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Motivazioni teoriche per
assioni leggeri,       (0.1÷ 1)µeV
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Steady growth in the interest on the axion

PATRAS @ DESY 2018PATRAS @ DESY 2009
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Motivations
The value of     controls the matter-antimatter asymmetry in QCD

A similar term arises from EW,

No observation of C and CP violation in Nature,

Lstrong,CP = ✓̄
↵s
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✓ = ✓̄ + ✓weak ⇠ O(1)
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No observation of C and CP violation in Nature,

Lstrong,CP = ✓̄
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Tr (EµBµ)

✓̄

|✓| . 10�10

✓ = ✓̄ + ✓weak ⇠ O(1)

⇢coherent / R�3

Maybe it is a 
dynamical field?

✓ = ✓(t,x)
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Early-Universe dynamics of the axion

T & fa T ⇠ fa T . fa T ⇠ ⇤QCD ⌧ fa

Details on the temperature
dependence still debated

(semi-analytical,
lattice simulations)
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Post-inflation scenario

Random initial condition
          we need a UV theory
Axion: angle of a complex scalar field

L = 1
2

���d�dt
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2
� 1

2a2 |r�|2 � V (�)
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The Kibble mechanism (Kibble76)

leads to string network formation

T ⇠ fa

T ⇠ TQCD

Domain walls form and dissipate
(Sikivie82; Georgi+82)
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Destruction of the string-wall network

Courtesy of J. Redondo

Computationally challenging:
all scales from the size of the box     
to the string core       have to be resolved!

H
�1
QCD

f�1
a
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Less crowded than other mass ranges for the QCD axion

INFN Laboratori Nazionali di Frascati        Luca Visinelli, 18-10-2018

Page 21

Axion Dark Matter

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Summary 

• Dark-matter axion mass spans a huge range:

• Particularly well-motivated range: 
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Axion Dark Matter

| Axions - General Theory | Andreas Ringwald, Axions in Stockholm - Reloaded, 26-30 November 2018

Summary 

• Dark-matter axion mass spans a huge range:

• Particularly well-motivated range: 
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Axion as the dark matter?
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Graham et al 2018
Takahashi et al 2018



Destruction of the string-wall network

Figure 2: 3D!2D projection plots of density squared
R

dz(%(x)/%̄)2 showing the densest structures in the 4
stages of the evolution of axion dark matter simulations: string-network scaling (up-left to up-right), domain
walls attached to strings pulling the strings into destruction (down-left) and frozen dark matter field with
axitons (down-right). The simulation parameters are L = 6L1, msa = 1.0, n = 7 and N = 40963.
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Vaquero+2018
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One-parameter theory, falsifiable

Alternative DM candidate: the QCD Axion
One-parameter theory, falsifiable

Effective axion-photon coupling

ga�� / maxion

g a
�
� a
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Modified cosmologies

INFN Laboratori Nazionali di Frascati        Luca Visinelli, 18-10-2018Axion Reloaded in Nordita                      Luca Visinelli, 27-11-2018
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⇢ + 3H⇢ = (1� b)�⇢�
<latexit sha1_base64="sfz+w/T9J2sJIAsZLDxJHSx/w/I="></latexit><latexit sha1_base64="sfz+w/T9J2sJIAsZLDxJHSx/w/I="></latexit><latexit sha1_base64="sfz+w/T9J2sJIAsZLDxJHSx/w/I="></latexit><latexit sha1_base64="sfz+w/T9J2sJIAsZLDxJHSx/w/I="></latexit>

Early matter-dominated cosmology

⇢ 
<latexit sha1_base64="mjsD4m39VjQtMWKr6LchWuXff6I=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8aGciZpyzLLaTfVFIuY0048vp3VO09UG6bkg52kNBJ4KFnCCLbOegz1SPXD1LB+tebX/bnQKgQF1KBQs1/9CgeKZIJKSzg2phf4qY1yrC0jnE4rYWZoiskYD2nPocSCmiifLzxFZ84ZoERp96RFc/f3RI6FMRMRu06B7cgs12bmf7VeZpPrKGcyzSyVZPFRknFkFZpdjwZMU2L5xAEmmrldERlhjYl1GVVcCMHyyavQvqgHju8va42bIo4ynMApnEMAV9CAO2hCCwgIeIZXePO09+K9ex+L1pJXzBzDH3mfP/c5kIA=</latexit><latexit sha1_base64="mjsD4m39VjQtMWKr6LchWuXff6I=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8aGciZpyzLLaTfVFIuY0048vp3VO09UG6bkg52kNBJ4KFnCCLbOegz1SPXD1LB+tebX/bnQKgQF1KBQs1/9CgeKZIJKSzg2phf4qY1yrC0jnE4rYWZoiskYD2nPocSCmiifLzxFZ84ZoERp96RFc/f3RI6FMRMRu06B7cgs12bmf7VeZpPrKGcyzSyVZPFRknFkFZpdjwZMU2L5xAEmmrldERlhjYl1GVVcCMHyyavQvqgHju8va42bIo4ynMApnEMAV9CAO2hCCwgIeIZXePO09+K9ex+L1pJXzBzDH3mfP/c5kIA=</latexit><latexit sha1_base64="mjsD4m39VjQtMWKr6LchWuXff6I=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8aGciZpyzLLaTfVFIuY0048vp3VO09UG6bkg52kNBJ4KFnCCLbOegz1SPXD1LB+tebX/bnQKgQF1KBQs1/9CgeKZIJKSzg2phf4qY1yrC0jnE4rYWZoiskYD2nPocSCmiifLzxFZ84ZoERp96RFc/f3RI6FMRMRu06B7cgs12bmf7VeZpPrKGcyzSyVZPFRknFkFZpdjwZMU2L5xAEmmrldERlhjYl1GVVcCMHyyavQvqgHju8va42bIo4ynMApnEMAV9CAO2hCCwgIeIZXePO09+K9ex+L1pJXzBzDH3mfP/c5kIA=</latexit><latexit sha1_base64="mjsD4m39VjQtMWKr6LchWuXff6I=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYNzWVIMkIZ+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaMyTWiLKK50N8aGciZpyzLLaTfVFIuY0048vp3VO09UG6bkg52kNBJ4KFnCCLbOegz1SPXD1LB+tebX/bnQKgQF1KBQs1/9CgeKZIJKSzg2phf4qY1yrC0jnE4rYWZoiskYD2nPocSCmiifLzxFZ84ZoERp96RFc/f3RI6FMRMRu06B7cgs12bmf7VeZpPrKGcyzSyVZPFRknFkFZpdjwZMU2L5xAEmmrldERlhjYl1GVVcCMHyyavQvqgHju8va42bIo4ynMApnEMAV9CAO2hCCwgIeIZXePO09+K9ex+L1pJXzBzDH3mfP/c5kIA=</latexit>

⇢�
<latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="kPz8GV4EuPuEsUU1ZWi5+qLALt4=">AAAB5XicbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZwT6kM5RMmumE5kWSEcrQX+HGhSL+JXf+G9PHQlsPBD7OSci9J9WcWReG30Fla3tnd6+6XzuoHx4dN07qXasKQ2iHKK5MP8WWciZpxzHHaV8bikXKaS+d3M3z3jM1lin56KaaJgKPJcsYwc5bT7HJ1TDWORs2mmErXAhtQrSCJqzUHja+4pEihaDSEY6tHUShdkmJjWOE01ktLizVmEzwmA48SiyoTcrFwDN04Z0RypTxRzq0cH+/KLGwdipSf1Ngl9v1bG7+lw0Kl90kJZO6cFSS5UdZwZFTaL49GjFDieNTD5gY5mdFJMcGE+c7qvkSovWVN6F71Yo8P4RQhTM4h0uI4Bpu4R7a0AECAl7gDd4DE7wGH8u6KsGqt1P4o+DzB60Zjxo=</latexit><latexit sha1_base64="kPz8GV4EuPuEsUU1ZWi5+qLALt4=">AAAB5XicbZBLSwMxFIXv1FetVatbN8EiuCozbnQpuHFZwT6kM5RMmumE5kWSEcrQX+HGhSL+JXf+G9PHQlsPBD7OSci9J9WcWReG30Fla3tnd6+6XzuoHx4dN07qXasKQ2iHKK5MP8WWciZpxzHHaV8bikXKaS+d3M3z3jM1lin56KaaJgKPJcsYwc5bT7HJ1TDWORs2mmErXAhtQrSCJqzUHja+4pEihaDSEY6tHUShdkmJjWOE01ktLizVmEzwmA48SiyoTcrFwDN04Z0RypTxRzq0cH+/KLGwdipSf1Ngl9v1bG7+lw0Kl90kJZO6cFSS5UdZwZFTaL49GjFDieNTD5gY5mdFJMcGE+c7qvkSovWVN6F71Yo8P4RQhTM4h0uI4Bpu4R7a0AECAl7gDd4DE7wGH8u6KsGqt1P4o+DzB60Zjxo=</latexit><latexit sha1_base64="QSG3DlcirtasVSp/R1+SJ+sbVT8=">AAAB8HicbZC7SgNBFIbPxluMt6ilzWAQrMKujZZBG8sIJlGyS5idzGaHzGWZmRXCkqewsVDE1sex822cJFto4g8DH/85hznnjzPOjPX9b6+ytr6xuVXdru3s7u0f1A+PukblmtAOUVzphxgbypmkHcsspw+ZpljEnPbi8c2s3nui2jAl7+0ko5HAI8kSRrB11mOoUzUIs5QN6g2/6c+FViEooQGl2oP6VzhUJBdUWsKxMf3Az2xUYG0Z4XRaC3NDM0zGeET7DiUW1ETFfOEpOnPOECVKuyctmru/JwosjJmI2HUKbFOzXJuZ/9X6uU2uooLJLLdUksVHSc6RVWh2PRoyTYnlEweYaOZ2RSTFGhPrMqq5EILlk1ehe9EMHN/5jdZ1GUcVTuAUziGAS2jBLbShAwQEPMMrvHnae/HevY9Fa8UrZ47hj7zPH+VCkHE=</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit><latexit sha1_base64="XC6E7jbOhch7oCsxkCXupQW+8ns=">AAAB8HicbZDLSgMxFIbP1Futt6pLN8EiuCozIuiy6MZlBXuRzlAyaaYTmsuQZIRS+hRuXCji1sdx59uYtrPQ1h8CH/85h5zzxxlnxvr+t1daW9/Y3CpvV3Z29/YPqodHbaNyTWiLKK50N8aGciZpyzLLaTfTFIuY0048up3VO09UG6bkgx1nNBJ4KFnCCLbOegx1qvphlrJ+tebX/bnQKgQF1KBQs1/9CgeK5IJKSzg2phf4mY0mWFtGOJ1WwtzQDJMRHtKeQ4kFNdFkvvAUnTlngBKl3ZMWzd3fExMsjBmL2HUKbFOzXJuZ/9V6uU2uowmTWW6pJIuPkpwjq9DsejRgmhLLxw4w0cztikiKNSbWZVRxIQTLJ69C+6IeOL6/rDVuijjKcAKncA4BXEED7qAJLSAg4Ble4c3T3ov37n0sWkteMXMMf+R9/gDmgpB1</latexit>

⇢R
<latexit sha1_base64="1yfFbolNBWiwMg6gX45qvdDwgZ8=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYxX5Au5Rsmm1js8mSzAql9D948aCIV/+PN/+NabsHbX0h8PDODJl5o1QKi77/7a2srq1vbBa2its7u3v7pYPDhtWZYbzOtNSmFVHLpVC8jgIlb6WG0ySSvBkNb6b15hM3Vmj1gKOUhwntKxELRtFZjY4Z6O59t1T2K/5MZBmCHMqQq9YtfXV6mmUJV8gktbYd+CmGY2pQMMknxU5meUrZkPZ526GiCbfheLbthJw6p0dibdxTSGbu74kxTawdJZHrTCgO7GJtav5Xa2cYX4VjodIMuWLzj+JMEtRkejrpCcMZypEDyoxwuxI2oIYydAEVXQjB4snL0DivBI7vLsrV6zyOAhzDCZxBAJdQhVuoQR0YPMIzvMKbp70X7937mLeuePnMEfyR9/kDeYCPDA==</latexit><latexit sha1_base64="1yfFbolNBWiwMg6gX45qvdDwgZ8=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYxX5Au5Rsmm1js8mSzAql9D948aCIV/+PN/+NabsHbX0h8PDODJl5o1QKi77/7a2srq1vbBa2its7u3v7pYPDhtWZYbzOtNSmFVHLpVC8jgIlb6WG0ySSvBkNb6b15hM3Vmj1gKOUhwntKxELRtFZjY4Z6O59t1T2K/5MZBmCHMqQq9YtfXV6mmUJV8gktbYd+CmGY2pQMMknxU5meUrZkPZ526GiCbfheLbthJw6p0dibdxTSGbu74kxTawdJZHrTCgO7GJtav5Xa2cYX4VjodIMuWLzj+JMEtRkejrpCcMZypEDyoxwuxI2oIYydAEVXQjB4snL0DivBI7vLsrV6zyOAhzDCZxBAJdQhVuoQR0YPMIzvMKbp70X7937mLeuePnMEfyR9/kDeYCPDA==</latexit><latexit sha1_base64="1yfFbolNBWiwMg6gX45qvdDwgZ8=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYxX5Au5Rsmm1js8mSzAql9D948aCIV/+PN/+NabsHbX0h8PDODJl5o1QKi77/7a2srq1vbBa2its7u3v7pYPDhtWZYbzOtNSmFVHLpVC8jgIlb6WG0ySSvBkNb6b15hM3Vmj1gKOUhwntKxELRtFZjY4Z6O59t1T2K/5MZBmCHMqQq9YtfXV6mmUJV8gktbYd+CmGY2pQMMknxU5meUrZkPZ526GiCbfheLbthJw6p0dibdxTSGbu74kxTawdJZHrTCgO7GJtav5Xa2cYX4VjodIMuWLzj+JMEtRkejrpCcMZypEDyoxwuxI2oIYydAEVXQjB4snL0DivBI7vLsrV6zyOAhzDCZxBAJdQhVuoQR0YPMIzvMKbp70X7937mLeuePnMEfyR9/kDeYCPDA==</latexit><latexit sha1_base64="1yfFbolNBWiwMg6gX45qvdDwgZ8=">AAAB7XicbZBNSwMxEIZn/az1q+rRS7AInsquCHosevFYxX5Au5Rsmm1js8mSzAql9D948aCIV/+PN/+NabsHbX0h8PDODJl5o1QKi77/7a2srq1vbBa2its7u3v7pYPDhtWZYbzOtNSmFVHLpVC8jgIlb6WG0ySSvBkNb6b15hM3Vmj1gKOUhwntKxELRtFZjY4Z6O59t1T2K/5MZBmCHMqQq9YtfXV6mmUJV8gktbYd+CmGY2pQMMknxU5meUrZkPZ526GiCbfheLbthJw6p0dibdxTSGbu74kxTawdJZHrTCgO7GJtav5Xa2cYX4VjodIMuWLzj+JMEtRkejrpCcMZypEDyoxwuxI2oIYydAEVXQjB4snL0DivBI7vLsrV6zyOAhzDCZxBAJdQhVuoQR0YPMIzvMKbp70X7937mLeuePnMEfyR9/kDeYCPDA==</latexit>
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FIG. 2. In the LTR cosmology, axions are the 100% of the CDM in the white region on the left

(limited by a di↵erent line for each TRH) and in the narrow bands marked by horizontal lines in

the lower right triangle (one line for each TRH).

derived previously in this Section. The LTR isocurvature bound is then, for TRH < T
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(80)

As in the case of the standard cosmology, there are two changes in the power-law dependence

of HI,12 on fa,12 in the LTR cosmology, the first one being at fa = 9.2 ⇥ 1014 T�4/3

RH,MeV
GeV

and the second one at fa = f̂a(TRH). Notice that at large fa, the isocurvature bound is

independent of fa.

ma ⇠ 0.1÷ 10µeV ⌧ standard scenario

fa ⇠ 1015 GeV
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Hidden U(1) gauge symmetries are common to many extensions of the Standard Model proposed
to explain dark matter. The hidden gauge vector bosons of such extensions may mix kinetically with
Standard Model photons, providing a means for electromagnetic power to pass through conducting
barriers. The ADMX detector was used to search for hidden vector bosons originating in an emitter
cavity driven with microwave power. We exclude hidden vector bosons with kinetic couplings χ >
3.48 × 10−8 for masses less than 3 µeV. This limit represents an improvement of more than two
orders of magnitude in sensitivity relative to previous cavity experiments.

PACS numbers: 14.70.Bh,12.20.Fv,07.57.Kp

The Standard Model (SM) of particle physics explains
the electromagnetic, weak and strong interactions of the
leptons and quarks that comprise the visible universe.
Extensions of the SM allow for a so-called hidden sector
of particles; these particles may be so extremely weakly
interacting with the known SM particles that they have
little effect on observations. This hidden sector has been
suggested as a model for dark matter in the universe [1]
where the particles of the hidden sector are charged under
a hidden U(1) gauge symmetry. The hidden U(1) vector
boson may mix kinetically [2] with the SM photon pro-
viding a weak coupling of the hidden sector to the SM.
In those models where the kinetic mixing provides the
only coupling of the hidden sector to the SM, the hidden
vector boson is referred to as a paraphoton. Paraphotons
with a mass between 50 MeV and 1 GeV could provide
a mechanism to explain the excess positron fraction ob-
served by PAMELA [3] while light paraphotons in the
mass range 1 µeV− 1 meV have been shown to produce
a hidden cosmic microwave background (hCMB) [4].

Paraphoton-photon mixing may be detected directly
via the measurement of transmitted power between
shielded microwave cavities [5]. We use the Axion Dark
Matter eXperiment (ADMX) detector in this way to
search for evidence of hidden sector kinetic mixing. This
experiment is sensitive to paraphotons with mγ′ ≈ 3µeV,

∗Currently at XIA LLC, 31057 Genstar Rd., Hayward CA, 94544.
†Currently at Naval Postgraduate School, Monterey CA, 93943.

the low end of the paraphoton mass range that may pro-
duce a hCMB.
In general the Lagrangian describing the SM and a

hidden sector U(1) with kinetic coupling χ is [5]

L = −
1

4
FµνFµν −

1

4
BµνBµν

−
1

2
χFµνBµν +

1

2
m2

γ′BµBµ, (1)

where Bµ is the vector potential of the paraphoton, mγ′

is the mass of the paraphoton, and Fµν and Bµν are
the electromagnetic and hidden sector field strength ten-
sors, respectively. The kinetic coupling described by the
FµνBµν term in Eq. (1) results in a mixing of photons
with paraphotons. The origin of this mixing is made
explicit with the change of basis Bµ → B̃µ − χAµ to
diagonalize the kinetic terms in Eq. (1),

L = −
1

4
FµνFµν −

1

4
B̃µνB̃µν

+
1

2
m2

γ′(B̃µB̃µ − 2χB̃µAµ + χ2AµAµ). (2)

Here, we have absorbed the renormalization of the elec-
tromagnetic gauge coupling e2 → e2/(1− χ2). The mass
term in Eq. (2) coupling the electromagnetic and hid-
den sector vector potentials gives rise to a mixing angle
between hidden sector interaction and mass eigenstates.
This provides the mechanism for paraphoton-photon os-
cillations [6] analogous to that of neutrino flavors.
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