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Please Note...

* | sincerely apologize that | cannot be there in person to meet and talk with
you all!

* Since this is a school:

* | have some questions throughout my slides that | would like you to
answer afterward.

* Please send me at least 1 follow-up question after each lecture. | will
answer at least 1 question from each of you and post them in Slack

(#flux-and-xsec-exp).

* You may send me questions either via email (jpaley @fnal.gov) or Slack
(@Jon Paley)
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Outline

* Review of [some of] the experiments
* Review of [some of] the measurements:

* Omtand the 2p2h saga

Exploring the impact of final-state interactions

Pion production

Inclusive measurements

Electron-neutrino measurements

* What we need to put it all together, and a look to the future
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A Reminder...
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« Most neutrino cross sections are
reported based on their final-state CCQE
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A Reminder...

— Minerva LE

— Minerva ME
— SBN

—— T2K SK (no osc.)
—— Nova (no osc.)
—— DUNE (no osc.)

N

do _ZjUz';l(N;ele)
dx 7:— €; PNy A,

—
T

* Most neutrino cross sections are
reported based on their final-state

Area normalized v, flux * E,

topology, eg:

* CC inclusive (all interactions) 0L = 2!
« CC 0t (mostly CC QE + 2p2h) E, (GeV)
- CC 11t (mostly CC Res) b ¢ N F

Rev. Mod. Phys. 84, 1307

* CC Nm (mostly higher
resonances + SIS/DIS)

- -

* The experiments making cross
section measurements have
different sensitivities (levels) of the
topologies. In particular, T2K and
SBN are dominated by QE and
2p2h interactions.
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The Experiments and Their Detectors
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MINERVA
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MINERVA
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Module Number >

 Particle id mostly via dE/dx in the active tracker region.
 Limited angular acceptance since muons must enter the downstream MINOS near detector.

* Avariety of nuclear targets upstream enables cross-section A-dependence.
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NOvVA Near Detector
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300t tracking calorimeter, constructed from extruded PVC
cells filled with liquid scintillator.

Scintillation light captured and routed to APDs via WLS
fibers.

0.07 Xo per layer
77% CH2, 16% chlorine, 6% TiO2 by mass
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NOVA Near Detector

1000

Muon
Catcher

Long, straight track

ve CC

Short, wider,
fuzzy shower

NC

1000 I |
7z (cm) 10 10° 10°

Muon catcher (steel + NOVA cell at the downstream end ranges out ~2 GeV muons.
5 ns hit-level timing resolution used to separate the many neutrino interactions per 10 us spill.

NOVA is an oscillation experiment and the detectors and reconstruction are designed to
optimize muon and EM-shower measurements. So, very good at identifying and measuring the
energies of muons, electrons and m0s in the final state, improvements to reconstruction of other
particles are underway.
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T2K ND280
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ND280

Yl Peak EV<

Off Axis ~ 0.6 GeV

Fine-Grained Detectors
(FGD 1 & 2):

* CH scintillator tracker
+ Target forv
« FGD2 contains water
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Time Projection
Chambers (TPC):

» Excellent fracking

« High-res charged-
particle momenta

« Accurate particle ID

Stephen Dolan
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MicroBooNE
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MicroBooNE

Color scale: charge
deposited at location in
detector (related to
energy deposited into the
detector medium)

Run 3493 Event 41075, October 237, 2015
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A Brief Survey of Some Measurements
And Their Comparisons to Event Generator Predictions

Note: the news is not so great... in general, generator
predictions are pretty far off from our measurements.
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A Brief Survey of Some Measurements
And Their Comparisons to Event Generator Predictions

Note 2: this is a huge topic, and | simply can’t cover everything in this

one lecture. If you are interested in learning more, | suggest:

- check out/get involved in NUSTEC (nustec.fnal.gov)

- Join the NUSTEC-new email list (see https:/nustec.fnal.gov/nustec-
news/ for instructions)

- Read the NUSTEC 2017 White Paper (http:/inspirehep.net/record/
1604295)

- Read the new NUSTEC (20247?) White Paper when it comes out

- Checkout the talks in the most recent Nuint Workshop
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The 2p2h Saga...

Fo/dE,5dq, (10%° cm?/GeV?)

* In 2016, MINERVA published results showing a measured
cross section much larger than was predicted in the their
event generator at low momentum transfer.

PRL 116, 071802 (2016)
0.0< qS/GeV <02 | 0.2< qS/GeV <0.3 0.3< qS/GeV <04
+ Data : :
GENIE 2.8.4:
--------- Defaut MINERvA )
----- +RPA
B —— +RPA+2p2h {
\::l 2p2h only
0.4<q/GeV<05 0.5< q,/GeV < 0.6 0.6 < q,/GeV < 0.8

0.2 04 0 0.2 04 0

Available energy (GeV)

0.2 0.4

* The excess of events appears at momenta transfer

consistent with 2p2h interactions (a process already known

from electron scattering experiments).

* NOVA showed a similar discrepancy in their data soon after
Studies show that no theory model is able to “fill in this gap’.
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https://arxiv.org/pdf/2006.08727.pdf

The 2p2h Saga...

MicroBooNE
arXiv:2403.19574

* And yet the models seem to work pretty well
for both MicroBooNE and T2K. i

* So either there is an unaccounted neutrino-
energy dependence in 2p2h interactions, or
there is something else that we are not °
modeling at higher energies. T
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This may not appear to be the case looking
at the MicroBooNE plots above, but the chi2 .
comparisons between the data and
predictions are all very reasonable.

dp dcosf [nucleon GeV/c
f W

—

m
dp dcosb, nucleon GeV/c
A M
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MicroBooNE
2l arXiv:2403.19574
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NOVA Preliminary
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CC 0 Measurements - Transverse Kinematic Imbalance

* The idea: look for imbalance in the transverse
momenta of the final-state particles.

* These observables are sensitive to effects of
final state kinematics!

-G18 ¢3D —NuWro ¢3D
-G18 8¢T - NuWro 5¢T

Ratio FSI/ no-FSI

| | | | | | |
0 20 40 60 80 100 120 140 160 180  "hysRev.C 94015503 (2016)

Proton - Missing Momentum Angle [deg]
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CC O0mm Measurements - Transverse Kinematic Imbalance

* The idea: look for imbalance in the transverse
momenta of the final-state particles.

* These observables are sensitive to effects of
final state kinematics!

-G18 oy, -NuWro o,
--G18 0.y --NuWro 8.,

Ratio FSI/ no-FSI

| | | | | | | |
0 20 40 60 80 100 120 140 160 180  VeRevC 94015503 (2010
Struck Nucleon - Missing Momentum Angle [deg]
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CC O0m Measurements - Transverse Kinematic Imbalance
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CC 0 Measurements - Transverse Kinematic Imbalance

T2KMeasuring muon+proton kinematics

Youthful optimism
* Measuring muon-proton correlations (2018) Pphys. Rev. D 98, 032003

22

~ 12 X107 ———— ——
. - ’ - ~ 09
> [ 20 )_(1I039 T T T T = ‘:\ E
C E E Q) = —+— T2K
& 10fF 3 ¢ T2K Fitto Data §— > 0%k
= C of —— CCQE El e org L SF: 2, = 1301
o 8 — 2p2h, El e 06
% C L ~— RES(mprod.) 3 - 3 05 E SFrezpent Koepazpan = 3436
S 6 [+ Other 4 S TE
< CoLte x2=30.30 El E oosf
o EoL T ElS
S y . s S oaf
) f F ] S— ] - F
N N 03 04 05 06 07 08 09 10 1.1 b|Q 0.2 —
- ; O E
bla 2 \ — ° g
'o (_/8 : 01 :_ =
0 4 % 0.2 0.4 0.6 0.8 1
0.0 0.2 0.4 0.6 0.8 1.0 8p. (GeVic)
3p_ (GeV) Pr
0.9
L
e What we've learnt

(cm? nucleon™ (GeV/c)™)
o
[}

o
)

d5pT

do

o
o

LY -
— SF:p2 =13.91
— LFG: 2 =14.52
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 No model guantitatively describes measurements

 RFG models clearly rejected
« Robust estimation of QE vs non-QE in CCOr+Np

Stephen Dolan

« Clearrequirement for 2p2h+m abs not much scope
to alter one without changing the other

ilab
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CC O0m Measurements - Transverse Kinematic Imbalance

AN Question: What is the peak Question: What is the peak
Qky 6 position, width, and 8 position, width, and
Sk . .
pt,y symmetry as a function of pt,x symmetry as a function of
P
. MINERVA Preliminary Pt'“ MINERVA Preliminary tp
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z 4 i
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MINERVA: tuned cross section model (to their own data, but not using these
observables) does ok in some regions of phase space, but does not do so well in
others.
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CC 1 Measurements
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* Angular distribution of pions seems to be relatively well modeled. The energy distribution is
peaked at lower energies than most models.
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CC 1 Measurements
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* NEUT seems to be doing a good job predicting the pion kinematics.

* The GENIE cross section seems a bit high, and predicts higher momenta and larger angles

25

than the data.
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CC Nmm Measurements

Cro

section

26

SS «——— Linear rise with energy

2T Resonance Production d

+
— — 7w K=
Energy

As we go to higher energies, shallow- and deep-inelastic scattering can produce more than
one pion in the final state.

Most interactions in NOVA and DUNE involve pion production.

The energy to create the pion needs to be accounted for when reconstructing the neutrino
energy - important for oscillation measurements!

Pions are susceptible to FSI

2% Fermilab

Jonathan M. Paley



CC Nmm Measurements

CCz1n" Events versus T, and p,, with tune
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CC Nm Measurements

CC>1m* Cross Section vs. T and Py,

MINERVA Work In Progress
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CC Inclusive Measurements

Phys. Rev. D 107, 052011 (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011

CC Inclusive Measurements

=

N O~

Dﬂ Charge Current Inclusive Measurement

GENIE MC/Data Ratios 0 < Eavai < 100 MeV
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Matt Wetstein, lowa State University NUINT 2024, April 2024
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CC Inclusive Measurements
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N O~

Dﬂ Charge Current Inclusive Measurement

GENIE MC/Data Ratios 100 MeV < Eavail < 300 MeV
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CC Inclusive Measurements
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Dﬂ Charge Current Inclusive Measurement

GENIE MC/Data Ratios 300 MeV < Eavail < 600 MeV

Table from NOvA-tuned GENIE

QE MEC RES DIS Others Events: 14%
: % % % % %
- Differences between the CMCS [0 | 1o | 68020/ 49 |  NOVA Preliminary
16050 < cos, <0.74 1 0.74 < cos 6, < 0.80 g 0.80 < cos 6,<085% 0.85 < cos 6, < 0.88
* GENIE tune 00_000 has no : L L 2
external data tune applied = b ] |
. 0.5 + T T .
* 02_11a/b tunes adjust the s [o8s< c0s6, <091 091 <cosd, <008 | 004 <cosd, <096 | 096 < cosg, <098
model to match external T 1 ot " ¥ ' :
single-nucleon data in T is-ag,_;z .
modeling RES event g | f =
O o5 + +
(0] [ . ] . . [ . . . .

e We find that the 02_1 1 tunes to a 1.5;_0.98 <cosf, <0.99 _ 0.99 < cos 0, < 1.007 Conguraions Tune ?E Mec [ rss [rsi
external data perform do perform ; et o= ot i D D i
better than the 00_0000 in this ; o0 T T Tos Tua
RES enhanced region e e T L A

T, (GeV) T, (GeV) » | OUNE) -

Matt Wetstein, lowa State University NUINT 2024, April 2024

2% Fermilab

32 Jonathan M. Paley



CC Inclusive Measurements
MINERVA <E\> ~ 3.5 GeV
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Ve CC Inclusive Measurements

The v, Problem

* By necessity, our v, rich beams have few v, in them to

allow us to study any difference between v, and v, interactions.

* Therefore, we infer v, interactions from studies of v,

e But what we study can’t give us the whole picture.
* Phase space (below), radiative corrections, nuclear effects.

E,=0.6 GeV, Muon and Electron Neutrino Difference 12 x10°
0.6 T T T <L

Missing 5 ' 902 o _
« ost thisis L~ reaction § L Ra_tes for go> Radiative corrections:
S of Q0 | spacedueto o | Ve iN Qg-03 70 O. Tomalak et al.,
S < | muon mass 08 60 Nature Commun. 13 (2022) 1, 5286
8 8og | s ok 5o and Phys.Rev.D 106 (2022) 9, 093006
~ I3 ool ] — Kinematic E ‘ 40
% 0.1} _ 04r 4 80 Nuclear effects:
S , ‘ | | 0.2 / 20 T. Dieminger et al.,
80 02 04 o8 o8 7% phyg Rey D 108 (2023) LO31301
13| (GeVic) % 02 04 06 08 1 12°
3-momentum transfer q, [GeV]
18 April 2024 Kevin McFarland: Electron Neutrinos at MINERVA 2
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Ve CC Inclusive Measurements

The NuMI Beam: Electrons

/
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18 April 2024 Kevin McFarland: Electron Neutrinos at MINERVA 4
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Ve CC Inclusive Measurements

MINERVA, PRL 116, 081802 (2016)
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Ve CC Inclusive Measurements

NOVA, PRL 130, 051802 (2023)
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Ve CC Inclusive Measurements

What we really'care about is the o(ve)/o(v,)
ratio... our current uncertainty on this is ~3%.

Measuring this ratio to better than 3% inthe
current generation of experiments is probably
unlikely, but we’re working on it!
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Summary of Measurements

39

Overall most generators seems to okay predicting muon kinematics.

When measuring pions directly, the predictions seem to be not too bad.
But inclusive cross section measurements seem to imply that pion
production is under-predicted at higher muon energies.

There is something going on either with 2p2h or some other interaction that
produces an enhancement of “available energy” at low momentum transfer
for the higher energy experiments.

How to make sense of all this?
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Making sense of all these Measurements

 We are now faced with an enormous amount of data, some of
which have few-percent uncertainties in the shape.

* Many generator developers are implementing some kind of
global fit of their models to these data (and to electron
scattering data too, but | don't have time to get into that).

* Exclusive final-state measurements are easier to deal with.

* GENIE uses the “Professor” tool (also used by Geant4)

* NUISANCE is another great tool for comparing different
data sets to different generator predictions.

* This is an enormously challenging task, and we are just
getting started!
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https://nuisance.hepforge.org

A Look to the Future

 There was much that | did not talk about:

41

Neutron measurements by MINERvVA, ANNIE and others

Measurements of interactions in the SIS/DIS regime by MINERVA (and
maybe NOvA someday)

Using electron scattering to constrain the vector components of our
models (e4nu, electron scattering in neutrino generators)

Hadron scattering measurements to improve our understanding of FSI,
secondary interactions in our detectors, and reducing flux uncertainties
(ProtoDUNE, LArIAT, EMPHATIC, NA61, etc.)

BSM, NSI, LDM...
T2K ND280 Upgrade
DUNE 2x2, SBND

Furthermore, all of the experiments will continue to analyze and improve
upon existing measurements
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A Look to the Future

 As we saw from the data, we have our work cut out for us to make sense of
it all.

 But the future is bright, and we need smart people like you to help us...
* Come join the fun!
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