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Pions in the Low Energy Beam

= With our latest measurement of 7.CC1lm, MINERVA has measured all single pion
production channels on scintillator
= Discrepancies between data and GENIE in all channels
= Quick overview for this talk:
1. Single pion production channels and how MINERVA measures them
2. Comparisons between kinematic distributions of each channel
3. NUISANCE Pion Tune with MINERVA Data

v, CC1x* v, CClm™

v, CC17° 7. CClx’
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The four incoherent single pion production channels

v, CCln", v, CCNm*

vp + CH = u~ + 17t 4+ X(nucleons) 7, CClm
vy + CH — u~ + No* + X’ (baryons/mesons) U, + CH = pu* 4+ 17~ + X(nucleons)
Phys.Rev.D 92 (2015) 092008 In preparation

Phys.Rev.D 94 (2016) 052005

7,CC1x°
Up + CH — ut + 172° 4+ X(nucleons)
Phys.Lett.B749 (2015) 130-136
Phys.Rev.D 94 (2016) 052005

v, CC17°
vy + CH — p~ + 17° 4+ X(nucleons)
Phys.Rev.D 96 (2017) 072003

» These results were taken using the low energy beam configuration
= All plots for the NTT* results are in the backup slides
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Why measure all four incoherent single pion production channels

= Difficult to disentangle nucleon and
nuclear effects

n Elastic

= For example, final state interactions (FSI) N

can migrate between charged pion and
neutral pion events

Vy CClnt =P Uy CcCin®

= Discrepancies in one channel may Ve Abébrpuon
show up in the other | T
= |nitial nuclear state cares about v, vs v, Pion Production
modes from T. Golan
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Looking at muons and pions

Muon
® Provides information on the initial state of
the nucleons within the nucleus

Pion
e Undergoes final state interactions within
the nucleus

® By comparing to muon kinematics, allows
isolation of final state effects
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Measurement of isospin amplitudes

—
T

¢ = 90°
MINERVA

® Can decompose different channels 0.8

into nucleon level cross sections
0.6

e Allows us to find the relative strength ¢ =120°

R,=c (Wpn)/ounm)

and phase between the amplitudes 0.4 ., e,
. . - “~R"=1.0
of isospin 1 =1/2, 3/2 0ol A Raa =19 4 = 180°
: . ‘\\\BV =AE§//
O 1 | 1 I 1 Sl L 1 | 1 L 1 | Il
0 0.2 0.4 0.6 0.8 1

R,=c (u'nn®)/o(u'nm)

{83, UNIVERSITY~ ROCHESTER Aaron Bercellie




MINERVA Detector

Side View Front View
Complete Detector
= Elevation View
Side HCAL M
Side ECAL F
= S // § g
$ %5 v-Beam 2 'g
|E <3 Imel - 88
o3 F ks h E E s
&2 =3 Active Tracker EE §E EE | =8
3| (2 S 8 Region g_ § S 2 ‘§_
= |- - ) []
» €|  Liquid % %) 8.3 tons total & S © 8 =
Q o
* T z 15tons | 30tons § g
Side ECAL 0.6 tons .
Side HCAL 116 tons
— 5m 2m—»
Fiducial Region: 5.57 tons
127 plastic (CH)
/plane
for 3-d reconstruction
Nucl. Instrum. Methods Phys. Res., Sect. A 743, 130 (2014). X u v

Nucl. Instrum. Methods Phys. Res., Sect. A 789, 28 (2015).
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MINERVA Low Energy Flux

=  From 2005-2012 (2010-2012 full detector), MINERVA received both neutrino and
antineutrinos from the NuMI beamline in low energy mode
= 4e20 protons on target
= |mproved our prediction of flux using simulation tuned to world hadron production
data as well as in situ measurements (low nu method, neutrino electron scattering)
= Deepika Jena will be giving a talk about the MINERVA flux in the medium energy
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Arachne Display of MINERVA Event
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T1* Pion Reconstruction

e dE/dX profile of track consistent with T1*
e Momentum found from dE/dX fit (by range)

3.0¢

§

% 25 :_ —+— Simulation —— > -
L o I o<

= o e

x [ e pion fit -

S 2.0F s

©

15 [ == proton fit

o.sf— __L)
B e m  Michel electron matched to the end of track
R m  No Michel electron
vp+ CH = p~ + 17t 4+ X(nucleons) 7, + CH = pt + 17~ + X(nucleons)

e Ability to see charged pions in MINERVA has energy thresholds ~[50,300] MeV
o  Tracking requirements, pion interactions

e 1T typically absorbed into nucleus
o  Hard to tag with Michel electron, difficult to reconstruct momentum
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11° Pion Reconstruction

e Has two photon candidates
Photon conversion distance from interaction vertex > 15 cm (> 14 cm for most energetic y )

e  Energy found calorimetrically, energy distribution fitted to invariant mass peak
EM Shower 1

% EM Shower 2 10°
% B POT Normadized (a)
e s —4— Data (232620 POT)
o - - [0 signs
o _v_y, __________ Y}:/ Y2 u § ; 57:1-«: Background
% 05
roton € I
proto % [
. 0 L
Invariant 7~ Mass s
0
2
Vu + CH = = 4 12° + X(nucleons) Tp + CH — pt + 12° 4+ X(nucleons)

e Easier to see additional nucleons due to clearer vertex
e Llarge energy thresholds ~[0, 1000] MeV
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Event Selection
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Event Selection
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Event Selection

. N [ 30
120 . £ 28
1 MINOS Matched p T ' 2
| 100 T 24
e . s o ! 1 MINOS Matched p* »
80 4 80 T TR T (R > R R SRR R PR D) = 20
70— T—i— T N\ - - - 1&
o0 < 2 primary hadron tracks ‘ - jj
- - - 50— 1 o
40 1 z-like track with matched Michel ) < 2 primary hadron tracks N
ol No unattached tracks o
20 2] 1 z-like track, no matched Michel i
4 -6
24 28 32 36 40 44 48 52 56 60‘64‘68‘72I76I80I84‘88[92‘ e 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 1O 15
R S— + p—
vy +CH — p~ + 1" + X(nucleons) Up +CH — p™ 4+ 17~ 4+ X(nucleons)
IR  BEE 28 120
[ 11 | | | il
i - . 100 1 MINOS Matched p*
g Q 2 (_’_‘—T ” = = -
8 4 W E— > 80 = —
e 20 -
L4
i 1# 60 * S L. B o =
1 MINOS Matched p % 1 > |~
S = e L Wb -~ Ve, .
. -
\”. L2 Tracker Region
Lo 20
Tracker Region
24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92
_ — + 0
vy + CH — p~ + 17° + X(nucleons) Vu+CH — p” +1m + X(nucleons)

@@W/E UNIvERSITYOf RO CHESTER

Aaron Bercellie




Event Selection
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Event Selection
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Kinematic Definition

Q° = 2E,(E,, — pp.cos(6,.)) — mi

® Four momentum transfer
Primarily relies on muon kinematics
e Neutrino energy is typically the muon energy + calorimetric hadronic energy

We2xp = =@ & m,2V + 2myEx (my = nucleon mass)

® Invariant hadronic mass
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Event Selection and Phase Space

vp +CH = p~ + 17t 4+ X(nucleons) 7, + CH = pt + 17~ + X(nucleons)
E, = E, + Ex (En determined calorimetrically) E, = E,, + Ex (En determined calorimetrically)

® Reconstructed E € [1.5, 10] GeV e Reconstructed E € [1.5, 10] GeV
o 1T:W<14GeV e W<18GeV
e N1T":W<1.8GeV

Yy + CH = p~ + 12° + X(nucleons) Tp + CH — pt + 17° 4+ X(nucleons)

E, =E,+E 0 +2XT,+4 Eyix + Eextra E, = E,, + Ey (Ey determined calorimetrically)

® Reconstructed E € [1.5, 20] GeV e Reconstructed E € [1.5, 10] GeV
e Invariant TT° mass € [60, 200] MeV/c? e Invariant TT° mass € [75, 195] MeV/c?
o W<1.8GeV o W<1.8GeV

Q° = 2E,(E, — p.cos(0,)) — m’

W2, = —Q% + my + 2mnEx (mn = nucleon mass)
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Coherent Pion Production
Phys. Rev. D97 (2018) 032014

*  MINERVA has also published results on neutrino Phys. Rev. Lett. 13 (2014) 261802

and antineutrino induced coherent pion \1,.\/:/

production .
- Datash - @
atas ows' preference for the Berger-Seghal over . :
GENIE’s Rein-Seghal model wip T

» Rein-Seghal: A3 scaling, uses elastic /\

TT-nucleon scattering data
= Berger-Seghal: A scaling, uses elastic T1-C

ttering dat : V,*A S+t +A V,tA S w+nt+A
Sca erlng ata L ;‘mik\é;por -4-DATA =) 30 MINERVA -4 DATA
. . 3 +. - £ 3.04E+20 POT J— X
= NEUT RS prediction was poor at low E_ ;5 sf- e L e
» Berger-Seghal has been implemented in GENIE > 4 I
@ o >
* Coherent pion production provides an important % i: e
contribution at low Q? for T* channels e E
. . s 2r
= MINERVA has that scaled simulationatlow 2 | “-3
. w 1 i
E_ to MINERVA data, which suppresses Q2 ~ Sl - | ol
m ¥ . T
2 | IS PweY e | el ' e L] ‘ " R T .. T“ L
0.1 GeV ©05TTTIST2 2573 35 4 45 6162 63704 05 06 07 08
E. (GeV) Q? (GeVic)
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High Energy Diffractive T1° Phve.Rev. Lot 117 (2016) 111501

\’/
q'w*
1 I —
= In electron neutrino analyses, found an t! =*
excess of events with photon like o T
P P
showers
. . 4‘9 0'7: Unit normalized
» These events are most consistent with £ of smem=saoss ~ Data excess
. . . > . T e
high energy charged current diffractive o [ SIS
0 . ‘D 0.5 — NC Coh
T production s b
. . . . . = 0.4F
= Production channel is missing in GENIE gt |
. L. = 0.3F ke +
= Therefore, our GENIE predictions o :
are missing a sample of neutral 0‘2;_ —}—
. . 2 0.1 -
pions with E_>2 GeV at low Q o T ——
Eecicd g iclpagolagngain) gy g gl aea ol
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Simulation Software

= GENIE Event Generator v2.8.4 with Tuning simulates neutrino interactions
= GEANT v9.4.2p02 simulates particle propagation through matter

Resonance Rein Seghal (W<1.7 GeV) A(1232) w/ Rarita Schwinger
Non-Resonant Scaled Bodek-Yang Scaled Bodek-Yang
Nuclear Model Relativistic Fermi Gas Local Fermi Gas

No Pauli blocking for res production
FSI Model Effective Cascade Salcedo-Oset, Full Cascade

= Resonance Models
= GENIE: Rein-Seghal with modern baryon-resonance parameters
= No resonance interference, no lepton mass
= NuWro: Explicit A(1232) with background added incoherently as a fraction of DIS
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Refinements to GENIE v2.8.4

= Recent analyses have led to tuning that improves GENIE v2.8.4 ability to fit to MINERVA and external
data
=  MnvGENIE-v1: Tune to Deuterium Data (C. Wilkinson, P. Rodrigues & K. McFarland Eur.Phys.J.
C76 (2016) no.8, 474.)
= Reanalysis of ANL/BNL data on single pion production on deuterium
= Primary effect is a reduction of non-resonant pion production
= Leads to better agreement for CCinclusive analyses
= For MINERVA tunes, we scaled the default GENIE vu(v:) non-resonant pion production rate
by 0.43+ 0.04 (0.50 £ 0.50)

';‘ —— BestFit (4 = 10.6) E 1.5} —— BestFit (¢ = 5.6)
. ; -~ BestFitDIS ; = Best Fit DIS
Model GENIE default ANL/BNL Tune £ ' ---ceuenone- 109 E | ---omvenom s 159
= E — = GENIE Nom. DIS E 1o —— GENIE Nom. DIS p——
MEES [GeV] 1:12 +0.22 0.94 £ 0.05 1of H o o —

NormRES [%)] 100 4 20 115 + 30 " ’ 0s
NonRES17 [%)] 100 £ 50 43 +4

O.Cu 3 O.GO

Neutrino energy (GeV) Neutrino energy (GeV)
(a) ANL E, (b) BNL E,,
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Further Refinements to GENIE v2.8.4

= MnvGENIE-vl: Added a sample of CCQE-like 2p2h events tuned to MINERVA data
* Using the Valencia model prediction for 2p2h, reweighted events in (qo,q3) space to MINERVA data
* Negligible effect on the pion production analyses
* Valencia model, Phys. Rev. D 88, 113007 (2013).
=  MINERVA-Tuned, Phys. Rev. Lett. 120, 221805 (2018).

0<g/Gev<04 04<q/GeV<08
i MC Total
_ ‘otal
g 2000t
S --MC QE+RPA |4
=2 F i MC A
[h]
o

== tuned 2p2h
1000
b + Data

Events

0.0 01 02z 03 00 01 02 03
Reconstructed available energy (GeV)

Reweighted CC coherent scattering model to match with MINERVA
measurements

* The outline of this tune was previously described in slide 19
*  Phys. Rev. D 97, 032014 (2018).
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Important Caveat
= Two channels: v,CCln"and 7.CC17° use GENIE v2.10.10 w/

= Only difference between v2.8.4 and v2.10.10 is the anisotropy of the A(1232) decay
= v2.8.4: A" decays anisotropically using 50% of the RS prediction, all other A decay isotropically
= v2.10.10: all A decay isotropically

= The difference between angular decay is small
= Deuterium data prefers anisotropic decay, but all models shown today try to use

isotropic decay

- 1049
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E 05—
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Muon Momentum

For the following slides, the key
curve is the solid red line,
which is GENIE+

MINERVA data has good shape
agreement to the GENIE
prediction in muon momentum
GENIE overpredicts CC11T*
production, but it seems to do
well for CC11° production
NuWro has better agreement
for charged pion production,
but it underestimates neutral
pion production

FSI causes normalization losses
in 1%, gains in TT°

References for plots on slide 3
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Pion Kinetic Energy

102 < 14
g 1 : VerSnow sIT X o Data(30420 POT) % 0: Vi+ CH > w'+ 7+ (nucleons) ¢ Data (1.06620 POT)
3 i) POT Nomalzed GENIE v2.10.10 QS 120 SR ===QENIE{MmvTung)
,E = GENIE v2.10.10+4MnvGENIE-v1.1 8 C - NuWro
S jaf I Goherent w/ MnvGENIE-v1.1 | % o GiBUU + coherent
T % r2f =] L —— Coherent
®  GENIE w/ FSI has better & &£ gl
g G R G
agreement here than GENIE O O g7 sl T g
U 68— U 9 40 0000 i~ Y T
W/O FSI QS 4; { - r i S S _ """""""""""""
A C ) A '_g 20; -----------------
. . . 2— =
o Inelastic scattering is the : %
0 50 100 150 200 250 300 % (MQ\S/]SO -8 0 |10 0 ‘15 0 éo O I25 o 30
primary cause of the Pion Kinetic Energy (GeV)
hump at low kinetic
- . x0®
energy o | PoTNomaized 8 sk THOHOW LI EX L bara @ote20POT)
. 0] I —+- Data (3.33e20 POT) E E Low Energy. Beam ’
[ ] Ove ra”, GENIE underestimates ‘\g 60 — GENIE w/ FSI E 40E- ROT:Normalzed GENIEv2.10.10
. 2 e GENIE w/o FSI (=
atlow T, and overestimates  |S_ 3 | -~ NuWro % . SEEEoTorveRE
. — T 4o - 8
at higher T_ O 5 Q «f
0% , |Ui
LT 201 S g
N ¥ s
"5 ............ 1.0—
5 e E
ho} YR SR Vil S RN N AR v M W VSO A (A ol M s e 05—
0.0 0.2 0.4 0.6 0.8 1.0 E
Pion Kinetic Energy (GeV) e TS TI  V  ASE T S A e ‘o}s# '((;e'\;).o

2, UNIVERSITY+»ROCHESTER Aaron Bercellie




Pion Production Angle
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Deficit of pion production at
low Q% in €c1Tr° channels

Due to the low Q? contribution
from coherent pion
production, there doesn’t
seem to be a significant deficit
for the CC11r* channels

The lack of a turnover in data
for the CC11T* channels points
to a process that provides
events at low Q?

o This process is missing in
neutral pion channels,
i.e. a reaction where the
target nucleon keeps its
identity
Could diffractive
scattering contribute to
this?
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A(1232) Peak W2, = —Q° + my + 2mnEn (my = nucleon mass)

® Currently, we only have differential cross sections
for W in the 7;CC17° mode
o  We are working on equivalent cross sections
for other channels

POT Normalized

| —¢— Data (3.33¢20 POT)
—— GENIE w/ FSI

|, amses GENIE w/o FSI
==== NuWro

® MINERVA sees a shift in the pion spectra to lower
values, which looks to be consistent with a shift to
higher W in the delta peak A -
o Shifts in Q* may induce a shift of 10 MeV Wi (GEY)

201~

do/dW,,, (10 cm?/nucleon/GeV)

o  Possibly resonant/non-resonant Subsamples
interference that is absent from model 3 e - R re—" -
® Inthe 7.CCln’analysis, we had two enriched 8 o L5 e 5 - [§ Taopear
[&] L - A G g = '».l. ----- GENIE w/o FSI
subsamples, where it is more accurate to call W % £ iI GENIE wio FSi : { } L o
the invariant mass of pTr° g s L
o L 3 o 20 i
o ptm° (W<1.8 GeV) S af =
m Data shows a A(1232) peak more % . : 2 ’
. A PR TR R W R (SO (o) . 1 . L | e
pronounced than either generator 10 et e w F 0 2 1 e
. . pr® Invariant Mass (GeV) pr® Invariant Mass (GeV)
o A*(1232) enhanced region (W<1.4 GeV) m— 0
v, CClm

m Low prediction at A peak with both
generators
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So what have we done to account for these discrepancies?

e Simulating pion production correctly requires that we improve our NUISANCE is a flexible framework in which
nucleon and nuclear models neutrino interaction generators can be

o Data on “free nucleons” (meaning deuterium) is limited validated and/or empirically tuned to data
o  GENIE’s resonance model has a deficiency: there is no The following tunes come from Patrick

Stowell’s work with the MINERVA
collaboration.
(Publication in progress)

interference between non-resonant and resonant production
m Electron scattering community believes Rein-Seghal does
not describe resonance production well S bhepfo
m Electron scattering uses MAID model which gets 0&5&“0 e,
satisfactory results for non-resonant production.
m Difficult to test versions with an axial piece with neutrinos
©  When discrepancies are found, it will be hard to disentangle
whether these effects are nucleon or nuclear (FS|, initial state
nuclear model)

e Still, in order to understand the discrepancy between model and
MINERVA data, NUISANCE was used to tune pion production
parameters in GENIE

o This tune only looked at muon and pion kinematics
m  No Q*fit
o Unfortunately, the recent 7, CClm™— result could not be
included in the fit in time for this talk
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Rein-Seghal Tune

® GENIE has several parameters related to the pion production models
o  Form factors related to the Rein Seghal model (M,"*, Normalization)
o  Scaling for non-resonant 1 or 2 production

e Studied the effects of different nuclear and resonance models in GENIE (ie. LFG, Berger-Seghal, among others)
o  Changes normalization, but little change in shape
o  Used default Rein-Seghal implementation in GENIE for this study

e Fitted the model to both MINERVA and deuterium data

e Thejoint fit of all data sets does not produce a strong pull in either form factors or non-resonant terms
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FSI Tuning

While GENIE has several FSI related parameters,
the study focused on two in particular due to the
other having either strong prior constraints or
little effect on the MINERVA MC

o  FrAbs: Pion absorption

o  Frinel: Inelastic scattering
These parameters could not be varied at the
same time

o Varied individually and studied their

behaviors

In the joint fit of all data sets, both FSI
parameters prefer the nominal
To get any significant shape difference, the
parameters need to be varied by +/- 30
Points to either the need for strong FSI pulls or
the need for other parameters that have more
freedom to cover discrepancies in T_and GM
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Tuning the Angular Ejection

e (Can adjust pion angular ejection with Theta-&r parameter
o Allows for continuous reweighting between default anisotropic RS prediction

and isotropic decay in rest frame
e Deuterium data prefers anisotropic emission
e Joint fit prefers isotropic emission, which improves agreement with MINERVA data
o This perhaps says more about FSI than emission

1 042

a T F F e ] P
(=] I, ] § r
% 20 —4— BNL v, CC1n*1p Data g I
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Ad-hoc Q? Suppression

e Several other experiments see discrepancies in low Q? and 9# distributions (MiniBooNE, MINOS)
o  MINOS introduced a suppression function tuned to A enriched sidebands that improved agreement to
RES and RES-to-DIS enhanced samples
e MINERVA tried something similar with a different suppression function
o n° production prefers strong low Q2 suppression
o x" production prefers smaller suppression
m Charged coherent pion production partly fills the suppression at low Q?

R _ — Xm : : T T T
RIG < ) = Rl =26 = xn) 7. 5
(x1 — %) (x1 — Xm) 5 s |
Ro(x — x1)(x — xm) g g
gr—34) o) Sos 8 os
(X — X1)(X — X2) |;]um Frabs Fit [ soint Fraps Fit
{1 v, CCtr* FrAbs Fit == v, CCtn® FrAbs Fit
(Xm — Xl)(Xm — X2) EZ=] v, CONr* FrAbs Fit S v, cOt® FrAbs P
W(Q)=1-(14R +R(Q)(1-R)) O WO v 7T MINOS Paamevisaton |
2 2 > 0 0.2 0.4 0.6 % 0.2 0.4 06
x1 = 0.0 GeV*; x, = 0.35 GeV~; x,, = 0.7 GeV Q* (GeV?) @ (GeV?)
CC11T* Suppression Curve CC1TT° Suppression Curve
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Should we use RPA predictions for pion interactions?
RPA Correction

e Thereis a similar deficiency at low Q?

in CCOmr
o  Apply the Valencia RPA
multinucleon effect to CCQE
events
O Primarily a suppression in
energy transfer, not Q2
e Seems flawed to shift Valencia
model to A region

energy transfer (GeV)

0.8 1

three momentum transfer (GeV)

Energy Transfer qo
do — E, — EN«

Momentum Transfer g3

g =+ Q>+ q2

1.4

S 1.2 ]
o Includes several nuclear & | doldgdq, (10 cm?GeV?) —a0
corrections T e oo 5
7] B .0.4 WIith reduced
c L
move a low g, process into the 5 I
pion region, which requires a 2 061
significant g, transfer :z_,: 0.4f-
o  But, the real effect could have -
interesting shape in (q,,a,) Shifting the RPA o2

space
m Prediction helpful
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Conclusions

e MINERVA has measured all four charged current pion production channels in A(1232) dominated
samples off of carbon in our low energy beam
o  We have uncovered important discrepancies between simulation and data in charged pion
and neutral pion production, particularly in low Q?
o Current framework does not give enough tools to cover these discrepancies
e |t seems that MINERVA has a decent understanding of coherent pion production. Working on
effective A scaling
o Diffraction pion production is tougher, will require more effort
e Theory can improve the situation with the nucleon model
o We are happy to work with generator developers
m  Many thanks to NUISANCE developers
® Medium energy beam results coming soon!
o More POT, more flux, higher statistics
o  Will allow us to look at heavier nuclei

This material is based upon work supported by U.S. Department of Energy award DE-SC-0008475
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Thank you
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Additional Event Selection

e No matched michels
o Interaction vertex, showers, track
endpoints
e Photon conversion distance > 15 cm
e E, E[80MeV,2GeV]

vy +CH — = + 17" + X(nucleons) 7, +CH — u" + 17~ + X(nucleons)
e No matched michels e No matched michels
o Interaction vertex, showers, track o Interaction vertex, showers, track
endpoints endpoints
e E = unassociated hits <9cm of interaction
vertex

e Photon conversion distance > 14 cm
e Energy in nuclear targets < 20 MeV
e Non-track + vertex energy € [50 MeV, 2.5 GeV]

Yy + CH — = + 17° + X(nucleons) U + CH — put 4+ 17° 4+ X(nucleons)
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Muon Production Angle

- x10% ' @ 3'0: v, + CH - u* + @ + (nucleons) —¢— Data (1.06e20 POT)
% r Vu Ig::‘E?erg;Bza’r;x ©  Data(3.04¢20 POT) ko) 25 :_ PORHomuiznd —— GENIE (MnvTune)
.“éo‘zs:_ POT Normalized GENIEV2.10.10 s == NuWro
;; C GENIE v2.10.10+MnvGENIE-v1.1 2 o G|BUU 5 COherent
+ - [ Coherent w/ MnvGENIE-v1.1 | k (é 20; —— Coherent
k f E 't
b | 0415:— G (\LE) 1.5
U F ) -
U o.1o} + U <rC> 1.0}
F + i P I
e Due to the MINOS match S |A S 05
0.05— 3 0.5
) E4— S C
requirement, MINERVA | — o S — PR
t for B <25° 2 5 i = 2 25 0 5 10 15 20 25
acceptance for 6 Wi ARgls (deg)
0 .
e For CC1tr’ production, GENIE —
. = . E : V,+CH - pr+ i+ X
overestimates 6 <5° @ 1.5} Merisne —+— Data (3.33620 POT) So10_ Lo B e o Data(201620POT)
u ° —— GENIE E r POT Normalized
5 i g L ——— GENIEV2.10.10
R} -==- NuWro g
o g o 2008~ GENIE v2.10.10+MnvGENIE-v1.1
& & Es
= b = Sl
Q2 T _ L
Q% | [z Tl O
— 0o 3 004
o 3 L
o] 0.02—
© L 1 1 | L 1 L 1 I B
0 5 10 15 20 25 C4—
Muon Angle (deg) 0005 ———— S

=

UNIVERSITY» ROCHESTER Aaron Bercellie




Pion Kinetic Energy with FSI
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Pion Angle with FSI
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VMCC1/NJ7Z+ Muon Momentum
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VMCC1/NJ'L'+ Muon Production Angle
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VMCC1/N.7'L'+ Pion Kinetic Energy
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VMCC1/N.7'L'+ Pion Production Angle
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x*/# of bins of Data vs GEN

E2.10.10 + MnvGENIEvV1.1

Kinematic Vu CC17T+ Vu CCN7T+ VM CC].ﬂ'o WCC].W‘O WCC]JT_
P, 17.08/8 24.54/9 35.86/8 6.59/9 8.9/8
HM 30.95/9 18.74/9 160.06/9 13.31/9 9.9/9
T 18.07/7 31.55/7 173.28/7 12.56/7 1.8/7
0. 80.11/14 29.76/14 130.25/11 5.45/11 32.0/11
Q? 15.36/8 14.57/8 111.52/8 12.15/8 8.3/8
W N/A N/A 141.88/10 N/A N/A

exp

e Caution when using these y* to determine goodness of fit. The covariance matrices may

not be fully complete
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Measurement of isospin amplitudes

e Therecent v,CClxn™ result can decompose its

signal sample into nucleon level cross sections
using a vertex energy fit to find overall rate
Upn — pnm”

Vup — ppm

® Also, the 7,CC17° result has an exclusive

nucleon reaction channel
Vpp — ' nm’

e |tisthen possible to find the relative strength

[@®

and phase between the amplitudes of isospin / =
1/2,3/2
(1AsP) = So(u*nm)
(i) = 3 (ol mn®) + o pr7) = 0" )
(Re(A34)) = 2 (o(u pr™) = 20(u* 7) + Jo(u )
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R,=c (Wpm)/ounn)

7 2 2\\1/2
R” = ({|Al*) / (|4s]*))
= . 1/2 1/2
cos ¢” = (Re(A3A1)) / (|A1l*) "~ (|As*)
1_‘T o
I ¢ = 60
L ¢ = 90°
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- o =120°
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