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Of all the puzzles in particle physics...

Dark Matter

• m2H ≈ Λ2

• CC ≈ Λ4

• # generations
• quantum numbers
• ...

the existence of dark matter is “real Beyond-SM” 
that is not about aesthetics, fine-tuning, beauty...



Bullet Cluster



We don’t know:

Mass of Dark Matter

Composition of Dark Matter

Interactions of Dark Matter



We do know:

1) Dark matter is dark

2) ρDM ≈ 5 ρmatter  (averaging over Universe)

3) DM is cold

4) IF thermal freezeout,  Ωh2  ≈  0.1 ———
1 pb
<σv>



WIMPs as Dark Matter



One of the most striking constraints

Nucleus Nucleus

WIMP WIMP

is direct detection.



If the WIMP-nucleon coupling is 
coherent w.r.t. mass

σn  ≈  —————————  
σ(Nucleus)

A4

Effective
nucleon

cross section



DIRECT DETECTION OF DARK MATTER C-1

Figure 1 A selection of experiments’ 90% upper CL results for 60 GeV WIMP-
nucleon scalar cross section versus times of publications. Labels in boxes give the
equivalent event rates in Ge in events/kg/day assuming a low recoil threshold,
>10 keV.

Figure 2 Observational constraints when combining data from WMAP, SDSS, SNIa,
and BBN measurements, plus reionization optical depth limitation (! < 0.3) showing
the 95% CL contours in the (!d = ["m – "b]h2, !m = "mh2) and ("m, "#) planes as
constraints are added. The allowed region where the observations are consistent is
shown unshaded.  The grey diagonal line in the (!d, !m) plane indicates models with
no additional DM component.  The dotted diagonal line in the ("m, "") plane indi-
cates flat geometry for the universe, with open (closed) models below (above) this line
(25).
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Original (1980s) hope for WIMPs

e.g. fourth geneneration neutrino 
that acquires Dirac mass with ν4R

Acquire
  • mass from EWSB
  • coupling to SM through EW interactions



Such WIMPs have true Weak Interactions:

Vector interactions to SM with GF strength:

ν γµ ν q γµ q——
   ——————————

v2246

Leads to WIMP-nucleon scattering cross section

              σn  ≈  0.1 pb!     (for ≈ 100 GeV WIMP)



Completely Ruled
 Out by Direct 

Detection Bounds
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FIG. 3: Top: Ionization yield versus recoil energy in all de-
tectors included in this analysis for events passing all cuts
except the ionization yield and timing cuts. The signal re-
gion between 10 and 100 keV recoil energies was defined using
neutron calibration data and is indicated by the curved lines.
Bulk-electron recoils have yield near unity and are above the
vertical scale limits. Bottom: Same, but after applying the
timing cut. No events are found within the signal region.

Figure 4 shows the Poisson 90% C.L. upper limit on
the spin-independent WIMP-nucleon cross section de-
rived from this data set (upper solid curve), based on
standard assumptions about the galactic halo [7]. The
minimum lies at 6.6!10!44 cm2 for a 60GeV/c2 WIMP.

Our previous data from Soudan [10, 11] have been re-
analyzed [17] yielding a slight improvement in sensitiv-
ity over our previous publications (upper curve in Fig-
ure 4). A combined limit from all Soudan data (lower
solid curve in Figure 4), using Yellin’s Optimum Interval
method [18] to account for observed events, gives an up-
per limit of 4.6!10!44 cm2 at 90% C.L. for a WIMP mass
of 60GeV/c2, a factor of "3 stricter than our previously
published limit.

We also analyzed our data in terms of spin-dependent
WIMP-nucleon interactions. Under the assumption of
spin-dependent coupling to neutrons alone and using the
Ge form factor given in [23], we find a minimum upper
limit of 2.7 ! 10!38 cm2 (1.8 ! 10!38 cm2) at 90% C.L.
for this data set (combined Soudan data).

CDMS has maintained high dark matter discovery po-
tential by limiting expected backgrounds to less than
one event in the signal region. These results from our
Soudan measurements set the best WIMP sensitivity for
spin-independent WIMP-nucleon interactions over a wide
range of WIMP masses. Our new limits cut significantly
into previously unexplored regions of the central param-
eter space predicted by supersymmetry.

The CDMS collaboration gratefully acknowledges Pa-
trizia Meunier, Daniel Callahan, Pat Castle, Dave Hale,
Susanne Kyre, Bruce Lambin and Wayne Johnson for
their contributions. This work is supported in part
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FIG. 4: Spin-independent WIMP-nucleon cross-section up-
per limits (90% C.L.) versus WIMP mass. The upper curve
(dash-dot) is the result of a re-analysis [17] of our previously
published data. The upper solid line is the limit from this
work. The combined CDMS limit (lower solid line) has the
same minimum cross-section as XENON10 [19] (dashed) re-
ports, but has more sensitivity at higher masses. Parame-
ter ranges expected from supersymmetric models described
in [20] (grey) and [21] are shown (95% and 68% confidence
levels in green and blue, respectively). Data courtesy of [22].
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tectors included in this analysis for events passing all cuts
except the ionization yield and timing cuts. The signal re-
gion between 10 and 100 keV recoil energies was defined using
neutron calibration data and is indicated by the curved lines.
Bulk-electron recoils have yield near unity and are above the
vertical scale limits. Bottom: Same, but after applying the
timing cut. No events are found within the signal region.

Figure 4 shows the Poisson 90% C.L. upper limit on
the spin-independent WIMP-nucleon cross section de-
rived from this data set (upper solid curve), based on
standard assumptions about the galactic halo [7]. The
minimum lies at 6.6!10!44 cm2 for a 60GeV/c2 WIMP.

Our previous data from Soudan [10, 11] have been re-
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method [18] to account for observed events, gives an up-
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of 60GeV/c2, a factor of "3 stricter than our previously
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Ge form factor given in [23], we find a minimum upper
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Direct Detection Suggests:

• WIMPs couple to all SM fermions with 
  sub-weak interaction strength
  (vector “g” ≤ 0.01; or Higgs exchange; or ...)

• WIMPs couple to leptons, not quarks (or gluons)
  Evades all direct detection constraints.

• Not thermal freezeout (forget about 1 pb scale)

• ...

Either:



Supersymmetric Dark Matter?

Mass from SUSY breaking; constraints from 
       non-observation of SUSY

Coupling to SM matter is suppressed - Majorana
       fermion has no vector interactions

Viable, but has suppressed local galactic
       annihilation rate (relevant for recent hints...)



WIMPs Coupling Dominantly to Leptons

We already have examples...



“KK Dark Matter”

Dark matter is a Kaluza-Klein excitation of
a Standard Model particle:

5d: first KK state of hypercharge B(1)

Appelquist
Cheng
Dobrescu

Couples to hypercharge; hence dominant coupling 
to RH-lepton.  



The annihilation rate:

B(1)

B(1)

is not velocity-suppressed, leading to

                 <σv>f  ≈  —————— 

a modest hierarchy Ml1 < Mq1 causes leptons to 
dominate, leading to an indirect detection signal:

Y4f M2B1

M4l1

l(1)



FIG. 1: The positron spectrum from generic particle dark
matter annihilations, prior to propagation, for selected an-
nihilation modes with mDM = 300 GeV. Solid, dot-dash,
dotted and dashed lines correspond to the positron spectrum
per annihilation into µ+µ!, !+!!, bb̄ and gauge bosons, re-
spectively. Charged lepton final states clearly produce a con-
siderably harder spectrum of positrons than in other modes.
The spectrum for annihilation into e+e! (not shown) is triv-
ially a delta function at an energy equal to the dark matter
particle mass.

calculated using PYTHIA [20] as it is implemented in
the DarkSusy package [21].

Following their production, positrons travel through
the galactic halo under the influence of interstellar mag-
netic fields and lose energy via inverse Compton and
synchrotron processes. The e!ects of propagation on
the positron spectrum can be calculated using a stan-
dard di!usion model [7, 22]. Such a technique is limited,
however, by the uncertainties in the relevant parameters,
such as the di!usion constant and energy loss rate.

Cosmic ray measurements (primarily the boron to
carbon ratio) indicate a di!usion constant best fit to
K(Ee+) = 3.3 ! 1028(Ee+/1 GeV)0.47 cm2/s [23] with 20
to 25% uncertainties at the 1! confidence level. For the
positron energy loss rate, only a rough estimate is pos-
sible, and the value of this parameter could vary with
location. We use a value for the energy loss rate of
b(Ee+) = 10!16(Ee+/1 GeV)2 GeV/s. We consider a
2L = 8 kpc thick slab for the di!usion zone, which is the
width best fit to observations [23, 24]. While we have
used a modified isothermal sphere profile, we find that
other profiles such as NFW produce very similar results.
The e!ect of varying L is also small. This is because
positrons, unlike gamma-rays and anti-protons, travel
only a few kpc before losing their energy. For further dis-
cussion of two-zone di!usion models, see Refs. [7, 24, 25].

To minimize the e!ects of solar modulation, the

FIG. 2: The positron fraction from annihilation of KKDM
is shown as a function of positron energy. The solid and
dashed lines represent 300 and 600 GeV B(1)s, respec-
tively. The annihilation rate was treated as a free param-
eter, used for normalization. The dotted line represents
the background predicted with no contribution from dark
matter annihilation. The error bars shown are from the
1994-95 and 2000 HEAT flights. The propagation parame-
ters K(Ee+) = 3.3 ! 1028(Ee+/1GeV)0.47 cm2/s, b(Ee+) =
10!16(Ee+/1 GeV)2 GeV/s and L = 4kpc were used.

spectrum of cosmic positrons is generally shown as a
“positron fraction”, or the ratio of positrons to positrons
plus electrons at a given energy. We convert our positron
flux to a positron fraction by using the spectrum of sec-
ondary positrons, secondary electrons and primary elec-
trons found in Ref. [4]. This flux (without a dark matter
contribution) constitutes the background to a potential
signal.

The positron fraction predicted from KKDM annihila-
tion is shown as a function of positron energy in Fig. 2.
The level-one KK spectrum was assumed to be almost
degenerate although we found only very slight variation
for a spectrum including the e!ects of radiative correc-
tions [13]. Comparing our results to the measurements of
the 1994-95 and 2000 HEAT flights, it is clear that above
7-8 GeV the background-only curve fails to match the
data while KKDM annihilation can provide a reasonably
good fit to the data.

With substantial uncertainties in the propagation pa-
rameters, it is important to consider the e!ect of varying
these quantities on the positron spectrum. In Fig. 3, we
show the positron fraction for mB(1) = 300 GeV with
various choices of the di!usion constant and energy loss
rate.

To compare our propagation model and parameters
with those used in other studies, we remark on two other
collaborations’ treatment of this problem. First, Edsjö
and Baltz [7] used a considerably lower di!usion con-
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FIG. 1: The positron spectrum from generic particle dark
matter annihilations, prior to propagation, for selected an-
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Following their production, positrons travel through
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netic fields and lose energy via inverse Compton and
synchrotron processes. The e!ects of propagation on
the positron spectrum can be calculated using a stan-
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such as the di!usion constant and energy loss rate.

Cosmic ray measurements (primarily the boron to
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to 25% uncertainties at the 1! confidence level. For the
positron energy loss rate, only a rough estimate is pos-
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trons found in Ref. [4]. This flux (without a dark matter
contribution) constitutes the background to a potential
signal.

The positron fraction predicted from KKDM annihila-
tion is shown as a function of positron energy in Fig. 2.
The level-one KK spectrum was assumed to be almost
degenerate although we found only very slight variation
for a spectrum including the e!ects of radiative correc-
tions [13]. Comparing our results to the measurements of
the 1994-95 and 2000 HEAT flights, it is clear that above
7-8 GeV the background-only curve fails to match the
data while KKDM annihilation can provide a reasonably
good fit to the data.

With substantial uncertainties in the propagation pa-
rameters, it is important to consider the e!ect of varying
these quantities on the positron spectrum. In Fig. 3, we
show the positron fraction for mB(1) = 300 GeV with
various choices of the di!usion constant and energy loss
rate.

To compare our propagation model and parameters
with those used in other studies, we remark on two other
collaborations’ treatment of this problem. First, Edsjö
and Baltz [7] used a considerably lower di!usion con-
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is
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Annihilation to Antimatter



Despite s-wave annihilation, with a large 
annihilation fraction to leptons...

• Tevatron + indirect bounds require 
  mB1 > 300-400 GeV

• Matching thermal abundance Ωh2 ≈ 0.1
  requires mB1 ≥ 600 GeV

Implies local annihilation rate ≈ 20-200 x (1 pb) 

to explain AMS/HEAT/PAMELA...
(large “boost factors”)



Dirac Fermion as Dark Matter



Dirac Fermion

• New Dirac fermion neutral under 
  SM gauge group

• Global U(1)D conserved

• Interactions with SM through higher
  dimensional operators -- effective theory!
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ignore  --  Higgs mass dependent
and leads to coupling to quarks, again
(operator absent in UV completion)



<σv> =  σ0  +  σ2v2  +  ...

Dirac fermion: f

f-

D

D
_<σv> ~ M2/Λ4 1/Λ2

Thermally averaged cross section

Consider coupling only to leptons
(and specifically, RH electrons)
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FIG. 1: Cuto! scale " as a function of the Dirac dark mat-
ter fermion mass M that gives the thermal relic abundance
#h2 = 0.114, consistent with cosmological data. The top
curve corresponds to the flavor-democratic scenario, ceR =
cµR = c!R = 1, while the lower curve corresponds to elec-
trons only ceR = 1. In both cases we took only right-handed
leptons for simplicity; adding left-handed leptons is trivial.

where g! ! 96 is the number of relativistic degrees of
freedom at freeze-out.

Using cosmological data to fix the thermal relic abun-
dance to be !h2 = 0.114, we can determine the leading
order (velocity-independent part) annihilation cross sec-
tion,

"!D̄Dv# = (1.25 pb)
xF

21

!
96
g!

(10)

In Fig. 1 we show the relationship between " and M
to obtain the thermal relic abundance consistent with
cosmological data. The range of masses shown is illus-
trative. A lower bound on M can be established from
the absence of a single photon plus missing energy signal
at LEPI that would occur with the dimension-6 opera-
tor combined with an initial state photon. By contrast,
LEPII does not place strong bounds on this process (for
example, see [48]), essentially because the cross section is
suppressed by "em and phase space that causes the sig-
nal to be too small to be seen above background. This
suggests M could be as low as about 50 GeV. But as we
will see, to explain the PAMELA positron ratio excess
we need M <$ 100 GeV, and thus there is no direct limit
from LEPII.

IV. POSITRONS FROM ANNIHILATION OF
DIRAC DARK MATTER

A. Backgrounds and Galactic Propagation

Determining the background electron and positron flux
is of utmost importance to establish that the positron
ratio excess does, in fact, exist. The most complete cal-
culation of the background fluxes of cosmic rays comes
from the Galprop code [28], where antimatter is gener-
ated as secondary production from protons scattering o#
other protons and lighter nuclei. We will briefly explain
the inputs to the code, the various propagation model
and parameter dependencies, and thus our estimates of
the uncertainties in the background. We use Galprop to
propagate both signal and background. This is the only
consistent way to treat propagation uncertainties. We
have, nevertheless, cross-checked our signal using semi-
analytic treatments of propagation [49].

Galprop is, for cosmic rays, similar in spirit to
Pythia for collider experiments. Just as Pythia incor-
porates theoretical calculations, such as cross sections,
as well as semi-analytic techniques, such parton show-
ering, Galprop also incorporates both theoretical and
experimentally-driven models and assumptions to pre-
dict cosmic ray spectra. There are three inputs to the
code important for our analysis:

1. The electron source spectrum.

2. The nuclei source spectrum.

3. The propagation model and associated parameters.

Other important inputs include nuclear cross sections,
interstellar gas distribution, etc [28].

The origin of the high-energy background spectrum of
nuclei and electrons in the galaxy is presumed to come
from supernovae, though it is at present not well un-
derstood. Galprop does not attempt to determine these
spectra from first principles. Instead, the spectra are as-
sumed to arise from an “injected” power-law input flux
with coe$cients, breaks, spatial distribution, and nor-
malization determined by fitting to astrophysical data.
Galprop self-consistently “propagates” all of the cosmic
rays within galactic magnetic fields, allowing for parti-
cle collisions that result in secondary production of an-
tiprotons, positrons, as well as secondary production of
electrons, protons, etc.

The spectra in interstellar space di#ers from observa-
tions near Earth due to the solar modulation e#ect aris-
ing from the solar wind. This is expected to shift the
observed energy by of order 0.6 GeV [50]. We focus only
on the data above 5 GeV, thereby minimizing this sys-
tematic error.

Since PAMELA has not yet provided the absolute
fluxes of electrons or positrons, we are forced to use data
from other experiments to determine the absolute back-
ground flux. AMS-01 [29], ATIC [30], BETS [31, 32],
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Astrophysics Particle Physics

- annihilation rate
- annihilation channels

Propagation:
- diffusion
- energy loss
Backgrounds:
- secondary production
- pulsars (neglected)
Abundance
- average density
- local clumpiness

To make indirect DM annihilation predictions...

Effective theory allows:
- annihilation into e+e-,
- no other collider
  constraints (M > 100 GeV)!



Propagation

Diffusion:   charged particles move in galactic
  magnetic field modeled as a random walk.
  Models (convection; reacceleration); 
  and fit to observations (B/C ratio...)

Energy loss:   light charged particles lose energy
  by synchrotron radiation & inverse Compton off
  starlight and CMB

We used “Galprop” [Moskolenko & Strong].
It requires as input, among other things:
- proton (nuclei) spectrum
- electron spectrum



For dark matter...

Source Propagated

while diffusion randomizes the direction.

Typical scale for energy loss is ~ kpc,
i.e., our galactic neighborhood.



Secondary production

p p,
nuclei

π+-> ... e+

K+->μ+-> ...
   ->e+

Position and antiproton spectrum determined 
entirely by:

     input proton spectrum  +  propagation 



2 24. Cosmic rays

where E is the energy-per-nucleon (including rest mass energy), and ! (! " + 1) = 2.7
is the di!erential spectral index of the cosmic ray flux and " is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 24.1. Figure 24.1 shows the
major components for energies greater than 2 GeV/nucleon.

Figure 24.1: Major components of the primary cosmic radiation from Refs. [1–12].
The figure was created by P. Boyle and D. Muller.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located
within the galaxy [13]. The ratio of secondary to primary nuclei is observed to decrease

July 24, 2008 18:04

Observed
Nuclei

Spectrum:
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! Elena Vannuccini !  SSI 2008 !

Proton flux * E2.75

• Proton of primary origin 
• Diffusive shock-wave acceleration in SNRs
• Local spectrum: 
 injection spectrum !  galactic propagation

Local primary spectral shape:
" study of particle acceleration 
mechanism

Power-law fit: ~ E-#

# ~ 2.76Pre
lim

in
ar

y!
!

LBM

(statistical errors only)

PAMELA proton data 

Vannuccini SSI 08



PAMELA (e+ + e-) flux data 

(no data yet...)



This means, in principle, the positron ratio excess 
could be...

An excess in positrons A deficit in electrons OR

(rumored data suggests not deficit)



Our approach (Oct 08)...

Use existing electron data from other experiments
to determine the shape of electron flux.

Use absolute positron flux derived from secondary
production (protons smashing protons), and normalize 

electron flux using PAMELA ratio at 5 GeV
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Use existing electron data
(5-100 GeV only)

Experiment power law index !

AMS-01 [29] 3.15± 0.04

ATIC [30] 3.14± 0.08

BETS [31, 32] 3.05± 0.05

CAPRICE [33] 3.47± 0.34

HEAT [34] 2.82± 0.16

MASS [35] 2.89± 0.10

TABLE I: Our weighted least-squares best fit to the electron
flux, !e!(E) ! E!!, measured by the various experiments.
The BETS best fit was taken from [32]; their best fit to just
the lower energy data between 10 to 100 GeV is 3.00 ± 0.09
[31]; the error is assumed to be 1". The MASS best fit taken
from [35]; the error is assumed to be 1". We emphasize that
our reported errors for the other experiments are purely sta-
tistical (95% CL) with regard to fitting data (with errors)
to a power law, and do not necessarily reflect the individual
experiments’ precision.

CAPRICE [33], HEAT [34], and MASS [35], have mea-
sured the electron flux, with or without charge identifi-
cation. We have performed a weighted least-squares fit
to their data for energies larger than 5 GeV. For BETS
and MASS we used their reported their best fit, since
their energy range began above 5 GeV. Our results are
given in Table I. A very conservative interpretation of
the data is that the observed electron flux is falling as
E!3.15±0.35 for E > 5 GeV, which spans all of the cen-
tral best-fit values of the experiments. Another approach
to the uncertainties in the electron spectra can be found
in [51]. Their result for the electron flux is that it falls
as E!3.44±0.03, which is within our range, though with
what seems to us to be an unrealistically small error.

The spectra of positrons is determined from secondary
production, after protons (or heavier nuclei) inelastically
collide into other protons or nuclei, emitting charged pi-
ons that decay into positrons. This requires simulating
networks of hadron interactions and decays, using nu-
clear and particle physics data. The positron flux is thus
ultimately determined by the injected nucleon spectrum,
nuclear cross sections and the propagation model and pa-
rameters.

By fitting the resulting nucleon spectra to data, the
injected nucleon spectrum and propagation parameters
can be well constrained. A recent study by [52] used
Galprop to fit to the proton spectra, the B/C ratio, and
other data to determine the best-fit and a range of prop-
agation parameters. We use their results in determining
the propagation model and parameters that best repro-
duce the nucleon spectra. Their study [52] considered
propagation with convection (“DC” model), with reac-
celeration (“DR” model), and reacceleration with a break
in the spectra (“DRB” model). They also considered a
“min”, “max”, and “best” set of propagation parameters
for each model. We found that using the default proton
injection spectrum in Galprop, combined with either the
“min” or “max” sets of propagation parameters, gener-

ally gave a considerably worse fit to the experimentally
observed proton spectrum [36, 53]. Since positrons derive
from protons, we opted to consider only their “best” fits.
We should emphasize that these three models do not rep-
resent the full uncertainty in propagation, but are rather
meant to gain a quantitative understanding of the di!er-
ent spectra possible with qualitatively di!erent models of
propagation. Further studies of propagation e!ects can
be found in [54]. In the end, the propagation parameter
dependence is considerably milder than the present un-
certainty arising from the background electron spectrum.

We therefore determined the background spectrum in
the following way. Given a propagation model, the ab-
solute positron spectrum is determined. Using the pub-
lished PAMELA flux ratio data point at 4.5 GeV [1], we
inverted the positron flux to obtain the absolute electron
flux "e!(4.5 GeV = 2.5 ! 10!4 cm!2 s!1 sr!1 GeV!1,
which is our normalization for the background. We then
used our power-law best fit range to the electron data
given in Table I as the background electron flux. This
procedure assumes that any new physics contribution
to the positron (or electron) flux at 4.5 GeV is negli-
gible (which we verify, ex post facto, below). The result-
ing background positron fraction is shown in Figure 2
for the three propagation models we have chosen (Thick
lines). The uncertainties due to the variations in the elec-
tron spectral slope are also shown (thin lines and blue
band for the DC model). As advertised earlier, the un-
certainty in the electron spectrum currently dominates,
and will hopefully lessen as the absolute electron flux
from PAMELA, Fermi/GLAST, and other instruments
are released. However, despite the large uncertainty in
background, the PAMELA shape and size, particularly at
the highest energies, lies well outside our generous range
of the predicted background from secondary production.
We will now explore the possibility that this excess can be
explained by annihilation of Dirac dark matter particles.

B. Positron Signal

The same processes that freeze out a thermal relic
abundance of Dirac dark matter also leads to an an-
nihilation rate in our galactic neighborhood. Since the
thermally-averaged annihilation rate was dominated by
the zero temperature limit, the same annihilation rate,
Eq. (6), also applies to the annihilation happening in the
galaxy today. This provides a model-independent rela-
tionship between annihilation rates, and provides one of
the strongest constraints on a Dirac dark matter inter-
pretation of the PAMELA excess.

The abundance in the local galactic neighborhood is
typically taken to be !8.5 = 0.3 GeV/cm3 [53]. We as-
sume an isothermal halo profile, where

!(r) = !8.5
r2
8.5 + a2

r2 + a2
(11)

with a = 5 kpc. Our results are not strongly sensitive to
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FIG. 2: The positron ratio assuming background only as cal-
culated by Galprop for the 3 propagation models described
in the text, DC (solid), DR (long dashed) and DRB(short
dashed). The central thick lines assume an electron spectral
spectrum !e!(E) ! E!3.15 whereas the thinner lines above
and below show the a"ect of varying the electron spectrum
by !e!(E) ! E!3.5 and E!2.8, respectively, within the range
as determined by Table I. The data is taken from the recent
PAMELA observations [1].

the choice of profile, since most energetic positrons arrive
from our galactic neighborhood, of order 1 kpc, where
the dark matter density is not nearly as uncertain as it
is in the galactic center. The precise local average dark
matter density is itself subject to uncertainties. Since
this is a simple scaling of the signal, we will fold this
uncertainty into the boost factor. But of course it should
be remembered that, for example, a boost factor of 4
could be equivalently obtained by scaling !8.5 up by a
factor of 2, which is within the uncertainties [53, 55].

In addition to annihilation within the smooth dark
matter halo, it has been suggested that indirect signals of
dark matter annihilation could be boosted due to a large
degree of clumpiness in our halo. Such clumps of dark
matter may be a remnant of the hierarchical build-up of
galactic halos from small to large (e.g. [56]). In particu-
lar, if the Earth happens to be near a dense dark matter
clump, annihilation signals may be enhanced, though this
does seem to be a probable scenario. Recent many body
simulations show that though a boost factor of order a
few is possible, while a boost exceeding of order 20 in the
positron signal appears unlikely [57].

The basic physics that leads to a positron flux from
dark matter annihilation is twofold: First, dark matter
annihilates into SM matter. The annihilation could pro-
ceed directly into e+e!, or into for example µ+µ!, which
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FIG. 3: The positron fraction from a 100 GeV Dirac dark
matter particle that annihilates to right handed electrons.
Three propagation models are plotted: DC (solid), DR (long
dash), and DRB (short dash), as well as the uncertainty due
to variation of the electron spectral slope. No boost factor
was employed for this figure. Within the present astrophysi-
cal uncertainties, the PAMELA data can be explained so long
as the electron spectrum is quite steep, !e! ! E!3.5, corre-
sponding to the top of the shaded blue band.

then decays into electrons and positrons. Earlier analy-
ses with pre-publication PAMELA data (e.g. [9]) suggest
that the annihilation channels W+W!, bb̄, qq̄ are not
nearly as favorable as directly into e+e! or "+"!, given a
velocity-independent annihilation cross section and min-
imizing boost factors. We used DarkSUSY [58] to obtain
the (at-source) energy distributions of positrons from an-
nihilation into muons and taus.

The second component of a positron signal is the prop-
agation of a positron with a given energy from where it
was created to Earth. We propagate the signal positrons
using Galprop for the three propagation models described
above in the previous subsection.

Our results are shown in a series of figures. We begin
with a Dirac dark matter candidate that couples only
to right-handed electrons. This benchmark model max-
imizes the signal. Indeed, as can be seen in Figure 3,
the PAMELA data lie within the uncertainty band of
the expected signal, though fitting the data would re-
quire a rather steep electron spectrum, a hypothesis that
will be surely be tested by PAMELA itself as well as
Fermi/GLAST. It should be stressed that in Figure 3
we use an annihilation cross section given by Eq. (10)
which matches the relic abundance calculation. Within
the present astrophysical uncertainties, we find no boost
factor is required to explain the preliminary data. The
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dashed). The central thick lines assume an electron spectral
spectrum !e!(E) ! E!3.15 whereas the thinner lines above
and below show the a"ect of varying the electron spectrum
by !e!(E) ! E!3.5 and E!2.8, respectively, within the range
as determined by Table I. The data is taken from the recent
PAMELA observations [1].

the choice of profile, since most energetic positrons arrive
from our galactic neighborhood, of order 1 kpc, where
the dark matter density is not nearly as uncertain as it
is in the galactic center. The precise local average dark
matter density is itself subject to uncertainties. Since
this is a simple scaling of the signal, we will fold this
uncertainty into the boost factor. But of course it should
be remembered that, for example, a boost factor of 4
could be equivalently obtained by scaling !8.5 up by a
factor of 2, which is within the uncertainties [53, 55].

In addition to annihilation within the smooth dark
matter halo, it has been suggested that indirect signals of
dark matter annihilation could be boosted due to a large
degree of clumpiness in our halo. Such clumps of dark
matter may be a remnant of the hierarchical build-up of
galactic halos from small to large (e.g. [56]). In particu-
lar, if the Earth happens to be near a dense dark matter
clump, annihilation signals may be enhanced, though this
does seem to be a probable scenario. Recent many body
simulations show that though a boost factor of order a
few is possible, while a boost exceeding of order 20 in the
positron signal appears unlikely [57].

The basic physics that leads to a positron flux from
dark matter annihilation is twofold: First, dark matter
annihilates into SM matter. The annihilation could pro-
ceed directly into e+e−, or into for example µ+µ−, which
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FIG. 3: The positron fraction from a 100 GeV Dirac dark
matter particle that annihilates to right handed electrons.
Three propagation models are plotted: DC (solid), DR (long
dash), and DRB (short dash), as well as the uncertainty due
to variation of the electron spectral slope. No boost factor
was employed for this figure. Within the present astrophysi-
cal uncertainties, the PAMELA data can be explained so long
as the electron spectrum is quite steep, !e! ! E!3.5, corre-
sponding to the top of the shaded blue band.

then decays into electrons and positrons. Earlier analy-
ses with pre-publication PAMELA data (e.g. [9]) suggest
that the annihilation channels W+W−, bb̄, qq̄ are not
nearly as favorable as directly into e+e− or "+"−, given a
velocity-independent annihilation cross section and min-
imizing boost factors. We used DarkSUSY [58] to obtain
the (at-source) energy distributions of positrons from an-
nihilation into muons and taus.

The second component of a positron signal is the prop-
agation of a positron with a given energy from where it
was created to Earth. We propagate the signal positrons
using Galprop for the three propagation models described
above in the previous subsection.

Our results are shown in a series of figures. We begin
with a Dirac dark matter candidate that couples only
to right-handed electrons. This benchmark model max-
imizes the signal. Indeed, as can be seen in Figure 3,
the PAMELA data lie within the uncertainty band of
the expected signal, though fitting the data would re-
quire a rather steep electron spectrum, a hypothesis that
will be surely be tested by PAMELA itself as well as
Fermi/GLAST. It should be stressed that in Figure 3
we use an annihilation cross section given by Eq. (10)
which matches the relic abundance calculation. Within
the present astrophysical uncertainties, we find no boost
factor is required to explain the preliminary data. The
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Dirac Dark Matter:

M = 100 GeV
Φ ≈ E-3.5; 
ρlocal = 0.3 GeV/cm3

BOOST = 1    for  

M = 100 GeV
Φ ≈ E-3.15; 
ρlocal = 0.3 GeV/cm3

BOOST = 5    for  

BOOST   α   M2



Figure 6: The number of signal (blue) and background (red) events at the GLAST space
telescope (collection area A = 10000 cm2, exposure time T = 2 years, field of view !" =
10!3). The signal is computed assuming the ”democratic” scenario with a 100 GeV WIMP
and a galactic model with J̄(!") = 5 ! 104.

is beyond the scope of this article, a simple estimate of the reach can be obtained as follows.
Consider the energy bin [m!(1 " !), m!(1 + !)], where ! is the fractional energy resolution
of a telescope5. The number of signal events in this bin is

Nsig # 1.4 ! 10!12 g !

!

100 GeV

m!

"2

J̄(!") Acm2Tsec !" , (21)

where Acm2 and Tsec are the area of the telescope in cm2 and the collection time in sec,
respectively. Assuming that the fit to the high energy part of the spectrum (E > m!)
produces an estimate of the background consistent with Eqs. (18) and (19), the expected
number of background events Nbg in the energy bin [m!(1" !), m!(1+ !)] can be computed.
Requiring

Nsig $ 3
#

Nbg (22)

for a statistically significant discovery of the step, we find that a discovery at a space-based
5The assumption that the bin is centered at m! represents the worst-case scenario for the reach; the

reach can be improved by up to a factor of
%

2 by optimizing the binning to maximize the significance. In
addition, our estimates ignore the possible monochromatic photon flux from !! & "", which would appear
in the same bin. The fragmentation photon flux, which is subdominant to the FSR component but could
still enhance the signal, is also ignored. In this sense, our reach estimates are rather conservative.
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Fermi/GLAST feature: FSR radiation

f

f-

D

D
_ γ

Size of signal?



Dirac Bino as Dirac Dark Matter



Interpretation of D as a (pure) Dirac Bino

Resolve the 4-fermion vertex as

f

f-

D

D
_

f

f-

D

D
_ f~

The dominance of leptonic annihilation results
automatically given YeR=1 and some 

mild hierarchy,   ml < mq

(and, dim-5 Higgs operator is absent) 

~ ~
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Annihilation Channels:

FIG. 6: The positron fraction from a 150 GeV Dirac dark
matter particle that annihilates to leptons assuming the DC
propagation model. The solid line corresponds to annihila-
tions to just right-handed electrons with boost factor of 10,
while the dashed line corresponds to annihilations to all right-
handed leptons with boost factor of 30. The shaded blue band
is the same as previous figures.
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FIG. 7: Same Fig. 6, for M = 100, 200, 400 GeV. The DC
model was used for propagation, and annihilation was as-
sumed only into e+e!.
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FIG. 8: Masses of the right-handed scalars such that the Dirac
bino has a thermal relic abundance, !h2 = 0.114, consistent
with cosmological data. The top curve corresponds to the
flavor-democratic scenario, mẽR = mµ̃R = m!̃R , while the
lower curve corresponds to electrons only mẽR = 1. In both
cases we took only right-handed leptons for simplicity; adding
left-handed leptons is trivial.

Dirac bino exists, and consider the implications. At the
end we will consider a model in which a Dirac bino may
be automatic.

The relic abundance of an exact Dirac bino has been
calculated before in Ref. [46] using t-channel (and u-
channel) scalar exchange. Left-handed [right-handed]
scalars give rise to a four-fermion interaction that can
be Fierz transformed into our e!ective operators Eq. (4)-
(5) with cL = (YLg!)2/2 and cR = (YRg!)2/2. Here Yf

is the hypercharge of the Standard Model fermions and
g! is the hypercharge coupling. The cuto! scale is the
mass of the exchanged scalar " = mf̃ . This allows us
to immediately re-evaluate Fig. 1 in terms of the masses
of the physical scalar states that resolve the four-fermion
operators. This is shown in Fig. 8.

The dominance of the leptonic operators becomes clear
for two reasons. First, the four-fermion operators to any
Standard Model fermion are proportional to Y 4

f (very
much like KK dark matter [2, 3]), which is largest for
the right-handed leptons. Second, since the operators
scale as 1/m4

f , even a modest hierarchy in which sleptons
are lighter than squarks will overwhelmingly cause the
dominant annihilation channel to proceed through right-
handed leptons. Hence, a Dirac bino naturally explains
annihilation to charged leptons. The collider implication
is clear: relatively light sleptons, in a mass range between
about 200-400 GeV, are an inescapable consequence to
obtain a thermal relic abundance consistent with cosmol-
ogy and a positron signal consistent with PAMELA.

A pure Dirac bino-eigenstate has no coupling to the
Z. This eliminates one source of vector interactions to
quarks that would be devastating given the current nu-
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Matching thermal relic abundance, i.e., <σv> = 1 pb
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Absence of Antiproton Excess + Direct Detection Bounds

Imply

q

qD

D
q~

cannot be large.

Rough estimates of direct detection bounds suggest
                  mq > 1.5 TeV
for first generation, right-handed squarks.

~



Also constraint on Higgsino content of LSP from
direct detection
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Our estimate, from (g’v)2/μ2 < 0.01,
μ > 600 GeV

Z



B

e
μ,τ~~
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u,d~~

Η~

1.5 TeV

600 GeV

100 GeV

To explain PAMELA...

200 GeV



Dirac Bino

Is an intriging prediction of R-symmetric
supersymmetric models (Poppitz, Weiner, GK)

These models have very interesting flavor
properties; Bino lighter than selectron, 
different from smuon/stau suggests observable 
LFV (work in progress)

Understanding how supergravity could exactly
conserve a visible sector R-symmetry remains
a puzzle...



Summary:  Dark Matter

• Remarkable dark matter detection experiments
  underway; already strong constraints and hints
  towards the particle nature of DM

• One DM-DM-l-l operator can:
  - thermally produce Ωh2≈0.1 relic abundance
  - automatically avoid direct detection
  - explain PAMELA ratio with minimal boost factor

• Collider implications of “unusual” dark matter
  candidates is ripe for exploitation



Summary:  Dirac DM Features

For M < 250 GeV; sharp feature in positron ratio.

Fermi/GLAST FSR photon feature (robust?)

Do not need Sommerfeld enhancement (et al) to 
explain PAMELA with order (few) boost factor,
nor decay into light scalar/gauge boson to get 
electron channel to dominate

Effective theory provides most straightforward
way to test/reject/cross-test hypotheses.


