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Importance of SM for BSM

Mixing parameters

nu-fitorg
sin20, @ 4%
sin203 @ 6%
sin2023 @ 10%-ish

Mass squared differences

AmZ @ 3%
2 o,
]Am at""l @Kie/‘,s‘-hO\bErgs @k
Hierarchy unknown CP phase unknown

Mass scale unknown
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Importance of SM for BSM
Family Generators N
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What kind of BSM can be probed

by neutrino experiments?

Can neutrinos probe reasonable new physics
beyond the reach of collider experiments?
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Beyond standard physics with neutrinos
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Non standard interactions

Lns1 = —2\/§GF€£§(17a7”VB)(f%Pf)

|2

1 _
E(La'YpLﬂ) (L'y')’pLé )

Flavour changing in charged lepton sector
Too big to be true
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Flavour below Gr scale

FIavour remnants below GF can ShOW UP Babu Friedland PANM Mocioiu, to apPear soon
. . s . Gauge B-L of 3rd family
in neutrino oscillation experiments
&1 | o2 s

SU@), | 2 |2 1
Uly | +1 [+1] ©
v)®, [ +1/3] 0o | +1/3
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Flavour below G scale

Flavour remnants below Gr can show up B"“&::d';"dBP_AII“ZFEC;_‘:;“»;;;:ET“ soon
in neutrino oscillation experiments g y
o1 | 2| s 3 0
SU@). | 2 | 2| 1 Z-X mixing: Zu = =suBu+ el — sx Xy,
Uy | +1 [+1] 0 Xy = sx(suBy — cuW)) + X},
v, | +1/3] 0 | +1/3 /
s = 2 9% i
X=E o —
breaks EW and new symmetry 3/g% + g2 v?
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Flavour below G scale

Flavour remnants below G can show up B"“&::d'é"dBPAII“ZF‘&“;_‘:;“';;;:ET“ soon
in neutrino oscillation experiments g y
b1 | 92| s 3 0
SUQ2);. 2 2 1 Z-X mixing: Z# ~ —SwB# + CwWH - Sxx#,
Uy | +1 [+1] 0 Xy = sx(suBy — cuW)) + X},
v)®, [ +1/3] 0o | +1/3 /
s = 2 9% v
X S ———
breaks EW and new symmetry 3/g%*+ g2 v?

Flavour changing neutral currents in quark sector:

ax~ (000 9x Vi VaVe Vi

?QL 000 )7"QXy —> ?ﬁL VaVe Vi Va |y*urX, + ..
001 Vi Vo 1
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Flavour below G scale

Flavour remnants below G can show up Bat&;r:d'é"dBPAli“2;'3“;_‘:;“;;;:;]”" soon
in neutrino oscillation experiments g y
b1 | 92| s 3 0
SUQ2);. 2 2 1 Z-X mixing; Z# o~ —SwB# + CwWH - Sxx#,
Uy | +1 [+1] 0 Xy = sx(suBy — cuW)) + X},
v)®, [ +1/3] 0o | +1/3 /
s = 2 9% v
X = T T —_—0
breaks EW and new symmetry 3/g%*+ g2 v?

Flavour changing neutral currents in quark sector:

ax~ (000 ox Vi VaVe Vi

?QL 000 )7"QXy —> ?ﬁL VoV V2 Vo |7urX, + ..
001 Vi Vo 1

No FCNC (at tree level) in charged lepton sector!
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Flavour below G scale

Flavour remnants below G can show up Bat&;r:d'é"dBPAli“2;'3“;_‘:‘1“;;;:;]8“ soon
in neutrino oscillation experiments g y
b1 | 92| s 3 0
SUQ)| 2 [2] 1 Z-X mixing: Zy = —suBu +euW, — sx Xy,
Uy | +1 [+1] 0 Xy = sx(suBy — cuW)) + X},
v)®, [ +1/3] 0o | +1/3 /
s = 2 9% v
X = T T —_—0
breaks EW and new symmetry 3/g%*+ g2 v?

Flavour changing neutral currents in quark sector:

e {000 ox Vi VaVe Vi

?QL 000 )7"QXy —> ?ﬁL VoV V2 Vo |7urX, + ..
001 Vi Vo 1

No FCNC (at tree level) in charged lepton sector!

Neutrinos may experience large non standard matter effects
Vx o< diag (0, 0, &)
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Flavour below G scale

Flavour remnants below Gr can show up
in neutrino oscillation experiments

tanf = vp/v; =05 tanB = v,/v; = 10
. : . . . . 4102

10° - 100

_________________________ 210! -1073
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1oL B vosc. I Z 17X 105, B vosc. I Zo1rx 10
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Babu Friedland PANM Mocioiu, to appear soon

see also Farzan 2015, Farzan Shoemaker 2015
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Light weakly coupled physics

Low scale gauged (universal) B-L symmetry
10718 10715 10~12 107 1076 10~ 1
(8_2);4 X

Atomic Physics Atomic Physics
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B-L Gauge Boson
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Gauge boson mass M4 (GeV) Harnik Kopp PANM 2012

see also Pospelov 201 |, Bilmis et al 2015
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Sterile neutrinos

MiniBooNE )
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Kopp, PANM, Maltoni, Schwetz 2013
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Boam Excess
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Sterile neutrinos Joe

MiniBooNE

€20 POT reut

Gallium
anomaly

Appearance results at 90% CL
1

10"

10, iz 10!
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90% shape only
99% shape only

107 10°
sin® 260

1073 1072 107!
sin? 2 0 e
Kopp, PANM, Maltoni, Schwetz 2013
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Neutrino masses

Neutrino masses from extra dimensions
Arkani-Hamed, Dimopoulos, March-Russel, Dienes, Dudas,
Gherghetta, Dvali, Smirnov, Barbieri, Creminelli, Strumia, ...

D __
maﬁ = h&g <H> ]\/[111(4+5)/M1’l
i OPANM, Nunokawa, Zukanovich-Funchal 201 |

735 km

>
d W

MINOS

B Standard

i o I o ) L

04 LED: mg=0
a =510 m
02 ===~ Normal hierarchy
»»»»»» Inverted hierarchy ]
0ol A
E (GeV)

Could explain the reactor anomaly
PANM, Nunokawa, dos Santos, Zukanovich-Funchal 201 |
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Neutrino masses

Neutrino masses from extra dimensions
Arkani-Hamed, Dimopoulos, March-Russel, Dienes, Dudas,
Gherghetta, Dvali, Smirnov, Barbieri, Creminelli, Strumia, ...

ms= hap (H) Mpyais)/Mpi

PANM, Nunokawa, Zukanovich-Funchal 201 | 10—Berryman et al 2016
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Beyond standard uses of neutrinos
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DM direct detection experiments

1077
10738
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DM direct detection experiments

signal «——— background (
Adam Riezs wl eri
Sé:'\ in neutrin® exP
What can be learned with
solar neutrinos in dark matter detectors?

Boehm, Cerdeno, Fairbairn, Jubb, PANM,Vincent 2016

Standard solar model BSM physics
(opacity, metallicity, neutrinos) (light mediators)

Standard model
(Coherent v-N, sin20.,)

Pospelov 201 1, Harnik Kopp PANM 2012, Baudis et al 2014, Ruppin et al 2014, Billard et al
2015, Schumann et al 2015, Bilmis et al 2015, Dutta et al 2016, Strigari 2016, ...
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Neutrinos in DM experiments

Experiment € (ton-year) FEinn (keV) FEino (keV) FEmaz (keV) R(pp) R(°B) R(CNO)
G2-Ge 0.25 035 0.05 50 = 62-8 [0-3
G2-Si 0.025 0.35 0.05 50 - 3-3] 0
G2-Xe 25 3.0 2.0 30 (2104 - 2167] (0 - 64] 0

Future-Xe 200 2.0 10 30 (17330 — 17846] [520 — 10094] 0

Future-Ar 150 2.0 1.0 30 (14232 — 14649] [6638 — 12354] 0

Future-Ne 10 0.15 0.1 30 (1141 - 1143]  [898 - 910]  [21 - 63]

Blois 2016
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Neutrinos in DM experiments

Experiment e (ton-year) FEinn (keV) Eino (keV) Ema.z (ch) R(pp) R(°B) R(CNO)
G2-Ge 0.25 035 0.05 = 62-8 [0-3
G2- Sl 0. 020 0.35 0.05 50 - 3-3] 0
G2- Xe 3.0 2.0 30 (2104 - 2167] (0 - 64] 0

Fature: 00 2.0 10 30 (17339 17846] (520 —10094] 0
Futllre— 150 2.0 1.0 30 [14232 - 14649] [6638 — 12354] 0
F‘uture—N 0.15 0.1 30 (1141 - 1143]  [898 - 910]  [21 - 63]

Super—CDMS-Iike: 50 (5) kg Ge (Si) x 5 years
LZ-like: 5 ton Xe (fiducial) x 5 years

Darwin-like: 200 ton x y

Dark matter sensitivity of multi-ton
liquid xenon detectors

Marc Schumann,*' Laura Baudis,” Lukas Biltikofer,”
Alexander Kish,” Marco Selvi®

With an exposure of 200t X y and assuming detector parameters which have been already
demonstrated experimentally, spin-independent cross sections as low as 2.5x 1074 cm? can be
probed for WIMP masses around 40 GeV/c?. Additional improvements in terms of background
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Neutrinos in DM experiments

Experiment € (ton-year) FEinn (keV) FEino (keV) FEmaz (keV) R(pp) R(°B) R(CNO)
G2-Ge 0.25 035 0.05 50 = 62-8] [0_3
G2-Si 0.025 0.35 0.05 50 = 3-3] 0
G2-Xe 25 3.0 2.0 30 (2104 - 2167] [0 - 64] 0

Future-Xe 200 2.0 1.0 30 [17339 — 17846] [520 — 10094] 0

Future-Ar 150 2.0 1.0 30 [14232 — 14649] [6638 — 12354] 0

Future-Ne 10 0.15 0.1 30 (1141 - 1143]  [898 - 910]  [21 - 63]

Blois 2016

pedro.machado@uam.es



Neutrinos in DM experiments

Experiment € (ton-year) FEinn (keV) FEino (keV) FEmaz (keV) R(pp) R(°B) R(CNO)
G2-Ge 0.25 0.35 0.05 50 - 62-85  [0-3
G2-Si 0.025 0.35 0.05 50 - 3-3] 0
G2-Xe 25 3.0 2.0 30 (2104 - 2167] [0 - 64) 0

Future-Xe 200 2.0 1.0 30 (17339 — 17846] [520 — 10094] 0O
Future-Ar 150 2.0 1.0 30 (14232 — 14649] [6638 — 12354] 0
Future-Ne 10 0.15 0.1 30 (1141 - 1143]  [898 - 910]  [21 - 63]
Solar properties Solar neutrino fluxes
E plot from Borexino Nature 2014
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Neutrinos in DM experiments

Experiment e (ton-year) FEinn (keV) Eino (keV) Ema.z (ch) R(pp) R(°B) R(CNO)
G2-Ge 0.25 035 0.05 = 62-8 [0-3
G2-Si 0.025 0.35 0.05 50 - 3-3] 0
G2-Xe 25 3.0 2.0 30 (2104 - 2167] (0 - 64] 0

Future-Xe 200 2.0 10 30 (17339 17846] (520 —10094] 0
Future-Ar 150 2.0 1.0 30 [14232 - 14649] [6638 — 12354] 0
Future-Ne 10 0.15 0.1 30 (1141 - 1143]  [898 - 910]  [21 - 63]

Electroweak sin20,,

Davoudiasl Lee Marciano PRD 2014

1.4% (Future) 0.242 Mgz = 100 MeV

Myark z = 200 MeV

v-DIS

Quweak (first)

.................. o~ 0:238
S
= 0236
g
5
% 0234
0232 Molle
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Qweak 3
T 0.230 "Anticipated sensitivities" SLAC

-3 -2 -1 0 1 2 3
Log;, Q [GeV]
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| Atomic Physics
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Conclusions

Neutrinos experiments can be sensitive to
physics beyond the reach of collider experiment

Low scale flavour models
Light mediator physics
Sterile neutrinos ...

Neutrinos may become an important probe in
dark matter experiments

Solar model parameters
Neutrino fluxes (pp, ®B)
sin20,, at very low scales
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Baudis et al JCAP 2014
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We choose to generate the CKM mixing on the up sector
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