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Quantum mechanics E = hw

Special Relativity E? = pZCZ T m-*c*
h=c=1

lenergy| = [momentum| = [mass]

[time] = [coordinate] = [mass]~!
[orbital moment] = [spin] = [mass]’ = 1
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Natural units

lenergy] = [momentum] = [mass}

[time] = [coordinate] = [mass]~!
[orbital moment] = [spin] = [mass]’ =1

Energy measured in electron-volt (eV).

103
eV to cm 1 hc _ 1 _ 2 ()_5 ‘ e\/ keV = 106 eV
5 MeV = 10° eV
eV to g —1 h=1=§-10_15- eV - S GeV = 107 eV
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Three lepton numbers
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Neutrino properties

O Zero electric charge

O Fermion. Spin=12 (- = 1)

eV
0.15

O Known three types vy, U5, U5 and their anti-particles
U1, Uy, U3 With definite masses. Also, their flavor 0.05
mixtures v, (1956) , v, (1962) , v, (2000) 0.01

O Neutrino participates in weak and gravitational interactions

O Weak interactions break parity transformation (r - —r)

5



Standard Model (SM)

Follow for a dedicated

lecture by A. Bednyakov
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OPossible:

ONot possible:
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OThree lepton doublets interact with W-field

(e,

o The interaction amplitude &/

(),

(7),

V* tor v; and . ,a= (e u,1)

8
2V/2

OPossible processes:

e+ W -y x V™

— ¥
u+ W —>1/l-o<Vm.
T+ W -y x V2
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o The interaction amplitude & o V¥forv,and 7,
al

24/2
ONine numbers V* make unitary lepton mixing matrix Pontecorvo-Maki-Nakagawa-Sakata
oK oK K
Vel Ve2 Ve3
°K °K °K
Vﬂ1 Vﬂ2 Vﬂ3
*K *K *K
VTl VT2 VT3

ONon-diagonal V and differing masses m; lead to neutrino oscillation —
macroscopic display of quantum world 9
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Neutrino oscillations violate

lepton numbers

ONot possible:

Small distance

Production Detection

OPeriodically possible:

Large dlstance

Production Detection

10
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A bit of history of neutrino oscillations

1979 06

| ————— e —
5 93(<'2|§f 0,0l

OFirst idea proposed by Bruno Pontecorvo in 1957:

— Suggested v < T oscillations based on analogy with KV < KO

OFlavor transitions first considered by Maki-Nakagawa-Sakata in 1962

— Suggested idea of mixing and v, < v, oscillations
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A bit of history of neutrino oscillations

C s )

O v, ©& v, oscillations considered by Pontecorvo in 1967:

— Hypotheses about possible mechanisms
— Hypothesis about solar neutrino deficit (before the
experiment!)

O First theory forv, < v, oscillations developed by

Gribov and Pontecorvo in 1969.

O Neutrino oscillations firmly discovered experimentally
with: solar, reactor, accelerator and atmospheric
neutrino. NP in 2015

From B. Pontecorvo paper (1957)

12
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What is neutrino oscillation?

OPhenomenon of lepton number transformation:
— Periodic (oscillation!), quasi-periodic (in vacuum)
— Complicated function (in matter)

OWe explore neutrino oscillations tailored to different
expertise levels:
— Drivers and Pedestrians
— Life Scientists

— Experimental Physicists

— Mechanical Engineers

— Quantum Mechanics Interested Learners
— Quantum Field Theorists &



Neutrino oscillations for

drivers and pedestrians

Normal particle

Neutrino

5

,O_

15
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Neutrino oscillations for

drivers and pedestrians

Neutrino

damy NN sy N5

Probability to meet
passenger car

N
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Neutrino oscillations for

drivers and pedestrians

Neutrino

damy NN sy N5

Probability to meet
passenger car

N

,o_
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Distance
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Neutrino oscillations for

drivers and pedestrians

Neutrino

damy NN sy N5

Probability to meet
passenger car

N

,o_

18 .
Distance



Neutrino oscillations for
Life Scientists
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Neutrino oscillations for
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experimental physicists

O Prepare v, beam (as an example)

O Place your detector at an appropriate distance to measure v, deficit and/or Y,

appearance

o o ., Am* L o .
Use formula P(L./E) = 1—s1n“ 20 - sin 2 F for oscillation survival

probability to measure ¢ and Am”

20
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Neutrino oscillations for

experimental physicists

|lv,) =cos@ - |v)) —sinb-|v,)

|v,) =sin@ - |v) +cosb-|v,)

1.00}
| —— Best-Fit
0.98; —— W/O oscillations
. | } EH1
oy ‘_ Y EH2
.I;v 0.96| g
= .94
i . h . . h — Pe
0.92] U1, Uy IN phase U1, U5 IN anti-phase — P,
| 4 |
0.900~"700 200 300 400 500 600 700 800 900

Letr / <Ey> (M/MeV)
Daya Bay discovered non-zero 0,4

Follow lecture by M. Gonchar _

Oscillation distance

_ 21
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C s/

Neutrino oscillations for
mechanical engineers

m k
V=— <§x12 + éxz2 + —(x; — x2)2>
m

O Change variables to diagonalize V

X\ _ cos¢ sing\ [Xx Vzﬁ(x’ o) wi 0 X
29) —sing cos¢) \ x5 o W w? ) \X

22
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mechanical engineers

ONormal mode. Small frequency

ONormal mode. Large frequency
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Neutrino oscillations for

mechanical engineers

O Begin with blue pendulum given total energy E,,

AWANAY A . WA AW
“V\yV\yv =“\V\y\

NNNNa A"NNNA~ AN\ N A
SAMVAVAVAZERAVAVAVAZEAVAVAVAY

NN ANNNANNA~A ANNNNANA ANNNA ANNNWNNA
VAR AVAVAVAZ R AVAVAVAZVRAVAVAVA A VAVAVA R

O Energy oscillates between the pendulums O Great analogy with neutrino oscillations
E® . 4 Aot AT T
E U 3 P(L/E) = 1—sin®28 - sin’ ,
in” 26 sin” 20 = ail Aw = AE
o (1 + 1)

Aw = 0w, — w, r=m,/m 24
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Neutrino oscillations for
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Quantum Mechanics Learners

O Consider quantum system to be in a pure state | ¥;) with definite energy E.. Its time
evolution:

‘\Pi(t» = ¢! “PZ(O))

O The wave function oscillates but the system remains in the same state:
survival probability=1

O Consider a superposition |¥) =a- |¥,)+b - |'P,).

[ts time evolution:

|P(1)) =a-e ™ ¥,(0)) + be " . | ¥, (0))

(|a \2 + | b \2 = 1) 25 Hydrogen (. Source: wikipedia



Neutrino oscillations for

Quantum Mechanics Learners

O Consider a superposition |¥) =a - |¥,) + b - |'P,). Its time evolution:
|W(@) =a- e_iElt‘lP1(O)> + be ™" | '¥,(0))

O Survival probability after time ¢ reads:

P= (PO YD)|" = [la|-e ™"+ |b| e

(£, —E,) -t

=1 —4]al*|b|*sin? >

26
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Quantum Field Theorists

O Let us draft a Feynman diagram for lepton number violating process

/ Electron

Muon

27



Neutrino oscillations for
Quantum Field Theorists

—€

28
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Quantum Field Theorists

2
) 1 Lml2
A | x— VEV eI
L2 . er H
l
—_ Xk Y /°k —IlL —+—
P, (LIE) = VeiVﬂijVej e I
L,J

O(Quasi)periodic dependence («oscillations») of the probability

ONon-zero non-diagonal V . required and Aml.jz. = m? — mj2 #* 0

OWhat is oscillating? The lepton flavor L, < L,

29
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vacuum

K K K . . .

Vao Ve Ve 1 0 0 cosf;; 0 sinfe ) ( cosd, sinfh, O
K K oK 1 .

Vii Vio Vs =0 costy;  sinoy; 0 | —sinf;, cosf;, O
3k 3k 3k — S — Qi i

Vi v Vi) \O —sinth; cosOy) | —sinfze 0 cosl, 0 0 1

O Three mixing angles 6,,, 8,5, 65,

O One phase: §.
— It o # 0, m: CP violation, which can be observed as:

P(v, = v) # P(W, — D), fora #

30



O6beaNHEHHbIN
UHCTUTYT AEPHbIX
nccienoBaHui

N\ JlabopaTopus
alll.) snepHbix npobnem
um. B. I'l. [I)xenenoBa

Three neutrino oscillations In

vacuum. Experimental summary

Vao Ve Ve 1 0 0 cosf;; 0 sinfe | ( cos@,, sinb;, 0
Vit Vib Vi =0 cosby sinbh, 0 1 —sin#;, cos6f;, 0
Ve ve Ve |0 —sinthy costhf| —sinf3e” 0 cosO, 0 0 1

O Solar and reactor neutrino: 6,,, Am221
AmZ = 751075V’
O Atmospheric and accelerator neutrino: 6,, Am322
|Am2,| = 2.4 - 1073V’

O Reactor neutrino at 2 km (Daya Bay, RENO, DC): (913, Am322

O Neutrino mass measurements:

eV
0.15 Am;, = ms —mi,m; = mi + Ams,
my =\ /mi+ Am3, 2 \/Am}, % 001 &V
0.05 Normal ordering = \/ m; + | Ams,| > 0.05 eV, m; > m,
0.01

. 2 2
Inverse ordering my = \/ my + | Amg, | > 0.05 eV, m, > m; .



3

Neutrino oscillations in matter
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Weak interactions are very weak
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Weak interactions are very weak

O If neutrino interacts so weakly, then Sun is just a transparent medium.

— Why it can matter?

O Glass or drop of water are also transparent media ... but they do matter on light
propagation because of refraction

34
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Do you understand light

refraction?
Check yourself

Find the right answer

O Light slows down in matter because:

— It is absorbed by atoms and re-emitted with some delay
— It is scattered by atoms and takes a longer path

— It experiences a friction

35
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Do you understand light

refraction?
Check yourself

Find the right answer

O Light slows down in matter because:

xt is absorbed by atoms and re-emitted with some delay
— It is scattered by atoms and takes a longer path

— It experiences a friction

Re-emission does not keep
the original direction

36
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Do you understand light

refraction?
Check yourself

Find the right answer

O Light slows down in matter because:

[t is absorbed by atoms and re-emitted with some delay
t is scattered by atoms and takes a longer path

— It experiences a friction

More material —> wider
the beam

37
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Do you understand light

refraction?

Check yourself Find the right answer

O Light slows down in matter because:

[t is absorbed by atoms and re-emitted with some delay
t is scattered by atoms and takes a longer path

t experiences a friction

Just NO!

38
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C s )
&

refraction?

Check yourself Find the right answer

O Light slows down in matter because:

Incidentelectromagnetic wave forces electrons to

secondary|wave

— Both the incident and the secondary waves move at ///
the speed of light. - %

vibrate and emit the

— The secondary wave is delayed in phase by about
/2 and the

front|of resulting wave moves slower

39 Image source: Wikipedia
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O These complex phenomena can be conveniently described by a refraction index n

O Consider a wave cos(w - 1 — k - x) in vacuum.

— The phase velocity can be found from @ -7 — k- x = 0 as
X

C — — — —

rk

O Consider a wave cos(w -t — n - k - x) in matter.

— The phase velocity can be found from w -t —n-k-x =0 as
X 0 C
[

= —
n-k n

40



Refraction index
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O Microscopic consideration yields

v
n=1+—,
k

Where V'is a photon-matter potential duetoy +e — y+ ¢

O Neutrino also experiences the refraction in matter duetov, , + e = v, , + €

41
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ODuetov, + e — v, + ereaction v, experience the potential (calculated in the SM)
V=12Gm, ~ 10719 - 107" 5B

O The potential is negligibly small compared to the neutrino energy

V< E ~(0.1-10)-10%eV

O However it is comparable with
Am* 107 eV? i
AE = ~ = 107" eV
2F 106 eV

O Sun refracts neutrino like a glass ball refracts the light

42
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O Sun refracts neutrino like a glass ball refracts the light
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Neutrino oscillations

IN matter

O Sun refracts neutrino like a glass ball refracts the light

O Refraction index for v,

n, =1- \/EGFne/E

O Refraction index for 2

n,/ﬂ=1

O The difference in refraction indices for v, and v, drastically
changes the oscillation pattern

n,—n, =-— \/EGFne/Ey

45



Neutrino oscillations

INn matter
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Follow lecture
by O. Smirnov
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Image courtesy: BOREXINO Coll.
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Of neutrino oscillation within plane wave model

o A coherent superposition v, = ) V*v;is produced and interacted

j
O Quantum states |z;) have definite momenta with op; = 0
O Momenta of all |v;) are the same p; = p, = p; =p

O Neutrino are ultra-relativistic particles |p;| > m,

O Time ¢t equals to the distance L:
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(Implicit) hypotheses &
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Of neutrino oscillation within plane wave model

A coherent superposition v, = V;’;z/l is produced and interacted

i
O Then, why massive neutrino v, are produced coherently, while
charged leptons seem not? If charged leptons oscillate?

O In the SM charged leptons and neutrino fields are symmetric

Lepton mixing matrix (not
neutrino mixing matrix!)

49
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Of neutrino oscillation within plane wave model

Quantum states | ;) have definite momenta with op, = 0

O Then, position uncertainty reads: 0x,, = 5 = 00
Py

O What is the distance L in the oscillation formula then?

50
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(Implicit) hypotheses

Of neutrino oscillation within plane wave model

Momenta of all |v;) are thesamep, =p, =p; =p

O Breaks Lorentz invariance

O Contradicts to kinematics of decays

51
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(Implicit) hypotheses

Of neutrino oscillation within plane wave model

Neutrino are ultra-relativistic particles |p.| > m.

O True for all experiments so far

O Not true for relic neutrinos

52
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(Implicit) hypotheses

Of neutrino oscillation within plane wave model

Time ¢ equals to the distance L:

t =L
. P;
o Let us make it better L = vt = —t
EI/
> > ) >
Di L — p; n;
= Et—plL=Et t = t = —t
Y | fi | Ei Ei Ei
O The phase difference then:
m: — m? m: — m?
¢..=(p.—(p.= Jt=2 ]t
v l / E 2F

O The phase difference is TWO times larger than the standard!
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Plane wave model

o A coherent superposition v, = Z V*v;is produced and interacted

l

O Quantum states |v;) have definite momenta with p;, = 0
O Momenta of all |v;) are thesamep, = p, = p; =p
O Neutrino are ultra-relativistic particles |p;| > m,

O Time ¢t equals to the distance L:
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Wave packet model
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"

B

Wave packet model

dp
p) — Jz—ﬂg(p, P;0,)|p)

g(p, P;0,)

Momentum space
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Wave packet model

dp
p) — Jz—g(P,P c,)|p)
T

g(x, X;0,)

Coordinate space

S7
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Wave packet model

dp
p) — Jz—g(P,P c,)|p)
T

g(x, X;0,)

Coordinate space
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Wave packet model

dp
p) — Jz—g(P,P c,)|p)
T

g(x, X;0,)

----'

Coordinate space

Wave packet disperses (ignore it here) &
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Vacuum neutrino oscillations
In wave packet model
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L\

[ | || || [ |
OSCI"ﬂtIOn probablllty () snepiox nposren CTHC)  yucruryr anepHbi
lEmEl’  vm. B. M. Dxenenosa (EempuBuzsd )  pocnenoBaHUii

Plane wave model

Am?L

P,(L/E)=1— sin” 26 sin’
: 4FE

Wave packet model

1 , , , Am?L
Py(L/E) = 1 = —sin20 1—exp [—(L/L,,,)* — 1/4(Am?/c,:)| cos ¥
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Plane wave model

o A coherent superposition v, = ) V*v;is produced and interacted
i
only if Am* < ¢,

O Quantum states | v;) do not have definite momenta

O Momenta of all |v;) are not the same

O Neutrino can be ultra-relativistic or non-relativistic particles

O Time ¢ is not equal to the distance L:
2L

L= 1

-

1

— 4 —

V1 2
62
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. . il éﬁlﬂJﬂ{% ngofglﬁfﬂiinem
scillation probability m
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In wave packet model

1 , , Am=L
Py(L/E) =1 = —sin 220 1—exp [~ (L/L,,,)* = 1/4(Am?/5,,)| cos ¥
Coherent LLoss of coherency
Lcoh — Losc 7 "1 . =
270,

Coherence length

oh
m2 — 2 2p0p . :i;@l
Uﬂcel‘tamty IN Mass D.N. & V.Naumov, J.Phys.G 37 (2010) 105014

D.N. & V.Naumov, JPhys.Part.Nucl. 51 (2020) 1, 1-106
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Do charged leptons oscillate? i it ge="v i
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YES, in principle.
NO practically

] Am?L
(L/E) = 1 — —sin220 [ 1= WL o= 1140m3/0,0) g 27 &

2 2E
—

<1

V11/2
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