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WHY GO BEYOND THE SM?

2[Gninenko et al., 1301.5516]
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[SNO Collaboration PRL 87:071301]

Oscillations require  
massive neutrinos

https://arxiv.org/search/hep-ph?searchtype=author&query=Gninenko%2C+S+N
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[SNO Collaboration PRL 87:071301]

Oscillations require  
massive neutrinos

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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A NEW GAUGE SYMMETRY



ANOMALY FREE MODELS
¥ Constraints on possible charge assignments from anomaly 

cancellation  
 
 
 
 Define
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n
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ANOMALY FREE MODELS
¥ Constraints on possible charge assignments from anomaly 

cancellation  
 
 
 
 Define 

¥ Further constraints from Yukawa terms
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DIRAC NEUTRINOS
¥ Structural invariance of Yukawa terms allows for three different 

classes of family charges 
 

¥ In absence of Majorana masses (i.e. Dirac neutrinos)  only       
can reproduce viable CKM and PMNS matrices! 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Xleptons + 3Xquarks = 0
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U(1)B�L



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

¥ Majorana mass terms induce neutrino flavour changing 
couplings 
 
 

¥ This could in principle induce  
neutrino decays. Potentially  
interesting for solar neutrinos
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<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�Lj

[Amaral, Cerdeno, PF, Reid; 2006.11225]

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

U(1)B�3Li



10

PREL IM
N IA

RY

[Bauer, PF, Mosny; 2011.xxxxx]

��-� ��-� ��� ���
��-�

��-�

��-�

��-�

��-�

��-�

��-�

COHERENT LAr

(g-2)e NSI

NA64

Borexino

KLOE
NA48

A1
BaBar inv

BaBar

A
P
E
X

K
LO
E

E137

E141

E774

LSND

NuCal

Orsay

U70

SHiPFASER

Belle-II

Belle - II γνν

<latexit sha1_base64="scY77la7H//N4RHDeVF9bYmnPdE=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRmKCB0nrR/RI8OLBAyYWSKBptssCG7bburslIQ2/w4sHjfHqj/Hmv3GBHhR8ySQv781kZl4Qc6a0bX9buZXVtfWN/GZha3tnd6+4f9BQUSIJdUnEI9kKsKKcCepqpjltxZLiMOC0GQxvp35zRKVikXjU45h6Ie4L1mMEayN5btk59dPa2cW9Tyd+sWRX7BnQMnEyUoIMdb/41elGJAmp0IRjpdqOHWsvxVIzwumk0EkUjTEZ4j5tGypwSJWXzo6eoBOjdFEvkqaERjP190SKQ6XGYWA6Q6wHatGbiv957UT3bryUiTjRVJD5ol7CkY7QNAHUZZISzceGYCKZuRWRAZaYaJNTwYTgLL68TBrnFeeqYj9clqq1LI48HMExlMGBa6jCHdTBBQJP8Ayv8GaNrBfr3fqYt+asbOYQ/sD6/AHhbJDg</latexit>

U(1)B ! 3L e
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PREL IM
N IA

RY

[Bauer, PF, Mosny; 2011.xxxxx]

��! � ��! � ��� ���
��! �

��! �

��! �

��! �

��! �

��! �

��! �

��! �

��! �

(g-2)μ ± 2σ

n-Pb
(g-2)μ 5σ

COH
EREN

T LAr

COHERENT LAr

NA62

BaBar 4μ
CMS 4μ

LHCb μμ

NSI

NuCal

SHiPFASER

NA64μ

<latexit sha1_base64="IjWJ4flMYsWa/G8NhxRPf3bLoic=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSxCXVgSH+iy1I0LFxVMW2hDmEwn7dCZJMxDqKFf4saFIm79FHf+jdM2C209cOFwzr3ce0+YMiqV43xbhZXVtfWN4mZpa3tnt2zv7bdkogUmHk5YIjohkoTRmHiKKkY6qSCIh4y0w9HN1G8/EiFpEj+ocUp8jgYxjShGykiBXfaq7kmQNU7P74Ie15PArjg1Zwa4TNycVECOZmB/9foJ1pzECjMkZdd1UuVnSCiKGZmUelqSFOERGpCuoTHiRPrZ7PAJPDZKH0aJMBUrOFN/T2SISznmoenkSA3lojcV//O6WkXXfkbjVCsS4/miSDOoEjhNAfapIFixsSEIC2puhXiIBMLKZFUyIbiLLy+T1lnNvaw59xeVeiOPowgOwRGoAhdcgTq4BU3gAQw0eAav4M16sl6sd+tj3lqw8pkD8AfW5w/0F5H+</latexit>

U(1)B�3Lµ



12[Bauer, PF, Mosny; 2011.xxxxx]
[Kling; 2005.03594]

P R E L I M N I A R Y

��-� ��-� ��� ���
��-�

��-�

��-�

��-�

��-�

��-�

��-�

��-�

��-�

NSI

DONuT

LEP

NA62
n-Pb

SHiP

FASERν

<latexit sha1_base64="JvG2um6vgIfTVnrmh3dgnfaWOzo=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSLUgyXxAz2WevHgoYJpC20Im+22XbrZhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9MOFPacb6tldW19Y3NwlZxe2d3b98+OGyoOJWEeiTmsWyFWFHOBPU005y2EklxFHLaDId3U785olKxWDzpcUL9CPcF6zGCtZEC2/bK7lmQ1c4vH4KOxukksEtOxZkBLRM3JyXIUQ/sr043JmlEhSYcK9V2nUT7GZaaEU4nxU6qaILJEPdp21CBI6r8bHb5BJ0apYt6sTQlNJqpvycyHCk1jkLTGWE9UIveVPzPa6e6d+tnTCSppoLMF/VSjnSMpjGgLpOUaD42BBPJzK2IDLDERJuwiiYEd/HlZdK4qLjXFefxqlSt5XEU4BhOoAwu3EAV7qEOHhAYwTO8wpuVWS/Wu/Uxb12x8pkj+APr8we7g5Jw</latexit>

U(1)B�3L⌧



GOING BEYOND THE MINIMAL 

¥ Allow for new neutral particle      that can mix with neutrinos via 
neutrino portal interaction  
 
 
 
 

¥ This can induce off-diagonal NSI couplings 

13

[Farzan, Heeck; 1607.07616]

ΨR

Z ′

ΨR

νLβνLα

⟨H ′⟩ ⟨H ′⟩
<latexit sha1_base64="R5J4FcP+zKHfSYuYAHKr+4+KPXg="></latexit>

LNSI = �2
p
2GF

X

f=u,d,e
↵=e,µ,⌧

"fP↵↵ [⌫̄↵�⇢PL⌫↵]
⇥
f̄�⇢Pf

⇤

<latexit sha1_base64="UKcRAvM+WRWmEyT84ddrsOxRzfY=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptL/abhg2rNq3tz4FXiF6QGBZqD6ld/GNNUMmWpIMb0fC+xQUa05VSwWaWfGpYQOiEj1nNUEclMkM1vneEzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdPxYXgL7+8StoXdf+q7j1c1hq3RRxlOIFTOAcfrqEB99CEFlAYwzO8whuS6AW9o49FawkVM8fwB+jzB/TCji4=</latexit>

 



NEUTRINO FCNCS @ FASER    2?
¥ FASERv sees largely different fluxes of      ,       and     
 
 
 
 
 
 

¥ Unique opportunity to search for neutrino FCNCs as we can tag 
initial and final state flavour! 

¥ This would signal non-minimal realisation!

14

<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="AgVEvw4tB65UvtMDabCa4FXT+EU=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemAqujet+O6W19Y3NrfJ2ZWd3b/+genjU0kmmGPosEYnqhFSj4BJ9w43ATqqQxqHAdji+m/ntJ1SaJ/LRTFIMYjqUPOKMGiv5PZn1sV+tuXV3DrJKvILUoECzX/3qDRKWxSgNE1TrruemJsipMpwJnFZ6mcaUsjEdYtdSSWPUQT4/dkrOrDIgUaJsSUPm6u+JnMZaT+LQdsbUjPSyNxP/87qZiW6CnMs0MyjZYlGUCWISMvucDLhCZsTEEsoUt7cSNqKKMmPzqdgQvOWXV0nrou5d1d2Hy1rjtoijDCdwCufgwTU04B6a4AMDDs/wCm+OdF6cd+dj0Vpyiplj+APn8wfWA46z</latexit>⌫e

<latexit sha1_base64="4W7KDbL/wB27FoZf/wBFUCmvpIU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF48RzAOyS5idzCZDZmaXeQhhyUd48aCIV7/Hm3/jJNmDJhY0FFXddHfFGWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVpFaIukPFXdGGvKmaQtwwyn3UxRLGJOO/H4buZ3nqjSLJWPZpLRSOChZAkj2DipE0rbD4XtV2t+3Z8DrZKgIDUo0OxXv8JBSqyg0hCOte4FfmaiHCvDCKfTSmg1zTAZ4yHtOSqxoDrK5+dO0ZlTBihJlStp0Fz9PZFjofVExK5TYDPSy95M/M/rWZPcRDmTmTVUksWixHJkUjT7HQ2YosTwiSOYKOZuRWSEFSbGJVRxIQTLL6+S9kU9uKr7D5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5mXei/fufSxaS14xcwx/4H3+AG1Aj6A=</latexit>⌫µ

[FASER Collaboration; 1908.02310 ]

<latexit sha1_base64="SCMsKAe1MpKVHbcosNITYX2U2zQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMFWwtNKJvtpl262cTdWaGE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvygTX6HnfTmlldW19o7xZ2dre2d2r7h+0dWoUZS2ailR1IqKZ4JK1kKNgnUwxkkSCPUSjm6n/8MSU5qm8x3HGwoQMJI85JWilTiBNL0BietWaV/dmcJeJX5AaFGj2ql9BP6UmYRKpIFp3fS/DMCcKORVsUgmMZhmhIzJgXUslSZgO89m9E/fEKn03TpUtie5M/T2Rk0TrcRLZzoTgUC96U/E/r2swvgpzLjODTNL5otgIF1N3+rzb54pRFGNLCFXc3urSIVGEoo2oYkPwF19eJu2zun9R9+7Oa43rIo4yHMExnIIPl9CAW2hCCygIeIZXeHMenRfn3fmYt5acYuYQ/sD5/AEytZAS</latexit>⌫!

<latexit sha1_base64="+VdSXuY5OZZnumwLw9GePk5ajJU=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKthabUCbbTbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTlLVoIhLVCVEzwSVrGW4E66SKYRwK9hCObqb+wxNTmify3oxTFsQ4kDziFI2VHn2Z9XwU6RB71Zpbd2cgy8QrSA0KNHvVL7+f0Cxm0lCBWnc9NzVBjspwKtik4meapUhHOGBdSyXGTAf57OIJObFKn0SJsiUNmam/J3KMtR7Hoe2M0Qz1ojcV//O6mYmugpzLNDNM0vmiKBPEJGT6PulzxagRY0uQKm5vJXSICqmxIVVsCN7iy8ukfVb3Luru3XmtcV3EUYYjOIZT8OASGnALTWgBBQnP8ApvjnZenHfnY95acoqZQ/gD5/MHoFWQ4g==</latexit>⌫↵
<latexit sha1_base64="k2XFOAJ1c7zFHDuDWjiV5Mcf9wQ=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMFWytNKJvtpF26uwm7G6GE/govHhTx6s/x5r9x2+agrQ8GHu/NMDMvSjnTxvO+ndLK6tr6RnmzsrW9s7tX3T9o6yRTFFs04YnqREQjZxJbhhmOnVQhERHHh2h0M/UfnlBplsh7M04xFGQgWcwoMVZ6DGTWCyI0pFeteXVvBneZ+AWpQYFmr/oV9BOaCZSGcqJ11/dSE+ZEGUY5TipBpjEldEQG2LVUEoE6zGcHT9wTq/TdOFG2pHFn6u+JnAitxyKynYKYoV70puJ/Xjcz8VWYM5lmBiWdL4oz7prEnX7v9plCavjYEkIVs7e6dEgUocZmVLEh+IsvL5P2Wd2/qHt357XGdRFHGY7gGE7Bh0towC00oQUUBDzDK7w5ynlx3p2PeWvJKWYO4Q+czx/XBJBu</latexit>⌫�

<latexit sha1_base64="7QXhD16UQ3cXuiVdydt6PyIAGv8=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKthabUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYnqhFSj4BJbhhuBnVQhjUOBD+HoZuo/PKHSPJH3ZpxiENOB5BFn1Fjp0Uchen6IhvaqNbfuzkCWiVeQGhRo9qpffj9hWYzSMEG17npuaoKcKsOZwEnFzzSmlI3oALuWShqjDvLZxRNyYpU+iRJlSxoyU39P5DTWehyHtjOmZqgXvan4n9fNTHQV5FymmUHJ5ouiTBCTkOn7pM8VMiPGllCmuL2VsCFVlBkbUsWG4C2+vEzaZ3Xvou7endca10UcZTiCYzgFDy6hAbfQhBYwkPAMr/DmaOfFeXc+5q0lp5g5hD9wPn8Ah6+Q0g==</latexit>

! !

<latexit sha1_base64="T+jXPAzjYPwBDKoctpbInElieiA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFJKJvtpF262Q27G6GU/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvzjjTxvO+ndLa+sbmVnm7srO7t39QPTxqa5krii0quVTdmGjkTGDLMMOxmykkacyxE4/uZn7nCZVmUjyacYZRSgaCJYwSY6UgRM57IeHZkPSqNa/uzeGuEr8gNSjQ7FW/wr6keYrCUE60DnwvM9GEKMMox2klzDVmhI7IAANLBUlRR5P5yVP3zCp9N5HKljDuXP09MSGp1uM0tp0pMUO97M3E/7wgN8lNNGEiyw0KuliU5Nw10p397/aZQmr42BJCFbO3unRIFKHGplSxIfjLL6+S9kXdv6p7D5e1xm0RRxlO4BTOwYdraMA9NKEFFCQ8wyu8OcZ5cd6dj0VrySlmjuEPnM8fUVyRRg==</latexit>

! !

rock FASERv

Z ′

να νβ

<latexit sha1_base64="FgnNT7t1wfZJemOOJ2ifB9TR+qQ=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQPIVdUfQY9OIxgnlAdgm9k04yZPbBzGwgLMGLv+LFgyJe/Qpv/o2TZA+aWNBQU9XNdFeQCK6043xbhZXVtfWN4mZpa3tnd8/eP2ioOJUM6ywWsWwFoFDwCOuaa4GtRCKEgcBmMLyd+s0RSsXj6EGPE/RD6Ee8xxloI3XsI28EEhPFhXllHohkAF6AGiYdu+xUnBnoMnFzUiY5ah37y+vGLA0x0kyAUm3XSbSfgdScCZyUvFRhAmwIfWwbGkGIys9mJ0zoqVG6tBdLU5GmM/X3RAahUuMwMJ0h6IFa9Kbif1471b1rP+NRkmqM2PyjXiqojuk0D9rlEpkWY0OASW52pWwAEpg2qZVMCO7iycukcV5xLyvO/UW5epPHUSTH5IScEZdckSq5IzVSJ4w8kmfySt6sJ+vFerc+5q0FK585JH9gff4AQIeX+Q==</latexit>"↵�

https://arxiv.org/abs/1908.02310
https://arxiv.org/abs/1908.02310


OPPORTUNITIES AT FPF

¥ FASER can look for                          bosons  in model-independent 
searches of charged dilepton decays 

¥ FASERv can probe       scattering of extra neutrino production.  
Similar analysis for electron and muon flavoured interactions? 

¥ Can neutrino FNCNs be probed via in-medium interactions with 
new gauge boson leading to different flavour composition 
reaching FASERv? 

¥ Unique way to distinguish minimal from non-minimal realisations
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<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="SCMsKAe1MpKVHbcosNITYX2U2zQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMFWwtNKJvtpl262cTdWaGE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvygTX6HnfTmlldW19o7xZ2dre2d2r7h+0dWoUZS2ailR1IqKZ4JK1kKNgnUwxkkSCPUSjm6n/8MSU5qm8x3HGwoQMJI85JWilTiBNL0BietWaV/dmcJeJX5AaFGj2ql9BP6UmYRKpIFp3fS/DMCcKORVsUgmMZhmhIzJgXUslSZgO89m9E/fEKn03TpUtie5M/T2Rk0TrcRLZzoTgUC96U/E/r2swvgpzLjODTNL5otgIF1N3+rzb54pRFGNLCFXc3urSIVGEoo2oYkPwF19eJu2zun9R9+7Oa43rIo4yHMExnIIPl9CAW2hCCygIeIZXeHMenRfn3fmYt5acYuYQ/sD5/AEytZAS</latexit>⌫⌧

THANK YOU!



BACKUP
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¥ QUESTION: Can we test this interesting parameter space with 
neutrino interactions? 

¥ IDEA:      contributes to neutrino-electron  
and -nucleus scattering via 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>

N = "nT

Z E max

E th

X

⌫↵

Z
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⌫

d�⌫e

dE⌫
P (⌫e ! ⌫↵)

d�⌫↵ T

dER
dE⌫dER



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
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!
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<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 = ge

R + ! eR↵↵

να να

e! e!

A"

! α ! α

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



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


