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THE QUEST FOR DARK MATTER

2
1050

<latexit sha1_base64="VcB//I1glSZUk5nrtDKfQHMF9TI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUS9S8OKxgv2ANpbNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2VWp77mF24k1654lbdGcgy8XJSgRz1Xvmr249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns3Ak5sUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzyMy6T1KBk80VhKoiJyfR30ucKmRFjSyhT3N5K2JAqyoxNqGRD8BZfXibNs6p3Xr2+P6/UbvI4inAEx3AKHlxCDe6gDg1gMIJneIU3J3FenHfnY95acPKZQ/gD5/MHSMCO5A==</latexit>

1040

<latexit sha1_base64="C6WcJf5/RNQkBkeR/KyvH+IPNzw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j1nNnfbLFbfqzkFWiZeTCuRo9MtfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiWti6pXq17f1yr1mzyOIpzAKZyDB5dQhztoQBMYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwBRzqO4w==</latexit>

1030

<latexit sha1_base64="Bw9wxpJEFWW9rD88lGaYcW5BR6Q=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokW1IsUvHisYD+gjWWznbRLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqd+6wmV5rF8MOME/YgOJA85o8ZKLc99zC7cSa9UdivuDGSZeDkpQ456r/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx27oScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLQheIsvL5PmecWrVq7vq+XaTR5HAY7hBM7Ag0uowR3UoQEMRvAMr/DmJM6L8+58zFtXnHzmCP7A+fwBRbSO4g==</latexit>

1020

<latexit sha1_base64="alEK5bHJNvj3xTAdy1iuUYNioVA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqBcpePFYwX5AG8tmu2mXbjZhdyKU0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYkUBl3321lb39jc2i7sFHf39g8OS0fHLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+Hbmt5+4NiJWDzhJuB/RoRKhYBSt1Pbcx6zqTvulsltx5yCrxMtJGXI0+qWv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/Nz52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLQheMsvr5JWteLVKtf3tXL9Jo+jAKdwBhfgwSXU4Q4a0AQGY3iGV3hzEufFeXc+Fq1rTj5zAn/gfP4ARC6O4Q==</latexit>

1010

<latexit sha1_base64="/ZN7f7/hs/UNtN5ueogac+LCJa4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoF6k4MVjBfsBbSyb7aZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqe25j5nnTvvlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdWrVa/va5X6TR5HEU7gFM7Bg0uowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4AQqiO4A==</latexit>

10�10

<latexit sha1_base64="b/KQL9oufIzdKG5TWFSzRaeVc2g=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArAfUiAS8eI5gHJGuYnUySIbOz60yvEJb8hBcPinj1d7z5N06SPWhiQUNR1U13VxBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGRusdxzP2QDpToC0bRSi3PfUjPPHfSLZbcsjsDWSZeRkqQodYtfnV6EUtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dHbvhJxYpUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBEVbAje4svLpHFe9irlq7tKqXqdxZGHIziGU/DgAqpwCzWoAwMJz/AKb86j8+K8Ox/z1pyTzRzCHzifP62Njxc=</latexit>

10�20

<latexit sha1_base64="vKu5NXthdUpgIudz5LNRjizyVzs=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZDQL1IwIvHCOYByRpmJ5NkyOzsOtMrhCU/4cWDIl79HW/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go5up33zi2ohI3eM45n5IB0r0BaNopZbnPqTnZXfSLRTdkjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbvhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2L/1UqDhBrth8UT+RBCMyfZ70hOYM5dgSyrSwtxI2pJoytBHlbQje4svLpFEueZXS1V2lWL3O4sjBMZzAGXhwAVW4hRrUgYGEZ3iFN+fReXHenY9564qTzRzBHzifP68Tjxg=</latexit>

10�30

<latexit sha1_base64="8NxDfHQsCqBvLwJLAHDNc467aeI=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHY1oF4k4MVjBPOAZA2zk95kyOzsOjMrhCU/4cWDIl79HW/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rG8N8ME/Yj2JA85o8ZKTc99yE7P3VGnUHRL7gRkkXgzUoQZqp3CV7sbszRCaZigWrc8NzF+RpXhTOAo3041JpQNaA9blkoaofazyb0jcmyVLgljZUsaMlF/T2Q00noYBbYzoqav572x+J/XSk146WdcJqlByaaLwlQQE5Px86TLFTIjhpZQpri9lbA+VZQZG1HehuDNv7xI6mclr1y6uisXK9ezOHJwCEdwAh5cQAVuoQo1YCDgGV7hzXl0Xpx352PauuTMZg7gD5zPH7CZjxk=</latexit>

100

<latexit sha1_base64="CxdeM/atM7LyHLIvkI1rVP7FGzg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsB/QxrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN2kO2vpg4PHeDDPzgpgzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo4SRWibRDxSvQBrypmkbcMMp71YUSwCTrvB9Dbzu09UaRbJBzOLqS/wWLKQEWwyyXMf3WG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwis/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfca9ev7Rq15U8RRhhM4hXPw4BKacActaAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx8Olo2d</latexit>

microlensing 
searches of 

PBHs

[Niikura et al., Nat. Astr. 3 (2019) 

m . 1046 GeV

<latexit sha1_base64="3a5VmfZD/dLh7+okbHetXOjnx1o=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZREio9d0YUuK9gHNLVMprft0JkkzEyEErJ046+4caGIWz/BnX/jpO1CWw9cOJxzL/fe40ecKe0431ZuYXFpeSW/Wlhb39jcsrd36iqMJYUaDXkomz5RwFkANc00h2YkgQifQ8MfXmV+4wGkYmFwp0cRtAXpB6zHKNFG6tj7wuOglGICu859Uj5NvWNPED2QIrmGetqxi07JGQPPE3dKimiKasf+8rohjQUEmnKiVMt1It1OiNSMckgLXqwgInRI+tAyNCACVDsZP5LiQ6N0cS+UpgKNx+rviYQIpUbCN53ZjWrWy8T/vFase+fthAVRrCGgk0W9mGMd4iwV3GUSqOYjQwiVzNyK6YBIQrXJrmBCcGdfnif1k5JbLl3clouVy2kcebSHDtARctEZqqAbVEU1RNEjekav6M16sl6sd+tj0pqzpjO76A+szx8GTJle</latexit>

Galaxy formation

[Hlozek et al., PRD 91 (2015)]

m & 10�24 eV

<latexit sha1_base64="qHR9aLEIch7rDE9aDuLCxrg7oG4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQktSCuqu6MZlBfuAJpbJdNoOnZmEmYlQQnZu/BU3LhRx6y+482+ctFlo64ELh3Pu5d57gohRpR3n2yosLa+srhXXSxubW9s79u5eS4WxxKSJQxbKToAUYVSQpqaakU4kCeIBI+1gfJ357QciFQ3FnZ5ExOdoKOiAYqSN1LMPuTfUxubQde6Ts2ot9U49jvRI8oS00p5ddirOFHCRuDkpgxyNnv3l9UMccyI0ZkiprutE2k+Q1BQzkpa8WJEI4TEakq6hAnGi/GT6RwqPjdKHg1CaEhpO1d8TCeJKTXhgOrMT1byXif953VgPLvyEiijWRODZokHMoA5hFgrsU0mwZhNDEJbU3ArxCEmEtYmuZEJw519eJK1qxa1VLm9r5fpVHkcRHIAjcAJccA7q4AY0QBNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5AwNwmMw=</latexit>

�dB =
2⇡

mv
. 100 kpc

<latexit sha1_base64="A49QQRSOgshunKhZMwdIuXdnhG4=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0VwVZJSqC6EUjcuK9gHNKFMJpN26EwSZiaFEvIpbvwVNy4U0Z1+jZM2C209MHA451zm3uPFjEplWV9GaWNza3unvFvZ2z84PDKPT3oySgQmXRyxSAw8JAmjIekqqhgZxIIg7jHS96a3ud+fESFpFD6oeUxcjsYhDShGSksjs+kwHfbRKPXb2Y0TCITTuhPTLOVwljmMSCkph7ZlOdDhSE0ET6cxzkZm1apZC8B1YhekCgp0Ruan40c44SRUmCEph7YVKzdFQlHMSFZxEklihKdoTIaahogT6aaLAzN4oRUfBpHQL1Rwof6eSBGXcs49ncx3lKteLv7nDRMVXLkpDeNEkRAvPwoSBlUE87agTwXBis01QVhQvSvEE6RLUrrTii7BXj15nfTqNbtRu75vVFvtoo4yOAPn4BLYoAla4A50QBdg8AiewSt4M56MF+Pd+FhGS0Yxcwr+wPj+AXQZo8o=</latexit>

m[GeV]

<latexit sha1_base64="Qf5B8Vuj1pDei8Iuh/8NJwMtHlA=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRQd1IwYUuK9gHTIeSSTNtaJIZkkyhDP0TNy4UceufuPNvTNtZaOuBwOGce7knJ0o508bzvp3S2vrG5lZ5u7Kzu7d/4B4etXSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORnczvz2mSrNEPplJSkOBB5LFjGBjpZ7rChR0BTZDJfJ72pqGPbfq1bw50CrxC1KFAo2e+9XtJyQTVBrCsdaB76UmzLEyjHA6rXQzTVNMRnhAA0slFlSH+Tz5FJ1ZpY/iRNknDZqrvzdyLLSeiMhOzkLqZW8m/ucFmYmvw5zJNDNUksWhOOPIJGhWA+ozRYnhE0swUcxmRWSIFSbGllWxJfjLX14lrYuaf1m7ebys1m+LOspwAqdwDj5cQR0eoAFNIDCGZ3iFNyd3Xpx352MxWnKKnWP4A+fzB1Cxk3c=</latexit>



PORTAL INTERACTIONS

• Can build three renormalisable dim 4 portal interactions from the 
SM singlets          ,        and          by combining them with 
Dark Sector singlets 
 
Higgs Portal 
 
Neutrino Portal 
 
Vector Portal 

• Type of portal interaction can inform us on how to search for DM!

L̄H̃
<latexit sha1_base64="CzUujN1RhMSnxIuhzUIw0YEielU=">AAACI3icbVC7SgNBFJ2NrxhfMZY2g0GwCrtR0DJok8IignlAdgmzs3eTIbOzy8ysJCz5FTvRf7ETGwt/xMrJozCJBwYO59zLPXP8hDOlbfvLym1sbm3v5HcLe/sHh0fF41JLxamk0KQxj2XHJwo4E9DUTHPoJBJI5HNo+8O7qd9+AqlYLB71OAEvIn3BQkaJNlKvWMKuTyS+x9jVjAeA67hXLNsVewa8TpwFKaMFGr3ijxvENI1AaMqJUl3HTrSXEakZ5TApuKmChNAh6UPXUEEiUF42yz7B50YJcBhL84TGM/XvRkYipcaRbyYjogdq1ZuK/3qUCAp86Xo2mh9dTqTDGy9jIkk1CDoPFKYc6xhPC8MBk0A1HxtCqGTmT5gOiCRUm1oLpixntZp10qpWnMtK9eGqXLtd1JZHp+gMXSAHXaMaqqMGaiKKRugZvaI368V6tz6sz/lozlrsnKAlWN+/JbqjkQ==</latexit>

Bµ⌫
<latexit sha1_base64="VUhTwMtBfScY7cIgcdD1GE/DdIw=">AAACGXicbVDLTgIxFL2DL8QX6tJNIzFxRWbQRJcENy4xkUdkJqRTCjS0nUnbMZIJf+HO6L+4M25d+SuuLDALAU/S5OSce3NPTxhzpo3rfju5tfWNza38dmFnd2//oHh41NRRoghtkIhHqh1iTTmTtGGY4bQdK4pFyGkrHN1M/dYjVZpF8t6MYxoIPJCszwg2VnqodVNfJL5MJt1iyS27M6BV4mWkBBnq3eKP34tIIqg0hGOtO54bmyDFyjDC6aTgJ5rGmIzwgHYslVhQHaSzxBN0ZpUe6kfKPmnQTP27kWKh9ViEdlJgM9TL3lT81yNYEsoXrqdP86OLiUz/OkiZjBNDJZkH6iccmQhNa0I9pigxfGwJJorZPyEyxAoTY8ss2LK85WpWSbNS9i7KlbvLUrWW1ZaHEziFc/DgCqpwC3VoAAEJz/AKb86L8+58OJ/z0ZyT7RzDApyvX1DaodM=</latexit>

H
†
H

<latexit sha1_base64="OkWN/JpInlW+r21YEXQ/nrfOJZ4=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVZIq6LLopssK9gFtLJPJTTp0MgkzE7GEfoY70X9xJ27d+CuunLZZ2NYDA4dz7uWeOV7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqaTQojGPZdcjCjgT0NJMc+gmEkjkceh4o9up33kEqVgs7vU4ATcioWABo0Qbqdd46PskDEHixqBcsav2DHiVODmpoBzNQfmn78c0jUBoyolSPcdOtJsRqRnlMCn1UwUJoSMSQs9QQSJQbjaLPMFnRvFxEEvzhMYz9e9GRiKlxpFnJiOih2rZm4r/epQICnzhevY0P7qYSAfXbsZEkmoQdB4oSDnWMZ72hH0mgWo+NoRQycyfMB0SSag2bZZMWc5yNaukXas6F9Xa3WWlfpPXVkQn6BSdIwddoTpqoCZqIYpi9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y8KSaGb</latexit>

�HS S
†
S H

†
H

<latexit sha1_base64="K3hGojf3BC6v6Oe0lVFypzy8LVU=">AAACOnicbVA9SwNBEN3zM8avqKXNYhAUJNxFQcugTUolRgUvhrm9SbK4t3fs7onhyG/w19iJ/g5bO7G1snLzgRjjg4E3b2aYmRckgmvjuq/O1PTM7Nx8biG/uLS8slpYW7/QcaoY1lksYnUVgEbBJdYNNwKvEoUQBQIvg9uTfv3yDpXmsTw33QQbEbQlb3EGxkrNwi71he0OoZlVaz1/j9Zu/BDabVS0ZrPqT1ZtFopuyR2AThJvRIpkhNNm4csPY5ZGKA0ToPW15yamkYEynAns5f1UYwLsFtp4bamECHUjG7zUo9tWCWkrVjakoQP190QGkdbdKLCdEZiO/lvri//WGEiGYmx7dj9cOn6RaR01Mi6T1KBkw4NaqaAmpn0facgVMiO6lgBT3P5EWQcUMGPdzluzvL/WTJKLcsnbL5XPDoqV45FtObJJtsgO8cghqZAqOSV1wsgDeSTP5MV5ct6cd+dj2DrljGY2yBicz2+1yK0B</latexit>

�Y
N
L̄H̃ N

<latexit sha1_base64="1x2KjOJ3zIdT5LSvnQy4mc+rI9o=">AAACL3icbVDLSgNBEJyNrxhfUY+CDAbBg4bdKOgx6CUHCRHMQ7IxzE46yZDZ2WVmVgxLbn6NN9F/ES/i1V/w5ORxMIkFDUVVN91dXsiZ0rb9YSUWFpeWV5KrqbX1jc2t9PZORQWRpFCmAQ9kzSMKOBNQ1kxzqIUSiO9xqHq9q6FffQCpWCBudT+Ehk86grUZJdpIzfQ+PsF390X3GLsekfgaY1cz3gJcwEYrNtMZO2uPgOeJMyEZNEGpmf5xWwGNfBCacqJU3bFD3YiJ1IxyGKTcSEFIaI90oG6oID6oRjz6Y4APjdLC7UCaEhqP1L8TMfGV6vue6fSJ7qpZbyj+61EiKPCp7fHjeOn0Rbp90YiZCCMNgo4Pakcc6wAPw8MtJoFq3jeEUMnMT5h2iSRUm4hTJixnNpp5UsllndNs7uYsk7+cxJZEe+gAHSEHnaM8KqASKiOKntAzekVv1ov1bn1aX+PWhDWZ2UVTsL5/ARfbpvk=</latexit>

�✏Y
2
Bµ⌫X

µ⌫

<latexit sha1_base64="fSqvELOSgmHdaRfEV8kpX5fu3no="></latexit>

SM DM

3



PORTAL INTERACTIONS

• Can build three renormalisable dim 4 portal interactions from the 
SM singlets          ,        and          by combining them with 
Dark Sector singlets 
 
Higgs Portal 
 
Neutrino Portal 
 
Vector Portal 

• Type of portal interaction can inform us on how to search for DM!

L̄H̃
<latexit sha1_base64="CzUujN1RhMSnxIuhzUIw0YEielU=">AAACI3icbVC7SgNBFJ2NrxhfMZY2g0GwCrtR0DJok8IignlAdgmzs3eTIbOzy8ysJCz5FTvRf7ETGwt/xMrJozCJBwYO59zLPXP8hDOlbfvLym1sbm3v5HcLe/sHh0fF41JLxamk0KQxj2XHJwo4E9DUTHPoJBJI5HNo+8O7qd9+AqlYLB71OAEvIn3BQkaJNlKvWMKuTyS+x9jVjAeA67hXLNsVewa8TpwFKaMFGr3ijxvENI1AaMqJUl3HTrSXEakZ5TApuKmChNAh6UPXUEEiUF42yz7B50YJcBhL84TGM/XvRkYipcaRbyYjogdq1ZuK/3qUCAp86Xo2mh9dTqTDGy9jIkk1CDoPFKYc6xhPC8MBk0A1HxtCqGTmT5gOiCRUm1oLpixntZp10qpWnMtK9eGqXLtd1JZHp+gMXSAHXaMaqqMGaiKKRugZvaI368V6tz6sz/lozlrsnKAlWN+/JbqjkQ==</latexit>

Bµ⌫
<latexit sha1_base64="VUhTwMtBfScY7cIgcdD1GE/DdIw=">AAACGXicbVDLTgIxFL2DL8QX6tJNIzFxRWbQRJcENy4xkUdkJqRTCjS0nUnbMZIJf+HO6L+4M25d+SuuLDALAU/S5OSce3NPTxhzpo3rfju5tfWNza38dmFnd2//oHh41NRRoghtkIhHqh1iTTmTtGGY4bQdK4pFyGkrHN1M/dYjVZpF8t6MYxoIPJCszwg2VnqodVNfJL5MJt1iyS27M6BV4mWkBBnq3eKP34tIIqg0hGOtO54bmyDFyjDC6aTgJ5rGmIzwgHYslVhQHaSzxBN0ZpUe6kfKPmnQTP27kWKh9ViEdlJgM9TL3lT81yNYEsoXrqdP86OLiUz/OkiZjBNDJZkH6iccmQhNa0I9pigxfGwJJorZPyEyxAoTY8ss2LK85WpWSbNS9i7KlbvLUrWW1ZaHEziFc/DgCqpwC3VoAAEJz/AKb86L8+58OJ/z0ZyT7RzDApyvX1DaodM=</latexit>

H
†
H

<latexit sha1_base64="OkWN/JpInlW+r21YEXQ/nrfOJZ4=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVZIq6LLopssK9gFtLJPJTTp0MgkzE7GEfoY70X9xJ27d+CuunLZZ2NYDA4dz7uWeOV7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqaTQojGPZdcjCjgT0NJMc+gmEkjkceh4o9up33kEqVgs7vU4ATcioWABo0Qbqdd46PskDEHixqBcsav2DHiVODmpoBzNQfmn78c0jUBoyolSPcdOtJsRqRnlMCn1UwUJoSMSQs9QQSJQbjaLPMFnRvFxEEvzhMYz9e9GRiKlxpFnJiOih2rZm4r/epQICnzhevY0P7qYSAfXbsZEkmoQdB4oSDnWMZ72hH0mgWo+NoRQycyfMB0SSag2bZZMWc5yNaukXas6F9Xa3WWlfpPXVkQn6BSdIwddoTpqoCZqIYpi9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y8KSaGb</latexit>

�HS S
†
S H

†
H

<latexit sha1_base64="K3hGojf3BC6v6Oe0lVFypzy8LVU=">AAACOnicbVA9SwNBEN3zM8avqKXNYhAUJNxFQcugTUolRgUvhrm9SbK4t3fs7onhyG/w19iJ/g5bO7G1snLzgRjjg4E3b2aYmRckgmvjuq/O1PTM7Nx8biG/uLS8slpYW7/QcaoY1lksYnUVgEbBJdYNNwKvEoUQBQIvg9uTfv3yDpXmsTw33QQbEbQlb3EGxkrNwi71he0OoZlVaz1/j9Zu/BDabVS0ZrPqT1ZtFopuyR2AThJvRIpkhNNm4csPY5ZGKA0ToPW15yamkYEynAns5f1UYwLsFtp4bamECHUjG7zUo9tWCWkrVjakoQP190QGkdbdKLCdEZiO/lvri//WGEiGYmx7dj9cOn6RaR01Mi6T1KBkw4NaqaAmpn0facgVMiO6lgBT3P5EWQcUMGPdzluzvL/WTJKLcsnbL5XPDoqV45FtObJJtsgO8cghqZAqOSV1wsgDeSTP5MV5ct6cd+dj2DrljGY2yBicz2+1yK0B</latexit>

�Y
N
L̄H̃ N

<latexit sha1_base64="1x2KjOJ3zIdT5LSvnQy4mc+rI9o=">AAACL3icbVDLSgNBEJyNrxhfUY+CDAbBg4bdKOgx6CUHCRHMQ7IxzE46yZDZ2WVmVgxLbn6NN9F/ES/i1V/w5ORxMIkFDUVVN91dXsiZ0rb9YSUWFpeWV5KrqbX1jc2t9PZORQWRpFCmAQ9kzSMKOBNQ1kxzqIUSiO9xqHq9q6FffQCpWCBudT+Ehk86grUZJdpIzfQ+PsF390X3GLsekfgaY1cz3gJcwEYrNtMZO2uPgOeJMyEZNEGpmf5xWwGNfBCacqJU3bFD3YiJ1IxyGKTcSEFIaI90oG6oID6oRjz6Y4APjdLC7UCaEhqP1L8TMfGV6vue6fSJ7qpZbyj+61EiKPCp7fHjeOn0Rbp90YiZCCMNgo4Pakcc6wAPw8MtJoFq3jeEUMnMT5h2iSRUm4hTJixnNpp5UsllndNs7uYsk7+cxJZEe+gAHSEHnaM8KqASKiOKntAzekVv1ov1bn1aX+PWhDWZ2UVTsL5/ARfbpvk=</latexit>

�✏Y
2
Bµ⌫X

µ⌫

<latexit sha1_base64="fSqvELOSgmHdaRfEV8kpX5fu3no="></latexit>

Requires new  
gauge symmetry

U(1)

SM DM

3



• Experimental efforts to search for new particles give us an idea 
where BSM physics might hide

WHERE TO SEARCH FOR DM?

4
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• For light massive mediators   kinetic terms can be 
diagonalised by simple field redefinition:

MX ≪ MZ

DARK PHOTONS

5

Coupling to EM current suppressed by , where typically   ϵA ϵA ∝ gx /16π2

<latexit sha1_base64="bfH88Jxu8UJkubyTxA6NE4xvVU8="></latexit>

L � �✏A
2

Fµ⌫X
µ⌫

<latexit sha1_base64="VGmt3eiGkWa++xvOmzV/oKzKC30=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCQGqBJUAWMLC2OR6ENqQuW4TmvVdiLbQaqi/gALv8LCAEKs7Gz8DU6bAVqOZOnonHt1fU4QM6q043xbC4tLyyurhbXi+sbm1ra9s9tUUSIxaeCIRbIdIEUYFaShqWakHUuCeMBIKxheZ37rgUhFI3GnRzHxOeoLGlKMtJG69mHt3uMJ9HQEp+wUeiRWlBmz5p3AdiZ27ZJTdiaA88TNSQnkqHftL68X4YQToTFDSnVcJ9Z+iqSmmJFx0UsUiREeoj7pGCoQJ8pPJ2nG8MgoPRhG0jyh4UT9vZEirtSIB2aSIz1Qs14m/ud1Eh1e+ikVcaKJwNNDYcKgyZ5VA3tUEqzZyBCEJTV/hXiAJMLaFFg0JbizkedJ86zsnpcrt5VS9SqvowD2wQE4Bi64AFVwA+qgATB4BM/gFbxZT9aL9W59TEcXrHxnD/yB9fkDFuiaVA==</latexit>

Aµ ! Aµ � ✏A Xµ
<latexit sha1_base64="1PXK7tr34QFJv5gqSY87wOO9ROE=">AAACKHicbVDLSgMxFM3UV62vUZdugkVwoWVGRN35QhBBULAP6NQhk962wcyD5I5Yhn6OG3/FjYgi3folprULtR5IOJxzLsk9QSKFRsfpW7mJyanpmfxsYW5+YXHJXl6p6DhVHMo8lrGqBUyDFBGUUaCEWqKAhYGEanB3OvCr96C0iKMb7CbQCFk7Ei3BGRrJtw+BHvtemNKLW3P7HsIDZmeXPbpNPUi0kCZ07G1RCrT2X863i07JGYKOE3dEimSEK99+9ZoxT0OIkEumdd11EmxkTKHgEnoFL9WQMH7H2lA3NGIh6EY2XLRHN4zSpK1YmRMhHao/JzIWat0NA5MMGXb0X28g/ufVU2wdNDIRJSlCxL8faqWSYkwHrdGmUMBRdg1hXAnzV8o7TDGOptuCKcH9u/I4qeyU3L3S7vVu8ehkVEeerJF1sklcsk+OyDm5ImXCySN5Jm/k3XqyXqwPq/8dzVmjmVXyC9bnF+iwpVI=</latexit>

eAµJ
µ
EM � ✏A eXµJ

µ
EM

SMSU(3)C ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="3IE32c3diCg2bB1DoMsys9wxx/8=">AAACM3icbVBNT8JAEN3iF+JX1aOXDcQELqQFEz0SuXjwgNECBppmuyywYbttdrdG0nD313gz+leMN+PVP+DJBXoQcJJJ3ryZyZt5fsSoVJb1bmTW1jc2t7LbuZ3dvf0D8/CoKcNYYOLgkIWi7SNJGOXEUVQx0o4EQYHPSMsf1af91gMRkob8To0j4gZowGmfYqQ05Zn5W6dYLXn1rqIBkVBXlZJ3nVZO0S55955ZsMrWLOAqsFNQAGk0PPOn2wtxHBCuMENSdmwrUm6ChKKYkUmuG0sSITxCA9LRkCOt5SazXybwVDM92A+FTq7gjP27kaBAynHg68kAqaFc7k3Jf3sYcUzYgnryOBddvEj1L9yE8ihWhOP5Qf2YQRXCqYGwRwXBio01QFhQ/RPEQyQQVtrmnDbLXrZmFTQrZbtartycFWqXqW1ZcALyoAhscA5q4Ao0gAMweALP4BW8GS/Gh/FpfM1HM0a6cwwWwvj+BYWQqU0=</latexit>

U(1)X
<latexit sha1_base64="ew7XYxxpllVZnyjt0wVsLqz4YyU=">AAACFXicbVBNT8JAFHzFL8Qv1KOXRmKCF9KqiR6JXjxiYoEEGrJdHrCy3Ta7WyNp+A/ejP4Xb8arZ/+KJxfoQcBJNpnMvJc3O0HMmdKO823lVlbX1jfym4Wt7Z3dveL+QV1FiaTo0YhHshkQhZwJ9DTTHJuxRBIGHBvB8GbiNx5RKhaJez2K0Q9JX7Aeo0Qbqe6V3dNOs1MsORVnCnuZuBkpQYZap/jT7kY0CVFoyolSLdeJtZ8SqRnlOC60E4UxoUPSx5ahgoSo/HSadmyfGKVr9yJpntD2VP27kZJQqVEYmMmQ6IFa9Cbivx4lgiKfu54+zY7OJ9K9Kz9lIk40CjoL1Eu4rSN7UpHdZRKp5iNDCJXM/MmmAyIJ1abIginLXaxmmdTPKu555ezuolS9zmrLwxEcQxlcuIQq3EINPKDwAM/wCm/Wi/VufVifs9Gcle0cwhysr19zL58j</latexit>

A0
<latexit sha1_base64="K0ENav28P7qhSxRRforzg9BQGts=">AAACEXicbVDLSsNAFL3xWeur6tJNsIiuSlIFXVbduKxiH9CGMpnetEMnkzAzEUvoH7gT/Rd34tYv8FdcOW2zsK0HBg7n3Ms9c/yYM6Ud59taWl5ZXVvPbeQ3t7Z3dgt7+3UVJZJijUY8kk2fKORMYE0zzbEZSyShz7HhD27GfuMRpWKReNDDGL2Q9AQLGCXaSPdXJ51C0Sk5E9iLxM1IETJUO4WfdjeiSYhCU06UarlOrL2USM0ox1G+nSiMCR2QHrYMFSRE5aWTpCP72ChdO4ikeULbE/XvRkpCpYahbyZDovtq3huL/3qUCIp85nr6ND06m0gHl17KRJxoFHQaKEi4rSN7XI/dZRKp5kNDCJXM/MmmfSIJ1abEvCnLna9mkdTLJfesVL47L1aus9pycAhHcAouXEAFbqEKNaAQwDO8wpv1Yr1bH9bndHTJynYOYAbW1y/v6p3V</latexit>

DM
See talk by Fuminobu Takahashi for mCPs



• For light massive mediators   kinetic terms can be 
diagonalised by simple field redefinition:

MX ≪ MZ

DARK PHOTONS

5

Coupling to EM current suppressed by , where typically   ϵA ϵA ∝ gx /16π2

<latexit sha1_base64="bfH88Jxu8UJkubyTxA6NE4xvVU8="></latexit>

L � �✏A
2

Fµ⌫X
µ⌫

<latexit sha1_base64="VGmt3eiGkWa++xvOmzV/oKzKC30=">AAACDXicbVC7TsMwFHV4lvIKMLJYFCQGqBJUAWMLC2OR6ENqQuW4TmvVdiLbQaqi/gALv8LCAEKs7Gz8DU6bAVqOZOnonHt1fU4QM6q043xbC4tLyyurhbXi+sbm1ra9s9tUUSIxaeCIRbIdIEUYFaShqWakHUuCeMBIKxheZ37rgUhFI3GnRzHxOeoLGlKMtJG69mHt3uMJ9HQEp+wUeiRWlBmz5p3AdiZ27ZJTdiaA88TNSQnkqHftL68X4YQToTFDSnVcJ9Z+iqSmmJFx0UsUiREeoj7pGCoQJ8pPJ2nG8MgoPRhG0jyh4UT9vZEirtSIB2aSIz1Qs14m/ud1Eh1e+ikVcaKJwNNDYcKgyZ5VA3tUEqzZyBCEJTV/hXiAJMLaFFg0JbizkedJ86zsnpcrt5VS9SqvowD2wQE4Bi64AFVwA+qgATB4BM/gFbxZT9aL9W59TEcXrHxnD/yB9fkDFuiaVA==</latexit>

Aµ ! Aµ � ✏A Xµ
<latexit sha1_base64="1PXK7tr34QFJv5gqSY87wOO9ROE=">AAACKHicbVDLSgMxFM3UV62vUZdugkVwoWVGRN35QhBBULAP6NQhk962wcyD5I5Yhn6OG3/FjYgi3folprULtR5IOJxzLsk9QSKFRsfpW7mJyanpmfxsYW5+YXHJXl6p6DhVHMo8lrGqBUyDFBGUUaCEWqKAhYGEanB3OvCr96C0iKMb7CbQCFk7Ei3BGRrJtw+BHvtemNKLW3P7HsIDZmeXPbpNPUi0kCZ07G1RCrT2X863i07JGYKOE3dEimSEK99+9ZoxT0OIkEumdd11EmxkTKHgEnoFL9WQMH7H2lA3NGIh6EY2XLRHN4zSpK1YmRMhHao/JzIWat0NA5MMGXb0X28g/ufVU2wdNDIRJSlCxL8faqWSYkwHrdGmUMBRdg1hXAnzV8o7TDGOptuCKcH9u/I4qeyU3L3S7vVu8ehkVEeerJF1sklcsk+OyDm5ImXCySN5Jm/k3XqyXqwPq/8dzVmjmVXyC9bnF+iwpVI=</latexit>

eAµJ
µ
EM � ✏A eXµJ

µ
EM

<latexit sha1_base64="73hFIxocfEgpn247Kc7/FsZo6yA=">AAACB3icbVDLSsNAFJ3UV62vqks3wSK4Kokouiy6cVnFPiANZTK5aYZOZsLMRCmhH+AHuNVPcCdu/Qy/wN9w2mZhWw9cOJxzL/feE6SMKu0431ZpZXVtfaO8Wdna3tndq+4ftJXIJIEWEUzIboAVMMqhpalm0E0l4CRg0AmGNxO/8whSUcEf9CgFP8EDTiNKsDaS17ung1hjKcVTv1pz6s4U9jJxC1JDBZr96k8vFCRLgGvCsFKe66Taz7HUlDAYV3qZghSTIR6AZyjHCSg/n548tk+MEtqRkKa4tqfq34kcJ0qNksB0JljHatGbiP95XqajKz+nPM00cDJbFGXM1sKe/G+HVALRbGQIJpKaW20SY4mJNinNbVHmqRjCccUk4y7msEzaZ3X3ou7cndca10VGZXSEjtEpctElaqBb1EQtRJBAL+gVvVnP1rv1YX3OWktWMXOI5mB9/QK665pK</latexit>)
<latexit sha1_base64="5aFKiPTUVRQPEZKmafcMWrhtpeg=">AAAB/3icbVDLSsNAFL2pr1pfVZdugkVwVRJRdOGi4MZlRfuANpTJ5KYdOpmEmYlYQhd+gFv9BHfi1k/xC/wNp20WtvXAhcM593LvPX7CmdKO820VVlbX1jeKm6Wt7Z3dvfL+QVPFqaTYoDGPZdsnCjkT2NBMc2wnEknkc2z5w5uJ33pEqVgsHvQoQS8ifcFCRok20n2/99QrV5yqM4W9TNycVCBHvVf+6QYxTSMUmnKiVMd1Eu1lRGpGOY5L3VRhQuiQ9LFjqCARKi+bnjq2T4wS2GEsTQltT9W/ExmJlBpFvumMiB6oRW8i/ud1Uh1eeRkTSapR0NmiMOW2ju3J33bAJFLNR4YQKpm51aYDIgnVJp25Lco8NcBgXDLJuIs5LJPmWdW9qDp355XadZ5REY7gGE7BhUuowS3UoQEU+vACr/BmPVvv1of1OWstWPnMIczB+voFP+2WrQ==</latexit>gx

smaller couplings 
  smaller mass!⇒MX = gx f

<latexit sha1_base64="Dco+2+N0DpvcB6FJKE6yCKDre+A="></latexit>

L = (DµS)
†DµS � g2xf

2 XµX
µ

• If  is broken by VEV  of scalar, mass is related to coupling:U(1)X f
<latexit sha1_base64="MK72QLQTYFnKPNGhlsHRPp6nrk0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRixehov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9HDXa/fKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3UT2/P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDCDiNpQ==</latexit>

MX

SMSU(3)C ⇥ SU(2)L ⇥ U(1)Y
<latexit sha1_base64="3IE32c3diCg2bB1DoMsys9wxx/8=">AAACM3icbVBNT8JAEN3iF+JX1aOXDcQELqQFEz0SuXjwgNECBppmuyywYbttdrdG0nD313gz+leMN+PVP+DJBXoQcJJJ3ryZyZt5fsSoVJb1bmTW1jc2t7LbuZ3dvf0D8/CoKcNYYOLgkIWi7SNJGOXEUVQx0o4EQYHPSMsf1af91gMRkob8To0j4gZowGmfYqQ05Zn5W6dYLXn1rqIBkVBXlZJ3nVZO0S55955ZsMrWLOAqsFNQAGk0PPOn2wtxHBCuMENSdmwrUm6ChKKYkUmuG0sSITxCA9LRkCOt5SazXybwVDM92A+FTq7gjP27kaBAynHg68kAqaFc7k3Jf3sYcUzYgnryOBddvEj1L9yE8ihWhOP5Qf2YQRXCqYGwRwXBio01QFhQ/RPEQyQQVtrmnDbLXrZmFTQrZbtartycFWqXqW1ZcALyoAhscA5q4Ao0gAMweALP4BW8GS/Gh/FpfM1HM0a6cwwWwvj+BYWQqU0=</latexit>

U(1)X
<latexit sha1_base64="ew7XYxxpllVZnyjt0wVsLqz4YyU=">AAACFXicbVBNT8JAFHzFL8Qv1KOXRmKCF9KqiR6JXjxiYoEEGrJdHrCy3Ta7WyNp+A/ejP4Xb8arZ/+KJxfoQcBJNpnMvJc3O0HMmdKO823lVlbX1jfym4Wt7Z3dveL+QV1FiaTo0YhHshkQhZwJ9DTTHJuxRBIGHBvB8GbiNx5RKhaJez2K0Q9JX7Aeo0Qbqe6V3dNOs1MsORVnCnuZuBkpQYZap/jT7kY0CVFoyolSLdeJtZ8SqRnlOC60E4UxoUPSx5ahgoSo/HSadmyfGKVr9yJpntD2VP27kZJQqVEYmMmQ6IFa9Cbivx4lgiKfu54+zY7OJ9K9Kz9lIk40CjoL1Eu4rSN7UpHdZRKp5iNDCJXM/MmmAyIJ1abIginLXaxmmdTPKu555ezuolS9zmrLwxEcQxlcuIQq3EINPKDwAM/wCm/Wi/VufVifs9Gcle0cwhysr19zL58j</latexit>

A0
<latexit sha1_base64="K0ENav28P7qhSxRRforzg9BQGts=">AAACEXicbVDLSsNAFL3xWeur6tJNsIiuSlIFXVbduKxiH9CGMpnetEMnkzAzEUvoH7gT/Rd34tYv8FdcOW2zsK0HBg7n3Ms9c/yYM6Ud59taWl5ZXVvPbeQ3t7Z3dgt7+3UVJZJijUY8kk2fKORMYE0zzbEZSyShz7HhD27GfuMRpWKReNDDGL2Q9AQLGCXaSPdXJ51C0Sk5E9iLxM1IETJUO4WfdjeiSYhCU06UarlOrL2USM0ox1G+nSiMCR2QHrYMFSRE5aWTpCP72ChdO4ikeULbE/XvRkpCpYahbyZDovtq3huL/3qUCIp85nr6ND06m0gHl17KRJxoFHQaKEi4rSN7XI/dZRKp5kNDCJXM/MmmfSIJ1abEvCnLna9mkdTLJfesVL47L1aus9pycAhHcAouXEAFbqEKNaAQwDO8wpv1Yr1bH9bndHTJynYOYAbW1y/v6p3V</latexit>

DM
See talk by Fuminobu Takahashi for mCPs
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[Bauer, PF, Jaeckel, JHEP 07 (2018) 094]
[Ilten et al., JHEP 06 (2018) 004]

L = LSM � 1

4
Xµ⌫X

µ⌫ � ✏

2
Bµ⌫X

µ⌫ � M2
X

2
Xµ Xµ � gx J

X
µ Xµ

<latexit sha1_base64="8W5HpAk7BqSQRRU8WlCm8ZHQvvY="></latexit>

[Caputo, Essig; 2603.08430]
[Kyselov, Ovchynnikov; PRD 111, 015030]

• Past years have seen an extensive effort to search for MeV/GeV dark photon 

• Constraints from colliders, beam dumps, astrophysics, cosmology 

[many, many more …]



DARK PHOTONS AS MEDIATORS

• Dark Photon can be 
mediator to a dark sector 

• Simple example, vector-
like fermion 
 
 
 
 
 

• Assuming   
the HP will decay invisibly 
with 

gD ≫ ϵ

7

<latexit sha1_base64="4BOzPjm7rHkwSsZxhR+C4gREL1U="></latexit>

L = gD �̄�µ� A0
µ

<latexit sha1_base64="XvPSutYsrXPOLzAiKAa5Dg5d30o=">AAAB/nicbVDLSsNAFL3xWeur6tJNsIiuSiKKLlxU3LisYh/QhjKZ3LRDJ5MwMxFKKPgBbvUT3Ilbf8Uv8DectlnY1gMXDufcy733+AlnSjvOt7W0vLK6tl7YKG5ube/slvb2GypOJcU6jXksWz5RyJnAumaaYyuRSCKfY9Mf3I795hNKxWLxqIcJehHpCRYySrSRHm5OuqWyU3EmsBeJm5My5Kh1Sz+dIKZphEJTTpRqu06ivYxIzSjHUbGTKkwIHZAetg0VJELlZZNLR/axUQI7jKUpoe2J+nciI5FSw8g3nRHRfTXvjcX/vHaqwysvYyJJNQo6XRSm3NaxPX7bDphEqvnQEEIlM7fatE8kodqEM7NFmaf6GIyKJhl3PodF0jiruBcV5/68XL3OMyrAIRzBKbhwCVW4gxrUgUIIL/AKb9az9W59WJ/T1iUrnzmAGVhfv8QClc0=</latexit>
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THERMAL DM
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• If DM was in thermal equilibrium with SM bath, 
can be produced via freeze out described by  
simple Boltzman equation 
 

• Freeze-out abundance scales inversely with 
 thermal cross section

DM PRODUCTION

9

• For , simple s-wave annihilation 
 

• Larger couplings  and  yield smaller abundances! 

• Resonance enhancement  can shift abundance to much smaller couplings
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THERMAL BENCHMARKS
• DM coupled to a kinetically mixed vector mediator on the brink of 

being ruled out! 

• Strongest constraints on MeV/GeV targets from direct detection!

10

[Krnjaic, 2505.04626]



DIRECT DETECTION
• GeV-scale “WIMPs” strongly constrained by direct detection! 

 
 
 
 
 
with 
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BUT: No resonance enhancement in scattering!

• Scaling of the DM signal rate
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In the resonance can suppress DD independently of !ϵ



DIRECT DETECTION
• GeV DM can avoid direct detection close to resonance for small 

couplings !αD
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[Alonso-González, Cerdeño, PF, No; 2507.11376]



“MODEL-INDEPDENT” BOUNDS

• The common lore is that GeV-scale WIMPS are ruled out by 
indirect detection 
 
 
 
 
 
 
 
 
 

• Is this really model independent?  Review simple benchmark→

13

[McDaniel+; PRD 109, 063024] [Leane+; PRD 98, 023016]



• Planck observations strongly constrain allowed extra ionisation @ ! TCMB

INDIRECT PROBES: CMB
• DM can annihilate into SM particles 

• Energy injection into primordial plasma via  cascade 
decays into secondary   and  

• Extra ionization leads to distortions of TT, TE and EE 
coponents of CMB power spectra 
 

p, e±, γ ν

[Padmanabahn, Finkbeiner; astro-ph/0503486]
[Planck; 1807.06209]
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CONSISTENT CMB BOUND
• Rate of energy released into heating and ionisation  

 
 
 
with annihilation parameter                                                              , dilution:  

• Planck constraint:  

• Larger  at samller , we get a lower bound on !ξ2 ϵ ϵ
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   αD = 10−1    αD = 10−3
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ρχ

ρDM

[Alonso-González, Cerdeño, PF, No; 2507.11376]



DWARF SPEHROIDALS
• Dwarf galaxies are some of most DM-rich environments in our universe 

• FermiLAT observed Milky Way dSphs for over 15 years in -rays 

• Expected differential flux due to DM annihilation

γ

16

[Fermi-LAT, PRD 89, 042001]
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• FermiLAT legacy analysis provides single-source, binned likelihood profiles 
  derive upper limits 

• Gamma ray flux sensitiviely depends on  

• As for CMB, we get a lower bound on !

ℒ(dϕ/dE, E) →

ϵ

CONSISTENT FERMI BOUND
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[McDaniel+, PRD 109 063024]
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COLLIDER CONSTRAINTS - I
• Invisible regime ( ):  mono-X signatures mχ < mZD

/2
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• In this mass range leading 
bound given by BaBar  
mono , EWPO 

• HL-LHC could give competitive 
constraints 

• Mono-Higgs no competitive 
bounds

γ



COLLIDER CONSTRAINTS - II
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• Already get significant visible decays  
for small gauge couplings  

• We have to rescale the dilepton 
limit with the relevant branching  
ratio: 
 

  

αD ≲ ϵ2

ϵℓℓ
90 ×

ΓZD→SM + ΓZD→χχ

ΓZD→SM

• Visible regime ( ):  dilepton signatures mχ > mZD
/2

ZD

q

q̄

ℓ

ℓ̄



THE GEV WINDOW
• GeV DM only viable in the resonance regime 

• Complementary constraints for direct detection and colliders!

20

[Alonso-González, Cerdeño, PF, No; 2507.11376]



THE GEV WINDOW
• GeV DM only viable in the resonance regime 

• Complementary constraints for direct detection and colliders!

20
• What about alternative production mechanisms?

[Alonso-González, Cerdeño, PF, No; 2507.11376]



FREEZE-IN

21



• Very feebly coupled DM is never 
thermalized with SM bath 

• PROBLEM: Tiny interactions typically hard 
to probe!

22

dn
dt

+ 3Hn = ⟨σv⟩(n2
eq − n2)

[Hall+; JHEP 1003:080,2010]

freeze-in

Increasing  
coupling

FREEZE-IN PRODUCTION



• Very feebly coupled DM is never 
thermalized with SM bath 

• PROBLEM: Tiny interactions typically hard 
to probe!

22

dn
dt

+ 3Hn = ⟨σv⟩(n2
eq − n2)

[Hall+; JHEP 1003:080,2010]

freeze-in

Increasing  
coupling

• BUT: New (ultra-)light mediators can 
significantly enhance cross section! 

• Direct detection is already testing  
freeze-in with a light mediator! 
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FREEZE-IN PRODUCTION

https://inspirehep.net/literature?q=collaboration:DAMIC-M


A SUBTLETY — LOW REHEATING
• At the end of inflation, decay of the inflaton  

sources thermal population SM bath 
(reheating) 
 

 Entropy injection into SM bath 

• End of reheating reached at onset of SM 
radiation domination for 

ϕ

⇒

ρϕ(Trh) = ρR(Trh)

23

[Bélanger, Bernal, Pukhov; JHEP 03 (2025) 079]



A SUBTLETY — LOW REHEATING
• At the end of inflation, decay of the inflaton  

sources thermal population SM bath 
(reheating) 
 

 Entropy injection into SM bath 

• End of reheating reached at onset of SM 
radiation domination for 

ϕ

⇒

ρϕ(Trh) = ρR(Trh)

23

[Bélanger, Bernal, Pukhov; JHEP 03 (2025) 079]

• Typical freeze-in production ceases at 
 

• If the reheating temperature is lower than the 
DM/mediator mass, further entropy injection 
dilutes produced freeze-in abundance! 

• Exponential suppression of  since only 
kinematic tail of particles have enough energy 
to produce DM

T ∼ max(mA′￼, mχ)

⟨σv⟩



TESTS OF DP FREEZE IN
• Direct detection with electron scattering 

has potential to test smaller couplings 

• Recently, DAMIC-M and PandaX-4T 
published first results excluding freeze-in 
cross section

24

[Cerdeño, PF, López Noé, Zapata; 2603.16863]
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• Large parts of massless mediator scenario 
for [3, 400] MeV excluded 

• Low reheating temperature scenarios 
excluded 

• Future searches test underabundance 
down to 

mχ ∼

ξ = 0.001

Ultralight mediator
[PandaX; PRL 135 211001]
[DAMIC-M; PRL 135 071002]
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• Consider massive vector mediator scenario with 
comparable masses  

• MeV dark photons severely constrained from 
beam dump searches, astrophysics, and cosmology 
(gray) 

• High reheating freeze-in lines completely buried in 
the neutrino floor 

• Low reheating scenarios with 100 MeV - 1 
GeV in reach of future direct detection 
experiments! 

• Consistent dark photon signal in fixed target 
experiments like SHiP

Trh ∼

REALISTIC SCENARIO

25
[Cerdeño, PF, López Noé, Zapata; 2603.16863]
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• Infinite family of anomaly-free U(1) with SM field content.  
Simple examples are: 
 
 
 

• Effectively induces neutrino non-standard interactions (NSI) 
 
 
 
 

 Solar neutrino scattering will be enhanced in direct detection!⇒

ANOMALY-FREE PORTALS
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SM fields
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• Beyond kinetic mixing,  can be coupled to SM by gauge interactionsU(1)X
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MODIFIED NEUTRINO FLOOR
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SOLAR NEUTRINO SCATTERING
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• Can compute solar neutrino scattering rate including NSI in propagation and scattering:
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[Amaral, Cerdeno, Cheek, Costa, PF; 2607.22817]

https://arxiv.org/abs/2607.22817


• Implemented the full chain of propagation, scattering plus detector effects for NSI 
in solar  in open-source Python package: https://github.com/SNuDD/SNuDD.gitν

SNuDD
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https://github.com/SNuDD/SNuDD.git


MODIFIED NEUTRINO FLOOR
• Leptophilic mediators lead to simultaneous DM 

and neutrino signal 

• DM discovery limit (neutrino floor) depends on 
experimental threshold   

• Signal discrimination via spectral information  
 need statistics (exposure, background)

Eth

⇒

[Cerdeño, PF, López Noé, Zapata; 2603.16863]
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https://arxiv.org/abs/2603.16863


FREEZE IN - Lμ − Lτ
• Dominant production via (thermalized)  and  

annihilation 

• Freeze-in @ low reheating in reach of future 
experiments for 10 - (few) 100 MeV 

• Predicts consistent signature in nuclear recoils 
and future fixed target experiments

A′￼ νμ,τ

Trh ∼ 𝒪
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eē

μμ̄

τ τ̄

νν̄

[Cerdeño, PF, López Noé, Zapata; 2603.16863]

100 101 102 103 104

m¬ (MeV)

10°6

10°5

10°4

10°3

10°2

g µ
ø

mA0 = m¬/10

ER

NR

∫-f
og

(N
R)∫-

fo
g
(E
R)

10 MeV
100 MeV

1 GeV

100 GeV

SCDMS

DS20k

100 101 102 103 104

m¬ (MeV)

10°6

10°5

10°4

10°3

10°2

g µ
ø

mA0 = m¬/20

ER

NR

∫-f
og

(N
R)∫-

fo
g
(E
R)

10 MeV
100 MeV

1 GeV

100 GeV

SCDMS

DS20k

[Cerdeño, PF, López Noé, Zapata; 2603.16863]

https://arxiv.org/abs/2603.16863
https://arxiv.org/abs/2603.16863


100 101 102 103 104

m¬ (MeV)

10°6

10°5

10°4

10°3

10°2

g B
L

mA0 = m¬/10

ER

NR

∫-f
og

(N
R)∫-

fo
g
(E
R)

10 MeV

100 MeV
1 GeV

100 GeV

SC
DM

S

DS20k

100 101 102 103 104

m¬ (MeV)

10°6

10°5

10°4

10°3

10°2

g B
L

mA0 = m¬/20

ER

NR

∫-f
og

(N
R)∫-

fo
g
(E
R)

10 MeV
100 MeV

1 GeV

100 GeV

SC
DM

S

DS20k

FREEZE IN - B − L
• Due to direct gauge coupling with nucleons, nuclear recoils 

more sensitive  sensitive to larger region of parameter space 

• Significant sensitivity to BSM neutrino signal alone!

→
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[Cerdeño, PF, López Noé, Zapata; 2603.16863]

https://arxiv.org/abs/2603.16863


CONCLUSIONS
• GeV WIMPs are cornered, but still alive! 

• Direct detection experiments and colliders are 
most promising to further close the resonance 
window 

• Freeze-in option is still viable in large class of 
vector mediator models 

• Upcoming direct detection experiments cant test 
low reheating regime 

• Leptophilic vector mediators can induce 
simultaneous DM and neutrino signal at direct 
detection
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BACKUP
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CONSISTENT ANOMALY-FREE MODELS
• Constraints on possible charge assignments of SM fields plus     

3 RH neutrinos from anomaly cancellation:  
 
                                      with 
 
 Define sum of family charges
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• Constraints on possible charge assignments of SM fields plus     
3 RH neutrinos from anomaly cancellation:  
 
                                      with 
 
 Define sum of family charges 

• Additional constraints from SM Yukawa terms since they must 
respect   U(1)X
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CONSISTENT ANOMALY-FREE MODELS



• Four simple anomaly-free combinations are: 
 
 

• These models have rich phenomenology 
 Gauge coupling with neutrinos! 

• How do these work as portals to DM?

⇒

WHY IS THIS INTERESTING?
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• Complementary strategies testing different aspects of DM

HOW TO SEARCH FOR DM?

38

Direct Detection Accelerators

Astrophysics and Cosmo Indirect detection

(Dispersion) (Production)

(Production) (Annihilation and decay)



DIRECT DETECTION LANDSCAPE

39 [Snowmass2021; 2203.08084]
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MASS GENERATION
• The Dark Photon mass can be dynamically generated by a new complex scalar  

• Once the scalars acquire a VEV they will break the symmetries  

• This leads to a mixed scalar mass matrix and scalar mixing 
 
 

• Kinetic term of  generates DP mass and scalar-vector couplings if charged under 

S

S U(1)X
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INDIRECT DETECTION
• DM can inject energy into 

primordial plasma via  
cascade decays into 
secondary   and  
 

• Secondary particles can also heat and ionize IGM, alter post-
recombination ionization fraction

p, e±, γ ν
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