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Neutrino oscillations

Neutrino experiments are addressing major
questions in neutrino oscillations

Is there a direct violation of CP symmetry
by leptons (AP, ™~ sind¢p)?

Is there a symmetry governing the v, / v. mixing
into the mass states (is 0,5 maximal?=459)

In the neutrino mass hierarchy e e
R Research Facility L ermila
normal or inverted? e == i

Are there more than 3 neutrino states?
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Neutrino scattering and oscillations

E,=E, /e + Epaarons/showers - N€€ds a good understanding of the final states of the reaction

Np'red(E;;eco) _ (I)(Ezrue) O_(Ezrue) P(Oé N 5’ Eirue) E(Eﬁrue) S(Eirue’ E;BCO)

Nprea(E7°) : Expected events P(a— B,E]™) : Oscillation probability
(ELrue) : Neutrino flux e(ELve) : Efficiency
o(Errue) : Interaction cross section S(Eirue  prec) : Smearing matrix
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Neutrino scattering and oscillations

E,=E, /e + Epuarons/showers - N€€AS a good understanding of the final states of the reaction

Np'red(E;;eco) _ (I)(Ellirue) O_(Eﬁrue) P(Oé N 5’ Eﬁrue) E(Eﬁrue) S(Eirue7 E;eCO)

Accelerator neutrino experiments use an intense neutrino beam and near detector
(un-oscillated beam) and a far detector (oscillated beam) to address these questions

—p expected mitigated uncertainties

Near/Far do not fully cancel: different neutrino We rely on models to make these
energy distributions, acceptances, etc. corrections
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Neutrino-nucleon interactions
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Area normalized vy, flux

Neutrino-nucleon interactions
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Multinucleon cross sections

2-particle 2-hole: neutrinos interact with a pair of nucleons
e 2p2his well known in nuclear scattering

* Measuring 2p2h for neutrino experiments is challenging:
unknown incoming beam, nuclear effects, etc.

Models for this process have large disagreements: [ '

"
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Fo/dE g, (107 cm?/GeV?)

2p2h

Long standing efforts in the neutrino experiments to understand the 2p2h process

MINERVA pioneered measurements in kinematic
regions with an enhanced population of

multiproton final states
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v,- CC measurement compared with default GENIE 2.8

Vy- CC measurement compared to MINERVA-tune

# No model fully describes the data
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Phys. Rev. Lett. 116, 071802 Phys. Rev. Lett, 116, 071802
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Nuclear effects

10

Nucleons in motion inside the nucleus (Fermi motion)
and binding energy

Charge
exchange
7-[+
Elastic
® scattering
Final State Interactions: additional hadrons, new hadrons,
S hadrons absorption, hadron kinematics change, etc.
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he NOVA experiment
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The NOVA experiment

NOVA is a long-baseline neutrino oscillation experiment
2 detectors: 14.6 mrad off-axis and 809 km apart

» Designed to measure for v, —* V, : detectors provide
excellent imaging of both v, and v, CC events

10? —71 ' ' 1 1
NuMI beam at the NOVA near detector

—
o
=
Coovonl

T, 94% pure v, 5% v, and 1% v, + V, in neutrino mode

92% pure v, 7% v, and 1% v, + V, in antineutrino mode

High neutrino flux at the Near Detector provides a
i rich dataset for cross-section measurements

10_2 | L ! ] L 1 AT | 1 e d .IHEL‘--,__A_ o

Neutrinos / m2 / GeV / 10° POT

...........

o
o
—
o
—
o
N
o

Neutrino energy (GeV)

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson) 12



The NOVA near detector

The ND is
Fermilab

from source,

PVC cells filled with

67% 16%
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Low-Z, fine-grained: Composition by mass:

Single Cell
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active mass and 98-ton downstream muon catcher
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These analyses use 8.09 x 10%° POT FHC data collected in the NOvA ND during the first couple of years

w
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Weekly exposure (108 POT)
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Data collected in the NOvA ND so far:
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26.76 x 10%° POT of neutrino-mode data and 12.76 x 10°° POT of antineutrino-mode

NuMI beam will aim 1MW in the next run!
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Cross-section model

Neutrino interactions are simulated using GENIE 2.12.2

mmmmm

Empirical R-S
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Cross-section model

Neutrino interactions are simulated using GENIE 2.12.2 160 F———————————— NG N

\Y ala 3

120 —— QE Weights —

Empirical R-S £ 100E] — RES & DIS Weights 3

S — Add Tuned MEC 3

LU = _]

NOVA ND and external data are used to tune the model S 60 =

40F- =

e Correct QE to account for low Q? suppression 0E- -

« Apply low Q2 suppression to Res baryon production g 11: """""""""""" A

a > E

 Non resonant inelastic scattering (DIS) at W>1.7 S §Z§§_ =
GeV/c?) weighted up 10% based on NOvA ND data = 0.6E 56

01 02 03 04 05
Visible E,_, (GeV)

o

 “Empirical MEC” based on NOvVA ND data for 2p2h

Our analyses are constructed to be Previous tune that was used in the NOvA 2019 analysis
insensitive to this tuning Eur. Phys. J. C 80, 1119 (2020)
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Neutrino interactions in the NOvA ND

W;CC

Long, straight muon track

v,- CC

Fuzzy shower from electron

NC

.............. »
B Vu
Unigue environment for cross- |
section measurements: L
* Energy range ¥ -
* Detector technology - ]
* Statistics
l.. //____-y Y
B lno:.:;-ll::ﬂ- _
“iz- .
‘7- \Y
et
Erm —
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Diffuse activity from nuclear
recoil system
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This talk

v, — CC cross-section measurements: double differential results
Focusing on sensitivity to 2p2h events

Muon i Energy
System e
v, angle

— I — I A —— I
—— 3-momentum

Hadronic transfer |G
=5 |4l

- System G
energy
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This talk

v, — CC cross-section measurements: double differential results
Focusing on sensitivity to 2p2h events

Muon

O e 8 3-momentum
transfer |g
|:> 1q]

System Vs

energy

Ehad o EAvall
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Preselection of event candidates

1000

1500

T

Muon
Catcher

\llllllJJ\l

L.

[I\\\“

T

Lo Nty

Muon
Catcher

Hits associated in time and space are used to form a candidate interaction

Particle candidates (tracks) are formed from these hits
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Preselection of event candidates

1000 1500

Muon
Catcher
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T

Fiducial volume is inside the fully active region. Muons can traverse into the muon catcher.

Events with hadronic activity in or close to the muon catcher are excluded
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Muon ID calculated with a
Boosted Decision Tree
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Muon identification
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Muon identification

] x10°
* Muon ID calculated with a so0l— — — ]
Boosted Decision Tree - 2 ol —remuon Fi S - 1 T
CI_) — x g ] g““? E 2 True v, + v,
e Optimal cut value is o i 1 3l |
determined to achieve the '© 200— | 1 3t 1
minimum Sha pe Systematic X B N ’ dE/c:Ileoiog;-Iil;elihooJ T ° 0S‘;catteringzLog-likelih%‘zyd
H ° (@) B e e f,:vsoo—10 ------ =
uncertainty on cross-section & — 18 — an
measurement @ ;
@ 100 £
- §
. 0 :
e Sample has 97% purity i -
and ~98% efficiency with
respect to preselection 0
ar

3
MuonlID

Cut value at 0.24

More details in Phys. Rev. D 107, 052011:

(Measurement of v, - CC Inclusive Cross Section in the NOvA ND)
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Low hadronic energy measurement
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Selection and sighal definition

This analysis aims to select a sample of v, CC interactions with enhanced QE and 2p2h components
We select events with only a single track (the muon

: 9
candidate) 2p2h Res v,-CC selection

Res and DIS are more likely to produce events
with > 1 track

e DIS Others

10° Events / (8.09x10%° POT)
(@) ]

1
>3

0
. . only 1 only 2 only 3

Vi CC with 1 track
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Selection and sighal definition

This analysis aims to select a sample of v, CC interactions with enhanced QE and 2p2h components

We select events with only a single track (the muon

Ca ndidate) _ ° = op2h Res v,-CC selection
Res and DIS are more likely to produce events 5 8_ T aE DIS Others
with > 1 track Sl =
Ne 6|_||||||||||
To find the signal definition: & .
A scan across all possible proton and pion energy 03
thresholds is performed looking for the minimal P =
uncertainty of the total cross section §
L
=
Signal: V,u CCin the fidUCiG/ {EEaERaRRaRRAER
. 0
Selection: volumnfa):A//th only 1 only 2 Tracks only 3 >3
v, CC with 1 track Toroton” =250 MeV
Toion"™ =175 MeV

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)
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Selection and sighal definition

This analysis aims to select a sample of v, CC interactions with enhanced QE and 2p2h components
We select events with only a single track (the muon
candidate)

Res and DIS are more likely to produce events
with > 1 track

To find the signal definition:

A scan across all possible proton and pion energy
thresholds is performed looking for the minimal
uncertainty of the total cross section

Reco T, (GeV)

10d 4,0+ X 60'8 / SIUBAT

Signal: v, CC in the fiducial
' 0
Selection: volumn?a):A//th 0.5 055 0.6 0.65 %Cg.esos%f 085 0.9 095 1
v, CC with 1 track Toroton” =220 MeV
Ton™™ =175 MeV

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson) 27



Selection by interaction modes

The selection enhanced QE and

2p2h

Res is reduced with respect to
the inclusive sample but still has
large population, especially at
lower muon energies

DIS is negligible

QE

2p2h | Res

39.7%

33.7% 23.0%

DIS
2.5%

COH

1.1%

Fractional contribution to selected events
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] 2p2h
| QE
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(] ois
Other

1

T, (GeV)

1 2
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Analysis

d*o 1 Z Zj Uigl[Nselj P;
dcosb,dl, ). ~ Nto e; Acosb, AT,

Eafuail

Analysis is done in (T ,,cos6,, E,,q;) and then projected to muon kinematics

Available energy (E,,;): total energy of all observable final state hadrons

* Variable pioneered by MINERVA (Phys. Rev. Lett. 116, 071802 (2016))
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29



Analysis

d*o 1

Zj Uigl[Nselj Pj]

dcos, dl, Z.: N

Purity ranges from 60% - 90%.

The background is estimated using the
simulated purity

Main backgrounds are

* Events with at least 1 pion or 1 proton
above the signal definition threshold

5 2.

aval

e; Acosb, AT,

N
\]
ARERRE

0.5 055 0.6 065 0.7 075 0.8 0.85 0.9 0.95
Reco Cosf,
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Sideband (2 cosine slice samples)

The purity estimation was validated by sideband studies with events with two Kalman tracks:

0.91 <cosb, <0.94, 2nd track length <0.5 m 0.96 < cosf, <0.98, 2nd track length <0.5 m
. 2 -} Data (Stat.) 2.2 -} Data (Stat.)
 the muon candidate plus 1 1.8 == MC (Syst) 2 == \IC (Syst)
1.6 ++ 1.8

short track ( < 50 cm)

1.6
1.4
1.2

1.4

* shorter lengths are in the -

region where the Kalman
algorithm is less efficient
in forming a track

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

10° Selected events /8.09 x 10° POT

10° Selected events /8.09 x 10° POT

e b b by oy P IR RN RN RN SRS ey b b by by by by by by
06 0.8 1 12 14 16 18 2 22 24 06 0.8 1 12 14 16 18 2 22 24

Muon kinetic energy (GeV) Muon kinetic energy (GeV)

o

o

All data yield bins fall within the systematic error band and are close to the simulation’s central value.

I TR R TR vostly Res (59.5%)

Composition: 31.4% 58.6% 11.5% 1.5% and DIS (11.9%)
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Analysis

d*o 1 Z Zj Uz‘gl[Nselj P;
dcosb,dl, ). ~ Nto e; Acosb, AT,

Eavail

Unfolding technique (D’Agostini) is used to correct

Efficiency

the smearing between bins due to detector and : 0.8
reconstruction effects S a0 0.7
o 1'65_ 0.6
Correction of the efficiency is applied due = | J 0.5
o - 0.4

to detector acceptance S 12
0.3
Efficiency distribution is primarily due to the 0.8 0.2
containment requirement (muon exiting) 06 —— 01

0.5 0.55 0.6 0.65 0.7 075 0.8 085 09 095 1 °©
True Coso,
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(

d’o

dcos, dl,

)

Analysis

_ 1 Z Zj Uz‘gl[Nselj Pj]
Nt o e; Acosb, AT,

avazil
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NuMI beam prediction

Hadron production model is constrained with external measurements on thin target data (NA49)
* Same technique used by MINERVA (Phys. Rev. D94, 092005)

* The uncertainty based on these external measurements results in a ~10% normalization
uncertainty

Beam focusing uncertainty is sub-dominant around the peak (below 2.5 GeV)

30
20
10

- e———
weighted / unweighted

100 T T T T T T T T T T T T T T T T T T T T T T T T 0-3_
Y NuMI beam at the NOVA near detector 7] Hadron production
S 80 Corrected V,, ] 0.25 ]
S - ' Beam focusing
- 7 —
3 60 - 0.2
=~ 50 =
£ 40 —
3 ]
£ |
'5‘ —]
() —
z |

Fractional Unceratinties

—_

IIlIIlIIIlIIlIIIIIIlIlIIIII

Flux ratio

©coo

O\I(DLO_..'_L

4 5 0 O 1 - 2 3
Neutrino energy (GeV)
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Results for the low hadronic
measurements

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)
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Results in
muon
<inematic

NOvA Prellmlnary
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X 2 Wi]
s [
8 ‘ ‘ e e S S S o e H S S T S S . . ——————
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S ! i 1
c vy oot @ oo 1 .0 - ~N..
S 30F eeeees .4/( 0 . ./( o | ... ./( 0
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9 o}
&
O 10}
=
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Results in
muon
<inematic

NOvA Prellmlnary

8 0.50 < coseM < 0.68 0.68 < coseM <0.74 0. 74 < cose <0. 80 0. 80 < cose <0. 85
o 61 LA 6 6 A6
g 4} 1
o
X 2 Wi]
s [
8 ' ' S S . S——— } } . .. S——
O 40 0.85<cosf, <0.88 0.88 <cosf, <0.91 0.91 <cos6, <0.94 0.94 <cosf, <0.96
S ! i 1
c v ot 0 o0 1 D teeee ~N..
S 30F eeeees ./( 0 . ./( o { . ./( 0
()
9 o}
&
O 10}
=
'5 - P p—p——— L m
@) 160 0. 96 < cose < 0.98 0.98 < cosf, < 0.99 0.99 < cosb, <1.00
o ?) _____ . e —I— Data (Stat.+Syst.)
®)
(®) 40}
© —— GENIE 2.12.2-NOvA Tune
20t
- - - GENIE 2.12.2-Untuned
0 1 2 1 2
T, (GeV) T, (GeV)

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)

37




(cv):-\

o

X 30
c

)

Q -
3] I
S

Z I
> 20
() I
)

[aV]

e

o
=10
|_
©

Ol =

o~ |

°l8
O
5 8

c;\

5]

o

X

[

o) 60
9 -
(&)

>

C

>

o 40
O]
o

e
S i
|_120
©
O =

o | P

Ol wn
o
O
©

5 1 1.5 2 2.8

2 cosine slice samples

091 <cos6, <094 NOvVA Prellmlnary

T T T T

+ Data (Stat +Syst) |
—— GENIE 2.12.2 NOvA-tune _|
------ w / Empirical MEC

T
|

| P

Muon kinetic energy (GeV)

0.96 < cos, <0.98_ NOVA Preliminary

T
—§— Data (Stat +Syst )
—— GENIE 2.12.2 NOvA-tune
------ w / Empirical MEC .t e -
N U E S S R
5 1 1.5 2 2.t

(e =
T

Muon kinetic energy (GeV)

Fractional uncertainty

Fractional uncertainty

0.25

o
o

0.15

o
-

0.05

0.25

o
o

0.15

o
-

0.05

0. 91 <cosf, <0. 94 NOVA Preliminary

—T— T
Detector

Interaction model (non 2p2h) i
Interaction model (2p2h) -
Flux ]
Total

—

5 1 1.5 2 2.5

Muon kinetic energy (GeV)

o 96 <cosf, <0. 98 NOVA Preliminary

—T— T
Detector

Interaction model (non 2p2h) i
Interaction model (2p2h) -
Flux ]
Total

| _I_I_‘—l—|_‘_

e S e

5 1 1.5 2 2.5

Muon kinetic energy (GeV)

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)

The dominant systematic is the flux:

The non-2p2h neutrino interaction

hadron production (~10%)

focusing uncertainties (~4%)

uncertainties are calculated with:

GENIE tunable physics

parameters

shifts based on external data

The detector response
uncertainty comes from the
calibration and the light model
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(cm?/GeV/nucleon x 10%)

o
dcos 6, dT,

(cm?/GeV/nucleon x 10%°)

o
dcos 0, dTM
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0.91 <cosb, <0.94

NOVA Preliminary

N
o

N
o

[==)

[o]
o
T

[==]

‘ ‘ —‘i—‘ Déta kStét.+‘Syét.) ‘ ]
B —— GENIE 2.12.2 NOvA-tune |
------ w / Empirical MEC |
L L | L L L L | L L L | L L L L
5 1 15 2 2.5
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Muon kinetic energy (GeV)

2 cosine slice samples

Ratio

The 2p2h uncertainties are derived as the spread when recalculating
the cross section using SuSAv2 and the MINERVA-tune*
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1.02

0.98

0.98 .

0.91 < coseu <0.94
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I ____ MINERvA-tune
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_SuSA-v2_
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I T SR I M

1 1.5 2
Muon kinetic energy (GeV)

1.04

1.02

Ratio

0.98
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T
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NOvA-tune 1

___ _SuSA-v2
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S S S R ST S S S|

0.98. .

1 15 > 25
Muon kinetic energy (GeV)

(*) We used MnvTune-v1.2
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0.2
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es (shape only uncertainties)

The flux uncertainties are negligible

in the shape-only analyses

The neutrino interaction
uncertainties are subdominant

The dominant uncertainty is the
detector response uncertainty:

- especially at low and high muon
energies
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Comparison of our results using different
2p2h models

We implement new simulations by replacing the 2p2h NOvA-tune with 4 other models:
Empirical MEC, MINERVA-tune, SuSAv2 and Valencia
GiBUU 2021 is out-of-the-box

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)
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Comparison to
2p2h mOdels 1.2::|_ 0.50 < cosd, < 0.68

Ratio of simulations over the
measured data: no model
reproduces our measurement

NOVA Preliminary

il

-5

0.68 < coseM <0.74

0.74 < cosE)u <0.80}

0.80 < coseM <0.85

/ Measurement
- O
N [0 0]
T

The NOvA-tune overestimates |12
. ©

most bins’ data Ol
Ol

Q0.8
©

0.88 < coseM <0911

The MINERvVA-tune, Empirical
MEC, Valencia, and SuSAv2
tend to predict lower values

GiBUU overestimates most of

0.98 <cosb, <0.99

99 < cosf, < 1.00

2

the data T (Gev)

1 2
T, (GeV)
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1T, (Gev) 2
A Measurement

e W / NOVA-tune

w / Empirical MEC
w / MINERVA-tune
— W / Valencia
= W / SuSA-v2 MEC
—— GiBUU 2021
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CO m pa rison to NOVA Preliminary
2 p 2 h m O d e | S i 0.50 <cosb, <0.68 [ 0.68 <cosb, <0.74 ¢ 0.74 <cosb, <0.80 : 0.80 <cosb, <0.85
; i

1.2

Shape only
uncertainties

091 < coseM <0941 0.94 < coseM <0.96

0.85< cosepl <0.88]

/ Measurement
— o
EAN [0 0]
L | I

Ratio of the simulations over the

=1.2
|_
measured data: no model |,
=
reproduces our measurement ol
' ' 1 2
1.5F 0.96 <cosH < 0.98 | i T, (GeV)
i MOSt Of the mOde|S (eXCE pt - g - PredictionsArZa-Normalized to Data

A Measurement

w / NOvA-tune

w / Empirical MEC
w / MINERVA-tune
w / Valencia

w / SuSA-v2 MEC
GiBUU 2021

the NOvVA-tune) predicts
different cross-section shapes
for this analysis

1 2 1 2 1
T, (GeV) T, (GeV) T, (GeV)
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Results in 1-D derived variables

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)
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Results in derived variables

E, and Q? cross sections are limited to the phase space of the muon kinematic measurement

These are calculated as combinations of the reconstructed muon energy and the visible

calorimetric energy
NOVA Preliminary

[T T T T T { { |

NOVA Preliminary
- T T T { T T T T T T T T T T ]
i —I— Data (Stat.+Syst.) ]
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I
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—
N
|

GENIE 2.12.2 Untuned

—_
o

N
N
\
(o¢]

()

B —+- Data (Stat.+Syst.)
— GENIE 2.12.2 NOvA-tune
- e GENIE 2.12.2 Untuned .

LN
1 ‘ 1 1
|

N
\

\}
1 ‘ 1 1
|

o(cm? / nucleon x 10%)
do_(cm? / [GeV?/c?] / nucleon x 10%9)

dQ?

L L | L L L L l L L L L l L L L L | L L
0 1 1.5 2 2.5

Neutrino energy (GeV) Q% (GeVA/cd)

OO
o
\o}
o
SN
o
(o)}
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Comparison to 2p2h models

Empirical and NOvA-tune are in better agreement with the data within uncertainties

MINERvVA-tune and SuSAv2 tend to underestimate our data
GiBUU tends to overestimate our data

A Measurement —— w/ Valencia A Measurement —— w/ Valencia
1.4~ __\w/NOvA-tune w / SuSA-v2 MEC 1.4 __ w/NOvA-tune w / SuSA-v2 MEC
w / Empirical MEC — w / GiBUU 2021 B w / Empirical MEC —— w/ GiBUU 2021

. —w / MINERVA-tune L — w / MINERvVA-tune

1.2 1.2~

dQ?
|

o / Measurement
9o/ Measurement

o.s—_l_l_,_l 0.8 \—l_l_l_l_‘—l

| | | | ‘ | | ‘ | | | | | ‘ | | ‘ | | | |
1 15 2 2.5 0 0.2 04 0.6
Neutrino energy (GeV) Q? (GeV?/c?)
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Comparison to 2p2h models
(Shape only uncertainties)

In the shape only comparison most of the models except Valencia and SuSAv2 follow
the shape of our measurement

A Measurement —— w/ Valencia i A Measurement —— w/ Valencia
1.4~ __ w/NOvA-tune w / SuSA-v2 MEC 1.4 __ \w/NOvA-tune W/ SuSA-~v2 MEC
w / Empirical MEC ~ — w/ GiBUU 2021 - — w / Empirical MEC — w/ GiBUU 2021
- . —w / MINERvVA-tune L — w / MINERVA-tune  —
5 | ot
S 1.2 S 1.2
S i £ i [
e o
[0) 5 —_—
= S —
~ I (O]
o) - | e ———— >
| ~
::|= o|'Cy
© S |
- Predictions are B Predictions are
0.8+ Area-Normalized Data 0.8 Area-Normalized Data
| | | | ‘ | | ‘ | | | | | ‘ | | ‘ | | | |
1 1.5 2 2.5 0 0.2 5 0.42 0 0.6
Neutrino energy (GeV) Q° (GeV</c)

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)
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v? tests including bin-to-bin correlations

 They show different levels of agreement with respect to the ratio plots coming from the
strength of the bin-to-bin correlations to model the data

 The Empirical MEC has the best performance modeling the data, followed by the tuned-
based models and the theory-based models

2p2h implementation Muon kinematics
NDF: 115

Empirical MEC 190 (209)
NOvA-tune 197 (178)
MINERvVA-tune 330 (386)
SuSAv2 499 (698)
Valencia 510 (756)
GiBUU 563 (501)

The values in parentheses are the shape-only x2 calculations
Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)
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v? tests including bin-to-bin correlations

 They show different levels of agreement with respect to the ratio plots coming from the
strength of the bin-to-bin correlations to model the data

 The Empirical MEC has the best performance modeling the data, followed by the tuned-
based models and the theory-based models

2p2h implementation Muon kinematics Neutrino energy
NDF: 115 NDF: 8

Empirical MEC 190 (209) 4.5 (4.5)
NOvA-tune 197 (178) 7.5 (6.3)
MINERvVA-tune 330 (386) 2.3 (2.6)
SuSAv2 499 (698) 4.0 (1.4)
Valencia 510 (756) 6.1(3.1)
GiBUU 563 (501) 8.7 (7.8)

The values in parentheses are the shape-only x2 calculations
Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)



v? tests including bin-to-bin correlations

* They show different levels of agreement with respect to the ratio plots coming from the
strength of the bin-to-bin correlations to model the data

* The Empirical MEC has the best performance modeling the data, followed by the tuned-
based models and the theory-based models

2p2h implementation Muon kinematics Neutrino energy Four momentum square
NDF: 115 NDF: 8 NDF: 10

Empirical MEC 190 (209) 4.5 (4.5) 20.8 (19.4)
NOVA-tune 197 (178) 7.5 (6.3) 24.2 (20.0)
MINERVA-tune 330 (386) 2.3 (2.6) 51.1 (63.2)
SuSAv2 499 (698) 4.0 (1.4) 41.6 (68.1)
Valencia 510 (756) 6.1(3.1) 41.1 (64.9)
GiBUU 563 (501) 8.7 (7.8) 43.1(27.5)

The values in parentheses are the shape-only x2 calculations
Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson) 50



This talk

v, — CC cross-section measurements: double differential results

Focusing on sensitivity to 2p2h events

O e 8 3-momentum
transfer |g
|:> 1q]

System VS

energy

Ehad o EAvall

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson) 51




February 2, 2024

Measurement of
v, CCinclusive cross section
and
estimation of 2p2h

Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson)
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The 2p2h contribution to neutrino-nucleus charged-current scattering
has received abundant experimental attention in recent times:

MINERVA: Phys. Rev. Lett. 116, 071802 (2016), Phys. Rev. D 106, 032001 (2022).

T2K: Phys. Rev. D 98, 032003 (2018), Phys. Rev. D 108, 112009 (2023).
MicroBooNE: Phys. Rev. D 102, 112013 (2020), arXiv:2211.03734 (2022).

The NOVA measurements probe 2p2h
with high statistics in the
neutrino energy range 1.0 <Ev< 3.0 GeV.

This range lies above the sub-GeV regime
examined by MiniBooNE, T2K, and MicroBooNE,
and on the lower edge of the

few-to-multi-GeV range studied by MINERVA.

2
cm )

-39

o (10

I

T T T T T
- Phys. Rev. D 101, 033003 (2020).

—— Empirical (GENIE, v) :

o
p—

— — Empirical (GENIE, V)
— SuSAv2 (GENIE,v) |
—— SuSAv2 (GENIE,v) A
—— Valencia (GENIE, v) -

— — Valencia (GENIE, v) A
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E, (GeV)

|
2 3
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The variables-of-choice for most theoretical treatments of 2p2h
are those which characterize 4-momentum transfer, namely
magnitude of 3-momentum transfer |q|, and energy transfer, q,

42
~ F - aorda da (10 cn2/Gev? 2000:'"I'"I"'I"'I"'I"‘I"'I"'I"'I"': <10
@ 1.4:— o/dq dq, ( 'cm /GeV?) 1800 E- = 35
g 1ok E = 3 GeV neutrino 1600 E- = a0
z C — = :
g 1= . 1400 — =
s F 3 1200 — I 25
2 08F < 1000 = 2°

L o — T
0.6 7 800 = 1.5
- 600 —
0.4 = = 1.0
- 400 — =
0.2f 200 [ =0 °°
F ; ; ; ; I . . 0 - v e P by v v by v b b Lo by 1y 1:
00 0.2 0.4 0.6 0.8 ] 12 14 0 0 200 400 600 800 1000 1200 1400 1600 1800 2000
three-momentum transfer (GeV) q (MeV/c)
3
R. Gran et al. (Valencia), Phys. Rev. D 88, 113007 (2013). S. Dolan et al. (SuSAv2), Phys. Rev. D 101, 033003 (2020).

The analysis reported here uses variables which are as close to (qo |q]|) as we can achieve experimentally.

We can estimate |q| directly; our proxy for q, is hadronic available energy, E,.; -
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Analysis variables:

‘C_ﬂ  , mz

hadronic available energy, A

E Ehad = EAvail
avail /

Detectable hadronic energy
(neutron scattering is neglected)

February 2, 2024 Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson) 55



Analysis variables:

Neutrino energy: E,=E, + Ep4q

4-momentum transfer squared: Ty
Q® =2+Ey*(E,— P,*cos(0,)) —m; 4
— T e pleccnna-
3-momentum transfer: Iﬁ'&Z
I = Q2 + (B, — E)?

Available energy:

Kinetic energy: p/m*
Total energy: n®/e/y
(neglect neutron energy)

Ehad ~ EAvail

February 2, 2024 Exploring 2p2h at NOVA (Leo Aliaga and Travis Olson) 56



Signal definition:

* The event is a true v, CC interaction.
(Backgrounds = neutral currents, antineutrino events and electron neutrino events, etc)

* The interaction occurred within the fiducial volume.
(270cm in X by 270cm in Y by 900 cm in Z)

25 0.5
Io_4

—0.3

Colors show time

1.5

—0.2

I01
0

Reconstructed T, (GeV)

* Event muon kinematics satisfy criteria
that enhance selection efficiency and sample purity. .

* True muon kinetic energy 0.5 GeV < T,<2.5GeV.
* True 0.5 < cos(0) and has an increasing cut off as T increases.

0.6 0.7 0.8 0.9 1
Reconstructed CoseH
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EITICIeENCY Versus
SEIECtiOnSZ sty Wi Track Ot NOWASuaton ,___ Efilency wih Muon 1D out NovA Smuiaten

% L a 0.8% - b 0.8
g 1.57— g 15_*
Selection sequence =] | 5B |
Selection cut Efficiency g I 2 = |
z 08 :_ 0.2 z T 0.2
All true signal 100% TS R SR
Three-momentum transfer (GeV/c) Three-momentum transfer (GeV/c)
Quahty 99 g(y Efficiency with Fiducial cut NOvA Simulation Efficiency with Muon containment cut NOvA Simulation
.9/ L B R | 1 2r L A 1
: 3 c %
Track reconstruction (a) 99.8% ¢ e
Muon identification (b) 85.3% g | ] 2
g 0.5: S
Vertex fiducial (c) 82.3% :
. ’ Th(r)ése-momentur;\ transfer (G1é5\//c) o Th[r)é’e-momentur; transfer (G1é5V/c)
Muon containment (d) 24.7% . Eficiency with Muon phase space out 10«4 it 5 ffciency with Shower containment cut 1.4 5|
Muon phase space (e) 22.1% 3 5 ot
Shower containment (f) 18.7% st 2
g 0.5;— § 0_5:_

0.5 1 1.5
Three-momentum transfer (GeV/c)

0.5 1 1.5
Three-momentum transfer (GeV/c)
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Background events in sample:

Signal 91.8%
Total background -
Outside phase space 3.7%
Non-fiducial 1.8%
CC Anti-neutrino 1.5%
Neutral current 1.1%
Electron neutrino 0.1%
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Double differential cross section in [g| and E

avail*
do? B Zaﬁ Uij,aﬁ ( af  Yap

d‘c_l)‘dEavail ij N gij(vaTN)(A‘C_I)Di(AEavail)j

NData Bkgd)

NOLZB‘““ — Nfg‘gd is the selected data minus the estimated background in reco bins a8

Uijap is unfolding matrix that maps bins of reco variables af5 to bins of true variables ij

g;; is the detection efficiency for bin ij
(AlG1);(AEq,q:1) ; are the bin widths for the ith bin of || and

¢, is the integrated neutrino flux o
the jth bin of E,, 4

T is the number of target nucleons
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Bkagd
do? 20pUijap (N ap — Ngg )

dlzildEavail ij R gij(¢vTN)(A|zi| i(AEavail)j

NOVA Preliminary
2 1 I I 1 I I 1 I I I I 1 1 I I 1 _80

Data - Background
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Available energy (GeV)
Number of events (x107)

0.5 1 15
Three-momentum transfer (GeV/c)
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Available energy (GeV)

NOVA Preliminary

0.5 1 1.5
Three-momentum transfer (GeV/c)
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Available energy (GeV)
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0.5

Data - Background

0.5 1 1.5
Three-momentum transfer (GeV/c)

Number of events (x107?)

2

1.5

oy

0.5

Available energy (GeV)

February 2, 2024

Unfolded data

NOVA Preliminary
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Available energy (GeV)
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Data - Background
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Cross-section Uncertainty:

NOVA Prelimina

ry

T T T T T T |
— Total

....... Flux
—mn Detector Calib

= === 2p2h-MEC Model
.............. Energy Scale
—— GEANT Modeling
— Stat

e e TIDEEEERTS

0.5 1 1.5
Three-momentum transfer (GeV/c)

NOVA Preliminary

| | | | Il | | | | | Il

T T T T T T
— Total

....... Flux
—m Detector Calib

....... 2p2h-MEC Model
.............. Energy Scale

—— GEANT Modeling
— Stat

...............

03—
The dominant uncertainty arises from the neutrino flux, ‘g I
however 2p2h modeling, cross-section models, and S L
detector calibration are significant sources at low |q| (_% F
and hlgh Eavail' -é o
S of
s
As with the low hadronic energy analysis, W
the 2p2h modeling uncertainty is based on o}
the cross-section spread observed using
alternative 2p2h models in the reference simulation.
Source of Weighted avg Weighted avg U 03
uncertainty fractional uncertainty correlation =
— Flux 11% 1.0 g .
—»  2p2h-MEC model 7.1% 0.6 3
— Cross section model 5.6 % 0.2 g
— Detector calibration 3.7% 0.6 S o
Energy scale 0.9% 0.6 - F
Event statistics 0.5% 0.4 oy
Total 17% 0.5 %
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Cross section

B_er analysis
ins:

Cross section evolves in
a regular way with
increasing 3-momentum
transfer.

Similar pattern reported

previously by MINERVA:
PRL 116, 071802 (2016).

February 2, 2024

NOVA Preliminary

0.00 < [§| < 0.50 GeV/c

NOVA tune GENIE 2.12

------ GENIE 2.12 Empirical

------ MINERVA tune 2p2h-MEC
- SuSAv2 model 2p2h-MEC
— == \/alencia model 2p2h-MEC
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Cross section versus

: NOVA Preliminary
2p2h models with E 0.00<[§<050GeVic $ .050<[q<0.65GeVic :
GENIE 2.12:

302— —@— Data - / —
Models predict large 2p2h

- SuSAv2 model 2p2h-MEC

- Ny
10F —— — Valencia model 2p2h-MEC

» NOVA tune GENIE 2.12
0y mmme=== GENIE 2.12 Empirical

contribution between
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N
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Data excess relative to
neutrino-nucleon processes:

From electron nucleous
scattering and theory
2p2h is expected to occur
between QE and RES
excitation.

The data does indeed
show an excess in that
region above expectation
for v, CC single-nucleon
scattering.
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Differential cross sections in |q| and E 4,,4i; :

Data comparison with models:

Inclusive Cross Section NOVA Preliminary

Inclusive Cross Section NOVA Preliminary

—T T
—4— Data

——— NOVA tune GENIE 2.12
--------- GENIE 2.12 Empirical
--------- MINERVA tune 2p2h-MEC
e SuSAv2 model 2p2h-MEC
— — Valencia model 2p2h-MEC

i
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S 10 _ o
x L ] x 15
C - _ g B
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© i 1 & i
S5 F - 2 -
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N | . )
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8 i i ~ }
| _| £
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IS | Lu? i
1= 2__ —] RS |
e R - ©
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| _ ©
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Three-momentum transfer (GeV/c)

05 1 |
Available energy (GeV)

1.5

Better alignment with the data is obtained with NOvA tune and GENIE
2p2h than with theory-based models or the MINERVA tune.
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x? comparison of inclusive double-differential cross section
using different 2p2h models within the GENIE framework:

, NOVA Preliminary
L —

w
o

—  NOVA tune 51 (50)

Inclusive cross section

1.5

—» GENIE Empirical 514 (545)

n
o

(cm?/GeV/(GeV/c)/nucleon x 10%)

MINERVA tune 1220 (1390)
SuSAv2 model 1610 (876)

=y
o

ail

0.5 Valencia model 2065 (2654)

Available energy (GeV)

do/ddE

The values in parentheses are the shape-only x2 calculations

o

I 0.5 I 1 1.5
Three-momentum transfer (GeV/c) The NOvVA tune and GENIE empirical 2p2h give

better agreement with the data than the
theory-based models or the MINERVA tune.

n
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Estimation of 2p2h contribution
to CC inclusive scattering
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Available energy (GeV)

T e S

1.5

0.5

GENIE 2.12 based t

are used to estimate distribution of CC 1p1h reactions:

\ NOvVA Simulation

/ NOVA Simulation

T

Events x 10°

emplates

- e e

1.5

0.5

Available energy (GeV)

Events x 10°

Available energy (GeV)
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Events x 10

05 1 15 05 1 15
Three-momentum transfer (GeV/c) Three-momentum transfer (GeV/c)

NOVA Preliminary

0.5 1 1.5
Three-momentum transfer (GeV/c)

S Selected data 5
Template for CC coherent = _ % The data excess that lies above
plus background islow £ - ¢ the sum of 1plh templates
population (not shown) Z‘_’; I § is taken to be Zth.

< *r 3

0.5 1 =5 I 2 Y
Three-momentum transfer (GeV/c)
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Control sample:

Select a subsample of events that have

1) A non-muon track of length > 100 cm 2) Number of tracks + track-like clusters > three

(Protons of CCQE and 2p2h almost Or (CCQE and 2p2h almost never have 3 visible

never reach that length) tracks in NOvA ND)
10° NOvVA Simulation 103 NOvVA Simulation
- N R R R L R I R L e LN R LN R L L
- — Al . - — Al .
B —QE : 1500 |— —QE .
a00l— , — RES - i , — RES i
i — DIS B i — DIS l
i MEC . i MEC i
e [ - i L1000 |- —
o 200  _ — N 5 2p2h almost never has -
o [ _ 2p2h protons almost always 1 o [ 2 visible protons in i
L - - shorter than 100 cm . . NOvA ND i
1001== "= 7 — S0 / B
% 10 200 300 400 500 T2 3 4 5 6 7

Non Muon Prong Length (cm) Number of prongs
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The Control Sample contains RES and DIS events, and is devoid of CCQE and 2p2h

The reference MC predictions for RES and DIS in the Control Sample are fit to
that sample, and the resulting normalizations are assigned to the inclusive RES and DIS templates.

The fit is carried out separately in regions (I) and (lll) which are chosen to make optimal use

of the Control Sample: Region (I) is dominated by RES, while Region (lll) has abundant DIS.
NOVA Preliminary

. L R B B L ' I
: ol i

Template normalizations in Region (Il) < i 6;
are set to the averages of normalizations 8 15— >
for Regions (1) and (l11). = | z

2 T &

s 3
The QE template is calculated using 2+ E’
Llewellyn Smith formalism, relativistic % i é
Fermi gas nucleus with high-momentum z r 3
tail plus RPA correction. i

0.5 1 1.5 '
Three-momentum transfer (GeV/c)
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Estimated 2p2h cross

section:

2p2h contribution is
taken to be the data
excess above the sum
of the 1p1lh templates.
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Estimated 2p2h cross section

Differential cross sections in |g| and E 4,,4;;

Excess Cross Section NOvA Preliminary

Excess Cross Section NOvA Preliminary
4 ' ' ' ' | ' ' ' ' [ ' ! ' ! [ ' ! ' '
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Excess cross section deftines 2p2h active

region of the measured v, CC inclusive cross

cartinn:
NOVA Preliminary

NOVA Preliminary

2 I 1 1 I 1 1 1 I 1 I I
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- 1 —104 i . _

- . -1 o

e . 2 [ Inclusive cross section
> 1.5 3 1sf
O 15— —H =8 g & O
S T I g I | 20
> B i o ?5; B
S i i 6 o B
o . - g ¢ 4
o I i > O i
o L i °c 2 t
8 | s B 10
= L il L=
T o5 a WS o5
<C = - 2 é < B

il i S i

N i 5

r—

1 1 | 1 L L I 1
0 0.5 1 1.5 0.5 1 1.5

Three-momentum transfer (GeV/c) Three-momentum transfer (GeV/c)

o

N

X% now focuses on the 2p2h active region of the inclusive sample.
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X2 comparison of 2p2h models using active
region of the v, CC inclusive cross section:

Predictions for 2p2h models in GENIE 2.12 framework are compared to
v, CCinclusive data in the active region using x? with covariances.

—> NOVA tune 6.3 (6.2)
GENIE Empirical 93 (102)
MINERVA tune 36 (43)

— > SuSAv2 model 70 (87)

— Valencia model 104 (137)

The values in parentheses are the shape-only x2 calculations

Only the NOVA tune 2p2h describes the data.
The theory-based models give poor descriptions of the data.
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In conclusion:

We report new high-statistics neutrino cross-section measurements at< E, > = 1.9 GeV

Cross-sections of low-hadronic energy interactions

with respect to muon kinematics, P do?
neutrino energy, and Q2 Measurement of flux-integrated m

— 0.96 < cos, <0.98 NOVA Preliminary NOVA Preliminary
C') T T T T T I T T T T 2 I I I 1 I 1 1 1 1 I 1 1 1 30
,C_’ + Data (Stat +Syst) . B 'R
- . . o
X — GENIE 2.12.2 NOvA-tune y | Inclusive cross section "
S 60f w / Empirical MEC Low hadronic energy- %\ : <
) - cross section o =
= = [ 20 5
> B =
S s S B %
> 40F - SR S
9) o T o
£ o [ ©
5| - g | 5
2 e s T 102
20 o S osl- w?
T 1 < - =
) = B o
olg | %
. I . . . ] . . . ] . . . 0
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Muon kinetic energy (GeV) Three- momentum transfer (GeV/c)
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The analyses present complementary views
of kinematic regions enhanced in 2p2h and CCQE events:

One analysis focused on lepton kinematics,
the other on energy-momentum transfer to the hadronic system.

Both analyses observe 2p2h to have a significant presence:

o~ 0.50 < [g| < 1.00 GeV/c
| 0.96<cosf, <0.98 | 0.98<coseeu<0.99 0.99 < cosf, < 1.00 E B L L B DL B
e L B B s £ sl
ﬂ _ i Ep—— §F —+- Data
- GENIE 2.422-Untuned = [ + —— QE+RES+DIS

-

1 2 1 2
T, (GeV) T, (GeV)

' 9 2p2h
J_J_'_,-r""!’_ DQE
: Res “Deficit” occurs

Cs‘ﬁewc
o

[Mois ) . . ‘E L/ N\, \
N ﬁ Aore  in the transitionregion 5 [
/ 1TM (GeV)2 1TM (GeV) 2 1TM (GeV) 2 between CCQE and RES S5 [
LL] =
where 2p2h 2
Data description requires large is predicted to occur. % [ . 1 . e |
kel el il I S W Pl i Bl - LT o Ty 1 L L
fraction of 2p2h. 5 % 0.2 0.4 0.6 0.8 T

Available energy (GeV)
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From the muon kinematic analysis, we see that the cross-section predictions

(which include 2p2h contributions from various models)

tend to under-predict in bins that are more forward and at higher muon momenta.

1.2

/ Measurement
— o
» @

o
LaT,
- ™

dcos 6
o
(0]

0.50 < coseM <0.68

il

T

0.68 < coseM <0.74

—|_|_ 0.74 <cosb, <0.80 f

0.80 < coseH <0.85

0.85 < cos@M <0.88 [

0.88 < coseM <091

091 < cos(%)M <094 [

0.94 < coseM <0.96

—

n 1

0.96 < cosf, <0.98 |
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0.98 < cosf, < 0.99 |

.99 < cosb, < 1.00

1 1

17T, (Gev) 2
A Measurement
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1 2
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1 2
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In the hadronic analysis, one sees a similar trend in which the modeling

under-predicts in bins of lower available energy and 3-momentum transfer.
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is degenerate with QE events.

The measurements indicate shortfalls with modeling
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RESULTS:

Double-differential cross-section measurements of v, CCscattering at< E, > = 1.9 GeV

v, CC scattering with low hadronic energy using lepton kinematics (L. Aliaga)
Inclusive v, CC scattering using energy-momentum transfer to the hadronic system (T. Olson)

Analyses provide complementary views of kinematic regions enhanced in 2p2h and CCQE events.
Cross-section predictions, which include 2p2h contributions from various models,

tend to under-predict in bins that are

1) more forward-going and at higher muon momenta: cosf, >0.80, T, >0.80 GeV.

2) of lower available energy and 3-momentum transfer: E,,.,; < 0.4 GeV, |¢| <0.8 GeV/c.

Measurements indicate shortfalls with modeling of QE and 2ph2 reactions
that populate this region of phase space.
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Thanks for your attention!
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Backup
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Uncertainties in neutrino oscillations

Neutrino cross-section model is one of the largest uncertainties in all oscillation parameters neutrino
oscillation experiments measure

B \Without P, Bins With P, Bins

Detector Calibration _ | I_ | _ |

Neutron Uncertainty E ............... _ ................. _= ..................... _= ................... . ..................... i
[ e - ..................................... _ ................. sj

— - .................... B - ..................... do - .................... i
Detector Response I - .................... i I _ .................. | I ..................... i
Lepton Reconstruction I . .................... i I _ ................. | I ..................... i
Searm Flux L I ..................... Jo . ..................... | . I ..................... i

Total Syst. Une. | FNIIRENEN @ | L

-0.02 0.00 0.02 -0.02 000 0.02 -0.2 0.0 0.2
Uncertainty in sin2623 Uncertainty in Amj, ( %102 eV? ) Uncertainty in .,/ =

“An Improved Measurement of Neutrino Oscillation Parameters by the NOVA Experiment”
Phys. Rev. D 106, 032004 (2022)
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Reconstruction efficiency

Pion reconstruction efficiency

© ©
(&) Qo
I B

o
N

o
\S)

Pion Kalman track reconstruction efficiency

Pion yield (arbitrary units)

0.5 1 15
True pion kinetic energy (GeV)
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Binning

Binning is determined considering resolution, statistical and systematic uncertainties

W —— 1 e
_001;;;' 055 0.6 065 'gi;g%go'sgé”dsé' 09 085 1 ::’ _| ‘1_0.'6' o8 1 T2 Ig{le‘{cloaTlil et —o

The muon energy is estimated by track length and has a resolution of approximately 4%

The muon angle resolution is < 0.1° at forward-going angles and < 3° at high angles
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10° selected signal MEC events / 8.09 x 10°° POT
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Selected 2p2h distributions
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Selected signal MEC events ratio to NOvA-tune
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Unfolding

Unfolding technique (D’Agostini) is used to correct the smearing between bins due to detector and
reconstruction effects:

10 —1
* Smearing level is small: 0.46% of the off- - S
diagonal bins in the migration matrix are m% 0.8 08
larger than 20% of their diagonal element. & |~ 7
 We use the minimal Mean Square Error ‘E“ 0.4l j " 0.4
and several shifted fake data to optimize @ |~ ‘; o
the number of iterations. Ig oo . L L 0.2
L s
N ATk

Reco Bin (T ,cosf,.E_ )
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NOVA simulation

Beamline and Flux: G4NuMI

l Detector
v-A modelling: GENIE response:
- o 2o GEANT4
31.4
%1.2
2 1
S0
éo.s )
0.4 2’/
go.z

101 1 10 10?

Readout electronics & DAQ:
Custom simulation routines
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Interaction mode in the inclusive selection

QE

2p2h | Res

20.8%

18.5% 38.7% 20.2%

DIS | COH

1.8%
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Selection and sighal definition

This analysis aims to select a sample of v, CC interactions with enhanced QE and 2p2h components
We select events with only a single track (the muon
candidate)

Res and DIS are more likely to produce events
with > 1 track

To find the signal definition:

A scan across all possible proton and pion energy
thresholds is performed looking for the minimal
uncertainty of the total cross section

Reco T, (GeV)

10d 4,0+ X 60'8 / SIUSAT

Signal: v, CC in the fiducial
' 0
Selection: volumn?a):A//th 0.5 055 0.6 0.65 %Cg.esos%f 085 0.9 095 1
v, CC with 1 track Toroton” =220 MeV
Ton™™ =175 MeV
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Energy transfer (GeV)
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* The event passes initial quality cuts
* The event has a reconstructed muon.

* The vertex is reconstructed within the fiducial volume.
(270cm in X by 270 cm in Y by 900 cm in Z)

* No particle leaves the detector, only muons go into the muon
catcher

* Event muon kinematics satisfy criteria
that enhance selection efficiency and sample purity.

* Reco muon kinetic energy 0.5 GeV < T,< 2.5 GeV.
* Reco 0.5 < cos(0,) and has an increasing cut off as T increases.
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Unfolding Hadronic Variables

Unfolding technique (D’Agostini) is used to correct the smearing between bins due to detector and
reconstruction effects:
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Covariance and correlation hadronic variables

Covarience Matrix
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Correlation matrix
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