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Current experiments - results and challenges

Long-baseline experiments are uniquely suited to search for
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* Measurements of CP violation are severely limited by
statistics and knowledge of mass ordering
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See also C. K. Jung’s keynote talk

CP violation in the lepton sector and study 3-flavor oscillations
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Now entering the precision
measurement era


https://indico.cern.ch/event/1216905/contributions/5530237/

Are we prepared for future experiments?

Experiment v, events v, events Vv, events v, events Sys;fg?tlc
T2k 318 137 94 16 504
,@ 211 105 82 33 ~5%
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Are we prepared for future experiments?

Experiment v, events Vv, events v, events v, events Sysgf;;l?tlc
T2K 318 137 94 16 50
© 211 105 82 33 ~5%

YPER
Hk ~10000 ~14000 ~2000 ~2000 ?
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Are we prepared for future experiments?
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Sensitivity to exclude CP
conserving values for §.p
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Can delay physics results by
several years.

Or prevent them altogether!
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Are we prepared for future experiments?

Experiment v, events Vv, events v, events v, events Sysgf;g?tlc
T2K 318 137 94 16 ~5%
,@ 211 105 82 33 ~5%

YPER
HK ~10000 ~14000 ~2000 ~2000 Need ~1-3%
b (\ = ~7000 ~3500 ~1500 ~500 Need ~1-3%

Need dedicated, focused effort in order for future experiments
not to be pre-maturely limited by systematics
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Finding the culprit
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The description of neutrino-nucleus interactions is the dominant
source of systematic uncertainty for oscillation measurements
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What do we need
to successfully control cross-section systematics?



Neutrino cross-sections and oscillations

= Oscillation parameters are inferred from event spectra as a function of
reconstructed neutrino energy

Systematic uncertainties

| |
Ny (B30 = P,y (B D(ET) o (E)e (B )S (BT, E) B = e,

/

Oscillation
parameters
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I Neutrino flux I

Interaction
cross-section

Detection
efficiency

Energy smearing
matrix
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Neutrino cross-sections and oscillations

= Oscillation parameters are inferred from event spectra as a function of
reconstructed neutrino energy

Systematic uncertainties

l |
Ny (B5e0) = P, ., (B D(ET ) o (B )e (B )S (BT, E*0) B = e,

/

Oscillation
parameters

= Constrain systematics with near detector

I Neutrino flux I

Interaction
cross-section

Detection
efficiency

Energy smearing
matrix

= But heavily rely on models to predict near-to-far detector extrapolation
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Oscillation analyses and model dependence

Near detectors are an essential part of any GENIE 2.12.10, DUNE FD TDR GV Tune
. . . — CC Inclusive CC 1p1h+2p2h

oscillation experiment —— CCRes — ccois
T =
- | 2
. > >
But we rely on models to predict: < 1 1048

[0 Y]
- - (D

= The energy dependence of neutrino cross-sections s
= ~
The near and far detectors see different uf e
neutrino fluxes due to o °

* Oscillations
* Acceptance
* Beam geometry
Different models predict different
evolutions of (E,)
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Oscillation analyses and model dependence

Near detectors are an essential part of any

oscillation experiment Forward scattering angles

B
Té T T T
e v, HF —
But we rely on models to predict: =] 12 v, HF — -
= The energy dependence of neutrino cross-sections k: 10°F v, HF-PWIA - - 1
_ _ e 8¢ ve HF-PWIA ---- 2
= How cross-sections change for different neutrino s 6 o me .
species (v,/v.) = 4 g ~;\PW><O.2_
2 9 . il
Q Tk
S0 =
< 20 40 60 80
= Energy transfer (MeV)

Near detectors predominantly measure v,
Rely on theory predictions to extrapolate to v,

Phys.Rev.Lett. 123 (2019) 5, 052501
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Oscillation analyses and model dependence

Near detectors are an essential part of any LKlevkamp @ NuiNTZ022
oscillation experiment g
g carbon
$ .
: - —water
But we rely on models to predict:
= The energy dependence of neutrino cross-sections

—lead

= How cross-sections change for different neutrino
species (v, /v,)

= How cross-sections change for different targets

t

dzo/dpzdp (cm?/GeV?%nucleon)

. YPER
DUVE Mic
Ar, CH CH, H,0 Muon P, (GeV)
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Oscillation analyses and model dependence

Near detectors are an essential part of any
oscillation experiment

But we rely on models to predict:
= The energy dependence of neutrino cross-sections

= How cross-sections change for different neutrino
species (v, /v,)

= How cross-sections change for different targets

o(E,)/E, 10 (cm? /GeV /Nucleon)

0.5

o

GENIE 2.12.10, DUNE FD TDR CV Tune
—— CC Inclusive CC 1p1h+2p2h
—— CCRes 1t —— CCDIS

—
o
IS

m? /GeV /POT)

Model dependence cannot be escaped in neutrino
oscillation experiments
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How do our models perform?

@ Experiments are providing us with large
Ao amounts of novel cross-section measurements

. Y CEBAF
> i Large
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UAT Magnet Spectrometer
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IElectromagnetic
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alorimeter

MINOS Near Detector
(Muon Spectrometer)
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How do our models perform? arXiv:1810.06043

Phys. Rev. D 98, 032003 (2018)
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How do our models perform?

No model is able to
describe global
neutrino scattering
measurements

J

21.08.2023

arXiv:2301.03700
40 MicroBooNE Data
] } 6.79 x 10 POT

'_2' ; 1 Stat®Shape [ Norm
o & —G18 (6.0/13)
o 30 i -
5% .-] i.{_; --GiBUU (21.5/13)
o ; [ --NuWro (12.5/13)
5 2 "
8]»5; 10~

%

0.4 .
SpT [GeV/c]

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

(cm? nucleon™ GeV™)

T

do
50

d

-39

8 >:<1o T T T T T T T 7 T .
7B % NEUT5.4.0 =
g 3 —4— MINERVA E

E —LFG  Xirc =621 E
51 /e ... RFG X%rg = 321.5 =
JF ——SF  Xip=1049 E
giF E
1 4

0
0 01 02 03 04 05 06 07 08 09

arXiv:1810.06043 dp_ (GeV)

arXiv:1810.06043
Phys. Rev. D 98, 032003 (2018)

,ﬁ7: L R B B
> F NEUT 5.4.0 E
S E —4— T2K ]
- 5 ~——LFG  Xirg =33 =
38 [ K RFG  Xhro =458 |
o tF —sF  X5r=100
3 =
o Tz
0 F L L — | 7
0 02 04 06 0.8 1
3p_(GeV)
Nature 599, p. 565-570 (2021)
2.257 GeV
'+' Data
= 0.5 — SuSAV2 (Total)
[}
€ o3
=
|k 0.2
'c’%
0.1
0

0.6
Cle.e’p), i P (GeV/c)

Laura Munteanu (CERN) - NuFACT 2023, Seoul, South Korea L/


https://arxiv.org/abs/1810.06043
https://arxiv.org/abs/2301.03700
https://arxiv.org/abs/1805.05486
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003
https://arxiv.org/abs/1810.06043
https://www.nature.com/articles/s41586-021-04046-5

How do our models perform? arXiv:1810.06043

Phys. Rev. D 98, 032003 (2018)
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What do we (not) know about neutrino interactions?

Known unknowns

(non-exhaustive)

Hadron transport inside the nucleus
v/v differences
Impact of nuclear potential
C/0/Ar/Fe/etc. differences
Relative contributions of different channels
Hadronization
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What do we (not) know about neutrino interactions?

Unknown unknowns Known unknowns
(non-exhaustive)

Hadron transport inside the nucleus
v/V differences
Impact of nuclear potential
C/0/Ar/Fe/etc. differences
Relative contributions of different channels
Hadronization
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What do we (not) know about neutrino interactions?

Unknown unknowns Known unknowns
MiniBooNE M, puzzle (non-exhaustive)
x10°%°
€ 15 ® R .
R Hadron transport inside the nucleus
8 2 — = MiniBooNE data with total error — 3
S A S o v/v differences
2 Free nucleon with MA=f.03 GV /—ﬂ .
o : o e Impact of nuclear potential
Phys.Rev.D 81 (2010) 092005 o BlyslewB707(2012)72.75 .
— | [E T C/0/Ar/Fe/etc. differences

Multinucleon

\;' NN Nodtime, Relative contributions of different channels
+

| M09 GeV Hadronization
L "‘k.\_\ 0.80 < cos §,<0.90 |
nuclear screening

(RPA) e ‘Tul(Ge‘V)‘ e

n

dzc/dTu deos® (107 cm® /GeV)

Previous unknown unknowns become known unknowns!
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Why do we care?

[ For measuring sind.p ] [For precision measurements]




Main challenge(s) for sind.-p = 0 exclusion

HK 10 years (2.70E22 POT 1:3 v:V)
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Statistics only
-------------- Improved syst. (v./V, xsec. error 2.7%)
........................... T2K 2018 syst. (v./V, xsec. error 4.9%)

—
N

Dominant systematics related to the
uncertainty on o(v,) and o(v,) differences

0 exclusion (W)
S = o
RARN

IIIIIIIIIll

3 Current constraints mainly
w .
i driven by theory
2]
-3
Hyper-K preliminary

True 9,
True normal ordering (known) Cp

sin’(8,5) = 0.0218 sin(B,,) = 0.528 Am,| = 2.509E-3

See talk by S. Dolan (Tuesday, WG2)
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Main challenges for precision measurements
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05 055 0.6
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due to shift in visible energy

Dominant systematics are those which affect the shape of the
oscillated spectrum as a function of reconstructed neutrino energy
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction
YPER

\

Charge/tick/channel (ke)

-2.5

100 200 300
Wire Number

Water Cherenkov - measure kinematics of

LArTPC - measure particles’ energy deposits
particles above threshold

[ Different detectors - different methods - different priorities ]
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Inspired by S. Dolan’s INSS 2023 lecture

\

(calorimetric energy reconstruction)

Neutrino energy reconstruction

Hvﬁ

(“kinematic” energy reconstruction)

Y iz 5 5
\7// Infer HEI:ItI‘iHO energy from w Add up all visible energy
v lepton kinematics under 2- N from final state particles
,J’/.;&. body reaction assumption
<0
—n%N ~—
v

[ Different detectors - different methods - different priorities ]
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction

Smearing driven by:

* Fraction of energy carried by
neutrons

* Pion production processes

Smearing driven by:
* Nuclear ground state
* Pion transport through nucleus

|
@ T "~ T 1 T T T " g 3 L L L
£ 0.08F 3 2 ]
g E YPER 3 ! g 01 — AllCC —
Z 0075 — Al CCOR K 3 | e .
= - — | . .
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0.05 3 ! 0.06[— .
E | - No n, no =* 1
E I 0.04- 7
E ! 0.02(- .
E : ~ :
Do it L et MR AL N T B
D6 02  -o2 0 0.2 04 | 06 04 02 0 0.2 0.4
EVMC-E;CC ' EVUUC_E{,CC
B : B
|
|

[ Different detectors - different methods - different priorities ]
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Inspired by S. Dolan’s INSS 2023 lecture

Neutrino energy reconstruction

I 2] LN L B B AL L
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true rec
E-EV° | %
Evtrue ' . . EV o
: : Smearing driven by:
Smearing driven by: . Fracti f energy carried b
* rracton o
* Nuclear ground state I A y
. neutrons
* Pion transport through nucleus ) .
* Pion production processes
Wider intrinsic smearing but easier to control Smaller intrinsic smearing but harder to control

[ Different detectors - different methods - different priorities ]
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Neutrino e

Relative bias on the reconstructed neutrino
energy for DUNE from multiple models
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High model disagreement

Inspired by S. Dolan’s INSS 2023 lecture
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The future of neutrino cross-sections is bright!
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mon Neutrinos

L.Yates @ NuINT2022

SBND Simulation
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High statistics measurements on LAr /
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S. Dolan @ NuINTZOZZ
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https://indico.cern.ch/event/881216/contributions/5048780/attachments/2537319/4367163/2022-10-28_LYates_SBND-Interaction-Measurements_MedRes.pdf
https://indico.cern.ch/event/881216/contributions/5048820/attachments/2537322/4367150/NuMIatICARUSv2.pdf

The future of neutrino cross-sections is bright!

/ Y. Chen @ NuINT 2022 \
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https://indico.cern.ch/event/881216/contributions/5048774/attachments/2537336/4367180/NuInt_Seoul_Korea_YifanChen_2022_10_28.pdf

The future of neutrino cross-sections is bright!
/ High-precision CCOn-focuseN
measurements

* Well understood detector technology
* Low particle detection thresholds
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https://arxiv.org/abs/1901.03750

The future of neutrino cross-sections is bright!
Hydrogen tagging \

Nature 614, pages 48-53 (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003
https://www.nature.com/articles/s41586-022-05478-3
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003

The future of neutrino cross-sections is bright!

’ / Hydrogen tagging \

See K. McFarland'’s talk on Tuesday!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003
https://www.nature.com/articles/s41586-022-05478-3
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.092003
https://indico.cern.ch/event/1216905/contributions/5530303/
https://indico.cern.ch/event/1216905/contributions/5532215/

The future of neutrino cross-sections is bright!

21.08.2023

“2x2” ArgonCube Demonstrator
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/ PRISM-style measurementx
Del Tutto @ ICHEP 2022
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https://indico.fnal.gov/event/53004/contributions/243629/attachments/158577/208098/nufact_t2k_xsec_20220805.pdf
https://arxiv.org/abs/2303.14228
https://agenda.infn.it/event/28874/contributions/170211/attachments/94256/128908/ichep2022_deltutto.pdf

The future of neutrino cross-sections is bright!

/ PRISM-style measurementx
Del Tutto @ ICHEP 2022
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See M. Wilking’s talk on Wednesday!

A. Cudd @ NuFACT 2022 [arXiv:2303.14228]
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https://indico.fnal.gov/event/53004/contributions/243629/attachments/158577/208098/nufact_t2k_xsec_20220805.pdf
https://arxiv.org/abs/2303.14228
https://agenda.infn.it/event/28874/contributions/170211/attachments/94256/128908/ichep2022_deltutto.pdf
https://indico.cern.ch/event/1216905/contributions/5530304/

The future of neutrino cross-sections is bright!
Je
/ Electron scattering \

“2x2” ArgonCube Demonstrator Nature 599, p. 565-570 (2021)
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https://www.nature.com/articles/s41586-021-04046-5

Beyond dedicated cross-section measurements

Cross-section measurements are
essential for future experiments

But we cannot rely solely on them

e Morals of this story:
* Every measurement has backgrounds
* No detector is perfect
* No cross section model is perfect

D. Harris @ INSS 2023

21.08.2023 Laura Munteanu (CERN) - NuFACT 2023, Seoul, South Korea
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https://indico.fnal.gov/event/57378/contributions/273169/attachments/170318/229120/INSS_Harris_xsec_expt_day1_given.pdf

Beyond dedicated cross-section measurements

Strong ties with
theory community

Eesponse

Capable near detectors

Reference Design

Nucleus

w

Nucleon

w

. . . New models Implement in generators
Essential to constrain neutrino (SF, SuSAv2, CRPA, etcT & compare with data!

flux+cross-section effects in situ /
Identify unknown
unknowns
Tune known unknowns
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Beyond dedicated cross-section measurements

Strong ties with
theory community
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Capable near detectors
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. . . New models Implement in generators
Essential to constrain neutrino (SF, SuSAv2, CRPA, etc.) . & compare with data!

flux+cross-section effects in situ /
Identify unknown
unknowns
Tune known unknowns
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https://indico.cern.ch/event/1216905/contributions/5530258/
https://indico.cern.ch/event/1216905/contributions/5530257/

Summary and outlook

= Neutrino oscillation physics is entering the precision measurement era

= Future-generation experiments have ambitious goals, will gather huge
statistics and will use powerful detectors

= Systematic uncertainties will become dominant

= A precise control of neutrino cross-section uncertainties is imperative to
achieve their goals

= Exciting cross-section measurement programs planned

= Rely on strong collaboration with theory community and capable near
detectors

[ Thank you for your attention! ]
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Long-baseline oscillation experiments

Experiment Beam Energy Baseline Near detector Far detector
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Transverse Kinematic Imbalance

Phys. Rev. C 94, 015503
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503

