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Outline of lectures:

Lecture |

Lecture ll
Standard 3v oscillations: evolution and current status

Lecture lll

After SBL reactors, let’s continue with expt’s mainly sensitive to Am?
We shall then consider matter effects and oscillations sensitive to 6m?
... and combine the whole information on mass-mixing osc. parameters
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Propagation

EXxercise: One -dominant-mass-scale ﬂpyroXimah'cn,,(_m@%m)
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Wixing wnR\ Va (ele/wuwf’s |Uusl, doverned by €23 aud Baz) :

Prw= P(V-Ve) x4 -4|0asl*(4-10x3]?) sin? (é\%);?_c)

}]

Fotg P (v~ st) ~ 4|ugs|*|Dgs3 |* sin? (A%ZZ) Afe

2 2 2
where |Ues| = sy (Bus)®= ¢y 535, 1Umsl’=Cly C3s

—> Vo semsikivity ko (S’ ©12) of course, bufalso:
— Wwo sewsibivily To Wierarcdwy or /Qf/ phuase S
— Wo OUHwacu v/ v

(See tutorial)




In this approximation, one is probing Am? and the
mixing matrix elements |U ;|* of v; with v =(v,, v, V,)

Ua Ue| Ues C12€13 812€13 s13eocp
Ua Uup| Us | | | —si12c23 — c12823513€°CP  cieo3 — 812893813€7CF 823C13
Un Ur| Us $12823 — C12€23813€"CP  —C12893 — 812C23813€"0CF C23C13
For the following discussion we need to know that...
° ° 2
P(ve = v.) ~ 1—sin*20;5sin” (AZ”’EL)
" 2 2 .2 ( Am?L
P(v, =+ v.) =~ 855sin”20;3sin ( 50 )
-~ 2 .2 2 2\ .2 Am?L
Pv, = v,) =~ 1—4ci3555(1 — ci3553)sin (T)
~ A 12 Am2L
P(v, = v;) =~ cigsin®20a3 ( Voo )

(Note: approximation not sensitive to d (CPV) and to mass hierarchy) s




... and that, just after the first CHOOZ results, 0,,~0 was ~OK

Plve »v.) =~ 1

2

P(v, — ve) 0

P(v, —v,) =~ 1—sin®20y3sin’ (ATEQL)

P(v, = v;) =~ sin®20y3 (ATEQL)
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Atmospheric neutrinos:
The 1998 Super-Kamiokande breakthrough
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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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/- 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

9



Detection in SK

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

SGe
MGe
SGu
MG
usSu
UTu

Sub-GeV electrons
Multi-GeV electrons

Sub-GeV muons

Multi-GeV muons
Upward Stopping muons

Upward Through-going muons

electrons ~OK

Super-Kamiokande (92 kTy) +
e, u zenith distributions ---- Best fit (standard oscillations)
ormalized to no oscillation —— Best fit + systematic shifts
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Observations over several decades in L/E:

v, induced events: ~ as expected

v, induced events: disappearance from below

Interpretation in terms of oscillations:

Channel v ,—v_? No (or subdominant) < CHOOZ OK!
Channel v ,—v_ ? Yes (dominant)

One-mass-scale approximation (for 6,,~0):

P, = $in?(26,;) sin(Am2L/4E)

[In this channel, flavor evolution is “vacuum-like, despite
propagation in Earth matter for upgoing events — see Lect. Il]

Results were consistent with other atmos. expts. using different
techniques (MACRO, Soudan2) but characterized by lower statistics
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Dedicated L/E analysis in SK “sees” half-period of oscillations

1st oscillation dip still visible Strong constraints on the
despite large L & E smearing parameters (Am?, 0)
'g'l-a 10-2_'1'1'1'1'1
& 16 oo Am?~2.5x 1073 eV?
S 14 ' 0~ n/4
S 128 T dip
g 1 \l, averaged :\%
- OScC. =~ -
é 0.8 + + + e )
006 + <
° L] e 99% C.L.
g 0.4 — 90%C.L.
% 0.2 S R 68% C.L.
o 0 i 2' il 3' ettt 2 10'3 PR TR NS ST R R
1 10 10 10 10 07 075 08 085 09 095 1
L/E (km/GeV) sin220

[Latest SK data analyses more refined: include many bins and syst.
in order to “squeeze” subleading effects beyond dominant L/E]
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Long-baseline neutrino experiments
K2K, T2K (JP) , MINOS, NOvVA (US), OPERA (CERN)

“Reproducing atmospheric v, physics” in controlled conditions

Soudan Q'_

Minnesota

lowa

s}
Fermilab

lllinois
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Production (e.g., MINOS)
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(Far) Detection

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

VM 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 measure Pwl



Results in muon neutrino disappearance mode, P
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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 oscillations via direct Tt appearance: OPERA

Finding needles
in a haystack...

scintillator trackers

e the OPERA hybrid detector, -

o
e

/]

ur - w s=inl

[
Pb T~

\<§ E—
mulsion layers

interface films (CS)

Five “t needles” found! (consistent with expected signal)
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Interpretation of LBL accel. data
Once more... dominant P, = sin2(20,;) sin?(Am?L/4E,)

Dip position and depth determine Am? and 0,,
Osc. parameters consistent among atm and LBL experiments
Old-fashioned way to present such mass-mixing constraints:

4.0_ T I T T I T I T T I T I T T I T I T T I T I i T ]
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™ 3 O‘_ ------ Super-K zenith angle*
o vY-vyib —SuperKLex _-~—
<~ [ — T2K**
N— B
:2.5_—
NE B
: *Neutrino 2012 i
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 6,5>0 from SBL reactors:
one expects also u—~>e flavor appearance in LBL experiments.

- Found in T2K & NOVA,; e-like event rate consistent with reactors’ 0,

T
—+— Data

e.g., T2K e-like
appearance data:

est fit
l 77777, Background component

[ Fit region < 1250 MeV
| /WE

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

Number of v, candidate events
o N & o ®
T

For 0,,>0, relevant vacuum probabilities are 0,;-octant asymmetric,

2
P(VM — UG) ~ 533 sin2 2013 Sil”l2 <AZLEL> & strongly asym.
(appearance)

2
Plv,—v,) ~ 1- 4ctqs54(1 — 0%3853)8111 (%) & weakly asym.

(disappearance)

Combination of LBL disapp. + appear. results is (weakly) octant asymmetric;

and similarly for atmospheric neutrino results >
20




(Aw-‘, 92;) parameters ...
. are Wmainly deternumed log ATM+LBL expls. wa P@u% 1;%)

o Puu is octaudr symmebric (i-e., invaviomt for G 172-~923) .
only in the Limaib dm’>0 omd B30 : Py A - $in*26,3 S,\nz(z_sam?x)

® For O30 it is wno Lou@@r ockonk- sﬂmmefm‘c :
Puu = 4 -4ty s (4~ hss3y) s:‘mz(%”_é,z)

® Further efecks (aw#0, matker) also contribute to asymmetry
= ned to W\A-Fol,ol 2nd  ochamt In gq/me,m[ :

es“l”/’\
' |
L | (nok hecessarily )
fric
AR AW\l | %VYWY)Q,
B o |
|
|
f=0  sin26 6=T/ 0 o /A4 /2

® Typical abscissa: either sin?@ (linear sale) or Tom*@ (tog scale)



Examples of recent (slightly asym.) plots in terms of sin2623

O-OM | T T T | T T i 0.004 I T T T T [ T T ] T T | T T T T | T T T T | T T T T I T T T I T T
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sin%0,, sin%0,,

Not yet established if 0,; ~maximal or not. If nonmaximai:
first or second octant? > “octant ambiguity”

Next frontier in LBL/Atm oscillation searches: probe subleading
effects related to octant, matter, hierarchy, d:p, dm?, 6,5, ...



So far we have mainly discussed Am?-driven oscillations...

Let us now discuss oscillation
searches mainly sensitive to 0m?

Tipically they involve relatively large L and small E.

For E ~O(MeV), below n and T production via CC,
one probes mainly v, disappearance probabilities 2>
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Exevcise : EXPE. Sewsihve i'ogm" n the WUmui't _ém’-,\qo'

Pt‘em‘o,usl% we \/w\ve, considered &(P@rt‘mw+5 Wil §eM9iHvi'I-3 to Am*
N Hie sk 9wmt> 0 . At Hu other emd, oI§ He spectrwm, there are Q/)(Ff—s
with ading semsitiviby fo om? , for whuch ene cam ke Am*- oo -

-——
- i
~

( Sm'z O()Y owd AT 4
_________ ’ 4c€

Tis is the cose, for inshauce, of long- -baselime reachor exponiiments

( ko LAND) willh (owvge ovwd relakively low €. AF bow €~ fow MV,

We vmin observable s Hie olsappearavee Froloalm‘l/{'y Peo . Prove that

\ \ 1 v
e = C0s*04 [4 - iV 20, siv? (S‘Y%Ez“)] + 593

(which does vt deboand ou luerardny, v/7, oF )

(See Tutorial)
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Importamt noke :  The Aw'-avermged form for Tee,

Pezv = B it (w2 ©,2) + st
lolds ol om\,«j

for KamlAND but adso for solar vieubrimos

C?ronfr omilted) where , owener, Pop takes a Very oli ffexemt form.
due to omatter QHQCK in the Sun.

In this approximation, one is probing 6m? and the
mixing matrix elements |U_,|?> of v, with v,=(v,, v,, V;)

- - —
Ua Ues Ues C12C13 812C13 s13e “CP
. .
Un Uup U —812C23 — €12823813€"°CP  C12C23 — 812823813€"°CF 823C13
T S
| Un Urz Usrs | | 812823 — C12C23813€"CF —C12823 — 812C23813€"°CF C23C13

Evolution of electron flavor affected by background matter... >
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Hamiltonian for ¥ osdillations in matter (Msw)

It was first realized by Wolfemstein , aml later elaborated bj
Mykheev omd Swivnov, +thwat meutrives fmvel/\‘/vtﬂ im nakter
veceive o coutribukon to coherent {orvvaml scatteriong , n the
,%)'mm o? 7] H"‘l'j wWiterachon anergy Vo({g :

2E m3 Vue  Vum Vur
Vte Vz/u. Vzt

— j

m? Vee Vem Vez
Hﬂ,owor‘—‘ A—U( f 7)U+ 4 ( o )

-

—— "

VACUUM (aNEMATICS ) MATTER (DpYNAMICS)

Y Wt g Ve
a = =3 T
.{:(‘eg streaming + ', mierachon

BACKGROUND MATTER_
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Within the Stowdlard Meodel , aud im or‘d/l’/vmrg watter :

Vig =

Relevoamlb termy s He Ve—\//%c emergy oug@rwcg ¢ Yeres >@F

(No ow%o%ws jCow T whidt are abseut im ordimary mm)

.

Ye  Ye \

éz 0 0
12/

pve M Y

0 gz 0
[0y

pne Yt Vo

0 0 gz

/ /
pin, e )

1 |
ProPor‘hoqu Fo wwg

oMma Wnobsexvakole,

NC

(

Ye

W g X 0 0
70047 G

=

obsevvolle i Ve
osallahoms

)

ve

\

<

o

Jec
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Analogy of matter effects with two-slit experiment:

one “arm” (flavor) feels a different “refraction index”

V;

Ve —NC—CCO— Vg

A(phase factor) = exp (—iV(z)Az)
\ V), +—NC

VT

N

v

Vj

governed by the local v “interaction energy” or “potential” V

(V = -V for antineutrinos)
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® Tt furus ouk dhat the Voo nterachau energy s
Y= TZ-- q: Ne

Where Ne = elechon. nuwwnber olevzsily/ o V= -V {or VsV

® Then, the Hawu lhouiom of 4 FroFaﬁaun o matter reads:

om?
H = 4 u( ‘3 ) te 4 (4
FLQVO'\ 2E mé LJ +* Zc OO

wheve A= 2V2GeNe E

® The relakve size of matter/vocuwum terms s given \oﬂ A/AM3J‘.

Rm%\/\\% speakimg , oue maw expeck sizable ellects for A/AVV!'Z,J'A/@(&)_

o The deprumdomce A=AE) makes He evolubon viautivial in MATY M.

(see also tutorial)



X
S

Ne CYYIoﬁ/CVVﬁ)

Examples of- maiter o(w%‘%_ AﬁroJQ(e/g :

¥ Supernova. (Ushbict)
n
Su Eorth

L ~ L
S
O
SN
QQ 4 -
g Cove
L
2 ot

‘mamHe
r/Re 1 o) Y‘/RC_P 4
v/Re
’\'eyPonenh’al ~s|"-¢p-l,ike, ~ power Low

There s a MQ Litevature oloout (senid)amalyheod sofubioms o](l
%lowor arolukion equakioms -Em« ((A/p)om)o\‘(vwah‘ws ojf) there amd oHur
PVO%}‘IQS, im 2V, 3V or Nv Cases.  Analyhad undershamclisng is
wse ful broowst el AoluHous are prove to mh’fac{'s~

* ror solar % at 0 : S—Avﬁt%4 for E2Z few MoV expect Lowsg wwatter eflects |
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Exeruse :

2y osullahons in wmalter ot conshwmi- c‘wci{g

Prove that, im the 2y Dimait (Buz=0) , the % survival probabilily reads -

Poe”(mat) = A = sin® 260 siv® (SWE ) | for o= coust-

4E

Le., it has the same vacuum-Uke struchure , but with the replacaments :

Sn2

-~

12 -
.l/ _A AP | Sm e + v
(0052942 —g—:VVT_L )-{- siv 2947_ 12 — 1 5F

-—

g\'V\ 29,12

) SMZ = 5Wl7' S)‘_V\__th?_ <A= *Z\r?- Gr Ne.)

(see tutorial)
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Comwments :

( G412 = O {or sl‘rmdzl/\‘c[l}j)

A
|
|
sin-28 :
|
l
0 |
0 A —
]
|
I
x
i I
my r
/.
A |
w3 |
0 T A >
A
L1~y 26
om?

CA = ZﬁQFNQ_ED

Mykheen - Swii rnov-Wo l femstan (MSW) Tegonamcg -

For A/Sw> >0, the eflechve paravreters Viawe o
resonamt behavior arewnd .
A
dwm?
(oniy —{:m“ Y: WO resonamce -for V,S;‘nca A<o {—or?)

v ws20

bimikng couses

Alswmied: (wyE)~ (dmy®)  <vacuwm-like
Al Smt e o3z - (am?, @’) x (dwsiuB, Tjy) < reson,
pJSu 4 (5% 8) % (4, Ts) < matkr

domivam Ce

COM{{rvws o pechakious Of. lorge matten
ftects for A/Sw? v O(1).
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Exeruise: 2v osc. in matrer with slowly vmraflmg densiky

T§ Ne( clxuxwges Sbowlg {rom =% (with 0=6;) Ho X=X (wibe é‘=é}) winle
0scillaHeus are foux\-, theu the averaged FTee probability fakes Ha form:

A= o~ a e ‘
Poo’ & cof 0; cos® Or + sin* O;sin* O < Yodiabokc! awomm‘nfnahm

(see tutorial)
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Appication o solar V.

Tt furns out Hrat, for e (W7 042) valires choson by nakure , Hie
ma\omhc O pproximodion e be applied o solor Ye - In Hus CM—Q,,

942 (%£) = O4p (vacuum value at He oxit from Hu Sun), while ;. (%)

wwst be enalnated at He produchom point 2. Livi Hng cases:

E £ few MeV (vocuum dowvinance ) : Afdm* % 4 owd 6;, (%) %Oy
FPee & c%, + 857 =4 - %Sfmz 2644

Tis is the aversged vacuuwmn Pmbab{\n‘bj , 0 cht %vvtmehnfc.

E 2 few MeV (wmatter dowimance. ) :
Pee 2 sin?6qz

Tms 15 the watter - ooWina fed Fro[w«bih‘@ , ockaml - asngwdw‘c

AlSm® 2, 4 amd B, 0c)~ T2

4 - 4sint26,, The Poe Tramsikom ~f—F(WV\. “low !l b Ylugh"! E
A

Fee WMATTER" IS o siquatwre of wiatter effects i fhu Sun .
“vacuum Y '
sin26;|  Thamlks b watter ¢

Hecks we cowm olefermine.
+he ockamt of the amiximg amngle €47

\C@\;C;DMW E->
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Neutrino flux (cm2 s MeV-)

Solar neutrinos
The pp chain

ptp—od+et+y,

99.75%

}

D+p—>He+y
|
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0.25%

: :
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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)

v,+te—=v, +e (NCCC) SK, SNO, Borexino

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

v.+d—=p+p+e (CC
© PP 1cc) SNO (Sudbury Neutrino

v.+d—=p+n+v, (NC) Observatory)
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Results

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

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

%
Z 7
8 5+18 %13133
5ig /1.018;28 % %1.03;23 .05 v
% %o.gow.os
_ %
7 7
O.4810.O767i5 7/, % 6945
0.41+0.01
2.56:0.23 [
L 0.28+0.02
] ZZ
SAGE GALLEX I
+ SNO SNO
SuperK . GNO v, All v
& H,0 Kamiokande Ca D,0 D,0
Theory "Be @m PP pep Experiments mm
8B B CNO Uncertainties

..as compared to solar model expectations
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Interpretation

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

s |

10 El IIIIIIII LLLULLLY I IIlIIIlI LI UL LN UL
-4
10

5
—i5 ]
10 <
-6 7]
< 7 - ]
> i = -
e 10 : ]
S -8 — 3
10 E —
N = E
E 0° = 4
«O E =
-10 F = 7
10 E ===
-1 F % ]
10_12 :' [ 1 | ol 0T |||||E
10*% 10°% 102 10" 1 10
2
tan®1®
\ J )
Y Y
“small” mixing “large” mixing

~ E.g., in Gallium expts:

> “matter” (MSW) solutions

)\

~ “vacuum” solutions

+ many “exotic”
or non-oscillatory

solutions... .



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

,q(.??.f’.l =,?) For LMA parameters,

evolution is adiabatic
in solar matter.

Solar v, survival probability

0.6 | E
sm? = 7.92 E-5eV?

sm? (eV?)

sin*d,, = 0.314

05
, 0.4 F
< I Soq, N
Pee -....’_'.'-.-.-.-..:..'.:..-.:..:.:....: ------------- D
|u||'|'|'| ;....I'IF| IZTJII“ ?IH"MI ""MI TR ||n|'|'!'|'| " osb e
) ;r 0\
E 0.2 F
= _ PP
\%/ F D 0.1 ............BB
NE Q :r 00 5 10 15 20
«© = 3 E (MeV)
= SNO
T BT PRRERTTIT TR T MRS METERTTT AR
S 1010 100 102 100 1 10 In the Earth: small day/night
tan’,, tan’d,, (D/N) effects, seen at ~3sigma.
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Recent test of P, in Borexino
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Crucial role played by SNO data

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: l/e,u,"r +d _)p_i_n + 1/6,/.1,,7'
ES : Veur T € — €+ Veyr

e o(ve) ele B
NC  o(ve) + d(vp,r) thus: Sg <1 = o) >0 = ve =y

CC/NC~1/3<1

“Smoking gun” proof of flavor change. Solar model OK!

CC/NC~ P_, ~sin?0,, (LMA) ~1/3 <%

Evidence of: mixing in first octant + matter effects




SK atmospheric + SNO solar = Nobel Prize 2015!

“..for the discovery of neutrino oscillations,
which shows that neutrinos have mass”

Takaaki Kajita Art McDonald
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Also in 2002... KamLAND: 1000 ton mineral oil detector,
“surrounded” by nuclear reactors producing anti-v,. Characteristics:

A/Om?2<< 1 in Earth crust With previous (0m?,6,,) parameters
(vacuum approxim. OK) |:> it is (dm2L/4E)~0(1) and reactor
L~100-200 km

E,~ few MeV large amplitude (large 6.,

neutrinos should oscillate with

Long-baseline
reactor expt

~1 km high
Mt Ikenoyama




KamLAND results

2002: electron flavor 2004: half-period of 2007+: one period of

disappearance observed  oscillation observed oscillation observed
14+
r [ e Data-BG-GeoV,
12+ 1'42 26 MeV pm.mpt ®  KamLAND data - — Expectation based on osci. parameters
. 12 analysis threshold __ best-fit oscillation 1__ + determined by KamLAND
Ll | s cermee ooy — — — — — — cor o0 best-fit decay 2 C
o, 19 %% Ei*_ = best-fit decoherence E 0.8_— +ﬁ:
5 08 - s 0 "
E . A ILL % i o 08k =4 - +J ++ il | ey
i %  Savannah River v ik 2R e A 0.6 { + 18 | ==
o 06~ O Bugey EO V) é C = C J “ r IL\
z X Rovno 0.6 T > /| % ‘ +‘r_+
G- & oemen 3 : _FJ4 ,,,,, g 04 %”""+
: A Krasnoyark £ 04k ey, 5 B
O Palo Verde F L +
02~ W Chooz ol 02
® KamLAND 02 “F
00| | \ ! ! 0;‘, T T T | S D P PR PR PSR DR PO A
10" 102 10° 10* 10° 20 30 40 50 60 70 80 20 30 40 50 60 70 80 90 100
Distance to Reactor (m) L/E (km/MeV) Ly Eve (km/MeV)

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




Interpretation in terms of 2v oscillations

(dm?, 6,,) - complementarity of solar/KL neutrinos

20

o]

sm? (107° eV?)

)]

{3 KamLAND



84
More refined (3V) interpretation

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

Interesting hints for 6,5 >0 emerged as early as 2008...
corroborated by T2K in 2011 ... established by reactors in 2012!

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOQOZ
0.1 ] T T I T T LI [ T T I T T I [ T T I T T I
n 008 I 3 1 S
@ 006 | - - - =
C o004 | s 1 F All - 3
(03] - ] B - ]
0.02 F - - - A -
B ] B @ ]

O | | | | | | | | | |
0.2 . 0.4 0.2 0.3 0.4 0.2 0.3 0.4

. 2 o 2
SIN° 1%y, SN~ 1%,

vy _ 2V
Pee_ - Cg Pee (&m"; 9|z> + $|43




Present 3v knowledge in one slide (with 1-digit accuracy)

T
Abs.scale Normal hierarchy... or... Inverted hierarchy mass? split
| — R
+Am?
2 mm V) — 2 |
m2, - . om? :
1
| Vs —— !
We have seen: We would like to see: + Physics
?
dm2 ~7x10°eV? 5 (CP) beyond 3v?
Am? ~2x103eV? sign(Am?) _
sin20,, ~ 0.3 octant(6,;) (anomalies,
sin%0,; ~ 0.5 absolute mass scale new states or
sin%0,; ~ 0.02 Dirac/Majorana nature interactions)




CP and P for neutrino vs antineutrino (see tutorial)

Exeruse : CP(T) properhes of Po(p m vacuum

Ove of e next 'F\(DVLHQJTS s o \‘Vlwngqlrt Qp/m the v seclon.
Prove Hut the general form of POR=Ya) Is nalurily cplit
n o (P-couserving amd a CP-wolahvg park, P= Fep+ Pef

PO )- Bip- 4 R Tf o (A ) o,

-2 Z ImTy ‘S)‘n ANy %
|<‘) /B ( '2'%— ep;/{

where CP invariamce would imply U=U* aad P()= P(¥).

Prove also Huat CPT inmemamce folds , amd lomplies
PCVo(eY(g) = P(V/}, V&) .
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Achen of CP amd T h‘aMsfoeraHoms on Yy - Vs procss
from source (5) o detechor (D) :

—

Ve B V& Y %
s D W D E L s =~ D
cP T
CP invoviomee P(vﬁvﬂ)= P (T4~ Vp) & (Vov)
T wvariomc : ‘} P (v éY{g)z P(Y/gﬁvp()
P()/_p(—-»vp)-_—_ P(?(SQVA) & (0(@/8>
CPT invariamee P(vz~ V(e) = P(V@ - Vx ) & (vov)e (de/g)

For 3y n vacuum v the gemen ]Q)rm of Pp()g ) 1F Is easy bo chede
Hat either (uep) or (v47) exchamge amownt fo (Lo u*), only

ollechwg e Pee’ part. Therefore , CP invariamnce requires L= )%
wiile  CPT invariomece Wolds m amy cose.
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CP violation as a genuine 3v effect

Exercise : Covndihows lo observe CF in vacuum

Cousider Hie gemeral -glorvv\, P= Pcp + Py, Prove Hrat, in order
o have P £ 0, the -followr’wg comdrhons tmust be sah‘sfffeﬂl :

e Q0 or T <~ | musk be Complex

% a# F <— vieed Q}QPQQWAC@ w?wfmwl—g
* Bij#0 < oll miximg amgles #0
* Am} #0 < seusibvity bo o S’ aud Ani®

—> The smallness of Gz awd o} Sm*<c Am? ynake 1+ olifHawlt
to tesk CP Molahon v the vieutripo <eclor !
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Getting the most by combining all oscillation data....

Global 3v analysis 2016
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Single (known) oscillation parameters

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

0 L1 L1 W' L1
6.5 7 7.5 8 85 2 22 24 26 28
AMZ/107° eV?

Note: Am2=
(Am?,, + Am?,,)/2

10

Current 1o errors
1/6 30

dm? 2.4 %
Am? 1.8 %
sin’0,, 5.8 %
sin?0,; 4.7 %
sin0,;, ~9 %

Precision Era!
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Single (unknown) oscillation parameters

LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

Ocp
NHorIH
0,5 octant

o/
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More on single (unknown) parameters:

LBL+Sol+KL

4_ T[rrrr[rrrryrTs

023

octant

0:||||||||||||‘||||..
03 04 05 06 07
sin°,,,
A 2
X 1.2
(IH-NH)
4_""|""|llll|||||
- — NH




023

octant

Ay?

(IH-NH)

Ocr

More on single (unknown) parameters

LBL+Sol+KL

4_ T[rrrr[rrrryrTs

0 -I 111 I 1111 I 1 I‘ 1 I 111 I-
03 04 °é5 06 07
sin 623

4 -I T 1T I T 1T I Trrr I T T
i — NH
e IH

3 b o e e e e e m e mmmmm e —]

0 0.5 1 1.5 2

o/m

+SBL Reac

- ‘g 4
I A | v

03 04 05 06 07

. 2
sin 623

-0.88

55
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14
More on single (unknown) parameters:

LBL+Sol+KL +SBL Reac +Atmos
SIRAR LA RARRE RRRRE RS AN AL R LN RN L AN
6 ] currently
t23t unstable,
octan : fragile

L1 11 I 1111 I L1 1 I 1111
0.4 °é5 06 07
sin 623

Ax? 1.2 ® -0.88 ® +0.98 negligible

(IH-NH)

intriguing,
sin 5~ -1
(or sin 6<0)
favored

56



More on CPV phase

From variances to covariances: analysis of a 2D plot

LBL Acc + Solar + KL

o/t
S/

0.5F

0_0'....|.-:. AT AR
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Sine, ,

> sin%0,

Leading appearance amplitude at LBL Acc. ~ sin0,, sin?(20,;)
—> uncertainty on 0,, somewhat affects subleading terms

Subleading CPV appearance amplitude for v ~ -sind
Subleading CPV appearance amplitude for anti-v ~ +sind
- T2K & NOvVA v sighal maximized for sind ~-1 (6 ~ 1.5x)
2> T2K anti-v signal minimized for sin6 ~-1 (6 ~ 1.5x)

Note: subleading sind dependence worked out in last, longest exercise of tutorial
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o/m

o/m

LBL Acc + Solar + KL

]
|eWION

2.0-|||||.‘| ||||||| ||.LI||||I||||-
| N l‘-‘ >

15F -

1.0F

0.5 .

O-O-IIIIIL..: IIIIIII Ilh..IIIIIIIIII-

0.00 0.01 0.02 0.03 0.04 0.05 0.06

2.0

1.5

1.0

0.5

0.01 0.02 0.03 0.04 0.05 0.06

. 2
sin 613

Po1IaAU|

. 2
sin 913

19

Interesting facts (still statistically limited) about
LBL accelerator + Solar + KamLAND data set:

(1) By themselves, these data have almost the
same sin20,; best fit (~0.02) as SBL reactors
[also Solar + KL data alone: “old” hint for 6,3>0]

(2) For such best fit, vuéve appearance event
rates in T2K and NOVA are “large” = sind ~ -1

(3) Conversely, anti(vuéve) appearance event
rate in T2K is “small” = sind ~ —1 again!

(4) Large uncertainty in sin?0,; partly due to
degeneracy with sin%0,,
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o/m

o/m

LBL Acc + Solar + KL
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0.06

2.0
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1.5

1.0

0.5
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+ SBL Reactors
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Ll 1L 1 I Ll 1 1 I Ll 1 1 I Ll 1 1

. 2
sin 613

IIIlllllljII.IIIIIIIIIIIIIIIII

L
" -
" -
"u
-
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"
e
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)
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. 2
sin 613

SBL reactor data:

strong constraints
on sin%0,;

improved bounds
on sind
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o/m

o/m

LBL Acc + Solar + KL + SBL Reactors + Atmos
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sin2(913 sinze13 sin2(913

Indications for sind < 0 corroborated by atmospheric neutrino data
Latest T2K and NOVA results @ Neutrino’16 provide further hints of sind ~-1
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Neutrinos Hint of Matter-Antimatter Rift

An early sign that neutrinos behave differently than antineutrinos suggests an answer to one of the biggest
questions in physics.

As neutrinos and antineutrinos change fiavers they may illuminate the differences between matter and entimatter.

By Natalie Wolchover - . S —
——— = MOST VIEWED RECENT
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The search for CPV, hierarchy, octant, and other subleading
(non)standard effects in vacuum and in matter is motivating new
big experimental projects, both underground and underwater/ice, e.g.,

DUNE Project (CPV, MSW, hierarchy, octant)

Sanford
Underground
Research
Facility __—u

Km3/ORCA IceCube/PINGU Hyper—Kamloka

(MSW, hierarchy, octant) (multipurpose) s>



... whose results might provide new guidance for theor. models

Underlying symmetries? A vast spectrum of possibilities...

No organizing principle
(“anarchy”)

Discrete family simmetries
(“geometry”)

Continuous flavor simmetries
(“dynamics”)

Common quark/lepton features
(“complementarity”)

linear relations between
0,,cosdé and 6,,, 6,,

links between neutrino
masses/angles/phases

links between

63



Additional material...

- Geoneutrinos

- Supernova neutrinos

- Comments on mass hierarchy

- Comments on LBL appearance prob.
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Thank you for your attention!



Interesting side results from low-energy
neutrino oscillation searches: Geoneutrinos

Cartoons of the Earth’s interior, circa 1700

...Internal waters ...Internal fires

Athanasius Kircher, “Mundus Subterraneus” (Amsterdam, 1665)
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Cartoons of the Earth’s interior, 300 ys later...

D primordial mantle
depleted MORB mantle

[ enriched OB mantle

[ cceanic lithosphere

fluzshed oceanic .
l: lithosphere - continental crust

(Albaréde and van der Hilst, 1999)

67



Geoneutrino data can help to constrain Earth models

U, Th and K decay produce both
heat and geo-neutrinos

KamLAND

U, Th, and K are (thought to be)
highly differentiated

(abundant in the crust, diluted in the mantle,
absent in the core)

R Therefore, geonu fluxes can probe
(from Sanshiro Enomoto) Heat + Structure (welghted by 1/ L2)

Crustal signal reasonably
constrained: more interest °
in unknown mantle signal |

(from G. Fiorentini et al.) 90180




Theoretical spectra vs KamLAND and Borexino data

MeV 'em?x 107

TNU MeV™

Energy Spectra

AE,)

0 T

1
0.5

0
20

dN/d E,

10

0 i

15 2 2.5 3

E, (MeV)

3.5

Events/0.1 MeV

Events/240 p.e./252.6 ton year

\\\\\\\\\\\\\\\\\ T T T T T T T T T T
¢ KomLAND doto + 1ogu

—BG + Reactor + Geo-v

——BG + Reoctor
—BG

(=] - N w » w L] ~ o]

R AR R
—4—Borexino doto + 105

— BG + Reoctor + Geo-v

—— BG + Reoctor
—BC

] ] Ll

500 1000 1500 2000 2500 3000 3500
Light yield (p.e.)

(Not the latest data, but OK for the discussion)
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Overall KL, BX geo-n
signals: >4s evidence

120
KL

100
—_— 1o
so- 20
— 30

60
40 - crust (+30)

subtraction

) - \
< 0020 40 60 80 100 120 140 160 180
5120
. BX

Z 100
or

80

60

40

20| s
O ‘.‘\ \\

0 20 40 60 80 100 120 140 160 180
R(U) [TNU]

If estimated crust
signal is subtracted...

R(Th) [TNU] R(Th) [TNU]

R(Th) [TNU]

60

...hint of mantle
signal a ~2sigma (KL+BX)

KL (mantle)

|

40 60 80

KL+BX (mantle)

R(U) [TNUJ
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Results prefer models with relatively high mantle
heat, but with large errors (no model excluded at >20)

o Turcotte & Schubert 2002
+~——a Anderson 2007
Palme & O'Neill 2003
o——o Allegre et al. 1985, McDonough & Sun 1995
Lyubetskoyo & Korenoga 2007
=——a Jovoy et al. 2010

o)}
o

mantle

oy
o

o~
(@]

KL + BX (10)

R(Th+U) [TNU!
S 3

o

L

/3/‘

|
0O 2 4 6 8 10 12 14 16 18 20 22 24
H(Th+U) [TW]

o

We are just making first steps in a long-term research program
which will provide a unique understanding of the Earth’s interior.
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Supernova neutrinos and self-interactions

It is worth reminding that the only two known, localized sources
in neutrino astronomy (so far) are the Sun and the SN 1987A.

In a core—collapsé SN ~99% of

the tota1energy (“1053 erg) lS

releaséd through neutrmos and
',".'-j." antlneutrmos bf aII'ﬂavors
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Flavor changes induced by “usual MSW” effects: studied for >20y.

neutrino potential profile
Well-known MSW effects can occur 0 e

in a SN envelope when the v potential

A~ at x>>102 km (large radii).

1 ‘ t=0s -

A=v2 G N, is close to osc. frequency N ;
10 B .

W=Am?/2E (Am?=|m?;-m?,,][, 6,5= 0). f tets
S0 <

o t=2s ]

> ]

N0 4 t=4s E

For t~few sec after bounce, S O O LN s R ;
3 10_4' ‘ t=8s ]m_

What about small radii?
Popular wisdom:

A>> at x<0(107) km, L T

thus flavor transitions suppressed. x (km)
Incorrect!




()

o
Besides >-< A

e Vv

A

At small r, neutrino and antineutrino
density (v and v) high enough to make
self-interactions important. Strength:

W=v2 G (N,, + N )

Angular modulation factor: (1—cos®ij)
If averaged: “single-angle” approxim.
Otherwise : “multi-angle” (difficult)

Self-interaction effects known for
~25vyin SN. But, recent boost of
interest after new crucial results,
first obtained numerically and then
analitically.

(CC) one has to include(Y)>< M

[
-
[
-

10*

50 100 150 200

Lesson: self-interactions (W) can
induce large, nonlinear, non-MSW
flavor changes at small radii,

despite large matter density A
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E.g., due to self-interaction effects, flavor may be swapped abruptly in
certain energy ranges for inverted hierarchy (“spectral split”)

Initial neutrino and antineutrino fluxes

_
(@)

o
©

o
[}

Initial fluxes at the
neutrinosphere (r~10 km)

Flux (a.u.)
o
T |-h T T

o
o

o
o

Final fluxes at the end of
collective effects (r~200 km)

10

20 30
E (MeV)

40

But, recent works revealed further layers of complexity — no obvious
picture od SN neutrino flavor oscillations emerged so far ...
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Comments on mass hierarchy

No hints so far, but we’ll get there via oscillations...

(NH)

Om?

I R 6m2
O
+Am? —Am? (IH)
[
[ [

... if we can observe interference of oscill. driven by +xAm? with
oscill. driven by another quantity Q with known sign. Three options:

Q=06m?2 (medium-baseline reactors)
Q=2V2 G Ng E (matter effects in accel./atmosph. V)
Q=2V2 Gg N, E (collective effects in supernovae)

[Nonoscillation searches may provide further handles]
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Make £ Am? interfere with 6m? at medium-baseline reactors

Very challenging!

3 T T T T T _
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Make * Am? interfere with GcN_E in atmospheric expts

Possible in large-volume detectors (Hyper-Kamiokande, INO...) via
atmospheric neutrinos. With very high statistics, they might be
sensitive to matter effects, which are different for neutrinos and
antineutrinos and for normal and inverted hierarchy

Recent studies on PINGU in IceCube and ORCA in KM3-Net

/l

cos(8)=0.0

(NI = NYMY/(VE™)'2 [PINGU 1 yr)

-.cos(9)= -0.4

+1.28
“cos(8)=-0.6

+0.64

0

-0.64

R ~cos(8)= -0.8
-192

-2.56

-cos(8)=-0.88

cos 0,

cos(9)=-1.0
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Make * Am? interfere with GcN_E in atmospheric expts
NH/IH atm. oscillation analyses will face new systematics challenges

Stat + syst (osc+norm) + resolution (scale,width) + polynomial + uncorrelated
| | 1 | I | | 1 | LI | | 1 | LI | | 1 | I
Z
o g
i 3
I )
No 3.
B )
5r- o
I 1 o
" 1 =
- 1 <
0 4 | 1 | L1l I-
0 5 5 10
| | | LU | | LI | L | | | L | | LI | LI
=1
- . - . - . - 1 <
10 - - 10 — 10 - 10 - @
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i ] i ] i ] [ 1<
1 1 1 1 | L1 1.1 1 1 1 1 | L1 1.1 1 1 1 1 | L1 1.1 1 1 1 1 | L1 1.1
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Time (y) Time (y) Time (y) Time (y)

An example of hierarchy sensitivity study for PINGU, arXiv:1503.01999
Must account for “shape” syst’s of energy-angle atmospheric v spectra
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This is what we can observe:
energy-angle spectra of

u-like and e-like events

By eye, you would not notice
any difference from NH to IH

(IH figure not shown)
Tipically, few % variations in each
bin, smaller than color ladder step!

Crucial to control systematic
errors at (few) percent level.

Ny (sSmeared)

1
) 1 09 08 07 06 05

0/r

Oscillations
are largely
smeared out!

=0

uonuw

=0

uoJ1o8|e
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Comments on LBL appearance probability

82
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In this context one often refers to the following appearance probability...

'V<—»\/

sm [(1 YN
(1- A4)2

sin(AA)sin[(1 — A)A]
A (1— A)

sin(AA)sin[(1 — A)A]
A (1— A)

sin? 2013 sin? 0>3

a Sin2013&sindcp sin(AQ)

a Sin 2013 £ cosdcp -0s(A)

sin2(AA)
A2

o COE” 0->3 s 201o

. 2vV2GpneE
—== £ =5s5in26015SiN20>3, A =% - gne
1B Amz,

(Cervera et al. 2000; Freund, Huber, Lindner, 2000; Freund, 2001)

» Complicated, but all interesting information
there: 6,,, 6.p, Mmass hierarchy (via A)

Slide from: Walter Winter




... in various different versions, e.g., 66

il 23 .
B — dece 5o cine 4; x |14 Amfg(l — 25123) 812 driven
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Note that matter effects are trivially “CP-violating” (i.e.,

induce a difference between neutrinos and antineutrinos)
since ordinary matter contains electrons but not positrons.

Future LBL experiments seeking to measure genuine CP
effects due to the phase 6 must “disentangle” matter effects.



A phenomenological analysis of this equation, in the context
of current and future oscillation searches seeking effects

of hierarchy, octant, CP-violation, and Earth matter,

would require dedicated lectures.

There are many excellent talks/lectures/reviews devoted
to such studies, and to the optimization of prospective
facilities in order to observe subleading effects.

However, it’s quite difficult to find a pedagogical derivation
of the previous (approximate) formula, which is at the basis
of bi-probability plots (=) and of various optimizations.

You can find it in the tutorials (last and longest exercise).
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Discussion of present and future LBL experiments
often refers to bi-probability plots for electron flavor
appearance in neutrino and antineutrino channels, e.g.:

1 and 2 ¢ Contours for Starred Point

—~ 0.09 -
|° [ Contours3yrvand3yrv NOvVA
o T |Am,,2| =2.32 107 eV?
0.08 = sin‘(26,,) = 0.095
C sin?(26,;) = 0.97
0.07 [
o G
g ON
0.06 [ g %\
: : [N ©
0.05 - R :

- Y S
0.0 [ LN
C Am*< 0 B . N
C Q
0 N

0.03 [
C Am? >

002 F03=0
Ces=m2 &

001 [2O=T ‘?Vy

O w 5=3m2 5%
0 : 1 1 1 [ 1 1 1 I 1 1 1 [ 1 1 1 I 1

0 0.02 0.04 0.06 0.08

P(v,)

At fixed L, E and N, the ellipses are parametric curves as a function of the

CP-violating phase O (= measurable in principle via nu-antinu comparison)
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