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• The Long View 

• Return to the Energy Frontier

• Staging Physics Milestones

• Summary

Toward an Energy Frontier Muon Collider
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• No evidence for new physics beyond the Standard Model (BSM)  to date:

– BSM  (SUSY, Strong Dynamics, Extra Dimensions, New fermions or gauge bosons,...)
• ATLAS limits                                                              
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jjmColor octet scalar : dijet resonance, 
µe

m, µ)=1) : SS eµe→
L
±± (DY prod., BR(HL

±±H ll
m), µµll)=1) : SS ee (→

L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), νTechni-hadrons (LSTC) : WZ resonance (
µµee/mTechni-hadrons (LSTC) : dilepton, γl

m resonance, γExcited lepton : l-
jjmExcited quarks : dijet resonance, 

jetγ
m-jet resonance, γExcited quarks : 

llqmVector-like quark : NC, 
qνlmVector-like quark : CC, 
)

T2
 (dilepton, M0A0 tt + A→Top partner : TT Zb

m Zb+X, →New quark b' : b'b'
 WtWt→)5/3T

5/3
 generation : b'b'(Tth4

 WbWb→ generation : t't'th4
jjντjj, ττ=1) : kin. vars. in βScalar LQ pair (
jjνµjj, µµ=1) : kin. vars. in βScalar LQ pair (
jjν=1) : kin. vars. in eejj, eβScalar LQ pair (
µT,e/mW* : 
tb

m tb, SSM) : → (RW'
tqm=1) : 

R
 tq, g→W' (

µT,e/mW' (SSM) : 
ττmZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(χqqqq contact interaction : 
)jjm(

χ
Quantum black hole : dijet, F T

pΣ=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, →tt (BR=0.925) : tt →

KK
RS g

νlν,lTmRS1 : WW resonance, 
llll / lljjmRS1 : ZZ resonance, 

 / llγγmRS1 : diphoton & dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / llγγmLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

 massL
±±H375 GeV , 7 TeV [1210.5070]-1=4.7 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
ρ(m) = 1.1 

T
(am, Wm) + Tπ(m) = 

T
ρ(m mass (

T
ρ483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MTπ(m) - Tω/T
ρ(m mass (Tω/T

ρ850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

 = m(l*))Λl* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL

)Q/mν = qQκVLQ mass (charge 2/3, coupling 1.08 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

)Q/mν = qQκVLQ mass (charge -1/3, coupling 1.12 TeV , 7 TeV [ATLAS-CONF-2012-137]-1=4.6 fbL

) < 100 GeV)
0

(AmT mass (483 GeV , 7 TeV [1209.4186]-1=4.7 fbL

b' mass400 GeV , 7 TeV [1204.1265]-1=2.0 fbL

) mass
5/3

b' (T670 GeV , 7 TeV [ATLAS-CONF-2012-130]-1=4.7 fbL

t' mass656 GeV , 7 TeV [1210.5468]-1=4.7 fbL

 gen. LQ massrd3538 GeV , 7 TeV [Preliminary]-1=4.7 fbL

 gen. LQ massnd2685 GeV , 7 TeV [1203.3172]-1=1.0 fbL

 gen. LQ massst1660 GeV , 7 TeV [1112.4828]-1=1.0 fbL

W* mass2.42 TeV , 7 TeV [1209.4446]-1=4.7 fbL

W' mass1.13 TeV , 7 TeV [1205.1016]-1=1.0 fbL

W' mass430 GeV , 7 TeV [1209.6593]-1=4.7 fbL

W' mass2.55 TeV , 7 TeV [1209.4446]-1=4.7 fbL

Z' mass1.4 TeV , 7 TeV [1210.6604]-1=4.7 fbL

Z' mass2.49 TeV , 8 TeV [ATLAS-CONF-2012-129]-1=5.9-6.1 fbL

Λ1.7 TeV , 7 TeV [1202.5520]-1=1.0 fbL

 (constructive int.)Λ13.9 TeV , 7 TeV [1211.1150]-1=4.9-5.0 fbL

Λ7.8 TeV , 7 TeV [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)δ (DM4.11 TeV , 7 TeV [1210.1718]-1=4.7 fbL

=6)δ (DM1.5 TeV , 7 TeV [1204.4646]-1=1.0 fbL

=6)δ (DM1.25 TeV , 7 TeV [1111.0080]-1=1.3 fbL

 mass
KK

g1.9 TeV , 7 TeV [ATLAS-CONF-2012-136]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (1.23 TeV , 7 TeV [1208.2880]-1=4.7 fbL

 = 0.1)PlM/kGraviton mass (845 GeV , 7 TeV [1203.0718]-1=1.0 fbL

 = 0.1)PlM/kGraviton mass (2.23 TeV , 7 TeV [1210.8389]-1=4.7-5.0 fbL

-1 ~ RKKM4.71 TeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

-1Compact. scale R1.41 TeV , 7 TeV [ATLAS-CONF-2012-072]-1=4.8 fbL

=3, NLO)δ (HLZ SM4.18 TeV , 7 TeV [1211.1150]-1=4.7 fbL

=2)δ (DM1.93 TeV , 7 TeV [1209.4625]-1=4.6 fbL

=2)δ (DM4.37 TeV , 7 TeV [1210.4491]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (1.0 - 13.0) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: HCP 2012)
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,missT
E) : 'monojet' + χWIMP interaction (D5, Dirac  

Scalar gluon : 2-jet resonance pair,missT
Ebs : 2 SS-lep + (0-3b-)j's + →t~t, t~→g~

 qqq : 3-jet resonance pair→ g~
,missTE + τ : 3 lep + 1 τντ,eeνττ→

0

1
χ∼, ..., -

1
χ∼+

1
χ∼

,missTE : 4 lep + 
e

νµ,eµνee→
0

1
χ∼, 0

1
χ∼W→+

1
χ∼, -

1
χ∼+

1
χ∼

,missTEBilinear RPV CMSSM : 1 lep + 7 j's + 
 resonanceτ)+µe(→τν

∼+X, τν
∼→LFV : pp

 resonanceµe+→τν
∼+X, τν

∼→LFV : pp
 + heavy displaced vertexµ (RPV) : µ qq→ 0

1
χ∼

 : non-pointing photonsG~γ→0
1
χ∼GMSB, 

β : low τ∼GMSB, stable 
γβ, β, R-hadrons : low g~Stable 
±

1
χ∼ pair prod. (AMSB) : long-lived ±

1
χ∼Direct 

,missTE : 3 lep + 0

1
χ∼

)*(Z0

1
χ∼

)*( W→ 0

2
χ∼±

1
χ∼

,missT
E) : 3 lep + νν∼l(Ll

~
ν∼), lνν∼l(Ll

~
νLl

~ → 0
2
χ∼±

1
χ∼

,missTE + τ) : 2 ν∼τ(ντ∼→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE) : 2 lep + ν∼(lνl~→+
1
χ∼, -

1
χ∼+

1
χ∼

,missTE : 2 lep + 0
1
χ∼l→l~, Ll

~
Ll

~ ,missT
Ell) + 1 lep + b-jet + →+Z : Z(1t

~
→2t

~, 2t
~

2t
~ ,missT

Ell) + b-jet + → (natural GMSB) : Z(t~t~
,missTE : 0 lep + 6(2b-)jets + 0

1
χ∼t→t~ (heavy), t~t~

,missTE : 1 lep + b-jet + 0
1
χ∼t→t~ (heavy), t~t~

,missTE : 2 lep + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1 lep + b-jet + ±

1
χ∼b→t~ (medium), t~t~

,missTE : 1/2 lep (+ b-jet) + ±

1
χ∼b→t~ (light), t~t~

,missTE : 2 SS-lep + (0-3b-)j's + ±

1
χ∼t→1b~, b~b~

,missTE : 0 lep + 2-b-jets + 0
1
χ∼b→1b~, b~b~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼tt→g~

,missTE : 0 lep + multi-j's + 0
1
χ∼tt→g~

,missTE : 2 SS-lep + (0-3b-)j's + 0
1
χ∼tt→g~

,missTE : 0 lep + 3 b-j's + 0
1
χ∼bb→g~

,missTEGravitino LSP : 'monojet' + 
,missTEGGM (higgsino NLSP) : Z + jets + 
,missT

E + b + γGGM (higgsino-bino NLSP) : ,missT
E + lep + γGGM (wino NLSP) : ,missT
E + γγGGM (bino NLSP) : ,missT
E + j's + τ NLSP) : 1-2 τ∼GMSB ( ,missTE NLSP) : 2 lep (OS) + j's + l~GMSB (

,missTE) : 1 lep + j's + ±χ∼qq→g~ (±χ∼Gluino med. 
,missTEPheno model : 0 lep + j's + 
,missTEPheno model : 0 lep + j's + 
,missTEMSUGRA/CMSSM : 1 lep + j's + 
,missTEMSUGRA/CMSSM : 0 lep + j's + 

M* scale  < 80 GeV, limit of < 687 GeV for D8)χm(704 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

sgluon mass (incl. limit from 1110.2693)100-287 GeV , 7 TeV [1210.4826]-1=4.6 fbL

 massg~ ))t~(m(any 880 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~666 GeV , 7 TeV [1210.4813]-1=4.6 fbL

 mass+
1
χ∼
∼

 > 0)133λ) > 80 GeV, 0
1
χ∼(m(350 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL

 mass+
1
χ∼
∼

 > 0)121λ) > 300 GeV, 0
1
χ∼(m(760 GeV , 8 TeV [ATLAS-CONF-2013-036]-1=20.7 fbL

 massg~ = q~  < 1 mm)LSPτ(c1.2 TeV , 7 TeV [ATLAS-CONF-2012-140]-1=4.7 fbL

 massτν
∼ =0.05)1(2)33λ=0.10, ,

311λ(1.10 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massτν
∼ =0.05)132λ=0.10, ,

311λ(1.61 TeV , 7 TeV [1212.1272]-1=4.6 fbL

 massq~  decoupled)g~ < 1 m, τ(1 mm < c700 GeV , 7 TeV [1210.7451]-1=4.4 fbL

 mass0
1
χ∼ ) < 2 ns)0

1
χ∼(τ(0.4 < 230 GeV , 7 TeV [ATLAS-CONF-2013-016]-1=4.7 fbL

 massτ∼  < 20)β(5 < tan300 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 massg~985 GeV , 7 TeV [1211.1597]-1=4.7 fbL

 mass±

1
χ∼ ) < 10 ns)±

1
χ∼(τ(1 < 220 GeV , 7 TeV [1210.2852]-1=4.7 fbL

 mass±

1
χ∼ ) = 0, sleptons decoupled)0

1
χ∼(m), 0

2
χ∼(m) = ±

1
χ∼(m(315 GeV , 8 TeV [ATLAS-CONF-2013-035]-1=20.7 fbL

 mass±

1
χ∼ ) as above)ν∼,l~(m) = 0, 0

1
χ∼(m), 0

2
χ∼(m) = ±

1
χ∼(m(600 GeV , 8 TeV [ATLAS-CONF-2013-035]-1=20.7 fbL

 mass±

1
χ∼ )))0

1
χ∼(m) + ±

1
χ∼(m(2

1) = ν∼,τ∼(m) < 10 GeV, 0
1
χ∼(m(180-330 GeV , 8 TeV [ATLAS-CONF-2013-028]-1=20.7 fbL

 mass±

1
χ∼ )))0

1
χ∼(m) + ±

1
χ∼(m(2

1) = ν∼,l~(m) < 10 GeV, 0
1
χ∼(m(110-340 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 massl~ ) = 0)0
1
χ∼(m(85-195 GeV , 7 TeV [1208.2884]-1=4.7 fbL

 mass2t
~

) + 180 GeV)0
1
χ∼(m) = 1t

~(m(520 GeV , 8 TeV [ATLAS-CONF-2013-025]-1=20.7 fbL

 masst~ ) > 150 GeV)0
1
χ∼(m(500 GeV , 8 TeV [ATLAS-CONF-2013-025]-1=20.7 fbL

 masst~ ) = 0)0
1
χ∼(m(320-660 GeV , 8 TeV [ATLAS-CONF-2013-024]-1=20.5 fbL

 masst~ ) = 0)0
1
χ∼(m(200-610 GeV , 8 TeV [ATLAS-CONF-2013-037]-1=20.7 fbL

 masst~ ) = 10 GeV)±

1
χ∼(m)-t~(m) = 0 GeV, 0

1
χ∼(m(160-440 GeV , 8 TeV [ATLAS-CONF-2012-167]-1=13.0 fbL

 masst~ ) = 150 GeV)±

1
χ∼(m) = 0 GeV, 0

1
χ∼(m(160-410 GeV , 8 TeV [ATLAS-CONF-2013-037]-1=20.7 fbL

 masst~ ) = 55 GeV)0
1
χ∼(m(167 GeV , 7 TeV [1208.4305, 1209.2102]-1=4.7 fbL

 massb~ ))0
1
χ∼(m) = 2 ±

1
χ∼(m(430 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massb~ ) < 120 GeV)0
1
χ∼(m(620 GeV , 8 TeV [ATLAS-CONF-2012-165]-1=12.8 fbL

 massg~ ) < 200 GeV)0
1
χ∼(m(1.15 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 massg~ ) < 300 GeV)0
1
χ∼(m(1.00 TeV , 8 TeV [ATLAS-CONF-2012-103]-1=5.8 fbL

 massg~ ))0
1
χ∼(m(any 900 GeV , 8 TeV [ATLAS-CONF-2013-007]-1=20.7 fbL

 massg~ ) < 200 GeV)0
1
χ∼(m(1.24 TeV , 8 TeV [ATLAS-CONF-2012-145]-1=12.8 fbL

 scale1/2F  eV)-4) > 10G~(m(645 GeV , 8 TeV [ATLAS-CONF-2012-147]-1=10.5 fbL

 massg~ ) > 200 GeV)H~(m(690 GeV , 8 TeV [ATLAS-CONF-2012-152]-1=5.8 fbL

 massg~ ) > 220 GeV)0
1
χ∼(m(900 GeV , 7 TeV [1211.1167]-1=4.8 fbL

 massg~619 GeV , 7 TeV [ATLAS-CONF-2012-144]-1=4.8 fbL

 massg~ ) > 50 GeV)0
1
χ∼(m(1.07 TeV , 7 TeV [1209.0753]-1=4.8 fbL

 massg~  > 18)β(tan1.40 TeV , 8 TeV [1210.1314]-1=20.7 fbL

 massg~  < 15)β(tan1.24 TeV , 7 TeV [1208.4688]-1=4.7 fbL

 massg~ ))g~(m)+0
χ∼(m(2

1) = ±χ∼(m) < 200 GeV, 0
1
χ∼(m(900 GeV , 7 TeV [1208.4688]-1=4.7 fbL

 massq~ )0
1
χ∼) < 2 TeV, light g~(m(1.38 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ )0
1
χ∼) < 2 TeV, light q~(m(1.18 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

 massg~ = q~1.24 TeV , 8 TeV [ATLAS-CONF-2012-104]-1=5.8 fbL

 massg~ = q~1.50 TeV , 8 TeV [ATLAS-CONF-2012-109]-1=5.8 fbL

Only a selection of the available mass limits on new states or phenomena shown.*
 theoretical signal cross section uncertainty.σAll limits quoted are observed minus 1

-1 = (4.4 - 20.7) fbLdt∫
 = 7, 8 TeVs

ATLAS
Preliminary

7 TeV, all 2011 data

8 TeV, partial 2012 data

8 TeV, all 2012 data

ATLAS SUSY Searches* - 95% CL Lower Limits (Status: March 26, 2013)

Implications of early LHC Results



• CMS limits

– Scales already probed at the LHC suggest that to study BSM new physics the next  
energy frontier collider must have √ŝ in the multi-TeV range even for EW processes.

– However there must be new physics !!!  WHY?  Let me list the reasons
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q* (qg), dijet
q* (qW)
q* (qZ) 

q* , dijet pair
q* , boosted Z

e*, Λ = 2 TeV
μ*, Λ = 2 TeV

0 1 2 3 4 5 6
Z’SSM (ee, µµ)

Z’SSM (ττ)
Z’ (tt hadronic) width=1.2%

Z’ (dijet)
Z’ (tt lep+jet) width=1.2%

Z’SSM (ll) fbb=0.2
G (dijet)

G (ttbar hadronic)
G (jet+MET) k/M = 0.2

G (γγ) k/M = 0.1
G (Z(ll)Z(qq)) k/M = 0.1

W’ (lν)
W’ (dijet)

W’ (td)
W’→ WZ(leptonic)

WR’ (tb)
WR, MNR=MWR/2

WKK μ = 10 TeV
ρTC, πTC > 700 GeV

String Resonances (qg)
s8 Resonance (gg)

E6 diquarks (qq)
Axigluon/Coloron (qqbar)

gluino, 3jet, RPV
0 1 2 3 4 5 6

gluino, Stopped Gluino
stop, HSCP

stop, Stopped Gluino
stau, HSCP, GMSB

hyper-K, hyper-ρ=1.2 TeV
neutralino, cτ<50cm

0 1 2 3 4 5 6

Ms, γγ, HLZ, nED = 3
Ms, γγ, HLZ, nED = 6
Ms, ll, HLZ, nED = 3
Ms, ll, HLZ, nED = 6

MD, monojet, nED = 3
MD, monojet, nED = 6
MD, mono-γ, nED = 3
MD, mono-γ, nED = 6

MBH, rotating, MD=3TeV, nED = 2
MBH, non-rot, MD=3TeV, nED = 2

MBH, boil. remn., MD=3TeV, nED = 2
MBH, stable remn., MD=3TeV, nED = 2

MBH, Quantum BH, MD=3TeV, nED = 2
0 1 2 3 4 5 6Sh. Rahatlou 1

LQ1, β=0.5
LQ1, β=1.0
LQ2, β=0.5
LQ2, β=1.0

LQ3 (bν), Q=±1/3, β=0.0
LQ3 (bτ), Q=±2/3 or ±4/3, β=1.0

stop (bτ)
0 1 2 3 4 5 6

b’ → tW, (3l, 2l) + b-jet
q’, b’/t’ degenerate, Vtb=1

b’ → tW, l+jets
B’ → bZ (100%)
T’ → tZ (100%)

t’ → bW (100%), l+jets
t’ → bW (100%), l+l

0 1 2 3 4 5 6
C.I. Λ , Χ analysis, Λ+ LL/RR
C.I. Λ , Χ analysis, Λ- LL/RR

C.I., µµ, destructve LLIM
C.I., µµ, constructive LLIM

C.I., single e (HnCM)
C.I., single µ (HnCM)

C.I., incl. jet, destructive
C.I., incl. jet, constructive

0 5 10 15

Heavy
Resonances

4th
Generation

Compositeness

Long
Lived

LeptoQuarks

Extra Dimensions 
& Black Holes

Contact 
Interactions

95% CL EXCLUSION LIMITS (TEV)CMS EXOTICA

Implications of early LHC Results
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1. The Standard Model is incomplete:

– dark matter; neutrino masses and mixing -> new fields or interactions;   
– baryon asymmetry in the universe -> more CP violation
– gauge unification -> new interactions;  
– gravity: strings and extra dimensions 

2. Experimental hints of new physics:  (g-2)µ, top Afb, ...

3. Theoretical problems with the SM:

– Scalar sector problematic:                                                                               
μ2 (Φ✝Φ) + λ (Φ✝Φ)2  + ΓijψiL✝ψjRΦ + h.c.

– The SM Higgs boson is unnatural.  (mH2/µ2)
– Solutions: SUSY,  New Strong Dynamics, ...

Figure 8: Here the running of the couplings in the SM (left) and MSSM (right) is shown. In the MSSM unification
is possible due to threshold corrections of supersymmetric particles.

5 Gauge unification and the strong coupling constant

In this section we reconsider the determination of the coupling constants from the electroweak fit and
compare it with the coupling constants needed for unification. The gauge couplings in the MS scheme
determining unification can be written as:

α1 = (5/3)αMS/ cos2 θMS
W ,

α2 = αMS/ sin θMS
W ,

α3 = αMS
s ,

In the MSSM gauge unification can be reached in contrast to the SM (see Fig. 8). Instead of a common
SUSY mass scale we use a more sophisticated mass spectrum [6]-[8]. The high energy mSUGRA parameters
determine the low energy masses and couplings via RGEs. The running of the masses is shown in Fig. 9
for low and high values of tan β. The supersymmetric particles contribute to the running of the gauge
couplings at energies above their masses as shown in Fig. 10. The mass scale of SUSY particles and the
unification scale MGUT, which yields perfect unification is dependent on the low energy values of the gauge
couplings (see Fig. 11).

How good the gauge couplings can be unified at high energies depends on the experimental low energy
values of them. We use the fine structure constant α(MZ) = 1/127.953(49) [30]. The other ingredients at
MZ , the electroweak mixing angle sin2 θW and the strong coupling constant αs, are best determined from
the electroweak precision data of the MZ line shape at LEP and SLC. Unfortunately the sin2 θW data
disagree by about 3 σ. Clearly, the SLC value yields a Higgs mass, which is below the present Higgs limit
of 114.6 GeV, but the average value is consistent with it (see Fig. 2).

In addition, the strong coupling constant depends on the observables used in the fit: if only MZ , Γtot

and σ0
had are used, a value of αs = 0.115(4) is found as shown in Tab. 4, while the ratio Rl of the hadronic

and leptonic partial widths of the Z0 boson yields a higher value αs = 0.123(4). Another quantity, which
has been calculated up to O(α3

s) is the ratio of hadronic and leptonic widths of the τ lepton, Rτ , which
yields a value close to the value from Rl: αs = 0.121(3).

11

4

mH2/M2planck ≈ 10-34 

Hierarchy problem
vacuum 
stability

large range of
fermion masses

Implications of early LHC Results

muon (g-2)
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Fermilab The SM Higgs and BSM

• The strong case for a TeV scale hadron collider rested on two 
arguments:

1. Unitarity required that a mechanism for EWSB was manifest at or below the 
TeV scale.  

2. The SM is unnatural (‘t Hooft conditions) and incomplete (dark matter,  
insufficient CP violation for the observed baryon excess, gauge unification, 
gravity and strings)

• If after the analysis of the 2012 CMS/ATLAS data, the 126 GeV state 
is found to be a 0+ state with couplings consistent with the SM Higgs, 
the first argument is satisfied.

– The second argument remains strong. but is less strongly tied to the TeV 
scale.

– Scales already probed at the LHC suggest that any new collider              
(of LHC level costs) should be able the probe the BSM physics in the 
multi-TeV range.  

5
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Fermilab  Muon Collider

•  μ+μ- Collider:  

– Center of Mass energy:  1.5 - 10 TeV  (3 Tev)

– Luminosity > 1034 cm-2 sec-1  (440 fb-1/yr)

– Compact facility
• 3 TeV - ring circumference 3.8 km

• 2 Detectors

– Superb Energy Resolution

- MC: 95% luminosity in dE/E ~ 0.1%
- CLIC: 35% luminosity in dE/E ~ 1%                                  

6
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Fermilab Muon Collider

• Comparison of Lepton Colliders at 
High Energy 

– Increase of luminosity with energy. 
Needed for new physics. 

– Wall power in  operation.

– Only a Muon Collider provides a path 
to the energy frontier.

7
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Figure A-3:  Figure of merit: peak luminosity (within 1% colliding energy) normalized to wall-plug power 
  

A+5:!R&D!and!Footprint!of!the!Facility!
What+are+the+critical+ technical+challenges+ for+muon+colliders+as+a+ function+of+collider+
energy?+What+R&D+must+be+done+to+address+them+and+what+are+key+demonstrations+
and+ milestones?+ What+ is+ the+ timescale+ and+ what+ are+ the+ pacing+ factors?+ What+
infrastructure+is+required+and+what+is+the+characteristic+footprint?+
 
R&D for the Muon Collider generally falls into two categories: 

• Novel technologies unique to Muon Colliders; 
• Conventional technologies where the operating parameters exceed the present state of the 

art. 
The critical challenges include: 

• A high-power proton linac and target station (up to 4 MW) although full power capability 
is not required for initial Neutrino or Higgs Factory operation; 

• A 15–20 T capture solenoid; 
• RF accelerating gradient in low frequency (325–975 MHz) structures immersed in high 

magnetic field as required for the front end and ionization cooling sections; 
• Ionization cooling by 6 orders of magnitude (2 in each transverse plane and 2 in 

longitudinal plane); 
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Figure A-2:  Effective scaling of the luminosity per input power with energy for a  
multi-TeV MC 
!

A+3:!Timescale!and!Limitations!
Can+muon+colliders+have+a+role+as+a+Higgs+factory+on+a+10+to+15+year+horizon?+What+are+
the+ limitations+ due+ to+ siteGboundary+ radiation+ control+ and+ collider+ background+ for+ a+
TeVGscale+muon+collider?+
+
Muon Colliders rely on novel technologies whose feasibility is being studied in two phases 
culminating late this decade with the conclusion of the MAP Feasibility Assessment. If 
successful, a conceptual and subsequent technical design could then be launched along with a 
program of advanced systems R&D. 
 
The most significant technical feasibility issue on the critical path is the design and performance 
of an ionization cooling channel.  The basic principles of 4D (needed for the NuMAX+) and 6D 
(needed for a collider) ionization cooling are being studied in the Muon Ionization Cooling 
Experiment (MICE) at Rutherford Appleton Laboratory (RAL) in the UK with Step IV (one 
cooling station without acceleration) to be completed by 2016 and Step VI (one full cooling cell 
including acceleration) by the end of the decade.  We anticipate that MICE results, in 
combination with the MAP Feasibility Assessment, will enable an informed decision on Neutrino 
Factory capabilities by 2020. 
 
Advanced R&D for the high-intensity 6D ionization cooling channel required for a Muon 
Collider could be pursued using a facility such as nuSTORM" to provide a muon source with 
significant intensity (~1010 µ/pulse" in" a" 100–300" MeV/c" momentum" slice) and in the 
FNAL/ASTA facility with protons at intensities of 1012–1013/bunch for the study of collective 
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Fermilab Muon Collider

• For √s < 500 GeV

– SM   thresholds:   Z0h ,W+W-, top pairs

– Higgs factory (√s≈ 126 GeV)  ✔

• For √s > 500 GeV

– Sensitive to possible Beyond SM  physics.

– High luminosity required.  ✔
• Cross sections for central (|θ| > 10o) pair production 

~  R × 86.8 fb/s(in TeV2)  (R ≈ 1)

• At √s = 3 TeV for 100 fb-1 ~ 1000 events/(unit of R)

• For √s > 1 TeV 

–  Fusion processes important at multi-TeV MC 

– An Electroweak Boson Collider ✔

8
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Fermilab  Muon Collider

•  But muons decay: 

– The muon beams must be accelerated and          
cooled in phase space (factor ≈ 106)  rapidly              
-> ionization cooling

– requires a complex cooling scheme         

– The decay products (μ- -> νμνe e- )                    

have high energies.  

• Detector background issues  

• Neutrino beam issue -> Ecm  ≾  10 TeV.

• The issues need dedicated R&D

– MICE

– MAP

– nuStorm - Definitive 6D cooling demo.

9
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Appendix!A:!A!response!to!the!questions!posed!by!the!Lepton!
Colliders!sub+group!of!the!CSS2013!Frontier!Facilities!Group!

A+1:!Higgs!Factory:!!
What%are%the%required%parameters%and%key%characteristics%of%lepton%/%gamma%colliders%
in% the%Higgs% factory% range?%With%physics%capabilities% far%beyond%the%LHC?% %What%are%
the%possible%configurations%of%a% lepton%collider%Higgs% factory% that%would%use%existing%
accelerator%infrastructures?%How%might%such%a%facility%be%upgraded%in%energy%and%/%or%
luminosity?%How%does%a%Higgs%factory%scale%cost?wise%to%a%TeV%scale%linear%collider?%%
 
The key beam parameters of a muon-based facility, ranging from a 126 GeV Higgs Factory to a 
multi-TeV collider, are summarized in Table 2 of the Executive summary. The HIGGS factory 
takes advantage of the s-channel resonance specific to muons with a cross section 40,000 times 
larger than for electron-positron collisions. As a consequence, the required luminosity to produce 
13,500 Standard Model Higgs events during a typical 1 × 107 sec operating year is only 8 × 1031 

cm-2s-1.  This can be compared with luminosities in the 1034 cm-2s-1 range, which are required to 
provide similar numbers of Higgs events with an electron-positron collider via associated 
production. In order to probe the narrow s-channel resonance, the RMS beam momentum spread 
should not be larger than a few × 10-5, which requires a small longitudinal emittance and a 
collider ring with excellent beam energy stability and corresponding control of the injection 
energy.  A plot of the emittance reduction through the planned muon ionization cooling channel is 
shown in Figure A-1.  In order to achieve the small longitudinal momentum spread required for a 
Higgs Factory, the cooling process will stop at the end of the 6D cooling system. The final 
cooling section, which trades off increased longitudinal emittance to obtain the smaller transverse 
emittances required for a TeV-scale MC, will not be employed.   
 

 
Figure A-1.  Evolution of transverse and longitudinal beam emittance during ionization cooling. 
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Fermilab Staging  A Muon Collider

• Provide a flexible staging scenerio with physics at each stage. 

– Proton driver - Project X
• LBNE, rare K decays, mu to e conversion, (g-2)µ, EDM, N-Nbar 

oscillations, cold muons, ...

– Neutrino Factory 

– Higgs Factory

– High Energy Muon Collider 

• Staging plan has been developed.

10
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• A pion production target that operates within a high-field solenoid. The solenoid 
confines the pions radially, guiding them into a decay channel. 

• A solenoid decay channel. 

• A system of RF cavities that capture the muons longitudinally into a bunch train, and 
then applies a time-dependent acceleration that increases the energy of the slower (low-
energy) bunches and decreases the energy of the faster (high-energy) bunches.  

• A cooling channel that uses ionization cooling to reduce the transverse phase space 
occupied by the beam, so that it fits within the acceptance of the first acceleration stage. 

• An acceleration scheme that accelerates the muons to 5 GeV.  

• A 5 GeV “racetrack” storage ring with long straight sections. 
 

For the sake of an early start, NuMAX is similar to NuMAX+ except for the proton driver with a 
reduced beam power of 1 MW instead of 3 MW and no muon cooling.  Its performance is 
therefore reduced by about a factor six: 3 due to the reduced proton beam power and 2 due to lack 
of cooling. 

 

 
Figure 15: Functional elements of a 5 GeV Neutrino Factory 

 

2.3.3.3 Implementation%on%the%Fermilab%site%
 
Here we discuss facility specifics based on Fermilab’s infrastructure and the various stages of 
Project X.  The facilities will support NuMAX and its upgrade to a full-intensity NF at 5 GeV. A 
schematic view of the facility is given in Figure 2.  The above scheme and its components are 
described below. 
 

Proton Driver 

The primary requirement for an NF Proton Driver is the number of useful muons produced at 
the end of the decay channel, which, to good approximation, is proportional to the primary 
proton beam power, and (within the 5–15 GeV range) weakly dependent on the proton beam 
energy.  Studies have shown that proton beam power in the 1–4 MW range is needed8,9.  In 
addition to the beam-power requirement, short proton bunches, 2±1 ns (rms), are required.  

                                                        
8  S. Geer and M.S. Zisman, “Neutrino Factories: Realization and physics potential”, Prog. Part. Nucl. 

Phys. 59 (2007) 631. 
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decaying to a pair of jets.  Calorimetry schemes based on total absorption dual readout technology 
as well as a highly pixelated digital calorimeter are being studied and show promise in providing 
the required resolution including timing cuts40. 
 

2.4.3 The*facility*description*in*a*phased*approach*
 
Here we focus on the staging of modifications and additions to each of the facilities described 
above.  The staged Neutrino Factory (NuMAX → NuMAX+) would pave the path for a future 
Higgs Factory and high-energy Muon Collider.  After the Neutrino Factory, the proposed 
scenario envisions deployment of a Higgs Factory, which could potentially begin commissioning 
and scanning operation using the proton beam provided by Stage II of Project X, and then 
upgrade to operation with a 4MW beam.  This would be followed by the deployment of a “Final 
Cooling” channel, additional acceleration stages and a larger collider ring for a TeV-scale Muon 
Collider (MC), thus providing the final elements of a Muon Accelerator Staging Plan which spans 
the Intensity and Energy Frontiers—in a nutshell,   
 

• nuSTORM → NuMAX → NuMAX+ → HF(commissioning) → HF(operation) → TeV-
scale MC  

2.4.3.1 Components%

 
Figure 26:  Functional elements of a Higgs Factory/Muon Collider complex 
 
The functional elements of a Higgs Factory/TeV-scale Muon Collider complex are illustrated 
schematically in Figure 26. They can be listed as follows:  

• A Proton Driver producing a high-power multi-GeV bunched proton beam.  

• A pion production target operating in a high-field solenoid.  The solenoid confines the pions 
radially, guiding them into a decay channel. 

• A “front end” consisting of: a solenoid π→µ decay channel, followed by a system of RF 
cavities to capture the muons longitudinally and phase rotate them into a bunch train suitable 
for use in the cooling channel. 

• A cooling channel that uses ionization cooling to reduce the longitudinal phase space 
occupied by the beam by about six orders of magnitude from the initial volume at the exit of 
the front end.  The first stages of the cooling scheme include 6D cooling and a bunch merge 
section.  For a Higgs Factory, cooling would stop before entering a “Final Cooling” section 
which trades increased longitudinal emittance for a ten-fold improvement in each transverse 
emittance as required for a high luminosity TeV-scale Muon Collider. 

                                                        
40 R. Raja, JINST 7 (2012) P0401. 
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WhitePapers
1. Enabling Intensity and Energy Frontier Science with a Muon Accelerator Facility In the USA.
2. Muon Collider Higgs Factory 
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Fermilab Neutrino Physics Staging Scenerio

• Neutrino Physics Staging

– Because 𝛉 13  is large a lower energy (5 GeV) and 
1300 km works for a Neutrino Factory.

– First a lower intensity (Project X phase 2)                                          
(2 x 1020 µ±/yr) neutrino factory NuMAX

– Then higher intensity (1.2 x 1021 µ±/yr) NuMAX+

– Unsurpassed performance is obtained for 34 kton 
magnetized LAr (TPC) at distance 1300 km 
(NuMAX+)

11
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Nominal parameters for the three Neutrino Factories—the (short baseline) nuSTORM and two stages 
of (long baseline) NuMAX—are provided in Table I.  Collider parameters for a Higgs Factory as well 
as 1.5 and 3.0 TeV colliders are provided in Table II.  All of these machines would fit readily within 
the footprint of the Fermilab site.  The ability to deploy these facilities in a staged fashion offers major 
benefits: 

1. The strong synergies among the critical elements of the accelerator complex maximize the size 
of the experimental community that can be supported by the overall facility; 

2. The staging plan reduces the investment required at each step to levels that will hopefully fit 
within the future budget profile of the U.S. high energy physics program. 

 
 
Table 1.  Muon Accelerator Program baseline Neutrino Factory parameters for nuSTORM and two NuMAX 
phases located on the Fermilab site and pointed towards a detector at SURF.  For comparison, the parameters of 
the IDS-NF are also shown. 

 
 

System Unit nuSTORM NuMAX NuMAX+ IDS-NF

8!1017 2!1020 1.2!1021 1!1021

3!1017 8!1019 5!1020 5!1020

Type SuperBIND MIND /      
Mag LAr

MIND /      
Mag LAr MIND

km 1.9 1300 1300 2000
kT 1.3 30 / 10 100 / 30 100
T 2 0.5-2 0.5-2 1-2

Type SuperBIND Suite Suite Suite
m 50 100 100 100
kT 0.1 1 2.7 2.7
T Yes Yes Yes Yes

GeV/c 3.8 5 5 10
m 480 600 600 1190
m 185 235 235 470
m 50 65 65 125

GeV/c - 0.22 0.22 0.22
GeV/pass - 0.95 0.95 0.56

MHz - 325 325 201
GeV/pass - 0.85 0.85 0.45

MHz - 325 325 201
GeV/pass - - - 1.6

MHz - - - 201
Cooling No No 4D 4D

MW 0.2 1 3 4
GeV 120 3 3 10

1!1021 0.1 41 125 25
Hz 0.75 70 70 50

Proton Beam Power
Proton Beam Energy

Protons/year 
Repetition Frequency

Distance from Ring
Mass

Magnetic Field

Distance from Ring
Mass

Magnetic Field

Parameters
Stored µ+ or µ-/year

!e or !µ to detectors/yr
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Fermilab Muon Collider Staging Scenerio

• Staging Steps:

– Higgs factory √s = mH ≃ 126 GeV

• 𝓛 = 1.7 x 1031  ~ 170 pb-1 /yr;                              
ΔE/E = 0.003%

• 𝓛 = 8 x 1031  ~ 800 pb-1 /yr;                                         
ΔE/E = 0.004%

– High Energy Muon Collider:

• LHC at √s ≃ 14 TeV after 300 fb-1.  

Muon collider design energy is 
flexible.  (ΔE/E = 0.1%)

• √s = 1.5 TeV;                                   
𝓛 =1.25 x 1034  ~ 125 fb-1 /yr;      

• √s = 3.0 TeV;                                   
𝓛 = 4.4 x 1034  ~ 440 fb-1 /yr   

• √s = 6.0 TeV;                                    
𝓛 =1.6 x 1035  ~  1.6 ab-1 /yr   

12
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nuSTORM’s capabilities could be deployed now.  The NuMAX options and initial Higgs Factory 
could be based on the 3 GeV proton source of Project X Stage II operating with 1 MW and, 
eventually, 3 MW proton beams.  This opens the possibility of launching the initial NuMAX, which 
requires no cooling of the muon beams, within the next decade.  Similarly, the R&D required for a 
decision on a collider could be completed by the middle of the next decade.  A Muon Collider in the 
multi-TeV range would offer exceptional performance due to the absence of synchrotron radiation 
effects, no beamstrahlung issues at the interaction point, and anticipated wall power requirements at 
the 200 MW scale, well below the widely accepted 300 MW maximum affordable power for a future 
HEP facility.  This timeline, showing the targeted dates where critical decisions should be possible, is 
summarized in Figure 1.  
 
 
Table 2: Muon Accelerator Program baseline Muon Collider parameters for both Higgs Factory and multi-TeV 
Energy Frontier colliders.  An important feature of the staging plan is that collider activity could begin with 
Project X Stage II beam capabilities at Fermilab. 
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Fermilab
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�mµ

me

�2
= 4.28 � 10 4

• A muon collider can directly produce the Higgs as an s-channel resonance. 

–  Higgs couples to mass so rate enhanced by                                     so the  cross section  is                 
σ(µ+µ--> h) = 26 pb (for Δ=Γ and including ISR and a 15o forward cut.

– To obtain the same sensitivity to Higgs decay modes in a electron collider via Zh process as s-channel 
production at a MC requires more than 100 times the integrated luminosity.

– The excellent energy resolution Δ of a muon collider makes the process observable.

– Results:

– ∆Br(µ+µ-)Br(WW*) ~ 2%

– Finding the Higgs (5𝝈) requires 270 pb-1.

 Muon Collider Higgs Factory

Channel
µ+µ� ! h ! X µ+µ� ! X

S/
p
B

Br � (pb) Br � (pb)

Total 1.0
�s 16.7

1.0
�b 376.0 55.8

�eff 13.2 �eff 126.6 76.0

bb 0.577
�s 9.6

0.152
�b 57.2 82.3

�eff 4.0 �eff 6.9 98.7

WW ⇤ 0.215
�s 3.6

5e-4
�b — —

�eff 1.9 �eff 0.001 3,894

⌧+⌧� 0.063
�s 1.1

0.042
�b 12.8 19.9

�eff 0.9 �eff 5.1 23.0

cc 0.029
�s 0.48

0.118
�b 44.4 12.6

�eff 0.44 �eff 42.9 11.9

�� 0.002
�s 0.03

0.13
�b 27.6 0.37

�eff 0.02 �eff 27.6 0.6

Table 8: Branching fractions, cross sections before and after cuts and S/
p
B for the

channels studied. We assumed an integrated luminosity of 4.2 fb�1 for determining the
S/

p
(B) values. Background cross sections were calculated with PYTHIA 6.4 simulations.

Channel �H!X(MeV ) �MH(MeV ) Br(h ! X)

Total
Raw 3.9± 0.6 �0.10± 0.15 1.05± 0.13
Cut 4.1± 0.7 �0.16± 0.19 1.0± 0.16

bb
Raw 4.3± 0.5 0.1± 0.1 0.55± 0.05
Cut 3.7± 0.4 �0.08± 0.1 0.60± 0.05

WW ⇤ Raw ��� ��� ���
Cut 3.9± 0.2 0.06± 0.07 0.22± 0.01

⌧+⌧�
Raw 3.5± 2.0 0.00± 0.5 0.07± 0.05
Cut 4.5± 1.5 �0.1± 0.4 0.06± 0.02

Table 9: Fitted values of Higgs decay width, mass and branching ratio from simulated
data. Mass values are the di↵erence between the measured mass and the true mass of
126, 000 MeV. Total integrated luminosity was 4.2 fb�1, or 840 pb�1 per data point.

Channel �MH (MeV) ��H (MeV) �Br(h ! X)
bb 0.1 0.4 0.05

WW ⇤ 0.07 0.2 0.01
Combined 0.06 0.18 —

Table 10: Accuracy of fitting parameters for simulated Higgs data using individual and
combined channels.

35

U.S.$Muon$Accelerator$Program$$

  38 of 54 

 

Figure 21: Simulated bb̄ event counts from a 1 fb-1 scan across a 126 GeV Higgs peak assuming 4.2 
MeV beam energy spread 
 
 
 
 

 
Figure 22: Cross sectional view of a possible Higgs Factory Muon Collider detector showing the 
tungsten cones shielding the detector from beam related backgrounds 
 

2.4.2.3 High%Energy%Muon%Collider%
 
The physics goals of a high-energy (~3 TeV) Muon Collider would be similar to those of a high-
energy e+e– collider such as ILC or CLIC.  These machines would be intended to search for and 
make precision measurements of new physics.  The detector requirements for a number of 
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6 40. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 40.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section
of this Review, Eq. (9.12) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)).
Breit-Wigner parameterizations of J/ψ, ψ(2S), and Υ (nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the
details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available
at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, August 2007. Corrections
by P. Janot (CERN) and M. Schmitt (Northwestern U.))

Beyond the Standard Model

• New Z’, W‘
– S-channel resonances - factories for lepton colliders 

• Additional scalars in all BSM ideas. 

• Two Higgs doublets (MSSM):
– Five scalar particles: h0, H0, A0, H±    

– Decay amplitudes depend on two parameters: (α, β)  

– decoupling limit  mA0  >> mZ0 : 

» h0 couplings close to SM values

» H0, H± and A0 nearly degenerate in mass

» H0  small couplings to  VV,  large couplings to ZA0

» For large tanβ, H0 and A0 couplings to charged leptons 
and bottom quarks enhanced by tanβ. Couplings to top 
quarks suppressed by  1/tanβ factor.  

– The LHC has difficulty in discovering H/A above 900 
GeV even at √s = 14 TeV and 300 fb-1 

– If H/A near present LHC bounds (≃300 GeV). The states can 
be cleanly separated because of the excellent energy 
resolution of the muon collider.

HIGGS PHYSICS

logarithmically with the SUSY scale or common squark mass MS ; the mixing (or trilinear
coupling) in the stop sector At plays an important role. For instance, the upper bound on the
mass of the lightest Higgs boson h is shifted from the tree level value MZ to Mh ∼ 130–140
GeV in the maximal mixing scenario where Xt = At −µ/ tan β ∼ 2MS with MS = O(1 TeV)
[41]; see the left–handed side of Fig. 2.2. The masses of the heavy neutral and charged Higgs
particles are expected to range from MZ to the SUSY breaking scale MS .

FIGURE 2.2. The masses (left) and the couplings to gauge bosons (right) of the MSSM Higgs bosons as
a function of MA for tan β = 3, 30 with MS = 2 TeV and Xt =

√
6MS.

The pseudoscalar Higgs boson A has no tree level couplings to gauge bosons, and its
couplings to down (up) type fermions are (inversely) proportional to tan β. This is also the
case for the couplings of the charged Higgs boson to fermions, which are admixtures of scalar
and pseudoscalar currents and depend only on tan β. For the CP–even Higgs bosons h and
H, the couplings to down (up) type fermions are enhanced (suppressed) compared to the SM
Higgs couplings for tan β > 1. They share the SM Higgs couplings to vector bosons as they
are suppressed by sin and cos(β − α) factors, respectively for h and H; see the right–hand
side of Fig. 2.2 where the couplings to the W±, Z bosons are displayed.

If the pseudoscalar mass is large, the h boson mass reaches its upper limit [which, de-
pending on the value of tan β and stop mixing, is in the range 100–140 GeV] and its couplings
to fermions and gauge bosons are SM–like; the heavier CP–even H and charged H± bosons
become degenerate with the pseudoscalar A boson and have couplings to fermions and gauge
bosons of the same intensity. In this decoupling limit, which can be already reached for
pseudoscalar masses MA >∼ 300 GeV, it is very difficult to distinguish the Higgs sectors of the
SM and MSSM if only the lighter h particle has been observed.

Finally, we note that there are experimental constraints on the MSSM Higgs masses,
which mainly come from the negative LEP2 searches [42]. In the decoupling limit where the
h boson is SM–like, the limit Mh >∼ 114 GeV from the Higgs–strahlung process holds; this
constraint rules out tan β values smaller than tan β ∼ 3. Combining all processes, one obtains
the absolute mass limits Mh ∼ MA >∼ MZ and MH± >∼ MW [42].
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Figure 14: MSSM cross section µ−µ+ → bb̄ near the H and A resonances for MA =
400 GeV and tanβ = 5 (left) and some contributions to the photonic corrections (right)
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Figure 15: MSSM cross section µ−µ+ → tt̄ near the H and A resonances for MA =
400 GeV and tanβ = 5 (left) and some contributions to the photonic corrections (right)
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Dittmaier and Kaiser 
[hep-ph/0203120]



• Example of Natural SUSY

– Low-lying spectrum

– For electroweakinos, sleptons, ...

A ≥ 3TeV muon collider has discovery reach beyond a           
100 TeV pp collider !
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2.4.1.2.2 New"Physics"

2.4.1.2.2.1 Extended+Higgs+Sector+
 

In the two-Higgs doublet scenario there are five scalars:  two charged scalars H, two neutral CP-
even scalars h, H0, and a CP-odd neutral A.  For the supersymmetric MSSM models, as the mass 
of the A is increased, the h becomes closer to the SM Higgs couplings and the other four Higgs 
become nearly degenerate in mass (“decoupling”).  This makes resolving the two neutral-CP 
states difficult without the good energy resolution of a Muon Collider.  This separation in the 
case of MA = 400 and tan β = 5 was studied in detail by Dittmaier and Kaiser20.  The Muon 
Collider is an ideal place to study s-channel production of very heavy H/A because of 
decoupling26.  This is a typical situation in SUSY models that evade the LHC bounds.  A 
comparison of associated-production mechanisms for heavy-Higgs production (available at both 
ILC/CLIC and an MC) with the s-channel production available only at an MC is shown in Figure 
19. The resonance production cross section is more than two orders of magnitude larger than that 
of any process available at CLIC. 

 

 
Figure 19:  Comparison of H/A resonance production at a Muon Collider with Z0h, Z0H and heavy 
Higgs pair production common to both a Muon Collider and an e+e– Linear Collider. The SUSY 
model is an ILC benchmark Natural Supersymmetry model with mA = 1.55 TeV, ΓA = 19.2 GeV and 
mH = 1.56 TeV, ΓH = 19.5 GeV. In spite of the near degeneracy of the H/A resonances (combined 
here), properties of each individual state and its decay modes can be disentangled at a Muon 
Collider.*
 

                                                        
26 E. Eichten and A. Martin, “The Muon Collider as a H/A Factory,” arXiv:1306.2609 [hep-ph] 
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Fermilab Beyond the Standard Model

• Generally expect very heavy: H±, H0 and A0

– LHC limits on H± :  ~ 300   (ATLAS) (CMS)

– SUSY models that evade the all present 
experimental constraints  often have very heavy  
THDM scalars

• The H/A are observable as s-channel 
resonances at a MC!

– MH = MA ~ 1.5 TeV/c2 ,  Γ~ 15 GeV

– Large tanβ ~ 20

– Limited spectrum of SUSY particle decays.   

–  Expect 106 H/A decays per 1 ab-1

• The H/A resonances are a factory for study      
BSM physics.

16

CLIC/MC

MC

E.E and A. Martin (arXiv:1306.2609)
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• Electroweak Symmetry Breaking is generated dynamically at nearby scale

– Technicolor, ETC, walking TC, topcolor, Two Scale TC,  composite Higgs models, ...

– New strong interaction at the Terascale:
• What is the spectrum of low-lying states?  s-channel production πT (technipion) (0-),  ρT,  ωT  

(technirho, techniomega)  nearly degenerate - needs good energy resolution
• What is the ultraviolet completion? Gauge group?  Fermion representations?
• What is the energy scale of the new dynamics?
• Any new insight into quark and/or lepton flavor mixing and CP violation? 

• Contact interactions

– e.g. Compositeness,  broken flavor symmetries, ...

– Present LHC bounds ( ~ 10 TeV)

– Muon collider sensitive to scales  > 200 TeV

• Forward cone cut not important

• Polarization useful in determining chiral character of the                                            
interaction.

apply, qualitatively, to a multi-TeV collider.
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Fig. 6.22: Limits on the scale Λ of contact interactions for CLIC operating at 3 TeV (dashed histogram) compared with a 1 TeV

LC (filled histogram) for different models and the µ+µ− (left) and bb̄ (right) channels. The polarization of electrons P− is

taken to be 0.8 and that of positrons P+ = 0.6. For comparison, the upper bars in the right plot show the sensitivity achieved

without positron polarization. The influence of systematic uncertainties is also shown.

Using the scaling law, the expected gain in reach on Λ for 5 ab−1 and a 5 TeV (10 TeV) e+e−

collider would be 400–800 GeV (500–1000 GeV). This is a very exciting prospect, if for the ‘doomsday’

scenario where in some years from now only a light Higgs has been discovered, and no sign of other

new physics has been revealed by the LHC or a TeV-class LC. Indeed, if the Higgs particle is light,

i.e. below 150 GeV or so, then the SM cannot be stable up to the GUT or Planck scale, and a new

mechanism is needed to stabilize it, as shown in Fig. 6.23 [58]: only a narrow corridor of Higgs masses

around 180 GeV allow an extrapolation of the SM up to the Planck scale without introduction of any new

physics. For example, for a Higgs with a mass in the region of 115–120 GeV, the SM will hit a region

of electroweak unstable vacuum in the range of 100–1000 TeV. Hence, if the theoretical assessment of

Fig. 6.23 remains valid, and the bounds do not change significantly (which could happen following a

change in the top-quark mass from, e.g. new measurements at the Tevatron) and the Higgs is as light as

120 GeV, then the signature of new physics cannot escape precision measurements at CLIC.

Finally, we note that straightforward left–right asymmetry measurements in Møller scattering, as

observed in e−e− interactions, can be used as sensitive probes of new physics effects due to, say, the
existence of higher-mass Z ′ bosons, doubly-charged scalars (which might belong to an extended Higgs
sector), or the presence of extra dimensions [59]. The running of sin2 θW with Q2 can be measured over

a large parameter range to probe for such novel effects, in a single experiment. The added energy reach

of CLIC will be of major importance for the sensitivity of such studies. As an example: assuming 90%

polarized beams at a CLIC energy of 3 TeV, e−e− interactions will be sensitive to interference effects
up to a compositeness scale of ∼ 460 TeV, far outdistancing the Bhabha scattering sensitivity even if the
electron (but not the positron) is polarized. For the same integrated luminosity, the sensitivity to Λ is

about a factor 1.6 larger in e−e− scattering, compared with e+e− scattering.
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Fermilab Summary

• The path from the intensity frontier back to the energy frontier has 
physics at each step.

• A staged  Muon Collider can provide a Neutrino Factory to fully 
disentangle neutrino physics.

• The observation  of a new state at 125 GeV by both ATLAS and CMS 
revitalizes  consideration of a Higgs factory as part of a staged multi-Tev 
muon collider.  This is particularly attractive if there is an enlarged scalar 
sector (eg. THDM, SUSY) 

• The unique measurements of the Muon Higgs factory (4.2 fb-1)
– Most precise measurement of Higgs mass: ΔmH = 0.06 MeV; direct Higgs width 

measurement: ΔΓH = 0.18  MeV; measurement of BR(µ+µ-) BR(WW*) to 2% and can separate 
nearly degenerate scalar resonances.

• A multiTeV lepton collider will be required for full coverage of Terascale 
physics. 
– The physics potential for a muon collider at  √s ~ 3 TeV and integrated luminosity of 1 ab-1  

is outstanding.  Particularly strong case for SUSY and new strong dynamics.

– Narrow s-channel states played an important role in past lepton colliders.  If such states 
exist in the multi-TeV region, they will play a similar role in precision studies for new 
physics.  

18



Estia Eichten                                             CSS 2013 @ Fermilab                                         Aug 4, 2013                    

Fermilab

19

BACKUP SLIDES
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Fermilab What Happened to Naturalness?

• Concept of naturalness.

– K. Wilson,  G. ‘t Hooft

– A theory [L(µ)] is natural at scale µ ⇔ for any                                                       

small dimensionless parameter λ (e.q. m/µ) in L(µ)                                                   
the  limit λ -> 0 enhances the symmetries of L(µ)

• The SM Higgs boson is unnatural.  (mH2/µ2)

– Maybe no large gap in scales (Extra Dimensions)

• Two potential solutions:

– scalars not elementary
•  New strong dynamics (TC, walking TC, little Higgs, top color, ...)

– fermion masses are natural
• Symmetry coupling fermions and bosons (SUSY)

• Quest for the “natural” theory to replace the SM has preoccupied theorists 
since the early 80’s  

• Is a third way required after the discovery of a Higgs boson?

20

G. ‘t Hooft in Proceedings of 
 Recent Developments in Gauge Theories, 
Cargese, France (1980) 
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Fermilab Which Accelerator for Higgs Physics?

1. The LHC is the Higgs Accelerator - Continue  -> HL-LHC

2. Continue research and development of lepton colliders.  In particular the 
muon collider needs a convincing proof of 6D cooling.

3. Push neutrino physics - Lepton sector 

4. After  300 fb-1 of ~14 TeV running OR the discovery of BSM physics, chose 
the next accelerator for Higgs physics.

21

New physics 
below √s = 1 TeV ?

YES

NOe+e- linear collider 
extendable to √s =  1 
TeV

e+e- circular collider in large tunnel -->
hadron collider with √s ≥ 100 TeV

muon higgs factory -->
 muon collider with √s ≥ 3 TeV

Is a Muon Collider 
Feasible?

NO

YES



Estia Eichten                                             CSS 2013 @ Fermilab                                         Aug 4, 2013                    

Fermilab Staging Scenerio

• A possible timeline 

– Project X Stages:
• Stage I -> 1 GeV, 1 mA

• Stage II -> 3 GeV, 3MW 

• Stage III -> 8 GeV

• Stage IV -> 4MW

– Decision points: 
• Finish ofMAP Feasibility 

Assessment ~ 2018

• Advanced System R&D makes 
use of nuSTORM muon ring.

• Decision point middle of 
2020’s on collider program.

• Program X Stage II can start 
physics of neutrino or collider 
program.

22
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  7 of 54 

 
 

Figure 1: Muon accelerator timeline including the MAP Feasibility Assessment period. It is anticipated that 
decision points for moving forward with a Neutrino Factory project supporting Intensity Frontier physics efforts 
could be reached by the end of this decade, and a decision point for moving forward with a Muon Collider 
physics effort supporting a return to the Energy Frontier with a U.S. facility could be reached by the middle of 
the next decade.  These efforts are able to build on Project X Phase II capabilities as soon as they are available.  
It should also be noted that the development of a short baseline neutrino facility, i.e., nuSTORM, would 
significantly enhance MAP research capabilities by supporting a program of advanced systems R&D. 
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Fermilab

- The LHC has difficulty observing the H, A especially for masses > 500 GeV.  
Even at √s = 14 TeV and 300 fb-1.

- Pair produced with easy at a multi-TeV lepton collider.

23

Beyond the Standard Model
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Fermilab 100 TeV pp Collider

• 100 TeV pp Collider (EHLQ)

24

1 TeV slepton pair ≈ 1 fb
2 TeV wino pair     ≈ 4 fb


