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WHY GO BEYOND THE SM?

2[Gninenko et al., 1301.5516]

[Planck Collaboration; 1807.06209]
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? ? ?

[SNO Collaboration PRL 87:071301]

Oscillations 
require  
massive 

neutrinos

Two obvious reasons:
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WHY GO BEYOND THE SM?

3[Gninenko et al., 1301.5516]
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Possible hints for New Physics: 

•                anomaly 

• Flavour  anomalies            and 
(BaBar, Belle, LHCb) 

•        tension 

• Cosmic ray positron excess  
(PAMELA, FermiLAT, AMS-02) 

• XENON1T excess

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>

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

<latexit sha1_base64="4tdFF8W/W046PdYF4mp1WbuLOiM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh3rf7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+q6t5fVmq3eRxFOIFTOAcPrqEGdWhAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gDCT41z</latexit>
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PORTALS TO NEW PHYSICS
• 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  

• Plus non-renormalisable dim-5 portal interaction:    
 
Axion portal
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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>
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<latexit sha1_base64="OkWN/JpInlW+r21YEXQ/nrfOJZ4=">AAACGnicbVDLSsNAFJ3UV62vqks3g0VwVZIq6LLopssK9gFtLJPJTTp0MgkzE7GEfoY70X9xJ27d+CuunLZZ2NYDA4dz7uWeOV7CmdK2/W0V1tY3NreK26Wd3b39g/LhUVvFqaTQojGPZdcjCjgT0NJMc+gmEkjkceh4o9up33kEqVgs7vU4ATcioWABo0Qbqdd46PskDEHixqBcsav2DHiVODmpoBzNQfmn78c0jUBoyolSPcdOtJsRqRnlMCn1UwUJoSMSQs9QQSJQbjaLPMFnRvFxEEvzhMYz9e9GRiKlxpFnJiOih2rZm4r/epQICnzhevY0P7qYSAfXbsZEkmoQdB4oSDnWMZ72hH0mgWo+NoRQycyfMB0SSag2bZZMWc5yNaukXas6F9Xa3WWlfpPXVkQn6BSdIwddoTpqoCZqIYpi9Ixe0Zv1Yr1bH9bnfLRg5TvHaAHW1y8KSaGb</latexit>
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<latexit sha1_base64="K3hGojf3BC6v6Oe0lVFypzy8LVU=">AAACOnicbVA9SwNBEN3zM8avqKXNYhAUJNxFQcugTUolRgUvhrm9SbK4t3fs7onhyG/w19iJ/g5bO7G1snLzgRjjg4E3b2aYmRckgmvjuq/O1PTM7Nx8biG/uLS8slpYW7/QcaoY1lksYnUVgEbBJdYNNwKvEoUQBQIvg9uTfv3yDpXmsTw33QQbEbQlb3EGxkrNwi71he0OoZlVaz1/j9Zu/BDabVS0ZrPqT1ZtFopuyR2AThJvRIpkhNNm4csPY5ZGKA0ToPW15yamkYEynAns5f1UYwLsFtp4bamECHUjG7zUo9tWCWkrVjakoQP190QGkdbdKLCdEZiO/lvri//WGEiGYmx7dj9cOn6RaR01Mi6T1KBkw4NaqaAmpn0facgVMiO6lgBT3P5EWQcUMGPdzluzvL/WTJKLcsnbL5XPDoqV45FtObJJtsgO8cghqZAqOSV1wsgDeSTP5MV5ct6cd+dj2DrljGY2yBicz2+1yK0B</latexit>
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<latexit sha1_base64="1x2KjOJ3zIdT5LSvnQy4mc+rI9o=">AAACL3icbVDLSgNBEJyNrxhfUY+CDAbBg4bdKOgx6CUHCRHMQ7IxzE46yZDZ2WVmVgxLbn6NN9F/ES/i1V/w5ORxMIkFDUVVN91dXsiZ0rb9YSUWFpeWV5KrqbX1jc2t9PZORQWRpFCmAQ9kzSMKOBNQ1kxzqIUSiO9xqHq9q6FffQCpWCBudT+Ehk86grUZJdpIzfQ+PsF390X3GLsekfgaY1cz3gJcwEYrNtMZO2uPgOeJMyEZNEGpmf5xWwGNfBCacqJU3bFD3YiJ1IxyGKTcSEFIaI90oG6oID6oRjz6Y4APjdLC7UCaEhqP1L8TMfGV6vue6fSJ7qpZbyj+61EiKPCp7fHjeOn0Rbp90YiZCCMNgo4Pakcc6wAPw8MtJoFq3jeEUMnMT5h2iSRUm4hTJixnNpp5UsllndNs7uYsk7+cxJZEe+gAHSEHnaM8KqASKiOKntAzekVv1ov1bn1aX+PWhDWZ2UVTsL5/ARfbpvk=</latexit>
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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>

First part of talk!

Second part of talk!

Gagg

4
aTr[Gµ⌫G̃

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



A NEW DARK SYMMETRY
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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>

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



SECLUDED HIDDEN PHOTONS

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

• For light mediators                                the kinetic mixing term in 
the mass basis can be diagonalised by the field redefinition:

6

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>

[Holdom; PLB 166, 196]

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>

Jµ
X = 0

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



HIDDEN PHOTON SEARCHES
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A′

A

e− e+

θ

L coll
⇡ O(10�1) ab�1yr�1

<latexit sha1_base64="OTuzxF4O67sZIH58k3GjQd4wa+U="></latexit>

�coll
A0 / ↵2 ✏2

E2
CM

<latexit sha1_base64="V59gJYUErdw8dpFEG6ErOqT5SgY="></latexit>

�bd
A0 /

↵3 Z2 ✏2

M2
A0

<latexit sha1_base64="J+PrqN0gQElq9PWYiFqU/vECNlA="></latexit>

Pdec = e
�Lsh

`A0

✓
1� e

�Ldec
`A0

◆

<latexit sha1_base64="ZPvkwCbCfAMxLefzCGFeU+4AMpU="></latexit>

P, e

P, e

P
⇡A

A0 A

A0

A0

Z

H

g

g

A0

q

q̄

⇡
⇡

A0

D⇤

D
K

q

q̄

A0

⇡
⇡
⇡

�

⌘

e

e

A0

A

e

e

A0

Z

H

g

g

A0

q

q̄

⇡
⇡

A0

D⇤

D
K

q

q̄

A0

⇡
⇡
⇡

�

⌘

e

e

A0

A

e

e

Colliders: Beam dumps:

P, e

P, e

P
⇡A

A0 A

A0

• Production:

<latexit sha1_base64="zwuq3ml3kot9Z06nVrXI4ywnWo4="></latexit>

L bd
⇡ O(1) ab�1d�1



SECLUDED           
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U(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>

��-� ��-� � ��

��-�

��-�

��-�

��-�

��-�

��-�

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

��-�

��-�

��-�
A1 APEX

BaBarBaBar

Charm

E137

E141

E774

KLOE

KLOE

LSND

LHCb μμ

LHCb μμ

NA48

U70

Orsay
NuCal

g - 2e

g - 2μ

adapt.[Bauer, PF, Jaeckel; 1803.05466]



ANOMALY FREE GAUGE 
EXTENSIONS
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<latexit sha1_base64="BF9apwPXyKmelSSeDVKLTWji7wA=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4Krui6LHoRTxVsB/Q3ZZsmm1Dk+yaZJWy9H948aCIV/+LN/+NabsHbX0w8Hhvhpl5YcKZNq777Swtr6yurRc2iptb2zu7pb39ho5TRWidxDxWrRBrypmkdcMMp61EUSxCTpvh8HriNx+p0iyW92aU0EDgvmQRI9hYqXPbbXV8kSJf0gfkdktlt+JOgRaJl5My5Kh1S19+LyapoNIQjrVue25iggwrwwin46KfappgMsR92rZUYkF1kE2vHqNjq/RQFCtb0qCp+nsiw0LrkQhtp8BmoOe9ifif105NdBlkTCapoZLMFkUpRyZGkwhQjylKDB9Zgoli9lZEBlhhYmxQRRuCN//yImmcVrzzint3Vq5e5XEU4BCO4AQ8uIAq3EAN6kBAwTO8wpvz5Lw4787HrHXJyWcO4A+czx9IjJG3</latexit>

Jµ
X 6= 0



ANOMALY FREE MODELS
• Constraints on possible charge assignments of SM fields plus     

3 RH neutrinos from anomaly cancellation:  
 
                                      with 
 
 Define sum of family charges

10

<latexit sha1_base64="ubYfZ8vIeQQa1dnC5VyLj50TtL8="></latexit>

Anomaly Charge combinations with Yukawa constraints
U(1)3X 2X3

L + 6X3
Q �X3

` �X3
⌫ � 3(X3

u +X3
d) X3

L �X3
⌫

U(1)2XU(1)Y 2YLX2
L + 6YQX2

Q � Y`X2
` � Y⌫X2

⌫ � 3(YuX2
u + YdX2

d) 0
U(1)XU(1)2Y 2Y 2

LXL + 6Y 2
QXQ � Y 2

` X` � Y 2
⌫ X⌫ � 3(Y 2

uXu + Y 2
d Xd) � 1

2 (XL + 3XQ)
SU(3)2U(1)X 2XQ �Xu �Xd 0
SU(2)2U(1)X 2XL + 6XQ 2XL + 6XQ

grav2U(1)X 2XL + 6XQ �X` �X⌫ � 3(Xu +Xd) XL �X⌫

ψ ψ

ψ

<latexit sha1_base64="7/YBIc6V4i2D0Hd4P8K09faHgBM=">AAACJXicbZDLSsNAFIYn9VbrrerSzWARXEhJRNGFQtGNuGrBXqCp4WQ6bYfOJGFmIpTQl3Hjq7hxYRHBla/ipM1CW38Y+PjPOZw5vx9xprRtf1m5peWV1bX8emFjc2t7p7i711BhLAmtk5CHsuWDopwFtK6Z5rQVSQrC57TpD2/TevOJSsXC4EGPItoR0A9YjxHQxvKKV/de69EVMb7G2FWx8BI3UmyMXR8kThG7J7jmZeT2QQiY9qeOVyzZZXsqvAhOBiWUqeoVJ243JLGggSYclGo7dqQ7CUjNCKfjghsrGgEZQp+2DQYgqOok0yvH+Mg4XdwLpXmBxlP390QCQqmR8E2nAD1Q87XU/K/WjnXvspOwIIo1DchsUS/mWIc4jQx3maRE85EBIJKZv2IyAAlEm2ALJgRn/uRFaJyWnfOyXTsrVW6yOPLoAB2iY+SgC1RBd6iK6oigZ/SK3tHEerHerA/rc9aas7KZffRH1vcPV5qj9Q==</latexit>

Jµ
X =

X

 

 ̄Q �
µ 

<latexit sha1_base64="neo2VbO/FMwm2UmUs7zLaxAPAWI=">AAACDnicbVC7TsMwFHV4lvIqMLJYVEVlqRIeggWpgoWxlehDatLIcZ3WquNEtoNURfkCFn6FhQGEWJnZ+BucNgO0HMnS0Tnn6voeL2JUKtP8NpaWV1bX1gsbxc2t7Z3d0t5+W4axwKSFQxaKrockYZSTlqKKkW4kCAo8Rjre+DbzOw9ESBryezWJiBOgIac+xUhpyS1Vuq4dSdrn8Pga2jIO3ISm/TNYbbpJZrg0PenrXNmsmVPARWLlpAxyNNzSlz0IcRwQrjBDUvYsM1JOgoSimJG0aMeSRAiP0ZD0NOUoINJJpueksKKVAfRDoR9XcKr+nkhQIOUk8HQyQGok571M/M/rxcq/chLKo1gRjmeL/JhBFcKsGziggmDFJpogLKj+K8QjJBBWusGiLsGaP3mRtE9r1kXNbJ6X6zd5HQVwCI5AFVjgEtTBHWiAFsDgETyDV/BmPBkvxrvxMYsuGfnMAfgD4/MHt4ubRg==</latexit>

Xn
 =

3X

i

(Q i)
n

<latexit sha1_base64="lcjYM7YZAI7vyg5Wwg86e+pIKQM="></latexit>

 =Q,L, u, d, `,⌫



ANOMALY FREE MODELS
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<latexit sha1_base64="wlLT0EIXTA2Ly18Oj1FwE+4eHX4=">AAACJXicbVDLSsNAFJ34rPUVdelmsAiuSlIUXSgU3bhwUcE+pAlhMp20QycPZyaFEPIzbvwVNy4sIrjyV5ykWWjrhRnOnHMvd85xI0aFNIwvbWl5ZXVtvbJR3dza3tnV9/Y7Iow5Jm0cspD3XCQIowFpSyoZ6UWcIN9lpOuOb3K9OyFc0DB4kElEbB8NA+pRjKSiHP3S8pEcYcTSu8x5vLI8jnA6yVJLPHHZyCwR+44VCQotF/ECJOVbXY5eM+pGUXARmCWogbJajj61BiGOfRJIzJAQfdOIpJ0iLilmJKtasSARwmM0JH0FA+QTYaeFywweK2YAvZCrE0hYsL8nUuQLkfiu6sw9iXktJ//T+rH0LuyUBlEsSYBni7yYQRnCPDI4oJxgyRIFEOZU/RXiEVJBSRVsVYVgzlteBJ1G3TyrG/enteZ1GUcFHIIjcAJMcA6a4Ba0QBtg8AxewTuYai/am/ahfc5al7Ry5gD8Ke37B80kpqU=</latexit>

LY =
vp
2

X

 

 ̄y  

<latexit sha1_base64="ubYfZ8vIeQQa1dnC5VyLj50TtL8="></latexit>

Anomaly Charge combinations with Yukawa constraints
U(1)3X 2X3

L + 6X3
Q �X3

` �X3
⌫ � 3(X3

u +X3
d) X3

L �X3
⌫

U(1)2XU(1)Y 2YLX2
L + 6YQX2

Q � Y`X2
` � Y⌫X2

⌫ � 3(YuX2
u + YdX2

d) 0
U(1)XU(1)2Y 2Y 2

LXL + 6Y 2
QXQ � Y 2

` X` � Y 2
⌫ X⌫ � 3(Y 2

uXu + Y 2
d Xd) � 1

2 (XL + 3XQ)
SU(3)2U(1)X 2XQ �Xu �Xd 0
SU(2)2U(1)X 2XL + 6XQ 2XL + 6XQ

grav2U(1)X 2XL + 6XQ �X` �X⌫ � 3(Xu +Xd) XL �X⌫

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

• Additional constraints from Yukawa terms:

ψ ψ

ψ

<latexit sha1_base64="7/YBIc6V4i2D0Hd4P8K09faHgBM=">AAACJXicbZDLSsNAFIYn9VbrrerSzWARXEhJRNGFQtGNuGrBXqCp4WQ6bYfOJGFmIpTQl3Hjq7hxYRHBla/ipM1CW38Y+PjPOZw5vx9xprRtf1m5peWV1bX8emFjc2t7p7i711BhLAmtk5CHsuWDopwFtK6Z5rQVSQrC57TpD2/TevOJSsXC4EGPItoR0A9YjxHQxvKKV/de69EVMb7G2FWx8BI3UmyMXR8kThG7J7jmZeT2QQiY9qeOVyzZZXsqvAhOBiWUqeoVJ243JLGggSYclGo7dqQ7CUjNCKfjghsrGgEZQp+2DQYgqOok0yvH+Mg4XdwLpXmBxlP390QCQqmR8E2nAD1Q87XU/K/WjnXvspOwIIo1DchsUS/mWIc4jQx3maRE85EBIJKZv2IyAAlEm2ALJgRn/uRFaJyWnfOyXTsrVW6yOPLoAB2iY+SgC1RBd6iK6oigZ/SK3tHEerHerA/rc9aas7KZffRH1vcPV5qj9Q==</latexit>

Jµ
X =

X

 

 ̄Q �
µ 

<latexit sha1_base64="neo2VbO/FMwm2UmUs7zLaxAPAWI=">AAACDnicbVC7TsMwFHV4lvIqMLJYVEVlqRIeggWpgoWxlehDatLIcZ3WquNEtoNURfkCFn6FhQGEWJnZ+BucNgO0HMnS0Tnn6voeL2JUKtP8NpaWV1bX1gsbxc2t7Z3d0t5+W4axwKSFQxaKrockYZSTlqKKkW4kCAo8Rjre+DbzOw9ESBryezWJiBOgIac+xUhpyS1Vuq4dSdrn8Pga2jIO3ISm/TNYbbpJZrg0PenrXNmsmVPARWLlpAxyNNzSlz0IcRwQrjBDUvYsM1JOgoSimJG0aMeSRAiP0ZD0NOUoINJJpueksKKVAfRDoR9XcKr+nkhQIOUk8HQyQGok571M/M/rxcq/chLKo1gRjmeL/JhBFcKsGziggmDFJpogLKj+K8QjJBBWusGiLsGaP3mRtE9r1kXNbJ6X6zd5HQVwCI5AFVjgEtTBHWiAFsDgETyDV/BmPBkvxrvxMYsuGfnMAfgD4/MHt4ubRg==</latexit>

Xn
 =

3X

i

(Q i)
n

<latexit sha1_base64="lcjYM7YZAI7vyg5Wwg86e+pIKQM="></latexit>

 =Q,L, u, d, `,⌫



DIRAC NEUTRINOS
• Structural invariance of Yukawa terms allows for three different 

classes of family charges  
 
 
 
and hence w.l.o.g.                                  and   

• After diagonalising the mass terms  
final set of constraints from 
  

• In absence of Majorana masses (Dirac neutrinos)  only      lepton 
charges can reproduce viable PMNS matrix! Thus: 
 

12

<latexit sha1_base64="3ECLuRxQpvWjPU1MuQCZy6GS+Mo=">AAACF3icbVBNS8MwGE79nPOr6tFLcAgbjNKKohdh6MXjBu4D1lLSNNvC0rQmqTDK/oUX/4oXD4p41Zv/xmzrYW4+IfC8z/O+JO8TJIxKZds/xsrq2vrGZmGruL2zu7dvHhy2ZJwKTJo4ZrHoBEgSRjlpKqoY6SSCoChgpB0Mbyd++5EISWN+r0YJ8SLU57RHMVJa8k2r4WduIukYXsMyqupTge5DisJZFcxVQRVXfLNkW/YUcJk4OSmBHHXf/HbDGKcR4QozJGXXsRPlZUgoihkZF91UkgThIeqTrqYcRUR62XSvMTzVSgh7sdCXKzhV5ycyFEk5igLdGSE1kIveRPzP66aqd+VllCepIhzPHuqlDKoYTkKCIRUEKzbSBGFB9V8hHiCBsNJRFnUIzuLKy6R1ZjkXlt04L9Vu8jgK4BicgDJwwCWogTtQB02AwRN4AW/g3Xg2Xo0P43PWumLkM0fgD4yvX1GonD4=</latexit>

Q = (a, a, a) (a, a, b) (a, b, c)

<latexit sha1_base64="fpD1bbXJvVOf67EZ6JJgKOYFurk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jmgcka+idzCZDZmeXmVkhLPkELx4U8eoXefNvnCR70GhBQ1HVTXdXkAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqKGvQWMSqHaBmgkvWMNwI1k4UwygQrBWMrqd+65EpzWN5b8YJ8yMcSB5yisZKd/hw2itX3Ko7A/lLvJxUIEe9V/7s9mOaRkwaKlDrjucmxs9QGU4Fm5S6qWYJ0hEOWMdSiRHTfjY7dUKOrNInYaxsSUNm6s+JDCOtx1FgOyM0Q73oTcX/vE5qwks/4zJJDZN0vihMBTExmf5N+lwxasTYEqSK21sJHaJCamw6JRuCt/jyX9I8qXrnVff2rFK7yuMowgEcwjF4cAE1uIE6NIDCAJ7gBV4d4Tw7b877vLXg5DP78AvOxzfrbI2O</latexit>

a3

<latexit sha1_base64="1dqjKPsAfTZTlOM5F0YOLUUHBB8=">AAACDHicbVDLSsNAFJ3UV62vqks3wSIIQkl8oBuh6MZlBfuANpTJ9LYdOpnEmRuxhH6AG3/FjQtF3PoB7vwbp20EbT0wcDjnXO7c40eCa3ScLyszN7+wuJRdzq2srq1v5De3qjqMFYMKC0Wo6j7VILiECnIUUI8U0MAXUPP7lyO/dgdK81De4CACL6BdyTucUTRSK1+ot5oI95gIiDCUenhw9KPcxlT19fDcMSmn6IxhzxI3JQWSotzKfzbbIYsDkMgE1brhOhF6CVXImYBhrhlriCjr0y40DJU0AO0l42OG9p5R2nYnVOZJtMfq74mEBloPAt8kA4o9Pe2NxP+8RoydMy/hMooRJJss6sTCxtAeNWO3uQKGYmAIZYqbv9qsRxVlaPrLmRLc6ZNnSfWw6J4UnevjQukirSNLdsgu2ScuOSUlckXKpEIYeSBP5IW8Wo/Ws/VmvU+iGSud2SZ/YH18A8xpnBQ=</latexit>

Xleptons + 3Xquarks = 0
<latexit sha1_base64="I3+ph0kU49KylWJcJFUivWW+/IU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahHiyJKHos9eLBQwXTFttQNttNu3SzCbsboYT8Cy8eFPHqv/Hmv3Hb5qCtDwYe780wM8+POVPatr+twsrq2vpGcbO0tb2zu1feP2ipKJGEuiTikez4WFHOBHU105x2Yklx6HPa9sc3U7/9RKVikXjQk5h6IR4KFjCCtZEe3apz2k8bZ3dZv1yxa/YMaJk4OalAjma//NUbRCQJqdCEY6W6jh1rL8VSM8JpVuolisaYjPGQdg0VOKTKS2cXZ+jEKAMURNKU0Gim/p5IcajUJPRNZ4j1SC16U/E/r5vo4NpLmYgTTQWZLwoSjnSEpu+jAZOUaD4xBBPJzK2IjLDERJuQSiYEZ/HlZdI6rzmXNfv+olJv5HEU4QiOoQoOXEEdbqEJLhAQ8Ayv8GYp68V6tz7mrQUrnzmEP7A+fwDzI4/L</latexit>

U(1)B�L

[Bauer, PF, Mosny; 2011.12973]

<latexit sha1_base64="CZVqfWNZLKgL2xUq3kWDNXLMhyo=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0Uuh6MVjA/YD2xA2m027dLMJuxuhhP4LLx4U8eq/8ea/cdvmoK0PBh7vzTAzL0g5U9q2v63S2vrG5lZ5u7Kzu7d/UD086qgkk4S2ScIT2QuwopwJ2tZMc9pLJcVxwGk3GN/N/O4TlYol4kFPUurFeChYxAjWRnp0fbfh+lnDDf1qza7bc6BV4hSkBgVafvVrECYki6nQhGOl+o6dai/HUjPC6bQyyBRNMRnjIe0bKnBMlZfPL56iM6OEKEqkKaHRXP09keNYqUkcmM4Y65Fa9mbif14/09GNlzORZpoKslgUZRzpBM3eRyGTlGg+MQQTycytiIywxESbkComBGf55VXSuag7V3Xbvaw1b4s4ynACp3AODlxDE+6hBW0gIOAZXuHNUtaL9W59LFpLVjFzDH9gff4AmdaQNw==</latexit>

QQ = Qu = Qd
<latexit sha1_base64="z1ff48VfSFch4L6n0tUb60k/meY=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiSi6EYounHhogX7gDaEyXTSDp1MwsykUEL/xI0LRdz6J+78GydtFtp64HIP59zL3DlBwpnSjvNtldbWNza3ytuVnd29/QP78Kit4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWB8n/udCZWKxeJJTxPqRXgoWMgI1kbybbvpP942/T7lPG8i9e2qU3PmQKvELUgVCjR8+6s/iEkaUaEJx0r1XCfRXoalZoTTWaWfKppgMsZD2jNU4IgqL5tfPkNnRhmgMJamhEZz9fdGhiOlplFgJiOsR2rZy8X/vF6qwxsvYyJJNRVk8VCYcqRjlMeABkxSovnUEEwkM7ciMsISE23CqpgQ3OUvr5L2Rc29qjnNy2r9roijDCdwCufgwjXU4QEa0AICE3iGV3izMuvFerc+FqMlq9g5hj+wPn8AmHyS/Q==</latexit>

QL = Q` = Q⌫

<latexit sha1_base64="PVrVkbxziSvxi5ez5bIvpX9wbos=">AAACIXicbZDLSsNAFIYnXmu9RV26GSyCCymJKHZZdONCoYppC00Mk8kkHTq5MDMRSumruPFV3LhQpDvxZZykEbT1wMDH/5/DmfN7KaNCGsantrC4tLyyWlmrrm9sbm3rO7ttkWQcEwsnLOFdDwnCaEwsSSUj3ZQTFHmMdLzBZe53HgkXNInv5TAlToTCmAYUI6kkV2/YHuLQTgV1r+1jaLk5KrgpACrqPNg+CkPCf6yi+c7Va0bdKArOg1lCDZTVcvWJ7Sc4i0gsMUNC9Ewjlc4IcUkxI+OqnQmSIjxAIekpjFFEhDMqLhzDQ6X4MEi4erGEhfp7YoQiIYaRpzojJPti1svF/7xeJoOGM6JxmkkS4+miIGNQJjCPC/qUEyzZUAHCnKq/QtxHHGGpQq2qEMzZk+ehfVI3z+rG7WmteVHGUQH74AAcAROcgya4Ai1gAQyewAt4A+/as/aqfWiTaeuCVs7sgT+lfX0D+byiLg==</latexit>

 ̄L U M W †
  R

<latexit sha1_base64="3aPQ5audZNHAKCeB4sbv6u45Gkw=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRJRdCMUuxFEqGDaQhPDZDJJh04ezEyEErp246+4caGIW7/AnX/jpM1CWw9cOJxzL/fe46WMCmkY31plYXFpeaW6Wltb39jc0rd3OiLJOCYWTljCex4ShNGYWJJKRnopJyjyGOl6w1bhdx8IFzSJ7+QoJU6EwpgGFCOpJFff77h2hOSAR3nr+mYMLyC03Axa97aPwpBw13f1utEwJoDzxCxJHZRou/qX7Sc4i0gsMUNC9E0jlU6OuKSYkXHNzgRJER6ikPQVjVFEhJNPXhnDQ6X4MEi4qljCifp7IkeREKPIU53F2WLWK8T/vH4mg3Mnp3GaSRLj6aIgY1AmsMgF+pQTLNlIEYQ5VbdCPEAcYanSq6kQzNmX50nnuGGeNozbk3rzsoyjCvbAATgCJjgDTXAF2sACGDyCZ/AK3rQn7UV71z6mrRWtnNkFf6B9/gCLfZmI</latexit>

VCKM = UuU
†
d

<latexit sha1_base64="G206iuJ1TK0H4yiCD1GX3Bdol9k=">AAACEHicbVA9SwNBEN2LXzF+RS1tFoNoFe5E0UYI2tgoEb0kkIvH3maSLNnbO3b3hHDkJ9j4V2wsFLG1tPPfuJek0MQHA4/3ZpiZF8ScKW3b31Zubn5hcSm/XFhZXVvfKG5u1VSUSAoujXgkGwFRwJkAVzPNoRFLIGHAoR70LzK//gBSsUjc6UEMrZB0BeswSrSR/OJ+zfdConsyTKtX17dDfIax63vAOXbvvTbpdkH6nkj8Ysku2yPgWeJMSAlNUPWLX147okkIQlNOlGo6dqxbKZGaUQ7DgpcoiAntky40DRUkBNVKRw8N8Z5R2rgTSVNC45H6eyIloVKDMDCd2fFq2svE/7xmojunrZSJONEg6HhRJ+FYRzhLB7eZBKr5wBBCJTO3YtojklBtMiyYEJzpl2dJ7bDsHJftm6NS5XwSRx7toF10gBx0giroElWRiyh6RM/oFb1ZT9aL9W59jFtz1mRmG/2B9fkDVL+cJg==</latexit>

VPMNS = U`U
†
⌫



MAJORANA NEUTRINOS
• All other anomaly free groups must have Majorana neutrinos! 

• Majorana mass terms induce neutrino flavour changing 
couplings of neutrino mass eigenstates  
 
 

• This could in principle induce neutrino decays. Potentially  
interesting for astrophysical neutrinos

13

<latexit sha1_base64="Fv1BIMafkdCvvOyC64uPp731P2o=">AAACEnicbZDLSgMxFIYz9VbrbdSlm2ARFKTMiKIboejGjdCCvUBnHDLpaRuayYxJRiilz+DGV3HjQhG3rtz5NqYXUFt/CPx85xxOzh8mnCntOF9WZm5+YXEpu5xbWV1b37A3t6oqTiWFCo15LOshUcCZgIpmmkM9kUCikEMt7F4O67V7kIrF4kb3EvAj0hasxSjRBgX2QaMceMD5Ia7cXgeeSP1zPEQi/SGegDvsBHbeKTgj4VnjTkweTVQK7E+vGdM0AqEpJ0o1XCfRfp9IzSiHQc5LFSSEdkkbGsYKEoHy+6OTBnjPkCZuxdI8ofGI/p7ok0ipXhSazojojpquDeF/tUaqW2d+n4kk1SDoeFEr5VjHeJgPbjIJVPOeMYRKZv6KaYdIQrVJMWdCcKdPnjXVo4J7UnDKx/nixSSOLNpBu2gfuegUFdEVKqEKougBPaEX9Go9Ws/Wm/U+bs1Yk5lt9EfWxzdw5ZwS</latexit>

[Q`, U
M
⌫ ] = [Q⌫ , U

M
⌫ ] 6= 0

<latexit sha1_base64="Ks7Jx6Gpic0s94I6jBETYlmfx1M="></latexit>

⌫̄↵ Q↵↵�
µ ⌫↵ Xµ ! ⌫̄i U†

i↵Q↵↵U↵j| {z }
Qij

�µ ⌫j Xµ

<latexit sha1_base64="mrucUVA3Dh8hcz0bPyouXOq0f8k=">AAACEHicbVDLSgMxFM3UV62vqks3wSK6KjOlRZdFF7oRKtgHdKZDJs20oUlmSDJCGfoJbvwVNy4UcevSnX9j2s5CWw8EDufcy805Qcyo0rb9beVWVtfWN/Kbha3tnd294v5BS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdDX12w9EKhqJez2OicfRQNCQYqSN5BdP3WvEOXJjGcU6gm4oEU4HvQrkviuSXm2S3vqdXnXiF0t22Z4BLhMnIyWQoeEXv9x+hBNOhMYMKdV17Fh7KZKaYkYmBTdRJEZ4hAaka6hAnCgvnQWawBOj9GEYSfOEhjP190aKuFJjHphJjvRQLXpT8T+vm+jwwkupiBNNBJ4fChMGTfRpO7BPJcGajQ1BWFLzV4iHyHSiTYcFU4KzGHmZtCplp1a276ql+mVWRx4cgWNwBhxwDurgBjRAE2DwCJ7BK3iznqwX6936mI/mrGznEPyB9fkDW2ycxw==</latexit>

� / g2m5
⌫

M4
X

νj
νi

νi

ν̄i

X

but

<latexit sha1_base64="kDK2ZZch7OWYu+hDTP/7KXB/3vQ=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmKCB0nrR/RI8OLBAyYWSKBptssCG7bburslIQ2/w4sHjfHqj/Hmv3GBHhR8ySQv781kZl4Qc6a0bX9buZXVtfWN/GZha3tnd6+4f9BQUSIJdUnEI9kKsKKcCepqpjltxZLiMOC0GQxvp35zRKVikXjU45h6Ie4L1mMEayN5btk59dPa2cW9zyZ+sWRX7BnQMnEyUoIMdb/41elGJAmp0IRjpdqOHWsvxVIzwumk0EkUjTEZ4j5tGypwSJWXzo6eoBOjdFEvkqaERjP190SKQ6XGYWA6Q6wHatGbiv957UT3bryUiTjRVJD5ol7CkY7QNAHUZZISzceGYCKZuRWRAZaYaJNTwYTgLL68TBrnFeeqYj9clqq1LI48HMExlMGBa6jCHdTBBQJP8Ayv8GaNrBfr3fqYt+asbOYQ/sD6/AHngJDk</latexit>

U(1)B�3Li

<latexit sha1_base64="m82ekoL7T+dLXeAn48CzDz2e0l8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahHiyJKHosevHQQwXTFtoYNttNu3azCbsbpYT+Dy8eFPHqf/Hmv3H7cdDWBwOP92aYmRcknClt299Wbml5ZXUtv17Y2Nza3inu7jVUnEpCXRLzWLYCrChngrqaaU5biaQ4CjhtBoPrsd98pFKxWNzpYUK9CPcECxnB2kj3btk59rOaz05q/sPIL5bsij0BWiTOjJRghrpf/Op0Y5JGVGjCsVJtx060l2GpGeF0VOikiiaYDHCPtg0VOKLKyyZXj9CRUboojKUpodFE/T2R4UipYRSYzgjrvpr3xuJ/XjvV4aWXMZGkmgoyXRSmHOkYjSNAXSYp0XxoCCaSmVsR6WOJiTZBFUwIzvzLi6RxWnHOK/btWal6NYsjDwdwCGVw4AKqcAN1cIGAhGd4hTfryXqx3q2PaWvOms3swx9Ynz8EopGO</latexit>

U(1)Li�Lje.g.                         ,                         ,  …

[Bauer, PF, Mosny; 2011.12973]



• No gauge interactions with  
ordinary matter! 

• Below dimuon threshold only 
decays to neutrinos (almost) 

• Only minimal U(1) extension  
 with viable             solution 
 
 
 
 
 

POPULAR EXAMPLE —
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<latexit sha1_base64="CFMasm2H3dJ114gpTSGmwoQm5zE=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkWoC0siii6Lbly4qGDaQhvCZDpph85MwjyEEOqvuHGhiFs/xJ1/47TNQlsP3MvhnHuZOydKKZHKdb+t0srq2vpGebOytb2zu2fvH7RlogXCPkpoIroRlJgSjn1FFMXdVGDIIoo70fhm6ncesZAk4Q8qS3HA4JCTmCCojBTaVb/unYT5Xdhn+tR0BfUktGtuw53BWSZeQWqgQCu0v/qDBGmGuUIUStnz3FQFORSKIIonlb6WOIVoDIe4ZyiHDMsgnx0/cY6NMnDiRJjiypmpvzdyyKTMWGQmGVQjuehNxf+8nlbxVZATnmqFOZo/FGvqqMSZJuEMiMBI0cwQiAQxtzpoBAVEyuRVMSF4i19eJu2zhnfRcO/Pa83rIo4yOARHoA48cAma4Ba0gA8QyMAzeAVv1pP1Yr1bH/PRklXsVMEfWJ8/ctKUAg==</latexit>

U(1)Lµ�L⌧

Lµ�L⌧B � L

Lµ�Le

⌫⌫̄ ⌫⌫̄

⌫⌫̄
⌫⌫̄ e+e�

e+e�

e+e�

e+e�

µ+µ�

µ+µ�

µ+µ�

µ+µ�

⌧+⌧�

⌧+⌧�

⌧+⌧�

had

had

had
had

��-� � ��

��-�

�

��-� � ��
��-�

��-�

��-�

��-�

��-�

�

��-� � ��
��-�

��-�

��-�

��-�

��-�

�

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

Le�L⌧

µ µA′

A

<latexit sha1_base64="Z9HOoq8b+G7E20isM2Fm97IptEU="></latexit>

�aµ = Q02
µ

↵0

⇡

Z 1

0
du

u2(1� u)

u2 + (1�u)
x2
µ

Why is this interesting?

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



 
 
 
 

• Loop-induced mixing is unavoidable!  
However, it is finite and calculable for              :

γ A′

ℓi,j, νi,j
q

Li � Lj

) ✏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>

<latexit sha1_base64="TEcJjQmnikNbdHslCkfQ8t1dS8A="></latexit>

✏ij(q
2) =

e gij
2⇡2

Z 1

0
dx x(1� x)


log

✓
m2

i � x(1� x)q2

m2
j � x(1� x)q2

◆�

GAUGING LEPTON SYMMETRIES
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Lµ � L⌧Le � L⌧Lµ � Le

charging 1st & 
2nd generation 
leptons

charging 1st & 
3rd generation 
leptons

charging 2nd & 
3rd generation 
leptons

• Four extra anomaly-free groups within the SM (and combinations):

A′
f̄

f<latexit sha1_base64="s5dhhhbC5UaI/1CuMG/cFijT+Cs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh55K++WKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atV3fvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2A1jds=</latexit>⌫

<latexit sha1_base64="Q7lVai36rWzPRb2Ev/vBYGcu8Mo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gOaUCbbTbt0swm7G6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJY84RWOljh+i8mXWr9bcujsHWSVeQWpQoNmvfvmDhGYxk4YK1LrnuakJclSGU8GmFT/TLEU6xiHrWSoxZjrI5+dOyZlVBiRKlC1pyFz9PZFjrPUkDm1njGakl72Z+J/Xy0x0E+Rcpplhki4WRZkgJiGz38mAK0aNmFiCVHF7K6EjVEiNTahiQ/CWX14l7Yu6d1V3Hy5rjdsijjKcwCmcgwfX0IB7aEILKIzhGV7hzUmdF+fd+Vi0lpxi5hj+wPn8AVq+j5Q=</latexit>

⌫̄

<latexit sha1_base64="Xek6/O3tSBAvUuH5wQGqw4h38U0=">AAACF3icbZBNTwIxEIa7+IX4hXr00kiMHgjZNRo9ol48QiIfCYub2VKgoe1u2q4JIfwLL/4VLx40xqve/Dd2gYOCkzR95p2ZtPOGMWfauO63k1laXlldy67nNja3tnfyu3t1HSWK0BqJeKSaIWjKmaQ1wwynzVhRECGnjXBwk9YbD1RpFsk7M4xpW0BPsi4jYKwU5Eu9oOkXcTXwZWJvPwRlCfs9EALufWExTYv46jiwWZAvuCV3EngRvBkU0CwqQf7L70QkEVQawkHrlufGpj0CZRjhdJzzE01jIAPo0ZZFCYLq9miy1xgfWaWDu5GyRxo8UX9PjEBoPRSh7RRg+nq+lor/1VqJ6V62R0zGiaGSTB/qJhybCKcm4Q5TlBg+tABEMftXTPqggBhrZc6a4M2vvAj105J3XnKrZ4Xy9cyOLDpAh+gEeegCldEtqqAaIugRPaNX9OY8OS/Ou/Mxbc04s5l99Ceczx/8AZ3v</latexit>

gX Q⌫ ⌫̄�
µ⌫ A0

µ



NEUTRINOS AND HUBBLE
• Decay of      heats neutrino gas  

and delays the decoupling  
 
     increase of          at early times 

• Leads to larger  

16[Escudero, Hooper, Krnjaic, Pierre; JHEP 1903 (2019) 071]

<latexit sha1_base64="Y1QRGsnB69hXpmUwmUxvLcpxLHE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6Kokoeqx68VjFfkAbymY7aZduNmF3I5TQf+DFgyJe/Ufe/Ddu2xy09cHA470ZZuYFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTvzmEyrNY/loRgn6Ee1LHnJGjZUerk+6pbJbcacgi8TLSRly1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBxsZNqTCgb0j62LZU0Qu1n00vH5NgqPRLGypY0ZKr+nshopPUoCmxnRM1Az3sT8T+vnZrwys+4TFKDks0WhakgJiaTt0mPK2RGjCyhTHF7K2EDqigzNpyiDcGbf3mRNM4q3kXFvT8vV2/yOApwCEdwCh5cQhXuoAZ1YBDCM7zCmzN0Xpx352PWuuTkMwfwB87nD/RwjPo=</latexit>

A0

<latexit sha1_base64="+KLsRQaExZ3j9jJg/i95WqxmcBA=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRlRdFl040oq2Ae0tWTSO21oJjMkGaUM/Q83LhRx67+482/MtLPQ1gOBwzn3ck+OHwuujet+O0vLK6tr64WN4ubW9s5uaW+/oaNEMayzSESq5VONgkusG24EtmKFNPQFNv3RdeY3H1FpHsl7M46xG9KB5AFn1Fjp4bbXCakZqjDFIJj0SmW34k5BFomXkzLkqPVKX51+xJIQpWGCat323Nh0U6oMZwInxU6iMaZsRAfYtlTSEHU3naaekGOr9EkQKfukIVP190ZKQ63HoW8ns4x63svE/7x2YoLLbsplnBiUbHYoSAQxEckqIH2ukBkxtoQyxW1WwoZUUWZsUUVbgjf/5UXSOK145xX37qxcvcrrKMAhHMEJeHABVbiBGtSBgYJneIU358l5cd6dj9nokpPvHMAfOJ8/5XiSxQ==</latexit>

Ne↵)

<latexit sha1_base64="t4DM7FAUplBYYGWZMzcbR9oh0Vw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjxWsR+QhrLZbtqlm2zYnSil9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSmGW8yJZXuhNRwKRLeRIGSd1LNaRxK3g5HNzO//ci1ESp5wHHKg5gOEhEJRtFKfvdeDIZItVZPvXLFrbpzkFXi5aQCORq98le3r1gW8wSZpMb4nptiMKEaBZN8WupmhqeUjeiA+5YmNOYmmMxPnpIzq/RJpLStBMlc/T0xobEx4zi0nTHFoVn2ZuJ/np9hdBVMRJJmyBO2WBRlkqAis/9JX2jOUI4toUwLeythQ6opQ5tSyYbgLb+8SloXVa9Wvb6rVer1PI4inMApnIMHl1CHW2hAExgoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH5RhkXc=</latexit>

<latexit sha1_base64="4tdFF8W/W046PdYF4mp1WbuLOiM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh3rf7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+q6t5fVmq3eRxFOIFTOAcPrqEGdWhAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gDCT41z</latexit>

H0



• QUESTION: Can we utilise gauge-neutrino interactions to test 
this interesting parameter space? 

• IDEA:      contributes to neutrino-electron 
and -nucleus scattering via kinetic mixing. 

• Can be effectively treated as NSI interaction: 
 
 
 
 
with 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<latexit sha1_base64="R5J4FcP+zKHfSYuYAHKr+4+KPXg="></latexit>

LNSI = �2
p
2GF

X

f=u,d,e
↵=e,µ,⌧

"fP↵↵ [⌫̄↵�⇢PL⌫↵]
⇥
f̄�⇢Pf

⇤

να να

f f

A′

<latexit sha1_base64="CqyiLngRrC9fewd8tWR7H7aBv74="></latexit>

"fP↵↵(ER) = �
gµ⌧ Q0

⌫↵
e ✏µ⌧ QEM

f

2
p
2GF (2mfER +M2

A0)

NEUTRINO INTERACTIONS

<latexit sha1_base64="Y1QRGsnB69hXpmUwmUxvLcpxLHE=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ6Kokoeqx68VjFfkAbymY7aZduNmF3I5TQf+DFgyJe/Ufe/Ddu2xy09cHA470ZZuYFieDauO63s7S8srq2Xtgobm5t7+yW9vYbOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjeTvzmEyrNY/loRgn6Ee1LHnJGjZUerk+6pbJbcacgi8TLSRly1Lqlr04vZmmE0jBBtW57bmL8jCrDmcBxsZNqTCgb0j62LZU0Qu1n00vH5NgqPRLGypY0ZKr+nshopPUoCmxnRM1Az3sT8T+vnZrwys+4TFKDks0WhakgJiaTt0mPK2RGjCyhTHF7K2EDqigzNpyiDcGbf3mRNM4q3kXFvT8vV2/yOApwCEdwCh5cQhXuoAZ1YBDCM7zCmzN0Xpx352PWuuTkMwfwB87nD/RwjPo=</latexit>

A0



SOLAR NEUTRINO SCATTERING

• Solar neutrinos produced in various processes, but initially 
always in electron flavour. 

• In-medium oscillation within solar matter dominantes flavour 
composition reaching earth  

• Total counts in scattering experiment given by
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[Amaral, Cerdeno, PF, Reid; 2006.11225]

<latexit sha1_base64="XJw3pjE0bVdiJgW6Qbq3qAnPEiM="></latexit>
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⌫
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d�⌫↵T
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BOREXINO

• Borexino measured the          
flux very precisely in its  
Phase I and II runs. 

•  

• In the NSI formulation we have: 
 
 
 
 
with 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Phase II [Borexino; PRD 100, 082004]

<latexit sha1_base64="HqvmSXGuSUwb1oeO2913FXAoK4U="></latexit>

d�⌫↵ e

dER
=

2G2
F me

⇡

"
(g↵1 )

2 + (g↵2 )
2

✓
1� ER

E⌫

◆2

� g↵1 g↵2
meER

E2
⌫

#

<latexit sha1_base64="xfv+vjZQc3K0O9SIrdYtqU1uFkA="></latexit>

g↵1 =

(
1 + geL + "eL↵↵ , for ↵ = e

geL + "eL↵↵ , for ↵ = µ, ⌧

<latexit sha1_base64="ETEIH8qwbPwxGYkmCHf+4VgFtjM=">AAACHXicbVDLSgMxFM34rPVVdekmWARBKDNS0Y0gunFZi61CH8Od9M40mMkMSUYoQ3/Ejb/ixoUiLtyIf2P6WPg6kHA451ySe4JUcG1c99OZmZ2bX1gsLBWXV1bX1ksbm02dZIphgyUiUTcBaBRcYsNwI/AmVQhxIPA6uD0f+dd3qDRP5JUZpNiJIZI85AyMlfxSNfIPum0QaR/oCY38ehfpPm3fgcJUc5HIbo71oZ9PIpN76JfKbsUdg/4l3pSUyRQ1v/Te7iUsi1EaJkDrluemppODMpwJHBbbmcYU2C1E2LJUQoy6k4+3G9Jdq/RomCh7pKFj9ftEDrHWgziwyRhMX//2RuJ/Xisz4XEn5zLNDEo2eSjMBDUJHVVFe1whM2JgCTDF7V8p64MCZmyhRVuC93vlv6R5UPEOK+5ltXx6Nq2jQLbJDtkjHjkip+SC1EiDMHJPHskzeXEenCfn1XmbRGec6cwW+QHn4wsTqaH5</latexit>

g↵2 = geR + "eR↵↵

να να

e− e−

A′

να να

e− e−

W

να να

e− e−

Z

Phase I [Borexino; PRL 107, 141302]

<latexit sha1_base64="6zyCDq8R23POVKi0A8ipb7Zi/8k=">AAAB9HicbVDLSgMxFM34rPVVdekmWARXZUaUuix147KCfUA7lkx6pw1NMmOSKZSh3+HGhSJu/Rh3/o2ZdhbaeiBwOOde7skJYs60cd1vZ219Y3Nru7BT3N3bPzgsHR23dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZn57AkqzSD6YaQy+IEPJQkaJsZL/WO0JYkZKpHWY9Utlt+LOgVeJl5MyytHol756g4gmAqShnGjd9dzY+ClRhlEOs2Iv0RATOiZD6FoqiQDtp/PQM3xulQEOI2WfNHiu/t5IidB6KgI7mUXUy14m/ud1ExPe+CmTcWJA0sWhMOHYRDhrAA+YAmr41BJCFbNZMR0RRaixPRVtCd7yl1dJ67LiXVfc+6tyrZ7XUUCn6AxdIA9VUQ3doQZqIoqe0DN6RW/OxHlx3p2Pxeiak++coD9wPn8AxGiSGQ==</latexit>

7Be



 — CURRENT

20[Amaral, Cerdeno, PF, Reid; 2006.11225]
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<latexit sha1_base64="CFMasm2H3dJ114gpTSGmwoQm5zE=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkWoC0siii6Lbly4qGDaQhvCZDpph85MwjyEEOqvuHGhiFs/xJ1/47TNQlsP3MvhnHuZOydKKZHKdb+t0srq2vpGebOytb2zu2fvH7RlogXCPkpoIroRlJgSjn1FFMXdVGDIIoo70fhm6ncesZAk4Q8qS3HA4JCTmCCojBTaVb/unYT5Xdhn+tR0BfUktGtuw53BWSZeQWqgQCu0v/qDBGmGuUIUStnz3FQFORSKIIonlb6WOIVoDIe4ZyiHDMsgnx0/cY6NMnDiRJjiypmpvzdyyKTMWGQmGVQjuehNxf+8nlbxVZATnmqFOZo/FGvqqMSZJuEMiMBI0cwQiAQxtzpoBAVEyuRVMSF4i19eJu2zhnfRcO/Pa83rIo4yOARHoA48cAma4Ba0gA8QyMAzeAVv1pP1Yr1bH/PRklXsVMEfWJ8/ctKUAg==</latexit>

U(1)Lµ�L⌧

Borexino already excludes parts  
of the simultaneous explanation 



NEUTRINO FLOOR
• Direct detection experiments will become sensitive to solar 

neutrino scattering (in particular coherent scattering)

21
[Snowmass CF1 Summary; 1310.8327]



DIRECT DETECTION
• Future low-threshold DD 

experiments will be  
sensitive to NR and ER  
of solar neutrino scattering 

• Coherent neutrino-nucleus scattering:  
 
 
 
with 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<latexit sha1_base64="bPtSaE5qMwjT4r7w6htafwpFCGs="></latexit>
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<latexit sha1_base64="rTqsxsibfyvwC05jeo20gEmdTC8="></latexit>
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⇥
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<latexit sha1_base64="6//hn1HL4DnGrToeiUK9Je44c6s="></latexit>
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⌫↵p

2GF (2ER MT +M2
A0)

Z

[Amaral, Cerdeno, PF, Reid; 2006.11225]

<latexit sha1_base64="KAqzgn1VkEmc9JKXpMC+jdwSAzM="></latexit>

Experiment " (t·yr) NR (keVnr) ER (keVee) NR + ER (keVnr)

G2-Ge (SuperCDMS iZIP) 0.056 [0.272, 10.4] [0.120, 50] -

(SuperCDMS HV) 0.044 - - [0.040, 2]

G2-Xe (LZ) 15 [3, 5.8] [2, 30] [0.7, 100]

G3-Xe (DARWIN) 200 [3, 5.8] [2, 30] [0.6, 100]

G3-Ar (DarkSide-20k) 100 - [7, 50] [0.6, 15]

cannot discriminate NR only

Leading 
sensitivity for

<latexit sha1_base64="5fdKeSISU3UjrYrEpaGhOiKB2lU=">AAACBnicbVC7SgNBFJ2NrxhfUUsRBoNoIWFXFC2jNjaBCOYB2RBmJzfJkNkHM3fFsGxl46/YWChi6zfY+TdOHoVGDwwczjmXO/d4kRQabfvLyszNLywuZZdzK6tr6xv5za2aDmPFocpDGaqGxzRIEUAVBUpoRAqY70moe4OrkV+/A6VFGNziMIKWz3qB6ArO0Ejt/G65nVwcpG4PTcanju0eURfhHpMy1NJ2vmAX7THoX+JMSYFMUWnnP91OyGMfAuSSad107AhbCVMouIQ058YaIsYHrAdNQwPmg24l4zNSum+UDu2GyrwA6Vj9OZEwX+uh75mkz7CvZ72R+J/XjLF73kpEEMUIAZ8s6saSYkhHndCOUMBRDg1hXAnzV8r7TDGOprmcKcGZPfkvqR0XndOifXNSKF1O68iSHbJHDolDzkiJXJMKqRJOHsgTeSGv1qP1bL1Z75NoxprObJNfsD6+AdpFmBk=</latexit>

MA0 & 10MeV



 — FUTURE

23[Amaral, Cerdeno, PF, Reid; 2006.11225]

<latexit sha1_base64="CFMasm2H3dJ114gpTSGmwoQm5zE=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkWoC0siii6Lbly4qGDaQhvCZDpph85MwjyEEOqvuHGhiFs/xJ1/47TNQlsP3MvhnHuZOydKKZHKdb+t0srq2vpGebOytb2zu2fvH7RlogXCPkpoIroRlJgSjn1FFMXdVGDIIoo70fhm6ncesZAk4Q8qS3HA4JCTmCCojBTaVb/unYT5Xdhn+tR0BfUktGtuw53BWSZeQWqgQCu0v/qDBGmGuUIUStnz3FQFORSKIIonlb6WOIVoDIe4ZyiHDMsgnx0/cY6NMnDiRJjiypmpvzdyyKTMWGQmGVQjuehNxf+8nlbxVZATnmqFOZo/FGvqqMSZJuEMiMBI0cwQiAQxtzpoBAVEyuRVMSF4i19eJu2zhnfRcO/Pa83rIo4yOARHoA48cAma4Ba0gA8QyMAzeAVv1pP1Yr1bH/PRklXsVMEfWJ8/ctKUAg==</latexit>
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SUMMARY PART I
• General minimal phenomenologically viable U(1) models 

require Majorana neutrinos 

• Neutrinos will play a special role to test flavour structure of 
these models (in particular FCNCs) 

• Solar neutrino scattering at Borexino excludes part of joint 
and                explanation within   

• In the future direct detection experiments become sensitive to 
this explanation, in particular in NR. Increasing exposure is 
more favourable than lowering the threshold to gain sensitivity.
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(g � 2)µ
<latexit sha1_base64="nxHhOqOApBDCU05KO7l4alVsBts=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahHiy7raDHohePFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxrczv/1ElWaRfDCTmPoCDyULGcHGSo/l4UX1vN8TSb9YcivuHGiVeBkpQYZGv/jVG0QkEVQawrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtlVhQ7afzg6fozCoDFEbKljRorv6eSLHQeiIC2ymwGellbyb+53UTE177KZNxYqgki0VhwpGJ0Ox7NGCKEsMnlmCimL0VkRFWmBibUcGG4C2/vEpa1YpXq1TvL0v1myyOPJzAKZTBgyuowx00oAkEBDzDK7w5ynlx3p2PRWvOyWaO4Q+czx97GY+M</latexit>

<latexit sha1_base64="4tdFF8W/W046PdYF4mp1WbuLOiM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilh3rf7ZcrbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4Y2fCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+q6t5fVmq3eRxFOIFTOAcPrqEGdWhAExgM4Rle4c2Rzovz7nwsWgtOPnMMf+B8/gDCT41z</latexit>

H0
<latexit sha1_base64="CFMasm2H3dJ114gpTSGmwoQm5zE=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkWoC0siii6Lbly4qGDaQhvCZDpph85MwjyEEOqvuHGhiFs/xJ1/47TNQlsP3MvhnHuZOydKKZHKdb+t0srq2vpGebOytb2zu2fvH7RlogXCPkpoIroRlJgSjn1FFMXdVGDIIoo70fhm6ncesZAk4Q8qS3HA4JCTmCCojBTaVb/unYT5Xdhn+tR0BfUktGtuw53BWSZeQWqgQCu0v/qDBGmGuUIUStnz3FQFORSKIIonlb6WOIVoDIe4ZyiHDMsgnx0/cY6NMnDiRJjiypmpvzdyyKTMWGQmGVQjuehNxf+8nlbxVZATnmqFOZo/FGvqqMSZJuEMiMBI0cwQiAQxtzpoBAVEyuRVMSF4i19eJu2zhnfRcO/Pa83rIo4yOARHoA48cAma4Ba0gA8QyMAzeAVv1pP1Yr1bH/PRklXsVMEfWJ8/ctKUAg==</latexit>

U(1)Lµ�L⌧



ULTRALIGHT DM
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QUICK REMINDER ABOUT DM
1. Stable, cold, (almost) collisionless,  

dissipationless substance 

2. Interacts (only?) gravitationally 

3. Makes up ~25 % of  the 
energy density of the universe 

4. Mass ?
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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) 6]

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>



THE FUZZY DM PARADIGM

• Standard CDM typically 
produces too much small 
scale structure

27

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>

Dwarf galaxies

[Bullock et al., Ann.Rev.Astron.Astrophys. 55 (2017)]

[Hu, Barkana, Gruzinov, PRL 85 (2000)]

�dB & 1 kpc

<latexit sha1_base64="RPXzSe0k9ArDl1sPcwgW47u1rJg=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0VwoSWRgrorunFZwT6gCWEymbRDZ5IwMxFKyFe48VfcuFDErbjzb5y0EbT1wMDhnHOZe4+fMCqVZX0ZlaXlldW16nptY3Nre8fc3evKOBWYdHDMYtH3kSSMRqSjqGKknwiCuM9Izx9fF37vnghJ4+hOTRLicjSMaEgxUlryzFOH6XCAPIcjNRI8C65y6AyVnuDQhs4J/DHGCc49s241rCngIrFLUgcl2p756QQxTjmJFGZIyoFtJcrNkFAUM5LXnFSSBOExGpKBphHiRLrZ9KwcHmklgGEs9IsUnKq/JzLEpZxwXyeLHeW8V4j/eYNUhRduRqMkVSTCs4/ClEEVw6IjGFBBsGITTRAWVO8K8QgJhJVusqZLsOdPXiTds4bdbFzeNuutVllHFRyAQ3AMbHAOWuAGtEEHYPAAnsALeDUejWfjzXifRStGObMP/sD4+AYgUJ9c</latexit>

mDM ⇡ 10�22 eV

<latexit sha1_base64="t5hkXwzVsGdUQ7OM3+8ZNEdZW0o=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UQ1JKUgror6MKNUME+oIlhMp22Q2eSMDMRS8hHuPFX3LhQxK0Ld/6NkzaCVg9cOJxzL/fe40eMSmVZn0Zhbn5hcam4XFpZXVvfMDe3WjKMBSZNHLJQdHwkCaMBaSqqGOlEgiDuM9L2R2eZ374lQtIwuFbjiLgcDQLapxgpLXnmAfccjtRQ8OT8MnVQFInwDtrWTXJUrabOIfx2SSv1zLJVsSaAf4mdkzLI0fDMD6cX4piTQGGGpOzaVqTcBAlFMSNpyYkliRAeoQHpahogTqSbTJ5K4Z5WerAfCl2BghP150SCuJRj7uvO7EQ562Xif143Vv0TN6FBFCsS4OmifsygCmGWEOxRQbBiY00QFlTfCvEQCYSVzrGkQ7BnX/5LWtWKXaucXtXK9XoeRxHsgF2wD2xwDOrgAjRAE2BwDx7BM3gxHown49V4m7YWjHxmG/yC8f4FGZieOw==</latexit>

)

<latexit sha1_base64="t4DM7FAUplBYYGWZMzcbR9oh0Vw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjxWsR+QhrLZbtqlm2zYnSil9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSmGW8yJZXuhNRwKRLeRIGSd1LNaRxK3g5HNzO//ci1ESp5wHHKg5gOEhEJRtFKfvdeDIZItVZPvXLFrbpzkFXi5aQCORq98le3r1gW8wSZpMb4nptiMKEaBZN8WupmhqeUjeiA+5YmNOYmmMxPnpIzq/RJpLStBMlc/T0xobEx4zi0nTHFoVn2ZuJ/np9hdBVMRJJmyBO2WBRlkqAis/9JX2jOUI4toUwLeythQ6opQ5tSyYbgLb+8SloXVa9Wvb6rVer1PI4inMApnIMHl1CHW2hAExgoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH5RhkXc=</latexit>

Better fit to small  
scale structure!

• Can be suppressed if DM de 
Broglie wavelength prohibits 
small scale structures:

m[GeV]

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



THE FUZZY DM PARADIGM
• Small scale is set by a balance of gravity and quantum pressure:  

28m[GeV]

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

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>

qp
No self-interactions!

gravity

Focus of this talk!

• Self-interactions may drastically alter situation:

qpgravityqp gravity
repulsive attractive

� > 0

<latexit sha1_base64="llmRcIOE0iH9H4n07jZx6PGkTBY=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQiqBspuHFZwT6gDWUymbRDJ5MwcyOU0M9w40IRt36NO//GaZuFth4YOJxzLnPvCVIpDLrut1NaW9/Y3CpvV3Z29/YPqodHbZNkmvEWS2SiuwE1XArFWyhQ8m6qOY0DyTvB+G7md564NiJRjzhJuR/ToRKRYBSt1OtLGw0puSXuoFpz6+4cZJV4BalBgeag+tUPE5bFXCGT1Jie56bo51SjYJJPK/3M8JSyMR3ynqWKxtz4+XzlKTmzSkiiRNunkMzV3xM5jY2ZxIFNxhRHZtmbif95vQyjaz8XKs2QK7b4KMokwYTM7ieh0JyhnFhCmRZ2V8JGVFOGtqWKLcFbPnmVtC/q3mX95uGy1mgUdZThBE7hHDy4ggbcQxNawCCBZ3iFNwedF+fd+VhES04xcwx/4Hz+AOeOkF0=</latexit>

� < 0

<latexit sha1_base64="kTUGaSABv6G0/ptTf5IEDBtapiM=">AAAB8nicbVDLSsNAFL2pr1pfVZduBovgqiQiqOCi4MZlBfuANpTJZNIOnUzCzI1QQj/DjQtF3Po17vwbp20W2npg4HDOucy9J0ilMOi6305pbX1jc6u8XdnZ3ds/qB4etU2SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E47uZ33ni2ohEPeIk5X5Mh0pEglG0Uq8vbTSk5Ja4g2rNrbtzkFXiFaQGBZqD6lc/TFgWc4VMUmN6npuin1ONgkk+rfQzw1PKxnTIe5YqGnPj5/OVp+TMKiGJEm2fQjJXf0/kNDZmEgc2GVMcmWVvJv7n9TKMrv1cqDRDrtjioyiTBBMyu5+EQnOGcmIJZVrYXQkbUU0Z2pYqtgRv+eRV0r6oe5f1m4fLWqNR1FGGEziFc/DgChpwD01oAYMEnuEV3hx0Xpx352MRLTnFzDH8gfP5A+SCkFs=</latexit>

Instabilities!
[Guth et al. PRD 92, 2015 ]

Relaxed mass range: [Ferreira, 2005.03254]

mDM ⇡ 10�22 � 1 eV

<latexit sha1_base64="IUVGYKSp4Xvl8pR9ZX8Mj/LCspU=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgubElKQd0VdOFGqGAf0MQwmU7boTNJmJmIJeQr3Pgrblwo4lbc+TdO2gjaeuDC4Zx7ufceP2JUKsv6MhYWl5ZXVgtrxfWNza1tc2e3JcNYYNLEIQtFx0eSMBqQpqKKkU4kCOI+I21/dJ757TsiJA2DGzWOiMvRIKB9ipHSkmeWuedwpIaCJxdXqYOiSIT30LZuk3K1mpZt5xj++KSVembJqlgTwHli56QEcjQ889PphTjmJFCYISm7thUpN0FCUcxIWnRiSSKER2hAupoGiBPpJpO3UniolR7sh0JXoOBE/T2RIC7lmPu6MztRznqZ+J/XjVX/1E1oEMWKBHi6qB8zqEKYZQR7VBCs2FgThAXVt0I8RAJhpZMs6hDs2ZfnSatasWuVs+taqV7P4yiAfXAAjoANTkAdXIIGaAIMHsATeAGvxqPxbLwZ79PWBSOf2QN/YHx8Aw1Qnq0=</latexit>



• Typical searches for Fuzzy DM (FDM) employ their properties of 
a classical background field. 

• QUESTION: Can we write down QFT models for this kind of DM 
and learn something about the microscopic properties? 

• STRATEGY: Explore complementary search strategies using the 
particle properties of QFT toy models: 
 
- FDM can be scalar     or pseudo-scalar  
 
- Coupled to SM via Higgs      or new heavy singlet mediator 

QFT TOY MODELS FOR FUZZY DM

29

�

<latexit sha1_base64="aELKFSe9P3jt4IxJYPzpeBAZ2vc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4CXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwpQzbVz326lsbG5t71R3a3v7B4dH9eOTrk4yRWiHJDxR/RBrypmkHcMMp/1UUSxCTnvh9K7we09UaZbIRzNLaSDwRLKIEWwKaZjGbFRvuE13AbROvJI0oER7VP8ajhOSCSoN4VjrgeemJsixMoxwOq8NM01TTKZ4QgeWSiyoDvLFrXN0YZUxihJlSxq0UH9P5FhoPROh7RTYxHrVK8T/vEFmopsgZzLNDJVkuSjKODIJKh5HY6YoMXxmCSaK2VsRibHCxNh4ajYEb/XlddK9anqt5u1Dq+H7ZRxVOINzuAQPrsGHe2hDBwjE8Ayv8OYI58V5dz6WrRWnnDmFP3A+fwAWzo5J</latexit>

<latexit sha1_base64="la1ucDPIGuxUc2FoRKazbcJiwDE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU0P1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A3/eM+w==</latexit>s <latexit sha1_base64="siklIgqfVgFGDOMmKiXmTp/5fuk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AxK+M6Q==</latexit>a

<latexit sha1_base64="n7ilx/r8dT1bdXmX1DRPQzJCP60=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GdzO//cS1EbF6xEnC/YgOlQgFo2ilhzrplytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6miETd+Nr90Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhjZ8JlaTIFVssClNJMCazt8lAaM5QTiyhTAt7K2EjqilDG07JhuAtv7xKWhdV76rq3l9Ward5HEU4gVM4Bw+uoQZ1aEATGITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AfR3jPo=</latexit>

H



• Most economic way to couple fuzzy DM to SM via Higgs Portal:  
 

• DM is protected by a       symmetry and has positively bounded 
potential                   
 
      FDM can have wide mass range (but for no good reason) due to    
repulsive self-interactions 

• In the FDM regime momenta are small and the occupation numbers 
are huge 
 
      can be treated as a classical wave!

1. SCALAR DM — HIGGS PORTAL
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L � 1
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<latexit sha1_base64="zb6km2acygPiRUzLUL7B6dO8MKg="></latexit>

Z2

<latexit sha1_base64="abft5ofPCWRVKljV4dUxGfFdIwA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisaFuxDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrh4BqFFxiy3Aj8CFRSKNAYCcYX8/8zhMqzWN5byYJ+hEdSh5yRo2V7h77tX654lbdOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtWtWrV69u65VGI4+jCCdwCufgwQU04Aaa0AIGQ3iGV3hzhPPivDsfi9aCk88cwx84nz/it42N</latexit>

)

<latexit sha1_base64="t4DM7FAUplBYYGWZMzcbR9oh0Vw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjxWsR+QhrLZbtqlm2zYnSil9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSmGW8yJZXuhNRwKRLeRIGSd1LNaRxK3g5HNzO//ci1ESp5wHHKg5gOEhEJRtFKfvdeDIZItVZPvXLFrbpzkFXi5aQCORq98le3r1gW8wSZpMb4nptiMKEaBZN8WupmhqeUjeiA+5YmNOYmmMxPnpIzq/RJpLStBMlc/T0xobEx4zi0nTHFoVn2ZuJ/np9hdBVMRJJmyBO2WBRlkqAis/9JX2jOUI4toUwLeythQ6opQ5tSyYbgLb+8SloXVa9Wvb6rVer1PI4inMApnIMHl1CHW2hAExgoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH5RhkXc=</latexit>

n�3
dB ⇡ 6.35 · 105

✓
eV

m

◆4

<latexit sha1_base64="QxK7ego2LFvtEW5DpM3833NtmPs="></latexit>

)

<latexit sha1_base64="t4DM7FAUplBYYGWZMzcbR9oh0Vw=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4KXjxWsR+QhrLZbtqlm2zYnSil9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZVSmGW8yJZXuhNRwKRLeRIGSd1LNaRxK3g5HNzO//ci1ESp5wHHKg5gOEhEJRtFKfvdeDIZItVZPvXLFrbpzkFXi5aQCORq98le3r1gW8wSZpMb4nptiMKEaBZN8WupmhqeUjeiA+5YmNOYmmMxPnpIzq/RJpLStBMlc/T0xobEx4zi0nTHFoVn2ZuJ/np9hdBVMRJJmyBO2WBRlkqAis/9JX2jOUI4toUwLeythQ6opQ5tSyYbgLb+8SloXVa9Wvb6rVer1PI4inMApnIMHl1CHW2hAExgoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH5RhkXc=</latexit>

How do we search for wave DM?

�s > 0

<latexit sha1_base64="U29cdPpvGvZTHfwpGZsd6+fRPSw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjNSUDdSdOOygn3AdCiZTKYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXHLvCVPBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LySGCS5ZGzgI1ks1I0koWDcc38387hPThiv5CJOUBQkZSh5zSsBKfl/YaEQG5sYdVGtu3Z0DrxKvIDVUoDWofvUjRbOESaCCGON7bgpBTjRwKti00s8MSwkdkyHzLZUkYSbI5ytP8ZlVIhwrbZ8EPFd/T+QkMWaShDaZEBiZZW8m/uf5GcRXQc5lmgGTdPFRnAkMCs/uxxHXjIKYWEKo5nZXTEdEEwq2pYotwVs+eZV0Lupeo3790Kg1b4s6yugEnaJz5KFL1ET3qIXaiCKFntErenPAeXHenY9FtOQUM8foD5zPH8bEkPE=</latexit>



• At low momenta Higgs portal mediates an effective DM-nucleon 
coupling 
 
where now 
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oscillating energy levels
[Brax et al.,PRD97, 2018]
[Hees et al., PRD 98, 2018]

fifth force

primordial helium abundance
mN �mP / csNN s20

<latexit sha1_base64="YpQxLTSqEHX4DhkNOpKNNHxRFcU=">AAACCHicbVDLSgMxFM3UV62vUZcuDBbBhZaZUlB3BTeuSgX7gM44ZNJMG5rMhCQjlKFLN/6KGxeKuPUT3Pk3pu0stHogcDjnXm7OCQWjSjvOl1VYWl5ZXSuulzY2t7Z37N29tkpSiUkLJyyR3RApwmhMWppqRrpCEsRDRjrh6Grqd+6JVDSJb/VYEJ+jQUwjipE2UmAf8qBxxoOmJ2QidAJxkKlGYwK9U6gC564a2GWn4swA/xI3J2WQoxnYn14/wSknscYMKdVzHaH9DElNMSOTkpcqIhAeoQHpGRojTpSfzYJM4LFR+jBKpHmxhjP150aGuFJjHppJjvRQLXpT8T+vl+rows9oLFJNYjw/FKUMmsTTVmCfSoI1GxuCsKTmrxAPkURYm+5KpgR3MfJf0q5W3Frl8qZWrtfzOorgAByBE+CCc1AH16AJWgCDB/AEXsCr9Wg9W2/W+3y0YOU7++AXrI9v0N+YkQ==</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]

L � �1

2
�hs s

2
H

†
H

<latexit sha1_base64="iP+hdVxumOeW3yumGrWpeU8CLoM="></latexit>

csNN s2 N̄N

<latexit sha1_base64="8qNqDVIWG0WMeRkTv3qTpCwt0aw=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEF1JmSkHdFdy4KhXsAzrjkEkzbWjmQZIRylBw46+4caGIW3/CnX9j2s5CW08I93DOvST3+AlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34o+up33mgQrI4ulPjhLohHkQsYAQrLXnmEfEy2WhMnHMk76tIF8fHAjX08cyyVbFmQMvEzkkZcjQ988vpxyQNaaQIx1L2bCtRboaFYoTTSclJJU0wGeEB7Wka4ZBKN5vtMEGnWumjIBb6RgrN1N8TGQ6lHIe+7gyxGspFbyr+5/VSFVy6GYuSVNGIzB8KUo5UjKaBoD4TlCg+1gQTwfRfERligYnSsZV0CPbiysukXa3YtcrVba1cr+dxFOEYTuAMbLiAOtxAE1pA4BGe4RXejCfjxXg3PuatBSOfOYQ/MD5/AIJBlYI=</latexit>

csNN = �hs

mN

m2
h

2nH

3(11� 2
3nL)

<latexit sha1_base64="/AICPp/MqAW83uQtR3+LdPcTrJM="></latexit>

s2 = s20 cos
2(mst) !

s20
2
(1 + cos(2mst))

<latexit sha1_base64="AJA1b5vQf9ARROedNEC5WxQdRKY="></latexit>

1. SCALAR DM — HIGGS PORTAL

Supernova



• At low momenta Higgs portal mediates an effective DM-nucleon 
coupling 
 
where now 
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L � �1

2
�hs s

2
H

†
H

<latexit sha1_base64="iP+hdVxumOeW3yumGrWpeU8CLoM="></latexit>

csNN s2 N̄N

<latexit sha1_base64="8qNqDVIWG0WMeRkTv3qTpCwt0aw=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEF1JmSkHdFdy4KhXsAzrjkEkzbWjmQZIRylBw46+4caGIW3/CnX9j2s5CW08I93DOvST3+AlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34o+up33mgQrI4ulPjhLohHkQsYAQrLXnmEfEy2WhMnHMk76tIF8fHAjX08cyyVbFmQMvEzkkZcjQ988vpxyQNaaQIx1L2bCtRboaFYoTTSclJJU0wGeEB7Wka4ZBKN5vtMEGnWumjIBb6RgrN1N8TGQ6lHIe+7gyxGspFbyr+5/VSFVy6GYuSVNGIzB8KUo5UjKaBoD4TlCg+1gQTwfRfERligYnSsZV0CPbiysukXa3YtcrVba1cr+dxFOEYTuAMbLiAOtxAE1pA4BGe4RXejCfjxXg3PuatBSOfOYQ/MD5/AIJBlYI=</latexit>

s2 = s20 cos
2(mst) !

s20
2
(1 + cos(2mst))

<latexit sha1_base64="AJA1b5vQf9ARROedNEC5WxQdRKY="></latexit>
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[Bauer, PF, Reimitz, Plehn, 2005.13551]

DD
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Powerful LHC probe!

csNN = �hs

mN

m2
h

2nH

3(11� 2
3nL)

<latexit sha1_base64="/AICPp/MqAW83uQtR3+LdPcTrJM="></latexit>

1. SCALAR DM — HIGGS PORTAL



• Consider model with new weak scale mediator  

• High mass window rather unconstrained!

2. SCALAR DM — NEW MEDIATOR

33

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

��-��

��-��

��-��

��-��

��-��

��-��

��-�

��-�

��-� ��-� � ��� ��� ���

��-�

��-�

��-�

�

���

���

�

<latexit sha1_base64="aELKFSe9P3jt4IxJYPzpeBAZ2vc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4CXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwpQzbVz326lsbG5t71R3a3v7B4dH9eOTrk4yRWiHJDxR/RBrypmkHcMMp/1UUSxCTnvh9K7we09UaZbIRzNLaSDwRLKIEWwKaZjGbFRvuE13AbROvJI0oER7VP8ajhOSCSoN4VjrgeemJsixMoxwOq8NM01TTKZ4QgeWSiyoDvLFrXN0YZUxihJlSxq0UH9P5FhoPROh7RTYxHrVK8T/vEFmopsgZzLNDJVkuSjKODIJKh5HY6YoMXxmCSaK2VsRibHCxNh4ajYEb/XlddK9anqt5u1Dq+H7ZRxVOINzuAQPrsGHe2hDBwjE8Ayv8OYI58V5dz6WrRWnnDmFP3A+fwAWzo5J</latexit>

L � �1

2
m2

��
2 � µ�s

2
�s2 � ↵S

⇤�
� Tr[Gµ⌫G

µ⌫ ]

<latexit sha1_base64="vU3y3RVjuj91/oQL4jhyuX9i898="></latexit>

csNN s2 N̄N

<latexit sha1_base64="8qNqDVIWG0WMeRkTv3qTpCwt0aw=">AAACA3icbVDLSgMxFL1TX7W+Rt3pJlgEF1JmSkHdFdy4KhXsAzrjkEkzbWjmQZIRylBw46+4caGIW3/CnX9j2s5CW08I93DOvST3+AlnUlnWt1FYWV1b3yhulra2d3b3zP2DtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe34o+up33mgQrI4ulPjhLohHkQsYAQrLXnmEfEy2WhMnHMk76tIF8fHAjX08cyyVbFmQMvEzkkZcjQ988vpxyQNaaQIx1L2bCtRboaFYoTTSclJJU0wGeEB7Wka4ZBKN5vtMEGnWumjIBb6RgrN1N8TGQ6lHIe+7gyxGspFbyr+5/VSFVy6GYuSVNGIzB8KUo5UjKaBoD4TlCg+1gQTwfRfERligYnSsZV0CPbiysukXa3YtcrVba1cr+dxFOEYTuAMbLiAOtxAE1pA4BGe4RXejCfjxXg3PuatBSOfOYQ/MD5/AIJBlYI=</latexit>

csNN =
µ�s

⇤�

mN

m2
�

8⇡

11� 2
3nL

<latexit sha1_base64="81Mp5nnLTiDMd6BmNHRbUkBxqMs="></latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]



• Maybe best motivated candidate for FDM is an axion-like 
particle. It has a reason to be very light 

• Axions are Nambu-Goldstone particles, protected by shift 
symmetry: 
 

• Mass is generated by small explicit breaking: 
 
 
 
with the heavy axion scale 

LIGHT DM — ALPS

34

ei a/f ! ei (a+c)/f = ei a/fei c/f

<latexit sha1_base64="sVH6w1aQa7++ndGF7br+vm0qHEE=">AAACJXicbZDLSgMxFIYz9VbrrerSTbAIFaXOSEEFhaIblxXsBTq1nEkzbWjmQpJRytCXceOruHFhEcGVr2LamYW2Hgh8+f9zSM7vhJxJZZpfRmZhcWl5JbuaW1vf2NzKb+/UZRAJQmsk4IFoOiApZz6tKaY4bYaCgudw2nAGNxO/8UiFZIF/r4YhbXvQ85nLCCgtdfKX9CFm9jGGE3eEbcF6fQVCBE841YtwRA61d5XcJ20JEU2dfMEsmdPC82ClUEBpVTv5sd0NSORRXxEOUrYsM1TtGIRihNNRzo4kDYEMoEdbGn3wqGzH0y1H+EArXewGQh9f4an6eyIGT8qh5+hOD1RfznoT8T+vFSn3vB0zP4wU9UnykBtxrAI8iQx3maBE8aEGIILpv2LSBwFE6WBzOgRrduV5qJ+WrHLp4q5cqFyncWTRHtpHRWShM1RBt6iKaoigZ/SK3tHYeDHejA/jM2nNGOnMLvpTxvcPK12j2g==</latexit>

V (a) = ⇤4


1� cos

✓
a

f

◆�
=

⇤4

2f2
a2 + . . .

<latexit sha1_base64="Ysge6OgdU66JbvPt1sqR+OPRB5U="></latexit>

f = O(fGUT)

<latexit sha1_base64="nu96o9m0qqldnabCWkN7EQptfFE=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkWom5JIQV0IRRe6s0LTFtoQJtNJO3QyCTMToYSs3Pgrblwo4tZvcOffOEmz0NYDA2fOuZd77/EiSoQ0zW+ttLS8srpWXq9sbG5t7+i7ex0RxhxhG4U05D0PCkwJw7YkkuJexDEMPIq73uQ687sPmAsSsracRtgJ4IgRnyAoleTqh/7lIIByjCBN7tKa7+Y/HiQ3djs9cfWqWTdzGIvEKkgVFGi5+tdgGKI4wEwiCoXoW2YknQRySRDFaWUQCxxBNIEj3FeUwQALJ8nPSI1jpQwNP+TqMWnk6u+OBAZCTANPVWZLinkvE//z+rH0z52EsCiWmKHZID+mhgyNLBNjSDhGkk4VgYgTtauBxpBDJFVyFRWCNX/yIumc1q1G/eK+UW1eFXGUwQE4AjVggTPQBLegBWyAwCN4Bq/gTXvSXrR37WNWWtKKnn3wB9rnDwb9mNw=</latexit>

<latexit sha1_base64="zBNcThFg6qvtC65iTnaKR4973y0=">AAACDnicbVDLSgMxFM34rPU16tJNsBQEoc4URUGEohuXFe0DOmPJpJk2NJMZk4xQwnyBG3/FjQtF3Lp259+YPhbaeuDC4Zx7ufeeIGFUKsf5tubmFxaXlnMr+dW19Y1Ne2u7LuNUYFLDMYtFM0CSMMpJTVHFSDMRBEUBI42gfzn0Gw9ESBrzWzVIiB+hLqchxUgZqW0Xb+A59EKBsJYHYaY9eS+ULmcZ9M4gudMUosMwa9sFp+SMAGeJOyEFMEG1bX95nRinEeEKMyRly3US5WskFMWMZHkvlSRBuI+6pGUoRxGRvh69k8GiUTowjIUpruBI/T2hUSTlIApMZ4RUT057Q/E/r5Wq8NTXlCepIhyPF4UpgyqGw2xghwqCFRsYgrCg5laIe8hko0yCeROCO/3yLKmXS+5xybk+KlQuJnHkwC7YA/vABSegAq5AFdQABo/gGbyCN+vJerHerY9x65w1mdkBf2B9/gCsZps+</latexit>

S =
s+ fp

2
eia/f



• Can couple the Goldstone mode     of complex scalar      to the 
Higgs via Dim-6 operator 
 
 
 
 
with 

• Strong model independent  
Higgs to invisible bound:

3. ALP DM — HIGGS MEDIATOR

35

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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<latexit sha1_base64="OZ1M9HHcDMFCn/EIZ/x5/ZvDQiI="></latexit>

L =
(@µS)(@µ

S)†

⇤2
ha

H
†
H � @µa @

µ
a

2⇤2
ha

H
†
H

<latexit sha1_base64="U3dxbP7ADUYAkuTZV5b58uql3jA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5id9CZDZmeXmVkhLPkDLx4U8eofefNvnCR70MSChqKqm+6uIBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzdRvPaHSPJaPZpygH9GB5CFn1Fjp/oH0yhW36s5AlomXkwrkqPfKX91+zNIIpWGCat3x3MT4GVWGM4GTUjfVmFA2ogPsWCpphNrPZpdOyIlV+iSMlS1pyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ9xmaQGJZsvClNBTEymb5M+V8iMGFtCmeL2VsKGVFFmbDglG4K3+PIyaZ5VvYuqe3deqV3ncRThCI7hFDy4hBrcQh0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nDwU9jQU=</latexit>

S

<latexit sha1_base64="3OS/SR4hlj4/wjW3tQLXBRrXuVc="></latexit>

caNN =
1

⇤2
ha

mN

m2
h

2nH

3(11� 2
3nL)

caNN @µa@
µa N̄N

<latexit sha1_base64="R8O3Ly9iv7q+rFg/seDCx0XnJME=">AAACHXicbVDLSgMxFM3UV62vUZdugkVwIWVGCuqu6MZVqWAf0KnDnTRtQzMPkoxQhv6IG3/FjQtFXLgR/8bMdARtPRA495x7k9zjRZxJZVlfRmFpeWV1rbhe2tjc2t4xd/daMowFoU0S8lB0PJCUs4A2FVOcdiJBwfc4bXvjq9Rv31MhWRjcqklEez4MAzZgBJSWXLNK3ATq9alzghMnAqEYcNfxYwz4p7zLyrTD8UDgOq67ZtmqWBnwIrFzUkY5Gq754fRDEvs0UISDlF3bilQvSe8nnE5LTixpBGQMQ9rVNACfyl6SbTfFR1rp40Eo9AkUztTfEwn4Uk58T3f6oEZy3kvF/7xurAbnvYQFUaxoQGYPDWKOVYjTqHCfCUoUn2gCRDD9V0xGIIAoHWhJh2DPr7xIWqcVu1q5uKmWa5d5HEV0gA7RMbLRGaqha9RATUTQA3pCL+jVeDSejTfjfdZaMPKZffQHxuc3y7KhGA==</latexit>

<latexit sha1_base64="ZSqwiXNUGtywYy+4YfsbQMp3qEw="></latexit>

�(h ! aa) ⇡ v2m3
h

128⇡⇤4
ha

<latexit sha1_base64="FB3BKK2H/QhORVGSNLap+Zb5PLU=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYhd2omDJooYVFBPOAbAizk5tkyOyDmbtiWOIX2PgrNhaK2Nra+TdOHoUmHhg4nHMud+7xIik02va3lVpYXFpeSa9m1tY3Nrey2ztVHcaKQ4WHMlR1j2mQIoAKCpRQjxQw35NQ8/oXI792B0qLMLjFQQRNn3UD0RGcoZFa2UNK3WsTb7NW0qNsSN0umrRPi8eFBxfhHpNLqA5b2Zydt8eg88SZkhyZotzKfrntkMc+BMgl07rh2BE2E6ZQcAnDjBtriBjvsy40DA2YD7qZjO8Z0gOjtGknVOYFSMfq74mE+VoPfM8kfYY9PeuNxP+8RoydYjMRQRQjBHyyqBNLiiEdlUPbQgFHOTCEcSXMXynvMcU4mgozpgRn9uR5Ui3kndO8fXOSK51P60iTPbJPjohDzkiJXJEyqRBOHskzeSVv1pP1Yr1bH5NoyprO7JI/sD5/AHOKm7A=</latexit>

⇤ha & 832 GeV



• Consider model with new weak scale mediator     and ALP DM 
candidate    . Only shift-symmetric couplings allowed: 
 
 
 
with 

• Almost unconstrained at low 
masses (momenta) because  
of momentum suppression:

4. ALP DM — NEW MEDIATOR

36
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<latexit sha1_base64="aELKFSe9P3jt4IxJYPzpeBAZ2vc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN4CXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwpQzbVz326lsbG5t71R3a3v7B4dH9eOTrk4yRWiHJDxR/RBrypmkHcMMp/1UUSxCTnvh9K7we09UaZbIRzNLaSDwRLKIEWwKaZjGbFRvuE13AbROvJI0oER7VP8ajhOSCSoN4VjrgeemJsixMoxwOq8NM01TTKZ4QgeWSiyoDvLFrXN0YZUxihJlSxq0UH9P5FhoPROh7RTYxHrVK8T/vEFmopsgZzLNDJVkuSjKODIJKh5HY6YoMXxmCSaK2VsRibHCxNh4ajYEb/XlddK9anqt5u1Dq+H7ZRxVOINzuAQPrsGHe2hDBwjE8Ayv8OYI58V5dz6WrRWnnDmFP3A+fwAWzo5J</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

caNN @µa@
µa N̄N

<latexit sha1_base64="R8O3Ly9iv7q+rFg/seDCx0XnJME=">AAACHXicbVDLSgMxFM3UV62vUZdugkVwIWVGCuqu6MZVqWAf0KnDnTRtQzMPkoxQhv6IG3/FjQtFXLgR/8bMdARtPRA495x7k9zjRZxJZVlfRmFpeWV1rbhe2tjc2t4xd/daMowFoU0S8lB0PJCUs4A2FVOcdiJBwfc4bXvjq9Rv31MhWRjcqklEez4MAzZgBJSWXLNK3ATq9alzghMnAqEYcNfxYwz4p7zLyrTD8UDgOq67ZtmqWBnwIrFzUkY5Gq754fRDEvs0UISDlF3bilQvSe8nnE5LTixpBGQMQ9rVNACfyl6SbTfFR1rp40Eo9AkUztTfEwn4Uk58T3f6oEZy3kvF/7xurAbnvYQFUaxoQGYPDWKOVYjTqHCfCUoUn2gCRDD9V0xGIIAoHWhJh2DPr7xIWqcVu1q5uKmWa5d5HEV0gA7RMbLRGaqha9RATUTQA3pCL+jVeDSejTfjfdZaMPKZffQHxuc3y7KhGA==</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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<latexit sha1_base64="TX5yE1wkDt5Nq2ulCwgZEDvWMd0=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXZUYK6q7oxmUF+4DpWDJppg3NJDG5I5TSz3DjQhG3fo07/8a0nYW2HggczrmX3HNiLbgF3//2VlbX1jc2C1vF7Z3dvf3SwWHTqsxQ1qBKKNOOiWWCS9YADoK1tWEkjQVrxcObqd96YsZyJe9hpFmUkr7kCacEnBR2tFEaFH58qHZLZb/iz4CXSZCTMspR75a+Oj1Fs5RJoIJYGwa+hmhMDHAq2KTYySzThA5Jn4WOSpIyG41nJ0/wqVN6OFHGPQl4pv7eGJPU2lEau8mUwMAuelPxPy/MILmMxlzqDJik84+STGAXcpof97hhFMTIEUINd7diOiCGUHAtFV0JwWLkZdI8rwTVytVdtVy7zusooGN0gs5QgC5QDd2iOmogihR6Rq/ozQPvxXv3PuajK16+c4T+wPv8AQFgkRc=</latexit>

<latexit sha1_base64="zgnMmojXQNcJ/I/OXID0/iVlSX0="></latexit>
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<latexit sha1_base64="tfp2/c0KAwPrUnZJXTgMXpo0DQs="></latexit>
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NEW SEARCH STRATEGIES AT LHC

• Conventional direct and indirect DM search strategies hopeless 
due to low momenta of (U)LDM 

• But production at LHC enhances momenta:
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Direct detection @ LHC Indirect detection @ LHC

[Bauer, PF, Reimitz, Plehn, 2005.13551]
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• Boosted DM can undergo DIS in  
detector material and produce jets.  

1. E.g. Higgs Portal: 
 
 
with  

     Distinguishable from LLPs:

38

!41

Inner Detector
no events

Outer Detector,

displaced jets

Dark Matter

NDIS = LHL �h BRh!ss PDIS

<latexit sha1_base64="AR5euDPRS/pleT/GpL4SXCVOIJo="></latexit>

PDIS = 1� eLdet nX �X

<latexit sha1_base64="WT9MeF0i/se46zLEVrwkeEEP0EQ=">AAACGHicbVDLSgMxFM34rPVVdekmWAQXWmekoC6Eoi4UXFS0WujUIZPe1mCSGZKMUIb5DDf+ihsXirjtzr8xfSzUeiDhcM69JOeEMWfauO6XMzE5NT0zm5vLzy8sLi0XVlZvdJQoCjUa8UjVQ6KBMwk1wwyHeqyAiJDDbfhw0vdvH0FpFslr042hKUhHsjajxFgpKOxWA18Qc69Eenp+leEj7O3AXXoRpC0wmb+NZVC3t69ZR5CgngWFoltyB8DjxBuRIhqhGhR6fiuiiQBpKCdaNzw3Ns2UKMMohyzvJxpiQh9IBxqWSiJAN9NBsAxvWqWF25GyRxo8UH9upERo3RWhneyH0H+9vvif10hM+6CZMhknBiQdPtROODYR7reEW0wBNbxrCaGK2b9iek8UocZ2mbcleH8jj5ObvZJXLh1elouV41EdObSONtAW8tA+qqAzVEU1RNETekFv6N15dl6dD+dzODrhjHbW0C84vW/PnZ8I</latexit>

But unfortunately for HP:

nPb � nXe

<latexit sha1_base64="u3RVZshkd+leTPeZMASSiPMU/rY=">AAAB+3icbZDNS8MwGMbT+TXnV51HL8Ex8DRaGai3oRePE9wHbKWk2dstLE1Lkoqj9F/x4kERr/4j3vxvzLYedPOFwI/nyUuePEHCmdKO822VNja3tnfKu5W9/YPDI/u42lVxKil0aMxj2Q+IAs4EdDTTHPqJBBIFHHrB9Hbu9x5BKhaLBz1LwIvIWLCQUaKN5NtV4WftIMfD8Rhjw33IfbvmNJzF4HVwC6ihYtq+/TUcxTSNQGjKiVID10m0lxGpGeWQV4apgoTQKRnDwKAgESgvW2TPcd0oIxzG0hyh8UL9vZGRSKlZZCLWI6InatWbi/95g1SHV17GRJJqEHT5UJhyrGM8LwKPmASq+cwAoZKZrJhOiCRUm7oqpgR39cvr0L1ouM3G9X2z1rop6iijU3SGzpGLLlEL3aE26iCKntAzekVvVm69WO/Wx/JqySp2TtCfsT5/ADcOk+4=</latexit>

[Bauer, PF, Reimitz, Plehn, 2005.13551]PDIS = 1� eLE nPb �PbeLH nFe �Fe ⇡ 7.5 · 10�21

<latexit sha1_base64="QERv6zsZQylV6Xb7fIu1ZOeLNmk="></latexit>

DIRECT DETECTION

ATLAS-like 
 detector
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<latexit sha1_base64="81vpS4ir/biV0ffnuGTnH+N/N4I="></latexit>
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Dijet + ISR

Supernova Cooling

2. Scalar DM with new scalar mediator

39[Bauer, PF, Reimitz, Plehn, 2005.13551]
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<latexit sha1_base64="NrXVGhQ0hqr4Y9G177bkJ8qYX2A="></latexit>

s

<latexit sha1_base64="XxxtDCjbh7LZwFiEjRJVxAQLGmc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrpfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f4oWNAw==</latexit>

s

<latexit sha1_base64="XxxtDCjbh7LZwFiEjRJVxAQLGmc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrpfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f4oWNAw==</latexit>



3. ALP DM with Higgs mediator 
 
 

• With Higgs coupling  
 
 
and the Higgs invisible  
constraint 
 
 
we can estimate

DIRECT DETECTION AT THE LHC

40[Bauer, PF, Reimitz, Plehn, 2005.13551]
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<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>

<latexit sha1_base64="s1nAz7DZ3j15v4F7XIqi1BM6ZLM="></latexit>

d2�̂DIS

dx dy
=

g2hgg
16⇡ ŝ
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<latexit sha1_base64="hGhZBjPyeLNM30PrlqCesEfqYgc=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahbmpSFN0IRTcuK9gHNCFMppNk6CQZZiZCCQU3/oobF4q49Sfc+TdO2yy09cCFwzn3cu89PmdUKsv6NkpLyyura+X1ysbm1vaOubvXkWkmMGnjlKWi5yNJGE1IW1HFSI8LgmKfka4/vJn43QciJE2TezXixI1RmNCAYqS05JkHoZdHYTiGV9BBjEfIk6c1u+FweuKZVatuTQEXiV2QKijQ8swvZ5DiLCaJwgxJ2bctrtwcCUUxI+OKk0nCER6ikPQ1TVBMpJtPfxjDY60MYJAKXYmCU/X3RI5iKUexrztjpCI5703E/7x+poJLN6cJzxRJ8GxRkDGoUjgJBA6oIFixkSYIC6pvhThCAmGlY6voEOz5lxdJp1G3z+vW3Vm1eV3EUQaH4AjUgA0uQBPcghZoAwwewTN4BW/Gk/FivBsfs9aSUczsgz8wPn8A+r2WcA==</latexit>

ghgg = ↵s/(12⇡)

<latexit sha1_base64="FB3BKK2H/QhORVGSNLap+Zb5PLU=">AAACD3icbVC7SgNBFJ2NrxhfUUubwaBYhd2omDJooYVFBPOAbAizk5tkyOyDmbtiWOIX2PgrNhaK2Nra+TdOHoUmHhg4nHMud+7xIik02va3lVpYXFpeSa9m1tY3Nrey2ztVHcaKQ4WHMlR1j2mQIoAKCpRQjxQw35NQ8/oXI792B0qLMLjFQQRNn3UD0RGcoZFa2UNK3WsTb7NW0qNsSN0umrRPi8eFBxfhHpNLqA5b2Zydt8eg88SZkhyZotzKfrntkMc+BMgl07rh2BE2E6ZQcAnDjBtriBjvsy40DA2YD7qZjO8Z0gOjtGknVOYFSMfq74mE+VoPfM8kfYY9PeuNxP+8RoydYjMRQRQjBHyyqBNLiiEdlUPbQgFHOTCEcSXMXynvMcU4mgozpgRn9uR5Ui3kndO8fXOSK51P60iTPbJPjohDzkiJXJEyqRBOHskzeSVv1pP1Yr1bH5NoyprO7JI/sD5/AHOKm7A=</latexit>

⇤ha & 832 GeV

<latexit sha1_base64="IevMoffBl4K6pmxTLiX/kOGFVRE="></latexit>

PDIS = 1� e�LE nPb �Pbe�LH nFe �Fe ⇡ 10�23



DIRECT DETECTION AT THE LHC
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Dijet + ISR

Supernova Cooling

[Bauer, PF, Reimitz, Plehn, 2005.13551]

4. ALP DM with scalar mediator
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<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>
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a

<latexit sha1_base64="bihfQSgohUCaiZLH8E/K/puHk0I=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmrRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1arXzVqlfpPHUYQTOIVz8OAS6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fxz2M8Q==</latexit>
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<latexit sha1_base64="eqwAcKu5l5aA7pctTq1Pvam03HA="></latexit>



APPLICATION TO NEUTRINOS

• Highly-energetic neutrinos  are  
copiously produced at HL-LHC. 
 
     Look for them in neutrino-nucleus  
     scattering 

• Promising candidate is              
decay with subsequent  

• Proposed cut selection: 
- isolated muon and jet  
- reconstructed W-mass 
- secondary muon tag

42

N

νµ µ

W

<latexit sha1_base64="i+CyB0XjWoxwE8bkSXC8pmv6MHw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WOpF48V7Ac0oWy2m3bpZhN2J0IJ/RFePCji1d/jzX/jts1Bqw8GHu/NMDMvTKUw6LpfTmltfWNzq7xd2dnd2z+oHh51TJJpxtsskYnuhdRwKRRvo0DJe6nmNA4l74aT27nffeTaiEQ94DTlQUxHSkSCUbRS12+K0cifDao1t+4uQP4SryA1KNAaVD/9YcKymCtkkhrT99wUg5xqFEzyWcXPDE8pm9AR71uqaMxNkC/OnZEzqwxJlGhbCslC/TmR09iYaRzazpji2Kx6c/E/r59hdBPkQqUZcsWWi6JMEkzI/HcyFJozlFNLKNPC3krYmGrK0CZUsSF4qy//JZ2LundVd+8va41mEUcZTuAUzsGDa2jAHbSgDQwm8AQv8OqkzrPz5rwvW0tOMXMMv+B8fAMmmY9y</latexit>)
<latexit sha1_base64="NFst67Qgd75Y4uc4Mt2SsZoGLO0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rbuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtwuM4A==</latexit>

X

<latexit sha1_base64="MBRoAvGf/8VlnEe1SddPiDHx2Xs=">AAAB+3icbZDLSsNAFIZPvNZ6q3XpZrAILqQkouiy6MZlBXuBJoTJdNIOnUzCXMQS+ipuXCji1hdx59s4bbPQ1h8GPv5zDnPOH2WcKe26387K6tr6xmZpq7y9s7u3XzmotlVqJKEtkvJUdiOsKGeCtjTTnHYzSXEScdqJRrfTeueRSsVS8aDHGQ0SPBAsZgRra4WVasfXKfIT458hX5jQUlipuXV3JrQMXgE1KNQMK19+PyUmoUITjpXqeW6mgxxLzQink7JvFM0wGeEB7VkUOKEqyGe7T9CJdfooTqV9QqOZ+3six4lS4ySynQnWQ7VYm5r/1XpGx9dBzkRmNBVk/lFsOLLnToNAfSYp0XxsARPJ7K6IDLHERNu4yjYEb/HkZWif173Lunt/UWvcFHGU4AiO4RQ8uIIG3EETWkDgCZ7hFd6cifPivDsf89YVp5g5hD9yPn8AIgqT2w==</latexit>

W ! µ ⌫µ

<latexit sha1_base64="InG1mdksIqyCu49e9uAc24J87oY=">AAACCnicbVDLSgMxFM3UV62vUZduokUQhDIjii6LblxJBfuAzjBk0kwbm2SGJCOUoWs3/oobF4q49Qvc+Tdmpl1o64HA4Zx7yT0nTBhV2nG+rdLC4tLySnm1sra+sbllb++0VJxKTJo4ZrHshEgRRgVpaqoZ6SSSIB4y0g6HV7nffiBS0Vjc6VFCfI76gkYUI22kwN73RBp4PIXH8AZ6OoYF9zjSA8mze6LHgV11ak4BOE/cKamCKRqB/eX1YpxyIjRmSKmu6yTaz5DUFDMyrnipIgnCQ9QnXUMF4kT5WRFlDA+N0oNRLM0TGhbq740McaVGPDST+Y1q1svF/7xuqqMLP6MiSTURePJRlDJoIue9wB6VBGs2MgRhSc2tEA+QRFib9iqmBHc28jxpndTcs5pze1qtX07rKIM9cACOgAvOQR1cgwZoAgwewTN4BW/Wk/VivVsfk9GSNd3ZBX9gff4AyQaZtg==</latexit>

⌫µ +N ! µ+ jet

[Bauer, PF, Kling, Plehn, Reimitz; in progress]
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<latexit sha1_base64="DYdWDWt7ghpataoIfhWOOj/bxtM=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIVdUbQM2lhGMA/ILmF2cpMMmX0wczcYlm38FRsLRWz9DDv/xkmyhSYeGDiccw937vFjKTTa9rdVWFldW98obpa2tnd298r7B00dJYpDg0cyUm2faZAihAYKlNCOFbDAl9DyR7dTvzUGpUUUPuAkBi9gg1D0BWdopG75yNUioI5NXeoiPGIKYwhRZ91yxa7aM9Bl4uSkQnLUu+UvtxfxJDBpLpnWHceO0UuZQsElZCU30RAzPmID6BgasgC0l84OyOipUXq0HynzQqQz9XciZYHWk8A3kwHDoV70puJ/XifB/rWXijBOEEI+X9RPJMWITtugPaGAo5wYwrgS5q+UD5liHE1nJVOCs3jyMmmeV53Lqn1/Uand5HUUyTE5IWfEIVekRu5InTQIJxl5Jq/kzXqyXqx362M+WrDyzCH5A+vzB/ZxlgU=</latexit>⇠ 10 events



• (U)LDM can be produced at the LHC with large boost and then be 
detected by recoil jets produced in DIS 

• Complementary to existing direct detection or ULDM probes! 
Promising for momentum-suppressed interactions! 

• Potentially interesting signature for flavour  
in LHCb, Belle-II, … 

• Promising signature to detect neutrino  
scattering at the LHC in CMS 

• More improvements and generalisations: 
- quark couplings  
- sterile neutrino 
- meson decays 
- new detectors  
- … 43
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THANK YOU!
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VARIATION OF CONSTANTS

• Fundamental constants like        ,     or          are described by SM 
operators  
 

• In the presence of ULDM these operators modified, e.g. in the 
Higgs portal 
 
 
 
 
where the DM field is described by the classical wave
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INDIRECT DETECTION @ LHC
• ULDM has huge occupation numbers.  

Can it annihilate with the halo  
background field if produced at LHC?  
 
 

• But cross section scales with mass 

• Mean free path independent of mass and very large  
 
 

• Larger cross section above electron  
threshold, but also lower densities!
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• DM has large coupling to gluon. Will keep DM in thermal 
equilibrium until after QCD phase transition  
 
                                                                          

• (Pseudo-)scalar particle contributes                       for decoupling 
of 
 
 
 

CONTRIBUTION TO     
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