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Standard model of particle physics
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Standard model of particle physics*
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We know they
have masses
and they mix

*with massive neutrinos



Three-neutrino oscillations

Talk by Ivan Martinez-Soler



Three-neutrino oscillations
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Phys.Lett. B782 (2018) 633-640, P.F. de Salas, D.V. Forero, CAT, M. Tortola, J.W.F. Valle
https://globalfit.astroparticles.es/

See also: -Bari-group ( Prog.Part.Nucl.Phys. 102 (2018) 48-72)

-Nu-fit ( 1811.05487, talk by Ivan)


https://globalfit.astroparticles.es/

Three-neutrino oscillations
 Remaining unknowns are

Eﬂ:lllllllllllll: Eﬂrll
15 - — 15
?::j'lﬂ:— —: ;:fl{]:—
_ \ N _
5 \ = SE
— x,'h —1 L
- 5 - -
ﬂ-||||||~" L ﬂ-lllllllllll

0.4 (0.5 0.6 (

P

0.5 1 1.5 2
EiHEHEB O/Tt
Atmospheric octant Value of CP-phase



Three-neutrino oscillations
* Neutrino mass ordering
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Three-neutrino oscillations

* Neutrino mass ordering
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Anomalies In oscillations



Anomalies In oscillations
e 3.80 excess in LSND

» ~30 deficit in Gallium
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* \We can add a forth neutrino

* This neutrino must be sterile, which means itis a
singlet under all standard model gauge groups



Beyond three-neutrino oscillations
* \We can add a forth neutrino

* This neutrino must be sterile, which means itis a
singlet under all standard model gauge groups

» A forth active neutrino Is
excluded by observations
of invisible Z-decays

Phys. Rept. 427 (2006) 257, LEP

=
L)
=
=

©

30

10

2v

. ALEPH
DELPHI
L3
OPAL

-

L+ average measurements,
error bars increased
[ by factor 10

86 88 90 92 %4
E__[GeV]



Effective 3+1 oscillations
We extend the mixing matrix

Uel UeZ Ue3 /Uel Ue2 UeS Ue4\
U,ul U,u2 U,uS =
UTl U7'2 UTS




Effective 3+1 oscillations
We extend the mixing matrix
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Effective 3+1 oscillations
We extend the mixing matrix
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Effective 3+1 oscillations
We extend the mixing matrix
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@atmospherics and accelerators



Effective 3+1 oscillations

We extend the mixing matrix [\
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Effective 3+1 oscillations
We extend the mixing matrix
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Effective 3+1 oscillations
We extend the mixing matrix

U, U, U, U,
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Current status of 3+1 oscillations

JHEP 1706 (2017) 135, S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li
Phys.Lett. B782 (2018) 13-21, S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li

PRELIMINARY, S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, CAT



Reactor fluxes

Double Chooz, arxiv:1406.7763
Daya Bay, arxiv:1508.04233
RENO, arxiv:1511.05849
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Reactor quxes
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Reactor fluxes

e Huber-Mueller-fluxes do not
predict the “bump”

* The “bump” cannot be explained
by sterile neutrino oscillations,
because they should be washed
out at these distances
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Reactor quxes

» Huber-Mueller-fluxes do not o R
predict the “bump” i e
] T, ) | PO .++}.'..""'"'.| ....... 1
* The “bump” cannot be explained | THH |
by sterile neutrino oscillations, lJ' |
because they should be washed A
out at these distances 0y . ’
» We need a model-independent i«

procedure, taking only ratios of
fluxes at different distances e
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S ozt ETE
Double Chooz, arxiv:1406.7763 5o S0 % m_‘r_*_*_*ﬁ ; H,
Daya Bay, arxiv:1508.04233 IEY S {50t

RENO, arxiv:1511.05849 RN I NN WA NI A



Electron (anti)neutrino disappearance
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DANSS

» Single movable detector, ~30 preference for 3+1

1 2 3 4 2 6 7

arXiv:1804.04046 Positron energy, MeV
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Fit of v./V. disappearance data
» DANSS / NEOS

Phys.Lett. B782 (2018) 13-21

* Perfect agreement
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See also: JHEP 1711 (2017) 099, Dentler, M. et al



Fit of v./7V. disappearance data
+ DANSS / NEOS + Gallium + RAA

Phys.Lett. B782 (2018) 13-21

10 2-30 (solid—dashed)
—— Reactor Anomaly
Gallium Anomaly
>
L,
1
R
S
<]
NEOS+DANSS |
- |
— Py
3o
1 U_1 t ol
107° 107

' | Small tension between
| NEOS/DANSS and
4 Gallium and RAA



e All data:

Fit of v./7V. disappearance data

Phys.Lett. B782 (2018) 13-21
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Muon (anti)neutrino disappearance



IceCube and DeepCore
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IceCube and DeepCore

10

[| IceCube 99% CL Exclusions N
|| = [C86 rate+shape

L{wree IC86 shape only (blind result)
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* High-energy regime
e 0.3 TeV - 20 TeV

PRL 117 (2016) 071801



IceCube and DeepCore
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* High-energy regime
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IceCube and DeepCore
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IceCube and DeepCore
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MINOS/MINOS+
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MINOS/MINOS+
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Fit of v./7. disappearance data

e All data:
PRELIMINARY
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Electron (anti)neutrino appearance



MiniBooNE

e MiniIBOooNE was built to check the LSND results with
a different baseline, but similar L/E
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MiniBooNE

e MiniIBOooNE was built to check the LSND results with
a different baseline, but similar L/E

e MiniIBooNE has no near detector

102
=

a LI III| I |
—68% CL
—90% CL
—95% CL

e

o B
E -
< B

—99% CL

—3c CL

— 40 CL

_____ KARMEN2
90% CL

. OPERA
90% CL

'10:—

107
- .LSNDQU%CL
i I:ILSNDBB%CL
10—2 lIJJJI] L JIJLIIJI | 1 | 1
107° 107 107 1
sin°20

PRL 121 (2018) 221801



MiniBooNE

e MiniIBOooNE was built to check the LSND results with
a different baseline, but similar L/E

. MlnlBooNE has Nno near detector |
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e MinIBOONE sees an excess,
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with sterile oscillations | [eswossvar
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Fit of v./7. appearance data
e All data:

PRELIMINARY
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| : — e 1 * The best fit value of
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Tension in APP vs DIS data
e Data before 21918
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JHEP 1706 (2017) 135, S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li



Tension In APP vs DIS data
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Tension In APP vs DIS data

e Data 2018
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Tension In APP vs DIS data

Analysis Xininglobal Xminapp SXapp Xindisapp Xdisapp XPG/dof PG _
Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 3.71 x 10™'
Removing anomalous data sets
w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6 x 1072
w /o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 52 x 1075
w /o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 38 x107°
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 44 x 1078
Removing constraints
w /o IeeCube 920.8 79.1 11.9 812.4 17.5 29.4/2 42 x 1077
w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7 x 105
w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0 x10~7
w /o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 75 %1077
Removing classes of data
Ve dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6 x 1072
Il_f]# dis vs app 564.7 79.1 12.0 468.9 4.7 16.7/2 23 x1074
v, dis + solar vs app ~ 884.4 791 139 781.7 9.7 23.6/2 T4 x1075

JHEP 08 (2018) 010, Dentler, M. et al



Tension In APP vs DIS data

ol .2 .2 A 2 2 A L2 2
Anal}ms -}(min._glﬂba.l Xmin._app "—\Xﬂ.pp Xmin._disa.pp ‘l-}(disa.pp -}{PG/de/'EK

Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2(3.71 x 1077 )

Removing anomalous data sets

w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2 1.6 x 1072
w /o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 52 x 1075
w /o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 38 x107°
w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 44 x 1078
Removing constraints
w /o IeeCube 920.8 79.1 11.9 8512.4 17.5 29.4/2 42 x 1077
w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7 x 105
w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0 x10~7
w /o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 75 %1077
Removing classes of data
Ve dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2 3.6 x 1072
II._f]# dis vs app n64.7 79.1 12.0 468.9 4.7 16.7/2 23 x1074
v, dis + solar vs app ~ 884.4 791 139 781.7 9.7 23.6/2 T4 x1075

* A global 3+1 fit is unacceptable



Tension In APP vs DIS data

Analysis Xininglobal Xminapp SXapp Xindisapp Xdisapp XPG/dof PG _

Global 1120.9 79.1 11.9 1012.2 17.7 29.6/2 3.71 x 10™'
Removing anomalous data sets

w/o LSND 1099.2 86.8 12.8 1012.2 0.1 12.9/2

w /o MiniBooNE 1012.2 40.7 8.3 947.2 16.1 24.4/2 HIIXI0

w /o reactors 925.1 79.1 12.2 833.8 8.1 20.3/2 38 x107°

w/o gallium 1116.0 79.1 13.8 1003.1 20.1 33.9/2 44 x 1078
Removing constraints

w /o IeeCube 920.8 79.1 11.9 812.4 17.5 29.4/2 42 x 1077

w/o MINOS(+) 1052.1 79.1 15.6 948.6 8.94 24.5/2 4.7 x 105

w/o MB disapp 1054.9 79.1 14.7 947.2 13.9 28.7/2 6.0 x10~7

w /o CDHS 1104.8 79.1 11.9 997.5 16.3 28.2/2 75 %1077
Removing classes of data

Ve dis vs app 628.6 79.1 0.8 542.9 5.8 6.6/2

'E]# dis vs app 564.7 79.1 12.0 468.9 4.7 16.7/2 23X 10~

v, dis + solar vs app ~ 884.4 791 139 781.7 9.7 23.6/2 T4 x1075

* A global 3+1 fit is unacceptable

* Only removing either ALL ¥»-DIS-data or LSND
makes the fit acceptable
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Future prospects at DUNE

v, CC + NC Disappearance

DUNE
Simulation

= DUNE 95% C.L.
— MINOS 90% C.L.

- Super-K 80%: C.L.
CDHS 90% C.L.
CCFR90% C.L.

[ SciBooME + MiniBooME 90% C.L.
M Gariazzo et al. (2016) 90% C.L.

Work in Progress!

—IceCube 90% C.L.

104 107
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10"
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PRELIMINARY,
sterile sub-group of DUNE-BSM group

NC Disappearance

DUNE
Simulation

Work in Progress!

==DUNE 95% C.L.
== MNOMAD 20°% C.L.
==CHORUS 902 C.L.
=——E33190% C.L.
==CCFR 90% C.L.

== CDHS 90% C.L.
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102
Sin’(20,,)

10 1073

107!
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Thanks to Alex Sousal
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DUNE
Simulation
Work in Progress!
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E — DUNE 95% C.L.

- IE Kopp et al. (2013)

| [iGariazzo et al. (2016}

E [JLSND 80% C.L.

— MiniBooNE 90% C.L.

— MiniBooNE (v mode) 80% C.L.

— NOMAD 90% C.L.

--- KARMENZ 90% C.L.

— MINQOS and Daya Bay/Bugey-3 95% C.L.

— SBND + MicroBooNE + T600 80% C.L.

IIII|.|.|,|J 1 IIIIIIII 1 IIIIIII| IIIII|.|,|J IIIII|.|.|J IIIII|.|,|J 1 IIIIIIII 1 L1l
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See also: JHEP 1807 (2018) 079, Coloma, P. et al
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Non-standard interactions
 NSI appear In many models of neutrino masses

* They can affect the oscillation probabillities

e Information on the size of NSI could be useful for
model-builders

 Two types of NSI:
- CC:Lconst = —2\/§GF€£J[;X(faW“PLlﬁ)(F%PXf)
affecting neutrino production and detection
- NC: LNo-NsI = _2\/_GF€ (7a7“PLV/3)(f%PXf)
affecting neutrino propagatlon IN matter
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Non-standard interactions
 For NSI in propagation the Hamiltonian is

modified to
. /0 0 0 L+en el en
Hp=oz QU0 Amdy 0 U +Aco | @ o
N0 0 Amg €er  €ur Err

 Non-universal couplings
* Flavor-changing neutral currents

« Total of 9 new parameters (3 real and 3 complex
couplings)
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LMA-D

e NSI can worsen the determination of oscillation
parameters drastically

 Example: Determination of solar parameters
o Standard analysis:
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10" F 4 B =
B L1 I L 1 1 | L1 | I L 1 1 | L1 I_ _I Ll I L 1 1 I L1 1 | L 1 | I L 1 1
0 0.2 04 06 08 10 0.2 04 06 08 1

- EB - EB
sin ©_ sin O
JHEP 0610 (2006) 008, Miranda, O. et al
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LMA-D

e NSI can worsen the determination of oscillation
parameters drastically

 Example: Determination of solar parameters
* NSI analysis:

10_3 EI LI I UL | L | L LI IE El [ | L I LI | L I L=
el A i |
= 10 E H E > — E
D = 1 F LMA I LMA-D
S -
. B
HE _5 — f— —— ‘ " —
= 10 3 3 E LMA 0
lD"ﬁ 1 L 1 | | I || r | 1 1 1 I | I 1 1 1 | I I 11 1
0 0.2 04 06 0.8 1 O 0.2 04 06 0.8 1
. 2 . 2
sin GSGL sin GSGL

JHEP 0610 (2006) 008, Miranda, O. et al
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LMA-D

 LMA-D can only be ruled out if combining with

scafttering experiments
4

|||||||||
Ry
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sV

Phys.Rev. D96 (2017) no.11, 115007, Coloma, P. et al



LMA-D

 LMA-D can only be ruled out if combining with
scattering experiments

0 02 04 06
sV

* These results do not apply for mediators of
mass < 10 MeV

Phys.Rev. D96 (2017) no.11, 115007, Coloma, P. et al



LMA-D

» Combining OSC with COHERENT yields
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NSI-parameters from global fit

 However, one can allow for NSI with up AND
down quarks at the same time

JHEP 1808 (2018) 180, Esteban, I. et al
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NSI-parameters from global fit

 However, one can allow for NSI with up AND
down quarks at the same time

* Marginalizing also over the relative strength
between the two relaxes the disfavoring of LMA-D

 Combine oscillation data from solar experiments,
KamLAND, atmospheric experiments,
disappearance data from long-baseline
experiments, reactors and data from COHEREN

JHEP 1808 (2018) 180, Esteban, I. et al



NSI-parameters from global fit
e Blue: OSC, CYAN: OSC+COHERENT

|III|III|III|III|
|]rr|]r|1]r|1]r|1[r|1_
|III|III|III|III|

JHEP 1808 (2018) 180, Esteban, I. et al
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Conclusions (3+1)

* Model-independent indication of light sterile
neutrino oscillations in very short-baseline
reactor experiments

* Nothing seen in muon neutrino disappearance
experiments

e This leads to very strong bounds on |U.4|?, but
also to first bounds on |U,4|?

« APP-DIS tension makes the complete 3+1 global
fit unacceptable

 What are LSND and MiniBooNE observing?
Systematics or new physics?
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Conclusions (NSI)
 NSI can affect the oscillation probabilities

 New degeneracies make precision
measurements more difficult

* To obtain strong bounds we need to combine
with data from oscillation and scattering
experiments

 _LMA-D revives after allowing for NSI with up
AND down quarks

 Bounds from NSI with up AND down quarks are
weaker than the ones for NSI with up OR down
guarks







Parameterization and data
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MINQOS, oscillations at near detector

Reconstructed energy (GeV)
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MiniBooNE, neutrino only

III| 1 IIIIIIII 1 T Tl

. —68%CL
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PRL 121 (2018) 221801




Best fit values and confidence intervals

CL Uea|? |Upa|? |Ura|?
68.27% (1o)  0.016 — 0.024 0.011 —0.018 = 0.0032

95.45% (20) 0.013 —0.028 0.0083 —0.022 = 0.018
99.73% (30) 0.0098 — 0.031 0.0060 —0.026 < 0.039

JHEP 1706 (2017) 135, S. Gariazzo, C. Giunti, M. Laveder, Y.F. Li

More than one sterile neutrino:

(342 | Amy, Am2, [Ua| |Us| |Us| |Us|  ¢s0 |
| All | 0475 0.861 0.120 0177 0.141 0.111 ﬂ.ﬂﬁﬁ?ﬂ|

More information at:
Nucl.Phys. B908 (2016) 354-365, Collin, G.H. , et al



NSI-2dim regions
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JHEP 1808 (2018) 180, Esteban, I. et al



Current bounds on CC-NSI

90% C.L. range origin Ref.

semileptonic NSI

end P —0.015,0.015 Daya Bay 13
endl —0.026,0.026 NOMAD [33]
endh —0.037,0.037 NOMAD [33]
evdl —0.087,0.087 NOMAD 133]
cudR [—0.12,0.12] NOMAD [33]
eudL [—0.013,0.013] NOMAD [33]
S [—0.018,0.018] NOMAD [33]

purely leptonic NSI

ehel ereR [_0.025,0.025] KARMEN 331
el ehd [-0.030,0.030]  kinematic Gr  [33]

Front.in Phys. 6 (2018) 10, Farzan, Y. et al
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