Brookhaven

National Laboratory

MicroBooNE CCOt Tuning

Michael Kirby (BNL/NPPS) for the MicroBooNE Collaboration
NuXTract - NuSTEC Workshop - CERN
Oct 4, 2023
WK1 ] @BrookhavenLab



Motivation for MicroBooNE GENIE Tune

* MicroBooNE physics goals include search 10

for Low-Energy Excess in ve events and g 45E 0.90<cos(8,)<1.00
cross section measurements § 40F oo GENIE v3.0.6 G18_10a 02 11a
. . , S GENIE v2.12.2
« Initial MicroBooNE cross section S PF | |iniBooNE Data
measurements utilized GENIE v2.12.2 to £ 0 2T
model interactions § +H + ,,
_ ~ 206 - :
* Interaction models were good enough to T b +
make measurements without significant S of ¥
biases g Lt " +++
- Updated GENIE v3 models show S AT POUTTRTPONTOTIONTON i
improvement when compared with 040608 1 a0 2
MiniBooNE data, but still have some g
deficiencies Phys. Rev. D 81, 092005 (2010),

arXiv:1002.2680 [hep-ex].
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.092005

Motivation for MicroBooNE GENIE Tune

o Low-Energy Excess searches MicroBooNE 1e1p Deep Learning LEE Search
Utl|lZ€ th ree ImpOrtant tOO|S 700 > Data/Y Pred = 1.23 + 0.13 mEm BNB v, CCQE (2908.04) |
. 600 MicroBooNE 6.67 x 102° POT - g;‘;tg’f‘;/f:f;g;°:;d (632.16)
® SeleCt|On focused On |OW- %‘500 { { B Cosmic Béckgrm.md (97.77)
energy Ve candidates = 400 , T oneeae
» exclusive selection focuses g
> 200
on CCQE and CC2p2h o
ene-rgy reglon ] gOO 400 600 800 1000 1200
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Reconstructed Ev in 1u1p sideband sample
Phys. Rev. D105, 112003 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112003

How to tune interaction models?

* largest discrepancy in GENIE v2 based
measurements at low visible energy A Schukraft, G. Zele

- mOStly CCQE and CC2p2h ? 1'4:_ MicroBooNE Many open questions
N need experimental &
 nature of LEE searches have dominate ”E 1.2 theolieticalir;[put!
backgrounds from CCQE and CC2p2h 2L E
* LEE analyses were using v, sidebands for e TOTAL
constraint, so can’t double count by tuningto - 0.8
MicroBooNE data =~ 06fF
* considerable datasets from MINERVA, but higher % 0.4b
beam energy with different contributions of @ -
CCQE, CC2p2h, RES, and DIS é 0.2F-
« T2K beam has most similar energy profile and = ok ' hin I
pion-less cross section measurements 10 1 10 10

available
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What to tune?

« GENIE v3 G18_10a_02_11a model chosen for central
model - updated with (at the time 20200 New models from
Valencia Group for CCQE and CC2p2h

« for each model, look to fit the shape and normalization
of each to data

« CCQE - Axial mass in the dipole form factor (norm and
Q2 shape), Valencia RPA correction (Q2 shape)

« CC2p2h - direct absolute normalization and Q2 shape
variation between Valenica and GENIE Emperical

* some parameters avoided

« FSI parameters associated with proton
production

* Fermi momentum - neutrino data doesn'’t serve
as good of a constraint as electron scattering
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Tune parameters and variations

Default GENIE Variation
v3 value

0.961242 GeV free normalization and
Q2 shape CCQE

Ma CCQE
Valencia RPA
Correction

100% free normalization and

CC2p2h 1 free normalization
Normalization CC2p2h
mixture of 0 (Valencia) Oto1 shape CC2p2h
Valencia and (1 = Empirical

Q2 shape CCQE

Empriical GENIE)
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Fit to T2K data

©

published CCOTr cross-section data -
Phys. Rev. D 93, 112012 (2016)

binned likelihood fit performed in four
signal and two control regions

2D differential cross section in muon
momentum and angle

reweighting performed using GENIE
reweighting package v1.0.4

excluded highest muon momentum bin
* 67 bins -> 58 bins

* small cross sections and small
absolute uncertainties were driving
fit results

* high momentum muons are not a
significant part of MicroBooNE
dataset

only diagonal terms from covariance
matrix to avoid unphysical results
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i 0.70<cos(6,)<0.80 0.80<cos(6,)<0.85 15 0.85<c0s(6,)<0.90
10/~ PL
s
0 1
e 0.90<cos(6,)<0.94 0.94<cos(6,)<0.98 0.98<cos(6,)<1.00
10~ & - .. L
» ﬁ | | ;ﬁe | L
s I“.:.:."‘:.:.:.: ;‘“‘ ‘"""";',,, ' gy L
0 L . i i 0 1 1 | . 1 L 0 | L |
0 2 4 0 2 4 0 2 4
p (GeV/c)

GENIE v3.0.6 G18 10a_02_ 11a 115.31/67 bins
GENIE v2.12.1 284.31/67 bins
MicroBooNE Tune 63.77/67 bins




Final MicroBooNE Tune parameters

MaCCQE fitted CC2p2h Norm. CCQE RPA Strength CC2p2h Shape T2K

value fitted value fitted value fitted value  yZ.. /Nins
Nominal (untuned) 0.961242 GeV 1 100% 0 106.7/58
Fit MaCCQE + CC2p2h Norm. 1.14 £ 0.07 GeV 1.61 £0.19 100% (fixed) 0 (fixed) 71.8/58
Fit MaCCQE + CC2p2h Norm + CCQE 1.18 £0.08 GeV ~ 1.12 +£0.38 (64 +23)% 0 (fixed) 69.7/58
RPA Strength
Fit MaCCQE + CC2p2h Norm + CCQE 1.10£0.07 GeV ~ 1.66 £0.19 (85 +20)% 159, 52.5/58

RPA Strength + CC2p2h Shape

« important cross check is stability of the result when allowing for
greater fit variables

 uncertainties shown are post-fit given by MINUIT
* incorporated into MicroBooNE analyses uncertainties
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Updated MicroBooNE Model results -
Visible Energy in Inclusive v, Selection

4000 ;_ —e— Beam-on data, 17305 4000 —*— Beam-on data, 17305
> 3 500 ;— _+_+ Cross section sys error > 3 500 ++ Cross section sys error
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> 3000 E \ Cosmic (beam-off data), 1987
> - ::;zzz;zizizizizi Cosmic (beam-on MC), 516 é) 3000 (& Cosmic (beam-on MC), 566
= 2500 = + 4 CCinFV, 9768 = 2500 + v, CCin FV, 11301
< 2000 ;—+_ + v, NCiin FV, 1660 < 2000 + v, NC in FV, 1661
E 1 500 - - vy, outside FV in cryo, 885 E 1 5 - v, outside FV in cryo, 950
= = —+ o - 00 Ly I
(- - V.VeV, in cryo, 226 e VY,V Ve in cryo, 253
é’ 1000 + B o dirt, 392 g 1000 & B v in dirt, 460
[.TJ 500 . n m 500 :2:2:2:5:?:?:?:1_-“i ——
D N S
0 500 1000 1500 2000 0 500 1000 1500 2000
VIS [M@V] VIS [MCV]
Default GENIE v3 G18 10a_02_11a MicroBooNE GENIE v3 Tune

Brookhaven
National Laboratory 10

I (\ Phys. Rev. Applied 15, 064071 (2021)
¢


https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.15.064071

Updated MicroBooNE Model results -
Reco Neutrino Energy - vy 1u1p Selection

Data/Pred

©
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Updated MicroBooNE Model results -
Inclusive CC v,
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801

MicroBooNE Tune Uncertainty

\A CC inclusive total cross section

50 —
B MicroBooNE Tune
C 1o uncertainty
. 40— | === GENIE v3.0.6 G18_10a_02_11a
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. |
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Summary

* “New CC Ot GENIE model tune for MicroBooNE”

Phys. Rev. D 105 (2022) 7, 072001 4000 B —+— Beam-on data, 17305
 Tuned GENIE v3 with T2K CCO1T measurements > 3500 3 + X Cmss,secuon o
to produce a theory-motivated tune o 3000 E N C"Sme (beam-off data), 1987
« considerable improvement in modeling of CC = 2500E | + C"i:nzc, (l:\jm:;’ohfc)’ 700
interactions in MicroBooNE detector S = VY
. . < 2000 F it v, NCinFV, 1661
 important development of data driven GENIE gy - B . outeide PV i cryo, 950
interaction uncertainties é 1500 o — vuv e 252 :
» MicroBooNE Tune and uncertainties key S 1000 € B i 0
component to the initial Low-Energy Excess 1) o +_,_ ’
searches S00 K -~
« Continue to be utilized for additional searches 0= s RPN
and cross section measurements 0 500 1000 1500 2000
E,.. [MeV]
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MicroBooNE Tune vs MicroBooNE Data

6 B -1.00<cos(8,)<-0.50 6; -0.50<cos(6,)<0.00 15 0.00<cos(6,)<0.27
— GENIE v3.0.6 G18_10a_02_11a i -
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. . . | —e— MicroBooNE Data
« flux integrated double differential cross !
section of inclusive v, CC in muon
momentum and angle 7
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Fit to T2K data - alternate method suggested by Koch

‘_ i 15
4r -1.00<cos(6,)<0.00 r 0.00<cos(6,)<0.60 - 0.60<cos(6,)<0.70

* Separate the Correlations E -------------- GENIE v3.0.6 G18_10a_02_11a 10
into normalization and 1 Almer ™ ;
shape components when
calculating the x2

I

« shown on the plots as

Alternate Fit 1(5):- |

0.70<cos(6,)<0.80 0.80<cos(6,)<0.85 0.85<cos(8,)<0.90
« fitted parameters were
all within reported
MINUIT uncertainties :
« two %2 varied by less |
than 10% 2
0.90<cos(6,)<0.94 0.94<cos(6,)<0.98 0.98<cos(6,)<1.00
4_
: ;
2,
-}
; oo' ; ;
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parameter correlation matrix

CCQE RPA

2p2h Shape o2

2p2h Norm.

CCQEM,

1 J
CCQEM A 2p2h Norm. 2p2h Shape CCQE RPA
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Alternate fit parameters and chi2

MaCCQE CC2p2h Norm. CCQE RPA CC2p2h Shape  T2K T2K T2K

fitted value fitted value  Strength fitted value fitted value )(gliag /Nuins X&oen/Noins X211/ Nbins
Nominal (untuned)  0.961242 GeV 1 100% 0 106.7/58 149.83/58 97.56/58
“MicroBooNE tune” 1.10 +0.07 GeV ~ 1.66 = 0.19 (85+£20)% 119, 52.5/58 110.58/58 103.84/58
“Alternate fit” 1.04 £0.10 GeV  1.44 £0.42 (67 £16)% 0.9175% 55.51/58 100.59/58 91.68/58
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GENIE v3 model sets

 events produced through several
mechanisms

* Meson Exchange Currents

« Short Range Nucleon-Nucleon
Correlations

* Final State Interactions

« events generated with GENIE
MicroBooNE Tune
(G18 _10a_02_ 11a) form base model
set for determining efficiency and
cross section extraction

« QE & MEC tuned to external data
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Nieves/Valencia
(QE+MEC)

Llewellyn Smith QE +
Empirical MEC

Nieves/Valencia
(QE+MEC)

SuSAv2 (QE+MEC)

hA2018

hA2018

hA2018

hN2018

MicroBooNE TUNE Phys. Rev. D105, 072001 (2022)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001

PRD Publication

Obtaining a high-quality interaction model with associated uncertainties is
essential for neutrino experiments. In this talk, we present a tune, as
published in Phys. Rev. D 105 (2022) 7, 072001, of the charged-current
pionless (CCOTr) interaction cross section via the two major contributing
theoretical processes—charged-current quasielastic and multinucleon
interaction models—within version 3.0.6 of the GENIE neutrino event
generator. Four parameters in these models determining normalization and
shape are tuned to muon neutrino CCOTT cross section data obtained in
2016 by the T2K experiment, which provides an independent set of neutrino
interactions with a neutrino flux in a similar energy range to MicroBooNE’s
neutrino beam. Furthermore, we discuss future plans related to the
development of a pi0-based tuned for the next-generation of our results.
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Prospects for the future

» several recent differential measurements pion production explore
resonant and DIS production models

* is a new tune justified by new CC 2p2h models?
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