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Open questions in the Standard Model

 Source of Mass of fundamental particles.

 Nature of the Dark Matter, contributing to most of the 
matter energy density of the Universe.

 Origin of the observed asymmetry between particles and 
antiparticles (Baryon Asymmetry).

 Dark Energy, Quantum Gravity and Unified Interactions.



The Higgs Mechanism and the Origin of Mass

Spontaneous Breakdown  of
the symmetry :
Vacuum becomes a source of
energy =  a source of mass

A scalar (Higgs) field is introduced. The Higgs field acquires a
nonzero value to minimize its energy

A physical state (Higgs boson) appear associated to fluctuations in the
radial direction . Goldstone modes: Longitudinal component of massive
Gauge fields.

Masses of fermions and gauge  bosons proportional to their
couplings to the Higgs field:
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Baryon-Antibaryon asymmetry

 Baryon Number abundance is only a tiny fraction of other relativistic 
species

 But in early universe baryons, antibaryons and photons were 
equally abundant. What explains the above ratio ?

 No net baryon number if B would be conserved at all times.

 What generated the small observed baryon-antibaryon asymmetry ?



Baryogenesis in the Standard Model

 Baryon number violation: Anomalous Processes

 C and CP violation: Quark CKM mixing

 Non-equilibrium: Possible at the electroweak phase 
transition.



Baryon Number Violation at finite T

 Anomalous processes violate both baryon and lepton number, but 
preserve  B – L. Relevant for the explanation of the Universe 
baryon asymmetry.

 At zero T  baryon number violating processes highly suppressed

 At finite T, only Boltzman suppression

    
 

Klinkhamer and Manton ’85, Arnold and Mc Lerran ’88



Baryon Asymmetry Preservation

If Baryon number generated at the electroweak phase

transition,

Baryon number erased unless the baryon number violating

processes are out of equilibrium in the broken phase.
Therefore, to preserve the baryon asymmetry, a strongly first order

phase transition is necessary:

Kuzmin, Rubakov and Shaposhnikov, ’85—’87



Electroweak Phase Transition

Higgs Potential Evolution in the case of a first order 

Phase Transition



Finite Temperature Higgs Potential

 D receives contributions at one-loop proportional to the
sum of the couplings of all bosons and fermions squared, and is
responsible for the phenomenon of symmetry restoration

E receives contributions proportional to the sum of the cube
of all light boson particle couplings 

Since in the SM the only bosons are  the gauge bosons, and the 
quartic coupling is proportional to the square of the Higgs mass,



If the Higgs Boson is created , it will decay rapidly 
into other particles

At LEP energies mainly into
pairs of b quarks

One detects the decay products
of the Higgs and the Z bosons

LEP Run  is over 

• No Higgs seen with a mass below 114  GeV

• But, tantalizing hint of a Higgs  with mass about 
   115 -- 116 GeV   (just at the edge of LEP reach)

Electroweak Baryogenesis in the SM is ruled out



Preservation of the Baryon Asymmetry
 EW Baryogenesis requires new boson degrees of freedom with 

strong couplings to the Higgs.

 Supersymmetry provides a natural framework for
    this scenario.            Huet, Nelson ’91; Giudice ’91, Espinosa, Quiros,Zwirner ’93.

 Relevant SUSY particle: Superpartner of the top

 Each stop has six degrees of freedom (3 of color, two of charge)  
and coupling of order one to the Higgs

 Since 

 Higgs masses up to 120 GeV may be accomodated

M. Carena, M. Quiros, C.W. ’96, ‘98



LEP Excluded

• Higgs masses up to 120 GeV

Suficciently strong first order phase transition to preserve generated baryon 
asymmetry:

• The lightest stop must have a mass below the top quark mass. 

M. Carena, M. Quiros, C.W. ‘98

MSSM: Limits on the Stop and Higgs Masses
to preserve the baryon asymmetry

" Moderate values
    of tan
    preferred in order
    to raise the Higgs
    boson mass.  



   Experimental Tests of Electroweak Baryogenesis 
in the MSSM



Experimental Tests of 

Electroweak Baryogenesis and Dark  Matter

• Higgs searches beyond LEP:

1. Tevatron collider may test this  possibility: 3 sigma evidence with about 4 

2. A definitive test of this scenario will
 come at the LHC with the first 
30          of data

Maximal mixing scenario

Discovery quite challenging, detecting a signal will mean that the Higgs has 
relevant strong (SM-like) couplings to W and Z



Tevatron Stop Reach when two body decay 
channel is dominant

Main signature:

2 or more jets plus 
missing energy

Demina, Lykken, Matchev,Nomerotsky ‘99



Stop-Neutralino Mass Difference:
Information from the Cosmos

 If the neutralino provides the observed dark matter relic

    density, then it must be stable and lighter than the light stop.

 Relic density is inversely proportional to the neutralino annihilation cross 
section.

   

     If only stops, charginos and neutralinos are light, there are three

     main annihilation channels:  

    1.  Coannihilation of neutralino with light stop or charginos: Small mass 
differences.

    2.  s-channel annihilation via Z or light CP-even Higgs boson

    3.  s-channel annihilation via heavy CP-even Higgs boson and 

         CP-odd Higgs boson

M. Carena, C. Balazs, C.W., PRD70:015007, 2004
M. Carena, C. Balazs, A. Menon, D. Morrissey, C.W., Phys. Rev. D71:075002, 2005.



Tevatron stop searches and dark matter 
constraints

Carena, Balazs and C.W. ‘04

Searches for light stops 
difficult in stop-neutralino 
coannihilarion region.

LHC will have equal difficulties. 
Searches become easier at a 
Linear Collider !

Carena, Freitas et al. ‘05

Green: Relic density consistent
with WMAP measurements.





Carena, Finch, Freitas, Milstene, Nowak, Sopzak ‘06



Baryon Number Generation

 Baryon number violating processes out of equilibrium in the broken phase if 
phase transition is sufficiently strongly first order.

                  
     Cohen, Kaplan and Nelson, hep-ph/9302210; A. Riotto, M. Trodden, hep-ph/9901362;                    

Carena, Quiros, Riotto, Moreno, Vilja, Seco, C.W.’97--’02.



Baryon Asymmetry
" Here the Wino mass has been fixed to 200 GeV, while
     the phase of the parameter mu has been set to its maximal
     value.  Necessary phase given by the inverse of the displayed
     ratio. Baryon asymmetry linearly decreases for large 

Balazs, Carena, Menon, Morrissey, C.W.’05

Carena,Quiros,Seco,C.W.’02



Electron electric dipole moment
" Asssuming that sfermions are sufficiently heavy,  dominant contribution 

comes from two-loop effects, which depend on the same phases 
necessary to generate the baryon asymmetry. (Low energy spectrum

     is like a Stop plus Split Supersymmetry ).
" Chargino mass parameters scanned over their allowed values. The 

electric dipole moment is constrained to be  smaller than  
     

Balazs, Carena, Menon, Morrissey, C.W.’05

Pilaftsis’ 02



Direct Dark Matter Detection
" Neutralino DM is searched for in  neutralino-nucleon scattering 

exp.   detecting elastic recoil off nuclei
" Hatched region: Excluded by LEP2 chargino searches 

Balazs, Carena, Menon, Morrissey, C.W.’05



Electroweak Baryogenesis in
the nMSSM

A. Menon, D. Morrissey and C.W., PRD70:035005, 2004
(See also Kang, Langacker, Li and Liu, hep-ph/0402086,
and  V. Barger’s talk)
C. Balazs, M. Carena, A. Freitas, C.W., to appear 



Minimal Extension of the MSSM

 Superpotential restricted by                   symmetries

 No cubic term. Tadpole of order cube of the weak scale, instead

 Discrete symmetries broken by tadpole term, induced at the
     sixth loop level. Scale stability preserved

 Similar superpotential appears in Fat-Higgs models at low energies

   

Dedes et al. ,  Panagiotakopoulos, Pilaftsis’01

Harnik et al. ’03



Defining

Electroweak Phase Transition

Non-renormalizable potential controlled by ms. Strong first
order phase transition induced for small values of ms.



Parameters with strongly first order 
transition

" Values constrained by perturbativity
     up to the GUT scale.

" All dimensionful parameters
     varied up to 1 TeV

" Small values of the singlet
     mass parameter selected

Maximum value of 
singlet  mass

Menon,Morrissey,C.W.’04



Neutralino Mass Matrix

28

the cut cos φaco,lj > −0.7 is useful. Finally, two of the jets have to combine to the invariant
mass of the Z boson, while the other two jets have to combine to W mass, |mj1j2 −MZ| < 10
GeV and |mj3j4−MW| < 10 GeV. This removes most of χ̃0

2χ̃
0
4 background and is also effective

on tt̄.
After application of these cuts, the SM background is removed to a negligible level, while

still a sizeable contamination of background from χ̃0
3χ̃

0
4 is left. In total B = 245 background

events remain, compared to S = 186 events for the signal. Since the cross-section for the
neutralino process can be measured independently, as described above, it can be subtracted,
but the additional error from this procedure needs to be taken into account. The resulting
expected precision for the χ̃±

1 χ̃∓
2 cross-section is δσ±

12 = 13%.
For the chargino signal, the spectrum of the 4-jet invariant mass has an upper limit of

minv,j,max = mχ̃±
2
−mχ̃0

1
, which can be used to extract information about the heavy chargino

mass. The neutralino background typically leads to slightly smaller 4-jet invariant masses,
so that this upper edge is not contaminated. From a fit to the data, one obtains

minv,j,max = 287.2+5.4
−4.2 GeV, (49)

which together with the mχ̃0
1

mass measurement from the analysis of χ̃+
1 χ̃−

1 production di-
rectly translates into

mχ̃±
2

= 319.5+5.5
−4.3 GeV. (50)

3.3.8 Combination of sparticle measurements at ILC

Feeding in the precise measurement of the neutralino mass from the analysis of χ̃+
1 χ̃−

1 produc-
tion, the masses of the heavier neutralinos from χ̃0

2χ̃
0
4 and χ̃0

3χ̃
0
4 production can be determined

much more accurately,

mχ̃0
2

= 106.6+1.1
−1.3 GeV, mχ̃0

3
= 181.5 ± 4.9 GeV, mχ̃0

4
= 278.0+2.5

−3.5 GeV. (51)

For the lightest neutralino and the charginos, the expected errors given in the previous
sections are not improved by combining with the other neutralino observables, so that one
obtains

mχ̃0
1

= 33.3+0.4
−0.3 GeV, mχ̃±

1
= 164.98 ± 0.05 GeV, mχ̃0

4
= 319.5+5.5

−4.3 GeV. (52)

From a χ2 fit to all mass and cross-section observables, constraints on the underlying neu-
tralino and chargino parameters can be extracted. For completeness, we also allow a tripe-
singlet coupling κ as in the NMSSM. In the nMSSM, κ must be zero, but it is interesting not
to impose this requirement a priori, but see how well it can be checked from an experimental
analysis. The parameter κ enters in the (5,5)-entry of the neutralino mass matrix,

Mχ̃0 =





M1 0 −cβsWMZ sβsWMZ 0

0 M2 cβcWMZ −sβcWMZ 0

−cβsWMZ cβcWMZ 0 λvs λv2

sβsWMZ −sβcWMZ λvs 0 λv1

0 0 λv2 λv1 κ




, (53)
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In the nMSSM, κ = 0.



Upper bound on Neutralino Masses 

Values of neutralino masses below dotted line consistent with
perturbativity constraints. 

Maximum value of 
Lightest neut. mass

Perturbative limit

Menon,Morrissey,C.W.’04



Relic Density and Electroweak Baryogenesis

Region of neutralino masses selected when perturbativity
constraints are impossed.
Z-boson and Higgs boson contributions shown to guide 
the eye.

Z-width
constraint

Menon,Morrissey,C.W.’04



Higgs Spectrum

 New CP-odd and CP-even Higgs fields induced by singlet field
     (mass controled by          )

 They mix with standard CP-even and CP-odd states in a way   
proportional  to  

 Values of           restricted to be lower than 0.8 in order to avoid   
Landau-pole  at energies below the GUT scale.

 As in the MSSM, upper bound on Higgs that couples to weak bosons

 Extra tree-level term helps in avoiding LEP bounds.

Espinosa,Quiros ’98; Kane et al. ;98



Light Higgs boson masses 

Menon,Morrissey,C.W.’04

" Even in the case in which the model remains perturbative
     up to the GUT scale, lightest CP-even Higgs masses up to 130 GeV are 
     consistent with electroweak Baryogenesis.



Higgs Searches
 Invisibly decaying Higgs may be searched for at the LHC in the Weak Boson Fusion 

production channel.
 Defining

 The value of        varies between 0.5 and 0.9 for the lightest CP-even Higgs boson. 
 Minimal luminosity required to exclude (discover) such a Higgs boson, with mass 

lower than 130 GeV:

                  

                                           

                                                    (see also Davoudiasl,Han,Logan, hep-ph/0412269)

               
 Lightest CP-odd and heavier CP-even has much larger singlet component. More 

difficult to detect. 

 LHC and Linear collider will provide an efficient way of searching for some of the 
Higgs and SUSY particles     (Balazs, Carena, Freitas, C.W. in preparation)

Higgs Working Group, Les Houches’01



Information from LHC/ILC 

 Assuming the presence of gluinos with masses dictated by gaugino 
mass unification, as well as one squark, with mass of the order of 
500 GeV: 

 The LHC may be able to determine the chargino and second 
neutralino masses, as well as the lightest neturalino mass with some 
precision.  The presence of one Higgs decaying invisibly provides 
further information.

 A 500 GeV ILC will allow to measure four of the five neutralino 
masses, as well as the chargino masses. It will also verify the 
existence of two light CP-even Higgses, which decay mainly invisibly.

34

Balazs, Carena, Freitas, C.W. ‘07



Sparticle Mass m [GeV] Width Γ [GeV] Decay modes

χ̃0
1 33.3 — —

χ̃0
2 106.6 0.00004 χ̃0

2 → Z∗ χ̃0
1 100%

χ̃0
3 181.5 0.09 χ̃0

3 → Z χ̃0
1 74%

→ S1 χ̃0
1 26%

→ P1 χ̃0
1 0.4%

χ̃0
4 278.0 1.5 χ̃0

4 → Z χ̃0
1 11%

→ Z χ̃0
2 22%

→ Z χ̃0
3 1%

→ W± χ̃∓
1 43%

→ S1 χ̃0
1 7%

→ S1 χ̃0
2 0.2%

→ S2 χ̃0
1 8%

→ P1 χ̃0
1 7%

→ P1 χ̃0
2 0.7%

χ̃0
5 324.4 2.1 χ̃0

5 → Z χ̃0
1 30%

→ Z χ̃0
2 1.5%

→ Z χ̃0
3 0.15%

→ W± χ̃∓
1 57%

→ S1 χ̃0
1 0.01%

→ S1 χ̃0
2 0.02%

→ S1 χ̃0
3 5%

→ S2 χ̃0
1 1%

→ S2 χ̃0
2 4%

→ P1 χ̃0
1 0.4%

→ P1 χ̃0
2 0.7%

→ P1 χ̃0
3 0.06%

χ̃±
1 165.0 0.136 χ̃+

1 → W+ χ̃0
1 100%

χ̃±
2 319.5 2.0 χ̃+

2 → W+ χ̃0
1 32%

→ W+ χ̃0
2 1%

→ W+ χ̃0
3 34%

→ Z χ̃+
1 29%

→ S1 χ̃+
1 5%

→ P1 χ̃+
1 0.3%

Table 3: Masses, widths and main branching ratios of the neutralino and chargino states
at Born level for the reference point A (Tab. 2).
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squark and gluino decay cascades, leading to a total cross-section for χ̃0
2 production with

leptonic χ̃0
2 decays of 30 fb. Here the most important channel is

pp → g̃g̃, g̃ → bb̃∗ or b̄b̃ → bb̄χ̃0
2, (25)

but direct production of sbottoms and stops via pp → b̃b̃∗, t̃t̃∗ also plays a role. According to
Ref. [42,43], background from SM gauge bosons can be reduced by cuts on missing transverse
energy and missing mass:

• At least three jets with transverse momentum pjet
t > 150, 100, 50 GeV.

• Missing energy E/ > max(100 GeV, 0.2Meff) with Meff ≡ E/ +
∑3

i=1 pjet
t,i .

• Two isolated leptons with plep
t > 20, 10 GeV.

The remaining tt̄ background is removed by subtracting events with two different-flavor
leptons from events with same-flavor leptons. This procedure makes use of the fact that the
tt̄ background produces the same number of same-flavor and different-flavor lepton pairs,
while the neutralino signal has only same-flavor lepton pairs. After these cuts practically
no SM background is left, while a signal efficiency for χ̃0

2 production of better than 20% is
achieved [42,43]. This corresponds to about 1800 signal events for an integrated luminosity
of 300 fb−1.

The two-lepton signal for χ̃0
2 production can also originate from the neutralino χ̃0

3, whereas
the contamination from heavier neutralinos is very small. The total cross-section for leptonic
χ̃0

3 decays is 40 fb. Contrary to the χ̃0
2, the two leptons from χ̃0

3 originate from a real Z-boson
and have an invariant mass equal to MZ.

For the scenario A, see Tab. 2, the production of neutralinos χ̃0
2 and χ̃0

3 has been simulated
with CompHEP 4.4 [41], using CTEQ6M parton distribution functions. The production
cross-section is substantially modified by QCD corrections [44]. However, for the deter-
mination of superpartner masses, only the kinematic properties of the decay products are
important, which are modified relatively little by radiative corrections. For the purpose of
this work, radiative corrections have thus been neglected. Information about superpartner
masses can be extracted from kinematic edges in invariant mass spectra of the final state
particles [42,45]. The distribution of the di-lepton invariant mass mll in χ̃0

2 decay has a sharp
upper edge

mll,max,2 = mχ̃0
2
− mχ̃0

1
, (26)

see Fig. 1. The peak at mll = MZ comes from the contribution of χ̃0
3, while events at lower

invariant masses originate mainly from the χ̃0
2. Assuming 300 fb−1 luminosity, a simple fit

to the upper edge of that region gives

mll,max,2 = 73.5 ± 0.5 ± 0.08 GeV, (27)

where the first error is statistical, while the second error accounts for the systematic error
from energy scale uncertainty in the detector (see [43] for discussion). The error is comparable
to what was found in [43] for the MSSM scenario (β).
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Figure 1: Fit to mll distribution for light neutralino production at the LHC. Backgrounds
from Standard Model sources are not included, as they are expected to be small.

For further studies, the decay chains involving the χ̃0
3 can be separated from the χ̃0

2 by
applying the cut |mll − MZ| < 10 GeV on the di-lepton invariant mass. Including the jet
from the squark decay b̃ → bχ̃0

i gives additional information. For the decay chain with the
χ̃0

3 , the invariant mjll,3 distribution has an upper endpoint with

m2
jll,max,3 =

1

2m2
χ̃0

3

[
m2

χ̃0
1

m2
χ̃0

3

− m4
χ̃0

3

− m2
χ̃0

1

m2
b̃
+ m2

χ̃0
3

m2
b̃
+ m2

χ̃0
3

M2
Z + m2

b̃
M2

Z

−(m2
χ̃0

3

− m2
b̃
)
√

λ(m2
χ̃0

1

, m2
χ̃0

3

, M2
Z)

]
.

(28)

with λ(a, b, c) = a2 + b2 + c2 − 2ab − 2ac − 2bc. Since the mass difference between mb̃1
and

mb̃2
is small, no experimental distinction between the two states can and needs to be made.

Flavor-tagging of the b-jet from the sbottom decay does not improve the analysis, since the
main background is tt̄.

In a typical supersymmetry event, there are multiple jets. The jet from b̃ → bχ̃0
i is

expected to be relatively hard ET,j >∼ 200 GeV, but there are additional hard jets from

the decay of the other sbottom and from gluinos, g̃ → bb̃. This introduces an irreducible
combinatorial background. However, including that background, the characteristic edge in
the mjll,3 distribution at mjll,max,3 is still visible, see Fig. 2. The combinatorial background
can be reduced by special techniques [42, 43], but here we simply choose to fit it. The fit
result is

mjll,max,3 = 463.6+5.5
−9.0 ± 2.3 GeV, (29)

where as before the second error includes lepton and jet energy scale uncertainties. A second
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(a) (b)

Figure 2: Fits to the mjll distribution for (a) χ̃0
3 and (b) χ̃0

2 production at the LHC.
Backgrounds from Standard Model sources are not included, as they are expected to be
small.

edge in the mjll,3 distribution is found at
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(30)

which can be fitted in the same way as the upper end point, yielding

mjll,min,3 = 256.2+6.0
−7.0 ± 1.3 GeV. (31)

In addition to studying the decay chain with the χ̃0
3, by requiring the invariant mass of the

lepton pair to be sufficiently below the Z pole, mll < MZ−10 GeV, the decay chain with the
χ̃0

2 can be selected. Similarly to the χ̃0
3 case, the mjll,max,2 distribution has a characteristic

endpoint at

m2
jll,max,2 =

1

m2
χ̃0

2

(m2
χ̃0

2

− m2
χ̃0

1

)(m2
b̃
− m2

χ̃0
2

). (32)

As the χ̃0
2 decays through an off-shell Z∗, the mjll,max,2 distribution has no characteristic

endpoint towards the lower end. To first approximation, the spectrum of χ̃0
2 decays via an

off-shell Z∗ can be thought of as superposition of Breit-Wigner line-shapes, which are close
to Gaussian. Consequently, the upper end of the mjll,max,2 distribution can be approximated
by an error function. A fit gives the rather poor result

mjll,max,2 = 447+14
−21 ± 2.3 GeV, (33)

which is limited by statistics and the shape of the distribution near the endpoint, which is
less steep than for the di-lepton distribution.
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Using similar methods for χ̃0
3, one obtains

Figure 3: Correlation between mχ̃0
1

and mχ̃0
2

from LHC measurements.

Light charginos χ̃±
1 can be detected in the squark decay chains by looking for a same-sign

lepton signal originating from the processes
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1 χ̃+

1 → bb t̄t̄ W+W+ χ̃0
1χ̃

0
1 → bb t̄t̄ l+l+ νlνl χ̃

0
1χ̃

0
1,

pp → g̃g̃ → b̄b̄ b̃b̃ → b̄b̄ tt χ̃−
1 χ̃−

1 → b̄b̄ tt W−W− χ̃0
1χ̃

0
1 → b̄b̄ tt l−l− ν̄lν̄l χ̃

0
1χ̃

0
1,
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1 χ̃−
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1χ̃

0
1 → tt b̄b̄ l−l− ν̄lν̄l χ̃

0
1χ̃

0
1,

pp → g̃g̃ → t̄t̄ t̃t̃ → t̄t̄ bb χ̃+
1 χ̃+

1 → t̄t̄ bbW+W+ χ̃0
1χ̃

0
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0
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0
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(34)

see Ref. [46]. However, since besides the neutralino as the lightest supersymmetric particle,
the neutrino in the chargino decay also escapes detection, the remaining lepton-jet invariant
mass distributions do not allow a meaningful mass extraction.

The measurement of the heavy neutralinos χ̃0
4 and χ̃0

5 at the LHC is very difficult. As
pointed out above, the appearance of a lepton pair in the neutralino decay is the best
possibility for detection. However, due to small branching ratios of the heavy neutralinos
into leptons, the statistics for this channel are very low.

From the combination of the results in eqs. (27), (29), (31), and (33) one can extract the
following absolute values for the superpartner masses,

mχ̃0
1

= 33+32
−17.5 GeV, mχ̃0

2
= 106.5+32.5

−17.5 GeV, mχ̃0
3

= 181+20
−10 GeV, mb̃ = 499+30

−17 GeV.

(35)

The large errors are due to large correlations between the mass parameters, as illustrated for
one example in Fig. 3. This can be explained by the fact that all measurements of kinematic
endpoints in the decay distributions are closely related to mass differences, whereas no
independent direct measurement of one of the masses, e.g. the lightest neutralino mass, is
available.

The analysis in this section has been performed for the specific parameter point A (see
Tab. 2). However, most of the results are expected to be rather typical for nMSSM scenarios
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Higgs production provides a good determination of CP-even 
Higgs masses

(χ̃0
2χ̃

0
3), (χ̃0

2χ̃
0
4) (χ̃0

3χ̃
0
4)

much more accurately,

mχ̃0
2

= 106.6+1.1
−1.3 GeV, mχ̃0

3
= 181.5 ± 4.9 GeV, mχ̃0

4
= 278.0+2.5

−3.5 GeV. (51)

For the lightest neutralino and the charginos, the expected errors given in the previous
sections are not improved by combining with the other neutralino observables, so that one
obtains

mχ̃0
1

= 33.3+0.4
−0.3 GeV, mχ̃±

1

= 164.98 ± 0.05 GeV, mχ̃0
4

= 319.5+5.5
−4.3 GeV. (52)

From a χ2 fit to all mass and cross-section observables, constraints on the underlying neu-
tralino and chargino parameters can be extracted. For completeness, we also allow a cubic
singlet coupling κ as in the NMSSM. In the nMSSM, κ must be zero, but it is interesting not
to impose this requirement a priori, but see how well it can be checked from an experimental
analysis. The parameter κ enters in the (5,5)-entry of the neutralino mass matrix,

Mχ̃0 =





M1 0 −cβsWMZ sβsWMZ 0

0 M2 cβcWMZ −sβcWMZ 0

−cβsWMZ cβcWMZ 0 λvs λv2

sβsWMZ −sβcWMZ λvs 0 λv1

0 0 λv2 λv1 κ




, (53)

The possible measurements at the ILC analyzed here comprise mass measurements for four
neutralino and two chargino states, as well as four cross-section measurements. They can
be used to derive bounds on the seven unknown parameters in the neutralino and chargino
mass matrices. Furthermore, the cross-section measurements also allow to place limits on
the masses of the sneutrino and selectron, which appear in the t-channel of the chargino
and neutralino production diagrams. Based on the analysis of the expected experimental
error in the previous subsections, the following constraints on the underlying parameters are
obtained:

M1 = (122.5 ± 1.3) GeV, |κ| < 2.0 GeV, mν̃e
> 5 TeV,

M2 = (245.0 ± 0.7) GeV, tan β = 1.7 ± 0.09, mẽR
> 1 TeV. (54)

|λ| = 0.619 ± 0.007, |φM| < 0.32,

vs = (−384 ± 4.8) GeV,

The extraction of the parameters λ and vs is strongly correlated, which can be understood
by the fact that these parameters enter in the chargino and neutralino mass matrices mainly
through the combination µ = −λvs. As a consequence, the effective parameter µ itself is
determined more precisely than vs, µ = (238 ± 1.2) GeV.

The results of the fit show that the sizable value of the trilinear Higgs coupling λ can
be established, which is a necessary requirement to avoid the Higgs mass bounds and allow
a successful baryogenesis in singlet extensions of the MSSM. Furthermore, a strong upper
bound on the value of κ is obtained, which allows a distinction between the two typical types
of singlet extensions, the NMSSM and the nMSSM.
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be established, which is a necessary requirement to avoid the Higgs mass bounds and allow
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Information after 500 GeV ILC run

 From measurements in the neutralino and chargino 
sectors (masses and cross sections) 

 From measurements in the Higgs sector (two CP-even 
Higgs bosons) combined with the information above,
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The possible measurements at the ILC analyzed here comprise mass measurements for four
neutralino and two chargino states, as well as four cross-section measurements. They can
be used to derive bounds on the seven unknown parameters in the neutralino and chargino
mass matrices. Furthermore, the cross-section measurements also allow to place limits on
the masses of the sneutrino and selectron, which appear in the t-channel of the chargino
and neutralino production diagrams. Based on the analysis of the expected experimental
error in the previous subsections, the following constraints on the underlying parameters are
obtained:

M1 = (122.5 ± 1.3) GeV, |κ| < 2.0 GeV, mν̃e > 5 TeV,

M2 = (245.0 ± 0.7) GeV, tan β = 1.7 ± 0.09, mẽR > 1 TeV. (54)

|λ| = 0.619 ± 0.007, |φM| < 0.32,

vs = (−384 ± 4.8) GeV,

The extraction of the parameters λ and vs is strongly correlated, which can be understood
by the fact that these parameters enter in the chargino and neutralino mass matrices mainly
through the combination µ = −λvs. As a consequence, the effective parameter µ itself is
determined more precisely than vs, µ = (238 ± 1.2) GeV.

The results of the fit show that the sizable value of the trilinear Higgs coupling λ can
be established, which is a necessary requirement to avoid the Higgs mass bounds and allow
a successful baryogenesis in singlet extensions of the MSSM. Furthermore, a strong upper
bound on the value of κ is obtained, which allows a distinction between the two typical types
of singlet extensions, the NMSSM and the nMSSM.

4 Cosmological implications

The cosmological energy density of the main components of matter, baryons and dark matter,
is measured with a remarkable precision [30]. In units of the critical density2

ΩBh2 = 0.02233+0.00124
−0.00172,

ΩCDMh2 = 0.1106+0.0113
−0.0151,

at 95% CL. According to the observations, the baryon density is dominated by baryons
while anti-baryons are only secondary products from high energy processes. The source
of this baryon–anti-baryon asymmetry and the nature of dark matter are major puzzles of
particle and astrophysics.

Assuming that inflation washes out any initial baryon asymmetry after the Big Bang,
a dynamic mechanism should generate the asymmetry after inflation. Most microscopic
mechanisms for baryogenesis fulfill the three Sakharov requirements:

• baryon number (B) violation,

2ρc = 3H2
0/(8πGN) where H0 = h × 100 km/s/Mpc is the present value of the Hubble constant, h =

0.709+0.024
−0.032, and GN is Newton’s constant.
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corrections add an additional uncertainty due to the parametric dependence on the stop
masses mt̃1,2

, At and MA.
These parameters would need to be constrained from experiment. While in our scenario

the stops are too heavy to be produced at a 1 TeV linear collider, one can try to search for
them at the LHC. The study of Ref. [59] finds that a signal from decays of gluinos into stops
can be identified with a dedicated analysis. Ref. [59] also proposes a strategy to measure
the stop mass, although a translation to our scenario is not straightforward. Nevertheless,
to exemplify the improvement that such a stop analysis could bring for the understanding of
the Higgs sector, we here simply assume that the stop masses can be measured with an error
of δmt̃ = 50 GeV. For the other two parameters, At and MA the situation is more difficult,
since they cannot be measured directly. However, given that in our scenario there is only a
relatively small difference between the two stop masses, which we assume can be measured,
one can infer that At <∼ <∼ 500 GeV, and from the non-observation of charged Higgs states

at the ILC with
√

s = 1 TeV one obtains the limit MA > 500 GeV. With these constraints,
and taking into account the expected errors for all relevant masses and parameters, the full
one-loop analysis yields

aλ = (373+17
−21) GeV, ms = (106 ± 18) GeV,

t1/3
s = (156+25

−39) GeV, |D| ∼ 1.0 ± 0.65. (65)

The conclusions to be drawn are similar as for the simplified analysis (with only leading
one-loop corrections), but the derived quantities are afflicted with larger errors due to the
uncertainty in At and MA.

Note that the parameters aλ and ms can be constrained very precisely from the mea-
surement of Higgs masses at the ILC. On the other hand, the necessary condition |D| > 1
cannot be proven with sufficient precision, although the result in eq. 65 is consistent with
this condition.

In summary, measurements at future colliders can allow us to establish the chargino
and Higgs mass parameters to be in the range required for electroweak baryogenesis in the
nMSSM, but they do not seem sensitive enough to yield definitive answers to the questions
of the first order phase transition and of the presence of CP violation.

4.3.1 Electron Electric Dipole Moment

A necessary requirement of the electroweak baryogenesis scenario is the presence of non-
vanishing CP-violating phases in the chargino–neutralino sector. In this work, we have
assumed that these phases are associated with the gaugino sector of the theory. However,
the collider, or the dark matter constraints described in the previous sections are not suffi-
cient to determine the exact value of the CP-violating phases necessary for the generation
of the baryon-antibaryon asymmetry. An important question is if one could obtain informa-
tion about these phases from the measurement of, for instance, the electron electric dipole
moment. It is advantageous to use the electron EDM since it is precisely measured, has
relatively low theoretical uncertainties, and for the phases relevant to the model under study
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the IceCUBE neutrino telescope has only sensitivity for energies above the maximum energy
of neutrinos expected from the nMSSM scenario, so we do not expect a strong constraint
from it.

4.3 Baryogenesis

As shown in the previous section, the measurements of the chargino and neutralino sector
at the LHC and the ILC provide a test of the presence of light charginos and neutralinos,
necessary to generate the dark matter relic density. In order to probe the mechanism of
electroweak baryogenesis with collider results, two conditions need to be tested: the type of
the electroweak phase transition must be strongly first order, and there must be CP violating
processes active during this phase transition.

In our benchmark scenario, CP violation is introduced in the baryon-number generating
processes through light chargino currents. For this mechanism, the charginos need to be
light enough so that they are not decoupled at the temperature of electroweak symmetry
breaking. Using the experimental results from LHC and ILC, see eqs. (35) and (54), the
existence of sufficiently light chargino can easily be tested. In addition, the presence of a
complex CP-violating parameter in the chargino sector is required for baryogenesis. However,
even with the high precision of ILC, only an upper bound on the phase φM of the gaugino
mass parameters can be obtained, see eq. (54).

To test the other condition, the strength of the first order phase transition, the Higgs
sector of the model needs to be analyzed. The strength of the phase transition can be
calculated from the effective Higgs potential, see e.g. [14]. It depends crucially on the super-
symmetry breaking term m2

s and aλ, which are not constrained by the analysis of charginos
and neutralinos. However, as we will show below, information about these parameters may
be obtained by the precise determination of the CP-even Higgs boson masses, which would
be possible at the ILC.

From the condition of the strongly first order phase transition, one finds the following
conditions on the parameters of the Higgs potential [14]:

m2
s = −aλv1v2/vs − ts/vs − λ2v2

∈ {(50 GeV)2, (200 GeV)2} for perturbative λ <∼ 0.8, (58)

|D| ≡

∣∣∣∣∣
1

m2
s

√
λ2/4 sin2 2β + ḡ2/8 cos2 2β

(
λ2ts/ms − aλ sin β cos β ms

)
∣∣∣∣∣

>∼ 1, (59)

where we have introduced the quantity D for abbreviation.
As stressed above, constraints on these parameters can be obtained from the Higgs

masses. To relate the masses to the underlying parameters, the Higgs mixing matrices
need to be reconstructed. Following the discussion in section 2.2, we have assumed CP-
conservation in the Higgs sector, to that mixing occurs only between Higgs boson with the
same CP quantum numbers. The heavy Higgs states S3, P2, H± with masses of the order of
MA are not within reach of either the LHC or ILC (the most promising discovery channels
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Figure 8: Neutralino relic density as the function of the neutralino mass. Dark (light)
blue dots represent the 1 (2) σ precision of the LHC determination of Ωh2, while gray dots
would be allowed by LHC data, but are excluded by current low-energy and astrophysical
bounds. Red dots show the expected ILC precision for the examined model point. The
present WMAP and SDSS combined 2 σ limits are shown by the green shaded band. The
right frame shows the ILC scan in more details, with contours of constant values of the
mixing parameter (|N14|2 − |N13|2)2

indicated by the yellow lines.

we follow techniques used in Refs. [54, 55]. The co-annihilation processes are checked to
contribute insignificantly to the final result.

After superpartners are discovered and their properties being measured at colliders one
has to assure the consistency of the collider and astrophysical data. A crucial part of this is
to ensure that the lightest, stable supersymmetric particle provides a reasonable amount of
the observed cold dark matter.

As discussed before, the LHC will restrict some of the soft supersymmetric parameters
within certain ranges. Using these ranges, we can calculate the possible amount of neutralino
dark matter, Ωh2, within the given supersymmetric model. In this section we use our results
obtained above for scenario A. To obtain an estimate of the precision the LHC can determine
Ωh2 in the nMSSM, we randomly sampled the nMSSM parameter space in the following
parameter region:

0 < M1 < 200 GeV, 100 < M2 < 300 GeV, 0 < |λ| < 1, − π < φM < π,

−1000 < vs < −100 GeV, − 1000 < κ < 1000 GeV, 0 < tanβ < 30. (55)

Additionally, for the first generation sleptons, we use the following ranges both in our LHC
and ILC scans:

1 < MeR < 10 TeV, 2.5 < ML1 < 10 TeV. (56)
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Dark Matter Density Determination

From the information obtainable at the ILC/LHC, one
can determine the dark matter density
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Figure 9: Left frame: Spin independent neutralino-proton elastic scattering cross sections
as a function of the (lightest) neutralino mass. Blue and gray dots show the results of the
LHC scan projected to this plane. Red dots correspond to the ILC scan. The regions above
the various curves are excluded by the indicated experiments. Right frame: Spin dependent
neutralino-proton elastic scattering cross section compared to various direct detection exper-
iments, and to SuperK indirect limits for neutrinos stemming from neutralino annihilation
in the Sun. The red region indicates the prediction from ILC measurements.

by collider data were too small then this could be interpreted as a hint of additional dark
matter constituents besides the neutralino. In either case, the ILC has a potential to uncover
far reaching cosmic connections.

4.2 Dark matter direct detection

Another important requirement is the consistency of collider and dark matter direct detection
data. Direct detection experiments search for weakly interacting massive particles via their
elastic scattering off nuclei by measuring the nuclear recoil. There are numerous existing and
future experiments engaged in this search [56]. These experiments uniformly express their
observations in terms of the neutralino-proton scattering cross section. Most of the current
direct detection experiments are primarily sensitive to scalar interactions of neutralinos with
nuclei, and typically the most stringent limits are the spin independent ones. This is because
for heavy nuclei the spin independent cross section, being proportional to the squared mass
of the target nucleus, is highly enhanced compared to the spin dependent one.

While both spin dependent and independent scattering rates receive contributions from s-
channel squark exchanges, the dominant processes are t-channel Z boson and Higgs exchange
for spin dependent and independent interactions, respectively. Due to close to resonant

32

Balazs, Carena, Freitas, C.W. ‘07



Ĥ1 Ĥ2 Ŝ Q̂ L̂ Û c D̂c Êc B̂ Ŵ ĝ WnMSSM

U(1)R 0 0 2 1 1 1 1 1 0 0 0 2

U(1)PQ 1 1 -2 -1 -1 0 0 0 0 0 0 0

Table 1: Charges of fields under the Abelian U(1)R and U(1)PQ symmetries of the super-
potential.

yf lead to one physical phase in the CKM quark mixing matrix, which however is constrained
to be relatively small by present data from many heavy-flavor experiments. The phase of
m12 will be addressed below.

Beyond the superpotential, new complex phases can appear in through supersymmetry
breaking. The soft supersymmetry breaking Lagrangian reads

Lsoft = m2
1H

†
1H1 + m2

2H
†
2H2 + m2

s |S|2 + (tsS + aλSH1 · H2 + h.c.)

+ (M1B̃B̃ + M2W̃ · W̃ + M3 g̃g̃ + h.c.)

+ m2
q̃ q̃†L · q̃L + m2

ũ|ũR|2 + m2
d̃
|d̃R|2 + m2

l̃
l̃†L · l̃L + m2

ẽ|ẽR|2

+ (yuAu q̃L · H2 ũ∗
R + ydAd q̃L · H1 d̃∗

R + h.c.).

(5)

Here Hi, S, q̃L, ũR, d̃R, l̃L, ẽR are the scalar components of the superfields Ĥi, Ŝ, Q̂, Û , D̂, L̂, Ê,
where the quark and lepton fields exist in three generations (the generation index has been

suppressed in the formula). B̃, W̃ , g̃ denote the fermionic components of the gauge super-
multiplets. Among the soft breaking parameters, aλ, ts, M1,2,3 and Au,d can be complex.
However not all their phases are physical. To see this, one can observe that the superpotential
is invariant under an U(1)R symmetry, with the charges listed in Tab. 1. In addition, it obeys
an approximate Peccei-Quinn symmetry U(1)PQ, which is broken by the singlet tadpole
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With the help of the U(1)R and U(1)PQ, the fields can be rotated so that the phases
two parameters become real. By analyzing the charges, it can be seen that the following
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2 : 6. In this case, the gaugino masses carry one common phase, φM1 = φM2 = φM3 ≡ φM.
To simplify the analysis further, the phases in Au,d and aλ are set to zero.
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†
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†
2H2 + m2
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+ (M1B̃B̃ + M2W̃ · W̃ + M3 g̃g̃ + h.c.)

+ m2
q̃ q̃†L · q̃L + m2

ũ|ũR|2 + m2
d̃
|d̃R|2 + m2

l̃
l̃†L · l̃L + m2

ẽ|ẽR|2

+ (yuAu q̃L · H2 ũ∗
R + ydAd q̃L · H1 d̃∗

R + h.c.).

(5)
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However not all their phases are physical. To see this, one can observe that the superpotential
is invariant under an U(1)R symmetry, with the charges listed in Tab. 1. In addition, it obeys
an approximate Peccei-Quinn symmetry U(1)PQ, which is broken by the singlet tadpole
term ∝ m2

12. Both U(1)R and U(1)PQ are broken by some of the supersymmetry breaking
parameters.

With the help of the U(1)R and U(1)PQ, the fields can be rotated so that the phases
two parameters become real. By analyzing the charges, it can be seen that the following
products remain invariant under both R- and PQ-transformations:

arg(m∗
12tsaλ),

arg(m∗
12tsMi), i = 1, 2, 3,

arg(m∗
12tsAu), (3 generations),

arg(m∗
12tsAd), (3 generations),

(6)

corresponding to 10 physical CP-violating phases in addition to the CKM phase. Without
loss of generality, the phases of m12 and ts can be chosen real, so that the physical phases
are transferred into aλ, M1,2,3 and Au,d.

In this work, for simplicity, gaugino unification is assumed, so that M1 : M2 : M3 ≈ 1 :
2 : 6. In this case, the gaugino masses carry one common phase, φM1 = φM2 = φM3 ≡ φM.
To simplify the analysis further, the phases in Au,d and aλ are set to zero.

4

TCP-Violating Phases

The conformal (mass independent) sector of the theory is 
invariant under an R-symmetry and a PQ-symmetry, with 

These symmetries allow to absorve phases into redefinition 
of fields. The remaining phases may be absorved into the 
mass parameters. Only physical phases remain, given by

Text  Higgs Sector
         Chargino-Neutralino Sector

         S-up sector
         S-down sector
      



Choice of CP-violating Phases

We will assume phases in the (universal) gaugino mass 
parameters

This choice leads to signatures in electric dipole moments 
similar to those ones present in the MSSM

 Choosing the phase in the Higgs sector, however, may lead to a    
realistic scenario (Huber, Konstantin, Prokopec, Schmidt’06). It 
is an open question if this can be tested.

Hard to realize this scenario with only phases in the squark 
sector.
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Figure 10: Comparison of the current bound on the electron electric dipole moment with
parameter regions allowed by expected LHC and ILC measurements for the scenario A. The
results are given as a function of the complex phase φM.

gives the strongest constraint. Since both the baryon asymmetry and the electron EDM in-
crease with sin(φM), the electron electric dipole moment de provides an important constraint
on the realization of this electroweak baryogenesis scenario.

For non-vanishing phases in the gaugino sector, the supersymmetric contribution to de

may become large and severe limits on the nMSSM parameter space can be obtained. Figure
10 demonstrates that most of the LHC scan, for which φM deviates substantially from zero
or π, is excluded by the present 2 sigma lower limit |de| < 1.9×10−27 e cm. Since neither the
LHC nor the ILC will detect the first generation sleptons if their masses are large, we allowed
these masses to vary in the scans in a wide range: 1 < MeR < 10 TeV, 2.5 < ML1 < 10 TeV.
For the LHC only those models survive the |de| limit which either have small values of φM,
very large values of the slepton masses, or where the one and two loop contributions to de

accidentally cancel. Unfortunately, since this cancellation can happen at any value of φM,
the EDM limit combined with the LHC data cannot shed light on the actual value of the
phase φM.

New experiments have been proposed which are expected to improve the electron EDM
limits by orders of magnitude in the next few years [60, 61]. If baryogenesis is driven by a
single gaugino phase of the nMSSM such as studied in this work, then a non-vanishing value
of de will probably be measured by the time of the ILC operation as scenario A suggests.
This can even happen if the first generation sleptons are very heavy, as shown by the case of
the input model A, where the first generation sleptons are fixed at O(10TeV ). If an electron
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Electric Dipole Moments.  Heavy Sleptons

Low values of             and heavy CP-odd scalars 
suppress the electric dipole moments 

Balazs, Carena, Freitas, C.W. ‘07
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Baryogenesis at an Earlier 
Phase Transition



Gauge Extension based on 

Baryogenesis may take place at this phase transition

Stronger gauge interactions make it easier to generate a  
strongly first order phase transition

Third generation couples to one of the two SU(2) groups

Baryon and lepton number are generated in the third 
generation, with

Alternative Mechanism for Baryogenesis

SU(2)1 × SU(2)2 → SU(2)L

1
g2

=
1
g2
1

+
1
g2
2

B − L = 0

L3 = B3 != 0, L1,2 = B1,2 = 0

T. Tait, S. Shu and C.W. ‘06



Erasure of Baryon Asymmetry
Electroweak Sphaleron Processes tend to erase the baryon 
asymmetry at high temperatures

Baryon and lepton number are zero before the phase  
electroweak phase transition. However,  lepton flavor

This asymmetries become important after the electroweak 
phase transition.  Assuming it to be second order, a final 
baryon number is generated due to the heaviness of the tau 
lepton 

L3 = −2L1 = −2L2 (L3 = 2Lgen.
3 /3)

B = − 4
13π2

N∑

i=1

∆i
m2

i

T 2
→ B # 10−6∆3

asymmetry (Li − Lj) and ∆i = Li −B/3 are conserved

Dreiner and Ross’93
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Conclusions
 Electroweak Baryogenesis in the MSSM  demands a light Higgs, with 

mass lower than 120 GeV and a stop lighter than the top-quark. 
 
 Dark Matter : Even lighter neutralinos. If coannihilation channel 

relevant, searches for stops at hadron colliders difficult.                           

 To be tested by electron e.d.m. experiments, Tevatron, LHC,ILC and 
direct dark matter detection experiments.

 
 nMSSM provides an attractive alternative scenario.

 Origin of Dark Matter and Baryogenesis  may explained in a natural       
     way in this model, provided singlet mass is small.

 Invisible decaying Higgs signature of this model, as well as an 
extended and light neutralino sector. Direct dark matter detection 
harder in this case. 
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Figure 5: Lepton number densities normalized to entropy L3/s versus transition rate Γ1.

Both L3/s and Γ1 are in log scale. The red dashed line is the the transition rate bounded

from instanton calculation of proton lifetime[33], while the green solid line is bounded

from a stable nonzero vev at T=0 from spontaneous symmetry breaking of Σ field.
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Baryon Abundance in the Universe

 Information on the baryon abundance comes from two 
main sources: 

 Abundance of primordial elements.   When combined 
with Big Bang Nucleosynthesis tell us

 CMBR, tell us ratio

 There is a simple relation  between these two quantities

411

2.74



Element Abundance and Big-Bang 
Nucleosynthesis predictions



Allowed region of parameters
" After constrains from the electric dipole moment, the baryon
     asymmetry and the dark matter constraints are included, there
     is a limited region of                consistent with electroweak baryogenesis.

Balazs, Carena, Menon, Morrissey, C.W.’04
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