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I’m going to focus on on the recent cross-section measurements
using conventional accelerator-based neutrino beams

09:00 — 10:30 $S18: Neutrino Interactions Il

s e ) - But stay tuned to the next
session (tomorrow morning

DD New results from COHERENT
@ 27+3m| Speaker Daniel Pershey (Duke University)

e R Korean time) for news on low
energy Cross sections!

m MicroBooNE x-section talk
®15+2m| Speaker Steven Gardiner (Fermilab)
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| Oft Axis
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- 8> tons Argon
Ev ~ 0.8 GeV (BnB)
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0.2 tons Carbon
0.6 tons lron
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E ~ 3 GeV (Low Energy)
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MOTIVATION

 Cross sections are critical inputs to oscillation measurements

L ontPate Oscillation probability —

(ie what we measure) what we want to know

R(X) = XolE, X)) Xe( )X P, - 1
Neutrino

. . Detector
Interaction cross

. response
section P

W—J

To get to oscillation probabilities from
event rates, we must know these these well
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Near detectors help, but they don't start from scratch:

Oscillation fits using
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WVriA I ARE WE MEASURITNES
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 Most oscillation measurements
focus on charged-current
iNnteractions

« NC Interactions can be
backgrounds

* Three processes dominate
the charged cUrrent crass seelof

- Lots of other processes going
on.

* |Interactions with multinucleon
bound states (2p2h)

- Coherent scattering

* |nteractions with electrons

s 0
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C. Wilkinson
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Free Initial Nuclear Extra Nuclear Fina.I State
Nucleon State Effects Interactions (FSI)

* Neutrino-nucleon Interactions are also impacted by many nuclear
effects

* We need models of all of these too, but can only measure the
superposition of many effects

* Need many measurements to disentangle
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Unfolding
function that

Number of Events Estimated number of
corrects for
4 Observed background events : ,
etector - Relatively simple
smearmi‘ formula for measuring

Sy
Ui(N; — B;)

* But there many pitfalls

, at each step
O i [ e i ;
T

O —

~ach measurement

takes many years to

Neutrino Flux ~ Number of . complete
Efficiency
Targets
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* Cross section measurements require a simulation (‘reference model”)
to correct data for backgrounds and detector smearing and acceptance/efficiency

* Corrected cross sections are also typically compared with many modeils

* Models are typically mplemented in one of the four event generators on
the market

(4

NEUT siBuU

= The Giessen Boltzmann-Uehling-Uhlenbeck Project
UNIVERSAL NEUTRINO GENERATOR
& GLOBAL FIT
Tuned GENIE used as
NEUT used as
reference model for e
MicroBooNE, MINERVA,
for T2K 0

and NOVA
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PHYSICAL REVIEW D 103, 112009 (2021)
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§ 09 NuWro RFG, 1:": 7.5
: 5 L O8F =reeeeee NuWro BRRFG, y? =4.9
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« RFG: Relativistic Fermi Gas
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« BRRFG: RFG with Bodek-Ritchie high tail added to initial state nucleon
momentum distribution

e |FG:Local Fermi Gas

* F Spectral Funclion

» ESF: Effective approximation of a spectral function &
o
* 2p2h: Addition of interactions with bound nucleon pairs A
5 « MINERvVA Data
* SUSA: Super Scaling Approach fé — 353552.':31
: . 9 MnvGENIE v2
* Final State Interaction Models: - —— NuWro SF
== NuWro LFG
° hA ' e GIBUU

e hN 10°° 10 1
Q. (GeV?)



(MOST OF) THE REST OF THIS TALK

» Recent Cross Section Measurements

e Cross Sections to measure neutrino flux
c Om

s in

e Inclusive measurements
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b X MEASUREMENTS: MINERVA
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MINERVA used neutrino scattering on
electrons to measure flux in both neutrino and

antineutrino mode (new)

- 3.3% uncertainty in neutrino mode

* 4.7% uncertainty in antineutrino mode

Combining all flux constraints:
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e MicroBooNE measurement of
vy OpiNp interactions

» Cross sections versus muon and
proton kinematics and
angle between muon and proton

» Large uncertainties, but

» Models over predict cross section
at forward muon angles
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* New T2K \_’p Om on
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PO detectol

- Double
differential muon
kinematics cross
sections

+ Good agreement
within uncertainties
with all models; best
agreement with
NuWro LFG+2p2h|8
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Individual cross section
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O: preference for
LFG+2p2h+RPA
suppression, primarily due
to most forward
muohn bins
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Excellent statistics
rarely seen In neutrino
experiments!
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* Low Pt: relatively good agreement with
MINERVA 2p2h tune

; [<> " 02 04 o « High Pt: Tune not sufficient at high Pt
—$— MINERVA data
(i ] ZE5 . wigh Pt tow T
00 02 04 06 T oonwmeun * Poor agreement in a region dominated by
----- QELike QE proton . .
rXiv:2203.08022) - Gftke QE neuren Quasi-Elastic + FSI

X Tp (GeV) 6



SMRD
UA1 Magnet Yoke
. ||
: ’ .

g * T2K v, IpiNp

PHYSICAL REVIEW D 103, 112009 (2021)

v \')e all
direction

* Some
U+ A= p” 7t +p+ A preference for
GiBUU over

Barrel ECAL

_ 1x10“12 _
P - —+¢— T2K Result 3 D - —+¢— T2K Result E
L 09F NEUT RFG, 72 =11.3 = L 09F NuWro RFG, 2 =7.5 =
% 0.8 ==eemeeee GENIE BRRFG+hA, 72 = 5.2 = % 08F -weer NuWro BRRFG, 72 =4.9 = O-t e r | I | O e S
S, F - GENIELFGehN, 72 =86 E 2 ,,FE - NuWroLFG, 72 =85 E
NE TE e GIiBUU, 72 = 3.6 3 NE TE e NuWro ESF, y2 = 5.2 '
o 06F “ = o 06F ° =
g 05F o - § o05F e 3
2 = * 3 2 Y oy S 3
I 13 il 1 < Poor
Z 03F = Z  03F =
— T I I — - I I -
2F = 2 =
g|§ 0 t s s g‘og, 2F ) s SR IECE o
0.1F wanibatan barardravar 01F + : S— =
Sop 19 i S R B T f agreement in
O = SR T N P R T T N 1 ' T O E o Lo 0 1 PR IR T N T T 1 i A
—600 —-400 -200 0 200 400 600 -600 —-400 -200 0 200 400 600
5pn (MeV/c) 5pn (MeV/c) p f : r F E rm i
—42 42
— 0g8xlo —  0gxl0 _
5 o | R as models
S 07p NEUT RFG, 72 =10.8 . S 07F NuWro RFG, 72 =9.0 e
O . - ] ) E e = ]
S sk T GENIE BRRFG+hA, 2 =2.9 E S osb NuWro BRRFG, 72 =2.7 E
= = ~ GENIE LFG+hN, 72 =13.2 . = Co “ NuWro LFG, 2 =11.0 .
. g 05F | | e GIBUU, 72 =1.7 - § 05F | | e NuWro ESF, 32 =3.5 -
— — — -~ —_ y— i - - = -
1-)11 - I)ﬂ' + I)D 7 6pT ': O o 5 . n= i"[ ....... 3
I B ot SR — 04 - -
§ da 3 h{ . ; 8 T : :
: 3 03f | 12 o3fl | E
& oaF | 1 & ot | E S L e
g i« Statistically IImitea
"c|~§~ oiE ! | E ~c|~§~ o1k | E | | | |
'1 n L S >(- 5- ----- L ...........+..‘.........l XS .
(b) (SﬁT and (SQT 0 F PR S T NN TR ST NN T SN A v S e v e e ek el el el i i 0 - PR UV ERUPRYN o e v s s *lllillri
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
p, (MeV/c) p, (MeV/c)

27



Entries

(Data - MC) / MC

100

(0 0)
o

()]
o

I
o

N
o

o

¢ o
oo o o o O

—

Phys. Rev. D 104, 052002

| MicroBooNE NuMI Data 2.4x10%°° POT  —+— Beam-On Data (Stat.)
Out-of-Cryostat
[ | Beam-Off Data

— [ Neutron
2 Muon
B Kaon

++ [ Pion
[ Photon

[ Proton
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MC + Beam-Off
Stat. Uncertainty

| & |
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v, CC Cross Section [cm®/ nucleon]
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Ww d 01 O N 0© ©

x10™"

- @ Data (stat. + sys.)
| -~ GENIE v2.12.2

- --GENIE v3.0.6

- —NuWro v19.02.1

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

 MicroBooNE NuMI
[ Data 2.4x10°° POT

K\

INCLUSIVE: MICROBOONE

<

MicroBooNE inclusive
VotVe CC cross seclior ol

Agreement with models
within large uncertainties

First measurement using off-
axis NuMIl beam

Demonstration of
electron/photon
separation in LAr detectors
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INCLUSIVE: MICROBOONE

<

Phys. Rev. D 105, L051102

* Expanded Into a
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ENCLUSIVE NCOVE

* NOVA’s first v,
measurement in |q| and

Eavail

£ 2p/h concentra

ﬁ

values o
energy

ed at low

q| anc

Q/dllable

* ~12% uncertainty typically

» dominated by flux systematic

(cm*/GeV/GeV/c/nucleon x 10°°)
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NOVA Preliminary
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dzcr/dedp|| (x10™° cm?/GeV?/c?*/Nucleon)

K\

MINERVA: INCLUSIVE &

<
- MINERVA v, CC

Phys. Rev. D 101, 11 (2020)
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o

1.5<p /GeV <2.0 2.0 <p /GeV <25 2.5<p /GeV <3.0 3.0<p/GeV <35 | ncl Uus ive CLOSS SeCJ[i @0
[ —¢— MINERVA data i

— MnVGENIE v1 i

— -~ QE+2p2h , ' :
5A$ESSS A | 2 * muon longitudinal ana
) A P72\ | | B Vo | transverse momentum

1 O 3.5< p”/GeV <4.0 4.0 < p”/GeV <45 4.5 < p”/GeV <5.0 50< p”/GeV <6.0
‘2 xs| < |llustrates that MINERVA

5 §é§

’\ s able to cover the
Ve full QE+RES+DIS

,

RN
o

6.0 < p“/GeV <8.0 8.0 < p”/GeV <10.0 | 10.0 < p”/GeV <15.0 15.0 < pI/GeV <20.0
X5 x 10 x 20 x 40 ra‘nge
5 $ - attid LAR
ey : N * But currently, our onl
0o 1 20 1 20 1 20 1 2 way of assessing
Muon transverse momentum (GeV) DIS/SIS region
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Ratio to MINERVA Tune v1

MINERVA: INCLUSIVE &

<

Phys. Rev. D 101, 11 (2020)

025 <p <033 * No models agree

- 0.00<p, <0.07 0.07 <p <0.15 0.15<p <0.25
| O W R ) T L R well with data across all
regions of phase space
047 <p <0.55 0.55<p, <0.70
Sy _ W LI L » Or even most regions
0.0 0.70 <p, <0.85 " 085<p, < 1.00 T1.00<p <1.25 "1.25<p <150 ot phase 1oL o
::(S)E gl E P ;1 E_I:HH L T | g !!i I : ! i 5 i .
0.5}
(1)2 MQ‘QEP 2.50 <p <4.90 + <based
. . I 1 _ MINERVA data - MINERVA Tune v1 Oﬂ Ch|—S Ual”e |S Wlth
;g e ) GiBUU GiBUU v2021 q )
0.0 . . . , —— NuWro SF ——— NuWro LFG
4 10 20 40 604 10 20 40 60
— NEUTSF — NEUTLFG

Muon Longitudinal Momentum (GeV/c)
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Ratio to MINERVA Tune v1
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Phys. Rev. D 101, 11 (2020)

0.00 < P, <0.07 0.07 < P, <0.15 0.15< P, <0.25 0.25 < P, <0.33
Ihﬂl ] l—l i e I B | -
TTH i . '

0.33 < P, <0.40 0.40 < P, <047 047 < P, <0.55 0.55 < P, <0.70

g E i
NP T LR PR © LI © O
0.70 < P, <0.85 0.85 < P, <1.00 1.00 < P, <1.25 1.25 < P, <1.50
— ;é
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hi!!" i o3 l!:i i + MINERVA data - MINERVA Tune v1
AMU DIS —— nCTEQ15 DIS
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40

MINERVA: INCLUSIVE &

<

* Also compared to

several available
DIS models

 Spread of models

small compared to
discrepancy with
data
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Neutrino-electron scattering
will reduce flux
uncertainties

Testbeam
measurements will reduce
detector systematics

Big focus on ratios (e.g.
VIV, Ve/Vy)

Improved reconstruction ->
exclusive
measurements

WHAIT'S NEXT

12

- New Wagasci/Babymind detectors

* ND280 upgrade wi

acceptance, lower track

sensitivity

 Improved statistics

| bring larger angu
ng threshold, neut

B ONE _

 Multi-differential cross sections

 Doubled statistics, better reconstruction

- Special variables (e.g. [Kl)

cll

O

Completed data taking in
2019, but 30+ active
analyses ongoing

A-dependence of O-
DI, |-pi

Deep and shallow
Inelastic scattering

Data preservation

plgellzler
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EOING THIS DAE

We are collecting and publishing |ots of data, but that's really just half the
battle. Ve need to use the data. |here has been some progress here:

—o— MINERVA anti-v, CCOpOr data
— G18 10a_02 11b tune

------- G3la T
- GENIE is

_'N ' i_' B L —QI—NO AINDD ial —— — 0.00<p. [GeV/c]<0.15 — 2'O.15<pT [GeV/c]<0.25 ,_23-0.25<pT[GeV/c]<0.40
o - Neutrino Beam vV a ] b S ) g G = S a
Experiments wE T Default GENIE : executing a
12 |- ---- + QE Weights = =8 33 =18k
are 2 [P — -+ RES & DIS Weights - e e . et |Qng-term
- GCJ ik —— + NOVA 2p2h - Q(g.[— (D(g.[— ' Q(g.[— ;
> 8 — - i--_. ] : 0 0
developing L 5 - plan amed at
o 6 [ — p. [GeV/c]
- - . I
thelr own 4 — —— [0.40<p_[GeV/c]<0.70 | —— | 0-70<p [GeV/c]<1.00| arl eventual
- - HE " HE & lobal
tunes 2 |- 4 g2 A Azt 4 global tune
: | | ! . . . . 1 . . . . | . . . : 2 @ | | :-- 9 @ i ---: 9 QO/O.OS—
S a1 e m———— = L ; P I e
8 1.0 ?.c-*___——¥ ‘_';-—'L__—__-_?__—_—__-—:—-r: (8(85- — 8(%[- . (8(85_
09 F - P —_ - ) 0 o
Example from Sosp T o o —————  Example fit to
Eo7F~y -7 E 10 10 10
0N 06 E - . , ‘ . = p. [GeV/c] p. [GeV/c] p. [GeV/c]
N OVA 0.0 0.1 0.2 0.3 0.4 0.5 0.6 : ! : M I N E RVA

. . FIG. 27: Comparison of the G18_10a_02_11b and G31a tunes against MINERvVA v, CCOpOr double
VlSlbIe Ehad (GeV) differential data [17]. The comparisons are restricted to the 0 < pr < 1.5 GeV/c phase space. The d a-t a

predictions are computed using the parameters specified in Tab. VI. The total y? associated to this dataset
before (after) the tune reported in Tab. VIL

Eur.Phys.J.C 80 (2020) 12, 1119 GENIE Collaboration, Paper in Preparation
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HORE AT NEUTRINCG 2088

» Lots more detall In posters

205. Status of the Measurement of Neutrino-Electron Elastic Scattering in the NOvA Near Detector

457. Measurement of vu CC Inclusive Differential Cross Section and Estimation of 2p2h-MEC 309. Measurement of Nuclear Dependence in Inclusive Antineutrino Scattering with MINERVA

Contribution using NOVA 539. Multi-Neutron Antineutrino Interactions at low Available Energy in MINERVA

467. A Data-driven Measurement of the Electron Antineutrino Charged-current Inclusive Cross

Section with NOVA 32. Analysis of flux-integrated semi-exclusive cross sections for charged current and neutral-
469. Neutrino Tridents in the NOvA Near Detector current quasi-elastic neutrino scattering off Ar at energies available at the MicroBooNE experiment
506. Status of the Trlp/e Differential Muon Antineutrino CC Inclusive Cross-Section AnalySiS USing 56. Measuring the Neutral Current Neutral Pion Cross Section on Argon in MicroBooNE

Data Collected by the NOVA Near Detector 66. Progress Toward the Extraction of an Inclusive Muon Neutrino Charged Current Triple

533. Muon antineutrino charged-current neutral pion production differential cross-section Differential Cross Section at MicroBooNE

measurement in the NOVA near detector 100. First Extraction of Single Differential Cross-Sections on Ar for CC2p Event Topologies in the
536. Measurement of the muon neutrino charged-current interactions with low hadronic activity in MicroBooNE Detector

the NOVA near detector 143. First Measurement of Differential Charged Current vu—Argon Scattering Cross Sections In
679. Status of the measurement of the muon neutrino charged-current cross section with zero Kinematic Imbalance Variables With The MicroBooNE Detector

mesons in the final state at the NOVA near detector : B 154. u4v at MicroBooNE: Cosmic Ray Studies of u-Argon Interactions

709. Status of the muon neutrino charged-current coherent pion production in the NOVA near

314. A Measurement of Neutrino Induced Charged Current Neutral Pion Production in the
MicroBooNE Experiment

531. MicroBooNE Electron Neutrino Cross Section without Visible Pions

514. Neutral Current Pion Production Measurement in MicroBooNE

648. Measurement of the /\ Baryon Production Cross Section in Neutrino Interactions with

complex MicroBooNE
491. Neutron tagging with SK-Gd for neutral current quasielastic interaction measurements with

the T2K neutrino beam

detector

115. Single Positive Pion Production in Neutrino Neutral Current Interactions in T2K
165. Combined neutrino and antineutrino cross section measurement in the T2K near detector

* And stay tuned for more cross section talks:

( ross sections
@ future
experiments

MicroBoolNE o
section restiits
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L ONCIUDICE

* [here Is a very active cross section analysis program by MINERVA,
MicroBooNE, NOVA, and 12K preparing for oscillation measurements of the future

* rully explorting the datasets we are collecting will be challenging

- Many thanks to colleagues who provided material for this talk:

8 HANKS FOR LIS TENING
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» Recent

MOTIVATION

grelllalion results reflect the

importance of cross sections:

» And looking beyond 3-flavor
measurements

§ 1 acclpate understand of our

Phys. Rev. D 103, LO11101
(3-flavor v, vy

wr source 1Ry v-mode 1Ry v-mode

&lux (constr. by ND280) 4.3% 4.1%
Xsec (constr. by ND280) 4.7% 4.0%
Xsec (all) 5.6% 4.4%
Flux + Xsec (constr. by ND280) 3.3% 2.9%
Flux + Xsec (all) 5.4% 3.2%
SK detector effects+FSI+SI 3.3% 2.9%
Total 5.5% 4.4%

Phys.Rev.Lett. 127 (2021) 20, 201801

beams, detectors, interactions wil 4?' (Active-Sterile Antineutrino Mixing)
e CI”J[ICa‘ tO DI”OVIﬂg tO OJFSG‘VGS O NC signal CC background
Uncertainty difference (%) difference (%)

and the world that we have found e Caliration 57 3

etector Response . :

| | l v Interactions 4.1 10.8

New Physics (if we do!) ¥ Inkemact - 0/

Neutron Response 0.5 0.2

' : Tau Cross-Section 7.6

B Dleeiitinos interact very rarely — — = =

what happens when they do Is
interesting physics on 1ts own!
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d’o/dE,,,dq, (10 cm?/GeV? d’o/dE,,,dq,(10*°cm?/GeV?)

d’o/dE,,,dq,(10*°cm?/GeV?)

arxXiv:2110.13372
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| gl b
0.5 1.0 0.0 0.5 1.0

Available Enerav (GeV)

* MINERVA v, cross section versus g3

and available energy separates QFE, RES,
2p2h

* MINERVA tunes agree relatively well
by design

* GENIE and NuWro also agree well In
most regions but struggle in QE-
enriched regions
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