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Outline

* Why studies of neutrino flavor mixing need to understand
neutrino interactions better than ever before

e Neutrino Interactions in 20 words or less
e How the nucleus affects neutrino interactions
e Introduction to MINERVA

* Quasi-elastic interactions of Neutrinos
* On Plastic (CH), compare different ways of predicting neutrino energy

e As function of A

* versus transverse muon momentum (p;)
* versus “Missing transverse momentum” momentum (6py)

* Happy to talk about other channels in Q&A session afterwards
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Sun: First Evidence that Neutrinos have mass: Sun
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Sun is prolific producer of
neutrinos

Test solar models of fusion:
what makes the sun shine?
Ray Davis looked for
v+3'Cl—3’Ar+e-

Found neutrinos, but 1/3 the
number expected...




Neutrinos from the Atmosphere

« High energy protons fly through the galaxy, B
when they hit the Earth’s atmosphere, they B
make particles that decay to neutrinos

* T— u+vM L —>e+VM+Ve

« Early measurements saw fewer
Vi than expected

* Neutrinos should reach us with v, and v in a
2:1 ratio

* |f you can tell the direction the neutrino came
from, you can determine how far it traveled, or
how long it lived

- Challenge: telling v, from v,
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Neutrinos at many distances...

 Measure neutrinos from
the atmosphere:

- 80 to 13,000km

- Muon Neutrinos from
above don’t disappear

— Muon Neutrinos from

- Electron neutrinos don't,_

5

below
disappear

seem
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to be disappearing! W?ﬁ%%
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Super-Kamiokande
Results
Neutrino 2010

cos zenith

u-
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Confirmation of Solar v’s changing Flavors

6

D50 target at SNO in Sudbury, ON can
uniquely tell v, from other neutrinos:

- charged-current

- neutral-current VXd — V, pn
The former is only observed for v {lepton

mass)
The latter for all types

Solar flux is consistent with models
- but not all v, at earth

0. (10" cm?s7)

S = Y W ke NN

) lllllllll]llllllllll,r

Precision interference pattern from
reactor v’s at a ~180km distance
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v,d = ppe

1000 tons of heavy water, 10,000 phototubes



Minimal Oscillation Formalism

- If neutrino mass eigenstates: vy, vy, vz, etc. [y cos@ sin@ \(v
* ... are not flavor eigenstates: v, v, v,
... then one has, e.qg.,

take only
i two
generations
V.
J for now!

a

—sin@ cosd

p
v, )= cos%‘vi>+ sin %‘vj>

v

time R ‘vﬁ>:—sin%‘vi>+cos%‘vj>

2 (m22 _m12)L

P(v, —>v,)= sin” 2@sin

4F
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Acoustic Analogy (for musicians...)

wave 1

13 October 2025



NEUtrinO OSClIIat|QnS If neutrinos are waves of

slightly different frequencies:
disappear and reappear

The bigger the frequency difference,
the faster the disappearance

Particle mass difference
determines the frequency

Measuring neutrinos oscillating:

® o =P Measuring mass (squared) difference
Z > =
o o O . L
N Z [%) If one kind of neutrino disappears,
Q Time or distance = another kind must appear
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Oscillation Formalism (cont’d)

So if there were only two mass eigenstates ...

(m3 —mf)Lj

4F
 Oscillations require mass differences

P(v, —>v,)=sin’ ZHsinz[

Events / 0.425 MeV

» Oscillation parameters are mass-squared differences,
Am?, and mixing angles, 0.

« But the confirmation of Solar and Atmospheric:
 Reactor v’'s: 3MeV antineutrinos, 180km
« T2K: 700MeV neutrinos, 295km >

« There must be more than 2 mass eigenstates
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Experimental Details:
L: Baseline

E: Neutrino Energy
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Three Generation Mixing -

3x3 Unitary matrix (U): defined by 3 mixing angles (6,,,06,3,0,5) and one phase (9)

I 1 0 0 17T C13 0 81367:5 17T C12 S192 0 ]
U = 0 C23 S93 0 1 0 —S12 C192 0
I 0 —sS93 Co3 1L —8136_2.(s 0 cis | | 0 0 1 ]

cos@ sin@ (v, Sij = sin 9@', and C;; — COS 9z'j

e y

U=

Reactor

and/or

Accelerator
AY

c
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What about neutrinos passing through the Earth?

- Electrons in the earth act on v, and v,’s differently from each other, and from v, or v,

V e vV v Wolfenstein
e e e ’
\{W W < PRD (1978)

e \Z e e
(m? —mP)L ‘e Z\EGFneEU
- For 2 generations... P, —>v,)=sin’ 2981’112( : 4E1 j Am’
5 =€ density

sin” 20
sin” 20 + (£x — c0s20)’ L, =Lx \/sm2 20 + (+x —c0s20)’

sin® 2@, =

This complicates search for CP violation, but it means you can measure the mass ordering
Catch: need to use a baseline that is 700km or larger to see this!
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Measuring the Neutrino Mass Spectrum

* Do neutrino mass states have the same mass structure as
the charged fundamental particles? Use “matter effects” to see this

A
Vi Y V2 2
) vy 'y } Am sol
2
(Mass)? Am atm Or Am2
atm
VA \ 4 )
vV }Am sol vV ——
1 3
figures courtesy B. Kayser
AMg, 22> Am4,2=8x10°eV? AM_ 2> Am,32=2 .5x10-3eV?
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Today’s Long Baseline Oscillation
Experiments

* What we are trying to determine:
* Biggest question: is this really the right formalism to describe neutrinos?

* Do Neutrinos and Antineutrinos oscillate with the same probability?
(Is there CP Violation in the Lepton Sector?)

* Do neutrinos have a mass spectrum like the other fundamental fermions?
“normal” versus “inverted” mass ordering)

* If v3 have more than 50% v, init? (“Octant” of 6,3 )

e How will we do this?

* Measuring neutrino and antineutrino oscillation probabilities as function of
neutrino energy over known distances

* These goals depend critically on seeing V,, = V, and 17#—> Ve
as a function of NEUTRINO ENERGY
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State of the (Long Baseline) Art: NOvA and T2K

» Two accelerator experiments probing “atmospheric anomaly”

 Near and Massive Far Detectors: 14-50 kton

» Very intense beams of protons: 700-900kW

Data SIO, NOAA, U.S. Navy, NG'A. GEBCO
Google Earth ' Data LoEO-Collp BLEASEID AR Google Earth
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Neutrino Events at NOVA and T2K

« T2K sees an asymmetry in v, versus v, data. NOvA does not. The two experiments are
not giving a consistent picture. All eyes are on continued analysis of this data!

» v-beam
= i — Mean prediction ;Zo SO_LOWCNN Hléh CNN' -
512 -« Data ! evt vt
10 =+ NOVA/TZK 14 eppata —Bestit.
g » combinations * l ~ pred.
: o » [BIWSbkg. [ 1-osyst [z
o . inprogress £ | g Lrange NE
b = o [ Beam ols
- i | bkg. : ol=
2t ) 10 20} o 4 & O
E 1 : : o
- %oz 04 08 08 i 12 " : Cosmic; | .\ NOVA
Reconstructed Neutrino Energy [GeV] DUNE W|” be ]
ToK able to of | 82 v, events
94+14 v, events - B 33 v, events
e resolve this e B
16 176 events Reco. v, energy (GeV)

T2K Collaboration, Eur.Phys.J.C 83 (2023) 9, 782 NOvA Collaboration, PRD 106, 032004 (2022)
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What do both signals together mean?

» Weak preferences for normal ordering, but
mutually allowed region in Inverted
Ordering at <10

. Some regions of joint Mass Ordering-0p-
6., space are excluded at >90%

« Mass ordering and CPV are unresolved,
and minimal sensitivity to physics beyond
the three-flavor model

« We need more statistics...at a
minimum!

18 D. Harris, Road to Precision in Neutrino Physics
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https://doi.org/10.5281/zenodo.6683827

Next Generation: Hyper-K and DUNE

» WIll collect much larger statistics than we have today to get to precision oscillation physics
« Enormous increases in neutrino beam intensities @ J-PARC and at Fermilab
« Enormous increases in Detector Mass (Hyper-K) and Granularity (DUNE)

Google Earthjl.

7 April 2025
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Oscillation Probabilities at Hyper-K and DUNE
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~ 0.1
K i
T ool 295 km, NuFit 5.2 1300 km, NuFit 5.2 & X
= ‘T T
| 8.p=0, NO 10 8.p=0, NO [0 v o
;g ° P
ool —8p=m, NO 10 —8p=m, NO  --10 S S
) i
O i —8np=-1t/2, NO 10 —§.p=-1t/2, NO 10 v n
bt 1 CP , CP ’ . R,
; 0.06 E g MM (©
J 0.05[% : = 2
> e b * —
T AV . ©
§ ool [ T | oot 1 e e 2
5 G Y NG o, ' e C
@) 0.03i : R A O N 011 (- o £ O o 9
(®] :t , ‘; ."'--... >
Il iy ¥ "'."""*u z cC
2 .:l .:| \..-_.. .. —
o $ /8
i 20
| ;:.1... | | | | | I | | | I | | | | | | | | 1 1 _‘ll:":: L‘...I | I I | | N | | I I | | I I | | 1 1
04 06 08 1 12 1.4 2 3 4 5 6
E, (GeV) E, (GeV)
Will need precise models to extract the most information out of the far detector statistics vs energy!
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What do both signals together mean?

. We need more statistics...at a

minimum!

. But...what if the DUNE and HyperK

results have a similar discrepancy but

at higher statistical precision?

. Could be new physics...or..
that we need better description of how

neutrinos interact

.could be

21 D. Harris, Road to Precision in Neutrino Physics
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Outline

e Neutrino Interactions in 20 words or less
e How the nucleus affects neutrino interactions
e Introduction to MINERVA

* Quasi-elastic interactions of Neutrinos
* On Plastic (CH), compare different ways of predicting neutrino energy

e As function of A

* versus transverse muon momentum (p;)
* versus “Missing transverse momentum” momentum (6py)

* Happy to talk about other channels in Q&A session afterwards
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Neutrino Interactions, 20 words or less

« Optics analogy: the wavelength of your probe (1/momentum transfer) determines
what you can see: Introducing Q?, or the square of the 4-momentum transferred

« High energy neutrinos can transfer more momentum, which means they can see
smaller structure (quarks), and make more particles

Vv [~ Vi [~

K
<

n p p ++ - . .
pTC+ Tc_,ﬂ: ’K
“QuasiElastic” (QE) “Pion Production” “Deep Inelastic Scattering”

D. Harris, Road to Precision in Neutrino Physics



Neutrino Interactions, but inside a nucleus

« Optics analogy: the wavelength of your probe (1/momentum transfer) determines
what you can see Introducing @2, or the square of the 4-momentum transferred

« If the wavelength is large enough (momentum transfer is small enough) that you are
seeing nearby nucleons, funny things can happen...

Vi \/ B Vl\:/ a Vi \/ d
h /\\p ATNA p A

P p pX

Meson Exchange Currents “Coherent Pion Production” “Final State Interactions
(add “2p2h” and more “1p1h”)

D. Harris, Road to Precision in Neutrino Physics




[R. Subedi et al.,

Reconstructing Neutrino Energy .

* Oscillation experiments reconstruct neutrino energy from
partial events, even in the most elastic events.

1
g P Q
e E.g.,, T2K and Hyper-K from lepton energy and angle /b/

* E.g., NOVA and DUNE from lepton energy and kinetic energy of protons. O

* Significant energy and momentum are lost & ,_ _
to the extra outgoing nucleons in 2p2h events.  «} I EGew)
= | i = o:2 .
* Absorbed pions also have to be ST Ml g | S
i : a- | nucieon /i || Martinietal, |
taken into account by all experiments s sof : |\ asvazinaszs]

. . . . e ' [hep-ph

» Outgoing neutrons invisible to NOVA and DUNE. ' \ [hepeh
e Critical corrections for T2K, Hyper-K, “l RIS, e
NOvVA and DUNE. Are the models correct? T ex o4 06 _08 ot 13 1 16

E, (GeV)
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Outline

* Introduction to MINERVA

* Quasi-elastic interactions of Neutrinos
* On Plastic (CH), compare different ways of predicting neutrino energy

e As function of A

* versus transverse muon momentum (p;)
* versus “Missing transverse momentum” momentum (6py)

* Happy to talk about other channels in Q&A session afterwards
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Introducing MINERVA

SEERLUE, * Solid Scintillator plus
Side HCAL
SfdeECAL | MINQOS Near Detector
1ae | H
_| : I =TT £% * Took data @Fermilab from
S uiy D = v-Beam — ®
B g9 Sl 5 E 2009-2019
of @ - T S % Q = o
ke , o9 Active Tracker g E S E = = D
E g \ eg Region g% E% e §§_
= Liquid o 3) 8.3 tons total g O S A c
% HIC:-UI g < I.I_.I O (o)
»n o Z 15tons | 30 tons E é
Side ECAL 0.6 tons
Side HCAL 116 tons
< 5m >—2 M —>|
17mm l’
L\ = 1 A
. 7 2,
Three views: /', - o o ! o o o'y : .
X: Vertical ¢ ¢ Spatial resolution Y3mm
UV: +60 Nucl.Instrum.Meth.A 743 (2014) 130 and Timing resolution ~3ns

beam test Nucl.Instrum.Meth.A 789 (2015) 28
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Homs Decay Pipe ,
N M I B I Target B 7%;“1_.""_ -
u eamline " ==
‘_T()—r;" 30m +————— Hadron
Gfa.m Monitor

Absorber

Muon Monitors

] : PR
S5m Rock 12m 18m

* Well-understood beam thanks to v-e scattering constraints, Hadron

Production Data, and low-v shape constraint

llllllllllllllllllIlllllllllllllllllll

0 2 4 6 8 10 12 14 16 18 20
Neutrino Energy (GeV) Neutrino Energy (GeV)  Graphic from arXiv:2312.16631 [hep-ex]

10™°

10—9 'E e s N S RS NS S S N
0 2 4 6 8 1012 14 16 18 20
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L. Zazueta et al., Phys.Rev.D
107 (2023) 1, 012001

D. Ruterbories et

al., Phys.Rev.D 104 (2021) 9,
092010

A. Bashyal et al., JINST 16
(2021) P0O8068

E. Valencia et al., Phys. Rev.
D 100, 092001 (2019).

L. Aliaga, M. Kordosky, T.
Golan et al, Phys. Rev. D 94,
092005

28


https://arxiv.org/abs/2312.16631

How to find “QE-like” Events @ MINERVA

* Track muons, pions and protons

* Measure dE/dx on all non-muon HEREI B
tracks =l ] :
* Must be consistent with proton Irack that stubs .
* This vetoes events w/n* - / | i
* Count all isolated energy deposits /.»‘ E:
* must have <2 of them T e T )
* This vetoes events w/ nt° - | HEERIIN HEENE |
e Look forT —» u — e (Michel —f.—\\ ,
Electrons) (near all starts and ends of \_"/ .
tracks) |solated enerngeposn B
* must find O 6 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 108 110 112 114 ?

* This vetoes events w/ t*
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Simplest Observables for “QE-like”
events

Cross sections can be measured along 3 axes: Kinetic energy e
L& S P -4

1) Muon longitudinal momentum: P — o

2) Muon Transverse momentum: P i N

3) Total “available” Energy: ZTp

Eavail = (Proton and m* KE) N e s

+ (E of other particles except neutrons)
for Om events, this is simply sum of proton Kinetic Energy Figure courtesy

® E avail is what NOVA uses to translate from muon energy to neutrino energy P. Rodrigues
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Constraini :
onstrainin : ingle 0 |
g é + Single Ml.!ltlple
Back 3 mon
dCKJgrounas g
9 :
2
e Three Backgrounds, three independent data sets s
. . . — l | +
* Fit scaling factors as a function of p, AND XT, nn*/-,7% N7t g 9 Signal Single n
£
e Statistics: single pion sidebands have 0.2M each, multi-pion one 3
has 57k events |
* Use simulation to predict p, dependence 0 1+
Number of Michel Electrons
x10° %10°
> 0'35—_MINER VA Preliminary > 0 SS;MNER A Prelimi —— DATA =
) C -Normalize i V e > r VA Preliminar
8 oosmermies, & I e, IR S e Il
.3 MC POT: 3.34E+20 I MC POT: 3.34E+20 (O] C  Data POT: 3.34E+20 . .
g - g 0-3: 0 ggf VCPOTamE single m+/- in FS
o 0.25F o C i g E single 0 in FS
S - S 0'25:_ o 30 Nr in FS
£ o02- £ o2k @ 25 other
Q C ) C 5 205
> 0. C —
I} 0 15; Isolated ﬁ 0.15¢ I.I>J g Tou—-e+
0.1 Clusters 0.1 3 Iso. Clusters
- 10f ’
0.05 0.05
= Py e I S
0.5 1 1.5 2 25 0.5 1 1.5 2 25  Oy—===T 5 5 55
Reconstructed Muon P, (GeV) Reconstructed Muon P, (GeV) Reconstructed Muon P, (GeV)
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Comparing 2 proxies for Neutrino Energy:
4.50 < E, (GeV) < 7.00

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

- 15 0.00 < ¢°F (GeV) < 0.04 || 0.04 < q°" (GeV) < 0.08 [ 0.08<q™® (GeV) <0.12 | 0.12.< g (GeV) <0.16 | T2K and HK: qOQE
g 0 %13 % 0.2 { x 0.3 x04 | gets added
S NO ;
. VA, and LAr:
< 51 J . .
N . . Q Q add visible recoil
ORI s === R e = e A e e, | eNergy
= fF6<qo°E (GeV) <024 | 0 rqgﬁ (GeV) <032 | 032<q " (GeV)<040 | 0.40<q’ " (GeV)<0.60 The two don’t
£ ' .
S ot x06 | f RS pooox4r } b x2e agree with the
5 5/\ t | ;f\' _ model for Ont
x ~ events
e e e e el e rrrrre—e

4 15[ oso<q@evi<os| 02 04 06 02 04 06 02 04 06 ' Eventswherethe
< i QE hypothesis says
g0 gLl omeen s wmcew)  fheredhouidbe
O I
*-g > f{{{ : I + MINERVA data Minerva Tune v4.4.1 ﬁ/rl]leNréF»{/ aAc‘jgedr t
© -— — Vv oes Nno
O > -

00 02 04 0. QELike-QE ———— QELike-Pions see that energy!

13 Octob Z:Tp (GeV) QELike-2p2h 2p2h without fit ilab YORK ! -




Outline

e As function of A

* versus transverse muon momentum (p;)
* versus “Missing transverse momentum” momentum (6py)

* Happy to talk about other channels in Q&A session afterwards
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MINERVA’'s Nuclear Target Region

A

1” Fe /1” Pb 1” Pb /1” Fe 3”C/1”Fel1” Pb “Bag” of Water ” .5” Fe/.5” Pb
323kg / 264kg 266kg / 323kg 166kg/169kg/121kg 9300kg P

"! b

161kg/135kg
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When you have lots of statistics...

e Different x10°
i ®N o5l Area Normalized ¢ Data
denSIty ] q‘:) 2-5 — 3.94e+20 POT B \Water Target
targets jump 3 = I iron
. ol [ Lead
out Wlth = — I Pure Carbon
event rate - : [ Scintillator background
15— | i
* Events at - i ik .

: - . Tracker Region
right are all S 8 O
2-track | | . |

— 1 - L ~ - ,
events from -l MR R M Rt 5 R K, l
data when 0.5 Bl e ol ", e _ -1," ﬁ
water target - e T T M A0?
was full 045 5 5.5 6 6.5

Reconstructed Vertex Z Pos (mm)

13 October 2025 D. Harris, Road to Precision in Neutrino Physics # Fermilab YORK ' 35




Outline

* Different channels, different nuclear dependances!

* Quasi-elastic interactions
* By Neutrinos
* Seenin a new way: look in plane transverse to neutrino direction
* If time allows...Antineutrinos

* Happy to talk about other channels in Q&A session afterwards
13 October 2025 D. Harris, Road to Precision in Neutrino Physics # Fermilab YORK ' 36




Neutrino Quasielastic-Like X
Scattering vs A

We see how the way energy shows up in neutrino CH events doesn’t match
between data and prediction

Can we look at A-dependence of this process to get a better handle on what our
model is getting wrong?

13 October 2025 D. Harris, Road to Precision in Neutrino Physics



Determining Physics Backgrounds

Single Michel Sideband 2+ E Clusters Sideband
¢ Make the S.ame CUtS 10 4_593 Muon P“/GeV/c <55 <10 4.5 <Muon P“/GeV/c <5.5
as for the signal LI e es— Load Target © [ PoT Nomalized Lead Target
BUT > o5[ 105e+21POT , Data > 6 1.05e+21 POT + Data
¢ F ; S ¢ CCQE-ik
. . g - [ | C.CQE-Ilke _ =~ 50 [ soa |+e _
* Require one Michel £ 2 —Pndit E ¢ —Pa
> n ulti-n T - B Multi-n
EIeCt ron ; 1'5:_ E :\)ntr::er Nuclear Target ; - [ Other Nuclear Target
Or : :
* Require 2 or more 0.5F 3
extra clusters of ' . ' , l
B I S— . T 2.5
€nergy Muon P, (GeVi/c) Muon P (GeV/c)
* Separately for each , , .
target and versus One sz(a)mple has more single pion background, one has multi-pion
muon transverse and "~ background
momentum Kleykamp et al, Phys. Rev. Lett. 130, 161801
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v, Quasielastic-like scattering versus A

4.5 < Muon P”/ GeV/c<55

e These are results | Carbon | *7 { Water
for one muon 2 b

1.2

longitudinal
momentum bin
(sort of like one

energy bin but
less model-

dependent)

* See discrepancy
that seems to
grow with A

0.8

t

TTTIT [T [T [TIT[TI [T [TIT[TIT[TTIT[TT]X

d’c/dp dp, (cm*GeV?/c¥nucleon)

.....

2.5 0 0.5 1 1.5 2 2.5
Muon P; (GeV/c)

+ Data

MnvGenie

-------- CCQE-like & CCQE

........ CCQE-like & 2p2h

t

CCQE-like & Res

== == CCQE-like & DIS

d’c/dp dp, (cm?*GeV?/c*/nucleon)

= - ¥ | v
0.5 1 1.5 2 2.5 00 0.5 1 1.5 2 25

Muon P, (GeV/c) Muon P, (GeV/c)

Kleykamp et al, Phys.
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v, Quasielastic-like scattering versus A

* Evidence from Pb that the
data needs more
contribution from pion
production followed by
absorption.

* MINERVA model also
overpredicts the number
that remain as pions in the
Pb...see a pattern!

* Gives model builders more
input to change models of
how pions get absorbed

Kleykamp et al, Phys. Rev. Lett. 130, 161801

13 October 2025
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NEW: Neutrino Quasielastic-Like
Scattering vs A, but add a proton

v, +A->u +p+A

J. Kleykamp et al, Phys.Rev.D 112 (2025) 5, 052005

13 October 2025 D. Harris, Road to Precision in Neutrino Physics




Why add a proton? Transverse
Kinematic Imbalance (TKIl)

* Consider the transverse B
kinematic imbalance of the vV, + N > U +p
leading proton and the lepton ) B,
in events with a single proton s
and no mesons

* Predictions are simple for free
nucleons at rest!

 Differences can be due to:
Multi-nucleon correlations
Pion absorption

Fermi motion

Binding energy

Graphics courtesy X.-G. Lu, v2022
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Why add a proton? Transverse
Kinematic Imbalance (TKIl)

* Consider the transverse B
kinematic imbalance of the vV, + N > U +p
leading proton and the lepton Py,
in events with a single proton
and no mesons

* Predictions are simple for free

nucleons at rest! Consider for

e Differences can be due to: now
 Multi-nucleon correlations one new
* Pion z.ﬂbsor.ption observable:
* Fermi motion 5
* Binding energy Pt

Graphics courtesy X.-G. Lu, v2022
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Predicting the right background

* Similar to analysis vs py,

* Now with a sample that also has a proton identified, and vs dp;
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Cross Section Results vs 6p;

x10~°
* Cross section scaled [
per nucleon 5
 Good agreement in
bin where QE rate is
OF

largest fraction
* Successively worse

do/dd P, (cm?/GeV/c/nucleon)

agreement 5_
* At high atomic
number %

J. Kleykamp et al, Phys.Rev.D 112 (2025) 5, 052005
13 October 2025
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What about other models?

* There are several different models, implemented in
several different neutrino event generators: last week
at NulNT , L. Munteanu likened them to different
breeds of dogs...

* GENIE: Used by NOVA, MINERVA, Liquid Argon
community

* NEUT: used by Kamiokande, T2K, HK

* NuWro: Mainly developed by theorists, newest model
implementations

* GIBUU: Mainly developed by in heavy ion collision
community, consistent theoretical framework for
physics processes
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Cross Sections vs dp; vs Generator

* Broad range of

redictions at high dp

or Fe, Pb

Four GENIE3 Tunes, using
empirical 2p2h model

* Initial state nucleon: Relativistic
Fermi Gas (01) or Valencia Local
Fermi Gas w/RPA (10)

* FSI: hA(a) or hN (b)

Two NuWro Predictions, changing
initial nucleon distribution

Two GIBUU Prediction, one
doubles 2p2h contribution

NEUT (FSI model as if all non-H

nuclei are isoscalar)

. Kleykamp et al, Phys.Rev.D 112 (2025) 5, 052005

13 October 2025

X1 0>°

n

— —
o O,

O,
1 | 1 E

CHE

Carbon

Water

—h
o)
LN L I

—
o

do/dd P; (cm?/GeV/c/nucleon), scaled by N
o

)

D. Harris, Road to Precision in Neutrino Physics

"

Data

Minerva Tune
GENIEv3 G18_01a
GENIEv3 G18_01b
GENIEv3 G18_10a
GENIEv3 G18_10b
NuWro LFG
NuWro SF

GiBUU TO

GiBUU T1

NEUT LFG

47



Cross Sections vs ép; : Ratio to Tune

-

e Variations with models

at high opr

* Changes to FSI Model
matter more at high
Opr, and are bigger
effect than any change

to other effects

e 2p2h changes
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Cross Section Ratio Comparisons

Lead
e
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Cross Section Ratio Comparisons

c 2.2¢
2f
1.8F
1.6F
1.4¢
= 1.2k
15, I

0.8F
30.6:

* See much better
agreement in ratios at
low 6pT

* Agreement diverges at

* FSI hN treatment agrees
much better in ratios
than hA at high dpr and
high A

e 2p2h enhancement okay

for Fe, too much for Pb

J. Kleykamp et al, Phys.Rev.D 112 (2025) 5, 052005
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Conclusions

* Understanding Nuclear Effects in Neutrino and Antineutrino
Interactions are key to the next generation of Oscillation Experiments

* New results on quasielastic scattering versus A help pinpoint where
models need most improvement: final state interactions inside the
nucleus!

e Similar conclusions when we look at antineutrinos, and events where
pions are also produced in charged current interactions (in backup)

* Just released a data preservation product so the community can
continue to mine this data set for years to come!
See https://minerva.fnal.gov/opendata
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