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1, Masses, mixing,

and theory of propagation




Flavor neutrino states: Mass eigenstates
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- correspond to certain

charged leptons M i;@i [@@

- inferact in pairs

Flavor Mass
states ~ eigenstates

Nn>pre +v,

T2 U+Y,




. . SM definition of flavor
eu rI nos In states may differ from

physical one
v v Iw v = 3(1- y5) v
{ ee} { TIJ I3W 1/2 L 2( 75)
L L

ve = 2(1+ v5) v .
V., V. V

neutrino flavor states, form doublets
K"t (charged currents) with definite charged leptons,

Chiral components
1/2

Vi \ V|

Neutral
current
\\Y 7 interaction

T Vit - vz,

Conservation of lepton numbers L., L, L,




Mixing angles

Mixing parameters
tan’g ;= Uyl / [Ug
sin’g; = [Ugl?
tan®gy; = |Uu3|2 /U

2
|UM3| |Ur3‘2

2
Am*,,

Am?,, _ :
Mixing matrix:

|Uel|2

flavor V¢ = Upmns Vinass

Normal mass hierarchy v v,
2. = m2 2 v |=U v
Am 31—m3'm1 e PMNS| Y2
\Y V3

Ame,1 = m?; - m?y

T

Mixing Fig‘rermines the flavor Uppnis = UasIs UpsI s Uy,
composition of mass states




Parameterization

Upvns = Uy 15 Uy L5 Uy, I =diag (1, 1, e¥)

/’

C12C13 $12C13

is is
S12C23 + C125,3513€ C12C23 - S12523513€'

is is
S12523 ~ €12C,3513€' C12S23 + S12C23513€

=

C{, = COS O, , €tC.

5 is the Dirac CP violating phase

012 is the " " solar” mixing angle

023 is the "~ atmospheric” mixing angle

013 IS The mixing angle determined by T2K, Daya Bay, CHOOZ, DC...




MiXing and mass matrices

Or'lgln Of m|X|n9. Ml # M
of f-diagonal mass matrices !

Diagonalization: ‘ _
ny

Mass spectrum N\ds‘“o“o
: . '\
M, = Uy mdieg U M, =Uzmdaay, 7
: diag —
m 9% = (m,, m,, m,) m,2%9 = (m;, m,, m;)

CC in terms of mass eigenstates: | v*(1 - v5) UpmnsVinass
‘ Upmns = UiL" Uy

Flavor basis: M;=m@9  Upuns = Uy,
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Flavor content of Mass content of flavor states

mass states

Viass ~ UPMNS+Vf V¢ = UPMNS Vimass




Who mixes neutrinos?

Mixing in CC > mixing in produced states

Non-trivial

interplay
of Charged current

weak interactions

Kinematics Difference
of specific of the charged
reactions lepton masses

What

B— decays,
=) energy conservation

B n— decays,

chirality suppression

) Beam dump,
D - decay

nie
Eneray i
\0sS of colt

about neutral currents?




Solar
neutrinos

Propagation effects
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Oscillations
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98 years ago..

B. Pontecorvo

Pisa, 1913

' Mesonium and antimesonium”

Zh. Eksp.Teor. Fiz. 33, 549 (1957)
[Sov. Phys. JETP 6, 429 (1957)] translation

N P _ Oscillations imply non-zero masses
A/ /. " (mass squared differences) and mixing

[;}v%o ITonwies opb 299

Proposal of neutrino oscillations was motivated
by rumor that Davis sees effect in Cl-Ar detector from atomic reactor




. and NOW:

iOsciHa’rion effects h
N many experiments

Results are well described by
t+he standard oscillation formula

Naive derivation (in most of textbooks) in few lines

ave been observed

S s

Sh
ould not be oversimplified

ame dermation c> Questions & Paradoxes




Based on

[1] Neutrino production coherence and oscillation experiments.
E. Akhmedov, D. Hernandez, A. Smirnov, JHEP 1204 (2012) 052,
arXiv:1201.4128 [hep-ph]

[2] Neutrino oscillations: Entanglement, energy-momentum conservation and QFT.
E.Kh. Akhmedov, A.Yu. Smirnov, Found. Phys. 41 (2011) 1279-1306
arXiv:1008.2077 [hep-ph]

[3] Paradoxes of neutrino oscillations.
E. Kh. Akhmedov, A. Yu. Smirnov Phys. Atom. Nucl. 72 (2009) 1363-1381
arXiv:0905.1903 [hep-ph]

[4] Active to sterile neutrino oscillations: Coherence and MINOS results.
D. Hernandez, A.Yu. Smirnov, Phys.Lett. B706 (2012) 360-366
arXiv:1105.5946 [hep-ph]

[5] Neutrino oscillations: Quantum mechanics vs. quantum field theory.
E. Kh. Akhmedov, J. Kopp, JHEP 1004 (2010) 008
arXiv:1001.4815 [hep-ph]




In principle:

Lagrangian

g\% Tye (1 -vs)v, W,
- % mL VLTCVL »
- M

- IL m| IR + h.C.

Starting from QM
the first principles Observables

number of
events, efc..

Actually not very simple

Quantum mechanics at macroscopic distances



What is the problem?

Set-up Approximations

Approximations, if one does

Formali;m Shho"'l,d be.adju.s’red not want to consider whole
to specific physics situation history of the Universe to
Initial conditions compute signal in Daya Bay
Truncatin
-,.
Process S

Recall, the usual set-up

asymptotic states
described by plane

waves /

- enormous . . .
simplification single interaction
region




Oscillation set-up

E::fr;?gsl E. Akhmedov, A.S.
\' /
I

baseline L

production detection
region region

D

hot a defector

Finite space and time phenomenon

Two interaction regions in contrast

to usual scattering problem QFT formalism
should be

Neutrinos: propagator adjusted to
these condition




Localization ==

External
&r’ricles /
M
D
baseline L
production detection
region region
Detection and production areas Wave packets for

are determined by localization 2  [2sternal particles
of particles involved in neutrino

production and detection ﬂ -

Areas are not source/detector volumes > describe by plane waves
(still fo integrate over incoherently) but introduce finite integration




How to treat neutrinos?
N A

baseline L

production detection
region region

D

Unique process,

neutrinos with definite masses are described by propagators.
Oscillation pattern - result of interference of

amplitudes due to exchange of different mass eigenstates

Very quickly converge to mass shell
Real particles - described by wave packets




In terms of mass eigenstates

Without flavor states

Scattering W

5\19-2 UPMNS_I v (1-v5) v W*, + h.c.

£ 2 §

interaction Eigenstates of
constant the Hamiltonian
in vacuum
Lagr'angicm wave functions
of interactions of accompanying
particles

$

compute the wave functions
of neutrino mass eigenstates

Wave packets



Factorization

e | A

baseline L

production detection
region region

If oscillation effect in
production/detection —)  factorization

regions can be neglected
Production, propagation and

ry, s << | detection can be considered
’ A\ .
as three independent processes




Wave packets and oscillations

Suppose v, is produced in the source centered at x=0,1=0
After formation of the wave packet (outside the production region)

v, (X, 1)> = 2, Uy ™ Pilx, 1)vie>

W, ~ f dp f(p - p,) e PX TP - WF of k-mass state

Ek(p):\]p2 +m 2 - dispersion relation

f.(p - pw) - the momentum distribution function peaked at
px - the mean momentum

describes spread of
the wave packets

Ex(p) = Ex(pw) + (dEW/dp)|(p - pi) + (dEx/dp?)|(p - Pk)? + .

ﬁ Px P«

vi= (dE/dp) = (p/E\)| = - group velocity of v,
Pk Pk

Expanding around mean momentum g




Shape factor and phase factor

(neglecting spread of

Ex(p) = Ex(pw) + vi(p - pw) ’ the wave packets)

Inserting into ', "‘fdp £.(p - Py eipx - iE(p)t

\Pk ~ eipkx - iEk(pk)T gk(x _ Vk'l')

Phase factor Q <:] Shape factor

. gu(X = v, t) =f dp fi(p) e

ip(x - v, 1)

Ok = Pk X - Ex T

Depends on mean Depends on x and t only in

B eterict 4 combination (x - v, t) and therefore
[racterisiics p, an describes propagation of the wave
corresponding energy: packet with group velocity v,
Ei(py) =\ P’ + M without change of the shape




Mixing & mixed states

One needs to compute the state which is produced
l.e. compute

- Fundamental interactions
wot) - Kinematics
9k(>< i - characteristics of parent

the shape factors

and accompanying particles
Mmean Momentq Px

Process dependent

If heavy neutrinos are present but can not be produced for
kinematical reasons, flavor states in Lagrangian differ from
the produced states, etc..




Wave packet picture

V. = C0SQ V, + sing v
Ve coss e = COSQ Vv +SingG v,
Vv, = - sing v; + cosp Vv,

topposi‘re phase

Vi = ©0s Ve = SIng v,
V,= €0Sg V, + sing Vv,

Main, effective
frequency

b =0

X

|v(x,t)>= cosp g;(x - v;t)e i1 |vi> + sing g,(x - v,t)e LF v, >

— Changes with (x,1), for¢ =0
¢ =¢p - ¢y Oscillation phase components v, will not cancel
- appearance of v,




Propagation of wave packets

What happens?
o . o |
Phase difference oo Oseillations
change o > e

@@D@UJ@{E [%] Due to different ﬂ @@ @ﬁ
W@W@ [@@@ @ @ group velocities @@ @[ﬁ@m@@
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