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Lecture |;

Oscillations & Mass Ordering

“Anyway, in as far as the neutrino masses are negligible compared
to the charged lepton masses, the observable effects of leptonic
mixing angles are limited to fairly exotic effect such as neutrino

oscillations.”
Froggatt & Nielsen



70 years ago !

Detecting the First Neutrino

The electron neutrino
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Neutrinos have a Ubiquitous Presence

Span many orders of magnitude in energy and x-section
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Helicity of Neutrinos

Is the neutrino left- or right-handed?

1968: Experiment by M. Goldhaber, L. Grodzins and A.W. Sunyar

—%—} particle momentum
| &

A\

0P parallel
particle momentum
P

O ° f) anti-parallel

Maurice Geldhaber Lee Grodzins Andrew Sunyar

right-handed = positive helicity (h=+1)

fl"ee Sp' N 1 /2 pa l"tiCle left-handed = negative helicity (h=-1)
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Helicity of Neutrinos™

M. GOLDHABER, L. Gropzins, AND A. W. SuNnvARr
Brookhaven National Laboratory, Upton, New York

Helicity of Neutrinos

Th e n e u tri n 0 i S | eft- h a n d e d COMBINED analysis of circular polarization and

resonant scattering of < rays following orbital
electron capture measures the helicity of the neutrino.

152 — 152 We have carried out such a measurement with Eul%?m
Ell + c — SIII>I< + L which decays by orbital electron capture. If we assume

the most plausible spin-parity assignment for this

152 152 isomer compatible with its decay scheme,! 0—, we find

SIIl>I< —> Sm + }/ that the neutrino is “left-handed,” ie., o, -p,=—1

(negative helicity).

J(1°?Eu) = J(1*2Sm) = 0 Le7)=0

angular momentum conservation 3S,(¢7) =35,(t) + 5,(7) 5, (1) = —=5,(y)

momentum conservation (152Eu) ~ (1525m(*)) ~

p,=-—D,

Sy -ﬁy =—3 'Py helicity of v =1/2 helicity of y

leads to a V-A current



Helicity and Chirality

Neutrino & Antineutrinos

neutrinos have negative helicity antineutrinos have positive helicity

if massless only need

1
v, = —(1 —v5)v

2
negative chirality field
Dirac Equation Chirality Helicity Amplitude
particle
E
7

h =-1 ~

antiparticle h = +1 ~ 1



The Neutrino Paved The Way

The best description we have of fundamental particles and interactions

Standard Model of Elementary Particles

e s et SUQ). X[SU2), X U(1)y
I II I1I

nass  =2.16 MeV/c? ~1.273 GeV/c? ~172.57 GeV/c? 0 ~125.2 GeV/c?
@ IO |'® ||@® | H Basedon: [see Oscar Eboli]
up charm top gluon higgs
carmevie | (=saswewe )| (=armzceve | [o Lorentz Invariance
. d . & . b : Y
down strange bottom phot;J Gauge |nvariance
~0.511 MeV/c? ~105.66 MeV/c? ~1.77693 GeV/c? ~91.188 GeV/c?
. @ I'® II@® || @ With:
electron muon tau Z bgs_cij .
spontaneous symmetry breaking

D (- & |- || @&

1/2 electron muon tau wbo:on SU(Z)L X U(I)Y - U(l)em

neutrino neutrino neutrino



Neutrinos in the Standard Model

Symmetry Transformations

SM is based on the gauge symmetry group
SU@B3). x SU2); x U(1)y — SUB), x U1),,,

IlLa IZLa I3L [IiL» IjL] = iGijIkL generators of SU(Z)L (weak isospin)

Y generator of U(1)y (hypercharge)
Qem =Y+ I3L

Left chiral fermion fields transform as weak isospin doublets

Vel 0..()=0 IL;=1/2

er, Q@) =—1 L, =—1/2

1,2, —1/2)



Neutrinos in the Standard Model

Symmetry Transformations

SM is based on the gauge symmetry group
SU@3). x SU2); x U1)y —» SUB) x U(1),.

IlLa IZLa I3L [IiL» IjL] = iGijkaL generators of SU(Z)L (weak isospin)

Y generator of U(1)y (hypercharge)
Qem =Y+ I3L

Right chiral fermion fields transform as weak isospin singlets

€p — Oun@=-1 IL;=0 (1,1, - 1)

neutrino fields enter only in SU(2)L doublets U eR



Neutrinos in the Standard Model

3 generations of fermions

1,2, —1/2)

LEPTONS
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eR IMR TR — E(,l (1,1, — 1)



Neutrinos in the Standard Model

3 generations of fermions

LEPTONS

QUARKS

(

17

1,2, —1/2)

(1,1, — 1)

3,2,1/6)

3,1,2/3)

3,1, —1/3)



Masses & Mixing in the SM

Fermion Masses

mypy = my(P; + Pr)y = mypy; +h.c.  chirality flipping term  (needs both L & R)

This is not gauge invariant!



Masses & Mixing in the SM

Fermion Masses

mypy = my(P; + Pr)y = mypy; +h.c.  chirality flipping term  (needs both L & R)

This is not gauge invariant!

Fortunately the ¢ can also fix this via Yukawa couplings to fermions

— Ly = Y(fﬁ zaEﬂqb + Ygﬂ QaDﬂqb + Y(Z‘ﬁ QaUﬁ$ +h.c. This is gauge invariant !



Masses & Mixing in the SM

Fermion Masses

mypy = my(P; + Pr)y = mypy; +h.c.  chirality flipping term  (needs both L & R)

This is not gauge invariant!

Fortunately the ¢ can also fix this via Yukawa couplings to fermions

— Ly = Y(fﬁ zaEﬂgb + Ygﬂ QaDﬂqb + Yé‘ﬁ QaUﬁ$ +h.c. This is gauge invariant !




Masses & Mixing in the SM

Biunitary Transformation

rotated

L fields

rotated
diagonal mass matrix

R fields

and similar to up quarks



Masses & Mixing in the SM

Fermion Masses

mypy = my(P; + Pr)y = mypy; +h.c.  chirality flipping term  (needs both L & R)

This is not gauge invariant!

Fortunately the ¢ can also fix this via Yukawa couplings to fermions

A Y(fﬁ zaEﬂgb + Ygﬂ QaDﬂq/) + Yé‘ﬁ QaUﬁ$ +h.c. This is gauge invariant !
I\ m, i up+myd,de+m.c;cp+ ...+ h.c.
V V D
1 0 Myg = yolzjcvx mDa — Yaa
\/2 \/2
\/5 v+ H . ‘ . ny
after diagonalization of Y™

QUARK MASSES VCKM = VIitTVle' will impact CC interactions



Masses & Mixing in the SM

Biunitary Transformation

mypy = my(P; + Pr)y = mypy; +h.c.  chirality flipping term  (needs both L & R)

This is not gauge invariant!

Fortunately the ¢ can also fix this via Yukawa couplings to fermions

Ly =Y LEyp+Y,0,D5p+Y:0,Usp+h.c.

 , meELeR'l'mﬂ/TLﬂR'l'mrfLTR'Fh°C'

m. = Yt after diagonalization of Y’
T yaa 9

V2

CHARGED LEPTON MASSES

Neutrinos do not have mass (no R component)



Neutrinos in the Standard Model

Neutrino Interactions with Gauge Bosons

Charged Current Interaction (CC)

v, rad-r) e

%

Flavor diagonal in the

interaction basis

allows the concept of neutrino flavor = flavor of the charged lepton connected to the same CC vertex



Neutrinos in the Standard Model

Neutrino Interactions with Gauge Bosons
L, — e%L E — e%E
Charged Current Interaction (cC) 3 accidental global U(1).. symmetries of the SM

U, pU-r) e _ Peteestporioe) | Le | lu | Lr

— T _
6 : Ve (6 : Ve) ,‘_ 1 (+1) ; 0, ‘. 0)
%4 _ 4 |
TNy ( u 7,/“) | o | -1 (+1) |0
Flavor diagonal in the _ B | |
T v (77, 7r) o | o | e

interaction basis

L=L.,+ L y + L. Total Lepton Number

define neutrino (antineutrino) according to the convention above (conserve Family Lepton Number)



Many Experimental Evidences

Neutrinos Change Flavor in Nature

e Solar 1/, transitioning to V. /U, (Cl, Ga, SK, SNO, Borexino)
e Atmospheric V. & U/, disappearing mostly to /- (SK, DeepCore, ORCA)
® Accelerator V. & U/, disappearing (K2K, T2K, MINOS, NOvA)

e Accelerator V./V, reappearing as ./, (T2K, MINOS, NOvA)

®Reactor 1/, disappearing (KamLAND, DC, Daya Bay, RENO, SNO+, JUNO)



This is Evidence of Neutrino Mass

Neutrino Change Flavor in Nature

L is violated

source detector

_—
baseline

We need go Beyond the SM



Neutrino Interactions with Gauge Bosons

i0),
L,— e,

Neutrinos in the Standard Model

i0,
E, — ek

Charged Current Interaction (CC) 3 accidental global U(1).. symmetries of the SM
U, pU-r) e __ rrtetpatioe) | Le | u | L
e~ v, (e7,7,) j 1 (+1) o | o
v uo,v, (,qu, 17“) 0 a1 |0
Flavor diagonal in the o (7_+7 177) - - i D)

interaction basis

LELe—I—LM—I—L

Family Lepton Number is violated by Oscillations - but total Lepton Number is conserved
If neutrino = antineutrino (Majorana) : L also should be violated

Total Lepton Number



Neutrinos in the Mass Basis

Neutrino Interactions with Gauge Bosons

Charged Current Interaction (CC) in the mass basis

U, v - U, e Flips up «—— down components of the L doublets

(» Via PMNS mixing matrix (massive neutrinos!)
| W mass basis #* interaction basis

5
Urd=riVa Flips up «— down components of the L doublets

\g/ Via CKM mixing matrix

§ W mass basis #* interaction basis



Neutrinos in the Standard Model

Neutrino Interactions with Gauge Bosons

Neutral Current (NC)

1% L r" (8Ll + 8rPR) .
Y ypra-yp) O fa fa 8L = I3y — QO sin“ Oy
VA
Couples only to L component Couples only to both L & R components

. only neutrinos/antineutrinos of left chirality
No flavor changing neutral currents ?ﬁrtiCiFﬁatetthCC or N%“interac':tions
is will not change with mass!



Neutrino Flavor Oscillations

How they are induced by mass and mixing

(1) if neutrinos have mass

flavor eigenstates mass eigenstate
interaction states propagating states

[Ve)s [1)s |12 # 1), |1a)s [13)

CC Interactions are not diagonal in the mass basis (as for quarks!)

J WM— Z(Uaj Ea"y“PLl/j) + h.c.

a,]

V2

mixing matrix element




Neutrino Flavor Oscillations

How they are induced by mass and mixing

If neutrinos have mass

flavor eigenstates mass eigenstate
interaction states propagating states

[Ve)s [1)s |12 # 1), |1a)s [13)

a flavor eigenstate is a superposition of mass eigenstates

unitary mixing matrix elements




Neutrino Flavor Oscillations

How they are induced by mass and mixing

+ e
M
_|_
Qf — i > memmemm--- l v, Ve l ________
€ "
H %4 %4
Creation of a left-handed (h =-1) Detection of a left-handed (h =-1)

muon neu trino electron neutrino



Neutrino Flavor Oscillations

How they are induced by mass and mixing

Creation of a left-handed (h =-1) Detection of a left-handed (h =-1)
muon neutrino electron neutrino




Neutrino Flavor Oscillations

How they are induced by mass and mixing

Creation of a right-handed (h = +1) Detection of a right-handed (h = +1)
muon antineutrino electron antineutrino




Neutrino Flavor Oscillations

How they are induced by mass and mixing

(2) Neutrinos are ultra relativistic

for neutrinos 112
p>m —>E=\/p2+m22p+2—
P

So v; and v; with masses m; and 771; in the same beam (p; = p;) experience an

energy difference

m;: — m; m: — m; because neutrinos have very small masses
AE=E,—E; = L~ ’
Y 2p 2F this is a very small number




Neutrino Flavor Oscillations

How they are induced by mass and mixing

as we will see the oscillations depend on the combination

m; — m; Amijz-
L= L
2F 2F

L = baseline (distance of propagation between production and detection)

this combination can be sizable @ large baselines



Neutrino Flavor Oscillations

How they are induced by mass and mixing

as we will see the oscillations depend on the combination

L = baseline (distance of propagation between production and detection)

this combination can be sizable @ large baselines

The observation of oscillations will depend on the Energy of the neutrinos (source)
and on the baseline (detector position)

If we know Amg we can calculate the appropriate baseline for # neutrino sources to
observe oscillation



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

@ t=0 neutrino flavor elgenstates are produced as a superposition of mass eigenstates

\I/(t—O))—ZU*\I/(t—O)) Q=e, orrt



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

@ t=0 neutrino flavor eigenstates are produced as a superposition of mass eigenstates

3
v (t = 0)) = ZU;\uj(t=0)> Q=e,orT
j=1

@ t (after propagating a distance L) they have evolved to
3

PEOESNGAPIO)

j=1



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

@ t=0 neutrino flavor eigenstates are produced as a superposition of mass eigenstates
3

1, (t=0)) = ) Us|y(t=0)) a=epors
J=1
@ t (after propagating a distance L) they have evolved to

3
PEOESNGAPIO)

The transition amplitude to a different flavor Vg IS Probability of the transition

A o5 = (V| v (0)) P y(t) = | A | = [yl (D) |



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

@ t=0 neutrino flavor eigenstates are produced as a superposition of mass eigenstates
3

1, (0) = D ULIY0)  a=epors
J=1
@ t (after propagating a dlstance L) they have evolved to

\u<r>>—ZU*\v<r>>

Probability of the transition

Z Z UgiUZ(ui(0) | 1(0)




Neutrino Flavor Oscillations in Vacuum

Basic Concepts

Under the plane wave approximation

[v(1)) = e | v (0)) = e 5| v(0)) E; is the energy of the free
/ J J streaming neutrino

A (1) = Z Z UpiUze ™™ i) [4(0)) = Z UnlUsie™" as  o)140) =5,



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

Under the plane wave approximation

[v(1)) = e | v (0)) = e 5| v(0)) E; is the energy of the free
/ J J streaming neutrino

Qfaﬁ(l‘) — Z Z UﬂzU* e t(” O) v, (O)> — Z UﬁjUj;‘e_iEjt as (r0)[v(0)) = §;

survival/oscullatlon probability

P, s(1) = aﬁ—4ZRe[ ot akUﬁ]U*]sm ( )+221m[ ot U UpiU ]sm(Ak])

J<k j<k



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

+221m[ ot U UpiU ]sm(Ak])
j<k

this term conserves CP (same for 1)
U— U*



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

ZZIm[ o Uy UpiU ]sm(Ak])

j<k

this term conserves CP (SG\Ume f?]"*ﬂ ) this term violates CP (changes sign for )
_>



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

P s(1) = 2 Z Im[U k U UpiU ]sm(Ak])
j<k
this term conserves CP (SG'Ume f?]"*ﬂ ) this term violates CP (changes sign for )
_>

If / = a there is no CP violationas Im[ | U, \2\ Uy \2] =0
(no CP violation in disappearance experiments)

CP violation can only manifest if / # a (appearance experiments)



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

Pos(t) = 8,5 — 4 ) RelU% akUﬁjU;}]sin2< >+221m[ " Uy UgUIsin(Ay)
j<k j<k

ultra-relativistic
mass squared difference

Ay (E,—E)L Amgc* [ Ami; \ [ GeV L
— = — = = 1.27 — | Am2 = m2 — 2
p) 2h 4F hc eV? E km kj k ;

[only here we do not use natural units]

this is useful for calculations

(back to natural units)

only depend on mass squared differences (no sensitivity to the absolute mass scale)

neutrino energy (source) & baseline (source-detector)



Neutrino Flavor Oscillations in Vacuum

Basic Concepts

P (1) = aﬁ—4ZRe[ " Uy Uy U Isin® ( >+221m[ " Uy UgU%Isin(Ay)

J<k j<k
ultra-relativistic
e We can define

47 E
Am? ;

2
Akj Amk] L 2 2 _ 2

L:ﬂ' Amkamk—mj

2 T 4E L,

kj __
Ls =




Neutrino Flavor Oscillations in Vacuum

Basic Concepts

Pf0) =8, — 4 Y RelU% U, UyU¥lsin® ( —2 | +2 Y Im[U% U, UyU*Isin(Ay)

J<k j<k
ultra-relativistic
e We can define

47 E
Am? ;

2 .
Akj An/lk]L _ ﬂ_i Am,fj = m,f — mj2 Lk] —

2 T 4E L, =

o if L < Lg the distance is too short for this phase difference to develop - no oscillation can be observer due it

. i kj . . . . . A, 1
if L > L@ the distance is long enough for this phase for the system to oscillate many time in? (7@) - “in (Akj> 50

e only for L ~ Léj we can see the oscillation pattern due to this phase difference



Two Flavor Oscillations in Vacuum

simplest but still very useful case

V) \ U(Ivﬁ) ~ (cosé’ sin6’) <\V1>> U is real
vy ) 1v,) )  \—sin@ cos@/ \ |v,)

A E

21



Two Flavor Oscillations in Vacuum

simplest but still very useful case

2, B U<|V1>> B (cosé’ sin@) ("4)) U is real
vy ) 1v,) )  \—sin@ cos@/ \ |v,)

only one phase difference Am221 — m22 — ml2 only oscillation length LQ —

Am;, =2.5x 1077 eV*
sin(20) = 1.0

A E

y)
Am21

L 1.0
P, s(1) = sin’(26) sin? (ﬂL—) LK LQ
0 |
Survival probability . ~ Survival probability L> L,
P, (1) = 1 — sin®(20) sin? (::—)
L@ 0.2 “
sV UHHEES ) em1/EGeV)




Two Flavor Oscillations in Vacuum

simplest but still very useful case

(1)

only one phase difference Am221 =m

Oscillation probability

P (1) = sin%(20) sin? | 7—
() = sIn“(20) sin 7Z'L—
©

P, ()=1- sin(260) sin’ (

71'_
L@

)

2y

| 1,)

(

 — My

2

cos @

sin @ ‘D1> U IS real
—sinf cosf@) \ |v,)

1.0
0.8
0.6
0.4

0.2

only oscillation length L@ —

Am;, =2.5x 1077 eV*
sin“(20) = 0.8

sin(RO)

amplitude of the oscillatio

A E
Ams,
E=1GeV
Lo =992km

oscillation length

200 400 600 800 1000

~ 1200 L[km]



Three Flavor Oscillations in Vacuum

We have 3 flavors in nature

1)
)
A

Uel UeZ UeB

U=|U, Up Us|V

UTI UT2 UT3

Unltary Matrix
[ p)

2

| v3)

UUt =1 :>ZU iUb; = 6ap ZU Ul = S

— U*

Majorana Phases



Three Flavor Oscillations in Vacuum

We have 3 flavors in nature

‘ > Unitary Matrix
D y 3 T
€ | 1> UUT =1 =) UsiUj;=6ap Y UajUli =i
[v) | = U*| ) = e
‘%) ‘V3>
—120
C12C13 512C13 S513€
_ 10 10
U = | —sj12c23 — C12823813€ C12C23 — S12523513€ S23C13 V\
10 10
512523 — €12€23513€ —C12523 — 512€23513€ C23C13 Majorana Phases

. 3 mixing angles + 1 phase
cij = cosb; s;; =sinby; 6 € [0,7/2] 6 € (0,27

V = diag(a1,1,a3) do notenter oscillation

Oscillations are the same for DIRAC & MAJORANA neutrinos !



Three Flavor Oscillations in Vacuum

We have 3 flavors in nature

‘ > Unitary Matrix
D y 3 T
¢ ‘ 1> vt =1 = ZUajUgj = 0ap Z UajUnk, = 0jk
[v) | = U*| ) = e
v,) | v3)
—10
C12C€13 512€13 513€
_ 20 20
U = | —sj12c23 — C12823813€ C12C23 — S12523513€ S23C13 V\
0 0
512523 — 012C2381361 —C12523 — 81202381362 C23C13 Majorana Phases

. 3 mixing angles + 1 phase
cij = cosb; s;; =sinby; 6 € [0,7/2] 6 € (0,27

V = diag(ala 17 &3)

Amz, = Am3, — Am3, only two independent



Neutrino Flavor Oscillations in Matter

Basic Concepts

incoherent processes (capture, finite angle scattering) O X GI%

coherent forward scattering effects X G F (a lot larger!)

they lead to a tiny effective potential for neutrinos in matter

U, v,

. CC,NC low energy limit
: momentum transfer << My, M,

[L. Wolfenstein (1978)]

[S. Mikheyev and A. Yu Smirnov (1985)]
ordinary matter (electrons, nucleons)



Neutrino Flavor Oscillations in Matter

Basic Concepts

NC
1/6 Ue
i ZO
e }, ” affects all neutrinos in the same way
1) 1) gives rise to an unobservable common
_LD—__D//t_
VA phase
e
e ,p,n
I/T UT
e —————————————————
ZO



Neutrino Flavor Oscillations in Matter

Basic Concepts

CC
Ve U, for a homogeneous and isotropic medium
W ; g (Earth, Sun)
o pon V..(r) =v2Gn(r)

electron number density

singles out v,



Neutrino Flavor Oscillations in Matter

Basic Concepts

CC
Ve U, for a homogeneous and isotropic medium

W 2 ; (Earth, Sun)

o pon V..(r) =v2Gn(r)

electron number density

singles out v,
and 7, : V_(r) = —V_.(r)

gives rise to an extra phase difference among the flavors



Neutrino Flavor Oscillations in Matter

order of magnitude of the effect

electron fraction matter density

& P 14
Vcc(r) — \ﬁGF ne(l") ~ 76 - —3 X 10 GV
n,+n, g/cm
electron fraction ~ %
p=3 g/cm3 — V. _~1X 10-13 eV Earth’s crust
p =10 g/cm3 — VCC ~ 4% 10718 eV Earth’s core
p=100g/cm’ = V_ ~4x10712eV Sun’s core o e

p=10"g/cm’ = V _~4eV Supernova




Neutrino Flavor Oscillations in Matter

For 3 flavors

We have to solve the Schrodinger evolution equation

for the Hamiltonian . . .
matter contribution (dynamics)

i V.r) 0 O
H(r) = — ms U'+ o 00
m? 0 0 0

vacuum contribution



Neutrino Flavor Oscillations in Matter

For 3 flavors

It is useful to write this like this ACC(F)
2
, m; : 2EV_ (r)) 0 0
H(r) = — | U m?3 U'+] 0 0 0
) 0 0 0O



Neutrino Flavor Oscillations in Matter

For 3 flavors

It is useful to write this like this
A..(r)

2

"
i : T 2EV. () 0 0O
H(r)=—1|U ms U' + 0 0 0

2F
2 0 00
3

Am? ~2x10MeV X4 x 1072eV ~ 8 x 102 eV? 10MeVr@Sun's core

2
Am /(ZEVCC) @(1) Am2 ~ 2% 10GeV X 1()—13 eV ~ 2 X 1()_3 eV2 10 GeV v @ Earth’s crust



Neutrino Flavor Oscillations in Matter

For 3 flavors

This Hamiltonian can be diagonal at each point r of the evolution

i 4 A..(r) 0 0
Hry=—|U ms U'+ o0 0 0
<E m3 0 0 0
instantaneous mass eigenstates
: -

N (r) \‘Uir;; ~ : i(r)i

~ 2 17 L)1 = U [ vp(r)

=55 U0 () L 0

rﬁ32(r )



Neutrino Flavor Oscillations in Matter

For 3 flavors

This Hamiltonian can be diagonal at each point r of the evolution

in generally, solve numerally

) 0O O
Hr)y=— |U ms U+l 0 0 0
2F 0 0



Neutrino Flavor Oscillations in Matter

For 3 flavors

This Hamiltonian can be diagonal at each point r of the evolution

in generally, solve numerally

) 0O O
Hr)y=— |U ms U+l 0 0 0
2F 0 0

but there are useful
analytic solutions

dA_(r)/dr = 0 constant matter density ~
dA, . .(r)/dr issmall . ——— We will discuss

i.e. adiabatic transition them for 2 flavors



Neutrino Flavor Oscillations in Constant Matter
For 2 flavors

d [|v.) _AM 0520+ V.. A gin 20 V) Am? = Am?
; ( Ve ) B AE CC 4E ( Ve ) )
o A 2 . A 2
dr \ |v,) ™ sin 26 " c0s20 | N2 | |
4F 4FE in constant matter density

mixing in matter

— ( cos O, sin6’m> |v,) = cos Oy |vy) +sin b, | 1;)

U = | . — —
—sinf coso, [vy) = — s, | v;) +cosb, | vy)



Neutrino Flavor Oscillations in Constant Matter
For 2 flavors

Am? Am? .
d <‘ye>> —— 7 COs 20+ V.. 7 Sin 20 (|y€> Am? = Am221
dr\lvy) | 2wy Am’ )
4F sin 20 4FE cos 20 in constant matter density
mixingjn\r:latter cos Hm “in em ‘Ve> — COS ‘9m ‘ f]jf) 4+ sin ‘9m ‘ f]/\i)
[ = : —~ —_—
(—siné’m cosé’m) [vy) = — s, | v;) +cosb, | vy)
mass squared splitting in matter
—_— , : 2
A2 = \/ (Am?cos 20 — 2EV..)> + (Am? sin 26)? it 2EV.. > Am~cos 20
sin“f,, - 1 |v,) = |1;)
. 9 1 (2EV.. — Am? cos 26) | ,
sin“f, =—| 1+ — if 2EV.. << Am~cos 20
2 A m 2 CC
we recover vacuum solution




Neutrino Flavor Oscillations in Constant Matter
For 2 flavors

=
AmZ AmZ . g 1.0 q}
ii (‘ye>> | cos20+ V.. ——sin2f (|ye> N
dr \ |v) Am Am’ vy oo 5
X 7 SIn 20 7 COS 20 X - () \
mixing in matter —~ . —~— .
L cos @ S1n @ ‘I/>=COSH ‘I/1>+Sln9 ‘I/2> “““““““
[ = Som m 4@ arb. units
—sin6,, cosf | v) = —sinf, | vy) + cos b, '(\9{&\ EV.. —
. <
mass squared splitting in matter (@6 MSW resonance condition
= |/ (Am?c0s 20 = 2EV, ) + (Am?sin 20) o | AmPeos20=2EV,,
mix.ing i matter Sin 29 é‘\g maximal mixing in matter
sin 260 = o :
\/ (cos 20 — 2EV../Am?)? + sin? 2/ \' "

®nappens either if Am?, cos260 > 0 or Am?,cos20 < 0



Adiabatic Transition in Matter

For 2 flavors

. d |I/e> ‘I/e> 1 — ”512(I’) ~
— = H H=—U U'
ar ( m>> ( |vx>> 28 (")( rfzf(r)) "

( I/e(r)>> _ F(r) E(”»
v (1)) 5 (7))




Adiabatic Transition in Matter

For 2 flavors

. d |I/e> ‘I/e> 1 — ~12(”) ~
— = H H=—U U'
ar ( m>> ( |vx>> 28 (")( rfzf(r)) "

( I/e(r)>> _ F(r) E(”»
v (1)) 5 (7))

cd —~ |v)) 1 1ty *(r) — |v))
* zEU(F)< - ) EU(7)< n7z'22(r)> U (V)U(V)( )




Adiabatic Transition in Matter

For 2 flavors

. d |I/e> ‘I/e> 1 — ”512(I’) ~
— = H H=—U U'
ar ( \vx>) ( |vx>> 28 (")( rfzf(r)) "

( I/e(r)>> _ F(r) E(”»
v (1)) 5 (7))




Adiabatic Transition in Matter

For 2 flavors

~ ) ~
LT 127) = =T ™ "
dr | V5) 2F i, (1) Us)

slowly varying matter density (Sun)

dr dr

d— (v — d [V
if i?f(r):O I— U(r)< ?)) in(r)—( I:,1>




Adiabatic Transition in Matter

For 2 flavors

7 ) ~
4 U(r) v\ _ L o ") ‘,’f}> (1)
dr | V5) 2F i, (r) ) \ |V2)

slowly varying matter density (Sun)

. d — . d 1) o d V1) 2
if EU(r) ldr U(r)( ,172>> _ZU(r)dr( ,172>> (2)

fl\f(r)TX (1) using (2)

Equations decouple !

Mass eigenstates evolve
independently

They do not mix!



Adiabatic Transition in Matter

For 2 flavors

Mass eigenstates only get a phase during propagation

( )

¥ ﬁl%(l’) ¢1/2E r Iy n‘;tz(},.) \ ¢2/2E
—iJ R dr —i'l R dr
o)) =e [ [ T)(r) [v)(rp) =€ [ Nwo)(r)

J




Adiabatic Transition in Matter

For 2 flavors

Mass eigens’ra'res only get a phase during propagation

r )

4 ( (r) ) ¢1/2E Vy ( ﬁ;lz(l") ) d ¢2/2E
—i —1 r
~ 2F ~
‘V1>(”f) = € J v ‘V2>(’”f) = € '[r" [ v))(r)

J

( U (r)) v (1)) COS (9(1’) SIn g(r) v (1))
= U (r) _— Flavor eigenstates @ the production point
v, (r)) —sin (r;) cos O(r,) 2

% (rf)) Vi (1) COS 6’(rf) sin H(Ff) Vi (1)
= U (7’ f) ~ —~ Flavor eigenstates @ the end of evolution
Uy (r f)> —sin Q(rf) cos 0(ry) 214 f)>




Adiabatic Transition in Matter

For 2 flavors

Mass eigenstates only get a phase during propagation

( Y 4 )

rf(’/h %(’”)) e e CAWEEES
i R dr —i'l R dr
o)) =e [ [ T)(r) [v)(rp) =€ [ | Do) (1)

J

COS 5(13-) S1n g(rl-)

Ve(’”i») —~ AG) v (1)) , , ,
= U(r)|  — = - - _— Flavor eigenstates @ the production point
v () Ly (1)) —sinO(r;) cos O(r)) L, (1))

v\ — [ 1T) cos O(r;)  sinO(ry) | [ 177(ry))
= U@l  — = o~ ~ — Flavor eigenstates @ the end of evolution
Uy (1 f)> —sIn Q(rf) COS Q(rf) 214 f)>

COS g(l’f) Sin g(l’f) (e—i¢1/2E 0 ) COS 5(13-) —sin g(ri) ( ye(ri))>
—sin 0(r;) cos O(ry) 0 e ) \sin0(r) cosO(r) V(1))




Adiabatic Transition in Matter

For 2 flavors

Survival Propability of v,

Po= 14, > =] (We(rp) | 1,(1) > = | cos g(l’f) COS 5(” ) te 2 sin 5(rf) sin 5(13-) B

the interference term average out
A@p > E [S. Parke (1986)]

for solar neutrinos

P, ~ cos?0,, cos20(r) + sin?0,, sin? O(r,)

N /

€

vacuum value @ the exit of the Sun




How about the Mass Ordering?



How can we Label the Mass Eigentates?

Using data results

using |Ve> fraction we know that (see Lecture Il)

\ Uet| > |Uea| > |Ues| [sin” 61, 0.3]
v3)

V3) I |cast
N o)
|V 1 most

£

Vi B Vr B




What is the neutrino mass Ordering?

We currently have two possibilities

g" _|V3>‘ C\‘é\‘_ V2>
. 4 T — V1>
-8 : Am?z. AmZ, < 0

AN ©
ut Am2 > AmZ >0 = 31 Bt <
° <] 2 2
—_— T Vo) | Ams, | > | Amy, |
= —— )
C 4 I () | I 3
| S
o
C Ve . Vu . Vr .

JIRE

pPJO pajJaAu



Effect Am~_-scale

For Disappearance Experiments

[ H. Nunokawa, S. J. Parke, RZF (2005)]

. Ams, L
e for experiments where A, = o < 1
In vacuum
> DayaBay/RENO
= | — sin 26’13 sin“ A, + O(A? 51) Ay ((E) ~ 4MeV,L ~ 1km) ~ 2%
Ameze = Am32 1 COs” 0, + Am322 sin” 0, effective scale for v, disappearance
Am? \NO = | Am?,| + AmZ, sin* 0 W\%@
31 21 12 n DIV
10 X
|Am2, | = | Am2, | + Am2, cos? 0, y DM
NN

2 10 5 INO 5 all equivalent



U

Effect Am?2 _-scale

L
atm

For Disappearance Experiments //l //t

[ H. Nunokawa, S. J. Parke, RZF (2005)] % U
Am3 L

» for experiments where 4, =——— <1 //[ ,[/[
T2K

Ay ((E) ~ 2.0GeV,L ~ 810km) ~ 4 %

Ams, ‘/1:10 = | Am/fﬂ | + Am; (cos” 0, — sin 6,5 cos 5"°)

2 110 _ 2 2 (i : 10 g
| Ams, \M = |Am,, | + Ams (sin” 6}, + sin 05 cos 6™) LAY
all equivalent

2 |NO 2 10 _ A2 -
Amy |, = | Ams, \ﬂ = Am;, (cos 20, — 2 sin 0,5 cos o)



Mass Ordering Sum Rule

FOr Disappea rance Expe riments [S. J. Parke, RZF (2024) arXiv:2404.0873 ]

@ the moment no disappearance experiment has any sensitivity to the ordering

(2.4 —0.9 cosd) % | Am?__ |

atm

NO —
Am3 ok nova = (2516 £0.031) x 10~7eV?

| Am3, |, = | Am3, LO if 10istrue LS = (2485 £0.031) X 1073 V?

T2K+NOVA

\/ [http://Iwww.nufit.org - v62.fig-chisq]-dma.pdf]


https://arxiv.org/abs/2404.08733
http://www.nufit.org

Mass Ordering Sum Rule

FOr Disappea rance Expe riments [S. J. Parke, RZF (2024) arXiv:2404.0873 ]

@ the moment no disappearance experiment has any sensitivity to the ordering

(2.4 —0.9 cosd) % | Am?__ |

atm

Daya Bay

- ~24%

10 10 : :
[ Ami, |, = |Amg,| " if 10is true

[http://Iwww.nufit.org - v62.fig-chisq]-dma.pdf]


https://arxiv.org/abs/2404.08733
http://www.nufit.org

Disappearance Experiments Synergy

Neutrino Mass Ordering

15

0

Daya Bay/RENO/DC 5
|Am3, |, = Am3y ;0 = Am3y cos 20,
LBL+Reactors :
0

NuFIT 5.3 (2024)
_I I\ | I I\l | | | | | H
— Reactors

— Minos
— NOVA —~
— T2K .
— LBL-comb A / NO |
1 1 1 | | ” || | 1 1 1 ‘é</ L 1 1 | ]
B | L | b1 | IIIIII | 1 \ I 1 1 | 1 | | B
— Reactors :
| — R + Minos —
— R + NOvVA ‘ -
B — R+ T2K .
- — R + LBL-comb \ NO -
III|IIIIII|III|II”II|III|IIII|III

-3 -2.8 -2.6 2.4 2.2 2.2 2.4 2.6 2.8 3

2 3 2 2 3 2

Am_, [10 " eV] Am31 [10 " eV]

inverted ordering normal ordering

2 1NO 2 110
Ams, |/4 > \Am32|ﬂ

T2K/NOvVA

1 Am3 }° = | Am3, |, = Am3, (cos 20;, — 2 sin 65 cos b)

Daya Bay/RENO/DC

LBL+Reactors


http://www.nufit.org

JUNO SUB-% PRECISION

assuming NO is true

20 ! T g i T

2 110 _5 5
‘ Am32 JUNO — Am31 |JUNO +4.7x107°eV

i/ [S. J. Parke, RZF (2024) arXiv:2404.0873 ]

15+

: -3 .\/2
'?.;d " 245 250 255 260 265  2.70 Am31 |T2K+NOVA i (2516 - 0031) X 10 eV

Amgl |NO (X 10_3 eVz)

2.50 2.55 2.60

-3 2
Amilo (x100ev?) | A3, 1ok anova = (2485 +0.031) X 107%eV


https://arxiv.org/abs/2404.08733

