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Oscillations in a nutshell

NIe (E,)  [o(E)®(E)P(E,|E.)P,..(E')dE’ + Back (Ey)

events il
Nevents(Ep) [o(E)®(E!)P(E,|E!)dE’ + Back (Ev)
N7
orrelation

, Neutrino flux different for near and far What we want !!!!

____  _ _ CROSS-SECTION RELATED ———— L T AR M %

Total cross-section as function of energy Wrong interaction channel (i.e. 1t’s,
NC-v,...) different btw near and far

How the neutrino energy is reconstructed o
different at near and far
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== Gross-sections In oscillations

* Actually in experiments we do not measure the energy, we measure a set
of parameters relates to the energy:

P(éobs‘Ey)

* S50, what we want is to measure a set of variable Qobs as proxy of the E,,
allowing us to obtain the oscillation parameters (osc

P(éobs‘ﬂosc) :/P(Q)Obs‘Eu)q)(Ey) osc( V}QOSC) EV

e Qobs varies from experiment to experiment: from leptonic kinematics (T2K|HK) to
leptonics+hadronics variables (Nova|Dune).

* |In both cases the conditional probability P (@obs\Eu) IS the key.
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Last T2K oscillation analysis o3 sse

/\ND ~FD

Uncertainty source (%) . XX (Y.
Sample Flux Interaction  ED + ST + PN Flux®Interaction (%) Total (%) (YI)
IR v | 2.9(5.0) 3.1 (11.7) 2.1 (2.7) 2.2~62.7) 3.0 (13.0) E E
for electron larger v | 2.84.7) 3.0 (10.8) 1=9-2-3) 34 (11.8) 4.0 (12.0) % 2
than for muons IRe v | 2.8 (4.38) 3.2 (12.6) S 3.6 (13.5) 4.7 (13.8) o g
v | 294.7) 3.1 (11.1) 3.94.2) 4.3 (12.1) 5.9 (12.7) q"é T
IRelde v | 2.8(4.9) 4.2 (12.1) 13.4 (13.4) 5.0 (13.1) 14.3 (18.7) =
Near Far Near

= e

Flux-interactions

‘ G . 7 R we need of the order of 1% for HK |

Huge improvement ; —>

are we sure this is correct ?

— ———— e ——— —— T ——— _



UNIVERSITE
DE GENEVE

FACULTE DES SCIENCES
Département de physique
nucléaire et corpusculaire

Near Detector

This complex connection map is not
by chance, it has technical reasons
and we have to leave with it.

In general, but particularly true in
Hyper-Kamiokande

PNear(éobs|Ey) # PFar(éobs‘Eu)

e —

|

| Qobs are normally the muon
momentum and angle :

clean but also limited in resolution |
—_ lL
it relies heavily on the theory model |

Carbon target

High Granularity

Magnet

Atmospheric

V1

Oxygen target

Water Cherenkov

atmospheric v flux

Before we start: Water Cherenkov

Far Detector

Intermediate WC Detector
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Near Detector Far Detector
Even in this case, there are issues: Magnet? v Flux
Vu vs Ve High Granularity Carbon/
Granularity Argon
Detector acceptance \"JT farget
Ve
SO
PNear(Qobleu) # PFar(Qobs|E1/) SN Ty 4
although probably in smaller scale Qobs Is some calorimetric
and related to detector. . measurement of the energy
Vt EI/ B E,u R Ehadrons
o et Lo atmospheric v flux but, Enadrons can be tricky:

neutrons, mass of mesons,
quenching, low energy
depositions...

- The only magnetised Far detector
| was Minos and it had little impact |
on electron neutrinos |

_—
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e Experimental measurements are difficult:
* high target mass and low number of interactions.
* low granularity detectors (cost but not always).

* Events with two energy scales: low momentum hadrons vs high momentum muons.

* The Nucleus is a hidden part of your experiment : no way to know what happened
inside.

BUT!
Wrong model can bring
wrong conclusions:

The only solution found (both WC

and Calorimetry) is to try to model

the cross-section with some d.o.f.
and fix them in the experiment.

Otrue Ptrue ~ Owrong Pwrong

This is a condition that applies to Calorimetric and Water Cherenkov approaches

—> near and far detector fluxes are different even before oscillations.
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 Recent T2K/NOVA/SK experience of joined analysis called for a common
treatment of cross-sections

* both in the modelling and the degrees of freedom definition.

 Cross-sections is the common language of all the oscillation experiments
and we need a coherent (and solid?) treatment.

« Same issue for neutrino fluxes, but this is another battle...
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Different goals for vy and ve

Vp Ve
Precision disappearance oscillation :  Appearance measurements —> CP violation.
e atmospheric parameters also critical for CP  Not really a must now but critical in next
violation. generation.

e added sensitivity to hierarchy.  The P(Q|E) less relevant.

Model

connection's * more important in DUNE but mainly counting in

Off-axis configurations.

Laboratory for cross-section measurements and
model constrains

e impact on ve x-section modelling. * 0O(Eve) is critical, actually o(Eve)/o(Evy)
P(QIE) is critical for muon neutrinos. * Very few neutrino electrons at Near Detector:

Large amount of muon neutrinos at Near Detector. e |low statistics and high (1% background
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X-sections: we need to know

 The backgrounds (conceptually can be related to reaction channel
migration)

* The interaction probably, but also the relation between the different
iInteraction channels.

* E reconstruction: what are the experimental observable in our model?

 Acceptance: which are the events we detect in the near, the far
detector and in our “selection” sample.

| will mark with these labels the

expected effect of the modelling on
our experiment.
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Modelling X-sections
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* Traditionally cross-section has been split into :
 [nitial conditions
 Nucleon interactions
e final states interactions

 This is a (gross?) simplification,

In reality the neutrino interacts with a nucleus and produces particles it does not interact with a
nhucleon in a nucleus producing particles that interact subsequently with the remaining nucleus.

| will use the same subdivision to describe the issues we are facing
But!! pay attention : some of them are interconnected leading to potential double-counting.
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 The nucleus is a set of A strongly interacting particles.

‘ Spectral Function
| Hartree-Fock Mean Field
 The usual description is given by the Impulse Approximation: nucleon in a potential.
x10_3£0.30_|"'|"" ]
v = - . 21z3ﬁ;z:1. 8 E
D025 7 q =
2 - ﬂ | E > f(p) I
5 & 020 1 -
xe) B . ]
‘ < 0.15 -~ 1p1/2 =15.7 ] 151/, = 47.0 e
3 Elpl/f:lz'li E % 151/2%45.05 .
0.10 |- L B -
2 - .
A ] 0.05 |- e
0 50 100 150 200 250 300 350 0.00 - 10 ':':J5\01 R
oy . . Ipl [MeV/
 But this is not completely correct: we ignore correlations (2 body states) and P! Meviel Ermy (MeV]
interferences in Final states. A ]
| -~ | Local Fermi gas vs SF
* In this description we normally describe target nucleons in potentials through its dispersion | 107
relation : A : 1°0 F]
cc 2 In short:
| —40 §
”‘ « classically one single potential and no QM solution : continuous Fermi levels. &
| . Similar phase-space
* modern methods do shell model, either phenomenological (Spectral Functions) or with different
calculations (mean field or ab-initio). \ 20 dispersion relations of
. s g B B i target nucleons
 More advance models also take into account the quantum numbers of particles in 10
a shell.
% "B 10 150 200 250 300 °
« Both approaches has pro’s and con’s. P, (MeVic)
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 We are also displacing a nuclear state by removing one particle to another nuclear state._l

\ T2K has measured the de-excitation of Oxygen
| | . .
| . . %P, | to evaluate the NC interactions.
 There is energy consumed in this process (removal energy):
| 50:_ —1}— Data (T2K Run1-9 FHC)
* Minimal removal energy is the difference between the two nuclear ground states. | - — i

40 -

v(D) + %0 - v(D) + n + PO,

 Most probably the final state is not at ground level :

Events/MeV

+ v(D) + %0 = v(D) + p + PN¥,

 The excitation levels of the final nucleus are important. _ﬁ%
0:, Lo .%i%ﬁl%-&.-éatf-#. .
- - 4 5 10 15 20 25
* nucleus can even break, the fission energy comes from the neutrino. £ [MeV]

|
e Difficult to calculate since the final nucleus is different from the initial and probably

not “stable” —> many final states and lack of theoretical models. - _
Removal energy in the (wrong) Local Fermi Gas model.

T

| » Intrinsically related to the initial and final conditions in a non-trivial manner :

25 MeV is large (~4%) compare

Number of gvents (a.u.)
T

l . —CC1p1h
« it affects the momentum of the outgoing part. to neutrino energy (650 MeV) _ "~ CC2p2h
0.6
| This model considers (like the '
* Related to final conditions since not all transitions are possible due to quantum SF) the energy removed from 0.4}
RRer corporvagehs: the nucleus (binding energy of
0.2

the nucleon). Is this sufficient?

e final state when nucleus is broken is difficult to evaluate. - ;12_545310“.410..‘.561 L .171011,81(;‘.';58+..1100

ol Ll TN, W A - : S— - . En (MeV)
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- Many different cross-sections
The nucleon is not a point-like particle —> Cross-sections are modelled using form factors. | —— CClInclusive s NC Inclusive
—— (CC Quasi-elastic =~ == CC 2p2h
CC Resonant 1mr  —— CC Multi-m + DIS

 Vector form-factors from electron scattering. Acc

VN' V,LL_>V/,L
¢T2K X POSC.

—_
I

« Some theory cooking PCAC,...

e The Axial form factors are unknown.

| | | | | | 1 | |
1 1.5 2

The pion case is even more complex :

Ouy0(Ey)/E, 10738cm™2 / GeV / Nucleon

] E, (GeV)
The simple CCQE
 many partial amplitudes with interference with resonant and non-resonant contributions. | >
2N GF o
Experimentally the neutrino-nucleon interaction is poorly known. | / / 2 /
P y P y Laﬁ = S(kakﬁ == kakﬁ = gaﬁQ + GQBkapk J)

a3 ieaﬁpa ozaB a B a3 i a B o
« Lack of statistics: old experiments. s = —GasW1 + S5 Wo + ——— 2 LW, + oWy + qng Py 4 AP T ),
 Experimental issues : no free neutrons in nature. Most of the experiments are done on Wag(g?) are form factors derived from experiments

large (A>10) nuclei and corrected by nuclear effects. (when possible)

 We assume Vector form factors from electron scattering.

« unfolding - folding issues might rise.
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Not only it is difficult, it is messy: Diagrams for 2p2h in

Valencia Model

 There are possible interactions with 2 bodies in the nucleus (2p2h).

Exclusive

* This is very similar to CCQE but with a totally different P(E’v|Ev).

: Complex _ *° ,,0-5
* [t has more than one channel (resonant and non-resonant) that interfere calculation 5 5
cons(des)tructively. full 2 w0 I
S, TU y g‘_xoo 19 Inclusive
exclusive dos ™
[] (] ] m
It is also difficult to separate from : models i )
start to be 0¢ T " -
) 200 400 600 800 1000 = 500 'R
available Pp1 (MeV/c) 2 .
 Initial state nucleon pairs (something like a deuterium atom inside the nucleus) : double | now S s§
counting and interference ™ 2]
200
100 s
 nucleon absorption by the nucleus : interference with some 1p1h and resonant. iy 0 100 °°
pi
g vs w (log)
II?n‘ferlfnt rrtlo_dels a;‘,s:Jme differently, they can be consistent but not across models —> Models have different
rankensteinmogels. predictions : Ghent
model.

Experimentally difficult to measure:

)
|
|

- Model ingredients and
assumptions are |

e only one nucleon is visible, the lepton energies overlap with 1p1h and pion production, ...

150 200 250 300 350 400 450

importan

q [MeV] ———
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* Nuclei is a complex Quantum Mechanics system that we model basically
as a nucleon in a potential. But this is not a reality:

* nucleons can be (with a probability) found in pairs (some sort of virtual f
deuterium nuclei). These states normally provide high momentum
targets beyond Fermi momentum as in Spectral functions. /

 The 2p2h (interactions with 2 nucleons) overlap to the “pre-existing”
nucleon pairs:

* how to distinguish them?
* Energy tails in SF are not double counting 2p2h events?

e |nitial and final states are the same: different channels can interfere.

50 100 150 200 250 300 350
Ipl [MeV/c]

O 4 v oW b~ oo ~N XA
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Ing Is so difficult?

300 New studies to explore

"TROP+NEUT pryr —— complementarity
" = p - ’ = e ] TROP NI Puniieg “SiS between cascade and interaction
"« This part has been neglected in all its complexity until recently. There are several aspects: | 250 | BDRME+NEUT pryp - — - e )
[ - potential implementations :
| % 200 |
| e Pauli blocking : E ' strong relation with double
¥ 150 counting and model integration.
&)
| * normally implemented as a “cut” in the possible outgoing nucleon momentum. 5 o PHYSICAL REVIEW C 105, 054603 (2022)
s
| <
* Inreality we need to antisymmetrize the waveform —> Need full QM treatment only possible in Mean ol l S q ‘I ol d\ ' &
Field calculations (or “ab-inition”) | s T O L s < ]
Acc 0 potentials in a consistent manner |
but they cannot predict final |
* Final state interactions: states
L e e ——————
* normally only scattering with other nucleons was considered but : p = ] ) ]
Richer physics is needed to describe the interactions :
. : : . . . INCL model
* The outgoing lepton and mesons are in a deep potential that alters the dispersion relation:
| Energy-momentum balance of the reaction.
| INCL model Traditional cascade
LA L L L L L L L L B L L L L L L B B T
10000 |— — 10000 — - e ]
« The same model can also predict inelastic potential through imaginary components: i S N Pl ‘ ]
consistecy 8000 _ s & ' -
n - -] »n ~ F - 7]
% = |:|multplen cleons ] % : »E 1 :
L‘LTE 6000 __ D one proton __ E 6000 — l-[ ___ D one proton —
F L HOW tO reconC”e/Unite bOth? ; : proton + pion : g : __ proton + pion :
) - — Na) - -
J £ 4000(— — £ 40001— —
| N ) Z2 -
 Also, there might be interferences: 2000/— ] 20001 ]
| « How to distinguish from a nucleon in a nucleus followed by the scattering and the nucleon after _2 st E _E s E
‘ . . 0 . 5 S OF = = OF e
the nucleus? Double counting and interferences are possible in a consistent treatment. ST o -y L
S o 02 ~/ : o 02 T TR
=C " o7 o5 0z T o o =2 g 0%4 06 08 1 12 14
_ bck P,.; (GeV/c) P,.; (GeV/c)
ce with C1p1h at nuclear level?
h — s TEREEE T N A PHYSICAL REVIEW D 106, 032009 (2022)
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More ... (relativistic vs non)

 We are in a low energy interaction region ( 400 - 1000 GeV) with even smaller transverse momentum
and energy:

* this is a region where the relativistic and non-relativistic models merge.

 normally a consistent relativistic description of the nucleus in Mean Field is computationally
difficult.

* The relativistic description might not be perfect for low momentum transfer.

* \We need a model that transit from one to the other. Tools are getting in place to do this (i.e.
Normalising flow algorithms).

* Luckily in HK/T2K we care mainly about low energy, high energy is a background for us, but! :

e combination with other experiments or atmospheric neutrinos will require a self consistent large
energy range model.
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* Our near detector is normally based on carbon: good balance between mass, segmentation and cost.
* active water is a challenge and more for high precision.
 some models break for C or O due to assumptions and nuclear configurations.

* The transport of C model to O cross-sections is not so easy :

* nuclear energy levels (2 in carbon and 3 in Oxygen) —> even with a proper C measurement there is an
“extrapolation” to make.

 How to evaluate the uncertainty ?
* model predicts small deviations from C to O of ~% per nucleon. But, we are far from testing it.
 Good complex models can help, but.... can we really be sure ? to which level?
* A detailed data-model comparison in C can help to gain confidence to certain level.

* Experimental data will be always needed, at which level ?
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* “a priori” different target —> different initial state.
* different final state (i.e. proton vs neutron) —> experimental challenges

* at nucleon level V vs A have different sighs —> destructive for antineutrinos —> more
delicate in calculations.

 we have no way to separate them in the fast detector —> ND magnet immense asset.
* experimentally electron neutrinos have lower statistic and larger backgrounds

* anti-neutrino electrons more challenging, close to impossible? both needed for CP
violation.

* The effect of asymmetric nuclei ( 0Ar ) might be large.
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Example :
* A priory only the mass of the lepton is important but : (90,93) nuclear strength for

the Valencia 2p2h model

» different mass changes the qo,q3 mapping of the nucleus
for a fixed energy —> Not the same strength give a neutrino
energy 500

* electrons emit breemstrahlung : 400

-

o

o
Weighted Density

e available estimates claiming for small effect.

e
~
W

o
W
©

 complex interplay with experimental measurements

(photon merged in electron showers or not).

100 0.25

* For a precision measurement we will need to measure it. But : 200 400 600 800 1000 0.00

Q3 (MeV/c)

e |ow statistics.

» very different experimental techniques (tracking vs cherenkov)
call for a solid model behind (breemstrahlung for example)
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To evolve on the understanding we need more precise experimental
measurements :

better detectors, different nuclei, but also ingenuity to analyse the data
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Experiments moved into new observables where the neutrino 1

energy plays reduced role : Transverse kinematic (TKI) variables.
New variables are able to singularise contributions :

 Fermi momentum

* Nuclear re-scattering, ...

But they need the reconstruction of hadron observables with
precision:

* low threshold and high tracking performance.

These observables have been used by Minerva to isolate
interaction with hydrogen to explore v-nucleon interactions.

This is a very promising field not fully investigated.
* High statistics high granularity (like new T2K sFGD) :

e multidimensional analysis

e adding neutrons to the equation.

do/ddo.; (cm/degree/nucleon)

V'l

{Nuckon ‘cm“(deg

TKI observables

MINERVA results CCOmt

%% =20.7 (17.7,25.2) n.d.o.f.=12 Prob= 0.054

x10742
C B Tpth
22— []Res
- Bl DIS+others
20 12p2h
- —e— MINERVA e
18F woe NFSP 150%
- < NFSP 50% :
161
14F
12F

-

20 40 60 80 100 120 140 160 18

oo (degrees)

T2K result CCmt+

1 130 160

0 X o) ~) s 100

oa, (deg)

I

n

d o/d p_ (cm?GeV/nucleon)

do/dp, (1 0°3%m?/GeV/c/nucleon)

7%= 107 (86.1,202) n.d.o.f.=24 Prob= 2e-12

6 x107%°
R Bl ipih
L [_1Res
L [ DIS+others
- [12p2h

5+ —e— MINERVA
B S T NrSP 150%
ot e NrSP 50%

MINERVA CCm°

—
T T T T

T | T T T | T T T
(d) MINERVA-r®

- 7 -8 data CCRES (51%) -
L / \ _
i J/ CCDIS (48%) === G24-0 42N, :70.712 |
R \ ]
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1.50 < E, (GeV) < 3.50

1 : .
S 0.00 < q;‘P (GeV) < 0.04 i 0.04 < qff (GeV) < 0.08

10 \
5- x 3.0 &‘ x 0.4
348

\MA - 1 "
15—*— A | —

08 < q** (GeV) < 0.12
S
10

x 0.6
\
SV arm -G o

 Minerva explores beyond the usual events with tracks to
reduce the hadronic threshold.

ettt e

0.24 < quﬁ (GeV) < 0.32

it

* The use of hadronic deposited energy opens new
possibilities.

0.40 <q~* (GeV) < 0.60

i
{} x5.8

”}“3_ - X

.
R e —T— - 3 .‘

Z T; — E;/ 3 E,u ag Eremoval

* Bridge between the calorimetric and the Cherenkov
approaches.

02 04 06

d’o/dq_"dE,dE T, (x10°° cm?GeV?/Nucleon)

—4— MINERVA data
Minerva Tune v4.4.1
— QELke-QE
QELike-Pions
QELike-2p2h
2p2h without fit
------ QELike QE proton
— = QELIke QE neutron

£ T, (GeV)




e Energy sensitive

FACULTE DES SCIENCES

e de e observables
With all the developments during the last year we still
do not have a energy measurement that we can test

with data.

The energy flow from Minerva is a good variable but
we miss a reference energy to calibrate.

* this is easy in electron scattering.

But, there are variables that can help in CCQE: the
superscaling |’

)’ is validated/calibrated in ee’A scattering —>
good reference.

This variable is approximately a gaussian centred at
0 with with ~1/3 for any neutrino energy and nuclei.

wl(w’ (7) s 1 )\ — T
\/\/1+m2m—1 \/(1‘|‘>\)T—|—I€\/’7‘(1—|—7‘)
with
L
) is not energy but it L V¥
validates its model o — 2\]\614\
N
szV_EIJ )\_W_Eshift
~ 2My
T = /{/2 _)\2

Wre peak position

True CClplh Events

10—
! —— SF (W)ear = 0.06)
_ —= LFG (hear = 0.04)
0.8 Y 2 \ T RFG (W;)eak = 0.00)
- EDRMF (/) = -0.03)
0.6 -+ RPWIA (y},e, = 0.05)
o _
o) A
Q i
04
0.2 2\
oo ESL
—2 -1 0 1 2 3
Ytrue
03 CCOnlp Events (pRE < 300 MeV/c, S = 28 MeV)

——— LFG (¢/peak = -0.0078 Eqpire + 0.2476) |
------ RFG (¢ peak = -0.0074 Espie + 0.2835) |
EDRMF (i peak = -0.0078 Espie + 0.2711) |

.. RPWIA (/peak = -0.0076 Egpire + 0.2591) |

Espire [MeV]

D.Douqa et al, Phys. Rev. D 109, 073001
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 Unfortunately we do not measure cross-sections but : “flux-folded cross-sections”:

*  Otrue Ptrue ~ Owrong Pwrong

* This is unavoidable (until Enubet is there) and one of the reasons we need strong
neutrino-nucleus cross-section models.

e But also we need flux models.

e The better we know the model the more restrictive will be on our cross-section
models.

 \We should also try to look for alternative ways to measure the flux such as the one
of Minerva.
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* There is a way to obtain “at least” the absolute integrated flux.

Vee_ % Vee_

° Ve€ —> Vg€ N§ 5003— : ¢ data 4250
= i Bl v, e 589
s = vee 40
S 400 5 B . CCQE 1298
. . . 8 : Xe itpr?:rs 354(:)38
* This was used by Minerva to gain control on the flux (3.3 %!) 2 aooff | v others 635
= : B COH 0 487
Phys. Rev. D 107, 012001 > 500 B | B DFR 0 46
. = :
e But: J>j
W 100

* Very low cross-section and high backgrounds. g7
* It has little dependency with the neutrino energy (NC) and e Y FUURN T FUURN Y FETR T |
very small theoretical uncertainties. E,¢7 (GeV*Rad?)

e With a massive detector this iIs a must to control further the
flux uncertainties.
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(Generators
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 More complex models imply also new mathematical methods to generate the events:

* models are slow (some we know can generate handful number per day per CPU) —> modern
methods investigated.

 models are based in the splitting | mentioned at the beginning : can we integrate new models?
* generators allow for several models to be combined —> how to ensure coherence ?

 same generators should (ideally) be adopted by all experiments : how to agree in the
community ?

 models should integrate realistic parametrisations to be obtained from data.
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* This is (to me) an opened question.
e Critical for T2K (0 vs. C) but also a relevant experimental one:

e can we use the expected high precision Ar events in MicroBoone, or Pb/Ti
events in Ninja to tune the C model ? or viceversa.

 And, even more relevant when we try to compare or to join oscillation results.

* We expect plenty of data in Ar and C in the future, but those are too apart to
be able to search for agreement,

e we heed intermediate nuclel.
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There are several available and actively developed

MC generators applicable for ~1 GeV neutrinos.

* NEUT - the main MC in Japanese experiments
T2K, HK.

* GENIE - the main MC in US experiments NOVA,
MicroBooNE, MINERvVA, DUNE.

* GiBUU - developed by theorists in Giessen with
the most sophisticated FSI model; used in many
comparisons and studies.

* NuWro - developed by theorists in Wroctaw; used
in many comparisons and studies.

* Achilles - a relatively new project with important
new additions.

NEUT, GENIE, NuWro share plenty of physics concepts with several models included
GiBUU treats FSI in a more QM correct approach.

Achilles is a new concept.
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Model Reweight

* |In the past models were rigid or with little modelling degrees
of freedom.

e Oscillation experiment requirements forced the development
of reweighing tools, but the first ones were breaking the
model.

 Monte-Carlos are starting to introduce these tools by
reweighing methods, but this is tricky (reweighing out of
phase space,...) :

 Parametrisation of the X-sections based on physical
parameters is important.

e Al tools

Professor ...

Genie reweight of

TKI 10 data.
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Inserting complex models in MC

Al tools might help us to introduce complex nuclear calculations into MC by learning PDF
distributions and help in reweighing models.
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A spectacular agreement!

Many useful tools being developed including reweights



[,:“j':“"'i—. UNIVE R§ITI§
;" r”‘\,f DE GENEVE

N
FACULTE DES SCIENCES
Département de physique
nucléaire et corpusculaire

 Complex problem both theoretical and experimental.

So far, T2K has shown

» Huge development during last years but not quite there : consistent results regardless
the X-model used (off-axis

* from free moving particles with altered masses to proper Hartree- peak?)
Fock calculations.

» X-section is the cheapest way to improve the oscillation results. Is the oscillation less sensitive to x-
section as we think (off-axis peak

* requires advances in several areas in parallel: helps).

1. Theory (with parameters, please!) Although,

there will be no convincing CP
2. Generator implementation of those models.

violation claim without a
convincing cross-section model

3. Experiments

4. Neutrino fluxes predictions



