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What was MINERVA and what was our
porimary goal?

* MINERVA was a neutrino interaction experiment at Fermi National Accelerator
Laboratory that ran from 2009-2019.

* |t sat as close as possible to the world’s highest intensity accelerator (GeV) beam,
NuMI, which was built for neutrino interferometry measurements over a ~800km
baseline.

* MINERVA’s science goal was to measure a broad range of neutrino interactions on
nuclei (big, cheap detectors!), primarily on carbon in our scintillator, but also
helium, oxygen, iron, and lead, to help improve models of neutrino interactions
used to infer energy in neutrino oscillation experiments.

* One signature: overwhelming statistics, at least for a neutrino experiment.

* Another signature: neutrino, electron scattering, and theory community as part
of the collaboration from its inception.
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* Core of detector was an active scintillator strip target, surrounded by calorimetry.

* At MINERVA energies, most muons are forward and found in MINOS magnetic
spectrometer.

* Passive targets interspersed with scintillator upstream.
* Detector is mostly in trash cans now, but some has been recycled for DUNE tests.



The NuMI Beam
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* NuMl is a “conventional” neutrino
beam, with most neutrinos
produced from focused pions.

* Implies significant uncertainties in
flux from hadron production and
focusing.

* Constrain, where possible, with
hadron production data and in situ
neutrino data (ve — ve).
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Some lessons from MINERVA

Experiments take a long time. Things change.

“Simple” reactions are surprisingly complex, if you look.
Medium to large nuclei are all just “nuclei”, to first order.
Sub-leading processes are rich, if you have statistics.

You can do more than you think you can. Sometimes.

A i

Momento mori.



Lesson One:
Experiments take a long
time, and things change
around them.




The Long History of MINERVA
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Precise Amé at SNO
and KAMLAND

MINOS begins;
first precise Am%3

T2K 8cp
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Implications of the Neutrino History

Precise Amé at SNO
Reactor 0
and KAMLAND 13

> i SN

Atmospheric neutrino

MINOS begins; T2K 6 v, Events NOvA YV, T2K 6cp
first precise Am3; - Appearance “Indication”

Neutrino Oscillations at GeV Accelerator Experiments

Sub-leading effects from solar oscillations possible

Am33 well enough known to tune narrowband beam experiments
Large 03! Therefore, CP phase, 9,
accessible in these experiments

Justification
for DUNE
and Hyper-K
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Lesson Two:
Even “Simple” Reactions
are Hard, if you look.




MINERVA and Quasielastic Scattering

 MINERVA’s targets are primarily nuclei, and the main active target is polystyrene
scintillator (CH%

* Most of the “least inelastic” reactions from this target that are guasielastic
scattering, meaning the “charged current elastic scattering” but from a target

embedded in a nucleus.
* So charged current elastic i |s )
npp (
l\I\Il
VRV
\/\

vup—>u n, a.k.a. p(vﬂ,u n,

but quasielastic means we look at A(v,,, utn..)A". -
* These measurements convolve nucleon structure "

with nuclear effects.

e MINERVA’s main focus was nuclear effects.



Quasielastic Results: A(v, u"p ... )A’
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Quasielastic Results: A(v, u"p ... )A’

MINERVA Preliminary
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Lepton-Hadron Correlations



Transverse Balance in CCOm

* One very useful probe is the
transverse balance of the
leading proton and the lepton
iIn CCOTT events.

* In the absence of nuclear
effects and extra particles in the
final state, they are balanced.

* If energy of recoiling nucleus is
known, can reconstruct
momentum of target nucleon.

J. Sobczyk and A. Furmanski,
Phys.Rev. C95 065501 (2017)
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* MINERVA 2p2h tune helps! But by studying reconstructed neutron

momentum and transverse variables in CCOmr events, we have evidence for
deficiencies in the initial and final state models (and tune?).
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Transverse Variables and Nuclear

Potentials

* Transverse balance projected into the reaction plane, dpr,,, is
biased by the nuclear binding potential.

Peak shift from default binding energy to

correction proposed by Bodek and Cai in
Eur. Phys. J. C. (2019) 79: 293.
2
- Area Normalized — MCy¢_,/MCqp_,d
[ MnvGENIE-vi ' '
i 1
1.5 > + <
- 4
- + +ﬁ+ ‘ ‘
- +
! i
0.5 }
0_....1....1 ........ P PP MCIMC
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
8pTr (GeV)
3 April 2024 5 p Ty

(cm*GeV/c/nucleon)

Tr

do/dop

]0™° v, Tracker — W'p
= —$- Data
4.5 = — Simulation
4
3.5F
3
2.5 POT Normalized
2 ; %i?: Tf/"s'&?"‘&"é’yf. Errors
1.5F
2
0.5 Data:MC
07215 -1 205 0 15 2

0.5 1
op, (GeVlc) SpTy
As it turns out, there is a similar
Shift near the peak. (Features in

tail also.)
Kevin McFarland: Lessons from MINERVA

7

0.5

v, Tracker — Wwp

Phys.Rev.D 101 (2020) 9, 092001

POT Normalized
3.28e+20 Data POT

Scaled Errors

+

ﬁHH

‘Data

=15 = =05 0

0.5

1

SpT'V SpTr (GeV/e) 18

1.5

2



Urs) (GeV)

Transverse variables,

full MINERVA statistics
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Transverse variables,

full MINERVA statistics
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Visible Energy



Visible energy in CCOm

* It’s possible to look explicitly at the subset
of the inclusive sample in which we
measured E i1 = qo — 2T, — Zm+.

* For the CCOm subsample,
Eqvail = 21p = qo — 215

* To divide the data up in this variable
simultaneously with lepton variables, we
used the higher statistics 6 GeV CCOrr.
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(x10*° cm2/GeV®/c?/Nucleon)

o

d=T

Phys.Rev.Lett. 129 (2022) 2, 021803
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e [ots to see here.

* The trends we
see are
independent of
py, suggesting
they are not
strongly energy
dependent.

* Easier to break it
down in a single

bin of p,
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Ratio to Minerva Tune v4.4.1
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D. Ruterbories et al.
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* The biggest change in cross-section, though not
in the ratio, are the small deviations just above
the QE peak. Maybe MINERVA’s tune was

affected by non- CCOm events? Or...?

pr bins

Kevin McFarland: Lessons from MINERVA 3 April 2024 24



vv4.4 1

Results: CCOm 2T, pr, Py
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* Low pr high XT,, events predicted by the
model as 2p2h and stopped pions are
almost completely absent in the data.



Results: CCOm 2T, pr, Py
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D. Ruterbories et al. Phys.Rev.Lett. 129 (2022) 2, 021803
* The first and second discrepancies are the biggest
and potentially most important effects in cross-
sections: large parts of the rate shows up at a given
pr with a different recoil than expected.

* Problem for interferometry experiments?

* In T2K (and future Hyper-K) pr is used to measure the
recoiling energy by two body quasielastic kinematics.

* [n NOVA and DUNE, the visible recoil is measured. And
SBN can do both.

* Apparently, these two won’t agree.

* Recoil is 50 MeV too high, until high Q2. No model
we checked sees anything like this discrepancy.
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* We can actually directly compare the two types
of energy measures: recoil in bins of g,%.

* Agreement with the model is, as expected, poor.
* Peaks are missed at low pr.

* High side tail is overestimated and low side is
underestimated.



Events

Implications for NOvVA and DUNE
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Lesson Three:
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Steel Shield

MINERVA’s Passive Targets and CCOrt

Evolution of scattering with nuclear size is
are largely unmeasured experimentally. ~ * Upstream of the MINERVA tracker is

However, there is theoretical guidance a region of He, C, H,0, Fe, and Pb
that tells us what to look for. targets.
S  Masses of 0.25-0.8 ton, so statistics
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iy L~ First results from 3 GeV beam were
| Bm\(//T very limited for CCOm and essentially

h

impossible for any other exclusive or
semi-inclusive state.

Active Tracker
Region

3.45m

&

Liquid
Helium

Calorimeter
Hadronic
Calorimeter

8.3 tons total

Scintillator Veto Wall
Nuclear Target Region
(C, Pb, Fe, H20)
MINOS Near Detector
(Muon Spectrometer)

o Electroma

ry

tons | 30 tons

«— 214 m

Side ECAL 0.6 tons

e But the 6 GeV data set offers more

Side HCAL 116 tons

- ; " than an order of magnitude more

5m ><—2 M —>

_ statistics...



vint and v1r® on nuclear targets

* Basic message. Low Q?

X

—

o
b
©

suppression in the scintillator
(and enhancement at high Q?)
is definitely present in data.

12 Scintillator

10

* We tune coherent pion —

production to match our
coherent results, and nuclear
suppression to match these e e T

Prediction from D, data

Tracker do/dQ? (102 cm2/GeV?/nucleon)

results on scintillator.

A. Bercellie et al, Phys.Rev.Lett. 131 (2023) 1, 1 o —— ol




vimt and v1r® on nuclear targets

—&— Data Sim. GENIEv2 MnvTune v4.3.1
Sim. GENIEv2 MnvTune v4.2.1 Sim. GENIEv2.12.6

* Altered shape in NEUT LPOI oo 105 GoV ceu

Q? appears 14T camen 0 I F oo ¢
4 1.2 :—' =+ . T [~ T
u n |Ve rsa I ! 1:_ * l T -+ — | <10 Cross-section models - [Lead]
5 ! - T :L ‘ ’ 'g' Data POT: 1.06E+21 —4— Data
+= 0.8l Ji B ® f € ks — MINE:vAOJ_unze‘at.OJ ‘
* But rates are far "Lt 7 L I — =
E 0.6 1 ® - T o — 4.0.1 wllow—Q: NUTPI!
. . = €1 -4 S 02 4.0.1 w/low-o2 'NUNPI' i
from prediction Bos i { I e
Q E Data: Stat. & syst: errors
° o PN EPRTEEEN BVEETEN BPRTETE | PEPETS BRSNSV RPRrr | ] 1 | | 2:—. \ :
and suppressed in g, e A\
° L 3 I =
heavier targets. 4 oyl Lk
1 _ 4 - ® i H
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0sfT %T T + F 0
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A. Bercellie et al, Phys.Rev.Lett. 131 (2023) 1, 1 Pr (GeV)
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6 GeV CCOm Lepton Kinematics on

targets J. Kleykamp et al., Phys.Rev.Lett. 130 (2023) 16, 161801

* There is a large predicted . 45<MuonP,/GeV<d5 |
cross-section in the more |
neutron rich targets; but s
within this model that
prediction doesn’t explain

the changes.

* Overpredicted processes
(stopped pions) on proton?
2p2h scaling with A?

* Progress might rely on more
information... like proton-
lepton correlations...

* Carbon { Water

t

0.8

d?s/dp dp. (cm%GeV?/nucleon)

2 25
Muon P; (GeV)

+ Data
— MnvGenie
—— CCQE-like & CCQE

—— CCQE-like & 2p2h

t

CCQE-like & Res

d’c/dp dp. (cm?’GeV?/nucleon)

—— CCQE-like & DIS

% =05 1 15 2 25 % o5 1 15 2z 35

Muon P_ (GeV) M Muon P_ (GeV)
' pT (GeV) '



6 GeV CCOm Transverse Kinematic

Imbalance in Targets

* A paper on proton-lepton
correlations is in progress,
to appear soon.

* Models vary wildly in how
they predict A scaling of
non-QE processes/FSl.

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

x10°% CH
7? + Data — MnvGenie
E —— GENIEv3 G18_01a - GENIEv3 G18_01b
6 :_ —— GENIEv3 G18_10a -~ GENIEv3 G18_10b
NuWro LFG === NuWro SF

1

=

do/d5 P; (cm?GeV/c/nucleon)

obeu

P RIS BTSN BSTETE T T
0 0204 06 08 1 12 14 16
5 P; (GeV/c)

Iron

do/d3 P, (cm?GeV/nucleon)
A T - - -

¢ Data

GENIE BRRFG hA
#2/ndf=20.45/6=3.41
___ GENIE LFG hA
ﬁ( 'ndf=11.32/6=1.89
uwro SF
é/ ‘ndf= 1629/6 =2.71

f(nd1=8.9016=1 .48

— MnvGENIE
é/ df=12.33/6=2.06
ENIE BRRFG hN
%%/ndf=35.18/6=5.86
— GENIE LFG hN
1%/ndf=18.45/6=3.07
— Nuwro LFG
é’/ndi=12A12/6=2.02
iBUU T1

13/ndf=12.78/6=2.13
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Water
— MnvGenie
E —— GENIEv3 G18_01a - GENIEv3 G18_01b
g —— GENIEv3 G18_10a ------- GENIEv3 G18_10b
NuWroLFG -~ NuWro SF

'02 04 0608 1 12 14 16

OPT (GeV)

5 P; (GeV/c)

Lead

— MnvGenie
C —— GENIEv3 G18_01a - GENIEv3 G18_01b
—— GENIEv3 G18_10a - GENIEv3 G18_10b

= NuWro SF

do/d3 P; (cm?GeV/c/nucleon)

:.H]..‘I..‘l‘..l.,
0 02 04 06 08 1

12 1.4 16
5 P; (GeVi/c)
35



6 GeV CCOm Transverse Kinematic
Imbalance in Targets

* A paper on proton-lepton o o L S —W
correlations is in progress, R + o T -
to appear soon. BF S T

* Models vary wildly in how g 04+ RS g,
they predict A scaling of SR TSNRTINNUUUUOTION VOOTIN SR R S At teb il SO WS
non-QE processes/FSl. § 3Pricov E SPT 02V o, (Gf:a/:)

* Ratios to scintillator are also % + e % o e
included, to help give more - | - el
insight into A scaling. & T | & o

: T —— 2 2

* But the QE peak region S, Lt S

seems universal. g WTEeTus TR 5 % bEeTE TR TR
3 3 P; (GeV/c) 3 3 P, (GeV/c)



Lesson Four:

Sub-leading Processes give
rich physics, if you have
the statistics.



How do we produce single pions?

(Let us count the ways.)

* Many competing production mechanisms.

\V‘u\/;/

= ///“/_ Dominant Q'

Resonant Coherent : >

pion production inelastic ~ Itl} T

\ Interference ’ ’

" i large effect
el R Interference :
\Y%

Non-resonant / at low Q? on  Diffractive 0 | ’

pion hvdr n (on hydrogen) >

producgion ydrogen  (on fiydreg )|t|i m
— N " Significant \/"/\‘\
N N P !
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Coherent i production on MINERVA’s
paSSiVE 13 I"geJ[S, Fe, Pb Phys.Rev.Lett. 131 (2023) 5, 051801

25 . oeEsst ot | f e ,
* Study the coherent inelastic process off pnarsszer o
. 1.5 5
on different targets. 121 8
. . i f
* Short version is that A scalingisnot gz % o
radically wrong, nor correct in detail. gwﬁ_ e
x10F " CH target MINERVA & 8;_ e . =4 Data E Vv (GGV)
o 1.05E+21 POT 6} Lo Rein-Sehgal
6 4:— = Berger-Sehgal
. B = T A-Scaling Data Fit
E ] OE‘I - = = Predicted A”® Scaling
) L et 2T T e 15 20 Predicted A™ Scaling
&*1 E, [GeV]
é 0.8
,E 0.6 \v:\/ﬁ/
04 in
i >
| It T

© 010203 040506070809 1 © 010203 040506070809 1
Reconstructed |t| = |(q-p,)’| [GeV/c]
A A 39
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Coherent it production on MINERVA’s

passive targets, Fe, Pb

Phys.Rev.Lett. 131 (2023) 5, 051801

* Short version is that A scaling is not radically wrong, nor correct in
detail. Slightly longer version is that the pion energy distribution
prediction is wrong, more so in heavy nuclei. and causes the problem

with the naive A-scaling.

V,+C > W+ n*+C

o

NlN{II|II|||||I|WII|I|II[II

do 11039 A2 12
dE11(10 cm?/ GeV/ '“C)

[ P E—

MINERVA
1.05E+21 POT

CH target

i,

Il Il | | Il 1 1 | 1 1 1 Il

||||||||||||||
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1 2

E. Gev)

E, [GeV]

g—gn (10% cm2/ GeV / 27Pb)

14

12

10

v,+Pb - p+ 1t + Pb

MINERVA
1.05E+21 POT
Pb target

Pb ° Neither model predicts
the shapes of heavy
nuclei

I

Il l 1 1 1 1 l L L 1 L L 1 1 j 1 1 L L
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Electron Neutrinos!



The NuMI Beam

/

Muon Monitors

Absorber
Decay Pipe
Target Horr{(
! ’/ e l
‘___._7!»4-————" el
10m LU — Hadron °M Rock 1y Ao
k 675m Monitor
o NUMI iS 3 uconventionaln NuM| Beams @ MINERVA
neutrino beam, with most Sro - g1o"

. o £ ~
neutrinos produced from $ B,y s
focused pions. S10°; E

. (O] : 10°°
* Pions decay mostly to muons, >0 >
but weak decays involving o 107
electrons come from daughter )
muons, kaons, and so forth. 107} e
e ~¥1% contribution of the beam. 1o, - 1075 g5 15 154 16 18 &
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The v, Problem

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

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

* Therefore, we infer v, interactions from studies of v
Radiative corrections:

* But what we study can’t give us the whole picture.  ©. Tomalak et al, Nature
o _ Commun. 13 (2022) 1, 5286 and
* Phase space (below), radiative corrections, etc. Phys.Rev.D 106 (2022) 9, 093006
O%,:O.G GeV, IMuon and IEIectron Neutrino Diff:erence o . i~ 1.2 gz)io
o Missing reactloné s Rates for 80>
ost  thisis spacedueto o | v, in gg-q 5
o4} Q*~0 muon mass 0.8F € 03 -
8 o3} — Free nucleon - 50
E ] — Kinematic T —40
0.2 =30
0.1 —20
—10

0.0 0.2 0.4 0.6 0.8
191 (GeVic)

3-momentum transfer
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Preview: Electron Neutrinos

 MINERVA has 10s of thousands of electron neutrinos.
e Can measure cross-sections of neutrinos and anti-neutrinos at low visible energy.

d’o/dE,,, dq, (x 10 cm?c/GeV?)

< 1
©
54
o
E 10
o
8
= 1
X
-8
T 10
3
H
w
3 102
)
o
10

1

d’o/dE,,, dq, (x 10 cm?c/GeV?)
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0.0<Lepton Pt (GeV/c)<0.2

10'E

0.6<Lepton Pt (GeV/c)<0.8

!
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;

>
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=

o
~
)
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- L TP g
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L L . L

0 0.2 0.4 0.6 0.8 1 12
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—4— Data
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CC v,-QE
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CC v,-Other
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Preview: Electron Neutrinos

 MINERVA has 10s of thousands of electron neutrinos.
e Can measure cross-sections of neutrinos and anti-neutrinos at low visible energy.

0.0<Lepton Pt (GeV/c)<0.2 0.2<Lepton Pt (GeV/c)<0.4 0.4<Lepton Pt (GeV/c)<0.6
< & S0F & Sor 1 4
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'% 4 '%\ 16 —+4— Data
S “E g 1“5 Simulation
£ i 1 (GeV)
5 L wuwe  HAVALL
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Lesson Five:

YO
VO

./

./

can do (some) things
didn’t think you could




Preview: High Energy Diffractive mt"

(Coherent inelastic on protons)

* At high energies, above 1.5 GeV, we can cleanly separate
coherent and diffractive neutral pion production from backgrounds.

* They look like electron neutrinos é
(how we found them) with high
dE/dx at the electron start. [ simumedzEvent |
Vertex Exclusion Region v 4

* Diffractive events have a visible
recoiling proton upstream.

x10°
>
B 35 [ CC Antiv,
o = e
c = -NCcooh
g 30 5 zg :"u x°
= o5F- E’B&.Zr, ) U t l | E e T —
3 8 pstréeam Iniiné Energy Electron Candidate Cone
£ 20 . Reverse Electron T
3 15F- Candidate Cone
=
©

10— .

o 1 2 3 4 5 6 7 = 0
Mean dE/dx (MeV/cm)
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Preview:

underpredicts rate.

* Bonus: we can look at the
E_ (1 — cos 8) distribution,
which is predicted from
kinematics and size of target

1
to be small, ~

* All previous measurements of
coherent process had assumed
this, and used it to select the

process.

3 April 2024

Data/Simulation Cross Section Ratio

Data/Simulation Cross Section Ratio

igh Energy Diffractive n®

(Coherent inelastic on protons)

* Prediction in GENIE Rein
model is dramatically

] eewy

3x10°2 ‘ 10" 2x10™ ?m?ée\‘l/c)z
8 <|> TT (GeV)
2

a4 ++++

2+ l

| L P R | M |
2 4 6 8 10 12 14 16 18 20 22 24
Pion Energy (GeV)
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Hmm... that’s a cross-section on
nydrogen, isn’t it?




MINERVA, Repurposed for
Neutrino-Nucleon Scattering

* We’ve demonstrated that MINERVA probes physics of scattering on nuclei.

* How does MINERVA then extract a sample of v;p — u*n from scattering
on free protons?

* The technique is:

1.
2.
3.

4,

Measure u* + n final state on CH target.

Kinematically separate elastic on H from quasielastic on C and subtract it.
Use the same approach with the u~ + p from the neutrino beam as a control
sample to validate the technique.

Correct efficiency for detecting neutrons in MINERVA using external n+CH
scattering data.

 And from this cross-section, we extract the nucleon elastic form factor.



Detecting Charged Current Elastic
Scattering in MINERVA

* Final state ofv Wb putn in MINERVA is an 5
energetic ut and a (usually) much lower |
energy n.

Energy (MeV)

* Neutrons don’t directly leave signals in

scintillator as they pass through.
* Neutrons in MINERVA are observed primarily

by detecting the proton from 2C(n,np)!'B
qguasielastic scattering of neutrons, and T
other reactions producing protons.

* These measure the neutron direction well,
but our timing is not good enough to

measure energy by time of flight.
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Sighal and Background Separation

* Charged-current elastic on hydrogen: v,p — utn
* The outgoing neutron direction is fully predicted from 7 ___

the muon measurement, even without knowing the
incoming neutrino energy.

Reaction Plane

Target Nucleus

p,- Neutrino momentum
p,.- Muon momentum

pn: Predicted neutron momentum

A

nnn

(AWANT
(VAVE /
v \/ \/

INSS




Sighal and Background Separation

* Charged-current elastic on hydrogen: v,p — utn

* The outgoing neutron direction is fully predicted from 7 —__
the muon measurement, even without knowing the

Incoming neutrino energy.

* Largest background is 126(1@, ,u+n)1lB .

* The outgoing direction is altered by the initial Reaction Plane
nucleon momentum and by final state interactions
of the outgoing neutrons with the nuclear remnant.” TargetNucleus

. @ Neutron Candidate
e Other backgrounds, multi-nucleon knockout

p,. Neutrino momentum

(“2p2h”) and inelastic processes 5, Muon momentum

* Systematic bias of the outgoing neutron direction . predicted neutron momentum
in the reaction plane.

hpop
Y \/I

N>




Sighal and Background Separation

* Charged-current elastic on hydrogen: v,p — utn

* The outgoing neutron direction is fully predicted from 7 —__
the muon measurement, even without knowing the

Incoming neutrino energy.

* Largest background is 126(1@, ,u+n)1lB .

* The outgoing direction is altered by the initial Reaction Plane
nucleon momentum and by final state interactions
of the outgoing neutrons with the nuclear remnant.” TargetNucleus

. @ Neutron Candidate
e Other backgrounds, multi-nucleon knockout

p,. Neutrino momentum

(“2p2h”) and inelastic processes 5, Muon momentum

* Systematic bias of the outgoing neutron direction . predicted neutron momentum
in the reaction plane.

* Use the neutron directional deviation to separate
different types of reactions.

* Define 663 and 66, as the deviation in the reaction N
plane and perpendicular plane, respectively.

N>




Event Rate/degree

o
.
N

0.08

0.06

0.04

0.02

0.00

Sighal & Background Separation (cont’d)

* This is not going to be a background free measurement.
e Simultaneous consideration of both deflection angles is helpful.

* Note non-quasielastic event bias in reaction plane.
* Allows separation of quasielastic (Ysymmetric) and non-QE backgrounds.

6
x10° x10
(O] - —— DATA
[ —+ DATA 9 0.12|— [ CCE Hydrogen
B CCE Hydrogen o N [ QELike: CCQE
- = QELike: CCQE ko - CC |momn Perpendicular Plane
| 2p2h _ D,
— C C I resonan t E 0.10 B E [ | rDelsé’onant ys —s ﬁu
B DIS © B
B Il Other o __ R Other ) .,
— Non-QELike = 0.08 e - e
: q>) : 59R “\ ," ‘—_‘:_. ........
- | \‘ Yo - A
— Q E L 0.081 Reaction Plane . Pn J x
:_ 0.04— Target Nucleus N ‘/k‘
B - @D Neutron Candidate % /
- 0.021— 7, Neutrino momentum ' &
- B P,.: Muon momentum
_____________ | e «10° 0.00 EECET S x10 pu: Predicted neutron momentum
0.15 0.10 -0.05 0.00 0.05 010 0.5 0,15 010 -0.05 000 005 0.10 015
56, (degree) 06, (degree)
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Event rate per bin

Sighal & Background Separation (cont’d)

1. Fit different background rates, as a function of Q? from
different regions of scattering angle deviation.

2. Check that other regions, not used in fit, are well predicted.

3. Use those results to predict the, now constrained, backgrounds.

“2D” Total event - -
Fractions of rate predicted by
model/s:mulatl\gn
v OV ,/V/v%_ )
40 < \, 994 Non-QE and mesons|
4500 /'iéi _\/G_\ /:\/:\ i\/‘:\\ DA B CCE - Perpendicular Plane‘
4,000 20 QQQNY_\ @Db@@ ggtite CCQECQE M 7
& ike non- N
2888 9?62@6‘ < I Non-QELike e N
2500 o o OCRRIEE 0 I £ il ot ', o
2,000 © y <R A g(E: f tSlgna Reaction Plane ‘ \
1’888 ) ”—J‘ ) QE I lidati Target Nucleus
NN Y Yo Yo Yo Yo Yo aaYs N validation @ Neutron Candidate o
500 . Neutrino momentum
i< Non-QE validation P,: Muon momentum
l<— Non-QE fit Pu: Predicted neutron momentum
—40 —20 0 20
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Events / Bin

Results of Bac
QE “Validation” Regio

3.0
2.5
2.0
1.5
1.0

0.5

0.0

x1Q3

Kgrounc

QE Validation

IIIITTIJI]TITT]‘ITTITTI ITTITI’Iw

1072 107"

1 10
Q. (GeV/cy

A

Ratio to Model

2.5r

2.0

1.5

1.0

0.5

Sideband Fits in

llllllllllll

QE Validation

—— MINERVA Data —— Model w/ Stat. Unc.

~—— CCE Hydrogen ----- QELike CCQE

wen QELike 2p2h - =« QELike Resonant
Non-QELike

QELike DIS

0.0

1 10
2 2
Q. (GeVic)

CCQE is dominant in this region. Small 2p2h, inelastic QF-like, and Non-QELike
contributions. The fitted model, constrained by data, fits this region well.
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Same Technique, applied to Control
Sample of Neutrino Beam

Analog of signal region, but without free protons Quasielastic region
3 25 3 25 ;
B -~ v CCE Region 3 [ v QFE Region |
= 20 = 20k —+— MINERVA Data —— Model w/ Stat. Unc.
L “F 2 ““}F ¢ —— CCEHydrogen ----- QELike CCQE
2 . L2 - o QELike 2p2h - - - QELike Resonant
S 15F _I_ S 18F QELike DIS Non-QELike
1.0 e -+ 1.0F— T et
0.5} i .‘ ‘ 05:_ L ________
I . o I o i sl
0.0 0.0
10°° 107 1 10 0 107 1 10
Q2. (GeVicy Q2. (GeVicy

We select events with trackable protons in a neutrino sample. No CCE signal.
Different final states and available kinematics. Apply same fitting mechanism.
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Same Technique, applied to Control
Sample of Neutrino Beam

Analog of signal region, but without free protons Quasielastic region
< 257 + 25 _
8 -~ v CCE Region 3 [ v QF Region |
= 20 = 20k —+— MINERVA Data —— Model w/ Stat. Unc.
e =Y e =% —— CCE Hydrogen ----- QELike CCQE
2 L L2 L . QELike 2p2h - - - QELike Resonant
g 15 2 _I_ g 1.5 Bl QELike DIS Non-QELike
1.0 ~ e P _ . P —
by 2 : S "'_h—*—c + -rq. = +
0.5; F ........
0.0 b S e B DA e
10°° 10 1 10 1 10
Q:; (GeVicy Q: . (GeVicy

We select events with trackable protons in a neutrino sample. No CCE signal.
Different final states and available kinematics. Apply same fitting mechanism.

Data and MC mostly agree within uncertainty. Small low Q? disagreement is
consistent with 2p2h uncertainty that is more important in neutrino sample.
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do/dQ? [107%8 cm?/(GeV/c)*/Hydrogen]

Free Nucleon Axial Form Factor

* We have ~5800 such events on a background of ~12500.
» Shape is not a great fit to a dipole at high Q-.

* LQCD prediction at high Q?is close to this
result but maybe not at moderate Q<.

o‘ Data
—— Hydrogen Fit
Deuterium Fit
..... BBBA2007
..... Dipole M,=1.014 GeV/c® |
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Compatible with D, Data?

Mmmmmaybe?
H & D2 Cross-Section Fit, bbba05, Q2_min=0.2
* We have some progress on joint fits with 3‘5 —

. . . 4 joint fit error
neutrino-deuterium analysis 1 s J'J?E
(Phys.Rev.D 93 (2016) 11, 113015), including = o2k
comprehensive analysis of compatibility. M - ® Hcross-section data

 Note that compatibility depends on the choice of § *°]
vector form factors, since vector-axial vector 101
interference flips sign. 05-
* We see that compatibility also depends strongly on .-
how low in Q? we use the D, data, which might - R
suggest low Q? nuclear effects? - B 10°
i Another homework (in progress) is to
° 2
With BBBAOS vector form factors and Q>0.2 incorporate radiative corrections
GeV?, 6?~5.5, or p-value of ~2%. (O. Tomalak et al., Nature

Commun. 13 (2022) 1, 5286;
Phys.Rev.D 106 (2022) 9, 093006).
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Data Preservation

* MINERVA is largely a hobby for continuing participants, with the
exception of a small number of finishing Ph.D. students.

* Interesting questions remain in our datasets, many of which were
“late breaking” developments or driven by outside work.

e Could the axial form factor dataset be increased?

* Are there combinations of existing analyses that should be done, e.g.,
electron neutrino TKl in A(v,,e " p ...)A’ sample?

* Are there hints of non-standard interactions that would be revealed if we
looked at other variables in “interesting” samples, e.g., our electron neutrinos
or our high energy EM shower plus “nothing” events.



Data Preservation (cont’d)

* MINERVA has a “data preservation” project that will conclude, one
way or another, when FNAL shuts off access to SL7 at the end of June.

* In brief, it is a set of n-tuples of the results of our standard
reconstructions for every event, and a set of macros to allow an
analyzer to efficiently interpret that data, focused on the
measurement of a cross-section, but not limited to that goal.
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Tuples with
reconstructed
objects

e Data
e Simulation, ~4x data

Event Loop Macros
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Interpretation
Macros:

® background subtraction

from sidebands
¢ unfolding and efficiency
e flux and target counting
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Data Preservation (cont’d)

e What is in the reconstruction?

Primary Lepton:
either muon or
electron

Secondary track SRR ELT; Neutron Calorimetric Total
Photon

reconstruction . Candidates Recoil Estimates
reconstruction

. Variants exclusive
Neutral Pion

Particle ID ! of some
Reconstruction
secondary tracks

Global Track Recoil direction
Vertex estimators
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Data Preservation (cont’d)

e What is in the reconstruction?

* MINERVA neophytes may
encounter difficulties.

e Data will be available to
all, but collaboration with
recovering MINERv-ites
may be wise and isalways
welcome.
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Secondary track

Primary Lepton:
either muon or
electron

Secondary
Photon
reconstruction

- Particle ID L Neutral Pion

Reconstruction

reconstruction

Global Track

Vertex
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Neutron
Candidates

Calorimetric Total

Recoil Estimates

Variants exclusive
of some
secondary tracks

Recoil direction

estimators
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End of Lesson Plan



Backup: Beam
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Day in the Medium (6GeV) Energy Run
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Flux from Neutrino-Electron Scattering

Phys.Rev.D 100 (2019) 9, 092001; Phys.Rev.D 104 (2021) 9, 092010

* Neutrino-electron elastic scattering is a standard
candle for neutrino interactions.

* Using this reaction in 3 GeV and 6 GeV neutrino
and anti-neutrino beams, with inverse muon
decay, flux uncertainties are ~4%, which is pretty
good by neutrino standards.

% 9005 MINERVA ME Preliminary
g 800 POT-Normalized + Data 760
i 700F-  1.10e+21 POT v, ©
o 700F Ve 54
2 600 ,CCQE 71
& - . others 17
oy 0
@ 500; cCOHT 0
Z 400;—
300;— v, cc 46
200
100F-
0 :I Qi r— : ) " 1 .
0 2 4 10 12 14 16 18 20

v, nc-others 68 ¢ Ve
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Backup: More Details of H CCE



Selection of CCE Events

* No visible hadronic tracks from charged pions or protons.

* Proton recoil from neutron must be 10 cm away from the muon axis,
to remove 6-ray background.

* Muon reconstructable in the detector: E, [1.5; 20] GeV, 6, < 20°

_— — »

_|_Incoming anti-neutrino




Sighal & Background Separation (cont’d)

CCE Event Rate

360
320
280
240
200
160
120
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40

-100_y5

-50 _y5

0
“5520 @0

56, 25 7 or
(deg ey 20 75 101000 O

SIGNAL: Elastic on H

QELike 2p2h Event Rate

-100
~T5i =50 . 155,

Back_qround: QELike 2p2/7
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@V@VVP@“VV”_ OF and mosons
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20 PT/'@/\A@/DBG\? QELike CCQE
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— QE validation

e NN Y v
@be@@@@@@«— Non-QE validation
ﬁ@@@@@%@@@« Non-QE fit

-40 =20
60

The 2D angular distribution is
divided up into different regions
which are used to extrapolate
the background events predicted
in the signal region.
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360
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CCQE Event Rate
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) 20 75 100-100

Background: QfLike CCQE (on C)

QELike Resonant Event Rate
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Background: QELike Resonant
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Control Sample, Neutrino Beam (cont'd)

B A v data
§, 1000~ B QELike CCQE
O s I 2p2h
% 800 :_ = gelssonant
g I Other
e T Dl | Non-QELike
3 600 I = 100% 2p2h
w i -10°< 80 <10°
400 — 0.2< Q°< 0.4 (GeV/c)
The low Q? disagreement |
shown as a function of *°°[
reaction plane angle. - o

Sl R T
66 (degree)

Our systematic uncertainties for the CCE (anti-neutrino beam) due to

interaction model in the background subtraction are larger than a 100%

2p2h uncertainty would be. The gray band here shows the size of an
equivalent uncertainty in 2p2h in the control sample.
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Events / Bin

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Cross-section Extraction

[Nature 614, 48—53]

[Nature 614, 48—53] T 2.5
x10° -8 B CCE Signal : :
= , = - —— MINERVA Data —— Model w/ Stat. Unc.
F CCE Signal o 20 —— CCE Hydrogen ----- QELike CCQE
- o [ QELike 202h  -:--- QELike Resonant
S © B QELike DIS Non-QELike
= o 1.5
i_ O '5 __ cemmmmminn®” |
E_ OO __J._._’_“:..-a.-_"-n‘aw.In;-'r_'-u.-..-'ujwuw-.- T uiur-u.-u YA - e P KT, A o
- = 107 10~ 1 10
ok ket Aobdet oottt Lo 1 Wm0 0L e o o 2 2
1072 Q: (GeV/c)

_ (GeV/cy 2 Ingredients:
- Measured signal from data — predicted background

of course)

- Unfolding matrix and efficiency from Simulation (tuned
a a bk re
aQ?/,

O NHGZ AQQ - Flux from models and data measurements (ve — ve)
- Number of Hydrogen targets from the detector assay.
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Fractional Uncertainty

Uncertainties in the Cross-Sections

———
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w— Others —— XSection Moddls

—
<
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10

Dominated by statistical
uncertainty.

Model systematic uncertainties
from residuals of constrained
background subtraction.

Neutron interaction uncertainties
dominate the “other” category.

Muon reconstruction (Q?
measurement) is also noticeable.
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Extracting the Axial Form Factor

* The cross-section depends on the axial and
. kmax
vector form factors quadratically, and the g, (2) - ¥ gt
result integrates over a range of neutrino k=0
energies. Therefore, bin-by-bin axial form L Viteut + Q% = /teus — to
factors cannot be extracted  Vtew + Q2 + Ve — o

* Fit F5(Q?) to a z-expansion formalism, as S g(k-1)... (k-n+1)ax=0,n€(0,1,2,3)
done in Phys.Rev.D 93 (2016) 11, 113015. #=n

5 2  kmax 2
* FA(0) is constrained, and FA(Q?) X2 = AX’COV_I'AX”‘IZ (5@%) - (2195&) ]
required to fall as 1/Q* as Q% — oo. k=1 \ 900 = \ 25a

° Regu la rization st rength from data (L-CU rve) : BBBAOS is R. Bradford et al., Nuclear Physics B,

Proceedings Supplements 159 (2006) 127-132,
* Use BBBAOS form factors by default. doi:https://doi.org/10.1016/j.nuclphysbps.2006.08.028.



Backup: Neutron Interactions



Neutron Scintillator Reactions

Neutrons inside the detector interact with hydrogen or carbon to produce
charged secondary particles.

H

Probability for interacting neutrons to have E i

MINERvVA Simulation

- probability for interacting
neutrons to have E .,
Fraction with H

HH Fraction with ©

Fraction with O,Ti,Fe,Pb, etc
E .1, are clusters with E > 1.0 MeV

l ) and within 40 mm of neutron interaction
Vv 01
oM PRTSTETET TS EPRPTET T BT B - o o o o e e e OO
0 S0 100 150 200 250 300 350 400

Neutron True KE (MeV)

Probability

Most prompt neutron energy deposits due to knockout protons.
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MoNA Analysis

The MoNA collaboration b T T e |

collected and modeled neutron [~ cnaree

cross section on CH. 102

» 12C(n,np)YB is the dominant

interaction channel 10

* We tune each channel to the i

MoNA cross-section based on i e
secondary daughter particles. Neutron Energy (MeV)

Fig. 3. Inelastic neutron-carbon reaction cross-sections are shown as a function of
the incident neutron energy. menate_r uses the six different discrete reaction
channel cross-sections while the G4-Physics uses the total inelastic reaction cross-
sections taken from the JENDL-HE library [37].

“Cinnp)'8

- 1IC(n'p)|/8

o (mb)

“C(n,ny)

- 2C(n,nn)''C

JENDL -C
Inelastic
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“Nuisance” Distributions

Neutron candidate energy distribution in reconstructed QzQE bins.
Without MoNA.
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‘Nuisance” Distributions

Neutron candidate energy distribution in reconstructed Q2QE bins.
With MoNA: improved x?2.
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Backup: Older CCOm on other
Targets



Events

MINERVA’s Passive Targets and CC

O

vV, C — up
220F x10° v,Fe — up
200F + Data 1.6
- — Simulation 1.4
160 - — Simulation
140 Sim. Background . 1.2 CCOa Pb .
3 E - Sim. Background %10° f — UL Pp
1205 --- Simulation w/o FSI N Le | -
1001 : 08k - Simulation w/o FSI s 1.4 + Data
80 r y a
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40t 0.4F 1 Sim. Background
20 C -
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Reconstructed ¢ (degrees) 0.4f
» Acoplanarity of C, Fe, and Pb targets in proton 0.2}
PP sms AT
and muon CCO7t events. % 20 40 60 80 100 120 140 160 180

e Unsimulated migration away from planar peak

Reconstructed ¢ (degrees)

L : , Phys.Rev.Lett. 119
with increasing A: C->[Arg(on)] - Fe - Pb. ()5017)"082001
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Backup: More TKI ME Preview



Urs) (GeV)

S

Transverse variab !eg, & out o reacton
full MINERVA statistics . plane, sensitive to

Fermi motion only

¢

- N o
Y| N dr=—pf

0.01 ! P
! U(x)=ax+b, p’t’x \é\
| _—— a2=0.0409, S p.tx
0,00 === T = —-0.0291 .

| ¥ Bagdasaryan:1988hp _ all processes
~0.01 : x garan:191898§\;vht § 6 0.00<p, <0.15 0.15<p, <0.25 025<p <033 | 0.33<p_<0.40

1 arreau. -

: ‘ Day:1993md g 4 x 10.1 x 4.1 x 1.5 f x 0.6
=0.02 : ® E12-14-012 Ng

: A 0'Connell:1987ag S 5
—0.03 t A Sealock:1989nx S &

| i b + w,» et

: Y Whitney:1974hr ) 0 s — 7
—0.04 : Y Yalljan05 g 6 040 < pm <047 047 < pm <0.55 0.55 < pm <0.70 | 0.70 < pm <0.85

! *  Anghinolfi:1995 60 E - - ++ - : -
~0.05 : ® Anghinolfi:1996vm 160 S 4 G e A ! i

! A O'Connell:1987ag 0 "fa
. L g 2 {

0085 0.2 0.4 0.6 0.8 1.0 1 x P
+k)? (GeV? 2 )\ : , _
(g3 + k)? ( ) a g 085 <p,_ <1.00 100<p, <125 125<p <2502 —1 0 1 2
%“' «71.2 | —H— MINERVA data
Summary of optical potential from electron scattering 3 4 —— MINERVA Tune v1.0.1
) —— QELike-QE
A. Bodek and T. Cai, Eur. Phys. J. C. (2019) 79: 293 % 2 OELke-Plors
QELike-2p2h
0_ 2 2p2h without fit

oP, . (GeV/c)

3 April 2024 Kevin McFarland: Lessons from MINERVA 86



Backup: More on CC1m Reactions



How do we produce single pions?

(Let us count the ways.)

* Many competing production mechanisms.

\V‘u\/;/

= ///“/_ Dominant Q'

Resonant Coherent : >

pion production inelastic ~ Itl} T

\ Interference ’ ’

" i large effect
el R Interference :
\Y%

Non-resonant / at low Q? on  Diffractive 0 | ’

pion hvdr n (on hydrogen) >

producgion ydrogen  (on fiydreg )|t|i m
— N " Significant \/"/\‘\
N N P !
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Incoherent pion production observations

* MINERVA sees a strong
deficit of pion production
at low Q? in several
channels.

e MINOS has also seen a low

Q? suppression in
“resonance region”.

e MINERVA also sees a shift

int
slig
loo

ne pion spectra to
ntly lower values, which

k to be consistent with

a shift in the A(1232) peak.

* Maybe resonant-non

resonant interference that
is absent from model?
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MINERVA's Four Charged-Current
Smg\e Pion Channe\s T
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Pion Kinetic Energy (GeV)
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Vy+tA S+ + A

%107
. ﬁo 14__ +2/n.d.f GENIE =14.06/9
Coherent pion = 1o e
. g - —SEBHTE v2.6.2
o 10 -- v5.3.1
production £
-8'.-'; -y
 Our coherent pion °H
) af! Phys.Rev. D97
production results show ML (2018) 032014
some preference for ) L Phys.Rev.Lett. 113
Berger-sehga| rather than % 05 115 2 25 3 35 4 45 (2014) 261802
GENIE’s Rein-Sehgal Plon Energy (GeV) Vo+A o U+ T4 A
prEdiCtiOn * 25* MINER -\:“ M p-‘;-:A:: - 30; gﬂgiés\zoAPOT ig‘E\L:\E Rein-Sehgal
o NEUT R—S prediction was 205_3.04E+20POT :gszlfr:::;rhgal 25:— — Berger-Sehgal

poor at low pion energy. 20

e T2K fixed this after
MINERVA’s results.

153—}}

10}%1

5_

151

10}

g (10*' cm?/ Degrees / °C)

do
d

32 (10 ecm?/ (GeV/c)f’ / *C)

e

5t

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn
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d
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Vp+A o> L+ T+ A

- ot o
Coherent pion 5 o coe e
production
. |
* Our coherent pion . Phys.Rev. D97
production results show = (2018) 032014
w
some preference for sk 1 Phys.Rev.Lett. 113
Berger_sehgal rather than OC; 05 1 156 2 25 3 35 4 45 (2014) 261802
GENIE’s Rein-Sehgal E, (GeV) Vo4 A o 4 T4 A
rEd|Ct|On V“'"A DL+ +A 30r MINERvA -4-DATA
p ’ o 4 DATA - 3.04E420 POT — GENIE Rein-Sehgal
- 3:04E+20POT — GENIE Rein-Sehgal 251 — Berger-Sehgal
20 — — Berger-Sehgal L

* Berger-Sehgal has been
implemented in GENIE.

e MINERVA adds tunes in

20

153—}}

10}%1

151

10}

g (10*' cm?/ Degrees / °C)

32 (10 ecm?/ (GeV/c)f’ / *C)

comparison to pion o |
production with a coherent g | l%:\» i
component. iR s s U |

0, (Degrees) 01 02 03 04 05 06 07 08
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Coherent pion production on
MINERVA’s other targets, Fe, Pb

v, +Pb — p+ n*+Pb
S Pb ° Neither model predicts
arge
’ the shapes of heavy

-
N
T

* Short version is that A scaling is not
radically wrong, nor correct in detail.

N
[I\

S
\

do 11039 am2 207
dE,[(w cm?2/GeV/ <'Pb)

* Scaling seems to be modestly g |
different at low and high pion HL z
energies, which is a feature also see T I
in models. oo
g [ ————
M.A. Ramirez et al, Phys.Rev.Lett. 131 (2023) 5, 051801 of S
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High energy
diffractive (?) m? 7 [

* Our electron neutrino
analyses found excess

events with dE/dx near

the “electron” vertex
consistent with photons.

* Most consistent with
high energy diffractive
’production missing

in GENIE.

* Important to add “by
hand” for all electron
neutrino analyses.

Fraction of events

Reconstructed E

600} Stalistical uncertainties only

%]
E Absolutely normalized §O of ~— Sim. single &
g Flux & bknds constrained % -== Sim. single ¥
L _h P4

+'(: £0.1

et

400

T o
bf%l» i

1 2
Min 100mm dE/dx in first 500 mm (MeV/cm)

RSITEIN
3 4 5 6

A + + Data
200r 15 lil;é#-'—++ "+ Eﬂ Final-state &*
‘- —'WE:;L_'- ‘_'t_{'t_% Final-state n° 0 7
a (LTI, -, {EER otrer ﬂ ’
E S 06
- + i
R TR T e e o
Z L +-""H-":t ------------- E"‘"*" .'FF ----- -++ ----------- i +" u— 05
a 05 H o
O L | i | i ! L ! ! L :
0 1 2 3 4 o
et
Q
©
E
LL

0'6: Unit n lized

[ Sim. errs = stat. @ sys _+_ Data excess
o5~ . Other NC n®

—— NC Coh

0.4
03 very forward
0.2k production
0.1 srsereren

L I B | | L e | L
C0 0.050.10.150.20.250.30.350.40.450.5
6? (GeV x radian?)

shower

* No model describes this!

Sorry.

3 April 2024

Phys.Rev.Lett. 117 (2016) 111801

5 6 7 8
Min 100mm dE/dx in first 500mm (MeV/cm)

Fraction of events

Unit normalized

+ Data excess

Sim. errs = stat. @ sys.

E}EEE ----- Other NC n°
: =~ NC Coh

RN SRR RRTS SN TR SR A

—+— Data excess
05—~ Other NC n°

Extra energy ratio ¥
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Reconstructed E_, _ (GeV)
10—
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4’_":El’«[]
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A at vertex
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Deuterium Tune

C. Wilkinson, P. Rodrigues,

e Results taken from KSM, Eur.Phi;J. C76 (2016)
analysis of ANL/BNL Model GENIE default ANL/BNL Tune
pion production data MPBES [GeV] 1.12 +0.22 0.94 + 0.05
. NormRES [%] 100 £ 20 115 £ 30
* Largest change is NonRESl7 [%] 100 + 50 43 +4

reduction of non-
resonant pion

. + G(;SNIEINom.(xz= 38.9)
production. +
—4— Data ANL
* But without + J{Jf
interference in the

model, this is a L Rl S : S 1) e
. 8.0 0.2 0.4 0.6 0.8 1.0 8.0 0.2 0.4 0.6 0.8 1.0
bandaid. Q? (GeV)

-------------------

1 T
Best Fit (2 = 32.2) Best Fit (2 = 21.3)

o]
=)
T

Best Fit DIS
-~ GENIE Nom. (2 = 25.0)
-~ GENIE Nom. DIS

—4— Data ANL

do/dQ* v,n — pnm*
[S*]
<

do/dQ? v,n — ppn’

3 April 2024 Kevin McFarland: Lessons from MINERVA



Pion tune results
1.

Form factor and non-resonant
terms are not strongly pulled.

Strong FSI pulls are preferred,

but hard to tell which.

Carbon data favors isotropic
emission, which perhaps says
more about FSI than emission.

Low Q? suppression is strongly

preferred.
.‘g LTy ccint, O]
=} _ =" T 0
E A JINERVA
e 2 preliminary
o =
&) = =

o
in

[ ] Jcint Frabs Fit

v, CC11" FrAbs Fit
——| v, CCNx" FrAbs Fit

== MINOS Parametrisation |
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02

04 06
Q* (GeV?)

do/d,, (cm¥/nucleon)

Number of events

1= it =TT 1
=43 ——BNLv_CCi1pData -
AS Eection g
200 e l=otropic Ejecion _‘
150 +—-A——. =l — _:
IUO:—+—‘ D2 data _-:
; compared to
R 0.5 0 modsl 1
cose:\dlcr
60’(1('1—“' T T
- ~4= v, CC* Data
L AS Eection
40 l=otropic Ejecion
_{_ + MINER VA

1@CC1n+'4*h»

+ prellmmary

b 50 100 150
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do/dT , (cm*nucleon/GeV)

do/dT , (cm*/nucleon/Me V)

1077
S T T
T —t= v CCi" Data
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r [ FrAbs =80% Variations
. [ FrAbs =80% Shape Var.
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15

10
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preliminary -
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O "0z 04 06 08 1
T, (GeV)

20210 .

e v GO Data
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| | Frinel =80% Shape Var. 1
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T 200 300
T, (MeV)
96



MINERVA's Four Charged-Current

Smg\e Pion Channe\s 0?4

m 7
c < — c S OF - (nucleons) ¢ Data (1.06e20 POT)
ot 2 POT Normalized O (] B
2 % 6~ MINERVA Preliminary = O 60 e — GENIE (MnvTune)
> £ F 3 € E- e NuWro
;z' £ i E 500\ @900 e GiBUU + coherent
g s El Coherent
T % T E a0
+ B N
e '« E
— — o
{ b ¢
N >
h %
= % £ B
O O 3
+ +
7T -~ T .
g = i Normalized 08) %
E 3 g0l —+— Data (3.33e20 POT) = H
c 5 —— GENIE = 3
< 2 - ---- NuWro > T,
L = e
- NE 20 O) g1
= [ = 1\?
— o B 0 R 1
tg [ .- vim P
= 10-? b
T G [
5 % | ] ----1“' 5
= " B8 05 1.0 15 2.0 't
2 Q° (GeV?) =
2=2E,(E 2
Q- = —p,C080,,) —m
vifu ~ Py uv i
. 2 2)
3 April 2024 (GeV?/c

* Neutral pion production
shows strong low Q?
suppression

e Unknown nuclear effect?

* Charged pion final states
have a coherent
contribution included, but
diffractive production
from hydrogen in
MINERVA unsimulated.
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Backup: Preview of Trackless CC1m™



| ~ | | k‘ * Technique is to find a Michel
—’A:;K »...,‘.: AN | later in time and match to
B P2 e | prompt (in time with the
50 55 60 6 70 75 80 85 90 95 100 105 110 11ﬁ| interaCtion) energy in the
/ \ | detector.
|
- * Allows access to t*
- Muon Clusters . . .
B Non-Muon Clusters | reconstruction without tracking,
- - Michel Electron Clus’rers|

so can go down to zero kinetic
energy.

[ Michel adjacent cluster
found

> L
/m

|
|
.+ Reconstruct energy by range.
/|
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Preview: Trackless (zero-threshold) mt*

MINERVA Work In Progress

* First observation... sub-tracking

. E : Kaons Only
threshold pions are very poorly o =
% 25_ -like
modeled. E T Mo
= L%) 20 }- Coherent Pions
% 4505_ Z :-Nn‘andM sssss (DIS)
E 4002_ 15 . n* and Mesons
350;—
3002— 10
250;—
200~ suppression is 5
E dramatic below
= 50 MeVin T,. 0
50— 1072 107" 1 10 107 10°
| Lya | I TR AT A Pion Range (mm)

1 1 1 1
1200 1400 1600
Pion Ranae (mm)

11 L1 1 11 1 11 1 11
200 400 600 800 1000

S R
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Preview: Trackless (zero-threshold) mt*

* Second observation... low energy coherent m* are underpredicted.

* “Available E-Tpi” means energy in event except rt* and lepton.

(Available E - Tpi ) <25 MeV

MINERVA Work In Progress

25 < (Available E - Tpi) < 50 MeV

MINERVA Work In Progress

50 < (Available E -Tpi) < 75 MeV

N, B Kaons Only . MINER VA Work In Progress
L 45 BN OE-like o [ MR Kaons Only % [ Kaons Only
? L EEEEEE Other b M GE-iike o [ QE-like
o I [ Neutral Pions g 10 BN Other 3 O other
P o IS Coherent Pions g I Neutral Plon O B Neutral Pions
S - I N n*and Mesons (DIS) -2 ~ | =] COh.era t Pio @ BN Coherent Pions
g B N *and Mesons (RES) £ . - — : :::: :m: :z‘:;) Camsmm N 7° and Mesons (DIS)
- I N 7°, no other mesons w - 5 a s N :r:and Mesons (RES)
= 30— 3 1 wioporn z - ed :lx..l:oothermesans = 7:_N , no other mesons
= I 1 " w Neutron - lﬂ‘w::morn . 1
- B 1 7" wProton = o 6 F— 1
25— — Data D.' I :’:
= 5 '_‘_—‘—
20 | -|—|- ‘I‘ + =
= 4=
15— | A -
10— 2 = |
= B |
r E
S 3
b ~ 5 ~ E
84 | I I | N Ll | g £
: : et o 8 Fr
5, Rinmil i M e +r

10
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Preview: Trackless (zero-threshold) mt*

* This is ~2/3 of our data. Cross-sections in pion and other
“available” energy. (Reference model is tuned already...)

9)(10739 %10~ x10~%° %103
sE- ~$- Den asE- 4 Data g ~4- Data 60 4 Daa
7E * == Simulation E —— Simulation 3 —— Simulation - B cimutation
= 30 o 50
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- . 45
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25 0.8 < pT,< 1.0 GeV/c 10— 1.0 < pTu< 1.2 GeVic 3k 0.7
E - g 0.6 4 <pTu< 1.6 GeV/c
8f 2-5§ 0.5
6 2 E 0.4
- 1.5F
af g 0.3
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005 01 015 02 025 03 035 04 045 05 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 .05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.
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MnvTune v4.3.1 + Pion KE Tune + COH Scale
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Preview: Trackless (zero-threshold) rt*

* This is ~2/3 of our data. Cross-sections in pion and other
“available” energy. (Reference model is tuned already...)

%1072 i<10 . %10 1(10739
5 :_ + Data 16 E_ + Data 22 E + Data 18 E_ + Data
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Backup: Other Reactions

 EMC in Neutrinos

e Electron neutrino cross-sections for comparison to muon neutrino

3 April 2024 Kevin McFarland: Lessons from MINERVA 104



Another Goal: Nuclear Effects in DIS

* In Deep Inelastic kinematic regime, there are a variety of
effects observed in charged lepton scattering: shadowing at
low x, Fermi Motion at high x and the “EMC effect”

u/e — Ca Ratio

* Viable models exist for the former two, 13 < Emc i
and related phenomena have been observed. 1] “B13o Anti-shadowi ﬁr
* Interesting to test with neutrinos as well. Q% et SILN>
uﬂ 0.9
* BUT, the “EMC effect” region has one data set, |

charged lepton DIS, on a variety of nuclei.

0 A1C
. L « L. . 0.001 001 x 0.1 1
* Difficult to distinguish models: CERN COURIER sea quark valence quark
“ ) ” Apr 26, 2013

the Eve ry MOdE| 3 COOI prOblem | 'I?he EMC effect still puzzles after 30 years

® NO neutrino data on these ratios 'Ih'hirty:ears;go, thh-enerlgy muons at CERIN reve:le:the first
. ints of an effect that puzzles experimentalists and theorists
prior to MINERVA. diketothinday,
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N Events

6 GeV DIS Ratios in Targets

* Models for EMC effect typically predict different effects

in neutrino and antineutrino scattering

* Completion of MINERVA's run allows “v-EMC” ratio measurement vs.

neutrinos on Pb

® ® ® ¢ antineutrinos on Pb

neutrinos on C

antineutrinos on C PI’OjeCthn fOI’

12E20 in

. __0.16
guark momentum fraction at % o1a
S~ \;\0.12
~5% precision for Fe and Pb 0"
=
x10° DIS Sample - Target 2 ‘ » <10° DIS Sample - Target 2 §0.08
255 (] Target 2 MINBR"“7Z‘:‘::2;"F:;;°9“*55 %’ 25:1? ) Target 2 : MINE};Z\'A_,Z:rk In-Progress % 82461
- Downstream Scint o C Downstream Scint] | TR g
20__'§"'BUpstreamScint. i ........... ................ |,|>j 20—_ Dupstreamscim_ % 0.02
E (3] Other Target : = N [ Other Target E 0
[ S S S 1] % - — 0
oLl £ .|
02 74 f6 16 20 22 24 26 20 O T4 16 16 20 22 24 26 2
Plane Number Track-Based Reconstruction Plane Number DNN
Along the way, we’ve developed a deep learning method for
reconstructing location of neutrino interaction.
Uses “domain adversarial” networks that learn to ignore model
dependent features. (See JINST 13 (2018) 11, P11020)
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of Fe/CH
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08 anti-v Prediction
2 oa s o8 o from Cloét
Rati Lead to C:H Cross —Section mOde/
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LE PRL 1089,
i 182301
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Electron Neutrino Interactions

* Eneutrinos are only 1% of our beam. But we have a lot of neutrinos!

* Unfortunately, there is nothing here that | can show (yet) you at cross-
section level. ~January 2024. But | can tease the sizes of the samples.

* Output will be be an E,,; differential cross section in lepton p (or
converted to three momentum transfer with some model dependence.

And a direct comparison to muon neutrinos and anti-neutrinos.
0.4<Pt_lepton (GeV)<0.6 0.4<Pt_lepton (GeV)<0.6

x10° x10°

25 —+— Data 0.25

20 in progress! 5 oo | in progress!
0 cc v, 202 02 _
C__Jcocyr
— 0.15 Ve
I v~ o
: Wrong Sign and nu+e .
- Others 0.05

0O 0.2 0.4 0.6 0.8 1 1.

Eavail (GeV)
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o (GeV)

3 GeV
v, CCQE

V

We all assume fundamental
coupling is universal, but know
nuclear effects are not!

1

Absolutely normalized (3.49

0.5

||||.IIJ'IIII|IIII]III1

MINERVA
x 10%®° P.O.T.)

—4— Data
== GENIE 2.6.2

ot

1, X{ndf55:12/6 =085

1 | |

1 R I B
00 02040608 1 12141618 2
%)

Q2. (GeV

* This result probes low Q2
* Measured cross sections and v /v,
ratio consistent with GENIE model
@ 710 (~10-20% uncertainties)
* Need better for DUNE.

p
. v, CCQE is
oscillation signal T 12f MINERVA | = | 8
f T2K d , 8 B Absolutely normalized (349 ><1020F_’.Q.T‘4) _8 %
Or an = -4 © 10 B Simulaig;::Izpaiirsi::r;ir?;tslsc?ﬁl? -
o «s,« M ] 2 - ~4-Data | W
MiniBooNE, but ‘ > = 7 | 8
th . I t 1l S 8. — Simulation >:: e}
< () - ©
ere IS almos % - Phys. Rev. Lett 116, ©
no data. p’ t 081802 (2016)
# o -
2 2
T w [ y#ndi=8750 = 0.97 ¢
0E.V=0.6 GeV, 'Muon and IEIectron Neutrino Difflerence _8 N%C' 00' X0F120‘40P6098 ‘ 4 1‘2 1‘4 E I6 E I8 >
Reaction space Q% (GeV?)
0.5} i
missing for v, 6@5 o 12 10,
. due to lepto . <
0.4 o SP 8 ¢ Ratesfor g
0.31 — Free nucleon o” 08:— Vv in _ 70
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L r 50
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Backup: “MINERVA” 2p2h Tune



-
N

-
o

&
o

true energy transfer (GeV)
o o
NN (o)

=
N

=
==

O lines W =938, 1232, 1535 MeV

bl]llll'lll]][l

f we had a monochromatic neutrino
oeam, like electron scattering...

—40 To do this in neutrino

35 scattering, we have to use
|3 the final state observed
energy since we don’t know
Incoming neutrino energy.

N do/dq dq_ (107%% cm2/Ge\V?)
K 3 GeV neutrino +carbon
B GENIE 2.8.4 withreduced =

-
-

\

\

\

0.2 0.4 0.6 0.8 1.0 1.2
true three momentum transfer (GeV)
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Since we don’t know neutrino energy...

* Must determine neutrino energy
from the final state energy.

. . Kinetic ener M»B“
* If that is known, 9y
* Neutrino direction fixed —Kmeﬁeeﬁergy'—
* Outgoing lepton is well measured. e :—’“0 ] n—_. ]
T 70

* MINERVA uses calorimetry for all i A A

but the final state lepton HEE NI

* Don’t measure energy transfer, ., NN ]
do but a related quan t’_ty Figure courtesy P. Rodrigues
dependent on the details of the E ovail = (Prot ok KE
final state, “available energy” avail = (Proton and 1t KE)

+(E of other particles except neutrons)




10° Events / GeV?

[ . (( . . ,’
Missing moderate |q5| “Dip Region
0.00 < Reco. q3/GeV <0.20 0.20 < Reco. q3/GeV <0.30 0.30 < Reco. qg/GeV <0.40
1.0} MINERVA
3.33x10° pot 7 * Nieves 2p2h & RPA
Red mOdeI iS GENIE : gOEtaH'S_ySt. error o model added to
05 2.8.4 with =M —— Delta mee, ° . .
Valencia 2p2h & RPA ;EH: —— 2p2h “2p2h” GENIE predlctlon
. ..,  Other used by MINERVA.
0.0 0.40 < Reco. q3/GeV <0.50 _'_;0.50 < Reco. q3/GeV <0.60 _'_’6.60 < Reco. qg/GeV <0.80 |q BUt |t doesnlt
1.0} : .
Misging strength in “dip Phys.Rev.Lett. 116 prowde enoug h
region” at moderate q3 (2016) 071802 Strength at
0.5 aze. B ' L moderate | q;].
0 P er—, I ﬁ N i —* g .
'8.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4

Reconstructed available energy (GeV)
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What can we do to fix it?

Quasielastic (single nucleon knockout) and
* The problem of course is that we 2p2h (multi-nucleon knockout) are the

don’t clean |y separate the dominant processes where the problem /(_es.
[ do/dq dq_ (107" cm?/GeV?)

-
N

—{a0
prO(.:esseS, and the .prOCESS 1.0:—3 GeV neutrino + carbon a5
choice affects the final state [ GENIE 2.8.4 with reduced )

B[~ lines W = 938, 1232, 1535 MeV _4s B30

measurement of the final state.

true energy transfer (GeV)
o o o
' o o)

S
N

olllllllllll]'l

-
lllll

PR ra PR N T
0.2 0.4 0.6 1.0 1.2
true three momentum transfer (GeV)

there are only so many possible *8.

contributing processes. Evail = 4o — 2T, — Em+.

|
need ~200 MeV to migrate from A
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What to Fix?» -,

* MINERVA’s low recoil data identifies
missing strength, but it doesn’t identify if
v,A(n) - u"pA' orv,A(nn) - u pnA’

* Default tune augments ratio of 2p2h nn/np
initial state as per Nleves model of 2p2h.

MEC Fudge QE Fudge

energy vs.

‘ momentum transfer
qo/q3 Bl of additional cross-
o\ e section

0.5]

or v,A(np) - u ppA’is the most likely source. O

* Different choices mean different E,,i1(qo)-

0.40 <Reco. g3 /GeV < 0.50

¢ Data
MC:
= Total+syst. error

— QE

— Delta
Teo __2p2h
._l_. . Other

0.2 0.4
E available (Ge



Does this lead to a descriptive
Quasielastic-like (CCOm) Model?



MINERVA v, and anti-v, “low g”

* Low recoil
Phys. Rev. Lett. 116, 071802 (2016)
and Phys. Rev. Lett. 120, 221805
(2018)
E do/dq dq, (10°° cm?%GeV?)

_—3 GeV neutrino + carbon

[ GENIE 2.8.4 with reduced = 5
-8~ lines W =938, 1232, 1535 M

-
(=]

true energy transfer (GeV)
o o o
£ (=2] (=]

©
()

'o Illlllllllllll

O.B

i PEEEPE B
0.4 06 08 1.0 3.2
true three momentum transfer (GeV)

Tune model (extra 1p1h or 2p2h) to fill
in dip region between QE & A.

This tune from neutrino data also
agrees with antineutrino data!

Remaining problem is low C¥ region,
consistent with pion production.
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Events per 0.02 GeV

3000

2000

1000

Inclusive” Vv, CC interactions in antineutrinos

Neutrino, 3'.33§'2_0 LE-beam POT, 'lﬂNERvA Preliminary
0.0< q3/GeV <04
= MC Total
— MC QE + RPA
— MC Delta
—— 2p2h tuned

¢ Data

neutrino
3.33e20 POT

Events per 0.02 GeV
S
o
=)

1000

. IAntl Neutnno 1.02e20 LE-beam POT MINERvA Prellmlna[x

0 0 < q /GeV <04
= MC Total
— MC QE + RPA
— MC Delta
—— 2p2h tuned

¢ Data

anti-neutrino|
1.02e20 POT

[&] () C
2 1.5 2 1.5
= = ' }
s M R ) . 3 [ e . '}
5 1.07° .o, : 5 10 v # ' ; ]
o.5iTune is fit to neutrino data only... o0.5}...and describes anti-nu well
0.0 0.1 0.2 0.00 0.05 0.1 0.15 0.2
Reconstructed available energy (GeV) Reconstructed available energy (GeV)
% Neut.rino, 3‘.33e20 LE-beam POL,Q/II:JERv//;F;r\eIIi:i;asg % Antl Neutrlno 1. 02e20 LE- beam PO'(I') ;/II:EvaAePer\elllr:w;;a'gsy_
8 | neutrino 4 < 9 8| $200  anti-neutrino %
o 3000 o = MC Total o 4 = MC Tolal
p= - — MC QE + RPA P — MC QE + RPA
o — MC Delta o 1500F — MC Delta
% —— 2p2h tuned % —— 2p2h tuned
52000 ¢ Data § " ¢ Data
w w 1000
*
1000 e,
5001
| g = — et
g 1.5 g 1.5f T T t
. Q2~0.0| £ ., Q2~0.0
g 10f, eeteec e o . g 1.0 0000 . *
. . . .
o.s5iTune is fit to neutrino data only | 0.5¢
0.0 0.0

0.2 0.4
Reconstructed available energy (GeV)

Kevin McFarland: Lessons from MINERVA

0.1 0.2 0.3
Reconstructed available energy (GeV)

116



MINERVA v pionless events (CCO)

* What if we take tune to inclusive data and feed it back to
predict muon distributions in an exclusive channel?

15« p“_,v‘GeV <20 | 20< p”,.v'GeV <25 | 25< pH.-’GeV <30 | 3.0< pHv.-‘GeV <35

d?o 7
dprdp

EoN
o

V

20|

—&@— MINERVA Data

d’o/dp dp, (x107 cm?/GeV?/c?/C'?)

48 I 3.l5 < p”_.«’GeV < 4.0 | 40 < p“_.v'GeV < 45 | 45 < pH,-'GeV < 50| 5.6 < pHv,-‘GeV < 6.0
GENIE 2.8.4 with
x2 x2 x2 x2 ——  MINERVA tune (RPA,
20t . - - 2p2h)
ﬁ__ —— GENIE 2.8.4 (out of
48 I 6.(l) < p”_.«’GeV < 8.0 | 8.0 l< pH,-"GeV <‘10.0 I 10.0l< p”_."GeV <‘15.0 i 15.0 < p”_.v’GeV < .20.0 the bOX)
x 10 x 20 x 30 x 50
20+ i - i :
H
0 1 2 0 1 2 0 1 2 0 1 2

Muon transverse momentum (GeV) Phys. Rev. D 99, 012004
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Ratio to Default GENIE

MINERVA v pionless events (CCO)

* Tuned vs untuned in an exclusive channel

1.5
1.0

0.5¢

0.0

1.57

1.0

0.5¢

0.0
1.5
1.0
0.5
0.0

1.5<p/GeV <20

& MINEAVA Data
— AMrGENIE 1
— GENIE 2.8.4

w— GENIE+RPAL+ 2020

0<p/GeV<25 2.]< p/GeV < 3.0 ' 30<p/GeV <35

35<p/GeV <4.0

o

40<p/GeV <45 45<p/GeV <50 50<p/GeV <60

fﬁ*{ﬁ_ 4 I - |

6.0 <p/GeV <8.0

8.0 <p/GeV <100 10.0 < p/GeV < 15.0

Ifr I p /GeV < 20.0
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2
d“o;

ot

dprdp

MINERVA’s

tune

9)

V

@® MINERVA Data

¢ == MNVGENIE v1

- GENIE 2.8.4

¢ GENIE+RPA+2p2h
0 1 2 0 i 2 0 i 2 0 i 2
Muon transverse momentum (GeV) Phys. Rev. D 99, 012004
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MINERVA v pionless events (CCOr)

e What if we take tune to inclusive data and feed it back to
predict muon distributions in a different exclusive channel?

= %10° «10°% x10™ x10™ x10™ e
S ; : af 2 - 0m
S [ 150<p=s200 |3} 200<p =250 3l 250 <p =3.00 3.00 <p =3.50 15 350 <p =4.00 d O-CC
3 - i [ :
. éi 2f 9 I A== [ — d d
g | i = 1 - ; Lo 05 Lo MINERVA-tuned GENIE
E ® . Lo . . F‘ Y (RPA&2p2h)
Vnhoo"'bs'ms% 055 0 o5 T ® s %05 1 015 U 05 1 15
5[5 x10® x10™ 02107 x10* x10* MINERVA'’s tune
C 08 400 <p”55.00 0.3k 5.00 <p = 6.00 ' [ 6.00 <p = 8.00 | 80F 8.00 <p = 10.00 40F 10.00 <p = 15.00
' 0.15} [ I
il ® + &4 | e o | GENE+RPA:
= 02 @ ot - untuned 2p2h
0.4 —— 40} 20b L
@ $ e LI ¢
0.2} e 0.1 = 0.05} B 20 ol E=
OP Y TS o’ ........ O 0}‘-{ ........ e = . & ® . — =
0 05 1 1.0 05 1 15 0 05 1 1£ 0 05 1 15 0 05 1 15
p.(GeV/c) —@— MINERVA Data GENIE + RPA
Phys.Rev. D97 052002 MINERVA-tuned GENIE GENIE + tuned 2p2h
(2018) (RPA & 2p2h)
GENIE + RPA+
——— Standard GENIE 2.8.4 untuned 2p2h




Entries/Bin

Low energy protons in CCOTT events

* Does this tune get details right, like energy
from protons below tracking threshold
(“vertex energy”)?

MINERVA anti-v v

S b ('jatz; S 3 . * MINERVA Data
— ¢ : 10 i -
QE-like:  background: | = gEt:ll::-geEsonant
10 v = L QELike-DIS
WCE  E3CE 1 > B QELike-2p2h
@ois  [EJDIs 1 = I Constrained Bkg
[RES  [JRES 1 510208
10° e [JCoherentx 4 &
-
o
1 >
10°F -
10
L S T < U T P T U T DO P T TR
: 0.2 0 50 100 150 200 250 300 350 400 450 500
Vertex Energy (GeV) Untracked Vertex Energy in 150mm (MeV)
Phys.Rev. D97 (2018), 052002 and Phys. Rev. D 99, 012004
(2019)
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1.6}
1.4}

1.21

1

0.8}/ |

— Data —— MnvGENIE v1

Ratio to default GENIE

0.6f

— GENIE 2.8.4 == GENIE+RPA

0.4} GENIE+RPA+2p2h === GENIE+2p2h

0 50 100 150 200 250 300 350 400 450 500
Untracked Vertex Energy in 150mm (MeV)
LeT 7T Untracked
,’ . protons near
' vertex found by
calorimetry

-

U
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Backup: Almost Elastic Tune and
T2K Energy Dependence



CCOm Model Tune

S0, Minnie, now eI © For these “least inelastic” events,
everything points g ‘
Y e 0P do'with that in MINERVA has found a tuned model

my oscillation which explains:
experiment?

..to 2p2h. But our
\. models for it must
- “be wrong. ¥ * Lepton energy-momentum distributions

* Details of nucleon recoil

* Not theoretically
motivated (=magic?),
but identifies particular
energy-momentum transfer.

* NOVA uses this technique on its own
near detector data for its oscillation
analysis to tune 2p2h. v

. ; % ‘\ '\m %
J - \ _ @ °* Can MINERvVA's tune be applied to
T2K, SBN/MicroBooNE energies?
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Implications for NOVA and T2K

Event rate ratio: Tuned/Default

~ 2510’ NOVA Preliminary
> 3 L L L L L L R A A B AL IR L
& [ \ou B | & NOVAND data i
T2K CCQE+2p2h s | H— o Vu T Ao vy vune T
g 2 ._ Valengia 2p2h tuned _fﬂ BRI by, 7~ P NOvVA - MEC shape -ic
? ) - S qoolrel " Tileg e NOVA - MEC shape +1c _|
= Tuned/Default g Prediction AT e Non-MEC ]
I for NOVA k= -
[ inclusive .
— 1 10_ -
[ | Tuned >
=105 i 8 12 =
B ~ 1 =
20 40 60 80 100 120 140 160 180 ° N O 09 E
Muon Angle(degrees) i LI—:. S 8 3
-Beam energy ~ 0.6 GeV B T e R R 0 01 02 03 04 05 06
.Default: GENIE 2.12.12 w/ Valencia 2p2h True Neutrine Energy (GeV) Visible E, _, (GeV)
.Tuned: default + 2p2h-like enhancement ' '
14 Beam enéé%)(J‘Ql@W/, JETP Seminar, June

.Non-negligible impact in CCQE-like full
phase space at T2K energy, especially at high
angle

.Default: GENIE 2.12.12 w/ Valenci¢@h8h
-Tuned: default + 2p2h-like enhancement
.Non-negligible change in inclusive energy spectrum at NOvA energy
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Apply to T2K CCOTt... too muc

2
d cs/dpudcosE)Pl

2
d cs/dppdcos@H

_
o
!

B

S
T

cos6 : 0.6-0.7
L -— MC Corrected

— - MC Oiriginal

large at

Fudge too T

high angle 1

cos6 : 0.7-0.8

— CCQE
—— 2p2h

cos0 : 0.8-0.85

Patrick
Stowell’s
thesis

cos6 : 0.85-0.9

cos0 :0.9-0.93

1 forward going slices.

— COSO :0.98-1.0

Shape slightly
improved in very

p, (GeV)
MINERVA tune, compared to data from Phys. Rev. D93, 112012
Ke\ﬂzagFé)/and: Lessons from MINERVA
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p, (GeV)

p, (GeV)

124



Could the “MINERVA tune” be Energy

Dependent?

* At MINERVA energies, should we .
expect any? Not much. * [t turns out that there is a general form for

energy dependence in exclusive and
inclusive reactions on nucleons:

daldQ* (nue L-S neutron mA=0.99) at Q°=0.3

do
- Q%=0.3 2 — LB =2
5"3:" GeV/? — Aterm E3 dQZdv A+ BE, + CEv
' z:e'm * This holds for QE, 2p2h, etc.
T2K MINERVA o

An expansion similar to eq. (2.5) holds for Z 2 m,,, in terms of k and ¢q. Hence, whatever the
explicit form of the lepton and hadron currents:

DTm,, LLWH=A+Bk-P+Ck-P)?, Q.7

{ 5 10 a quadratic polynomial in the laboratory energy E, = k- P/M whose coefficients 4, B and C
depend on v, g2, and the reaction in question [L14, P2], It follows that if the interaction is of the
CCE on free heutrons Ev (Ge V) current-current form then E? d%0/dq*dv is a quadratic polynomical in E,, (cf. eqgs. (2.10) and
(2.11)) and therefore only three combinations of structure functions are obtained if the final

o Wha taret he A, B, C terms ? lepton polarization is not observed. An alternative way to obtain the same result is to note that
C.H. Llewellyn Smith, Phys. Rep. 3 261-379 (1972), p.
280




d’o/dp dcos6,

d*o/dp dcosb,

n

W
(=]

.

[en}

)
e O
o

N

Halving T
\ enhancement 7
would help

here. |

Patrick

thesis

Stowell’s |

._.
[=) >
' I

-

D)

N
F——

Applying to C
would maintain
strength here

P, (GeV)

p, (GeV)

1

p, (GeV)

p, (GeV)

Scaled MINERVA tune, compared to data from Phys. Rev. D93, 112012

(2016)

* Applying to the C
term, as though
this were the
standard 1plh
Interaction, get
better agreement.

 However, without
a model, we don’t
know energy
dependence of
this missing
strength.



Backup: More Coherent on Pb



Coherent pion production on
MINERVA’s other targets, Fe, Pb

* Sneak peak! Short version is that A scaling is not radically wrong, nor
correct in detail. Slightly longer version, | think, is that the pion energy
distribution prediction is wrong, more so in heavy nuclei. and causes

the problem with the naive A-scaling.

V,+C > W+ n*+C

o

[ P E—

MINERVA
1.05E+21 POT
CH target

do 11039 A2 12
dE11(10 cm?/ GeV/ '“C)

Nll{lI|II|||||I|NII|I|[I[II
I

e

CH

||||||||||||||
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E, [GeV]

g—gn (10% cm2/ GeV / 27Pb)

14

12

10

v,+Pb - p+ 1t + Pb

MINERVA
1.05E+21 POT
Pb target

Pb ° Neither model predicts
the shapes of heavy
nuclei
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Backup: Pion Selection



Pion Selection and Kinematics

E, = E,, + Ey (En determined calorimetrically) E, = E,, + En (En determined calorimetrically)

e Reconstructed E € [1.5, 10] GeV ® Reconstructed E € [1.5, 10] GeV
o I1Im:W<1.4GeV
e NI W<1.8GeV

v, +CH — u~ + 17" + X(nucleons) U, +CH — p" + 1~ + X(nucleons)

E, = E, + Ejo+2Tp + Evix + Eextra E, = E,, + Ey (Ey determined calorimetrically)
® Reconstructed E € [1.5, 20] GeV ® Reconstructed E € [1.5, 10] GeV
e Invariant 1° mass € [60, 200] MeV/c? e Invariant T1° mass € [75, 195] MeV/c?
W< 1.8 GeV
v, + CH = p~ + 17° + X(nucleons) Up 4+ CH = u + 17° + X(nucleons)

3 April 2024

Q" =2E,(E, — pucos(fuv)) — mi

W2, = —Q° + my + 2mnEx (mn = nucleon mass)
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Backup: Neutrons



Neutron Production in Low Recoil v

* Finally, we can look at the numbers of neutrons as a function
of momentum transfer.

120 Color |
i 9
110 Neutron Candidate Scale |
100 Y\ < M i MeV 1/
L}
90
M I i 7
cTJ = Vertek . uon activity exclusion zone
Q ‘
E 70 Box 0
2 6o Wy - EAE Untracked activity 5
o M e is spatially connected
[ 0T = 4
® LT to activity from vertex
U - in U and V views, .
T don't search for neutrons
20 (MC says it was a pi-) 2
|
7 X view ECAL ~ HCAL ||
0
\[5 (I) 5| 1'0 1'5 2'0 2'5 3'0 3'5 4'0 4'5 5'0 5'5 6|0 6|5 7'0 7'5 8|0 module number

neutron candidates per event

Data/ MC

0.4

0.3

0.2¢

0.1

1.5

anti-neutrino, 1.02e20 LE-beam POT, MINERVA Preliminary
T T

04 < qs/GeV <0.8
—— MC Total + syst. err
. — Alternate MC

— GENIE neutrons
------ protons and pions
¢ | — pizero and EM
. ¢ Data

TT'E, e 4

1.0

0.5

-20 0 20
candidate time since vertex (ns)

neutron candidates per event

Data/MC

anti-neutrino, 1.02e20 LE-beam POT, MINERVA Preliminary
. a . : . . 4 J - . -

0.20¢ 0.0< qslGeV <04
= MC Total + syst. err
— Alternate MC
0.15} ) I — GENIE neutrons
) 4| protons and pions
—— pizero and EM
¢ Data
0.101 f
+
0.05}
* v
15
1.0 '
. = : ° . + +
.
0.5
-20

0 20
candidate time since vertex (ns)

* Agreement is not as pretty. See excess of low momentum candidates at high time.
* Likely neutron interaction model or low energy neutron production.
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Backup: Tranverse Balance and
Models



“Neutron momentum” from transverse
kinematic balance

x10°°  [Phys.Rev.Lett. 1 21 (2018) 022504]

x 1 0'39 [Phys.Rev.Lett. 121 (2018) 022504]
L e

6 @i @ e GENIE No-FSI (11.5) - 6 - NuWro w/ LEG -
L MnvGENIE-v1-hN2015
B cE — NuWro w/ SF
Res
| DIS+Other | i - Data
4 |. 2p2hLow-Recoil Tuned | 4 B - IIC*

—— MnvGENIE-v1 (hA)
—e— Data

NuWro

Fermi
motion @

n

i

n
T N T
T N T

n

do/dp_(cm?GeV/c/nucleon)

do/dp_(cm?/GeV/c/nucleon)

). | O P E I RN T R
0O 02 04 06 08 1 0O 02 04 06 08 1
p_(GeVic) P, (GeV/c)

Global Fermi Gas with Bodek-Ritchie tail  Local Fermi Gas Spectral Function

.Base Model depends on 1plh and Short Range Correlation (SRC) modeling
.Critical to separate QE and RES to reduce Base-Model-dependence
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Backup: Neutrino CC Inclusive
Cross Sections



Low nu technigue to measure total

Cross Section

5 B FHC Neutrinoc —Simulation
g 80|l
S #Data
= o
> 60
S
€ -
o - ——
= i e
"05)' 20 , -,
—= 10 15 20
0 PN I T N IR T N O A B A AN A 11
0O 2 4 6 8 10 12 14 16 18 20 22
Neutrino Energy (GeV)
— = RHC Antineutrino _ gjmulation
< Br # Data
D i
= 60 3
D |
Q I ]
£ 40p -
B i .
g i 1t —
‘g T Y (S -
L)) 2 10 15 20
=
0 PRSI BRI N A B A o]
0 2 4 6 8 10 12 14 16 18 20 22

Neutrino Energy (GeV)

-t

2 Neutrino

0.8 x

0.6

©
=

ineutrino

IIITI

0.35

=

0.3

l1rlTrl|1

e
n
i

10 12 14 16 18 20 22
Neutrino energy (GeV)

Phys.Rev. D94 (2016) no.11, 112007 and Phys.Rev. D95 (2017) no.7, 072009
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® mineRva 2017
B minerva 2016
O T2k 2018
¢ T2K 2014

X T2k 2013

4 argoNouT 2012, 2014

o sciBooNE 2011
A mnos 200
W nomapzo0e
¥ unr1sss
A\ en1seo

¥V skar1om
X cemisre
[] eeec1sms

X ITEP 1979

o'/o

0.6

0.2l

0.5/
0.4}

0.3}

A
—GENIE v284
® MINERVA
e} 0 GGM 1973

* ITEP 1979
A MINOS 2009

N N I P I I
10 12 14 16 18 20 22

Neutrino energy (GeV)
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Backup: Detector



Detector

[ | Elevation View
[ 4
Side HCAL M
/
Side ECAL =
- = // 9 E
T 5]
3 D = v-Beam ) 2@
el o g 9\1 5 P . .E.; E
9| - L c 2 o 3 (o) (]
% > > 9 Active Tracker h g 2 €2 E E - B
3|2 i : EE| 2€ |22 | 88
G = g Regian S| 8BS |as | 22
ANE 5o 58 Tw (7
B | E 209 8.3 tons total 00 o 0 -
‘© QT w O o
7} 4
n Helium S > 35
< 15tons | 30 tons s s
Side ECAL 0.6 tons
Side HCAL 116 tons
T v
e < 5m »<—2 M —>

3 orientations
0°, +60°, -60°

Detector comprised of 120 “modules” stacked along the beam direction
Central region is finely segmented scintillator tracker

~32k plastic scintillator strip channels total
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Events in MINERVA

3 stereo views, X—U —V/ , shown separately

VA

Particle leaves the
inner detector,
stops in outer
iron calorimeter

color = energy

n VA < o
[+ @ oo
N ol ko -
| 1 1 1 1 1 I I I l/ | | | 1 \I 1 1 1 1 I I I 1 |
2 120 va Z 120 M =
S H >T o >
% 100 /o?k/ng down on detector 3 100 .+60 3
v beam T 1 o] O T
direction _ . 60
it ! —

40-+++— aui ~ ~ 404—++21—— o e 40 v

20 20 "f‘:w',i!_ 20

0 | | | I I I I I I I | | 0 | 1 1 1 1 I I ' I I I | | 0 | 1 | 1 1 I
~N - ™
[~ = L

b 10 20 30 40 50 6'0/7’0/ 80 90 100 fi10 0 1o 1004
i Stops in Scintillator, 10-
5 - S best hadron particle 1D
“— W
W 1 |
Muon leaves the back
@eﬁ“'x of the detector headed
W toward MINOS
3 April 2024 Kevin McFarland: Lessons from MINERVA

4 6 8 10
Hit Energy (MeV)
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Passive Nuclear Targets

Scintillator Modules

3”C/1”Fe/ 6” 500k .5”Fe/.5” Pb
1”Pb /1” Fe 1” Pb Wate,g 161kg/ 135kg
~ | 266kg / 323kg  166kg / 169kg pmmemesmn: i
250 kg 17 Fe/1” Pb o g MR [ . IS

3 April 2024 o 7 Kevin McFarland: Lessons from MINERVA

140



Hadron Testbeam

protons
= [ .
8 ..F .
g ®E  +30% variation in E
e ionization E
2 F saturation :
© BF  (Birks’ constant) E
g F shown ]
10— =

. 55—3_7 - _:

> g 1'105_ _E

2 0.65 > 1.05F 3

g r & 1.00F =

2 [ oosp- ! . .00 0 -

E 5 16 14 12 10 8 6 4 2 0

S 0.60— planes from end

g U0

s [

go.ss_— ~\ high-energy charged pion

() - < / ~ (0)

£ [ points: data response uncgrtamty 5%

2 50 Band: simulation (before tuning hadron

i 06 08 1.0 1.2 14 16 18 interactions in detector)

Pion Total Energy = Available Energy (GeV)
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