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Unification Conditions
• Gaugino masses: Mi = m1/2

• Scalar masses: mi = m0

• Trilinear terms: Ai = A0

mSugra Conditions
•    Gaugino masses: m3/2 = m0

• Bilinear term: B0 = A0 - m0



• Input parameters: µ, m0, m1/2, A0, B.     predict MZ, tan β, mA

• Instead CMSSM:
 Input parameters: MZ, m0, m1/2, A0, tan β                    
                                                                           predict µ, B, mA 

CMSSM conditions

mSUGRA conditions
• Then:

 
 

  Input parameters: MZ, m0, m1/2, A0, B     predict µ, mA, tan β

Boundary Conditions



 Constraints Constraints
• Chargino mass limit

Mχ
±   104  GeV

Constrains (M2 and µ)/ m1/2

• Higgs mass limit 
MΗ

   114 GeV
Constrains (mA, Μ2, Α)/ m1/2

particularly at low tan β

• b to s γ
               Constrains (mA)/ m1/2   at high tan β and µ < 0

• Also sfermion mass limits from LEP and CDF
mf  ≥  99  GeV  (roughly)

χ  is the LSP



•  Bs→ μ+ μ-
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Mχ
±   104  GeV

Constrains (M2 and µ)/ m1/2

• Higgs mass limit 
MΗ

   114 GeV
Constrains (mA, Μ2, Α)/ m1/2

particularly at low tan β

• b to s γ
               Constrains (mA)/ m1/2   at high tan β and µ < 0

• Also sfermion mass limits from LEP and CDF
mf  ≥  99  GeV  (roughly)

χ  is the LSP
•    (g-2)μ

aexp - atheo = (25.2 ± 9.2) x 10-10

Important at large tan β and small mA

BR < 2.0 x 10-7 from CDF and DØ



Indirect Sensitivities

• MW

• sin2 θ
• (g-2)μ
• BR( b → s γ)
• Mh

from the direct searches for a Standard Model (SM) Higgs boson at LEP [18].

In the following, we refer to the theoretical uncertainties from unknown higher-order

corrections as ‘intrinsic’ theoretical uncertainties and to the uncertainties induced by the

experimental errors of the input parameters as ‘parametric’ theoretical uncertainties. We do

not discuss here the theoretical uncertainties in the renormalization-group running between

the high-scale input parameters and the weak scale: see Ref. [24] for a recent discussion in the

context of calculations of the cold dark matter density. At present, these uncertainties are less

important than the experimental and theoretical uncertainties in the precision observables.

Assuming that the five observables listed above are uncorrelated, a χ2 fit has been per-

formed with

χ2 ≡
4

∑

n=1

(

Rexp
n − Rtheo

n

σn

)2

+ χ2
Mh

. (1)

Here Rexp
n denotes the experimental central value of the nth observable (MW , sin2 θeff ,

(g − 2)µ and BR(b → sγ)), Rtheo
n is the corresponding CMSSM prediction and σn denotes

the combined error, as specified below. χ2
Mh

denotes the χ2 contribution coming from the

lightest MSSM Higgs boson mass as described below.

2.1 The W boson mass

The W boson mass can be evaluated from

M2
W

(

1 −
M2

W

M2
Z

)

=
πα√
2GF

(1 + ∆r) , (2)

where α is the fine structure constant and GF the Fermi constant. The radiative corrections

are summarized in the quantity ∆r [25]. The prediction for MW within the Standard Model

(SM) or the MSSM is obtained by evaluating ∆r in these models and solving (2) in an

iterative way.

We include the complete one-loop result in the MSSM [26,27] as well as higher-order QCD

corrections of SM type that are of O(ααs) [28, 29] and O(αα2
s) [30, 31]. Furthermore, we

incorporate supersymmetric corrections of O(ααs) [32] and of O(α2
t ) [33,34] to the quantity

∆ρ.2

The remaining intrinsic theoretical uncertainty in the prediction for MW within the

MSSM is still significantly larger than in the SM. It has been estimated as [34]

∆M intr,current
W

<∼ 9 MeV , (3)

2A re-evaluation of MW is currently under way [35]. Preliminary results show good agreement with the
values used here.
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Figure 1: The CMSSM predictions for Mh as functions of m1/2 with (a) tanβ = 10 and
(b) tanβ = 50 for various A0. A hypothetical LHC measurement is shown, namely Mh =
116.4 ± 0.2 GeV, as well as the present 95% C.L. exclusion limit of 114.4 GeV.

appropriate for a one-sided limit. Correspondingly we set χ̃2(Mh > 116.4 GeV) = 0. The

theory uncertainty is included by convolving the likelihood function associated with χ̃2(Mh)

and a Gaussian function, Φ̃(x), normalized to unity and centred around Mh, whose width is

1.5 GeV:

χ2(Mh) = −2 log
(

∫

∞

−∞

e−χ̃2(x)/2 Φ̃(Mh − x) dx
)

. (19)

In this way, a theoretical uncertainty of up to 3 GeV is assigned for ∼ 95% of all Mh values

corresponding to one parameter point. The final χ2
Mh

is then obtained as

χ2
Mh

= χ2(Mh) − χ2(116.4 GeV) for Mh ≤ 116.4 GeV , (20)

χ2
Mh

= 0 for Mh > 116.4 GeV , (21)

and is then combined with the corresponding quantities for the other observables we consider,

see eq. (1).

3 Updated CMSSM analysis

As already mentioned, in our previous analysis of the CMSSM [1] we used the range mt =

178.0 ± 4.3 GeV that was then preferred by direct measurements [16]. The preferred range

evolved subsequently to 172.7 ± 2.9 GeV [17]. In view of this past evolution and possible

10

χ2(Mh) determined from LEP CLs
Ellis, Heinemeyer, Olive, Weiglein
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How Much Dark Matter
WMAP 1
 
 
 
 
 Spergel etal

 Precise bounds on matter content

                       +0.008
 
 
       
Ωmh2 = 0.135-0.009      Ωbh2 = 0.0224 ± 0.0009

                               +0.0080
 Ωcdmh2 = 0.1126-0.0090

or
Ωcdm h2 = 0.094 - 0.129  (2 σ)

WMAP 3
 
 
 
 
 Spergel etal
                              +0.0072
 Ωcdmh2 = 0.1045-0.0095

or
Ωcdm h2 = 0.085 - 0.119  (2 σ)



Typical Regions

m
0

m1/2 

Bulk

Funnel

stau LSP

No EWSB

stau co-ann.

Focus point



•Eastic scattering cross sections 
for χ p

•Use only parameters which satisfy accelerator bounds 
and 


 relic density

•Dominant contribution to spin-independent scattering

Through light squark exchange 

– Dominant for binos

Through Higgs exchange
– Requires  some Higgsino component

Direct Detection

eter space are excluded by the current CDMS II result. Specifically, none of the benchmark

scenarios proposed recently [?] is excluded, and neither is any of the 90% confidence-level

region favoured in a recent likelihood analysis of the CMSSM [?]. On the other hand, if one

relaxes universality for the squark slepton and Higgs masses, so as to consider the most gen-

eral low-energy effective supersymmetric theory (LEEST), some models with mχ
<∼ 700 GeV

are excluded for large Σ. We reach a similar conclusion even if the squark and slepton masses

are assumed to be equal, and we allow only non-universal Higgs masses (NUHM). Indeed,

as we discuss, the dominant mechanism leading to a large cross section is the reduction in

the magnitude of the Higgs superpotential mixing parameter µ and the pseudoscalar Higgs

mass mA allowed by the relaxed electroweak vacuum conditions in the NUHM.

2 Spin-Independent χ-Nucleon Scattering Matrix Ele-

ments

2.1 Model-Dependent Supersymmetric Operator Coefficients

We assume that the neutralino LSP χ is the lightest eigenstate of the mixed Bino B̃,

Wino W̃ and Higgsino H̃1,2 system, whose mass matrix N is diagonalized by a matrix Z:

diag(mχ1,..,4) = Z∗NZ−1, with

χ = Zχ1B̃ + Zχ2W̃ + Zχ3H̃1 + Zχ4H̃2. (1)

We neglect the possibility of CP violation, and assume universality at the supersymmetric

GUT scale for the U(1) and SU(2) gaugino masses: M1,2 = m1/2, so that M1 = 5
3 tan2 θW M2

at the electroweak scale.

The following low-energy effective four-fermion Lagrangian describes spin-independent

elastic χ-nucleon scattering:

L = α3iχ̄χq̄iqi, (2)

which is to be summed over the quark flavours q, and the subscript i labels up-type quarks

(i = 1) and down-type quarks (i = 2). The model-dependent coefficients α3i are given by

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

)]

, (3)

2



The scalar cross section

where

and

determined by

will take:

Σ = 45 GeV or 64 GeV

Uncertainties from hadronic matrix elements

where

Xi ≡ η∗

11

gmqi
Z∗

χ5−i

2mW Bi
− 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

2mW Bi
− η∗

22eig
′Z∗

χ1,

Vi ≡ η∗

22

gmqi
Zχ5−i

2mW Bi
+ η∗

21

(
yi

2
g′Zχ1 + gT3iZχ2

)

, (4)

with yi, T3i denoting hypercharge and isospin, and

δ1i = Zχ3(Zχ4), δ2i = Zχ4, (−Zχ3) (5)

Bi = sin β(cos β), Ci = sin α(cos α), Di = cos α(− sin α), (6)

for up (down) type quarks. We denote by mH2
< mH1

the two scalar Higgs masses, and α

denotes the Higgs mixing angle. Finally, we note that the factors ηij arise from the diagonal-

ization of the squark mass matrices: diag(m2
1, m

2
2) ≡ ηM2η−1, which can be parameterized

for each flavour f by an angle θf and phase γf :
(

cos θf sin θfeiγf

− sin θfe−iγf cos θf

)

≡

(

η11 η12

η21 η22

)

. (7)

In the models we study below, the squark flavours are diagonalized in the same basis as the

quarks.

2.2 Hadronic Matrix Elements

The scalar part of the cross section can be written as

σ3 =
4m2

r

π
[Zfp + (A − Z)fn]2 , (8)

where mr is the reduced LSP mass,

fp

mp
=

∑

q=u,d,s

f (p)
Tq

α3q

mq
+

2

27
f (p)

TG

∑

c,b,t

α3q

mq
, (9)

the parameters f (p)
Tq are defined by

mpf
(p)
Tq ≡ 〈p|mq q̄q|p〉 ≡ mqBq, (10)

f (p)
TG = 1 −

∑

q=u,d,s f (p)
Tq [?], and fn has a similar expression.
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3

We take the ratios of the quark masses from [?]:

mu

md
= 0.553 ± 0.043,

ms

md
= 18.9 ± 0.8, (11)

and following [?], we have:

z ≡
Bu − Bs

Bd − Bs
= 1.49. (12)

Defining

y ≡
2Bs

Bd + Bu
, (13)

we then have
Bd

Bu
=

2 + (z − 1)y

2z − (z − 1)y
. (14)

The coefficients fTq are then easily obtained;

fTu =
muBu

mp
=

2Σ

mp(1 + md

mu
)(1 + Bd

Bu
)
, (15)

fTd
=

mdBd

mp
=

2Σ

mp(1 + mu

md
)(1 + Bu

Bd
)
, (16)

fTs =
msBs

mp
=

2(ms

md
)Σ y

mp(1 + mu

md
)
. (17)

The final task is to determine the quantity y characterizing the density of s̄s in the nucleon.

This may be determined from the π-nucleon Σ term, which is given by

σπN ≡ Σ =
1

2
(mu + md)(Bu + Bd). (18)

We are motivated to reconsider the value of y in light of recent re-evaluations of the π-nucleon

sigma term Σ, which is related to the strange scalar density in the nucleon by

y = 1 − σ0/Σ, (19)

where σ0 is the change in the nucleon mass due to the non-zero u, d quark masses, which

is estimated on the basis of octet baryon mass differences to be σ0 = 36 ± 7 MeV [?]. In

our previous work [?,?], we assumed a relatively conservative value Σ = 45 MeV, which was

already somewhat larger than naive quark model estimates, and corresponded to y # 0.2.

However, recent determinations of the π-nucleon Σ term have found the following values at

the Cheng-Dashen point t = +2m2
π [?]:

ΣCD = (88 ± 15, 71 ± 9, 79 ± 7, 85 ± 5) MeV. (20)
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mSugra models

• tan β fixed by boundary conditions (B0 = A0 - m0)

• ``planes’’ determined by A0/m0

• Gravitino often the LSP (m3/2 = m0)



Ellis, Olive, Santoso, Spanos

The Very CMSSM (mSUGRA):
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mSugra models

• tan β fixed by boundary conditions (B0 = A0 - m0)

• ``planes’’ determined by A0/m0

• Gravitino often the LSP (m3/2 = m0)

• No Funnels

• No Focus Point



mSugra models

• tan β fixed by boundary conditions (B0 = A0 - m0)

• ``planes’’ determined by A0/m0

• Gravitino often the LSP (m3/2 = m0)

• No Funnels

• No Focus Point

• Weak signal from Bs → μ + μ-



Indirect Sensitivities to
Gravitino Dark Matter Models

χ2 deteremined predominantly by (g-2)μ on the right 
and mh on the left EHOW
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Figure 14: Illustration of the preferred regions in the space of mSUGRA-motivated GDM
models for (a) A0 = 0, (b) A0/m0 = 0.75, (c) A0/m0 = 3−

√
3 and (d) A0/m0 = 2. In each

case, the red points show the χ2 minimum, the green points have ∆χ2 < 1, the orange points
have ∆χ2 < 3.84, and the black points have larger χ2.
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Drop m3/2 = m0  :  
Indirect Sensitivities to 
Neutralino Dark Matter
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Direct Detection of NDM in the mSugra models

VCMSSM, µ>0, !=45 MeV
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CMSSM
• Drop B0 = A0 - m0 : Select tan β
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Foliation in tan β

100 1000 2000 2500

0

1000

1500

100 1000 2000 2500

0

1000

1500

m
0
 (

G
e
V

)

m1/2 (GeV)

µ > 0



Focus Point Region

Feng Matchev Moroi Wilczek

As m0 gets very large,
RGE’s force µ to 0,
allowing neutralino to 
become Higgsino like with
an acceptable relic density.
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Indirect Sensitivities to CMSSM models
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Sensitivity to MW and sin2 θW
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Using the Higgs mass to determine CMSSM parameters
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Figure 2: The effects of auxiliary uncertainties on the region of the (m1/2, m0) plane for
A0 = 0, µ > 0 and tanβ = 57 currently excluded by the Fermilab Tevatron collider. (a)
The effect of Bs meson uncertainties alone, principally that in fBs

. (b) These uncertainties
combined with the uncertainty ∆mt = 4 GeV. (c) The Bs meson uncertainties combined with
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Direct Detection in the CMSSM

EOSS
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NUHM

• Drop unification of scalar masses

• All Higgs soft masses, m1 and m2, to be 
chosen independently of m0

• Allows μ and mA to be free parameters



The m0 – m1/2 plane

+ CMSSM value
Ellis, Olive, Santoso

100 1000 1500

0

1000

m
0
 (

G
e
V

)

m1/2 (GeV)

tan β = 10 ,  µ = 400 GeV,  mA = 700 GeV

mh  = 114 GeV

100 1000 1500

0

1000

m
0
 (

G
e
V

)
m1/2 (GeV)

tan β = 10 ,  µ = 700 GeV,  mA = 400 GeV

mh  = 114 GeV



0 500 1000 1500 2000
m1/2 [GeV]

0

200

400

600

800

1000

m
0 [G

eV
]

NUHM, !2
min = 2.55

"!
2 < 3.84 (no CDM bound)

"!
2 < 1 (no CDM bound)

"!
2 < 3.84 (CDM bound)

"!
2 < 1 (CDM bound)

best fit (CDM bound)
CMSSM point

µ = 516, MA = 559, A0 = 600, tan# = 10

0 500 1000 1500 2000
m1/2 [GeV]

0

200

400

600

800

1000

m
0 [G

eV
]

NUHM, !2
min = 5.99

"!
2 < 3.84 (no CDM bound)

"!
2 < 1 (no CDM bound)

"!
2 < 3.84 (CDM bound)

"!
2 < 1 (CDM bound)

best fit (CDM bound)

µ = 400, MA = 700, A0 = 0, tan# = 50

Indirect Sensitivities to NUHM Models

EHOW



The mA– µ plane
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Direct Detection in the NUHM

EOSS
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CDMS Excluded models

Consequences 
for Bs →μ+ μ–  

EOSS
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Low Energy Effective Susy Theories

• Drop Squark-Slepton Universality

• Retain GUT constraint
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Summary

• mSugra models most difficult to access 
experimental esp. if GDM

• Good indication from indirect sensitivities 
for `low’ energy signal for SUSY.

• Good prospect for Direct detection and B→ μ+ μ- 

particularly in non CMSSM models (unless GDM)


