Neutrinos at Fermilab and Beyond

1) History of the Neutrino
2) Neutrinos as probes of the Strong and Weak forces

3) Neutrinos, mass, and flavor
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The Invention of the Neutrino

The historical path to neutrinos... Beta decay of atomic nuclei:

Before After ‘/V Lighter

‘ 4/0 Nucleus

N Electron (e)
Original Nucleus But, we actually see awide range of

Conservation of energy and energies...
momentum b electron should
have afixed energy I

(2 equations, 2 unknowns)

>

Snce Energy and momentum

are conserved, there must be an
unseen particle involved....

Number of Decays
at each Energy

4 Electron Enagy
In the Decay
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The Neutrino

Before After

e Electron (e) Lighter

Pauli and Fermi \ / Nucleus
o @

Early 1930's | Original Nucleus

This must be avery different particle from the known ones:
Max electron energy is what we expect for 2 bodyb (nearly) massless
Wedon't see it along with electron b very weakly interacting

The neutrino: “Little Neutral one” — massless, no electric charge,
new Weak Force Charge
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The Particle Zoo

ELEMENTARY
PARTICLES

Also have anti-matter:
Each particle type has
acorresponding anti -
particle

_'

I I I

Three Generations of Matter
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Particles and Forces

Particles of Matter (Fermions - like electrons, muons, quarks, neutrinos)
Interact by exchanging particles of Force (Bosons— like photons,W,Z,9)

muon  muon charge (e) Strength of a force depends on
N / - value of “ coupling constant” —
proportional to charge

- How easy it isto produce the

K :
i photon force carrier —* propagator”
)
The more strongly a particle
quark charge Interacts with matter, the easier it
(U/3eor 2/3€) isto stop and detect
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“4” Fundamental Forces

Gravity (10-38): Qaf
Felt by all

ne, e
particles, but A
very, very o
weak

Electromagnetic (0.007): .
Felt by all particles

with an eectric +‘®.

Charge. Carried
by photons (g)

Strong Nuclear Force (1):

Felt only by “nuclear”
particles (quarks, gluons)

Carried by the gluon (Q)

Weak Nuclear Force (109):

Closaly related to
electromagnetism... really

one “ e ectroweak force”
But very different in our lives
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Neutrinos and the Weak Force

* Weak force carried by W and Z bosons

W —“Charged current”  Z —“Neutral current”

W+ and Z° are very massive — ~ 80 and 91 GeV/c?
compare photon — massless

“*Weak charge” smilar in size to electromagnetic charge

neutrino (n) electron Neutrino

neutrino (n)

bW \y
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Neutrinos are Tough to Detect

 Neutrino interactions are extremely rare
— Theweak forceis... weak...
e Comparison:
— Electrons from beta decay can be stopped by aluminum foil

— X-rays (photons) are stopped by athin piece of lead
— 5GeV Muons are stopped by meters of Iron

— I_\Ieutrmosfrom Sun can pass through Only about 1 in 10 (a
light-years of water ... billion-billion) neutrinos
Good thing too! Trillions of neutrinos | Passind through aproton

will interact with it
pass through you every second!

« Why isthe weak force so weak? $
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Aside: Cross Sections

Cross section s Isan “effective area” presented by a particlein
an interaction:
— Probability that a particle will interact passing through athin piece of

matter (atomic mass A, thickness d, density r ) istotal effective area per
unit area

N\ prob = ngAr %
> e A g
Number of target
d particlesin a unit area

— Differential cross section can be defined for a specific outcome — eg.
ds/dq = effective area for scattering to an angle g
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Neutrino Cross Sections

Smilar for

weak force interactions

electromagnetic and 1/(Q3-Mg2)2

Q is“momentum transfer”
carried by boson

su (couplings)? x (propagator)? x (details of participants)

At typical lab energies:

M=0b 1/Q

For Q»2GeV, Sg\/Sywik ~ 2.5 million!

M,,=80.1GeV b 1/M,,*

m\{
g
YiZg
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The Discovery of the Neutrino

Direct detection of the neutrino had to wait more than 20 years

after its “invention”!

18t idea — nuclear bomb blast. ..
2d jdea — nuclear reactor

Relnes and Cowen - 1956
Savannah River Plant

Trillions of neutrinos per
square inch per second

50 gal water with some
Cd to detect neutrons

| nver se beta decay

A few neutrinos per
hour were detected!
S»6x104cm¥
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Neutrino Flavor

N e
We' ve already seen

But we also have W

n

TA N t
\{uon) and \?Tau)
W
W

Are there different flavors of neutrinos, for electrons,

muons, and taus...?
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The Muon Neutrino

Lederman (Leon), Schwartz, and Seinberger at Brookhaven (1962):

Do neutrinos produced along with muons make
electrons when they interact, or only muons?

Sedl
Shielding

L)/ o
+ - _ n ”,/’

100 trillion neutrinos
51 interactions seen!

There are distinct muon and & ectron neutrinos
(Won the Nobel Prize in 1988)
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Tau Neutrino

|s there a neutrino that only makestau (t ) leptons?

Detecting a Tau Neutrino

' ' / — Emulsion
. _

Iron Plastic Iron Plastic Iron

DONUT (E872) at
Fermilab -1997....

4 tau neutrino
Interactions observed!

dacay
| -~
Tau neutr article
hits irom ni f 1]
Neutrino | produces lepton | Emulsion lepton Emulsion Tracks
beamn tau lepton track |layers decay layers recordad

Cf one million million tau neutrinos crossing the DONUT detector, scientists expect about one to interact with an iron nucleus.
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What Can Y ou do with a Neutrino?

By studying neutrino interactions, you can |learn about

Electroweak force: Structure of protons and

unification of neutrons b details of the
el ectromagnetic and W and Z Strong Nuclear Force
weak forces bosons (QCD)

/.

s (couplings)? x (propagator)? x (details of participants)

And — you can |learn about the nature of mass, and possibly get
Insight into Grand Unification of EW and QCD!
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Scattering

Elastic and inelastic scattering

—v
Elastic scattering: Q
particles interact wi thout
changing each other \O \
Conservation of energy and momentum b
Ccross section can only be afunction of one
variable
|nelastic scattering:
particles change Q/
each other Q\>

O

More degrees of freedom b
Cross section can be afunction
of two variables
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Neutrino Scattering as a Probe

Deep inelastic scattering of neutrinos on nucleon (proton/neutron)

n n Deep inelastic limit
\@/ *At higher transfers,
guarks become

resolvable and scattering
At low momentum

: appears to be eastic off
transfers, nucleonisa “freg”
guarks
“blob”. Quarksare ) " "
“confined” by QCD. s KU F, (X),XF; (X)

F," (x) = 2x[q(x) + q(X)] 'd(x) are probabilities of finding (anti-)
n _ guark carrying fraction x of nucleon
F3 (X) = 2[ q (X) - g (X)] momentum

Cross section gives us quark (and anti-quark) structure of nucleon
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Neutrino Scattering as a Probe, |

Higher momentum transfer Q¢ b
If you look shorter wavelength of Boson

closaly, QCD “probe” P higher resolution
comes into play

E.g., gluon splitsinto

quark, anti-quark pair
g q

Quark structure depends on how hard you hit the proton

s" | F,(x,Q%),XF; (x,Q%)
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Electroweak Studies

« Unification of electromagnetic and weak forces |eads to an
Interesting prediction for relative coupling of W'sand Z’s.

n

N m N, m
W 70
\Tg_ g .
N ) N 6 ) = B S

M 2 To measure sin?g,,,, need n

W and n beams, and ability to
M2 distinguish charged and
neutral currents

where r =1 and sin’q,, © 1-
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NuleV

e Neutrinos at the TeVatron — successor to CCFR

BElue Cart

[

i ey P
ﬂ‘r- il il K {( r

i B ﬁ“ﬁl

ﬁ Toroid
H'E (Iuon Spectrometar)

k

1

NuTeV uses magnets to select p*,K* for n,
p, K form,

P. Shanahan — FNAL Summer Lecture Series— July 30, 2002 21



NuTeV Analysis

NuTeV distinguishes charged current (n® m from
neutral current (n® n) by “event length”

- EventLength

ki

1 1

I

Enerqy ]ll'
: II §

Heutral Cuarrent Event

Hadron
=howsrer
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NuTeV Charged Current

Muons traverse meters of steel — easy signature for charged
current interaction

#m Ewrent Length

Charged Current Event
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NuTeV sinq,, Result

Measured: §0.433 4/- 0,079 e—  CDF
sinfq,,=0.22773 80.483 +/- 0.084 —e—i DO
+0.00135 80.471 +/- 0.049 ‘&<l  ALEPH*
+0.00093 80.401 +/- 0,066 n==q»=-5 DELPHI*
80,398 +/- 0,069 n=i==-s L3*
80.490 +/- 0.065 | I—8— OPAL*
Expected: 80.451 +/- 0,033 i@  Direct World Average
SIanW:O-2227 80.376 D.023 IE Ii|r||i|!¢-~'|_|"-"-|-llIrFi_\“.‘-rl 1w
i MT/SLAINVAFY /!
+ E L EPEWWI
+0.00037 80.136 +/- 0.084 : _ :
—@ : NuTeVl
* : Preliminary "
?f s” deviation: 0 v — - —
1 in 400 chance of Mw (GeV)

being just afluctuation
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Interpretation

» Z boson interacts 1% weaker

* Bigger QCD effects than anticipated?
— Unlikely, based on analysis of possible effects.

e Could It be destructive interference with another boson of
mass~1.2 TeV?

— Great example of lower energy experiments having possible impact

on very high energy physics.
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Neutrinos and M ass

e \We know neutrinos must

be very light — Electron neutrino has at
hter th q most /100000 the mass of
— Lignhter than we can aetect the electron

In beta decay

— This makes neutrinos very
different from other
particles. What can it tell
us about how particles get
mass? Higgs

Compare to quarks: top
guarkis*® only” about 50
times more massive than its
partner, the b-quark

mechanism...
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What i1sthe Mass of Each n Flavor?

Neutrinos can have several masses at oncel

— Quantum mechanics allows particles to be in several
“states’ simultaneoudly... superposition principle

— If states of definite mass aren’t states of definite flavor...
e Defineng, n,, N; —Neutrino mass states
. N, N, N, — neutrino flavor states
— Mixing of masses in each flavor:
N=V NtV NtV g
n=V _n+V on,+V N,
N=Vi N +Vionp+Vsng
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Neutrino Flavor Oscillations

e Different massesin each neutrino flavor alow flavors
to change among each other

e How?

— Quantum mechanics — particles have wavelike nature...

— Oscillation frequency depends on the energy (and therefore
the mass) of the particle

Neutrino
Original neutrino flavor: New neutrmoflavor equal Back to
egual contributions from but opposite contributions original flavor
both masses from both masses
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Oscillation Probability

Probability of seeing a neutrino flavor change, at a given energy
and distance, depends on:

Mass difference: the bigger the mass difference, the
faster the flavor oscillation

AVAVATAVAAVATAYARAVAVA

Mixing: how different the original neutrino isfrom a
single mass

ATAVAAVATAVAVAAVAVAYA

Wave peaks are different, but the
overall effect on flavor is small
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Simple 2 Flavor Mixing

* Imagine only two neutrino flavors mix

Qo
N i ; o . \\\ vy (\@
_ - eutrino stateisa -7
n,=cogq)n,- sin(q)n, DS N o
. vector inthisplane .-~ ( >
n,=sin(g)n,+cos(g)n, N ny

-~ \
-~
- \

Oscillation probability of neutrino with energy E
(GeV) travelling adistance L (km), m,2-m,2° D¢ in eV2
P(v.® n,) = sir’(2q)sin(1.27Dn¥ L/E)

—

Larger Dn¥ b Faster oscillation
(no massP no Dn?b no oscillation)

Larger Sn?(2q) b Larger mixing b Larger oscillation probability
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Evidence for Neutrino Oscillations

Solar neutrinos — sun or_1|y proton 0\ Y~ electron
produces electron neutrinos protonk. ' @ Q@Atrino

Detecting the neutrinos on earth:

n n
At solar energies, n e, e.g., SNO experiment
only electron islight > in Sudbury, Ontario
enough for this Z
orocess to actually W About the correct expecte_d
happen Only about ¥z of expected g:rl] number of neutrinosis

(electron) neutrinos seen

The electron neutrinos are changing flavor between being created in
the sun, and reaching earth P Evidence of neutrino mass...
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Atmospheric Neutrinos

L ook for neutrinos produced by
cosmic rays in atmosphere —
probe different mass-difference

scales than solar neutrinos muon (n¥)
If no oscillations.... electron
*EXpect about twice as many muon n

neutrinos as el ectron neutrinos

«Can make reasonably solid predictions
for distribution of neutrino angles
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Super Kamiokande

*Kamiokaminein Japan - 3300 feet
underground!
12000 + very sengitive light detectors
L ook for particles going faster than speed
of light ! (speed of light in water....)
» Cerenkov light: Similar to “Sonic
Boom”

Pattern of light
hitting detectors
gives type and
energy

Muon and its
decay electron
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Super-K Oscillation Evidence

Super —Kamiokande S48 days Preliminary
I T I T I ! I ! ] ! I ! I T I ! I

| multi-GeV e-like | multi-GeV mu-like (FC+PC)
150 - 1 F -

Neutrinos from above
come from near by —
no time to oscillate

'

100 1

ED% |

1 ] 1 1 L
-1 -06 02 02 086 T - =06 -02 02 0B 1
cos(zenith angle) cos(zenith angle) \

# Data

[77] Predicted

— Numu-nutau osc.

: o Neutrinos from below
Strong evidence of oscillations between muon come from far away—lots
and tau neutrinos. Dm?~0.003eV/?, sir’(2q)~1 of time to oscillate
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LSND

o Atmospheric and Solar neutrino oscillation
evidence are both disappearance

— Too few of the expected neutrino types are seen

* One experiment claims appearance of unexpected
neutrinos— Liquid Scintillator Neutrino Detector
at Los Alamos

— See 11n 300 very low energy muon neutrinos turn into
electron neutrinos

— Very short distance — possibly “large” mass difference
— Very important to verify or refute.
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New Oscillation Experiments

Use accelerator based neutrino beams
— Allows physicists to have control of neutrino source

MiniBooNE — Fermilab
— Confirm or refute LSND experiment at Los Alamos

K2K

— Send a neutrino beam to SK from 250 km (155 miles)
away — major setback with photodetector implosion

NUMI/MINOS

— Send muon neutrinos to a new detector in Northern
Minnesota— 735 km (460 miles)
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NUMI/MINQOS

e NeUtrinos at the Main Injector/Main Injector Neutrino
Oscillation Search

— Good match to the Super-Kamiokande Atmospheric
neutrino oscillation evidence

e Create muon neutrinos at Fermilab, look for themin
Minnesota

Fermilab 735km —> Tower, MN

e Study neutrino beam before oscillations have a chance
to happen

o Compare neutral and charged currentsin Near and Far
detectors
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The NUMI Neutrino Beam

Main injector: 120 GeV protons

Earth stops T
muons

Near Detector- tens of
neutrino interactions
per burst

Pions and kaons decay,
creating neutrinos

&8 10's of trillions of

L protons hit target

¢ every other second in
= | very short burst

8 Specia “horn”

@ magnet focuses pions
" and kaons towards (Not to scale)

detectors
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MINQOS Detectors

(not to scale) / scintillator strips

. muon
neutrino

1 cm thick Plastic
Scintillator (gives off
UV light when charged

\ particles pass through)

Wavelength Shifting Fibers
capture UV light, and emit <+«— 8 meters——»
photomultipliers ~ green light.

Distinguish charged from neutral current by outgoing muon
*Detector Mass

»Near: 980 tons Duty factor: 10ms live per 1.9s greatly
» Far: 5400 tons reduces backgrounds from cosmic rays
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MINQOS Far Detector

» 2300 feet underground in
Soudan mine

5,400 tons

* A little over Y2 finished

L if‘f P r!__-r'.i-ii

P. Shanahan — FNAL




MINOS Program

Near Detector construction starts in 2003

Start taking data in 2004

Verify muon neutrino oscillations (disapperance) in
controlled environment c¢ energy distributions — Ph2le, 10 kt.yr., sin%(21

Make precise =0
measurements of '
neutrino mass *
differences .
Set [imit or measure “

n.® n, o

P. Shanahan — FNAL
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MINOS Sensitivity

Sengitivity to oscillation
parametersin 2 years of
data taking

P. Shanahan — FNAL
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Ph2le, 10 kt. yr., 90% C.L.
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MiniBooNE

o Booster Neutrino Experiment | 250,000 gallons of minerd oil
: o 1400 photodetectors
— LSND _S' gnal: hints at large L ook for Cerenkov light and
mass difference — fast scintillation light

oscillations

— Choose arédlatively low energy
to just produce just enough
extra particles to identify
Interaction

» Use Booster beam (8GeV)
« 550 mdistance (1800 feet)
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MiniBooNe
Sensitivity

*Should be taking data very
soon — conclusive answer on
LSND oscillations to follow

—Muon neutrino P electron
neutrino
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The Future in Neutrinos

 Mini-BooNE
— May become BooNE if asignal is observed
 NuMI

— Search for n.® n, (n, appearance) —expected to be a small
effect —with a new detector miles from the current one

— New near detector optimized for scattering studies
e Much higher rate ® better precision on many topics
* Neutrino factory?
— Let muons decay in a“storage ring”’ — very clean beams
— Great technological challenge.
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Conclusions

* Neutrinos are avery, very odd kind of particle
— Very weakly interacting — originally detected indirectly
— Veay, very light

 Neutrinos a great probe of the nature of matter

— No Electromagnetic interactions — great for studying weak forces
— Unique abilities to probe structure of proton and neutron
— What makes them so light?

— What can mixing and oscillationstell us about particle flavor?— What is
flavor ?7??

o EXciting time In neutrino physics
— Fermilab — recent results from DONUT, NuTev
— Upcoming MINOSMiniBooNE
— More great experiments around the world
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