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2. Massive Neutrinos, Neutrino Mixing and Oscillations: Overview.

3. Three Neutrino Mixing. Massive Majorana versus Massive Dirac Neutrinos I. Dirac
and Majorana CP Violation.

4, Meutrino Oscillations in Vacuum: Theory and Experimental Evidences.

h. Matter Effects in Neutrino Oscillations: T heory.
MNeutrino Oscillations in the Earth.
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Flavour Conversions of Solar Neutrinos.

6. Three Neutrino Mixing: the Angle 913 and Indications for Dirac CP Violation.
7. Open Questions in the Physics of Massive Neutrinos.

8. Understanding the Pattern of Neutrino Mixing.

9. The Absolute Scale of Neutrino Masses.

10. The Nature of Massive Neutrinos.

Massive Majorana versus Massive Dirac Neutrinos.

II. Origins of Dirac and Majorana Massive Neutrinos.
T he Seesaw Mechanisms of Neutrino Mass Generation.

11. Determining the Nature of Massive Neutrinos.
12. Future LBL Neutrino Oscillation Experiments on san(Ams,) and CP Violation (7).
13. Conclusions.

Time permitting, will cover also: Leptogenesis Scenario of Generation of the Baryon
Asymmetry of the Universe. Dirac and Majorana Leptonic CP-Violation and Leptogene-
sis.



3 Families of Fundamental Particles

Ve U Vy C vt
their antiparticles
e d L S T b

« 3 types (flavours) of active v's and 7's
« The notion of “type” (‘'flavour”) - dynamical,

Ve: Ve+n — e + p,; vy ?T—I_%-p:—l_—l—ﬂf_,;; etc.

« [ he flavour of a given neutrino is Lorentz invariant.
ey F vy, D FED LE =e,p,m vy FE Oy, LU =e,p,T.
The states must be orthogonal (within the precision
of the corresponding data): (vj|lv;) = oy, (7j|7y) = oy,
{fﬂfq} = 0.



« Data (relativistic v's): v (v;) - predominantly LH ( RH).
Standard Theory: vy, 7 - vir(x);

v (z) form doublets with I;(z), | = eu, T

(IQL(m))
I = €, K, T
lp(z)
« No (compelling) evidence for existence of (relativistic)
v's (¢'s) which are predominantly RH (LH): vg (7.)

If VR, vy exist, mLI5t have much weaker interaction than
vy, vl vy, vr, - ‘sterile”, “inert”

E. Fontecorvo, 1967

In the formalism of the ST, vg and vy - RH v fields
vr(x); can be introduced in the ST as SU(2); singlets.

No experimental indications exist at present whether the
SM should be minimally extended to include vp(x), and
if it should, how many vgr(x) should be introduced.



vr(x) appear in many extensions of the ST, notably in
SO(10) GUT 's.

The RH v's can play crucial role

1) in the generation of m(v) # 0O,

ii) in understanding why m(r) < my, mgq,

iii) in the generation of the observed matter-antimatter
asymmetry of the Universe (via leptogenesis).

The simplest hypothesis is that to each vy () there cor-
responds a vg(x), |l = e, u, T.

ST 4+ m(v) =0: L; = const., |l =e,pu,T;
L=Le+ L, + Ly = const.



There have been remarkable discoveries in neutrino
physics in the last ~ 15 years.



Compellings Evidence for v—0Oscillations

—Vatm: SK UP-DOWN ASYMMETRY

#;—, L/FE— dependences of u—like events

Dominant Vy, — Vr K2K, MINOS, T2K; CNGS (OPERA)

— UV Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO,; KamLAND

Dominant Ve — Uy 1 BOREXINO

— Ve (fl"C}I'T'I FEElCtGI"S): Dava Bay, RENO, Double Chooz

Dominant /o — L_f‘w‘T

T2K, MINOS (v, from accelerators): Vy — Ve



Compelling Evidences for v—QOscillations: v mixing

T
|y£}= Z UE§|yj}:ﬂ Vg . mj#ol l=epu, 7, n=3,
=1

T
v (z) = _Zl Uvit(z), vj(z): mj#0,; l=enu,7.
j:

B. Pontecorvo, 1957; 1958; 1967,
Z. Maki, M. Nakagawa, S. Sakata, 1962;

U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
Neutrino Mixing mMatrix.

vj, mj 7 0: Dirac or Majorana particles.

Data: at least 3 vs are light: v1 23, m;23 5 1 eV,



The Charged Current Weak Interaction Lagrangian:

cC __L _’JL‘ — vn (o Tz .C.
LY (xz) = 2\/51:2553( )va (1 —~s5) vy (z) W(z) + h.c.,

viL(z) = > Ujv(z), vij(z): mj#0,; l=enu,r.
=1



We can haven >3 (n =4, or n =5, or n = 6,...) Iif,
e.g., sterile v, vy exist and they mix with the active
flavour neutrinos v; (), | = e, u, T.

Two (extreme) possibilities:

1) mgs . ~1eV,
In this case Ve(yu) — VS oscillations are possible (hints

from LSND and MiniBooNE experiments, re-analises of
short baseline (SBL) reactor neutrino oscillation data

( “reactor neutrino anomaly”, data of radioactive source

callibration of the solar neutrino SAGE and GALLEX ex-
periments ( “Gallium anomaly");

i) Mas,  ~ (10% —103) GeV, TeV scale seesaw models;
My, . ~ (10° — 1013) GevV, “classical” seesaw models.

We can also have, in principle:
mg ~ 1 eV (vg,) — vs), ms ~ 5 keV (DM), Mg ~
(10 — 103) GeV (seesaw).



All compelling data compatible with 3-r mixing:

3

L = _Zl UyjviL  l=emu,.
j‘:

The PMNS matrix U - 3 x 3 unitary to a good approxi-
mation (al least: |U;,| & (<<)0.1, l =e,u, n=4,5,...).

[

Gy T #= 0: Dirac or Majorana particles.

3-v mixing: 3-flavour neutrino oscillations possible.
vu, B at distance L: P(vy — vy)) 70, P(vy — ) <1

P(v; — vy) = P(yy — vy; B, L;U; m3 — m%, m3 — m?)



Three Neutrino Mixing

3
L = Z Ugj V5L -
i=1
[71s the Fontecorvo-Maki-Nakagawa-Sakata (PMNS) neutring mixing matrix,
L'Tl:l U-:E 1-1:3
U p— ['Irlf_ll DTI_[E T,-_:S
["T'."l [’ITTE TTS

e [ - nxn unitary:

n y 3 1
mixing angles: tn(n—1) 1 3 6
CP-violating phases:
» v;— Dirac: tn—1m-2) 0O 1 3
» v;j— Majorana: sn(n— 1) 1 3 6

n = 3. 1 Dirac and
2 additional CP-violating phases, Majorana phases

s M. Bilenky, J. Hosek, 5. T.F., 1920



Majorana Neutrinos

Can be defined in QFT using fTields or states.
Fields: x.(z) - 4 component (spin 1/2), complex, my
Majorana condition:

C (X(z)) =&x(z), &7 =1

— Invariant under proper Lorentz transformations.
— Reduces by 2 the number of components in yi(x).

Implications:

U(1) : xe(z) — e (x) — impossible

— v (x) cannot absorb phases.
_ ﬂ['[lj:':' D Qg =0, L, =0, L=20,...

T T

— xi(x): 2 spin states of a spin 1/2 absolutely neutral particle
— Xk = Xk



Propagators: W{z)—Dirac, v(z)—Majorana
<OT(Wa(z)Ws(y))]0 >= S,5(z —y) .
< OIT(Wa(z)Wa(y))|0>=0, <OT(WV.(z)Ws(y))|0>=0.
< 0|T(xa(2)Xs(¥))|0 >= Sg5(z —v) .
< O[T (xa(@)xs ()0 >= —£"S, (z — y)Cis

< 0T (Xa(z)Xs(¥))|0 >=& O SEa(x — y)

Ucp x(x) Uc:zl' = nce 7o x(&'), nep = +i .



PMNS Matrix: Standard Parametrization

1 0 O
U=VP, =l 0 ¢ 0 ?
0 0 &+
12013 812013 s13e
V = | —s12c23 — 12823813  €12023 — 51285238136 S3C13
512893 — c1ocp3513€”  —c10803 — s1oco3s13e?  ep3ens

® 5 = sin E.!:j', ;5 = COS5 ﬁ'.!:j, E.;j = [EI.,%],
s 0 - Dirac CPV phase, d = [0.2x]; CP inv.: 6 =0.7.27;
» o1, as31 - Majorana CPV phases; CP inv.: agyzy = k(K )m, E(F')=0,1,2...

S.M. Bilenky, J. Hosek, S.T.P., 1980
o Am2 =Am2 =2 7.54x10°° ev? = 0, sin®#;5 = 0.308, cos2612 = 0.28 (30),

o |Am2 | =247 (2.42) x 1077 eV?, sin® 623 = 0.437 (0.455), NO (IO),

s Hi3 - the CHOOZ angle: sin?#;3 = 0.0234 (0.0240), Capozziet al. NO (10).
F. Capozzi et al. (Bar Group), arXiv:1312.2878v2 (May b, 2014)



. Fogli et al., Phys. Rev. D86 (2012) 013012, global
analysis, b.f.v.: sin?613 = 0.0241 (0.0244), NO (10).

o Am? = Am3 = 7.54x 107° eV? = 0, sin 5 = 0.308, cos265 = 0.28 (30),

o |Amg oy =247 (2.42) x 1073 eV?, sin#3 = 0.437 (0.455), NO (10),
e (13 - the CHOOZ angle: sin®#;3 = 0.0234 (0.0240), NH (IH).
o lo(Am2,) = 2.6%, lo(sin®f13) = 5.4%;

o 1o(|Am ) = 2.6%, 1lo(sin® f23) = 9.6%;

21023
31(23)
e 1o(sin?f13) = 8.5%;

® 30(Am2,): (6.99—8.18) x 1075 eV?; 30(sin“f12) : (0.259 — 0.359);

¥ 35(|&m§1(23}|) - 2.27(2.23) — 2.65(2.60) x 1072 eV?;

35(sin®#s3) © 0.374(0.380) — 0.628(0.641);

e 30(sin®#y3) : 0.0176(0.0178) — 0.0295(0.0298).
F. Capozzi et al. (Bar Group), arXiv:1312.2878v2 (May 5, 2014)



« Dirac phase 9: v < vp, vp <> vy, L F= U AU « Jep xsingissing:
F.1. Krastev, = T.F. 19882

1
Jop =Im {Unq UpULU} = Es‘m 2615 sin 2833 5in 2613 cosfi3sind
Current data: |Jop| < 0.040|sind| (can be relatively large!).

« Majorana phases as1, a31:

— V] < Uy, 1 Ey not sensitive:

S.M. Bilenky, J. Hoselk, S.T.F.,1980;
F. Langacker, S. T.P., G. Steigaman, S. Toshey, 1987

— |<:‘:m}| in (33)p,—decay depends on o1, &31;

— IM{p— e+ ) etc. in SUSY theories depend on oo 31;

— BAU, leptogenesis scenario: 0, 21,31



Solar Neutrinos v, £ ~1 MeV: B. Pontecorvo 1946
ve +37 01 =37 Ar 4 e~

R. Davis et al.,, 1967 - 1996: 0615 t CyCly; 0.5 Ar
atoms/day, exposure 60 days.

v+e —uv+e

Kamiokande (1986-1994), Super-Kamiokande (1996 -),
SNO (2000 - 2006), BOREXINO (2007 - );

ve+D —e +p+p, SNO

vi+D—uvi+n—+p, l=eur1 SNO

Super-Kamiokande: 50000t ultra-pure water;
SNO: 1000t heavy water (D20O)



Ve —I—?1 Ga —'1 Ge —+ e

gaﬂuo%E (60t), 1990-; GALLEX/GNO (30t, LNGS), 1991-



Atmospheric Neutrinos vy, vy, ve, ve, £ ~1 GeV (0.20 -
100 Gev)

vu+N—-p~ +X, op+N—-pt+X

ve+ N —se +X, e+ N—el +X

K2K, MINOS, T2K, v, (7,), E ~1 GeV
vu+N—-p +X (we+N—e +X)

Reactor ve: CHOO.Z KamLAND, Double Chooz, RENO,

Daya Bay (F =2 — 8 MeV)
Ved+p—et +n
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Neutrino Oscillations in Vacuum

Suppose at t = 0 Iin vacuum

lve > = |v1 > cosbf—+|vy > sing,
|U#(Tj = = —|L-'1 > siné# —|— |L-'2 = COS 19, IJLQ ) ??11!2 75 0

After time ¢t in vacuum

ve > =e vy > cosbte 2 vy > sinb, By o = \p” 4+ mip
A(ve — vy t) =< vpl|ve >1= %sin 20 (e_iE?t — e_iElt)

P(ve — vy t) = 2 sin220 (1 — cos(E» — E1)t)

P(L"E%UEI'&) EPEE= 1—P(LJ'E—?'L!',-__.:It)

V. Gribov, B. Pontecorvo, 1969



Neutrinos are relativistic: t = L, E; — E; = (m3 —m?)/(2p)
(Ep — E)t= (m% — m%)L/(Qp) — Qﬂ-ﬁj frac — 4Arnk

o5C — ‘&mz

: 1 ;.2 L — 4nk
P(ve — vy, t) = 5sin“260 (1 — CGSQ?TLEEE), Ltse = A2

vac o~ EMeV]
Lpsc =25 m AmZ[eV7]

E 23 MeV, Am?[eV?] 28 x 1072 : LY = 100 km
E =1 GeV, Am?[eV?] =25 x 1073 LY% = 1000 km

Effects of oscillations observable if

sin2 20 — suf ficiently large, L = LV%

os5C

Two basic parameters: sin? 20, Am?
SK, K2K, MINOS; CNGS (OPERA): dominant v, — vr

KamLAND: 7 — Ue; Ve — (U + 0r)/V2



ce

0.0

Ve — e

baseline = 180 Km

P _=1- sin®20 sin? (ﬁmELMEv) i

E, in MeV

10

15




Source Type of v E[MeV] L[km] min{ Am?)[eV7]

Reactor e ~ 1 1 ~ 103
Reactor e ~1 100 ~ 107°

Accelerator iy Uy ~ 103 1 |
Accelerator Ve D ~ 107 1000 ~ 1077
Atmospheric »'s Vi es D ¢ ~ 103 104 ~ 104
Sun V. ~ 1 1.5 x 10° ~ 10t

Correspond to: CHOO/Z, Double Chooz, RENO, Davya
Bay (L ~ 1 km), KamLAND (L ~ 100 km);

ve disappearnce; F = (1.8 -8.0) MeV;

to accelerator experiments - past (L ~ 1 km);

past, current: K2K (L ~ 250 km), MINOS (L ~ 730
km), v, disappearnce; OPERA (L ~ 730 km), vy — vr;
T2K (L ~ 295 km), future NOvA (L ~ 800 km), vy dis-
appearnce, vy — ve; B~ 1 GeV,

SK experiment studying atmospheric vy, Uy, ve, Ve (E =
0.1 =100 GeV), and solar ve (EF = 5= 14 MeV) oscil-

lations, and to the solar v experiments (F = 0.29 + 14
MeV).



|UI> — Z_j‘ U,i,':_; |Ujlﬁj>:l l=e,pu,T
mt — puT + v, decay at rest:

E; = E+m%/(2mzg), p; = E—¢m?%/(2E), E = (mx/2)(1—-
m? /m2) = 30 MeV, ¢ = (1 + m%/m2)/2 =0.8.

Taking m; =1 eV: E; 2 E(14 1.2 x 10716),
p; = E(1—-4.4x1016)

Problem avoided if one uses the fact that the v; state IS
entagled with the ut state.



A(vp — vp) =5 Up; D; UL, L1 = e, T,

D_jr — E—iﬁj (:Ef—m[]) — E—i(EjT—ij)j pj — |pj| _

opjr = (Ej — Eg)T — (pj — pr) L
o 2 _m?
— (Ej_Eﬁr) T_E_T_I_EIEL m m.{fL.

| ¥)
p;+py " opitpe

First term - negligible:
« L and 1" related: T'= (E; + E;.) L/(p; + pi.) = L/7v,

v = (B;/ (B + E))v; + (B (E; + E) v, - the “average” velocity of »; and vy,
Vik = Pix/ ik

*Pj — Pk —P
(additionally suppressed by (mf—l—mf];’pgi L =T up to mmﬁk,’pgj;
« £, # Ey, p; # pr, J 7 k: the same conclusion

(neutrinos are relativistic, L = T up to corrections ~m>, /E?.).



-, ms—msf
&ij — jgp “L =27 L;L SQﬂ(m - mﬁb) P — (pj +p1)/2,
v P~ p|MeV]
ik = 4T amz] = 22 M [Am2 2]

is the neutrino oscillation length assc::r::lated with &mf.&.

* One can safely neglect the dependence of p; and p. on the masses m; and m;
and consider p to be the zero neutrino mass momentum, p = E.

» The phase dpj;, is Lorentz invariant.

g _2 = Rf'lf(zEﬂ'E)g - (QPJF)E

Condition for producing coherently vq,v9, ...:

o2 > |&m§£|



T he eqgquation used above corresponds to a plane wave description of the propa-
gation of neutrinos v;. It accounts only for the movement of the center of the
wave packet describing 1. In the wave packet treatment of the problem, the
interference between the states of v; and 14 is subject to a number of condi-
tions, the localisation condition (in space and time) and the condition of over-
lapping of the wave packets of v; and v at the detection point being the most
important. For relativistic neutrinos, the localisation condition in space reads:
0:p,0-p < LY /(2m), o.p(py being the spatial width of the production (detection)
wave packet. Thus, the interference will not be suppressed if the spatial width of
the neutrino wave packets detetermined by the neutrino production and detection
processes is smaller than the corresponding oscillation length in vacuum. In order
for the Interference to be nonzero, the wave packets describing v; and 1, should
also overlap in the point of neutrino detection. This requires that the spatial
separation between the two wave packets at the point of neutrinos detection,
caused by the two wave packets having different group velocities v; = v, satisfies
(vj — v )T| < max(orp,o-p). If the interval of time T is not measured, T in the

preceding condition must be replaced by the distance L between the neutrino
source and the detector.



Examples
« Spatial localisation condition
AL - dimensions of the v- source (and/or detector):

QW&L/LE}C < 1.
« [ime localisation condition
AF - detector’'s energy resolution:

2m(L/ L) (AE/E) S 1.
If 2nAL/LY, > 1, and/or 2n(L/ LY )(AE/E) > 1,

Py — ) =P —vp) = 2.7 |U.v';,=|2 |U.!j|2



Two-Neutrino Oscillations in Vacuum

SK ((100-12742) km), K2K (250 km); CNGS (OPERA),
MINOS (730 km); T2K (295 km); dominant v, — vr;

2
P(uy — vr; L) = P(, — br; L) 2 sin2 20,3 sin2 27315,

P(vy — vy, L) =Py — vy, L) =1—P(vy — vr, L).

KamLAND (~ 180km): ve — 1

2
P(Ve — e; L) 2 1 — 3sin? 2615 (1 — cos ‘&2%1‘[’).

CHOOZ, Double Chooz, Daya Bay, RENO (~ 1 km):

Ve — Ve

2 '

P(e — e; L) 2 1 — 2sin? 2643 (1 — cos



ce

0.0

Ve — e

baseline = 180 Km

P _=1- sin®20 sin? (ﬁmELMEv) i

E, in MeV
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Observing the Oscillations of Neutrinos



Atmospheric neutrinos

Zenith angle

p, He Downward |

[=10~100 km} !

nE, K= i
m V, pt

Upward
L=up to 13000 km)

Zenith angle dist. of
Atmospheric v flux

10

=

Flux{m-Zsec-lsr1Ge V)
=

]

Lx]

}

TTTT
L
=

T T
}4‘

0.3-0.5 Gald

0.2-1.5 Gl

2.0-5.0 Gal

\
J
d

{

——  Honda flux
----- Bartal 1l
Fluka flux

casb

Ev > a few GeV
Up/Down Symmetry



Y. Torau ks, S

Zenith angle distribution{iD)

[2=13000km

Calculated zenith angle distributian

wan| o EV=0.50V L Eveagey | f Ev—ixiGal
- =,
= \h". LR B
w —
&4 i\ - e
. "-._.-"f I e "Hl-'u 1. ."ﬁ"- vurT o
&Aonea 4 n ..-"'". . - \ s
g e By £
L 1
£ e vo i L e
e =1 8 B N ; TS Y7 " 7
5 . " by [
i . .
£ e = il 1 . £ o) ;_ LA o l

S e COSid cosHE
For E, =aleaw GeV

Upward f downward = 1 (withim a tew =5

b Up/rbown asymmelry Tar neutring ascillations



. Event classification

Fully Contained

(Ev ~1GeV)
- Partially Containec
. {-E'lpl ""IDGEV:I
Water Cherenkov detector | i
| Stopping p(E,~10GeV)
1000 m underground Through-going p (E.~100GeV)

>0,000 ton (22,500 ton fid.)
nner-detector(ID): 11,146 20 inch PMTs(SK-1)
yuter-detector(OD): 1,885 8 inch PMTs
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SK: L/E Dependence, u—Like Events

Data/Prediction (null oscillation

S T —
1.6
1.4
1.2

N
0.8 f
0.6 |
0.4f
0.2

D: Y — 2 3
1 1 10 10 10

L/E (km/GeV) (SK 1+2+3)




Prob.[v —= ]

L/E analysis
arE?L}

Neutrino decay : Py, = (cos”@ +sind x exp(- %%ﬂ:’
1

. - L
Neutrino decoherence : P =1-7sin®20x (1-exp(~n—=))

Neutrino oscillation : Py =1-sin®20sinZ(1.27

| Use events with high resolitbn n L/E
l ==> | The first dip can be observed

- Direct evidence for oscillations
—> Strong constraint to oscillation
ﬂ parameters, especially Am? value

1I.'.I:I 1L'I4
L'E (kmiGeV}



SK: Atmospheric v Data
=

10 ; . .
N-_'l-. )
} -
@
::uE ]
: =
99% C.L. i.._______;
—— 90% C.L.
— 68% C.L.
-3
1 D 1 1
0.7 0.8 0.9 1
sin©20

Am2, =Am3 =2.4x10° eV?, sin” 20.m =sin" 2023 = 1.0 ;

Am2, = (1.9-2.9) x 1073 eV2, sin®26.3 > 0.92, 99% C.L.
® sign of AmZ,,, not determined. If #a3 # 7: fa3, (§ — f23) amblguity.

3-v miXing: Am3, >0, my < mo < ms3 (NH);, Am3, <0, mz < my < ma (IH).
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MINOS: v, Spectrum (u,u "disappearance’ )

MINQOS Preliminary
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"atmospheric'' parameters
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T. Schwetz, arXiv:0710.5027 [hep-ph]

2

“tm Not determined,

e sign of Am

3-v mixing: Am3, >0, m1 < m2 < msz (normal ordering (NO));
Am3, < 0, m3 < my < mso (Inverted ordering (1I0)).

fas, (& — #23) ambiguity.
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KamLAND: L/FE—Dependence (reactor ., L =180 km, E = (1.8 - 10) MeV)
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Solar Neutrinos: ve, E ~ (0.26 — 14.4) MeV
Super-Kamiokande, £ = (5.0 — 14.4) MeV

R(SK) x CD%(IJE) Yi=e pur P(Ve — 1) o(vje” — ve™)
= g(uﬁe_ — IJEE:_) [CD%(;;E)P(ME — Ife)

+ Q1) (1 — P(ve — ve)) Zume —Yu(me )

og(vee —lee™ )

= o(vee™ — vee”) [Pe(re) + 0.16(Pe(vy) + Pe(vr))]

P(ve — ve) + P(ve — vy) + P(ve — vr) = 1,

J(yﬁe_ — IJ;_,;E_) = o(vre” — vre ).



SNO, CC: E £ (5.0 — 14.4) MeV

Ve+ D —e” +p+p
R(SNO) xo(ve+ D — e~ +p+p) PL(ve) P(ve — ve)

=o(ret+ D —e” +p+p) Pelre)
SK: @K (ug) = Pe(re) + 0.16(Pe(vy) + Pe(vr))
SNO CC: ®3NO(,.) = D (1e)

No oscillations: ®g(vy) + Pe(vr) = 0, ®K(uv) =
HSNO (4.
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T. Schwetz, arXiv:0710.5027 [hep-ph]



Dirac CP-Nonconservation: ¢ in Uppns

Observable manifestations in

- - /
v« vp, Vp<=vp, LI =epT
» not sensitive to Majorana CPVP @91, @31
CP-invariance:
M., Cabibbo, 1978

S.M. Bilenky, J. Hoselk, 5. T.F., 19280;
W. Barger, 5. Pakvasa et al., 1930.

Py ) =Pl — ), IlFI=epu7
CPT-invariance:
P(y — v) = P(oy — )
=1 Plu—u)="PuH—n)
T-invariance:
Plyy— ) =Py — 1), LFET
A —mixing:

J-‘-l'gii:] =Plyy—w)—Pliy—1r), lFl=epu -t

AEI'!_-H = FI:;LJ; — I-";_.':]_ FI::T — ;r.q:], [ -,+— '

(ep)  _ alpr) (e,7)
AT(;-;:F’) — ATF(L:P) — _AT(CF’)

F.I. Krastev, 5. T.F., 1988; V. Barger, 5. Pakvasa et al., 1980



In vacuum: A{CEF,*E}T} = Jepte

EIEE

1
Jep=Im{Uq UpULU;} = gsm 2615 5iN 2023 5iN 2613 cosfi3sin g

}f"”'“—sir"lr['le 21_-5)J—|—5|r|r[ 32L)—|—5|n{ 13_-5)

O5C

1 Pl Krastev, S.T.P., 1928
In matter: Matter effects violate

CP: Py — w) # Py — )

CPT: Py — ) &= Ploy — )

F. Langacker et al., 1987
Can conserve the T-invariance (Earth)
Py — ) =Py — 1), LFET
In matter with constant density: ~ A#) = jmatFmat
JEI%J[ — Jvac Rcp

Rep does not depend on 623 and 8,  |Rep| = 2.5
P.I. Krastev, S.T.P., 1088



Rephasing Invariants Associated with CFVF

Dirac phase &:
Jop =Im{Ua UpULUL} .
C. Jdarlskog, 1985 (for quarHSjl

CF-, T- violation effects in neutrino oscillations
F. Krastev, 5. T.F., 1988

Majorana phases ooy, o3

Si =Im{UaUL}, So=Im{UxU5} (not unigue);, or
Sy =Im{UnUS}, S5 =Im{U2U5}

d.F. MNieves and P. Fal, 1987, 2001
G.C. Branco et al., 1986
1A Aguilar-Saavedra and G.C. BEranco, 2000

CP-violation: both Im{U,U} # 0 and Re{U U5} #0 .
Sy, Sz appear in |<m>| in (33)o.~decay.

In general, Jop, 51 and S; are independent.
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Matter Effects in Neutrino Oscillations
Matter can affect strongly r—oscillations:

Mean free path in matter with p =p(Farth) : N =
4Nﬂcm_3,

E~1 MeV, L~ 2.5x 101* km; Rp =6371 km
E~1 GeV, Ls~ 2.5 x 108 km

For » = p(center of the Sun): N = 100 N4em ™3,
E~1 MeV, L;~ 1013 km; Rgy, = 6.96 x 10° km

v coherent scattering on e, p, n - effective potential
(index of refraction)
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v coherent scattering on e, p, n - effective potential
(index of refraction)

Ve = V(ve) — V(vu) = V2G pNe
I’_’Te,u = V(ve) — V(I_”LL) — = \/EGFNE
Vir = V(vu) — V(vr) =0 (leading order)

L. Wolfenstein, 1978; V. Barger et al., 19280; P. Langacker et al., 19283

Ves = V(ve) — V(vs) = ’\/EGF(NE - %Nn)

Ves = V() — V() = — V2Gp(Ne — 5 Nn) = — Ves
Vis = V() — V(vs) = V2G p(—3 Np)
?.I-LS — Ir(ﬂ#) — Ir(ﬂs) — — \/EGF(_%NH) - — I:‘_L.S‘

Veu 7= Veu: CP, CPT violated

F. Langacker, S. T.P. et al., 1987



Neutrino Oscillations in Matter

When neutrinos propagate in matter, they interact with
the backgrpound of electrons, protons and neutrnos,
which generates an effective potential in the neutrino
Hamiltonian: H = Hyae + Vegf.

This modifies the neutrino mixing since the eigenstates
and the eigenvalues of Hyqe and of H = Huyac + Vegy

are different, leading to a different oscillation probability
w.r.t to that in vacuum.

Typically the matter background is not CP and CPT
symmetric, e.g., the Earth and the Sun contain only
electrons, protons and neutrons, and the resulting oscil-
lations violate CP and CP T symmetries.

W
¥

P(v,, — ve) = sin? 6p3 sin” 207% sin



zi Aa(t,to) | _ [ —e() €(t)
dt \ Ag(t, to) e'(t) e(t)

where & = L/g, ,6 —

p(T)"
e(t) =3 [ om 2 C05 26 — \/2G 1 No(1)],
€(t) = Am? g 20, with Am? = m% — m%.

In matter, Hy, = Ho + H;pps.

Aﬂ‘(ta tﬂ)
Ag(t, to)

Hglvy o >= Eq 2|v1 2 >, not eigenstates of Hy,.

) (1)



Consider first Ne = const.

Then at t = 0 Iin matter

lve > = |v{" > cosOm~+ |y > sin O,
vy > = —|vi > sinOm+|v3" > cosom;
!

sin ng — € — tan 26 -

Ve te” /(1= 5fes)?+tan? 20
COS 20m = — 1- NE{NTES

kf(l Nres)?+tan? 20

2ravy2

N7es = &QE}DSQH = 6.56 x 10° &ETM[;T]] cos260cm—> Na,

1
)2 cos2 26 4+ sin2 29)

— .&
EQ Em m ((1 o Nres



P2 (ve — vu) = |Au(D)]? = 5sin? 20, [1 — coszwLm ],

i
Emzfm_m((l eo)? cos? 29—|—sm229) 2

The resonance condition: Ne =
At the resonance:

L =

N?‘ES — Am2cos?26

2EV2GF
sin? 20, = 1, min(ES* — E), LIS5 = LY/ sin 26.
Limiting cases:

Ne < NI€S: 0,y 20, EV = Epo, Lm =LY

1

12

Ne > N[®: Om = 5, ve — vy suppressed.

In this case: |ve) = |v5Y), |lvu) = —|vTY).
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Antineutrinos: Ne — (—Ng)

Am2cos?20 > 0: ve — vy, suppressed by matter; ve — vy
can be enhanced.

Am?cos20 < 0: ve — v, suppressed by matter; v, — i,
can be enhanced.

V. Barger et al., 19280; S.P. Mikheyev, A Yu. Smirnow, 1985

Oscillations in matter (Earth, Sun) are neither CP- nor
CP T- invariant.

F. Langacker, S. T.F., 5. Toshev, G. Steigman, 1927



Earth: NMant 2.3 N, em™3, NS¢ ~ 6.0 Ny cm ™3

P"™(ve — vy t) = %siﬂ2 20m (1 — cos Q?TLL ), LM, ~ LYac

T
oS

sin? 20m = : sin® 26 Tes — Am? cos 26
(1-0%s)2cos220+sin?20 '~ ¢ — 2EV2Gp
Ve

Ne = NI€: MSW (Mikheyev, Smirnov, Wolfenstein) res-
onance

Am?cos20 > 0: ve — vy

Am2cos20 < 0: Dp — Uy



The Earth

Tigure 1
FAAT
t 4

Earth: H.,. = 3446 km, Han = 2885 km

Earth: N™™ 23 Ny em >, NP~ 57 Ny cm >



The Earth

120

100

plgm]

1=

= ]=]
[=]=] oz (=F ] (=X (=X} 1.0

=-rF,

FIG. 1. Dty profik of the Barih.

R. = 3446 km, R,, = 2885 km; N7 2.3 Ny em >, N~ 57 Ny cm >



Earth matter effect in vy — ve, vy — ve (MSW)

0.50 - - o B
neutrinos
——— wvacuum
0.40 - antineutrinos -
L=7330km
sin®(20,.)=1.
0.30 (202,)

sin’(20,)=.1

P(v.—v)

0.20 -

0.10 -

0.00

E[GeV]/Am’[eV~]

Am® =25x 107% eV?, E™* = 6.25 GeV; P¥ =sin®#3P2" = 0.5P2;
NTes = 23 cm ™= Na; L7% = L¥/sin 2813 = 6250/0.32 km; 2aL/ L, = 0.757 (& ).

T



Earth matter effects in v, — ve, vy — ve (NOLR)

EIHEEEH - 0010

E, m* (MeV i)

Madir Angle (deg.)
S.T.F., 1992:
M. Chizhowv, M. Maris, S. T.F., 1992; M. Chizhov, S. T.F., 1990
P(ve — vy) = Poy = (503) 2Pau(Ve) — Vioy)r B = 013, Am? = Am2,;
Absolute maximum: Neutrino Oscillation Length Resonance (NOLR);
Local maxima: MSW effect in the Earth mantle or core.
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i

(523)—2F3,;(FE{#} — I,J'#{E.}:l = P,; NOLR: “Dark Red Spots”, P, 1:

Vertical axis: Am?/FE [1077eV?/MeV]; horizontal axis: sin26;3; #, =0
M. Chizhov, S.T.P., 1999 (hep-ph/9903399,9003424)



» For Earth center crossing v's (6, = 0) and, e.g. sin“26;z = 0.01, NOLR
occurs at F = 4 GeV (Am?(atm) = 2.5 x 1072 eV?).

S.T.P., hep-ph /9805262

* For the Earth core crossing v's: -, = 1 due to NOLR when

] o "
tan &M /2 = tang¢’ = +, | COs 20, :
\/ cos(20r, — 40..)

,I'I cos 28"
tan®“"¢/2 =tang¢" = 4| ”‘
\/ —cos(201,) cos(26y, — 40,

gman (peers) - phase accumulated in the Earth mantle (core),
g (27) - the mixing angle in the Earth mantle (core).

P>, =1 due to NOLR for 4, = 0 (Earth center crossing 's) at,
e.d. sin“ 28,3 = 0.034; 0.154, I = 3.5; 5.2 GeV (Am2(atm) = 2.5 x 1072 eV?).

M. Chizhov, S. T.F., Phys. Rev. Lett. 83 (1999) 1096 (hep-ph/2903399); Phys. Rev. Lett. 85
(2000) 3979 (hep-ph /0504247); Phys. Rev. D63 (2001) 073003 (hep-ph/9903424).



