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I. Brief motivations
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Standard cosmology requires a dark sector

If both sectors are connected 
via a portal that involves 

integer-charged particles: 

• A new integer-charged 
particle is necessarily heavy;


• But some dark particle can be 
light, and connect to light.
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What can a photon portal be?

1. milli-charge of a new particle: electric monopole

Explore the electromagnetic (EM) form factors of light dark particles:

<latexit sha1_base64="w6I9FD9byIFFZiZPIC6goIxbJxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvXiMaB6QhDA76U2GzM6uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSQfzDjGbkgHkgecUWOl+/Ljaa9YcivuDGSZeBkpQYZar/jV6UcsCVEaJqjWbc+NTTelynAmcFLoJBpjykZ0gG1LJQ1Rd9PZqRNyYpU+CSJlSxoyU39PpDTUehz6tjOkZqgXvan4n9dOTHDVTbmME4OSzRcFiSAmItO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zireRcW9Oy9Vr7M48nAEx1AGDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBoqGNXw==</latexit>

(q)
<latexit sha1_base64="nl7U4b8vcwa34+MoASikxCul5s4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSElE1GXRhS5bsA9oQphMJ+3QmUmcmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb2wUdzc2t7ZtUt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HfUEjipE2UmCXvBvEOQo8nsLK/QlsHAd22ak6U8BF4uakDHLUA/vL68U45URozJBSXddJtJ8hqSlmZFz0UkUShIeoT7qGCsSJ8rPp6WN4ZJQejGJpSmg4VX9PZIgrNeKh6eRID9S8NxH/87qpji79jIok1UTg2aIoZVDHcJID7FFJsGYjQxCW1NwK8QBJhLVJq2hCcOdfXiSt06p7XnUaZ+XaVR5HARyAQ1ABLrgANXAL6qAJMHgEz+AVvFlP1ov1bn3MWpesfGYf/IH1+QNHqJK1</latexit>

�µ(q,Q)
<latexit sha1_base64="zoZ24v5MAH8moUhdaLqkSM3+s6s=">AAACE3icbZDLSgMxFIYz9V5vVZduDhahipYZEXUjeNmIuGjB2kJbh0ya1mCSGZOMUIa+gxtfxY0LRdy6cefbmKmz8PZD4OM/53By/iDiTBvX/XByI6Nj4xOTU/npmdm5+cLC4oUOY0VojYQ8VI0Aa8qZpDXDDKeNSFEsAk7rwfVxWq/fUqVZKM9NP6JtgXuSdRnBxlp+Yf3MT1pKAJNmALAPm8Dg8LIlYijdrMGpn5LFDaiu+YWiW3aHgr/gZVBEmSp+4b3VCUksqDSEY62bnhuZdoKVYYTTQb4Vaxphco17tGlRYkF1OxneNIBV63SgGyr7pIGh+30iwULrvghsp8DmSv+upeZ/tWZsunvthMkoNlSSr0XdmIMJIQ0IOkxRYnjfAiaK2b8CucIKE2NjzNsQvN8n/4WLrbK3U3ar28WDoyyOSbSMVlAJeWgXHaATVEE1RNAdekBP6Nm5dx6dF+f1qzXnZDNL6Iect08KbJp1</latexit>

Lint = �iAµ(q)Jµ(q,Q)

<latexit sha1_base64="oNaisZpmwpzhao9n8ykk8bhMeKI="></latexit>

q =

Z
d3x⇢EM(~x) / J0(q = 0, Q = 0)

the most general Lagrangian taking non-
relativistic 

limit

Non-rel. definition  →  momentum-space

[e.g. Holdom 1986, Raby, West 1987,  
Bagnasco, Dine, Thomas 1993, Foadi, Frandsen, Sannino 2008, …]
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What can a photon portal be?

<latexit sha1_base64="9yBfRcV3rTKzIrS4NcXTarcpWdo=">AAACKHicbZBNS8MwGMfT+TbnW9Wjl+AQNsHRiqgXcehFPE1wL7DWkmbpFpa+kKTCKPs4XvwqXkQU2dVPYtr1oNseCPnze16S5+9GjAppGBOtsLS8srpWXC9tbG5t7+i7ey0RxhyTJg5ZyDsuEoTRgDQllYx0Ik6Q7zLSdoe3ab79TLigYfAoRxGxfdQPqEcxkgo5+vW9Y/kxvIJWNKBPx7BiRYhLiliGU1iFJwuoKq2mt6OXjZqRBZwXZi7KII+Go39YvRDHPgkkZkiIrmlE0k7S8ZiRccmKBYkQHqI+6SoZIJ8IO8kWHcMjRXrQC7k6gYQZ/duRIF+Ike+qSh/JgZjNpXBRrhtL79JOaBDFkgR4+pAXMyhDmLoGe5QTLNlICYQ5VX+FeIA4wlJ5W1ImmLMrz4vWac08rxkPZ+X6TW5HERyAQ1ABJrgAdXAHGqAJMHgBb+ATfGmv2rv2rU2mpQUt79kH/0L7+QV2x6Rp</latexit>

Jµ = �⇤(@µ�)� (@µ�
⇤)�Complex scalar

Dirac fermion

Complex vector

<latexit sha1_base64="RsxQgZzQTlvKObHgUc70Ckbl6ds=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKiboSiG3FVwT6gCeVmOmmHziRhZiKU0rUbf8WNC0Xc+gXu/BsnaRbaeuDCmXPuZe49QcKZ0o7zbS0sLi2vrJbWyusbm1vb9s5uU8WpJLRBYh7LdgCKchbRhmaa03YiKYiA01YwvM781gOVisXRvR4l1BfQj1jICGgjde2D264nUnyJvQAk9hLFsNcHISCXs3fXrjhVJweeJ25BKqhAvWt/eb2YpIJGmnBQquM6ifbHIDUjnE7KXqpoAmQIfdoxNAJBlT/OT5ngI6P0cBhLU5HGufp7YgxCqZEITKcAPVCzXib+53VSHV74YxYlqaYRmX4UphzrGGe54B6TlGg+MgSIZGZXTAYggWiTXtmE4M6ePE+aJ1X3rOrcnVZqV0UcJbSPDtExctE5qqEbVEcNRNAjekav6M16sl6sd+tj2rpgFTN76A+szx+fx5mb</latexit>

Jµ =  ̄�µ 

<latexit sha1_base64="oNaisZpmwpzhao9n8ykk8bhMeKI="></latexit>

q =

Z
d3x⇢EM(~x) / J0(q = 0, Q = 0)

Non-vanishing terms → the interaction operator

<latexit sha1_base64="cdqvvByBDLXzQoFG79qPqSdFknE="></latexit>

Jµ = V +
↵ (@µV

↵)� (@µV
+
↵ )V ↵ imposing Lorentz gauge

Non-rel. definition  →  momentum-space

1. milli-charge of a new particle: electric monopole

<latexit sha1_base64="w6I9FD9byIFFZiZPIC6goIxbJxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvXiMaB6QhDA76U2GzM6uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSQfzDjGbkgHkgecUWOl+/Ljaa9YcivuDGSZeBkpQYZar/jV6UcsCVEaJqjWbc+NTTelynAmcFLoJBpjykZ0gG1LJQ1Rd9PZqRNyYpU+CSJlSxoyU39PpDTUehz6tjOkZqgXvan4n9dOTHDVTbmME4OSzRcFiSAmItO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zireRcW9Oy9Vr7M48nAEx1AGDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBoqGNXw==</latexit>

(q)
<latexit sha1_base64="nl7U4b8vcwa34+MoASikxCul5s4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSElE1GXRhS5bsA9oQphMJ+3QmUmcmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb2wUdzc2t7ZtUt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HfUEjipE2UmCXvBvEOQo8nsLK/QlsHAd22ak6U8BF4uakDHLUA/vL68U45URozJBSXddJtJ8hqSlmZFz0UkUShIeoT7qGCsSJ8rPp6WN4ZJQejGJpSmg4VX9PZIgrNeKh6eRID9S8NxH/87qpji79jIok1UTg2aIoZVDHcJID7FFJsGYjQxCW1NwK8QBJhLVJq2hCcOdfXiSt06p7XnUaZ+XaVR5HARyAQ1ABLrgANXAL6qAJMHgEz+AVvFlP1ov1bn3MWpesfGYf/IH1+QNHqJK1</latexit>

�µ(q,Q)
<latexit sha1_base64="zoZ24v5MAH8moUhdaLqkSM3+s6s=">AAACE3icbZDLSgMxFIYz9V5vVZduDhahipYZEXUjeNmIuGjB2kJbh0ya1mCSGZOMUIa+gxtfxY0LRdy6cefbmKmz8PZD4OM/53By/iDiTBvX/XByI6Nj4xOTU/npmdm5+cLC4oUOY0VojYQ8VI0Aa8qZpDXDDKeNSFEsAk7rwfVxWq/fUqVZKM9NP6JtgXuSdRnBxlp+Yf3MT1pKAJNmALAPm8Dg8LIlYijdrMGpn5LFDaiu+YWiW3aHgr/gZVBEmSp+4b3VCUksqDSEY62bnhuZdoKVYYTTQb4Vaxphco17tGlRYkF1OxneNIBV63SgGyr7pIGh+30iwULrvghsp8DmSv+upeZ/tWZsunvthMkoNlSSr0XdmIMJIQ0IOkxRYnjfAiaK2b8CucIKE2NjzNsQvN8n/4WLrbK3U3ar28WDoyyOSbSMVlAJeWgXHaATVEE1RNAdekBP6Nm5dx6dF+f1qzXnZDNL6Iect08KbJp1</latexit>

Lint = �iAµ(q)Jµ(q,Q)

the most general Lagrangian taking non-
relativistic 

limit

Explore the electromagnetic (EM) form factors of light dark particles:
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What can a photon portal be?

<latexit sha1_base64="Np3fLMUDrwuXmHQ/iBQIgqcWoSM="></latexit>

~µM =
1

2

Z
d3x~x⇥ ~JEM(~x) / (r~q ⇥ ~J)|~q=0

<latexit sha1_base64="GMjb08pGQ6IgFWxc/cs+Jq+L1VQ="></latexit>

~dE =

Z
d3x~x⇢EM(~x) / @J0

@~q
|~q=0

- electric dipole

- magnetic dipole

- (trace) charge radius

- (traceless) electric quadrupole

<latexit sha1_base64="cwrLWVsWgUcNx5EKdiuZR8vSH/s="></latexit>

rqi(r~q ⇥ ~J)j + (i $ j)|~q=0

<latexit sha1_base64="KRiz6I467wy6wc2auZZlBCcaGjw="></latexit>Z
d3xxixj⇢EM(~x) / @2J0

@qi@qj
|~q=0

- magnetic quadrupole,

2. At higher-order (or a EM-neutral particle):  dipoles, quadrupoles, …

Non-rel. definition  →  momentum-space

- anapole moment, … …<latexit sha1_base64="hDvdti3NAv64p7sGenQOWY6Q7T0=">AAACFHicbZDLSsNAFIYn9VbjLerSzWARKmJJiqjLohtxVcFeoIllMpm0QyeZMDMplNKHcOOruHGhiFsX7nwbp2kW2vrDwM93zuHM+f2EUals+9soLC2vrK4V182Nza3tHWt3ryl5KjBpYM64aPtIEkZj0lBUMdJOBEGRz0jLH1xP660hEZLy+F6NEuJFqBfTkGKkNOpaJ2V3SDAULg64gpm/hcczBk9hVTxUc2rCrlWyK3YmuGic3JRArnrX+nIDjtOIxAozJGXHsRPljZFQFDMyMd1UkgThAeqRjrYxioj0xtlRE3ikSQBDLvSLFczo74kxiqQcRb7ujJDqy/naFP5X66QqvPTGNE5SRWI8WxSmDCoOpwnBgAqCFRtpg7Cg+q8Q95FAWOkcTR2CM3/yomlWK855xb47K9Wu8jiK4AAcgjJwwAWogRtQBw2AwSN4Bq/gzXgyXox342PWWjDymX3wR8bnD2x/m0A=</latexit>

(~r · ~J)~r � 2r2 ~J

<latexit sha1_base64="w6I9FD9byIFFZiZPIC6goIxbJxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvXiMaB6QhDA76U2GzM6uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSQfzDjGbkgHkgecUWOl+/Ljaa9YcivuDGSZeBkpQYZar/jV6UcsCVEaJqjWbc+NTTelynAmcFLoJBpjykZ0gG1LJQ1Rd9PZqRNyYpU+CSJlSxoyU39PpDTUehz6tjOkZqgXvan4n9dOTHDVTbmME4OSzRcFiSAmItO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zireRcW9Oy9Vr7M48nAEx1AGDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBoqGNXw==</latexit>

(q)
<latexit sha1_base64="nl7U4b8vcwa34+MoASikxCul5s4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSElE1GXRhS5bsA9oQphMJ+3QmUmcmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb2wUdzc2t7ZtUt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HfUEjipE2UmCXvBvEOQo8nsLK/QlsHAd22ak6U8BF4uakDHLUA/vL68U45URozJBSXddJtJ8hqSlmZFz0UkUShIeoT7qGCsSJ8rPp6WN4ZJQejGJpSmg4VX9PZIgrNeKh6eRID9S8NxH/87qpji79jIok1UTg2aIoZVDHcJID7FFJsGYjQxCW1NwK8QBJhLVJq2hCcOdfXiSt06p7XnUaZ+XaVR5HARyAQ1ABLrgANXAL6qAJMHgEz+AVvFlP1ov1bn3MWpesfGYf/IH1+QNHqJK1</latexit>

�µ(q,Q)
<latexit sha1_base64="zoZ24v5MAH8moUhdaLqkSM3+s6s=">AAACE3icbZDLSgMxFIYz9V5vVZduDhahipYZEXUjeNmIuGjB2kJbh0ya1mCSGZOMUIa+gxtfxY0LRdy6cefbmKmz8PZD4OM/53By/iDiTBvX/XByI6Nj4xOTU/npmdm5+cLC4oUOY0VojYQ8VI0Aa8qZpDXDDKeNSFEsAk7rwfVxWq/fUqVZKM9NP6JtgXuSdRnBxlp+Yf3MT1pKAJNmALAPm8Dg8LIlYijdrMGpn5LFDaiu+YWiW3aHgr/gZVBEmSp+4b3VCUksqDSEY62bnhuZdoKVYYTTQb4Vaxphco17tGlRYkF1OxneNIBV63SgGyr7pIGh+30iwULrvghsp8DmSv+upeZ/tWZsunvthMkoNlSSr0XdmIMJIQ0IOkxRYnjfAiaK2b8CucIKE2NjzNsQvN8n/4WLrbK3U3ar28WDoyyOSbSMVlAJeWgXHaATVEE1RNAdekBP6Nm5dx6dF+f1qzXnZDNL6Iect08KbJp1</latexit>

Lint = �iAµ(q)Jµ(q,Q)

the most general Lagrangian taking non-
relativistic 

limit

Explore the electromagnetic (EM) form factors of light dark particles:
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What can a photon portal be?

a. Scalars have no-spin, thus, 
at higher-order, only can have

<latexit sha1_base64="l1bpiPvVmFIt9Y8Kj4//m7kccDc="></latexit>

(�⇤ $
@µ�)@⌫F

µ⌫

- (trace) charge radius

2. At higher-order (or a EM-neutral particle):  dipoles, quadrupoles, …

<latexit sha1_base64="w6I9FD9byIFFZiZPIC6goIxbJxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvXiMaB6QhDA76U2GzM6uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSQfzDjGbkgHkgecUWOl+/Ljaa9YcivuDGSZeBkpQYZar/jV6UcsCVEaJqjWbc+NTTelynAmcFLoJBpjykZ0gG1LJQ1Rd9PZqRNyYpU+CSJlSxoyU39PpDTUehz6tjOkZqgXvan4n9dOTHDVTbmME4OSzRcFiSAmItO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zireRcW9Oy9Vr7M48nAEx1AGDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBoqGNXw==</latexit>

(q)
<latexit sha1_base64="nl7U4b8vcwa34+MoASikxCul5s4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSElE1GXRhS5bsA9oQphMJ+3QmUmcmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb2wUdzc2t7ZtUt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HfUEjipE2UmCXvBvEOQo8nsLK/QlsHAd22ak6U8BF4uakDHLUA/vL68U45URozJBSXddJtJ8hqSlmZFz0UkUShIeoT7qGCsSJ8rPp6WN4ZJQejGJpSmg4VX9PZIgrNeKh6eRID9S8NxH/87qpji79jIok1UTg2aIoZVDHcJID7FFJsGYjQxCW1NwK8QBJhLVJq2hCcOdfXiSt06p7XnUaZ+XaVR5HARyAQ1ABLrgANXAL6qAJMHgEz+AVvFlP1ov1bn3MWpesfGYf/IH1+QNHqJK1</latexit>

�µ(q,Q)
<latexit sha1_base64="zoZ24v5MAH8moUhdaLqkSM3+s6s=">AAACE3icbZDLSgMxFIYz9V5vVZduDhahipYZEXUjeNmIuGjB2kJbh0ya1mCSGZOMUIa+gxtfxY0LRdy6cefbmKmz8PZD4OM/53By/iDiTBvX/XByI6Nj4xOTU/npmdm5+cLC4oUOY0VojYQ8VI0Aa8qZpDXDDKeNSFEsAk7rwfVxWq/fUqVZKM9NP6JtgXuSdRnBxlp+Yf3MT1pKAJNmALAPm8Dg8LIlYijdrMGpn5LFDaiu+YWiW3aHgr/gZVBEmSp+4b3VCUksqDSEY62bnhuZdoKVYYTTQb4Vaxphco17tGlRYkF1OxneNIBV63SgGyr7pIGh+30iwULrvghsp8DmSv+upeZ/tWZsunvthMkoNlSSr0XdmIMJIQ0IOkxRYnjfAiaK2b8CucIKE2NjzNsQvN8n/4WLrbK3U3ar28WDoyyOSbSMVlAJeWgXHaATVEE1RNAdekBP6Nm5dx6dF+f1qzXnZDNL6Iect08KbJp1</latexit>

Lint = �iAµ(q)Jµ(q,Q)

the most general Lagrangian taking non-
relativistic 

limit

Explore the electromagnetic (EM) form factors of light dark particles:
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What can a photon portal be?

b. independent indices for Dirac fermion

[e.g. Pospelov, Veldhuis 2000, Sigurdson, Doran, Kurylov, 
Caldwell, Kamionkowski  2004, M. Nowakowski, E. A. 
Paschos J. M. Rodriguez 2004, Ho, Scherrer 2012,  Kadota, 
Silk 2014, Mohanty, Rao 2015, …]

2. At higher-order (or a EM-neutral particle):  dipoles, quadrupoles, …

<latexit sha1_base64="w6I9FD9byIFFZiZPIC6goIxbJxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvXiMaB6QhDA76U2GzM6uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSQfzDjGbkgHkgecUWOl+/Ljaa9YcivuDGSZeBkpQYZar/jV6UcsCVEaJqjWbc+NTTelynAmcFLoJBpjykZ0gG1LJQ1Rd9PZqRNyYpU+CSJlSxoyU39PpDTUehz6tjOkZqgXvan4n9dOTHDVTbmME4OSzRcFiSAmItO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zireRcW9Oy9Vr7M48nAEx1AGDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBoqGNXw==</latexit>

(q)
<latexit sha1_base64="nl7U4b8vcwa34+MoASikxCul5s4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSElE1GXRhS5bsA9oQphMJ+3QmUmcmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb2wUdzc2t7ZtUt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HfUEjipE2UmCXvBvEOQo8nsLK/QlsHAd22ak6U8BF4uakDHLUA/vL68U45URozJBSXddJtJ8hqSlmZFz0UkUShIeoT7qGCsSJ8rPp6WN4ZJQejGJpSmg4VX9PZIgrNeKh6eRID9S8NxH/87qpji79jIok1UTg2aIoZVDHcJID7FFJsGYjQxCW1NwK8QBJhLVJq2hCcOdfXiSt06p7XnUaZ+XaVR5HARyAQ1ABLrgANXAL6qAJMHgEz+AVvFlP1ov1bn3MWpesfGYf/IH1+QNHqJK1</latexit>

�µ(q,Q)
<latexit sha1_base64="zoZ24v5MAH8moUhdaLqkSM3+s6s=">AAACE3icbZDLSgMxFIYz9V5vVZduDhahipYZEXUjeNmIuGjB2kJbh0ya1mCSGZOMUIa+gxtfxY0LRdy6cefbmKmz8PZD4OM/53By/iDiTBvX/XByI6Nj4xOTU/npmdm5+cLC4oUOY0VojYQ8VI0Aa8qZpDXDDKeNSFEsAk7rwfVxWq/fUqVZKM9NP6JtgXuSdRnBxlp+Yf3MT1pKAJNmALAPm8Dg8LIlYijdrMGpn5LFDaiu+YWiW3aHgr/gZVBEmSp+4b3VCUksqDSEY62bnhuZdoKVYYTTQb4Vaxphco17tGlRYkF1OxneNIBV63SgGyr7pIGh+30iwULrvghsp8DmSv+upeZ/tWZsunvthMkoNlSSr0XdmIMJIQ0IOkxRYnjfAiaK2b8CucIKE2NjzNsQvN8n/4WLrbK3U3ar28WDoyyOSbSMVlAJeWgXHaATVEE1RNAdekBP6Nm5dx6dF+f1qzXnZDNL6Iect08KbJp1</latexit>

Lint = �iAµ(q)Jµ(q,Q)

the most general Lagrangian taking non-
relativistic 

limit

Explore the electromagnetic (EM) form factors of light dark particles:
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What can a photon portal be?

c. independent indices for vector boson
<latexit sha1_base64="cdqvvByBDLXzQoFG79qPqSdFknE="></latexit>

Jµ = V +
↵ (@µV

↵)� (@µV
+
↵ )V ↵ imposing Lorentz gauge

[e.g. K.Hagiwara, R.Peccei, D.Zeppenfeld&K.Hikasa 1987, J.Nieves & P. B.Pal 1996]

2. At higher-order (or a EM-neutral particle):  dipoles, quadrupoles, …

<latexit sha1_base64="w6I9FD9byIFFZiZPIC6goIxbJxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvXiMaB6QhDA76U2GzM6uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSQfzDjGbkgHkgecUWOl+/Ljaa9YcivuDGSZeBkpQYZar/jV6UcsCVEaJqjWbc+NTTelynAmcFLoJBpjykZ0gG1LJQ1Rd9PZqRNyYpU+CSJlSxoyU39PpDTUehz6tjOkZqgXvan4n9dOTHDVTbmME4OSzRcFiSAmItO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zireRcW9Oy9Vr7M48nAEx1AGDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBoqGNXw==</latexit>

(q)
<latexit sha1_base64="nl7U4b8vcwa34+MoASikxCul5s4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSElE1GXRhS5bsA9oQphMJ+3QmUmcmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb2wUdzc2t7ZtUt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HfUEjipE2UmCXvBvEOQo8nsLK/QlsHAd22ak6U8BF4uakDHLUA/vL68U45URozJBSXddJtJ8hqSlmZFz0UkUShIeoT7qGCsSJ8rPp6WN4ZJQejGJpSmg4VX9PZIgrNeKh6eRID9S8NxH/87qpji79jIok1UTg2aIoZVDHcJID7FFJsGYjQxCW1NwK8QBJhLVJq2hCcOdfXiSt06p7XnUaZ+XaVR5HARyAQ1ABLrgANXAL6qAJMHgEz+AVvFlP1ov1bn3MWpesfGYf/IH1+QNHqJK1</latexit>

�µ(q,Q)
<latexit sha1_base64="zoZ24v5MAH8moUhdaLqkSM3+s6s=">AAACE3icbZDLSgMxFIYz9V5vVZduDhahipYZEXUjeNmIuGjB2kJbh0ya1mCSGZOMUIa+gxtfxY0LRdy6cefbmKmz8PZD4OM/53By/iDiTBvX/XByI6Nj4xOTU/npmdm5+cLC4oUOY0VojYQ8VI0Aa8qZpDXDDKeNSFEsAk7rwfVxWq/fUqVZKM9NP6JtgXuSdRnBxlp+Yf3MT1pKAJNmALAPm8Dg8LIlYijdrMGpn5LFDaiu+YWiW3aHgr/gZVBEmSp+4b3VCUksqDSEY62bnhuZdoKVYYTTQb4Vaxphco17tGlRYkF1OxneNIBV63SgGyr7pIGh+30iwULrvghsp8DmSv+upeZ/tWZsunvthMkoNlSSr0XdmIMJIQ0IOkxRYnjfAiaK2b8CucIKE2NjzNsQvN8n/4WLrbK3U3ar28WDoyyOSbSMVlAJeWgXHaATVEE1RNAdekBP6Nm5dx6dF+f1qzXnZDNL6Iect08KbJp1</latexit>

Lint = �iAµ(q)Jµ(q,Q)

the most general Lagrangian taking non-
relativistic 

limit

Explore the electromagnetic (EM) form factors of light dark particles:
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What can a photon portal be?

For Self-Conjugate particles, 

only C-odd factors survive:

<latexit sha1_base64="64fJIG+SAncctZenuxELFXhYQBU=">AAACIXicbVBNSwMxFMz6WetX1aOXYBEq2LIrouKp2IMeLVgVuqW8TdM2mOxuk7diWfpXvPhXvHhQpDfxz5jWHtQ6EBhm3uNlJoilMOi6H87M7Nz8wmJmKbu8srq2ntvYvDZRohmvsUhG+jYAw6UIeQ0FSn4baw4qkPwmuKuM/Jt7ro2Iwivsx7yhoBOKtmCAVmrmTnzkD5hWBqd+L4GWfw5KQTP1VTIo9Pare9THiBZ/ycXefrG618zl3ZI7Bp0m3oTkyQSXzdzQb0UsUTxEJsGYuufG2EhBo2CSD7J+YngM7A46vG5pCIqbRjpOOKC7VmnRdqTtC5GO1Z8bKShj+iqwkwqwa/56I/E/r55g+6SRijBOkIfs+1A7kdSmHtVFW0JzhrJvCTAt7F8p64IGhrbUrC3B+xt5mlwflLyjkls9zJfPJnVkyDbZIQXikWNSJhfkktQII4/kmbySN+fJeXHeneH36Iwz2dkiv+B8fgHmRqKp</latexit>

C : �µ(q,Q) ! ��µ(�q,�Q)

<latexit sha1_base64="G/KPtM+0JiEZcxpJXhGO58lGl3U=">AAACIXicbVDLSgMxFM34rPVVdekmWIQWtMyIaHFV7EKXFq0KnVLupKmGJjPT5I5Yhv6KG3/FjQtFuhN/xrR24etA4HDOvdycE8RSGHTdd2dqemZ2bj6zkF1cWl5Zza2tX5oo0YzXWSQjfR2A4VKEvI4CJb+ONQcVSH4VdKsj/+qOayOi8AL7MW8quAlFRzBAK7VyZR/5Pabn1cGR30ug7Z+AUtBKfZUMCr2dWpH6GNEf6m5vZ7dWbOXybskdg/4l3oTkyQRnrdzQb0csUTxEJsGYhufG2ExBo2CSD7J+YngMrAs3vGFpCIqbZjpOOKDbVmnTTqTtC5GO1e8bKShj+iqwkwrw1vz2RuJ/XiPBTrmZijBOkIfs61AnkdSGHtVF20JzhrJvCTAt7F8puwUNDG2pWVuC9zvyX3K5V/IOSm5tP185ntSRIZtkixSIRw5JhZySM1InjDyQJ/JCXp1H59l5c4Zfo1POZGeD/IDz8Qkh5qLP</latexit>

SC : �µ(q,Q) ! �µ(�q,�Q)

2. At higher-order (or a EM-neutral particle):  dipoles, quadrupoles, …

<latexit sha1_base64="w6I9FD9byIFFZiZPIC6goIxbJxE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GvXiMaB6QhDA76U2GzM6uM7NCWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqjm6nffEKleSQfzDjGbkgHkgecUWOl+/Ljaa9YcivuDGSZeBkpQYZar/jV6UcsCVEaJqjWbc+NTTelynAmcFLoJBpjykZ0gG1LJQ1Rd9PZqRNyYpU+CSJlSxoyU39PpDTUehz6tjOkZqgXvan4n9dOTHDVTbmME4OSzRcFiSAmItO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt8eZk0zireRcW9Oy9Vr7M48nAEx1AGDy6hCrdQgzowGMAzvMKbI5wX5935mLfmnGzmEP7A+fwBoqGNXw==</latexit>

(q)
<latexit sha1_base64="nl7U4b8vcwa34+MoASikxCul5s4=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSElE1GXRhS5bsA9oQphMJ+3QmUmcmSgl9lPcuFDErV/izr9x2mahrQcuHM65l3vvCRNGlXacb2tpeWV1bb2wUdzc2t7ZtUt7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4fXEbz8QqWgs7vQoIT5HfUEjipE2UmCXvBvEOQo8nsLK/QlsHAd22ak6U8BF4uakDHLUA/vL68U45URozJBSXddJtJ8hqSlmZFz0UkUShIeoT7qGCsSJ8rPp6WN4ZJQejGJpSmg4VX9PZIgrNeKh6eRID9S8NxH/87qpji79jIok1UTg2aIoZVDHcJID7FFJsGYjQxCW1NwK8QBJhLVJq2hCcOdfXiSt06p7XnUaZ+XaVR5HARyAQ1ABLrgANXAL6qAJMHgEz+AVvFlP1ov1bn3MWpesfGYf/IH1+QNHqJK1</latexit>

�µ(q,Q)
<latexit sha1_base64="zoZ24v5MAH8moUhdaLqkSM3+s6s=">AAACE3icbZDLSgMxFIYz9V5vVZduDhahipYZEXUjeNmIuGjB2kJbh0ya1mCSGZOMUIa+gxtfxY0LRdy6cefbmKmz8PZD4OM/53By/iDiTBvX/XByI6Nj4xOTU/npmdm5+cLC4oUOY0VojYQ8VI0Aa8qZpDXDDKeNSFEsAk7rwfVxWq/fUqVZKM9NP6JtgXuSdRnBxlp+Yf3MT1pKAJNmALAPm8Dg8LIlYijdrMGpn5LFDaiu+YWiW3aHgr/gZVBEmSp+4b3VCUksqDSEY62bnhuZdoKVYYTTQb4Vaxphco17tGlRYkF1OxneNIBV63SgGyr7pIGh+30iwULrvghsp8DmSv+upeZ/tWZsunvthMkoNlSSr0XdmIMJIQ0IOkxRYnjfAiaK2b8CucIKE2NjzNsQvN8n/4WLrbK3U3ar28WDoyyOSbSMVlAJeWgXHaATVEE1RNAdekBP6Nm5dx6dF+f1qzXnZDNL6Iect08KbJp1</latexit>

Lint = �iAµ(q)Jµ(q,Q)

the most general Lagrangian taking non-
relativistic 

limit

Explore the electromagnetic (EM) form factors of light dark particles:
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                Incomplete references

3. Inelastic cases (and two-photon cases):  
       typically easier to produce and detect;

       but will not discussed here.

For technical details on multipole expansions, see  e.g. V. M. Dubovik and A. A. Cheshkov. 
1974, K. Gaemers & G. Gounaris, 1979, J. F. Nieves & P. B. Pal 1996, …

/z’

2. At higher-order (or a EM-neutral particle):  dipoles, quadrupoles, …

Relevant for EDGES anomaly, and well constrained recently, see  e.g. E. Gabrielli, L. Marzola, M. 
Raidal & H. Veermäe 1507.00571, A. Berlin, D. Hooper, G. Krnjaic, S. D. McDermott 1803.02804, E. 
D. Kovetz, V. Poulin, V. Gluscevic, K. K. Boddy, R. Barkana, M.  Kamionkowski 1807.11482, T. 
Emken, R. Essig, C. Kouvaris & M. Sholapurkar, 1905.06348, S. Foroughi-Abari, F. Kling & Y. Tsai 
2010.07941, M. A. Buen-Abad, R. Essig, D. McKeen, Y. Zhong 2107.12377, M. Montigny, P. A. 
Ouimet, J. Pinfold, A. Shaa & M.  Staelens 2307.07855, …

1. milli-charge of a new particle: electric monopole

Most have been done for 

massless SM neutrinos.
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II. Sketch of constraints

12
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TeVGeVMeVkeVeV

10�4

10�8

New physics

Precision-frontier

Heavier mass

Coupling to SM

Dark matter traps e/p/𝜸/itself

A typical exclusion plot for a light dark particle

DD with low-recoils, 
boosted DM, etc… Dark matter 

Freeze-out

⬅ Many talks in 
this workshop

Collider sensitive 

Direct Detection 
Intensity-frontier
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TeVGeVMeVkeVeV

10�4

10�8

New physics

Too   


 

  




Heavier mass

Coupling to SM

Dark matter 
Freeze-in

Over-close the Universe? 
if cosmologically stable and 
not annihilating enough….

BBN:

CMB:

Many involves dark pair production in medium
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TeVGeVMeVkeVeV

Coupling to SM

10�4

10�8

New physics

Induce too fast 
supernova cooling? Supernova 

[10-50 MeV]

Heavier mass

Anomalous 
stellar evolution? 

Sun, Red Giant
etc. [keV scale]

Many involves dark pair production in medium

Zuowei Liu’s talk

Haipeng An’s talk
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E.g. plasmon decay

Plasmon/photon decays into a pair of dark particles (1,2) via

<latexit sha1_base64="/c7w8fBzp5ubYhea5plcmrWcfoQ="></latexit>

Iµ⌫invis. =

Z
d⇧p1,p2(2⇡)

4�4(q � p1 � p2)M
µ
�⇤!12M

⌫⇤
�⇤!12

<latexit sha1_base64="LeFcX+8BAMsB2zdN4aYzp4OCL/U="></latexit>

Iµ⌫invis. =
1

8⇡

s

1� 4m2
12

s�⇤
f(s�⇤)(�gµ⌫ +

qµq⌫

s�⇤
)

All rely on pair production through a (thermal) photon

   For milli-charged scalar (S)            and            charge radius of scalar
<latexit sha1_base64="Enf5Xn75NaS3evGDwDkHNzbKq3k="></latexit>

fS(s) =
(✏e)2s(1 + 4m2

�/s)

3

<latexit sha1_base64="oOaNH5NKDIkhzgg542JVue9u/0c="></latexit>

fCR
S (s) =

g21s
3(1 + 4m2

�/s)

3m4
�
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Plasmon/photon decays into a pair of dark particles (1,2) via

<latexit sha1_base64="/c7w8fBzp5ubYhea5plcmrWcfoQ="></latexit>

Iµ⌫invis. =

Z
d⇧p1,p2(2⇡)

4�4(q � p1 � p2)M
µ
�⇤!12M

⌫⇤
�⇤!12

<latexit sha1_base64="LeFcX+8BAMsB2zdN4aYzp4OCL/U="></latexit>

Iµ⌫invis. =
1

8⇡

s

1� 4m2
12

s�⇤
f(s�⇤)(�gµ⌫ +

qµq⌫

s�⇤
)

   For milli-charged scalar,  fermion,  and  vector:   spin matters !
<latexit sha1_base64="Enf5Xn75NaS3evGDwDkHNzbKq3k="></latexit>

fS(s) =
(✏e)2s(1 + 4m2

�/s)

3

<latexit sha1_base64="FDFx9j5zCMG1DoXoNEeg69o8TOg="></latexit>

fV (s) =
(✏e)2(s� 4m2

V )(s
2 � 4m2

V s+ 12m4
V )

12m4
V

<latexit sha1_base64="cGGziOmBmSS+XQBaujq8Wp83SEU="></latexit>

fF (s) =
4(✏e)2s(1 + 2m2

�/s)

3

similar    

apparent 
  

E.g. plasmon decay

All rely on pair production through a (thermal) photon
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<latexit sha1_base64="/c7w8fBzp5ubYhea5plcmrWcfoQ="></latexit>

Iµ⌫invis. =

Z
d⇧p1,p2(2⇡)

4�4(q � p1 � p2)M
µ
�⇤!12M

⌫⇤
�⇤!12

<latexit sha1_base64="LeFcX+8BAMsB2zdN4aYzp4OCL/U="></latexit>

Iµ⌫invis. =
1

8⇡

s

1� 4m2
12

s�⇤
f(s�⇤)(�gµ⌫ +

qµq⌫

s�⇤
)

More factor


for dark vector.

<latexit sha1_base64="DDjW+x0vR1g8d7cL/L6I4BmEZCI=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4qrtF1GPRi8cK9gPatWTTbBuaZEOSFcrSH+HFgyJe/T3e/Dem7R609cHA470ZZuZFijNjff/bW1ldW9/YLGwVt3d29/ZLB4dNk6Sa0AZJeKLbETaUM0kblllO20pTLCJOW9Hoduq3nqg2LJEPdqxoKPBAspgRbJ3UMuei13ys9kplv+LPgJZJkJMy5Kj3Sl/dfkJSQaUlHBvTCXxlwwxrywink2I3NVRhMsID2nFUYkFNmM3OnaBTp/RRnGhX0qKZ+nsiw8KYsYhcp8B2aBa9qfif10ltfB1mTKrUUknmi+KUI5ug6e+ozzQllo8dwUQzdysiQ6wxsS6hogshWHx5mTSrleCy4t9flGs3eRwFOIYTOIMArqAGd1CHBhAYwTO8wpunvBfv3fuYt654+cwR/IH3+QOeeY8Z</latexit>

s/m2
V

Plasmon/photon decays into a pair of dark particles (1,2) via

All rely on pair production through a (thermal) photon
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III. Energy scales excluded

19
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milli-charged, many known in the literature

<latexit sha1_base64="2j+Zf9783FuLz0DacYtIsOBEWf8=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCF8OMaPQY9OIxglkgGUNPpydp0rPQXSPEIV/ixYMiXv0Ub/6NneWgiQ8KHu9VUVXPT6TQ6DjfVm5ldW19I79Z2Nre2S3ae/sNHaeK8TqLZaxaPtVciojXUaDkrURxGvqSN/3hzcRvPnKlRRzd4yjhXkj7kQgEo2ikrl286KAIuSau85CdVsZdu+SUnSnIMnHnpARz1Lr2V6cXszTkETJJtW67ToJeRhUKJvm40Ek1Tygb0j5vGxpRs8zLpoePybFReiSIlakIyVT9PZHRUOtR6JvOkOJAL3oT8T+vnWJw5WUiSlLkEZstClJJMCaTFEhPKM5QjgyhTAlzK2EDqihDk1XBhOAuvrxMGmdlt1J27s5L1et5HHk4hCM4ARcuoQq3UIM6MEjhGV7hzXqyXqx362PWmrPmMwfwB9bnD0oHkjM=</latexit>

5⇥ 10�6

<latexit sha1_base64="Ty17PJQMLTSw1gKAiV9aw+KW8gs=">AAAB+HicbVDJSgNBEK2JW4xLRj16aQyCF8NMEJdb0IvHCGaBZAw9nU7SpGehu0aIQ77EiwdFvPop3vwbO8kcNPFBweO9Kqrq+bEUGh3n28qtrK6tb+Q3C1vbO7tFe2+/oaNEMV5nkYxUy6eaSxHyOgqUvBUrTgNf8qY/upn6zUeutIjCexzH3AvoIBR9wSgaqWsXKx0UAdfEdR7S06tJ1y45ZWcGskzcjJQgQ61rf3V6EUsCHiKTVOu268TopVShYJJPCp1E85iyER3wtqEhNcu8dHb4hBwbpUf6kTIVIpmpvydSGmg9DnzTGVAc6kVvKv7ntRPsX3qpCOMEecjmi/qJJBiRaQqkJxRnKMeGUKaEuZWwIVWUocmqYEJwF19eJo1K2T0vO3dnpep1FkceDuEITsCFC6jCLdSgDgwSeIZXeLOerBfr3fqYt+asbOYA/sD6/AFJ4JIz</latexit>

2⇥ 10�9

<latexit sha1_base64="Jcimpoqtu6U95uZtH8kznylHh6A=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSQq6rHoxWMF+wFtLJvtpl262YTdiVBCf4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbD24nffOLaiFg94CjhfkT7SoSCUbRS03Mfs9PzcbdUdivuFGSReDkpQ45at/TV6cUsjbhCJqkxbc9N0M+oRsEkHxc7qeEJZUPa521LFY248bPpuWNybJUeCWNtSyGZqr8nMhoZM4oC2xlRHJh5byL+57VTDK/9TKgkRa7YbFGYSoIxmfxOekJzhnJkCWVa2FsJG1BNGdqEijYEb/7lRdI4q3iXFff+oly9yeMowCEcwQl4cAVVuIMa1IHBEJ7hFd6cxHlx3p2PWeuSk88cwB84nz9AGY7c</latexit>

10�3

<latexit sha1_base64="747vi46jAYj93OcVAgeCxVIZPWg=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRF1GPRi8cK9gPaWDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGt1O/9cS1EbF6wHHC/YgOlAgFo2illuc+ZufVSa9UdivuDGSZeDkpQ456r/TV7ccsjbhCJqkxHc9N0M+oRsEknxS7qeEJZSM64B1LFY248bPZuRNyapU+CWNtSyGZqb8nMhoZM44C2xlRHJpFbyr+53VSDK/9TKgkRa7YfFGYSoIxmf5O+kJzhnJsCWVa2FsJG1JNGdqEijYEb/HlZdKsVrzLint/Ua7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx8+lI7b</latexit>

10�2

<latexit sha1_base64="FzBBcJcOm59N+PBhb5aA5YcezK4=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4sSRS1GPRi8cK9gPaWDbbSbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqzU8tzH7Lw66ZXKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n83OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTH8nfa6QGTG2hDLF7a2EDamizNiEijYEb/HlZdK8qHiXFfe+Wq7d5HEU4BhO4Aw8uIIa3EEdGsBgBM/wCm9O4rw4787HvHXFyWeO4A+czx9Bno7d</latexit>

10�4

SENSEI-surface
XENON

CMB spectrum

<latexit sha1_base64="u3FhtzR0k56iAopCJXqOlaLLk2E=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4sWxE1GPRi8cK9gPatWTTbBuaTdYkK5Slf8KLB0W8+ne8+W9M2z1o64OBx3szzMwLE8GN9f1vb2l5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSC/sP2SnG426p7Ff8KdAiwTkpQ45at/TV6SmaxkxaKogxbewnNsiItpwKNi52UsMSQoekz9qOShIzE2TTe8fo2Ck9FCntSlo0VX9PZCQ2ZhSHrjMmdmDmvYn4n9dObXQVZFwmqWWSzhZFqUBWocnzqMc1o1aMHCFUc3crogOiCbUuoqILAc+/vEgaZxV8UfHvzsvV6zyOAhzCEZwAhkuowi3UoA4UBDzDK7x5j96L9+59zFqXvHzmAP7A+/wBrgyPFQ==</latexit>

10�11

freeze-in

If full dark matter

Summarise dim-4 constraints:

XC, J.Kuo, J.Pradler 
2001.06042 

freeze-out [excluded]

Stellar 
 SN 
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See   
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CP affects mildly 

EDM

XC, J.Kuo, J.Pradler, L. 
Semmelrock 1908.00553 

MDM

Dirac

1908.00553

Dirac

up to velocity suppressions 
in non-relativistic regime

Summarise dim-5 constraints on fermions:

TeV

PeV

Intensity-frontier (see backup)
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• Colliders easily beats intensity-

frontier for dim-6 operators, while 

both hardly apply to GeV UV-scales.

Summarise dim-6 constraints on fermions:

Dirac Dirac
TeV

GeV
?

?
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Turn to spin-1 case:  vector is different

XC, J. Hisano, A.Ibarra, J.Kuo, J.Pradler, 2303.13643 

1/m-enhanced:  
mostly from 

longitudinal modes

Vector
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IV. Validity of vector constraints

24
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EM form factors are defined at extreme IR-end: 

• For all spins, the C.o.M energy has to be below UV-theory scale ⋀. 

         we can not exclude regions where dimensionless coeff. ⨉ (C.o.M)n> 1 

• Spin-1 case needs to be treated with additional caution:

similar to WW-scattering (with a dark higgs mass above the energy-scale). 

we impose unitarity bound as:

Theoretical validity

This is still not enough, which can be seen in UV-completions:

• EM form factors are not necessarily independent.
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Realization of UV-completion XC, J. Hisano, A.Ibarra, J.Kuo, J.Pradler, 2303.13643 

E.g. consider terms with CP (+ -): 

 each amplitude diverges at mV→0, even 

for transverse mode of V-production.

In this UV model, there is, at first-order,

the divergences in transverse modes 

cancel with each other.

        EM properties of a particle 
may not be independent from each 
other (if they have the same CP).

Dark SU(2) gauge bosons 

  with: 1) dark doublet fermions coupled to photon;

           2) dark doublet Higgs generating masses. 
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V. Conclusions

27
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So far no heavy new particles, try something (with) light? 

Appealing light portal: multi-messenger constraints/observations 

will be important to identify dark states; 

Astrophysics can be extremely useful in probing feeble dark states.

Bounds on EFT parameters/EM factors are not always justified by 

UV models.

Conclusions



Backup
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dark χ around keV-MeV:  intensity-frontier

Electron-beam Proton-beam

XC, J.Kuo, J.Pradler 2001.06042 

XC, J.Pradler, L. Semmelrock 1811.04095
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dark χ around keV-MeV:  cosmos/stellar
They all are based on the argument that:


 (Meta-)stable dark particle should not be overproduced in dense medium.

1. Standard Solar Model has been quite successful, 
constraining anomalous energy loss [J. A. Frieman, S. 

Dimopoulos&M. S. Turner 1987, G. G. Raffelt and G. D. Starkman 1989]: 

2. Maximal core mass NOT to ignite Helium 
burning (red giant)  [G. G. Raffelt 1995]: 

3. Anomalous cooling speeds up stable Helium burning in Horizontal branch, 
reducing its typical ratio in Globular Cluster observations  [G. G. Raffelt 1995]: 
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They all are based on the argument that:


 (Meta-)stable dark particle should not be overproduced in dense medium.

dark χ around keV-MeV:  cosmos/stellar

5. At early Universe (BBN time), medium is at most mild for dark above 
electron mass, so zero-temperature QFT is adopted here.

4. To have successful neutrino-driven SN explosion:

To make χ escape, its mean-free-path in SN should be longer than~40 km (or than ν).

BBN:          T ~ MeV  
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They all are based on the argument that:


 (Meta-)stable dark particle should not be overproduced in dense medium.

5. At early Universe (BBN time), medium is at most mild for dark above 
electron mass, so zero-temperature QFT is adopted here.

4. To have successful neutrino-driven SN explosion:

Caveats do exist in the argument, such as: 

- dark state trapping by additional dark states [e.g. Y. Zhang 1404.7172];


- Production suppression from large thermal mass/small thermal 

coupling of dark states [e.g. W. DeRocco, P. W. Graham, S. Rajendran 2006.15112].


- if SN1987A was not neutrino-driven explosion [e.g. N. Bar, K. Blum & Guido 

D’Amico 1907.05020, and earlier 1601.03422].

To make χ escape, its mean-free-path in SN should be longer than~40 km (or than ν).

dark χ around keV-MeV:  cosmos/stellar
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More dark structure, more signatures: 

Oscillating fine-structure constant: 
 e.g. a light scalar  [Arvanitaki, Huang, Tilburg, 2014, Tilburg, Leefer , 

Bougas, Budker, 2015, Stadnik and V. V. Flambaum 2015, …]

[An, Echenard, Pospelov, Zhang, 2015]

�1�2

Low-energy cosmic photon beyond background:  
excited state [ Tucker-Smith &Weiner, 2001], sterile neutrino [Dodelson& Widrow 1993], …

Higher-derivatives, more photons, non-conserved current, ….

sFµ⌫Fµ⌫

Displaced vertex in detectors:  
 e.g. mixing with long-lived A’, dark bound states

Precision-frontier

Displaced vertex

Detailed cosmos/astro.


