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A bit of history...

Idea of neutrino oscillations: First put forward by Pontecorvo
In 1957. Suggested possibility of v < ©» osclillations by
analogy with KK oscillations.

Flavor transitions (“virtual transmutations”) first considered
by Maki, Nakagawa and Sakata in 1962.
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For m, # 0 weak eigenstate neutrinos v., v,, v, do not
coincide with mass eigenstate neutrinos vy, 9, /3

Diagonalization of leptonic mass matrices:

e;, — Vieyr, v, — Urvy ... —

—Loptm = i(éyyu VfUL v) WH + diag. mass terms

V2

Leptonic mixing matrix: U = VU,

O ey =) Usi )




m2

For relativistic neutrinos: EF ~p + 5 L=t

A 2

2
m=.
ZJL
*
2 U

O Py, — v L) = ‘ZZ Uy, e

— standard oscillation formula. For 2-flavor oscillations
(good first approximation in many cases):

ve) = cosf|vy) + sinf o)

v,) = —sinf |vy) + cos b |va)

. . Am?
& P = sin? 20 sin? ( o L)
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Most of the current v data can be explained in terms of
oscillations between the 3 known neutrino species (v, v, Ur).

But: there are indications in favour of existence of a 4th light
(eV — keV — MeV scale) neutrino that has to be sterile.

Sterile neutrinos: hints from SBL accelerator experiments (LSND,
MiniBooNE), reactor neutrino anomaly, keV sterile neutrinos,
pulsar kicks, leptogenesis via v oscillations, SN r-process
nucleosynthesis, unconventional contributions to 250r decay ...

However, the evidences are not strong!

Still, even if e.g. LSND result is disproved, this would not exclude

the possibility of light 7, — an intriguing possibility with important

Implications to particle physics, astrophysics and cosmology
CEwewamedy  xvWFTUAWCSCOMsmasworkshop o, December 1520,2002




For 3 neutrino species: mixing matrix U depends on 6y, 643, 613,

dcp, 012. Majorana-type CP phases can be factored out in the
mixing matrix:

~

U=UK, K = diag(1,e"" , e"?)

= Majorana-type phases do not affect neutrino oscillations.
The relevant part of the mixing matrix:

(1 0 0 \ ( C13 0 8136_i5CP \ ( C192 S192 0 \
U = 0 Co3 S93 0 1 0 —S12 C19 0
\ 0 —S923 (93 ) \ —81367;5013 0 C13 ) \ 0 0 1 )

= Oq3 (I's O13 Fjs) O12 ['s = diag(1, 1, ewcp)
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Neutrino oscillations in matter

The MSW effect (wolfenstein, 1978; Mikheyev & Smirnov, 1985)
Matter can change the pattern of neutrino oscillations drastically

Resonance enhancement of oscillations and resonance flavour
conversion possible

Responsible for the flavor conversion of solar neutrinos (LMA
MSW solution established). Important for atm., accel. and SN v’s
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Coherent forward scattering on the particles in matter

X \g Vel =V =V2GE N,

2f neutrino evolution equation:

o d [ ve AAL% cos20 +V ALL”E”" sin 26 Ve
1— p—
dt ALL—TE sin 26 ALL—TE cos 26 V)

Y
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-2 Am2\2
sin“ 20 -
& sin? 20, = ( 2L )

(A2 0820 — V2GENL]? +

2F

(QE) sin” 20

Mikheyev - Smirnov - Wolfenstein (MSW) resonance:

O V2G N, = Am? 190

2F

At the resonance: 6,, = 45° (sin” 26,, = 1) — maximal mixing

lve) = cosb,, [Vim) + sinb,, |vam)

lv,) = —sinb,, V1) + cos b, [vam)




-2 Am?
sin” 26 - (5-)?

[Az’g cos 20 — 2G N, ]2 + (AQ—r”l;fz)2 sin? 20

O sin?20,, =

Mikheyev - Smirnov - Wolfenstein (MSW) resonance:

O V2GRN, = Am? 0590

2F

At the resonance: 6, = 45° (sin” 26,, = 1) — maximal mixing
Ve) = €080p, Vi) + s8I0 0, [Vo) Ne > (Ne)res © O = 90

Ne — (Ne)res : Hm = 45°
lv,) = —sinb,, V1) + cos b, [vam)
Ne < (Neres : Om = 0

lv1m), |2m) — eigenstates of H in matter (matter eigenstates)




Adiabatic flavour conversion

Adiabaticity: slow density

change along the neutrino
path

sin? 20 Am?

cos20 2F

L,>1

L, — electron density scale
hight:

|1 an |
P IN, dx

L

PR &
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Mechanical model of the MSW effect
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Matter Interaction Effect:LMA

Current Data for v, Survival
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BOREXINO IMPACT ON SOLAR NEUTRINO PHYSICS

Before Borexino

Borexino 2012

Neutrino 2012 - Kyoto M. Pallavicini
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913 re@OMIOﬂlonS sin?20,, Measurements

* Up to 2010 only upper bounds on 6,

* In 2011 we had 3o evidence for 6,,#70 from Double Chooz Jun. 2012 e
fits, but not from any one experiment Double Chooz Nov. 2011 ——]

 The situation in 2012 is completely different:
Daya Bay Mar. 2012

» Two accelerator-based experiments

see v, — Vv, appearance (T2K: 3.20) RENO April 2012

« Should also be confirmed in near
future by NovA (not discussed here)
T2K (2011) Normal hierarchy ———+

» Three reactor-based experiments see
T2K (2011) Inverted hierarchy g -

v, disappearance (Daya Bay >> 50)

« Measurement of sin?26,, to a precision of MINOS (2011) Normal hierarchy
5(%) Very Ilkely In the neXt 2 years MINOS (2011) Inverted hierarchy

sin229E is LARGE

—> Good prospect for & searches S T T R B
in next 10-20 years ' : : :

Matt Toups, MIT -- BENE 2012 33
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Neutrino parameter determination — global fits

» Madrid-Barcelona-Heidelberg group
(Gonzalez-Garcia, Maltoni, Salvado & Schwetz)

» Valencia group (Tortola, Valle et al.)
» Bari group (Fogli, Lisi et al.)

(With some inter-relations between the 1st and the 2nd groups)




Global fits — Bari group:

17

SynopS|s of global 3v oscnlatlon analysis

Previous hints of 65> 0
are nhow measurementsl!
(and basically independent
of old/new reactor fluxes)

Some hints of 6,5 < /4
are emerging at ~ 20,

65 7.0 75 80 85 20 2.2 24 26 2800 05 10 15 20 worth exploring by means
Sm?/10° eV? AM?/10° eV? S/ of atm. and LBL+reac. data

A possible hint of 6. ~
emerging from atm. data
[Is the PMNS matrix real?]

So far, no hints for
NH = TH

O 11 T |
025 030 0.35 03 04 05 06 07001 002 0.03 0.04
sin” 0, sin” 0 sin” 0
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Global fits — Barl group:

Numerical 10, 20, 30 ranges: 18

TABLE I Results of the global 3 oscillation analysis, in terms of best-fit values and allowed 1, 2 and 30 ranges for the 3v
mass-mixing parameters. We remind that Am? is defined herein as m2 — (m} + m3)/2, with +Am? for NH and —Am? for IH.

Parameter Best fit lo range 20 range 30 range
dm*/107° eV? (NH or IH) 7.54 7.32 — 7.80 7.15 — 8.00 6.99 — 8.18
sin® ;5/10~" (NH or IH) 3.07 2.91 - 3.25 2.75 — 3.42 2.59 — 3.59
Am?/1073 eV? (NH) 2.43 2.33 — 2.49 2.27 —2.55 2.19 — 2.62
Am?/107% eV? (IH) 2.42 2.31 — 2.49 2.26 — 2.53 217 —281
sin® 813/107% (NH) 2.41 2.16 — 2.66 1.93 - 2.90 1.69 —3.13
sin® 45/102 (IH) 2.44 2.19 — 2.67 1.94 - 2.91 1.71 - 8.15
sin® f23/10" (NH) 3.86 3.65 — 4.10 3.48 — 4.48 3.31 —6.37
sin? 823/10~* (IH) 3.92 3.70 — 4.31 3.53 —4.84 @ 5.43 — 6.41 3.35 — 6.63
§/m (NH) 1.08 0.77 — 1.36 — —
§/m (IH) 1.09 0.83 — 1.47 — —
Fractional 10 accuracy [defined as 1/6 of +3c range]
2 2 N2 N2 N2
om Am sin-6,, sSin“6;, Sin<6,,
2.6% 3.0% 5.4% 10%

Note: above ranges obtained for "old" reactor fluxes. For "new" fluxes, ranges are shifted

(by ~ 1/3 o) for two parameters only: A sin? 6,,/10!

Yesenadrdierarchy differences wellvbelow-do-for various data combinations: sz &

= +0.05 and A sin? 6,5/102

= +0.08
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Uy (t) = e B0 (0)

Uy (t) = e 2y (0)

U(0) =a¥i(0)+bTs(0) (la]* +[b]* = 1) ; =
U(t) =ae P00 (0) + be 221 Wy (0)

Probabllity to remain in the same state |¥(0)) after time ¢:

- . 2
O Pary = (TO)[ W) = [Ja? e 70 4 [pf2e 71

— 1 — 4]a)?[b? sin2[(Es — 1) t/2)
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Appear to be a simple QM phenomenon

But: A closer look reveals a number of subtle and even paradoxical issues

There are some “damned questions”

# Why should one assume same energies or same momenta of v mass
eigenstates?

» If neither is the same, how should one calculate the oscillation phase?

# How can one reconcile neutrino oscillations with energy-momentum
conservation? — entanglement?

# Are wave packets necessary?
# What is the role of QM uncertainty relations?

» How can one make sure that the oscillation probability is Lorentz
invariant?
EvenyAdmedov  XVIIFTUAWCSICChrismasWorkshop  Madid,Decomber 18-20,2012 -
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# Why do we say that charged leptons are produced (and captured) in Wi
as mass eigenstates and neutrinos as flavour states and not vice versa?

o What determines the flavour of neutrino produced in 7+ decay when the
charged leptons are neither detected nor interact with the medium?

# Do charged leptons oscillate? If not, why?
# Under what conditions can oscillations be observed? (coherence issues)
# When are the oscillations described by a universal probability?

# When is the emission of neutrinos from different space-tme points in
extended sources coherent?




Neutrino oscillations questions — contd.

#» Why do we say that charged leptons are produced (and captured) in WI
as mass eigenstates and neutrinos as flavour states and not vice versa?

o What determines the flavour of neutrino produced in 7+ decay when the
charged leptons are neither detected nor interact with the medium?

# Do charged leptons oscillate? If not, why?
# Under what conditions can oscillations be observed? (coherence issues)
o When are the oscillations described by a universal probability?

o When is the emission of neutrinos from different space-tme points in
extended sources coherent?

# |[s the standard oscillation formula correct? If yes, what is the domain of
its applicability?
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For m, # 0 weak eigenstate neutrinos v, Yy, Vr do not
coincide with mass eigenstate neutrinos 1y, /9, /3

Diagonalization of leptonic mass matrices:

er, —>VL€L, v, —Upvp ... -
—Lowsm = \%(éyy“ VLTUL vp) W, + diag. mass terms + h.c.

Here e;, and v, are mass eigenstates!
Leptonic mixing matrix: U = VU,

<> Va = ZUai Vi — |Voz Z |Vz

(@ = e, u, T, i:1,2,3)




The standard formula for the oscillation probability of relativistic
neutrinos in vacuum:

.Am 8

2
% Pva —vg L) =) ;Ug e LU,




Assume at time ¢t = 0 and coordinate = = 0 a flavour eigenstate
lv,) 1S produced:

0,00 = bA) = 3 Ui

For plane-wave particles:

mass>

E —ip;T

After time T at the position L, mass eigenstates pick up the
phase factors e~ with

¢ = piv = ET — jL

o |2

P(vo —vg) = |WhW(T, L))




Consider 7||L = pL=pL (p = |pl, L = |L|)

Phase differences between different mass eigenstates:
Ap = AE-T — Ap- L

Shortcuts to the standard formula

1. Assume the emitted neutrino state has a well defined
momentum (Ssame momentum prescription) = Ap = 0.

m?2

For ultra-relativistic neutrinos E; = /p?2+m? ~p+ e
m2 — m? Am?
AE ~ 2 ! —_— ; T ~ L h — — 1
OF OE (h=c=1)

= The standard formula is obtained
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2. Assume the emitted neutrino state has a well defined
energy (same energy prescription) = AFEF = 0.

Ap = AE-T — Ap-L = — Ap-L

For ultra-relativistic neutrinos p; = /E?2 —m? ~ F — »

Am? .
2p

—Ap = p1 —p2 &

= The standard formula is obtained

Stand. phase = | (lose)ix = 2ZZ ~ 2.5 g 28V

2 2
Ami e Ami e eV
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Very simple and transparent
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Trouble: they are both wrong




Same momentum and same energy assumptions: contradict kinematics!

Pion decay atrest (7" — ut +v,, 7~ — u~ +v,):
For decay with emission of a massive neutrino of mass m;:

2

m2 m2 m2 m2 m4

ri= 7l —5 |\ttt s
1 m 2 ms 4dmz

2
For massless neutrinos: E; =p; = E' = 5~ (1 — m—’;) ~ 30 MeV

To first order in m?:

Ei—E+§2E, pi—E—(l—f)ﬁa §—2<—mQ ~ 0.2




Same momentum or same energy would require
& =1or & = 0 — notthe case!

Also: would violate Lorentz invariance of the oscillation
probability

How can wrong assumptions lead to the correct oscillation
formula ?
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¢ Plane wave approach: plagued with inconsistencies. If applied correctly,
does not lead to neutrino oscillations at all!

Plane waves: neutrino production and detection regions completely
delocalized — the oscillation baseline L undetermined

Plane waves mean that energies and momenta of particles have sharp values
= When applied to neutrino production and detection processes: neutrino
E and p can be determined from those of the accompanying particles .

Neutrinos propagate macroscopic distances between their source and
detector, i.e. are on the mass shell = their energy and momentum satisfy

B2 = p2 + m?

By knowing the neutrino energy and momentum one can determine its mass
But. Mass eigenstates do not oscillate !
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{» Consistent approaches:

o OM wave packet approach — neutrinos described by wave packets rather
than by plane waves

# QFT approach: neutrino production and detection explicitly taken into
account. Neutrinos are intermediate particles described by propagators

Py (k) Dy (k')

P;i(q) D;(q")




Oscillations are due to phase differences of different mass eigenstates:

Ap =AE-T — Ap-L (B = \/p?+m?)

Consider the case AFE < FE (relativistic or quasi-degenerate neutrinos) =

AE = apAp+8m2Am = vAp + QEAm
Ap = (vAp+iAm2)T — Ap- L
2F
Am?
= — (L — vT)Ap + ¥ T

In the center of wave packet (L — vT)=0. Ingeneral, |L — vT| < o,;
if o,Ap <1 (e, Ap<koy), |L —vT|Apg1l =
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Am?
2F
— the result of the “same momentum” approach recovered!

A¢p = T, L ~vTl' ~T

Now instead of expressing AE through Ap and Am? express Ap through
AE and Am?:

Am? Am?
L =N
2p 2p

Lo~ wD)AE +

(V)

O Ag =
— for AFo,. /v <1 (i.e. AE < o) — “same energy” result recovered.

The reasons why wrong assumptions give the correct result:

# Neutrinos are relativistic or quasi-degenerate with AF < E

# Neutrino energy uncertainty op > AFE (typically this means o, < los)
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Neutrino emission and detection times are not measured (or not accurately
measured) in most experiments = integration over T

Amzk

P(vg, — vg; L) = /dTP(Va—>Vg;T,L Z UgiUppUppe” 20 1

~ d
L. =N /%fis(rkq — AFE;/2v + Pz-)fz-D* (req — AE;k/2v + P;)

X If*(?“iq -+ AEik/QU —+ Pk)f;?(?“zq -+ AEik/2U + Pk) 6’i%qL

Here: v=%E"% Av=wv,—v;, 1=, N=1/[2E;(P)2E(P)v]

9 ) ()
® For (Av/v)o,L <1 (i.e. L < leon = (v/Av)o,) I is approximately
independent of L; in the opposite case I;; is strongly suppressed

® [, isalso strongly suppressed unless AE;;/v < 0y, 1.6. AE, < 0g
— coherent production/detection condition




The standard formula for the oscillation probability corresponds to I, = 1.

If the two above conditions are satisfied, I, is not suppressed and is L-, 7-
and i, k-independent (i.e. a constant).

The standard probability is obtained when this constant is 1 (normalization
necessary!)




Oscillation probability calculated in QM w. packet approach is not
automatically normalized! Can be normalized “by hand” by imposing the
unitarity condition:

> Pap(L) = 1.
E

This gives

s dp
[araw =1 = Li=w [S2EeR PR =
— Important for proving Lorentz invariance of the oscillation probability.

Depends on the overlap of f7(p) and f°(p) = noindependent
normalization of the produced and detected neutrino wave function would do!

In QFT approach the correctly normalized P,3(L) is automatically obtained
and the meaning of the normalization procedure adopted in the w. packet
approach clarified
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# Conservation of energy and momentum is an exact law of nature
The amplitudes of processes in QFT:

Afpi = (27T)45(4)(2fpf — 3 P;) My,

# Using exact energy and momentum conservation to determine the v
4-momentum in the production or detection processes would destroy v
coherence = wash out the oscillations.

From 4-momenta of particles accompanying v production or detection one
can find neutrino energy and momentum = through E? = p? + m? — the
neutrino mass.

In this case v would be a mass eigenstate, not a flavour state = no
oscillations would be possible

The dichotomy led to a significant confusion in the literature.
How can it be resolved?




Consider e.g. m — u + v decay.
Suppose that the 4-momentum of the pion p, is well defined but the muon

4-momentum is correlated with that of the emitted v;:
pl/’i_'_p,u’i:pﬂ') 1=1,2,3

State produced in the pion decay: a coherent superposition of different
neutrino mass eigenstates accompanied by the muon states with correlated

4-momenta (entangled state):

) = Z pm NVi(Dui))-

If muon 4-momentum is measured very accurately (e.9. p, = pu1) =
neutrino detector should observe only v, with 4-momentum p, ;.
A realization of the Einstein-Podolsky-Rosen correlation.

But: in this case no oscillations would occur!
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= Disentanglement is necessary.

Assumed to be achieved through a measurement of the muon momentum with
a sufficiently large intrinsic uncertainty (< sufficiently good localization of the
measurement process). Leads to a violation of the strict correlation between
the muon and neutrino 4-momenta = to a separation of the muon and
neutrino parts of |u ). Oscillations become possible.

No oscillations when the muon is not “measured”!

But: the argument misses completely the fact that the initial pion state is
already localized and is not characterized by a sharp 4-momentum!

= The pion must be described by a wave packet with a momentum
distribution function of width o,,.

For a given value p,; the muon 4-momentum p,; Is no longer uniquely
determined. Can take any value within a range of width of the order o,.

¢ Kinematic entanglement is irrelevant to neutrino oscillations!




{» Wave packets are necessary for describing localization of neutrino
production and detection processes = of neutrinos themselves!

WPs necessary for a proper definition of S-matrix
Neutrino energy and momentum have some uncertainties, og and o,.

This does not mean that energy-momentum conservation is violated!

E-p conserv. is exact for closed systems. Satisfied exactly when applied to all
particles in the system (including those that localize particles participating in v
production and detection in given space-time regions).

Energy and momentum uncertainties do not contradict £-p conservation!

At the technical level:

dp: ~ . - , dp; ~, . - a
A=11/ #fj(ﬁj,ﬁj;Ts,Xs)H / 3y 1700755 To, Xo) AT ({5}, {1 )
J

A7 ({ps} {pi}) oc 6¢ pr—sz -
e —— T




Neutrino oscillations — a QM interference phenomenon, owe their existence
to QM uncertainty relations

Neutrino energy and momentum are characterized by uncertainties o and
o, related to the spatial localization and time scale of the production and
detection processes. These uncertainties

» allow the emitted/absorbed neutrino state to be a coherent superposition
of different mass eigenstates (Kayser, 1981)

# determine the size of the neutrino wave packets = govern
decoherence due to wave packet separation (Nussinov, 1976)

or — the effective energy uncertainty, dominated by the smaller one between
the energy uncertainties at production and detection. Similarly for o,.




QM uncertainty relations: o, Is related to the spatial localization of the
production (detection) process, while og to its time scale =
iIndependent quantities.

On the other hand: Neutrinos propagating macroscopic distances are on the
mass shell. For on-shell mass eigenstates E? = p* + m? means

Eog = poy,
How can this be understood?

The solution: At production, neutrinos are not on the mass shell. They go on
shell only after they propagate = ~ (a few)x De Broglie wavelengths. After
that their energy and momentum get related by E? = p* + m? = the
larger uncertainty shrinks towards the smaller one to satisfy Eor = po,.

On-shell relation between E and p allows to determine the less certain of
the two through the more certain one, reducing the error of the former.




The length of v w. packets: ¢, ~ 1/0,. For propagating on-shell neutrinos:
op ~ min{oP%, (E/p)ot°d} = min{oP"¢, (1/v,)o2rd

Which uncertainty is smaller at production, ¢2™¢ or a%md?

Consider neutrino production in decays of an unstable particle localized in a
box of size Lg. Time between two collisions with the walls of the box: T%s.

o If Ts < 7 (r — lifetime of the parent unstable particle) =
Op ~ TS‘1 (collisional broadening). Mom. uncertainty: o, =~ Lgl.

But: Lg=v5Ts = o0 < o0p (a consequence of vg < 1)

o If T > 7 (quasi-free parent particle) = o5 ~ 77 !=T.

op = [(p/E)T|™' = [(p/E)og|™t, ie. o ~ (p/E)o, < op.




In both cases |o2°? < gprod

Vg

OF

Y

< alsowhen v's are produced in collisions.

In the stationary limit (cg — 0) one has o, .4 — 0 even though o, is finite!
Therefore o, — oo and so the coherence length .., — oo

— a well known result.




1. “Paradox” of neutrino w. packet length

For neutrino production in decays of unstable particles at rest (e.g. © — pv,):

v v
— =~ = (= 0,7

op ~ 17 = 1,, Op ~
OF F?T
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1. “Paradox” of neutrino w. packet length

For neutrino production in decays of unstable particles at rest (e.g. © — pv,):

—1 Ug

o ~ 1 = I'y, Op =~ f:v—g(:ng)

OF FW
For decay in flight: T7. = (m,/FE;)I'x. One might expect
/ Lr
0, X —O0gz > Og.
My
On the other hand, if the decaying pion is boosted in the direction of the
neutrino momentum, the neutrino w. packet should be Lorentz-contracted!

The solution: pion decay takes finite time. During the decay time the pion
moves over distance | = ur’ (“chases” the neutrino if u > 0).

’UgT
’Yu(l + vgu) ’

o, > v, [T =l =07 —ur" = (v, — u)y,7 =

[the relativ. law of addition of velocities: v, = (vy +u)/(1 + vyu)].
_EvgenyAkhmedy  XVIIFFUAM/CSICChristmasWorkshop  Wadrd, December 120,2012 -




That is
/ Ogx

© 7 (14 vgu)

For relativistic neutrinos v, =~ v, ~1 =

, [1—u
0, = Oy
14+ u

= when the pion is boosted in the direction of neutrino emission (u > 0)
the neutrino wave packet gets contracted; when it is boosted in the opposite
direction (v < 0) - the wave packet gets dilated.

o
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The oscillation probability must be Lorentz invariant! But: L. invariance is not
obvious in QM w. packet approach which (unlike QFT) is not manifestly
Lorentz covariant.

How can we see Lorentz invariance of the standard formula for the oscillation
2

probability ? P,; depends on L/p (contains factors exp[—iAQLp’”"L]). Is L/p

Lorentz invariant? Lorentz transformations:

L' = v, (L + ut), t' =y (t +ul),

E' =~,(E+up), p =yulp+ub).
The stand. osc. formula results when (i) production and detection and
(i) propagation are coherent; for neutrinos from conventional sources (i)

Implies o, < l,sc. = o0ne can consider neutrinos pointlike and set
L=v,it. = L =~,L(1+u/vy). Onthe other hand: v, =p/E

= P = vup(l 4+ u/vy).

= L'/p) = L/p




A more general argument (applies also to MOssbauer neutrinos which are not
pointlike): Consider the phase difference

1 Am?
= — — — AFE
O Ao o (L — v4t) — 2

L

— a Lorentz invariant guantity, though the two terms are in not in general
separately Lorentz invariant.

But: If the 1st term is negligible in all Lorentz frames, the second term is
Lorentz invariant by itself =- L/p is Lorentz invariant.

The 1st term can be neglected when the production/detection coherence
conditions are satisfied. In particular, it vanishes in the limit of pointlike
neutrinos L = v,t. N.B.:

L —uv,t
—Ug+u(t+uL) — Y

L — o't =~ |(L+ ut |
Y Yu (L ut) 1+ vyu Yu (1 + vyu)

l.e. the condition L = v,t is Lorentz invariant. MB neutrinos: AE ~ 0.
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The oscillation probability must be Lorentz invariant even when the coherence
conditions are not satisfied !
Lorentz invariance is enforced by the normalization condition.

Puy(L) = > UaiUpUs Uk Lin(L),  where
ik

In(L) = [dt AL AL e 5%

From the norm. cond. [dt|A;(L,t)]? =1 =

A Pdt = inv. = |A||Agldt = inv. = AALdt = inw.

The phase difference A¢;, = AFE;, .t — Ap;i L 1S also Lorentz invariant =
sois I;x(L), and consequently P,,(L).




What do we mean by charged leptons?

The usual e*, p* and 7 are mass eigenstates = do not oscillate.




Can we imagine a situation when one creates a coherent superposition of e,
1 and 7 and then also detects their coherent superposition (the same or
different) rather than individual mass-eigenstate charged leptons?

Charged - current weak interactions look completely symmetric w.r.t. neutrinos
and charged leptons!

g - _
Loc = — 7 (Ear V" Uuivit) W, + he., U = V]V,
Why do we say that charged leptons are emitted and detected in mass
eigenstates and neutrinos in flavour states (superpositions of mass
eigenstates) and not vice versa? Or not both as some superpositions
of mass eigenstates? E.g.

e1) = Uiele) + Uiulp) + Usr|7m) is emitted or detected together with vy,
e2) = Uscle) + Usulp) + Uar|7T) is emitted or detected together with vs,
es) = Uscle) + Us,|p) + Us.|T) is emitted or detected together with vs.




Because they are emitted (and absorbed) alongside charged leptons of
definite mass e*, u® or 7%. (This “measures” the flavour of neutrinos).
How do we know that charged leptons are in mass eigenstates?

(1) Beta decay: only electrons are emitted together with neutrinos. Emission
of u* and 7% is forbidden by energy conservation.

(2) Decays 7t — p*v, 7t —e*v (or K* — u*v, KT — e*v). Here
emission of both muons and electrons is allowed.

Assume a coherent superposition of e and g is produced in pion decay
(nearly) at rest. The energy uncertainty of the charged lepton:

op~T,=25-10"%eV

Uncertainty in the mass determination (\/(2Ecg)? + (2po,)?] ~ 2v/2E0g):

Omz ~ 2V2E0og ~ 2v/2-(90 MeV) - (2.5-107%eV) ~ 6.4 eV?




This has to be compared with m? —m?2 ~ (106 MeV)? =

e

Different mass-eigenstate charged leptons are emitted incoherently!
This provides a “measurement” of the flavour of the emitted neutrino

For pion decay In flight: assume pion’s energy is Ey. The energies of the
produced charged leptons are rescaled as £ — E (Ey/m,), butthe pion
decay width (and so og) isrescaledas I'y — I'x(m,/FEy) =

[(2Eog)? + (2po,)?]'/? remains the same (o,,2 a Lorentz invariant quantity).

4

{ Charged leptons produced in 7= — [Tv and K* — [*v decays are always
emitted as mass eigenstates and not as coherent superpositions of
different mass eigenstates because of their very large Am?.

> Therefore even oscillations between e;, e; and ez (or any other
superpositions of e, pand 7) are not possible.




The masses and decay widths of 7*, K= are rather small = o,,2 small.
How about decays of W*? For W* — [*v decays at rest:

G 3
10, o~ —E0W 930 MeV
¢ 6/ 27
= Om2 ~ 2V2FEop ~ 2V2-40 GeV - 230 MeV ~ (5 GeV)2.
Thus
Oz > mfb —m?2, Oz > M2 — mfb ~ (1.77 GeV)?,

— all three charged leptons are produced coherently in W* decays.
Can one then observe oscillations between their different coh. superpositions?
Coherence length l.on ~ 0, /Awvy:

1 3/ 27

- Grpmw(m2 —m2)

~925x%x 1078 cm.

(leoh )max = [F(I)/V—>lau (Avg)min]

= [T loose their coherence almost immediately after their production



Keyword: Coherence

Neutrino flavour eigenstates v, v, and v, are coherent superpositions of
mass eigenstates v, /9 and v3 = oscillations are only observabile if

# neutrino production and detection are coherent
# coherence is not (irreversibly) lost during neutrino propagation.
Possible decoherence at production (detection): If by accurate £ and p

measurements one can tell (through E = /p? + m2) which mass eigenstate
IS emitted, the coherence is lost and oscillations disappear!

Production and detection coherence < localization cond.:

lprod < losc ) ldet < losc
Usually satisfied with large margins.
Propagation coherence: L <leoh >~ R0y = iimi VO,




Even non-observation of neutrino oscillations at distances L < [ .. IS a
conseqguence of and an evidence for coherence of neutrino emission and
detection! Two-flavour example (e.g. for v, emission and detection):

Aprod/det(Vl) ~ U1 = cost, Aprod/det(VQ) ~ Uegz = sint -

A(ve = ve) = Y Aproa(ti)Ages(v;) = cos® 6 + e~ **?sin” §

i=1,2

Phase difference A¢ vanishes at short L =
P(ve — v,) = (cos® § +sin” 0)? = 1

If 1 and v, were emitted and absorbed incoherently) = one would have
to sum probabilities rather than amplitudes:

P(Ve > ve) ~ Y |Aproa(vi)Adet (v)]* ~ cos® 6 + sin* 6 < 1
i=1,2




Q.: When are the oscillations described by a universal (production and
detection independent) oscillation probability?

A.. When neutrinos are relativistic or quasi-degenerate in mass and the
conditions of coherent neutrino emission and detection

AF < og, Ap < oy

are satisfied.

Under these conditions the rate of the overall neutrino
production-propagation-detection process can be factorized into the
production rate dI'®™4(E)/dE , propagation (oscillation) probability P,s(FE, L)
and detection cross section og(E) = P,3(FE,L) can be extracted.




Neutrino production in extended sources: Amplitudes of neutrino emission in
different points must be summed — a consistent QM procedure.

The standard approach: calculate the probability that neutrino produced at a
fixed point z oscillates, and then integrate over all x in the source
(probability summation procedure — classical in nature).

Both procedures give identical answers under realistic conditions!

The two approaches lead to different results whenever the localization
properties of the parent particles at neutrino production and of the detection
process are such that they prevent the precise localization of the point of
neutrino emission — difficult to realize in practice.




X neutrino detector a) x neutrino detector b)
v/
muon detector
t t
: c) . d)
X neutrino detector X neutrino detector
v
muon detector muon detector
UZL“IK’ U(t‘l\'
t t
\ e) [ : f)
X neutrino detector X neutrino detector
muon detector
UITI'
t t




X detector

v

Additional phase for the segment AB:
Ap =—[E;(P;) — Ex(Pr)|At + (P; — Py)Ax.

At and Ax: projections of AB onthet and x axes. =

O pr v
At = : Ax = 0, 7.
2
-~ g j
A¢ — ) Oxm

Vg —Ux 2P
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Are deviations between the results of the coherent amplitude summation and
incoherent probability summation approaches experimentally observable?
Requires extremely high energies of the parent pion:

2
Am >1
2/‘\J
T

2(Frozn)

E.g. foro,. ~10*cm and Am? ~1eV? A¢would be ~ 1 for pion
energies E, > 10° TeV — not feasible,

Another possibility: increase significantly the spatial width of w. packets of
ancestor protons, which would increase the values of o,,. But: not clear how
this could be achieved.

Other possibilities...
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violation (complete averaging regime).

Gives only order of magnitude estimate when decoherence
parameters are of order one.




Yes!
The standard formula for osc. probability is stubbornly robust.
Validity conditions:
» Neutrinos are ultra-relativistic or quasi-degenerate in mass

o Coherence conditions for neutrino production, propagation
and detection are satisfied.

Gives also the correct result in the case of strong coherence
violation (complete averaging regime).

Gives only order of magnitude estimate when decoherence
parameters are of order one.

But: Conditions for partial decoherence are difficult to realize
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» OM and QFT wave packet formalisms provide consistent
approaches to neutrino oscillations.




» OM and QFT wave packet formalisms provide consistent
approaches to neutrino oscillations.

» The standard formula for P,z obtains when neutrinos are
relativistic and coherence conditions for neutrino production,
propagation and detection are satisfied.




o OM and QFT wave packet formalisms provide consistent
approaches to neutrino oscillations.

» The standard formula for P, obtains when neutrinos are
relativistic and coherence conditions for neutrino production,
propagation and detection are satisfied.

o QFT approach allows to justify and improve the simplistic QM
wave packet one (e.g. allows to obtain the neutrino wave
packets used in the QM approach instead of postulating them
and justifies the normalization procedure).







Matter effects




dt — 2(B x S)

S = {Re(v'v,), Im(viv,), viv. —1/2}
B = {(Am?/4E)sin20,,, 0, V/2— (Am?/4AE) cos26,,}




Normal matter [(# of particles) = (# of anti-particles)]:
The very presence of matter violates C, CP and CPT

= Fake (extrinsic) CP . Exists even in 2f case. May
complicate study of fundamental (intrinsic) C7
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Normal matter [(# of particles) = (# of anti-particles)]:
The very presence of matter violates C, CP and CPT

= Fake (extrinsic) CP . Exists even in 2f case. May
complicate study of fundamental (intrinsic) C7

Matter with density profile symmetric w.r.t. midpoint of neutrino

trajectory does not induce any fake Z°. Asymmetric profiles do,
but only for N > 3 flavors — an interesting 3f effect.

o May fake fundamental Z° and complicate its study
(extraction of dcp from experiment)

Induced 7" absent when either U, =0 or Am2,; = 0 (2f limits)
= Doubly suppressed by both these small parameters
— effects in terrestrial experiments are small
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In 2f approximation: no matter effects on v, «<» v, oscillations
[V (v,) = V(v,;) modulo tiny rad. corrections].
Not true in the full 3f framework! (E.A., 2002; Gandhi et al., 2004)

Al
I

“ M 0y 4409  6et09  [8e+09  1e+10  1.2e+10 1.4e+10
1 E
56109 4e+09  6e+09  8e+09  1le+10 1.2e+10 1.4e+10 —05

E

P, Oscillated flux of atm. v,

Am2, =25 x 1073 eV, sin®fi3 = 0.026, o3 = /4, Am32, =0, L = 9400 km

Red curves — w/ matter effects, green curves — w/o matter effects on P,




Another possible matter effect




Parametric resonance in oscillating systems with varying
parameters: occurs when the rate of the parameter change is
correlated in a certain way with the values of the parameters

themselves
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correlated in a certain way with the values of the parameters
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Parametric resonance in oscillating systems with varying
parameters: occurs when the rate of the parameter change is
correlated in a certain way with the values of the parameters

themselves

For small-ampl. osc.:

Qres — Q_w
n

n=1723..




An example admitting an exact analytic solution — “castle wall”
density profile (E.A., 1987, 1998):

o
p2 '''''''''
p]_ i i o o o
- X

Resonance condition:

X3 = —(sin ¢ cos ¢ cos 2601, + cos ¢y sin ¢y cos 265,,) = 0

¢1.2 — osclillation phases acquired in layers 1, 2
Ceewmmed  vuTUAWCSCOmsmasworkshop Vo December 1320,2012
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Fulfilled for v, < v, . oscillations of core-crossing v’'s in the
Earth for a wide range of energies and zenith angles !

04 T e R
o z\ sin22913:0.15:
0-4: /\Param. H
0.3: - 1

: E =10GeV T
] E, = 12.GeV ]
0.1: E =15GeV
: /\
i | AT
-08  -0.7 06 -05 04  -0.
E (GeV) cos@v

Intermed. energies High energies, cos©® -

cos® = —0.89 sin? 2013 = 0.01 dependence

(Liu, Smirnov, 1998; Petcov, 1998; EA 1998) (EA, Maltoni & Smirnov, 2005)
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can be observed In future atmospheric or accelerator
experiments if ;5 Is not much below its current upper limit

Evgeny Akhmedov

XVIII IFT-UAM/CSIC Christmas Workshop
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Genuine 3f effects




s OP . Plv,—w) # Pu, — )
s 7' Py, — ) # Py — v,

CPT invariance: <o P(v, — v,) — P(0, — U,)

CcP < T — consequence of CPT

Measures of CP and Z° — probability differences:
APSY = Py, — 1) — P(0, — )

ab —

AP, = P(v, — 1) — P(vy — 1)

ab —

From CPT:
o APSY =APY. AP =0

ab




One Dirac-type phase écp = one CP and 7 observable:

o AP," = AP" = AP.” = AP
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One Dirac-type phase écp = one CP and 7 observable:
o AP," = AP" = AP.” = AP

2 .
AP = — 4812 C12 513 C15 523 Ca3 Sl (Scp

Vanishes when
» Atleast one Am;; =0
At least one 6;; = 0 or 90°

dcp = 0 or 180° Very difficult to

. . observe!
In the averaging regime

In the limit L — 0 (as L?)

N
N
N
N




QM wave packet approach




The evolved produced state:
7t > _ Z U;z |V;nass Z U* lIIS ;nass>

The coordinate-space wave function of the :th mass eigenstate (w. packet):

Si= 1y _ d’p g ipT—1E;(p)
V@) = [ G 1@ e

Momentum distribution function £ (p): sharp maximum at p = P (width of the
peak o,p < P).

3Ez(p) = - 1 82E@ (p) — 5 2
E;(p) = E;(P A _P - — P
(p) (P) + =55 ﬁ(p )+ 3o N (7= P)" +
. OF;(p) I ~ 0°E;(p) m?
’U,L- pr— = pr— —, o —= pr—




VS (7, 1) = e B PIHPT oS (7 _Gt) | (a — 0)
gz( f(d23p)13 e’l,ﬁl(il_?'—’l_jgt)

Center of the wave packet: 7 — v;t = 0. Spatial length: o,p ~ 1/0,p
(g7 decreases quickly for |7 — vit| > o.p).

Detected state (centered at ¥ = E):
§@) = Y U WR(@)[™)
k

The coordinate-space wave function of the ith mass eigenstate (w. packet):

vD () — d°p  .p, o g
k (SU) - (27T)3 fk: (ﬁ)e




Transition amplitude:

AQB(T,E) — <VB|V T L Z Uﬁz )

AW D) = [ S8 55 1) e BT
i\L (2m)3 p p

Strongly suppressed unless |E —u;T| < o,.. E.Q., for Gaussian wave packets:

—

(L — 0,T)?

2
4oz

—

Ai(T, L) o exp |- .

2 2
OrpP + OxD

, o

Oscillation probability:

O Plvg —vg T, L) = |Aasl” Z UsiUnUby Ai(T, L) A5 (T, L)




Another source of decoherence: wave packet separation due to the difference
of group velocities Av of different mass eigenstates.

If coherence is lost: Flavour transition can still occur, but in a non-oscillatory
way. E.g. for # — uv; decay with a subsequent detection of v; with the
emission of e:

P ZPprod(MVi)Pdet(eyi) X Z|Uﬂi|2|Uei|2

— the same result as for averaged oscillations.

How are the oscillations destroyed? Suppose by measuring momenta and
energies of particles at neutrino production (or detection) we can determine its
energy £ and momentum p with uncertainties o and o,. From

E? = p? +mg:

Om2 — [(QEO'E)2 + (2p0p)2]1/2




2

If 0,,2 <Am? = |m? —m3| — one can tell which mass eigenstate is emitted.

omz < Am? implies 2po, < Am?, or o, < Am?/2p ~ I .}

osc*

But: To measure p with the accuracy o, one needs to measure the momenta
of particles at production with (at least) the same accuracy = uncertainty
of their coordinates (and the coordinate of v production point) will be

—1
Ox, prod Z Up > losc

=  Oscillations washed out. Similarly for neutrino detection.

Natural necessary condition for coherence (observability of oscillations):

Lsource <K loSC) Ldet < losc

No averaging of oscillations in the source and detector

Satisfied with very large margins in most cases of practical interest




Wave packets representing different mass eigenstate components have
different group velocities v,;, = aftertime .., (coherence time) they
separate = Neutrinos stop oscillating! (Only averaged effect observable).

Coherence time and length:

A’U'tcoh =~ Oz, lcoh =~ Utcoh

b, Ey, 217

~ U _ 2E?
lcoh — EO_:U — Am2 VO

The standard formula for P,.. IS obtained when the decoherence effects
are negligible.




Neutrino oscillations: Coherence at macroscopic distances —
L > 10,000 km in atmospheric neutrino experiments!




Do charged leptons oscillate?




What do we mean by charged leptons?
The usual e*, = and 7F are mass eigenstates = do not oscillate.

[Also: unlike neutrinos, they participate also in EM interactions (and are
normally detected via these interactions) which are flavour-blind.]

Assume we create a muon at t, =0 and xy = 0. Neglecting muon decay, we
have

(T(0)) = |w; |U(E 1) = e PTp) = Py o= [(p¥(@. ) =1
Assume now we manage to create a coherent superposition of x and e:
|(W(0)) = cosf|u) + sinfle)

The weights of 1 and e in the initial state: cos?é and sin” 4.




Evolved state:
(W(Z, 1)) = e PP cosf|p) + e P*sinf|e)

The probabilities of finding p and e:

P, = [{(u|¥(Z, 1) = |e ™" cosf|* = cos®0
P, = [{e|U(Z,t))]? = |[eP*sinf]* = sin®0
— are the same! = There are no oscillations between mass
eigenstates, no matter if the initial state is pure or (coherently) mixed
Y

There are no oscillations between ¢, 1 and 7!

[NB: The same for neutrinos — initially produced v, can with some probability oscillate into v,,
or v,, but the weights of v;, v2 and v3 that were in the initial state will remain the same! ]




Can we imagine a situation when one creates a coherent superposition of e,
1 and 7 and then also detects their coherent superposition (the same or
different) rather than individual mass-eigenstate charged leptons?

Charged - current weak interactions look completely symmetric w.r.t. neutrinos
and charged leptons!

g - _
Loc = — 7 (Ear V" Uuivit) W, + he., U = V]V,
Why do we say that charged leptons are emitted and detected in mass
eigenstates and neutrinos in flavour states (superpositions of mass
eigenstates) and not vice versa? Or not both as some superpositions
of mass eigenstates? E.g.

e1) = Uiele) + Uiulp) + Usr|7m) is emitted or detected together with vy,
e2) = Uscle) + Usulp) + Uar|7T) is emitted or detected together with vs,
es) = Uscle) + Us,|p) + Us.|T) is emitted or detected together with vs.




Because they are emitted (and absorbed) alongside charged leptons of
definite mass e*, u® or 7%. (This “measures” the flavour of neutrinos).
How do we know that charged leptons are in mass eigenstates?

(1) Beta decay: only electrons are emitted together with neutrinos. Emission
of u* and 7% is forbidden by energy conservation.

(2) Decays 7t — p*v, 7t —e*v (or K* — u*v, KT — e*v). Here
emission of both muons and electrons is allowed.

Assume a coherent superposition of e and g is produced in pion decay
(nearly) at rest. The energy uncertainty of the charged lepton:

op~T,=25-10"%eV

Uncertainty in the mass determination (\/(2Ecg)? + (2po,)?] ~ 2v/2E0g):

Omz ~ 2V2E0og ~ 2v/2-(90 MeV) - (2.5-107%eV) ~ 6.4 eV?




This has to be compared with m? —m?2 ~ (106 MeV)? =

e

Different mass-eigenstate charged leptons are emitted incoherently!
This provides a “measurement” of the flavour of the emitted neutrino

For pion decay In flight: assume pion’s energy is Ey. The energies of the
produced charged leptons are rescaled as £ — E (Ey/m,), butthe pion
decay width (and so og) isrescaledas I'y — I'x(m,/FEy) =

[(2Eog)? + (2po,)?]'/? remains the same (o,,2 a Lorentz invariant quantity).

4

{ Charged leptons produced in 7= — [Tv and K* — [*v decays are always
emitted as mass eigenstates and not as coherent superpositions of
different mass eigenstates because of their very large Am?.

> Therefore even oscillations between e;, e; and ez (or any other
superpositions of e, pand 7) are not possible.




The masses and decay widths of 7*, K= are rather small = o,,2 small.
How about decays of W*? For W* — [*v decays at rest:

G 3
10, o~ —E0W 930 MeV
¢ 6/ 27
= Om2 ~ 2V2FEop ~ 2V2-40 GeV - 230 MeV ~ (5 GeV)2.
Thus
Oz > mfb —m?2, Oz > M2 — mfb ~ (1.77 GeV)?,

— all three charged leptons are produced coherently in W* decays.
Can one then observe oscillations between their different coh. superpositions?
Coherence length l.on ~ 0, /Awvy:

1 3/ 27

- Grpmw(m2 —m2)

~925x%x 1078 cm.

(leoh )max = [F(I)/V—>lau (Avg)min]

= [T loose their coherence almost immediately after their production



What about W=+ — [*v decays in flight? Let v be the Lorentz factor of W=.
(Avg)min ~ Am?,/2E* = (m?, —mZ)/2E* and the partial decay width of W=
scale with v as

(Avg)min — 7_2(Avg)min ; F(I)/V—>lay — 7_1F?/V—>lau :

Therefore the maximum coherence length
(leoh)max 2~ 0/ (AVg)min ~ 1/[Ty_; ,(Avg)min] SCales as

(lcoh)max — Vg(lcoh)max .

In order for (leon)max tO be larger than e.g. 1 m, one would need v = 1600, or
Ew 2 130 TeV — far above presently feasible energies.




What about W=+ — [*v decays in flight? Let v be the Lorentz factor of W=.
(Avg)min ~ Am?,/2E* = (m?, —mZ)/2E* and the partial decay width of W=
scale with v as

(Avg)min — ’7_2(Avg)min ; F(I)/V—>lau — 7_1F?/V—>lau :

Therefore the maximum coherence length
(leoh)max 2~ 0/ (AVg)min ~ 1/[Ty_; ,(Avg)min] SCales as

(lcoh)max — Vg(lcoh)max .

In order for (l.on)max tO be larger than e.g. 1 m, one would need v 2 1600, or
Ew 2 130 TeV — far above presently feasible energies.

N.B.: Even if coherence was satisfied for charged leptons, to fix the
composition of the mixed [* state in terms of e, xand 7 one would have to
detect the accompanying neutrino as a state different from vy —e.g. as a
mass eigenstate. Not possible within the standard model!




Consider the SM amended by three heavy RH neutrinos N; (seesaw model)
plus an extra Higgs doublet. In this model N; can decay into a charged lepton
and charged Higgs boson:

N,L' — €,L-_ + (I)+ .
Decays are caused by the Yukawa coupling Lagrangian
ﬁy = YaiEaNRi(I) + h.c. ,

In the basis where the mass matrices of N; and (= have been diagonalized,
the Yukawa coupling matrix Y,; isin general not diagonal =- in the decay
of a mass-eigenstate sterile neutrino V; any of the three charged leptons

e, = e, i, T can be produced.

What are the conditions for the produced charged lepton state e; to be a
coherent superposition of the mass eigenstates e,

) = [(YTY )] 12D Vi fea)

and how long this state can maintain its coherence?
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Neglecting the masses of ®* and [* compared to the mass M, of the
sterile neutrino:
(YY)

16w

F,? ~ aiMi , where o; =
Coherent production condition:

2V2 BT =~ 2V2(M;/2) a;M; > max{m?, —m?, m? —mZ},

or
a; > 2.2(GeV/M;)* .

From l.on = 0,v,/Av, the coherence length for the emitted charged lepton

State:

M? M.
leoh = d ~3.1x107 % a; ' =
"m0 (m2 —m2) Y Gev

cim .




leon < 1.4 x 1071 ecm (M;/GeV)?.

For N; decays in flight the r.h.s. has to be multiplied by +? = (M;/GeV)3

has to be replaced by (E;/GeV)3.
The charged lepton state will maintain its coherence over the distance ~ 1 m

if
E; 2400 TeV = (YTY); >1.3x 10711,

Y

If only e and p are to be produced coherently, a milder lower limit on
E; results:
E; > 10 TeV (YY) =85 x 1071,

Y




If the condition for coherent creation of the charged lepton state is satisfied
and this state is detected through the inverse decay process before it loses its
coherence, it may exhibit oscillations: a mass eigenstate sterile neutrino N,
different from NN; can be produced in the detection process = the state ¢;
has oscillated into e;.

Charged leptons would be able to oscillate, leading to a non-zero probability of
the emission or absorption of a different sterile neutrino mass eigenstate N, in
the processes e + ®F — N; or ey + N; — &+,

= The roles of neutrinos and charged leptons reversed compared to the
usual situation because of sterile neutrinos being much heavier than the
charged leptons.




# Neutrino wave packet postulated rather than derived, widths estimated
# Production and detection processes are not considered

# Inadequate normalization procedure. Normalization “by hand” is
unavoidable.

Advantage: simplicity




QFT approach




Production - propagation - detection treated as a single inseparable process.
External particles are described by wave packets, neutrinos — by propagators

One-particle states of external particles:

d>p
(2m)3\/2E (D)

)= [l sa@ P4, L] =
|A, p) — one-particle momentum eigenstate corresponding to momentum p’
and energy FE4(p) (free particles: E4(p) = \/p? + m?%). The normalization
condition for the plane wave states | A, p):

—_
/

(A, 7| A, ) = 2B4(p) (2m)°0 (7 — p').

—

falp, 13) — momentum distribution function with the mean momentum P.
Normalization condition: (A|A) =1 = [d®p|fa(p)|?/(27)° = 1.




Coordinate-space wave packet with maximum at ¥ = 7, at the time t — ¢,:

U4 (z) = / dp) fa(§)e—EAE—to)+if(E—zo)
Consistent with the usual QFT definition of the wave function:

Va(z) = (0P a(z)4).

Aap = Z iUsiA;

Use the Feynman rules in the configuration space. In lowest (2nd) order in
weak interaction:

Transition amplitude:

Aj — /d4$1/d43}1 Af(xl)SF](xl — £CQ)A?(CBQ) .




Py (k) Dy (k)

AR

P;(q) D;(q")

P) = /[dq]fpz( O) 1Py, |Py) = [dk]fpf< )Py R,
D) = / 4q) fou(@ @) D), |Dy) = / dk) fo (K R') | Dy, K.

The transition amplitude:

idas = (P; Df|T exp [— i/d‘lxm(x)} _1|P, D),




In the second order in weak interaction:
iAaﬁ Z U,Bg/dq sz( 7@) /[dk] fPf( R)
" / dd] foi(d@. @) / dk) £, (R B i AT (g, ks oK)
Plane-wave amplitude:

Z‘-A?w.(qa kiq' k') = /d41131/d45132 MD(q/,k/) e~ ¢ —K)(z2—2D)

d'p  p+m, p(5a—21) 1 .
. —ip(z2—x1) |1 L —i(q—k)(x1—xp)

~

M;p, M;p — production and detection amplitudes with neutrino spinors
excluded. Full amplitudes:

M;p(g; k) = u\‘;’;(?) Mp(q,k),  Mjp(d',k') = Mp(d' k’)“&’;%)




Neutrino prod. and det. regions: the overlap regions of the wave packets of
participating external particles. 4-coordinates of the “central points” of these
regions (points of the maximal overlap of external w. packets): zp and zp.
It will be convenient to go to shifted 4-coordinates:

/ /
Ty =1 —Tp, To = To —Tp .
Also define

—

T = tp—tp, L = Zp—Tp.

A useful formula;

—|—m‘7 = Zuw

For neutrinos only one chirality contributes (o = L forv and o = R for v)
because of the chiral nature of weak interactions =- the sum over ¢ can be
dropped; u;,(p) and u;,(p) canthen be merged with Mp p to produce M,p
and M;p.




2p0 e—poT—I—iﬁE

d4
@Aaﬁ—zz Uﬁy/—ych’jP(Po,@‘I’j (r°, )

mj + 7€
®,p(p°,p) = / d*ah e / [dq] / (dk] £pi(7, Q) f(k, K) e " R™1 M p(q, k)

B,0(p°, ) = / 0 e /[dq'] /[dk’] Foi@, @) (R By e~ =5 AL (of 1)

For L > 1/p — fast oscillating factor in i A,3 = main contribution to
integral over p° from the pole at p® = E;(p) — ie (on-shell neutrinos).

4

' d’p —iE; (P)T+ipL
tAap = © Z Uﬁﬂ/ 27)3 ®;p(E;(9), p)®;p(E;(p), ) e TP




Transition amplitude

Aas(T, L) = (W4T, L)) Z Ug; A;(T, L)

_ A d3 S D 1B (p)T+ipL
AL = [ SR o e

The QM and QFT expressions have exactly the same form!




Comparing with A,,(T, L) obtained in the QM w. packet approach: the two
amplitudes coincide if

fip(p) = ®;p(E;(P),0),  [fip(p) = ®5p(E;(p),p),




Comparing with A,,(T, L) obtained in the QM w. packet approach: the two
amplitudes coincide if

fip(p) = ®;p(E;(P),p),  [fip(p) = ®p(E;(p), D),

Easy to understand: ®,p(E;(p),p) is the probability amplitude of
v production process in which v; Is emitted with momentum p
= ®;p Is momentum distribution function of the produced neutrino, i.e. the
momentum-state wave packet f;p(p). Similarly for neutrino detection.
N.B.: f;p(p) and f;p(p) are not“canonically” normalized.

Alternative approaches:
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Comparing with A, (T, L) obtained in the QM w. packet approach: the two
amplitudes coincide if

fip(p) = ®;p(E;(P),p),  [fip(p) = ®p(E;(p), D),

Easy to understand: ®,p(E;(p),p) is the probability amplitude of
v production process in which v; Is emitted with momentum p
= ®;p Is momentum distribution function of the produced neutrino, i.e. the
momentum-state wave packet f;p(p). Similarly for neutrino detection.
N.B.: f;p(p) and f;p(p) are not“canonically” normalized.

Alternative approaches:
[Prvy) = (S=DIF),  |v) = (Pr|Prvj)

# Incoord. space: 1,,; = convolution of the v source (prod. amplitude)
and retarded propagator




Comparing with A, (T, L) obtained in the QM w. packet approach: the two
amplitudes coincide if

fip(p) = ®;p(E;(P),p),  [fip(p) = ®p(E;(p), D),

Easy to understand: ®,p(E;(p),p) is the probability amplitude of

—

v production process in which v; is emitted with momentum p
= ®,p IS momentum distribution function of the produced neutrino, i.e. the
momentum-state wave packet f;p(p). Similarly for neutrino detection.
N.B.: f;p(p) and f;p(p) are not“canonically” normalized.
Alternative approaches:
|Prvj) = (S=1)|P),  |v;) = (Pr[Pryy)

# Incoord. space: 1,,; = convolution of the v source (prod. amplitude)
and retarded propagator

All three approaches give the same results.




fjp<ﬁ>f:Mjp(Q,K)/ da et P /[dq] /[dk]fpz( Q) fpy(k, K)e a7

Integral over & gives ~ 6®)(7—k — ). Since fpi(q,Q), fps(k,K) are
sharply peaked at @ and K = f;p(p) is sharply peaked at

— — —

P=Q - K. Width of the peak: Opp = Max{op,, UPf}

For external particles described by plane waves:

MjP(Q) K)
V2EpV2Ep;V

fip(p) = 6(Q— K —p)

Ingeneral: fip(p) = M,;p(Q,K) x (“smeared d-functions”) representing
approx. conservation of mean energies and mean momenta.




Example — Gaussian wave packets for external particles. QFT gives

fip(P) o< [M;p(Q, K)l/(0cpoyp) exp [ — gp(E;(P), D)),

(F— PP [E;p) — EBp —Tp( - PP

gp(E;(D), P) = —(—=—+ 5
’ 407 p 4o,
Here P=Q—-K, Ep=EFEp(Q)—EpsK),
2 2 2 1

OpP — pP1 + O-pr ) O-CIZPO-pP — 5 ’

. o [ Ypi | Upy , [ b, Ups

UVp =0,p 5 D) ) EP — Ozp 2 + 2 !
O pPi O-CBPf O pPi OmPf

. . . . — — 2 2 . .
For 2 ext. particles at production: o.p = |Tp; — Upf|/24/05p; + oLps ~ Inverse overlap time




Compare with Gaussian wave packet in QM approach:

3/4 B
fip(B, P) = (227T> exp [_ (p— P) }

2
Oop 40p P

To match the QM and QFT expression: expand E;(p) around p = P and
subst. into gp(E; (D), p):

O 1gp(E(D).p) = (p— P)* a* (p = P)' = B"(p — P)" +1;

M = o [P g = ve) (v — o) P @ o)
1 (E; — Ep)?
Bk = —@(Ej — Ep)(v; — vp)¥, Vi = ‘7405]3 :
Try to represent gp(E,;(p), p) in the form
<> gP(Ej(mam:(p_Peﬂ:)kakl (p_Peff)l_F;?j ; _)effzﬁ"’g




(E; — Ep)(vj —vp)® . (E; —Ep)? Ap

oF = — J i = :
)\p—|—(17j —’1713)2 7 J 40‘313 )\p—|—(’l7j —’1713)2

Diagonalization of o*' gives (OZ||(7; — vp)):

1 1 (0; — Up)?
(05pe)’ = (0hpeg)” = 0pp = 5+
pee pleft P (UZPeff)2 ng UgP 7

= QM neutrino wave packets can match those obtained QFT if




(Ej — Ep)(v; —vp)" . _ (B —Ep)? Ap

oF = — —
Ap + (27] —’1713)2 ’ k&

Diagonalization of o*' gives (OZ||(7; — vp)):

1 1 (0; — Tp)?
(0ppet)’ = (04peg)” = 0pp = 5+
pee pleft P (U;Peff)2 012)13 U?P 7

= QM neutrino wave packets can match those obtained QFT if

# Momentum uncertainties of the neutrino mass eigenstates are replaced
(anisotropic) effective ones:  — (5 — P)*/(40,p) —

—[(p" = Peig)?/4opp)* + (0¥ — Pegg)?/4(opp)” + (p° — Plg)?/4(o5p)"].




(Ej — Ep)(v; —vp)" . _ (B —Ep)? Ap

oF = — —
Ap + (27] —’17]3)2 ’ k&

Diagonalization of o*' gives (OZ||(7; — vp)):

1 1 (0; — Tp)?
(0ppet)’ = (04peg)” = 0pp = 5+
pee pleft P (U;Peff)2 012)13 U?P 7

= QM neutrino wave packets can match those obtained QFT if

# Momentum uncertainties of the neutrino mass eigenstates are replaced
(anisotropic) effective ones:  — (5 — P)*/(40,p) —

—[(p" = Peig)?/4opp)* + (0¥ — Pegg)?/4(opp)” + (p° — Plg)?/4(o5p)"].

# The mean momentum P is shifted accordingto P — P.g = P + 4.




(E; — Ep)(vj —vp)" . _ (B - Ep) Ap

oF = — i = :
Ap + (27] — ’17]3)2 7 J 40‘313 Ap + (173 — ’17]3)2

Diagonalization of o*' gives (OZ||(7; — vp)):

1 1 (0; — Tp)?
(0ppet)’ = (04peg)” = 0pp = 5+
pee pleft P (UgPeﬂ”)2 012)13 U?P 7

= QM neutrino wave packets can match those obtained QFT if
» Momentum uncertainties of the neutrino mass eigenstates are replaced
(anisotropic) effective ones:  — (5 — P)?/ (4o2p) —
—[(p" = Pig)?/Aloyp)? + (0¥ — Pog)?/4o,p)* + (p° — Pg)? /407 p)7].
# The mean momentum P is shifted accordingto P — P.g = P + 4.

# The wave packet of each neutrino mass eigenstate gets an extra factor
Nj e exp[—ﬁj].
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| |EZ—EJ| <L Oep -

factors N, are the same for all v mass eigenstates, can be included in

common normalization factor. In the opposite case — coherence of different
neutrino mass eigenstates is lost.

oep < opp = exceptfor ¥; =~ vp momentum uncertainty along (v; — Up)
Is dominated by o.p.

In the stationary neutrino source limit (o.p,vp — 0), effective longitudinal
mom. uncertainty o;. .. = 0 even though the true mom. uncertainty o,p # 0.

4

Coherence length .., — o0




What is calculated in QFT is the probability of the overall

production-propagation-detection process. How to extract from it the
oscillation probability P,z(L)?

1. Recall the operational definition of P,z(L) . Detection rate for vg:

it = [ dEjs(Byos(E),

If a source at a distance L from the detector emits v, with the energy
spectrum dI'P*4(E)/dE:

1 dI'Pd(E)

8 E) = 4B

Pa,B(Lv E) ’
= substitute into Fget:




dIios (B 1 dTPd(E
piot E/dE as(F) /dE o )Paﬁ(L,E)aﬁ(E)

dE

dT4(E) /dE
i [dTR°YE) /dE) o5(E)

P.s(L,E) =

An important ingredient: the assumption that the overall rate factorizes into the

production rate, propagation (oscillation) probability and detection cross
section.

If this does not hold, oscillation probability is undefined =

Need to deal instead with the overall rate of neutrino production, propagation
and detection.




Try to cast P;%t In the same form (check if the factorization condition holds!)

poT-l—iﬁE

d*p 2po €~
Aoy =13 UV [ e D0 )

m?—l—ie

Integrate first over p, then over p® = E. Make use of Grimus-Stockinger
theorem: for a large L (L > p/ag), A > 0 and a sufficiently smooth (p),

Y@ et 2 g
/ pA—ﬁ2—|—16 L w(fL)e +O( 2) =
L — * —iE T+ip;
ZAoz,B(Ta L) — 87T2L Ua]UB] /dE (I)p(E p]l)(I)D(E p]l) 2F e ET+wp; L




Introduce

1

T2 47TL2
7,k

X /dE (I)P(Eapjl_)(I)D(Eapjl_j @}(E,pkl_)q)z(E,pk[’) (2E)2 ¢iPi—pr)L

P(D) = [ T Pap(T. ) = Uz iUss Uk U

Neutrino production probability:

d®
Pgrod:Z|Uaj|2/( Pj = |®p(E, pj) \ _Z|U“9|28 Q/dE\cpp Ep])‘ 4Ep;
J

Detection probability:

. 1
Pdt ):ZlUﬁk|2|(I)D(Eapk:)|2V7
k




Let the number of particles P, entering the production region during time
interval Ty be Np and number of D; entering the detection region be Np.
Probability of neutrino emission during the finite interval of time ¢:

dt / 1
Pgrod NP/ P Pprod NP Pgrod_, rate: Fgrod _ N Pgrod
TO TO

Detection cross section;

Np E
op(E) = To > |Uskl?|®np (B)]P—
P

Pk

Probability of the overall production-propagation-detection process:

_ NpN
PLot(t, L P D/ dtD/ dtp PY5(T,L) =




New integration variables T = (tp +tp)/2 and T =tp —tp =

0

Prot(t, L) = s [ /0 t dT P% (T, L)(t —T) + / dT Py (T, L)(t+T)]

—t

NPND i t t
_NelNp 1, / AT P (T, L) — / AT TP(T, L) + /

0

dT TP (T, L)}

:tll (1) — Io(t) + Ig(t)] |

For large ¢ (much larger than the time scales of the neutrino production and
detection processes) [, = P;%t(L) whereas I, =13=0 =

NpNp

Ptot ( ) TO2

(PRSI, TEA(L) =




>k UaiUsiUarUsi®p(E,pj)Pp (B, p))®p(E, pi) P (E, pr)eP1— PR "
Zj |Uo‘j|2 |(I)P(E7pj)|2pj Zk |U5k|2 |(I)D(E,pk)|2p,;1

44 a/B(L, E)77 —

For |p; —pk| < p;,pr (ultra-relativistic or quasi-degenerate in mass v’s):
In expressions for T'?™4 and o5 can replace

pj — D, ¢p(E,p;) — ®p(E,p) (p — average momentum)

= in the denominator of “P,3(L, E)”:

Y U |1@p(E,pj) 2 pj — [@p(E,p)*p Y |Uajl® = [®r(E,p)[* p,

J J
> Us12 1@p(E pi) P pp " — [@p(E.p)Pp~ " Y |Usel® = [®p(E.p)Pp ",
K K

Cannot in general be done in the numerator of “P,z(L, E)” !




For |p; — pk| < pj, Pk Iered and o5 do not depend on the elements of the
mixing matrix = factorization holds. P,3(E, L) can be defined as a
sensible quantity:

>0 UsiUs;UarUs®p(E,pj )P p(E, pj)Op(E, pr) O (B, pr)e'Pi )b
|(I)P(E,p)|2 |(I)D(E7p)|2

P.3(L, F) =

Automatically satisfies unitarity, i.e. is properly normalized.
For |p; —pk| >0, (& Am?k/(2p) > og,) — Iinterf. terms strongly suppressed.
In the opposite case
Am?k
2p
(production & detection coherence cond. satisfied) — ®p(E,p; k), ®p(E,p; k)
can be pulled out of the sums in the numerator = stand. osc. probability:

<L 0p,

2
Amjk: I

Pop(L,B) = Y UsUp;UaUspe™ %




Osclllation probability in QFT

The condition for the existence of well-defined oscillation probabilities is that
neutrinos are either ultra-relativistic or nearly degenerate in mass.

The QFT-based consideration clarifies the QM wave packet normalization
prescription. QM and QFT approaches can be matched if the QM gquantities
fip and f;p are identified with the QFT functions ¢;»(E;,p) and

o (Ej,p), respectively. But: the latter bear information not only on the
properties of the emitted and absorbed neutrinos, but also on the production
and detection processes. The QM normalization procedure is equivalent, in
the limit |p, — px| < p;, pr, to the division of the overall rate of the process by

the production rate and detection cross section, as in QFT approach.
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AT = A+

0.05+

0.04 4

0.03+

0.02+

0.01+

(o]

Conventional MOssbauer effect — Res. absorption of v quanta:

A+~ — AF

Nuclear exc. energy: wy.

2

Recoil energy: R = &
2
w

Le = wo — 31
wo

Ea = wo + 337

Recoilless emission and
absorption (Mossb. eff.):

E. ~ E, ~ wy

Strong enhancement of
absorption




Beta decay with 2 - body final state:

AN,Z) — AN =1,Z+1) +e5 + e

Inverse process:
Ve + eg + AIN—-1,Z+1) — A(N, Z)

If the neuclei are embedded in solid state lattice, recollless emission and
absorption in principle possible.

Possibility of MOossbauer effect with neutrinos:

Visscher, 1959; Kells & Schiffer, 1983; Raghavan, 2005, 2006

Relevant processes considered:

Bahcall, 1961 — bound state (3 decay;
Mikaelyan, Tsinoev & Borovoi, 1967 — inverse process
(stimulated K-electron capture)




Mdossbauer effect with neutrinos on 3H — 3He system:
3 3 - = — 3 - 3
H — ("He + eg) + 7e; Ve + ("He + e5z) — °H

Energy release: @Q = 18.6 keV. Mean lifetime of °H is 17.8yr =
Nat. linewidth sy = 1.17 x 1072 eV — extremely small: AE/E ~ 10728 |
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Various (homogeneous and inhomogeneous) broadening effects exist. By
suppressing them probably an effective linewidth I'eg ~ 10711 eV can be
achieved (W. Potzel) = AE/E ~ 10~ — still very small.




Mdossbauer effect with neutrinos on 3H — 3He system:
3 3 - — — 3 - 3
H — ("He + eg) + 7e; Ve + ("He + e5z) — °H

Energy release: @Q = 18.6 keV. Mean lifetime of °H is 17.8yr =
Nat. linewidth sy = 1.17 x 1072 eV — extremely small: AE/E ~ 10728 |

Various (homogeneous and inhomogeneous) broadening effects exist. By
suppressing them probably an effective linewidth I'eg ~ 10711 eV can be
achieved (W. Potzel) = AE/E ~ 10~ — still very small.

Number of *H atoms produced in the target can be counted by detecting their
decay or using mass spectroscopy.

Very serious technical difficulties exist, but apparently realization of a
Maossbauer experiment with neutrinos is not impossible (Raghavan, Potzel).
If realized: for ' ~ 107 eV, 0~ 10733 em? !




If a MOssbauer neutrino experiment is realized =- a unique source of
extremely monochromatic low energy neutrinos. Would open up possibilities
# to detect for the first time keV neutrinos

# to detect neutrinos with g or 100 g scale (rather than t or kt scale)
detectors

# to observe gravitational redshift of neutrinos

# to study neutrino oscillations at distances ~ 10 m rather than km or
hundreds/thousands of km

# to search for the effects of yet unmeasured mixing angle 6,3 and possibly
measure it

# to discriminate between the normal and inverted neutrino mass
hierarchies without using matter effects

# to study possible oscillations into sterile neutrino states




Arguments in the literature (Bilenky et al.):

Maossbauer neutrinos may not oscillate because of their

extremely small linewidth

(some energy uncertainty is usually necessary to ensure the coherence of
flavour states)
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Arguments in the literature (Bilenky et al.):

Maossbauer neutrinos may not oscillate because of their
extremely small linewidth

(some energy uncertainty is usually necessary to ensure the coherence of
flavour states)

Oscillations of MGssbauer neutrinos would contradict time-energy
uncertainty relation

Maossbauer neutrino experiments can tell which of the two often

used approaches to neutrino oscillations (same energy or same
momentum) IS correct

Is that true?




Neutrino oscillations require some intrinsic uncertainty of energy and
momentum of the emitted and detected neutrino states!

If £ and p were known precisely, from E? = p? + m? one would determine
which mass eihenstate has been emitted = neutrinos of different mass
would not be emitted coherently.

For Mossbauer effect with neutrinos in *H — 3He system:

Am? 2.5 %x 1073 eV?
— ~ 6.7-107% eV I ~ 107 eV!
' 3E 2. 18.6 keV eV > ©

Can neutrinos of different mass be accommodated within such a small energy
uncertainty?

Will neutrinos with such small energy uncertainty oscillate ?




The oscillation phase: p=pat=E-t—p-xr =

Ap = AE-t — Ap-L

|. Same momentum approach (Ap = 0). The oscillation phase

Ap = AE-t — Ap-L = AE-t

— evolution in time; needs to use L ~ t.
Il. Same energy approach (AE = 0):

Ap = —Ap- L
— evolution in space.
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— Same momentum approach (evolution in time): no.
The oscillation phase A¢p = AE -t = 0 because AE = 0.

— Same energy approach (evolution in space): probably yes.
The oscillation phase A¢p = — Ap-L # 0.

Bilenky, v. Feilitzsch & Potzel: this can be used to check which
approach to neutrino oscillations is correct.




— Same momentum approach (evolution in time): no.
The osclillation phase A¢ = AE -t = 0 because AE = 0.

— Same energy approach (evolution in space): probably yes.
The oscillation phase Ap = — Ap-L # 0.

Bilenky, v. Feilitzsch & Potzel: this can be used to check which
approach to neutrino oscillations is correct.

Our point of view: Iin general, there is no reason to believe that ;
have either same energy or same momentum. No need to
perform MoOssbauer » experiment to decide which approach is
correct — It is sufficent to carefully examine the validity of the
approximations used.
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neutrino state. Can different neutrino mass eigenstates be emitted coherently?
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We have: o ~ 0, but o, isnot! Neutrino momentum can be measured by
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Oy Zap_l ~ lose >~ 20m !

— not the case. o, is certainly smaller than the size of the crystal (a few cm).
In reality it is of the order of interatomic distances (one can destroy the crystal
and find out which tritium atom turned into helium).
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Very small effective linewidth I' = small energy uncertainty of the emitted
neutrino state. Can different neutrino mass eigenstates be emitted coherently?

omz = [(2Eog)® + (2p0p)2]1/2

We have: o ~ 0, but o, isnot! Neutrino momentum can be measured by
measuring the recoil momentum of the crystal. The oscillations will be killed if
2po, < Am?* =

Oy Zap_l ~ lose >~ 20m !

— not the case. o, is certainly smaller than the size of the crystal (a few cm).
In reality it is of the order of interatomic distances (one can destroy the crystal
and find out which tritium atom turned into helium).

-  0,~10keV, ie. 02 ~ 2po, ~ 4x 108 eV? > Am?

m

= QOscillations must occur !




Inhomogeneous line broadening: Calculate the probability of the overall
process for zero linewidths and then average the result over the energy
distribution of *H and *He nuclei in the source and detector.

Homogeneous line broadening: modify the amplitude of the process and apply
a proper averaging procedure to take into account the stochastic nature of the
processes leading to homog. broadening. = Results in both cases are

formally very similar. MOssbauer res. condition:
|[Es — Ep| <vs + 7p

If it is satisfied = neutrino detection cross section enhanced by a factor

~ (aZme)*/[peEe(ys +p)] ~ 107

compared to non-resonance o(v, + A — A’ + e™) for neutrinos of same
energy (assuming recoil-free fraction ~ 1).




The amplitude for zero linewidths:
iA = /d?’xl dty /d o dty Uiy, g(Z1)e PHest Wy o(F)e Frsh
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The overall process rate:

I'o By

I' =
A L2

YsYp / dEy sdEpe s dEHe, p dEH, D
0

- 0(Es — Ep)pu.s(Eu.s) paep(Eraep) pre.s(Ere.s) pup(Emp)
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o, — effective momentum uncertainty of the emission/absorption processes:

1 1 1

S — + :
012, MHWH,.S T MHeWHe,S MHWH,D T MHeWHe, D

An analogue of the Debye - Waller (Lamb - Mdssbauer) factor:
O exp[-(2E5 —mi —my)/20,] = exp[—(p] + pi)/20,)]




For Lorentzian energy distributions of external particles:

YA.B/2T
Eap—Eapo0)?+7ip/4

paB(Fap)= (

(A:{H7H6}1 B:{SaD}1 EA,B,O:mA+%wA,B) =
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LSy — coherence lengths:
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Generalized Lamb — Mossbauer (Debye — Waller) factor

p? + p} (Phe™)? [Am, |
= exp | — exp | —

2 2 2
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exp [—

First factor = suppression of emission and absorption, i.e. a generalized
Lamb-Mdssbauer factor, second factor =- suppression of oscillations.
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Generalized Lamb — Mossbauer (Debye — Waller) factor

p? + p} (Phe™)? [Am, |
— exp | — exp | —

2 2 2
20p o5 20p

exp [—

First factor = suppression of emission and absorption, i.e. a generalized
Lamb-Mdssbauer factor, second factor =- suppression of oscillations.

[AmZ,| <207 = localization condition: Spatial localization o, ~ 1/0),.
Oscillations would be suppressed only if |Am?,| 2 205.

Inreality: |Am?, |max ~2.5-107% eV? 02 ~ (10 keV)? =

oscillations will not be suppressed.




For realistic values of parameters — just the expected result: the rate of
no-oscillation production-detection process times the standard oscillation
probability (probability of 7, survival). Decoherence and delocalization can
be neglected.

Conclusion:

If a MOssbauer neutrino experiment is realized — recoillessly emitted and
absorbed neutrinos will oscillate.




Coherence production conditions:

AF| < og, Ap| <€ 0y
On the other hand: A2
AE ~v,Ap + m

~ v, SE

Constraint |[AF| < op =
v,Ap  Am?
1.
OF + 2EO‘E < (*)

(a) The two terms in AE do not approximately cancel each other. =
ve|Ap| < og < 0p, .. for relativistic neutrinos |Ap| < o, follows
from |[AF| < op.

(b1l) There is a strong cancellation, but both terms on the |.h.s. of (*) are small
— See case (a).

(b2) Strong cancellation, but both terms on the I.h.s. of (*) are > 1. momentum

condition is independent. But: the only known case — Mdssbauer neutrinos.
_ EvgenyAkimedov  XVIFTUAWCSICChrismasWorkshop  Madrd, December18-20,2012 -




Two models of finite-size pion WP, Gaussian and box-type. For I'l,, /v, > 1:

eff _ 4 4 26232 . B I
& PLy=c +s —|—€2_|_1 [(cos ¢ + Esing) — ArE(E cosp — sin )]

The parameter A,

Vg I 2 vy I
Aﬂ'bOX — Oxm s Aﬂ'Gauss — Oxrm-

l.e. Ar ~ (vy/Vr)02r /02, The correction is of order

Am? } (o

ArE ~ [WJN v

= 27
g Urn losc Ug — Un

— small since o,, <<< losc (Unless v, >~ v, to a very high accuracy).

An interesting point: summation at the probabilities level for finite-thickness

(= d) proton target and point-like neutrino production gives similar expression,
but with A& = (Am?/2P)d (no factor [v,/ (v, — vy)]).




If muons is detected: plane wave — wave packet
Yu(w,t) = e Ko iBu (Kt Jul(z —x5) —vu(t —ts)].

Shape factor g,|(z — zs) —v,.(t —tg)] determined by the muon detection
process. The argument of g,: initial condition that attime ¢ =t¢g the peak of
the w. packetis at x = xrg. Choose zg as the coordinate of the center of the
muon w. packet at the neutrino production time. For pointlike pions zs should
lie on the pion’s trajectory = xg = v,tg.

s - an? x
Ii(L) = Cy / A | gy (@ — ws) 1) |* e T (o
0

U

When the muon is undetected: ¢, — 1. Eff. width of the muon w. packet:

The results of amplitude summation and probability summation approaches
again coincide.




(1) 05, — oo: plane wave limit. g, — const — previous results recovered.
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No production decoherence effects.

For 6, + oo — oscillations of a “tagged” neutrino, i.e. of a neutrino produced
together with the muon which was detected and whose production coordinate
was found to be zg with the accuracy 7,,. For Gaussian muon w. packets:
If 6, > [,, previous results are recovered. For 7., < min{l,, rs} =
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No production decoherence effects.

For 6, + oo — oscillations of a “tagged” neutrino, i.e. of a neutrino produced
together with the muon which was detected and whose production coordinate
was found to be zg with the accuracy 7,,. For Gaussian muon w. packets:
If 6, > [,, previous results are recovered. For 7., < min{l,, rs} =

THCOS

1 Am2)2~2 (Am2

PW:C4—|—84+232C26_5( 2p~) ¢ 5P (L—a:s)).

= the decoherence parameter is AQ—”]fc}w. For 6., < losc/2m the stand.
probability is recovered.




The case when the muon interacts with the medium but there are no muon
detectors (the muon’s position not measured). Neutrinos are not tagged =
one has to integrate

2 - am? m
Ti(L) = Co [ da g, (@ - )= 1) e Tt T
0

U

over zg.

Integration of |g,,|* gives the normalization constant of this function which does
not influence the oscillation probabilities. The results obtained in the case
when the muon is not detected are recovered.




Interaction of the pions in the bunch btw themselves or with other particles
may identify the individual pion whose decay produces a given neutrino.
E.g. pion decay may lead to some recoll of the neighbouring particles which
may be detected. =

Would localize the neutrino production point up to an uncertainty of order of
the inter-pionic distance (or the distance between the pion and the other
particles in the source) ry = neutrino tagging.

Production decoherence parameter: (Am?/2P)rq.

If the information about the interaction between the decaying pion and the
surrounding particles is not recorded and not used for neutrino tagging, the
oscillations occur in exactly the same way as if pions did not interact with each
other or with other particles.




Unless otherwise specified, Am? =2 eV2. For 3-beams Ey = 2 MeV, 7, = 1s, v = 100.

Experiment (E,)(MeV)  L(m) 1,(m) lgee(m) lose(m) ¢ I'l,/vp b £
LSND ~40 30 0 0 50 3.8 - 0 0
KARMEN ~4() 17.7 0 0 o0 2.24 - 0 0
MiniBooNE ~800 041 50 89 992 3.43 0.56 0.32 0.56
NOMAD 2.7-10° 770 290 3009 33480 0.145 0.1 0.054  0.56
(20 oV?2) 3348 145 0.1 054  5.64
CCFR(10%eV?) 5-10% 891 352 5570 1240  4.51 0.06 1.78 28.2
CDHS 3000 130 02 334 3720 0.22 0.155  0.088  0.56
(20 eV?) 372 2.2 0.155  0.878  5.64
K2K 1500 300 200 167 1861 1.01 1.2 0.68 0.56
T2K 600 280 96 66.4 744 2.36 1.45 0.81 0.56
Minos 3300 1040 675 368 4092 1.6 1.84 1.04 0.56
NOvA 2000 1040 675 223 2480  2.64 3.03 1.71 0.56
(B-beams 400 1.3-10°> 2500 3-10%' 496 1647 8.3-107% 31.7 3.8-10%

Noticeable effects for MiniBooNE, NOMAD (20 eV?), CCFR (100 eV?),

CDHS (20 eV?), K2K, T2K, MINOS, NOvA, very large effects for 3-beams




v, — U 0ScClllations in S-beam expts. (Agarwalla, Huber & Link, arXiv:0907.3145).
Ratio of oscillated and unoscillated fluxes (y = 30, [, = 10m, L = 50 m):
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Spreading of the wave packets: consequence of the fact that the there is a
spread of momenta inside of the wave packets and of the p-dependence of the
group velocity.

Uspr = 8pj O-iyo — E(éw o 'Uivj)(ffa — _[Op - ’UZ'(’U p)]
This gives
2
1 Op _9p 2y _ Ip MM
vspr. Ea var _E(l_v )_E—Q

2 3 2,12
ttransy ™ E/U , tlong. ~ F /Upm i
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