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Neutrino Oscillations

1957: B_runo Pontecorvo proposed Neutrino Oscillations in analogy with
K% = KO oscillations (Gell-Mann and Pais, 1955)

Flavor Neutrinos: v, v, 7 produced in Weak Interactions
Massive Neutrinos: 11, 1, 3 propagate from Source to Detector

A Flavor Neutrino is a superposition of Massive Neutrinos

[Ve) = Ue1 V1) + Uea |12) + Ues |13)
|Vu> =Uan lv1) + U2 |lv2) + Uiz lv3)
lvr) = Uri |v1) + Ura |v2) + Urz |13)

U is the 3 x 3 Neutrino Mixing Matrix
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|V(t = 0)>:‘Ve> = Uea1 ‘V1> + Ue2 |V2> + Ues ‘V3>

/\/\V/\/
Ve (NN NN e

source propagation detector

‘I/(t > 0)> = Ue1 e 'Eit |I/1> + Ue2 e b2t |V2> + Ues e /Est |V3>7é‘7/e>
Eg=p*+mj
at the detector there is a probability > 0 to see the neutrino as a v,
Neutrino Oscillations are Flavor Transitions
Ve = Uy Ve — Uy Uy — Ve vy, — Uy
Ve =Dy ey Dy Ue Uy

transition probabilities depend on U and Amkj = mi — m:
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Two-Neutrino Mixing and Oscillations

2
|Va> :ZUak|Vk> (a:e,,u)
k=1

vy

U— cos?  sinv |Ve) = cos ) |v1) +sin? |vp)
~ \—sind cos? lvu) = —sin®d 1) + cos ¥ 1)

2 _ 2 _ 2 2
Am* = Am5 =m5 —m3

" . ) o Am?L
Transition Probability: Poe—sv, = Py—ve = sin% 29 S|n2< iE >
Survival Probabilities: Presve = Pysv, =1= Py,
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Experimental Evidences of Neutrino Oscillations

SNO, BOREXino

Solar Super-Kamiokande A > 76 10_5 V2
mg ~ 7.6 X
Ve — Vy, Vs GALLEX/GNO, SAGE . S €
Homestake, Kamiokande sin2 195 ~ 0.30
VLBL Reactor
— . (KamLAND)
e disappearance
. Super-Kamiokande
Atmospheric
Kamiokande, IMB
Vy — Vr
MACRO, Soudan-2 Ama ~ 2.4 x 1073 eV?
LBL Accelerator N
. (K2K, MINOS, T2K) )
v, disappearance sin“ Ya ~ 0.50
LBL Accelerator
(Opera)
Vy — Ur
LBL Accelerator
(T2K, MINOS) Am3

Vi — Ve

—
LEL Reactor Daya Bay, RENO sin2 913 ~ 0.023
Ue disappearance Double Chooz
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Three-Neutrino Mixing Paradigm

m? ‘Ve Y UT‘ m?
V3 V2
2
Amg <
Vi
Am3 Am
2

2
> Amg

141 2]

Normal Spectrum Inverted Spectrum
2 _ 2 2 _ 20 2
Amg = Amy, Amp = [Am3; | ~ |Am3,|
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—S12C3—C12523513€013  croCo3—s1253513€/013 $23C13 0e?2 0
S10S23—C12C3513€013  —cposm3—s1oCa3s13€13 o33 0 0 &3
1 0 0 c13 0 513e_i513 cip sip 0 1 0 0
0 c3 s23 0 1 0 —s12 ¢c12 0 0e* 0
0 —sp3 23 —513e13 0 c3 0 01 0 0 €73
023 = Oa Chooz, Palo Verde D12 = Us BBow
sin? o3 ~ 0.4 — 0.6 T2K, MINOS sin? 1o = 0.30 £ 0.01

Daya Bay, RENO
sin® 913 = 0.023 4 0.002

) .2
08023 _ ggop  OSMV13 L qge, OS2
sin® 3 sin® %43 sin® Y12
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[Fogli, Lisi, Marrone, Montanino, Palazzo, Rotunno, 15
PRD 86 (2012) 013012] 7\ L ‘ TTTTT ‘ TTTTT ‘ L \7
I ---- NO (Huber)
10 —— NO (Free + RSBL)
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- tT ] 10 |- ---- 10 (Huber)
L i N r —— 10 (Free + RSBL) 7
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N L i L |
> 5 - 5 -
< L i
L - ,
L ’ ,
B N ol Ly
ol L ~<Z "7 0 90 180 270 360
) 0 1 Ocp
sin 623 beYans [Gonzalez-Garcia, Maltoni, Salvado, Schwetz,

JHEP 12 (2012) 123; http://www.nu-fit.org|

[Forero, Tortola, Valle, PRD 86 (2012) 073012]

C. Giunti — Phenomenology of Light Sterile Neutrinos — LAP-UNG — 19 Apr 2013 — 9/50




v

v

v

v

v

v

Open Problems

2923 < 45° 7
» Atmospheric v, T2K, NOVA, ......

Mass Hierarchy 7
» NOvA, Atmospheric v, Day Bay II, RENO-50, Supernova v, ...

CP violation ?
» NOwA, LBNE, LBNO, HyperK, ...

Absolute Mass Scale 7
» 3 Decay, Neutrinoless Double-5 Decay, Cosmology, ...

Dirac or Majorana ?
» Neutrinoless Double-3 Decay, ...

Beyond Three-Neutrino Mixing 7 Sterile Neutrinos 7

C. Giunti — Phenomenology of Light Sterile Neutrinos — LAP-UNG — 19 Apr 2013 — 10/50



Absolute Scale of Neutrino Masses

1 T T T T Ty 1 T T T T Ty
Normal Spectrum i ! 3 Inverted Spectrum i !
o Quasi Degqnerat ] O Quasi Degqnerat
— 20 1 — 20 1
30 ; 30 ;
-1 L 7 - -1 L 7 -
0 : : m; : 1
> ms '8 3 m; '8
2, 'R 2 S
€102 & 19 4 £107 19 4
g m, = ] g =
B =3 5 =3
£ 'S £ 'S
. g . g
3 | [N _ -3 | (- -
10 my C 10 m3 C 1
'3, 13
Normal Hierarchy | Inverted Hierarchy |
1074 n il ol u\l 1074 n il n Ll u\l
10 10°° 107 107" 1 10 107 107 107" 1
Lightest mass: m; [eV] Lightest mass: m3 [eV]
2 2 2 2 2 2 2 2 2 2
my = my + Amy; = mi + Amg mi; = m3 — Am3; = m3 + Amjy
2 2 2 2 2 2 2 2 2 2
m3 = my + Amz; = mi + Amy my, = my + Amy; >~ m3 + Amjy

Quasi-Degenerate for my ~ my ~ m3 ~ m, = \/Am3 ~5 x 1072 eV
95% Cosmological Limit: Planck + WMAP9 + highL + BAO [arxiv:1303.5076]
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Tritium Beta-Decay

dr (costc G )?
dT 273
Q = Msy — Mz, — me = 18.58 keV

*H > He+e 47 IMPP F(E)pE(Q — T)\/(Q — T)> — m2,

Kurie plot

- 1/2
K(T) = dr/d7 ~le-1/ie- T)2—mae]

IM* F(E) pE

(costd ¢ G )?
273

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

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]
A BRI N start data taking in 2015
r Q@=m, @ sensitivity: m,, ~ 0.2eV
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www.katrin.kit.edu

1/2
Neutrino Mixing — K(T) = l(Q — T)Z|Uek|2 Q- T)2 B mi]
K

| \‘f

D~ ]

Q—my

Q—m

analysis of data is
different from the
no-mixing case:
2N — 1 parameters

()

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

effective mass:

(Q-T) Z|Uek| Q T

m> 3

=@~ T)[ 2(Q-T1)

mfy =2 |Uekl*mg
K

~(Q-T) Z\Uek\ {

~(Q-T)\/(@—-T)"~
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Predictions of 3v-Mixing Paradigm

C ! 1
r : ]
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.
L ' A
E 1 3
C 1 ]
[ . ]
[ KATRIN 95% Sensitivity 1
____________________ ]
\
E g E
3 1S ] 3
r 'S ]
o) 1
1O
L 'S i
'3
19 |
F NS e E
L o ]
L :9_’ — 10 |1
r - — 20|
r :g 30| 1
h
ol R N ol L
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» Quasi-Degenerate:

mp = m 3 [ Uek|? = my

» Inverted Hierarchy:

mé ~ (1 —sk)Am3 ~ Am3

» Normal Hierarchy:
mé ~ 5122 c123Am§ + 5123Ami
~2x107° 46 x 107%eV?

» mg S 4x107%eV

¢

Normal Spectrum
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Neutrinoless Double-Beta Decay

2+t
B+ As
ot 5,
5Ge

BB~

ot

315e

. . . . o 2
Effective Majorana Neutrino Mass: mgg = Z Ugi my
k
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Two-Neutrino Double-3 Decay: AL =10

d N u
~w
N(AZ) 5 N(A, Z+2)+e +e + e+ e =
Ve
(7_12/1/2)_1 = Gy |./Vl2,/\2
Ve
second order weak interaction process L e
in the Standard Model d W .
Neutrinoless Double-5 Decay: AL =2
d SO
N(AZ) 5> N(AZ+2)+e +e W )

(T:?/Vz)_1 = Goy [ Moy |? ‘mﬁﬁ‘z

effective
Majorana  |mgg| = Z U2 my Ve T
mass k d W .
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

mgg = |Ue1|2 my + |U62|2 el my + |Ue3|2 el ms3

Qp = 2)\2 a3 =2 ()\3 - 513)

Im[mggs] Im[m]
as
mpg
UZ s UZmy
O\ 2
UZmy Uam Re[mgg]
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Experimental Bounds

KamLAND-Zen (*3°Xe) [axiv-1211 3863]

TP > 1.9 x 10y (90% C.L.) | = \ Imgs| < 0.12 —0.25 eV‘ (KLZ+EXO)

EXO (136Xe) [PRL 109 (2012) 032505]
TP/ > 1.6 x 10y (90% C.L.) | = |[mys| < 0.14 — 0.38eV |

CUORICINO (13%Te) (ap 34 (2011) 822]
T > 2.8 x 10%y (90% C.L.)| = |Imss| S 03— 0.7eV]|

Heidelberg-Moscow ("°Ge) [epia 12 (2001) 147)
TP > 1.9 x 10y (90% C.L.) | = | [mss] $0.32—1.0eV]|

IGEX ("®Ge) [PRD 65 (2002) 092007]
T{f > 1.57 x 107y (90% C.L.) | = ||mgs| $ 033 — 135V |

NEMO 3 (1°°Mo) (pr 95 (2005) 182302]
TP > 4.6 x 107y (90% C.L.) | = |[mys| 0.7 —2.8eV|
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Counts / keV

Experimental Positive Indication

[Klapdor et al., MPLA 16 (2001) 2409]

TIO/V2 = (2231_8?11) X 1025 Yy 6.50 evidence [MPLA 21 (2006) 1547]
8 T T T T T
— SSE
— 2n2b Rosen - Primakov Approximation 21 ]
64 3
59 3
3
i :
€
o] ;
24 N nll 4
i L mellll nn U H
1
500 1000 1500 2000 2500 3000 2000 2010 2020 2030 2040 2050 2060
Energy keV
energy, keV

[PLB 586 (2004) 198] [MPLA 21 (2006) 1547]

|m55| =0.32 +£0.03eV [MPLA 21 (2006) 1547]
very exciting: Majorana v and large mass scale

partially excluded by KamLAND-Zen, EXO and CUORICINO
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[KamLAND-Zen, arXiv:1211.3863]

T T T T T

KK 68% C.L.
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1073

Predictions of 3v-Mixing Paradigm

mgp

T

T

|Ue1|? my + |Uea|? €2 my + |Ues|? €3 m3

[ 1mss| ~

» Positive indication:
tension with cosmology

» Quasi-Degenerate:

|mgg| >~ m, /1 — 522191252

> Inverted Hierarchy:

] |m6/8| = \/AmA 1 - 521912 a2)

» Normal Hierarchy:

|sfa/AMZ + €'®sis /A |

eV=-cancellation?

~ 2.7 4+ 1.2e"| x 1073
107 107 107 1 mp 2107
Mpin [eV]
|mgp| < 1072 eV = Normal Spectrum
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Beyond Three-Neutrino Mixing

N N N Vsl VSQ
Vr
Vu
V(i
41 1) V3 Vy Vs
9 9 9 9 9 9
mj ms ms my ms logm
Amgo,  Amiry | Amépy

3v-mixing

C. Giunti — Phenomenology of Light Sterile Neutrinos — LAP-UNG — 19 Apr 2013 — 22/50




Sterile Neutrinos from Physics Beyond the SM

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

In extensions of SM neutrinos can mix with non-SM fermions

) e O . _ (Z)O Symmetry V/\/§
SM singlet L_LCT> can couple to new singlet chiral fermion field fR~ related
to physics beyond the SM [Y(LL) = +1, Y(®) = —1]

Known examples: light vg from see-saw, SUSY (vg, axino, ...), extra
dimensions (Kaluza-Klein modes), mirror world, ...

Dirac mass term ~ L_LCTDfR 4+ Majorana mass term ~ f_RCfR

fr is often called Right-Handed Neutrino: fgp — vg
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Light Sterile Neutrinos

Light anti-vg are called sterile neutrinos
VR— Vsl (left-handed)
Sterile means no standard model interactions
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, < |Am5| < |Amy| < ...
1 1%} V3 V4
Ve vy Vr Vs,
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> In this talk | consider sterile neutrinos with mass scale ~ 1€V in light of
short-baseline Reactor Anomaly, Gallium Anomaly, LSND, MiniBooNE.

» Other possibilities (not incompatible):

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

» Heavy sterile neutrinos with mass scale > 1eV: could be Warm Dark
Matter
[Kusenko, Phys. Rept. 481 (2009) 1]
[Boyarsky, Ruchayskiy, Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59 (2009) 191]
[Drewes, arXiv:1303.6912]
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Effective SBL Oscillation Probabilities in 34+1 Schemes

4E

AmL
Prn sy = Sin> 2045 sin> <&> sin2 2005 = 4| Una|?| Upa?

P—v, =1— sin® 20,4, sin’ <

|Uea> < 1,

Uer
[
Un

Ua

Ue
ng
Ury

Us

Ues
U,

Urs

No CP Violation!
Amz, L _
Tg) sin® 2040 = 4|Ua4\2 (1 — \Ua4\2)

Perturbation of 3v Mixing

Una? <1, |Una? <1, |Usaf* =1

Uea .

sin 20,4 < 1
UM4
v Y

)

U, sin“ 299
; |Ua4‘2 ~ faa
SBL
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Effective SBL Oscillation Probabilities in 34+2 Schemes

b = AmiL/AE
1 = arg[Ues Uua Ues U,s]

Ry (o) = 4Ueal?|Upal? sin® a1 + 4| Ues|?|Upis|* sin? ¢y

vy —le

) ) (+)
+ 8| U4 Uea Uys Ues| sin g1 sin ¢s1 cos(dsa — 1)

Ry () =1—4(1— |Uas® = |Uas|?)(|Uaal? sin® da1 + |Uas|* sin® ¢s1)
Yot — 4] Up4|?|Uas|? sin® 54

[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; Conrad, Ignarra, Karagiorgi, Shaevitz, Spitz, arXiv:1207.4765; Kopp, Machado, Maltoni, Schwetz, arXiv:1303.3011]
» More parameters: 7 (vs 3 in 3+1)

» CP violation

» Why not 3+37
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Beam Excess

LSND

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

1751

15F

1251
10

Uy — Ve L~30m 20MeV < E < 200 MeV
2
S ‘@10%””” L
eam Excess r ]
% [ ]
BB p(9,-9,en o~ L 1
p(v..e)n g 10 3 E
other ; Karmen CCFR:
r Bugey ]
L ]
i NOMAD
10+ 3
F M 90% (L, L<23
[ 99% (L, L <4.6) |
Il Il -2|
06 08 1 1.2 14 10 1‘3 1‘ ' l‘ ' 1
L/E, (meters/MeV) 0 0 0 sirt 20
3.80 excess Amisnp 2 0.2eV2 (> Ama > Amd)
: LSND ~ V- A S
C. Giunti — Phenomenology of Light Sterile Neutrinos — LAP-UNG — 19 Apr 2013 — 28/50




MiniBooNE Neutrinos

[PRL 98 (2007) 231801; PRL 102 (2009) 101802]

Vy — Ve L ~541m

200 MeV < E < 3GeV

25

Events / MeV

I|IIIIIIIII
—Q—

* LSND signal
| />

15 $

0.5

0.2 0.4 0.6 0.8

e Data
[ Ve frompu
) v, from K*
v, from K°
I 7° misid
ANy
) dirt
I other
Total Background

1 1.2 14 15 3.
ESF (GeV)

> no v, — Ve signal corresponding to LSND 7, — 7 signal (E > 475 MeV)

> low-energy anomaly
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MiniBooNE Antineutrinos - 2009-2010

[PRL 103 (2009) 111801; PRL 105 (2010) 181801]

Uy — Ve L~541m 200MeV < E < 3GeV

% T -
= . . Cve &7, fromp*” 1
8 Fit Region v, &v, romK*" .
S —> v, &7, fromk’ .
T I =° misid .
Cla—ny —

I dirt i

i ‘,_}_‘ 0 other |

- —— Constr. Syst. Error i

02 I T S Best Fit (E=475MeV) ]

0.2 0.4 0.6 0.8 1.0 1.2 14 1.5  3(
EC* (GeV)

» agreement with LSND 7, — 7, signal (E > 475 MeV)

» similar L/E but different L and E = oscillations

» CP violation?
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MiniBooNE 7 - Neutrino 2012 - 6 June

Events/MeV
o

0.4

0.2

0.0
0.2 0.4 0.6

1st half
data mc
200-475 119 100.5+14.3
475-1250 120 99.1+14.0

Antineutrino

e Data (stat err.)
[ ve fromp™”
3 v, fromK*"
[ va from K°
8 « misid
CA-Ny
8 dirt
(3 other

—— Constr. Syst. Error

P ETRTERIN BV BRI RS R

PR

1.0 1.2 14 15 3.0
ESE (GeV)
2nd half
data mc
138 100.0+14.1
101 103.1+14.4 -2.2(-0.2s)

7 agreement with LSND signal 7 CP violation ?
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Mini

BooNE v and 7 - arXiv:1207.4809

10° =
3ol
S
[
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2
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i [z
= H
1 Es
~g =
£ [o
< £
[
L8
2
N
107t H MB-LOW
—— 68.27% C.L. (10)
~—— 90.00% C.L.
-~ 95.45% C.L. (20)
—— 99.00% C.L.
—— 99.73% C.L. (30) reactors
1072 Ll 1l | Lo
107 107 107 107" 1
P2
Sin“29¢y

0
S
° MiniBooNE - v
e exp
= (1,0.04): best-fit
e (0.06,0.17)
g | = (0.01,0.4)
3 —— (0.003,0.7)
—— (0.003,4)
,\w
B
1
=
o 0
\% 8 _f
o
: |
S g
S o ¢ o |
T T T T T

200 400 600 800 1000 1200 1400

E [MeV]

» Fit of low-energy excess is marginal

> It requires Am3; < 0.4eV?

» Neutrino energy reconstruction problem?
[Martini, Ericson, Chanfray, arXiv:1202.4745]
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Reactor Electron Antineutrino Anomaly

e ) A
o E Reactor Rates —— Average Rate |]
— “F|—o— Bugey3-15 —&— Gosgen-45 ]
F|—2— Bugey3-40 —— Gosgen-65 E
t|—— Bugey3-95 —<— ILL-9 b
[Mention et al, PRD 83 (2011) 073006] [|— Bugey4-15 —&— Krasno-33 1
:! _[—— ROVNO-18 —#- Krasno-92 3
[update in White Paper, arXiv:1204.5379] F|—v— Gosgen-38 —#- Krasno-57 E
o _f ]
— 4
— ad L: ]
new reactor 7, fluxes 1
[Mueller et al, PRC 83 (2011) 054615] o -
o 4
[Huber, PRC 84 (2011) 024617] . 1]
o | ]
s T _ 7
r R =0.930+0.024 ]
2.80 anomaly i 1
o I I I I
0 20 40 60 80 100
L [m]
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Gallium Anomaly

Gallium Radioactive Source Experiments: GALLEX and SAGE
Detection Process: Ve+ MGa— "Ge+ e~
Ve Sources: e” +51Cr =%V 41, e~ +3Ar = 3Cl 4 v,

Anomaly supported by new "*Ga(3He,3H)"* Ge cross section measurement
[Frekers et al., PLB 706 (2011) 134]

11
|
T

GALLEX SAGE

cr1 cr E ~ 0.7 MeV

o
—

GALLEX
Cr2

SAGE <L>GA|_|_EX =19m

<L>SAGE =0.6m

7 ’ 2.90 anomaly

R=0.84+005 3

0.7
|
T
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341 SBL v, and 7. Survival Probability

Am2, L
P, =1—sin?20. sin’ <#>
i o\ TaE

sin® 20ee = 4|Uea|® (1 — |Uea|?)

standard parameterization

—is —is
Uer = ciocizcia Uep = sipc13cia Uez = si3cige™ '™ Ues = s1ye™ M

sin? 20ee = sin® 2014
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Global v, and

v. Disappearance

[Giunti, Laveder, Y.F. Li, Q.Y. Li
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[Conrad, Shaevitz, PRD 85 (2012) 013017]
[Giunti, Laveder, PLB 706 (2011) 200]
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u, H.W. Long, PRD 86 (2012) 113014]
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sinzzt)ee

solar v, + KamLAND 7, + 913
[Giunti, Li, PRD 80 (2009) 113007]
[Palazzo, PRD 83 (2011) 113013]
[Palazzo, PRD 85 (2012) 077301]

C. Giunti

Phenomenology of Light Sterile Neutrinos — LAP-UNG — 19 Apr 2013 — 36/50




sin®(9)

Mainz Limit on m3

[Kraus, Singer, Valerius, Weinheimer, arXiv:1210.4194]

— upper limit (90 % C.L.)

K(T)

—0.4F o

AmZ =16 eV’
sin91,=0.4

-8 -4 -2

T-Q [eV]

2 _ 2 2 2
mg > my,my,my — Amj; =my—my ~my
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Troitsk: Surprising Much Better Limit on m}

[Belesev, Berlev, Geraskin, Golubev, Likhovid, Nozik, Pantuev, Parfenov, Skasyrskaya, arXiv:1211.7193]
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Sin%29,, SiN“29ee OX

[Giunti, Laveder, Y.F. Li, H.W. Long, PRD 87 (2013) 013004]
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KATRIN Sensitivity

20,
‘% F N 10
o f N
e t
< -
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F 1
. <
L 2
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1
F 10"
- - m=1eV,90C.L. 3
L —-— my=2eV,90k/ C.L.
———  globalfit, 90% C.L.
1l —_— Bugey3,99% C.L.
107k, . N | . P Bugey4-Rovno , 99 C.L.
10 10" _ 102
sin%(20.) 107 10 1

Sin’20s
[Formaggio, Barrett, PLB 706 (2011) 68]
[Esmaili, Peres, PRD 85 (2012) 117301]

[see also Sejersen Riis, Hannestad, JCAP (2011) 1475; Sejersen Riis, Hannestad, Weinheimer, PRC 84 (2011) 045503
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Neutrinoless Double-5 Decay

EXO+KLZ
B3 90% CL

\

E \

---- SBL

Fl - -- SBL+Mainz

; —— SBL + Mainz + Troitsk

E |
107 107 107
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m,(m) [eV]
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|
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ST |

4
|mgs| = ‘Zk:l ng mk‘

4
m(gﬁ) = |Uea]® \/ Ampy

caveat:
possible cancellation
. (3v—IH)
with Mg

[Barry et al, JHEP 07 (2011) 091]
[Li, Liu, PLB 706 (2012) 406]
[Rodejohann, JPG 39 (2012) 124008]
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Cancellation with m} ") ?

[Barry, Rodejohann, Zhang, JHEP 07 (2011) 091]; Li, Liu, PLB 706 (2012) 406; Rodejohann, JPG 39 (2012) 124008]

I|ght 2
S Mk 55 = |Uea*y/ Am3,

mﬁg = m(ﬁhﬁght) + eia4m(52 (4) > 10 eV

» Normal Hierarchy: m(l'ght) <45x107%eV  (95%CL)
no cancellation is p055|ble

» Inverted Hierarchy: 1.4 x 1072 < 2'ﬂght) <5.0x1072eV (95%CL)

cancellation is possible

» Quasi-Degenerate: mgiﬁght) > 5.0 x 1072 eV cancellation is possible
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Assumption: no cancellation
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v

3+1: Appearance vs Disappearance

ve disappearance experiments:

sin? 20ee = 4|Uea|? (1 — |Uea|*) =~ 4|Uea|?

v, disappearance experiments:

sin? 20, = 4|Upal? (1 — |Upal?) = 4|Ua)?

v, — Ve €Xperiments:
1
sin? 20¢;, = 4|Uea|?|Upa|? ~ Z sin? 20 e sin® 29,,,,
Upper bounds on sin? 20 and sin? 29,,, = strong limit on sin? 20

[Okada, Yasuda, Int. J. Mod. Phys. A12 (1997) 3669-3694]

[Bilenky, Giunti, Grimus, Eur. Phys. J. C1 (1998) 247]
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341 Global Fit

10 -

3+1-GLO
—68.27% CL
@ 90.00% CL
@ 95.45% CL
99.00% CL.
99.73% CL

Q%

2
41

Am

10—1 Ll Lol L
107 107 1072
sin®29,,

No Osc. GoF = 1.3%

3+1 GoF = 32%
PGoF = 4%

» APP v, — ve & 1, — Te:

LSND (Y), MiniBooNE (?),
ICARUS (N), KARMEN (N),
NOMAD (N)

DIS v. & 7e: Reactors (Y),
Gallium (Y), veC (N),
Solar (N)

DIS v, & ©,: CDHSW (N),
MINOS (N),

Atmospheric (N),
MiniBooNE/SciBooNE (N)

[see also Kopp, Machado,

Maltoni, Schwetz, arXiv:1303.3011]
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Cosmology

Ns = number of thermalized sterile neutrinos (not necessarily integer)

CMB+LSS in ACDM: Ny =1.340.9 m < 0.66eV (95% C.L.)

[Hamann, Hannestad, Raffelt, Tamborra, Wong, PRL 105 (2010) 181301]

Ne=1.61+092  m, <070eV (95% C.L.)

[Giusarma, Corsi, Archidiacono, de Putter, Melchiorri, Mena, Pandolfi, PRD 83 (2011) 115023]

BBN: NS S 1 at 95% C.L. [Mangano, Serpico, PLB 701 (2011) 296]
" |Ns =0.0+0.5 [Pettini, Cooke, arXiv:1205.3785]

CMB+LSS+BBN in ACDM: Ns = 0851932 (95% C.L.)

[Hamann, Hannestad, Raffelt, Wong, JCAP 1109 (2011) 034]

Standard ACDM in 2012: 3+1 allowed, 342 disfavored
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Recent CMB Measurements

» highL South Pole Telescope (SPT) faxiv12126267]

Negr = 3.62 + 0.48 (WMAP7+SPT)
Negt = 3.71 + 0.35 (WMAP7+SPT+BAO+HST)

» highL Atacama Cosmology Telescope (ACT) [arxiv1301.0824)

Negr = 2.79 £ 0.56 (WMAP7+ACT)
Neg = 3.50 + 0.42 (WMAP7+ACT+BAO+HST)

» Planck [arXiv:1303.5076]
Negr = 3.3679:%% (95%; Planck-+WMAP9+-highl)
Negr = 3.30102% (95%; Planck-+WMAP9-+highL+BAO)
Negr = 3.527542 (95%; Planck-+WMAP9+-highL+BAO-+HST)
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Pre-Planck Oscillation 4+ Cosmology Fit

[Archidiacono, Fornengo, Giunti, Hannestad, Melchiorri, arXiv:1302.6720]

2.5

cmb+sdss

cmb+sdss+sbl

m, [eV]

cmb

cmb+sbl
0'8.0 012 0.4 N 0.6 0.8 1.0 N R 1.0
4 4
» Mass Hierarchy: my > ms3, my, my — my ~ Amfr1
» my =1.23+0.13eV?

» N; < 0.83 (95% Bayesian CL)
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Planck

[arXiv:1303.5076]

1 1
0.136
ff _
Q/ > mze; sterile — =94. 1WV4 eV
v 0.128
/ : . .
= 0.120 » Thermally distributed:
S
e 4 0.112 &2 7\3
7 R
; > eff _ s
7 0.104 b mu,sterile - TV my
3/4
- 59 0.096 = (ANeff) / my
-7 0 0.088 ]
A » Dodelson-Widrow:
1.8 2.4 off
eff [eV] my,sterile = XsMy
l/ sterile
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Conclusions

Robust Three-Neutrino Mixing Paradigm. Open problems: 53 < 45°7,

CP Violation, Mass Hierarchy, Absolute Mass Scale, Dirac or Majorana?

Short-Baseline v, and 7, 34+1 Disappearance:

» Reactor 7, anomaly is alive and exciting

» Gallium v, anomaly strengthened by new cross-section measurements

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

> Independent tests through effect of my in S-decay and (53)o,-decay

Short-Baseline 7, — e LSND Signal:

» MiniBooNE experiment has been inconclusive

> Better experiments are needed to check LSND signal

» If LSND signal is confirmed my ~ 1€V, marginally compatible with ACDM

Light Sterile Neutrinos:

» First new particle beyond the Standard Model?

» Strongest hint from Reactor and Gallium Anomalies will be checked in
several near-future source and reactor experiments

» Maybe LSND observed a fluctuation of small 7, — e transition probability
that can be observed in ICARUS@CERN

> | have great hopes in near-future experiments!
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