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What is the origin of neutrino masses ?

How do we test the theory of 

How do we test the theory of neutrino masses ?

Massive Neu"inos
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Main Goal
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Massive Neu"inos
Normal Hierarchy Inver%d Hierarchy
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Lep$ns in !e SM
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Lep$nic Masses in !e SM
S. Weinberg,1967
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Massless
Neu"inos

Lep$nic Masses in !e SM
S. Weinberg,1967
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Lep$n Number is an accidental global symme"y in !e SM  
broken by SU(2) Instan$ns

’t Hooft, PRL1976
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What is the origin of Neutrino Masses ?
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Massive Neu"inos

• Majorana Fermions Lep$n Number is broken !

• Dirac Fermions Lep$n Number is conserved !
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Majorana

Ettore Majorana nel 1930 circa
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Mechanisms for Majorana Neu"ino Masses 

- Type I Seesaw 
- Type II Seesaw 
- Type III Seesaw 
- Zee’s Model 
- Colored Seesaw 
- Witten’s Model 
… 
…

(eories: B-L, Left-Right Symme"y, Pa)-Salam, GUTs, ….
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Majorana Neutrinos 

and 


New Scalar Bosons
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Type II Seesaw 



16

Type II Seesaw 
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Type II Seesaw 

µ ⇠ M� M� . 1014 GeVY⌫ ⇠ 1if

Maybe M� ⇠ 1 TeV Y⌫ ⇠ 1 µ . 1 eV

µ is protected by U(1)B�L
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Type II Seesaw 
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Bruno Pontecorvo nel 1955
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How do we test type II seesaw ?

pp ! H
++

H
�� ! µ
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Neutrino Spectra and Higgs Decays

P. F. P., T. Han et al,
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Majorana Neutrinos 

and 


New Fermions
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Type I Seesaw
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Type II Seesaw 

Type I Seesaw 
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Dirac

Dirac in 1933



Neu"ino Masses:
“Standard Paradigm”



Quark-Lep$n Unifica)on
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Pati, Salam, 1974

Quark-Lep$n Unifica)on
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P. F. P., M. B. Wise, Phys.Rev.D88, 057703


Low Scale Quark-Lep$n Unifica)on
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P. F. P., M. B. Wise, Phys.Rev.D88, 057703
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P. F. P., M. B. Wise, Phys.Rev.D88, 057703
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Inverse Seesaw
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MQL � 103 TeV
Low Scale Quark-Lep$n 

Unifica)on



(eory for Neu"ino Masses 
at !e Low Scale
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Lep$n Number as Local Gauge Symme"y

Anomaly Cancellation:
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P. F. P., S. Ohmer, H. H. Patel, Phys. Lett. B735, 283


M. Duerr, P. F. P., M. B. Wise, Phys. Rev. Lett. 110, 231801

P. F. P., M. B. Wise, JHEP1108, 068


Solu)ons:

P. F. P., Physical Review D 110, 035018 (2024)

- Vec$r-like lep$ns

- Four representa)ons

- Minimal Model
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Lep$n Number as Local Gauge Symme"y
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⌦DMh2  0.12
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`1 = �`2 = �3/2 (Majorana DM)

Vec$r-like Lep$ns P. F. P., M. B. Wise




P. Fileviez Perez 

<latexit sha1_base64="+SJWr1PyPTBrjCiArv6aaze592o="></latexit>

SU(3)C ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)`

<latexit sha1_base64="9mUdS+MVm/D8fTe0R6Sh5ySjJgE="></latexit>

L � y  ̄L RS
⇤ + y⌘ ⌘̄R⌘LS

⇤

<latexit sha1_base64="auNyziDCkc+/9vkbS1EG4HGDMqY="></latexit>

+ y��̄R�LS
⇤ + ���

T
LC�LS

⇤ + �
0

��
T
RC�RS + h.c.

P. F. P., M. B. Wise


<latexit sha1_base64="x2HXfc/kHrFeAf3ImzR5frDWnK0="></latexit>

�L � Y⌫
¯̀
Li�2H

⇤
⌫R + h.c. (Dirac Neutrinos)

<latexit sha1_base64="lQ2rBYxYsG8UV1jLLzeARVeyT5Y=">AAACAXicbZDLSgMxFIbP1Futt1E3gptgESpCmRGpbpRCNy5cVLAXaMchk2ba0MyFJCOUUje+ihsXirj1Ldz5NmbaWWj1QMLH/59Dcn4v5kwqy/oycguLS8sr+dXC2vrG5pa5vdOUUSIIbZCIR6LtYUk5C2lDMcVpOxYUBx6nLW9YS/3WPRWSReGtGsXUCXA/ZD4jWGnJNfe6ZMAu0su9RseoNKOju5prFq2yNS30F+wMipBV3TU/u72IJAENFeFYyo5txcoZY6EY4XRS6CaSxpgMcZ92NIY4oNIZTzeYoEOt9JAfCX1Chabqz4kxDqQcBZ7uDLAayHkvFf/zOonyz50xC+NE0ZDMHvITjlSE0jhQjwlKFB9pwEQw/VdEBlhgonRoBR2CPb/yX2ielO1KuXJzWqxeZnHkYR8OoAQ2nEEVrqAODSDwAE/wAq/Go/FsvBnvs9ackc3swq8yPr4B6UaVQg==</latexit>

� = �L + (�L)
C Dark Matter 

Majorana DM and Dirac Neu"inos
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How do we test the theory of 

Lep$philic Dark Ma-er P. F. P., C. Murgui, A.D. Plascencia 

The scale for spontaneous L violation must be below the multi-TeV scale ! 

<latexit sha1_base64="ulSGr+lpySAaJ8IGCe9xkRnV1zg="></latexit>

�� ! e+i e
�
i , ⌫̄i⌫i, Z`Z`, Z`hi, hihj ,WW,ZZ, ..



P. Fileviez Perez 

<latexit sha1_base64="+SJWr1PyPTBrjCiArv6aaze592o="></latexit>

SU(3)C ⌦ SU(2)L ⌦ U(1)Y ⌦ U(1)`
<latexit sha1_base64="9mUdS+MVm/D8fTe0R6Sh5ySjJgE="></latexit>

L � y  ̄L RS
⇤ + y⌘ ⌘̄R⌘LS

⇤

H. Debna!, P.F.P., K. Gonzalez-Quesada, Physical Review D 109, 115030 (2024)

<latexit sha1_base64="auNyziDCkc+/9vkbS1EG4HGDMqY="></latexit>

+ y��̄R�LS
⇤ + ���

T
LC�LS

⇤ + �
0

��
T
RC�RS + h.c.

Majorana Neutrinos !

<latexit sha1_base64="PSEIV1e9UmgTSmUbgIQ1M1VTNXs="></latexit>

�L⌫ � Y⌫
¯̀
Li�2H

⇤
⌫R + �R⌫

T
RC�⌫R + h.c.

<latexit sha1_base64="mEaWk3vOF9JIQiBQAR2vVBp2pmo=">AAACGnicbZBNS8MwGMfT+TbnW9Wjl+AQJszRDpmeZODF4wT3AmsZaZZuYUlbklQYpZ/Di1/FiwdFvIkXv41ZV0Q3Hwj8+P+fJ3ny9yJGpbKsL6Owsrq2vlHcLG1t7+zumfsHHRnGApM2Dlkoeh6ShNGAtBVVjPQiQRD3GOl6k+uZ370nQtIwuFPTiLgcjQLqU4yUlgamnTjZJYnHYpJCJxpT6EjKYSVxPD+x07T6A1b1rH6aDsyyVbOygstg51AGebUG5oczDHHMSaAwQ1L2bStSboKEopiRtOTEkkQIT9CI9DUGiBPpJtlWKTzRyhD6odAnUDBTf08kiEs55Z7u5EiN5aI3E//z+rHyL92EBlGsSIDnD/kxgyqEs5zgkAqCFZtqQFhQvSvEYyQQVjrNkg7BXvzyMnTqNbtRa9yel5tXeRxFcASOQQXY4AI0wQ1ogTbA4AE8gRfwajwaz8ab8T5vLRj5zCH4U8bnNyIjoD8=</latexit>

� ⇠ (1,1, 0,�2)

Majorana DM and Neu"inos



P. Fileviez Perez 

Neu"ino Masses 

H. Debna!, P.F.P., K. Gonzalez-Quesada, Physical Review D 109, 115030 (2024)

Since the scale for spontaneous L violation must be  
below the multi-TeV scale one has a Low Scale Seesaw !



P. Fileviez Perez 

Dark Ma-er

H. Debna!, P.F.P., K. Gonzalez-Quesada, Physical Review D 109, 115030 (2024)

<latexit sha1_base64="3VaL9XQHUrWgFM0oo451Zdr819E=">AAACA3icbZDLSgMxFIbP1Futt1F3ugkWoSKUGZHqRil048JFBXuBdhwyaaYNzVxIMkIpBTe+ihsXirj1Jdz5NmbaWWj1QMjH/59Dcn4v5kwqy/oycguLS8sr+dXC2vrG5pa5vdOUUSIIbZCIR6LtYUk5C2lDMcVpOxYUBx6nLW9YS/3WPRWSReGtGsXUCXA/ZD4jWGnJNfe6ZMDQBUov9xodo9KMju5qrlm0yta00F+wMyhCVnXX/Oz2IpIENFSEYyk7thUrZ4yFYoTTSaGbSBpjMsR92tEY4oBKZzzdYYIOtdJDfiT0CRWaqj8nxjiQchR4ujPAaiDnvVT8z+skyj93xiyME0VDMnvITzhSEUoDQT0mKFF8pAETwfRfERlggYnSsRV0CPb8yn+heVK2K+XKzWmxepnFkYd9OIAS2HAGVbiCOjSAwAM8wQu8Go/Gs/FmvM9ac0Y2swu/yvj4Bp0WlZY=</latexit>

� = �L + (�L)
C



P. Fileviez Perez 

Dark Ma-er

The scale for spontaneous L violation must be below the multi-TeV scale ! 

H. Debna!, P.F.P., K. Gonzalez-Quesada, Physical Review D 109, 115030 (2024)
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Dark Ma-er
Direct detection:

H. Debna!, P.F.P., K. Gonzalez-Quesada, Physical Review D 109, 115030 (2024)
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How do we test the theory of 

H. Debnath, P.F.P., Phys. Rev. D 108, 075009 (2023)

LNV at !e LHC



P. Fileviez Perez 

H. Debna!, P.F.P., K. Gonzalez-Quesada, Physical Review D 109, 115030 (2024)



Minimal (eory for Lep$n Number 
and 

Neu"ino Masses



P. Fileviez Perez 

Lep$n Number as Local Gauge Symme"y

Anomaly Cancellation:



P. Fileviez Perez 

How do we test the theory of 

P.F.P., Physical Review D 110, 035018 (2024)

Minimal number of fields $ cancel a# 
lep$nic (baryonic) gauge anomalies 

Lep$n Number as Local Gauge Symme"y

<latexit sha1_base64="b5QI8Xhfm640tkqcDCWHoMF8naE=">AAACBHicbVDLSsNAFJ3UV62vqMtuBotQoZREpLosunFZxT6giWEynbRDJ5MwMxFKyMKNv+LGhSJu/Qh3/o3TNgttPXDhcM693HuPHzMqlWV9G4WV1bX1jeJmaWt7Z3fP3D/oyCgRmLRxxCLR85EkjHLSVlQx0osFQaHPSNcfX0397gMRkkb8Tk1i4oZoyGlAMVJa8syywxPv9p5CR9IQVlPHD1I7y2pWzT7xzIpVt2aAy8TOSQXkaHnmlzOIcBISrjBDUvZtK1ZuioSimJGs5CSSxAiP0ZD0NeUoJNJNZ09k8FgrAxhEQhdXcKb+nkhRKOUk9HVniNRILnpT8T+vn6jgwk0pjxNFOJ4vChIGVQSnicABFQQrNtEEYUH1rRCPkEBY6dxKOgR78eVl0jmt24164+as0rzM4yiCMjgCVWCDc9AE16AF2gCDR/AMXsGb8WS8GO/Gx7y1YOQzh+APjM8fcTyWrw==</latexit>

⌫iR ⇠ (1, 0, 1)



P. Fileviez Perez 

How do we test the theory of 

P. F. P., Physical Review D 110, 035018 (2024)

<latexit sha1_base64="WCPsoCvEkHzzZEEJfYcS34FJKas=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSxChVKTKtWTFLx4rGg/oA1ls93UpbtJ2N2IpfSvePGgiFf/iDf/jds2B219MPB4b4aZeX7MmdKO821lVlbX1jeym7mt7Z3dPXs/31RRIgltkIhHsu1jRTkLaUMzzWk7lhQLn9OWP7ye+q1HKhWLwns9iqkn8CBkASNYG6ln5+9QVzGBim7JLTmls9PKSc8uOGVnBrRM3JQUIEW9Z391+xFJBA014VipjuvE2htjqRnhdJLrJorGmAzxgHYMDbGgyhvPbp+gY6P0URBJU6FGM/X3xBgLpUbCN50C6we16E3F/7xOooNLb8zCONE0JPNFQcKRjtA0CNRnkhLNR4ZgIpm5FZEHLDHRJq6cCcFdfHmZNCtlt1qu3p4XaldpHFk4hCMoggsXUIMbqEMDCDzBM7zCmzWxXqx362PemrHSmQP4A+vzB6WjkZk=</latexit>

S ⇠ (1, 1, 0, 3/2)

<latexit sha1_base64="eN/GsWPatGGACOkPhMOwEU2Q4xI=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKtQ6kVJdScGNywr2AZ2hZNJMG5rJDElGKGMX/oobF4q49Tfc+Tem7Sy0euDC4Zx7ufceP+ZMacf5snJLyyura/n1wsbm1vaOvbvXUlEiCW2SiEey42NFORO0qZnmtBNLikOf07Y/up767XsqFYvEnR7H1AvxQLCAEayN1LMP3HjIoKtYCEuojMpO+RSdVU96dtGpODPAvwRlpAgyNHr2p9uPSBJSoQnHSnWRE2svxVIzwumk4CaKxpiM8IB2DRU4pMpLZ/dP4LFR+jCIpCmh4Uz9OZHiUKlx6JvOEOuhWvSm4n9eN9HBpZcyESeaCjJfFCQc6ghOw4B9JinRfGwIJpKZWyEZYomJNpEVTAho8eW/pHVeQbVK7bZarF9lceTBITgCJYDABaiDG9AATUDAA3gCL+DVerSerTfrfd6as7KZffAL1sc3kIKTOA==</latexit>

� ⇠ (1, 1, 0,�1/4)



P. Fileviez Perez 

How do we test the theory of 

P. F. P., Physical Review D 110, 035018 (2024)Neutrino Masses

3+2 light neutrinos

<latexit sha1_base64="ew4BKYDjQYwa35AOVMfUjaA1LcI=">AAAB+HicdVDLSgMxFM34rPXRUZdugkWomyFT+nA2UnDjsoJ9QKeUTJq2oZnMmGQKdeiXuHGhiFs/xZ1/Y/oQVPTAhcM593LvPUHMmdIIfVhr6xubW9uZnezu3v5Bzj48aqookYQ2SMQj2Q6wopwJ2tBMc9qOJcVhwGkrGF/N/daESsUicaunMe2GeCjYgBGsjdSzc4VJz49HDPqC3kF03rPzyHFRteyVIHJQuVLyPEO8KvLcInQdtEAerFDv2e9+PyJJSIUmHCvVcVGsuymWmhFOZ1k/UTTGZIyHtGOowCFV3XRx+AyeGaUPB5E0JTRcqN8nUhwqNQ0D0xliPVK/vbn4l9dJ9OCimzIRJ5oKslw0SDjUEZynAPtMUqL51BBMJDO3QjLCEhNtssqaEL4+hf+TZtFxK07lppSvXa7iyIATcAoKwAVVUAPXoA4agIAEPIAn8GzdW4/Wi/W6bF2zVjPH4Aest0+iJZJy</latexit>

(v� 6= 0)



P. Fileviez Perez 

How do we test the theory of 

Neu"ino Masses vs DM

<latexit sha1_base64="Gv+jjpOnRB5/ZUnVN78/y6U/y0U=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48VbC00oWy2k3bpZhN3N4VS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMWyyRCSqHVKNgktsGm4EtlOFNA4FPobD25n/OEKleSIfzDjFIKZ9ySPOqLGSP+r66YD7Ep+I2y1X3Ko7B1klXk4qkKPRLX/5vYRlMUrDBNW647mpCSZUGc4ETkt+pjGlbEj72LFU0hh1MJnfPCVnVumRKFG2pCFz9ffEhMZaj+PQdsbUDPSyNxP/8zqZia6DCZdpZlCyxaIoE8QkZBYA6XGFzIixJZQpbm8lbEAVZcbGVLIheMsvr5LWRdWrVWv3l5X6TR5HEU7gFM7Bgyuowx00oAkMUniGV3hzMufFeXc+Fq0FJ585hj9wPn8AiayRXw==</latexit>

v� 6= 0

<latexit sha1_base64="Sc5QhxgStjmn+rcNa+wh3SDH46s=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHCOaByRJmJ7PJkNnZZaY3EEL+wosHRbz6N978GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNUycasbrLJaxbgXUcCkUr6NAyVuJ5jQKJG8Gw7uZ3xxxbUSsHnGccD+ifSVCwSha6WnU7SQDQW6I2y2W3LI7B1klXkZKkKHWLX51ejFLI66QSWpM23MT9CdUo2CSTwud1PCEsiHt87alikbc+JP5xVNyZpUeCWNtSyGZq78nJjQyZhwFtjOiODDL3kz8z2unGF77E6GSFLlii0VhKgnGZPY+6QnNGcqxJZRpYW8lbEA1ZWhDKtgQvOWXV0njouxVypWHy1L1NosjDydwCufgwRVU4R5qUAcGCp7hFd4c47w4787HojXnZDPH8AfO5w9MdZAI</latexit>

v� = 0

Majorana Neutrinos

Dirac Neutrinos DM

P. F. P., Physical Review D 110, 035018 (2024)



P. Fileviez Perez 

Summary


