Neutrino diffraction : finite-size
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* |s neutrino interference (diffraction) observable?

(1) Neutrino is a guantum mechanical wave and interacts with matter
extremely weakly.

(2) Neutrino should show a phenomenon of interference or diffraction, in a
double slit-like experiment.

(3)However, it is very hard to control the neutrino, from the above (1).
Hence a new method must be considered.
(4)Our answer and proposal ”

Neutrino diffraction is observable . Use a pion (and other particle) decay
process !”
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l. Single electron interference (Tonomura)
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We study single neutrino interference



Unknown facts on neutrinos

e Absolute neutrino mass
Tritium decay electron spectrum
UV -less double Beta decay
Cosmology gives bound.

Unclear now !



Real pion decays

\ “ experiment
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o Decay product of wave is
(traditional ?)

measured in wave packet
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2. Fermi’s Golden rule

2-1. Transition rate at a large T is:

T
fap = g/ dteitha,ﬁ ~ g2md(w)Ty g, w=Ez— E, (1)
0
P= [ dolfasl = 27T [ dws(@)|Tu,sl 2)
Dirac(1927),
9 9 Fermi Golden
P/T — (g 27r/dw5(w)\fa,5| (3>ru|e (1949),

2-1.T is large but finite. Compute a finite-T correction to above Eq.
T .
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2
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To avoid divergence,
include a boundary condition at T !

 Compute transition probability with a
boundary condition of an experiment.

* Arigorous treatment is made with out-going
(in-coming) state expressed by a wave packet
that is localized in space and time. (LSZ,55)

 Compute the finite-size (time) correction with
the transition amplitude defined by wave
packets. Then a unique value is obtained.



Wave function at a finite t.

m%xp — (Hy + H,)T (1)

¥(t) = H (9 + [ dBD(w,018) (6] Hontl )
w = By — By, Ho|B) = Eg|B), Holp'”) = Eoly®)

) = |px),18) = |B1, )

e—zwt —1

D(w,t) = » — —27md(w);t — oo(h = 1)
#+ —2md(w); finite t

At a finite t, the kinetic energy is not constant.
Ei+ By # Ex (e | HL |1, 5,) # 0



Transition in a finite time-interval

e S[T]; S matrix of a finite time interval T.

H=Hy+ Hy 1
U(t) — e—th’ UO — e—z'HOt (2)
O (T) = limy_,_ 472U )T (2) (3)
S — matriz : S[T] = QL (T)Q,(T) (1)
SIT), Ho) = i(( Q- (1)) (1) — 10 -0, (T) 2)

Kinetic energy is not conserved

transition amplitude; (B|S|T]|a) = 0(Eo — Eg)fap+df (1)
probability; (2)

E : 2
P = Pnormal + Pnon—conservinga Pnon—c'(%nservz’ng — ‘5f| > 0

Finite-size correction



Asymptotic region
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Wave packets dynamics

K.l and T.shimomura(prog.theor.phys:2005)

<f|p’7 X> _ (7‘(‘0’)_3/267;13(5_)2)_%(5_)2)2 (1)
(AP, X) = Nem#X =8 =P)° (2)
| X, P,o)(X,P,o| =1
(2m)?

Wave packet moves with the velocity, r=0ut+X

aphase (B —Tp)(t—T,) = %= (t = T,)



3. Amplitude to detect a neutrino

Neutrino’s momentum and position are measured

f= /d4x<0‘J‘/;_A\7T>ﬂ(pl)»yu(1 _ 75>V(py>eipla;+ipu(w—Xy)—2% (F— X, — 7, (t—T))

2sinw!l’ o 52
= N 57 a(p)y(1 = 7 )v(py),
w=0F —vop

i
Plane waves N
‘L Wave packet
%%%% / (X,T),P
Integration over x and t = : \ )
interaction region is ina moving N

frame Detection )




Wave packet effects

1 . Approximate momentum conservation .

Energy conservation in the moving frame.
(Pseudo-Doppler shift)

2 . Finite-T correction emerges for light particles.
w=0FE—00p=0,7] =c
SE + 0,65 % 0

2sinwl’

f=N=—c 207 a1 (py)y (1 — vs)v(py),

w= 0Lk —v0p




4. Calculation with a correlation function

decay amplitude
f = /d4xdEV<O|J‘L}_A|7T>ﬂ(pl)fyu(1 —75)]/(]€V)61pl$—|—lk v(z—X,)— (kv pu)

Probability is expressed with a correlation function

dp;
/ P Z |f|2 /d4:c1d roAr 1 (0x)e i¢(0z)

51,82

Correlation function

Ay (dx) = 1 dpi (2 — m? )e_i(p”_pl)‘sx
7,1 — (27_‘_)3 El PrPvPrPl PPy

, (Only If energy-momentun
— My PiPv is conserved)

1.Correlation function has a light-cone singularity which is generated by a superposition of
relativistic waves.

2.The light-cone singularity is real and long-range and gives the finite-size correction.
Since the energy conservation is violated, this has anomalous properties.

3. Wave packet ensures asymptotic boundary condition (LSZ) and leads new effects !



Correlation function

* Integration variable is changetoq = p1 — P»

Ar,(0x =21 — x9)
1 4
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* Integral region is separated in two parts

-

Awﬂu(élE) — Il + 12
0 0 0
qg >0 0> > —p.
\_ / q ‘p\)
Finite size correction Normal term
(energy non-conserving) 15

~




| _1: Extract the light-cone singularity

About /4

. -
I = [ x Py — 1Py - (— I To extract light-cone
Ddx singularity expanding in 2px - ¢
2

. 2
convergence condition: 2Px - Py < mz —my,

- 0 [ 1 .
Il = /d4q—9(q )Im = : ezq-(S:L’
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Green’s function

0(q° 1 S 2 o\ S
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47
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Light-cone singularity
F =0

Fahort = —87:%9(—» [Ny (iv/=X) —ie(otyn (V) } - 9(A)4§”ﬁ Ky (mvR) , A =6t - o7
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Integration over space-time
coordinates

[
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Probability at a finite distance

* Probability is composed of the normal term
and a T-dependent diffraction term.

P = Pnormal + Pdiff'raction

prormal /T —  constant

pdifraction — (5 g(Tw,); universal function




Diffraction term + normal term (muon neutrino)

P = Pnormal + Pdiffraction
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For three flavors
P = PO (long) 4 pdiffraction(short), m?2 > dm?

P9 (long) = flavour oscillation(ém?) standard

Kayser,-,-,-Akhmedov, et al, Smirnov,--

Pdiffraction(sh()rt) — neutrino dz’ffractian(mz)

New term



5. Diffraction term in a muon neutrino

P = Pnormal + Pdiffraction (new term)

2
- m
Pdiffraction — Cg(Tw)aw — -
P_diffraction
<
: P_normal
.
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\nu_mu-nucleon total cross section
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Enhancement of electron mode in the
diffraction

The normal term in the electron mode is
suppressed by the angular momentum and

energy-momentum conservation.
(Steinberger,Rudermann-Finkelstein,Sasaki-Oneda-
Ozaki,)

Since the finite-size correction does not
conserve the energy, it violates the helicity
suppression .

* When the neutrino is detected, the electron
mode is enhanced.



Diffraction Events(enhances electron neutrino)
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Diffraction prediction of the electron neutrino diffraction(T2K. on axis)
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V. appearance at near detector
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Neutrino from decay of pion at rest
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Anomalous properties of the diffraction

1 neutrino diffraction is easily observed once the
statistics becomes large. Single quantum
interference

2 kinetic-energy conservation is violated : finite-
size effect

3 lepton number appears to be non-conserved.

P(L) decreases with L, so unitarity appears to be
violated. But they are not.: finite-size effect and

retarded effect.

4 pion life time varies due to the measurement,
guantum (anti) Zeno effect . However the majority
of the pion are unchanged because the neutrino
interacts with matter so weakly.
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Comparisons with previous experiments

» Diffraction effect has been observed but that has not
been recognized. So, unusual events have been
regarded as anomalous events . They are explained with
the neutrino diffraction.

* High energy neutrino nucleon scattering cross section
decreases with the energy slowly. This is understood by
the diffraction effect of the neutrino process.

* High precision experiment may provide the neutrino
absolute mass.



Other channels on the neutrino
processes

1. muon decay

2. neutron decay

3.nucleus decays

4.neutrino scattering

(In progress)

B —e+v,+ Ve

n—p+e+r,

A— A +e+1,

A+e— A +v
v+ A—-v+ A



New phenomena caused by finite-size
effects

1. Emission of light particles .

Kinetic energy non-conserving transition lead
background noises that has universal properties.

“theory of universal noises “

2. Interference and diffraction.

interference of a new scale that is very different
from wave length  “physics of a new scale ”

3. Energy shift : “pseudo-Doppler shift ”
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6. Summary

* Finite-size correction to the probability to
detect the neutrino is large and macroscopic.

S[\infty] is applied in | _0 >few 100 meters

The neutrino diffraction, which is the main part
of the finite-size correction, is easily observed
and may provide the absolute neutrino
mass. with enough number of neutrino
events.



Macroscopic quantum phenomenon
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Other particle or processes?

e N’ >N+ Gamma

M~ .cff = Plasma oscillation



