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OVERALL PLAN OF THE 5 LECTURES

Neutrinos in the Standard Model.
Neutrino interactions, detectors. Solar and atmospheric neutrino problems.
Neutrino oscillations in 2 tlavors. SNO and SK.
Neutrino oscillations 1n 3 flavors. Future experiments.
Theory and search for neutrino masses. Neutrinoless double-beta decay. Neutrinos in
Cosmology and Astrophysics.

Theory and experiment will be strongly mingled.
Every lecture will have some of both.
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PLAN FOR LECTURE 2

Neutrino interactions with matter
Charged and neutral currents vertices
Kinematic considerations
Cross sections tor lepton and nuclear interactions

Detectors

The Solar Neutrino Problem
Basics of the Solar Standard Model and production of neutrinos in the Sun
Radiochemical experiments: Chlorine & Gallium

Kamiokande-II
Astrophysical solutions ?
The atmospheric neutrino anomaly

~ J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 3



NEUTRINO
INTERACTIONS




RECAP, NEUTRINO INTERACTIONS

Neutral Current

Charged Current

g—WV'y 2(l—)/)e and j©

N
only LH particles (RH antiparticles)

cr=0 for neutrinos
only LH neutrinos
(RH antineutrinos)

/ gw e
gz = =
COSHyw  SIn By Ccos Bw

similar for vy, Vr.
plus the diagrams for quarks

Boson propagatots
~1/mw2or ~1/my2
(it E<< my)
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VERTICES

o
VM i VM M+ T /
\/ \\/ others
T f
/.
d _
v \76 v \/ f
\\/ T f = any fermion
others
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REACTIONS WITH ELECTRONS

v,+e = U, +e v, te -y, +e | v+e —-uv te
+ similar

for
Vi Vr

Elastic

- _ _ .
U.T € U, T 7T Quasi-

Vr\\/c- elastic

W

+ similar
T for
W Vi

I J. Maneira (LLIP) Neutrino Science 2 - Sust 2024 - Sudbury /



REACTIONS WITH QUARKS

é
I/l_l_q Ul+q + similar
_ for_
Ve Vu Ve
q
q=any quark
Elastlc*
B uasi-
+d— u+1 Ui+u—d+1 Q
\/ \\/ elastic*
I=e, W, T
+ similar
/\ /\ for other *Elastic or quasi-elastic:
quarks only if the nucleon stays intact
—
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INTERACTION THRESHOLDS

Neutrinos trom the Sun ~ 1-10 MeV, trom cosmic rays ~1 GeV

It the neutrino energy is low, some interactions may be kinematically forbidden

For interactions to occur, there must be enough energy in the center-of-mass to produce the
final state particles

Charged current scattering with electrons, thresholds tor each tlavor

Ly, > OFEv, 5 110eVEv, ,3090GeV

Only electron solar and atmospheric neutrinos can scatter ott electrons via CC
Considering also NC: only elastic scattering with electrons is possible, not quasi-elastic
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INTERACTION THRESHOLDS

Charged Current Scattering off nucleons

m,z) —mz) +ms + 2m,my

2m,,

Evu OMeVQE,_ > 3.5GeV

Solar neutrinos (~1-10 MeV) that oscillate to muon or tau can only interact via neutral
currents
no handle on their flavor

elastic scattering cross section is smaller than for Vv : it seems they “disappear”

Atmospheric neutrinos ot ~ 1 GeV, that oscillate to vz the same
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CROSS SECTIONS

ol /] ([

Simplest reaction, quasi-elastic. Cross section has same form for electrons or nucleon

v,+e —v,+e
has two diagrams,
more complex

s = (Ey +m,)? — E2 ~ 2m,Ey s = (Ey+my)? — E2 ~ 2m,E, s = center-of-mass

energy
But m, ~2000x larger than m!

Cross section much larger tor nuclet

just due to the heavier target particle

~ J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 1



ANTINU CROSS SECTION

neutrino  antineutrino Why the matrix element is ditferent?
2 a consequence of the vertex chirality
| * j\\ ~ . . .
= 3(1 +cosb’)—-5, neutrino has to be L.. From projection

| rules*, quark also needs to be L.
So their spins are opposed and the
interacting states have Sz = 0. null spin, so

no preferred direction
V
1 0

momentum .

»
J

antinu has to be R. quark continues to have
to be L, so the spins are actually aligned.
The Mf1 will depend on the scattering angle.

V S| 0

momentum —_—

ury up = upy*ur = vpyfogp = vpy*for = vpyfur = vgy*up = 0
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switched for q

* y-dependent component
larger for nu-bar

* Higher 0 for nulN
because higher O for

valence quarks

J. Maneira (LIP)

GimnE, 1
vN F 3
o = + —fz| .
T Ja 3fq‘
N G%mNE-\-, ] |
o = + fzl.
T 3fq fq‘

-
S
e | T

where fq and f5 are the fractions of the nucleon momentum respectively carried by

the quarks and the antiquarks,

o/E [107%8 cm? GeV ]

| ~] _ O 2 __ |
fq = f x[u(x)+d(x)]dx and f5= ’ X Iﬁ(.xf) +d(x)|dx. <[
JO JO
oN 3fa+fg N R A N RIS B R
—= = TS — 1.984 + 0.012. 0 100 200 300
a q T 2Jq a E [GeV]

~ 041 and f;3= 0.08. -
l Ja Js Neutrinos as probes of nucleon structure!
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2m,GEy ™

O-V“N — 022
T Deep Inelastic
> Scattering
2m,G:E,
GVHN = (.33
37 p
ZmeG%Ev CC only
Vie— — Threshold 11 GeV
ok T
. 2
~ 5~ 62m€GFEV N
Vee
T
NC only
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NEUTRINO DETECTORS
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SCINTILLATION DETECTORS

¢ PETRESA CANROA

Linear Alkylbenzene

Singlet Triplet

Emission of
fluorescence

light

Detected rby |
photomultiplier
Charged
particle excites . . . . .
<cintillator Liquid scintillators: high light yield (~10k ph./MeV), low
molecules radioactivity, tast, good pulse-shape discrimination

Solid scintillators: easier to build/assemble, good for
segmentation, can be denser (shorter radiation length)
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SCINTILLATOR DETECTORS

| KamLAND (Japan) |
1 Kton

: ‘ b . - » > - "":-. - ’ ® : - ."."" ‘
f oy "?"] ' T AH N o L . \P‘;&ﬂ \ _'Daya Bay (Chlna)
RS NS . . . .'. Y. ‘ =

) 3 ’ - ‘_;-__.:T, )‘ " . £, -':'._‘ O . '._-'---’ ." ;(:Q- 3 :

short baseline
detectors at reactors -
Poltergeist, Palo
Verde, Bugey, Chooz,
Double-Chooz,
JUNO (China)f¥ = i RENO .
L\ | Finland | or beam - MiniBoone
AR A/ .. .
RN\ E R i/ L ’
e |
!4(‘ -~ Mi : ”

r
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SN O +

2 km underground
~70 muons/day

Rope system
Hold-up and -down
Low Radioactivity

~9300 PMTs

Acrylic Vessel (AV)

12 m diameter Purification plant

Target Material

1. Water: 905 tonnes
2. LAB Scintillator: 780 tonnes

3. Tellurtum loading: +3.9 tonnes

Ultra-Pure
Water

J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 19



WATER CHERENKOV DETECTORS

Cherenkov effect

When a particle travels above the speed ot light (in a
medium with refractive index n, v> ¢/n), there is
constructive interference ot wave fronts

Emission of light at a fixed angle cos 0 =c¢/nv
Similar to waves from boats or sonic boom

Cherenkov light

N

Neutrino
Water Cherenkov detectors e
Neutrino produces charged particle ggn?trigleed
Cherenkov light forms cone around path in water

PMTs 1n wall see circle, or ellipse Photosensors

J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 20



CHERENKOV PATTERNS

From side

short track. «
no multiple |

scattering

electrons: '
short track. «
mult. scat., -
brems.

muons:
long track, W |

slows down

neutral pions:
2 electron-like
tracks

Sharp Outer
Ring with
Fuzzy

Inner
Region

MUON
NEUTRINO .

ELECTRON

NEUTRINO < o
EEEEEEEnn & . electron ,
A shower g .

J. Maneira (LIP)
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HIGH ENERGY CALORIMETERS

CDHS experiment at CERN (1976-1934)

Goal: study deep inelastic scattering ot HE neutrinos
Neutrino beam from 400 GeV SPS protons

(Masstvel) 1500 tons magnetized iron + wire chambers + calorimeters

R K.\ \

= =S

v T
'III ‘£I|'|’ I ” .{I m gl (ﬂ' y@[}]
'y ! Sowat?

P i
(.{ Wa \"

W .al
{ 1500 tons
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NOVA

Oscillation experiment at long NOVA detectors A NOVA cell
baseline (810 km) ‘ To APD

Low ftlux — high mass 14 kton! xtruded PVC cells filled with
"'“i-‘ rl“‘l‘/yfr :

B
2" 3 )
) P 4' J’AJ
e .-r

'NOVA"F‘ar Detector Ash?wer MN)
- ZMiNo FarD ’fif,; . dan, :

-

(-
W
.2
-
™
3

Far detector:
14-kton, fine-grained,
low-Z, highly-active

«_’;\‘;g{vmwaukee tracking calorimeter

L 32-pixel APD : -+ 344,000 channels
| }» ) -
Ferm“a piir o . Near detector:
‘% . Chlcago from 32 cells v oo 0.3-kton version of 4cm x 6 cm
R = B the same
t* ;;.. '-’&«
e 1y \ - -+ 20,000 channels
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5ms of data at the NOVA Far Detector
Each pixel is one hit cell
Color shows digitized from the light
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NOVA - FNAL E929
Run: 18975/43
Event: 628855 / SNEWSBeatSlow

UTC Mon Feb 23, 2015 )
14:30:1.383526016  Several hundred cosmic rays crossed the detector

(the many peaks in the timing distribution below)

210 z|0:
Z10° =1 HE
10 >
! A . . A !
0 1000 2000 3000 4000 5000 10 10> 10°
t (usec) q (ADC)
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NOVA RESULTS

3000 3500 4000 4500 5000 5500
200 |- _
: 14 meters
) - @)
=t 3
5 | D
—
s i (D
—200 -— a ...::ggi:ii: —
00 Top view .
- Beam direction :
@ 200 - _
e
or v Color denotes -
- Side view ; deposited charge
3000 3500 4000 4500 5000 5500
z (cm)
NOVA - ENAL E929

hits

2 T T . T T T . T T L,g
Run: 18620/ 13 =10 — L 3,
Event: 178402 / — 10
UTC FriJan 9, 2015 1

202 2202 2204 2226 2228 223 2232 223.4 223.6 223.8 224
00:13:53.087341608 t (pSCC)
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NOVA RESULTS

-
.- .- .- _—
- - - s ADC

.

Figure 4.3: Example event topologies from data files. Top: Selected v, ND event. Middle:
Selected v. ND event. Bottom: Selected 7Y ND event.
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LIQUID ARGON

Noble liquid detectors are the technology ot choice for many Dark Matter and

Neutrino Physics experiments (LAt has also been employed in HEP (e.g. ATLLAS))
Dark Matter

Liquid Xenon: e.g. ZEPLIN, LUX, Xenon, .Z, XI.ZD
Liquid Argon: e.g. ArDM, DEAP, DarkSide, MiniICLLEAN (also Liquid Neon)
Neutrino Experiments
Liquid Argon is the chosen target for many ongoing and future neutrino experiments: e.g.
ICARUS, ArgoNEUT, MicroBooNE, SBND, ProtoDUNE, DUNE
Advantages of Liquid Argon Time Projection Chambers
Pure - high electron mobility - scalable to very large masses
Abundant in the atmosphere (1%), therefore not expensive

Bubble chamber quality images, only in HD! — interactions with unprecedented detail
Full 3D reconstruction, calorimetry and particle 1D

Can operate on wide range ot energies (MeV to GeV)

~ J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 28



LIQUID ARGON, ACTIVE FIELD

*active volumes listed

112 ton

SBND (2023)

Materials Test Stand
~9( ton
Micr oBoo\E

Multi-kton
(40,000 ton)

400 ton
ProtoDUNESs
2018-2020

Other: Yale TPC and Bo (2008-09), LArIAT (2015), (Mini) CAPTAIN, CCM (2019-now)

J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 29



Cathode
Plane
&
N
\(\q e
&
&7
O ¢
<«
Edrift

lonization charges drift in strong electric field

Liquid Argon TPC

Charged Particles

L)

Sense Wires

u v y

V wire plane waveforms

Y wire plane waveforms

Collected 1n sense plane

Overlap 1n 3 sets of wires gives position in plane

J. Maneira (LIP)

Induction layer

) 3 A 4
Induction layer

_

collection layer Hicle ~. liquid argon

scintillation

' : 30 12 ! 1 13 23 ch '// \ \ light

[“SI R | 127 nm ‘

Signal Formation (induced 350 nm ¥ Ald

: \ Dichroic Filter
signals from a track segment) K,

430 nml * — ‘

Deposit > 24 ke |
electrons in DUNE § “QQ

Scintillation light gives ref. time
Dritt time provides 3rd coordinate
Collected charge provides calorimetry and particle 1D

Neutrino Science 2 - Susi 2024 - Sudbury 30



Collection plane
uBoolN , view
| | I Cosmic muon
A highly ionizing track
O 3 0 |
-} v Beam rays:
=
(‘é Interaction Cosmic
— V.ECEIEX muon
muon
“Imaging” detectors
Digitized Bubble chambers
With Calorimetry
Run 3469 Event 53223, October 21°%, 2015
55 cm

Wire direction =g 31
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DUNE PROTOTYPES AT CERN

2 x 6.5-m vertical drift

Readout

Electron

Large

Ve
e

U
W
d
ol
('
d
-
0O

DP

Multiplicr

“3.__Extraction

MUCH MORE ON
DUNE IN LECTURE 3.

32
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QUESTIONS?



THE SOLAR NEUTRINO
PROBLEM



HOW DO STARS SHINE?

Lord Kelvin (1865)

Having excluded chemical energy (enough only for a few thousand years), proposed
slow gravitational collapse, estimating 20 Myr tfor age ot the Sun
FEvidence from geology and evolution of life said it had to be much larger

T"a(' (\':l'lﬂ;':l‘. »L‘Il‘.v!l |‘of :'m:r [‘lﬁ"h‘-llzt ;mri i
edectrons can occur e=senlially r'm'y N Lwo Wavs,
The first mechanisn starts with the combination

MARCH 1, 19309 PHYSICAIL REVIEW VOLUME 55

Energy Production in Stars®

of two Protons Lo form a denteron with POsTtron

H. A. BeTae CIme "lrl 3.

Cornell Unsversily, Ithaca, New York
(Received September 7, 1938)

H+-H=D4"

The deuteron 18 then transformed into He' by

further capture of protons ; these captures occur

ery rapidly compared with process (1) Th
Hans Bﬁthe <1 939) ;.‘c'-;\n'.d ‘IIY‘oL‘C'\“:l-’li"..l:l '.l::"‘_ c':1*’|-“'|l ::nr| ’l!l'r""L'"'l ;:.-

catalyses, according to the chain reaction

Star’s power source 1s nuclear fusion of 4 protons into He, oAb (s
not chemical or gravitational processes Ch4+H=Nu+, . @
:\N___H:(_)n_._,}' ‘)o:.\.b+‘0

Provides two mechanisms, the pp Chain and the CNO cycle N2 H = C2 4 He
Enough energy for estimated age ot the Sun, 4.5 billion years Note: no mention

of neutrinos ...

J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 35



SOLAR NEUTRINOS.

1.

THEORETICAL*

John N. Baheall
California Institute of Technology, Pasadena, California
(Received 6 January 1964)

The principal energy source for main-sequence
stars like the sun is believed to be the fusion, in
the deep interior of the star, of four protons to
form an alpha particle.' The fusion reactions
are thought to be initiated by the sequence *H(p,
e v)*H(p,y)*He and terminated by the following
sequences: (i) *He(®He, 2p)*He; (ii) *He(a, y)"Be-
(e"v)"Li(p, @)*He; and (iii) *He(a,y)"Be(p, y)°B-
(r>.+|))8}3.é‘(r_v)’Hé. Na direct evidence for the
existence of nuclear reactions in the interiors of
stars has yet been obtained because the mean
free path for photons emitted in the center of a

VoLuME 12, NUMBER 11

PHYSICAL REVIEW LETTERS

star is typically less than 1079 of the radius of
the star. Only neutrinos, with their extremely
small interaction cross sections, can enable us
to see into the interior of a star and thus verify
directly tB—ewﬁ;pot"hé?ig-of nuclear energy genera-
tion in stars.

The most promising method? for detecting solar
neutrinos is based upon the endothermic reaction
(Q=-0,81 MeV) :ﬂc‘l("solar’ e )¥Ar, which was
first discussed as a possiblc mcans of detecting
neutrinos by Pontecorvo® and Alvarez.® In this
note, we predict the number of absorptions ot

16 MARCH 1964

SOLAR NEUTRINOS. II. EXPERIMENTAL*

Raymond Dawvis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton, New York
(Received 6 January 1964)

The prospect of observing solar neutrinos by
means of the inverse beta process *C1(v, ™ )*"Ar
induced us to place the apparatus previously de-

scribed’ in a mine and make a preliminary Search.

This experiment served to place an upper limit
on the flux of extraterrestrial neutrinos. These
results will be reported, and a discussion will be

given of the possibility of extending the sensitivity

of the method to a degree capable of measuring
the solar neutrino flux calculated by Baheall in
the preceding paper.*

The apparatus consists of two 500-gallon tanks
of perchlorethylene, C,Cl,, equipped with agita-
tors and an auxiliary system for purging with he-
lium. It is located in a limestone mine 2300 feet
below the surface? (1800 meters of water equiv-

alent shielding, m.w.e.). Initially the tanks were

swept completely free of air argon by purging the
tanks with a stream of helium gas. °°Ar carrier
(0. 10 ¢m?®) was introduced and the tanks exposed
for periods of four months or more to allow the
35-d *"Ar activity to reach nearly the saturation
value. Carrier argon along with any *’Ar pro-

J. Maneira (LIP)

3 counts in 18 days is probably entirely due to the
background activity. However, if one assumes
that this rate corresponds to real events and uses
the efficiencies mentioned, theé upper limit of the
neutrino capture rate in 1000 gallons of C,Cl, is
< (.5 per day or ¢@o= 3x107* sec™ (*'Cl atom)™".
From this value, Raheall® hag saet an upper limit
on the central temperature of the sun and other
relevant information.

On the other hand, if one wants to measure the
solar neutrino flux by this method one must use
a much larger amount of C,Cl,, so that the ex-

pected *’Ar production rate is well abave the back-

ground of the counter, 0.2 count per day. Using
DBahcall 8 expression,

% (solar) a
‘ANt J
=y abs

= (4+2)x107% gec™ (*'Cl atom)~?,

then the expected solar neutrino captures in

100 000 gallons of C,CI, will be 4 to 11 per day,
which is an order of magnitude larger than the
counter background. On the basis of experience

the star. Only neutrinos, with their extremely
small interaction cross sections, can enable us
to see into the interior of a star and thus verify

directly the hypothesfs of nuclear energy genera-
tion in stars.

Two landmark papers (1964): the birth of a
field

Bahcall calculated the expected solar
neutrino flux

Davis described his experiment to detect

them

Neutrino Science 2 - Susi 2024 - Sudbury



HOW MANY NEUTRINOS?

Sun powered by fusion of protons into Helium.
Protons turn into neutrons, so this emits Ve, not Ve

For each 4p fusion, 2 v are emitted, plus 26.7 MeV.
So, one neutrino 1s emitted per each 13.3 MeV
(2.1x10-12 J) produced

Sun’s luminosity 3.826 x 1026 | /s

Neutrinos emitted =

Flux in the Earth? D=149x10km=1.5x1013cm

(same as near a nuclear reactor)

Only an overall balance of a sequence of reactions, more
complex than this.

1 MeV = 1.6x10-13 ]

J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 37



SOLAR MODELS

Assump thnS Internal structure:
Mass conservation ezl i

% /. Photosphere

Hydrostatic equilibrium
Fquation of state (gas & radiation) .
Nuclear energy production Prominence A1

Sun spots

Energy transport (radiation, convection) S5 ag -+ .
Ingrﬁdleﬂts aﬂd constraints Coronaiit s " h%;*:,ﬂ ~©° " Chromosphere
Initial composition e~

Mass, luminosity, age
Nuclear and atomic cross sections (opacities)

Predictions
Solar neutrino fluxes
Surface Heltum abundance, depth of convective zone
Temperature and sound speed profiles (vs. radius)

J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 38



@ e

99,77 %

pr+pt— 3H+e+

0,23 %

h 4 Y

10> %

8492 % |
‘He+’He—*He+2p™

PP chain dominates for stars like the Sun

J. Maneira (LIP)

“H+p*—3He+ v

pTretpt— -HI

— P

115,08 %

‘He+*He— 'Be+ v

‘He+p™ — *He +e™ C
hep

l 99,9 %

P-BG+H-L1

v 0.1 %

l

‘Betp™>SB+ vy

‘Li+pt—>*He+*He

Neutrino Science 2 - Susi 2024 - Sudbury

CNO Cycle

l B
8B—>8Be"‘+e+
l

SBe*—s4He+*He

Triple o

PP Chain

Temperature
39



A L D ' D

“SuperK, SNO

Chlorine

Gallium,Borexino

BPS(GS98) 2008
Neutrino Spectrum (+10)

lllllml l\lllllll] llllllll] llllllll] R

Yy >5+15.57%

L

1 / i j 1 | 1 1 L 1 1 L I

1.0
Neutrino Energy in Me)
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CHLORINE EXPERIMENT

The pioneering solar neutrino experiment by Ray Davis

Homestake mine (USA), 1478 m deep
Big tank with 600 tons ot CCl4 (solvent)

Chemical extraction of argon from tank (2 atoms/day)!
Detection of the 37Ar decays

Ray Dav1
ay aV1S, Published by the BNL Pyplic Relations Office

NOb el 2002 Solar Neutrinos Are (Ioumz; Atsgzz)(?khaven
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own navy gun barre

which acts as a shield from stray cosmic radiation iipment is used in the Brookhaven Solar

Neutrino Experiment,.
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CHLORINE RESULTS

SOLAR MODEL
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25 year average:

Solar Model (BP2000):

SNU

solar neutrino units

interactions per second
per 1056 atoms

2.56 £0.16 £0.16 SNU
7.6 £1.2 SNU
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GALLIUM EXPERIMENTS

Also radiochemical method, but with Gallium

Lower energy threshold (E> 233 keV): sensitive to all solar neutrinos (mostly pp)
GALLEX/GNO (Gran Sasso, Italy), SAGE (Baksan, Russia)

GALLEX GNO

65 Solar runs = 1594 d 38 Solar runs = 1713 d
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source for calibration Average rate: 66 +3.1 SNU

Solar Model: 128 +8 SNU
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KAMIOKANDE-II

Cerenkov Light Masatoshi I{OShiba,
electron N()bel 2002

Water Cherenkov Detector, Kamioka mine .
2 ktons ot water seen by 948 PMTs

Can measure direction and energy

High threshold (E> 9 MeV)
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SOLAR NEUTRINO PROBLEM

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 98

SOLAR MODE
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EXPERIMENTAL RESULTS
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PROPHECY OF DOOM?

 Earth's funeral bell [...] the neutrino [...] Something so penetrating
...] could be used to look into the hearts of suns.]...]

* solar neutrinos were detected. But - there were far too few of them.
[...] nothing wrong with the theory, or with the equipment.
The trouble lay inside the Sun. |...]

* humanity was under sentence of death [...] The Sun would not
blow up for at least a thousand years; and who could weep tor the
fortieth generation?

AL il it

* Arthur C. Clarke, ““The Songs ot Distant Earth™ (19806)

I J. Maneira (LIP) Neutrino Science 2 - Susi 2024 - Sudbury 46



ASTROPHYSICAL SOLUTIONS °?

Temperature dependence of fluxes
G(eB) ~ T25 (only in very central region)
G("Be) ~ T (a bit wider region)
To explain the results only with astrophysics,
the "Be flux would have to be more
suppressed than 8B
But a T decrease would lower 8B much more
than 7Be, so the simple astrophysical solutions
didn’t work
Heavy tweaking of input parameters (cross
sections) or physics (plasma eftects) was
necessary, and still the fit was not so good.

d(flux)/d(R/R.)

005 0.1 015 02 025 03 035

A. DAR, SURVEYS HIGH ENERG. PHYS. 12 (1998)
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THE ATMOSPHERIC
NEUTRINO ANOMALY



Interaction of primary cosmic rays (mostly protons)
produces many pions, that decay to muons. The decay
chain produces aVy, a Vpand a Ve (or )

Large uncertainties in primary tlux. Also, magnetic

field detlects the lower energy CR. So v flux depends

on geomagnetic location
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Upward/downward roughly symmetric (less so at low E)
Ratio W/e roughly 2 (higher at high energy)

Flux much lower than solar neutrinos, sharply decreasing
with energy (as for cosmic rays)
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K-I11 AND IMB

p+X st 104y Kamiokande-II (1988), IMB (1991) detected atmospheric

neutrinos. separatinge V. from vy,.
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V. tlux observed as expected, but vy
tflux was lower (both experiments)
Absolute fluxes are very hard to

predict, but /e ratio is very solid...
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