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Part I: Theory of Neutrino Masses and Mixing

@ Dirac Neutrino Masses and Mixing

@ Majorana Neutrino Masses and Mixing

@ Dirac-Majorana Mass Term

C. Giunti — Neutrino Physics — CERN, 12-15 May 2009 — 2




©

(3

©

Part Il: Neutrino Oscillations in Vacuum and in Matter

Neutrino Oscillations in Vacuum
CPT, CP and T Symmetries
Two-Neutrino Mixing and Oscillations

Neutrino Oscillations in Matter
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Part 11l: Phenomenology of Three-Neutrino Mixing

Solar Neutrinos and KamLAND

Atmospheric Neutrinos and LBL

Three-Neutrino Mixing

Absolute Scale of Neutrino Masses

Experimental Neutrino Anomalies

Conclusions

C. Giunti — Neutrino Physics — CERN, 12-15 May 2009 — 4




Part |

Theory of Neutrino Masses and Mixing
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Dirac Neutrino Masses and Mixing

@ Dirac Neutrino Masses and Mixing

]
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Dirac Mass

Higgs Mechanism in SM

Dirac Lepton Masses

Three-Generations Dirac Neutrino Masses
Massive Chiral Lepton Fields

Massive Dirac Lepton Fields

Mixing

Flavor Lepton Numbers

Mixing Matrix

Standard Parameterization of Mixing Matrix
CP Violation

Jarlskog Rephasing Invariant

Maximal CP Violation

Lepton Numbers Violating Processes
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Dirac Mass

Dirac Equation: (id — m)v(x) =0 (@ =v"06,)

Dirac Lagrangian: .Z(x) = v(x) (i@ — m) v(x)

Chiral decomposition: v, = P,v, Vg = Prv, V=v +VR
P, = 1_275, Pr = 1+275, P2=P2=1, P,Pgr=PrP, =0
L =VLidv, + VRiGvg — m (VLVr + UrVL)

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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Higgs Mechanism in SM

Higgs Doublet: ®(x) = <ZZ((§))> )2 = o = ¢L¢+ + pldo

Higgs Lagrangian: Ziiges = (D, ®)1(DH®) — V(|®]?)
Higgs Potential: V/(|®[?) = p?|®|? + A|®|*

2 2y 2 V2 2 : —
pe<0and A >0 = V(|®|°) =A(|P] 5) . with v=

V2 \vy
Spontaneous Symmetry Breaking: SU(2); x U(1)y — U(1)q

Unitary Gauge: ®(x) = % (V +(I)-I(x)>

Vacuum: Vi, for |<I>|2 = V72 = (¢) = L <0>
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Dirac Lepton Masses

L[_ = (;ﬁ) KR VR

Lepton-Higgs Yukawa Lagrangian

L= —y [ dLlgr -y [ Pvgr +Hec

Unitary Gauge

1 0 ~ . . 1 [v+H(Xx)
¢(X):_2<v+H(x)> b =ior® :ﬁ< 0 >
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Z brH— ~—=7/vRrH-+H.c

/2

me =yt m, =y -

A g V2

l_ml I/_mV
geH_\/i_ v gVH_\/i_ v
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Three-Generations Dirac Neutrino Masses
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/_<V{9L> /_( V;LL) /_<V‘IrL
el — ul — TL —
Ly =e LL = py L =T
b = ep I;LR = Lr=Tg
Ver VLR ViR
Lepton-Higgs Yukawa Lagrangian
gH’L:— Z |:Yaf)' aL¢ZﬁR+ (DVf)'R:| +HC
aﬁ:e:#—:”'
Unitary Gauge
0 ~ v + H(x)
O(x) = =5 $ =gy o* = L
V2 \ v+ H(x) v2 0




v+ H i —
LHL = — ( 7 > [Yé‘% R+ Yob Vit VbR} + H.c.
a,ﬁ:e,,u,‘r
v+ H\ — —
L = — <— €0 Y™ty + V] Y™ V] + Hee
) \/5
AR AR AR
£, = | pup br = | Ur V= |V VR = | Vug
!/ /
TL TR Vit ViR
Yoo Yeu Yer Yo Yeu Yef
Ye=| YL Y Y YV=| Yy Yy vy
YA YR YR ARG
M/Z _ L YIZ MIV — v YII/
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H\ r— _
L = — (%) €L Y™l + V] Y™ V] + He

Diagonalization of Y’* and Y" with unitary Vf, V&, V¥, V%
= Vi b=Vier v, =V/n, vp=Ving
Kinetic terms are invariant under unitary transformations of the fields

v+ H

/2

Vit v vh = vt Y = yidap (a,8 = e, p,T)

LuL =~ ( ) 2oV vher + o0V TY" Vigug| + He

VLVT (4 VE =Y Yk'j :y;: 6kj (k,_j - 17213)

Real and Positive v, v/
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Massive Chiral Lepton Fields

€L €R
o =Vvile =y b= Vil = | ug
TL TR
ViL ViR
n,= VLVTV'LE Vo1 ng = VETV;?E V2R
V3L V3R
v+ H\ —
D%H,L: — < \/5 ) |:£L Y££R+n_LY”nR} + H.c.
+H pp— N
- — o C.
<V )l Y Vilarlar+ Y yE Vi vkr| + H.c
V2 a=e,u,r k=1
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Massive Dirac Lepton Fields

ea = eaL + eaR (a = &N, T)

Vk = VkL + VkR (k=1,2,3)

Uk Vi Mass Terms

3 v
_ Z y_aaga H— Z y—ky_kyk H Lepton-Higgs Couplings

Charged Lepton and Neutrino Masses

mk:y\kﬁv (k=1,2,3)

Lepton-Higgs coupling o< Lepton Mass

(a = e):uvT)
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Mixing
Charged-Current Weak Interaction Lagrangian

CC .
,21( ) = _%JSVWP + H.c.

Weak Charged Current: iy :jﬁw_ —i—jﬁv,Q

Leptonic Weak Charged Current

fr= > v (1-7°) ta=2 Y Vvl =2V 4

a:eHu’T o= e’M’
Jw=2mnL Ve VEe = 2ar VT VEyP e = 2w Ut yP 4y

Mixing Matrix

T — yrtye £t
ut = vtV u=vtvy
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» Definition: Left-Handed Flavor Neutrino Fields

‘ Vel
I/L:UnL:VLTVIL: VuL
VrL

> They allow us to write the Leptonic Weak Charged Current as in the SM:
S =20y b =2 Z Vol 7V° LatL

a:e’l“”T

» Each left-handed flavor neutrino field is associated with the
corresponding charged lepton field which describes a massive charged
lepton:

i =2(ZeL’ eL +Tur v pr + 7Ly 71)
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Flavor Lepton Numbers

Flavor Neutrino Fields are useful for defining
Flavor Lepton Numbers
as in the SM

Le L, L, Le L, L,

(Ve,e) +1 0 O (vs,et) -1 0 0
(vurw™) 0 41 0 || (v, u*) 0 -1 0
vry,™™) 0 0 +1] (v¢,77) 0 0 -1

‘L:Le+L#+LT‘

Standard Model: Lepton numbers are conserved
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D .
gmass:_(VeL L VTL) e

Mg, Mer VeRrR

m2,  mP v +H.c
St I Rl B

m'r/.l. mz VrrR

Le, Ly, Ly are not conserved

L is conserved:

L(I/aR) = L(Vﬁ[_) = |AL| =0
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Mixing Matrix

> Leptonic Weak Charged Current: jf,’v’l_ =2na UMy 4,

, Ui U Uss Uer Uer Ues
> U= \/LJr VZ/ = U21 U22 U23 = Uﬂl U,uz U,u3
U1 Uz Usz Ui Uro Uz

» Unitary N x N matrix depends on N? independent real parameters

w =3 Mixing Angles
N=3 -
w =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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3
Weak Charged Current: ja/,L =2 Z Z Ukt UL P Lot
k=1 a=e,u,T
Apart from the Weak Charged Current, the Lagrangian is invariant
under the global phase transformations (6 arbitrary phases)
v — ey (k=1,2,3), by — €%ty (a=e,u,T)

Performing this transformation, the Charged Current becomes
3

ja/,L =2 Z Z V_kLe_i(pk Ux, R[S VP Lot

k 1a=e,u,T
A —i(p1—¢ —i(pk—p1) [jx  ailPa—p P
JW,L—2e ( ez Z v e )Ua gl(pe e)'yZaL
1 k=1 a=e,u,T 2

There are 5 arbitrary 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.
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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 Uer Ue Ues) [viL
vt | = | Uur U2 Uus | | varL
VrL Ui Ura Urz) \vaL
1 0 0 C13 0 5136_”513 cp s12 0
U= 0 C23 523 0 1 0 —S12 C12 0
0 —S523 (23 —5136'613 0 C13 0 01
c12¢13 s12€13 si3e 013
= | —s2cs—ci2s3s1313  crpos—sias3si3e¥13 sz

s12523—C1oCo3513€/013  —cros3—spe3size®3  ozciz
. Y
Cap = €0s P 4p Sap =sint,p 0< ¥ < 5 0<d13 <21

3 Mixing Angles 1912, ’1923, 1913 and 1 Phase (513
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Standard Parameterization

1 0 0 C13 0 51367"513 C12
Uu=10 3 523 0 1 0 —S512
0 —s3 o3/ \—si3¢® 0 13 0
Example of Different Phase Convention
1 0 0 C13 0 513 C12
U= 1|0 3 523e’523 0 1 0 —S12
0 —spze B -s13 0 a3 0
Example of Different Parameterization
/ I —id! !
Clo sppe ‘12 0 1 0 0 Ci3
el
U= | —spe’ €12 010 o3 s 0
0 0 ]. 0 _Sé3 Cé3 —513
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CP Violation

U# U* — CP Violation

Jarlskog Rephasing Invariant

J = Sm|Ue U3 U U]

[C. Jarlskog, Phys. Rev. Lett. 55 (1985) 1039, Z. Phys. C 29 (1985) 491]
[O. W. Greenberg, Phys. Rev. D 32 (1985) 1841]

[I. Dunietz, O. W. Greenberg, Dan-di Wu, Phys. Rev. Lett. 55 (1985) 2935]
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Jarlskog Rephasing Invariant

» Simplest rephasing invariants:  |Uqk| = Uak Uk, UakU;jUEkUﬁj

S| Uak Uz, Upi Ugj | = +J

X 0
o X

J = Sm[Uea U3 U Ups| = Sm

» In standard parameterization:
2 -
J = c12512623523¢13513 5in 013

1
=3 sin 2115 sin 21,3 cos Y13 sin 21%13 sind3

> 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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Maximal CP Violation

Maximal CP violation is defined as the case in which |J| has its
maximum possible value

v

1
6v/3

» In the standard parameterization it is obtained for

|J|ma>< =

1912:’1923:71'/4, 513:1/\/5, sin613::t1

» This case is called Trimaximal Mixing. All the absolute values of the
elements of the mixing matrix are equal to 1/\/5:

35 :Flﬁ 1 i'/e :'1/6 o
U=|-3F55 3F55 = |=—2|-emo &6 1
? 2,'\/5 ? 2\/,3 f V3 eFim/6  _oEim/6

V3
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Lepton Numbers Violating Processes

Dirac mass term allows L., L, L, violating processes

Example: p* — e + 1, pt— et et +e”

uw —e +v

Z U;kUek = 0 = only part of v, propagator ox my contributes
k

Gemt 3 . o

= — DU Uee—E g )
19273 321 zk: k2, ,

BR . " boe
U;k Urk
Suppression factor;  — X S107M for my SleV
myy
(BR)the < 1074 (BR)exp < 107"
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Majorana Neutrino Masses and Mixing

@ Majorana Neutrino Masses and Mixing
Two-Component Theory of a Massless Neutrino
Majorana Equation

Majorana Lagrangian

Lepton Number

No Majorana Neutrino Mass in the SM
Effective Majorana Mass

Mixing of Three Majorana Neutrinos

Mixing Matrix

€ ¢ ¢ ¢ ¢ ¢ ¢ ¢
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Two-Component Theory of a Massless Neutrino

[L. Landau, Nucl. Phys. 3 (1957) 127], [T.D. Lee, C.N. Yang, Phys. Rev. 105 (1957) 1671], [A. Salam, Nuovo Cim. 5 (1957) 299]
» Dirac Equation:  (i7*0, —m)y =0

» Chiral decomposition of a Fermion Field: ¥ =1, + ¥r

» Equations for the Chiral components are coupled by mass:

’.'Y'ua,u'l//L = myr
i'yua,u’l//R =my,

» They are decoupled for a massless fermion: Weyl Equations (1929)

o, =0
iv0,Yr =0

» A massless fermion can be described by a single chiral field ¥, or ¥r
(Weyl Spinor).
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v

1, and ¥ have only two independent components: in the chiral
representation

0 XR1

_ [0y _] 0 _[XRrR) _ | XRr2
wL_(XJ_ X1 1/}R_<O>_ 0
XL2 0

The possibility to describe a physical particle with a Weyl spinor was
. . . o P
rejected by Pauli in 1933 because it leads to parity violation (%, = ¥Rr)

The discovery of parity violation in 1956-57 invalidated Pauli’s reasoning,
opening the possibility to describe massless particles with Weyl spinor
fields = Two-component Theory of a Massless Neutrino (1957)

V — A Charged-Current Weak Interactions =— v,

In the 1960s, the Two-component Theory of a Massless Neutrino was
incorporated in the SM through the assumption of the absence of vg
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Majorana Equation

Can a two-component spinor describe a massive fermion? Yes! (E.
Majorana, 1937)

Trick: ¥r and 9 are not independent: Yr = CWT

cyr’ isright-handed:  PrCPL =CP  (CrlCE=—v,)

Majorana Equation: | iq#8,9, = mCyL

Majorana Field: 9 =%, +9Yr =19, + CWT

Majorana Condition: |9 = CET = ¢

*

5 X12
: * %
Only two independent components: 9 = XL = Xi1
XL XL1

XL2
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> Y= 1/1C implies the equality of particle and antiparticle
» Only neutral fermions can be Majorana particles

» For a Majorana field, the electromagnetic current vanishes identically:

Py = 9CyryC = —yTChyrey’ =geyTely = —gyty =0

C. Giunti — Neutrino Physics — CERN, 12-15 May 2009 — 35



Majorana Lagrangian

Dirac Lagrangian
ZP = v(ig-mv
= VLidv +VRiGvg — m(VrvL + VL VR)

VR — V,_C:CV_,_T

1 . m e
EZD — vLidv, — 5 (—V,_TCTI/L +I/LCVLT)
Majorana Lagrangian
oM = vLidv, — g (—I/LTCT VL —|—V_LCI/_LT>

m

=gy - (VLCVL+V_LV1_C)
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Lepton Number
> — — 1>

v, = L=+1 VI_C = L=-1

. m /—~ __
M =vLidv. — 5 (I/LCI/L—l-I/LI/LC)

Total Lepton Number is not conserved: AL =42

Best process to find violation of Total Lepton Number:

Neutrinoless Double-3 Decay
N(AZ) = N(A Z+2)+2e + 2% (BBoy)
N(AZ) > N(AZ-2)+2e" +20¢  (Bfy,)
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No Majorana Neutrino Mass in the SM

» Majorana Mass Term [VLT ct v — I/_LCV_LT] involves only the neutrino

left-handed chiral field v;, which is present in the SM (one for each
lepton generation)

> Eigenvalues of the weak isospin /, of its third component /5, of the
hypercharge Y and of the charge @ of the lepton and Higgs multiplets:

I'| b | Y|Q=hk+%

|48 1/2 0
lepton doublet L, = 1/2 -1

L -1/2 -1
lepton singlet LR 0 0 |-2 -1
1/2 1

Higgs doublet ®(x) = <¢+(X)> 1/2 / +1
$o(x) -1/2 0

» v/ Clvy has s =1 and Y = —2 — needed Higgs triplet with Y =2
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Effective Majorana Mass

Dimensional analysis: ~ Fermion Field ~ [E]*/? Boson Field ~ [E]
Dimensionless action: | = /d4x.$(x) — Z(x) ~ [E]*

Kinetic terms: i@y ~ [E]*, (6M¢>)Jr o ¢ ~ [E]*

Mass terms:  myy ~ [E]*,  m? ¢l¢ ~ [E]*

CC weak interaction: gy £, W, ~ [E]*

Yukawa couplings:  y L, ®lg ~ [E]*

Product of fields ¢4 with energy dimension d = dim-d operator
Lon = Conla = oo~ I[E"°

O4>4 are not renormalizable
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SM Lagrangian includes all y<4 invariant under SU(2), x U(1)y
SM cannot be considered as the final theory of everything
SM is an effective low-energy theory

It is likely that SM is the low-energy product of the symmetry breaking
of a high-energy unified theory

It is plausible that at low-energy there are effective non-renormalizable

ﬁd>4 [S. Weinberg, Phys. Rev. Lett. 43 (1979) 1566]

All 04 must respect SU(2); x U(1)y, because they are generated by the
high-energy theory which must include the gauge symmetries of the SM
in order to be effectively reduced to the SM at low energies
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Og~4 is suppressed by a coefficient M*~9, where M is a heavy mass
characteristic of the symmetry breaking scale of the high-energy unified
theory:

85 86
L =% == 0 = O+ ...
MEM BT AE T

, cc _ _

Analogy with ,fe(ff ) o Gr (TeLY’eL) (€rYpVel) + - -
86 GF &
M/

2

ﬁ@-)(V_L’)’peL)(e_L’)’VL)-l-... =
¢ pre V2 8m\2/v

M?*=9 is a strong suppression factor which limits the observability of the
low-energy effects of the new physics beyond the SM

The difficulty to observe the effects of the effective low-energy
non-renormalizable operators increase rapidly with their dimensionality

U5 = Majorana neutrino masses (Lepton number violation)

O¢ == Baryon number violation (proton decay)
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» Only one dim-5 operator:
Os = (L] op®)CT (@7 0y L)) +H.c.

1
=5 (L] CTox7Ly)- (®T 0o TD) + Hec.

L = 2M (L] Clop7Ly)- (®T 0o 7P) + Hec.

P o ¢+ Symmetry 0
» Electroweak Symmetry Breaking: ® = < = 3 v/v/2

¢0 Breaking
Symmetry M 1 g5 v2 T At g5V
> L ———— Lnes = = v C'vp+Hec — |m=
Breaking 2 M M
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» The study of Majorana neutrino masses provides the most accessible
low-energy window on new physics beyond the SM

> mx v o< i natural explanation of smallness of neutrino masses

(special case: See-Saw Mechanism)

» Example: mp ~ v ~ 10?2 GeV and M ~ 10" GeV = m ~ 1072 eV
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Mixing of Three Majorana Neutrinos

1
M =T etMb ] + He

/ mass 2
v
L
>
vi=1Vu 1
/!
1 _ IT At L !
7L = — v, C' M.svs, + H.c.
20‘,3;#7 al af YBL

> In general, the matrix Mt is a complex symmetric matrix

ZV;—IL_CT Mé,@ V'E.}L — ZV,BL MLﬁ (CT
)5

a,fB

Mg = Mby = Mi=mtT
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v

v

v

v

v

v

1
M =-v"ctMy] + He

mass 2

1
vi=V/n — M =_uT(v))TctM-VP LU +Hec

mass 2
V1L
Left-handed chiral fields with definite mass: n; = VL"Jr v, = | v
V3L
1
oM = 5 (n[cT Mn, —n—LMCn[)
13 -
= 5 Z my (VkL ct Vi — Uk C VIZL)
k=1
Majorana fields of massive neutrinos: vy = vy + I/kC,_ I/kC = v
n 13 1
n= |1 :>$MZEZy_k(/a—mk)ykziﬁ(/a—M)n
V3 k=1
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Mixing Matrix

Leptonic Weak Charged Current:

Jhyo=2mtUty e, with U= VTV

Definition of the left-handed flavor neutrino fields:

‘ Vel
uL:UnL: VLTVIL: VulL
UrL

Leptonic Weak Charged Current has the SM form

Sl =207l =2 ) ViV las

a=e,u,T

Important difference with respect to Dirac case:
Two additional CP-violating phases: Majorana phases

C. Giunti — Neutrino Physics — CERN, 12-15 May 2009 — 46



!

3
» Majorana Mass Term ZM = Z my v, CT vy + H.c. is not invariant
k=1

under the global U(1) gauge transformations
Vil — ehpk Vil (k = 1,2,3)

» Left-handed massive neutrino fields cannot be rephased in order to
eliminate two Majorana phases factorized on the right of mixing matrix:

N

1 0 0
pV=|0 e* o
0 0 e

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

» Standard parameterization:

Cr2€13 S12€13 size 0 1 0 0
is i6 i
U= | —sincs — cioszsi3e’™®  croco3 — sipssize’™ $23C13 0 2 0
is i5 i
512523 — Cr2C3513€' 71 —C10853 — Sppco3size’t c23C13 0 0 e

» Jarlskog rephasing invariant: J = c12512cQ3523c123513 sind13
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Dirac-Majorana Mass Term

@ Dirac-Majorana Mass Term
o One Generation
@ See-Saw Mechanism
@ Majorana Neutrino Mass?
@ Number of Massive Neutrinos?
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One Generation

If vg exists, the most general mass term is the

Dirac-Majorana Mass Term

D+M __ D L R
"gmass - jmass + "g/ﬂmass + gmass

gn?ass = -—-mpVgrv.+ H.c Dirac Mass Term
L 1 T ot .
Linass = 5 meyv, C'vp +H.c Majorana Mass Term
R 1 T At .
Lass = > mrvg C'vg +H.c. New Majorana Mass Term!
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» Column matrix of left-handed chiral fields: N = (Zé) = ( . )

R CoR'
1 mg m
Lmas' =5 NLCTMNL+He M= (mé m?)

» The Dirac-Majorana Mass Term has the structure of a Majorana Mass
Term for two chiral neutrino fields coupled by the Dirac mass

» Diagonalization: n, = UT N, = <V1L>
vaL

UTMU:<”81 n?) Real mx > 0
2

1 1 L
> "g’ﬂrrlljats'vl = 2 Z my VkTLCT v +He = 3 Z my Uy Vi
k=1,2 k=1,2

C
Vi = VkL + Vi

> Massive neutrinos are Majoranal vk = VkC
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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]
‘ m =0 mp<K mg ‘

» oL

mass

is forbidden by SM symmetries = m; =0

» mp < v ~ 100 GeV is generated by SM Higgs Mechanism
(protected by SM symmetries)

> mpg is not protected by SM symmetries =— mg ~ Mgyt > v
> m~ — mo ~ mg

» Natural explanation of smallness of neutrino masses

.. . m
» Mixing angle is very small: tan 29 = 2 -b <1
mgr
» 17 is composed mainly of active v;: v ~v;

> 1, is composed mainly of sterile vg: vy ~ I/,g
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Majorana Neutrino Mass?

V3 U d S [ ) t

o= WL

1074 1072 1072 107" 10° 10" 102 10® 10* 10° 106 107 10% 10° 10'0 10" 10%2
m [eV]

known natural explanation of smallness of ¥ masses

See-Saw Mechanism (if vg's exist)

New High Energy Scale M = { 5-D Non-Renormaliz. Eff. Operator

Majorana v masses <= |AL| =2 <= [0, decay

both imply ) M2
see-saw type relation m, ~ —EW

Majorana neutrino masses provide the most accessible
window on New Physics Beyond the Standard Model
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Number of Massive Neutrinos?

Z vV = VeV, v, active flavor neutrinos

N >3

N
mixin = VpL = Upkv a=eurT .
& ok Z ek kL  Ho no upper limit!

k=1
Mass Basis: Vi Uy V3 VUi Vs
Flavor Basis: Ve Vy Vr Vg Vs

ACTIVE STERILE

STERILE NEUTRINOS

singlets of SM = no interactions!

active — sterile transitions are possible if v, ... are light (no see-saw)

4

disappearance of active neutrinos
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Part 1l

Neutrino Oscillations in Vacuum and in Matter
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Neutrino Oscillations in Vacuum

@ Neutrino Oscillations in Vacuum
@ Neutrino Oscillations
@ Neutrinos and Antineutrinos
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Neutrino Oscillations

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

Lcc ~ W, (TeryPer + Uy’ L + v7iyP71)
Fields Vg = Z Uakvi — |Ve) = Z > V) States

initial flavor: @ = e or w or T

|Vk(t,X)> _ efiEkH»ipkx |Vk> = |Va t X Z U* 71Ekt+lpkx |l/ >

)= > Uslve) = [va(t, )= > (ZU;ke_iEkHikaUﬁk) lvg)

B=e,u,m B=e,u,7 \ k

Aua—wﬁ(tyx)

Aua—n/g 0 0 Z Uak U,Bk — 5cxﬁ -AV[,—HIQ(t > O;X > 0) # 6cxﬁ
k
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2

Prasg(t,X) = ‘Ava—ﬂ/g (,x ‘ IEkt‘l‘lkauﬁk

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

2 2 2 2
k =Pk, My Nka

Ex +px Ex+px 2E

Ext — pex ~ (Ex — pi) L =

2
Praoswg(LE) = |>] Ul e MiLi2E yg,
k
AkaL
= 2 UakUskUaUgjexp| —i—¢
kyj

Amij =m; —m
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Neutrinos and Antineutrinos

Right-handed antineutrinos are described by CP-conjugated fields:
P_y0co™ = —Ccv*

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

. CP
Fields: v, = Z UakVke — v aL = Z kaL
CP - _
States: |vy) = Z aklvi) — o) = Z Uak|Pk)
k

NEUTRINOS U < U* _ANTINEUTRINOS

AmL
Prass(LE) = 57 Ul Usi Unj U, exp< 2; )
ko

Aka
Pso—is(L, E) = Zuakuﬁkuajuﬁjexp<_, 2EJ>
kyj
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CPT, CP and T Symmetries

o CPT, CP and T Symmetries
o CPT Symmetry
o CP Symmetry
o T Symmetry
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CPT Symmetry

CcPT
Prg—ve

PVa—)Vﬁ
CPT Asymmetries: ACPT = Puo—svp — Pog—pa

Local Quantum Field Theory — ACPT 0 CPT Symmetry

Am
Pro—sp(L, E) = Zuakuﬁkuajuﬁjexp< K )
kyj

is invariant under CPT: Uu <=

B

)

Pua—)l/ﬁ = Pﬁﬁ—)ﬁa

Po,—v., = Po,—5, (solar ve, reactor v, accelerator 1/#)
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CP Symmetry

CP
Pl/a—)l/ﬁ — Pl_/a—)l_/ﬁ

CP Asymmetries: Aaﬁ = Prosvp — Pogsisy |CPT = Aaﬁ =

cP
—Aba

AS(L,E) = 43" Im [ Uz Upk Uaj Ug; | sin
k>j

(

AmijL

2E

)

Jarlskog rephasing invariant:  Im|U%, Ugk Uy US| = +
ak VB ) Y B

2 .
J = c12512023523¢13513 5N 013

violation of CP in neutrino oscillations is proportional to

|Ue3| = sin 1913 and sin 513
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T Symmetry

T
'Dua—wﬁ — Pllﬁ—)l/a

T Asymmetries: Aaﬁ = Pooyovs — Pugova

CPT - 0 = ACPT - PVQ—H/g - Pﬂﬁ—)ﬁa

—Puaﬂu PV %Va"i_PV HVQ_PL_/BHEQ
B B B

= Alp+Ash = Al —ASy = |Alp =A%

Am2.L
T - * g | o kj
Aaﬁ(L,E)_4k§>12|m[uakuﬁkuajuﬁj] sm( oF )

Jarlskog rephasing invariant:  Im {U;k Usk UajUEj] =4/
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Two-Neutrino Mixing and Oscillations

o)
V/,

2
Va) =D Uaklvh) (@ =e,p) e
k=1

14

U— cos? sind |Ve) = cos ¥ |v1) + sin? |vo)
~ \—sin? cos? |vu) = —sin® |v1) + cos 1)

2 2 _ .2 2
Am®=Am5y = m; — mj

" . . o AmPL
Transition Probability: Pyesv, = Puysve = sin? 2¢ S|n2< iE >

Survival Probabilities: Poesve =Pyysv, =1 =Py,
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Types of Experiments

Two-Neutrino
Mixing

. o AmPL observable if
Py.—vs(L, E) —5|n22195|n2< 1E ) AmL > 1
T

SBL Reactor: L ~ 10m, E ~ 1 MeV
L/E <10eV—2=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
U Atmospheric: L ~ 10?2 — 10*km, E ~ 0.1 — 102 GeV
Am? > 10" *eV? Kamiokande, IMB, Super-Kamiokande, Soudan, MACRO, MINOS

SUN L~10%km, E ~0.1—10MeV

> Homestake, Kamiokande, GALLEX, SAGE,
Super-Kamiokande, GNO, SNO, Borexino

Matter Effect (MSW) =107* <sin®2¢9 <1, 107%eV2 < Am? < 107%eV?

L
£~ 101t eV2=Am? > 107 eV

VLBL Reactor: L ~ 10°km, E ~ 1 MeV
L/E <10°eV?=Am? > 107°eV? KamLAND
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Neutrino Oscillations in Matter

@ Neutrino Oscillations in Matter
o Effective Potentials in Matter
e Evolution of Flavor Transition Amplitudes
@ Two-Neutrino Mixing
o Constant Matter Density
MSW Effect (Resonant Transitions in Matter)
Phenomenology of Solar Neutrinos
In Neutrino Oscillations Dirac = Majorana

¢ ¢ ¢
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Effective Potentials in Matter

Vey Vs Ve Vey Uy, V.

e ,p,n e ,p,n

e n \/§
Ve = V26N, Vil = vl o vy =2 = — - Ge N,
Ve = Ve + Wne V, =V, = Wc

only Vcc = Ve — V,, = Ve — V. is important for flavor transitions

antineutrinos: Vee = —Vec Ve = —Wc
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Evolution of Flavor Transition Amplitudes

. d 1
T V= 2E

Pe m% 0 0 A
Yr 0 0 m 0

Acc = 2EVcc = 2v2EGeN,

(UM2 UT+A) v,

)

[elefe]
[elefe]

effective J ) 2t matter 21t 5 effective J
mass-square _ _ mass-square
magrix MVAC =UM"U UMZU'+2EV = MMAT magrix
in vacuum T in matter

potential due to coherent
forward elastic scattering
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Two-Neutrino Mixing

d (Ye| 1 [—Am?cos2¥ +2Acc Am?sin2d ) (e
"ax \w.) T aE Am?sin29 Am? cos29 | \ ¢,

Pe(0)) (1
initial v, — <"/’M(O)> = <O>

P () = [ (X)?
Pressve(x) = |"/}e(X)|2 =1- PVe_)V;L(X)
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Constant Matter Density

)

Ve
Yu

)

B i —Am?cos2® + 2Acc  Am?sin29
T 4E Am? sin29 Am? cos2?
dAcc
dx 0

Diagonalization of Effective Hamiltonian

Pe\ [ cosPy  sindy Y1
Yu) \—sindu costu /| \ P2
H)-a(r 20
dx \%2) — 4E 0 Amd) \¥»
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Effective Mixing Angle in Matter

tan 29

__ Acc
Am? cos 28

tan 29y =

1

Effective Squared-Mass Difference

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

Resonance (%m = 7/4)

R Am?cos2y

AR = AmPcos2d =— NR =
CcC e 2\/§EGF
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) )3

(5) = (o o) () = ()= (e ) (32)
oo = ()= = (30 ()
Ya(x) = cosB exp <,-A;"§AX>

Am?
Pao(x) = sindm exp <—i me>

4E

Puesw,(x) = [9u(x)2 = | = sindmpn (x) + cosBuya(x)|*

2
Pyu v, (x) = sin 20y sin2 (AZ:E"X>
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I

(10%eV?)

2
My

miy.

MSW Effect (Resonant Transitions in Matter)

NNy
T T
L Ve™ly V=1 ,
L 9 =107 |
’ VeV V> 7
I I I
0 20 40 60 80 100
Ne/Ny (em™)
NEF/Ny
T
L v, vy B
- vy 2 -
L v vy Bl
. “ Ve ‘Amz = 7x10%eV? 9 =103
I I I I
0 20 40 60 80 100

N./Ny (cm™)

Ve = cos\ V1 + sinthy 1o

v, = —sindy vy + costy 1o
tan 29
tan 2%y = an
1 __Acc
Am? cos 2

Ampy = {(Am2 cos29 — Acc)’

1/2
+ (Am2 sin 219)2]
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Phenomenology of Solar Neutrinos

LMA (
LOW (LOW Am?):

Large Mixing Angle):

SMA (Small Mixing Angle):

QVO (Quasi-Vacuum Oscillations):

VAC (VACuum oscillations):

1074
SMA LMA
SR @
T w*
>
L
‘E LOW.
E w07
10°°
10°°
1010 VAC

0.001 0.01 0.1
tan®@

[de Gouvea, Friedland, Murayama, PLB 490 (2000) 125]

Am? ~5x 10 %eV?,
Am? ~7x 10 %eV?,
Am? ~5x 10 %eV?,
Am? ~ 107 % eV?
Am* <5x107%eV?, tan’d ~1

)

tan’9 ~ 0.8
tan’® ~ 0.6
tan’® ~ 1073
tan’d ~ 1

10~ T T T T
107 | # LMA ¥
(é
104 F T sva .
1076 | 3
i 1077 |- 90 % C.L. mwQ 3
uE 10 w95 % C.L. =
3 F w99 % CL. < 3
100 = 9973 % CL = -
10-0 |- Cl + Ga + SK + Sp(D) + Sp(N) -
°B free + BP2000 .
10 | Just So -
10-12 ! ! ! !
10~ 10~ 10-2 10t 100 10!

tan?(8)

[Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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In Neutrino Oscillations Dirac = Majorana

dvg 1

. _ - 1 -
Evolution of Amplitudes: it~ oF y (U/\/I U +2Ev>a5 ”
difference: Dirac: (D)
: Majorana: yM) — U(D)D(}\)
1 9 e O
0 e'?21 ... 0
D()\) = (; . : ) = DT D 1
0 0 - eim
m; 0 0
2 0 m 0 ) 2 . 2
= — DM?=M?D — DM?D'=m

UMp2 (oMYt = y® ppm2pt(u®PHF = yPI M2 (yPHt
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Part Il

Phenomenology of Three-Neutrino Mixing
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West Asia

0.6

Nobs/Nexp

04

0.2

0.0

L emO>exox»

ILL
Savannah River

Bugey
Rovno

Goesgen
Krasnoyarsk
Palo Verde
Chooz
KamLAND

Il Il Il Il

[
o
%

10° 10° 10* 10°
Distance to Reactor (m)
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KamLAND

Reactor 7, — Ve confirmation of LMA (December 2002)

53 nuclear power reactors in Japan and Korea — Kamioka Mine

Survival Probability

0.8

0.6

0.4

0.2

(L) ~ 180km (E) ~ 4 MeV

« Data- BG- GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND

+

+

sl b b v b b b v s by by by
20 30 40 50 60 70 80 90 100
LJE, (km/MeV)

[KamLAND, PRL 100 (2008) 221803]
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KamLAND
I 95%C.L.
99% C.L.
I 99.73% C.L.
e bestfit

95% C.L.

H T R A R F

<
g Wt
N&' B
E L
J

10?

***** 99% C.L.
— 99.73% C.L.
*  best fit
| |
1
2,
tan‘0,,

[KamLAND, PRL 100 (2008) 221803

10 20 30 40
AX?
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Atmospheric Neutrinos and LBL

'l:.;ke Michigan

Mttargatls
3180m

Super-Kamiokande
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Super-Kamiokande Up-Down Asymmetry

E, = 1GeV = isotropic flux of cosmic rays
A B A B
9u(62°) = gl (m — 62°)  9)(62°) = 9l (62°)

A U A
N6,) = ¢ (r —8,)

(December 1998)

NLJE _ Ndown

Aup-down(guey — [ B Yk )\ () 206 4 0.048 + 0.01
2 (Ns:’ v Ns:zwn>

[Super-Kamiokande, Phys. Rev. Lett. 81 (1998) 1562, hep-ex/9807003]

60 MODEL INDEPENDENT EVIDENCE OF v, DISAPPEARANCE!
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Fit of Super-Kamiokande Atmospheric Data

Measure of v, CC Int. is Difficult:

2
0 T 71 1 1 T
> Ey = 3.5GeV = ~ 20events/yr
» 7-Decay = Many Final States
N%\ ........
(:,; v,-Enriched Sample
< NEhe = 78426 0 Am? = 2.4x10 3 eV?
----- 99% C.L. T
— 0% CL.
68% C.L. NP = 138fgg
S
007 075 08 o085 09 o0 1 Ny, >0 @ 240
sin®20 )
[Super-Kamiokande, PRL 97(2006) 171801, hep-ex/0607059]
Vy = Uy
2 _ -3 _\,2
Best Fit: { Am® =21 x 1077V Check: OPERA (v, — v,)
L sin"26 =10 CERN to Gran Sasso (CNGS)
1489.2 live-days  (apr 1996 — Jul 2001) L ~ 732 km (E) ~ 18 GeV

[Super-Kamiokande, PRD 71 (2005) 112005, hep-ex,/0501064] [NJP 8 (2006) 303, hep-ex/0611023]
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Solar
Ve = Vp, Vr

Reactor
v, disappearance

Atmospheric
Vy — Vs

Accelerator
v, disappearance

Homestake
Kamiokande
GALLEX/GNO & SAGE
Super-Kamiokande
SNO
BOREXino

(KamLAND)

Kamiokande
IMB
Super-Kamiokande
MACRO
Soudan-2

(K2K & MINOS)

Large mixings: Yatm ~ 45°,

A'77SOL

tan? ¥soL ~ 0.47 £+ 0.06

A’"ATM

(7.6 £0.2) x 10~

(2440.1) x 103

sin? %atm ~ 0.50 % 0.07

Two scales of Am*: Amimy ~ 30 Amio,

FsoL ~ 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

)

v

"normal”

) —_
Amgoy, <

2
Amipy

V3

"inverted”

different signs of Am3; ~ Am3,

absolute scale is not determined by neutrino oscillation data
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Mixing Matrix

AndlysisA

e (ev?)

SOL Ua Ue |Ues QO%CLKErmukaﬂe(l:\\;quxev)
5 5 U = Uul U;IQ Uu:% | ‘7 B 90% CL Kamiokande (sub+multi-GeV)
‘ Amy; L |Amy| ‘
U Uss |Usg
f
ATM

Am%HOOZ =Am3; = A’"2ATM

sin® 20crooz = 4|Ues?(1 — |Ues|?)
g

| [VesP <5102 |

CHOOZ: {

T T T T T T
01 02 03 04 05 06 07 08 03, 1
sin’(26)

SOLAR AND ATMOSPHERIC v OSCILLATIONS
ARE PRACTICALLY DECOUPLED!

[CHOOZ, PLB 466 (1999) 415]
[Palo Verde, PRD 64 (2001) 112001]

|Ue1|? ~ cos® ¥soL |Uea|? =~ sin® ¥soL

|UM3|2 ~ Sin2 '19ATM |UT3|2 ~ COS2 7-9ATM
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Bilarge Mixing

1 0 0 C13 0 51367'.613 cip s12 0 1 0 0
0 C23 523 0 1 0 —S512 C12 0 0 6'>‘2 0
0 —523 (23 —5136'513 0 C13 0 01 00 e’>‘3
P23 ~ FATM 913 ~ FcHooZ P12 ~ FsoL BBov
c12¢€13 s12¢€13 s13e~7013 1 0 0

—sipc3—crs3s13€%13  croos—sisssize’®13 syuas 0e?* 0
sios3—croca3si3e®13  —casiz—sipossize®3  o3cs 0 0 e

- 2 _ +0.022 s 2 _ +0.07

sin“ 1> = 0.304" 5076 sin“ 923 = 0.50" g6

sin? 3 < 0.035 (90% C.L.)

[Schwetz, Tortola, Valle, New J. Phys. 10 (2008) 113011]

Hint of %13 > 0

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

Sin2 19]_3 = 0016 + 0010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]
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The Hunt for 943

Il MiNOS

CNGS
D-CHOOZ
I T2
Il NovA
Reactor-Il
10°? NOVA+FPD

Superbeams

28

sin® 26,3 discovery reach (30)

CHOOZ+Solar excluded

10" ‘
Reactor experiments
- TR e

Conventional beams,

10°

2006 2008 2010 2012 2014 2016 2018 2020
Year

30 sensitivities. Bands reflect depen-
dence of sensitivity on the CP violating
phase d13.

10°

Bl MINOS
CNGS
D-CHOOZ

Il 72K

10 |l NOvA
Reactor-II
NOVA+FPD

I 2"GenPDEXp

103 | [l NuFact

v factones

Superheam upgrades

rbeams+Reactor exps

Supgrbeams+Reactor gxp
107 Branching point
onv. beams

S

0
2005 2010 2015 2020 2025 2030
Year

sin? 26,3 discovery reach (30)

CHOOZ+Solar excluded

“Branching point” refers to the decision
between an upgraded superbeam and/or
detector and a neutrino factory program.
Neutrino factory is assumed to switch
polarity after 2.5 years.

[Physics at a Fermilab Proton Driver, Albrow et al, hep-ex/0509019]
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Absolute Scale of Neutrino Masses

@ Absolute Scale of Neutrino Masses
@ Mass Hierarchy or Degeneracy?
@ Tritium Beta-Decay
@ Neutrinoless Double-Beta Decay
o Cosmological Bound on Neutrino Masses
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Mass Hierarchy or Degeneracy?

normal scheme
10° T T T
QUASI
DEGENERATE
W0 E oy 3
=
(] 3
Wik SCHEME | 4
NORMAL
HIERARCHY
104 . . .
10 1073 1072 107! 10°
Lightest Mass:  my  [eV]
2 2 2 2 2
my = mi + Amj; = mj + Amso,

2 2
m3 = my + Amz;

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

2 2
= mj + Amjiry

inverted scheme

10° T T T
QUASI
DEGENERATE
107 my 3
""" o
=
= 107%F E
g
INVERTED
—3 b
10 - SCHEME
INVERTED
HIERARCHY
104 L L L
10~ 107% 1072 107! 10°
Lightest Mass:  my  [eV]

2 2 2
mi = m3 — Am3;

2 2 2
m5 = m; + Amj;
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m3 + Amaty

2 2
m3 + Amaty

Amipy ~5x 1072eV



Tritium Beta-Decay

dr_ (0s9<Go)" |\ 2 £y e (@ = T)1 /(@ — TY — i,

3 3 -, -
H— "Het+e +7e T o3
Q = M3H — /WEIHe — Me = 18.58 keV

Kurie plot

K(T) =

— 1/2
dr/d7 Po—rnﬂo T) - m4

(cos0e G | F(E) o

|m,, <22eV (95% C.L)]|
Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

1 future: KATRIN (start 2012)

0.1 * my, = 100eV
ot ! w ! [arXiv:0810.3281]
18.1 18.2 18.3 184 18.5 18.6 e
T Q—m, Q sensitivity: m,, ~ 0.2eV (3y)

C. Giunti — Neutrino Physics — CERN, 12-15 May 2009 — 90



1/2
Neutrino Mixing — K(T) = l(Q — T)z:|Ue,<|2 (Q-T) - mi]
K

0.2 . _
. . analysis of data is
|Ual? =05 my = 10eV

015 ¢ o , ] different from the
[Ue2|* = 0.5 my = 100V o

& o1l ] no-mixing case:
< 2N — 1 parameters
0.05 | \ 7
2
0 n n n L 1 L L L 1 L L L L 1 L L Z |Uek| = 1
184 18.45 185 18.55 18.6 k

Q—ms T Q—m

if experiment is not sensitive to masses (m, < Q — T)

effective mass: ml% = Z |Uek|*m3

(@-T7) Zwem/ TRl Zwekl{ Qi:)z]

=(Q-T) {1—1 mp
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mp = |Ue1|* mf + [Uea|* m3 + | Ues|* m3

10! T T T T 10! T T T T
NORMAL SCHEME INVERTED SCHEME
| Mainz & Troitsk | | Mainz & Troitsk |
10 3 10°F 3
i KATRIN i KATRIN
107! 3 3
) E 3
g = My, My
102 4 102 4
’,"r'm ’/'VVI'L;;
1073 - L L L 1073 v L 1 1
104 107% 1072 107! 10° 10! 104 10% 1072 107! 100 10!
Lightest Mass:  my  [eV] Lightest Mass:  mg  [eV]

Quasi-Degenerate: my ~ mo ~ m3 ~ m, — mé ~ mlz, Z |Uek|2 = mlz,
k
FUTURE: IF mg S4x 1072eV =— NORMAL HIERARCHY
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Neutrinoless Double-Beta Decay

2+
B+ 0As
ot 5,
Ge

676"

ot

Se

Effective Majorana Neutrino Mass: mgg = Z U2, my
k
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Two-Neutrino Double-@ Decay: AL =0

d N
N1
NAZ) 5 N(AZ+2)+e +e + e+ AN
(Tih) ™" = Goy [ Moy |
second order weak interaction process ,
in the Standard Model J o
Neutrinoless Double-8 Decay: AL =2
d AN
NAZ) s N(AZ+2)+e +e Y
Ufp—
(7—10/1/2)_1 = Goy [IMoy|? |mﬁl3|2
My —=—
effective
Majorana  mgg = » U2, mi Vet
mass k W

d s
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Uex = possible cancellations
k

mgg = |Ue1|2 my + |Uez|2 eio‘2 mo + |Ue3|2 ei°‘3 ms3

Qp = 2)\2 a3 =2 (}\3 - 613)

Tm[mgs) Tm[mgs)]

|Ues e 3my

mw
o ) a
¢ |Ue3)?e*my 4
. mpp _—
|Uea|?€*2miy |Uez|* €2y
(&%) [e5)
|[J61|27"1 Re[mﬁﬁ] ‘Ut?l‘erbl Re[mﬁﬁ]
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Experimental Bounds
CUORICINO (130Te) [PRC 78 (2008) 035502]

T >3x10%y (90% C.L.)| = |[mgp| < 0.19 — 0.68eV

Heidelberg-Moscow ("©Ge) (epsa 12 (2001) 147
T/ > 1.9 x10%y  (90% C.L.)| = ||mgp| $0.32 —1.0eV

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

T > 157 x 10%y  (90% C.L.) | = ||mpg| < 0.33 — 1.35eV

NEMO 3 (IOOMO) [PRL 95 (2005) 182302]
Tf/"2 > 4.6 x10%y (90% C.L.)| = ||mgg| < 0.7 —2.8eV

FUTURE EXPERIMENTS
COBRA, XMASS, CAMEO, CANDLES
|m,3ﬁ| ~ few 1071 eV
EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GERDA
|m,3ﬁ| ~ few 1072 eV
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levy

1mggl

Bounds from Neutrino Oscillations

mpp = |Ue|? m + |Uea|* €2 my + |Ues|* € my

10! 10!
NORMAL SCHEME INVERTED SCHEME
Iy & 10°
10-1 LEXP | N 101
s
CP violation — =
1072 g 1072
1073 103
1074 = - = - | 104 _
10 10 10 10 10° 10 10 1072 102 107! 10° 10
m [eV] ms [eV]

FUTURE: IF |mgg| < 1072eV = NORMAL HIERARCHY
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Counts / keV

Experimental

Positive Indication

[Klapdor et al

T = (2.235957) x 10%y

— SSE
— 2n2b Rosen - Primakov Approximation

Q=2039 keV/

dlad

0 500

1000

1500
Energy keV

2000 2500 3000

[PLB 586 (2004) 198]

the indication must be

|mﬁﬁ| =0.32 +0.03eV

., MPLA 16 (2001) 2409]

6.50 evidence

[MPLA 21 (2006) 1547]

8 T T T T T
3 ]
6 3
59 3
2
3o <
E
B <
24 n I n n !
9 g g mellll nn U H
oLl RN a0
2000 2010 2020 2030 2040 2050
energy, keV

[MPLA 21 (2006) 1547
checked by other experiments

[MPLA 21 (2006) 1547]

2060

if confirmed, very exciting (Majorana v and large mass scale)
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Cosmological Bound on Neutrino Masses

aaf =
@ High-Z SN Search Team
421 @ Supernova Cosmology Project E
g 40 b
= 2
38 o ]
= é?}*" — 0,703,Q,20.7
E 36} ,ik’ 0,703, 0,200 ]
o
34k 4:% - 0,71.0,0,70.0 ]
-
8, ' T '
[WMAP, http://map.gsfc.nasa.gov] T
~ 10F B
2 i (
S a2 [ ]
= 0 3 Tl } i I
= L8 edgenl T
é 0.0 T I': T = %-1 ______ 4
< 1 % e
-0.5F I ! } E
-1.0F B
0.01 0.10 1.00
z
[Springel, Frenk, White, Nature 440 (2006) 1137] [bttp://cfa-www.harvard.edu/supernova/]
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Relic Neutrinos

neutrinos are in equilibrium in primeval plasma through weak interaction reactions

_ _ =) =) (=) =) o o
vwwSetew ves ve VNS UN venSpe” UepSnet nsS pe e

weak interactions freeze out
Mweak = Nov ~ Gl2 TSNTz/MP ~ GnT* ~ \V Gnp ~ H= Tgec ~ 1 MeV

neutrino decoupling
1
3

4
Relic Neutrinos: T, = (—) Ty ~1945K = kT, ~1.676 x 10 4eV

11 (T =2.725£0.001 K)
. 3((3
number density: nf = Z%)g T} = ny 5 ~01827 T2 ~112cm™3
s
. I Ny, Mk 1 my 2 Ek My
density contribution: Q) = 2%~ ~ = — |Q, ===
>(' e g pe 2 94.14eV v 94.14eV
Pe=8nay [Gershtein, Zeldovich, JETP Lett. 4 (1966) 120] [Cowsik, McClelland, PRL 29 (1972) 669)

h~07, ,<03 = > m<14eV
k
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Current power spectrum P(k) [(h-! Mpc)?]

Power Spectrum

of Density Fluctuations

Wavelength A [h~! Mpc]
10* 1000 100

T

10 1

T

2

T

T

1000

-

® Cosmic Microwave Background
®SDSS galaxies

#Cluster abundance

= Weak
4 Lyman Alpha Forest

10 .
lensing

TE
0.001

vl il 0l
0.01 0.1 1 10
Wavenumber k [h/Mpc]

[Tegmark, hep-ph/0503257]

Solid Curve: flat ACDM model

(@), =0.28, h=0.72, Q% /0% =0.16)

3
Dashed Curve: E my, = 1leV
k=1

hot dark matter
prevents early galaxy formation

5(%) = @
3 T = —
(68 = | % % P(K)

small scale suppression

P(k) = T Qn
- —08 Ek my 0.1
- ’ leV Qm h?

for

k > ko 7 0.026 4/ 1’"’(/\/Qm hMpc !
e

[Hu, Eisenstein, Tegmark, PRL 80 (1998) 5255]
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WMAP (First Year), AJ SS 148 (2003) 175, astro-ph/0302209

CMB (WMAP, ...) + LSS (2dFGRS) + HST + SN-la = Flat ACDM
To=13.7+02Gyr  h=0.71"33%

Qo =1.02£0.02 Qp = 0.044 £ 0.004 Q,=0.27£0.04

3
Quh* <0.0076 (95% conf.) == > my <0.71eV
k=1

WMAP (Five Years), AJS 180 (2009) 330, astro-ph/0803.0547

CMB + HST + SN-la + BAO
To = 13.72 + 0.12 Gyr h = 0.705 + 0.013
—0.0179 < Q — 1 < 0.0081  (95% C.L.)

2 = 0.0456 £ 0.0015 Qm =0.274 £0.013

3
> m <0.67eV (95% C.L.) Negr = 4.4 £ 1.5
k=1

C. Giunti — Neutrino Physics — CERN, 12-15 May 2009 — 102



Fogli, Lisi, Marrone, Melchiorri, Palazzo, Rotunno, Serra, Silk, Slosar

[PRD 78 (2008) 033010, hep-ph/0805.2517]

Flat ACDM
Case Cosmological data set Y (at 20)
1 CMB < 1.19 eV
2 CMB + LSS <0.71 eV
3 CMB + HST + SN-la < 0.75 eV
4 CMB + HST + SN-la + BAO < 0.60 eV
5 CMB + HST + SN-la + BAO + Lya < 0.19 eV

20 (95% C.L.) constraints on the sum of ¥ masses X.
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m

3
S m$06eV (~20)  CMB + HST + SN-la + BAO
k=1

3
Z my, S 0.2eV (~20) CMB + HST + SN-la + BAO + Ly«
k=1

[eV]

NORMAL SCHEME INVERTED SCHEME
10° 10°
| CMB+HST+SMa+BAY| | CMB+HST+SMa+BAY |
| MBS ABAO Lya | A BAO Tya |
’ S
D,
i - 10-2 - -
ma
,/"/V'/rym ,/"/",ryng
-3 |/ . . . -3 |/ . . .
10 10~ 1072 1071 10° 10 1073 1072 1071 10°
Lightest Mass:  my  [eV] Lightest Mass:  mg  [eV]
3
FUTURE: IF E mi <9 x1072eV = NORMAL HIERARCHY
k=1
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Indication of By, Decay: 0.22eV < |mgg| S 1.6eV

101 T T
[CMB+LSS+SNIa+BAO
= OSC.
CMB+LS: ;SNIa+BA( +Lya
10F e E
N BPor
&
= )
E
107 F E
NORMAL SCHEME
-2 Il Il
10792 107! 10° 10!
Lightest Mass:  m;  [eV]
tension

[eV]

\mﬁfs|

(~ 30 range)

101 T T
[CMB+LSS+SNIa+BAO
= 0sC
CMB+LS$+SNIa+BAO+Lya
100 e E
BBov
107 F E
,_/
’/ INVERTED SCHEME
2 Il Il
1050 107! 10° 10!

Lightest Mass:  m3 [eV]

among oscillation data, CMB+LSS+BAO(+Lya) and BB, signal
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Experimental Neutrino Anomalies

@ Experimental Neutrino Anomalies
o LSND
e MiniBooNE
@ Gallium Radioactive Source Experiments
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Beam Excess

Dy — Ve

LSND

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

L~30m

1751

15F

1251
10

Beam Excess

B2 p(9,-9,en

p(v..e)n
B other

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
[ Ve fromp
3 V. from K™
= v, fromK°
. P misid
CCOA-Ny
. dirt
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?

\
0.6 0.8 1 12 14 15
EY* (GeV)

[arXiv:0812.2243]

LT |
< E — .GASZEZOPOT

L f 3

—_ .

[ official E>475MeV 90%CL
10 »

1-
107"
gzl vl il

107

Low-Energy Anomaly!

107 10" 2o d
sIn®(26)

[arXiv:0901.1648]
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p(measured)/ p(predicted)

1.0

: &\\\\\N&\\\w&\\\\& Rga = 0.87 £ 0.05

0.7 1

71 GALLEXCr1
114

Gallium Radioactive Source Experiments

tests of solar neutrino detectors
GALLEX  [pLB 342 (1995) 440; PLB 420 (1998) 114]

SAGE [PrL 77 (1096) 4708; PRC 50 (1999) 2246; PRC 73 (2006) 045805; arXiv:0901.2200]
Sources: e~ 4+ °1Cr — %V 41, e” +3Ar = ¥Cl+ v,

Detector:  ve+ 1Ga — "Ge+ e~

SAGE Cr

[SAGE, arXiv:0901.2200]

GALLEX Cr2 sSAGE Ar

[SAGE, PRC 73 (2006) 045805]
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Conclusions

Ve — Vy,vr with Amig ~83x107°eV? (SOL, KamLAND)

vy — v with Amapy 2.4 x 1073eV?  (ATM, K2K, MINOS)

4

Bilarge 3v-Mixing with |Ue)? <1 (CHOOZ)

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

FUTURE
Theory: Why lepton mixing # quark mixing?
(Due to Majorana nature of v's?)
Why only |Ues|? < 17
Explain experimental neutrino anomalies (sterile v's?).
Exp.: Measure |Uez| > 0 = CP viol., matter effects, mass hierarchy.
Check experimental neutrino anomalies.
Check BBo, signal at Quasi-Degenerate mass scale.
Improve B & BBy, Decay and Cosmology measurements.
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Hint of %13 > 0

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

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOOZ
0.1 1 ] T 1 ] T 1 ]
poos b s || 11 :
2 0.06 | = - = - .
N | _ - . - .
S o004 | 1 1 A
()] [ N N ] N - ]
0.02 | = -~ E - (.”‘-, .
o L 3 [ ] [ | ""’\I f ]
0.2 0.3 0.4 0.2 0.3 0.4 0.2 0.3 0.4
. 2 e 2 . 2
sin“ Y, sin“ 1, sin“ Y,
Sin2 19]_3 == 0016 :l: 0010 [Fogli, Lisi, Marrone, Palazzo, Rotunno, PRL 101 (2008) 141801]

p ) (1=sin’913)’ (1-05sin?91) SOL low-energy & KamLAND

Al (1 —sin® 1913)2 sin? 91, SOL high-energy (matter effect)
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BBo, Decay < Majorana Neutrino Mass

Nias
u d u [
—> Ny

N

[7)‘80,/ —— = /33301/

€

[Schechter, Valle, PRD 25 (1982) 2951]

Majorana Mass Term

M 1 -c T
‘CeL = =35 Mee (VgL Vel + Vel VgL)
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[Takasugi, PLB 149 (1984) 372]

Ve = ve(h = +1)



Lyman-alpha Forest

Ly-ox emission

— T T T T T T T T T T T T

Q1422+2309
z=3.62

— T T T

flux

x forest

550t
observed wavelength [ A1

0.8

0.6

oxp (1)

0.4

02

PR I

0.0 1 1 1 L
4880 4900 4920 4940 4960 4980 5000

XIA

[Springel, Frenk, White, astro-ph/0604561]
Rest-frame Lyman o, B, -y wavelengths: A%, = 1215.67 A, Aoﬁ =1025.72 A, A}, = 972.54 A

Lyman-a forest: The region in which only Lyer photons can be absorbed: [(1 + zq)AOﬁ, (1+ zq)A?x]
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