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PROSPECTS
• The Dark Sector doesn’t want to be found (P Fox)

• It’s dark

• XENON only ran in the winter, no attention to summer data

• KIMS funding problem

•Other mystery issues

• 4 total itineraries to get here

• Suggests that the impact could be high!
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PORTALS TO A HIDDEN 
SECTOR

• Suppose there is matter uncharged under the SM

• How do we couple to it?
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Neutrino Portal

Vector (photon) Portal

Scalar (Higgs) Portal

*NB: Non-renormalizeable portals, e.g., axion portal also can be important
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• Requires complete gauge singlet N

•Would naturally be heavy

• If charged, has coupling         ~ small 

•Dominant signal ⇒ neutrino mass
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• Requires complete gauge singlet φ, or <φ>=a

•Would naturally have mass mφ=a

• Has mixing with the Higgs ~ mφ/mw ~ small

• Dominant effect: rare meson decays, non-standard Higgs decays

(L̄H)� �� �
StandardModel

× (N)����
Hidden Sector

(Fµν)� �� �
StandardModel

× (Fµν
d )

� �� �
Hidden Sector

(h†
h)� �� �

StandardModel

× (aφ)����
Hidden Sector

+ h.c.

1

Scalar (Higgs) 
Portal

Tuesday, January 11, 2011



• Requires Hidden sector has an effective U(1) (can arise from 
breaking of non-Abelian sector)

•Natural mass scales/couplings shortly

•Mixes with the photon (if < GeV) or Z boson (if ~ MW)

•Dominant effect is to give coupling of charged matter to new, 
dark photon, q=ε e
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WHAT IS A NATURAL ε?
• Renormalizeable operator - could naturally be order 1

• If U(1)Y or U(1)D is part of a non-Abelian group, ε=0 at tree 
level, arises at 1-loop

• If matter in loop have masses split by radiative effects, naturally 
at 2-loop

• If both U(1)Y and U(1)D are in non-Abelian group, with 
masses split radiatively, is naturally 3-loop

•Natural range of 1>ε>10-8 (approximately)
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WHAT IS A NATURAL MASS 
FOR A’?

• SM Fields should not couple to a new, massless A’

• (NB: If entirety of new physics is A’, mixing is not a physical 
effect)

•What is natural mass scale?
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WHAT IS A NATURAL MASS 
FOR A’?

• If strong dynamics (similar to QCD) drive U(1)d breaking, mass 
scale can be anything (theoretically)
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WHAT IS A NATURAL MASS 
FOR A’?

• If U(1)d breaking is driven by a scalar, there is a lower bound on 
the mass from two-loop effects
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• In supersymmetric theories, there is an additional effect
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Α'�1 Α'�10�2 Α'�10�4 Α'�10�6 Α'�10�8 Α'�10�10

10 GeV

1 GeV

100 MeV
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mdark

mdark~ α’1/4

α’

mdark~ α’1/2

WHAT IS A NATURAL MASS 
FOR A’?

(Note: boundaries are approximate)
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A BRIEF COSMIC HISTORY

f

f

γ

A′

Depending on mass, A’ will generally thermalize for 
ε> 10-9 ÷ -8 (i.e., α’>10-18 ÷ -20)

Should be > 1 MeV to avoid problems with BBN
Tuesday, January 11, 2011
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STILL A BROAD PARAMETER 
SPACE

•mχ>1 MeV, α’>10-12 would be a natural part of particle 
physics landscape

• Are any regions particularly motivated?

• A dark photon would influence particle physics at the GeV 
scale
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Figure 1: Combination of g − 2 and α measurement constraints on mV − κ2 parameter space. The dark
grey color indicate the excluded region. The light grey band is where the consistency of theoretical and
experimental values of (g − 2)µ improves to 2σ or less. The grey line inside this band indicate 0σ relative
to experimental value, ı.e. a positive shift of 3 × 10−9 to ath

µ .

Therefore, Eq. (4) can be re-interpreted as an effective shift of the coupling constant by

∆α = 2πaV
e ; ∆α−1 = −2πaV

e /α2, (5)

and the precision test of the model comes from the next most precise determination of α.
Currently, these are atomic physics results with Cs and Rb [14]. These determinations are
very weekly affected by the additional V boson, compared to (g−2)e. Adopting the results
of [14], we require that the relative shift of ∆α does not exceed 15 ppb, which results in
the following constraints on the parameters of our model:

κ2 × F (m2
e/m

2
V ) < 15 × 10−9 =⇒ κ2 ×

(

100 MeV

mV

)2

< 1. × 10−3, (6)

where we also made a relatively safe assumption that mV $ me. In practice one has to
require mV >∼ 4 MeV in order to satisfy constraints imposed by primordial nucleosynthesis
(BBN) [15]. If mV is chosen right at the boundary of the BBN constraint, Eq. (6) requires
κ2 to be less than 10−6, while of course the constraint weakens considerably for larger values
of mV .

Another important constraint comes from the measurement of the muon magnetic
anomaly. The application of this constraint is not straightforward due to the necessity
to deal with hadronic uncertainty in extracting theoretical prediction for aµ. The deter-
mination based on e+e− annihilation to hadrons points to a +302(88)× 10−11 deficit (see,

3

α’/α

g-2 for the muon 3.6σ deviation from SM prediction 

mA’ Pospelov, arxiv:0811.1030
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STILL A BROAD PARAMETER 
SPACE

•mχ>1 MeV, α’>10-12 would be a natural part of particle 
physics landscape

• Are any regions particularly motivated?

•Dark matter charged under a dark force has been motivated 
by a variety of DM anomalies

Tuesday, January 11, 2011



DM WITH A DARK U(1)
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DM WITH A DARK U(1)

• The presence of a dark U(1) would very likely be 
accompanied by stable particles

• Thus dark matter would naturally be charged millicharged for 
a massless force [Holdom, ’84]

•Dark matter can annihilate into the dark photon

•Dark matter can scatter via the dark photon
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FREEZEOUT INTO A DARK 
PHOTON
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χ
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40%µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].

χ
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Finkbeiner, NW astro-ph 0702587v2; Pospelov,Ritz,Voloshin arxiv 0711.4866
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COSMIC RAYS: PAMELA/FERMI

Fermi/LAT collaboration

DM?
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COSMIC RAYS: PAMELA/FERMI

PAMELA sees no excess in 
antiprotons - excludes hadronic 
modes by order of magnitude 
(Cirelli et al, ’08, Donato et al, ’08)
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COSMIC RAYS: PAMELA/FERMI
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40%µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].

χ

χ
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A’

A’

f-

f+

mA’<GeV (no antiprotons, hard leptons)
(Finkbeiner, NW, arxiv 0702587v2; Cholis, Goodenough, NW arxiv 0802.2922)
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40%µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].
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f-

f+

mA’<GeV (no antiprotons, hard leptons)
(Finkbeiner, NW, arxiv 0702587v2; Cholis, Goodenough, NW arxiv 0802.2922)
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• Provides a consistent and testable DM intepretation

12

FIG. 1: Left: Allowed ranges of parameter space for fits within the 1σ, 90% confidence, and 2σ error bars to PAMELA only (in
decreasing intensity of red), Fermi only (in decreasing intensity of gray), and for simultaneous fits to both PAMELA and Fermi
(in decreasing intensity of purple). Yellow crosses indicate benchmark points. Right: As in left, with curves showing the boost
factors for a range of mass splittings δ such that Ωh2 = 0.1120 (dashed). The CMB constraints are met for the solid portions
of the curves. Results are shown for 800 GeV ≤ mχ ≤ 3 TeV only. All preferred regions shown here assume ρ0 = 0.4 GeV/cm3

and no contribution to the signal from DM substructure; any substructure correction (e.g. [80]) will shift the preferred regions
to lower boost factors.
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).

Because of the presence of a new light state, the annihilation χχ → φφ can, and naturally will, be significant. In

order not to spoil the success of nucleosynthesis, we cannot have very light new states in this sector, with a mass <∼ 10

MeV, in thermal equilibrium with the standard model; the simplest picture is therefore that all the light states in the

dark sector have a mass ∼ GeV. Without any special symmetries, there is no reason for any of these particles to be

exactly stable, and the lightest ones can therefore only decay back to standard model states, indeed many SM states

are also likely kinematically inaccessible, thus favoring ones that produce high energy positrons and electrons. This

mechanism was first utilized in [19] to generate a large positron signal with smaller π0 and p̄ signals. Consequently, an

important question is the tendency of φ to decay to leptons. This is a simple matter of how φ couples to the standard

model. (A more detailed discussion of this can be found in [30].)

A scalar φ can couple with a dilaton-like coupling φFµνFµν , which will produce photons and hadrons (via gluons).

Such a possibility will generally fail to produce a hard e+e− spectrum. A more promising approach would be to mix

φ with the standard model Higgs with a term κφ2h†h. Should φ acquire a vev 〈φ〉 ∼ mφ, then we yield a small mixing

with the standard model Higgs, and the φ will decay into the heaviest fermion pair available. For mφ
<∼ 200 MeV

it will decay directly to e+e−, while for 200 MeV<∼ mφ
<∼ 250 MeV, φ will decay dominantly to muons. Above that

hadronic states appear, and pion modes will dominate. Both e+e− and µ+µ− give good fits to the PAMELA data,

while e+e− gives a better fit to PAMELA+ATIC.

A pseudoscalar, while not yielding a Sommerfeld enhancement, could naturally be present in this new sector. Such

a particle would typically couple to the heaviest particle available, or through the axion analog of the dilaton coupling

above. Consequently, the decays of a pseudoscalar would be similar to those of the scalar.

A vector boson will naturally mix with electromagnetism via the operator F ′
µνFµν . This possibility was considered

some time ago in [40]. Such an operator will cause a vector φµ to couple directly to charge. Thus, for mφ
<∼ 2mµ it

will decay to e+e−, while for 2mµ
<∼ mφ

<∼ 2mπ it will decay equally to e+e− and µ+µ−. Above 2mπ, it will decay

40% e+e−, 40%µ+µ− and 20%π+π−. At these masses, no direct decays into π0’s will occur because they are neutral

and the hadrons are the appropriate degrees of freedom. At higher masses, where quarks and QCD are the appropriate

degrees of freedom, the φ will decay to quarks, producing a wider range of hadronic states, including π0’s, and, at

suitably high masses mφ
>∼ 2 GeV, antiprotons as well [66]. In addition to XDM [18], some other important examples

of theories under which dark matter interacts with new forces include WIMPless models [41], mirror dark matter [42]

and secluded dark matter [43].

Note that, while these interactions between the sectors can be small, they are all large enough to keep the dark

and standard model sectors in thermal equilibrium down to temperatures far beneath the dark matter mass, and (as

mentioned in the previous section), we can naturally get the correct thermal relic abundance with a weak-scale dark

matter mass and perturbative annihilation cross sections. Kinetic equilibrium in these models is naturally maintained

down to the temperature TCMB ∼ mφ [44].
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Fig. 2. A fit of the SPI result for the diffuse emission from the GC re-
gion (|l|, |b| ≤ 16◦) obtained with a spatial model consisting of an 8◦

FWHM Gaussian bulge and a CO disk. In the fit a diagonal response
was assumed. The spectral components are: 511 keV line (dotted),
Ps continuum (dashes), and power-law continuum (dash-dots). The
summed models are indicated by the solid line. Details of the fitting
procedure are given in the text.

has been applied to spectroscopy of an extended sky source ob-
served with the SPI instrument. As an aside note, we wish to
warn the interested reader that we found the original Ps contin-
uum model in XSPEC, POSM, to be incorrectly implemented.
We developed and tested a new implementation of the Ore &
Powell (1949) spectral shape of Ps continuum emission, which
will be included in subsequent releases of XSPEC.

The data selected for this portion of our analysis comprise
a subset of the total data presented in this paper. Observations
were selected for inclusion in our spectral fitting when the
SPI telescope axis was aligned with the GC to within an an-
gular offset of 16◦ (the extent of the nominal fully-coded SPI
field-of-view). This resulted in a total of about 750 spacecraft
pointings (Science Windows), totalling ∼1.7 Ms of live time,
being used in this analysis.

The full SPI instrument response, including diagonal plus
off-diagonal matrix elements, was then computed, according
to the methodologies described in Sturner et al. (2003), for
each SPI detector for each selected instrument pointing for
each of our grid points spatially sampling the bulge region.
Specifically, we computed the response for a 21-point raster
at (l, b) = (0◦, 0◦), (±4◦, 0◦), (0◦,±4◦), (±8◦, 0◦), (0◦,±8◦),
(±4◦,±4◦), (±8◦,±4◦), (±4◦,±8◦).

The data were then simultaneously fitted to the physical
model described above – 511 keV line, Ps continuum, and
power law – and the 3-component background model described
in Sect. 2. The background model in this case was parame-
terized so that small (±10%) variations were allowed for the
normalization terms of each component in each energy inter-
val, using the results of model fits (as decribed in Sect. 3.2)
to initialize the background model parameters. In practice we
found that the background modelling worked quite well, with
the best fit solutions typically corresponding to normalization
terms within ±1% of unity.

We then made the assumption that the net flux consists of
additive contributions from the two spatial models discussed

in Sect. 3.3.1, i.e. the Gaussian and CO distributions of spa-
tial model G8CO. The spectral model was then applied to the
SPI instrument response function twice at each spatial raster,
with a normalized, relative, weighting factor based on both the
Gaussian and the CO distributions. This leads to a data space
which scales as: (number of SPI pointings) × (number of de-
tectors) × (number of spectral channels). This number is then
multiplied by (number of spatial rasters) × (2 spatial distribu-
tion models) to give the number of individual response matrices
applied to the spectral model for the χ2 minimization problem.
This leads to ∼750× 19× 6 × 21× 2 ∼ 3.6× 106 folded-model
calculations per iteration step of the χ2 minimization proce-
dure. Specifically, we used the XSPEC “FLUX” command and
the best fit parameters of each individual model component to
integrate over the covered energy range.

The parameter space was constrained as follows. The cen-
troid and width of the positron annihilation line were fixed
at 511 keV and 2.5 keV FWHM, respectively, as in our first
analysis (see Sect. 3.3.1). We fixed the power-law photon in-
dex α to a value of 1.75, but allowed the amplitude to vary by
about a factor of 4 relative to that obtained in our first analysis
described above. Otherwise, the model parameters – specifi-
cally the Ps continuum and Gaussian line normalization terms
– were allowed to vary freely in the χ2 minimization. These
two normalization terms were varied separately with respect to
the two spatial distributions, but linked from grid point to grid
point within a given spatial model. This leads to 6 free physical
model parameters (3 normalizations for each of the 2 spatial
models), in addition to the 18 background model parameters
(3 parameters in each of the 6 energy intervals) for the over-
all fit.

We obtained a Ps continuum normalization of (3.11 ±
0.56) × 10−3 ph cm−2 s−1. Combined with the inferred
Gaussian line component normalization of (9.35 ± 0.54) ×
10−4 ph cm−2 s−1 we obtain a Ps fraction of fPs = 0.92 ± 0.09.
The normalization of the power-law component, rescaling the
XSPEC result to the power-law function defined in footnote 6,
is (3.79+1.66

−1.25) × 10−6 ph cm−2 s−1 keV−1. Thus over the range
of our data, the power-law component contributes approxi-
mately 6% (and possibly as much as 14%) of the continuum
flux based on our model fitting. If we allow the power-law in-
dex to vary freely, the resulting power-law flux remains within
the confidence interval above; hence our conclusion regarding
the flux contribution of the power-law component is robust. The
background normalization terms, as noted, were within 1% of
unity. The χ2

ν value obtained was of order unity; specifically,
using the full 1.65 Ms of the data selected for this analysis,
a χ2 per degree of freedom of 99065.1/86289 ≈ 1.15 was
achieved. The uncertainties for a given parameter, specifically
the line and Ps continuum fluxes and the power-law normaliza-
tion, were derived by varying the parameter within its allowed
range. At each step, the other free parameters are allowed to
vary until the fit statistic is minimized, determining the 1σ con-
fidence region for each parameter (specifically, this is accom-
plished using the “ERROR” procedure of XSPEC v12). We
note that the uncertainty in the Ps fraction includes both the
variances and the covariances of the 511 keV line and Ps con-
tinuum fluxes in the variance-covariance matrix of the fit.

Large excess of cosmic ray 
positrons (low energy)

3 yr
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WIMP “wind”

in the summer, 
moving against wind

in the winter, moving against wind

expect an annual 
modulation in signal!

Drukier, Freese, Spergel Phys.Rev.D33:3495-3508,1986
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FIG. 2: Ionization yield versus recoil energy for events pass-
ing all cuts, excluding yield and timing. The top (bottom)
plot shows events for detector T1Z5(T3Z4). The solid red
lines indicate the 2σ electron and nuclear recoil bands. The
vertical dashed line represents the recoil energy threshold and
the sloping magenta dashed line is the ionization threshold.
Events that pass the timing cut are shown with round mark-
ers. The candidate events are the round markers inside the
nuclear-recoil bands. (Color online.)

ever, a detailed study revealed that an approximation

made during the ionization pulse reconstruction degrades

the timing-cut rejection of a small fraction of surface

events with ionization energy below ∼6 keV. The can-

didate event in T3Z4 shows this effect. Such events

are more prevalent in WIMP-search data than in the

data sets used to generate the pre-blinding estimate of

misidentified surface events. A refined calculation, which

accounts for this reconstruction degradation, produced a

revised surface-event estimate of 0.8±0.1(stat)±0.2(syst)

events. The systematic uncertainty is dominated by our

assumption that the pass-fail ratio for multiple scatter

events is the same as that for single scatter events. Based

on this revised estimate, the probability to have observed

two or more surface events in this exposure is 20%; in-

clusion of the neutron background estimate increases this

probability to 23%. These expectations indicate that the

results of this analysis cannot be interpreted as significant

evidence for WIMP interactions, but we cannot reject ei-

ther event as signal.

To quantify the proximity of these events to the

surface-event rejection threshold, we varied the timing
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FIG. 3: Normalized ionization yield (number of standard de-
viations from mean of nuclear recoil band) versus normalized
timing parameter (timing relative to acceptance region) for
events passing all cuts, excluding yield and timing. The top
(bottom) plot shows events for detector T1Z5(T3Z4). Events
that pass the phonon timing cut are shown with round mark-
ers. The solid red box indicates the signal region for that
detector. The candidate events are the round markers inside
the signal regions. (Color online.)

cut threshold of the analysis. Reducing the revised ex-

pected surface-event background to 0.4 events would re-

move both candidates while reducing the WIMP expo-

sure by 28%. No additional events would be added to

the signal region until we increased the revised estimate

of the expected surface-event background to 1.7 events.

We calculate an upper limit on the WIMP-nucleon

elastic scattering cross-section based on standard galactic

halo assumptions [10] and in the presence of two events

at the observed energies. We use the Optimum Interval

Method [22] with no background subtraction. The result-

ing limit shown in Fig. 4 has a minimum cross section of

7.0 × 10−44 cm2 (3.8 × 10−44 cm2 when combined with

our previous results) for a WIMP of mass 70GeV/c2 .

The abrupt feature near the minimum of the new limit

curve is a consequence of a threshold-crossing at which

intervals containing one event enter into the optimum in-

terval computation [22]. An improved estimate of our

detector masses was used for the exposure calculation of

the present work; a similar correction (resulting in a ∼9%

decrease in exposure) was applied to our previous CDMS

result [11] shown in Fig. 4. While this work represents

CDMS

XENON10
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Light neutralinos with large scattering cross sections in the minimal supersymmetric standard
model

Eric Kuflik, Aaron Pierce, and Kathryn M. Zurek
Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor, MI 48109

(Dated: July 20, 2010)

Motivated by recent data from CoGeNT and the DAMA annual modulation signal, we discuss collider con-
straints on minimal supersymmetric standard model neutralino dark matter with mass in the 5-15 GeV range.
The lightest superpartner (LSP) would be a bino with a small Higgsino admixture. Maximization of the dark
matter-nucleon scattering cross section for such a weakly interacting massive particle requires a light Higgs bo-
son with tanβ enhanced couplings. Limits on the invisible width of the Z boson, combined with the rare decays
B

± → τν, and the ratio B → Dτν/B → D�ν, constrain cross sections to be below σn � 5 × 10−42 cm2.
This indicates a higher local Dark Matter density than is usually assumed by a factor of roughly six would be
necessary to explain the CoGeNT excess. This scenario also requires a light charged Higgs boson, which can
give substantial contributions to rare decays such as b → sγ and t → bH

+. We also discuss the impact of
Tevatron searches for Higgs bosons at large tanβ.

Recently, the CoGeNT experiment has reported a sig-
nal consistent with dark matter (DM) in the mass window
7 GeV � mDM � 11 GeV with a cross-section for scattering
off nuclei of 3×10−41 cm2 � σ � 1×10−40 cm2 [1]. While
it is possible that the falling exponential observed by CoGeNT
is due to a background, it is interesting that a weakly interact-
ing massive particle (WIMP) interpretation of the low recoil
energy events favors a candidate with a mass identical to that
indicated by a spin-independent elastic scattering interpreta-
tion [2] of the annual modulation observed at the DAMA ex-
periment [3]. There is tension between the DAMA/CoGeNT
low mass window and the null results from XENON and the
CDMS silicon detectors at the high end of the mass window.
The tension at the lower edge of this window can be signifi-
cantly reduced by an appropriate choice of the scintillation ef-
ficiency factor Leff [4] and halo model, as recently discussed
in [5].

Models which attempt to explain the closeness of the
baryon and dark matter (DM) contributions to the matter den-
sity of the universe also point to a DM mass in this same range
[6]. Models of “WIMPless” DM [7], singlet scalars [8], dark
sectors connected to the visible sector by kinetic mixing [9],
and mirror matter [10] also give rise to a light Weakly In-
teracting Massive Particle (WIMP) in a mass range consis-
tent with the CoGeNT window. However, before turning to
such comparatively exotic scenarios, it is prudent to examine
whether a more established candidate can generate such a sig-
nal. The most studied dark matter candidate is the neutralino
of the minimal supersymmetric standard model (MSSM). Mo-
tivated by the hints from CoGeNT and DAMA, we study light
MSSM DM, asking how large a cross section is achievable in
these models, consistent with existing collider constraints.

The neutralino χ0 is a linear combination of bino, wino and
Higgsino components, (B̃, W̃ , H̃d, H̃u). In direct detection
experiments, it interacts with nuclei through Higgs bosons, Z,
and squark exchange. In most MSSM models, the squarks
tend to be heavy, limiting their effectiveness as mediators for
nuclear scattering. Their contribution is typically several or-
ders of magnitude beneath the largest cross sections discussed

here (see e.g. [11]). Scattering through the Z contributes spin-
dependent scattering, but in light neutralino scenarios such as
is relevant for the light WIMP window, the coupling to the Z

is limited by the invisible Z width. For large scattering cross
sections in the light window, couplings to Higgs bosons dom-
inate.

There is previous work on explaining the DAMA signal
from a light MSSM LSP [12] (including a discussion of the
relic density), and constraining a light neutralino in the MSSM
in general [13–15]. In this paper we revisit the light MSSM
LSP in light of the recent result from CoGeNT, apply recent
relevant particle physics constraints, and discuss implications
for other Higgs boson mediated processes. This region with
largest scattering cross section has become constrained by
Tevatron searches for MSSM Higgs bosons, particularly in
the τ+τ− final state. The result is that a MSSM neutralino
has difficulty reproducing cross sections in the CoGeNT re-
gion, but a slight overdensity of local dark matter might allow
consistency.

The scattering of a WIMP with a nucleus is given by the
cross section, see e.g. [16]

σ =
4

π

m
2
DMm

2
N

(mDM +mN )2
(Zfp + (A− Z)fn)

2 (1)

where A and Z are the atomic mass and atomic number of
the target nuclei. The effective couplings to protons and neu-
trons, fp,n, can be written in terms of the WIMP’s couplings
to quarks. Since the particle which mediates the scattering
is typically much heavier than the momentum transfer in the
scattering, the scattering can be written in terms of an effective
coupling Gq :

fp,n =
�

q=u,d,s

Gqf
(p,n)
Tq

mp,n

mq
+

2

27
f
(p,n)
TG

�

q=c,b,t

Gq
mp,n

mq
,

(2)
where Gq = λDMλq/M

2
M . Here M denotes the mediator, and

λDM, λf denote the mediator’s couplings to DM and quark.
If the mediator is a scalar Higgs boson, the λf are simply the
Yukawa couplings of the quarks, yq , and for the f

p,n
Tq we take
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LIGHT DARK MATTER
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DARK MATTER
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HOW TO FIND A DARK 
PHOTON

• Rare process

• High luminosity

• Extremely low backgrounds

• LHC complementary as produceable in SUSY cascade decays

• Cascades fairly unique to SUSY

•Much harder to directly discover
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PHOTON

e

Z
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A′

Find A’ via spectrometry, vertexing (A’ decays), or 
“MET” (target recoil) 
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HOW TO FIND A DARK 
PHOTON

• Additional complications:

• decay modes?

• Even when motivated by cosmic rays, don’t know that 
strongest coupled A’ decays to charged pairs

•Non-Abelian models can be very complicated

• Important to develop general approaches for the future
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NEAR TERM REACH OF JLAB
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WHAT WOULD HAPPEN IF IT 
WERE FOUND

• The discovery of the “Theory Space Landscape”

• immediate need for confirmation/redundancy
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COPERNICUS 2011

• Jefferson Lab has the opportunity to be the LHC of weakly 
coupled physics

• Accessible parameter space is motivated, but not converse

•Need redundant experiments - multiple decay modes

• This is only the beginning: need development of future 
techniques

• Potential impact - while speculative - to rival LHC
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