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‘A puzzle: Solar Neutrinos I
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e Experiments measuring v, observe a deficit
e Deficit disappears in NC = Solar Model Independent Effect

e Deficit is energy dependent = P,.. ~ 30% (< 0.5)!!! for £, > 8 MeV

But Am%lLsun_Eamh /E, ~ 10° = averaged oscillations ((Pe.) = 1 — ; sin” 26)

How is it possible to have (P..) < % in averaged oscillation regime???
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e Experiments measuring v, observe a deficit

e Deficit disappears in NC = Solar Model Independent Effect

e Deficit is energy dependent = P,.. ~ 30% (< 0.5)!!! for £, > 8 MeV

But Am%lLsun_Eamh /E, ~ 10° = averaged oscillations ((Pe.) = 1 — ; sin” 26)

1

How is it possible to have (P..) < 3 in averaged oscillation regime???

2
ANSWER: Matter effects
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INTRO TO PHENOMENOLOGY WITH MASSIVE
NEUTRINOS: LECTURE 111

Concha Gonzalez-Garcia
(ICREA-University of Barcelona & YITP-Stony Brook )

OUTLINE

e Propagation in Matter: Effective Potentials
e Flavour Transitions in Matter: MSW

e Global 3v picture
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‘Neutrinos in Matter: Effective Potentials |

e In SM the characteristic v-p interaction cross section
2 12
GLE

T

~ 1075 cecm? at E, ~ MeV

o

e So if a beam of ®,, ~ 102’5 was aimed at the Earth only 1 would be deflected
so 1t seems that for neutrinos matter does not matter
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‘Neutrinos in Matter: Effective Potentials |

e In SM the characteristic v-p interaction cross section
2 12
GLE

T

~ 1075 cecm? at E, ~ MeV

o

e So if a beam of ®,, ~ 102’5 was aimed at the Earth only 1 would be deflected
so 1t seems that for neutrinos matter does not matter

e But that cross section is for inelastic scattering
Does not contain forward elastic coherent scattering

e In coherent interactions = r and medium momentum remain unchanged
Interference of scattered and unscattered  waves

e Coherence = decoupling of v evolution equation from eqs of medium.

e The effect of the medium is described by an effective potential depending on
density and composition of matter
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e Lets consider . in a medium with e, p, and n. The low-energy Hamiltonian density:

Hyy — ng %@ (@) + TN ()T ()
ccmt J57 (@) = ve(r)va(l - 95)e(@) IS (@) = e(@)va(l — 5)ve()
Nee I8V (@) = Te(@)va(l = s)ve(r) — (@) [ra(l = 75) — s37ale(@)
n)

+5(2) e (1 — ¢Pys) — 4%m]p<w>—ﬁ<x>m<1—g; 7s) — 4%y valn(z)
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e Lets consider . in a medium with e, p, and n. The low-energy Hamiltonian density:

Hyy — ng %@ (@) + TN ()T ()
ccmt J57 (@) = ve(r)va(l - 95)e(@) IS (@) = e(@)va(l — 5)ve()
Nee I8V (@) = Te(@)va(l = s)ve(r) — (@) [ra(l = 75) — s37ale(@)
()

15(2) [ (1 — 9%05) — 453 7alp(@) — (@) [Yall — g4775) — 453 yaln(@)

e Example: The effect of CC with the e medium. The effective CC Hamiltonian density:

Hie = SE [dpef(E) <<e<s,pe>w<1 — Y5) VeV Ya(l - v5>1e<s,pe>>>
feiZIr'rZange — ?/Eye’Ya(l o 75)”6 fd?)pef(Ee) <<€(Sape)’@7a(1 o 75)€’€(Sape)>>

f(FE.) statistical energy distribution of e in homogeneous and isotropic medium.
[ d&pef(E.) =1

<> = summing over all e of momentum p..

coherence = s, p. same for initial and final e
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e Expanding the electron fields e in plane waves (quantized in a volume V)

1

(e(s, pe)|eva(l—75)ele(s, pe)) = 2E.V (e(s, Pe) ]u_s(pe)a,l (Pe)Va(1=75)as(pe)us(pe)|e(s; pe))
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e Expanding the electron fields e in plane waves (quantized in a volume V)

1
2E.V

(e(s, pe)|eva(l—75)ele(s, pe)) = (e(s, Pe) ]u_s(pe)a,l (Pe)Va(1=75)as(pe)us(pe)|e(s; pe))

e Since al(p.)as(pe) = N (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

]1}<< (5, pe)|al(pe)as(pe)le(s, pe)) > ZN pe) = )%Z

S

where N, (p.) number density of electrons with momentum p. summed over helicities
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e Expanding the electron fields e in plane waves (quantized in a volume V)

1

2Ee VY <€(3,p6) ’U_s(pe)al (pe)’)/a(]-_’}%)a,s (pe)us (pe) |€(S, pe)>

(e(s, pe)leva(1—7s)ele(s, pe)) =

e Since al(p.)as(pe) = N (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

]1}<< (5, pe)|al(pe)as(pe)le(s, pe)) > ZN pe) = )%Z

S

where N, (p.) number density of electrons with momentum p. summed over helicities

(fets, po)Erat —s)ele(s p) ) = o) SNyt — 3y
= NS T (L= a5)us )| = ML ST s )T 090 (1= 29)

= NS s p ) 090 (1 = 39| = MHELTr e+ )31 = 25)| = e (o) B
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e Expanding the electron fields e in plane waves (quantized in a volume V)

(e(s, pe)|eva(l—75)ele(s, pe)) = QEleV<€(3>pe)IU_S(pe)al(pe>7a(1_75)as(pe)u8(pe)|€(Sape)>

e Since al(p.)as(pe) = N (pe) (number operator) and assuming that there are the
same number of electrons with spin 1/2 and -1/2

1

L (el poled roastpole(s.p0))) = SN = Nelp)3 3

S

where N, (p.) number density of electrons with momentum p. summed over helicities

(fets, po)Erat —s)ele(s p) ) = o) SNyt — 3y
= NS T (L= a5)us )| = ML ST s )T 090 (1= 29)

= NS s p ) 090 (1 = 39| = MHELTr e+ )31 = 25)| = e (o) B

e For isotropic medium = [ d*p.p; f(E.) Ne(pe) = 0
e By definition [ d*p.f(FE.) Ne(p.) = N, electron number density
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e The effective charged current Hamiltonian density due to electrons in matter is then:

ey  GprpNe__
HEy = =L 7)1l = 18)ve ()
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e The effective charged current Hamiltonian density due to electrons in matter is then:
GF N, e

(e) _
HCC T \/5

e(x)v0(1 = 75)ve ()
e Thus the effective potential than v, “feels” due to €’s

Voo = V€|/d3 Héc‘ye

Ve d xl/e 70 1_’75)Ve( )|Ve>

(v )70l

- 2 " w, =+vV2GrN.,
75 3B v T = V20r

Voo = V2GEN,
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e The effective charged current Hamiltonian density due to electrons in matter is then:
GF N, e

(e) _
HCC T \/§

e(x)v0(1 = 75)ve ()
e Thus the effective potential than v, “feels” due to €’s

Voo = V€|/d3 Héc‘ye

Ve d xl/e Yo 1_'75)V€( )|V€>

f | 7)o (

= 2 " w, =+v2GrN,
75 3B v T = V20r

Voo = V2GEN,

e for 7, the sign of V¢ is reversed



Massive Neutrinos

e Other potentials for v. (7. ) due to different particles in medium

Concha Gonzalez-Garcia

medium Voo Ve
et ande”  HV2GF(Ne — No)TFEE (N — Ne)(1 — 4sin® Ow)
pand p 0 FZE(N, — Np)(1 — 4sin® Oy)
n and 7 0 F2E(No — Np)
Neutral (N. = N,)| +v2GrN, FZEN,

For v, and v,: Viy¢ are the same as for v, BUT Vo = 0 for any of these media
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e Other potentials for v. (7. ) due to different particles in medium

medium Voo Ve
etande”  HEV2Gp(Ne — No)FSE (Ne — Ne)(1 — 4sin® Ow)
pand p 0 FEE(N, — Np)(1 — 4sin® Ow)
n and n 0 FSE - E(N,, — Nz)
Neutral (N. = N,)|  +v2GrN. FZEN,

For v, and v,: Viy¢ are the same as for v, BUT Vo = 0 for any of these media

e Estimating typical values:

Voo = V2GFpNe = 7.6Ye gzl eV
Ye=% Ji‘fN = relative number density

© = matter density
— At the solar core p ~ 100 g/cm® = V ~ 10~ 2 eV

— At supernova p ~ 10 g/cm® = V ~ eV
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)

2
my 0
(a) In vacuum in the mass basis: —ia% (Vl > Il ExT_| 2F i (Vl >



Concha Gonzalez-Garcia

Massive Neytrinas

Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)

2
my 0
(a) In vacuum in the mass basis: —i% <V1> — {E x I — <2E , )} <V1>
V2 0 my 12

(b) In vacuum in the weak basis
A AmZ sm29>}( a)
Aﬁ; cos 26 V3

.9 [ Ve _ mi+m; AE
()l s (2

4F
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)

2
my 0
(a) In vacuum in the mass basis: —i% (Vl > Il ExT_| 2F i <V1 >
V2 0 my 12

(b) In vacuum in the weak basis

.9 [ Va m2+m? — ﬁ”g cos 20 ﬁ—”gsin 20 Va
G 1% a {E - 4B ] <1 Am® 190 Am’ o599 v
B AE AE B

(c) In matter (e, p,n) in weak basis

.5 [ Va Y Vo — Aél”; cos 260 Aﬁf sin 26 Vo
Yoz — [E ~ T 4E } x 1 — Am?2 _. Am?
Vg 15— Sin 20 Vs + Sj5-cos 20 Vg
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Neutrinos in Matter: Evolution Equation

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = va|va) + vslvs)

m2
: : 9 [ V1 Q_El 0 V1
(a) In vacuum in the mass basis: —1 5 =< ExI— 2
V2 0 2 V2
(b) In vacuum in the weak basis
Am? Am
N 2t sin 26 o
()= (- - (D E) )
Vg s =g Ccos 20 V3
(c) In matter (e, p,n) in weak basis
_;8 Ve [E— ml—l—m2i| s Vo — A4E A4E Sln29 Ve,
o \ vg LB Am= gin 20 Vs+ 24 Am? 0590 Vg
4F
(c)# (b) because different flavours ,

have different interactions
For example o = e,8 = pu, T:
VCC — Va - Vu — \/§GFN€

(opposite sign for ) e, N Ve, Vy, Vr only e




Concha Gonzalez-Garcia

Massive Neutrinos
‘Neutrinos in Matter: Evolution Equation I

Evolution Eq. for |v) = vy |vy) 4+ va|ve) = vo|ve) + vslvs)
m2 0
(a) In vacuum in the mass basis: —i% (Vl > I ExT_| 2P , <V1 >
V9 O % Vo

(b) In vacuum in the weak basis

Am? Am?
s (Va> _ {{E— m§+m§] T (— i cos 20 4E281n29>} (Va>
92 \ vg A ﬁ’g sin 20 %COS 20 V3

(c) In matter (e, p,n) in weak basis

Va—V, A A
—’Li (Va) _ |:E B Va+Vg B m%—{—m%] o = B _2 4% cos 260 o V47g Sin 2§ (Va>
” B i o 76 4 AmZ o520 Vg

Ve : w aE Sin 20 T 2 1E
Diagonalizing:
_A_FLQ 2T
_ii<ya)5{{E_“%+ﬂg} x]—( i cos 20, 4E251n29m)}(ya)
9z \ vg b ﬁ—%sin 20, ﬁ—%cos 20, Vg

Effective masses and mixing are different than in vacuum
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2FE(V, — V3))

2 2
pi o () = T ;m2 + E(Va+Va) F %\/(AmQ cos 20 — A)? + (Am?2 sin 26)°

Ap2(z) = \/ (Am?2 cos 20 — A)? + (Am? sin 26)°
— The mixing angle in matter

Am? sin 20
Am?cos20 — A

tan 26,, =
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A =2F (V. — V3))

2 2
pi o () = T ;m2 + E(Va+Va) F %\/(Am2 cos 20 — A)? + (Am?2 sin 26)°

Ap2(z) = \/ (Am?2 cos 20 — A)? + (Am? sin 26)°

— The mixing angle in matter

Am? sin 20

tan 20,,, = 5
Am?cos20 — A

e Dependence on relative sign between A and Am? cos(26)
= Information on sign Am? or Octant of 0
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= If matter density varies along v trajectory the effective masses and mixing vary too
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= If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A =2E(V, — V3))

m% —|—m2

p1,2%(z) = > 2 + E(Va + Vp)

1
F5 \/(Am2 cos 20 — A)? + (Am?2 sin 20)°
2
K

At resonant potential: Ap = Am? cos 20
Minimum Ap? = p3 — p?
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= If matter density varies along v trajectory the effective masses and mixing vary too

The effective masses: (A =2E(V, — V3)) The mixing angle in matter
2 .
m2 4+ m2 _ _ Am“sin 26

p1,2%(w) = % + E(Va + Vp) tan 20, Am? cos20 — A
:F%\/(AmQ cos 20 — A)? 4+ (Am?2 sin 20)? < [ avzd=000]

W

s

m

x* At A = 0 (vacuum) = 0,,, = 0
x AtA=Ar=20,, =
x AtA> Ar=0,,=2%2 — 0
* At A >> Ar =0, = 5

At resonant potential: Ap = Am? cos 20

Minimum Ap? = p3 — p?

TN
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The oscillation length in vacuum

vse  ATE
Lo™ = Am?
The oscillation length in matter
drk Lg®c

LOSC —
Ap? \/(Am2 cos 20 — A)2 + (Am? sin 20)2
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The oscillation length in vacuum

vse  ATE
Lo™ = Am?
The oscillation length in matter
ose  ATE Lg3c
L™ = 5 = _
Ap v (Am?2 cos 20 — A)2 + (Am? sin 20)2

L°°¢ presents a resonant behaviour
At the resonant density Ar = Am? cos 0

LOSC
Losc _ 0

R sin 260

The width of the resonance in potential:
Am? sin 20

__ SARp __

The width of the resonance in distance:
2%
or R 1

dr IR
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m
1741 (37) )

. . : Va
e In terms of the instantaneous mass eigenstates in matter: ( ) = Ul0m(x)] ( m ()
v Vo T
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: : : Ve v (x)

e In terms of the instantaneous mass eigenstates in matter: =U|Om(z)] | . ()
v Vo T

Vi (z)

e For varying potential: (ZOB‘ ) = Ulfm (z)] (Vgn(@) + U0 (2)] (Z;ZSD
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V1: () )

: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = U|0m(z)] ( (x)
v Vo (I

e For varying potential: (Vo‘> — [0 (2)] (’/in(w)> U ()] (’%T(@)

vg vy (z) vy (z)

= the evolution equation in flavour basis (removing diagonal part)

S Ta\ 1 A — AmZ2cos 20 Am?sin 26 Vo
! vg ] AE Am?sin 20 — A + AmZcos 20 Vg
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: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = U|0m(z)] (
174

e For varying potential: (VO‘ ) = U0 (z)] (;4“(:1:)) + Ulfm ()] (

Vg vy ()

= the evolution equation in flavour basis (removing diagonal part)

(Concha (GGon7zale7-(zarcia

1 (2)

vy (z)

S Ta\ 1 A — AmZ2cos 20 Am?sin 26 Vo
! vg ] AE Am?sin 20 — A + AmZcos 20 Vg

= the evolution equation in instantaneous mass basis

Nz B 1 ' A — Am?cos 26 Am?sin 20
! <y§”> o 4EU (Qm) ( Am?sin 260 — A+ AmZcos 260 U(Qm)

)

V1: () )

vy (x)
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: : : Vo
e In terms of the instantaneous mass eigenstates in matter: ( ) = U|0m(z)] (
174

e For varying potential: (VO‘ ) = U0 (z)] (;4“(:1:)) + Ulfm ()] (

Vg vy ()

= the evolution equation in flavour basis (removing diagonal part)

(Concha (GGon7zale7-(zarcia

1 (2)

vy (z)

S Ta\ 1 A — AmZ2cos 20 Am?sin 26 Vo
! vg ] AE Am?sin 20 — A + AmZcos 20 Vg

= the evolution equation in instantaneous mass basis

Nz B 1 ' A — Am?cos 26 Am?sin 20
! <y§”> o 4EU (Qm) ( Am?sin 260 — A+ AmZcos 260 U(Qm)

() (20 TS ()

)

V1: () )

vy (x)
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e The evolution equation in instantaneous mass basis

(i) = (i i) (i)

= It is not diagonal = Instantaneous mass eigenstates #* eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity
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e The evolution equation in instantaneous mass basis

(i) = (i i) (i)

= It is not diagonal = Instantaneous mass eigenstates #* eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity

Am? sin? 20
< 2F cos 20

e For Ap?(x) > 4E9m<5’3) [%%

} = Slowly varying matter potent
R

= v;" behave approximately as evolution eigenstates
= v;"* do not mix in the evolution This is the adiabatic transition approximation
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e The evolution equation in instantaneous mass basis

(i) = (i i) (i)

= It is not diagonal = Instantaneous mass eigenstates #* eigenstates of evolution

= Transitions v{"* — v5* can occur = Non adiabaticity

Am? sin? 20
< 2F cos 20

e For Ap?(x) > 4E9m(5’7) [%%

} = Slowly varying matter potent
R

= v;" behave approximately as evolution eigenstates
= v;"* do not mix in the evolution This is the adiabatic transition approximation

The adiabaticity condition

i d_V < Am? sin” 20
Vdx 'R 2F cos 26

= drg > LY¥°/2m

= Many oscillations take place in the resonant region
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‘Neutrinos in The Sun : MSW Effect |
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density

log(N./N,)

070170570304 05 06 07 08 09 1
R/RSUN
Voc = V2GpN, ~ 1071 5= eV

At core: Voo ~ 1071410712 eV
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density

4 TTTT [ TTT T[T T T T [ T T T T T T T T T T TTT T T T T T T T T T TTITT

log(N./N,)

o;\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\\,’\\\‘\\\\

\\\LI‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R/RSUN

Voo = \/iGFNe ~ 10_14]]\\77_/61 eV
At core: Voo ~ 1071410712 eV

Neutrino Flux

The energy spectrum of solar v/ s

SuperK, SNO
; l o CINAE
\Gallium | Chlorine I
r

102 g . T

F Bahcall

F PP 112
1010 :E
10°

; +10%
10¢ 3

F 7Be "Be
107 F
10° F
10|
10+ /’
103 |
102k
10! [ . L

0.1 0.3 1 3 10

Neutrino Energy (MeV)

E, ~0.1-10 MeV
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter densit The energy spectrum of solar v/ s
y e
~~ 47\\\\\\\\\\\\HHHHHHHHHHHH‘HH |Gallium IChlorine ! SuperK,SNP
Z< X B 102 ¢ . : T
- - F Bahcall
; 101 r//_a e
= .
) 3 10° F
- = E +10%
o 1o r “Be "Be
g 1w}
5 E
N 5 100
r 72 a1 () b
B \ Z 10y
i il 104 r o
; | | | | | | | | | 107 /
"0 0.1 0.2 0.5 0.4 0.5 0.6 0.7 0.8 0.9 1 10ef
R/ RSUN 0 10.-1 I 0.'3 1 3 10
_ —14 N Neutrino E MeV
Vec = V2GpN, ~ 10714 = eV eutrino Energy (MeV)
. —14 —12
At core: Voo ~ 107°7-10 eV E, ~ 0.1-10 MeV

e For ve <> v,,(7), In vacuum v, = cosf vy + sinf vy

e For 107%eV? < Am? <107 eV? = 2F,Voco > Am? cos 20
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‘Neutrinos in The Sun : MSW Effect |

e Solar neutrinos are v, produced in the core (R < 0.3R) of the Sun

The solar matter density The energy spectrum of solar v/ s
VS 4 [TTTT TTTT TTTT TTTT TTTT TTTT TTTT rTTT \\\\‘\\\\ IGallium IChlorine ! SuperK' SN9
Z“ E - 1012 g —
C ] E Bahcall
; 101 /—Q e
= il
(@) 3 10° |
- = E +10%
° 1o r "Be "Be
£ w0}
5 ;
D = 100 3
- o3 7 () i
B \ Z 10y
; \ \ \ \ \ \ \ \ \ 10° /
-4 O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 10 r
R/ RSUN 10 10.-1 I 0.'3 1 3 10
— —14 N Neutrino E MeV
Voo = V2GEN, ~ 10 vo eV eutrino Energy (MeV)
: —14_10—12
At core: Voo ~ 10771077 eV E, ~ 0.1-10 MeV

e For ve <> v,,(7), In vacuum v, = cosf vy + sinf vy

e For 107%eV? < Am? <107 eV? = 2F,Voco > Am? cos 20

= v can cross resonance condition in its way out of the Sun
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For § < 7: Invacuum v, = cosf vy + sinf vy is mostly 14

In Sun core v, = cosl,,ov1 + sinb,, gve 1s mostly v,
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For § < 7: Invacuum v, = cosf vy + sinf vy is mostly 14
In Sun core v, = cosl,,ov1 + sinb,, gve 1s mostly v,
If (Am?/eV?)sin? 260

—9
(E/MeV)cos 26 >3 x 10
= Adiabatic transition

* v 1s mostly v5 before and after resonance
x 0, | dramatically at resonance
= v, component | = P.. |

This 1s the MSW effect
VZ
5 Vi
A R A

P.e = 5|1 + cos 26, o cos 20| ~ sin? 6

N —
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For § < 7: Invacuum v, = cosf vy + sinf vy is mostly 14

In Sun core v, = cosl,,ov1 + sinb,, gve 1s mostly v,

(Am?/eV?)sin? 260 _ (Am?/eV?)sin? 260 —
If (E/MeV)cos 26 >3 x 10 ’ If (E/MeV)cos 26 SJ 3 x 107"

= Adiabatic transition = Non-Adiabatic transition

* v 1s mostly v5 before and after resonance  * v is mostly v till the resonance

x 0., | dramatically at resonance * At resonance the state can jump into v
= Ve component | = P, | (with probability Pr )
This 1s the MSW effect = v, component T = P, T

2
My V

A AR A

[1 + cos 20,, g cos 20] ~ sin” 0 Pee = 5 [1+ (1 — 2P1z)cos 20, o cos 20)]
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‘Neutrinos in The Sun : MSW Effect |

_____
.-

..............

[N [ R L1 | L LI | \HHH‘ | \HHH‘ | \HHH‘ L]
1010 1011 1012 1013 1014 1015 1016 1017 1(:)18

4E /Am® (eV™")



Massive Neutrinos Concha Gonzalez-Garcia

‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P.. =1 — 5 sin? 20 > 5
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‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P, = 1 — 5 sin? 20 > 5
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0
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‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P, = 1 — 5 sin? 20 > 5

_____
.-

5 1014 1015 1016 1017 1(:)18

2 -1
v Crosses resonance 4E/Am (e\/ ) 1

° b o o . 2
MSW effect Adiabatic MSW transition P.. =sin“ 0 < 5
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‘Neutrinos in The Sun : MSW Effect |

1 1
v does not cross resonance: P.. =1 — 5 sin? 20 > 5

_____
.-

diabacity breaking
Effect of Py,

HH\‘ \ [N ‘ L1l ‘ Ll
10 1O 10 10

2 1
V CroSSes resonance 4E/Am (e\/ ) 1

° b o o . 2
MSW effect Adiabatic MSW transition P.. =sin“ 0 < 5

14
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Neutrinos in The Sun : The answer
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1
Neutrino Energy [MeV]

P, for Am3, = (7.417030) x 107% eV* and 01 = 33.41° 1072
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A = 2E(V, — V3))

2 2
1i o () = m ;mQ + E(Vy+Vs) £ %\/(AmQ cos 20 — A)* + (Am? sin 20)*

Ap?(z) = \/(Am2 cos20 — A)? 4+ (Am?2 sin 26)°
— The mixing angle in matter

Am? sin 26

tan 20,,, = 5
Am*cos20 — A
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= Effective masses and mixing are different than in vacuum
— The effective masses: (A = 2E(V, — V3))

2 2
1i o () = m ;mQ + E(Vy+Vs) £ %\/(AmQ cos 20 — A)* + (Am? sin 20)*

Ap?(z) = \/(Am2 cos20 — A)? 4+ (Am?2 sin 26)°
— The mixing angle in matter

Am? sin 26
Am?cos20 — A

e For constant matter density = 6,,, and ; are constant along v evolution

tan 20,,, =

= the evolution i1s determined by masses and mixing in matter so
. o ((Ap°L
Pozp = sin®(20,,) sin® (QN—E)

e Dependence on relative sign between A and Am? cos(20)
= Information on sign Am? and Octant of

e Constant matter potential is a good approximation for LBL experiments.
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‘Matter effects in LBL |

d—)
e In the 3v scenario one must solve: zd—? =Hv H=U-H¢ U +V
1
HY = —diag (~Am3,,0,Am,) V= diag (i\@GFNe, 0, o)

~

= H=U-H?. .U'" U= effective mixing matrix in matter

He = 25} diag (—Au%l, 0, Au§2)= effec masses in matter
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‘Matter effects in LBL |

17
e In the 3v scenario one must solve: zd—? =Hv H=U-H¢ U +V

1

Hj = oF

diag (—Am%l, 0, Am§2) V = diag (iﬂGpNe, 0, O)

~

= H=U-H?. .U'" U= effective mixing matrix in matter

HY = 5i—diag (—Apu3,, 0, Auj, )= effec masses in matter

e At LBL: /2G N, = Vao.crusT ~ 9 X 10~ 1* eV ~ constant at v trajectory
e The oscillation probability at L

& TR T T 7% - 2 A,LL%L TR TT T T x . A,Usz
Pap = 8ap—4 > Re[U5;UpiUa;Us;] sin T +2) Im[U};UpiUa;Us;] sin o

J<1 j<1

= Exact numerically computed probabilities
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‘Matter effects in LBL |

17
e In the 3v scenario one must solve: zd—? =Hv H=U-H¢ U +V

1

Hj = oF

diag (—Am%l, 0, Am%Q) V = diag (iﬂGFNe, 0, O)

~

= H=U-H?. .U'" U= effective mixing matrix in matter

HY = 5i—diag (—Apu3,, 0, Auj, )= effec masses in matter

e At LBL: /2G N, = Vao.crusT ~ 9 X 10~ 1* eV ~ constant at v trajectory
e The oscillation probability at L

& TR T T 7% - 2 A/'LEJL TR TT T T x . A,Usz
Pap = 8ap—4 > Re[U5;UpiUa;Us;] sin T +2) Im[U};UpiUa;Us;] sin o

J<1 j<1

= Exact numerically computed probabilities
e Using: Am3, < Am3; and 63 relatively small
= Approximate analitical expresions expanded in the small parameters
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‘Matter effects in LBL |

e Most relevant for v, — v,

A ’ As1 F Vo) L
P/,Le(/jé) = 333 sin? 2013 ( i > sin2 (( 31 + EB) >
Asz1 F Vg 9
= A Vol Az1 F Vo)L Agp L
L jAx 31 sin (i) sin(( 31 F Vo) ) Cos5cos( 31 )
Vo Asz1F Vg 2 D) 5
+ J— ——— sin (i> sin(( 31 F Vo) > sin § sin< = ) + (1)
Vo As1 F Vg 2 9 5
Am?2,
Aij = 2g,

J = C13 sin2 2013 sin2 2923 sin2 2912

= Sensitivity to 013, octant of 653, dcp, signAm3, = Ordering
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‘Matter effects in LBL |

e Most relevant for v, — v,

A ’ As1 F Vo) L
P/,Le(/jé) = 333 sin? 2013 ( i > sin2 (( 31 + EB) >
Az F Vg 2
= A Vol Az1 F Vo)L Agp L
+ J—= e sin( £ ) sin (( 31 F Vo) ) cos ¢ cos( 21 )
Vo As1 F Vg 2 2 5
4L jAz 31 Sin(i> sin(( 31 F Vo) >sin5sin< 31 ) N
Vo As1 F Vg 2 9 5
Am?.
Aij = 2g,

J = C13 sin2 2013 sin2 2923 sin2 2912




Massive Neutrinos Concha Gonzalez-Garcia

‘Matter effects in LBL |

e Most relevant for v, — v,

A ’ As1 F Vo) L
P/,Le(/jé) = 333 sin? 2013 ( i > sin2 (( 31 + EB) >

As31 F Vg 2
~ A A Vo L A Vo)L Aaq1 L
+ J 21 51 sin (i> sin <( 31 F Vo) ) cos 0 Cos ( 51 )
Vo As1 F Vg 2 2 2
~ A A L A L Asg1 L
+ J 21 51 sin (—V@ ) sin (( 31 F Vo) > sin ¢ sin ( 51 ) +
Vo As1 F Vg 2 2 2
Am?.
Rij = 35,
8 T T T 8 J = C13 sin2 2013 sin2 2923 sin2 2912

IS
|

: ] | & |
of B . 6.@%07 G 1 Inplots: 13 ~ 8° fix
—~ e i
S AN < i
= | / 1 ¢ \ { Inplots: A3y L ~ 7 (0sc max)
= 1
; i

Left: V5 < Asq (no matter)

| x\)o* | 2 | Right: V&L ~ 0.2 (NOvA)

© Ocp=0 ® d¢p= /2 -0 8gp=0  ® dgp= w2 G
Fo 6CP= 1 'l 6CP= 3n/2 | -0 60P= T = 6CP= 3n/2
% 2 4 & s 00"'é"'4"‘g
P(vy = ve) (%) P(vy > vo) (%)

Plots taken from J. Wolcott 52nd FNAL users meeting talk
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We have observed with high (or good) precision:

* Atmospheric v,, & v,, disappear most likely to v (SK,MINOS, ICECUBE)

1

1
1

0
0
0
0

Data/Prediction (null oscillation)

Ratio to No 0sci||a§13

1.

* Accel. v, & U, disappear at L ~ 300/800 Km (K2K, T2K, MINOS, NOvA)
* Some accelerator v,, appear as v, at L ~ 300 /800 Km ( T2K, MINOS,NOvA)
* Solar v, convert to v, /v (Cl, Ga, SK, SNO, Borexino)

x Reactor 7, disappear at L ~ 200 Km (KamLAND)

* Reactor 7, disappear at L ~ 1 Km (D-Chooz, Daya Bay, Reno)

Confirmeds o : :
Vacuum oscillation L/FE pattern with 2 frequencies
‘8 n T T T T 4 . .
b ] [ . Daa-BG-Geov, MS \N S
6 1 [ — Expectation b&deon osCi. parameters ConverSIOH ln un
4 3 T + determined by KamLAND
E o T
= C 1
? g 0.8: > oof
Sit & 0.6} + - 0.8
: 0.4 R
of s 4/ KamlAN 3 !
4F E 0, 0.6F I_ |
F 0'2: E 0.5 _T ®
2 F A E |
0: P B BN B 02030405060708090100 50'4? -
2 3 4 ) E ° pp All solar __+
1 10 10 10 10 LJ/E,, (km/MeV) 0.3 e ’'Be - Borexino !
| /F (ki /e E ® pep - Borexino
18 . 0.2 ° B — SNO LETA + Borexino
£ 2 E e °B - sNo+ sSK
2 e e B e s  n AR R R AR T _ 18 A0l MSW-LMA Prediction
[ —4— MINOS, MINOS+ Far Detector Data ] 8 . o L
Prediction, Am?=2.37x107 eV? 7 % 120 10 1 10
T @ c E, [MeV]
INQSJ/T@K/NOVA 1 5% ,
NS :Daya-Bay/RENO/D-Chooz
1 . . 4 ¢ | |* lll + § 4l 4 Farsite data
L A I _+_ i w 2: === Weighted near site data (best fit)
e —— Weighted near site data (no oscillation)
B i L L L L L
i d g g
05 10.71 x10% POT v,-mode MINOS | 5 wil I
TS ,r 3.36 x10° POTY, w-mode MINOS 3 1E 11"
- 4 1.68 x10° POT v, “mode MINOS+ § 095k
i MINOS+ PRELIMINARY ] Z o9p * 4 |
ol 1 1 l L1 .|‘||||.|_|||v‘|- I £ 0-35;‘ ‘ ‘ ‘ ‘ ‘ ‘ i
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e For for 3 v’s : 3 Mixing angles + 1 Dirac Phase + 2 Majorana Phases

1 0O O Cc13 0 813€i50p co1 S12 0
ULep = [0 c23 s23 0 1 0 —s12 c12 0
0 —s23 c23 —Slge_iécp 0 C13 0O 01

e Convention: 0 < 6;; <90° 0 <9 < 360° =2 Orderings

me o1 Ic;;c]ﬂ Am?Z, > 0 by convention
N ) AmZ,; > 0 for NO
= Amg, =
R . Am3, < 0 for IO
CEI m; \4 ms
Experiment Dominant Dependence Important Dependence
Solar Experiments 012 Am%l , 013
Reactor LBL (KamLAND) Am3, 015 , 013
Reactor MBL (Daya Bay, Reno, D-Chooz) 613 Ams3,
Atmospheric Experiments (SK,IC) 053, Am% s> 013 ,0¢p

Acc LBL v, Disapp (Minos, T2K,NOvA)  Am3, 0a3
Acc LBL v, App (Minos, T2K,NOvA) Ocp 013, 023
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Summary: Global 3 v Flavour Parameters

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

NO, IO (w/o SK-atm)

______ L NUFIT 5.2 (2022) |
—————— NO, 10 (with SK-atm) — 2 _
15 _I LI | |\ T T | T T ;’ T T 1T | I_ _I T T T T I_ |_ SK_atm —_— X table frOm SKI 4
10~ alis alls -
- 1t 1t ]
5 alis alis ) -
:I | | | 111 III|IIII|I: :I | | | | I | I//I 1 | | I | | I: :l || I\I I/I/I 1 |/_I\\\A Illlll:

0
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0.026 04 045 05 055 0.6 0.65
sin2 912 sin2 913 sin2 623

T T TTYTNOTTT TTTTIITTIITT TTTTTTTTT T AL NT T TT L L rTTT
s A AR R M T T
- 4 n - 4 \ \ =
L 4 L i 4 U \ \ 1
1 \ \ !
- 4 N - \ -
- 1t " ] \
10— -+ i —
o~ - 1 F i -
> L 4 L n _ -
< L 4t i i i
L 4k i i i
1
5 1r ! - <
- 4 I - -
1
- 4 H - -
1
i 1L i i \ . i
0 1 | 1111 | 1 1 L 111 | L 111 11 | L1111 | 1111 | 11 ” 11 | L1111 111 | 11 | | | | I | sl J.’f’l | T |

6.5 7 7.5 8 85 26 25 24 24 25 26 0 90 180 270 360
2 -5 2 2 -3 2 2
Am;, [107 eV7] Amz, [107eV] Amg, Ocp
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

e 4 well-known parameters:

j 012, 013, Amm’ ]Am3€|

2(7022)

NO, 10 (w/o SK-atm)
=====:= NO, 10 (with SK-atm)

0+0.78
33.41°F) 72

7
IIII|IIII Illi III|III I/II| |II\I I/III|IIII I|IIII

0
02 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 0.026//1 045 05 055 06 065

15

10

Ax2
Illlllllllllllli

.2 .2 .2
sin 912 sin 913 sin 923

IIIIII|IIII"|IIII TTTTTTTTTA

15 T T AL | NTTT I\l\l T TTT rTTT
B +0 21 -5 2 — \ \ —
10 - -+ —
e [ 1LC i
< L 4L i
5_ — —
0_I|IIII|II IIII|IIII II|IIII|IIIIIIIIIIIIII IIIII|IIIII \lJ.'flllllll
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‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

e 4 well-known parameters:
012, 013, Am3,, |Am3,|
') Am2, Solar vs KLAND

NO, IO (w/o SK-atm)
=====:z NGO, 10 (Wlth SK_atm) NuFIT 5.2 (2022

|II|IIIIIIIII|I T T T

T
15 = \ I — — -
- N I . - _/ .
B 1r i 2~ Tension Resolved
10 — -1 — —
C\l>< B 7 B 7 7
S 1LC ] ]
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0 _I | | | 111 1 1 I- B 11 1 | | I | I//I 1 | p | || I\I I/I/I 1 | | I | 1 | 111 I_
0.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022 0.024 O. 04 045 05 055 06 0.65
.2 .2 .2
sin 912 sin 913 sin 923
15_I|I \\Illlllllllllllllll_ _II I|\III|IIIII'|II”II TTT Illll:l_ ZLlllllll\\llll\lv\llll IIII')_
o \ / 4k 4 H! \ \ 1
1 i \
- 4 = 1|l A \ 1 ]
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i ] #
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Am;, [107 eV7] Amz, [107eV] Amg, dcp



Massive Neutrinos Concha Gonzalez-Garcia

‘Summary: Global 3 v Flavour Parameters I

Global 6-parameter fit http://www.nu-fit.org
Esteban, Gonzalez-Garcia, Maltoni, Schwetz, Zhou, JHEP’20 [2007.14792]

e 4 well-known parameters:
2 2
012, 013, Ams,, |Am3,|
oo No 9 (wio SK-atm) NUFIT 5.2 (2022) | 5
NG, 10 (with SK-atm) Ams3, Solar vs KLAND

III||II|IIIIIIIII|I T T T

15 \ , - . .
I 1t : 1 Tension Resolved
) 10 H4F - - o 03 Least known angle
>< L 4 L _ _
T 1t y 1 Maximal? Octant?
5 - — - — —
; - ; [ E non—robust wrt ATM
_I 111 | | 111 B 111 | | | . /I | | i _l L1 I\I I/I/I | | | | | | | | I_
00.2 0.25 0.3 0.35 0.4 0.018 0.02 0.022I/ 0.024 0.026 0.4 045 05 055 06 0.65
sin2 912 sin2 913 sin2 623
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‘Flavour Parameters: Mixing Matrix I

e We have the three leptonic mixing angles determined (at + 30/6)

0.23 — 0.51 0.46 — 0.69 0.63 — 0.78

0.80 — 0.85 0.51 — 0.56 0.14 — 0.16
Ulss = ( )
0.206 — 0.53 0.47 — 0.70 0.61 — 0.76
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‘Flavour Parameters: Mixing Matrix I

e We have the three leptonic mixing angles determined (at + 30/6)

0.80 — 0.85 0.51 — 0.56 0.14 — 0.16
U|3s = <0.23 — 0.51 0.46 — 0.69 0.63 — O.78>
0.26 — 0.53 0.47 — 0.70 0.61 — 0.76

e Good progress but still precision very far from:

0.97427 £ 0.00015  0.22534 £ 0.0065 (3.51 £ 0.15) x 1073
V]ckn = | 0.2252 4+ 0.00065 0.97344 +0.00016  (41.27:1) x 1073
(8.67T02)) x 1072 (40.4735%) x 1073 0.999146710 006075
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‘Flavour Parameters: Mixing Matrix I

e We have the three leptonic mixing angles determined (at + 30/6)

0.80 — 0.85 0.51 — 0.56 0.14 — 0.16
U|3s = <0.23 — 0.51 0.46 — 0.69 0.63 — O.78>
0.26 — 0.53 0.47 — 0.70 0.61 — 0.76

e Good progress but still precision very far from:

0.97427 £ 0.00015  0.22534 £ 0.0065 (3.51 £ 0.15) x 1073
V]ckn = | 0.2252 4+ 0.00065 0.97344 +0.00016  (41.27:1) x 1073
(8.67T02)) x 1072 (40.4735%) x 1073 0.999146710 006075

e Also very different flavour mixing of leptons vs quarks
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CPV and MO in LBL

V. and U, apperance events
T2K ~ NOvA

Number of events
[S] [N
= (5]

[—
(&2}

[—
=
=

[e2e}
[=}

Number of events

(=2}
[

dep

femmmmmm=== Observed 1o
P NO, sin?6y3 € [0.4,0.58)
P (O, sin 6y € [0.44,0.58]

Each T2K and NOvA favour NO
But tension in values of 0 p in NO
= [O best fit in LBLL combination

Concha Gonzalez-Garcia
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CPV and MO in LBL

v. and v, apperance events

Number of events

Number of events

T2K ~ NOvA

=
—
mtl
Q
Q|
/=)
=

o
<t

Do
=

—
<t =

L
1

" 1 "
0 ]r 2
dcp

------------- Observed 1o
P NO, sin?6y3 € [0.4,0.58)
P 1O, sinfy € [0.44,0.58]

Each T2K and NOvA favour NO

But tension in values of 0 p in NO
= IO best fit in LBL combination

Concha Gonzalez-Garcia

CPV and MO in LBL+Reactors

At LBL determined in v, and v, disapp

2 2
2 2 cioAms5; NO
Amy,, ~ Amg, —|—S%2 \m2, 10 +...

At reactors Daya-Bay, Reno in v, disapp

2 2
2 2 | s79Am35; NO
Amee T AmSl_i_c%QAm%l 10

Nunokawa,Parke,Zukanovich (2005)

= Contribution to MO from combination
| NUFIT 5.1 (2021) |

LI TTT T T T T T T T LI LI LI

°F 0 i NO| | g
10 " _]
e [ g ]
< L i _
N — Reactors -
5 — LBL-comb —
0_I | | | |- |- | 1 1 | | | H | | | | I | | |- | I | | |- I_
-3 2.8 2.6 2.4 2.2 2.2 2.4 2.6 2.8 3

AmZ, [10° eV? AmZ, [10° eV?

m32[ eV] m, [ eV]

= NO best fit in LBL+Reactors
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CPV and MO in LBL

v. and v, apperance events
T2K

Number of events

Number of events

NOvA

1 "
K 2
dcp

------------- Observed 1o
P NO, sin?6y3 € [0.4,0.58)
P 1O, sinfy € [0.44,0.58]

Each T2K and NOvA favour NO
But tension in values of 0 p in NO
= O best fit in LBL combination

Concha Gonzalez-Garcia

CPV and MO in LBL+Reactors

At LBL determined in v, and v, disapp
2 2
f 2 : 2 cioAms5; NO
Myup 31 s%QAmgl 10 T

At reactors Daya-Bay, Reno in v, disapp
2 2
2 2  s75Am5, NO
Amg, Am3l—|—céjAm§i o

Nunokawa,Parke,Zukanovich (2005)
= Contribution to MO from combination

= NO best fit in LBL+Reactors
10 NO | NUFIT 5.1 (2021) |

"'I""\\\I""'I""' R N L

15 .
— Minos
— NOvVA
— T2K
— LBL-comb T

— |BL-react |

% 90 180 270 360 0 % 180 270 360
0 Scp

e in NO: bf ocp = 195° = CPC allowed at 0.6 o
e in IO: b.f 0cp ~ 270° = CPC disfav. at3 ¢




Massive Neutrinos Concha Gonzalez-Garcia

‘Questions, Implications, Lessons ... I

e Still missing in the minimal 3 scenario:

Majorana or Dirac? Absolute values of v mass scale
CP violation in leptons? Normal or Inverted Ordering?

Other Standing Experimental Puzzles:
LSND-MiniBooNE v,, — v, and others signals at SBL. = light sterile ’s?

= More data needed
e Still have no fundamental understanding of:

Why are neutrinos so light?
The Origin of Neutrino Mass

Why are lepton mixing so different from quark’s?
The Flavour Puzzle

= More data needed
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‘ Summary Il I

o If m, # 0 — Lepton Mixing = breaking of L. x L, X L,

e Neutrino masses and mixing = Flavour oscillations in v propagation
e Experiments observing oscillations = measurement of Am7; and 6;;
e v traveling through matter = Modification of oscillation pattern

e Matter effect 1s crucial to interpretation of solar data

e Matter effect 1s allows to resolve angle octant and mass ordering

e 3v mixing consistently describes all confirmed signals. But is that all there 1s?
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‘ Summary Il I

o If m, # 0 — Lepton Mixing = breaking of L. x L, X L,

e Neutrino masses and mixing = Flavour oscillations in v propagation
e Experiments observing oscillations = measurement of Am7; and 6;;
e v traveling through matter = Modification of oscillation pattern

e Matter effect 1s crucial to interpretation of solar data

e Matter effect 1s allows to resolve angle octant and mass ordering

e 3v mixing consistently describes all confirmed signals. But is that all there 1s?

v masses are BSM physics effects to be put together with all other NP effects:
from charged LFV, Collider signals, Cosmology, Astrophysics. .. to establish
the Next Standard Model
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‘ Summary Il I

o If m, # 0 — Lepton Mixing = breaking of L. x L, X L,

e Neutrino masses and mixing = Flavour oscillations in v propagation
e Experiments observing oscillations = measurement of Am7; and 6;;
e v traveling through matter = Modification of oscillation pattern

e Matter effect 1s crucial to interpretation of solar data

e Matter effect 1s allows to resolve angle octant and mass ordering

e 3v mixing consistently describes all confirmed signals. But is that all there 1s?

v masses are BSM physics effects to be put together with all other NP effects:
from charged LFV, Collider signals, Cosmology, Astrophysics. .. to establish
the Next Standard Model
Young people with fresh new ideas needed!!!
AND HERE YOU ARE!!
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‘Matter effects in LBL |

e Most relevant for v, — v,

. Azl 2 . (Agl + V@) L
P,z =~ 2 220 ( > 2 (
we(fie) So3 S1N 13 A31 - V@ Sin 5
~ A A Vo L A L As1 L
+ J 21 31 sin (i> sin <( 31 F Va) ) cosS d cos ( 21 )
Vo As1 F Vg 2 2 2
~ A A L A L As3q1 L
+ Jj=2 1 in (Vi> sin <( 31 F Vo) > sin & sin< 31 ) +.Q)
Vo As1 F Vg 2 2 2

Am?.
A J
AU - 2F,

J = C13 sin2 2913 Sin2 2923 Sin2 2(912

e Without independent determination of 613
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e Most relevant for v, — v,

. Azl 2 . (Agl + V@) L
P,z =~ 2 296 ( > 2 (
we(fie) So3 S1N 13 A31 - V@ Sin 5
~ A A Vo L A L As1 L
+ J 21 31 sin (i> sin (( 31 F Va) ) cosS d cos ( 21 )
Vo As1 F Vg 2 2 2
~ A A L A L As3q1 L
+ Jj=2 1 in (Vi> sin (( 31 F Vo) > sin & sin< 31 ) +.Q)
Vo As1 F Vg 2 2 2

Am?.
A J
AU - 2F,

J = C13 sin2 2913 Sin2 2923 Sin2 2012

e Without independent determination of 613
(a) U23 <> 5 — 023 ambiguity:
PMM X Siﬂ2 2923 and PMe(ﬁé) (923, 913, 5) = PMe(ﬁé) (% — 923, (9/13, 5/)
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e Without independent determination of 613
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PMM X Siﬂ2 2923 and PMe(ﬁé) (923, 913, 5) = PMe(ﬁé) (% — 923, (9/13, 5/)
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e Most relevant for v, — v,

. Azl 2 . (Agl :FV@)L
Biclue)l = 333 sin? 26013 (A31 - V@> sin? ( 5
~ A A L A L As1 L
+ J 21 °1 sin (Vi> sin (( 31 F Va) ) cosS d cos ( 21 )
Vo As1 F Vg 2 2 2
~ A A Vo L A L As3q1 L
+ Jj=2 1 in <i> sin (( 31 F Vo) > sin & sin< 31 ) +.Q)
Vo As1 F Vg 2 2 2

Am?.
A J
AU - 2F,

J = C13 sin2 2913 Sin2 2923 Sin2 2012

e Without independent determination of 613
(a) U23 <> 5 — 023 ambiguity:
PMM X Siﬂ2 2923 and PMe(ﬁé) (923, 913, 5) = PMe(ﬁé) (% — 923, (9/13, 5/)

(b) (013,0) ambiguity: P, (zz)(013,9) = Pye(re) (013,0")

(c) (ordering, 0) ambiguity: P,c(zz)(Am3,,0) = Pe(ae)(—Am3,, ")
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‘Matter effects in LBL |

e Most relevant for v, — v,

A 2 A L
P(ne) =~ Sa3sin®2013 (A 31\/ ) sin? (( 31 EV@) )
31 + Vo
L jAx 31 o (V@ ) <in (( 31 F Vo) ) .y COS( 51 )
Vo Az F Vg 2 5 >
= A Vol Az1 F V)L Asp L
L g2 31 Sin( ® )sin(( 31 T Vo) >Sin5sin< 31 ) )
Vo Az F Vg 2 9 >

Am?.
A— J
vy 2K,

J = C13 sin2 2913 Sin2 2923 Sin2 2012

e Without independent determination of 613
(a) U23 <> 5 — 023 ambiguity:
PMM X Siﬂ2 2923 and PMe(ﬁé) (923, 913, 5) = PMe(ﬁé) (% — 923, (9/13, 5/)

(b) (013,0) ambiguity: P, (zz)(013,9) = Pye(re) (013,0")
(Amgla 5) =P

\U/ pe(pe)

If only total number of v., v, V. and 7, at given L are measured = 8-fold degeneracy

(c) (ordering, 0) ambiguity: P,c(zz) (—Am3,,0d")
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‘Matter effects in LBL |

e Most relevant for v, — v,

A ’ As1 F Vo) L
P/,Le(/jé) = 333 sin? 2013 ( i > sin2 (( 31 + @) >
Az F Vg 2
= A Vol Az1 F Vo)L Agp L
+ J—= e sin( £ ) sin (( 31 F Vo) ) cos ¢ cos( 21 )
Vo As1 F Vg 2 2 5
4L jAz 81 . (E) “in (( 31 F Vo) > o < 31 ) N
Vo As1 F Vg 2 9 5
Am?.
Aij = 2g,

J = C13 sin2 2013 sin2 2923 sin2 2912

e If ;5 known and some F,, information and large L

(a) Partial 023 <> 5 — 023 ambiguity if >3 not very non-maximal

P, sin” 2023 and P,ue(,aé)(@237 013,0) =~ ,ue(,aé)(% — a3, 013,0")

(b) (#13,0) ambiguity: PMQ(W)(913,><PM6(M6)(9’13, 5"

(c) Partial (ordering, 6) ambiguity: P,c(ze)(Am3,,0) = Pe(ae)(—Am3,,0)
if not long enough L




