
1STEALTH physics @ LHCb — February 18, 2020

Hidden Photons 
- Opportunities and Challenges - 

Patrick Foldenauer 
 

IPPP Durham



• Possible hints for New Physics: 
-                 anomaly 
- flavor anomalies            and            (BaBar, Belle, LHCb)  
- DAMA/Libra annual modulation? 
- Cosmic ray positron excess (PAMELA, FermiLAT, AMS-02)  
- …

The extremely successful SM …
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• Something is missing: 
 

! 5%
<latexit sha1_base64="Jjk/vtmtD3ZlGYgOw2ABVKk4/Ok=">AAAB73icbVBNSwMxEJ2tX7V+VT16CZaCp7JbFT0WvXisYD+gu5Rsmm1Dk+yaZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDvzO09UaRbLBzNJaCDwULKIEWys1PU1E+jSr/bLFbfmzoFWiZeTCuRo9stf/iAmqaDSEI617nluYoIMK8MIp9OSn2qaYDLGQ9qzVGJBdZDN752iqlUGKIqVLWnQXP09kWGh9USEtlNgM9LL3kz8z+ulJroOMiaT1FBJFouilCMTo9nzaMAUJYZPLMFEMXsrIiOsMDE2opINwVt+eZW06zXvvFa/v6g0bvI4inACp3AGHlxBA+6gCS0gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MHAOGPSQ==</latexit>

⇠ 25%
<latexit sha1_base64="ka9HD5LVi11U/3iu5gfhvqXlBDk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CZaCp7JbFT0WvXisYD+ku5Rsmm1Dk+ySZIWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRW8epIrRFYh6rbog15UzSlmGG026iKBYhp51wfDvzO09UaRbLBzNJaCDwULKIEWys9OhrJlD90q/2yxW35s6BVomXkwrkaPbLX/4gJqmg0hCOte55bmKCDCvDCKfTkp9qmmAyxkPas1RiQXWQzQ+eoqpVBiiKlS1p0Fz9PZFhofVEhLZTYDPSy95M/M/rpSa6DjImk9RQSRaLopQjE6PZ92jAFCWGTyzBRDF7KyIjrDAxNqOSDcFbfnmVtOs177xWv7+oNG7yOIpwAqdwBh5cQQPuoAktICDgGV7hzVHOi/PufCxaC04+cwx/4Hz+AHP2j4U=</latexit>

! 70%
<latexit sha1_base64="+mSs2uAiTRkZeRcdPJAtcQ6OieI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CZaCp7JbhXosevFYwX5IdynZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjo5TRWibxDxWvRBrypmkbcMMp71EUSxCTrvh5Hbud5+o0iyWD2aa0EDgkWQRI9hY6dHXTKCG61cH5YpbcxdA68TLSQVytAblL38Yk1RQaQjHWvc9NzFBhpVhhNNZyU81TTCZ4BHtWyqxoDrIFgfPUNUqQxTFypY0aKH+nsiw0HoqQtspsBnrVW8u/uf1UxNdBxmTSWqoJMtFUcqRidH8ezRkihLDp5Zgopi9FZExVpgYm1HJhuCtvrxOOvWad1mr319Vmjd5HEU4g3O4AA8a0IQ7aEEbCAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/c/uPhQ==</latexit>

(g � 2)µ
<latexit sha1_base64="nxHhOqOApBDCU05KO7l4alVsBts=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahHiy7raDHohePFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxrczv/1ElWaRfDCTmPoCDyULGcHGSo/l4UX1vN8TSb9YcivuHGiVeBkpQYZGv/jVG0QkEVQawrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtlVhQ7afzg6fozCoDFEbKljRorv6eSLHQeiIC2ymwGellbyb+53UTE177KZNxYqgki0VhwpGJ0Ox7NGCKEsMnlmCimL0VkRFWmBibUcGG4C2/vEpa1YpXq1TvL0v1myyOPJzAKZTBgyuowx00oAkEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx97GY+M</latexit>

RK ( ! )
<latexit sha1_base64="KxXACZbOpgsWhwG3blXnaqbWlC4=">AAAB8nicbVBNS8NAEN34WetX1aOXYBGqh5JUQY9FL4KXKvYD0lg22027dLMbdidCCfkZXjwo4tVf481/47bNQVsfDDzem2FmXhBzpsFxvq2l5ZXVtfXCRnFza3tnt7S339IyUYQ2ieRSdQKsKWeCNoEBp51YURwFnLaD0fXEbz9RpZkUDzCOqR/hgWAhIxiM5N330tvHtHJ6kmW9UtmpOlPYi8TNSRnlaPRKX92+JElEBRCOtfZcJwY/xQoY4TQrdhNNY0xGeEA9QwWOqPbT6cmZfWyUvh1KZUqAPVV/T6Q40nocBaYzwjDU895E/M/zEggv/ZSJOAEqyGxRmHAbpD353+4zRQnwsSGYKGZutckQK0zApFQ0IbjzLy+SVq3qnlVrd+fl+lUeRwEdoiNUQS66QHV0gxqoiQiS6Bm9ojcLrBfr3fqYtS5Z+cwB+gPr8wds3pCx</latexit>

RD(⇤)
<latexit sha1_base64="mrtl5Bzp4aPyK+MROfYY8rDxxcs=">AAAB8nicbVBNS8NAEN34WetX1aOXYBGqh5JUQY9FPXisYj8gjWWz3bRLN7thdyKUkJ/hxYMiXv013vw3btsctPXBwOO9GWbmBTFnGhzn21paXlldWy9sFDe3tnd2S3v7LS0TRWiTSC5VJ8CaciZoExhw2okVxVHAaTsYXU/89hNVmknxAOOY+hEeCBYygsFI3n0vvXlMK6cnWdYrlZ2qM4W9SNyclFGORq/01e1LkkRUAOFYa891YvBTrIARTrNiN9E0xmSEB9QzVOCIaj+dnpzZx0bp26FUpgTYU/X3RIojrcdRYDojDEM9703E/zwvgfDST5mIE6CCzBaFCbdB2pP/7T5TlAAfG4KJYuZWmwyxwgRMSkUTgjv/8iJp1aruWbV2d16uX+VxFNAhOkIV5KILVEe3qIGaiCCJntErerPAerHerY9Z65KVzxygP7A+fwBiEZCq</latexit>

[Planck Collaboration; 1807.06209]

SM



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

• Plus non-renormalizable dim-5 portal interaction:    
 
Axion portal

Portals to New Physics
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øL ÷H
<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 
symmetry

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

Gagg

4
aTr[Gµ⌫G̃

µ⌫ ]
<latexit sha1_base64="bvg2rCpMJ6fybLEDNAu0YlP/MnA="></latexit>

(
<latexit sha1_base64="7w3zaACPHkNbIHA//wXk4WzIhqg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUrAxKZbfqLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jpp16reVbXWvC7X63kcBTiHC6iABzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBba2Mrg==</latexit>

)
<latexit sha1_base64="cdqF8kWVoZJyHSZqIxQjS/B/OgY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyWpgh4LXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2Vmhf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1mtNa8q9XoeRxFO4BTOwYNrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AG8xjK8=</latexit>



A New Dark Symmetry

4

SM fields remain uncharged under the new U(1) symmetry.

DSSM

SU(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>

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



• Kinetic mixing term  can be diagonalized by a field redefinition.  
For light bosons (                               ):

The secluded Hidden Photon 

5

Jµ
X = 0

<latexit sha1_base64="4tswRXkRvLz84YIdZkwe9IbkcJU=">AAACGHicbVDLSgMxFM3UV62vqks3wSK4KjNV0I1QdCOuKtiHtGPJpHfa0CQzJBmxDP0Kd6L/4k7cuvNXXJk+Frb1QOBwzr3ckxPEnGnjut9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM96F+N/PojKM0ieWcGMfiCdCULGSXGSvc37cZDSyQXbjtfcIvuGHiReFNSQFNU2vmfVieiiQBpKCdaNz03Nn5KlGGUwzDXSjTEhPZJF5qWSiJA++k48BAfWaWDw0jZJw0eq383UiK0HojATgpienreG4n/epRICnzmevo0OTqbyITnfspknBiQdBIoTDg2ER61hDtMATV8YAmhitk/YdojilBju8zZsrz5ahZJrVT0Toql29NC+XJaWxYdoEN0jDx0hsroGlVQFVEk0DN6RW/Oi/PufDifk9GMM93ZRzNwvn4BZxSgvQ==</latexit>

eAµJ
µ
EM � ✏ eA0

µJ
µ
EMAµ ! Aµ � ✏A0µ

MA0 ⌧ MW ⇠ O(v)
<latexit sha1_base64="PxIyDHm/Wl0tz+0JiDRj3JjrfN0=">AAACM3icbVDLSsNAFJ3UV62vqEs3Q4tYNyWpgi6rbtwUK9gHNCFMptN26GQSZibFErL3a9yJ/oq4E7f+gCunj4VtPXDhcM693HuPHzEqlWW9G5mV1bX1jexmbmt7Z3fP3D9oyDAWmNRxyELR8pEkjHJSV1Qx0ooEQYHPSNMf3Iz95pAISUP+oEYRcQPU47RLMVJa8sx81UuuTlLoMAarXhM6kgbQCZDqY8SSu7Q4PPXMglWyJoDLxJ6RApih5pk/TifEcUC4wgxJ2batSLkJEopiRtKcE0sSITxAPdLWlKOASDeZ/JLCY610YDcUuriCE/XvRIICKUeBrzvHV8pFbyz+62HEMWFz25PH6dL5i1T30k0oj2JFOJ4e1I0ZVCEcBwg7VBCs2EgThAXVP0HcRwJhpWPO6bDsxWiWSaNcss9K5fvzQuV6FlsWHIE8KAIbXIAKuAU1UAcYPIFn8ArejBfjw/g0vqatGWM2cwjmYHz/Aqaiqoo=</latexit>

Hidden Photon couples to EM current suppressed by   ! ✏
<latexit sha1_base64="BjAiiC5NoOxxfbVMKVfgKZWAxXw=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwFZI0tHVXdOOygn1AG8pkOmmHTmbizEQooT/hxoUibv0dd/6Nk7aCih64cDjnXu69J0wYVdpxPqzC2vrG5lZxu7Szu7d/UD486iiRSkzaWDAheyFShFFO2ppqRnqJJCgOGemG06vc794Tqajgt3qWkCBGY04jipE2Um9AEkWZ4MNyxbEvGjXPr0HHdpy667k58ep+1YeuUXJUwAqtYfl9MBI4jQnXmCGl+q6T6CBDUlPMyLw0SBVJEJ6iMekbylFMVJAt7p3DM6OMYCSkKa7hQv0+kaFYqVkcms4Y6Yn67eXiX14/1VEjyChPUk04Xi6KUga1gPnzcEQlwZrNDEFYUnMrxBMkEdYmopIJ4etT+D/peLZbtb0bv9K8XMVRBCfgFJwDF9RBE1yDFmgDDBh4AE/g2bqzHq0X63XZWrBWM8fgB6y3T64ukGY=</latexit>

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>

• Minimal choice is pure secluded U(1) symmetry with 

[Holdom; PLB 166, 196 (1986)]
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Secluded              - current statusU(1)X
<latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit><latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit><latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit><latexit sha1_base64="+uEk8OHEMkIIdJIXOgPe4uwFEm0=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JrSNQb0YtHTFwggQ3pli5Uuu2m7ZqQDf/Biwc1Xv1B3vw3FtiDgi+Z5OW9mczMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+PWlqmilCfSC5VJ8Saciaob5jhtJMoiuOQ03Y4vp357SeqNJPiwUwSGsR4KFjECDZWavlV77zf6Zcrbs2dA60SLycVyNHsl796A0nSmApDONa667mJCTKsDCOcTku9VNMEkzEe0q6lAsdUB9n82ik6s8oARVLZEgbN1d8TGY61nsSh7YyxGellbyb+53VTE10FGRNJaqggi0VRypGRaPY6GjBFieETSzBRzN6KyAgrTIwNqGRD8JZfXiX+Re265t3XK42bPI0inMApVMGDS2jAHTTBBwKP8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwC1D44Y</latexit>

adapt.[Bauer, PF, Jaeckel; 1803.05466]

New LHCb results
[1910.06926]
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Secluded              - future sensitivityU(1)X
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adapt.[Bauer, PF, Jaeckel; 1803.05466]



Anomaly-free gauge groups
Certain SM fields are charged under the new U(1) symmetry.

8



 
 
 
 
 

• 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:



• Gauge couplings to all fermions 
        Loop-induced mixing practically irrelevant  

• New feature:  sizeable couplings to neutrinos 
E.g. scattering of solar neutrinos (Borexino) off electrons  

Example1: searches for 

10

A′

ν ν

e− e−

d�

dE
/

3X

i,j=1

fi |g0 (U †Q⌫U)ij |2

<latexit sha1_base64="HEg1e8KDpaS7InYGjlDFBGPS/3g="></latexit><latexit sha1_base64="HEg1e8KDpaS7InYGjlDFBGPS/3g="></latexit><latexit sha1_base64="HEg1e8KDpaS7InYGjlDFBGPS/3g="></latexit><latexit sha1_base64="HEg1e8KDpaS7InYGjlDFBGPS/3g="></latexit>
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                - current statusB � L

LHCb probes beyond BaBar

adapt.[Bauer, PF, Jaeckel; 1803.05466]
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                - future sensitivityB � L

adapt.[Bauer, PF, Jaeckel; 1803.05466]



• Large coupling hierarchy of loop-induced kinetic mixing to gauge 
coupling: 

• Couplings to electrons and hadrons strongly suppressed 
     Typical collider and beam dump searches become insensitive 

• Neutrinos and muons become important! 

Example2: searches for 

13

U(1)Lµ�L⌧
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✏µ⌧ e

gµ⌧
/

6↵

⇡
log

✓
m⌧

mµ

◆
⇡ O(10�2)

<latexit sha1_base64="Sletr2qHN6RsaHwf4YRR5jE1yZg="></latexit>

γ, Z

A′

µ

µ

µ

µ

J !
µ " = øL 2! ! L 2 + øµR ! ! µR ! øL 3! ! L 3 ! ø"R ! ! "R

<latexit sha1_base64="YxMk3Y9jvWapP99uq+1NC5feJ3Y="></latexit>

ν

N N

γ
µ−

ν

µ+

A′

[Altmannshofer et al., 1406.2332] [BaBar, 1606.0350; CMS, 1808.03684 ]

What about LHCb?

http://arxiv.org/abs/arXiv:1406.2332
http://arxiv.org/abs/arXiv:1808.03684
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                - current statusL µ ! L !

adapt.[Bauer, PF, Jaeckel; 1803.05466]
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                - future sensitivityL µ ! L !

adapt.[Bauer, PF, Jaeckel; 1803.05466]

Pseudo-scalar decays!
[Krnjaic et al.; 1902.07715]



Opportunities and Challenges 
“We choose to go to the moon in this decade and do the other things, not 

because they are easy, but because they are hard […]” 
— John F. Kennedy
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• Resonance searches in 4-lepton decays competitive?

Leptonic forces - Four lepton searches
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White Dwarfs

BaBar

NSI

�� ����

����-��

����-��

����-��

����-��

��

����-��

����-��

����-��

����-��

����-��

����-��

����-��

����-��

��

����

CMS4 ��

BaBar inv

g - 2��

White Dwarfs

BaBar

! (qøq ! "ø" A!) "
! gx

10" 2

" 2
O(fb)

<latexit sha1_base64="3YmmqqHXvCzGjkWKyJXu0/Sz9dQ="></latexit>

(@M A ! ! 20 GeV)
<latexit sha1_base64="PfGLqxifbsNNKI/KMMkYhVN8gv8=">AAACCnicbVDLSgNBEJz1bXytevQyGkQFCbs+0GPUg14EBROFbAizk04yOPtgplcMy569+CtePCji1S/w5t84SfagxoKGoqqb7i4/lkKj43xZI6Nj4xOTU9OFmdm5+QV7camqo0RxqPBIRurGZxqkCKGCAiXcxApY4Eu49m9Pev71HSgtovAKuzHUA9YORUtwhkZq2KubZW+bnjfSo42MeloEdMcxgodwj+kpVLOthl10Sk4fdJi4OSmSHBcN+9NrRjwJIEQumdY114mxnjKFgkvICl6iIWb8lrWhZmjIAtD1tP9KRteN0qStSJkKkfbVnxMpC7TuBr7pDBh29F+vJ/7n1RJsHdZTEcYJQsgHi1qJpBjRXi60KRRwlF1DGFfC3Ep5hynG0aRXMCG4f18eJtWdkrtb2r/cK5aP8zimyApZI5vEJQekTM7IBakQTh7IE3khr9aj9Wy9We+D1hErn1kmv2B9fAOHS5hL</latexit>



• Test muonic forces in decays of PS decays with O(1) BR into 
muons: 

• Can we make use of copious production of          @ LHCb? 

⇡± ! µ±⌫µ BR ⇠ 100%
<latexit sha1_base64="/9Ja4WJTnZ7BQynQe2db2ISc6dM=">AAACH3icbZDLTgIxFIY7eEO8oS7dNBISV2TG+5LgxiUauSQUSacUaGg7Yy9GMuFN3PgqblxojHHH21guCwVP0uTL/5+T0/OHMWfa+P7ISy0tr6yupdczG5tb2zvZ3b2qjqwitEIiHql6iDXlTNKKYYbTeqwoFiGntbB/NfZrj1RpFsk7M4hpU+CuZB1GsHFSK3uOYnaPYgGRiSASdsrSthxD9GBx2zn0ySSl2yHSTMDA9yHKt7I5v+BPCi5CMIMcmFW5lf1G7YhYQaUhHGvdCPzYNBOsDCOcDjPIahpj0sdd2nAosaC6mUzuG8K8U9qwEyn3pIET9fdEgoXWAxG6ToFNT897Y/E/r2FN57KZMBlbQyWZLupYDl0W47BgmylKDB84wEQx91dIelhhYlykGRdCMH/yIlSPC8FJ4ezmNFcszeJIgwNwCI5AAC5AEVyDMqgAAp7BK3gHH96L9+Z9el/T1pQ3m9kHf8ob/QBF4aHV</latexit>

Muonic forces - Pseudo scalar decays
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L µ ! L e
<latexit sha1_base64="j0+HNRJ08+mJYH8RXVJ/eODzWJw=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBC8GHZ9oMegFw85RDAPSZZldjKbDJmZXWZmhbDkK7x4UMSrn+PNv3GS7EETCxqKqm66u8KEM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+00dp4rQBol5rNoh1pQzSRuGGU7biaJYhJy2wuHtxG89UaVZLB/MKKG+wH3JIkawsdJjLeiK9LQW0KBUdivuFGiReDkpQ456UPrq9mKSCioN4Vjrjucmxs+wMoxwOi52U00TTIa4TzuWSiyo9rPpwWN0bJUeimJlSxo0VX9PZFhoPRKh7RTYDPS8NxH/8zqpia79jMkkNVSS2aIo5cjEaPI96jFFieEjSzBRzN6KyAArTIzNqGhD8OZfXiTNs4p3Xrm8vyhXb/I4CnAIR3ACHlxBFe6gDg0gIOAZXuHNUc6L8+58zFqXnHzmAP7A+fwBLHuQAQ==</latexit>

L µ ! L !
<latexit sha1_base64="frcM9NJDcDzCAE/JnRULjH29ssc=">AAAB83icbVC7SgNBFL3rM8ZX1NJmMAg2hl0faBm0sbCIYB6QDWF2MpsMmZld5iGEJb9hY6GIrT9j5984SbbQxAP3cjjnXubOiVLOtPH9b29peWV1bb2wUdzc2t7ZLe3tN3RiFaF1kvBEtSKsKWeS1g0znLZSRbGIOG1Gw9uJ33yiSrNEPppRSjsC9yWLGcHGSeF9NxT21HWDbbdU9iv+FGiRBDkpQ45at/QV9hJiBZWGcKx1O/BT08mwMoxwOi6GVtMUkyHu07ajEguqO9n05jE6dkoPxYlyJQ2aqr83Miy0HonITQpsBnrem4j/eW1r4utOxmRqDZVk9lBsOTIJmgSAekxRYvjIEUwUc7ciMsAKE+NiKroQgvkvL5LGWSU4r1w+XJSrN3kcBTiEIziBAK6gCndQgzoQSOEZXuHNs96L9+59zEaXvHznAP7A+/wBjJ+RYA==</latexit>

! BR

!
"""#

"""$

A! " !! O(1) O(1)

A! " ee O(1) O("2) # 10" 5

A! " µµ O(1) O(1)
<latexit sha1_base64="aqMGU+Odpa3GxhRIcdtKiDoycp4="></latexit>

K ± ! µ± ! µ BR " 64%
<latexit sha1_base64="dSX2SgkWs93RFiLMt1bdVt0fXxg=">AAACG3icbZDLSgMxFIYzXmu9VV26CZaCqzJT62VZ6kZwU8VeoFNLJs20oUlmzEUsQ9/Dja/ixoUirgQXvo3pZaGtBwIf/38OJ+cPYkaVdt1vZ2FxaXllNbWWXt/Y3NrO7OzWVGQkJlUcsUg2AqQIo4JUNdWMNGJJEA8YqQf985FfvydS0Ujc6EFMWhx1BQ0pRtpK7Uzh8taPOfR1BH1uJixM2zL07wzqWIc86KR8PfQV5fCk6Ofamaybd8cF58GbQhZMq9LOfPqdCBtOhMYMKdX03Fi3EiQ1xYwM075RJEa4j7qkaVEgTlQrGd82hDmrdGAYSfuEhmP190SCuFIDHthOjnRPzXoj8T+vaXR41kqoiI0mAk8WhYZBm8QoKNihkmDNBhYQltT+FeIekghrG2fahuDNnjwPtULeO8ofXxWzpfI0jhTYBwfgEHjgFJTABaiAKsDgETyDV/DmPDkvzrvzMWldcKYze+BPOV8/jrmgfA==</latexit>

Golden channels for (g-2)

P!

µ!

ø! µ

A"W !

BR(K ± ! µ± ! µ A!) " 10" 8 . . . 10" 9
! gx

10" 4

" 2

<latexit sha1_base64="D0pTmJIDNvdI9wNC5zspJO7LzYo="></latexit>

! , K
<latexit sha1_base64="wjRBtRXiqRfHDWo8hd71AyDn4OE=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4kJL4gR6LXgQvFUxbaEvZbCft0s0m7G6EEvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvCARXBvX/XaWlldW19YLG8XNre2d3dLefl3HqWLos1jEqhlQjYJL9A03ApuJQhoFAhvB8HbiN55QaR7LRzNKsBPRvuQhZ9RYyW8n/PS+Wyq7FXcKski8nJQhR61b+mr3YpZGKA0TVOuW5yamk1FlOBM4LrZTjQllQ9rHlqWSRqg72fTYMTm2So+EsbIlDZmqvycyGmk9igLbGVEz0PPeRPzPa6UmvO5kXCapQclmi8JUEBOTyeekxxUyI0aWUKa4vZWwAVWUGZtP0Ybgzb+8SOpnFe+8cvlwUa7e5HEU4BCO4AQ8uIIq3EENfGDA4Rle4c2Rzovz7nzMWpecfOYA/sD5/AFS1I5f</latexit>

(CMS)



Even more crazy ideas … 



• Can we make use of LHCb’s good resolution of B- and D-
decays 

Muonic forces - Meson decays
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M

µ!

ø! µ

A"

M "

W

BR ! M [GeV]

D 0 ! K (! )± ! " " ! 4 (2) % 1.266 (0.867)

D ± ! K (! )0 ! ± " ! 9 (5) % 1.266 (0.872)

B 0 ! D (! )± ! " " ! 2 (5) % 3.304 (3.164)

B ± ! D (! )0 ! ± " ! 2 (6) % 3.309 (3.167)
<latexit sha1_base64="FOEfcyvF9OChqtMkWim9En5egZw="></latexit>

Much higher mass reach than Kaon and Pion decays!



• Vertex correction at the Z-pole: EW precision  
 
 
 
 

• Can we observe deviations in Pion or Kaon decays?  

Muonic forces - Vertex corrections

21

µ−

µ+

A′
Z

µ−

ø! µ

A ′
W−

Powerful constraints from  
Z line measurement @ LEP

P!

µ!

ø! µ

W !

E.g. deviations from SM rate K ± ! µ± !
<latexit sha1_base64="N2W6YlJaJu10PouEt+wooPeavVQ=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgaphpa1t3RTeCmwr2AZ2xZNK0DU0yQ5IRS+mvuHGhiFt/xJ1/Y6atoKIHLhzOuZd77wljRpV23Q8rs7K6tr6R3cxtbe/s7tn7+ZaKEolJE0cskp0QKcKoIE1NNSOdWBLEQ0ba4fgi9dt3RCoaiRs9iUnA0VDQAcVIG6ln569u/Zj7OvJ5Mmci6dkF1zmrVYrlCnQd1616RS8lxWq5VIaeUVIUwBKNnv3u9yOccCI0ZkiprufGOpgiqSlmZJbzE0VihMdoSLqGCsSJCqbz22fw2Ch9OIikKaHhXP0+MUVcqQkPTSdHeqR+e6n4l9dN9KAWTKmIE00EXiwaJAzqCKZBwD6VBGs2MQRhSc2tEI+QRFibuHImhK9P4f+kVXS8knN6XS7Uz5dxZMEhOAInwANVUAeXoAGaAIN78ACewLM1sx6tF+t10ZqxljMH4Aest0+nppTd</latexit>





• E.g. light stable DM (Z2-symmetric) coupling to Higgs portal and 
gluons 

• Produce in Higgs decays on threshold; scatter off detector 
nucleus (typically Fe or Pb)

DM Deep Inelastic Scattering @ LHC
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L = !
1
2

! ! h " 2 H   H +
C
! 2 " 2Tr[ Gµ" Gµ" ]

<latexit sha1_base64="ofUsIFStvJ9vdhIHfpSR0bMdKaQ="></latexit>

X

N

!
!

gg

h

!

!

g

g

E! ⇡ mh

2
<latexit sha1_base64="OTK3gAmhzDRcI/cKEPXAv7ma1Uk=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQquiyK4LKCfUATwmQ6aYdOJsPMRCwhCzf+ihsXirj1I9z5N07bLLT1wIXDOfdy7z2hYFRpx/m2lpZXVtfWSxvlza3tnV17b7+tklRi0sIJS2Q3RIowyklLU81IV0iC4pCRTji6mvideyIVTfidHgvix2jAaUQx0kYK7Mp14Ikh9ZAQMnmAXiQRzuJgmGf1PLCrTs2ZAi4StyBVUKAZ2F9eP8FpTLjGDCnVcx2h/QxJTTEjedlLFREIj9CA9AzlKCbKz6ZP5PDIKH0YJdIU13Cq/p7IUKzUOA5NZ4z0UM17E/E/r5fq6MLPKBepJhzPFkUpgzqBk0Rgn0qCNRsbgrCk5laIh8jkoE1uZROCO//yImnXa+5J7ez2tNq4LOIogQo4BMfABeegAW5AE7QABo/gGbyCN+vJerHerY9Z65JVzByAP7A+fwAYfZhl</latexit>

p
s =

p
2MN E! ⇡ O(100) GeV

<latexit sha1_base64="CT4Ghzq0/MHYQ2YrKDZLpUj65VM="></latexit>

Signature:   appearing jets with 
In progress with Martin Bauer, Peter Reimitz, Tilman Plehn 

Ej ! O(10 " 100) GeV
<latexit sha1_base64="6V5OYh70fkTj8OaMLj3eBGsyr8g="></latexit>



• Is this feasible? 
 
 
 
 

• Very limited production 
via Higgs decays!

DM Deep Inelastic Scattering @ LHC

24

⇤ . 10 GeV
<latexit sha1_base64="agVsP0mbfpE0G/zr+osEVzK4aoE="></latexit>

• Need interaction with

� � � � � �� � � � � �� � � �

! ! ! " ! # ! $ ! % ! & '

! !

! "

! #

! $

! %

! &

'

h
!

in
v

<latexit sha1_base64="K1bEMuXXjatrZcu9TyOcT7jonsU=">AAAB9XicdVDLTgJBEJzFF+IL9ehlIjHxtNkFBLwRvXjERB4JrGR2GGDC7OxmphclhP/w4kFjvPov3vwbZwETNVpJJ5Wq7nR3+ZHgGhznw0qtrK6tb6Q3M1vbO7t72f2Dhg5jRVmdhiJULZ9oJrhkdeAgWCtSjAS+YE1/dJn4zTFTmofyBiYR8wIykLzPKQEj3Q47EHaA3cOUy/Gsm8059nmllC+WsGM7TtnNuwnJl4uFInaNkiCHlqh1s++dXkjjgEmggmjddp0IvClRwKlgs0wn1iwidEQGrG2oJAHT3nR+9QyfGKWH+6EyJQHP1e8TUxJoPQl80xkQGOrfXiL+5bVj6Fc881AUA5N0sagfCwwhTiLAPa4YBTExhFDFza2YDokiFExQGRPC16f4f9LI227BPrsu5qoXyzjS6Agdo1PkojKqoitUQ3VEkUIP6Ak9W3fWo/VivS5aU9Zy5hD9gPX2CcVLk1w=</latexit>

su
p

er
no

va
e

<latexit sha1_base64="K+pUOMKRYkmB0f5VNZu6FpNHv7c=">AAAB+nicdVBNS8NAEN34WetXq0cvi0XwVJI22norevFYwarQlrLZTnXpZhN2J2qJ/SlePCji1V/izX/jplZQ0QcDj/dmmJkXxFIYdN13Z2Z2bn5hMbeUX15ZXVsvFDfOTJRoDi0eyUhfBMyAFApaKFDCRayBhYGE82B4lPnn16CNiNQpjmLohuxSiYHgDK3UKxQ7CLeYmiQGraJrBuNeoeSWD+r7FX+fumXXrXkVLyOVml/1qWeVDCUyRbNXeOv0I56EoJBLZkzbc2Pspkyj4BLG+U5iIGZ8yC6hbaliIZhuOjl9THes0qeDSNtSSCfq94mUhcaMwsB2hgyvzG8vE//y2gkO6t1UqDhBUPxz0SCRFCOa5UD7QgNHObKEcS3srZRfMc042rTyNoSvT+n/5KxS9qrlvRO/1DicxpEjW2Sb7BKP1EiDHJMmaRFObsg9eSRPzp3z4Dw7L5+tM850ZpP8gPP6AcR9lP8=</latexit>

PRELIMINARY

Include new mediator  
coupling to gluons

L ! ! S! S2" 2 + gSgg S Tr[ Gµ" Gµ" ]
<latexit sha1_base64="5HF5sQWTcCTrX77NntmH+pPnfCM="></latexit>

In progress with Martin Bauer, Peter Reimitz, Tilman Plehn 



Conclusions
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• Gauge couplings to SM particles can dramatically  reshape the 
landscape of HP constraints. 
         Use full complementarity of experimental searches! 

• Neutrinos important to test more general models of gauged 

• Meson decays could close the                 gap in                   ,  
but might be more general probe. 

• DM with hadronic couplings might be testable in DIS with soft 
hadronic jets in ECAL and HCAL. 

Conclusions

26

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>

U(1)L µ�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>
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adapt.[Bauer, PF, Jaeckel; 1803.05466]
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adapt.[Bauer, PF, Jaeckel; 1803.05466]


