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.. the risk of slipping into trite remarks is extremely high

to project in time
it could be helpful to firs

oy 10-12 yrs

rom NOW,

£ g0 back In ti
and

me by [0-12 yrs

evaluate achievements and pace of progress since then.

This may give some support for projections and guesses
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WHERE WERE WE |2 YRS AGO!

Nulnt01 : The First International Workshop on
Neutrino-Nucleus Interactions in the Few GeV Region

December 13-16, 2001, KEK, Tsukuba, Japan
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I lEBle at that time M. Sakuda (summary talk)
1. Data Summary

@ Most of the experimental data of v—interactions
were taken with bubble chambers.

- Past experimental data are still very valuable.

1. CERN Heavy Liquid BC (Freon, Propane .
5 Gargame”ey(Frzon Propgne) pane) *Ask old experiments to make data tables and
3' BNL 7 — foot H,/D ’BC eanalalyse/estimate (ratio of) the cross sections.
4 ANL 12 - foot ,flz/[z)z 5 PDG listing (Currently no reaction tables)
5 CERN BEBC his will certamty help us reduce our systematic errors
6. BNL E734 fine-grain detector - T e
7. SKAT BC  =>AmMmosov Flture near detectors W|th narrow- band beanm i
8. IHEP-JINR = Vovenko ", Update the cross sections. Or HARP will measureq_;_.
Ewlicatcedtirom (7977 T
to / 995) + NOMAD Data
(already collected)
- from Preface of the Nulnt01 Proceedings -
it ;uMI"/'M[NOS proe, Fermilab and the CNGS project at CERN are under construction
e SPOVE e precision of the measurements of neutrino oscillation parameters. In

and expecungtobcgm taking datz Syithingthenex 2 - 4 years. These experiments are d
ings M at rgrmilab is on-schedule to begin data- takmg this summer.

As these experiments accumulate mcreasmgly la.rgc data sets, the contribution of systematic errors will become more significant in the oscillation analysis. Important sources of
these systematic errors are the uncertainty in the neutrino-nucleus cross sections and subsequent nuclear effects in the few GeV energy reglon such as Fermi motion, Pauli
blockmg nucleon binding, nuclcar correlation, shadowing, the EMC effect and final-state mtcractlons To bettcr understand thc T T aply to neutrino scattcnng

experiments and next gcncranon proton- decay experiments. Considering the above situation, the organizers believed it was a pp . i""-;-: #i#90*6¥anize an international
workshop on this subject.
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CC-Inclusive XSECT

Quasi-Elastic Cross Section
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Figure 38.7: oy /E,, for the muon neutrino and anti-neutrino charged-current total cross section as a function of neutrino energy. - NUX (free nucleon)
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XSect data looked scattered, and errors were large

Cross section but (general opinion), statistics was low,
L N(E) flux affected by large uncertainties,
o(E,)n,e(E,)  detector systematics (possibly) non fully

understood/controlled
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However, the real (scary) message the (e,e’) community from
the (e,e’)-community was:
NUCLEAR EFFECTS ARE IMPORTANT AND
FAR MORE COMPLEX AND OVERWHELMING

THAN USUALLY ASSUMED

Mcw\\, -300\7 -\'“Qon.y o{- €- Nuciews Scakren

(-
V. Pandharipande

NUInt’OI JI. Ef'(-u\”) °§' WW

Q.
e QW "
| | P

This was for many of us (neutrino community) the start of
an exhausting effort into nuclear physics
(mediated through the e,e’-experience)

o
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- we know (now) that about 20%
Nucleons in Nucler are in SRC (np) pairs

- long range correlations (MEC) are very
relevant and may change significantly
Th NEC & T3 XSECT measurements

g
I
i
I

- Plon absorption (two-body) is relevant

- FSI's are always a big pain

- all these effects are combined and
interfere w/ each other - (e.g. MEC can

: , : . . ol
* today a consistent picture is far to be available yet involve SRC pairs )

- Fermi Gas model for nucleons in Nuclel is no longer a considered a satisfactory model
- MC's need truly major upgrades in the treatment of nuclear effects
[but again, coherent/comprehensive theoretical models are not yet available - 1.e. universally
accepted - and MC coding is very difficult (if not impossible) at this stage]
Addrtional (BIG) complications wrt (e,e’)experiments are intrinsically connected to:
* Neutrino Experimental Approach

and
* Neutrino Detectors

Friday, 22November , 2013



* the big, main difference btw. el-scattering & v-scattering

experiments Is the incident energy, not fixed, but broadly
distributed in the beam spectrum

*as a conseguence, also the 4-Momentum Transfer

components (W,q) are not directly determined by final
lepton kinematics

= the study of Nuclear Effects

that heavily affect neutrino interactions
- all currently used targets are Medium/Heavy Nuclei -
S hampered to some extent by the

imrted accuracy in (W,q)
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Neutrino Energy Reconstruction and
the Detector lechnology

— —

CI"OSS=W from Nulnt-01 possible
N(E ) M. Sakuda (summary talk) (Qn|>/> if your

vV

®(E, n,e(E,) dete]cczto ITSPOWS
o

1) How to calculate E.
« Measure all the particles in the final state
and sum up the energy

anitiiils.
however, was

| just a wish
« Measure lepton energy and angle, and use at that time
kinematics for quasi-elastics, for example,
Vy tn U+

— (mN —B)E’u +(2]nNB_BZ —mfl)/z b otherwise this Is

m,; —B—Eﬂ +pﬂ COﬁﬂ L what one could do:
B=Binding energ WmERelsl\Ans¥le]y

E

V

Cherenkov detectors
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O. Benhar and N. Rocco

0.20_llllllllllllllllulll|l|||l|l_ arXiv:1310.3869
: - E,= 600 MeV -
0.15 [~ 6,= 60° — Neutrino energy distribution at E,, = 600 MeV and 6,= 60 deg
- : (upper panel) and E,= 1 GeV and 6,= 35deg (lower panel),
0.10 [ — reconstructed from previous slide Eq. using random target
E - : nucleon (p;E) values sampled from the probability distributions
§ 0.05¢ — associated with spectral function (SF) and the RFGM, with Fermi
o - . momentum pr = 225 MeV and removal energy = 27 MeV (FG).
£ 0.00" - a The arrows point to the values of EVrec obtained from Eq. in
g 0.20 [ '.I — r — | —_— I" — (previous slide).
& 0.15F —~
= - -

0.10 f

This also reflects on
(W.q)

2.0 transfer momentum
determination

0.05 |

0.00 -
1.0

ISENEEDOFDE [ ECTORS VWITH ENFANCEDSD ERECHHEIN
CAPABILITY FOR EMITTED PROTONS AND LOW ENERGY PIONS
R O ENEUTRINO INTERACTIONS |5 QUIRE EVIDIENGE
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(NOMA

WHERE ARE WE NOW ¢!
v BECADE ARFERIINGHINEREE)

Non-XSEC -dedicated V exp's

B

S00NE, MIN

provided high statistics nu-XS

- run at high energy (

but (1):

or

OS-N

D, [ 2K-N

D)

-C T measurements,

DIS dominated)

- with no/limited sensitivity to Nucl.Effects

New Generation - X5EC[-dedicated V-experiments

(MINERVA, SciBooN

-, ArgoNeu )

Friday, 22November , 2013



New Experimental Results:

JCH RS

CC-Inclusive:
e MiniBooNE
e MINERVA
o [2K
* ArgoNeu T

Ch.TT production:
* MINERVA
* T2K
Neutr. TT production:
* MINERVA
e T2K

CC QE:
* MiniBooNE
* MINERVA
* (prospects from T2K)

CC-011 (=1Tu+Np topology)
* ArgoNeuT

Nuclear Effects:
* ArgoNeuT

MonteCarlo:

Comparisons (GENIE, NEUT, NUANCE, NUWRO)

Features of GIBUU generator

MEC implementation in GENIE, NUWRO, GIBUU

e

Theory (a Imited selection):

Anti-V to v Xsect systematics
Strange Particle productions

CCQE, 2p2h excrtations and V energy
reconstruction

Photon emission in (anti)v NC interactions with
nucleons and nuclel

Friday, 22November , 2013
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High Stat. (non-XSEC I-dedicated) V-Exp's

MiniIBooNE
and NOMAD

Vy and anti-vy
EECOL

r——‘

E—

-39
2010
= + v, MiniBooNE + ¥, MiniBooNE (hyd subt.)
18—  —— v,NOMAD —§— ¥ NOMAD
N v, RFG: M} =135 GeV x = 1.00 ¥, RFG: M« =135 GeV x = 1.007
16— ... v, RFG:M%C =102 GeVx =100 ------ T RFG: M"" =1.02 GeV x = 1.000
14
«— 12
£
S 10—
e |
8
6
4
21

1 E. (GeV) 10 10?

» New anti-neutrino CCQE data favor high normalization and harder
Imomentum transfer spectrum compared to expectation associated
with Ma = 1.0 GeV. NCE data favors higher normalization.

Friday, 22November , 2013
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XSEC T-dedicated V-Exp’s

PRL 111, 022502 (2013) PHYSICAL REVIEW LETTERS BT 2003

Measurement of Muon Neutrino Quasielastic Scattering
MINERVA on a Hydrocarbon Target at E,, ~ 3.5 GeV

state. Deviations are found between the measured do/dQ? and the expectations of a model of independent
nucleons in a relativistic Fermi gas. We also observe an excess of energy near the vertex consistent with

multiple protons in the final state.

"""" Total MC before fit
“24Z MC Background

[ Total MC after fit
¢ Data

200

150

'
:
H
'
.
-
H

200

Events / MeV

150

0 100 200 300
Vertex Energy (MeV)

FIG. 5. Reconstructed vertex energy of events passing the
selection criteria in the data (points with statistical errors)
compared to the GENIE RFG model (shown with systematic
errors) for Qjp <02 GeV?/c? (top) and for QFg >
0.2 GeV2/c? (bottom).

Experience from electron quasielastic scattering on car-
bon suggests that multibody final states are dominated by
initial-state np pairs [24,43,44]. This could lead to an
expectation of final state pp pairs in neutrino quasielastic
scattering and nn pairs in the analogous antineutrino chan-
nel. The vertex energy measurement, shown in Fig. 5, is
sensitive to these effects. These data prefer the addition of
a final state proton with less than 225 MeV kinetic energy
in 25 * I(stat) = 9(syst)% of the events. The correspond-
ing result in the antineutrino mode [35], in contrast, prefers
the removal of a final state proton in 10 * I(stat) *
7(syst)% of the events. The systematic uncertainties for

Friday, 22November , 2013
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Nuclear Effects definrtively play a key-role.
For a quantitative investigation, a more sensitive
detector technology Is necessary

ARGONEUT

T ——— T

Imaging LA~ TPC detector:
- exclusive topologies can be fully reconstructed
the high PID capabllity allows:

- proton detection and determination of proton multiplicity at the neutrino
interaction vertex down to very low proton energy threshold -

(in ArgoNeuT:  Twmr= 21 MeV, i.e. below Fermi level)

- soft pion detection and discrimination from proton

- reconstruction of proton(s) kinematics ultimately allow for most precise
reconstruction of the incoming neutrino energy (from its excellent Energy and Spacial
resolutions).

Friday, 22November , 2013
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Low energy proton reconstruction

proton threshold .
1s 21 MeV of )

Kinetic Energy |
(ArgoNeuT)

—*

200

* Kinetic energy vs track length (data)

The short track behaves like proton * NIST predictions

£

The eventis (CCQE) 1p—-1 u-

KE=22+3 MeV  w'
Length=0.5 cm o

ArgoNeuT

. 'y"|""|""|'"'|""|""|""

N
=)
|
%
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ArgoNeuT

EXCLUSIVE EVENT TOPOLOGY

1+ Op |

Sensitive to
=7 lu+1p ISR

(paper on Induction plane wire

the yr)

- e S +5 arXiv Vv interaction vertex
; D 1y + 2p "By the end of =

C1p+3p

150

vV interaction vertex

\

s .

00 N N N N S N N | N N N N N S .
U N N S N SN SN NN SN SN SN SN SN N G SN NN | SN SN SN N SN SN N SN NN SN NN SN SN NSNS SN S .
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WHERE WILL WE BE IN 5YRS FROM NOW

MINERVA era - continued
NOVA - started
MicroBooNE - about to start

IN THE FOLLOWING:
THE MICROBOONE PERSPECTIVE/VIEW

MigroBEeeINE
- most sensitive detector to study Nuclear Effects

and V-Energy reconstruction
- simultaneously exposed to BNB (~0.8 GeV) and
NuMl-offaxis (2-3 GeV)
- XSECT 1s (one of the two) major physics goal of Its
program

Friday, 22November , 2013




BOOSTER V-BEAM
ﬁﬁ}vents

Process

FEvents (By Final State Topology)

MICROBOONE

CC Inclusive 88,008 I — —
CCOn vuN = p+ Np 56,580

- y,N = p+0p 12,680

N = p+1p 31,670 INSTEAD OF MG BEASED

vV = pt2p 9,803 CLASSIFICATIONIC FREIE

C vl 2 3p 6,427 EVENTS N E=
CC1rx* v, N — p+ nucleons + 17+ 21,887
CC >27 V“N—)u+nucleons+227r* 1,953 INTERACTION CHANNELS
CC >1x" v, N — nucleons + > 17° 9,678 (QE RESHDISECua!

CC NEUTRINO EVENTS
SiLe nclusive 33,000 IN LAr CAN BE CLASSIFIED
NCOw vy N — nucleons 21,509 NT e
NC 1 7#* v, N — nucleons + 17+ 4,886
NC >27r+ v, N = nucleons + > 27* 635 FINAL STATE TOPOLOGY
NC >1#° vuN — nucleons + > 17° 6.657 BASED ON PARTICLE
v. Events MULTIPLICITY:
CC Inclusive 567 0 piOﬂ (Ie M"'NP’ where
NC Inclusive 207 N=0.12
Total v, and v. Events 121,099 R )’
1 pion (i.e. u+Np+1m),
v, Events (By Physical Process ) etc

CC QE Vun — P p 48,626 %
CC RES vuN = p~ N 26,852 [ — Bl
CC DIS v,N = p X 10,527
CC Coherent VyAr = pAr + 376

Table 1: Estimated event rates using GENIE in a 6.6e20 POT exposure of MicroBooNE. In
enumerating proton multiplicity, we assume an energy threshold on protons of 21 MeV. The O
topologies include any number of neutrons in the event.

Friday, 22November , 2013 20



- High Stat. study of Nuclear Correlations and
thelr impact on
Data from BNB Vu-CC QE / RES reactions
i (In quasl-DIS-free conditions)

What about NuMI-off axis data ! (I)

5 assuming 9e20 POT per 3 years for NuMl,
about equivalent Stat. is being
collected <> | 00k e\ftS> [C.Adams - Yale]

Booster
Beam

- extension of precise neutrino
energy reconstruction/nuclear |
S nithe LBINE energy range [ 7S

Friday, 22November , 2013



VWhat about NuMI-off axis data ¢ (ll)

* a first considerably large sample of Ve CC events (~4Kk)
s avallable (intrinsic NuMI beam) (¢ Adams - Yale]
similar to current ArgoNeuT vy CC Statistics]

1T his sample will provide
opportunity to step into

the so far unexplored
Ve CC territory :

(
8§ 3888388 5% 8B

58 858 38888

Wi

ArsoNeul Ve CC event: (1e + 2p) Event

Friday, 22November , 2013 22



L RIERE VI E S E
B ENME DY THE cEND OF THE DEG DI

view from a crystal ball (...full of LAr)

after MicroBooNE,

7 preCiSion era e LR
measurenent cowld start
aS Soohn aAs
a h/ﬂ/? —resSolilion delector
be operated
as Near-Deleclor in a
/1/3/7 —intens /Z‘y V —bearr

f or neXZ‘ 38/78/‘&% 1ON OSC’/// / QZ(/O/?
Studies

Friday, 22November , 2013
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STRANGE Particle production in V-N interactions

search for rare processes:

a New page In neutrino Interaction physics

v and v induced
single kaon production

CC AS =1 processes

T —

Cabibbo suppressed
Single Strange Baryon production

0%
-”:.'_

vm — 1" K™n
vip—= 1" KTp
yn — - K%

h+p — It +A

Ui+ p — 1t 4+ X0

;7?;: R n+n — It 4+ X"
WE
Ef: M yn — [T K9S
L W%, . e S v — 1= KTA°
vin — - KT
CC AS = 0 processes| ,,,_, -x+s+
I —

om — ITK ™ n
mp = ITKTp
vip — ITKn

] CCQE La

»
i T T
p — ITKOAY
op — ITKOYY
on — ITKYY™

require Bubble Cham
detached vtx's de

her-like de

‘ector capabillities:

Iecllon dne

excellent Pla
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///3/1 —reso/wtion detector

€8 VERTEX ACTIVITY

Measurement of y activity around the vertex and

(eutron —»pfof@can also help to tune MC generators

2000

1600
1400
1200
1000

t (ticks)

100 120 140 160 180 200
Induction Plane Wire

I —

o 4= ArgoNeu |

Direct accessii@ il
effects requires:

- Joww Chreshold For
prolon delection
( coel/ Ae/ oL K_OJ‘M/

[eve/ >

- hewtlrorn detection
capability
( V4 converSion via CEX >

- Sens /‘f/‘\//‘fy o /ow

" T e;/?e/‘gy de —'eXC’//‘Z‘dZ‘ 1O
——— S (via Compz‘on Sc )
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LAr1-ND White Paper / 24

V7 o?

p/‘eC/‘S ron erda
for Exclusive Topologies XSECT determination

M . Process No. Events
ed/‘ "D QZ(QCZ(O/‘ ! N a v, Events (By Final State Topology)
: A X CC Inclusive 449,959
e z‘ Z ol A CCox v,N = u+ Np 307,441
gh—1nlensity V —beart i o
- vuN =2 pu+1p 173,830
-, N p+2p 29 804
-y, N = pt+>3p 20 854
arXiv:1309.7987 [physics.ins-det] CC1x* vuN — p + mucleons + 1x* 09,446
CC >2n* v, N — p+ mucleons + > 27* 8,433
. . . . 0 0
LAr1-ND: Testing Neutrino Anomalies with CC =1x v, N — nucleons + > 1x 43,048
Multiple LArTPC Detectors at Fermilab NC Inclusive 171,869
“ NCox v, N — nucleons 118,787
K C. Adams', C. Andreopoulos?, J. Asaadi®, B. Baller!, M. Bishai®, NC1=x* vuN — nucleons + 17* 22,407
> L. Camilleri®, F. Cavanna!. H. Chen®. E. Church!. D. Cianci’, G. Collin®, NC =27 vuN — nucleons + > 2x* 2 788
> J. Conrad®, A. Ereditato®, B. Fleming*!, W.M. Foreman’, G. Garvey'?, NC >1x° v, N — nucleons + > 1x? 30,910
vy R. Guenette!!, C. Ignarra®, B. Jones®, G. Karagiorgi®, W. Ketchum!?, v, Events
— I. Kreslo?, D. Lissaner®, W.C. Louis!®, K. Mavrokoridis?, N. McCauley?, CC Inclusive 3.465
% G.B. Mills!®, O. Palamara*!, Z. Pavlovic!?, X. Qian®. L. Qiuguang!®, NC Inclusive 1,195
2 R. Rameika®, D.W. Schmitz*7, M. Shaevitz®, M. Soderberg®, J. Spitz®, “Total v, and v, Bvems 626488
= AM. Szelc!, C.E. Taylor'?, K. Terao®, M. Thomson!2, C. Thorn®,
?’ M. Toups®, C.gTouraxflanis:, T. St:auss”, R.G. Van De Water“‘,7 v, Bvents (By Physical Process )
= C.R. von Rohr?, M. Weber?, B. Yu®, G. Zeller*, and J. Zennamo CC QE v,n— gp 270,623
= ! Yale University, New Haven, CT CC RES vuN -y N 124 417
N *University of Liverpool, Liverpool, UK CC DIS v N 5 u X 46,563
-~ 3 Syracuse University, Syracusze, NY
>  Fermi National Accelerator Laboratory, Batavia, IL CCoherent  vuAr—spdrtx 1664
N % Brookhaven National Laboratory, U, NY
s 8 Columbia U,..-‘,:,:.-gy, Nevis ln‘:,vlm:;mm NY Table 4: Estimated event rates using GENIE in a 2.2 x 10® POT exposure of LArl-ND. In
8 " University of Chicago, Envico Fermi Institute, Chicago, IL enumerating proton multiplicity, we assume an energy threshold on protons of 21 MeV. The Ox
f.:: & Massachusetts Institute of Technology, Boston, MA topologies include any number of neutrons in the event.
.. ? Laborutory for High Energy Physics, University of Bern, Switzerland
Lt 1105 Alamos National Laboratory, Los Alamos,
< ! University of Oxford, Oxford, UK
o] 12 University of Cambridge, Cambridge, UK

LArl-ND:a new ~50t fid. LArTPC
on the BNB - (5ciBooNE Site)

November 6, 2013

*Contact persons

-

Friday, 22November , 2013


http://arxiv.org/abs/1309.7987
http://arxiv.org/abs/1309.7987

SUIMIMARNE

bresent generation V-Exp's
(MINERVA, MicroBooNE):
o In-depth study of Nuclear Effects ana

O first hints about Ve-XSECT

@ NEXT generation

/7/3/7 —reSolution detectors
operaled
as Near-Delector in
high—-intensity V —beams:

The Kare Process&Precision era

In exCl/uUSive
XESECT measurerients For soth

picton and eleclrorn neitdrino

H Neutrino

- -

v cross section / %(10“” cm? [ GeV)
© O O < = =
O N b D B a N b

their impact on V-Interaction reconstruction H Antneutino

3 0.4f

J.A. Formaggio and G.P. Zeller,
‘From eV to EeV: Neutrino Cross Sections Across Energy Scales'

Rev. Mod. Phys., 2012.

31.4 o.(E) |
1.2
3 1
ur0-8 e Neutrino
§0.6
3
0.4
fo.2
0 10" 1 10 10°
E, (GeV)
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