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Global data on neutrino oscillations
various neutrino sources, vastly different energy and distance scales:

sun reactors atmosphere accelerators

Zenith

%
P\,
from
Homestake, SAGE,GALLEX KamLAND, D-CHOOZ SuperKamiokande K2K, MINOS, T2K
SuperK, SNO, Borexino DayaBay, RENO OPERA, NOVA

» global data fits nicely with the 3 neutrinos from the SM
www.nu-fit.org, talk by M. Maltoni

> exceptions: “"anomalies” at 2-3 o
» short-baseline experiments: — sterile neutrinos?
» missing up-turn of solar v spectrum — non-standard interactions?
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Outline

Sterile neutrinos at the eV scale
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Sterile neutrinos at the eV scale

Sterile neutrinos at the eV scale? taiks by D.

» reactor anomaly (7, disappearance)
» Gallium anomaly (v, disappearance)
» LSND (¥, — 7. appearance)

» MiniBooNE
(Vy = Ve, Uy, — Ve appearance)

Lhuillier, A. Hayes
[ | |

Amy gy

mostly based on Kopp, Machado, Maltoni, Schwetz, 1303.3011

> “phenomenological model”: eV scale states are not related to seesaw or the

mechanism of neutrino mass generation

> €V scale seesaw e.g.: Blennow, Fernandez-Martinez, 11; Fan, Langacker, 12;

Donini, Hernandez, Lopez-Pavon, Maltoni, TS, 12

T. Schwetz — IPA16



Sterile neutrinos at the eV scale

Hints for SBL v, — v, disappearance

» Reactor anomaly:

calculation of neutrino flux from nuclear reactors g“? E
Mueller et al., 11: P. Huber, 11 e X IﬁT s :
f =0.935 £ 0.024 (different from 1 @ 2.70) 3 ir ]
by A H Zost R
ta y A. Hayes [ 1
07
distance from reactor [m]
» Gallium anomaly:
Gallium data using Frekers et al PLB11
- . . - 51 L 1
rate from radio-active sources in Gallium solar v (Gallex 1 Cr ’ !
exps compared to cross section calculations Cotlex ™
allex ~ Cr
Acero,Giunti,Laveder,07; Giunti,Laveder,10
SAGE”'cr L 1
SAGE VAr

r=084"3%1  Ax2, =87(2.90)

05 06 07 08 09 1 L1
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Sterile neutrinos at the eV scale

Global v, disappearance data

> reactor and gallium anomalies 10t

> reactors at larger baselines
(Chooz, Palo Verde,
DoubleChooz, DayaBay,
RENO, KamLAND)

> v, disappearance constraints
from LSND and KARMEN from
ve +2C =2 N+ e
Reichenbacher, 05; Conrad, 1071}
Shaevitz, 1106.5552 Hwec .
10-3 10-2 101
Ueal?

SBL reactors

I
!

Solar +KamL ‘=========F==5

100 L

AmZ [eV?]
MBL re

» solar neutrinos
additional constraints:
> DayaBay 2016 , sin20 = 0.09, Am? =1.78¢V?
important for low Am
(imp ) 2. = 296.8/328 (64%)
» preliminary results from NEOS )
IHEP16, talk by D. Lhuillier AXioose =12.9/2  (99.8%CL,3.10)
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Sterile neutrinos at the eV scale

v, — Ve hints from LSND

Beam Excess

17.5F ® Beam Excess
150 o R
B pvgen
other
. . . . .
04 06 08 1 1.2 14
L/E, (meters/MeV)
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b g /l/
. \ ETT6 &
“‘g 100 N LBL reactors 0
g 2 mbined
..... Y,

e o < .-".

107 g9 L, 2dof - B

1073 1072 10t

sin? 26,

LSND signal for 7, — 7. transitions at the E/L ~ 1 eV? scale (3.80)
2.80 excess in antineutrinos, consistent with oscillations
3.40 excess in neutrinos, marginally consistent with osc. (p-value 6.1%)

non-observation of , — U appearance by KARMEN, and others



Sterile neutrinos at the eV scale

Can we fit everything together?

appearance

Ami, L
Pue = sin? 20, sin2 2741 sin? 20, = 4\Ue4\2|UH4]2

disappearance (o = e, i)

2 Amj L

Poo =1 —sin?26,, sin iE

sin 20,0 = 4|Uaal?(1 — |Uaal?)

1
sin® 20,6 ~ i sin® 20, sin’ 20,

v, — Ve app. signal requires also signal in both, v, and v, disappearance

(appearance mixing angle quadratically suppressed)
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Sterile neutrinos at the eV scale

Limits on v, disappearance

10'f :
1 reactors +Gi
» CDHS PLB 1984 g
» SuperK atmospherics N%
Bilenky, Giunti, Grimus, TS 99; e 10%¢ Nl r_esults~
Maltoni, TS, Valle 01 § combined
» MINQOS 1001.0336, 1104.3922 .
1071}
» MiniBooNE v,(7,,) 99% CL

10-2 101

2
|U,u4|

disappearance 1106.5685

New results available from MINOS and IceCube
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Can we fit everything together?

tension between appearance and disappearance data

10t

9%, 9.73% CL, 2 dof

—1 " L "
10792 10-3 1072 107t

sin? 26,e

consistency of appearance vs disappearance X,%G =18/2, P~ 10~*
Kopp, Machado, Maltoni, Schwetz, 1303.3011
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Sterile neutrinos at the eV scale

Kopp, Machado, Maltoni, Schwetz _ Our Fit ‘ )
[JHEP 1305 (2013) 050] Update of [i;%aigokéfé;zézcé%ri]L\, Zavanin,
10' 10
APP 90.00% CL
— - APP99.00%CL
APP 99.73% CL
— DIS 90.00% CL
— DIS 99.00% CL
— DIS99.73% CL
<
« 2
0 [ 4
510 |
S
<
.{//;7”(2,
. -1 I I I
1093 10 102 10-! e 10° 10 107
sin? 20, sin22ﬁeu
Best Fit:  Am?; = 0.93eV? Best Fit:  Am?, = 1.6eV?
|Ueal> = 0.023  |U,4* = 0.029 |Ueal> = 0.028  |U,4af* = 0.014
GoF = 19% (x2,,/NDF = 712/680) GoF = 6% (x2;,/NDF = 304.0,/268)
GoFpg = 0.01% (x2¢/NDF = 18.0/2)  GoFpg = 0.06% (x2/NDF = 15.0/2)
C. Giunti — Oscillations Beyond Three-Neutrino Mixing — Neutrino 2016 — 5 July 2016 — 15/37
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New results from MINOS and Daya Bay

talks @ Neutrinol6, 1607.01177

PR RRAM T

99,A7 99.73% CL, 2 dof

Ly

— Msappearance
g“ --33:’% E

+ MINOS + DayaBay (90% CL)
arXiv:1607.01177

10%

Am?

i
1052 107!
sin? 26,
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Sterile neutrinos at the eV scale

lceCube results prL 2016

10!
10°
o
=
o
~
~d
<1401
IceCube 90% CL
90% CL sensitivity | 1% 8
(68% and 95%) S Z
m— Kopp et al. (2013) 3 S
v =t
1072 107! 10¢
sin? 20,

WARNING: maybe not as striking as it looks in this plot?
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Sterile neutrinos at the eV scale

lceCube results prL 2016

Collin, Arguelles, Conrad, Shaevitz, 1607.00011

10 :
10 e
PR T
'
~  10°F J
10° 5
N ~
% :
< : g
~g 1 T i
g H
< 40-1 :
1071} : | -
'
-2
: 10 -2 -1 0
IceCube 90% CL v & 10 10 10
90% CL sensitivity | 1% o in2 26,
(68% and 95%) S Z sin® 26,
= Kopp et al. (2013) 3 S
1u ——
1072 107! 10¢ SUPPL. FIG. 1: The solid (dashed) line represents the 90%
.9 C.L. IceCube limit when calculated with 034 = 0° (034 = 15°).
s 2(924 The result of the SBL+IC global fit is overlaid, Red — 90%

CL; blue-99% CL.

WARNING: maybe not as striking as it looks in this plot?

T. Schwetz — IPA16 13



Sterile neutrinos at the eV scale

SBL + IceCube
[Collin, Arguelles, Conrad, Shaevitz, arXiv:1607.00011]

SBL SBL + IceCube
10 10?
10" 10t
~ -—— ~ Bd
L .
] e g et
5 10° o ~z 10° -
£ - g
< <
10" 10"
2 10—2
10107 10° 107 10? 10° 10* 10° 107 10" 10°
sin® 20,,, sin? 20,

Red: 90% CL Blue: 99% CL

[ 341 [Amd; [Ues| [Upal [Ural[Noins Xmin  Xaun AX° (dof) |

SBL 1.75 0.163 0.117 - 315 306.81 359.15 52.34 (3)
SBL+IC| 1.75 0.164 0.119 0.00 | 524 518.59 568.84 50.26 (4)
1C 562 - 0314 - 209 207.11 209.69 2.58 (2)

C. Giunti — Oscillations Beyond Three-Neutrino Mixing — Neutrino 2016 — 5 July 2016 — 19/37

Xfmn(SBL + IC) - Xﬁnn(SBL) - X?mn(IC) = 4.67 (2 dOf)
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Outline

Non-standard neutrino interactions
LMA-dark and the mass ordering determination
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no interactions

NUFIT 2.1 (2016)

14 . R
C 9‘3 =8.5° | Il GS98 w/o D/N —
12? | 10; — GS98 ]
E 4 = —— KamLAND el
—10F E ]
>t ] F 1 .
o eF ool 1 “Tension” between solar
= [ 1 9°C ] .
“ °F 1 f 1 neutrinos and KamLAND (~ 2¢)
E 4 41— —
b 4= - [ ]
oF 1 2F =
N S T I IE: BN O A7 IR VA
0.2 0.25 0.3 0.35 0.4 2 4 6 8 10
e mg, (107 oV NUFIT 2.0 (2014)
T T
07| e H
L Borexino (pp) . i EZ:‘;{T(B) 1
06 Borexino (7Be) Borexinol(pep) = SNO -
[ PP ]
A 051 H
g |- B
ok 1
Voo4f d
F 2 2 RN
gl | S0y =0.0218 sin’,, = 0.31 £
| = am’, =47,7.5)x10° eV
ozi —— day -~ night g
QN O P R TN P ISP e O I
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Non-standard neutrino interactions

Non-standard neutrino interactions
Neutrino interactions in the Standard Model:

f
Hgy = 7 TaYu(l = 75)Va Zf'y of — g2 ye)f
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Non-standard neutrino interactions

Non-standard neutrino interactions
Neutrino interactions in the Standard Model:

GF _ 7 f F
Hi = —75 Patu(1 — 8)00 > gy’ —gas)f
f
assume presence of new physics inducing NSI:

Gr _ _
Hnst = 7% Dayu(l —vs)vg D Fytelsf
F

> egﬁ parametrizes strength of NSI relative to Gf
> restrict to vector-type interactions (matter potential)
> NSI can be non-universal (a = ) or flavour-changing (a # 53)

> in general not directly related to neutrino mass (dim-6)
but generically expected at some level
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Non-standard neutrino interactions

Generalized matter potential

1+eee €ep  €er
) UT + V2GENo(x) €ep Cup  Epr

*
€er 6/,LT €rr

Amg1 Am§1
2E, ' 2E,

H = Udiag (O,

€af = Z Yf(X)fgﬁ

f=e,u,d

with Y¢(x) = Ne(x)/Ne(x)

N¢(x): density of fermion f along the neutrino path
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Non-standard neutrino interactions

Limits from oscillation data

20:"1‘” T HH[:
F 1]
90% CL 15 =
Param. [ best-fit LMA LMA @ LMA-D o b E
< - B
el —et, | +0.208 | [+0.00,+0.51] @ [-1.19, —0.81] : ]
el —et, | +0.001 | [-0.01,+0.03]  [—0.03,+0.03] o L
e, —0.021 | [~0.09,+0.04]  [~0.09, +0.10] N AR
€% +0.021 | [~0.14,40.14]  [-0.15,+0.14] 20 prererT
e —0.001 | [~0.01,40.01]  [~0.01,+0.01] 5 £
ed —ed, | +0.310 | [+0.02,+0.51] & [-1.17,—1.03] . 1]
ed —ed | +0.001 | [-0.01,+0.03]  [-0.01,+0.03] J10F E
ed, —0.023 | [~0.09,+0.04]  [~0.09, +0.08] sE E
el +0.023 | [~0.13,4+0.14]  [-0.13,+0.14] ARV E
ed, —0.001 | [~0.01,40.01]  [-0.01, 4+0.01] 0
f f
oo ™ Sy

Gonzalez-Garcia, Maltoni, 1307.3092

> limits at the 1% to 10% level
> exception ede: order-one values allowed!
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Non-standard neutrino interactions

Presence of NSI:

» improved fit to solar neutrino spectrum
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Presence of NSI:

» improved fit to solar neutrino spectrum

» show up in future experiments (affect CP violation measurments)

very large literature — few recent examples
(appologize for ommissions):

Coloma, 1511.06357; deGouvea, Kelly, 1511.05562; Liao, Marfatia, Whisnant,
1601.00927; Forero, Huber, 1601.03736; Bakhti, Farzan, 1602.07099; Masud,
Mehta, 1603.01380; Blennow, Choubey, Ohlsson, Pramanik, Raut, 1606.08851;
Agarwalla, Chatterjee, Palazzo, 1607.01745; Ge, Smirnov, 1607.08513
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Non-standard neutrino interactions LMA-dark and the mass ordering determination
" " .
LMA-dark™ solution

Miranda, Tortola, Valle, hep-ph/0406280

90% CL
Param. best-fit LMA LMA @ LMA-D
el —eb, | +0.298 | [+0.00,+0.51] @ [-1.19,—0.81]
g4, —eb, | +0.001 | [-0.01,+0.03]  [—0.03,+0.03]
e, —0.021 | [~0.09,40.04]  [<0.09, +0.10]
o +0.021 | [-0.14,40.14]  [—0.15,+0.14] e
sy —0.001 | [~0.01,40.01]  [<0.01, 40.01] -
ed, —ed, | +0.310 | [+0.02,+0.51] @ [-1.17,—1.03] 85 ey
ed, —el | +0.001 | [-0.01,+0.03]  [—0.01,+0.03] g7 o]
e, —0.023 | [-0.09,+0.04]  [~0.09, +0.08] < ]
el 4+0.023 | [-0.13,40.14]  [-0.13,+0.14] “ E
e, —0.001 | [-0.01,+0.01]  [-0.01,+0.01] E
<
Gonzalez-Garcia, Maltoni, 1307.3092 r i
el b v b b Lo 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8
2
sin6,,
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» neutrino evolution is identical under H — —H* (CPT invariance)

Non-standard neutrino interactions

LMA-dark and the mass ordering determination

a
ar

» in vaccum this can be realised by

T. Schwetz — IPA16

2 2
Am3; — —Am3,,

[mass]

NORMAL

v; I

sinfip <> cosflp, 00— m—90

FLIPPED
v, T ve
[
v, I
MU
|
Vvt
[
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Amsy Am3 T
—_— 2GgN,
2E, ’ 2, u +d|ag(\/>GF 670?0)

H = Udiag [ 0,
standard matter effect breaks the H — —H* symmetry:

NORMAL g FLIPPED

v; I

vy Ve
M
Vu
o : |
2 excluded by observation of
2 MSW effect in the Sun i

T. Schwetz — IPA16 24



Non-standard neutrino interactions LMA-dark and the mass ordering determination

Amgl Amg1
2E, ' 2E,

H = Udiag | 0, UT + diag(v2GEN,, 0, 0)

standard matter effect breaks the H — —H* symmetry:

NORMAL INVERTED
V,

v I v, T €

3 2 e
v, I

Vu
o |

E V1
|

V2 T
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Non-standard neutrino interactions

LMA-dark and the mass ordering determination

Generalized mass ordering degeneracy
Coloma, Schwetz, 1604.05772

[see also Gonzalez-Garcia, Maltoni, Salvado, 1103.4365;
Gonzalez-Garcia, Maltoni, 1307.3092; Bakhti, Farzan, 1403.0744]

1+e€ € €
) Am2 Am2 . ee e er
H = Udiag <0, 2Ejl’ 2Ejl) Ut + \/EGFNG(X) Ei# Zim ?”
er Wt TT

NSI can restore the H — —H* symmetry by
Am%l — —Am%z s sin 012 <> COS (912 R d—>mT—90
S

€ce = —€ee —2, €qB —> —ezﬁ (af # ee)
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Non-standard neutrino interactions

Generalized mass ordering degeneracy

€ee —> —€ee — 2,

*
6045 — _EQB

LMA-dark and the mass ordering determination

(B # ee)

> in presence of NSI no
oscillation experiment
can exclude a flipped

[mass]

NORMAL

v; T

FLIPPED-N

V3 T

IF‘< I‘;< Im<

neutrino mass spectrum

> determination of mass
ordering becomes
impossible!

]Z

[mass

FLIPPED-1
v; I

INVERTED

V2

[
v, T

V3 T

B
g

Vi

-
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Generalized mass ordering degeneracy

€ee = —€ee — 2, €ap = —€3 (af # ee)

> €af = Dfeud Yf(X)Egﬁ with Yr(x) = Ng(x)/Ne(x)

> for €5 = —2625 NSI happen only on protons —
effects become independent of the matter composition

> Ex.: for €Y, = —4/3,¢%, = 2/3 we get ece = —2 for any matter
composition — degenerate with no NSI
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Need data on NC-like v, scattering

» need bounds on Ve/l/n-,,u Ccz)loma, Schwetz, 1604.05772
neutral-current universality from F‘ DR R
non-oscillation experiments K 1

> historical data CHARM-II, 1986 11 1
constrain part of parameter space <8 0? ]

» degeneracy remains approximately
» CHARM constraint is .

L —
L

model-dependent i o]
> progress expected from exps looking e R
for coherent neutrino—nucleus €,

scattering talk by K. Scholberg
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Non-standard neutrino interactions LMA-dark and the mass ordering determination

Generalized mass ordering degeneracy...

» requires ede of order one (NSI comparable to weak interaction):

2

N~ CF

» g~ 1, A2 my strongly constrained (LHC,LFV,...)
> alternative: g < 1, MeV 2 A < myy

> consistent gauge models for ede ~ 1 exist
Farzan, 2015; Farzan, Shoemaker, 2015

T. Schwetz — IPA16 28



Outline

Conclusions
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Conclusions

Conclusions

» eV-scale sterile neutrinos
» no satisfactory fit of global data (app/disapp tension)
> no signs for steriles in new results —
not conclusive yet but hints are getting more and more squeezed ...

» non-standard neutrino interactions

weak hint (207) from solar neutrino spectrum

possible manifestation of new physics in the lepton sector

LMA-dark: still allowed O(1) perturbation of neutrino sector

requires €ee ~ 1

implies generalized mass ordering degeneracy

impossible to resolve by oscillations — scattering experiments (v, NC)

v

vV vy VvYy
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Conclusions

Conclusions

» eV-scale sterile neutrinos
» no satisfactory fit of global data (app/disapp tension)
> no signs for steriles in new results —
not conclusive yet but hints are getting more and more squeezed ...

» non-standard neutrino interactions

weak hint (207) from solar neutrino spectrum

possible manifestation of new physics in the lepton sector

LMA-dark: still allowed O(1) perturbation of neutrino sector

requires €ee ~ 1

implies generalized mass ordering degeneracy

impossible to resolve by oscillations — scattering experiments (v, NC)

v

vV vy VvYy

Thank you for your attention!
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