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• Input parameters: µ, m1, m2, B.        predict MZ, tan β, mA

• Instead CMSSM:
 Input parameters: MZ, m1, m2, tan β      (m1 = m2 = m0 )                
                                                                           predict µ, B, mA 

Boundary conditions

(in addition to m0, m1/2, and A0)

CMSSM conditions



Effect of WMAP Densities

Ω h2  = 0.1 - 0.3 Ω h2  = 0.09 - 0.13
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Foliation in tan β
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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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Likelihood Analysis of the CMSSM parameter space
Ellis, KAO, Santoso, Spanos

• Likelihood for the direct LEP Higgs Search 

- + Global fit to precision electrowweak data 

• Likelihood for b to s γ

• g-2 data (optional)

• Relic Density

hep-ex/0306033

Gambino and Ganis

Davier et al

Includes



Likelihood Projections
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Likelihood Projections

tanβ=10, µ<0
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Visible Particle Masses

Ellis, KAO, Santoso, Spanos
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Figure 3: Scatter plots of the spin-independent elastic-scattering cross section predicted in the
CMSSM for (a, b) µ < 0 and (c, d) µ > 0, with (a, c) Σ = 45 MeV and (b, d) Σ = 64 MeV.
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Direct Detection in the CMSSM
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Figure 6: As in Fig. 5, but now for the NUHM.
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Direct Detection in the NUHM
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CDMS Excluded models

Consequences 
for Bs →μ+ μ–  

cf. Kim,
Cerdeno, 
Scopel



• Bs meson parameters - fB, mB, τB

• mt = 178 ± 4 GeV

• mb = 4.25 ± 0.11 GeV

Uncertainties in 

conditions. However, these predictions are necessarily approximate. For example, the value

of mA predicted as a function of the independent parameters m1/2, m0, A0 and tanβ has

significant uncertainties associated with the lack of precision with which the heavy quark

masses mt and mb are known, as we discuss extensively later in this paper. Moreover, rather

different values of mA would be predicted in models where the universality assumptions of

the CMSSM are relaxed. For example, much smaller values of mA are attainable in models

with non-universal Higgs masses (NUHM).

When interpreting experimental upper bounds (or measurements) within any specific

model such as the CMSSM, care must be taken to incorporate the uncertainties in auxiliary

parameters such as fBs
, mt and mb. These should be propagated and combined with the

experimental likelihood function when quoting sensitivities in, e.g., the (m1/2, m0) plane at

some fixed level of confidence. Moreover, one must also be aware of model dependences

within the assumed framework such as the value of A0 in the CMSSM, as well as the effects

of possible deviations from the model framework such as non-universal Higgs masses.

We exemplify these points in a discussion of uncertainties in the interpretation of the

present and likely future sensitivities of the Fermilab Tevatron collider and the LHC to

Bs → µ+µ− decay, assuming µ > 0 as preferred by gµ − 2. In particular, we show that the

uncertainties in fBs
, mt and mb each shrink significantly the regions that might otherwise

appear to be excluded by the present limit, or might appear to be if the decay is not discovered

at the likely future sensitivity. We compare the resulting Bs → µ+µ− constraints with other

existing constraints such as b → sγ, discussing how they vary with A0 and commenting on

the situation within the NUHM.

2 Calculation of Bs → µ+ µ− Decay

The branching ratio for the decay Bs → µ+ µ− is given by

B(Bs → µ+ µ−) =
G2

Fα2

16π3

M5
Bs

f 2
Bs

τB

4
|VtbV

∗
ts|2

√
1 − 4m2

µ

M2
Bs

×
{(

1 − 4m2
µ

M2
Bs

)
|CS|2 +

∣∣∣∣CP − 2 CA
mµ

M2
Bs

∣∣∣∣
2
}

, (1)

where the one-loop corrected Wilson coefficients CS,P are taken from [11] and CA is defined

in terms of Y (xt), following [12], as CA = Y (xt)/ sin2 θW where

Y (xt) = 1.033

(
mt(mt)

170 GeV

)1.55

. (2)
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The function Y (xt) incorporates both leading [13] and next-to-leading order [9] QCD cor-

rections, and mt(mt) is the running top-quark mass in the MS scheme. The precise value

of mt(mt) depends somewhat on the set of supersymmetric parameters and our choice of

the physical top quark mass mt = 178 ± 4 GeV [14] that we use in this paper. The Wilson

coefficients CS,P have been multiplied by 1/(1 + εb)2, where εb incorporates the full super-

symmetric one-loop correction to the bottom-quark Yukawa coupling [15–17]. It is known

that, since εb is proportional to tan β, this correction may be significant in the large-tanβ

regime we study here [4, 5].

The Wilson coefficients CS,P receive four contributions in the context of MSSM, due to

Higgs bosons, counter-terms, box and penguin diagrams. The Higgs-boson corrections were

calculated in [12], and the rest of the supersymmetric corrections in [10]. The full one-loop

corrections have been studied and presented comprehensively in [11]. Here we implement

the full one-loop corrections taken from this work. The Higgs-boson, box and penguin

corrections to CS,P are proportional to tan2 β, while the counter-term corrections dominate

in the large-tanβ limit, as they are proportional to tan3 β.

In order to understand the behaviour of the branching ratio in the (m1/2, m0) plane in

the context of the CMSSM, we focus attention on the counter-terms which are mediated by

A, H, h exchange as seen in Eqs. (5.1) and (5.2) of [11]. As seen in Eq. (5.13) of [11], the

Bs → µ+ µ− decay amplitude ∝ 1/m2
A in the large-tanβ limit, and the decay rate ∝ 1/m4

A.

This underlines the importance of knowing or calculating mA as accurately as possible.

The counter-term contribution to CS,P is given by [11]

CCT
S,P = ∓ mµ tan3 β√

2M2
W m2

A

2∑
i=1

6∑
a=1

3∑
m,n=1

[mχ̃±
i

D3(yai)Ui2(Γ
UL)amΓa

imn], (3)

where

Γa
imn =

1

2
√

2 sin2 θW

[
√

2MW Vi1(Γ
UL†)na − (MU )nnVi2(Γ

UR†)na]λmn, (4)

and MU ≡ diag(mu, mc, mt). U and V are the chargino diagonalization matrices, ΓUL and

ΓUR are 6×3 squark diagonalization matrices, and D3(x) ≡ x ln x/(1−x). Additionally, yai is

defined in Eq. (5.10) of [11] as yai ≡ m2
ũa

/m2
χ+

i

, where m2
ũa

≡ {m2
ũL

, m2
c̃L

, m2
t̃1
, m2

ũR
, m2

c̃R
, m2

t̃2
}.

Finally, λmn ≡ VmbV ∗
ns/VtbV ∗

ts.

We can split the counter-term contribution into two terms: one that is proportional

to MW and another that is proportional to mt. Starting with the term whose numerator

depends on MW , it is easy to see that the non-vanishing terms stem from the following

combinations of indices: {a, n, m} = {111, 222, 333, 633} and i = 1, 2. However, the first

3
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term {111} is suppressed, as it is proportional to λ11 = Vub Vus/Vtb Vts ! −0.022, whereas

the second is not suppressed, because it is proportional to λ22 = Vcb Vcs/Vtb Vts ! −1. Nor

are the third and fourth terms suppressed, as they are multiplied by λ33 = 1. Thus, the part

of the counter-term contribution to the Wilson coefficient that is ∝ MW is

CCT,MW

S = − √
2MW f

{
mχ+

1
V11 U12

[
λ22 D3(y21) + λ33

(
cos2 θt̃ D3(y31) + sin2 θt̃ D3(y61)

)]
+ mχ+

2
V21 U22

[
λ22 D3(y22) + λ33

(
cos2 θt̃ D3(y32) + sin2 θt̃ D3(y62)

)]}
, (5)

where

f ≡ mµ tan3 β

4M2
W sin2 θW m2

A

, (6)

and we have ignored in (5) terms that are proportional to λ11. The unitarity of the Kobayashi-

Maskawa matrix implies that λ11 + λ22 + λ33 = 0, which for small λ11 means λ22 = −λ33,

resulting in the suppression of CCT,MW

S .

Turning now to the terms that increase with the charge-2/3 quark masses, we see that the

terms with n = 3 (the top-quark contributions) dominate the first- and second-generation

terms in Γa
imn. Specifically, the dominant terms have {a, n, m} = {333, 633}. In addition,

we notice that the i = 2 part is important, since it is proportional to V22 U22, while the i = 1

term is proportional to V12 U12. Hence it is sufficient to take

CCT,mt

S = mt f

(
sin 2θt̃

2

)
mχ+

2
[D(y32) − D(y62)] , (7)

where we set V22 ! U22 ! 1. The expression (7) is the approximation derived in [5]. The

GIM cancellation in (5) means that the counterterm contribution to the Wilson coefficients,

which is the dominant one, can be approximated relatively well by (7). However, in our

analysis we use the full expressions given in [11].

3 Dependence of mA on mt and on mb

It is clear from the discussion above that the mass of the pseudoscalar Higgs boson, mA, is

an important ingredient in calculating the branching ratio for the decay Bs → µ+ µ−, since

it enters in the fourth power in the denominators of the Wilson coefficients CS and CP in

(1). Therefore, to further our discussion of the uncertainties in the Bs → µ+ µ− branching

ratio, we now discuss the uncertainties in the calculated value of mA.

The electroweak symmetry breaking conditions may be written in the form:

m2
A = m2

H1
+ m2

H2
+ 2µ2 + ∆A (8)
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Figure 1: The sensitivities of mA to mt and mb, assuming ∆mt = 1 GeV and ∆mb =
0.1 GeV, along slices through the (m1/2, m0) CMSSM plane for A0 = 0 and tanβ = 57.
Panel (a) fixes m1/2 = 300 GeV and varies m0, while panel (b) fixes m0 = 400 GeV and
varies m1/2.

and

µ2 =
m2

H1
− m2

H2
tan2 β + 1

2m
2
Z
(1 − tan2 β) + ∆(1)

µ

tan2 β − 1 + ∆(2)
µ

, (9)

where ∆A and ∆(1,2)
µ are loop corrections [17–21]. The exact forms of the radiative corrections

to µ and mA are not needed here, but it is important to note that, at large tan β, the dominant

contribution to ∆(1)
µ contains a term which is proportional to h2

t tanβ2, whereas the dominant

contribution to m2
A contains terms proportional to h2

t tanβ and h2
b tan β. Therefore, the m2

H2

term along with a piece proportional to h2
t in ∆(1)

µ are dominant in (9) in the large-tanβ

regime, so µ depends rather mildly on mb.

We illustrate in Fig. 1 the logarithmic sensitivity of mA, namely ∆mA/mA, to mb and

mt along slices through the (m1/2, m0) plane for tan β = 57, A0 = 0 and µ > 0. We use

as representative errors ∆mt = 1 GeV and ∆mb = 0.1 GeV. Panel (a) shows the effect of

varying m0 for fixed m1/2 = 300 GeV, and panel (b) shows the effect of varying m1/2 for

fixed m0 = 400 GeV.

One can understand the behaviour depicted by employing (8), (9) and the renormalization-

group equations (RGEs) that govern the evolution of the mHi
from MGUT to MZ . The

one-loop RGE for m2
H1

depends on hb:

∂m2
H1

∂ ln Q
=

1

16π2

{
(−6g2

2 M2
2 − 6

3
g2
1 M2

1 ) + 6|hb|2(m2
Q3

+ m2
D3

+ m2
H1

+ A2
b)

}
, (10)
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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
the uncertainty ∆mb = 0.11 GeV. (d) All uncertainties combined. The various contours and
shadings in the (m1/2, m0) plane are explained in the text.
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Effect of uncertainty in mt

100 1000 2000

0

1000

1500

100 1000 2000

0

1000

1500

  500

-8

-7

m
0
 (

G
e
V

)

m1/2 (GeV)

tan ! = 57 ,  µ > 0

100 1000 2000

0

1000

1500

100 1000 2000

0

1000

1500

  500

-8

-7

m
0
 (

G
e
V

)

m1/2 (GeV)

tan ! = 57 ,  µ > 0

100 1000 2000

0

1000

1500

100 1000 2000

0

1000

1500

  500

-8

-7

m
0
 (

G
e
V

)

m1/2 (GeV)

tan ! = 57 ,  µ > 0

100 1000 2000

0

1000

1500

100 1000 2000

0

1000

1500

  500

-8

-7

m
0
 (

G
e
V

)

m1/2 (GeV)

tan ! = 57 ,  µ > 0

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
the uncertainty ∆mb = 0.11 GeV. (d) All uncertainties combined. The various contours and
shadings in the (m1/2, m0) plane are explained in the text.
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Effect of uncertainty in mb
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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
the uncertainty ∆mb = 0.11 GeV. (d) All uncertainties combined. The various contours and
shadings in the (m1/2, m0) plane are explained in the text.
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Bs → µ+ µ− that is improved to a 95% CL upper limit of 5×10−8, with no parallel reductions
in the uncertainties in fBs

, mt and mb. Panels (c) and (d) show the corresponding disallowed
domains assuming a conjectural LHC measurement BR(Bs → µ+ µ−) = (3.9 ± 1.3) × 10−9.
The various contours and shadings in the (m1/2, m0) plane are as explained in the text de-
scribing Fig. 2.
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Minimal Supergravity Models

G = ϕ ϕ∗ + z z∗ + ln |W|2;  W = f(z) + g(ϕ)

e.g. Barbieri, Ferrara, Savoy
Nilles, Srednicki, Wyler

€ 

V =
∂g
∂ϕ

2

+ m3 / 2 ϕ
∂g
∂ϕ

+ 3 z − 3( )g + h.c.
 

 
 

 

 
 + m3 / 2

2ϕϕ*

3g for trilinear terms
2g for bilinear terms

m0 = m3/2 ; A0 = (3 - √3) m0; B0 = (A0 - 1) m0

For Polonyi models <z> = √3 -1, and



• Input parameters: µ, m1, m2, B.        predict MZ, tan β, mA

• Instead CMSSM:
 Input parameters: MZ, m1, m2, tan β      (m1 = m2 = m0 )                
                                                                           predict µ, B, mA 

Boundary conditions

(in addition to m0, m1/2, and A0)

CMSSM conditions

Very CMSSM conditions

• Then:� � � �
  Input parameters: MZ, m1, m2, B         predict µ, mA, tan β



Electroweak Symmetry Breaking conditions:

€ 

µ2 =
m1
2 −m2

2 tan2 β + 1
2mZ

2 (1− tan2β)+ Δµ
(1)

tan2β −1+ Δµ
(2)

€ 

Bµ = − 1
2 (m1

2 + m2
2 + 2µ2)sin2β + ΔB

But Δµ depends on tanβ and ΔB depends on µ and tanβ
so one can not write down and expression for

€ 

tanβ = ...

Of course it can be solved numerically
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Figure 6: Examples of VCMSSM (m1/2, m0) planes with contours of tan β superposed, for

µ > 0 and (a) Â = −1.5, (b) Â = 0.75, (c) the simplest Polonyi model with Â = 3 − √
3,

and (d) Â = 2.0, all with B̂ = Â − 1. In each panel, we show the regions excluded by the
LEP lower limits on MSSM particles and those ruled out by b → sγ decay [31] (medium
green shading): the regions disfavoured by gµ − 2 are very light (yellow) shaded, bordered by
a thin (black) line. The dark (chocolate) solid lines in panels (a, b, c) separate the gravitino
LSP regions (below). Panel (d) exhibits a dark (red) wedge where the LSP is the rapid τ̃1.
The regions favoured by WMAP in the neutralino LSP case have light (turquoise) shading.
The dashed (pink) line corresponds to the maximum relic density for the gravitino LSP, and
regions allowed by BBN/CMB constraint on NSP decay are light (yellow) shaded.
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Gravitinos

• Strong cosmological limits on mass

• m3/2 < 1 keV (stable)

• or m3/2 > 10 TeV (unstable)

• Abundance limits after inflation (unstable) 

•  

•

τ ∼ 3 × 108

(
100GeV

m3/2

)3

n3/2

nγ

≡ Y3/2 < 5 × 10−14

(
100GeV

m3/2

)
τ ∼ 108s



BBN Concordance

Cyburt, Fields, KAO

• Concordance rests on 
balance between 
interaction rates and 
expansion rate.

• Allows one to set 
constraints on:
- Particle Types

- Particle Interactions

- Particle Masses 

- Fundamental Parameters



where nX = n0
X(1 + z)3 exp (−t/τX) and τX are the decaying particle number density at

redshift z and mean lifetime, respectively. Also, Nγ is the photon energy spectrum, which is
simply the product of the density of states Dγ and the occupation number fraction fγ . Inte-
grating Nγ over all energies yields the number density ninj

γ of the injected photons. Further,
Γγ is the rate at which the photons are further degraded through further interactions with
the background plasma. The key difference between pγ and Nγ is that the rates degrading
photons directly after injection are much faster than the rates that further degrade photon
energy determining Nγ. We note that the effects due to the expansion of the universe on
the photon spectrum are negligible because, during this epoch, electromagnetic interactions
are much faster than the expansion rate.

The dominant photon degradation rates are those for double photon scattering, Compton
scattering and pair production off nuclei. Because their high rates are fast compared to
the cosmic expansion, the photon distribution reaches quasi-static equilibrium (QSE). This
distribution is given by setting (5) equal to zero, yielding

NQSE
γ (Eγ) =

nXpγ(Eγ)

Γγ(Eγ)τX
. (6)

This QSE solution is the same as that derived in [9], where it is called fγ(εγ). The photon
spectrum pγ can be determined easily from this equation, knowing that double-photon scat-
tering dominates the high-energy region, whereas Compton scattering and pair production
off nuclei dominate at lower energies. We recall that the redshift dependence of this QSE
solution lies entirely in nX , pγ, and Γγ.

2.2 Photo-Destruction and -Production of Nuclei

The equations governing the production and destruction of nuclei are very similar to those
for photons, being given by

dNA

dt
(EA) = JA(EA) −NA(EA)ΓA(EA), (7)

where JA and ΓA are the source and sink rates of primary species A. The derivative, d/dt
takes into account the redshifting of energies and the dilution of particles due to the expansion
of the universe. The source terms for the primary species are due to the photodissociation
of background particles, and are defined by:

JA(EA) =
∑
T

nT

∫
∞

0
dEγNQSE

γ (Eγ) σγ+T→A(Eγ) δ
[
ET

A(Eγ) − EA

]
, (8)

where ET
A(Eγ) is the energy of the Ath species produced by the photodissociation reaction

γ + T → A. The sinks are similarly defined by

ΓA(EA) =
∑
P

∫ ∞

0
dEγNQSE

γ (Eγ) σγ+A→P (Eγ). (9)

4

3 free parameters

Other depletion processes such as diffusion (included in the estimate of systematic uncer-
tainties in (26)), would affect both 6Li and 7Li similarly and not their ratio. It is also useful
to consider the upper bound on 6Li/H alone(

6Li

H

)
p

<∼ 2 × 10−11. (29)

3.2 Cosmic Microwave Background Anisotropy Measurements

Cosmic Microwave Background (CMB) anisotropy data are now reaching the precision where
they can provide an accurate measure of the cosmic baryon content. Given a CMB measure-
ment of η, one can use BBN to make definite predictions of the light element abundances,
which can then be compared with the observations discussed above. This comparison con-
strains the effects of decaying particles more powerfully than if only the BBN calculations
were available to constrain η.

Recent results from DASI [18] and CBI [19] indicate that ΩBh2 = 0.022+0.004
−0.003, while

BOOMERanG-98 [20] gives ΩBh2 = 0.021+0.004
−0.003. These determinations are somewhat lower

than the central values found by MAXIMA-1 [21]: ΩBh2 = 0.026+0.010
−0.006 and VSA [22]: ΩBh2 =

0.029 ± 0.009. Taking a CMB value of

ΩBh2 = 0.022 ± 0.003 or η10,cmb = 6.0 ± 0.8 (30)

at the 1-σ level, we would predict the following light element abundances:

4He : 0.248 ± 0.001 (68% CL) (31)

D/H × 105 : 2.7+0.9
−0.3 (68% CL) (32)

3He/H × 105 : 0.9 ± 0.1 (68% CL) (33)
7Li/H × 1010 : 3.4+1.5

−0.8 (68% CL) (34)

Note that these numbers are not outputs of BBN calculations corresponding to η10 = 6.0,
but rather are the peak values of a likelihood function found by convolving the results of
the BBN Monte Carlo with an assumed Gaussian for the distribution of CMB η values. For
further details, see [16, 17]. With MAP data, the accuracy of ηcmb should be 10% or better,
which will give even tighter predictions on the light elements.

4 Model Results

We have implemented numerically the decaying-particle cascades discussed in Section 2.
Using BBN light-element abundance predictions [16] as initial conditions, we calculate the
final abundances for particular sets of baryon and dark matter parameters. The three free
parameters are:

ζX ≡ n0
X

n0
γ

MX = rMX = 2rE0, (35)

τX and η.
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Limits on Unstable particles due to 



Figure 7: As in Figure 6, including the constraints from 4He - medium (pink) shading and
7Li - medium-light (green) shading.
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“All”

Figure 8: As in Figures 6 and 7 including the constraints from 6Li (dark red).

Our results agree quite well with previous studies [11, 12, 13]. When comparing to [11, 13],
one has to take into account that they have taken the relic abundance as the abundance before
electron/positron annihilation, therefore a factor of 11/4 should be applied to our results to
compensate. One should note that [11] did not include secondary production reactions. The
remaining differences are most likely due to assumed cross section fits. Since the previous
studies do not present their photodissociation cross sections we cannot compare directly.

There is a significant difference in the predicted 6Li abundance, however. Besides cross
section differences, the center-of-mass thresholds were used by [12, 13] rather than the lab
frame thresholds we use. In this scenario, the lab frame is the appropriate frame. This
mistake alone causes 6Li to be overproduced by almost an order of magnitude. Had the
secondary cross sections we adopted not been significantly larger than those used by [12, 13],
our constraint would be noticeably weaker.

One might be concerned that uncertainties from nuclear reactions propagate into our
results. BBN uncertainties have been taken into account. The photodistruction cross sec-
tions, however, are weighted by steep functions of energy, which puts all of the cross sec-
tion dependence very close to the threshold energy. The remaining uncertanties from the
photodissociation and secondary cross sections are of the order of 10%, thus weakening our-
constraints only slightly. The dominant uncertainties arise from the BBN predictions of the
light element abundances.

As already noted, if the observed light-element abundances retain their current central
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Gravitino Dark Matter and NSP decays

χ is now the NSP and can decay to gravitinos
Ellis, Olive, Santoso, Spanos

generic hadronic showers from Z or Higgs decay, we estimate that ∼ 0.6 of the energy is

electromagnetic, due mainly to π0 and π± production.

Our procedure is then as follows. First, on the basis of a freeze-out calculation, we

calculate the NSP relic density Ω0
Xh2 = 3.9 × 107 GeV−1 ζX . Next, we use the calculated

life-time τX to compute the ratio of the relic density to the limiting value, ζCEFO
X provided by

the analysis of [8], taking into account the electromagnetic energy decay fractions estimated

above. Finally, we require

r ≡ ζX

ζCEFO
X

< 1. (12)

5 Results

As compared to the case of CMSSM dark matter usually discussed, in the case of gravitino

dark matter one must treat m3/2 as an additional free parameter, unrelated a priori to m0

and m1/2. We incorporate the LEP constraint on mh in the same way as in [12] 2, and it

appears as a nearly vertical (red) dot-dashed line in each of the following figures. Regions

excluded by measurements of b → sγ are shaded dark (green). For reference, the figures

also display the strips of the (m1/2, m0) planes where 0.094 < Ω0
NSP < 0.129. This density

is the same as ΩLSPh2 in a standard CMSSM analysis with a heavy gravitino, extended to

include the unphysical case where the τ̃1 is the LSP. We note the familiar ‘bulk’ regions and

coannihilation ‘tails’, as well as rapid-annihilation ‘funnels’ for large tanβ [16, 22]. If these

figures were extended to larger m0, there would also be ‘focus-point’ regions [23, 24].

We now summarize our principal results, describing the interplay of these constraints

with those associated specifically with gravitino dark matter, studying the (m1/2, m0) planes

for three choices of tan β and the sign of µ: (1) tanβ = 10, µ > 0, (2) tanβ = 35, µ < 0, and

(3) tan β = 50, µ > 0. In each case, we consider four possibilities for m3/2: two fixed values

10 GeV and 100 GeV, and two fixed ratios relative to m0: m3/2 = 0.2 m0 and m0 itself. If

m3/2 % m0, the G̃ is typically not the LSP, and this role is played by the lightest neutralino

χ, as assumed in most analyses of the CMSSM. In each (m1/2, m0) plane, we display as a

(purple) dashed line the limit where the density of relic gravitinos from NSP decay becomes

equal to the highest cold dark matter density allowed by WMAP and other data at the 2-σ

level, namely Ω3/2h2 < 0.129: only regions below and to the right of this contour are allowed

in our analysis.

2For simplicity, we do not show the LEP constraints on mχ± and mẽ, which do not impinge on the regions
of parameters allowed by other constraints.

6

Ω3/2 = Ωχ(m3/2/mχ)

There could be additional sources 
of gravitino dark matter (e.g. 

inflation)
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Figure 1: The (m1/2, m0) planes for tan β = 10, µ > 0 and the choices (a) m3/2 = 10 GeV,
(b) m3/2 = 100 GeV, (c) m3/2 = 0.2m0 and (d) m3/2 = m0. In each panel, we show
mh = 114 GeV calculated using FeynHiggs [23], as a near-vertical (red) dot-dashed line,
the region excluded by b → sγ is darkly shaded (green), and the region where the NSP
density before decay lies in the range 0.094 < Ω0

NSP h2 < 0.129 is medium shaded (grey-
blue). The (purple) dashed line is the contour where gravitinos produced in NSP decay have
Ω3/2h2 = 0.129, and the grey (khaki) solid line (r = 1) is the constraint on NSP decays
provided by Big-Bang nucleosynthesis and CMB observations. The light (yellow) shaded
region is allowed by all the constraints. The contour where mχ = mτ̃1 is shown as a (red)
diagonal dotted line. Panels (a) and (c) show as a black solid line the contour beyond which
τNSP < 104 s, the case not considered here. Panels (b), (c), and (d) show black lines to
whose left the gravitino is no longer the LSP.
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The CMSSM plane with gravitino dark matter
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Figure 1: The (m1/2, m0) planes for tan β = 10, µ > 0 and the choices (a) m3/2 = 10 GeV,
(b) m3/2 = 100 GeV, (c) m3/2 = 0.2m0 and (d) m3/2 = m0. In each panel, we show
mh = 114 GeV calculated using FeynHiggs [23], as a near-vertical (red) dot-dashed line,
the region excluded by b → sγ is darkly shaded (green), and the region where the NSP
density before decay lies in the range 0.094 < Ω0

NSP h2 < 0.129 is medium shaded (grey-
blue). The (purple) dashed line is the contour where gravitinos produced in NSP decay have
Ω3/2h2 = 0.129, and the grey (khaki) solid line (r = 1) is the constraint on NSP decays
provided by Big-Bang nucleosynthesis and CMB observations. The light (yellow) shaded
region is allowed by all the constraints. The contour where mχ = mτ̃1 is shown as a (red)
diagonal dotted line. Panels (a) and (c) show as a black solid line the contour beyond which
τNSP < 104 s, the case not considered here. Panels (b), (c), and (d) show black lines to
whose left the gravitino is no longer the LSP.
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µ > 0 and (a) Â = −1.5, (b) Â = 0.75, (c) the simplest Polonyi model with Â = 3 − √
3,

and (d) Â = 2.0, all with B̂ = Â − 1. In each panel, we show the regions excluded by the
LEP lower limits on MSSM particles and those ruled out by b → sγ decay [31] (medium
green shading): the regions disfavoured by gµ − 2 are very light (yellow) shaded, bordered by
a thin (black) line. The dark (chocolate) solid lines in panels (a, b, c) separate the gravitino
LSP regions (below). Panel (d) exhibits a dark (red) wedge where the LSP is the rapid τ̃1.
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Table 1: Centre-of-mass energy (in TeV) required to observe one or two sparticles at a future
LC in each of the models discussed in the text.

Model sgn(µ) one sparticle two sparticles
CMSSM µ > 0 2.2 2.6

µ < 0 2.2 2.5
NUHM µ > 0 2.4 2.8

µ < 0 2.6 2.9
LEEST µ > 0 2.6 3.0

µ < 0 2.5 3.2
LEEST10 µ > 0 1.2 1.6

µ < 0 1.1 1.5
GDM m3/2 = 10 GeV µ > 0 1.1 1.7

µ < 0 1.1 1.4
GDM m3/2 = 100 GeV µ > 0 2.6 2.9

µ < 0 2.6 3.5
GDM m3/2 = 0.2m0 µ > 0 2.5 2.7

µ < 0 2.6 3.0
GDM m3/2 = m0 µ > 0 1.7 1.8

µ < 0 1.7 1.9

relaxes the Higgs mass and chargino mass constraints, particularly when mt = 178 GeV.

A LC with ECM = 1000 GeV would be able to reach some way into the coannihilation

‘tail’, but would not cover all the WMAP-compatible dark (blue) triangles. Indeed, about a

third of these points are even beyond the reach of the LHC in this model. Finally, the light

(yellow) filled circles are points for which the elastic χ-p scattering cross section is larger

than 10−8 pb. All of these points have Ωh2 < 0.129. For those points with Ωh2 < 0.0945,

the cross section has been scaled downward by Ωh2/.0945, to allow for another component of

cold dark matter which populates proportionally our galactic halo. We discuss these points

in more detail in the next section.

Panel (b) of Fig. 1 displays a corresponding scatter plot for the NUHM, in which the soft

supersymmetry-breaking masses of the Higgs bosons are allowed to float relative to those of

the squarks and sleptons, which are still assumed to be universal. We again use the 2-TeV

mass criterion motivated by [23] to distinguish models that are unobservable at the LHC

(dark, red) from those that are unobservable. No analysis as detailed as [23] has been made

in the NUHM, but we do not expect large differences from the CMSSM. The ‘footprint’ of

the darker (blue) points that respect the cosmological cold dark matter constraint is similar

7

Required Center of Mass Energies 

In most cases the LVSP is the τ but often there is a lower 
threshold due to  the associated production of χ χ2
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Possible sources for the Li discrepancy

• Stellar Depletion
- lack of dispersion in the data, 6Li abundance
- standard models (< .05 dex), models (0.2 - 0.4 dex) 
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• Nuclear Rates

- Restricted by solar neutrino flux

• Stellar parameters 

• Particle Decays
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Figure 2: (a) The region of the (τX , ζX) plane in which a decaying relic particle could have
the desired impact on the 7Li abundance. To derive the blue (darker grey) region, the only
abundance cuts applied are: 0.9 < 7Li/H × 1010 < 3.0, 1.3 < D/H × 105 < 5.3, and 6Li/7Li
< 0.15. To obtain the red (lighter grey) region, the lower bound on D/H was increased to
2.2 × 10−5. (b) A histogram of the 3He/D ratios found in scenarios sampling the region
displayed in panel (a), with similar colour coding.

found in a dense sample of scenarios in the interesting regions shown in panel (a). Since
Deuterium is more fragile than 3He, whose abundance is thought to have remained roughly
constant since primordial nucleosynthesis when comparing the BBN value to it proto-solar
abundance, one would expect, in principle, the 3He/D ratio to have been increased by stellar
processing. Indeed, there is considerable uncertainty in the evolution of 3He [32]. This
uncertainty is largely associated with the degree to which 3He is produced or destroyed in
stars. Since D is totally destroyed in stars, the ratio of 3He/D can only increase in time
or remain constant if 3He is also completely destroyed in stars. The present or proto-solar
value of 3He/D can therefore be used to set an upper limit on the primordial value. Fig. 1
displays the upper limits

3He

D
< 1 or 2 (8)

as solid black lines. Above these contours, the value of 3He/D increases very rapidly, and
points high in the Deuterium cleft of Fig. 1 have absurdly high values of 3He/D, exceeding
the limit (8) by an order of magnitude or more. These are the red points producing the
high-end peak of the histogram shown in panel (b) of Fig. 2, whereas the blue points are
those excluded by the lower limit D/H > 2.2×10−5 that is now preferred. We see that these
points mostly have acceptably low values of 3He/D, though some large values are found near
the boundary with the red region in panel (a) of Fig. 2.

It is interesting to note that in the red region which has acceptable D/H and a 7Li/H
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< 0.15. To obtain the red (lighter grey) region, the lower bound on D/H was increased to
2.2 × 10−5. (b) A histogram of the 3He/D ratios found in scenarios sampling the region
displayed in panel (a), with similar colour coding.

found in a dense sample of scenarios in the interesting regions shown in panel (a). Since
Deuterium is more fragile than 3He, whose abundance is thought to have remained roughly
constant since primordial nucleosynthesis when comparing the BBN value to it proto-solar
abundance, one would expect, in principle, the 3He/D ratio to have been increased by stellar
processing. Indeed, there is considerable uncertainty in the evolution of 3He [32]. This
uncertainty is largely associated with the degree to which 3He is produced or destroyed in
stars. Since D is totally destroyed in stars, the ratio of 3He/D can only increase in time
or remain constant if 3He is also completely destroyed in stars. The present or proto-solar
value of 3He/D can therefore be used to set an upper limit on the primordial value. Fig. 1
displays the upper limits

3He

D
< 1 or 2 (8)

as solid black lines. Above these contours, the value of 3He/D increases very rapidly, and
points high in the Deuterium cleft of Fig. 1 have absurdly high values of 3He/D, exceeding
the limit (8) by an order of magnitude or more. These are the red points producing the
high-end peak of the histogram shown in panel (b) of Fig. 2, whereas the blue points are
those excluded by the lower limit D/H > 2.2×10−5 that is now preferred. We see that these
points mostly have acceptably low values of 3He/D, though some large values are found near
the boundary with the red region in panel (a) of Fig. 2.

It is interesting to note that in the red region which has acceptable D/H and a 7Li/H
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Figure 3: The (m1/2, m0) planes for µ > 0, tanβ = 10 and (a) m3/2 = 10 GeV, (b)
m3/2 = 100 GeV, (c) m3/2 = 0.2m0 and (d) m3/2 = m0. We restrict our attention to the
regions between the solid black lines, where the gravitino is the LSP and the NSP lifetime
exceeds 104 s. In each panel, the near-vertical dashed black (dash-dotted red) line is the
constraint mχ± > 104 GeV (mh > 114 GeV), the upper (purple) dashed line is the constraint
Ω3/2h2 < 0.129, and the light green shaded region is that where the NSP would have had
0.094 ≤ Ωh2 ≤ 0.129 if it had not decayed. The solid red (dashed grey-green) line is the
region now (previously) allowed by the light-element abundances: r < 1 as described in the
text. The red (blue) shaded region is that where the 7Li abundance could have been improved
by NSP decays, but which is now excluded by the 3He (D) constraint.
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Figure 3: The (m1/2, m0) planes for µ > 0, tanβ = 10 and (a) m3/2 = 10 GeV, (b)
m3/2 = 100 GeV, (c) m3/2 = 0.2m0 and (d) m3/2 = m0. We restrict our attention to the
regions between the solid black lines, where the gravitino is the LSP and the NSP lifetime
exceeds 104 s. In each panel, the near-vertical dashed black (dash-dotted red) line is the
constraint mχ± > 104 GeV (mh > 114 GeV), the upper (purple) dashed line is the constraint
Ω3/2h2 < 0.129, and the light green shaded region is that where the NSP would have had
0.094 ≤ Ωh2 ≤ 0.129 if it had not decayed. The solid red (dashed grey-green) line is the
region now (previously) allowed by the light-element abundances: r < 1 as described in the
text. The red (blue) shaded region is that where the 7Li abundance could have been improved
by NSP decays, but which is now excluded by the 3He (D) constraint.
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Figure 5: As in Fig. 3, but now for very constrained models motivated by mSUGRA. The
value of tan β is fixed by the vacuum conditions, and varies across the (m1/2, m0) planes with
values indicated by the steep black contours. These models are specified by the choices of
A ≡ Âm3/2: (a) Â = (3 −√

3), the Polonyi model, and (b) Â = 2.

lines: above the higher one, the gravitino is no longer the LSP, and below the lower one
the lifetime falls below 104 s. In addition to the constraints discussed earlier, panel (b) also
displays a small green shaded region at low m1/2 that is excluded by b → sγ decay.

We see that there is a large difference between the effects of implementing the old and new
light-element constraints in panel (a) of Fig. 5 for Â = (3−√

3), the Polonyi value, whereas
the effect in panel (b) for Â = 2 is smaller. In the Polonyi case, there are large 7Li-friendly
regions that are excluded by the 3He and D constraints. This reflects the fact that tan β is
relatively small in this case, so the model is qualitatively similar to the m3/2 = m0 case for
tan β = 10 shown in panel (d) of Fig. 3. On the other hand, tanβ is typically larger for
Â = 2, and when combined with a smaller stau mass, we find no visible 7Li-friendly region,
as a result of small yet significant shifts in the values of both ζX and τX .

As noted earlier, the 7Li abundance can be reduced slightly by hadronic decays when the
lifetime is approximately 103 s with a density ζX ∼ 10−12 [10, 17]. We have have searched
the parameter spaces of both the CMSSM and mSUGRA models discussed above. For
lifetimes between 300 and 3000 s, we find no models with ζX between 10−13 and 10−11 when
tan β = 10, or in any of the mSUGRA models. When tanβ = 57, we also find no parameters
for the models described in Figs. 4a, b or d. When m3/2 = 0.2m0, we do find a handful of
cases, all with ζX between 4 − 7 × 10−12 and all with m0 ' 20 GeV and m1/2

>∼ 1.7 TeV. A
more complete treatment of the effects of hadronic decays will be given elsewhere.
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(LSP), or some other next-to-lightest supersymmetric particle (NSP) if the gravitino is the
LSP. Cosmological constraints on such scenarios have been explored previously [12, 13, 14].
However, the potential 7Li problem motivates a re-examination of the astrophysical and cos-
mological constraints on such scenarios. In particular, we wish to determine whether or not
a possible solution to this problem can be found in the context of motivated and well-studied
supersymmetric models.

3.1 The D and 4He Abundances

Fig. 1 shows the current constraints in the (τX , ζX) plane, updating those shown in [13]. The
green lines are the contours

(1.3 or 2.2) × 10−5 <
D

H
< 5.3 × 10−5. (4)

The first of the lower bounds is the higher line to the left of the cleft, and represents the
very conservative lower limit on D/H assumed in [13]. The range 1.3 – 5.3 ×10−5 effectively
brackets all recent observations of D/H in quasar absorption systems. The second of the
lower bounds is the lower line on the left side, and represents what now seems a reasonable
lower bound, which is obtained from the 2-σ lower limit in (3). The upper bound in (4) is
the line to the right of the cleft, and is the same upper limit as was used in [13]. A priori,
there is also a narrow strip at larger ζX and τX where the D/H ratio also falls within the
range (4), but this is excluded by the observed 4He abundance.

The solid red lines in the upper right part of Fig. 1 correspond to the limits

Yp > 0.227 or 0.232, (5)

where the lower number (corresponding to the higher line) was used in [13], and the higher
number (corresponding to the lower line) is a lower limit that has been advocated recently
[18]. It is apparent that, for our purposes, the third significant figure in the 4He abundance
is unimportant: the narrow D/H strip is in any case excluded, and there are always stronger
bounds on ζX at large τX .

3.2 The 6Li Abundance

As said above, recent observations of 6Li in halo stars have provided new insight into the
origin and the evolution of this isotope. We recall that 6Li is a pure product of spallation,
and many studies have followed the evolution of 6Li in our Galaxy [30]. Of particular
importance in this context is the α + α reaction that leads to the synthesis of this isotope
as well as 7Li, and is efficient very early in the evolutionary history of the Galaxy. The
new values of 6Li/7Li that have been measured in halo stars with UVES at the VLT-UT2
Kueyen ESO telescope indicate the presence of a plateau in 6Li, which suggests a pregalactic
origin for the formation of this isotope. The evolution of 6Li with redshift was calculated
[31] following an initial burst of cosmological cosmic rays up to the formation of the Galaxy.
This process is able to produce the required abundance of 6Li observed in metal-poor halo
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Figure 1: The constraints imposed by the astophysical observations of 4He (red lines), D/H
(green lines), 6Li (yellow line), 6Li/7Li (blue lines), 7Li (blue band) and 3He (black lines).
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Summary
• CMSSM Dark Matter:
Bulk regions; stau-coannihilation; A-pole funnel; focus point
    
• Spectrum Uncertainties:  Limits excludable regions;
cf: Bs →μ+ μ–

•    VCMSSM (B0 = A0 -m0) (m0 = m3/2)

• Restricted range for tan β for a given A0.
– No funnels or focus point
– much of the parameter space predicts gravitino dark matter

•     Gravitino Dark Matter
- More parameter space allowed (including stau NLSP)

✴ Can not resolve Li problem


