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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
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BRIEF EXCURSION: G-2

• Elementary particles with spin    have a magnetic dipole moment 

• In a magnetic field the spin  and the momentum of the muon 
precesses around the field with frequencies 

• The frequency difference is  
connected to the anomalous  
magnetic moment aμ
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[taken from Atanu Nath, Muon g-2 and Physics BSM, 2018]



THE E989 EXPERIMENT
• At the E989 experiment polarised 

muons are injected  into a storage ring.

5

• High energy positrons 
decay preferentially 
along muon spin 
directions and get 
deflected inward into 
calorimeter system 

[taken from Atanu Nath, Muon g-2 and Physics BSM, 2018]



THE E989 EXPERIMENT

• The theoretical prediction for (g-2) within the SM has been recently 
determined to  

• The recent Fermilab E989 result  
 
 
 
when combined with the previous BNL results leads to the 4.2  tension ofσ

6

[Aoyama et al; Phys.Rept. 887 (2020) 1-166]
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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

WHY GO BEYOND THE SM?
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Are these manifestations of a Dark Sector?



NEW PHYSICS FROM BOTTOM UP
• Suppose there is a dark sector 

• Strategy: 
-  Replace (combinations of) SM fields that are total singlets            
under SM gauge group by new DS fields. 
-  Replace dimensionful SM couplings (i.e.             ) by DS fields. 

• In SM there are 3 possible places where DS fields could hide:  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DS



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

9

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

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

H
†
H

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

�HS S
†
S H

†
H

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

�Y
N
L̄H̃ N

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

�✏Y
2
Bµ⌫X

µ⌫

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

Requires new  
symmetry

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

Focus of this talk

Gagg

4
aTr[Gµ⌫G̃

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



A NEW DARK SYMMETRY
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SM

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>

DS



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:

11

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>

adapt.[Bauer, PF, Jaeckel; 1803.05466]
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A1 APEX

BaBarBaBar

Charm

E137

E141

E774

KLOE

KLOE

LSND

LHCb μμ

LHCb μμ

NA48

U70

Orsay
NuCal

g- 2e



HOW A’ CONTRIBUTES TO G-2

• U(1) bosons vectorially coupled to muons contribute to g-2 at 
one-loop level 
 
 
 
 
where  

• The muon coupling depends on the U(1) extension. In general

14

µ µA′

A
<latexit sha1_base64="CegoPECFgjsi/mBd+/hv8svGXYU="></latexit>

�aµ =
g2µ
4⇡2

Z 1

0
du

u2(1� u)

u2 + (1�u)
x2
µ

<latexit sha1_base64="sYQIV0LiQDpnCPpvu6rTh4mXyEs=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyiqzojim6Eqhs3QgX7gHYYMmmmDU0yQ5IR61D8FTcuFHHrf7jzb8y0s9Dqgcs9nHMvuTlBzKjSjvNlFWZm5+YXioulpeWV1TV7faOhokRiUscRi2QrQIowKkhdU81IK5YE8YCRZjC4zPzmHZGKRuJWD2PicdQTNKQYaSP59ta93+EJPIM86wfXfnq+N/LtslNxxoB/iZuTMshR8+3PTjfCCSdCY4aUartOrL0USU0xI6NSJ1EkRniAeqRtqECcKC8dXz+Cu0bpwjCSpoSGY/XnRoq4UkMemEmOdF9Ne5n4n9dOdHjqpVTEiSYCTx4KEwZ1BLMoYJdKgjUbGoKwpOZWiPtIIqxNYCUTgjv95b+kcVhxjyvOzVG5epHHUQTbYAfsAxecgCq4AjVQBxg8gCfwAl6tR+vZerPeJ6MFK9/ZBL9gfXwDCQ6UTg==</latexit>

xµ = mµ/MA0

<latexit sha1_base64="oheCSX08aA1XAVpYqBNobi0ZTyI="></latexit>

gµ =

(
✏x e for kinetic mixing

gx Qµ for muon� philic gauge boson



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>

adapt.[Bauer, PF, Jaeckel; 1803.05466]
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KLOE
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LHCb μμ

LHCb μμ

NA48

U70
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NuCal

g- 2e

g- 2μ
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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

17

<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, `,⌫



• 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: 
 

DIRAC NEUTRINOS

19

<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
†
⌫



20
adapt.[Bauer, PF, Jaeckel; 1803.05466]

<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

��-� ��-� � ��
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��-��
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��-�

��-�

��-�
A1

NA62

APEX
BaBar inv

BaBar

Borexino

White Dwarfs
Charm II

E137
E137

E141

E774

KLOE
KLOE

LSND

LHCb μμ
NA48

NA64

U70

Orsay

NuCal

Texono

g- 2e

g- 2μ



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

21

<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]



U(1)B−3Lμ
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��-� ��-� ��� ���
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��-�

��-�

��-�

���

ΔNeff

(g-2)μ ± 2σ

n-Pb (g-2)μ 5σ

π0→γX

B+→K+μμ

COHERENT LAr

NA62

BaBar 4μ
CMS 4μ

LHCb μμ

NSI

NuCal
SHiP

FASER 2

NA64μ

[Bauer, PF, Mosny; 2011.12973]



 
 
 
 

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

γ A′

ℓi,j, νi,j
q

) ✏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

◆�

[del Aguila, Masip, Perez-Victoria; Nucl.Phys.B 456 (1995) 531-549]

GAUGING LEPTON SYMMETRIES

23

Lµ � L⌧Le � L⌧Lµ � Le

charging 1st & 
2nd generation 
leptons

charging 1st & 
3rd generation 
leptons

charging 2nd & 
3rd generation 
leptons

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



• No gauge interactions with  
ordinary matter (q, e)! 

• Below dimuon threshold only 
decays to neutrinos (almost) 

• Only remaining minimal U(1)  
extension with viable  solution 

• Finite kinetic mixing:  
 
 

(g − 2)μ

24

Why is this interesting?

<latexit sha1_base64="Mo0kGjLH5r32pWWYJVmvBP7Kz2E="></latexit>

✏µ⌧ ⇡ e gµ⌧
6⇡2

log

✓
mµ

m⌧

◆
⇡ �gµ⌧

70

SPECIAL CASE OF U(1)Lμ−Lτ

0.001 0.010 0.100 1 10
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0.001
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1



NEUTRINOS AND HUBBLE
• Decay of      heats neutrino gas  

and delays the decoupling  
 
     increase of          at early times 

• Leads to larger  

25 [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



 — CURRENT

26
[Amaral, Cerdeno, Cheek, PF; 2104.03297]

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

U(1)Lµ�L⌧

��-� ��-� ��� ���

��-�

��-�

��-�

��-�

��-�

Charm-II

White Dwarfs

Ba
Ba
r 4

μ

CMS4 μCO
HE
RE
NT
Cs
I

Neff

BP1 BP2 BP3
BP4(g-2)μ± 2σ

COHERENT LAr

Borexino

H0

<latexit sha1_base64="en6A2WZYq8oSxNALDPzfChXspyQ="></latexit>

MA0 gµ⌧
BP1 15 MeV 5⇥ 10�4

BP2 25 MeV 6⇥ 10�4

BP3 50 MeV 6⇥ 10�4

BP4 100 MeV 1⇥ 10�3



COMPLEMENTARY SEARCHES 
FOR   BOSONU(1)Lμ−Lτ

27



STRATEGY TO TEST  SOLUTIONU(1)Lμ−Lτ

• Suppose                  is due to a new                       boson. 
How can we independently test this? 

•               only sensitive to muon coupling 

• Have to establish also neutrino couplings: 
 
   Invisible decays at NA64. Potential degeneracy with DM! 
 
   CE NS at spallation sources. Only 2nd generation!  
 
   Solar neutrino scattering. Also 3rd generation neutrino flux! 

• Combination can lift degeneracy with a  mediator!

ν

U(1)Lμ
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• Fixed target experiment with 160 GeV muon beam.| 
   Muonic HPs are abundantly produced in Bremsstrahlung, decay invisibly 

• Expected to take data with ~1011 muons on target (MOT) in 2021 

• Target momentum resolution of 1~2.5 GeV, gives good handle on spectra
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[NA64 proposal; CERN-SPSC-2019-002]

NA64  μ



• We can compute theoretical spectra for our benchmark points  
from bremsstrahlung: 

• NA64 defines a signal window  
for muon between 
10 GeV < E < 100 GeV 

• In particular, for low mass A’ 
(  50 MeV) characteristic 
spectral shapes outside  
signal window

≲

30 [Amaral, Cerdeno, Cheek, PF; 2104.03297]
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NA64  μ
• NA64  has good 

sensitivity to coupling 

• Upper bound on low 
mass A’  

• BP4 can be well 
resolved, since 
spectral peak in signal 
window 

• No discrimination 
from simple muon-
philic mediator 
and/or DM decays

μ

31 [Amaral, Cerdeno, Cheek, PF; 2104.03297]



• Can we utilise gauge-neutrino interactions  
directly to test interesting parameter space? 

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

A′�
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(g-2)μ± 2σ

H0

COHERENT

DUNE

K → μ 3ν
(NA62)

K → ν 3μ
(NA62)

DarkSide-20k

LZ

SuperCDMS

DARWIN

[Amaral, Cerdeno, PF, Reid; 2006.11225]

Tests 
invisible decay  

(like NA64)
CE NS at  

Spallation sources
ν

Solar neutrino scattering

[Krnjaic et al.; PRL 124, 041802 (2020)]



CE NS AT SPALLATION SOURCESν
• At spallation sources stopped pions  

 decay into muons and neutrinos 
 

• Future neutrino detectors as e.g. CCM are sensitive to neutrino 
NSI in coherent elastic neutrino-nucleus scattering (CE NS) 

• Example CCM: 
7 tons LAr 
Eth=10~30 keV 
220 PMT 
L=20/40 m  
 

ν
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• Since  flux contains -component, 
both  and  bosons 
can lead to extra CE NS:

ν μ
U(1)Lμ−Lτ

U(1)Lμ

ν

CE NS AT SPALLATION SOURCESν
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<latexit sha1_base64="LWiHxQFJM/tAQuUllXyW2iriNgQ="></latexit>

d�⌫↵N

dER

=
G2

F MN

⇡

✓
1� MN ER

2E2
⌫

◆
F 2(ER)

⇥
⇢
Q2

⌫N

4

+
gx ✏x eZ Qx

⌫↵
Q⌫Np

2GF (2MNER +M2
A0)

+
g2x ✏

2
x e

2 Z2 Qx2

⌫↵

2G2
F (2MNER +M2

A0)2

�

(SM)

(int)

(BSM)

with
<latexit sha1_base64="DCKpquwhwyz/9kuTXgxmwC4id7k="></latexit>

Q⌫N = N � (1� 4 sin2 ✓W )Z

<latexit sha1_base64="4y4y7BCchZ0uqCOHxvUVgD2ulp8=">AAACCXicdVDLSgMxFM34rPVVdekmWARXQ6Z2ahcuim5cVrAPaMeSSTNtaCYZkoxYSr/AH3Crf+BO3PoV/oDfYfoQrOiBwOGcezk3J0w40wahD2dpeWV1bT2zkd3c2t7Zze3t17VMFaE1IrlUzRBrypmgNcMMp81EURyHnDbCweXEb9xRpZkUN2aY0CDGPcEiRrCx0m2bJppxKTr38ByiTi6P3LJXLJc8iFy/4JcKJUtQuej7p9Bz0RR5MEe1k/tsdyVJYyoM4VjrlocSE4ywMoxwOs62U00TTAa4R1uWChxTHYymV4/hsVW6MJLKPmHgVP25McKx1sM4tJMxNn3925uIf3mt1ETlYMREkhoqyCwoSjk0Ek4qgF2mKDF8aAkmitlbIeljhYmxRS2kEBlPU2wx37+H/5N6wfV8F10X85WLeUUZcAiOwAnwwBmogCtQBTVAgAKP4Ak8Ow/Oi/PqvM1Gl5z5zgFYgPP+BaohmwA=</latexit>

✏x < 0

deficit!

+1 for νμ



CE NS AT SPALLATION SOURCESν

• CCM an CENNS (LAr) can 
only place upper bounds 

• ESS detectors (CsI[Na]) can 
reconstruct BP1&2 

• Combined with NA64 limit 
range of parameters 

• Still degeneracy between 
 and  U(1)Lμ−Lτ

U(1)Lμ
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NEUTRINO FLOOR
• Direct detection experiments will become sensitive to solar 

neutrino scattering (in particular coherent scattering)

36 [Snowmass CF1 Summary; 1310.8327]



DARWIN
• DARWIN is a future LXe time-projection chamber operated with 40 t of LXe for 5-7 years. First 

run is planned for ~2023 

• Outer Water Cherenkov muon  
veto and inner neutron veto 

• Nominal 5 keV threshold for DM search  
here CEVNS is BG! 

• LUX has achieved 1.1 keV with NR/ER discrimination

37

[DARWIN collaboration; JCAP 1611 (2016) no.11, 017]

<latexit sha1_base64="TERtvODszic15juTznqXcvVvWyA=">AAAB6nicdVDLSsNAFJ3UV62vqks3g0VwFSYxtnVXdOOyon1AG8pkOmmHTiZhZiKU0E9w40IRt36RO//GSVtBRQ9cOJxzL/feEyScKY3Qh1VYWV1b3yhulra2d3b3yvsHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0Ek6vc79xTqVgs7vQ0oX6ER4KFjGBtpNu+SAflCrIv6lXXq0JkI1RzXCcnbs0786BjlBwVsERzUH7vD2OSRlRowrFSPQcl2s+w1IxwOiv1U0UTTCZ4RHuGChxR5WfzU2fwxChDGMbSlNBwrn6fyHCk1DQKTGeE9Vj99nLxL6+X6rDuZ0wkqaaCLBaFKYc6hvnfcMgkJZpPDcFEMnMrJGMsMdEmnZIJ4etT+D9pu7ZzbqMbr9K4XMZRBEfgGJwCB9RAA1yDJmgBAkbgATyBZ4tbj9aL9bpoLVjLmUPwA9bbJ8BEjh0=</latexit>⌫
<latexit sha1_base64="bXCdI1auHBnwmqsv3/ctPJtGdBM=">AAAB/nicbVDLSgMxFM34rPVVdekmWAQ3lhlRdFl047KifUA7lkx6pw1NJkOSEcpQ8Afc6h+4E7f+ij/gd5hOZ2FbDwQO59zLuTlBzJk2rvvtLC2vrK6tFzaKm1vbO7ulvf2GlomiUKeSS9UKiAbOIqgbZji0YgVEBByawfBm4jefQGkmowczisEXpB+xkFFirHQPj6fdUtmtuBnwIvFyUkY5at3ST6cnaSIgMpQTrdueGxs/JcowymFc7CQaYkKHpA9tSyMiQPtpduoYH1ulh0Op7IsMztS/GykRWo9EYCcFMQM9703E/7x2YsIrP2VRnBiI6DQoTDg2Ek/+jXtMATV8ZAmhitlbMR0QRaix7cykUCmyFFuMN1/DImmcVbyLint3Xq5e5xUV0CE6QifIQ5eoim5RDdURRX30gl7Rm/PsvDsfzud0dMnJdw7QDJyvXzuCllo=</latexit>

e�



SOLAR NEUTRINO SCATTERING

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

• In-medium oscillation within solar matter dominates flavour 
composition reaching earth. More  than  at ~ 10 MeV (8B)! 

• Total counts in scattering experiment given by

ντ νμ
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DIRECT DETECTION
• Future low-threshold DD experiments will 

be sensitive to NR and ER of solar 
neutrino scattering 

• Coherent neutrino-nucleus scattering: 
 
 
 
 
 

• Due to small suppression scale , the 
BSM term wins for ER. Excess of events for 
both  and  !

me

U(1)Lμ−Lτ
U(1)Lμ
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geL = sin2 ✓W � 1/2
<latexit sha1_base64="tFARApr9ZalyE+xqp7FeIJTm2n4=">AAACE3icbVBLSgNBFOzxG+MvKrhx0xgEV2EmKLoRgm5cRjEfyGfo6bwkTXp6hu43Qog5hhdwqzdwJ249gBfwHHY+C5NY8KCoeo96VBBLYdB1v52l5ZXVtfXURnpza3tnN7O3XzZRojmUeCQjXQ2YASkUlFCghGqsgYWBhErQuxn5lUfQRkTqAfsxNELWUaItOEMr+ZnDjn/fBHpF60aoZr6OXUDmV/xM1s25Y9BF4k1JlkxR9DM/9VbEkxAUcsmMqXlujI0B0yi4hGG6nhiIGe+xDtQsVSwE0xiM/x/SE6u0aDvSdhTSsfr3YsBCY/phYDdDhl0z743E/7xagu3LxkCoOEFQfBLUTiTFiI7KoC2hgaPsW8K4FvZXyrtMM462spkUHoXjFFuMN1/DIinnc955zr07yxaupxWlyBE5JqfEIxekQG5JkZQIJ0/khbySN+fZeXc+nM/J6pIzvTkgM3C+fgGPa54P</latexit>

geR = sin2 ✓Wwith and



DARWIN SENSITIVITY

• Derived  discovery 
lines for NR, ER, 
NR+ER analyses  

• Lowering the 
threshold to  
1 keV in a NR+ER 
analysis would make 
discovery of low-mass 
A’ feasible 

• Alternatively doubling 
the exposure (for BP1)

5 σ
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DARWIN SENSITIVITY

• DARWIN 1keV 
significantly narrows 
down the 
reconstructed 
parameter region for 
BP1 and BP2 

• Still competitive 
upper limits for higher 
mass A’ 
(M>50 MeV) 

• Breaks degeneracy 
with  (deficit 
expected) !

U(1)Lμ
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SUMMARY
• General minimal phenomenologically viable U(1) models require 

Majorana neutrinos (except B-L) leading to neutrino flavour 
changing interactions 

• Only minimal  left as an explanation of  

• NA64 will be the first (muon beam) experiment to test  a  
solution. But only sensitive to muon coupling 

• CE NS experiments can narrow down parameter space and test  
kinetic mixing via  interactions 

• DARWIN could observe a 5  excess with 1 keV threshold in solar 
neutrinos. Can establish  via  interactions

U(1)Lμ−Lτ
(g − 2)μ

U(1)Lμ−Lτ

ν
νμ

σ
U(1)Lμ−Lτ

ντ
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THANK YOU!



BACKUP
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RECONSTRUCTION FOR U(1)Lμ
• Reconstruction of NA64 and spallation sources point to different 

regions 
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NA64

• The decay length of the A’ is so short that it will decay inside the 
target once it is above the dimuon threshold
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