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Neutrino Phenomenology

@ Neutrino Masses and Mixing

@ Neutrino Oscillations in Vacuum

@ Neutrino Oscillations in Matter
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Neutrino Masses and Mixing
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Fermion Mass Spectrum

1012

1011

1010

<
=
vl vl vvd vl vl vl vl vl v d vl vl 3

107

C. Giunti — Neutrino Phenomenology — ISAPP 2013 — 17-18 July 2013 — 4/101



SM Extension: Dirac v Masses

LL = <Zt> KR VR

Lepton-Higgs Yukawa Lagrangian

gD = —yeL_LCDER —y”L_LCTJZ/R + H.c.

Symmetry Breaking

w5 b ()
P = _\y/_;(w ) <8>£R

- % 7 70) (g) vr +He.
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bilRr — yVLI/_LI/R + H.c.
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Three-Generations Dirac Neutrino Masses

/A l/a/eL A V;/;L A Vﬂl-L
T \=e "= t\e =
R = €R %R:M/R R =Tk
Ver V;/;R ViR

Lepton-Higgs Yukawa Lagrangian

LB [Ya

a,B=e,u,T

Symmetry Breaking

® =

iop ®* =

8 aLCMBR'i‘YaB aL(DVﬂR +H.c.

1 v

v2 \o
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gD

o v "w or gl v w o
= Z [ﬁ Yaslor Csr + 7 Yab Var V,BR] +H.c
a7/8:e7/"t77—
PP = [E_’L M Ly + v M u;?] +H.c
e ek Vey VeR
1y Lr = | KR v, = VLL Vg = VLR
] TR Vi ViR
v v
M/f - Y/f M/l/ - Y/ll
V2 V2
M/B Mlé Mlé M/l/ M/l/ M/z/
ee eé.l, et ee e,u et
M;ée Mm;, M;% MY =My My MY
/) /. /) /] 7, 7,
MT e MTH, MT T MTVE MTIZI, MTI;'
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SP =) MLy — V] M" vk +H.c.

Diagonalization of M’“ and M’ with unitary V/, V4, v/, VE
L= Vie k=Vhlr v =V/n, vp=Ving
Kinetic terms are invariant under unitary transformations of the fields
L0 = 4 V]IM Ve — DLV TM" Vug + Hec.

Vit MY V=M Mg =midas (0,8 =epT)
VMY vE = mY My = mY, 6y (k,j=1,2,3)

Real and Positive mﬁ, my,
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Massive Chiral Lepton Fields

er €RrR
g=Vvie =\ lr= Vi lr=| g
TL TR
Vi ViR
n, = VLVTI//LE VoL ng = VETV;?E UoR
V3L V3R

PP — 0, Mg —n[ M ngp+H.ec.
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

,Zj(cc) =——=jiW,+Hc

2\f

Weak Charged Current: Jw =JwL tiwaq

Leptonic Weak Charged Current

jﬁV,L =2 Z E’Y’)E;L = 2V_£7p£,L

a=e,lu,T
L=V v, =V/ng
Hyo =20 Vi vie = 2ap VT VAP e =20 UT P

Mixing Matrix

v L\ v
ut = v/ u=Vvtv
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Definition: Left-Handed Flavor Neutrino Fields
, Vel
VL:UHL:VLTV/L: i
VrL
They allow us to write the Leptonic Weak Charged Current as in the SM:
JyL =200 80=2 ) Tary’lar
a=e,u,T
Each left-handed flavor neutrino field is associated with the
corresponding charged lepton field which describes a massive charged
lepton:
Sy = 2T v e + UL 2 o+ vy 1)
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
Jpo=2ncU e =23 > Ui T lor

k=1 a=e,u,m
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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
(uopn™) 0 41 0 || (WS, put) 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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o goE e [
L5 =— (I/eL i 1/7-/_) m%e m%u m%T vur | +H.c
Mre Mz, Mrep Vrr

Le, Ly, L; are not conserved

L is conserved:  L(vor) = L(vgL) = |AL| =0

C. Giunti — Neutrino Phenomenology — ISAPP 2013 — 17-18 July 2013 — 14/101



v

v

v

v

Mixing Matrix

Uel Ue2 Ue3
U=V "V =[Us Up Us
U7'1 U7'2 U7'3

Unitary Nx N matrix depends on N? independent real parameters

N(N -1

% =3 Mixing Angles
N=3 = N(N+1

% =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: ijJ_ 22 Z Ukt Ui 7* Lol
=l o= e, u,T

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

Performing this transformation, the Charged Current becomes

P _ — o *  Jipa
JW,L_2Z Z UL e Uy €9 P lar

k 1a=e,u,t

jh=2e —i(pr1—pe) E ’ E Uil e —i(k—¢1) P ol (Pa—we) VP UL

w,L ak H,_/
k 1a= 5'7#7 2

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

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

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

3 Mixing Angles and 1 Phase
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Standard Parameterization of Mixing Matrix

Vel Ui Ue2 Ues\ [riL
vt | = | Uir Uz Ups 21
VrL Ui U2 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 si3e7013

B s is
= | —si2c3—ci2s3s513€'°13  croc3—s12523513€'°13 sp3cn3

is is
S12523—C12€23513€'°13  —croSp3—S12023513€'°13 3013

Cap = €OSV4p Sap = sintp 0< Y, < 0<d13<2m

T
2
3 Mixing Angles 112, 23, P13 and 1 Phase d13
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Standard Parameterization

1 0 0 C13 0 513e_i513 C12  S12
0 o3 93 0 1 0 —S12 C12
0 —S3 (23 —5136'513 0 C13 0 0
Example of Different Phase Convention
1 0 0 a3 0 si3 12 S12
0 3 5236'623 0 1 0 —S12 C12
0 —5236_'513 23 —s13 0 3 0 0
Example of Different Parameterization
/ I a—id) /
Cio sppe 12 0 1 0 0 as; O
s/
—s] e clo 0 0 i3 shs 0 1
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Jarlskog Rephasing Invariant

Simplest rephasing invariants:  |Unk|? = Ui Uy Uak U, Uz Ugj
%m[UakU;jngUgj] =+J
J= %m[Ue2U;‘3UZ2Uu3] = Qm X o

In standard parameterization:

2 .
J = c12512023523¢13513 5in 013

1
=3 sin 2912 sin 2923 cos Y13 sin 2113 sin 013

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

All measurable CP-violation effects depend on J.
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exercise
exercise
exercise

exercise

: Show that U is real if Y10 =0
: Show that U is real if ¢35 = 7/2
: Show that U is real if m,, = m,,

: Show that |J|max = 1/64/3 (maximal CP violation). In this

case which is the form of the mixing matrix U?
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Majorana Mass

Majorana Constraint: v=v

vS=Co’ CvZC_lz—w
vitvr=vi+vp = v =vg and vg=1vf
Same equation, because from the second Vp = (I/L
vy and vg are not independent!

We can take as independent v,

Substitute vg =wv[ in ED?D =-—m((TrvL +VLVR)

We obtain the Majorana Mass Lagrangian

M= = (Vv +7Lvf)
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Lepton Number

><1 m—>L><

c

v, — L=+1 v, = =-1

M :_g (vE v + 7L vf)

Total Lepton Number is not conserved: AL =42

Best process to find violation of Total Lepton Number:

Neutrinoless Double- Decay

N(AZ) = N(AZ+2)+2e +25  (B6y,)
N(A Z) = N(A Z-2)+2et +205  (BBG)
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No Majorana Neutrino Mass in the SM

» Majorana Mass Term o [1/,:’— ct v — I/_LCV_/_T} 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=h+Y¥

14 1/2 0

lepton doublet L, = 1/2 -1
0 ~1/2 ~1
lepton singlet lr 0 0 |—-2 -1
X 1/2 1

Higgs doublet ®(x) = ¢+ 1/2 / +1
¢o(x) —1/2 0

> I/LT C'v, has I3 =1 and Y = —2 = needed Higgs triplet with Y = 2
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Mixing of Three Majorana Neutrinos

1
y M = Eu’[ CtMLy] +He
el
> U = Z/LL 1 —
/ /
a,B=e,u,T

> In general, the matrix M" is a complex symmetric matrix

-
T L
ZV Mo VL = Z( ' CT’V’a,BVéL)
T L
= Z%L N vae = viLCt Magvay
Ol,
- ZV Ct Mo V1

L L_ gL T
MLy =M, = Mi=M
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Diagonalization of Majorana Mass Matrix

1
M = 51/,’_7—(3T M: v 4+ H.c.

1
vi=V/n — M= E;/LT(VLV)TCT MY VY v) 4+ Hee.

(V)T MEvy =M, Myj = my dy; (k,j=1,2,3)

ViL
Neutrino fields with definite mass: n, = V"] = | vy
V3L
13
M_ * Tot, 50T
LV = 5 kz_:l my (VkLC Vil VkLCVkL>
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Mixing Matrix

Leptonic Weak Charged Current:

Jyp=2apUNyP e with  U=VV

Definition of the left-handed flavor neutrino fields:

; Vel
I/L:UI’IL: VLTV/L: VuL
Vrl

Leptonic Weak Charged Current has the SM form

JyL =20 =2 Y Tarr b

a=e,[,T

Important difference with respect to Dirac case:
Two additional CP-violating phases: Majorana phases
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1
» Majorana Mass Term M= 5 Z my I/kT,_ CT vk + H.c. is not invariant
k=1
under global U(1) gauge transformations vy — €% vy (k=1,2,3)

=23 Tarr’ Uakvia

a=e,u,T

» Two Majorana phases factorized on the right of mixing matrix cannot be
eliminated:

1 0 0
pM=[0 ™ o
0 0 e

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

» Standard parameterization:

C12€13 S12€13 size” 1 1 0 0
is is i
U= | —si2c3 — crosezsize’®®  crocsz — sios3si3e’’t® $23C13 0 e 0
i is i
51253 — Cl2C23513€'° —C12523 — S12023513€"°12 C23C13 0 0 e
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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 = Dy ol g PR

P = _—mPugy, +Hec Dirac Mass Term

1
Lt=-—mM] Ty +He

v; Majorana Mass Term forbidden by SM Symmetries

1
LR = Em%' v Clug +He.

New vr Majorana Mass Term allowed by SM Symmetries!
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See-Saw Mechanism

1 — 0 mP\ (v
D+M _ = c — L
L = 5 (VL I/R) <mD mg) <I/E,> + H.C.
M

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

mM ~ scale of new physics beyond Standard Model = m) > mP
. o 0 mP mP)?
diagonalizationof | ' 'y = myx~ ( M) . omp = my
m mR mR
natural explanation of smallness
@ of light neutrino masses
@ A massive neutrinos are Majoranal

see-saw 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]
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Neutrino Oscillations in Vacuum
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v

v

v

Flavor Neutrino Oscillations

Flavor Neutrinos: v, v, 7 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)
[vr) = Ur1 1) + Ur2[v2) + Uzs |v3)

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

transition probabilities depend on U and Amij = mi —m?

J
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vV VvV vV VvV VvV VY

Early History of Neutrino Oscillations

1957: Pontecorvo proposed Neutrino Oscillations in analogy with
K° = KO oscillations (Gell-Mann and Pais, 1955) — v <7

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 ve = v,”

1967: Pontecorvo: ve < 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 Ve +Ga — "Ge+ e~ Ey = 0.233MeV
2U , ve+3Cl =3 Ar+e~  Ey = 0.81 MeV
s =2Ema + ma > (mg + mc) De+p—on+e’ Es = 1.8 MeV
( I . Vpd+n—p+pu” Ew = 110 MeV
mg + mc ma _ _ m?
Eth:T—T l/u+e —>l/e—|—p, EthﬁﬁZIO.QGeV

Elastic Scattering Processes: Cross Section o< Energy
v+e —v+e o(E) ~ oo E/me oo ~ 107* cm?

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

Laboratory and Astrophysical Limits =
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Easy Example of Neutrino Production

at =t + Vy vy = Z Upkvi

two-body decay = fixed kinematics

£ st i
2\ 2 2
o (M) (M)
T at rest: ‘ ! ma 2 . 4z
' 2\ 2 2
Elgzm_72r _ﬂ _|_m_i l_m“ + mt
4 m2 2 2 4m2
2
m
oth order: mkzojpk:Ek:E:m7T 1— —£ | ~30MeV
2 m2
my my
1%t order: | E, ~ E —= ~F—(1-¢) =%
order P +€2E Pk ( €)2E

1 m?
=_(1——£2|~02
‘ 2( m%)
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Flavor Transitions

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

Lcc ~ W, (Tery’er + Tpiy’ pr + U207 7L)
Fields Vo = Z Uakvi - [Va) Z k) States
K

initial flavor: « = e or u or T

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

|Vk Z Uﬁk|7/ﬂ = |Va(t X Z <Z U* IEktJrikaU,Bk) |I/@>

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

Aya_wﬁ(t,X)

Avys05(0,0) = Uy Uk = Gap Ay (8> 0,x > 0) # agp
k
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2

2 e
Pya—wﬁ(t,X) = |.A,,a_n,ﬁ(t,x)| = Z Ut e B t+ipx Usk
k

ultra-relativistic neutrinos = t~x =L source-detector distance
2 2 2 2
Ec—pc,__m , M

E, .t — ~ (E, — L= = ~
kt = prox = (Bic = pu) Ex + pk Ex + pk 2E

2
2

— 2
Amy; = mi — mj

Proosug(LLE) = | Uz e ™26 Yy
k

. . _AmijL
= E Uk UpkUajUgjexp | —i °F
k.j

> exercise: Derive P, ., assuming px = p and |v(t)) = e Ext i),
Why the result is the same?
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Antineutrinos

Right-handed antineutrinos are described by CP-conjugated fields:
P_0cpT = _¢cu*
C = Particle = Antiparticle
P = Left-Handed = Right-Handed

Fields: v, = Z Uapkvie <P, ya,_ = Z U*kykL

States: |v,) = Z Vi) — |Pa) ZUak|Vk>
NEUTRINOS U = Uf ANTlNEUTRlNOS

P

Amk L
J
Pyo—uvs(L, E) E ok Uk Uaj Ug; exp( °E )
AmZL
J
Pl,a_n,ﬁ (L,E) E U, kU,Bk U,BJ exp( °F )

» exercise: Derive P,;a_nyﬁ from Lcc.
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CPT Symmetry

CPT
'Dua —g E— Pl/g —Uq

CPT Asymmetries: ACPT

- Pl/a—ﬂ/ﬁ - Pljﬁ—ﬂ_/a

Local Quantum Field Theory — ACPT 0 CPT Symmetry

AmZL
Pya—wﬁ(L’ E Z Uak U,BkUa_/ Uﬁj eXp( - )

k.j
is invariant under CPT: = a =
Plja—)ljﬁ = l_/ﬁ—ﬂ_’a
P,.—v., = Ps, -5, ‘ (solar ve, reactor e, accelerator v,,)
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CP Symmetry

Ccp
Plla —}Vﬁ Plja —)17[3

CP Asymmetries: Aaﬁ = Pl,a_”,ﬁ — ’Dﬁa—“?@

Am?.L
ASE(LE) =4 " Im[U Usk Uay U] sm< zbff >

k>j

Jarlskog rephasing invariant:  Im [UZk Uk Uaj UEJ.] =4

2 .
J = c12512023523¢13513 5iN 013
CP violation is proportional to Im[Ues3] = —s13sind13

CPT = Aaﬁ——Agz exercise
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T Symmetry

T
Pl/a—)l/B — PI/B —Va

T Asymmetries: AZ,B = Puoovs — Pugov,

CPT = ATﬁzAgz exercise

«,

2

ATS(LE) =4 Im Uz Upk Uay Usy] sin Bt

aplls 2 Im{Y i Usj °F
J

Jarlskog rephasing invariant:  Im[U}, Ugk U U/j,j] =+J
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Two-Neutrino Mixing and Oscillations

|Va) = cos ¥ |vk) + sind |vj)
lvg) = —sin® |vy) + cos ¥ |vj)

U= cos?y sind
~ \—=sind cos?

Am? = Amij = mj — m;

Am?L
Transition Probability: ’DVa—WB = PVB_H/Q = sin? 29 sin2< m >

Survival Probabilities: Poo—sva = Pug—vy =1 = Posu,

C. Giunti — Neutrino Phenomenology — ISAPP 2013 — 17-18 July 2013 — 43/101



oscillation phase
Am?L Am?[eV?] L Am?[eV?] L[k
me_ 1_27M _1972M [eV7] Lkm]
4E E[MeV] E[GeV]

oscillation length
ATE E [MeV] E [GeV]
L€ = =247 ————-m =247 ———-
Am? Am? [eV?] Am? [eV?]

km

Va—V3

I
LOS(‘ L
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Types of Experiments

2 —1
L21<:>Am22<é>

transitions due to Am? observable only if

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

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

SUN L~108km, E ~0.1—-10MeV
L 11 5 5 11 . ,» Homestake, Kamiokande, GALLEX, SAGE,
=~ - > 10—
E 107 eV =Am™ 2 10 eV Super-Kamiokande, GNO, SNO, Borexino

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

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

Am?L 1
Pyﬁyﬁ(L,E):sin%&sinZ( m >

_ L2
1E —25|n279_

102 163 10%
L [km)]
Am? =103eV  sin?20=08 (E)=1GeV o =0.1GeV

1., Am?L
(Pua—svs(L, E)) = 5 sin 20 [1 — /cos( oF

JEGEL NG
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PVG*?VB

107t 1 10
E [GeV]

Am? =10"3eV sin®29 = 0.8 L =103km og = 0.01 GeV

Am?L

1 .5
(Pua—svs(L, E)) = 5 sin 20 [1 — /cos( oF

JEGEL NG
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Observations of Neutrino Oscnllatlons

60 T T T T T
18 T T T T + MINOS Data
50

~— Unoscillated MC
""" Best-fit MC

40

30

20
10
o
3 3 7 024681012141618
1 10 10 10 10
L/E (km/GeV) Reconstructed Neutrino Energy (GeV)

~ NC contamination

Data/Prediction (null osc.)
Events/GeV

18-30 GeV

[Super-Kamiokande, PRL 93 (2004) 101801, hep-ex/0404034] [MINOS, PRD 77 (2008) 072002, arXiv:0711.0769]

=
&

-
>
L

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

=
IS
L
=

events/0.2GeV
I
IS

0.

")

10
0.

f L

0.

Y

o
L L e

.
Survival Probability

b 0.

R

2 5 ! ! 1 | 1 1 1 1 1
Ey° GeV 20 30 40 50 60 70 80 90 10C

LO/EV! (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 \ ‘
5o i :
—_s =
02§ ‘ 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

. (=) (=)
Accelerator SBL Experiments: Vy — Ve

En T T ‘\ Eanl
Q10 E531 18
10 El
%0, » i/ COFR “\%’
e, CHORUS e RUS
qu E B o =Rl
N 102 E
10 | NOMAD
1 e VYu—Vr - Ve = Vo \
90% C.L. 10 F 90%C.L. CHOOZ~(:-.J
T R TI R iy ¥ L M
10*  10° 107 10" 1 107 10" 1
sir? 20 sir? 20
. (=) (=) (=) (=)
Accelerator SBL Experiments: v/, — v7 and ve — v
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Observations of Neutrino Oscillations

SNO, BOREXino

Solar Super-Kamiokande A 2 76 1075 V2
~
Ve — Uy, Vs GALLEX/GNO, SAGE . ms = 1.0 €
Homestake, Kamiokande sin2 195 ~ 0.30
VLBL Reactor
— . (KamLAND)
De disappearance
. Super-Kamiokande
Atmospheric P
Kamiokande, IMB
Vy — Vr
MACRO, Soudan-2 Am3 ~ 2.4 x 1073 eV?
LBL Accelerator N
. (K2K, MINOS, T2K) .2
v, disappearance sin® ¥ ~ 0.50
LBL Accelerator
(Opera)
Vy = Ur
LBL Accelerator
(T2K, MINOS) Am3

Vy — Ve

—
LEL Reactor Daya Bay, RENO sin? 913 ~ 0.023
Ue disappearance Double Chooz
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Three-Neutrino Mixing Paradigm

m? ‘ Ve Vu Vr ‘ m?
V3 /2
2
Amg <
Vi
Am3 Ami
/2

2
> Amg

V1 V3

Normal Spectrum Inverted Spectrum

AmZ = Am3; = 7.50+0.20 x 107°eV?  uncertainty ~ 2.6%

Am = |Amy| =~ |Am3,| =2.327082 x 1073 eV?  uncertainty ~ 5%
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3
Vo = Z Uaka (Oé = ea:u?T)
k=1

ci2€13 s12€13 s13e71013 1.0 O
U = | —snes—cosssize®s cpos—spspsize®s  spas 0e?2 0
s1253—C12C35136/°13  —cpas3—sipepssize’®l3 a3 0 0 €3
1 0 0 a3 0 s;ze 7013 cio s2 0 1 0 0
= 0 3 3 0 1 0 —s12 c1p 0 0e?*2 0
0 —sp3 23 —s513e%13 0 3 0 01 0 0 €3
923 = VA Chooz, Palo Verde 912 = s BBou
sin2 3 ~ 0.4 — 0.6 T2K, MINOS sin? 1o = 0.30 £ 0.01
Daya Bay, RENO
sin?913 = 0.023 4 0.002
5sin2 1923 (5sin2 1913 5sin2 1912
2 0% 2 2 10% e 5%
sin® 3 sin® %43 sin® ¥4

013 #0,m = CP violation in v osc.

Pua—wﬁ 7£ Pz_/a—n_/g (Oé 7& ﬁ)
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Effective VLBL v, Survival Probability

2

3
Z ‘Uek‘2e—imiL/2E
k=1

'Due—n/e

|Ue3‘2 < ‘Ue1|2; ‘U62|2 — ‘Uel‘z ~ COSl912, |U62‘2 ~ sin 1912

2 2
Z 2 —im?L/2E
Pl/e—H/e = ‘Uek| e "Mk /
k=1
2
im? . —im2
~ ‘cosz DypeMLI2E | Gin2 9106 /m2L/2E‘
. Am3, L

= cos* V15 + sin* 915 + 2 cos? Yo cos® Y12 cos( 221

Am3, L
=1 —sin® 2015 sin2<%>
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Solar v, — v, v,

‘Ue3‘2 <1
c12 S12 0 Ve = C12V1 + S121/2
Ux~ | —si2c3  croce3 3| = Ve(:s) = —S12V1 + C1212
512523  —C12523 (23 = Co3V; — S23Vr
€12 512

sin221923:1:>2923:%:>U2 —512/\/§ C12/\/§ 1/\/§
512/\/§ —c2/V2 1/V2

S
Solar ve — 1/;(, ) ~ \/_ (v —vr)
¢SNO 1
s = 5 = Gu = &y, = Oy for £ 2 6MeV
2/3 1/v3 0

sin2195:%:>Uf: —1/v6  1/V/3 1/V2
1/V6 —1/V/3 1/3/2

Tri-Bimaximal Mixing
[Harrison, Perkins, Scott, hep-ph/0202074]
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Effective ATM and LBL Oscillation Probabilities

2
3
2
2 P2
PI/a—H/B _ § :U;kuﬂke im;L/2E % ‘elmlL/ZE‘

k=1

& Ay N[
= ZUZkngexp<—i Al >
k=1

2E

Am3 L
—2 <1
2 ©

2

’DVa—WB = ‘Ual U1 + Uy Uso + UyzUgs exp<—/ 221 >

Uaa Upr + U Uz = dap — Upy3Uss
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« Am3 L 2
Pl/a—ﬂ/ﬁ = 5aﬁ - UO&3UB3 |:1 - eXp<_ITEl>:|
Am2, L

= 0ag + |Ua3|2|U53|2 <2 - 2cos%>

Am3, L
— 2008|Uas|® <1 — cos%)

Am2, L
= 0a8 — 2‘Ua3|2 (5a5 . |Uﬁ3|2) (1 — cos 31 >

= B — 4 Un3[? (§up — |Upsl?) sin? 27815

. Am?, L
« 7& /B — P”a_“’B = 4|Ua3‘2|Uﬁ3|2SIn2 <731 >

. Am, L
a=p = Py, =1—4 Uyl (1 |Ussl?)sin’ <i>
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Ami L
Poosiy = sin® 2U08 sin® <%> (a # B)

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

sin? 200 = 4| Uns|? (1 — |Uasl?)

Uel Ue2 UeS
Sin? 210 < 1
Un U U '
UTl UT2 UT3 |U |2 ~ sin2 21966
? e3| — 4
LBL
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Effective ATM and LBL Oscillation Amplitudes

ve disappearance experiments:
sin? 20ee = 4|Ue3|? (1 — |Ues|?) = sin? 2913 ~ 0.090
Chooz, Palo Verde, Daya Bay, RENO

v,, disappearance experiments:
sin? 20, = 4\UM3\2 (1 — ‘Uu3|2) ~ (1 —sin1913)sin® 2093 ~ 1 — €

1 1
(U3l = 3 <1 +4/1 —sin22z9w> =5 (1+£+e)
ATM, K2K, MINOS
v, — Ve €Xperiments:
sin® 20,6 = 4|Ues|?|U,3]? = sin 2013 sin® 923 ~ 0.045
T2K, MINOS
v, — v, experiments:
sin? 20, = 4|U,;31|Ur3* = (1 — sin® ¥13)? sin? 20023 ~ 0.95
OPERA
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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
Aah = Pracn ~ Pﬂfﬂg L Am3, L Am3,L
—16Ja55in< Tél >sin< Tél )sin( 222 )

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

2 .
J = 512€12523¢23513C3 5iN 013
» Necessary conditions for observation of CP violation:
» Sensitivity to all mixing angles, including small 913

» Sensitivity to oscillations due to Am3; and Am3;

» exercise: Derive this expression of Agg
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Off-Axis Experiments

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

v=p;/E; Pr

cm lab

m2
Eom = pem = %3¢ (1= 7 ) = 20.79 MeV

_ E=~(Ewm +Vvpin)
— 1_V2 1/2: - mﬂ>>1 { Y \Eem cm
7= ) / p* = (v Eem + Pem)
Ecm
= 0 — E=——"
pr=pcos v (1 — v cosf)
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cosf ~1—62/2
E_ Ecm
v(1— vcosd

and ve~l

o 7(1+v)

E 2
L+9202v(1+v) /2 ™7 1442027

~—

2 2
o1 M) B _ ;M) Em
m2 | 1+ ~262 m2 | m2 + E2 62
» =0 — ExE, WBbeam
2
» EE0>m, — Ex £ 22 high-energy 7 give low-energy v,
us

dE [, mi\ _1-976"

dEx m2 ) (1+4262)
dE

2
m m m 29.79 MeV
dEx 0 for K Ex ( m72r> 0

20
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29.79 MeV
off-axis angle 0 ~m./(E;) — Ex~ MTe

()

[GeV]

0 =0.0°,0.5°,1.0°,1.5°,2.0°

E
V)

T

L

0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25 30 35 40
E, [GeV]

» E can be tuned on oscillation peak Epeak = AmzL/27r
4mE
Am?
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» small E — short Lose = —> sensitivity to small values of Am?




100

0 =0.0°,0.5°,1.0°,1.5°,2.0°

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

flux suppression requires superbeam
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dN/dInE, (Kt.yr)™

Atmospheric Neutrinos

5 [T T 0.015
[ sub N
L GeV / \ b
L ‘\ through-going =
F muons
[ \ 4
C A —0.01
L \ 4
[ \
L \ 1
[ \ 4
C \
C \ 7
[ \ \ — 0.005
C \ stopping \
L \ muons T
[ \, \ 4
N \
L \ 4
L H . \
L VI S ~ q
o Couliinulf O S PYTY M SRPTT AR TN ol SYRTTITY Y
10t 100 10t 102 10° 104 10°
Ey., Gev

- (19187 1K z w)

N _
N2 o 0 E<1Gev
N(ve + e)

uncertainty on ratios: ~ 5%

uncertainty on fluxes: ~ 30%

ratio of ratios

o N 5 N(e + 7]y

[IN(v + )/ N(ve + Ve)lyc

R, cev = 0.60 4 0.07 4 0.05

S
[Kamiokande, PLB 280 (1992) 146]

RX i.cev = 0.57 4 0.08 4 0.07

[Kamiokande, PLB 335 (1994) 237]
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Super-Kamiokande Up-Down Asymmetry

E, = 1GeV = isotropic flux of cosmic rays

oV (025) = o0 (m — 62F)  o{D(62) = o) (62°)

Vo

I
¢1(//3) (92) = gbl(,li)(ﬂ’ - 92)

up down
NEP — No

u
Nyp + Ngown

Altjz—down (SK) — (

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

) = —0.296 4+ 0.048 £ 0.01

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
10 1 — T~ T 1 T
> Ey = 3.5GeV = ~ 20events/yr
» 7-Decay = Many Final States
(\%“ -------------
(;E’ v,-Enriched Sample
< Nhe = 78426 © Am? = 2.4x 1073 eV?
----- 99% C.L. -
— 90%C.L.
68% C.L. NZP = 138Jjgg
S
Y07 o075 08 o085 09 09 1 N,, >0 @ 24¢0
sin?20 .
[Super-Kamiokande, PRL 97(2006) 171801, hep-ex/0607059]
vy = Vs
2 _ —3 .\ /2
Best Fit: { Ang =21x107"eV Check: OPERA (v, — v;)
sin“20 = 1.0 CERN to Gran Sasso (CNGS)
L ~732km (E) ~ 18 GeV

1489.2 live-days  (apr 1996 - Jul 2001)
[Super-Kamiokande, PRD 71 (2005) 112005, hep-ex/0501064]
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Kamiokande, Soudan-2, MACRO and MINQOS

amP(eV?)

o1
>
o
% Fxamioknds
B[
b
10 |
2 : /////
107 .
Kamiokande
contained f 4
—
4 conemiokande
10 F kamiokand® 3
up
b
4 L L L L
10 0.2 0.4 0.6

08
sin’ 20

[Kamiokande, hep-ex/9806038]

T
1: Angular distribution
. - 2: Energy(Low/High)
©E 1+2
0k
0t L 4
0* T T T TR
[ T T R Y B R TR T TR T

sin’26
[MACRO, hep-ex/0304037]

& prrTTrTTTTTT T
- E |
2 [ — Soudan 2 ]
< [ ]
g
51 ]
102
10°
MACRO ]
Super-K [Ref. 7] x|
t Super-K [Ref. 26] 1
104 | | I I I
04 0.6 8 1
sin2 (20)
[Soudan 2, hep-ex/0507068]
o 1g T T T T
N@ [ -~ 68%CL. MINOSAtmosphericv
)5 ol — i 418 days exposure
E .+ Bestfit
2
107
al
107
al
107
107 L | | | |
[ 02 04 06 08 1
sin’20

[MINOS, hep-ex/0512036]
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K2K

confirmation of atmospheric allowed region (June 2002)

M e KEK to Kamioka
- (Super-Kamiokande)
— 250 km

Yy — Uy

Super-Kamiokande

Mtllenoyama

<o
2 :
NE :
< %
-2
10
-3 S
10 ¢ e
10-3 | | ! !
0 02 04 06 08 1
4 sin?26
10 L L L L
0 0.2 0.4 0.6 0.8 1 [K2K, PRL 94 (2005) 081802, hep-ex/0411038]

sin?20
[K2K, Phys. Rev. Lett. 90 (2003) 041801]
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MINQOS

x10°
[T T T T ]
4.0 ® MINOS BestFit -
[ — MINOS 90% C.L.
[ MINOS 68% C.L.
P 3.5F
o [
S [
3 3.0:-
s [
“'E“" 251 K2K 90% C.L.
=< N SK 90% C.L.
20F SK (L/E) 90% C.L. R
1.5-‘.|...|...|...|..._-
0.2 0.4 0.6 0.8 1.0
ia2
Sin“(20,,)
vy — vy

Fermilab —T5i—_Soudan Am? = 2741’8‘2‘2 x 1073 eV?
730km 12k .2 0
m sin©29 > 0.87 @68%CL

Near Detector: 1 km [MINOS, PRL 97 (2006) 191801, hep-ex/0607088]
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IAM?|/(10°% eV?)

5

J* ‘3‘7.8‘8 I;toh-);ea;rskt;no‘sphe‘ric‘ ‘ T 1
[ 3.36 x 10” POT v,-enhanced beam )
| 10.71x 10® POTV -dominated beanj________:
3.0~ e -
L ed =]
2.5 . .
[ —mNOSS0%
| —MINOS68% O\ e
---Super-K L/E 90%
2.0 [ — Super-K Zenith 90%
[ -~ T2Ko0% * MINOS Best Fit |
P N H R B
0.80 0.85 0.90 0.95 1.00
sin?(20)
2 | +0.09 —
|Am?, | = 2.4173% x 10
sin? 293 = 0.95073932
2 2
|Am3 |5 — [Amg, |, =

(Iam?| or JATE))/(10°% eV?)

35—
I 37.88 kton-years Atmospheric 1
[ 3.36 x 10” POT V,-enhanced beam T
| 10.71x 10%° POT v,-dominated beam ]
3.0+ T .
L / \\\\\\\ |
A \
L ™~
| —MINOS 90% —
2.0 __v, * MINOS Best Fit T
- v # Vv, BestFit B
Lo ° V Best Fit p
P R R A I BV
0.75 080 0.85 090 095 1.00

0.23
|Am31|l, =2 50+0 25 X

0.24
=0.127752 x

sin?(26) or sin*(26)
10~

sin 219”3 =0. 97+8 83

10~

[MINOS, arXiv:1304.6335]
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Neutrino Oscillations in Matter
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Effective Potentials in Matter

Vey Vyyy Vr Vey Vyy 1

T /\

e ,p,n
- 2
Vee = \/§G|:Ne VI&I{ZZ ) = _VI\(Il():) = Wne = V,Sln) = —% GFN,
Ve = Ve + Wnc V, =V, = Vnc

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

antineutrinos: Vee = —Vee Ve = —We
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Matter Effects

a flavor neutrino v, with momentum p is described by

lva(p)) Z ok [vk(p

Ho |vk(p)) = Ex [vi(p)) Ex=\/p? + m}
in matter H="Ho+H Hiva(p)) = Va |[va(p))
V,, = effective potential due to coherent interactions with the medium

forward elastic CC and NC scattering
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Evolution of Neutrino Flavors in Matter

Schrddinger picture: i% lv(p, t)) = Hlv(p, t)), [v(p,0)) = |va(p))
flavor transition amplitudes: wa(p,t) = (va(p)|v(p, t)), vs(p,0) = dap
i % es(p, t) = (wa(p)[H|v(p, t)) = (vs(p)[Holv(p, 1)) + (vs(P)[Hilv(p; t))

(vs(p)[Holv(p, t)) = Z(VB(P)|HO|VP(P)>< »(P)lv(p, t))
©o(ps )

= ZZUﬁk (vk(p)|Holvj(P)) Upj po(p, t)

k
P W 5}(‘, Ek

(wa(p)Hilv(p, 1)) = D (s (p)Hilvo(p)) wo(p. t) = Vi 0s(p, t)

. 9o V3

d
'—éﬁﬁ—Z(ZUﬁkEk k+56pVB><Pp
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2

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

Ve = Ve + Wne V,= V= W

d m .
i @(p.x) = (p+ Vi) pa(p.x) + <Z Usk g Upic+ 8¢ 8pe Vcc> 0P, )
k

p

Ys(p, x) = pa(p, x) ePH o el dx

d X Ny d
. 8 _ ipx+i [of Vne(xX)dx" [ _ . Y
i vs=e 0 < p VNc+ldX>90,8
d 7
/d_X¢ﬁ:Z Zuﬁkﬁupk+5ﬁeépevcc Yy
p \ k

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

d 1
=y :—(UM2UT A)\U
"dx * 7 2E +A) Ve
e mi 0 0 Acc 00
\Ua:<wu> M? = 0 m3 0 A:(gcoo)
Pr 0 0 m? 000
Acc = 2EVcc = 2V2EGeN,
effective effective
mas;—asgr?;red M%/AC — UM2 UT matter UM2 UT +2EV = ME/IAT mas;—asgr?;red
in vacuum T in matter

potential due to coherent
forward elastic scattering
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Two-Neutrino Mixing

. . cost)  sind

Ve —> Vy(r) transitions with U = | ~ sind  cosd
2 cos?Im? + sin9m3 costsing (m3 — m?)
UM"U" = ; 2 2) <in2/9 72 2,9 7y2
costsind (m3 — m3) sin*Imi + cos*Imj

B lZmz n 1 —Am? cos29 Am?sin24
2 2\ Am?sin29 Am?cos2¥

irrelevant common phase

Zmzzm%+m§ Amzzmz—ml
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e\ 1 —Am?cos29 + 2Acc  Am?sin29
- Am?sin29

Am? cos2y

)(

Ye
Y

)

initial v, — (

PVe_”/;_L(X) = Wu(x)|2
Presve(x) = |we(X)|2

-1—
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Constant Matter Density

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

"dx \v.) " 4E Am? sin2y Am? cos20 ) \ 4,
dAcc_
dx =0

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

2 () [ a (o )@
dx \1o) ~ | 4E " 4E 0 Am?, (0
T

irrelevant common phase
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Effective Mixing Angle in Matter

tan 29
1_ _ Acc
Am? cos 29

tan 29y =

Effective Squared-Mass Difference

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

Resonance (Um = 7/4)

Am? cos 29

AR = Am?cos2) = NR =
CcC e 2\/§EGF
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dx \v»/) 4E 0 Amey )\
Ve _ [ cosdu  sindm U Y1\ _ [cosIm  —sindm e
(1##) - (— sind cosﬁM) (1#2) (7,[)2) - (sinﬂM costm ) (w#)

o= (G0 -6) = () - ()

AmZx
1(x) = costly exp </ 4EM )
A 2
a(x) = sindy exp (—i Z?EMX>

Py, (x) = [u(x)]? = | = sindmer(x) + costmipa(x)[?

Am?Z x
) ) M
Pl,e_wu(x) = sin“ 2 sin (74E >
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Ou

3 (107%eV?)

2
Mg, M

50

MSW Effect (Resonant Transitions in Matter)

NE/Ny
T T
L Vevy V20 4
L 9 =10" |
[ Ve ™V V=1 7
| I !
0 20 40 60 80 100
Ne/Ny (em™)
NI/Ny
T
L v, vy N
= 2 2 -
L vy vy N
Ly [Am? = 75 1075eV?, v = 1073 4
! ! ! !
0 20 40 60 80 100

N./Ny (em™)

Ve = costp V1 + sindy 1o

v, = —sindy vy + costy 12
tan 29
tan 29y = an
1 __Acc
Am? cos2)

Amdy = [ (Am? cos 29 — Acc)2

1/2
+ (Am?sin 219)2}
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Ye\ [ costim  sindy U1
Y,)  \—sindu cosiy ) \¢2

d (V) A L (mamy 0 N | 0 TG | (e

x \ W2 4F  4AFE 0 Am3, idﬁM 0 (07
T dx

irrelevant common phase )

maximum near resonance
¥1(0)\ _ [cost®y —sindd\ (1 _ [cosv,
2(0)) — \sindd,  cosd, 0/ \sind,
xR Am (x xR Am, ,
|:cos1.9M exp ( /0 R M( ) > .A11 +s|n19M exp ( /0 R 4ME( ) dx ) .A2Rl:|
X exp ( X AmM >
R

A A
Po(x) ~ cos1.9M exp /XR mM X ) .A12 + SII‘I’L9M exp /XR mM( ) dx’ .AZR2
0 AE 0 4E

x A 2 ’
X exp 71'/ i () dx’
4E

R

1(x)

R

2
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Averaged v, Survival Probability on Earth

e(x) = cost) 1 (x) + sind p(x)

neglect interference (averaged over energy spectrum)

P (X)) = |(0e(x))[? = cos?d cos?y | AR |? + cos?d sin0)) | AR |
+ sin®0 cos?9y |AD|? + sin?d sin?0, | AR, |?
conservation of probability (unitarity)
AD|? = AR ? = P AL = [ABP =1- P

P. = crossing probability

— 1 1
P, (x) = 5 + (5 - C) cos29py cos21

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

s s F
o0 (~59F) — e (51255
c = = [Kuo, Pantaleone, PRD 39 (1989) 1930]
s
1- exp <_§75in219
_ . Am, /2E Am? sin?209
adiabaticity parameter: v = =
2|dom/dx] g 2F cos2 ‘%
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?d [toshev, PLB 196 (1087) 170]

[Petcov, PLB 200 (1988) 373]

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

X R
SUN: Ne(x) =~ NS exp (—X—O) NE = 245 Np/cm? X0 = 1024
‘ —sun 1 /1 o
af g/, ve. R/E, {1 P = 5 + <§ — Pc> cos2y cos2y
2 BP2000 . . F
A p _ &P (=57F) —exp (—575r5)
of 1 — exp (_grysir:—;ﬂ)
. Am?sin®29

v= dInA

-2 2E cos2v |TCC|R
- F=1-—tan?¥
740 0‘1 o‘z o‘s 0‘4 0‘5 n‘s n‘v o‘a n‘s ‘1 ACC — 2\/§EGFN6

R/R,

practical prescription: numerical |[dInAcc/dx|g  for x < 0.904Ry

[Lisi et al., PRD 63 (2001) 093002] |dInAcc/dx|g — R— for x > 0.904Rg
o)
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Electron Neutrino Regeneration in the Earth

_opun earth ;.2
sun4-earth __ Sun <1 2PVe—>Ve) (’Duz—we sin 19)
’Dzze—we = PVe—We +

cos2v)
[Mikheev, Smirnov, Sov. Phys. Usp. 30 (1987) 759], [Baltz, Weneser, PRD 35 (1987) 528]

12 —
] earth
%\12 7 P, is usually calculated numer-
3, ] ically approximating the Earth den-
< 4t ] sity profile with a step function.
—— Data

2F Our approximation

O preebrerecbe e Effective massive neutrinos propa-

6 1 . .
s ] gate as plane waves in regions of
&4 : constant density.
Z3 1
22l ] . .

o[ —om Wave functions of flavor neutrinos

r Qur approximation - .
PR I 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’¥ ~ 0.8
m°): m° ~ N n ~ 0.
LOW (LOW Am? Am? ~7x107%eV?, tan’¥ ~ 0.6
SMA (Small Mixing Angle): Am? ~5x10%V?,  tan’9 ~ 103
QVO (Quasi-Vacuum Oscillations): Am® ~107%eV?, tan?¥ ~ 1
VAC (VACuum oscillations): Am? <5 x107%eV?,  tan®d ~ 1
10-2 T T T T
104 10 [ é a1
LMA
o P 10 F o s 1
100 10 F E
€ -~
E 10 Low 3 107F 90 % CL. wa 4
S L el == % %CL S
" S f === 997 CL DO
0 109 == 9973 % C.L. = -
10°° g4 100 |- Cl + Ga + SK + Sp(D) + Sp(N) 1
—
101 VAC = o | ®B free + BP2000 just S0t ]
- N 10-12 il il L L
0001 001 0.1 1 10 10 10-? 10-# 10! 100 10!
tan?@ tan?(6)
[de Gouvea, Friedland, Murayama, PLB 490 (2000) 125] [Bahcall, Krastev, Smirnov, JHEP 05 (2001) 015]
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[ev?)

m?

solid line: Am? =5 x 1075 eV?
(typical SMA)  tan?9 =5x 1074

, , dashed line: Am? =7 x 107%eV?
,,,,,,,,,,,,,,,,,,,,,,,,, (typical LMA)  tan?d = 0.4

sf E
af E . 5 _g >
W E dash-dotted line: Am* =8 x 107 °eV
H 2.9
T T T (typlcal LOW) tan®v = 0.7
N/Ny  fem™)
10 10
10t 4
107
L | w0k 4
E 0tk E e 3
e E|
RN E AR ﬁ
107 £ 4 0 3
L 4 —_ 1
. 107 . . . o . . . . .
1° ' 100 10’ 10? 10° 10! w' o owd w1 10 10" 107
NNy e NNy fem] NNy e
typical SMA typical LMA typical LOW
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[Bahcall, Krastev, Smirnov, PRD 58 (1998) 096016]

P(vov,)

Pl v,

P(vov,)

0.8
0.6
0.4
0.2

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

average
s day
— - —night

T T

Energy
10 %eV?
1075 eV?
108 eV?

10 15
(MeV)
sin?29 = 3.5 x 1073
sin?29 = 0.57
sin?29 = 0.95

1
=08F E
3 06E LA
04f E
& 02F =
0 ~
-
08 b=
¥ 06 8
' 0.4 9
& 0.2
0 o]
Fosp ow 35
* 0.6 ERS
2 0.4 ]
& 0.2 £
0 ' : &
08 P S
? 0.6 Just So i2
3:0.4 4
a 0.2 4 x
08 : ' 3
0. 48
T 06 VAC 35
' 0.4 4=
& 02 ¥
0 1 1
0 5 10 15
Energy (MeV)
LMA: Am? =42 x107%eV? tan® 9 = 0.26
SMA: Am? =52 x 10" %ev? tan’?9 =55 x 10~
LOW: Am?> =7.6 x 107 %eV? tan? ¥ = 0.72
Just S0%: Am? = 5.5 x 10 2eV2 tan2 9 = 1.0
VAC: Am? = 1.4 x 10719 eV? tan? 9 = 0.38
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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) ~ 2.2 MeV = 8B, hep
ES threshold: E3NO(ES) ~ 7.0 MeV

D,0 phase: 1999 — 2001 NaCl phase: 2001 — 2002
SNO SNO
rsw = 0.35 4002 Aecr = 0.31 £ 0.02
R 1014013 R 1034000
RSSM — . RSSM - 4+ .
RN ReNo
Res Res
[PRL 89 (2002) 011301] [nucl-ex/0309004]
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®oNO =1.76 £0.11 x 10°cm2s7*
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

4

Large Mixing Angle solution
Am? ~ 7 x 1072 eV?
tan® ¥ ~ 0.45

@, (x 1Pem?s)

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

—— gy 68%, 95%, 99% C.L|

I C68% C.L.
I ocC68% L.
[ @®68% C.L.
I o 68%C.L.

25 3 3
@ (x 10 cm2 9

20

- ;
3 @ ]
" C ]
- = 4
= st -
E |- .
< L ]
10/~ ]
5L A

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: 7 4+ 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’iﬂ;j:;@;“’ =86.8+5.6
expected number of background events: Nt'faiTgLrAOL'}'n% =0.95+0.99
observed number of neutrino events: NEmEAND — 54
Notuerved ~ — Nbgtigroond 0.611 & 0.085 4 0.041 99.95% C.L. evidence
NEamLAND o ' ‘ of 7, disappearance
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confirmation of LMA

1.4

1.2

1.0

\Qx\\

0.8
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0.0
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O@E[O> & XOXp

“Sr W‘w% rJrir'

ILL

Savannah River
Bugey

Rovno
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Krasnoyarsk
Palo Verde
Chooz

KamLAND
1

Il

=
5+

Curve: {

107 10° 10*

Distance to Reactor (m)

Shade: 95% C.L. LMA
Am? =55 x 1075 eV?

sin2 29 = 0.83

10

10°

T T

T

[ Rate excluded

(December 2002)

Rate+Shape allowed

I LMA

I8 Palo Verde excluded

L - <|3h0<|)z elxclulded

0 02 04, 06 08
sin“20
95% C.L.
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[KamLAND, PRL 90 (2003) 021802, hep-ex/0212021]



NG

(10%V?

2
21

Am

20 20 T
155 : / 40 ~ 15E -“ | [ 40
103 / ----- .34a. é< 10; \ / " 3¢
5E h \ / ,,,, 20, 5k \ / - 20
22 ? (@) Kami\gs?/:csflar Ka";;':‘:DL 8 & 2'25 (b) WoswecL e géw/:c,L_ Ly & &
2 E 99%CL. === 99% C.L. 2 E 99%CL.  ===-99%C.L.
1,8? [99.73% C.L. —99.73% C.L. &> 1.8F Wloor3%CL —99.73% CL. [
160 K bestiit @ bestfi % 16F * bestit @ bestiit i
E Solar < E Solar E
14F 95% C.L. O 14F 95%C.L &
12; 99% C.L. S 12; 99% C.L. r
1;* O bestfit NEN l; o i:;i:’f“ g
08¢ = )______:: < 0.8F BT
0.6F : 0.6F ]
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 [T
0.10.2030405060.70809 5 10 1520 0.102030405060.70809 5 101520
tarf9,, Ox? tarf 9, AX?
2 0.19 - 2 —
Am3, =7.531019 x 107°eV Am3; = 7.5340.18 x 107 ° eV?
2 _ +0.029 2 _ +0.029
tan® J1o = 0.43777 050 tan® 12 = 0.436Z¢ 025
sin? 913 = 0.023 4 0.015 sin? 913 = 0.023 4 0.002

[KamLAND, arXiv:1303.4667]
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LMA Solar Neutrino Oscillations

best fit of reactor + solar neutrino data:

Am? ~7x10%eV? tan’9~0.4

—sun 1 1
P . -
veve T 5 + <2

— Pc> cos219(,3,. cos21}

exp (—57F) —ew (~575m)

1—exp (—575m5)

Pe =

Acc ~ 2v/2EGe NE exp (-%)
0

22
'y:—Am smd?qi F=1-—tan’¥
2Ecos279‘%‘R
dInA ~ 1 _ 10.54 ~3x10-BeV
dx Xo ©

tan’d ~ 0.4 = sin’29 ~ 0.82, cos29 ~ 0.43

¥>»>1 — P.K1 —

—sun,LMA
Ve—rVe

~

E —1
~2x 10
T <MeV)
1

5 1 cos29Y cos2d
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Am? cos2) — A2
\/(Am2 cos29 — AL.)” + (Am? sin 29)?

critical parameter [Bahcall, Pefia-Garay, hep-ph/0305159]

‘= A2  2V2EGEN? 1o (L) (N_O)

cos21®, =

Am2cos2)  Am?cos?2) MeV / \ N¢
. vacuum averaged
(<1 = ¥ ~9 :>PV%V21—%sm2219 . &
e Ve survival probability
0 .2 matter dominated
>1= 90 ~7/2 = P, ~ sin“¢} : .
¢ M / Ve—rVe survival probability
1 1 .
0.8 0.9
(<1 (>1 matter
0.6 0.8 averaged dominated
0.4 0.7
0.2
EI
° -0.2
-0.4 0.3
-0.6 0.2
0.8 01fF (<1 (>1
BT 100 10! RETE 100 10!
ENY/N¢  [MeV) ENY/N¢  [MeV)
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(E)pp = 0.27TMeV, {rg)pp ~ 0.1 Ry, = (E N2/NS),p =~ 0.094 MeV
Erge ~ 0.86 MeV < 0)7ge ~ 0.06 R, = (E NO/NS)7g, ~ 0.46 MeV
(E)sg ~ 6.7MeV , (r >sB_OO4R@ = (E NO/NS)sg ~ 4.4 MeV

0.9 F

0sf i"Be ‘B

sun, LMA

Pul v,

1(;*‘ ‘ 1[I)° 1(I11
EN?/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= & Am§3 >0 NH

Am?; cos 2013

> 7. = 7, MSW resonance: V= & Amj; <0 IH

2E
2. Phase Difference (Reactor 7. — 7e):
m2 m2
Normal Hierarchy % — Inverted Hierarchy
|Amg, | |Am3, |
I I
2 2 2 2
|Am3y |+|Ama, | |Amz;|—|Am3, |
|Am3;| > |Ams,| o |Aamy| <|Ams|
121 V3
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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]

[ i . dipq B 1 201t
Evolution of Amplitudes: /== = — zﬁz (um?u +2EV>Q5 Vg
difference: Dirac: (D)
: Majorana: U(M) _ U(D)D()\)
1o 0
0 e'M21 ... 0
O = Di=D7!
0 0 - em
m% o - 0
2 T 2= Mm? 2pt _ 12

UM M2(yMYE = y@) pm2 DT (UPHT = yPI M2y
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