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Neutrino Osclllations e

« Neutrinos are produced linear Ve a1 Usn Ug 2
combinations of mass/energy v | = Un Ui Ui 2
eigenstates Vr 1 U Uz %

« Time evolution: flavour content “oscillates” in L(distance)/E(neutrino)

=

7

P(va —vg) = dap

—4%; i R(U%UpiUq;Uj,) sin’([1.27Ame) (L / E)]
+2Zi>jg(U;iUﬁanjUEj) sin [2.5 (L/E)]

\_ J
« Can parameterise neutrino oscillations as:
» Two mass differences (Am3,, Am3,) Oscillations perturbed in matter
« Three rotation angles (614, 613, 653) — sensitive to sign of mass splitting

« One CP-violating phase (6¢p)

ciz s12 0 €13 0 s13¢7" L0 0 55 =sin 6,
U=| —s12 c2 0 0 1 0 0 caz s23 Cij = COS 91--
0 0 1 —s13eT0 0 ey 0 —s93 co3 ) :
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Physics Goals

What is the neutrino mass ordering? normal hierarchy (NH) inverted hierarchy (IH)

m2 N A

2

Is CP violated in the lepton sectore

s 6,5 Mixing maximal (6,3 = 45°)¢

Are there more than three neutrinose
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Physics Goals

What is the neutrino mass Ordering? normal hierarchy (NH) inverted hierarchy (IH)

m2 N A
V2

2

Is CP violated in the lepton sectore

U

s 6,5 Mixing maximal (6,3 = 45°)¢

L&

Are there more than three neutrinose

Accelerator-based experiments

« Produce beam of v, /v,

Then affer some distance ...

. Measure v, /7,disappearance
* |Aam3,|, sin?(26,3)

« Measure v, /v, appearance
* 643,6-p, Mass ordering
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Physics Goals

What is the neutrino mass Ordering? normal hierarchy (NH) inverted hierarchy (IH)

m2 N A

2

Is CP violated in the lepton sectore

s 6,5 Mixing maximal (6,3 = 45°)¢

Are there more than three neutrinose

Accelerator-based experiments

 Produce beam of v, /v, « Current experiments:

Then after some distance ... « T2K, NOVA

* Measure v, /v, disappearance

- |am3,|, sin?(26,3) » The future:

« T2HK, DUNE, ESSnuUSB

« Measure v, /v, appearance
* 643,6-p, Mass ordering
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The T2K Experiment [ /]

0.6 GeV Super Kamiokande

Near Detector

p eG k Mt. Ngggihrir;Goro
n r Mt. Ikeno-Yaina
ene gy 1360 m water equiv.l 1700 m
b . Muon Neutrino beam .. — 2 5o
¢ 295 km S off-axis
Use off-axis beam to give a
/ narrow neutrino energy spread
Far Detector (Off-Axis) N Near Detectors
Off-Axis: ND280 On-Axis: INGRID

Super-Kamiokande

Side Muon Range Detector
UAT Magnet

Electromagnetic
Calorimeter (ECal) POD ECaljs

’“.

“

I ND280 Tracker
(FGD+TPC) n° detector
(POD) '

e S 4

Stephen Dolan Neutrino week, Strasbourg, 08/11/18



1.9 GeV
peak 14 mrad
energy off-axis

« Functionally identical near and far scintillator detectors
« Cancellation of some systematic errors

* Very long baseline gives good sensitivity to mass hierarchy
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The Latest Results
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The Latest Results

NOvVA Preliminary
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The Latest Results

T2K Run 1-9¢ Prellmlnary NOvVA Preliminary
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The Latest Results

NOVAFD  8.85x10%° POT equiv v + 6.9x10%° POT ¥

T2K Runl-9¢ Preliminary
L B B

CT T L LA B = 5 T T T T T
- : : 3 N - 12
30F- 2-sigma exclusion E - NH Lower octant - J &
- — Normal 1 = 4F — NH Upper octant ;
2sE-  — Inverted = S ---IH Lower octant ]
~ F 1 & b — IH Upper octant 1 @
2 20 4 € 3 A5
= o . (4v) P 1 =2.
I se 4 O D A T A D 413
o A\ 1 & 2 et T N T a0
Z . c = 1<
10 4 2 .
S A/ with reactors @ g
OZI\_L. .(. L 1 | 1] 00- ' P A IR R RS
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« Can begin to measure §.p - CP-violating phase in heutrino mixing
« T2K and NOVA measurements are (currently) consistent
« T2K excludes §.p = 0,m (CP-conserving) at 2o (for the normal mass hierarchy)

« Both prefer normal mass ordering (NH)
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% Errors on Predicted Event Rates

1Ring p-like lRlng e-like

Detector Calibration

Why can’'t we do bettere
T2

NOVA Preliminary

SK detector 16.7 Muon Energy Scale
SK@-SHPN 2.2 2.0 3.0 2.3 11.4 Neutron Uncertainty

i Detector R
flfD 2?? ':0"““’;3"“ 3.2 2.7 3.2 2.9 4.1 eleclor Hesponse
Ux & Cross section Normalization
o(ve)/a(vy), a(Ve)/o(V,) <0.05 <0.05 2.6 1.5 2.6 Near-Far Differences
Beam Flux
Neutral Currents 0.3 0.3 11 2.6 — Systematic Uncertainty
Total 4.4 3.8 6.1 6.5 20.9 Statistical Uncertainty

« Current measurements are staftistics
limited, but not for long ...

« Most worrying systematics related
to neutrino-nucleus interactions

« Essential total systematic
uncertainty <3% for DUNE/T2HK

005 ' ' 005
Uncertainty in Am32 (x10° eV?)

NOVA Preliminary

v Beam

I Neutrino Cross Sections

Detector Response
Near-Far Differences
Detector Calibration
Normalization

Neutron Uncertainty
Beam Flux

Muon Energy Scale
Systematic Uncertainty

Statistical Uncertainty

H
v, oppeordmce

Slg nal Uncertalnty (%)
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Why care about neutrino interactionse

reco _ true true true true true reco
N, EVC) = ©(EV)|o(E")|P(a=f, E")[e(E)S(EV", EV”)
N,..(EY°) = Expected number of events [p(a>f,E"™) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix

 Need to know & x ¢ in order to interpret
Nobs as P(CZ - :B)
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Why care about neutrino interactionse

N, [EVY) = @(E)[S(E7)|P(ap, EVY)|e(EV)S(EV", EVY)
N,..(Ey”) = Expected number of events  [p(q=f,E"*) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix
I Nt sasemns
« Need to know @ x ¢ in order to interpret | B =0
N,ps QS P(a = ) - i

 Near / farratios don’t fully cancel this:
« Dramatic change in E,, distribution
» Different ND/FD design, acceptance
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Why care about neutrino interactionse

reco _ true true true true true reco
N, EVC) = ©(EV)|o(E")|P(a=f, E")[e(E)S(EV", EV”)
Npred(E:eco) = Expected number of events P ( a=>f3, Et\':ue) = Oscillation probability
O(E™) = Neutrino flux c(Ey™) = Selection efficiency
o(Ey") = Interaction cross sections S(Ey*,EY®) = Smearing matrix
| l;, .}-']lllx I(:u.‘hi;rnll;\'lm:m;.) .....
. . | P 72K ND off-axis
 Need to know & x g in order 1o interpret [
i [1707.01048] B.F.
NObS OS P(a - ﬁ) I - Super-K oscillated

 Near / farratios don’t fully cancel this:
« Dramatic change in E,, distribution
« Different ND/FD design, acceptance

» Not just counting experiments: Require @
model to relate ETé° to ELTue
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Nge__u’lr_rinq .Iln’re.rqc’rions at T2K

o(E,)/E, (103cm?nucleon™ lGevV !

Stephen Dolan

—
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-

GENIE 2.12.8, 0y cn (Ey) v Flux (arbitrary norm.)
CC-Total
== CC-RES
CC-1plh
Nieves CC-2p2h

- T2IK: ND off-axis

g [1707.01048] BF.
Super-K oscillated

CCQE (1p1h)

(Charged-Current Quasi-Elastic)

CCRES

(Charged-Current Resonant)
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Nge__u’lr_rinq .Iln’re.rqc’rions at T2K

GENIE 2.12.8, 0y cn (Ey) v Flux (arbitrary norm.)

L —_— CC-Total - T2IK: ND off-axis
3 = CC-RES i

Super-K oscillated

...... Nieves C'C—Z]‘Qh

-

o(E,)/E, (10°*cm?nucleon 'GeV ™!
o
o

Oscillation dip

« Reconstruct neutrino energy from muon
kinematics in CC pionless events at SK

CCQE (1p1h)

(Charged-Current Quasi-Elastic)

CCRES

(Charged-Current Resonant)

2 2 2

Ereco —
v 2(mp—Ey+p, cos(6,,))

« Assume stationary target and CCQE scattering ...
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Nge__u’lr_rinq .Iln’re.rqc’rions at T2K

GENIE 2.12.8, 0y cn (Ey) v Flux (arbitrary norm.)
— CC-Total - T2K: ND off-axis

- =e=ee CC-RES .
1.5 b e ceuton [1707.01048] B.F.
P - Super-K oscillated
------ Nieves CC-2p2h

-

o(E,)/E, (10°*cm?nucleon 'GeV ™!
o
wt

Oscillation dip E, (GeV)

CCQE (1p1h)

(Charged-Current Quasi-Elastic)

CCRES

(Charged-Current Resonant)

Nuclear
Effects ~~

Free
Nucleon

Nuclear
correlations

Stephen Dolan
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2p2h

(2 particle — 2 hole)

Final State
Interactio




Neutrino Interactions at T2K

« Reconstruct neutrino energy from muon kinematics in pionless events at SK

« Assume stationary target and CCQE scqﬂering

TT T rr 1T [ rrr [ rrrprrrprr

m2—m2—-m2+2m. E g 012 . CCQE NEUT MC,
ET'BCO - 1% n K n-gy . 2p2h Super-K 1 ring u-
2(my,—E,+ COS(G )) 0-10 like selection
n=EuTPu # 00s - Other
Bias due to: 0.06 — T2K Work

«  Fermi motion in the initial nuclear state
« Nucleon-nucleon correlations
« Pion absorption FSI - CCnonQE events 0.02

0.00 e 2
-1.0 -0.8 06 04 02 00 02 04 06 08 1.0

« Correct for bias using models ... (E,"/E,") - 1

u X o o
Nuclear p (/2% - .,)/;
- + e. “ +f * ¢,
Vy o ¢

In Progress
0.04

Effects ¢
@ 4
4 (¢]
Free Fermi Nuclear Final State
Nucleon Motion correlations Interactions (FSI)
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Modelling neutrino interactions

Use Monte-Carlo event generators with inclusive models built from old

bubble chamber and e~ scattering data.

Predicting hadron kinematics
properly requires semi-inclusive

inferaction models.
These don't really exist
Those that do are too slow

Instead we intfroduce ad-hoc
semi-classical models ...

Even the inclusive models
struggle beyond the QE region

Nuclear
Effects

v

—_———— e

nuc/ear_moﬂel Jl | ﬁnmary mtera_chog N ﬁadron/zat/on I hadron lransportj
OCCQE .
We use an inclusive (dp dcos6, ) model for this.

The rest is ad-hoc nuclear / FSI models.
— large systematics

O
° -~
- @ e, 4 é -
¢, + ° g
0 ¢ - . ¢

4
©

Free
Nucleon

Final State
Interactions (FSI)

Nuclear
correlations
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Neu’rrlno Inferactions at NOvVA

I NEUT 5.3.6, o,,cu (&) FHC v, Flux (arbitrary norm. )] CCQE (1 p] h) CCDIS
[ — CC-Total wome NOTotal 1 (Charged-Current Quasi-Elastic) ) )
[ CONmeDIS B NOVA: ND offaxis | (Deep Inelastic Scattering)
1.5 F = CC-RES - \V‘\/:/ v _
L e CC-1plh2p2h ] g u .“/ A
1 P

CCRES CHadromR

(Charged-Current Resonant) Shower

o
e

o(E,)/E, (10380m2nucle0n_1GeV_l)

’ g Neutral Current (NC)

 NOVASs higher energy beam means most interactions are not CCQE
* DIS interactions become important

« T2K method of reconstructing neutrino energy will not work
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Neu’rrlno Inferactions at NOvVA

- CC-1plh+2p2h

I NEUT 5.3.6, o,,cu(£,) FHCwy, Flux (arbitrary norm.) CCQE (1 p] h) CCDIS
| — CC-Total wome NOTotal 1 (Charged-Current Quasi-Elastic) ) )
| CONz+DIS B NOvA:ND off-axis | \\// (Deep Inelastic Scattering)
------ CC-RES f
T | Vi H Vy W

CCRES GHadromN

(Charged-Current Resonant) Shower

o
e

o(E,)/E, (10380m2nucle0n_1GeV_l)

v, : g Neutral Current (NC)
! : ; ;s | 5 W

E, (GeV) i T \V:\./;u/
« Reconstruct neutrino energy from total _~— & " 20

energy deposited in the detector //\\
p

* Misses most neutrons ...
T Rely on models to tell us about neutrons:

«  Number of np, nn, pp initial state pairs in 2p2h

/ « Neutrons produced through FSI

. Large systematics « Neutron energy fraction in RES or DIS events
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Neu’rrlno Inferactions at NOvVA

[ | P("f\: f1 r\‘l h)

NEUT 5.3.6, 0y, : : CCDIS

—_— CC-T(Jt'l

o _ PhyS ReV D 92, 091301(R) ieep Inelastic Scattering)

------ CC-RES

=
w
——
<
[

- CC-1plh . N p
v Calorimetric Method S
Realistic Resolution PR
Correct Result "1 i ; ‘:'*.
ol
a @
_— 2 of= b
90%  (xi/dof=03/106) : NS

o
e

=== 80% (yp/dof=1.4/106) Shower

o(E,)/E, (10380m2nucle0n_1GeV_l)

..... 70%  (x%/dof=3.7/106) Neutral Current (NC)

" Bias in DUNE-like measurement
. R fruc - Ocp for different underestimationt
econsiruc 6ok of “missing energy”

energy deg '
Contours for Ay*=2.3 /;/\‘\

*  Misses most 40  Wide Band Beam, L=1300 km ]
bout neutrons:

T S ial state pairs in 2p2h
6.5 7.0 7.5 8.0 8.5 9.0 95 ygh FSI
in RES or DIS events

. Large sy 613[°]
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Neutrino interactions and OA

« Future precision measurements of neutrino oscillations
require few-% systematics

 Need to understand neutrino intferactions to interpret the
event rate at the FD and o reconstruct neutrino energy

« We rely on ad-hoc models of poorly understood nuclear
physics to do this — dominant systematics (foo large)
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Neutrino interactions and OA

« Future precision measurements of neutrino oscillations
require few-% systematics

 Need to understand neutrino intferactions to interpret the
event rate at the FD and o reconstruct neutrino energy

« We rely on ad-hoc models of poorly understood nuclear
physics to do this — dominant systematics (foo large)

EP CALM

AND

SURE do
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Overview

* Neutrino nucleus cross-section challenges
and measurements

« Conclusions
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What can’'t we measure

Naively it would be great to measure occoe(Ey), 02p2n(Ey), 0oen (Ey)
Why not¢

CCQE CCRES
v l 14 [
é 74 § 14
» & 3
n . o 14 n .e ‘e P
o é N @ --.._0 é an ‘--.0

Final state interactions (FSI) can cause different interaction
modes to have the same final state

« Can’'tseparate interaction modes on an event by event basis
« Enfirely reliant on the input simulation to tell us contamination
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What can we measure

Interaction Interaction .
Modes Topologies
CCQE ! - ccom -

T T

/@\SCQE -like)

CCIn
(CCRES-like)

I A

Nuclear effects
obfuscate inferaction
mode

To minimise model
dependence we
measure interaction
topologies

Interaction modes in

CCOn topology at ND280:
(NEUT MC)

CCRES Other
ot 10.38%
2p2h
12.11%
CCQE
80.60%
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What can we measure

Interaction 9
TOpOIOQieS - GENIE 2.12.58, oy, ct (Ev) vy Flux (arbitrary norm.) |
— CC-Total ]

S ESSnuSB flux shape
=wmae CC-RES (E=2GeV) ]
CCO"‘ ]_5 - =eme CC-1plh (taken from R. Tsenov European 4

town talk, digitisation not perfect) |

D

(CCQE-like)

...... Nieves CC-2p2h

[a—

A%

’ : W CClinm
w1 (CCRES-like)

T
n p?

................
""""
L.
......
-
.....
rrrrrr
- wey
........
------
---------
...........

o(E,)/E, (10°cm?nucleon” 'GeV™")

ttttt
b T
-----
~~~~~~
--------
.....
-----------------
.........

-
.......
-

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

ol CCOm+Np 0 ' e -
N P _— (N>0) 1 2 3 4 5
E, (GeV)
n p?

* Will focus on O / QE interactions
— these are the most relevant to ESSnuSB
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Who can do the measuring

T2K Near detectors
T2 (ND280+INGRID)
y =1 GeV

UA1 Magnet Yoke

ND280 Tracker
(FGD+TPC)

Previous experiments:

MiniBooNE Detector

MiniBooNE
measured many
neutrino cross
sections

E,~1GeV

\ A A 4

‘*’j,. N
¥

>
=

‘9.

V5 e

|~
s

MI&?RVA

Purpose built neutrino
interaction experiment
E, = 3 GeV

Elevation View

U
ol

{C.Ph Fa_H:0O)

A '\
A
A

N

Hadronic

214m
3.45m

MINOS Near Detector
(Muon Spectrometer)

ide ECAL | |0.5/tp

MO
bu o
r=Y

e 1

5m >4—2 M —>

NuclInstrum.Meth. 676 (2012) 44-49, Nucl.Instrum.Meth. A743 (2014) 130-159

Old bubble chambers
(ANL, BNL) provide the
only light target (H,,D,)
data: nuclear effect
freel
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CCOmr measurements

0.94 < true cos, < 0.98

= ] Phys.Rev. D 16, 3103 -
* Available models are able to B E
reasonably well describe most 2k E
T2K and MINERVA CCOm aE E
measurements of lepton — E
kinematics on CH targets c§§ E
0 0.5 1 L.5 2 2.5 3

3'<1(}4'fl2 x107% True p, (GeV)

80f 8<p <10 GeVic 4of-10-:p"<15 GeVl/c
[ 1 « However, very different

models with different
implications for oscillation

e analyses can look very

—5- similar in such measurements

N
G -

dp_ (cm?/(GeV/c)’/nucleon)

0 0.5 1 1.5
Phys. Rev. D 97, 052002

d®o /dp
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CCOmr measurements

0.94 < true cos, < 0.98
s ] Phys.Rev. D 16, 3103 -
Ng(bo E
V. Pandey, Nuint18 = | E
S |= ]
30llll‘llll‘llll’llllﬁé ' 1 :
%> | 0.8<cosd, <0.9 Only QE |12 03t 3
2 —— CRPA LIS 02F =
g [ - HF B I =T (weeeeeeees eeveseee
E — Martini:RPA  — ° EL L T2KE
# 20— 11T . Martini: FG —_— 0 0.5 1 1.5 2 2.5 3
e Frs — Nieves: RPA — True p, (GeV)
~ 7 % Nieves: FG —
ﬁi L — Ivanov: RMF _ .
o | , - MiniBooNE | * However, very different
O ) . .
10— . ——  Models with different
2 T 7 —1 implications for oscillation
S | | analyses can look very
'/ similar in such measurements
% 500 1000 1500 2000

T, (MeV)
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C/O extrapolation D

* Maijority of our cross-section results come from CH scintillator targets
« T2K / ESS FD is water Cherenkov detector

« Latest theory predicts very little different between the targets, much
smaller than experimental errors — small systematic

« Useful to continue to measure C/O to check theory, but not a major

concern
141~ 6 o | arXiv-1711.007711 —_ 0. 925{0039 <0975
I 0,QE - g 20 arX|v 1711007717 " " T 0 T 7! > |
12} E - 094 <cosﬁ < 098 for
= 2 | . TZK( °0)
S > 15k
£ 100 g 15: T2K (°C) :
= g “g 1A — QE+MEC ("°0) -
5 | 2~ 10F T\ — QE+MEC (“0) A
) = B 7
o of =, | '
~— F {tIn) B
o 4 3 5S¢
i s, |
2f =
B -8 0- l l Ll
%. 0 0.5 1.5 2 2.5
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Beyond Hydrocorbon

« MINERVA results show that our models do a
poor job for much heavier targets

 |tis critical for DUNE that we develop
models to describe 40Ar ...

* MicroBooNE and SBN Fermilab program
(“OAr detectors) may help, but have a very
different E,, to DUNE (<1GeV vs 1-4GeV)

Q2
2MNI/

€T =

® Phys. Rev. Lett. 112, 231801
xzindf 50515 101 '

-+ Data : i
__S|muia1mn< ....... ....... I\/\”&RVA

xzmdf 25 aws 431

+ Data
_&- s“.nu'a.t.on, ........ _ .......

..................................................

1.8
0.8
0.0
2.0
1.8
S |5 1.6
oo [
— "
© | 1.2f
.81:: -
0.8
0.0

02 04 06 08 10 1.2 14

Reconstructed Bjorken x
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v /v differences D

« Measuring CP-asymmetry depends on understanding v/v Cross
section ratio

e Few measurements of this exist, recent T2K measurement indicate
issues with our models

tru
107 0.85 <cosf** < 0.9 0.9 < cost™ < 0.94
.!.: .
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Single Transverse Variables
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Single Transverse Variables

Vytn ou+p

No nuclear Effects

ph = —p?
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Single Transverse Variables

Vy+tN o p+N'+27?

With Nuclear Effects

ph # —ph
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Single Transverse Variables

Vy+tN o p+N'+27?

« Any deviation from dp; =0, §¢pr =0
is indicative of nuclear effects

Phys. Rev. C 94, 015503 (2016
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Single Transverse Measurements
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from Phys Rev Lett 121 022504
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Result from: Phys. Rev. Lett. 121, 022504
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Result from: Phys. Rev. D 98, 032003
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Different parts of the STV are sensitive
to different nuclear effects

Can begin to see where our models do
well and where they fail

Clearly the models need work ...

Also see: Phys. Rev. C 98, 045502
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Calorimetric measurements
SO
« Use measurements of calorimetric energy to estimate energy and
momentum transfer of an interaction (like we have in e~ scattering)

« Separates QE, 2p2h and RES (Delta) contributions

* Models show a clear deficit, particularly in 2p2h enhanced regions

[Phys.Rev.Lett. 116 (2016) 071802]
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Low energy CCOn D

o

Q* (GeV?)
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At low energies, longer wavelength propagator means “long-

range correlations” between nucleons become more important
« Potentially very important for ESSnuSB!

Whole nucleus becomes excited by inferaction — energy transfer
distributed across many nucleons

Described by RPA — Random phase approximation

Acts as a strong cross section suppression at low Q2

GENIE 7 producson medified P. Rodrigues — Nuint15
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Low energy CCOmn

D

At low energies, longer wavelength propagator means “long-

range correlations” between nucleons become more important
« Potentially very important for ESSnuSB!

Whole nucleus becomes excited by inferaction — energy transfer
distributed across many nucleons

« Described by RPA — Random phase approximation

« ACTs as a strong cross section suppression at low Q

Phys Rev D93 072010
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Low energy CCOn D

« Clearly required by MINERVA calorimetric results

« But the exact theoretical description is still uncertain:
« Alternative theoretical approaches (e.g. HF-CRPA model)
Phys. Rev. C 83, 045501, Phys. Rev. C 92, 024606; Phys. Rev. C 65 65025501; Phys. Rev. C 80, 065501
« Role of RPA less dramatic if nucleons properly bound? | | mosel ecr
« Degeneracy with the rest of the nuclear model? eeksnon
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https://indico.ectstar.eu/event/19/contributions/407/attachments/309/410/Trento_0pi.pdf

CC]n mecsuremen’rs

Phys. Rev. D 96, 072003

Use a very simplistic inclusive model,
many missing ingredients (few
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Phys Rev D91 112010
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Further challenges
v, Cross sections @Sb

e« Use measurements of vy at ND to
constrain v, interactions at FD ig:; P

do/dp (xlU“‘" cm?nucleon/(GeV/c))

Phys Rev. Lett. 116, 081802
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Conclusions

« A precise understanding of neutrino-nucleus interactions is
essential for precision measurements of neutrino oscillations

« Associated systematic uncertainties are either already
dominant, or expected to become so soon

« T2K and MINERVA are making a variety of creative
measurements of neutrino scattering cross sections ...

« But our models are unable to describe the new datal

. & will be dominated by better understood CCOx
processes, but even these are not well understood

 New data from existing and future experiments may help,
but model development is essential.
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The way oufte

Input from and collaboration with theorists is fundamental to
overcoming these challenges

» Experiments have outstripped the over simplified
mOdels In generators' Nulnt 18 Experimental summary talk — K. McFarland

With every topic we find that the challenges can be met only

with the active support and collaboration among specialists in strong interactions and electroweak
physics that include theorists and experimentalists from both the nuclear and high energy physics

communities: | \\USTEC White Paper (Prog.Part.Nucl.Phys. 100 (2018) 1-68)

Apart from rigorous work, inspiration (and whining abilities ©) (especially young) theorists need
institutional support! | \int 18 Theoretical summary talk — V. Pandey

m Precision era of neutrino physics requires more sophisticated
generators and a dedicated joint effort in nuclear theory and

NEUTRINO 2018
cross-section talk generator development

- U. Mosel = This joint effort has to be funded as integral part of experiments
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Thank you for listening!
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