•  The	neutron	flux	has	fallen	by	
two	orders	of	magnitude	
before	the	next	bunch	crossing	
(10	µs	later).	



Dec	11,	2008	 S.	Kahn	--	Muon	Collider	Detector	
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Pion	Background	in	the	Detector	
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Bethe-Heitler	Muon	Trajectories	for	
the	2×2	TeV	Collider	

Muon	pair	produc<on	at	beam	pipe		
for	example	
µN->µµ+µ-N	
eN->eµ+µ-N			
(electrons	are	more	likely	to	hit	beam	pipe).	

	



Machine	Detector	Interface	
ü  Backgrounds	appear	

manageable	with	suitable	
detector	pixela<on	and	
<ming	rejec<on	

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	

Nov	18,	2015	Discussion	of	the	Scien<fic	Poten<al	of	Muon	Beams	

M.	Palmer	



Conclusion#

•  Higgs#Factory#(~125#GeV)#
–  Very#precise#determinaIons#of#mh#and#Γh##
–  Test#of#Higgs#µµ#coupling#

•  Higgs#physics#at#higher#energies#
–  ZH#~factor#10#in#accuracy#worse#wrt#FCCee#(2#wrt#ILC/CEPC)###
–  Very#promising#H#and#HH#σ values#at#MulITeV##

#########(need#to#be#studied)#

•  BSM#physics#
–  Explore#very#high#energy#fronIer#with#pair#producIon#(provided#
sufficient#luminosity)#up#to#?#

–  Best#for#new#resonances#(negligible#beamstrahlung,#reduced#
ISR)##addiIonal#Higgs#bosons#in#parIcular#

–  BSM#in#VBF#not#studied#yet###


