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Conventions: PMNS mixing matrix
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Conventions: Mass-squared spectrum
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The presence of two small dimensionless parameters,

dm?2/Am2 ~3 x 102

sin%0,3 ~2x102

allows useful 3v—=>2v approximations and
simplifies the understanding of phenomenology

In particular, experiments so far are sensitive to either 8m? or Am?
(in first approximation)
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Initial Typical Typical

flavors E L
Long-baseline reactor neutrinos: Ve few MeV 0(10%) km
KamLAND
Solar neutrinos:
Chlorine, Gallium, Super-K, SNO, Borexino... Ve O(1-10) MeV 1a.u.

AmZL/4E > 1 - mainly sensitive to dm? (+ averaged Am? oscillations)
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S e EEEE : ------------------------------- N
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1
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Atmospheric neutrinos: — - i
MACRO, MINOS, (Super)-Kamiokande, IceCube... Vi Ve >0(0.1) GeV 0O(10**) km !
1
1
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dm2L/4E < 1 - mainly sensitive to Am?
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Initial Typical Typical

flavors E L
S e EEEE : ------------------------------- N
Short-baseline (SBL) reactor neutrinos: Ve few MeV O(1) km \\I
CHOOZ, Double Chooz, RENO, Daya Bay... :
1
1
Atmospheric neutrinos: — - i
MACRO, MINOS, (Super)-Kamiokande, IceCube... vy Ve >0(0.1) GeV O(10¥*) km !
1
1
1
Long-baseline (LBL) accelerator neutrinos: Y 53 !
K2K, OPERA, T2K, NOVA... oo O(1)Gev  O(107")km }

N R N NN NN NN NN RSN NN NN NN NN NN NN NN NN NS NN NS SN NN NS NN NS NN NN NN NS NN NN NN NN NN NN NN NN NN NN NN SN NN NN NN NN NN SN NN NN SN NN RN SN NN NN SN NN NN NN NN NN NN NN NN NN NN NN NN SN RS R N R S

dm2L/4E < 1 - mainly sensitive to Am?

What about A/Am? for these expt’s? (matter effects)

SBL reactors: negligible
LBL accelerators:  small
Atmospheric: sizeable in principle but ...

~decoupled from leading v, =2 v,

In first approximation, set both 6m?=0and A=0->



Exercise: Dominant Am? oscillations in vacuum

For experiments with dominant Am? oscillations, the probabilities are:

Am2z
P,,=1—4|U.s|?(1 — |U,3|?)sin? [ ——=
Uas|“(1 — |Uqs|”) sin WG
A 2
Pog = 4|Uq3|*|Ug3]? sin? % , a# [

Note that, in this approximation, the probabilities do not depend on:

e CP violation phase o

® neutrino/antineutrino distinction
® mass ordering = sign(Am?)

® mixing angle 0,




This class of experiments ~probes Am? and the
mixing matrix elements |U ;| of v with v,=(ve, v, v.)
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Relevant phenomenological channels:

P(ve = v.) ~ 1—sin*260;5sin” (AZL”EQL)

- 2 2 .2 ( Am?L
P(v, = v.) =~ 853sin”260;3sin ( e )

2

Py, — v,) 1 — 4ctss35(1 — ¢73533) sin” (%)

o A4 2 Am?L
P(v, - v,:) =~ ci3sin 2923( Voo )
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Short-baseline reactor experiments

P(ve = v.) ~ 1—sin*260;5sin” (AZL”EQL)
P(v, = v.) =~ s3;3sin®20;3sin’ (A )
Py, —v,) =~ 1—4c3s25(1 — c25525)sin? (

2

4 32 Am’L
P(v, = v;) 13 sin 2«923( Voo )

Am?L

4F

)
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SBL reactor expt’s: testing anti-v, disappearance

Production: Intense sources of anti-v, (~6x102%s/reactor)

Typically, 6 neutron ~200 MeV per fission / 6 decays:
decays to reach stable Typical available neutrino energy
matter from fission: E~ few MeV
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Detection

Reaction Process: inverse B-decay
v,+p— e +n

n+p-d+y

Scintillator is target and detector

* Distinct two-step signature:

* prompt event: positron
E,~E . +08MeV

* delayed event: neutron capture
after ~210us

- 2.2 MeV gamma

Delayed coincidence: good background rejection

Scintillator

The v,energy spectrum

Reactor v, spectrum (a.u.
Ve SP ( )l |Observed spectrum (a.u.)l

Oscillations = Spectral distortions

70 // /O-

30

20

v tp—n+te* cross
section (10-43 cm?)

10

---- Oscillated

— No Oscillation

"~
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E, (MeV)
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The short-baseline reactor experiment CHOOZ (1998+)

b 2 A A5 AR R K 2 .
| low activity gravel shiclding |
T T I ]

No spectral distortion found within uncertainties.
Probably (one of) the most cited negative results ever!

First data: Phys. Lett. B 466, 415 (1999) >2000 cites
Final data: Eur. Phys. J. C 27, 331 (2003) >1500 cites
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Am?2 |

(eV?)

10

CHOOZ exclusion plot

Interpretation

|

—~—

g
o
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analysis A
analysis B
analysis C
90% CL Kamiokande (multi-GeV)

90% CL Kamiokande
I |

| | L 1

(sub+multi-GeV)
L il

In our approximation:
Pee =1 —5sin%(20,3) sin2(Am?L/4E,)

For any value of Am? in the range
allowed by atmospheric v data (next
slides), get stringent upper bound on 643

sin?20,; < 0(10%)
(depending on Am?)

[... At that time, nobody could know that
U;3 was just behind the corner: less than
a factor of two in sensitivity!]

Need to use a second (close) detector

to reduce syst’s by far/near ratio 2>

0.2 03 04 0.5 0.6 0.7

0.8 09 1

Sin2(2913)
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SBL reactor expts with near & far detectors (ND & FD)
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2012: discovery of 0,5>0! (sin20,5~0.022 at ~fixed Am2)

0.95

Daya Bay

i L lllllllllllllllllllllll
0 02 04 06 08 1 12 14 16 18 2

Weighted Baseline [km]

Daya Bay (& RENO): disappearance at FD w.r.t. ~“unoscillated at ND

Double Chooz results with FD were also consistent with Daya Bay & RENO.

Interestingly, approximate value of 0,5 was previously hinted from other data:
weaker signals were also coming from other experiments < 2012 (see later).
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Latest Daya Bay results (PRL 2023)
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Precise measurement of
both Am? (“mass”) and 043 (“mixing”)
oscill. parameters in v.2> Vv, channel

0 Y2 osc. cycle in L/E!

Position of oscillation dip in L/E

determines Am2, while depth fixes 0,3
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But... barring prejudices in favor of “small” mixing:
How can one break octant symmetry and tell

sin22913 = 0.085 [> sin2013 =0.022 from sin2913 =0.978?

0075 008 0085 009 0095 0 0.5 1.0
sin220; sinZ20,;

The allowed octant for 6,5 (the first) was already clear in the same year of the
CHOOZ results (1998), thanks to the discovery of atmospheric neutrino oscillations >

19



Atmospheric neutrino experiments

P(ve — v,)
P(v, — ve)
Py, = vy)

P(v, = v;)

2

2
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1 — 4eizsis (1 — cfys33) sin® (
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)
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Atmospheric neutrinos:
The 1998 Super-Kamiokande breakthrough

endence
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Production

Cosmic rays hitting the atmosphere can generate secondary
(anti)neutrinos with electron and muon flavor via meson decays.
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Primary flux affected by large ... but (anti)neutrino flavor ratio
normalization uncertainties... (n/e ~ 2) robust within few %

22



/- renith
¢ angle

down-going

up-going

Moreover: same v flux
from opposite solid angles
(up-down symmetry)

[Flux dilution (~1/r?) is
compensated by larger
production surface (~r?)]

Should be reflected in
symmetry of event
zenith spectra, if
energy & angle can be

reconstructed well enough
23



Detection in SK

Parent neutrinos detected via CC interactions in the target (water).
Final-state M and e distinguished by # Cherenkov ring sharpness.
(But: no charge discrimination, no T event reconstruction). Topologies:

.
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Early results - SK zenith distributions

SGe

MGe
SGH
MG
uSp
uTu

Sub-GeV electrons

electrons ~OK

Multi-GeV electrons
Sub-GeV muons
Multi-GeV muons
Upward Stopping muons
Upward Through-going muons

Super-Kamiokande (92 kTy) . SK data
e, u zenith distributions ---- Best fit (standard oscillations)
ormalized to no oscillation —— Best fit + systematic shifts
1 .8 \ 1 \ 1 1 1 1 1
16 SGe\ MGe SCGu MG USu UTw

c sﬂz

<

No OsC.

muon deficit from beJow



Observations over several decades in L/E:

v, induced events: large disappearance from below
v, induced events: almost as expected

Interpretation via oscillations: P, ,<1and P, ,~0

Plve > ve) ~ 1-— sin? 265 sin? (ATE2L>

P(v, = v,) =~ s53sin”260;3sin (

P(v, = v,) =~ 1—4c3;3s35(1 — c353525) sin? (AZ’EzL>

.2 Am’L
Py, —v;) =~ cissin 2923( = )

- Need 0,5 zero or small (consistent with CHOOZ in 1st octant of 03)

- Need 0,3 sizeable, around sin20,5~ 0.5
- Dominant v, v, oscillation channel with Am? ~ 2.5 x 103 eV?

- Small role of v, and of matter effects (if any)

Results were consistent with other atmospheric experiments using
different techniques (MACRO, SoudanZ2) but with lower statistics
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+ Dedicated L/E analysis in SK to “see” half-period of oscillations

-----------------------------------------------------
L]

““““
o .

1st oscillation dip still visible Strong constraints on the
despite large L & E smearing parameters (Am?2, 0,5)
§1-8 10_2_ — T T T T T
16 Am? ~ 2.5 x 103 eV?
= ~No OSC.
5 1.4 | | 0,; ~ /4
212 dip |
E, 1 l averaged :\%
d osc. = | P ol
.§ 05 + t 1 E
© 0.6 + = £
5= S B (O <19 & < o L N S 99% C.L.
— 90% C.L.
) - 68% C.L.
©
o o0 > 3 “"'4 10'311.1.1l111l
1 10 10 10 10 07 075 08 08 09 095 1
L/E (km/GeV) sin200

In recent years: also consistent with high-stat. IceCube atm. Data

+ statistical evidence for v_ appearance
+ sensitivity to subleading effects
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Considering all oscillation channels, current atmospheric v data
are consistent with small nonzero 05 in this approximation...

P(v, = v;)

.2 .2 [ AmZL
P(ve - v.) =~ 1—sin”26;3sin ( o

P(v, —v.) =~ s3;3sin®20;3sin’ (

2

Plv, —v,) =~ 1—4c3s25(1 — c25525)sin? (

2

. 2
cts sin” 203 (AZ”E L)

AmQL)

... and actually have some sensitivivity to 3v + matter effects

beyond this approximation, testing

8, NO/IO (Lecture IV)
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Long-baseline accelerator experiments

“Reproducing atmospheric vy physics” in controlled conditions

P(ve — v,)
» Py —ve)

» Py, — vy)
» Py, —vr)

2

2

2

2

2 [ Am®L
1 — sin® 2643 sin ( 15 )

52, sin® 20,5 sin” (A )
2

2 2 2 ( Am?L
1 —4ci3855(1 — 613823)Sln (—4E )

4 142 Am?L
i3 Sin 2923( B )
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Long-baseline neutrino experiments
K2K, T2K (JP) , MINOS, NOvA (US), OPERA (CERN)

Soudan .k_

(3

-
-
-
-
.
.
-
.
-

M t.Yariga take NearDetectors KEK

% 3,180m
Super-Kamiokande \\") i)
tdkeno ] ‘ RN |
AR

Minnesota
- LEP - LHC
Wisconsin %’
\
\
|owa ‘. France
Fe"ni'.b 7 " Switzerland
CERN @il
lllinois
N
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Production (e.g., MINOS)

Absorber Muon Monitors
Target D " \ = | MRS
ecay Pipe e | B | B
\ Target Hall y Xip e v. R v RO v R
120 GeV N . 4l ~tHE-=»
rotons — I, e XA SR
From #1 S = \ \»: MRS ‘
Main Injector Horns nt Tk 5 S .l N
10m  30m w4 4 4
675 m K K e
5 5m
Hadron Monitor 12m 18m  300m

7 decay: v energy is only function of vt angle and ©t energy
Spectra:

v, CC Events / kt/ 1E21 POT / GeV

g

20 25

1
10 15
E, (GeV)
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(Far) Detection

K2K, T2K: Cherenkov technique in SK
MINQOS, NOvVA: Scintillator detectors

Vu CC Event NC Event V. CCEvent

e Long muon track + e Short showering e Short event with
hadronic activity at event, often diffuse typical EM shower
vertex profile

K2K, MINOS, T2K, NOVA supplemented by near detectors
to constrain neutrino cross sections and to measure P



Early oscillation results in muon neutrino disappearance mode, Puu

events / 0.2 GeV

)
Ratio to no oscillations

>

G 10F

s [ 4
R e R e e ="
> [

m _

S B

é 107

e f T2K
8. 10—2 ; z f 1 z A 1 X %
@) 0 2 4 =5

Reconstructed v Energy (GeV)

K2K | MImOS #

——

+ - MINOS data
Best oscillation fit

Best decay fit

Best decoherence fit |

1 1 1 1 1 1
(o] 5 10 15 20 30 50
Reconstructed neutrino energy (GeV)

Ratio with unosc. (bkg subtracted)

..... T | | |8

Heconstructed neutnno energy (GeV)

15t oscillation dip observed in energy spectrum
(equivalent to L/E spectrum since L is fixed).

[Exotic explanations without dip (decay, decoherence) excluded]
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Testing dominant v,=2v, oscillations via direct T appearance: OPERA

e the OPERA hybrid detector, -

lllll
"

scintillator trackers

/]

i e

I~
Pb

%mulsion layers

interface films (CS)

Finding needles
in a haystack...

10 “t needles” found! (consistent with expected signal)
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Interpretation of LBL disappearance data

Dip position and depth determine Am? and 0,5
Osc. parameters consistent among atm and LBL experiments

Old-fashioned way to present constraints in terms of 20, :

4 .O T I T T I T I T T I T I } T I T I i T I T I T T ]
. MINOS PRELIMINARY 90% C.L.]
o~ - — MINOS: 37.88 kt- yAtmospherlc ]
N\ 3 5_ 10.71 x 10%° POT v, Mode -
> V-1 3.36 x 102 POT v, Mode -
D [ — MINOS: 10.71 x 10%° POT v, Mode
™ 3 O‘_ ------ Super-K zenith angle*
o vY-vyib —SuperKLex _-~—
<~ [ — T2K**
- |
:2.5_—
NE B
B *Neutrino 2012
L **PRD 85, 031103(R) (2012)

1. o
0.75 0.80 0.85 0.90 0.95 1.00
sin(26)

The format of such “2v” plots is, however, obsolete...
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In particular, we know that 0,3>0 from SBL reactors:
What about u—>e flavor appearance in LBL experiments?

- Observed in T2K & NOVA; e-like event rate consistent with reactors’ 03!

v-beam
S0FLow CNN,,, High CNN_,
+ FD Data - Best-fit

t

40 pred.
. —r .WS bkg. 1-o syst.
—+— Data ] sof ange: .o

Best fit 4
77777 Background component-

Fit region < 1250 MeV |

8 :— - Beam S

Peripheral

_

Events

Number of v, candidate events
N
T

Peripheral

2

0. 500 1000 . 1500 . >2000
Reconstructed neutrino energy (MeV)

e S S B S
Reco. v,/ v, energy (GeV)

e.g., T2K e.g., NOVA

(Both neutrino and antineutrino channels tested)
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In particular, we know that 0,3>0 from SBL reactors:
What about u—>e flavor appearance in LBL experiments?

- Observed in T2K & NOVA; e-like event rate consistent with reactors’ 03!

For 0,5>0, relevant appear./disapp. probabilities are 0,;-octant asymmetric,

P(v, - v.) =~ s2sin®26;3sin’ (

Am?L
AF

£

P(v, = v,) 1 — 40%33%3(1 — 0%3333) sin? (Am2L>

4F

sin220,; > sin%0,; !
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Examples of early (slightly asym.) ATM+LBL plots in terms of sin2923

SK, T2K, MINOS 2015

|AmZ,,| (eV?)

0.004

0.0035" — MINOS Beam+ Atm 3f

0.003

0.0025|

0.002

: : :
| — Super-K Atm. v Preliminary

T2K Vi Runl-4

/ \\\\

Normal Hierarchy
L

0.001 % -

0.4 06 0.8
sin%0,;

Am3, (10° eV?)

NOvA 2016

35

NOVA 6.05x10% POT-equiv.

Normal Hierarchy

| No FC Correction

= 90% C.L. NOvA 2016

03

04 05 0.6

IceCube +all, 2017

c

W

w
[}

2] (107%eV?)
>

2
|Ams,
NN
N

e
=)

g
=)

2
©

= [C2017 [NO] (this work)
+  MINOS w/atm [NO]

| == T2K 2017 [NO]

+ SKIV 2015 [NO]
=+« NOvA 2017 [NO]

90% CL contours

0.5
sin’ (023)

0.4

0.6 (
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Examples of early (slightly asym.) ATM+LBL plots in terms of sin2923

SK, T2K, MINOS 2015 NOvVA 2016 IceCube +all, 2017
0.004 , : . . ‘ ‘
[ — Supér-K Atm. Vv Preliminary 35— | NOV;\I6_05X102° PI()T.equiV_ | ) — 1C2017 [NO] (this work) = SKIV 2015 [NO]
_ T2K v, Runi1-4 i " Normal Hierarchy ) 34f... MINOS w/atm [NO] -+« NOwA 2017 [NO]
000351 — MINOS Beam+ Atm 3f I —— 90%CLNOvA2016 | 3.2l == T2K 2017 [NO]
& &\\ : N
> 0.003 // \ =
() \ ‘'~
- | - | i
“‘Em 0.0025| i ‘[ e i ,,)/ i “f
ﬂ \\ ;i// 7 ; .‘:
0.002|
Normal Hierarchy
0.001 : ] i 2.0 ; 90% CL 1contours 1
32 04 % 0.6 0.8 o o =i !
=i sin’ (023)

Not well established how close is 0,3 to /4 (maximal mixing).
If nonmaximal: first or second octant? > “octant ambiguity”

Current frontier in LBL/Atm oscillation searches: probe subleading

effects related to 0,3 octant, matter, NO/IO, 8¢p, m?, 0,5, ...
(Lecture IV)
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Let us now discuss
Oscillation searches mainly sensitive to 0m?

Initial Typical Typical
flavors E L
Long-baseline reactor neutrinos: Ve few MeV 0(102) km
KamLAND
Solar neutrinos:
Chlorine, Gallium, Super-K, SNO, Borexino... Ve 0(1-10) MeV 1a.u.

—————————————————————————————————————————————————————————————————————————————————

AmZL/4E > 1 - mainly sensitive to dm? (+ averaged Am? oscillations)

A/dm?2 (matter effects) negligible for KamLAND but not for solar neutrinos

40
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Exercise: Dominant om? oscillations in vacuum with averaged Am?

For dm2#0 and Am2=00, the e-flavor survival probability in vacuum is:

5 ((OmAw

ﬁ + Siﬂ4 913

P.. ~ cos* 013 |1 — sin? 26, sin

Applicable to the KamLAND experiment.
Note that this e-flavor survival probability does not depend on 6;;.

For E ~O(MeV), below u and T production via CC,
one probes only v, disappearance and P,
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Dominant dm? oscillations in vacuum with averaged Am?

For dm2£0 and Am?2=00, the e-flavor survival probability in vacuum is:

5 ((OmAw

ﬁ -+ Siﬂ4 913

P.. ~ cos* 03 |1 — sin® 2615 sin

Applicable to the KamLAND experiment.
Note that this e-flavor survival probability does not depend on 6;;.

Note that this probability is of the form:
3v 2V 2 4
P2 ~ ¢35 P2 (0m?, 012) + s

This form holds also in matter for solar v (proof omitted)
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- Both KamLAND and solar v probe om? and the
mixing matrix elements |U_|? of v, with vi=(v4, v,, v5)

T
Ua Us Us]) || C12C13 $12C13 si3e”cp |
_ 3 7 7
lUul Upe UwJ = | —s812¢23 — €12893813€"°CP  ¢19Co3 — 812893 813€"°CP 823C13
Un Urz Usgs 812893 — C12C23813€"°CP  —C19893 — 812C23813€0CP C23C13

Next task: calculate P, in matter for solar neutrinos.
Steps: (1) find the effective 2v oscillation parameters

(2) apply to them the adiabatic evolution
(3) apply the previous 2v—2>3v correction
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Exercise: Relation between 2v oscillation parameters in matter and vacuum

The effective 2v parameters in matter can be written as:

sin 261 9 sin 2601

sin 2012 =

> §m? = om? ——
\/(cos 019 — %) + sin? 26015 sin 26012

where A = 24/2 G N E for neutrinos (A—=>-A for antineutrinos)

Note that:

e effective mixing breaks the vacuum octant symmetry 6,, 2 ©/2 — 0,
e for A/Om? K1 (vacuum-dominated) itis 612 =~ 0,,

e for A/om? > 1 (matter-dominated) it is 612 =~ 71/2

e mixing angle is resonant for cos8,, ~ A/om? (MSW resonance)

44



Adiabatic 2v transition probability for solar neutrinos

For a solar neutrino produced at x; and reaching vacuum:

P€2€1/ = COS2 912(331') COS2 912 + SiIl2 (912(567;) SiIl2 (912

(averaging out many oscillations along propagation)

This equation contains most of the relevant physics, up to subleading 2v—>3v
corrections (previously noted) and Earth matter effects (day-night differences).

Relevant limits:

1
Low E 2> A/d0m? < 1 (vacuum-dom.) > P..~1— 5 sin®2012  (octant sym)
High E > A/6m2 > 1 (matter-dom.) 2 P.. ~sin” 6, (octant asym)

At intermediate energies, A/dm?~0(1) = get info on om?
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Q

. 5

Iconic results from the Borexino experiment at Gran Sasso:
0.8 1 1 1 1 L 1 1 1 I ] T 1 I 1 T L] 1 I

0.7  pp =

0.6

0.4

0.3

L 1 1 1 L llll L L 1 1 L llll"r‘
e 1 10

Neutrino energy (MeV)

Monotonic transition, not periodic oscillation! Given the solar core density, the
vacuum-matter transition occurs in the middle of the solar vspectrum, allowing
us to measure dm? and 6,, (+ its octant): a |ucky “anthropic” coincidence...

More about solar neutrino and KamLAND reactor results=>
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Neutrine flux (cm2 s MeV-)

Solar neutrinos

ptp—od+et+y,

The pp chain

99.75%

pte+tp—od+y,

0.25%

}

D+p—3He+y
|

!

*He + He — *He + 2p
86%

 Gallium

l

‘He+*He » 'Be+y

:

*He+p—*Hete*+v,

l

¢+'Be = Li+v,

p+Li = 2*He
14%

Chlorine

p+’Be+—>%Be+y

B —>SBe* +et+ v,

Quper SNO

-
P
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0.015%
f
i
I

T

10"

Q"

10'°
10°
10
107
108
10
10
10°
10

Neutrino flux (cm-2s1)

Be pep

1 bt

LU |

] T

10"

3.0 10.0

Neutrino energy (MeV)

Flux (cm-2 s-1)

Solar neutrinos:
Production

pp (+CNO) cycle

1.7 MeV &
(max) .
He o
/ Ao /
~Te e e ot g
PRSI O
. ::: . . ::: .
. o . o
sy oy
f }
. : . . : .
. ::: . . :.: .
S M e
2 Tre.@n-v e
. o
+ °\
Electron (+) @ ! ZM(%”
(@ Photon |
© nNeutrino
I
]
1
/
lo‘. 'l' T T
1
101 F/—;Q - ", Bahcall-Serenelli 2005 1
ol
100 | ’,' Neutrino Spectrum (:1¢) 4
10° 1 7?8-' +10.5% 3
1N - Y
10° & ~LE== N
g pep-f2e% :
107 k- st |0 1
—————— [ '\:
10 1R~~~ ' 8 E
LEEne "Be~ :
108 +10.57%| //,I// 1
1
10+ / i p
1
109 E hep- 1 1
1
10 F (g = E
/
101t e Y 1' 1
0.1 1 10
Neutrino Energy in MeV
47



Detection

Radiochemical: count the decays of unstable final-state nuclei.
(low energy threshold, but energy and time info lost/integrated)

Cl+ v, —>3¥Ar+e (CC) Homestake

""Ga+v, > "'Ge+e (CC) GALLEX/GNO, SAGE

Elastic scattering: events detected in real time with either
“high” threshold (C, directional) or “low” threshold (Scintillators)

vet+te —>v, +e (NCCC) SK, SNO, Borexino

Interactions on Deuterium: CC events detected in real time; NC
events separated statistically + using neutron counters.

ve+td—o>p+p+e (CC
PP (cc) SNO (Sudbury Neutrino

v,+d—>p+n+v, (NC) Observatory)
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The “solar neutrino problem”

All CC-sensitive results indicated a v, deficit...

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2004

%8 5+1.8 %1311.{%
V-18 1.0+023 72 1.0+023 1.0+023
% -0.23 i / -0.23 -0.23
; % % % 0.90+0.08
| _ _ _
7 % Z
044810‘076715 ',/¢ ;///A 6945
0.41+0.01 %
2.56+0.23 |
A7 0.28+0.02
Zc 777
SAGE GALLEX
+
SuperK GNO SSO iﬁou
e
ca H,0 Kamiokande Ga D,0 D,0
Theory "Be mm PP, pep Experiments pgg
8B Il CNO Uncertainties

...as compared to solar model expectations
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Interpretation

In the “past millennium”: solar neutrino oscillations? Maybe, but...
- large uncertainties in the parameter space and/or the solar model
- no unmistakable evidence for flavor transitions (“smoking gun”)

53 E. T ..lj \ Eg’ in Gallium expts:
10—4 = =
5 F =
10 F E
10 ° ; o
& F > “matter” (MSW) solutions
b) E Bl
~ g B -
~ 10 F E
E 0° F -
«© : S
-10 F :._—_-'::— = j
10 E gési—%qaf ~
-1 F e e 1 .
10 1 Ga = ~ “just-so” vacuum sol.’s
16" B v il O e ] _
10* 10°% 102 10" 1 10
frsira2a0 + many “exotic”
- or no.n-osullatory
“small” mixing  “large” mixing solutions... 0



But, in 2002 (“annus mirabilis”), one global solution was finally singled

out by combination of all solar data (“large mixing angle” or LMA).
Solar constraints at 20 (%,5=0

B ey o ("" . ) For LMA parameters,

' 1 ] evolution is adiabatic

in solar matter.

Solar v, survival probability

0.6 | 3
sm? = 7.92 E-5 eV

om? (eV?)

sin®,, = 0.314

0.5 F

N
P“ "u..,.::’:;::::::::. "D A
0.3 1
0.2 F
&> pp
\q-)/ 0.1 ..‘-.._. ."-..:.B
~ ."...'° | '.o-..'...
Lg 0O 5 10 15 20
E (MeV)
In the Earth: small day/night

(D/N) effects, seen at ~3sigma.




Crucial role played by SNO in 2002

In deuterium one can separate CC events
(counting only v,) from NC events (counting

ve,vwvr), and double check via Elast. Scatt.
events (due to both NC and CC):

CC: Ve+d—p+p+e
NC : UG,].L,T _I_ (1 — p + n + Ve,;t-,’r
ES : Ve,u,r +ée — e+ Ve.u,r

CC
~ thus: =X 1 .
NC ™ 6(ve) + 6(vur) NG <1 = (W) >0 = ve — v

CC O(ve)

CC/NC~03<1

“Smoking gun” of flavor change, indep. of solar model (confirmed!)

CC/NC ~ P, ~sin%0,, (LMA) ~0.3< %

Evidence of: mixing angle in first octant + matter effects.




SK atmospheric + SNO solar = Nobel Prize 2015!

“..for the discovery of neutrino oscillations,
which shows that neutrinos have mass”
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Also in 2002... KamLAND: 1000 ton mineral oil detector,

81

“surrounded” by nuclear reactors producing anti-v,. Characteristics:

A/Om2<< 1 in Earth crust With previous (8m?2,0,,) parameters
(vacuum approxim. OK) :> it is (dm2L/4E)~0O(1) and reactor
L~100-200 km

E,~ few MeV large amplitude (large 0,,)

neutrinos should oscillate with

Long-baseline
reactor expt

~1 km high
Mt Ikenoyama
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KamLAND results

2002: electron flavor 2004: half-period of 2007+: one period of
disappearance observed oscillation observed oscillation observed
LA A « Data-BG- Geo¥,
12k T 4 Mev POMPY @ KamLAND data - — Expectation based on osci. parameters
¥ | 2__ analysis threshold bestit oscillation 1_— deleiinad by KamLAND
S o S s S SR S T == best-fit decay .Z;- B +
" 1.0 '* —%$ #— “'-.,.."‘ 3 best-fit decoherence -% 0.8
i 083 L m . “ o E 06:—
gl 5 e Lo | : i
Zo ’ X Rovno ‘ H a e e E [ l
04 ¢ Goesgen i __I_‘,_ g 04
* A Krasnoyark £ g G S -
O Palo Verde r +
02— W Chooz 0.2
® KamLAND B
00 l ! | | I Lol | ST PN FURUN FUUTT FUTEY FUUTE FOUTE PI0 N IO
10" 10° 10° 10" 10° 60 70 80 20 30 40 50 60 70 80 90 100
Distance to Reactor (m) L/E; (kn/MeV) Ly/E;, (km/MeV)

Direct observation of 6m? oscillations!
(get precise &m?value from dip & peak positions)

At the right place (L~O(10%) km accidentally for reactors around Kamioka)
and at the right time (before Fukushima accident): anthropic coincidence...



Interpretation in terms of 2v oscillations (0,;~0)

(dm?, 0,,) bounds: complementarity of solar/KL neutrinos

sm? (107° eV?)

o1

(@]

w

T T T | T T T
Solar + P

T | B sl | T T T

KamLAND /¢,

B LS Te st as rernian
st st rnca st nnartssersrtsene menne
8. Ak TLETEIRTRRTI TIPS

{1 KamLAND

Note:

KamLAND solution

is octant-symmetric
(not shown). Could
not exclude 0,,>m/4
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/

Go beyond dominant 3V oscillations. Include subleading 0 effects
in solar+KamLAND combination (as well as other data).

. 2
sSIN® Y45

0.1

0.08 |
0.06 |
0.04 |
0.02 |

KamLAND

1 l 1 1

Solar & KamLAND

More refined (3V) interpretation

II|III||II|I|I||II

I 1 T

II|III|III|III|III

Interesting hints for 0,3> 0 emerged as early as 2008...
corroborated by T2K v, v, in 2011 ... established by reactors in 2012!

+ Atm. & LBL & CHOOZ

0.3

g2z
SIN” 1%,

0.4 0.2

[

2v
= C1; Pee (5M% 6,2) + s,

0.3

sin”Y,,




Recap: dominant parameters in past/current experiments

e—e

1

(6m?2, 0,;)

0 %

Survival Probability
= >

0 70 80 90 100

(Am?, 053)

50
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Established so far:

dm2 |Am2?| 045 053 043

Each probed by at least two different classes of experiments!

ee (Am2,0,3)

1
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1
0 0.2

0.4 0.6
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5 knowns:
dm?2 ~7x105eVv2 |
|Am?2| ~2x103eV2

sin2612 ~0.3
sin2623 ~0.5

Recap:
3v status 5 unknowns:

O CPV Dirac phase
— Oscillations sign(Am2) - NO/IO
0,3 octant degeneracy
absolute mass scale

sin2613 ~0.02

Non-oscillat. { Dirac/Majorana nature

Normal Ordering (NO) lJ. T Inverted Ordering (10)
[ —— N
+Am?
e V2 . 2 |
. V1 . . ISm 1
-Amz
! V3 I v
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End of Lecture lli

Solutions to exercises: extra slides =2
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Exercise. : Dowmivaur Aw? oscillabions in vacwmm,

Frow o 8wml 3V Lormulo. im vacumm ( foke me0):
Past = 4= 4Re (3.3 + Iy 3)9“1(4%%) 2 Im( Taa * Tax ) Sin Aww>
Jad+ T2 = | Ui 110315 [Uge|* 1043 1%= [ Uas | (1~ [Uks]?)
Pyu= 4. — 4|U a A
wd = A= 4 (Ui |*(4-|Uns|* )sml( 4;)

with vl IM‘%\'MA?J rart‘

Bep = —4 Re (Tug+ Aw'x BBy on AW
p= “g )sm ( ) 2TIm (3“P+J“P> sm(_"_:ei‘)
J«P 3‘? U U Bi Uds Upz + Uy UPl Uda UP%

= U.(’.'; UF'3 CU“‘U; - UdzUFt)

= U3 Ug3 (-U«sup"z‘) < wwihaily of U

- - \Uu]?‘]Up‘s\z wikh ol magimary pank
’Pxp 2 4-(LJ.<3|2|LJF3|" Siut (ég;__‘f)

The wariame 0{- such P.(g[ P,(P wwdn U--)(_)"l (W'LO'(M R\DAM
Insmsiive Fo dp amd fo v, /'

Also, nohce imvaviomce wder + AWt - A M/osws\'Hw'b ko NO/IO.
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The \ack 0{» cwsikﬁ% b B2 dﬂw& on a.rmw«hw Smi= mzz-mieo .

1% fwo shakes (Yi,vz) ans d,o,gmwl.g,, Hun a rolubHown (:;‘;): (R) :’z)
i playsically uwusbsewable “}T N
sinee ik 3&\/04 agoim ‘ "

two dtﬂmmk shaken .

Y2

More preasely road ol
Y,
£

b1

V4
‘Vt
V3

Ciz s ©
) whare Rn S| =S5 & ©

o o |

2% 63 40
fohor  prolalvon Yolhem V' Ciz Siz (\4)
AN
Theu hdi\'f-\‘wb fhe d“amk thie, as: (y{) ('Sn. Gz,) 143

The HMJS«'CS ic R came, bur Bz hay OV“ﬁpremul &nnw R Mxiuj WGt :

e wininie (§

V3
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Exercise : Dowvivamt Swm? osallabious v vocuwuam

o :For Peq, (ohuppe.mm.) g PCN=O

1 . . Py A\szx)t_\_, /1_ A Snt (Aw‘th"
e For A\Mx/AE >4, owbwwsmmuaenl S ( . 5 e

*Thus, Bog = 4~ 4Ry (362 sin’ (Sl ) - 2Re (Fee+3ed

= - 4|Ue [*|Ue: J’“s;w(a%‘e&) ~ 2] Ues|* (IUed ™+ 102 ]*)
=1-4 4 s, <, 5"“‘(5.-'%;5- ) - 2s} i
= C(43 + 513 -4 Cfg 532 Clzt, St (SW:;:)
4 Pezv*_ S?S whare Ree” = 4.— 5?26, 9\'&7(&3";55 s B €350 Yiwk.

g A
< ’f:' (C‘f;* st)

—
—

o Nok Hrob, below m amd 7 Hawstwld foo prodmchon , Ha flavows % amd %
as. uot doserovuble /uco.u ki’ O, Ve) = (% %y) lbaviug v wwaltend.

Roamuud Haek : )

o 1 Ve \_ [C3 =Se3 [ Wa
ze)'—‘ (g- Coza 523 ) R(G,;) R (9’2) (;’7’) ) dﬂl’m" (‘3>- (Sz; Czi)(*’c)
¢L 0 -S13 (s >
(%) R(e.a)k(en)(%;) | o plugsics is Hoa soume ouk 8oy hos diappiand.
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Exercise : 2y osallakiou Puu«ckn iu matter
2v Hamulrowianm inm {lmror bosis {-‘or R (Swy, B2 ) subsy shom -
o 2 )T (50) - &l R )E )G 3 (52)]

o mi
2%

o Since amy part o¢ 4 is wnobsewsble ; ik is couvemiont o fmaler H hoalon :

~ 4 [ A=-c0829,3Wm*  S{u20,, om® i
sk A A =22 GeNe €
4€ S dmt  —A +co120)2 dm*

o ‘E%QMWW%: - = 61;"/_2' whare e =—5W‘1J(Coxl°u ~-§;—t)l+ st i),

4e

° bl‘a.ﬁwanli?{uﬂ rokakion: H =( 0s 82 +5iu By )(‘% o) >(0055n -S"ufe\uz)”_"j(-.)GT

..5\‘%'9\11 ws5n 2] +§§_g ;,‘“'é’n (,Osg(z
%
~ \ e T
UJ‘AQJQ S%\,\Zeu . S 20y, ; COS?/%.;z . Cot 2o A/ 5’:
2 ! \
V (6052911 --é—“;d-‘ Smt20), 1f(oos?»8.z -S_A’;\-‘) + S

A :
[ 'Hm, 5Wlt= Sw\\ S!I\wn/?\“t?»é\;q,
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COW\W\QM*S : ( O = O for s:‘ﬂnpb\‘dhj)

A
I
|
sin-20 :
|
|
o |
o) A —
]
|
|
|
~ |
m3 il
/|
A |
w3 |
0 T A >
A AY]
— 1~ o326
am?

(A=20GeNe E)

Mykheen - Swii rnov-Wo | femstan (MSW) Negonamcg -
For A/sw? >0, the efjechve paraveters Mowe o
re sonamt behavior arewnd, .
A
dwm?
(OVWA —For Y: WO resonamce -ﬁ)r V)S)'nc& A<O &or7>

v w320

bwmikwg coses:

Aldmi«A (sm?, 6) ~ (w4, %) & vocuumn-U ke

A/&Ml/.‘.' s Lo - (5V/l717', /9\’) £y (5w17'$|‘u29, Tl/4) & Yeson,
2 . i Ay ~

Ajdwm? >4 (w2, 6)~ (A, /2 Seymier

Comfirws - excpechtions of large wmatter

ftects for A/t A~ O (1).
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o For coughmt mober (d4/dx=0) +the woliion obrabor fs Oolosvud
by expowium Rarisng H.

Y Y A 7 oi8Wx fdE
= o-1Hx = e iy g
S=¢ U( e_|Jm1x/4€>uT

= oy BZV\::( 10 el aavx —C«OS-Lgn C\'Mzgw )
( 4e )(OI) ‘S‘“(—Te>( C.iv«'l%’n 6037»511

s R:j SC\MY\M% o Ob«‘oﬁmml elowmenits o,f S e 3013 Ha cunnval f;ulocﬁoi&'b:

?QQ’ s ! glms ‘zt 4_ - S;uzzef\;z St 5;@_()

213

‘BS waun Q\Moﬂ—ou wal elowmentts o goug d‘g&g_,wuhww

.-Sla\lor WA;'sww tubab?l?ld P(re=w)= A_{-—Pee J P h‘/ﬂ
» Noke R, for st =35x107NY £ n02 (g_w) ab e Sum comben

(where N¢~lozwnyaw). Thevefor , A/sm* 2 4 Lor EX fuw Mol solar V.

=> Expack a Baunsihou ko (.Mae, matler effedi azoumd (—:A,,[.MNMM/
..o buk: st wok oul Poe fou A cous bk |
T Rus coulext | useful bo wok thak solar Vs oscillale anamy kwies aoun Sum to Toai,
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Exercise : Adiababc 2v frausikou Pmbabiub (solaa v)

o TOr a showly chamging A=AG) , e mass Ugemshaks  Vi(x) aud 09
ouolve. |Md¢1hwde3 (wo “lanel orossimg ") from x; ko X ( x= Xp—x) :

|é_(3ﬁ - rmi(m 0 'y‘
ax \ 7, 'ze o My(x) ( .z
. Ptcbnaug M{o\uw Hae W

\

correchandimy ehgemvolnes im wakker: _31:
o st Nﬂwre, Shanes dmwj avolukvau: m}f"’x e
Kx)=e 5 ‘wdx ) = e~ ey ACD * s
Ne&) =g f:’{ “%g’“" Y% (%) = ‘*‘f’z %)
i§ J—”'—ié' dx

o Rilahve ﬁ:\m&. s 0'f= o (®9)- o7 x
GA‘M e {mR« lo Ka Eanth 1F osullabes nBmN Hnme/)).
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o We cam wik R imibval aud w{t«mmm O, Yy ), whiae %y 1s
camlpmolvan 0‘}%MY;,M({J 7 J 3

PG _ [ con s.-ua.-\(y:@\) (-«@p) [cos®; svme;) @))

Wy Oa)/ | -sin; w8y )\, () Vi Cxg) -Mw; coy8; | \; (%)
where l‘ = é:/z (=) @; = 6;1(*{)
o Alooe Mnax:

<v¢(xp)= (wsé\{, s\‘@; ) ( "l (PN ) coyO; -siu by <v¢(x;)
YBCX§) -HM5+ cosaf* (o] Qq‘fl, 'K—l.l&a:' éo 56{ Vy (x)

Thus 1s K evolubvon ‘;M}w\ ,%; (M {(wvm basis |

® Tale Ku eleweut ‘ed of ?é, SquAre , Anrsge ouf He f\ﬂ«&uwu‘(@w'« ovw:ldd‘:
Fee = \ﬁ,ee\z.-. | cos8t 0s®; +9,““1’s"u'9}sfu'9”.' [2 v cov +°°"'9 451U 0§ si2 B

o At Hu mﬁ-#ww R Sum, e dwsily vamishe, aund 9;*9,42 (vocumm.)

~ s
?ee, = Cogeb Comn + §iu19‘; g!M‘ze'Z
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