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Axion Solution

Peccei, Quinn ’77
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Axion Solution

- Axion solution:
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Heavy AXions
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Heavy AXIONS

A toy model D GG
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How Heavy?
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How
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How Heavy?
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Heavy Axion DM



Axion Overclosure!
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Axion Overclosure!

O 0, = misalignment angle,
expected O(1)
"—"
Misalighnment
Production !

0. z 7 o0 \°
gzahleDzo.u( Ja ) ( — >
2% 1013 GeV 1 ueV (T osc)

Q,~10".07- Q' ®
Axion heavy due to SU(N)

& -
What is its cosmology?

Soubhik Kumar, Berkeley 16



Cosmology of a Confining SUWN),,
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Cosmology of a Confining SUWN),,
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Dark Glueball Reheating and Qp,,

Glueball Decay B
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Dark Glueball Reheating and Qp,,
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Axion Lifetime
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Axion Lifetime

Y
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Decaying Heavy Axion DM
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But can we explain baryon
asymmetry given low Tyy?



How Heavy?
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Spontaneous Baryogenesis

Cohen, Kaplan '87

- Fermion coupling as an example:

0,4 Gy S a i spontaneous
f, 1. CPT breaking

Effective "chemical potential”: fermions and anti-
fermions have differing abundances
An, =n — i, ~ guT°/6 with u, ~ alf,

- Need B or L violation: asymmetry in equilibrium

- As B or L violation drops out of equilibrium,
asymmetry also gets frozen out
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Heavy Axion Baryogenesis

Lepton number violation via with scale
set by neutrino mass

Solve Boltzmann equation for the asymmetries

- . _ 0 a
c % aGG + % aWWw + N1 aBB | + ¢ 2 iy
aG ] ] ] af f I

7, 7, 7, ~"f,
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_<& =——=X EI%ia_a 2, _J Cg'oz_nSoc -
dt \ T dr gT H T) "’ f£,T

a \ / )

T " o a runs over weak sphaleron, strong sphaleron,
L =7, Lyg, La, 412, 1. 5, Q1. O, tau Yukawa, top Yukawa, bottom Yukawa,
and the Weinberg operator

Soubhik Kumar, Berkeley 27



Heavy Axion Baryogenesis
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Cosmological History

-+ Two axions - g, with SUN,) and a, with SU(N))

- H ~my: a, starts to oscillate and generates initial
baryon asymmetry

-+ Both cold and thermal ¢, populations — they decay
into SM

- Then ¢, and glueballs of the light sector becomes
important

- Eventually, entropy injections dilute both Q,, and Q,

Soubhik Kumar, Berkeley 29



Explaining both Qp,, and Q,
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Are these SU(N), gauge groups
connected to SM in a deeper way?



Dark Grand Unification: Running

Small mismatch as in non-SUSY theories, but

indicates unification scale ~ 10'° GeV and

Ap ~ 10° GeV
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Dark Grand Unification: Construction

- Orbifold unification:

extra dimensional
theory with 3 . S
C . -

boundary conditions X 8 . 5 z o
breaking gauge B8 SU® B3
invariance - H x5S

= L

% C
Below the /I /I
unification scale | 'R
~ 1/R: 9

G = Ggy X SUQ3),,
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Axions from U(1) Gauge Fields

- Chern-Simons interaction
» TR
1
Jd“x dy( By yBMN + i, eMNPORB, Tr(F NPFQR)>

Jo 482y
TR 2 -
285p
a ~ f = 1
327[2.][;1 , “ 6471'2\/ ]ZRKBgSB
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Conclusion

- Heavy axions can easily arise in UV-motivated
constructions

- keV/-MeV scale axions can naturally explain the
DM abundance

- They also predict line signals at X-ray and
gamma-ray telescopes

-+ It is also possible to explain baryon abundance
with a heavier, second axion

Soubhik Kumar, Berkeley 35



Thanks for your attention!
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Temperature Independent Mass
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Temperature Independent Mass

ppp = — (u+4uy +2u )+ (20, +3p,+ 3u, + 12, + 6pp)/3

Coupled evolution equations

,0.a+3Hpa+%=O,

a

bt + AHO(T — ma) ot + 3HO(ma — T)owm + 22 =0,

ﬁSM+4HPSM—&—@=0,

Ta Ta

3H” M7 = psm + Pa + pth;

AﬁB +3HAnpg = 0.
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Axions from the UV

- 5D Chern-Simons term:
eMNPORA | Tr(FypFor) = (alf,)GG

-+ Similar in spirit to what happens in String Theory
constructions

-+ In fact, with multiple extra dimensions, many ways
of compactifying — many axion (-like particles)
(ALPs)

- One linear combination couples to QCD — QCD
axion. Rest survive as ALPs.
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Axion Coupling

- Linear combination coupling to the dark gauge
group P — Z ay Cqa; G4 G

37 f, d/w da

- Axion potential: 2
cha. —
VNA;‘)<Z ; | 9D>

- Coupling to SM gauge group:

d'a. - dna
== GG =2 =G, G
i 87 fa STT fa chlidl

dr = ,
7Y (c)?
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Axion Lifetime and Dynamics

-+ Into diphotons
2567 f2

2 3
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ayy —a ayy

- AXion abundance
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Temperature Dependence
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