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Sterile neutrinos

Some experiments do not bt B-.
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..and other experiments constrain this high? region
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Reactor anomaly

Nuclear reactors: electron spectra frontU,

233, 239y 24Pu are translated ta.  Bux
Schreckenbach 82, 85

A recalculation of Ruxes lead to ~ 3% Increase
MYlleret al 2011, Huber 2011
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Reactor anomaly

We could explain these anomalies with additional

neutrinos such that m?~ O(eV?)

But due to the Z invisible width, they should be SM

singlets, and henceerile neutrinos

mass

3+2

1+3+1
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Gallium anomaly

sources:
e+ 2'Cr— 2'V+ I,

51Cr (27.7 days)

427 keV v (9.0%)
432 keV v (0.9%)

747 keV v (81.6%)
752 keV v (8.5%)

320 keV y

51y

e + 3TAr! 3Q1+1,

37Ar (35.04 days)

813 keV v!(9.8%)

811 keV v!(90.2%)
37C] (stable)

Hampelet al 1998, Kaethekt al 2010, Abdurashito¥t al 1998, Abdurashitot al 2005
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Gallium anomaly

Sources: Detection:
— 4, 51 51
e + °°Cr— °*V+ I
31Cr (27.7 days) © ! e + 7lGa ! 7lGe + el

3/2<

52 ke 09% 500
747 keV v (81.6%)
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320 keV y
Z 5/2<
i 175
| 37 37
e + “"Ar! Cl+!e 1/2< ;
37Ar (35.04 days) IGe (11.43 d)
Qec = 229 keV
813 keV vI( 9.8%) 3/2< H
811 keV VI(90.2%) -
37C1 (stable) eV vi(0.2%) 71Ga (stable)

Hampelet al 1998, Kaethekt al 2010, Abdurashitoét al 1998, Abdurashitoet al 2005
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Gallium anomaly

Detection process can occur thru

ground state or excited state

(X)= 1ga(X) 1+ ax
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Gallium anomaly

Detection:

71 71 !
le+ ""Gal Ge+e
3/2<

Detection process can occur thru
ground state or excited state

500

| BGT 175 BGT 500
(X)) =1 X 1+ a + 5/2<
( ) g.s.( ) X BGTg.S_ bX BGTg_S_ 175
ground state# Gamow-Teller strength L
IS well known (large errors...) . Qec =229 keV

________________________________ v

See Frekerst al 2010

71Ga (stable)
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Gallium anomaly

Gallium data using Frekers et al PLBll

Detection process can occur thru l l l l
ground state or excited state inabitiiimn
Gallex Cr; qi Ii
| (X) = lgs(X) 1+ ay Eg:: + by sgzoso SAGE®'Cr o
ground state# Gamow-Teller strength SAGE?’?A“E ' ;
IS well known (large errors...) Hnmnminnm m

See Frekerst al 2010 05 06 07 08 0.9 1 1.1
observed / expected

Schwetz@Neutrino 2012

R.(Cr)=0.94+ 0.11 R3(Cr) = 0.93+ 0.12
R,(Cr) =0 .80+ 0.1C Ry4(Ar)=0 .77+ 0.08
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Gallium anomaly

Gallium data using Frekers et al PLBll

Detection process can occur thru | l l l
ground state or excited state il
Gallex Cr; Qi Ii
| (X) = lgs(X) 1+ ay ng + by sgzoso SAGE®'Cr o
ground state# Gamow-Teller strength ~ [SAGE Ar! '
IS well known (large errors...) L

See Frekerst al 2010 05 06 07 08 09 1 11
observed / expected

+0 054 Schwetz@Neutrino 2012
Mmin = 0.847 051
Xom =2.26/3dof  Al'?2_ =8.72 (295")
Compared to Giunti Laveder 2010, ratio IS now
Natal Sep-20-2013 higher, while signibcance is comparable PAN Machado
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Gallium anomaly

Gallium data using Frekers et al PLBll

Detection process can occur thru l l l l
ground state or excited state GRIex T ! ‘
Gallex Cr; Qi i
| (X) = lgs(X) 1+ ay ng + by :g:": SAGESlCr| [k
ground state# Gamow-Teller strength ~ [SAGE Ar! '
is well known (large errors...) |/|| ........

See Frekergt al 2010 05 06 A7 08 09 1 11
observed / expected

[ i = O 841+O 054 Depenqs Orf>7Ar data point’lo 2012
min — Y.:0% o051 (1.8# without it)

Yo =2.26/3dof  Al?_, =8.72 ((295")
Compared to Giunti Laveder 2010, ratio IS now
Natal Sep-20-2013 higher, while signibPcance is comparable PAN Machado



Reactor + Ga + ...

LSND and KARMEN measurédd + “C! e + °N

Solar neutrinos + KamLAND + Reactor MBL:
$13 D$14 interplay and non-trivial bound
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Reactor + Ga + ...

Ga + SBL reactor rates
+ Bugey-3 spectra:

10|

SBL reactors |
Gallium

" [eVZ]

Consistent! Q

What about other exps? :
95% CL (2 dof)

0'(%‘.01 0.1 1
sin22! ce
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Reactor + Ga + ...

. . T
Global! ¢ disappearance: 10k 2 o
5 0 5
i, q
i 3 '\'
in’l1, =010 Amg =1.71eV |3 | im0
NE;, 100 S = ei I 0\12
2 — = AN 3
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2 107 050 L 1
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Reactor + Ga +

Global! . disappearance: 10tk : A4

; 3 b

b 2

2] Ny 2 &
(;Eg 1005- e Ei I 0\12

_ 3 B
1 2| dof = 306/ 32¢ L - 1R

2 107 050 L 1

| | — 0 j 90% 3!

U 4|

Yay! Still consistent!!
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MB+LSND+app

C14S24 S14 N I

SBL,3+1 SRR mﬁlL 10} "y T '5

P‘Q ,(? = 4|U,,4Uc4|" sIn AE S i 5 |

u! e N s _ ? _

L S /VO |

SinP28ye s | C.\ f&

g ; ¥ | C|ombined :

.. . MiniBooNE v * Z

LSND and MiniBooNE are | ) 2 |
consistent among themselves, as -

well as with the other appearance 101}

E99%CL,2dof

experiments T e
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| o disapp bounds

C14524
SBL,3+1 \ 2 oy o 2] mzzuL ;LSI\IlD
P =1 — 4Upa|"(1 — [Upal?) sin 1E 10 MB app -

: reactors+Gal

We combined with reactorand Ga = |
to set a limit on W4 15 - Nl resull
The! disappearance experiments are o
consistents with the 3 neutrino - 99% CL
paradigm 10-2
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All together now

Pee

j -
pel UeZ Ue3 Ue4

U = "’ Upl UHZ UH3 g“_d'l $P)/@
UTl UTZ Ur3 T4

P% %

For large" m?,! < disappearance depends ogsU
For large" m?,! o, disappearance depends opgU

For large" m?,! e appearance depends ordloq
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101- — SV R T 101_ — T
:—2—,90%, 99%, 99.73% CL, 2 dof : |
| 2, :

LSND %reactors
%Ga %MB app

null results
disappearanc

E 109t
% - null results
- combined
null results
| 998 CL 2dol £ (appearanc
K 10' 3 10' 2 10' L
sin? 2" 4

The app data is in conf3ict with the disapp data, spectidlly
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All togeth

elr Now

10t T 1
[ 2 <90%, 99%, 99.73%6 CL, 2 dof
—— - LSND %reactors
' R ' %Ga %MB app
""":-?:3;-;;-‘}, null results
~ —————:;:5?-1&1“""‘?,{’- N d|Sappearanc
£ 100 ey £ 10°}
& :.—.—..—.:.-._-.—..-:E'-f" & - null results
L CEECET LTS P : combined
T
,-_ """""""""" null results
10' 1 10— W LR
10' 4 10' 8 10' 2 10'L 10' 4 10 3 10 ° 10'
sin? 2" 4 sin? 2" 4
2 2 2 2 2 2
1 2. ldof GOF ! §/dof PG L app.glob app disglob | ! dis
3+1 712/(689! 99 19% 18,0/2 1,2" 1d 4 05,8/68 7,9 616/621 10,1
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3+2 and 1+3+1

| 2. /dof GOF ! &;/dof PG ! §pp,g|ob | gpp ! gis,g,ob N
3+1 712/(689—9) 19% 18,02 12x10 “* 95,8/68 79 616/621 10,1
3+2 701/(689—14) 23% 258/4 34x10° 924/68 19,7 609/621 6,1

1+3+1 694/(689—14) 30% 16,8/4 21x10°% 82,4/68 7,8 611/621 9,0

3+2: no qualitative improvement, just
more free parameters 10+ app.

S e — 5

Amz =-09eV*
Amg = 05eV

1+3+1: slightly improvement, but PG ;Lga
value still small 2 102
= |

Regarding steriles, looks like this % ;
tension cannot be avoided. More P 2 90%. 999
neutrinos do not improve the bt, just 10—
10 10 1071
add more free parameters
1UeqU 4!

see, e.g., Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897 PAN Machado



Bounds on

Dominated by atmospheric data

WUy |

1._| — ..........--.‘:-.".' ...............
I mj ( 12.eV? MINOS
.. (@F w:: y
0.8. gf solar % %‘: ;
e  a ®
ho] Q.E g
| > — 5}
0.6F = S > 2 ] 17
' =-=2 e ] g
ZJ NP :
047 82 £
(é.;
@
e
o
. g i 99%
o o0 0. 01 02 03 04 05 06 07 OFf

Uy |2 Urg]?
Ui4?! 02 at 2%(1 dof)
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Conclusions

There Is a strong tension between app and disapp data
Gallium and reactoanomaliesire okwith all null experiments

MiniBooNE and LSNDanomalies are consistent among
themselves buin tension with the rest

3+1 and 3+2: poor bts
1+3+1: better bt, but sum df masses gets higher...

Up to now, there is no satisfactory explanation for these
anomalies. The existence of sterile neutrinos remains an open

guestion See also Maltoni Schwetz 2007, Kopp
Maltoni Schwetz 2010, Giunti Laveder 2011

Giunti et al 2013 \
Karagiorgi Shaevitz Conrad 2012 Ob‘.gado‘

Natal Sep-20-2013 PAN Machado



Backup

Natal Sep-20-2013 PAN Machado



Differences between

Giunti et al and our bt
10 :

10

1
~~‘ .A~' v e 'l v v v e 'l v - T T T T T 1T II
] 1 3+1-GLO
0.‘,90%, 99%, 9973)/0 CL, 2 dOf . I —+ 68.27% CL :, -
ey - = eme
- ._q b L
et T - 99.00% CL 1
. 99.73% CL

[eV?]

2
41

Am

4 a3 ANz |1 ' 107" I R— il e
10 10 =1 10 10 1074 1072 1072 107t 1
sin? 2" 4 sin®20,,

Kopp et al 2013 Giunti et al 2013

Natal Sep-20-2013 PAN Machado



"m° (eV?/ch

10

10

Natal Sep-20-2013

10

-2

( )
Karmen CCER
Bugey *
NOMA
00% (L <23
09% (L L < 4.6)
R R ET] R R T B R R
TR S
sin” 2

LSND Pnal result
hep-ex/0104049

PAN Machado



— 1IOZI ALY U IO L LN T T T TTT T T T LSND Pnal result:
| : hep-ex/0104049

Giunti Laveder
1010.1395

99% CL

00% (I, L <2.3
9% (L <46)
-2
10 19— ......I_ L ......I_ L ......l_ L1
o B 9

.
Natal Sep-20-2013 sin“2 PAN Machado



Differences between

Giunti et al and our bt

_lllll | |||ll|| | I T TTTTI | I T 111
99% CL g
10"

—
o

LSND DAR

[eV’]

11 2
M snD

/

10" LSND global

. 2
|
sin 2! LSND

Natal Sep-20-2013

LSND ofbcial curves
see Church et al
hep-ex/0203023
Maltoni et al
hep-ph/0207157

PAN Machado



Differences between
Giunti et al and our bt

LSND ofbcial curves

T ———m  See Church et al
09% CL i 1 hep-ex/0203023
Maltoni et al
0] = - 31 hep-ph/0207157
_ u Ve N
oS e ] our LSND bt:
= Palomares-Ruiz,
“E5 i 3 1  Pascoli, Schwetz
£ - 1  hep-ph/0505216
m)“l— LSND global -

3 10 10 16°

2
ininl 21
sipfai 2!

Natal Sep-20-2013 PAN Machado




10 AL B
[ 2 «<90%, 99%, 99.73% CL, 2 dof !

Natal Sep-20-2013 PAN Machado



%102_ "IIII| [ IIIIIII|§I IIIIITE
- — (8% CL
< i — 00% CL
- — 05% CL
i — 09% CL
— 30
10 Aoimg o KARMENZ 90% CL:
i BUGEY 90% CL ]
i3
107E
i LSND 90% CL
_ LSND 99% CL
10-2 ||||||| Ll ||||||| Ll ||||||| Ll lldlllnlili'r
10° 10?2 10" 1

Natal Sep-20-2013 «rn2ong  PAN Machado



%102 11T ;; o 1T s T T
: — 68% CL :
R % — 90% CL ;
- — 95% CL ]
: E_*:. — 99% CL ]
c:"} — 30
10 40— KARMEN2 §0% CL
L 7 90%, 99%, 99.73% CL, (2 qofl“/l CL

LSNBIOT2’ e

: LSND 99% CL

10-2 IIIIII| L IIIIII| L IIIIII| L Illdlllrllilirr

10” 10 10 1
Natal Sep-20-2013 «rn2ong  PAN Machado



Natal Sep-20-2013

10

N'_|
=
o,
1
~ g
=
<]
107t

I I I 1T T T I T~ T TTT T T T J.I. T I T T T TTT
3+1 - GLO o ]
|| emmm 68.2796 CL .- g _
|| e 90.00% CL S N m
o 954506 CL Q‘ )
- 99.00% CL 7 ’ T
99.73% CL \ :
H I -
\ .
\ \
L : _
\
- \ -
\
v
v
- \ ]
- B | -
L . _
L ' _
L ; _
L N _
\
L : _
/
| [} ¥ 3+1 - 3o L
J \
_- . <.-- ve DIS
L - -=--" '1.-. v.DIS
1 - DIS
; —— APP
1 1 1 L1 111 I 1 L1 1 11 I 1 11 111 I . I I 1T 171
-4 -3 -2 -1
10 10 10 10 1
L2
sSIiN“2U¢,

PAN Machado



Natal Sep-20-2013

%102
<]

WW

L UL B
— 68% CL
— 90% CL
— 95% CL

)

i — 99% CL
"!- L — 3U
o L2 ceeee KARMEND 90% Gl
| glgg‘ggg’ i |- :?2 ----------- BUGEY 90%CL
N%‘ IIIIIIIIIIIIIIIIIIIIII
t 1 1 — ~
g E--
0
L || LSND 90% L2
|| [LSND99% CL
10-2 IIIIII| L1 IIIIII| L1 IIIIII| L1 III"IIIi'F
0010t 10t
sin“26

PAN Machado



Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897

10‘5
10
T S
> , -
2 | @
o~ = o~
E £
< I < I
.”]-1:_ 10'1:_
- [ ]App 90% CL - [ IDis 90% CL
- M App 99% CL - [ Dis 99% CL
- 2 App Best fit - ¥ Dis Best fit
1 1 IIIIII| 1 IIIIIII| 1 1 L 1 111 1 IIIIIII| | IIIIIII| 1 1 1 1111
102 - - ; 107 - 3 2
10 10 10 10 10 10
- 2 - 2
sin“(26,,) sin“(20,,)

Natal Sep-20-2013 PAN Machado



