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Standard Model: Massless Neutrinos

» Standard Model: v;,v5 == no Dirac mass term LP ~ mPy vk

» Majorana Neutrino: v¢ =v

» Vg =vgr = Majorana mass term LM ~ li/Lz/f?

» Standard Model: Majorana mass term not allowed by SU(2); x U(1)y

(no Higgs triplet)
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> Neutrinos are special in the Standard Model: the only neutral fermions

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

L= () (22) o= (%) (128) B =mer (323)

non-SM chiral fermion field fg = £ (=9)

Dirac mass term ~ L_L5>fR 4+ Majorana mass term ~ fRCfR
in some models fg is called right-handed neutrino: fg — vg

If these non-SM fermions are light, they are called sterile neutrinos:

—,,C
VSL :VR

» Active neutrinos (ve, v, V7) can oscillate into sterile neutrinos (vs)

» Extremely interesting window on physics beyond the SM

» Observable: disappearance of active neutrinos

(=) (=) . .
» Many v, and v, disappearance experiments

» We focus on v, and 7, disappearance

Gallium and MiniBooNE v, anomalies and reactor 7, data
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Experimental Evidences of Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A 2 640.2) x 10-5 eV2
Ve — Vy, Vr Super-Kamiokande N mSOL ( ) X e
N
SNo tan® ¥soL ~ 0.47 % 0.06
BOREXino
Reactor
- . (KamLAND)
v, disappearance

Kamiokande

. IMB
Atmospheric
Super-Kamiokande AmATM (2 4 + 0. 1) X 10 V
Vy = s
MACRO —
Soudan-2 sin? ¥atm =~ 0.50 & 0.07

Accelerator
v, disappearance

(K2K & MINOS)
Two scales of Am*: Amimy =~ 30 Am3o,
Large mixings: ¥Yatm ~ 45°, UsoL ~ 34°
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Three-Neutrino Mixing

3
Var = Uakvie (o =e,p,7)
k=1

three flavor fields: ve, vy, v,
three massive fields: vq, v», v3
Am3 + Am3, + Amiz =m3 —m3 +m3 —m3+m; —m3 =0

Amio = Amd ~ (7.6 £0.2) x 107°eV?

AmBog =~ |Am3)| ~ |AmZ,| ~ (2.4 +0.1) x 10 3eV?
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Allowed Three-Neutrino Schemes

2
Amipy

V3

"normal”

) —_
Amgq, <

2
Amimy

"inverted”

different signs of Am%; ~ Am3,

absolute scale is not determined by neutrino oscillation data
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Gallium Anomaly

Gallium Radioactive Source Experiments

Tests of the solar neutrino detectors GALLEX (Crl1, Cr2) and SAGE (Cr, Ar)

Detection Process: Ve+ 1Ga = "Ge+ e~
Ve Sources: e +51Cr—= %V 4+, e +3Ar = 3Cl + v,
S1Cy 3TAr

E[keV] | 747 752 427 432 811 813
B.R. 0.8163 0.0849 0.0895 0.0093 | 0.902 0.098

51Cr (27.7 days)

427 keV v (9.0%) 37Ar (35.04 days)
432 keV v (0.9%)
_ 747 keV v (81.6%) 813 keV v (19.8%)
752 keV v (8.5%) 811 keV v (90.2%)

37
320 keV v Cl (stable)

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

sty

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
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'SOURCE -
/:osmm

HORIZONTAL
POSITIONER

GALLEX Cr1
11 SAGE Cr

p(measured)/ p(predicted)

[ 0.7 1 GALLEX Cr2 saGEAr

%S
f;
QIR
RXRRH
QXX
S

GALLIUM
REACTOR

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]
NOMINAL
SOUR(

o210

Rca = 0.88 £0.05

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
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» Deficit could be due to overestimate of o(ve + *Ga — "LGe + e7)

» Calculation: Bahcall, PRC 56 (1997) 3391, hep-ph/9710491
3/2- 0.500 MoV

5/2= 0.175 MeV

1/2-

10.233 MeV

MGa

> 0G.s. related to measured o(e™ + NGe —» "Ga+ Ve):

06:5.(°"Cr) = 55.3 x 10 * cm” (1 £ 0.004),,

51 51 175 keV 500 keV
= 1 + 0. 9 —M—— + 220 —————
> 0'( Cr) UG.S.( Cr)( 0.66 < 0 0 < )
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» Bahcall: [Bahcall, PRC 56 (1997) 3391, hep-ph/9710491]

from p + 1Ga — "LGe + n measurements [krofcheck et al., PRL 55 (1985) 1051]

BGT175kev BGTi75ev  0.056 BGTs00kev
————— < 0.056 = = = 0.146
BGTg.s. < BGTgs. 2 BGTgs.
30 lower limit: BGT 175 ev = BG 500 kev =
- BGTgs. BGTgs.
. T175kev BGTs500 kev
3 limit: ————— < 0.056 x 2 —————— =0.146 x 2
o upper limi BGTcs < X BGTcs. X
o(°1Cr) = 58.1 x 1070 cm? (175,835
: lo
> Haxton: [Hata, Haxton, PLB 353 (1995) 422, nucl-th/9503017; Haxton, PLB 431 (1998) 110, nucl-th/9804011]

“a sophisticated shell model calculation is performed ... for the transition
to the first excited state in "*Ge. The calculation predicts destructive
interference between the (p, n) spin and spin-tensor matrix elements.”

o(®1Cr) = 63.9 x 10 *® cm? (1 £ 0.106),,
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GALLEX SAGE
Crl Cr2 Cr Ar
R |1.00£0.10 0.814+0.10 | 0.95+0.12 0.79£0.10
(L) 1.9m 0.6 m

| Ra = 0.88 +0.05 |

Am?L
Py (L, E) =1 — sin? 29 sin2< m >

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]

4E

Lose S05 m = Amdg >1eV? — v, — v

R

_ de L2 E;(B-R.),’U; Pueﬂue(L’ Ei)

E,-(B.R.),‘ O','fd\/ L2
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© Ga
e —— 68.27%C.L. (1)
<. - 90.00% C.L.
——— 95.45% C.L. (20)
— - 99.73% C.L. (30)
N - = mp<2eV 2 o
Xmin = 2.94
NdF =2
w0 E 3 GoF = 23%
T ol ] sin? 209 = 0.22
[
Am? =1.98eV?
£ 1k 1
3 ™~
107 F \ ,
107 L f f f
1072 10 0 2 4 6 8 10
sin?29 5" ax°

[Acero, C.G, Laveder, PRD 78 (2008) 073009, arXiv:0711.4222]
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3+1 Four-Neutrino Mixing

m? m?
BREA BREA
2 2
Amgp;, Amgp,
] )
2
Amgo; |
2 2 141
Amiry Vs Amiry
) | V2
Amgey, | —_
%41 ]
"normal” " 3v-inverted”

Uea? <1 U <1

2
2
Amiry

2
Amgy,

2
Amgpgy,

"4y-inverted”

|U'r4|2 < 1

m2
) —2
Amgo |
2 141
Amiry
V3
2
Amggy,
vy

"fully-inverted”

|Us4|2 ~1
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Uel

U‘rl

Usl

PSBL

Va—)l/ﬁ

Vo — Vo

Amig L
= sin? 21922" sin? <%> (a #PB)

sin? 2038" = 4| Uoa|?| Uga|®

4E

Amig L
PSBL =1 _sin? 21935" sin? <7mSBL >

UeQ

U7'2

Us 2

5in? 2035" = 4|Uoa|? (1 — [Una?)

Ue3 Ue4

U |Ups
sin? 2928L ~ 0.22 = |U,4]? ~ 0.06
UT3 UT4
sin? 20581 > 0.02 = |Ue4? > 0.005

Us3 Us4

f

SBL
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H 5 3He+ e + e

Tritium Beta-Decay

dar (cos®c Gr)? B B
L = et M FE) pE(Q - T (@ - T -,

K(T) [keV]

Q = Msy — My — me = 18.58 keV
Kurie plot

1/2
dr/d7 :[(Q—T) Q- T)—mue}

cosd ¢ Gr)?
(o9 | Fe) e

0.005 F

|m,, <2.2eV (95% CL)]|
m =0 1 Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

my, = 5eV

future: KATRIN (start 2010)

[hep-ex/0109033]  [hep-ex/0309007]

18.‘555 15;.56 18.‘565 15;.57
1 e -
T [keV] Q—m, 0 sensitivity: m,, ~ 0.2eV
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Neutrino Mixing:  m,, =— mg= Z|Uek|2mi
k

4v-inverted and fully-inverted schemes

|Ue1|2+|Ue2|2+|Ue3|2:1 |Ue4|2<<1

~Y ~Y ~Y ~Y 2
mg >~ my >~ my ~ m3 >~/ Amsg

Am%BL 5 5 eV2
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Normal and 3v-inverted schemes

mg <26V = |Uea?mj <4eV?
my > my, my, m3 = mﬁ = Am.%BL

Amg < 4|Ues| % e

1
sin? 2958 = 4 U4 (1 - |Ue4|2> —|Ues|® = 5 (1 +4/1 - sin? 2792}93")
, 1 5 1 - 2 5,9SBL
| Ueal <3 = |Ueal* = = | 1 — /1 —sin® 293E

8
1—4/1 —sin?20SBL

sin2 2938L > 0.02 = AmZg < 800eV?

Amgg S eV?
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Beam Excess

LSND

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

Uy — Ve L~30m

1751

15F

1251
10

® Beam Excess

P9, ~ Ve In

p(v..e)n

other

0.6 0.8 1 1.2 1.4
L/E, (meters/MeV)

Amieyp = 0.2eV?

20MeV < E < 200 MeV

10

N

-2
10

90% (L, L <2.3)
99% (L, -L <4.6)

Karmen CCFR]
Bugey ]

NOMAT

10°

10 10 ,. 1
sin” 26

(> Amapy > Amdg, )
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Events / MeV

Excess Events / MeV

MiniBooNE

[PRL 98 (2007) 231801]

475MeV < E < 3GeV

Vy — Ve L~541m

e Data
1 Ve frompt
3 V. from K™
+ == v, from K°
. P misid
CJAa-Ny
4 . it
I other
Total Background

14 15

E}* (Gev)

data - expected background

......... best-fitv, - ve

5in?26=0.004, A m’=1.0eV?

sin?26=0.2, A m*=0.1eV?

020 L
93z 0.4 06 08 1 12 14 15

EY* (GeV)

[PRL 102 (2009) 101802, arXiv:0812.2243]

Nsz
<

10

. 6.462E20 POT
. official E>475MeV 90%CL

¥ v

107

Low-Energy Anomaly!

107 10" 2o d
sIn®(26)

[arXiv:0901.1648]
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Events / MeV

MiniBooNE Low-Energy Anomaly

e Data
[ Ve fromp
O V. from K*
+ v, from K°
I ° misid
CCIA- Ny
¢ B it
[ other
Total Background

I|IIII|IIII
——

14

[PRL 102 (2009) 101802, arXiv:0812.2243]

Nthg =f, (Pl/e—we Ncall + Ncal )

Veof Vs
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NERE = £, (Poeowe N + N2

» Estimated 15% uncertainty of the calculated neutrino flux [miniooNE, PRD 79
(2009) 072002, arXiv:0806.1449] 1S consistent with measured ratio 1.21 4+ 0.24 of
detected and predicted charged-current quasi-elastic v/, events [viniBooN,

PRL 100 (2008) 032301, arXiv:0706.0926]

» We consider AmZg, —Amdeg = 20 eV?

» Py, is practically constant in MiniBooNE

ATE
L(’Ys'f’:A7:n2§400m < (MB~54lm

» Very-Short-BaseLine (VSBL) because oscillation length in Gallium
Radioactive Source Experiments and Reactor Neutrino Experiments is
extremely small:

Losc(1MeV) < 10cm
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events / MeV

25

2.0

15

1.0

0.5

0.0

MiniBooNE-v 1
ey N ]
f‘taf Ncal B

Vu
— P NN |

Ve = Ve

1000
E [MeV]
[C.G, Laveder, PRD 80 (2009) 013005, arXiv:0902.1992]

1200 1400

No Osc.

Xmin = 27.2

NdF =10

GoF = 0.2%

f, =1.15

Osc.

Xmin = 17.7
NdF =9
GoF = 3.8%
f, =131

PVeg)Ve — 0.72
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MiniBooNE-~ 4+ Gallium 4+ Reactors

o
=] e e R ABAREECEEEEE TS
7 : 3
' : 13
— MB-v ! I .Z
1
E --- MB-v+Ga : 1
g ...... Re I B " g
o £ ‘--- MB-v+Ga+Re i aE
E \ f E|
E 1 N =
E ! ! WARE
E \ ] b=
E99% | i 3
E | E|
E \ E
©E ' E
E \ E
E ' E
< E ! 3
q g \\ %
E \ i
< _F95.45% 'l E
E ' 13
E \
E \
E90% |
E \ I
~ —F \ r
E v B
E \ B
F68.27% ' ! i3
= N ’ L )
o iy AAAA%ANL’AAAAA%A;\L{(AAAAI-
0.4 0.5 0.6 0.7 0.8 0.9 1.0

P\)E —Ve

[C.G, Laveder, PRD 80 (2009) 013005, arXiv:0902.1992]
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MB-v  MB-v+Ga Re MB-v+Ga+Re
Xain 272 34.0 2.9 36.9
No Osc. NDF 10 11 7 18
GoF  02%  0.04%  89.8% 0.5%
.of 1.15 1.15 1.15
Xoin 177 20.1 2.9 317
NDF 9 10 6 17
Osc. GoF 3.8% 2.8% 82.7% 1.7%
P .. 0.72 0.83 1.0 0.93
.of 1.31 1.24 1.19
Ax2 2.4 11.1
PG NDF 1 2
GoF 12.4% 0.4%

[C.G, Laveder, PRD 80 (2009) 013005, arXiv:0902.1992]

PG = Parameter Goodness-of-fit

[Maltoni, Schwetz, PRD 68 (2003) 033020, hep-ph/0304176]
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Events / MeV

Excess Events / MeV

MiniBooNE Antineutrino Data

0.05

e Data

v, fromu*”
v, from K*"
B v, from K°
I mis-identified ©°
ANy
B dirt

I other

— Syst. Error

®  data - expected background
best-fit v, -V,
sin?26=0.004, A m’=1.0eV?2

-0.05 —
0.1

E—%t ¢ I 5in°20=0.2, A m*=0.1eV?
o |l BT CET = --'I'"" ------------------------ o
E N [ [ *
l * T * 1
1 L L " 1 L 1 " " " 1 "
04 0.6 08 1 12 15 3.0
ECSE (GeV)

[PRL 103 (2009) 111801, arXiv:0904.1958]

No Low-Energy Anomaly!
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MB+Ga+Re

e dn S

\
\ =
\ ’ E
AY ’ ]
\ ]
N ’ ]
N ’ 3
R - — E
o AAAAAAAAA%AAAAAAAAA%AAAAAAAAA%AAA\LIJA—A%AAAAAAAAA%AA‘AA'AA
0.4 0.5 0.6 0.7 0.8 0.9
Py, v,

[C.G, Laveder, PRD 80 (2009) 013005, arXiv:0902.1992]

g
o
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MB-v MB-v+Re MB  MB+Ga+Re

X 169 19.8 44.1 53.8

No Osc. NDF 10 17 21 29
GoF  7.6%  285%  0.2% 0.3%

£of 1.08 1.08 1.08 1.08

X2in  16.9 19.8 36.7 48.9

NDF 9 16 19 27
Osc. GoF  50%  23.0%  0.9% 0.6%
P ., 100 1.00 0.76 0.93

£of 1.08 1.08 1.19 1.10

£ 1.28 1.19

DX 0.0 2.1 8.3

PG NDF 1 1 3

GoF 100.0%  14.8% 4.1%

N = £ (Pumswe N2+ N ) NSRS = £ (P NEEY + NE2L)

[C.G, Laveder, PRD 80 (2009) 013005, arXiv:0902.1992]
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Tension between neutrino and antineutrino data could be due to:

» Statistical fluctuations.

» Underestimate of systematic uncertainties.

» Our hypothesis of VSBL v, disappearance is excluded.
> Violation of CPT symmetry: P, .. # Py.—5..

P T
Vo Vg — Va— Vg — V5—Va

CPT = Pua—wﬁ - PVB—wa

a=p = ‘Pua—wa:Pﬁa—)ﬁa
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sz

10

CPT Violation?

T

F oo ] AgePT =Psv. — Posi.
‘ NdF = 26

’ \ / ] GoF = 4.0%
] ASPT — _0.17

n

S

i n
T

} .
-0.3 -0.2 -0.1 0.0
CPT
Aee

[C.G, Laveder, PRD 80 (2009) 013005, arXiv:0902.1992]
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Future Tests of (V)SBL v, and 7, Disappearance

The hypothesis of VSBL v, disappearance can be tested with high accuracy
by future experiments with pure well-known electron neutrino beams:

» SAGE collaboration is planning a new source experiment (v,)
» Beta-Beam experiments:
N(A Z) = NA Z+1)+e + e (B)
N(A Z) = N(A,Z —1)+et +ve (BT
» Neutrino Factory experiments:
= oy +et +ve

b v, te +ve
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Neutrino Factory

Decay Straight v,, + v,
P b— - @ ®
T z o
> Q
o ) )
< + Circumf - 1609 - : z
) ,J, Ircumrerence: m p, % 8
. ) 24
2 _ o 9
S~ - wive ~ @t @
o | s=600 m | d=2000 m |

‘ 755 m

[C.G, Laveder, Winter, PRD 80 (2009) 073005, arXiv:0907.5487]

Near Detectors:  Scintillator or Iron Calorimeter
with perfect flavor identification

Systematic Uncertainties: Cross Section, Detector Normalization,
Energy Resolution and Calibration,
Backgrounds
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Am?

d=50m (200kg) + d=2km (32t)
|}

10° 1 2
I | S
H o
! | 0
! %]
| ‘
\ | 3
10? \ | 3
0 I ! (U]
) |
\ /
AN
1 4 g
10 | ,
\ /
N |
o
10° | = FD+ND "~
— FDonly TN
—— ND only
— — FD+ND, no sys.
107t t--- Ref. beta beam
Current limit
10° 10*  10° 10?10 10

sin? 20

[C.G, Laveder, Winter, PRD 80 (2009) 073005, arXiv:0907.5487]
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CPT Violation?

Am2L
Py, =1— sin® 29, sin’ < ZTEV >
.2 .2 Am,%L
Ps.—5, =1 —sin” 295 sin iE
g = Jv =5 o Amp - Amp
T =%, +9 T = Am2 + AmZ
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True value of Am?

[C.G, Laveder, Winter, PRD 80 (2009) 073005, arXiv:0907.5487]

10°
10%
1070 5
10"
10°
107"
107 1072 107
True value of sin 26
1095 ~0.3

dashed lines: no averaging over decay straights

True value of Am?

107"

10715 ~ 0.03
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Conclusions

» The Gallium anomaly may be due to v, — vs oscillations with
sin29 > 0.1 and 1eV? < Am? < 800eV?

» These transitions may explain the MiniBooNE Low-Energy-Anomaly

» Tension between neutrino and antineutrino data could be an indication
of CPT violation (Py, v, # Po.—5.)

» (V)SBL v, and 7, disappearance can be checked in future

» Beta-Beam experiments (pure v, or 7, beam from nuclear decay)

» Neutrino Factory experiments (v. and 7, from p* decay, or 7. and v, from
w~ decay), which can test also CPT violation.
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