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   Where We Stand
  Muon Collider Physics
• Higgs Sector
• Beyond the Standard Model  
• Minimum Luminosity 

  The Next Step



 All data consistent with Standard Model - but:

 incomplete
• dark matter
• neutrino masses and mixing
‣ new fields or new interactions                 

• baryon asymmetry 
‣ more CP violation

 experimental hints
• higgs mass
• muon (g-2) 
 theoretical questions

• origin of mass: 
‣  naturalness and higgs

• gauge unification:  
‣ new interactions

• gravity: strings and ED 

Where We Stand

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:

!1 = (5/3)!MS/ cos2 "MS
W ,

!2 = !MS/ sin "MS
W ,

!3 = !MS
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 #. 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 !(MZ) = 1/127.953(49) [30]. The other ingredients at
MZ , the electroweak mixing angle sin2 "W and the strong coupling constant !s, are best determined from
the electroweak precision data of the MZ line shape at LEP and SLC. Unfortunately the sin2 "W data
disagree by about 3 $. 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 , !tot

and $0
had are used, a value of !s = 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 !s = 0.123(4). Another quantity, which
has been calculated up to O(!3

s) is the ratio of hadronic and leptonic widths of the % lepton, R! , which
yields a value close to the value from Rl: !s = 0.121(3).
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Crossroad in Theoretical Physics

SM

LHC

SM extensions SUSY New Dynamics Extra 
Dimensionstwo Higgs doublets

Higgs triplets  
Higgs singlets

new weak gauge 
interactions

new fermions
...

SUGRA, gauge or 
anomaly mediated 
SUSY Breaking?

MSSM, NMSSM, 
Split SUSY

R parity violation? 
...

Technicolor, ETC, 
walking TC

topcolor
little Higgs models

compositeness

unparticles     ...

Gravity

Randall-Sundrum

Universal ED

KK modes?

...
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 Existing facilities in 2020:
• LHC with luminosity or energy upgrade

 Options: 

• low energy lepton collider (< 1 TeV)                
ILC (500 GeV) (upgradable)                     
or muon collider - Higgs Factory

• lepton collider in multi Tev range.                        
CLIC or muon collider                                            
- Energy,  Luminosity,  Polarization?  

• hadron collider in hundred TeV range               
VLHC  

Muon Collider Physics
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Muon Collider Cross Sections 

For √s < 500 GeV lepton collider

• threshold regions:
• top pairs 
• electroweak boson pairs 
• Zh production

• s-channel Higgs production:       

• coupling ∝ mass production

• narrow state   

• direct width measurement

!mµ

me

"2
= 4.28! 10 4

m(h) = 110 GeV : ! = 2.8 MeV

m(h) = 120 GeV : ! = 3.6 MeV

m(h) = 130 GeV : ! = 5.0 MeV

m(h) = 140 GeV : ! = 8.1 MeV

m(h) = 150 GeV : ! = 17 MeV

m(h) = 160 GeV : ! = 72 MeV

( requires muon collider)

Standard Model  
Cross Sections
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 For √s > 500 GeV                    

• Above SM thresholds:

• R essentially flat:  

 Luminosity Requirements                   

µ+µ!(20o cut) = 100

W+W! = 19.8

!! = 3.77

Z! = 3.32

tt̄ = 1.86

bb̄ = 1.28

e+e! = 1.13

ZZ = 0.75

Zh(120) = 0.124

R at √s = 3 TeV
O(αem

2)  O(αs0)  

!QED(µ+µ! ! e+e!) =
4"#2

3s
=

86.8 fb

s(TeV2)

(one unit of R)

For example: 

L = 1034 cm!2sec!1

! 100 fb!1year!1

!
s = 1.5 TeV ⇒    3860 events/unit of R

Total - 510 K SM events per year
Processes with R ≥ 0.01 can be studied

1 ab!1

100 fb!1

10 fb!1

 NFMCC Meeting                                              LBNL  Jan 25, 2009                                                       E. Eichten   --6--



• Higgs boson couplings SM?
• Scalar interaction self-coupling SM?
• Any additional scalars?   EW doublets, triplets or singlets ?
• More fermions?
• Addition gauge interactions ?
• Where’s the next scale?  GUT?

Standard Model and Extensions
  Theoretical issues 

  Standard Model Higgs 
• LHC will discover the SM Higgs.  If Higgs mass is not in 
the Planck chimney (130-190), new physics “nearby”.
• Large Higgs mass implies a strong Higgs self interaction 
and presumably a nearby strong interaction.
• For a low mass Higgs, the new physics can be 
perturbative.  This case is favored by the present 
indirect Higgs bounds.  Many of the Higgs couplings could 
be measured at the LHC.
• The ILC(500) allows detailed study of the            light 
Higgs properties.  

HIGGS PHYSICS

2.1 THE HIGGS SECTOR OF THE SM AND BEYOND

2.1.1 The Higgs boson in the SM

The Standard Model makes use of one isodoublet complex scalar field and, after spontaneous

electroweak symmetry breaking (EWSB), three would–be Goldstone bosons among the four

degrees of freedom are absorbed to build up the longitudinal components of the W±, Z

gauge bosons and generate their masses; the fermion masses are generated through a Yukawa

interaction with the same scalar field. The remaining degree of freedom corresponds to the

unique Higgs particle of the model with the JPC = 0++ assignment of spin, parity and charge

conjugation quantum numbers [31, 32, 33]. Since the Higgs couplings to fermions and gauge

bosons are related to the masses of these particles and the only free parameter of the model

is the mass of the Higgs boson itself; there are, however, both experimental and theoretical
constraints on this fundamental parameter, as will be summarized below.

The only available direct information on the Higgs mass is the lower limit MH >! 114.4

GeV at 95% confidence level established at LEP2 [34]. The collaborations have also reported

a small, <! 2!, excess of events beyond the expected SM backgrounds consistent with a SM–

like Higgs boson with a mass MH ! 115 GeV [34]. This mass range can be tested soon at

the Tevatron if high enough luminosity is collected. Furthermore, the high accuracy of the

electroweak data measured at LEP, SLC and Tevatron [35] provides an indirect sensitivity to
MH : the Higgs boson contributes logarithmically, " log(MH/MW ), to the radiative correc-

tions to the W/Z boson propagators. A recent analysis, which uses the updated value of the

top quark mass yields the value MH = 76+33
!24 GeV, corresponding to a 95% confidence level

upper limit of MH <! 144 GeV [36]. The left–hand side of Fig. 2.1 shows the global fit to the

electroweak data; the Higgs fit has a probability of 15.1%. If the Higgs boson turns out to

be significantly heavier than 150 GeV, there should be an additional new ingredient that is

relevant at the EWSB scale which should be observed at the next round of experiments.
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FIGURE 2.1. Left: Global fit to the electroweak precision data within the SM; the excluded region form
direct Higgs searches is also shown [36]. Right: theoretical upper and lower bounds on MH from the
assumption that the SM is valid up to the cut–o! scale ! [37].
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LEP

LEP: mh > 114.4 (95 % CL)
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CDF/D0: mh = 170 
excluded (95 % CL)



• Various processes available for studying the Higgs 

at a muon collider:
‣ s-channel direct production:  h0 (√s = mh)   
‣ associated production:  Zh0 
‣ R ~ 0.12
‣ search for invisible h0 decays  

‣ W*W* fusion :  νμνμ h0 
‣ R ~ 1.1 s ln(s)  (s in TeV2) (mh = 120 GeV)
‣ study some rare decay modes
‣ measure Higgs self coupling

‣ Higgsstrahlung:  tth0 
‣ R ~ 0.01 
‣ measure top coupling 
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resulting spectrum of physical Higgs fields includes three neutral Higgs bosons, the

CP-even h0 and H0 and the CP-odd A0. At tree-level the entire Higgs sector is

completely determined by choosing values for the parameters tan! = v2/v1 (where

v2 and v1 are the vacuum expectation values of the neutral members of the Higgs

doublets responsible for up-type and down-type fermion masses, respectively) and

mA0 (the mass of the CP-odd A0). For a summary, see Refs. [1,2].

In the MSSM there is a theoretical upper bound on the mass of the lightest

state h0 [3,4] which is approached at large mA0 and large tan!. After including

two-loop/RGE-improved radiative corrections [5,6] the bound depends upon the top

quark (t) and top squark (!t) masses and upon parameters associated with squark

mixing. Assuming mt = 175 GeV and m!t
<! 1 TeV, the maximal mass is

mmax
h0 ! 113 to 130 GeV , (1)

depending upon the amount of squark mixing. The 113 GeV value is obtained in

the absence of squark mixing. Figure 1 illustrates the mass of the h0 versus the

parameter tan ! for mA0 = 100, 200 and 1000 GeV. Mass contours for the MSSM

Higgs bosons are illustrated in Fig. 2 in the conventional mA0 , tan! parameter plane.

Both these figures include two-loop/RGE-improved radiative corrections to the Higgs

masses computed for mt = 175 GeV, m!t = 1 TeV and neglecting squark mixing.

The Higgs sector of the MSSM can be extended to include extra singlet fields

without a!ecting any of its attractive features. A general supersymmetric model

bound of

mh0
<! 130 ! 150 GeV (2)

applies for such non-minimal extensions of the MSSM, assuming a perturbative renor-

malization group (RGE) evolved grand unified theory (GUT) framework.

The couplings of the MSSM Higgs bosons to fermions and vector bosons are

generally proportional to the couplings of the SM Higgs boson, with the constant

of proportionality being determined by the angle ! (from tan !) and the mixing angle

" between the neutral Higgs states (" is determined by mA0 , tan !, mt, m!t, and the

amount of stop mixing). Those couplings of interest in this report are [7]

µ+µ!, bb tt ZZ, W+W! ZA0

h0 " sin "/ cos! cos "/ sin ! sin(! " ") cos(! " ")

H0 cos "/ cos ! sin "/ sin! cos(! " ") " sin(! " ")

A0 "i#5 tan ! "i#5/ tan! 0 0

(3)

2

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 ! ! 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 ! = 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 !. 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 !. 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 ! > 1. They share the SM Higgs couplings to vector bosons as they
are suppressed by sin and cos(! " ") 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 ! 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 di!cult 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 ! values smaller than tan ! ! 3. Combining all processes, one obtains
the absolute mass limits Mh ! MA >! MZ and MH± >! MW [42].

II-12 ILC-Reference Design Report

  Two Higgs doublets (MSSM) 

• decay amplitudes depend on two parameters:  

• 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.  

• good energy resolution is needed for H0 and A0 studies: 

• for s-channel production of H0 :    Γ/M ≈ 1%  at tanβ = 20.  
• nearby in mass need good energy resolution to separate H and A. 
• can use bremsstrahlung tail to see states using bb decay mode.
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Muon collider will allow detailed study
Requires high luminosity 1 ab-1 for T

New fermions and gauge bosons ATLAS study  LHC  [hep-ph/0402037]

Littlest Higgs Model - 
charge (2/3) quark T (EW singlet),  
new W, Z,  and A gauge bosons, Higgs triplet 

At the LHC, T observable for m(T) <  2.5 TeV 
For W, Z, and A dependent on mixing parameters 

0
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m(Z
H
) (GeV)

c
o
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Z
H
"ee   5 # reach for 300 fb

-1
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Figure 8: Plot showing the accessible region (shaded) in the channel ZH ! e+e! as a function of
the mass and the mixing cot !".

11

Present CDF/D0 bounds on W’, Z’, and new quarks 
effectively rule out production at ILC(500).

State CDF/D0 Limit (GeV)

Quark: (W,Z,h) + jet 295

Z’ (SM) 923

W’ (SM) 860
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• What is the spectrum of superpartner masses? Dark matter candidates?

• Are all the couplings correct?
• What is the structure of flavor mixing interactions?
• Are there additional CP violating interactions?
• Is R parity violated?
• What is the mechanism of SUSY breaking?
• What is the mass scale at which SUSY is restored?
• ...

Supersymmetry
    Theoretical issues 

 MSSM  

•  Supersymmetry dictates the couplings between particles and sparticles.  
•  The masses of the superpartners depend on the pattern of SUSY breaking.
•  The most studied model is mSUGRA
•  Setting soft breaking couplings equal at the GUT scale.  Fewest parameters   
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Parameters mSUGRA: m0 (< 4TeV), m1/2 (< 2TeV), 
(-10<) A/m0 (<10),  (1<) tanβ (<60), sign(μ)        

Randomly sample parameter space using with 
flat priors. Sample size 2x106.             
Calculate MSSM mass spectrum and check 
experimental constraints: (MICROMEGAS and 
SUSPECT2.3)

If within bounds accept, otherwise reject.

Motivation
Good Points

Summary

Finding Good Points

Starting from a random point in mSUGRA with 5 parameters:

m0, m1/2, A0, tan !, µ .

Calculate the MSSM mass spectrum, the relic density of the
lightest neutralino "̃0

1, Br(b ! s#), !$, (g " 2)µ and Bs ! µ+µ!.
[All of these quantities can be calculated through the software
MICROMEGAS using the package SUSPECT 2.3.]
If following constraints are satisfied,

0.086 < !!̃0
1
h2 < 0.118 , 2.8! 10!4 < Br(b " s!) < 4.6! 10!4 ,

"" < 2! 10!3 , (g # 2)µ < 5.1! 10!10 , Bs " µ+µ! < 9! 10!6

mh > 100 GeV , m
!̃±1

> 104.5 GeV ,

mt̃1
> 101.5 GeV , m"̃1 > 98.8 GeV

call this random point as a “good point”.

Energy Frontier Lepton Colliders

 Many studies of allowed MSSM models   

 D. Feldman, Zuowei Lui and Pran Nath, 
PRL 99, 251802 (07); arXiv:0802.4085
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6

aµ=(gµ-2)/2: SM & Experiment

SM
 P

re
d i

ct
io

ns

14

Cross Section

and

a!"SM #$"462.5%0.9%3.1#&10'10

a!"exp#'a!"SM #$"14.8%8.4#&10'10

!"#$%&%'(")*

(gμ-2)/2 = aμ

New BaBar result
e+e- -> π+π-(γ) ISR 
presented at TAU08

3.2 σ discrepancy between 
theory (e+e-) and experiment.
Pulled the fit for slepton 
masses low.  

Reduces model “phase” space for a ILC(500) study of SUSY.

Old style best fit studies of allowable cMSSM:

 J. Ellis, S. Heinemeyer, K.A. Olive, A.m. 
Weber, G. Wieglein [arXiv:0706.0652]
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 Allowed regions in parameter space 
are narrow filaments
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Figure 4: Dispersion of patterns in the m0 vs m1/2 plane for fixed values of tan! and A0/m0. The
region scanned is in the range m0 < 4 TeV and m1/2 < 2 TeV with a 10 GeV increment for each
mass. Only a subset of the allowed parameter points relative to Fig.(3) remain, since the scans are on
constrained surfaces in the mSUGRA parameter space.

Djouadi et al. [21] where the Higgs funnel plays an important role in the satisfaction of the

relic density.

A similar analysis for the nonuniversal case is given in Fig.(5). Here in addition to the

mSPs new patterns emerge which we label as nonuniversal sugra patterns or NUSPs. Among

the NUSPs the dominant patterns are NUSP1 (CP) and NUSP13 (GP), which are seen to

arise the model with nonuniversalities in the gaugino sector, i.e., the NUG model. In general,

the NUG is dominated by the CP patterns whereas the NUH case is rather diverse o!ering

the possibility of Higgs patterns at lower, less fine tuned values of tan !.

3.2 Benchmarks for sparticle patterns

As discussed in Sec.(2.1), many of the sparticle mass patterns discussed in this analysis

do not appear in the Snowmass, Post-WMAP, and CMS benchmark points. With some of

these mSP and NUSP having a significant probability of occurrence, we therefore provide a

– 13 –
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 Pattern of 4 lightest sparticles  

• 22 patterns found (more than 2004 CLIC study). 

• New regions because allowed large |A|

• Classified by next to lightest sparticle:  chargino, stau, stop, 
CP even/odd Higgs, neutralino patterns found.
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Fig. 1.1: Bar charts of the numbers of different sparticle species observable in a number of benchmark supersymmetric scenarios

at different colliders, including the LHC and linear e+e! colliders with various centre-of-mass energies. The benchmark

scenarios are ordered by their consistency with the most recent BNL measurement of gµ ! 2 and are compatible with the

WMAP data on cold dark matter density. We see that there are some scenarios where the LHC discovers only the lightest

neutral supersymmetric Higgs boson. Lower-energy linear e+e! colliders largely complement the LHC by discovering or

measuring better the lighter electroweakly-interacting sparticles. Detailed measurements of the squarks would, in many cases,

be possible only at CLIC.

of TeV-scale physics to require further study using a higher-energy e+e! collider. For example, if there
is a light Higgs boson, its properties will have been studied at the LHC and the first e+e! collider, but
one would wish to verify the mechanism of electroweak symmetry breaking by measuring the Higgs

self-coupling associated with its effective potential, which would be done better at a higher-energy e+e!

collider. On the other hand, if the Higgs boson is relatively heavy, measurements of its properties at the

LHC or a lower-energy e+e! collider will quite possibly have been incomplete. As another example, if
Nature has chosen supersymmetry, it is quite likely that the LHC and the TeV-scale e+e! collider will
not have observed the complete sparticle spectrum, as seen in Fig. 1.1.

2

A multiTev lepton collider 
needed for full coverage.

However the general conclusions of 
the 2004 CLIC study survive.
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“Supersymmetry at a Muon Collider”, Anupama Atre,
Low Emittance Muon Collider Workshop  
Fermilab, April 2008



SUPERSYMMETRY

backgrounds from the SM and, more importantly, from SUSY itself. At the LHC, sparticle
mass di!erences can be determined by measuring the endpoints or edges of invariant mass
spectra (with some assumptions on particle identification within the chains) and this results
in a strong correlation between the extracted masses; in particular, the LSP mass can be
constrained only weakly [15]. Therefore, only in specific constrained scenarios with a handful
of input parameters, that some elements of SUSY can be reconstructed in the complicated
environment of the LHC.

0

100

200

300

400

500

600

700

m [GeV]
SPS1a! mass spectrum

l̃R

l̃L
!̃l

"̃1

"̃2
!̃"

#̃0
1

#̃0
2

#̃0
3

#̃0
4

#̃±
1

#̃±
2

q̃R

q̃L

g̃

t̃1

t̃2

b̃1

b̃2

h0

H0, A0 H±

200 350 500 1000

100000

10000

1000

100

10

1

0.1

HZ

ZZ

WW

tt

ff (e  e      ) [fb]! + - 

s[GeV]

"  " 
1 1

+ - 

t1t1

"  " 
1 2

0 0 

µ  µ1 1

+ - 

FIGURE 5.1. The spectrum of SUSY and Higgs particles in the benchmark SPS1a! cMSSM point [179]
(left) and the production cross sections for various SM and SUSY processes in e+e" collisions as a function
of the c.m. energy in this scenario (right).

On the other hand, the non–colored SUSY particles (and certainly the lightest Higgs
boson) would be accessible at the ILC with a c.m. energy of

!
s = 500 GeV, to be eventually

upgraded to 1 TeV. This is, for instance the case in a cMSSM typical scenario called SPS1a!

[179] as shown in Fig. 5.1. The cross sections for chargino, neutralino and slepton pair
production, when the states are kinematically accessible, are at the level of 10–100 fb, which
is only a few orders of magnitude below the dominant SM background processes; Fig. 5.1.
Given the expected high–luminosity and the very clean environment of the machine, large
samples of events will be available for physics analyses [7, 180]. At the ILC, it will be thus
easy to directly observe and clearly identify the new states which appeared only through
cascade decays at the LHC. Most importantly, thanks to the unique features of the ILC,
tunable energy which allows threshold scans, the availability of beam polarization to select
given physics channels and additional collider options such as e"e" which allow for new
processes, very thorough tests of SUSY can be performed: masses and cross sections can be
measured precisely and couplings, mixing angles and quantum numbers can be determined
unambiguously. Furthermore, the ILC will provide crucial information which can be used as
additional input for the LHC analyses, as would be e.g. the case with the LSP mass. The
coherent analyses of data obtained at the LHC and the ILC would allow for a better and
model independent reconstruction of the low energy SUSY parameters, connect weak–scale
SUSY with the more fundamental underlying physics at the GUT scale, and provide the
necessary input to predict the LSP relic density and the connection with cosmology.

II-60 ILC-Reference Design Report
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FIG. 5: A typical sample “compressed” Higgs and superpartner mass spectrum with !DMh2 = 0.11
brought about by Ñ1Ñ1 ! tt through t̃1 exchange. The GUT scale parameters of the model are
M1,2,3 = 500, 750, 250, A0 = "500, and m0 = 342 GeV, with tan! = 10 and µ > 0 at the weak scale.
The ratio of the largest superpartner mass to the smallest is less than 4. An unfortunate feature, quite
common to this scenario for dark matter, is that no visible superpartners would be within reach of a linear
collider with

#
s = 500 GeV.

GUT scale (so that the LSP mass is approximately 200 GeV) and obeying the boundary condition

of eqs. (2.7)-(2.9) with C24 varying and C75 = C200 = 0. I again require µ > 0 and tan ! = 10,

and the allowed regions are shown for A0 = "M1 and A0 = "0.75M1. The thin horizontal regions

achieve the observed dark matter density by co-annihilations of sleptons and the LSP; as is well-

known, this requires a rather precise adjustment of the slepton squared masses. For C24 $> 0.19,

or equivalently M3 $< 260 GeV, the Ñ1Ñ1 ! tt annihilation scenario takes over, leading to the

thicker, sloping allowed regions. They are cut o" on the left by the imposed Higgs mass constraint

eq. (3.4).

The distinctive features of the Ñ1Ñ1 ! tt annihilation scenario for dark matter in compressed

supersymmetry are illustrated in the superpartner spectrum for a typical model point shown in

Figure 5, with M1 = 500 GeV and m0 = 342 GeV in order to give !DMh2 = 0.11. In this

model, Ñ1Ñ1 ! tt contributes about 89% to 1/!DMh2. The amplitude from t̃1 exchange is

largest, with an amplitude from Z exchange about 0.3 times as big in the velocity-independent

part of the 1S0 channel, with destructive interference. The superpartner mass spectrum shows

compression compared to mSUGRA models, with the ratio of masses of the largest superpartners

(nearly degenerate ũL, c̃L and d̃L, s̃L) to the LSP being less than 4, with all superpartners between

200 GeV and 800 GeV. The NSLP is t̃1. The lightest chargino C̃1 and the neutralinos Ñ2 and Ñ3

are higgsino-like; this is a consequence of µ being not too large as discussed in section II. Another

consequence of the choice of a relatively large wino mass to ameliorate the little hierarchy problem

is that the wino-like states Ñ4 and C̃2 are comparatively heavy, just below the gluino mass, and

there is a wide split between left-handed squarks and sleptons and their right-handed counterparts.

Supersymmetry provides strong case for a multi-TeV lepton collider

Compressed SUSY

No visible superpartners within 
reach of the ILC (500 GeV).  
All pair production thresholds are 
below 1.6 TeV.

Many visible superpartners within 
reach of the ILC (500 GeV).  
All pair production thresholds are 
below 1.2 TeV.

cMSSM ILC Benchmark
 S. Martin [PR D75:115005,2007]
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Fine tuning problems in the cMSSM - Allow nonuniversal m1/2



 C. Berger, J. Gainer, J. Hewett and T. Rizzo 
[arXiv:0812.0980]
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Figure 22: Distributions of predictions for several observables as well as tan! for our model sample
subject to the constraints discussed in the text in the case of log priors. The blue and green
dashed lines show the SM predictions as well as the current central values obtained by experiment,
respectively.

44

pMSSM - relax the unification of soft breaking parameters at the GUT scale.  
19 parameters.  107 points studied (flat priors)
                   2x106 points studied (log priors)  

Required agreement with direct and indirect 
experimental limits on SUSY, 
but used the WMAP dark matter density 
measurements as an upper bound on SUSY dark 
matter. 

Models that satisfied all experimental constraints 
generally accounted for only a fraction of WMAP
dark matter observations !

Constraints on models from Tevatron 
direct SUSY searches taken fully into account.
D0 limit on charged stable particles was 
particularly powerful.

Figure 19: (Top) Identity of the nLSP. (Bottom) nLSP-LSP mass splitting as a function of the LSP
mass. Both apply in the case of log priors.

41

 NFMCC Meeting                                              LBNL  Jan 25, 2009                                                       E. Eichten   --17--



• What is the spectrum of low-lying states?
• 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? 
• ...

New Strong Dynamics
 Theoretical issues 

• Muon collider is sensitive to contact 
interaction scales over 200 TeV.
• Cuts on forward angles for a muon 
collider not an issue
• Polarization useful to disentangle the 
chiral structure of the interaction.

apply, qualitatively, to a multi-TeV collider.
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Fig. 6.22: Limits on the scale ! 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 ! 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 !W 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 ! is

about a factor 1.6 larger in e!e! scattering, compared with e+e! scattering.

161
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Contact Interaction

Technicolor, ETC,  Walking TC, Topcolor , ...
• Technipions - s channel production (Higgs like) 
• Technirhos - Nearby resonances - need fine 
energy resolution of muon collider.

 NFMCC Meeting                                              LBNL  Jan 25, 2009                                                       E. Eichten   --18--



• How many dimensions?
• Which interactions (other than gravity) extend into the 

extra dimensions?
• At what scale does gravity become a strong interaction?
• What happens above that scale?
• ... 

Extra Dimensions

 Theoretical issues LHC discovery - Detailed study at a muon collider 
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Fig. 6.4: Left: KK graviton excitations in the RS model produced in the process e+e! ! µ+µ!. From the most narrow to

widest resonances, the curves are for 0.01 < c < 0.2. Right: Decay-angle distribution of the muons from G3 (3200 GeV)

! µµ.

The resonance spectrum was chosen such that the first resonance G1 has a mass around 1.2 TeV,

just outside the reach of a TeV-class LC, and consequently the mass of the third resonance G3 will be

around 3.2 TeV, as shown in Fig. 6.4. The
!

s energy for the e+e! collisions of CLIC was taken to be
3.2 TeV in this study. Mainly the muon and photon decay modes of the graviton have been studied. The

events used to reconstruct the G3 resonance signal were selected via either two muons or two !’s with
E > 1200 GeV and | cos "| < 0.97. The background from overlaid two-photon events — on average

four events per bunch crossing — is typically important only for angles below 120 mrad, i.e. outside the

signal search region considered.

First we study the precision with which one can measure the shape, i.e. the c and M parameters,

of the observed new resonance. A scan similar to that of the Z at LEP was made for an integrated

luminosity of 1 ab!1. The precision with which the cross sections are measured allows one to determine

c to 0.2% andM to better than 0.1%.

Next we determine some key properties of the new resonance: the spin and the branching ratios.

The graviton is a spin-2 object, and Fig. 6.4 shows the decay angle of the fermions G " µµ for the G3

graviton, obtained using PYTHIA/SIMDET for 1 ab!1 of data, including the CLICmachine background.

The typical spin-2 structure of the decay angle of the resonance is clearly visible.

For gravitons as proposed in [7, 9] one expects BR(G " !!)/BR(G " µµ) = 2. With the
present SIMDET simulation we get efficiencies in the mass peak (± 200 GeV) of 84% and 97% for

detecting the muon and photon decay modes, respectively. With cross sections of O(1 pb), #!! and #µµ

can be determined to better than a per cent. Hence the ratio BR(G " !!)/BR(G " µµ) can be
determined to an accuracy of 1% or better.

Finally, if the centre-of-mass energy of the collider is large enough to produce the first three

resonance states, one has the intriguing possibility to measure the graviton self-coupling via the G3 "
G1G1 decay [9]. The dominant decay mode will beG1 " gg or qq̄ giving a two-jet topology. Figure 6.5
shows the resulting spectacular event signature of four jets of about 500 GeV each in the detector (no

background is overlaid). These jets can be used to reconstruct G1. Figure 6.5 shows the reconstructed

G1 invariant mass. The histogram does not include the background, while the dots include 10 bunch

crossings of background overlaid on the signal events. Hence the mass of G1 can be well reconstructed

and is not significantly distorted by the !! background.

141

µ+µ! ! e+e!

Randall-Sundrum model: 
    warped extra dimensions 

• two parameters:                     
‣ mass scale ∝ first KK mode;           
‣ width ∝ 5D curvature / effective 4D 

Planck scale.
possible KK modes of the Z0 
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39. Cross-section formulae for specific processes 1

39. CROSS-SECTION FORMULAE
FOR SPECIFIC PROCESSES

Revised September 2005 by R.N. Cahn (LBNL).

Setting aside leptoproduction (for which, see Sec. 16), the cross sections of primary
interest are those with light incident particles, e+e!, !!, qq, gq , gg, etc., where g and
q represent gluons and light quarks. The produced particles include both light particles
and heavy ones - t, W , Z, and the Higgs boson H. We provide the production cross
sections calculated within the Standard Model for several such processes.

39.1. Resonance Formation

Resonant cross sections are generally described by the Breit-Wigner formula (Sec. 16
of this Review).

"(E) =
2J + 1

(2S1 + 1)(2S2 + 1)
4#

k2

!
!2/4

(E ! E0)2 + !2/4

"
BinBout, (39.1)

where E is the c.m. energy, J is the spin of the resonance, and the number of polarization
states of the two incident particles are 2S1 + 1 and 2S2 + 2. The c.m. momentum in
the initial state is k, E0 is the c.m. energy at the resonance, and ! is the full width at
half maximum height of the resonance. The branching fraction for the resonance into
the initial-state channel is Bin and into the final-state channel is Bout. For a narrow
resonance, the factor in square brackets may be replaced by #!$(E ! E0)/2.

39.2. Production of light particles

The production of point-like, spin-1/2 fermions in e+e! annihilation through a virtual
photon, e+e! " !" " ff , at c.m. energy squared s is given by

d"

d%
= Nc

&2

4s
'
#
1 + cos2 ( + (1 ! '2) sin2 (

$
Q2

f , (39.2)

where ' is v/c for the produced fermions in the c.m., ( is the c.m. scattering angle, and
Qf is the charge of the fermion. The factor Nc is 1 for charged leptons and 3 for quarks.
In the ultrarelativistic limit, ' " 1,

" = NcQ
2
f
4#&2

3s
= NcQ

2
f

86.8 nb

s(GeV2)2
. (39.3)

The cross section for the annihilation of a qq pair into a distinct pair q#q# through
a gluon is completely analogous up to color factors, with the replacement & " &s.
Treating all quarks as massless, averaging over the colors of the initial quarks and defining
t = !s sin2((/2), u = !s cos2((/2), one finds [1]

d"

d%
(qq " q#q#) =

&2

9s

t2 + u2

s2 . (39.4)

Crossing symmetry gives

CITATION: W.-M. Yao et al., Journal of Physics G 33, 1 (2006)

available on the PDG WWW pages (URL: http://pdg.lbl.gov/) July 14, 2006 10:37

1!
2!"

exp ("(E " E0)2

2"2
)

Narrow resonances in lepton colliders play a vital role in precision studies

Universal behavior 

! Rpeak = (2J + 1)3
B(µ+µ!)B(visible)

!2
EM

Convolute with 
beam spread ! !Ecm/Ecm = 2 ln(2)!

State BR(µ+µ!) !/M

!(1.019) 2.9! 10!4 3.98! 10!3

J/"(3.097) 5.9! 10!2 3.02! 10!5

"(9.460) 2.5! 10!2 5.71! 10!6

Z0(91.19) 3.4! 10!2 2.74! 10!2

h0(115) 2.5! 10!4 2.78! 10!5

Kaons CP V

1D - D±,0  3S - D, D*;  2D - Ds

4S - B factory,  tau, charm

precision tests - SM

Higgs couplings - EWif

Minimum Luminosity for Muon Collider
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Assuming ∆Ecm/Ecm= 0.01%



•  Likely new candidates:
• scalars: h, H0, A0,...
• gauge bosons:  Z’
• new dynamics: bound states
• ED: KK modes

• For new gauge boson: Z’
• examples: SSM, E6, LRM
• 5σ discovery limits: 4-5 TeV        

at LHC (@ 300 fb-1)

Can use to set minimum required luminosity
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The integrated luminosity required to produce 
1000  μ+μ- -> Z’ events on the peak 

Hence minimum luminosity -> 0.5-5.0 x 1030 cm-2 sec-1 
for M(Z’) -> 1.5-5.0 TeV 



Preliminary Conclusions
A multiTeV lepton collider is likely required for full coverage of Tevascale physics. 

Recent experimental results further limit the SUSY potential of a 500 GeV ILC.

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.  Sets the minimum luminosity scale.
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Proceed to a detailed study of physics case for 1.5-4.0 TeV muon collider:  
• Dependence on initial beam [electron/muon, polarization and beam energy 

spread] as well as luminosity should be considered.
• Estimates of collision point environment and detector parameters needed.
• Must be able to withstand the real physics environment after ten years of 

running at the LHC.

The Next Step
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!"#$%&#'()*+%,-#)"./#$Path to Muon Collider Facility

•  Neutrino Factory
•  Lower Energy Muon Collider - Higgs Factory

Options:

A Scenerio:
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Abridged Parameter List

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

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

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

!p/p [%] 1 1 0.35

!! 0.5 cm 0.5 cm 35 µm

Turns / lifetime 2000 2400

Rep. rate [Hz] 65 32

Mean dipole field 10 T 10 T

Circumference [m] 2272 3842 33.2 km site

Bunch spacing 0.75 µs 1.28 µs 0.67 ns

Chris Quigg (Fermilab) Giant Steps L!µC · 12.2.2007 24 / 50

 NFMCC Meeting                                              LBNL  Jan 25, 2009                                                       E. Eichten   --b2--



These post-LEP benchmark scenarios have recently been updated [8], so as to respect the improved

restrictions on the relic density of cold dark matter particles imposed by the WMAP measurements [10].

We summarize below some features of the updates mandated by WMAP. In the subsequent discussion,

we use the updated post-WMAP benchmarks as far as possible, commenting on differences from the

original set when necessary.

1.1. Benchmark Points

Details of the experimental constraints imposed on the CMSSM, the values of the parameters chosen as

benchmark points, their justifications and the resulting sparticle spectra may be found in Refs. [8, 9].

Figure 5.2 displays most of the proposed CMSSM benchmark points, superimposed on the regions

of the (m1/2,m0) plane allowed by laboratory limits, particularly that from LEP on mh, from b ! s!,
and cosmology. The original versions of the CMSSM benchmark points were chosen with a relic density

in the range 0.1 < !!h2 < 0.3 [9], but WMAP and previous data now prefer the more limited range

0.094< !!h2 < 0.129, corresponding to the narrow strips shown in Fig. 5.2. For most of the benchmark

points, a small reduction inm0 sufficed to relocate them on the WMAP strip for the corresponding value

of tan " [8]. However, in some cases, notably benchmarks H and M, more substantial changes in m0

and/or m1/2 were made in order to accommodate the new WMAP constraint. Later, where relevant for

specific sparticle analyses, we comment on the implications of these changes.
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Fig. 5.2: Overview of the updated proposed CMSSM benchmark points in the (m0, m1/2) planes, superposed on the strips

allowed by laboratory limits and the relic density constraint, for µ > 0 and tan ! = 5, 10, 20, 35, 50, and for µ < 0 and

tan ! = 10, 35 [8]

The lightest supersymmetric particle would be charged in the bottom right dark-shaded triangular

region, which is therefore excluded. The experimental constraints on mh and b ! s! exert pressures
from the left, which depend on the value of tan " and the sign of µ. The indication of a deviation from
the Standard Model in gµ"2 disfavours µ < 0 at the 2# level. Large values ofm0 andm1/2 for µ > 0 are
disfavoured at the 1# level, as indicated by darker shading on parts of the WMAP lines. The improved
WMAP constraint on the relic density has shrunk the previous ‘bulk’ region at low m0 and m1/2, and

narrowed and shortened the coannihilation ‘tails’ extending to largem1/2, which dominate Fig. 5.2. Not

shown is the ‘focus-point’ region at large m0 near the boundary of the region with proper electroweak

symmetry breaking, where two more benchmark points are located.

107

CLIC  detailed study - CERN report 2004

cMSSM - Soft breaking couplings set equal at GUT scale. 
Fewest parameters
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Fine tuning problems in the cMSSM

2

I. INTRODUCTION

Softly-broken supersymmetry is a leading candidate to explain the hierarchy of the Planck

mass scale and other high-energy scales to the electroweak symmetry breaking mass scale [1]. In

extensions of the Standard Model with a fundamental Higgs scalar, obtaining this hierarchy would

seem to require tuning of the Higgs squared mass parameter to about one part in 1032. The Minimal

Supersymmetric Standard Model (MSSM) [2] solves this problem by introducing superpartners with

masses near the electroweak scale. In addition, with the assumption of R-parity conservation, the

most dangerous (renormalizable) contributions to proton decay are eliminated, and the lightest

supersymmetric particle (LSP) can serve [3]-[7] as the cold dark matter required by cosmology

[8]-[10].

However, the fact that the CERN LEP e+e! collider did not discover a Standard Model-like

light neutral Higgs scalar boson, placing a limit Mh0 > 114 GeV [11], has put some tension on

the allowed parameter space in the MSSM. This is because Mh0 is bounded above at tree level by

mZ , and radiative corrections depend on the superpartner masses, which we assume cannot be too

large without reintroducing the hierarchy problem. Including the largest radiative corrections at

one-loop order† gives:
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where ct̃ and st̃ are the cosine and sine of a top-squark mixing angle, mt̃1,2
are the top-squark mass

eigenvalues, yt and mt are the top-quark Yukawa coupling and mass, and tan ! = vu/vd is the ratio

of Higgs vacuum expectation values, and for simplicity the Higgs sector is treated in a decoupling

approximation with h0 much lighter than the other Higgs bosons A0,H0,H±. (In this paper, I

follow the notations and conventions of [2].) In order to evade the LEP bound, it is clearly helpful

to have mt as large as possible, but the experimental central value [12] has fallen recently. It is

also required that tan ! is not too small. For fixed values of the superpartner masses, it follows

that an upper bound within the approximation of eq. (1.1) is

M2
h0 < m2

Z cos2(2!) +
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t ) + 3
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(1.2)

in the case that the top-squark mixing is adjusted to have the maximum positive impact on Mh0.

In specific model frameworks without carefully adjusted top-squark mixing it is typically found

that this bound is not close to saturated, so while a non-zero top-squark mixing is quite useful

for satisfying the LEP bounds for a Standard Model-like lightest Higgs scalar, it is also usually

necessary for m2
t̃2

/m2
t to be fairly large.

This is to be contrasted with the condition for electroweak symmetry breaking, which for tan !

† This approximation is subject to significant further corrections, which are not necessary for the present argument.

3

not too small takes the form:

m2
Z = !2

!
|µ|2 + m2

Hu

"
! 1

vu

!

!vu
!V + O(1/ tan2"). (1.3)

Here !V is the radiative part of the e"ective potential with vu treated as a real variable in the

di"erentiation, µ is the supersymmetry-preserving Higgs mass parameter, and m2
Hu

is the soft

supersymmetry breaking mass term for the Higgs field that couples to the top quark, which must

be negative near the electroweak scale. The “supersymmetric little hierarchy problem” is that if

supersymmetry breaking parameters are large enough to make Mh0 exceed the LEP bounds, then

a tuning at the several percent-level (or worse) might seem to be needed in eq. (1.3), so that |µ|2

and !m2
Hu

nearly cancel. It has been argued that the level of fine tuning required can be quantified

with various measures, but it is my view that any such metrics are inherently and unavoidably

subjective, so they will not be used here. Although the little hierarchy problem does not admit of

rigorous judgments, it can and does cause discomfort and doubt regarding the likelihood of finding

supersymmetric particles in present and future collider searches.

There is no sense in which |µ| is naturally large, in fact it could naturally be 0 even in the

presence of arbitrary supersymmetry breaking if it were not for experimental constraints. The

radiative e"ective potential contribution to eq. (1.3) is not negligible, but since it is loop-suppressed,

it does not imply a drastic fine tuning. Therefore, the supersymmetric little hierarchy problem,

if indeed there is one, is implied by the fact that |m2
Hu

| might be expected to be much larger

than m2
Z in models with heavy top squarks. This indeed occurs in popular models with few

parameters with universal soft supersymmetry breaking terms imposed near the scale of apparent

gauge coupling unification (the GUT scale), hereafter referred to as mSUGRA. However, it has long

been appreciated that this connection is modified or lost in more general models of supersymmetry

breaking. In section II, I will review the arguments that suggest that the little hierarchy problem

is ameliorated in particular by models that predict a smaller gluino mass than in unified models.

A further source of tension on the parameter of the MSSM is provided by the opportunity of the

explaining the cold dark matter by the thermal relic density of a neutralino LSP (Ñ1). Roughly,

the annihilation rate for neutralinos decreases with increasing supersymmetry breaking masses in

the absence of special mechanisms dependent on particular mass ratios. If the LSP is bino-like, as

predicted by many mSUGRA models, then the predicted thermal relic abundance is often found

to be too high‡ compared to the results of WMAP and other experiments [8]-[10]. The exceptional

possibilities have lately been classified qualitatively in four main categories, depending on the

mechanism most responsible for reducing the predicted dark matter density to an acceptable level.

First, in the “bulk region” of parameter space, there is a relatively light neutralino LSP, which

pair annihilates by the t-channel and u-channel exchange of sleptons. However, in mSUGRA and

similar models, this bulk region often predicts that Mh0 is too small, or that other states should

have been detected at LEP or the Fermilab Tevatron pp collider, or gives trouble with other indirect

constraints.

‡ It is also important that the dark matter need not be neutralinos with a thermal relic density. The LSP might
be a gravitino or axino, or something else. Or, if the predicted thermal relic abundance of neutralino dark matter
is too low or too high, it can be enhanced or diluted by some non-thermal e!ect; see for example [13]. However,
models that can explain the dark matter without multiplying hypotheses should be accorded special interest.

M(h0) > 114.4 GeV  (95% cl) LEP combined bound]

1-loop tree

  + ...

tanβ= vu/vd

top squark
 masses:      
 mixing:   

with measured top mass and tanβconstraints, 

need large top squark mass.  BUT

soft SUSY  breaking mass term
in higgs field coupling to top

loop part of effective potential

the largeness the soft SUSY breaking mass term means 
a fine tuned cancellation between the μ2 and m2H  

terms to more than a few percent.

Relax the soft breaking restrictions at the GUT scale ?
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