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as Dark Matter
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Evidence for Dark Matter
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» GGravitational lensing

CMB and LSS scale

[Chandra X-ray observatory: Bullet cluster]
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Occam’s razor vs. theoretical bias

What is known about Dark Matter?

So far ,ACDM fits the data, so

« DM has gravitational interactions

« DM looks cold

= A minimal model of Dark Matter:

DM is a massive particle with only gravitational
Interaction

(Planclian Tucharachey Musive Farkicle a5 Duels Wathes)



The effective model

PIDM

e Assume DM only interacts gravitationally with SM

1
L=Lsy~+Lpym+ L+ éh“”(Tf% + TﬁM

1 1
Lpym = —= qu)“X - —m§(X2
2 2 :
(scalar case — fermions ok too)

¢ |[n absence of any additional scales, the PIDM
mass must be close to the Planck scale

mx 2 Maur Minimal PIDM



The effective model

PIDM
e DM only talks to SM through gravity
DM SM
m2
my >>T  {ov) « M_§
1 1 5 E4 pl
T M~
Mpl h Mpl pl oy T <0-,U> ~ T_2
DM SM

e Couplings uniguely fixed by equivalence
principle

= Only one free parameter — the DM mass



Beyond WIMP
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Beyond WIMP
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Production mechanism

PIDM production requires very high temperatures

= \\le consider three contributions

1.Shortly after reheating by gravitational scattering
of SM particles in the hot plasma

2. During reheating by gravitational scattering

3. At the end of inflation from change in
background



Results

Scalar PIDM
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Results

Fermion PIDM
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Results

Vector PIDM
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Results

Minimal PIDM paradigm

mx Z MGUT 10"

e Current constraint from no
observation of tensor modes

r < 0.07 = mx < 0.01M,

e Most optimistic future sensitivity
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e Entire parameter space

mx 2 Mgur

can be probed in the future



Comparison with axion DM

e Anthropic window of axion:
possible connection to GUT or Planck scale

£, >10%GeV = Eug <4-10%Gev = r<2-1077°
= No tensor modes!

e Minimal PIDM paradigm
mx 2 Meur = r2>107"

= [ensor modes!



Specific models

KK-mode of graviton

Si/y,

_>

e /> breaks KK-number but KK-parity is
conserved

o | ightest KK-mode stable

o |f ightest KK-mode is the graviton — it could be

a PIDM
[G' arhy, (?ICLCSMI«J/” ) Sé.l,\pl.é\fﬂ\ , MSS , Lo L:Z]



Massive KK graviton PIDM
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Massive KK graviton PIDM
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Results

KK graviton PIDM
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Other observables

o |f stability of PIDM protected by global symmetry

= Quantum grav./string theory breaks it through
non-pert. grav. instanton effects

= Decay rate suppressed by the Euclidian action

X e_S

= ux of ultrahigh energy cosmic rays to be seen in
observations?

[AUGER, Telescope Array, JEM-EUSO or ARA]
[G' arhy, ?ﬁlﬁSahM ) Sﬂl,.pl.é\f&\ , MSS , Lo L?]



Other observables

Coldest and darkest Dark Matter

e \ery large mass and very early decoupling
= Practically zero free-streaming length

= Extremely cold and could form structures down to
microphysical scales



Other observables

(GGravitational atoms [Nielsen, Palessandro, MSS 2019]

e Two particle PIDM (quantum) gravitational bound
states can be formed in small fraction at freeze-in

M X

3!

S .Y

= Unstable gravitational atoms will decay to
gravitational waves (and SM sector w. similar
branching ratios)



Gravitational atoms

e The Bohr-radius of two identical particles held
together by a central inverse square law potential

Vir)=a/r
S

1 = mlmg/(ml -+ mg)

rp = (par)”

Is the reduced mass of the system

e For Gravitational atoms (m; = my = mx)

ag = mx /my, po=mx/2
= Will not be disrupted by Hubble expansion if
(Hm§)1/3

mX>

Y



Gravitational atoms

e Number density of gravitational atoms
suppressed by ~ o2, relative to free PIDM
particles

nx = dark matter abundance

® [he decay rate can be computed similarly to
bound state formation cross section

41mX <mx>10 410&%77?,)(
FG — —

~ 12872 \ m, 12872



Gravitational atoms

PIDM w. instant reheating (no early matter domination, minimal coupling)
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Tn ~ 107°m,, and mx ~ 0.01m,,.
[Nielsen, Palessandro, MSS 2019]



Gravitational atoms

e Minimal scenario extremely constrained with only
one free parameter (PIDM mass)

e However sensitive to near Planckian modification
of gravity and cosmology

= Non-minimal toy-models with larger/lower
frequency gravitational wave signal



Gravitational atoms

PIDM w. non-minimal coupling £u = & X*R
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[Nielsen, Palessandro, MSS 2019]



Gravitational atoms

Other production mechanisms of bound states
(leaving initial bound state number density as free parameter)

w( (GHz)

_ _ 3
1., ~ 10 3mp mx ~ 0.1m, nNp; = aly,

a =1 (purple), @ = 10710 (blue), a = 1072 (orange) [Nielsen, Palessandro, MSS 2019]
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Dimensiionless amplitude ( for units see caption)

10

10

10

10

-10

-15

-40

-45

Galactic Centre
Shadow Brane

Galactic Centre
Visible Brane

S Plasma instability

S - Stellar BH
S - Plasma instability
~ _ | AGN SMBH

-

<0 | Nucleosynthesis Limit

Various Cosmological source
models
See caption below

! | | 1 ! Ty

'y
‘y
’

10

10° 10" 10" 10" 10"

Frequency, Hz

Figure 1. Signal amplitudes and sensitivities. Approximate dimensionless amplitudes expected in
detectors with bandwidth approximately equal to the operating frequency from stochastic signal
models and KK modes generated in the galactic centre branes. (a), (b) Copeland et al, (¢), (d)
Leblond et al for various string tensions, (¢) Giovannini et al, (f) Veniziano et al, (g) Battye
et al and (h) Bellido-Garcia et al. See referenced works for precise predictions and underlying



Direct PIDM detection?

Proposal to measure PIDM by displacement of test masses in array
[Carney, Gosh, Krnjaic and Taylor 2019]

(with their futuristic design order one detection per year)

S R A
(figures from [Carney, Gosh, Krnjaic and Taylor 2019])
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Beyond PIDM?

Stronger X X MACHO

X WIMP WIMPZILLA
Axion/ Gravitino/
Super Weak Sterile CIMP PIDM

Super Light
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Charged PIMP

What about small scale problems of structure formation®
* et the PIMP be a fermion charged under its own U(7)

1 _ _
»CDM — _ZVMVVIW -+ XZl?X — mXXX

D, = 09,+igpV, drap = g% Ve =0,V,-0,V,

* The charged PIMP might explain the small-scale
structure tensions with CDM predictions with

mx ~ 100 GeV ap ~ 1077
* Can be discriminated from other “hidden charged dark
matter due to different thermal leading to a different N,
 Thermalization in dark sector reduces sensitivity on

reheat temp. [Garny, Palessandro, Sandora, MSS, 2018]



Conclusions

Dark Matter requires only gravitational interactions
PIMP is a one parameter model of DM

The minimal model connects with Planck/GUT scale
physics

Unlike axion in anthropic window, It requires observable
tensors in the minimal paradigm

Interesting phenomenology

% Connection with inflation models in particular preheat/
reheating part

% Explicit models

% Non-Perturbative instanton induced decay

% Properties of structure formation

% Gravitational atoms

% Direct detection?




