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01 NEUTRINO OSCILLATIONS AND COHERENCE

Two Reasons Why a talk 1s needed on Coherence
1. There may be some 1nterest1ng new physms | |
- 2 Confusmn arlses from mlsunderstandmg 81mple QM
R F1rst Reason P0551ble New Physws" -
We now know that after a Weak 1nteract10n on the sun
| ’neutrlno waves w1th at least two dlfferent masses may leave_
" the sun and arr1ve on earth 8 | " R o
C 1veat Maybe there is only one mass elgenstate'? MSW‘7
oSt andard model says these two waves remam coherent
after traversmg over 100 mllhon kllometers _' | | S
It is hke a two sht experlment Where an electron goes
.'through two shts and produces an 1nterference pattern on o
| —"f’a screen over 100 mllhon kllometers away o | e
| There is no other experlment showmg preservatlon of.-
| 'quantum-mechamcal correlatlons over such large dlstances |
o Whether these correlatlons are preserved or whether'

there 1s some dephasmg is worth 1nvest1gat10n



How can neutrinos With different masses be coherent"
Review experlmentally known neutrlno 1nformatron :
Neutrmos have several dlfferent mass elgenstates
Cons1der two d1ﬁ"erent stable neutrmo mass elgenstates :
= ,uV K '——> ez/ at rest “Mlssmg Mass experlments..
= (My— E ) ~ P M2 (My — E.)? -
In mltlal Lederman—Schwartz—Stemberger experlment |
Neutrmos em1tted in T —> /,LI/ produced no e, only u
| _.-Slmply descrlbed in W1th 1/# and Ve mass elgenstates | |
Ruled out by subsequent experlments Mass elgenstate
‘neutri mo 1nc1dent on detector can produce elther e or u
Amphtudes for electrons at the detector from both mass
ergenstates must be coherent and exactly cancel |
Mlssmg mass experlment Was not performed o |
| Sufﬁc1ent mformatlon Was not avallable to determme neu-.
trmo mass from energy and momentum conservatlon .'
N Mlssmg 1nformatlon was not 81mple 1gnorance |

Ignorance alone cannot provlde coherence.



Experimental set up and quantum mechanics must for-
bid knowledge necessary to determine the neutrino mass.
Instructive Example - Bragg scattering by a crystal
Coherence from incomplete momentum information on scat-
tering from different atoms produces constructive interfer-
ence at Bragg angles and peaks in angular distribution.

Single scattered photon transfers momentum to scat- -
tering atom. Detecting recoil momentum would identify
scattering atom and destroy coherence.

QM prevents measurement of individual atom momenta

QM of Crystal dynamics and 1nc1dent photon interac-
tions allow elastic scattering. Photon scattered by single
atom in crystal but crystal quantum state unchanged. |

Purely quantum effect. Classical momentum transfer
to an atom in classical crystal cha,ngés atom momentum
and motion. Allows identification of scattering atom. |

‘Simple toy model - each atom bound to equilibrium

position by harmonic oscillator potential.
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Atom scattering the photon initially in definite discrete
energy level |i).

Cannot absorb the momentum transfer according to the
energy and momentum kinematics of free particles.

Final state |f) must be allowed energy level.

Finite probability that |f) = |i) (elastic scattering)
Which atom scattered photon? Information unavailable.

Coherent scattered amplitudes from all scattering atoms

Amplitudes arising from different processes which would
be classiscally distinguishable can be coherent.

The quantum mechanics of localized states can conceal
the information which would be classically available from
energy-momentum conservation for free particles.

Same effect conceals neutrino mass in7w decay

No problem In measuring decay muon momentum
Initial p, information must be 1ncomplete

Not strictly at rest; localized in some enérgy level |7) of

the material where it stopped.
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Initial state |¢) has pion coherent linear combination of
different momentum eigenstates with sharp energy. Muon
energy determines neutrino energy but not momentum.

At neutrino detector, amplitudes with same energy and
different momenta produced from the different coherent
momenturh components in the initial pion wave function
can be coherent with a definite relative phase.

Amplitudes with different energies not coherent

This can explain why no electrons are observed at a
short distance from the detector.

If neutrino amplitudes propagate as free particles, t_h_e
relative phas.e is completely determined between the am-
plitudes for neutrinos having the same energy but different
masses and different momenta

This produces neutrino oscillations with the same rela-
tion between mass differences and phase differences given

by the standard treatments.
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The Right Way to Treat Flavor Oscillations
WHAT IS THE PROBLEM" |
An amphtude W1th definite ﬂavor is created at a source
A coherent m1xture of amplltudes from mass e1genstates
Neutrmos propagate freely from source to detector - o
Mass elgenstates propagate 1ndependently no mteractlons
Relatlve phases of mass e1genstates change durmg propagatlor’.
| The amphtude ﬂavor 1s measured at a remote detector
WHAT IS THE SOLUTION? TRIVIAL Ql\/I EXERCI‘.‘::
1 Solve tne free Schroedmger or D1rac Equatlon |
Ql 2. Introduce the nroper 1n1t1al condltlons at the source
3. Introduce the proper QM descrrpt1on of the detector
4 Calculate the trans1tlon matrlx element at the detector
The free D1rac or Schroedmger Equatlon is tr1v1al
No need for fancy ﬁeld theory or Feynman dlagrams |
o No need for Lorentz transformat1ons |

- Mlxtures of nonmteractmg mass amphtudes - 10 problem -
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WHY DOESN’T EVERYONE DO THIS?
The Textbooks are misleading!
The textbook neutrino oscillation occurs in time
No experiment measures time!
The textbook neutrino is mixture of mass eigenstates
Same momentum and different energies-
No experiment knows how to make such é neutrind!
The textbook calculates a neutrino oscillation frequency
Gedanken result - No experiment méas_ures a frequency!
Experiments measure wave length!
Textbook converts frequency to wave length \v = v
Neutrinos with differént masses have different velocities
Different transit times between source and detector
Textbooks ignore these differences - get right answers
People worrying about these differen(ies get wrong answers

Avoid confusion - calculate real experiment!



03 QUANTUM MECHANICS OF NEUTRINO COHERENCE

Emitted neutrinos carry energy and momentum

Neutrino source S is a macaroscopic object which must
follow the rules of quantum mechanics. The source recoils
with conservation of energy and momentum

Emission and propagation of neutrinos follow QM

Examine transition |i) = |S(E,p)) — |f) — |SD),

|f)=c1-|S(E - E1,p—p1)) - |[v(E1,p1)) +

+er|S(E — Ba,p— p2)) - [v(Ez, p2))

[(SDIT@) ) = ler (DI Ti(w) [9) [ + ez - (D| To(v) 1) |

Source states drop out of the relation because of orthogo-

nality.
(S(E — E1,p—p1)| S(E — E2,p— p2)) =0

Interference term vanishes. Missing mass experiment.
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No coherence beween two mass eigenstates.
CORRECTION

Source is wave packet in momentum space.

i) = [ 9w)ip|S(E,p) = ¥5(X)
X denotes the center of mass co-ordinate of the source.
1f) =c1-e P ETg(X) - e 4 ¢ - TP X W (X) - P72

z1 and zo co-ordinates of neutrinos - masses my and mg

Consider two neutrino states with same energy.

[{(SDITW)|f) 2 = le1 (DI Ty (v) ) |2 + |e2 (D] Ta(v) [v) P+

| -l-{c’i‘cQF((Sp) (v| Ty (v) | D) {D| Ta(v) |V) + c.c.} | |

F(6p) = / AX (X)X Ug(X) ~ 1 — (1/2) - 5pX(X2)
Interference term no longer vanishes
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Interference term - proportional to “source form factor”

2m2 (X ?) N
o ol

F(0p) = / dX\If;';(X)eMPX Tg(X) ~1—

A = 27 /dp wave length of the neutrino oscillation produced
by momentum _diffefence op | |
Departure from coherence in interference proportional
to the ratio of the mean square quantum fluctuation in the
position of the source to the square of the oscillation ane_
length and is clearly negligible for wave lengths of the order

to the source-detector distance.

Lipkin’s Principle for oscillation coherence

If you can measure it you can measure it!
PROOF
Any sensible experiment must have z, << A
A>> Ty psR—>> — 0Dosc
Ts A

Any sensible experiment will have §p coherence
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02 QUANTUM MECHANICS OF SOLAR NEUTRINOS

Emitted neutrinos carry energy and momentum
Sun recoils with conservation of energy and momentum
Emission and propagation of neutrinos follow QM

Examine transition |i) = |S(FE,p)) — |f) — |SD),

)= 61 1B~ Bu,p— p) - (v, o) +

tep - |S(E — Ea,p—p2)) - IV(Ez,pz»

HSDITW)|f) > = |1 - (DI Ta(¥) |v) P+ |ea- (D| Ta(v) v} |2

Sun states drop out of the relation because of orthogonality.
(S(E = Er,p—p1)| S(E — Ez,p—pa)) =0

Interference term vanishes. Missing mass experiment.

No coherence beween two mass eigenstates.
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- CORRECTION

Sun is wave packet in momentum space.
i) = [ 9wip|S(E,p) = w5(x)
X denotes the »c"en'ter of mass éo—ordinate of the sun.
) = c1- TP RUG(X) - € 4oy - P Wg(X) - e

~ z1 and z2 co-ordinates of neutrinos - masses m1 and msy

Consider two neutrino states with same energy.

[(SDIT)If) P = lex (DITy(v) ) P + ez (DI Ty(w) ) [+
- HeleaF (0p) (| Ty() D) (D| To(v) o) + c.c.}

F(op) = [ dXU0Xw5(X) 1 (172) - 657(X?)
Interference term no longer vanishes |
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Interference term - proportional to “solar form factor”

2m2(X?)

32 ~ 1

F(6p) = / IXT5(X)PX U g(X) ~ 1 —

A = 27 /dp wave length of the neutrino oscillation produced
by momentum dn‘ference op |
Departure from coherence in interference proportlonal
to the ratio of the mean square quantum fluctuation in
the positiont of the sun to the square of the oscillation wave
| length and is clearly negligible for wave lengths of the order

to the sun-earth distance.

-~ Lipkin’s Pr1nc1ple for oscillation coherence

If you can measure it you can measure it!
PROOF

Any sensible experiment must have £, << A

| D T |
)\>>5B3, 5p3%_>>_%5posc
- X A

Any sensible experiment will have dp coherence
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FIG. 1. |
Neutrino Wave Packet at fixed point in space
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FIG. 2.
‘Neutrino Wave Packet in space at fixed time



‘The Role of the Neutrino Detector-
Cruc1a1 in all dlscuss1ons of coherence
Neutrmo descrlbed by wave packet Wthh must vamsh
1 Out81de of a ﬁmte reglon in space at any glven t1me | |
Must have coherent components W1th dlfferent momenta. |
2. Out81de of a ﬁmte 1nterva1 in t1me at any pomt in space
Must have coherent components W1th dlﬁ'erent erergles
Neutrmo Wave packet 1nc1dent on reahst1c neutrmo detector
Loses all coherence between components Wlth dlfferent_"’
»energ1es | o | |
Al coherence betvveen components having the same en-
o ergy and shghtly dlfferent momenta is preserved |
| Completely 1ndependent of the neutrmo source o
N Orlglnal Lederman—Schwartz-Stelnberger experlment |
proves | ';_ o o
Such preserved coherence must ex1st 1n neutrmos emlt- E

tedin m— decay._



| Qriginal Lederrnan-SchWartZ-.'Steinberger-ékperiment
'proves - | -

| Such preserved coherence must exist 1n neutr1nos» emlt-
..ted in 7 — u decay | | | o

- Expernnent saW only muons and no electrons

At least two d1fferent neutr1no mass elgenstates emltted 3

'_:,7r — p, decay

At least one must couple to electrons |
Only explanat1on for absence of electrons at detector
Destruct1ve 1nterference from amphtudes produced by

- d1fferent rnass e1genstates



All experiments detect neutrinos with detectors

‘1. At rest in the laboratory system

A. Forget about Lorentz Invariance |

B. Nobody needs Lorentz frame with moving detector
2. In thermal equ111br1um with their env1ronment |

A. Described by a densﬂ;y matrix diagonal in energy

B. Unable to observe relative phases

Between states with different energies

3. Localized in space in a region

| Tiny cOmpared with the distance to the source
A. Describéd.by a wave function or density matrix not
" diagonal in momentum | |

B. Well defined relative phases between eigenstates with
different momenta | :

C. Able to observe coherence between neutrinos

| With same enérgy and different momenta

Many papers do not correctly describe the detector -



“WhiCh Path” - Wlth a Quantum Detector
When are amplltudes for two paths coherent‘7
Quantum Mechanlcs gives the answer'
Two amphtudes |L( )) and |R(a:)> for two paths R
” Wlth no detector, Wave function at pomt T on screen,‘»'
| ‘I’(w) |L(w)> + |R(x))
W1th no detector, 1nten51ty at point z on screen -
I(2) = [¥(x)? = | |L(=)) | +] R(x)) |? + 2Re[(L (»’v) !R(w)ﬂ
| Wlth quantum detector in “R” path D; —> Df
- Wave functlon at pomt £ on screen
¥(z, D) = |L(#), D) + |R(z), D)
| 'Wlth quantum detector, 1nten51ty at pomt x R
I(z -)‘— [1L(2)) | + | |R(2)) |2 + 2Re[{L(z) |R()) - { }Df> |
Interference term Wlth quantum detector o “
Addltlonal factor - detector overlap ]Df>
| Can add phase of |Df>
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A Toy Model for a Quant’um Detector
A spin 1 / 2 nucleus rotated 180° about z ax1s
o |Df> = ¢ims: |D ) = ¢imo:/2 |D> S
(Di|Dy) = (Dil é™*-/2|D) = (Dilio. D) =iz
B W1th no detector, 1nten51ty at pomt a: on screen
Iz z) = | |L(z)) l2+||R(w‘)> |2+2R6[I<L(w) IR(w)H e'o(*)t
- O(z) is relatlve phase of |L(:1:)) and |R(:v)) |
I(z )—IIL( ) I2+|IR(~T)> |2+2l< _( )IR( )>|0089(w) |
a Wlth quantum detector in “R” path B |
Wave functlon at pomt T on screen
\If(:c D) [IL(CU) Dz) +zaz|R(a:) z)t
B Wlth quantum detector, 1nten51ty at pomt r
- I(z) = ||L(z ) 2 + [ 1R(z)) l2*2I<L(w) IR(w)>|Sln9(w)] (0z>f;-
o Interference term W1th quantum detector - |
R Addltlonal factor (D |az |D> (o z>z
W1th extra 900 phase o R

._'.19;



-Detalled Quantum Mechanlcs of Neutrino Detector |

In1t1al state of neutrmo and detector

S (V D) ZZ‘ (E,,,mk,Pk) D (E)> g

k1pk'@ B

- N,, neutrlno mass states | B
E,,, mk, Pk neutrlno energy, mass and momentum_ .
D, (E) 1n1t1al state of the detector - energy E

" ‘Flnal muon detector state after absorptlon of neu-

_trmo W1th mass mk, em1ss10n of a ,u w:th energy.f

- .and momentum E and P
\ij(u D) ZZ ‘ui(E“,P”) Dkf(E Eﬂ)>
. | B k‘ 1 pk ' . |

D} is final detector state produced in “path k7
F —:'EV"—I;’ E; is total conserved.energy-v
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- Transition in detector on nucleon, co-ordinate X,

charge exchange J+; momentum transfer P}c — PL.

b < jTt IDz> = <D leez“’k X|D>
Detector overlap between absorb1ng M and mj o
lD*> = (D zle’(P Pk>X|D>

If quantum ﬂuctuat10ns 1n act1ve nucleon pOSItmn
in detector 1n1t1al state small in compar1son W1th'__»

B osc1llat1on wave length h/ (P Pk)

e le - Bi* - (Di] |1 X _IDz-) <1
‘ <DE|D*>'~1— (1/2)- u‘%—ﬁklz-<Dz-HX2||Di> ~1 o
Full overlap after absorbmg neutr1nos w1th ‘same

energy and different momenta

Neutrinos with different energies - no coherence
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Interpreting the Standard Textbook Wave Function
Real & Gedanken v-oscillation Experiments
Source creates particle mixture - two or more mass eigenstates
Different mixture observed in detector

Flavor eigenstate with sharp momentumm - different e_nergies

Oscillates in time with well-defined oscillation period
Flavor eigenstate with sharp energy - different momenta

Oscillates in space with well-defined oscillation wave length
Confusion in Description of Flavor Oscillations

Sharp momentum or sharp energy - “Gedanken” experiments'
Conventional Wisdom - Oscillations in Time

For simplicity assume 45° mixing an_gl'e
ey = A/VR () + v2)); ) = (1/\_/5)(|V1>-— 12))

Ve produced at t=0 with momentum p and energies

Ef =p’+mi;  Ej=p*+m}
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lve) and |v,) components oscillate in time

— tan ((El — E2)t) -

e’iElt . eiEzt

AL ,
2

(Ve |ve(t))

ez'Elt i etEat

~tan (%ffgz) f)

This is a “non-experiment”. Real experiment measures space
Now Comes the Hand Waving - Method A
Convert time into distance

xz'vtz%-'t

U] o (E=220) (o
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Problems with Hand Waving - Method A again

_ _ P
a:—'vt—E-t

o] = tan (L= ) o o (2 )

" A Different Hand Wayving - Method B
But v1 and 1/2 states have different velocities

£U=v1t1=EL1-t1=v2t2=EL2°t2

eiEl_tl _ e’iEz to

(v [ve())
(Ve [Ve(2))

t1 — Eot |
:tan((Ell 5 22)) =

etbit + etEat

2p

= tan ( (m —m3)e )

differs by factor of 2 in oscillation wave length. Which is correct?
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A Real Calculation Without Hand Waving (?)
All confusion avoided by direct use of real experiment
Ve produced at x=0 with energy F
dnly neutrinos with SAME ENERGY can be coherent at detecto

|ve) and |v,) components oscillate in space

W [Ve(2))

(?e Ve (z))

6ip1m — ez'pza:

_ tan ((Pl —Pz)-\”f) _

ez’plx + eipz:z; 2

- (GE5F)

Simple argument is right
Treatment is completely relativistic

Needs no discussion of time dependence or “proper times”
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