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2 Direct Detection of WIMPs

Dark Matter WS 2015/16
Martin Bauer, m.bauer@thphys.uni-heidelberg.de

PROJECT 4: DIRECT DETECTION
tutorial on the 28th of January 2016

Direct searches for Dark Matter are shielded detectors placed underground, which try to
measure interactions of Dark Matter with targets made from different elements. A recent
summary plot of direct detection bounds is shown in Fig. 1. Experimental bounds are
shown as solid lines, projected bounds are shown as dashed lines. Possible signal candida-
tes are shown as colored regions, while the thick, dashed orange line demarks the neutrino
floor.

Fig 1: Direct Detection bounds from various experiments. (adapted from Snowmass, 1310.8327 )

a) Explain the general shape of the exclusion limits (the sharp drop at a ⇠ 10 GeV
and the linear slope for higher masses)! Research the target element of some of
the experiments. Can you explain the differences in the excluded regions? What
would you guess is the scaling for the sensitivity with mass and runtime of these
experiments?

You are now an experimentalist working in a Direct Detection collaboration considering
two detectors. The first is based on a Germanium target and the second has a Xenon target:

Adapted from Snowmass [1310.8327]



3 Dark Matter : WIMPy, Light or Heavy?

No dark matter has been seen yet
Direct detection experiments are closing in on
the ‘WIMP miracle’ parameter space
New experiments will probe the light dark
matter frontier
Another frontier : super-heavy dark matter
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4 Super-Heavy Dark Matter

Super-heavy dark matter a.k.a. WIMPzilla
produced gravitationally in inflation
Mass range about 1012 GeV to 1016 GeV

Chung, Kolb & Riotto, Phys.Rev. D59 (1999) 023501, [hep-ph/9802238];
Kuzmin & Tkachev, JETP Lett. 68 (1998) 271–275, [hep-ph/9802304]; etc.

http://arxiv.org/abs/hep-ph/9802238
http://arxiv.org/abs/hep-ph/9802304


5 Production of SHDM

Preheating (requires large portal couplings)
Gravitational production in inflation



6 Production of SHDM

Planck



7 Production of SHDM

Relic density of gravitationally produced SHDM is

ΩX(t0) ≃ 10−3ΩR
8π
3
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ΩR ≃ 4 × 10−5 is the radiation density today
T0 ≃ 2.3 × 10−13 GeV is the CMB temperature
today



8 Production of SHDM

Dark matter is at least coupled to gravity
Gravitationally produced dark matter
must be super-heavy to be relevant today
Inflation scale is about
1013 GeV for simple models
Super-heavy dark matter is
as natural as the WIMP



9 Problems with SHDM

Unlike for WIMPs, model building is missing
Unlike for WIMPs, signals are unknown

Coleman-Weinberg inflation offers concrete
models & signals
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10 Coleman-Weinberg inflation

V J =
1
4λφ(φ)φ

4

Coleman-Weinberg inflation involves new
super-heavy particles to make λφ(φ) run
Inflaton is the pseudo-Goldstone boson of
classical scale invariance
Inflaton gets its mass at loop level,
other particles at tree level
A nonminimal coupling ξφφ

2R to gravity
can induce general relativity
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11 Coleman-Weinberg inflation
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12 Coleman-Weinberg inflation
Super-heavy scalar mass

m2
X = λφXv2

φ

The running of λφ depends on

dλφ
d(ln μ) = βλφ ∝ λ2

φX

In minimal setup

mX

mφ
≈ 103−4

Generations of Xi are necessary



13 Generalised CW Inflation√
−g JL J =

√
−g J

[
LR + Lφ + L

J
σ,ψ,Aμ + Λ4

]
,

where

LR = −
M2

EH + ξφφ
2

2 R,

and
Lφ =

(∂φ)2

2 − V J(φ),

where due to classical scale invariance,

V J =
1
4λφ(φ)φ

4



14 Requirements on the Potential

Reproduce the Planck mass:

M2
EH + ξφv

2
φ = M̄2

P

Fix the cosmological constant:

1
4λφ(vφ)v

4
φ + Λ4 ≃ 0



15 Minimum via the CW Mechanism

dV J

dφ

∣∣∣∣
φ=vφ

=
1
4βλφ(vφ) + λφ(vφ) = 0,

Two types of solutions:

βλφ(vφ) > 0, λφ(vφ) < 0 (1)

and
βλφ(vφ) = λφ(vφ) = 0 (2)



16 Coleman-Weinberg Inflation

A Coleman-Weinberg inflation
with a new scalar
Kannike, Racioppi & Raidal, JHEP 1406 (2014) 154, [1405.3987]

B Type (1) Coleman-Weinberg
induced gravity inflation
Kannike, Racioppi, Raidal JHEP 01 (2016) 035 [1509.05423]

C Type (2) Coleman-Weinberg
induced gravity inflation
Kannike, Hütsi, Pizza, Racioppi, Raidal, Strumia, JHEP 1505 (2015) 065,
[1502.01334]



17 Inflationary Observables
Spectral tilt

ns = 0.968 ± 0.006

Tensor-to-scalar ratio

r < 0.07

Amplitude of the spectrum

As = (2.14 ± 0.05)× 10−9

Planck [1502.02114]; BICEP2/Keck and Planck, Phys. Rev. Lett. 114, 101301,
2015; Keck Array and BICEP2, Phys. Rev. Lett. 116, 031302, 2015



18 Inflationary Predictions
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19 SHDM Isocurvature Constraints
Local non-Gaussianities

f local
NL ≈ 30

( α
0.07

)3/2
,

where the isocurvature parameter

α =
AδX

As + AδX

and

AδX ≃ 25π2

96
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mXm3
φ

(Asr)2 exp
(
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20 SHDM Isocurvature Constraints

Local non-Gaussianities f local
NL = 0.8 ± 5.0

(future measurements constrain f local
NL ∼ O(1))

Isocurvature parameter α < 0.0019
Related as

f local
NL ≈ 30

( α
0.07

)3/2



21 Reheating Temperature in (A)

1 2 3 4 5 6
105

106

107

108

��/�ϕ

� R
H
/G
eV



22 Number of Generations in (B)
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23 Isocurvature Constraints (r = 0.07)

�RH =5×105 GeV

�RH =5×107 GeVA

A

C

B

1 2 3 4 5

2

4

6

8

10

�ϕ /1013 GeV

�
�
/�

ϕ



24 Conclusions

Gravitationally produced SHDM is as natural as
WIMP
SHDM can arise from new particles necessary in
Coleman-Weinberg inflation
SHDM mass about 1 to 10 inflaton masses
Can be observed in isocurvature if below 4
inflaton masses


