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New Perspectives on Dark Matter

The existence of dark matter (DM) has been established through its gravitational interactions with its
surroundings today and in the early Universe. Many questions remain. What is the dark matter mass?
Does it consist  of a single type of particle or many? How does it interact with standard model particles
beyond gravity? Does this interaction involve yet to be discovered forces? What is the dark matter's
place in a grander description of particle physics? The mystery of dark matter is one of the central
questions facing physics today.

Fermilab
April 28 - May 2, 2014

 

DM gravitational signatures are by now quite varied... 

Brian Batell (U Chicago)
Patrick Fox (FNAL)
Roni Harnik (FNAL)



NGC-6384
(from HST)

⟵ v ∝ 1/√r
(gravitating central mass)

           v ∝ constant
 ⟵      m(r) ∝ r 
         ρ(r) ∝ 1/r2

     (flat rotation curve)



Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Planck XVI     ⌦m ⇠ 0.315± 0.017

ΛCDM 
comparison



Required in simulations such as this (Bolshoi Collaboration) 
to reproduce observed cluster-cluster correlations*

*Primack, Klypin, et al.

Calculated with ⌦m = ⌦DM + ⌦b = 0.27 ⇠ ⌦WMAP9
m ⇠ 0.2865± 0.0088



Bullet Cluster

A collision between two clusters of galaxies, imaged by gravitational
lensing, showing a separation of visible (pink) and dark (blue) matter



The inventory

There is a small, identified 
component from the 
standard model, massive 
neutrinos

But the bulk of the DM  
must reside beyond
the standard model

27%69%



Properties

•  long-lived or stable

•  cold or warm (slow enough to seed structure formation)

•  gravitationally active

•  lacks strong couplings to itself or to baryons

Leading candidates are weakly interacting massive particles (WIMPs)
and axions

WIMPs motivated by the expectation that new physics might be found at 
the mass generation scale of the SM model:  MWIMP ∼ 10 GeV - 10 TeV 

•  “WIMP miracle:”  GF2 annihilation cross sections imply ΩWIMP ∼ 0.1  



WIMP detection:    the detection channels include
                            (other than large scale structure)

     □ collider searches

standard model particles WIMPS



standard model particles WIMPS



SUSY!DM!Aper!LHC!14!

L.&Roszkowski,&DM@UCLA,&26&Feb&2014& 28&

 1e-12

 1e-11

 1e-10

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 100  1000

�
pSI

 (p
b)

m� (GeV)

 BayesFITS (2014)

CMSSM, !>0
(With LUX)

2� allowed 2014
Allowed after LHC14

LUX 85d 90% CL
LUX (2014)

XENON-1T (2017)

 1e-12

 1e-11

 1e-10

 1e-09

 1e-08

 1e-07

 1e-06

 1e-05

 0.0001

 100  1000

�
pSI

 (p
b)

m� (GeV)

 BayesFITS (2014)

NUHM, !>0
(No LUX)

2� allowed 2014
Allowed after LHC14

LUX 85d 90% CL
LUX (2014)

XENON-1T (2017)

Large!frac3on!DD!within!1tonne!sensi3vity!

Even!if!no!SUSY!nor!heavy!Higgs!par3cles!are!found!at!the!LHC:!
plenty!of!room!lep!for!SUSY!DM!
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LHC second run starting in 2015 
will extend collision energies to 
14 TeV and probe WIMP masses
up to about 600 GeV

From L. Roszkowski, DM@UCLA 2014

standard model particles WIMPS



Detection:    their detection channels include
                   (other than large scale structure)

     □ collider searches

     □ indirect detection: astrophysical signals

Current focus is a possible 
dark-matter annihilation signal 
at the galactic center, consistent
with a DM signal with

and consistent with a ∼ 30-40 GeV  
WIMP annihilating to b quarks, 
producing ∼ 5 GeV gammas

⇢DM ⇠ 1/r1.2

SM particlesWIMPS



Basic Features of the GeV Excess 
 
 
 
 

!  The excess is distributed around the 
Galactic Center with a flux that falls off 
approximately as r -2.4 (if interpreted as 
dark matter annihilation products, this 
implies ρDM ~ r -1.2 ) 

!  The spectrum of this excess peaks at 
~1-3 GeV, and is in very good   
agreement with that predicted from           
a 30-40 GeV WIMP    
 (annihilating to b quarks) 

!  To normalize the observed signal with 
annihilating dark matter, a cross     
section of σv ~ (1-2) x 10-26 cm^3/s is 
required (for ρlocal = 0.3 GeV/cm3) 
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FIG. 5: Left frame: The value of the formal statistical �2� lnL (referred to as ��2) extracted from the likelihood fit, as
a function of the inner slope of the dark matter halo profile, �. Results are shown using gamma-ray data from the full sky
(solid line) and only the southern sky (dashed line). Unlike in the analysis of Ref. [8], we do not find any large north-south
asymmetry in the preferred value of �. Right frame: The spectrum of the dark matter component, for a template corresponding
to a generalized NFW halo profile with an inner slope of � = 1.26 (normalized to the flux at an angle of 5� from the Galactic
Center). Shown for comparison (solid line) is the spectrum predicted from a 35.25 GeV dark matter particle annihilating to bb̄
with a cross section of �v = 1.7⇥ 10�26 cm3/s ⇥ [(0.3GeV/cm3)/⇢

local

]2.

ground templates, we include an additional dark matter
template, motivated by the hypothesis that the previ-
ously reported gamma-ray excess originates from annihi-
lating dark matter. In particular, our dark matter tem-
plate is taken to be proportional to the line-of-sight inte-
gral of the dark matter density squared, J( ), for a gen-
eralized NFW density profile (see Eqs. 2–3). The spatial
morphology of the Galactic di↵use model (as evaluated
at 2 GeV), Fermi Bubbles, and dark matter templates
are each shown in Fig. 4.

As found in previous studies [8, 9], the inclusion of the
dark matter template dramatically improves the quality
of the fit to the Fermi data. For the best-fit spectrum and
halo profile, we find that the inclusion of the dark matter
template improves the formal fit by ��2 ' 1672, cor-
responding to a statistical preference greater than 40�.
When considering this enormous statistical significance,
one should keep in mind that in addition to statistical er-
rors there is a degree of unavoidable and unaccounted-for
systematic error, in that neither model (with or without
a dark matter component) is a “good fit” in the sense
of describing the sky to the level of Poisson noise. That
being said, the data do very strongly prefer the presence
of a gamma-ray component with a morphology similar
to that predicted from annihilating dark matter (see Ap-
pendices B and D for further details).2

2 Previous studies [8, 9] have taken the approach of fitting for the
spectrum of the Fermi Bubbles as a function of latitude, and then
subtracting an estimated underlying spectrum for the Bubbles
(based on high-latitude data) in order to extract the few-GeV

As in Ref. [8], we vary the value of the inner slope of
the generalized NFW profile, �, and compare the change
in the log-likelihood, � lnL, between the resulting fits in
order to determine the preferred range for the value of
�.3 The results of this exercise (as performed over 0.5-
10 GeV) are shown in the left frame of Fig. 5. While
previous fits (which did not employ any additional cuts
on CTBCORE) preferred an inner slope of � ' 1.2 [8],
we find that a slightly steeper value of � ' 1.26 provides
the best fit to the data. Also, in contrast to Ref. [8],
we find no significant di↵erence in the slope preferred
by the fit over the entire sky, and by a fit only over the
southern sky (b < 0). This can be seen directly from
the left frame of Fig. 5, where the full-sky and southern-
sky fits for the same level of masking are found to favor
quite similar values of � (the southern sky distribution
is broader than that for the full sky simply due to the
di↵erence in the number of photons).

In the right frame of Fig. 5, we show the spectrum of
the emission correlated with the dark matter template,
for the best-fit value of � = 1.26. While no significant
emission is absorbed by this template at energies above
⇠10 GeV, a bright and robust component is present at
lower energies, peaking near ⇠1-3 GeV. Relative to the

excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
the Bubbles spectrum. It was shown in Ref. [8] (and also in this
work, see Appendices B and D) that the excess is not confined
to the Bubbles and the fit strongly prefers to correlate it with a
dark matter template if one is available.

3 Throughout, we denote the quantity �2 lnL by �2.
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excess. However, this approach discards information on the true
morphology of the signal, as well as requiring an assumption for
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(See Tim Linden’s talk) 

Reason 1: Overwhelming Statistical 
Significance and Detailed Information   

 
 
 

!  This excess consists of ~104 photons per square meter, 
per year (>1 GeV, within 10° of the Galactic Center)  
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FIG. 9: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

of the Galactic Plane, while values greater than one are
preferentially extended perpendicular to the plane. In
each case, the profile slope averaged over all orientations
is taken to be � = 1.3 (left) and 1.2 (right). From this
figure, it is clear that the gamma-ray excess prefers to
be fit by an approximately spherically symmetric distri-
bution, and disfavors any axis ratio which departs from
unity by more than approximately 20%.

In Fig. 11, we generalize this approach within our
Galactic Center analysis to test morphologies that are

not only elongated along or perpendicular to the Galac-
tic Plane, but along any arbitrary orientation. Again,
we find that that the quality of the fit worsens if the the
template is significantly elongated either along or per-
pendicular to the direction of the Galactic Plane. A mild
statistical preference is found, however, for a morphology
with an axis ratio of ⇠1.3-1.4 elongated along an axis ro-
tated ⇠35� counterclockwise from the Galactic Plane in
galactic coordinates (a similar preference was also found
in our Inner Galaxy analysis). While this may be a statis-
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From D. Hooper, 
UCLA DM Workshop

(Fermi collaboration has not yet
made a claim)



Detection:    their detection channels include
                   (other than large scale structure)

     □ collider searches

     □ indirect detection: astrophysical signals

     □ direct detection

             nucleus
                                       recoil

WIMPS



Detection:    their detection channels include
                   (other than large scale structure)

     □ collider searches

     □ indirect detection: astrophysical signals

     □ direct detection

Today’s main topic

             nucleus
                                       recoil

WIMPS



A world-wide effort to search for WIMPs

SNOLab
DEAP

CLEAN
Picasso
COUPP
DAMIC

Soudan
SuperCDMS

CoGeNT

Homestake
LUX Modane

EDELWEISS

Canfranc
ArDM

Rosebud
ANAIS

Gran Sasso
XENON
CRESST

DAMA/LIBRA
DarkSide

South Pole
DM Ice

YangYang
KIMS

Jinping
PandaX
CDEX

Kamioka
XMASS
Newage

Boulby
ZEPLIN
DRIFT

Detailed talks in the afternoon sessions
Here: some basics + brief review of the field 



Xe:                Xenon 100/1T; LUX/LZ; XMASS; Zeplin; NEXT

Si:                 CDMS; DAMIC

Ge:               COGENT; Edelweiss; SuperCDMS; TEXONO; CDEX; GERDA; Majorana

NaI:              DAMA/LIBRA;  ANAIS;  DM-ice;  SABRE;  KamLAND-PICO

CsI:               KIMS

Ar:                DEAP/CLEAN;  ArDM; Darkside

Ne:               CLEAN

C/F-based:   PICO; DRIFT; DM-TPC

CF3I:             COUP

Cs2:             DRIFT

TeO2:           CUORE

CaWO4:       CRESST  

A large variety of nuclei with
different spins, isospin, masses



Single-phase detectors

• Challenge: ultra-low absolute backgrounds

• LAr: pulse shape discrimination, factor 109-1010 for gammas/betas

DEAP at SNOLab:

3600 kg LAr (1t fiducial)
single-phase detector
under construction 
to run in 2014

CLEAN at SNOLab:

500 kg LAr (150 kg fiducial)
single-phase open volume
under construction 
to run in 2014

XMASS-RFB at Kamioka:

835 kg LXe (100 kg fiducial), 
single-phase, 642 PMTs
unexpected background found
detector refurbished (RFB)
new run this fall -> 2013

Nigel&J.T.&Smith&& & & & & &&&&&&&&&&&ICRC&2013&5&Rio&de&Janeiro&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&8th&July,&2013

MiniCLEAN Construction

Outer vessel 
constructed in 
water shield

MiniCLEAN inner vessel 
under construction with 
light guide inserts•  Will resume data taking in this autumn.�

H. Sekiya 20�

Almost finished�

SUSY2013  8/29/2013 

Noble Gasses

(scintillation light)



Time projection chambers

XENON100 at 
LNGS: 

161 kg LXe 
(~50 kg fiducial)

242 1-inch PMTs
taking new science 
data

LUX at SURF: 

350 kg LXe 
(100 kg fiducial)

122 2-inch PMTs
physics run since 
spring 2013
first result by the 
end of this year

Lukas Epprecht June 11th 2011

LAr-TPCs: Scale up

33

3l Setup 
@ CERN

(R&D charge 
readout)

P32 @ JParc

(~0.4 t LAr; 
Pi-K test 
beam)

3l Setup @ CERN
(R&D charge readout)

ArDM @ CERN 
--> LSC

(~1t LAr; 
Greinacher HV-

Devise, large 
area readout, 

purification, ...)

ArgonTube 
@ Bern

(long drift up 
to 5 m,

HV-system, 
purity)

6m3 @ CERN

(R&D toward non 
evacuated vessels, 
charged particle 

test beam exposure 
in 2012)

1 kton @ CERN

(full engineering 
demonstrator 

towards very large 
LAr-detectors with 
stand alone short 
baseline physics 

program)

ArDM at Canfranc:

850 kg LAr 
(100 kg fiducial)

28 3-inch PMTs
in commissioning
to run 2014

DarkSide at LNGS

50 kg LAr (dep in 39Ar)
(33 kg fiducial)

38 3-inch PMTs
in commissioning 
since May 2013
to run in fall 2013

PandaX at CJPL: 

125 kg LXe 
(25 kg fiducial)

143 1-inch PMTs
37 3-inch PMTs
started in 2013

Current Status - Stage Ia

PandaX Stage Ia:
Currently undergoing
commissioning:

Major components at
CJPL

Clean room environment:
TPC assembled

Slow control in place

Cryogenic system
operating

Xenon on site

Small xenon fill and
liquefaction so far

DAQ installed

Personnel on site daily

Scott Stephenson PANDA-X February 2, 2013 17

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

(scintillation & 
Ionization)



Crystals, Bubble Chambers, ...

DAMA/LIBRA NaI                    CDMS Si, Ge                    Coup CF3I
               CoGENT Ge



DAMA/LIBRA:  9.3σ variation 
of the signal over the year, 
attributed to the expected 
variation of a DM signal on the 
Earth’s velocity due to rotation 
around the Sun

note 10 MWIMP ∼ 10 GeV ⇾
ERmax ∼10 keV
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Figure 2: Experimental residual rate of the single-hit scintillation events measured
by DAMA/LIBRA–phase1 in the (2–4), (2–5) and (2–6) keV energy intervals as a
function of the time. The time scale is maintained the same of the previous DAMA
papers for coherence. The data points present the experimental errors as vertical bars
and the associated time bin width as horizontal bars. The superimposed curves are
the cosinusoidal functions behaviours A cosω(t − t0) with a period T = 2π

ω = 1 yr, a
phase t0 = 152.5 day (June 2nd) and modulation amplitudes, A, equal to the central
values obtained by best fit on the data points of the entire DAMA/LIBRA–phase1.
The dashed vertical lines correspond to the maximum expected for the DM signal
(June 2nd), while the dotted vertical lines correspond to the minimum.
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CoGENT:  Ge detector in 
which a similar seasonal 
variation was seen at 2.8σ,
consistent with a light 7 GeV
WIMP

No such signal found by the
MALBEK Ge detector group

CDSM II-Si:  upper bound 
established, but found three 
low-mass events vs. an 
expected background signal of 
∼ 0.41 events.  If interpreted as 
DM, implies MWIMP ∼ 10 GeV
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0.64 ± 0.16 events from ER leakage are expected below
the NR mean, for the search dataset. The spatial
distribution of the events matches that expected from the
ER backgrounds in full detector simulations. We select
the upper bound of 30 phe (S1) for the signal estimation
analysis to avoid additional background from the 5 keV

ee

x-ray from 127Xe.

FIG. 4. The LUX WIMP signal region. Events in the
118 kg fiducial volume during the 85.3 live-day exposure are
shown. Lines as shown in Fig. 3, with vertical dashed cyan
lines showing the 2-30 phe range used for the signal estimation
analysis.

Confidence intervals on the spin-independent WIMP-
nucleon cross section are set using a profile likelihood
ratio (PLR) test statistic [35], exploiting the separation
of signal and background distributions in four physical
quantities: radius, depth, light (S1), and charge (S2).
The fit is made over the parameter of interest plus three
Gaussian-constrained nuisance parameters which encode
uncertainty in the rates of 127Xe, �-rays from internal
components and the combination of 214Pb and 85Kr.
The distributions, in the observed quantities, of the four
model components are as described above and do not
vary in the fit: with the non-uniform spatial distributions
of �-ray backgrounds and x-ray lines from 127Xe obtained
from energy-deposition simulations [31].

The energy spectrum of WIMP-nucleus recoils is
modeled using a standard isothermal Maxwellian velocity
distribution [36], with v

0

= 220 km/s; v
esc

= 544 km/s;
⇢

0

= 0.3 GeV/c

3; average Earth velocity of 245 km s�1,
and Helm form factor [37, 38]. We conservatively model
no signal below 3.0 keV

nr

(the lowest energy for which
direct NR yield measurements exist [30, 40]). We do
not profile the uncertainties in NR yield, assuming a
model which provides excellent agreement with LUX
data (Fig. 1 and [39]), in addition to being conservative
compared to past works [23]. We also do not account
for uncertainties in astrophysical parameters, which are
beyond the scope of this work. Signal models in S1 and S2

are obtained for each WIMP mass from full simulations.
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FIG. 5. The LUX 90% confidence limit on the spin-
independent elastic WIMP-nucleon cross section (blue),
together with the ±1� variation from repeated trials, where
trials fluctuating below the expected number of events for
zero BG are forced to 2.3 (blue shaded). We also show
Edelweiss II [41] (dark yellow line), CDMS II [42] (green line),
ZEPLIN-III [43] (magenta line) and XENON100 100 live-
day [44] (orange line), and 225 live-day [45] (red line) results.
The inset (same axis units) also shows the regions measured
from annual modulation in CoGeNT [46] (light red, shaded),
along with exclusion limits from low threshold re-analysis
of CDMS II data [47] (upper green line), 95% allowed
region from CDMS II silicon detectors [48] (green shaded)
and centroid (green x), 90% allowed region from CRESST
II [49] (yellow shaded) and DAMA/LIBRA allowed region [50]
interpreted by [51] (grey shaded).

The observed PLR for zero signal is entirely consistent
with its simulated distribution, giving a p-value for the
background-only hypothesis of 0.35. The 90% C. L.
upper limit on the number of expected signal events
ranges, over WIMP masses, from 2.4 to 5.3. A variation
of one standard deviation in detection e�ciency shifts
the limit by an average of only 5%. The systematic
uncertainty in the position of the NR band was estimated
by averaging the di↵erence between the centroids of
simulated and observed AmBe data in log(S2b/S1). This
yielded an uncertainty of 0.044 in the centroid, which
propagates to a maximum uncertainty of 25% in the high
mass limit.
The 90% upper C. L. cross sections for spin-

independent WIMP models are thus shown in Fig. 5
with a minimum cross section of 7.6⇥10�46 cm2 for a
WIMP mass of 33 GeV/c2. This represents a significant
improvement over the sensitivities of earlier searches [42,
43, 45, 46]. The low energy threshold of LUX permits
direct testing of low mass WIMP hypotheses where
there are potential hints of signal [42, 46, 49, 50].

LUX (Xe):     arXiv:1310.8214

DAMA/LIBRA

CRESST

CDMSII-Si

CoGENT

LUX Exclusion

XENON100
225-day  Exclusion

Edelweiss II
 Exclusion



How are these comparisons among experiments done?

We know some basic parameters

•  WIMP velocity relative to our rest frame 

•  if mass is on the weak scale, WIMP momentum transfers in elastic
   scattering can range to qmax ∼                    ∼ 200 MeV/c

•  WIMP kinetic energy ~ 30 keV:   nuclear excitation (in most cases)
   not posible

•  RNUC ∼ 1.2 A1/3 f  ⟹  qmax R ∼ 3.2 ⬄ 6.0  for F ⬄ Xe:  the WIMP
   can “see” the structure of the nucleus

⇠ 10�3

2vWIMPµT



⇢
local

⇠ 0.3 GeV/cm3 )
�
WIMP

⇠ 105/ cm2s

⇢
local

⇠ 0.3GeV · cm�3

WIMPs in the galactic halo

High-resolution cosmological simulation with 
baryons: F.S. Ling et al, JCAP02 (2010) 012
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Figure 7. (Left) Average density of DM particles with 7 < R < 9 kpc as a function of the height from
the galactic disk z (R is the spherical radius to the galactic center). The dashed line gives the average
value for the entire spherical shell. To select particles in z slices, we used a thickness �z = 2 kpc.
(Right) Ratio of ring to shell densities as a function of distance from the galactic center for di↵erent
planes. The ratio fluctuates around 1.2 for the galactic plane (blue), while it drops to a value ⇠ 0.9
for other planes (green, magenta). For the plane yz, the sudden peak at R ' 13 kpc is due to the
presence of a satellite halo, visible on figure 8.b.
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Figure 8. Density maps of the dark matter halo in the planes a) xy (galactic plane), b) yz.
Contours correspond to ⇢DM = {0.1, 0.3, 1.0, 3.0} GeV/cm3.

|z| < 3 kpc, we have Nstar = 143, 320. The distribution of v
r

and v
�

are shown on figure 6. We
observe that the dark matter and the star particles are indeed co-rotating in the solar neigh-
borhood. The mean tangential velocity is hv

�

i = 201 km/s but tends towards hv
�

i = 225 km/s
for stars closer to the galactic plane, which is consistent with Milky Way rotation curve
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Density map of the dark matter halo 
rho = [0.1, 0.3, 1.0, 3.0] GeV cm-3

JCAP02(2010)030

Figure 2. Velocity distribution functions: the left panels are in the host halo’s restframe, the right
panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative to Galactic
DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell centered at
8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the median and
the minimum and maximum values over the 100 sample spheres, and the dotted line represents the
best-fitting Maxwell-Boltzmann distribution.

kpc for GHALO and GHALOs, and contain a median of 31,281, 21,740, and 14,437 particles
in the three simulations.2

The resulting distributions, both in the halo rest frame and translated into Earth’s rest
frame, are shown in figure 2. The shell averaged distribution is plotted with a solid line, while
the light and dark green shaded regions indicate the 68% scatter around the median and the
absolute minimum and maximum values of the distribution over the 100 sample spheres.
For comparison we have also overplotted the best-fitting Maxwell-Boltzmann (hereafter MB)
distributions, with 1D velocity dispersion of �1D = 130, 100, and 130 km/s. These clearly

2
Tables of g(vmin) determined from the spherical shell and the 100 sample spheres, and trac-

ing the annual modulation over 12 evenly spaced output times, are available for download at

http://astro.berkeley.edu/⇠mqk/dmdd/.

– 5 –

Velocity distribution of WIMPs in the galaxy

M. Kuhlen et al, JCAP02 (2010) 030

=> WIMP flux on Earth:
  ~105 cm-2s-1 (MW=100 GeV)

From cosmological simulations of galaxy 
formation: departures from the simplest case 
of a Maxwell-Boltzmann distribution

In direct detection experiments, mostly a 
simple MB distribution, truncated at vesc, is 
used in the sensitivity calculation

Our motion through
the WIMP “wind”
can be modeled



An expression can be written for the rate as a function of nuclear
recoil energy ER

  

dR

dER
= NN

⇢0
mW

Z

vmin

dvf(v)v
d�

dER

vmin =

s
mNEth

2µ2

Direct WIMP detection: principle

• Elastic collision with atomic nuclei in ultra-low background detectors

• Energy of recoiling nucleus: few keV to tens of keV

Goodman and Witten, PRD31, 1985

NN = number of target nuclei in a detector

ρ0 = local density of the dark matter in the Milky Way

f(v) = WIMP velocity distribution in lab frame

mW = WIMP-mass

σ =cross section for WIMP-nucleus elastic scattering

Particle+nuclear physics

Astrophysics

NN = number of target nuclei in detector

⇢0 = Milky Way dark matter density

f(v) = WIMP velocity distribution, Earth frame

mW = WIMP mass

� = WIMP� nucleus elastic scattering cross section



Text

But where do we get the cross section -- the WIMP-nucleus
interaction?

In fact, what can and cannot be learned about the WIMP-matter
interaction from these low-energy elastic scattering experiments?

so just ask a particle theorist (or several)...
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ultraviolet theories

DM ES experiments

This is a very difficult step, and a tedious one as it must be 
taken for each candidate ultraviolet theory

too much
information!



ultraviolet theories

DM ES experiments

This is a very difficult step, and a tedious one as it must be 
taken for each candidate ultraviolet theory

An alternative is provided by effective field theory

too much
information!



ultraviolet theories

WIMP-nucleon interaction

WIMP-nucleus elastic interaction

DM ES experiments

ultraviolet 
physics 

encoded in a 
finite set of 
low-energy

WIMP-nucleon
coupling 
constants

filter #1   nucleon-level 
effective theory



ultraviolet theories

WIMP-nucleon interaction

WIMP-nucleus elastic interaction

DM ES experiments

nuclear-level
effective 

theory for ES: 
smaller set of 

constants 
emerge 

because of P, T
filters

filter #2 nuclear level 
effective theory 

all relevant information survives



ultraviolet theories

WIMP-nucleon interaction

WIMP-nucleus elastic interaction

DM ES experiments

experimentalists
then know what 
they can learn 

to inform 
fundamental 

theory 



the effective theory process works only if each step is executed properly 

this not this



if  WIMP-nucleon interaction
too simplistic

WIMP-nucleus elastic interaction

DM ES experiments



candidate ultraviolet theories
are left out

if  WIMP-nucleon interaction
too simplistic

WIMP-nucleus elastic interaction

DM ES experiments



ultraviolet theories

WIMP-nucleon interaction

WIMP-nucleus elastic 
interaction too simple



ultraviolet theories

WIMP-nucleon interaction

WIMP-nucleus elastic 
interaction too simple

Too few experiments done,
too little learned



□ Experiments are frequently analyzed and compared in a formalism 
   in which the nucleus is treated as a point particle
        
                 S.I.  

                 S.D.

□ Is this treatment sufficiently general, to ensure a discovery strategy 
   that will lead to the right result?

(SI/SD is in fact the starting point of Fermi and Gamow&Teller...)
         

) hg.s.|
AX

i=1

(aF0 + aF1 ⌧3(i)) |g.s.i

) hg.s.|
AX

i=1

~�(i) (aGT
0 + aGT

1 ⌧3(i)) |g.s.i



□ A familiar electroweak interactions problem:   What is the form 
   of the elastic response for a nonrelativistic theory with vector and
   axial-vector interactions?

charges:

currents:

(where we list only the leading multipoles in J above) 

even odd

vector C0 C1

axial C5
0 C5

1

even odd even odd even odd

axial spin L5
0 L5

1 T 5el
2 T 5el

1 T 5mag
2 T 5mag

1

vector velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1

vector spin� velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1



Response constrained by good parity and time reversal of nuclear g.s.

 

even odd

vector C0 C1

axial C5
0 C5

1

even odd even odd even odd

axial spin L5
0 L5

1 T 5el
2 T 5el

1 T 5mag
2 T 5mag

1

vector velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1

vector spin� velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1



Response constrained by good parity and time reversal of nuclear g.s.

 

even odd

vector C0 C1

axial C5
0 C5

1

even odd even odd even odd

axial spin L5
0 L5

1 T 5el
2 T 5el

1 T 5mag
2 T 5mag

1

vector velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1

vector spin� velocity L0 L1 T el
2 T el

1 Tmag
2 Tmag

1



The resulting table of allowed responses has six entries (not two)

One of the union rules for theorists:
Interactions allow by symmetries must be (and will be) included in a proper 
effective theory

□  This suggests more can be learned about ultraviolet theories from ES  
    than is generally assumed -  that’s good

□  But what quantum mechanics are we missing?  What are these additional
    responses?



They are the responses connected with velocity-dependent interactions -
that is, with theories that have derivative couplings

Let’s take an example:   consider

the velocity is defined by Galilean invariance

▫︎  In the point-nucleus limit

where                           .  

▫︎  But in reality

and                       :       SI/SD retains the least important term                           

AX

i=1

~S� · ~v?(i)

~v?(i) = ~v� � ~vN (i)

~S� · ~vWIMP

AX

i=1

1(i)

~vWIMP ⇠ 10�3

{~v?(i), i = 1, ...A} ! {~vWIMP; ~̇v(i), i = 1, ..., A� 1}

~̇v(i) ⇠ 10�1



□  These velocities hide:  the        carry odd parity and cannot contribute   
    by themselves to elastic nuclear matrix elements.

□  But in elastic scattering, momentum transfers are significant.   The full
    velocity operator is

□  We can combine the two vector nuclear operators              to form a
    scalar, vector, and tensor.   To first order in      for the new “SD” case

       is a new dimensionless operator.   And we deduce an instruction
for the ET that is not obvious.   Internal nucleon velocities are encoded

~̇v(i)

ei~q·~r(i)~̇v(i) where ~q · ~r(i) ⇠ 1

~r(i), ~̇v
~q

�1

i
q~r ⇥ ~̇v = �1

i

q

mN
~r ⇥ ~̇p = � q

mN

~̀(i)

~̀(i)

v̇ ⇠ 10�1 ⇠ q

mN

Parameter counting in the effective theory



□  The most general Hermitian WIMP-nucleon interaction can be
    constructed from the for variables

                                                                         

□  This interaction (filter #1) can be constructed to 2nd in velocities

The coefficients represent the information that survive at low energy
from a semi-infinite set of high-energy throries

Galilean invariant effective theory

~S�
~SN ~v?

q

mN

HET =


a1 + a2 ~v? · ~v? + a5 i~S� ·

✓
~q

mN
⇥ ~v?

◆�
+

~SN ·

a3 i

~q

mN
⇥ ~v? + a4 ~S� + a6

~q

mN

~S� · ~q

mN

�

+

h
a8 ~S� · ~v?

i
+

~SN ·

a7 ~v? + a9 i

~q

mN
⇥ ~S�

�
(parity odd)

+


a11 i~S� · ~q

mN

�
+

~SN ·

a10 i

~q

mN
+ a12 ~v? ⇥ ~S�

�
(time and parity odd)

+

~SN ·

a13 i

~q

mN

~S� · ~v? + a14 i~v? ~S� · ~q

mN

�
(time odd)



□  We can then embed this in the nucleus (filter #2) to find what 
    information survives, accessible to experiment.  

d�

dER
⇠ G2

F

X

i

Ri(~v
? 2,

~q 2

m2
N

) Wi(q
2b2)



□  We can then embed this in the nucleus (filter #2) to find what 
    information survives, accessible to experiment.  

                                        WIMP tensor:
                        contains all of the DM particle physics

                             depends on two “velocities”

d�

dER
⇠ G2

F

X

i

Ri(~v
? 2,

~q 2

m2
N

) Wi(q
2b2)

~v? 2 ⇠ 10�6

~q

mN

2

⇠ hv
internucleon

i2 ⇠ 10�2



d�
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Ri(~v
? 2,

~q 2
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N

) Wi(q
2b2)

Wi Ri

□  We can then embed this in the nucleus (filter #2) to find what 
    information survives, accessible to experiment.  

                                                                Nuclear tensor:
                                                 “nuclear knob” that can be turned
                                               by the experimentalists to deconstruct
                                                                   dark matter

                                              Game - vary the      to determine the     : 
                                             change the nuclear charge, spin, isospin,
                                                  and any other relevant nuclear 
                                                         properties that can help
                                                 



d�

dER
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Ri(~v
? 2,
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□  What does the effective theory say about these responses?

 

 take q ⇾ 0  
 suppress isospin 

                                                           the S.I. response 

                                                     contributes for J=0 nuclear targets                                                           
                                                

W1 ⇠ hJ |
AX

i=1

1(i) |Ji2
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□  What does the effective theory say about these responses?

  

 take q ⇾ 0  
 suppress isospin

 

                                                         the S.D. response (J>0) ....
 but split into two components, as the longitudinal and  transverse  
 responses are independent, coupled to different particle physics                                                                                                                       
                                                

W2 ⇠ hJ |
AX

i=1

q̂ · ~�(i) |Ji2

W3 ⇠ hJ |
AX

i=1
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m2
N

) Wi(q
2b2)

□  What does the effective theory say about these responses?

 take q ⇾ 0  
 suppress isospin

A second type of vector (requires J>0) response, with selection rules
very different from the spin response 

                                                                                                                       
                                                

W4 ⇠ hJ |
AX

i=1

~̀(i) |Ji2
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2b2)

□  What does the effective theory say about these responses?

 

 take q ⇾ 0  
 suppress isospin

A second type of scalar response, with coherence properties very
different from the simple charge operator  

                                                                                                                       
                                                

W5 ⇠ hJ |
AX

i=1

~�(i) · ~̀(i) |Ji2
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N
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□  What does the effective theory say about these responses?

 

 take q ⇾ 0  
 suppress isospin

A exotic tensor response: in principle interactions can be constructed
where no elastic scattering occurs unless J is at least 1 
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Note that five of the eight terms above are accompanied by a factor of ~q 2/m2
N

. This is the parameter identified
in Sec. 2.3 that governs the enhancement of the composite operators with respect to the point operators
for those O

i

where composite operators contribute. Thus one can read o↵ those response functions that are
generated by composite operators from this factor. The DM particle response functions are determined by
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The six nuclear operators appearing in Eq. (37), familiar from standard-model electroweak interaction
theory, are constructed from the Bessel spherical harmonics and vector spherical harmonics, M
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The coefficients are what one “measures.”  They define the particle
physics that can be mapped back to high energies, to constrain models



+
~q 2

m2
N

R⌧⌧

0

� (~v?2
T

,
~q 2

m2
N

) hj
N

|| �
J;⌧ (q) ||jN ihj

N

|| �
J;⌧ 0(q) ||j

N

i

+
~q 2

m2
N

R⌧⌧

0

�⌃0(~v?2
T

,
~q 2

m2
N

) hj
N

|| �
J;⌧ (q) ||jN ihj

N

|| ⌃0
J;⌧ 0(q) ||j

N

i
�

)

. (37)

Note that five of the eight terms above are accompanied by a factor of ~q 2/m2
N

. This is the parameter identified
in Sec. 2.3 that governs the enhancement of the composite operators with respect to the point operators
for those O

i

where composite operators contribute. Thus one can read o↵ those response functions that are
generated by composite operators from this factor. The DM particle response functions are determined by
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The six nuclear operators appearing in Eq. (37), familiar from standard-model electroweak interaction
theory, are constructed from the Bessel spherical harmonics and vector spherical harmonics, M
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The point-nucleus world is a very simple one
Generally any derivative coupling is seen most easily in the new responses



Observations:

□  The set of operators found here map on to the ones necessary in  
    describing known SM electroweak interactions
 
□  ES can in principle give us 8 constraints on DM interactions

□  This argues for a variety of detectors - or at least, continued 
    development of a variety of detector technologies 

□  There are a significant number of relativistic operators that reduce
    in leading order to the new operators

□  Power counting -- e.g.,                   -- does not always work as 
    the associated dimensionless operator matrix elements differ widely
       ▸  examples can be given

1 vs q/mN



□  As noted before velocity-dependent interactions will generate a 
    SI or SD coupling, but proportional to       and misleading
       ▸  the predicted strength is 10-4 the actual strength
       ▸  the associated SI/SD operator will have the wrong
           rank, e.g., predicted small SI when the dominant contribution
           is “spin”-dependent (e.g., governed by       )
Could be really confusing! 
      
For another day but interesting:  excited nuclear states

□  ES almost blind to certain familiar interactions: axial charge 
       ▸ signature would be a anomalous cross section for excited-state
          transitions, when compared to the elastic cross section

□  gives one strategies for measuring the mass of a very heavy WIMP
    (hard to do with ES alone because                                    )

~�(i) · ~p(i)

µ(MT ,M�) ! µ(MT )

~v?2

~̀(i)



For illustration purposes only!
 
DAMA/LIBRA:     NaI

CoGENT:            Ge

LUX:                   Xe
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qdqF (q2) for di↵erent nuclear responses,

weighted by the natural abundances of isotopes.
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transverse electric axial (spin) response
transverse nuclear spin

61

scalar charge responses: p vs. n S.I.              (normalized to natural abundance)

Standard SI sensitivities:   LUX (Xe) > DAMA (NaI) > CDMS-Ge

Little sensitivity to isospin (unless tuned)
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Scalar operators, p:  1(i) vs ~�(i) · ~̀(i)
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Scalar operators, n:  1(i) vs ~�(i) · ~̀(i)
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64

vector (transverse) spin response               (normalized to natural abundance)

proton coupled:      Picasso (F) > DAMA (NaI) ≫ CDMS-Ge & LUX
neutron coupled:     LUX & CDMS-Ge ≫ DAMA ≫ Picasso

isospin 
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orbital vs. spin ambiguity

Vector, proton coupled: ~�(i) vs. ~̀(i)

spin coupled:             Picasso (F) > DAMA (NaI) 
l-coupled coupled:     DAMA (NaI) ≫ Picasso (F)          F:   2s1/2 
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2 2

spin coupled:             LUX > CDMS-Ge ≫ DAMA 
l-coupled coupled:     CDMS-Ge > LUX ∼ DAMA 
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Summary

□  There is a lot of variability that can be introduced between detector
    responses by altering operators (and their isospins)

□  Pairwise exclusion of experiments in general difficult

□  But the bottom line is a favorable one:  there is a lot more that
    can be learned from elastic scattering experiments than is
    apparent in conventional analysis

□  This suggests we should do more experiments, not fewer

□  When the first signals are seen, things will get very interesting:
    those nuclei that do not show a signal may be as important as
    those that do

Thanks to my collaborators:   Liam Fitzpatrick, Nikhil Anand,  Ami Katz


