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Standard Theory of Neutrino Oscillations in Vacuum

[Bilenky, Pontecorvo, Phys. Rep. 41 (1978) 225]
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Main Assumptions of Standard Theory

Neutrinos are extremely relativistic particles OK!

Neutrinos produced in CC weak interaction processes together with charged

leptons ™ are described by the flavor state Va) V)
y Uik

Correct approximation for ultrarelativistic 1's  [Giunti, kim, Lee, PRD 45 (1092) 2414]

Massive neutrino states |vg) have the same momentum pp =1p

(“Equal Momentum Assumption™) and different energies: FEp ~ E + %
Unrealistic assumption, forbidden by energy-momentum conservation and Lorentz

invariance, but gives correct result (as well as the “Equal Energy Assumption™)
[Winter, LNC 30 (1981) 101], [Giunti, Kim, FPL 14 (2001) 213], [Giunti, MPLA 16 (2001) 2363], [Giunti, hep-ph/0302026]

Propagation Time T ~ L Source-Detector Distance OKI

0
WAVE PACKETS
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Easy Example of Neutrino Production: 7t = pu"+v, 7 = u 417,

two-body decay = fixed kinematics

B2 = v+ ]

( 2\ 2 2
g2 M (g T\ mk (g Ty
T4 m2 2 m2 4m2
7 at rest:

m2
0" order: mk:O:>pk:Ek:E:%< ——5) ~ 30 MeV
mﬂ'
m2 m2 1 m?
15 order: | By, ~ FE _k ~F —(1— k = — — 21 ~02
order . —I—§2E Dk (1-¢) oF § 2( m2
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general!
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Plane Wave Approximation

LORENTZ INVARIANT

Pya—n/ﬁ L T ZU* ZpkL 1Bt UBk
OSCILLATION PROBABILITY

[Dolgov et al., NPB 502 (1997) 3], [Dolgov, hep-ph/0004032], [Giunti, Kim, FPL 14 (2001) 213], [Bilenky, Giunti, IJMPA 16 (2001) 3931]
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T =1L < WAVE PACKETS

( ~~ Localization of Production and Detection Processes

Other Motivations: ~~ Exact Energy-Momentum conservation would imply

_/\

[Kayser, PRD 24 (1081) 110] creation and detection of only one massive neutrino

(neutrino mass measurement)

m?
T=L|1+0 —2)]
. oy
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Coherence Length

[Nussinov, PLB 63 (1976) 201], [Kiers, Nussinov, Weiss, PRD 53 (1996) 537]

Wave Packets have different velocities and separate

Different massive neutrinos can interfere

if and only if
wave packets arrive with dtx; < 0tp

— LSLY

Otpqi| ~ | T ~ IAmiﬂ"L Lsoh \/5752 512,
|0tks| =~ |vg — vj] ~ o — kj "’|Amk] p T
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, // //
0 // I ~ L%‘{h // L >>Lcoh
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Quantum Mechanical Wave Packet Model

[Giunti, Kim, Lee, PRD 44 (1991) 3635], [Giunti, Kim, PRD 58 (1998) 017301]

Confirmed Standard Oscillation Length

Derived Coherence Length

(~~ Flavor state has to be assumed:

Vo) = ZUSk/dpwk(p)lvk(pD
k

Problems: 3
~~ Neutrino properties have to be assumed:
ma ma
Ey,~E+4+¢—E ~F—(1-¢) =k
\ e Bt Sog P Y

ll

Quantum Field Theoretical Wave Packet Model
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[Giunti, Kim, Lee, Lee, PRD 48 (1993) 4310]

Quantum Field Theory of Neutrino Oscillations with ex-
[Giunti, Kim, Lee, PLB 421 (1998) 237]

ternal particles in Production and Detection processes de- [Cardall, PRD 61 (2000) 073006]
: . . : ) [Beuthe, PRD 66 (2002) 013003]
scribed by wave packets and intermediate virtual neutrino [Beuthe, PLREP 375 (2003) 105]
l/a—)l/ﬂ .
P[—>PF—|—£2—|—VQ >V,8+DI_>DF+£5

propagator

Va_H/B Z{PI%PF‘FKI‘FVI@ >l/k:—|—DI—>DF—|‘fE}
k

Confirmed Standard Oscillation Length Derived Coherence Length
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“Philosophical” Problem: neutrino has no properties!
In oscillation experiments neutrinos propagate as free particles over macroscopically large
distance, sometimes astronomical distances (solar, atmospheric neutrinos)
It must be possible to describe neutrinos in oscillation experiments with appropriate state,
as in the quantum-mechanical approach

Neutrino Wave Packets in Quantum Field Theory

[Giunti, JHEP 11 (2002) 017]

In Quantum Field Theory f) o< (8 — 1)) ~ —z'/d4a: Hr(x)|2)

Entangled Final State in Production Process: |§F,Zj;,ﬁa> X —i/d4az Hi(x) |Pr)
Disentangled by Interaction with Surrounding Medium (Measurement):

V) oc (Pp, 4| Pp, £, 5,) o (Pp, 65| — i/d% H 1 (z) | Pr)
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Localization: Ix) = /d3psz(ﬁ;z_9’x,0px)|x(ﬁ)> (x = Pr, Pp,t7)

— — 2
: _ : oo —3/4 p—D
Gaussian Momentum Distribution: wx(p;px,apx) — (27?012”() / exp [—( A 2X) }
o
PX

d3p

Wave Function: ¢, (Z,t; Py, 0py) = / 2y Uy (Bs By Opy) e~ Ex (P)t+ipZ
T

Dispersion Relation: E,(p) = 1‘52 +m2 ~ E, + U, (ﬁ — ﬁx)

Average Energy: E, = \/ﬁi +m3  Group Velocity: ¥, =
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—3/4 (Z — ?7Xt)2

Wave Function: wx(:?,t;ﬁx,(fpx) =~ (QWU:%X)

A Ret)

. 1
Space and Momentum Uncertainties: o4, 0py = =

=y

Squared Energy Uncertainty: ((6E)*), = (X|(E — E,)?*|x) = 77?( UI%X [Beuthe, priv. comm. 200]
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State Describing Produced Neutrino:

Vo) = Na S U, / dpe=SE® S AP, h) v (B, b))
k h
AP B,h) =t (B, 1) 7 (1= 5) vt Bt gt ) T (B By

P P L]
e~k (B) replaces energy-momentum J-function

|vo) is a superposition of the massive neutrino wave packets

vg) = Ny /d?’pe_s’f(ﬁ) > AL (B,h) [ve(B, b))
h

Squared Energy-Momentum Uncertainties of Ultrarelativistic vy:

((6p)*)k ~ ((SE) )k ~ 0pp = 00p, + Onpy + 02p
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Detection Process at (L, T):  |va(L,T)) = e iET+iP-L Vo)

1) = N Ui [ e BT E S S A ) )
h
Detection Amplitude: Aag(E,T) (Dr,Lg| — /d%ﬁf;( ) |D1,va (L, T))

Aap(L,T) o< Y UniUsk Y / d®p Ay, (B, h)AF (B, h) e 5+P) exp [—z‘Eyk (B)T +ip- L
k h

Sk(B) = Si; (B) + Si’ (P) e~5*P)  replaces energy-momentum J-functions
Sp(B) = (Bp ;ﬁ)Q N [(EP — By, (T?))2_ (Bp —P) -%p]Q . (Bp ;f))2 [(ED — By, (p))2_ Bp — B) - 3D]2
4O'pP 4cer)\p 4o-pD 4GpD>‘D
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Space-Time Transition Probability: Paﬁ(E,T) X |Aa5(z,T)\2

Transition Probability in Space: Pag(z) X /dT |Aa5(E,T)|2

For Ultrarelativistic Neutrinos: Paﬁ(l_i) = Z \Uak\2|U5k\2
k

2 2
* * ; L L 2 Oz
+2Re Z UarUprUajUg; exp | —2mi Lesc <L29h> - 27 <L28.0>
Py J J J i

ArE 4/ 2wE?
Oscillation Lengths: L%° = ——— Coherence Lengths: L$%" = o
J |Am%j| J |Am%j|

n and w depend on Production and Detection processes (n ~ w ~ 1)

OSsC

Necessary Localization: o, < L7

Otherwise: neutrino mass measurement < no oscillations

|Ami; | LY 2
— < |Amig|

o 2 LYY = dmy ~ E6E ~ Eoy, ~

Ox
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Estimates of Coherence Length

ArE E/MeV 42w E? E? /MeV? .
LOSC — T > — 2 ( / € )2 m LCOh — CL)2 O-:E ~ 1012 ( / € 2) (O' ) m
|Am?| (JAm?2|/eV?) |Am?| (JAm?|/eV®) \ m
Process |Am2| 1,05¢ o, 7,coh
™ — U+ v 3 5 16
at rest in vacuum: E ~ 30 MeV 2.5 x 10 " eV 30 km Tr ~ 10m ~ 107" km

natural linewidth

T gtV —3 <2 _5 10
at rest in matter: E ~ 30 MeV 2.0 x 10 eV 30 km Teol ~ 107" m | ~ 107 km

collision broadening

,u+—>e+—|—1/e—|-ﬂu

at rest in matter: E < 50 MeV leV? <125m | Teor ~ 107" m | <10°km
collision broadening

7Be—|—e_ — 7Li—|—1/e s o o .
in solar core: E ~ 0.86 MeV 7x10 eV 31 km Teol ~ 100" m | ~ 10" km
collision broadening
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Conclusions

Standard expression for Oscillation Length of Ultrarelativistic Neutrinos is robust.

Wave Packet Treatment is necessary for T' ~ L < Oscillations in Space.

Quantum Field Theoretical Wave Packet Models confirm Standard Oscillation
Length and allows to calculate Coherence Length.

Neutrino Unbound
http://www.to.infn.it/“giunti/NU
Carlo Giunti & Marco Laveder
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