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= Study neutrino-nucleus
scattering at a few GeV

= Measure the effects of the nuclear
environment on neutrino
scattering

" |mprove understanding of
neutrino-nucleus cross section
model by working with generators

= Benefits current and future
neutrino oscillation experiments
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The NUMI beam

Muon Monitors

Absorber

0.04
0.04

0.02
0.02

Horns Decay Pipe Towards
— R = v MINERVA/MINOS
i et -— floEg i u
= l-’ll‘ihii’i”
, <>
3 <>
‘—_’—————-"’""_'_" Hadron om Rock 12 m 18m
675m Monitor _ ,

016244 Neutrino v ____Anti-neutrino
EC_) » L | l L | IIIIIIIIIIIIIII | ] E 0'121_ LI I LI | LB | IIIIIIIIIIIIIII l F_'
o B —— Medium Energy ] o B —— Medium Energy 7
> 0.14F 2014-2019 = i 2014-2019 |
S I ] Q ot .
“E B —— Low Energy 4 “’E L —— Low Energy |
3 0.121 2009-2012 2 - 2009-2012
£ B ] £ [ ]
3 o w § ]
= L " Zl = ]

0.08[- = < 0.06f -

0.06f- [ ]

!.I.I.IIIIIIIII.I

0O 2 4 6 8 10 12 14 0O 2 4 6 8 10 12 14
Energy (GeV) Energy (GeV)

Nulnt 2024 Daniel Ruterbories (Rochester)




What is QE-Like?
How are they selected?

Quasi-elastic

QE e —— = Signal <-> Background
W 3 Elastic . .
scattering migrations
p n _

=  Energy sharing
between pions and
nucleons

Resonant pion

7, ut
I RES
- |
A
H.,’) IF.H

Deep inelastic

= Particles in the

detector, and thus
energy deposited, is
P~ modified

Pion Production » Define Signal by

|:> topology — no

pion/kaons, only
nucleons

Final State Interactions
(FSI)

Initial Interaction
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Reconstruction and selection
strategy

Look for Michel electrons at| ., . ) poo e Vely
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Background Constraints

o S oy Improved method uses a 2D SVD fitter
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QE-Like in 3D

Phys.Rev.Lett. 129 (2022) 2, 021803

4
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Phys.Rev.Lett. 129 (2022) 2, 021803

_EM

Ev,QE

(m, — Ep)*> —m; + 2(E, — p,cos6,)E,

2
(QE) __ ’”l’ —_

4o =

2(m, — E,)—E, + p,cos0,

e Alternative variables akin
to how oscillation
experiments get at E_

e Similar trends and
observations when
compared to the p, , vs
Py, VS 2T, result

* Major question: what
about at lower average
beam energies?
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Moving to <3GeV> dataset

" <6 GeV>sample had six P bins from 1.5 to 20 GeV
" Only|two P, bins|in the <3 GeV> flux region!

= Solution: Redo<6GeV> result in finer bins between 1.5 and 4.5
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<3GeV> result
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<3 GeV>

0.00 <p (GeVic)<0.15 [ 0.15<p (GeVic} <0.25 ‘

Single
P, Slice

® 2.8 ® 1.1

<6 GeV>

0.00 < p, (GeV/c) <0.15 ‘ 0.15 < p, (GeV/c) < 0.25

6.1 » 2.0

Gross
overprediction
at low P, but
large 2T,

Nulnt 2024 Daniel Ruterbories (Rochester)




| /E\ <3 GeV>
Lg

) Single
| P, Slice

» J:
\)/ MINERVA Preliminary

0.40 < p (GeV/c) < 0.47 047 <p (GeVic) <055 [ 0.55 < p (GeVic) < 0.70 0.70 < p, (GeV/c) < 0.85

i

-EEI Y S :'[{
%\gﬁ_ﬁ | - F‘iik e é{}\

<6 GeV>

MINERvVA Preliminary

Pe ak dlffe rences ID_4D-:p1 (GeVic) < :: I:.4?¢p1 (GeVic) .:Xu;z ;:p_:aﬂg (GeVic) j;:: D.TD;F}{GEWC}-: :jﬁ
as well as ﬁ\ }/I{ ;
normalization ;:\ %\‘\ L‘}i//\.\l\,
differences
between
data/MC and
datasets

Nulnt 2024 Daniel Ruterbories (Rochester)




<3 GeV>

Single
P, Slice

<6 GeV>

Data/MC
differences in
regions with FSI
p->n QE events
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Average Recoil

e Similar trends for <3GeV> and <6GeV> datasets — prefer a lower average recoil
energy
* Asignificant difference between the two datasets at the lowest P,

| 0.00<p, (GeVic) < 0.15 0.15 < p, {GeV/c) < 0.25 0.25 < p, {GeV/c) < 0.33 0.33 < p, (GeV/c) < 0.40
MINERvVA Preliminary
047 i
— J'E E:I
>
Lik]
S 0
}_EL
] 0.4
>
025%:
e
0.0 2 3 4 2 3 4 2 3 4
04| - MINERvA ME Data
- MINERVA Tune v4.4.1 ME
0.2} @) MINERVA LE Data
MINEBVA Tune v4.4.1 LE
0.0 : : + % l&eo of

recoil energy
p, (GeVic)
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‘ | i | L]
SO

" Low P, has over prediction at higher 2T,
" |nteresting peak differences at moderate P,

= At High P, low 2T, continue to observe MC-data
differences. A region with have large FSI effects.

" Resonant pion production contributes a larger fraction
of events at <6GeV> compared to <3GeV>

" There is a significant different in average recoil
between the two datasets at the lowest P,
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Move from an inclusive QE-Like

Transverse Kinematic Imbalance (TKI)

0.00 <P, (Gevic) <0.07 | 0.07 <P, (Gevic)<0.15 [ 0.15<P, (Gevic) <0.25
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1 Move from an inclusive QE-Like

Transverse Kinematic Imbalance (TKI)

1.5¢
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0.0
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0.5
0.0

Fraction of all QELike
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1.0
0.5

0.0
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0.5}

15}

0.00 <P, (Gevic) <0.07 [ 0.07 <P, (Gevic)<0.15

Threshold at ~120 MeV

T, (MeV)

* Require proton > 450 MeV/c
y g A Veasnand g e Versues * Lose acceptance at high P, high recoil
P 1 o * Require proton < 1.2 GeV/c
JLL#-'—‘ 1 1 "'.ﬂL‘—L" L L i
0.33 < PT+1 (Gevic) < 0.40 0.40 < Pw (Gevic) < 0.47 ’ Near .thre.sho.ld‘QE fractional
contribution is increased due to
Resonant/2p2h having multiple
k‘h puad et LS T A nucleons which suppresses
o L] acceptance
e e | A o e A Mlre—re— — 4
0.70 < Pm (Gev/c) < 0.85 0.85 < Pf-u (Gevic) < 1.00 1.00 < PT.p (Gevic) < 2.50 200 400 600 8o0f
! —— QELike
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L :..: 5 : QELike 2p2h
e L o Lo N LILLLLT BEPPTTY TKI Only
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TKI Only Resonant
TKI Only 2p2h
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)

¢ Transverse Kinematic

;;\\:‘.,‘ [ Sensitive to the “interaction

I m ba |a n Ce energy” — call back to Moniz

" <3 GeV>results — single differ

Width sensitive to the
Fermi momentum

= See - Phys.Rev.D 101 (2020) 9, 092001 spectrum
Phys.Rev.Lett. 121 (2048) M Interest in asyr;]t:etry,
" Oy 6(1),t' Sp,t' P[0 8pt,x pr o
= <6 GeV> results
= |Last Nulnt — MINERVA TKI on nuclear targets

" Publication in progress

pt,Y"

°
= Today - Introduce Double Differential Results |2 8¢
= Challenge — What variables ? N N
= Choose P, vs TKI Vars PLUS,, 6p’|,Tp’ Op Sor \ :
" Choose 6, VSO, , % pt,y
" [ntroduce new variable -k, S
pt.x
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MINERvVA Preliminary

d*c/d3P, dp, (x10™ cm?/(GeV/c) “/Nucleon)
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QELike-2p2h

2 2p2h without fit



Question: What is the peak

6 position, width, and
pt,X symmetry as a function of
P
MINERVA Preliminary L, H

0.00 < pm <015 || 0.15 < pm <025 | 0.25 < pm <033 || 0.33 < pm < 0.40

x 101 _ x1.5 i x 0.6
e b * '
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% 71.2 —— MINERVA data
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dzo'/dBPLydpm(ﬂ 0 cm?/(GeV/c) %Nucleon)
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MINERVA Preliminary

Question: What is the peak
6 position, width, and
pt,y symmetry as a function of

P

0.15 <« pm <025 | 0.25 < p”‘l <033 |
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x 150.2
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d°c/d8P, ,d5P (10 cm?/(GeV/c) %/Nucleon)
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MINERvVA Preliminary
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Can we do more?

= A ot of the metrics are QE centric with a non-
QE “background”

" Using the data and extrapolating using the
model we can constrain this “background”

" Extract a scale factor per P, , bin

= Can apply to other results for cross checks and
extracting QE-only results

Nulnt 2024 Daniel Ruterbories (Rochester)



dzc/dSPLydpm(M 0% cm2/(GeV/c) %/Nucleon)

Constraining Non-QE
Use o, tail to constrain

MINERVA Preliminary
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More?

" Using a formalism from Eur.phys.).c 79 (2019) 4, 293 from Arie Bodek
and Tejin Cai explore shifting the proton-muon system by
energies related to the Coulomb potential, U, and binding
energy

TABLEI. Calculated energy corrections to the final state leptons and hadrons from the GENIE generator for QE neutrino scattering on
12C, ASpn = 25 MeV, E, = 10.1 MeV. Other interaction channels are not altered.

E' = Egum 48 F* = Efpne +8  GENIE baseline shift,  QE baseline shift
Correction 5" (MeV) #(MeV) (64), (&) (MeV) (dp1y)(MeV/c)
0: Default (no corrections) 0 0 0,0 0
I: Ug only (W E &AGear) ASoas — | Upol |Uopn| — E 22.7, -7.8 294

2: Ugpe and Viir (W Ex&AGene)  ASene — [Uopl + VB [Ucptl — Ex — [Ven| 258, —10.9 339

Fig. 17 Extracted values of 12 4+ 160 Fit for Urg
Ufrsy versus (¢ + k)~ for 33 i
Carbon (}*C) and 8 Oxygen

(£°0) spectra 0.00

/

U(x)=ax + b,
a=0.0409,
b= —0.0291

Bagdasaryan:1988hp
Baran:1988tw
Barreau:1983ht
Day:1993md
E12-14-012
O'Connell:1987ag
Sealock:1989nx
Whitney:1974hr
YalLljJan05
Anghinolfi:1995 °0O
Anghinolfi:1996vm 1O
O'Connell:1987ag O
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0.40<p <047 |

x06 [

Post constraint — two shifts as example
Pink (+) to & (-) to o

Purple (-) to &P (+) to 6~

MINERvVA Preliminary

0.33<p,_ <0.40

x 0.8

085<p <070 |

0.85 < pm < 1.00

x 0.5

d*c/ddP, dp (x10™ cm?/(GeVic) */Nucleon)

o N A OO O N A O

|
n

-

—— MINERVA data

—— MINERVA Tune v1.0.1
—— QELike-QE

——— QELike-Pions

5P, , (GeV/c)

QELike-2p2h
2p2h without fit

‘ Scan over parameters and find optimal solutions globally and as a function of P, , \

Nulnt 2024
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1w

“I* Pros/Cons of Cross Section and
Reconstructed Spaces

Cross Section Space Reconstructed Space
= Pros = Pros
= Models live in this space — easy = Data driven shapes with little MC
to apply influence
s C " Post subtraction —depend on
ons : .
modeling of single process
= Result depends on .
Cons
and of . .
Non-QE models = Requires forward folding (smear)

model through a detector model
= Harder to work back to the model

Should explore both. Qualitatively they should agree if
the pieces are correct

Nulnt 2024 Daniel Ruterbories (Rochester)



Pink (+) to 8° (-) to o»

Reconstructed Space

&
5 6
> 4
e 2
@
a 0
To)
ED 6 . <pm< A
E 4}t x1.6
5 2
'C> 0
&.—'
g 6 0.85<pm<1.00
NZ 41 x2.7
©
2l
0
2 1 0 -2
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47 <p <0 20 <p

g W

x 0.7

oP, , (GeV/c)

Daniel Ruterbories (Rochester)

< U.

x05}

Purple (-) to oP (+) to ov

MINERVA Preliminary

0.33 < P, < 0.40

t x3.9

0.70 < P, < 0.85

—$— MINERVA data
e MINERVA Tune v1.0.1



" By subtracting Non-QE but QE-Like events we
can access struck nucleon momentum
components

i
Pr

Use struck nucleon

momentum rather than ™ son
post-FSI proton \ BN
N’
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k

X

" Modify standard TKI selection to cut on
|d_..>0.3 GeV|

= Kx in the +/- 0.3 GeV region is the primary QE peak

P,tX

" |[ncluding beyond introduces strong negative bins
when subtracting QELike non-qe

" Problem for unfolding!

= Redo SD_W tail fit for modified selection

Nulnt 2024 Daniel Ruterbories (Rochester)



d’c/dk dp,_(x10 % cm?/(GeV/c) 2/Nucleon)

Nulnt 2024

MINERvVA Preliminary

Question: What is the peak
position, width, and
symmetry as a function of

P

k

X

t,u

0.00<p, <0.15 |

x 454.0

0.15<p, <0.25 | 025<p, <033 0.33<p, <0.40

- "+q;_.+*j:;

x 102.4 x 0.5 x1.2

N A OC NS~ O

040 <p, <047 |

0.47<p <055 | 085<p <070 |

—_—

x05 [ x06 |

——

AAAAAAAAA

0.85 < pm <1.00 |t

o N BEN oo

1.00 < pm <125 |t 1.25 < pm <2.50

x 0.5 —4— %341 x 99.4 | —F— MINERVA data
[ — [ — MINERVA Tune v1.0.1
—— QELike-QE
[ ' ——— QELike-Pions
_m : ‘ . -1 | QELike-2p2h
-0.2 0.0 0.2 -0.2 0.0 0.2 -0.2 0.0 0.2 2p2zh without fit
k, (GeV/c)

Approval
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Looking to the future

" Publication writing in progress

= More work to be done with additional two and
three dimensional combinations for TKI results

= Efforts to use a higher statistic <3GeV> sample?

" More dimensions? Compare between datasets?

Nulnt 2024 Daniel Ruterbories (Rochester)



Conclusions

= New triple differential result using both
datasets are coming soon — similar MC-Data
differences as seen in phys.Rev.Lett. 129 (2022) 2, 021803
with additional energy dependent comparisons

= New double differential TKI results comparing
P, . against a variety of variables

" New using o, to constrain non-QE but QE-Like
events a pure QE sample is extracted

= New direct probe of k, of the struck nucleon
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Backups
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Uncertainty o
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Fractional Uncertainty
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Uncertainty o

pt,X

.\”::!pm{m

Y

047 <p_ <055

5P, , (GeVrc)

0.25<p, <033

0.33<p, <0.40

Daniel Ruterbories (Rochester)

-1 0 1
Total Uncertainty
...... Statistical

Cross Section Models
— FS1 Models

Flux

Low Recoil Fits

Muon Reconstruction
— Others

Proton Reconstructior

2




