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Gauge Hierarchy Problem

Scalar masses corrected by loops

mf2 = mo2  +

where the weak mixing angle is defined by

sin θW = g′/
√

g2 + g′2 (12)

Fermion masses are
mf = Gfv (13)

As one can see, there is a direct relationship between particle masses and the Higgs
expectation value, v. Indeed, we know from (9) and (11) that v ∼ MW ∼ O(100) GeV. We
can then pose the question, why is MW " MP = 1.2 × 1019 GeV or equivalently why is
GF $ GN?

1.2 The hierarchy problem

The mass hierarchy problem stems from the fact that masses, in particular scalar masses, are
not stable to radiative corrections [3]. While fermion masses also receive radiative corrections
from diagrams of the form in Figure 1, these are only logarithmically divergent (see for
example [5]),

δmf %
3α

4π
mf ln(Λ2/m2

f ) (14)

Λ is an ultraviolet cutoff, where we expect new physics to play an important role. As one
can see, even for Λ ∼ MP , these corrections are small, δmf <∼ mf .

Figure 1: 1-loop correction to a fermion mass.

In contrast, scalar masses are quadratically divergent. 1–loop contributions to scalars
masses, such as those shown in Figure 2 are readily computed

δm2
H % g2

f , g
2, λ

∫
d4k

1

k2
∼ O(

α

4π
)Λ2 (15)

due to contributions from fermion loops with coupling gf , from gauge boson loops with
coupling g2, and from quartic scalar-couplings λ. From the relation (9) and the fact that the
Higgs mass is related to the expectation value, m2

H = 4v2λ, we expect MW ∼ mH . However,
if new physics enters in at the GUT or Planck scale so that Λ $ MW , the 1–loop corrections
destroy the stability of the weak scale. That is,

Λ $ MW → δm2
H $ m2

H (16)

Of course, one can tune the bare mass mH so that it contains a large negative term
which almost exactly cancels the 1–loop correction leaving a small electroweak scale mass2.
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Gauge Hierarchy Problem

Scalar masses corrected by loops

mf2 = mo2  +
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Figure 2: 1-loop corrections to a scalar mass.

For a Planck scale correction, this cancellation must be accurate to 32 significant digits.
Even so, the 2-loop corrections should be of order α2Λ2 so these too must be accurately
canceled. Although such a series of cancellations is technically feasible, there is hardly a
sense of satisfaction that the hierarchy problem is under control.

An alternative and by far simpler solution to this problem exists if one postulates that
there are new particles with similar masses and equal couplings to those responsible for the
radiatively induced masses but with a difference (by a half unit) in spin. Then, because
the contribution to δm2

H due to a fermion loop comes with a relative minus sign, the total
contribution to the 1-loop corrected mass2 is

δm2
H ! O(

α

4π
)(Λ2 + m2

B) − O(
α

4π
)(Λ2 + m2

F ) = O(
α

4π
)(m2

B − m2
F ) (17)

If in addition, the bosons and fermions all have the same masses, then the radiative correc-
tions vanish identically. The stability of the hierarchy only requires that the weak scale is
preserved so that we need only require that

|m2
B − m2

F | <∼ 1 TeV2 (18)

As we will see in the lectures that follow, supersymmetry offers just the framework for
including the necessary new particles and the absence of these dangerous radiative corrections
[6].

Before we embark, I would like to call attention to some excellent additional resources on
supersymmetry. These are the classic by Bagger and Wess on supersymmetry, [7], the book
by Ross on Grand Unification [8] and two recent reviews by Martin [9] and Ellis [10].

1.3 Supersymmetric operators and transformations

Prior to the introduction of supersymmetry, operators were generally regarded as bosonic.
That is, they were either scalar, vector, or tensor operators. The momentum operator, Pµ, is
a common example of a vector operator. However, the types of bosonic charges are greatly
limited, as was shown by Coleman and Mandula [11]. Given a tensorial operator, Σµν , its
diagonal matrix elements can be decomposed as

< a|Σµν |a >= αpa
µp

a
ν + βgµν (19)

One can easily see that unless α = 0, 2 to 2 scattering process allow only forward scattering.
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Running of the Gauge couplings
in the standard model

Running of the Gauge couplings
in the supersymmetric 
standard model
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(Supersymmetric) Dark Matter
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The Standard Model
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What is Supersymmetry

Extension of Lorentz group
Q ∼

√
P ; {Q,Q} ∝ P

with [H,Q] = 0

Q|Boson〉 = |Fermion〉
Q|Fermion〉 = |Boson〉

Chiral multiplet





ẽ

e









scalar − spin 0

fermion − spin 1/2





Vector multiplet





γ̃

γ









fermion − spin 1/2

vector − spin 1





(also gravitational multiplet with

gravitino (spin 3/2) and graviton (spin 2).
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MSSM and R-Parity 
Stable DM candidate

1) Neutralinos

2) Sneutrino
         Excluded (unless add L-violating terms)

3) Other:
        Axinos, Gravitinos, etc

χi = αi
�B + βi

�W + γi
�H1 + δi

�H2

SUSY Dark MatterSUSY Dark Matter
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Why Supersymmetry?

Gauge Hierarchy Problem

Gauge Coupling Unification

Dark Matter

Improvement in low energy phenomenology
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Which Supersymmetric Model?
MSSM with R-Parity (still more than 100 parameters)
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What is the MSSM

1) Add minimal number of new particles:  
Partners for all SM particles + 1 extra Higgs 

EW doublet.

2) Add minimal number of new interactions: 
Impose R-parity to eliminate many 

UNWANTED interactions.

R = (-1)3B+L+2S
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SUSY Superpotential + Soft terms

contain first derivatives of fields, we have

∂µ

(
∂LMSSM

∂ (∂µΦi)
δΦi

)
= ∂µ

(
∂Lsusy

∂ (∂µΦi)
δΦi

)
= ∂µ [Sµ

MSSM + Kµ] (20)

where we recall that ∂µ Kµ is the variation of Lsusy under an infinitesimal supersymmetry
transformation. Therefore

∂µKµ = δLsusy = δLMSSM − δLsoft = δLMSSM −
∂Lsoft

∂Φi
δΦi. (21)

Inserting this equation in eq. (20), and the resulting expression in eq. (19), we obtain

δLMSSM =

[
∂LMSSM

∂Φi
− ∂µ

∂LMSSM

∂ (∂µΦi)

]
δΦi + ∂µ Sµ

MSSM + δLMSSM −
∂Lsoft

∂Φi
δΦi, (22)

or

∂µ Sµ
MSSM =

{
∂Lsoft

∂Φi
−

[
∂LMSSM

∂Φi
− ∂µ

∂LMSSM

∂ (∂µΦi)

]}
δΦi (23)

Inserting this expression in eq. (17), we rewrite the interaction lagrangian between the
MSSM and the light gravitino as

Lint, eff =
i√

3 m3/2 MP

χ̄

{
∂Lsoft

∂Φi
−

[
∂LMSSM

∂Φi
− ∂µ

∂LMSSM

∂ (∂µΦi)

]}
δΦi + h. c. (24)

As we prove in Appendix B, the part in square parenthesis does not contribute to the
amplitudes of physical processes having one light gravitino in the initial or final state (in
short, one can take the on shell expression for ∂µ Sµ

MSSM, since the term in square parenthesis
vanishes on shell; notice that the procedure just outlined provides the on-shell expression
of ∂µ Sµ

MSSM without the need to explicitly work out the equations of motion of the fields
entering in the supercurrent). Namely:

Lint, eff =
i√

3m3/2 MP

χ̄
∂Lsoft

∂Φi
δΦi + h. c. (25)

This is the effective theory for the MSSM-light gravitino interaction in non-derivative form.
To get an explicit expression, we recall the MSSM superpotential and soft supersymmetry
breaking Lagrangian:

W = huH2Quc + hdH1Qdc + heH1Lec + µH2H1 (26)

Lsoft = −
1

2
Mαλαλα − m2

ijφ
i∗φj (27)

−AuhuH2Quc − AdhdH1Qdc − AeheH1Lec − BµH2H1 + h.c.

where generation indices on the matter fields have been supressed. From this, we find

iLint, eff =
i m2

ij√
3MP m3/2

(
χ̄ χi

L φ∗j − χ̄i
L χ φj

)
−

i√
3MP m3/2

[
AjWj,i χ̄ χi

L − (AjWj,i)
∗ χ̄i

L χ
]

−
Mα

4
√

6MP m3/2

F (α)a
µν χ̄ [γµ, γν ] λ(α)a −

i gα Mα√
6MP m3/2

(
φ∗i T a

ij φj
)
χ̄ γ5 λ(α)a (28)
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where it is to be understood that in (84) that H1 refers to the scalar component of the Higgs
H1 and ψL and ψec represents the fermionic component of the left-handed lepton doublet and
right-handed singlet respectively. Gauge invariance requires that as defined in (82), H1 has
hypercharge YH1 = −1 (and YH2 = +1). Therefore if the two doublets obtain expectation
values of the form

〈H1〉 =
(

v1

0

)
〈H2〉 =

(
0
v2

)
(85)

then (84) contains a term which corresponds to an electron mass term with

me = yev1 (86)

Similar expressions are easily obtained for all of the other massive fermions in the standard
model. Clearly as there is no νc state in the minimal model, neutrinos remain massless.
Both Higgs doublets must obtain vacuum values and it is convenient to express their ratio
as a parameter of the model,

tan β =
v2

v1
(87)

3.1 The Higgs sector

Of course if the vevs for H1 and H2 exist, they must be derivable from the scalar potential
which in turn is derivable from the superpotential and any soft terms which are included.
The part of the scalar potential which involves only the Higgs bosons is

V = |µ|2(H∗
1H1 + H∗

2H2) +
1

8
g′2(H∗

2H2 − H∗
1H1)

2

+
1

8
g2

(
4|H∗

1H2|2 − 2(H∗
1H1)(H

∗
2H2) + (H∗

1H1)
2 + (H∗

2H2)
2
)

+m2
1H

∗
1H1 + m2

2H
∗
2H2 + (BµεijH

i
1H

j
2 + h.c.) (88)

In (88), the first term is a so-called F -term, derived from |(∂W/∂H1)|2 and |(∂W/∂H2)|2
setting all sfermion vevs equal to 0. The next two terms are D-terms, the first a U(1)-D-
term, recalling that the hypercharges for the Higgses are YH1 = −1 and YH2 = 1, and the
second is an SU(2)-D-term, taking T a = σa/2 where σa are the three Pauli matrices. Finally,
the last three terms are soft supersymmetry breaking masses m1 and m2, and the bilinear
term Bµ. The Higgs doublets can be written as

〈H1〉 =
(

H0
1

H−
1

)
〈H2〉 =

(
H+

2

H0
2

)
(89)

and by (H∗
1H1), we mean H0

1
∗H0

1 + H−
1

∗
H−

1 etc.
The neutral portion of (88) can be expressed more simply as

V =
g2 + g′2

8

(
|H0

1 |2 − |H0
2 |2

)2
+ (m2

1 + |µ|2)|H0
1 |2

+(m2
2 + |µ|2)|H0

2 |2 + (BµH0
1H

0
2 + h.c.) (90)
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values of the form
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v2
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(85)

then (84) contains a term which corresponds to an electron mass term with

me = yev1 (86)

Similar expressions are easily obtained for all of the other massive fermions in the standard
model. Clearly as there is no νc state in the minimal model, neutrinos remain massless.
Both Higgs doublets must obtain vacuum values and it is convenient to express their ratio
as a parameter of the model,

tan β =
v2

v1
(87)

3.1 The Higgs sector

Of course if the vevs for H1 and H2 exist, they must be derivable from the scalar potential
which in turn is derivable from the superpotential and any soft terms which are included.
The part of the scalar potential which involves only the Higgs bosons is
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In (88), the first term is a so-called F -term, derived from |(∂W/∂H1)|2 and |(∂W/∂H2)|2
setting all sfermion vevs equal to 0. The next two terms are D-terms, the first a U(1)-D-
term, recalling that the hypercharges for the Higgses are YH1 = −1 and YH2 = 1, and the
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The neutral portion of (88) can be expressed more simply as

V =
g2 + g′2

8

(
|H0

1 |2 − |H0
2 |2

)2
+ (m2

1 + |µ|2)|H0
1 |2

+(m2
2 + |µ|2)|H0

2 |2 + (BµH0
1H

0
2 + h.c.) (90)

21

where it is to be understood that in (84) that H1 refers to the scalar component of the Higgs
H1 and ψL and ψec represents the fermionic component of the left-handed lepton doublet and
right-handed singlet respectively. Gauge invariance requires that as defined in (82), H1 has
hypercharge YH1 = −1 (and YH2 = +1). Therefore if the two doublets obtain expectation
values of the form

〈H1〉 =
(

v1

0

)
〈H2〉 =

(
0
v2

)
(85)

then (84) contains a term which corresponds to an electron mass term with

me = yev1 (86)

Similar expressions are easily obtained for all of the other massive fermions in the standard
model. Clearly as there is no νc state in the minimal model, neutrinos remain massless.
Both Higgs doublets must obtain vacuum values and it is convenient to express their ratio
as a parameter of the model,

tan β =
v2

v1
(87)

3.1 The Higgs sector

Of course if the vevs for H1 and H2 exist, they must be derivable from the scalar potential
which in turn is derivable from the superpotential and any soft terms which are included.
The part of the scalar potential which involves only the Higgs bosons is

V = |µ|2(H∗
1H1 + H∗

2H2) +
1

8
g′2(H∗

2H2 − H∗
1H1)

2

+
1

8
g2

(
4|H∗

1H2|2 − 2(H∗
1H1)(H

∗
2H2) + (H∗

1H1)
2 + (H∗

2H2)
2
)

+m2
1H

∗
1H1 + m2

2H
∗
2H2 + (BµεijH

i
1H

j
2 + h.c.) (88)

In (88), the first term is a so-called F -term, derived from |(∂W/∂H1)|2 and |(∂W/∂H2)|2
setting all sfermion vevs equal to 0. The next two terms are D-terms, the first a U(1)-D-
term, recalling that the hypercharges for the Higgses are YH1 = −1 and YH2 = 1, and the
second is an SU(2)-D-term, taking T a = σa/2 where σa are the three Pauli matrices. Finally,
the last three terms are soft supersymmetry breaking masses m1 and m2, and the bilinear
term Bµ. The Higgs doublets can be written as

〈H1〉 =
(

H0
1

H−
1

)
〈H2〉 =

(
H+

2

H0
2

)
(89)

and by (H∗
1H1), we mean H0

1
∗H0

1 + H−
1

∗
H−

1 etc.
The neutral portion of (88) can be expressed more simply as

V =
g2 + g′2

8

(
|H0

1 |2 − |H0
2 |2

)2
+ (m2

1 + |µ|2)|H0
1 |2

+(m2
2 + |µ|2)|H0

2 |2 + (BµH0
1H

0
2 + h.c.) (90)

21

R-parity conservation assumed 
Thursday, July 7, 2011



Which Supersymmetric Model?

Thursday, July 7, 2011



Which Supersymmetric Model?

MSSM with R-Parity (still more than 100 parameters)

Thursday, July 7, 2011



Which Supersymmetric Model?

MSSM with R-Parity (still more than 100 parameters)

Gaugino mass Unification

Thursday, July 7, 2011



Which Supersymmetric Model?

MSSM with R-Parity (still more than 100 parameters)

Gaugino mass Unification

A-term Unification

Thursday, July 7, 2011



Which Supersymmetric Model?

MSSM with R-Parity (still more than 100 parameters)

Gaugino mass Unification

A-term Unification

Scalar mass unification 

Thursday, July 7, 2011



Which Supersymmetric Model?

MSSM with R-Parity (still more than 100 parameters)

Gaugino mass Unification

A-term Unification

Scalar mass unification 

B0 = A0 - m0 (VCMSSM)

Thursday, July 7, 2011



Which Supersymmetric Model?

MSSM with R-Parity (still more than 100 parameters)

Gaugino mass Unification

A-term Unification

Scalar mass unification 

B0 = A0 - m0 (VCMSSM)

m0 = m3/2 (mSUGRA)
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The Constrained and Very 
Constrained MSSM 

CMSSM - as a 4+ parameter theory

NUHM1 - as a 5+ parameter theory

VCMSSM models - 3+ parameter theory (mSUGRA)

No-Scale models - 1+ parameter theory
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The CMSSM

Parameters: m1/2, m0, A0, tan β, sgn(μ)

Electroweak Symmetry Breaking conditions:

µ2 =
m2

1 −m2
2 tan2 β + 1

2M2
Z(1− tan2 β) + ∆(1)

µ

tan2 β − 1 + ∆(2)
µ

Bµ = −1
2
(m2

1 + m2
2 + 2µ2) sin 2β + ∆B
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CMSSM Spectra

Unification to 
rich spectrum

+
EWSB

Falk
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The Relic DensityThe Relic Density
At high temperatures T >>mχ ;    

     χ’s in equilibrium   Γ > H      nχ ~ nγ
Γ ~ nσv~ T3σv ;  HMp ~ √ρ ~ Τ2

As T < mχ ; annihilations drop nχ
nχ ~ e-mχ/T nγ

Until freeze-out, Γ < H           nχ/nγ ∼ constant

f

B~

f
_

B~

f~

T ~ mχ t

nχ/nγ

1
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WMAP

Position of 1st peak   
⇒    Ω = 1
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WMAP

Position of 1st peak   
⇒    Ω = 1

                         	

 	

 	

       
Ωmh2 = 0.1334 ± 0.0056  

Ωbh2 = 0.0226 ± 0.0006
                              

     Ωcdmh2 = 0.1109 ± 0.0056
or

Ωcdm h2 = 0.0997 - 0.1221  (2 σ)
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Typical Regions

m
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m1/2 - m0 planes

CMSSM Ellis, Olive, Santoso, Spanos
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Effective four-fermion Lagrangian

As a simplification, we neglect CP violation in this paper, so that γf = 0 and there are no

CP-violating phases in the neutralino mass matrix, either. We treat m1/2, m0, A and tanβ

as free parameters, and µ and the pseudoscalar Higgs mass mA as dependent parameters

specified by the electroweak vacuum conditions, which we calculate using mt = 175 GeV 1.

The MSSM Lagrangian leads to the following low-energy effective four-fermi Lagrangian

suitable for describing elastic χ-nucleon scattering [16]:

L = χ̄γµγ5χq̄iγµ(α1i + α2iγ
5)qi + α3iχ̄χq̄iqi +α4iχ̄γ5χq̄iγ

5qi + α5iχ̄χq̄iγ
5qi +α6iχ̄γ5χq̄iqi (3)

This Lagrangian is to be summed over the quark generations, and the subscript i labels up-

type quarks (i = 1) and down-type quarks (i = 2). The terms with coefficients α1i, α4i, α5i

and α6i make contributions to the elastic scattering cross section that are velocity-dependent,

and may be neglected for our purposes. In fact, if the CP violating phases are absent as

assumed here, α5 = α6 = 0 [17]. The coefficients relevant for our discussion are:

α2i =
1

4(m2
1i − m2

χ)

[

|Yi|2 + |Xi|2
]

+
1

4(m2
2i − m2

χ)

[

|Vi|2 + |Wi|2
]

−
g2

4m2
Z cos2 θW

[

|Zχ3
|2 − |Zχ4

|2
] T3i

2
(4)

and

α3i = −
1

2(m2
1i − m2

χ)
Re [(Xi) (Yi)

∗] −
1

2(m2
2i − m2

χ)
Re [(Wi) (Vi)

∗]

−
gmqi

4mWBi

[

Re (δ1i[gZχ2 − g′Zχ1])DiCi

(

−
1

m2
H1

+
1

m2
H2

)

+ Re (δ2i[gZχ2 − g′Zχ1])

(

D2
i

m2
H2

+
C2

i

m2
H1

)]

(5)

where

Xi ≡ η∗

11

gmqi
Z∗

χ5−i

2mWBi
− η∗

12eig
′Z∗

χ1

Yi ≡ η∗

11

(

yi

2
g′Zχ1 + gT3iZχ2

)

+ η∗

12

gmqi
Zχ5−i

2mW Bi

Wi ≡ η∗

21

gmqi
Z∗

χ5−i

2mWBi
− η∗

22eig
′Z∗

χ1

Vi ≡ η∗

22

gmqi
Zχ5−i

2mWBi
+ η∗

21

(

yi

2
g′Zχ1 + gT3iZχ2

)

(6)

1We have checked that varying mt by ±5 GeV has a negligible effect on our results.
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3

The terms proportional to α1, α4, α5, α6, 
lead to velocity-dependent cross sections

Remaining terms:

α2: Spin-dependent cross section 
α3: Spin-independent cross section
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Elastic cross section for 
direct detection

CMSSM Ellis, Olive, Sandick
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MCMC technique to sample efficiently the 
SUSY parameter space, and thereby 
construct the χ2 probability function

Combines SoftSusy, FeynHiggs, SuperFla, 
SuperIso, MicrOmegas, and Dark SUSY

Purely frequentist approach (no priors) and 
relies only on the value of χ2  at the point 
sampled and not on the distribution of 
sampled points.

25 million points sampled (CMSSM)

Mastercode - MCMC

Buchmueller, Cavanaugh, Colling, De Roeck, Dolan, Ellis, 
Flacher, Heinemeyer, Olive, Rogerson, Ronga, Weiglein

Long list of observables to
constrain CMSSM parameter space

O. Buchmueller et al.: Likelihood Functions for Supersymmetric Observables in Analyses of the CMSSM and NUHM1 3

in Section 6.1 the implications of removing the (g − 2)µ

constraint. We also discuss the predictions of our fits for
BR(b → sγ), Ωχh2 and Mh, presenting the likelihood
functions for each of these observables without their own
contributions. None of these observables exhibits any sig-
nificant tension with the others.

2 Description of the Frequentist Statistical
Method Employed

We define a global χ2 likelihood function, which combines
all theoretical predictions with experimental constraints:

χ2 =
N

∑

i

(Ci − Pi)2

σ(Ci)2 + σ(Pi)2

+ χ2(Mh) + χ2(BR(Bs → µµ))

+ χ2(SUSY search limits)

+
M
∑

i

(fobs
SMi

− ffit
SMi

)2

σ(fSMi
)2

(1)

Here N is the number of observables studied, Ci repre-
sents an experimentally measured value (constraint) and
each Pi defines a prediction for the corresponding con-
straint that depends on the supersymmetric parameters.
The experimental uncertainty, σ(Ci), of each measure-
ment is taken to be both statistically and systematically
independent of the corresponding theoretical uncertainty,
σ(Pi), in its prediction. We denote by χ2(Mh) and
χ2(BR(Bs → µµ)) the χ2 contributions from the two mea-
surements for which only one-sided bounds are available
so far, as discussed below. Furthermore we include the
lower limits from the direct searches for SUSY particles
at LEP [64] as one-sided limits, denoted by “χ2(SUSY
search limits)” in eq. (1).

We stress that, as in [4,53], the three standard model
parameters fSM = {∆αhad, mt, MZ} are included as fit
parameters and allowed to vary with their current exper-
imental resolutions σ(fSM). We do not include αs as a fit
parameter, which would have only a minor impact on the
analysis.

Formulating the fit in this fashion has the advantage
that the χ2 probability, P (χ2, Ndof), properly accounts
for the number of degrees of freedom, Ndof , in the fit and
thus represents a quantitative and meaningful measure for
the “goodness-of-fit.” In previous studies [53], P (χ2, Ndof)
has been verified to have a flat distribution, thus yielding
a reliable estimate of the confidence level for any par-
ticular point in parameter space. Further, an important
aspect of the formulation is that all model parameters
are varied simultaneously in the MCMC sampling, and
care is exercised to fully explore the multi-dimensional
space, including possible interdependencies between pa-
rameters. All confidence levels for selected model param-
eters are performed by scanning over the desired parame-
ters while minimizing the χ2 function with respect to all

other model parameters. That is, in order to determine
the function χ2(x) for some model parameter x, all the
remaining free parameters are set to values corresponding
to a new χ2 minimum determined for fixed x. The function
values where χ2(x) is found to be equal to χ2

min +∆χ2 de-
termine the confidence level contour. For two-dimensional
parameter scans we use ∆χ2 = 2.28(5.99) to determine
the 68%(95%) confidence level contours.

Only experimental constraints are imposed when de-
riving confidence level contours, without any arbitrary
or direct constraints placed on model parameters them-
selves.3 This leads to robust and statistically meaning-
ful estimates of the total 68% and 95% confidence levels,
which may be composed of multiple separated contours.
Finally, the sensitivity of the global fit to different con-
straint scenarios can be studied by removing one of the
experimental constraints or by rescaling one of the exper-
imental uncertainties, as discussed in Sect. 3 in [4]. Stud-
ies of such scenarios are particularly helpful in identifying
which experimental data are most useful in constraining
the theoretical model and hence in precisely studying how
hyper-volumes in parameter space become more tightly
constrained (either now or in the future).

Since each new scenario in which a parameter is re-
moved or an uncertainty re-scaled represents, fundamen-
tally, a new χ2 function which must be minimized, mul-
tiple re-samplings of the full multi-dimensional param-
eter space are, in principle, required to determine the
most probable fit regions for each scenario. However, these
would be computationally too expensive. To avoid this dif-
ficulty, we exploit the fact that independent χ2 functions
are additive and result in a well defined χ2 probability.
Hence, we define “loose” χ2 functions, χ2

loose, in which the
term representing some constraint, e.g., ΩCDM, is removed
from the global χ2 function. The χ2

loose function represents
the likelihood that a particular set of model parameter val-
ues is compatible with a sub-set of the experimental data
constraints, without any experimental knowledge of the
removed constraint.

An exhaustive, and computationally expensive, 25 mil-
lion point pre-sampling of the χ2

loose function is then per-
formed in the full multi-dimensional model parameter
space using a MCMC. Constraint terms representing the
various experimental scenarios are then re-instated or re-
moved to form different χ2 functions, one for each scenario
studied. If the scenario requires an additional constraint
to be removed from the χ2

loose function, the density of
points pre-sampled for the χ2

loose function was carefully
tested and verified to also be an unbiased and sufficiently
complete sampling of the studied model parameter space
for the full χ2 function by using dedicated MCMC sam-
ples of approximately one million sampling points each,
where the particular constraint in question was removed.

3 For reasons of stability of higher-order contributions, we
limit the range of tanβ to values below tanβ = 60. As ex-
plained in Section 3 below, we furthermore impose a cut on
parameter regions where the higher-order corrections relating
the running mass to the on-shell mass of the pseudo-scalar
Higgs boson get unacceptably large.
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Δχ2 map of m0 - m1/2 plane
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Neutralino mass and Relic 
Density from MCMC analysis

Buchmueller, Cavanaugh, De Roeck, Ellis, Flacher, Heinemeyer, Isidori, 
Olive, Ronga, Weiglein
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Elastic cross section from 
MCMC analysis
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Effect of Early Results from LHC
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m1/2 - m0 planes incl. LHC
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Comparison of best fit 
points pre and post LHC

Buchmueller, Cavanaugh, Colling, De Roeck, Dolan, Ellis, 
Flacher, Heinemeyer, Isidori, Olive, Rogerson, Ronga, Weiglein

11

Model Minimum Probability m1/2 m0 A0 tan β Mh (GeV)

χ2/dof (GeV) (GeV) (GeV) (no LEP)

CMSSM pre-LHC 22.5/19 26% 310+120
−50 60+90

−10 −60+410
−840 10+10

−4 108.6

post-2010-LHC 26.1/19 13% 470+140
−70 170+330

−80 −780+1410
−820 22+27

−13 115.7

post-Xenon (50 ± 14) 26.2/20 16% 470+140
−70 170+330

−80 −780+1410
−820 22+27

−13 115.7

NUHM1 pre-LHC 20.5/17 25% 240+150
−50 100+70

−40 920+360
−1260 7+11

−2 119.4

post-2010-LHC 24.1/18 15% 530+220
−90 110+80

−20 −370+1070
−1000 27+24

−10 117.9

post-Xenon (50 ± 14) 24.2/19 19% 530+220
−90 110+80

−20 −370+1070
−1000 27+24

−10 117.9

VCMSSM pre-LHC 22.6/20 31% 300+60
−40 60+20

−10 30+50
−30 8+3

−1 110.0

post-2010-LHC 27.9/20 11% 470+150
−80 110+110

−30 120+300
−190 13+14

−8 115.0

post-Xenon (50 ± 14) 28.1/21 14% 470+150
−80 110+110

−30 120+300
−190 13+14

−8 115.0

mSUGRA pre-LHC 29.4/19 6.0% 550+170
−90 230+80

−40 430+190
−90 28+5

−2 107.8

post-2010-LHC 30.2/20 6.7% 650+70
−130 270+50

−50 530+130
−130 30+4

−3 122.2

post-Xenon (50 ± 14) 30.3/21 8.6% 650+70
−130 270+50

−50 530+130
−130 30+4

−3 122.2

Table 1. Comparison of the best-fit points found in the pre-LHC analysis in the CMSSM, the NUHM1,
the VCMSSM and the coannihilation region of mSUGRA [2, 6–8], and our latest results incorporating
the CMS, ATLAS, LHCb, CDF, DØ and Xenon100 constraints. We also include the minimum value of
χ2 and the fit probability in each scenario, as well as the predictions for Mh without imposing the LEP
constraint.

siderably post-2010-LHC 15.

(MA, tan β) planes
We display in Fig. 4 the corresponding best-

fit points and 68 and 95% CL regions in the
(MA, tan β) planes for the CMSSM, NUHM1,
VCMSSM and mSUGRA including the 2010 LHC
and Xenon100 constraints. The LHC bb̄ →
H/A → τ+τ− constraint has some impact in the
NUHM1, where a small part of the upper left re-
gion of the NUHM1 (MA, tan β) plane has been
disfavoured by this new constraint, whereas the
previous Tevatron constraints on H/A produc-
tion had not impacted significantly the parameter
spaces of any of the models.

Fig. 5 illustrates the effects of the CMS H/A
constraint and the LHCb/CDF/DØ BR(Bs →
µ+µ−) constraint on the (MA, tanβ) plane in the
NUHM1. The other LHC constraints are applied

15Many early LHC analyses assumed tan β = 3 as a de-
fault. It is apparent from Fig. 3 that such low values were
disfavoured even pre-LHC, and that a more plausible de-
fault choice post-2010-LHC would be tan β = 10 or more.

in all panels, but not the Xenon100 constraint.
The left panel drops both the H/A → τ+τ− and
BR(Bs → µ+µ−) constraints, and the right panel
includes both constraints, and we note two prin-
cipal effects. One is a contraction in the 68%
CL region at lower MA, resulting in the 68% CL
lower limit on MA increasing from ∼ 150 GeV to
∼ 200 GeV, which is due to the H/A constraint.
The other effect is some erosion of the 68% CL re-
gion at large tanβ > 50, reducing the upper limit
on MA from ∼ 600 GeV to ∼ 550 GeV, which is
due to the BR(Bs → µ+µ−) constraint. However,
we observe that the location of the best-fit point
at (MA, tan β) ∼ (400 GeV, 26) is quite insensi-
tive to these constraints, indicating that they are
not yet attacking the ‘heartland’ of the NUHM1
parameter space.

(A0/m0, tanβ) planes
Fig. 6 displays the (A0/m0, tan β) planes in

the CMSSM (upper left panel), in the NUHM1
(upper right panel), in the VCMSSM (lower left
panel) and in mSUGRA (lower right panel). We
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Most recent result from Xenon100

Aprile
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m1/2 - m0 planes incl. LHC

CMSSM Ellis, Olive, Santoso, Spanos
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m1/2 - m0 planes incl. LHC
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Indirect Detection

• Neutrinos from Neutralino 
Annihilations in the Sun

•Gamma-rays from Annihilations 
in the Galactic Halo
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Indirect Detection in the CMSSM

Ellis, Olive, Savage, and Spanos

0 100 200 300 400

mχ (GeV)

10−1

100

101

102

103

104

105

m
u
on

fl
u
x

(/
km

2 /
yr

)

tanβ = 10

0 100 200 300 400 500 600 700 800

mχ (GeV)

tanβ = 55

solid: coannihilation/funnel
dashed: focus point
dotted: IceCube/DeepCore

Eth = 1 GeV
Eth = 10 GeV
Eth = 100 GeV

Thursday, July 7, 2011



Annihilations in the Halo
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S-wave annihilation cross sections
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Gamma-ray signals
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Summary

Frequentist method (no priors) shows strong preference for 
relatively light neutralinos, low tan β, and co-annihilation 
region

LHC beginning to make in significant inroads

XENON100 also making inroads (cf. value of ΣπN )

Indirect Detection more difficult - typically sensitive to focus 
point region where cross sections are higher
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