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MC physics is not a new topic

• Proceedings of the First Workshop on the Physics Potential and Development of 
mu+mu- Colliders, Nucl. Instru. and Meth. A350, 24 (1994).

• V. Barger et al. (The Muon Quartet), Phys. Reports 286, 1 (1997).

• C. Ankenbrandt et al., “Status of muon collider research and development and 
future plans”, Phys. Rev. ST Accel. Beams 2 (1999)

• http://www.fnal.gov/pub/muon_collider/resources.html
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Chapter 2
Fermilab and the 
Quantum Universe

 0.  What is the origin of mass for fundamental particles?

 1.  Are there undiscovered principles of nature: new symmetries, 
new physical laws?

 2.  How can we solve the mystery of dark energy?

 3. Are there extra dimensions of space?

 4. Do all the forces become one?

 5.  Why are there so many kinds of particles?

 6.  What is dark matter? How can we make it in the laboratory?

 7. What are neutrinos telling us?

 8. How did the universe come to be?

 9. What happened to the antimatter?

 Based on “The Quantum Universe,” HEPAP 2004
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THE BIG QUESTIONS



QUESTIONS

• LHC, Project X, DM and DE programs+... will address these 
questions, but not answer all of them completely

• More importantly, progress on these questions will raise NEW 
fundamental questions

• In fact we may discover that many of our current 
“fundamental” questions are ill-posed, misguided, or 
peripheral to the real issues



Why do the Sun and the Moon have the 
same angular diameter?



Why do the Sun and the Moon have the 
same angular diameter?

Solar eclipse on Mars, as seen by 
the Mars Opportunity Rover
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ultimate unification:
strings? quantum gravity?

supersymmetry extra dimensions

   new Terascale physics

broken hid
de

n

10 TeV?

dark stuff

hidden sectors

1TeV?

   Standard Model

flavor origins? 

neutrino origins? 

dark energy? new long distance physics?



How to think about MC physics

Donʼt try to motivate MC physics opportunities 
top-down based on todayʼs poor guesses about 
the underlying physics

Figure out more generically what a MC can do



cut is imposed on the outgoing pair (if needed) to cut off t-channel processes (e.g. 20o

for µ+µ− final state), For example, for the pair production of top quarks above 1 TeV we

have R ≈ 1.86.

Process R Events

µ+µ− (with 20◦ cut) 100 9.64× 105

W+W− 19.8 1.91× 105

γγ 3.77 3.64× 104

Z0γ 3.32 3.20× 104

tt 1.86 1.79× 104

bb 1.28 1.23× 104

e+e− 1.13 1.09× 104

Z0Z0 0.75 7, 230

Z0h(120) 0.124 1, 200

Figure 1: R(s) for various standard model processes. The small variation of R with
energy (

√
s) is shown (right). For each process, the R value at

√
s = 3 TeV shown in

accompanying table (left). The associated event rates for
∫
Ldt = 1(ab)−1.

The number of events for a given open channel process of interest is therefore given

by:

Nevents =

[∫
Ldt

]
σX =

[∫
Ldt

]
RX ×

86.8 fb

s (in TeV2)
(2.3)

hence, the required integrated luminosity for Nevents is:

[∫
Ldt

]
(in fb−1) =

Nevents

9.64

1

R

[√
s (in TeV)

3

]−2

(2.4)

Thus for a process with R = 1 an integrated luminosity of 100 fb−1 at
√

s = 3 TeV yields

∼ 1000 events. This requires a machine luminosity of ∼ 1034 cm−2 sec−1 operating for

one year at a 33% efficiency.

3

critical tests will clear the way to a conceptual design of a Muon Collider. It is of the

utmost importance that the U.S. HEP program carry out this R&D program to decide in

the near term if such a machine is viable.

There are really two distinct classes of putative Muon Colliders: (1) A “low energy”

Muon Collider, ranging from the Z0-pole, ∼ 90 GeV cms, to above top quark threshold,

∼ 500 GeV; (2) a “high energy Muon Collider” with greater than ∼ 1 TeV cms energy

ranging, depending upon emittances, to ∼ 10 TeV cms. The physics opportunities for

these two machines are quite distinct.

We will focus presently on a µ+µ− collider of 1 to a 4 TeV cms energy. In the present

note we briefly survey the physics goals and opportunities of such a machine.

2 Basic Considerations

The Muon Collider (MC) shares physics-wise many features in common with an electron-

positron collider of the same energy, i.e.CLIC [2]. There are basically three kinds of

channels of interest for a lepton collider: (1) Open pair production channels such as

µ+µ− → x+x− and (2) Resonances such as µ+µ− → Z ′ → x+x− (3) Fusion processes

such as µ+µ− → WWνν → Xνν.

2.1 Open Pair Production Channels

For any final state, X, R is defined by:

R =
σ(µ+µ− → X)

σQED(µ+µ− → e+e−)
(2.1)

The denominator here is the cross section for µ+µ− → e+e− in lowest order QED. This

standard normalizing cross section is given by:

σQED(µ+µ− → e+e−) =
86.8 fb

s TeV2 (2.2)

The kinematic thresholds for pair production of standard model particles are well

below
√

s = 500 GeV. Hence, for
√

s > 1 TeV the typical open channel pair production

process becomes nearly flat in R as a function of energy (
√

s) and have R values in the

range R ∼ 10−1 to R ∼ 102. Some illustrative processes are shown in Fig. 1 and R values

at
√

s = 3 TeV are indicated in the accompanying table. A forward/backward angular

2

critical tests will clear the way to a conceptual design of a Muon Collider. It is of the

utmost importance that the U.S. HEP program carry out this R&D program to decide in

the near term if such a machine is viable.

There are really two distinct classes of putative Muon Colliders: (1) A “low energy”

Muon Collider, ranging from the Z0-pole, ∼ 90 GeV cms, to above top quark threshold,

∼ 500 GeV; (2) a “high energy Muon Collider” with greater than ∼ 1 TeV cms energy

ranging, depending upon emittances, to ∼ 10 TeV cms. The physics opportunities for

these two machines are quite distinct.

We will focus presently on a µ+µ− collider of 1 to a 4 TeV cms energy. In the present

note we briefly survey the physics goals and opportunities of such a machine.

2 Basic Considerations

The Muon Collider (MC) shares physics-wise many features in common with an electron-

positron collider of the same energy, i.e.CLIC [2]. There are basically three kinds of

channels of interest for a lepton collider: (1) Open pair production channels such as

µ+µ− → x+x− and (2) Resonances such as µ+µ− → Z ′ → x+x− (3) Fusion processes

such as µ+µ− → WWνν → Xνν.

2.1 Open Pair Production Channels

For any final state, X, R is defined by:

R =
σ(µ+µ− → X)

σQED(µ+µ− → e+e−)
(2.1)

The denominator here is the cross section for µ+µ− → e+e− in lowest order QED. This

standard normalizing cross section is given by:

σQED(µ+µ− → e+e−) =
86.8 fb

s TeV2 (2.2)

The kinematic thresholds for pair production of standard model particles are well

below
√

s = 500 GeV. Hence, for
√

s > 1 TeV the typical open channel pair production

process becomes nearly flat in R as a function of energy (
√

s) and have R values in the

range R ∼ 10−1 to R ∼ 102. Some illustrative processes are shown in Fig. 1 and R values

at
√

s = 3 TeV are indicated in the accompanying table. A forward/backward angular

2

(1 ab−1,
√

s =3 TeV)

MC physics: 
the basics



Four ways to produce new physics at MC

• Virtual effects on SM processes

• s-channel resonant production of new heavy particles

• pair production of new heavy particles

• vector boson fusion t-channel resonant production
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Virtual effects on SM processes

• Integrate out exchanges of new heavy states at scales >>

• Parametrize as higher dimension operator suppressed by some 
large scale      ,  e.g.

• In the best case,                      with the 

couplings—is not small. Compared to the standard model, contact interaction
amplitudes are of relative order s/(αΛ2), where

√
s is the center of mass energy

of the process taking place and α the coupling constant of the standard model
interaction. The appearance of 1/α and the growth with s make contact-interaction
effects the lowest-energy signal of quark and lepton substructure. They are sought
in jet production at hadron and lepton colliders, Drell-Yan production of high
invariant mass lepton pairs, Bhabha scattering, e+e− → µ+µ− and τ+τ− [5], atomic
parity violation [6], and polarized Möller scattering [7]. Hadron collider experiments
can probe values of Λ from the 2–5 TeV range at the Tevatron to the 15–20 TeV
range at the LHC (See Refs. [4,8]).

Here, we will study in some details one specific example for the First Muon Col-
lider (FMC): the constraint that can be imposed on the scale of muon compositeness
by measuring Bhabha scattering. The specific form for the muon contact interac-
tion is presented in Section II. (All the results presented here are also applicable to
electron compositeness at e+e− colliders with same energy and luminosity.)

CELLO at PETRA with a center of mass energy,
√

s, of 35 GeV and an inte-
grated luminosity, L, of 86 pb−1 was able to put a lower limit on the (electron)
compositeness scale of the order of 2-4 TeV, depending on the specific model for
compositeness [9]. This is about the same reach as the current Tevatron reach.
This clearly show the potential for lepton colliders to probe compositeness; they
have an enormous reach.

In section III, we study the reach versus the energy of the FMC, with the cor-
responding luminosity chosen for this workshop. We also study the effect of the
angular cut on the reach. It is important to study that effect because large amount
of radiation close to the beam will limit the capability of the detectors outside the
central region.

II MUON COMPOSITENESS

We assume the muon has a substructure. For collider energy below the scale
associated with this new structure, the effect can be parametrized by a four fermions
interaction. Here, we use the flavor-diagonal, helicity-conserving contact interaction
proposed by E. J. Eichten, K. Lane and M. E. Peskin [3]:

L =
g2

2Λ2
[ηLL jLjL + ηRR jRjR + ηLR jLjR] , (1)

jL and jR are the left-handed and right-handed currents and Λ the compositeness
scale. The coupling constant, αnew ≡ g2

4π
, is assumed to be strong and set to one.

By convention, the η have magnitude one.
The unpolarized cross section at lowest order, including the γ and Z exchange

(s and t channel) and the contact interaction from Eq. 1 can be written in the
following form, see Ref. [9]:

√
s

Λ

g2 = 4π ηxx ∼ 1



Virtual effects on SM processes

• For example, look at Bhabha scattering, with a very conservative 
37 degree polar angle cut:

FIGURE 3. Same as Fig. 2 at 200 GeV, about the LEPII energy.

FIGURE 4. Same as Fig. 2 at 500 GeV.

TABLE 2. 95% CL limits (in TeV) for different energies (in GeV)

of the muon collider, we used | cos θ| < 0.8. We also present the

expected LEP limits for which we used | cos θ| < 0.95.

LEP(91) LEP(175) 100 200 350 500 4000
L(fb−1) .15 .1 .6 1. 3. 7. 450.

LL 4.0 5.8 4.8 10 20 29 243
RR 3.8 5.7 4.9 10 19 28 228
VV 6.9 12. 12 21 36 54 435
AA 3.8 7.2 12 13 21 32 263

E. Eichten and S. Keller, hep-ph/9801258
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BR(h→ µ+µ−)Mh (GeV) Γtotal (GeV)

120 0.00026 0.003

140 0.00013 0.008

160 0.000014 0.08

180 0.000002 0.6

200 0.000001 1.4

300 0.00000025 8.4

constructed to probe high−Q2 phenomena beyond the reach of the HERA ep collider. In addition, the decaying
muons will provide high-intensity neutrino beams for precision neutrino cross-section measurements and for long-
baseline experiments [57–66]. Plus, there are numerous other new physics possibilities for muon facilities [44,39] that
we will not discuss in detail in this document.

B. Higgs boson physics

The expectation that there will be a light (mass below 2MW ) SM-like Higgs boson provides a major motivation for
the FMC, since such a Higgs boson can be produced with a very high rate directly in the s-channel. Theoretically, the
lightest Higgs boson h0 of the most general supersymmetric model is predicted to have mass below 150 GeV and to
be very SM-like in the usual decoupling limit. Indeed, in the minimal supersymmetric model, which contains the five
Higgs bosons h0, H0, A0, H±, one finds mh0 <∼ 130 GeV and the h0 is SM-like if mA0 >∼ 130 GeV. The light SUSY
h0 is regarded as the jewel in the SUSY crown. Experimentally, global analyses of precision electroweak data now
indicate a strong preference for a light SM-like Higgs boson; this could well be the smoking gun for the SUSY Higgs
boson. The goals of the FMC for studying the SUSY Higgs sector via s-channel resonance production are: to measure
the light Higgs mass, width, and branching fractions with high precision, in particular sufficient to differentiate the
MSSM h0 from the SM hSM; and, to find and study the heavier neutral Higgs bosons H0 and A0.

The production of Higgs bosons in the s-channel with interesting rates is a unique feature of a muon collider [45,67].
The resonance cross section is

σh(
√

s) =
4πΓ(h → µµ̄)Γ(h → X)

(s − m2
h)

2
+ m2

h

(

Γh
tot

)2
. (1)

Gaussian beams with root-mean-square (rms) energy resolution down to R = 0.003% are realizable. The corresponding
rms spread σ√

s
in CoM energy is

σ√
s

= (2 MeV)

(

R

0.003%

) ( √
s

100 GeV

)

. (2)

The effective s-channel Higgs cross section convolved with a Gaussian spread,

σ̄h(
√

s) =
1√

2π σ√
s

∫

σh(
√

ŝ) exp







−
(√

ŝ −
√

s
)2

2σ2√
s







d
√

ŝ, (3)

is illustrated in Fig. 5 for mh = 110 GeV, Γh = 2.5 MeV, and resolutions R = 0.01%, 0.06% and 0.1%. A resolution
σ√

s
∼ Γh is needed to be sensitive to the Higgs width. The light Higgs width is predicted to be

Γ ≈ 2 to 3 MeV if tanβ ∼ 1.8,
Γ ≈ 2 to 800 MeV if tanβ ∼ 20,

(4)

for 80 GeV <∼ mh
<∼ 120 GeV, where the smaller values apply in the decoupling limit of large mA0 . We note that,

in the MSSM, mA0 is required to be in the decoupling regime in the context of mSUGRA boundary conditions in
order that correct electroweak symmetry breaking arises after evolution of parameters from the unification scale. In
particular, decoupling applies in mSUGRA at tanβ ∼ 1.8, corresponding to the infrared fixed point of the top quark
Yukawa coupling.

At
√

s = mh, the effective s-channel Higgs cross section is

σ̄h &
4π

m2
h

BF(h → µµ̄) BF(h → X)
[

1 + 8
π

(

σ√
s

Γh
tot

)2
]1/2

. (5)

BF denotes the branching fraction for h decay; also, note that σ̄h ∝ 1/σ√
s

for σ√
s

> Γh
tot. At

√
s = mh ≈ 110 GeV,

the bb̄ rates are

11

s-channel resonant Higgs production

For SM Higgs, this would be a low energy MC
and requires > 1 year of scanning to find the peak



Figure 22: Plot of bb final state event rate as a function of
√

s for

mA0 = 350 GeV, in the cases tanβ = 5 and 10, resulting from the H0, A0

resonances and the bb continuum background. We have taken L = 0.01 fb−1

(at any given
√

s), ε = 0.5, mt = 175 GeV, and included two-loop/RGE-

improved radiative corrections to Higgs masses, mixing angles and self-

couplings using mt̃ = 1 TeV and neglecting squark mixing. SUSY decays

are assumed to be absent. Curves are given for two resolution choices:

R = 0.01% and R = 0.06%

49

V. Barger, M. Berger, J. Gunion, T. Han, hep-ph/9602415

Figure 21: Contours of mH0 −mA0 (in GeV) in the (mA0 , tan β) parameter

space. Two-loop/RGE-improved radiative corrections are included taking

mt = 175 GeV, mt̃ = 1 TeV, and neglecting squark mixing.
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Multiple heavy scalars, e.g. the MSSM

CP even and odd heavy Higgs nearly 
degenerate for larger values of
tanβ

mA, In this case, need to push the energy 
resolution to better than 0.1%

parameter region in that it does not have enhanced coupling to µµ and bb, its decays

are dominated by h0h0 and, for mA0
<∼ 60 GeV, A0A0 pairs; ZA0 decays also enter for

small enough mA0 . This means that the H0 total width is quite large, in particular

much larger than the
√

s spread. The large total width also implies that BF (H0 →
µµ) is small. Equation (11) then shows that the production rate for the H0 will be

small, and that the rate in the bb final state will be further suppressed by the small

value of BF (H0 → bb). The only possible channels for observation of the H0 in the

mA0
<∼ 100 GeV region are h0h0, A0A0, ZA0. As we discuss below, these could prove

to be viable.

The full set of channels to be considered are

H0 → h0h0, H0 → A0A0, H0 → ZA0, A0 → Zh0. (24)

The h0h0, A0A0 final states primarily (∼ 80% of the time) yield 4b’s. The ZA0, Zh0

final states yield 2j2b about 60% of the time. In either case, we can demand that there

be two pairs of jets, each pair falling within narrow mass intervals. In addition, two

b-tags can be required. Thus, these channels will have small background. To illustrate

the size of the signal in these channels, we present in Fig. 27 the L = 10 fb−1 signal

rates for the above four modes, assuming a net 50% efficiency (including branching

fractions and tagging efficiencies, as well as double mass-binning). In the H0 → h0h0

case, at least 50 events are obtained in essentially all but the mA0 = 60−230, tanβ >∼
2.5 region; the 5000 event contour is confined to a narrow region around mA0 =

65−70, tanβ >∼ 2 and to the (disjoint) teardrop region labelled; the 50 and 500 event

contours are as labelled. At least 500 events are predicted in the mA0
<∼ 60 region for

all tan β. In the H0 → A0A0 case, at least 500 events are obtained in the mA0
<∼ 60

and tan β >∼ 2 region. In the H0 → ZA0 case, only the 5 event level is achieved over

even the small piece of parameter space shown. Finally, in the A0 → Zh0 case all

contours are easily identified by the labelling. No events are expected for mA0 below

about 200 GeV, where the A0 → Zh0 decay mode is no longer kinematically allowed.

It is kinematics that also dictates the rather restricted regions at low mA0 for which

H0 → A0A0 and H0 → ZA0 events occur.

In order to discuss the observability of the above signals, we need to compute

the background level, which we do not do in this report. After b-tagging and mass

reconstruction we believe that backgrounds should be modest. In the absence of any

explicit calculation we can only make the following guesstimates. Based on the event

56

More generally, there may be exotic decays modes, 
e.g.



δht

ht
∼ −

2αs

3π

m∗
g̃At

max (M2
SUSY, |mg̃|2)

−
|hb|2

16π2

|µ|2

max (M2
SUSY, |µ|2)

,

∆ht

ht
∼

2αs

3π

m∗
g̃µ

∗

max (M2
SUSY, |mg̃|2)

+
|hb|2

16π2

A∗
bµ

∗

max (M2
SUSY, |µ|2)

, (3.24)

and

hb =
gwmb√

2 MW cosβ [ 1 + δhb/hb + (∆hb/hb) tan β ]
,

ht =
gwmt√

2 MW sinβ [ 1 + δht/ht + (∆ht/ht) cot β ]
. (3.25)

We see from these last relations that the modification of the Higgs-bottom Yukawa coupling is sizeable for large

values of tan β, whilst the corresponding corrections to the Higgs-top Yukawa coupling are less relevant.

3.4 CP Asymmetries

µ−(p−, s−) µ+(p+, s+)

P−
L P+

L

f

f̄

φ
−

φ
+P−

T

θ

P+
T

Fig. 13: CP asymmetries with polarized muons.

The possibility of muon polarization at a µ+µ− collider could play an essential role in unravelling the CP

nature of the Higgs boson(s) and/or in probing CP violation in the Higgs sector. We display in Fig. 13 a general

configuration of the polarizations of the initial muons. There are several CP-violating observables that can be

constructed using muon polarization vectors and/or the three-momenta and spins of the final particles. For our

illustrations, however, we concentrate on the following two representative CP-odd observables [53, 46]:

At
CP =

σ(µ−(sx)µ+(sy) → f f̄) − σ(µ−(sx)µ+(−sy) → f f̄)

σ(µ−(sx)µ+(sy) → f f̄) + σ(µ−(sx)µ+(−sy) → f f̄)
, (3.26)

Al
CP =

σ(µ−(sz)µ+(−sz) → f f̄) − σ(µ−(−sz)µ+(sz) → f f̄)

σ(µ−(sz)µ+(−sz) → f f̄) + σ(µ−(−sz)µ+(sz) → f f̄)
, (3.27)

where sx,y,z are the x, y, z-projections of the spin s of the muon. Note that we define the positive z axis as the
direction of the µ− beam, and the y axis perpendicular to the earth surface pointing upwards to the sky. The CP-
violating observableAt

CP is even under naive CP‘T’ transformations, whereasAl
CP is odd. To leading order,At

CP
is generated by dispersive terms, whilstAl

CP requires non-vanishing absorptive contributions.

The interactions of Higgs bosonsHi with mixed CP to fermions f are given by

Lint = −
3∑

i=1

Hi
gwmf

2MW
f̄
(

gS
Hiff + igP

Hiff

)
f . (3.28)
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C. Blochinger, M. Carena, J. Ellis, et al., hep-ph/0202199

Detecting CP violation with muon beam polarization

• Suppose you can get transversely polarized beams (at some cost in 
luminosity and beam energy spread)

• cross section is a function of the CP even and odd couplings as well 
as φ = φ+ − φ−

σ(φ) ∼ 1− g2
V − g2

A

g2
V + g2

A

cosφ +
2gVgA

g2
V + g2

A

sinφ



δht

ht
∼ −

2αs

3π

m∗
g̃At

max (M2
SUSY, |mg̃|2)

−
|hb|2

16π2

|µ|2

max (M2
SUSY, |µ|2)

,

∆ht

ht
∼

2αs

3π

m∗
g̃µ

∗

max (M2
SUSY, |mg̃|2)

+
|hb|2

16π2

A∗
bµ

∗

max (M2
SUSY, |µ|2)

, (3.24)

and

hb =
gwmb√

2 MW cosβ [ 1 + δhb/hb + (∆hb/hb) tan β ]
,

ht =
gwmt√

2 MW sinβ [ 1 + δht/ht + (∆ht/ht) cot β ]
. (3.25)

We see from these last relations that the modification of the Higgs-bottom Yukawa coupling is sizeable for large

values of tan β, whilst the corresponding corrections to the Higgs-top Yukawa coupling are less relevant.

3.4 CP Asymmetries
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Fig. 13: CP asymmetries with polarized muons.

The possibility of muon polarization at a µ+µ− collider could play an essential role in unravelling the CP

nature of the Higgs boson(s) and/or in probing CP violation in the Higgs sector. We display in Fig. 13 a general

configuration of the polarizations of the initial muons. There are several CP-violating observables that can be

constructed using muon polarization vectors and/or the three-momenta and spins of the final particles. For our

illustrations, however, we concentrate on the following two representative CP-odd observables [53, 46]:

At
CP =

σ(µ−(sx)µ+(sy) → f f̄) − σ(µ−(sx)µ+(−sy) → f f̄)

σ(µ−(sx)µ+(sy) → f f̄) + σ(µ−(sx)µ+(−sy) → f f̄)
, (3.26)

Al
CP =

σ(µ−(sz)µ+(−sz) → f f̄) − σ(µ−(−sz)µ+(sz) → f f̄)

σ(µ−(sz)µ+(−sz) → f f̄) + σ(µ−(−sz)µ+(sz) → f f̄)
, (3.27)

where sx,y,z are the x, y, z-projections of the spin s of the muon. Note that we define the positive z axis as the
direction of the µ− beam, and the y axis perpendicular to the earth surface pointing upwards to the sky. The CP-
violating observableAt

CP is even under naive CP‘T’ transformations, whereasAl
CP is odd. To leading order,At

CP
is generated by dispersive terms, whilstAl

CP requires non-vanishing absorptive contributions.

The interactions of Higgs bosonsHi with mixed CP to fermions f are given by

Lint = −
3∑

i=1

Hi
gwmf

2MW
f̄
(

gS
Hiff + igP

Hiff

)
f . (3.28)
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Detecting CP violation with muon beam polarization

Construct simple asymmetries to extract the CP mixture, e.g.

V. Barger et al., hep-ph/9602415

σ(π/2)− σ(−π/2)
σ(π/2) + σ(−π/2)
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Single H± production may proceed via an s–channel resonance mediated by Hi, and by
t-channel exchange of νµ (see Fig. 1). We will present explicit formulae for the processes
µ+µ− → H+W− and µ+µ− → H−W+ by adapting the formulae presented in [12], to
which we refer the reader for a detailed explanation of our notation. As explained in [12],
model II type couplings are required for this production mechanism to have an observable
rate.

The CP violation originates from the s-channel diagrams and the st interference, and is
caused by the elements of Oij which mix the pure CP even and CP odd scalar fields. In the
s-channel diagrams the couplings at the vertices (gHiH+W−, gHiµ̄µ), which are either purely
real or purely imaginary in the CP conserving case, possess both a real and imaginary
part. We will show that this induces a difference in the rates for µ+µ− → H+W− and
µ+µ− → H−W+. The CP violating couplings are as follows:

gHiH±W∓ : (O2i cos β − O1i sin β, O3i)

gHiµ̄µ : (O1i, O3i sin β), (7)

where i = 1, 2, 3.
We now present the formulae for the matrix elements for for H+W− and H−W+

production. The matrix element squared for µ+µ− → H+W− is as follows:

|M|2(µ+µ− → H+W−) =
sg4m2

µ

32M4
W

[

λ(s, M2
H±, M2

W )

cos2 β

∑

i,j

gHiH±W∓g∗
HjH±W∓SHi

S∗
Hj

Re
{

gHiµ̄µg∗
Hj µ̄µ

}

+ 2 tan2 βS2
F (t)(2M2

Wp2
T + t2)

+
tan β

cosβ
SF (t)(M2

H±M2
W − sp2

T − t2)
∑

i

{

ghiH±W∓gHj µ̄µSHi
+ c.c

}

]

(8)

Where p2
T = λ(s, M2

H± , M2
W ) sin2 θ/4s, SF (t) = 1/t, and the propagators SHi

are given by:

SHi
=

1

s − M2
Hi

+ iMHi
ΓHi

(9)

4

Single production of charged Higgs

• Both s-channel and t-channel production



The matrix element squared for µ+µ− → H−W+:

|M|2(µ+µ− → H+W−) =
sg4m2

µ

32M4
W

[

λ(s, M2
H±, M2

W )

cos2 β

∑

i,j

g∗
HiH±W∓gHjH±W∓SHi

S∗
Hj

Re
{

g∗
Hiµ̄µgHj µ̄µ

}

+ 2 tan2 βS2
F (t)(2M2

Wp2
T + t2)

+
tan β

cosβ
SF (t)(M2

H±M2
W − sp2

T − t2)
∑

i

{

g∗
hiH±W∓g∗

Hiµ̄µSHi
+ c.c

}

]

(10)

The origin of the CP violation is the interference between the weak phases (phases in the
gHiH±W∓ and gHiµ̄µ) and absorptive phases (phases in the SHi

), as can be seen in (8) and
(10).

The differential cross–section for σ(µ+µ− → H±W∓) may be written as follows:

dσ

dΩ
=

λ
1
2 (s, M2

H±, M2
W )

64π2s2
|M|2 (11)

The total cross-section, σtot, is defined by:

σtot = σ(µ+µ− → H+W−) + σ(µ+µ− → H−W+) (12)

In the CP conserving case the gHiH±W∓ are gHiµ̄µ are either purely real or purely imaginary
and the two rates are the same. In the CP violating case one can define a rate asymmetry
as follows:

σ(µ+µ− → H+W−) − σ(µ+µ− → H−W+)

σ(µ+µ− → H+W−) + σ(µ+µ− → H−W+)
(13)

Although this is a measure of the magnitude of the CP violation, analogous to the direct
CP asymmetry in the partial widths of B hadron decays, the difference in the rates (σdiff )
is of more use experimentally:

σdiff = σ(µ+µ− → H+W−) − σ(µ+µ− → H−W+). (14)

4 Numerical results

We will present results for the CP violating 2HDM. For the CP conserving 2HDM, σtot

is usually very close in value to that of the CP violating case (for the same choice of
Higgs masses and tanβ), and so we do not explicitly show results. The mass splittings
of the Higgs bosons contribute to the ρ parameter at the 1-loop level, and these extra
contributions are constrained by −0.0017 ≤ ∆ρ ≤ 0.0027 [20]. Therefore in our numerical
analysis we impose the formulae for ∆ρ in [21], which are valid for the CP violating 2HDM.
We will assume integrated luminosities of the order 50 fb−1 per year.
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analysis we impose the formulae for ∆ρ in [21], which are valid for the CP violating 2HDM.
We will assume integrated luminosities of the order 50 fb−1 per year.
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• Sensitive probe of CP violation in, e.g. general 2HDM



Is it a    , or is it M-theory?

• discovery of a heavy dilepton resonance at the LHC 
will be initially interpreted as a    .

• discovery of more than one resonance in the same 
channel will be interpreted as extra dimensions

• are they spin one, or are they spin two gravitons?

• if they are spin 2, implies warped extra dimensions

• what kind of warped extra dimensions?

Z′

Z′



• the smoking gun is the mass ratios

• if they are 1, 1.83, 2.66, 3.48, this is locally AdS(5), as you 
would get from D3 branes of 10-dimensional Type IIB strings

• if they are 1, 1.64, 2.26, 2.88, this is what you would get from 
M5 branes of 11dimensional M-theory

Davoudiasl, Hewett, Rizzo

Bao and JL, hep-ph/0509137



Pair production of heavy sleptons
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Fig. 5.6: Left panel: Muon energy spectrum in the decay µ̃L → µχ̃0
1 for the benchmark point H, corresponding to

Mµ̃L = 1150 GeV and Mχ̃0
1
= 660 GeV, as obtained for

√
s = 3 TeV, assuming the baseline CLIC luminosity spectrum.

Right panel: Accuracy in the determination of the µ̃L and χ̃0
1 masses by a two-parameter fit to the muon energy distribution.

The lines give the contours at 1σ, 68% and 95% C.L. for 1 ab−1 of data at
√

s = 3 TeV.

the main issue is the significant beamstrahlung smearing of the luminosity spectrum, and thus of the

effective Ebeam value. The corresponding effect has been estimated by assuming both a perfectly well

known and constant beam energy and the smearing corresponding to the baseline CLIC parameters at a

nominal
√

s = 3 TeV. Results are summarized in Table 5.1 for the original version of benchmark point
H. Since the updated post-WMAP version of point H has smallerm1/2 andm0, it would present a lesser

experimental challenge.

Table 5.1: Results of a one-parameter χ2 fit to the muon energy distribution for benchmark point H, obtained under different

assumptions on the δp/p2 momentum resolution and the beamstrahlung spectrum. Accuracies are given for an integrated

luminosity of 1 ab−1.

δp/p2 Beamstrahlung Fit result (GeV)

0 none 1150 ± 10

3.0 × 10−5 none 1150 ± 12

4.5 × 10−5 none 1151 ± 12

4.5 × 10−5 standard 1143± 18

The smuon mass has been extracted by a χ2 fit to the muon energy spectrum by fixing Mχ̃0
1
to

its nominal value (see Table 5.1). The fit has been repeated, leaving both masses free and performing a

simultaneous two-parameter fit. The results areMµ̃L = (1145 ± 25) GeV and Mχ0
1
= (652 ± 22) GeV

(see Fig. 5.6).
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1.6. Alternative Benchmark Scenarios

Apart from the points discussed in Ref. [8] several other groups have recently proposed benchmark points

for SUSY studies. For example, in Ref. [14] a number of mSUGRAbenchmark points similar to the ones

discussed in [8] are proposed. Since these points were conceived at the Snowmass workshop in 2001,

these benchmark points are often referred to as the Snowmass points (SPS points). In addition, points

generated with different SUSY-breaking mechanisms are proposed: two points from a gauge-mediated

SUSY-breaking scenario (GMSB), and from an anomaly-mediated SUSY-breaking scenario (AMSB).

Both GMSB points have heavy squarks and gluinos, which are beyond the reach of a 1 TeV LC, but

within reach of CLIC. For the second GMSB point also the heavy Higgses are beyond the reach of a 1

TeV LC (and even the LHC). The AMSB point chosen has many sparticles with a mass around or above

1 TeV: several gauginos, the heavy Higgses and all coloured sparticles. All these sparticles are, however,

within the reach of a 3 TeV CLIC.

An alternative set of ‘string-inspired’ benchmark points, are given in Ref. [15]. These points are

chosen such that there are always a few light sparticles which could possibly be detected at the Tevatron.

However, each of these proposed benchmark scenarios alwayshas a large number of sparticles in the TeV

mass range and can be studied by CLIC. In some cases the masses are so large that even CLIC will not

be able to see the full sparticle spectrum. In some of these scenarios only a few gauginos are accessible

at a 1-TeV LC, and the sleptons and Heavy Higgses can only be studied at CLIC.

In all, these benchmark points, in scenarios different from mSUGRA, all seem to indicate that

there is a role for CLIC to complete the sparticle spectrum.

2. Slepton and Squark Mass Determination

2.1. Smuon Mass Determination

A study has been performed of the reaction e+e− → µ̃Lµ̃L → µ+χ̃0
1µ

−χ̃0
1 at CLIC. The three

main sources of background, also leading to two muons plus missing energy, are i) e+e− →
W+W− → µ+µ−νµν̄µ, ii) e+e− → W+W−ν̄ν → µ+µ−νµν̄µνeν̄e and iii) e+e− → χ̃0

1χ̃
0
2, χ̃0

2χ̃
0
2 →

µ+µ−νν̄χ̃0
1χ̃

0
1. These backgrounds can be suppressed by requiring central production and decay kine-

matics compatible with those characteristic of smuon pair production. A multidimensional discriminant

based onMµµ,Mrecoil,Emissing, µµ acolinearity, | cos θthrust|, Et andEhem has been applied. The signal

efficiency is flat with the muon energy.

2.1.1. The energy distribution method for mass determination

If the centre-of-mass energy
√

s is significantly larger than twice the sparticle massMµ̃, the latter can be

determined by an analysis of the energy spectrum of the muon emitted in the two-body µ̃ → χ̃0
1µ decay,

as seen in Fig. 5.6. The two end-points, Emin and Emax, of the spectrum are related to the µ̃ and χ̃0
1

masses and to the µ̃ boost by:

Emax/min =
Mµ̃

2

(

1 −
M2

χ̃0
1

M2
µ̃

)

×



1 ±

√

1 −
M2

µ̃

E2
beam



 (5.1)

from which either the smuon massMµ̃ can be extracted, ifMχ̃0
1
is already known, or both masses can be

simultaneously fitted.

This technique, considered for the determination of squarkmasses at a 500-GeV LC in Ref. [16],

has already been applied to sleptons for the LHC [11, 17] and a TeV-class LC [18]. It is interesting

to consider its implications for the required momentum resolution in the detector. Two values of the

solenoidal magnetic field B = 4 and 6 T have been tested, corresponding to momentum resolutions

δp/p2 of 4.5 × 10−5 and 3.0 × 10−5 GeV−1 respectively. No appreciable difference on the resulting

mass accuracy has been found for these two momentum resolutions. This reflects the fact that, at CLIC,

CLIC Physics Working Group, hep-ph/0412251
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Fig. 5.14: Running of (a) gaugino mass parameters and (b) first-generation sfermion mass parameters andM2
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Is it SUSY, or it it Universal Extra Dimensions?
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γ, Z
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µ−

1

(a)
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e−

γ2, Z2

µ+
1

µ−

1

(b)

Figure 1: The dominant Feynman diagrams for KK muon production e+e− → µ+
1 µ−

1 in Universal
Extra Dimensions. The black dot represents a KK-number violating boundary interaction [12].

µD
1 and an SU(2)W singlet µS

1 , both of which contribute in Eq. (3.1) below (see also Fig. 1).

In complete analogy, in supersymmetry, there are two smuon eigenstates, µ̃L and µ̃R, both

of which contribute in Eq. (3.2). The dominant diagrams in that case are shown in Fig. 2.

In principle, there are also diagrams mediated by

e+

e−

γ, Z

µ̃+

µ̃−

Figure 2: The dominant Feyn-
man diagrams for smuon production
e+e− → µ̃+µ̃− in supersymmetry.

γn, Zn for n = 4, 6, ... but they are doubly suppressed

- by the KK-number violating interaction at both ver-

tices and the KK mass in the propagator - and here

can be safely neglected. However, γ2 and Z2 exchange

(Fig. 1b) may lead to resonant production and signifi-

cant enhancement of the cross-section, as well as inter-

esting phenomenology as discussed below in Section 4.5.

We have implemented the level 2 neutral gauge bosons

γ2, Z2 with their widths, including both KK-number

preserving and the KK-number violating decays as in

Ref. [4]. We consider the final state consisting of two opposite sign muons and missing

energy. It may arise either from KK muon production in UED

e+e− → µ+
1 µ−

1 → µ+µ−γ1γ1 , (3.1)

with γ1 being the LKP, or from smuon pair production in supersymmetry:

e+e− → µ̃+µ̃− → µ+µ−χ̃0
1χ̃

0
1 , (3.2)

where χ̃0
1 is the lightest supersymmetric particle. We reconstruct the muon energy spectrum

and the muon production polar angle, aiming at small background from SM processes with

minimal biases due to detector effects and selection criteria. The goal is to disentangle KK

particle production (3.1) in UED from smuon pair production (3.2) in supersymmetry. We

also determine the masses of the produced particles and test the model predictions for the

production cross-sections in each case.

We first fix the UED parameters to R−1 = 500 GeV, ΛR = 20, leading to the spectrum

given in Table 1.
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Figure 3: Differential cross-section dσ/d cos θµ for UED (blue, top) and supersymmetry (red,
bottom) as a function of the muon scattering angle θµ. The figure on the left shows the ISR-
corrected theoretical prediction. The two figures on the right in addition include the effects of event
selection, beamstrahlung and detector resolution and acceptance. The left (right) panel is for the
case of UED (supersymmetry). The data points are the combined signal and background events,
while the yellow-shaded histogram is the signal only.

Distributions (4.2) and (4.3) are sufficiently distinct to discriminate the two cases.

However, the polar angles θ of the original KK-muons and smuons are not directly observ-

able and the production polar angles θµ of the final state muons are measured instead. But

as long as the mass differences Mµ1 − Mγ1 and Mµ̃ − Mχ̃0
1

respectively remain small, the

muon directions are well correlated with those of their parents (see Figure 3a). In Fig. 3b

we show the same comparison after detector simulation and including the SM background.

The angular distributions are well distinguishable also when accounting for these effects.

By performing a χ2 fit to the normalised polar angle distribution, the UED scenario con-

sidered here could be distinguished from the MSSM, on the sole basis of the distribution

shape, with 350 fb−1 of data at
√

s = 3 TeV.

4.2 Threshold scans

At the e+e− linear collider, the muon excitation masses can be accurately determined

through an energy scan of the onset of the pair production threshold. This study not only

determines the masses, but also confirms the particle nature. In fact the cross sections for

the UED processes rise at threshold ∝ β while in supersymmetry their threshold onset is

∝ β3, where β is the particle velocity.

Since the collision energy can be tuned at properly chosen values, the power rise of the

cross section can be tested and the masses of the particles involved measured. We have

studied such threshold scan for the e+e− → µ+
1 µ−

1 → µ+µ−γ1γ1 process at
√

s = 1 TeV,

for the same parameters as in Table 1. We account for the anticipated CLIC centre-of-mass

energy spread induced both by the energy spread in the CLIC linac and by beam-beam

effects during collisions. This been obtained from the detailed GuineaPig beam simulation
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Figure 4: The total e+e− → µ+
1 µ−

1 → µ+µ−γ1γ1 cross section σ in pb as a function of the center-
of-mass energy

√
s near threshold. Left: the threshold onset with (line, blue) and without (dots)

beamstrahlung effects. Right: a threshold scan at selected points. The green curve refers to the
reference UED parameters while for the red (blue) curve the mass of µS

1 (µD
1 ) has been lowered by

2.5 GeV. The points indicate the expected statistical accuracy for the cross section determination
at the points of maximum mass sensitivity. Effects of the CLIC luminosity spectrum are included.

and parametrised using the modified Yokoya-Chen model [42, 43]. An optimal scan of

a particle pair production threshold consists of just two energy points, sharing the total

integrated luminosity in equal fractions and chosen at energies maximising the sensitivity

to the particle widths and masses [44]. For the UED model scan we have taken three

points, one for normalisation and two at the maxima of the mass sensitivity (see Figure 4).

Inclusion of beamstrahlung effects induces a shift of the positions of these maxima towards

higher nominal
√

s values [45]. From the estimated sensitivity dσ/dM and the cross section

accuracy, the masses of the two UED muon excitations can be determined to ±0.11 GeV

and ±0.23 GeV for the singlet and the doublet states respectively, with a total luminosity

of 1 ab−1 shared in three points, when the particle widths can be disregarded.

4.3 Production cross section determination

The same analysis can be used to determine the cross section for the process e+e− →
µ+µ− /E. The SM contribution can be determined independently, using anti-tag cuts, and

subtracted. Since the cross section for the UED process at 3 TeV is about five times

larger compared to smuon production in supersymmetry, this measurement would reinforce

the model identification obtained by the spin determination. This can be quantified by

performing the same χ2 fit to the muon polar production angle discussed above, but now

including also the total number of selected events. Since the cross section depends on the

mass of the pair produced particles, we include a systematic uncertainty on the prediction
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µ+µ− /E. The SM contribution can be determined independently, using anti-tag cuts, and

subtracted. Since the cross section for the UED process at 3 TeV is about five times
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the model identification obtained by the spin determination. This can be quantified by

performing the same χ2 fit to the muon polar production angle discussed above, but now

including also the total number of selected events. Since the cross section depends on the
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Figure 1: Processes contributing to Higgs-pair production in the Standard Model at e+e−

linear colliders: double Higgs-strahlung and WW fusion (generic diagrams).

The ZZ fusion process of Higgs pairs is suppressed by an order of magnitude since the

electron-Z couplings are small. Generic diagrams for the above two processes are depicted

in Fig. 1.

With values typically of the order of a few fb and below, the cross sections are small at

e+e− linear colliders for masses of the Higgs boson in the intermediate mass range. High
luminosities are therefore needed to produce a sufficiently large sample of Higgs-pair events

and to isolate the signal from the background.

2. If light Higgs bosons with masses below about 130 GeV will be found, the Standard Model

is likely embedded in a supersymmetric theory. The minimal supersymmetric extension of

the Standard Model (MSSM) includes two iso-doublets of Higgs fields ϕ1, ϕ2 which, after
three components are absorbed to provide masses to the electroweak gauge bosons, gives rise

to a quintet of physical Higgs boson states: h, H , A, H± [13]. While a strong upper bound

of about 130 GeV can be derived on the mass of the light CP-even neutral Higgs boson h

[14,15], the heavy CP-even and CP-odd neutral Higgs bosons H , A, and the charged Higgs

bosons H± may have masses of the order of the electroweak symmetry scale v up to about

1 TeV. This extended Higgs system can be described by two parameters at the tree level: one

mass parameter which is generally identified with the pseudoscalar A mass MA, and tanβ,
the ratio of the vacuum expectation values of the two neutral fields in the two iso-doublets.

The general self-interaction potential of two Higgs doublets ϕi in a CP-conserving theory

can be expressed by seven real couplings λk and three real mass parameters m2
11, m2

22 and
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1 Introduction

Despite the extraordinary success of the Standard Model (SM) in describing par-

ticle physics up to the highest energy available today, the nature of electroweak

symmetry-breaking (EWSB) remains undetermined. In particular, it is conceivable

that there is no light (<∼ 700 GeV) Higgs boson. General arguments [1] based on

partial wave unitarity then imply that the W±, Z electroweak gauge bosons develop

strong (non-perturbative) interactions by energy scales of order 1–2 TeV. For a col-

lider to probe such energy scales, the c.m. energy must be sufficient that gauge-boson

scattering (see Fig. 1) at subprocess energies at or above 1 TeV occurs with substantial

frequency. The only colliders under construction or being planned that potentially

meet this requirement are the CERN LHC, a next linear e+e− collider (NLC, with
√

s <∼ 1.5 TeV), and a high energy muon collider (NMC).

WL

WL

WL
µ+

µ!

"

"

WL

Figure 1: Symbolic diagram for strong VV scattering.

The ability to extract signals and learn about a strongly-interacting-electroweak

sector (SEWS) at the LHC and NLC has been the subject of many studies [2,3,4,5,6].

The conclusion is that the LHC and NLC will yield first evidence for a SEWS theory,

but for many models the evidence will be of rather marginal statistical significance.

SEWS models yielding large signals (such as the Standard Model with a 1 TeV Higgs

boson or a model with a spin-1, isospin-1 resonance at 1 TeV) will be readily apparent

or easily eliminated, but models that yield only a small number of excess events will be

very difficult to distinguish from one another. Measurement of the V V mass spectrum

1

If there is no Higgs (or KK modes) 
then expect to see ~TeV techni-like 
resonances in this process

If there is a Higgs, the first diagram below could 
allow a measurement of the Higgs self-coupling
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Table 4.3: Relative accuracy for the determination of the triple-Higgs coupling gHHH for different values of theMH mass at
√

s = 3 TeV, assuming unpolarized beams

MH (GeV) Counting Fit

120 ± 0.131 (stat) ± 0.093 (stat)

180 ± 0.191 (stat) ± 0.115 (stat)
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The ZZ fusion process of Higgs pairs is suppressed by an order of magnitude since the

electron-Z couplings are small. Generic diagrams for the above two processes are depicted

in Fig. 1.

With values typically of the order of a few fb and below, the cross sections are small at

e+e− linear colliders for masses of the Higgs boson in the intermediate mass range. High
luminosities are therefore needed to produce a sufficiently large sample of Higgs-pair events

and to isolate the signal from the background.

2. If light Higgs bosons with masses below about 130 GeV will be found, the Standard Model

is likely embedded in a supersymmetric theory. The minimal supersymmetric extension of

the Standard Model (MSSM) includes two iso-doublets of Higgs fields ϕ1, ϕ2 which, after
three components are absorbed to provide masses to the electroweak gauge bosons, gives rise

to a quintet of physical Higgs boson states: h, H , A, H± [13]. While a strong upper bound

of about 130 GeV can be derived on the mass of the light CP-even neutral Higgs boson h

[14,15], the heavy CP-even and CP-odd neutral Higgs bosons H , A, and the charged Higgs

bosons H± may have masses of the order of the electroweak symmetry scale v up to about

1 TeV. This extended Higgs system can be described by two parameters at the tree level: one

mass parameter which is generally identified with the pseudoscalar A mass MA, and tanβ,
the ratio of the vacuum expectation values of the two neutral fields in the two iso-doublets.

The general self-interaction potential of two Higgs doublets ϕi in a CP-conserving theory

can be expressed by seven real couplings λk and three real mass parameters m2
11, m2
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With values typically of the order of a few fb and below, the cross sections are small at
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and to isolate the signal from the background.

2. If light Higgs bosons with masses below about 130 GeV will be found, the Standard Model

is likely embedded in a supersymmetric theory. The minimal supersymmetric extension of

the Standard Model (MSSM) includes two iso-doublets of Higgs fields ϕ1, ϕ2 which, after
three components are absorbed to provide masses to the electroweak gauge bosons, gives rise

to a quintet of physical Higgs boson states: h, H , A, H± [13]. While a strong upper bound

of about 130 GeV can be derived on the mass of the light CP-even neutral Higgs boson h

[14,15], the heavy CP-even and CP-odd neutral Higgs bosons H , A, and the charged Higgs

bosons H± may have masses of the order of the electroweak symmetry scale v up to about

1 TeV. This extended Higgs system can be described by two parameters at the tree level: one

mass parameter which is generally identified with the pseudoscalar A mass MA, and tanβ,
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The ZZ fusion process of Higgs pairs is suppressed by an order of magnitude since the

electron-Z couplings are small. Generic diagrams for the above two processes are depicted

in Fig. 1.

With values typically of the order of a few fb and below, the cross sections are small at

e+e− linear colliders for masses of the Higgs boson in the intermediate mass range. High
luminosities are therefore needed to produce a sufficiently large sample of Higgs-pair events

and to isolate the signal from the background.

2. If light Higgs bosons with masses below about 130 GeV will be found, the Standard Model

is likely embedded in a supersymmetric theory. The minimal supersymmetric extension of

the Standard Model (MSSM) includes two iso-doublets of Higgs fields ϕ1, ϕ2 which, after
three components are absorbed to provide masses to the electroweak gauge bosons, gives rise

to a quintet of physical Higgs boson states: h, H , A, H± [13]. While a strong upper bound

of about 130 GeV can be derived on the mass of the light CP-even neutral Higgs boson h

[14,15], the heavy CP-even and CP-odd neutral Higgs bosons H , A, and the charged Higgs

bosons H± may have masses of the order of the electroweak symmetry scale v up to about

1 TeV. This extended Higgs system can be described by two parameters at the tree level: one

mass parameter which is generally identified with the pseudoscalar A mass MA, and tanβ,
the ratio of the vacuum expectation values of the two neutral fields in the two iso-doublets.

The general self-interaction potential of two Higgs doublets ϕi in a CP-conserving theory

can be expressed by seven real couplings λk and three real mass parameters m2
11, m2
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Abstract

We discuss the possibility of utilizing the ultra-high energy neutrino beam ("

1000 TeV) to detect and destroy the nuclear bombs wherever they are and whoever

possess them.
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inside of the earth

Figure 2: Neutrino beam is aimed at the nuclear bomb that is placed on the opposite side

of the earth. The beam is emitted downstream from one of the straight sections of the muon

storage ring (see fig. 1), and reaches the bomb after passing through the inside of the earth.

the neutrino beam must be about 1000 TeV to have approximately single interaction before

the neutrino beam hits the bomb. The size of the beam at the point of the bomb is given by

r =
mµc

2

Eν

d !
0.1 (GeV) × 107 (m)

106 (GeV)
= 1 (m) ,

where mµ and c stand for the muon mass and the speed of light, and d is the distance from

the muon storage ring to the position of the bomb which we take to be the diameter of

the earth (! 107 m). The beam spread due to the transverse momentum of the beam is

negligible at this energy if the current value of the ionization cooling of Pt = 1 (MeV) is

adopted. The range of the neutrino is 107 meters and the effective neutrino interaction is

restricted within a few meters away from the bomb because of the interaction range of the

hadrons. Therefore, the probability of getting an effective reaction from the beam is 1/107.

As a result, the energy deposit from the beam for the unit area (m2) is given by

Edep = 1015 × 10−7 × I = 108I (eV/sec · m2) , (1)

where I stands for the neutrino beam intensity. For example, we get

Edep ! 1000 (Joule/sec · m2) for the intensity of I = 1014 (1/sec) . (2)

This is equivalent to about 1 SV/sec. We note that this value of the radiation dose is very

large, compared with the U.S. Federal off-site limit of 1 mSV/year.3

The above estimation can be summarized in the following formula:

Edep = Eν ·
(

Rh

Rν

)

· I ·

(

mµc2

Eν

d

)

−2

(eV/sec · m2) , (3)

3The unit SV corresponds, in alternative units, to 100 rem.
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detail of the calculation, see Appendix A.

where Rh and Rν stand for the average hadron and the neutrino mean free paths. Rν is

proportional to E−1
ν below 1000 TeV corresponding to σtot

ν (cm2) ∼ 10−38Eν (GeV) which

leads to

Edep ∼ E4
ν .

Edep drops sharply to 0.1 Joule/s for 100 TeV neutrino energy. It is, therefore, rather crucial

to keep the energy as high as 1000 TeV.

To proceed further we need to know a little about the structure of the nuclear bomb.

Since no official information is available to us, we rely on popular books [5, 6] and unclassified

papers [7] on the subject. As a possible model for the bomb we consider a 10 kg ball of
239Pu which has the critical mass of 15 kg, surrounded by the 238U tamper, the reflector

and the explosive material (fig. 4). We also consider a system without explosive material

surrounding the plutonium ball since we have no way to know how these bombs are stored. A

crucial parameter in the former case is the number of fissions in the system which provides

the temperature rise enough to ignite the surrounding explosives. If we assume that the

explosive has the ignition temperature of 300 ◦C (TNT (TriNitroToluene) has its ignition

temperature 210 ◦C), the number of fissions, Nfission, required turns out to be about 1016 per

10 kg of plutonium [7]. One order of magnitude larger value 1017 should be enough to melt

down the system in the latter case.
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Abstract

We point out that the stau τ̃ may play a role of a catalyst for nuclear fusions if
the stau is a long-lived particle as in the scenario of gravitino dark matter. In this
letter, we consider dd fusion under the influence of τ̃ where the fusion is enhanced
because of a short distance between the two deuterons. We find that one chain of
the dd fusion may release an energy of O(10) GeV per stau. We discuss problems of
making the τ̃ -catalyzed nuclear fusion of practical use with the present technology
of producing stau.

1 Introduction

Supersymmetry (SUSY) is the most attractive candidate beyond the standard model

(SM) [1]. It provides not only a natural solution to the hierarchy problem in the SM,

but also it may explain the dark matter (DM) density in the universe. Among several

candidates for the DM, the gravitino is very attractive, since the presence of the gravitino

is an inevitable prediction of the supergravity. Furthermore, if the gravitino is indeed the

stable lightest SUSY particle, we may avoid a serious cosmological problem, so-called the

gravitino problem [2].

In the case that the gravitino is the stable DM in the universe, the next lightest

SUSY particle (NLSP) has a long lifetime, since it decays to gravitino through very weak

interactions suppressed by the Planck scale. The most attractive candidate of NLSP is

the scalar partner of the tau lepton called stau, τ̃ . It provides us with a test of the

supergarvity in future collider experiments such as LHC [3]. The lifetime of the stau is

determined by the masses of stau and gravitino as

tτ̃ ! 0.2 years
( m3/2

10 GeV

)2
(

100 GeV

mτ̃

)5 (

1 −
m2

3/2

m2
τ̃

)−4

. (1)

For instance, the lifetime is about 0.9 years for mτ̃ ! 100 GeV and m3/2 ! 20 GeV.1

In this short letter, we point out that the long-lived stau (in general, a long-lived and

negatively charged heavy particle) can be used as a catalyst for nuclear fusion such as

d + d → 3He + n, t + p, 4He + γ. A crucial point here is that the negative τ̃ captures a d

to form a neutral atomic system and the Coulomb repulsion force between the bounded

d and a free d is screened. Thus, the free d can reach close to the bounded d and the

distance between them can be as short as ∼ 50 fm or less. Because of the short distance

between two d’s in this system, the nuclear fusion is substantially enhanced [6, 7]. After

the fusion taking place, the produced nuclei (A = p, t, 3He and 4He) with the momentum

of about 24 - 75 MeV escape from the Coulomb potential of stau and hence we can reuse

the stau again as a catalyst to start another cycle inside the liquid or solid deuterium.
1The decay of such a long-lived particle may spoil the success of the standard cosmology. Furthermore,

it has been recently pointed out that the staus can form bound states with light elements and may affect
the nuclear reaction rate in the big-bang nucleosynthesis [4]. However, these effects can be avoided if
there is a late-time entropy production to dilute the stau relic abundance [5].

2

and 10−2, respectively. By multiplying these numbers to the fusion rate, the sticking of

t and 3He gives the largest rate to terminate the fusion chain (cf. Fig. 1). The small

sticking probabilities obtained here (e.g. 10−2 smaller than that given in [6] for 3He case)

are primarily because τ̃d and d start to interact much outside the size of (τ̃d)1s (i.e. R =

3aB(d) > aB(d)), and hence A is formed rather far away from τ̃ (i.e. RA ∼ R > aB(d)).

So far, we have not considered the fact that flux of the slow d coming from outside

of the τ̃d atom is reduced due to the nuclear dd fusion. Namely d may not penetrate

deep inside the τ̃d system. This may introduce an extra suppression factor κ to Ps. Also

this effect was not considered in previous works [6, 7]. Magnitude of κ is unknown at

present and should be derived from the exact three body calculation of τ̃d − d system

with appropriate nuclear fusion process.4 Taking into account all the factors, the energy

production Eτ̃dd per τ̃ is estimated as

Eτ̃d+d ∼
1
2(3.3 + 4) MeV

1
2(4 × 10−4 + 2 × 10−5) × κ

$ 20 GeV/κ. (3)

4 Discussion

Let us now discuss a possible production of the staus in the laboratory. We consider the

µ+N (nucleon) scattering with a fixed nuclear target. The stau-production cross section

depends on the spectrum of SUSY particles. Here, we adopt an optimistic situation

discussed in [17] where the slepton-production cross section is O(1) pb for the laboratory

energy of the muon µ, Eµ $ 1000 TeV. Since all SUSY particles decay quickly to the

staus, the stau-production cross section is also of O(1) pb.

Assuming Fe target of 200 m length with the nucleon density nN $ 5× 1024/cm3, the

number of produced staus per muon of Eµ $ 1000 TeV reads

nτ̃ $ σ × nN × 200 m $ 10−7. (4)

Notice that the stopping range of the muon inside the Fe target is O(1) km for Eµ $ 1000

TeV [18, 19]. Eq. (4) implies that we need 107×1000 TeV to produce a single stau. On the

other hand, one stau could produce O(10) GeV energy for a single chain of the dd fusion
4Different way of evaluating the fusion cross section and sticking probabilities is given in [16]. Both

the effective range of the interaction R and the κ-factor are not take into account in this work.
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Intense neutrino beams that accompany muon colliders can be used for interstellar communica-
tions. The presence of multi-TeV extraterrestrial muon collider at several light-years distance can
be detected after one year run of IceCube type neutrino telescopes, if the neutrino beam is directed
towards the Earth. This opens a new avenue in SETI: search for extraterrestrial muon colliders.

Are we alone in the immensely large universe? This is one of fundamental questions steering the interest of broad
public to SETI – the Search for Extra-Terrestrial Intelligence. “It is to everyone’s benefit to nurture this interest in the
real science of SETI rather than in the pseudoscience that preys on the public’s credulity” (Tarter, 2001). The theme
of extraterrestrial creatures was always popular in human history and still abounds in popular culture. However, the
real scientific SETI begins from the paper of Cocconi and Morrison some 50 years ago (Cocconi and Morrison, 1959),
followed by the Project Ozma (Drake, 1965), the first dedicated search of extraterrestrial radio signals from two nearby
Sun-like stars. Ever Since it was usually assumed that the centimeter wavelength electromagnetic signals are the best
choice for interstellar communications. Here we question this old wisdom and argue that the muon collider, certainly
in reach of modern day technology (Ankenbrandt et al., 1999), provides a far more unique marker of civilizations like
our own [type I in Kardashev’s classification (Kardashev, 1964)]. Muon colliders are accompanied by a very intense
and collimated high-energy neutrino beam which can be readily detected even at astronomical distances.

Muon collider was first suggested by Budker forty years ago (Budker, 1970). Ionization cooling, the idea that dates
back to O’Neill (O’Neill, 1956), provides the possibility to make very bright muon beams (Skrinsky and Parkhomchuk,
1981). Muons are unstable particles and their decays produce neutrinos. Therefore, high-luminosity muon collider
with long straight sections is also a neutrino factory producing the thin pencil beams of neutrinos (Geer, 1999). The
expected neutrino intensities are so huge that even constitute a considerable radiation hazard in the neighborhood
of the collider (King, 2000). Nevertheless, the present day technology is mature enough to make the construction
of muon collider and hence neutrino factory quite realistic (Ankenbrandt et al., 1999; Alsharoa et al., 2003). We
may wonder whether extraterrestrial civilizations also built muon colliders and are illuminating us by accompanying
neutrino beams. Can we detect these neutrinos from the alleged extraterrestrial muon colliders?

Due to relativistic kinematics, all neutrinos emitted by an ultra-relativistic muon in the forward hemisphere in the
muon rest frame will be boosted, in the laboratory frame, into a very narrow cone with an opening half-angle,

θ ≈
1

γ
≈

10−4

Eµ[TeV ]
,

where γ is the relativistic boost factor of the muon and Eµ is its energy.
Therefore, Eµ = 200 TeV extraterrestrial muon collider operating at the L = 20 light-years distance will illuminate

with neutrinos a disk of radius R ≈ Lθ ≈ 108 km, which is somewhat smaller than the Earth’s orbital radius. The
neutrino flux on the Earth, assuming the Earth is inside of the neutrino disk, will be Φν ≈ 105 year−1 km−2, if the
neutrino beam intensity at the muon collider is Nν = 3 × 1021 year−1.

The main difficulty in neutrino detection is that neutrinos are very weakly interacting elusive particles. One of
methods of high-energy neutrino detection is to look for muons generated in charged-current interactions of neutrinos
in the rock below the detector (Gaisser et al., 1995) The muon should be generated within the muon range in the rock
(about one kilometer for TeV muons) to reach the detector and produce observable signal through the Cherenkov
radiation. The probability that a neutrino of energy Eν will produce a muon within the muon range from the detector
is approximately Pν→µ = 1.7 × 10−6E0.8

ν
for multi-TeV neutrinos (Gaisser et al., 1995; Halzen and Hooper, 2002).

For Eν = 100 TeV this gives Pν→µ ≈ 7 × 10−5.
The similar conclusion Pν→µ ≈ 10−4 can be reached from estimates of the probability of neutrino interaction in the

effective detector volume, after penetrating through Earth from the gamma-ray burst in the northern hemisphere, in
a km deep under-ice detector at the South Pole (Razzaque et al., 2004).

Therefore, for S = 1 km2 area neutrino detectors, such as IceCube at the South Pole (Ahrens et al., 2004) the
expected rate of neutrino events from the hypothetical extraterrestrial muon collider is

R = ΦνSPν→µ ≈ 7 − 10 year−1. (1)

Cosmic-ray induced background for IceCube is about 0.08 neutrino events with Eν > 10 TeV per year per square
degree (Dermer, 2007). In light of IceCube’s very good angular resolution [better than 1◦ (Ahrens et al., 2004)],
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effective detector volume, after penetrating through Earth from the gamma-ray burst in the northern hemisphere, in
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(about one kilometer for TeV muons) to reach the detector and produce observable signal through the Cherenkov
radiation. The probability that a neutrino of energy Eν will produce a muon within the muon range from the detector
is approximately Pν→µ = 1.7 × 10−6E0.8

ν
for multi-TeV neutrinos (Gaisser et al., 1995; Halzen and Hooper, 2002).

For Eν = 100 TeV this gives Pν→µ ≈ 7 × 10−5.
The similar conclusion Pν→µ ≈ 10−4 can be reached from estimates of the probability of neutrino interaction in the

effective detector volume, after penetrating through Earth from the gamma-ray burst in the northern hemisphere, in
a km deep under-ice detector at the South Pole (Razzaque et al., 2004).

Therefore, for S = 1 km2 area neutrino detectors, such as IceCube at the South Pole (Ahrens et al., 2004) the
expected rate of neutrino events from the hypothetical extraterrestrial muon collider is

R = ΦνSPν→µ ≈ 7 − 10 year−1. (1)

Cosmic-ray induced background for IceCube is about 0.08 neutrino events with Eν > 10 TeV per year per square
degree (Dermer, 2007). In light of IceCube’s very good angular resolution [better than 1◦ (Ahrens et al., 2004)],



MC physics studies that have not been done

• sLHC/MC complementarity study, analogous to the 2004 LHC/ILC 
complementarity study

• MC vs CLIC study, with some reasonable ground rules

• “Physics at a 3-4 TeV Muon Collider” (previous comprehensive 
studies focused on the “FMC”, a <=500 GeV machine

• Most previous studies of individual channels used the old-
fashioned “make some simple cuts” or “make the simplest 
observable” strategy; need to be re-done using all the 
information in the events.


