Dark matter and the Multiverse:
WIMPs and axions

Duccio Pappadopulo - UC Berkeley



Length

vy < Mpp ~ 1019 GeV

G7' ~ (10* GeV)?

A~ (10712 GeV)?
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Known dynamical mechanisms to soften the quadratic
sensitivity of the weak scale to heavy field theory thresholds.

Supersymmetry

Compositeness

Av? ~ m3plog Mfy,



Length

Mpyy < Mpp ~ 1019 GeV

LHC: ~ TeV

G7' ~ (10% GeV)?

A~ (10712 GeV)?



Length

vy < Mpp ~ 1019 GeV

G7' ~ (10* GeV)?

A~ (10712 GeV)?



NO compelling dynamical mechanisms to soften this quartic
dependence.



The Weinberg prediction for the Cosmological Constant

Structures below horizon mass at equality grow by the same
amount during matter domination
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In practice matter should dominate at the redshift where structures
start to form

— ~ 2 but 1+ 2z5r <10



This result suggests strongly that if it is the anthropic
principle that accounts for the smallness of the cosmolog-
ical constant, then we would expect a vacuum energy
density py ~(10-100)p,, , because there is no anthropic

reason for it to be any smaller.



What’s the physical meaning of changing the CC
Eternally inflating Landscape

Runaways if the primordial contrast or the DM density are changed

Not a quantitatively accurate prediction






dn(A) o< dA
P(A|obs) o< P(obs|A)P(A)



dP(Alobs) = f(A)n(A)dIn A

Prior probability distribution: depends on UV details (string theory,
eternal inflation) and is affected by the measure problem.

Anthropic factor: depends on IR physics, but it’s definition cannot be
precise. It is also affected by the measure problem.

dP(A‘ObS) ~ feﬁ‘(A)H(AObS — A)dlnA
~ AP O(Agps — A)dIn A



dlnp(A)
dln A




Runaways if the primordial contrast or the DM density are changed

Not a quantitatively accurate prediction

Bousso, Freivogel, Leichenauer, Rosenhaus ('07)
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Scanning the weak scale (and just the weak scale) in the multiverse

The EW vev is subject to the anthtopic requirement of the
existence of complex chemistry.

0.4 Vo Vo 1.6 Vo
— I :
No stable hydrogen No heavy elements
H — ni, |IB/A| < my, —my, —me

Notice that these are constraints on the fermion masses NOT on v

Weakless universe!?
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Hall, Pinner, Ruderman (’14)



s it possible to constrain BOTH light quark masses and v?
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As v gets large the universe become He dominated

Likely (?) catastrophic



DM density from anthropic selection
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If the DM density is reduced by a sufficient amount structure will not go non-
linear before CC domination
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In the following: A <A, &p > & (AA> (&ey Ae) ~ (0.5Epo, Ao)

Probability distribution in the xi Lambda plane
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X

Assume observers are made of baryons

Assume they arise after equality

If the baryon to photon ratio is fixed then the total mass in the causal patch is
independent of the DM to baryon ratio, then
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Assumption:

the vicinity of the LSS boundary is determined by environmental
selection

(Requires a posterior pdf preferring small DM density)



LSS boundary and multi-component DM
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The LSS boundary predicts the DM to be single component
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Single component DM:
WIMPs



Consider a SUSY spectrum defined by a fundamental SUSY breaking parameter
m, in which the ratios between sparticle masses are roughly fixed

m" M2

g = dlnﬁl ¥ . AU
1 +m?/v? m>v: &p Mp;

EWV fine tuning

dP (1)

TeV

NO LSS

Predicts a little SUSY hierarchy



Single component DM:
QCD axion



Axion DM: misalignment mechanism

At high temperature (T < f) the axion field is stuck at some location in its potential

a=0;f \

At my(Tose) ~ H(Tose) the axion starts to oscillate around its minimum and the
energy density in the oscillations redshift like non-relativistic matter

Ma(T) ~ ma(Agep/T)>° = Tose ~ 1GeV

1.18
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If the PQ is broken during inflation and is not restored after reheating O takes a
random value in our Hubble patch between 0 and TT. On the other hand 0 is
averaged over the patch and . = 7/V/3

Kim et al ('08)
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Axion production from decay of topological defects should be included. This can
lower f by an order of magnitude.
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The thermal axion window is likely not allowed by a variety of constraints: free-
streaming of LSS by axion hot dark matter, large rate of axion emission by stars.
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probability (%)

Pre-inflationary axion

ADMX |




Pre-inflationary axion
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" ', . rch for Dark Matter Axions"

ADMX

the Axion Dark Matter eXperiment

New ideas are needed to probe low f axions!

see for instance Arvanitaki, Geraci (' 14)



A model & the Higgs mass



Ingredients

AXxion

The multiverse motivates the existence of a solution to the strong CP
problem. If we live close to the LSS boundary for a dynamical reason
then the axion is likely to be DM.

Supersymmetry

Ameliorate the fine tuning of both the EW and CC hierarchies.

Provides a zeroth-order understanding of why the Higgs quartic
coupling is small.



aMSSM

To the matter content of the MSSM add a singlet chiral superfield,
coupled through

W =&SH Ho Viott = EA¢ SHy Hay + m%|S|?

mg > 0

The model has an exact global PQ symmetry which has a color anomaly.
Simplest supersymmetric DFSZ model. The model has domain wall number 3.

At tree level both the PQ and EW symmetry are unbroken.



167TE = 463+ 0(&y?)
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pe ~ E(S) ~ Mye™4m /¢

PQ is broken spontaneously and radiatively. The dynamically generated scale is a
priori independent of the absolute normalization of the soft masses.

LSS boundary: = £€=0(1) = pc > v
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M2, ~ (M%er% Aepc )
~ A 2, +m?
¢HC Ko 1

EWSB with high scale SUSY: det M3, ~ —m3m?

Lo > det M2, ~ NO EWSB

po K m: det M3 ~+m* NO EWSB

EWSB forces: Lo ~ m

A very concrete manifestation of the 4 problem in this setup.
It has an anthropic solution.



V(S) = A(p) + mZ|S(w))> +VI(S;u) +...  I-loop

Expand around the point HPc where the S soft mass vanishes. The leading log
expansion of V then works fine.

mp = ¢S]

Inputs:  mi1, meo, A pe, €

Outputs:  det M3, tanp, f, Aswnm



~ 101° GeV

Mass

The spectrum around H=0
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~ 101° GeV

Mass

The spectrum around H=0
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The Higgs quartic around H=0

Vorm (H) = Agm | H|?
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A postdiction for the Higgs mass!?

SM + a i SM+s+a i W =¢SHHy;+...
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A postdiction for the Higgs mass!?
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The saxion mass is one-loop below the other sparticles. Integrating it out gives a large
and negative contribution to the Higgs quartic coupling. The H=0 vacuum is unstable.

Adgys ~ —1672



A postdiction for the Higgs mass!?

SM + a i SM +s+a i W =¢SH.H,+ ...
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Solid anthropic lower bound on A from vacuum stability
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We are pushed against the instability boundary for A.
Anthropic explanation for the existence of a heavy quark!?
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Assume instantaneous reheating

>
10° 101 1011 1012 1013

Virialization:  p/po < 0.5

Close encounters:  p/po > 10*
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For mSUSY ~ 100TeV axino DM is again allowed



A model with low scale SUSY?

To the matter content of the MSSM add a singlet chiral superfield,
coupled through

1

Vi S?H,H,

W =




