XVII Frascati Spring School "Bruno Touschek,” INFN-LNF 2014

Neutrinos:
Theory and Phenomenology

Eligio Lisi
INFN, Bari, Italy

eligio.lisi@ba.infn.it

Lecture I (1h 30%)



Neutrino histo(ry)gram

The discovery of flavor oscillations has raised the level of interest in neutrino
physics, at the level of ~1.4x103 papers/year titled “...neutrino(s).." on SPIRES

Recent peaks of interest: Atmospheric  Solar and react. Accelerator 1-3 v oscill. at
v oscillations, v oscillations, v oscillations, 2nd gen. react.
Limit from Nobel 2002 to  Cosmo limits + sterile nu

CHOOZ Davis & Koshiba on abs.masses anomalies




A selection has to be made for 3h lectures...

Contents: only physics of 'V masses and mixings (e.g., ho cross sec's)
emphasis on interpretation of data  (e.g., no mass models)

Format: phenomenology (yellowish bkgd slides, ~2/3 of total)
theory/exercises (handwritten notes, ~1/3 of total)

All exercises (even the simplest ones) are all worked out in detail, but
will be just flashed in most cases ("skip”). If you wish to gain further
understanding, work through (some of) the exercises by yourself.

The two lectures are supplemented by an appendix on statistics.

No bibliography herein: just browse Giunti & Laveder's www.nu.to.infn.it




General Outline
Today: Neutrino oscillations in standard 3v framework

[Tomorrow: Absolute v masses, open problems, perspectives]



Today's lecture - part 1.

* 3v mass-mixing framework:
- notation, conventions, simple
calculations in vacuum

* Oscillation searches sensitive to Am?
- various classes of experiments
(production/detection/results/interpretation)

* Notes on neutrino CP violation in vacuum

[Then break = part 2]



Notation -for vieufrivo tmasses

'-P\ngsics ‘Factg :
® Three mass states % Y2 VY3 with wasses m, m, m;
® Tor wltrarelakvishc ¥ in vacuum : E = m‘ Xp+ Wl'{/ZP
® Neufrineo osdillatons probe AE oc A\m‘;j

® 3 veulrives — 2 independent AW}Z‘J‘, say, dm? and Am®

® EXFQ){“\'W)QAA\”O&% i Very different valmes | dm'/Am’~ 1/30

dmt ~ 7.5 x10° 5 ev? < Vgmall " or “solar” sl::l,{fh‘mﬁ

Am? ~ 2 5x102 V2 < “large” or “a?’ms?hm‘c” S%UH‘\'\Aﬁ




Phgsfcs facts (cont’d) :

® \ery O\A{HCMLl’ to Fmb@ both wah'wgs v Hie same @(?Qv‘\‘mwf!

® Two Possilo\e av“mvwgngwfs ( “h:‘emmh\‘es”) J&or sich s?(/ifh‘wgs:
A

rm‘i

* mormal” “mverted”

0=? Wierarchwy Wierardwy

[ 2N

@ Absolte v mass scale umkvwww)' {Agwesi- m; could be zero

o Howawr, wpper Limits exiot m < SCQV)



Conventions :

® Ty both Werarduies | there is o ‘doouble - O]C close mass stoles
ol o Ulove ! /mass state . Universal convewtioum :

(1/4, Vz) 5 the doublet, with % Jo@(‘mﬁ Fhe l/\ghf‘e;)- ;M <M,
ys {5 {’[/)e I/Ol/le 9%&%@/ Wl‘H/I/ (Vns z th

> 2
1

%

1 %

- SF\A‘HM@S . &m?= m} -wm: >0 (>0 by olefivu‘h‘om)
Awm? ~ YVI; - \mf,‘,,_ z O (has a Phﬁs«'ml 61'3\4)
® We use : Awnt= % (Am;‘ +Am2”) Jfov tHhe sake 0¥ Pma’s«’om
COH’)Q,Y‘S Pre%ev\ fo use either Am’= AW}, or AW’= Am;)



Exercise : learn wore dbour A’ de]ﬁ\‘/wfh‘om subtleHes

- Very o.ﬁevx , iFs wol dedlared \"fr Am? re{ews to Amg, = my-wmi,
or bo A, =wi-wm3, or b sowe combimakion (somekinnes, because.
sm’= mi-m% 15 assumed b be 20).

— Howewer | Hhe current 46 arror on Aw® s of the same order ax Sm*
S0, the O\MA‘M%W‘B s Q{DproaolfviMﬁ the ~ 16 level; vneed Fo be d;reu“se !

— We use the o\e{»{vvi\w‘om A = -li(AW'; tAmE, )= Wy - L (wi+ m:) Z O

5o thol (wi, wi, w3 ) = WhtME (Gt b £ Am)

2 E

where  +AM™ vorwal Wwwo\nﬁ ol - AWM= v bed W’e»mrdxxg, (tkNH -1H) .

— Others brefer fo uce Az, or Az, as imdepeudeut variables.
However , Hiis brimgs o disadvambage © Awg is the largest wass

S_F\A‘JVH\A,S im NH, amd the wex[—-h-lzowgesf' m IH 5 wewrsa {op AW, ;
whiile. our Aw?® is always the average O]C He Two im boHr NH amd [H. Vr\Q
5



Nota lion {.‘or neutrino emixing_

Physics -facl’sr

Thyee vglboxvor” states Ve Y Yz wixed with wass <fates 94 Yo V3 ¢
Ye Uer Uez Ues Vi
Vu | = Umi  Upuz Uus Y Yu = Ui ¥
Ve Uz Uez Uzs V3

If these are the OV\% Y shtes in vature, the vnatrix U js wnitary :

put=1 (althowgh U#U* in general )
For ambineutrinvgs, U->U* (zee also nextexercise)
As %or quarks the uwitary wiximg matrix L com be. expressed

iw Terms 05- &ow imdepedent pwz}%‘cal parameters :
3 /vwix{/v\ﬁ a/wgtes 3 CP-violoiug ?Ms@

10
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Convenhous :

® The Parkcle Dok C{rwp woka Now. s cwmnﬂg Yumiversal

- t .
u‘olarg. Owrgcn <« with f}z .
5 dl{ag (’1,'1, €|J)
-
g —gla 223 O lg " O “5,2 CIZ. O é— W]w\ G.J"—‘ OOS 91‘,).
13 €23/ 5,7 0 Cy3 0 0 4 Sij= sinBiy
_ C12Cia Sz Ci3 Si3 e"g Ueg, Vez Ugs
= Sig Cz3 - Ci2 523 53 eld Ciz C13 =512 S13 S,gefg $23013 U Upz Uus
’ U'[-; UTZ UT3

; :
S12S13-Cip (13 S13 € ~Cz S13-512C213 513 6‘5 Cis G

® LI is ottew colled *Poutecorvo- Mal - Nakag&Wa—Sakmh“ (PMNS) matrix.
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¥ EXFQJFWWWM% ) We oW know ok

(23) (13) (12)
i 1 i
S2B3~0.5  Su?B43~0.02 Stu* Gz 0,3

~ Waxiwal swalA Lomge
(6=7)

U

® The preseim ce o£ two Speall parameters S% ~ 0.02 aud IMYAm'~ "/SQ
makes 3¥ Wiximg anmx(vwafe,(:«j reducible fo ‘“eftechve 2y mixing"
W several coses of ?hemvnw,oﬁoﬁiml terest

» Cpal o{_ oy conrremt ][lm‘m\e @)(Fewivvlevd'g is ho ]Q/wo{ e douce.
o/} “Q)Q,V\MAV\Q, £3% SZH—eofs " be,%owo{ 2y QPPmW,ang,
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Exercise : learn wwre obout U vs U* subtloHes

The PMI\?{S mateix U O\WM counecks clwam‘rwwx {ﬁebds m e cC La@w,\ﬁ\‘m,
Yy = Z Lo v Buk, Jor a f\e,(d 4» ks c{/(or qﬁ) whudh creates parkicles
ffrovw \fo\cwuvn |o>. T\nemfoﬁe, n ferms of created oue-particle. shates (kefs v>)
ome hog that: | >= Z LJ0<| | ve > (wlxmcl/\ is the PDG comvemhion i terms
o}f shotes). On He oHer M,wol a geueric |v> shie com be dewmi;aswl a2
= ZVL!‘VQ or |y>= Zv“lvo& wWheve e COVWPon\wi's VAT (wvwFLex
wwwxbws) ”f‘rwﬁ{ofm as: %= Z Ugs v, 3Vtwvmw1awg ]Cm“ newtring s :

VaLs Z Uai vip < felds

| Via > = ; U:i |1Vi> < states ; where Uy = <vx | Yo >

y¥% = = U y i < meov\wfs
For O\thxwhm/os, ome should hemge U - % mrgw%e(\e

Note that neutrine “compovients’ (ather Heom shates or fields) are the
nwmeoncal olojects wmanipulated iu MF«L\L@\ colenlabions . They are OILM

orgounred imbo o (column) veckor; e.g.

<;’,; ): (é ) is the vechov o]f Com bovieuts OF o pure |ve> shite in jQAz\/oP basis
v o |

R
él"\



Neutrino Qwvor evoluhow

WM; « E v almost all cases o]f %Vemmem,owﬂfcql mterests Then :

o We con O{-k*@va sel /5=v/ce/1 xxt | Op > D¢

P

o Chirality qﬁb\‘?s (LH = RH) o{— O (mi/E) cam be ignored
(more defails fomorrow) —s Spivorial properkies wot relevamt-
W ,}m\/or\ evolbon

® Cou tus Mlopi“ a simple descm‘FHom n Terms 0% “scalar!
A

Shates |v> Sovev*meo[ bﬁ o Hawultowiom H -

. A
Ll lv> = Hiv>
ax

wika {»O\rmal solwbion |VGO> = & (2,0) | v (0)> where
S e #he evoluhon or::z,mf'or qCrovm Ot x.

14



In vacuum :

® Yor oV \oeown 0& momemtumm P ’(‘mvelxwtﬂ N vo.cumm,

v the wass agwsw@ basis the H matrix reads :
By A 4 (i
™ g L. 2 :
-, P ( 44) e ( mzmé> <—d/\aﬁwa£

E,
However, in »Fl/o\vov\ basis .

Hfi,o\\/oy‘ = D Himgee LIT < vom o[/\‘agmt -. {lmmr wok conserved

-

H\mass -

We <hall work oul seversl Cousequaced 0{_ Hus simple.
howwi Llowiom , omd Haen add correchous ,Eor\ })mfwgmw M watten
Main output- : {—mvor‘ 0scilla bom %;ro\mbih Hes,

=R ival brobaloils
? (V - Y, < 0( B : surwva F }y
. P) | {80(\ N g Trowmsiton ?mba\mwy_

15



Exerase : learn wore aboub subtlkes of -lﬁ(/a\/ow oA cen

- F\x\wg ouventions whem ordewving twdices is imporbumt because, 2.4.,

(%,p) is \vmeqwn/alwl* bo (Fd) i many eases. Our couveuhions follow.
— Evolunhou @c‘wov o ¢ Qivys 1@y |¥>
—"beoovmpos«hw M pass basts :
(= Z v > <V TR I > <l = Z Hyr 17 ><v | N
= DQOOWIPO% hou \/V\/f-g-{OVO(\ bqsv@ vwote Q,L) o (]8,0()
H E{;lvlpﬂl/gl H]ya><v,,<\ Z‘é Hﬁo& )V/B><Vo<l ¥ Or‘ol@ﬁ/w%,!

— Relakion amnouy matix et -
Hji = < N HBa = g [ W )Va> Haw = ZLJFJ Hji Uz
In wmrmx form = Hftaver = L1 Hypggg LI
— Formal solwhoun (eroluhou oagunbn): |y (x)>= §(x,o) lv(0)>
— Flavor oscllahon ?mbabiwé,: P(yo(_;zw: lglgo( 12

16



Exercise : 3V osaalalong v vracuuwmm

Prove that
PV~ V,a) = 50((3 -4 2 Re Jo({g SIn? (A_W‘__U___>
|<)
~ 22 In :y(,p’ sM )
)

where

2

AW\?J'= wi -
X x :
:)- op = L deti LJ(@,I U"‘J U(gJ

B0y 267 <% (3‘- (ﬂ%\_/
48 en? L E

(\(w ~f1/wd Mse.gowmz(qe M e PDG 2009 v rewdews with l‘é—*J)
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Solhom
* Himas = P&+ FE 5 = pd 4 £ cliag (md i, m3)
o AV\@ Torm ?mporh‘wfm( to 4 com be droHoe,d i 0sen Uah e ?Mzovnm

(it juat shiftzy allauengies by Ha same amount, amd coutributes ounly fo
am umo beervable overslh phas) -

® Since H dwoer Vw}’dlpwd o %, Hhe eolom OWY‘ s s\valﬂ oblaied )Djj
onembakion : S = exp (-ifi=).
-|YY\4
e In wass basis: SJ\ = <y 1SV > = K e P e = amd we o(/m;rl%e ox/erod,{?ho\ge-
o Tu Alovor basis: Sga= <] S |var= ZUﬁJ Sji Uny = Z U Ugie o P
* Flavor oseiakom ‘ax\ol@ab (/I#ﬂ
2
PCmev[;)- IS(;«\ s o
IZUIX\ Uﬁl -?}X\

— i 2.

= zum Lpi Uy Ugj € e =
-y W\l
= ZUO(‘ UB| Uo(JUPJ Ce _4__,.1)
J Vﬂ
= lEJ_ UOU uﬁ| UO(J U[QJ (e' — /_[_>-|— = LJo() U(Sl Uo(JLJ@J
el
(\% %)Umuﬁ\ Uy U,e;) (@ - 1)+ Z Uy Ugi .ZUo(J UPJ

=5 com’c'o[é{;\Q
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7, oy
= % Ua; U(g\LJaJUP) (e 'z >+ Z g UPTLJ“";U{QJ (&' %= ~1)+ §o([g~SoLP

I?)

. <Uo(]'l_)f3,i Uo()'utgj—%l_lo(iU{s\'Uo()'U(i;‘)[Cog(m?(x _(:(

+Z(U¢.Ufn Ud U@) L Upi Usy U/g)) [1Sm(m ‘m‘x) 1 + 50(]8
1)

: &x@'%zRQ(Uo" Upi Lo Uy ) (eos () - 1) - 5 2 T (U U Ui Uy ) Sm( %)
So(fs- 4 Z Re(Uoh Ugi Uty Uﬁ) )sin® ("‘d i’ ) 2 Z Im (Uon Ugi Uaj UﬁJ)g”" )
“1) So\(g, 4 2 QQJ«P s (AW“ %) 2)% Im Jo(f_; S)m(AW‘ y )

He=197.327 MeV-fm = 4 in mokursl wmby > AMev. 4 M = 5.0677x\0'*
AW\?\')'Z

45 =-H%%w>(%-m>(%“- )
F () (2 ) () (2)
2 ) (22 ()2

= A267 (A (= ) (M)

(

I

R
>
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Exeruse: 3¥ = 2v redumchon -for S8L reactor expts.

Short- bhaselime reactor @me/mw’ts laok. 7@1\ Yo 0scilla Hous

ot x=L~O(4km) ool E~few MeV. At brese emergies, CC reackous
i the %‘/wal shfe. Com Fv‘oﬂ(Ma et bukb m,ot-/M* of Tt ; +herefore, om(y‘
P(V~> V) is observable (disappearamce) but not P(% ) or P(ve )
(appearamc) . Moreover, it is SmPL/4E « 4, while AwzL/4€~ ().

Prove Hwak, i the Uwnt Sm’go, effechve 2y oscillaMouns occur

P(VQQVQ) Qe 4 o sin‘29.3 S\'V\Z(A\MzL> l

4E
esalllodion Sac ek
a/wx)ol/{ Fade. «{lac’rbv*

Try to gel om intwikive Mwsf’a/\wl/wﬁ of the depemdence oun B3 only.
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Solubon . Trom Hu brevious exercise [with U-U¥), Hhe only vouzers
0scillaring Torms —?or\ AR =ee amd IWMP=wi-wiy 2O are mulfiplied 103:
3@49,3 = LJ:; Ueg Lz Ley = )ue\[zluegﬁ amd Jezea = ]Uezlzlueslz, Thew
I (Je?)=0 = Im (3&3) omd

P(%e=7e) = A= 4(IUal?lUesl™ DeeltlUes]®) siu? (4L )

= A - 4 |Ues|* (4~ |Uesl?) $"V‘1(AW\;L)

2
) <|Ues| = 5123
= 4 — siu* 2043 Siu* AW‘ZL)

4€

Ivd’w{H\/elAs : Two 0{~ Hae Haree MMX\‘Mfg rolabovs  [1ave A wo Q{Led—

<;/,/i ) = (7-3) (13 ) (42) (72) — onfy (13) ?Wgs{u&[
1% ’ /]\ T V3
Mixes ‘
%éji%ﬁblif > m:gémemf'e
Pt Shikes (7, %)
Note Hrak, in Hus ase , & (s umobservable , as well as sign [tL\.WIZ),
od P(VesVe) = P(ve »Ve)-

R
>
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Geveric experimental constraints in 2v approxim.

® CExperimenfs measure sowme "averaged ” P‘XF ~ 2 20 <sm Am. 9c>>

® Curve o{
o - Pxa :
L Am;

= sin?20

® Possible exph comshruints:

’//

/4

No sn‘ngd 54‘3\/\,0«\

< Ai/\:i‘:,'x >4, {7 N%_ 3 {asf' osci UotHovig

< o)
<——.

AW‘Z"‘B‘ «< 4, vamishing oscillakious
€

~

[l
PN
. .
« = S
Sia S

Precise sygnal Precise sigwal
at swall W ixing at Lomge mn‘xim:i
(need 22 expls or spechral data im dexph)
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The short-baseline reactor experiment CHOOZ (1998)

I PP PP PPTPPPRY
|10w activity gravel shielding \
[ T T T T ]

Probably (one of) the most cited negative results ever!

First data: Phys. Lett. B 466, 415 (1999) >1600 cites
Final data: Eur. Phys. J. C 27, 331 (2003) >1000 cites
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Production

Reactors: Intense sources of anti-v, (~6x10%9/s/reactor)

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

@ + @ 1LE+11
@@

Z 1E+10

~ 1.E+09

/

238U

% 241Pu
v 1.E+08

8 \é
: 2396/ \\\
’J‘ 1.E+07

235U

bl
T
~
< @
Neutrino Generation (/s/MeV/W)

g
§ o
D
SHNGS
<-DI
e 2

1.E+06

5
o
>
Oﬂﬁ
)
[¢]
=
o
—_
~n
w
N
w
(2]
~
L=-]
o
)

Enerev (MeV)



Detection

Reaction Process: inverse B-decay

Scintillator

v,+p—oe +n

n+p-od+y

Scintillator is target and detector

* Distinct two-step signature:

* prompt event: positron -  ~210ps
E,~E . +038MeV

* delayed event: neutron capture
after ~210us

- 2.2 MeV gamma
Delayed coincidence: good background rejection

“z. & This reaction allowed experimental
neutrino discovery in 1956 (Reines & Cowan)

25
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Results

Expected spectrum (no oscill.): CHOOZ: no oscillations
The v.energy spectrum W|Th|n few o/0 error

|Reacfor‘ v, spectrum (a.u.)l

IObserved spectrum (a.u.)l

g
Pon) (5]
§"§ 5 20 e energy
5S¢ o5 b
}g ® v signal
-~ 200
ls
=P84
=% 150
w
100
50
Dl T T
With oscillations (qualitative): I
2
O
e
. Bus SRR
"7 Osciliated st R =1.01+28 % (stat)
— No Oscillation 125 -_ % T
%%@%——— S S
075 | L4
05 |
025 |-
2 3 I4I 5 6 8 0l 21 ‘i. é !



Inter'pr'e'ra?ion | CHOOZ exclusion plot

Ve_)vx

One mass scale dominance: Am?
P,. = 1 - sin?(26,5) sin(Am?L/4E,) (eV?)

For any value of Am? in the range
allowed by atmospheric data (see next),
get stringent upper bound on 6,

sin® 0,5 < few %
(depending on Am?)

... Nobody could know at that time, but
0,; was just behind the corner (less o}
than a factor of two in sensitivityl)

analysis A

analysis C

90% CL Kamiokande (multi-GeV)

;____L_f__L___

In any case, it was clear that, to reach
higher‘ 613 SensiTivi‘ry, need to use a 4 Ey 0% C{allfalxlf?lfzindcI(.‘subﬂP’ullti-Gcl\{)
second (close) detector to reduce 02 03 04 05 06 07 08 09
systematics by far/near comparison > sin%(26,5)

1)
o
oL



Reactor experiments with near & far detectors (ND & FD)

|
I @ Reactor |
159,. @ O Detector |
£F (& %
;‘E_/v"“- \! ’-;:I ‘ > =
L U.e
~o NN \&
A N,V

‘*fb :
Double Chooz e Daya Bay

Running with FD; Running with Running with
ND this year! ND & FD ND & FD

E.g, for
Daya Bay:

< ND

FD -




2012: discovery of 6,,50 | (sin20,,~0.024 at ~fixed Am?)

5 LISE
A

Z 11F
L M
7

3 -
Z 1.05

0.95

0.9

L Daya Bay
I T T

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 (FD only) also consistent with Daya Bay & RENO.

Interestingly: approximate value of 8,; was previously hinted from other data.
Weaker signals were also coming from other expts (see later).
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2013: more Daya Bay data > spectral analyses - 3 osc. cycle in L/E!

_t‘?«j
- ,|o —é
i- :
. "’”"‘"; ”;‘“..,ZHT.'“ “’_ | U
e e L -+ EH1
il et E - ~+ EH2
' E “5 i —+- EH3
1 _E |> L
g — 13 1 — Best fit {
E Pt Rac ﬂsEnerg [i V|~_§ 0 0.95 -
o E |
= ~ B
E o
l }
I

Data-Background
S
I a
8 © o = 4
—

0.9

Events/MeV

Data Background
Predciion

. -
© B © © © © o
TR

L . PR I S SR TR NN WY S
0 0.2 0.4 06 08
L,/ E, [km/MeV]

sl Jll]llllIIIIllllllllllll]luulllllll Ll
1]

mm

3 3 8 10
Prompt Reconstructed Energy [MeV]

Let us now proceed with other expt's mainly sensitive to Am2 >
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Exercise: One -dominant-mass-scale approximahon (vacuum)

Prove that, in experiments mainly seusikive b Am?, ie.:

AWMz ., §(1) ound Sm'z 4
4€ 4E

the oscillakion probabilikes Ole\owd ouly ou |Am?| ad oum ‘he
Wixing with Y3 ( elewments [Lxs], 9overned by €3 auwd B43) :

Poat = P('V(x"yfx) & 4 -4 |Uaz | (4-10g3]?) sin? (év_;’__?)
PO((?& = P(yo( . vf&) -t 4“_.}0(3,2“){33)25)\)’\2 (A_%Yggf) 0(-7‘(3

A 2 74
where [Ues|"™= sty | (Uusl®= cfys3, ) IUml®=chy cgy

—> o semsikivily ko (5m% ©12) of course, but also -
— WO SQMQHVH’B to Wuw\rdwg or /Q( ?Mse_ S
— W OUHWACL v/ v
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Soluhion—

P = 4- 4Re (:Jo(oHJo(q)Sm (Avmx) ZIm(jdxi-Jd“)gm /AW\ z)

~Jo( + Ty = |Uqal? | U3 | %+ |Uge |2 lfosl Ik (1-1Uys)? ) ) with imaginary 'fowf'zo
Yo = 4 - 4!Uo(s|2(4 | Un3| ) sSin? (AW' )

——

Pup - — 4Re(3d+ 3 ) 5 (B3] = 2 T (33435 5 (), a1t
:T,,((\;’wh Jo(?-‘- Luy U(g*: U;kg Upz + Uxe U@f Uds UF?'
= Uo{>§ UF§ (Uoll U/QT‘*' UO(&U/;ZKD o Wmﬂl'v\r‘lxlj OJ; (|

—

= LS Upz (- Dus Ugs )
= — |Uws)¥lugs|®  with imagimary part= 0

PD(F)-_- 4 1Uxalzluﬁ%\2§f“1(é%;§) /"(%{S



Phe.womwotoa ical wote :

The one - downivamt—wiass- scale a?\omximﬁ‘@m Cour be applied, e.9., to :

* ot spheric ¥ Ox perivnemls (ATM)  SuperKamiokamde ---
o Lovug—base(zfme accelerabor expls. (LBL) kzk, MINOS, T2k, 0PERA ...

33

* shork-baseline veachr expts. (sBk) (CHOOZ, Daya Bay, RENO, D-Cheoz.-
- 2 [ Amx
OPERA (LBL) * P(‘)?M —?V-&) e Cﬁ$4 9!3 $)Vl7-2923 SIn ac ) (*)

ATM+LBL = P( %) & A-4ch sy (1-Cysdy)sim (A% )

. . 2
ATM+LBL : P( %a)@_) ~ S73. 5?26, sTn? (4_4“1‘&__7‘) (44)
SBR : P(7% —’Ve.) > A- 5?2043 Sinz(d,g‘_z_") (k)
<4

() + reduces o 2v form for O3>0 ( bure Vs>Vt oscillakiouns)
(Gex) s vouishes Jor €13 > O
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Atmospheric neutrinos:
The 1998 Super-Kamiokande breakthrough

Zenith ang{e dependence
(Multi-GeV)
U"]ﬁd‘“s Dowon ~going
1:00- rEe _rq /Xz(shape)
. @%@z =2.8 /4 dof
o $£}J’_=Oﬂ3+o.:3

20 [ +MC stat | Down —0.12

Number of Events

Of % .'1:i;+‘ T =

200_:_ (b) FC ji-like + PC X :(;}mpe)
- == =30

150 . E’J’""‘m /4-0(03(

100 \*v——ly_t_

J b
L, = 256 [pean 00t 00 €

137 P
X UP/Down ;yst. eyror jpr /u- like

Number of Events

(3]
o

(T. Kajita at Neutrino’ 98, Takayama)
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Production

Cosmic rays hitting the atmosphere can generate secondary
(anti)neutrinos with electron and muon flavor via meson decays.

104 T T ||||||| | ||||H|| LA [ILLLLLAL
mld'\ - .
1-> n () j

(i} L
0

)

@
9

E
0
N

w

X

X

)

i

c

9

2

o

.fv-"?fu
103 UJ l|||||||1\ ||||||||2| ||||]|||3
10 10 10 10
Ek (GeV)

Primary flux affected by large
normalization uncertainties...

Cosmic-ray
shower

~30 kilometers

Atmospheric neutrino source

ats p.+ + Vlu
et+vg+ vy

T— wu + Vu l
€ TVt V.u

i Undergro? und

Ve, Ve, Vw_T’u
detector

.. but (anti)neutrino flavor ratio
(u/e ~ 2) robust within few %



/- renith
¢ angle

down-going

up-going
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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



Detection in SK

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

Fully ,
% Contained Stopping n

MUON
NEUTRINO

& S— U0 n

E//'

Partially *  Through
. Contained Y Agoing

1l

ELECTRON

.

NEUTRINO < - .
--------- = eleclron

shower .




RESULTS SK zenith distributions

SGe
MGe
SGu
MGu
USu
UTu

Sub-GeV electrons

Multi-GeV electrons
Sub-6GeV muons

Multi-GeV muons

Upward Stopping muons
Upward Through-going muons

electrons ~OK

Super-Kamiokande (92 kTy) t SK data
e, u zenith distributions ---- Best fit (standard oscillations)
ormalized to no oscillation ——— Best fit + systematic shifts
1 .8 \ T T T T T T
- SGe\ MGe SGu MGu USw UTw

"l 4— no osc.

muon deficit from below

¢ ! ]
2 R e
0.4 L 1 B \ \__ X _
0.2 -1 0 1 —1 0 -1 cl) 1 —1 cl) 1 -1 =05 0 1 0.5 0
cos 1Y, cos ¥, cos 1, cos, cosY; cas1y,
A v
up down



Observations over several decades in L/E:
v, induced events: ~ as expected

v, induced events: disappearance from below

Interpretation in ferms of oscillations:
Channel v ,—v,? No (or subdominant) < CHOOZ OK!
Channel v,—v.? Yes (dominant)

One-mass-scale approximation (for 6;3~0):
P, . = sin?(26,;) sin3(Am?L/4E,)

HT

[In this channel, oscillations are ~vacuum-like,
despite the presence of Earth matter]

Results consistent with other atmos. expts. using different
techniques (MACRO, Soudan?2) but with 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?, 6)
— -2
51'8 0 7T T T T ]
& 16 Am? ~ 25 x 103 eV?
D 1.4 0 ~n/4
b4 * >
912
E " %
é 0.8 + + i + N )
© 0.6 - <
9 B e e 99% C.L.
g - — 90%C.L.
§0.2 + - 68%C.L.
®
o o0 ttal sl 2' il 3' S 2 10'3 R R NP ST R R
1 10 10 10 10 07 075 08 08 09 095 1
L/E (km/GeV) sin?o0

[Latest SK data analyses more refined: include many bins and syst.
in order to "squeeze" subleading effects beyond dominant L/E]



Long-baseline neutrino experiments
(K2K, MINOS, OPERA, T2K)

“Reproducing atmospheric v, physics” in controlled conditions

M t.Yariga take NearDetectors KEK

. 3,180
Super-Kamiokande m \ )
o Rl “3)0m
o R TR e ——
>

Soudan Q'_

Minnesota

s}
Fermilab

lllinois




Production (e.g., MINOS)

Target

Decay Pipe

\ Target Hall
120 GeV

protons

>
From

Main Injector

’

J

V

Absorber Muon Monitors

Hadron Monitor

675 m

\ LW
SR AN
”+ ;:155; — v | = “?‘
A 2 S
¥ «3:1‘ : AR
AN I Rty
L i \ 2 e B
il - + - iy =
- \ 2P\ WY
Ve R R
Y N
1 AN AT
\Y D/ —
/ &
v DCK|
Sm
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n decay: v energy is only function of vxt angle and = energy

Spectra:

vy CC Events / kt / 1E21 POT / GeV

wn
[=3
(=)

N
=)
(=}

300 -

200

—_
(=3
[}

(=}

Medium energy tune

)
H
[T
5

10 15 20
E, (GeV)

25
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(Far) Detection
K2K, T2K: Cherenkov technique in SK
MINOS: Steel/Scintillator detector (+ magnetic field)
NC Event Ve CC Event

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

K2K, MINOS, T2K supplemented by near detectors to measure disappear. P,
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Results in muon neutrino disappearance mode, Puu

K2K MINOS T2K

> 16 .
& MF { DATA E
15F R S v,+7, CCQE =
2 | S 10 VY, CCnon-QE =
S | + ] z s vV, CC 3
® - o)
LR HEENE > (F NC =
s
a | = ] -
o . 3
2 5t + *  MINOS data ] |- MENSCSRNINNG AVEN A i s S S
(=Tl —— Bestoscillation fit 2215 =
W] —— Best decay fit 9 g N WRURRTUUO O T 1 O O U OB D l |
D: i - a I_ |
—— Best decoherence fit | 2 =G 0 p: + | N
L N RN BN BRI BV R S aF E
| s % 5 10 15 203050 MOk . A . ]
Eeutrino Energy (GeV) 0 | 2 3 4 >5

Reconstructed neutrino energy (GeV) Reconstructed v Energy (GeV)
e}

1st 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 T appearance: OPERA

Finding needles
in a haystack

- the OPERA hybrid detector scintillator trackers

1mm ] ]
— )
T _.-;‘.'.'::*""'_
r . -8
........... ) *ﬁ—--.
M ‘“-§~:\<ﬁ-«
[
'L..___-.‘_.
Pb ™~
" \ E—
iemt.llsin::-n layers

interface films (CS)

Four “T needles” found! (consistent with expected signal)



Interpretation
Once more.. dominant P,. = sin?(26,;) sin?(Am?L/4E,)

Osc. parameters consistent among atm/LBL experiments...
.. with recent, possible hints of nonmaximal 6,; mixing in MINOS

4. I T T T T T T T T T T T T T T T I T T T T

O MINOS PRELIMINARY 90% C.L. |
— - — MINOS: 37.88 kt-y Atmospheric ]
q 3 Bt 10.71 x 10?° POT v, Mode |
= i 3.36 ¥ 1o20 POTV v Mode ]

[ — MINOS: 10.71 x 10%° POTV Mode

YY) 3 O‘_ ------ Super-K zenith angle*
(@) - — Super-K L/E*

[ — T2K**

=25

£ | ——

*Neutrino 2012
**PRD 85, 031103 R) (2012

1.5-
075 080 085 090 095100
sin®(26)

The format of such a "2v" plot is, however, obsolete...
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(aw? 6.3) parameters...
. are Wmainly deternumed log ATM+LBL expls. wa P@u% W}

o Puu is octaudr symmebric (i-e., invaviomt for G 172-~923> .
ouly 1n the Limmit >0 omd B30 : Py X 4 - $1n*26,3 sfn”‘(éam?x>

® For Oi3#0 iFis no longer ockuut-symmeknc :
Puu = 4 -4ty s (4~ hss3y) s:‘m‘(é_g”_;})

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

es“l”/’\
' |
L : <v>ok hecessarily )
fric
JAA L Am']_ | %WWY)Q,
B o |
|
|
g=0  sin*26  O=T/ 0 o /A4 /2

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



E.g., PDG 2012:

1073
—
[\l
=
(D)
—_
N _
=100
<]
Ga 95%
1077 —— -
~ All limits are at 90%CL 7
unless otherwise noted
1 0—1 2 |

1074 102 10Y
tan’®



E.g., LBL appearance: P = sin%0,3sin?(20,5)sin®(AméL/4E,) + corrections >

0,3 octant asymmetry, anticorrel. of 6,5 and 6,5: the lower 6,5, the higher 05

Bari group analysis of LBL results, 2012:

Latest LBL disappearance data from
T2K and MINOS favored nonmaximal 6,5

From LBL appearance+disappear. data,
two quasi-degenerate 6,5 solutions
emerged, in anticorrelation with 6,
The two solutions merged above ~10.

No clear preference for one octant or
for one hierarchy yet.

[2014 update at the end of this lecture]
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Note:

The previous Q.XFQV‘(A/V\QM{‘s (LBL +ATM+ SBR) allow to sef
caumstraants on |Am?| omd ou the 3rd-colwmmn elements of
Hie PMNS ynalrix(in absole value ) :

o [Ues |
“—JJ_; ( - - [Uﬂz[) < MCL‘.WS O'[' 623)9|3
|Uzs|

Next {mvx’ﬁ‘qr: subleading eﬂ-&cfs relatzo to Sigh (Avn"‘)) S, B,

Sm? wnaker, ...



Even if not observed, all these effects “"are there" and must be >

accounted for in state-of-the-art analyses; unfortunately, it is difficult
to see (and then disentangle) them within current uncertainties.

Example: size of hierarchy effects in atmospheric neutrinos at Super-K:

Zenith angle distributions of the Data

- Multi-GeV Single-ring Anti-e-like . Multi-GeV Single-ring p-like
" (prefers NH) | —— 300~ (prefersIH) . -

200

200
100
1001
0 [ I e el
4 1 OF = 1
—— 100

[ So far no consistent story has emerged from the data NH Fit
O Taking more data is a necessity! 77777 IH Fit

R.Wendell (ICRR) 20



This is even more important

in the light of v, appearance
signals in T2K (and MINOS),

consistent with the same 0,3
as reactors (up to subleading

CPV, and hierarchy osc. terms).

T2K 2012/2013
e-like appearance:

—+— RUNI1-3 data
(3.010x10°POT)

I Osc.v. CC

v+, CC

[v+v . CC

[ NC

(MC w/ sin®28, =0.1)

Number of events

< ——te—————e—— *
0 1000 2000 3000
Reconstructed v energy (MeV)

Scp (10

Ocp ()

LI I LI L I

Am3,>0

68% CL
o 90% CL
. = Best fit

' PDG2012 1o range |

-0.5

||||||||||||

-1 N ]
0 005 Ol Oli 07 025 0.3 035 0.4

sin 26|3
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Exercise : CP(r) properhies of Fyg in vacuum
OY]Q 04 e VIQJX(‘ _FY‘OVLH.QN‘S \‘S I"O iVl\(QéHSQH- /Qp/l.l/l ‘H’le v QQCI’OP.
Prove Hat the gemerul form of POU>Yg) Ts naburalty cplit
M a (P- CousSer i ing amd o CP- Hoﬁah‘wﬁ port, P= Fep+ P :

POK=Yp)= Bug- 4 32 R Tyf siv? (A )

-9 Z X '.Jss‘ Avndy
2“)’ \mjo(/s “’*( 4!61_76_) < Pg

wheve CP jnvariamce would imply U=U% ad P(»)= PG

Prove also Huat CPT invanomce fuolds , omd implies
PCVo(—aV(g) = P(?ﬁ—*%&) .
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AcHen of CPoamd T fws{orWH‘oms on ¥y >Va process
drom  source () bo detechr (D) :

Vo . Va Vs . Vi - %
s D w D s W s = D
cP T
CP mvoviomce = P (Vx> Va) = P(Vx- Va) &< (vev)
T fwvariome : ; P(%~>Ys)=P(va>V)
P(ﬂ(—’vp)=P(V(3-> V&) < (0(6/@
CPT invariamee : P4 Va) = P (Vo » %) & (vo?) e (dep)

For 2y invacuum i the gemenl Lorm ol Fxg , it is easy bo chede
that either (o<<—>/3> or (Y47) exchamge avmouwnt to (Lo u*), only

ofleching the Pee part. Therefore, CP invariamnce requires L= %
whtle  CPT invariamce Wolds in amwy case.

R
>



Exercise : Condihows lo observe CPF in vacuum

Cousgider Hie gemneral -EOV‘WL P= Pcp + Pee. Prove Hhat, 1w order
to have Por # O, the following coudihions tmust be sakisfied :

» 8# OorTU <~ [ must be Complex

° d# F <— veed Q}QPQQMMC& @x)aem‘vnwl-g
& OiJ‘#O < oll miximg amgles #0
o Am%jy&o < seusihivity b bol, S omd A

— The smallness o,F Oz omd o{- Sm'< Am? ynake 1F olifH oudt
Vo tesk CP wolakon W +he vieutrmiuwe <echor !

(Leomw aloour E)'owlslco\(} mvariont tn Mg QA(e/ra’Se)
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® For 0=0T1: U=U¥— Py=0

° Fora=g : Im(7340)=0 - Pw=0

* Forod#B : TFturns eut thot oll Im(Jo(p)am oﬂw to each obher up fo & Sign-
DQ{—\WQ J=1Im (Je/u> Then = I (Jo{‘g) T J rP)'r 0(7'-18 Aol |¢J/wbeye

+J {-’ov(o(,(a) (epm), (ut), (te) < Llavor cychic T 15 el
*J for (i) (42), (23), (31) <« gemerahow cgchic (Jowlsfw\j wmmk)
—J obtherwise

E'%' F Im (Jéé): Im (ue.LJ{i Ueﬂ;. U'CZ)
= Im (Ueiles (- & Uer - LJ/f, Uue))
= Im (-Ue Uk U/m Uuz) = = Im (3 )=-J efe...
Note: Im (Jez )= +T= (-1)(-1)T Sime kboHu (ec) Wi (21) ave qmbicychie -
Cyclac rules com be evnbedded im cowmn d~ ,)Corm Mo, coAMlo(ﬂelAj,
Ok Sgwwvw,hm(, femsors € 1 Im (j‘*é) < j Zédﬁx Zé‘d

k—UW#wg_

Now, uswg He PDG couveuhou —Elnr U= (Q,J,S), i Ts
J=TIm (3 ) Twa (Uel U/ul L.fe,z LJ/.42> = _8— SI\AZQ,Z Q\Vlwzg 9“/[29|g COA@)S S)Vlg

wiidh vousshes for omy B1)=0 amd/or for &=0,T (s1ué=0).
é{_\Q
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* P, prevously devived im " sum"” —fowm com also be cask im “produd form,

F Yy =Y, +8TF AW\«zZ S A’ 23 X AW\Sl >
g/CoL {3) 51\4( o ) I/Vl< e )sm( e~

whmeh voumshes —Fov* dng At ,“}'.-":’ O (te., -Fo\r oscallohom Flnase e l>.

The Fmoqc malkes use of Ha -E—o\/bowaﬂ +rf%w,o/vnd~m‘c, l'o(@mh’}g:

1§ XtytZ=0 ,theu Snx+ SM2Yy+anle = — 4 sinx s1n ysinz .

In our cone , M\O(UJ«}‘\P% S O‘-Fplnaol b Al + AmL; + A2, =0 . Thdeed

P (Y= ") = = 2 2. Tom T siu Am‘Jx)
J
-2 [Iw‘ Jo?; Sin (A—V%é—x)* I Jo(js S (‘MQ__W) + Iwm J&? Sin (A_v%z,éz)]

= =2 Jwm JO(F LS\VI A\m.zx + Sin (Aw'zsx) Sin <AW‘»13 z)]

11

!

-2 Iwm 30({5 [9”" (AV"‘éx)-r v (AVVI?;;Z + S A, )]

A2 2
= +8TImJtg Sin (Agn x) Siu <Arf§_9c> Sin (A_v_v*_"s»z

€ a€ 4€
A2 CSCL\(,
=+ g vaJo(f 1T sin (AW"J )
Gj) 4e

Tu \S;arh'wl,ow, P/Qp/eo ,Eo,f S>> O. é{_\Q
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So far we have mainly discussed Am4-driven oscillations

Next: 2nd part of lecture I

* Oscillation searches sensitive to omée:
- probabilities for Am?/dm?-> oo

- matter effects (theory)
- experimental results

* Global 3v analysis of all oscillation data



Exercise : EXpls. sewsihve to dM* in the Umit Awm®s 00

Pr‘ew‘ofus\,«é we have cousidered @(Fef{rmw{'s with Seusikvily to Am*
N He limubk 9m™> 0 . At Hu other end, of Hw spectrwn, there are Q/)(Ff'g.
wikh kadimg seusitiviby o dwm?, for wiuch ane cam ke Am*= oo

SMZ ., 9(1) owd AWE g

4€ a5
TWis is the wase .{lor shouce , of bomg—basdame, reackor experimmeunts
(kamLAND) willh [owrge % o relahively low €. Ab low E~ fow M/,
e wain doservable is the oisappearamer Fwoloalm‘l/{‘y Pee . Prove thal

X . (A
Pee ~ 0034943 [i - $1V|22Q47 Sin® (S_V%EZ_)] ! 5im4@I3

(wlf\,{o\a ey wot- de‘;wd oM W‘def‘j; /v, Qﬁ)
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Tor Fee (o fsap{;wm/mcz) W+ r's Pg! =0,

For am’z U Overoge ik s gin® Ams(% ~ ' v Sin (AV‘”B?Z
ae /

Theu :
2
'P(’Ye-ﬂ/e)" A - 4Qe<3ez>sm (‘“2;) ZQQ(JQE'*J%;)

= 4= 4l Ul sive (die ) 2 |Uaf? (1L '+ 10
= 4 "46?3 Siz ¢l s (sz ) 2 S5 Cig

= ¢ o8 - dch sy el sin 52‘ Z)
E

_ 3
¢l Pasty  where PP< 4 —cin®29,, sin® S%>

il

Nowmelsy , the 3y %mbalmb\lrg (for 613#0) 1t veloked fo Hu 2v brabubility
(ak O =0) by Hu relokion:

Pe3€" = w3 P+ sin? O3

R
>
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Importomb noke :  The Awt-aneraged form for Tee,

PY = c¢f, Pie (6w3 ©,2) + &
holds mob only for ko LAND |, buk also for solar vieubrimos
C?ro)ofr omitted) where , howener, Pep takes a Very oli ftexeut form
due to omatrer eftects in Hhe Sun.

Tl/)e,m{ore, WMa Peév, solav+ kawm LAND experimments  allow to sefF
comstramls om §m?* amd on the Ask-row elewments of He
PMNS watrix (in absolule volue) -

luell erzl er;]

fLJ[ = &~ .Fumc\n‘ws 0{_ G2, O13
Recap Solar+ kamlAND > Bz 63 dm?
of leading ATM+ LBLocwel. > B33 03 |Aam?

Semsahvi
R SBL reactors > 613 |am?|

R
>



Hamiltovian for ¥ oscillations in wmatter (Msw)

It was ,P\‘rsf rea1zeol ]05 Wolfemstein , auwd later elaborated bj
Mykheev oumd Swivnov, Huat meutrivios fravelimg in omafter
veceive o coutribukion fo coherent {orvvaml scatteriong , n the
,%)‘rvvx of @ tiny imferachon emergy Vo(‘g :

Ve Vi Vur
Vte Vz/u Ve

— 7

"o’ Vee Veu Vet
H A (™m )Lﬁ 7
%Lowor - ( ml +

—

o

VACUUM (aNEMATICS ) MATTER (DPYNAMICS)

Y Y VP
ca — T
{reg s\’re,anming 4 ', mterackon
W:”Z/bm-/;;;;;;;//z

BACKGROUND MATTER_



Within the Stomdard Model ; aud im ordimary watter :

(Ve. Ye ! ( Ye e \
gz 0 0 VY g X 0 0
(10007 77717 ({0t
I N e e

Vx?: 0 gz 0 + 0 0O 0
Ll Lddy

P, e i W

0 0 gz 0 0 O
/Y /

pin, e
: A )NC \ )CC
roporbional fo wnilt ;
P qmn\ Wbswmoﬂle Obsg’:czvffﬁ;ﬁ;ye .
<
Relevamb fermy s Hoe ')/e—\//q,f, emergy o[/{ﬂgjm/mce_ ¢ Yeco >-@.=

e €

(No vaoY/O%ws jCow yax whidt are absent im ordimary wm#@r)
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® Tt turus oub Hiat the Ve interachau energy s (s nwk%a\.ge)f
V= VZ Ge Ne

Where Ne = electon vwnber olevzsihj/ amd V- -V {or Yy

® Then, the Hawu loniam 0@ % FroFaﬂa/Hw wo amatter reaol¢:

H = ._/‘__ LJ (W)i Yﬂ; LJ+ + —A—-e AO
flaver = S m3 2E o

where, A= 2V2GeNe E

® The relakive size of mabter/vacuwm terms s givem \oﬂ A/Awﬁ;j'.

ng\n\/:s speaking , aue amay expeck sizable ellects for A/A\M?U'fv@('i)_

o The depundomce A=ARE) makes e evolukon vautwivial in (WA S
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Exercise: Sketduy proof of V=1{zZ Gr Ne -

From Hue CC Howmud oo O{— te Stomdard Meolel,

Nee = —CU‘\_ZF €X/A(4”Pfs>ye Ve p22 (A-Ys)e — T ® Jec
(%1er2) _ —
= Q\é— 67(/“ (4'Y5>€ " Ha X/,\ (4 ’bf5> Ve < Je ® Jy

From the peutriue \HQWP@M)’, Ve e 1o ~nomrelabwishe o NWP@LQP)‘M

(<& =O> n vrd/{m% watter T+ ¢ Hhow msej(m[ 15 use e Divac
mme’roLHom , Where only the Upper- covaowwd’s 0{ e Surwve :

e~[%], wh €= Fauli spiwor
“Theu - 57/"‘("’0’5)@ 2 (%J‘g ) %*'6?%} ~ Ng é;mo

sl e
deuwsily Ne polanzakon ~ 0
aud Hee & %-‘ZE Ne Ye Yo (4-Y5)% = [Z G Ne | ‘s/_el_?fo VeL
L_-—v_b_,a
COMF@\/W%»
whidh adds b the % energy in the enolubom e/c]mh'w/ _

65
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2
Exeruse : Prowe that A _ 452¢x107 He, L (8&.
AWRU Wl /om? )\ MeN Aw;
A ol = 6.022x10%3 ’;m‘HclM
A et = €022x107 (M‘Wg)= 6.022x10%% Mev >
cm3 10em3 (vn-Mev)>
= €0%x0B )% 2 4677 x1073 Mev? (i vabwral wasils)

(15.0677X\0'2)3
Ge = 416637 x10° GV = 416637 x 10" Men™?

Q\Y—ZC\FNQE: 23 (/{ 4664’([(7“ M.U\/ )( /c‘m)(g MU\/)( ___
wﬁv‘ Yol/cm3 Ay en?
2
=3.20807" MV " MeV gmol 7 Ng ( )
eNt  Cm3 Ww(/cwr Mo
-7
3.,290x\07" MV MeV ool - 3,299 x10710% o« 4. 677 1073 o> = /|_526xto‘iL
eNt cwm? Man 2

R
>
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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 |



Exeruse : 2v osullakons in wmalter ot conshwmt deucifg

Prove Huat, in the 2y imadt @43=0) e % survival Fm]oab{ulg reads

veid s = sin220.. s [ Swtx )
foe (mat) = A — sin®20,, siw ( 7‘—6-> —Pm Ne = coust~

e, iFhas e sawme vacwwm-Uke  Struchure but with +he mpl,(mwnwfg:

Silg,, = = ' R §
-]/ ' 2 m 20 i
(COSZG,Q - ?{WTL )-1' sin 2941 12 .5

- SIMZO,, §V(\>}/2 - St gl‘m%l?_ <A= 7 Ge Ne.)

Sowbon.  Tu Be 2v iy, Hae velevomtb osallahom Pam/vm/i'ers are (SWI?, ©.2)
omd e haummlbowion 1s:
" e m s T 5 4 Ciz Siz (YY121 0 Ci, ~Si A O ]
H=u e _Wt_>u +< oo>—’—l—é[‘5lz CIZ) O(Wl%)(sn_ C|2>+(OO)
e

where U=U*= (i“i ?:Z) Ik s couvemient b put H i traceless ]Cowm/:

peL

—_
Coulo|
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{_"t A ]:A — 0320, dm’ SIM 20, ST ]
qe S, Smt  —A+00129,om”

which hag ugw\ml/ues =3 541{/\4 ' with swi” = 5VV‘ZW
€ m

AL,
om?

~ (A ~ 2 D
- - , o - O 8, -SmP Ko 7 ~
Dm%wxw{hwﬁ rokakiom : 1 = (wsejf smj )( %€ ) <C°5¢"‘ ,\jl>= u()) gr

—5ne), Coy B2 o +8;1V]_1 simbip s B2
=4

: 2
where < Zéb,z - St 20n ) C)o&ﬁ _ Cos 20y, - Al dm

2
(C/OS 2942—§%_L )Z-f- s 20, | -xmlz —éé—v—m_“‘)z_" sw* 26,

50 Hhat St = Sw? smzeﬂ/ Simz8,

(Y

The evolmkion opzmw im vaabker 15 olo i bﬁ Qﬁ(fwmwha/nw of H:

;%] _ e__\ N ) L/_\j, (enév:ex y syﬁ){) L”:]’T i} 005(61\0}76) (4_0)_19“({@_{)(—00&59\1’1 §l'mzé72 \
¢ ae a€ 01 ae /\ sinad;, ws26n )
S%mw‘wg the olxia%wnl eloment o]f_ Y oue té,vh Hwe surrrel ?Wb&ww&‘
Toe = \gdﬁ‘aﬂ] = 4- 3"“17/@;2 sin’ J_Vi"bf_?) :
de

(Sotmnwz\ the off -diagowal eloment oue would deb the womplemeary
Troushon probability ).

R
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Covaments :
A
|
|
sin=20 }
|
|
0 |
o A —
I
1
|
|
2 '
= " -
/‘
~ |
w3 |
© i A >
A AY}
i oo

(A=27GeNeE)
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( O10 = O {or s(/mdzl/“ci}g)

thkhm—gmirmv-V\/ol{wsW‘w (MSW) Tegonamcg -
For A/dw >0, the efjechve barameters hawve o
re sonamt behavior arewnd .
A
dwm?
(OV’VA -gior Y: WO resonamce {mr V)Si'wc& A<oO \§mﬂ7>

v s 20

A/SW\2<<’\ : (SV,\\”\Z, é/) N (5VV11,9> & vocuwwn-U ke

Al Mt cos29 (sm, @')e (5vm"s|‘u28,ﬂ/4) & Yeson,

AlSm? >4 - I P o
fom (8%, 8) = (4, T/2) N i

Comfirws  excpechutious of large mmadfer

oftects for A/Sw? v O(1).

R
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Exeruse : 2v osc. in malter with slowly vwgu‘gg densiky

Tf NeG) chamges slowly frome 2=%; (with 8= ) fo x=x; (with 8=6¢) whvile
0scillakioms are -j:ous\', then e averaged Tee probability fokes Bae form :

. o~ o N \
Poo & co¥ 0; cos®Or + sin*Osin*Os < Yadiabakc! awmm'rmahom/

Solhom- For a qw\g-wusw hWomu hoiom, amne com solve the eaobukion eauolom

Yone x "ot o bwe | ol Haem Fafoh e soluhoms ,Emww 2 fo g Thu's eams Huak,
%ww the wikal shde D> = os® 195> « st 190y, +he ellechve nmass &Swskﬂ%s
Vit oad V5> ok x; slowly +ms{orm to V> amd [VF> ak g, PeSPechetgt

o e [V I=4= 1A% ] 5 <51 s = o
R——’“—‘—‘\f—'—"’——'———"
Thou - no level c,r*ossu‘zwj"
g ~ ne N oA, ™ ~ A 2
V,f . Pep = | <V | Ve > |cos@;c0s B <vf |1 > + $x‘m/9\:'§|'m9]c <V |V |
- i A\r%mglw% ot interfereue ferms affer momy oso WaHous !
~ A ~ A PO
A Toe' Cos?6; Cos*Or | <V V21 siveg sfm‘é; | <V 19500

~n ~ . A, AL
& decreasing Ne. = gov0 oL’ Or + SNt o, s|m19]c
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Appication o solar V.

Tt furns out Hrat, for e (W7 042) valires choson by nakure , Hie
mamm approximmation com be applied to solor Yo - In Hus Care

942 (%) = 045 (vocuum value at Hwe exit ffNMM Hu Sun), while 942 (=)

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 Fmbab{\n‘bj , 0 cht %V\/lmd‘r‘lb-

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

Tms 15 the watter - ooWina fed Frobabih"(») , ockaml - asngwd-r:‘c

AlSm® 2, 4 amd B, 0c)~ T2

A-4smt20y, The Poe Tramsikom frww “low !l b Ylugh"! E

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->



Experiments sensitive to the “small” dm?:

Solar neutrinos

The Sun seen with neutrinos (SK)

NS
ol W

—_
O
L e L e s o

Eccentricity in %
N

—
LI

05

:\:\\\\:\‘H\\\\i\\\\w\w\w\\\\\::
9100 -80 60 -40 20 0 20 40 60 80 100
Perihelion Difference in Days

Earth orbit from solar v (SK)
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Neutrino flux (cm2 s MeV-)

Solar neutrinos

The pp chain

ptp—od+et+y,

Neutrino flux (cm-2s1)

*He + He — *He + 2p

10"

Q"
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10°
10
107
108
10
10¢
10°
10

10"

pte+tp—od+vy,

99.75%

}

D+p—>He+y
|

0.25%

L Gallium

1

‘He+*He » 'Be+y

:

*He+p—*Hete*+v,

¢+'Be = Li+v,

|

p+Li = 2*He
14%
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p+’Be+—®Be +y

B —>SBe* +et+ v,

supl rK, SNO
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0.015%
f
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{

Be pep
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pp (+CNO) cycle
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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, —=3Ar+e (CC) Homestake
"Ga+v,—71Ge +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.

Vetd—=p+pte (CC) SNO (Sudbury Neutrino
v.+d—=p+n+v, (NO) Observatory)
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Results

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

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

7
é 12
é 8.5+18 131
*e - L.0%8 1 01323 1.03% 7
% % 7 0.90+0.08
- %
% Z
0.48+0. 07 7 6945
0.41 j:O 01
2.566+0.23
0.28+0.02
777
SAGE GALLEX
SNO SNO
SuperK GNO ) B
cl H.0 Kamiokande D,0 .0
2 2
Theory ’Be WM PP, pep Experiments mm
8B Il 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")

10_3 %IIIIHH LILLBLLLLL LI LLAL LI UL |||§ \ E.g.' '.n Gallium expTS:
10" F
5 F ]
10 F E
_6 - N
&= 0 _ F E > ‘matter” (MSW) solutions
> 10’ F E
v 3 E
Nt 8 F 7]
~_ 19 F E
E 10° E 4
© _10 [ . J
S === - S
—-11 u _— . ||} n M
16" B Ga E ~ “vacuum"” solutions
10_12 :||l|||||| l|||l|||I l[lllll[l llf —
10% 10° 102 10" 1 10
tan?®® " -
+ many “exotic
- - or non-oscillatory

“small” mixing “Iar'ge" mixing SOIUTIOnS...



But, in 2002 (“annus mirabilis™), one global solution was finally singled
out by combination of all solar data (“large mixing angle” or LMA).

sm? (eV?)

om? (eV?)

Solar constraints at 20

(7-913 =

AL B L B

L

™

L

T {3 T
= SNO
ol ol gl ol "
1 10 10* 1072 102 107" 10
2 2
tan®1,, tan®,,

For LMA parameters,
evolution is adiabatic

in solar matter.

Solar v, survival probability

---------------
0.6 | E
dm? = 7.92E-5¢eV?
% sin®¥,, = 0.314
05 F %
0.4 |
N
Pee R ——— D
0.3 |
0.2 F
(PP
0.1 ) -
0 ..‘ N ‘.. e oetneel .
0 5 10 15 20
E (MeV)

In the Earth: small day/night
(D/N) effects, not yet seen.
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CC/NC ~1/3<1

crucial role played by ”

Sudbury Neutrino Observatory:

The breakthrough: in deuterium one can
separate CC events (induced by v, only)
from NC events (induced by "e:"w"r)' and
double check via Elastic Scattering events
(due to both NC and CC)

CC: Ve+d—p+p+e
NC . 1/6,[1,7' + d —>p+ n + 1/6,}1,,7'
ES . VB,M,T + € — € + l/e”u,,T

CC
m <1l = qb(V,uﬂ-) >0 = v, — Vi, r

"Smoking gun” proof of flavor change. Solar model OK!  Also:
CC/NC ~ Pee ~ sin%0,, mAa)~1/3 < 3

Evidence of: mixing in first octant + matter effects



Recent, direct confirmation of adiabatic
Pee pattern at LMA in a single solar v
experiment: BOREXINO at Gran Sasso

pl$o.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25

0.2

IIIII|

Borexino

\\

10
Energy [MeV]
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Overall picture including final SNO data
[Spectral rise at low energy not yet
directly observed - anomaly?]

09

---. B,y 1o band
o3 B SNO
07l ¢  Borexino "Be

ot T T

04r

0.3r

02r

Fi* pp - All solar v experiments

107

10°
E,(MeV)
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Also in 2002... KamLAND: 1000 ton mineral oil detector,
“surrounded” by nuclear reactors producing anti-v,. Characteristics:

A/dm2<«< 1 in Earth crust With previous (dm?2,0) parameters
(vacuum approxim. OK) it is (dm2L/4E)~O(1) and reactor
L~100-200 km heutrinos should oscillate with
E,~ few MeV large amplitude (large 6)

Long-baseline
reactor expt

~1 km high
Mt Tkenoyama

130°E 1RE 134°E 18°E 138°E 140°E 142°E 144°E 146°C
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KamLAND results

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

disappearance observed oscillation observed oscillation observed
14F 4 26 MeV prompt ¢ Kym[ AND data [« Data-BG-GeoV,
12 e analysis threshold o o 6 occillation [ — Expectation based on osci. parameters
T - best-fit decay Ir determined by KamLAND
1.0 LIy % | E’*— —————— ) :_ best-fit decoherence g . 8:— +
o ? : ;% R
v 08 % - s i el
Z A ILL FO 2 08t 2 F + ++ i
2 %  Savannah River R it ; r A 06 ;: + | =N
o 06~ O Bugey . 06k | = r ‘; + + ‘
z X Rovno ik “k S . 1 ] + {
04 ¢ Goesgen t C T g 04 + ‘
A Krasnoyark w4 04 5 L
O Palo Verde L L +
0.2+ W Chooz F W
@ KamLAND 02 0'2;
00| \ \ l | ol | N A T A TN A T N T
10t 10 10° 10" 10° 20 30 40 50 60 70 80 20 30 40 50 60 70 8 90 100
Distance to Reactor (m) LyE; (km/MeV) Ly Eve (km/MeV)

Direct observation of omé oscillations!



Interpretation in terms of 2v oscillations

(dm?, 0,,) - complementarity of solar/reactor neutrinos

20

o]

sm? (107° eV?)

)]

<7 KamLAND



More refined (3v) interpretation -

Go beyond dominant 3v oscillations. Include subleading 6,5 effects
in solar+KamLAND (as well as other data).

Interesting hints for 6,5> O emerged as early as 2008...

Solar, KamLAND Solar & KamLAND + Atm. & LBL & CHOQOZ
0.1 | | |
" 0.08 ;— = = -
NC]@ 0.06 ;_ S+K ] - ]
S o004 | N\ 1t E
wn - i3

0.02 | l\n 1 3 o K

0 : | |.""| | |

0.2 0.3 0.4 0.2 0.4
sin®¥,, sin” Y.,
Solar, high energy (LMA MSW): Reactor (~vacuum): KamLAND
N 2 2

— + _ _
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20 _""I""I""I""IlllI
T 1913:0
N
—~ 15 |- o
O
‘¥
O -
S’ B
&N
c oL
O -

L 1,2, 3 0
0 ...I. | ] |

O 01020304050 0.1 0.2 0.3 0.4 0.5

sin®193,, sin®1%,,
Slight “tension” on 0,, could be reduced for 0,5>0

Also consistent with MINOS+T2K appearance, 2009-2011.
This was an important test of 3v oscillation consistency,
confirmed by the discovery of 6,3>0 at reactors in 2012.



PDG 2012: sin20,, ~ 0.024 +0.003

0,3 determination essential for further progress in terrestrial
oscillation searches (CP violat., matter effects, mass hierarchy)

Also: very important to restrict theoretical models for v masses

12 TTTT I T T T T TTT || T T T T TTTT T T T TT T T T TTTT ||
"Wy e —
e anarchy
10— |E=== texture zero —
L SO3)
= A -
= [ ez s.s, | B
B gk |FEE Py s 7 —
B b (mmm LoLL 7
= SRND 7 -
G SO(10) lopsided
2 Sl EEsgsE SO(10) symmetric/asym ]
] =
S 5+ e —
B
S = amar
2 4r— fedeie = —
777777 " )
3 - P e —
,,,,, o e =
2=t - e _:' —
7 i =
L= e | 11111 e e e =
oLs ” ““” AN -~ SR £
le-05 0.0001 0.001 0.01 0.1
.2
Sin 613

.. CH Albright, 2008, “distribution” of published predictions
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Global analysis of
world v oscillation data
within the 3v framework

Extracting oscillation parameters and their
covariances from all the available data

(solar, atmosph., accelerator and reactor),
circa 2013-2014 - arXiv:1312.2878v2.

Full 3v probabilities included, no approximation.
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Individual oscillation parameters from ALL data
LBL Acc + Solar + KL + SBL Reactors + SK Atm

|‘|||||||
- 1

Sm2/10™ eV 2

AmM2/107° eV 2

6.5 7.0 75 8.0 85 20 22 24 26 28 00 05 10 15 20

o/t

0
025 0.30 0.35
sin°0,.,

0.3 04 05 0.6 0.70.01

. 2
sin 823

0.02 0.03 0.04
- 2
Sin 613

Four parameters have upper
and lower bounds at > 4c.
Previous indications for

8,5 > 0 have now become
precise measurements!

Weak hints of 6,5 < w/4,
2" octant also allowed;
more precise data needed.

Hints of 6. ~3/2x
emerging from all data ?
Is there (maximal)
CPV in neutrinos ?

So far, no clue about
NH == TH
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More on CPV constraints from latest data

LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Further understanding from future accelerator & reactor data (+SK atm.)



More on octant asymmetry from latest data

LBL Acc + Solar + KL + SBL Reactors + SK Atm
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Further understanding from future T2K and MINOS+NOVA data (+SK atm.)
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Numerical 10, 20, 30 ranges: 91

TABLE I: Results of the global 3v oscillation analysis, in terms of best-fit values and allowed 1, 2 and 3¢ ranges for the 3v
mass-mixing parameters. See also Fig. 3 for a graphical representation of the results. We remind that Am? is defined herein as
m3 — (mi +m3)/2, with +Am? for NH and —Am? for TH. The CP violating phase is taken in the (cyclic) interval §/7 € [0, 2].
The overall x? difference between IH and NH is insignificant (Axi_n = —0.3).

Parameter Best fit lo range 20 range 30 range
6m?/107° eV? (NH or IH) 7.54 7.32 — 7.80 7.15 — 8.00 6.99 — 8.18
sin® 612/10~" (NH or TH) 3.08 2.91 - 3.25 2.75 — 3.42 2.59 — 3.59
Am?/1073 eV? (NH) 2.43 2.37 — 2.49 2.30 — 2.55 2.23 — 2.61
Am?/1073 eV? (IH) 2.38 2.32 — 2.44 2.25 — 2.50 2.19 — 2.56
sin® 613/1072 (NH) 2.34 2.15 — 2.54 1.95 — 2.74 1.76 — 2.95
sin® f13/1072 (IH) 2.40 2.18 — 2.59 1.98 — 2.79 1.78 — 2.98
sin? 023 /10~ (NH) 4.37 4.14 - 4.70 3.93 — 5.52 3.74 - 6.26
sin® 23/10~" (IH) 4.55 4.24 — 5.94 4.00 — 6.20 3.80 — 6.41
§/m (NH) 1.39 1.12 - 1.77 0.00 — 0.16 & 0.86 — 2.00 —
§/m (IH) 1.31 0.98 — 1.60 0.00 - 0.02 & 0.70 - 2.00 —

Fractional 10 accuracy [defined as 1/6 of +3c range]

om? Am? sin’0,, sin’0; sin’0,;
2.6% 2.6% 5.4% 8.5% 9.6%

Hierarchy differences at ~1c or below for various data combinations



With 1 digit accuracy: 3v summary in just one slide!
Flavors = 2 u =«

Abs.scale Normal hierarchy.. or.. Inverted hierarchy mass? split
A V3
+Am?
2 | Y, | — 2
m A% I [ 2 I [ Iam
Vi
-Am?
: I |
! A%
Knowns: Unkowns:
5m2 ~ 8 x 10-5 eV? 5 (CP)
AmZ ~ 2 x 10-3 eV? sign(Am?)

Sinzelz ~ 0.3
Sin2623 ~ 0.5
sin?06,; ~ 0.02

octant(sin20,)
absolute mass scale
Dirac/Majorana nature
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Epilogue of 1s' Lecture:

Nomen [est] Omen

“Name [is] Destiny 7

Neutrino - What’s in a name?
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The root of the name [neutrinol ...is a [kwalstion

Language Word tree ...Some branches ~ Meaning

Physics (Fermi 1934) NEUTR-INO Little neutral one A
Italian NEUTRO Neutral

Latin NE-UTER Not either; neutral
Latin UTER Either

Greek T OUDETEROS Neutral

Old High German / HWEDAR Which of two; whether
Phonetic change/loss [KJUOTER|US] Which of the two?
Ionic Greek KOTEROS Which of the two?
Sanskrit KATARAS Which of the two?
Latin 4 QUANTUS How much?

Sanskrit KATAMAS Which out of many?
Sanskrit KATHA How?

Sanskrit / KAS Who?

Indo-European root

KA or KWA

Interrogative base




If "name is destiny,” then ... neutrino's destiny is
to raise questions!

We shall address some of the open questions
Tomorrow.

Thank you for your attention today!
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