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What Is Neutrino Oscillation?

There are three Ravors of charged leptensit , !

There are three known 3avors of neutrings.’ , *,

We debnethe neutrinos of specibc [3avor, '
by W boson decays:
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As far as we know, when interacting,
a neutrino of given Ravor creates
only the charged lepton of the same [3avor.
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nor any other change of 3avor in thé ! interaction

ever OCCuUrs.
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Neutrino Flavor Change (Oscillation)

Differentcharged leptons
Wé

Detector

Long Journey

Giventime, a" canchangats [3avor.
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Thelast14 years haverought us compelling
evidence thaBavorchanges actually occur
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Flavor Change Requirddeutrino Masses

There must be some spectrum
of neutrino mass eigenstates
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Flavor Change Requirdsptonic Mixing

The neutrinos ., of dePnite 3avor

aresuper

(W# e’ orp” orl!",)
nosition®f the neutrinos of debnite mass:
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Neutrino off3avor { L Neutrino of debnite mass

' =e U, or

| Is a charged lepton (%e, ! | %0, !, %!).

! Unitary (?) LeptonicMixing Matrix




;he Probability of Neutrino
Oscillation,P(/ , # /)



We will view N
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from the pion rest frame:




This view calls to mind the B-factory experimehks

A neutralB will oscillate B
back and forth betweeBP andB®,
like a/ oscillates between [3avors.
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T—Proper time since birth as a piBe

There are two neutrél mass eigenstate, ,,, and
B (ighy, Which are linear combinations BY andB®.

B, andB, have approximately the same widgh

They have a mass splittirign = 3.3#10™*eV

Of course, there is no oscillation betwdznandB, .
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> | (49)" ‘BO§O; pwave>

Despite the oscillation, at any tinhen the $ (49)
rest frame, if on® is aBO, the other is &°.
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The members of thB pair areentangledN
they arekinstein-Podolsky-Rosen correlated

$ _(4s)

. : J/%
>< « <
X Ks

Only BO# 18X; BO# 18X

The decayB®# !8X at timet, in the $ (4s) rest frame
collapses th&B wave function.

At timet,, the remainind® must be a purg®.
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Allowing the remaining to evolve from time,,
one Pnds\

¥ (One B# !®X after t,; Other B# 9K after t%<)

" tO t . . )

& e$A( T !)11+S|n’cpsm[( m(t%< $t )]

+ T N ),

B, andB, A CP violating m(By,) Dm(B)
common width phase

This Is a perfectly valid analysis.

But how does the surviving B know
how the Prst B decayed, and when it did so?
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A less puzzling approach
(B. K., Stodolsky)

We calculate thamplitudefor the whole process

(t,, x) (Toacr Xog)

!D:>L Bay  $(49) ,BL(H) }<J/%
X (©.0) Ke

We uselN

&
2

propagates for a proper tifhe expPi ()
{ exdi(px" Et)] =exp("im®)  }

Amplitude (Particle of mass=mbi
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(t, x) (Toacr Xog)

!D>l 8, w9 B[ o
"'t 5 "ii; $o <
X T e #H® T e LYK Kg

A(B,# 18X) A(B,to!; B, to %) A(B # 9K)

Antisymmetric
underB,) B,

Amp = e #H% o LK A, # 19¢) AB # 9K)

PB,) B

(Lorentz invariant)
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UsingN B, andB, have

"H. I__m+_$|/ * the same width
and the Standard-ModB|, andB, decay amplitudes,
one Pnds thaX

"(One B # 19X after 9; Other B# &K after % ) =|Ampf?

3" (%% +%)*

e +1+S|n(Cpsm[) m{ %k $ % )]

This is the usual result, except that times in thé (4s) rest
frame are replaced by proper times in theB rest frames.

No need to think in terms of a collapsing wave function.
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Neutrino Oscillation

Via the Same Approach
(t,, X.) (t,, %)
He 7 0 )
(%ﬁi) ”Uei X

LLeptonic mixing matri>eT

The goal: To eliminate the non-intuitive assumpion that
all the interfering neutrino mass eigenstates in a beam
have the same energy, or else the same momentum.
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(t, %) XKinematicaIly entangl/e‘?

7 !l
S s
"i#,$ * "im
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U b matter
Interaction
amplitude
$ #,
n n IJ *l
AN )
Amp= + Sue & 2% U,Jie'm' » Ugi
1=1,2,3

(Lorentz invariant)
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||'§[n ||'#uli
I ul—*u
Amp= + Sje & 2%

* llimi ,(—i
U ;o Uei
1=1,2,3

pi ©

How do the kinematical phase factors depend’on

To lowest (Prst) order in then? #(m‘$)2 %(mg)z
themuonphase factor

does not depend anso it will not infSuence the |An#¥p|
except in overall normalization, and can be droppec

(First noticed by Akhmedov and Smirnov) y



w0l
In the phase factor for theeutring e IMydy ,

m# =Ebts $

o
T T [ Energy and momentum of
Lneutrino!. in #rest-frame

Since In practice neutrinos are ultra relativistic,
we choosé- = x- # L9to avoid (Event rate) = 0.

UsingN

2 i\ . 2
. m#+(mn) $m 2 \2 12
I H l _ l l

EH p— and (pn) —(En) #(mn) ,

Zm#
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2 (i V2 od i )2
we Pnd that to lowest (Prst) order"imj #(m$) %(m%)

Distance! travels
In the #rest frame

0
m- 2 $mig = oumé ——
omy >0

1 l Energy’/ would havean the #
rest frame if it were massless

wiol ol
Thus, we may take the neutrino phase fac&o'nt?#$#
to beN
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Using this result, and dropping therdependent
muon interaction and propagation amplitudes,
we haveN

Amp:_ " ine 2E Uei
1=1,2,3

[Recall thatL® andE® are the neutrino travel distance
and energy (neglecting its masgs)the # rest frame]
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From" p" x#! , we cannot observeoscillation vs.
travel distance in the lab unless there is a spread in la
frame# momenta, so that th#is somewhat localized.

Because neutrinos are ultra-relativistic, when the
parent# Is moving in the lab, thé travel distance

and energy In the lab frame.andE, are related
to their#rest-frame counterpartis? ande°, by N

L_L
E gO
Thus, In terms of lab-frame variables,
.\ 2 B
. Hilmk] —
Amp: " U,ui e ( $) 2E Uei
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This leads tdN

n " —_ 2_ * * 7 2& 2 L )
P("y # “e) =[Amp° =$4 _Re(UuiUeiquUej)sm (%m? —— %
* * . 8%) 2 L )
+ 2, _Im(UuiUeiquUej)sw( /mj E;l;

1> ]

This Is the usual result.

We derived it now In the same way as we treat
B-factory experiments.

We allowed for the! Du kinematical entanglement,
which proved to be irrelevant.

We didn® need to make any assumption about how the

energies of the different neutrino mass eigenstates are relate:

24



Previous consideration of entanglement
IN processes with oscillation

B. K., Stodolsky

Goldman

Nauenberg

Dolgov, Morozov, Okun, Schepkin
Burkhardt, Lowe, Stephenson, Goldman
Lowe, Bassalleck, Burkhardt, Rusek, Stephenson
Cohen, Glashow, Ligeti
B. K., Kopp, Robertson, Vogel
Akhmedov, Smirnov
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For arbitrary initial Ravor’ and bnal ong N
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When Only Two Mass Eigenstates,
and Two Flavors, Matter

" l Majorana
1 2P phase

.v 1
y Wy U Scost sin*'ze" 0
" Hm U#z%_%sin* COS*%%O 1}

Mixing angle

" " n — - 2 . 2£| ZL:I-
For) + ", P(#$ %)—sm 2&sin“*"' m AE

)

. . L +
For no Ravor change,P("x $ ") =1%sin’ 2&5|n2§' mZE-
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Comparison Between Neutrino
and B-Meson Oscillation

Laboratory neutrinos are ultra-relativistic, wih p.

ThusN

(( oL+
P("#$ %) sin® 2&sin®*' m? TS

We hadN

P(B0 ! EO):KEO‘BO(#MZ e sin? é&—zm#*
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B, andB, are 50050 mixtures o3° andB®.
That is,B°DBP mixing is maximal; sif2* = 1.

Furthermore, If 8 travels a distance in the lab
with momentunp, the proper tim¢ that evolves

in its own rest frame during the journey is giveriNby

,_L1 _mL1I _my+m L

#E mM#S$ 2 P
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Hence, in the limit that we neglect the decay ofBhe

B %
P(BO " BO) = sin 2#sin® $m?2 L
& 4p)

By comparison, when only two neutrinos matter,

v e N 20,2l oL
P(#$ %)—sm 2&sin“*" m 2p:

Do you notice any similarities?
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