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Neutrino Masses and Mixing
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Fermion Mass Spectrum
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Dirac Mass
Dirac Equation: (i — m)v(x) =0 (@ =~"9,)

Dirac Lagrangian: .Z(x) = 7(x) (i§ — m) v(x)

Chiral decomposition: v, = P,v, vr = Pgru, v=v+UR
1—7° 1+4°
Left and Right-handed Projectors: P, = 27 , Pr= 27

P?=P., Pi=Pgr, P .+Pr=1, PPr=PrP.=0
L =vridu, + VRivgr — m (Vg + URYL)

In SM only v, by assumption = no neutrino mass
Note that all the other elementary fermion fields (charged leptons and quarks)
have both left and right-handed components

Oscillation experiments have shown that neutrinos are massive

Simplest and natural extension of the SM: consider also vg
as for all the other elementary fermion fields
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Higgs Mechanism in SM

Higgs Doublet: ®(x) = <(Z:;((j:))> D2 = ol = ¢1¢+ + ¢$¢0
Higgs Lagrangian: Liges = (DMCD)T(D“CD) — V(|®]?)

Higgs Potential: V(|®[?) = 12[®|? + A\|®[*
2

2
p2<0and A>0 = V(o]?) =21 (|q>|2 . %)

v

— 12 — (V2Gg) =~ 246 GeV

Vacuum: Vi for [®]? = V; — () = % (8)

Spontaneous Symmetry Breaking: SU(2), x U(1)y — U(1)g
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» Unitary Gauge: ®(x) = % (v —i—?—l(x)) — |02 =% 4 vH + I H?

2
> V= (10P = %) = A2H2 4 AVH + 3 HE
my = V2\v2 = /22 ~ 126 GeV

—p2~(89GeV)? A= -1 ~0.13
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SM Extension: Dirac v Masses

LL = <ZIL'> €R VR

Lepton-Higgs Yukawa Lagrangian

gH,L = —yéL_LCMR —y”L_LEIVN/R + H.c.

Spontaneous Symmetry Breaking

035 Se) e ()

e R
o= =500 ) (b )

Y o ) ("*é”(x)) vR + H.c.
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Yy yo

—~— ¥V lpH— —=7;vg H+ H.c.

2LR \/ELR

v v
mﬁzyeﬁ mu:yyﬁ
g'H:'y—e:ﬂ gH:_V:&
TR T2

v = (\/EGF) Y2 = 246 GeV

PROBLEM: y” <1071 <« y¢ ~ 107
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Three-Generations Dirac Neutrino Masses

/ / /
! Ver /A l/,uL A Vil
el = ul = TL =
/ ! — / ! /
=€ ul = Hp =T
ler = eg %REH,R Uir =TR
/ / /
Ver ViR ViR
Lepton-Higgs Yukawa Lagrangian
D y!
g = — Z |:Yozﬁ an)g,BR_‘_ Oz% aL(Dl/,BR +HC

a7/8:e7u77—
Spontaneous Symmetry Breaking

14

0

® = ioy o =

Sl
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D v (T v o
.,% = — Z [%Y(;,B /aLglﬁR_‘_%YOILVB l/ééLl/;jR:| +HC
a7/8:e7u77—

PP = [E_’LM’K ’R+V_’LI\/I’”V;?] +H.c

/ / / /
_( . e [
— !/ — / — —
£ = M/L lr = “f v = V;,LL VR = V;/R
TL TrR Vel Vir
14 v
M/f _ Y/f M/l/ Y/I/
V2 V2
M/B Mlé Mlé MY MY M
, eee eéu eg— , ee e et
e / ! / [ Z— v v v
M= (ML ML M MY =My MY MY
M/@ Mléu M/@ MY MY MY
Te T TT Te T T
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ZP = —E My — V_,’_M”’ v + Hec
Diagonalization of M’* and M with unitary V/, V&, V¥, V¥
/L:VLKEL ,R:VngR VLZanL V;?:VEHR

Important general remark: unitary transformations are allowed
because they leave invariant the kinetic terms in the Lagrangian

Liin = LiPl) + Lridly + V] iy + VRidug
=aViigvie + ...

= £1il, + LRiJlr + VLiv + DRijvg
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ZP =) MLy — V] M" v +H.c.
=V h=Vier v, =V/n, vp=Ving
L0 = 0 VM ViR — TV TM VEug + Hec.

Vit Mt vh = Mt Mg = m’ dag (a, B = e, p,7)

vyt Mm vy = MY My = my, 8 (k,j=1,2,3)

Real and Positive mg, my,
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Massive Chiral Lepton Fields

€L (]~
£ = VfT 0=\ Lr = Vﬁﬁ = | ur
TL TR
1z ViR
n, = VLVTI//LE VoL ng = VETV;?E UoR
v3L V3R

PP = ¥, M Ur -0 M ngp +H.c.

3
= — E mg EaL gaR — E mZ Vil VKR + H.c.
a=e,u,T k=1
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Mixing
Charged-Current Weak Interaction Lagrangian

HO = 2571WW +Hec

Weak Charged Current: Jy =Jy iy Q

Leptonic Weak Charged Current

L_2 Z EaL’Y VL—2E’YPV,L

a=e,u,T
e =Vvie v, =V/n,
ot v p vy o APV, — 0 AP
JWL_2£L VL Yy VL nL—2£1_7 VL VL nL—2£1_7 UnL

Mixing Matrix

4
u=Vv/vy
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Definition: Left-Handed Flavor Neutrino Fields
Vel
IJL:UHL:VLeJr anL:VfTV/L: VuL
VrL
They allow us to write the Leptonic Weak Charged Current as in the SM:
Sl =207 v =2 > Ty vaL
a=e,u,T
Each left-handed flavor neutrino field is associated with the
corresponding charged lepton field which describes a massive charged
lepton:
jﬁh =2(eLy VeL + LY Vur + 7L VL)
In practice left-handed flavor neutrino fields are useful for calculations in
the SM approximation of massless neutrinos (interactions).

If neutrino masses must be taken into account, it is necessary to use

3
ijT’L =2£,7"Un =2 Z ZEV’) Uak VL
a=e,u,T k=1
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Flavor Lepton Numbers

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

(ve,e”) 41 0 O (vS,et) -1 0 O
(™) 0 41 0 || (WS, ut) 0 -1 0
(vpy77) 0O 0 411 (v&,77) 0 0 -1

‘L:L6+LN+LT‘

Standard Model: Lepton numbers are conserved
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» Le, L, L; are conserved in the Standard Model with massless neutrinos

» Mass term:

D D D
b Mg Mg, Mgy VeR
_ —— 5 T D D D
L =— (VeL Vul VTL) m%e m%u m%T Vur | + H.c.
mTe mT;L mTT Vrr

Le, L, L; are not conserved

» L is conserved: L(var) = L(vpr) = |AL| =0
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Mixing Matrix

Uel Ue2 Ue3
U=V 'V =[Us Up Us
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: _/ L—2 Z ZEQLW Uok Vit
a= evﬂﬂ'k 1

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

Performing this transformation the Charged Current becomes

JWL_2 Z Zf | € ~ipa pU ke“D"Vk/_

a=e,u,T k=1
3
Pt o a—i(pe—p1) 7 o~ ilpa—pe) Ap i(pk—p1)
JwL=2¢ Z Z%Le Y Uak € VL
1 a=e,l,T k=1 2 2

There are 5 independent combinations of the phases of the fields that
can be chosen to eliminate 5 of the 6 phases of the mixing matrix

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 Uap Sap = sinUp 0<V, < 0<d13<2rm

NS

3 Mixing Angles 112, ¥23, ¥13 and 1 Phase d13
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Standard Parameterization

1 0 0 C13 0 513e_i513 C12
U= 0 23 503 0 1 0 —S512
0 —s3 o3 —s13€/%3 0 13 0
Example of Different Phase Convention
1 0 0 C13 0 513 C12
U= 0 C23 5236'623 0 1 0 —S512
0 —5236_'623 3 —s13 0 c3 0
Example of Different Parameterization
/ I a—id) /
Cio sppe” 12 0 1 0 0 3
YA
U= | —s],e ¢y 0 0 i3 shs 0
/ / /
O O ]. 0 _523 C23 —513

S12
C12

512
C12

(e}

o
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Jarlskog Rephasing Invariant

Simplest rephasing invariants:  |Uqx|? = Uar Usy Uak Uy U3 Ugj
Sm[Uak Uy Ui Ugj] = £J
J= %m[Ue2U:3U;2Uu3] =Qm |- x o
In standard parameterization:

2 .
J = c12512023523¢13513 5in 013

1
=3 sin 2915 sin 2923 cos Y13 sin 2113 sin 013

Jarlskog invariant is useful for quantifying CP violation due to U # U*
in a parameterization-independent way.

All measurable CP-violation effects depend on J.
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CP Violation
» U#U* = CP Violation

» General conditions for CP violation (14 conditions):
1. No two charged leptons or two neutrinos are degenerate in mass (6

conditions)
2. No mixing angle is equal to 0 or 7/2 (6 conditions)
3. The physical phase is different from 0 or 7 (2 conditions)

» These 14 conditions are combined into the single condition det C # 0
C — [M/V M/VT M/ﬁ M/ET]

detC =-2J (mg2 — mlz,l) (mlz,3 — m,%l) (mg3 mlz,z)
(mi; = m2) (m2 —mg) (m? — m})

[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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Maximal CP Violation

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

1
6v3

> In the standard parameterization it is obtained for

1912:1923:7'('/4, 513:1/\/§, sin(513:i1

‘J|max —

» This case is called Trimaximal Mixing. All the absolute values of the
elements of the mixing matrix are equal to 1/4/3:

1 B ,
1 \f i 1 f 1\6 1 il /6 '1/6 o
U=|-2F553 2753 = | = —eEm/0 eFim 1
1 T 2,'\/§ 1 5 f V3 eFin/6  _oEim/6 1

2 23 2 V3
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GIM Mechanism

[S.L. Glashow, J. lliopoulos, L. Maiani, Phys. Rev. D 2 (1970) 1285]

» The unitarity of V/, Vf; and V/" implies that the expression of the
neutral weak current in terms of the lepton fields with definite masses is
the same as that in terms of the primed lepton fields:
oL =281 v v + 28] £ 4L + 28k Cr 7 L

=2} L V(" " Vi'n+ 2] €0 V[T V0L + 28R Br VY Vig g
=2g/ M7’ ny +2g[ L7 €L + 28R LR LR

» The unitarity of U implies the same expression for the neutral weak
current in terms of the flavor neutrino fields v; = Uny:

JoL =28/ DL U~ Ul vy +2g[ 778 + 28R €r LR
=28/ ULV v +2g LLY EL+ 28k LRV LR
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Lepton Numbers Violating Processes

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

Example: u* — et ++4, et tet +e”

uwoo—e +v

Z U;k Uek = 0 = only part of vy propagator oc my contributes
k

Gem, 3a m? W= w
- I * k . N
= 10375 307 |2 VinUek o
P w
wo ? Vi T e
BR U:k Uek’
Suppression factor: Mk <107 for my S1leV
mw
(BR)ihe < 107 (BR)exp < 107"
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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:  (iv*9, —m)y =0
» Chiral decomposition of a Fermion Field: ¢ =, + ¢¥p
» Equations for the Chiral components are coupled by mass:
IOy = myr
i’yu@;ﬂbﬁ’ =myy
» They are decoupled for a massless fermion: Weyl Equations (1929)
o =0
iV 0,Yr =0
» A massless fermion can be described by a single chiral field 1, or ¥g
(Weyl Spinor).
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v

11 and ¥R have only two independent components: in the chiral
representation

0 XR1

_(0 = 0 _ XR)Z XR2
L <XL>_ XL1 VR (0 | 0
XL2 0

The possibility to describe a physical particle with a Weyl spinor was
rejected by Pauli in 1933 because it leads to parity violation (¢, = ¥g)

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: g and 1, are not independent:  |[¢Yr = Y] = CET

charge-conjugation matrix: nyMT c 1= —Yu

15 is right-handed: Pryf = 9§ Piyp =0

VO = mipgp  — | in" O = myf

Majorana Field: ¢ =, + g = by + 9§

Majorana Equation

Majorana Condition
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1 = 1) implies the equality of particle and antiparticle
Only neutral fermions can be Majorana particles

For a Majorana field, the electromagnetic current vanishes identically:

Py = eyt = —TCIyCy T = ey Tehp = iy =0

Xi2

. I-O.2X* _X*

Only two independent components: 1 = L) = L1
XL XL1

XL2
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Majorana Lagrangian

Dirac Lagrangian
LP = w(ig—m)v

= DLiQu +TVRiIJur — m (VRvL + VL VR)
VR — VEZCI/_LT
1 m
E'XD — V_Li(?VL_E(_VLTCTVL+V_LCV_LT)

Majorana Lagrangian

M= vLidu — g (—Z/LTCTVL —I—Z/_LCZ/_LT)

. m —
=vLiduv — > (I/EVL +V_L1/f)
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Lepton Number
(> — 1>

v = L=+1 vi = L=-1

M= =2 (Vv + L)

Total Lepton Number is not conserved: AL =42

Best process to find violation of Total Lepton Number:

Neutrinoless Double-5 Decay

N(AZ) - N(A Z+2)+2e +28  (BBy,)
N(AZ) 5 N(AZ-2)+2et +2:c  (BB)
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No Majorana Neutrino Mass in the SM

» Majorana Mass Term o [V,_T dl v — I/_LCV_/_T} involves only the neutrino
left-handed chiral field v;, which is present in the SM

» Eigenvalues of the weak isospin /, of its third component /3, of the
hypercharge Y and of the charge Q of the lepton and Higgs multiplets:

Il K |Y|Q=h+T
14 1/2 0
lepton doublet L, = 1/2 -1
l -1/2 -1
lepton singlet lr 0 0 |—-2 -1
X 1/2 1
Higgs doublet ®(x) = 0+ 1/2 24
¢o(x) —1/2 0
> I/LTCT vy has 3 =1and Y = —2 = needed Y = 2 Higgs triplet
(I=1hLkL=-1)
» Compare with Dirac Mass Term o Tgy, with 5 =1/2 and Y = —1

balanced by ¢9 — v with 5 = —1/2 and Y = +1
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Confusing Majorana Antineutrino Terminology

A Majorana neutrino is the same as a Majorana antineutrino

Neutrino interactions are described by the CC and NC Lagrangians
cC _ g ([— 7 +
L = 3 <VL YL W, + Lyt v WM)

g _
N = = gty Z
v 2 cos Yw LT VL4
. destroys left-handed neutrinos
Dirac: v . . .
creates right-handed antineutrinos

destroys left-handed neutrinos

Majorana: v . .
) L { creates right-handed neutrinos

Common implicit definitions:

left-handed Majorana neutrino = neutrino
right-handed Majorana neutrino = antineutrino
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Mixing of Three Majorana Neutrinos

1
, M= "yTcT MLy +He
Vel 2
- V/LE VLL 1 IT At pgl 1
v, =5 Z Vot C' Mg + Hee.

a?ﬁ:eHLL?T

» In general, the matrix M’ is a complex symmetric matrix

ZV ct MLﬁyﬁL_Z( Tt MLﬁyﬁL)T

a

= ZyﬁL Mg (CHT vl = vhrCtMEs vl

o,f
= Zl/ ct Mﬁal/ﬁl_

L L_ LT
Mys = Mﬁa — M-=M
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Diagonalization of Majorana Mass Matrix

1
M = 51/,’_7—(3T M:v) 4+ H.c.
1

v =Vn — M= EV’LT(V[)TCT MY VY v) 4+ H.ec.

VOTMEVE =M, Mg=mby  (kj=1,23)
V1L

Neutrino fields with definite mass: n, = V}/Tv] = | v,
V3L

13
M T S———
g = 5 ; my (UkL CT Vil — VkLC UkL)

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 37



v

v

v

v

Mixing Matrix

Leptonic Weak Charged Current:

Jmo =207 Ung  with  U=VTV

As in the Dirac case, we define the left-handed flavor neutrino fields as

; Vel
VL:UnL: VLTV/L: i
VrL

In this way, as in the Dirac case, the Leptonic Weak Charged Current
has the SM form

ijT,LZQEVPVLZQ > Loty var

a=e,u,T

Important difference with respect to Dirac case:
Two additional CP-violating phases: Majorana phases
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3
. 1 . .
» Majorana Mass Term M = 5 Z my Z/kTL CT v + H.c. is not invariant
k=1
under the global U(1) gauge transformations

VgL — e"p" VL (k = 1,2,3)

> For eliminating some of the 6 phases of the unitary mixing matrix we
can use only the global phase transformations (3 arbitrary phases)

Oy — e, (a=e,pu,T)
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» Weak Charged Current: _/W L =2 Z ZEO‘L AP Upk ViL
a= evﬂﬂ'k 1

» Performing the transformation E — e (,, we obtain

-/WL_2 Z Zf L€ ~ia pU ok VKL

a=e,lu,T k= 1

F=2eln Y 3 T e e U

1 a= e?l'L?T k 1

> We can eliminate 3 phases of the mixing matrix: one overall phase and
two phases which can be factorized on the left.

» In the Dirac case we could eliminate also two phases which can be
factorized on the right.
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» In the Majorana case there are two additional physical Majorana phases
which can be factorized on the right of the mixing matrixd:

1 0 0
pV=[0 ™ o
0 0 e

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

» Standard parameterization:

c12€13 512C13 si3e~ 013 1 0 0
_ is is i
U=| —sipc3—crasms13e13  cracoz—siospzsize’®13 $23€13 0 €2 0
S12503—C12C23513€7913  —c1o5p3—512Co3513€7013 ©3C13 0 0 e'?3
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One-Generation Dirac-Majorana Mass Term

If vg exists, the most general mass term is the

Dirac-Majorana Mass Term
PO = gDy ol g PR

4P = —mpUry, +He Dirac Mass Term

1
ot = EmLVZ-CTI/L—FH.c.

v; Majorana Mass Term forbidden by SM Symmetries

1
PR = EmRI/;—CTVR—I—H.C.
New vr Majorana Mass Term allowed by SM Symmetries!
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Seesaw Mechanism

1 — 0 m v
D+M _ c D L
L =73 (I/L Z/R) ( ) <I/C> + H.c.

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

mpg ~ scale of new physics beyond Standard Model = mg > mp

2
. o 0 m m
diagonalization of D — my~ L2 mp ~ mg
mp Mg mpg

natural explanation of smallness
@ of light neutrino masses
massive neutrinos are Majoranal

@ /\ vp~ —i(vp —vf) Vph ~ VR + VR
seesaw mechanism

3-GEN = effective low-energy 3-v mixing

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

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 43



Effective Majorana Mass from New Physics BSM

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

Kinetic terms:  idy ~ [E]", (8uqb)Jr Mo ~ [E]*

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

CC weak interaction: gy, W, ~ [E]*

Yukawa couplings:  y L, &l ~ [E]*

Product of fields &y with energy dimension d = dim-d operator
Loy = Conla = Coy~[EI7°

O4~4 are not renormalizable
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SM Lagrangian includes all 0y<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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O g4 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 = % == 0O = 0,
VRGN VERC

: cc _ _
Analogy with Ze(ff ) Gr (Very”er) (ervpveL) + - -
86 GF &

= —
M2 2 8md,

2

O — (Terv"er) (€LvpveL) + - -
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

Os = Majorana neutrino masses (Lepton number violation)

U¢ = Baryon number violation (proton decay)
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» Only one dim-5 operator:
Os = (L] 02®)CT(¢T 05 L)) +H.c.
1
=5 (L] CT oG L)) (®T 0265 ®) +Hec

L = 2M (L] CTopGLy)-(®T 007 )+ Hec

» Electroweak Symmetry Breaking: & = <(§;> SEZ:%%:Z} (V/(i/§>

2
Symmetry M 1 gsv T ot g5V
> L ———— L = = v C'vp+He — |m=
> Breaking mass 2 M L L 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 x M natural explanation of smallness of neutrino masses

(special case: Seesaw Mechanism)

» Example: mp ~ v ~ 10?>GeV and M ~ 10*® GeV = m ~ 107?eV
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Seesaw Mechanism from Effective Lagrangian

» Dirac—Majorana neutrino mass term with m; = O:
LPM — _mp (TR + 7L vR) + % mgr (V;-CT VR + V,T?C VE)
» Above the electroweak symmetry-breaking scale:
LOTM — (W&DT Ly +L_L$I/R) + % mg (V;-CT VR + VLCV,’Q)

» If mp > v = vg is static = kinetic term in equation of motion can

be neglected:
8$D+M L
0 =5 — =mgug C' =y L, @

(YV)z T t T
(LL O‘2¢)C ((D O‘2LL)—|—H.C.

D+M D+M
OV, DM
mpr

N —
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L = %(L[U2¢)CT (T o5 L)+ Hee
1 v\2
LM~ -3 ()r/m;): (L] oo ®)CT (®T 0n L)) +Hec
v\2
g:_(yz) M= mp

» Seesaw mechanism is a particular case of the effective Lagrangian

approach.

» Seesaw mechanism is obtained when dimension-five operator is
generated only by the presence of vg with mg ~ M.

> In general, other terms can contribute to .%5.
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Generalized Seesaw

» General effective Dirac-Majorana mass matrix:
mg m
mp  mgr

» m; generated by dim-5 operator:

mp < mp < mpg

> Eigenvalues:

‘mL_M mp ':0
mp mgr — f

ﬁ—(ﬁ(—ka)u—i—mLmR—m%:O

,u:%[mR:l:\/mf?—4(mLmR—m2D)}
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LT
'u:§ mRi\/m,%—ll(m/_mR—mD)
1 I _ om2 1/2
— 2 | mg + mg (1—4'”“”"’2 mD>
2 mpg
1 —
25 mR:I:mR (1—2mLmR2 mD>:|

+ = Mheavy =~ MR
2

mp
- 7 Might =M — —
mg
2 2
m m
Type | seesaw: m; < L — Miight = —
m% m
mp
Type Il seesaw:  m; > — =  mMjigpe ~ my
mgr
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Right-Handed Neutrino Mass Term

Majorana mass term for v respects the SU(2), x U(1)y Standard Model
Symmetry!

M_ 1 e —=,,C
LY =—5m(vivR +TRVR)
Majorana mass term for vg breaks Lepton number conservation!

» Lepton number can be explicitly broken

» Lepton number is spontaneously broken
locally, with a massive vector boson coupled

Three possibilities: to the lepton number current

» Lepton number is spontaneously broken
globally and a massless Goldstone boson
appears in the theory (Majoron)
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Singlet Majoron Model

[Chikashige, Mohapatra, Peccei, Phys. Lett. B98 (1981) 265, Phys. Rev. Lett. 45 (1980) 1926]

Lo=—yq (LLPvr+TROTLL) m —mp (VLvr + TR VL)
Ly=—ys (nvgve + 0 TRVE) m —3mr (VR VR + TR VR)
_ . 1,
n=2 1/2(<77>+p+IX) ﬁmass:_E(VfV_R)(n?D ﬂg) (Zé)-i—H.C.
mg >  mp

m2
— Seesaw: | my ~ 2
scale of L violation EW scale

p = massive scalar, x = Majoron (massless pseudoscalar Goldstone boson)
The Majoron is weakly coupled to the light neutrino

L=

2
=5, _MD 5 =5 Mp\ 5
Nl AR (TrYve + 7y vn) + <mR) gy Vé]
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Three-Generation Mixing

D+M __ D L R
gmass - gmass + gmass + gmass

s=1 a=e,u,7

1

L _ /T L
fmass = 5 Z VoL CT Maﬁ V,BL + H.c.
017/3267/177'
1 &
R _ 1T R ./
fmass = 5 Z VSR CT MSS’ VS/R + H.C.
s,s'=1
1C
v V,;L "R
5 L /o ! 1C .
L= (V/c> V=Y Vr = :
R i 1C
TL UNgR
1 MLt mPT
D+M __ 1T D+M pny/ D+M __
Lmass = 5 NI CtMPMN| + He.  MP*M = WD R
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Diagonalization of the Dirac-Majorana Mass Term = massive
Majorana neutrinos

Seesaw Mechanism = right-handed neutrinos have large Majorana
masses and are decoupled from the low-energy phenomenology.

If all right-handed neutrinos have large Majorana masses, at low energy
we have an effective mixing of three Majorana neutrinos.

It is possible that not all right-handed neutrinos have large Majorana
masses: some right-handed neutrinos may correspond to low-energy
Majorana particles which belong to new physics beyond the Standard
Model.

Light anti-vg are called sterile neutrinos

VR— Vsl (left-handed)
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Number of Flavor and Massive Neutrinos?

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

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

rz= Z rZ—%Z—’_ Z rz—ﬂlfl + Finy N =N Tz
l=e,u,T q?ét

| N, = 2.9840 & 0.0082
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_ invisible —
ete” - Z E Vallg = Ve Vy Vr

a=active

3 light active flavor neutrinos

N
mixin = U U e N=3
= E v o= T .
& ok akPkL  Hh no upper limit!
k=1
Mass Basis: V1 Vo U3 Uy Us
Flavor Basis: Ve Vy Vr Us Vs,

ACTIVE STERILE

N
Vol = E UakaL o =e, U, T,5,5,...
k=1
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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

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

Observables:
» Disappearance of active neutrinos
» Indirect evidence through combined fit of data

Powerful window on new physics beyond the Standard Model
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Neutrino Oscillations in Vacuum
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v

v

v

v

Neutrino Oscillations

Flavor Neutrinos: v, v, vz produced in Weak Interactions
Massive Neutrinos: 11, 1, 3 propagate from Source to Detector

A Flavor Neutrino is a superposition of Massive Neutrinos

[Ve) = Ue1 V1) + Uea |12) + Ues |13)
|Vu> =Uan lv1) + U2 |lv2) + Uiz lv3)
lvr) = Uri |v1) + Ura |v2) + Urz |13)

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

/\/\V/\/
Ve (NN NN e

source propagation detector

‘I/(t > 0)> = Uea e iEat |I/1> 4+ Ueo e ikt |I/2> + Ues e iEst |I/3>7§‘I/e>
2 2 2
Ei = p” + mj
at the detector there is a probability > 0 to see the neutrino as a v,
Neutrino Oscillations are Flavor Transitions

Ve = Uy Ve — Uy Vy —> Ve Vy —> Uy
De =0y ey  Dy—be Uy —0r
2

transition probabilities depend on U and Amij = mi —m:
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vV vV.v v v v Y

Early History of Neutrino Oscillations

1957: Pontecorvo proposed Neutrino Oscillations in analogy with
K° = KO oscillations (Gell-Mann and Pais, 1955) =— v S0

In 1957 only one neutrino v = v, was known!

1958: Goldhaber, Grodzins and Sunyar measure neutrino helicity: v,
Then, in weak interactions v; and 17R

Helicity conservation — v S

vy is a sterile neutrino (Pontecorvo, 1967)

1962: Lederman, Schwartz and Steinberger discover v,

1962: Maki, Nakagava, Sakata proposed a model with neutrino mixing:

Ve = cosV vy +sind s
v, = —sind v + cos v

"weak neutrinos are not stable due to the occurrence of a virtual
transmutation v < v,”
1967: Pontecorvo: v. < v, oscillations and applications (solar

neutrinos)
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Ultrarelativistic Approximation

Only neutrinos with energy = 0.1 MeV 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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Flavor Transitions

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

Lec ~ W, (Ve eL + Vary’ i + U7 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,pu,T B=e,u,T k

Aya_wﬁ(t,X)

Ay s5(0,0) = Uy Uk = Gap Ap sy (8> 0,x > 0) # agp
k
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2
PI/a—>I/5(t7X) = |Alla—>1/5(t7x)|2 =

—iExt4i
E :nge Bt tipix g,
k

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

2 2 2 2
Ei—pic,_ mc ™k

Ex+pc  Ec+pe — 2E

Ext — prx >~ (Ek—pk)L:

2

Pl/a—H/B(Ly E) = p

Z U, e~ imiL/2E Usi
k

. i} AmiL
= D UnkUskUojUpjexp | —i— 2
ki
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Antineutrinos

Right-handed antineutrinos are described by CP-conjugated fields:
VP —0euT — _cu*
C = Particle = Antiparticle
P — Left-Handed = Right-Handed

Fields: vy = Z UakVkL <, I/a/_ = Z kaL

P
States: |vy) = Z vy — |Pa) Z Uak|Pk)

NEUTRINOS U = U ANTINEUTRINOS

Am L
Pl/a_ﬂ/ﬁ (L, E) Z kUBkUaJUBJ exp( 2EkJ )

Am L
P —,(L, E) Zuakuﬁk iUsj eXp< 21:51 )
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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: s a =
Pua—n/ﬁ = Pz‘/ﬁ—n?a
P,.—v., = Ps, -5, ‘ (solar ve, reactor 7., accelerator v,,)
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CP Symmetry

CP
’DI/a —H/B ? Pl7a —)176

CP Asymmetries: Aaﬁ = Puy—svs — Py

Ami.L
ASE(LE) = 4> Im[Uzx UpicUnj U] sm( 2/:? )
k>j

Jarlskog rephasing invariant:  Im[U}, Ugk U Ugj] =+J
J = c12512023523¢13513 Sin 013

J#0 = 12,023,Y13#0,7/2 13 #0, 7
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CPT = 0=AS"

- Plja—)ljﬁ - Pl_/ﬁ—)lja

= Puasvy = Praszy + ASh
+ Poasssy = Pugowa < —AGL =0
+ Pugosva — P,;B% - Ag-z
C CP
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T Symmetry

T
PVa —g — Pllg —Va

T Asymmetries: Al = Py, — Puyn,

CPT = 0=AS"
= Puyovs — Pog—ia
= Proassvy — Pugova + Alg
+ Puysve — Pogoia < A,%E

T CP T CP
— Aaﬁ - Aaﬁ - Aaﬁ — Aaﬁ

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 71



Two-Neutrino Mixing and Oscillations

|va) = cos ¥ |vg) + sind |v))
lvg) = —sin® |vy) + cos ¥ |vj)

Am?L
Transition Probability: Pyo—svy = Puyosv, = sin’ 2195in2< m )

Survival Probabilities: Poo—sve = Pugsvy =1 = Py
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oscillation phase

Am’L _ L7 AmPleV?] L[m] _ L7 Am?[eV?] L[km]
4E E[MeV] E[GeV]
oscillation length
ATE E [MeV] E [GeV]
%€ = — =247 ————m =247 ———-km
Am? Am? [eV?] Am? [eV?]
1
0.8 F
06}
Jt
QS oat
0.2
0 !

L()SC L
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Types of Experiments

2y L\t

transitions due to Am? observable only if

SBL Reactor: L ~10m, E ~ 1 MeV
L/E <10eV2=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 ~ 103km, E > 1GeV K2K, MINOS, CNGS
I Atmospheric: L ~ 10 — 10*km, E ~ 0.1 — 10% GeV
Am? > 107*eV? Kamiokande, IMB, Super-Kamiokande, Soudan, MACRO, MINOS

SUN L~108km, E ~0.1-10MeV

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

Matter Effect (MSW) =107* <sin?20 <1, 10 8eV? < Am? <10 % eV?

L
£ 101 eV 2=Am? > 107 ev

VLBL Reactor: L ~ 10 km , E ~ 1 MeV
L/E <10°eV2=Am? > 10"%eV? KamLAND
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Average over Energy Resolution of the Detector

Am?L 1 [

Puu—swy (L, E) = sin22195in2< fE > = 5 sin”29 _
0.8 F
& 0.6 F

T
5 04F
0.2 F
0102 163 104

L [km)]
Am?> =103eV  sin?20 =08 (E)=1GeV o =0.1GeV

PureonL. B = 5 20 1 [eos( 0L ) aroe] (@ 9)
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PVG*?VB

107t 1 10
E [GeV]
Am? =10"3eV sin®29 = 0.8 L =103km og = 0.01 GeV

(Prsu (L, E)) = 5 sin® 29 [1 -/ cos<A2’"; L) ¢>(E)dE} (a £ 5)
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Observations of Neutrmo Oscnllatlons

1.8 F T T T T T ]
" " " " ; 4 WINOS Data 1
m 50 F — Unoscillated MC
@ > L ) ]
g v 4F | L T Best-fit MC B
E Q F ~—— NC contamination ]
§ £ 3of 1
L [} C >1
8 > 20F &
g N 23
E 00+ Tt &
[a) E =
0~
5 3 7 02 4 6 8 10 12 14 16 18
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
o
g 16 [ 1 [ .« Data-BG-Geg,
% 14 L ] r — Expectation based on osci. parameters
1= - - determined by KamLAND
012 1 £ [ +
2 =
B 1 3 os
] L
] o 06— +
] L L
6 ] E L
s 04
4 1 @ [ +
2 1 0.2~
0 2 3 5 O: L L L L L 1 L L
Ey° GeV 20 30 40 50 60 70 80 90 10C
LyE, (km/MeV)

[K2K, PRD 74 (2006) 072003, hep-ex/0606032v3] [KamLAND, PRL 100 (2008) 221803, arXiv:0801.4589]
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Exclusion Curves
(Pra—vs (L E)) = % sin? 20) [1 —~ /cos<A2mE2L> ¢(E)dE] (a # B)
Pmax

(Prposs (L, E)) < PR, = sin®29 < vavp

1-— fcos(A’" L) #(E)dE

o
=

: | H
a3 EXCLU D{-‘r’) Rlﬂ;
~ 06EF ‘
3 \ ‘
ol il g
—_s =
02§ VT rotate 2
o 103 10 2 10! mai?.fjor g
Am? (eV) >

10 4

i

10

il
© » o r @ ® ~
s &5 o o
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SRP

+ GOSGEN

Am?leV?)

KRASNOYARSK:-—.

-3 L 1

-2 -t
10 . 10 1
sin’20

Reactor SBL Experiments: 7o — e

<
<
)
<El 10 ¢
1L
-1
10 ¢
90% (L L <2.3
99% (L oL < 4.6)
10'2 L L

3 2
10 10 1
sin’ 20
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Accelerator SBL Experiments: Vy — Ve
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Accelerator SBL Experiments: v/, — v7 and ve — v
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Experimental Evidences of Neutrino Oscillations

SNO, BOREXino

Solar Super-Kamiokande A 2 75 1075 V2
Ve — Uy, Vs GALLEX/GNO, SAGE . ms = 1.5 x €
Homestake, Kamiokande sin2 ,195 ~ O 30
VLBL Reactor
— . (KamLAND)
Ue disappearance
. Super-Kamiokande
Atmospheric
Kamiokande, IMB
Vy — Ur
MACRO, Soudan-2 Am3 ~ 2.4 x 1073 eV?
LBL Accelerator —
. (K2K, MINOS, T2K) .
v, disappearance sin® ¥ ~ 0.50
LBL Accelerator
(OPERA)
Vy — Ur
LBL Accelerator
(T2K, MINOS) Am3

Vy — Ve

—
LI?L Reactor Daya Bay, RENO sin2 93 ~ 0.023
e disappearance Double Chooz
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Three-Neutrino Mixing

3
Vol = E Uak ViL (a=-e,pu,1)
k=1

three left-handed flavor fields: ve;, v, V71

three left-handed massive fields: vy, vy, /31

right-handed components are not needed

in neutrino oscillations Dirac = Majorana

only two independent Am?
Am§1+Am§2+Amf3:m%—m%—l—m%—m%—l—m%—m%zo

Am2 = Am3; =75+0.2x 107%eV? uncertainty ~ 3%

Am3 = |Am3;| =~ |[Am3,| = 2.4 +0.1 x 1073eV? uncertainty ~ 4%
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[ve
m2
&
2
Amy
)
2
> Amg
4t

Normal Spectrum
2 2
Amz; > Am3, >0

vy

2
Amiy

—

Inverted Spectrum
2 2
Ams, < Am3; <0

absolute scale is not determined by neutrino oscillation data
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C12€13 S12€13 si3e 013
— is is
U = | —sics—ciosssizes3  cpos—spsssize®3  spas

S12503— 120351367013 —c1osp3—s100o3513€7913 o313

10 0 az 0 sjze 13 a2 si2 0
= 0 o3 s3 0 1 0 —s12 c12 0
0 —sp3 €3 —s13€/913 0 a3 0 01
o3 = Ip Daya Bay, RENO Y12 = Ug
sin2 993 ~ 0.4 — 0.6 Double Chooz sin2 91p ~ 0.30 + 0.01
Posc o sin? 2923 T2K, MINOS
maximal and flat  sin? ;3 ~ 0.023 + 0.002
at 973 = 45°
5sin2 1923 (5sin2 1913 5sin2 1912
2 0% 2 2 10% e 5%
sin® 3 sin® %43 sin® ¥4
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PVe —Ve

1.0

0.8

0.6

0.4

0.2

0.0

KamLAND

E =4MeV (reactor V)

=
o

N

1 10 102
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Effective VLBL v, Survival Probability

2

/ka/2E
Poe—sve =

|Ue3|2 < |Ue1‘2, ‘Uez‘z — |Ue1‘2 ~ COS2 1912, |U62‘2 ~ sin2 1912

2 _—im?L/2E
Pl/e—H/e ~ ek| (S k /

—im?L/2E

2
. —im?
+ sin? V10! 2L/2E‘

~ ‘cos2 PYoe

= cos* ¥1p + sin* 915 + 2 cos? Yo cos® Y12 cos< °F

Am3, L
=1 — sin® 2015 sin2<%>

Am%1L>
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Effective ATM and LBL Oscillation Probabilities

2
3
2
2 2
Pya—}yﬁ _ § :U;kU,Bke imiL/2E % ‘elmlL/ZE‘
k=1

& Am L\ |
= ZUZkngexp<—i k1 >
k=1

2E

Am3 L
—2 <1
26 ©

2

Prosvy = ‘Ual U1 + UyoUso + Uyz Ugs exp<—/ 221 >

Ua1 Upr + U Uz = dap — Upy3Uss

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 86



2

Pua—wﬁ —

Am3 L

1 31
dap Ua3Ug3[ exp( —=— 5 ﬂ
L

Am?
= 0aB8 T ‘Ua3‘ |Uﬁ3|2 <2 — 2cos 221 >

Am3, L
- 25aﬁ|Ua3‘2 (1 — CO0S ——— m31 >

= 0a8 — 2|Uol3\2 (5a5 — |U53|2) <1 — cos

= Oap — 4|Uqs]? ( o — |Upsl )sm — 31

. Am3, L
a#B = Py, = 4|U¢3(3|2|U53|2s|n2 <T31>

. Am3, L
a=8 = Prve =1—4Uus|* (1~ |Ussl?) sin® <Ti_1>
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AmZ, L
Poosiy = sin? 2008 sin? <%> (a # B)

sin? 279aﬂ = 4‘Ua3|2|U53|2
Am2, L
Py = 1 — sin2 200q sin? (%)

sin? 200 = 4| Uns|? (1 — |Uasl?)

Uel Ue2 Ue3
Sin 210 < 1
Un Uw (U '
UTl UT2 U7'3 |U |2 ~ sin2 21966
? e3| — 4
LBL
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Effective ATM and LBL Oscillation Amplitudes

ve disappearance: Chooz, Palo Verde, Daya Bay, RENO, Double Chooz
sin? 20ce = 4|Ues|? (1 — |Ues|?) = 4s23¢2; = sin® 2913 ~ 0.09

v,, disappearance: K2K, MINOS, T2K
sin® 20, = 4 Uy | (1 — [Upsl?) = cfss3s (1 — cfss33)
~ 45223 (1 — 5223) =sin® 2093 ~ 1
Uy — Vet T2K, MINOS
sin® 20, = 4|Ue3\2|UH3|2 = 45123C1235223 = sin® 2913 sin’ Y3
~ 3 sin? 2013 ~ 0.045
Uy = Vrt OPERA

- 2 2 2 4 ) ~ <in2 ~
sin“ 20, = 4|U,3|7|Ur3]* = 4ci353003 = 3 5in° 2023 ~ sin“ 2003 ~ 1
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CP Violation?

> In this approximation there is no observable CP-violation effect!

» CP-violation can be observed only with sensitivity to Am3,: in vacuum
Ao = P - Pﬂfa L Am3, L Am3,L
—16J,5sin (%) sin <%) sin <%)

Jog = Im(Usa UZp Ul Ugo) = +J

2 .
J = 512€12523€23513C13 5iN 013

» Necessary conditions for observation of CP violation:

» Sensitivity to all mixing angles, including small 913
» Sensitivity to oscillations due to Am3; and Am%;
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Neutrino Oscillations in Matter
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Effective Potentials in Matter

coherent interactions with medium: forward elastic CC and NC scattering

Vey Vs Vr Vey Vpy L

7T /\

e ,p,n
- V2
Vee = vV2GeN, Ve =—v = [ye=v{2 = —5Ge N,
Ve = Ve + Wnc V, =V, = Vnc

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

antineutrinos: Vee=-Vee  Vne = —Wnc
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Evolution of Neutrino Flavors in Matter

Flavor neutrino v, with momentum p:  |v,(p Z > vk(p
Evolution is determined by Hamiltonian
Hamiltonian in vacuum: H = Hp

Ho [vi(p)) = Ex [vi(p)) Ex = /P> + mj
Hamiltonian in matter: H = Ho + H, Hiva(p)) = Valva(p))
Schrodinger evolution equation: i% lv(p,t)) = H|v(p, t))

Initial condition: |v(p,0)) = |va(p))

For t > 0 the state |v(p, t)) is a superposition of all flavors:

) =Y es(p, t)va(p))
5

.. T o 2
Transition probability: P, ., = [pg]
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evolution equation of states
. d
i e t) =Hlv(p, 1)), [v(p.0)) = lra(p))
flavor transition amplitudes
Wﬁ(pa t) = <Vﬁ(p)‘y(pa t)> ) Qpﬁ(pa 0) = 5a6

evolution of flavor transition amplitudes

i 55 25(p,8) = () (P, )

"%%(P’ t) = (wz(p)|Holv(p, t)) + ws(p)|Hilv(p, t))
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i 5 a(p. 1) = (3P Holw(p, 1) + v5(p) Hal(p. 1)

(va(p)[Holv(p, t)) =

D> wap)lvk(p)) (wi(p)[Holvi(p)) (wi(P)v,(p)) (vo(p) v (P, 1))
o Usk Okj Ex U ©o(p, t)

—ZzuﬁkEk ok ©p(P; t)

wa(p)Hilv(p,t)) =D (wa(p)Hilvp(p)) (v(P)IV(p, 1))

p
8o Vs ©p(p; t)
= 63,Va,(p, t)
P
.d .
8= > (Z Usk Ex Upy + 9, Vﬁ) ©p
P k
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2

s . m
ultrarelativistic neutrinos: Ex=p+ 2_Ek E=p t=x

Ve = Ve + Wne V,= V= Wc

. d 2.
" ix ws(p,x) = (p+ Wnc) ¢s(p,x) + Z <Z Usk % Upi + 6pe 0pe Vcc) ©p(p,x)
P k
wﬁ(P,X) — S%(P,X) eipx+i fOX Ve (x7) dx’

J

d L N d
. _ aipxi [ Wne(X)dx" [ .
i Yg =e 0 < p— Vnc+i I > ©vg

. d mi
Id—X ¢ﬂ = zp: (Zk: Uﬁk ﬁ pk + 5ﬂe 5pe VCC) ¢P

2 2
PVQ—WB = |905| = |1/}ﬁ|
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evolution of flavor transition amplitudes in matrix form

/iwa_i(UMwwA)wa

dx 2E
Ve 5 mi 0 0 Acc 00
"Ua — wu M = 0 m% 0 A e ( 0 0 0)
pr 0 0 mg 0 00
Acc = 2EVcc = 2V2EGeN,
effective J ) 2 )t matter 20t effective J
mass-square: mass-square:
matrix M = UM U" —— UM U +2F V MM . matrix
in vacuum potential due to coherent in matter

forward elastic scattering
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Two-Neutrino Mixing

. . costy sind
Ve — vy, transitions with U =

—sind cosd

UM2 Ut — cos?ym? + sin? Ym3 cosIsin¥ (m3 — m?)
~ \cosdsind (m3 — m3) sin 9m? + cos? ¥mj
_ 1 SmP 4 1 —Am?cos29 Am?sin 29
2 2\ Am?sin2¢9 Am?cos 29
T
irrelevant common phase
Ym? = m? + mj Am? = m3 — m?
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d () _ 1 —Am?cos20 4+ 2Acc  Am?sin29 (e
Am?sin 29 Am? cos 20 Yy

it = (540) = (2

PVe_”/;_L(X) = ‘¢u(x)|2
Presve(x) = |we(X)|2 =1-= Pve—wu(x)

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 99




Constant Matter Density

24 (Ve _ 1 (—Am’cos20+2Acc Am*sin20 (e
dx \Yu Am?sin 29 Am?cos29 ) \ ¢,

- AE

dAcc

dx =0

. M
diagonalization of effective hamiltonian: (:f;) = (_Ccs’isnﬂtg"M :IOZZ';\A/I) (zé")

cos Uy —siniy —Am? cos 204+2Acc Am?sin 209 cosPy sindy \
sindy  cosdy Am?sin 209 Am? cos 29 —sindy cosdy ) T

[ Acc—Am3, 0
- 0 Acc+Am?,

e () = |3+ ae (0™ amg) | ()
dx \ ¥} 4TE s\ 0 am?) | W)

irrelevant common phase
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Effective Mixing Angle in Matter

tan 29
1_ _ Acc
Am?2 cos 209

tan29%y =

Effective Squared-Mass Difference

Amiy = \/(Am2 cos 20 — Acc)? + (Am? sin 209)?

Resonance (Um = 7/4)

Am? cos 29

AR = Am?cos29 = NR=
CcC e 2\/§EG|:
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() (0 o) ()
() = (i ) C) = ()=o) ()
o = (e)=6) = (he) = (00)
M(x) = cos Iy exp (iATIE"X>

2
M (x) = sinty exp (—iA;nEMX>
Prvcsn () = [0 ()? = |~ sin () + cos dnay )|

A 2
Py, (x) = sin® 20y sin? <%>
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Y

(107%¢V?)

’”§I2

mins

MSW Effect (Resonant Transitions in Matter)

N[Ny
T T
L Ve™vy V= _
L J=10" |
r [Z=2Z =7 B
. I |
20 40 60 80 100
N./Np  (cm™)
.\'(R/.\“'\
T
L V2

121 -

V2

n

Yy N

[Am? =7 x 109V, 9 = 10-%] 4

20 40
N /Ny

60 80 100
(em™3)

Ve = COS U\ V1 + Sin Vo

v, = —sindy vy + cos Vy 12
tan 249
tan29y = an
1 Acc
Am? cos 209

Amﬁﬂ = [ (Am2 cos 21 — Acc)2

1/2
+ (Am?sin 219)2 ]
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i e _ 1 —Am?cos20 4+ 2Acc  Am?sin 20 Pe
x \Wu) AE Am?sin 29 Am?cos29 )\,

. . o fWe) _ [ cosUu  sinty M
tentative diagonalization: <¢u =\ Zsinvy  cos vy ¢'2v|

ii costv  sindm) (UM

dx \—sindy cosiIm /) \ M) —
i —Am?cos 29 4+ 2Acc  Am?sin 29 costm  sintu @b'lv'
AF Am?sin 209 Am?cos29 ) \ —sindy costy ) \ )

e (1) =

irrelevant common phase

if matter densitity is not constant dy/dx # 0

2 0 d0u M

Acc+ 1 —AmM 0 + -/ dx ¢1

4E  4E 0 Amg, diy 0 P)
1 "d

X
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d /M 1 /—Am?, 0 0 —i— = M
"dx <w'1\/'> ~ |4E < 0 ; Am2> T dowm dx (q/}'l\">
2 M i 0 2

1

1 dx
adiabatic T _
non-adiabatic
maximum at resonance

initial conditions:

PM(0)\  [cos¥?, —sindd\ (1) _ [cos,
YM(©0) ) — \sinvd,  cos?, 0)  \sind,
solution approximating all non-adiabatic I/i\/l s 1/5\" transitions in resonance

g Am2, (x xn Am2 (x!
cos 1.90M exp i/ R m () dx’ A?l + sin 1.90M exp —i/ R () dx’ .AZRI
Jo 4E Jo 4E

x Am, (x"
X exp i/ de’
4E
X

¥ (x)

R

R

xg A 4 xn Am2(x!
ng/l(x) |:cosw90M exp (I/ R Amy (<) dx'> .A?z + sin ﬂUM exp <7i / R Amig (<) dx’ AEZ
Jo Jo
x A 2 ’
X exp —i/ mM(X ) dx’
Jxr AE
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Averaged v, Survival Probability on Earth

the(x) = cos 9 P (x) + sin 9 ' (x)
neglect interference (averaged over energy spectrum)
P (x) = [(e(x))[? = cos? 9 cos? 9 | AR |2 + cos? 9 sin? 99 | AR 2
+ sin? 19 cos? 9y | AR |% + sin? 9 sin 99 | AR, 2
conservation of probability (unitarity)
AR > = AR * = P AL = [ABP =1 P

P. = crossing probability

2

— 1 1
P.—v.(x) = 5 + <— - c) cos 2099, cos 20

[Parke, PRL 57 (1986) 1275]
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Crossing Probability

exp (~37F) - oxp (~57555)

c — £ [Kuo, Pantaleone, PRD 39 (1989) 1930]
s
1-ep (~57505)
_ . Am, /2E Am?sin? 29
adiabaticity parameter: v = =
2|dOm/dx[|r  2F cos 20 ‘%
R
A o x F =1 (Landau-Zener approximation) (parke, PRL 57 (1986) 1275]
2
Ax1/x F = (1 — tan? 19) / (1 + tan? 19) [Kuo, Pantaleone, PRD 39 (1989) 1930]

[Pizzochero, PRD 36 (1987) 2293]
A o exp (—x) F=1—tan? [Toshev, PLE 196 (1987) 170]

[Petcov, PLB 200 (1988) 373]

Review: [Kuo, Pantaleone, RMP 61 (1989) 937]
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Solar Neutrinos

Ro
10.54

SUN: Ne(x) =~ NS exp (—i) NE = 245 Np/cm? X0 =
X0

—sun 1

3 g/, ve. R/E, {1 P = 5 + <— — Pc> cos 219y, cos 21}

2 BP2000

4 p— 2@ (037F) —ep (T35 5)
= c —
. 1—exp (= 275. )
. Am?sin? 29

v= dinA

-2 2Ec05279‘%‘R

- F=1-—tan?¥

I T EE T a—— ]g/‘f])‘m 08 o7 0B 08 I ACC — 2\/§EGFN6

numerical |[dInAcc/dx|g  for x < 0.904Rg
for x > 0.904R;

practical prescription:

[Lisi et al., PRD 63 (2001) 093002] |dInAcc/dx|g — R—
©
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Electron Neutrino Regeneration in the Earth

psun earth - 2
sun-earth pHsun (1 B 2PVE—WS) (Pyz—we —en 19)
Pz/e—we = ’Due—we +

cos 24
[Mikheev, Smirnov, Sov. Phys. Usp. 30 (1987) 759], [Baltz, Weneser, PRD 35 (1987) 528]

12 1
] earth
@1: 1 P, is usually calculated numer-
£ . .
S ] ically approximating the Earth den-
<, ] sity profile with a step function.
—— Data

2 Our approximation

0 prevrnroroecbece Effective massive neutrinos propa-

6 1 . .
s ] gate as plane waves in regions of
&4 . constant density.
=3 1
>0 ] . .
Sl —— Wave functions of flavor neutrinos

1ir Our approximation .o .

N SRR are joined at the boundaries of steps.

0 1000 2000 3000 4000 5000 6000
r (Km)
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Solar Neutrino Oscillations

LMA (Large Mixing Angle): Am? ~5x107%eV?, tan’9¥ ~ 0.8
LOW (LOW Am?): Am? ~7x107%eV?,  tan’0 ~ 0.6
SMA (Small Mixing Angle): Am?* ~5x107%V?,  tan’9 ~ 1073
QVO (Quasi-Vacuum Oscillations): Am? ~107%eV?, tan ¥ ~ 1
VAC (VACuum oscillations): Am? <5x107PeV?,  tan®d ~ 1
10~ T T T T
1074 107 # s LMA
SMA LMA o
105 TL 10-¢ FT s +
~10¢ 107 3
% £ o 90 % C.L Q E
k: 7 Low I e C.L Low
s % eeb = %%CL S
. 3 F == 99 %CL S 3
0 100 = 9978 % CL = -
10 10-10 [ Cl + Ga + SK + Sp(D) + Sp(N) 1
- VAC o b B free + BP2000 sust S0t ]
10-12 L L L L
0001 001 01 1 10 10~ 10-® 10-® 107 10° 10
an’ 6 tan®(9)
[de Gouvea, Friedland, Murayama, PLB 490 (2000) 125] [Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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[6V?]

m?

s0f ' E| SOlid |in6: Am2 = 5 X 1076 eV2
" [ (typical SMA) tan®y =5 x 1074

wf / 1 dashed line: Am? =7 x 10 5eV?
' (typical LMA)  tan?9 = 0.4

0fF

0k

dash-dotted line: Am? =8 x 10~ 8eV?
(typical LOW)  tan?¥ = 0.7

w0k

0 il
o' w10 wtow 10w 10t 10
N/N, cm )

102 10 4
w'E
103 4 .
L i 3 E
E w- b il Z 1w ]
ﬁ wiEe— E
el I ]
10 'F 4
107" 3
107 10t 107 10t 10% 10° 10! 10 103 10 * 10" 107 10t 10*
N/Ny  [em N/Ny  fem 9 N/Ny  fem 9
typical SMA typical LMA typical LOW
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[Bahcall, Krastev, Smirnov, PRD 58 (1998) 096016]

P(v,-v,) P(vov,)

P(vov,)

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

0.8

0.6

SMA: Am?
LMA: Am?
LOW: Am?

average
- day
— — —night

Livalas

il

L

L L e 3

ACANRARERARNRERE

0 5 10

Energy (MeV)
=5.0x 10 %eV? sin?29 = 3.5 x 1073
=1.6 x 10~ °eV? sin?29 = 0.57
=7.9x 10 8eV? sin?29 = 0.95

P(v,~v,)

Just So?

P(v,»v,) P(r,»v,) P(r-v,)

VAC

©O00O ©O00O0 0000 0000 0000

P(v,~v,)

CNADPPONANNONNDPRONADIDON A DD =

o

5 10
Energy (MeV)
Am? =42 x107%eV? tan® 9 = 0.26
Am? =5.2 x 107 %eV?
Am? =7.6 x 10~ 8eV?
Am? =55 x 1072 eV?
Am? = 1.4 x 1070 eV?

LMA:
SMA:
LOW:
Just So:
VAC:

tan? ¥ = 0.72
tan? 9 = 1.0
tan® ¥ = 0.38
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tan? 9 = 5.5 x 10~4



SNO: Sudbury Neutrino Observatory

water Cherenkov detector, Sudbury, Ontario, Canada

1 kton of D>O, 9456 20-cm PMTs
2073 m underground, 6010 m.w.e.
CC: Ve+d—p+p+e”
NC: v+d—=p+n+v
ES: v+e —v+e
CC threshold: ESNO(CC) ~ 8.2 MeV
NC threshold: E3NO(NC) ~2.2MeV 3 = 8B, hep
ES threshold: E3NO(ES) ~ 7.0 MeV

D,0 phase: 1999 — 2001 NaCl phase: 2001 — 2002
SNO SNO
R = 0.35 £ 0.02 s = 0.31£0.02
RS _ 1014013 RE 103+ 0.00
e — 0.47 + 0.05 ts = 0.44 + 0.06
RES RES
[PRL 89 (2002) 011301] [nucl-ex/0309004]
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®3NO =1.76 £ 0.11 x 10°cm~2s7?
ONO =541 +0.66 x 10°cm 257!

V,U«’VT

SNO solved
solar neutrino problem

4

Neutrino Physics
(April 2002)

[SNO, PRL 89 (2002) 011301, nucl-ex/0204008]

Ve — Uy, vy oscillations

U
Large Mixing Angle solution

Am? ~ 7 x 107 °eV?
tanZ 9 ~ 0.45

@, (x 1Pem?s)

----- Qoo 68% C.L.

—— gy 68%, 95%, 99% C.L|

I C68% C.L.
I oc°68%CL
[ @®68% C.L.
I o 68%C.L.

25 3 3
@, (x 10 cm2 59

20

«— ;
3 @ 1
o L ]
- = 4
~ 15+ —
E |- .
< [ ]
10 a
s ]

0 02 04 06

0.8
tarfo

[SNO, PRC 72 (2005) 055502, nucl-ex/0502021]
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KamLAND

Kamioka Liquid scintillator Anti-Neutrino Detector

long-baseline reactor v, experiment

Kamioka mine (200 km west of Tokyo), 1000 m underground, 2700 m.w.e.
53 nuclear power reactors in Japan and Korea
6.7% of flux from one reactor at 88 km

average distance from reactors: 180 km 79% of flux from 26 reactors at 138214 km
14.3% of flux from other reactors at >295 km

1 kt liquid scintillator detector: 7e + p — e* + n, energy threshold: E}*” = 1.8 MeV

data taking: 4 March — 6 October 2002, 145.1 days (162 ton yr)

expected number of reactor neutrino events (no osc.): Ne'i?,Z‘thﬁé\'D =86.8+5.6
expected number of background events: Nt'f:c"k’gLrAm'}'n% =0.95+0.99
observed number of neutrino events: NE2mEAND — 54
Nemved'® — Nbigomd 0,611 - 0.085 - 0.041 99.95% C.L. evidence
KamLAND e ’ ’ of 7, disappearance
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confirmation of LMA  (December 2002)

1.4F 3
1.2 10 ¢
1.0k} .m## ..m..m..,q;w.."...m,___i ,,,,, r
a L
4 A ILL 3 E
© 0.6 x Savannah River C
=2 o Bugey 5
X Rovno -
0.4 & Goesgen L
5 Baovers
0.2 & Choor E 1 Rate excluded
e KamLAND E Rate+Shape allowed
0.0, | I | | [ I LMA
10* 10 10° 10* 10 | W98 Palo Verde excluded
Distance to Reactor (m) 10'6 i (I:ho?z excluded Eha
h . 0 L LMA 0 0.2 0. 4 0.8
Shade: 95% C i 29
Am? =55 x 107%eV? 95% C.L.
Curve: 5
sin 29 = 0.83 [KamLAND, PRL 90 (2003) 021802, hep-ex/0212021]
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NG

(10%V?

2
21

Am

20 E / 40 205 B / 49
5= / N 5 ETTT \ / ----------
10E % — g 10E 8o
5E h \ / """ 20 5E \ / - 20
S\ Y- n Dnltert®in 18
22 ? (@) Kami\zs?/:—CSEIar Kar:;?l\éDL g & 2'25 (b) WoswcL qéw/:c,L_ Ly & &
2 E 99% C.L. === 99% C.L. 2 E 99%C.L.  ===99% C.L.
1.8 W 99.73% CL. — 99.73% C.L &> 1.8F Wloor3%CL —99.73% CL. [
160 * bestfit @ bestit % 16F * bestft ® bestit i
E Solar < F Solar E
14F 95% C.L. O 14F 95% C.L 5
12; 99% C.L. S 12; 99% C.L. r
1 ;* O bestit NEN 1 ; O bestit ;
081 ——g ] < 08F e
065 : 065 : N
04F E 0.4F . E
E 0,,free f | E 0,, constrainedE !
0-2?HmHHmm\HH\HHmmmulﬁmmuiu Lol 0'2?m\HH\H‘mHmuml‘?"umummuu:u Lol
0.10.2 0304 0506070809 5 10 1520 0.1 020304 0506070809 5 10 1520
tarf9,, Ox? tarf 9, AX?
Am3; =7.531012 x 1075 eV? Am3; = 7.5340.18 x 107 ° eV?
2 _ +0.029 2 _ +0.029
tan® J1o = 0.43777 050 tan® 1o = 0.4367 535
. 2 2
sin® 913 = 0.023 £ 0.015 sin® 913 = 0.023 = 0.002

[KamLAND, arXiv:1303.4667]

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 117




LMA Solar Neutrino Oscillations

best fit of reactor + solar neutrino data: Am® ~7 x 10 °eV? tan’9 ~ 0.4

—sun 1 1
P, = 5 + (— - P) cos219M cos 29

2
ex F)—exp(—Z 2 sin2

1—exp( 2’ys|n219) 2ECOS219| dx ‘R

InA 1 10.54
Acc ~ 2V2EGe NS exp [ — X dinAl (1 _ 1054 5 105ev

X0 dx X0 R@

2 . 2 4 E N\

tan"9 ~ 0.4 = sin“29 ~ 0.82, cos2y ~ 0.43 y>~2x10 VeV

T>1 — P.K1 — E,,ini,'\,ﬂf ~ % + % cos 209 cos 29

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 118



Am? cos 29 — A2
\/(Am2 cos 20 — A2 )2 + (Am?sin 209)°
critical parameter [Bahcall, Pefia-Garay, hep-ph/0305159]
‘= AL :2\/§EGFN2N12 E N2
Am?cos29  Am?cos2y T \MeV ) \ NS

~1_1Lgp2oy Vacuum averaged
T2

cos 29, =

(<1= 9 ~9 =— P,

Ve—rVe survival probability
—sun .2 matter dominated
(>1= ¥ ~n/2 =P, _,, ~sin°¥ : "
e Ve survival probability
1 1 T T
0.8 09 F
(<1 (>1 vacuum matter
0.6 0.8 averaged dominated
0.4 0.7
0.2 —
5‘ 0 21
g ., e
-0.4
0.6 02
s 01F (<1 ¢>1
. A | 0 ! L !
10! 10° 10" 107! 10° 10'
ENY/NE  [MeV] EN{/Ng  [MeV]
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(E)pp ~0.27TMeV, (ro)pp ~0.1 Ry = (EN2/NE)pp =~ 0.094 MeV
Erge ~ 0.86 MeV | < 0)7ge = 0.06 R, == (E NO/NS)7g, ~ 0.46 MeV
<E>BB _67|\/|eV < >8B _004 R@ - <E NS/NC>8B ~ 4.4 MeV

0.9 F

08g {"Be

sun, LMA

—
P,

1011 ‘ 1(I)° 1;)1
E NY/N¢ [MeV]

each neutrino experiment is mainly sensitive to one flux
each neutrino experiment is mainly sensitive to 9

accurate pp experiment can improve determination of 1J

[Bahcall, Pefia-Garay, hep-ph/0305159]
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Mass Hierarchy

1. Matter Effect (Atmospheric, Long-Baseline, Supernova Experiments):

Am?; cos 2013

> Ve S v, MSW resonance: V= & Ami; >0 NH

B Am?; cos 2013

> Ve S 1y, MSW resonance: V= <  Amj; <0 IH

2F
2. Phase Difference (Reactor 7, — 7e):
77L2 'H’LQ
Normal Hierarchy % —_—2 Inverted Hierarchy
|Am3, | |Am3, |
I I
2 2 2 2
|Am3,[+[Amy, | |Amzy|—[Am3, |
2 2 _11_2 2 2
|Am3;| > |Am3,| o |Amy| <|Ams|
141 V3

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 121



Arbitrary unit

0.6

0.5

0.4

0.3

------- Non oscillation
—— 0, oscillation
Normal hierarchy

Inverted hierarchy

T T[T [T T T T

IIIOI = I1I5I - IZIOI = .2I5. = .30
L/E (kim/MeV)
F(L/E) = 4(E)o(E)P..(L/E)
P.o(L/E) = 1 — Py — P33 — Py
Py; = cos®(613) sin?(2612) sin® (Ao )
Py = cos?(615)sin*(26
Py = sin®(612) sin?(26;

Ay <<A; = Ay,

S.T. Petcov et al., PLB533(2002)94
S.Choubey et al., PRD68(2003)113006
J. Learned et al., hep-ex/0612022

L. Zhan, Y. Wang, J. Cao, L. Wen,
PRD78:111103, 2008
PRD79:073007, 2009

Precision energy spectrum
measurement: Looking for
interference between P; and P;,
=> relative measurement

02
01sf
0.16 -
of
onf

o1
0.08F
0.06 -
o
0.02 E

o . . L . A
10 15 20 25 30
L/E (kn/MeV)

Analytical spectrum

—— Simulated spectrum

g€ 888 28 &

g

(A7) RSTIFRTY RYRTI FEARY ARITARRUTY AT

[Miao He, NuFact 2013]
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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 aﬁwg
s
difference: Dirac: u®
' Majorana: UM = y®Ip(x)
1 0 - 0
0 e'?21 ... 0
py=1|.". " . —~ pf=p
0 0 .. e
m? 0 - 0
2 0 m 0 2 2 2 2
M2 = _ . = DM?=M?D = DM?D'=M
0 0 -« m

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

v

v

v

v

v

Open Problems

W3 S 45° 7

» T2K (Japan), NOvA (USA), IceCube-PINGU, INO (India), ...

Mass Hierarchy 7

» NOvA (USA), JUNO (China), RENO-50 (Korea), IceCube-PINGU,
INO (India), ...

CP violation ?

» NOvA (USA), LBNE (USA), LAGUNA-LBNO (EU), HyperK (Japan), ...

Absolute Mass Scale 7
» (3 Decay, Neutrinoless Double-3 Decay, Cosmology, ...

Dirac or Majorana ?
» Neutrinoless Double-/3 Decay, ...

Beyond Three-Neutrino Mixing 7 Sterile Neutrinos 7
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Absolute Scale of Neutrino Masses

t|Normal Spectrum . . t|Inverted Spectrum . .
—m Quasv—Degenerate ' —m Quasv—Degenerate '
1 H ' = 1 H —_m ' =
Io—m . ] 3 - .
- —m - ] - — ms - ]
> 4 o S |
o ' ) : |
107t £ T I ) T =
o F - - F m; - '
£ JomiF P ] E L I ]
. Al ©, . © ] o VAmaE ©, © ]
g [M g % el £ m g % S
= b - X 2 b - X
E g 5 = | € g 5 x!
2 | 3. .3 Ea 2 L 3. .3 Ea
10z 381 13 g3 W R g
F M2 m 8 21 3 m 8 o D7
, ! g, 2 g " 3 FRRE =]
t 2 1o 2 t 2 1o 2
, . 2 =y , . 2 =y
Normal Hlerarchy EREI EX Inverted Hlerarchy EREI ER
10*3 L L Ll ol n 10*3 L L Lol ol n
107 1072 10™ 1 107 107 107" 1
Lightestmass: m; [eV] Lightest mass: mz [eV]
2 _ 2 2 2 2 2 2 2
m5 = mi + Amy; = mj + Amg m: =m3 — Am3; = mi + Ama
2 _ 2 2 2 2 2 2 2
m3 =mi +Amz; = m] + Amjy ms = m? + Am3; ~ mi + Ama

Quasi-Degenerate for my ~ mp ~ m3 ~ m, > \/Am2% ~5 x 10~
95% Cosmological Limit: Planck + WMAP9 + highL + BAO [arxiv:1303.5076]
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Tritium Beta-Decay

dr  (cosvcGe)’
273

3 3 - =
H H e _— =
— et+e +U, a7

M

F(E)PE(Q — T)\/(Q — T)* — mZ,

Q = M3H — M3He — me = 1858 keV

Kurie plot
K(T) = dr/dT
(cosVeGe)” | vz () pE

273

= [e-nie- 17 -]

1/2

: |m, <22eV (95% CL)]|

K(T)

Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]

start data taking in 2015

-
Q —my,

@ sensitivity: m,, ~ 0.2eV
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www.katrin.kit.edu

Neutrino Mixing = K(T) = l(Q — T)Z|Uek|2
K

| \‘f

D~ ]

Q —my Q—m

analysis of data is
different from the
no-mixing case:
2N — 1 parameters

()

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

effective mass: mé = Z |Uek|?m3

(Q-T) Z|Uek| Q T ~(Q-T) Z\Uek\{

myg
S {I_E(Q—T) =e=n

(Q-T)~

C. Giunti — Neutrino Theory and Phenomenology — NBIA PhD School — 23-27 June 2014 — 128

1/2
Ty mi]



10

10

-2

-3

Predictions of 3v-Mixing Paradigm

m% = [Ue1?> mi + [Ue2|? m5 + |Ues|* m3

C ! 1
r : ]
I Current 95% Bound 1 1
=ttt 1= = s s s s = ==
\
.
L ' A
E 1 3
C 1 ]
[ . ]
[ KATRIN 95% Sensitivity 1
____________________ ]
\
E g E
£ IS '8 bl
r 'R ]
e i
1O
L 'S i
=]
Ix=3 B
: NS &, ]
L o ]
L (=3 — 10 |1
F i — 20| 1
r :g 30| 1
107 1072 10 1 10
Mpnin [eV]

» Quasi-Degenerate:

mpy 2 mp 30 | Ve = mp

> Inverted Hierarchy:
m% ~ (1 —s&)Am2 ~ Amj

> Normal Hierarchy:
m3 =~ shcisAmg + spAmy
~2x107° 46 x 107%eV?

» mg S4x107%eV

4

Normal Spectrum
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Neutrinoless Double-Beta Decay

-
0As
ot 5,
55Ge
BB~
ot
78Se
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) 5 N(A Z+2)+e +e + e+ e =
Ve
(T1/2) = Gy |M2V‘2
Ve
second order weak interaction process 0 e~
in the Standard Model d o .
Neutrinoless Double-3 Decay: AL =2
d AN u
N(AZ) > NAZ+2)+e +e Y )

( 1/2) ' GOV‘M0V|2‘m5/B‘2

effective
Majorana  |mgg| = Z U3 my U=}
mass k W
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Ge 2vpp ovpp

1.0

f(T)
06

0.4

0.2

o b b b b by aag

0.0

T T T T
0.0 0.5 1.0 15 2.

T [MeV] Q =2.039MeV
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Effective Majorana Neutrino Mass

mgg = Z ng my complex Ugx = possible cancellations
k

mpg = |Uet|? my + |Uea|? €92 my + |Ues|? €/ m3

Ay = 2)\2 a3 — 2 ()\3 — 513)

Im[mgg] Im[mgg]
asg
UZms UZ%msy
) ¥2
Uezlm/l Re[mgﬂ}
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[eV]

[mggl

Predictions of 3v-Mixing Paradigm

mgg = |Ue1‘2 my + |Uez‘2 gio2 mo + ‘Ue3|2 elos ms

T T T

uwi [eaibojowsod %S6

30

10 ||
— 20 ||

Mpin

[eV]

» Quasi-Degenerate:

Imgg| =~ my /1 —s3, s2,

> Inverted Hierarchy:

TImss| = \/AmE(1 - 2, 2,)

» Normal Hierarchy:

1mss| ~ |sto/AmZ + & si3\/Am3|

~ 2.7 +1.2e" x 1073 eV
my > 1073 eV=-cancellation?

|mgp| < 1072 eV = Normal Spectrum
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By, Decay < Majorana Neutrino Mass

|mgg| can vanish because of unfortunate cancellations among my, my, ms
contributions or because neutrinos are Dirac

(B0, decay can be generated by another mechanism beyond SM

=v.(h=-1)

5/301/ > BBoy
—_— —_— A
d u d U e

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

Ve = Ve(h = +1)

Majorana Mass Term: LY = =% Mee (VS Ver + Vel V)

four-loop diagram calculation: mge ~ 1072* eV [Duerr, Lindner, Merle, JHEP 06 (2011) 091]
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» In any case finding 55y, decay is important information to solve the
Dirac-Majorana question in favor of Majorana

» On the other hand, it is not possible to prove experimentally that
neutrinos are Dirac.
A Dirac neutrino is equivalent to 2 Majorana neutrinos with the same
mass.
Impossible to prove experimentally that mass splitting is exactly zero.
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Sterile Neutrinos

» | consider sterile neutrinos with mass scale ~ 1€V in light of
short-baseline Reactor Anomaly, Gallium Anomaly, LSND.

» Other possibilities (not incompatible):

» Very light sterile neutrinos with mass scale < 1eV: important for solar
neutrino phenomenology
[Das, Pulido, Picariello, PRD 79 (2009) 073010]
[de Holanda, Smirnov, PRD 83 (2011) 113011]

» Heavy sterile neutrinos with mass scale > 1eV: could be Warm Dark
Matter
[Kusenko, Phys. Rept. 481 (2009) 1]
[Boyarsky, Ruchayskiy, Shaposhnikov, Ann. Rev. Nucl. Part. Sci. 59 (2009) 191]
[Drewes, IJMPE, 22 (2013) 1330019]
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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 20MeV < E < 200 MeV

~10%—m g

A E E

175 F ® Beam Excess N E ]
% [ ]

15 F B p(9,-9,en (\E’ L i
p(v..e)n < 10 El

125 £ k!
EEE other F Karmen CCFR]

10 i Bugey y
7.5 1 3 3

r NOMA

5 [ i

-1
25 10+ E
F 90% (L L <2.3
0 [ 99% (L. < 4.6) 1
Il Il _2

04 06 08 1 1.2 1.4 10 \\\\\\‘_3\ L \\HH‘»Z\ L \\\\H‘_l\ LY
10 10 10 1
L/E, (meters/MeV) sirt 20

3.80 excess Amienp = 0.2eV2 (> Ama > Am?)
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Events / MeV

v v v

v

MiniBooNE

L ~541m

Vy — Ve [PRL 102 (2009) 101802]

e Data
[ vefromu
= v, from K;
+ . s v, from K
LSND signal s
- [ ° misid
CCO ANy
* [ dirt
[ other
Total Background

14 15

EF (GeV)

Purpose: check LSND signal.
Different L and E.

Similar L/E (oscillations).
LSND signal: E > 475 MeV.

Events/MeV

200 MeV < E < 3GeV

Uy —> Ve [PRL 110 (2013) 161801]

T T T T T T T

()

Antineutrino

+_Data(staterr)

1.0 LSND signal B vefromy’
v, from K
> B v; from K
0.8 3 =’ misid 7]
Ca—N

0.6

other
— Constr. Syst. Error

0.4

0.2

0'00.2 . . . K . 14 15 3.0

E% (GeV)
Agreement with LSND signal?
CP violation?

Low-energy anomaly!
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(arbitrary units)

New Reactor 7. Fluxes

Increased prediction of
detected flux by 6.5%

---- Emited spectum — 5. 1) Neutrino Emission:

----- Cross-secti .
ross-section = Improved reactor neutrino spectra

— Detected spectrum \ — +3.5%
\ ] Accounting for long-lived isotopes
I New T, in reactors — +1%

ov.a(Ey) x 1/,

ii) Neutrino Detection:

=  Reevaluation of 0\gp — +1.5%
(evolution of the neutron life time)

E, (MeV) = Reanalysis of all SBL experiments

[T. Lasserre, TAUP 2013]
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Reactor Electron Antineutrino Anomaly

o f Reactor Rates —— Average Rate |]
« “F|—°— Bugey3-15 —&— Gosgen-45 ]
[Mention et al, PRD 83 (2011) 073006)] F|—2— Bugey3-40 —¢— Gosgen-65 ]
r|—— Bugey3-95 —— ILL-9 b
[update in White Paper, arXiv:1204.5379] [|—<— Bugey4-15 —&— Krasno-33 3
:i _[|—— ROVNO-18 —#- Krasno—92 g
F|—v— Gosgen-38 —8— Krasno-57 ]
new reactor 7. fluxes g 5 1
o L ]
[Mueller et al, PRC 83 (2011) 054615] = 9 & 1
- - -
~ 4
[Huber, PRC 84 (2011) 024617] g i
p=d
1l
[ad
~ 2.80 anomaly : 1
o [ ]
o | — 7
[see also: [ R =0.930+0.024 ]
Sinev, arXiv:1103.2452; r ]
Ciuffoli, Evslin, Li, JHEP 12 (2012) 110; [ ]
Zhang, Qian, Vogel, PRD 87 (2013) 073018; ~ b
Ivanov et al, PRC 88 (2013) 055501] IS T T T T
0 20 40 60 80 100
L [m]
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Gallium Anomaly
Gallium Radioactive Source Experiments: GALLEX and SAGE

Detection Process: Ve+ MGa— "Ge+ e~
Ve Sources: e” +51Cr =%V 41, e~ +3Ar = 3Cl 4 v,

Anomaly supported by new "*Ga(3He, 3H)"* Ge cross section measurement

[Frekers et al., PLB 706 (2011) 134]

E ~ 0.7MeV

GALLEX SAGE
Crl Cr

(L)gaLLex = 1.9m

<L>SAGE =0.6m

~ 2.90 anomaly

1.0

GALLEX
Cr2

SAGE

0.9

Nexp/Nio osc.

R

[SAGE, PRC 73 (2006) 045805; PRC 80 (2009) 015807]

[Laveder et al, Nucl.Phys.Proc.Suppl. 168 (2007) 344; MPLA
] 22 (2007) 2499; PRD 78 (2008) 073009; PRC 83 (2011)
5 f B0.8420.05 ] 065504; PRD 86 (2012) 113014]

[Mention et al, PRD 83 (2011) 073006]
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Beyond Three-Neutrino Mixing: Sterile Neutrinos

[ | [ | [ | Vsl VSQ
vy
Yu
Ve
121 1% V3 Uy Vs
2 2 2 2 2 2
mji ms ms my mg logm
Amgo,  Amimy | Amgg,

3v-mixing
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PVe —Ve

1.0
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0.2

<
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TN o iaa ‘
} T KamLAND ]
3 E_ . o E_ . >
= Amgg, = Amy,
F E=4MeV (reactor V) E/L=Am2
107 1072 107" 1 10 102
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Effective SBL Oscillation Probabilities in 34+1 Schemes

AmZ L
R, o= sin® 219, sin’ (—TEI ) sin® 2005 = 4|Una|*| Upa|?
Vq vg
AmZ, L
F()—) - =1- sin® 2V0a sin® (%) sin? 2Vq0 = 4|Ua4|2 (1 - |Ua4|2)
Va—Va

Perturbation of 3v Mixing: |Uea|? < 1, |Uul> < 1, [Una]?* < 1, |Usal> =1

Ug Ues U |Ugy » 6 mixing angles

Ua Up U |Un » 3 Dirac CP phases

Un Up U |Un » 3 Majorana CP phases

Usl U82 Us?) Us4
f but CP violation is not observable

i i |

SBL in SBL experiments!
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Effective SBL Oscillation Probabilities in 34+2 Schemes

¢y = Ami;L/AE
n = arg[Uz Upa Ues U;S]
Ry ()= Ueal’|Upal*sin® pa1 + 4| Ues|*|Uys |*sin® ¢s1

Vp—le (+)

+ 8| Uu4 Ue4 UH5 Ue5|sin ¢41$in ¢51COS(¢54 — 77)

Ry ) =1=41— |Usal® = |Uas|?)(|Uns|?sin® da1 + | Uas|*sin® ¢s1)
T 4] Upa | Uas|?sin® s

[Sorel, Conrad, Shaevitz, PRD 70 (2004) 073004; Maltoni, Schwetz, PRD 76 (2007) 093005; Karagiorgi et al, PRD 80 (2009)
073001; Kopp, Maltoni, Schwetz, PRL 107 (2011) 091801; Giunti, Laveder, PRD 84 (2011) 073008; Donini et al, JHEP 07 (2012)
161; Archidiacono et al, PRD 86 (2012) 065028; Conrad et al, AHEP 2013 (2013) 163897; Archidiacono et al, PRD 87 (2013)
125034; Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050; Giunti, Laveder, Y.F. Li, H.W. Long, PRD 88 (2013) 073008;
Girardi, Meroni, Petcov, JHEP 1311 (2013) 146]

» Good: CP violation
» Bad: Two massive sterile neutrinos at the eV scalel

4 more parameters: Amzl, |Ue4|2, |Uu4|2,Am§1, \Ue5\2, \UM5\2, n

3+1
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v

v

3+1: Appearance vs Disappearance

Ve disappearance experiments:

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|?|Upa|? ~ 2 sin? 20 e sin® 20,,,,

Upper bounds on sin 294 and sin? 21, = strong limit on sin? 20
[Okada, Yasuda, 1JMPA 12 (1997) 3669-3694]

[Bilenky, Giunti, Grimus, EPJC 1 (1998) 247]
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341 Global Fit

[Giunti, Laveder, Y.F. Li, H.W. Long, PRD 88 (2013) 073008]
STTTTTTSTNTTT e APP vy, = ve & Dy — e
LSND (Y), MiniBooNE (?),
OPERA (N), ICARUS (N),
KARMEN (N), NOMAD (N),
BNL-E776 (N)

1 » DIS ve & 7e: Reactors (Y),
] Gallium (Y), veC (N),
Solar (N)

| > DIS v, & 7,: CDHSW (N),
=] MINOS (N),

— v DIS
— wDIs
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[different approach and conclusions: Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050]
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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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MiniBooNE Low-Energy Excess?

10° = T Ty
g ¢ ]
L T ]
L s 1
L é 4
10 | ]
— t 1
S L i
A
g 1 E ve&y,DIS 3
e 5 1
< [ 1
-1 L
10 E MB-LOW
E| — es2m%cCL(10)
F| — 90.00% CL OPERA|
H — e5.45%CL (20)
L] —— 99.00% CL 5
— 99.73% CL (30) [CARYE
10—2 T L
107 107 107 107" 1
sin223ep

Excess Events / MeV

0.0 0.2 0.4 0.6 0.8

-0.2

MiniBoONE - Ve

Data - Expected Background
sin?29 = 0.98, Am? = 0.04 eV? (bf)
sin’29.=0.013, Am® =0.4 eV?
005, Am* =0.6 eV?
0017, Am=05 eV’
0022, 8m? =09 eV?
0023, Am? =3 eV?

t

200

400

600 800

E

1000 1200 1400

[MeV]

» No fit of low-energy excess for realistic sin? 20e, S5 X 1073
» APP-DIS PGoF = 0.1%

» Neutrino energy reconstruction problem?
[Martini, Ericson, Chanfray, PRD 85 (2012) 093012; PRD 87 (2013) 013009]
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eVl

2
2

Am

MiniBooNE Impact on SBL Oscillations?
with MiniBooNE without MiniBooNE

311

3+1-GLO
= 68.27% CL = 68.27% CL
w—90.00% CL w—90.00% CL
— 95.45% CL — 95.45% CL @)
99.00% CL 99.00% CL
99.73% CL 99.73% CL
—
>
o,
1 B 1 B
~F
15
J
31-30 31-30
— Ve DIS — V. DIS
— w,DIS — w.DIs
—— DIS —— DIS
. ‘ ‘ — . ‘ —
10 . bl L 10 . f
—4 -3 -2 -1 —4 -3 -2 -1
10 10 10 10 1 10 10 10 10
a2
sin“28e,

sin29,,

GoF = 19% PGoF = 8%

GoF = 29% PGoF = 9%
No Osc. excluded at 6.30

No Osc. excluded at 6.20
Ax?/NDF = 46.2/3 Ax?/NDF = 47.1/3

Without LSND: No Osc. excluded only at 2.10  (Ax?/NDF = 8.3/3)
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v

v

v

v

v

3+2

3+2 should be preferred to 3+1 only if

» there is evidence of two peaks of the probability corresponding to two Am?'s
or

» there is CP-violating difference of v, — ve and 7, — U, transitions

2008 v + 2010 7 MiniBooNE data indicated v—v difference
I

reasonable and useful to consider 3+2
v—v difference almost disappeared with 2012 7 data
Okkam razor: 341 is enough!

Different approach and conclusions:

» Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050:
Use all MiniBooNE data. No 3+1 global fit. 3+2 slightly preferred? Small
allowed region.

» Conrad, Ignarra, Karagiorgi, Shaevitz, Spitz, AHEP 2013 (2013) 163897:
Use all MiniBooNE data. 3+2 strongly preferred. Very small allowed
regions.
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MiniBooNE Low-Energy Excess?
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ve and v, Disappearance
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Many Exciting New Experiments and Projects

» Reactor 7, Disappearance:
> Nucifer (OSIRIS, Saclay), Stereo (ILL, Grenoble) [arXiv:1204.5379]
» DANSS (Kalinin Nuclear Power Plant, Russia) [arXiv:1304.3696],
POSEIDON (PIK, Gatchina, Russia) [arXiv:1204.2449]
» SCRAAM (San Onofre, California) [arXiv:1204.5379]
» CARR (China Advanced Research Reactor) [arXiv:1303.0607]
» Neutrino-4 (SM-3, Dimitrovgrad, Russia), SOLID (BR2, Belgium),
Hanaro (Korea) [D. Lhuillier, EPSHEP 2013]
» Radioactive Source v, and 7, Disappearance:

SOX (Borexino, Gran Sasso, Italy) [arXiv:1304.7721]

CeLAND (1*4Ce@KamLAND, Japan) [arXiv:1107.2335]

SAGE (Baksan, Russia) [arXiv:1006.2103]

IsoDAR (DAESALUS, USA) [arXiv:1210.4454, arXiv:1307.2949]
SNO+, Daya Bay, RENO [T. Lasserre, Neutrino 2012]

vV vy vy VvYyy

(=) (=)
» Accelerator v, — ve Appearance:
» ICARUS/NESSIE (CERN) [arXiv:1304.2047, arXiv:1306.3455]
» nuSTORM [arXiv:1308.0494]
» OscSNS (Oak Ridge, USA) [arXiv:1305.4189, arXiv:1307.7097]
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Effects of light sterile neutrinos can be also seen in:

» Solar neutrinos

[Dooling et al, PRD 61 (2000) 073011, Gonzalez-Garcia et al, PRD 62 (2000) 013005;
Palazzo, PRD 83 (2011) 113013, PRD 85 (2012) 077301,

Li et al, PRD 80 (2009) 113007, PRD 87, 113004 (2013), JHEP 1308 (2013) 056;
Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050]

» Atmospheric neutrinos

[Goswami, PRD 55 (1997) 2931;
Bilenky, Giunti, Grimus, Schwetz, PRD 60 (1999) 073007,
Maltoni, Schwetz, Tortola, Valle, NPB 643 (2002) 321, PRD 67 (2003) 013011,
Choubey, JHEP 12 (2007) 014;
Razzaque, Smirnov, JHEP 07 (2011) 084, PRD 85 (2012) 093010;
Gandhi, Ghoshal, PRD 86 (2012) 037301,
Esmaili, Halzen, Peres, JCAP 1211 (2012) 041;
Esmaili, Smirnov, arXiv:1307.6824]

» Supernova neutrinos
[Caldwell, Fuller, Qian, PRD 61 (2000) 123005;
Peres, Smirnov, NPB 599 (2001);
Sorel, Conrad, PRD 66 (2002) 0330009;
Tamborra, Raffelt, Huedepohl, Janka, JCAP 1201 (2012) 013;
Wou, Fischer, Martinez-Pinedo, Qian, arXiv:1305.2382]
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Conclusions

Robust Three-Neutrino Mixing Paradigm.
Open problems: 153 ; 45°7, Mass Hierarchy, CP Violation, Absolute
Mass Scale, Dirac or Majorana?

Very interesting indications of light sterile neutrinos with ms ~ 1eV:
» LSND 7, — 7, signal.

» Reactor 7, disappearance.

» Gallium v, disappearance.

Many promising projects to test in a few years short-baseline v, and 7,
disappearance with reactors and radioactive sources.

More difficult (expensive) projects to check the LSND 7, — 7. signal
are under discussion.

Cosmology:

» Important effects of sterile neutrinos.

» Implications depend on theoretical framework and considered data set.
» Cosmological indications must be checked by laboratory experiments.
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