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- Strong CP problem

- Peccei-Quinn mechanism and Axions

- Dark Matter

- Solar axions
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The strong CP “problem”

- P, T violated in the SM, consider

Gµν
a

�Gaµν = ∂µK
µ but cannot be disregarded!

- gauge-invariant QCD Vacua |θ� =
�

n

e−iθn|n�

instantons contribute to

winding number   ...              n=-1         n=0           n=1           n=2           ...   

instanton ∆n=1

Gµν
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�Gaµν

including them in Path Integrals

→ Lθ

- quark phases, axial U(1)
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µ
5 ) Jµ

A

g

g

q∂µJ
µ
5

redefining quark phases I shift theta!

q → eiγ5αq

Lθ = −αs

8π
Gµν

a
�Gaµνθ



Theta shifts

LSM ∈ −muūe
iγ5δuu−mdd̄e

iγ5δdd− αs

8π
G �Gθ

d → e−iγ5
δd
2 du → e−iγ5

δu
2 u

LSM ∈ −muūu+mdd̄d−
αs

8π
G �G (θ + δu + δd)

LSM ∈ −muūe
iγ5θu+mdd̄d etc...

θSM = θQCDvacuum + arg(trMq)

comes from QCD... from Yukawa sector

massless quark,   unphysical!θ



The strong CP “surprise”

- θ �= 0 → Parity and Time-reversal violation (CP)

- Neutron Electric Dipole moment

dn ∼ θ ×O(10−2)[e fm]

dexpn < 3× 10−13[e fm] Baker et al. 2006 ILL Grenoble

Non Observation:

Why ?????θ � 10−11



�Π �3 Π
4

�Π
2

�Π
4

0 Π
4

Π
2

3 Π
4

Π

Veff(θ)

θ

uncertain here

The strong CP “hint”

- there is a certain bias towards θ = 0

QCD vacuum energy 
has a minimum at zero!

- But theta is NOT A DYNAMICAL FIELD

Vafa-Witten NPB 1984, see also Azcoiti-Galante PRL1999
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The strong CP “hint” II                    (DANGER!)

- U(1)A is spontaneously broken and color anomalous

- Goldstone boson couples to            !!!G �G

Jµ
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8π
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�
θ +

η0
fη

�

This is an illustrative slide, don’t take it too seriously

θeff = θ + �η0�/fη
The minimum of  the potential of  
corresponds to 

η0
θeff = 0

- �q̄q� �= 0



The strong CP “hint” II                    (DANGER!)

- U(1)A ... is also explicitly violated by quark masses

This is an illustrative slide, don’t take it too seriously

θeff = θ + �η0�/fη
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uncertain here
V (η0) � VQCD +

1

2
m2η20 + ...

supersimplified model ... one needs including pi0!

V (η0) �
1

2
M2

QCD(θfη + η0)
2 +

1

2
m2η20 + ...

Toy calculation

θeff = θ
m2

m2 +M2

M ∼ mη�

m ∼ O(mπ) θeff ∼ O(10−2)θ

remember other 10^-2 
suppression of theta effects?

Note                         (1 massless quark = no CP)                          m ∝ mq



The strong CP “hint” III : AXIONS                    

- New spontaneously broken U(1)A (extra quarks?)
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- NOT explicitly broken!!!!!!!

- New Goldstone boson:
- New SSB energy scale fa

Lθ =
αs

8π
G �G

�
θ +

η0
fη

+
φ

fa

�

φ

θeff = θ + �η��/fη + �φ�/fa

�η�� = 0

�φ�/fa = −θ

θeff = 0!!!!!

The minimum of  
the potential is now 
P,T conserving

V (η0, φ) =
1

2
M2(θfη + η + φβ)2 +

1

2
m2η20

Peccei and Quinn 77, Weinberg Wilczek 78



The axion and its mass

- Including       π0
and taking for simplicity 

mη� � mπ0 � ma η� ∼ η0 + βφ

β =
fπ
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mη� � M

V (π0, φ) =
1

2
muv

3(π0 − βφ)2 +
1

2
mdv

3(π0 + βφ)2

V (η0, π
0, φ) =

1

2
M2(θfη + η0 + φβ)2 +

1

2
muv

3(η0 + π0)2 +
1

2
mdv

3(η0 − π0)2

m2
π � (mu +md)v

3

m2
a � mumd

mu +md
v3β2 =

mumd

(md +md)2
m2

πf
2
π

fa
�

�
0.006meV

109GeV

fa

�2

a � φ− β

�
η0 −

md −mu

mu +md
π0

�



Axion couplings

- Simplest model, from mixing with mesons derived as before

- more involved models have model-dependent contributions

La,I =
�

N

cN,aN̄γµγ5N
a

fa
+ caγ

α

2π
Fµν

�Fµν a

fa
+ ...

nucleons ... photons ... mesons ... 

a

cγa = −1.92



A simple axion model (KSVZ)

L = LSM + Q̄DQ− (yQ̄LQRΦ+ h.c)− λ|Φ|4 + µ2|Φ|2

Q → eiγ5αQ, Φ → e−2iαΦU(1)A symmetry

New vector quark (EW singlet) + charged scalar

SSB Φ(x) = eiφ(x)ρ(x) → eiφ(x)�ρ�

Low energy lagrangian

L = LSM +
1

2
(∂µφ)

2 − αs

8π
G �G φ

fa

(color anomalous again)

Jµ
A

g

g

qQφ

fa = �ρ�

Kim 78, Shifman-Vainstein-Zakharov 80
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- Lack of  CP violation in QCD... 

- one quark could be massless (ruled out)
- Theta = 0 from some BSM (loop effects)
- there is an axion (make    dynamical)

- axions, simple to obtain BSM
- Goldstone bosons, compatible with GUT, SUSY 
- stringy axions

   
- axions, predictable properties
                (like pi0’s but lighter and more weakly interacting)      

- can be searched for: dark matter and solar axion exps

- imply physics at energy scales 

Partial summary

fa � 109GeV

From Kim and Carosi 2009

θ



- Axions decay 
τ ∼ 1

g2aγm
3
a

∝ 1

m5
a

only low mass axions 
can be DM!

- NON-THERMAL

- THERMAL PRODUCTION ptoday ∼ Ttoday ∼ meV

ma > meV???

p ∼ H ≪ T

- initial conditions
- decay of  cosmic strings, domain walls 

a(t0)

fa
∈ (−π, π)

At PQ phase transition

Axion cold dark matter

Φ(x) = ρ(x)ei
a(x)
fa



Realignment mechanism
(Field space)

Axion cold dark matter I

Φ(x) = ρ(x)ei
a(x)
fa

Ωa,V R

Ωobs
∼

�
40µeV

ma

�1.184



Realignment mechanism Cosmic Strings
(Field space) (Position space)

a = 0

a =
π

2

a =
3π

2
a = π

(T>QCD)

Φ(x) = ρ(x)ei
a(x)
fa

Ωa,V R

Ωobs
∼

�
40µeV

ma

�1.184

Axion cold dark matter I



Realignment mechanism Cosmic Strings Domain Walls
(Field space) (Position space)

a = 0

a =
π

2
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3π

2
a = π

(T>QCD) (T<QCD)

a = 0

π

Φ(x) = ρ(x)ei
a(x)
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Ωobs
∼
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Axion cold dark matter I



Realignment mechanism Cosmic Strings Domain Walls
(Field space) (Position space)

a = 0

a =
π

2

a =
3π

2
a = π

(T>QCD) (T<QCD)

a = 0

π

Ωa,DW+ST

Ωobs

∼
�
40µeV

ma

�1.184

∼
�
400µeV

ma

�1.184{ Sikivie, Harari et at.

Shellard, Davis et at.
Kawasaki, Hiramatsu et at

Ωa,V R

Ωobs
∼

�
40µeV

ma

�1.184

Axion cold dark matter I



Realignment mechanism Cosmic Strings Domain Walls
(Field space) (Position space)

a = 0

a =
π

2

a =
3π

2
a = π

(T>QCD) (T<QCD)

a = 0

π

Size of our universe after inflation fits 
inside one of  these domains
- CSs and DWs are diluted by expansion
- Whole universe has 1 initial value for a

?

?

?

?

?
?

Axion cold dark matter II (PQ before inflation)

Ωa,V R

Ωobs
∼

�
a0
fa

�2 �10µeV

ma
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<latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit><latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit>

E/N = 8/3 (GUT)
<latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit><latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit>
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θ0?
<latexit sha1_base64="qVliobuWkc1oZe+oUn6PMX0waTs=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1JtFLx4rGFtsQ9lsJ+3SzSbsToQS+i+8eFDx6s/x5r9x2+ag1QcDj/dmmJkXplIYdN0vp7S0vLK6Vl6vbGxube9Ud/fuTZJpDj5PZKLbITMghQIfBUpopxpYHEpohaPrqd96BG1Eou5wnEIQs4ESkeAMrfTQxSEg67n0sletuXV3BvqXeAWpkQLNXvWz2094FoNCLpkxHc9NMciZRsElTCrdzEDK+IgNoGOpYjGYIJ9dPKFHVunTKNG2FNKZ+nMiZ7Ex4zi0nTHDoVn0puJ/XifD6CLIhUozBMXni6JMUkzo9H3aFxo4yrEljGthb6V8yDTjaEOq2BC8xZf/Ev+kflZ3b09rjasijTI5IIfkmHjknDTIDWkSn3CiyBN5Ia+OcZ6dN+d93lpyipl98gvOxzcWHZAO</latexit><latexit sha1_base64="qVliobuWkc1oZe+oUn6PMX0waTs=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1JtFLx4rGFtsQ9lsJ+3SzSbsToQS+i+8eFDx6s/x5r9x2+ag1QcDj/dmmJkXplIYdN0vp7S0vLK6Vl6vbGxube9Ud/fuTZJpDj5PZKLbITMghQIfBUpopxpYHEpohaPrqd96BG1Eou5wnEIQs4ESkeAMrfTQxSEg67n0sletuXV3BvqXeAWpkQLNXvWz2094FoNCLpkxHc9NMciZRsElTCrdzEDK+IgNoGOpYjGYIJ9dPKFHVunTKNG2FNKZ+nMiZ7Ex4zi0nTHDoVn0puJ/XifD6CLIhUozBMXni6JMUkzo9H3aFxo4yrEljGthb6V8yDTjaEOq2BC8xZf/Ev+kflZ3b09rjasijTI5IIfkmHjknDTIDWkSn3CiyBN5Ia+OcZ6dN+d93lpyipl98gvOxzcWHZAO</latexit>

θ0 = 1
<latexit sha1_base64="HarENZDIPpYtNU+pvgDuuaekCEc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgrGFNJTNdtsu3WzC7kQooT/DiwcVr/4bb/4bt20O2vpg4PHeDDPzolQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkQNl0JxHwVK3k41p3EkeSsa3U791hPXRiTqAccpD2M6UKIvGEUrBR0ccqRd95p43WrNrbszkGXiFaQGBZrd6lenl7As5gqZpMYEnptimFONgkk+qXQyw1PKRnTAA0sVjbkJ89nJE3JilR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFOq2BC8xZeXiX9Wv6i79+e1xk2RRhmO4BhOwYNLaMAdNMEHBgk8wyu8Oei8OO/Ox7y15BQzh/AHzucPhZqQRw==</latexit><latexit sha1_base64="HarENZDIPpYtNU+pvgDuuaekCEc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgrGFNJTNdtsu3WzC7kQooT/DiwcVr/4bb/4bt20O2vpg4PHeDDPzolQKg6777ZRWVtfWN8qbla3tnd296v7Bo0kyzbjPEpnodkQNl0JxHwVK3k41p3EkeSsa3U791hPXRiTqAccpD2M6UKIvGEUrBR0ccqRd95p43WrNrbszkGXiFaQGBZrd6lenl7As5gqZpMYEnptimFONgkk+qXQyw1PKRnTAA0sVjbkJ89nJE3JilR7pJ9qWQjJTf0/kNDZmHEe2M6Y4NIveVPzPCzLsX4W5UGmGXLH5on4mCSZk+j/pCc0ZyrEllGlhbyVsSDVlaFOq2BC8xZeXiX9Wv6i79+e1xk2RRhmO4BhOwYNLaMAdNMEHBgk8wyu8Oei8OO/Ox7y15BQzh/AHzucPhZqQRw==</latexit>

θ0 � 1
<latexit sha1_base64="7ASSxiC2oDSK6Fo+fwY1TO9Itz4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKRgtNKJvtpl262cTdSaGU/g4vHlS8+me8+W/ctjlo64OBx3szzMyLMikMuu63U1pZXVvfKG9WtrZ3dveq+wcPJs014z5LZapbETVcCsV9FCh5K9OcJpHkj9HgZuo/Drk2IlX3OMp4mNCeErFgFK0UBtjnSDtuICXxOtWaW3dnIMvEK0gNCjQ71a+gm7I84QqZpMa0PTfDcEw1Cib5pBLkhmeUDWiPty1VNOEmHM+OnpATq3RJnGpbCslM/T0xpokxoySynQnFvln0puJ/XjvH+CocC5XlyBWbL4pzSTAl0wRIV2jOUI4soUwLeythfaopQ5tTxYbgLb68TPyz+kXdvTuvNa6LNMpwBMdwCh5cQgNuoQk+MHiCZ3iFN2fovDjvzse8teQUM4fwB87nD04hkVI=</latexit><latexit sha1_base64="7ASSxiC2oDSK6Fo+fwY1TO9Itz4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKRgtNKJvtpl262cTdSaGU/g4vHlS8+me8+W/ctjlo64OBx3szzMyLMikMuu63U1pZXVvfKG9WtrZ3dveq+wcPJs014z5LZapbETVcCsV9FCh5K9OcJpHkj9HgZuo/Drk2IlX3OMp4mNCeErFgFK0UBtjnSDtuICXxOtWaW3dnIMvEK0gNCjQ71a+gm7I84QqZpMa0PTfDcEw1Cib5pBLkhmeUDWiPty1VNOEmHM+OnpATq3RJnGpbCslM/T0xpokxoySynQnFvln0puJ/XjvH+CocC5XlyBWbL4pzSTAl0wRIV2jOUI4soUwLeythfaopQ5tTxYbgLb68TPyz+kXdvTuvNa6LNMpwBMdwCh5cQgNuoQk+MHiCZ3iFN2fovDjvzse8teQUM4fwB87nD04hkVI=</latexit>

anthropic window

fa[GeV]
<latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit><latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit>

ma[eV]
<latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit><latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit>

Inflation singles out 
one initial condition
- which one?

All the observed DM in Axions? where?

average 
initial 
conditions

Domain walls, 
cosmic strings



cγ
<latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit><latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit>

E/N = 0 (hadronic)
<latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit><latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit>

E/N = 8/3 (GUT)
<latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit><latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit>

fa[GeV]
<latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit><latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit>
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First conclusions and roadmap
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Axion - photon mixing in a magnetic field

LI =
gaγ
4

Fµν
�Fµνa = −gaγB ·E a

- In a magnetic field one photon polarization Q-mixes with the axion

Not axions, nor photons are propagation eigenstates!

- Equations of  motion can be easily diagonalised
�
(ω2 − k2)

�
1 0
0 1

�
+

�
0 −gaγ |B|ω

−gaγ |B|ω m2
a

���
A||
a

�
=

�
0
0

�
.

- Dark matter solution v =
k

ω
; ω � ma(1 + v2/2 + ...)

�
A||
a

� ����
DM

∝
�

−χ
1

�
exp(−i(ωt− kz)).

It has a small E field! χ ∼ gaγ |B|
ma

χ ∼ gaγ |B|
ma

Raffelt, PRD’88



Dark Matter cavity experiments

- In a magnetic field B, DM axions trigger electric fields of  order 

|E| ∼ 10−12V

m

B

5Tesla
× cγ

2
with frequency 

and bandwidth

ω � ma

δω ∼ 10−6ma

- Haloscope technique (Sikivie 1982) 

-RESONANT CAVITY
 (boost by the quality factor Q of  the cavity, up to Q~106)
 
-ULTRALOW NOISE MW DETECTORS
 (signal close to quantum limit)

P ∼ 10−26

�
B

5T

cγ
2

�2 A

1m2
Watt

ω

P - PROBLEM: boost only in a small          around 
                         resonant frequency
- Need to scan over resonant frequencies in small steps   
- NEED MANY EXPERIMENTS (mass ranges)

δω
steps



Today’s cavity experiments

ADMX @ Seattle

- 8T field, 1m L, 0.5 m D
- Tuning range 2-4 micro eV
- TM020 up to 9 microeV

- SQUID detector - TS - 0.4 K

- Data already taken at T =2 K
- Dilution refrigerator to mK 2014
- Data taking run 2015

CARRACK @ Kyoto

- 8T field, 0.73 m L, 0.09 m D
- 2.55 GHz + 15%
 (10 microeV)

- Rydberg atoms (down to 10 mK?)
- No known plans!

ADMX-HF at Yale                     NEW!

- Towards HIGH FREQUENCY
- Hybrid cavities to improve Q
- Josephson amplifiers
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Limitations and Ideas

- At high masses:
1 - cavities are small 
2 - Q’s decrease (conductivity of  copper, ASD)
3 - Quantum noise limit increases 

P ∝ A

TQL = ω

- Ideas:
1 - Long cavities (mode overlapping!) 
1 - Dish antenna (forget about Q, make A huge)
2 - hybrid cavities (superconducting parts)
3 - Photon counting (short noise lim) CARRACK

- At low masses: (signal is stronger)
1 - cavities and B-field regions become huge

- Groups at Yale, LLNL, DESY, CERN, interested on these possibilities

- Group at DESY and MPRA Bonn working on 1 microeV cavities. (WISPDMX)



and some news ...

- New AXION INSTITUTE being created in Korea (KAIST Campus)
- CAPP (Center for Axion and Precision Physics)
- Innitiative of  Y. Semerzidis (now director)

- 10 years + renewable ad inf

- Target: 
... to establish a competitive axion dark matter experiment 
in Korea and be involved in state of the art axion dark matter
experiments around the world.  
The institute will be involved in the muon g-2 experiments at 
Fermilab and J-PARC and will play a leading role in the
proton EDM experiment.

- Y. Semerzidis is our Colloquium speaker
  (11th March)



spherical reflecting dish

Horns at al JCAP04(2013)016Dish antenna

Pcenter ≈ �|Ea|2�Area ∼ 10−26

�
B

5T

cγ
2

�2 Area

1m2
Watt

- No need to tune to axion mass
- Broadband (many masses at same time) 
- But no Q enhancement ... falls short 
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<latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit><latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit>

E/N = 0 (hadronic)
<latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit><latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit>

E/N = 8/3 (GUT)
<latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit><latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit>
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- Still insufficient to cover all the parameter space

AXION DM-II

Dish antenna 
possible reach



Oscillating EDM

- Axion DM implies an oscillating neutron EDM 

a(t)

fa
∼ 10−19 cos(mat) → dn ∼ 10−34 cos(mat)ecm

8 orders of  magnitude below the (static) experimental constraint but OSCILLATING

- CASPEr experiment arXiv:1306.6089: 
   Using precise magnetometry to measure 
   tiny deviations from Larmor frequency. 

- High electric fields in special crystals
- High Z atoms 
  (E=0 in nucleus, coupling to higher moments)
  
- Dmitry Budker, new W3 at Mainz University 
  and Helmholtz Institute (Feb 2014) will develop 
  these experiments (and others) at Mainz.  

Graham and Rajendran 2010

Lθ =
αs

8π
tr
�
Gµν

a
�Gaµν

� m2
π

M2

a

fa

http://arxiv.org/abs/1306.6089
http://arxiv.org/abs/1306.6089




Solar axions

- solar axion flux well understood

- Helioscope technique (Sikivie 1982)

a
B− field

γ (X− ray)

- Most sensitive helioscope CAST@CERN
- LHC decommisioned dipole (L=10 m, B=9 T)
- CCD and Micromegas detectors
- 3 h/day Sun tracking
- X-ray optics
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CAST reach

cγ
<latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit><latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit>

E/N = 0 (hadronic)
<latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit><latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit>

E/N = 8/3 (GUT)
<latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit><latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit>

fa[GeV]
<latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit><latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit>

ma[eV]
<latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit><latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit>

ADMX
LLNL

UF

Rochester
CAST-I

II&III

Nγ ∝ (cγma)
4 ×B2 ×Area× sin2(qL)

(qL)2
q =

m2
a −m2

γ

4ω



How much better than CAST can be done?

Towards a next generation axion heliocope (Irastorza et al. JCAP06(2011)013)

very significant boost!



IAXO (International AXion Observatory)

- A NGAH is feasible! but a major step ...
- New collaboration being build
- IAXO requires a DEDICATED MAGNET

- superconducting toroid designed (arXiv:1308.2526)

- L = 20 m
- B = 4 T
- 8 independent warm bores
  (60 cm diameter)
- X-ray optics 
- MICROmegas detectors

- Letter of  Intent to CERN’s SPSC 
- positive feedback (new!) 

- recommendations: 
- encourages to prepare TDR
- enlarge collaboration
- extend physics reach with new detectors (axion DM?)

 

http://arXiv.org/abs/arXiv:1308.2526
http://arXiv.org/abs/arXiv:1308.2526
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IAXO realistic prospects

cγ
<latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit><latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit>

E/N = 0 (hadronic)
<latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit><latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit>

E/N = 8/3 (GUT)
<latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit><latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit>

fa[GeV]
<latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit><latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit>

ma[eV]
<latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit><latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit>
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3 front-lines ...

cγ
<latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit><latexit sha1_base64="r8XtYDqMZjYx4w/5S6p56HlpBMk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6rHoxWMFYwttKJPtpl26u4m7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLUs608bxvp7Syura+Ud6sbG3v7O5V9w8edJIpQgOS8ES1I9SUM0kDwwyn7VRRFBGnrWh0M/VbT1Rplsh7M05pKHAgWcwIGiu1Sa87QCGwV615dW8Gd5n4BalBgWav+tXtJyQTVBrCUeuO76UmzFEZRjidVLqZpimSEQ5ox1KJguown907cU+s0nfjRNmSxp2pvydyFFqPRWQ7BZqhXvSm4n9eJzPxVZgzmWaGSjJfFGfcNYk7fd7tM0WJ4WNLkChmb3XJEBUSYyOq2BD8xZeXSXBWv6h7d+e1xnWRRhmO4BhOwYdLaMAtNCEAAhye4RXenEfnxXl3PuatJaeYOYQ/cD5/AGY3j7s=</latexit>

fa[GeV]
<latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit><latexit sha1_base64="3fHQ4F4gBLih0MnrazguVulKoKI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KomIeix60GMF0xbSUDbbSbt0dxN3N4US+ju8eFDx6p/x5r9x2+agrQ8GHu/NMDMvSjnTxnW/nZXVtfWNzdJWeXtnd2+/cnDY1EmmKPg04YlqR0QDZxJ8wwyHdqqAiIhDKxreTv3WCJRmiXw04xRCQfqSxYwSY6Uw7pKOEhgHd9AMu5WqW3NnwMvEK0gVFWh0K1+dXkIzAdJQTrQOPDc1YU6UYZTDpNzJNKSEDkkfAkslEaDDfHb0BJ9apYfjRNmSBs/U3xM5EVqPRWQ7BTEDvehNxf+8IDPxdZgzmWYGJJ0vijOOTYKnCeAeU0ANH1tCqGL2VkwHRBFqbE5lG4K3+PIy8c9rlzX34aJavynSKKFjdILOkIeuUB3dowbyEUVP6Bm9ojdn5Lw4787HvHXFKWaO0B84nz8KSZEn</latexit>

ma[eV]
<latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit><latexit sha1_base64="H4FAhucnyHmGS9prxScSECx7Dfg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cKpi0koWy2k3bp7ibsboQS+je8eFDx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxnW/ncra+sbmVnW7trO7t39QPzzq6DRXFHya8lT1YqKBMwm+YYZDL1NARMyhG4/vZn73CZRmqXw0kwwiQYaSJYwSY6VQ9EmoBMYBdKJ+veE23TnwKvFK0kAl2v36VzhIaS5AGsqJ1oHnZiYqiDKMcpjWwlxDRuiYDCGwVBIBOirmN0/xmVUGOEmVLWnwXP09URCh9UTEtlMQM9LL3kz8zwtyk9xEBZNZbkDSxaIk59ikeBYAHjAF1PCJJYQqZm/FdEQUocbGVLMheMsvrxL/onnVdB8uG63bMo0qOkGn6Bx56Bq10D1qIx9RlKFn9IrenNx5cd6dj0VrxSlnjtEfOJ8/gP2Q3Q==</latexit>
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E/N = 0 (hadronic)
<latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit><latexit sha1_base64="1Im8B/jLTwBF4QTBR3yYqXWEAJQ=">AAAB/nicbVBNS8NAEN3Ur1q/ooIXL4tFqJeaiKggQlEET1LB2EITymazbZdudsPuRiixB/+KFw8qXv0d3vw3btsctPpg4PHeDDPzwoRRpR3nyyrMzM7NLxQXS0vLK6tr9vrGnRKpxMTDggnZDJEijHLiaaoZaSaSoDhkpBH2L0Z+455IRQW/1YOEBDHqctqhGGkjte2ty/3rM8c/hb6MYaWHIik4xXttu+xUnTHgX+LmpAxy1Nv2px8JnMaEa8yQUi3XSXSQIakpZmRY8lNFEoT7qEtahnIUExVk4/uHcNcoEewIaYprOFZ/TmQoVmoQh6YzRrqnpr2R+J/XSnXnJMgoT1JNOJ4s6qQMagFHYcCISoI1GxiCsKTmVoh7SCKsTWQlE4I7/fJf4h1Uj6rOzWG5dp6nUQTbYAdUgAuOQQ1cgTrwAAYP4Am8gFfr0Xq23qz3SWvBymc2wS9YH9+8iZQx</latexit>

E/N = 8/3 (GUT)
<latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit><latexit sha1_base64="VCFZj62idiMId1mELuDMsFcIu2o=">AAAB+3icbVBNS8NAEN34WetXtEcvi0WolzZV0YIIRRE9SYXGFppQNttNu3SzCbsbIYT6V7x4UPHqH/Hmv3Hb5qCtDwYe780wM8+LGJXKsr6NhcWl5ZXV3Fp+fWNza9vc2X2QYSwwsXHIQtH2kCSMcmIrqhhpR4KgwGOk5Q2vxn7rkQhJQ95USUTcAPU59SlGSktds3BdubuoVY6dc+iIAJZu7OZh1yxaZWsCOE+qGSmCDI2u+eX0QhwHhCvMkJSdqhUpN0VCUczIKO/EkkQID1GfdDTlKCDSTSfHj+CBVnrQD4UuruBE/T2RokDKJPB0Z4DUQM56Y/E/rxMrv+amlEexIhxPF/kxgyqE4yRgjwqCFUs0QVhQfSvEAyQQVjqvvA6hOvvyPLGPyqdl6/6kWL/M0siBPbAPSqAKzkAd3IIGsAEGCXgGr+DNeDJejHfjY9q6YGQzBfAHxucPS8GSJQ==</latexit>
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Conclusions

- Strong CP hint, is there are axion?

- it implies very HEP

- axions are cold dark matter

- DM experiments on the way, 
- ADMX, ADMX-HF, CARRACK test microeV DM a’s
- oscillating EDM (CASPEr) will test nanoeV a’s
- other well motivated masses not covered

- solar axions (meV mass) can be searched with IAXO
- model-independent search
- IAXO’s huge magnetic volume ideal for new DM exps
- very strong involvement of  Zaragoza U.  

- BSM physics can appear at very low energies!


