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v and BSM
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see arXiv:2209.10362 for summary and links to dedicated analyses
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v and BSM

v masses require BSM physics

Simplest option to add v, to the SM content

l

l

See posters by Xaver Stribl,
Alexandre Sousa, Kevin Urquia,

Matheus Hostert, Julia Book Motzkin

v mass, BAU
HNLs

fixed target,
colliders...

Probed in fixed target including
ND of oscillation experiments:
NuTeV, T2K, NA62, ProtoDUNE,
SHiP, DUNE, ICARUS, SBND,
uBooNE...

Or from atmospheric: SK,
IceCube, HK ESSvSB, INO-ICAL,
KM3NeT-ORCA,...

Also in nuclear decay kinematics:
KATRIN/Tristan, HUNTER...
Collider searches: ATLAS, CMS,
Faser, Belle II...

Adapted from: P. Coloma, L. Koerner, I. Shoemaker and J. Yu Showmass report
see arXiv:2209.10362 for summary and links to dedicated analyses
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v masses require BSM physics
Simplest option to add v, to the SM content

If they are too heavy to be

¥ mass, BAU v mass, BAU produced: indirect searches

l ! from PMNS non-unitarity:
non-Unitarity HNLs electroweak precision and
! ! flavour observables
EWPO, flavour fixed target,
oscillations.., colliders...
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v mass, BAU

l ! from PMNS non-unitarity:
non-Unitarity HNLs electroweak precision and

! ! flavour observables
EWPO, flavour fixed target, Also “zero distance” effect in
oscillations... colliders...
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v and BSM

v masses require BSM physics
Simplest option to add v, to the SM content

If they are too heavy to be

¥ mass, BAU v mass, BAU produced: indirect searches

l ! from PMNS non-unitarity:
non-Unitarity HNLs electroweak precision and
! ! flavour observables
EWPO, flavour fixed target, Also “zero distance” eff

oscillations... colliders... :

NeT-ORCA DUNE, J
TAO, SUPERCHOOZ/CLOUD...

Adapted from: P. Coloma, L. Koerner, I. Shoemaker and J. Yu Showmass report
see arXiv:2209.10362 for summary and links to dedicated analyses



v and BSM

v masses require BSM physics
Simplest option to add v, to the SM content

¥ mass,

v mass, BAU v mass, BA anomalies
J l J
non-Unitarity HNLs sterile v
J l J
EWPO, flavour fixed target, \{ oscillations
oscillations... colliders...

If they are very light they participate in

oscillations
See talks at sessions 2,14 and 15 and posters

by Alexandre Sousa, Tetiana Kozynets
Adapted from: P. Coloma, L. Koerner, I. Shoemaker and J. Yu Showmass report

see arXiv:2209.10362 for summary and links to dedicated analyses



v and BSM

v masses require BSM physics

Simplest option to add v, to the SM content
But also “zero

distance” effect in
averaged-out
oscillations: solar,

¥ Mass,
anomalies

Vv mass, BA

v mass, BAU

! ! l reactors
porronianty At sterile v | MINOS/MINOS+

’ ! ! NOVA T2K
EWPO, flavour fixed target, \/ oscillations VA TERy
oscillations... colliders... IceCube, HK,

ESSvSB, INO-ICAL,

If they are very light they participate in KM3NeT-ORCA,
oscillations DUNE, JUNO, TAQ,
See talks at sessions 2,14 and 15 and poster gEgERDCHOOZI

by Alexandre Sousa, Tetiana Kozynets
Adapted from: P. Coloma, L. Koerner, I. Shoemaker and J. Yu Showmass report

see arXiv:2209.10362 for summary and links to dedicated analyses



v and BSM

Possible connections to other open problems: LED may address the
hierarchy problem and v masses

¥ Mass,
anomalies

¥ Mass,

v mass, BAU hierarchy

Vv mass, BA

! ! | |
non-Unitarity HNLs sterile v LEDS

l l |
oscillations.., colliders... oscillations. ,

Similar pheno to steriles but with characteristic masses and mixings: solar,
reactors, MINOS/MINOS+, NOvA, T2K, IceCube, HK, ESSvSB, INO-ICAL,
KM3NeT-ORCA, DUNE, JUNO/TAO, SUPERCHOOZ/CLOUD...

Adapted from: P. Coloma, L. Koerner, I. Shoemaker and J. Yu Showmass report
see arXiv:2209.10362 for summary and links to dedicated analyses



v and BSM

Also searches for non-standard v properties:

NSI: affect oscillations solars, MINOS/MINOS+, NOvA, T2K, IceCube,
HK, ESSvSB, INO-ICAL, KM3NeT-ORCA, DUNE IsoDAR...

and directly probed through CEvNs: COHERENT, CONNIE, CONUS...

¥ mass
/ vV mass,
v mass, BAU v mass, BA anomalies hierarchy
| ! l
non-Unitarity HNLs sterile v LEle
l | l |
oscillations oscillations..,

See posters by Sambit Kumar Pusty,
Priya Mishra, Alexandre Sousa,
Jaime Hoefken Zink, Abinash Medhi,
oscillations, Dinesh Kumar Singha, Arnab Sarker,

CEvNs... Sushant Raut, Alicia Pérez Garcia

Adapted from: P. Coloma, L. Koerner, I. Shoemaker and J. Yu Showmass report

see arXiv:2209.10362 for summary and links to dedicated analyses



v and BSM

Also searches for non-standard v properties:

Longer range forces or interactions with DM — modified matter potentials
Self-interactions — impact cosmological abundance and distort SN fluxes
See talk by Stefano Gariazzo, posters by Diyaselis Delgado,

Caroline Fengler

v mass
, V' mass,
v mass, BAU v mass, BAWN ' anomalies hierarchy
l l |
non-Unitarity HNLs sterile v

l l

v—-DM

v selfint. interactions
e l l
oscillations, SN spectra, oscillations

CEVNS... Cosmo
Adapted from: P. Coloma, L. Koerner, I. Shoemaker anad u Snowmass report

see arXiv:2209.10362 for summary and links to dedicated analyses



v and BSM

Also searches for non-standard v properties:
Neutrino decay or decoherence would also impact oscillations: solar,
MINOS/MINOS+, NOvA, T2K, IceCube, HK, ESSvSB, INO-ICAL, KM3NeT-

ORCA, DUNE, JUNQ,... See posters by Anil Kumar George Parker, Alicia
Pérez Garcia, Anthony Mard Calatayud S

¥ Mass,
anomalies

LI

¥ mass
v mass, BAU Vv mass, BA 4

hierarch
L i ! !
non- Unltarlty HNLs SteTe v LEDs
A
EWPO, ﬂavo [xed target osciIIw M
7 nteractlo lliders.. eractl
\% prope ‘ v—-DM
NSI \% selﬂnt. interactions
Vv decay l ! !
! oscillations, SN spectra, oscillations
oscillations CEVNS...

COSmo
Adapted frem: P. Coloma, L. Koerner, I. Shoemaker andJ. Yu Showmass report

see arXiv:2209.10362 for summary and iinks to dedicated analyses



v and BSM

New dark sectors may be probed with v facilities: DM

DM annihilation tov from Sun SK, IceCube, HK, ESSVSB, ... l
Accelerated DM with CR scattering with nucleons SK, JUNO, DM - v
DUNE,... See talk by Laura Baudis and posters by Adriana l
Bariego Quintana, Chiara Poire, Alexandre Sousaz from Earth

s T
Md

hierarchy

v mass, BAU Vv mass, BA

anomalies

l l l
non- Unltarlty HNLs SteTe v LEDs
EWPO, ﬂavo new xe target osciIIw M
7 nteractlo lliders.. eractl
\% prope | v—-DM
NSI \% selﬂnt. interactions
Vv decay l ! !
! oscillations, SN spectra, oscillations
oscillations CEVNSs... COSMO

Adapted frem: P. Coloma, L. Koerner, I. Shoemaker andJ. Yu Snowmass report
see arXiv:2209.10362 for summary and iinks to dedicated analyses



v and BSM

New dark sectors may be probed with v facilities: e partic DM

DS like Z’ or millicharged particles produced in | l

fixed target and scattering or decay in ND: miIIicharged DM Sy

HK, ProtoDUNE, SHiP, DUNE, ICARUS, SBND,

uBooNE... ixed targed e\, from Earth
v mass, BAU v mass, BA ’ m

l
HNLS

l

non- Unitarity

EWPO, ﬂavo new xe target
7 nteractlo lliders..
\% prope % DM
NSI \% selﬂnt. interactions
Vv decay l ! !
| oscillations, SN spectra, oscillations
oscillations CEVNS.., COSMo

See posters by Gray Putnam, Daniel Mayer, Austin Schneider, Matheus Hostert



v and BSM

Fundamental Violation of : DM
new particles
symmetries Fundamental fundamental P ! )
! symmetries symmetries miIIicharged DM Sy
Lorentz Lo may affect
l CPT violation oscillations ixed targed e from Earth

0 s

mass eig X hlerarchy
non-Unitarity ' HNLs i
l !

EWPO, flavo new [xed target OSCi”W M
7 nteractlo lliders.. eractl
\% prope v—-DM
NSI \% selﬂnt. interactions
Vv decay l ! !
| oscillations, SN spectra, oscillations
oscillations CEVNs...

CcoSmMoO

See posters by Lukas Hennig, Supriya Pan, Alicia Pérez Garcia



v and BSM

Fundamental Fundamental _ .
symmetries Fundamental symmetries new Pirtldes l
symmetries ! N
Loréntz | B violation mllllcharged DM -V
1 CPT violation l from o

/'M

mass BA .
hlerarchy
non-Unitarity ' HNLs i
! !

EWPO, flavo new\ ~¥ied target osciIIw
7 nteractlo lliders.. eractl
\% prope % DM
NSI \% selﬂnt. interactions
Vv decay l ! !
| oscillations, SN spectra, oscillations
oscillations CEVNs... COSMO

See posters by Natsumi Taniuchi, Joshua Barrow, Daisy Kalra, Roxanne Guenette, Cailian Jiang



v mass from right-handed neutrinos

Simplest option add v, and acquire Dirac masses via Yukawas

ssB__ Y, v _ v

Yv 17R ¢VL

ho 5 RV TP T
=1 2
@) V2

See talk by Mikhail Shaposhnikov



v mass from right-handed neutrinos

Simplest option add v, and acquire Dirac masses via Yukawas

SSB__ Y,v _ v

Yv 17R ¢VL

ho 5 RV TP T
= 2
() V2

but a Majorana mass is also allowed...

vl C
MyVvRpVvi

See talk by Mikhail Shaposhnikov



v mass from right-handed neutrinos

Simplest option add v, and acquire Dirac masses via Yukawas

SSB__ Y,v _ v

Yv 17R ¢VL

> v mD
_Yv g R V2
(p) =
V2
but a Majorana mass is also allowed...
MyVRVE

This is an entirely new term which implies:

Fermion number violation - Baryogenesis via Leptogenesis

See talk by Mikhail Shaposhnikov



v mass from right-handed neutrinos

Simplest option add v, and acquire Dirac masses via Yukawas

SSB__ Y,v _ v

ho 5 RV TP T
=1 2
() V2

but a Majorana mass is also allowed...

Yv 17R ¢VL

My VgV
This is an entirely new term which implies:

Fermion number violation - Baryogenesis via Leptogenesis

The first mass scale not related to the EW scale and the Higgs

See talk by Mikhail Shaposhnikov



v mass from right-handed neutrinos

Simplest option add v, and acquire Dirac masses via Yukawas

SSB__ Y,v _ v

Yv 17R ¢VL

ho 5 RV TP T
= 2
() V2

but a Majorana mass is also allowed...
= C
MyVvRpVvi
This is an entirely new term which implies:

Fermion number violation - Baryogenesis via Leptogenesis

The firot related to the EW scale and the Higgs
To be searched for at experiments!!



A new physics scale

eV

keV MeV GeV

M, could be anywhere...

Very different phenomenology at different scales

TeV >



A new physics scale

eV

keV

MeV

GeV

TeV >

Precision
electroweak
and flavour

violation




Looking for 14: Non-Unitarity

(8, W= 2 B 96 3
mp My ot  xt/)\mp, My/\-oT x 0 M

The 3x3 submatrix V of active neutrinos will not be unitary

Effects in weak interactions...



Looking for 14: Non-Unitarity

(S, o= 2 B D=6
mp My ot  xt/)\mp, My/\-oT x 0 M

The 3x3 submatrix V of active neutrinos will not be unitary

Effects in weak interactions...

When the W and Z are integrated out to obtain the Fermi
theory NSI are recovered!

see e.g. M. Blennow, P.Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon
arXiv:1609.08637 for the dictionary



Non-unitarity in oscillations

Just replace U by N

Paug (L) = z ngiN;iNajNgje 2E
L,J
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Pap(L) = z NpiNgiNqjNgje 2E
L,j

At L=0, P ;# 6,5this “zero distance effect” can be striking
and is usually the source of the most stringent constraints



Non-unitarity in oscillations

Just replace U by N

Pop(L) = z NgiNgiNgjNgje 2E
L,j

At L=0, P ;# 6,5this “zero distance effect” can be striking
and is usually the source of the most stringent constraints

Careful!! The “zero distance effect” will also be present in
the data used to estimate the flux and cross section



Non-unitarity in oscillations
Just replace U by N

aB(L) — ZNBL Na]N,B]

At L=0, P 4z# 0, ,this™ zero distance effect” can be striking
and is usually the source of the most stringent constraints

AmL

Careful!! The “zero distance effect” will also be present in
the data used to estimate the flux and cross section

For instance, if the prediction for £, comes from near
detector data on 7, am?iL

_ P(L)ZNNNNeZE
Pue(L): - -

B (0) NT) ‘
Uy
M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637




Non-unitarity in oscillations

Also, no zero distance effect in disappearance channles!!

5) _ PMM(L) _ Zi,j NHiN;iNﬂjN;jeT

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637



Non-unitarity in oscillations

Also, no zero distance effect in disappearance channles!!

b (L) Buu(L) X NuiNyNyjNyje  2E
up\L) = = 2
B (0) (NNT) ‘
m

These are often thought to be the strongest bounds, but the
effect cancels (together with the systematics) when using
actual data involving v to predict the unoscillated events

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637



Non-unitarity in oscillations

Also, no zero distance effect in disappearance channles!!

b (L) Buu(L) 2y NuiNyiNyjNyje  2E
up\L) = = 2
B (0) (NNT) ‘
!

These are often thought to be the strongest bounds, but the
effect cancels (together with the systematics) when using
actual data involving v to predict the unoscillated events

And data involving neutrinos is always necessary:

If I know = flux from hadroproduction need = — uv Br
Even if computing from “first principles” need ¢, (u decay)
and V4 (/ decay)

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637



Non-unitarity in oscillations

Also, no zero distance effect in disappearance channles!!

p _ B (L) . 2 i NuiNyiNy N, e 2E
B (L) =5 (0 ;
uu(0) (NNT) ‘
Hp

These are often thought to be the strongest bounds, but the
effect cancels (together with the systematics) when using
actual data involving v to predict the unoscillated events

At most, if the prediction comes from a different channel,
one may constrain the ratio

(NNT)M 2

(VA T),,




Non-unitarity in oscillations

Also, no zero distance effect in disappearance channles!!

p (L) = Buu(L) X2 NuiNyiNyjNyje  2E
up\L) = = 2
B (0) (NNT) ‘
m

These are often thought to be the strongest bounds, but the
effect cancels (together with the systematics) when using
actual data involving v to predict the unoscillated events

At most, if the prediction comes from a different channel,
one may constrain the ratio
2

_ (NN T) But these are more efficiently constraint
D. Aloni, aaq from LFU bounds, from instance = decay
A Dery :
211.09638 (N NT)ﬁﬁ ratios, no need to also detect the v...




Non-unitarity beyond oscillations

G- from p decay is affected!
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G- from p decay is affected!

G, = Ge (NNT) (NNT)

ee nu
But this agrees at ~10-3 with
G from M, (modulo CDF),
measurents of sind,, from

LEP, Tevatron and LHC and f
and K decays



Non-unitarity beyond oscillations

G- from p decay is affected!

G, = Ge (NNT) (NNT)

ee nu
But this agrees at ~10-3 with
G from M, (modulo CDF),
measurents of sind,, from

LEP, Tevatron and LHC and f
and K decays

LFU also strong bounds on

ratios:
(NNT)W

(W)

From ratios of 7, X, and lepton
decays




Non-unitarity beyond oscillations

G from p decay is affected! LFU also strong bounds on
ratios: :
NN
(M),

(W)

From ratios of 7, X, and lepton
decays

_ t T
Gy = GF (N N ) (N N )W Also the invisible width of the 7

ee

But this agrees at ~10-3 with Since NC are also affected

G from M, (modulo CDF),

measurents of sind,, from
LEP, Tevatron and LHC and f
and K decays



Non-unitarity beyond oscillations

G from p decay is affected! LFU also strong bounds on
ratios: :
NN
(M),

(NNT),,

From ratios of 7, X, and lepton
decays

= f f
Gy = Gr (N N )ee (N N )W Also the invisible width of the Z

But this agrees at ~10-3 with Since NC are also affected
G from M, (modulo CDF),

measurents of sind,, from
LEP, Tevatron and LHC and f
and K decays

And LFV processes such as
1 — e ysince the GIM
cancellation is lost



Looking for v,: Non-Unitarity
Bounds from a global fit to flavour and Electroweak precision

data
“flavor+electroweak”
m > EW (20 limit)
Olee (0.081,1.4] - 1073
iy 1.4-107*
. 8.9-10~1
Qe 6.8-107* (2.4-1079)
e 1.8-1073
0y 3.6-10~*

with 1—age 0 0
N=| % 1—-a, 0 U
—Uze —Uzy 1- At

Z.-z. Xing 0709.2220 and 1110.0083.
F. J. Escrihuela, D. V. Forero, O. G. Miranda,
M. Tortola, and J. W. F. Valle 1503.08879.

M. Blennow, EFM, J. Hernandez-
Garcia, X. Marcano and D.
Naredo-Tuero and J. Lopez-Pavon
2306.01040

See also R. E. Shrock 1980, 1981; P. Langaker and D. London 1988; S. M. Bilenky and C. Giunti
hep-ph/9211269; E. Nardi, E. Roulet and D. Tommasini hep-ph/9503228; D. Tommasini, G. Barenboim,
J. Bernabeu and C. Jarlskog hep-ph/9503228; S. Antusch, C. Biggio, EFM, B. Gavela and J. Lépez
Pavon hep-ph/0607020; S. Antusch, J. Baumann and EFM 0807.1003; D. V. Forero, S. Morisi, M.
Tortola, and J. W. F. Valle 1107.6009; S. Antusch and O. Fischer 1407.6607; F. J. Escrihuela, D. V.
Forero, O. G. Miranda, M. Tortola, and J. W. F. Valle 1503.08879; F.J. Escrihuela, D.V. Forero, O.G.
Miranda, M. Tértola, J.W.F. Valle 1612.07377; EFM, J. Hernandez-Garcia and J. Lopez-Pavon
1605.08774; R. Coy, M. Frigerio, 1812.0316, 2110.09126...



Looking for 15: Non-Unitarity

Bounds from a global fit to flavour and Electroweak precision
data with
“flavor-+electroweak”
m }E\L\L(.QQmit) 2 o preference for
~ N —> mixing with
Cee 0.081,1.4] - 10 electrons ~0.03
o 4. 10~
8.9-10~*
Qrr 4 s M. Blennow, EFM, J. Hernandez-
Qe 6.8-107" (2.4-107) Garcia, X. Marcano and D.
Ore 1.8-1073 Naredo-Tuero and J. Lopez-Pavon
Oy 3.6-1074 2306.01040

See also R. E. Shrock 1980, 1981; P. Langaker and D. London 1988; S. M. Bilenky and C. Giunti
hep-ph/9211269; E. Nardi, E. Roulet and D. Tommasini hep-ph/9503228; D. Tommasini, G. Barenboim,
J. Bernabeu and C. Jarlskog hep-ph/9503228; S. Antusch, C. Biggio, EFM, B. Gavela and J. Lopez
Pavon hep-ph/0607020; S. Antusch, J. Baumann and EFM 0807.1003; D. V. Forero, S. Morisi, M.
Tortola, and J. W. F. Valle 1107.6009; S. Antusch and O. Fischer 1407.6607; F. J. Escrihuela, D. V.
Forero, O. G. Miranda, M. Tortola, and J. W. F. Valle 1503.08879; F.J. Escrihuela, D.V. Forero, O.G.
Miranda, M. Tértola, J.W.F. Valle 1612.07377; EFM, J. Hernandez-Garcia and J. Lopez-Pavon
1605.08774; R. Coy, M. Frigerio, 1812.0316, 2110.09126...



Looking for 14: Non-Unitarity

Bounds from a global fit to flavour and Electroweak precision
data

“flavor+electroweak” Oscillations (from zero distance
m > EW (20 Iimit) effects in disappearance, 90%)

Qee (0.081,1.4] - 103 8.4 1077 [55]

Oy 1.4-10~* 5.0 - 1072 [15]

Urr 8.9-10~" 6.5-1072 [56

Vpe 6.8-107* (2.4-107°) 9.2-107°

e 1.8.1073 1.4-1072

0y 3.6-107% 1.1-102

From C. Arguelles et al Snowmass Whitepaper 2203.10811,

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1609.08637
and M. Blennow, EFM, J. Hernandez-Garcia, X. Marcano and D. Naredo-Tuero and
J. Lopez-Pavon 2306.01040



A new physics scale

Short and long
baseline
v oscillations

‘l eV

keV

MeV

GeV

TeV >

Precision
electroweak
and flavour

violation




The way out: lighter Steriles

For very light (< keV) extra neutrinos the strong constraints

from EW and flavour are lost and v oscillations dominate
9"'|"'|"'|"-;';" UL LA B L BN UL L LA AL BELENLNNLE BN
I |U:.-1| E 17T |U:_-2| 17 |Uf-iL — w/o Unitarity
I EH 17 1T (All data)
6 == with Unitarity
ot {(All data)
4 -
E ]l £ S O o N A I o | wfo Unitarity
N {No normalisation 7
or sterile data) -
j |U—;12| i |Lrpi!|
1 I | 1 [ | 1
I |'U1-2| I |Uf:s|
L Tl L IR EETERRNTIN B Y LW IR T R NI S I
0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1
“'Erx 1| |{";mz| | l”m:il

S. Parke and M. Ross-Lonergan arXiv:1508.05095



Steriles vs NU

N
”=( f G)
0T X
—iAm{L

“Heavy v” Non-Unitarity ~ P,z => N4zN N N e 2F
¥

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637
C. S. Fong, H. Minakata and H. Nunokawa arXiv:1609.08623



Steriles vs NU

N
”=( f 6)
0T X
—iAm{L

“Heavy v” Non-Unitarity ~ P,z => N4zN N N e 2F
¥

—iAmﬁ L

“Light v" Steriles Pos = Z N N N, N;je =

J —iAm3 L

* * 2E
+Z®ﬁ,®a,@aj®me
1,J

—iAm3 L

+ZJ: N,BI N;i@)aJ ®;’Je 28

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637
C. S. Fong, H. Minakata and H. Nunokawa arXiv:1609.08623



Steriles vs NU

@ X

“Heavy v” Non-Unitarity P.s= Z N, N N, N;je 2E

—iAm L
“Light v” Steriles Ps= Z N NN, Ne 2
Amz L —|Am,JL

If —2— »1 oscillations too +Z®ﬁ. 0,0,0,¢e °*
fast to resolve and only see

average effect y

—iAm?

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon 1609.08637
C. S. Fong, H. Minakata and H. Nunokawa 1609.08623



Steriles vs NU

X

“Heavy v” Non-Unitarity = P,z = Z N 4NN, N e 28

—|Am L

“Light v” Steriles P = ZNﬂ.N NN e %

At leading order “heavy” non-unitarity and avergaed-out
“light” steriles have the same impact in oscillations

M. Blennow, P. Coloma, EFM, J. Hernandez-Garcia and J. Lopez-Pavon arXiv:1609.08637



Steriles vs NU

N
”=( i 6)
0T X
—iAm{L

“Heavy v” Non-Unitarity ~ P,z => N4zN N N e 2F
¥

—iAmﬁ L

“Light v" Steriles Pos = Z N N N, N;’je =
i

Am#L

If ?];J « 1 at the near detector or in the data to estimate
the flux and cross section, the zero distance effect is
recovered and bounds apply




A new physics scale

Short and long Collider
baseline searches
v oscillations
‘| eV keV MeV GeV TeV
Precision
electroweak
and flavour
violation

See talk by Albert de Roeck



A new physics scale

Short and long Collider
baseline searches
v oscillations
‘| eV keV MeV GeV TeV
Fixed Precision
target electroweak
searches and flavour
violation




Looking for 1;: Beam Dumps

Muon coupling dominance: U?: Uy :U? = 0:1:0
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A. M. Abdullahi, P. Barham Alzas et al. arXiv:2203.08039

See also P. Coloma, EFM, M. Gonzalez-Lépez, J. Hernandez-Garcia arXiv:2007.03701 for a
FeynRules file with interactions between mesons and /V, g (HNLs)
and J. L. Feng, A. Hewitt, F. Kling and D. La Rocco 2405.07330 for a python library



Looking for 1,: Beam Dumps
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P. Coloma, J. Lopez-Pavon, L. Molina-Bueno and S. Urrea 2304.06765



A new physics scale

Short and long Collider
baseline searches
v oscillations Meson decays
peak searches
‘| eV keV MEV GeV Tev
Kinks in B decay spectrum Fived Precision
target electroweak
searches and flavour
violation




Looking for 14
All together:

1o-=
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EFM, M. Gonzalez-Lépez, J. Hernandez-Garcia, M. Hostert, J. Lopez-Pavon arXiv:2304.06772
https://github.com/mhostert/Heavy-Neutrino-Limits

See also: P. D. Bolton, F. F. Deppisch and P. S. B. Dev arXiv:1912.03058



https://github.com/mhostert/Heavy-Neutrino-Limits

Looking for 14
All together:

].O_QE' T T LA B

10k
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EFM, M. Gonzalez-Lépez, J. Hernandez-Garcia, M. Hostert, J. Lopez-Pavon arXiv:2304.06772
https://github.com/mhostert/Heavy-Neutrino-Limits

See also: P. D. Bolton, F. F. Deppisch and P. S. B. Dev arXiv:1912.03058
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Looking for 14
All together:
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EFM, M. Gonzalez-Lépez, J. Hernandez-Garcia, M. Hostert, J. Lopez-Pavon arXiv:2304.06772
https://github.com/mhostert/Heavy-Neutrino-Limits

See also: P. D. Bolton, F. F. Deppisch and P. S. B. Dev arXiv:1912.03058



https://github.com/mhostert/Heavy-Neutrino-Limits

A new physics scale

Cosmology
Short and long Collider
baseline searches
v oscillations Meson decays
peak searches
eV keV M*V GeV TeV
Kinks in B decay spectrum Fived Precision
target electroweak
searches and flavour
violation

See talks by Maria Archidiacono and Stefano Gariazzo



Cosmology

B0 9 8 7 8 5 4 3 =2 1 o0
logio(ms) (GeV)

A. CVincent, EFM, P. Hernandez, M. Lattanzi and O. Mena arXiv:1408.1956
See also K. Langhoff, N. J. Outmezguine, and N. L. Rodd arXiv:2209.06216



A new physics scale

Cosmology
Short and long Collider
baseline searches
v oscillations Meson decays
peak searches
[ ev keV M*V GeV Tev
Kinks in B decay spectrum Fived Precision
target electroweak
searches and flavour
Neutrinoless double beta decay HElEITe

See talks in Sesion 6




Conclusions

Neutrino masses and mixings imply new BSM physics

The simplest extension, right-handed neutrinos, already
imply a lot of new phenomenology to search for:

= Non-unitarity, searches at colliders, fixed targets,
cosmology, O0vfp,...

Also offers conexions to other open problems of the SM
s Baryogenesis, Dark Matter, Flavour puzzle...

Neutrino detectors can also probe for other BSM physics

Neutrino physics is an excellent window BSM!!



Non-unitarity and M,, from CDF
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M. Blennow, P. CoIoma,ﬂ EFM, M-Gonzalez-Lopez 2204.04559

M. Blennow, EFM, J. Hernandez-Garcia, X. Marcano and D. Naredo-Tuero and

J. Lopez-Pavon 2306.01040



Looking for 14: Non-Unitarity

It has become common to call them:

“Indirect” or “charged leptons” “Direct” or "neutrinos”
“flavor+electroweak” Oscillations (from zero distance
m > EW (20 Iimit) effects in disappearance, 90%)

Qee 0.081,1.4] - 1073 8.4 1077 [55]

Oy 1.4-10~* 5.0 - 1072 [15]

Urr 8.9-10~" 6.5-1072 [56

Vpe 6.8-107* (2.4-107°) 9.2-107°

e 1.8.1073 1.4-1072

0y 3.6-107% 1.1-102

From C. Arguelles et al Snowmass Whitepaper arXiv:2203.10811
and M. Blennow, EFM, J. Hernandez-Garcia, X. Marcano and D. Naredo-Tuero
and J. Lopez-Pavon 2306.01040
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Looking for 14: Non-Unitarity

It has become common to call them:

“Indirect” or “charged leptons” “Direct” or “neutrinos”

But they all involve

it's where the sensitivity comes from...

So they are all equally “direct” and they all have a neutrino
and a charged lepton...



Looking for 14: Non-Unitarity

Which one is more robust/model-independent?

“Indirect” or “charged leptons” “Direct” or “neutrinos”



Looking for 14: Non-Unitarity

Which one is more robust/model-independent?

(4

“Indirect” or “charged leptons” “Direct” or “neutrinos’

 /
Introducing an NSI
operator with u and d
quarks the zero
distance effect could
be cancelled




Looking for 14: Non-Unitarity

Which one is more robust/model-independent?

“Indirect” or “charged leptons” “Direct” or “neutrinos”

v
Introducing an NSI
operator with u and d
quarks the zero
distance effect could
be cancelled

They also come from
zero-distance effect...



Looking for 14: Non-Unitarity

Which one is more robust/model-independent?

“Indirect” or “charged leptons” “Direct” or “neutrinos”
\
| +
G- from p decay Introducing an NSI
compared to from M,,, operator with u and d
measurents of sind,, at quarks the zero
different energies distance effect could
(Moller, colliders) and s be cancelled
and K decays. Very They also induce a
different physics! Not zero-distance effect...

easy to cancel all...
But the “neutrino” bounds are often assumed to be more robust... why??



v mass from right-handed neutrinos

All SM fermions acquire Dirac masses via Yukawa couplings

_ SSB Y £V Yrv
YefrOf1L (qb)—yfv: L fRfL mp —%
V2
Simplest option add N, : a Majorana mass is also allowed
MyNgNg
t t
mv_(O mD) Ut(O mD)u:(m
mp My mp My 0



v mass from right-handed neutrinos

All SM fermions acquire Dirac masses via Yukawa couplings

. SSB_ Yy Yev
YrfrOf1L (gb)—YfT} fRfL mp —E
V2
Simplest option add N, : a Majorana mass is also allowed
MyNgNg

_Omg) :t(o mg)_mo
mv_(mD My U\, M, U_(o M)

If My > mp then M =~ My and m ~ miMytmp-> lightness of v

Seesaw



v mass from right-handed neutrinos

>Ut(0 r];D)UZ(m 0
Seesaw Mp N

If My »> mp then M ~ My and m ~ m§ My mp-> lightness of v



A new physics scale

But a very high M, worsens the Higgs hierarchy problem

Lightness of v masses could also come naturally from an
approximate symmetry (B-L)

eV keV MeV GeV

M, could be anywhere...

TeV >
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A new physics scale

But a very high M, worsens the Higgs hierarchy problem

Lightness of v masses could also come naturally from an
approximate symmetry (B-L)

mpNpv; + My NpN;

0 mi O
mp 0 My
0 My 0

So that m, =0 evenif O = szﬁl is large



A new physics scale

But a very high M, worsens the Higgs hierarchy problem

Lightness of v masses could also come naturally from an
approximate symmetry (B-L)

mpNgv, + My NpN; + uNf N

0 mi O
mp 0 My “inverse Seesaw”

O MN U R. Mohapatra and J. Valle 1986

mp

Small My =~ 175 even if 0 ~ miMﬁl is large and M, low
N
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