


Goals of this Course

T o TT—
e 1t Goal: give you an understanding of how to
make measurements of a particle that is

— Neutral

— Almost never interacts
* Physics requires these measurements to be:

— Over many orders of magnitude of energy

— Over many orders of magnitude of distance distance
* Many experiments out there to describe

— Solar, Reactor, Atmospheric, Accelerator-based
— Absolute and Majorana Mass
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Schedule

e Lecture 1 (9 July)
— What do we know how to measure right now?
— What neutrino sources are available?
— How do neutrinos interact in matter?

* Lecture 2 (10 July)
— How do non-neutrino particles interact in matter?
— What neutrino detectors are out there?

e Lecture 3 (11 July)

— Oscillation Measurements

e Lecture 4 (12 July)
— Absolute Mass and Majorana Mass Measurements
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What are the parameters we want to measure?
T T
1. Neutrino Masses
A. Absolute
B. Relative

2. Nature of Neutrinos: Majorana or Dirac?

3. Neutrino Mixing Matrix
1. 3 rotation angles and 1 CP-violating phase
2. Is the matrix unitary?

3. Is this a 3x3 matrix, or are there other
generations out there?
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What are the parameters that we want to

measure?
B e B

1. Neutrino Masses
A. Absolute

B. Relative To be covered Friday

2. Nature of Neutrinos: Majorana or Dirac?

3. Neutrino Mixing Matrix
1. 3 rotation angles and 1 CP-violating phase
2. Is the matrix unitary?

3. Is this a 3x3 matrix, or are there other
generations out there?
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What are the parameters that we want to

measure?
s 0000

1. Neutrino Masses
A. Absolute

B. Relative To be covered today

and tomorrow
2. Nature of Neutrinos: Majorana or Dirac?

3. Neutrino Mixing Matrix
1. 3 rotation angles and 1 CP-violating phase
2. Is the matrix unitary?

3. Is this a 3x3 matrix, or are there other
generations out there?
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Do we really understand flavor?

o B
* Simplistic way of describing mixing matrix
Lesson Learned from CKM: 3 mixing angles and a phase

Call them 619, 693, 013,0  if 5;; = sinb;;, ¢;; = cos §;4, then

1 0 0 €13 0 8136?25\ ¢19 S192 0)
U=|0 3 s93 0 1 O —819 ¢19 0
(0 —s23 c23) | —s13¢° 0 ¢3 J{ 0 0 1,

\

Reactor
U= Q E and/or
Accelerator
Ve
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Additional Complication:
Matter Effects

—

* The oscillation probability changes differently for
electron neutrinos vs antineutrinos when they
propagate through matter in a straightforward way

M e v, e
\/ Wolfenstein,
M ~ PRD (1978)
W W

e/—f\\é e_ \é

 Can’t treat neutrinos propagating through earth simply as mass
eigenstates, have to take into account electron flavor

* This would give an apparent CP violation just because the earth is
not CP-symmetric
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v Oscillation Probabilities

© R ——
* v, Disappearance: 1-sin“20,;sin*(Am?3,L/4E)

* v, Disappearance:

P. . ~1-sin’26,sin’ (Am} L/4E)-cos' 6,,sin’ 26, sin’ (Am;,L / 4E)

V, =V,
* V., dppearance IN a VM peam: even more
complicated...
5
* P(v, V)PP PHP, e
: L
Ay . %
P, = sin?@y35in” 26,5 (21) sin’ 2 Bl ;"\B ;
- . ~
t |Am2<0 5
Py = cos? fy3sin” 26,5 (iiz) sin AZ—L |3:!. 5 mes
P— J O(Au) (Am) AL AL . B:l ~ ¥ /Vacuum
9 = CcOS » S .
3 B, cos — —sin ——sin— 1 ‘?\\QXQ”
Ap\ (A . AL . AL . B.L \
= FJs . S
P, F. IUO(A)(Bi) sin 5 sin 5 sin 5 00 " 5 3 " 5

P(V—=Ve)%
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To measure probabilities, need...

S B
e Neutrino Flavor

e Distance between creation and detection

* Neutrino Energy
— No source we can use today is monochromatic!
— Initial state: neutrino plus nucleon or electron

— Final state: a bunch of stuff you only measure so well,
sometimes you only measure the charged lepton

e Neutrino or Antineutrino?

— Accelerator-based beams are always a mixture of both
— Atmospheric neutrinos are also a mixture
— Reactors and the sun are only one or the other
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Measuring Oscillation Probabilities

For a given number of signal v, events in a detector,
Assuming you are starting with a source of Vv,

N=¢ o, P(v,—=>v )eM

¢=flux, 0= cross section g=efficiency M=detector mass

N
® O, M

P(v,—=v )=
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Neutrino Sources

N o TTN——
 Key Parameters:

— Flux

— Energy

— Baseline(s) available

— Neutrino Beam Flavor and Helicity Composition

— Sensitive to Matter Effects?

* What do the neutrinos travel through between
production and detection
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How does the Sun Shine?

I |
A Helium nucleus is produced by the fusion of 4 Hydrogen nuclei;

4p — He+2e +2v,

This reaction produces about 27 MeV energy.
Then, the total neutrino flux on the Earth is;

] L
Sflux = =X =X DV
4R 2TMeV

(L, =3.86x 1033erg/sec)

=6x10" Vv, /em” /sec

Sun

Observing neutrinos from the sun is direct proof that the
generation of the energy in the Sun is due to nuclear fusion.

T. Kajita, INSS 2013 E



Solar Neutrino Energy Spectrum

P+P->2H+te'+v, P+e +P> ZH+y,

99.75% [Lsy, 5y, , 0> 3He + | 025%
86%4% 14% [] ~N
SHe+ 3He >“He+ 2p %He +*He > 'Be +y 3He+p > *He +e*+v,

085% 277 N,015%

However, in reality, 4

protons cannot make a
Helium nucleus at a time...

‘Be+e” 2 Li+ v, ‘Be+p—>°%B+y SuperK, SNO
|Gallium 1 Chlorine ! 2 -
‘Li+p > 2%He B>%Be"+et+v, jou, - —_
ses’s 24 Bahcall
Be 2 “He 101 |
pp-chain 1010? PP 1%

>

=3 109 |

= +10%

o 108 3

i "Be

£ 1k

=

5 100

Q i

Z 108
10+ %:/’
108
102 |
101k : Ll

3 0.1 0.3 1 3 10
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Other Beam Parameters

N
 Baselines Available: all close to 108km

— Distance to sun changes based on the season

— Day/night asymmetry changes whether or not v’s
went through the earth before detection

* Beam Composition vV, re-v=csomeos oo —

* Matter effects - —
— See Renata’s lecture R e == o
from yesterday
— 3B Vv’s feel matter 5
effects from sun N

Sun's surface Y pE, (kgem™ MeV) Sun's core
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Experimental Challenges with Solar
Neutrino Measurements

N o TT—
* Neutrinos are very low in energy

— Very few interactions are accessible

— Cannot make final state muons or taus, so only
neutral current or v, charged current interactions are
available

— Different detectors have different energy thresholds,
most neutrinos from sun not visible by most
techniques

— Cannot turn off the sun to measure backgrounds in
the detector

— “Standard Solar Model” had many tunable
parameters...flux predictions were suspect for a long
time.
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Neutrinos from a Reactor

[
e Like the sun, but fission instead of fusion

et

L

25U +n— X1+ Xo+2n —

94 140
...40ZT +58 Ce

Sample Fission: 235U 239p,

Fission Yield




Energy Spectrum from Reactors

[ T —
° Seve ra' processes neutrinos/MeV/fission

occurring during ;
the fuel cycle of a I N "
reactor, with P I S T 0 .
different yields P

and energy HEEEEAN B
spectra oLl B ENE T

0 1 2 3 4 5 6 7 8 9 10
Energy (MeV)

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 18



Baselines available

T Bl—— |
e Reactors send out neutrinos in all directions, so you
could put detectors at any baseline you chose

* Different physics can be reached at different baselines

Probability(V,—V,)

o O O o
>

o Sin220,;=0.1
- |Am,,?| = 2.5x103eV2

0
1071 1 10
Length (km) [at E~3MeV]|
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Extreme Example of Long baseline

D N ———
Kamland experiment: sees neutrinos from

large array of reactors in Japan

Nuclear Power Plants in Japan
E:namemm (Commercial plants, as of December 2006)

£ ot Bacc Poms Co-Toas wmwm-% Effective baseline

5500

Tohoku Electric Power Co.-Namie-Odaka ; 450
YMMMQM; 3‘400
sE0888NS
Tokyo Electric Power Co.~Fukushima Daini ﬁ 300

The Japan Atomic Power Co.-Tokal Daini

g

g

Chubu Electric Power Co.~Hamaoka

Shikoku Electric Power Co.~lkata

g

AN

100

50

o0 100 200 300 400 500 600 700 800 900 1000
Distance [km)]

World reactors + Research reactors : 0.96%
Korean reactors : 3.2%

Ichimura, v2008
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Shorter Baselines used

~
Daya Bay: Reno: 6 reactor cores, 2

e T halls, baseline(s) ~1.3km
; | 3 cores,
s W 3 halls,

baselines

o 3 ‘ 3 = Ling Ao Il Cores Of
At e = Ling Ao | Cores

=SS Daya Bay Near Hall [l
363 m from Daya Bay ) - r r I
£ 98 m overburden J m 17.4 thh power 1 [] 6 2 [] O k
= m 8 operating detectors
m 160 t total target mass

3 Underground
Experimental Halls

*  Near | Far
f <L>400m = <L>1050m
4| ~300v/day;. ~40v/day
120mwe 300mwe " o o
Target: 8.2t% Target: 8.2t -~ - 0 o T Far Detector | h Far Detector
2014 April 2011 «

Two Reactors

Double Chooz: 2 cores,
o 2 halls at 0.4 and 1.0km
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Experimental Challenges with Reactor Fluxes
T

* Flux changes over time
because of fuel cycle
— Double Chooz(v2014)
at right

 Have several cores, not al
at the same distance from the detector

* Energy deposited in detector is so low you can’t
possibly figure out original direction of neutrino

 Hard to determine backgrounds since reactors
are always on (usually), signal rates very different
between near and far detectors

Neutrino Rate (day ™)
@ @ &
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Atmospheric Neutrinos

Cosmic ray Atmosphere
(p, He, ...)




1.5

2

(m sr GeV )

2.5

Proton Fluxx E

From Cosmic Rays to Neutrinos

4
10 T LELLLILALLS LA} 1 LI
TRy | |
’+
D 0 L 4
“Measured cosmic| 4
® ray proton flux
®
103 0I '”””l'll ”III"IZI IlI“"|3 - 4I
10 10 10 10 10
Ek (GeV)

Carrying out the calculation
all over the Earth

+ solar activity
+ geomagnetic field
+ (p+Nucleon) int.

+ decay of m or K
9-11 July 2014
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F qu><Ev2(m'zsec'1 sr GeV)
o

]
—

Cosmic ray
(p, He, ...)

(@)

— Honda flux
Bartol flux
Fluka flux
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What is known well

M. Honda et al., PRD 83, 123001 (2011)

B
5 I I | ||||| | I L I Fal
- — HKKM11 -
o -= HKKMS06 vV
O - — - Bartol
: ® [ e
Cosmic ray o
(p, He, ...) §
'S 2
. £
5
O
=
L
1
107 10° 10"

E, (GeV)
v'v, /v, ratio is calculated to an accuracy of
about 2% below ~5GeV.

v'v and anti—v ratios also accurately

calculated.
Deborah Aarris, Fermilab: Neutrino Experiments T Kajita INSS 2013 25
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What else is known well: up/down

. 700 N T T T T T ] 200 [ T T T L T i 30 B L T T L T
Zenith angle : N i
~e00F 4 4175F 1.sE A
‘o - "- % 7\ ‘*,“

] - 1 2571
1150 F

[ E I~ .
. A Loy,
\ . - S
- N S ~, Lyl
—_— s N 4 20 A
- W,
T = "\\ E A
1125 F = -
I
. - v

\o--] 100 F 1 1sp”

] 75¢

@Kamioka (Japan)

«.. ] 50X

1 25F —
0.3-0.5 GeV | - 0.9-1.5 GeV 1

:....1.111_ 0'1.1111-1- :.1.. L1
Ah» 0 - -1 0 1
0sH

Up-going Down zenith

Up/down ratio very close to 1.0 and accurately calculated

(1% or better) above a few GeV.

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 26 26



Experimental Challenges with

Atmospheric Fluxes
N o TT—

* Absolute rates are hard to predict

* Overall rates are low and steeply falling in
energy

* Near equal mix of neutrino and antineutrino
means CP violation measurement is near
impossible

* Homework question: how might you be able
to see matter effects using atmospheric
neutrinos? Do you NEED a magnetic field in
your detector?
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Neutrinos from Accelerators

N o TTN——
 Atmospheric Neutrino Beam:
— High energy protons strike atmosphere
— Pions and kaons are produced
— Pions decay before they interact
— Muons also decay

* Conventional Neutrino Beam: very S|m|IarI

Protons K, (1) vy, »%Ve
— —_—
Let them Shielding

decay
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Example: NuMI beamline at Fermilab

Absorber Muon Monitors

Target - | | BN | B
Target Hall Decay Pipe . — | B R ] B
arget Ha H , ) ) RN
120 GeV - Al T e SN T e
protons : , - ToR - ' xi?,a y _‘_ I ____ _’ .
From - G #1 # J\ il 7 N . JE BT /:, ¥ | 1 ‘ ‘-
Main Injector Horns t 1T ' e 4 R > U
B SRS
10 m 30 m e R R
675 m / Rockl Rockl |Roek
M : C . Hadron Monitor Rl 12m 18m  300m

ajor Components:

*Proton Beam Most v, s from 2-body decays:
ePion Production Target U d VAR

eFocusing System K'—u*v,

D Regi Most v, s from 3-body decays:
ecay Region ey,

e Absorber K*—mletv,

eShielding...
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Proton beam Basics

0 B
e Rules of Thumb

— number of pions produced is roughly a function of “proton
power  (or total number of protons on target x proton energy)

— The higher energy v beam you want, the higher energy p you need

Proton Source Experiment | Proton p/yr Power | Neutrino
Energy (MW) Energy
(GeV) (GeV)

KEK K2K 12 1x10%%/4 | 0.0052 | 1.4

FNAL Booster | MiniBooNE | 8 5 x102Y 0.05 1

FNAL MINOS and | 120 3-6x10%° [ 0.3t0 |3-17

Main Injector NOvA 0.7

CNGS OPERA 400 0.45 x10%° | 0.48 25

J-PARC T2K 40-50 11x102° 0.25to | 0.77

0.75
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Noay v
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1.E+13| © CERNPS —
® CERN SPS —m
O IHEP B
1.E+12
2 * LAMPF s g " - MINOS
% o KEK oL = 0 o goal
S B+ FNAL Booster {
%  FNAL NuMI A O First MINOS
% O FNAL TeV A O Restults (10%9)
S 1E+10 - 7
g _ |
oo K2K | MiniBooNE
1E+09 & —*
g A
2v — Di
o Iscov
flavors | g 1o of NC
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Year Plot courtesy Sacha Kopp
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Neutrino Production Targets

* Have to balance many
competing needs:

— The longer the target,
the higher the
probability the protons
will interact

— The longer the target,
the more the produced
particles will scatter

— The more the protons
interact, the hotter the
target will get—
targeting above V1MW
not easy!

— Rule of thumb: want
target to be 3 times
wider than +- 1 sigma of
proton beam size
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usually long

Hadron Production

T
e This is tricky stuff, hard to
predict with theory alone

* Copious thin target
measurements available,
but neutrino targets are

* NAG61 data from CERN:
thin and thick target data
used for T2K analysis

* New this year: MIPP
hadron production results
(Fermilab), using same
target as used for MINOS,
and 120GeV protons (at

right)

9-11 July 2014
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Focusing Systems

N o T——
 Want to focus as many particles as possible for
highest neutrino flux

e Typical transverse momentum of secondaries:
approximately Aqycp, or about 200MeV

* Minimize material in the way of the pions you’ve just
produced

 What kinds of magnets are there?
— Dipoles—no, they won’ t focus

— Quadrupoles
* done with High Energy neutrino beams
* focus in vertical or horizontal, need pairs of them
* they will focus negative and positive pions simultaneously
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What focusing works best?

o ——
* Imagine particles flying out from a target:

— When particle gets to front face of horn, it has transverse
momentum proportional to radius at which it gets to horn

»
>

|

v

v

--------------
P T e i e T e i o e !

Yy VY

v

A 4

B Field from line source of current is

in the @ direction /'),j;\
but has a size proportional to 1/r T T\;,} :
o/

How do you get around this? (hint: dpt « Bx dl )
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What should the B field be?

FROM =~ 70

Make the particles at high radius go through a field for

longer than the particles at low radius. (Bx1/r, but make

dl o r?)

Horn: a 2-layered sheet conductor

No current inside inner conductor, no current outside outer conductor
Between conductors, toroidal field proportional to 1/r

g

eu,l 1l
op, =~ ——X—

20cmm
~ H
p tune

27ICr 1 e —

—
el
o —
—~—

—
—

outer 3m
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Horn Photo Album

T
Length Diameter | #in
(m) (m) beam
K2K 2.4,2.7 0.6,1.5 2
MBooNE | ~1.7 ~0.5 1
NuMI 3,3 0.3,0.7 2
CNGS 6.5m 0.7 2
T2K 1.4,2,25 |.47,9,14 |3

hh Harris, Fermilab:
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Decay Regions

* How long a decay region Kou need (and :
how wide) depends on what the energy of Length Diameter
the pions you' re trying to focus.
« The Ior&ger the de;:ﬁy region, the more ) BNB 50m 1.8m
muon decays you' |l get (per pion decay
and the larger v, contam%atl%n you' |l NuMI 675m 2m
have CNGS 1000m 2.45m
Whatis better: air, vacuum window, or He-
filled de;_;cay pipe? Does it depend on T2K 130m Up to 5.4m
energy:

NUMI 47/

a‘ y'

{1

t 1 i

—_
-
—
-

(BN TN PN A

{

Deborah Harris, Fermilab: Neutrino Experiments 39



Beamline Decay Pipe Comparison

Can show that d(v,) Lm,.c ( 1 | 1
neglecting things hitting = . +l-—
the side of the decay pipe... (I)(VM) EﬂTﬂ e ~1 Va
: r . : : 2
y.=the number of pion lifetimes in one decay pipe... _ Lm_c
=
E ct_
Length E_(GeV) Y., Yu D(v,)/D(v,)
(theoretical)
BNB 50m 2.5 0.36 0.3% 0.15%
MINOS 675m 9 1.3 1.2% 0.8%
CNGS 1000m 50 0.36 0.3% 0.15%
T2K 130m 9 0.47 0.2% | 0.10%

9-11 July 2014
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— 1-1 relationship between neutrino
energy and pion energy+angle
between neutrino and pion (derive)

— Off axis neutrino beams: aim pions
and kaons AWAY from detector

Off-Axis Technique

~0.05
>

()
£0.04

TITIIIYT

?0.03
2
©0.02

5 /
=0.01
3

0
-0.01}
-0.02f
-0.03}

—0.04

_005 lIlI|IIII|lII [N EEN FEEEE R

—6GeV T

0 05 1
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3000
- |
< 2500
# 5
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= 2000
= I T2K
1500
15mrad 1000.
- A
Smrad 0905 1 2 25 3 35 4
Medium Energy Tune E, (GeV)
80 - 7. (7mn_1?;ldsoff—axis ]
> | — 14 mrad off-axis
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N
260 - |
F
1S
[=%
g NOVA
Za0 - i
f L
—— 8GeVn § I
— 10GeV g20 4
— 1% GeY 7r | = [
. . 0 -
p,(longitudinal) (GeV) 0 2 % @ew’ 8 10
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Experimental Challenges with

Accelerator-based Neutrinos
B 0 s

* QOperations
— Target and horns must be robust
— Still working on a target that can survive 1MW beam power
* Composition
— Can never make pure beam, always some contamination of
anti-neutrinos or v.’s in what you designed as v, beam
* Flux Predictions

— Hadron production uncertainties still at the 5% level even with
new data

— Using different hadron shower models to predict flux gives even
higher differences

— Beamline optics can also introduce uncertainties

* Question: what are the advantages of a neutrino beam made of
muon decays?
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Neutrino Source Summary

D N ————
v Energy Composition | Baseline | Matter
Effects?

6x10°°v/ 0.1-10MeV v, (v,) 108km
cm?/sec

Reactor 10%°v/  1-10MeV Anti-v, 1-180km  Not yet...
sec/GW

Atmosphere 1v/cm?/ 0.1-10°GeV v, +v, and 80-10*km vyes
sec anti-

Accelerator 6x10°v/ 0.1-100GeV v, %V, 1-1000km vyes
cm?/sec or anti-
@1km* Vv, %V,

* NuMI beamline “low energy tune”, on axis, currently x3 higher!
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NEUTRINO INTERACTIONS



Thresholds and Processes

 We detect neutrino interactions only in the final
state, and often with poor knowledge of the
Incoming neutrinos

* Creation of that final state may require energy to be
transferred from the neutrino
— Lepton

— =
. — Recoil

— In charged-current reactions, where the final state lepton is
charged, this lepton has mass

— The recoil may be a higher mass object than the initial state,
or it may be in an excited state

—

—

K. McFarland, INSS 2013
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Thresholds and Processes

B 220020 s B |
Threshold (typical)
vN->VN (elastic) Target nucleus is often free (recoil is none
very small)
v,n—>ep In some nuclei (mostly metastable None for free neutron
ones), this reaction is exothermic if some others.

proton not ejected

ve->ve (elastic) Most targets have atomic electrons ~10eV — 100 keV
anti-v_p—>en m,>m, & m,. Typically more to make 1.8 MeV (free p).
recoil from stable nucleus. More for nuclei.
vyn—>€p Final state nucleon is ejected from ~ 10s MeV for v,
(quasielastic) nucleus. Massive lepton +~100 MeV for v,
VoN->8X Must create additional hadrons. ~ 200 MeV for v,
(inelastic) Massive lepton. +~100 MeV for v,

* Energy of neutrinos determines available reactions,
and therefore experimental technique  « mcrarlang, inss 2013



Why is the interaction so weak?

B ]
e Weak interactions are weak because of the

massive W and Z bosons exchange

do o 1 g is 4&-momentum carried by exchange particle
dq2 (q2 _M2)2 M is mass of exchange particle

<l ZEUS e7p DIS
At HERA see W and Z SO » NC Data
propagator effects — Sl © CC Data
- Also weak ~ EM strength 3 S e
S0t ﬁk"‘?_
_3:
e Explains dimensions of Fermi “constant” hl
2 w0l
\/5 Ew
“r=g | m 3!
w 10
=1.166x107/ GeV* (g,, =0.7) T @ e

K. McFarland, INSS 2013
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Neutrino-Electron Scattering

B
-
| d =
* Inverse u—aecay:
- s Vu = >< — e
VT € W + Vg %
— Total spin J=0
Ve
(Assuming massless muon, )
2 _
helicity=chirality) 0 =‘(§‘1_/e)
O i
OTOT X dQ2 2
[ oo,y
Q2
~ MW4

K. McFarland, INSS 2013
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Neutrino-Electron Scattering

B
-
TOT Qm y
O = Gys = —>
TOT v > <€ e

TT g J
=17.2x10%cm’ / GeV - E (GeV)

 Why is it proportional to

beam energy? ) _
s = p, + pe) =m, +2m,E (e rest frame)

e Proportionality to energy is a generic feature
of point-like scattering!

» because do/dQ? is constant (at these energies)

K. McFarland, INSS 2013
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Neutrino Electron Elastic Scattering

* Elastic scattering:
v,te —=v, +e
— Recall, EW theory has

coupling to left or right-
handed electron

\Y

u Vu

. Z Couplings gr gr
— Total spin, J=0,1 72 0
u,T 12+ .:.%0 . 20

0 . Z et 1/2 - 2/3S|Sr;nzgw - 273nsi:2e)w

e Electron-Z° coupling o | reas, e,

» Left-handed: -1/2 + sin?0,,

2
O ;S(i—sinzé’W+sin46’W)

» Right-handed: sin?0,, GZis
o x —L

- 4
(SlIl QW) K. McFarland, INSS 2013
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Neutrino Electron Scattering, cont’d

* What are relative
contributions of
scattering from left and
right-handed electrons?

< <
<+ —> —_— ——
— -— v
AY fi Fri

f
fLH RH 2
do do 1+ coséd
= const = CONnst x
d cosf d cosd 2
9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments

K. McFarland, INSS 2013



What about v, scattering off e’s?

The reaction

VM +e — VM + e
has a much smaller cross-section than Y
7
vV.,+e —v, +e e e

Why?

V.,+e — v +e : =
has a second contributing W

reaction, charged current e v,

K. McFarland, INSS 2013
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Muon Neutrino thresholds:

* |nverse muon decay: yu
N —>

— Need enough energy to create

a final state muon

%
— Question: how much energy /
do you need for this process?

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments
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What about other targets?

any an
* |magine now a proton target
— Neutrino-proton elastic scattering: z
V.+pP—>V, +p P TR

— “Inverse beta-decay” (IBD):

ant—i_\,e+p%e++n e
— and “stimulated” beta decay: y
VotnN—=e +p

— IBD was the Reines and
Cowan discovery signal . e-

* Cross section much higher
— Think of what s is here W
K. McFarland, INSS 2013 n N

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments
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Final State Mass Effects

* InIBD, v, + p — €* + n, have to pay a mass penalty

twice Ve et
~ M,-M,=1.3 MeV, M,=0.5 MeV y
* Whatis the threshold? P T

— kinematics are simple, at least to zeroth order in M_/M_ =
heavy nucleon klnetlc energy is zero

Sinitial = (P, + P p) M +2M ,E, (proton rest frame)
Soun = (2. + )" =M+ +2M, (£, =(M, - M)

min (Mn +me )2 _j\4p2
* Solving... E = Y, ~1.806 MeV

P
* What is threshold for neutrino analog? «. mcrariand, INss 2013
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Neutrino-Nucleon Scattering

|
e Charged - Current: W=* exchange

— Quasi-elastic Scattering:
(Target changes but no break up)
Vptn—u +p

— Nuclear Resonance Production:
(Target goes to excited state)
v,+n—=uw +p+a’ (N orA)

n+ mt

— Deep-Inelastic Scattering:
(Nucleon broken up)
v, +quark — u” + quark’

Cross
section

* Neutral - Current: Z° exchange

— Elastic Scattering:
(Target unchanged)
vyt N— vyt N

— Nuclear Resonance Production:
(Target goes to excited state)
v,+N—=v +N+m (N orA)

— Deep-Inelastic Scattering
(Nucleon broken up)

v, +quark — v, + quark

DIS ¢

Linear rise with energy
o o
©

-

3T

2T Resonance Production

I

QE

9-11 July 2014

Deborah Harris, Fermilab: Neutrino Experiments

K. McFarland, INSS 2013
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Scattering off Nuclei

 The fundamental theory allows a
complete calculation of
neutrino scattering from
qguarks

* But those quarks are in nucleons
(PDFs), and those nucleons are in
a strongly interacting tangle

* Imagine calculating the
excitations of a pile of coupled
springs. Very hard in general.

To be discussed in 3™ lecture...

9-11 July 2014 Deborah Harris, Fermilab: Neutrino Experiments 57



Summary for Neutrino Interactions

B B
e Total cross section proportional to neutrino energy

 Angular dependence because of v helicity and conservation of spin
— Consequence: Neutrinos have higher cross section than anti-neutrinos

* v-e scattering is the ONLY perfectly known cross section
— Everything else is more complicated: NEED BETTER THEORY PREDICTIONS!

 The higher the v energy, the more final state particles produced

— Those particles can produce backgrounds to your oscillation analysis!

S T R

0.1-10MeV Ve (V5) v-e or CCQE
Reactor 0.1-10MeV Anti-v, CCQE
Atmosphere 0.1-1000GeV VetV CCQE+RES
+DIS
Accelerator 0.1-100GeV v, %V, CCQE+RES
or anti- +DIS
9-11 July 2014 V%V, 58



Questions from Lecture

o TT—
Given the luminosity of the sun, how long would the sun last if it
was simply burning chemical energy instead of nuclear energy?
(assume sun is 2x103%g)

How might you be able to see matter effects using atmospheric
neutrinos? Do you NEED a magnetic field in your detector?
(students on INO or PINGU should answer a different question...)

What is better: air, vacuum window, or He-filled decay pipe? Does
it depend on pion energy? (recall multiple scattering formula)

Derive the relationship between the neutrino energy and the pion
energy and angle between neutrino and pion
What is threshold for v+n -> e + p?

— Hint: where do you find neutrons?

— What about for v, ?

— What about for v_?
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