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K2K and MINOS accelerator experiments

important confirmation of the phenomenon of
neutrino oscillations

discovered and studied by the SK, SNQO,
KamLAND and other experiments

K2K and MINOS are oscillation experiments
of a new type

For the first time the time of neutrino
production and detection was measured

In the K2K experiment neutrinos were
produced in 1.1 usec spills

At = tgx — tx g WAsS measured
Selected events satisfy the criteria
—02 < (At —tppop) < 1.3usec

ttop = L/c ~ 0.83 - 103usec



proved that At~ L (L ~ 250 km)

These new oscillation experiments are
important for the understanding of the
physical origin of neutrino oscillations

We must take into account that neutrino

oscillations is phenomenon with finite At

during which neutrino state significantly
changed

For such phenomena time-energy uncertainty
relation

AE At> 1

This means that neutrinos must be described
by non stationary states

Neutrino oscillations and B; — B, etc have
the same physical origin (B. Pontecorvo,
1958)



Must be treated in the same way

A lot of new high-precision B-factory data

Perfectly described by Schrodinger equation
and non stationary states

Quantum field theoretical basics

I. Standard Model interaction with currents

ng =2 lee,,u,T Virelr,
Ja = = 2Dl=eur VILVaV[L,

II. Neutrino mass term

Neutrino nature is determined by the type of
the neutrino mass term

Two completely different possibilities:
Majorana or Dirac?



III. Neutrino mixing
vir(z) =3, Uyvin (o)
v; are Majorana or Dirac

Neutrinos ve, v, and vy are produced and
detected in mixed flavor states



a—= b+ 1T 4y
Final neutrino state
vp) = lvi) (v, 1T bS] a)

lv;) is the state with momentum p and
2

ms

Neutrino mass-squared differences are much
smaller than E?

We have
VIt b|Sla) ~ U (1T b|S|a)sy

(1T b|S|a)gys is the SM matrix element of
the process a — b+ 1T 4+ y

ve) = |vp) (vt b|S|a)su

Normalized states

) =2 U |vi)



In production and detection processes flavor
lepton numbers are effectively conserved.
Matrix elements are given by the SM

In strong interaction quark flavor is conserved

B, and B, are produced in mixed states

_ 1 p
|Bg) =

1 .
|Bg) = = (|1Bm)+|Br); 2N g

SN (|Bm)—|BL))

Mixed states and translation invariance

Translations in space and time

T, = To + an

If invariance under translations holds

W) = et Paw)



P, is the operator of the total momentum

W) and |W) describe the the same physical
states

In the case of mixed states
. . —— . . 0
) = e P |uy) = e P8 Ty fuy) 33 Upset B U

Initial and transformed vectors describe
different states

There is no invariance under translation in
time

In transitions between different flavor
neutrinos energy is not conserved
(time-energy uncertainty relation)



Evolution equation in QFT is Schrodinger
equation

i VD) — 7w (e))

vt = Yg e FitU ) =
Sulvp) Tioq Uy e it Uy,

Non stationary state
In the case of B; and By
[Ba)t = g+(¢) |Ba) + 1 9-(t) |B)
Ba)e = g-(t) 2 |By) + g4 (t) |B)

g+ (t) = 5 (e7Aut £ ety Ay p =
myr—5 oL

All successful phenomenology is based on
these relations



Neutrino state is significantly changed at the
time t which satisfies inequality

2
(AE)y t =Sk ¢ > 1
for at least one Am2,

If we put ¢t ~ L (K2K, MINOS)

we come to the standard expression for
v; — vp transition probability

Py — vp) =
—1 2 L
|5l’l + Zi>1 Ul’i (6 ZAmlzzE — ]_) Ulﬂ;ﬁ |2

Time-energy uncertainty relation

Am?2
k
o5 L =21

IS necessary condition to observe neutrino
oscillations



Different assumptions exist on the physics
which drive neutrino oscillations

We assumed that in
) =2 U v)
|v;) are states with the same momentum

In approach based on Schrodinger evolution
equation this is the only possibility compatible
with experiment (otherwise enters arbitrary
terms in oscillation phases)

Other assumption |v;) are states with the
same energy

time in oscillations is not measured, only
distance is relevant

oscillation probabilities are averaged over time
(E; = Ey)

Contradict to K2K, MINOS



Additional argument against equal energy
assumption

Hamiltonian in matter
H = Hgy 4+ Hj
(HDy = V2 G penyy

The free Hamiltonian in the flavor
representation if E; = E is unit matrix

(Ho)yy = (vy|Holvy) = X Up; E; Ul = E &y

No MSW matter effect observed in solar
experiments



Conclusion

1. Because neutrino mass-squared differences
are very small flavor neutrinos ve, vy, v, Pro-
duced and detected in weak processes, are
described by coherent mixed states

2. Neutrino oscillations and oscillations B
BY etc. have the same origin. The formal—
|sm which is based on Schrodinger evolu-
tion equation and on non stationary states
was confirmed by numerous high-precision
data.

3. Time-energy uncertainty relation plays cru-
cial role in oscillations. Neutrino oscilla-
tions with final time during which neutrino
state is significantly change require uncer-
tainty of energy. This corresponds to vi-
olation of invariance under translation in
time which takes place in the case of the
mixed states.



