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Supersymmetric Dark Matter 
 after LHC Run I and  

Implications for Detection  
1) With CMSSM-like models pushed to high mass scales, 
can we still ‘guarantee’ Supersymmetry’s discovery at the 
LHC. Viable dark matter models in the CMSSM tend to lie in 
strips (co-annihilation, funnel, focus point), how far up in 
energy do these strips extend? 
!
2) How detectable is DM along these strips 
!
3) Generalization of the CMSSM



Why Supersymmetry (still)?
Gauge Coupling Unification 

Gauge Hierarchy Problem 

Stabilization of the Electroweak Vacuum 

Radiative Electroweak Symmetry Breaking 

Dark Matter 

Improvement to low energy phenomenology?

but, mh ~ 125 GeV, and no SUSY?



Which Supersymmetric Model?
MSSM with R-Parity (still more than 100 parameters)



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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R-parity conservation assumed 
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Which Supersymmetric Model?

Gaugino mass Unification

MSSM with R-Parity (still more than 100 parameters)
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Which Supersymmetric Model?

Gaugino mass Unification

A-term Unification

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

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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Gaugino mass Unification

A-term Unification
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δΦi + h. c. (25)
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To get an explicit expression, we recall the MSSM superpotential and soft supersymmetry
breaking Lagrangian:
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1
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Which Supersymmetric Model?

CMSSM (4+ parameters) 
Parameters: m1/2, m0, A0, tan β, sgn(μ)       {m3/2} 

Pure Gravity Mediation (PGM) (2+ parameters) 
Parameters: m3/2, tan β, sgn(μ)        

mSUGRA (3+ parameters) 
Parameters: m1/2, m3/2, A0, sgn(μ)       
!

Anomaly mediation: mAMSB (3+ parameters) 
Parameters: m3/2, m0, tan β, sgn(μ)#
!
!
!
!



Which Supersymmetric Model?

CMSSM (4+ parameters) 
Parameters: m1/2, m0, A0, tan β, sgn(μ)       {m3/2} 

subGUT-CMSSM (5+ parameters) 
Parameters: m1/2, m0, A0, tan β, Min, sgn(μ)       {m3/2} !

NUHM (5,6+ parameters) 
Parameters: m1/2, m0, m1,  m2, A0, tan β, sgn(μ)  {m3/2} 

!
SU(5) models (7+ parameters) 

Parameters: m1/2, m5, m10, m1,  m2, A0, tan β, sgn(μ)  {m3/2} 
!
!
!
!
!
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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 SSARD 

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. 

400 million points sampled

Mastercode - MCMC

Bagnaschi, Buchmueller, Cavanaugh, Citron, Colling, De 
Roeck, Dolan, Ellis, Flacher, Heinemeyer, Isidori, Malik, 
Marrouche, Nakach, Olive, Paradisi,  Rogerson, Ronga,  
Sakurai, Martinez Santos, de Vries, 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.

Multinest
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Figure 3: The branching fractions for χ − χ annihilations into pairs of Standard Model
particles along the WMAP strips for tanβ = 10 (left panels) and tan β = 55 (right panels),
in the coannihilation and funnel regions (upper panels) and in the focus-point region (lower
panels).

small in all cases. For tan β = 10, the branching fraction is less then 10−3 for mχ <∼ 400

GeV. It rises slowly to roughly 0.015 as the endpoint of the coannihilation strip is reached,

but here the total annihilation rate is very small, as seen in Fig. 2. In the focus-point region

7
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The Strips:
Stau-coannhilation Strip 

extends only out to ~1 TeV 

Stop-coannihilation Strip 

!

!

!



Stop strip

!
100 TeV 3000 fb-1!
33 TeV 3000 fb-1!
14 TeV 3000 fb-1!

14 TeV 300 fb-1!

8 TeV 20 fb-1
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The Strips:
Stau-coannhilation Strip 

extends only out to ~1 TeV 

Stop-coannihilation Strip 

Funnel 

associated with high tan β, problems with B → μμ 
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Figure 3: The spin-independent elastic scattering cross section in the CMSSM as a function
of the neutralino mass for µ > 0, with tan � = 5 and A0 = 0 (left) and A0 = 2.3m0 (right).
The upper panels show points where the relic density is within 3� of the central Planck value
colored darker blue, and those where the relic density is below the Planck value as lighter blue
points. The lower panels show the same set of points colored according to the calculation of
the Higgs mass: 124–126 GeV (darkest), 123–124 and 126–127 GeV (lighter), 122–123 and
127–128 GeV (lightest). The black solid curve is the current LUX bound. The black dashed
curve is the projected LZ sensitivity and the dashed orange curve is the neutrino background
level.

value are colored darker green in the upper panels, and those where the relic density is below
the Planck value as lighter green points, and the other points and shadings are identical to
those in the previous two figures. Here the thick black solid curve is the upper limit from
PICO [101] and the thin curves are obtained from IceCube [102] limits based on annihilations
into bb̄ pairs (solid) or W+W� pairs (dashed). For the focus-point models, annihilations
proceed primarily into electroweak gauge bosons, or hZ final states with some non-negligible
contributions from tt̄, for which the W+W� may be applicable. Models with A0 = 0 lie just
below the current bounds again because of the highly-mixed nature of the LSP, whilst the
models with A0 = 2.3m0 predict cross section far below these bounds.

15



Direct detectability

Ellis,Evans, Nagata, Olive, 
Sandick, Zheng

Ê

ÊÊ ÊÊ ÊÊ ÊÊÊ
ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ Ê Ê ÊÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê Ê

ÊÊÊ ÊÊÊÊÊ ÊÊÊÊÊ ÊÊÊÊÊ
Ê

ÊÊÊ ÊÊÊ
Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê
Ê

Ê
Ê Ê

Ê

Ê Ê
ÊÊ

Ê Ê

Ê
Ê

Ê Ê

Ê

ÊÊ
Ê

Ê Ê

Ê Ê

Ê
Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê
Ê

Ê
Ê

Ê Ê
Ê Ê

Ê

Ê
Ê

ÊÊ
Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê Ê
Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê Ê
ÊÊ

Ê

Ê Ê
ÊÊ

Ê
Ê Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê
ÊÊ

Ê Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê Ê Ê

Ê

Ê Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê

Ê Ê
Ê

Ê

ÊÊ
Ê

Ê
Ê

Ê Ê Ê
Ê

Ê

ÊÊ
Ê

ÊÊ
Ê

Ê Ê
Ê

ÊÊ
Ê

Ê
ÊÊ

Ê
Ê Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê Ê
Ê

ÊÊ

Ê Ê
Ê Ê

Ê

Ê
Ê

Ê
Ê

Ê Ê

Ê
Ê Ê Ê Ê

Ê

Ê Ê
Ê Ê Ê

Ê Ê

ÊÊ Ê Ê
Ê

Ê Ê

Ê Ê
Ê Ê Ê

Ê Ê Ê Ê
Ê

Ê Ê
Ê Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê Ê Ê Ê Ê
Ê

Ê Ê Ê Ê
Ê

Ê Ê
Ê

Ê

Ê Ê
Ê

Ê

Ê Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê

Ê
ÊÊ

Ê Ê
Ê Ê

Ê
Ê Ê Ê

Ê Ê Ê Ê

Ê
Ê Ê Ê

Ê Ê
Ê Ê Ê

Ê
Ê

Ê Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê Ê

Ê Ê Ê Ê
Ê

Ê Ê

Ê
ÊÊ Ê

ÊÊ Ê
Ê Ê Ê

Ê
Ê Ê Ê

Ê
Ê Ê

Ê

Ê
Ê Ê

Ê Ê Ê Ê Ê
Ê Ê Ê

Ê Ê
Ê Ê Ê

ÊÊ
Ê

Ê
Ê Ê Ê Ê Ê

Ê Ê
ÊÊ

Ê Ê Ê Ê Ê
Ê Ê

Ê Ê Ê Ê
Ê

Ê Ê
Ê Ê

Ê Ê
ÊÊ

ÊÊ
Ê

Ê
Ê Ê

Ê Ê
Ê Ê

Ê Ê Ê
Ê Ê Ê

ÊÊ ÊÊ
Ê Ê ÊÊ

Ê Ê ÊÊ

Ê Ê Ê ÊÊ
Ê Ê

Ê Ê Ê
Ê Ê Ê

Ê Ê Ê
Ê Ê Ê Ê

Ê Ê Ê
ÊÊ

Ê Ê
Ê ÊÊ Ê
Ê Ê ÊÊ

Ê Ê ÊÊ Ê ÊÊ ÊÊ ÊÊÊ Ê Ê
Ê Ê ÊÊ ÊÊ Ê

Ê Ê ÊÊÊ Ê Ê
Ê Ê

Ê Ê ÊÊ Ê ÊÊ Ê
ÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ

Ê Ê ÊÊ Ê ÊÊ ÊÊ Ê
Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ

Ê ÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ

Ê

Ê

ÊÊÊÊÊÊ
Ê ÊÊÊÊÊ ÊÊÊ
Ê

ÊÊÊÊÊ ÊÊ
ÊÊ ÊÊÊÊÊÊÊÊÊÊÊÊÊÊÊ

200 400 600 800 1000 120010-9

10-7

10-5

0.001

mc HGeVL

s
SD
HpbL

tanb=5, A0êm0=0, Min=MGUT, m>0

ÊÊÊÊÊ
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
Ê

Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
ÊÊÊÊÊ
Ê
ÊÊ
Ê
ÊÊ
Ê
Ê
Ê
Ê
Ê
Ê

Ê ÊÊ ÊÊÊÊ
Ê
Ê
ÊÊ
ÊÊÊÊÊ
Ê
Ê
ÊÊ
ÊÊÊ Ê
Ê
ÊÊ
ÊÊÊÊÊ ÊÊ

Ê
Ê

ÊÊÊ Ê

500 1000 1500 2000 2500 300010-14

10-12

10-10

10-8

10-6

10-4

mc HGeVL

s
SD
HpbL

tanb=5, A0êm0=2.3, Min=MGUT, m>0

ÊÊ ÊÊ ÊÊ Ê ÊÊ ÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊÊ Ê Ê ÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê ÊÊÊÊ ÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ Ê ÊÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊ ÊÊÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ ÊÊÊ ÊÊ Ê ÊÊÊ Ê ÊÊ ÊÊ Ê ÊÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ Ê Ê

ÊÊÊÊ ÊÊÊÊÊ
Ê

ÊÊ ÊÊ ÊÊ ÊÊÊ
ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊ Ê ÊÊ Ê Ê ÊÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊ Ê ÊÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊÊ Ê ÊÊ ÊÊ ÊÊÊ ÊÊ

ÊÊÊ ÊÊÊÊÊ Ê

Ê
ÊÊÊ ÊÊÊ
Ê
Ê

Ê

Ê

Ê
Ê

Ê
Ê
Ê

Ê
Ê Ê

Ê

Ê Ê
ÊÊ

Ê Ê

Ê
Ê

Ê Ê

Ê

ÊÊ
Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê

Ê Ê

Ê

Ê Ê

Ê
Ê

Ê

Ê
Ê
Ê

Ê
Ê

Ê Ê
Ê Ê

Ê

Ê
Ê

ÊÊ
Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê Ê
Ê

Ê Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê
ÊÊ

Ê

Ê
Ê Ê

Ê

Ê

Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê

Ê

Ê

Ê Ê
Ê

Ê

Ê
Ê

ÊÊ

Ê

Ê Ê
ÊÊ

Ê

Ê Ê
ÊÊ

Ê
Ê Ê

Ê
Ê

Ê Ê

Ê
Ê

Ê
Ê

Ê
ÊÊ

Ê Ê
Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê

Ê

Ê
Ê

Ê

Ê
Ê

Ê
Ê Ê Ê

Ê

Ê Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê

Ê Ê
Ê

Ê

ÊÊ
Ê

Ê
Ê

Ê
Ê

Ê

Ê Ê ÊÊ ÊÊÊ Ê ÊÊ Ê ÊÊÊ ÊÊ ÊÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊÊÊ Ê ÊÊ ÊÊ ÊÊ ÊÊÊ ÊÊ Ê ÊÊ ÊÊ
Ê ÊÊÊ ÊÊÊ ÊÊÊ Ê ÊÊÊ ÊÊ Ê ÊÊÊ ÊÊÊ ÊÊ

Ê

ÊÊ

ÊÊÊÊÊÊÊ

Ê Ê ÊÊ
Ê

ÊÊ
Ê

Ê Ê
Ê

ÊÊ
Ê

Ê
ÊÊ

Ê
Ê Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê Ê
Ê

ÊÊ

Ê Ê
Ê Ê

Ê

Ê
Ê

Ê
Ê

Ê Ê

Ê
Ê Ê Ê Ê

Ê

Ê Ê
Ê Ê Ê

Ê Ê

ÊÊ Ê Ê
Ê

Ê Ê

Ê Ê
Ê Ê Ê

Ê Ê Ê Ê
Ê

Ê Ê
Ê Ê

Ê

ÊÊ
Ê

Ê

Ê

Ê Ê Ê Ê Ê
Ê

Ê Ê Ê Ê
Ê

Ê Ê
Ê

Ê

Ê Ê
Ê

Ê

Ê Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê Ê

Ê
ÊÊ

Ê Ê
Ê Ê

Ê
Ê Ê Ê

Ê Ê Ê Ê

Ê
Ê Ê Ê

Ê Ê
Ê Ê Ê

Ê
Ê

Ê Ê
Ê Ê

Ê
Ê

Ê
Ê

Ê
Ê

Ê Ê

Ê Ê Ê Ê
Ê

Ê Ê

Ê
ÊÊ Ê

ÊÊ Ê
Ê Ê Ê

Ê
Ê Ê Ê

Ê
Ê Ê

Ê

Ê
Ê Ê

Ê Ê Ê Ê Ê
Ê Ê Ê

Ê Ê
Ê Ê Ê

ÊÊ
Ê

Ê
Ê Ê Ê Ê Ê

Ê Ê
ÊÊ

Ê Ê Ê Ê Ê
Ê Ê

Ê Ê Ê Ê
Ê

Ê Ê
Ê Ê

Ê Ê
ÊÊ

ÊÊ
Ê

Ê
Ê Ê

Ê Ê
Ê Ê

Ê Ê Ê
Ê Ê Ê

ÊÊ ÊÊ
Ê Ê ÊÊ

Ê Ê ÊÊ

Ê Ê Ê ÊÊ
Ê Ê

Ê Ê Ê
Ê Ê Ê

Ê Ê Ê
Ê Ê Ê Ê

Ê Ê Ê
ÊÊ

Ê Ê
Ê ÊÊ Ê
Ê Ê ÊÊ

Ê Ê ÊÊ Ê ÊÊ ÊÊ ÊÊÊ Ê Ê
Ê Ê ÊÊ ÊÊ Ê

Ê Ê ÊÊÊ Ê Ê
Ê Ê

Ê Ê ÊÊ Ê ÊÊ Ê
ÊÊ Ê ÊÊ Ê ÊÊ ÊÊÊ ÊÊÊ

Ê Ê ÊÊ Ê ÊÊ ÊÊ Ê
Ê ÊÊ ÊÊ ÊÊ ÊÊ ÊÊ Ê

ÊÊÊÊ
Ê ÊÊÊÊÊ ÊÊÊ
Ê

ÊÊÊÊÊ ÊÊ
ÊÊ ÊÊÊÊÊÊÊÊ

200 400 600 800 1000 120010-9

10-7

10-5

0.001

mc HGeVL

s
SD
HpbL

tanb=5, A0êm0=0, Min=MGUT, m>0

ÊÊÊÊÊ
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê

Ê
Ê
ÊÊ
Ê
ÊÊÊÊ

Ê ÊÊ Ê
Ê
ÊÊÊ Ê
Ê

ÊÊÊÊÊ
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
Ê
ÊÊÊÊÊ
Ê
ÊÊ
Ê
ÊÊ
Ê
Ê
Ê
Ê
Ê
Ê
ÊÊ ÊÊÊÊ
Ê
Ê
Ê
Ê

Ê
ÊÊÊÊÊÊ

Ê

ÊÊÊ Ê Ê
ÊÊÊÊ

Ê ÊÊ Ê

500 1000 1500 2000 2500 300010-14

10-12

10-10

10-8

10-6

10-4

mc HGeVL

s
SD
HpbL

tanb=5, A0êm0=2.3, Min=MGUT, m>0

Figure 5: As in Fig. 3, but showing the spin-dependent cross section. The solid curve is
the current PICO bound [101], and the red solid/dashed curves are the IceCube bounds [102]
assuming annihilations into b̄b/W+W�, respectively. The upper panels show points where
the relic density is within 3� of the central Planck value colored darker green, and those
where the relic density is below the Planck value as lighter green points. The color coding of
the lower panels are the same as in Fig. 3.

uncolored. At the left, at low m1/2 and m0 < 4 TeV the lighter stop is the LSP, at low
m0 for all m1/2 the lighter stau is the LSP, and along a diagonal strip that rises from the
stau LSP region the lighter chargino is the LSP. When µ is approximately equal to the bino
mass, M1, two of the neutralino mass eigenstates are strongly mixed bino-Higgsino states.
In this case, 1-loop corrections to these masses can di↵er significantly from the correction
to the second Higgsino (which is nearly identical to the correction to the lighter chargino)
and cause the chargino to become the LSP. To the left of this region, the LSP is the bino
and the relic density gets too large. To the right of this region, the LSP is the Higgsino and,
because m1/2 and µ are large here, the relic density again gets too large.

There are also three distinct regions in these panels of Fig. 6 where the relic density is
consistent with the Planck constraint. Somewhat o↵set from the stop LSP region, we see a
curved band which is produced by stop coannihilation. This region is much broader than
in the typical CMSSM case, due to the increased degeneracy of the SUSY particles. Then,
just above the stau LSP region we see the familiar stau coannihilation strip. At this value of

17



Equilibrium in the sun

Ellis, Olive, Savage, and Spanos

9

100 200 300 400 500 600 700 800 900 1000
0

1000

2000

3000

100 200 300 400 500 600 700 800 900 1000
0

1000

2000

3000

0.4

0.8

m
0 (

G
eV

)

m1/2 (GeV)

tan β = 10 ,  µ > 0

0.1

0.02

annihilation/capture rates

0.002
0.004

0.2

0.01

0.99

100 1000 2000
0

1000

2000

3000

100 1000 2000
0

1000

2000

3000

m
0 (

G
eV

)

m1/2 (GeV)

tan β = 55 ,  µ > 0

0.2
0.1

0.8

0.4

0.8

annihilation/capture rates

0.4

0.02

0.99

0.99

FIG. 2: The (m1/2,m0) planes for the CMSSM for A0 = 0 and (left) tan β = 10, (right) tan β = 55,
showing contours of the ratio of solar dark matter annihilation and capture rates, as calculated using
the AGSS09 model [35] and default values of the hadronic scattering matrix elements. Equilibrium

corresponds to a ratio of unity, which is approached for small m1/2 and large m0. Also shown are
the theoretical, phenomenological, experimental and cosmological constraints described in the text.

contours of the ratio of the annihilation and capture rates vary rapidly in the neighbourhood
of the rapid-annihilation funnel, particularly at larger m1/2. As one approaches the funnel,
the annihilation rate increases, thus increasing the ratio. At higher m1/2, inside the funnel,
the relic density is suppressed and the rates are scaled. At still larger m1/2 the elastic cross
section is suppressed and equilibrium is not recovered.

Being out of equilibrium has important consequences when we examine how variations in
solar models and, later, scattering cross sections affect the annihilation rates and neutrino
fluxes. In regions where capture and annihilation are in equilibrium (t⊙ ≫ τ), 2Γ ∝ C so
that, e.g. a 10% drop in the capture rate would lead to a ∼10% drop in the annihilation rate.
Since, for a given CMSSM model, the neutrino flux is proportional to the annihilation rate,
the neutrino flux would likewise decrease by ∼10%. However, when capture and annihilation
are well out of equilibrium (t⊙ ≪ τ), 2Γ ∝ C2. In this case, a 10% drop in the capture rate
would lead to a ∼19% drop in the annihilation rate and neutrino flux. Thus, the non-linear
dependence of Eqn. (8) on the capture rate can amplify variations in the annihilation rate
and hence the neutrino flux relative to the variations in the capture rate found in the various
cases considered later in the paper.

B. Dependence on the Solar Model

As discussed above, the rate at which the LSP is captured by the Sun involves determining
both the rate at which galactic LSPs scatter in the Sun and the fraction of such scatters in
which the LSP loses enough energy to become gravitationally bound to the Sun. The former
depends on the LSP-nucleus scattering cross sections, while the latter depends on the mass
of the nucleus off of which the LSP scatters; both factors may vary significantly among the

Ellis, Olive, Savage, Spanos
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Figure 8: The current Fermi-LAT data set [13], in counts per bin, as a function of photon
energy Eγ in MeV, including the statistical error (blue points) for a 7-degree window around
the GC. The red line is the corresponding estimated background. We also display the signals
expected for the three halo profiles we are using: NFW, Einasto and isothermal and the four
panels correspond to the four benchmark CMSSM points C,E,L and M, as in Fig. 4.

and systematic errors, and uses an NFW density profile. As a preliminary to examining the

signals along the WMAP strips shown in Fig. 1, we first consider a more global view across

an (m1/2, m0) plane in the CMSSM. As described in the previous section, in the absence of

any supersymmetric contribution, our modeling of the astrophysical background give a value

of χ2 = 31.1 for 25 degrees of freedom. In Fig. 9, we show for illustration (in yellow) contours

of constant ∆χ2 across the CMSSM (m1/2, m0) plane for tanβ = 55 6, exhibiting contours

of ∆χ2 = 0, 1 and 4 relative to the value of χ2 without supersymmetry 7. Note that there is

6We do not show analogous results for tanβ = 10, since the results are unpromising, as we see below
when we restrict our attention to the WMAP strips.

7We recall that the relic LSP density is too large in the interior of the plane between the WMAP strips,
and too small in the outer regions between the WMAP strips and the charged-LSP and electroweak symmetry
breaking boundaries. The interior region is forbidden in the R-conserving scenario discussed here, whereas
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Other Possibilities
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Anomaly mediation: mAMSB (3+ parameters) 

Parameters: m3/2, m0, tan β, sgn(μ)!
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Other Possibilities

NUHM1,2:  m12 = m22 ≠ m02, m12 ≠ m22 ≠ m02 

μ and/or mA free
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Summary
SUSY Dark Matter ALIVE and well (?) 

CMSSM generally confined to strips in parameter 
space: stop strips below neutrino background; focus 
point fully detectable 

Higgsino Dark Matter quite generic in the focus point; 
NUHM1,2, and parts of mAMSB with m~1 TeV. 

extended models offer wider range of possibilities
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