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Part I1l: Phenomenology

Three-Neutrino Mixing Paradigm
Absolute Scale of Neutrino Masses
Neutrinoless Double-Beta Decay
Light Sterile Neutrinos

Cosmology
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Three-Neutrino Mixing Paradigm

Standard Parameterization of Mixing Matrix

1 0 0 c13 0 S13e_i513 cip sip 0 1 0 0
U= 0 o3 s3 0 1 0 —s12 c12 0 0 e 0
0 —sp3 c23) \—s13€13 0 ci3 0 0 1/\0 0 e
c2c13 s12€13 s13e77013 10 0
= | —sics—crosssize¥13  cpoz—spsssize®3 spas 0e?21 0
512523 —C12C23513€%13  —cios3—siac3si3e¥13 ozci3 0 0 ePa
. s
Cab=c0sUap  Sap=sintyy 0 <9, < > 0 <013, A21, A31 < 27
3 Mixing Angles: 12, Vo3, V13
OSCILLATION 1 CPV Dirac Phase: §
- 013
PARAMETERS

2 independent Amij =m; — mf: Am3y, Am3,

2 CPV Majorana Phases: A1, A31 <= |AL| = 2 processes
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Experimental Evidences of Neutrino Oscillations

SNO, BOREXino

Solar Super-Kamiokande A 2 A 2 75 10,5 V2
Ve = Uy, Ur GALLEX/GNO, SAGE . ms = Amy = 1.5 €
Homestake, Kamiokande Sin2 195 — sin2 1912 ~ 030

VLBL Reactor

— . (KamLAND)
Ue disappearance

Super-Kamiokande
Kamiokande, IMB

MACRO, Soudan-2 Ami = |Am§1| ~25x 10 3eV?
LBL Accelerator < K2K, MINOS ) N

Atmospheric
Vy — Uy

v, disappearance T2K, NOvA sin? Ya = sin® Y23 ~ 0.50
LBL Accelerator

Opera
V= vy (Opera)

LBL Accelerator
Vy — Ve

%
LBL Reactor Daya Bay, RENO sin2 1913 ~ 0.023
e disappearance Double Chooz

(T2K, MINOS, NOvA) Ami _ |Am§1\
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Pveave

1.0

E , KamLAND
s L=4AMa
< -
E =~3.6MeV (reactor V) E/L=~Am§
107! 1 10 10°

L [km]

103
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Mass Ordering

m2 ‘ Ve vy vy ‘ m2
Vs )
Am? <
4!
Am3 Amy
@)
> Am?

141 V3
Normal Ordering Inverted Ordering
Am3; > Am3, >0 Am3, < Am3; <0

absolute scale is not determined by neutrino oscillation data
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Three-Neutrino Mixing Around 2015

Ami = Am3; ~75+0.3 x 1075 eV?

Am} = |Am3;| =~ [Am3,| ~ 2.4 £0.1 x 103 eV?

uncertainty ~ 3%

uncertainty ~ 4%

1 0 0 c13 0 s3e 13 ci2 si2 O 1 0 0
= 0 o3 s 0 1 0 —s12 c2 0[]0 €21 0
0 —s3 3 —s13e/%13 0 ci3 0 o 1/\o 0 el*31
D23 = In Daya Bay, RENO Y12 = Vs Abow
sin? 923 ~ 0.4 — 0.6 Double Chooz sin? 915 ~ 0.30 + 0.01
Posc o< sin? 21923 T2K, MINOS
maximal and flat  sin? 3 ~ 0.023 + 0.002
at 13 = 45°
(5sin2 ’1923 (5sin2 1913 5sin2 1912
U B a0 B a10% 2 a5%
sin© ¥3 sin® 913 sin“ Y12

C. Giunti — Theory and P}

y of M. Neutrinos — 11l — CINVESTAV — 30 Jan - 3 Feb 2017 — 7/108



Open Problems

v

U3 ; 45° 7
» T2K (Japan), NOvA (USA), ...

v

CP violation ? 613 =~ 37/2 7
» T2K (Japan), NOvA (USA), DUNE (USA), HyperK (Japan), ...

v

Mass Ordering ?

» JUNO (China), RENO-50 (Korea), PINGU (Antarctica), ORCA (EU),
INO (India), ...

Absolute Mass Scale 7
» 3 Decay, Neutrinoless Double-8 Decay, Cosmology, ...

v

v

Dirac or Majorana ?
> Neutrinoless Double-5 Decay, ...

» Beyond Three-Neutrino Mixing 7 Sterile Neutrinos ?
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Determination of Mass Ordering

1. Matter Effects: Atmospheric (PINGU, ORCA), Long-Baseline,
Supernova Experiments

Amﬂ Cos 21913

> ve S v, MSW resonance: V= < Am3; >0 NO

2E
2
> Ue S 7, MSW resonance: V= _Am%gsh?lg & Ami; <0 10
2. Phase Difference: Reactor 7, — 7. (JUNO, RENO-50)
TTLZ TVLZ
Normal Ordering —ia 2 Inverted Ordering
|Amy, | |Ams, |
I I
2 2 2 2
|Am,[+[Amy, | |Amsy|—[Am3, |
2 2 ——a 2 2
|Amsy| > |Am3,| L — |Ams,| < |[Ams,|
141 123
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q o6f
g 06 - N Non oscillation
E - £ , —— 6, oscillation
g 051 : —— Normal hierarchy
3 C i AN Inverted hierarchy
04 !
03f i \\.
02fF
01/
10 15 20 25 30
L/E (kn/MeV)
Neutrino Physics with JUNO, arXiv:1507.05613
Ry ) =1 —cos" ¥13sin’ 2015 sin® (Am3, L/4E)
Ve 2 2 2 2
— cos” ¥y sin® 2013 sin® (Am3; L/4E)

—sin® ¥1o sin® 2013 sin* (Am3, L /AE)

[Petcov, Piai, PLB 533 (2002) 94; Choubey, Petcov, Piai, PRD 68 (2003) 113006; Learned, Dye, Pakvasa, Svoboda,
PRD 78 (2008) 071302; Zhan, Wang, Cao, Wen, PRD 78 (2008) 111103, PRD 79 (2009) 073007]
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CP Violation?

> In this approximation there is no observable CP-violation effect!
» CP-violation can be observed only with sensitivity to Am3;: in vacuum
Agg — Pl/a—ﬂjg - Pﬁa—>l7§ ) 5
Ams L Ams L Ams,L
—16J,3sin <Z7él) sin <Z7;1> sin <Z7é2>

Jag = |m(Ua1 U:QUEI ng) =4J

2 .
J = 512€12523C23513C13 5iN 013

» Necessary conditions for observation of CP violation:

» Sensitivity to all mixing angles, including small 93
» Sensitivity to oscillations due to Am3; and Am3;
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LBL Oscillation Probabilities

Am3, L Am3 2EV
A== 2T Ao ST V= 2GEN,
4E Ams; Amsg,
sinf13 < 1 a1

Pl';eB_';Ve ~ 1 —sin?2013sin®> A — a2AZsin? 2915

sin?[(1 — A)A]

PL‘MB_L% ~ sin? 2013 sin’ U3 (1_ AP
in(AA) sin[(1 — A)A
+a sin 20913 sin 2915 sin 20923 cos(A + 613)Sm(A ) sm[(l - A) ]
in?(AA
+a? sin? 2915 cos? 19%%
A
NO: Am3 >0 10: Am3; <0

for antineutrinos: 13 — —d13 (CPV) and A — —A (Fake CPV!)

[see: Mezzetto, Schwetz, JPG 37 (2010) 103001]
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ND at 280 m

T2K

[PRL 107 (2011) 041801, arXiv:1106.2822]

FD at 295 km

2.5° off-axis = NBB with (E) ~ 0.6 GeV ~ |Am3,|L/2x

5CP
)

an k-

o

[ 90% CL

— Best fit to T2K data |
68% CL 1

T2K ]
143x10% p.ot. ]

L I
0 0.1 02 0.3

0.6

Vy — Ve

6 v, events in FD
background: 1.5+0.3

2.50 effect

0.17

. 0.11%5°54
Sin 21913 = 4020
0.1475 1

90% C.L. 013 =0

Assumptions

(NO)
(10)

Am?, =7.6 x107%eV, sin? 201, = 0.87

04 05
sin?20 Am2| = —3eV, sin? =
3 |[Am3;| = 2.4 x 1077 eV, sin“ 203 =1
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3 (m)

8 (1)

MINOS

[PRL 107 (2011) 181802, arXiv:1108.0015]
ND at 1.04 km FD at 735 km (E) ~3GeV
P ' Vy — Ve
62 v, events in FD
background: 49.6 £7.5

Am?> 0

i— MINOS Best Fit
Mes%cL.

Ml so%c.L.

oozt ] 160 effect
E 0.047
] ) 0.041%5:031 (NO)
sin 21913 =
0.0797990%2 (10)

68% C.L. 013 =0

MINOS ]

20 ] 1
8.2x10 POT | Assumptions

Am? =7.6 x1075%eV, sin? 201, = 0.87

0.6 0.1 0.2 0.3 o4 2 _ -3 .2 _
2sif(20, sirfo,, |[Am3;| =23 x 1077 eV, sin“ 203 =1
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0.5

Large CP Violation?

L ‘ L
0.06
sin2(913)

******* T2K Only 68% Credible Region

0.04

T2K+Reactor 68% Credible Region
T2K+Reactor 90% Credible Region
T2K+Reactor Best Fit Point

T2K Only 90% Credible Region
T2K Only Best Fit Line

T2K, PRD 91 (2015) 072010, arXiv:1502.01550
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T2K v, + v,

S,
freeifrenirer

R I B3 T Unosilacd prediction Larger than expected
like sample Best it spectrun ki 1‘;7 Bestfit spectrum i
oE — Dota Ve appearance
3 T2K B 1.7 prtiminry
T he 20|

H-like sample

I V beam mode

°

Smaller than expected

V beam mode

T04 06

08

12

Reconstructed neutrino energy (GeV)

Normal Hierarchy

T gy —— Unilacspiion | 5 O —— Unoscilled prdicion Ve appearance
Bestfit spectrum 3 o0 —— Best-fit spectrum
—*— Data = S0 —=— Data
e-like sample  *| T2K Run 1.7¢ prefiminary

) H-like sample
of

105

213 )
o e Zost Data prefer the value of

15 72 25 3 35 4 a5 s

dcp inducing the largest
V-V asymmetry: -T1/2

Reconstructed neutrino energy (GeV)

Beam mode | Sample 3cp =-2 | 8cp = 0| 8cp = +1/2 Scp =T Observed [l eYiel | ele b 1l! systematic
TN ke 1358 1355 1357 1360 135 parameters are shared between the
tril lik 28.7 24.2 19.6 241 32 4 samples
Neutrine Rl c-o1f : : . — 2 Fit simultaneously the 4 samples to
anti-neutrino  p-like ‘ 64.2 | 64.1 64.2 64.4 66 maximize the sensitivity to the
anti-neutrino e-like 6 6.9 77 6.8 4 oscillation parameters

[T2K @ NOW2016, September 2016]

v of M
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d¢p (radians)
S

w

T T T

T2K Runl-7c preliminary

d¢p (radians)
N

T2K only

*sin20;3 = 0.022
* sin?8y3 = 0.528

0 *NH, 8cp=-1.601
S 0 —— Normal Hierarchy
= —— Inverted Hierarchy
i 2
c Fixed Mass Hierarchy
()] -3 n P -
(7] 0 0.06 0.08 0.1
'T 2, 3| T
— =
s F N\ /e 68.27 - =2
- -‘% 2 27%CL (-2In Lm 2
3 =3 — 90%CL (-2InL_ =4.61)
o erit
x 1 * Best-fit

=)

T2K Runl-7c¢ preliminary

68.27%CL
— 90%CL

*  Best-fit
PDG 2015

—— Normal Hierarchy

—— Inverted Hierarchy

Fixed Mass Hierarchy

o
=3
=3
=3
2
3
=3

‘Runl-7 Observed |

d¢p (radians)
-

=)
T T T T

—— Normal Hierarchy

—— Inverted Hicrarchy

T2K +
Reactors 0,; ||

Fixed Mass Hierarchy

-2 -
T2K Runl-7c preliminary

-3 -/ | =

0015 0025 0.03 0.035

T2K Runl-7c preliminary

----- 68.27%CL
— 90%CL
*  Best-fit

—— Normal Hierarchy

—— Inverted Hicrarchy

E Fixed Mass Hierarchy E
| =
0.02 0.025 003 0.035

sin® 0,

® T2K results consistent with reactor results

% Maximal CPV: data prefer 8cp=-T1/2 (Ve data confirm the tendency observed for V. data)

® Favors the scenario of a small 83 and large CPV

[T2K @ NOW2016, September 2016]
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A T, or Aml, (V)

1A m2,| (107 Vet

Constraints on the atmospheric parameters: 023 and Am?;

38210° 38:10° __
8 T T . ; 7 38 T T K .
3.6 — T2KRun17 v 80% CL -+ T2K Runt-7 v 68% CL| 3.6 T2K Runt-7 v 0% CL . T2K Runt-7 v 66% cL| |8 @ Ll I3 (1012110
B4 K Runt7 Veo% oL T2K Runt7 ¥ 68% 6L O~ TaK Runt-7 ¥ 80% GL -~ T2K Run1-7 ¥ 68% L]
3. 3.2 i =P(V.. =V
2 &+ El P(Vu— Vu)=P(Vu—Vy)
28 2.8 *
26 -1 2.6
24 -1 24 =
22f - 2. i V, V,
NH I R ] i P(Vuo Vi) =PV V) =
2 T2K preliminary{ 2 T T2K preliminary o
L R - ¥ P AL o s e - A . P | theorem is violated
sin’D,, or sin’0,, sin’D,, or sin®0,,
3.6 T T T T T ™
- 68%CL . E
34F Normal Hierarch; = 2 . A
F——9%%CL N World-leading measurement of sin? 03
32F  * T2K bestfit /\ — . a . .
F El © Results continue to be consistent with
F E maximal mixing/oscillation
2.8 = F3 . ege . -
iy E No significant differences between v and V
24F -
22F E
2F NOVA (2016) MINOS+ sin2023 0.53270:045 | 0.53470:043
1.8 T2K Runl-7¢ preliminary Super-K
C 1 1 ] Il 1 1 [l Il |
03 035 04 045 05 055 06 065 07 2545181 251.075°1
sin” 6, ’ ) px]

[T2K @ NOW2016, September 2016]
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P. Vahle, Neutrino 201 6*'

0 Long-baseline, off-axis neutrino oscillation
experiment

Study neutrinos from NuMI beam at Fermilab

At 14 mrad off-axis, energy peaked at 2 GeV

Functionally identical detectors
o ND on site at Fermilab

o FD 810 km away in Ash River, MN
o Measurement at ND is directly used to predict FD

[NOvA @ Neutrino2016, July 2016]
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| 17 | P. Vahle, Neutrino 2016 -

NOVA Preliminary

' ' o Fit for Am? and sin20,,

3.5)

NOvAI 6.05x10% P‘OT-equiv.
——— 90% C.L. NOVA 2016 0 Dominant systematic effects included in fit:
Normalization

NC background

Flux

Normal Hierarchy

®
L e e

Muon and hadronic energy scales
Cross section

Am2, (10° eV?)

Detector response and noise

—TTT
L

No FC Correction

0.3 0.4 0.5 06 07

Best Fit (in NH):
|Am3,| = 2.67 £ 0.12 x 10~ 3eV?
sin? B3 = 0.4070:03(0.637052)

Maximal mixing excluded at 2.5c

[NOvA @ Neutrino2016, July 2016]
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September 2016 Global Fit

COMMENTS

Hint for CP violation at ~20

2 22 24 26 28 0 0.5 1 15 2

Am?10° eV? d/n sin2023=0.5 disfavoured at ~2.80

Second octant disfavoured at ~2o0

Ax2 ~3.7

A,
0.25 0.3 0.35 0.01 0.22 0.03 0.3 04 0é5 [ox3] 0.7 -
" . .
sin0,, sin0,, Sin“0,,

[Capozzi, Lisi, Marrone, Montanino, Palazzo @ NOW2016, September 2016]

[See also: Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler, Schwetz, arXiv:1611.01514]

C. Giunti — Theory and P} logy of Massive Neutrinos — Il — CINVESTAV — 30 Jan - 3 Feb 2017 — 21/108




Absolute Scale of Neutrino Masses

@ Absolute Scale of Neutrino Masses
o Tritium Beta-Decay
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Mass Hierarchy

or Degeneracy?

T T T T T T T T T T
t-|Normal Ordering ' . = Inverted Ordering ' . 7
—m Quasi-Degenerate /! —m Quasi-Degenerate /!
1 H " ' o 1 K —_my ' ' =
I m . : . i | '
o —m i 1 . — m i 1 .
> | : ! s : ; '
o . | : R . | ‘
100k ‘ . 100k ‘ .
. gl 7 gl e ° tm, 7 S HE
- Aamd © 1o R B R T © ) =]
£ Ma 2 8 51 € m 2 8 5]
- b e} ‘= 2 3 e} ‘= R
£ g 3 2| B g 3 B
R TR T
Fh2 S %) S S %) REE
[ my %" ' @ ] mg %-- '@ =]
, 8 3 =] g 3 =]
, = = =S 5
Normal Hierarchy =: | =3 ?;; Inverted Hlerarchy— ! =3 3;
10—3 L ol Ll s 10—3 Lo - Hu.u\ Ll s
107° 1072 107" 1 10°° 1072 107" 1
Lightest mass: m; [eV] Lightest mass: my [eV]
2 2 A 2 2 A 2 2 A 2 A 2
my = my + Amy = my + Amg m; = m3 — Ams; = m3 + Amj
2 2 2 2 2 2 2
m3=m;+Am3; = m;+ Amy ms = m} + Ama; ~ m3 + Ama
Quasi-Degenerate for my ~ my ~ m3 ~ m, 2 \/Am2A ~5x 102
95% Cosmological Limit: Planck TT + lowP - BAO [arXiv:1502.01589]
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Tritium Beta-Decay

3H—>3He+e_+176

dr costc Gr)?
R NVREGTI

Kurie function:  K(T) = [(Q s \/(Q ~ T)2 - mg} 1/2

Q = Msy — Mspy, — me = 18.58 keV

‘m,, <22eV (95% C.L.)|
Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]
RN B N start data taking 20167
r Q=m, Q sensitivity: m,, ~ 0.2eV

0
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www.katrin.kit.edu

Neutrino Mixing = K(T) =

1/2
Q-7 |Uek\2\/(0 ~T)* - mil
k

| analysis of data is
1 different from the
no-mixing case:

Al 1 2N — 1 parameters
L Q ]

Q—my Q—m

if experiment is not sensitive to masses (my < Q — T)

effective mass: mé = Z |Uek|?m3

m2
K2 Q T) Z‘Uek‘ Q _,_ (Q T) Z‘Uek‘ |: (Q_k_,_)z:|
m
= (Q—T)? [ 2(Q ﬁT ] Q- T)fmﬂ
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Predictions of 3v-Mixing Paradigm

m% = |Ue1[> m3 + |Uea|* m3 + |Ues|* m3

10 F T T T T r A
! 1 » Quasi-Degenerate:
r 95% Mainz and Trontsk Limit 1 2 L a2 2 .2
M e T ] e m2 S |Ua? = m2
1 F . E
; : i » Inverted Hierarchy:
[ 95% KATRIN Sensitivit 1 2 o 2 2 2
S T e m ~ (1 — si3)Amy ~ Amy,
0t F A E .
e 10 g 1> Normal Hierarchy:
e} 1 2 L2 2 2 2 2
L :% i mB = 512C13Ams + 513AmA
10—2 :Q - ~ -5 -5 2
" NO ‘?i’: 7 ~2x107°+6x10 eV
L :E —_— 15 |1
r = — 20 | —
I £l — 2] »If mp<4x102eV
1073 ol n AAAAA:AAl ol L U,
-3 — —1
10 10 10 1 10 Normal Spectrum
Mmin [€V]
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Neutrinoless Double-Beta Decay

9
9As
ot B_
Ge
p=6"
ot
1Se
. . . . o 2
Effective Majorana Neutrino Mass: mgg = Z Ug my
k
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Two-Neutrino Double-3 Decay: AL =0

N(AZ) > N(AZ+2)+e +e . -
_ _ N4
+ Ve + Ve \\ —

2 \—1 2
(-,—1/1/2) = Goy Moy
second order weak interaction

process //'/W
in the Standard Model

Neutrinoless Double-5 Decay: AL =2

NAZ) > NAZ+2)+e +e \\U,
(T2/2) ! = Gou [Moy|? [mgs|?

mp ——x Vj
effective
Majorana  |mgg| = Z U2 mi Ueh—mb——>—m
mass k W
d e u
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_f e 2B ;
9 F BB
© ¢ ]
SECh E
= r ]
< | 4
© r h
o _F E
© r h
(=} co v P v pe v g ‘\\\:
o I I I I
0.0 05 1.0 1.5 2/0
T [MeV] Q=2.039MeV
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

Mps = |Ue1’2 my + |U62‘2 ela2 my + ‘Ue3|2 PREE ms

QA = 2/\2 a3 = 2 ()\3 — (513)

Im[mg] Im[mgg]
mgg| =0
U%ms o
mpp
Qs
: UZnh. UZm:
U%ms 33 2172
Qo () X2
Uc21m1 Re[mgﬁ] Uc21m1 Re[mgﬂ]
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2015 90% C.L. Experimental Bounds

BB~ decay

experiment

Tlo /1/2 [Y]

mgg [eV]

73 I8
56Ca — 55Ti

ELEGANT-VI

> 1.4 x 10?2

<6.6-31

76 76
35Ge — 32Se

Heidelberg-Moscow

IGEX
GERDA

> 1.9 x 10%
> 1.6 x 10%
>2.1x10%

< 0.23 - 0.67
<0.25-0.73
< 0.22-0.64

82 82
525¢ — 56Kr

NEMO-3

> 1.0 x 105

<1.8—-47

10970 » 1Ry

NEMO-3

> 2.1 x 10%

< 0.32-0.88

116 116

Solotvina

> 1.7 x 103

<15-25

128 128
Tole — “g3Xe

CUORICINO

> 1.1 x 1073

<7.2-18

130 130
5o le — "3, Xe

CUORICINO

> 2.8 x 10%*

<032-12

136 136
saXe — “peBa

EXO
KamLAND-Zen

> 1.1 x 10%®
>1.9x 10%

<0.2-0.69
< 0.15-0.52

150 150
ooNd — “g5Sm

NEMO-3

> 2.1 x 10%

<26—-10
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|mggl [eV]
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E3
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NEMO-3 E!
GERDA k3 EXO ]
3 5 K-ZEN ]

48
20Ca

76,
320€

T T T T
82, 100 116, 128.
345€ 2Mo 4Cd 5le

[Bilenky, CG, IJMPA 30 (2015) 0001]
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Predictions of 3v-Mixing Paradigm

mgg = |U61’2 my + |Uez‘2 elo2 my + ‘U63|2 eios ms3
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3v — Normal Ordering 1 & iwerted Ordering
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mgg = |Ue1 |2 my + |Uea|? €992 my + |Ues|? e/ m3

RN

» Quasi-Degenerate:
10" F E ~ 2 2
F ] |m55| >~ my 1-— 5219125
A ! 1 .
= - > Inverted Hierarchy:
=10 '8 3
a .0\0 E ~
E o 1Imgp| ~ \/AmA (1 _521912 sa,)
7
19
107 & E : .
'S i » Normal Hierarchy:
B ]
= 2 o 2
'S | — 10| |mas| = |sia/AmE + €'“sf5/Amy|
(=3 — 20 .
o 4 || ~ 2.7+ 1.2¢ x 1073V
10+ 10° 10°° 107 1

Mpin [eV]

|mgs| < 1072eV = Normal Spectrum
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860, Decay < Majorana Neutrino Mass

|mgg| can vanish because of unfortunate cancellations among my, my, m3
contributions or because neutrinos are Dirac

BP0, decay can be generated by another mechanism beyond SM

ﬂ 3 Ov —— = 3 ﬁ[)l/
—_— > a
d : R

[Schechter, Valle, PRD 25 (1982) 2951] [Takasugi, PLB 149 (1984) 372]

Ve = Ve(h = +1)

Majorana Mass Term: LY = —L mee (VS Ver +TeL V)

four—loop diagram calculation: Mee ~ 10_24 eV [Duerr, Lindner, Merle, JHEP 06 (2011) 091]
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» In any case finding 33y, decay is important information to solve the
Dirac-Majorana question in favor of Majorana

» On the other hand, it is not possible to prove experimentally that
neutrinos are Dirac.
A Dirac neutrino is equivalent to 2 Majorana neutrinos with the same
mass.
Impossible to prove experimentally that mass splitting is exactly zero.
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Light Sterile Neutrinos
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Indications of SBL Oscillations Beyond 3v
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LSND

[PRL 75 (1995) 2650; PRC 54 (1996) 2685; PRL 77 (1996) 3082; PRD 64 (2001) 112007]

Uy — Ve 20MeV < E < 52.8 MeV

17.5

Beam Excess

125

04 06 08 1 1.2 14
L/E, (meters/MeV)

» Well-known and pure source of 77,

p + target — 7t L 4y,

pt —— " +ve + 1,
at rest
L~>~30m
- +
Vet+p—>n+e
Well-known detection process of 7,

> ~ 3.80 excess

» But signal not seen by KARMEN at
L ~ 18 m with the same method
[PRD 65 (2002) 112001]
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(=)
(S}

B ?
RN 3 -
: Karmen CCFR]
- Bugey 1
3 E
E NOMAD
_]7 i
10+ E

- W 90% (L, -L<2.3)
© o 99% (L, L <4.6) ]

2

10 \\\\H‘ L L \\\H\‘ L L \\\\H‘ L L )
107 107 10" L1
sin” 20

Am%BL Z 3 X 1072 eV2 > AmiTM ~ 25 X 1073 eV2 > Am%OL
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MiniBooNE

L ~541m

Vy, — Ve [PRL 102 (2009) 101802

200 MeV < E < 3GeV

e Data
[ Vefromu
= V. from K;
N s v, from K
bow signal = O misid
[—e
4 = it
[ other
Total Background

Events / MeV

14 15

Events/MeV

ECE (GeV)

» Purpose: check LSND signal.
» Different L and E.
» Similar L/E (oscillations).

» No money, no Near Detector.

D}L ? De [PRL 110 (2013) 161801]
2 Antineutrino 7
_Data (stat err.)

1.0 LSND signal 3 ve from ™ —
v, from K"
=3 v, fromK°

08 B3 P misid —
A

06 o ]
— Constr. Syst. Error

12 14 15 3.0

E% (GeV)
LSND signal: E > 475 MeV.
Agreement with LSND signal?
CP violation?

Low-energy anomaly!
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Gallium Anomaly
Gallium Radioactive Source Experiments: GALLEX and SAGE

ve Sources: e~ +°1Cr = 2V + 1, e +3Ar = 3Cl+ 1,
E ~ 0.75MeV E ~ 0.81 MeV

Test of Solar v, Detection: vt MGa— "Ge+ e

= £ GALLEX SAGE

f Cri Cr ]

= GALLEX SAGE
\§<L o | 1 Cr2 Ar
2“’ o
Il
x

R=0.84+0.05

~ A
=] ]

~ 2.90 deficit

<L>GALLEX =19m <L>SAGE =0.6m [SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807;
Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344,
2 2 2 2 MPLA 22 (2007) 2499, PRD 78 (2008) 073009,
Amgg 2 1eVe > Ampry > Amgo, PRC 83 (2011) 065504]
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» Deficit could be due to overestimate of
o(ve +1Ga — "Ge +e7)

» Calculation: Bahcall, PRC 56 (1997) 3391
3/27 0.500 MeV

5/27 0.175 MeV

1/2

10.233 MeV

71Ga

> 0GsS. from T- 71Ge = 11.43 £ 0.03 days [Hampel, Remsberg, PRC 31 (1985) 666]
1/2 M

0c.s.(*1Cr) = 55.3 x 107*° cm® (1 + 0.004),,

Cr) = 1Cr) (14 0.669 ——— +0.220 ———
> o‘( Cr) Ug_sl( CI’) < + 0.669 BGTcs. + 0.220 BGTcs.

» Contribution of excited states only 5%
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v

v

v

BGTizs BGTso0
BGTgs. BGTgs.

Krofcheck et al.

71 71
PRL 55 (1985) 1051 Ga(p, n)""Ge < 0.056  0.126 +0.023

Haxton

PLB 431 (1998) 110 Shell Model 0.19+0.18

Frekers et al.

PLB 706 (2011) 134 "Ga(*He,*H)™ Ge 0.039 + 0.030 0.202 +0.016

The "*Ga(®He, 3H)"*Ge data confirm the contribution of the two excited states.

Haxton: “The calculation predicts destructive interference between the (p, n)
spin and spin-tensor matrix elements”

It is unlikely that the deficit is caused by an overestimate of the cross section.

Possible explanations:

» Statistical fluctuations.
» Experimental faults.
» Short-baseline oscillations.
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Nexp/ Neal

R=

Reactor Electron Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006]

NeW reactor De ﬂUXeS [Mueller et al, PRC 83 (2011) 054615; Huber, PRC 84 (2011) 024617]

E —&— Bugey-3 —+— Gosgen —%— Rovno88 —4— Palo Verde  —=— Nucifer
NE —— Bugey-4 —— ILL —&— SRP —2— Double Chooz —— Neutrino-4
A —4— Rovno91 —— Krasno —#%— Chooz —%- Daya Bay RENO
o ;
o
S
o F
S £
~ f
S E
o
EN
o R=0.936+0.021 E
c B . . S R | . S SR | E|

10 10? 10°
L [m]

=~ 3.1o0 deficit
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PVE—WE

1.20

% Bugey-4 —4— Rovno88 —<— Gosgen —v— Krasnoyarsk —— Nucifer
E|—e— Rovno91 —+— Bugey-3 - ILL —#— SRP
o
8 % * [ %
ol <2
o E
s ¢
g E[E = 4MeV - sin®20,,=0.1
S E| — ami=01eV?
E 205 ev?
E| 4 2
o £ — Amj,=1.0eV
~ E 1 1
= 2
1 10 10

L [m]

AmgBL > 0.5 eV? > Am/z“—M > Amgm_
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v

E —~Data
20000 [ Full uncertainty
> 15000 3 = Reactor uncertainty|
g § 15000— —ILL+Vogel
& £
g 10000 % mooo? -
~ ui E Integrated
P 5000 — "
§ 5000 = . . =
< =
m g E 1.2E
-
5 15
Q 02 gg 09
E ’ T 08
S 0.1 e aE
5 E
= 0 S
' £T o
% =0.1F ] 87 o
a 1 2 3 45 6 7 8 N
Prompt Energy (MeV) 2 prompt Energy (Me) °
[RENO, arXiv:1511.05849] [Daya Bay, arXiv:1508.04233]

Local problem with ~ 3% effect on total flux.

It is an excess!

It occurs both for the new high Muller-Huber fluxes and the old low
Schreckenbach-Vogel fluxes.

Real problem: apparent incompatibility of the bump with the 3 spectra from
235U and 23°Pu measured by Schreckenbach et al. at ILL in 1982-1985.
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Beyond Three-Neutrino Mixing: Sterile Neutrinos

m
s
Vg

V3

vy
11

Terminology:
means:

Vs,
2 2
Amgg, 2 leV
Amiyy ~——— ~25x 107 3eV?
Amg, - ~T74x107%eV?
Ve Vy Vs

a eV-scale sterile neutrino
a eV-scale massive neutrino which is mainly sterile
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Sterile Neutrinos from Physics Beyond the SM

Neutrinos are special in the Standard Model: the only neutral fermions

Active left-handed neutrinos can mix with non-SM singlet fermions often
called right-handed neutrinos Neutrino Portal [a. smirmov, arxiv:1502.04530]

Light left-handed anti-vg are light sterile neutrinos

VE—Ust (left-handed)

Sterile means no standard model interactions
[Pontecorvo, Sov. Phys. JETP 26 (1968) 984]

» Active neutrinos (ve, v, ;) can oscillate into light sterile neutrinos (vs)
» Observables:
» Disappearance of active neutrinos (neutral current deficit)
» Indirect evidence through combined fit of data (current indication)
Short-baseline anomalies + 3v-mixing:

Am3, < |Am3| < |AmZ| < ...

141 1%} V3 |20
Ve Yy Vr Vs,
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» Here | consider sterile neutrinos with mass scale ~ 1eV in light of
short-baseline Reactor Anomaly, Gallium Anomaly, LSND.

» Other possibilities (not incompatible):

» Very light sterile neutrinos with mass scale < 1eV: important for solar
neutrino phenomenology
[de Holanda, Smirov, PRD 69 (2004) 113002; PRD 83 (2011) 113011]
[Das, Pulido, Picariello, PRD 79 (2009) 073010]

Recent Daya Bay constraints for 1073 < Am? < 107! eV/? [PRL 113 (2014) 141802]

» Heavy sterile neutrinos with mass scale > 1eV: could be Warm Dark
Matter
[Asaka, Blanchet, Shaposhnikov, PLB 631 (2005) 151; Asaka, Shaposhnikov, PLB 620 (2005) 17; Asaka, Shaposhnikov,
Kusenko, PLB 638 (2006) 401; Asaka, Laine, Shaposhnikov, JHEP 0606 (2006) 053, JHEP 0701 (2007) 091]

[Reviews: Kusenko, Phys. Rept. 481 (2009) 1; Boyarsky, Ruchayskiy, Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59
(2009) 191; Boyarsky, lakubovskyi, Ruchayskiy, Phys. Dark Univ. 1 (2012) 136; Drewes, [JMPE, 22 (2013) 1330019]
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Four-Neutrino Schemes: 242, 341 and 143

m m m m m m
vy 2 )
7 2 7 e . s 2 —
Amlry Amgo <|_| va va V3 Amso g
e 3] 2 2 n
2 Ampry Vs Amyry
) p—t
Amso A —_—
12} 3
2 2 2 2 2 2
Amgg, Amgg Amgg Amgg, Amgg Amgg
3 123
— P
Amgo 4|
V. Am? Am? “
v —_— ATM vy ATM
2 A= Am? 2 T
Amgo, | ATMAN 1 Amso {__ . — e [
121 V3 121 V3

&2+2/A k3+1/A K1+3j
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242 Four-Neutrino Schemes

m m
| Z3 | %]
— 7 ) — 72
Amiry Amgo <
—_ 2]
3
2 2
Amgg Amgg,
U,
|1 %] 5 4
Amdy, Ampry
141 1%}

» After LSND (1995) 2+2 was preferred to 3+1, because of the 3+1

appearance—disappearance tension
[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247]

» This is not a perturbation of 3-v Mixing = Large active—sterile
oscillations for solar or atmospheric neutrinos!
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242 Schemes are Strongly Disfavored

50
w0F

30F

99% CL (1 dof)

0 02 04 06 08
s

Solar: Matter Effects + SNO NC Atmospheric: Matter Effects

ns = |Us1|* + |Us2|* = 1 — |Us3|® + |Usa|?

ns < 0.25 (Solar + KamLAND)
ns > 0.75 (Atmospheric + K2K)

[Maltoni, Schwetz, Tortola, Valle, New J. Phys. 6 (2004) 122]

99% CL: {
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2
Amgg

2
Amyry

2
Amgo,

341 and 143 Four-Neutrino Schemes

m

3

)

1

2
Amgg

2
Amgo,

2
Amypy

Ngn—

» Perturbation of 3-v Mixing:

» 143 schemes are disfavored by cosmology (ACDM):

3

> my < 0.21eV (95%, Planck TT + lowP + BAO) arxiv1soz o1se9]
k=1

m
—
Am?
ATM Uy
2
Amgo |
11
2
Amgg
—

Mg

2
Amgo,

2
Ampy

2
Amgg

V2

141

V3

|Ueal?, |Upal?, |Ura? < 1 |Usal® = 1
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Effective 3+1 SBL Oscillation Probabilities

4 2
. 2
PVQHVB = Zngnge_’Ekt * |eErt
k=1
4 2 4 2
) Am? L
= ZUékUﬁkefl(Ekal)t s ZUZlkngeXP<—f2E-1>
k=1 k=1

m? Am2, L Am3, L
E ~ E Tk 21 1 31 1 A 2 A 2
Poo s = (Ui Usy + UkoUsz + UlsUss + Usig Usa exp(—l S )

Un1Upt + UpgpUga + Uiz Ups = dap — UpnaUpa
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2

SBL ~
Pua—>yﬁ —

Am2L
_ U 1— —
08 Ua4U54[ eXP< i—E )]

Am?L
:60454-|Ua4|2|U54|2 <2—2cos m >
Am?L
— 2008|Unal?® (1 —
ap|Uaal ( cos— = >
Am?L
= 5&5 - 2|Ua4‘2 (5046 - |U54|2) 1 — cos
2E
o AmPL
= 0up — 4|Uaa)? (Oap — |Upal?) sin?
4E
. Am?L
@ ?é 5 = PSaBil/B = 4|Ua4|2|U54|25In2 ( 4E >

Am?L
o = 5 — PSE:VQ ~1-— 4|Ua4|2 (1 — |Ua4’2) Sin2 ( m )

AE
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Appearance (a # )

PSBL

Vo —Vg

7y ~sin 229

«p sin <

AmZ L
4E

sin? 20,5 = 4| Uas|?|Usa|?

U1
UTl
Usl

U2
U7'2
Us2

Uus
UT3
Us3

> 6 mixing angles

Ua
U7'4
Us4

SBL

» 3 Dirac CP phases

> 3 Majorana CP phases

Disappearance

Am2 L
> PSBL |~ 1 = sin? 20,4, sin? ('"“1)
Vo —Va 4E

sin® 2044 = 4|Unal? (1 — [Uaa|?)

CP violation is not observable in SBL
experiments!

Observable in LBL accelerator exp. sensitive
to Am,%TM [de Gouvea et al, PRD 91 (2015) 053005, PRD 92
(2015) 073012, arXiv:1605.09376; Palazzo et al, PRD 91 (2015) 073017,
PLB 757 (2016) 142; Gandhi et al, JHEP 1511 (2015) 039] and
solar exp. sensitive to AmZ  [Long Li G, PRD &7,
113004 (2013) 113004]
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Solar bound on |Ue4/?

[CG, Li, PRD 80 (2009) 113007; Palazzo, PRD 83 (2011) 113013, PRD 85 (2012) 077301]

SOL 2 SOL,2
Pl/e*H/e ~ [1-— Z |Uek’ 'Dr/e%;/e’/ + Z ’UEk‘4
k>3 k>3
'Dio—l;usg 1_§:|Uek|2 1_Z|Usk|2 PSEO—I;LQSV"‘Z|Uek|2|USk|2
k>3 k>3 k>3

3+1 with simplifying assumptions: U,4 = U;4 = 0, no CP violation

Uer = cipcizcis Uep

=s1pc13c14 Uez = s13c14 Ues = s14
Usi1 = —ciocizsia Usp = —sipci3s14 Usz = —s13514  Usa = cia
SOL . 4 4 pSOL2v |, 4 4 4
Py S, = ci3ciaPy 507 + s13C1a + S1a
soL . 2.2 (.4 pSOL2v |, 4
Py, =~ CiaSia <C13P1/e—>1/5 + 53+ 1)

2 2 2 2
= c13¢14 Ve — 13514 Wne

(|Ue1]? + |Ue2]?) Ve — (|Usi? + | Us2|?) Ve
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Solar and KamLAND constraints (%, = 0)

[Palazzo, PRD 83 (2011) 113013]

0.1
at]
N
c 005 [ B
‘0
0.2 0.3 0.4 0.2 0.3 0.4
e 2 . 2
sin“Y, sin“Y,,
0.1 ———— —_— —
+ A
= N
o~ 0.05 H 1 o 1
= i
® i \ ]
Sl NL L .
0 0.05 0.1 0 0.05
e 2 . 2
sin“Y,; sin“},;

[Palazzo, PRD 85 (2012) 077301]

. 2
sin“d,,

0.1

Solar and KamLAND constraints (9, = 0)

0.4

0.40.2

e 2
sin“Y,

0.3

. 2
sin“y,,

Daya Bay and RENO
sin® Y13 = 0.025 + 0.004

|Uea|? = sin® 914 < 0.02(10)
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Fit of solar and KamLAND data with
Daya Bay and RENO constraint sin1);3 = 0.025 + 0.004

(neglecting small CP violation effects)

and free |Uus| and |Ur4|

il

With Daya Bay & RENO
- - - Without Daya Bay & RENO

%
M

T

o

107

107
si n22~3ee

107

107"

[CG, Laveder, Li, Liu, Long, PRD 86 (2012) 113014]
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mg > my, mp, m3

K(T)

Tritium Beta-Decay

amZ, =16 V2
5in®91,=0.4

-8

T T T
-6 -4 -2 0

T-Q [eV]

— Ami =m;—mi~m;
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Mainz and Troitsk Limit on m?

0.6F o :
— upper limit (90 % C.L.)
L —e— Bayesian upper limit
0'4 - .- Freyqu;n!i:t uppelrlilmit
-+ - - Sensitivity limit
0.2 014
=
S -0 PR
)
-0.2F 001+
0.4
-0.6 1E3 . T T
| I 5 ! < ! 3 10 100 1000 10000
10 10 10 10 m? (eV?)

m(v,)? / eV

[Belesev et al, JPG 41 (2014) 015001]
[Kraus, Singer, Valerius, Weinheimer, EPJC 73 (2013) 2323]
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Global v, and 7, Disappearance

102 10?
99% CL
—— Ve&V,DIS
—— Pdecay
10 10 |
- < L
> > r
o o [
~ T RS [
S S [
< <

TE TE E

Vo &V, DIS r ? Ve &V, DIS+p

| w— 90% CL | w— 90% CL

w— 95% CL w— Q5% CL

99% CL 99% CL

1071 L L 1071 Lol L Lol L
107? 107" 1 1072 107" 1
sin2213$ee sin221‘)ee
KARMEN -+ LSND v, + e, 12Ngs T Main; + Troitsk Tritium 3 decay
[Conrad, Shaevitz, PRD 85 (2012) 013017] ) [Mainz, EPJC 73 (2013) 2323]
[CG, Laveder. PLB 706 (2011) 200] [Troitsk, JETPL 97 (2013) 67; JPG 41 (2014) 015001]
solar ve + KamLAND 7e + 913 No Osc. excluded at 2.80
[CG, Li, PRD 80 (2009) 113007] 2 _
[Palazzo, PRD 83 (2011) 113013; PRD 85 (2012) 077301] (Ax°/NDF =10.8/2)
[CG, Laveder, Li, Liu, Long, PRD 86 (2012) 113014] OSC
T2K Near Detector v, disappearance 6 cm < 6 m 20'
[T2K, PRD 91 (2015) 051102] ~E [M eV] ~ (27)
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[ev?]

2
41

Am,

107

CeSOX (Gran Sasso, Italy) iCe — Ve
BOREXINO: L =~ 5-12m [Vivier@TAUP2015]

BEST (Baksan, Russia) 51CI’ — Ve
L ~ 5-12m [PRD 93 (2016) 073002]

IsoDAR@KamLAND (Kamioka, Japan)
L ~ 16m [arXiv:1511.05130]

IsoDAR@C-ADS (Guangdong, China)
L ~ 15m [JHEP 1601 (2016) 004] KATRIN (Karlsruhe, Germany) 3H — Ve [Mertens@TAUP2015]

8Li — e

Li — e

The Race for v, and 7. Disappearance

2
—— CeSOX shape (95% CL) Bl £ — STEREO (1yr, 95 —— PROSPECT phase 1 (3yr, 30)
—— CeSOX rate (95% CL) ] F — SoliDphase 1 (1 -~ PROSPECT phase 2 (3yr, 30)
—— CeSOX rate+shape. 1 K - - SoLiD phase 2 (; DANSS (1yr, 95% CL)
BEST (95% CL) 1 P — Neutrino—4 (tyr EOS (0.5y7, 95% CL)
1soDAR@KamLAND (5 1 b
1s0DAR@G-ADS (5yr, -
KATRIN - 26 KATRIN - 26 _ -
E =] 10 |
L 1 < L gl
[ 1 > [ - ]
L 1 (2] L 1
2 >
L 4 L L <
7
«F i
L 1 g L ., 1
< ho
F E TE S E
£ 1 £ / 1
[ ] [ —— ]
[ ] [ S = ]
&7, DIS TP F ‘\\ ? &V, DIS+p
L 90% CL L K. \N 90% GL
e D5% CL M < o= V8% CL
99MGL L S e
R LN jot L LG I =
-2 -1 2 -1
10 10 1 10 10 1
.2, 2
SiN“20e SiN“20e

STEREO (ILL, France) L ~ 8-12m [arXiv:1602.00568]
Solid (SCK-CEN, Belgium) L ~ 5-8m [arXiv:1510.07835]
Neutrino-4 (RIAR, Russia) L >~ 6-11m [JETP 121 (2015) 578]
PROSPECT (ORNL, USA) L ~ 7-12m [arXiv:1512.02202]
DANSS (Kalinin, Russia) L ~ 10-12m [arXiv:1606.02896]
NEOS (Hanbit, Korea) L ~ 24m [Oh@WIN2015]
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v, — Ve and v, — v. Appearance

102 — T e
99% CL
— LSND H
—— MiniBooNE
— KARMEN
— NOMAD
10 = —— BNL-E776 §{
u —— ICARUS
L —— OPERA
>
:\'l_' i i
> L
2,
1 F
N r
E L
< i
107 £
V= Ve
| == 90% CL
|| === 95% CL
99% CL
10—2 T 11l L Lol L Lo
10°° 1072 107" 1
sin29,,
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v, and 7, Disappearance

T T T T S T
99% CL
| — CDHSW:v, b
— ATM:v, +V,
—— SciBooNE-MiniBooNE: v,
10 H —— SciBooNE-MiniBooNE: v,
I —— MINOS: v,
[| — IceCube: v, +V,
'S L
>
2,
R
5 1t
10—1 ol T R AR | Lo
107 102 107 1

in2
sin“2%y,
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3+1 Appearance-Disappearance Tension

ve DIS v, DIS
Sin? 20ce =~ 4| Ues)? sin® 20y, ~ 4|Uu4’2

v, — ve APP
sin? 20y, = 4|Uea|?|Upa|? = % sin? 20 sin? 20,

[Okada, Yasuda, IJMPA 12 (1997) 3669; Bilenky, CG, Grimus, EPJC 1 (1998) 247]

> v, — Ve is quadratically suppressed!

» Similar constraint in
342,343, ..., 3+N;

[CG, Zavanin, MPLA 31 (2015) 1650003]

[eV?]

2
41

Am,

3+1 GLO
— 1 Update of [Gariazzo, CG, Laveder, Li, Zavanin, JPG 43 (2016) 033001]

- gg with improved treatment of the MiniBooNE background disappearance
| due to neutrino oscillations according to information from Bill Louis

1
10 102 102 107" 1 (thanks!)

5in29,,
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Appearance vs Disappearance in N = 3 + N; Mixing

[CG, Zavanin, MPLA 31 (2015) 1650003]

Am2, L < Am3, L

1
4E 4E <

N
P(E)BL(—) = 60‘5 - 42 ‘Uak‘z (5aﬁ - luﬁk‘z) Sil’l2 Akl
4

l/a—ﬂlﬁ k=
N N (+)
+8 Z Z |Ua_,' UﬁjUak U5k| sin Agy sin Ajl COS(AJ' — naﬂjk)
k=4 j=k+1
Amp L ) .
Djp = —4= Napik = arg[Uz; Usj Uak Uji]
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Survival Probabilities

N
RPE ) 2 1= 4 |Uakl® (1 = |Uak|?) sin® A
Va—Va k:4
N N
+8Z Z ‘Uaj’2|Uak\2SinAjlsinAklcosAjk
k=4 j=k+1

Effective amplitude of(z;()l disappearance due to v, — v, mixing:
sin? 200) = 4{Upi? (1 — | Unk[?) =~ 4| Unk|?

U <1 (a=ep7; k=4,...,N)

N
PSBL ~ Z sin? 29 k)smzAkl

l/Q *}l/a k=4
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Appearance Probabilities (« # [3)

N
P(EFL(,) ~ 42 |Uak|2|Uﬁk’2Sin2 Akl

Va—Vg k=4
N N . . (+)
+8 Z Z ‘UajUBjUak U/jk‘ Sin Akl Sin Ajl COS(Ajk - naﬂjk)
k=4 j=k+1

. . (=) (=) . ..
Effective amplitude of v, — v transitions due to v, — v, mixing:

sin 219< = 4 Uoi || Upie2

N

P:?LH Z sin2 29 B) sin? Agq
VQ*HJB k=4
N N . +)
42 Z Z sin 219&1(5) sin 219&% sin Aggsin Ajp cos(Aji — 1Magjk)
k=4 j=k+1

C. Giunti — Theory and P} logy of Massive Neutrinos — Il — CINVESTAV — 30 Jan - 3 Feb 2017 — 72/108




sin? 20/ k) = 4| Uy |2 (1 — [Unk| ) ~ 4| Uni|?

. k
sin2 20') = 4| Uy 2| Upic 2

sin 219(5) 7 sin2 20(K) sin? 219%’2

(k)
sin ;Z(k) ii } = sin? 219&’,() is quadratically suppressed
sin?

i

on the other hand, observation of v, — 13 transitions due to Am?2, imply

that the corresponding(zz)a and(;)g disappearances must be observed
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Collin, Arguelles, Conrad, Shaevitz Our Fit

Update of [Gariazzo, CG, Laveder, Li, Zavanin,
[NPB 908 (2016) 354] JPG 43 (2016) 033001]

L e e — 10°
3+1GLO
— 90%CL
101. 4 10 £ — 99% CL
~ -— -
% ST E
o.\; 10°L «zia _ 1E ‘ E
;
<
10"} E 107" E
107 e RS R e S 10° ‘ ‘ ‘
10 10 10 10 10 107 103 102 107!
sin” 20, 5in29,,
Best Fit:  Am?, = 1.75eV? Best Fit:  Am?, = 1.6eV?
|Ueal? = 0.027  |U,4* =0.014 |Uea|? = 0.028  |U,4|* =0.014

GoF = 57% (x2,,/NDF = 306.8/312)  GoF = 6% (x2,,/NDF = 304.0/268)
GoF il = 4.4% (x2/NDF = 359.2/315)  GoF . = 0.04% (x2/NDF = 355.2/271)
AX?/NDF = 52.3/3 (~ 6.70) Ax?/NDF = 51.2/3 (~ 6.60)
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Kopp, Machado, Maltoni, Schwetz

[JHEP 1305 (2013) 050]

0%, 9%, 9

10" e . .
2 9.73% CL, 2 dofl

-1
10707

1073

1072 107!

2
sin” 26,

Best Fit:  Am?, = 0.93eV?

|Ues|?> = 0.023

|U,.a? = 0.029

GoF = 19% (x2,,/NDF = 712/680)
GoFpg = 0.01% (x3¢/NDF = 18.0/2)

Our Fit

Update of [Gariazzo, CG, Laveder, Li, Zavanin,
JPG 43 (2016) 033001

10
APP 90.00% CL
~— APP 99.00% CL
APP 99.73% CL
—— DIS 90.00% CL
= = DIS99.00% CL
- DIS99.73% CL
o
>
2,
1
YR
g
<
1 071 1 1 1
—4 -3 -2 —1
10 10 10 10

sin22199“

Best Fit:  Am?, = 1.6eV?
|Uea|? =0.028  |U,4|*> =0.014
GoF = 6% (x2,;,/NDF = 304.0/268)
GoFpg = 0.06% (x2/NDF = 15.0/2)
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Goodness of Fit

» Assumption or approximation: Gaussian uncertainties and linear model

> x2,., has x? distribution with Number of Degrees of Freedom

NDF = Np — Np
Np = Number of Data Np = Number of Fitted Parameters
(anin> = NDF Var(szn;n) = 2NDF
0 Zn/2flefz/2

Parameter Goodness of Fit

Maltoni, Schwetz, PRD 68 (2003) 033020, arXiv:hep-ph/0304176

Measure compatibility of two (or more) sets of data points A and B
under fitting model

> Xpcor = (Xamin)A+B — [(Ximin)A + (Xinin)B]

> X3cor has x? distribution with Number of De%regs of Freedom
NDFpgor = Np + N§ — N5

PGoF = / py2(z,NDFpgor) dz
X

2
PGoF
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Events / MeV

MiniBooNE Low-Energy Anomaly

Vy — Ve [PRL 102 (2009) 101802

Uy — Ve [PRL 110 (2013) 161801]

e Data
[ Ve fromu
[/ v, fromK*
= v, fromK°

* LSND signal .
- [ 7 misid

Total Background

Antineutrino

+_Data(staterr.)
LSND signal =ve

3 v, fromK™"
> 3 v; from K’

Events/MeV
5

other
—— Constr. Syst. Error

14 15

E%E (GeV) E . 0.6 0.8 1.0 12 14 15 3.0

E% (GeV)

Fit of MB Low-Energy Excess requires small Am2, and large sin? 20¢y, in

contradiction with disappearance

data

MB low-energy excess is the main cause of bad APP-DIS GoFpg = 0.06%

Multinucleon effects in neutrino energy reconstruction are not enough to solve
the problem (Martini et al, PRD 85 (2012) 093012; PRD 87 (2013) 013009; PRD 93 (2016) 073008]

Pragmatic Approach: discard the
due to oscillations

Low-Energy Excess because it is likely not
[CG, Laveder, Li, Long, PRD 88 (2013) 073008]

MicroBooNE is crucial for checking the MiniBooNE Low-Energy Anomaly and
the consistency of different short-baseline data
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[ev?]

2
41

Am

10° \ 3 oY 3
] ® MiniBooNE - v,
] S e Data - Expected Background ~ [3
1 E — sin?20=0.98, Am?=0.04 eV? (bf) |
10 L i — sin’20=0.0017, Am’=05eV? [}
ER- — sin®20=0.0022, Am*=09eV? 13
| 1 ] — sin®20=0.0023, Am® =3 eV?
veDIS |
S E
1 F ve&v,DIS E Lﬁ E
] wois 1 @
1 8 ]
b o E
x 3
>.<~ w E
107 ¢ N F
OPERA| k
MiniBooNE ICARUB E
— 3 P «q R N P N A T A N A AN E

102 N S S e | ST E R < ! f f f f f

200 400 600 800 1000 1200 1400 3000
107 10° 102 107" 1 ’ ’

sin221‘)5,u B [MeV]

No fit of low-energy excess for realistic sin? 20e, S 3 X 1073
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Global — Pragmatic

10 )
L 30
[ — DIS
L — APP-GLO ||
— APP-PIGLO ||
o«
>
9,
1 1
N T i
IS ]
< i
10—1 L ol L ol L I R
107 107° 1072 107

5in28e,
» APP-GLO: all MiniBooNE data
» APP-PrGLO: only MiniBooNE E > 475 MeV data (Pragmatic)
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Pragmatic Global 341 Fit

Update of [Gariazzo, CG, Laveder, Li, Zavanin, JPG 43 (2016) 033001]

(=) (=) (=) (=) (=) (=)
Ve — Ve vy, —V Vy —Vy
10 T 10 : 10 T
3+1 PIGLO 3+1 PIGLO 3+1 PrGLO
— G — 1o — 10
— 2G — 2G — 2G
30 30 3¢
1 1 1 1 1r q
5 5 5
30 —— v, DIS (99.73% CL)
30 — APP — IceCube (99% CL)
— Vv.DIS — DIS —— MINOS (95% CL)
107" L 107 L L 107" =
107 107" 1 10 107 102 102 10
$in*20,e 5in°20,, sin®29,,
GoF = 24% PGoF = 7% Not yet included:
No Osc. disfavored at = 6.2¢ — IceCube, arXiv:1605.01990
Ax2/NDF = 46.6/3 ~ MINOS, arXiv:1607.01176
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SBL + IceCube
[Collin, Arguelles, Conrad, Shaevitz, arXiv:1607.00011]

SBL SBL + lceCube
10° T 107 e
10'F 10}
~ - - B
?{ o -~ ?{ . vans'e
~g 10 -« ~g 10 p—
; >
10MF 107}
sin? 20, sin? 20,
Red: 90% CL Blue: 99% CL
l 3+1 ‘Amil ‘Ue4| |UH4| |UT4HNb7Ln5 X?nin X121u11 AXQ (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 5.62 - 0314 - 209 207.11 209.69 2.58 (2)
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Bounds on |U,4|

1
10 L
R 0.8f
i r
3 g (\'—30'6;
e 10 ) [
E 0.4
0.2 A\
O 3 ‘.2 : 1
0. 01 02 03 04 05 06 07 08 10 10 , 10 1
Ual? U,
[Kopp et al, JHEP 1305 (2013) 050] [Super-Kamiokande, PRD 91 (2015) 052019]
T VE 10° ‘ . . .
3 F
o910
EOE
< 10F e N S 10'F ]
E “\\\\\\\\\\\\\\\ Mo .
i D % s o .
E 90% CL ~g 10 bue E
10t ez OPERANH g
F — OPERA IH <
10%E 101 E
£ == NOMAD
10'3§
”Ioi el 1035 o T o5 o3 o
sin” 26, U
vy —> V7 [OPERA, JHEP 1506 (2015) 069] IceCube Data [Collin et al, PRL 117 (2016) 221801]
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The Race for the Light Sterile

o)) )
0 Vp =7V
10 10 10
—— SBN (3yr, 30) SBN (3yr, 30)
—— nuPRISM (30) —— KPipe (3yr, 30)
— JSNS?(30)
T <’ <
ot 1 ] L
~ T R ~
g
5 5 5
—— CeSOX (95% CL) —— Neutrino-4 (1yr, 95% CL) 3+1 PrGLO 3+1 PrGLO
= Sesreswon = PROSPECT prase 1 (.0 —_— 1 — 1o
—— IsoDAR@KamLAND (Syr, 30) - = PROSPECT phase 2 (3yr, 30)
— 50DAR@C-ADS (5yr. 3o} oD phase 1 (1yr, 95% CL) — 2 — 20
T NS s ena) | — semtoim s oy 30 3
104 10»1 L 10*‘ L
1072 107" 1 107 107° 1072 10° 107 1
$iN*20,, in°2, 5in°20,,
SB>N(_(FNALv US2A) nuPRISM (J-PARC, Japan) KPipe (Japan) [arXiv:1510.06994]
3[?: I\lldli?3?11§I'P()]C [Wilking@NNN2015] KDAR: K Decay At Rest
LAr‘if‘ND Lgi 100ms L~ 1km K'Y = w4 v, (E = 236 MeV)
MicroBooNE L_N 470 50 m tall water Cherenkov detector L ~ 30-150m
1croboo - m 1° — 4° off-axis 120 m long detector!

ICARUS T600 L =~ 600 m
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Effective SBL Oscillation Probabilities in 342 Schemes

Ay = AmiL/AE
1 = arg[Uzs Upa Ues U;5]

PSBL = 4|Ues |*|Uyua]?sin® Dag + 4| Ues|?| Uy |*sin? Asy

Vy—le )

(+
+ 8’ UuaUeaUys Ue5’Sin Agisin A51COS(A54 — /r))

RSB | =1~ 4(1 — |Unal? = |Uas|*)(| Uaa|*sin® g1 + |Uas|?sin® Asy)
Vot — 4| Upa|?|Uas |*sin® Asq

[Sorel, Conrad, Shaevitz, PRD 70 (2004) 073004; Maltoni, Schwetz, PRD 76 (2007) 093005; Karagiorgi et al, PRD 80 (2009)
073001; Kopp, Maltoni, Schwetz, PRL 107 (2011) 091801; Giunti, Laveder, PRD 84 (2011) 073008; Donini et al, JHEP 07 (2012)
161; Archidiacono et al, PRD 86 (2012) 065028; Jacques, Krauss, Lunardini, PRD 87 (2013) 083515; Conrad et al, AHEP 2013
(2013) 163897; Archidiacono et al, PRD 87 (2013) 125034; Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050; Giunti,
Laveder, Y.F. Li, H.W. Long, PRD 88 (2013) 073008; Girardi, Meroni, Petcov, JHEP 1311 (2013) 146]

» Good: CP violation

» Bad: Two massive sterile neutrinos at the eV scalel!
) 2 2 2 2 2 2
4 more parameters: Amjy, |Ues|”, |Upual=,Amsy, [Ues|”, |Uus|“, n

3+1
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Global Fits Our Fit KMMS
341 | 342 | 3+1 342
GoF | 6% 10% | 19% 23%
PGoF | 0.06% | 0.3% | 0.01% | 0.003%

» Our Fit: Gariazzo, CG, Laveder, Li, Zavanin, JPG 43 (2016) 033001

» KMMS: Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050

3+2-30
107 — APP
— DIS
N
‘2102 4
)
L
. ‘8
APP-DIS 3+2 Tension: o
<
n il
107 1073 1072 107"
2 2
4 Ueq|"|Uppal
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342 cannot fit MiniBooNE Low-Energy Excess

Excess Events / MeV

@
S

0.6

0.4

0.2

0.0

T T T
MiniBooNE - v,
e Data

— 3+1 iy
— 3+2

800 1000 1200 1400 3000
E [MeV]

Excess Events / MeV

» Note difference between 3+2 v, and 7,
> 342 can fit slightly better the small 7, excess at about 600 MeV

0.3

0.2

0.1

0.0

-0.1

T T T
MiniBooNE - v,
e Data [
— 3+1
— 342

800

1000 1200 1400 3000

E [MeV]

histograms due to CP violation

» 342 fit of low-energy excess as bad as 3+1

> Claims that 342 can fit low-energy excess do not take into account
constraints from other data

» Conclusion: 342 is not needed
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Neutrinoless Double-5 Decay

mag = |Ue1|* m1 + |Uez|? €92 my + |Ues|? €3 mg + |Uea|* €/ my

=TT N ) _ (2
| — sBL \ l mﬁﬁ = ‘Uek| my
GERDA} EXO, KLZ, CUOR 3
90% CL mp < mg
@) 112 >
] mys ~ |Uea|*\/ Amyy
\ ) surprise:
E possible cancellation
E . 3
\ / with m(ﬂ v)
T e \/ [Barry et al, JHEP 07 (2011) 091]
o F il Mool ML [Li, Liu, PLB 706 (2012) 406]
10° 10° @ 107 1 [Rodejohann, JPG 39 (2012) 124008]
Mgg [eV] [Girardi, Meroni, Petcov, JHEP 1311 (2013) 146]
Pragmatic 3+1 F|t [CG, Zavanin, JHEP 07 (2015) 171]
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107" 107"
> >
o o
£10° 102
E [Uezl*mp E
10° E 10°
Normal 3v Ordering Inverted 3v Ordering
- 1o - 1o
Ui lms — 20 — 2
4 L L % 4 L L %
10” 10”
10 10° 107 107 1 10 10° 1072 10" 1
Lightest mass: m; [eV] Lightest mass: mg [eV]

Normal 3v Ordering - 30 T T Inverted 3v Ordering — 3 T T

— 8v — 8v
— 3+ —_— 3+

107 107 1072 107 1 107 107 107 107 1
Lightest mass: my [eV] Lightest mass: my [eV]
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Normal 3v Ordering - 30

— 3v
—_— 341

Inverted 3v Ordering - 36

— 3v
—_— 341

107" 107"
> >
o o
10° _10*
E E

10° 10°

107 107

1072 107 1 107"
mg [eV] mg [eV]
1 Normal 3v Ordering - 30| 1 Inverted 3v Ordering - 36
— 3v = 3v
— 3+ — 341

107" 107"
> >
o o
2107 _10°%
E E

10° 10°

107 107

107 1 107
I [eV] [CG, Zavanin, JHEP 07 (2015) 171] I [eV]
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Effects of light sterile neutrinos should also be seen in:

>

»

5 Decay Experiments
[Hannestad et al, JCAP 1102 (2011) 011, PRC 84 (2011) 045503; Formaggio, Barrett, PLB 706 (2011) 68; Esmaili, Peres,
PRD 85 (2012) 117301; Gastaldo et al, JHEP 1606 (2016) 061]

Neutrinoless Double-8 Decay Experiments

[Rodejohann et al, JHEP 1107 (2011) 091; Li, Liu, PLB 706 (2012) 406; Meroni et al, JHEP 1311 (2013) 146, PRD 90
(2014) 053002; Pascoli et al, PRD 90 (2014) 093005; CG, Zavanin, JHEP 1507 (2015) 171; Guzowski et al, PRD 92 (2015)
012002]

Long-baseline Neutrino Oscillation Experiments

[de Gouvea et al, PRD 91 (2015) 053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD 91 (2015) 073017,
PLB 757 (2016) 142, arXiv:1601.05995, arXiv:1603.03759, arXiv:1605.04299; Gandhi et al, JHEP 1511 (2015) 039; Pant et
al, arXiv:1509.04096, Choubey, Pramanik, arXiv:1604.04731]

Solar neutrinos

[Dooling et al, PRD 61 (2000) 073011, Gonzalez-Garcia et al, PRD 62 (2000) 013005; Palazzo, PRD 83 (2011) 113013,
PRD 85 (2012) 077301; Li et al, PRD 80 (2009) 113007, PRD 87, 113004 (2013), JHEP 1308 (2013) 056; Kopp et al,
JHEP 1305 (2013) 050]

Atmospheric neutrinos

[Goswami, PRD 55 (1997) 2931; Bilenky et al, PRD 60 (1999) 073007; Maltoni et al, NPB 643 (2002) 321, PRD 67 (2003)
013011; Choubey, JHEP 0712 (2007) 014; Razzaque, Smirnov, JHEP 1107 (2011) 084, PRD 85 (2012) 093010; Gandhi,
Ghoshal, PRD 86 (2012) 037301; Barger et al, PRD 85 (2012) 011302; Esmaili et al, JCAP 1211 (2012) 041, JCAP 1307
(2013) 048, JHEP 1312 (2013) 014; Rajpoot et al, EPJC 74 (2014) 2936; Lindner et al, JHEP 1601 (2016) 124; Behera et
al, arXiv:1605.08607]

Supernova neutrinos
[Caldwell, Fuller, Qian, PRD 61 (2000) 123005; Peres, Smirnov, NPB 599 (2001); Sorel, Conrad, PRD 66 (2002) 033009;
Tamborra et al, JCAP 1201 (2012) 013; Wu et al, PRD 89 (2014) 061303; Esmaili et al, PRD 90 (2014) 033013]

Cosmic neutrinos
[Cirelli et al, NPB 708 (2005) 215; Donini, Yasuda, arXiv:0806.3029; Barry et al, PRD 83 (2011) 113012]

Indirect dark matter detection [Esmaili, Peres, JCAP 1205 (2012) 002]
Cosmology [see: Wong, ARNPS 61 (2011) 69; Archidiacono et al, AHEP 2013 (2013) 191047]
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Effective 341 LBL Oscillation Probabilities

[de Gouvea et al, PRD 91 (2015) 053005, PRD 92 (2015) 073012, arXiv:1605.09376; Palazzo et al, PRD 91 (2015) 073017,
PLB 757 (2016) 142, arXiv:1601.05995, arXiv:1603.03759, arXiv:1605.04299; Gandhi et al, JHEP 1511 (2015) 039]

|Ues| ~sin13~0.15 ~ e = £2 ~ 0.03
|Uea| ~ sintyq ~ 0.17 ~ ¢
|Uja| ~sintog ~0.11 ~ ¢
Am3, X 10-°

o= ~ ~ 0.031 ~ &2
|Am3;| — 2.4 x 1073
At Ol’der 63: [Klop, Palazzo, PRD 91 (2015) 073017] Ak_] = Amij L/4E
le;uBiue ~ 4 sin2 1913 sin2 1923 sin2 A31 ~ 52

+2sin ’1913 sin 2’[912 sin 2’[923(0[A31) sin A31 COS(A32 + 513) ~ 63

+4 sin ¥135in 1145in ¥24 sin ¥o3 sin Azy sin(Aszy + 013 — 014) ~ &3
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CP Violation in T2K and NOvA

[Capozzi, CG, Laveder, Palazzo, in preparation, with T2K and NOvA data presented at Neutrino 2016]
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Cosmology

> neutrinos in equilibrium in early Universe through weak interactions:

— _ (=) (=) (= )
v S ete rvres ve VN VN

+

Ven S pe™ Uep S ne n < pe ve

» weak interactions freeze out = active (ve, 1, vr) neutrino decoupling

Mweak = Nov ~ G§T5NT2/MP ~ \/GNT4 ~ \/GNpN H

Tu—dec ~ 1 MeV ty-dec ~ 1s

Wl

T,~1.945K = k T, ~ 1.676 x 10~*eV

. . . o i
» relic neutrinos: T, = (11) ~ 10676 x 10
=2 _

» number density: nf = %Lg)gf Tf3 = ny, 5 ~ 0.1827 T3~112cm™

™

Q) = 2l e 1M Q, h = 2 Mk

» density contribution: e ety = |SWwht= 94 1eV

2
__3H
(pcifiﬂ'GN ) [Gershtein, Zeldovich, JETP Lett. 4 (1966) 120; Cowsik, McClelland, PRL 29 (1972) 669]
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Power Spectrum of Density Fluctuations

Wavelength A [h~! Mpc]
10* 1000 100

T T

10 1

MiAam s e

2

MAARamss

104

1000

100
= Cosmic Microwave Background
®SDSS galaxies

#Cluster abundance

= Weak lensing

Current power spectrum P(k) [(h-! Mpc)?]

aLyman Alpha Forest

E Y T BT T B W Y-
0.001 0.01 0.1 1 10
Wavenumber k [h/Mpe]

[Tegmark, hep-ph/0503257]

Solid Curve: flat ACDM model

(@), =0.28, h=0.72, @3/, = 0.16)

3
Dashed Curve: Z my =1eV
k=1

hot dark matter
prevents early galaxy formation

D

3 7 = —
(66)662) = [ s € P(R)

small scale suppression

AP(k) Q,
—_ N 7 ~ 78 7
P(k) Qp,
~ 08 Zk my 0.1
- ' leV Qn h2
for
m
> ~ 0. v -1
k 2 kn = 0.026 1eV\/Q,,,hMpc

[Hu, Eisenstein, Tegmark, PRL 80 (1998) 5255]
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WMAP (First Year), AJ SS 148 (2003) 175, astro-ph/0302209

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SN-la == Flat ACDM
To=13.7+£02Gyr  h=0.71"3%
Qo=1.02+0.02 Q,=0.044+0.004 Q=027+0.04

3
Q,h* <0.0076 (95% conf) => Y my <0.7leV
k=1

WMAP (Five Years), AJS 180 (2009) 330, astro-ph/0803.0547

CMB + HST + SN-la + BAO

To = 13.72 + 0.12 Gyr h = 0.705 + 0.013
—0.0179 < Q9 — 1 < 0.0081 (95% C.L.)
Q) = 0.0456 + 0.0015 Qm = 0.274 +0.013
3
> m<0.67eV (95% C.L) Negr = 4.4 £ 1.5
k=1
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Fogli, Lisi, Marrone, Melchiorri, Palazzo, Rotunno, Serra, Silk, Slosar

[PRD 78 (2008) 033010, hep-ph/0805.2517]

Flat ACDM

Case Cosmological data set Y (at 20)
1 CMB < 1.19 eV
2 CMB + LSS <0.71 eV
3 CMB + HST + SN-la < 0.75 eV
4 CMB + HST + SN-la + BAO < 0.60 eV
5 CMB + HST + SN-la + BAO + Lya < 0.19 eV

20 (95% C.L.) constraints on the sum of v masses X.
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Planck

[arXiv:1502.01589]
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Planck Polarization Data

4
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Planck Terminology

» TT denotes the Plank TT data (low-¢ for ¢ < 30 and high-¢ for ¢ > 30).
» lowP denotes the Planck polarization data at multipoles ¢ < 30 (low-¥).
» TE denotes the Plank TE data at ¢ > 30.

» EE denotes the Plank EE data at ¢ > 30.

> Lensing denotes the Plank weak lensing data.

» BAO denotes the Baryon Acustic Oscillation data.

0

T
Standard
+ CMASS DR9
—best—fit model
4 X?=81.5 / 59

4.5

Baryon Oscillation Spectroscopic Survey
(BOSS)
part of the Sloan Digital Sky Survey Il
(SDSS-111)
Data Release 9 (DR9) CMASS sample
[arXiv:1203.6594]

log,, P(k) / h™%Mpc®
4

T T
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Limits on the Sum of Standard Light Neutrino Masses

[Planck, arXiv:1502.01589]

Cosmological data set Y (at 95% C.L.)
Plank TT + lowP < 0.72 eV
Plank TT + lowP 4+ BAO < 0.21 eV
Plank TT,TE,EE + lowP < 0.49 eV
Plank TT,TE,EE + lowP 4+ BAO < 0.17 eV
Plank TT + lowP + lensing < 0.68 eV
Plank TT,TE,EE + lowP + lensing < 0.59 eV
Plank TT + lowP + lensing + BAO + Hy < 0.23 eV
? — Planck‘ TT+IowP‘ I
— 7 I, — +lensing T 75 - 0.84
‘i or & - ;Zitck TT,TE,EE+lowP | = | [Hoso
> 5 ==+ +lensing . =
20t o et s 076
g4 1 ‘ 1 J
:‘_“; , 1 é 0.72
E ----- £ 1 068
° 2 b “
a M i 0.64
1 .
%.00 0;; (;_5;) ----- 0.75 1.‘00 0.0 0.4 08 12 16 .
my [eV]

m, [eV]
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Sterile Neutrinos in Cosmology

sterile neutrinos can be produced by ve ,, - — Vs oscillations before
active neutrino decoupling (t,.dec ~ 15)
energy density of radiation before matter-radiation equality:

7(4\"3
1+-(—] N
+8<11> ff

Nog' = 3.046 ANt = Negr — N2
sterile neutrino contribution:
ps = (Ts/T))'py = ANt =(Ts/T,)*
sterile neutrino vs ~ v4 with mass ms = my ~ \/Amfu ~ 1eV becomes

non-relativistic at T, ~ mg/3, that is at t,_n, ~ 2.0 X 10° y, before
recombination at tec ~ 3.8 x 10%y
current energy density of sterile neutrinos:

PR = P~y (t<teq~6><104y)

nemg 1 (To/T,)Pms 1 ANG'mg 1 mef

pe  h2 941eV  h? 941eV  h? 94.1eV
me = AN mg = (To/T,))3ms

Q =
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Limits on Dark Radiation
. [Planck, arXiv:1502.01589]
Cosmological data set Ner

Plank TT + lowP 3.13+0.32
Plank TT + lowP 4+ BAO 3.154+0.23
Plank TT,TE,EE + lowP 2.99 4+ 0.20
Plank TT,TE,EE + lowP + BAO 3.04 £0.18
T T TT 1 T T
| | 0.900
B Lo A ’ ] 0.885
- ' ‘-'_-;7' | 0.870
O | J_t;.', |
§ 72k Al . 0.855
Tm (b | 0.840 &
| |
é 66 L ‘ | i 0.825
T | | 0.810
\ | 0.795
601 ‘ | | 0.780
| i ]
2.0 4.0 45
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Limits on Massive Sterile Neutrinos

Negr < 3.7 mef <052

I I I L I 0.90

0.5
~

/o 0.87
42+ /
0.84

0.81

eff
My, sterile [eV] P
Samples from Plank TT + lowP in the Neg—m§'" plane, colour-coded by og,
eff
s
and the three active neutrinos as in the base ACDM model. The physical mass

in models with one massive sterile neutrino family, with effective mass m
of the sterile neutrino in the thermal scenario, m;he""al, is constant along the
grey dashed lines, with the indicated mass in eV; the grey region shows the
region excluded by our prior m;hermal < 10eV, which excludes most of the
area where the neutrinos behave nearly like dark matter. The physical mass
in the Dodelson-Widrow scenario, mSDW, is constant along the dotted lines
(with the value indicated on the adjacent dashed lines).

(95%; Plank TT + lowP + lensing + BAO)

[arXiv:1502.01589]

» mef =04.1Q.n% eV

> Thermally distributed:

1
ME) = e
7\3
me = T,s, my
= (ANew)*/*my
> Dodelson-Widrow:
_ X
f(E) = eE/Tv 41
mgff = sy
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Standard Cosmological Scenario Mixing Bounds

[Mirizzi, Mangano, Saviano, Borriello, CG, Miele, Pisanti, PLB 726 (2013) 8, arXiv:1303.5368]

a) Am3, > 0, sin?f34 = 0 b) Am?; > 0, sin®634 = 0
10% 10%

v, disap.

AmZ,; (eV?)

sol. upturn

1 LA

1073 . 1073 .
1073 1074 1073 1072 107! 1073 1074 1073 1072 107!

sin2914 sin2024
Non-standard mechanism for partial thermalization of vs is needed
Large primordial neutrino asymmetry?

[Hannestad, Tamborra, Tram, JCAP 1207 (2012) 025; Mirizzi, Saviano, Miele, Serpico, PRD 86 (2012) 053009;
Saviano, Mirizzi, Pisanti, Serpico, Mangano, Miele, PRD 87 (2013) 073006]
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W Planck+WP+high-¢+BICEP2(9b) Planck+WP+high-¢+BICEP2(b)
W SBL+Planck+WP+high-¢+BICEP2(9b)
W Planck+WP+high-¢+BICEP2(9b)+LSS+ H, +CFHTLenS+PSZ

. lanck+WP+high-¢
Wm SBL+Planck+WP+high-£+BICEP2(9b)+LSS+H, +CFHTLenS+PSZ

SBL+Planck+WP+high-£+BICEP2(9b)+LSS+H, +CFHTLenS+PSZ
[SBL+Planck-+WP+high-(+BICEP2(9b)+LSS+H,
[SBL+Planck+WP-+high-£+BICEP2(9b)+ H,
[SBL+Planck+WP+high-£+BICEP2(9b)+LSS
[SBL+Planck+WP+high-¢+BICEP2(9b)

Planck-+WP+high-£+BICEP2(9b) +LSS+H, +CFHTLenS+PSZ

Planck-+WP-+high-£+BICEP2(9b)+LSS+H,

Planck+WP-+high-¢+BICEP2(9b)+ H,

Planck-+WP-+high-£+BICEP2(9b)+LSS

Planck-+WP+high-/+BICEP2(9b)

0.
0.0 04 08 12 16 20 0.0 05 10 15 2.0 25 3.0
m,[eV] AN

rchidiacono, Fornengo, Gariazzo, , Hannestad, Laveder, arXiv:1404.1794
Archidi F Gari CG, H d, Laved Xiv:1404.179:
s Iso: [Gariazzo, CG, Laveder, JCAP 1504 (2015) 023]

¢ also: [Bergstrom, Gonzalez-Garcia, Niro, Salvado, JHEP 1410 (2014) 104]

[Giusarma, Di Valentino, Lattanzi, Melchiorri, Mena, arXiv:1403.4852]

H H H . [Zhang, Li, Zhang, arXiv:1403.7028]
WIthOUt osc'llatlon data [Dvorkin, Wyman, Rudd, Hu, arXiv:1403.8049]

[Zhang, Li, Zhang, arXiv:1404.3598]
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Tension between AN =1 and ms = 1eV

Sterile neutrinos are thermalized (AN = 1) by active-sterile oscillations
before neutrino decoupling [Dolgov, Villante, NPB 679 (2004) 261]

Proposed mechanisms to avoid the tension:

> Large lepton asymmetry [Hannestad, Tamborra, Tram, JCAP 1207 (2012) 025; Mirizzi, Saviano, Miele,
Serpico, PRD 86 (2012) 053009; Saviano et al., PRD 87 (2013) 073006; Hannestad, Hansen, Tram, JCAP 1304 (2013) 032]

> Interactions in the sterile sector [Hannestad, Hansen, Tram, PRL 112 (2014) 031802; Dasgupta,
Kopp et al, PRL 112 (2014) 031803, JCAP 1510 (2015) 011; Bringmann, Hasenkamp, Kersten, JCAP 1407 (2014) 042; Ko,
Tang, PLB 739 (2014) 62; Archidiacono, Hannestad et al, PRD 91 (2015) 065021, PRD 93 (2016) 045004, JCAP 1608
(2016) 067; Mirizzi, Mangano, Pisanti, Saviano, PRD 90 (2014) 113009, PRD 91 (2015) 025019; Tang, PLB 750 (2015)
201; Cherry, Friedland, Shoemaker, arXiv:1411.1071]

» A larger cosmic expansion rate at the time of sterile neutrino production
[Rehagen, Gelmini JCAP 1406 (2014) 044]
MeV dark matter annihilation [Ho, Scherrer, PRD 87 (2013) 065016]
Invisible decay [Gariazzo, CG, Laveder, arxiv:1404.6160]
Free primordial power spectrum of scalar fluctuations (Inflationary
Freedom) (Gariazzo, CG, Laveder, JCAP 1504 (2015) 023]
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Conclusions

Robust 3v-Mixing Paradigm
Ve = Uy, vr  with Amig =~ 7.5 x 1075 eV?
vy — vr with  Amipy =~ 2.5 x 1073 eV?
sin® 12 ~ 0.3 sin ¥a3 ~ 0.5 sin 913 ~ 0.02

B & BBo, Decay and Cosmology = my, my, mz3 < 1eV

To Do

Theory: Why lepton mixing # quark mixing?
(Due to Majorana nature of v's?)
Why 0 < sin? s <K sin? ¥qp < sin? o3 ~ 0.57
Experiments: Measure mass ordering and CP violation.
Find absolute mass scale and Majorana or Dirac.
Find if sterile neutrinos exist.
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Conclusions on Light Sterile Neutrinos

Short-Baseline v, and 7, Disappearance:

» Experimental data agree on Reactor 7, and Gallium v, disappearance.

» Problem: total rates may have unknown systematic uncertainties.

» Many promising projects to test unambiguously short-baseline v, and 7,
disappearance in a few years with reactors and radioactive sources.

» Because of 5 MeV bump we know that the calculated spectrum must be
corrected: oscillations must be observed as a function of distance!

» Independent tests through effect of my in [3-decay and 33y, -decay.

Short-Baseline 7, — e LSND Signal:

» Not seen by other SBL(DL ', experiments.

» Experiments with near detector are needed to check LSND signal!

» Promising Fermilab program aimed at a conclusive solution of the mystery:
a near detector (LAr1-ND), an intermediate detector (MicroBooNE) and a
far detector (ICARUS-T600), all Liquid Argon Time Projection Chambers.

Pragmatic 3+1 Fit is fine: moderate APP-DIS tension.

3+2 is not needed: same APP-DIS tension and no exp. CP violation.

Cosmology:

» Tension between AN.r =1 and ms ~ 1eV.

» Cosmological and oscillation data may be reconciled by a non-standard
cosmological mechanism.
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