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® The observable is the disappearance/appearance
of events as function of the vV energy.

® VWe have to reconstruct the energy of the
neutrinos!!!!!
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® The number of events depends on the cross-section:

Nevents (El/) — UV(EV)(I)(EV)

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

Néfvaernts (Ey) = 0o (Ey)P(EL) Posc(Ev)
® and it cancels out in the ratio as function of energy:

Nfar (EV)

events

Nevents (Eu)

— 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, we have the problem that the cross-
section does not cancels out in the ratio.

NI (E.) . fU(E,u)(I)(E/) ( ,/|E’) OSC(E/)dE/

events

Negemse ) ; fO(E,’/)CID(E,’/) (B, |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 both
O(Ev) & P(Ev|E'V)

Both are related to cross-sections !!!!
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" Cross-section problem =

How to measure the neutrino energy !

Low Energy Vs (s2GeV)

Ev relies on the lepton kinematics.

channel identification is critical:
® Final State Interactions
® hadron kinematics.

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

~

-
Medium-high Energy V’s (= 3GeV)
® E, = E + Ehadrons With Enadrons << E
® Hadronic energy depends on
modelling of DIS and high mass
resonances.
® Hadronic energy depends on Final
State Interactions.
"

”
~

ui

Hadrons




" Cross-section problem

b et ot

hadrons: 1T, p, n ...

—

spectator nucleon

® Assume that the spectator nucleon is at rest ignoring Fermi Motion which is comparable
to neutrino energy (250 MeV vs 600 MeV in T2K) or larger in models like Spectral

functions. [N good nuclear model.

® Assume that one of the hadrons is not seen and we know its identity (proton, pion, A, K,
...). It can be one out of two or one out of one, NS R T A S e e Al e s particles!

® Assume the neutrino direction is known (true in far detector, not so at near detector).

® Apply conservation of energy and momentum.
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hard \ hard
scattering scattering

G J \_ J

® Only a fraction of the energy is

[ ® The visible energy is altered by
visible.

the hadronic interactions and it

® Rely on channel interaction id. depends on hadron nature.
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v I The interaction

Long range

Not well correlations . :
Fermi motion

&
Pauli blocking

defined!

Short range
correlations




CCQFE VN — [P
CClm vup — AT 5 uT T p
vun — u~ AT 5 uTrn

vun — u” AT — 1

CCNT vuN = u~ AT — " Nz
C'CD:ss vyN — pu~ N'm,m, ...
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- | he xsec problem

J.A.Formaggio, G.P.Zeller, Rev.Mod.Phys. 84 (2012) 1307
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® Present and future oscillation experiments cover a region full of
reaction thresholds and sparse data.
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__I'he shopping list

® Future CP violation measurements with Long Base Line
neutrino beams require “ideally” the measurement of vy, anti-
Vy, Ve and anti-Ve

® between ~500 MeV and ~10 GeV,
® for (at least!) 4 nuclei: C, O, Fe and Ar. (Not all isoscalars!)
® for ~|0 exclusive channels:

® QE, ITt% N1, DIS both CC and NC.

® Require a precise determination of the energy of the
neutrino for the dominant(s) channel(s) at each energy.
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Vi

The most urgent

problem!!!
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® |t is the basic channel for neutrino oscillations
at low energies (12K)

® |t is a clean signature (no pions produced)
with simple neutrino energy reconstruction.

® Regardless its simplicity, the community faced
many problems in the past:

® Description of the axial component.

® Disagreement among low and high energy
experiments.
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® MiniBoone published a double differential v cross-section for events with no
pions in final state (CCQE-like).

® Theorist profited from the clean data to realised that we were missing 20% of
the cross-section !

® We need to add a new channel (CC-2p2h) !!!
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~ What is 2p2h?

® 2p2h is basically the exchange of a meson between two close by
nucleons in the nucleons with the emission of 2 nucleons.

® The pion can be produced in a contact point or through an
intermediate virtual A*".

N o
‘Q - Itis possible that the same process happens with the

emission of one pion through high mass resonances!

o A Y e

S RN TY L N
12 ‘;’.\}.:7-," i \;Z;:'I% AT
o T b
ek .
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® Random Phase Approximation (RPA) is a mathematical
approximation to describe the modification of the WV self-

energy in the presence of high density nuclear media.

RPA alters the cross-section dependency with the g% (mass of
the W propagator)

FSanchez, IFAE Pizza-Seminar 22" April 2015




do/dQ? for C12 (cm/GeV)? x10738

[a—

ratio

0.5

N = N W S L N oo O

neutrino
Enu =3 GeV

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

® RPA predicts a deficit at low
Q? and enhancement at large

Q2.

e 2p2h fills the low Q? to
compensate RPA and we see

enhancement at low Q?Z.

.....
~
.........
Ty

RPA+2p2h

r T~ RPA suppression
0 0.5 1 1.5
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™ Electron Scattering & 2p2h

Martini, J.Phys.Conf.Ser. 408 (2013) 012041
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® This contribution was known to the electron scattering community
for more than a decade.

® We needed double diferential (py,0,) data to observe np-nh with
neutrinos.
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Recovering Ma

J.Nieves et al. Phys.Lett. B707 (2012) 72-75
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— —— Full Model

> .-+ Full QE (with RPA)
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Data fits equally well to:
CCQE Ma= 1.3l
CCQE MA = 1.05 + RPA + 2p2h




do /dEyec/(A — Z) [10738em?/GeV]

do /dExec/(A — Z) [1073Bem?/GeV]
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__2p2h and Ey

QE(rel+RPA), Erec = 0.5, 0.75, 1., 1.25 GeV
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~ PHYSICAL REVIEW D 85, 113008 (2012)

1.8

Effect of multi-nucleon
(2p2h)
interactions in the neutrino
energy reconstruction.

* Recon values (Ev)

e P(EJ|E™)

The problem is that

the Ey is wrongly
reconstructed.




Limits of the model

® The main problem with these models is that they are valid only in certain
regions of the available kinematic space. Nominally, the low g? region.

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

® Agreement with experiments might vary with the typical experiment energy.

14 doddg dg, ( 10 em2GeV?) Gran. R. et al. Phys.Rev. D88 (2013) 11, 113007

o B3 OV meutnno Proposed to use the momentum

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

energy lranster (GeV)

0...|...|...|...|...|...|...|... -y
0 0.2 0.4 0.6 0.8 1 1.2 1.4
three-momentum transfer (GeV)
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http://inspirehep.net/author/profile/Gran%2C%20R.?recid=1245280&ln=en
http://inspirehep.net/author/profile/Gran%2C%20R.?recid=1245280&ln=en

"1 Final state interactions &

e

Long range

correlations . .
Fermi motion

&
Pauli blocking

Short range
correlations
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. Problem factorisation = =%

IR S o D T VIOR Ty~

FSI alters the

® Example: events with P+TT7 in the final state. o
definition of

® TJopology is altered by FSI. the event
Vi 5 Vi 5

LM P

P o P

|.CCQE NCC 1T |.CC 2117
2.proton in final state 2. TT* in final state 2. 277" in final state
3.pp->pT* 3.1 p->pp 3. p->pp

S
: o
LS



More on FSI...

® Hadrons outside the nucleus will keep interacting altering the
calorimetry.

® This is already part of the measurement program of WA105
but we need to measure exclusive channels and not only
calorimetry.

This is already

a dominant systematic
@ T2K

Specific experiment
(DUET) is being run
to reduce it.
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® Monochromatic neutrino beam!
® Or at least a variable neutrino spectra.

® Detector sensitive to the low energy hadron
component: count protons/pions, topologies,...

® [Experiments to measure proton and pion scattering
with nuclei.

® Several nuclei targets to be able to factorize the
nuclear dependencies:

® Re-do hydrogen/deuterium measurements.
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Take linear 2
combinations! *1.0

r

700 MeV Monoenergetic Beam

£ 1 "2

Muon pé&Ho

& £3
MU Viameroun M)

using 30 slices
in off-axis angle
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IFRE®  New ldeas: HPTPC I
= €W l1de¢cas. Tl

Q A moving detector (“a la

®B f tirdaCKer or NuPrism”) or tuneable beam
\ will help to reduce systematics.
range

IPiPG
EIEREE filled with hydrogen

A dream (?):a HPTPC
detector )i ream (7):2

| J

C and deuterium.

TPC imaging capabilities & interactions in the same gas (no passive material).

Low momentum detected inside the TPC. Large momentum done with tracker
chambers or range detector.

Calorimeter for neutral energy containment.

High pressure (~10 bars) to increase particle containment and # interactions.

Several gases: He, Ne,Ar, CF4....




» = 250 MeV/c

" pn=115MeVic

\
— = 690 MeV/c
n—
j /"’

CCQE oo =365 Mevie CCITT ’

0 \ \L
-500
-500
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New ldeas

IFAE proposed the idea of the HPTPC to T2K and
now it is collecting interest from several
institutions around the world (UK, France, ltaly,
Germany, Switzerland, USA, Canada, Japan,... ) to
propose an experiment in FNAL.

We are investigating options to finance the design
studies using Fet-Open.

The call will include both experimentalist and
model-builders.
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Backup‘and supporting
slides
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~ Electron scattering

|i

Long range

Initial/final states ~orrelations

kinematics under
control.

Fermi motion
Pauli blocking

Short range
correlations

Final state topologies
accesible.
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- CCQE problems

v N P -
£ SRS e T\ e NS B
e e A i il A S o A SR SRR ALY L

Fa(q®) =

F4(0)

Bernard et al. 2002

ANL's9 ' '
ANL 73

ANL 77

ANL 82

BNL 81

BNL 920
Fermilab 83
NuTeV 04
CERN HLBC 64
CERN HLBC 67
CERN SC 68
CERN HLBC 69
CERN GGM 77
CERN GGM 79
CERN BEBC 90
IHEP 82

IHEP 85

IHEP SCAT 88
IHEP SCAT 90
K2K 06, SciFi
K2K 08, SciBar
MiniBooNE 07
NOMAD 08
MiniBooNE 10

MiniBooNE 10 NC

| | |

1-5M4 (GeVY

|

(1. —q*/Ma)?

Modern
VA exp.

Vector current fixed by
electron scattering.

Axial current parametrised
by dipole form factor with
mass Ma.

Ma increases the cross-
section at the high-q2
region

These effects are observed
in VA experiments.

Is Ma an effective
parameter !
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CCQE problems

Difficult to concile the low and high energy results.

<107
ﬂ‘g 16 total cross sectipn
c 14:
ey 12 l e
10E- : ; \
o ST
= MiniBooNE data with total error
6 — NOMAD data with total error
4= SciBooNE data with preliminary error
= RFG model with .\la =1.03 GeV, x=1.000
26 RFG model with M¥=1.35 GeV, k=1.007
0 = L s 2

o B Gew

—

e
-

—

Experiments define CCQE in different manners (no proton,
one proton,etc...) and sometimes develop analysis under
certain model paradigm confusing the model comparison.
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® This is similar to neutrino interactions with known initial
conditions.

® PButitis not the same:

® onlyVector current and not Axial current. This is only
accesible trough neutrinos (or photon scattering in some
cases).

® |nitial particle is charged.

® |nitial and final particles are electrons (light with respect
to muon in relation to initial/final state radiation).

® Detector is not full coverage (41T) and normally
experiments ignored the hadron production.




1 Experimental results

® Uncertainties from old
experiments are large.

® T[hese cross-sections do not
cover the full range of interest in
energy.

® Some of the results are
inclusive.

® |t is not obvious that and
interaction of a hadron with a
nucleus is the same for hadrons
produced outside or inside the
nucleus.

— Total ()
— Reactive

-| —— Elastic

— Absorbed
— Inelastic

~ |— Single CX

Double CX

R TECY S
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Background to
CCQEifTtris
missed!
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s~ Signal definition
ns
\V/ | ® Final state interactions alters the final

state hadrons.

Experiments make measurements for
pion production:

® @ nucleon level.

® theoretically easy.

® FS| correction by experiments,
difficult to undo.

12 ' | before FSI ]
x f} ~ aftrfs| ® |eaving the nucleus.
8t .-\1[ ~~|\‘/|InIBOONE1n -

® theorist need FSI model.

do/dT + (1078 cm®/GeV)

ol ® no experimental modelling bias.
0 0.1 02 0.3 0.4 0.5
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2 : . . .
‘ ® Old deuterium data is inconsistent (probably
OF
H % flux)
A
6 %%{ ® Difficult to tune MC models if the basic
o vp(Vn) interaction is imperfect.
« ANL, PRD 25, 1161 (1982)
2 é o BNL, PRD 34, 2554 (1986)
DO ® F[Sl+nucleon model need to be tuned
E, (GeV) together (Large uncertainties in FSI!)
20 NC irx®
30
S 20 %\"5. -}-‘H;‘ik\
K R S Y
3 1o + Tog /| ® Models are not able
S B . S = e .
: 2, to describe CC 1T+
%30¢ %
§ | §1s ;rtfr 110 and NCTT10
© © 10 ¥ \\
o} e N/ together.
0.0 0.1 0.2 0.3 04 08 0.8 0.0 02 04 0.6 08
T.. (GeV) p_, (GeV) p_ (GeV)
s Athar ef al. =ees= Nieves ef o/, === GIBUU —p g rlrguez hep-ex 1402.4709
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® |tis more complex than CCQE and is = 12 before FS|
not well understood: S afterFS|
=
(& 8}
® (C#/5(0) (interaction strength) 13
Q|
O« 4}
® resonantt non-resonant + S| 5
interference , >' = O.Lalakulich et al, Nulnt12 Proceedings
O 1 1 1 1
0 0.1 0:2 0.3 0.4 05
® transition to the forest of high mass Ty (GeV)
R : ®  MiniBooNE data
— GenieMC [,
<| 3 2 B
® Final state interactions £l 2 o -
= N .
;IO 81— =
® Problem, poor agreement with MC 2 E
predictions: S 4 E
=) N _
20 Courtesy of S. Dytman E
® Data“seems’ to prefer no nuclear AT VT
0 50 100 150 200 250 300 350 400

absorption of pions!. Pion KE [MeV]




- Minerva results

v, Tracker — u” Na= X (W <1.8 GeV)

x107*
Shape Errors Only (MCx0.66)
30 3.040+20 POT _: GD'“E"E 289
==== GENIE No FSI

20

15

11

10
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® Preliminary results show agreement with MC predictions & disagreement with

MiniBoone data.

® Minerva and MiniBoone are in a different energy region: backgrounds from

large mass resonances/, ....

""J‘-~--%.{.4
- 1"-4..__4-_.'/\
100 200 300 400

® Minerva and MiniBoone detection technique is very different: Signal definition ?
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Phys. Rev. D 78, 112004 (2008)

® The CCITT coherent has been an issue in neutrino Y — ScBooNE
interactions since a decade: B - DATA
S =] cc coherent x
é 100 = E CC resonant n
3 o I other
® Low cross-section but concentrated at low g? !!! S M ccoe
':ﬁ% 80 v 2C—prl2Cmr
® the experiments were not able to find evidence at o e
low energies. e B N Ty
Q* (GeV/cy’
® Some microscopic models predict that the coherent o K2K coherent 77
might help to understand the CC|TT signal. 120 e Data

[ ] CC coherentn
B CC 1xm, DIS, NC
Il CCQE

Entries / 0.05(GeV/c)
(0]
(@)

V 40

8] PRL 95, 252301 (2005)

LRRRAR S B - 00 02 04 06 08 1 12
g2, (GeV/c)?

Low nuclear recoil (t)

No nuclear breakup and no
proton (vertex activity)

43



CC | 1T coherent

® Minerva from vertex activity & nuclear recoil energy

«10%® v, +A—=A+u +a* _x10% V., +A—=A+uT+a
é‘ 25-:umu Preliminary f 25 MINERVA Preliminary
Q E ;&"u:-;g;um Q Ewpr'g:ru lred
ng 20_-+DATA ‘t
L [ GENE v25.2 L
o) N o}
15
10F I I
5F I 1
i ;i
NN A T T I T T e
B2 01246 18 20 G2 6 g 012416 18 0

Neutrino Energy (GeV)

Neutrino Energy (GeV)

® ArgoNeut from vertex activity.

ArgoNeuT

Al

LLLLLLLLLLLLLLLY

Good agreement with models except
in the shape of nuclear recoil !

7
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Minerva
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=1 Cross-section problem

CCI 1T partial summary

® CClI1ris a difficult channel but it is the main background to other
channels.

® Not well understood even at the nucleon level (old sparse data):

® Nowadays it is almost impossible to make an active
hidrogen(deuterium) active target detector.

® Large effects from FSI (TT reinteractions!).
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J.A.Formaggio, G.P.Zeller, Rev.Mod.Phys. 84 (2012) 1307
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2 4 6 8

TT 1T

ANL, PRD 28, 2714 (1983), D2
BNL, PRD 34, 2554 (1986), D2
NUANCE (resonant+DIS)

10 12 14 16 18

E, (GeV)

TT 1T

Ve

ANL, PRD 28, 2714 (1983), D,

NUANCE (resonant+DIS)
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This is a complex region with contributions from
high mass A resonances and low w DIS.

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 LBNE and LBNO!.
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The Ve problem

008_| T AL I L I B IR B 0.1

: = - < e oo
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1S F ot 1 BIR[TS e hE -me V 600 MeV SCCy, -
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S . ] 3 - -
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- TR BT B BT EFEPE PRI AP ST B <

< 02 04 06 08 1 12 14 1.6 1.8

Energy(GeV)

® (alculations show significant differences in
the ratio of Ve to Vy cross-sections due to:

-mm V1500 MeV SCC,,
v 1500 MeV No SCC

® form factors.
® radiative corrections.

- ¥ 1500 MeV No SCC
v 1500 MeV SCC,,

Dominantes @

< low Ev (T2K)
Iepton Mass. 02 04 06 08 1 1.2 14 16 18
PHYSICAL REVIEW D 86, 053003 (2012) @

[
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Ve Cross-sections
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Despite the relevance of the measurement, there are very
little results (Gargamelle 1978!) :

®  Conventional beams provide small Ve flux:

® excellent PID. T2K vStorm
+ clean V. beam
o Iarge Sample° |JBoone David Adey poster

®  Two main flux contributions: Y4 decays and K decays.

®  The signal is masked by a large T1° background from NC
V. (~24% in the T2K selection)
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=l Cross-section problem

| %, ocHOA

Ve partial summary

® Expected differences between Ve and V|, cross-sections at threshold.

® Critical for future experiments and CP violation search.

® \Very difficult to make a pure Ve beam although there are some new ideas

popping up.
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Phys.Rev. D81 (2010) 013005

® 30 years old and sparse data ® Important background for v, disappearance
&& MiniBoone (2009). (NCTT*) Ve appearance. (NCTT?)

® No new results in Nuint’|4. ® Vv sterile searches!
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NC partial summary

® Sparse and non precise measurements.

® NC-T1Tis a background to oscillations (TT mistaken for an electron or a
muon).

® There is no way to make a neutrino energy prediction because the
outgoing neutrino is not detectable.

® Modelling will rely on CC since this is a simple modification of the lepton
current.
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Monochromatic beam ?

T
Vi K

FSanchez, IFAE Pizza-Seminar 22" April 2015




L A F AR N D

- PP ¢ : ot A Y L, s .“ --"‘ » v
g I g Sy
B s ey e R e A e
rAr, -..h' A
¥ o b L SN
e ' Ve ‘ 4 Vi -‘;‘--JV“\ TN
N - e
b (n 5
he - T AT A AR M REE, A
B
' RS L8 R A DT x
& A Y N A
. e - s e et i AL v . ! 24 ¥ :

® Many of the problems in neutrino cross-section and
neutrino oscillations comes from the reconstruction
of the energy.

® |maging you know precisely the response function of a
detector:

P(pweulEv)

® The oscillation result of the oscillation would be:

/ P(p, 0,18y} x Posi(Ey) x d(Es)dE,

and the cross-section problem is reduced/vanished.




NuPrism and Ve

i

® The proportion of electron neutrinos to muon
neutrinos increase for high off-axis angles.
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® |t needs careful study but it looks like an affordable
option to get a rather pure Ve beam.
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- Beam systematics

| did not have time to talk about the

importance of beam prediction systematics.

Total flux and flux shape are crucial for

precise cross-section measurements.

® Hadro-production experiments: NA61 /

MIPP. (talk A.Korzenev on Friday)

® clean beam: NuStorm including electron

neutrinos. (poster by D.Adey )
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® | |[f the cross-section model is incomplete or incorrect, the fitting of free
parameter does not solve the problem (like Ma).

® There are two “convolved” contributions to the exclusive cross-sections:
® free-nucleon cross-section (all reference data still from BNL and ANL).

e effects of nucleon inside high density nuclear matter (from pion &
nucleon cross-sections).

® Axial, scalar and pseudo-scalar form factors are based on models.
® ¢ scattering has no axial component, need Vv data to derive them!.

® Better underlying theory. Theorist are requesting improvements in these
measurements to be able to advance:

®( We need to repeat measurements in deuterium !!!!
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® | |[f the cross-section model is incomplete or incorrect, the fitting of free
parameter does not solve the problem (like Ma).

® There are two ‘‘convolved” contributions to the exclusive cross-sections:

The problem is not the precise  dANL)
measurement of few parameters. on&

(V4
°

The problem is the validity of the
cross-section model itself.

® Better underlying theory. Theorist are requesting improvements in these
measurements to be able to advance:

1em..

®( We need to repeat measurements in deuterium !!!!
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effort

Common
effort
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Shopping list

| believe (and | am not the only one!) the community needs, parallel to the LBL
oscillation,a consistent program of heutrino interaction cross-sections
involving:

|. Experiments with several targets nuclei and/or low proton thresholds: ~100
MeV/c.

Monochromatic or changeable neutrino beam (off-axis?) & hadro-
production experiments.

2. Clean electron neutrino beam : NuStorm, off-axis NuPrism...

3. Common MC tools and consistent models developed in close interaction

with theorists.

4. Electron and photon scattering experiments needs to be integrated in the

process.

5. Need of a deuterium target measurement.
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ieve (and | am not the only one!) the community needs, parallel to the LBL
oscillation,a consistent program of heutrino interaction cross-sections
involving:

Experiments with several targets nuclei and/or low proton thresholds: ~100

MeV We need
» M| .o-better theoretical models! #xis?) & hadro-

"2. data of better quality.

Cleal rism...
3. new detector concepts.
Com n close interaction
~ith 4. new beam concepts.

.. _\_ 4. Electron and photon scattering experiments needs to be integrated in the
effort process.

Y] 5. Need of a deuterium target measurement.
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-V oscillations

Similar to quarks, flavour and Lorentz eigenstates of massive neutrinos are not identical.

The two eigenbases are related through the
Pontecorvo-Maki-Nakagawa-Sakata matrix (Upnms).

Uel Ue2 UeS
Upnms = U Uy Ugs
U’T]. UTQ U7'3
W 3 g . W
Production Propagation Detection
< > v > - >

L
V2 ’ Wb

Courtesy of B.Kayser
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-V oscillations

atmospheric solar
1 0 0 cos 013 0 sin 0136_7;5013 cos 091 sinfo; 0
Upnyms = |0 cosfss sinflog 0 1 0 —sinfy; cosfy; 0
0 —sin 923 COS (923 — sin 91367’5013 0 COS 913 0 0 1
4!
(Ve m VT) ~ UPNMS V2
V3

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

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

® There are also 2 values of Am? traditionally Am?j2 & Am?;3.
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= Electron scattering I

® Control on incident beam kinematics allow to:
® |dentify the channel: Elastic, resonant, etc...

® Calculate the kinematics of hadronic final
state (smeared by fermi-motion).

® This allows to understand the:
® vector component of interaction.
e effects of FSl and final state multiplicities.

® |tis relevant to analyse electron and neutrino
scattering based on the same MC to increase
synergies between the two worlds.
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