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A reminder: Neutrinos
in the Standard Model of Particle Physics

Neutrino oscillations:
experiments with atmospheric,
solar, accelerator and reactor neutrinos

Neutrino masses:
- cosmology and astrophysics
- neutrinoless double § decay
- direct neutrino mass experiments

Search for sterile neutrinos " :'@-_" .
Coherent neutrino nucleus elastic scattering Prof. Dr. Arthur B. McD6nald |
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Experimental proof \ /‘f)
wWwu : _
of neutrinos v,
P

1956: Cowan and Reines: Poltergeist experiment ©

strong v_ source: nuclear power reactor:
6 v, / fission (from fission products), E < 9 MeV

energy gain / fission: 200 MeV
1 GW thermal power = 2 :-10%v/s

Detection reaction: inverse  decay: v_+p— n+e* (threshold: 1.8 MeV)

// Signature:a) n: thermalisation by elastic scattering,
7 D:' capture on Cd =+v's

* A A | b) e annihilation=2y's (511 keV)
A" ) = spatial and time-delayed coincidence

$11 keV 7 |>:,7 | nearly background free
//ﬂu,m/ (nearly backg )

7% .
measured cross section:
(1.1£0.3) - 10 cm?
(in good agreement with Fermi's theory for V-A)

=iy
/

H,0 +Cd

lm

figure: Schmitz: Neutrinophysics, Teubner
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WWUu

MUNSTER

v's in the electroweak Standard Model:
U(1)eSU(2)

A. Salam

Quarks

12 fundamental fermions
6 left-handed weak isospin dublets:

Leptonen _ _
€ /L H

L

@), ),

9 riaht-handed weak isospin sinaulets:
€Cr-bp: Tr> UR, dR, CR, SR tR, bR

V;, =P,W Vgp=PrvY PL=1/2(1—"}/§) PR=1/2(1—|—’}/5)

For masseless particles (v in SM):

<= O

¥ , W ¢ have helicity H = -1 >p

= 0

¥, ¥ ° have helicity H = +1 —p

pure weak
isospin dublets
L

weak
) isospin dublets
L

(no v, in SM)

massive leptons in charged
weak currents (CC):
- lepton:

PH ==1)=(1 % (-v/c))/2

=P =-vlc
ong

- anti lepton:

PH =+1)=(1 = vic)/2
=P =v/c

Long
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WWU Lagrangian: Interaction part

MUNSTER

| (d) v |
AN S L= L (wrr i Jrwe

v(u)/ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I(d)/ B ﬂ i .

"

weak charged current (CC)

V,l,U,d,..\ 0
----------------------------------------- b == (G ging Bipdo i 7k

cosf
v,l, u,d, / ~ W ~ v

weak neutral current (NC)

|, U,d, \ Y
+ gsin Gy J™ AX

AVAVAYA L ,
|, u,d, / e
em neutral current

coupling to electromagnetic current Jem as in QED:g sinb,, = e

Oy = 28.7° = coupling of weak interaction ~ coupling of em. interaction,

but there is a term ,m 2 (m. ?) in the denominator of the propagator, see later
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WWU Weakness of weak interaction

MUNSTER

Difference v versus electron scattering

Remember photon propagator:

B 1
o o 5
q Q
But W propagator:
W . B _ 9aqd” .
1 ga M%; q2<<M129V —1 - gaﬁ
s > 2 — —M2 = const.
q° — My w

—> weak cross section increases linearly with s,
but is much smaller due to 1/M;;,  (My =~ 80 GeV)

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019



WWU Vv Cross sections

MUNSTER
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figure: Schmitz: Neutrinophysics, Teubner

v-fermion scattering cross sections: ccs=m?+2Em. =>s o« E
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WWUu

MUNSTER

LEP: determination of

number of neutrino generations

LEP:
et+te" -2y - e +e,
w+u,

-+

T+ 1,
u+ u,
d+d,
S + s,
C + C,
b+ b,
v +v,,
e e
v +v,
w u
v +v,
T T
?7?7?7?

Exp: full width:

invisible width:

v partial width

visible

invisible

35

)

invisible

I

A%

ALEPH

1 L 1 L 1 L 11 1 1 L
86 B89 90 a1 92

Energy (GeV) igure:
= 2495(2) MeV oure RS
= 499(2) MeV
= 167.1MeV =N =2.99
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k] Angular distribution of
neutrino-fermion scattering

Neutrino-fermion scattering:

B Ve dr = @3
- i E=ﬁ'3 (¢° < My)
Lt/ W \e

no angular dependence:

_ _ YV e~
(Vue™ = pve) .= J =0
= =
=
v, o ) = 1 —cos(6cms)
doA 2
dy y distribution is flat for vl scattering !
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WWU Angular distribution of
antineutrino-fermion scattering

Antineutrino-fermion scattering (neglect NC):

V—e\/e_
- W do _ % .5+ (1—1y)?
Ve /\e‘ Q@ 4n2 " ° Y
angular dependence:

Ve e~

— Jy=1

= =

6 = 180° 6 = 0°

e~ Ve
<_ % e]z = '1 <_ _> Jz — 1
= =
do
dy y y- distribution = o5 = 1/3 - oy
-

y distribution is not flat for vl scattering !
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Deep inelastic

wwu i i .
(anti)neutrino-nucleon scattering
Average: ((1-y)*)=1/3 T = e

= oMo — g Y
S e oY i ﬁi- s i %@
i WN

S
Experiment: £
vl 7 vN oN oN X i
o¥' = 30", buto?" = 20¥" < 3o 04T SRS~ & ER
B %ﬁﬁ ﬁ—%JH ;1
o o Ly EETERL:
From helicity arguements we deduce e e
. . . E, (GeV)
for the y distribution and for c_: O Y o s et e e e
vg=vqg and vg=vq( W
‘#_
d2ovN = GEM °Y £ —30-200 Gev]

oV

ZEE (4o + (1~ 9)%(0)) :

dzdy 0.5
d2o7N G2ME, , =l
dedy FT (Q(x) +(1- y)zq(a:)) i
with g(z) = = (u(@) + d(e) + s(z) + ... i
with g(z) = = (a(z) + d(z) + 5(z) + ...) i ¥
0 1 L | I | | L ] I

= Sea quark fraction g(x) in nucleon is about 15% °© 92 04 06 08 1C

figures: Perkins: Introduction to High Energy Physics, Cambridge
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WWU Neutrino sources and energy spectra

MUNSTER

1 107 10* 105 3I0% tev
Ld 1 T T T L] T | | T L)
190'2- Sonmenneutrinos (o) -
er -
— =7 Ty I Supernouva ]
| (Ja.la.L(tJE:ch.es Zentrum —
A zalt-integriert
108 g 7
: ]
TFe Meutrinos aus derx =
Erdmateric _
1% . Reaktor-Meuwtrinos 1
T‘;;- 1 Supernovaresi— -
ﬁ Neutrinos
= F. (200 crm ™ =ea—')
=
3 -
*":‘E o :‘\‘\\ e - T —
= - e + 7. ]
10 —
o '\.L Atmosphiirische
g - 1". Meutrinoes ]
= N §
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entrinos
1072 T
- -
y 1=t 7
Cwvo X -
™ (o 21
1075 }- 7
10—20r I3 1 1 L L 1"1 1
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[ '] ] 'l 1 a1 ] 1
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. . . . NEUTRIMNO-ENERGIE
figure: Schmitz: Neutrinophysics, Teubner
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ot Summary of neutrinos in the
Standard Model of particle physics

- v's are left-handed,

charged fermions in CC reactions (W*- exchange) are also left-handed
charged fermion coupling to the Z° is more complicated
(since the Z° is a superposition of the ,hypercharge photon B and the W?)

- V's are massless,
since there is no right-handed neutrino to construct a ,Dirac mass term*®

S =MW W —mw W

- Vv's have very small cross section (due to the large masses of W and Z)
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Atmospheric neutrino anomaly:

WWU .
too few muon neutrinos
_ o Interaction of cosmic rays (p,a, ..)
cosmic radiation in outer atmosphere: =x*, K*,...
(p,He,..) Wt v
u w
— e +v +v
u e
T owt Vu
- e+ v +v
h=10-20 km u e
e = v+v [v +v =2
i woonl e e
_'u R (e T T T T T T
v / @) 14} |
\’u e // =
'y Y 8 Eaa) |
;?" . o 1>° 8 1 o |.no.oscillation | |
. Qo - |
hadronic ; + Sub-GeV
ahOwWor electromagnetic i S osl * , e
shower Sy | + ¢
; \;qE) 06| + |
| I
04}
© +_E |
>15 0.2 ‘Anomaly’ |  Oscillation
o |
x
()
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A Kamioka Nucleon Decay Experiment:
KamiokaNDE (lI)

3000 t water Cherenov detector to search for proton decay (— GUT)

T T T 16m high, 16m diameter
1000 38cm PMTs at the surface

b [ ] If a charged particle moves faster
. | g | than speed of light in the medium,
| | polarisation does not follow:

— Emission of Cherenkov-light into a cone:

cosO = 1/pn
(— 42° for H,0 assuming p=v/c — 1)

— ring structure at wall covered by PMTs
Christian Weinheimer ISAPP Heidelberg May 29/30, 2019 15




b Atmospheric neutrinos in a
water Cherenkov detector

Cherenkov cone gives:

energy

direction
electron/muon differentiation:

muons: sharp ring

electrons: washed-out ring
(multiple scattering, em shower)

Y L e

(Super-)Kamiokande

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019
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WWU Physics results of KamiokaNDE Il

MUNSTER

No observation of proton decay — main mission failed
but KamiokaNDE Il performed extremely well, e.g.

- confirmation of nuclear burning in the sun

by observing solar neutrinos s  wuticey
(b)(FC+PC)u

a0t

[ et
ot }v}ﬁ it s

- atmospheric neutrino anomaly:
wrong muon neutrinos/electron neutrino ratio
& wrong angular distribution
9 A ok 44

Y. Fukuda et al., Phys. Lett. B 335 (1994) 237 = S
& 0 -1 0

— decision to build Super-Kamiokande cos8 coS®
Christian Weinheimer ISAPP Heidelberg May 29/30, 2019 17
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i Super-Kamiokande:
Start of data taking in April 1996

} y N\ | water
O\ Cherenkov
detector

H,0: 50 000 t

i 40 m high,
gH 40m o

11146 PMTs
ab0cmo

.~ 1 km overburden
iIn Kamioka Mine,

Japan
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Super-Kamiokande's first result at
Int. Conf. Neutrino 1998 at Takayama

@Tal:a’am
1998

A’rmospherfc neutrine results

from SUPer— Kamiokande % Kamiokand.
— Evidence for L oscillations =

| T kajita
Kamioka observatory, Univ. of Tokyo

{(Amiokan de

For the {Supew Fon e -(e} Collaborations

Nobel prize 2015
to Takaaki Kajita

(M /< )Data

(M €) ne

Data vs. Oscillations

2 ors [
1, Yy Ve (st =22x07, sin 29-9
v, V,
2400 [ _ 2400 ¢
g3'ﬂ|ﬂ -— o
5 Svb-GeV
5200 F
E &k
2100 3
0.:
ﬂ?ﬂﬂ
& i
2150 -
: o Multi
GeV
2 50
0-.
Multi-GeV e-like Multi-GeV p-like+P.C.
G15 G15 [ -
E | Sub-GeV | & | Multi-GeV
2l ERys
£ b e N
205 - 205 ..,_Li
°-1_"'3.é"'r':"'bf5;;s'91 °~1"'-'u'.é"':':|"'bfs'c';;91
Sub-GeV Multi-GeV+P.C.

X (best fit) = 65/cn uf AKX =
a8 (No oscillation) = 135 AS'] d_o.f> 70!
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WWUu

MUNSTER

Angular distribution

of v_and v, at SK

Expectation
——— N0 neutrino
oscillation

Fit v, VY,
Oszillation

Multi-GeV e-like
2463 Events

R. Wendell — Neutrino 2014

Multi-GeV p-like + PC
5068 Events

cos zenith

Christian Weinheimer
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WWUu

MUNSTER

Angular distribution
of v_and v, at SK

Expectation
——— N0 neutrino
oscillation

Fit v, VY,
Oszillation

(= Clear deficit of muon neutrinos coming from below,
(i.e. muon neutrino which travelled a long distance)

Measurement is compatible to neutrino oscillation:
\/M —V_ (detector is nearly blind for v )
»,Neutrino oscillation* with parameters

600 (Am? ~ 2 x103eV?2. sin?(20) ~ 1)

~

400
500

Multi-GeV e-like

Multi-GeV p-like + PC
2463 Events

5068 Events

R. Wendell — Neutrino 2014 cos zenith

Christian Weinheimer
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Angular distribution

WWuU
of v_and v, at SK_
45 — ,contained' events (x1/10)
: - i : . . 40 ‘
1489day FC+PC data + 1646day upward going muon data of
- . . . - - - . L th h-goi
1-ring e-lke  1-ring p-like  multi-ring p-like up-going s Al
2450 -GeV e-li o —SubGeVplike ., 50 p - - ~14 [ f
3400 | 5500 | S4F B f 25F
2350 - 2. F 3N - |  stoppin :
S0 5. 400 ; 4 __,—’—"‘_'114-'50; 1 PRIng 20F
5250 | 5300 o -ato4 3 708 | :
E200 | N ?t 'E §§ _+_ + """ T%e.s _—__,_I—i 15F
Z150 | Ll 3 215 j— E o E ] : stopping
100 | 100 [ 10 I R 10F muons
50 E 5 E \ 02 3 . :
L v - T Sy S S YR ".1".'03”’6”'11.5”“1 108 06 04 02 0 5F
cosb cost cos0 cosf :
" " i . _ " _ _Il lIl I G ‘EE] M e S T | | AP PRI T
o | gz:: ] Noosc. |E™ | },3_: 0.1 110 10* 10° 10*
G120 4+ Ezsn ] % g0 | = 3 | Through 4 .
SwoE l . __,—l—% o + 1§25 F going +ﬁ_ Neutrino Energy [GeV]
EB“%M*J% ém_ R 4o 2 [
£ o0 Lyl G50+ Sawf £+ S1st e a
ol 100 o4 Osc. 4+ 2 e All data sets and
0 >1.3GeV 50 | 0 + _ 05 [
0 b Mc(?seujl T_LF 05 0 05 -El “-1"'.':i3"c'o'r;é"nis""1 01"l().é"ti6'éo:i'iozmo analyses

Up-going Down -going (FC, PC, up-going
u, NC enhanced):
compatible with
v, — v, oscillation

(Am? ~ 2 x103eV2.

sin?(20) ~ 1)

. /
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— Angular distribution
of v_,and v _at SK

4 )

Question to think about:

What is the connection of the expected multi-GeV ¥

angular distributions of atmospheric neutrinos
with the red sky at sun rise or sun set ?

Expectation
——  NO neutrino
oscillation
Fitv, — v_ Multi-GeV e-like Multi-GeV p-like + PC
— B 2463 Events 5068 Events
Oszillation

R. Wendell — Neutrino 2014 cos zenith
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WWU Neutrino (vacuum) oscillations

MUNSTER

1) non-trivial unitary v mixing matrix U between
neutrino flavour states (v_, V. v_) and mass states (v, v, v,):

Ve Ui—" 1 Ue‘l Ue?; V1
Vi = Up. 1 U;;.E Up. 3 V2
Vr Ui Ure Uss V3

2) aflavour state propagates as a coherent sum of mass states m(v,)
if the m(v,) differ = neutrino oscillation

(/MTAVAVAV) UT1

- ui
.o
W/’V4><UM2 (LIAVAVAVAVYTS
u

U 3WV\/\U
3

7

via weak mteractlon superposition of mass states via weak mteractlon

Formula is correct,
P EeaALE £ : but correct derivation
(Va — VB) = ai€ " Ugi| =sin 2(20) - needs wave
; - packages or QFT

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019 \ (See E. Akhmedov) y
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WWUu

MUNSTER

Neutrino (vacuum) oscillations

2 Flavor case:

sin%(20) i

sin?(20) I

3 Flavor mixing:

General oscillation formule

Probability

0.8

0.6

0.4

0.2

Pl ) average E/L

for sin?(20) = 0.2

B 7 average E/L

T e W Y

L / LOSC

Plv, = vg) =

D Ugexp B U

Probability for an oscillation
fromVv_to VB (and back) for

an amplitude value of
sin?(26) = 0.2 in units of the
oscillation length L__ .

The colored curves take
into account that we don't
have sharp values for

E and L, but that these
are smeared out over a
certain distribution.

Christian Weinheimer
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Atmospheric neutrinos:

WWUu

really neutrino oscillation ?
Neutrino oscillation : P.. =1-sin220sin2(1.27 ALEZL) here black
Neutrino decay : P.. = (cos20 + sin20 x exp(— %%))2 here blue
Neutrino decoherence: Pu. =1 -lZSiHZZG x(1- eXp(-}’o%))
1.8
—~ 1.6 -
B
o 1.4 -
.E, 1.2
s
S 08}
3 -
D:_ 0.6 :
S 04F
© -
O 02
O' L NIRRT IR I ETIT
2 3 4
1 10 10 10 10

L/E (km/GeV)
Y. Ashie et al. (Super Kamiokande) Phys.Rev.Lett.93:101801,2004
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WWU Neutrinos from the sun

MUNSTER

20T

Nuclear fusion in sun core:
4p — *He +2e* + 2v_ (+26.7 MeV)

more correct:

p+p H2H+91 pt e +p = 2H 4
_ prere =@

H+p »3He+ ‘
8% ———» / ~a 15%

*He+He » ‘He+2p He+He - Be+y

002% AW

anad
(8]
L T

Il.ll{ll!t

10

d P/d(R/Rg)

e bt v

Solar Neutrino Spectrum

7 = 71 iV Bahcall-Pinsonneault SSM
Be+ Se SB+j) Be+ ¢ » LitYe ~
B 8Be* +e*s Vo | |Litp - He+'He 2 P
®Be* » ‘He +'He ié: <——p6p
‘He+p +» Hete" +‘ 3
2 g
2 | B
=
hep\
on earth surface: .
[ . . 1.0 10.0
65 billion of neutrinos per s and cm? Neutrino energy [MeV]
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WWU The Homestake experiment by Ray Davis

MUNSTER

380 000 |
perchloro-ethylene
In the Homestake Mine

v_+%Cl— %Ar + e

Bubbling out of the *’Ar (0.5 atoms/d)

and radiochemical detection Nobe! aW?

«

8

e . ,Result is only 30% of expectation

j ‘ M ./ - Is the experiment wrong ?

E . H } ’ ” - |s the theory of the sun wrong ?

¢ N w M ’ t%; - Do the neutrino behave differenctly ?
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WWU GALLEX and other gallium experiments

MUNSTER

. GALLEX (later GNO), SAGE):

2 Inverse  decay of solar v_on Gallium ("'Ga) (110 t)
< & ’
1 C | e
< O _ . _
©O0 radiochemical detection of "'Ge:

= 1) Chemical separation of ""Ge

Ve 2) Detection of decay back to "'Ga

Detection efficiency ~ 90 % (checked with v source)

$4m3,110t)
o ® L, e

.
a
0%0 +° e

'SSM(BP) 128 SNU

GALLEX 77.5%6.2 +4'3_4_7 SNU F 5 5 5 5

GNO 629+54+25 SNU 0 g ey~ mes  Taos . ZopA . pooz 2004
GALLEX GNO™ o

SAGE 69.1 443 4, SNU 65 _solar runs K8 solarruns
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WWU Solar neutrinos at Super-Kamiokande

MUNSTER

Different to atmospheric neutrinos: v_+ € — €+ v_ (elastic v e scattering)

Detection of neutrinos:
v_creates an e
Vg v(e’) > c/n
Cherenkov cone:
= direction and energy

CEEmR
-_

|II
\ . ] ‘v B
; . +
- *- :l
C .
il

- A
[E= ) O . 2
-'.ll._

&
1
d

3
.

@

4

L]

|

)

1
]
&
=
-]
d
-
S
=
-,

By &G
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Determination of signail:

b angular distribution
%25000;— SK | ~ IV combined 4504 days }r
20000 ¢ :Data ~70k signal events L 2-dim intensity distributiO
. Best fit are extracted f
15000 : Background jg_
100002— _______ s o W _ .
- 8B flux : samillat e . . .
5000 = Picture of the sun in neutrinos
E 2.344£0.034 [1 Oﬁlcmzls] - taken from 1km underqgrg
0720806 04 02 0 02 04 06 0.38 1
%% o gl uu oy g oo
Y. Koshio — Neutrino 2014 = H 0 9 h 1% 150

= v_are really coming from the sun

(first direct proof of nuclear fusion in the core of the sun by Kamiokande in 1990)

0.34 idering NC:
but there are too few: #v | #v _ 45 (0-34considering

measured expected v te—>v +e)
Tad wt
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wwu Solar neutrino puzzle

Solar neutrino deficit:

Expectation from nuclear fusion: 4p — “He +2e*+2v_ (+26.7 MeV)

= know v_rate from solar luminosity

o076 k-

I Lallex
e o _ﬂ_ﬁ_ I N

0.25

experiment/expectation

neutrino energy [MeV]
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Neutrino vacuum oscillation
wwu .
and solar neutrino problem

Strong reduction observed at chlorine experiment (=1/3 < 1/2)
= distance sun-earth=1.44 - 10"m ~A__, withE ~ 10 MeV

osc ’

= Am? = 10-"%eV? (= fine-tuning problem)

Solution: matter enhanced oscillation/ matter-enhanced flavor transitions

(MSW effect, Mirkheyev-Smirnov-Wolfenstein)
Coherent forward scattering of v on e

Ve = % -
ik pend

g > < e £ Y
- W e” Yp =

= Different refraction index for v_and v,

= Different phase difference during propagation
= Neutrino oscillation
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A Matter-enhanced neutrino oscillation:

MSW effect

We want to desribe the MSW effect by adding a matter term to the Hamiltonian of the
neutrino in vacuum:

We add now for the electron neutrino v, an additional term H ¢, which describes the
interaction of the electron neutrinos with the electrons possessing a density N,:

HCC — \/EGPNE .

When adding the normal Hamiltionian H to the additional Hamiltionian Hcc we
have to consider that the former is usually written for neutrino mass eigenstates, the
latter acts on neutrino flavour eigenstates.

We therefore use the unitary transformations:

_( cosf —sin® 1 cos sin6
U= ( sin 6 0059) bzw. U= ( —sinf® cos6 ) '

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019
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A Matter-enhanced neutrino oscillation:

MSW effect

The part Hy does not play a role in our considerations and will be omitted in the
following calculations:

Hiot = (Ho) + H; + Hcc

irrelevant for our consideration
2

m

|
(]

0 % 0 0
P N -
H;in mt;ss basis Hec in flavour basis
2
m1 O ) .
2 cos” ¢ — cosfsin@
= +V2GpN, . .
0 M FYe\ —cosBsin 6 sin2 6
2p
2
w0
= ” m3 (by diagonalisation)
Mo
0 >

Thus the effective Hamiltonian H,t, can be described by effective neutrino masses in
matter mq,, und my,,. But H;, is not anymore diagnoal in the neutrino mass basis.
Therefore, the vacuum mass eigenstates vy und 1, are not anymore eigenstates of the
Hamiltionian in matter.

Therefore, in matter transitions v; < 1, can happen, analogously to the flavour tran-
sitions v, < v, in case of vacuum neutrino oscillations.

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019
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A Matter-enhanced neutrino oscillation:
MUNSTER MSW effect

Let us evalulate the modificed mass eigenvalues by diagonalisation:

_ " )
20
Ozdet Hfgf— P 2 |2p
0 Tm
i 2p /]
2 2 2 .
_ m{ + A cos” 0 — my, —A cosfsinf
~ OdEt( —Acosfsinf m%+Asin29—m%1 .

This defines a quadratic equation in m?, which we solve introducing the usual abbre-
viations:

A := 2pV2GrN,~ N, >0
A = m% — m%
2 = m% + m%

1 A ?
Moy = 5 (ZJrA:FA\/(A 005(29)) + sin”(26) ) :

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019 36
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MUNSTER

Matter-enhanced neutrino oscillation:
MSW effect

Let us disuss various scenarios:

e Let A = 0 (vanishing electron density) corresponding to the vacuum case.

The matter mass eigenstates are indeed the same as in the pure vacuum case:

1 m2
m%,Zm = E(Zq:/—"): {mé
2

Let us assume true matter A # 0, but no mixing 6 = 0 yet.
One matter mass eigenstate has a constant mass, the square mass of the other
matter mass eigenstate depends on the electron density:

1 l(Z+ A) — m3
2
There are two cases depending on the mass hierarchy:
2 -
m%} 5 My 0=0
- My
L o 2
bl - Mim
e T L
M=o . T s 2
1 L Wit sl ’ % M
2 e
2 2 m -
e bt e e ms,, 1

A N,

Ar NC‘

Christian Weinheimer

ISAPP Heidelberg May 29/30, 2019
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MUNSTER mm

e An interesting new effect can happen for m3 > m? if the matter density « A
varies in the right range and non-zero mixing (0 # 0). The difference term in the mZ
square root can not vanish, but gets minimal at 2

A= A*=A-cos(26) m2
1

The difference in 12, at this minimal distance becomes:

Ji -y i .
Amy, = ms,, —mi,, = A- sin(20)

Both matter mass eigenstates can not cross.

Principle of matter enhanced neutrino oscillation

Letf =:¢ > 0withcos@ =cosex1andsinf ~ 0 =& m

I

Ve = V1 — &l
vy =12 48l

Consider a v, created at A > A* running towards smaller A.

At A = A" the neutrino follows under adiabatic conditions the matter mass eigenva-
lue curve and arrives at A = 0 (vacuum) being in the mass eigenstate v, ~ v;,. ’?12

Thus, nearly a full transformation v, — v, has happend albeit a nearly vanishing

vacuum mixing angle 6 ~ 0.
m
1

6 =0
2
P M
& 4
=i / _;‘_ R e Tn2n1
Ar NE
/ 0 0

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019 38 .



MSW effect and vacuum oscillation

WWU ) ]
solutions for solar neutrinos
o M-sg | BFl’OOl T = - Large Mixing Angle
Small Mixing ;5 1 solution (LMA)
Angle solution o
10 ]
(SMA) S
10°
‘% 107 | LOW solution (LOW)
o 107 -
S E
<107 L -
10‘1"; , s T;_
_E Active
16" - Pre—SNO « - \/acuum Oscillation
10’12 i | |I|r|1|(|:||I |S|P|<|ﬁ|| (?Kma | | ||||||i | |||||; SOIUtlon (VO)
10° 107 107 107 1 10.

tan’®
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Solar neutrino experiments
of 3" generation

WWUu

MUNSTER

1 _IIIIIIIIIIII I
0.8 |- LMA ]
> =
> 08 —
S 0.4 F -
0.2 [ ]
0 :lllllllllllllllllll: 0 1 1
0O 5 10 15 20 0 5 10 15 20 0 5 10 15 20
E, (MeV) E, (MeV) E, (MeV)
1 -Illllllllllllllllll_
0.8 0.8 _ MSW St.erile_:
-~ -5 o g
" 0.6 2 > 08
2 0.4 X 2 04 ff
[« 8 [« s
0.2 0.2
. o .
0O 5 10 15 20 0 5 10 15 20
E, (MeV) E, (MeV)

Requirements:

<
- real time (day/night asymmetry, length variation) Borexino
» spectral information > SNO
( - flavour information, proof: v, — v )
/

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019 40



MUNSTER

WWU The Sudbury Neutrino Observatory SNO

1000 t D,O

support structure for
9500 light detectors
(photomultipliers)

12 m diameter
acrylic vessel

1700 t inner
shielding, H,O

5300 t outer
shielding, H,O

Urylon sealing

Creighton Mine: 2 km deep underground
in Sudbury, Ontario, Canada

Christian Weinheimer

ISAPP Heidelberg May 29/30, 2019 41



iy Solar v fluxes from the
Sudbury Neutrino Observatory SNO

S 2
—
&
pleler S

S

Events per 0.05 wide bin
.
S

S0f 49,44, ﬁ
t{i {*ﬁﬁfﬁ*ﬁiﬁiﬁﬂ*ﬁ'+‘{ﬁ

e

T —

—

NC + bked neutrons

|

lll]llllillu

o
o
W
e
(=)
=)
N
o

1000t D.O

2 "

0500 8“ PMTs  Cherenkov
E <
5300t H>,O sensitive to o 5
ES v.te - v e v, (vu, V) :;1 §
CC v,+d > p+pHe) v N
e o
AN
NC Vx+d—>p'|®+\lx Vo VeV, g
/ ] [ ] \ ﬁ
Clear finding: NC > ES > CC i
= excistence of v ,v O
u T =Z
= voscillation & m(v) # 0 0. (10°em?s)___ P
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Solar v fluxes from the

WWUu

Sudbury Neutrino Observatory SNO

Question to think about:
The lightest nucleus, deuterium,

consisting of one proton and one neutron

has spin 1
Why do the SNO measurements
confirm S(d) =127 s

~

—
£
S

160
140
120

S

Events per 0.05 wide bin

Christian

CCv+d—>p+p v,

NCv+d—>p-l®+v Vo, ViV

9500 8“ PMTs Cherenkov
5300t H>,O l sensitive to

ES v +e— v, @

vv)

(i)HT (lUﬁ em2sh

-

" Clear finding: NC>ES >CC
= excistence of v ,v_

= voscillation & m(v) #0

I|II[I|‘-III]'—II||,,"

_Heidelberg May 29/30, 2019
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SNO PRL 89 (2002) 011301
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WWU Reactor v, experiments

MUNSTER

Inverse ( decay: 1/, + p — e +n —1.80MeV

« Antineutrinos are detected via the Inverse Beta Decay (IBD) reaction:

T
Y e Emitted spectrum

Ve+p—et+n y

----- Cross-section

—— Detected spectrum
¥

~30QS ~8MeV
signal

(arbitrary units)
.,

| . . R
sumof B spectraofthe 2 3 4 5 6 7 8 9
various fission products E, (MeV)

— Coincidence between positron and neutron signals allows for
powerful background rejection

— Energy of positron preserves information about energy of incoming Ve

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019



R Use all japanise and corean nuclear reactors

for KamLAND

Neutrino Mass ( Am 2) sensitivity ( eV 2) Japanese and Korean reactors
107 10 107 10 10 10

10
=10
=
= |

8
W
e
= 105
-t
o
e
=
4 i
=~ 10
imane '"“: a5

E 2 ma| T d Mon ju ;
(=] 10 = A
E - [
5 "

109

| | | l lmamfw;ﬂu&m&nﬁyﬂuim—ﬂﬂ.ﬂﬂ 0N

128°E 140°E 142°E 1447E 4&E

M0m 100m 1km 10km 100 km
Baseline

Flux (Wiem?® x 10%)

T T S S -

0 200 400 600 800 1000
L (km)
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Long baseline reactor neutrinos:

MUNSTER - - - L — 1 80 k
KamLAND at Kamioka mine: <L> = m

& 100
& SOF mm Selection efficiency "« Data-BG- GeoV, = KamIL AND
3 60F  — Expectation based on osci. parameters Bl 95% CL.
Tk DRSS S B s e e I determined by KamL AND 99% CL.

I — o Km data :2‘ C + (.q;‘ a€ 1 5 ’ ggs;f?gf: CL.

2505 b wiea g %% B 10
. L., cident e F o
2 200 H ===q | -
E _005 L Z besgi,?)ﬁeqv, % 0-6: + + _i =
S 1o | e I e <
rEiE T el Bt oaf T - | A
50F : — 9973% CL.
F ‘ B *  best fit
C M LIS B
o- 3030 405 2080 80 100 5 >
(k:meeV) 10 1
1 kt lig. scint. tan"9,,
80% iso- parafﬁne____
20% pseudocum;‘s b
/ n -
L/E plot shows oscillation

& agreement with solar neutrinos
= no other neutrino flavour conversion possible
— really neutrino oscillation

some tension in mixing angle: © , # 0 ?

1280 PMTsI Watér Cherenkov
17-inch anti-counter

5|S. Abe et al, arXiv.0801.4589 (2008)
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MUNSTER

Solar v fluxes from the
Sudbury Neutrino Observatory SNO

Christian

1000’[ D,O

0500 8“ PMTs Cherenkov
5300t H>,O sensitive to
ES v.te - v e v , V)

CCv+d—>p+p v,

NCv+d—>p-l®+v Vo Vi V,

" Clear finding: NC>ES >CC
= excistence of v ,v,

~

= voscillation & m(v)#0

— b s OV =] OO

N _Heidelberg May 29/30, 2019

Nobel prize 2015
to Arthur B. McDonald

(and because of solar B v /v = 1/3
Nobel prize 2002 to R. Davis)

q’)e(]()ﬁ em? s

N

SNO PRL 89 (2002) 011301
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WWU BOREXINO

MUNSTER

» "\Hq ultraclean liquid scintillator (300t)

> < looked at by 2212 photomultipliers
| Yo e in a water shield
. Ly

= e Ve looking for ,,v Compton“ scattering
=, K

located in Gran Sasso underground lab

Christian Weinheimer ISAPP Heidelberg May 29/30, 2019 48



Borexino looks for the ,,Compton-edge*
of the monoenergetic '‘Be neutrinos

WWUu

MUNSTER

1z

107 ¢ : ————— ——————
10" Solar Neuttino Specttum
10" Bahcall-Pinsonneault SSM

o F

10
10
10
10
10

s F

Flux (fem®/s or fom?/s/MeV)

104 1 lll]llllllllll[lll: 1 :lll]llllllllllllll: 1 :
10° | 0.8 LMA - o8 SMA ] 0.8 =
E ; hep ——— = — -1 a— 1
10° E s 5 i B i 3 > 3
N | 2 0.6 : > 08 : 2" 0.8 :
0.1 1.0 E: 0.4 — E—E-_f 0.4 f N *;2: 0.4 .
Neutrino\engrgy [MeV] 0.2 B . = B3 E
0 I IIIII l: 0 : 0 L1l L1l L1 Ll l:
0O 5 10 15 20 0 5 10 15 20 0 5 10 15 20

E, (MeV) E, (MeV) E, (MeV)
1 . . 1 .
0.8 _: Cé 0.8 MSW Sterile _E
2" 0.6 - 2’ - 3" 0.8 -
2 04 4 2 ! 4 2 oa =
a. _ . : : o, =
0.2 — - - 0.2 -
4 = al
0 : . 0 :
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

E, (MeV) E,k (MeV) E, (MeV)
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MUNSTER

WWU BOREXINO results

expectation for ,,no oscillation*:
74 £ 5 cpd/100t

measured (arXiv:1104.1816):
46 = 1.5*1-6 . cpd/100 t

Super-Kamiokande, SNO —>
Borexino -4
Homestaake (*7Cl) = —>

Gallex, Sage ("'Ga) 0 >

10" Solar Neutrino Spectrum

Bahcall-Pingsormeault SSM

_ je—Ppep

Flux (fem®/s or /em?/s/MeV)

hep .

PRl

0.1 1.0 10.0

Neutrino energy [MeV]

"
I—( Csub) X
100 200 300 400 500" 600 700 800 900
:'_'ll‘.ll‘llfl L L L I I L L L LB T [‘['
m S
_219 ‘C

L pp Po pile-up
= 2B ext bkg
% e
é — Total fit: p-value=0.7
=S CNO
X107} B
& E
- E
21075
L ARE
HEgi

10°E
2

2500

2000

Deg ke\.-'

very low background & understanding it

— even pp neutrinos by understanding
“C spectrum and its pile-up

x2/d.o.f. = 172.3/147

— pp v: 144 + 13 (free) — 210pg; 583 + 2 (free)

— 7Ber:46.2 + 2.1 (constrained) — 14C: 39.8 + 0.9 (constrained)

— pep v: 2.8 (fixed) — Pile-up: 321 + 7 (constrained)
- CNO v: 5.36 (fixed) — 210Bj; 27 + 8 (free)

— 214ppb: 0.06 (fixed) — 85Kr: 1 £ 9 (free)

10

pp v

0%k

10?

Synthetic
pile—up

10 BK

1 '."JOBi

107 Y~

102 \%\% WSS EE
e REL

121? i Wﬁﬁw
Ei M T

Events (c.p.d. per 100 t per keV)

150 200 250 300 350 400 450 500 550

Christian Weinheimer

Energy (keV)

ISAPP Heidelberg May 29/.,.
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: Full neutrino spectrum of pp-chain by
real-time experiment BOREXEINO

WWUu

MUNSTER

High metallicity SSM _ow metallicitvy SSM
’-a", 1: ; : yr o TS ’ . B E ’-a‘, ]-: i | i 1 R | =
y OSF SSM:B16(G98) 4§ 09F . SSM:BI6(AGSS09met)
o 08F 3 o 08F1-728In°(20 ) sSin“® -
S e = ECEE TBe 12 3
o 07 7Be = o DIE *B o
0.6F- | pep = 0.6F- * i pep =
: : 8B 3 = -
0.5E- * = 0.5F- ’ =
0.4F . 0.4F =
03f = 0.3F =
02;_ p-values: = E p-values: ;
“E Bx only: 0.998 ] O2E Bx only: 0.362 E
OIE All exp: 0.956 E 0.IE All exp: 0.465 E

||y Ll = o e S PR aal

b | 10 10

Energy [MeV] Energy [MeV]

Christian Weinheimer

\,

[ neutrino oscillation with matter effect (,.MSW“f

\Y%
+ U —— ' U’ .-
ik ol p1 Y B
VE’A {U{ SIS, SRIP L || } B

f iy
coherent I>_2u< f>—zu<

forward
e Ve e v,

scattering
on e

matter enh. osc.
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Typical accelerator neutrino beam

CERN Wide energy Band Beam (WBB)

7t v, +put, Kt s, +put, KP = 2%, +put, Kt = 7% +et

SPS target horn reflector

RSN E—

iron,earth

=
mo+
’\L 5
"

e CERN SPS: 450 GeV protons
e 2 extractions of 103 protons on Be-target every 14.4 sec

e Neutrino flux at Chorus and Nomad detectors per extraction:

2.5-10'°%/m?

Charm2

Chorus
Nomad

~ 600m

® UV, 1V, Ve Ve = 1:0.056 :0.007 : 0.002

e v -fraction: 107

e Mean v, -energy: 26 GeV 103

I | [N

Christian Weinheimer

PRSI (A am
100 160 200 260 300

neutrino energy [GeV]

—e
=
o

T ? T

500~

CC Events / GeV

Vi

Simulated v Beam
5.4 kton, 6 x 10%° POT

— MINOS+
— NOvA
MINOS

Preliminary




@ H Confirmation of V.oV, disappearance by oscillation:
long baseline experiments: MINOS

MUNSTER

2000: I T | T i T T | I l UL [ L | | E
1800k —— MINOS, MINOS+ data Far Detector A
- —— Prediction, no oscillations 1l
1600F— MINOS, MINOS+ combined fit 3
- 9.69 x10°° POT v,-mode MINOS+
14001 777 10.71x10%° POT v,-mode MINOS —
%, = 3.36 imz“ POT l-;,.ﬁ‘édi MINOS 7
01200 3
»1000F MINOS+ Preliminary
L% 800 E
600 -
S 400; ]
S : ]
N 200 =
o B R o ]
.4% OO i S 6“3‘\'" - 1 5 = I ."‘ .‘. 0 5 0 T T I 1 | T T ] I | I I T ] | I 1 1 1
3 Reconstructed v, Energy (GeV) 3.0 - MINGOS, MINOS+ — gg0, ¢ L. =—90% C.L
.U~ combined analysis fi e
< oy - MINOS+ Preliminary -
o - —— MINOS, MINOS + data Far Detector 3 E y
ol 1.8 MINOS, MINOS + combined fit E o= - -
w = — L —
= % 1.65 1071107 poT v,-mode MINOS E > 251 il
2 = { 4F 3.36x10° POT v,-mode MINOS E O .
L "7 9.69 x10% POT v,-mode MINOS+ B £ B 1
: B q12F s : 1
E 3 £ T t e = L il
(@) = o B E -
qg % 0.8F T = ™ B OE=-=Nowssecl = G T2K 90% C.L. i
p 0.6H] E E . Private Communication (2018) PRD 96, 092006 (2017) |
=y MINOS+ Preliminary ] <] e e e e IceCube 90% C.L. i
o 0.4F 3 . PRL 120, 071801 (2018)
02; ] - Normal h|er|archy | | g
SR e 0.3 0.4 0.5 0.6 0.7
0 5 19 4620 30 - 60 D
Reconstructed v, Energy (GeV) Sin 923
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L T2K: J-PARC to Super Kamiokande, 232 km

wwu ) .
off-axis beam — monoenergetic

30 GeV Pions decay in MUMON monitor Off-axis at 295 km, Super-
proton beam =100m decay  measures muons from Kamiokande (SK) water
from J-PARC volume pion decay cherenkov detector

Main Ring (MR) measures oscillated flux

<4 |
\//. '
295 km
g" ' Oscillation Prob.
oo I B -3
At 280 m, on-axis INGRID e
Beam on 90 cm detector measures =l
graphite target neutrino rate, beam profile i VAR MDA
3000
g 3 magnetic horns Off-axis ND280 detector 2s00}
© focus positively measures spectra for 2000
% charged hadrons various neutrino ssbnl
> interactions 1000 .
o soof ¥ 1\ .\
W Beam peaked at 15t max E=600 MeV ||[I e e
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Confirmation by accelerator experiments:

MINOS, T2K, OPERA

Three-Flavor Oscillations Best Fit

p
Inverted Hierarchy

| 0.36 < sin” 023 < 0.65 (90% C.L.) |

N\

]Am32| — 237 01 107 eV

sin 923 — 0 43+8 %)g

~ MINOS+ Preliminary i

41— MINOS data: v, disappearance + v, appearance
~ 10.71x10%° POTv -mode, 3.36 x10%° POT v,-mode |
MINOS & MINOS+ 48.67 kt-yr atmospherlc v I
< \ =
E W ' : !
&t N -
| —— MINOS & MINOS+—

) . — T2K*
™ — Normal hierarchy | == Super-K™ N
T | Inverted hierarchy " *PRL 112, 181801 (2014)-
P d **Neutrino 2012 ]
Né') B g
< | q
o i
I —90%C.L. _
-4 | Bestfit oscillations i s il
0.3 04 0 5 0.6 0.7
sin 923

Christian Weinheimer

Normal Hierarchy

\Am32y s odE s e
sin® 03 = 0 del

0.37 < sin® 63 < 0.64 (90% C.L.)

» Most precise measurement of | Am?3;|
» Consistent with maximal mixing

A. Sousa — Neutrino 2014
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3 flavor mixing, 6., # 0
— CP-violation in lepton sector possible

2
3 flavor oscillation (without matter effects): P(v, — v3) = ZUai EF
Reactor neutrino disappearance:
S il AmZ  LE  a ., Am2, L
P(p, —p,) = 1 i—(sin?(20;13)sin® —2"4 cos?(613) sin®(2001ar ) sin? ——=2ar—":
: AE i AE ¢
AT \ _ ) AR ¢ _ ]
0,, # 0 A4 Y
2 2~ 2 2 — 2 X
= CP violation AM®, ~ AM?, ~ AMS, AM~y =AM 3
Re!
in lepton sector Keys to a precise § 7. survival probability ‘3‘.5
| possible measurement: | y 5 Qw0
e A L e e T o g
High-statistics Daya Bay % fc\)l
Suppressing o8 Near 5 £
backgrounds 07 ié
Keeping systematics o £
under control 4;
- Relative near/far \ =
measurement 04— total 2
il KamLAND
- Make detectors as similar R R a ___________
as possible (design, —  ~Amy JUNO —"
construction & calibration) 0.2 5 G T

Christian Weinheimer
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DAYA BAY, Double Chooz, (RENO):

+

WWuU
MUNSTER ,\, + p — n + e

S (ks hander: -HE0 At~
—= :\’eighedtljawlm:?d;ﬁﬂm near+far ; o W

e

.1
Creerburden: 205 mows
Wenzhled fse lme: =500

i .I . . —
S - ‘Liug Aoll
B : I'CHEIUI'E .

ar_”
S0 Owerburden; - 150 e
B = Weishted baseling: ~360 m

DAYA BAY

Calibration Box

Quter muon Veto

Target v

y Catcher

Buffer oil

w

Buffer vessel &
39010 PMTs

Similar de_teCtor Concept Inner Muon Veto
first by
Double Chooz Steel Shielding

Christian Weinheimer 7m 57




DAYA BAY results:

WWU . : :
MUNSTER
precise determination of © 45
* See a clear rate and shape distortion that fits well to the 3-neutrino
hypothesis: 10

140

120}
0.99 - % 1001~ ; 2
U '--E-.. 80 :_ : —I; Far :;ite datz: - 1 8
0.98 1 Ra te-only fCB o Weighted near site - best fit @)
x?/ndi=8.8/6 | € eof- £

- L T —— 2414 13
i (o-value=0.19) o Qq3 2w 3
§ U = Rate+shape “Cloun)'0 i
& 20 — i Fast neutrons

0.95 C : X2/ﬂdf—748 0/154 §
0.94 { — Best fit oscillations = 1'2:;_ C(E

—— No oscillations ® Vel
cosllil B = 14 | %

$ EH2 9 E

} EH3 = e @)
0.92 S 0.96F o
QIO 10251 - 058 1 s 00 LA A e = bk
Effective baseline (km) 5 094 = | 3
~ 092F L
= -
=
o

results with

1958 days

0.9

sin> 26, = 0.0856 +0.0029

| Am? |=(2.52£0.07)x 107 eV?

Christian Weinheimer
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DAYA BAY oscillation curve & neutrino flux

1.00f
- Best-Fit
0.98: - \W/O oscillations
“ } EH1
BY Y EH2
0.96
Tm ¢ EH3
= |
% 0.94}
0.92:
0.900~"700 200 300 400 500 600 700 800 900

Lerr / Ey (M/MeV)

* Previous measurement of the absolute reactor ve flux compared to the
Huber+Mueller expectation:

systematics-dominated from
absolute detection efficiency

Raatwpred = 0.946 + 0.020 (exp.) +—

results with Ryaprea = 0.952£0.014(exp.) £ 0.023(model)
—
1230 days 0,=(591£0.09)x10™" cm®/ fission

from J. Pedro Ochoa-Ricoux, Neutrino 2018

Christian Weinheimer
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h Positive results from
v oscillation experiments

atmospheric neutrinos
(Kamiokande, Super-Kamiokande,

= non-trivial v-mixing

lceCube, ANTARES) v, Usg U.a Ues )
V,u, - U,u,l U,_Lg U;.LS ' V9
: U U Ugs V3
accelerator neutrinos & _ - S e
(KZK, T2K, MINOS, 0= 05 0.1
OPERA, MiniB ' e
- MiniBoone) TEIe ol G T
0306 0.7
0.37 < sin?(0,;) < 0.63 maximal!
solar neutrinos 0.26 < sin%(0,,) < 0.36 large !
(Homestake, Gallex, _
Sage, Super-Kamiokande, 0.018 < sin?(6,5) < 0.030 8.5°

SNO, Borexino) 7010%eV2 < Am,2  <8.210%eV?

2210%eV2 < |Am 2| <2.610%eV?

reactor neutrinos e m(Vj) # 0, but unknown

(KamLAND, CHOOZ, Daya Bay, |
Double CHOOZ, RENO, ...) L |

additional sterile neutrinos ?
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