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Interactions

Unlike all the other Particles, neutrinos can onlg interact

via with the weak force.

The number of interactions, therefore, IS quite limited.
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Two Basic Interactions

Charged Current Neutral Current

Most interactions are limited to two basic tﬂPC of interactions:
A charge W2 is exchanged: Chargecl Current Exchange
A neutral Z0is exchangecl: Neutral Current Exchange

All neutrino reactions involve some version of these two exclﬁanges.



How Neutrinos Interact

o If we are to consider sources of neutrinos, it is
imPortant to review how neutrinos interact with
the other Particles in the Standard Model.

o Consider the first model of the weak interaction,

as proposed by Fermi:

Neutron Beta Decay
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Neutron Beta Decay

How Neutrinos Interact _
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¢ [rwe are to consider sources or neutrinos, it is Neut \ Electron
eutron

important to review how neutrinos interact with
the other Particles in the Standard Model.

o Consider the first model of the weak interaction,

as proposed by Fermi:

& ilicre. the theorg describes a +~Point interaction

(current-current mocﬂel) ?

e The sgstem does not have ER of the features of the
Standard Model, yet still remarkablg clescri[:)tive

The strength of the interaction is

governed bg the fermi constant, Gr




Within the Standard Model

e Inthe Standard Moclel, the theorg IS notjust a
vector theorg (Iike electromagnetism) : but has

both vector and axial vector comPonents.

e The SM does not treat left-handed and righ’&
handed Parﬁdes the same! Note the Presence OF botlﬁ vector (V)

and axial vector (A) terms.

The s’trengtlﬂ of the interaction is still
governed bg the fermi constant, Gg

Sheldon Glashow, Abdus Salam, and Steven Weinberg sharing the Nobel Prize, 1979




A Misnomer

e Consider now the Propagator, which is
a heavg gauge boson.

e For (massive) gauge bosons, the

Prol:)agator is dominated bg the mass

of the exchange Particle...
2
Iw
ge Lie,
e Fven i{:gw is the same order as the . W _ 1166 x 10~-°CeV 2
electromagnetic coupling, the mass of 8 M %V -

the W-boson makes it extreme|9 small.



Case Stuclg: Ncutrino~l_e|:>ton scattering

e Wecan stud9 one of the simpler Cross~
sections, where the interaction is
solelg with another lepton (neutrino-

lePton scattering).

e The two~bocl9 interaction (and the
smallness of the neutrino mass)
simplhcg the cross-section to allow a

direct connection with the matrix

element (IMP?).




Case Stuclyz Neutrino~LePton 5cattering 2)

vy+e =0 +v. (L=porrT).

Mce = _Gr [(Zﬁ“’(l - 75)Vu) (ﬂe%(l — 75)6)]

V2

do(vee — vl) _ 2m.G+F, <1 B

Charged Current dy T

Consider the case onust the charged current process to applg (e.g. | = M or 1)
The SM has a simple Prediction for the cross-section as a function of inelasticitg (3).

At su{:ﬁcientlg high energjes, where the threshold is irrelevant, we have the siml:)le scaling. b




Case Stuclyz Neutrino~LePton scattering 3)

Ve +e— 1y + Y

do(Dee — Upl) B 2m.G4E, | <(1 ) — (m7 —m2)(1 — y))

dy T 2m.FE,

Due to the available spins) the cross-section for the anti-neutrino version of

this process looks different (hclicitg dependence)



Case Stuclyz Neutral Current Processes

gy =81 + 8k = Jp(+3),
gh =28l —8gr = JP(+3),
f = of 4+ of = (If_zf'Za)
gy = &L 1+ & = JP3 Q/sin“By).
gy =81 — 8k = VPU3).

Neutral Current

Myc = —V2Gr [77 (g% — 947" ] % |evulel, — o

Now, let’s examine a process bﬂ which the matrix incorporates the

neutral current interaction.

The process now allows one to be sensitive to the Weinberg mixing

angle c]irectlg



Case Stuclyz Neutral Current Processes

Neutrino Scatftering

do(vee — vee)  m.G%LE,

i = i+ ga)* + (gv — ga)® ((1 —y)" — (gv - g‘%‘)ﬂlz*?euyﬁ

Anti-Neutrino Scattering

do(vge — ye) meG%E,

dy T on {(gv — ga)® + (gv + ga)’ ((1 —y)? = (6% — ¢*

Neutrino scattering thus becomes a PowerFuI earlg test of the

Standard Model couplings.

(N.B. if the iIncoming neutrino is an electron neutrino, there is an

interference term between CC and NC (shift Zav O Zay +1)}



Standard Model Tests

At hig}‘n energjes, even the total cross-
sections stand as Precision tests of
the Standard Model bg Probing the

weak mixing angle.

Gargame”e exl:)eriment as a Prime

examPle omC the observation OF neutral

currents. , , ,
The ﬁrst candldate lePtonlc neutra|~current

event from the Gargame”e CERN experiment.

Reaction Type o(E, > Eyreqn)/ 00
v,e  — ve CC and NC I+ sin?6y + sin*fy
v,e” — be” CC and NC &5+ 3sin?6y + $sin*oy
Ve = U, u” CC

vye T = VT CC

y e — v, e
v, U NC

1 —sin?0y + 4sin*6y
- — - —_ . 9 .
v,et —vye NC % — Lsin?0y, + %sin*dyy,

3 3




Standard Model Tests

At high energjes, even the total cross-
sections stand as Precision tests of
the Standard Model bg Probing the

weak mixing angle.

Gargame”e exPeriment as a Prime

example omc the observation omc neutral

currents. , , ,
The ﬁrst candldate leptomc ncutra|~curr<:nt

event from the Gargame”e CERN experiment.

Reaction Type o(E, > Eyreqn)/ 00
v,e  — ve CC and NC I+ sin?6y + sin*fy
v,e” — ve” CC and NC &5+ 3sin?6y + $sin*oy
Ve = U, u” CC

— p— - - =P

3

v e NC — sin%fy, + %sin“(r)wrr

el G e o NI, PRy g - -

n® —“ b _ . . . . . 5 _ = 3 W 3" '




From Simple to not~so~5imple

HEC = GrVua [[Jcc#(‘)Hcc %) + H.cldx

HEE = 35 [JNC”‘(,\)HNC(A) + H.c.]dx,

CC(3y — vE(2 *+ (2
HSC(X) = Vi () + A5 (D)

HNC(%) = (1 — 2sin204) VO (%) + A% (%) — 2sin20y, V5,

LePtonic interactions illustrate the simplest case of neutrino cross-sections, since

the target has no internal structure and there is no inner structure (aside from spin).

When it comes to nuclei / hadronic / atomic matter, the inner structure can Plag a

major role in the cross-section behavior-

Convenient to introduce a spectral function, S (c],w), to capture inner structure



From Simple to not~so~5imple

Leptonic interactions illustrate the simplest case of neutrino cross-sections, since

the target has no internal structure and there is no inner structure (asicle from spin).

When it comes to nuclei / hadronic / atomic matter, the inner structure can Plag a

major role in the cross-section behavior-

Convenient to introduce a spectral function, S (c],w), to capture inner structure



What Neutrinos do | ‘ixpect’?

e The neutrinos that | would exPec’c from a known
source clepends almost entirelg on the energy (ancl

tgpe of matter) that is available for the reaction.

o If |e|3ton flavor is conservecl, then even the tﬂPC of

neutrino can be determined. However, neutrino

oscillations clearlg sPoils this rule.
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What Neutrinos do | Expect’?

o Tl‘ne neutrinos tha‘c J woulcl expect From a known
source AcPcnds almost entirelg on the energy (ancl

tﬂPC of matter) that is available for the reaction.

o If |eP‘con flavoris conserved, then even the tgpe of
neutrino can be determined. However, neutrino

oscillations clearlg spoils this rule.



What we will cover:

Where do neutrinos come from?

Neutrinos 1Crom the Heavens

Neutrinos from the Earth

Neutrinos from Man

« _the ancient of clags”
W. Blake
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® Our unclerstanding of the chronologg of the cosmos is cﬂirectlg tied to knowing
the existence of heutrinos and the role theg P|89 in the standard'model. - ‘



Neu’mnos {:r'é)m., . . .

# i
the Coa(ns 2 o

e Our unclerstanding of the chronologg of the cosmos is directlg tied to knowing
the existence of heutrinos and the role theg P|39 in the standard'model. s ‘

o Cosmolo a”ows us to interpolate events ranging from ~ 1 second agter the 4
&y P ging, \

universe was bom to toclag.

' 3 o . - " ’ . 3 v 2 * - -
s < e . . . ‘. M ~
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Neutrino i
Decoupli ng \ ~
e Inference about the existence of the relic neutrino

background comes from icnowledge of the Primorcliai
Photon background.

e Asthe universe cxPands (cools), neutrinos transition

from a state where they are in thermal equilibrium with Neutrino decou ling occurs when two




Neutrino

Decoupling

e Inference about the existence of the relic neutrino

backgrouncl comes From kﬂOWlCdgC OF thC Primorc]ial

Photon background
fv.' : Y
e Asthe universe expands (cools), neutrinos transition
from a state where theg are in thermal equilibrium with Neutrino decoupling occurs when two
electrons, to one where theg are &ecouplecl from them. rates are cqual.

e Standard model gielcls Precﬂictions for this &ecoupling

tem Peratu e

16G%
['=<onuv>x~ 7T3F (95 + g%) T°

Annihilation Rate
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Neutrino

Decoupling

e Inference about the existence of the relic neutrino

backgrouncl comes 1Crom kﬂOWlCdgC OF thC Primorc]ial

Photon background
‘gv.' . Y
e Asthe universe expands (cools), neutrinos transition
from a state where theg are in thermal equilibrium with Neutrino decoupling occurs when two
electrons, to one where theg are &ecouplecl from them. rates are cqual.
Tp(ve) ~ 2.4 MeV
e Standard model gielcls Precﬂictions for this &ecoupling ThH (V,u,T) ~ 3.7 MeV

tem Peratu e

16G%
['=<onuv>x~ 7T3F (95 + g%) T°

Annihilation Rate

Expansion Rate




Neutrinos Toclag

e The presence of neutrinos have a vast imPaC’c ono

un&erstanding of the universe’s chronologg.

e Precision cosmologg can now look at the consistcncg
of the theorg across different ePochs. Neutrinos

Plag a FOIC across each OF thCSC P}’IaSCS.




Relic Neutrinos

Ist second!
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e Precision cosmologg can now look at the consistencg
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Plag a FOIC across each OF thCSC Pl’laSCS.



Relic Neutrinos

Ist second!

Neutrinos Toclag

U The presence of neutrinos have avast iml:)act on ou

unclerstanding of the universe’s chronologg.

e Precision cosmologg can now look at the consi ency
of the thcorg across different CPOCHS. Negfrinos

Plag a FOIC across each OF thCSC Phas

Primordial Nucleosgn’chesis
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Relic Neutrinos

Ist second!

Neutrinos Toclag
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Ang Chance to Detect the CvB?

Instead of beta decag...

oH = SHet + e~ + vV,




Ang Chance to Detect the CvB?

SH + v, = SHe* + e-

...look for neutrino capture

The Process IS energetica”g a”owed even at zero momentum.

This threshold-less reaction allows for relic neutrino detection




Ang Chance to Detect the CvB?

dH+ v = SHe* + e

N

3H "
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The Process IS energetica”g a”owecl even at zero momentum.

This threshold-less reaction allows for relic neutrino detection




Neutrino CaPture

dp

Ay = /UV'U ' f(pu)(%)B

Has three main aclvantages: Neutrino Capture Rate

oy - — = (7.84 £+ 0.03) x 10~%5¢cm?
C

, , , , Tritium Cross-Secti
(l) T}‘IC PFOCCSS 1S CXOtI’ICFm!C. TI‘ICFC 1S i

enough energy for the clecag to occur
(because beta clecag il happen
anyway) . Thus, it is threshold-less.

| trittum [ decay tail
| folded with A = 0.5 eV resolution

|
() Electron energy is almost mono-

energetic, after the encll:)oint energy.

ite (events/eV/year)
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An9 o’ther Wag? Coherence may Provicle an oP’tion. ..



Ev 7 10-20 MeV
Neutrinos From g

the Stars
- N
e Stellar deaths are also
Power{:uf sources of neutrinos, -
as nearlg all of the gravitational

energg FFOITI ’che CO”BPSC IS

radiated away bg neutrinos.

o Can be observed via sudden
burst.s.omc-neutrino ﬂux,.witb

times characteristic of otFne

stellar co”apse.



Neutrinos from
the Stars

o COFC~CO”8PS€ SUPCFHOV&C arc trulg UﬂiC]UC

environments in our known universe:
e Incredible matter densities: 101-10% g/ cm?
o Extreme high temperature: 1-50 MeV

e Highest recorded energetic processes in t
g SEUCP

Universe: 1051-55 ergs

o Atthese energjes, all species of neutrinos can be

PFOCILJC:CCI:



SuPemovae

Detection

o Supemovae SNI987A detected using

neutrino detectors, making use of the

characteristic short burst of neutrinos.

e Still waiting for another such tﬂPC of

exPlosion close enough for detection

e IMB
e Kamiokande |l

(Few clags later) B e :




( Ev 7 0.01-10 MeV )

Neutrinos from our star-...
(the Sun)
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Energy Production in Stars*
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It is shown that the most important source of energy in
ordinary stars. is the reactions of carbon and witrogen with
protons. These reactions form a cycle in which the original
nucleus is reproduced, wiz. C24+H=NB Ni8=CB4¢",
CB4+H=N" NH4+H=0%8, 0B=N’54¢t, NO+H= C2
+Het. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

The carbon-nitrogen reactions are unique in their
cyclical character (§8). For all nuclei lighter than carbon,
reaction with protons will lead to the emission of an
a-particle so that the original nucleus is permanently
destroyed. For all nuclei heavier than fluorine, only
radiative capture of the protons occurs, also destroying the
original nucleus. Oxygen and fluorine reactions mostly lead
back to nitrogen. Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production,

The agreement of the carbon-nitrogen reactions with
observational data (§7, 9) is excellent. In order to give the
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

§1. INTRODUCTION

HE progress of nuclear physics in the last
few years makes it possible to decide rather
definitely which processes can and which cannot
occur in the interior of stars. Such decisions will
be attempted in the present paper, the discussion
being restricted primarily to main sequence
stars. The results will be at variance with some
current hypotheses.

The first main result is that, under present
conditions, no elements heavier than helium can
be built up to any appreciable extent. Therefore
we must assume that the heavier elements were
built up before the stars reached their present
state of temperature and density. No attempt
will be made at speculations about this previous
state of stellar matter.

The energy production of stars is then due
entirely to the combination of four protons and
two electrons into an a-particle. This simplifies
the discussion of stellar evolution inasmuch as

* Awarded an A. Cressy Morrison Prize in 1938, by the
New York Academy of Sciences.

integration of the Eddington equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants.

For fainter stars, with lower central temperatures, the
reaction H4+H =D+ ¢* and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion. (§10)

It is shown further (§5-6) that no elements heavier than
He! can be built up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment (a-emission!) rather than
built up (by radiative capture). The instability of Be®
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must therefore
have existed already when the star was formed.

Finally, the suggested mechanism of energy production
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the amount of heavy matter, and therefore the
opacity, does not change with time.

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, viz.

H+-H=D+¢" (1

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

C4H=NB4~, NBB= (34 ¢+
CliH=N1+y,
NY4+H =00+,
N4 H=C24 Het.

Ol6=N154 ¢+ 2

The catalyst C* is reproduced in all cases except
about one in 10,000, therefore the abundance of
carbon and nitrogen remains practically un-
changed (in comparison with the change of the
number of protons). The two reactions (1) and
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It is shown that the most important source of energy in
ordinary stars. is the reactions of carbon and witrogen with
protons. These reactions form a cycle in which the original
nucleus is reproduced, wiz. C24+H=NB Ni8=CB4¢",
CB4+H=N" NH4+H=0%8, 0B=N’54¢t, NO+H= C2
+Het. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two electrons)
into an a-particle (§7).

The carbon-nitrogen reactions are unique in their
cyclical character (§8). For all nuclei lighter than carbon,
reaction with protons will lead to the emission of an
a-particle so that the original nucleus is permanently
destroyed. For all nuclei heavier than fluorine, only
radiative capture of the protons occurs, also destroying the
original nucleus. Oxygen and fluorine reactions mostly lead
back to nitrogen. Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production,

The agreement of the carbon-nitrogen reactions with
observational data (§7, 9) is excellent. In order to give the
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

integration of the Eddington equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants.

For fainter stars, with lower central temperatures, the
reaction H4+H =D+ ¢* and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion. (§10)

It is shown further (§5-6) that no elements heavier than
He! can be built up in ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment (a-emission!) rather than
built up (by radiative capture). The instability of Be®
reduces the formation of heavier elements still further.
The production of neutrons in stars is likewise negligible.
The heavier elements found in stars must therefore
have existed already when the star was formed.

Finally, the suggested mechanism of energy production
is used to draw conclusions about astrophysical problems,
such as the mass-luminosity relation (§10), the stability
against temperature changes (§11), and stellar evolution

(§12).

§1. INTRODUCTION

HE progress of nuclear physics in the last

few years makes it possible to decide rather
definitely which processes can and which cannot
occur in the interior of stars. Such decisions will
be attempted in the present paper, the discussion
being restricted primarily to main sequence

stars. The results will be at variance with some

current hypotheses.

The first main result is that, under present
conditions, no elements heavier than helium can
be built up to any appreciable extent. Therefore
we must assume that the heavier elements were
built up before the stars reached their present
state of temperature and density. No attempt
will be made at speculations about this previous
state of stellar matter.

The energy production of stars is then due
entirely to the combination of four protons and
two electrons into an a-particle. This simplifies
the discussion of stellar evolution inasmuch as

* Awarded an A. Cressy Morrison Prize in 1938, by the
New York Academy of Sciences.
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further capture of protons; these captures occur
ivery rapidly compared with process (1). The
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about one in 10,000, therefore the abundance of
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number of protons). The two reactions (1) and
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The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron
emission, v13.

H+H=D-+¢ (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

C24H=NB4~, NB=CB4 ¢t
Cii4H=N44y,
NU4+H =014,
N4 H = Ct24 He,

Q6= N154 ¢+ (2)
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In the sixties, John Bahcall calculates the neutrino
flux expecte& to be Proclucecl from the solar PP

CgCIC.

Basic assumPtions of what is known as the
Standard Solar Model. ..

(1  Sunisin hgclrostatic equilibrium.

2) Main energy transport is bg Photons.

®) Primarg energy gcneration is nuclear fusion.

) Elemental abundance determined solelg from fusion reactions.
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Basic Process:

4p + 2¢- — He + 2v.,+ 26.7 MeV

Light Element Fusion Reactions

p+tp—>*H+e +v, pte+p—2H+v,

99.75% HI 0.25%

H+p —>’He +vy

3He + 3He —*He + 2p 3He + p —>*He +e" +v,

3He + *He —»'Be + v

More detaildd. .. 15.07%

Be +e —'Li+y+v,

Titp—>a+o

This is known as the PP fusion chain. "Be+p —*B +y

B — Be* +e"+v,

Sub-dominant CNO cgcle also exists.
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Detect ng Solar Neutrinos

(Using deuterium)

The Charge& Current (CC) Interaction:

Signaturc: Cherenkov ring from ejectecl electron

Sensitive to v, flux onlg.

The Neutral Current (NC) Interaction:

Signaturc: Neutron emitted from deuterium brcak~up

Sensitive to V,,Vy, and v flux.

The Elastic Scattering (ES) Interaction:

Signature: Electron with high directional correlation to the sun

Sensitive mainlg to v, . Some sensitivity to vy, and vr.

Neutral-Current

harged-Current

\Ie /

a (n 0 Cherenkov electron
\\~. ©

neuirino deuteron \)

P protons
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n A\

——— (

|
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Nt r;ejutron
neutrino deuteron (P)

proton

Elastic Scattering
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X
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The Essence of the Measurement...

Iif one looks onlg
at electron neutrinos, onlg 1/3 are

sSeen

Chargecl Current

= Oscillations

2005/01/19 19:18

However, i one looks at all neutrino

ﬂa\/ors, we see the number exPectecl

Neutral Current



Deuterium

Cross-sections

Experiment

Savannah River (Pasierb er al., 1979)
ROVNO (Vershinsky er al, 1991)
Krasnoyarsk (Kozlov er al, 2000)
Bugey (Riley er al, 1999)

Savannah River (Pasierb er al., 1979)

ROVNO (Vershinsky er al, 1991)
Krasnoyarsk (Kozlov er al, 2000)
Bugey (Riley er al, 1999)

Measurement
7., CC
v CC
7. CC
v, CC
7 .NC
7 ,NC
7 .NC
7 ,NC

Direct measurements of deuterium cross-
sections at low energy WY scale) come
mainlg from reactor measurements or

stoPPe& Pion beams.

A simplc nucleus (Pn) allows for goocl
agreement with calculations. However, axial
form factor (usua”g called Lyain the

literature) rel:)resents larges’c uncertaintg.

Recentlg, lattice QCD has been aclcling
inclel:)cn&ent calculation of axial form

factors, reclucing uncertainty.

F1n—44 2/ . f
Ofissonl 107 cm= /fission) O exp/ F treary

1504 0.7 0.2
1L17 = 0.16 1.O8 =0.19
1.05 = 0.12 098 =0.18
0.95 = 0.20 0.97 =0.20

3809 0.8 0.2
271 =047 092 *0.18
3.09 = 0.30 0.95 =033
3.15 =040 1.01 =0.13




e Direct measurements of deuterium cross-
sections at low energy WY scale) come
mainlg from reactor measurements or

stoPPe& Pion beams.

e A simple nucleus (Pn) allows for goocl
agreement with calculations. However, axial
form factor (usua”g called Lyain the

literature) represents largest uncertaintg.

. Recentlg, lattice QCD has been aclcling

inclependent calculation of axial form

factors, reclucing uncertainty.

Axial 2-bodycaleulations | Mo e L)

from LQCD Reactor 36255

Solar 40=*63
Helioseismology 4867
H— 3 He e 7, 6.5*+24
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UItra~Higl’1
Energg Neutrinos

e Galactic and extra-—galactic celestial o jects
are known sources of extremelg high energy

COosmiC rays (Protons, etc.) and neutrinos. s,
e Three Possible creation mechanisms:
6, Acceleration processes
(2) GZK neutrinos

() Annihilation and clecag of heavg

( Ev>1TeV )




Acceleration

Processes

e Fvidence of ul’cra—high energy neutrinos would

prove the valiclitg of Proton acceleration models.

e Neutrinos would be Producecl from the &ecag of

unstable mesons (10, 12, Kz, etc.).

4 4 e l S
pp — NN +pilons; Py — D/‘Tl . NT

8 ko ex’crcmelg lﬁigh energy cosmic rays or extra-
galastic sources, extreme acceleration environments
such as AGNs and GRBs need to be considered.
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Acceleration

Processes

e Fvidence of ul’cra~high energy neutrinos would

prove the validitg of Proton acceleration models.

e Neutrinos would be Proclucecl from the &ecag of

unstable mesons (10, 12, Kz, etc.).

B . ) 3
pp —> NN +pions; py— D,"'Tl'. ni

T

8 ko extremelg l’ligh energy cosmic rays or extra-
galastic sources, extreme acceleration environments
such as AGNs and GRBs need to be considered.

SuPernova

remnants

5inar9

sgstems

Interaction
with interstellar

medium




High Energg

Neutrinos

e Anice oclclity of neutrino cross-
sections at this scale (since the

energies are s00000 high)
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e One can observe a resonance
between the W and Z bosons!
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GZK Neutrinos

o At high enough energies. protons g :
Al :
iBtcrach w:th thc cOosmiC microwave E S
background, Providinga mechanismto | "E‘
create high energy neutrinos. >

0 \Q
S
o b e

Due to the known existence o{: I’xigh

energy cosmic rays and the CMB, GZK 10° 10" 10% 10" 10" 10" 10
2 % o GZK Cutoff

neutrinos are a guaranteecl signal.

E i E GLUE'04
"E = FOR"II‘E’M
2104 =
In addition, one can also look for s res . ;
massive Particles that clecag into high b S
energy neutrinos as a signature for I T e
Phgsics begond the standard model. : “Auger integrated
w‘.f trsund tonad ol vons S uun_‘GZKTuTrm:r vusnal sanad connd o |
10% 10" 10" 10” 107 e 10"

Py
Neutrino Energy [#V]

Pierre Auger Collaboration, Phys. Rev. Letters 100 (2008) 211101 12




What we will cover:

WhCFC ClO neutrinos come {:rom?

Neutrinos From the Heavens

Neutrinos from the Earth

Neutrinos from Man




Atmosloheric ( =R )

Neutrinos




IC

d

Phér

Atmos

Neutrinos




Atmospheric

Neutrinos

Created bg high energy cosmic

Cosmic ray

rays impedingon the Earth’s (0, He, ..)

upper atmosphere.

Dominant Procluction mechasism

comes From PiOﬂ clecag.




Atmospheric

Neutrmos Hadronization
100 PN ' ‘ ‘ \
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o To calculate the Precllctecl neutrino ﬂux, f x t ;Eichten otai
; i P Ty NN Allab I.
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14 Primarg cosmic ray flux. Thisis b .- Target 2.1 3
. N e Target 1.0
measured using |arge array s A Fluka 98 LA
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- 0 0.5 1.0
measurements. #
W
AR P(24 GeV) + Air —= _
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other subtle eFmCec’cs, such as the Earth’s

magnetic field. lm]:)ortant at low energies.
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Neutrinos

Vu:V. ratio

near 2:1

e The absolute flux uncertainty is Fairlg high,

SO People use other useful Prol:)erties of

the atmospheric neutrino flux:

I. vV, ratio: This ratio is fixed from

the Plon/muon cascade.
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neutrinos at very different

4

Procluction distances (essential for

oscillation signatures) :
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0 Compare cosmic muon flux




Atmospl’xeric /

Neutrinos

o The absolute flux uncertainty is Fairlg high,
SO People use other useful Prol:)erties of

the atmospheric neutrino flux:

I. vV, ratio: This ratio is fixed from
the Pion/muon cascade.
— Oscillation

Decoherence
—— Decay

2. Zenith variation: Allows one to Probe
neutrinos at very different Lida
Procluction distances (essential for

oscillation signatures) :

0 Compare cosmic muon flux

102 10°
L/E (km/GeV)







Neutrinos from
; e M
Raciloactlwtq
0 electron

o Nuclear transitions, such as beta
clecag, allow for the changing of the
atomic number (Z) with no change in

the atomic mass (A).

e One can COﬂSiClCF three SUC"’] §H _’5HC e+ VC

reactions:
(Z,A) > (Z+1,A)+e + U, (B Decay)
(Z,A) > (Z —1,A) + e + v, ( B Decay)

(Z,A)+e — (Z—1,A)+ v, ( Electron Capture)



Neutrinos from

Radioactivity

e To determine the rate of a Particular reaction,
one needs to take into account of a number

O]C Factors:

Fermi Function

dN
—=C >(|]\4|2 F(Z,E)pe(E+ mez)(E() _E)Z Uei zm

dE

l

Matrix Element Phase space



Neutrinos from

Radioactivity

e To determine the rate of a Particular reaction,
one needs to take into account of a number

O]C Factors:

e The P]’\ase space of the decay (.e.
how many cliﬁcerent states can occupy

= Par’cicular momentum,.

Fermi Function

= CX|M[ FZ.Eyp (E+ m))E, ~ YU, [ \(Ey~ EY —m]

dE

l

Matrix Element Phase space



Neutrinos from

Radioactivity

e To determine the rate of a Particular reaction,
one needs to take into account of a number

O]C Factors:

e The P]’\ase space of the decag (.e.
how many cliﬁcerent states can occupg

= Par’cicular momentum,.

e Corrections due to the Coulomb ﬁeld,

or Fermi function.

Fermi Function

fl_]lg =Cx|M|" F(Z,E)p,(E+m>)E, - E)Z‘Ue,. zm

l

Matrix Element Phase space



Neutrinos from

Radioactivity

e To determine the rate of a Particular reaction,
one needs to take into account of a number

O]C Factors:

e The P]’\ase space of the decag (.e.
how many cliﬁcerent states can occupg

= Par’cicular momentum,.

e Corrections due to the Coulomb ﬁeld,

or Fermi function.

e The matrix element related to the initial

and final states of the deca9

Fermi Function

= CX|M[ FZ.Eyp (E+ m))E, ~ YU, [ \(Ey~ EY —m]

dE

l

Matrix Element Phase space



Neutrinos from

Racj ioa Cthltl/) Transition Parity change?

Superallowed + No

e To determine the rate of a Particular reaction, Allowed No

one needs to take into account omc a number

oF Factors: | st Forbidden

Unique Ist Forbidden
o The P]’xase space of the decag (e

how many different states can occupy 2nd Forbidden

a Par’cicular momentum,. 3rd Forbidden

e Corrections due to the Coulomb field, SP;H of states govern type of exchange

or Fermi function. r:.g,: O+ = O+ is supera”owed

e The matrix element related to the initial

and final states of the decag

Fermi Function

= CX|M[ FZ.Eyp (E+ m))E, ~ YU, [ \(Ey~ EY —m]

1

dE

Matrix Element

Phase space



Possible Source?

o Thouglﬁ neutrinos from radioactive clecag Plag
an imPortant role in many astrophgsical sources,

we rarelg use them as a source, PCF SE.

° Excep‘c we did to calibrate some of our solar

neutrino detectors!

(54 m*, 110 t)

e %, , @
onf o0 Fg

e P30 ¢0°8%




Possible Source?

o Thouglﬁ neutrinos from radioactive clecag Plag
an imPortant role in many astrophgsical sources,

we rarelg use them as a source, PCT’ SE.

° Excep‘c we did to calibrate some of our solar

neutrino detectors!

Copper
cooling jacket |

W-shield

(54 m*, 110 t)

e %, , @
onf o0 Fg

e P30 ¢0°8%
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Geoneutrinos

Radiogenic heat from U and Th
clecags in the earth’s crust and
mantle Provide a sufficient flux of

neutrinos at low encrgies.

Radiogenic heatis expcctecl to
be a signiﬁcant Portion of the

Earth’s heating source (T40-60% |# e —— -
of 40 TW). ARTICLES

Experimental investigation of geologically
produced antineutrinos with KamLAND
rﬁcentlg (‘From Ka m la nd) N T. Araki', S. Enomoto’, K. Furuno', Y. Gando', K. Ichimura', H. Ikeda’, K. Inoue', Y. Kishimoto', M. Koga',

Y. Koseki', T. Maeda', T. Mitsui', M. Motoki', K. Nakajima', H. Ogawa', M. Ogawa', K. Owada', J.-S. Ricol’,

I. Shimizu', J. Shirai', F. Suekane’, A. Suzuki', K. Tada', S. Takeuchi', K. Tamae', Y. Tsuda', H. Watanabe',

J. Busenitz®, T. Classen®, Z. Djurcic?, G. Keefer?, D. Leonard?, A. Piepke?, E. Yakushev?, B. E. Berger’, Y. D. Chan’,
M. P. Decowski’, D. A. Dwyer’, S. ). Freedman’, B. K. Fujikawa’, J. Goldman’, F. Gray”, K. M. Heeger’, L. Hsu’,

K. T. Lesko?, K.-B. Luk®, H. Murayama®, T. O'Donnell’, A. W. P. Poon’, H. M. Steiner’, L. A. Winslow®,

C. Mauger’, R. D. McKeown®, P. Vogel®, C. E. Lane®, T. Miletic®, G. Guillian®, J. G. Learned®, J. Maricic®,

S. Matsuno®, S. Pakvasa®, G. A. Horton-Smith’, S. Dazeley®, S. Hatakeyama®, A. Rojas®, R. Svoboda®,

B. D. Dieterlé’, J. Detwiler'®, G. Gratta'®, K. Ishii'®, N. Tolich', Y. Uchida'®, M. Batygov'!, W. Bugg"’,

First geoneutrinos detected onlg




« .and Prometheus was

Punishecl for giving fire
back to mankind...”

What we will cover:

Wl’]CFC ClO neutrinos come From?

Neutrinos from the Heavens

Neutrinos from the Earth

Neutrinos from Man



Ev 7 1-5 MeV




Neutrinos from
Fission

e Reactor neutrinos stem mos’tlg as a
bg-l:)rocluct from fission, as
numerous unstable nuclei are
Producecl and beta decag to more

stable isotopes.

e Four main neutrino fuel sources:

28], 2504, B9Pu and 2+Pu

S§5U+n—>X1—|—X2—|—2n—>

94 140
1021 +55 Ce

Sample Fission: 235U

235
U

=
4
=
W
-
-
=
(=]
)
&5
=

1.000
0.100
0.010

0.001 _

90

239Py

Fission Yield

100 110 120 130 140 159 160
Mass number A




Neutrinos from
Fission

o Eventua”g reaction Produces stable
isotopes, such as Zrand Ce. Inthe
process, 6 Protons must have beta-

clecagecﬂ to 6 neutrons.

o About 6 anti-neutrinos are Procﬂucecl
Her fission. Since each fission cgcle

Sroduces 200 MeV, one can convert

bower to neutrino ﬂux.

1 GW (thermal) = 1.8 x 1020 V. / second

8 9 10
Energy (MeV)




——

Reactor Experiments:

Pioneering Etforts

First exPerimental detection of
neutrinos came indeed from the high

flux of neutrinos created in reactors.

—> signal here




Anchoring L ow finergg

Cross-sections

For neutrino energjes at MeV energy t

scales (such as nuclear reactors,

supernovae, and terrestrial sources) +
!

we can anchor the cross~-sections to

carmcul StUCh@S O‘F nuclear decag.

do(Dep — €tn)  G%|Vial*Eepe Be
W — T{QV(O)(l + Be COS 9) T SgA(O)(l o ? COS 0)}

Inverse Beta Deca9



5

me
o = {5 FrGH Vil

Neutron Lifetime

Neutron lifetime

For example, the neutron lifetime can be clirectlg related to the

cross-section for inverse beta clecag. ..

SuPera”owed clecags can also I’]elp constrain factors such as |Vl

do(Dep — €tn)  G%|Vial*Eepe
d cos b B 27

{ov (O)(1+ B cos ) + 3ga(0)(1 — ¢ cos )}

Inverse Beta Decag
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Accelerator

Neutrinos

e We can consider three very
broad tgl:)es o1c accelerator

neutrino sources:

(a) Proton driver

(“conventional” beams)
(b)Beta beams

(c)Muon storage beam

(“neutrino factories”)




Conventional

Peams

Beam creation very similar to atmosphcric
neutrinos (Protons drive the Procﬂuction
mechanism; neutrinos Procluced from Pion

clecag) :

Beam creation allows for greater selectivitg
of the beam Properties. Tgl:)ical the beam

user will create beam with a given:

CERN'’s WA2| beamline

Neutrino flavor Puritg,
Selected energy range & clis’cance,

lntensitg
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Conventional

Beams

Beam creation very similar to a‘cmosphcric
neutrinos (Protons drive the Procﬂuction
mechanism; neutrinos Procluced from Pion

clecag) :

Beam creation allows for greater selectivitg
of the beam Properties. Tgpical the beam

user will create beam with a given:

CERN'’s WA2| beamline

Neutrino flavor Puritg, * Allows selection of final state

Selected energy range & distance, * Optimization of oscillation wavelength

Intensity * You always want more...



S5ta ges

e Basic ingreclients of target, Focusing
regjon, c]ecag regjon, absorber, and

detector gound n almost a” accelerators.

e How sgstem IS oPtimized depen&s on

Decay /Absorber Regjon

Regjon for Pion/
kaon clecag to

OocCccur.

Absorber removes
unwanted chargecl
Particles & neutrons

on route to detector

tgpe of beam desired.
\» pee™
LA L Muon Muon _
P calorimetel _ Spectrometer range Neutrino
oS (tube) L f71s_teTio _Meter Detector
(O\©
PRVA > T3T rs1e K* o
e TV . n—é‘ H
T mal\EE | gme H = —
oy Q5 Q6 Q7 _ K* v
@ ﬂ‘K. Q4 Plate H
@ p.e Beam | R5
‘ Spectrometer <= 40m long —)

decay tunnel
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A Complex Region. 2

PEAK

ELASTIC £ -
SCATTERING ‘
QUASI-ELASTIC ' 0 @

RESONANCE REGION

5 — DEEP INELASTIC
SCATTERING

REGION

energy transfer

At the GeV scale, there is considerable structure to nuclei that makes cross-

section mocleling cha”enging.

Nuclear initial state Final-state interactions

Multi-nucleon effects Pion/ hadron resonances



| ots of E‘xperiments Work Here. ..
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Quasi-Elastic Scattering

do G2 \Vual® M},

A=7(C3)? — (G + (1 +7)F} — 13 [(G3)* + F} + 4Fp (Fa — 7Fp)]

(T +r?) A (l/,q2) _ Y B (V,qQ) - e (V’qg)]

B = 4ntGy Fa
v \2 v \2 2
C=1(Gy)"+(Gg)"+ (1+7)F4.
L et’s consider the “simplest” process at this scale, e quasi~l:>artic|e scattering,

Even in this process, the cross-section clePencls on several form factors, i.e.

electric (Gp), magnetic ( ), axial (F.) and Psuecloscalar ()

Although some can be accessed through electron-nucleon scattering, others are

unique to the weak force.




L et’s consider the “simplest” process at this scale, e quasi~l:>artic|e scattering,

Even in this process, the cross-section clePencls on several form factors, i.e.

electric (Gp), magnetic ( ), axial (F.) and Psuecloscalar ()

Although some can be accessecl through electron~nuc|eon scat“tering, others are

unique to the weak force.



Theoretical Tools

Theoretical and Phenomenological models allow one to capture the inner

structure of the target nucleus for details Predictions.

Effective field theories, suPerscaling and sum rules Provicle strong models for

Preclic:ting cross-section evolution versus Probe momentum.



Lattice QCD

Lattice QCD 1s a recent, power tool in determining the correlation functions

for neutrino-nucleon scattering.

Unlike other aPProaches, QCD s Completelg self-determined and ideal for

Z~Point correlation functions (Providecl one has sufficient comPuting Power}



Lattice QCD

NME 21 PACS 21 6,<20° 1.5GeV <p,<20GeV
RQCD 20 PACS 18 erratum

Mainz 21 ETMC 20

CalLat 21 LHPC 17 s deuterium fit for F

B PNDMEF,
. hydrogen data

T
'l"r..*====

| attice QCD calculations have advanced suﬁqcientlg that they can now
Provicle ad initio calculations of nuclear structure form factors, such as axia

and PSCUCIOVCCtOr Form Factors.

Direct comparisons to available data (deuterium, hgclrogen, MINERVA,, etc)

are now Possible, at the 10% level. Good agreement with Zx measurements.



Beta Beams

Different from conventional beams, as theg
use accelerated beta~deca9ing ions as the

source O]C neutrinos.

Extremelg pure beam of electron (or anti-

electron neutrinos)..

Spectrum extremelg well known, since it
comes From a boostecl beta clecag rather than

a COTT!PICX ﬂUClCOl’l PFOC!UCtiOﬂ scheme.

Production of ion source still considerable

cha”enge, but research is ongoing,

Neutrinos from Beta Decag

6 61: — —
He — "Lie v,
Electron Anti-neutrino Source

BBNe — BF e™ 1,

Electron Neutrino Source

Transfer line 3

tolonsource/_ZL/ ="
// \

-
P

Spaliation target:
a) water-cooled W
b) liquid Pb

ISOL target (BeO) in concentric cylinder




Neutrino Factories

Driving mechanism comes from muon

clecag rather than Pion decag.

Ideal “beam” for many oscillation

studies.

Main Advantages

Ex’cremelg pure beam due to use

of delagcd decays.
Well known beam Proﬁle

Tgpica”g intense source

envisioned.

Main Disadvantages

Both neutrino & anti-neutrino

are Present N the beam at once
Extremelg short storage times

Cha“enging technologg

Neutrinos from Muon Decay




Ev 7 50 MeV

SPa”ation

Neutron Sources




Ang reaction that can l:)rocluce an intense

Pion source is egectivelg an excellent

neutrino source.

In this case, there is no boost from a

relativistic Proton (Pions created at rest).

The SPa”a’cion Neutron Source (l’]igh

intensitg neutron source) can also double as

an excellent neutrino source. - LIPS e T T

= *"

PUISCC! beam ensures clean taggmg O‘F

neutrino events.
lntensitg neutrino source (10% v/s)\

Can be used for oscillation studies &

coherent neutrino scattering.




What’s So SPecial About

Coherence?
V
V
Incoming Outgoing
Neubrino Neubrino
?T’O&O s —e NQU,&T’OV\S

Nucleown Size (<< 1 $m)

One can think of the energy (rea”g, momentum) the neutrino imparts on

its target as a way to Pro]:)e the nucleus.

The higher the imPartecl momentum, the finer the Probe.



Non-Coherenct Interactions

VvV
V
Incoming Outgoing
Neubrino Neubrino
?T’O&O s —e NQU,&T’OV\S

Nucleown Size (<< 1 $m)

In this case, the Probe momentum is such that it singles

out a single neutron or l:)roton.



All Together Now...

@- —@

Nucleus Size (> 1 fm)

However, if the exchange momentum is small enough, the Probejust sees the

entire nucleus, and no single proton or neutron IS singlecl out.

RCSUH?: Interaction PrObabllltg scales as tl"lC number O‘F ﬂUCICOﬂS SC]UBFCC].



Oscillations as Coherence

Numerous analogies exist between
neutrino oscillations and oPtical

Phcnomena.

o example, the interference between
neutrino mass states with different de
Brogile wa\/elengths (osci”ations) have a
direct oPtical analog in the Propagation
and recombination of clhcmcerentlg
Polarizsd Pl‘no’cons through biremcringcnt

media.

One can even set up an oPtics exPeriment

to mimic oscillation behavior-. ..

Survival Probability

Boris Kayser

ye.g w)

W

*
Uui

Source

Ly/E (km/MeV)




Oscillations as Coherence

Numerous analogies exist between
neutrino oscillations and oPtical

Phcnomena.

Hop example, the interference between
neutrino mass states with different de
Brogile wavelengths (osci”ations) have a
direct oPtical analog in the Propagation
and recombination of dhcwcerentlg
Polarizecl Photons through biremcringent

media.

One can even set up an oPtics exPerimen’c

to mimic oscillation behavior-. ..

lv,=v

extra I | v 2 =V extra

propagation in
pure ,flavor” rotating back  birefringent rotating pure ,flavor”
crystal

C Weinheimer.
Progress in Particle and Nuclear Physics, 64(2):205-209, 2010.




‘ Oheren‘t PHYSICAL REVIEW D VOLUME 9, NUMBER 5 1 MARCH

Coherent effects of a weak neutral current
Daniel Z. FreedmanT

— National Accelerator Laboratory, Batavia, Illinois 60510
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If there is a weak neutral current, then the elastic scattering process v + A —v + A should
have a sharp coherent forward peak just as e + A —e + A does. Experiments to observe this

nealr fran oive imnartant infarmatinn Aan tha icnonin ctmintnna Af tha nanénal Aanmmand Tha

Coherence effect

do G2 MaT .
— = —;Q%VMA T F(Q%)? Qw = N — (1 —4sin’ Oy ) Z
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2F2

v

) F(Q?)? Qw = N — (1 — 4sin2 0w)Z

Coherent Elastic Neutrino Nuclear Scattering

(CEVNS) has been Proposecl and schemed as a

means or cletecting neutrinos.

It took 40+ years, but the effect has ﬁna”g been

observed exPerimentang usinga SPa”ation source.
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T e o

Qw = N — (1 —4sin® 0w )2

d_a_G
dT

F
(Q”rM 1 —

Coherent Elastic Neutrino Nuclear Scattering

(CEVNS) has been Proposed and schemed as a

means or cletec’cing neutrinos.

It took 40+ years, but the effect has ﬁna”g been

observed exPerimenta”H usinga spa”ation source.




Opening the Door for Coherence?

Superradiant Interactions Superradiant Neutrino Lasers from Radioactive Condensates

of the Cosmic Neutrino Background, Axions, Dark Matter, and Reactor Neutrinos
B.J.P. Jones''* and J. A. Formaggio®
. o itaki,l* Sav - 2.1 ¢ Nari ) isl:# . r . . : ; .
Asimina Arvanitald avas Dimopoulos . ' Department of Physics, University of Texas al Arlington, Arlington, Tewas 76019, USA
! Perimeter Institute for Theoretical Physics, Waterloo, ON N2L 2Y5, Canada

2Stan_foni Institute for Theoretical Physics, Stanford University, Stanford, California 94305, USA Laboratory [OT Nuclear Science and D‘_Spt' Of Ph’ysu's’ N
(Dated: November 6, 2024) Massachusetts Institute of Technology, Cambridge, MA 02139, USA
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Superradiant Interactions Superradiant Neutrino Lasers from Radioactive Condensates

of the Cosmic Neutrino Background, Axions, Dark Matter, and Reactor Neutrinos
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CEVNS is (in my oPinion)just the beginning of using coherence in neutrino Phgsics.

Are there other Potential avenues for coherence to be used in neutrino Phgsics?

One oPtion: Superracliance
]

Might be *the* way to measure the CvB. ..



Extra-Galactic
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ASs you can see, neutrinos are EVERYWHERE in the universe; Plaginga crucia

role in many natural interactions.

Given so many abundant sources of neutrinos, theg Provide an excellent

means to PT’O]DC tl"lC universe arouncl us.



Texts | ind useful...

e “Fundamentals of Neutrino P]ﬂgsics and Astroplﬁgsics” bg
Carlo Guinti

® “FromeV to EeV: Neutrino cross sections across energy
scales,” bg JAF and G. P. Zeller (RMP 84, 1307)

® “Neutrino Phgsics”) bg Kai Zuber

® “Particle Phgsics and Cosmologg”, bg PD.B. Collins, A.D.
Martin, and E.J. Squires.

o “The P]ﬂgsics of Massive Neutrinos,” (two books bg the
same title, B. Kayser and P Vogel,l:. Boehm

® “Massive Neutrinos in Plﬂgsics and Astrophgsics,”

Mohapatra and Pal.
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