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Standard Model: Massless Neutrinos

Standard Model: v;,v; == no Dirac mass term
LP =mP (VLvr + TRYL)
Majorana Neutrino: v =v

vp =vgr = Majorana mass term

M = %mM (V_LV,C? + ﬁl@)

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

(no Higgs triplet)

C. Giunti — Physics of Sterile Neutrinos — Padova, 8 Nov 2010 — 2



Extension of the SM: Massive Neutrinos

Standard Model can be extended with vg (er, er; UL, ug; di,dg; ...)

v, + vr = Dirac neutrino mass term £P ~ mP7vg = mP < 100 GeV

surprise: Majorana neutrino mass for vg is allowed! L} ~ ml(v<),vr

D c
total neutrino mass term  £PTM ~ (,/—L (,/c)L) (n?D ZM> ((VV)R>
R R

mM can be arbitrarily large (not protected by SM symmetries)

mM ~ scale of new physics beyond Standard Model = m} > mP
. L 0 mP (mP)? M
diagonalization of (mD m%') = mx m%' , my ~ mp

natural explanation of smallness
of light neutrino masses

massive neutrinos are Majoranal

. 3-GEN = effective low-energy 3-v mixing
see-saw _mechanism

[Minkowski, PLB 67 (1977) 42]
[Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]

C. Giunti — Physics of Sterile Neutrinos — Padova, 8 Nov 2010 — 3




v

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

In extensions of SM neutrinos can mix with non-SM fermions
148 ~ . ¢0 Symmetry V/\/§
> L (ZL) 172 <¢> Breaking < 0

L_LCT> can couple to new non-SM chiral fermion field fg
Dirac mass term ~ TLa)fR + Majorana mass term ~ gﬁ?
fr is often called Right-Handed Neutrino: fgr — vg

A light vg is called Sterile Neutrino
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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

Extremely interesting and powerful

Active Neutrinos (ve, v, V) can oscillate into Sterile Neutrinos (vs)

Observables:

» disappearance of Active Neutrinos
» indirect evidence through combined fit of data
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How many Sterile Neutrinos?

ete" 5 Z v = v, v, v, 3 active flavor neutrinos

N
.. N>3
mixing = VoL = § UakViL a=eurT limit]
= no upper limit!
Mass Basis: Vi Vy V3 VUi Vs
Flavor Basis: Ve Vy Vr Vg Vs

ACTIVE STERILE
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Solar and Atmospheric Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A 76 % 10-5 oV2
m ~ 7.6 X e
Ve = Vyu, Vr Super-Kamiokande - SOoL
SNO .
sin® 9soL ~ 0.32
BOREXino
Reactor
- . (KamLAND)
v, disappearance
Kamiokande
. IMB
Atmospheric Sumer-Komiokand N 24 %103 eV?
uper-Kamiokande : . X
Vy = Ur MaTm e
MACRO —
.2
Soudan-2 sin“ %atm ~ 0.50

Accelerator

. (K2K & MINOS)
v, disappearance

Two scales of Am? <= Three-Neutrino Mixing
Amio = Ami; ~ 7.6 x 107°eV?

Amiry = |Amdy| ~ |Amb,| ~ 2.4 x 1073 eV?
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N hort-BaseLi illations: <1——
» New Short-BaseLine Oscillations R RYEY,

= Am%BL z ].eV2

» Necessary introduction of at least one new massive neutrino: 4-v Mixing
2 2
Amsg = Amy,
Mass Basis: v1 1v» v3 1y
Flavor Basis: ve v, vy Vs

» Effective SBL Oscillation Probabilities:

Amig L
> PS’E’:VB = sin? 209, sin’ <7rZS§L > (a # B)

Amig L
> PSE:VQ =1 — sin? 2044 sin? <%)
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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
~10
175 ® Beam Excess NLJ
3
15 F B p(9,-9,en (\E’
B < 10
12,5
10
75 1
5
25 10
0
Il L -
0.4 0.6 0.8 1 1.2 14 10

L/E, (meters/MeV)

AmESND z 0.2 eV2

N

20MeV < E < 200 MeV

i Karmen CCFR]
L Buge), ]
NOMAD)
F M o0% (L, L <23 J
9% (L, L <46) 1
| M | co el R,

10° 10° 10 ,. 1

sin” 26

(> Amxrm > Améo, )
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Cosmology

> CMB and LLS in /\CDM [Hamann, Hannestad, Raffelt, Tamborra, Wong, arXiv:1006.5276]

0.8

0.6

0.4

m, (eV)

> BBN NS = 0681—838 [Izotov, Thuan, ApJL 710 (2010) L67, arXiv:1001.4440]
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Four-Neutrino Schemes: 242 and 341

m? m?
2
vy
2 2
Amgp Amgpy,
|2
V2 —
%1 %1
" 2—"_2” ”" 3+1H
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242 Four-Neutrino Schemes

m? m?
— —2
2 Am?
Amipy Sou ]
—_ 1
s
AmgBL AT“‘%BL
2
)  J—r2 Amegd |
m2
Amgey, ATM
121 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

2
Amgpy,

2

9
Amipy

2
Amgpy,

—
2
"normal”

|Ues® < 1

m
—r
2
Amgg,
) —
Amgorq__|
2 Vi
Amipy
" 3v-inverted”

m
—
2

Amiry s
) —1 2
Amgord__|__

41

2
Amgpg;,

.
"4y-inverted”

Perturbation of 3-v Mixing

|Unal? < 1

|U'r4|2 < 1

m
|2
) — 2
Amgor |
m2 141
Amiry
V3
2
Amggy,
Yy

"fully-inverted”

|Us4|2 ~1
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Effective SBL Oscillation Probability in 341 Schemes

sin® 2945 = 4|Uaa|?|Upa|?

Am?L
Puo—svp = sin? 219aﬁsin2< :7E >

No CP Violation!

Py

a

Am?L
vy =1 — sin% 20 o0 Sin? < m >

4E

Sin? 20 e = 4| Unal? (1 = |Uaua|?)

Ua U Ues i
sin% 2044 < 1
U Un Uw U U
Un Ur Us
22
Ua Usp Ug 2 sin 2190&04
|Up|? ~ S0 2Vacx

4
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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? 29, = strong limit on sin? 20y

C. Giunti — Physics of Sterile Neutrinos — Padova, 8 Nov 2010 — 16



AmPleV?]

V. Disappearance

T LR

T

— andysisB
| Ll MY -7 ayssC
—2 _4 90% CL Kamiokande (multi-GeV)
10 . 30n 10 1
sin"20 B} B 90% CL Kamiokande (sub+multi-GeV)
0 o a
0 0l 02 03 04 05 06 07 08 09 1
[Savannah River (SRP), PRD 53 (1996) 6054] sin’(20)

[CHOOZ, Eur. Phys. J. C27 (2003) 331, hep-ex/0301017]
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AME (eVD)

v, and v, Disappearance

10000 T —— T

1000

100

1000

100

il
2
Am

0.5 1.0 | ! 1 il

sin? 20 0 0.25 0.50 0.75 1.0
. sin?(20)

[CDHSW, PLE 134 (1054) 261] [CCFR, Z. Phys. C 27 (1985) 53]
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v, — Ve and U, — U, in 3+1 Schemes

T T IIII‘Iﬂ | T IIII{II T T IIIIIII T T TTTTIT
B < — NEV + atm + K2K ||
0t 7 S R NEV + atm(1d)
E A N s B
- ]
— : I < > :
< I (_(1\ ) LSND global
L -~ LSND DAR
G100 E
NE_I E : E
< B ]
101 E
: 1 1 III\\III 1 I"’]IIIII 1 1 IIIIIII
10™ 10° 102 10" 10°
sin229|_SND

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

Excess Events / MeV

MiniBooNE Neutrinos

[PRL 98 (2007) 231801]

Vy — Ve

L ~541m

e Data
[ Ve from
3 V. from K"
+ == v, fromK°
[ 1P misid
CCOA-Ny
I dirt
[ other
Total Background

14 15

EY* (GeV)

data - expected background

I I best-fitv, - v,

sin26=0.004, A m’=1.0eV?
04 sin26=0.2, A m’=0.1eV?
0.2

I
14 15

E}® (Gev)

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

475
Nsz
<

10

MeV < E < 3GeV

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

¥ v

10° 107 10" 2o d
sIn®(26)

[arXiv:0901.1648]

Low-Energy Anomaly!

C. Giunti — Physics of Sterile Neutrinos — Padova, 8 Nov 2010 — 20



Events/MeV

Events/MeV

MiniBooNE Antineutrinos

[arXiv:1007.1150]

Uy — Ve L~541m
Fit Region E::Z:: ::: :’, ]
| E— @B, &7, fromK
B misia

........ — Consir. Syst. Error
-+ Best Fit (E475MeV)

5in?26=0.004, Am’=1.0eV*
§in*26=0.03, Am*=0.3eV*

1.2 14 15 3.
ES® (Gev)

475MeV < E < 3GeV

10? T T T
—— 68% CL
i —— 90% CL

—— 99% CL

Iam?| (eVct
=

i
Q
A

. LSND 90% CL

|:| LSND 99% CL

...... KARMEN2 90% CL
- BUGEY 90% CL

10-2 I | |
10° 10 10*
sin?(26)

Agreement with LSND 7, — v, signal!

Similar L/E but different L and E = Oscillations!
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T T
95.00% C.L.
—— MBV + LSNDV

—— Rea+ CDHSW + ATM ||

107
sin29

PGoF = 0.11%

107

10

e
95.00% C.L.

—— MBY + LSNDV ]
—— Dis + KARMEN + MBv | |

107
sin29

PGoF = 0.0095%

107

3+1 Schemes
Strong tension between LSND and MiniBooNE 7, — 7. and

> 7. (Bugey) + v, (CDHSW-+ATM) disappearance limits
» KARMEN 7, — 7. and MiniBooNE v, — v,
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10 10
10 | 10
< <
3 3
1 1
~ ~
£ £
< <
107 107
595.00% CL. 95.00% C.L.
[| — MBvV [| — MBV+LSND
[| — MBv i [| — MBv
107 i R R B 107 T T B
107 107 107 107 1 107 107 107 10 1
sin29 sin29
PGoF = 2.2% PGoF = 0.27%

3+1 Schemes: Strong tension between

» LSND and MiniBooNE 7, — 7,

» MiniBooNE v, — ve
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CP Violation: 342 Five-Neutrino Mixing?

Jomp[ications 0][ new antineutrino resulls ﬁom Minils00NE

New antineutrino results from MiniBooNE support conclusions in previous sterile
neutrino fits:

>
5
a In a (3+1) fit, antineutrino experiments are still compatible at 20% (from 30%),
é‘ and still strongly exclude the no oscillations hypothesis.
% Compatibility among all datasets (SBL+atm) decreases further:
&
Ay 0.11% — 0.04% in a (3+1) hypothesis
7% — 3% in a (3+2) CPV hypothesis

[Georgia Karagiorgi, Neutrino 2010, 14 June 2010]
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Other Approaches

» Evgeny Akhmedov, Thomas Schwetz, arXiv:1007.4171, “MiniBooNE
and LSND data: non-standard neutrino interactions in a (3+1) scheme
versus (34-2) oscillations”: 1 or 2 sterile neutrinos and non-standard
interactions

» Sergei Gninenko, arXiv:1009.5536, "“A resolution of puzzles from the
LSND, KARMEN, and MiniBooNE experiments”: radiative decay of a
heavy sterile neutrino

» Ann E Nelson, arXiv:1010.3970, “Effects of CP Violation from Neutral
Heavy Fermions on Neutrino Oscillations, and the LSND /MiniBooNE
Anomalies”: heavy sterile neutrinos and non-unitarity of mixing matrix

All these possibilities involve sterile neutrinos!
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CPT Violation?

Masses and mixing of neutrinos
and antineutrinos may be
different

In CDHSW mainly v,'s

No limit on SBL v, — v¢
transitions from disappearance
experiments

[Barger, Marfatia, Whisnant, PLB 576 (2003) 303]

LSND and MiniBooNE allowed
regions are limited only by
KARMEN and Bugey

10?

10

IAm?| (eV3/c®)
=

10?

102

.

=
] ’ ------ KARMEN2 90% CL

. LSND 90% CL

I:I LSND 99% CL

T AL
— 68% CL

—— 90% CL
—— 99% CL

wne BUGEY 90% CL ]

10°

107 10t 1
sin?(26)
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MINQOS Hint of CPT Violation

LBL v, disappearance E ~3GeV
Near Detector at 1.04 km Far Detector at 734 km
c; L L L L B LS A LSRN

[ — MINOSV, 90% — MINOS v, 90% ]
N S MINOSYV, 68% - MINOS v, 68% 1
®_ BF e Besty,Fit ® Bestv,Fit
e I 1
~ ; ----------------------- N
[S 4: 1
< [ ]
2 3 00 T~
@®© [ MINOS Prehmmary
& [ 1.71x10* POT v,-mode
e 2— 7.24 102° POTv,-mode .
< 05 06 07 08 09 1
sin?(20) and sin?(28)

[MINOS, Neutrino 2010, 14 June 2010]
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Phenomenological Approach: Consider v’s Only
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Vy — Ve

S 5 -
Xmin = 14.6
_ . NdF =18

o MBV + LSNDV
g - 68.27% C.L. (10)
ol < —— 90.00% C.L. GoF = 69%

—— 95.45% C.L. (20) )
—— 99.00% C.L. . _

~ ———- 99.73% C.L. (30) sin® 29 = 0.006

° Am? = 4.57eV?

0 b Parameter
- Goodness-of-Fit
3,

L

G 2
<El AXmin =15

0§ NdF =2

GoF = 47%
10-2 1l 1l 1l ¢ " "
10 10° 1072 10! 0 2 4 6 8 10
sin229 Y [Giunti, Laveder, arXiv:1010.1395]
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ING

10

%]

Am?

10"

10°

Vy — Ve

68.27% C.L. (10)
90.00% C.L.
95.45% C.L. (20)
99.00% C.L.
99.73% C.L. (30)

MBV + LSNDV + KARMEN

[ LI

L

107

107

107
a2
sin“29

Xmin = 25.8
NdF = 26
GoF = 48%
sin? 219 = 1.00

Am® = 0.052eV?

Parameter
Goodness-of-Fit

AXﬁﬁn =6.3
NdF =4
GoF = 18%

[Giunti, Laveder, arXiv:1010.1395]
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Conservation of Probability

> Poyosie =1
[e3
Poe—sw. + Po, . + Po, o, + Pop, = 1

Po,—~v. =1— Po.sp. — P, — Poo—o.

Py, —p. <1—Psp,

Reactor 7, disappearance bound is unavoidable!
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ING

%]

Am?

10

10"

10°

v, — Ve and U, — Ug

MB + LS + KA +Re

68.27% C.L. (10)
90.00% C.L.

95.45% C.L. (20)

99.00% C.L.
99.73% C.L. (30)

BERE

107

L 4 =~
—
-
,_A//J —
|- E </-‘
<D
\\
I e
1l 1l 1l t t t
107 10 10! 0 2 4 6 8 10
sin%29 oy

Xomin = 77-3
NdF = 82

GoF = 63%
sin?2¢ = 0.014
Am? = 0.46eV?
Parameter

Goodness-of-Fit

AXr2nin =3.0
NdF =2
GoF = 22%

[Giunti, Laveder, arXiv:1010.1395]
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Gallium Anomaly

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

V. Sources: e +51Cr—= 5%V 4, e +3Ar = 3Cl+ v,

SICr (27.7 day9)

427 keV v (9.0%)

37Ar (35.04 days
432 keV v (0.9%) ( ays)

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

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

320 keV y

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

[SAGE, PRC 59 (1099) 2246, hep-ph/9803418]
Detection Process: Ve+ 1Ga = "Ge+ e~

[Giunti, Laveder, arXiv:1006.3244]

Rga = 0.76f8:82 Haxton cross section and uncertainty

[Haxton, PLB 431 (1998) 110, nucl-th/9804011]
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Gallium Anomaly could be 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%!

C. Giunti — Physics of Sterile Neutrinos — Padova, 8 Nov 2010 — 34

T175 ke BGTs00kev

)



» 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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F Re +°H
[l —— e8.27% C.L. (l0)
f| — 95.45% CL. (20)
| — 99.73% C.L. (30)

T
>
2,
~
€
S|
Gallium
| — 68.27% C.L. (10)
l| — 95.45% C.L. (20)
—— 99.73% C.L. (30)
10 n Pa— o L 10
107 10 107 107 107"
sin®29 sin®29

[Giunti, Laveder, arXiv:1006.3244] [Giunti, Laveder, PRD 82 (2010) 053005, arXiv:1005.4599]

Amdg > 1eV? s OK
sin? 29, > sin?29; CPT violation?

Parameter Goodness-of-Fit: Ax2,, = 12.1, NDF =2, GoF = 0.2%
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) logio(1 +|ASPT| /0.1 eV?)

CPT,
'am?

sign(A,

10

™
99.73% C.L. (30)
©
4 Foooowect. _____________ N\o____________________
o
o deaswcLe) N\ ]
7 g
90.00% C.L.
(Ga), +(Re+H);
—~ 68.27%C.L. (l0) ~ 4
— —— 90.00% C.L.
—— 95.45%C.L. (20)
— 9900%CL. besorwciao) N\ [ |
—— 99.73%C.L. (30)
il hyul °
107 107 ot 10 1 1072 10t 1
CPT
Asln228 Asin228

A
A

cP
2219

CPT

2 2
Am? — Amy - Aml—/

AC

[Giunti, Laveder, arXiv:1008.4750]

= sin? 2%, — sin? 29, (ACPTw)bf = 0.42

sin

(ASPT, )pr = 0.37eV?

> 0.055 at 30 ACPT > 0 at 3.50.

n? 29 sin? 20
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Conclusions

Existence of sterile neutrinos is possible

ACDM cosmology and BBN hint at N; > 0

Impressive LSND and MiniBooNE agreement on 7, — v, signal
Three experimental tensions:

» LSND and MiniBooNE 7, — 7. vs MiniBooNE v, — v,
» LSND and MiniBooNE ¥, — ¥, vs ¥, and v, disappearance limits
» Gallium Anomaly (v, disappearance) vs Bugey (7. disappearance)

Interpretation of experimental results is difficult:

3+1 Four-Neutrino Mixing is strongly disfavored (no CP violation)
CP violation = 34-2 Five-Neutrino Mixing or more?

CPT violation?
L2

v vy vYyy

New short-baseline neutrino oscillation experiments are needed!
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Events / MeV

MiniBooNE Low-Energy Anomaly

e Data
[ Ve fromp
0 v, from K*
+ I v, from K°
I ™ misid
ANy
+ I dirt
[ other
Total Background

I|IIII|IIII
—Q—

1.4 15 3.
EY" (GeV)
[PRL 102 (2009) 101802, arXiv:0812.2243]
Our Hypothesis: Nt = f, (P,,ﬁ,,e/vsjjj + /v,si[j)

[Giunti, Laveder, PRD 77 (2008) 093002, arXiv:0707.4593; PRD 80 (2009) 013005, arXiv:0902.1992]
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NEPE = £, (Poeswe NEZY + N2

» Estimated 15% uncertainty of the calculated neutrino flux [minigoonE, PRD 70
(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 [viniBooNE,

PRL 100 (2008) 032301, arXiv:0706.0926]

» We fit MiniBooNE v, and v, data using the info at
http://www-boone.fnal.gov/for_physicists/data_release/lowe/
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GoF = 89%

f, =1.26

sin” 29 = 0.32
Am? = 1.84eV?

E [MeV]
[Giunti, Laveder, PRD 82 (2010) 053005, arXiv:1005.4599]
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Note similar best-fit values of sin® 2% and Am?
Gallium best fit: sin22% = 0.27 and Am? = 2.09eV?
MiniBooNE best fit: sin22% = 0.32 and Am? = 1.84¢V?

Parameter Goodness-of-Fit of combined analysis:
Ax2;,, =014 NDF=2  GoF =93%
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[Giunti, Laveder, PRD 82 (2010) 053005, arXiv:1005.4599]
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