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Introduction :‘""ﬁ’

m Latest cosmic census gives: ~23% or the universe contents made of Dark Matter

\

m Dark Energy = Dark Matter = Standard Model

m Information obtained using gravitational effects - little information about L,
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m MANY models ... simplest: one (or a small number) particle(s) mediate SM-dark
interactions

Dark
sector

Mediator(s) SIEMEENT

Model

Simplest of these: Higgs portal

060 -

where the mediator is a neutral scalar ... that has been interrogated out.

m Most cases: y = real scalar, for simplicity

m Here: y = complex scalar =» global U(1),,, and a conserved charge.
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The model

m Lagrangian:

L = |0x]% — mwe|X|® — Moe|x|* — €lx|}|¢|2 + Lsn

Large enough for DM equilibrium Determines DM-SM
Perturbativity: < O( 4 ) equilibrium

m m, will consider a very wide range: from 10-2° eV to 1 TeV

intended as toy model so I'll ignore naturality
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m [wo statistical systems: DM p and SM

Equilibrium
- DM, - SM: depending on & and H
- DM, throughout (T, always well defined)

m DM, has a conserved charge = p # 0: asymmetric DM

m [he universe: homogeneous, isotropic and flat.
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Cosmology

m Energy, entropy and charge for the Bose gas

Occupation numbers

particles n;re

antiparticles [EEANEN

_ (B(E—,u)/T _ 1)_1 _ (ex(\/—uzju —w) _ 1)

—1

(e(PHm/T _ 1)‘1 — (AT ) _ 1)‘1

m Chemical potential
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Bose-Einstein

|/JJ| < Mepe ; |;L| = Mpe —> condensate
(BEC)
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[ | ThermOdynamiC quantities 1 _
/ condensate

B Jve = qﬁ? + Mbe"Vbe

Conserved charge
I excited states
3
Entropy Sbe = Mpe Ovpe

_ (c) +
Energy Poe — Mpelpe Mpe Tbe

(densities)
1

| A .

Vbe = ﬁ 0 duu (nbe _ nbe)
1 oo

du u? Z [(1+n)In(l+n) — nlnn]

_|_

Obe —
27T2 0 _
n:nbeinbe

1 oo
= duu®v/u? + 1(ng, +ng,)

Tbe =
27T2 0
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m Conserved quantities

-  BE-SM in equilibrium:

)3
S — CONST (Stot = Sbe + Ssm)
Stot
-  BE, SM not in equilibrium:
e _ CoNST e _ CONST
Sbe Ssm

These imply q,/s. .=const
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The Bose-Einstein condensate

m A BEcis present if Charge in the
excited statesc

3
Qbe Mpe Vbe
>

Stot Stot

=Y (w=1)

w=1
| w-m.

) #£0 if

m Always true at sufficiently early times

mbeSVbe ~ T2

= lim Y® =0

T — 00 {
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WIMP-like masses:

, 1.9ev~!
Gws (TpEc) + 2

TgEc ™ Mype

Such a BEc carries little energy:

Mbe e O(100€V)

Poe | T>Tye. Mpe

Y (=1)
0.81
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m BEc at decoupling (non-relativistic gas)

- 1 0.4eV (T,
£l ~ PDM © : oe(Ta) > 32 = Mpe < 1.3keV

Ssm Mpe Ssm Mye mber 52 (27T)3/2

Relic abundance I Presence of a BEc I

m BEc now: similar arguments: Mbe < 88eV

m For such light masses there are additional constraints (discussed later)

3-8 Sept. 2017 & Matter to the Deepest - J. Wudka

11



Relic abundance

m Assume: non-relativistic gas @ decoupling (T = T,). Relic abundance requires:

Qoe 1 ppm 0.4eV

Ssm Mpe Ssm Mype

m Use pu to fix the relic abundance

0.4eV

Mye

Ssm (Td) =~ z(mber/QW)3/2 COSh(/Td) e_mbe/Td
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Hubble
m Decoupling: parameterc

Evolution equation for energy transfer 9 + AHY = —I'Y, ¥ =T —Tsn

_ o Higgs portal
Decoupling condition Heat coupling
capacities
2G
- H=T =

1 1\ €
T="1Ty:
¢ (Cbe+csm) T

G = /OB ds /OOO dt/d3x <Obe(—z's,x)@be(t, 0)> <Osm(—z's,x)©sm(t,o)>

Osm — ‘Cb’27 Obe — |X|2
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T4 (GeV)

m Results for T:
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Direct detection

m T[he cross-section:

1

g =
2(]be|p|

(

1
%

Space-time
volume

Exclude
forward region
/
d3

[ s i)

W’i—>f — |out <f |i>in |2 ) |i>in = a:)nT |07 X>
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States of the
Bose gas

|f>out — a’glutT |07 Y)
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m Constraints from XENON & CDMSLite

i
1. %10~ 0
q
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BEC now: tiny masses

m LSS: Bose gas non-relativistic at z, .,.~3400

a’s,_=const ® x__ >3.5x10’
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Effective number of v species
m BBN:

37
-~ _ | = AN T4 7., ~ M

— AN, <7.2x107°.

Xnow

2.3 x 1016’

Sbhe

= const = Xgpy = \/

SSII]

m No equilibrium with the SM: would require a very large portal coupling ¢

m For such small masses the gas is axion-like (except that the BEc does not require it
to be non-relativistic).
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THE HELL? NO COMMENTS YETZ/?/

Comments

m Indirect detection: like usual Higgs portal
m  WIMP-like restrictions: from direct detection (u “fixes” the relic abundance)

m BEc:
- WIMP-like: only very early (most energy in the excited states;, most charge in the BEc)
- Light masses: can have BEc now, very hard to detect

m Small-mass BEc can have significant effect in galactic dynamics
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Extra slides
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m Calculate G
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m Calculate o:
- Relevant only for WIMP like masses = no BEc
— Thermal average over initial gas states X, sum over final gas states Y

(Wisg)y = / dhz '’ dy dly P u=ay =) (92 4 n2)(92 4 m?)

x (9 +m?)(8 +m?) (T [n(z® — i, x)n(a" — i, xn(y°, y)n" y")])s -

Tl s 1
o= _ﬁue + <1+ﬁ> Erf(u)] o
Y., LX
\/ \ /s p| [Mee
u = (usually < 1)

2
)\ ) \N /\k my 20
1 [ MpeM N egN_Hvr

g0 = 2 2
8TMie | Mbe +MN Mg
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