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® With 3v, there are 3 angles and | imaginary phase:

® The phase allows for CP violation similar to the quark sector.

® There are also 2 values of Am?, traditionally Am?, &Am?3.
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K2K, T2K, MINOS, NOVA, SK, ICECUBE from atmospheric and acc. neutrinos.
023 & Am?y3

from solar and reactor neutrinos

O3 & sin Ocp

from manmade neutrinos.

P(Ve —Ve) & P(Ve —Ve)

Future projects:
e accelerator: T2HK, DUNE
 reactors: RENO, SK/HK

* atmospheric: ORCA/ARCA,
|ICECUBE, INO

P(Vu —)Ve) & P(\_/u —>Ve)

P(Vi —Vr) None of them includes (efficient)

V+r production or detection.
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® This oscillation allows to measure the atmospheric
mixing angle (023) and mass splitting (Am?3)) and the
hierarchy.

FSanchez, ICFA meeting 6® November 2017




(") EXCELENCIA [
- SEVERO
‘. OCHOA

P(v, = ve) &

2 2 . o AmizL <1i (1—252>

Y 2

Am3sL . AmiL . Am3, L
CPC +8033312813823(012C23 $12823813) COS Té?) Sin T]_lqg sSin "Zél

A 2 L A 2 L A 2 L
CPV 86%301203331281382in TES sin 7123 sin Z%l

Am2. L
9 9 9 2 9 : 21
Solar + 4512¢13(CT5C53 + S79553573 — 2C12C23512523513 €0s d ) sin i

Am2, L . Am? 11 al |
Matter 80%3333533 COS 4;71 sin 4;73 4E\1 — 2575)

® Comparison between neutrinos and antineutrinos allows to
derive Ocp and hierarchy through matter effects.

® The probability depends on all mixing parameters.
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® T[he neutrino
oscillation in
vacuum also
contains
information about
the hierarchy
through a phase!.

® Precise measurement of solar term (0,2) and mass split (Am?/2)
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® Neutrino oscillation experiments are carried out by comparing
neutrino interactions at a near and far sites.

® The number of events depends on the cross-section:

Nevents (El/) — Oyp (EV)(I)(EV)

® This is not so critical if we can determine the energy of the
neutrino, since at the far detector

NI o o(By) = 0, (E,)®(E,) Posc(E,)

events

® and it cancels out in the ratio as function of energy:

Nfa’r‘ (El/)

events

Nevents (El/)

— POSC(EI/)
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® Since the neutrino energy is not monochromatic, we need to
determine event by event the energy of the neutrino.

® This estimation is not perfect and the cross-section does not cancels
out in the ratio.

Nvenss(Ev) _ [ o(E})®(E})P(E,|E,)Posc(E,)dE,

events

Nevents(Ey) fO(E,’/)CI)(E,’/)P(EV\E,’/)dE,’/

® The neutrino oscillations introduce differences in the flux spectrum
and the ratio does not cancel the cross-sections.

Oscillation experiments require to know

®(Ev), o(Ev) & P(Ev|E'V)

P(Ev|E'v) is not caused by simple detector smearing.
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Niw (By) _ [ o(E)B(EL)P(E,|E,) Pose(EL)dE;

events

Nevents(£v) | J o(E)®(E],)P(E,|E])dE],

® The flux is determined by the near detector:
® Near and far flux are identical. ®near(Ev) = Prar(Ev)
® Uncertainty in fuel composition is relevant.
® Near and far detectors are similar in technology.
® [nverse beta decay cross-section well known theoretically, O(Ey)

® Main technological challenge is the energy resolution of the neutrino
reconstruction: P(Ev|E’v)
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NES By [ o(EL)®(EL)P(B,|EL) Pose(EL)EL
Nevents(£v) | J o(E)®(E],)P(E,|E])dE],

® The flux is determined by the near detector:

® Near and far flux are not identical. ®Pnear(Ev) != Orar(Ev)

® Near and far detectors are normally dissimilar in technology.
® Cross-section are not well known. G(Ey)

® Many challenges is the energy resolution of the neutrino reconstruction:
P(Ev|E'v), O(Ev) and flux determination.
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J.A.Formaggio, G.P.Zeller, Rev.Mod.Phys. 84 (2012) 1307
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Present and future oscillation experiments cover a complex
region full of reaction thresholds and sparse data.
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® CP violation requires in addition the knowledge of the ratio o(v,)/
O(Ve) for neutrinos and anti-neutrinos.

Nyo— Np, 0y P(vp = ve)aype ¢y, P(va — Ve)os,

sin 0 o — =
P ® Neutrino and antineutrino flux is
T || verydifferent
'% g %’:,0; 0 :_ ............... J:
S B 3 ® anti-nenutrino beam has large
YD [T - - <
SIS - _ ] neutrino background.
w o2l -mm V 600 MeV SCC, i
1l - v 600 MeV No SCC | 3
S X ~ ¥600 MeV No SCC | O .
) 03 T 0 Mev dece | 2 Near detector measures O(Vy)x®P :
~N - i
S wbeggegeged |0 O(VO/O(vy) s critical 1
QZ
PHYSICAL REVIEW D 86, 053003 (2012) | - ® Very little knowledge (th. & Exp.) is

available.
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—— Total SK v, Flux E

B Pioa Parean : ® Conventional neutrino beams are
22<< Kaon Parents -

{4t Muon Paceats very bad places to perform this
measurement:
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® | ow flux with respect to muon
neutrinos.

E, (GeV)

® Production process is very
different:

1 I 1 I 1 I T T T I T T T
—— Total SK v, Flux

Pion Parents
244< Kaon Parents
L HH{t Muon Parents

® Ve mainly from muon and
kaon decays

Flux/(cm*50 MeV-10*' p.o.t)

® Vv, mainly from pion decays.

10
E, (GeV)

8
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hard \
scattering

J

Only a fraction of the energy is visible.

Rely on channel interaction id. & cross
section model.
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\_

hard
scattering

J

The visible energy is altered by the
hadronic interactions and it depends
on hadron nature and cross-sections.
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® Near detector is in charge of measuring the denominator.

® Since ®(Ev), o(Ev) & P(Ev|E’v) are not well known the ND
should also try to factorise the elements.

® A model to describe cross-sections is fundamental during
this exercise.
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® Simple exercise: Calorimetric Approach
® Take all particles predicted by Neut ook CCQE sl el CCTTHO o
MC outside the nucleus and sum the aoof- ceof
kinetic energy (including neutrons!). o -
10000f- »
® Plot the relative energy deviation oo N Ly
( Eut+Enad-EV)/Ey for different channels. = ok
»Q) 0.1 —Ql -07 06 05 -04 -03 02 -0 0 D1
(E 4E, - VE,
® The response depends on the channel
h3 _ h4
and the topology of events outside soof- CNTTH0 — | ook g
the nucleus. N CCNT mof_CCDIS
®  Part of the pion and kaon mass can be - “1 TT masses
recovered through its decay chain. it o
ot _t A,Kmasses
on S \
—%. 07 06 -05 04 03 -02 -0% O 01 3,8 -07 -06 05 -04 -03 02 -01 O 01

(E +E, . EVE, (E +€, . EVE,
® Are the neutrino interaction models
ready for this type of analysis!?
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. NID for oscillations

Kinematic Approach

® The kinematic approach relies on
the knowledge of the reaction
channel at nucleon level.

® Experimentally we can confuse the
channel because:

® nuclear effects (absorption).
® detector effects (thresholds).

® |f two reactions are confused the
energy is wrongly reconstructed.

FSanchez, ICFA meeting 6® November 2017

do /dErec/(A — Z) [10738cm?/GeV]
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® Far detector also have several sources of backgrounds: Near detector can

measure them in
® wrong signh backgrounds (neutrinos vs. antineutrinos). [ L2 "
similar” conditions.

® NC interactions populating low energy bins. Near & far detector
flux is different due
to oscillations.

® Wrong interaction channel leading to biased energies.
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secondary interactionSi

» Interactions of pions and protons below 500 MeV/c can change final state identification.

* Poor knowledge of inclusive and exclusive cross-sections:

+ Measurements of pion/nucleus cross/sections in test-beams.

* Important for detector systematics and FSI. (Most relevant in T2K ND systematics).

LArlAT Preliminary
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® Theory is fundamental to improve our understanding of neutrino-nucleus
modelling for both kinematic and calorimetric approach.

® Data is sparse and always connected to flux uncertainties and model defects.

® (e,e’) scattering might be of uses regardless the difference in interactions:
Vector vs Axial.

® NuStec is an international collaboration of theorists and experimenters (electron
scattering and neutrino) to improve on cross-section knowledge.

0.98 < true cosBu < 1.00

7 11T T rrrr1rr g7

The main problem is a consistent
nucleus description in a variety of

|

o
L

107 cm?2
nucleon GeV
=
=

e kinematic regimes from shell
S model to relativistic approach.

e
)

|

d"c
dpdcos6
o
o

"

- Running ND and SBL experiments will
- improve. experimental data.
True p, (GeV) s this enough ?
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also the re-interactions of particles.

NA61/Shine measures the production of
pions and kaons as function of the
momentum and angle for protons interacting
with carbon.
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Neutrino :
Producing decays :

Decay volume
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e Beam monitoring e

® Beam monitor:

® di . : ticalif #f id b e 280m
Irection Is very critical Tor ofi-axis beams detectors

- : T=V,4  dump
and depend on proton beam direction. .
S —

[ intensity. target sta

off-axis

-
~——__
-
-

® Monitoring can be done measuring the muons
associated to the pion production or by
neutrinos themselves.
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® More power =
more neutrinos.

® New generation
of experiments
require beam
power of ~MWV.
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Off-axis

off-axis optimises the flux at the maximum of
the oscillation.

Only one oscillation maximum can be
measured at a fixed distance.

Narrow beam less dependent on beam
uncertainties but more on beam pointing.

On-axis
on-axis optimises the total flux.

Has higher neutrino energy.

Broad beam so more than one oscillation
maximum can be measured at a fixed
distance.
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1300 km
Normal MH ® Ratio between first and second oscillation
— iy maximum changes for different values of
) W o= 2 :
s PP hierarchy & Ocp
Lo
o

® Better sensitivity, reduced systematic
uncertainties !

o 1 10 ® Two ways to get it:
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Am2 2 2
mas L <in AmisL <in Ams, L
AFE AFE AE

86%36’126’5381281382% sin Isin

Am?2, L
+ 4812013(6%2033 + 5%23333%3 — 2¢12€9358125823513/Cc0s ) sin %
. Am2, L Am? L
107 1 10 80%33%3333 COS Ti?l sin Tég ZE 1 —2s%,)
Neutrino Energy (GeV)
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BL today & near futuré

@ Japan (since 2009)

baseline : 295 km
19% of full statistics (v:v=1:1)

Super-KAMIOKANDE

@ US (since 2013)

baseline : 810 km
15% of full statistics (v:v = 1:0)

Fermilab

10 km
810 km

Ash River

Daya-Bay Double Chooz & RENO

baseline : ~1 km

1A m2,l (107 eVZc*)
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Prompt energy (MéV)

Ocp up to 40

-2AIn(L)

3.6
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3.2 2

2.8
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24f

2.2

013 to 2% precision

~ Normal

Inverted

Normal Ordering —
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e Off-axis
® possible 2" oscillation peak in Korea.
e Kinematic reconstruction.

® |arge mass (~1/2 MTon).

® 2.5 0 on Mass Hierarchy depending on 03

= —— S0cm high-QE box&line PMT Significance for sindcr=0 exclusion

S 100 Normal mass hierarchy -

ol i e 50cm Super-K PMT %ot HK .

2 ? 8 | (single tank) _

c © r .

w : i
6 B

—---
- it

L L
I B

2 z SN\ [ /o oaa--T
/2* T2K+NOVA™
(~2020)
0 1l I T Lt 1 I Lo S | T I T N I Ll
-150 -100 -50 0 50 100 150

Ocp[degree]
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® Second detector in Korea:

® similar beam shape (2-3°).
Reduced systematics.

® Double the distance :
second oscillation.

® Same detector technology
for both detectors.

® |ncreased matter effect for
hierarchy measurement.

FSanchez, ICFA meeting 6® November 2017

Sea |
Kamioka ‘

JAPAN

True Normal Mass Ordering
o I LI B B AL BN B
<, 25¢ W 02 -
o : [ ]up+mt. Bisul ’
- Two detectors in Japan 201 {7 JD+Mt. Bohyun -

Second detector in
N

-/ Korea, two colours for C
two different 103
candidate sites .
5t ]
:l..ll...,l..,.llll.ljj..l‘..,l
S
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o

Take linear "
combinations! *1.0

r

700 MeV Monoenergetic Beam
using 30 slices
in off-axis angle

N -
0! Vear coam s

3 J === ~ 06, Approach only 100% valid for

510

off-axis beams!

mog
210}
190,

Nslices
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. 9 v Flux, v Mode
® On-axis o BRI

Reference J

e 2" oscillation peak by 0

40}
Energy reconstruction. :

C Engineered Optimized_f
30¢F :
201

® Calorimetric reconstruction. :
101

® Moderate mass (40 kTon). R R R A

Neutrino Energy

Unoscillated vs / GeV / m?/ Year

CP Violation Sensitivity

® > 50 on mass hierarchy. o

SLRF 4 (10kton)

DUNE Sensitivity I 7years (staged)

Normal Ordering
sin?20,, = 0.085 =+ 0.003 [ 10 years (staged)

- 9. 1 ranagpe) =ees=== in? -
8,,: NuFit 2016 (90% C.L. range) sin“6,; = 0.441 £ 0.042

cryostats

04" 06060402 0 0204 06 08 1

dcp/T
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Anode wire planes:
u vy

Single Phase: /| Liquid Argon TPC

no amplification. [P
y 6000 e/mm
&

Cathode
Plane

® 2 big (6x6x6 m3) cryostats being
build at CERN.

® prove technologies.

® C(alibrate detector response with d
beam. A

drift ~ 500V/cm

Double phase:

GAS LEM
LIQUID

amplification in gas
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| » Approx.
T constant
4\ NPP

baseline of 52
‘ ?Q*-I... Hong Kong
km.

YI-Cl YJ-C2 YIJ-C3 YJ-C4

Power (GW) 29 29 29 2.9 29 2.9
Baseline (km) 5275 5284 5242 5251 352112 5221

Cores TS-C1 TS-C2 TS-C3 TS-C4 DYB HZ

Power (GW) 4.6 4.6 4.6 4.6 17.4 17.4
Baseline (km) 5276 5263 5232 35220 215 265

\~“Macau Cores

Calibration roo

3%/1/ E(MeV) energy resolution

Pure water room

20 kton

d ete Cto r With Central detector

SS latticed shell

3 % / \/ E Acrylic sphere

reSOI Ution : Igé?(ltl;: scintillatg

Replaced the GALS in
DYB AD1 with JUNO
LS for light yield and
radio-purity test.

PMT Till now, received
~18,000 20" PMTs 3k 20” PMTs.
+~25,000 3" PMTS: 17der mass

0,
coverage >75% testing.

: Water Cherenkov
35 kton pure water
2,000 20" veto PMTs
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uno

2 06 -
; S o e
: .' X —— 0, oscillati
o PreC|Se e 12 and Am2|2 _}E; 0.5 Nlc;rmal hierarchy
measurements. = . [nverted hierarchy
® 40 IH/NH 0.3
determination. 0
® (Ot is critical. 0.1 |
e Geo-neutrinos, SN, ... 0 10 15 20 530
L/E (km/MeV)
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° Testlng the model with closure tests:

® Over-constrain parameter space.

What we ultimately want to achieve:

Search for sterile neutrinos is

1-5 B 1T 1T 1 I 1T 1T 1 | [T T 1 /l T T 1 | 1T T 1 | 1T 1T 1 ]
- CY - an alternative manner to
10 ' . check unitarity.
- d - -
 sin 2 1 We need to do this in (see B.Fleming talk)
0.5 ' N the lepton sector!
: : Neutrino Factory
0.0 3 P(Vu-Vr) i .
} : P(Vu—Ve) @ .
, : P(Ve-Vy)  p e
B E i H OW? Bunch Rotation /
- z A P(Ve—Vr) . == .
-1.0~ K ] Dyt /
fl=icicl sz o-===3))
_1 5_ | I I | I I | | | I I | | | I I | I 1 1 1 I I I | | e SGVFFAG
-1.0  -05 0.0 0.5 1.0 1.5 2.0 e ww*“* ::)
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® Future experiments need each other to get
the best result.

® Synergies are provided at two levels:
® different experimental approaches.

® Providing precise measurements of
oscillation parameters.
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® Next generation of experiments aims at a precision that requires an inclusive
approach to control many of the systematics:

® beam, cross-sections and neutrino energy reconstruction.
® This effort requires a global strategy to address all the critical items:
® Nuclear theorists and experiments (e,e’)
® Ancillary experiments for low energy hadron cross-sections.
® Beam modelling and measurements.

® V cross-section experiments. One of the most critical items is the
measurement of O(Ve)

® Beam power & large detector mass !!!!

e Different approaches provide very different systematics (HK vs DUNE).
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Supporting material
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.V oscillations today

@ Japan (since 2009) @ US (since 2013)
baseline : 295 km baseline : 810 km
19% of full statistics (v:v=1:1) 15% of full statistics (v:v = 1:0)
Fermilab :: 10 km Ash River
Near Detector

{/‘—’_—_‘_—‘- 1 1.000m

NEUTRINO BEAM

295 km

w I2 Ash River
Soudan\ O

TO kai tO Duluth \ t‘

Kamioka

Pure v, beam - 810 km

® Two leading experiments | i

Madison
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® The neutrino flux has to be obtained from the near
detector.

® Dedicated hadro-production experiments help but not
sufficient: target, horn and decay volume description.

® The only tool we have to calibrate all these parameters is
with a near detector using neutrino interactions.

® Cross-sections are the key to the problem.
® But, also the source of most of our problems.

® Other alternatives are possible to complement the
measurement (V e scattering). Minerva is exploring this
option.
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® CP violation requires in addition the knowledge of the ratio o(vy)/
O(Ve) for neutrinos and anti-neutrinos.

® The ratio does not need to be trivial due to the Breemstrahlung and
convolution with nuclear effects.

0.1p -

S| %EO; 0:— _5'
| ‘“Q, - .
o | 2 0.1 -
LIS N i
BB - _
l w g2l —me V 600 MeV SCC, -

Py C v 600 MeV No SCC Z

o N o ¥ 600 MeV No SCC -
S 0.3F v 600 MeV SCC,, -

N - ]

L\ﬂ/ 040 e e e e )]
Lo 0.1 0.2 0.3 0.4 0.5 0.6
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Long range

Not well correlations . .
Fermi motion

&
Pauli blocking

defined!

Short range
correlations

Impulse |
‘approximation |

b,
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FSI alters the

® Example: events with p"+71T7 in the final state. ~
definition of

® TJopology is altered by FSI. the event
E B Vi I
Vi o Wt Wb e SR T
T > L
" N P
p P N P
|.CCQE \NCC 1T |.CC 2117
2.proton in final state 2. Tt in final state 2. 211" in final state
3.pp->pT 3.7 p->pp 3. p->pp
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How to measure the neutrino energy ! [Z(ZM15%)

4 N\ )
Kinematics

& ND for oscillations S

Calorimetry

® E, relies on the lepton kinematics. ® FE,=F + Enugrons With Enadrons << Ei

® channel identification is critical: e Hadronic energy depends on
modelling of DIS and high mass
resonances.

® Final State Interactions

® Hadron kinematics. . .
® Hadronic energy depends on Final

® Fermi momentum, Pauli blocking State Interactions and detector
and bound energy are relevant response.
g contributions. L )
T p*
Vu

Hadrons
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® P(Ey|E'V) is the critical point on the above formula.
® This reconstruction depends on:;

® BJ|AS: The validity of the reconstruction assumption for the
right topology of the event.

o BACKGROUND: The error when the formula is applied to
the wrong event.

® ENERGY SCALE AND EXPERIMENTAL BIAS: Difference
between the near and the far detector and absolute calibration

scale.

Similar near and far detector technology is a plus
but it is not always the right solution.

FSanchez, ICFA meeting 6® November 2017



CC Iplh+ 2p2h

ui

® Main channels in T2K and Nova.

® Simplest channel to describe. (or not? )
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Single nucleon

T T T T T ]

80 [*.—FREE NEUTRON @

M, = 0.95 Gev

60

® Free nucleon (H and D) data is very limited.

S
o
p——

® Many of the assumptions of the basic cross-
section can’t be accurately tested with nuclei:

~n
o
T==

T T T ® ConservedVector Current
L',-‘.'/MA = (0.86 Gev (b) _1
; My = 0.95 Gev

My = 1.04 Gev

@
o

NUMBER OF EVENTS/0.05 (Gev/c)®
o

| e Partially Conserved Axial Current.

[=2]
o

40

- ® Dipole form factor

20

ovERFLOW. ] ® Vanished scalar and tensor form factors.

F/

| | I h |
0 02 04 06 08 10 12 1.4 1.6 ®

® [icevie)?’]

PHYSICAL REVIEW D
VOLUME 16, NUMBER 11

1 DECEMBER 1977
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° Recently the community has realised the presence of short range
correlations, so called 2p2h.

® They are basically interactions with 2 nucleons at the time.

® They alter the energy balance and the neutrino energy reconstructions.

CCQE CC-2p2h

>

cm /GeV)

(10™

u

5, <, B i A6
W +

d o/dcosO/dT

Z
7z
7
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® Models agree with MiniBoone but not Minerva

with other experiments: Minerva and o v oeqe] s
4o GENIE 28 4
with othoragpgtiments: Miseryagd - 27 -

of — +RPA+2p2h

"L 2p2h only
0

6 04« qslGeV <05 05« qslGeV <06 0.6 < qslGeV <08

3

® Models based on same principles do not
agree.

EXES
-------
e N

d°c/dE, . dg (10 cm2/GeV?)

. . . . 0.2 04 00 0.2 0.4
This is a large systematic error in T2K & Nova Available energy (GeV)
0.90 < true cos6, < 0.94 0.94 < true cosf, < 0.98

/—; :'"I“'I"'I"‘I"'l"'I"'I"'l“‘l"' /—;0.9; "l“"l"“l""l“"l“"_é

INIDOONE ———— L I 1 )

_ — Full Model LB 1 B 3

> -+ Full QE (with RPA) | _ P E + ; ofBo 3

6} Multinucleon g F . ] [203F =

o --- No RPA, No Multinuc. " osk ] " o2F ! =

E et * 4 0.1E4= .

%o 15 e MA=1 049 GeV 6264 06 08 11z lr;ftruellgu(l(:i\/)z o es T s éTme ;:f(GeV)S

8 0.98 < true cos, < 1.00

o;“ L 0.80 < Cos 9u< 0.90 | Ng%os;— 1 E
S 8 |§o4F F 3
- 2 1 1
= T2K e
5 0.5 ] ND%&Z;— et T _‘
3 S == ]
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ArgoNeu !l v mode v flux, O CC Prehminary

—IQ— Arg<')NeuT [Sata 2 | /vi

rediction: :
fel= ;
Bl Delta -
[ ] highRES PRE U
[ 1-pi bgr E
[ ]Dis E
2p2h-NN

Note: 2p2h component has

Number of outgoing protons

150 200
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SRR

® LigAr ArgoNeut has bubble chamber imaging
capabilities to look into final states.

Y proton threshold

® |t has first indications of correlated final state
MIN A RY
protons.

ArgoNeuT

-arge uncertainues . Spectral functions ? j Z
3 “—**—h 5 5 -

® 2p2h?

> /
G

5,
vl
._

j

n. of events
F=Y

-

- o :
N W s o

Ot

p2

o
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® Actually one of the problems is that % [ ' DR
. . =~ 9 .. neutrino -
the basic nucleus is probably not »ogb i Enu=3GeV .
well described: S 7k i -
g 6-: ‘-‘ R.Gran et al, Phys.Rev. D88 (2013)113007'_-
: ~ b\
® bind energy ! o S
S 4
® Fermi momentum description: S 3
RFG, LFG, Spectral functions. ~ 21
® Final State interactions. o F
g R RPA+2p2h
2 ; .
Large Raznge correlation appearing E v ™~ RPA suppression
as low g~ quench of the reaction. 005 1T 15 2 2
,
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® Second most relevant cross-section in oscillation experiments.

® All set of long and short rage correlation effects in CCI 1T are
ignored in actual pion production. models.

® models are still uncertain on its implementation to CCQE.

® Complex modelling with many intermediate resonances and
non-resonant contributions.

+
W ’ﬂ,TC
\ "'\ N\ N,
7 7 7
+
W+
% lm" 7,/1: W+ ..\"E W+ ,—1’7t
, ’ Dl’; " | ’
3 N N \ T\ . N 22 N’
7 7
N N’ N N’

v)
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ingle pion productis

A
P
« e

b
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fg

® Poor knowledge at nucleon level both theory and _ 60 ' I I
experiment: S (a)
i S 40 M(pr*) —
2
® Mixture between resonant and non-resonant . -
. . -
interactions. Y
e | -
. : Qo (b) 7]
® many resonances and spin amplitudes. M(p7°)
10 — -
® poor data. 3
S o o
Vp——--y."’A++ = 12 S i (C)
S = 20 ¢ -
I ~(b) § 1ol [} % g | M(nmT')
° 4 ‘E sl E}x %
soppgafld o o —
& & I = 0o % { ‘
=z —_
4 0 @ 10| . gosf - :
w = ( ool ; . ANL, PRD 25, 1161 (1982) L0 L2 14 16
| l 2_; ’ o  BNL, PRD 34, 2554 (1986) NT MASS (Gev)
S0 0 10 07 1807 360° B OOpteepemieemeeeepeeee

C0Os 6 - | ¢ E, (GeV)
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® The nucleus distorts severely the distributions.

® Experiments normally define “topological” signal based on the
particles emitted by the nucleus and not at the nucleon level.

= I T ' I
A L6 GiBUU
an : T T I
Q —— Hernandez et al., with FSI s
) 3 — — Hernandez et al., without FSI | = 14+ .
2 4 . .. 0 5t
> MiniBooNE CC It =
s S 12
O g |
S >
|
“g 2 3
%0 © “2 08
|o ooo
= S 06
= =
0.4
$ :
- S 02
% 0.2 0.4 0.6 0.8 N R T S R
0 0.1 0.2 0.3 0.4
p, [GeV/c] T_[GeV]

® Experimental errors or faulty models ?
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J.A.Formaggio, G.P.Zeller, Rev.Mod.Phys. 84 (2012) 1307

T

<
IIIIII

O ANL PRD28,2714(1983),D,

n—uw prtx) (10% em?2/ncl.)

olv p—u nxtx) (10%8 cm?2/ncl.)

O  ANL PRD28,2714(1983),D, O ANL PRD 28,2714 (1983),D,
A BNL, PRD34, 2554 (1986), D
10‘2 NUANCE (resonant+DIS) ’ ‘# NUANCE (resonant+DIS) NUANCE (resonant+DIS)
102F 102
3:'“ 2 AT T T T T 2’1 ] ] Ll ] ] ]
5 0 2 4 6 8 10 12 14 16 18 T 2 3 4 5 %7 5 1 2 3 4 5 6 7
E, (GeV) E, (GeV) E, (GeV)

® Complex region with contributions from high mass A resonances and low w DIS.
Mixture of models from Pythia to add-hoc pion production.

® There is no new data since ANL and BNL back to the 80’s.
® No data in nuclei: difficult measurement due to FSI.

®  No detailed pion kinematics available.

No data for NC
® Critical for Dune!. potential background
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® |nteractions outside ther nucleus are also critical:

® Hadronic particles leaving the nucleus are affected by hadronic
interactions similar to the FSI.

® Those cross-sections are not well known for low energy (< GeV) pions

and nucleons.

-» Test beams like the

® Data is even more sparse in Argon. ones at the CERN

1 I I 1 I 1

- | — Total ()

— Reactive
— Absorbed
~ |— Inelastic

- |— Single CX
r Double CX
-|—— Elastic

neutrino platform.
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~ Near detectors perform most of the cross-section studies.

® This does not be to be ideal since many parameters are static:

® target nuclei
® flux

® How to address the problem ?

® New experiments ! : NuStorm, dedicated cross-section
experiments...

® New detectors with low detection threshold: modern bubble
chambers.

® New ideas! : electron scattering, NuPrism, ...

® We are accumulating a lot of data but we struggle with THEORY !
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scattering:

large Ve fraction even below | GeV.

NuStorm

® NuStorm has two main potential contributions to neutrino-nucleus

® Precise flux prediction for precise vV, cross-section.

P

021

2
/m /50MeV /A1

NuStorm can provide the equivalent errors in Ve and V|, cross-sections.

—
o N
o O

—
o

nue (black) numubar (red)

OO

1 1 I 1 1
1000

1 1 | 1 1
2000
Energy (MeV)
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Segmented
tracker

Liquid Argon

o delector

Dipole B

Run 3493 Event 41075, October 23“’, 2015

7 STT & Ar-Targex

. . 1. 5 i
. OSmK 30m . 5m NO m . 23 50m N
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3 |y
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=
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® One of the key point is the lack of a consistent theory
able to describe all interactions at several nuclei and

over a large range of energies (0.5 to 10 GeV).

® This is a tough region with many transitions from
non-relativistic to relativistic nuclear descriptions.

® Very little number of theorists around the world. This is
normally not the main focus of their research.

® Some phenomenology activity to extract sensitive
variables based on transverse observables.

We can’t advance without the help of the theory.
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® The main problem with models is that they are valid only in certain regions of
the available kinematic space. Nominally, the low g? region.

® Extrapolations to the high q? region are complex since it implies a different
treatment of the nucleus (relativistic, non-relativistic, etc...).

® Agreement with experiments might vary with experiment energy range.

1.4 doidg Odq3 (10*% emZGe V> )

13 E = 3 GeV neutrino

energy lranster (GeV)

e e e L " I P
00 0.2 0.4 0.6 0.8 1 1.2 1.4
three-momentum transter (GeV)

FSanchez, ICFA meeting 6® November 2017

Gran, R. et al. Phys.Rev. D88 (2013) 11, 113007

Proposed to use the momentum
transfer to the nucleus as a
reference cut and not neutrino
energy.



http://inspirehep.net/author/profile/Gran%2C%20R.?recid=1245280&ln=en
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® Many of the theories can be checked on electron scattering data.
® Effort started to produce interaction MC able to predict electron data.

® Some times the electron scattering experiments do not cover the
“uninteresting” kinematical region of neutrino experiments.

® Most electron scattering experiments ignore the hadron production that is

C rltl Cal fo r n e ut rl n OS . Martini, J.Phys.Conf.Ser. 408 (2013) 012041
003+ 17171717 AL B B LA N N B B B ]

S
o
o

New and existing electron scattering
data is a must to improve our
knowledge and systematic control of
the neutrino-nucleus interaction
models.
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Constrain the flux using the neutrino-electron scattering:
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The cross-section is well known:
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No direct distinction between neutrinos and antineutrinos.
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<
N

The electron energy can constrain both absolute flux and the energy dependency.

It requires large mass and good discrimination against V. backgrounds
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® Obviously, we can’t make the ND the same size as the far
detector:

® The hermeticity of the detector will be different for neutrons
electrons and gammas.

® |ow energy gamma’s from TT° critical!

® The momentum of long range particles need to be estimated
in different ways:

® FD:range for muons/pions and energy for electromagnetic
energy.

® ND:range/curvature/energy depending on the particle and
the range.

® This will affect the reconstruction criteria and energy
reconstruction depending in hadronic secondary interactions.
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® Secondary interactions are also critical:

® Hadronic particles leaving the nucleus are affected by hadronic

interactions similar to the FSI.

® Those cross-sections are not well known for low energy (< GeV) pions

and nucleons.

® Datais even more sparse in Argon. g ProtoDune

- | — Total ()
— Reactive
— Absorbed
~ | — Inelastic

- |— Single CX
B Double CX

-|—=— Elastic

1 I I 1 I 1
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B ND for oscillations %3

® The nuclear target alters the cross-section:

® Number of nuclei ( ~A)

® Fermi momentum change probabilities close to
reaction thresholds.

® Pauli blocking inhibits interactions.

® Final State Interactions does not have a simple
dependency with A.

Model dependent

It is recommended that near and far detector are

made of the same nuclei.

Difficult for water (T2K/HK) easy for argon (DUNE)

70
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® |f (Accrp € Accenb), the acceptance is not a problem.

® |f (Accrp 2 Acenp), there are two potential issues:

® The total cross-section extrapolation from the accepted
events in the near detector to the far detector is model
dependent.

® And models are poor!!!!

® For the same topologies, P(E|E") might depend on the event
properties:

® Large vs small hadronic energy (Enad)
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END for oscillations:
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® The Veappearance has two additional issues:

® Near ®(E,)x0(Ev) is computed for vV, but far detector is for
Ve. This implies that we need to compute or model:

® O.(Ev)/ou(Ey) for neutrinos and anti-neutrinos.
® Additional model of P(Ey|E’v) and energy scale.
® Control the TTY background in the electron sample.

® There is also the intrinsic beam Ve background to be
constrained.

Excellent e/Y/TT% separation.
Large statistics: masive near detector / large flux !
Enhanced electron sample (off-axis ? )
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® (P violation also requires the separation of 2 |t E

. . . o B N

neutrinos and antineutrinos. 8 ;

® neutrino beam is normally very pure. 6~ BiNc+v.coc S

. . 4 g

® anti-neutrino beam has large ;

A . ’ 2 —
contribution of neutrinos:

. |

0O 05 1 15 2 25 3 35 4 45 5

® antineutrino cross-section and Reconstructed v, Energy (GeV)

production yield is low.

PoS EPS-HEP2015 (2015) 047 :_I:_ZR\

® FD has some capability to distinguish 2D AR I
. ; ; : 35 vV vV
neutrinos from antineutrinos (i.e. neutron 00?: Ocr =0 Vi — Ve

025F

production in CCQE).
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® ND has to be able to measure the
neutrino background in the antineutrino
beam — Magnetised detector.

Number of events/bin
=

0.05F

%02 04 06 o8 1 1.2
Reconstructed neutrino energy (GeV)
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n delector

® Magnetised (0.4T) high resolution straw
tube design “a la” Nomad with plannar
geometry.

Dipole B

® Target/Nucleus selection by track
vertexing.

® |ow density for low E particle
detection.

2 M ® ECAL gamma catcher and muon range
g ; ST MODULE detector.
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Run 3469 Event 28734, October
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Run 3493 Event 41075, October 237, 2015

21°, 2015

Magnetised (?) LigAr
detector.

Same technology as
FD.

Large mass.

Balance pile-up /
range.

ECAL and muon
range.
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Magnetised High Pressure
TPC.

Low mass.

Very low momentum
threshold.

Same target as far detector
| similar technology.

Inner/Outer mass balance.

ECAL and muon range.




