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Oscillation experiments

The existing "validated” data on oscillations is based on
neutrino disappearance.

In conventional beams, we measure before and after
oscillations: cross-sections and fluxes are “cancelled”.

One problem comes from the different neutrino flux-shape
and neutrino induced backgrounds. Signal (®')—Bck (')

Signal (®)— Bck (P)

Exclusive cross-sections has to be known as a function of
Energy, this is specially critical close to production
thresholds.

At this level a precise understanding of “"exclusive” neutrino
cross-sections is critical.
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Oscillation experiments

Next goal of oscillation experiments aims at appearance
(Minos, Nova, MiniBoone, T2K) and better precision
(DoubleChooz).

The requirements in precision (up to 1% or lower in some
cases) and the existence of 2 neutrino spices makes it even
more complex:

— We have to measure 2 independent cross-sections with
two fluxes.

Sometimes, we have no sample of the appeared neutrino

specie:

— This is specially critical for low energy beta-beams (v ->v
) with neutrino interactions close to threshold.
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Oscillation experiments

* We need to know:

— The neutrino flux in the case of conventional beams: using
experiments like HARP or Mipp.

— Exclusive cross-sections, including final state particle kinematics for

all neutrinos species.
— Same for neutrinos and anti-neutrinos.

In case of low energy neutrinos, the nuclear target material is also
important:

— Cross-section changes due to nuclear effects
* Cross-section as a function of energy and q* and A.

— Final state interactions.
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Example: T2K case

* Reconstructed energy at SK

for 1 ring-like event.
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Cross-sections

From 0.2GeV to 5GeV/c
heutrino cross-sections
crosses several
production thresholds:

- CCQE (~200 MeV)
- CCD (~700 MeV)
- DIS (~2GeV)

CC Coherent pion
production is very poorly
known in the full energy
rage.
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Experimental data is worse at low energies.
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Cross-sections & oscillation
= experiments

— ~700 MeV
oy . cross section for v N-->p X
CCQE dominant s
— Current uncertainties: BEBC i
BNL * T
e CC ~20% 1 CCFR -
> > total e
 NC ~50% 8 QE - o
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Anti-neutrino Cross Sections

* Needed for observation
of CP violation in lepton s
sector. B i |

* The current
experimental situation is
very poor up to ~100
GeV.

» Next generation of
experiments aims at
iImproving
measurements.
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Experiments

MiniBooNE
— Energy 0.8 GeV
— Mineral oil (C target)
* K2K near detector
— Energy 1.2 GeV
— Suite of near detectors
* 1kt - oxygen
 SciFi - oxygen
* SciBar - carbon
« NOMAD
— Energy: 5-70 GeV
— C target
* MINOS Near Detector
— Energy: 2-12 GeV

— Fe target
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Recent/Current Measurements

- Qverview

SciBooNE
— Energy 0.8 GeV

— SciBar detector

* Carbon target

 MINERvVA
— Possible Energies:
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Experiments - Minerva
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Active target:
tracking

calorimeter

Momentum from

range.
PiD from dE/dx

Several targets.



Experiments - T2K * Magnetic field

Vaoner Heak N FDS * Active target +

. light tracker -->

i better for low
energies

Toen + PiD from dE/dx
+ ECAL

e L Dedicated .
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CC Quasi-elastic

* Experiments need more than cross-sections to operate.

* For the CCQE case:
— Theory based on CVC and PCAC.
— Vector form factors from electron scattering.
— Dipole Axial from factor with a free parameter: Axial Mass.

— Nuclear effects based on simple Fermi motion and Pauli blocking
14

T T \\\H‘ T T T T
ANL 73 —v—
B ANL 77
12 BNLSL:-@ -
FNAL 83 B

— Poor knowledge at threshold with 10 covmsew

models--> large impact at low q?.

large nuclear uncertainties. Losl
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CCQE: low q* deficit

= 1 MiniBooNEQEdata
'_')0.25_— _J
. f . ; C [ ]Monte Carlo
* High statistics sample of CCQE 2 02f ]
§ PRELIMINARY
events and event purity in K2K 5015 = Hone curoeporbarsfon 3
o o g light extinction,
and MInIBoone. % 0.1 &glightscatteringlength ]
* Data/MC disagreement at low Q2 005 .
— Signature of nuclear effects? O iy, e
0 0.5 1 1.5 2 2.5 23
J Monroe Q*(GeV?)

— Background? (due to

reconstruction method RZK ibar QEdata

background tends to be at
low q?)

— Both detectors have low-A
target (C,0)
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CCQE: MA values

* Large discrepancies.

* Two methods: q* shape and cross-section.

New results from K2K are
large:

MA = 12 +0.12

but the systematic erros

are dominant,

New data from K2K and
MiniBoone comming soon.
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Should they agree?
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CCQE: MINERVA

QFE scattering, L BEA—-2003 Form Factors

QE scattering, v, FA(QZ)/dipole, M,=1.014 GeV
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Expect ~800 K events

Precision determination of axial vector form factor (F,),
particularly at high Q?

Study of A-dependence (C, Fe and Pb targets)

T2K can also contribute but with very low energy, so it will be
more sensitive to nuclear effects.
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CC-resonance

, , v+ep — |T+p+a”
3 CC channels for neutrino reactions: P P

v~ |~ +p+z’

yopes | gt
Dominant contributions comes from:

wt KPS NHAT S 1+ prmi—Top >l oA | D+
VYR N+ A =T +pizg e | o A | 5 °

X = | M A PN TIET - Vs S e A N+ T

They can be related by isospin relations except for nuclear corrections.

* Theory is built as a mixture of electron data, free parameter and theory as in
CCQE.

* One problem are the high W resonances above the 1232 (Axial + Vector)

* The relative amount of them and the transition to the DIS is poorly known.
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CC-1r

The overall cross sections for CCln (with the W < 2 GeV cut):

It is not well measured and it depends on the W cut
(higher mass resonances -up to 18- and non-resonant region)
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CClr: MmlBooNE

Close Mlchel x/ ndf 57.56 /62 Far Michel %%/ ndf 57.32/62
T T N

 MiniBooNE selects CClxn
events by searching for two |
Michel electrons

— High event purity

2070+ 15.5 ] 2242+17.3
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 Measure cross-section ratio i
of CCln/CCQE T C

. . . t-t, (ns) t-t, (ns)
* K2K-SciBar is also measuring oo )
g . : S e L I B L I R I I I I
this cross-section ratio for S b+ Datawsatsicalonors Ef:
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CCln: MINERVA & T2K

« Expect 1.6M total resonant,
1.2M 1n

— Precision measurement of ¢ and
do/dQ for individual channels

— Detailed comparison with
dynamic models, comparison of
electro- & photo production,

— the resonance-DIS transition
region

— Study of nuclear effects and A-
dependence.

— Measurement of CCln axial form
factors.

dSigma/dq-~2

» T2K will also have a large statistics
(~IM) at the threshold energies.

— Q? and W distributions.
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Nuclear effects

* Fermi motion and Pauli “ PoulBlocing Effect
blocking affect the E% ¢ Suppresson
a i 2 F '
cross SeC.ZTIOH at low g é-[ ——
and also introduce and 2r B i locking

additional smearing in
the reconstruction of
heutrino energy.

101||||
SN .
100 & E‘f ¢ Monte Carlo caleulation -3
F :-b;‘ (S. Pieper et al) E
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The hadrons suffer
interactions changing
nature and kinematics of
the particles before
leaving the nucleus.
The hadron part is
background in some
oscillation channels
(normally in NC).
Poorly known (+30% in
MC) and difficult to

measure.
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FST on pions

Int. Mode | O proton | 1 proton | 2 protons
CC Nevents 2050 57516 12586
CC - QFE 0.3% 88.1% 86.1%
CC —prt 22.6% 7.2% 8.2%
CC — pr? 5.6% 2.2% 2.3%
CC —nnt 58.2% 0.5% 0.8%
CC — Coh 0.0% 0.0% 0.0%
CC —Nn 3.4% 0.2% 0.4%
CC — DIS 2.3% 0.6% 0.6%
NC Nevents 12799 16149 3477
NC — nrl 6.6% 1.1% 1.8%
NC — pr® 0.8% 4.9% 5.1%
NC —pr~ 0.5% 3.2% 3.2%
NC —nat 3.7% 0.8% 1.0%
NC — Coh 0.0% 0.0% 0.0%
NC—Nm 0.2% 0.3% 0.4%
NC — AK+ 0.2% 0.0% 0.0%
NC — DIS 0.4% 0.5% 0.6%
NC —Ep 0.0% 67.7% 60.5%
NC — En 86.5% 20.5% 26.1%
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CClr: Coherent Pion Production

G.P Zeller

4 NeUTrinO inTer'GC‘l'S COher'en'Hy CC Coherent Pion Production Cross Section
© 500
with entire nucleus o
3 o SKAT (CC), Graboesch, Z.P. C31, 203 (1988), CF,Br
- S e, . O Ay ol
e Low momentum transferred $ 400 |- - e ’ '
S~
to nucleus E
o 300
* Muon, pion peaked in forward S oWt A > e A)
o 200 NUANCE w2
direction
* Depends on A 100 " +
 Similar cross section forv, v |
OD 2.5 5 /.5 10 125 15 175 20

£, (GeV)

F.Sanchez UAB/ IFAE Now2006 23



CC Coherent m: K2K

 SciBar detector data

— Carbon target 120 hep- ex/ 0506008

@ Data
— PRL 95, 252301 (2005) __ | CC Coherent pion
80 @ CCirDISNC
» Select events with two Bl CCQE

reconstructed tracks, 40
consistent with p,x

ﬁﬁm

02 04 06 08 1 12

o
o

— Low activity in vertex

2 2
* MC predicts excess events at Trec (GEV/C)
low Q2 10
« Fitting Q? distribution yields § 3| otc0)=107x10% cmimucieon  — ReimSehga
7.6+50.4 events § g SOMNG)
— Expect 470 from plain § 5 Aachen(NC)
Rein-Sehgal model. s 3
Modified models predict 5 2 .
lower yields. (1) 0.65x10%° K2K(CC)(E,)=1.3GeV
* No evidence for coherent 0 05 1 15 2 25 3 35 4 Ef'(gews
production

New analysis in preparation with
F.Sanchez UAB/ IFAE Nc 4
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Coherent m: MINERvVA & SciBoone

Several models to explain the
deficit

A-Dependence of 5 GeV CC Coherent Cross-Section

— Rein-Sehgal T
— Paschos
— QOset

« Experimentalist need the full

kinematics of the event, not

only the cross.sections.
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vp-->vm n

NC-1r

Very little is known about NC pion production:

0.16 —— a8 mec
WROCLAW
“c 0.12 ceM
D}U
o 0.08 -
=)
o 0.04F -
0 1 1
0.1 1 10
Vvp->v Tl:”'p
0.16 ——rrrrr———
WROCLAW i .y
mg 0.12 Goeu - ]
"?E 0.08 | -
o 004} .
0 il L1
0.1 1 10

neutrino energy (GeV)

0.2
0.16

0.12 |

0.08
0.04
0

vh-->vr n

WROCLAW
GGM

0.1

0.16
0.12
0.08
0.04

0

VN--> VT

(

'n

WROCLAW
B GGM *

0.1 1

neutrino energy (GeV)

10

(NC 7° and = production are important backgrounds!)
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New analysis with C target in

NC1no: K2K o ton

6002—
1kt detector 5 ~ o <
£ 500¢ ot
— Oxygen target 8 a0l t
— PLB 619, 255 (2005) g 300
Good data/MC agreement in the ratio of - 20}
NC17°/CC events: 1003 ’ -
00=*50 100 250 300
GNCITCO/GCC-G” —0.064i0.001 i0.007 B g 8619(2005)2551\"26’3”1 eV/c?)
MC:0.065 o0 % | R
Observe difference in p_, distributions of é 00| 2 |
data &MC % o0
— NC1r° backgrounds come from £ a0’ M@
R . =
asymmetric decays ool e
~ el
F.Sanchez UAB/ IFAE Now2006 O 200 400 600 800
x° momentum (MeV/c)




NC17°% MiniBooNE

Emmm— + E
-
: ] 14000 —— Raw Mont Carlo i
» Like K2K, slight MC/data shape S e
disagreement in p_, e
* Reweight MC according to -t
observed p_, spectrum —+
« 2D fit to angular distribution
and n° mass to extract coherent -
fraction 0 —
. [ _'_
— Use NUANCE, Reind Sehgal e e
 Find reduced, but non-zero, o g -
coherent fraction 3 1600 21400
A L = i 1[=)ﬂltlﬂMC Fit leOO g 0
— Differs from CC coherent S0 — ool O
. . 21000 |- Coherent
limit set by K2K! £ N 800
o 6(}0:
4003 40’07
200 i 200 —
éor ; oL v T ] R T
| 0.1 0.2 0.3 O;fl 0 0.2 04 0.6
e GeV/c” -COS GeV
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Neutral currents

* Need an energy dependency:

— Minerva: variable beam. -~

— SciBoone/K2K: same detector, 2
beams.

— T2K shows a running energy across

the detector: enough?
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NC1rO: MINERVA & T2K

Simulated n° in MINERVA detector e
E!IEIE!

FE A2 B 32 1 E Bk BEHEE RS |E” BB El 291'
HEH B E
R B
1k ‘|
!
i

:jﬁ

i ” e

‘Bmulated ©° in T2K detector

e Clean identification of n°s

* Extremely good = momentum

reconstruction
» Detector in T2K designed to

* Minerva: Running in >1 energy mode ,
measure the neutral pion

would allow understanding of NC1n°

production in Carbon and water.
background.
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NC170: SanooNE + SciBar( KZK)

o o2 0—m— YA rrTr 7T T T T T
: — Backgraunds for T2K v, search
mU 0.225 - i — — SciBar at BN3
2 L = E.A. Howker Gargamelle re—analysis I )
p Krenz, Nuc. Phys. B135, 45 (1978), CsHe+CF3Br — SciBar at K2K
C) 0-2 [ =
NP T . Aachen, Faissner, Phys. Lett. 125B, 230 (1983), Al 03 L i
£0.175 | '
2 C
Q
2 0.15 -
Toizs b oo L — i
a - -
s 0.1 + NUANCE prediction
Ka) - _ _
©0.075 £ projected K2K/ SciBar |
- projected SciBooNE 01 F |
0.05 |
E 0.025 MINERVA LE MINERvA sME
N
Cod v o b bvv o T b by by o v v by iy T
Q. o T R S - S 9 0 Lol Lo o [ 1
o E, (GeV) o o5 1 15 2 25 3 35 4 45 5
Ev (GeV)

* Exactly the same detector used to measure NC1n°
in two beams different beams.
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Antineutrinos: T2K&SciBoone

» Very useful for measurements beyond antineutrino oscillations:
— MA & CC-QE studies
— CCln
— Coherent podiction is enhanced in antineutrinos.

* The main problem with antineutrinos is the large intrinsic neutrino
background.

e SciBoone will run with antineutrinos.

« T2K is able to run with neutrinos and antineutrino beams and it is

the only one of the new generation equiped with a magnetic field.
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I did not mention

* DIS Measurements
— NuTeV
— NOMAD
— MINOS
— MINERvVA
— T2K-ND?
* 1 channels
— OPERA, ICARUS
e Charm production (key for neutrino factory)

 Nomad

* Minerva ...
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Conclusions

* The knowledge of the low energy neutrino
cross-section (<bGev) is critical for the next
generation of neutrino oscillation
experiments.

* We are lacking knowledge on the absolute
cross-sections, nuclear effects, final state
kinematics...

* A new generation of experiments: near
detectors of oscillation experiments or
devoted ones.
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Conclusions

* The new experiments:
= Lar'ge estatistics (T2K,Minerva,SciBoone, MiniBoone)
— Magnetic field (T2K)

— Neutrino and antineutrino runs (SciBoone,
T2K?)

— Variable neutrino spectrum.
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