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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 a mere detector smearing.

FSanchez, TeraScale detector workshop
Hamburg 3% April 2017



~ EXCELENCIA

Backgrounds

I I I 1 I 1 I I | I 1 I I N T T | T _
i —— RUN5—7zglata | 4 Tz ——— RUNS-7 data  _|
(7.471x10°°POT) i (7.471x10°POT) |
- T2K & : Pur-/ e
i vV — - B Osc. V. CC §
u e
% o o Vu"’ju CC non-QE B - I v,/v, CC -
= Bl v_+vV,. CC 3 [ Beam v /v, CC —
g - H NC i 2 T Hll NC i
O § | S T i
S Vu—V, s | Vy—Ve -
» L@- o u m
- u u 5 o 4 u— Ve
) E [l § L |
g 5 z [ i
= i ]
Z. § |
1_ —
0 00 500 1000
0 1000 2000 3000

Reconstructed v energy (MeV)

Reconstructed v energy (MeV)

® Far detector also have several sources of backgrounds:
® wrong sign backgrounds (neutrinos vs. antineutrinos).

® NC interactions populating low energy bins.

® Wrong interaction channel leading to biased energies.
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‘K. Abe et al. (T2K Collaboration), Phys. Rev. D 87, 012001 (2013).
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Other source of neutrinos is the low energy electron antineutrinos from nuclear reactors.

FSanchez, TeraScale detector workshop

Hamburg 3% April 2017




A A T Ry e
N N th e d
SN e :
- G .\_ ') &
') EXCELENCIA | Pt Seue
- SEVERO PR
*, OCHOA - Byaperr
I O RS VA O 5 R R 22 = PR ot B e & Lt

® 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 flux 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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NA61/Shine measures a thin target for
absolute production and thick target that
IS a copy of the v target and provides
also the re-interactions of particles.
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Fragment separator ;' VTPC-1
beamline ! ™S Forward-ToF
He beam pipe \
O :sl?nnted main ’
etector upgrades
MTPC-R
B : Finished upgrades ToF-R

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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& ND for oscillations S

Kinematics

Ey relies on the lepton kinematics.
channel identification is critical:

® Final State Interactions

® Hadron kinematics.

Fermi momentum, Pauli blocking
and bound energy are relevant
contributions.

~

STLTTERTRTRT)
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How to measure the neutrino energy ! [Z(ZM15%)

-
Calorimetry
® E, = E + Ehadrons With Enadrons << Ej
® Hadronic energy depends on
modelling of DIS and high mass
resonances.
® Hadronic energy depends on Final
State Interactions and detector
response.
"

Hadrons
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hard ¢\ hard
scattering scattering
\ J " J
® Only a fraction of the energy is .

The visible energy is altered by
the hadronic interactions and it
depends on hadron nature.

visible.

® Rely on channel interaction id.
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® Simple exercise: Calorimetric APPI"O&Ch
® Take all particles predicted by Neut ol CCQE sl wwf CCTTHO -
MC outside the nucleus and sum the aoof- 200f
kinetic energy (including neutrons!). k- Il
® Plot the relative energy deviation oo o0
(E.+Enada-EV)/E, for different oo} w0
Channels. —QI 07 40U6 -05 L4 03 02 Eg”.gl.?.g\l,'g?i -07 06 05 -04 -03 Q2 ;g‘ig'“?&];g?‘
® The response depends on the channel  « P g
and the topology of events outside ¥ CCNTT mo;_CCDlS
the nucleus. - i
2oof “1 TT masses
® This is too simple: it is not clear that ™} o A K masses
MC includes all possible energy o} N ’ \
balances |n the equatlon. ‘b 4738058475542 O o ey T o1 0 01
® Part of the pion and kaon mass can be ® Are the neutrino interaction models ready
recovered through its decay chain. 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.
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do /dErec/(A — Z) [10738cm?/GeV]

do /dExec/(A — Z) [10738cm? /GeV]
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Long range

Not well correlations . .
Fermi motion

&
Pauli blocking

defined!

Short range
correlations

Impulse |
‘approximation|

b,
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Neutrino interactions®

Interactions @ nucleon level !

CCQFE VN — L P
CClm vup — AT 5 puTrp
vun — u AT s uTrTn

vun — - AT — 1

CCNT vuN = u~ AT — =" N'wr...
C'CD:sis vyN — u~ N'm,m, ...
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Present and future oscillation experiments cover a complex
region full of reaction thresholds and sparse data.
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Nuclear re-interactions

Example: events with U~ & TT™ in final state alters the "topology” of
the event

|. CCQE NCCFTT" |.CC 2117
2. proton in final state 2. 117 in final state 2. 211" in final state
3.pp—opnTr 3.7 " n — p 11° 3.TT" n — p TT°
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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.

three-momentum transter (GeV)

§ 14 do.-"clqo dqg (10° ecm2Gev?) - Gran, R. et al. Phys.Rev. D88 (2013) 11, 113007
B gof 730V neuno Proposed to use the momentum
I transfer to the nucleus as a
E s reference cut and not neutrino
0.6 energy.
0.2 1
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2

— _q2 - 2(EVE'u _pyp,u COS Hm'U/) o my/

® |n one bin we get different Ey
(flux) & Q? (x-section)

0.98 < true cosGu < 1.00

ﬁ — ] 1] L [ 1 1 1 ] [ 1 L 1 ] l L 1] 1 1 ‘I ] L] 1 L ] ] 1] L T A »
+ EO.ST _'_L T2R. — contributions.
0 | - . .
2 |8 0.4 _ 1 @ The flux is constrained from
' [«D R -." - ¥
Sl ¢ + - the hadro-production
= - Martini et al. f i
0.3 + | ’ 7 experiment.
% t F Y A— : { - M
0[S 02F . 31 @ Adjusting the model to the flux
v b = ° °
© & L { Nieves et al. - will migrate problems from flux
0.14..L.... : } — to cross-section and viceversa.
O; PRI SEPUEPUII SRR SR RS R Low and High Q2 contains different level of
0 0.5 | 1.5 2 2.5 uncertainties at the nucleon level (form factors)

S 3
True P (GeV) and nuclear level (short and long range
H correlations)
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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.
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:New ideas: NuPrismis

® Profit from the dependency of E, with beam angle.
® Take linear combination of events in angular slices to build a monochromatic beam.
® Technique only valid with off-axis beam like T2K. (True beam is one slice!).
® Big detector (10 m x 50 m deep!)
\_'_,/’_\é 10" - - -
. - f : | ‘]_.II.[) Off.axis Flux Hmococ
proton 1, [l | y x-08 O(E,) = XO: Ci ¢:(Ey)
beam %%, TN = Reduces the dependency on
direction B ) o .
s R [ cross-section models.
5 :(lL 2.5° Off-axis Flux &
e e
:( J' x-1.0 Ly{: 9.
- AN A~ e
- oy ras i e UL L T P(Eu|p,u79,u) Z CiP(p,uae,uwfé)
R L % o z " mesine Seergy (00 i=°
u‘ 30 d07offaxis Fux 1 For g Gaussian beam peaked at
% . 700 MeV, use linear combination
; 09 of 30 offaxis angles:
10 = (0°-6°correspondsto 1.2 GeV
Vo -0.25 GeV
! b Ry Cancels HE tail
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Near detectors
(to the help)
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Magnet was granted by CERN

SMRD
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UA1 Magnet Yoke

e Off-axis ND280 is a detector complex with tracking
calorimeters, time projection chambers and
Electromagnetic calorimeters in the UAI 0.2T
magnet.

Downstream

® Vv interaction target polystyrene (CH)
and water (to measure with same far detector
target)_ Barrel ECAL

® |xlcm? — proton track threshold around 500 \
MeV/c

® Particle ID by dE/dx and calorimetry for
electrons.

® Charge signh by curvature.

—
—_

® Kinetic reconstruction approach.
Magnet @ CERN Prévessin
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® First ever MicroMega TPC.
® 359.1 x 349.3 mm?

® |726 active pads / MM

® 9.8x7.0mm?

® |28 um amplification gap.

® 72 modules for 3 TPC's.

e 25000 readout pads. Ar(95%)/CF,(3%)/iC,H,,(2%)
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Electron-Muon separation id through pid.

T2K TPC

Critical for the T2K physics

Energy loss (keV/em)

Charge particle determination (low density).

Excellent point resolution (~700 um ) with ~|
cm? pads (economy of readout channels).

Spatial resolution (mm)

N WA
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T2K Upgrade

P20 o e B L B L L L =
® Actual angular acceptance: G 5
o - = 1 3.5
— 16| w5 -
S 1H4-TOTAL | | E i Z o 1.’
5 0'9§+FWD = 14— oG
5 0%f e 12F Tz 25
0.7F BWD o 3 - < O 1
0-6;_+HAFWD 0_...0“ _; 10: 85 ﬁ : 2
gig HABWD w'w.; E 8:_ c;)% > a 1.5
0.35— .’0 ,‘I —i 6; ~ ; 1
02 Fannepanaoessstug, o 3 aF =
0.1F i 3 - i 2 1 _|
k. . _ﬂ"_,.mﬂ L High Q2 and low Ey 1 —os
1 0.5 0 0.5 1 - .
True cos 6 0 S S AV A A S e i
" -1 08 06 -04 02 0 02 04 06 08 1

cos O,

® Proposed modification of the Near Detector.

Water Target

Hamburg 3% April 2017

F.Sanchez, TeraScale detector workshop Gs, 1 € |O N aP P roved !



= 3 3
= o N\
' ) EXCELENCIA [}
" SEVERO J :
OCHOA d :

e Scaled copy of the far detector.

® Liquid scintillator poured in extruded plastic )
bars.

15.6m

® Same target, same technology.

e ~200 Tons of target mass. vLL\LLL\
[ [ [ . . Far
® Monitor and normalisation functionality. Detector _
Near %o om E
Detector NDOS
e Coarse cell (3.8x5.9cm?), proton track
threshold around | GeV/c: S e T

® No topology i
e No charge sign determination: _

® neutrino vs antineutrino from flux prediction. of _
® Calorimetric approach!. —— -

Sweezs S0 o L I ""flf[[......... s ]
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Run 3493 Event 41075, October 23, 2015

Run 3469 Event 28734, October 21°, 2015
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Future: LigAr TPC

P v

Magnetised (?) LigAr detector.

Potentially same technology as Far
Detector.

Large mass & slow detectors (~ms
drift) = event pileup!.

Balance pile-up vs. particle range.
ECAL and muon range.
Low proton threshold: ~150 MeV/c.

Calorimetric approach.
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 detector e Magnetised (0.4T) high resolution straw
tube design with planar geometry (event

B 5 acceptance non uniform).

e Mixed target (gas and container):
Target/Nucleus selection by track vertexing.

e Low average density for low energy
particle detection.

v e STT & Ar-Targer

D

4.0

- -

e ECAL gamma catcher and muon range
detector.

o (F

® Mixed Calorimetric/kinematic
SN MOI e approach.

‘UADATOR®

STRAW LAYER \

STRAW LAYER
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B Future: HPTPC

. O.Srp_: 30m i5m ¢...0‘Sm>.; 2 50m
ECAL MIND
. e.g NOMAD
¢ Magnetised gas detector — i T —
. rgon gas
excellent momentum reconstruction. pressure JAPTPC
S Il 11 N\
® Low mass (~100 kg), moderately fast searn Bl E
detector (~100 ps) | \
Optional: £ y \ \\
. Nuclear target . =~ s \
¢ No pileup but large external e Hirogen WSS i
background (magnet,...) il -
TPCchargereadout TASD  Arfiducial volume
® ECAL for T1° detection and particle Id. --,
an
. . 100 - Prot tum in T2K
e Calorimetric approach. E roon momentmn
mmé— Proton
® Lowest proton threshold: ~100 s f- acceptance
Mev/c. oot 3 (>100 MeV/c)
:'i'l(l'l_-'__—
i 00E
® Do we need High Pressure ? I :

(
J(I

200 400 600 800 1000 1200 14500 1600 1800 2000
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HPTPC allows to change target nuclei to study nuclear effects on
V interactions — excellent x-section experiment.

e CC events assuming a 8m? detector & full FV.
> 2x2x2 m3

X 5 bars |0 bars

N 20°C

N

< He 6.65 k 3.3 kg

5 _ 1040 evt/102'pot
§ Ne 32.5 <g2 67.1 <g2

=t 2543 evt/10%'pot 5086 evt/102%'pot
!

v Ar 66.5 <gzI 133 kg =

= 5203 evt/10%'pot 10406 evt/104'pot
8 CF. 146.3 kg 293 kg

§ 1 1450 evt/102'pot | 22893 evt/10?'pot
<

T2K Expected ~1.6 10?' pot/year for ~4 years
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Gas selection

Gain in Pure Noble Gases:

ol [ar ; _5 * Measurements performed with ® Gain is limited on Ar at hlgh
_ GEMs but should be the similar .
10°F behavior for MM (to be confirmed pressures.
el VAV by R&D studies).
E ' : « Maximal gain limited for Argon at ® Ar has Iarger electron
U S / high pressures ;
oL m:n/]' sy dam” ] » Scintillation light in pure noble )’Ie|C|.
wm o md gases (He,Ne: ~15.5 eV, Ar: 9.7 eV)
I0;()() 4(l|() Slll(l 6(1)() 7‘[])0 800 :> EffeCt on deteCtor materlal?
® Ar can be run at lower
AV (V) NIM A 513 (2003) 256-259
, — oF T, — pressures.
T |Ne T aan ol Uo7 e
zzg.g/;'f/fé’f’/ of WSS S e OK for He or Ne.
/Y A _ AN S
E: lU‘E / / /// //:/ 3 § 10° ,0. 4..‘;_.,.' . ]
Y4 or S e ® Need of To and prompt
v e ? B ot - scintillator light readout ?
ldi 5-() Z:D() 2 ;() 3;)() 101 00 260 360 460
v (v) NIMA481(2002) 200-203 AV (V)
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Gas selection

Some Magboltz Simulations:

*1% in mass:
> He: CO2=0.1%, N2=0.15%
> Ne: CO2=0.5%, N2=0.7%
» Ar: CO2=1%, N2=1.4%

1000
O Trans. Diff.
M—
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400 \3
200 -
0 [ . 1
0 100 200 300

3.5

5 vdrift ®
2.5 //—-\\

2 / ———
1.5

L/ -
0.5 // .

0 T T T T T 1

0 50 100 150 200 250 300
s Al e AT 'CO2 99:1  weAr:N2 98.6:1.4
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1400 |\ Trans. Diff.
1200 \ P
EI R —
890 \ -
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e Al e AT CO2 e ATZN2
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Small fraction of quencher
improves diffusion and
speed.

Quencher < 1% to ensure
systematics below 1% in
nucleus determination in
VA interactions.

Effect of attachment
increases as p2: low
quencher fraction
requested!.
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R&D needed. =
® We would need a magnet and a l
calorimeter: lij':

® Low threshold calorimeter needed
for photon tagging and hadron/lepton | |
separation. i e

® Magnet and ECAL will drive the cost
of the detector.

e HPTPC walls design is critical!:

e Carbon fiber?

ansmission probability

® |ntegrated Calorimeter in TPC walls ?
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CERN-SPSC-2017-002 ; SPSC-EOI-015

® Expression of interest submitted in January to CERN. Goals:
® T2K upgrade (TPC + Fine grained target) for 2020
® HPTPC for Dune/T2K/X-section experiment beyond 2020.

® Many European (and non-European) countries: GB, France,
Switzerland, Germany, Spain, Italy, Poland, Russia, Japan, Sweden,

® Detailed proposal to be submitted in fall.

® (Collaborators welcome!
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® ND are fundamental tools for future(and

current) neutrino oscillation physics.
® ND requirements are broad:

® |arge mass & low density

® Similar nuclei as far detector.

® charge sign determination & particle
id

® momentum from 100 MeV/c protons
to few GeV muons.

® hermeticity for energy determination.

® 47T acceptance for low energy int.

All at reasonable cost. B

FSanchez, TeraScale detector workshop
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® Several technologies

proposed but not a clear
winner.

TPC’s has been key to the success of
T2K experiment.

T2K-Il (and Dune) exploring
(HP)TPC for the future.

New proposal at CERN to develop

technology for atmospheric and
HPTPC.

ONLY THOSE WHO SEE THE INVISIBLE

- -CAN DO THE IMPOSSIBLE

NARALLAPURAM SPECIAL GRADE TORN PANCBAIT
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® Constrain the flux using the neutrino-electron scattering:

e Vye Ve

® The cross-section is well known: NG G2 4 >*<
P R

do G2m _
[ﬁ([fﬂw)]w = ﬁ [(gv + ga)* + (gv ¥ ga)?

T\2 m, T
X1 ——) — (g2 — g2)=% ]
( Ey) (v&v &A) E::';

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

2

rX1v:1512.07699y

90 > [
2 F & 100~ _
O 80E4— pOT-Normalized ~ —4— Data o [ POT-Normalized —t— Data
g 701 : 3.43e+20 POT Ill o~ - 3.43e+20 POT ve 106.0
e H ! ve 1121 <80 :
S 60f w
3 5 § [N v-cc 2119 *s' oo B v.cc 163
£ VE | >
g o | [l Ne 1182 T INC 98
Z 30f8 | v,CC 608 40~ vycc 43
o\ B
20_—
15 20 25 30 0 5 10 15
E 6% (GeV x radian®) Electron Energy (GeV)
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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.

FSanchez, TeraScale detector workshop
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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

1 1 1 1 I 1 1 I I
-~ |— Total ()
— Reactive h

— Absorbed

~ | — Inelastic

- |— Single CX

B Double CX C
-|—=— Elastic R %
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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)

44
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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).

=
s (=
w ko

1 1 1R Al

® 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)

47
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® Resolving the three components in ®(Ey)xa(Ev)x P(Ev|E’V) is
complex:

® Need to improve on cross-section models:
® dedicated experiment!
® clectron scattering?
® but also strong theoretical support.

® Have the possibility of change ®(Ey) in the experiment or
with other experiments.

® Start with an excellent prediction for ®(Ey) (external pA
experiments like Shine)
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The perfect ND detector has:

Same/better acceptance as far detector
Same/Similar technology

Same nuclear target

Excellent e/p/TT° discrimination
Large mass

Good control on external backgrounds
Excellent purity for v, e scattering samples

Excellent charge separation for neutrino vs antineutrino
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Options

® There are three options for ND:
® Segmented tracker.
® LigAr TPC.
e HPTPC

® But, there is no reason why there should
be only one detector. Neutrino beams
are very “democratic’.
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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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Magnetised
detector.

Same technology as
FD.

Run 3493 Event 41075, October 237, 2015

Large mass.

Balance pile-up /
range.

ECAL and muon
range.

Run 3469 Event 28734, October 21%%, 2015
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e
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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.




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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02<T <0.3GeV

They are basically interactions with 2 nucleons at the time.

03< Tll < 0.4 GeV

04 < Tll < (.5 GeV

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

They alter the energy balance and the neutrino energy reconstructions.

N

0.5< T < 0.6 GeV 3

LI I R B 2
MimiBooNE -

CCQE CC-2p2h

>

cm /GeV)

(107

T I T I T I T 2(-) T l l I T I T

ﬁiﬁ _:__‘I'I'Imi
{ﬁ{g 10 _

u

d o/dcosO/dT

2
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® Models agree with MiniBoone but not Minerva

. h h . ! M ° d 6 0.0< q3/GeV< 0.2 | 02< qS/GeV <03 03« qslGe\/< 0.4
with other experlments. IN€erva an ¢ Data =
4 GENIE 2.8.4:
--------- Default
T, - - yadee. - R o N 5 | T
ol — +RPA+2p2h
'\L 2p2h only
“ g 0.4<q,/GeV<05 - 05<q,/GeV<06 06 ;-q;/GeV <0.8

® Models based on same principles do not
agree.

EXES
........
. 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

50

100

—$— ArgoNeuT Data 50 /vi
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® LigAr ArgoNeut has bubble chamber imaging

[GisuUrediction: *' " # " """ capabilities to look into final states.
B o
s P ® |t has first indications of correlated final state
g PREL MINARY
[ 1-pi bgr - protons.
[ ]DIs ]
2p2h-NN | ArgoNeuT
Note: 2p2h component has_é arge uncertainties o SPeCt ral fu n Ctl ons ? .
s s T QL
Number of outgoing protons ® 2P2h ? e —————
l / ‘24:
> R 8,
q 235
P. 3
.i 2.5
O— 2
. 1.5
be. ,
0.5
0
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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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® 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.

= T T T T
GiBUU
1.6 : ; |
—— Hernandez et al., with FSI g
3 — — Hernandez et al., without FSI | 1.4+ .
e . .. 0 -
MiniBooNE CC Irn 19

do/dp_ [10™"cm’/(GeV/c)/CH,]

=
ke
Z
£
>
: Q
“2 08
oOO
o 06
l d
0.4
S
"8 0.2
% 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
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® 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.

® Critical for Dune!.
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No data for NC
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

—T T
- [ 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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® The dominant errors in the oscillation analysis depends on the
knowledge of the flux and neutrino conclusions.

® ND has a broad program of physics beyond oscillation physics related to
neutrino-nucleus cross-sections.

® The ND is the place to reduce these systematics to the minimum:

® the “battle” of precision will take place at ND if mass and power is
available.

® The requirements on the ND design are very stringent.

® Proper degin of the ND is clue for the success of the DUNE
program.
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® The language to describe the ND to FD flux extrapolation and analyse
the FD data is neutrino interactions.VVe need to speak it properly not
be “lost in translation”.

® |tis likely that the ND program needs to be complemented by external
experiments (electron scattering, hadroproduction,dedicated cross-
sections), test-beams and giving strong support to the nuclear theory
community.

® The three proposed options have pros and cons (| did not enter into the
discussion) but we need to keep in mind that the right answer might be
to have two detectors and not only one.
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NuStorm

<
Target + horn ( Pion beam line

0OCS Absorber

mirror m
Production straight section
- T N
H ND FD
1
1
50m ! 2 km
< >|<======>

® A ~4GeV muon storage ring NuStorm is probably the best
facility to study cross-sections.

® The number of events is sufficient with a 100 Ton LigAr @

50 m.

u* Channel Neyis 1~ Channel Neyts
v, NC 1,174,710 Ve NC 1,002,240
ve NC 1,817,810 v, NC 2,074,930
v, CC 3,030,510 v, CC 2,519,840
v, CC 5,188,050 v, CC 6,060,580

7+ Channel Nevts 7~ Channel Nevts
v, NC 14,384,192 v, NC 6,986,343
v, CC 41,053,300 v, CC 19,939,704
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® NuStorm has two main potential contributions to neutrino-nucleus
scattering:

® large Ve fraction even below | GeV.
® Precise flux prediction for precise vV, cross-section.

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