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    Why do we believe in DM

(might sound anthropic, but it’s not)

Because we exist
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Figure 22.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [14] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).
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CMB10 25. Cosmic microwave background
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Figure 25.2: Band-power estimates from the WMAP, ACBAR, ACT, QUAD, and
SPT experiments (omitting some band-powers which have larger error bars). Note
that the widths of the !-bands vary between experiments and have not been plotted.
This figure represents only a selection of available experimental results, with some
other data-sets being of similar quality. The multipole axis here is linear, so the
Sachs-Wolfe plateau is hard to see. However, the acoustic peaks and damping region
are very clearly observed, with no need for a theoretical curve to guide the eye; the
curve plotted is a best-fit model from WMAP plus other CMB data. At high ! there
is some departure from the model due to secondary anisotropies.

The existence of this linear polarization allows for six different cross power spectra to
be determined from data that measure the full temperature and polarization anisotropy
information. Parity considerations make two of these zero, and we are left with four
potential observables: CTT

! , CTE
! , CEE

! , and CBB
! . Because scalar perturbations have

no handedness, the B-mode power spectrum can only be sourced by vectors or tensors.
Moreover, since inflationary scalar perturbations give only E-modes, while tensors
generate roughly equal amounts of E- and B-modes, then the determination of a non-zero
B-mode signal is a way to measure the gravitational wave contribution (and thus
potentially derive the energy scale of inflation), even if it is rather weak. However, one
must first eliminate the foreground contributions and other systematic effects down to
very low levels.

The oscillating photon-baryon fluid also results in a series of acoustic peaks in the
polarization C!’s. The main ‘EE’ power spectrum has peaks that are out of phase with
those in the ‘TT’ spectrum, because the polarization anisotropies are sourced by the
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CMB as seen by Planck (2013)



$Assumptions

๏ Dark Matter (DM) is made of particles

๏ Actually, only one kind of particle
(with mass 1 GeV - 10 TeV)

๏ DM is cold (i.e. non-relativistic)



DM direct detection

Basically explained by

dRT

dER
= nT�DM(t)

d�T

dER



DM direct detection

The basic ingredient is the recoil rate

Target density

DM flux (has an annual modulation due
to Earth’s rotation around the sun)

DM-nucleus
cross section

�DM =
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Direct detection rate
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LUX Dark Matter Experiment / Sanford Lab Rick Gaitskell (Brown) / Dan McKinsey (Yale)
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Assumptions

๏ Spin-independent interaction:
in QFT language,

(in the NR limit all these interactions look the same)

๏ Truncated Maxwell-Boltzmann velocity 
distribution (Standard Halo Model, or SHM):

L / �†� ¯NN or �̄� ¯NN or �̄�µ� ¯N�µN

fG(~u ) =
exp(�u2/v20)

(v0
p
⇡)3Nesc

✓(vesc � u)f(~v, t) = fG(~u = ~v + ~vE(t)) with



Other interactions

One can imagine countless other interaction types

�̄ i�5� N̄N �̄� N̄ i�5N

�̄ i�5� N̄ i�5N �̄�µ�5� N̄�µN

�̄�µ� N̄�µ�
5N �̄�µ�5� N̄�µ�
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�⇤� N̄ i�5N
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i (�⇤ !@µ�) N̄�µ�5N

Q�e �̄�µ�Aµ (millicharged DM)

µ�

2

�̄ �µ⌫�Fµ⌫ (anomalous DM magnetic moment)

d�
2

i �̄ �µ⌫�5�Fµ⌫ (DM electric dipole moment)

Effective operators

Electromagnetic 
DM

etc.



A unified framework

๏ Fan, Reece, Wang - Non-relativistic effective theory of dark 
matter direct detection [1008.1591]

๏ Fitzpatrick, Haxton, Katz, Lubbers, Xu - The Effective Field 
Theory of Dark Matter Direct Detection [1203.3542]+ 
[1211.2818], [1308.6288]

Set the stage for an interaction-independent analysis
of DM signals at direct detection experiments

Note: the DM-nucleus scattering is
non-relativistic (NR) because v ⇠ q/m ⇠ 10�3



Recipe

๏ Expand                                in powers of      (NR limit)

๏ Express
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   More than form factors

The  “form factors”            are tabulated in 
[1203.3542], [1308.6288]

They contain the nuclear physics associated to each 
of the NR operators

They form a basis for writing ~any interaction

They provide a parametrization of the differential 
cross section in terms of the coefficients
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Factorizing fun

d�T

dER
=

1

32⇡

1

m2
�mT

1

v2
m2

T

m2
N

12X

i,j=1

X

N,N 0=p,n

cNi cN
0

j F (N,N 0)
i,j

Contain 
particle 
physics

Contain astro+nuclear
+experimental physics

R
tot

=
12X

i,j=1

X

N,N 0
=p,n

cNi (�,m
DM

) cN
0

j (�,m
DM

) F̃(N,N 0
)

i,j (m
DM

)

F̃
(N,N 0)
i,j ⌘ C

X

T

⇠T

Z E0
max

E0
min

dE0 ✏1(E
0)

Z 1

0
dER ✏2(ER)GT (ER, E

0)

Z

v
min

(E
R

)
d3v

1

v
fE(~v)F

(N,N 0)
i,j



Benchmark bound & rescaling
Let us consider the benchmark model

Mp,B = �B = �B ONR
1 =) cp1 = �B, all other cNi = 0

LB =
�B

4mDMmp
�̄�µ� p̄�µpe.g. from the QFT Lagrangian

So .  Now define

A bound on another model is given by
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Benchmark bound & rescaling
Let us consider the benchmark model

Mp,B = �B = �B ONR
1 =) cp1 = �B, all other cNi = 0

LB =
�B

4mDMmp
�̄�µ� p̄�µpe.g. from the QFT Lagrangian

A bound on another model is given by
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Results from [1307.5955]
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Conclusions for this part
๏ The full scattering rate at direct DM search experiments 

can be factored in two pieces:

• the coefficients        contain the information on the 
underlying particle physics model

• the              functions contain all the rest, and in 
principle can be delivered by the experimental 
collaborations themselves

๏ With these ingredients, a bound that would otherwise 
need a PhD student and weeks of coding to perform 
multiple numerical integrals is computed within minutes

๏ All the material + a Mathematica sample file is 
downloadable for instant fun at
http://www.marcocirelli.net/NROpsDD.html

cNi

Y
(N,N 0)
i,j

http://www.marcocirelli.net/NROpsDD.html
http://www.marcocirelli.net/NROpsDD.html


Halo-independent stuff



Direct detection rate
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Direct detection rate
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Astrophysical uncertainties

Baushev [1208.0392]Mao, Strigari, Wechsler, Wu, Hahn [1210.2721]

e.g.



Two approaches

Try to find alternative halo models, either driven 
by physical arguments or by fitting simulations or 
observations
see e.g. Freese, Lisanti, Savage [1209.3339] and references therein

Try to factor astrophysics out of your problem as 
much as you can
Fox, Liu, Weiner [1011.1915], Frandsen, Kahlhoefer, McCabe, Sarkar, 
Schmidt-Hoberg [1111.0292][1304.6066], Gondolo, Gelmini 
[1202.6359] + Del Nobile, Huh [1304.6183][1306.5273][1311.4247],
Herrero-Garcia, Schwetz, Zupan [1112.1627][1205.0134]
+ Bozorgnia [1305.3575]



Direct detection rate
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Direct detection rate
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Algebraic maquillage 1
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Algebraic maquillage 1I
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Bounds and fits
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Spin-independent interaction
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Spin-independent interaction
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Spin-independent interaction
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SI isospin violating interaction
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SI isospin violating interaction
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SI isospin violating interaction
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Magnetic moment DM
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Conclusions

• Promising framework to compare different direct 
detection experiments in a halo-independent way

• Allows to “compare spectra” of different experiments

• Allows to ~fit the DM velocity distribution

• Quite solid in making (conservative) bounds

• So far it looks like astrophysical uncertainties alone 
cannot accommodate the discrepancies between 
different experiments



Drawbacks
( = hopefully future improvements)

• Non straightforward interpretation of the “crosses”

• Crosses lack a precise statistical meaning

• Difficult mapping of the rate onto vmin-space for 
experiments with different nuclei, as DAMA (Na-I) 
and CRESST (Ca-W-O)

• No information on how compatible unmodulated 
and modulated signals are


