Neutrina

Rupert Leitner



Neutrino
‘vf> f=eur

produced in weak interactions are different from

mass eigenstates

They are related by the unitary -

mixing matrix:

‘Vf > :(‘V1><V1‘+‘V2><V2‘+‘V3><V3‘ )‘Vf>

|Vf>:U:1 V1>+U:2 V3>

v2>+U:3
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If the neutrino of a given flavor f is produced

i) =Sl )=

Then at a distance L it is in the state:

vi(L))= [Ze e |y, ) j> Use 2Py, +UT e e[y, ) +U e 2PE|v,)

)+U ¢,

)

+Uf2

If the phase factors are different (different masses m,) then other flavors will appear

\vf(L»:(g\vngg \J\Vf(m:(;\vngg U[Zei;“;cé‘vixvi \J\Vf>:§\vg>zei?;ct<vg o) A, O
With the amplitudes

m? L mlL m2L m3L

A (D)= 20 (v v )y v, ) =€ €U U7, +e ZFEU_UT, +e 2PEU U,

P (D =[A L, ]



mL S L S m L ms L
vf(L)>—£Ze Z”CE‘vi><vi‘ ‘vf>=Urle ZT‘CE‘V1>+U:26 Z”CE‘VZ>+U:3e Z”CE‘V3>

Maji neutrina stejné hybnosti a rozdilné energie nebo
stejné energie a ruzné hybnosti, ...?



Neutrinos have both different energies and momenta. Momenta usually differ (much) more.

& »
< »

Neutrinos from pion decay at rest

2 2 2 2
m m, —m m
E, =—2+ £ =E,+——=30MeV + >
2 2m_ 2m_ 280MeV
2 \? 2 2 2 2
m m m m m
P=\JE’-m’=_||E,+—~| -m’ =E, + —~——~% =30MeV + vV
2m_ 2m_ 2E, 280MeV  60MeV
2
m
E —P =—
2E,
Reactor neutrinos of 4 MeV from decays of ~100 GeV heavy nuclei X ) Y _I_ e _l_ V
2 2 2 2
m m, —m m, _ y
Ev =2+ e = Eo + =4MeV + Energies of different mass eigenstates are almost the
2 2m 2m 100GeV .
X ve same, momenta differs much more
2 \? 2 2 2 2
m m m m m
P=JE -m=[[E,j+—~| -m  2E,+———=4MeV + — L ———~
2m_ 2m,  2E, 100GeV  4MeV
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2x2 Mixing Amplitude of oscillations = sin?(20),
oscillation length is inversely proportional to Am?

v—>v(L/E) 1—{sin (29)5”] L
V—)V(L/E) nc

)

- (L/E)= 1—%sn (29)+;sm (26)co

Am?® L
2nc E

V—)V

L/E =(r/2)Anc/ Am?
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Currently there are no high energy electron neutrinos available

... B 7.

ve—ve
Few

P P events ) P_ P_

VIL—>Ve VIL—>V VIL—>VT seen Vi—>V 5 v
H H—VH H opera  VHOVE VUV U VU—VT

O

No tau neutrino sources
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Ve X AY +e +ve Jaké oscilacni experimenty muzeme

Zdroj antineutrin{napf. reaktor) delat s elektronovymi (anti)neutriny

N\

Po cesté k detektoru elektronova — - - =
. . . V4 ’ Ve % V61VIL11VZ'
antineutrina osciluji na ostatni typy

MUzZeme proto mérit pouze mizeni a

ZnO.VUObJ.evovem elektronOYyCh . V detektoru muzu rozpoznat typ antineutrina
antineutrin. Tento typ experimentu

., +
nazyvame DISAPPEARANCE EXPERIMENT E, >1.8MeV Vet P—>N+¢€
~ -, +
Dnes nemame dostatecné intenzivni zdroje elektronovych EV >~100MeV Vet P—=>N+u
neutrin ani antineutrin s energiemi vy3$simi nez ~10 MeV EV > 3500MeV Ve+ P —>N+ -

3.4.2018 Seminar z Fyziky Polymert(



Jaké oscilaCni experimenty muzeme
lLl \'4 [ ] Y 4 [} [ ] [ ]
Zdroj mionovych neutrin delat s mionovymi (antl)nEUtrlny

(urychlovace)

- -
V, T oM +V,

Po cesté k miononova neutrina osciluji na ostatni typy
Vﬂ —> Vﬂ , Ve , VT

MUzZeme proto mérit nejen mizeni a
znovuobjevoveni mionovych (anti)neutrin.
DISAPPEARANCE EXPERIMENT V detektoru mUzu rozpoznat typ antineutrina

- v, tN—>p+u
Ale také objeveni neutrin elektronovych a E, >~100MeV g )
pokud maji dostatecnou energii, tak takeé E, > 0MeV v.+Nh— p+e

tauonovych neutrin _
APPEARANCE EXPERIMENT E, >3500MeV v.tN— pP+7
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Castou otazkou je, zda se pfi oscilacich neutrin zachovava energie. Odpovéd je samozfejmé ano.

E.(L=0)=(v,|H|v,)=(v,cos $+v,sin$H|v, cos9+v,sin9)

:<V1\H\vl>cosz9+<V2\H\V2>sin29

* *

L MIL MZL MZL 5L

E.(L)=(v.(L)H|v,(L))=(v|e 2& | cosd+v,|e 2 |sing|H|ve 2 cosd+v,e €sind

E, cos® 9+E,sin” 9

Co kdyz se elektronové neutrino uplné zméni na mionové neutrino?
E, =(v,|H|v,)=(-v,sin$+v,cos |H|-v,sin 3+v, cos J) = E, sin® $+ E, cos* 9
E,#E,

Ale Uuplna preména na jiny typ neutrina vyzaduje maximalni smeésovaci uhel
3 =45° =sin* 9=cos’ 9= E,sin’ 9+ E, cos’ $ = E, cos® 3+ E, sin’ $=(E, +E, )/ 2
a energie se také samozrejme zachovava
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OSCI LLATION PARAM ETE RS Two mass splits differ by

a factor of app 30
| 24 | 24 | 24
2 E Kﬁ ﬁ m; - — Am,
M, 2_22 2 ~7.54x107°eV?
‘UeB‘ ‘U ,u3‘ U_, : =~ (8.7 meV )’
INVERSE
NORMAL MASS HIERARCHY (IH)
MASS HIERARCHY (NH) _ \
(Ve (U, U, Ug) (w) Am|
) ;ﬂ = U,ul U,uZ UyS | Vo ~2.43x10%eV?
‘UeZ‘ ‘Uﬂz‘ Ufz 2 V) Uy U, Ug) vy = (49 meV )

2 v

m?2 [ . m; T

1
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/Ve\ 1
V| = 0 cos(6,,)
V)

( cos(6,,)

\
[ cos(6,,)
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0 0,,=45°0 )
0 —sin(6,;) cos(6,,) y

0 6,285 0
—sin(@,,)-e"
sin(6,,) 0)
—-sin(6,,) cos(6,) O
. 06,=34°0

Half of both muon and
tauon neutrinos in m3

sin(d,;) |. m

0 sin(6,)-e™"

0 cos(dys)

. VZ

1) \vs)
inmland 1/3in m2
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Very small fraction of
* electron neutrinos in m3
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2/3 of electron neutrinos



P3>3 =1-cos*(@,)sin?*(26,, )sin 2[

2
P22 =1- sin’(26,, )sinz[—Ar:21 =

3

E

AmZ, L

Pravdépodobnost oscilaci pro elektronova
(anti)neutrina pro 2 druhy a 3 druhy neutrin

2
cos’(é,, )sin’ AMs L sin?(,, )sin?
4 E .

2 druhy neutrin

\/\/\/\N\/\% druhy neutrin
/!

,\/

4 E
[ | Oblast mereni Daya Bay
| \/\/\/\
| O
)
N
D
\/\/
W A
™ ¥
\l\\, p J
\;\, Vw"\/r\/

L/E, kmm/MeV

AmE, L
4 E

)



Neutrinos from extended source
Poor resolution in the measurement of E/L
Decoherence

Due to all these effects we measure distorted oscillation
curve, ultimately only the mean value between maximum
and minimum of oscillations



Vysledek ze SuperKamiokande — deficit mionovych neutrin

NEUTRINOS FROM
COSMIC RADIATION

T. Kajita

COSMIC
RADIATION
~ \?
—
SUPER-
KAMIOKANDE
g

40 000 tun Cisté vody a

MUON-

NEUTRINO

11 000 20 palcovych

fotonasobicu

SUPER-
KAMIOKANDE
KAMIOKA, JAPAN

Muon-neutrinos
arriving directly
from the
atmosphere

Light detectors
measuring Cherenkov
radiation

)

1000 m

Muon-neutrinos
give signals in
the water tank.

CHERENKOV
RADIATION

pozadim.

" Super-KINl

- Experiment SuperKamiokande byl
plvodné uréen pro hledani rozpadu
protonu. Ocekavalo se nékolik rozpadu
za rok a interakce neutrin byly hlavnim

elektrony

PROTECTING
ROCK

40 m

Muon-neutrinos
that have travelled
through the Earth

P —sin22ﬂsin2|1.2?£-.ﬁ|2£|
ut . E|

1.8 SK 1+2 Preliminary
1.6 Ay’ (decoherence) = 4.8c
1.4 Axy*(decayv) =5.3c

Data/Prediction (null oscillation)

10° 10
L/E (km/GeV)

2
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500 km/GeV
Z polohy minima 500 km/GeV plyne:

1,27 - AM *[eV *]-500km/GeV = /2
AM?[eV?]=2,5-10"eV?* = (50 meV )’

Z toho, ze je stfredni hodnota mezi maximem a

minimem oscilaci rovna 0,5 plyne, zZe

H ~ 450 Tyto hodnoty byly upresnény v experimentech
MINQOS a T2K s neutriny z urychlovacu.
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L/E [km/GeV]

Data/Prediction (null oscillation)
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i \ oblasti pouze
[ . . . A ||. stfedni hodnotu
I 10 100 1 (1 1

P, = sir’20sin®| 1.2?;‘.m2£|
ur | E

2 ey

T TEr ror T TR
SK 1+2 Prelimina
Ay’ (decoherence) = 4.8c
Ay’ (decay) {5.30‘

0.2

10 3
L/E (km/GeV)

1 10 1[ZI2



The oscillation curves in real experiment are often
modified because of

- multiple sources

- extended neutrino sources or detectors

- the E and L are measured with limited precision

Simplest case — two equal sources
with flux weighted distance L to the detector

-D/2 +D/2
O | O
L

One detector

AM? L+D/2) o (ZAmZ L—DIZJ

cos(z +C0s

- : : 4nc  E 4nc E

P,ee L)l pegf L¥D/2) , oo L=D/2 :1—£sm2(219)+33|n2(219) il il =
E 2 E E 2 2 2

2 2
PzeeLLJ=1—Esin2(219)+lsinz(ZS)COS(Am L fcos ’ 1—Esin2(219)+lsinz(ZS)COS(Am Lleﬂee(kj
E 2 2 2 2 2 onc E E
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2
Pee(L Ejzl—lsin2(2191)+£sm (219)003(A—£jco (ﬂgkj
E L 2 2 2nc E dnc L E

Two sourreactors 170 and 190 km from the detector

o Data-BG-GeoV,
— E'{pectatinu based on osct. parameters
determined by Kaml AND

0.8 m
D.fr:— M—L‘l—-—

Pee
1.0 |

1l o6 :-(? Q\ /\

Survival | Probability

1-—sint(24) v [
04l 04
02} 0.2f +
D""1'D""2'U'"'3'0""4'0""5'0""6'0" [lrl-l-‘lIIII|IIIIIIIIIF|IIII|IIII_||IIII|IIII|IIII|III
20 30 40 50 60 70 B8O 90 100
L/E [km/Me) LyE, (kmMeV)

Problem Calculate the disappearance electron neutrino probability Pee(L/E) for following
cases. A) The source that extends from —D/2 to D/2 and has constant linear power density

1/D; B) One source, the variables L and E in are measured with a Gaussian resolutions oL, oE.




COHERENCE DECOHERENCE

NORMAL HIERARCHY INVERTED HIERARCHY

Problem A. Calculate differences in arrival times (ct) of vl v2, vl v3 for 4 MeV electron
neutrinos at distances of 2 km, 150 mil. km, 150 k light-years.

B. Evaluate the disappearance Pee and appearance Pemu and Petau probabilities in the case of
full decoherence. Check that the sum of probabilities is equal to 1.
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2
M _ppo

2E 2 4 MeV neutrinos 1 GeV neutrinos
2 3.\y2
A= 22 eV2 ~078:10%  Ag, =20 S =125.10%
0 9
2(4-10%vV ) 20V )
5 _\/2 s
APy = f->-10 evz ~0.23-10"" Ay = £->19 6\2 ~3.75.-10%
0 9
2(4-10%V ) 2(10%V )

x = 2km=> Ax =0.23.10%.2.10® fm=4.6 fm 2 km from reactor
x =150000000km = Ax =0.78-107° -1.5-10” fm =11.7-10° fm =11.7 m >
x =150000ly = Ax =0.78-107°-1.5-10° -3-10" - 3-10°km = 105km Supernova

X = SOOkm — AX =3.75 .10—23 .800 :1018 fm —0.03 .I:m Accelerator 1GeV nu 800 km



Mass hierarchy

2
-9 - 9 Am L Oscillation curve is not sensitive to the sign of
P (L/E)=1-sin*(26)sin om2
inc E

How we have learned that m2>m1°?

How we could determine mass hierarchy, i.e. m3>m1,m2 or m3<m1,m?2
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Inco, E

)"

Inco,

Inco,

Inco,

InCco

Ve (x)

X(i)]— &l

cosd

—sin@ cosd

Ve (%)

2 (X))

v, (x)

Ve (%)

v, (%)

b

»(%)

Am221 c0S 260
4E |-

vi(x)

N JL\/z (X
+|Am21x/4ncE
—|Am21x/4ncE

J

O
O

—C0S 26
sin 260

—C0S 26
sin 260

4E

—sin 260
sin260 —cos26

(x)j B Am;[ cos 6
—sin@ cosé

v.(x)

v,..(x)

sin 260
c0s 26

sin 260
c0s 26

|

sin@

AmZ,

4E

sin 260

Oscillations in vacuum

Jo oo s (oo smoois)

(— cos 26

s )

Oscillations in matter with a constant
electron density

V =(nc)’v2G.N,



4ncE V

[Ve(x)j A cosZ@—Am;1 > sin 26 (Ve(X)J
0, =+i—2
Vur (%) 4nck sin 20 = 00529—4nCE! Ve (¥)
AmZ, 2
2 | C4neEV Y 4ncE V |
) (Ve(x)j__l_i Am21\/5|n 20 +| cos 260 AME 2 (cosZQ—Am;l Ej sin 26 (Ve(x)j
W (X)) 2 . IncEV [V (x)
u . AncE V 2 _| cos20— Vo Ve
4ncE\/sm2249+ cosze—A?m2212 sin 26 (COS O amz 2]
] v, (x) . AM?Z (€0s20  sin20 Y v,(x) ' . .
. ()" ancE (sin20 -cos20 )\ v,.(x) Oscillation parameters in matter
with a constant electron density are
V =(ne)' V2G: N, sensitive to the sign of Dm12/2.
4Enc V
00529—A : 5 i 20
€05 20 = T = Sin20 = = 2
\/sin22¢9+(00529—4E1lCVj Jsin229+(00329—4Enzcvj
Am;, 2 Amy, 2

2
AMZ (x)= AmZ . [sin? 26 +| cos 26 — 4Enzc v
Am;, 2
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Rotate mass
eigenstates back to
the flavor states at
the detector

cos@  sin O\ gtidmax/4ncE 0 cosd —sind) v,(0)
~siné cosé 0 g-ismix/4nE | sing  cosd |\ v,.(0)
10} ../ , —cos(20) sin(20)\Y v.(0)
( ) [cos Am21x/4ncE{O 1]—|sm(Am21x/4ncE{ sin(26)  cos(26)) )\ v, 0)

\ e 0] ( j SOLUTIONS IN

(X)) (cos(amzx/ 4ncE )+ isin(AmZ x/ 4ncE )cos(26) VACUUM OR MATTER
Ve (X) —isin(Am2 x/ 4ncE )sin(26) WITH A CONSTANT

P, (X)=vi(x)v.(x)=1-sin*(26)sin’ (Am2,x/ 4ncE) DENSITY
P { )= (X, (X ) sin®(20)sin? (Amﬂxnliémﬁga

V—)V

Rotate to the mass
eigenstates at the Initial flavor state at
source the source

Transport the mass
eigenstates to the detector




Solution for variable matter density

2

AM 2 (x)= Am2 _[sin? 26 +| cos 26 —
40 J sz 45

4Enc MJZ COoS 2@)()() —

In so called adiabatic approximation, the solution is:

Rotate mass eigenstate to

the flavor the detector

X
+ijA|v| 2 (y)dy/4ncE
e 0

ve(x) _

o) cos©(x) Sin@(X))

[—sin O(x) cos®(x)

N 0

Compare to the solution at vacuum or constant mass density

v, (x) cos® sin®
v.(x)] |-sin® cos®

itner

+iAM 2,x/ AncE
e 21 n

018, R.

e

Q{/jezdm'seminéf M

Transport the mass eigenstates to

0

X
—iJ-AM 2 (y)dy/4ncE
0

0

—iAM 2, x/ 4ncE

a Skala

Y

C0S 26 — 1En2c V(2x) o
m,, 2 sin 2®(X)= SIN :
sin® 26 + c0326—4EnZCV(X) sin® 20 + 00529_4Enzc\/(x)
Amy 2 Am;, 2

Transform the initial state to mass
eigenstates at the source

(cos ®(0) -sin G)(O)j v,(0)
sin®(0) cos©(0) )\ v,,.(0)
cos® -sin®) v,(0)
sin® cos® \v,.(0)
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How we have learned that m2>m1. Solar neutrinos

AEnC V (X)
COS 20 — Am? | o0
c0s20(x) = = = 5in20(x)= 2
sin® 20 + c052<9—4EnzCV(X) sin® 20+ c0529—4EnZCV(X)
Am;, 2 Am;, 2

2
AM 2 (x) = Amzzl\/sin2 26 + (cos 20 — 4E1120 v (X)j
Am;, 2

4E11C V (O) S>> 1= COS 2®(0) — _sgn 4E11C V (O) — Lusgn Amzzl neu.trinos.
Am21 Am21 ? antineutrinos
neutrinos :

AmZ >0=>0s20(x)=-1=0(x)=7/2=v, =V, | | |
Electron neutrinos = heavier of the two mass eigenstates

AmZ <0=c0s20(x)=+1=0(x)=0=v, =V,

Electron antineutrinos = lighter of the two mass eigenstates
7.4.2018, R. Leitner Vyjezdni seminar Mald Skdla



How we have learned that m2>m1. Solar neutrinos

E ~1MeV = 4EncV (X) << Low energies: oscillations like in vacuum, due to extended source of neutrinos we
Am? measure the mean value between oscillation maximum and minimum 1 .
21 1—Esm2(29)
4Enc V (X
E >10MeV = [ZEE Yy
Am;, 2
] +ixAm2 (y)dy/4ncE ]
v (X)) (cos®(x) sin®(x)) e Joms 0 cos®(0) —sin®(0)) v.(0)
v,.(x)) | =sin®(x) cosO(x) fant(nayrance |\ SiNO(0)  cos®(0) )\ v, (0)
0 e
Electron neutrinos
Rc?t'?\ted by vacuum Transported outside the Sun Jt the centre of
mixing angle ) S
_ +i [ Am3, (y)dy/ 4ncE un
vo(x)) (cos@ sing) g 0 0 -1)1
Ve (X) —sinéd coséd i [ AmZ, (y)dy /4ncE 1 0 A\O
e 0
—ijAm%l(y)dy/4ncE cosd sind o0 —ijAm%l(y)dy/4ncE sin @ High energy neutrinos leave the Sun in . 0
=e ° _ =e ° mass eigenstate m2, we will measure SIn (‘9)
742018, R Leitngr—SIN @ €0SH )\ 1 Vjezdni senkiGOS@shala



0.9
2 08F
s 07E
1 . 2 06F '
1-=sin’(20)=057 = " E
? S 0.5
~ 0 g 0.4 :'_ :
= 0 =34.9 5 04F 3 sin®(0)=0.34
& 03 o
@ 02FE = 0 =35.7
0.1 E
0 - 1 1 1 IS USK W VY i | 1 1 1 PUSR Ty T T 1
107! 1 10
E, (MeV)
® pp-all solar * SB-SNO LETA + borexino
® 7Be-Borexino ® 5B-SNO + SK
® pep-Borexino MSW-LMA prediction

Problem XX: Why we will really get different values of thetal2? Hint — assume 3x3 neutrino mixing.

7.4.2018, R. Leitner Vyjezdni seminar Mald Skdla



m1 X _.m3 x mgx
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Expected spectrum in future JUNO experiment

g 06F .
5 00 - g e Non oscillation
E‘ - ] *, —— 8, oscillation
= 05 ; ' —— Normal hierarchy
3 - ; A Inverted hierarchy
0.4
03 N
- dlf%nt frequencies
02F typ. v:energy: 5 MeV
E "l' gOOd L: -SQ (X Y] 60 km
0.1 /
0 -"I 1 1 I [ [l [l [ I 1 [ 1 1 | 1 [ [l 1 I [l 1 III 1
10 15 20 25 30
L/E (km/MeV)
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NEUTRINO MASSES
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Co vime o velikosti hmot neutrin

Neutrina byla objevena pred vice nez 60ti lety, ale dodnes nezname jejich hmoty, mame pouze horni hranice.

Z pfesného méreni konce spektra elektronll z rozpadu
tritia vime, Zze hmota elektronovych antineutrin je
mensi nez 2 eV, pravé zahajovany experiment KATRIN
ma ambici tuto hranici snizit na 0,2 eV

Tritium [ decay spectrum

superallowed
3H — 3Het 4+ e~ 4+ 1. : Q-=-186keV
tyye: 123y

Felative Dacay Frobability

Vysledky oscila¢nich experimentl ddvaji dolni hranici

oo na hmoty neutrin, konkrétné
o / m2 > 0,009 eV, m3>0,05 eV pro tzv. normalni hierarchii
_ so0k hmot neutrin a
E . m1im2>0,05 eV pro inverzni
- 400
200} 5 m2
of m, 22 |(8.7 meV)2|
~30 T —Z6  —io o o m,;
E—FE, [eV] 5
2
; |(49 meV ) |
2
2 m
1 3
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X =Y +e‘+\7e
dN /dE = P : E. - p-

e

dN /dE = (T, + M, ~MZ (T, + M, )- /& +m. f —m
dN /dT,

~ (T, +M )2 M2 (T M )-\/(Q—T +m f-m?.(Q-T,+m)
~\/ T.+M,) —

dN /dt.

e; T.+t=Q=M, -M, +M,+m-

-(t-+m-)

|4 14

:|_.1_ -

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

osf = JTQ-t.+M,F -MZ-@-t; +M, )t +m.f -m? (¢ +m.)
\ z\/(Q—t;+Me)2_M:°(Q_t‘7+Me)'t52

/ PROBLEM

[/ You measured 45 events at Te=0,1 MeV,
i/ 80 ev. at Te=0,2 MeV, 120 ev. at Te=0,3

[ MeV. Determine the electron mass.



CP and T violation in neutrino oscillations

—Vpg 4_’ Pvﬂ—»/

X

Va—Vg VE—Va
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Combination of reactor and accelerator experiments.
Accelerator experiments measure appearance of electron neutrinos in muon neutrino beam
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Reactor experiments measure thetal3
Combination of both measurement is sensitive to CP violating phase delta
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