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Neutrino Flavour Oscillations
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Solar Neutrinos WARWICK

SuperK : Solar neutrino-gram

<Light from the solar core

takes a million years to reach
the surface

« Fusion processes generate
electron neutrinos which take
2s to leave

« Solar neutrinos are a direct
probe of the solar core

« Roughly 4.0 x 10*°solar v_
per cm? per second on earth




Solar neutrino - pp Cycle WARWICK
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Solar Neutrino Flux WARWICK
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As predicted by Bahcall's Solar model
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The Solar Neutrino .
Problem - Homestake
o S_SM
> Homestake sensitive to
e e = W — °B and 'Be electron neutrinos
1L | |3 | E > 800 keV
ok I [ Observe 1/3 of the expected
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Experimental summary  WARwWICK

Total Rates: Standard Model vs. Experiment
Bahcall—Pinsonneault 2000
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Atmospheric neutrinos
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High energy cosmic rays interact in the upper atmosphere
producing showers of mesons (mostly pions)

i -t Neutrinos produced by
4 Tt it .:'T_I_ N u‘|‘v‘u T — ”_?Ju
H /i ’ ot I—) €+ 1"_’6‘?}1 | I—> e_?gvu
e
Y T N(v,+V,)
| W w ~ 7
1 / / \ \ 3 Expect N(ve+ \Te)

At higher energies, the muons
can reach the ground before
decaying so ratio increases
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The Atmospheric Neutrino Anomaly
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Neutrino Flavour Oscillations
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Mixing WARWICK

CKM / U \ /c\ d’=dcosec+ssinec
Mechanism ,
d’|.

b

\s ’/L ) ’=—dsinec+scos GC

In the quark sector, the flavour eigenstates (those states
which couple to the W/Z) are not identical to the mass
eigenstates (those states which are solutions of the
Dirac equation)

Weak d' B 0.97 0.23 0.003\/d Mass
StateSH s'|=| 0.23 0.97 0.04 ||s|™ ctates
b'/ 10.008 0.04 0.99 /b

CKM Matrix



Mixing WARWICK

CKM / U \ /c\ d’=dcosec+ssinec
Mechanism ,
d’|.

\s ’/L ) ’=—dsinec+scos OC

In the quark sector, the flavour eigenstates (those states
which couple to the W/Z) are not identical to the mass
eigenstates (those states which are solutions of the
Dirac equation)

Weak
states

Mass
states

vV
vV

Unitary mixing matrix




" Neutrno Oscilotens Y.

| | | |
Neutrino Oscillations MR
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Amp(vuﬁvﬁ)oczi U,,;Prop (Vi) Uy,

If we can't resolve the individual mass states then
the amplitude involves a coherent superposition of v states
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Bruno Pontercorvo WARWICK

P Italian nuclear physicist
» Early assisstant of Fermi

» Spent most of his career obsessed with
neutrinos
~1945 : Proposed detection of neutrinos
via radiochemical method used 20 years
later by Davis (Nobel)
1957 : Proposed the idea of neutrino
flavour oscillations
1958 : Proposed that neutrinos came in
different types. Proved by Lederman,
Steinberger and Schwartz in 1962 (Nobel)
~1968 : Proposed neutrino flavour
oscillations as solution of the solar
neutrino problem. Later verified by
McDonald and Kajita (Nobel)

» Defected to the USSR in 1950. Most of his
ideas were locked behind the Iron Curtain for
decades.
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Prob(v,—v,)=5,,~4% R(U,U,U,U,)sin’ (Amj o=

)

+ZZ 3(U,U, U, Lfgj)sin(Am,zj%:_)

..aIFAmU2 = 0 then neutrinos don't oscillate

«Oscillation depends on |Am?| - absolute masses, or mass patterns
cannot be determined.

«If there is no mixing (If U = 0) neutrinos don't oscillate

«One can detect flavour change in 2 ways : start with v_and look for v,
(appearance) or start with vaand see if any disappears (disappearance)
«Flavour change oscillates with L/E. L and E are chosen by the
experimenter to maximise sensitivity to a given Am®

«Flavour change doesn't alter total neutrino flux —it just redistributes it
amongst different flavours (unitarity)
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Two flavour oscillations

i m BB
VO‘:U v LU= cos® sin0
N N —sin® coso
B 2
: L
P(v =vy)=8 =42, U,U;U, U, sin(Amj-=)
Plv — VB) : Appearance Probability
P(v — v ) : Survival Probability
: L
P(Vo(—>VB):—4(UO(1UB1U0(2U82)5|n2(Amisz)
) ) g ) L(km>
.=SIN“(20)sIn“(1.27Am~(eV
(20)sin’( &) E Gev)

(changing to useful units/
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B
v
vy

100% v
W
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X

Survival Probability

50% v \J'LSG% v

N e

P(v (0)=v_(x))=1-sin"(20)sin*(1.27Am’ (L/km) )
(E/GeV)

% V.




 ree Flavour Oscilation T8

Three Flavour Oscillation wARwICK

The three flavour case is more complicated, but no different

Ve Vl el e2 Uej’
=U <U=|U U U

Vu V2 pl u2 u3

VT V3 UTI UT2 UT3

U is the Pontecorvo-Maskawa-Nakayama-Sakata (PMNS) matrix

Prob(v,—v,)=8 42, R(U,U,U, U, )sin"(Am;—=)

+ZZ 3(U,U,, U, U)S|n(Am,j%5)




PMNS* matrix WARWICK

)

Uy Uy Ugs| [ €y sp O} ¢y 0 sperjfl 0 01 0 0
U=1U, Uy, Upl=|=sp ¢ 0 0‘ L0 |0 ¢y 550 " O
U, U, U, |0 0 1l-s3¢° 0 c¢5 [|0 =555 cy/l0 0 "
2 independent Am?
Prob(v, —v, —4Z,>, U U, U, U )sm (Amiﬁ)

+2Z 3(U,U,, U, Lfk)sm(AmU%:_)

*Pontercorvo-Maki-Nakagama-Sakata
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PMNS matrix WARWICK
Ue] UeZ UeS 1 O O
U=U,, U, U,l= 0 € 0
Url U’EZ Ur3 O O elﬁ
Three ang@
Prob(v, —v, —4Z,>, U U, U, U )sm (Amiﬁ)

+2Z 3(U,U,, U, Lfk)sm(AmU%:_)
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PMNS matrix WARWICK

Uy Uy Ugs| | s Off ¢35 0 0 0oyl 0 0
U= UMI Uuz Uu3:_512 ¢, 0 O_ 1 Cyy S3||0 €” O
U, U, U, |0 0 1f|-s3° 0 —5y Cy/|0 0 €

@ violating pha@
> L

PFOb(VuHVB):SaB_4Zi>I ER(UZIUBiUO‘jU;j) Sln <Amu E)

+2), 3(UL U U, Uy ) sin(A mi%:_)



PMNS matrix WARWICK

is
gl [Cn S O ¢ 0 sze /I 0 0

U U 1 0
U=\U, U, Usl=|-s, ¢, 0] O | 1 0 |0 ¢y 4]0 @ 0
U, U, U, 10 0 1/|-s;¢° 0 ¢; [|0 70

893 Cp3

CExtra Majorana phases

The extra Majorana matrix does not affect

Flavour oscillation processes.....so is usually dropped.
However it will affect the interpretation of
neutrinoless double beta decay results
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Explaining the solar data



Testing the oscillation % 7.
hypothesis

Solar neutrino problem

v_from sun would change to v orv . However these have

too little energy to interact via the charged current, and all
the detectors are only sensitive to charge current interactions.

Non-v_component would effectively disappear, reducing
the apparent v_flux.

Proof : Neutral current event rate shouldn't change.



Sudbury Neutrino

THE UNIVERSITY OF WARWICK

Observatory

1000 tonnes of DZO

6500 tons of H O
Viewed by 10,000 PMTS

In a salt mine 2km underground
In Sudbury, Canada
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SNO WARWICK
. m+p+e F’Iruduces C_‘,herenknv

Light Cone in D,O
- Q=1.445 MeV vV

- cruml measurement of v_ energy spectrum ©
- some directional info o« (1 — 1/3 cosB)
- v, omnly
. m+ nt+v. 2 captu;es on deuteron
H(n, v)°H
-Q=2.22 MeV Dbsewe 6.25 MeV vy
- measures total B v flux from the Sun V +V +V

. erE_ Produces Cherenkov

Light Cone in D,0O

- low statistics

- mainly sensitive fo v, some v, and v, v +0. 15*(V +V )
e W T

- strong directional sensitivity



INSS Jo uorjoeL]

THE UNIVERSITY OF WARWICK

0.0

SOOI IIIIIIIIOIIIOO OO OO OO O OO0 00000
X XXX XKKK X IOCKK X KKK KKK KKK KKK KKK KKK
OO IIIIIIIIIIIOIOO OO OOV OO OO OO0
RSV OIGIIIIIIIIOO IO VOO OOV OO VOO OO OO0
e SRR ILAAS

000
&

4505
RN
RO
Lo REARRELKKRS
qxqqqqqququxﬁzsssz%

OO0
85
HHHHHHHHHHHHHHHHHHHHHH 0
A

BPB 2000

(

SSM Prediction

__\________

NC

ES

CcC

() \O ) < N Q\

995

SNO Results

Wd ([ E) XN[f 0unaN

[ 4

beam

inav
Roughly 70% of n_oscillates away

5.3 o appearance of v

e

T

!

v

e



THE UNIVERSITY OF WARWICK

First instinct is to assume that neutrinos leave the sun as 2
and oscillate on their way to the earth. Assuming this

L~10°km,E <10 MeV > Am*~3x10 eV’



WARWICI§
First instinct is to assume that neutrinos leave the sun as n,
and oscillate on their way to the earth. Assuming this

L~10°km,E <10 MeV > Am°~/7 x 10° eV?
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Naively... WARWICK

First instinct is to assume that neutrinos leave the sun as 2
and oscillate on their way to the earth. Assuming this

L~10°km,E <10 MeV > Am°~ 7 x 10° eV

Oscillations come from phase difference between mass
states. In a vacuum the phase diff comes from free particle
Hamiltonian. In a material there are interaction potentials
as well

oy —h* 0’ LN oy — 7 oty
—ih—=|E —ii—=|E+ V)=
e = EYE o, o x° ot =(E+ V) 2m ox°

Ez_pzzm\zlaC 9 (E+ V>2_p2:m2mat é mmatm\/miac-l- 2EV

c.f. effective mass of an electron in a semiconductor or light in glass



Oscillations In Matter WARWICK

Electrons exist in standard matter - g/t do not. Electron
neutrinos travelling in matter can experience an extra charged
current interaction that other flavours cannot.

FVE B L\‘I/'F \/5

_ - i )

T E_/'.\:E e .\ e . N
Interaction
Potential Ve Ve, Vu, Vr

A mlzwL) Oscillation probability modified by

P(Ve—>\/e)=1—sin2(26M)sin2( A E matter effects

Am%=Am2+sin®(20)+(cos20-¢)?

sin“20
sin®20+(c0s20—7)°

sin“20,,=
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Implications WARWICK
. 2
| sin“26 2V2G.N E
SInZZHM: V4 — \/7 FtVe

. C
sin’2 6,+(cos2 6,— &) Ay,

off Am? = 0 or matter is very dense,{ = w and 6, =0
«Similarly, if 6 =0, then 6, =0

«|f there is no matter, then T = 0 and we have vacuum
mixing

«At a particular electron density, dependent on Am?,

g_2J§GFNQE

_ in29 g —
——=C0S26, = sin"26,,=1

AMm

Even if the vacuum mixing angle is tiny, there is a density
for which the matter mixing is large



Mass heirarchy N
. 2
S|n22@M: . 2 Sln e 2 sz\/EGFiveE
sin“20+(cos20—1) A mj,

»If mass of v. < mass of v, Am2=m12-m22<0

2V2G.N_E
C=— / ———sin°20,,=
A m?

sin“26
sin’2 0+ (cos2 0+ [t|)’

Positive definite - no resonance

»If mass of v. > mass of v, Am2=m12-m22>0

2V2G.N_E
= / ——5sin°20,,=
Am?

sin“26
sin®2 0+ (cos20—[))’




Mixing matrix WARWICK

( id
v, U, U, cp Sp O ¢35 0 szeffl 0 0
U= Uy Uy UgslF|—5, ¢ O 0 | 10 |0 ¢y 8y
U, U, Uj; 0 0 1 _313616 0 ¢ [|0 =5y ¢y

\_

4 Solar sector )

0, =32.5°+2.4°

2 ~5 1,2
\Am12—+7.9><10 eV)
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Explaining the atmospheric
data



Cosmic Labs WARWICK

THE UNIVERSITY OF WARWICK

cos © =1.0

zenith

L _0km A2 001ev?

E 1000 MeV

_’/—"

Neutrino Made

in the Atmosphere

13000 km'

L _10000km _\ 02s 0.00001eV Atmosphere

E 1000 MeV

COS ezemth =-1.0



Number of Events
5

--------

T

1 «Don't detect vV_as

i;-l_:'l—zsin

“(20)

«Prediction for v_rate agrees
| with data.

v disappear at large baseline
consistent with vV DV,

-below t mass threshold
-SuperK is awful at t detection

~0.0025eV°

2
‘A matmos

sin’(20, )~1.0

atmos )




Accelerator Cross-check wArwick

RSITY OF WARW

Am’ ~3%x10 °eV°>L/E~400kmGeV '

L=250km= E,~0.6GeV

oo i (3, 1 80em)

Meutrino beam
U1, 3E0m)

HEFERR MR
{Super-Kamickarde)

)
"
A
E
K

HRE —H=-wHE

Beam events tagged using GPS at both near and far
detector sites



vV, spectrum

Unoscillated

Oscillated

P(Va —>\/a) -

Visible energy (GeV)

4 6 8 10

®,(@FD)

®, (@ ND)

. T e

Disappearance Experimentg::wvcx

- 1.4;
= : :
£ 12 spectrum ratio
_5_ 0.8; sin?(206) ++++H’++
2 0.6 +++
AL : +-
= 04 5 +
% +
O.ZE—h. g5

S Monte Carlo

00 4 6 8 10

Visible energy (GeV)

D Neutrino Flux

Use Near Detector to measure CDV(@ND)



T2K verification
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Super-Kamiokande
22.5 kton (fiducial)
water cherenkov
detector at 295 km
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J-PARC: 30 GeV proton
beam, design power of
750 kW
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T2K Disappearance
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T2K Run 1-10 Preliminary

WARWICK
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T2K Run 1-10 Preliminary
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Reconstructed Neutrino Energy [GeV]
2
#events observed .2 . 2, AmL
=P(v,2>v,)=1—sin"(20)sin"(———)
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(best Fit)

Am|=(2.49+0.07)x10 el
sin’(0,,)=(0.546+0.035)>0,,=47.6 2.6




Mixing matrix

T
v, U, U, cp, Sp 0
U= Uul Uuz Uu3 T 7512 Cn
Url U'c2 U'c3 O O 1)\

WARWICK
c, 0 SBei6 1 0 O\
0 L0 10 e sy
—SBei6 0 ¢

-

N

~N

Solar sector : V.oV,
GeM:34.3°il.O°
mfz:+(7.50i0.21)><1o‘5ev)2

atmospheric sector

(A, =[(2.56+0.04)x10 eV,

~

v —V
w T

0,.=487°%1.0°




How do we measure 913? WARWICK

vV, oV, oscillations with atmospheric L/E

L
P(vLl —>ve)=sin22913sin2 923sin2(1.27A m;E)

v_appearance in a v, beam - ideal For accelerator experiments

v_— v _disappearance oscillations with atmospheric L/E

CP

p(vav )L P(v.av )=1—sin®(26,.)sin*(1.27 Am?, =)

23E

VQ disappearance - ideal for reactor experiments
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613 from reactors
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Global results

WARWICK

THE UNIVERSITY OF WARWICK

Normal hierarchy Inverted hierarchy
0.04F B Just using|acceléPator. )
j LELiREAC results | LBL+REAC
= | Global Global
§0 03r = & 5
-
0
0.02+ = - =
[ 90,99% C.L. 0 ] q 0 ]
03 04 05 06 0703 04 05 06 0.7

sinZ653 Including reactors sinZ053

P. F. de Salis et al
https://arxiv.org/abs/2006.11237



3-Neutrino Mixing WARWICK
U, Uy, Uyl [cp s, Off ¢35 0 S13€i6 0 0
U= UM1 UMZ UM3 — _S12 Cy 0 0 | 0 0 Chs §93
u, U, U, 0 1/|-s,e 0 =5, Cy
(" Solar sector 13 Sector Atmospherlc sector
vV =YV V‘ué Ve vV =V
e U 0 0 U T
0,=34.3°+1.0° 0,;=8.58 £0.11 0,,=48.8 +1.0°
2 -3 2 _
(Am;,=+7.50x10 eV A\ng—‘2-56><10 “fD (Am3=R.56x107 eV
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Summary of Current Knowle!

ERSITY OF WA

O _: how much 2 is in v,

V2 I .
4| [

.
It
H

Am,| =~ 2.5 x 103 eV?
32

Am? | =8 x 10 eV?
21

0.8

0.5

UMNSP: —-0.4 0.7

0.4

—-0.5

015 Some elements only
' known to 10-30%
0.6 |<—
0.7 Very very different from

the quark CKM matrix
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