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Outline

Brief Motivation for Measuring Interactions
Weak interactions and neutrinos
» Elastic and pointlike processes, e.g., ve scattering
= Deep inelastic (vq) scattering
= Complication of Targets with Structure: Inverse Beta Decay

Interactions with nucleons
» Elastic and nearly elastic scattering
Interactions with nuclei

* Phenomena at very low to moderate momentum transfer
= Recent experimental results
* Theory and implementation in generators

« Conclusions
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Focus of These Lectures \(

* This is not a comprehensive review of all
the interesting physics associated with
neutrino interactions

* Choice of topics will focus on:

» Cross-sections useful for studying neutrino
properties

» Estimating cross-sections

» Understanding the most important effects
qualitatively or semi-quantitatively

= Understanding how we use our knowledge of
cross-sections in experiments
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Weak Interactions \(

+ Current-current interaction _Gr g ouy
Fermi, z. physik, 88, 161 (1934) \/5 e

= Paper famously rejected by Nature:
“It contains speculations too remote
from reality to be of Interest to the reader”

 Prediction for neutrino interactions

-Ifn—)pevthen Vp—)en
= Better yet, it is robustly predicted by Fermi theory
o Bethe and Peirels, Nature 133, 532 (1934)

» For neutrinos of a few MeV from a reactor, a typical
cross-section was found to be
o. ~5x10"*cm?

This is wrong by a factor of two (parity violation)
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How Weak is This? \Q\/

« 0~5x10-*cm? compared with

= 0,,~10"% cm? at similar energies, for example

* The cross-section of these few MeV neutrinos is

such that the mean free path in steel would be
10 light-years

“t have done something very bad

today by proposing a particle that
cannot be detected; it s something
no theorist should ever do.”

wolfgang Paull
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Extreme Measures to Overcome
Weakness (Reines and Cowan, 1946)

‘\\/ Gamma rays
Nuclear Gamma rays h
eprOSive Neutron capture
Fireball
. — +
e VY —> e N
Buried signal line
S fortiggerng release o \Why inverse neutron beta
40 —-|
e — decay?
T = clean prediction of Fermi
Back fill —~ Vacuum
oump weak theory
SiiEaidet— " = clean signature of prompt
detector yecham gammas from e* plus
ine .
. delayed neutron signal.
tank g Feathers and o Latter not as useful with
foam rubber bomb source.
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Discovery of the Neutrino
+ Reines and Cowan (1955) | L.k

= Chose a constant source,
nuclear reactor (Savannah River)

= 1956 message to Pauli: "We are
happy to inform you [Pauli] that we 8y
have definitely detected neutrinos...” < (U

= 1995 Nobel Prize for Reines =
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Better than the Nobel Prize? \ﬁ{

Faedic ok RPEINE! avs a%a. CovVAN
Box 1663 ‘ LOS Aua oL Ao /7&,@
Th ks ﬁ mo;.&. a“’%“é“;‘l O B
Ko, WEO Rnovy, Koy Yo val¥
?a-«,&;
Thanks for the message. Everything
comes to him who knows how to wait.

et . )¢ 12 /I HT
YA u.',,/./ £ o,
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Lecture Questions

* Lectures are a hard format for active learning.
| like to ask my students questions in lectures.
» Here's a “Question #0” to try it out.

PHYSICAL REVIEW

VOLUME 97,

NUMBER 3 FEBRUARY 1, 1955

Attempt to Detect the Antineutrinos from a Nuclear Reactor
by the C1°"(3,e-)A®” Reaction*

RaymonNp Davis, Jr.
Department of Chemistry, Brookhaven National Laboratory, U pton, Long Island, New York
(Received September 21, 1954)

Tanks containing 200 and 3900 liters of carbon tetrachloride were irradiated outside of the shield of the
Brookhaven reactor in an attempt to induce the reaction CI¥(7,¢7)A% with fission product antineutrinos.
The experiments serve to place an upper limit on the antineutrino capture cross section for the reaction of
2X107% cm? per atom. Cosmic-ray-induced A was observed and the production rate measured at 14 100
feet altitude and sea level. Measurements with the 3900-liter container shielded from cosmic rays with 19
feet of earth permit placing an upper limit on the neutrino flux from the sun.

I. INTRODUCTION

HERE have been a number of experiments

performed in the past to detect the neutrino by
scattering processes and nuclear interactions.! The
most sensitive of these experiments serve to place a
limit on the scattering cross section for neutrinos on
electrons of less than 14X10~% c¢m?/electron and for
nuclear interaction of less than 107 cm?/atom.
Recently Reines and Cowan of the Los Alamos Lab-
oratory performed an experiment with a large hydro-
carbon liquid scintillator having a high sensitivity
for detecting the interaction p(#,¢")n within the liquid.?
Measurements were made with this scintillator located
adjacent to the Hanford reactor within a shield designed
to absorb other radiations from the reactor to which
the scintillator was sensitive. Under these conditions

25-26 August 2021

decay a neutrino (») is emitted which may be formally
distinguished from an antineutrino (#) which accom-
panies negative beta emission. A nuclear reactor emits
antineutrinos which arise from the negative beta
decays of fission products. In our experiment an attempt
is made to observe an inverse electron capture process
which requires neutrinos, using a source emitting
antineutrinos. If neutrinos and antineutrinos are
identical in their interactions with nucleons one should
be able to observe the process upon carrying the experi-
ment to the required sensitivity. However, if neutrinos
and antineutrinos differ in their interactions with
nucleons one would not expect to induce the reaction
CPF7(,e")A¥. A positive experiment of this type would
show that these particles are not to be distinguished
in their nuclear reactions. A negative experiment

Question #0: Raymond Davis first
tried out his chlorine experiment
that discovered neutrinos from
the sun at a reactor, to look for

Vv +37Cl > 3Ar + e™.

Davis didn’t find it. Why not?
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Lecture Answer #0

PHYSICAL REVIEW

VOLUME 97, NUMBER 3

FEBRUARY 1, 195

Attempt to Detect the Antineutrinos from a Nuclear Reactor

by the C1%(5,e~

Rayxmonp

)A®" Reaction*

Davis, Jr.

Department of Chemistry, Brookhaven National Laboratory, U pton, Long Island, New York
(Received September 21, 1954)

feet of earth permit placing an upper limit on the

I. INTRODUCTION

HERE have been a number of experiments

performed in the past to detect the neutrino by
scattering processes and nuclear interactions.! The
most sensitive of these experiments serve to place a
limit on the scattering cross section for neutrinos on
electrons of less than 14X10~% cm?/electron and fg
nuclear interaction of less than 107% ¢
Recently Reines and Cowan of the Los

thesCintillator was sensitive. Under these conditions

feet altitude and sea Ie vel. Measu rements with the 39(}0 liter contai

sh
0 flux from ll

decay a neutrino (») is emitted which may be formally
distinguished from an antineutrino (#) which accom-
panies negative beta emission. A nuclear reactor emits
antineutrinos which arise from the negative beta
decays of fission products. In our experiment an attempt
is made to observe an inverse electron capture process

antineutrinos. If neutrinos and antineutrinos are
identical in their interactions with nucleons one should
be able to observe the process upon carrying the experi-
ment to the required sensitivity. However, if neutrinos|
and antineutrinos differ in their interactions with

nucleons one would not expect to induce the reaction
37 (5 p— 37 1At 1 3 7

show that these particles are not to be distinguished
in their nuclear reactions. A negative experiment

Question #0: Raymond Davis first
tried out his chlorine experiment
that discovered neutrinos from the
sun at a reactor, to look for

Vv +37Cl - 37Ar + e™.

vis didn’t find it. Why not?

decays of fission products. In our experiment an attempt Sub .
is made to observe an inverse electron capture process > u Sequent questlons
which requires neutrinos, using a source emitting will mOStly be mu|t|p|e
antineutrinos. If neutrinos and antineutrinos are _ _
identical in their interactions with nucleons one should choice and require some
be able to observe the process upon carrying the experi- short calculations
ment to the required sensitivity. However, if neutrinos ]
and antineutrinos differ in their iInteractions with|e Paper may be helpful
nucleons one would not expect to induce the reaction
CI¥7(9,e)A®. A positive experiment of this type would|e Plegse part|C|pate|
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Another Neutrino v
Interaction Discovery

* Neutrinos only feel the weak force
= a great way to study the weak force!

« Search for neutral current

= arguably the most famous neutrino
Interaction ever observed is shown at right

Vﬂe ——)Vﬂe

Gargamelle, event from
neutral weak force
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An llluminating Aside

* The “discovery signal” for the neutral current
was really neutrino scattering from nuclei
= usually quoted as a ratio of muon-less interactions to

events containing muons oc(v,N—->v, X)

R =
o(vV,N—>u X)
« But this discovery was complicated for 12-
18 months by a lack of understanding of

neutrino interactions

» backgrounds from neutrons induced by
neutrino interactions outside the detector

o = not understanding fragmentation to high
- energy hadrons which then “punched

0 02 0.4 0.6 through” tO fake muons

See P. Gallison, Rev Mod Phys 55, 477 (1983)
25-26 August 2021 Kevin McFarland: Interactions of Neutrinos 12
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The Future: Interactions and
Oscillation Experiments

Oscillation experiments point us to a rich physics potential at
L/E~400 km/GeV (and L/E~N-(400 km/GeV) as well)

= ordering of neutrino masses, CP violation

But transition probabilities as a function of energy must be
precisely measured for mass ordering and CP violation

In ot
whic
Stoc

= D

ner words, there are no neutrino flavor measurements in
n distinguishing 1 from 0 or 1/3 gives you a trip to

Kholm to receive a Nobel Prize.
Ifficulties are more like the neutral current discovery

experiments.
What are these difficulties?
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Needs of Oscillation v
Experiments, Question #1

» Oscillation experiments need neutrino flavor and /g to

relate oscillation probabilities to mixing and mass
parameters.

= |f a neutrinos arrive with unknown flavor and energy, we must
infer these from the final state.

» Measurements are made with charged-current reactions.

» Question #1: Why are neutral current reactions (mostly) not
useful for oscillation experiments?

) -
‘ " ,

u v
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Answer #1

* Question #1: Why are neutral current reactions (mostly)
not useful for oscillation experiments?

W

Tl

Vi
= |f a neutrinos arrive with unknown flavor and energy, we must
infer these from the final state.
= Neutral current reactions are independent of neutrino flavor,

since the Z boson couples equally to all neutrinos, and we don’t
detect further interactions of the final neutrino.

25-26 August 2021 Kevin McFarland: Interactions of Neutrinos



What are the potential \(
problems from interactions?
For a fixed baseline oscillation experiment, the relationship
between oscillation parameters and event rate depends on

flavor and E,, both of which we measure from the final
state.

* Energy reconstruction
* Final state particles determine ability to reconstruct E,

» Signal rate differ for different flavors

» Backgrounds to rare flavors

» Energetic pions have an annoying habit of faking
leptons (T1°%—e or *—) in realistic detectors

* |mportant to understand rate and spectrum of pions
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\%

Neutrino Reactions: when nature is kind

« Experiments at reactors, e.g., Reines and
Cowan (1955) or Daya Bay or JUNO

» Constant source of neutrinos, so backgrounds are high.
= Coincidence technique... positron & neutron detected. _

* This reaction has a calculable interaction vp—e
cross-section because

= |tis on free nucleons.

= Momentum transferred to nucleon is low
and therefore “static” properties suffice.

* You can find the energy of the
neutrino from the positron energy!
_ 2EyMp—MZ+M5+M§
(Ee) = 2(Ey+Mp)

~ E,—1.3 MeV

Variation of energy is small, ~1/2% at
4 MeV, since recoiling neutron is heavy
compared to momentum transfer.
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Neutrino Reactions: when nature is cruel

* Not everyone is so lucky. Consider the analogous problem of 10s to 100s
MeV neutrinos striking argon.

* In the low energy region, 1-100 MeV the nuclear
structure is critical for energy reconstruction

Excitation of
40K

Ve + SOAr — 40K + e

Reconstructing true neutrino energy:

Protons and neutrons and photons, oh my!

Q IS determlned by measurlng de- 39k a0y 9 At least 25 transitions
excitation gammas and nucleons \ have been observed &
° &k indirectly ‘1‘gK
Energy )
Outgoing  donated to Recoil Energy .
e Energy  transition of Nucleus Figures from
(negligible) n D SNi;al\rlc;y;?r,
El/ — Ee + Q + Krecoil ° ;E |S,, Opr
... but detector may not _
see all energy, e.g., 1 Q valueA/n B-decay vs
— | A
neutrons Decay - p'z-n (Z+1)
of 90K* Significant difference
N R means model for unseen
0P e ey energy is uncertain.
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Neutrino Reactions: wnen nature is cruel

« Example from DUNE

Need models of composition of final state to reconstruct energy.

U

" Hadronic energy
=== ‘

for 4 GeV

n
+ .
L ‘ neutrinos by
40A 1 g
; reaction type
n
p . QE
Hadronic system 0.4 = DIS
s MEC
_ EEE RES
Friedland and Li, T 0.3+
Phys Rev D99, >
036009 (201) <
2 0.2
o
e}
0.1
0.0
o 1 2 3 4
Hadronic energy (GeV)
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y (cm)

" Hadronic system

Stochastic
fluctuations
of hadronic

energy.

Fraction of hadronic energy
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0.05 Best rec - ~======—————
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\(

Calculating Neutrino Interactions
from Electroweak Theory
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 Current-current interaction
(Fermi 1934)

« Modern version:

e & %[m( yo)v || fr (V= 4ps) f | +he.

« B = 1/2(1 — 7/5) IS a projection operator onto
left-handed components of fermions and right-
handed components of anti-fermions
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Helicity and Chirality \(

* Helicity is projection  « However, chirality

of spin along the ("handedness”) is
particle’s direction Lorentz-invariant
= Operator: gep - Operator: Pyry = (1 F v5)
* Frame dependent for — Couples to single helicity
massive particles for massless particles

 Textbook example is
pion decay to leptons
o J = O 3 J =1 J — 1
right-helicity left-helicity 7 ( y—>ple) ( 2)Vu(e)( >)

= me

+ _ IMrT—e ve)
, ul(e) |4 \Rtheo""y M —pFw,)
< ® 7 2 M= 2
s - ~ (me)(mny=me
—1.23x 1074

25-26 August 2021 Kevin McFarland: Interactions of Neutrinos 22



Helicity and Chirality \(

* Helicity is projection  « However, chirality

of spin along the ("handedness”) is
particle’s direction Lorentz-invariant
= Operator: cep » Operator: Pyr) = (1 F v5)

* Neutrinos only interact weakly with a (V-A)
interaction

H ot = \(/;5[17,,( VsV ][f}/ (V—A}/S)f] +h.c.

» This interaction has only a left-handed coupling
to neutrinos and only a right-handed coupling to
antineutrinos

o For a massless neutrino, this chirality implies a
definite helicity neutrino
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Helicity and Chirality \(

* Helicity is projection  « However, chirality

of spin along the ("handedness”) is
particle’s direction Lorentz-invariant
= Operator: cep » Operator: Pyr) = (1 F v5)

» Since neutrinos have mass then the
neutrino produced in a weak interaction is:
— Overwhelmingly left-helicity

— There is a small right-helicity component o n/E
but it can almost always be safely neglected for
energies of interest in most applications
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Two Weak Interactions

« W exchange gives Charged-Current (CC) events and

Z exchange gives Neutral-Current (NC) events
Charged-Current (CC) Neutral-Current (NC)

In charged-current events, Interactions Interactions
Neutrinos

Flavor of outgoing lepton 5 - v, v,

tags flavor of neutrino TS T~

Charge of outgoing lepton
determines if neutrino or

antineutrino 7 = Y v,

) /,g-/" \\/
[ =v,
Quarks
Z+ ==> ; /\k

[ TR /\‘\

q g q q
Flavor Changing Flavor Conserving
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Electroweak Theory \Q(

e Standard Model
» SU(2) ® U(1) gauge theory unifying weak/EM
— weak NC follows from EM, Weak CC

» Physical couplings related to mixing parameter for
the interactions in the high energy theory

Ly = ~Q0,Aeyfe+ & W, v, ye, + & W, e y"v,

V2 72 ,_

1 N Charged-Current  *-
5 vy, M
1 _

Tt Zg<+ sin® 6, —— |e, y"e, s <
cos6, 2 g

) — u —e
+sin” G e,y e, >\/WV\/<
) ’ Neutral-Current ™ -

Vi

'
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Electroweak Theory
« Standard Model
» SU(2) ® U(1) gauge theory unifying weak/EM
— weak NC follows from EM, Weak CC

» Measured physical parameters related to mixing
parameter for the couplings.

Z Couplings gL &R 2
) V2 W
Ve, Vi, Vo 1/2 0 e=gsinb,,G, = ~ =cosd,,
e, U, T ~1/2 + sin*8y, sin’0,, ST S
u,c,t 1/2 - 2/3 sin’6y, —2/3 sin’0,, 4~ _Charged-Current _ *-
d,s,b ~1/2 + 1/3 sin®0y, 1/3 sin*0,, >WW<
* Neutrinos are special in SM 2

= NO right-handed interactions >MW<
of neutrinos! Neutral-Current ™ o-

Vi
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Why “Weak”?

 Weak interactions are weak because of the
massive W and Z boson exchanged

do o 1 g is 4-momentum carried by exchange particle
dq2 (q2 —M2)2 M is mass of exchange particle

At HERA see W and Z
propagator effects B
- Also weak ~ EM strength

« Explains dimensions of Fermi “constant”

8 (M

w

2 10—4;_
GFz‘E[ng E

ZEUS e7p DIS

» NC Data
o CC Data

—NC SM
- CC SM

=1.166x107/GeV* (g, =0.7)
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Neutrino-Electron Scattering \(

» Inverse p—decay: /V'
v, +€ = U+ Vv, W 3, Jf=e

> €

w
= Total spin J=0 \ﬂ

(Assuming massless
muon, helicity=chirality) Q2 = —(e -V, )2

O
1

Oror % Isz

2

max

= 4
M,
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Questions #2 and #3
- 2 )
What is Q“r,y for | said that
v, te —> p +v,? There is a small right-helicity
Q2 A e V 2 component «« m/E but it can
almost always be safely
neglected for energies of interest
v, <:| in most applications
It’s true if E, > m,,. If
ﬂ m, Z1eV, why is this

y . - . )
4-vector manipulation! Work in the a goo d assum ptl on?
center-of-mass frame and assume, for

now, that we can neglect the masses. Can you think of any

Hint: there’s only one variable (6°) in ex ceptl ons?
the 2—2 process. What choice of this
variable gives the largest Q2?
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Answer #2

What is Q?,,_, for
v,te —> u +v,

G =—(e-v.) 2 e~(E,0,0,-E)
== * *
v.~(E ,-E sing,0,~-E cosd)
Ww &, % =€ 2
20 Thee 2
Q" =-{e v, —2§-ze)
v, \
*2 *

4-vector manipulation! Work in the ~—| —2E, (1_‘3056’ )J
center-of-mass frame and assume, for ; N 5
now, that we can neglect the masses. 0<Q < (2Ev ) R ( e+v ﬂ)
Hint: there’s only one variable (6°) in 0 < Q2 <§
the 2— 2 process. What choice of this ~. Mandelstam

variable gives the largest Q2? variable, ECM2
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Answer #3

™ --~ -
adh - — -
. y 8 W

e — o

If neutrinos are produced in weak
interactions, mass scales are ~1 MeV or
greater and energies of resulting
neutrinos are usually similar.

E.g., n - pe~ v, has a Q value of
my, —m, —m, =0.8 MeV

Exceptions are processes like “neutrino
bremsstrahlung”, e~ — e~ vv in the field
of a nucleus, which will be very rare.

Cosmic neutrinos from early universe
have cooled to be non-relativistic.

| said that

There is a small right-helicity
component o«c m/E but it can
almost always be safely
neglected for energies of interest
in most applications

It’s true if E, > m,,. If
m, <1eV, why is this
a good assumption?
Can you think of any
exceptions?
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Neutrino-Electron (cont’d) \Q(
Croms Qm =9 v, <:| %

G2
Oror = 2 f/
7T Ve
=17.2x10"%cm* / GeV - E (GeV)

 Why is it proportional to
beam energy?
s=(p, + ]_78)2 =m’ +2mE, (¢ rest frame)

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

» because do/dQ? is constant (at these energies)
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Neutrino-Electron (cont’d) \Q(

» Elastic scattering:

vV, +t€ = v, +e"
» Recall, EW theory has
coupling to left or right-

handed electron
= Total spin, J=0,1

Ve,v}lpv‘t 1/2

sin’0,,
—2/3 sin*0y,
1/3 sin*0,,

» Electron-Z° coupling A e, g
= | eft-handed: -1/2 + sin20 2
W G.s( 1
O oC
T 4
» Right-handed: sin?6,y 2 g
o oc —L (sm %) )

25-26 August 2021
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Neutrino-Electron (cont’d) \(
* What are relative e

contributions of Z

scattering from left and

right-handed electrons? Vi Vi
Rt e 2 W S
ieriy v
o ﬂﬂlf//W/ 11§ S6d y
el NC S /e' i¢ ,/[5/1‘”/”f ol > . PN
f / frr
do = do :constx(1+cosgj2
dcosd d cost 2
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Neutrino-Electron (cont’d) \Q(

2
« Electron-Z° coupling & o GFS( —sin H +sin* 4 j
« (LH, V-A): -1/2 + sin20,, 7 \4
Gis (. .
= (RH, V+A): sin20,, . P (Sm Hw)
Let y denote inelasticity.
Recoil energy is related to e
CM scattering angle by do LH: jdy =1
y=2t 2 1-L(1-cos0) Idyaz_y:ﬂmfa- ydy=Y,
EV i ¥ y y_ 3

Oror =

4
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Flavors and ve Scattering \(

The reaction
vV,+t€ —> v, +e"
has a much smaller cross-section than
Ve +€ Vgt €
Why?
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Flavors and ve Scattering

The reaction

vV,+t€ —> v, +e"
has a much smaller cross-section than y

Ve + € — Vg + e £ T

Why?

Vet+€ — Vet e > ¥
has a second contributing y

reaction, charged current e Ve
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Flavors and ve Scattering

Let’s show that this increases the rate
(Recall from the previous pages...

do LH . 1H|?
Grop = j dy@ Orpr o [total coupling -
For electron... | LH coupling RH coupling
do® do*}
_ j dy b Weak NC 1/2+ sin20,, | sin20y,
d d
i Y Weak CC +1 0
_ __IH 1 __RH
=Oror T3070r )

We have to show the interference between CC and NC increases instead of
decreases the rate.

The total RH coupling is unchanged by addition of CC because there is no
RH weak CC coupling

There are two LH couplings: NC coupling is -1/2+sin26,, = -1/4 and the CC
coupling is +1. We add the associated amplitudes... and get +1/2+sin20,, = 3/4
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Who Cares about v-e v
Elastic Scattering?

| just spent ~10-° of your life span telling you about a

reaction whose rate is 500x10° of the leading reaction
for accelerator neutrinos

= Was this a good

Known Interaction (Standard Candle)

deal? .
= |'ll argue yes... 1z _
maybe... e e
Th iS reaCti On : aS We Flux constraint using ND 5
. . N
will see, is nearly o=——
u n i q u e i n bei n g ."\C'ross-secgil': ﬁzg;ﬁi goes i.uto: i
predicted to a fraction | 6 (Cross Section)
0 . . * v-e scattering 1s well known interaction we can use to - 7_
Of a A) p reCI S I O n constrain the neutrino flux G S teri1©
20 December 2013 Jaewon Park, U. of Rochester FNAL JETP e
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Who Cares... (cont’d)

* Not easy to measure at high energies. Reaction
IS rare and the detector is filled with photons
from 10 decays, easily confused with electrons

= But electrons from v +e~ — v+ e are very forward
(because of small Q%,.,) and electromagnetic
showers from photons & electrons are subtly different

FElectron-induced electromagnetic shower

Phys.Rev.D 100 (2019) 9, 092001

— - & E t
+ o 1]
= e N data 2478 3 2 ’ data 1748
| J . t a © -— t a
Y By - > . v, e 939 @ 600 : . v, e 862
% N v, e 68 > 500 B vee 62
Photon -induced electromagnetic shower - @ v, CCQE 78 & @ v, CCQE 64
- N v, others 172 ® 400 N v, others 30
% v, others 481 § v, others 430
: c v,cc 274 2 300 v,cc 212
=t =l s o B COH ° 458 o , B COH =° 126
o € w BB DFR ° 26 @ 200 g B DFR 7° 10
e--——'M z § o E
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—— —— wo, : x10°
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— s dE/dx_, (MeV/1.7 cm) E.6? (GeV*Rad?)
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Who Cares... (cont’d)

 In this example (from MINERVA data) the number of

events is small, but impact
s still significant.

= ~10%—4%

 And for LBNF beams for DUNE,
another order of magnitude in
events makes this the leading
method for measuring
neutrino flux.

Phys.Rev.D 101 (2020) 3, 032002

(). 2 [
0.18— Phys.Rev.D 100 (2019) 9, 092001—
0. 16:— —— Unconstrained -
0.14fF =

o —— Constrained ]

0.12F

Fractional Flux Uncertainty
o

i

Constrained /
o
b [*2]
[$,)

Unconst
o
(=]

0.55

E, (GeV)
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Final state mass effects \(

* As always, we detect neutrino interactions only
In the final state.

» Creation of that final state may require energy to
be transferred from the neutrino
¥ Lepton
> — _
—Recoll
» |n 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
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Thresholds and Processes
Process | Considerations | Threshold (typical)

VN—VN (elastic) Target nucleus is free and recoil is  none

very small

V,n—ep In some nuclei (mostly metastable  None for free
ones), this reaction is exothermic if neutron & some
proton not ejected other nuclei.

ve—ve (elastic) Most targets have atomic electrons ~ 10eV — 100 keV

anti-vgp—en m,>m, & m,. Typically more to 1.8 MeV (free p).
make recoil from stable nucleus. More in nuclei.
v,n—fp Final state nucleon is ejected from ~ 10s MeV for v,
(quasielastic) nucleus. Massive lepton +~100 MeV for v,
ViIN—{X 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
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Lepton Mass Effects

* Let's return to
Inverse u—decay:
V,+€ > U+ Ve
= What changes in the presence

Vi H

Qmax
of final state mass? 1
GTOT Q
o pure CC so always left-handed Q> +M,°)

o BUT there must be finite Q2 to

create muon in final state! e Qmax Qmin
4
MW
2 2
- G (s —mﬂ)
[ | I | th GTOT .
See a suppression scaling wi T

o This can be generalized...

(mass/CM energy)? iy m>
= [GTOT ] e
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Question #4: Lepton Mass v
Effect

* Which is closest to the minimum
beam energy in which the reaction

Vy+ € S U+ Ve

can be observed?

(a) 100 MeV (b) 1 GeV (c) 10 GeV

(It might help you to remember that O, =,

or you might just want to think about the total CM energy required
to produce the particles in the final state.)
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Answer #4: Lepton Mass Effect \(

* Which is closest to the minimum
beam energy in which the reaction

Vy+ € S U+ Ve

can be observed?

Q..o =M. (a) 100 MeV (b) 1 GeV {(c) 10 Gev}
O’ <s= (P, +1_9V)2
=(m,+E,,0,0,\/E,> —m,? )’ ~m’ +2m,E,

2

m
L E >—=10.9 GeV
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Summary and next type of -
point scattering...

« \We calculated ve’!

* In point-like weak interactions, key features are:
* do/dQ? is = constant.
o Integrating gives o«E,
= LH coupling enters w/ do/dy=1, RH w/ do/dy«=(1-y)?
o Integrating these gives 1 and 1/3, respectively
= [epton mass effect gives minimum Q2
o Integrating gives correction factor in ¢ of (1-Q?,/S)

* High energy point-like v-quark scattering (“deep
iInelastic scattering”) and what’s in between...
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\(

Neutrino-Nucleon
Deep Inelastic Scattering
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High Energy Limit and Quark- \{{
Parton model of DIS

In “infinite momentum frame”, xP is

four momentum of partons inside the
nucleon Mass of target quark

2 v Y 2 2
H\ mq = X :’XMT

v

aJ g=p" —p* Mass of final state quark
xP

% 2
% . = (xP +
\ _ (1 —x)P . )
\ s . O
m X

Neutrino scatters off a parton 2P-q 2M,v
(a quark) inside the nucleon
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So why is cross-section so \(
large?

(at least compared to ve scattering!)
Recall that for neutrino beam and target at rest

2> Opax =5 y
Oror ® Q=
JC 0 JC

SR
s=m,” +2mkE

But we just learned for DIS that effective mass of each
target quarkis m, = XM, i.on

So much larger target mass means larger oot
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Helicity, Charge in CC v-q \g(

Interaction

* Massless limit for simplicity " ~— "\ roasinno
 Total spin determines B—— % S——— } vq or 7
inelasticity distribution Flatin y
= Familiar from neutrino-electron " —"A‘—‘T }Tom,spm=1
scattering e = Vg or Vg

1/4(1+co0s6*)? = (1-y)>?

S With energ)
do"? G2 * J(1-y)2dy=1/3
iy 7 (xd(x)+xu(x)(1 y) ) * Neutrino/Anti-neutrino CC
do”  Gis, * each produce particular Aq
dxdy = (xd (x)+xu(x)(1 y) ) In scattering
vd —> 1 u
but what is this “u)“ and “d(x) & - 1
vu —> u d
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Factorization and Partons

 Factorization Theorem of QCD allows cross-sections for
hadronic processes to be written as:

~

oc(l+h—1+X) B

XxP

=3 [dwo(l+q(0) > 1+ X)q, (1) o

= q,(x) is the probability of finding a parton, g, with momentum frattion x
inside the hadron, h. Itis called a parton distribution function (PDF).
= PDFs are universal

= PDFs are not (yet) calculable from first principles in QCD

« “Scaling”: parton distributions are largely independent of Q2
scale, and depend on fractional momentum, x.
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Complication: Charged -
Current to Neutral Current

* We previously saw how to generalize from
charged current to neutral current in ve- scattering
* Right handed current couples to target (but not neutrino)
= Complicated couplings

* For neutral current case, scattering from all flavors of

quarks because there is no charge carried by boson
do_vp,CC GZ

e I8 x(d(x)+u(x)(i-y))

do’?N¢ st xd;d(x)+d., d(x)+u u(x)+u, u(x)
ddy 1 | +H1-p) (d d(x)+d>d (x) +ulu(x) +u’ u(x))
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Simpilification: \(
Isoscalar Targets
* Heavy nuclei are roughly neutron-proton isoscalar
= OK, more neutrons than protons, but it's closer to 1:1 than 2:1 or 0:1

* Isospin symmetry implies v =d .d =u,

dGVN,CC G2
dxdy T
GZ

=2 (g +4(x)1-)’)

T

dO_VN,CC G2
dxdy T (
G2
T

(u(x)+d(x)+(u(x)+d(x))(l )’ )

i (x)+d(x)+ (u(x)+d(x))(1-y)’ )

x(7(x)+q(x)(1-y)’)
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Brief Summary of Neutrino- \(
Quark Scattering so Far
* X=Q?/2M;v is the fraction of the nucleon 4-momentum

carried by a quark in the infinite momentum frame
» Effective mass for struck quark, M, =/ (xP)* =xM,

= Parton distribution functions, g(x), incorporate information
about the “flux” of quarks inside the hadron

e Quark and anti-quark scattering spin:
" yg and vq are spin 0, isotropic
" yg and vg are spin 1, backscattering is suppressed

e Neutrinos and anti-neutrinos pick out definite quark
and anti-quark flavors (charge conservation)

" |soscalar targets re-average over flavors

25-26 August 2021 Kevin McFarland: Interactions of Neutrinos 56



Momentum of Quarks & v

Fractional
nucleon
momentum
carried by
quarks or
antiquarks

Antiquarks

 Momentum carried by quarks
much greater than anti-quarks
In nucleon

25-26 August 2021

Momentum of quark or antiquark

Momentum of nucleon
Kevin McFarland: Interactions of Neutrinos

o7



y distribution in Neutrino CC v

At y=0:

Quarks &
anti-quarks

Neutrino and
anti-neutrino
identical

25-26 August 2021

DIS

0.08

0.06

0.4

002

B peutrino

¥ antineutrino

0.9

a1 02 Q3 04 05 0.6 07 0.8

y = (1—cos®)/2

1

do(vg) _do(vg) |

Kevin McFarland: Interactions of Neutrinos

dxdy dxdy

a’cf(vcj)_a’O'(17q)oC RY:

B dedy (1-7)
At y=1:

Neutrinos see

~ only quarks.

Anti-neutrinos
see only anti-
quarks

Averaged over
protons and

neutrons, 1
ol = —_g"

2
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Question #5

What is the ratio of anti-quark to
quark momentum in the nucleon?
N 1 N do(vq) i do(vq) _3 do(vq) _3 do(vq)
Occy ®320cc dx dx dx dx
Cross-section is proportional to total parton momentum (x

summed over all quarks or antiquarks). Given the above, you
can see that if there were no antiquarks, the cross-section for

do/dy
Q
<S
2
<

neutrinos would be three times higher than for antineutrinos.

(a) 9/q~1 (b) q/q~1/5 (c) q/q~1/25
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Answer #5: Neutrino and \(
Anti-Neutrino oV
* Given: JCCVN ~ %GCCVNin the DIS regime (CC)

do(vg) _do(vg) _,dowvq) _,do(vg)
and dx dx dx dx
do(vq) do(vq)
o, = J- dx( - + - j
I dx(da(vq) da(ch)) I dx(da(vq) 3da(vq)j
dx dx
_[ dx(da(vq) h da(vq)j 5 I dx(dJ(w]) r 3d0(v§)j
- dx dx . 3dx dx

ljdx do(vq) :SIdx do(vq) =§jdx do(vq)
dx d dx dx
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Momentum of Quarks & v
Antiquarks

 Momentum carried by quarks

L much greater than anti-quarks
In nucleon
1.0} .
= N\

Fractional o JL \ Q(X)
nucleon Ouarks
momentum
carried by
quarks or
antiquarks

-0.2 | l ' : =

0 0.2 0.4 0.6 0.8 1.6

Momentum of quark or antiquark
Momentum of nucleon
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Deep Inelastic Scattering: v
Conclusions and Summary

* Neutrino-quark scattering is elastic scattering!
= complicated by fact that quarks live in nucleons
» and, as we will discuss later, nucleons in nuclei!

« But with those caveats, this is another scattering cross-
section we can “calculate”

« Supplemental material (won't cover):
= structure functions

= scaling violations of partons
(more partons with lower momentum at higher Q?2)

= mass effects for tau neutrino interactions and production of
charm quarks

= ultra-high energy neutrinos
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SUPPLEMENT:

From Parton Distributions to
Structure Functions
(and back again)



\%

Scattering Variables

DEEP INELASTIC NEUTRINO SCATTERING

Scattering variables given in ut (e
terms of invariants V (Ep) /\

*More general than just deep v WF (v,q)
inelastic (neutrino-quark) xP \
scattering, although —

interpretation may change. X E,

Measured quantities: E . ,E, 0

4-momentum Transfer’: Q7

1 2 !
—q2 =—(p —p) z(4EE sin2(9/2))
Lab

Energy Transfer: v=(q-P)/MT=(E—E') =(E,—M,)

Lab
Lab

Inelasticity: y:(q-P)/(p-P)z(Eh—MT)/(EthE')
Fractional Momentum of Struck Quark: x=—¢°/2(p-q)=0"/2M,v
Recoil Mass® : W? =(q+P)’ =M,” +2M,v -0’

Lab

Q2

- . 2 2

CM Energy”: s=(p+P) =M, +=—
Xy
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Structure Functions (SFs)

* A model-independent picture of these interactions can
also be formed in terms of nucleon “structure functions”
= All Lorentz-invariant terms included
= Approximate zero lepton mass (small correction)

6;6 e {y22xFl(x,Q2)+(2—2y— MTWsz(x,Qz)iy(2—y)xF3(x,Q2)}
xdy 2

* For massless free spin-1/2 partons, one simplification...

= Callan-Gross relationship, 2xF=F,
* |mplies intermediate bosons are completely transverse

Can parameterize longitudinal

cross-section by R;. o, F, 4 M§x2
Callan-Gross violations result R, =—= 135 5
from M, NLO pQCD, & =99 o, 2xHK &
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SFs to PDFs \(

« Can relate SFs to PDFs in naive quark-parton model by
matching y dependence

= Assuming Callan-Gross, massless targets and partons...
= F3: 2y-y2=(1-y)2-1, 2xF,=F,: 2-2y+y2 =(1-y)?+1

2XF71‘49,CC =X :dp ()C) + I/l_p(.X) + Sp (X) I g(X):

X7 = x|d () —u, (x) +5,(x) ¢, (x).
 In analogy with neutrino-electron scattering, CC only
Involves left-nanded quarks

 However, NC involves both chiralities (\V-A and V+A)

» Also couplings from EW Unification
= And no selection by quark charge

2xFPNC = x[(uf +u,§)(up (X)+u, (x)+c,(x)+c, (x))+ (d? +d;)(dp (x)+d,(x)+s,(x)+s, (x))}
XN = x| (] =) (1, (0) ~ 10, (x) + €, (6) = €, (1)) + (€ = d3) (4, () =d, (¥) +5,(x) =5, (%))
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Isoscalar Targets \(

* Heavy nuclei are roughly neutron-proton isoscalar

* Isospin symmetry implies v, =d .d =u,

 Structure Functions have a particularly simple
Interpretation in quark-parton model for this case...

2 _v(V)N 2 v
£ e ot

2xF" "N (x) = x(u(x) +d (x) + u(x) + d (x) + 5(x) +5(x) +c(x) +(x) E xq(x) + xq(x
XF;V(V)N’CC () =Xty (%) + xdy, (x) 4 2X(S(x)__ c(x))
where u,, , (x) =u(x) —u(x)

N ——
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From SFs to PDFs

* As you all know, there is a large industry in determining
Parton Distributions for hadron collider simulations.

= to the point where some of my colleagues on collider
experiments might think of parton distributions as an
annoying piece of FORTRAN code in their software package
* The purpose, of course, is to use factorization to predict
cross-sections for various processes

= combining deep inelastic scattering data from various sources
together allows us to “measure” parton distributions

= which then are applied to predict hadron-hadron processes at
colliders, and can also be used in predictions for neutrino
scattering, as we shall see.
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From SFs to PDFs (cont’d) \(

* We just learned that...

2xF, " (x) = xq(x) + xq ()
XF3V(V)N’CC (x) = xuy,, (X) + xd,, (x) £ 2x(5(x) — c(x))
where u,, , (x) =u(x) —u(x)

 |n charged-lepton DIS
2F(0)=(2) Y q(x)+q(x)

up type quarks g
1) Y g@+g)
down type quarks
* S0 you begin to see how one can combine neutrino and
charged lepton DIS and separate
» the quark sea from valence quarks

= up quarks from down quarks
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SUPPLEMENT:
Scaling Violations of Partons
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Strong Interactions among v
Partons

Q2 Scaling fails due to these interactions

0q(x,0%) a(Q )jdy

Olog O*
;«é% _
9 " 2
Scaters off {qu (fj q(y, Q)+ P, (ij }
"seafcwdk Y Y

RG& Q)
A

*Pqq(x/y) = probability of finding a quark with

\, QCD scale violationg momentum x within a quark with momentum y

S

*Pqq(x/y) = probability of finding a q with

scalong momentum x within a gluon with momentum y
4 1+2°
P Z)=— ‘|‘2§ l_Z
v (Z) 312 (1-2)
| 1
0 > qu(z)zi[z%r(l_z)z}
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Scaling from QCD

:*’/}%A\
N
10 ‘,IK\

: [ ] M

ZON N \\‘ \
i \ B

[ \ SLAC ed
“ (15 GeV)

b\

0.1

e
CDHS W
(100 GeV)

T I [ TT

i

1 | | |

0 0.25 0.5 0.75 1.0
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1

T rrprvae T LI |
’),,)”'/w RxQ) 3
Observed quark 1-0E ; 0.03<x<0.06 -
h distributions vary 1.0BM 7 e

Wlth Q2 1.0 * N : A

Scaling well sy, £ gsems ]

modeled by EEp [ 44, e
perturbative QCD

with a single free
parameter (o)

1 1 Ll 1 | B 1
1 5 10 50 100
q2 (GeVic)?

Kevin McFarland: Interactions of Neutrinos

72



\(

SUPPLEMENT:
Massive Leptons (Taus) and
Quarks (Charm) in DIS



Opera at CNGS

Goal: v, appearance
* 0.15 MWatt source e ‘;‘
* high energy v, beam
» /32 Km baseline

* handfuls of events/yr

x 10 " 0, oc (@rbitrary units)

Am2= 3 10-3eV?

"‘\\‘l\\\\\\~
oscillation probability

S0 5 10 15 20 25 30 35 40 45 50 but what is this effect?
E (GeV)
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Lepton Mass Effects in DIS

» Recall that final state mass effects oom | oty NYE, 0GeV] Tl
enter as corrections: 0.00s :
1 _ m lepton s 1 B m lepton f :
S point-like XS nucleon ‘
= relevant center-of-mass energy is a0 E _
that of the “point-like” neutrino- . FE =
parton system oom | o 3
= this is high energy approximation o & :
* For v_ charged-current, there is a '
threshold of
S i (m +m )2 0.4 E— ﬁ'll\'tNl‘ﬁ...l\‘"Ni
min i nucleon 15 0.2 g ======0cc(V: NVacc(vy, N)
Where L '““"nl..: ' .I E, (GeV]
Sinitial = mnucleon + 2Evmnucleon (Kretzer and Reno)
m.° +2m_m « This is threshold for partons
4 T 7" "nucleon . .
.k, > 7 ~3.5 GeV with entire nucleon momentum
Mucteon = effects big at higher E, also
"M eon 18 M, elsewhere, . . .
but don't want to confuse with . ... Kevin McFarland: Interactions of Neutrinos 75




Lecture Question: v
What if Taus were Lighter?

* Imagine we lived in a universe where the tau mass was
not 1.777 GeV, but was 0.888 GeV

* By how much would the tau appearance cross-section
for an 8 GeV tau neutrino increase at OPERA?

% -
mass 1 _ m lepton C E
suppression: xS 04 \ Ol vy NYag (v, N)
nucleon 0.2 :— ------ Oeclve NVoge(v, N)
) 0 PO e T RS T TN W N T TT] LU S W & v T
— | 10 ll,l’ lc_o; l‘ |GeV]
S nucleon m nucleon + 2 E Vm nucleon 1GeV 10 GeV 100 GeV

(a) GLight Tau N 14 (b) GLight Tau - 2 (C) GLight Tau . 3

GReality GReality GReality
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What if Taus were Lighter?

Lecture Question:

* Imagine we lived in a universe where the tau mass was
not 1.777 GeV, but was 0.888 GeV

* By how much would the tau appearance cross-section

A)

for an 8 GeV tau neutrino increase at OPERA?

nucleon

mass  1_

suppression: XS S \

2
—m

nucleon

2
m lepton

Oeclv, Nlag (v, N)

Oeclve NVoge(v, N)

_____

aaual

+2E m

nucleon

1 10 10°
1GeV 10 GeV 100 GeV

' ' LA LLL
U' l (.u‘v
A}

(a) GLight Tau N 14 (b) GLight Tau - 2 (C) GLight Tau . 3

O
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Reality Reality
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Lecture Question: v
What if Taus were Lighter?

* By how much would the tau appearance cross-section
for an 8 GeV tau neutrino increase at OPERA?

l [ T Ll | LB R AL |

2
mass 1 /]nlepton
) Oeclv, Nlag (v, N)

. 0.4 F .
suppression: \
pp xsnucleon 0.2 :— ------ Oeclve NV oge(v, N)

Numerator goes down by factor of o

A A AALL
l 1t

raaaul A ra el

) 10 |u; ll';‘_‘ |(.r.cl\‘f.|
four. Equivalent to denominator 1GeV 10 GeV 100 GeV
increasing by factor of four and tau
mass unchanged...

e
S nucleon m nucleon + 2 E Vm nucleon
/ GLight Tau - 3
energy term dominates... O

. Reality
so set energy a factor of four higher
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o x10 _ Rgc™ 0 o (arbitrary units)

Opera at CNGS

Goal: v, appearance

* 0.15 MWatt source

* high energy v, beam
e /32 km baseline
 handfuls of events/yr

Am2= 3 10-3eV?

0.3

L A fluence

0.05

0O 5 10 15 20 25 30 35 40 45 50
E (GeV)

fiures courtesy D. Autiero

what else is copiously produced in
neutrino interactions with ct~ 100um
and decays to hadrons?
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Heavy Quark Production \Q(

* Production of heavy quarks modifies
kinematics of our earlier definition of x.

= Charm is heavier than proton; hints that its
mass is not a negligible effect... o) ()

(g+&p) =p*=m’ =
G H2pegtOM =l s gifferent defnibon
hersfore ¢ ==L+ gffractionalmementui!
2peq
O’ +m,’ 0 +m.’

¢ =
2Mv O°/x
m’ “slow rescaling” leads to
¢ =xl1+—5 kinematic suppression of
0 charm production
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Neutrino Dilepton Events

Neutrino induced charm production has been extensively studied

= Emulsion/Bubble Chambers (low statistics, 10s of events).
Reconstruct the charm final state, but limited by target mass.

= “Dimuon events” (high statistics, 1000s of events)
d
vﬂ+( ]—)Iu+c+X, cou +v,+X'

“

i, Yo _ b b
v,,+( —> U +c+ X, coOU +Vi+ X'
) MebweEa " e ©

CRaRT:

“il il =

- [

y-view

-
L et l
x —— e, .

X=yiew

/
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\(

SUPPLEMENT:
Ultra-High Energy
Cross-Sections



Ultra-High Energies \Q(

» At energies relevant for UHE Cosmic Ray
studies (e.g., lceCube, Antares, ANITA)

= v-parton cross-section is dominated q
by high Q?, since do/d@? is constant P :
o at high Q2, gluon radiation and splitting =

lead to more sea quarks at fewer high
X partons (see supplemental material: scaling violations)

0 see arise in o/ E, from growth of sea at low x
0 neutrino & anti-neutrino cross-sections nearly equal
= Until Q°»M?, then propagator do :
] d /4 ( 2 _M2)2
term starts decreasing and q 5
cross-section stops growing linearly with energy
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UHE Question v

At what energy does o stop increasing < E,,?

«  When Q2»M2, propagator do . 1
term starts decreasing and dg° (" —M°)’
cross-section becomes constant _ iy
nucleon ~— mnucleon + 2E vmnucleon

* To within a few orders of magnitude,
at what beam energy for a nucleon target at rest will this happen?

(a)E, ~10TeV (b)E, ~10,000TeV (c)E, ~10,000,000TeV
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UHE Answer

Energy when o no longer < E,,?

« When Q?*»M,?, propagator
term starts decreasing and

cross-section becomes constant

do 1

oC

dq2 (q2 _M2)2

» At what beam energy for a target at rest will this

happen?

2 i 2

Q <S nucleon m nucleon + 2 E 1% m nucleon
P

Q < Snucleon it 2E m

v " *nucleon

Y e W WS T
M,y < E Q2 limit is s.
2m i So won't start to
nucleon | y :
2 , : plateau until s>M,,*
(804) Ge\ - ot .

> —
"~ 2(.938)GeV

25-26 August 2021

However...

In reality, that is only correct for
a parton at x=1. Typical quark x
is much less, say ~0.03
M2
Y <F
2m X

nucleon

3000GeV
B>
- 0.03

~100TeV
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Ultra-High Energies

 v-parton cross-section is dominated by high Q?,

since do/dQ? is constant

= at high Q2, scaling violations have made most of nucleon

momentum carried by sea quarks

» see arisein o/ E, from growth
of sea at low x

* neutrino & anti-neutrino
cross-sections nearly equal

* Until @°»My?, then propagator

term starts decreasing and

cross-section becomes constant
do 1
—— oC
dg® ~ (q* ~M")’
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actual cross-section 7

(Reno, hep-ph/0410109)

10* 16° 10° 197 16% 107 16101 11017
E, [Ge"-.']
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Example: Ultra-High v

Energies
« At UHE, can we reach thresholds of non-SM
processes?

= E.g., structure of quark or leptons, black holes from
extra dimensions, etc.

= Then no one knows what to expect...

1? Fodor et al.
o1 PLB 561 (2003)

0.01 E
= C
g 0.001
T g
0.0001 -
l1e-05 =
— QCD E
——  EW instanton 1
le-06 E QCD with saturation 3
- — black hole M=1TeV, M™"=5TeV, n=4) | ]
16'07 1 1 IIIIIII 111 II 1 1 L T T T 717171 1 1 L 1T T T 17T 1 1 L 1T T 111
le+07 le+08 1le+09 le+10 le+11 le+12

E[GeV]
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\(

Targets with Structure: Nucleons
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Enough about pointlike v
targets... i

» Imagine now a nucleon target y

= Neutrino-proton elastic scattering: /,/\.\

Ve+ P > Ve +P

“Inverse beta-decay” (IBD): Y
Ve+p—>e€t+n W

= and “stimulated” beta decay: }'/\‘n\
Ve+N —>€ +pP 7
= Recall that IBD

Neutron capture

was the Reines and
Cowan discovery signal
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Final State Mass Effects \(

 InIBD, v,+p —>e*+n, havetopayamass

penalty tW/ce i -
. M,-M,~1.3 MeV, M,=0.5 MeV E/
* What is the threshold?

= kinematics are simple, at least to zeroth order In Me/Mn
-> heavy nucleon kinetic energy is zero

St = p,tp p) = —|— 2M JE, (proton rest frame)
o 0+ 25 M 2t B, )

(M, +m,) —M
s ~1.806 MeV

p
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Final State Mass Effects \(
(cont’d)

 Define oE as E -E ™", then

S =M, +2M ,(SE+E,™ )
2 2 2
=M, +26ExM ,+(M,+m,) -M;
=25ExM,+(M,+m,)
 Remember the suppression generally goes as
2
gmass :1_ mﬁna12 :1_ (Mn2+ me)
S (M, +m,) +2M  xJE
| 2M
OF x ~—— low energy
2Mp><5E (Mn+me)
=— ~ 3
(Mn+me)2+2Mp><5E (M +me)2M .
e — £ high energy
oM SE
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Proton Structure

 How is a proton different from an electron?

. -2
* anomalous magnetic moment, x = L o % ()

= “form factors” related to finite size

T Y Y
\ , ELECTRON SCATTERING .
' -:"‘ I|~GAS TARGET CMAMBER \ j0-2® \ FROM HYDROGEN — | Dete rm|ned
ELECTRON BEAM A\ n B \ (188 MEV LAB)
L —— = T | proton RMS
macwer a7 DsTANGE OF 8 Feer ) % e [ f ) charge radius
\  rest assompeR——o Y\ W) G wowToR \
\ v\ sPECTROMETER / - (¢) to be
EvacuaTeD Ve W\ | accerTance amsie / POINT CHARGE,
SCATTEANG CMAMBER ~|‘ // g 107%° — POINT MOMENT (0.710-2)
. IR / & (ANOMALOUS)
N \\B _ e | CURVE - x10-3 cm
MYLAR —// . I\'.I “'\ _»_,-"""-,\ NQ
recTROMETER £nt ‘ ,}d‘j‘\ S = [ TMOTT CURVE
. ETE ENTRANCE S..I—T-j___-' ~“. -: Il | § IO-SI "\Ar\ -
A l'. % .". \ e |
%SL:";%%;;NB spscmouerzn—/ "Wb v Q - EXPERIMENTAL CURVE );}\?k—
(SCHEMATIC) w L
- m
McAllister and Hofstadter 1956 g | D.‘,’:LJ/’S\\
188 MeV and 236 MeV electron beam o .
. 10
from linear accelerator at Stanford 3 5 70 S0 10 30 150

LABORATORY ANGLE OF SCATTERING (IN DEGREES)
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Putting it all together...

2
i X €08, Fypinbo X (gmass ) A (gV2 +3g, )
/

Oror =
T /' \

quark mixing! final state mass proton form
: factors (vector,
suppression

_axial
Ve ) et

* mass suppression is proportional to
OE at low E,, so quadratic near threshold y

 vector and axial-vector P

form factors ¢or BD usually 19

referred to as f and g, respectively) = ST

~ ,-) 6 E

g\/, gA - 1, 126 'E 4'_
* FFSs, Ocapivbo, DESt kNOWN & 2 | .
from 1, 15 3 45 6 7 8 5 I

E [MeV]
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More about IBD Kinematics \(

* InIBD, v, + p —» e* + n, have to pay a mass
S =

penalty twice Ve
. M,-M,~1.3 MeV, M,=0.5 MeV Y
« Kinematics are simple, at least to zeroth /\

order in M,/M,, 2 heavy nucleon kinetic energy is zero
Sinitial (pv 4 p) T + 2M ,E, (proton rest frame)

S = (2, + D)’ ~Mn +m? +2M,(E, (M, -M,))

* We can derive other interesting features by
going to beyond zeroth order in M ./M, ...
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More IBD Kinematics \(

* InIBD, v, + p > €* + n, angle and energy must
be related since 2 — 2 process Ve e’

» Heavy neutron takes all necessary %/
2

momentum, but not energy! T =7 / 2M P wn
M2 — M3 — M2 + 2E,(E, + M) — 2E, M,

MZ
ZEBEV 1 N e/Eez

N
= Note large numbers in numerator that have to balance

carefully if E,, < M,. A very narrow range of electron
energies for a given neutrino energy (~%2% at 4 MeV)

_ 2EyMp—M#+Mg+M§ _ b
(E,) = 2Byt M) ~ E, — 1.3 MeV
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\(

Motivation for Understanding
GeV Cross-Sections
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What’s special about it? \\<\//

Why dO We Care? Cross DIS ¢
 Qur calculation of DIS made / et s -
no reference to final states 27
1
= But at 1-few GeV, the final QEjt

state has few particles @1 T —
» Final states & threshold effects matter
Why is 1-few GeV important? Examples from T2K, ICAL

Y -
| | Goals:
E . oals:
| b
| 7 N
I ¥ 2l
16m Al 1 | 18m
10 15 5 10 1
1 T T T 1
6000 km 000 km

Supser me 295km WERI | Y — Ve
K e« N g
‘._L':Ii?ii‘s's',sea.onxﬂux) gt "~ Yokyo ’:;u 2. VM di sappearance

E, is 0.4-2.0 GeV
FN | (T2K) or 3-10 GeV
T ® (INO ICAL)
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How do cross-sections effect

oscillation analysis?

» v, disappearance (low energy)

= at Super-K reconstruct these
events by muon angle and momentum
(proton below Cerenkov threshold in H,O)

= other final states with more particles below threshold

(“non-QE”) will disrupt this reconstruction

vu+11—)|_1+1) I

9“ (Ew pu)

P

 T2K must know these events at few % level to do disappearance
Am2= 2.5 x10-3 eV2

analysis to
measure
Am?y3, O3

(fig. courtesy
Y. Hayato)
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yr
-
8

8

cvejteJS%Mcwzz.sm
8 8

No oscillation

~ OA 2.5deg. ~

Tk T
rec. Ev (GeV)

2

60

40
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1 15 2

rec. Ev (GeV)

Am2= 2.0 x10-3 eV?2

L 051 I
rec. Ev (GeV)

(assuming sin? 26,,=1.0)
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How do cross-sections effect
oscillation analysis?

* v, disappearance (high energy)
 Visible Energy in a calorimeter is

0.3

NOT the v energy transferred to the 3
hadronic system 3
» 1 absorption, & re-scattering, final state 2
rest mass effect the calorimetric response o
» Can use external data to constrain — %
MINOS Preliminary =

S T

e . v

B MC Near Detector ( 2k

o B

Area Normalization

s5s— o Wo  EHo  H5 W
E

0,2; Data Near Detector bl
u » At very high energies, particle
0.1 < multiplicities are high and these
. T effects will average out
VIS S :

6 8 0™ » Low energy is more difficult

Shower Energy Near Track Vertex

25-26 August 2021
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. 144m

How do cross-sections effect
oscillation analysis?

* In the case of INO ICAL, need good energy and angle
resolution to separate normal and inverted hierarchy
= Best sensitivity requires survival probability in both E, and L

h
7~ €
fé zs
% =
16m :L 16m |L 16m J»/ E‘ 4
— | A % 3

5.6cm -

= =
. Z 2

* Interaction models =

25-26 August 2021

—

are understanding of
detector response
both needed to
optimize resolution

o

l]llllllllllllll

solid: 5% energy resolution

dashed: 15% energy resolution

—_—
-

— —
—
—
—_—
—
— —

= —
T — —

1 l | l 1 l 1

lllllllllll]llll

solid:

5° angular resolution
dashed: 15° angular resolution

7.4 N I

/

M1
I
I

4

o — —

I T R I O O

1 1 1 1
5 10

angular resolution [degree]

energy resolution [%]

Petcov, Schwetz, hep-ph/0511277
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How do cross-sections effect

oscillation analysis?

* Vv, appearance

= different problem: signal rate is
very low so even rare
backgrounds contribute!

 Remember the end goal of electron
neutrino appearance experiments

* Want to compare two signals with
two different sets of backgrounds
and signal reactions

= with sub-percent precision

= Requires precise knowledge of
background and signal reactions

25-26 August 2021
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Ve +n—>€ +I) 2 Slgnal

(Pe, 6,)

v E -
( |
E.

2

"y P

o
0 a 40
< I
r L]
.

ol

n% background
from E >peak

5
Minakata &

usokawa JHEP
Y 2001

S

(O8]

P(vu—we)%

Am2<0

(\®]

vacuum

—

o 1 2 3 4 5
P(v, V)%
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Models for
GeV Cross-Sections
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Neutrino-Nucleon Scattering 3

* Charged - Current: W* exchange

» CC Elastic Scattering (sometimes
called “quasi-elastic” since neutron

targets are only found in nuclei)

(Target changes but no break up)

vp+nN = p +p
= Baryon Resonance Production:
(Target goes to excited state)
vp+n—o>p +p+n’ (N orA)
n+mnt
= Deep-Inelastic Scattering:

(Nucleon broken up)

- »  Cross
v, +quark — p~ + quark

section

25-26 August 2021

* Neutral - Current: Z° exchang

» Elastic Scattering:
(Target unchanged)
vp+N—v,+N

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

» Deep-Inelastic Scattering
(Nucleon broken up)
v, +quark — v, + quark

DiS'o < Linear
rise with
y A energy
3T
2T Resonance
17 Production
QE
Energy
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(Quasi-)Elastic Scattering

 Elastic scattering leaves a single nucleon in the final state
= CC quasielastic (“quasi” since neutrons

) > . vn— 1 p
are in nuclei) is easier to observe — +
vp—>ln
VTt — |1~ p (-) (-)
CC v, Quasi—Elastic Cross Secticn vVN—>VN
A [ == LIGHT TARGET OATA ONLY ==~ ” . L
§ 2 |« out. Bokar, Prye. Rov. 023, 2498 (1981), * State of data on “free-ish
{ o o e neutrons (D,) is marginal
E » [ & CERN—WA25, Allaia, Nudl. Phys, B343, 285 (1990), D * No free neutrons implies nuclear
. - corrections
1;1'25 3 | i = Low energy statistics poor
Y . . .
% ' 4 T | | « Cross-section is calculable
075 | ! l ! = But depends on incalculable form-
05 | + factors of the nucleon
0.2 | NUANCE (fras nucieon) * Theoretically and experimentally
. E1 N ey 7 ey P constant at high energy
10 1 10

e (5 = 1GeV2is ~ a limitin Q2
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