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Dirac Masses and Mixing

» Dirac Equation: (i — m)v(x) =0 (@ =~"9,)
» Dirac Lagrangian: .Z(x) = 7(x) (ig — m) v(x)
» Chiral decomposition: v, = Pv, Vg = Prr, vV=v]+UR

1_,}/5 1_‘_75
P = Pr =
L 5 ) R 5

P?=P,, Péi=Pgr, P .+Pr=1, PPr=PrP.=0

L =i, + VRiugr — m (Vg + URyL)
» In SM only v; = no Dirac mass
» Oscillation experiments have shown that neutrinos are massive

» Simplest extension of the SM: add vg
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Extended Standard Model

(a=e,p,T) I A Y Q
lepton A VaL 1/2 0
doublets Lot = (aL) V2 T 1
charged—lepton ar 0 0 5 1
singlets
neutrino
singlets VaR 0 0 0 0
Higgs N 1/2 1
doublet ®= <¢0 12 4 1y

Lepton-Higgs Yukawa Lagrangian

Sui== > |VaTar®Br+ Y2 Lar ®ve| + He

a,f=e,u,T

Electroweak Symmetry Breaking

20 =% (, , i) 5oy = 3y (Y HO)
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Dirac Mass Term

. v
Lo=— > MlTarvsr+He M2s = 7 \
a,B=e,u,T
—1/2 ) .
v = (\/5 G,:) / = 246 GeV complex 3 x 3 Dirac mass matrix
Mee Mgy Mer Ver
Lo =— Vel Vurt VL) | Mue mMuu mur | | vur | + He
Mre mT;L merr VrR

Le, L, L; are not conserved

L is conserved:  L(vor) = L(vgL) = |AL| =0
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Mixing
N/ = (Ver, Vut, vrL) NE = (Ver, VR, ViR)
% =—N.MP Ng +H.c.

Diagonalization: unitary transformation

Ny = Urng Ng = Urngr
T _ T _
ng = (V1L,V2L7V3L) np = (V1R7V2R7V3R)
TpqD _ D _ .
ULM UR =M Mkj = mkékj

= —kaV_kLVkR—FH.c.
k
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Mixing Matrix

Uel Ue2 Ue3
U=U=|Ua Up Uz
UTl UT2 UT3

Unitary Nx N matrix depends on N? independent real parameters

N (N —1)

5 =3 Mixing Angles
N=3 — N(N+1)
— 5 = 6 Phases

Not all phases are physical observables

Only physical effect of mixing matrix occurs through its presence in the
Leptonic Weak Charged Current
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Weak Charged Current: JW—2Z Z Tt Uz P bt
k 1la= e?/"?

Apart from the Weak Charged Current, the Lagrangian is invariant
under the global phase transformations (6 arbitrary phases)
vk — ek (k=1,2,3), by — e ly (a=epu,T)

Performing this transformation, the Charged Current becomes

3
Jw =2 Z Z Ve kU e P lar

k 1 a=e,u,T

jby=2¢e" i(p1—¢pe) Z Z v e (k1) Uz, el (Pa—pe) VP lor
k 1la= e?/"? 2 2

There are 5 arbltrary phases of the fields that can be chosen to eliminate

5 of the 6 phases of the mixing matrix

5 and not 6 phases of the mixing matrix can be eliminated because a
common rephasing of all the fields leaves the Charged Current invariant
<= conservation of Total Lepton Number.
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> The mixing matrix contains 1 Physical Phase.

> It is convenient to express the 3 X 3 unitary mixing matrix only in terms
of the four physical parameters:

3 Mixing Angles and 1 Phase
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Standard Parameterization of Mixing Matrix

Vel Ui Ue2 Ues\ [riL
vt | = | Uir Uz Ups 21
VrL Ui Ur2 Usz) \vaL
1 0 0 C13 0 5136_"613 c1p s12 0
U= 0 C23 523 0 1 0 —S12 C12 0
0 —523 (23 —5136'613 0 C13 0 01
C12€13 S12€13 s13e71013

= | —sinco3—ciosm3s13€/013  cpcz—siasmzsize’®13 sy3cas

is is
512523 —C12€23513€'°13  —cCroS3—S12023513€'°13 3013

Cap = c0s U 4p Sap = sinUap 0< 4, < 0<d3< 2w

NS

3 Mixing Angles 112, ¥23, ¥13 and 1 Phase d13
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CP Violation

Parameterization invariants:  |Unk|? = UskUSy s Uak Uaj Uz Usj

%m[UakU;jU/gkuﬁj] =+J
Jarlskog invariant: J=Sm[Ue2Us U} Uys]
In standard parameterization: J= c12512c23523c123513 sin 013

Jarlskog invariant is useful for quantifying CP violation in a
parameterization-independent way.

All measurable CP-violation effects depend on J.
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Dirac-Majorana Mass Term

Dirac mass term
L =— Z Mo?ﬂngR + H.c.

a,B=e,u,T

Singlet Majorana mass term allowed by SU(2); x U(1)y

YR = 5 Z I/;—RCJr Mgﬁ V5R+H.C.
a7B:e7/"L7T

complex symmetric 3 x 3 Majorana mass matrix

Forbidden Triplet Majorana mass term (/3 =1 and Y = —2)
1
K = 5 Z I/;—LCJr Méﬁ V5L+H.C.

a7/8267u77—

Dirac-Majorana mass term
Zoim = Zp + LR
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T — C C C C —T
NL = (l/eLvUuLyl/TLyl/eRyl/MRayrR) l/aR:CVOzR )

Dirac-Majorana mass term

1
Lom =5 N[ CtMPTM N, + Hc.

Complex symmetric 6 x 6 Dirac-Majorana mass matrix
T
po+M _ [ 0 MP
- \MP MR
Diagonalization: unitary transformation
Ny = Vng nZ— = (V1L7~~~7V6L)

VTMD+MV =M Mkj = mkékj
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» Dirac-Majorana mass term nZ— = (viL,- -

1
.,%D.H\AZEHZ_CTMHL—FHC
18
= EzmkU,Z_LCTZ/kL—FH C
k=1
6
1
= 5 my vy CT 143
k=1
» Massive Majorana neutrino fields
vk = v+ CRL T v =Cox | =vf

» A Majorana field has half the degrees of freedom of a Dirac field
neutrino = antineutrino

» Total Lepton Number is not conserved: AL =42
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See-Saw Mechanism

[Minkowski, PLB 67 (1977) 42]

[Yanagida (1979); Gell-Mann, Ramond, Slansky (1979); Mohapatra, Senjanovic, PRL 44 (1980) 912]

DT
Dirac-Majorana mass matrix: MPM — < OD M R )
M M

MP < 100 GeV generated by electroweak symmetry breaking

MR can be arbitrarily large (not protected by SM symmetries): scale of
new physics beyond Standard Model
MR > MP

Approximate diagonalization by blocks

M0
T p4D+M R\—1p,4D
w’ m W_<O Mh>+o[(/w) M}
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ME ~ MPT (MRY~1 mP MP ~ MR

» Three-generation generalization of the well-known see-saw formula

o D
" tn)
A

» Natural explanation of smallness of light neutrino masses

my >~

» Effective low-energy Majorana three-neutrino mixing

T

T T
(veL, Vyut, vri) ( 1 [(MR)lMD]T) (VgLvVﬁLan—L)

T|= Ry—1p/D
C ,C ¢ —(M¥)*M 1 hC nC pC
eR>“uR> ¥ TR Ver ’VMR 'VrR
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Effective Majorana Three-Neutrino Mixing

. . T
Light Majorana mass term N, = (uﬁ,_,yﬁ,_,uf,_)
1,7
% = 5 Nt CTMEN] + Hec.
Diagonalization: unitary transformation
Nf = Un; nLT = (V1L7V2L>V3L)

uTmtu=m Myj = mydy;

Massive neutrinos are Majorana!

3

L ¢
Mixing: Val ™~ Vo = Z Uk Vi (a=e,u,T)
k=1
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Mixing Matrix

3
Weak Charged Current: j”WT =2 Z ZEV’) Unk Vit

a=e,u,T k=1

U depends on 6 phases

3
. 1
Majorana Mass Term IM = 5 Z my vl Cl v + Hec.
k=1
is not invariant under global U(1) transformations

vie — €%y (k=1,2,3)

> Left-handed massive neutrino fields cannot be rephased

Only 3 phases can be eliminated by rephasing the charged-lepton fields
on the left of U

Two Majorana phases factorized on the right of mixing matrix:

1 0 0
0 0 e

UP is analogous to a Dirac mixing matrix, with one Dirac phase
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» Standard parameterization:

c12€13 S12€13 size 1 1 0 0
is is i
U= | —si2c3 — crose3si3e’”®  cracs — s1os3s13€'°8 $23C13 0 2 0
S1253 — C2C3513€/ 7 —Cosy3 — S12Ca3S13E B c23C13 0 0 e’

» Jarlskog invariant depends only on Dirac phase:

2 .
J = c1251202353C13513 5in 013
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Part |l

Neutrino Oscillations

@ Neutrino Oscillations in Vacuum

@ Neutrino Oscillations in Matter
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Ultrarelativistic Approximation

Only neutrinos with energy = 0.1MeV are detectable!

Charged-Current Processes: Threshold

v+A—=-B+C
U

s = 2Ema+ mj > (ms + mc)®

U 2
+
Ey = 7(,775 mc) -
2mA

ma
2

Ve+ 'Ga — "Ge+ e~ Ep=0.233MeV
Vve+3Cl = 3¥Ar+ e~ Ep=0.81MeV

175—|-p—>n—§—e+ Ei, = 1.8 MeV
Vp+n—=p+p- Ein = 110 MeV

m2
Vy+e —ve+p Eu ~ 522 =10.9 GeV

Elastic Scattering Processes: Cross Section o< Energy

v+e —v+e

o(E) ~ oo E/me o9 ~ 107 cm?

Background = Ey, ~ 5MeV (SK, SNO), 0.25 MeV (Borexino)

Laboratory and Astrophysical Limits —
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Neutrino Oscillations

1957: Bruno Pontecorvo proposed Neutrino Oscillations in analogy with
K% = KO oscillations (Gell-Mann and Pais, 1955)

Flavor Neutrinos: v, v, 7 produced in Weak Interactions
Massive Neutrinos: 11, v, 3 propagate from Source to Detector

A Flavor Neutrino is a superposition of Massive Neutrinos

[Ve) = Ue1 V1) + Uea |12) + Ues |13)
|Vu> =Ua lv1) + U2 |lv2) + Uiz lv3)
[vr) = Ur1 1) + Ur2[v2) + Uzs |v3)

U is the 3 x 3 Neutrino Mixing Matrix
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|V(t = 0)>:‘Ve> = Uea1 ‘V1> + Ue2 |V2> + Ues ‘V3>

/WN
V(Z /\MA/ V/.A
AVAVAAVAVA

source propagation detector

w(t > 0)) = Uer e Bt [11) + Uep €7 B2 |1) + Ues e /B3¢ |13) )

at the detector there is a probability > 0 to see the neutrino as a v,

Neutrino Oscillations are Flavor Transitions AL=0
Ve = Uy Ve = Uy Vy = Ve Vy = Vs
Ve = Uy Ve = Vs Uy —> Ve Uy — Uy
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Neutrino Oscillations in Vacuum

[Eliezer, Swift, NPB 105 (1976) 45] [Fritzsch, Minkowski, PLB 62 (1976) 72] [Bilenky, Pontecorvo, SINP 24 (1976) 316]

Lcc ~ W, (TeryeL + Tpry’ pr + U207 7L)
Fields Vo = Z Unrvi - [Va) Z k) States

initial flavor: « = e or u or T

[k (t, x)) = e BP0y = (2, x) Z Uz, e ERtiPoc |y,

lvk) = Z Usklvg) = |va(t x)) = Z <ZU2keiEkt+ip*XU,ek> lvg)

B=e,u,T B=e,u,T k

Aya_wﬁ(t,X)

Ay —1,(0,0) Z Uz Usk = Gug Ay (8> 0,x > 0) # agp
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2
Pya—n/ﬁ(tyx) = |~Aua—>uﬁ(t>x)|2 =

* _—iEgt+ipgx
§ U e Bk Pk U,Bk
k

ultra-relativistic neutrinos — t~x =L source-detector distance

E—pk, _ m; my
Ex+pc  Ex+pe  2E

Ext — pex >~ (Ek—pk)L:

2
PI/a—H/B(LJ E) =

> Use iR Uy
k

i} § AmiL
- E UakUBkUaJUﬁJ exp| —1 >E
k7.j

2 2 2
Amkj = my mJ
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Neutrinos and Antineutrinos
Right-handed antineutrinos are described by CP-conjugated fields:

VP =40c7T = cv

C = Particle = Antiparticle
P = Left-Handed = Right-Handed

- cP
Fields: v, = Z UakVie —> Ua,_ = Z kaL
‘ a Z Uak|Vk

NEUTRINOS U < U* _ANTINEUTRINOS

Am L
Pya—n/ﬁ L E Z kU,BkUa_/UBJ eXp( 2Ekj )

AmZL
P, (L, E) Zuakuﬁk Ugjexp< 2EJ )

C. Giunti — Neutrino Physics — 16-17 Feb 2012 — 27

States: |v,) = Z > lvk) — <P,




CPT Symmetry

cPT
Pog—24

’DI/a—H/B
CPT Asymmetries: ACPT = Pl,a_n,ﬁ — P,;ﬁ_n—,a

Local Quantum Field Theory — CPT =0  CPT Symmetry

Pyo—svs(L, E) Z 1k Usk Unj U3 exp< AmijL>
is invariant under CPT: = =
Pua—n/ﬁ = Pz‘/ﬁ—n?a
P,.—v., = Ps, -5, ‘ (solar ve, reactor 7., accelerator v,,)
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CP Symmetry

CP
Plla —vg — Plja —)17[3

CP Asymmetries: ASj = Py, ., — Pr,sp, |CPT = ASH = —Af]

Am?. L
ASB(L, E)—4ZIm Uz UsUas U] sm( 2/:? >
k>j

Jarlskog rephasing invariant:  Im [U;k Usk Uy UEJ'] =4+J

2 .
J = c12512023523¢13513 5iN 013
violation of CP in neutrino oscillations is proportional to

|Ues| =sint13 and  sindis
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T Symmetry

T
PVQ—WB — PI/B —Va

T Asymmetries:  Alg = Py, 0, — Poyon,

CPT = 0=AS;" =Pusv, — Prysra

- Pzza—n/ﬁ Puﬁ—n/a + Pzzﬁ—wa - P17 —Uq

T Cp T Ccp T Ccp
== Aaﬁ + Aﬁa = Aaﬁ - Aaﬁ — Aaﬁ = Aaﬁ

T . . AmijL
Alg(LE) =4 " Im[Us UskUnjUj] sin oF
k>j

Jarlskog rephasing invariant:  Im[U}, U UajUs;] = £J
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Two-Neutrino Mixing and Oscillations

1]
v,
2
Va) = Z Uak Vi) (a=e,p) Ve
k=1
%
14!
U— cos?  sind |Ve) = cos ¥ 1) + sindd o)
~ \—sind cos? V) = —sind |vy) + cos ¥ |vp)
Am? = Am3 = m3 — m?
.. - .2 ) AmzL
Transition Probability: Pye—sv, = Py,—v. = sin 29 sin
Survival Probabilities: Poemsve = Py, =1 =Py,
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two-neutrino mixing transition probability

a#Fp o, =ep,T

AmPL
P,,a_>,,ﬁ(L,E):sin22Q95in2< Z'E )

2 2
—sin2 20 sin? (1.27 M)

E[MeV]
Am?[eV?] L[km]
E[GeV] >

—sin® 29 sin? (1.27

oscillation length

josc _ ATE o EMeV] . E[GeV]

=—— =2, = —— -k
Am? Am? [eV?] " Am? [eV?] "
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Types of Experiments

Two-Neutrino
Mixing

AmzL) observable if

Am?L
4F e 21

Py, (L, E) = sin’29 sin2<

SBL Reactor: L ~10m, E ~ 1 MeV
L/E <10eV?=Am? > 0.1eV? Accelerator: L ~ 1km, E > 0.1 GeV

ATM & LBL Reactor: L ~ 1km, E ~ 1MeV CHOOZ, PALO VERDE
L/E < 10%eV ™2 Accelerator: L ~ 103 km, E > 1GeV K2K, MINOS, CNGS
I Atmospheric: L ~ 10> — 10*km, E ~ 0.1 — 102 GeV
Am? > 10"*eV?2 Kamiokande, IMB, Super-Kamiokande, Soudan, MACRO, MINOS

SUN L~10%km, E ~0.1—10MeV
L 11 5 5 Homestake, Kamiokande, GALLEX, SAGE
= - > 10-11 a\/2 v : : v
g~ 107 VTS AmT 2 107 eV g L Kamiokande, GNO, SNO, Borexino

Matter Effect (MSW) =107* <sin?29 <1, 1078eV? < Am? <10 %eV?

VLBL Reactor: L ~ 10 km, E ~ 1 MeV
L/E <10°eV?=Am? > 107° eV? KamLAND
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Average over Energy Resolution of the Detector

Am?L 1 Am?L
w200 cin2 1.0 B
Pyo—vs(L, E) = sin” 29 sin ( 2E >— 5 sin 24 [1 cos( oF >]

0.8 E

Pl/a *}I/ﬂ

o E | VI IN B R A RARISUH IR A
10? 10° 10* 10°
L [km]

Am*=10"3%eV  sin?20=1 (E)=1GeV  AE=02GeV

Am?L

(Puur(L ) = 3 50?20 |1 [ cos( S0 ) olE)dE| (a2
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Observations of Neutrmo Oscnllatlons

1.8 F T T T T T ]
" " " " ; 4 WINS Data 1
n 50 F — Unoscillated MC
3 > Eor ol e Best-fit MC ]
° () 40F est-fi B
2 O F ~—— NC contamination ]
= 48 30f E
3 s g
B > 20f &1
Z : 8]
g 00 4 et &
a 0 Bt 3
. . . b 2 4 6 81012141618
1 10 10 10 10 Reconstructed Neutrino Energy (GeV)
L/E (km/GeV) ay
[Super-Kamiokande, PRL 93 (2004) 101801, hep-ex/0404034] [MINOS, PRD 77 (2008) 072002, arXiv:0711.0769]
18 T T T T
2
Q1 3 [ . Daa-BG-Geov,
Saa | B r — Expectation based on osci. parameters
2 - determined by KamLAND
Q12 1 2 [ +
3 £
10 1 g o8
8 [
1 £ o6 +
6 ] Tt L
2 04F
4 1 @ [ +
2 1 02
0 r
e 5 0 | | | | | 1 L 1
e Gev 20 30 40 50 60 70 80 90 100
LJE, (km/MeV)

[K2K, PRD 74 (2006) 072003, hep-ex/0606032v3] [KamLAND, PRL 100 (2008) 221803, arXiv:0801.4589]
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Neutrino Oscillations in Matter

a flavor neutrino v, with momentum p is described by

va(P)) Z ok [vk(p
Ho |vk(p)) = Ex [vk(p)) Ex =\/p?>+ m?

in matter H="Ho+H Hiva(p)) = Va |[va(p))
V,, = effective potential due to coherent interactions with the medium

forward elastic CC and NC scattering
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Effective Potentials in Matter

Ve

e

N
T s

€ Ve, Vyy Vr

v, e ,p,n

Ve, Vy, Vr

\/
/\

Vee = V2GeNe

WD =2 > |t =2

onIy VCC =

V2

> GeN,,

Ve = Ve + Wnc V, =V, = Vnc

Ve — V), = Ve — V. is important for flavor transitions

antineutrinos: VCC = —Vcc VNC = —
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Evolution of Neutrino Flavors in Matter

/iw T (UM2UT+A)\U

2
he m; 0 O Ace 0
wa:<w> M2=1[ 0mo A:(Sco
Pr 0 0 m} 00

Acc = 2EVcc = 2V2EGeN,

effective effective

mass-squared M2 AC = UM2 UT matter UM2 UT 42 EV M2 mass-squared
matrix matrix
in vacuum in matter

potential due to coherent
forward elastic scattering
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Two-Neutrino Mixing

/i <¢e> 1 <—Am2cos219+2Acc Amzsin219> (%)
~ 4E

dx \Yu - Am?sin29 Am? cos29 ) \ 4,

e = (59)-()

PVe_“’;_L(X) = ‘¢u(x)|2
Pue—sve(x) = |we(X)|2 =1- Pve—wu(x)
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Constant Matter Density

. d <¢e) 1 <—Am2cos219+2Acc Am2sin219) (1/Je>

"dx \w.) T aE Am? sin20 Am? cos20 ) \ 1,
dAcc
dx =0

Diagonalization of Effective Hamiltonian
e\ [ cosim  sindy 1
Yy)  \—sindu cosiy ) \ 2

,'i Y1y _ E_Fi A 0 ()
dx \1o) ~ | 4E " 4E 0 Am?, (0
T

irrelevant common phase
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Effective Mixing Angle in Matter

tan 29
1_ _ Acc
Am? cos 29

tan 29y =

Effective Squared-Mass Difference

Amdy = \/(Am2 cos 20 — Acc)? + (Am?sin 29)°

Resonance (Um = 7/4)

Am? cos 29

ARc = Am?cos2) — NR =
CcC e 2\/§EGF

C. Giunti — Neutrino Physics — 16-17 Feb 2012 — 41



d (1 1 (—Amd 0 1
o () =3 (0™ amg) ()
(G = (oo ) () = () = (o o) (2)
o = (o) =(0) = (0 = (Gon)
P1(x) = costy exp <iAT§”X>

. Am2 x
YPo(x) = sindy exp <—/ 4EM )

Promsv, (x) = [0u(x)[? = | = sindme1(x) + cosImiba(x)|?

4E

A 2
Pyesv, (x) = sin 20\ sin® <M>
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Y

(107%¢V?)

’”§I2

mins

MSW Effect (Resonant Transitions in Matter)

N[Ny

T T
Ve™Vy V1

J=10" |
[Z=2Z =7 B
. I |

20 40 60 80 100
N./Np  (cm™)
.\'(R/.\“'\
T

L v, va i
r Y vy -
= 12 L A
L [Am? =7 x 109V, 9 = 10-%] 4

I I I I

20 40 60 80 100

N./Na (cm™)

Ve = CcOSUp V1 + sindy 1o

v, = —sindy vy + costy 1o
tan 29
tan 29y = an
1 __Acc
Am? cos 29

Amd = [ (Am? cos 29 — Acc)2

1/2
+ (Am?sin 219)2}
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log(n,/N,)

Phenomenology of Solar Neutrinos

LMA (Large Mixing Angle):

LOW (LOW Am?):

SMA (Small Mixing Angle):

Am? ~5x107%eV?, tan’¥ ~ 0.8

Am? ~ 7 x 1078 eV?, tan?¢ ~ 0.6

QVO (Quasi-Vacuum Oscillations): Am® ~ 107°% eV?

VAC (VACuum oscillations):

Am? ~5x107%eVv?,  tan?9 ~ 1073

tan® 9 ~ 1

Am? <5x107%eV?,  tan?d ~ 1

1073
' 107 LMA
E 107°
log(n,/N,) vs. R/Ry SMA
BP2000 .
1076
L L
=107 LOW
o —8
L 10
4
1079 QVo ‘
1071(7
101 VAC ‘
—12
B T S TR T A TR 00 10!

tan®4)
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0.8
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i
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40 |
0.4
30
20 SMA 0.2
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o 0
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In Neutrino Oscillations Dirac = Majorana

[Bilenky, Hosek, Petcov, PLB 94 (1980) 495; Doi, Kotani, Nishiura, Okuda, Takasugi, PLB 102 (1981) 323]

[Langacker, Petcov, Steigman, Toshev, NPB 282 (1987) 589]

1
E . . : _:_ ( 2,1t )
volution of Amplitudes i2 ™ EZ UM?UT + 2EV .
5
difference: Dirac: u®
' Majorana: UM = y®Ip(x)
1 0 - 0
0 e'?21 ... 0
py=1|.". " . —~ pf=p
0 0 - em
m? 0 0
2 0 m 0 2 2 2
M? = _ , — DM?=M’D — DM?D'=
0 0 -« m

UMp2 (oMYt = y® ppm2ptu®PHF = uPI M2 (yP)
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Phenomenology

Three-Neutrino Mixing

Absolute Scale of Neutrino Masses
Tritium Beta-Decay

Neutrinoless Double-Beta Decay
Anomalies Beyond Three-Neutrino Mixing

Conclusions
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Experimental Evidences of Neutrino Oscillations

Homestake
Kamiokande
Solar GALLEX/GNO & SAGE A2 764 0.2) x 10-5 V2
~
Ve —» Vy, Vr Super-Kamiokande _ MsoL = ( . . ) X e
SNo tan® ¥soL ~ 0.47 + 0.06
BOREXino
Reactor
— . (KamLAND)
e disappearance
Kamiokande
. IMB
Atmospheric i ) o
Super-Kamiokande Amgry ~ (2.4+0.1) x 1077 eV
Vy — Ur
MACRO —
Soudan-2 sin? 9atm ~ 0.50 + 0.07
Accelerator
. (K2K & MINOS)
v, disappearance

Two scales of Am?: Amimy ~ 30 Amio,

Large mixings: Uatm =~ 45°, UsoL ~ 34°
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Three-Neutrino Mixing

3
Vol = E Uak VkL (a=e,pu,T)
k=1

three flavor fields: ve, v, v;
three massive fields: 14, 1o, 3
Am%l—l—Amgz—l—Am%l :m%—m%—i—m%—m%—i—m%—mgzo

Am3o = Am3; ~ (7.6 £0.2) x 107 eV?

Amioy = |Am3 | ~ |Am3,| ~ (2.4 £ 0.1) x 103 eV?
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Allowed Three-Neutrino Schemes

"normal”

) —
Amgyy <

A2
Amipy

"inverted”

different signs of Am3; ~ Am3,

absolute scale is not determined by neutrino oscillation data
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Plla —}Vﬁ

ATM and LBL Oscillation Probabilities

k=1

3
— Z U
k=1

3
= Z U;kUBke_l(Ek_El)t

2

. 2
eIElt

kU/jke—IEkt *

2

& * AmilL
ZUakngexp — °F

—
k=1
m? Am3, L
E,~E+ —k — 2«1
k=ETOE T
’DVa—WB = U1 U1 + Ul Ugs + Uz3Uss exp<—/ 221 >

Un1Ust + UpgoUga = 6ap — UpasUss
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2

Pzza—n/ﬁ =

Amé L
1— o 31
dap — Ui3Uss [ exp ( ——=— 5E }

Am2 L
= dap + |Uas| ‘Uﬁ3|2 2 — 2cos—2— M3
2F

Am2, L

265 Uns? (1 B cos&>

Am2 L
=008 — 2‘Ua3|2 (5a5 — |Uﬁ3|2) (1 — cos 251 >

2E
5 Am31L

= 80 — HUs3]? (605 — |U
5 — A Uas|? (6ap — |Ugs|?) sin i

. Am3, L
a#B = Py, = 4|UO(3,|2|U53|2S|n2 <Tél>

. Ami, L
a=p8 = Py, =1—4Uss* (1 —|Ussl?)sin? <T§_1>
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Uel
U=| Uu

UT 1

Poo—vy = sin® 2,5 sin? (

Am3; L

) @)

sin® 205 = 4|Uas[*|Uss |

Am L
'Dua—wa =1- sin2 2000 sin2 (&)

4E

sin® 2000 = 4| Us* (1~ |Unsf?)

Uez |Ues
U.UQ Uu3
Uy |Uss
r /
ATM & LBL

sin? 20¢e < 1
Il

sin 20 ¢e

‘Ue3|2 =~ 4
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> 1, disappearance experiments:

sin® 20ee = 4|Ue3|? (1 — |Ues|?) =~ 4|Ues|?

» v, disappearance experiments:

sin® 20, = 4|U,3)* (1 — |U,3])

1
|Uu3\2 =5 <1 +4/1 —sin? 219W>

> U, — Ve €Xperiments:

sin? 20 e = 4|Ue3|?| U3
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Mixing Matrix

AndlysisA

)

3
SOL /Ut Uz [Uss S
© 5 90% CL Kamiokande (multi-GeV)
U=| Ua Usp |Us i N
2 2 F K H f B8 90% CL Kamiokande (sub+multi-GeV)
‘ Amyy < |Amg| ‘ i
Urt Urz |Us

ATM & LBL

2 _ 2 2
Chooz: { Amtyoo, = Amsy = Amyqy,

sin2 29 Chooz = 4|Ue3|2(1 — |Ue3|2)

| Ves? S5 12072 |

[Bilenky, Giunti, PLB 444 (1998) 379]

T T T T T T T
0102 03 04 05 06 07 08 09

snz(zs)l
SOLAR AND ATMOSPHERIC v OSCILLATIONS (0 oo

ARE PRACTICALLY DECOUPLED! [Palo Verde, PRD 64 (2001) 112001]
|Ue1|2 ~ cos? JsoL |U‘92|2 ~ sin? JsoL
|U/L3|2 ~ Sin2 ’L9AT|\/| |U7-3|2 ~ COS2 ’L9AT|\/|
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1 0 0 C13 0 513e_i513 ci2 si2 O

UD =10 o3 503 0 1 0 —S12 C12 0
0 —S23 (23 —5136'513 0 C13 0 0 1
923 = UpTM Y12 =~ JsoL
Amj; = (7.657553) x 107° eV? |Am3;| = (2.407573) x 1073 eV?
sin 912 = 0.304170:372 sin® a3 = 0.5075:0¢

sin?113 < 0.035 (90% C.L.)

[Schwetz, Tortola, Valle, arXiv:0808.2016v3, 11 Feb 2010]

Current Research

measure 113 # 0 = CP violation, matter effects, mass hierarchy
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[10° eV?]

2
31

Am
N

N

w

_I T I T T T T T 17T II T T T ]
B 90% CL (2 dof) 20
o GLOBAL E r
- ] 15
- SK+K2K+MINOS 1 [
1 ZFw0pg

C ] 5
- SOL+KAML 1 b5 oL
- +CHOOZ —
= 1 1 - 0 A

3 3 0
10° 10™

L2
sin 913

[Mezzetto, Schwetz, arXiv:1003.5800, 10 Aug 2010]
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Hint of 913 >0

[Fogli, Lisi, Marrone, Palazzo, Rotunno, NO-VE, April 2008] [Balantekin, Yilmaz, JPG 35 (2008) 075007]

Sin2 ’l9]_3 = 0016 :t 0010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]

I LA L L L L L ] 0.2 i LI L R L L LAY LI B L ]
0.15 KamLAND _ i / j
global - !sk+sno [
- ] ya
0.15 | Ga+Cl+Be I an
o o | +KamLAND
NCDH 0.1 ®H L il
'c Ne 0.1 -
7 ‘D B ]
0.05 B ]
0.05 — i
0 0 i Il Il Il ‘ Il ]
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
.2 .2
sin"@,, sin"@,,
[Schwetz, Tortola, Valle, arXiv:0808.2016v3, 11 Feb 2010] [Mezzetto, Schwetz, arXiv:1003.5800, 10 Aug 2010]
in2915)” (1 in2d1,) SOL | & KamLAND
p (1 —sin®d13)” (1 —0.5sin” ¥12) ow-energy am
(=) (=) —

= . 2 .
Ve—Ve (1 — sin? 1913) sin? Y10 SOL high-energy (matter effect)
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LBL Oscillation Probabilities

_ Am3 L o Am3, A 2EV

A = = V =V2GeN
4E Am?, Am L V2GeNe
sinf13 < 1 a1
PLBL, ~1—sin?2913sin? A — a?A?sin? 201,
22
1-AA
PLBL >~ sin2 21913 sin2 1923M

Vy—rVe

(1-A)

in(AA) sin[(1 — A)A
+asin21913sin21912$in21923cos(A+<513)Sm( ) sin(( )A]

A 1-A
sin?(AA)

+ o2 sin? 2915 cos? P23 yv

[Mezzetto, Schwetz, arXiv:1003.5800]
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T2K

[PRL 107 (2011) 041801, arXiv:1106.2822]
ND at 280 m FD at 295 km
2.5° off-axis = NBB with (E) ~ 0.6 GeV ~ |[Am%|L/27

Vy = Ve

6 v, events in FD
background: 1.5 +0.3

006 0
] 2.50 effect
— Best fit to T2K data
=Hd
+0.17
T sin“ 2113 =
0.14732 (IH)

an

90% C.L. 013 =0

6CP
o

TIK Assumptions

143x10” p.o.t. ]

Am3; =7.6 x 107°eV, sin® 2091, = 0.87

0 0.1 02 03 04 05 0.6
sin’20, |Am3,| = 2.4 x 10736V, sin? 20053 = 1
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MINQOS

[PRL 107 (2011) 181802, arXiv:1108.0015]

ND at 1.04 km

Am? >0
{=— MINOS Best Fit
0% C.L.

CHOOZ 90% C.L.
2sin?6,, = 1 for CHOOZ |

3(m

Am?<0

MINOS h
8.2x10%® POT |

3(m

01 0.2 0.3 0.4
2sin?(20,,)sin%8,,

FD at 735 km

(E) ~3GeV
Vy — Ve

62 v, events in FD
background: 49.6 +7.5

1.60 effect
_2 0.04173:3% (NH)
sin“ 2113 =
0.07915:522 (IH)
68% C.L. 513 =0

Assumptions
Am? =7.6 x107%eV, sin® 201, = 0.87
|Am3 | =2.3x 10 3eV, sin? 2093 = 1
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Events/(0.5 MeV)

(Data - Predicted)/(0.5 MeV)

~
=}
S

Double Chooz

[arXiv:1112.6353]

L =1050m

(E) ~ 3.6 GeV Reactor 7,

@
[=3
=]

500

400

300

200

100

T T T T

T

T T

T
—&— Double Chooz Data
--------- No Oscillation

Lithium-9

Best Fit: sin %(26,,) = 0.086
for AmZ, = 2.4x10° eV?
Summed Backgrounds (see inset)

Fast n and Stopping

111lllllllllllllllllllllllll

[ AN

6 8

10 12
Energy [MeV]

Ue disappearance
R =10.944 + 0.043

1.30 effect
sin 2013 = 0.086 + 0.051

2013: ND at 400 m
~ 0.02 1o precision
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Other Active Experiments

RENO Reactor .. ND at 290 m, FD at 1380 m. First results
expected in summer 2012. Expected sensitivity: ~ 0.016 at
90% C.L. in 3 years.

Daya Bay Reactor 7.. ND at 360 m, ND at 500 m, FD at 1600 m.
First results expected in 2013. Expected sensitivity: ~ 0.01 at
90% C.L. in 3 years.

Under Construction

NOvA Accelerator vy, — Ve. ND at 1 km, FD at 810 km. 0.8°
off-axis = NBB with (E) ~2GeV ~ |[Am3|L/2x. Data
taking will start in 2013. Expected sensitivity: ~ 0.01 at 90%
C.L. in 3 years. Sensitive to CP violation and mass hierarchy.
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CP Violation

_(Am3 L\ . (Am3 L\ . [(Ami,L
Poo—svs — Poo—is = —16Jap sm( 1E > S|n< 1E sin 1E
Jap = Im(Ua1 U Uy Ugn) = +£J

2 .
J = s12€12523¢23513C]3 5iN 013
Necessary conditions for observation of CP violation:

» Sensitivity to small 913

» Sensitivity to oscillations due to Am3; and Am3;
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Mass Hierarchy

2EV
> ve = v, MSW resonance: cos 213 = —
Amg,
Requires Am%l >0 Normal Hierarchy
2EV
> Ve = U, MSW resonance: cos 2913 = —
Amy
Requires Am%l <0 Inverted Hierarchy
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Off-Axis Experiments

high-intensity WB beam
detector shifted by a small angle from axis of beam
almost monochromatic neutrino energy

v =pr/Er Pr

cm lab

2
Eom = pem = %5 (1— 7 ) = 20.79 MeV

_ E =~ (Em +Vvpin)
I S (£ (B vty
B ( ) w/ M p* =7 (vEm + pim)
E
pr=peos v(1 — v cosB)
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cosf ~1—6%/2 and veel

£_ Ecm N v(1+v) L2y
y(1—vcosf) — 1+7202v(1+v)/2 ™ 144262

E ~ 1_m_l2L B 1_m_i E,rim,%
- m2 | 1+ ~262 m2 | m2+ E20°

» =0 — ExE; WB beam

Ecm

2
s

» EE0>m, — Ex Em92 high-energy 7 give low-energy v,

dE [y i) _1=a6
dE; m2 | (1+4~2062)?

dE m m>\ m.  29.79 MeV
ag, =0 for T TE ( m72r> 20 0

s
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[GeV]

E

29.79 MeV
off-axis angle 0 ~m,;/(E;) — E~ MTe

0 =0.0°,0.5°,1.0°,1.5°,2.0°

0 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
0 5 10 15 20 25 30 35 40
E: [GeV]

E can be tuned on oscillation peak Epeqr = AmzL/27r
47E
Am?
C. Giunti — Neutrino Physics — 16-17 Feb 2012 — 68

small E = short Lo = — sensitivity to small values of Am?




#(6)/6(0)

100

107!

9 = 0.0°,0.5°,1.0°,1.5°,2.0°

0 5 10 15 20 25 30 35 40
E, [GeV]

flux suppression requires superbeam
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Absolute Scale of Neutrino Masses

normal scheme

10° T T T
QUASI
DEGENERATE
0 E E
= pef 3
L 4
10 - SCHEME
NORMAL
HIERARCHY
101 " " "
0 10 10-3 10-2 10-1 10°
Lightest Mass:  my  [eV]
2 2 2 _ 2 2
my; = my + Amy; = mi + Amsg,

2 > o 2
m3 = mj + Amg; = mi + Amyry

inverted scheme

10° T T T
QUASI
DEGENERATE
107 my 3
A m
= 102f E
0 SCHEME
INVERTED
HIERARCHY
1074 " . .
10~ 107% 1072 107! 10°
Lightest Mass:  my  [eV]

2 _ 2 2 2 2
my = mz — Am3; = m3 + Ampgy
2 _ 2 2 2 2
my = my + Amyy =~ m3 + Ampgy

Quasi-Degenerate for my ~ mp ~ m3 ~ m, >

Am3py ~5 x 1072eV
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Tritium Beta-Decay

2
*H— He+ e +7 %:%VVIFF(EME(Q— T\V(Q—T) —m2,

Q = Msy — Msyy, — me = 18.58 keV

Kurie plot
1/2
k()= | ~@-nyie- -]
(cosVeGe) | v F(E) pE

2m3

|m, <22eV (95% CL)]|
Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

4 future: KATRIN (start 2012)

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

m,, = 100eV

18.4 185 18.6 S
T Q—-m, Q sensitivity: m,, ~ 0.2eV
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1/2
Neutrino Mixing — K(T) = l(Q — T)Z|Uek|2 Q- T)2 B mi]
K

T T . _
. analysis of data is
015 B ] different from the
S ot ' ' ] no-mixing case:
< 2N — 1 parameters
0.05 - l
2
0 ! ! 1 (Z |Uek| = 1)
184 18.45 185 18.55 18.6 k
Q—my T Q—m
if experiment is not sensitive to masses (m, < Q — T)
effective mass: m% = Z |Uerc|2m?
k
3 3 :
(@-T) | Uei? (R-T) | Uek|® { 7}
Q-7 ) 2(Q-T1)
1 m?g 2
—Q-TP1-="" 1 @-TJQ@-T2-m
2(@-T1) ’
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101 T T T T 101 T T T T
NORMAL SCHEME INVERTED SCHEME
| Mainz & Troitsk | | Mainz & Troitsk |
10° E 100F E
E KATRIN E KATRIN
_ 10-1 _
é E Ty, o
— _ 102k - A
ml ’,/'7'7'13
10-3 1 | | | 10-3 s | | |
104 1078 1072 107! 10° 10! 104 100% 1072 107! 10° 10!
Lightest Mass:  my [eV] Lightest Mass:  mg [eV]

2

Quasi-Degenerate: my ~mpy ~m3 ~m, — m% ~ m,2, g \Uek|2 =m;

k
FUTURE: IF mg S4x 102eV = NORMAL HIERARCHY
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Neutrinoless Double-Beta Decay

2+t
Bt As
ot 5_
Ge

576"

ot

19Se

Effective Majorana Neutrino Mass: mgg = Z U2 my
k
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Two-Neutrino Double-3 Decay: AL =10

d N u
N1
N(AZ) > N(A Z+2)+e +e + Det De . =
Ve
(T1/2) = Gy |M2V‘2
. . Ve
second order weak interaction process 0 e~
in the Standard Model d W .
Neutrinoless Double-3 Decay: AL =2
d AN u
N(AZ) > NAZ+2)+e +e Y )
1 2 2 Ui y————
( 1/2) = Goy |[Moy|” [mgp|
mj ——x UV
effective
Majorana  mgg = Z U2 my Uk — e
mass W
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

mgs = |Ue1|”> my + [Ueo|* €2 my + | Ues|® €°** m3

Ay = 2)\2 a3 — 2 ()\3 — 513)

Im[m] Im[mgs]

|Ues)?e2my

mga
Qs
) map
|Uea|?e™2m
&D)
|U€1 |27n1 RO[mﬁg} ‘UP«] ‘QTnl R,C[WLQQ]
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Experimental Bounds
CUORICINO (39Te)  farxiv1012.3266]

T >28x10%y (90% C.L.)| = ||mgs| S03-07eV

Heidelberg—Moscow (76Ge) [EPJA 12 (2001) 147]
Tl >1.9x10%y  (90% CL.)| = ||mgs| < 0.32 — 1.0eV

IGEX (76Ge) [PRD 65 (2002) 092007]

Tl > 157 x 10®y  (90% C.L.)| = ||mgs| < 0.33 — 1.35eV

NEMO 3 (100|\/|0) [PRL 95 (2005) 182302]
TP > 4.6 x 102y (90% C.L.)| = ||mgs| S 0.7 —2.8eV

FUTURE EXPERIMENTS
COBRA, XMASS, CAMEO, CANDLES
|m55| ~ few 1071 eV
EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GERDA
|m55| ~ few 1072 eV
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Bounds from Neutrino Oscillations

mgp = |Ue1 | m1 + [Uea|* €2 my + |Ues|? €5 m3

NORMAL SCHEME

leV]

[miggl

LEXP|

CP violation 4,

1078 1072 107! 10° 10!

m V]

lev]

[mggl

10!

10°

IN\I/ERTEII) SCHEIME I/ﬂ
/ A

LEXP |
101k CP violation
i_m
-1l _

1074

1074

fl yl fl yl
103 102 107! 10° 10
my  [eV]

FUTURE: IF |mgg| < 1072eV = NORMAL HIERARCHY
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Experimental Positive Indication

[Klapdor et al., MPLA 16 (2001) 2409]

Tf/yz = (2231—8?11) x 10%° y 6.50 evidence [MPLA 21 (2006) 1547]

8 T T T T T
0 — SSE
— 2n2b Rosen - Primakov Approximation 73 [ 1 NN+low cut, 1 mm E
60
6 3
50
> 54 E
>
La0 £ 4
£
g 3 5] 3
o
20 21 o m _ mod
Q=2039 keV/
10 honoal gl gg mii e
0 o
0 500 1000 1500 2000 2500 3000 2000 2010 2020 2030 2040 2050 2060
Energy keV
energy, keV

PLB 2004) 1
[PLE 586 (2004) 198] [MPLA 21 (2006) 1547]

the indication must be checked by other experiments
|m55| =0.32£0.03eV [MPLA 21 (2006) 1547]

if confirmed, very exciting (Majorana v and large mass scale)
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BB, Decay < Majorana Neutrino Mass

[))601/

[Schechter, Valle, PRD 25 (1982) 2951]  [Takasugi, PLB 149 (1984) 372]

Majorana Mass Term

M __ 1 - c - ,,C
‘CeL__Emee (VeLVeL+VeLVeL)
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W+ Ve = Ve(h = —1)
| ]
N
e e~ .
> ,
e e .
—>— 2l
U u /f(ur
Ve = Ve(h = +1)




[eV]

m

Cosmological Bound on Neutrino Masses

3
> me $0.6eV

k=1

3
> me $0.2eV
k=1

(~20)  CMB + HST + SN-la + BAO

(~20) CMB + HST + SN-la + BAO + Lya

NORMAL SCHEME INVERTED SCHEME
10° 100
107! — 107
—
= iR
ms g m
10°? “ - 102 - -
ms
e m e “ms
1077 = 7 1077 = 7
1079 1072 107! 10° 1079 1072 107!
Lightest Mass:  my  [eV] Lightest Mass:  mg  [eV]

3
FUTURE: IF > mj $9x 10 *eV = NORMAL HIERARCHY
k=1
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Indication of Sy, Decay: 0.22eV < |mgg| S 1.6eV

[Klapdor et al., MPLA 16 (2001) 2409; FP 32 (2002) 1181; NIMA 522 (2004) 371; PLB 586 (2004) 198]

10" T T
[CMB+LSS+SNIa+BAO
= OSC.
CMB+LS$+SNIa+BAO+Lya
10°F ‘ E
N BBor
&
=
10 f E
NORMAL SCHEME
1 -2 1 1
0502 107! 10° 10
Lightest Mass:  m;  [eV]
tension

(~ 30 range)

10! T T
CMB+LSS+SNIa+BAO
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=
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Lightest Mass:  m3  [eV]

among oscillation data, CMB+LSS+BAO(+Lya) and 80, signal
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Beam Excess

Anomalies Beyond Three-Neutrino Mixing

LSND

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

Uy —> Ve

L~30m

1751

125F
10
7.5

® Beam Excess
+
p(vu ~9,e)n

p(v,.e)n

other

Il Il
0.8 1 12 14
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Amieyp = 0.2eV?

20MeV < E <200 MeV

— 102 R R A

CON: E

@ L ]

510 - 4

i Karmen CCFR]

L Bugw 4

: NOMAD)

.17 ]

10 = E
F W 90% (L, L <23

[ 99% (L L <4.6) ]

10 Lol il v ennd w0

10 10 10 , 1

sin® 26

(> Amapy > Amdg, )
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Vy — Ve

MiniBooNE Neutrinos

[PRL 98 (2007) 231801; PRL 102 (2009) 101802]

L ~541m

. Data
[ Ve from
3 V. fromK"
== v, fromK°

EY* (GeV)

>

T
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2

g

: t
I

3 sl
2 [
2 [
g 06
2

I

2 o4
g

8

£

I

02

data - expected background
best-fitv, - v,

5in26=0.004, A m’=1.0eV?
sin26=0.2, A m’=0.1eV?

1.‘4 15
E}* (Gev)

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

Low-Energy Anomaly!

475MeV < E < 3GeV

.guz:
< F .6462E20POT
i . official E>475MeV 90%CL
10
1
107
qo2lend vl vl

10° 102 10"

2700]
sln®(26)
[Djurcic, arXiv:0901.1648]
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MiniBooNE Antineutrinos

[PRL 103 (2009) 111801; PRL 105 (2010) 181801]

Uy — Ve L ~541m

v, &7, from B
v, &v, fromk *
@B, &7, fomk®
B rf misia
Ca-w

B dirt

D other

— Constr. Syst. Ermor
-+ Best Fit (E475MeV)

Fit Region

Events/MeV

Data - expected background

Events/MeV

5in?26=0.004, Am’=1.0eV*
o1 - 5in*26=0.03, Am*=0.3eV’ E

L
0.0 I T

-0‘10.2 0.4 0.6 0.8 1.0 1.2 14 15 3.
ES® (Gev)

[MiniBooNE, PRL 105 (2010) 181801, arXiv:1007.1150]

475MeV < E < 3GeV

10?

10

102

T
—— 68% CL

— 90% CL

—— 99% CL

—————— KARMEN2 90% CL
BUGEY 90% CL ]

. LSND 90% CL

D LSND 99% CL

‘ ‘ ‘ y
10° 102 10" 1
sin’(26)

Agreement with LSND 7, — 7 signal!

Similar L/E but different L and E = Oscillations!
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0.9

0.8

0.7

Reactor Antineutrino Anomaly

[Mention et al, PRD 83 (2011) 073006, arXiv:1101.2755]

Old Reactor 7, Fluxes

IREEEY)

Bugey3-15 —&—
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Reactor Rates
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Gosgen-65
I
Krasno-33
Krasno-92
Krasno-57

—— Average Rate

R =0.992 4+ 0.024

L [m]

100

New Reactor 7, Fluxes

[Mueller et al, PRC 83 (2011) 054615, arXiv:1101.2663]
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IREEIX:

Reactor Rates
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L [m]

R = 0.946 + 0.024
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Gallium Anomaly

Gallium Radioactive Source Experiments

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

Ve Sources: e +31Cr—= 5V 4, e” +3Ar = 3Cl + v,
Detection Process: Ve+ MGa— "Ge+ e~
g 1.1: GALLEX cuSAGEcr <L>GALLEX o
S N J (Lysace = 0.6m
£ R™* = 0.76" ss
7 GALLEXCr2 sAGE Ar [Giunti, Laveder, PRC 83 (2011) 065504, arXiv:1006.3244]

[SAGE, PRC 73 (2006) 045805, nucl-ex/0512041]
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Beyond Three-Neutrino Mixing

B B B Vsl VSQ

Vr
Vi
Ve

%1 9 V3 vy Vs

m? m3 m3 m? m? log m?

Am? Am? Am?
SOL ATM SBL

3v-mixing
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v

Sterile Neutrinos

Light anti-vg are called sterile neutrinos

VE—VsL (left-handed)
Sterile means no standard model interactions

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

Observables:

» Disappearance of active neutrinos (neutral current deficit)

» Indirect evidence through combined fit of data (current indication)

Powerful window on new physics beyond the Standard Model
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Cosmology

» Ns = number of thermalized sterile neutrinos (not necessarily integer)

» CMB and LSS in ACDM: N, =13+09 m,<0.66eV (95% C.L)

[Hamann, Hannestad, Raffelt, Tamborra, Wong, PRL 105 (2010) 181301, arXiv:1006.5276]

Ne=1.61+092  m, <070eV (95% C.L.)

[Giusarma, Corsi, Archidiacono, de Putter, Melchiorri, Mena, Pandolfi, PRD 83 (2011) 115023, arXiv:1102.4774]

NS = ]. 12+8 ?2 (95% CL) [Archidiacono, Calabrese, Melchiorri, PRD 84 (2011) 123008, arXiv:1109.2767]

Ns = 0.22 +0.59 [Cyburt, Fields, Olive, Skillman, AP 23 (2005) 313, astro-ph,/0408033]
> BBN NS = 0 64+8 gg [Izotov, Thuan, ApJL 710 (2010) L67, arXiv:1001.4440]

Ns S 1 at 95% CL [Mangano, Serpico, PLB 701 (2011) 296, arXiv:1103.1261]

» CMB+LSS+BBN: N, =0.85032 (95% C.L.)

[Hamann, Hannestad, Raffelt, Wong, JCAP 1109 (2011) 034, arXiv:1108.4136]

C. Giunti — Neutrino Physics — 16-17 Feb 2012 — 90



Effective SBL Oscillation Probabilities in 34+1 Schemes

: 5 (AmgL :
Pz/a—n/g = sin’ 2008 sin? <Tgl> sin® 2045 = 4‘Ua4|2‘uﬁ4‘2

No CP Violation!
Am3, L
Posve =1— sin” 2V 00 sin® <%> sin? 2¥00 = 4|Uaz4|2 (1 - |Ua4|2)
Perturbation of 3v Mixing

|Ue4|2 <1, |Uu4|2 <1, |UT4|2 <1, |Us4|2 ~1

Ut Ue .
sin 20,4 < 1
v Un U
U Urp Y
-2
Ua Ug 2 S 219():04
|Upa|? = 2N 2o

4
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10
L
>
X
1
~g
£
3
10"
99% C.L.
—— Vu—>V: LSND+KARMEN+MB2010
——  V=>Ve: MiniBooNE
10-2 T T L
107 107 107 10" 1

sin®29,,

GoF = 17%

PGoF = 0.15%

» Tension between v, — v, and 7, — U, data is reduced with MiniBooNE

2011 antineutrino data.

> 3+2 — CP VIO|atI0n [Sorel, Conrad, Shaevitz, PRD 70 (2004) 073004, hep-ph/0305255], [Maltoni,

Schwetz, PRD 76, 093005 (2007), arXiv:0705.0107], [Karagiorgi et al, PRD 80 (2009) 073001, arXiv:0906.1997], [Kopp,

Maltoni, Schwetz, PRL 107 (2011) 091801, arXiv:1103.4570], [Giunti, Laveder, PRD 84 (2011) 073008, arXiv:1107.1452]

» 3+1+NSI = CP Violation {akhmedov, Schwetz, JHEP 10 (2010) 115, arXiv:1007.4171]
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Goodness of Fit

» Assumption or approximation: Gaussian uncertainties and linear model

> x2,., has x? distribution with Number of Degrees of Freedom

NDF = Np — Np
Np = Number of Data Np = Number of Fitted Parameters
(x2:.) = NDF Var(x2,.,) = 2NDF
00 Zn/2—1e—z/2
oor = / P (2, NDF) dz P20 = mrcay

Parameter Goodness of Fit

Maltoni, Schwetz, PRD 68 (2003) 033020, arXiv:hep-ph/0304176

Measure compatibility of two (or more) sets of data points A and B
under fitting model

> XpGor = (Xmin)A+B — [(Ximin)A + (X7in)B]

> X%GOF has x? distribution with Number of Degrees of Freedom
NDFpgor = N& + N5 — NOTB

o0
PGoF:/ py2(z,NDFpgor) dz
X

2
PGoF
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Disappearance Constraints

e Disappearance v, and 7, Disappearance
2 2
10 99% C.L. ‘ 10 99% C.L. ‘
—— Bugey3 —— CDHSW (1984): v,
-—— Bugey4+Rovno — ATM:v, +V,
—— Gosgen+ILL —_ MINOS“(ZO{l):v,
—— Krasnoyarsk
10 — ve= 10 | E!
< N
i i /
= 1 1r E
Ng NE:; \
< <
107 107 F i
102 . L . P 102 . L i
107 10 1 1072 107! 1
Sin?28, sin29,,

» New Reactor 7, Fluxes

[Mueller et al., arXiv:1101.2663] » ATM constraint on |U,4/?
[Mention et al., arXiv:1101.2755] [Maltoni, Schwetz, arXiv:0705.0107]

» KARMEN+LSND ve +'*C — ’Ngs + e~ » MINOS constraint on |U,.4/|2
[Conrad, Shaevitz, arXiv:1106.5552] [Giunti, Laveder, arXiv:1109.4033]
[Giunti, Laveder, arXiv:1111.1069]
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v

v

3+1

Ve disappearance experiments:

12

sin® 20ce = 4|Uea|? (1 — |Ueal?) = 4|Uea?

v,, disappearance experiments:

sin? 20, = 4|Upal? (1 — |Upal?) =~ 4|U,a)?

v, — Ve €Xperiments:

1
sin? 20, = 4|Uea|?| U4 =~ 2 sin? 20¢e sin? 20,,,,

Upper bounds on sin? 21, and sin® 29,,, = strong limit on sin? 20
[Okada, Yasuda, Int. J. Mod. Phys. A12 (1997) 3669-3694, arXiv:hep-ph/9606411]

[Bilenky, Giunti, Grimus, Eur. Phys. J. C1 (1998) 247, arXiv:hep-ph/9607372]
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vV vV Y

10°

99.73% C.L. (30) !
—— V, Disappearance |
—— v, Disappearance 1
—— Disappearance 7
——  Appearance J
10 4
i <D ] 3+1
“g ]
= i GoF = 50%
NEQ E
< ]
PGoF = 0.3%
10
[Giunti, Laveder, arXiv:1111.1069]
10—2 Cnnl ol Co el Lo
107 107 107 107 1
sin’29e,
3+1: Appearance-Disappearance tension
3+2 same tenSion [Kopp, Maltoni, Schwetz, arXiv:1103.4570], [Giunti, Laveder, arXiv:1107.1452]

Tension reduced in 3+1+NSI [Akhmedov, Schwetz, JHEP 10 (2010) 115, arXiv:1007.4171]

H H [Barger, Marfatia, Whisnant, PLB 576 (2003) 303]
No tension in 3+1+CPTV [Giunti, Laveder, PRD 82 (2010) 093016, PRD 83 (2011) 053006]
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Global 341 Fit of SBL Data

[Giunti, Laveder, arXiv:1109.4033, arXiv:1111.1069]

» Simplest scheme beyond standard three-neutrino mixing which can
partially explain the data.

> It corresponds to the natural addition of one new entity (a sterile
neutrino) to explain a new effect (short-baseline oscillations).

10 T

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

PG|
-

Am

APP

10—1 1 il
107 107 107 107 1072 107 107 107

sin29,, sin%29.. sin’29,,
Best fit: AmZ; ~ 1.62eV? = my ~ 1.3eV
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MiniBooNE Low-Energy Anomaly

10 T

GLO-LOW
= 68.27% C.L. (10)
=== 90.00% C.L.

e 95.45% C.L. (20)
@ 99.00% C.L.
= 99.73% C.L. (30)

[ev?]
-

2
a1

Am

10 " . APP

10™ 107 107 107 1072 107 107 107

GoF = 30% PGoF = 0.008%

> Best fit at Am?11 ~ 0.89eV? = my ~ 0.94eV = Better compatibility
with cosmological bound on mj.

» APP-DIS tension indicates that MiniBooNE low-energy anomaly may

. . (=) (=) . .
have an explanation different from v, — v, oscillations.
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Testable Implications

[Giunti, Laveder, PLB 706 (2011) 200, arXiv:1111.1069]
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Future

LSND and MiniBooNE

MiniBooNE is continuing to take antineutrino data.

Dy — Te + Uy — 7,

ICARUS@CERN-PS: L~ 1km E ~ 1GeV [ Rubbia et al, CERN-SPSC-2011-012]

(=)

- (=) (=) (=)
Vy — Ve + 1V, —

- (=) (=)
Vy + Ve —

Ve

MicroBooNE will test the MiniBooNE low-energy anomaly by measuring
7% — 27 background.

LSND reloaded? Super-Kamiokande doped with Gadolinium

[Agarwalla, Huber, PLB 696 (2011) 359, arXiv:1007.3228.]
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Reactor Anomaly

Nucifer (France), small liquid scintillator detector at L = 7m
[Lasserre, talk at EPS-HEP 2011]

DANSS (Russia), movable solid scintillator at L ~ 10m

[Egorov, talk at LowNul1]
SONGS (USA) [Bowden, talk at LowNul1]
South Korea [Y.D. Kim, talk at LowNu11]

Possible experiment at a small-size fast neutron reactor
[Yasuda, JHEP 1109 (2011) 036, arXiv:1107.4766]
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Gallium Anomaly

New SAGE Gallium source experiments with 2 spherical shells
[Gavrin et al, arXiv:1006.2103]

Ve and 7, radioactive source experiments with low-threshold detectors.

. (=) _ (=) _
Borexino: v+ e~ — e+ € [Cribier et al, PRL 107 (2011) 201801, arXiv:1107.2335]
[Pallavicini, talk at BEYOND3NU]
[lanni, Montanino, Scioscia, EPJC 8 (1999) 609, arXiv:hep-ex/9901012]
LENS (Low Energy Neutrino Spectroscopy): [Agarwalla, Raghavan, arXiv:1011.4509]
Ve +115In — 1550 4+ e + 24 Ew = 0.1 MeV
Ue+p—n+et Ein = 1.8 MeV

Spherica| GaseOUS TPC [Vergados, Giomataris, Novikov, NPB 854 (2012) 54, arXiv:1103.5307]
Targets: 131Xe, “9Ar, 2°Ne, “He. Sources: 37Ar, 51Cr, %5Zn, 32P.

Coherent neutrino-nucleon scattering in low-temperature bolometers
[Formaggio, Figueroa-Feliciano, Anderson, PRD 85 (2012) 013009, arXiv:1107.3512]
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Near-Detector Beta-Beam experiments: [Agarwalla, Huber, Link, JHEP 01 (2010) 071]
N(A,Z) — N(A,Z+ 1)+ e + 1, (57)
N(A,Z) = N(A,Z —1)+et +ve (BT

Near-Detector Neutrino Factory experiments: [Giunti, Laveder, Winter, PRD 80 (2009)
073005]

pt =+ et e

o= v te + e
ND+FD at Low Energy Neutrino Factory (LENF)

[Pascoli and Wong, poster at NUFACT 11]

CPT tests: AgET = Puosvs — Poysia
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Conclusions

Ve = Uy, vy with Amdg ~8x107°eV? (SOL, KamLAND)
vy = vr with Amipy ~2x 1073eV? (ATM, K2K, MINOS)
sin® Y12 ~ 0.3 sin? ¥a3 ~ 0.5 sin 913 < 0.05 (Chooz)
sin® 113 ~ 0.02?  (T2K, MINOS, Double Chooz)

B & BBy, Decay and Cosmology = m, < 1eV

To Do
Exp.: Measure |Ugs| > 0 = CP viol., matter effects, mass hierarchy.
Find absolute mass scale.
Check anomalies beyond three-neutrino mixing.
Theory: Why lepton mixing # quark mixing?

(Due to Majorana nature of v's?)
Why 953 is maximal, 915 is large and 23 is small?
Explain anomalies beyond three-neutrino mixing.
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