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I. a light dark sector
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Search for new dark particles:

PeVTeVGeVMeVkeVeV

sterile neutrino 
(baseline exper.)

Heavy charged states 
 in LHC

Massive portal 
(intensity frontier)

Each can easily couple to a photon:

SM/BSM charged particles general kinetic mixing
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No hint of new light d.o.f. from cosmology?
[from K.N. Abazajian & J. Heeck1908.03286]Planck 2018 [1807.06209]

BBN + BAO

That is, new light mediator can only 

be feeble.  

In order to take advantage of a (nearly) massless mediator: 

 SM photon portal 
via dark loop/mixing/confinement


[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?

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

Explore the possible EM form factors of light dark particles:

<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="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)

Non-vanishing terms  
→ the interaction operator

the most general Lagrangian

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

Jµ = V +
↵ (@µV

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

taking non-
relativistic 

limit
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What can a photon portal be?

<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="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. in case that dark particle is QED neutral:  dipoles, quadrupoles, …

the most general Lagrangian

Explore the possible EM form factors of light dark particles:

taking non-
relativistic 

limit
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What can a photon portal be?

<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)

Scalars have no-spin, 
thus only can have

the most general Lagrangian

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

(�⇤ $
@µ�)@⌫F

µ⌫

- (trace) charge radius

Explore the possible EM form factors of light dark particles:

taking non-
relativistic 

limit

2. in case that dark particle is QED neutral:  dipoles, quadrupoles, …
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What can a photon portal be?

<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)

independent indices for Dirac fermion

the most general Lagrangian

[e.g. Pospelov, Veldhuis 2000, Sigurdson, Doran, Kurylov, 
Caldwell, Kamionkowski  2004, Ho, Scherrer 2012,  Kadota, 
Silk 2014, Mohanty, Rao 2015, …]

Explore the possible EM form factors of light dark particles:

taking non-
relativistic 

limit

2. in case that dark particle is QED neutral:  dipoles, quadrupoles, …
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What can a photon portal be?

<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)

independent indices for vector boson

the most general Lagrangian

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

Jµ = V +
↵ (@µV

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

Explore the possible EM form factors of light dark particles:

taking non-
relativistic 

limit

2. in case that dark particle is QED neutral:  dipoles, quadrupoles, …
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What can a photon portal be?

<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

If self-conjugate particles, only 

C-violating factors survive

[F. Boudjema, C. Hamzaoui, V. Rahal, and H. 

C. Ren, Phys. Rev. Lett. 62, 852, 1989]

Explore the possible EM form factors of light dark particles:

taking non-
relativistic 

limit

2. in case that dark particle is QED neutral:  dipoles, quadrupoles, …
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What can a photon portal be?

3. Inelastic cases:  
       typically easier to produce and detect;

       but will not discussed.

For technical details on multipole expansions, see  e.g. K. Gaemers & G. Gounaris, 1979, K. 
Hagiwara, R. D. Peccei, D. Zeppenfeld & K. Hikasa, 1987,  J. F. Nieves & P. B. Pal 1996, …

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

/z’

Explore the possible EM form factors of light dark particles:

2. in case that dark particle is QED neutral:  dipoles, quadrupoles, …
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II. probe a neutral dark sector: 

spin-1/2 v.s. spin-1

12
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10�4

10�8
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Direct detection 

New physics

A typical constrain plot for a light dark particle
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Cosmos/Stellar: dark state production
First half:  total production rate of (off-shell) photons in medium

SM particle  
pair annihilation

Compton 
scattering

SM particle 
Bremsstrahlung 

Preciser to separate the resonant (plasmon) and non-resonant contributions
<latexit sha1_base64="rJ4yy6dFB+TE3JCKK9hDuEMZhXk="></latexit>

� Im⇧L,T

⇡|s�⇤ �⇧L,T |2
= �(s�⇤ �⇧L,T ) + non-reson.
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Stellar cooling bounds are thus derived from dark pair production: 

E.g. plasmon decay

• For T << m, plasmon decay usually dominates the dark production;


• For T ~ m, electron annihilation (in SN) or np Bremsstrahlung (in RG/HB). 

Second half:  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�⇤
)

Cosmos/Stellar: dark state production
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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�⇤
)

Before showing the constraints:


         —  compare f(s) for milli-charged scalar(S) / fermion(F) / vector(V)

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

fV (s) =
(✏e)2(s� 4m2

V )(s
2 � 4m2

V s+ 12m4
V )

12m4
V

<latexit sha1_base64="Enf5Xn75NaS3evGDwDkHNzbKq3k="></latexit>

fS(s) =
(✏e)2s(1 + 4m2

�/s)

3
<latexit sha1_base64="cGGziOmBmSS+XQBaujq8Wp83SEU="></latexit>

fF (s) =
4(✏e)2s(1 + 2m2

�/s)

3 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

Cosmos/Stellar: dark state production
Second half:  plasmon/photon decays into a pair of dark particles (1,2) via
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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�⇤
)

Cosmos/Stellar: dark state production

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

Second half:  plasmon/photon decays into a pair of dark particles (1,2) via
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Summarize the constraints derived

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

TeV

PeV

Dirac Dim-5

Thermal freeze-out via EM 

factors is unlikely, 


while small regions left for 

p/d-wave annihilation.
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Lesson-1. vector is different

XC, J. Hisano, A.Ibarra, J.Kuo, J.Pradler, 2303.13643 XC, J.Kuo, J.Pradler, L. 
Semmelrock 1908.00553 

1/m-enhanced:  
from longitudinal 

mode

Dirac

Vector
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Lesson-2. cosmos/stellar: 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
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Lesson-3. intensity-frontier: same but weaker bounds 

XC, J.Kuo, J.Pradler 2001.06042 EDMMDM

Difficult to constrain 

effective operators 


at low-energy experiments. 

Dirac Dirac

TeV
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III. Validity of the constraints

28
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On the observational side: 

Caveats and theoretical validity

Caveats do exist in extensions, such as: 

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


- Production suppression from large thermal mass 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].
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On the theoretical side: 
EM form factors are defined at extremely IR-end: 

• For all spins, the C.o.M energy has to be below UV-theory scale ⋀. 
            we do 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, may not be enough, and should turn to UV-completion.

      we indicate unitarity bound as:

On the observational side: 

Caveats and theoretical validity

Caveats do exist in extensions, such as: 

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


- Production suppression from large thermal mass 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].
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Realization of UV-completion J. Hisano, A.Ibarra, and R. Nagai, 2007.03216

one can write down all the EM form factors in terms of UV parameters

In the limit of heavy dark fermions/scalars

       Dark SU(2) gauge bosons with: 1) dark doublet leptons that couple to photon;

                                                            2) dark doublet Higgs that generates masses. 
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Realization of UV-completion XC, J. Hisano, A.Ibarra, J.Kuo, J.Pradler, 2303.13643 

A) consider terms with CP (+ -): 

 where each amplitude diverges even for 
transverse V-boson production.

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

the divergences in transverse modes 
cancel with each other.

• Maybe unphysical to separate 
the two operators for vector 
states; 


• Nevertheless, bounds are mostly 
sensitive to the scaling of f(s), 
and thus easy to generalize. 

       Dark SU(2) gauge bosons with: 1) dark doublet leptons that couple to photon;

                                                            2) dark doublet Higgs that generates masses. 
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Realization of UV-completion

This UV model gives at first-order: 

    

so the full couplings are independent of mV.

<latexit sha1_base64="TtJBc7aRsI1jJ2S6zl3Iy/cUtGY="></latexit>

gA1 / gA5 / m2
V /m

2
F and gA4 = 0

For such terms, a UV-completion gives the correct scaling of production rates,


which can stay valid until the SSB scale, which heavy dark higgs enters. 

B) dim-6 terms: 

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

seen from

       Dark SU(2) gauge bosons with: 1) dark doublet leptons that couple to photon;

                                                            2) dark doublet Higgs that generates masses. 
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V. Conclusions

34
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So far no heavy new particles, try something (with) light? 

Multi-messenger constraints/observations will be important to 

identify dark states; 

Intensity/neutrino experiments play an important role. 

Astrophysics can be extremely useful in probing light dark states.

Parameters/values of EM factors not always justified by UV 

models.

Conclusions



Backup
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Anapole Moment and Charge Radius

Dirac

VectorVector

Dirac Dirac
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Milli-charged fermions, mostly in the literature
2010.07941

1905.06348

2307.07855

XC, J.Kuo, J.Pradler 
2001.06042 

1807.11482


