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• We have ample evidence for DM, but internal dynamics of dark 
sector is an open question.  

• If we add extra U(1), gauge invariance and renormalizability allow 
for the kinetic mixing portal term. 

• Bringing kinetic terms into canonical form:

Motivation
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Secluded Hidden Photon
No SM fields are charged under the new U(1) symmetry.
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Secluded              - current statusU(1)X
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Secluded              - future sensitivityU(1)X
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Displaced searches
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    naturally light and weakly coupled:                 

Beam dumps — ideal HP experiments
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Anomaly-free gauge groups
Some SM fields are charged under the new U(1) symmetry.
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• Loop-induced mixing is unavoidable!  
However, it is finite and calculable for             :

Charging SM fields under extra U(1)

�9

γ A′

ℓi,j, νi,j
q

B - L Lµ � L⌧Le � L⌧Lµ � Le

charging 
quarks & 
leptons

charging 1st & 
2nd generation 
leptons

charging 1st & 
3rd generation 
leptons

charging 2nd & 
3rd generation 
leptons

Li � Lj

✏ij(q
2) ' 3 e gij

4⇡2

Z 1

0
dx x(1� x) log

✓
m2

i + q2x(x� 1)

m2
j + q2x(x� 1)

◆

<latexit sha1_base64="VnUEPlOfgdpEb4lEOHwJZMwFI6o="></latexit><latexit sha1_base64="VnUEPlOfgdpEb4lEOHwJZMwFI6o="></latexit><latexit sha1_base64="VnUEPlOfgdpEb4lEOHwJZMwFI6o="></latexit><latexit sha1_base64="VnUEPlOfgdpEb4lEOHwJZMwFI6o="></latexit>

) ✏ij(q2)

2
Fµ⌫F 0

µ⌫
<latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit><latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit><latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit><latexit sha1_base64="7fy6VaSml4wiyH5QuECbFrU6dA8="></latexit>

g0 Q0
f f̄�

µf A0
µ

A′
f̄

f

• Four extra anomaly-free groups within the SM:
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• Hidden photons can modify 
plasmon decay and generate extra 
neutrino cooling of white dwarfs. 

• A limit can be set on the Wilson 
coefficient of the operator  
 
 
where for a hidden photon

White dwarf cooling
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cooling

surface  
cooling

⌫
<latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit><latexit sha1_base64="+5yWkMJ8scbdlaDf83y/+cCWqmY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvquyXrXm1t0ZyDLxClKDAs1e9avbT1gWc4VMUmM6nptikFONgkk+qXQzw1PKRnTAO5YqGnMT5LNTJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62QYXQa5UGmGXLH5oiiTBBMy/Zv0heYM5dgSyrSwtxI2pJoytOlUbAje4svLxD+rX9W9u/Na47pIowxHcAyn4MEFNOAWmuADgwE8wyu8OdJ5cd6dj3lrySlmDuEPnM8fzHGNqw==</latexit>L = CWD (⌫̄�µPL⌫)(ē�µe)

<latexit sha1_base64="wlgMU7i7IUgLr8gUeFAzXGagV5E="></latexit><latexit sha1_base64="wlgMU7i7IUgLr8gUeFAzXGagV5E="></latexit><latexit sha1_base64="wlgMU7i7IUgLr8gUeFAzXGagV5E="></latexit><latexit sha1_base64="wlgMU7i7IUgLr8gUeFAzXGagV5E="></latexit>

CWD =
N⌫ 4⇡

3M2
A0

↵0 Q0
e

<latexit sha1_base64="zTp22JPtPJtKuFJ0JMzurYYnt0w="></latexit><latexit sha1_base64="zTp22JPtPJtKuFJ0JMzurYYnt0w="></latexit><latexit sha1_base64="zTp22JPtPJtKuFJ0JMzurYYnt0w="></latexit><latexit sha1_base64="zTp22JPtPJtKuFJ0JMzurYYnt0w="></latexit>

1.12⇥ 10�5

GeV2 < CWD <
4.50⇥ 10�3

GeV2
<latexit sha1_base64="vfsZ35t0DWkLgBdlm5yUhgdVVB0="></latexit><latexit sha1_base64="vfsZ35t0DWkLgBdlm5yUhgdVVB0="></latexit><latexit sha1_base64="vfsZ35t0DWkLgBdlm5yUhgdVVB0="></latexit><latexit sha1_base64="vfsZ35t0DWkLgBdlm5yUhgdVVB0="></latexit>

[H. K. Dreiner et al.,  Phys. Rev. D 88, 043517 (2013)]

e
<latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit>

e
<latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit><latexit sha1_base64="iOJQ30otWt/XB3rexc60xbw2+YY=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWa2KtU3Zo7A1kmXkGqUKDRq3x1+wnLYpSGCap1x3NTE+RUGc4ETsrdTGNK2YgOsGOppDHqIJ8dOiGnVumTKFG2pCEz9fdETmOtx3FoO2NqhnrRm4r/eZ3MRFdBzmWaGZRsvijKBDEJmX5N+lwhM2JsCWWK21sJG1JFmbHZlG0I3uLLy8Q/r13XvOZFtX5TpFGCYziBM/DgEupwBw3wgQHCM7zCm/PovDjvzse8dcUpZo7gD5zPHzfmjL0=</latexit>

TWD = O(few keV)
<latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit><latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit><latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit><latexit sha1_base64="UuCnb9zn7YiP2Nd5BDD8G9PAspg=">AAACEXicbVDJSgNBEO1xjXGLevTSGAS9hBkR1IMQ1IM3IyRGyAyhp1OTNOlZ6K5RwzDf4MVf8eJBxas3b/6NneXg9qDg8V4VVfX8RAqNtv1pTU3PzM7NFxaKi0vLK6ultfUrHaeKQ4PHMlbXPtMgRQQNFCjhOlHAQl9C0++fDv3mDSgt4qiOgwS8kHUjEQjO0Ejt0m697SLcYdY8y+kxdUOGPc5kdpHvjPUAbmkfrvLddqlsV+wR6F/iTEiZTFBrlz7cTszTECLkkmndcuwEvYwpFFxCXnRTDQnjfdaFlqERC0F72eilnG4bpUODWJmKkI7U7xMZC7UehL7pHJ6sf3tD8T+vlWJw6GUiSlKEiI8XBamkGNNhPrQjFHCUA0MYV8LcSnmPKcbRpFg0ITi/X/5LGnuVo4pzuV+unkzSKJBNskV2iEMOSJWckxppEE7uySN5Ji/Wg/VkvVpv49YpazKzQX7Aev8CQlGdbA==</latexit>



�11

                - current statusLµ � L⌧
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�12

                - future sensitivityLµ � L⌧
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Let there be light DM

Augment field content by light vector-like fermion charged under                   .

�13

U(1)Lµ�L⌧
<latexit sha1_base64="uK+fV5DWkaU/eQZy6/V2QmzjF/Q="></latexit><latexit sha1_base64="uK+fV5DWkaU/eQZy6/V2QmzjF/Q="></latexit><latexit sha1_base64="uK+fV5DWkaU/eQZy6/V2QmzjF/Q="></latexit><latexit sha1_base64="uK+fV5DWkaU/eQZy6/V2QmzjF/Q="></latexit>



• Add a vector-like fermion:

Vector-like DM within 

�14

L = �gµ⌧ Q� �̄�µ�A0
µ

<latexit sha1_base64="Y1le5vi99YcmXbfcTa3tN7lr2G0="></latexit><latexit sha1_base64="Y1le5vi99YcmXbfcTa3tN7lr2G0="></latexit><latexit sha1_base64="Y1le5vi99YcmXbfcTa3tN7lr2G0="></latexit><latexit sha1_base64="Y1le5vi99YcmXbfcTa3tN7lr2G0="></latexit>
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U(1)Lµ�L⌧
<latexit sha1_base64="+BvfSziAtnFMfDG/cdrC4oPwJJc=">AAACJXicbZDLSsNAFIYn9VbrLerSTbAIFbQkIujCRdGNCxcVTFtIQphMJ+3QyYW5CCXkZdz4Km5cWERw5as4TSNo64EZPv5/zsyZP0gp4cI0P7XK0vLK6lp1vbaxubW9o+/udXgiGcI2SmjCegHkmJIY24IIinspwzAKKO4Go5up333EjJMkfhDjFHsRHMQkJAgKJfn6VeYWlzhsEHiZ2TSLOlmA3G5Yx35257uRPFW7gDLPfb3+4xuLYJVQB2W1fX3i9hMkIxwLRCHnjmWmwssgEwRRnNdcyXEK0QgOsKMwhhHmXlYMmBtHSukbYcLUioVRqL87MhhxPo4CdTKCYsjnvan4n+dIEV56GYlTKXCMZg+FkhoiMaaRGX3CMBJ0rAAiRtSsBhpCBpFQwdZUCNb8lxehc9a0FN+f11vXZRxVcAAOQQNY4AK0wC1oAxsg8ARewBuYaM/aq/aufcyOVrSyZx/8Ke3rGzD4oMg=</latexit><latexit sha1_base64="+BvfSziAtnFMfDG/cdrC4oPwJJc=">AAACJXicbZDLSsNAFIYn9VbrLerSTbAIFbQkIujCRdGNCxcVTFtIQphMJ+3QyYW5CCXkZdz4Km5cWERw5as4TSNo64EZPv5/zsyZP0gp4cI0P7XK0vLK6lp1vbaxubW9o+/udXgiGcI2SmjCegHkmJIY24IIinspwzAKKO4Go5up333EjJMkfhDjFHsRHMQkJAgKJfn6VeYWlzhsEHiZ2TSLOlmA3G5Yx35257uRPFW7gDLPfb3+4xuLYJVQB2W1fX3i9hMkIxwLRCHnjmWmwssgEwRRnNdcyXEK0QgOsKMwhhHmXlYMmBtHSukbYcLUioVRqL87MhhxPo4CdTKCYsjnvan4n+dIEV56GYlTKXCMZg+FkhoiMaaRGX3CMBJ0rAAiRtSsBhpCBpFQwdZUCNb8lxehc9a0FN+f11vXZRxVcAAOQQNY4AK0wC1oAxsg8ARewBuYaM/aq/aufcyOVrSyZx/8Ke3rGzD4oMg=</latexit><latexit sha1_base64="+BvfSziAtnFMfDG/cdrC4oPwJJc=">AAACJXicbZDLSsNAFIYn9VbrLerSTbAIFbQkIujCRdGNCxcVTFtIQphMJ+3QyYW5CCXkZdz4Km5cWERw5as4TSNo64EZPv5/zsyZP0gp4cI0P7XK0vLK6lp1vbaxubW9o+/udXgiGcI2SmjCegHkmJIY24IIinspwzAKKO4Go5up333EjJMkfhDjFHsRHMQkJAgKJfn6VeYWlzhsEHiZ2TSLOlmA3G5Yx35257uRPFW7gDLPfb3+4xuLYJVQB2W1fX3i9hMkIxwLRCHnjmWmwssgEwRRnNdcyXEK0QgOsKMwhhHmXlYMmBtHSukbYcLUioVRqL87MhhxPo4CdTKCYsjnvan4n+dIEV56GYlTKXCMZg+FkhoiMaaRGX3CMBJ0rAAiRtSsBhpCBpFQwdZUCNb8lxehc9a0FN+f11vXZRxVcAAOQQNY4AK0wC1oAxsg8ARewBuYaM/aq/aufcyOVrSyZx/8Ke3rGzD4oMg=</latexit><latexit sha1_base64="+BvfSziAtnFMfDG/cdrC4oPwJJc=">AAACJXicbZDLSsNAFIYn9VbrLerSTbAIFbQkIujCRdGNCxcVTFtIQphMJ+3QyYW5CCXkZdz4Km5cWERw5as4TSNo64EZPv5/zsyZP0gp4cI0P7XK0vLK6lp1vbaxubW9o+/udXgiGcI2SmjCegHkmJIY24IIinspwzAKKO4Go5up333EjJMkfhDjFHsRHMQkJAgKJfn6VeYWlzhsEHiZ2TSLOlmA3G5Yx35257uRPFW7gDLPfb3+4xuLYJVQB2W1fX3i9hMkIxwLRCHnjmWmwssgEwRRnNdcyXEK0QgOsKMwhhHmXlYMmBtHSukbYcLUioVRqL87MhhxPo4CdTKCYsjnvan4n+dIEV56GYlTKXCMZg+FkhoiMaaRGX3CMBJ0rAAiRtSsBhpCBpFQwdZUCNb8lxehc9a0FN+f11vXZRxVcAAOQQNY4AK0wC1oAxsg8ARewBuYaM/aq/aufcyOVrSyZx/8Ke3rGzD4oMg=</latexit>



• Gauge couplings to SM particles can dramatically reshape the 
landscape of HP constraints. 
         Different experiments are sensitive to different scenarios! 

• New white dwarf limit improved over previous Borexino 
constraints and rules out part of the                   explanation  
of                .  

• Future experiments like Belle-II, SHiP and a dedicated muon run 
of NA64 could rule out large part of parameter space. 

• Simultaneous explanation of                   and            in 
extended                     .  

Conclusions

�15

Lµ � L⌧

Thank you for your attention!

(g � 2)µ
<latexit sha1_base64="g5bvreq3XMf3VoDE6vjWiKonblQ=">AAAB/3icbVC7TsMwFL0pr1JeASQWloiCVAaqpAuMFSyMRaIPqY0ix3Faq44T2Q5SFTrwKywMIMSExMY3sPEh7DhtBygcyfLROffKx8dPGJXKtj+NwsLi0vJKcbW0tr6xuWVu77RknApMmjhmsej4SBJGOWkqqhjpJIKgyGek7Q8vcr99Q4SkMb9Wo4S4EepzGlKMlJY8c6/nxyyQo0hfWaV/Ujv2elE69syyXbUnsP4SZ0bK9cOv13cAaHjmRy+IcRoRrjBDUnYdO1FuhoSimJFxqZdKkiA8RH3S1ZSjiEg3m+QfW0daCawwFvpwZU3UnxsZimQeUU9GSA3kvJeL/3ndVIVnbkZ5kirC8fShMGWWiq28DCuggmDFRpogLKjOauEBEggrXVlJl+DMf/kvadWqjuZXTrl+DlMUYR8OoAIOnEIdLqEBTcBwC/fwCE/GnfFgPBsv09GCMdvZhV8w3r4BVGqYkg==</latexit><latexit sha1_base64="7FFNjwD81KXy7qVL2P/622H4ubE=">AAAB/3icbVA7T8MwGHTKq7Q8AkgsLBEFqQxUSRcYK1gYi0QfUhNFjuO0Vm0nsp1KVejAX2FhACEmJGb+ARs/BGbcxwAtJ1k+3X2ffL4goUQq2/40ckvLK6tr+fVCcWNza9vc2W3KOBUIN1BMY9EOoMSUcNxQRFHcTgSGLKC4FfQvx35rgIUkMb9RwwR7DHY5iQiCSku+ue8GMQ3lkOkrK3dPqye+y9KRb5bsij2BtUicGSnVjr5e3wfF77pvfrhhjFKGuUIUStlx7ER5GRSKIIpHBTeVOIGoD7u4oymHDEsvm+QfWcdaCa0oFvpwZU3U3xsZZHIcUU8yqHpy3huL/3mdVEXnXkZ4kirM0fShKKWWiq1xGVZIBEaKDjWBSBCd1UI9KCBSurKCLsGZ//IiaVYrjubXTql2AabIgwNwCMrAAWegBq5AHTQAArfgHjyCJ+POeDCejZfpaM6Y7eyBPzDefgBNCpoM</latexit><latexit sha1_base64="7FFNjwD81KXy7qVL2P/622H4ubE=">AAAB/3icbVA7T8MwGHTKq7Q8AkgsLBEFqQxUSRcYK1gYi0QfUhNFjuO0Vm0nsp1KVejAX2FhACEmJGb+ARs/BGbcxwAtJ1k+3X2ffL4goUQq2/40ckvLK6tr+fVCcWNza9vc2W3KOBUIN1BMY9EOoMSUcNxQRFHcTgSGLKC4FfQvx35rgIUkMb9RwwR7DHY5iQiCSku+ue8GMQ3lkOkrK3dPqye+y9KRb5bsij2BtUicGSnVjr5e3wfF77pvfrhhjFKGuUIUStlx7ER5GRSKIIpHBTeVOIGoD7u4oymHDEsvm+QfWcdaCa0oFvpwZU3U3xsZZHIcUU8yqHpy3huL/3mdVEXnXkZ4kirM0fShKKWWiq1xGVZIBEaKDjWBSBCd1UI9KCBSurKCLsGZ//IiaVYrjubXTql2AabIgwNwCMrAAWegBq5AHTQAArfgHjyCJ+POeDCejZfpaM6Y7eyBPzDefgBNCpoM</latexit><latexit sha1_base64="Nn+g19Dvv8PThyvsB3QmK+Arz2c=">AAAB/3icbVC9TsMwGHTKXyl/ASQWFosKqQxUSRcYK1gYi0RLpSaKHMdprdpOZDtIVejAq7AwgBArr8HG2+C0GaDlJMunu++TzxemjCrtON9WZWV1bX2julnb2t7Z3bP3D3oqySQmXZywRPZDpAijgnQ11Yz0U0kQDxm5D8fXhX//QKSiibjTk5T4HA0FjSlG2kiBfeSFCYvUhJsrbwzPW2eBx7NpYNedpjMDXCZuSeqgRCewv7wowRknQmOGlBq4Tqr9HElNMSPTmpcpkiI8RkMyMFQgTpSfz/JP4alRIhgn0hyh4Uz9vZEjroqIZpIjPVKLXiH+5w0yHV/6ORVpponA84fijEGdwKIMGFFJsGYTQxCW1GSFeIQkwtpUVjMluItfXia9VtM1/Natt6/KOqrgGJyABnDBBWiDG9ABXYDBI3gGr+DNerJerHfrYz5ascqdQ/AH1ucPifqVww==</latexit>

⌦DM
<latexit sha1_base64="mZ2auad9WeOWRoDoPPTM7WaRLVg=">AAACBnicbVA9SwNBEJ3zM8avU8FGhMMgWMmdjZZBLWzEBEwUcse5t5nExb0PdufEcKSy8a/YWChi62+ws/G3uEks/Hqw7OO9GWbmRZkUmlz33Robn5icmi7NlGfn5hcW7aXlpk5zxbHBU5mq84hplCLBBgmSeJ4pZHEk8Sy6Ohj4Z9eotEiTU+plGMSsm4iO4IyMFNrrfpTKtu7F5iv8kxi7LPQJb6g4PO73Q7vibrtDOH+J90Uq1dX6xwUA1EL7zW+nPI8xIS6Z1i3PzSgomCLBJfbLfq4xY/yKdbFlaMJi1EExPKPvbBql7XRSZV5CzlD93lGwWA82NZUxo0v92xuI/3mtnDp7QSGSLCdM+GhQJ5cOpc4gE6ctFHKSPUMYV8Ls6vBLphgnk1zZhOD9Pvkvae5se4bXvUp1H0YowRpswBZ4sAtVOIIaNIDDLdzDIzxZd9aD9Wy9jErHrK+eFfgB6/UT3yabiA==</latexit><latexit sha1_base64="melQYkzP+e8kwhyOvriyCzjNmqc=">AAACBnicbVC7SgNBFJ31GeMrKtiIsBgEq7Bro2WIFjZiAuYB2WWZndwkQ2YfzNwVw5LKxl+x0EIRWwu/wM7Gb3HyKDTxwDCHc+7l3nv8WHCFlvVlzM0vLC4tZ1ayq2vrG5u5re2aihLJoMoiEcmGTxUIHkIVOQpoxBJo4Auo+72zoV+/Aal4FF5jPwY3oJ2QtzmjqCUvt+/4kWipfqC/1LkKoEM9B+EW0/PLwcDL5a2CNYI5S+wJyRd3K9/8sfRR9nKfTitiSQAhMkGVatpWjG5KJXImYJB1EgUxZT3agaamIQ1AuenojIF5qJWW2Y6kfiGaI/V3R0oDNdxUVwYUu2raG4r/ec0E26duysM4QQjZeFA7ESZG5jATs8UlMBR9TSiTXO9qsi6VlKFOLqtDsKdPniW144KtecXOF0tkjAzZIwfkiNjkhBTJBSmTKmHkjjyQZ/Ji3BtPxqvxNi6dMyY9O+QPjPcfMHadRA==</latexit><latexit sha1_base64="melQYkzP+e8kwhyOvriyCzjNmqc=">AAACBnicbVC7SgNBFJ31GeMrKtiIsBgEq7Bro2WIFjZiAuYB2WWZndwkQ2YfzNwVw5LKxl+x0EIRWwu/wM7Gb3HyKDTxwDCHc+7l3nv8WHCFlvVlzM0vLC4tZ1ayq2vrG5u5re2aihLJoMoiEcmGTxUIHkIVOQpoxBJo4Auo+72zoV+/Aal4FF5jPwY3oJ2QtzmjqCUvt+/4kWipfqC/1LkKoEM9B+EW0/PLwcDL5a2CNYI5S+wJyRd3K9/8sfRR9nKfTitiSQAhMkGVatpWjG5KJXImYJB1EgUxZT3agaamIQ1AuenojIF5qJWW2Y6kfiGaI/V3R0oDNdxUVwYUu2raG4r/ec0E26duysM4QQjZeFA7ESZG5jATs8UlMBR9TSiTXO9qsi6VlKFOLqtDsKdPniW144KtecXOF0tkjAzZIwfkiNjkhBTJBSmTKmHkjjyQZ/Ji3BtPxqvxNi6dMyY9O+QPjPcfMHadRA==</latexit><latexit sha1_base64="LLNTby//Kd5SeUOzMRwMugOA8Ss=">AAACBnicbVBNS8NAEN34WetX1aMIwSJ4KokXPRb14EWsYD+gKWGzmbZLN5uwOxFL6MmLf8WLB0W8+hu8+W/ctjlo64NlH+/NMDMvSATX6Djf1sLi0vLKamGtuL6xubVd2tlt6DhVDOosFrFqBVSD4BLqyFFAK1FAo0BAMxhcjP3mPSjNY3mHwwQ6Ee1J3uWMopH80oEXxCLUw8h8mXcTQY/6HsIDZpfXo5FfKjsVZwJ7nrg5KZMcNb/05YUxSyOQyATVuu06CXYyqpAzAaOil2pIKBvQHrQNlTQC3ckmZ4zsI6OEdjdW5km0J+rvjoxGerypqYwo9vWsNxb/89opds86GZdJiiDZdFA3FTbG9jgTO+QKGIqhIZQpbna1WZ8qytAkVzQhuLMnz5PGScU1/NYtV8/zOApknxySY+KSU1IlV6RG6oSRR/JMXsmb9WS9WO/Wx7R0wcp79sgfWJ8/UI6Zow==</latexit>

U(1)Lµ�L⌧
<latexit sha1_base64="feX2boVdCDADEKZfai71z6yx+tA=">AAACJXicbZBLS8NAEMcn9VXrK+pRkGARWtCSeNGDh6IXDx4q2AckIWy223bp5sHuRigh4Gfx4lfx4sEigie/itu0grYO7PLj/5+ZnR0/ZlRI0/zUCkvLK6trxfXSxubW9o6+u9cSUcIxaeKIRbzjI0EYDUlTUslIJ+YEBT4jbX94PfHbD4QLGoX3chQTN0D9kPYoRlJJnn6ZOnkTm/d9NzVrZh4nC5A1K1bVS289J0hO1S1RkmWeXv7xjUWwZlCuV53DRwBoePrY6UY4CUgoMUNC2JYZSzdFXFLMSFZyEkFihIeoT2yFIQqIcNN8wMw4VkrX6EVcnVAaufq7IkWBEKPAV5kBkgMx703E/zw7kb0LN6VhnEgS4ulDvYQZMjImKzO6lBMs2UgBwpyqWQ08QBxhqRZbUkuw5r+8CK2zmqX4zirXr2AaRTiAI6iABedQhxtoQBMwPMELvMFYe9ZetXftY5pa0GY1+/AntK9vD3+iKA==</latexit><latexit sha1_base64="s95L6ZZESN9TocNbOYDiOtcIR3M=">AAACJXicbZDLSsNAFIYn9VbrLepSkGARWlBJ3OjCRdGNCxcVTFtIQphMJ+nQyYWZiRBCXsaNryKCC4sIrtz7FE7TCtp6YIaP/z/nzJnjJZRwoesfSmVhcWl5pbpaW1vf2NxSt3c6PE4ZwiaKacx6HuSYkgibggiKewnDMPQo7nrDq7HfvceMkzi6E1mCnRAGEfEJgkJKrnqR22UTiwWek+snehlHc1CYDaPp5jeuHabH8hYwLQpXrf/42jwYU6i3mvZ+Fjx/tV11ZPdjlIY4EohCzi1DT4STQyYIorio2SnHCURDGGBLYgRDzJ28HLDQDqXS1/yYyRMJrVR/V+Qw5DwLPZkZQjHgs95Y/M+zUuGfOzmJklTgCE0e8lOqiVgbr0zrE4aRoJkEiBiRs2poABlEQi62JpdgzH55HjqnJ4bkW6PeugSTqII9cAAawABnoAWuQRuYAIEH8ARewUh5VF6UN+V9klpRpjW74E8on9/VxKQ8</latexit><latexit sha1_base64="s95L6ZZESN9TocNbOYDiOtcIR3M=">AAACJXicbZDLSsNAFIYn9VbrLepSkGARWlBJ3OjCRdGNCxcVTFtIQphMJ+nQyYWZiRBCXsaNryKCC4sIrtz7FE7TCtp6YIaP/z/nzJnjJZRwoesfSmVhcWl5pbpaW1vf2NxSt3c6PE4ZwiaKacx6HuSYkgibggiKewnDMPQo7nrDq7HfvceMkzi6E1mCnRAGEfEJgkJKrnqR22UTiwWek+snehlHc1CYDaPp5jeuHabH8hYwLQpXrf/42jwYU6i3mvZ+Fjx/tV11ZPdjlIY4EohCzi1DT4STQyYIorio2SnHCURDGGBLYgRDzJ28HLDQDqXS1/yYyRMJrVR/V+Qw5DwLPZkZQjHgs95Y/M+zUuGfOzmJklTgCE0e8lOqiVgbr0zrE4aRoJkEiBiRs2poABlEQi62JpdgzH55HjqnJ4bkW6PeugSTqII9cAAawABnoAWuQRuYAIEH8ARewUh5VF6UN+V9klpRpjW74E8on9/VxKQ8</latexit><latexit sha1_base64="hnF8043h39e0LN9SE3Nuwsx/np0=">AAACJXicbZBPS8MwGMZT/875r+rRS3EIE3S0XvTgYejFg4cJdhu0paRZtoUlaUlSYZR+GS9+FS8eHCJ48quYdRV084WEH8+TN3nzRAklUtn2p7G0vLK6tl7ZqG5ube/smnv7bRmnAmEXxTQW3QhKTAnHriKK4m4iMGQRxZ1odDP1O49YSBLzBzVOcMDggJM+QVBpKTSvMr+4xBODKMjshl3U6QLkbt05CbO70Gfpmd4VTPM8NGs/vrUITgk1UFYrNCd+L0Ypw1whCqX0HDtRQQaFIojivOqnEicQjeAAexo5ZFgGWTFgbh1rpWf1Y6EXV1ah/u7IIJNyzCJ9kkE1lPPeVPzP81LVvwwywpNUYY5mD/VTaqnYmkZm9YjASNGxBogE0bNaaAgFREoHW9UhOPNfXoT2ecPRfO/UmtdlHBVwCI5AHTjgAjTBLWgBFyDwBF7AG5gYz8ar8W58zI4uGWXPAfhTxtc3MAigxQ==</latexit>

(g � 2)µ
<latexit sha1_base64="g5bvreq3XMf3VoDE6vjWiKonblQ=">AAAB/3icbVC7TsMwFL0pr1JeASQWloiCVAaqpAuMFSyMRaIPqY0ix3Faq44T2Q5SFTrwKywMIMSExMY3sPEh7DhtBygcyfLROffKx8dPGJXKtj+NwsLi0vJKcbW0tr6xuWVu77RknApMmjhmsej4SBJGOWkqqhjpJIKgyGek7Q8vcr99Q4SkMb9Wo4S4EepzGlKMlJY8c6/nxyyQo0hfWaV/Ujv2elE69syyXbUnsP4SZ0bK9cOv13cAaHjmRy+IcRoRrjBDUnYdO1FuhoSimJFxqZdKkiA8RH3S1ZSjiEg3m+QfW0daCawwFvpwZU3UnxsZimQeUU9GSA3kvJeL/3ndVIVnbkZ5kirC8fShMGWWiq28DCuggmDFRpogLKjOauEBEggrXVlJl+DMf/kvadWqjuZXTrl+DlMUYR8OoAIOnEIdLqEBTcBwC/fwCE/GnfFgPBsv09GCMdvZhV8w3r4BVGqYkg==</latexit><latexit sha1_base64="7FFNjwD81KXy7qVL2P/622H4ubE=">AAAB/3icbVA7T8MwGHTKq7Q8AkgsLBEFqQxUSRcYK1gYi0QfUhNFjuO0Vm0nsp1KVejAX2FhACEmJGb+ARs/BGbcxwAtJ1k+3X2ffL4goUQq2/40ckvLK6tr+fVCcWNza9vc2W3KOBUIN1BMY9EOoMSUcNxQRFHcTgSGLKC4FfQvx35rgIUkMb9RwwR7DHY5iQiCSku+ue8GMQ3lkOkrK3dPqye+y9KRb5bsij2BtUicGSnVjr5e3wfF77pvfrhhjFKGuUIUStlx7ER5GRSKIIpHBTeVOIGoD7u4oymHDEsvm+QfWcdaCa0oFvpwZU3U3xsZZHIcUU8yqHpy3huL/3mdVEXnXkZ4kirM0fShKKWWiq1xGVZIBEaKDjWBSBCd1UI9KCBSurKCLsGZ//IiaVYrjubXTql2AabIgwNwCMrAAWegBq5AHTQAArfgHjyCJ+POeDCejZfpaM6Y7eyBPzDefgBNCpoM</latexit><latexit sha1_base64="7FFNjwD81KXy7qVL2P/622H4ubE=">AAAB/3icbVA7T8MwGHTKq7Q8AkgsLBEFqQxUSRcYK1gYi0QfUhNFjuO0Vm0nsp1KVejAX2FhACEmJGb+ARs/BGbcxwAtJ1k+3X2ffL4goUQq2/40ckvLK6tr+fVCcWNza9vc2W3KOBUIN1BMY9EOoMSUcNxQRFHcTgSGLKC4FfQvx35rgIUkMb9RwwR7DHY5iQiCSku+ue8GMQ3lkOkrK3dPqye+y9KRb5bsij2BtUicGSnVjr5e3wfF77pvfrhhjFKGuUIUStlx7ER5GRSKIIpHBTeVOIGoD7u4oymHDEsvm+QfWcdaCa0oFvpwZU3U3xsZZHIcUU8yqHpy3huL/3mdVEXnXkZ4kirM0fShKKWWiq1xGVZIBEaKDjWBSBCd1UI9KCBSurKCLsGZ//IiaVYrjubXTql2AabIgwNwCMrAAWegBq5AHTQAArfgHjyCJ+POeDCejZfpaM6Y7eyBPzDefgBNCpoM</latexit><latexit sha1_base64="Nn+g19Dvv8PThyvsB3QmK+Arz2c=">AAAB/3icbVC9TsMwGHTKXyl/ASQWFosKqQxUSRcYK1gYi0RLpSaKHMdprdpOZDtIVejAq7AwgBArr8HG2+C0GaDlJMunu++TzxemjCrtON9WZWV1bX2julnb2t7Z3bP3D3oqySQmXZywRPZDpAijgnQ11Yz0U0kQDxm5D8fXhX//QKSiibjTk5T4HA0FjSlG2kiBfeSFCYvUhJsrbwzPW2eBx7NpYNedpjMDXCZuSeqgRCewv7wowRknQmOGlBq4Tqr9HElNMSPTmpcpkiI8RkMyMFQgTpSfz/JP4alRIhgn0hyh4Uz9vZEjroqIZpIjPVKLXiH+5w0yHV/6ORVpponA84fijEGdwKIMGFFJsGYTQxCW1GSFeIQkwtpUVjMluItfXia9VtM1/Natt6/KOqrgGJyABnDBBWiDG9ABXYDBI3gGr+DNerJerHfrYz5ascqdQ/AH1ucPifqVww==</latexit>
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                DM — Standard BenchmarkLµ � L⌧

��-� ��-� � ��

��-�

��-�

��-�

��-�

��-�

��-�

��-��
��-��
��-��
��-��
��-��
��-�
��-�
��-�
��-�
��-�
��-�
��-�
��-�

NTP

Neff

BaBar inv

Charm II
CMS4 μ

COHERENT

E137

NA64
g - 2e

g - 2μ
WD

ΩDM

Neff

Xenon1T

SuperK
FermiLAT

CMB

��-� ��-�

��-�

��-�

��-�

CMB

Neff

NTP

Borexino

g - 2μ

ΩDM

WD



�18

                DM — Non-unit chargeLµ � L⌧
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                DM — future sensitivity
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• DM can inject energy into 
primordial plasma via  
cascade decays into 
secondary      , photons  
and neutrinos  

• Secondary particles heat and ionize IGM and alter post-
recombination ionization fraction     of hydrogen  
 
 

• Extra ionization leads to broadening of last scattering surface of 
CMB photons             modification of TT, TE and EE power 
spectra

DM annihilation in the early Universe

�20
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                - current statusB � L
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                - future sensitivityB � L
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                - current statusLµ � Le
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                - future sensitivityLµ � Le
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                - current statusLe � L⌧
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                - future sensitivityLe � L⌧
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A′

ν ν

e− e−

• Borexino has measured the elastic 
scattering rate of solar neutrinos  
off       . 

Neutrino experiments - Borexino

�27

7Be

• Solar (electron) neutrinos oscillate on way to earth.  
         All neutrino flavors can contribute to scattering:  
 
 
 
 
with lepton mixing matrix    , neutrino charge matrix       and the  
fraction     of the i-th neutrino mass eigenstate at earth. 

d�

dE
/

3X

i,j=1

fi |g0 (U †Q⌫U)ij |2
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• E.g. at LHC     can be produced in Drell-Yan. 

• Number of signal events scales as 
 

• Obtain upper limit         from profile-likelihood of binned dilepton 
spectrum:  
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