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Which steriles?

The Z invisible width measured at LEP tell us that we

only have three light neutrinos (my < Mz/2) coupling
to the £

Any SM singlet is generically a sterile neutrino but it
may serve to many purposes

Very massive (10%12 GeV) — seesaw, leptogenesis

Intermediate (few keV) — dark matter candidate
Light (~ eV) — Vv oscillation anomalies
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Do we need steriles?
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LSND

Los Alamos 1993-98

Intense proton beam
o+ X saT 4+ X!

L, u"v, (DAR)
+

>€ ' Vel

LSND detected more 1,
than expected (3.80 excess)
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MiniBooNE

Fermilab 2002-...

Intense proton beam
p+X —wat,n -+ X'
eg. L, put V),

L e+1/ez7“
Forget about the past:

Neutrino and antineutrino modes
see excesses of v, and v,

(combined is also a 3.80 excess)
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MiniBooNE
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LSND + MiniBooNE
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Their data look
consistent
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Reactor anomaly

Nuclear reactors: electron spectra from 233U,

238 239py, 241Py are translated to 7, flux
Schreckenbach 82, 85

A recalculation of fluxes lead to ~ 3% increase
Muller et al 201 |, Huber 201 |
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Distance to Reactor (m)
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Reactor anomaly

experiment L [m] obs/pred unc. error [%] tot. error [%)]
Bugey4 [66] 15 0.926 1.09 1.37
Rovno91 [67] 18 0.924 2.10 2.76
Bugey3 (68| 15 0.930 2.05 4.40
Bugey3 (68| 40 0.936 2.06 4.41
Bugey3 [68] 95  0.861 14.6 1.51
Gosgen (69| 38 0.949 2.38 59.35
Gosgen [69] 45 0.975 2.31 5.32
Gosgen [69] 65 0.909 4.81 6.79
ILL [70] 9 0.788 8.52 1.16
Krasnoyarsk [71] 33 0.920 3.55 6.00
Krasnoyarsk [71] 92 0.937 19.8 2.03
Krasnoyarsk [72] 57 0.931 2.67 4.32
SRP [73] 18 0.936 1.95 2.79
SRP [73] 24  1.001 2.11 2.90
Rovno88 (74| 18 0.901 4.24 6.38
Rovno88 [74] 18 0.932 4.24 6.38
Rovno88 [74] 18 0.955 4.95 7.33
Rovno88 [74] 25 0.943 4.95 7.33
Rovno88 [74] 18 0.922 4.53 6.77
Palo Verde [75] 820 1 rate

Chooz [76] 1050 14 bins
DoubleChooz [10] 1050 18 bins

DayaBay [77] 6 rates — 1 norm

RENO [9] 2 rates — 1 norm
KamLAND [7§] 17 bins
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We fit the data
normalization f, taking
correlations into
account, and find

f =0.935 £ 0.024
o = 15.7/18 (P = 61%)
X§=1 = 23.0/19 (P =2.4%)

Ax%t_; =725 (2.70)
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We fit the data
normalization f, taking
correlations into
account, and find

f =0.935 £ 0.024
o = 15.7/18 (P = 61%)
X§=1 = 23.0/19 (P =2.4%)

Ax%t_; =725 (2.70)
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Statistics...

Goodness of fit test: one compares the minimum X? with the
number of data points.
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Goodness of fit test: one compares the minimum X? with the
number of data points.
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Ax?%: improvement of the X2 when changing the hypothesis
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Statistics...

Goodness of fit test: one compares the minimum X? with the
number of data points.
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Statistics...

Goodness of fit test: one compares th~ A
ints Mg
number of data nf“;“ er of data poin
: u
G(L;od test put REESis 1t the data

Parameter goodness of fit test: one compares the global

minimum X2 with the sum of minimum X2 of two data sets
Compatibility of two data sets

Ax?%: improvement of the X2 when changing the hypothesis
How much a hypothesis is favored compared to another
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Statistics...

Goodness of fit test: one compares tha oht ate
ints Mig
number of data nrin+ of data pomf-
i put num B the data
Good tes® EEeSTS 1]

Parameter goodness of fit test: one compares the global

minimum X2 with the sum of minimum X2 of two data sets
Compatibility of two data sets

" ood fitooo
AX?2: improvement ~ othesis does not Teaﬂ,iu%..esus
Comparing

two hyR O S avored compared to another
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Reactor anomaly
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We fit the data
normalization f, taking
correlations into
account, and find

f =0.935 £ 0.024
o = 15.7/18 (P = 61%)
X§=1 = 23.0/19 (P =2.4%)

Ax%t_; =725 (2.70)
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Reactor anomaly

experiment
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unc. error (%)
1.09
2.10
2.05
2.06
14.6
2.38
2.31
4.81
8.52
3.9
19.8
2.67

add adhoc normalization
r error of 2% (3%)reduces the

rovn. Significance to 2.10 (1.70)

14 bins
18 bins
6 rates — 1 norm
2 rates — 1 norm
17 bins

tot. error (%]

1.37
2.76
4.40
4.41
1.51
9.35
5.32
6.79
1.16
6.00
2.03
4.32
2.79
2.90
6.38

38

33
6.77

We fit the data
normalization f, taking
correlations into
account, and find

f =0.935+0.024

Yoin = 16.7/18 / (P = 61%)
X7—1 =23.0/19 (P =2.4%)
Ax%t_; =725 (2.70)
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Reactor anomaly

We could explain these anomalies with additional sterile
neutrinos such that Am2~ O(eV?)

We will focus on the 3+1| case

Uel UeZ UeB Ue4
U=\ Upu Uu Uus Ups
UT]. U‘T2 U‘7'3 U7'4

mass

3+ 32 [£3%]

B = B
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sin220 4
. . : s . o Am2, L
PBLAY — 1 (A[Ueaf’(1 — |Uea ) sin® ST
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sin220 4
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sin220 4
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sin220 4
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sin220 4
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Gallium anomaly

427 keV v (9.0%) /

432 keV v (0.9%)

Sources:
e~ I Sl x olnp 1 Vi

S1Cr (27.7 days)

Z

747 keV v (81.6%)

320 keV ¢

752 keV v (8.5%)

+ HCI

sly

e~ + 3TAr — S"Cl + v,

37C] (stable)

(54 m*, 110 t)

37Ar (35.04 days)

813 keV v (9.8%)
811 keV v (90.2%)

Hampel et al 1998, Kaether et al 2010, Abdurashitov et al 1998, Abdurashitov et al 2005
ICFA Jan-08-2014
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Gallium anomaly

Sources: Detection:

e e NEH] 51
g o o2 2SN Y g _
SICr ';27"-' days) C I/e —I— 71 Ga.} % 71 Ge + e

427 keV v (9.0%) 372~
432 keV v (0.9% ) " « 500

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

320 keV v

175
— 37 37
e+ VAr— ' Cl 4w, 1/2- ;
37Ar (35.04 days)  TGe (LB
e QEc = 229 keV
813 keV v (9.8%) 32-
37C] (stable) é./-”// SV P02%) 71Ga (stable)

Hampel et al 1998, Kaether et al 2010, Abdurashitov et al 1998, Abdurashitov et al 2005
ICFA Jan-08-2014 PAN Machado



Gallium anomaly

Detection:

Detection process can occur thru 4
P v | HGa— TQe Lo

ground state or excited state o
i 500

5/2
P 175

BGT175 BGTs
o(X) = 04.5.(X) <1+ax LN °°>

T 0x
BGT,... BGT...
1/2
NGe (11430)7
QEC =229 keV

3/2 :
71Ga (stable)
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Gallium anomaly

Detection:

Detection process can occur thru
P v & BGa—3 e tLie™

ground state or excited state

3/2

< 500
BGT17s5 BGT'500
o(X)=0xs5(X)|1+a +b 502
( ) g.s.( ) ( XBGTg.S. XBGTg,S, | P 175
ground state O Gamow-Teller strength o
is well known (large errors...) L Qec = 229 keV
See Frekers et al 2010 ’.:,.lGa (St‘; Elc)
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Gallium anomaly

Gallium data using Frekers et al PLBI l

Seliun dato yeing Frekers ctal
Detection process can occur thru L ] ? ]
ground state or excited state T i

Gallex ~ Cr; 4 i

o(X) = e (1 +ax ggi:: bx %&:ZT) SAGE *'Cr —

ground state O Gamow-Teller strength ~ [SACEAr "_“_‘

is well known (large errors...) ARRERRRNRIRNREN DA 108

See Frekers et a/ 2010 05 06 07 08 09 1 11
observed / expected

Schwetz@Neutrino 2012

Ry(Cr) =0.80+£0.10 R4(Ar)=0.77 £ 0.08

ICFA Jan-OB-ZO | 4 See also Acero Giunti Laveder 2007, Giunti Laveder 2010  PAN Machado



Gallium anomaly

Gallium data using Frekers et al PLB11

| SREREN AR
Detection process can occur thru L]} E
: Gall Cr | i

ground state or excited state T 1
Gallex *'Cr F—e——
BGTis  , AR L L

o(X)=@gaa 1 +ax—— + b0 = SAGE ”'Cr | .
¥ = ( *BGTgs = BGTgs i l
371l lal | i
ground state O Gamow-Teller strength ~ [SAGE Arf—*T1

is well known (large errors...) ARNRTRROEARURENY IRNR0NE BWY

observed / expected

10.054 Schwetz@Neutrino 2012
Tmin = 0.84Z57051
2, = 2.26/3dof Ax?_, =8.72 (2.950)
Compared to Giunti Laveder 2010, ratio is now
ICFA Jan-08-20 | 4 higher, while significance is comparable PAN Machado



Gallium anomaly

Gallium data using Frekers et al PLB11

| SREREN AR
Detection process can occur thru L]} E
: Gall Cr | i

ground state or excited state T 1
Gallex *'Cr F—e——
BGTis  , AR L L

o(X)=@gaa 1 +ax—— + b0 = SAGE ”'Cr | .
¥ = ( *BGTgs = BGTgs i l
371l lal | i
ground state O Gamow-Teller strength ~ [SAGE Arf—*T1

is well known (large errors...) ARNRTRROEARURENY IRNR0NE BWY

observed / expected

10.054 Schwetz@Neutrino 2012
Tmin = 0.841 053

i = 2.26/3dof  Ax2_, =8.72 ((2.950)

Compared to Giunti Laveder 2010, ratio is now o
ICFA Jan-08-20 14 higher, while significance is comparable A —



Gallium anomaly

Gallium data usmg Frekers et al PLBI l

FERERENREERT RRRER
Detection process can occur thru e
. Gallex * Cr | i

ground state or excited state ittt il
Gallex *'Cr —e——
BGT.s . JEEER L

o(X) =G| 1 - ax ———— 1+ b= SAGE’'Cr | B
¥ = ( *BGTgs.  BGTgs. i *
ground state O Gamow-Teller strength ~ [SAGE "ArH Hi

is well known (large errors...) LA

See Frekers et al 2010 05 0.6 /%7 08 09 1 LI

observed / expected
02012

37 :
+0.054 Depends on *’Ar data point
Tmin = 0.84Z6°051 (1.80 without it)

Yo = 2.26/3dof AxZ_, =8.72 (2 900)
Compared to Giunti Laveder 2010, ratio is now
ICFA Jan-08-20 | 4 higher, while significance is comparable PAN Machado



Reactor + Ga + ...

Ga + SBL reactor rates
+ Bugey-3 spectra:

IOE-

SBL reactors |

Am’ [eV7]

Consistent! O

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

0'6.01 0.1 1
sin220 4
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Reactor + Ga + ...

LSND and KARMEN measured v, + 2C — e~ + 12N

Solar neutrinos + KamLAND + Reactor MBL:
013 — 014 interplay and non-trivial bound
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Reactor + Ga + ...
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Reactor + Ga + ...

Global V. disappearance:

sin® ;4 = 0.10 Am?2, = 1.71 eV?

2. /dof = 306/329

Ax2 . =124 (99.8%,@

—_

Am 7 [eV?]

ICFA Jan-08-2014

10!} Z 2
i f-,-'_- i .-l
2 L2 ! |
= 17, (¢
10 o—— | }
L t—: I C\]:?.
81 Galliyy,
10-1} w
 95% CL 2l
o ~ R - AR i PR 4ot el
10-3 10-2 10!
|Uc4|?
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Reactor + Ga + ...

Global V. disappearance:

Y2 /dof = 306/329

\

sin® ;4 = 0.10 Am?2, =1.71 eV?

AX2 o oo = 124 (99.8%,(3.10

- o dI |-
1] S L& S
10 g )i 4 |.
[ o i
- e , l__
é u'-." s ‘_\
T i 3
o
d ."3 l L 7Y
o J0% — S
Nv L e 1 C 2 1
E B Eh
1 1
&} __]I
5 : Ui,
—— +
\"'\"\‘Q 10"1 .:. g; I
) £ 95% CL z |
} L1 - - A a Zj.l el
F 4 1073 102 10-1
iy
2
|Ue4 I

Yay! Still consistent!!
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PAN Machado



MB+LSND+app

2 10'f R
Blaid : Ama: L i >
P — 41U 4 U4 |? sin? =41 | .
) ) H AE
V= Ve
sin%20 oF
s £ 10° |
o MiniBooNE v
LSND and MiniBooNE are
consistent among themselves, as
well as with the ?ther appearance 1071 05 L., 2 des {
experiments o 10-2 o1
sin? 20,
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MB+LSND+app

5 Am?HL
(—)

RS_]?L,3+1 - 4|UM4UQ4IQSin
Vo Ve 41F

Sin220 e

LSND and MiniBooNE are
consistent among themselves, as
well as with the other appearance
experiments

10~

but does it look like
neutrino oscillation?

ICFA Jan-08-2014

10' ¢

-
-
-*

.
oo
e

[ MEniBaoNE v Y

99 % CL, 2 dof

10-2

,10_2 g Al.(.)_l

a2
sin” 26,
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I I R I e e e e e I e AU T T ST A

15 1 1 1 | | | | I | 1 | 1 | | 1 |
[ | [ [
: —— osc with Am2 =092 eV2 : I-s N D
! B decay with g m, =3.4¢eV _
8 4 v, line contribution 1 Palomares-Ruiz Pascoli Schwetz
10 = i - JHEP 0509 (2005) 048
g - -
=]
BT i . S g
w I & -
O S5 ° —
- | )
s background
O ==
1 | | | 1 | | | | 1 1 ' | | | l 1 ‘ |
04 0.6 0.8 1 12 14
L/E, [m/MeV]
el giac el e e e B AR B ‘.AP" "1 'el.' bo .......................... iO.—.j ....... 1.()._2 ....... 1.0:1 .....

but does it look like
neutrino oscillation?
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I I T T T T T S S S S S S S S S S S S Y ST S S S Y

3.0 14
MB v app {

25 12 -
{ Look at the dashed lines! .-, :

N 10/ 1T
20 =53 Y
08

s 1

1.0 B

0.6

Events/MeV
Events/MeV

04

05 O 02

0.0 0.0
0.2 04 0.6 0.8 1 (7 12 1415 3: 0.2 04

E, (GeV)

................"AP"""“"'Loo..........................

10

but does it look like
neutrino oscillation?
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0.6 0.8 {8 1.2 14135 3:
E, (GeV)

._3........0_2..'.....'.....

MB v app

¢ data(22dof) %
—— 3+1 global 39.25

----- 3+1app 32.8
— 3+2 global 38.09

----- 3+2 app 24.02
— 1+3+1 global 3233

----- 1+3+1 app 25.29
B v, from
B v. fromK
other bg

[ N IS0 N DO OB DO B SO N O N RO b B0 e RO M BEC N BEC Wi BN ol RO Ml BC Mol R DN RO M REC Y REC I BAX |

107!

.2
sin“ 26,
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Vy disapp bounds

PSBLAH = 1 — 4|Uuf2(1 — |Upa?) sin

We combined with reactor and Ga
to set a limit on U4

The v, disappearance experiments are
consistent with the 3 neutrino

paradigm

ICFA Jan-08-2014

2
o Ami, L

e
==~ LSND
10 MB app
reactors +Ga
rT
-
D)
= 10°} )
aNF Null results '\ Cp
= combined j"s Hs
< R
e
o 757
»_-=~MINOS
10—1 . ‘:::"
9% CL - e
1 == A
10 10~
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All together now

Uel
U= U
U'rl

UeZ
U2
U’T’2

UeS
U3
U’T‘3

Pee

7 N
Ue4

0. |Pre

T4
Puy

For large Am?, V. disappearance depends on Ue4

For large Am?2, v, disappearance depends on U4

For large Am?, V. appearance depends on UesUp4

ICFA Jan-08-2014
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10! :

Nej 109

All together now

2 90%,99%, 9973% CL 2 dof i

The app data is in conflict with the disapp data, specially v,!

ICFA Jan-08-2014

PAN Machado

10' ; !
' SND + reactors 1
+ Ga + MB app
null results
. disappearance
] S 100
: ' null results
' combined
null results
ol 20 &, | (appearance
1 e 10- 10~2 10-!
sin? 26



All together now

ICFA Jan-08-2014
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10"y e : 101y 4
[ 2 90%,99%,9973% CL 2 dof : Z :
=7 4 8 [ SND + reactors
N ‘ + Ga + MB app
null results
. . disappearance
S 10°] x S 109}
i ' null results
: ' combined
null results
i I gl 20 &, | (appearance
[ 1073 10~2 107! | i 10‘ 1072 107!
sin? 26, sin? 26
2 2 2 2 2 2
Xmin/dOf GOF XPG /dOf PG Xapp,glob AXapp Xdis,glob AXdis
3+1 712/(689 - 9) 19% 18,0/2 | G5 102 95,8/68 7,9 616/621 10,1



3+2 and |+3+]|

X?nin/dOf GOF X%G/dOf PG X?{pp.glob AX;‘ipp X'czlis,glob Axflis
3+1 712/(689 —9) 19%  18,0/2 1,2x10~* 95,8/68 7,9 616/621 10,1
3+2  T701/(689 —14) 23% 25,8/4 3,4x107° 92,4/68 19,7 609/621 6,1
1+3+1 694/(689 —14) 30%  16,8/4 2,1x10~3 824/68 7.8 611/621 9,0
3+2: no qualitative improvement, just o1 Am2 =05 ¢V ¥
more free parameters Am2Z =09 V2 s
| +3+1: slightly improvement, but PG Ex
value still small 5 1072 =
Regarding steriles, looks like this :
tension cannot be avoided. More L ‘ 90%, 9%
neutrinos do not improve the fit, just e 10-3 10-2 10-1
add more free parameters Voo Ul
ed U pud

see, e.g., Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897
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3+2 and |+3+]|

X;Znin/dOf GOF X%G/dOf PG X?{pp.glob AX;‘gpp X'czlis,glob Axflis

3+1 712/(689 —9) 19% 18,0/2 1,2x107% 95,8/68 7,9 616/621 10,1
3+2  701/(689 —14) 23% 258/4 34x107° 92.4/68 19,7 609/621 6,1
1+3+1 694/(689 —14) 30%  16,8/4 2,1x10~3 824/68 7.8 611/621 9,0

3+2: no qualitative improvement, just T
more free parameters L il Amszj =05 cV?

| +3+1: slightly improvement, but PG

value still small 10-2

IUcS UySI

Regarding steriles, looks like this
tenspn cannot be- avoided. More | B 90%. 99%
neutrinos do not improve the fit, just 107" .

102 102 ot
add more free parameters e
| Ue4 U;M I

see, e.g., Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897 PAN Machado
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i + 3 % 3
® wn = = 10}
2 g i ;
: 2 £
| 107y ;
i o To0 0. 01 02 03 04 05 06 07 08
U 2 Uns|?
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Conclusions
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Conclusions

There is a strong tension between app and disapp data
Gallium and reactor anomalies are ok with all null experiments

MiniBooNE and LSND anomalies are consistent among
themselves but in tension with the rest

3+1 and 3+2: poor fits
| +3+1|: better fit, but sum of vV masses gets higher...

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

question See also Maltoni Schwetz 2007, Kopp
Maltoni Schwetz 2010, Giunti Laveder 201 |

Giunti et-al 2013 /‘/[6/,0(//

Karagiorgi Shaevitz Conrad 2012 ...
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Differences between
Giunti et al and our fit

L

10* ¢

10°

Am 2

ICFA

2
sin” 26,

Kopp etal 2013

Jan-08-2014

[eV’]

2
41

Am

10

1 ]
ll
' .
' - v, I8
(] - DN :5
10° RRArH | Ry iR s
10 103 ' 1072 10"
sinzzﬂe“

Giunti et al 2013
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LSND final result

10>
< -
= | hep-ex/0104049
>
9
g 10 3
3
4
0
- B 90% (Lmax-L<2.3 |
- 9% (Lmax-L<4.6) |
2
0 ——3 ) 1 -
10 10 10 . |
sin” 20
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10 &

L
’ > v‘\"y"‘*"‘—ﬁu
v

[eV?]

2
Am
1] 1 llll‘ T L] |
\;'"\

1
107 10
99% CL z
N% (L -L< 3
09% (L L <46
2
10 el
107 16 162 |
. B sin” 20
ICFA Jan-08-2014 sin'2y

LSND final result:
hep-ex/0104049

Giunti Laveder
1010.1395
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Differences between
Giunti et al and our fit
LSND official curves:

(T SRR 4 T T TTT T T see Church et al
99% CL i é ; | hep-ex/0203023

Maltoni et al
hep-ph/0207157

| llllllll
| llllllll

e
g
/ LSND DAR

2
snp [€V]

2
L

Am

I llllllll
| Illlllll

)

10" LSND global

L1 lll

I llllll

L1l | llllllll | llllllll 11 1111

10 10 10" 1

D
sin ZGLSND
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Differences between
Giunti et al and our fit
LSND official curves:

T —rrrm——m see Church et al
99% CL | J hep-ex{0203023
i Maltoni et al
wE "~ =  hep-ph/0207157
S i \ LSND DAR 1 our LSND fit:
.3‘2 / Palomares-Ruiz,
NS% 1" 3 3 Pascoli, Schwetz
L : 1 hep-ph/0505216
AL
10 LSND global

FrRRn

llll | llllllll | llllllll L

10 10 18°

. 2
sinfoig,
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Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897

102 102
; appearance
10 10 .
< Y e disappearance
w w SRR, PRI
: 1= ‘:— g ——— ==
N I o~ B o
= - = i
4 T - I
10 107}
- [JApp 90% CL - []Dis 90% CL
- Wl App 99% CL - I Dis 99% CL
- X App Best fit - ¥ Dis Best fit
., I ' 1111111 ' s ' llllll s 1 | R3S W ol N | - 1 ' lllllll A 1 lllllll
10 ; 4 3 2 102 -4 -3 -2
10 10 10 10 10 10
sin(26,,,) sin’(26,,,)
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Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897
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- D= %%% Co -
. X DisBst fit
192 PR W A C 2 1 Lo vl L
19+ 197 102
y-2
sin”(29,,)
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Karagiorgi, Shaevitz, Conrad AHEP (2013) 163897
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Impact of steriles on 03

1.00

P, - Vv, @ 50m
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“UI'without

éMUU \'

resolution ,
with E resolution |

| Energy resolution: 12%/V E (MeV) |

Neutrino energy (MeV)

An\zsterile = | eV?
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Other explanation?

Martini Ericsson Chanfray PRD 87 (2013) 013009

Energy reconstruction effects in neutrino oscillation experiments

and implications for the analysis

[---] multinucleon component of the quasielastic cross section. We have applied our corrections to the
T2K and MiniBooNE data for electron appearance or v, disappearance data. We show that the

inclusion of this correction in the analysis is expected to lead to an increase of the best fit oscillation

mass parameters, particularly pronounced for the MiniBooNE neutrino data. This inclusion in

the analysis of the MiniBooNE neutrino data should improve the compatibility with the existing

constraints.
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