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v and V interactions @ near detectors

— Ciritical systematic constraints for oscillation measurements

NOVA (NuMI Off-Axis ve Appearance, US)

T2K (Tokai to

Kamioka, Japan)

and Hyper-K "

Near Detectors

S nTordliid cvaround DUNE (Deep Underground Neutjino Experiment, US)
Research Facility

Fermilab
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v and v interactions @ dedicated experiment: MINERVA

— Constrain models used in oscillation measurements

MINERVA (Main Injector Experiment for v-A, US)
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Active scintillator target:
 Homogeneous non-magnetized tracker
 EM shower reconstruction

MINQOS Near Detector:

* Muon spectrometer
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MINOS Near Detector
(Muon Spectrometer)



v and Vv interactions @ MINERVA

Xianguo Lu, Oxford
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v and v interactions @ MINERVA: 2p2h-like enhancement

Nominal Total A 0.50 < q_/GeV < 0.60
- - - - Nominal QE ?

Nominal Delta
Nominal 2p2h
— Best fit Total
— Best fit QE
- Best fit Delta
— Best fit 2p2h
¢ MINERVA LE data

Pre-fit

Post-fit

Events

>

Available energy as energy transfer (qg) proxy

Bay=) Tp+ Y Trs
+Y Egs+Y Ex+)» Ewo+) E,

“Low-recoil” fit:

— Enhance Valencia* 2p2h cross section as a function of (g0, q3) Phys.Lett BY07. 72 (2012

» Enhanced by 50% overall, by up to 200% in dip region Phys. Rev. C 86, 015504 (2012)
. . o e . . Phys.Rev. D88, 113007 (2013)
« Fit to neutrino; prediction for antineutrino arXiv:1601.02038

Phys.Rev.Lett. 116, 071802 (2016), Phys.Rev.Lett. 120, 221805 (2018)
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https://doi.org/10.1103/PhysRevLett.116.071802
https://doi.org/10.1103/PhysRevLett.120.221805

Transverse Kinematic Imbalance (TKI)

— Precisely identify intranuclear dynamics and the absence thereof
Phys. Rev. D92, 051302 (2015), Phys. Rev. C94, 015503 (2016)

PN
Stationary nucleon target Nuclear target  Fermi motion
(A>1) Final-state interactions
Pion absorption
2p2h
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https://doi.org/10.1103/PhysRevD.92.051302
https://doi.org/10.1103/PhysRevC.94.015503

TKI measurements @ MINERVA

— QE-like measurement on C probing vn— L p

vn-up

Assuming target remnant "'C*

pn =1/ 0pa + 0pi

~ [1 + O(10%)] xJp,
Phys.Rev. C95, 065501 (2017)
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Initial nucleon
= neutron

Fermi motion
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https://doi.org/10.1103/PhysRevC.95.065501
https://doi.org/10.1103/PhysRevLett.121.022504

TKI measurements @ MINERVA

— QE-like measurement on C probing vn— L p

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

n
N

2p2h-like enhancement needs to be even stronger to fill the dip
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https://doi.org/10.1103/PhysRevLett.121.022504
https://doi.org/10.1103/PhysRevLett.121.022504

TKI measurements @ MINERVA

— QE-like measurement on C probing vn— L p

do/dp, (cm*/GeV/c/nucleon)

Fermi motion
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https://doi.org/10.1103/PhysRevLett.121.022504
https://doi.org/10.1103/PhysRevD.98.032003

TKI measurements (@ MINERVA =

< .

— Inclusive 7’ production on C probing vn—-up T’ G 1 e
NEW
vn-u p vn-u pw
N Lt - o
K P H Pr
Initial nucleon Initial nucleon
= neutron = neutron
N'=p N'=A
A-pm
via QE-like measurement via inclusive ©° production

+/—/0

*Generally, v/vn/p- L p T

Phys.Rev.C 99, 055504 (2019)
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https://doi.org/10.1103/PhysRevC.99.055504

TKI measurements (@ MINERVA

— Inclusive ° production on C probing vn—-up 7’

NEW

» Fermi motion peak in
pion production worse
modeled than in QE

Xianguo Lu, Oxford
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https://arxiv.org/abs/2002.05812
https://arxiv.org/abs/2002.05812

TKI measurements (@ MINERVA

— Inclusive ° production on C probing vn—-up 7’

NEW
”

11C>|<

Shape comparison between QE-like and pion production
* Probing same neutron Fermi motion in carbon
* Suggests similar dynamics at large missing pT
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Large missing pT: pion absorption
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https://doi.org/10.1103/PhysRevLett.121.022504
https://arxiv.org/abs/2002.05812
https://doi.org/10.1103/PhysRevLett.121.022504
https://arxiv.org/abs/2002.05812

Summary

Selected MINERVA results using Low-Energy data set (<E >~3 GeV)

* TKI (Transverse Kinematic Imbalance) in QE-like and inclusive ©° measurements
a) QE-like
— Suggests even larger 2p2h-like enhancement is needed
b) Inclusive ®° production
— Mis-modeling at Fermi motion peak
— Reasonable model description at large missing pT
c) Shape comparison between QE-like and inclusive 1’ production
— Similar dissipative dynamics at large missing pT

d)More TKI: MINERVA analysis on binding energy rhys.Rev.D 101, 092001 (2020)

Follow Medium-Energy results:  Coffee break

virtual conference 17:15-17:30

Neutrino-Nucleus Interaction Physics with  Dr Xianguo Lu
the Most Recent MINERvVA Low-Energy Bea...

Review of MINERvA's Medium Energy Heidi Marie Schellman
Neutrino Physics Program
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https://doi.org/10.1103/PhysRevD.101.092001

Thank you!
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2p2h-like enhancement in VA and VA

Phys.Rev.Lett. 116, 071802 (2016)
Neutrino, 3 33e20 LE-beam POT MINERVA Preliminary
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Phys.Rev.Lett. 120, 221805 (2018)
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https://doi.org/10.1103/PhysRevLett.116.071802
https://doi.org/10.1103/PhysRevLett.120.221805

GENIE [Nucl.Instrum.Meth. A614 (2010) 87-104]

e Version 2.8.4
- global Fermi Gas (RFG) model with Bodek-Ritchie (BR) tail [Phys. Rev. D 23, 1070
(1981)]
> hA FSI [AIP Conf.Proc. 1405 (2011) 213-218]
e Base model (before tuning)

> Non-resonance pion production scaled down by 75% [Phys.Rev. D90 (2014) no.11,
112017]

> Added Random Phase Approximation (RPA) [Phys.Rev. C70 (2004) 055503]
> Valencia 2p2h [Nieves et al., Phys.Lett. B707 (2012) 72-75, Phys. Rev. C 86, 015504
(2012), Phys.Rev. D88 (2013) no.11, 113007, arXiv:1601.02038]

Xianguo Lu, Oxford
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Transverse Boosting Angle o0

pT L
Pt
° if Fermi motion only
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OpT = P

Total transverse momentum
Transverse momentum imbalance
Missing pT ...

SOLT is Fermi motion direction — isotropic
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Transverse Boosting Angle 60,

¢
Pr

Ap_ boosting outgoing hadron

Full nuclear effects

5 = Y — Apr

Xianguo Lu, Oxford
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e Momentum sharing with extra
particles (non-exclusive channels)
>~ pion absorption

> 2p2h 19



Emulated Nucleon Momentum p

A more general analysis of kinematic imbalance Assuming exclusive [1-p-A' final states
Use energy conservation to close the equations
Transverse: 0= ﬁf‘ + IITTN — 0pT
,f E, +ma =FEp + Ex + Ear

Longitudinal: £, = pi + prﬁI — OpL

~ ~ EA/ p— \/mi/ + p?l
New variable: Pn = \/ 0 j.?%. - f)j_}%

[A. Furmanski, J. T, Sobczyk, Phys.Rev. C95, 065501 (2017)] | Pa’ FéCOLl momentum of the nuclear remnant

Neutrino energy is unknown (in the first final-state
place), equations are not closed. Dual

Interpretation

HC*/

recoil

For CCQE, A' ="'C*
No more unknowns
p : neutron Fermi motion

initial-state Fer.rm
motion o

,
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https://doi.org/10.1103/PhysRevC.95.065501

Emulated Nucleon Momentum p

Kang YANG, Oxford

TL;DR:

0pr = Py — Apr

Frequency (area normalized)

op_ is promoted to p by ~ 10% correction Y _
p,~ [1+0(10%)] x 8p_ 1 3p, /3p. |

p : recoil momentum of the nuclear remnant

final-state

Dual
Interpretation

HC*/

1 — 1k
For CCQE, A C recoil

No more unknowns
p : neutron Fermi motion

Fermi
motion ®

,
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TKI measurements (@ MINERVA p T

— QE-like measurement on C probing vn— L p g H® il 55 |
Fermi motion Large missing pT
Vi-p p (QE) | (FSI-QE/RES/DIS/2p2h)
. , - | >
H Pr «10%  GiBYU 2p2h weight o (T+1)
v

----- GIBUU T=0 y2/N,, : 74.2/24 1
— GiBUU T=1x2N,, : 80.9/24
—— T2K .

----- GIBUU T=0 72N, : 34.6/8 ]
— GIBUU T=1%42N,, : 69.7/8
MINERVA |

Phys. Rev. Lett. 121, 022504 (2018) ]

T2K -
Phys. Rev. D 98, 032003 (2018) -

Initial nucleon
= neutron
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