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Lepton Mixing With Unitarity 2
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Lepton mixing matrix mixes the mass states into
the flavour states as is the case for quark mixing.
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Our current measurements of neutrino oscillations
assume unitarity > 6 parameter problem:

3 angles 6;;

1 complex phase 6

2 mass squared splittings Am;;

+ Unitarity

€13

VAP + U312+ USBP =1, a=epr,

/ U+ U P+ U =1, i=1,2,3,
UatUsy” +UasUsy" + UosUpy”™ =0, a8 =e,pm, a#p,

C
USUS™ +UXUY +URUY" =0, i,j=1,2,3, i#].

Unitarity conditions on rows and columns
preserve neutrino oscillation probabilities.
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Lepton Mixing Without Unitarity
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U, |U.,| U,s Without unitarity > 15 parameter problem:
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We can measure the matrix elements directly as a s
model-independent test for unitarity as is done in —_—
uark sector [V Uz Ve Uen |
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If this matrix is non-unitary it could hint that the 3v : : : :
mixing matrix is a sub-matrix of a larger lepton \Us,1 Us,2 Us,3 Us,n)

mixing matrix > sterile sector.




Current Measurements 4
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Modification to Atmospheric Oscillations 6

Since the U,; no longer necessarily obey the unitarity conditions - get a ‘zero-distance’
effect: L Elndeoen ent term

2
Poop = |z UgiUpi
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Compare P(Unitary) — P(Non—Unitary) = eg P(|U 3| = 0.663) — P(|U ;5| = 0.653)
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Super-Kamiokande
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Super-Kamiokande Atmospheric Sample 8

Three main classifications of
atmospheric neutrino events

N
N~

"~

/

Fully Contained Partially Contained Uf)ward-Goingu
~10/ day ~0.6 / day ~1.5/day

Particle identification

Kajita, Takaaki. (2004). Atmospheric Neutrinos. New Journal
of Physics. 6. 194. 10.1088/1367-2630/6/1/194.
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Lower Energy Neutrinos (< 1.33 GeV) 10
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Multi-GeV v,-like

Higher Energy Neutrinos (> 1.33 GeV) 11
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Cosine Zenith Angle
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Fitting Method 13

* Form grid of points in x number of parameters that want to fit and
test each combination of parameters for (fake) data-MC
agreement - grid becomes extremely large quickly for large x

e Minimise for sum of n bins

0
x° =2(En—0n+0nln—n)+26i2
En

n [
where:

0,, is observed events in nth bin
€; Is ith systematic pull in units of o

E, = Eo(l + 2 fle ) Is expected events in nth bin for nominal MC
events EQ scaled with fractional change fn from systematics
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Electron row fixed |U,;| = (0.823,0.548,0.148). CP phase §=-1.75 included. Am55;=0.0024 eV2, Am%,=7.53x 105 eV2,
Thus, only performing 6-dimensional sensitivity here where unitary case in normal hierarchy is nominal.
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Summary 15

* Studies for lepton mixing matrix unitarity are increasing as
neutrino experiments become more precise

* Can use atmospheric neutrinos to better measure muon and tau
row elements

* Super-K has over 7000 live-days of atmospheric neutrino data
available to provide sensitivity to the matrix elements

Future Work

* Measure more of the mixing matrix parameters simultaneously
iIncluding complex phases

* Complete a fit using Super-K pure water data
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Atmospheric Neutrino Oscillation Probability:
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Modification to Atmospheric Oscillations

Since the U,; no longer necessarily obey

the unltarlty conditions

> get a ‘zero-distance’ effect: L, E

independent term

Pyop = z UgiUpi

2

[>j

+ 2 z Im (U;iUﬁanj Uﬂ*j) sin® (Amizj T

i>j
On the right, compare

P(| 3|_0663) P(|U

L

13| = 0.653)

(Unitary) — P(Non— Unltary)

S
_42 Re ( UmUﬁan]Uﬁ])sm (Amu 4E>

)

P(v, — Vo)
[
? 1
< |
L]
£05—
o [
O -
ol
70.5;
_17 \HIHl L \\\HH‘ 1 \\\HH‘ L \\HIH' L
—2 —1 2
10 10 1 10 Energweev)
Normal Hierarchy
PV, — Ve)
o
? 1
< | -
£
g
o
£05—
je] L2
0 =
obs
705_
717 | LA HI‘ ‘ \HIHl L
1072 10 1 10

2
EnergNGeV)

0.3

0.2

0.1

Cosine Zenith Angle

=05

-0.5

505

Cosine Zenith Angle

-05

1

P(v, — Vo)

18

107!

1 10

2
EnerngeV)

Inverted Hierarchy

PV, — Ve)

.0.3

—0.2




In Context With Literature
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