Interactions of Neutrinos

Kevin McFarland

University of Rochester

CAS Center for Excellence in
Particle Physics (CCEPP)
3-5 July 2017



Outline \(

Brief Motivation for Measuring Interactions
Weak interactions and neutrinos
» Elastic and quasi-elastic processes, e.g., ve scattering
= Complication of Targets with Structure
Interactions with nucleons
» Deep inelastic scattering (vq) and UHE neutrinos
» 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 K GFJ uy
Fermi, z. Physik, 88, 161 (1934) \/5 —

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

* Prediction for neutrino interactions
-Ifn—>pevthean—>en
= Better yet, it is robustly predicted by Fermi theory

o0 Bethe and Peirels, Nature 133, 532 (1934)

* For neutrinos of a few MeV from a reactor, a typical
cross-section was found to be 7
o, : 5x10*cm

Vp
This is wrong by a factor of two (parlty violation)
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How Weak is This? \(

« 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

“l have done something very bad
today by proposing a particle that
cannot be detected; Lt Ls something
wo theorist should ever do.”

wolfagang Pauli
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Extreme Measures to Overcome v
Weakness (Reines and Cowan, 1946)

Incident
antineutrino

A / Gamma rays
\\

NUCIear Gamma rays
explosive

Neutron capture

Fireball

Positron
annihilation

Liquid scintillator V % e n
and cadmium

Buried signal line

S0m fortriggering release o \\hy inverse neutron beta
I
Aom ! decay?
lrn_f . . ]
= clean prediction of Fermi
Back fill — Vacuum
oump weak theory
Suspended— = clean signature of prompt
detector Vacuum gammas from e* plus
ine .
Vacuum e 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) '

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

= 1956 message to Pauli: "We are
happy to inform you [Pauli] that we :
have definitely detected neutrinos...” —g,

= 1995 Nobel Prize for Reines
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Better than the Nobel Prize? \(

Fw‘ toecokh BPEINEL avst 5%‘,_ COVAN
Box 1663 , COS AlAmor s,
Th ek ;fn. m-?.c.. &ﬁ%tﬁ;z o JB
Ao, who léw Aoy Yo val¥
?%

Thanks for the message. Everything
comes to him who knows how to walt.

et . ¢ 2 /I uHE
Py .'.-...";/Jl-ﬂ:}
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Lecture Questions

You've been listening to a lot of lectures

* Lectures are a hard format for active learning
| like to ask my audience questions in lectures.
 Here's a warm up

PHYSICAL REVIEW

VOLUME 97,

NUMBER 3 FEBRUARY 1, 1955

Attempt to Detect the Antineutrinos from a Nuclear Reactor
by the CI*’(5,e~)A®" Reaction*
RAyMOND DAvis, Jr.
Department of Chemistry, Brookhaven National Laboratory, Upton, 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,¢")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~ cm®/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(7,¢*)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

3-5 July 2017

decay a neutrino (v) 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
CIF(,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

Raymond Davis first tried out his
chlorine experiment at a reactor, to
look forv +37Cl - 37Ar + e™.
(Same as his solar neutrino
experiment that Prof. Qian will
explain.) Davis didn’t find it. Why?
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Lecture Question: Warm Up

PHYSICAL REVIEW VOLUME 97, NUMBER 3 FEBRUARY 1, 1955

Attempt to Detect the Antineutrinos from a Nuclear Reactor
by the CI*’(5,e~)A®" Reaction*

RAyMOND DAvis, Jr.

] ] [} [}
Department of Chemistry, Brookhaven National Laboratory, Upton, Long Island, New York
(Received September 21, 1954) y VI I I u I

rradiate lout ide ftlesl cld flh
fissio

Brook! attem, h 7,0 )AT wi s. of o)
e e chlorine experiment at a reactor, to
look forv +37Cl - 3’Ar + e”.

fcclofc arth perm t[lan: g pp lmt n the nel ﬂ fontl

1. INTRODUCTION decay a neutrino (v) is emitted which may be formally

HERE have been a number of experiments distinguished from an antineutrino (#) which accom-

" "
performed in the past to detect the neutrino by panies negative beta emission. A nuclear reactor emits
scattering processes and nuclear interactions.! The antineutrinos which arise from the negative beta al ] ] e a S IS SO a r n e u rln O
decays of fission products. In our experiment an attempt
is made to observe an inverse electron capture process
hi e 1 o1 1 1 No Q e G jtti Do

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 cm?/a
Recently Reines and Cowan of the Los A

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

nuclcons one 'v\ould not cxpcct to mduce the reaction
=) A3T a a B

experiment that Prof. Qian will
olain.) Davis didn’t find it. Why?

a
show that thcse partlcles are not to be dlstmgulshed
in lhelr nuclear rcactlons A ncymve cxpenment

0
the~sCintillator was sensitive. Under these conditions

decays of fission products. In our experiment an attempt

is made to observe an inverse electron capture process A SUbsequent 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 reCIUire 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 interactions with|e Paper may be he|pfu|

nucleons one would not expect to induce the reaction

CIl¥(p,e")A%. A positive experiment of this type would | e P|ease participate!

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 10



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

V

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 o(v,N—-v, X)

R" =
o(v,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

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

0 ds through” to fake muons

Great article: P. Gallison, Rev Mod Phys 55, 477 (1983)
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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)

* mass hierarchy, CP violation

But there are difficulties

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

» the neutrinos must be at difficult energies of 1-few GeV for
electron appearance experiments, few-many GeV for atmospheric
neutrino and t appearance experiments.

= (Or solve another problem: precision detectors for neutrinos from
reactors... “What’s past is prologue” — William Shakespeare, The Tempest)
Now, there are no neutrino flavor measurements in which
distinguishing 1 from 0 or 1/3 buys a trip to Stockholm

= Difficulties are akin to neutral current experiments
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A New Metaphor for \Q\/
Accelerators and Reactors
» Both approaches have difficult problems

 As we will see, we don’'t know answers to
all problems of interactions at accelerators

* \We could ask:
IS it better to know
all the difficulties
you face, or not?
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A New Metaphor for \(
Accelerators and Reactors
» Both approaches have difficult problems

 As we will see, we don’'t know answers to
all problems of interactions at accelerators

Flight STD ToVia Gats  EfDResads
B Y9106 16:45 Sherzhen C21 "Delayed”
B Kr0108718:15Shenzhen €23 0125

* We could ask: & ZH1710.19:40 Hangzhou COS GeleCionad
# 7H1101 2000Hohhot  C24 "Boarding

IS It better {0 KNnoOw [ g s 020

i ' 73 CA1883 2020 Swowitwims C08 [EastCal
all the difficulties R

you face, or not?

Flight TSID ToNa  Gus ElDRemads

} zmao7 mzssmm e-uu
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What are the potential \(
problems from interactions?
As you have learned from Prof. Xing, 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 and their production from a nuclear
target determine ability to reconstruct E,,

« Signal rate for different flavors

* Backgrounds

= Copiously produced pions have an annoying habit of
faking leptons (TT%—e or *—) in realistic detectors

» |[mportant to understand rate and spectrum of pions
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\(

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

* Modern version:

", = %[%( W[ (V= 4p) ] +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 \ﬁ(

* Helicity is projection * However, chirality

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

* Textbook example is

pion decay to leptons
¥ J — O 3 J = 1 J — 1
right-helicity left-helicity 7 ( ) > ple) ( 2)Vu(e)( 7)

+ +

' € Ve
cuE@t v R =i
N 7 me 2 m 2_m )2

<= < = “) (mf —My )

—1.23x 1074
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Helicity and Chirality \ﬁ(

* Helicity is projection * However, chirality

of spin along the (“handedness’) is
particle’s direction Lorentz-invariant
= Operator: cep - Operator: Ppry = 7(1 F y5)

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

}[wea& \C/;E[M/ﬂ( ) ][fy (V_Ays)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 \ﬁ(

* Helicity is projection * However, chirality

of spin along the (“handedness’) is
particle’s direction Lorentz-invariant
= Operator: cep - Operator: Ppry = 7(1 F y5)

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

— There is a small right-helicity component «« m/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 ” 2

tags flavor of neutrino e N i

Charge of outgoing lepton
determines if neutrino or
antineutrino

[ =v,
Quarks
l+ = ; /\
[ T /\\
q q q q
Flavor Changing Flavor Conserving

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 22



Electroweak Theory \(

 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

L, =—0,Aey'e+ iVV;VL)/”eL + iWﬂ_ELQ/”VL

Np) Np)
#_ Charged-Current _ *-

rl B 3
EVLVﬂVL >\/\AVXA/<
g ZO 1

v, e

. 2 — 7 —
) +(sm 0, —EjeL)/ e, - "

cos O,
. 2 — M z°
+sin” e,y e,
L / .~ Neutral-Current ™ .-
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Electroweak Theory
e 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 8r 2
) g V2 W
Ve, Vi, Vo 1/2 0 e=gsindb,,G, = > =cosd,
e, U, —1/2 + sin*0y sin“0,, < e
u,c, t 1/2 - 2/3 Sin29W o 2/3 Sin29W o Charged_Current Ve
d,s, b ~1/2 + 1/3 sin’0,, 1/3 sin®0,, >MWM/<
* Neutrinos are special in SM o o

2 e

= NO right-handed interactions >W<
Of nGUt”nOS' ..~ Neutral-Current ™ -
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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
- Also weak ~ EM strength

do/dG? (pb/GeV®)

» Explains dimensions of Fermi “constant” "¢

2 10—4:_
GFz‘E{ng

8 | M,

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 u—decay:
Vot e S+, Vi @,<\GE>6'

. Total spin J=0 \y

(Assuming massless
muon, helicity=chirality) 0’ = _(e Ad )2

- &=

Q2

|
o ¢ |dO’
j (Q*+M,°)
D)

max

& 4
M

w
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Mid-Lecture #1 Questions

2 ;
What is Q. f | said that
v,te —> u +v, 7 There is a small right-helicity
Qz 2 component «« m/E but it can
=— e v
almost always be safely
% neglected for energies of interest
v, <:: |’n most apr.)llcatlons
;Q/ It’s true if E, > m,,. If
y m, <1eV, why is this
4 : - . _
4-vector manipulation! Work in the 3 good assumptlon?
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 exceptions 7
the 2—2 process. What choice of this

variable gives the largest Q2?
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Mid-Lecture #1 Questions

What is Q?,_, fo
v,+e" —>u + v, 7

) 2
=—(e-v,)
Q 1%

Vi <:3 %e' 2
é/@/ Q' =—("+v,' ~2ew )
74 k!

R

e~ (E 0,0,-E)
(E ,~E, sind ,0,~E cos§)

Q

)
4-vector manipulation! Work in the ©—| -2E, (1 —cos 0 )}
center-of-mass frame and assume, for ; . 2
now, that we can neglect the masses. 0<Q < (ZEV ) = ( 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 Q?? variable, E .,/
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Mid-Lecture #1 Questions

y
v

-

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 oc m/E but it can
almost always be safely
neglected for energies of interest
iIn most applications

It’s true if E, > m,,. If
m, <1eV, why is this
a good assumption?
Can you think of any
exceptions?

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 29



Neutrino-Electron (cont’d) \(
GTOTOCQm =S v, <:| %

Gis
Cror =—— f
T 74
=17.2x107%cm* | GeV - E (GeV)

 Why is it proportional to
beam energy?
s =( p, + }_96)2 =m’+2mE, (¢ restframe)

* 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) \(

» Elastic scattering:
v,+te > v, +e
» Recall, EW theory has

coupling to left or right-
handed electron

V)

! Vu

Z Couplings gL 8r
= Total spin, J=0,1 R R
e Electron-Z° coupling PR B, oy
. _ =P N2
Left-handed: -1/2 + sin<0,, G;S 1 ., _
——sm” g, +smn" 6,
T \ 4
= Right-handed: sin?6,, Gos (. 4
(sm QW)
T
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Neutrino-Electron (cont’d) \(

 \What are relative
contributions of
scattering from left and

right-handed electrons? i Vi
et = B> L. . - .
v f|_|_| 3 fRH

; clwards seatterie e
Tl 5 ) ba ic mqfﬂl/l’ " .. S o
~

do do (1+cos 0)2
= const = const x
d cos@ d cosd
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Neutrino-Electron (cont’d) \(

2
« Electron-Z° coupling & o G (——sm g, +sin ‘o j
« (LH, V-A): -1/2 + sin20,, 7 \4
Grs (. 4
» (RH, V+A): sin20,, - (Sm QW)
Let y denote inelasticity.
Recoil energy is related to r
CM scattering angle by jd do LH: jdy:l
E, it it
=—<=1-7(1-cosé d 1a=2dy=1
y=5- =i ) v |REf(-y)dv=

T fSG —sin’ 6, +§sin4 er =1.4x10""cm’ / GeV - E, (GeV)
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Flavors and ve Scattering \(

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

The reaction

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

Vot € = Vg + € [e &% 8,

Why?

Vo+ € >V +e e 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
Oror = J‘dJ/E

LH RH
:J‘dy|:d0 + do :| Weak NC

G OC ‘total couplingeL_H‘2
For electron... | LH coupling RH coupling
-1/2+ sin?0,, | sin?0yy
Weak CC +1 0
)

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+sin?0,, = -1/4 and the CC
coupling is +1. We add the associated amplitudes... and get +1/2+sin%6,, =~ 3/4

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos
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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? Ve Va |
= |'ll argue yes... {2 .
maybe... e” e B
ThIS reaCtlon, aS We [ Flux constraint using ND | e
will see, is nearly ="
[} [ [] 8-10-
unique in being
predicted to a fraction | 5 (Cross Section)
of a % precision " Comstain e neutro e e v-e Scattering >
20 December 2013 Jaewon Park, U. of Rochester FNAL JETP S
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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 11 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

Electron-induced electromagnetic shower

. T __}
O 100 oA+, [ g2 +— Data
e ~ F POT-Normalized T
- € T [ 34320POT NI
— € L L = -
e . e E sur | s v, CCQE 2738
pﬁl H —— P ‘ _" I Ve othere 212
= 60 A B v, COH* 16
Photon -induced electromagnetic shower ™ F I vy COH b 442
€ : ﬂ L.i; v, nc-others 80.3
i':' g 401 1L . v,cc 50.9
&~ e u“-J ol [ ,,*4 TJ&—_ﬁb_ MINERyA Preliminary
e:____m\ B ‘
—> A Y e tuned

e l
, ' <

T oLl 11“1 L DM N T g, g i Y
€ 0O 2 A4 6 8 10 12 14 16 18 20

Y e dE/dx (MeV/1.7cm)
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Who Cares... (cont'd)

In this example (from MINERVA low energy data) the

number Of events iS Sma”, 0.25 Flux constraining using nu-e (spectrum)
SO impaCt On the | Before nu-e cons trainin g
0.2 After nu-e cons trainin g

uncertainty of neutrino
flux is modest today

= ~10%—7%

* New MINERVA data 005
(NOVA beam) should : Ilz’hyls.Relv. D|93 1|120|07 (I201|6) |
get the precision L R O

well below 5%

And for LBNF beams for DUNE, another order of

magnitude in events makes this the leading method for

measuring neutrino flux

o

.

3
|

| H

Fractional uncertainty
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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
¥ L 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

Ven—ep

ve—ve (elastic)

anti-v,p—en

v,n—{p
(quasielastic)
(inelastic)

very small

In some nuclei (mostly metastable
ones), this reaction is exothermic if

proton not ejected

Most targets have atomic electrons

m,>m, & m,. Typically more to
make recoil from stable nucleus.

Final state nucleon is ejected from
nucleus. Massive lepton

Must create additional hadrons.

Massive lepton.

none

None for free
neutron & some
other nuclei.

~ 10eV — 100 keV

1.8 MeV (free p).
More in nuclei.

~ 10s MeV for v,
+~100 MeV for v,

~ 200 MeV for v,
+~100 MeV for v,

« Energy of neutrinos determines available
reactions, and therefore experimental technique

3-5 July 2017
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Lepton Mass Effects

 Let's return to
Inverse u—decay:
vV, TE€ — U+ Vg
* What changes in the presence
of final state mass?

o pure CC so always left-handed
o BUT there must be finite Q2 to

1
(Q° +M,°)

dQ’

Q2 - 2.
create muon in final state! o min
M,*
2 2
. . - o h . GF (S o mlu)
= Ssee a suppression scaling with 707 -

(mass/CM energy)?

2
( . _ |: o (massless):| 1- M
o This can be generalized... — | Yror P
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Enough about electrons...

V V

any an
» Imagine now a nucleon target Yp

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

Vet P >Vt P
“Inverse beta-decay” (IBD):
Vo+p—>e€et+n
» and “stimulated” beta decay:
Ve+N —>e +p
= Recall that IBD

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

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

penalty tW/ce Ve e’
. M,-M,~1.3 MeV, M,~0.5 MeV %/
 What is the threshold? L P LU

= kinematics are simple, at least to zeroth order in M /M,
-> heavy nucleon kinetic energy is zero

Sinitial = (P, TP p) = + 2M ,E, (proton rest frame)
o B M 2 (4, ,)

(M, +m,) —M*
Sg ~1.806 MeV

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

 Define 6E as E -E ™", then
—M2+2M (5E+Evmi“)

2 2 2
=M’ +20ExM ,+(M,+m,) -M,

1n1t1al

=25ExM ,+(M,+m,)
* Remember the suppressionz generally goes as
é: :l_mﬁna12:1_ (Mn+m€)
= S (M, +m,) +2M ,xSE
" 2M
OFE x ~— low energy
2M X5E (Mn+me)
= = <
(Mn+m) +2M  xOE (M +m )2M
1— 5 2 high energy
2M ) SE
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Proton Structure

 How is a proton different from an electron?

= anomalous magnetic moment, x =

g—2

= “form factors” related to finite size

W
~GAS TARGET CHANDES i

W

%
frTE'_EETRI:IH BEAM | | 1
[N AL [
|

|
1
; ] r |
\BEAM COMVERGES FROM %, j‘i'.h e y | L]
MAGNET AT DISTANGE OF 2 FEET " ) e |f
PN W e -
II'. TEST ABSOABER ———r W . 0N TOR ]
y ' W, SPECTROMETER ,."'
', W\ | MCCEPTEMCE BMGLE |
EVACLIAT ED | WA Fi
SCEATTERING CHAM3ER 1 IRy !
R /
™ Y "-,!-'-.. z.-’
. \ A -
MYLAR il \ T \
WHoW—" T ) Axﬂ{f,
e
SPEGTROMETER ENTRANGE SLIT— =" % 4% 4%
-~ LA | Yo
- AR T Y
. 1 kY .'-. .Ib-j_...,a
FOLE FRCES OF | bk
COUMLE FOCLSING SFECTROME TER -~ !

[SCHEMATIC)

McAllister and Hofstadter 1956

188 MeV and 236 MeV electron beam
from linear accelerator at Stanford
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CROSS SECTION IN CM®/STERAD

% 0

T
\ ELECTRON

g~

\ (188 M

FROM HYDROGEN ———

SCATTERING

EY LaB)

N

S,
8

N POINT MOMENT _
[ANOMALOUS)
! CURVE =

(e}
POINT CHARGE,

<
M

(b
DIR

o

CURVE Y

30 50 TO 20

no 130 150

Determined
proton RMS
charge radius
to be

(0.7+0.2)
x10-13 cm

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

G2
GTOT = ;;S X ?,2 "gCabibbo X (/ézrvnass ) X (sz _;3g/12)

quark mixing! final state mass 2 pr; oton for. ’t"
suppression actors (vector,

_axial
V ) et

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

 vector and axial-vector P

form factors (for IBD usually 10

referred to as f and g, respectively) - 81

~ ; 6 i

gv, gA F~ 1, 1.26 i 4L
u FFS, QCabibbo’ beSt knOWH o 2 - .
from t, R S LS S S S S S S

E, [MeV]
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Another Mid-Lecture #1 \Q{
Question: Lepton Mass Effect
 Which is closest to the minimum
beam energy in which the reaction

v, + € = U+ Vv,

can be observed?

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

2

(It might help you to remember that Q
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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Another Mid-Lecture #1 \(
Question: Lepton Mass Effect
 Which is closest to the minimum
beam energy in which the reaction

v, + € = U+ Vv,

can be observed?

O’ .in =M, (a) 100 MeV (b) 1 GeV {(c) 10 Gev]
O <s =(p, +]_9V)2
= (m, +E,,0,0,\JE> ~m,* ) ~m’ +2mE,

2

m
“E, >—"~10.9 GeV
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More about IBD Kinematics \(

* InIBD, v, + p — e+ n, have to pay a mass
Ve e’

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

order in M /M, = heavy nucleon kinetic energy is zero
Sinitial = (D, + pp) = + 2M ,E, (proton rest frame)
Sinat = (Do + D)’ ~M,f +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 — e + n, angle and energy must
be related since 2 — 2 process Ve e’

= Heavy neutron takes all necessary %
2
p

momentum, but not energy! T = /ZM P

M3 — M3 — M2 + 2E,(E, + My,) — 2E,M,

MZ
2B RS |1~ e/Ec3

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)

B 2EyMp—MA+Mp+Mg ~ »
(E,) = 25y +10y) ~ E, — 1.3 MeV
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Summary and next type of

point scattering...

* We calculated ve- scattering and Inverse Beta
Decay (IBD) cross-sections!

* |n 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)
= Structure of target can add form factors

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

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

In “infinite momentum frame”, xP is

four momentum of partons inside the
nucleon Mass of target quark

2 e Y/ 2 2
H\ mq = 2 :‘XMT

v

qi g=p' - p* Mass of final state quark
xP

% 2
N m ~=(xP+
@ \ t (1-x)P . !
\ s QO 0
m X

Neutrino scatters off a parton 2P-q 2MTV
(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 =S )
o ) » GF J‘ dQZ e C;FS
TN % L
JC 0 7T

) 2
s=m,” +2mkL

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

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

» Massless limit for simplicity ¥ ——~ ~— ¢ } Total Spin—0

*

* Total spin determines A S — vgorvg
iInelasticity distribution Flat in y
= Familiar from neutrino-electron ¥ ———~ ~— 7 }T R
. A olat dSpin
scattering o e, Vi or Va
W= Al With energ)) 1/4(1+cos06*)2 = (1-y)?
do"? Gz % [(1-y)2dy=1/3
PR (Xd(x)”“(x)(l y) ) - Neutrino/Anti-neutrino CC
J V{, G2 . each produce particular Aq
d (xd(x)+xu(x)(1 yy')  inscattering
dxdy T il
b 7 vd — 1t u
ut ] STt “ “ ”. _ r
what is this “u(x)“ and “d(x) WG
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Factorization and Partons

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

N

o(l+h—>[+X) f )
=2 [dwol+q(x) > 1+ X)q, (x) oo -

= g,(x) is the probability of finding a parton, g, with momentum frattion x
inside the hadron, h. ltis 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

dUVp’CC G2
o I x(d(x)+u(x)(1- )|
do’PN¢ st xd;d(x)+d; d(x)+u u(x)+u; u(x)

dxdy 7 | +H1=y) (d d(x)+d; d(x)+u u(x)+u, u(x))
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Simplification: \(
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 = dn,dp =u_

dGVN,CC G2

o o(u()+ d()+ (u(x) +d(0)) - )
_Gps (g

T

(x)+¢(x)1- )|

7 G o)
GZ

T

x(7(x)+q(x)1-y)°)
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Brief Summary of Neutrino- \Q\/
Quark Scattering so Far
* X=Q?/2Myv 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 Vg 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
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Fractional
nucleon
momentum
carried by
quarks or
antiquarks

3-5 July 2017

Momentum of Quarks & v

Antiquarks

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

Momentum of quark or antiquark

Momentum of nucleon
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y distribution in Neutrino CC

At y=0:

Quarks &
anti-quarks

Neutrino and
anti-neutrino
identical

3-5 July 2017

DIS

do(vg) _do(q) |

0.08

0.06

0.4

0.a?

- ¥ antineutrino

B neutrino

dxdy dxdy
do(vq) _ do(vq) o~ (1_
dxdy dxdy
At y=1:

Neutrinos see
1 only quarks.

/

Anti-neutrinos
see only anti-
quarks

Averaged over
protons and
neutrons, 1

(%

a7 0.8 09

y = (1—cosd) /2

- o

2
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Momentum of Quarks &
Antiquarks

« Momentum carried by quarks
ol much greater than anti-quarks

In nucleon
1.0 \
qu;- AN
Fractional 0. Jﬂf/ ) X q(X)

1.4

nucleon Quarks
momentum
carried by
quarks or
antiquarks

Momentum of quark or antiquark
Momentum of nucleon
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Deep Inelastic Scattering: \g(
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 (posted at end of slides):
= structure functions

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

» mass effects for tau neutrino interactions and production
of charm quarks
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Ultra-High Energy
Cross-Sections
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Ultra-High Energies \Q\/

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

» v-parton cross-section is dominated Lq
by high Q2, since do/dQ? is constant
o at high Q2, gluon radiation and splitting 5(%
lead to more sea quarks at fewer high -
X partons (see supplemental material: scaling violations)

o 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 1
] d 2 ( 2 _MZ)Z
term starts decreasing and q q
cross-section stops growing linearly with energy

q
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Mid-Lecture #2 Questions
What is the ratio of anti-quark to

quark momentum in the nucleon?
vN 1 wN  doWvq)_do(vq) _,do(vq) _,do(vg) |
Occ #720cc % B T 7

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
neutrinos would be three times higher than for antineutrinos.

(@) g/g~1/3 (b)g/qg~1/5 (c)g/qg~1/8
At what energy does o stop increasing < E,,?

 When Q?»M,,?, propagator do oc I
term starts decreasing and dg> (¢ —M?)’
cross-section becomes constant e =mi . +2Em

* 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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What is the ratio of anti-quark to

quark momentum in the nucleon?
vN 1 wN  doWvq)_do(vq) _,do(vq) _,do(vg) |
Occ #720cc % B T 7

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
neutrinos would be three times higher than for antineutrinos.

Mid-Lecture #2 Questions

(@) g7/q~1/3 | (b)g/q~1/5]| (c)q/q~1/8

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

When Q%»M,,?, propagator do oc I
term starts decreasing and dg> (¢ —M?)’
cross-section becomes constant e =mi . +2Em

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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Mid-Lecture #2 Question: \Q\/
Neutrino and Anti-Neutrino o'N
* Given: GCCVN ~ %GCCVNin the DIS regime (CC)

do(vg) _do(vg) _,do(vg) _,do(vg)
and dx dx dx dx

! f dx(dﬁ(vq) | dG(vq)j

dx dx
J dx(da(v 9 da(vq)j J " (da(vq) 7 3d6(vq)j
3dx dx
J- dx(dc)'(vq) F; da(vq)j 5 J- dx(dc)'(vq) N 3d0(vq))
= dx dx _ 3dx dx

lja’x do(vq) =5ja’x do(vq) =§Idx do(vq)
dx dx dx
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Momentum of Quarks & v
Antiquarks

« Momentum carried by quarks
L . + much greater than anti-quarks
| u/% in nucleon
wor M 24\ (X) = Rule of thumb: at Q2 of 10 GeV?2:
osioon. 0% J] ’ X = total quark momentum is 1/3,

/ Quarks
momentum . \
carried by » total anti-quark is 1/15.
quarks or
antiquarks

Momentum of quark or antiquark

Momentum of nucleon
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Mid-Lecture #2 Question
Energy when o no longer < E,,?

« When Q?»M,?

, propagator

term starts decreasing and

cross-section becomes constant

do 1

oC

\(

dg*  (q"-M*)’

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

happen?

0’ < Snucleon — mzucleon

0’ < Spucteon ~ 2E,m
M,

2m

<E,

nucleon

(80.4)°

> :
" % 2(.938)GeV

3-5 July 2017

+2FE m

v "nucleon

v " "nucleon

. Qimitiss. |
. Sowon'tstartto
. plateau until s>M,? .

However...

In reality, that is only correct for

a parton at x=1. Typical quark x
IS much less, say ~0.03

M,
2m

nucleon

B e AT KT
% 0.03

<EV
X
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Ultra-High Energies

 v-parton cross-section is dominated by high QZ,
since do/dQ? is constant

= at high Q?, scaling violations have made most of nucleon
momentum carried by sea quarks

= see arisein o/ E, from growth f-ﬁ OOCE
of sea at low x 3 | o
* neutrino & anti-neutrino |
cross-sections nearly equal EE? ’ \ ]
3 Un tll Qz»MWZ’ then propagator EEFH,_:;E actual cross-section 3
term starts decreasing and (Reno, hep-ph/0410109);
cross-section becomes constant “
dqz (q2 —M2)2 E, [GeT]
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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...

10% T T LU
i
e Fodor et al.
o1k PLB 561 (2003)
0.01:5
= E
£
E 000155
0.0001_5
le-OS:E och E:
b - EW instanton
1 06_5 QCD with saturation 3
- | | | = blackhole M=1TeV, M™"=5TeV, n=4) | ]
1e-07 o7 T ler08  1et09 | 1etl0 letll  1et12
E[GeV]
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Motivation for Understanding
GeV Cross-Sections
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What’s special about it? \\<\/'/
Why do we care? ... DIS o

section o

Our calculation of DIS made

no reference to final states oM
= But at 1-few GeV, the final QEln
state has few particles @1 Oy T —

» Final states & threshold effects matter
« Why is 1-few GeV important? Examples from T2K, ICAL

": ﬁ/z Goals:
¥ - i - <'I. i L tem || qem | 18m - 1 1 V _)V
s Knmbhnnd 295k JAERI PE— :
gK“ e 0 B N e -0
T oo I 2. v, disappearance
A E, is 0.4-2.0 GeV
(T2K) or 3-10 GeV
. ny(é\./); o (INO ICAL)
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How do cross-sections effect -
oscillation analysis?

v,tn=>u+p
e V disappearance (|OW energy) "
u

» at Super-K reconstruct these
events by muon angle and momentum P
(proton below Cerenkov threshold in H,0)

= other final states with more particles below threshold
(“non-QE”) will disrupt this reconstruction

 T2K must know these events at few % level to do disappearance

v 6, (Ewpy)

analysis to , Nooscillation ~Am?=2.5x107eV? Am2= 2.0 x102 eV2
measure g JPH")A 200807 ol % |
=200 I ll' F
(fig. courtesy i o B
Y. Hayato) 2 :

o

0 05 1 15 2 ‘0 05 1 15 2 "0 05 1 _15_ 2
rec. Ev (GeV) rec. Ev (GeV) 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
NOT the v energy transferred to the

hadronic system

» 1 absorption,  re-scattering, final state
rest mass effect the calorimetric response
» Can use external data to constrain —— |

T T T
- o

0.3

= [P T

0.2}

Area Normalization

vvvvv

MC Near Detector

2

D. Ashery ef al, PRC 23,1993

E iMav}

» At very high energies, particle
multiplicities are high and these
effects will average out

Data Near Detector
0.1 ~_
O i N . . '*W .
(0) 2 4 6

8 0> » Low energy is more difficult

Shower Energy Near Track Vertex
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14.4m

How do cross-sections effect v
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

_ 7 [ rrrr[rrrrJrrorrrs LN N B B N N L L B B
% 6 solid: 5% energy resolution | | |- | solid: 5° angular resolution —]
? % - dashed: 15% energy resolution | - |- dashed: 15° angular resolution =
/ S S — - —
tm || tem || tem Jw’ § 4 __ —_ __ —-
— 4cm % 3 - -—— — —
— 5.6cm N T T N . N s o ™ e, = o - P - ———
L (ML X T T~y [ [ TSI T T ===
. Zz 2 -
* Interaction models S 2 )
" NS -
are understanding of ! ¥~ JE___ u-like events |
detector response 01 L1 ; I 1|0| 11 I—IIS—ITI—I—ZOI L1 |5 [ | llo 1 _||_|—1[5_|_;_|72~0
both needed to angular resolution [degree] energy resolution [%]
optimize resolution Petcov, Schwetz, hep-ph/0511277
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How do cross-sections effect v
oscillation analysis?

Ve +n—>e +1) Slgnal

* VvV, appearance e

. . : (P, 6.)
= different problem: signal rate is . l
very low so even rare

..‘0‘ 'Y \1) E

backgrounds contribute! < E'E 0 background
- Remember the end goal of electron $uiy from E,>peak
neutrino appearance e>.<per|mer.1ts 5 . Minakata s
« Want to compare two signals with 4| " (Nusokawa JHEP
two different sets of backgrounds S 2
and signal reactions é , Am?<0
= with sub-percent precision = 1 vacuum
» Requires precise knowledge of
background and signal reactions % 1 2 3 4 s

P (v, —>V,)%
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Models for
GeV Cross-Sections
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Neutrino-Nucleon Scattering >

» 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)

VytN—>p +p
= Baryon Resonance Production:
(Target goes to excited state)
vp+n—>pu +p+nd (N ora)
n+mnt
= Deep-Inelastic Scattering:
(Nucleon broken up)
v, +quark — p- + quark’

Cross
section

3-5 July 2017

« Neutral - Current: Z° exchang

» Elastic Scattering:
(Target unchanged)
v,*tN—->v, +N

= Baryon 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 o +— Linear
o° ° rise with
- energy
37T
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

, 9 . vn—>[ p
are in nuclei) is easier to observe - +
vp—>ln
V't — Ji~ p ) )
CC v, Quasi—Elastic Cross Section vN—>VN
A" [ == LIGHT TARGET OATA ONLY ==~ ” SR
5 2 | & BNL Boker, Phys. Rev. D23, 2488 (1881), 0, * State of data on “free-ish
B1.75 . ® AL Ktoga e . D28, 438 (1083, neutrons (D,) is marginal
:.; . & CERN-WA25, Allasia, Nucl. Phys, B343, 285 (1990), D, = No free neutrons implies nuclear
C O corrections
2'25 ] l = Low energy statistics poor
% ] | » Cross-section is calculable
076 | l + ! = But depends on incalculable form-
05 E % factors of the nucleon
028 NUANCE (frae nucieon) « Theoretically and experimentally
. 5_1 . gggl,*‘jgm“;;-’;;gm“k constant at high energy
e ’ e en = 1 GeV2is ~ alimitin Q2
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What limits the Q4?

Theoretically and experimentally
constant at high energy

= 1 GeV?is ~ alimitin Q? Oax |
O | dO’
Inverse u—decay: o j O+ M,
V o+ € o+, N
a maximum Q¢ independent of MW4
beam energy = constant o7
« OK, but why does cross-section have a Q2 ,, limit?

= |[f Q?is too large, then the probability for the final state nucleon to
stay intact (elastic scattering) becomes low

= This information is encoded in “form factors” of the nucleons
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Elastic Scattering (cont’d) \(

 As with IBD, nucleon structure alters cross-section ]
= Can write down in terms of all possible “form factors” V7" —>1lp

of the nucleon allowed by Lorentz invariance ( ‘)719 =7 f+)n
C.H. Llewellyn Smith, Phys. Rep. 3C, 261 (1972) vN>VvN
{ Jm— \ S—u 2
(O.) (%p%f,f:ﬁ) = [ (Q%) ¥ B(Q? ) Ve +C(Q )( y il) ] Occupants of the
dQ* ) I M form factor zoo:
\[ G cos” 0, F',, F?, are vector
’rE?2 form factors;

F, is the axial

2+ Q? ( ( Q® o0 L6 2 AQ’ReF}*¢F} .
Ay =" (4 2 >|F1\ —< s >|F\ 3 eIrRP ( 43{2>+ LRIVERY vector form factor,
Q‘Q ¢ i 0’ Fr is the pseudo-
e <4+ )IF -3 <|Fx FEFVI + [Fa+ 2 - (4 E >(|Fv|2+|F | ))] scalar form factor;
) 3, and F3, are
o2 @ 1, oep2y M Q 3 _ _ QBN gl Fy an A

B(Q) =y eFi (Fy + ¢Fy) - u’R KF‘ 4\1’*F‘> K (F-" e ) Fajand form factors
) , QYRR Qan t rrent
C(@) =+ (IFaP+ P2+ 2 |50 4 D) 100 1o cungpts
4 M2 2 M? requiring G-parity

violation, small?
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Elastic Scattering (cont’d) \(

« Form factors representing second class currents, F3,, and
F3,, are usually assumed to be zero

» Pseduoscalar form factor, Fp, can be calculated from F,
with reasonable assumptions (adiers theorem and the Goldberger-Treiman refation)

« The leading form factors, F',,, F%, and F,, are
approximately dipole in form

1
(1 —¢*/M7)?

(L —g*/M3)?

Falg?) = <— “dipole approximation”

Fy(g®) ~

\
M, =0.71 GeV parameters
M,=1.01 GeV » determined from data
EA(O) =267 n.b.: we've seen F (0) and F,(0)
F\(0) is charge of proton before in IBD discussion (g, and g,)

* Note that those masses which “cut off” the form factor are
of order 1 GeV, so form factors are low beyond 1 GeV?
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Elastic Scattering (cont’d) \(

Vector form factors AXxial vector form factors

* Measured in charged  Measured in pion electro-

lepton scattering production & neutrino scattering
005 0.1 05 1 @ (Gewc)zs

1.6 : J b) 1 electro-production ] (){((;aWc)Z5

)
-
o
o
]
s¥ 14F T T T, 05
Vo - 1 '
(V]
\<
(I

E @, (GeVic)®
! ) . . 1 5
c ; ' i‘ '
Q
o
[m

E R T T
IR Y 24 -
1E - 4 g | 4 erwen
E ] = - : T 1.6F Y vewen
0.8 [m-art—m-m T T T e 2 Y- < E| O cewcvernan
' ' 1 ' ' ' ' 0 6 :_""E"""'L"" 5 ———— E ....--5.. i.....-:n, -~ ..-.-E... g 1'4 :- l,-:.l :::ESJW!
' ite di . K 04 3008 100 T T O O M QS
1. .Not quite dipole .. 0 S O W A Y o S

h ' ' H '
E - H H 1 H H
[ 1 X | H | | '
S s W ISR PSR O S SR
0.8 pr-ert—s™ oy R At
1 H H H H H H

at hlgh QZ ~ O 5.1 0203 04050807 6568 06_ _____

op E L
N N N R T T e 04 fims N S S R B
R O TP T T T TS PV TR TN e N

0'. PP PPN PP PP PRPTL PP

001 02 03 04 05 05 07 08 09 prstssstlubusb bl “i

e.g., Bradford-Bodek-Budd-Arrington (“BBBA’), Bodek, Avvakumov, Bradford and Budd,
Lol Py SURp!-199:127-132 4006 J. Phys. Conf. Ser. 110, 082004 (2008).
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(Events/0.04 GeV?) x 107

Many Measurements

ArgoNeuT, R. Acciarri

——et-al, Phys.Rev-D90
(2014) 012008

=== 41

25 [

20 —e— Data ]
'_ —— True QE
15 | —— True RES 1
—— True DIS + Other

—
o

(¢

QE-RES enriched Sample

(Area Normalized)

MINOS, P. Adamson
et al, arXiv
1410.8613

0
0.0 0.5 1.0

1.5

2.0 25

Reconstructed Q% (GeV?)

My = 1231008
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(fit

+0.12
—0.15

(syst.) GeV

o(E) [10*%cm?]

d%c 2
T d(coso,) (6™ /GeV)

........................... ——— MiniBooNE¥, CCQE data (CH,) 1.0 i
............. |:’ shape uncertainty 16f- + data NuWro RFG M,=1.35
[ —— GENIE RFG M,=0.99 ----- NuWro RFG M,=0.99 + TEM
S ui.l 14 NuWro RFG M,=0.99 NuWro SF M,=0.99
‘g -
o 1.2:—
/S o 4
3 5 b,
e 0.8 ji:.»»»”
> B 1.5<E <10 GeV
T 1. 0.6~ Area Normalized
102 04 08 77 g (GeV) 102 10" 1
2 2
Q. (GeV?)
= ND280 e T MINERVA, Phys Rev. Lett. 111,
5 gl | === ND280 stat+syst 7
3 NEUT MC 1 002051 and 002052 (2013)
- MiniBoone -
2 = NOMAD —
NEUT (binned) E Proton Module Standard module
S E @ N R | 1l
- : ] T2K INGRID
£ T Dl
B l - t-e : ': f
i ! ] A ARAd
03 T2KND280, | [
: k. PR | a‘rXi‘leﬂ11‘-6‘2‘6l.4‘“; ‘
1 10? Ii/> | O
E, [GeV]
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Measurements of “Elastic”

Scattering on Nuclei
« K2K famously observed a

“low Q2 deficit” in its analysis oL One-track events
oy e 1200 K2K SciFi
* MiniBooNE originally had wi = (Oxygen target
a significant discrepancy o PRD74 052002 (2006)
at low Q2 as well w0

0 02 04 06 08 1 12 14 186
K2K- one-track Q° (GeV/c)

» Original approach was to
enhance Pauli blocking
to “fix” low Q?

» Was resolved by
tuning single

12003 o 1., w0 ",
pion background ﬁ / Erac;slgEQUnds‘
. 10000 . - e =
to data W/ plons . 0.1 0.2 0.3 n.4 n.s n.e n.7 n.s 0.9 1

PRL100 032301 (2008) Q* (GeV?)

Events
2

r 14000 —

Events
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M i n i B 0 ON E (Phys. Rev. D81 092005, 2010)

* Qil Cerenkov detector (carbon),
views only muon

« Fit to observables, muon energy
& angle find a discrepancy with
expectation from free nucleons

|t looks like a distortion of the Q2
distribution

* MiniBooNE fits for an “effective”
axial mass, M,, higher than
expected

» Good consistency between total
cross-section and this Q2 shape in
this high M, explanation

(a) E.=0.4GeV
(b) E.~0.8GeV

(¢) E =1.2GeV

(d) Q*=0.2GeV?
(€) Q*=0.6GeV?
N Q=1.0GeV*

02 04 06 08 1 12 14 16 18 2
T, (GeV)

L MiniBoaNE data with shape error
----- RFG model (M5 =103 GeV, c=1.000)
---- RFG model [MT' LAS Cee¥, k=107

RFG maodel [HT—I.HS Ge¥, x=1.007) x1.10

0
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NOMAD (Eur.Phys.J.C63:355-381,2009)

« Like MiniBooNE, target is mostly
carbon (drift chamber walls)

« Reconstruct both recoiling il
proton and muon |

[ Run 15049 Event 11514 |

- Total cross-section and Q2 it |
distribution are both consistent . |
with expectation from free s . R
i S = 53 Bk

- Two experiments, same target, = |
but different energies and oo
reconstruction. .. I

... iIncompatible results? T
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MiniBooNE and NOMAD

« Current data cannot be fit by a single prediction for low
energy data (BooNEs) and high energy data (NOMAD)

» |n effective dipole form-factor picture, different “M,”

* Free nucleon M, is ~1 GeV from both pion
electroproduction and neutrino scattering on deuterium

* We will return to this “puzzle” later...

x10™?
& 165 — % NOMAD data with total error
E 1 4 ;— (b) H-‘ ——— SciBooNE data with preliminary error
o } % 3 Ml [ +
= TeeTTTT TR - - + -l M%**%HL— Plot courtesy
8 = ——s—— MiniBooNE data with total error of T. Katori
6 = " - RFG model with WA;:LOS GeV,x=1.000
4c ——— RFG model with M'=1.35 GeV ,x=1.007
2 Free nucleon with M, =1.03 GeV
0: Lol . L .
-1 QE,RFG
10 1 10 E; (GeV)
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Low W, the Baryon v
Resonance Region

* Intermediate to elastic and DIS regions is a region of

resonance production
= Recall mass? of hadronic final state is given by

2 2 2 2
W? =M;+2M,v—Q° =M} +2Mv(1-x)
= At low energy, nucleon-pion states s«
dominated by N* and A resonances

* Leads to cross-section with |
significant structure in W just i k
above M,ieon S IRV N

= Low v, high x

[\ Proton datalC

v Daresbury

400
= DESY

o/4 (ub)

Ey (GeV)
AN MP} WZ photoabsorption vs E,.

Line shows protons.
More later... o
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The Resonance Region

* Models of the resonance region are complicated

* |n principle, many baryon resonances can be excited in the
scattering and they all can contribute

= They de-excite mostly by radiating pions

« Most single pion production is from resonance decay

Nucleon Resonances below 2 GeV/c? according to Ref. [4])

—_

Central mass Total Elasticity

Resonance value M with xg = mA" branching Quark-Model/

Symbol® [MeV/c?] I'y[MeV] ratio SUs-assignment
Pyy(1234) 1234 124 1 4(10)s/2 [56, 01,
P,,(1450) 1450 370 0.65 *(8)y2 [56, 0],
D1,(1525) 1525 125 0.56 *(8)y14 [70, 1,
511(1540) 1540 270 0.45 }(8)y12 [70, 17,
53(1620) 1620 140 0.25 }(10)y/2 [70, 1],
511(1640) 1640 140 0.60 482 170,11,
P;;(1640) 1640 370 0.20 4(10)g/2 [56, 0*1:
D15(1670) 1670 80 0.10 4(8)4/2 [70, 1),
D,,(1680) 1680 180 0.35 4(8)ss2 [70, 171,
F,4(1680) 1680 120 0.62 *(8)s/2 [56, 2],
P,,(1710) 1710 100 0.19 3(8)sa [70, 0]y
D35(1730) 1730 300 0.12 %(10)472 [70, 17,
Py5(1740) 1740 210 0.19 2(8)as2 [56, 2],
P,,(1920) 1920 300 0.19 4(10)y72 [56, 2%],
F4(1920) 1920 340 0.15 4(10)s/4 [56, 2],
F4;(1950) 1950 340 0.40 4(10)y/, [56, 2+]s
Pg4(1960) 1960 300 0.17 4(10)y/, [56, 21,
F,(1970) 1970 325 0.06 4(8)y (70, 2], _J
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D. Rein and L. Sehgal, Ann. Phys. 133, 79 (1981)
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Another Mid-Lecture #2 \(
fearemmen . Question

You put a detector made of hydrogen
2° off-axis from the T2K neutrino
beam and observe the following final
state particles. Tell me the reaction!

D 5 1 15 2 25 3 35 4
GeV

1. Single protons with a broad range 2. A single low energy

of kinetic energies, 30-70 degrees muon, in the neutrino
away from the neutrino direction beam direction
3.Au-,aprotonandamn™ 4. A single photon in the

_ _ neutrino beam direction
5. A single neutron, which you

detect by its elastic scattering with and capture on protons
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Neutrino energy spectrum

Another Mid-Lecture #2 \(
fompesensenn QuUestion

You put a detector made of hydrogen
2° off-axis from the T2K neutrino
beam and observe the following final
state particles. Tell me the reaction!

1. Single protons with a broad range
of kinetic energies, 30-70 degrees
away from the neutrino direction
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vp — VP
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Another Mid-Lecture #2 \Q(
fearemmen . Question

You put a detector made of hydrogen
2° off-axis from the T2K neutrino
beam and observe the following final
state particles. Tell me the reaction!

2. A single low energy
muon, in the neutrino
beam direction

Notv,p™ —» u=+??
v,e -S> uv,?

This must be an unusual neutrino from
this beam since threshold is ~11 GeV!
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Another Mid-Lecture #2 \Q(
fearemmen . Question

You put a detector made of hydrogen
2° off-axis from the T2K neutrino
beam and observe the following final
state particles. Tell me the reaction!

3.Au",aprotonandan®

vﬂp+ N ﬂ_A++, A++ N p+n+
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Another Mid-Lecture #2 \Q(
fearemmen . Question

You put a detector made of hydrogen
2° off-axis from the T2K neutrino
beam and observe the following final
state particles. Tell me the reaction!

I don’t know! Neutrino electromagnetic
coupling is too small for
bremsstrahlung. New physics?

4. A single photon in the
neutrino beam direction
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Another Mid-Lecture #2 \Q(
fearemmen . Question

You put a detector made of hydrogen
2° off-axis from the T2K neutrino
beam and observe the following final
state particles. Tell me the reaction!

Not elastic scattering since there are no
neutrons in the detector! But the
neutron could come from material
around the detector and enter inside.

5. A single neutron, which you
detect by its elastic scattering with and capture on protons
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Quark-Hadron Duality
* Bloom-Gilman Duality is the relationship between quark
and hadron descriptions of reactions. It reflects:
» link between confinement and asymptotic freedom
= transition from non-perturbative to perturbative QCD

+ - < | : |
REO'(ee — hadrons) 1 | -« }, -8 & g §¥i&_g~
ole'e > u'p) sHip Bl —— = T
i
L |
'_ > 1 5 6 7 8 s;; 10 ) (
quark-parton model calculation: Eecm (GeV)

R=N B 4 O(a,,, + - -
e Z 2 (Qq ) (%py + ) put of course, final state is really sums
q3's>m, over discrete hadronic systems
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Duality and

W?=M:+Q’ l—1 —
X

1
0.20 0.30

LOW Q2 data 0802 O.‘OS ‘OJOS ‘0,‘207‘ (‘)‘10
x [Q*=0.07]
DIS-Style PDF prediction — g y

Governs transition

T
SLAC

. JLab 4

between resonance and

DIS region

Sums of discrete
resonances approaches

0.00

DIS cross-section

Bodek-Yang: Observe in
electron scattering data;

apply to v cross-sections L O
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Duality’s Promise

* In principle, a duality based approach can be applied
over the entire kinematic region

« The problem is that duality gives “averaged” differential
cross-sections, and not details of a final state

o 0
S (%
e Sy
0% 5 %, %
AR v
. 0@ G Or . ~0O
SR (V) 7 S/
7, d)
W e ® %, 3
00 N S 2
0¥ \& iy S8
N\ *0\‘) = o,
© Qg

« Microphysical models may lack important physics, but
duality models may not predict all we need to know
* How to scale the mountain between the two?

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 102



Duality meets Reality \Q{

A difficulty in relating cross-sections of electron
scattering (photon exchange) to charged-current
neutrino scattering (W* exchange) is that some e-
scatting reactions have imperfect v-scattering
analogues.

Write all possible v, CC reactions involving the same
target particle and isospin rotations of the final state

for each of the following...
(@) en—en

(b)e p—ep

Y
" e P
" aeln ¢ %; 5
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Duality meets Reality \Q\/

Write all possible v reactions involving the same target
particle and isospin rotations of the final state for
each of the following...

(@) en—oen (c)ep—oenr
VAU D V.D >l pPTT
(b)e p—oep (d) en—e pr

|
there are none! Vi S n72'

vn—>,u pr’

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 104



Building a Unified Model

* In the relevant energy regime around 1 GeV,
need a model that smoothly manages exclusive
(elastic, resonance) to inclusive (DIS) transition

. 1.25 — T T T T —T—T T T
« Duality argues that : | SN i
ngn 2 T 0 7—feet [18
the transition from oo |- : <AL 12-feet [17] —

8 O ANL 12-feet [18] ]

the high W part of
the resonance

Q7o —

acd/Ey (107 cm?/deV)

region (many w

resonances) to deep g

iInelastic scattering F / L

should be smooth. L SN T TN
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Exclusive Resonance v
Models and Duality Models .

« Duality models agree with o A
inclusive data by construction .,
= However, in a generator context,
have to add details of final state
« Typical approach (GENIE,
NEUT and NUANCE) is to use " = 7he = 7 " % o7
a resonance model (Rein & Sehgal) below W<2 GeV,
and duality + string fragmentation model for W>2 GeV

= This is far from an idea solution

» Discrete resonance model (probably) disagrees with total cross-
section data below W<2 GeV and is difficult to tune

» Average cross-section at high W does agree with data, but final
state simulation is of unknown quality and difficult to tune also.
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Summary of Scattering from -
Nucleons

 We extended what we learned about ve- scattering to the
concept of targets with structure, nucleons

« Using a picture of (anti)v-(anti)quark scattering, we
explored the inelastic high energy limit

= Fully predicted cross-section, up to quark distributions inside
nucleon (PDFs)

» Discussed implications for Ice Cube energy neutrinos
 We then tried to build the elastic and barely-inelastic
neutrino-nucleon cross-sections ab initio
» Lots of form factors and baryon resonances. Complex!
« Duality between quark and hadron pictures can help

extend calculations in deep inelastic limit to A resonance
dominated regime
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\(

From Nucleons to Nuclei
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Why are Nuclei So Difficult?

* The fundamental theory
allows a complete
calculation of neutrino
scattering from quarks

» 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.
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\(

Coherent Neutrino-Nucleus
Scattering
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Coherent and Elastic \(

* Here is a limit in which, in principle, we can
calculate scattering from the nucleus

\"/

 Why?
If probe is long
wavelength, then

* Also, coherent
implies significant enhancement of rate
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Coherence Condition

« Wavelength of probe, must be much larger than
target, so momentum transfer: ¢ < 1/,

* |f coherent, amplitudes from nucleons add
= Therefore rate goes as (#nucleons)?

 Limited momentum transfer means limited

kinetic energy of recoil: = 1/M R’
» Typical nuclear size in natural Q2
units ~ 100 MeV, so maximum T ~ T
recoil energy is ~100 keV or less for 40Ar A
do G 2 M T 5 o\
7 [N Z(1-4sin g, )]} [1— T j(F(Q ))
y Form factor with coherence
Weak NC coupling : nearly zero for proton condition... goes to 0

except for very low Q2 i
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Comments on Coherent \(
Nuclear Scattering
* No one has ever observed this because of the

difficulties of finding such low recoils in nuclear
matter

* Most promising approaches have much in
common with dark matter detectors

* Very useful practically if this can be overcome
since it is a reaction perfect for “counting”
neutrinos from a beam, a reactor, etc.
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Searching for Coherent
Scattering

 One idea is COHERENT program: use pulsed beam
from SNS (neutron source) with a variety of nuclei

= High energy, low backgrounds, ¢ o« N*

10?2 —r — - e e
s e e o e e ) oy et _\ H 3% —F B 5 K | K X 2 T SNS:
1019'.— e = \\ : : = d | e Vu
: —F+ — \ i e =
> 107 —_— = : ———. .
§ : o \\ : BRI MIT reactor
10151 I e | || \ ]! | | | | (5 MW)
;i i — ;i f \ F F Advanced Test
13 s === sl n reactor (110 MW)
1077 ; = F — == —_1_':.'--'—-'"_‘:— S San Onofre
= —T_'.-::::"- * reactor (3.4 GW)
1011 I IE ,,:_,—;,;;.’;:TT .... ] . I EC Sources:
== oE ' ’ 37Ar (5 MCi)
& s § 1075 05 1.0 50 10.0 50.0
e ~ o " : ol : S
> v - E, [MeV]
a7 é’ " Nuclear Technology |Mass | Distance | Recoil Data-taking start
s Target (kg) from threshold | date; CEVNS
TT ‘ T ; rc keVr detection goal
lllir l'r Y sy L] 1”?!1 11115‘{ s ( ) SROn S
,1.. I PR SRR . l..——:-:..- (m)
A Csl[Na] Scintillating 14 20 4.5 9/2015; 50 in 2 yr
crystal
Figures from J. Collar, K. Scholberg Ge HPGe PPC 10 22 5(2) | Fall 2016
LAr Single-phase 35 29 20 Fall 2016
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A%

Mid-Lecture #3 Question

| would be willing to assert at high confidence
that the discovery of neutrinos from the big bang
would most likely earn you a Nobel prize.

Coherent scattering has no threshold, so can
use it to detect neutrinos with T, ~1 meV

What makes this difficult?

Q_ _ijaX 1 ) T QZ
M R 2M,

do G 2 M,T 22
d; 47[[N Z(1-4sin’ 6, )| [1— T j(F(Q ))
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A%

Mid-Lecture #3 Question

| would be willing to assert at high confidence
that the discovery of neutrinos from the big bang
would earn you a Nobel prize.

Coherent scattering has no threshold, so can
use it to detect neutrinos with T, ~1 meV

What makes this difficult to detect?

The maximum momentum that
can be transferred to a heavy
Stationary target is no more than
twice the lab frame momentum.
So 04 2p2

T ~—<
2M, My

Kevin McFarland: Interactions of Neutrinos
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Relativistic
neutrino
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M,
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Coherent and Inelastic?

What does that even mean?

A long wavelength probe of the
nucleus can interact with an off-
shell W or Z, turning it into a pion!

——

= Firing a gun at a bubble, leaving it e
intact, but breaking apart the bullet? "O - @_'
Gives energetic leading pion which is a potential lepton
background in less capable detectors e i datnd ] +w“
Model independent features: low momentumé +— =
transfer, [t|, to target and no recoil activity %
E,=E, +E;, g
Q% = 2E,(E, — P,cosf),) — m> " od |
] = —Q2 — 22 + By prcosty — pupncoshys) +m? e
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Coherent Pion Data \Q\/

102V FA > W0 + 7t + A

. Recent MINERVA 3 7 e
measurement shows ? o R
ST : S5 ol il Phys.RevLett 113
Ipredlctlons oyerestlmate 2014) 26, 261802
OW energy pions

|||I||||I||-|_|_I|||| P R L
0 05 1 156 2 25 3 35 4 45

» Biggest effect at low E, Pion Energy GeV)

* Explains non- —
observations at K2K and
SciBooNE?

* Note also recent ArgoNeuT
measurement on Ar (low statistics),
Phys Rev. Lett 113 (2014) 261801

<1072 Vu

MINERVA <A> =12 T ]
SciBooNE <A> =12
K2K <A> =12
BEBC <A> =20
CHARM Il <A> =21

B ©  SKAT <A> =30 (] -
B ] ArgoNeuT <A> =40 |
15 [~ GENIE v2.6.2 ]

o+ X0

- N

ber nucleus (12/A)"
o
|

1 10
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Z. Wang, C.M. Marshall et al,

Evidence for the Model: v

Inelastic Coherent Kaons!
* |If the mechanism at right is

correct, then production of
kaons should occur as well

—~~

(o) .

= = Cabibbo suppressed

~ " More kinematic suppression from )

o _ |

X higher kaon mass as well -

Q

8 ‘% V,A > KA | Data g 0.9 — Signal 10 g

N 2 B Coherent K* ?g. oe — Background I° g

= o AS=1CCK" @ 7 § oo K
; @ S as=occkr § o 16 2

=7 a R = & 3

o 0 K* in detector 0.5 5 E

— = seese, ¥ c

S g ziiiz No K 0.4 1{a 3

() w 0.3 3 g

m 0.2 12 E

(,5 0.1 11

b Y R e

C ‘Frry 3 :}L-}S‘-‘(j-"l“" 'J"_"“ v (1T ERREE 00 A 1 1 1 l%l 1 I 1 % l 1 L o 1 0

ol 0 0204 0608 1 12 14 16 1.8 0.00 08 0.10 °-152 2-20 76 54L3 210

Reconstructed Itl = |q_pK |2 (Gev2) Reconstructed t = |Q'PK| (GeV") 2 x In%
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Inverse Beta Decay and Related
Reactions in Nuclei
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Recall: Inverse Beta Decay

2
do | GyS XCOS” Gy x(fmass)x(sz (1+ B, cos0)+3g,° (1 —%cos HD

dcosf 7« N LU= i f
quark mixing! final state mass gaggen iorm
s . factors (vector,
uppression T axial)
Vv et

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

 vector and axial-vector P

form factors (for IBD usually 10
referred to as f and g, respectively) o 81
9y, ga =1, 1.26. ;o
u FFS, QCabibbo’ beSt knOWH s 2 -
from 7, (neutron beta decay) © —+

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos



cm:l

o [0

Inside a Nucleus
 Near threshold, have to account for discrete
excitations of final state nucleus

= |f reaction is inclusive, then this is a sum over states

which may be difficult if many states are involved.
later about this.

More

 Exclusive reactions behave like free nucleon

beta decay, but with a different threshold
v,°C > e (N)

I I I I I I I I I -
— + E E E
vV.p—>en ; 5 aof

e 1 g - 0 LSND PRC 64, 065001 (2001)
4

e Fukugita, et al.

10

o (] 4= (=N [~}
— T T T T T Y

Ng.
N
o
R A R R AR LA R

0 1 2 3 4 5 6 7 8 9 10
E. [MeV]

e ISP NNPU TSN U TN AT N TN YT S MR Y
20 256 30 35 40 45 50 55 60
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Nuclei for Solar Neutrinos

* Here are some nuclel historically important for
Solar neutrino experiments. Low thresholds.

Experiment | Nuclear Target Reaction (O ) AEnud
[10%cm?] [MeV]
(no det. Thres.)
GALLEX/GNO 71 71 _—— 8.611+0.4% 0.2327
SAGE Gass v,+ Ga—>e + Ge 6T :

SNO 2H1 ve-l—zH—)e_ +p+p (67T) 1.442

DUNE, 40 40 - 40" 148.58 (F)

ICARUS, etc. Alts || VAT SRSl
44367 (6T2) 1,505 +
41567 (6T)

3-5 July 2017
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SNO

 Three reactions for
observing v from sun
(E, ~ few MeV

@ Vie=y e

= 2H, 160 binding energies are 13.6eV, ~1 keV.

* Therefore, e are “free”. oxE, S T 1
@ TSy, |
» Deuteron binding™ =
. + e 1 2,0 L
P energy is 2.2 MeV i/
* Energy threshold of a few MeV for /
neutral current. Less for the charged Ce A a
current because m,>m,+m, (Bahcall, Kubodara,

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos Nozawa, PRD38 1030) 124



Reconstructing Neutrino \(
Energy on Nuclei
* In the low energy region, 1-100 MeV the nuclear
structure is critical for energy reconstruction

« Remember the comments about Inverse Beta
Decay on free protons,
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Reconstructing Neutrino \(
Energy on Nuclei
* In the low energy region, 1-100 MeV the nuclear
structure is critical for energy reconstruction

¢ Remember the comments about kinematics of
nverse Beta Decay on free protons,

* InIBD, v,+p—>e€e*+n,
heavy neutron takes all necessary _V, e’

momentum, but not energy!
— pE W
T =En

2EyMp—Mp+M5+Mg
2(Ey+Mp)

(E,) = ~ E, — 1.3 MeV
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Reconstructing Neutrino
Energy on Nuclei

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

Free nucleon
(inverse beta decay) case

Reconstructing true antineutrino energy:

: Recoil energy
Outgoing Neutron proton of neutron

e" energy mass difference (negligible)

Eﬂ — Ee +A+ Krecoil
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Reconstructing Neutrino
Energy on Nuclei

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

Bound nucleon
(on nuclei) case

Reconstructing true neutrino energy:

QO is determined by measuring de-
excitation gammas and nucleons

Energy Recoil E
Outgoing  donated to CCOILENErgy =9

cEerwy wenston (e

ARMMMININRNY
Ez/ — Ee - Q + Krecoil
... but detector may not see all
energy, e.g., neutrons
Figures from S. Gardiner, NuINT17 S |
3-5 July 2017 Kevin McFarland: Interactions of Neutrinos

Ve + YOAr —s 40" + e

&
%

Excitation of 40K”

At least 25 transitions

have been observed 4

indirectly

40K 39Ar

'sp Decay of 99K
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Even worse... Data on \Q\/
Excitations is Poor
« Compare processes for measuring Gamow-Teller

(axial vector current) transitions in A=40 nuclei
= These are the two general techniques, by the way

* Q value in f-decay vs pAZ - nA(Z + 1) scattermg

1.5
= Significant difference b Phys R C80 (o, n) ]
means model for ol 055501 (2009) 1
unseen energy 0.5 r I J ]
B—Decay

is very different & oo |

o

« Complicated mix  °°|
of data and models
iSs required Po 2 a4 s 8 10
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GeV Cross-Sections on
Nucleons in a Nucleus
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Elastic? Fantastic! \Q\/

« Last time, we showed that the elastic scattering
of neutrinos from nucleons is (nearly) predicted
» Charged-current reaction allows tagging of neutrino
flavor and reconstruction of energy
« Unfortunately, practical neutrino experiments
have these nucleons inside nuclel

Does it matter
that | started my
new life inside a
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Fermi Motion, Binding and \g(
Pauli “Blocking”

* In a nucleus, target nucleon has some initial momentum
which modifies the observed scattering

= Simple model is a “Fermi Gas” model of nucleons filling
available states up to some initial state Fermi momentum, k.

- Motion of target
Initial state ndbleBn thanges P _ —-> M
n kinematics of reaction Final state

escaping nucleus... states are already g

 The nucleon is bound in the nucleus, ia
filled with identical nucleon |

so it take energy to remove it @ /
LN
§\ AN / 4
NN

 Pauli blocking for nucleons not
3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 132
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“Final State” Interactions

The outgoing nucleon could create
another particle as it travels in nucleus Y
= |fitis a pion, event would appear inelastic /\

Also other final states can contribute
to apparent “quasi-elastic” scattering
through absorption in the nucleus...

= kinematics may or may not distinguish
the reaction from elastic

nucleus

Theoretical uncertainties in these reactions are Iarge

= At least at the 10% level. More on this later.

» |f precise knowledge is needed for target (e.g., water, liquid
argon, hydrocarbons), dedicated measurements will be needed

o Most relevant for low energy experiments, i.e., T2K
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“Final State” Interactions

The outgoing nucleon could create
another particle as it travels in nucleus Y
= [fitis a pion, event would appear inelastic /\

Also other final states can contribute
to apparent “quasi-elastic” scattering
through absorption in the nucleus...

= kinematics may or may not distinguish
the reaction from elastic

nucleus

Theoretical uncertainties in these reactions are Iarge

= At least at the 10% level. More on this later.

» |f precise knowledge is needed for target (e.g., water, liquid
argon, hydrocarbons), dedicated measurements will be needed

o Most relevant for low energy experiments, i.e., T2K

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 134



\(

Studying Final State Interactions
with Meson Production Data
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Pion Production

Most common inelastic
Interaction at low energies

Oscillation experiments
that don’t identify the pion
suffer an energy bias

Nuclear effects are
Important, both in initial and
final state

MINERvVA

t Event

M candidate—
ek

/

f:\ /LI | ri
.‘44' . P canaiaate

T candidate

N

Survival probability

Simulated DUNE v, disappearance

Module Number

Solid: true E, -
Dash: rec. E,_.-~

At 3 GeV:
~50% QE |

~35% RES + DIS]

m absorption

1 2
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Neutrino energy (GeV)
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Nuclear Effects in Pion v

Production _
v, o
« An important reaction like Y
v.n—>u pﬂ'o A
(v, background) can be modified in  n /;\ii
a nucleus p

 Production kinematics are modified
by nuclear medium

= at right have photoabsorption
showing resonance structure

= |ine is proton; data is 2C

’! DESY .
= except for first A peak, the | \ e
structure is washed out 2001 | \Tan\

= Fermi motion and interactions of
resonance inside nucleus )

nucleus

600

[\ Proton datal

400 v Daresbury

c/4 (ub)

1 1 1 1 1
0 1 2 3
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Nuclear Effects in Resonance v

Region (cont’d) model of
A% L E. Paschos, NUINT04

)
— 0 12 ¢ T T v T T T r
W V‘un % ILl pﬂ' 10 b TC+ t/‘f\ 0" i A

> <
% 5 N
0 4
N A* n € | before
Y\ 55" interactions
p 81

interactions
(a)

0 0.1 02 03 04 0s 0.6 0.7 0.8
P' (GeV)

nucleus 0

« How does nucleus affect nt°
after production?

* “Final State Interactions”:
migration of one state to
another and pion absorption ™|

0 0.1 0.2 03 04 0.5 0.6 0.7 0.8
P, (GeV)
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Approaches to Final State \(
Interactions

* Propagate final state particles through the
nuclear medium with varying degrees of
sophistication where they interact according the
measured cross-sections or models

e |ssues:

* Are the hadrons modified by the nuclear medium??

* Are hadrons treated as only on-shell or is off-shell
transport allowed?

= How to cleanly separate the initial state particles from
their final state interactions?

= How to relate scattering of external pions or nucleons
from nuclei to scattering of particle created in nucleus?
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MINERVA: Pion Spectrum as
Probe of Final State Effects

« MINERVA has measured both " and 1r°
production. Both prefer slightly softer pions than
GENIE’s final state cascade model predicts.

v, Tracker — W Ni= X (W < 1.8 GeV)

< 0.40F wrnerva

%) EAbsqute Normalization Data (3.04e20 POT)
S 0.35  3.04ev20POT n" Final State

< - Multi-r — =*

8 0-30:_ n* Inelastic

© s n* Elastic

= 0.25 { J B ' Non-Interacting
‘c 0.20F %

o F %

2 0.151= %

o -

T 0.10

" ¢
5 [ —

100 150 200 250 300

Pion Kinetic Energy (MeV)

1~

N W S o)
() o o ()

» (10™*° cm?2/nucleon/GeV)

T
RN
o

do/dT

0

:_ b) V, + CH - u* + 70+ X
POT Normalized —¢— Data (2.01e+20 POT)
— Multi-t — =°
| E=
7° Inelastic
ni° Elastic

jl - I ~° Non-interacting

= _ ¢

.0 0.2

- : ]
. T
0.4 0.6 0.8 1.0
Pion Kinetic Energy (GeV)

MINERVA: Phys.Rev. D92, 092008; Phys.Lett. B749, 130, Phys. Rev. D94, 0562005 (2016)
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(10*° cm?/nucleon/MeV)

dN,
dT,

s

TP

|

do/dT , (10™*° cm?nucleon/GeV)

m* comparison to
MiniBooNE

0 5 V“ Tracker > H’ Nn: X (W <18 GeV) 17T T 17T 1T 17T LI LI 1T 17T I ¢ N'“niBOONE data
p MINERVA —+— Data (3.04620 POT) __ SENIE 2.6 noFS
_Absol;t(ig(z)(r)rggl.\rzalwon GENIE w/ FSI 14 L GENIE 2.6 noFSI
04 e GENIE w/o FSI —_ C — GENIE 2.6 hA FSI
B > 12— =
B § - ]
0.3 L _]
. = 0 :
ook (I T o, E E
T e i i ............. ;I 8_ ]
0.1F 3 2 - il
). ~ 6 —]
B
Lo b e e e L ] = C ]
0 50 100 150 200 250 300 350 g 4 —
Pion Kinetic Energy (MeV) _8 ’
2-MINERVA: Phys.Rev. D92, 092008, —
50:— b) ¥+ CH— " +7% + X OZIMini[BIIOIOINIEI:I IPhlyISl-lRlel\/I. |D18131’101512|QQ|71 I B 1:
r POT Normalzed —4— Data (2.01e+20 POT) 0 50 100 150 200 250 300 350 400
40~ — GENIE w/ FSI

Pion KE [MeV]

F « Even with ~10% flux uncertainties from
o] o both experiments, there is ~20 tension

between MINERVA and MiniBooNE
* Shape tension also

 Note, MINERVA 11" and 1° are similar in
rate and shape
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Can Current Models Resolve \(
this Tension?
» Interesting study by Sobczyk and Zmuda (Phys Rev. C91 045501)

asks if uncertainties in final state “cascade” models and pion
production to explain MiniBooNE-MINERVA difference

« Their conclusion: it cannot. Theory uncertainties on the ratio

are very small. . \

Uncertainties in bins ; S e o ——
are highly correlated, ¢ A
S0 maybe explains S 2L .
high energy paﬁ?7<i I P |

= [
And maybe low z 1 \:I_H_FF l
energy is a statistical g

® 0

50 100 150 200 250 300 350
T, (MeV)

fluctuation?
Unlucky or real?
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D, : Disappointing Data?
 |deally to resolve our pion -
Understanding

conundrum, we would go to
reliable nucleon level data v
= Unfortunately, we don’t have it.

N L
1.2 | T T | T (\_)Q’ %’
Vup — ppmT Q.
T ANL Fe | S (%
—~ o8k BNL (no 7N cjut) = = § 6
e A o =
? 06 % T - - Q;z? %
T 04l % i Data on -g%
021 s Hernandez i nucleons =)
/’ oD
0 | ] ] ] 1 wn
0 1 2 3 4 5 6
E (GeV)
« eN vs. eA data: our only hope for
exclusive states?
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Kaon Neutrinoproduction

* Proton decay experiments looking for p—K*v in
nuclei need to know about the survival
probability for the kaon in the final state

%10 v, Tracker — 1 K" X
20z S 1.6 miNERVA
! = 0 - 3.51E20 POT ? Data
o {153 O 1.4 —— GENIE 2.8.4
0 e o | ! c _ ,
§ r -u*;:t“;’“":fwww# |10 § § 1.2 :_ ----- GENIE w/o FSI
.E'st- “'\,\‘“ 45 S g 1:— _____________ NuWro
B 3 £ po PR S i SO
B e LB —
n &= [ feeeeeeeeeea- —,—r
. 5 £ o6f 1 I
er 30 35 A0 45 f0 55 20 65 T TS 3 ’UIU 153 11‘0 13 Pz —+7
Module number '\U 0.4 L
. . ) i MINERVA:
* Neutrino kaon production © ozf -
p [ Phys.Rev. D94, 012002
L L . 1 PR N NN TR T VRN WO Y TN TN W TN (NN ST WA SO W Y SO SO WY
IS priced to increase at % T 100 200 300 400 500
+ .- -
low momentum from FSI K" kinetic energy (MeV)
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More Mid-Lecture #3 Questions

 Two questions with (hint) related answers...
1. W?is...

W?>=M_,+2M,v-0°
=M, +2M,v(1-x)

the square of the invariant mass of the \
hadronic system. (v=E,-E ; x is the parton fractional momentum)

It can be measured, as you see above with only leptonic
quantities (neutrino and muon 4-momentum).

In neutrino scattering on a scintillator target, you observe an
event with a recoiling proton and with W reconstructed
(perfectly) from leptonic variables <M. Explain this event.

2. In the same scintillator target, you observe the

reaction...y “C — 1~ pz~ + remnant nucleus
Why might this be puzzling? Explain the process.
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More Mid-Lecture #3 Questions

 Both phenomena occur because of nuclear effects!

1. M, >W* =M, +2M,v(1-x)
can only be true if x>1.
That means the fractional momentum
by the struck target parton is >1! This
can only happen for in a nucleon boosted
towards the collision in the CM frame by interactions within
the nucleus (“Fermi momentum”)

3.v, “C—o U pr +remnant nucleu&w/
is nonsense in a free nucleon picture.
It is forbidden to occur off of a proton or a n/;\ 2
neutron target by charge conservation! 70
But remember...
reinteraction of pions! nucleus v
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Data on CCQE reactions on Nuclei
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(Events/0.04 GeV?) x 107

' ArgoNeuT, R. Acciarri
;::ﬁﬁfﬂ?ys.ﬁeﬁzg%*f 44
(2014) 012008

Many Measurements

d’o 2
dT,d(coso,) (™ /GeV)

—— MiniBooNEV, CCQE data (CH))

I:’ shape uncertainty

Ty

S W W

il WY
o
Wy

/
e
(i

j
i
i

Ratio to GENIE

i

i

"‘ "

i

“‘ J‘

il AV
& A/
h

N

-\

L

w

= o

)
.
A
&‘
.
i
3
:

i
il
i
W
A
t\:‘

W
3

- - n n
o [$)] o (6}
T g |

(¢

MINOS, P. Adamson - 1.5

l- "+ 1 T .'. .

3
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(Area Normalized) 1 & o5l | == ND28O stat+syst E
| 5 25¢ : ]

—e— Data 1 = - NEUT MC ]

—— True QE 1 E ) MiniBoone -

—— True RES {1 = 2 | = NomaD

—— True DIS + Other 1 %‘l r NEUT (binned)

lllllllll'

al

et al, arXiv
1410.8613

T
—

. . 0.55- ) T2K ND280,
0.0 0.5 1.0 15 2.0 25 - '
Reconstructed Q% (GeV?) AN arXiV 1411.6264 ;
0.12 2
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1o
1.6 - * data NuWro RFG M, =1.35
[ —— GENIERFGM,=0.99 ----- NuWro RFG M,=0.99 + TEM
1.4} NuWro RFG M,=0.99 NuWro SF M,=0.99 .
o 7, COQE ]
- 7 w
W Rt B
0.8 —ii
B 1.5<E, <10 GeV
0.6~ Area Normalized
1 L |
10 10" 1
2 2
Q,: (GeV?)

MINERVA, Phys Rev. Lett. 111,
002051 and 002052 (2013)

Proton Module Standard module

T2K INGRID

* [ need to pick and choose some highlights
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M i n i B 0 ON E (Phys. Rev. D81 092005, 2010)

* Qil Cerenkov detector (carbon),
views only muon

« Fit to observables, muon energy
& angle find a discrepancy with
expectation from free nucleons

|t looks like a distortion of the Q2
distribution

* MiniBooNE fits for an “effective”
axial mass, M,, higher than
expected

» Good consistency between total
cross-section and this Q2 shape in
this high M, explanation

(a) E.=0.4GeV
(b) E.~0.8GeV

(¢) E =1.2GeV

(d) Q*=0.2GeV?
(€) Q*=0.6GeV?
N Q=1.0GeV*

02 04 06 08 1 12 14 16 18 2
T, (GeV)

L MiniBoaNE data with shape error
----- RFG model (M5 =103 GeV, c=1.000)
---- RFG model [MT' LAS Cee¥, k=107

RFG maodel [HT—I.HS Ge¥, x=1.007) x1.10

0
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NOMAD (Eur.Phys.J.C63:355-381,2009)

« Like MiniBooNE, target is mostly
carbon (drift chamber walls)

« Reconstruct both recoiling il
proton and muon |

[ Run 15049 Event 11514 |

- Total cross-section and Q2 it |
distribution are both consistent . |
with expectation from free s . R
i S = 53 Bk

- Two experiments, same target, = |
but different energies and oo
reconstruction. .. I

... iIncompatible results? T
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MiniBooNE and NOMAD \(

« Current data cannot be fit by a single prediction for low
energy data (BooNEs) and high energy data (NOMAD)

» |n effective dipole form-factor picture, different “M,”

* Free nucleon M, is ~1 GeV from both pion
electroproduction and neutrino scattering on deuterium

* Detail: MiniBooNE measures p only, NOMAD u+p
%103

—%—— NOMAD data with total error

(b) HHNE data with preliminary error
1 Il LI R +

1.5 >ﬁ]§—<’_{e* **’hﬁ‘*%.ﬁ}f 1 Plot courtesy
%"  —s—— MiniBooNE data with total error of 1. Katori
--------- RFG model with mﬁi:ws GeV,k=1.000
— RF'G model with M“A =1.35 GeV,x=1.007

Free nucleon with M, =1.03 GeV

d"\
£
L

o

— ek b b
ONPROOONA~AD

1 10 ES!E,HFG (GEV)

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 151

-
S,



MINERvA CCQE on Carbon

(Phys. Rev. Lett. 111 022501 and 022502, 2013)

« MINERVA has measured CCQE in T ]
neutrino and anti-neutrino beams ]
s or u
= Flux integrated from 1.5 to 10 GeV. t
It's a measurement “near” 3.5 GeV
- Sample is selected by muon and “low” |5 \_ |
calorimetric recoil away from vertex R T
Module number pr- 06V
gl E =
I ¥ : o
% : I " Vertex Energy
al = Recoil Energy |
S| Region - ; "
: TP AT T T 2 :
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Ratio to GENIE

do/dQ? Shape

v, CCQE

v, CCQE

1.8 n
16 B « data NuWro RFG M ,=1.35 . e data NuWro RFG M =1.35
r — GENIE RFG M,=0.99  ----- NuWro RFG M ,=0.99 + TEM | —— GENIERFG M,=0.99 ----- NuWro RFG M,=0.99 + TEM
14 - NuWro RFG M ,=0.99 NuWro SF M,=0.99 L NuWro RFG M ,=0.99 NuWro SF M,=0.99
1.21~ — -
i — —"“\i “ —_— : i """""" T ?
1_ —— T___'___;.‘—_'——i—fﬁi _——__\__T T = ____g ~ =
o1t ot S—— i
08 __f
B 1.5<E, <10 GeV C 1.5<E, <10 GeV
0.6 N Area Normalized - Area Normalized
, | : T | Lo ! ! ! |
102 10 1 y2 10 1
2 2 2 2
Q2_(GeV?) Q%_ (GeV?)

« Q2 distribution doesn’t agree well with “high effective M,”,
but there is a clear disagreement with free nucleon result

Best fit is to “transverse enhancement model”

6-8 August 2013
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MINERvVA u+proton CCQE

(Phys. Rev. D91 071301, 2015)
v, Tracker — u” p ® MINERVA Preliminary

« MINERVA has alsodonea 2 ) .. e

. 2_
NOMAD-like measurement I e
requiring the proton % 1.6f-
» And... agrees with NOMAD £ 7} ;
ks

data’s preferred model
instead of model preferred

.
IS
‘-

by MINERVA p only CCQE ~ “?E."™ S

1 l 1
0 0.5 1 1.5

. Maybe (likely?) this is ren” iy (GeVE)

MINERvVA ¢ ¥V Tracker — CCQE

-
®

because of mismodeling of R S e
interactions of the proton 3 .. " o
leaving the nucleus? —————
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Multi-Nucleon Correlations

* Inclusion of correlations among nucleons in
nucleus would add another quasielastic like
process knocking two nucleons from nucleus

» Could alter kinematics and rate in a way that would
make a better fit to the data muon inclusive CCQE data

> HOW tO Implement? Transverse Enhancement Carbon 12

® Carlson et al. @=0.09Gev2
Q2=0.14 GeV2

PRC 65:024003 (2002) Q2 0.33 Gev2

= Microphysical models
don'’t yet give complete
final state description

Another method: Use Bosted-Mamyan fit
to electron scattering e-A data)

Parametrization

= “Ad hoc” enhancement

There is no transverse
enhancement at high Q2

Ratio to Free Nucleons

scaled from electron

scattering data? R i b SN
(Carlson & Bodek, Budd, Christy) 0T o5 2 2.
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Extra final state protons
from multinucleon effects?

MINERVA < v Tracker —- CCQE
A

« MINERVA sees evidence of
significant pp final states not
In simulation from v beam, but
no extra np in anti-v beam

* ArgoNeuT finds evidence of
back-to-back protons which
would be unusual in final state
Interactions

* Interesting hints that multi-
nucleon processes are
present. Need more datal
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Events / MeV
N

o) 200 300
Vertex Energy (MeV)

MINERVA vV Tracker —» CCQE

% 50;_ MC w syst. er;'or
e D e
® ookl MINERVA, Phys Rev. Lett. 111,
ool 002051 and 0026052 (2013)
OO’”’ ””””””””””””” Vetex Energy (MeV) 200
z 1IF .
g . %ZZ
- .9 ‘
0.5/ !
o:— ....................................................... Y
- R. Acciarri et al,
o5k Phys.Rev. D90
E (2014) 012008
:...E!‘:I’!!.:,
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Extra final state protons
from multinucleon effects?

MINERVA < v Tracker —- CCQE
A

« MINERVA sees evidence of
significant pp final states not
In simulation from v beam, but
no extra np in anti-v beam

* ArgoNeuT finds evidence of
back-to-back protons which
would be unusual in final state
Interactions

* Interesting hints that multi-
nucleon processes are
present. Need more datal
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Q
o

true energy transfer (GeV)

-
N

.0 _—3 GeV neutrino + carbon

0.8~ lines W = 938, 1232, 1535 MeV

Kinematic Signature of v
Multinucleon Effects

F dordadq, (10°° cm/GeV?) —10 o Another idea is to look for a

—35

s Kinematic signature

5 GENIE 2.8.4 with reduced =«

—125

o.sf ' » * Multinucleon processes
'*occupy kinematic space
10 14 ”
s between” A and QE
et o

true three momentum transfer (GeV) |—>|

ds
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Kinematic Signature of \(
d Multinucleon Effects

1.2

| dotdada, (0% cmeicevy / 4o« Another idea is to look for a
.OF eV neutrino + carbon —35 - r .
. - GENIE 2.8.4 with reduced = '*‘j s k|nemat|C S|gnature

— lines W = 938, 1232, 1535 MeV

—125

» * Multinucleon processes
' occupy kinematic space

10

5 “between” A and QE

e il EPEEPEEPEE PP
0.4 0.6 0
true three momentum transfer (GeV) q—)l

* A quick review of kinematics so this plot makes sense...
Q* = —q* = —(q5 — 1q31») = 131> — 45
(note that kinematics implies |q3|? > g7)
Final state invariant mass2, W2 = M? + 2Mq, + q5 — |q3|?
(so white lines are constant 2Mq, + qé — |q3|?

o
(2]
L L

true energy transfer (GeV)
o
00

o
S
TT 1T
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Q
o

-
N

true energy transfer (GeV)

Kinematic Signature of v
Multinucleon Effects

[ doldq dq, (10°° cm?GeV?)

o Sorda,aa, @ ° —10 o  Another idea is to look for a
OF e neutrmc.>t+:::ru:: ] 35 i . .
0.8:—:?:::3\/2;8;;; 1232?153:Mev =130 k|nemat|C Slgnatu re

—125

a | » * Multinucleon processes
' occupy kinematic space

10

5 “between” A and QE

2 \1 a1 5 . - 1 . 3
0.4 0.6 0.8 1.0 1.2
true thrag momentum transfer (GeV)

oZTq_> ° MINERVA: Phys.Rev.Lett.116 071802 (2016)
3

0.00 < Reco. q3/GeV <0.20 0.20 < Reco. qalGeV <0.30 0.30 < Reco. qa/GeV <0.40
1.0t -
 Extra strength \ O po + Dot
. . . —_— Totél+syst4 error
in this region g — o
—— Delta
. —~ —— 2p2h
* Regionalso £ \ L Other
1 o 0.0¢ 040 <R GeV < 0.50 050 <R GeV < 0.60 060 <R G <0.80
prefe re ntla”y Lﬁ 1ol . eco. g /Ge ] . eco. q_/Ge . . eco. g_/GeV < 0.
(=]
has extra =
: 0.5t .
protons in .2
final state o =
'8.0 0.2 04 0.0 0.2 04 0.0 0.2 0.4
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What Happens if we use this Data v
to Predict Multi-nucleon Effects?
Data shown at NuINT meeting last week (D. Ruterbories, MINERVA)

2
Q° ¢

VNyound — U~ + nucleons

x10® MINERVA Preliminary Data POT: 3.34e20 MINERvVA Preliminary Data POT: 3.34e20
. 2 )
) [
o~ 0.15 5
3 2
O ;:5 | ~H'+ ------------------------
NE | LLI |
S o1t Z
s | = _‘_—{—
@] S .
° I ©
& o |
T 0.05¢ 5

| MINERVA Data 0_5 L

L — MINERVA Tune v1

i ——— GENIE 2.8.4

0|||| ! Lol ! Lol L Lol " ~,..I " Lol L S SN Y Ve R B | ! IR A R | 1 L1
10° 1072 , 16! 1 10° 107 10" 1
2 2
QQE (GeV) QOE (GeV?)
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What Happens if we use this Data v

to Predict Multi-nucleon Effects?
Data shown at NuINT meeting last week (D. Ruterbories, MINERVA)
VPpoung — U+ + nucleons is also described!

d’s/dp_dp, (x10°° cm?/GeV?/c’/nucleon)
O L D WO O WO . M Ww

3-5 July 201/

1.5<p /GeV <20

20<p /GeV<25

25<p /IGeV <30

3.0<p /GeV <35

L

50<p /GeV <6.0

X 4

Wi SO

+ MINERVA data

MINERVA Tune v1

| i | E
‘rg‘—ﬁi [LIL :
| . r
_ | |
35<p /GeV <40 40<p /GeV <45 45<p /GeV <50
I X 2 ? X 4 X 4
L
L T L L
6.0<p /GeV <8.0 8.0<p /GeV < 10.0 10.0 < p /GeV < 15.0
<10 [ «20 [ « 30
05 10 15 05 10 15 05 10 1.

Muon transverse momentum (GeV)
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What Happens if we use this Data v
to Predict Multi-nucleon Effects?

Data shown at NuINT meeting last week (D. Ruterbories, MINERVA)
Vpound — U~ + nucleons |

« “Untracked vertex energy” is sensitive to | &
low energy protons produced in interaction | e
—t— '.T e Not this... tracked E
Not this... =™
tracked | | | | N
B =S/ I O O
probably np — np

I | | | ! | | | | ! ] 1 ] | 1 | | 1 1 1 1 ] I ] | -0

6 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 108 110 112 114
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What Happens if we use this Data v
to Predict Multi-nucleon Effects?

Data shown at NuINT meeting last week (D. Ruterbories, MINERVA)
Vpound — U~ + nucleons |

|

« “Untracked vertex energy” is sensitive to | i 5
low energy protons produced in interaction | i
6
***** = e 4

Not this... =™ |
tracked = . These heavy
“=_ Notth deposits near -2

TTT™ pr&)eﬁ)l;n vertex, ~30 MeV | b

shown here

| l l | BN O | T e

| S o [ [ [ P = ol ol ibs dunibendieaile U e ol ol 1 T T
6 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 108 110 112 114
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What Happens if we use this Data v
to Predict Multi-nucleon Effects?
Data shown at NuINT meeting last week (D. Ruterbories, MINERVA)

e “Untracked vertex
energy” is sensitive to
MINERVA Preliminary Data POT: 3.34e20 IOW energy protons

VNpound — U~ + nucleons

Ll
(uzé produced in interaction
S * New multinucleon data
3 tune also describes this
@)
o spectrum!
E Data | |
—— MINERVA Tune v1 - |
0.5t —— GENIE 2.8.4 ﬁ 1
. RPA Only /:’,’.- el 111 2
. | 2p2h+RPA e e - =cn i aui- I i
0 200 400 — 2p2nOny e —. |
Non-tracked Vertex Energy in 150mm (MeV) | |
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Summary of CCQE in S
Nuclear Targets
There is evidence for nuclear modification of
guasielastic neutrino-nucleon reactions

= Kinematics of nucleons: Fermi motion, Pauli blocking
= Multi-nucleon processes seem to also be present

There are other models of nuclear effects
= More complete nucleon kinematics (spectral function)

= A suppression is expected at low Q2 (long probe
wavelength) from interactions of probe with multiple
nuclei in “random phase approximation” calculations

Models contain overlapping physics effects!

Data is showing that models are incomplete.
Maybe data will lead development
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\(

Do We Model Flavor Dependence
Correctly?
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Why flavor dependence?

* There is a lot of evidence that fundamental weak
Interactions are flavor symmetric

= |LEP, beta decays of neutrons, muons, taus, etc.

« But there are differences! 1
. V_’ ____Lepton
Thresholds, for example \’Recon

= Nuclear effects have unknown _

: 10" — ' =

dependence of kinematics 4 oS

—— Fy, Non-Zer
F, Non-Zer

of reaction, in some cases )
« Might we not understand WLl Ve/vyresidual |
: difference s V
those differences to |
sufficient precision? T ey

M. Day, KSM, Phys.Rev. D86 (2012) 053003
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Low Energy Data from

T2K and MINERVA

Very difficult! Both experiments are trying to use
the 1% of electron neutrinos in a conventional

accelerator neutrino beam

v, CC o (xI 0 cm2/nucleon)

- Absolutely normalized (3.49

~ Data: inner errors statistical

10°° P.O.T.)

[~ Simulation: statistical errors only + Data

£~ GENIE 2.6.2

2l

P

Phys.Rev.Lett. 116, 081802

R

MINERVA CCQE

2/ndf 511/6 085

|

|

L w25
L A L L L L L L L L L L 7 L L LB LB _I_IO /—.\ >A No
- Full phase spac.e - Q
50 © Lo :
T2K and Gargamelle CC incl | & _ ol
401 2 e w f
// - ~ + 0 B
' 1% %9 18k
_ y — T VL
30~ 1 = B -
1 T2K v, flux 1 @
- ~
1 NEUT prediction ‘ o 1
—4 e
201 GENIE prediction - Q
I . e -- NEUT average =
L ' _ () "
- - - '/ri' ------- —o— GENIE average _ln . 0.5
IO_— Y I Gargamelle data - ~ i
L /‘l —4— T2K data ] ; -
Ly - — =
0 ‘{l L) l Ll bl I Ll bl I Ll Ll I Ll Ll I Ll bl I Ll L.l l Ll I LAl I LA L) O
0 1 2 3 4 5 6 7% >

Phys.Rev.Lett. 113, 241803 E: (GeV)
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\(

Nuclear Effects in Deep
Inelastic Scattering
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For Inclusive Scattering, \(
Does Nucleus Matter?

* |In high energy limit, calculate of strongly coupled

system should be “easy”. However...

* Nucleon are not at rest
In nucleus (Fermi motion)

* Nuclear medium may modify the
structure of free nucleon

= Evidence of this from inclusive
charged lepton scattering e'

» Less important: final state - & ~92

Interactions, since you don't ®
care about exclusive final states
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Is the DIS Limit Simple?

Well measured effects in charged-lepton DIS

* Maybe the same for neutrino DIS; maybe not...
all precise neutrino data is on Ca or Fe targets!

» Conjecture: these can be absorbed into effective
nucleon PDFs in a nucleus

Anti-shadowing
0.001 0.01 0.1 / 1
2 3 4567 2 3 4567 2 3 4567
llj- T TR ||||||' T T T T 11 T T T T 11 1.1
shadowing \— 7B, i3 Fermi
1.0 \ % A\ ' ........... _ II,; 5 E 1.0 motion
;0'9 ~ T l % ........... “-s 09
< EFf Tt e il '
ok . | .
- ‘ e SLACES87Fe/D W OH
08K | .7 § m SLAC E139 Fe/D Ho0.8
e A E665 Ca/D \S
- —— Parameterization -E\
B aE e T Error in parameterization 5
0-7 q_. M o 1 1 1.1 III PRI | 1 1 11 III a3l 1 1 L1 1117 0.7 EMC eﬁeCt
2 3 4 567 2 3 4567 2 3 4567
0.001 0.01 0.1

X
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But that conjecture may be -
wrong...

%L“‘ 1.2 . 18x10%° POT v beam on deuterium E&N 1.2 ¢ 18x10° POT V beam on deuterium
g Fit of NuTeV vFe data/CTEQ (p+n) e Fit of NuTeV VFe data/CTEQ (p+n)
W'y 45| <o Kulagin-Petti Model e q.q5[ o Kulagin-Petti Model
............. SLAC/NMC with e or u beam ------------- SLAC/NMC with e or u beam
115 115
1.05 X 1.05F

0.95F 0.95(
0.9 0.9
0.85F 0.85F
().8_I_lllllllllllllllllllllllllllllll 0.8__1|11|||11|||||||11|||11||||1|||
0 01 02 03 04 05 06 0 01 02 03 04 05 06
Bjorken x Bjorken x

Curves from: Ingo Schienbein et al., Phys.Rev.D80(2009)094004; PRD77(2008)054013

* Only answer is to measure... red points would have been
precision of MINERVA experiment if it could have added a
deuterium target in the NOvVA running of NuMI beamline.
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[ emdizeos=tor
MINERVA Ratios Vs Xg; ,, | == e
R R 1| SRS S —
* GENIE simulation has nuclear | 1_03 S N
effects from N#Z, Fermi Gas for 0.8 SN
. atio of 9 ; do©
exclusive processes, and DIS 20¢ i
. 2 4 5 xz/ndf=v25.87_/6=4.31‘ | |
assuming same as "‘EMC” effects i A — doFe/dx
- 1.6 | == Simulation | se——
 Modest disagreement at low x Wop o dotdn g
Suggests |mpaCt Of ShadOW|ng or ‘%|.§ 12:_+*
anti-shadowing differences?
. . s L Ratioofd‘;;bzd"—:"
« High x dramatic disagreement is O ndtossdeoo7a |
. . 1.8~ TR DA S SRR W -
dominated by elastic or nearly P w1 gotax |
elastic events ¥ oS ...
b X>1 |S from reSOIUtlon_ Flnal State ‘.‘8‘.’0‘ 12;.{ fgs
energy reconstruction a culprit? N B

= Dramatic failure of RFG at high A”? 00~ 02 04 08 05 10 12 14
Reconstructed Bjorken x

Phys. Rev. Lett. 112,
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Elastic or Not at high xg;?

e o
Ratioet . @
&

 Events at high x fg2a ], | e
_ . Phys.Rev.D94,
have a Iarge § | 052005(2016) %%
contribution from 5 P e

quaSIeIaSth 08 ) ¥é/ndf = 5.18/5 = 1.04
scattering e e

|
: /"f—\_l_l 1
1.0 *
08 +
06 ¥¥ndf = 3.27/5 = 0.65

N g0t
Rasoot 32 &
g " de

1.8
NIMENVA Preliscascy
N FOT
16 NOT cacals Carmecied

~+ Caty
— Serctwice

14

12

00 01 Q2 03 04 05 06 07

Reconstructed Bjorken x

CCDIS (note different axis range)

R:eoonstructedBiorkenx
 |f we require

stlioof%.‘;:%; Rmd%’—“:%‘
A 20 x
inelastic kinematics, ., w=smes il S4B =04
’ ! '
Bl L ) 4 D
. - 16 Srwation - 16 Srulation
maybe effect is U . Phys Reviett | |
e 112, 231801 (2014) £y
gOne? ¥° 1 + g9 12 } =
1.0 “—9——';_1 10 T ' e
= But statistics are F
. . 00 02 O0& 08 0B 10 12 14 00 02 0& 08 D0A& 10 12 14
Ilmlted, fOr NOW. Reconstructed Bjorken x Reconstructed Bjorken x

CC Inclusive (note different axis range)
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Thoughts on Effective Models and
Neutrino Interaction Generators
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The Problem of the Nucleus is v
Very, Very Hard

Measurements
(Neutrino

Effective scattering or

Model

related
\\ \\processes)

* Our iterative process uses data to improve models

« Our models are effective theories, ranging from pure
parameterizations of data to microphysical models with
simplifying assumptions.

= “Effective” has both positive and negative meanings, but in particular
here | mean that these are not first-principles calculations from QCD.
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The Mosel Paradox \(

We don’t have models which fit (all) the
available data, although many models provide
valuable insight into features of this data

Theorist's paradigm: “A good
generator does not have to fit the |
data, provided [its model] is right”

Experimentalist's paradigm: “A
good generator does not have to
be right, provided it fits the data”

Ulrich Mosel, first articulated at NulINT11 conference
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Feynman Weighs In... \(

“It doesn't matter how beautiful
your theory is; it doesn't matter
how smart you are.

If it doesn't agree with
experiment, it's wrong.”
— Richard Feynman

This is surely true, but
invalidating one side of an
argument doesn’t make
the other side correct!
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Counter Argument

« Experimentalists can do (and have done, and
will do) shameful things when confronted with
data and model disagreements!

B . . x10°°
- MI”IBOONE OSCIIIatlon §18;_ L] MiniBooNE data with shape error
© 16
. 4 (O] ) R I RFG model (M, =1.03 GeV,x=1.000
anaIySIS approaCh - NE 141 E“'é-z-- -------- RFG model EM"“—ISSGeV K—1007j
: : : 12 ‘ e
m MOdIfy the dlpole aXIaI o 510: REGmodel(MA=1.35GeV,K=1.007)x1.08
. . S V,N—up
mass and Pauli blocking % B PRD 81, 092005 (2010)
until model fits data. ar
= But there is nothing 2 i e

fundamental backing this e nanens R M Gevy
approach. It's a mechanical convenience to

parameterize the data for the oscillation analysis.
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Counter Argument (cont’d) \(

What we now believe about the MiniBooNE
oscillation analysis approach:

In a simplistic view, there

are neglected contributions-:

from multi-nucleon pairs.

= Those pairs alter the
Kinematics.

= MiniBooNE got its energy

reconstruction wrong by

picking the wrong physics

to modify.

= OK within uncertainties?
If so, only by luck.
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Vn—up + vp(np)corﬁu pp

T 15 lllllll I T I
= [| = MiniBooNE 12
o FH —- QE bare V +
3 10H--- QERPA w,  >A=r14' 1
E [| — QE+np-nh bare - ———"_jf_'__ U ARSHREREREEE &
— [| — QE+np-nh RPA - ]
q SE * Martini et al, -
1 [ a :
< | PRC 81, 045502 (2010) <I) E
© 0() I 0.1 02 I 0.3 ()4 OW O( ()7 ()8 ()9 l 1.1 l 1.2
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7 — : Z >
6 “ al true-QE 1 C<D )
= ; N Eg=8Mev 4 o D g
< 2l Lalakui/ch & Mose/ . 2
8 1f ""-fw:,,,_\_ﬁ_an/V 208. 3@78 {iS5S3
5 03 " open} N 2§§)
L F p 1  reconstructed E, ~ § X
5 [ = 0 Q
N X
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GeVic /CH,]

Data/MC

oldp 1077 em?/
o

Counter Argument (cont’d)

N 1 P Rodrigues, NuFact 2012 -8 e AECT o
J\ - Bm: | and NuINT12 -
c L__ —- MB CCIn’ data E Rein-Sehga/ ?:]14 T amce
1 ‘ + [Ann. Phys. 133, 79-153 (1981)] ~3 =
o | { implementation in NEUT /4
sEE d 0 5
| B Ane :\“Tuned” Rein-Sehgal * ¢ SR
R . to modify Q? distribution, & " iE
o LI pion spectrum, rate S
9 T t p#.EGe\"“'C.)A ¢ VR 7 S T B i ; ( GeIC C)
(a) CCl7" |p.o| ) . (c) NC1z" |p.o|
But what else can experimentalists do? Mea culpa.
T2K finds poor agreement between Rein-Sehgal and
MiniBooNE v ,N—p*°NO and v,N—v N data.
Ad hoc tuning “breaks” assumptions of underlying model,

e.g. CC-NC universality of process and relation among
resonances, to force good agreement.
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Conclusions

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 183



What Should You Remember
from These Lectures?

Understanding neutrino interactions is necessary for
precision measurements of neutrino oscillations

Point like scattering: weak interactions couple differently to
each helicity of fermions, neutrino scattering rate proportional
to energy (until real boson exchange)

Target (proton, nucleus) structure is a significant complication
to theoretical prediction of cross-section

= Particularly problematic near inelastic thresholds

The best nuclear models are incomplete or overcomplete
(multiple pictures of some effect), and even those best
models often aren’t the ones being used

Resolving differences between data and models is a major
conceptual challenge
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Supplemental Slides
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SUPPLEMENT:

From Parton Distributions to
Structure Functions
(and back again)



A%

Scattering Variables

DEEP INELASTIC NEUTRINO SCATTERING

Scattering variables given in £ (B'p)
terms of invariants V (Ep) /\
\

*More general than just deep “CWE (va)
inelastic (neutrino-quark) xP \ o
scattering, although —
interpretation may change. X E,

Measured quantities: E, ,E, 8

4-momentum Transfer’: O’

1 2 '
—q2 =—(p —p) z(4EE sin2(9/2))

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

Lab

Lab
Lab
Inelasticity: y = (q-P)/(p-P) = (Eh —MT)/(Eh +E')

Fractional Momentum of Struck Quark: x=-¢°/2 ( p: q) =Q°/2M v
Recoil Mass’: W? =(q+P)’ =M,” +2M v -0’

Lab

2
CM Energy2: S=(p+P)2 :MTz_l_%
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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)

”;U . {y22xFl(x,Q2)+(2—2y—MTxijz(xan)iJ’(Z_y)XF3(x»Q2)}
xdy £

* For massless free spin-1/2 partons, one simplification...
= Callan-Gross relationship, 2xF,=F,
* |Implies intermediate bosons are completely transverse

Can parameterize longitudinal

cross-section b.y RL.. o, F, 4 M;xz
Callan-Gross violations result R, = — 1+%——
from My, NLO pQCD, 8§ 99 o, 2xk &
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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 y 2XF1=F2: 2-2y+y2 =(1_y)2+1

ZXEVP,CC = x:dp (_X) == Z/l_p()C) + Sp (.X) i E(X):

XF,7CC = x|d (%) —u, (x) +5,(x) ¢, (x).
 In analogy with neutrino-electron scattering, CC only
involves left-handed quarks

« However, NC involves both chiralities (\V-A and V+A)
» Also couplings from EW Unification
= And no selection by quark charge

2xFPNC :x[(ui +u§)(up(x)+u_p(x)+cp(x)+c_p(x))+(df +d§)(dp(x)+d_p(x)+sp(x)+g(x))}
XN = x| (uf —13) (1, (0) =1, () +.¢, (1) =, (0)) 4 (d] =) (d, (1) =, () + 5, (x) =5, (%))
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Isoscalar Targets \(

* Heavy nuclel 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
o = G2 (14007 E {107 5

2xF "N (x) = x(u(x) +d (x) + u(x) +d(x) +5(x) +5(x) +c(x) +c(x) [ xg(x) + xq(x
XF;V(V)N’CC () =Py, (%) + xdy, (X) 2 2x(5(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...

2, () = xq(x) + xq (¥)
XE%V(V)N’CC () = xuy,, (x) + xdy, (X) £ 2x(s(x) — c(x))
where u,, , (x) = u(x) —u(x)

* In charged-lepton DIS
2277 (0)=(2) Y 4)+q®)

up type quarks

(1YY 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

Q? Scaling fails due to these interactions

0q(x,0%) _ o (Q°) j dy
Y

N, olog O’ .
3V

y/
Scalters °ﬁ |:I)qq (zj Q(y7Q2) + IDC]g (zj :|
S y y

ACXAY
4

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

\, QCD seale viclationg momentum x within a quark with momentum y

s

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

\, Sy momentum x within a gluon with momentum y
4 1A
P (z)=— +20(1-z
W (=31 T20U=2)
' 1 ) 2
0 > o qu(z)zg[z +(1-2) |
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Scaling from QCD

T T T

— VWP"*I/ rcae R0 ]

p Observed quark o H/*H"’LL :

’ » [ [ ] ’ :

*/R.\ h distributions vary 1 Moo 3
10y Y

[} 0 Y v
\\ Wlth Q2 1'0_, * \ 4 AL A b “ 4 0.1<x< 0.2 E

FZT(x) E .\\ +K oo 1.0—:_ W"J_‘*_@
i X I\ _ L4 ) . )
i - Scaling well 05~ N =
\; “*" | modeled by ‘ - 244, goss,
b\ perturbative QCD
with a single free
N o parameter (o)

0.1

Ill

1 | 1 ] 1
0 0.25 0.5 0.75 1.0

q2 (GeVl/c)?
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\(

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



~ . ~_22 2+
at Gran Sasso (pot GeV m~ ] d

vy fluence

Opera at CNGS

Goal: v_ appearance

* 0.15 MWatt source

* high energy v, beam
» /32 km baseline

* handfuls of events/yr 1.8kTon 1 3
x 10 Rsc” Or oc (arbitrary units) ==
04 | Am2= 3 10-3eV?
0.35
p \
Y
0.25 .
0.2
0.15 .
o figures courtesy D. Autiero
0.05 oscillation probability
0 g §~43~ 4530 35 40" 38 40~ 4530 but what is this effect?

E (GeV)
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Lepton Mass Effects in DIS \(

but don't want to confuse with m_...

 Recall that final state mass effects som | oty NYE, (pVGeV] e i
enter as corrections: 0.008 ‘
2 0.004
1 _ m lepton o 1 - m lepton p—
Spoint—like 'xsnucleon 0.005 . SN T ———
! 0.004 :_ v NVE | [phGeV) _‘ =
= relevant center-of-mass energy is N S -
that of the “point-like” neutrino- w B T =
parton system o 3
= this is high energy approximation ok s . :
» For v_charged-current, there is a b
threshold of
i 2 U O ol
Smin = (mnucleon L mr) o (v N)iace ¥y N)
where S T T T W E2
Sinitial = mnucleon + 2Evmnucleon (Kretzer and Reno)
m’° +2m.m « This is threshold for partons
y T 7" "nucleon . i .
E, > 7 ~3.5 GeV with entire nucleon momentum
Maucleon » effects big at higher E also
"M eon 1S M, €lsewhere,
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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?

2
mass 1— mlepton

suppression: s B \

O AV, N)a (v, N)

m==m== G Vy NV (v, N)

0 ol A o aaaul A raaaul
-~

_ 2 - 0 O o J ll ';‘,‘ I(.l:.‘l\}ll
Snucleon =m nucleon + 2 E 1% m nucleon 1 (-';ev 10 lGeV 100l GeV |
o.. O. . o..
Light Tau Light T Light T
(a) g . 14 (b) 1g au - 2 (C) 1g au - 3
O Reality O Reality O Reality

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos

199



Lecture Question: \(
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?

0.8
9
mass Te— mlepton Ha
suppression: o
PP X8 hucleon -
2 - i 102 10 E, [GeV]
Stucteon — Mhucleon™ 2Evmnu0160n 1GeV 10 GeV 100 GeV

(a) O-LightTau . 14 (b) GGLightTau - 2 (C) GJLightTau o 3

GReality 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?

2

mass | _ A lepton _F

. 0.4
sSuppression. C
PP XS nucleon 0.2 F

Numerator goes down by factor of 0 T—i—tefiiul -
four. Equivalent to denominator 1GeV 10 GeV 100 GeV

increasing by factor of four and tau
mass unchanged...

2
=m

nucleon

S +2E m

z

nucleon nucleon

energy term dominates...

i\ ------ Oeclve Nl ace(v, N)

O AV, N)a (v, N)

1o L, [GeV]
o
Light Tau 3
JReality

so set energy a factor of four higher
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GeV m? )'/

at Gran Sasso (pot

vy fluence

Opera at CNGS

Goal: v_ appearance
* 0.15 MWatt source

* high energy v, beam
* /32 Km baseline

* handfuls of events/yr 1.8kTon
x 107 Rsc” Or oc (arbitrary units)
0.4 : )

Am2= 3 10-3eV?2

0.35

0.3

0.25

0.2

0.15 .

o figures courtesy D. Autiero

0.05 what else is copiously produced in
s L neutrino interactions with ct ~ 100um

E (GeV) 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... ORD
(g+&p) =p°=m, >
g +20peq+ M =m,’ Nole ﬂifiﬂrﬂllldeiz)’;%’lz
2 2 =
Therefore { = —9 7. gffi acll 0”alm”m
2peq
p2Qm’ QO 4m
- 2Mv O°/x

m > “slow rescaling” leads to

¢ =xl1+—5 kinematic suppression of
0 charm production

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 203



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+( )—>y+c+X, co>p Ay, - X
7, {
e IBBBCEE EENEE e
; T
liifE=ngs

Kevin McFarland: Interactions of Neutrinos

%)

[ H]
is

“ o

G0M]  Evenr: 1345 3 Oepe: T Way B 18:20:3]1 19% Wi

J—>y++c+X co U HVi+ X'
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SUPPLEMENT:
NuTeV Measurement of Strange
Sea
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Neutrino Dilepton Events

« Rate depends on:
= d, s quark distributions, |V 4|
= Semi-leptonic branching ratios of charm
» Kinematic suppression and fragmentation

Semile ph:unir: Decay

Fr mmu nra Hun

L Imrm
rm:i .Scn:’ci-un

lr mﬁc
‘ | | Antiﬁtmnﬂ,ﬂ
Seas

Detector Smearing
Acceptance
E . >5 GeV
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NuTeV Dimuon Sample

I='||||||| LT

L TTTT[TTITLL

Enu 88,28 ”Dijaﬁmrn‘;:-ﬂ?;;””'}"“':":'“:_1- Enu B8.20 4 LOtS Of data!
| | y 0324 :3| t y0ss | }{ y 0774
a8 P , i " " n .
| Wb A | wE \, « Separate data in energy, x and y (inelasticity)
1 oz E_ ﬂ”‘ 026 ;— .
AP [ [ SN N S = Energy important for charm threshold, m,
03 04 ] [ B hd ] LB a4
X X . 1
= Xximportant for s(x) ——
i NuTeV s(x
En'ls’la312-‘-2g . iH‘ E"#-Iﬂ?ﬁg - }:l Enﬂﬁ%? eross section vs X, antinsutrine mods 0.1 i ( )
|| 1B My 1 B 1 H Enu 77.58 ws | Enui7ss | Enu 77.54 ) BGPAR hatched blue
| LE E a4 iH y 0349 ; H yo.579 | 06 h y 0.776 %GRV dashed black
| E N 45 3 "y o3 ; ;{ 0.4 4 os [ TI :  CTEQ dashed red
[ T I B °'||||||| ,]'||||||l ﬂi:—".._ :* - : ‘-“‘
oz 0.4 o [T 04 0 EY o4 E a2 B T as | % 0.08
X x x MF R C 1 u 1 .
B o7 E o7 E 27 {lﬂ:I I II:IIEI I II:I-l ul]-l I Iﬂlil I I1:I-1- nﬂ-l I II:|I2I I Il]-i
ﬂl a2 | [, 3% "y 0558 | s il "y X X x T4
| TE '}“.3,_ 3 +"3‘=|:.. Enu1-137-':1. i Enu 14374 C | Enu143.74 i
we E ‘| s E N, s iH i y L5748 ] '_~l ¥ 776
...|..I. é...l..:q. g...l.:‘- os el ’ r -}[
o2 AR ¥ T 02 04 gy E_ .. os - ft as B L_} 0.04
X X X o = k- :_ 1'--\.:‘ o y
V/ ) PR TP S U IO R S S
I a [+ a4 ] o2 [« a wa b
V—— X X 0.02
i Enuﬂﬂﬂgﬂ 15 Enuzzeyel F "1 Enu 22679
d’c(vN = uuX) i ; 11 ' o 5
_1 _.|~ }'3 oLt :
72. X il :— ...1 :_ '..L]\\ o A 0.1 0.2 0.3 0.
dxdy NN N x
nl:ll I Il]IEI I Il:lll l:l-I I Iﬂlil I Il::l-1- nﬂl I I|:|2I I Il]ll

G2M E, . :
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QCD at Work: Strange v
Asymmetry?

* An interesting aside...

= The strange sea can be
generated perturbatively from 9,

g—s+sbar.

= BUT, in perturbative generation
the momenta of strange and anti- =
strange quarks is equal

o well, in the leading order splitting

at least. At higher order get a
vanishingly small difference.

» SO s & sbar difference probe
non-perturbative (“intrinsic”)

strangeness

o Models: Signal&Thomas, (Brodsky & Ma, s-sbar)
Brodsky&Ma, etc.
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NuTeV’s Strange Sea \(

« NuTeV has tested this e
= NB: very dependent on what is o

assumed about non-strange sea
» Why? Recall CKM mixing...

V.d(x)+V, s(x) > s'(x) °
V. d(x)+V s(x)— s'(x) )
small  big |
= Using CTEQ6 PDFs... e mmant e o
jdx[x(s —E)] —0.0019+ 0.0005 +0.0014 m 3
C.f., J.dx|:x(S+;):| < 0-02 -ﬂ-&gg'ﬂé_llllﬂ IIIII 1] Iillllﬂlﬂllllﬂfl‘:III]IElIlI]IﬁIIII]?
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SUPPLEMENT:
NuTeV sin?6,,
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NuTeV at Work...

: h - Ff —- e
i
- Event Length
1 ll|m|\‘||\l..|||||||l| v u
T B
|||||||||I||”||||||II||HIH

Event Lenath

|‘“||‘|H“l il ||.I| ra ol 1w [ ! v v

mﬂlﬂlﬂﬂ l |

[
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DIS NC/CC Ratio

« Experimentally, it's “simple” to measure ratios of neutral to charged
current cross-sections on an isoscalar target to extract NC couplings

V T} Vv V
\Wg/ \z{
qa . 4q a1

W-q coupling is /4

Llewellyn Smith Formulae

B v(v) v(v)
o} 2 2 O 2 2
R — g (u +d )+ qc (u +d)
v(v) /5 /5 (TV(V) R R

ot cc

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos

Z-q coupling is /5-Qsin?6,,

Holds for isoscalar targets of u and d
quarks only
» Heavy quarks, differences between u
and d distributions are corrections
Isospin symmetry causes PDFs to
drop out, even outside of naive
quark-parton model
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Lecture Question: \(
Paschos-Wolfenstein Relation

Charged-Current Neutral-Current
\ 1) \ A
Y \Zé/
s,d ¢ s,d s,d

 |f we want to measure electroweak parameters from the
ratio of charged to neutral current cross-sections, what
problem will we encounter from these processes?
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Lecture Question: v
Paschos-Wolfenstein Relation

Charged-Current Neutral-Current
\% 1] \% Y
\W§/ Y
s,d ¢ /H s,d s,d
J . g 0.14 £ . charm tot
 CC is suppressed due to final state Sonf Oee /0
charm quark VAN
— Need strange sea and m, £ 0.06
o 0.04 F
» Remember heavy quark mass < 002
effect: 7 050 700 150 200 250 300
m
X - §=x(1+ </ E (GeV)
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Lecture Question: \(
Paschos-Wolfenstein Relation
 The NuTeV experiment employed a complicated
design to measure

Paschos - Wolfenstein Relation

v Vv
o — O

e N NC '8 4 ™ . 2

R = 5 4 (2 sin HW)
Cre — O g

 How did this help with the heavy quark problem
of the previous question?

Hint: what to you

know about the o(vg) and o(vq)
relationship of:
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Lecture Question: \Q\/
Paschos-Wolfenstein Relation
 The NuTeV experiment employed a complicated
design to measure

Paschos - Wolfenstein Relation

v

R_:GN —O'X/c pz(l—sinzé’W)

v v 2
Tcc T %cc

 How did this help with the heavy quark problem
of the previous question?

o(vg)=o(vq) no(vg)—o(vg)=0

o(vqg)=oc(vq) So any quark-antiquark
symmetric part is not in
difference, e.q., strange sea.

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 216



NuTeV Fit to R¥ and R*ar

e NuTeV result:

sin® @\ = 0.2277 + +£0.0013(stat.) + 0.0009(syst.)
= 0.2277 £ 0.0016

(Previous neutrino measurements gave 0.2277 + 0.0036)

« Standard model fit (LEPEWWG): 0.2227 + 0.00037
A 3o discrepancy...

68%,907%,95%,997% C.L. Contours, Grid of SM £ 10 mtop, My

R, =0.3916+0.0013 0ai [

(SM :0.3950) <« 30 difference y 50'405

R’ =0.4050+0.0027 A% o Lorge m.
(SM :0.4066) < Good agreement i Large My

C | 1 1 I | I |
0.388 0.39 0.392 0.394 0.396

3-5 July 2017 Kevin McFarland: Interactions of Neutrinos 217



NuTeV Electroweak: \g(
What does it Mean?
If | knew, I'd tell you.

It could be BSM physics. Certainly there is no
exclusive of a Z' that could cause this. But why?

It could be the asymmetry of the strange sea...

» it would contribute because the strange sea would not
cancel in

» put it's been measured; not anywhere near big enough

It could be very large isospin violation

= if d (x)#u,(x) at the 5% level... it would shift charge
current (normalizing) cross-sections enough.

* no data to forbid it. any reason to expect it?
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SUPPLEMENT:

MINERvVA Quasielastic Vertex
Energy Measurement,
Multinucleons?



Vertex Region Energy

» Vertex region ignored in MINERVA recoil cut

» Therefore selection is mostly insensitive to low
energy nucleons in the final state

107

102

« Study energy near vertex £ ro0mmmm
= Vertex is precisely located, so
distance of energy from vertex is

sensitive to range of extra protons I

True Proton KE (MeV)

E"’O’ r =150 — 200 mm
£
£ 10
o
o
N 50
o
,LL 2 102
| N ‘ll ———
>
§ pemses .
g 9% 200 400 600 10
w

True Proton KE (MeV)

Probability

Probability
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MINERVA: Vertex Energy

MINERVA ¢ v Tracker - CCQE

W

o

o
T

Events / MeV
N
(e]
()

100F

g 000

—— MC with syst. error

//////

///////

Area normalized

g
7 .,

299990009000/

200 300 400

Vertex Energy (MeV)

100

MINERVA ¢V Tracker —» CCQE

% 1100 Area normalized
= 1050 V MC with syst. error
- “4+4 Background
‘21000._ ,/+/,Dtg
‘-/l/ ata
0>-’ 950+t
W 900f |
i -
150
r <10 em
100}
50t
S ;
0/////.//////.//1//. """"" L
0 100 200 300

Vertex Energy (MeV)

* A trend toward higher vertex energy is observed in
the neutrino data, but not in anti-neutrino data

* Red band represents uncertainties on energy
reconstruction and final state interactions

* Assume extra energy is due to additional protons

6-8 August 2013
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Fraction of CCQE events

Extra Protons in MINERVA? ~

e - ——

Sum of bins: 0.25 + 0.01+ 0.09

02 ...................... L

0% 50 100 150 200

Proton Kinetic Energy (MeV)

Fraction of CCQE events

Sum of bins: -0.10 £ 0.01+ 0.07

0.2_ ...............................................................................................................................................
O- T
o T
U/
05 50 100 150

Proton Kinetic Energy (MeV)

« Data wants to add low energy protons in 25£9%
of neutrino events, but prefers 10+7% fewer

protons in anti-neutrino

Suggests correlated pairs are dominantly n+p in
initial state, and therefore p+p or n+n in CCQE
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\(

SUPPLEMENT:
More on Inclusive Scattering on
Heavy Targefts
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Measuring Inclusive \(
Interactions
 Much of the data we have is at high energies

* Neutrino flux is usually poorly known. Common
wideband technique is “low recoil” method which uses

the observation that lirr(l);l—: Is independent of E,
)V

» Cross-section normalized from narrow band expt’'s
which counted secondary particles to measure flux

« Typical goal is to extract structure functions
2xF(x,Q?), F,(x,Q%) xF5(x,Q?) from dependence
iny and E,.

* Most recently, NuTeV, CHORUS, NOMAD, MINOS
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NuTeV CC Differential

Cross-Sections

Phys.Rev.D74:012008,2006

* NuTeV has a very
large data sample on iron
* High energies, precision
calibration from testbeam
» Uses:
= pQCD fits for Aqcp

= Extract structure functions
for comparisons with other
experiments

W)

1

10 g

ity |«

1EY i
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CHORUS and NOMAD

I this analysis

w
o
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Phys.Lett..632(2006) 65
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Nuclear Corrections and -
High-x PDFs

CTEQ global f/t compared to neutr/nos

o(vFe or vPb) 1.5

o(v'D,")

Figures
courtesy
J. Morfin

Mean Data/Theory

. 4 NUTEV neutrinos R
1.4 ®  NUTEV anti-neutrinos —
. 35_ Chorus neutrinos E

T ¥ Chorus anti-neutrinos ]
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Mean Data/Theory

g NUTEV neutrinos : .
1.4F ® NUTEV anti-neutrinos -
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Parton X

= There are two confusing aspect of these comparisons
We observed problems before in nuclear corrections from models

Also, some strange behavior at high x...

sets in one model
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MINOS Total Cross-Section

« Attempt to bravely extend low recolil technique to very
low energies

= “Low recoil” sample is visible hadronic energy below 1 GeV, so a
fair fraction of the cross-section at the lowest energy (3 GeV)

EE x 10°% cm?/GeV

082 ——— ' 0.38
0.80 _ — MINOS _
oA Nermalization error B ' ' h
I — world cross-section 30-50 GeV ] 0.36 M | N O S P FE"| Imina ry
0.78 = % -
0.76 . . o 034 ... S || 7]
I MINOS Preliminary - ¢ [t g |
0.74 . & 032 "y F + I :
072 - | neutrinos ?é‘: i ! + } ]
oot BT } ooToosp B anti-neutrinos
= ] = _{' i[{||l E D|LIJ;.D_28 —— MINOS
oe8 ______ _____“_I_ | l - = Normalization error
0.86 e ",'.L.';.'.'.'Jl.'".'.'; '.'.'..'.'l 1 0.26 - = world cross-section 30-50 GeV = —
0o 1ln' 20 3|u' Il4ID ” 55- o 10 20 30 40 50

Neutrino Energy(GeV) MNeutrine Energy{GeV)

Phys.Rev.D81:072002,2010
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SUPPLEMENT:
Experiments to Measure GeV
Cross-Sections
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Energies and Targets of v
Cross-Section Measurements

Modern Neutrino Cross-Section Experiments

10°E
- MiniBooNE
B SciBooNE
MINOS
102 = NOMAD
S - K2K
> _
w -
S
. 10
L

T T TTTT]
e

| | | | | (Compilation from D. Schmitz)

-1 L1 L1 L1 L1 L1 1 Lo

10 0 50 100 150 200 250
A of nuclear target
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Energies and Targets of v
Cross-Section Measurements

Modern Neutrino Cross-Section Experiments

10°E
- MiniBooNE  MINERvVA
B SciBooNE
MINOS MicroBooNE
102 = NOMAD T2K
%‘ - K2K
0 -
S Ar
. 10
ul =
_ Hel|C Fe Pb
= (o)
i (Compilation from D. Schmitz)

10-1 | I | | 1 | I | | | | | | | | | I 1 | | | I | | | |
0 50 100 150 200 250
A of nuclear target
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Technologies of “Old” v
Experiments

 BooNE and K2K: both have Cerenkov and Scintillator
Bar detectors for measuring neutrino interactions

= Cerenkov detectors have uniform acceptance, but high
thresholds for massive particles

= Scintillator bar detectors usually have a directional bias, typically
smaller and may not contain interaction, but thresholds are lower
than Cerenkov and particles can be identified by dE/dx

« NOMAD: drift chambers in an analyzing magnet

» Good momentum measurement and possibly better particle
identification by dE/dx, but diffuse material makes photon
reconstruction difficult

 MINOS: coarse sampling iron detector
= Difficult to distinguish particles other than muons, but very high rate
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Technologies: Cerenkov
Detectors

« Cerenkov gives .
efficient muon or £ 5%
ely identification e Muons = e

 Also, tag soft ® full rings
pions by decay

Close Michel ® Electrons e o ..’..
e fuzzy rings Peants
V. C ++
P ® Neutral pions L
M+. Far‘MiChel | o double rings —_ ¢ ngyent
: \11/-\\ N ".;. :
A e @ ..f.' .:

Figures from M. Wascko

4000 16000 183000
Hit Time (ns)
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Technologies: Segmented
Scintillator

* Lower thresholds, particle ID by
dE/dx, calorimetric energy
reconstruction

= j.e., vertex activity

* But detectors must be smaller

(cost), so escaping particles

* Reconstruction not

uniform in angle ’.'n ;
.‘0 p .".
“o’ . "‘P
W 1k & "?,
ool "
i i

Figures from M. Wascko
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Current and Near Future -
Experiments

MINERvVA: in NuMI at Fermilab

* Fine-grained scintillator detector
= Nuclear targets of He, C, H,0, Fe, Pb

T2K 280m Near Detector at J-PARC

* Fine-grained scintillator, water, and
TPC’s in a magnetic field

) i
/NG SR \;
o e S

A 9l | D *

BY g~
£ =
- i N

 NOvVA near detector: to runin 2014
» Segmented Liquid scintillator in off-axis o
et | S T2k ND280
* MicroBooNE: to runin 2014 OGN g
= Liquid Argon TPC in FNAL Booster Beam & \"Gis” 4
= Some data from ArgoNeuT, a test in NuMIl & SK. A%
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MINERvVA Detector !
120modules "o W\\WWH\I\I\\HM\I\IHHMH\I\

= Finely segmented scintillator |}
planes read out by WLS fiber | }

» Side calorimetry |
Signals to 64-anode PMT’sTj|

Front End Electronics usincjf
Trip-t chips (thanks to DO)

Side and
downstream
EM and hadron
calorimetry

MINOS Detector

gives muon momentum and charge
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TOWER 5

X-ViEw

TOwEeR 2

v Events in MINERvVA

So what does an event look like in MINERVA...

3 stereo views, X—U —V , shown separately

beam direction

<
%
=
| I | 1 I I I | | |
looking down on detector E
=
| I 1 1 I I I | | |
:
[

A%

Particle leaves the
inner detector,
and stops in outer
iron calorimeter

TOWER 6

V-VIEwW

TOWER 3

X views twice as dense, UX,VX,UX,VX,...
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Muon leaves the back
of the detector headed
toward MINOS

0001~ color = energy

|
:

2 6 8 10

Hit Energy (MeV)
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TOWER 5

X-VIEW

v Events in MINERvVA

TOWER 2

Tower 5

X-View

Towen 2
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Vv
 Charged-current Quasi-elastic candidat
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X-VIEW TOWER §

TOWER 2

X-ViEw  TOwerS

Tower 2

v Events in MINERvVA

A%
* Charged-current DIS candidate a
g g -
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T2K Near Detectors

Off-axis detector

T2K Near Detector
Suite
* Understand the neutrino

beam before oscillations
occur

* On — Axis Detector
* Monitor beam direction
* Monitor beam intensity

* Off — Axis Detector

* Beam flux

* Beam v_ contamination ‘
On-axis Detector

* (Cross sections INGRID

slide courtesy of R. Terri
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Off-Axis Detector

+ UA1 Magnet 0.2T field
* Includes a water target in POD

and TraCker UAT Maumwlt Yuke See Dytman talk
* Understand interactions at SK

* Tracker Region
* Fine Grained Detectors (FGDs) &

TPCs Dawnsatream
* Particle Tracking FCM
« POD
* Measure NC w° rate
 ECAL

* Surrounds tracker and POD Barrel ECAL

* Capture EM energy
* SMRD

* Muon ranging instrumentation in -
the magnet yoke slide courtesy of R. Terri
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NOvVA Near Detector

e Scintillator extrusion cross section of 3.87cm x 6cm
but with added muon range stack to see 2 GeV

energy peak

*Range stack: 1.7
Veto region, fiducial region

meters long, steel

Shower containment, muon catche/ \\\ interspersed with 10

N\

active planes of
liquid scintillator
First located on the
surface, then moved
to final underground
location
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MicroBooNE

» Liquid Argon TPC TPe:

(2.56m)?x10.4m long
= 150/89 tons 3mm wire pitch
total/active

To go on

- 30 PMT’s for ooster
scintillation Beam
light Axis

Kevin McFarland: Interactions of Neutrinos
243 3-5 July 2017



A%

Technologies: Liquid Argon

£ 7. CCQE event (signal) -
* Very low threshold, excellent “F ven—ep  ° 3

particle ID

= Even electron/photon separation!

electron

0.16 ’r —
' electrons . S
014 ' 6’ ,mz S proton
0.12 gammas b
0.1 Separ‘a‘hon 01_ )900/° A00 B0 ] 8 {00 450 200 280 00 '352“”:‘?
0.08 ge00 ] X
oo .0 NCPIO event (background)/
- ' . 1" ’ .
0.04 s~ VPV, pw . P
100 ! Ja'le /
0.02 i\ | e/
' | »00| Gamma/sy,i-_
% es 1 s 2 28 3 ERE ol 1005 e i
« Reconstruction is not always so £ Proton

straightforward with this level of
detail available

Figures from G. Barker
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Future Experiments ata
Neutrino Factory

« Early on in the consideration of neutrino factories, this
possibility was pointed out by a number of groups
= Concepts for experiments tried to leverage flux in high energy beams
» Precision weak interaction physics through ve— ve
» Separated flavor structure functions through neutrino and anti-
neutrino scattering on H, and D, targets
« Expect proposals for these experiments, or sensible
versions thereof, to match parameters of whatever we

eventually build D. Harris, KSM, AIP Conf Proc.435:376-383,1998:
AIP Conf.Proc.435:505-510, 1998,
R. Ball, D. Harris, KSM, hep-ph/0009223
M. Mangano et al. CERN-TH-2001-131, 2001
I.1. Bigi et al, Phys.Rept.371:151-230,2002.
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Slides with Animations
(not good for PDF)
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Nuclear Effects in Elastic v

Scattering
» Several effects:

* |n a nucleus, target nucleon has some initial momentum which
modifies the observed scattering

o Simple model is a “Fermi Gas” model of nucleons filling available
states up to some initial state Fermi momentum, kg

\ O

* The nucleon is bound in the nucleus, =
so it take energy to remove it \ /—

= Pauli blocking for nucleons not @ e / A
e_scapir_lg pucle_us... states are already O O /
filled with identical nucleon B ke

= Qutgoing nucleon can interact with the target |
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