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The neutrino oscillation industry
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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 n_
per cm? per second on earth




Solar neutrino - pp Cycle WARWICK
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Solar Neutrino Flux WARWICK

{Chlorine | Superk, SNO
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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
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Experimental summary  WARwWICK

Total Rates: Standard Model vs. Experiment
Bahcall—Pinsonneault 2000
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Atmospheric neutrinos

THE UNIVERSITY OF WARWICK

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




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 WARWICK
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Prob (v, v,)<|) U, Prop(v,)U

If we don’t know which mass state was created then the
the amplitude involves a coherent superposition of v states
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Prob(v, —v, _4Zl>, R(U,U,U U )sin’ (Ami&)

L
2
+22 3(U,U,; U, Uy, sin(A m’fZE)

> IFAmU2 = 0 then neutrinos don't oscillate

» Oscillation depends on |Am?| - absolute masses 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 v_and 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= co.se sin 0
v, v, —sin® coso
: L
P(vu—>vB):6uB—4zi>jU(X,.UB,UMUBJ.S|n2(Am,.2jE)
P(v - vB) : Appearance Probability
P(v_— v ) : Survival Probability
_ . 2 > L
P(VaHVB)__ZI'(UalUB1U0(2U[32)S|n (AmUE)
) ) g ) L(km>
.=SIN“(20)sIn“(1.27Am~(eV
(20)sin’( &) E Gev)

(changing to useful units/
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B
v
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Survival Probability
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N e

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

% V.
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Question : Would you see any effect if you were able to
know what mass state propagated from source
to detector?
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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)




" osciltion parameters. Y.

Oscillation parameters  WaRwicK

)

U, U, U, [¢, s, O} ¢35 0 spejft 0 0L 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)

+2., (UL U U, U ) sin(A m,j&)



" oscilton porometers Y.

Oscillation parameters  WARwCK

1 0 0
U= 0 ¢ 0
0 0 e
Three ang@
Prob(v, —v, —4Z,>, R(U U, U, U )sm (Amiﬁ)

+2., (UL U U, U ) sin(A m,j&)



" oscloton porometers Y.

Oscillation parameters WARWICK

Ue] Uez Ue3 C12 512 O C13 O O 1 O O
U= Uul UMZ Uu3 —| 7S O 0 0 | . tu))) ¢ O
U'cl UTZ U*c3 0 O 1 _Sl3 elé _S23 C23 O O elﬁ
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L
2
+22 3(U Uy U, Uy sin(A m’fﬁ)



Oscillation parameters  waRwick

)

u, U, U, ¢, S, 0} ¢35 0 spe|[l 0 0

I 0 0
U=\U,, U, Usl=|-s, ¢y 0 O. 10 |0 ¢y sy O 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
. m+p+e

- Q= 1.445 MeV

- nuﬂ{l measurement of v_ energy spectrum
- some directional info o (1 — 1/3 cosB)

- v, omnly

WARWICK

THE UNIVERSITY OF WARWICK

Produces Cherenkov

Light Cone in D,O
N

e

. ST

- Q=222 MeV
- measures total B v flux from the Sun

n captures on deuteron

?H(n, v)*H
Observe 6.25 MeV vy
+n +n

- low statistics
- mainly sensitive to vV, some v, and v,
- strong directional sensitivity

Produces Cherenkov
Light Cone in D,0O

ne+0.15*(nm+nt)
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SNO Results
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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,,=




Implications WARWICK

sin‘2 0 C_2ﬁGFNeE
sin“20+(cos20—7¢)° Amy,,

sin°20,,=

off Am? = 0 or matter is very dense,{ = wand6 =0
«Similarly, if 8 =0, then 8, = 0 = need mixing in vacuum
«|f there is no matter, then T = 0 and we have vacuum
mixing

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

Z;_zﬁc;F/veE

—€—=c0s20 = sin’20,=1
AMm

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



Mass heirarchy WARWICK

sin“2 ¢ C_zxﬁGFNeE
sin“2 0+(cos2 6—¢)° A,

sin‘2 6, =

If mass of v. < mass of v, AmV2=m12-m22<O

2V2G(N.E
Am’]

sin“26
sin“2 0+(cos20+[7) )’

Positive definite - no resonance

+sin’20,,=

If mass of v. > mass of v, Am2=m12-m22>0
2V2G.N _E
C= >
Am?

sin%20

»sin°20, =
sin“26+(cos26—[z|)’

M
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Mass heirarchy A
sin?2 6, = sin“2 46 C:izﬁGFNeE

[Am]

sin“2 6+(cos2 6— ¢’

The effect of matter on neutrino oscillations can be used to
measure the mass hierarchy.

This is about the only way we know how to do this.



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
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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)

: Neutrino Flux

Use Near Detector to measure Fn(@ND)



Karmicfa”

Super-Kamiokande | ‘=

22.5 kton (fiducial) [, =
water cherenkov

detector at 295 km

» Fermilab to Ash River, MN
»L=810km
> EV ~ 2.0 GeV

» Far Det : 14 kton of liquid
scintillator (in bars)

aaaaaaaa

§ ey

J-PARC: 30 GeV proton
beam, design power of

77777

& )
International Falls, MN L

WARWICK

THE UNIVERSITY OF WARWICK

» JPARC to Kamioka
»L=295km
> EV ~ (0.6 GeV

» Far Det: 22.6 kton
water Cerenkov
detector

innesota

isconsin

inois
ic
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T2K Disappearance WARWICK
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::3 .45— 68% (dashed) and 90% (solid) CL Contours _E LE i - - S
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E 34 = Reconstructed v Energy (GeV)
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'} L 14 | | -] | il i | | | i i | | id 1 3 I | I - I i |III|I|II'IIIi|I|II =
T 03 035 04 045 05 055 06 065 07 o1 o2 3 4 e = : ;
sin“(0,,)  2ahL ¥ o ‘4 s
23 S Reconstructed v Energy (GeV)

# events observed

Am’L
=P - —1—gj 2 y) . 2(AM L
#events expected (Vi v sin”(26 )sin”( )

‘Am§3‘:(2-51iO.l)XlO_3eV2

(best Fit) sin(0,,)=0.514"%%5 50 =458+3.2



Mixing matrix
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~

B, =337°+1.1°

)
U, U, U, cp Sp Off ¢35 0 spe il 0 0
U=\U,, U, Us[F|—5, ¢, 0 0 o 0 |0 ¢y sy
U, U, U,l[l 0 0 1)\—51346 0 ¢, (|0 —sy cﬁ
4 Solar sector:vu—we A atmospheric sector )
vV =V
v T

A, =+(7.54£024)X10" eV,

0,,=42°+3.0°

(A my=((2.43+0.06) 1071 eV?)
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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

Ve —>VX disappearance oscillations with atmospheric L/E

p(V V) 1—sin2(2613)sin2(1.27Am%%)

VQ disappearance - ideal for reactor experiments
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Global results

0.05

0.04

o=

WARWICK
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N | | T [ I | | ] T I I l T I I i i | T [ I T T [ I | T ] [ I | ]
. Normal hierarchy i B .. Inverted hierarchy _
- ' Just using accelerat -
i results | i 1
B | | IIncludir=rg rgactors | | | i
% 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
.2 i
sin 923 sin 923



3-Neutrino Mixing WARWICK
Uj U, Ug| [ sp O ¢ 0 S13€i6 L0 0
U= UM1 UMZ U W3 — _S12 Cy 0 0 | 0 0 Chs APR
u, U, U, 0 1/|-s,e 0 =5, Cy
(" Solar sector 13 Sector Atmospherlc sector
\)e——>vH VM_) vV, vu—n)T
0,=34.5+1.1° 0,,=844"£0.16" || §,=41.0(50.5)°+1.1°
2 -3 2 _
Jom,=p52x107 V) Am=p52x107er?,

\Amf2:+7.56><10‘5eV/ L
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Summary of Current Knowletige
WARWICK
0., : how muchv_isinv,
LA@— ' . Vv,
Am3,| 7 2.5 x 10~% eV* V
o
V) -
21 A 5 2
i --I Am3 | =~ 8 x 10 eV . Vr
Some elements only
08 0.5 0.I5 known to 10-30%
U,vp™~04 05 0.6 - |
04 05 0.7 Very very different from

the quark CKM matrix



Lecture 4 WARWICK

The Future



The Quest

THE UNIVERSITY OF WARWICK

. Normal or Inverted mass heirarchy?
C S €

13 13 [nz
0) | v. I A 2/-:-
. v, Il Ay
BRE e 0 1‘13 -/t. Vl
Value of §7? .
L L
«Better estimates of the 08 05 -0.15
os;illation parameters Upins=|—04 0.7 0.6
using acce_lerators 04 —05 0.7
«Is B__ maximal? ?
¢«|s the neutrino Majorana? ~ 0.975 0.222°0.004
«What is the absolute mass? Uern=|0.221 0.97  0.04

0.01 0.04 0.999



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49

