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THE BASIC BUILDING




AXION POTENTIAL
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THE SIZE OF THE EFFECT

a  +/PDM oy (107% eV /101 GeV
Ja Jamaq mg Ja

HIGH MATTER DENSITIES (SN1987A)
HIGH PRECISION + CP-odd EFFECT (EDM measurements)

RESONANCE + LONG INTEGRATION TIME

GOING BACK IN TIME
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THE THREE GRACES OF
BBN



THE THREE GRACES OF
BBN

1. z~ 10

2. §Y,/Y, ~ 10% at 30
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THE THREE GRACES OF
BBN

1. z~ 10

2. §Y,/Y, ~ 10% at 30

3. (Z) — ¢~ Mnmmp)/Tr -y — my, = Amg + dm(a(T))
F

2
Sm =~ (0.37 MeV) (;)
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4He ABUNDANCE

2
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fama 1019
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4He ABUNDANCE IN THE

RELEVANT PLANE
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4He ABUNDANCE IN THE
RELEVANT PLANE
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THE TUNING




MASS TUNING

< SN 1987A
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CP TUNING
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WHY BOTHERING WITH
THE BOUND

RELEVANT TO FUTURE AND
PRESENT EXPERIMENTS

GENERAL POINT ABOUT
REDSHIFTING OPERATORS IN
THE LAGRANGIAN

........ CASPEr| RELATION BETWEEN GLUON-
—— CASPEF2 GLUON COUPLING, EDM AND
: NEUTRON-PROTON MASS

10710721071 107 10 107* 107 10  DIFFERENCE
m, (eV)
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BEFORE THE QCD PHASE
TRANSITION

1 — /- a a yauv b a _
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MODEL DEPENDENT




A GLIMPSE AT THE
ANSWER
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AXIONS AND
GRAVITATIONAL WAVES

COHERENT OSCILLATIONS

Mg = Wy ~ 107* — 10'° Hz wy ~ 1077 — 10" Hz

TINY EFFECTIVE COUPLING (QCD LINE)

h~ 10729 — 109

EDM vs LENGTH EFFECTS
dn ~ (q 0O~ h
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CONCLUSION

WE HAVE SHOWN A NEW CONSTRAINT ON
AXION DARK MATTER PARAMETER SPACE
RELEVANT FOR PRESENT AND FUTURE
EXPERIMENTS

THE RELATION BETWEEN AXION INDUCED
NEUTRON EDM AND NEUTRON-PROTON MASS
DIFFERENCE IS MODEL INDEPENDENT

IT CAN BE EXPLOITED TO OBTAIN NEW
ASTROPHYSICAL CONSTRAINTS AND AVENUES
OF DETECTION

23



BACKUP



STRONG CP PROBLEM
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STRONG CP PROBLEM

ANOMALOUS  U(1)po

SPONTANEOUSLY BROKEN AT ASCALE /.
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BEFORE THE QCD PHASE
TRANSITION




GLUON-GLUON COUPLING
AND QUARK MASSES

¢ _ a IQZOéq QCD




GLUON-GLUON COUPLING
AND QUARK MASSES

1 _ /- a a Yauv aua— 5
[ = 5(‘9“@6’“& + zq:q (20" v, —mg) q — 72T, GG HY — %:Aq%qv“v q

/

g = —(acy)/2fs cu+ca=1




CHIRAL LAGRANGIAN



CHIRAL LAGRANGIAN

icya/ fa
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CHIRAL LAGRANGIAN

c. N (uMu +h.c.))N D clNW AN coNT3N (;)




THE MODEL DEPENDEN'T
PIECE

0,.a frn o KINETIC
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INTERACTIONS
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THE MODEL DEPENDEN'T
PIECE

fn
4fa

LD (cqg— Cy+ Ay — Aa) 8Ma(‘9“7ro

Cus Cd FIELD REDEFINITION

WE FIXED Cy +Cqg =1

BUT WE STILL HAVE THE

FREEDOM TO CHOOSE ~ € — €d = Ad — Au
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THE MODEL DEPENDEN'T
PIECE

1
Liin = 5 (8, 707" + 8,a0"a) — €0,a0" 7"

L
fa



THE MODEL DEPENDEN'T
PIECE

1
Lign = 5 (9,m°0" 7" + 9,00 a) — €0,,ad" 7'
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THE MODEL DEPENDEN'T
PIECE

e sin 6 e cos 6 .
B cos 6 = U2 sin 6
— sin 6 COS

os 6
vV 1—e? vV 1—e?
9 DIAGONALIZES THE
MASS MATRIX




THE MODEL DEPENDEN'T
PIECE

| €sin 0 e cos 0 ‘
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o sin 6 cos 6
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DIAGONALIZES THE
MASS MATRIX
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4He ABUNDANCE IN THE
RELEVANT PLANE

< SN 1987A

1_|_Zm>3/2
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BICEP2

SN 1987A

-------------

CASPErl

- CASPEr2

1071% 1072 10719 108 107 10* 1072 10Y

m, (eV)
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RELATIVISTIC DEGREES
OF FREEDOM




RELATIVISTIC DEGREES
OF FREEDOM
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RELATIVISTIC DEGREES
OF FREEDOM

IF THERMALIZED BY HADRONS
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RELATIVISTIC DEGREES
OF FREEDOM

IF THERMALIZED BY HADRONS

Logolfa(GeV)]



THERMAL AXION
POPULATION

CLThNT

kg ~ VPDM /Mo ~ (T2 /ma)\) 250 /7

Mg

~ 1073 —&
aTh/k OlV



ANALYTICAL V5
NUMERICAL

SIMPLE ANALYTICAL ESTIMATE

famg > 1.0 x 1072 GeV?

Y

FULL NUMERICAL CALCULATION

AXION CORRECTED BOLTZMANN EQUATIONS
(CHANGE IN THE FREEZE-OUT TEMPERATURE)

AXION CORRECTED NEUTRON DECAY BETWEEN
FREEZE-OUT AND BBN

famg > 1.3 x 1072 GeV?

Y
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4He ABUNDANCE
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A TWO AXIONS 5YSTEM
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A TWO AXIONS 5YSTEM
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A TWO AXIONS 5YSTEM

WITHOUT LOSS OF GENERALITY «a <1
NO TACHYONICSTATES B3>0 (|a| < +/5)

THE TWO PREVIOUS CONDITIONS IMPLY

Sy /My my

My, + Mg

f12m12 >
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