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Neutrino cross sections in LBL experiments
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A typical v LBL oscillation experiment
(exemple from T2K)
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A typical v LBL oscillation experiment
(exemple from T2K)
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A typical v LBL oscillation experiment
(exemple from T2K)
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A typical v LBL oscillation experiment
(exemple from T2K)
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A typical v LBL oscillation experiment
(exemple from T2K)
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Produced muon (anti-)neutrinos first
interact with our near detector matter

We adjust the flux & neutrino interaction
model predictions on the near detector

data

We then use the tuned models to
predict the v & v, spectra at the far
detector

Finally, comparing this with
real data, we extract the

oscillation parameters
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A typical v LBL oscillation experiment

(exemple from T2K)
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A typical v LBL oscillation experiment
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A typical v LBL oscillation experiment

Tuned runl-10b flux at ND280
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We adjust the flux & neutrino interaction
model predictions on the near detector
data

We then use the tuned models to
predict the v & v, spectra at the far
detector

Finally, comparing this with
real data, we extract the
oscillation parameters
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A typical v LBL oscillation experiment
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A typical v LBL oscillation experiment
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Why neutrino cross sections matter?

Neutrino 2024 conference
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Systematic Uncertainty
Total 49 20 10 0 10 20
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J. Wolcott @Neutrino2024
Neutrino interaction uncertainties are the ~ dominant

source of systematics in current long-baseline experiments Today uot the major problem, we

have ~150 Vv, appearance
events... but this will become a

even . " (X ) o (E X)® o (E )®D s (X)® Posc( ) problem soon (Hyper-Kamiokande,
N B o(E.%) @B @D (3) powe) s


https://agenda.infn.it/event/37867/contributions/233955/
https://neutrino2024.org/

C 1e0de v-mode 1e0de v-mode
Concrete exemple from T2K =
v 7, 0.4 75
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. . . Total predicted 73.2 16.9
Publishing on Nature (in 2020) the Systematic uncertainty S —
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For that analysis, over a total 9%
systematics in the appearance channel,
8% effect came by the uncertainties on
the Nucleon Removal Energy (NRE)

Phys. Rev. D 103, 112008 (2021)

(ot of work hac been done since then, but

neutrino inferactions remain the main reason of

. [ . [ . 16
cystematics uncertfainties in (BL experiments


https://www.nature.com/articles/s41586-020-2177-0

Neutrino interactions



Neutrino-nucleon interactions

. . ?;i/( nuBooNE NOvA DUNE MINERVA LE MINERVA ME
Our current detectors are especially sensitive to Charged Current _.  —GGoe -GGz --G6w --lcéois -com
. . . . . . . . c 2 Muon neutrino, FHC
interactions. Depending on the incoming flux (E ), different interactions & '
o
are the most probable: 2 |
> 1.5
()] -
Vi W Vi 173 Vi H 9
5 {
CCQE w+ CCRES SWT p CCDIS SW™ < | .
fnp o5
n p 2 p.n X ° | K
G-(inmr”r'l'u.. [P e e L L L1
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‘ from C. Wret E, (GeV)

18


https://indico.fnal.gov/event/59963/contributions/284572/attachments/176775/240370/NuInt_Oscillations.pdf

Neutrino-nucleon interactions

HK/
T2K [T uBooNE NOvA =~ DUNE MINERVA LE MINERVA ME

Our current detectors are especially sensitive to Charged Current —CCGE --Co%?h  --cow --[6ODIS - Cooh

interactions. Depending on the incoming flux (E ) or on the energy g r 7 Muomneutno, e
transfer (m), different interactions are the most probable: S N
s w \  ( w N\ (v, e ) % f
S
ccqe W CCRES S p cepis S T .
}np Sost Gl F
ATt N oo X 5 | >
\.~ " P \_ 4 ) \p, ) [ -
/ T 3 4 5 6 7 8
\ from C. Wret E, (GeV)
PROTON
Elastic A
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https://indico.fnal.gov/event/59963/contributions/284572/attachments/176775/240370/NuInt_Oscillations.pdf

Charged Current Quasi Elastic (CCQE)

Let’s start with the “easiest” neutrino-nucleon interaction:
the so-called CCQE. This is an interaction widely
used in accelerator experiments

20



Charged Current Quasi Elastic (CCQE)

Let’s start with the “easiest” neutrino-nucleon interaction:

22 the so-called CCQE. This is an interaction widely
a used in accelerator experiments
! d 1
General crose- o _ ‘ M ‘ 2
4 tion Formul 2 2 12
cection formula dQ 647‘-M Ez/

v energy

Q*=(p,-p,)° = momentum transfer
(to the nucleon)

21



Charged Current Quasi Elastic (CCQE)

Let’s start with the “easiest” neutrino-nucleon interaction:

\%
< £ the so-called CCQE. This is an interaction widely  |.iaraction
used in accelerator experiments :
CCQE W dor 1 amplitude
General crose- — ‘ M | 2
& p cection formula d Q2 6 47-‘-M2 EZ%
v energy
s G%cos’Oc )
M = L*H,, Q= (pv'p”) = momentum transfer
(to the nucleon)
Specifically for CCQE: Greosbo (., 5 had
P y - M= @,y (1 = 7 )w] - (p|J,*|n)

V2

22
Gr = 1.1803 x 107° GeV ™2 | cosf, = 0.97425



Charged Current Quasi Elastic (CCQE)

Let’s start with the “easiest” neutrino-nucleon interaction:
the so-called CCQE. This is an interaction widely |2 r5ction

used in accelerator experiments -
— W I | amplitude
General crose- — ’ M ’ 2
5 p cection formula dQ2 6 47-‘-M2 E2
- 1
Fermi v energy
constant Hadronic part
G cos2 @ (4x4 tensor)
|M|2 ¢ L*H,, Q= (pv'pﬂ)2 = momentum transfer
Leptonic part (to the nucleon)
(4x4 tensor) . :
Leptonic current Hadronic current
G cos O (4-vector) (4-vector)
- ) _ 5 had
Specifically for CCQE: A = [ulﬁ“(l — ¥ )u,] - <p|J#a n)

\/5 Remember: only for left handedV ;-)
Gp =1.1803 x 1075 GeV ™2, cosf, = 0.97425 (or right-handedV)

23



Charged Current Quasi Elastic (CCQE)

Hadronic current

v

a = 2 q 9
(p|J2*n) = G, | F1(Q%)u + FQ(Q))wuum + Fa(Q*)vus + Fr(Q%)guys | un

Various nucleon form factors to take into account that
nucleons have a structure (they are not point like)

F, and F, are related to the vector part of the interaction (as in the
electromagnetic interaction, similar between electrons and neutrinos). F. is related
to the nucleon electric charge distribution, F, to the magnetic moment

F, and F_ are related to the axial part of the interaction Dipole deccription.
(specific to neutrinos). In particular F,, the most relevant 702 — F4(0)

for us, describes how the axial component of the (@) = 0 \?
interactions “distributes” within the nucleon (1 + @E—y)

24



Charged Current Resonant (CCRES)

CCRES happens at higher energy (and higher energy
transfer) than CCQE

In this case, a resonance (often a A) is produced, with a
subsequent decay in pions and nucleons

Vup = ppT,  Tup = ptpme
I/Mn—>u_p7ro, Pup—uﬁnwo

VpyM S 0 N, VUynN—p' nm

25



Charged Current Resonant (CCRES)

Describe the interaction now is
more complex (several possible
resonances, interferences terms...)

The reference model is pretty old
(>50y ago)

Clear need to better understand this

process, very relevant for instance
for DUNE

CCRES happens at higher energy (and higher energy
transfer) than CCQE

In this case, a resonance (often a A) is produced, with a
subsequent decay in pions and nucleons

Vyp — B pTm -, Vpp — 1 pT
— 0 - + ... 0

Vyn — [ pm, Vyp— punm

I/Mn—>u_n7r+, Dun—>,u+n7r_

Axial form factor for CCRES (?)
Described in the same way as for CCQE

cteh = — 20

2
Q?
(1 + (M}}ES)Q) 26




Charged Current Deep Inelastic Scattering (CCDIS)

CCDIS happens at higher energy (and higher energy
transfer) than CCRES

At very high energy, the interactions happens with the
nucleon quarks — pretty well understood mechanism (via
the so called perturbative QCD ~ parton model)

27



Charged Current Deep Inelastic Scattering (CCDIS)

Vi H CCDIS happens at higher energy (and higher energy
transfer) than CCRES
At very high energy, the interactions happens with the
Y p nucleon quarks — pretty well understood mechanism (via
i the so called perturbative QCD ~ parton model)
D.n X

CCDIS S W™

The cross section can be written as a function of the Bjorken variables x and y

2
&= 2]?/_@ Y= E, o = E - E, energy transfer to the nucleon

2o"®  GLME, ([ M2 \’[ , 5 Mzy 5 y ;
n = () |REe)+ (1-v- 35 Rl @) oy (1- §) AE.Q)
F., F,and F, are the nuclear structure functions and describe how quarks and
gluons “react” to the neutrino interaction. F, and F, are for the vectorial part, while F,

for the axial part (only for v!)
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Charged Current Deep Inelastic Scattering (CCDIS)

Vi H CCDIS happens at higher energy (and higher energy
transfer) than CCRES
But for Q2 < 2GeV, describing the CCDIS process become
' p complex — QCD is not anymore perturbative and we need
i approximation
p,n X Bodek-Yang model allows to extrapolate the QCD at lower
Q2. It also covers the so called RES to DIS transition region

CCDIS

x10%
0.25— £

= {\ No Correction

0.2

Parameters are introduced to correct

> cm? GeV'' per nucleon

the various structure function, based ] - ol L
. . . Q15— ™ ;
on comparisons with available data - e imulation
(empirical model) ofr =W |
"L BY Comection ™,

o 05 1 15 2 25 3 35 4 45 5 920

https://arxiv.org/abs/2108.09240 from S. Dolan & 6o


https://arxiv.org/abs/2108.09240

Let’s start measuring

HK/
T2K |71 uBooNE NOvA  DUNE MINERVA LE MINERVA ME

Although complex and difficult to test, we have models, so let's start —GGoe --GGxon --Gow - Gpis -GGom

. . . . ,C\ L Muon neutrino, FHC
measuring neutrino cross sections and validate those models! 3 2; '
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Neutrino energy reconstruction methods rely on the final from C. Wret (GeV)

state particle kinematics (and on the detector technology).

What we can detect are the products of the neutrino interactions.
For the charged current interactions we look for a lepton in the final state and
eventually (some) hadrons (proton and pions)
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Measuring the axial mass in
neutrino-nucleon scattering

H M axial-vector coupling constant
F4(0) ‘
2\ __ A |
CCQE W+ FA(Q ) o Q2 2 g /'[he Nel.ltrmo Event
(1+ G
& p axial mass '
: 2

Eaperiment | QE 1 Q7 range | Ma Bubble chamber experiments
v,d —pu~ p ps | events | GeV/c (published) M QE ¢ 1 GeV
Mannms 166 | .05—1.6 | 095 .12 | Mmeasure M~ closeto 1 GeV.
Barishzy 500 05—-1.6 | 0.95 £ .09
Millerso 7773 | 1737 | .05 —2.5 | 1.00 £ .05 Here the target is essentially made of
Bakerg; 1138 .06 —3.0 | 1.07 &= .06 deuterium (ie 1p and 1n)
Kitagakigs 362 11-3.0 | 1.057{¢
Kitagakigg 2544 | .10 —3.0 | 1. 070+ 3jig
Allastagg 552 1-3.75 1.080 &= .08 | JPhys.Conf.Ser.110:082004,2008 31
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What changes when we move to a neutrino-nucleus

interaction?
Vi K
Current neutrino detectors use more complex nuclei (CH, H,O, Ar,...),
thus neutrino interactions happen with -’
C
Need to take into account that initial state nucleons are not static — D G p

how can we model the nucleus ?

“Simplest” models used a Fermi gas assumption

Fig. adapted from
J.Chakrani

potentil
Relativistic Fermi Gas (RFG) Local Fermi Gas (LFG)  _....-- / .......
: neutrons protons E [ B,
Nucleons move freely in a The nucleus is described with ne:tésl o0 @@y
constant binding energy within the local density approximation 00 00 .
the nuclear volume T X X X } i
o | | 32




Measuring the axial mass in neutrino-nucleus interactions

120 Phys. Rev. D 74, 052002 (2006)
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Phys. Rev. Lett. 100, 032301 (2008)

K2K measvree M AOE from neutrina—HZO interactions

“We use a relativistic Fermi gas model for oxygen and
assume the form factor is approximately a dipole with one
parameter, the axial vector mass M,, and fit to the shape of
the distribution of the square of the momentum transfer from
the nucleon to the nucleus. Our best fit result for
M,=120%*0.12 GeV.”

MiniBooNE measurec M AQE from

neatrino—C'H mteractions

“Using a high-statistics sample of v, CCQE
events, MiniBooNE finds that a simple
Fermi gas model, with appropriate
adjustments, accurately characterizes the
CCQE events observed in a carbon-based
detector. The extracted parameters include
an effective axial mass,

M 7=1.23 + 0.20 GeV”
A 33
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Measuring the axial mass in neutrino-nucleus interactions
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https://doi.org/10.1016/j.physletb.2011.11.061

Solving the M, %F puzzle

By accounting for additional nuclear effects
(here named RPA and )itis
possible to explain MiniBooNE “CCQFE”
results with a more reasonable value of
I\/IAQE, close to the one obtained by bubble
chamber experiments

RPA (Random Phase Approximation) is a correction added to take into account
correlations between nucleons that affect the nuclear response. They generally
suppress the cross section for low momentum transfer interactions

happen with a pair of correlated nucleons (np, nn, pp)

account for neutrino interactions that
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RPA (Random Phase Ap}

Solving the M, %F puzzle

By accounting for additional nuclear effects
(here named RPA and )itis
possible to explain MiniBooNE “CCQFE”
results with a more

, close to t=+"Hne obtained by bubble
chamber.- ts

.15 a correction added to take into account

correlations between nucle. _ wnat affect the nuclear response. They generally
suppress the cross section for low momentum transfer interactions

happen with a pair of correlated nucleons (np, nn, pp)

account for neutrino interactions that
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The role of nuclear effects
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~ initial nucleon momentum and energy

Nuclear models

AR AR RS LR R RN LN LN LA 80 T
3T =
S — RFG S x  RFG
E o LFG ;SGO | + LFG .
= - M sF More sophisticated (wrt Fermi gas)
| 1 a0} : nuclear models as Spectral
Function (SF)
\ try to reproduce the nuclear shell structure
0O [1(I)0I2(I)O I3(I)0 400 0 50 100 150 200 250 300
pm [MeV/c] pm [MeV/c]
Phys. Rev. D 109, 072006, 2024
) ___Shell occupancy in SF model The final state particle kinematics depend
" 1 on the initial state kinematics
’ Carbon | — need to precisely model the initial state

0.1

0.05

| if we want to interpret the final state
1 — we thus now tend to use more
| sophisticated available nuclear models
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2p2h models
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/ Now we know that we need to describe 2p2h

euss8Boce-

interactions.

Several models describing 2p2h are also

| available and they predict pretty different

L cross section values — this is source of
systematics uncertainties

1 E, (GeV)

How many 2p2h interactions do we have?

Which kind of final state kinematics they give?

If you have 2 protons in the final state and one is under threshold?
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The role of nuclear effects
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Finally FSI can drastically change the aspect of the final state kinematics and even
the nature of the final state particles: deviate hadrons, re-absorb hadrons (pions or

FSI models

protons), create new ones, nucleus excited state to de-excitate

200
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Phys. Rev. D 106, 032009 (2022)

1200

Once more, different models predict
different things
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FSI models

Finally
. deviate hadrons, re-absorb hadrons (pions or
protons), create new ones, nucleus excited state to de-excitate
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Final state topologies

Initial state Final state
interactions topologies
CCOE vl ccon

i (CCQE-like)
A/\;\ /@\

\.\/ \‘\/ cclm

CCRES wi (CCRES like)
WE CCOm+Np
2p2h p ——p - (N>0)
5]

Our detectors can only reconstruct final
state particles after nuclear effect
e charged lepton (CC) or no lepton (NC)
e w. or w/o pions: 07"°, 17"°
e w. or w/o protons: Op, 1p, Np

Final state topologies are the only
categories we can access w/o referring to
theoretical models, but they are
composed of a mixture of initial state
interactions

Difficult task for the xsec community is to

try to characterize these initial state
interactions to check/tune theoretical

models (and for the theory community to try to predict

our final state topologies starting from the initial state 45
interactions)
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XSEC experiments: Comparisons and challenges as from TENSION 2019

M.B.A. et al., Phys. Rev. D 105,
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XSEC experiments: Comparisons and challenges as from TENSION 2019

M.B.A. et al., Phys. Rev. D 105, 092004 (2022)
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Neutrino cross section
measurements
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Priorities of neutrino cross-section community

Limit model dependence, by defining the signal depending on the final state topology
(instead of the true interaction), by carefully choosing the observables (detectable
variables) and applying the efficiency corrections

Characterise the dominant channels CCOx and CC1x, while also exploring subdominant
Oor rare ones (characterise the background)

Promote combined measurements (multi-flux, multi-target, multi-channel) that allow to
provide correlations between measurements and explore E- and A- dependences

Explore nuclear effects, that are the main responsible of systematics in the oscillation
analysis

Provide new measurements on : CH, water, Argon (but also Pb and Fe)

Provide data release allowing to preserve useful data results over the next decades and in
the simplest format for theoreticians to be used

Develop and maintain sophisticated tools and careful procedures for the cross section

extraction (unfolding and error propagation) and diagnostic o



x, y = generic observables

What is a cross section?

do Nf; nat » 1
dxidyj B eijq)NrFl\L/Lcleons AXiij
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What is a cross section?

After background subtraction and unfolding of detector effects

signal
do ‘N ij ) \ 1
= X
x, y = generic observables dXi dy] N E\L/L cleoiis AXi AyJ

efficiency
correction

e Signal, to be defined considering the detector capabilities = final state topology
e Selected signal samples contain also some background = need of background samples

e Observables, to be chosen considering the detector capabilities =

e Limit the model dependence of the efficiency correction = perform 2D (or more) differential
measurements, phase space restriction,...

e Cross section to be extracted as a function of the true observables =
55



What do we need to measure a cross section?

(taking as an example the Oxygen and Carbon CCOpi measurement from T2K)

A signal definition,
for instance CCOmn, that \.\/,/
lives in the truth space "" : !
CCOmnt: we look for a w CcCom

reconctruvcted N, //@\‘SCQE-M(G)
potentially a reco p and n -~

NO pions
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What do we need to measure a cross section?

(taking as an example the Oxygen and Carbon CCOpi measurement from T2K)

A signal definition,

for instance CCOm, that
lives in the truth space

CCOmnt: we look for a
reconstructed W,
potentially a reco p and

NO pions

1
1
Wi

//@SCQE-Iike)

that applies on the
reconstructed events
with an adequate choice

of , for
instance lepton
kinematics

| = uTPC Il - uTPC+pTPC
ECAL+SMRD ECAL+SMRD
FGD/ /nTPC FGD<ZMTPC
Np
ECAL+SMRD ECAL+SMRD
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What do we need to measure a cross section?

(taking as an example the Oxygen and Carbon CCOpi measurement from T2K)

A signal definition,

for instance CCOmn, that
lives in the truth space

CCOmnt: we look for a
reconstructed W,
potentially a reco p and

NO pions

1
1
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/@Scae-like)

that applies on the
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of , for
instance lepton
kinematics
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A background selections
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FGD

/u

_-’\T[

-
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ECAL+SMR

D

to constrain the background
remaining in the signal samples
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What do we need to measure a cross section?

(taking as an example the Oxygen and Carbon CCOpi measurement from T2K)

A signal definition,

for instance CCOm, that
lives in the truth space

CCOmnt: we look for a
reconstructed W,

potentially a reco p and
NO pions

1
1
Wi

A Montecarlo prediction, that is

the fundamental tool to:

1. have an idea of the background

contamination and sample purity

2. move from the reco to the truth

space (detector unfolding matrix

and efficiency correction)
find the needed MC adjustments
when compared to data

Events per bin

sample | - FGD2X
2200

2000 E
1800 £
1600 |
1400 £
1200 ¢
1000 F
800 -/
600 1
400
200 £

(CCQE-like)
4 P? instance lepton

m . CC-other on Oxygen 4.15 %

V77 . CC-other on Carbon

W Other on Carbon

7

Reconstructed P, [GeV/c]

——

that applies on the
reconstructed events
with an adequate choice

, for

kinematics

Data
v, CCOm on Oxygen 48.92 %

| = uTPC Il - uTPC+pTPC
ECAL+SMRD ECAL+SMRD
FGD/ /?LTPC FCZZMTPC
Np
ECAL+SMRD ECAL+SMRD

A background selections

Other on Oxygen 0.73 %
v, CCOm on Carbon  35.44 %
3.55 %
0.59 %
1.86 %
4.78 %

Other Material
OOFV

CC1m Control CCOther Control
FGD FGD
<\. — é—-*\ —

to constrain the background
remaining in the signal samples
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What are the best observables to exploit?

\V‘“\/:/

o ccom

/@\ﬁcae-like)

We select a muon and eventually a proton.
We can be tempted to try to extract the
cross section as a function of the neutrino
energy, the observable really needed for
the oscillation analysis
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What are the best observables to exploit?

\.\/./ We select a muon and eventually a proton. \ l /
E e ccon We can be tempted to try to extract the _ ﬂ =
- (CCQE-like) cross section as a function of the neutrino
/@\;\ energy, the observable really needed for =

the oscillation analysis
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What are the best observables to exploit?

\.\/./ We select a muon and eventually a proton. \ l /
E e ccon We can be tempted to try to extract the . ﬂ =
- (CCQE-like) cross section as a function of the neutrino
/v/@;\ energy, the observable really needed for =

the oscillation analysis

How can we
reconstruct the
neutrino energy from
the final state w/o
knowing the occurred
interaction and
exploiting essentially
the muon information? =y

Essentially... we can't!

] And a cross section extracted
- as a function of the true
' neutrino energy will be by

definition model dependent
(using conventional neutrino beams)

Event rate [a.u.]

0.5

from J. Chakrani’s thesis ELV -1 62



What are the best observables to exploit?

~ % EmEm

N
e We usually consider the muon kinematics (direction and

Wi R
/@\‘SCQE'"ke) momentum), that are in general well reconstructed by the detector
n P?
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What are the best observables to exploit?

wi CCom We usually consider the muon kinematics (direction and\"

/@\‘SCQE'I'ke) momentum), that are in general well reconstructed by the detector
n P?

In addition, providing multi dimencional measuremente is

encovraged, since this allowe a befter mapping of the phace space
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. —e— Total uncertainty

e F T o T —GENIEV3SuSav2(1035)
|5 8E TZR\ ~ - NuWro SF (114.5)
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2| 6F
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O 4 xygen

o 3
L8 2k
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D-:L

©

107" 2x10™ 1 2 345 64
Muon momentum (GeV/c)

Phys. Rev. D 101, 112004 (2020)
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What are the best observables to exploit?

—~— R I

5 CCom We usually consider the muon kinematics (direction and

/@\‘SCQE'I'ke) momentum), that are in general well reconstructed by the detector
n P?

In addition, providing multi dimencional measuremente is At T2K we can also study the same inferaction at
encovraged, cince this allows a befter mapping of the phace space  different energy spectra by combining different
0, 0.93 < cosh, < 1 near detectors
2 ¢ R C +(T30Etﬁlllgnc3egalgty 2 (103. 5)
c S v3SuSav
+ § 8 :_I:z/i?\  _ NuWro SF (114.5) Phys. Rev. D 108, 112009 (2023) VMCCOH on CH
L E == NEUT LFG (44.8
%U 4:.5) 75_ — GiBUU (112(.7) ) & 5)(10“39 ND280 10 INGRID
o ; 6F v CCOm on Ndof = 58 > F 0.98 < cos(f) < 1.0 % 14F R 0.94 < cos(6) < 1.00
o 5F ! e «F €S 12f 12
O:. @ _ xygen o§ U%o; wE_
g 3 ;_ Ei 3; + 21 C
:\'FDD % 2E —}— on/of-Axis Data o % 2: ° Tg;
o™ _ NuWro_21.09_LFG+Martini e 21 L © 2.1
© x? = 155.68 o o
0 s o s ow oy uwd oy _ NuWro_21.09_LFG+Nieves 1?—}—
X2 =141.04 F
107" 2x10™ 1 2 345 _ NuWro_21.09 LFG+SuSA B TR TR VO TON VA TR T T
1= 135.38 0 05 1 15 2 25 3 35 4 45 5 E X B
Muon momentum (GeV/c) (70 ndof) Muon Momentum (GeVi/c) Muon Momentum (GeV/c)

Phys. Rev. D 101, 112004 (2020)


https://arxiv.org/abs/2004.05434
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112009

Transverse kinematic imbalance variables (TKI)

Testing the initial
state nucleon
Testing Final
State Interactions

For CCOnrNp

On free nucleon, there is no final
state transverse imbalance.

If TKI exist, this means that there is

a transverse kinematic imbalance,
I.e. some nuclear effects

66



Transverse kinematic imbalance variables (TKI)

Testing the initial
state nucleon
Testing Final
State Interactions

For CCOnrNp

. x10°
Y
5 ]
af :
3 .
2t NuWro, 0.6 GeVv,onC,
1k CCOPi, FSI Off
E )-—\ (NuWro Version 11q) 3
00 100 200 300 400 500 600
SpT (MeV/c)
s 8
a 7t
6
5| ;
4
3 FSIOn
2F 3
1k —_— FS| Off
% 20 20 60 80 100 120 140 160 180
do.; (degrees)

- Local Fermi Gas
Global relativistic Fermi Gas
—— Benhar Spectral Function

Low ép, ~ dominance of
CCQE interactions

High ép, ~ dominance of

non CCQE interactions
(2p2h, CCRES+piAbs)

Low 6aT ~ low FSI effects

High da.. ~ high FSI effects

67
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Transverse kinematic imbalance variables (TKI)

Testing the initial
state nucleon
Testing Final
State Interactions

For CCOnrNp

\
A

Again, even better
discrimination power
when using
simultaneously 2
variables — deeper
tests of nuclear
effect models

Op, distribution is definitely not the
same at high and fow OQ. _regions

First TKL measvrement on Ar!

Phys. Rev. Lett. 131, 101802 (2023),
Phys. Rev. D 108, 053002 (2023)

(b) doup <45° Low FST region
T T MicroBogNE Data
f 03 6.79 x 109§P0T
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002

TKI and anti-neutrinos

P S Antineutrinos interact with the protons in the detector.
Y i " ccom  Let's consider plastic scintillator target, essentially made of

/@\SCQE like) CH. C contains 6 protons and Hydrogen?? Only 1!!
P n? That means that

Nature, 614, 48-53 (2023)
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TKI and anti-neutrinos

\_.\/,/ Antineutrinos interact with the protons in the detector.
e " ccom  Let's consider plastic scintillator target, essentially made of

/@\SCQE-HKG) CH. C contains 6 protons and Hydrogen?? Only 1!!
p n? That means that

Nature, 614, 48-53 (2023)

Only need the neutron divection!
Neutrons by definition are difficult to defect — look at

. .. + Perpendicular Plane
n Secondary Interactions that produce visible p v n 7 [
n —~
T. Cai, Nulnt 2022 W) i
NI 30 MeV Cluster 691{ "‘o >
(09 g | ( - ) p n s %
Reaction Plane

21 MeV Cluster

Target Nucleus b (/k
_ ‘ > (i 1% @D Neutron Candidate i
Incoming anh-neutrmoé»\‘\\\‘\ . ) Y
N | | | | | | | 1| | ; p,,: Neutrino momentum z

’ Py.: Muon momentum

Pu: Predicted neutron momentum 70
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Cuts on TKI angular variables  Nature, 614, 48-53 (2023) N e Utro ns @M I N E RV A
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Ratio to dipole do/dQ? (M, = 1.014 Gev/c?)

Cuts on TKI angular variables  Nature, 614, 48-53 (2023) N e Utro ns @M I N E RV A
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Pion kinematics

CCim Studying the pion kinematics is also
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GENIEvV3 02a_02_11a
- NEUTLFG MA’QE =1.05 GeV

fundamental and help characterizing the
CCRES interactions.

As well as studying xsec on different targets
ceerss 1 simultaneously

GiBUU

Phys. Rev. D 101, 012007 (2020)
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Moct of xsec measvrements done with v, beam
at near detectors, but far defectors particularly
interected tov . Can we extrapolate from v, tov,
— need fo ctudy them also at the ND/! [mu;! " e)

6”"“‘\, ~ 0.6 GeV T2/K\

First v, CC1x* measurement!

Important v, appearance channel
3D measurement (p_, 8, p_) projected in 1D

1.4

cos6, >0.7, p_<1.5GeV/c

BB Data fit (stat)
Il Deata fit (stat + sys) —:
— NEUT5.4.0 %2=2.69
-- GENIE3.4.2 y?=147
NUWRO0 21.9.2 y%= 0.29—:

—_
[\
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>
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S
[3)
=}
S
=
S 08
=
<
N
g
S
D
™
o
—

P, (GeV/c)

Still low statistics (~100 events), but
models seems to overpredict the data

arXiv:2505.00516

Electron neutrinos
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Moct of xsec measvrements done with v, beam
at near detectors, but far defectors particularly
interected tov . Can we extrapolate from v, tov,
— need fo ctudy them also at the ND/! [mu;! me}

6”"“‘: ~ 0.6 GeV

T2\

First v, CC1x* measurement!

Important v, appearance channel

3D measurement (p_, 8, p_) projected in 1D
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cos6, >0.7, p_<1.5GeV/c

BB Data fit (stat)
Il Deata fit (stat + sys)
— NEUT5.4.0 %2=2.69
- GENIE3.4.2 x2=147
NUWRO0 21.9.2 %2=0.29

P, (GeV/c)

Still low statistics (~100 events), but
models seems to overpredict the data

arXiv:2505.00516

Electron neutrinos

High statistics (~10* events), CC-Inclusive, low E_ _, (bkg limit), E_> 2.5
GeV, ME beam, CH target

Two 2D cross section measurements (E_ ., 9,), (E_ ., P;)
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How we concretely extract a
cross section



What are the main systematic sources in a
cross-section measurement?
Examples from T2K

Since your starting point is a Montecarlo prediction, you should take into account three main systematics
sources that will affect it:

. o SK: Neutrino Mode, Vu T2K Preliminary
The neutrino flux prediction ‘g T T T T T T
. . . B === Hadron Interactions OxE, , Arb. Norm. 7]
Thanks to simulations and external experiments, we are able to S . e v
Trmmm— roton Beam olie -axis Angle e ateria odeling
. .. . . s [ g g o
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a8
02 . pu
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What are the main systematic sources in a
cross-section measurement?
Examples from T2K

Since your starting point is a Montecarlo prediction, you should take into account three main systematics
sources that will affect it:

The neutrino flux prediction

Thanks to simulations and external experiments, we are able to 3500
quote the uncertainty on our flux predictions in bins of true
neutrino energy 3000

Example of the reconstructed muon
momentum in three different MC toye

2500
where we vary the detector recponse

The detector effects
A series of detector systematics are estimated by comparing

reconstruction results between the MC and data. Uncertainties 1500
can be propagated to the MC predictions

2000 according to estimated cystematics

1000

500

L1 TR T [ |
0 500 1000

1500

SR R T B G s B

2000 2500 3000
reconstructed P, (MeV)
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What are the main systematic sources in a

cross-section measurement?
Examples from T2K

Since your starting point is a Montecarlo prediction, you should take into account three main systematics
sources that will affect it:

The neutrino flux prediction

Thanks to simulations and external experiments, we are able to

quote the uncertainty on our flux predictions in bins of true
neutrino energy

A.U.

Example of the
reconctrvcted muon

momentum for seven ]|
different values of MAQE
between 0.8 and 1.3 GeV/. -
CCQE evenfe¢ ]

The detector effects

A series of detector systematics are estimated by comparing
reconstruction results between the MC and data. Uncertainties
can be propagated to the MC predictions

The interaction model uncertainties

We have a tool that allows to estimate the reweight to be o ———
applied to each event when we vary the value of specific 0 500 1000 1500 2000 2500 3000
parameters affecting the neutrino interaction predictions p, [MeV]
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What are the main systematic sources in a
cross-section measurement?

Since your starting point is a Montecarlo prediction, you should take into account three main systematics
sources that will affect it:

The neutrino flux prediction
Thanks to simulations and external experiments, we are able to

quote the uncertainty on our flux predictions in bins of true d N signal 1
neutrino energy 9 o Y >
dxidy; e ONHY Ax; Ay;
1 1
The detector effects ] : MEtEONs ]
A series of detector systematics are estimated by comparing
reconstruction results between the MC and data. Uncertainties The effect of these uncertainties
can be propagated to the MC predictions will propagate on several
The interaction model uncertainties elements of the cross-section
We have a tool that allows to estimate the reweight to be calculation.

applied to each event when we vary the value of specific

) - Ve _ P However we have a prior
parameters affecting the neutrino interaction predictions

knowledge of these systematics 80



True CCOn cross section on Oxygen

X
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2 25 3
True muon momentum (GeV)

to compare with theoretical
modelc we need to provide our

measvrements in the truth space

The unfolding problem

Detector effects: selection efficiency,
detector acceptance, observable resolution

>

All these in principfle cimulated with
the detector simulation

Events per bin
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True CCOn cross section on Oxygen
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The unfolding problem

Detector effects: selection efficiency,
detector acceptance, observable resolution

All these in principle cimulated with
the detector simulation
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to compare with theoretical

modelc we need to provide our

measvrements in the truth space

muon momentum smearing matrix
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accescible with the detector).
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The unfolding problem

True CCOn cross section on Oxygen
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Detector effects: selection efficiency,
detector acceptance, observable resolution
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All these in principle cimulated with
the detector simulation

muon momentum smearing matrix
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to compare with theoretical
modelc we need to provide our

measvremente in the truth s',bawe<
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UNFOLDING

the detector effects

Reconstrocted space (the one
accescible with the detector).
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Several unfolding methods exist

1. lterative D’Agostini unfolding (favorite method by MINERVA collab)
https://arxiv.org/abs/1010.0632

2. Wiener Singular Value Decomposition (favorite one by MicroBooNE collab)
https://doi.org/10.1088/1748-0221/12/10/P10002

3. Likelihood fitting (favorite one by T2K collab)
Phys. Rev. D 101, 112004 (2020)

no time to cover here,

All facing the same (ill-posed) problems cee (. Koch for a recap

Also new methods under development based on Machine Learning techniques :
Omnifold phys. Rev. Lett 124, 182001 (2020)
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https://arxiv.org/abs/1010.0632
https://doi.org/10.1088/1748-0221/12/10/P10002
https://arxiv.org/abs/1911.09107
https://arxiv.org/abs/2004.05434

True bins

Unfolding via likelihood fitting (in a nutshell)

250

=200

150

100

50

Reco bins

Essentially you want to export you measurement from
the reco to the truth space: you need to unfold the

detector effects

true bins

Simearing matrix to
move from the truth
to the reco bins

reco sig bkg -}

)

Num. of reco evente N signal
1

in the reco bihj

= what we want to extract
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True bins

Unfolding via likelihood fitting (in a nutshell)

250 Essentially you want to export you measurement from
200 the reco to the truth space: you need to unfold the
detector effects

. Simearing matrix to
100 move from the truth

: to the reco bins
50 true bins _

1 si bk .
o, N = S (e - NYE| U
0 5 10 15 20 25 J L & 8 J

)

Reco bins Num. of reco evente

N imgnal = what we want to extract

in the reco bihj

Standard iterative unfolding requires to know the smearing matrix
and essentially invert them to do the unfolding. In the likelihood
fitting we don’t concretely use a matrix, we leave the fitter to tell us
what is the value of c.
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Zoom on the template parameters

Template parameters are FREE parameters that
rescale the MC signal events (eventually corrected by some

systematics) and thus they have the dominant effect (wrt
the systematics parameters)

There is one template parameter per truth signal bin
(in which you want to extract your cross section)

They thus apply on the MC truth space and on MC
truth bins of signal events but they try to adjust the

data/MC agreement in the reco space (the one that we
really measure) = we don’t explicitly use a matrix
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Zoom on the template parameters

from 0 and C CLOpi analycis

Full true vs reco bins matrix for SIGNAL EVENTS (CCOpi on Oxygen)

True bins
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Zoom on the template parameters

from 0 and C CLOpi analycis ) . _
Full true vs reco bins matrix for SIGNAL EVENTS (CCOpi on Oxygen)
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~Zoom on the template parameters
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~Zoom on the template parameters
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How neutrino cross section
measurements help reducing cross
section systematics in neutrino
oscillation experiments?



How these measurements are used?

Simultaneous 2D CCOx exemple from recent T2K developments

measurement on O and C
@ND280 in P, and cos8,

Iy

fxﬁo"( 0,0.93 <cosb, < 1
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(7] F 3
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Muon momentum (GeV/c)
Phys. Rev. D 101, 112004 (2020)

T2K Other previous tuning examples: MINERVA, MicroBooNE, NOVA
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How these measurements are used?

Simultaneous 2D CCOx exemple from recent T2K developments
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How these measurements are used?
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How these measurements are used?
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How these measurements are used?
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How these measurements are used?
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Parameter relative value (X, - Xpio)/Gpior

How these measurements are used?

The tuned model is used to predict
the spectra at the far detector SK:
reduced error bars and modified

exemple from recent T2K developments

The post tuning agreement is obtained
thanks to a fit where we make the SF
models to move according to a series of
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New parameterisation applied in
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Future perspectives



ND280-Upgrade and the Super-FGD

\\[»r£:]1 (upgrade)

ll‘/

New horizontal
TPCs

New horizontal
Super FGD

SuperFGD

Super-FGD: 192 x
192 x 56 scintillator
cubes (2 million) with
3D readout => 2 tons
of fully active target
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Exploiting the ND280-Upgrade capabilities

New horizontal

TPCs
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Updated version of plot from Phys. Rev. D 105, X-axis 2
032010 (by Noé Roy)
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Measuring high angle muons
Expected almost flat efficiency in cos6 from -1 to 1 with the ND280 Upgrade

detecting higher angle ~ exploring higher Q2 ~ better characterize the
muons regions form factor models (as a
function of Q?)
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Upgrade TDR Measuring low momentum protons
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TKI like variables (including Evis) are also good candidates for the model tuning

Opostfit / Oprefit

=

4 5 6 7 8 9 10 11
POT [x10%]

s-shell py shape C
——  p-shell norm. C
SRC norm. C

....... previous detector
~+Upgrade, only n
—+Upgrade, u+p/n

Errore reduvction on
cystematics model parameters

Better reconctruction of

the final sfate = expected

improvements in

charactericing CCQE and

Z,bZA inferactions

i
a
a

02}

03f

0.1}

0.4

previous detector
+Upgrade, only n
+tUpgrade, utp



https://arxiv.org/abs/1901.03750

Measuring neutrons

With time of flight techniques it is possible to reconstruct
: * also the neutron momentum — better characterisation of
* — . the final state. But also possible to measure &p..
P\ Possible to isolate interactions on free protons applying
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https://arxiv.org/abs/1912.01511

Prospect with a tagged neutrino beam @CERN

— 1% X, per tracking plane

— 0 5% X0 per trackmg plane

(NuSCOPE)

With a tagged neutrino beam we should
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be able to know the neutrino energy

BEFORE the interaction — major
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https://indico.in2p3.fr/event/35532/contributions/152748/attachments/93732/143643/2025-07-02_SummerSchoolStrasbourg_TaggingMonitoring.pdf
https://arxiv.org/abs/2503.21589

Final thoughts

Neutrino cross sections are a very active and pretty fundamental field to ensure
neutrino oscillation experiment success

A variety of experiments involved in the quest for the neutrino interaction
understanding — complementarity of the measurement and sharing of best practice

Impressive progresses in recent years, the community has grown and learned a lot of
things
Also, new measurements from other experiments will come soon: ICARUS, SBND,

ArgonCube (Argon), the ND280-Upgrade (CH), NINJA (water et al), Annie (water),
nuSCOPE (?)

Still many things to do from both the experimental and the theoretical point of view

Need to act as a community together with theoreticians and generator developers,
(like NuStec)

Amount of available data is increasing and complexifying: towards a standardised Data
Release format for data preservation ~HepData
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https://indico.fnal.gov/event/59963/contributions/286476/attachments/176843/240529/Betancourt_Nuint_2024.pdf
https://indico.fnal.gov/event/59963/contributions/286477/attachments/176925/240686/NuINT%202024.pdf
https://indico.fnal.gov/event/59963/contributions/287000/attachments/177150/241029/NuInt_SaoPaulo_Brazil_YifanChen_2024_04_19_backup.pdf
https://indico.fnal.gov/event/59963/contributions/286993/attachments/176858/240542/20240419-NuInt2024-UlysseVIRGINET-Final.pdf
https://flab.phys.nagoya-u.ac.jp/ninja/
https://agenda.infn.it/event/37867/contributions/227734/
https://nustec.fnal.gov/
https://indico.cern.ch/event/1302529/contributions/5571744/
https://indico.cern.ch/event/1302529/contributions/5571744/
https://www.hepdata.net/
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A typical v oscillation experiment

Oscillation experiments require to know|®(E )il o(E, ,X) &|D(x)...
simplified version:

f —
N gvenss (%) _
near (=
Nevents (x)
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A typical v oscillation experiment

Oscillation experiments require to know|®(E ) G(EVS()]& D(x)...
simplified version:

Oscillation probability
depends on frue E

Nlos(®) o(E,X)@P"(E)®D"(X)®P (E,)

events

N™ (%) o(E,, %) @D (E,)® D" (%)
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A typical v oscillation experiment

Oscillation experiments require to know|®(E ) G(EVS()]& D(x)...
simplified version:

Oscillation probability
depends on frue E

Nloo®) o(E,X)@P"(E)®D"(X)®P (E,)

events

N’ (X) O(E ,x) @D (E ) ®D™ (X)
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A typical v oscillation experiment

Oscillation experiments require to know|®(E ) G(EVS()]& D(x)...
simplified version:

Oscillation probability
depends on frue E

N (F) _o(E,. ) ®@"(E,)® D" (})®P, (E,)

events

N™ (%) o(E,,%) @ @™ (E,)® D™ (%)

v beam is not monochromatic
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A typical v oscillation experiment

Oscillation experiments require to know|®(E ) G(EVS()]& D(x)...
simplified version:

Oscillation probability
depends on frue E

N (F) _o(E,.5)®@"(E)®D"{)®P, (E,)

events

Ny s (%) o(E,,X) @ @T(E,) ® D™ (X) Detector effects

v beam is not monochromatic (efficiency, acceptance,
target, resolution)

Near/far ratios don’t fully cancel systematics:
* ®(E ) change due to geometry and oscillation
» Acceptance, efficiency and targets different in the 2 detectors (near and far)
* NDis v, dominated, but used to infer (via model) v,

Delicate analysis!
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What are the info contained in the reco bins?

Data
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j =
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We usually have several reconstructed signal samples as
well as several reconstructed background samples

We usually bin reconstructed events in well reconstructable
observables (like coseu and/or P, ), that are also the variable
we could use to extract the cross section

In a reconstructed CCOx (coseu, p“) bin (j) we have Nj

reco events:

wsignal Nisignal 4

0

e

in the reco biuj and

signal
Ni

= what we want to extract

cample ¢

NI ~ bk
o e

Reweight due to
the systematice

effect
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Smearing matrix to

T move from the truth

to the reco bins 116


https://doi.org/10.1103/PhysRevD.101.112004

What are the info contained in the reco bins?
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()

We usually have several reconstructed signal samples as
well as several reconstructed background samples

We usually bin reconstructed events in well reconstructable
observables (like coseH and/or P, ), that are also the variable

we could use to extract the cross section

In a reconstructed CCOx (coseu, p”) bin (j) we have Nj

reco events:

Reweight due fo Num. of signal events

the systematice in the trve bin i

7

~—

effect according to the MC
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https://doi.org/10.1103/PhysRevD.101.112004

Zoom on the template parameters

Template parameters ARE the parameters of Condensed true vs reco bins matrix for SIGNAL

interest in our xsec analyses w [ CYENTS (CCOpion Oxygen) _ .,
c L
: S |25F

They are FREE parameters that rescale the MC signal g | ¢t 200

events (eventually corrected by some systematics) and thus = |20 F 18
they have the dominant effect (wrt the systematics J15 F
template pars -

parameters) . 100

apply on each

There is one template parameter per truth signal bin  ¢rue 4in 5
(in which you want to extract your cross section)

N 0\0 5 10 15 20 25

Y »
their effect is propagated on Reco bins
relevant reco bin(c)

They thus apply on the MC truth space and on MC
truth bins of signal events but they try to adjust the
data/MC agreement in the reco space (the one that we

really measure) Reweight due fo Num. of signal events Num. of background
the systematice in the trve bin i eventc in the true bin i
true bins [ effect according to the MC according to the MC
reco § : signal A rsignal bkg A rbkg =1
Nuin. of reco evente 7 Data/ MC correction, aka Reweight due to S’n\eariug matrix fo
in the reco bin j and _tem,b/ate paramefers the systematice move from the truth

cample s effect to the reco bing 10



Zoom on the template parameters

Condensed true vs reco bins matrix for SIGNAL EVEN'E?O(CCOpi on Oxygen)
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https://doi.org/10.1103/PhysRevD.101.112004

Zoom on the template parameters

Condensed true vs reco bins matrix for SIGNAL EVEN
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https://doi.org/10.1103/PhysRevD.101.112004

Zoom on the template parameters

from 0 and C CLOpi analycis ) .
Full true vs reco bins matrix for SIGNAL EVENTS (CCOpi on Oxygen)
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cample ¢ effect to the reco bins 121
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Zoom on the tem

from 0 and C CLOpi analycis

plate parameters

Full true vs reco bins matrix for SIGNAL EVENTS (CCOpi on Oxygen)
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