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Motivation: Oscillation Neutrino Interactions How to measure a cross section Experimental Measurements

WHO AM ¢

Physics coordinator for the MicroBooNE experiment
(and before that | was convener of the cross-section
physics group). | have also studied neutrino oscillation
with the T2K and DUNE experiments

Given my background and training:
You’ll see a lot of MicroBooNE results in this lecture!

I'll focus mostly on accelerator neutrino
experiments in the ~GeV region — because
of time we’ll largely avoid deep inelastic scattering

This will be a pretty experimental lecture —
more on what we can measure and how than the
theory

% UNIVERSITY OF
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Motivation: Oscillation Neutrino Interactions How to measure a cross section Experimental Measurements

THE GOALS OF THIS LECTURE

Discuss neutrino-nucleus interactions...
...why they’re important
...what makes them so hard to understand
...how we measure them

...and some of the experimental measurements showing what we know
so far

My aim is for you to leave this lecture understanding some of the concepts to the
point that you are able to talk to your colleagues about these problems, and
understand seminars at the lab

@> UNIVERSITY OF
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Motivation: Oscillation Neutrino Interactions How to measure a cross section Experimental Measurements

WHAI [WILL NOT COVER

But here are some key words you can google...

QUARKS &
Most of the maths! LEPTONS:

Cavid Griffiths Wi

Introduction to e — NF06: Neutrino Interaction Cross Sections
An Introductary Course in Elementary Particles e e

Modern Particle Physics

A lot of the maths in this area is something
you'll cover in grad school or beyond (if
you continue in neutrino physics)

|
7
&
Francis Halzen
Alan D. Martin

Today we’ll focus on the physical concepts
and ideas more than the underlying theory

Some references:

Handedness and parity violation in weak
interactions

Halzen and Martin, Quarks and Leptons (textbook)

Griffiths, Introduction to Elementary Particles (textbook)

Electron Scattering or hlgh-energy neutrino NuSTEC White Paper: Status and Challenges of Neutrino-Nucleus
interactions Scattering (as of 2017)

) , . . L Review Paper: Progress in measurements of 0.1-10 GeV neutrino
UnfOIdmg (Ok’ I'll mention this, but it’s a much scattering and anticipated results from future experiments (from 2018)
bigger topic than I’'m going to have time to go
into) Look at some of the LOls submitted to Snowmass on the topic of

Neutrino Interactions (very current, this year!)

Gasd UNIVERSITY OF
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https://arxiv.org/abs/1706.03621
https://arxiv.org/abs/1706.03621
https://arxiv.org/pdf/1803.08848.pdf
https://arxiv.org/pdf/1803.08848.pdf
https://snowmass21.org/neutrino/cross_sections/start
https://snowmass21.org/neutrino/cross_sections/start
https://snowmass21.org/neutrino/cross_sections/start

Motivation: Oscillation

RECAP: NEUTRINO OSCILLATION

Distance: L
E < >

Source Vy v. Detector
\ , e
Neutrino energy: E

Muon neutrino disappearance
B

Electron neutrino appearance

Y 0R
a7/ "as ar\O)
& 7
= mﬂ o
P2,
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Motivation: Oscillation

Distance: L

< >
.
Source  Vj v. Detector

™ Neutrino energy: E

Probability to detect a
neutrino of a given flavour
oscillates as:

P(I/,UJ — V,u) ~ 1 — 4COS2 9138iﬂ2 923

Am?. L Am2. [
sin? ( 45 ) x [1 — cos? 0,3sin” 03] sin? 4E32
+ (solar, matter effect terms)
Amfj — mf — m?

Gaed UNIVERSITY OF
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Motivation: Oscillation

Distance: L
< >
.
Source  Vj v. Detector
e

™ Neutrino energy: E

Depends on mixing
angles from the PMNS

. matrix (appearance
PrObab'I'ty to detect a probability also depends

neutrino of a given flavour on dcp)
oscillates as:

P(I/,UJ — V,u) ~ 1 — 4COS2 9138iﬂ2 923

\“"

And mass-squared splittings

Am?2,L
x [1 — cos? 013sin? B3] sin* 32

41K

+ (solar, matter effect term

Ges UNIVERSITY OF
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Motivation: Oscillation

Distance: L
< >
.
Source  Vj v. Detector

™ Neutrino energy: E

Probability to detect a
neutrino of a given flavour
oscillates as:

Neutrino oscillation
— Neutrinos have mass

— Physics beyond the Standard

Model!

And mass-squared splittings

Ges UNIVERSITY OF
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Motivation: Oscillation

RECAP: NEUTRINO OSCILLATION

Vu Ve V; Am?2
I.OL- ———— e ] ———— Iﬁ
ANAANAN A

Probability
= -
~ o)
 —
{
—————
——

—
b

9 | L/E (km /GeV)

Kirsty Duffy



Motivation: Oscillation

T HE PROBLEM

This is what a neutrino looks like in a particle detector:

Run 3469 Event 53223, October 21°, 2015

Gwsdy UNIVERSITY OF
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Motivation: Oscillation

T HE PROBLEM

We can only “see” neutrinos when they interact

Run 3469 Event 53223, October 21°, 2015

Gwsdy UNIVERSITY OF

Kirsty Duffy |



Motivation: Oscillation

T HE PROBLEM

We can only “see” neutrinos when they interact

Run 3469 Event 53223, October 21°, 2015
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Motivation: Oscillation

T HE PROBLEM

We can only “see” neutrinos when they interact

UBoONE P(osc.)~sin?(L/Ey)

— <=

Run 3469 Event 53223, October 21°, 2015
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Motivation: Oscillation

T HE PROBLEM

We can only “see” neutrinos when they interact

PR 3 P(osc.)~sin?(L/Ev)

To learn anything
about neutrinos,

Run 3469 Event 53223, October 21°, 2015

Gwsdy UNIVERSITY OF

Kirsty Duffy |4



Neutrino Interactions

HOW DO NEUTRINOS
INTERACT?

‘ﬁ UNIVERSITY OF
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Neutrino Interactions

HOW DO NEUTRINOS

INTERACT?
ST~

w

Charged-current
— Exchange of W boson
— Lepton produced
with same flavour as v

Kirsty Duffy |6

Vz

Neutral-current
— Exchange of Z boson
— Independent of v flavour

— We will never know the
flavour of the original v!




L

Neutrino Interactions

HOW DO NEUTRINOS
NTERACT?

o e \/ o
v W+ y 20
Targe% Targe%
Neutral-current
Charged-current

— Exchange of Z boson
— Independent of v flavour

— We will never know the
flavour of the original v!

— Exchange of W boson
— Lepton produced
with same flavour as v

Kirsty Duffy |7



Neutrino Interactions

HOW DO NEUTRINOS
INTERACT?

What the neutrino interacts
with depends on the energy
of the particle exchanged

— “energy transfer”, W

Higher energy ) ol
transfer = smaller de
Broglie wavelength =
can “see” smaller

particles e

Quark

Halzen & Martin

Gaed UNIVERSITY OF

Kirsty Duffy 18 > OXFORD



Neutrino Interactions

HOW DO NEUTRINOS ~—

) :  CEVNS
INTERACT: N

Vi M Vi M
51.4 \:/ \:/
- . CCQE,CC2p2h
%1' 1 : . /: p
32 1 n /\P n = :p
uf0.8 | |
£0.6 I~— ~—"
B CC RES '
#0.4 ., _m CC-Cohm i— w
go. ) o /_<P A /I\ A
-

10" 1 10 10 Vi \/ K
E, (GeV)

Figure:].A. Formaggio and G. P. Zeller n '\
Rev. Mod. Phys. 84, 1307 (2012) X

Kirsty Duffy 19 MB@ —
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.84.1307

Neutrino Interactions

NEUTRINO ENERGY
RECONSTRUCTION

Vp+n—’|.|'+p

7";72 - (mn - Eb)z - muz + 2(m, — Eb)Eu

ECE, = ,
2(my —Ep — E, + p, cosb,)

\Y

Kinematic

Assume an interaction type (e.g. CCQE)
— if a CCQE interaction with a nucleon
at rest, can calculate neutrino energy from
lepton kinematics

Advantage:
Doesn’t need hadron reconstruction
Disadvantages:

Energy is wrong if underlying interaction
is wrong (i.e. not CCQE)

Nuclear effects smear resolution

Kirsty Duffy 20

v” +A - ”' +x
E,=FE,+ Ex

Calorimetric

Add up all measured energy from
the leptonic and hadronic
components

Advantage:

No a priori assumption about
underlying interaction

Disadvantages:
Relies on hadron reconstruction

Nuclear effects smear resolution

Gaed UNIVERSITY OF

=/ OXFORD



Neutrino Interactions

NUCLEAR EFFECTS: T'S EVEN
MORE COMPLICATED

Interaction with...

Y lepton

\Y; lepton

Charged Current W

N
\

u

d

N

P

Bare fermion Free nucleon Nucleus
(Grad school) Parameterise with What is the initial
homework problem form factors state?
What escapes the

nucleus?

Kirsty Duffy 21



Neutrino Interactions

NUCLEAR EFFECTS: TT'S
-VEN MORE COMPLICAT

[T
W

The first problem is understanding the initial state.
That means:

The nucleon in the interaction is not free or at rest —
it is in a nucleus. It experiences some potential due
to other nucleons and has some momentum

This is deep nuclear physics! We have some
models for the initial nucleon momentum — some
simple, some more sophisticated — but they give
different answers and we don’t know what’s right

The nucleons can also form correlated pairs (or
triplets! More?) so then the interaction may not even
be with a single nucleon, but with a correlated
state of multiple nucleons (e.g. 2p2h)

Kirsty Duffy 22

Probability

Image: L. Pickering

m= Fermi Gas

m= [ ocal Fermi Gas
m= Fermi Gas + SRC

m= Example SF

Image: A. Ashkenazi

>

Pr Momentum



Neutrino Interactions

NUCLEAR EFFECTS: T'S EVEN
MORE COMPLICATED

Charge screening in the nuclear medium
“RPA”

Analagous to screening of electric charge in ¥
a dielectric t +

Calculated using Random Phase \ - /

Approximation "

Effect is to suppress cross section at low / \

energy, momentum transfer (= forward-going
lepton) W

Most important for CCQE interactions

Kirsty Duffy 23




Neutrino Interactions

NUCLEAR EFFECTS: T'S EVEN
MORE COMPLICATED

Image: 1. Golan

Charge Exchange O

n Elastic .
Scattering Final St:ate
Interactions:

® Particles may re-interact as
they exit nucleus
— particles can be lost
— particles you see may
Absorption not be from neutrino
Interaction

Pion Production

Kirsty Duffy 24 HB@ —


https://indico.fnal.gov/event/15286/session/11/contribution/27/material/slides/0.pdf

Neutrino Interactions

NUCLEAR EFFECTS: T'S EVEN
MORE COMPLICATED

Interaction
Modes

\\:\'/K/
1
w!

CCQE

CCRES ! |

2p2h ¢
~

@
P

Kirsty Duffy 75 Figure: S. Dolan



Neutrino Interactions

NUCLEAR EFFECTS: T'S EVEN
MORE COMPLICATED

Interaction Interaction
Modes Topologies
T \‘\/'/CCOH We measure
CCQe (CCQE-like) what our
P N
//@\ detector
N~ actually sees
CCRES ! |
/_’_< But this contains
— all sorts of
wh physics!
~,

Kirsty Duffy 26 Figure: S. Dolan




Neutrino Interactions

NUCLEAR EFFECTS: T'S EVEN
MORE COMPLICATED

Interaction Interaction
Modes Topologies
CCQE W CCOm

. (CCQE-like)

\\/./ \‘\/ cClm

CCRES | wi  (CCRES-like)
/_’_< /@< But this contains
— \“\'/:/cco N all Iior.ts ’of
: m+Np
2p2h .'/2 ) L (N0) physics!




HOW TO MEASURE A
NEUTRINO INTERACTION
CROSS SECTION




How to measure a cross section

WHATI IS A CROSS SECTIONY?

Think about neutrinos flying at a detector. How many neutrinos will interact?

Fuxof o, _, e
incoming —__
neutrinos ¢ _ -
Number of targets
S g

N=¢To_
Number of neutrinos «— l —* Cross section
that interact

Detector containing
number of nuclei T

Total flux of incident
neutrinos per unit area

Gwsd UNIVERSITY OF
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How to measure a cross section

WHATI IS A CROSS SECTIONY?

The cross section is a measure of the probability that a neutrino will interact

«— O = N —, Number of neutrinos that
interact

c|)T
Total flux of incident \ Number of targets

neutrinos per unit area

Cross section

Classical analogy: think of the literal cross section of two balls that
you throw at each other

Larger cross section = ‘ —
— more likely to collide

Kirsty Duffy 30




How to measure a cross section

IN PRAC TICE:

Total cross section

— probability for this interaction to . .
happen at all Number of interactions we

/ \Number of
Efficiency

targets
— probability we measure an Incoming

interaction if it happens neutrino flux

Ges UNIVERSITY OF
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How to measure a cross section

IN PRAC TICE:

Differential cross section

— probability for this interaction to happen,in . .
bin i in variable X (e.g at a specific energy or Number of interactions we

angle) /v measured in bin i

dG — Nsignali . . e
— ’ Width of b
dxi Ci C|> Ntargets Ai / | o

/ \Number of
Efficiency in bin i targets

— probability we measure an Incoming
interaction in bin i if it happens neutrino flux

Gwsd UNIVERSITY OF
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How to measure a cross section

HOW DO WE MEASURE [T

JHEP 2021, 153, (2021)
MicroBooNE 4.05x10° POT

<4 DATA: Beam ON - Beam OFF
10009 wwm cosmic
B muon
8001 mmm pion

EEE proton
B photon

Number of interactions, Nisignai,i

600 -

|deally, we'd be able to pick out exactly
the type of interactions we want from
our data

Entries per 0.04

400 1

200

n o
L

o)

R bttiphytes

—100 075 050 025 000 025 050 0.75 1.00
Three-plane P

But life doesn’t work like that!
Reconstruction can fail, our algorithms
can get confused, and they don’t always

perfectly identify the particles we want d0 = Ndatai - Nbke,i

dXi Ci CID Ntargets Ai

Observed/Predicted
o =
w o

So Ndatai = Nsignal,i + kag,i

é’ UNIVERSITY OF

Kirsty Duffy 33
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https://link.springer.com/article/10.1007/JHEP12%282021%29153

How to measure g ——— -~ ~~~*“*==-

HOW DO WE
MEASURE |17

Estimating the backgrounds, Nbkg,i

We have no idea how much of our data events
are really signal vs background

We can estimate it using simulation but (as we’ll
see later) our simulations aren’t always that
great...

We can improve our estimate by trying to select
background events in data and fit the simulation
to make sure it matches

— lots of caveats here: need to be confident
that the background data you select behaves the
same as the background in your signal region

Kirsty Duffy 34

Events / 0.25 GeV

o Vo+A = uw+at+A

x1
[ MINERvA —+— Data
1.2~ 3.04E+20 POT I Coherent
N ~  Untuned Background QE
g £ Green are the g nonce w<1a
© B events we want El14<W<20
g 0.8 ] -W>2.0
5 (signal) Other
2. 0.6 Sideband <
9
c 0.
)
D
0.2
O ________________________________________

04 05060.7 0809 1
= (9-p, ) (GeV/cy’

Fit simulation to

0.6[ #

1.2 N g‘mﬁf‘és POT : g:t:erent . .
- Untuned Background - SEn-QE, Weid d a_ta_ IN SI d e ba N d
1 B 1.4<W<20 .
- . v>20 region to get a
S better estimate of
0.6 ¢ o
: pink, red, and
0.4
: brown
0.2
] 7 backgrounds
% 05 1 15 2 25 3 35 4 45 e Ve tA = W+ T A
Reconstructed E_ (GeV) I.2F mnERva B Conrent
1__ . 1 gﬁn-oe, W<14
> | — el
After fit S o8k o
& [ '
&

Phys. Rev. D 97,032014 (2018) £ o4f

0.2}

% 05 1 15 2 25 3 35 4 45

Reconstructed E_ (GeV)


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.032014

How to measure a cross section

HOW DO WE MEASURE [T

Efficiency

Scale up the number of events we measure to
the number of events we think really happened
(e.g. if we think we measure only 10% of events,
multiply whatever we measure by 10 to get the
“real” value)

Has to be estimated from simulation
But we know the models in our simulations are not great!
This is a problem - can lead to bias in our calculation. Needs to be handled carefully

Best practice: try and ensure efficiency is flat (so the model doesn’t have too
much impact) or show it is the same for many different models (still
dangerous: you can’t test them all!).

Gead UNIVERSITY OF
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How to measure a cross section

HOW DO WE
MEASURE |17

300

True
distribution

Unfolding 200

We can’t measure events with perfect precision, so we

: : ) 100
will always reconstruct some events into the wrong bin

lllllllllIllllllIlllllllIlll

Unfolding refers to how we go backwards from the
reconstructed values we measure to the
underlying true values

OO
-
N
w
i N
(&)
[&)]
~

Reconstructed (smeared)
distribution

E.g. we measure the energy deposited in a detector but 500
we want to report the cross section as a function of
the particle’s real energy

400~
Need to estimate relationship from simulation = can E
easily lead to bias! 3001~
Not necessarily a solvable problem. Many statistical i
methods offer different levels of bias and tradeoffs — 200:_
hot debate in the community -

100~

Kirsty Duffy 36 Images: M. Betancourt 00



How to measure a cross section

EVENT GENERATORS

This is a complicated problem - we can’t easily calculate a solution!
Instead use Monte Carlo event generators to predict backgrounds and efficiency

These factorise the problem into separate steps (an approximation - not
strictly correct)

Gaed UNIVERSITY OF
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How to measure a cross section

EVENT GENERATORS

NuWro

K3

A number of event generators “on ’ \V//
\
/

the market” :
1

ob
<
'r,no eV

c
v

e
-
o
S
@
©

v
-
<o

Each makes different approximations
and assumptions — can produce
different predictions even for the
same model. Implementation

choices are important T o

Many generators also tune
theoretical models to data —
“effective” models that can match
data better but may not be as
predictive in other distributions that
are also important

Institut fGr Theoretische Physik, JLU Giessen

. GiBUU

The Giessen Boltzmann-Uehling-Uhlenbeck Project

Gasd UNIVERSITY OF

Kirsty Duffy 38 OXFORD




Experimental Measurements

SOME EXPERIMENTAL
RESULTS

AKA: HOW WE KNOW WHAT WE KNOW
(AND WHAT WE DON'T)

Kirsty Duffy 39



Experimental Measurements

(SOME OF) THE
EXPERIMENTS =

experiment
NOVA «—>
NOVA: liquid
’ <3 MINERVA
DUNE* ¢—>
........... s T

81.4.‘ . .
£1.2F |
S
et
w08 e e
-é.o‘s:— MiniBooNE:
#0.41 liquid scintillator,
30.2} Cherenkov
Q -
> ’ = °

o [ J

10" 3 10 107 MicroBooNE:

T2K, > MiniBooNE Syt
Hyper-K* € MINIBOONE,
MicroBooNE,
SBND*

Kirsty Duffy 40




Vi W Vi v Jeasurements

CCQE, CC2p2h

Vp CCINCLUSIVE "~ oo o

Measure cross-section for charged=-current (CC) inclusive

muon neutrino mteractloV /

'Outgoing |- in final state| | ...and anything else

VMJ _

|

: Includes many different

| interaction types — overall

? test of how well we model all
processes

Large statistics

Target

Figure from M. del Tutto

Kirsty Duffy 4] HB@ —



https://microboone-docdb.fnal.gov/cgi-bin/private/RetrieveFile?docid=22951&filename=FermilabWineAndCheese-MarcoDelTutto.pdf&version=3

Experimental Measurements

vu CC INCLUSIVE
MINERVA MEASUREMENT

1. _ . <p [GeV < 3.5
10 - Binned in muon momentum along
- two axes:
pr: transverse to the incoming neutrino
beam p [GeV < 6.0
p|: parallel to the incoming neutrino <5
5| beam

12 S~

5| In general, more bins = more detailed [7cv<zo

information but more work needed x40

st _,.| to understand efficiency, detector
effects. And you need more data to

0 populate your bins!

d’c/dp_dp, (x10™° cm?/GeV2/c?/Nucleon)

\-

A

2

Kirsty Duffy 42 pB@ _



vu CC INCLUSIVE
MINERVA MEASUREMENT

Experimental Measurements

Phys.Rev.D 101, 112007 (2020)

1.5<p (IGeV <20 20< p”/GeV <25 25«< pl/GeV <3.0 3.0< pl(GeV <35
—4— MINERVA data '
= — MnvGENIE v1 if
8 — - QE+2p2h : §
S RES
= —True DIS
< —— Soft DIS =
Q 0 —— Other CC ‘ . = . - ‘
S 3.5<p(GeV <4.0 4.0 <p/GeV < 4.5 4.5<p /GeV <5.0 5.0 <p,/GeV < 6.0
()
10 |
(SED X 2 X 2 X 5
(&)
2 5t 3R
(=)
_ — : - | —
_8-_ 0 6.0 <p(GeV <8.0 8.0 <p (GeV < 10.0 10.0<p /GeV <15.0 15.0 < p/GeV < 20.0
= 107 -
<] x 5 x 10 x 20 x 40
o
(aV]
b o) ! !
2 "\‘f’" -
0 .é&’ AN : . . PSS ,
0 1 2 1 2 0 1 2 0 1 2

Kirsty Duffy 43
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112007

Experimental Measurements

vu CC INCLUSIVE
MINERVA MEASUREMENT

Phys.Rev.D 101, 112007 (2020)

15< pl/GeV <20 20< pl(GeV <25 25< plfGeV <3.0 3.0< pI/GeV <35
1.5] —4- MINERVA data . - [ '
— MnvGENIE vi ‘ * *
1.0 — GENIE 2.8.4 ' &
‘; = NuWro 19.02 | E
W o5t — GIiBUU 2019 . . . ‘ . ' . .
(uzé 6| 35 <p/GeV <4.0 | 4.0<pGeV<45 | 45<p/GeV <50 | 5.0<p/GeV <60
D .
£ | i i ! bl
= 1.0 [ L
Q
©
] \
D 05} 1 . . . - . . 1 .
‘\-‘g 6.0 < pl/GeV <8.0 8.0< pl(GeV <10.0 10.0< pI/GeV <15.0 h 15.0 < pl/GeV <20.0
1.5 | [
I fitigat g ! TR HE
1.0 [
0.5 . . i . . . , , .
0 1 2 0 1 2 0 1 2 0 1 2

Muon transverse momentum (GeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.112007

Vu\/“' Vi v Jeasurements
1 CCQE, CC2p2h

/:\P ﬁ//l ~>

Vi CC INCLUSIVE i o

Kirsty Duffy

g CC DIS ,
CCRES

n : EA++ '
A/\A g sx n/_<p A/\A

What have we learned?

Models seem generally reasonable, but:

A more detailed look with MINERVA shows none of the
models really predict their data well

We have a lot to improve! First step is to look in more

detail at specific types of interactions to work out
where improvements are needed

45 uB@\,z



Experimental Measurements

vy CCOm

Target CCQE-like interactions: look Vi - Vi -

for a visible muon and no visible pions \/ \/

Will also have contributions from CCQE, CC2p2h

e.g. pion production where the pion P

is absorbed in the nucleus and never " /\ P ﬁ = < D

leaves

These interactions are the “golden channel” for neutrino oscillation at T2K,
and the dominant interaction type in many other experiments (e.g. MicroBooNE,

SBND, ICARUS, MINERVA low-energy, NOvA) — the fact that they are used so much
means they are important to understand well!

Luckily, CCQE is also the simplest interaction type (although nuclear effects
won’t let us have an easy time...)

Gwsd UNIVERSITY OF
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Experimental Measurements

vy CCOMNp:
MICROBOONE MEASUREMENT

Phys.Rev.D 102, 112013 (2020)

Select events with one muon, S R B B
one or more visible protons, @ | —+ b : ]
and no pions 8o, GENIE v2, x*/dof=36.9/12 -

g o GENIE v3, x%/dof=12.8/12 i
Major difference between Ng 3:_ MicroBooNE _
green and blue predictions: > - HHE
blue includes RPA corrections = | LT
— strong evidence that these § _ 2:— |....+
corrections are needed % : A

< i
Effect more prominent in 5 " 1
MicroBooNE than other - .

experiments because argon is
a large nucleus

é UNIVERSITY OF
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013

Experimental Measurements

vy CCOMNp:
TRANSVERSE VARIABLES (T2K)

3D Projection

First proposed here:
Phys. Rev. C 94,015503 (2016)

Used by T2K, MINERVA, MicroBooNE

Conservation of momentum: pure CCQE
interactions will have no transverse imbalance

Look at different regions in these parameters:
start to tease apart the impact of nuclear
effects

Separate out different interaction
processes

Separate out initial state effects and final
state interactions (FSls)

UNIVERSITY OF

OXFORD

st
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503

Experimental Measurements

vy CCOMNp:
TRANSVERSE VARIABLES (T2K)

First proposed here:
Phys. Rev. C 94,015503 (2016)

Phys. Rev. D 98,032003 (2018)

X
—
I
w
©

—_
N

Used by T2K, MINERVA, MicroBooNE

-
o

¢ T2K Fit to Data

Y - o i
> - i
O — i
. O § — CCQE i
Conservation of momentum: pure CCQE c gL __ 2p2h b
. . . . N
interactions will have no transverse imbalance 3 ¥ ~ RES(nprod.) 4
;3) 6 Other _
Look at different regions in these parameters: % i x°=30.30 ]
start to tease apart the impact of nuclear s 4 3 o i
effects Q_l— R 03 04 05 06 07 08 09 10 1.17]
-8‘00 2 [~ ]
© R i
. . . "_,=_-:,_.'—'_—L_____‘: . A n
Separate out different interaction 0 .
0.0 0.2 0.4 0.6 0.8 1.0
processes

8pT (GeV)
Separate out initial state effects and final
state interactions (FSls)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003

Experimental Measurements

Vp CCOmnN P.
TRANSVERSE VARIABLES (MicroBooNE)

MICROBOONE-NOTE-|108-PUB

First proposed here:

Phys. Rev. C 94,015503 (2016)
(c) 135° < dour < 180°, MicroBooNE Preliminary

Used by T2K, MINERVA, MicroBooNE — | ---GiB No FSI (50.1/13) —GiB FSI (4.6/13)
2 0.3+ ---G18 No FSI (65.2/13) —G18 FSI (4.4/13)
I

Conservation of momentum: pure CCQE g% 025 -

interactions will have no transverse imbalance ?,, ! Tf 6 FST/No FSI
% 0.2_ ;“I: 4_),_F’:‘q_|{

o 1 2
Look at different regions in these parameters: o 0151 % R e
start to tease apart the impact of nuclear —

effects

o .
NUNENE

F

d’c
ddoddp
O

Separate out different interaction
processes

=
S
b
=
NN

Separate out initial state effects and final
state interactions (FSls)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1108-PUB.pdf

Experimental Measurements

VU CCO” CCQE, CC2p2h

What have we learned?

Even though the CCQE-like interaction is the simplest
possible channel, we still can’t predict it perfectly for
nuclear targets

Nuclear effects are important (surprise!)

We are developing effective techniques to isolate
these effects, which means we’ll be able to learn more
about them in the future

Gwsd UNIVERSITY OF
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VU CCOT[ZP

So far I've basically talked about
CCOrmtinteractions as CCQE-like

But we know CC2p2h (2
particle, 2 hole) processes
are important too

Part of the reason I've ignored it
so far is many experiments have
high thresholds such that

they can’t see the second proton

But liquid argon detectors
can!
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Fractional Number of Events

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

9.

Experimental Measurements

Vu\,/u-
cC2p2h
: p

= —,

True Recoil Proton Momentum (GeV/c)

Empirical MEC + Lwellyn Smith QE + GENIE hA2018 FSI
Nieves MEC + Nieves QE + GENIE hA2018 FSI
SuSAv2 MEC + SuSAv2 QE + GENIE hA2018 FSI

LAr threshold: MicroBooNE

Phys. Rev. Lett. 125,201803 (2020)

Scintillator
threshold: MINERVA

Phys. Rev. D 99,012004 (2019)

Scintillator
threshold: T2K

Phys. Rev. D 98,032003 (2018)

| I | |1l | | I | | I - —— l |

| 1 T I | 1
3 0.4 0.5 0.6 0.7 0.8 0.9 1
True Recoil Proton Momentum (GeV/c)

MICRBOONE-NOTE-1096-PUB
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1096-PUB.pdf

Experimental Measurements

Vi M

\/
vy CCOm2p

P == —

P
P

We did have strong indirect evidence for the existence of
2p2h interactions even from experiments that couldn’t detect the
second proton

See this data from MiniBooNE, using a CCQE-like selection

'—15 | | | 1 | | I | | | | | | | | I
“g T ® MiniBooNE ! 12' ! | I 4
© -| — - QE bare V - = ' ;
S 100 QRPA | M. AT _.“
S [|— QE+np-nhbare T T T T -
— | — QE+np-nh RPA - T .
) 5'_ B -= _—
N OF )
< I @
B ol S O U IO U R R HU N B
O 01 02 03 04 05 06 07 08 09 1 1.1 1.2

Ev [GeV] Phys. Rev. C 81, 045502 (2010)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.81.045502

Experimental Measurements

vy, CCOm2p: ~—
ArgoNeul MEASUREMENT =<’

The ArgoNeut Liquid x 2 . = S —
Argon TPC experiment
saw 30 1pOn2p

events 1000

1500

500

Some events showed a
specific back-to-back
topology that suggests a
specific mechanism for
nucleon-nucleon loao
short range
correlations in the

initial nucleus 0 100 150 00 .
Phys. Rev. D 90, 012008 (2014)

500
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012008

vy CCOm2p:

Experimental Measurements

Vu M

\/

CC2p2h

MicroBooNE MEASUREMENT » =<

MicroBooNE recently
released preliminary
results showing the
first-ever direct
measurement of
the 2-proton cross
section

This is hugely important:

we can learn a lot
more from direct
measurements than

fitting models to
CCOmnNp data!
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Differential Cross-Section [10 * cm?2/ Argon]

True cos(yLab)

8
I MicroBooNE 6.79 x 10?° POT, Preliminary
7 ' f 2 lterations Unfolded Data (Stat. + Sys.)
i MicroBooNE Tune (x3/DoF: 7.1/8)
6 Lwellyn QE + Empirical MEC (x%/DoF: 15.0/8)
' Nieves QE + MEC (x2/DoF: 2.4/8)
S SuSAv2 QE + MEC (x2/DoF: 39.8/8)
I NuWro QE + MEC (x2/DoF: 6.0/8)
4.—
3
o= _ H
SRR 4 I
1 } - : ==
: 1
0_ IIIIIIIIII\Illllllllll\llllllllll\
-08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1

True cos(yLab)
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1117-PUB.pdf

Experimental Measurements

vy CCOm2p

What have we learned?

Measurements of the CCOTT process give strong
evidence for the presence of 2p2h interactions —
more than just CCQE needed to explain data

Liquid argon experiments are starting to produce the
first ever direct measurements of these processes

Gwsd UNIVERSITY OF
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PION ~— Vu\/:
PRODUCTION e 57

0
0
o]
m
(7]

Most theoretical work recently

has been in the CCOTT regime §1 Jf
. T1.2f

— dominant channel for T2K, K
MiniBooNE, MicroBooNE,and 2 85
others 3
§0.6f

:

DUNE will operate at higher : N
energies — need a better §°‘2;
>0

understanding of pion
production and Deep T2K €
Inelastic Scattering
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Experimental Measurements

CC mm PRODUCTION:

X1'O_42' ' ' | ! ' N N I N ' ! ! 1
MINERVA 3 [ )
V 2 [ [ IRFGW/OFSI »=12 _
2 10 - — RFGW/FSI x?=9 e N
@t ESFWFSI @=7
aa; —=— 1° Data
Most pion production models don'’t % L — + -
fully model nuclear effects or 2p2h s PH+ ———4— |
interactions (but they should happen) g |
. ke S
— a lot of room to improve! e ol ...
0 50 100 150
oo (degree)
MINERVA have studied transverse
variables in CCmn° produc.tlon R P G ¥ I
— |earn about nuclear effects in these POT Normalized 4+ Data (3.04e20 POT)
interactions 0.4 R — GENIE w/ FSI
O GENIE w/o FSI
0.3 "

i -=-- NuWro

Measurements of CC* production
give valuable information too — none
of our current models seem sufficient
(surprise?)

IIIIIIIIIlIIlIIIIII

L PR T T T N N S S S S A S S S AN T TS T MO M
0 50 100 150 200 250 300 350
Kirsty Duffy 58 Pion Kinetic Energy (MeV)
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Experimental Measurements

Run: 5643, Subrun: 54, Event: 2712

NC 110
PRODUCTION

Important background to Ve searches
— TO—YY looks like Ve if one photon missed

So we need to understand this
process in detail

MicroBooNE measurements find models

MICROBOONE-NOTE-1111-PUB

2.00
R Wire-Cell NCn° (Total)

% 0.25 |_I_|

'c
1 o 175 ) ,
OVGI"—PI"edICt @ Bl Wire-Cell NCr® (Stat. only)
B 1.50 - =+ GENIE v3 MicroBooNE tune
3 L
~—
— 2.5 9
E T Mi [ L1251
_ MicroBooNE - > .
§ - “ririrs GENIE v3.0.6 (G18_10a_02_11) ;_‘]5 MicroBooNE
I . ~ 1007 5.327 x 1019 POT,
GENIE v2.12.10 ~ o
© E 075- Preliminary
3 K —— — NEUT v5.4.0.1 o
o PR 7 T A A 7 T
T 1.5l ol el iy e i —— == NuWro v19.02.1 & 050 l ' I '
=] —
l‘.’ L
Q
Z
©

e+
do_
aP

1— O Lt ~ 0.00
/ — — —— 4
- |payasssassazasEsasasEpass e Ve 'E
- W Y A L | f o
05— g
- o
—
B . . , g
— Inclusive Exclusive Exclusive o 00 T T . . T T T
0 - NC 11° NC 17° + 1 proton NC 1 x° + 0 proton (] 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

nm® Momentum [GeV/c]
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1111-PUB.pdf

Experimental Measurements

PION ~—

PRODUCTION <, A

What have we learned?

Current models are kind of reasonable, but don’t
describe the data very well

Not surprising, because there has been less focus on
this channel historically

More data is becoming available = inspire
improvements in our understanding before DUNE

Gwsd UNIVERSITY OF
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Faerea asmstsaa asabcal]l RAM Ao~ --‘A-“A-“..

: 1 0.90 < cos6, < 0.94

40 |- +

¢ Data (Stat. + Syst.) .
+=2= GENIE v2 - NOvA-tune _|
w GENIE v3 1

Ve INTERACTIONS

.....

1ofF

|||||||

(cm?/ GeV / nucleon x 10

Many experiments look for V. appearance sor
to measure neutrino oscillation = must o
understand ve interactions well! “v%“;
° 40 -
But our neutrino beams are ~97%+ v, by -
design — hard to study ve, very few 20 =

measurements
E, (GeV)
) ) = A T l T T | l 3
Mostly we assume lepton universality: 8 22 [ aKrHe 1182 <107 POT —— Daua =
. . e - T2K RHC 6.29 x 10° POT — — NEUT 540 (’-14634)
nuclear effects and interaction probabilities g 2F o o GENIE 21210 (-16319) 3
EowBEO=leEt NuWro 19.02 (?=32.077) o
are the same for v, and V. (except for e vs S b , e TVE IR S
% - FHC CC-v, ' RHCCC-v,  RHCCC, 1
S g : ! -
g °“F T2K:firstCCve | E
~ 10 ° ! —]
i S 3 since 1979 : =
But there are some direct ° sF |HEP 114 (2020) =
. > e N EEETEET T =
measurements (and more coming!) » °F T E
QO ‘4EE=a . T =
I ; bt
0 1 ) = | | |
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https://arxiv.org/abs/2206.10585
https://link.springer.com/article/10.1007/JHEP10(2020)114#citeas

SUMMARY

In the most positive way possible:

Neutrino interactions are hard! Our
understanding of the nuclear initial state,
interaction processes themselves, and final state
interactions could all improve

But they’re also really important to
understand properly to reduce uncertainty
and avoid bias in our measurements of
fundamental neutrino properties

There is a lot of work to do and lot of
interesting problems to solve -
experimental data is vital to constrain models
and gain a better understanding

We’re getting there - join the fun!

Kirsty Duffy 62

' CEVNS
A /\ A
Vi M Vi M

=~
V“\./ g Vp\/ .

CC RES :
; w CC-Cohm —— T

: A\ :
/_< A/\A

n p

Gaed UNIVERSITY OF

=/ OXFORD



Basd UNIVERSITY OF
=\ 18E| )

Kirsty Duffy 63

2 OXFORD



How to measure a cross section

HOW DO WE MEASURE [T

Incoming neutrino flux Number of targets
Most experiments use neutrino beams: measure . .
Protons On Target (POT) when beam is Regardless of the interaction we
running — related to number of neutrinos produced are studying, we usually report

. . cross section per nucleus
Convert into a number of neutrinos per cm? at

detector site
Calculate number of nuclei from

F le: '
or example detector mass/volume and density

3¢ Fermilab BNB O(102!) POT per year
uBooNB _ ¢ = 3.15749x1010cm2 per year
For example:

Note: this means the cross section we calculate is .

nBooNE =
“flux averaged” — it depends on the flux seen at @‘ Mass = 85 tonnes
that specific detector. Can not directly Nhuclei= pArVNA/mmoI
compare measurements in different = |.203x]030

neutrino beams!

Gasd, UNIVERSITY OF
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How to measure a cross section

HOW DO WE MEASURE |17

Clearly bias in our result is a big

worry: how can you measure something Phys. Rev. Lett. 128, 151801 (2022)

MicroBooNE

new if your analysis will only reproduce the g 2_ I— Data
model you put in? TC:% [ e GENIE v2, ¥%dof=11.0/10
> 1.5 —— GENIE v3, y¥/dof=141.5/10
cOln::e (zop:l:la:*) way to check for bias: fake %’ : +ﬂ+ LB Tune, y2/dof=46.4/10
ata tests! £ I
2 1-
A I
Type 1) put in a different model as fake data, = i
calculate the cross section,and compare -
: : v 0.5
t.o the model to see if you got it A - GENIE v2 fakedata
"ght v 0:' |(Xs syst only) | |
. 0 1 2 3 4
Type 2) use a different model to calculate
ype 2) E, [GeV]

the data cross section, and see if you get
the same result

L OR
(5724 N0\
=\ 18E| )
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801

Experimental Measurements

vy CC INCLUSIVE:
MicroBooNE MEASUREMEN T

Phys. Rev. Lett. 128, 151801 (2022)

. 19 .
14 MicroBooNE 5.3 x 10°POT MicroBooNE 5.3 x 1019POT
c Tt (=
8 B [ GzENIE V3.00'06 "T111] Nzuwro 19.021 @) B GENIE V30006 NuWro 19021
S 4ol + y2/ndf=32.4/11 ¥*/ndf=28.6/11 % 15 = 2/ndf=30.9/8 """ y2/ndf=24.5/8
c - . B
S B S NEUT 5.4.0.1 GiBUU 2019.08 < NEUT 5.4.0.1 GiBUU 2019.08
g s {:‘ + X*/ndf=18.0/11 X*/ndf=16.7/11 E """ ¥2/ndf=18.4/8 ¥2/ndf=17.0/8
C\l\ B ;: ‘;‘ MiCI'OBOONE MC N MicroBooNE MC
5 [ INW a4 + Pata % 1 T 2mdf=33.8/8 + Data
: 0.8 ; k| :
o | = o
'-".ﬂi 0.6 _—_F §
g bt 3 05
0.4 — :
0.2 ,
! L1 1 1 | L1 1 1 | || p— p—— !  E—e—— ¥ L1 I I | I I I | I IA&EEEE&EEEQ_A_L
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5

E, (GeV) v=E, -E, (GeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801

Neutrino Interactions

uBooN“’

ﬁ\\\

(Probably) protons

(1 think)

Long straight

track = probably
a muon

Run 3493 Event 27435, October 23rd, 2015
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Neutrino Interactions

uBooNE

\

(Probably)
protons

Shower that
starts at neutrino
vertex = probably

an electron

DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.
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Motivation: Oscillation

RECAP: NEUTRINO OSCILLATION

Ve Uel UeQ UeS 4
vy | = Uun Uy Ups Vo

b Vr U’Tl UTQ UTS V3 v

flavour mass
Propagation

PMNS matrix

named after Pontecorvo, Maki,
Nakagawa, and Sakata
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Motivation: Oscillation

RECAP: NEUTRINO OSCILLATION

Cij = Coseij
sij = sinB;
Ve 1 0 0 C13 0 3136—i5CP C19 s12 0 1
V’u — 0 C23 5923 0 1 0 —S12 (C192 0 1%
U+ 0 —S93 (€23 —81367:5013 0 C13 0 0 1 V3
flavour l mass

Each mixing angle describes mixing

Four free parameters:
P between two mass states (3c2 = 3)

Three mixing angles 02, 023, 03

One phase Ocp
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Motivation: Oscillation Neutrino Interactions How to measure a cross section Experimental Measurements

Distance: L
< >
Source Vv v. Detector

™ Neutrino energy: E

Muon neutrino disappearance
B

Electron neutrino appearance

ﬁ

Vv Vv
> IINY. . \ . o<
P(vp—>ve) ~ something (#/=)something else x@
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Motivation: Oscillation Neutrino Interactions How to measure a cross section Experimental Measurements

L

Reason #2 why neutrinos are
exciting:

CP violation in neutrinos might explain the
matter-antimatter asymmetry we see in
the universe
— neutrinos could explain why we exist! [

>

Muohn neutrino disapg

Electron neutrino appearance

ﬁ

vV Vv
> IINY. . \ . o<
P(vp—>ve) ~ something (#/=)something else x@
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How to measure a cross section

WHAT IS A CROSS SECTION!?

The cross sersi==- ks ' ill interact

Note: Neutrinos only interact via the weak force,

C ) Os that
so Cross sections tend to be small.
ets
At | GeV:

O(VN) ~ 10-38 cm?
Classical an alls that
you throw o(pp) ~ 10-26 cm2

.—» more likely to collide P ‘

@> UNIVERSITY OF
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