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Standard Model: Massless Neutrinos

Standard Model: v;,v; =  no Dirac mass term
£P = mP (VLvr + VRYL)
Majorana Neutrino: v =v
vp =Vr = Majorana mass term
M= %mM (V_LV,C? + EVL>

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
» |n extensions of the SM neutrinos can mix with non-SM fermions

= () (022) o= (%) (12) 8= mer (122)

new non-SM chiral fermion field fz (/=9)

Dirac mass term ~ L_La>fR + Majorana mass term ~ fRCfR

fr is often called Right-Handed Neutrino: fp — vg

> If these non-SM fermions are light, they are called Sterile Neutrinos:
Vs = I/"g
» Active Neutrinos (Ve, v, v,) can oscillate into Sterile Neutrinos (vs)

v

Extremely interesting window on Physics Beyond the SM

v

Observable: Disappearance of Active Neutrinos or indirect evidence
through combined fit of data
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Sterile Neutrinos

Sterile means No Standard Model Interactions
Obviously no electromagnetic interactions as normal active neutrinos
Thus Sterile means No Standard Weak Interactions

But Sterile Neutrinos are not absolutely sterile:

» Gravitational Interactions
» New Non-Standard Interactions of the Physics Beyond the Standard Model
which generates the masses of sterile neutrinos
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Experimental Evidences of Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A2 76 % 10-5 eV2
~7.6x
Ve — Vyu, Vr Super-Kamiokande N Mso. €
SNO .
sin® 9soL ~ 0.32
BOREXino
Reactor
- . (KamLAND)
v, disappearance
Kamiokande
. IMB
Atmospheric Soer-Kamiokand A2 24 % 103 V2
uper-Kamiokande m : . X
Vy = Vs ATM e
MACRO —
.2
Soudan-2 sin“ %atm ~ 0.50

Accelerator

. (K2K & MINOS)
v, disappearance

Two scales of Am*: Amimy =~ 30 Améo,

Large mixings: ¥9atm ~ 45°, UsoL ~ 34°
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Three-Neutrino Mixing

3
Var = Uakvie (o0 =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 = Am3; ~ 7.6 x 107°eV?

Am,%\TM ~|Am3| ~ |Amd,| ~ 2.4 x 1073 eV?
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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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> Interesting possibility: a new Am? > 1eV?

» |t has been studied in connection with searches of neutrino oscillations in
Short-Baseline experiments

» Necessary introduction of at least one new massive neutrino: 4-v Mixing
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Number of Flavor and Massive Neutrinos?

~10° —_
f./_ T T T T T T _g 2
e 3
B e Za[ ALEPH
5" e'e —hadrons 3 DELPHI
5 f L3
I OPAL
1031 20
E + average measurements,
error barsincreased
L by factor 10
10 2 g_(:[> 10
T PETRA —— !
r TRISTAN G| C
10 3 L L L ITHDJ 1 L L |EP I |I I 3 0 y L L L L
0 20 40 60 80 100 120 140 160 180 200 220 86 88 %0 E92 G 9\?
Centre-of-mass energy (GeV) cm [ € ]

[LEP, Phys. Rept. 427 (2006) 257, arXiv:hep-ex/0509008]

rZ - Z rZ—)eZ+ Z rZ—>q<‘7 + rinv rinv - Ny rZ_)ylj
l=e,u,T q#t

| N, = 2.9840 =+ 0.0082
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+

e'e” - /Z VvV = VeV, V, active flavor neutrinos
N
mixin = v —ZU v a=eu,T N=3
& ok = ak kL s no upper limit!
Mass Basis: Vi Vo V3 Vs Us
Flavor Basis: Ve Vy Vr Vs Vs,

ACTIVE STERILE

STERILE NEUTRINOS

singlets of SM = no interactions!

active — sterile transitions are possible if vy, ... are light

Y

disappearance of active neutrinos
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Four-Neutrino Schemes: 242 and 3+1

m? m?
2
Z!
3
2 2
Amgg;, Amgpgy,
—1%
%) — 12
141 1%%
” 2+2” ” 3+1H
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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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242 Four-Neutrino Schemes

m2 m2
Uy 1)
v ) —
AmZipyg Amgor,_|__
—_— 3
V3
2 2
Amgpy, Amgg,
V4
s ) —
Amdo T Amarn (|
141 V3
"normal” "inverted”
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242 Schemes are strongly disfavored by solar and atmospheric data

50 1T

40

30

S
g
20

10

99% CL (1 dof)

06 08 02 04 06 08
Ng Ng

o
o
N}
o
~
=
o
-

[Maltoni, Schwetz, Tortola, Valle, New J. Phys. 6 (2004) 122, arXiv:hep-ph/0405172]

Ns < 0.25 (solar + KamLAND)

_ 2 2 0 .
15 = |Us1|? + | Usz| 9% CL:Y 1 S 0.75 (atmospheric + K2K)
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341 Four-Neutrino Schemes

m? m? m? m
—2
v L s Amgor<]__ 1
o2 2 1%
A”"A'ﬂ\[ vy A"LATM
) —12
Amgor 1 —_
141 1263
2 2 2 2
Amgp;, Amgp, Amgp, Amgpgy,
V3 19}
—3 ) —12
Amggy, |
2 2 141
Amiry Vs Amiry
) —12
Amgo, - _ — —
141 V3
"normal” " 3v-inverted” "4y-inverted”  "fully-inverted”

Perturbation of 3-v Mixing
2 2 2 2
|Uea|” < 1 |Upal® < 1 |Ural” <1 |Usa|= =~ 1
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Effective SBL Oscillation Probability in 3+1 Schemes

4 2
, . 2
Poaosvy = | > UsiUpre | x |1t
k=1
2 A 5 L 2
m
= ZUakUﬁke (BBt ZUakUﬁkeXp Al
2E
k=1 k=1
Am§1L<1 Am§1L<<1 Al s Am?
m m
2F 2F 41
2
Am?L
Pch—H/p = U:cl U'B]_ + U;2U’32 + U;3Uﬁ3 + U;4Uﬁ4 exp( °F >

e Up1 + Uz Upa + Ug3Ups = dap — Uga Upa
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Pua—w,s —

2
Am?L
dap — UsaUpa ll—exp( >E >H

Am?L
= 0op + |Unal?| Upal? (2—2cos >

2E

— 20| Una|? <1 - cosA2mE2L>
— Gup — 2| Una? <5aﬁ _ |U,34|2> (1 - cosA2rnE2L>
= 8ap — 4 Upal? ( ap — |Upal )S'" A2LE2L
atB = Py = 4Uasl*|Upsl? sin® (A‘;TEL>

2
a=pf = Puve =4Uasl (1 — |Usal ) sin (
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Am?L

P,,a_wﬁ:sin2219aﬁsin2< 1E > (a # B)

sin® 2945 = 4|Una|?|Upa|?
Am2L>

Posv, =1— sin® 28 oq Sin° ( 1E

Sin? 200 = 4| Unal? (1 = | Uaa ?)

Uel Uez Ueg Ue4
-2
Uul U;LQ Upg U,u4 sin 2190404 <<1
U =
UTl U-r2 U7—3 U7—4 U
-2
sin“ 219
Usg Usp Usg |Uy |Ua4|2zT‘m
f
SBL
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Ve disappearance experiments:

sin? 20ce = 4|Ueq|? (1 - |Ue4|2) ~ 4] Ues|?

v, disappearance experiments:

sin? 209, = 4U,q|? (1 - |U#4|2) ~ 84U,

v, — Ve experiments:

1
sin 20, = 4| Uea|?| Upa|? = 2 sin? 20 ¢ sin 200,

Upper bounds on sin? 219, and sin? 219, imply strong limit on sin? 29 e
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Ve Disappearance

10 =
L
'w; C
) -
g -
107" =
-2 o TS
0 E KRASNOYARSK:-
10'3 | 1 Ll Il [ NN
~2 -1
° sin?20 '° k

[Savannah River (SRP), PRD 53 (1996) 6054]
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107!

v, Disappearance

10000 T —— T

1000

100

1000

100

il
2
Am

0.5 1.0 | ! 1 il
sin? 20 0 025 050 075 10
. sin?(20)
[CDHSW, PLB 134 (1984) 281] [CCFR, Z. Phys. € 27 (1985) 53]
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Yy — Ve

T T IIII(Iﬂ | T IIII{Il T T IIIIII| T T TTTTIT
B ‘ — NEV + atm + K2K ||
10t i <l KRR NEV + atm(1d) ||
E . fa— B
- ]
—_ : I < C> :
< I (_(1\ ) LSND global
L -~ LSND DAR
G100 E
= 3
< C ~ .
101 E
: 1 1 III\\III 1 I:.]IIIII 1 1 IIIIIII 1
10™ 10° 1072 10" 10°
sinZZGLSND

[Maltoni, Schwetz, Tortola, Valle, New J. Phys. 6 (2004) 122, arXiv:hep-ph/0405172]
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Events / MeV

Excess Events / MeV

MiniBooNE

[PRL 98 (2007) 231801]

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]

475MeV < E < 3GeV

LT |
< E — .GASZEZOPOT

L f 3

—_ .

[ official E>475MeV 90%CL
10 »

1-
107"
gzl vl il

10° 107 10" 2o d
sIn®(26)

[arXiv:0901.1648]

Low-Energy Anomaly!
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» The LSND signal is strongly disfavored:

>

>

Not seen by other 7, — ¥, and v, — v, experiments
Disfavored by combined fit of data

» Possibility of a Am? > 1eV? relevant for SBL experiments independent
of LSND signal remains interesting: chance to discover Sterile Neutrinos
and open powerful window on New Physics

» There are also direct searches of active-sterile transitions:

>

Solar + KamLAND: mixing smaller than 0.25 at 99% CL (constrained by
matter effects and by SNO NC measurement)

Atmospheric + K2K: mixing smaller than 0.25 at 99% CL (constrained by
matter effects)

Bounds from observation of NC interactions in SBL (CCFR) and LBL
(MINOS) experiments
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CCFR

[PRD 59 (1999) 031101, arXiv:hep-ex/9809023]

103

Bugey I-/e - Vy

E ~ 100 GeV L ~1.4km
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MINQOS

[PRD 81 (2010) 052004, arXiv:1001.0336]

LBL v, disappearance and v, — v, experiment with E ~ 3 GeV and
» Near Detector at 1.04 km

» Far Detector at 734 km

Events classified in two groups: CC and NC

Information on v, — vs from difference between near and far NC energy
spectrum

Analysis complicated because there are five contributions to NC sample:
1. Genuine NC interactions

2. Misidentified v, CC interactions

3. v, CC interactions

4. Possible v, CC interactions originating from v, — v, oscillations

5. CC interactions of v, beam component

Assumed 4-v Mixing with Mixing Matrix

U = R34(034) Ro4(6024, 02) R14(014) Ro3(023) R13(013, 01) R12(012, 63)
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341 Schemes
15— 7T

T30 40 50 60
8,3 (deg)
0,,=0°

* Best fit point
— 90% C.L.

0,,=12°
% Best fit point
) ---- 90% C.L.

20 40
6,, (deg)

[MINOS, PRD 81 (2010) 052004, arXiv:1001.0336]
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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~
V. Sources: e +51Cr— 5%V 4, e +3Ar = 3Cl+ v,
SIcy 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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Rca = 0.88 £0.05

[SAGE, PRC 59 (1999) 2246, hep-ph/9803418]
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Deficit could be partly due to overestimate of
o(ve +1Ga — "Ge +e7)

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

5/27 0.175 MeV

1/2-
‘ 71GC

10.233 MeV

MGa

0G.s. related to measured o(e™ + "1Ge — Ga + v,):

UG-S.(SIC") = 55.3 x 10 *® cm? (1£0.004),,

BG
51\ 51
o(>*Cr) = 0¢s.(°Cr) (1 -+ 0.669 BGTcs +0.220 BGTcc

Contribution of Excited States only 5%!
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» Bahcall: [Bahcall, PRC 56 (1997) 3391, hep-ph/9710491]

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

BGT175kev BGTi75ev  0.056 BGTs00kev
————— < 0.056 = = = 0.146
BGTgs. < BGTgs. 2 BGTgs.
30 lower limit: BGT 175 ev = BGTs00kev =
- BGTgs. BGTgs.
. T175kev BGTs500 kev
limit: ——— . 2 —— =0.14 2
30 upper limi BGTcs < 0.056 x BGTcs, 0.146 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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Gallium Radioactive Source Experiments
are
Short-BaselLine Neutrino Oscillation Experiments

10 T

T T 77T

T

Am? (eV?)

~1
10

—T T
i

0 0.2 0.4 0.6 0.8 1
sin®(29)

Fig. i. Region of eiectron neutrino osciliation parameters ruied
out at 90% C.L. by the GALLEX 5'Cr source experiment.

[Bahcall, Krastev, Lisi, PLB 348 (1995) 121]
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GALLEX SAGE
Crl Cr2 Cr Ar
R [0953+011 08127010 [0.95+0.12 079+ 9%
(L) 1.9m 0.6m

| Rga = 0.87 4 0.05 |

Am?L
P,.u.(L, E) =1 — sin? 29 sin? < m >

4E

Lose 05 m = Am?>1eV? — v, — v,

_ Jdv L=2%;(B.R);i 0 Py 0 (L, E)

R Ei(B.R.);O';desz

[Acero, Giunti, Laveder, PRD 78 (2008) 073009, arXiv:0711.4222]
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" No Osc.
«~ T 2 o
3 Gallium Xmin = 8.3
/,_ et NdF = 2
] —— 99.73% C.L. (30)
o / GoF =8.1%
Osc.
o ] | X%, =18
S
= NdF = 2
NE +
Tl N | GoF = 40%
sin? 219 = 0.26
) Am? = 2.20eV?
0 1072 107" 0 é 4 é é 10
sin?29 ax?

[Acero, Giunti, Laveder, PRD 78 (2008) 073009, arXiv:0711.4222]
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Future Promising Searches of SBL Oscillations

» SAGE is planning a new source experiment (v, disappearance)

» Beta-Beam experiments:
N(A Z)—= NA Z+1)+e + (87)
N(A,Z) = N(A,Z - 1)+ et + e (B7)
» Neutrino Factory experiments:
pt =, +et +ve

b —v,te +e

C. Giunti — Phenomenology of Sterile Neutrinos — 4 May 2010 — 35



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

[Giunti, 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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d=50m (200kg) + d=2km (32t)
. :

sin 26

[Giunti, Laveder, Winter, PRD 80 (2009) 073005, arXiv:0907.5487]
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Conclusions

Existence of sterile neutrinos is possible
Likely connected with neutrino mass generation

Active-Sterile transitions have been searched in several experiments and
discussed in global phenomenological analyses of data

LSND indication of 4-Neutrino Mixing is disfavored

Gallium Anomaly may be due to v — v; oscillations with sin? 2% > 0.1
and Am? > 1eV?

SBL oscillations can be explored with high precision in

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

» Neutrino Factory experiments (ve and 7, from pu" decay, or 7, and v, from
w— decay)
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