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Outline

e (Cast of characters
e Basics of neutrino interactions
e Oscillation Physics

e Other cool neutrino stuff as time permits.
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neutrinos are all over
Neutrinos are created all the time in nature
e The Big Bang left 337 neutrinos/cc.
e The Sun produces 10! neutrinos/second/cm?

e Cosmic rays in the atmosphere produce around 1 neutrino/cm? /sec with
energy above 100 MeV

e Supernovae can produce up to 10°® neutrinos which have a big effect on
the explosion.

e Natural radioactive decay produces neutrinos inside you all the time.
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3 known flavors of neutrino

e Neutrinos were first predicted by Pauli in 1930. Radioactive decays like

n —p+e + U, lacked energy and momentum balance.

e The electron neutrino - discovered by Cowan, Reines et al. using reactor

neutrinos in 1956.

e The muon neutrino - discovered by Lederman, Schwartz and Steinberger
et al. in 1962 at Brookhaven using an artificial neutrino beam.

e The tau neutrino - discovered in the DONUT experiment at Fermilab in
2000.

These are the flavor or interaction eigenstates of the neutrinos. Telling

neutrinos apart is largely a problem of detecting e*, u®, 7= in the final state.
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Electron detection

electron bremsstrahlungs,
photon pair-produces, electrons radiate, products do
the same. Length scale for one interaction is
7 X0 ~ 0.3 cm in lead, 9 cm 1n silicon
Shower length ~ X0 log(ZE)
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Sampling Calorimeter
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!_,l muon

Q=-e

m = 105.66 MeV/c”
decays to ev.v,
couplesto v, W, Z

Muons are easy to detect because they don't interact
much.They don't shower like electrons and they are
not sensitive to the strong interaction.

A muon
goes thru
the DO
calorimeter
and toroid
magnet.
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Charged particles with m >> m_ deposit
energy at a reasonably constant rate.

dE/dx ~ Z%/B?p(g/cm?)

Typical energy loss for a fast muon

is 2 MeV/gr/cm?

10

—dE/dx (MeV g~ 'cm?)
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Run 1153 Event 40. August 6™ 2015 21:07

a muon and a likely electron in the MicroBooNE liquid argon TPC.
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Why do we think we have seen all of the
neutrino species?

Z9's were produced at LEP through the process e“e™ — Z% — ff where f
are the fundamental fermions. fermion final states there is interference with
e"et — ~* — ff. The total width of the Z° is

Liot = Teet Tzt D+ > Dupt+3(Dug+T g+ ss+ e +1;)+anything else

i=1,N,,
(1)

The sum is over the number of neutrino species which couple to the Z9, the
various I''s depend on the couplings to the Z° and the factor of 3 for quarks
is for the 3 color species. QCD corrections add factors of order o, to the
quark modes due to final stage gluon radiation.

[0 can be measured from the width of the Z° production rate:
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The cross section for hadron production near the Z pole from LEP. The
points represent data from the four experiments
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The measurement

e The measured width I';,; Is consistent with the known quark and lepton
species, with NV, = 2.97 & 0.03 and no other particles with masses less
than my which couple to the Z°.

e Our conclusion is that there are only 3 neutrino species with masses less
than ZY that couple to the Z°.

e One has to hypothesize a sterile neutrino to avoid the LEP bound.

14
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Interaction Basics

Cross sections are the physics observables for scattering.

We we actually measure is the reaction rate between a beam of A's and a
target made up of B's which gives a final state X.

A+B— X

15
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What determines the rate?
e the physics of the process A+ B — X.
e the beam flux 'y which is the number of A hitting the target/cm? /sec.

e the volume of target hit by the beam = a X T where a is the area and T’

Is the target thickness

e the number of B per cubic centimeter
NB(cm_3) — pB(gr/cm?’) X Nay(AMU/gr)/mp(AMU)

Here pp is the density of the material, V4, is Avagadro’'s number and mp is
the mass of B in atomic mass units.

If you want to compare to other experiments, you need to separate the
physics from the experimental setup.

16
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Rate(sec™) = Fy(em ?sec™) x a(em?) x T(ecm) x Ng(ecm™?)

xo(A+ B — X)

here o is a quantity which does not depend on the incoming beam, or the
target size, but only on the nature of A and B. It has units of em?. This is

the cross section.

the quantity
L(cm ?sec™) = Fy(ecm ™ ?sec™) x aT'(em?) x Ng(ecm™?)

is the " luminosity” .

Luminosity sometimes means L the instantaneous luminosity and
sometimes [ Ldt, the integrated luminosity.
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Cross section units are either ¢m? or barns, where a barn is 102%¢m?2.

Typical cross sections at hadron colliders are
e 70 mb = 7 x 10~ 2%¢m?2 for the total cross section or

e ~ 60 pb = 6 x 1073°cm? for the Higgs boson at 14 TeV.

2

e Typical neutrino cross sections are in the 10742 — 10733¢m? range!.

034

At the LHC, an instantaneous Luminosity of 10%* cm™2 /sec™! has been

achieved. Neutrino experiments, which collide neutrinos with tons of material

037

instead milliamps of current can have Luminosities of 10°"cm™2 /sec™! at the

cost of having to instrument tons of stuff.

18
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780 Tons of instrumented steel and 5% scintillator at NuTeV

19
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Filling the 50 kTon SuperKamiokande detector with water, read out at the
edges.
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The 700 Ton ICARUS Liquid Argon TPC being refurbished at CERN
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The 5 Ton MINERVA scintillator detector at Fermilab
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How to make lots of neutrinos

Neutrinos are created in weak interactions. The major sources we have are:
e Nuclear decay - for example reactors.
e Fusion in the sun

e Pion and kaon production - at accelerators and from cosmic rays

23
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T, = 14.28 days
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Neutron decay 32 S
via weak 16
interaction
A neutron in Ej.,_d; The decay process Cﬁ N? C‘JB Fﬂ
32P 4 n moves the phosphorus ———=t——t—+
ecays - tep in | Si
15 ) Y The weak interaction :\hucleu§ "ép c;nz.lmfp n SISE P_:: 83“ CLS
by W-weak converts a down quark su?ﬂ??nﬂ ctableto  1ae |As |Se |Br

interaction. o an up quark, changing
the neutron to a proton.

http://hyperphysics.phy-astr.gsu.edu/
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Copyright © 2010 Contemporary Physics Education Project

Solar neutrinos have energies from 0.1 — 10 MeV.
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Focusing Decay Pipe D\

Beam a

K

L

Making a neutrino beam by making pions and letting them decay.

26
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In the CM frame the muon momentum is p.,, ~ 30 MeV. This means that in
the lab, a 3 GeV neutrino could come out at angles of up to

0 S pcm/plab ~ 10mr

So neutrinos are spread across a wide area no matter how well you focus your

pion beam.

27
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Zenith l cosmic ray

Isotropic flux of

v air nucleus

cOSMIc rays /\

fe ni;_h s

B =

Super-K
Detector

From SuperK

28



Heidi Schellman

10°

102
1071
102
1072

16:%5

Cosmological v

Solar v
Supernova burst (19874)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

v from AGN
Cosmogenic
v
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1
10¢ 107 1 10° 10° 10° 10" 10" 108
peV . meV eV keV MeV GeV TeV PeV EeV

Neutrino energy

Katz, U.F. et al. Prog.Part.Nucl.Phys. 67 (2012)
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Experimental cross section

Say | want to measure the cross section for charged current neutrino
scattering off of a certain type of nucleus using a muon neutrino beam?

The process will be v, + A — = + X.

My muon detector doesn’t cover all angles, so | lose muons outside the
detector. This is called acceptance, A. My detector doesn't always work
perfectly either so | lose some more muons. This is called efficiency e.

And there can also be backgrounds. Very infrequently some other particle like
a pion or kaon can fake a muon in my detector. This is background, B.

30
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The rate | actually observe is

Rvy+A—=u +X)=0c(vy,+A—pu +X)xA(p") xe(u”)x [L+ B

Where [ L is the time integral of the luminosity and contains information

about the running time, beam flux and target thickness.

Fortunately | can normally estimate € using the data and A and B using some

theoretical models.

31
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Review of scattering kinematics

kl

Oy V=X

Figure 1: A generic scatter of a lepton off of some target. k* and k'* are the
4-momenta of the lepton and P* and P’* indicate the target and the final
state of the target, which may consist of many particles. ¢* = k¥ — k’* is the

4-momentum transfer to the target.
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Lorentz invariants

Oy V x

The 5 invariant masses k? = m7, k'* = m3,, P? = M? P? =W? ¢ = —-Q?
are invariants. In addition you can define 3 Mandelstam variables:
s=(k+P)2 t=(k—k)2andu=(P—k)?

s+t+u=mj+ M?*+m3 + W?2. There are also handy variables

v=(p q)/M,z=Q*/2Mvandy=(p-q)/(p-k)

33
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General form for the cross section in
terms of the matrix element

o (27T>4 2
7" ¢<PMAP§>2—<mAch2>2/ MIs

d*p;
§* (P + PE —pl...ph) H §(pt'pi, — mich) ]

(2m)°

Where P4 and Pg are the 4-momenta of the incoming particles and m 4 and
mp are their masses. The term at the end in brackets is the Phase Space. S
Is a spin factor to account for summing over final states and averaging over
initial states.

A measurement of the cross section is thus a measurement of the matrix
element and can be used to test theoretical models and determine matrix
element parameters.



Benasque 2016

Heidi Schellman

2 body scattering

For a 2 body scatter the phase space integral is pretty simple as one particle
will recoil against the other and one ends up with something that looks like

h?c? 1
o=" ~|MJ? x spin factor
167 s

This is as far as we can go without knowing the matrix element M, it may

well induce some angular dependence.

35
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Simple neutrino scattering

ig Y'(1-y°)

ig Y'(1-y)

Fermion W vertices get a factor of i 24>~/ (1 — 7?). The (1 — ~°) factors
essentially select out the left-handed polarizations for particles and the right
handed polarization for anti-particles. The W completely ignores right-handed
particles and left-handed antiparticles. If there were a right-handed neutrino it

would not show up in IV interactions.
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The W boson is massive so it can have 3 polarizations (corresponding to
m = —1,0, 1) instead of 2 for the photon and the propagator becomes

Guv — quql//Mx%V
q* — My

Note that the propagator has to wander away from the W mass, not zero for
an interaction to occur. If ¢ << My, weak interactions are very unlikely. As
we will see g, > g.! The reason that weak interactions are weak is the

difficulty in getting the W boson to do any work for you.

37
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S /
Y

Given these Feynman rules we can calculate (after some pain) the matrix

element
2 2
9w M2
M ~ X sx [1—(—F
ot - G
hc* 1 5 h?c? E? m;
= — in factor = : CM 1 — (212
o 167TS|/\/l\ X spin factor = —— gW(ng—l—Qz)z X [1—( . )]

(the neutrino is only left-handed so there is a factor of 2 not 4 for the spin
averages.)
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This is in the cm frame, in the lab frame s = 4E?  ~ 2m Ejy, so
Elab = ZEE /me.

m

At high energy

ﬁ262 4 Elabme
167 W (M2, + Q2)2

o =~

The cross section scales with E' as long as ) << Myy .

39
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Now let's plug in some numbers

he = 0.197 GeV-fm, My, = 80.4GeV, gy = .6295, m, = 0.000511 GeV and
let's take E to be about 100 GeV, which makes E.,,, ~ 0.320 GeV.

o =15x10"8fm? or 1.5 x 1073%em?.

This process has been observed but only about 3000 interactions have ever
been seen. It can't happen in anti-neutrinos because an anti-neutrino needs
to interact via a W~ or Z° and can’t conserve charge while producing a p*.
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Quasi-elastic scattering from nuclei

Next most complicated are processes like v, +n — p~ + p where the

neutrino scatters off a nucleon without breaking it. This is most common at

lower energies.

120

60

- . .
1__-:- : :
. Ll .
: e :
: e
F

A quasi-elastic neutrino reaction in the Minerva neutrino detector
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In the lab frame

Let's scatter an anti-neutrino off of a proton 7, +p — put +n

k' = (E,0,0,k)

PE = (M.0,0,0)

k' = (E;,k'sin6,0,k" cos0)
qu Ny

42
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Solving for F,

Benasque 2016

In experiments we often can only measure the outgoing muon k’*. But if we

assume we know the direction of the incoming neutrino and that the proton

was at rest we can actually solve for everything else.

2(mp — E,, + p, cosb,)

QQQE = 2E9"(E, —p,cosh,) — mi

43

(2)
(3)



Heidi Schellman

Benasque 2016

The proton is a complex object with finite extent and quarks inside it. As a

result, it doesn’t have pointlike couplings and has a form (Llewellyn-Smith
version):

S —u (s —u)?
M4

(4)

do (Vm%l p) M?G% cos? O

dQ2 \mp — Itn 8T E? { (@) FBQ) 3 +0@Q@)

Where the Fermi Constant

9e

4v/2M32,

and the A, B, C(Q?) contain Form Factors with dependencies like

1/(Q* + m3) where my is an appropriate energy scale. Some of these Form
Factors are known from electron-proton scattering but the axial form factor
which is sensitive to the weak couplings is less well known.

Gp~

44
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Quasielastic scattering is very important at low energies but doesn't rise with

energy as predicted by the simple point particle calculation.
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What happens is that as the energy gets to be higher, with () > m,, the
neutrino starts to resolve the components in the proton, scatters from only
one of the components, and the proton breaks up.

Proton Neutron

46
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Quark Confinement
Strong force is very strong

Try to rip one quark out of a proton

pair creation is
easier than stretching

> "

KO get a ’jet’ of particle:

Benasque 2016
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Inelastic scattering

kl

PI

Imagine a quark carrying momentum fraction x of the proton momentum P5
and scatter an muon neutrino off of it. Here we can reconstruct the neutrino
energy from the final state energy of the muon and the proton remnant. And
we can also reconstruct x if we assume the quark is a point particle. This is

one way we know the quark content of the proton.
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xP p’

'

In a frame where Ep >> Mp

K = (E,0,0,F), k'" = (E',E'sin6,0, E' cos )
Pg = (Fp,0,0,Ep)
p' = xzP=(xEp,0,0,—xFEp)
PH = kR ph — k= P 4 pH
P'pn = pp, =a*Mp

The last expression assume the quark is still the same after the scatter.
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Proton

Let's try a model of the proton containing just the 3 "valence” u and d

quarks.
A proton has 2 u quarks and a d quark.
Naively we'd expect each to carry 1/3 of the momentum, so the = probability

densities would be d(z — 1/3).

50
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And we could see the process
v, +d—p +u
U, +u—pt+d
I H

But not the opposite as a neutrino has to produce a negative muon in the
final state so can only raise the charge of the quark it hits (and vice versa for
anti-neutrinos). Neutrinos are great for telling quarks apart!

51
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What we might expect to see

A

1/3
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Realistic model of the proton

Proton

Our new model has the proton containing the 3 "valence” u and d quarks but
a whole sea of quark anti-quark pairs.
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What we actually see
B renaaaanesasscesse

p—
W

Enu=110 GeV and y = 0.55
Isoscalar target

—_—
—_ £
-} ()

femtobarn/GeV
~
D

2.5}

| 0.2 o 0.4 0.6 0.8 1

Evidence from neutrino scattering (in this case on Iron) that quarks are
spread out in momentum inside the nucleus.
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Telling quarks from anti-quarks and u from d

Charge conservation means that some weak interactions can't happen.

Ty 2
. . ¢ .
VM _VILL
W+ W-
U d
Fd . - .
U

v, > Wtu= and v, - Wt so
vudr, — p~ur and v, up — udp,
vuur — ,LL+dL and V,ER — ,LL+ﬂR
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telling d; from wup

56
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telling d; from wup

The v,d — up™ scattering cross section was isotropic because a left-handed
neutrino interacting with a left-handed d-quark has total spin O.

For the J=1 processes, like v, ur — ,u_ER, there is a spin suppression factor
of ((1+cos0e,)/2)% = (1 —y)2.
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We can measure the momentum fraction
x carried by these quarks!

At each x the total cross section will be depend on the probability of there
being a quark of fraction x around and on the rate for hard electron-quark

scattering.

So
dO' dOA- ~ 7 A
%(VM‘FP_)M"'X) :Z%(V—Fqi —>M‘|‘Qi357t7u)fz’(m)

1

By measuring fl—g on different targets and using the simple predictions for the
6(v, + qi = 1+ ¢i; xs) one can measure the different f;(x).
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Historical Note

This is how we used to do it.

Now experiments like CMS and ATLAS flip the interaction and produce real
W bosons to study the quarks in protons.

Vi i vy

Q|

W+
W
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We also expect that the total cross section will look like the sum of a large
number of scatters off of point particles and we will recover the linear
dependence on Ej,;, we saw for scattering off of an electron.
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G. Zeller

- =k

O N B O O a N B

o o o

v cross section / E, (1 03%cm?/ GeV)

107
E, (GeV)

-
o
= F
-
o

We now plot o/F so we can see everything on the same scale. QE is
quasi-elastic. RES is resonant where the proton is excited and DIS is inelastic
scattering.
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Neutral currents

Neutrinos can also interact via the exchange of a Z" boson. The couplings
are a bit more complex. Here we show an antineutrino scattering from an

electron, both currents come into play.
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The ZY arises in the SM from a combination of W° and B bosons in

SU(2) x U(1) breaking. As a result it mixes couplings.

It couples to both electromagnetic charge and weak isospin:

Benasque 2016
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Because Z scattering depends on sin? fyy differently than W scattering, you
can compare the two processes to get

o%  — ok 1 ,
R = ]XC gcf:——smzﬁw
Occ — 9¢cc
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Charged (top) and Neutral (bottom) scattering events in the NuTeV neutrino

detector.
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Quantum numbers

Particle EM charge Strong Charge Weak lsospin g%
Ve, Vpy Ur 0 0 %,+% 0.50
€, L, T -1 0 %, —% -0.054
u, c,t quark +% red,green or blue %, +% 0.20
d, s, b quark —% red, green or blue %, —% -0.35
7y 0 0 0, O
W+ +1 0 1,+1
A 0 0 1, 0
Gluon 0 color a + anti-color b 0, 0

The Z° likes to couple to neutrinos quite a lot!



