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® if neutrinos have mass...
® a neutrino that is produced as a v,
* (e.g. T —p*vy
® might some time later be observed as a ve

® (e.g.ven —ep)
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Neutrino Basics

 Weakly interacting isospin partners of charged leptons

Neutral current

V (5 V

€ e

V4

Charged current

V » — e

W+

 Standard model includes three massless stable

neutrinos, but...

As early as fifty-two years ago,
discussions of massive neutrinos

and oscillations had begun! .

Maki, Nakagawa, Sakata
(June 1962)

ay The weak neutrinos must be re-defined by a relation
Yo=Y, COS 0 — Y, 8in 7,
} (2-18)
Y, =V, sin § + v, cos 0.

The leptonic weak current (2:9) turns out to be of the same form with (2-1).
In the present case, however, weak neutrinos are not stable due to the occur-
rence of a virtual transmutation y,=v, induced by the interaction (2-10). If
the mass difference between v, and vy, ie. |m,,—m,|=m,* is assumed to be
a few Mev, the transmutation time 7'(v,2v,) becomes ~107"" sec for fast

neutrinos with a momentum of ~Bev/c. Therefore, a chain of reactions such
10)

as
tt—out+y,, (2:19a)
v,+ Z(nucleus) -»Z’ + (4~ and/or e~) (2-19b)

is useful to check the two-neutrino hypothesis only when |m,,—m,,|<10"° Mev
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Neutrino oscillation

In a world with 2 neutrinos,
iIf the weak eigenstates (ve, vyu)

. . V1 A Vp
are different from the mass eigenstates (v1, v2):
V2
V, cos0 sin0 Vi
— , S)
\7 —sin® cosO /) \ vy >
Ve
The weak states are mixtures of the mass states:
vV, > = —sinB|vy > 4cos8|vy >
: —iEqt —iErt
Vu(t) > = —sinb ([vi > e "™1") +cosO (|va > e ™)

The probability to find a ve when you started with a v, is:

Pascillatian(v,u — Ve) — ‘ < Ve‘Vu(I) > ‘2
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If a neutrino has mass, we expect that the weak eigenstate could be different from the mass
eigenstate, as analogous to the quark system [10]. For simplicity, consider the two flavor case at
first. The flavor eigenstates, v, and vg, is written by

Va\ _ C-OSQ sin 0 v\ Z o (1 (1.1)
Vg sinf cos6 Vo Vo
where 11 and 15 are the mass eigenstates and @ is the mixing angle. After traveling with a
certain time period ¢, each component of the mass eigenstate gets a different phase:

() = (707 ) (20) 12

Detection of neutrinos by the charged current interaction projects these new states back onto

the flavor eigenstates:
val) _ (e 0y (val0)
Cn) = ("o ) (o 3

Supposing a neutrino is generated as v, (i.e. v,(0) = 1 and v3(0) = 0), its surviving probability
in the same flavor eigenstate after traveling a certain distance L is obtained as

P(vq — va) = |va(t)|* = 1 — sin” 20 - sin® (1.27Am2[eV2/C4]%> (1.4)

when m; is very small compared to E; (E; ~ p +m?/2p). Here Am? = m3 — m3. Thus the
flavor of neutrinos oscillates as a function of L/E.

@ Methods in Experimental Particle Physics 16/01/19



)
P(v, — v) = sin”2f;, sin2(1.27Am?2§)

Probability

III|III|III|IIIIIII

¢2 fundamental parameters °'6;‘
eAm? <> period 041
00 < magnitUde 0.2:_(\/;1_)\/9)

_ 1) e T T R
o2 experimental parameters [ T
€x10°®
e| = distance travelled 0000
- 3
oFE = neutrino energy 2 oo
6000

eChoose L&E to target ranges of
Am?Z and 6 4000

eNeutrinos disappear and appear
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P(v, — v) = sin”2f;, sin2(1.27Am?2§)

¢? fundamental parameters
eAm? <> period
0, <= magnitude

o2 experimental parameters
e| = distance travelled
oFE = neutrino energy

eChoose L&E to target ranges of
Am? and 6

eNeutrinos disappear and appear
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)
P(v, — v) = sin”2f;, sin2(1.27Amf2E)
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o2 experimental parameters
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Early Hints of Oscillation

Solar Neutrinos Atmospheric
Neutrinos
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1998: Neutrino Mass!

ATMOSPHERIC NEUTRINOS

Neutrinos from

Ze?““ ‘above’ travel 10s of
‘9/<c kmfrom
: o

"0 point of origin

10

| IIIIIII|

Kamiokande
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Super-Kamiokande %\
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: : i Neutrinos from
10 e 689 7 RN i ‘below’ travel

o7 -~ _E nith :
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""" ‘ e | : 4

.......

S ] Super-Kamiokande (1998)
% 0.2 04, 06 0.8 1 ~530 days data-taking - ~400 v
sin26 events
Ratio of Vu/Ve ~ 2 Up-Down Symmetric Flux
(for Ev < few GeV) (for Ev > few GeV)
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Oscillation Basics

 Neutrinos have mass!

Flavour eigenstates: ve, vy, vi  Mass eigenstates: vi, v2, v3

3
|V1>:Z U1i|Vi>
i=1

 Produced and interact as flavour eigenstates;

3
propagate as mass eigenstates: v (L)>—Z U e_im?L/2E| v.(0))
] — li I
i=1

where:
Ve Uel Ue? U€3 1
Vr UTl U7'2 U7'3 V3
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Neutrino Mixing

 For Dirac neutrinos, standard parameterization of the PMNS
maitrix Ui (for Dirac neutrinos) has:

3 mixing angles, 2 mass square differences, 1 CP phase

(1 s P - )
v, 1 0 0 \ cosO,; 0 sinf,e cos@,, s, |0 v,
V,|T|0 | €080, SOy IX o 1 0 X{—sin0,, cos@,, |JO[X|v,
v.| |0|=sin0, cos0,, Csin013e'6 0  coso, 0 0 1/ v,

(N J

\j \/
1998 onwards: 2001 onwards:
Probed with atmospheric neutrinos, Probed with solar neutrinos,
long baseline accelerator neutrinos long baseline reactor neutrinos

(SK, K2K, MINOS) ' (SK, SNO, KamLAND)

First measured recently! (2011 - 2012)
Short baseline reactor neutrinos
(Daya Bay, RENO, DoubleChooz);

Long baseline accelerator neutrinos
(T2K, MINOS, NOVA)
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Experimental Probes

* For Dirac neutrinos, standard parameterization of the
PMNS matrix Ui (for Dirac neutrinos) has:

3 mixing angles, 2 mass square differences, 1 CP phase

4 . D)
v, 1 0 0 \ . cosO,; 0 sin013e_'5 cos@,, sin0l,, |0 v,
V,|=|0 [ €080y SOy IX 0 1 0 X\—sin@,, cos0O,, JO|X|v,
v.| |0|=sin0, cos0,, Csin013ei6 0  coso, 0 0 1/ v,

\C J

: M \/
sin“(2023) > 0.95 (90% C.L.) sin?(201,) = 0.857 + 0.024
[Am?32| = 2.43 £ 0.13 x 10~ eV* Am?12 = 7.59 % 0.20 x 10° eV?
\
sin?(2013) = 0.098 % 0.013
What is the octant of 0.37? What is the mass hierarchy?

What is the CP violating phase ¢7?

13 Feb 2014 M. Malek, Imperial College



Neutrino Sources

Where do the neutrinos that experiments measure come from?

Atmospheric [,_1_10 GeVW Accelerator v
AT
Cosmic ray @ M e Mﬂ“-"f/
showers Tt .
roduce pions P
gnd muoﬁs that / T ) Most muons
decay to Vv absorbed
neutrinos g Proton beam from before
V etV accelerator collides decaying

u e with fixed target

Solar [ ~ 10 MeV } Reactor

fusion reactions

+ - + 2
—"H+ ..
p te +p Vel inside sun.

8 8 * +
B— B.e"+e +v, Energy
thresholds matter

for experiments

University of Toronto Seminar, March 30, 2012 M. Hartz, UofT/YorkU

Produced in v_From (3 decay

of isotopes in
nuclear reactors




[Some] Open Questions ¥l

1) What is the CP violating phase 67
2) What is the mass hierarchy?

Normal Inverted
7 p— — 4
Ambiguity in sign of (Am?*),,, (Am?)
2 2 sol » 12
m2 mz (A m )atm m, I
_ 2
3 2 (Am™),s (Amz)
1 atm
Two possible mass > >
hierarchies m, : — (Am™),,
dam),, (Am), 2
m; B m;m —— Y
v V.V,

— Electron neutrino appearance can help answer both questions!
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613 measurements (other than solar-v and atm-v)

0 Reactor neutrino experiments : v, disappearance

1.27Am§1L(m)) pure 0,

P_e%_e zl—'229 in’
(v Ve) sin” (26,;)sin”( E (MeV) measurement

0 Accelerator neutrino experiments : v, appearance
1.27Am, L(km)

P(v,—v,)= sin”(26,,)sin” 6., sin”( ) leading term

E (GeV)
, + 80123312513523(01202 S12513523) cosPsgs - sinds; - sindy; CPC
sub-leading 8C2,C15Cl3 8155155 in<I) sin®s, - sind
terms . 13L1202301201302 - 32 31 21 » CPV
5 .5 + 45%20123 (01220223 + S¥2S§3Sf3 — 2C12053.512523513 COS5) sin“®q solar
25 a - 8C735735%; (1 — 25f305<1>32 sinds;. matter effect

forP(v,>ve) v _appearance : sensitive to 8 and the mass hierarchy

—> Non-zero 0, opens the possibility to probe
the CP violation in the lepton sector !



Measuring 0Ois

Long baseline accelerator: Sensitive to 613, 0, mass hierarchy

P(v, — v.) = |4C?%82%,82, . sin Agy CP violating (flips sign for anti-v)
+80i"3512513523(012023 COS 6%) * COS A32 - sin A31 - sin A21
______ —8053012023512813325in A32 . sin A31 . sin A21

where: | +452,C2,(C2,C2, + §2,52,82, — 2C12C23512 523513 cos 6) - sin? Ay
C” CC_)S(GIJ) | —8C2%,5%,52, - a—(l — 2852.) - cos Agz - sin Agy Solar
Si = sin(0;) | L a 2. . 5. Matter
| +8013513323m(1 — 257;) sin” Agy
Aij = Amij (L/4E), 18

Short baseline reactor: Sensitive only to 03

Paur =~ 1 — sin® 2013sin*(1.267Am3, L/ E)
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Breakthrough of non-zero 0., search (2011~)

0 In 2011 June, T2K reported the first indication of 6,20 (2.50)

using the data before the earthquake.

PRL 107 041801 (2011)

sin%0,;,=0.5 -

Best fit to T2K data
68% CL

[ 90% CL

0 In 2012, solid confirmation

by reactor experiments.

10 confidence intervals (before Neutrino2012)

_._ Normal Hierachy
O Inverted Hierachy

We did not know 6, is zero or not.

"""""" O ' " June 15, 2011
Phys. Rev. Lett. 107,04180 (2011)

June 24,2011

Phys. Rev. Lett. 107, 181802 (2011)
DOUBLE

Nov, 2011

_._

Phys. Rev. Lett. 108, 131801 (2012)
LTy March, 2012

13 Phys. Rev. Lett. 108, 171803 (2012)

_, 'mENQ

Phys Rev [ett. 108, 191802 (2012) V4
|

April, 2012

0.1

PR L o -
0.3
sin%20,,

2.50
1.70

~N20

5.20

4.90

This talk : Updated v, appearance analysis using the full T2K data set



How to measure 013

Atmospheric L/E _
B13 can cause Ve

disappearance in reactor
neutrinos

P(v,—V,)
o
(&)
| | | I I I | | |

Sollar L/E
10

10" 1
L/E (km/MeV) | 295Kkm |
- 1.2
' p=2.8g9/cor’ L=295km
(\ W’OSR 10°* Dys=n/4

6-"/‘ ‘O..-0.05
0.8 (sin"29,,=0.01)

Probability (%

013 can cause v,—Ve

0.6
appearance in long baseline
experiments -
0.2
Op—oz 04 T8 B8 7 T2 A

E E (GeV)
Imperial College I 2 UCL HEP Seminar Morgan O.
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Oscillation @Reactors

P(v,—v,)

13 Feb 2014

T T llllll] I I II!IYII T LA B B

1 .............................................................................................
0'8; Daya Bay,
= RENO
= Double Chooz
0.6
0.4 -
B Observed by .
: KamLAND :
02 Am. 'L Am,’L) -
- . | Am, - . o Am,
| P =~1-sin"26,,sin°| —'—|-cos" f,,sin”26,, sin’| —=—| _
- ] 4E ] i 4E .
0
10°" 1 10 10°

Baseline [km]
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Oscillation @Accelerators

Long baseline acce

lerator: Sensitive to 013, 823, O, mass hie

Ve Vu\/

Osll n probabilities

‘HH“““‘H‘H“““”

'IHI

W

L/E(kl /G

archy



Oscillation @Accelerators

Long baseline accelerator: Sensitive to 013, 023, 0, mass hierarchy

Oscillation probabilities for an initial muon neutrino

Ve Vi Vr 10

0.8

0.6

Probability

() 1000 2000 3006 4000
T L/E (km /GeV)
T2K
Am2, L Am32, L
- . 2 . 92 31 ~ a2 - 2 c 2 31
P,u—),u ~ 1 — sin” 26053 sin ( 1E P,u—>e ~ sin” 26013 sin” 023 sin AE
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12K

e Start with world’s largest detector:
Super-Kamiokande

eBuild new neutrino beam

o Off-axis beam to Super-K
e | =295 km
oF =0.6GeV

eNear detectors at 280m to
constrain beam flux

UA1T Magnet Yoke

Downstream
ECAL

ePhysics Goals:

eprecise Am?232,023
measurements

esearch for 913

:_n;ﬁzr;?ll College I 2/2 \ UCL HEP Seminar
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Experimental Overview

Pions, kaons,

30 GeV g16u°nz decay in MUMON measures  QOff-axis far detector at 295
proton beam voILrjnmeecay muons from pion km: Super-Kamiokande (SK)
from J-PARC decay water cherenkov detector
J / measures osciIIat{d‘flux
P LK BmOn o off-axis < R
n-axis ]2
Om 120m 280m 295 km
Off-axis = narrow band beam

At 280 m, on-axis INGRID
detector measures neutrino
rate, beam profile

Beam on graphite
target

3 magnetic horns
focus positively
charged hadrons

Off-axis near detector:
ND280 detector measures
spectra for various neutrino
interactions

13 Feb 2014 M. Malek, Imperial College



The T2K experiment 10
Overview

v production

Near detectors

e Baseline: 295 km
e Off-axis beam

Y

V o V
J_PIA\R(E ::::-—»u""""'z'.5""" On‘aX|S INGRID ""_’“» -------------------------------- >
accelerator — frresr-eeeee } N _ Far detector
comple>_< and Off-axis: ND280 ( )
neutrino (| | S “|Super-Kamiokande
beamlipe | | 0 fL_______________JI
! i // | >
0 280m 295 km
\_ Y 8 4

Y

Study neutrino
before oscillations

v, = V, appearance

Vv, — Vy disappearance




The T2K experiment 11
Neutrino production
Conventional neutrino beam produced from 30 GeV protons

Near Detectors Beam Dump Decay Volume Target Station By imar

, //ﬂ_\-\ ,, I fII'IQ]If"I,_Al_I‘ ,,__ 'D.‘ ___ 3 Horns protons -y

ey o ——— S Sl g . Beamline

B/ s ———— — ?
— / i O

/ A}
| Target \
_ pions J-PARC MR
Muon Monitor ~<— muons
<«— neutr inos

4 _
Almost pure v Iv, beam,

with an intrinsic v /v,
component (<1% at peak)

polarities

/Can switch from v, beam to
v, beam by inverting the horn




- e

Jb

. e CY2007 Beams 4 & COnStFUCtIOn

%, | —JEY2008 Beams - -
ﬁ Sy JFY2009 Beams Bird’$ eye photo in January of 2008 J FY2001 2008

EY X
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J-PARC neutrino beamline overview

Near Detector

g Decay Volume o
3

o 109m

3

.....

emamen e e

Muon monitor

Pions are focused by
3 electromagnetic Horns.

Imperial College I 2 UCL HEP Seminar Morgan O.
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T2K Data Taking

Many thanks to the J-PARC accelerator division for their efforts and much hard work!

7))

c

S 700

(@]

£ 600

‘S 500

+H

5 400

;;-, 300

% 200

Q 100
0

%108

Delivered POT (Good Spill)
Proton per pulse (Good spill)

Jul/02 Dec/31

1250 2
laen S
150 c
b ©
1100 &
50
201.1 201:2 ' ‘ 5 O

Jul/02 Jan/01 Jul/01 Dec/31

NEW! Full Run 1 — 4 data sets published this week! Phys. Rev. Lett. 107:041801 (Feb 10t)

* Featured in an APS “Viewpoint” article (http://physics.aps.org/articles/v7/15)

Total exposure at far detector is 6.57 x 102° P.O.T.

* Previous Ve appearance result (2012) used 3.01 x 102° P.O.T. — Statistics increased by factor >2!

Thus far, ~8% of the total data has been collected (assuming design goal)

Instantaneous luminosity of 220 kW (1.2 x 1014 protons per pulse) - World record!

13 Feb 2014
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Beam Stability: Rate & Direction K\

| Run 1(2010 Jan. - 2010 Jun.) |

15—

| Run2 (2010 Nov. - 2011 Mar.) |

[ Run3 (2012 Mar.-) |[ . X center

10F

n
I
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T

-10E
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Beam is quite stable in space (1 mrad tolerance) and time (within 1%)
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INGRID neutrino event rate stableéto <1% over full run period
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integrated day(1 data point / 1day)

M. Malek, Imperial College



The T2K experiment 12

sin20,,= 1.0
sin’20,,=0.1
Am?, =2.4x 107 eV?

Off-axis beam

- v, beam
JIPARC ey e direction

Far detector
(SK)

K Narrow band neutrino beam, peaked
at oscillation maximum (0.6 GeV)

* Reduces high energy tail

 Reduces intrinsic v, contamination

of the beam at peak energy
e Interactions dominated by CCQE
mode




Here we give an explanation of the off-axis method [20]. The v, beam is produced from
the charged pion decay (m — uv,). The energy of the neutrino in the pion rest frame (in
which quantities are labeled with the superscript *) is

m2 — m2
Ef =T % =298 MeV (1.23)
2Mmy

The laboratory frame 4-momentum can be calculated by Lorentz transformation:

[ 0 0 4xfr]
0 1 0 0
pu | — 0 0 1 0 Py (1.24)
VaBr 0 0 yr

(E,, E,sin6,0, E, cosf)
—(ES s (1 + Brcos0), £ sin 0,0, E5 v (6 + cos0))
where 6 is angle between the pion momentum and the neutrino momentum. The relation

between the angle in the pion rest (0*) and that in the lab. frame () is obtained from the
1st and 3rd components of Eq. 1.25:

(1.25)

E7 sin 0*

tanf =
o Eﬁ%r(ﬁw + cos 9*)

(1.26)

@ Methods in Experimental Particle Physics 16/01/19



If £,, E; > m,; and then 8, ~ 1, we can re-write Eq. 1.26 to

E? sin 6*

tan § ~
an 7

(1.27)

using the Oth component of Eq. 1.25. This equation indicates that a maximum lab angle
0,42 1S obtained at 6* = 90°:

E*
tan 0,00 ~ —= 1.28
an . ( )
In other words, there is a maximum neutrino energy (E!'**") with fixed angle 6:
E* 29.8MeV
Emaa;. ~ v — 129
g tan 0 tan 0 (1.29)
The relation between FE,, E, and 6 is obtained from the Oth component of Eq. 1.25:
™ T 1—t 2 9
g, = JrtombeV1— tantd o, (1.30)

1+~232 Y

, and is shown in Fig. 1.4. As expected from Eq. 1.29, there is a maximum neutrino
energy E7'" with non-zero 6, and as the neutrino energy approaches this value, pions
in large range of energies contribute to neutrinos in a small range of energy. Thus semi-
monochromatic energy neutrino beam with the peak around E'**: is achieved with the
fixed angle # which is called as the off-axis angle.

e Methods in Experimental Particle Physics 16/01/19
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Figure 1.4: Relation between neutrino energy (FE,) and pion energy (E;) in the pion decay with
several off-axis angles.
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Figure 1.5: (Top) Neutrino energy spectra with several off-axis angles (Apa). (Middle) Oscillation
probability as a function of the neutrino energy. (Bottom) Neutrino interaction cross-sections.
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1.2.5 Analysis strategy

To catch the oscillation signals, we detect the beam neutrinos in SK which is 295 km away from
J-PARC. Especially the neutrino charged current quasi-elastic (CCQE) interaction event,

ve+n—L0 +p (1.31)
is selected because of following reasons.

e The CCQE interaction is a dominant interaction mode in the T2K neutrino energy region.

About 40% interactions are expected to be the CCQE interactions in SK in case without
neutrino oscillation.

e The neutrino energy can be reconstructed (E7°°) by measuring the lepton momentum (py)
and the angle with respect to the neutrino (6y):

rec __
B =

(my — V)E, + (mf) — m%)/Q — (mp —V)?/2
)

1.32
(mn—V — Ey+ ppcosby ( )

where m,,, m, and m, are the mass of the neutron, proton and lepton, respectively. Ej is
the lepton energy and V is the nuclear potential of nucleus (it is 27 MeV for oxygen).

e Flavor of the neutrino can be determined by identifying the flavor of the lepton

Methods in Experimental Particle Physics 16/01/19



In order to select the CCQE interaction event, we require only one Cherenkov ring in SK
because the associated proton often does not emit Cherenkov light due to its high Cherenkov
threshold in water (~ 1.1 GeV/c). The momentum of the muon or the electron can be recon-
structed by observed number of Cherenkov photons. The direction of the muon or the electron
is determined by the Cherenkov ring direction. The muon and electron can be distinguished be-
cause a muon makes a sharp edge ring and an electron makes a fuzzy one due to electromagnetic
showers.

For an analysis of the neutrino oscillation in v, disappearance, both the energy spectrum
and the number of the muon neutrino events in SK are compared between expectation and
observation. The energy spectrum at SK, ®gx(FE,), strongly depends on the off-axis angle as
described in Section 1.2.4. Hence precise measurement of the beam direction is important for the
Psi (E,) estimation. In this thesis, the expected number of events at SK (Ng¢") is calculated

by using the number of events measured in the near detector (Ng%):

MC
NEXP _ Nobs NSK
SK — ‘{'ND

dE,®gf - : . P(E,; sin? 2043, Am?2 (1.33)
f vPsk - 05Kk - €5k - P(Ey;sin” 2093, Ams3,)

[dE,®Np - oND - €ND

_ obs
— {VND

where ogx (onp) is the neutrino cross-section of the target material of SK (ND), esx (enp)
is the detection efficiency of SK (ND), and P is the oscillation probability as described in
Eq. 1.9. One of the characteristic of Eq. 1.33 is the error cancellation between ND and SK.
For example, ®p and Pgx have a common uncertainty of the production rate of the parent
pions. Because the uncertainty is included in both the numerator and the denominator, the
uncertainty in ®gx /P np is canceled even if Pgx or ®p itself has ambiguities. Thus the event
rate measurement at the near detectors is important for the Ng; 2~ estimation.

An analysis of the neutrino oscillation in v, appearance is performed with almost same
procedure; the beam direction measurement is also important for this analysis.

e Methods in Experimental Particle Physics 16/01/19



The T2K experiment 13
Near detectors

On-axis detector INGRID (Interactive Neutrino GRID)

Located 280m from the target

LA

i

A

~]10m

~10m

/> 16 identical modules made of iron
and scintillators
> 'counting neutrinos' by reconstructing
muon tracks from v, Interactions

> Monitors neutrino beam: rate, direction
and stability
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The T2K experiment 14
Off-axis near detectors

Off-axis near detector ND280
Located 280m from the target

SMRD
UA1 Magnet Yoke

Tracker

N

Downstream

Barrel ECAL

K Several detectors inside a
0.2 T magnetic field

> Good tracking capabilities

> 'Tracker' used to constrain
flux and interaction
uncertainties for oscillation
analysis

> Rich cross-section
measurement program
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Near Detectors

eutrino
beam

UCL HEP Seminar

Performance Goals
® INGRID must measure
® Beam profile and direction
® High accuracy, short time

e ND280 designed to measure:
o v, flux: <5%
e u energy scale: <2%
e intrinsic v, content: <10%
o v, CCBGs <10%

e Magnetic field, fine
segmentation, excellent

tracking
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—4

|
i

i
[

-

Event timing of v events

|_event timing after neutrino event selection |

03

—

# of events
o
N

-
o

1

1000

Z 7 : g E on-time event
2 : : {__] off-time event
. 7 R 21 4..q iAo Aeogonn. A ... £s R A e fqe---2
7 % Z H7 2z % /g % 1 £222) dead time
— /7'( % B expected timing
N % Z 7
B 7 2
_E__. .......... g .............. .................... g R R ? ............... % .
= % : 4 47
[~ % 9
i 7 2 ¥
7 | Z 7
Db OO OV A AV A GG
= | | ’ 1
- % 9
- % : Z a7
- % % :
N
B % : 4
2 7 N
E—‘ AA e %:: ...... Ze R s B (- i / T i - 2% ..... 7/ :;;534
H] 7B : ' lf SiEHZ

000

—

i .
3000 4000 5000 6
event timing [nsec]

Clear 6 bunch structure

00

Imperial College T 2 (581 ns bunch period)

Friday, 17 February 12

T2\

0 7000

# of v events / 1014 POT

(~56,000 MPPCs are
used for ND280 /INGRID)

~10,800 ch. in INGRID

vV beam intensity
(normalized by proton beam intensity)

1.4

1.2+

-

UCL HEP Seminar

2
181

. . ) o e

. ‘e ' e

. e o e

N O I D D D I o D D D D o ooy
. v
' '
'

N '
el

e Jun.

’
m Morgan O.

Jan.



NDZ280 off-axis detector

UA1 Magnet Yoke

Downstream
I ECAL

Imperial College I 2/2 \

Friday, 17 February 12



ND280 off-axis event gallery
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ND280 off-axis performance
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The T2K experiment 15
Far detector: Super-Kamiokande

Located 295 km from the target - 50 kt water Cherenkov detector
Synchronized with beamline via GPS - Operational since 1996
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Super Kamiokande IV

Run 0 Spill 82227
Run 66778 Sub 585 Event 134229437
1:03:22

Super-Kamlokande

Trigger: 0x80000007

22222222
........

00000000

@
()
T2K Data

260
-
o
52
ol
7 Times (ns)
e R 1.
| ! .i: ’. "-Ll:",?‘:-i;n- ‘ { ::‘, ! \\\_ . .
ST / . 22.5 kton fiducial
= ot ~volume

. '50‘l,‘OOO ton water Cherenkov (charged)
detector (neutral) H

e 11,146 PMTs in ID, 1,885 in OD V.-

Cherenkov

| ring
e ~1km underneath Ikenoyama

Imperial College I 2 /E \ UCL HEP Seminar !l‘"Oln Morgan O.
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Mean Cherenkov angle per track (radians)
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SK Particle Identification -

/

Muons:
» Minimal scattering
* Ring has sharp edges

\

)

44 <

4 Electrons

 Electromagnetic
shower

» EM scattering makes
\_ 2 "fuzzy” ring

\

Y,

445

/Neutral Pions

* vs from 1° decays shower

and look like electrons

\

)

Reliable PID particularly crucial to ve appearance analysis

PID well-established at KEK beam test (1kton tank) in 1990s
13 Feb 2014

M. Malek, Imperial College



SK Reconstruction

e Find vertex (mostly timing)
e (Countrings
¢ Find momenta

e PID from ring topology (“fuzziness”)

Super-Kamiokande IV

T2K Beam Run 32 Spill 294378
Run 66692 Sub 67 Event 15931918
10-04-18:13:57:00

T2K beam dt = 3054.5 ns

Inner: 1414 hits, 2494 pe

Outer: 7 hits, 6 pe

Trigger: 0x80000007

D_wall: 1060.9 cm

2 e-like rings: mass = 140.4 MeV/c"2

@

Charge (pe)
>26.7

OO NW
NN W W
cCOoO R NWR
NN W W

T2K Data

MUON
NEUTRINO .

= muon

ELECTRON

NEUTRINO & o
......... el electron ‘. ®
T shower P .

il Use atmospheric data vs. MC
o bl Bt to check reconstruction and
Times (n) set systematic errors
tondon = J_ZJR\ UCL HEP Seminar m@m Morgan O.

Friday, 17 February 12
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Signal at SK
e Charged Current Quasi-Elastic Events & \/ l

e Only single lepton ring visible at SK : W+

e Ring topology indicates Ve vs. v, /\
O T P

Super-Kamiokande IV
T2K Beam Run 0 Spill 822275

Run 66778 Sub 585 Event 134229437
-12:21:03:22
T
Inner: 1600 hits, 3681 pe 2
Outer: 2 hits, 2 pe m — m
Trigger: 0x80000007 N l l
D_wall: 614.4 cm E —
e-like, = 377.6 MeV/c —
. . |4
my — Fl cos 0
- N Pi l

33333333

® |ncident neutrino energy can be
reconstructed (best for CCQE)!

........
........
00000000

dddddd

e Recoil proton usually below threshold at
T2K beam energy.

Times (ns) n
Imperial College V—J\ I Z:K UCL HEP Seminar oasgn%?gnef Morgan O.
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Beam Trigger/Timing

e T2K beam trigger from beam extraction

e Commonview GPS mode used

SK event ti
104,

mes

- vs. trigger time
all SK events

—
o
w

N

Number of events / 20usec
o o

L |

e
-500 -250 0 250 500
AT, (usec)
.,  |absolute time fitted === RUN-1
v . \ - mmm RUN-2
Mtély\lgozg‘lurzhl—Goro Dake N ).PARC g 15 7 FC e:VG:ntS: -
Mt Ikenoyama/) Near Detéctor o
1,360re o t < S
A ///——s 1,000m | 5 ; i
Neutrino Beam = 10 |
295km ' s |
> i
m L
. . S |
e At SK, 2 GPS units and a Rubidium clock 5 s|
are used to measure and confirm the time § |
stability. N
-1000 O 1000 2000 3000 4000 5000
ﬁa AT, (nsec)
Imperial College T 2 UCL HEP Seminar Morgan O.
Friday, 17 February 12 30




Earthquake on Mar. 11th

Imperial Co ' Morgan O.
London Wascko

Friday, 17 February 12 85




11 March, 14:46...

Imperial College I 2 /E \ UCL HEP Seminar Morgan O.
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Rapidly repaired!

Repairs are basically complete.
Physics data taking resumed in January!

Neutrino (dump)

Imperial College | . Morgan O.
London UCL HEP Seminar Wascko
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News Published: 22 November 2001

Imploding detectors shatter plans for

Japan's neutrino experiments

David Cyranoski

Nature 414, 381-382 (2001) = Download Citation %
Tokyo

Neutrino physicists around the world have been
stunned by an accident at Japan's Super-
Kamiokande experiment. The damage will put
‘Super-K' out of action for at least a year, delaying

several research projects.

Super-K consists of a tank filled with 50,000
tonnes of water, buried deep under Mount Ikena,
some 240 kilometres northwest of Tokyo.
Neutrinos from the Sun and from supernovae,
and those formed when cosmic rays strike the

atmosphere, barely interact with matter. But on

Gone in a flash: Super-
K (top) before the
accident that left many

photomultiplier tubes

in pieces (bottom).



Accident Cripples Super-Kamiokande
Neutrino Observatory

hile the tank was being refilled
with 50 000 tons of water, a pho-
tomultiplier tube imploded and the
shock wave set off a chain reaction
that left more than 7000 PMTs shat-
tered. That, at least, is what scientists
surmise happened on the morning of
12 November in Super-Kamiokande,
the world’s largest neutrino detector.
Super-K, which is buried 1000
meters deep in a defunct zinc mine in
the mountains west of Tokyo, made
headlines worldwide in 1998 with
strong evidence that atmospheric
neutrinos oscillate—or morph from
one of three possible flavors into
another—and therefore have mass.
The accident crippled Super-K and
stunned particle physicists every-
where. “The accident was severe, but
we will rebuild,” says Super-K direc-
tor Yoji Totsuka. The aim, he says, is
to start up with about half the origi-
nal density of PMTs within a year, and
fully fix Super-K by 2007.

22 JANUARY 2002 PHYSICS TODAY

Super-K's water tank, some 41
meters high and 39 meters in diame-
ter, is lined with more than 11 000
PMTs; they see the occasional flashes
of bluish Cerenkov light emitted
from interactions of incident neutri-
nos with the water. At the time of the
accident, the Super-K team was refill-
ing the tank after replacing burned-
out PMTs and making other
upgrades. Nearly all of the PMTs
below the water line popped. The tank
also sprang a minor leak.

For the first resuscitation phase, the
surviving PMTs, plus some spares, will
be spread evenly around Super-K. At
half the usual density, the lowest-ener-
gy signals will be lost, so some solar
neutrinos won't be detectable, and pro-
ton decay, if it actually happens, will be
harder to observe, but atmospheric and
other studies could resume. “This is
good enough for the time being,” says
Totsuka.

Scientists are especially eager to
restart the K2K experiment. In K2K,
%\ which is intended to
verify Super-K’s spec-

SHARDS: Most of the
photomultiplier tubes
that were below water
popped in a chain reac-
tion that has incapacitated
the Super-Kamiokande
neutrino observatory in
Japan. (Courtesy of the
Institute for Cosmic Ray
Research, The University
of Tokyo.)
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Neutrino Interactions

* Inthe region of interest for T2K, <14 —  cross-sections —
e A i
large contribution from charge St e Total (CC+NC)
current quasi-elastic scattering: g |
o 2 1 F
ve’vp — - € !u ’?‘c- I Total (CC)
wr o 0.8 |
n T p - 0.6 _ CL Quasi-elastic -
T2K signal at SK 0.4 ] A\ o
* Also significant CC contribution o f \ s
with pion in final state 20 ) A ——
. . 0 y e ot Nl s a L a ol s s aa La s bl assaloaaalaaag
« NCm is a major background 0 0.5 N\ 152 253 35 E(‘é:ws
mode from electron appearance: ‘
vV — —v T2K beam

€, 1,7 e,n,T

y Photons from 7’ can

y fake electron signal
n

peak energy
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Reconstructing v Energy

€  Fully reconstructed

Assumed at rest
in lab frame

(&

Direction known
(beam direction) P

TR
2[M —E,+VE —m’cos0,|

* Only final state lepton is reconstructed

* Neutrino energy can be determined with certain assumptions:

- Neutrino direction is known (beam direction)
- Recoil nucleon mass is known (use neutron mass)
— Target nucleon is at rest (not quite true; introduces smearing)

13 Feb 2014 M. Malek, Imperial College



Ve Signal & BG (at SK)

» Oscillation signal:

I 8(“
n ¢

P (undetected)
* Beam ve background:

V € Beam background
e has harder energy
spectrum

1.56 + 0.20 evts (2012) P (undetected)

* Neutral current ni°® background:
b

v no Ca_n be _removed
| Y by identifying
second photon ring
1.26 + 0.35 evts (2012) N+others

(undetected)

13 Feb 2014 M. Malek, Imperial College



* New likelihood fitter used to distinguish
electrons from m°

« Assumes two electron-like rings produced at a
common vertex

e Uses 12 parameters In fit:
 Vertex (X,Y, Z,T)
» Directions (81, @1, 02, ©2)
« Momenta (pz, p2)
e Conversion lengths (ci, C2)

e This 2D cut removes 70% of the 7t°

background remaining after previous
selection applied (for same signal efficiency)

« Total background is reduced by 27%

6.74 BG events - 4.92 BG events expected
(in full Run 1 — 4 dataset)

[Likelihood Ratio vs m° Mass]
(T2K Monte Carlo)

In(L /L)

50 150 200 250
7° Mass (MeV/c?)

13 Feb 2014 M. Malek, Imperial College



T2K-SK ve Event Selection

Number of events

Number of events

—— RUNI1-4 data
L < (6.393x10°POT)
80 I Osc.v,CC
- :l Vp+vu cC
v+, CC
[ NC
60 - (MC w/ sin*26,;=0.1)
- single ring [multi-ring
40
20 +

-10

0 10

Ring-counting likelihood

10

-100 0

—+— RUNI1-4 data
(6.393x10™'POT)

[ Osc.v,CC

vy, CC

vy, CC

W NC

(MC w/ 5in’20,,=0.1)

100 200

Distance from n° cut line

13 Feb 2014

)0

)0

20

10

—+— RUNI1-4 data
(6.393x10*’POT)
| I Osc.v,CC
I:l V.u‘vu CC
I v+, CC
| B NC
(MC w/ sin’20,;=0.1)

)0

)0

-10

re-like «—
30

u-like

10

PID parameter

FCFV ]‘I'Ihg e‘l[x,e EV]'S Decay\f‘yre(‘

—+— RUNI1-4 data
(6.393x10*’POT)

I Osc.v,CC

vy, CC

1 vV, CC

[ NC

(MC w/ sin’20,;=0.1)

d Tol[n

Ve Selection Criteria
- # clustered veto hits < 16
- Distance to wall > 200 cm
-#ofrings=1
- PID of ring is e-like
- Visible energy > 100 MeV
- no Michel electrons

- New 7° cut

(O < Ev <1250 MeV

M. Malek, Imperial College



A Typical ve Candidate

Super-Kamlokande IV
T2K Beam Run 0 Spill 1039222
Run 67969 Sub 921 Event 218931934

10-12-22:14:15:18

T2E beam dt = 1782.6 ns
Inner: 4804 hits, 5970 pe
Outer: 4 hats, 3 pe
Trigger: 0x80000007

D wall: 244.2 om

e-like, p = 1045.0 MeV/o

Charge (pe)
¢ »26.7

visible energy : 1049 MeV
# of decay-e :0

2y Inv. mass :0.04 MeV/c?
recon. energy : 1120.9 MeV

200 -
DlllllllllﬂlL\Allllll

0 500 1000 1500 2000

Times (ns)
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Ve Vertex Distributions

Vertex distributions for ve candidates at the far detector:

2000 2000
T H
| * LN :
£1000 1000 ¢ v H
3 : ° . -+ M
E \: . :
8 () > 0 o . )y
(o8] f:." K . .
>< D .
g - . -
21000 -1000 o
- ™Y .
R s sssssasnn v at
J
-2000 S=———— — el . -2000 bt . . . m—
-2000 -1000 0 1000 2000 0 1000 2000 3000
!
Vertex Beam Z (cm) Vertex R“ (cm”) x10
(- — i
RUN1+2+3 RUN4 RUNI1+2+3+4 R
Dwall 34.4% 54.7% 20.9%
Fromwall beam 6.04% R5.6% 8.93%
R+ Z 32.4% 98.1% 64.5%
\_ J
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Near Detector Constraint

GOAL.: Constrain neutrino flux & cross section parameters used for
oscillation prediction (via MC) at T2K far detector

Error on Far Detector v_ Prediction
(After Near Detector Constraint)

Runs 1-3 Runs1-3 Runs1-4

(2012) (2013) (2013)

sin?2015=0.1 4.7% 3.5% 3.0% e Significant reduction for
event rate errors at the

- _
SiN%2613=0.0 6.1% 5.2% 4.9% far detector

Error on Cross Section Parameters
(After Near Detector Constraint)

 Uncertainties on the
Cross section & flux

Parameter Runs 1-3 (2012) Runs 1-4 (2013) parameters have been
M °= (GeV/c?) 1.27 £{0.19 1.22 #40.07 reduced

M RES (GeV/c?) 1.22 £0.1 0.96 4 0.06

CCQE Norm. 0.95 +/0.09 0.96 4 0.08

CC1m Norm. 1.37 £\0.20 1.22 20.16
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Ve Appearance Analysis

o

Number of V. candidate events
=
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Expected background:

- 4.92 + 0.55 events

With the following assumptions:

Sinz(2613) = 0.1
Sin2(2023) =1
ocp =0

normal mass hierarchy

the expected signal is:

- 21.6 £ 1.8 events
- 5.50 sensitivity to exclude 0::=0

Oscillation parameters were extracted

with two parallel analyses:

Using the 1D Ev distribution (top)
Using the 2D p-0 distribution (bottom)
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Ve Appearance Results

« 28 ve events observed (recall 21.6 + 1.8 expected for sin2(2613) = 0.1)

. Comparlson to nuII hypothesis gives 7.30 significance for 813z # 0
P Nt S £ S -

“:; - 7 ﬁ i L L L L L L E
E | (\I-l 5 5— ...... An];’:dfo —:
= Normal Hierarchy 1 s
- - - E < 90% CL (Am3,<0) ¢ e
5 - 90% CL . g|=t "
0.5+ . —— Best fit H s E
IE PDG2012 16 range. 3 o3
"5\ 1: T "I"\"'I“"I"": : a
<05 g 1 05
oF y Ocp ()

! ] Tension with 01 3 measurement at
-0.5F Inverted Hierarchy reactors gives some sensitivity to &
N § > Some regions excluded at 90% CL

N | TN T R W R S N I > — i i
056501 01503 056303554 o0 = —m/2 preferred for both hierarchies
si1132613
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Constraint on the matter—-antimatter
symmetry-violating phasein neutrino
oscillations

Nature | Vol 580 | 16 April 2020 | 339
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SNO - A “smart” solar neutrino
experiment.

® Solar neutrino problem: the electron neutrino flux coming from
the sun is “lower” than the flux expected from the solar model

® the solar model is wrong;
® the neutrinos oscillate during the travel.

® The idea of SNO is: we built a detector able to measure neutrinos
from the sun, BUT not only electron neutrinos, also muon and tau
neutrinos. This can be done detecting 3 different reactions:

ev+d2>p+pte (CC—onlyv,)
ev+d=2p+n+v (NC-all three flavours)
evte2VvVte (ES — all three flavours BUT different rates)

* A deuterium target (Heavy water tank) helps if I can detect
electrons or neutrons from the very rare reactions

* Going deeply underground helps to reduce the background

Methods in Experimental Particle Physics 16/01/19



SNO - few numbers

Neutrinos from the sun are few MeV neutrinos, cross-
sections are ® 10** cm? (very small)

Neutrinos from the sun fluxes are of the order of ~ 10°
cms!,
How many neutrino interactions can I get, given an amount

of deuterium nuclei ?
N=0o,gN, =107°N (s7")

If T want at least O(10°) events in one year O(10” s) we need:
N, =10

How can I get a sample of 1032 deuterium nuclei ? A tank of
1000 tonns of heavy water contains

6
) M ~2><10 Kg=6x1031

Methods in Experimental Particle Physics d MDZO 20 x My 16/01/19



SNO - detector

* Logic: tank of 1000 tonns of heavy water and PMT to see
Cerenkov light
® from electrons in case of ES and CC reactions
® from 6.25 MeV Y from capture of neutrons from detuterium in

case of NC reactions (after thermalization of the neutron)

® The three reactions can be disentangled in terms of three
measurements:
Energy (of electrons and of gamma through Compton or pair production)
Radius (in terms of (R/R)?, uniformity of the scattering position)

cosB_ (depends on the correlation btw electron directions and primary

neutrinos)

Methods in Experimental Particle Physics 16/01/19



SNO - detector sketch

Main features:

2070m below ground in INCO's Creighton mineDeep
Sudbury mine (Ontario, Canada)

Heavy water tank 1000 tonns

Light water envelope 7000 tonns

Sphere of 10000 PMTs around the envelope (inward
and backward)

High water purity with controlled quantity of NaCl in
Heavy Water tank (to enhance NC detection)

Each PMT measures charge and Time
=» Cerenkov ring =>» direction and energy

@ Methods in Experimental Particle Physics 16/01/19



SNO event

Methods in

=l
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SNO_Event Di

L Events.zdab 12368583 _:J;ﬂ,

Display Data Windows 15
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SNO - variacples uEsSed

0.1 0.15 Fr——TTg
0075 o |
Energy 0.05f 5
: . 0.025F 0.05}
NB solar neutrinos energies ~ 7 | g
0F- 0
E, <15 MeV
g
L0
0.1
b n
& 0.075} 8'32;
: 2 005} 04t
Radius E 0025 0.02f
s :
E 0 00
0.04 | 0.4}
Direction 0.02f 1 02}
0 e o 0'1,,.
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cos@9

v+d2>p+p+te (CC—onlyv)
vV te2vte (ES — all three flavours BUT different rates)
v+d=2>p+n+v (NC-all three flavours)
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SNO

dcc =
= 2.39"
= 5.09"

®Es
e

¢(ve) =
¢(vp,r) =

results

dcc = P(ve),
¢es = ¢(v.) + 0.1559¢(v,. ),
dne = ¢(ve) + ¢(vp.t)s

1.76700° (stat.) "0 0o (syst.) x 106 cm™2s7!,

1.76*
3.41F

0.24
-0.23

0.44
0.43

0.05
—0.05

0.45
—0.45

(stat.)”
(stat.)

(stat.)™

0.12

0.12

+0.46
—0.43

(stat.)*0:00

0.48
0.45

(syst.) x 10 cm~2s

(syst.) x 10°cm™2s

(syst.) x 10% cm™2s~

(syst.) x 10% cm™2s
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SNO - result interpretation
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Figure 5: SNO’s CC, NC and ES measurements from the DO phase. The x- and y-axes are the inferred fluxes of electron
neutrinos and muon plus tau neutrinos. Since the NC and ES measurements are sensitive to both v, and v, /v,, the ES and
NC bands have definite slopes. The CC measurement is sensitive to ve only, so has an infinite slope. The widths of the bands
represent the uncertainties of the measurements. The intersection of the three bands gives the best estimate of ¢, and ¢..
The dashed ellipses around the best fit point give the 68%, 95%, and 99% confidence level contours for ¢, and ¢e. The flux
of neutrinos predicted by the SSM is indicated by ¢ssm.
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