ecture lll:

The Theory of Neutrino Flavor Oscillations

“‘Anyway, in as far as the neutrino masses are negﬁ’giﬁfe com}oarecf to the
cﬁargecf [e]own masses, the observable eﬁ%cts @[ [ejownic mixing ang[es are

[imited to fairfy exotic @jfect such as neutrino oscillations.”
Froggatt & Nielsen



Neutrino Flavor Oscillations

How they are induced by mass and mixing

(1) if neutrinos have mass (last lecture and this one)

flavor eigenstates
interaction states

|Ve>9 |I/ﬂ>a |UT> # |I/1>9 |I/2>, |I/3>

mass eigenstate

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

Z(Uaj éa"y'uPLl/j) + h.c.

a,]

g _
%
V2 P

mixing matrix element




Neutrino Flavor Oscillations

How they are induced by mass and mixing

If neutrinos have mass (last lecture)

flavor eigenstates
interaction states

|I/e>? |I//4>9 |I/T> # |I/1>9 |I/2>9 |I/3>
mass eigenstate
propagating states

a flavor eigenstate is a superposition of mass eigenstates

unitary mixing matrix elements




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; Amg
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 eugenstates are produced as a superposition of mass eigenstates

\u(t—O))—ZU*\v(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*\u<t>>

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)) = 2 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 U,ﬁjU;}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 1)
_)



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;‘:j]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 we do not use natural units]

this for if 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 > LQ the distance is long enough for this phase for the system to oscillate many time in? (7@) - “in (Akj> 50

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



Two Flavor Oscillations in Vacuum

simplest but still very useful case

2, B U<|V1>> B (0086’ sin@) ("4)) 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’ siné’) ("4)) U is real
vy ) 1v,) )  \—sin@ cos@/ \ |v,)
dr E

y)
Am21

only one phase difference Am221 — m22 — ml2 only oscillation length L@ —

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

L 1.0
P, s(1) = sin’(26) sin? (ﬂL—) LK L@
0 |
Survival probability . ~ Survival probability L> L,
P, (1) = 1 — sin?(20) sin? (n—)
j[;(:) 0.2 ‘l

LIkm]/E[GeV]

|
10 100 1000 10%



Oscillation probability

P = sin?(26) sin’ -
aﬂ(t) = s1In“(260) sin 7Z'L—
©

P (1) = 1 —sin*(20) sin® (

71'_
L@

)

2y

| 1,)

(

 — My

Two Flavor Oscillations in Vacuum

simplest but still very useful case

(1)

only one phase difference Am221 = m

2

cos @

sin @ ‘I/l) 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

‘ > Unitary Matrix
D y 3 T
€ | 1> UUT =1 =) UsiUj;=6ap Y UajUli =i
[v) | = U*| 1) = 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

: do not enter oscillation
V= dlag(ozl, 1, 043) [show that]

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*| |vy) = "
v,) | v3)
—10
C12C€13 512€13 513€
_ 20 20
U = | —si12c23 — C12823813€ C12C23 — S12523513€ 523C13 V\
0 0
512523 — 01202381367’ —C12523 — 81202381362 C23C13 Majorana Phases

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

V = diag(al, 17 @3)
Amgzl = Am322 + Am221 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 fa (alot 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 I/e
i ZO
e }, ” affects all neutrinos in the same way
1) 1) gives rise to an unobservable common
_LD—__D//t_
VA phase
e s
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 2 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



order of magnitude of the effect

electron fraction

n

V.(r) =v2Gpn(r) ~ 7.6

p=3glcm’ = V_~1x10""eV

p=10g/cm’ = V_ ~4x107 eV
p=100g/cm’ = V_~4x1071%eV

p=10"g/cm’ = V_~4eV

€

P

n,+ n, g/cm?

Earth’s crust

Earth’s core

Sun’s core

Supernova
[see Alexander Friedland]

Neutrino Flavor Oscillations in Matter

matter density

X 107 14eV

1
electron fraction ~ 5




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( ]/')
2
, m; : 2EV_ (r)) 0 0
H(r) = — | U m?3 U'+] 0 0 0
2 0 0 O



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 /(2EVCC) ~ @(1) Amz ~ 2% 10GeV X 10—13 eV ~ 2 X 10—3 6V2 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 £ A..(r) 0 0
Hry=—|U ms U'+ o0 0 0
<E m3 0 0 0
instantaneous mass eigenstates
: -

N (r) ‘\vir;; ~ : ’If‘(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 @m ‘ 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
sin“f,, - 1 |v,) = |1;)
. 9 1 (2EV.. — Am? cos 26) | ,
sin“f, =—| 1+ — if 2EV.. << Am~cos 20
2 Am? CC
we recover vacuum solution




Neutrino Flavor Oscillations in Constant Matter
For 2 flavors

Am? Am? .
i (\,,e)) |7 cos20+ V.. ——sin2f (|,,e>)
o 2 2
dr \ |vy) A4"E1 sin 26 A;; cos20 | \ v
mixing in matter — . 0 |
~ cos @ sin @ ‘ y€> = COS Hm ‘ Y > T Sin Hm ‘ I/2> ; 5 ° 10 15 20
U = . o . . — —~ arb. units
—sinf coso, [vy) = — s, |v;) +cosb, | v,) EV. . —

mass squared splitting in matter o
MSW resonance condition

Am? = \/ (Am?cos 20 — 2E VCC)2 + (Am? sin 20)* Am? cos 20 = 2E V..

mixing in matter

s1n 20 maximal mixing in matter

. 0, =45°
\/ (cos 20 — 2EV../ Am?)? + sin? 20

if happens either Am?> > 0 or cos 26 < 0

sin 260 =




v (1))

v ()
v5(r)



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))
» ZZU(F)< - ) EU(7)< n'f‘izz(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 ( m>> ( |vx>> 28 (")( rfzf(r)) "

( I/e(r)>> _ F(r) E(”»
v (1)) 5 (7))




Adiabatic Transition in Matter

2 flavors

~ ) ~
LT 127) = =T ™ o
dr |V,) 2F i, (1) |U,)

slowly varying matter density (Sun)

) (1)

. d — i’\* ;1> L TT i }71> 2
if —Un=0 iy U(r)( 172>> _zU(r)dr( ,172>> (2)



Adiabatic Transition in Matter

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 D)) 2
if EU(r) ldr U(r)( ,172>> _ZU(r)dr <Wz>> (2)

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

( )

¥ ﬁ;l%(lf') ¢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

( v (r)) () cos O(r)  sin O(r) 7))
= U (r) _— Flavor eigenstates @ the production point
1, (1) —sin@(r)) cos O(r;) 20)

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

J

COS 5(13-) SIn g(ri)

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 H(rf) 214 f)>

COS g(l’f) Sin g(l”f) (e—i¢1/2E 0 ) COS 5(13-) —sin g(ri) ( ye(rl-)))
—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(f”f) COS 5(” ) te 2 sin 5(rf) sin 5(13-) B

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

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

N /

€

vacuum value @ the exit of the Sun




Reactor v, Disappearance Measurement
Useful way to write the exact survival probability in vacuum

1
Py =1— 3 sin” 26013 |1 — \/ 1 — sin® 2019 sin® Aoy cos(2|Ace| £ ®0)| — Ps

[H. Minakata, H. Nunokawa, S. J. Parke, RZF (2007)]

effective atmospheric 4E Léjsc

2
AWlatm

for reactor experiments



JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

Pﬁe—ﬁe =1

solar term

SflIl2 2913

1 — \/1 — sin® 2615 sin® Agq cos(2|Ace]

P@ — SiIl2 2(912 COS4 (913 SiIl2 Agl




JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0
— Am®¢. [NO] = +2.530 x 10 °eV?
5 8; — Am?. [10] = —2.548 x 10 °eV?
| Am2. . ( SADO =
| | Qo1 = Tgl — g . Several-tens of km Antineutrino DetectOr
™ 0.6 \ [H.Minakata, H. Nunokawa, W.Teves,
= RZF (2005)]
1 |
0.4
0.2} L =53 km
v
- w/o Energy Resolution
0.0 ' 1 ' ‘ ' ' ' ' '
1 2 3 & 5 6 7 8 9 10 11



JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0
—| Am?¢. [NO] = +2.530 x 10 eV?
- }} Am? — -3 _\y2
0.8! ‘» M ee [IO] 2.548 x 10 “eV
| | 4 . 2 " ‘
|
IR cos™ 0, s1n”20,,
@ %6 |
.;: |
QU 0.47
N\
' A\
0.2} N L = 53 km
v
~ w/o Energy Resolution
0.0 | | | |
1 2 3 4 5 6 7 8 9 10 11

SADO =
Several-tens of km Antineutrino DetectOr

[H.Minakata+ (2005)]



JUNO’s Concept

A.. ~ —

A medium baseline reactor neutrino oscillation experiment

Pyeﬁpe — 1 Siﬂ2 2913

solar term .
P@ — SiIl2 2(912 COS4 (913 SiIl2 Agl o8
100 days 6 years < 0.4

Am;, ~1.0% (2.5%) ~03% oz

1 — \/1 — sin® 2019 sin® Agq cos(2|Age| + @)

—|Am?.. [NO] = +2.530 x 10 eV?
— Am?.. [I0] = —2.548 x 10 2eV?

cos* @, sin* 20,,

L =53 km

w/o Energy Resolution

6 7 8 9 10 11



JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

Pﬁe—ﬁe =1

SflIl2 2913

1 — \/1 — sin® 2615 sin® Agq cos(2|Ace]

- CIDQ)_




JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0

0.8/

— Am%.. [NO] = +2.530 x 10 3eV?

— Am?e. [10] = —2.548 x 10 3eV? sin? 2615 r
2

\ fast oscillakions

2 2
AmBl? Am32
L =53 km

w/o Energy Resolution

3 4 5 6 7 8 9 10

11

low and high frequency
modes present

[S.T.Petcov, M Piai (2002)
&
S. Choubey+ (2003)]



JUNO’s Concept

A medium baseline reactor neutrino oscillation experiment

1.0

0.8/

— Am%.. [NO] = +2.530 x 10 3eV?
— Am?. [10] = —2.548 x 10 ’eV?

Sil‘l2 2913 —

\ fast oscillakions

2 2 2 . 2 2
Amee — COS 012Am31 _|_ S111 912Am32
L = 53 km

w/o Energy Resolution

3 4 5 6 7 8 9 10 11

Am

effective atmospheric

2
atm

for reactor experiments



JUNO’s Concept

Flagship Measurement - The Neutrino Mass Ordering

1
Pr.p. =1—3 sin® 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|Ac.| £ ®o)| — Po

In vacuum
solar term
e 2 4 . 2 A
P@ — S1Il 2(912 COS (913 S111 21
1.0
— Am?.. [NO] = +2.530 x 10_‘3ev2 2
0.8 — Am®ee [I0] = —2.548 x 10 eV A AmeeL
2 Am;, = Ams, cos” G, + Ams, sin” 0, cc AF

QU 0.4

o.zH

0.0

L = 53 km

w/o Energy Resolution

1 2 3 4 5 6 7 8 9 10 11



JUNO'’s Concept Y= 2

Flagship Measurement - The Neutrino Mass Ordering

1
Pr.p. =1—3 sin® 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|Ac.| £ ®o) | — Po

iIn vacuum

P = sin® 205 cos* 013 sin® Ay;  Pe = arctan (cos 2015 tan Ag; ) — Aoy cos 20,9

solar term

1.0

— Am?.. [NO] = +2.530 x 10 3eV?

0.8 — AmZe. [10] = —2.548 x 10 eV?

0.67

~
w
~

2 — 2 2~ 2 il

QU 0.4

o.zH

0.0

L = 53 km

w/o Energy Resolution

1 2 3 4 5 6 7 8 9 10 11



JUNO’s Concept

Flagship Measurement - The Neutrino Mass Ordering

| _
Py =1— 3 sin® 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|Ace| £ ®0) | — Po

iIn vacuum

P = sin® 205 cos* 013 sin® Ay;  Pe = arctan (cos 2015 tan Ag; ) — Aoy cos 20,9

solar term

1.0 retardation/advancement of the phase result in a change

— Am%ee [NO] = +2.530 x 10 3eV? . . .
M ee [NOI = +2.530 x 10 e of the "effective fast oscillation scale"

— Am%. [I0] = —2.548 x 10 3eV?

0.0




JUNO’s Concept

Flagship Measurement - The Neutrino Mass Ordering

1
Pr.p. =1—3 sin® 26013 |1 — \/ 1 — sin® 2019 sin” Aoy cos(2|Ace| £ ®0) | — Po

iIn vacuum

P = sin® 205 cos* 013 sin® Ay;  Pe = arctan (cos 2015 tan Ag; ) — Aoy cos 20,9

solar term

1.0

retardation/advancement of the phase result in a change

— Am?.. [NO] = +2.530 x 10 3eV?

, o of the "effective fast oscillation scale"
— Am°ee [I0] = —2.548 x 10 eV

2 2
| Amg, NO # | Amg, (0

100 days 6 years
~ 0.8 % ~ 0.2 %

0.0



JUNO’s Determination of the Ordering

How challenging is this?
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