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Outline

® Brief review of natural and manmade sources and
detectors.

® Emphasis on conceptual understanding of the sources
and their intensity.

® Reference: The recent review of Long-Baseline for
annual reviews (2016) by Diwan, Galymov, Qian, Rubbia



What are neutrinos ?

A particle with no electric charge. Predicted in 1930 by

Pauli, and detected in 1957 by Reines and Cowan.

It is emitted in radioactive decay. And has no other
types of interactions.

It has 1/2 unit of spin, and therefore is classifiedasa _—

Fermion (or particle of matter.)

Neutrino is extremely light.

Neutrino comes in flavors !

Neutrino is left handed ! Or has no mirror image !

Neutrinos are as nhumerous as photons in the
Universe.

Important component of dark matter. May be
responsible for matter/antimatter asym.
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What is the scientific interest in neutrinos ?

matter constituents

FERMIONS spin = 112, 3/2, 512, ... *~20 yrs ago all neutrino
masses were thought to be 0

Leptons spin =1/2 Quarks spin =1/2 :
| o S and all neutrino flavors
Flavor octric Flavor Mass Sl s
charge Gev/c2 | charge distinct.

V lgtest  (0-0.13)x10° 0 W w 0.002 28 | e\\ith new discoveries a

£ //slection 0.000511 -1 W om 0005 13 | distinct, unexpected pattern
Yy Midde 10.009-0.13)x10-9 0 [l @) cham 1.3 23 | appears to be emerging.

M) muon 0.106 ~1 $) strange 0.1 -1/3

Vi neutring* | (0.04-0.14)x10-9| 0 &) ©r 173 2/3

L'!f' tau 1.777 -1 @ bottom 4.2 —1/3J

eScience of neutrinos is has deep connections to understanding of
matter, cosmology, and astrophysics.

e Existence of neutrino mass itself is physics beyond the standard model
because in the standard model there is no interaction with right handed
neutrinos. And so by definition the mass is zero.

A new mechanism for mass generation may be needed in WhICh
neutrinos are their own anti-particles.



Neutrino Sources
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Natural and manmade sources of led us to understand the properties
of neutrinos in much greater detail.



Natural Neutrino Sources on Earth’s surface

* The Sun detector

—<0.5 MeV, 10! /cm?s @ Pure electron neutrinos

—3-14 MeV, 3 x 10° /cm?s 1.5x108 km

e Cosmic rays hitting Atmosphere

—~1 GeV, ~5000/m?2/sec mix of muon
and electron
¢ Radioactive decays in the Earth types
—<3 MeV, 10°-107 /cm?/sec 30 km ;’
’ 30 kilomesers f /" f ::
¢ Supernova. 99% of the energy of the 7 |

explosion goes into neutrinos of all types.
~10 MeV, 20 seen in 1987.

# i |
T
]
FE +
i

detector

® CvB nus. 300 cm3 @ 1.9 K. (not detectable
as yet). 6

¢ Very high energy sources from deep space.



The Sun

$ °°
Neutrinos

‘ > . ~ Helium

4 protons
‘ Fusion ! S Positrons
Helium 4
Charge = +4 Charge = +2
mass =4 x 1.007276 u mass = 4.002602 u
=4.029104 Positron mass =2 x 0.00054 u

Energy released = 0.02542 u = 23.68 MeV/c2~ 3.8 x 10 -12Joules

4 Hydrogen nuclei (protons) fuse into a Helium4 nucleus and release energy
and neutrinos. Total energy from Sun is 3.8 x 10 26 Watts !

680 million tons of hydrogen burns each second ! How many neutrinos are
produced each second ?

There are many other channels of solar neutrinos and so the spectrum is
quite complicated and goes up to ~15 MeV. (Standard Solar model)



Neutrino Flux

Standard Solar Model (coupled DE) see http://www.sns.1as.edu/~jnb/

| Superk, SNO

| Gallium jChlorine 3
10 : * + H p - p H
A |
o k" PB 1% Baheell-Pinsonnesult 2004 1 99.76%I |0.24%
10w ! '
’H 4+ p—He +y
109 +12% ! * )
10" ] 83.30% ~2%10°%%
He "Be pep
10
1 ‘He + ‘He —“He + 2D ‘He + “‘He > 'Be +vy He +p— 'He + ¢ !
o
-/
1os ’,d—ﬂ"- \ ] 99.88% 0.12%
]
. 1 \
10 /..,.-"'" .' ’! Be + e~ — 7Li+\ Be + D —» B + Y
-
108 b vl 1 I |
104 TR |
- | li+p—2H B~ 1Be + e
t°| A a ) | A-f':‘. 4 a L 2 a 2 l a
0.1 03 | J 10

Neutrino Energy (MeV) PPl ppll ppIIl

e The conversion of H to He happens in many steps.

e The cross sections are extremely small and eat up hydrogen that fuses
through the coulomb barrier; average proton survival time ~ few billion yrs.

e There is another cycle with C-N-O catalyzing H to He conversion. (1.6%)

eNo obvious path to heavier elements, carbon, oxygen, etc. ? Special rare
reaction: “He+4He to 8Be and “He + 8Be to 2C* . (no life without excited

state of C12 !) This must happen before 8Be decays away.
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CNO catalytic cycle
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Cosmic Rayvs
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There should be 3 neutrinos for each muon of

either charge).
Ratio of neutrinos (e-type/mu-type) = 1/2

From high altitude muon data one can roughly

calculate neutrino flux ~ 5000 /m2/sec
~250*2Pi*3



Atmospheric neutrinos
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Annual Review of Nuclear & Particle Science Vol. 52



Geometry of atmospheric neutrinos
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Flux inside uniformly illuminated spherical shell is
constant and isotropic everywhere in the volume, yet
neutrinos coming from below have traveled very long.

Prove this with a simple geometric argument.



Neutrinos from the sky
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Figure 25 Global view of the neutrino spectrum: vertical flux of v, + v, (heavy
solid line): v, + v, (dashed line); prompt neutrinos (dotted line): v, + v from pions
and kaons (thin solid line at high energy). The shaded region is dominated by solar
neutrinos.

From Gaisser and Honda (2002)



EVOLUTION OF STARS

Planetary Nebula

Small Star Red Giant

- i White Dwarf
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Neutrinos play a crucial role
in the formation of stars.

Supernova

Red Supergiant

Large Star

Stellar Cloud
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Protostars
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Physics of collapse and Chandrasekhar mass

This calculation has a lot of physics, and so let's do this step by step.

Assume a cube (volume V) with side length of L. Quantum momentum states
p= K k (Use natural units otherwise you will just confuse yourselves with 7's)
k = (k,..k,,k_ ) 1s the wave vector with k, =27n, / L; (n, are integers)

assume the maximum momentum is p,(radius of a momentum sphere).

ﬁnp:s 3
37/ Py

2/ L) " 61

N = total number of states =

. N .
n, = electron density = 2 X v to account for the two spin states

We arrive at an important result in condensed matter physics.
_ 2 \/3
pfermi o (372: ne)
When all states are occupied, this defines the minimum density of the electron gas.

If we squeeze the gas more then the electrons will have to be at higher momentum.

From this result we can calculate the pressure of such a gas as we proceed.



Pressure and star stability

The star gas must have a pressure gradient to keep the star from falling in.

First calculate this average required pressure for mass M, radius R, density p.

Use p=n, X Z Xm,  A,Z are the average atomic mass and number. m, nucleon mass

M=p %nR3 — dM = p4nR’dR

R S5R

What 1s the pressure inside a stable star ? It must vary as radius so that each slab of

R
GMdM 3G
Gravity — j — __M
0

matter is held against gravity. Let P(r) be the pressure versus radius.

Then a slab of thickness dr and mass dM experiences an outward force of areasdr«dP / dr

M dM dP . :
G — = 4rr’ d(r) dr ... Multiply by r and integrate RHS by parts, use P(R)=0
r r
E iy = —3J P(r)dV=-3F,,..*V ... Integral has been turned into a volume integral
G 4 1/3 A 4/3 B .
A ild Ty M n*" ... Ave. pressure for stability needs to rises as n”
average 5 3 Z e e



Pressure

First we review a standard result from kinetic theory.

We are interested in an electron gas. Imagine a cube of side length L.

Such a cube 1nside 1sotropic gas has no net force on its surfaces, but there is a

force from the inside due to particles hitting the surface which 1s perfectly balanced by
the force from the outside. The average number hitting one side surface per unit time is

=N, . Vx
2L

where v_ 1s the component of velocity normal to the side. 2L is the roundtrip.

Each hit causes momentum change of 2 p_, therefore the average force on the side 1s

N, (pv,)
L
Pressure = F/L° = n, <vax>

F=2p N,y [2L=

Given p and v are in the same direction. < p.v> = < vax> + < PyVy> + <PZVZ>

1

= (pv,)= §<P-V>

we can shrink the volume to zero to obtain that pressure in a static gas is a scalar quantity

P:%m(pv}




Pressure due to degeneracy

We now start with the pressure inside an 1sotropic gas.

Pgas — %ne <pV>

Define energy density £=n,(E)

L 1 2
For non-relativistic gas p=myv, E = Emv = P, = 3 — £
1

gas

For relativistic gas E = pc = P, = 3 —E

We now calculate the energy density for a degenerate gas. Integrating over all states one gets.

( P .
4 2d 35/3 L] L[] L]
j ( (7;]? % pj " Opf 2 370 7*°n>"! For non-relativistic gas
T m,Jt m,

0

By 2 4 4/3
4 3 .

J. 2(p) 7P dp = b —=—n"n" For relativistic gas
(2r)’ 4r 4

Pressure inside a relativistic gas rises slower with density ! It is barely stable against gravity.




Approximate Chandrasekhar Mass

To add an electron to a given volume of degenerate gas requires higher energy level.
This energy gain to compress an additional electron into a given volume 1s the degeneracy

pressure. This pressure must exceed the pressure needed for gravitational stability.

degeneracy ~ * gravity
1/3 4/3
2£7Z-4/3n5/3 — G(4ﬂ) (mNAj M3
310 ’ 503 Z ’

4G3m> A 4 M
n,= Gn;ze(mN )M2=3.9><1035 — | (m™)
27r Z

As a degenerate star increases 1n mass, the density must increase rapidly and the

radius actually decreases, but at some point density 1s so high that the electrons

3
m

are relativistic p ... ~m, = n, = 3 < =59x10"(m>)=2x10" (kg /m")
T

2 tons/cc, Density when star become soft and
not stable against gravity.

2 3
y xgﬁ(z) [M”L]=1-2MSUN

chandra 2 A m 2

p



Star stability versus mass

>

5x109:_| S IUnétablé Iit;willshrinkrapidlyto
[ until it beécomes a ball of neutrons whose

degeneracy pressure may make it stable.
R 4x10° -
S |
£ 3x10°
:-? | - 1/3
» 2x10% Radius ~ 1/M
S ‘White Dwarf Density
S 1x10%
0.0 0.5 1.0 1;151 I 2.0
Full calculation
MassIMsun gy o5 1.44
5/3
E = > Gm’ Ao
» When Pr=m. degeneracy pressure is too low. coltapse {5 "o

* The collapse goes until density reaches nuclear F apse = 10°° MeV!

« The energy release is from gravity with R~15km. r=12fm A, =2x10"



The southern sky

Large Magellanic Cloud
1/100 of Milky Way

C Milky W
enter Milky Way SMC 160000 LY away (50 kpc)




| Srnova 187a

Feb 23, 1987

In early 1987 a supernova in the LMC (arrowed, near the
Tarantula Nebula) rose to naked-eye visibilty: the brightest
supernova observed since 1604. This image was made with
an SLR camera and colour transparency film.



Data from SN1987a

.- omp «Kamioka

1T —2 kton,

T —Ethres > 6 MeV
< | I - Irvine-Michigan-
T A Brookhaven (IME)
) AL —7 kton

| ' —Ethres>20 MeV

________________________________ KAM * Baksan
AL | | | | | | —Liquid scint. 0.2 kton
2 4 timS(’s] 8 10 12

* 7 hours before optical

- . observation.
v, tp—>nte

N = 6x 20evts X Am(O0kpe)
’ 0., (10MeV)x 3x10°*(p /9kTon)
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Human-made Neutrino Sources

Pure electron anti-
neutrino source.

¢ Nuclear reactors. Isotropic (4Pi) beam.

— <10 MeV, 6x10%° /3GW(th)

e Accelerator Beam (10-120 GeV detector
proton) K
~1-100 GeV, 10*/m?/GeV/ — = .
MW*yr @1 km.
* Accelerator beam with decay at Pure muon neutrino (antinu) source, pulsed,
rest. directed

—Pions and muons stop and
decay in the target.

Neutrinos
Protons

Target 24



Antineutrinos / MeV / Fission

Reactor Spectra
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Power reactors produce 3 GW
of thermal energy.

Each fission has ~200 MeV.

Each fission leads to 6 beta
decays.

~6x10%

Neutrinos / sec = 6

1.6x107°J / MeV 200 MeV

Find how to calculate the spectrum from literature. (P. Vogel et al.)



Power Fraction

0.7 !

0.6 F

02

How to calculate reactor spectra

0.5F
0.4 F

0.3F

0.1

00

U235
PU239
I
U238 _
P L T PU241 -
0 50 100 150 200

days

1 First calculate power
1 produced by
1 each isotope.

1 In a real experiment the
] power company will
1 provide this information.

The reactor spectrum parameterization from Vogel and Engel based on
data by Schreckenbach. New methods use tabulated beta decay spectra.



5%1017 |

Flux per MeV per m/2

Reactor Spectrum

4%1017 |
3x1017 |
2x1017 |

1x1017 |

n, = f. X (Energ

f, = fraction of energy from isotope 1

per day)/(Energy per fissic

| 2
i _al ,iEv+a2 ,iEv

Recall that thri
MeV for dete

bshold is 1.8
lon

Isotope

Energy
(MeV)
a0

al

a2

4 6 8 10 12

Energy (MeV)

U235 Pu239 U238

201.7 205.0 210.0

0.870 0.896 0.976
-0.160 -0.239 -0.162
-0.0910 -0.0981 -0.0790

Pu241

212.4

0.793
-0.080

-0.1085



Accelerator Neutrino beam
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Characteristics of accelerator neutrino beam

Neutrino beam 1s produced by the following decays

+ +
T U+,
+ + ., 5
U —e +v,+v,

*

+ +
K" —>u +v,

4

K'—e +rn’+v,

y =42 for E, =6 GeV

Majority of the flux is from 7 decay >90%

Vv, cont. N T 26 =0.01
N, 7, 2200
_ N .
v, cont. N 0.05 depends on E, and solid angle

About 10% of the neutrino rate is from K

v, from K™ ~0.1xX B(K™ — mev)=0.005



Kinematics of accelerator neutrino beam

A

P*

6*

Ax,y,2)=(x—y—2z) —4yz
* _ ﬂ“l/z(mfzg,mi 7m5)

2m

T

P =29 MeV /c

>

Boost bx Y, B

P.= Psin(0)= P sin(8")

For a massless particle this is an ellipse

P.=Pcos(0)=y,P cos(8 )+ p.y,E ,

E=y E +B_y P cos()

Epin =VeE =B P

E =y E + [ vy P Eis flat between min/max

For & =7,

E=y E
For forward decays in high energy limit: 8 -0, 0 —0
. B

E =2F

at 6,

4

P 1

tan(@,.)=—= for massless particle

P

¥4 wi T

1 0.42F,

m, (1+y°6*) (1+y°6")

with focus at 0

Example

Pr=3 GeV

Oc = 2.65 deg

Py-c= 0.626 GeV
Evwin=0.00067 GeV
Evmax=1.25 GeV



Neutrino energy versus decay angle

m, =139 MeV and m, =105.65 MeV
and therefore the CM momentum is small p- =29 MeV /¢
b m, — m,

" 2(E,— p,Cos(0))

As 6 >0, wide range of pion energies contribute to narrow range of neutrino energy giving a sharp peak.

D. Beavis et al., Long Baseline Neutrino Oscillation Experiment, E889, Physics Design
Report, BNL 52459 (April 1995), Chap. 3,

Notice that at any angle > O there 1s a

maximum neutrino energy.

E
Sin(0)

*

bk <

Vv

which does not depend

on the pion energy.

For lower E, there are two solutions for £

Nu Energy GeV
SN A oS

O
—-—)
O
N
O
W
O
£
O

Pi Energy GeV



Geometry of pion decay that produces a neutrino at an angle.

For small angles backwards decays must come from

extremely energetic pions

S 10—
© 8
> al
LE 4 Lab angle = 10 mrad
- / —
2 o<t . .
0 10 20 30
Pi Energy GeV
Pion Energy 5.47 GeV
CM angle 82.3 deg

Forward

40

35.5 GeV
91.18 deg

Backwards

Enu =2 GeV



Nu flux from pion decay

P.= Psin(8)= P sin(0")
P.=y,P cos(0)+BY,E; P =y,Pcos()-B,y,E
E=y E +B.y P cos(6), E =y E-By. Pcos®)

tan(6) = sm(*H) . tan(@') = sin(0)

v cos(0)+ 5 y cos(60)— 1B
Flux in CM frame: dN = aN — = !

dQ ~ dpd(cos@ ) 4rm

052 — (cos@— B) zd(cose*): 1

(Bcos@—-1)>  d(cos@) y>(1-Bcosh)
N1
dQus 4my>(1- Bcosh)’ This is angular distribution.
d—N(rH)— : : This is the flux. It falls as 1/r’2 at fixed angl
A\ 47" 7 (1— Beos )’ is is the flux. It falls as 1/rA2 at fixed angle.



Nu intensity geometrical effects

Let’'s do some simple calculations for 6 GeV pion

@ —
Beam axis

Pi decay position

Decay tunnel

decay positions

0, 60, 100 m
E_=6(GeV) Radial positions
0,1,2m

Detector positions
360, 380, 400 m

Plot intensity per pion decay versus

radial/long pos for selected decay positions



—(r,0)=
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e
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AAAAAAAAAAAAAAAAAAAAAAAAA

o
o

Radial Pos (m)

There is ~10% effect in intensity at
2 m radial distance as decay
position moves from 0 to 100 m.
This comes about from the small
angle change. This could get
washed out by the beam size.

But Energy changes also.



Nu intensity z-dependence

0.010» xxxxxxxxxxxxxxxxxxx A 1.1 S S S ]

. 0.08] decay 100 m o
I N U .

; * < Normalized
& 0.006] decay 60 m E
(] - ,q_, L
Q B -
> ' > 09/
2 0.004- decay Om 3 |
= i £ o8l
~ 0.002f 0.8

oo0QL~— . . ... A P 2 ]

360 370 380 390 400 360 370 380 390 400

Long Pos (m) Long Pos (m)

Intensity on-axis drops about 10 % over ~20 m
The drop varies by ~5% depending on the decay position.

Since the angle is kept constant the neutrino energy and
cross section remains the same.



Pion decay spectrum

For proton energy of E;, the pion spectrum 1s. (assume all are at 0 deg. )
j?N ~KX(E, - E, )* where K is a constant and o = 5.

We 1gnore transverse momentum dependence for this.

d°N  d°N
dEdQ,, dE.dQ,,

J(E_,cos 9*;EV ,c0S0)

JE_  dcosO
oE, oE,
J = Det )
JE_ dcosf
. dcos®  dcos®



Costheta cm

Jacobian graphically

costh_cm from -1 to 1, curves for Epi 1 to 10 GeV costh_cm varies from -1 to 1, curves for Epi 1 to 10 GeV
————————————————— ] 1.0000 — —
1.0}
: 0.9998;
0.5}
- 0
I 1]
_ —10.9996;
I ©
0.0 ]
: =
| § 0.9994;
-0.5}
_ 0.9992;
-1 —H——"——"t—"1 ' 0.999
0 2 4 6 8 10 ' 8-2 5
Epi/GeV Enu/GeV

- From the left each rectangle has a probability which gets assigned to a
parallelogram on the right.

- As the lab angle moves away from forward, the probability is getting
concentrated in a narrow band which creates a sharp peak.

- Two rectangles from left get on top of each other on right. This is the
quadratic ambiguity.



Simple calculation of accelerator flux

O

In practice this is
modified by the initial
transverse momentum
distribution of the pions.
It will broaden the sharp
peak and lower the flux.
- I have not been careful

3 mrad about the units of flux

T 0mad 1 here.

10 mrad Ep =30 GeV

Flux/arb
e S~ N " N, - N

5 mrad

o2

Enul/GeV



Decay at rest

n- absorbed by target

®— E
— o range

up to
52.6
MeV

‘ *‘DAR Mono-Energetic!
Target Area v, =30 MeV

Charged pion and muon stop in<<1 ns



DAR flux and event rate

P R S T Pion production has many channels. Must be
ﬁ",u 1V calculated by Monte Carlo.

L p+N — p+N (elastic)

S | p+N—=>p+N+rx

| | | p+N—>p+R—> p+N+m (resonance)
R | | P+N—>R+R>N+T+N+7

v | R+N—>N+N (Absorption)

o (MeV's")

| B -« | NN w+ N — m+ N (Elastic and chargexchange)
0 10 20 30 40 50 60
=, {MeV) F,=13x% 10" /sec/ MW ( for each flavor)
— o F
7w~ — Nuclear Absorption. - - ;32 =2 6%10" em~2 sec! MW !
T

T U+,
29 -1
N poge = (213)x10% 01

o(,p)=8.5X 10 em® (for ~ 30 MeV)
Events=¢,+ N, +0 =4600ton" MW ~'yr™

+ + T
U —e +v,+v,

target

e Coupled set of calculations

° Optlmum proton energy Is 600-1500 Notice that the muon neutrinos are below threshold
MeV. Above 1500 energy goes to for charged current events.
make other particles. Above assumes that all anti-muon-neutrinos are

Burman, Potter,Smith, NIM A291, 621 (1990) , etc.  converted to anti-electron-neutrinos



If neutrinos have mass; the massive states need not be the
same as the Weak interaction states. A neutrino could be
in a classic superposition of states.

Vg cos(#)  sin(6) 1
This will lead to = _ Massive
interference effects Vp —sin(#) cos(0) Vo Neutrinos

Flavored Va(t) = cos(@)rq(t) + sin(0)ve(t)

neutrinos
= Plv, —1y) = | <wplralt) > |?

—  sin%(#) cos?(@)|e—1E2t — ¢—iEnt|2

Sufficient to understand most of the physics:

o 1.27((m2 — m?)/eV?)(L/km)
(E/GeV)

Pv, — ) = sin? 26 sin

5 1.27(Am?/eV'?)(L /km)
(E/GeV)

Oscillation nodes at w/2,37 /2,57 /2, ... (7/2): Am? = 0.0025eV?.

E =1GeV, L = 494km .

P[;uﬂ_ — Vo) = 1 — sin® 26 sin



Definition

Appearance:v, — Vv, = Make beam type (a) and Detect (b)

after some distance to see if neutrino (a) tranformed to (b).

Dis — appearance:v, — Vv, = Make beam type (a) and Detect (a)

to see how many are left after traveling some distance

* In both cases we must know how many (a) type were
created and sent to the far detector. A precise
prediction in the far detector is needed.

* In the first case, we must know if any events will fake
the signature of (b) (these are called backgrounds.

* In the second we must know how many (a) to expect.



Picture with O = 45 deg

*A ST Aajiqeqoid

/7

-

Distance Traveled —»

BOI'Il Vi g Plll'e Vo — Pll].'e V M — Pll],'e VT | P‘ul'e Vi, SN

Everything we know about neutrino properties
comes from this astonishing effect.
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All oscillations data
from PDG in two
parameter plot

L
P(v, —v,)=Sin’ 0Sin’(1.274m* )

Am® in eV*
L in km
E in GeV



Summary

3 types of neutrinos from many sources.

Still many unknowns about these patrticles, but they play an important
role in the early universe as well as current astrophysical processes. If
they have mass there are fundamental consequences.

We described the flux and spectra for most of the important known
sources.

Sources that we did not cover are:
e Diffuse supernova or sum of all supernova from the past.
e Extreme high energy sources from outer space.
e | ow energy sources from intense radioactive sources.

In general, clever ideas about sources are always needed.



