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Of all the puzzles in particle physics...

Dark Matter

• EWSB:  m2H ≈ Λ2

• Cosmological constant: CC ≈ Λ4

• # generations
• quasi-random quantum numbers
• ...

The existence of dark matter is real BSM that is 
not about aesthetics, fine-tuning, beauty...



Nucleosynethesis
Rotation Curves

Weak Lensing
CMB
BAOStructure Formation

Evidence is Overwhelming



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 (rather) dark

2) ρDM ≈ 5 ρmatter  (averaging over Universe)

3) DM is cold

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

dark



We do know:

1) Dark matter is (rather) 

2) ρDM ≈ 5 ρmatter  (averaging over Universe)

3) DM is cold

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

1 pb scale motivates “WIMPs”

dark



Intriguing hints...
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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

12

depart from the calculated curve. They show an excess electron flux
up to about 650GeV, above which the spectrum drops rapidly, with a
return to the ‘general’ spectrum line at,800GeV. In particular, over
the energy range 300 to 800GeV we observe 210 electrons, whereas
GALPROP predicts only 140 events, an excess of about six standard
deviations. Using a source-on/source-off method for determining
‘significance’15, we obtain an excess of roughly four standard devia-
tions (Supplementary Information section 4).

Data recently became available from the Polar Patrol Balloon
(Antarctic) flight of the BETS detector. Although of lower statistical
precision, results from the PPB-BETS calorimeter16 also indicate a
possible structure and agree with the ATIC results (see Fig. 3), giving
added confidence to the conclusion that this feature is real.

We varied the source injection parameters in the GALPROP code
to try to reproduce the data points at 500 to 700GeV. This required a
hard injection spectrum which could not reproduce the drop in flux
above 650GeV and led to overproducing electrons above 1 TeV by a
factor of almost three (and underproducing the well-measured data
below 100GeV).

The observed electron ‘feature’ therefore indicates a nearby source
of high-energy electrons. This may be the result of an astrophysical
object, as energetic electrons have been observed in a variety of astro-
physical sites (for example in a supernova remnant17, pulsar wind
nebula5,18, micro-quasar6 or accreting intermediate-mass black hole).
To fit the electron excess, such a source would need a very steep
energy spectrum (spectral index around 21.4) with a high-energy
cut-off at about 600–700GeV, so as not to overproduce teraelectron-
volt electrons. It is possible that a micro-quasar could produce a
sharp feature in the electron spectrum6, but such an object would
need to be local (less than 1 kpc away) and active relatively recently.
Imaging atmospheric Cherenkov telescopes have observed numerous

1,200 

<r.m.s.>BGO1 + <r.m.s.>BGO2 + FBGO7 + FBGO8

Ev
en

ts

1,000 

800

600

400

200

0
0 20 40 60 80 100 120 140

Figure 1 | Separation of electrons from protons in the ATIC instrument.
Candidate electron events (162,000) with energy over 50GeV are plotted as a
histogram with the horizontal axis showing the sum of the ‘weighted energy
fraction’ (F values as defined below) in the last two BGO layers and the
shower width (root mean squared, r.m.s.) in the first two layers. The shower
width is calculated as

r:m:s:h i2~
Xn

i~1

Ei Xi {Xcð Þ2=
Xn

i~1

Ei

where Xc is the coordinate of the energy centre, Xi is the coordinate of the
centre of the ith crystal and Ei is the energy deposited in the ith crystal. The F
value is calculated as Fn~ En=Sumð Þ r:m:s:h i2 where En is the energy deposit
in BGO layer n, Sum is the total energy deposit in all BGO layers and Ær.m.s.æ
refers to layer n (ref. 12). Each event is also fitted to an electromagnetic
cascade profile to estimate the starting point and the depth of the cascade
maximum. An event is accepted if the cascade starts above the first BGO
layer, which eliminates many protons (,75%) but passes most electrons
(,90%). Next a diagonal cut in r.m.s. and F is determined for each energy
bin and used to isolate the electrons. This removes most of the protons (2 in
104 remain) and retains 84% of the electrons12. The selected electrons are
shown as the dotted histogram.
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Figure 2 | ATIC-1 and ATIC-2 spectra at balloon altitude, showing good
agreement with each other. The measured primary electron flux (scaled by
E3) at flight altitude is shown for ATIC-1 (open squares) and ATIC-2 (filled
circles). The errors are one standard deviation. Both balloon flights were
from McMurdo, Antarctica, and circumnavigated that continent. ATIC-1
was a test flight in 2000–01 and the usable data correspond to an exposure of
0.61m2 sr days. ATIC-2 was a science flight in 2002–03 with an exposure of
2.47m2 sr days. To eliminate edge effects, we restrict the incident zenith
angle to be less than,37u (cos h$ 0.8), use only the central 80% of the SiM
and eliminate events in the outer crystals in each BGO layer. Within these
limits, the electron detection efficiency above 60GeV is 84% essentially
independent of energy. The effective acceptance was determined as a
function of particle energy considering the trigger efficiency, trajectory
reconstruction efficiency and the geometrical restrictions. The effective
acceptance of the instrument increases from 0.075m2 sr at 20GeV to
0.15m2 sr for E. 60GeV. Above 100GeV, a total of 1,724 electron events
were observed, with the highest energy event at 2.3 TeV. The total
background is also shown in the figure as the open triangles and is a
combination of unresolved protons, unidentified c-rays and atmospheric
secondary electrons produced in the material (,4.5 g cm22) above the
instrument. ATIC becomes background limited for electrons only above
several teraelectronvolts.
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Figure 3 | ATIC results showing agreement with previous data at lower
energy and with the imaging calorimeter PPB-BETS at higher energy. The
electron differential energy spectrummeasured byATIC (scaled by E3) at the
top of the atmosphere (red filled circles) is compared with previous
observations from the Alpha Magnetic Spectrometer AMS (green stars)31,
HEAT (open black triangles)30, BETS (open blue circles)32, PPB-BETS (blue
crosses)16 and emulsion chambers (black open diamonds)4,8,9, with
uncertainties of one standard deviation. The GALPROP code calculates a
power-law spectral index of 23.2 in the low-energy region (solid curve)14.
(The dashed curve is the solar modulated electron spectrum and shows that
modulation is unimportant above ,20GeV.) From several hundred to
,800GeV, ATIC observes an ‘enhancement’ in the electron intensity over
theGALPROP curve. Above 800GeV, theATICdata returns to the solid line.
The PPB-BETS data also seem to indicate an enhancement and, as discussed
in Supplementary Information section 3, within the uncertainties the
emulsion chamber results are not in conflict with the ATIC data.
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Figure 2: Model-independent residual rate of the single-hit scintillation events, mea-
sured by the new DAMA/LIBRA experiment in the (2 – 4), (2 – 5) and (2 – 6) keV
energy intervals as a function of the time. The residuals measured by DAMA/NaI and
already published in ref. [4, 5] are also shown. The zero of the time scale is January
1st of the first year of data taking of the former DAMA/NaI experiment. The exper-
imental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curves represent the cosinusoidal functions be-
haviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, with a phase t0 = 152.5 day
(June 2nd) and with modulation amplitudes, A, equal to the central values obtained by
best fit over the whole data, that is: (0.0215± 0.0026) cpd/kg/keV, (0.0176± 0.0020)
cpd/kg/keV and (0.0129±0.0016) cpd/kg/keV for the (2 – 4) keV, for the (2 – 5) keV
and for the (2 – 6) keV energy intervals, respectively. See text. The dashed vertical
lines correspond to the maximum of the signal (June 2nd), while the dotted vertical
lines correspond to the minimum. The total exposure is 0.82 ton×yr.
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inant, and smaller far from the Galactic Center, where
the CMB is the largest contributor [12].

In addition to the diffusion constant and energy loss
rates, we must select a set of boundary conditions. In
particular, we treat our diffusion zone as a cylindrical
slab, with a thickness of 2L. All of the particles to reach
this boundary escape freely from the diffusion zone, re-
flecting the lack of confining magnetic fields beyond this
region. We have adopted a thickness of L = 3 kpc for
our default choice.

The source term in the diffusion-loss equation reflects
the distribution of dark matter in the Galaxy, as well
as the mass, annihilation cross section, and dominant
annihilation modes of the WIMP. The dark matter halo
profile is the most important factor in calculating the an-
gular distribution of the resulting synchrotron emission.
The WIMP’s mass and leading annihilation modes are
important in determining the spectrum of that emission.

To constrain the halo profile needed to produce the
WMAP Haze, we focus on the 22 GHz band, which con-
tains the least noise of the five bands. In the upper frame
of Fig. 2, we show the angular distribution of 22 GHz syn-
chrotron for the simple case of a 100 GeV WIMP, anni-
hilating to e+e−, using our default diffusion parameters.
We have used a 10 µG magnetic field for calculating the
synchrotron spectrum and intensity. We first consider
the Navarro-Frenk-White (NFW) halo profile [13], which
is shown as a solid line. Here, the dark matter annihila-
tion cross section was normalized to the data. It is clear
that the NFW profile results in too little synchrotron
power near the Galactic Center. This problem can be
alleviated, however, if we consider a somewhat steeper
profile model. Examples of such halo profiles include the
Moore et al. profile [14], as well as distributions which
have been steepened by adiabatic contraction [15]. The
dashed line in the upper frame of Fig. 2 shows the result
for a profile which scales as ρ(r) ∝ r−1.2 within the scale
radius (rather than the ρ(r) ∝ r−1.0 behavior of NFW).
This profile fits the WMAP data very well within the
inner 15◦ for our choice of default diffusion parameters.

In the lower frame of Fig. 2, we consider an NFW pro-
file, but with diffusion parameters different from our de-
fault choices. As a dashed line, we show the case of a
diffusion zone width of L = 2 kpc, smaller than our de-
fault choice. As a dotted line we show the case of an
energy loss rate half as large as our default value (or
equivalently, a diffusion constant twice as large). From
this, we conclude that variations in the diffusion coeffi-
cient or energy loss rate are unlikely to provide the large
synchrotron power in the inner Galaxy without a halo
profile somewhat steeper than NFW. Narrowing the dif-
fusion zone could increase the intensity of the haze in the
inner 10◦, but produces less at larger angles. Variations
in the WIMP’s mass and annihilation modes have only a
mild effect on the synchrotron’s angular distribution.

By comparing the intensity of the haze in the various
WMAP frequency bands, we can estimate the spectrum
of injected electrons and positrons needed to generate the

FIG. 2: The specific intensity of microwave emission in the
22 GHz WMAP channel as a function of the angle from the
Galactic Center, compared to the synchrotron emission from
the annihilation products of a 100 GeV WIMP annihilating
to e+e−. In the upper frame, our default diffusion parameters
have been used. The solid line denotes the choice of an NFW
halo profile, while the dashed line is the result from a profile
with a somewhat steeper inner slope, ρ(r) ∝ r−1.2. In the
lower frame, we have used an NFW profile with our default
propagation parameters (solid), and with a smaller diffusion
zone of L = 2 kpc (dashed), and a longer energy loss time of
τ (1GeV) = 4 × 1015 s (dotted).

haze. This, in turn, can be used to constrain the proper-
ties of the WIMP which are required. The synchrotron
spectrum depends on the energy of the emitting elec-
trons/positions, with higher energy particles contribut-
ing more at high frequencies.

We consider the ratio of intensities observed in
WMAP’s 22 and 33 GHz frequency channels, taking ad-
vantage of the fact that the relative intensity between the
channels does not significantly vary with direction. This
allows us to consider an average of spectral information
over a range of angles. We focus on the 22 and 33 GHz
bands, as they are considerably less noisy and are more
robust to the foreground subtraction method than the
higher frequency channels.

When averaged over angles out to 15◦, we find
F22 GHz/F33GHz ≈ 1.18 ± 0.10 (corresponding to a spec-
tral index of Iν ∝ ν−0.4), where the range reflects the
statistical errors. This result depends on how we per-
form the foreground subtraction, however, and could be
somewhat altered if the foregrounds are subtracted dif-
ferently. For this reason, the information we can derive
regarding the synchrotron spectrum is limited.

In the upper frame of Fig. 3, we compare this ratio
to the prediction from synchrotron emission from dark
matter annihilation products, using our default diffusion
parameters and a halo profile with an inner slope of 1.2.
The horizontal dashed lines represent the 2σ (statisti-
cal) measured range. The results for several specific dark



LHC:

What kind of WIMPs?



Supersymmetry

“SUSY naturally has R-parity”

“SUSY naturally has the right relic abundance”

“SUSY naturally solves the hierarhcy problem”

Typical rationale:

PDG 2008: “The currently best motivated candidate is       
              the LSP in SUSY models with R-parity”



“SUSY naturally has R-parity”

Actually, SUSY has a disasterous proton decay problem 
that was swept under the rug by imposing R-parity.

(And there remains a dim-5 proton decay problem.)  

Lesson:  Any BSM model can have a stable particle,
          by imposing a parity that may or may not
          solve some self-created problem.



“SUSY naturally has the right relic abundance”

If Higgsino or neutral Wino; “natural” mass scale 
is 1-2 TeV to get Ωh2 up to 0.1

Lesson:  SUSY possible, but getting squeezed. 
          Need some degree of tuning or TeV scales
          or “non-thermal” (abandon 1 pb scale).

If sneutrino, ruled out* by direct searches.

If bino, need light slepton otherwise Ωh2 ≥ 0.1
   (coannihilation region, etc.)



“SUSY solves the hierarhcy problem”

Yes, so long as the supersymmetry mass
µ ≈ weak scale.

LEPII taught us µ ≥ 100 GeV, while
indirect constraints (H± contribution to b->sγ)

suggest even larger values, leading to 
little hierarchies, and thus more fine-tuning

Lesson:  Hierarchy problem solved only with SUSY
          and solution to “µ problem” 



Ready for New Ideas?



Ready for New Ideas?

(experimentally driven)



One of the most striking constraints
on WIMPs is direct detection:

Nucleus Nucleus

WIMP WIMP



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

σn  ≈  —————————  ≈  ————µ2(n,D) I(n)        σ(N)
µ2(N,D) I(N)         A4

Effective nucleon cross section [for M ≥ m(Nuc)]:



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 (ωd = [Ωm – Ωb]h2, ωm = Ωmh2) and (Ωm, ΩΛ) planes as
constraints are added. The allowed region where the observations are consistent is
shown unshaded.  The grey diagonal line in the (ωd, ωm) plane indicates models with
no additional DM component.  The dotted diagonal line in the (Ωm, Ω") 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:

ν4 γµ ν4 q γµ q——
   ————————————

v2246

Leads to WIMP-nucleon scattering cross section

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

This is ruled out by 6 orders of magnitude!!



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:



WIMPs Couple to Leptons?

(a few comments to inspire discussion)



New Dirac Fermion:  D

• New Dirac fermion D neutral under 
  SM gauge group

• Global U(1)D conserved

• Interactions with SM through higher
  dimensional operators -- effective theory!

(Harnik, GK)



Higher Dimensional Operators

DDff
_

—————
Λ2

f

f-

D

D
_ 1/Λ2

-



Higher Dimensional Operators

f

f-

D

D
_ 1/Λ2

(focus on f = lepton, f ≠ quark; perfectly fine for EFT)

DDff
_

—————
Λ2

-



(focus on f = lepton, f ≠ quark; perfectly fine for EFT)

Higher Dimensional Operators

f

f-

D

D
_ 1/Λ2

DDH†H
_
—————
Λ

D

D
_

D

D
_

ignore  --  Higgs mass dependent
and leads to coupling to quarks, again

(hard to realize in UV completion)

DDff
_

—————
Λ2

-



<σv> =  σ0  +  σ2v2  +  ...

Dirac fermion: l

l-

D

D
_<σv> ~ M2/Λ4 1/Λ2

Thermally averaged cross section

(not velocity suppressed!)
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FIG. 1: Cutoff scale Λ as a function of the Dirac dark mat-
ter fermion mass M that gives the thermal relic abundance
Ωh2 = 0.114, consistent with cosmological data. The top
curve corresponds to the flavor-democratic scenario, ceR =
cµR = cτR = 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 Ωh2 = 0.114, we can determine the leading
order (velocity-independent part) annihilation cross sec-
tion,

〈σD̄Dv〉 = (1.25 pb)
xF

21

√
96
g!

(10)

In Fig. 1 we show the relationship between Λ 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 αem 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 off
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 coefficients, 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 differs from observa-
tions near Earth due to the solar modulation effect 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],

4

Matching <σv> with thermal relic abundance:

Harnik, GK

l

l-

D

D
_ 1/Λ2

leptons
only!

Ωh2 ≈ 0.1 (1 pb/<σv>)



This candidate obviously has 
indirect detection implications...



Astrophysics Particle Physics

- annihilation rate
- annihilation channels

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

To make indirect DM annihilation predictions...

Effective theory allows:
- annihilation into e+e-,
- no other collider
  constraints (M > 100 GeV)!
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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 Φe−(E) ∝ E−3.15 whereas the thinner lines above
and below show the affect of varying the electron spectrum
by Φe−(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 ρ8.5 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, Φe− ∝ 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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Annihilation 
to e+e- only Harnik, GK



Dirac Dark Matter:

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

BOOST = 1    for  

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

BOOST = 5    for  

BOOST   α   M2
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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.

10 20 30 50 100 200 400

0.05

0.1

0.2

0.5

10 20 30 50 100 200 400

0.05

0.1

0.2

0.5

e+
/(

e+
+

e−
)

Energy (GeV)

M(GeV) B
100 5
200 20
400 80

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−.

!"" !#" $"" $#" %"" %#" &""

'()*+,-..++/0123

!""

$""

%""

&""

#""

4""

.
51
6
7*
)
+,
-
.
.
++
/0
1
2
3

5
8

9
5
8

!

1
8

9
1
8

!

FIG. 8: Masses of the right-handed scalars such that the Dirac
bino has a thermal relic abundance, Ωh2 = 0.114, consistent
with cosmological data. The top curve corresponds to the
flavor-democratic scenario, mẽR = mµ̃R = mτ̃R , 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 effective 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 cutoff scale is the
mass of the exchanged scalar Λ = 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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M=100,200,400 GeV Dirac Dark Matter

Lesson:  Need <σv> enhancement for “heavy” DM
          (M » 100 GeV) not “light” DM (M ≈ 100 GeV) 



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 ∆Ω =
10−3). The signal is computed assuming the ”democratic” scenario with a 100 GeV WIMP
and a galactic model with J̄(∆Ω) = 5 × 104.

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

Nsig ≈ 1.4 × 10−12 g δ

(

100 GeV

mχ

)2

J̄(∆Ω) Acm2Tsec ∆Ω , (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 > mχ)
produces an estimate of the background consistent with Eqs. (18) and (19), the expected
number of background events Nbg in the energy bin [mχ(1− δ), mχ(1+ δ)] 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 mχ 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 χχ → γγ, 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
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Dirac Bino as Dirac Dark Matter

(towards LHC)



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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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, Ωh2 = 0.114, consistent
with cosmological data. The top curve corresponds to the
flavor-democratic scenario, mẽR = mµ̃R = mτ̃R , 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 effective 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 cutoff scale is the
mass of the exchanged scalar Λ = 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, <σv> = 1 pb

Harnik, GK



Absence of Direct Detection 
(and no Antiproton Annihilation signal)

Implies

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

f

f-

D

D
_

Our estimate, from (g’v)2/μ2 < 0.01,
µ > 600 GeV

Z



Implications for LHC

(just a few comments...)



B

e
µ,τ~~

~

uR~

H~

1.5 TeV

600 GeV

100 GeV

Spectrum to explain “just” PAMELA...

200 GeV

uL,dL~ ~
dR~



R Symmetry

Dirac gauginos are 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



Darkness in Heidelberg...
John Terning:  Ask him about composite dark matter
Tim Tait:       Ask him about WIMPonium
Matt Strassler:  Ask him about hidden valley sector
                    dark matter
Patrick Meade:  Ask him about light U(1)s, Sommerfeld, 
                   and ATIC/HESS tension
David Morrissey:  Ask him about iDM/DAMA and about
                    early phase transitions
Mihoko Nojiri:    Ask her about SUSY and/or decaying DM
Frank Petriello:  Ask him about DAMA, channeling and
                    light dark matter
Michael Schmitt:  Ask him about MeV DM and rare decays
Koichi Hamaguchi:  Ask him about decaying dark matter
Maria Spiropulu:  Ask her about missing energy look-alikes

(and more...just what I could fit on one slide!)


