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Current/Future v Oscillation Experiments
use Few GeV v on C, Oy, Fe, ??? Nuclei

MINOS: }\Ieutrino Beam NuMI Off-axi/s Neutrino Beam
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We need to understand low
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energy v-Nucleus interactions | =i b ... |

En GeV

for oscillation experiments!

Neutrino Scattering in the NuMI Beam




What’s covered by “low-energy” v—Nucleus
interactions?

¢ Cross sections of exclusive states
¢ Bridging the gap from resonance to DIS

¢ Nuclear Effects
v XB j-dependent nuclear effects (shadowing, anti-shadowing, EMC-effect...)

¥ Pauli suppression

¥ Nuclear binding

¥ Nuclear correlations,

¥ Extended Fermi gas model, spectral functions,

¥ Hadron formation length and nuclear transparency,
¥ Final state interactions.




Steps (not necessarily time-ordered) 1n
v-Nucleus Interactions

Incoming neutrino imparts g (momentum and energy) via an IVB to a
nucleus.
Depending on x, q:

¥ The interaction proceeds under shadowing, anti-shadowing or EMC effect.

¥ the IVB interacts with the entire nucleus, = 1 nucleon or with one or more quarks.

For interactions with a nucleon, the target nucleon (off shell) carries initial p
and Ei within the nucleus.

The (excited) A-1 nucleus recoils with -p and proceeds to a ground state via
v-emission or boil-off protons or other breakup mechanisms.
A hadronic state is created (quasi-elastic, resonance, continuum, DIS...).
¥ Pauli Blocking influences final state nucleon momentum (quasi-elastic).
The produced hadronic state proceeds through the nucleus.

¥ Nuclear transparency, formation zone, and nuclear densities influence final state
interactions.

A visible final hadronic state and visible neutrino energy are recorded.




Why do we care about low energy phenomena?

¢ Eyjgis not E,, - effect on the measurement of oscillation parameters
¢ Understanding backgrounds to vp ---> ve

¥ NC resonant 1 ¥ production (direct or through nuclear effects)

¥ Coherent 1 ¥ production
¢ Observed hadronic state (particle type and kinematics) not
necessarily the produced state

¥ Interaction kinematics perturbed via nuclear effects
V¥ Quasi-elastic events lost or mimicked by resonance via nuclear effects




How Important are Low-energy Neutrinos?

Am*=0.002 eV’ Am*=0.0035 eV Am’=0.005 eV*
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Seeing the “dip” in the 180 [ 1

oscillation probability is - 100 |-t R | .
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* CC energy distributions have two important complications at low energy:
* Difference between Ey;s and E,, due to nuclear effects (particularly re-scattering, absorption).

* A required subtraction of NC events that fake low energy CC.
* In both cases MINOS, as well as all other oscillation experiments, will have to rely on MC -

only as good as the input!. 6
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Nuclear Effects

MINERvVA: 2.8M events off Carbon and 940 K events off of Fe and Pb

C e .. MINOS
¢ Neglecting initial target nucleon state, o~ 1c
two types of nuclear effects to consider: O - T Intr. Off |
¥ Final State Interactions g 0.98 - === Intr. On_H__|...|.-|—|---+
¥ Modified Interaction Probabilities Lo C _,_"'++'+ : '
L0.96F o Lot
¢ Final State Interactions 3 - - L
—g— . . 1 ]
¥ Intranuclear scattering causing change in 0.94 i“' ' - H -i-:- .i. ! v
direction and energy loss (absorption) of @ 0.92F T, 1t} ‘1
secondary pions and nucleon. Not as well O = - P :
known as needed. R 0.9F 4T !
. >' “ -n
v Will cause Eyjg < Ey, - h ++
¥ Important for neutrino oscillation 8 0.88 :_
- N
analyses 0.86F
¥ MINERVA will measure multiplicities o b Lo 1 f
and Eyjg off of C, Fe and Pb targets 5 10 15 20

Neutrino Energy (GeV)

MINERvA Proposal 14




Assist Oscillation Analyses

(summary of individual channel contributions)

* Measurement of Am?2 (e.g.MINOS) MINING - Am2 — 1 &v1n-3
¥ Understanding intra-nuclear scattering f'.'o}
effects o
¥ Improved measurements of pion / nucleon Zo
absorption \a
¥ Improved measurement of pion production 8

Cross-sections

¥ These combine with absorption probability
to produce further uncertainties in plot at
right .
¢ Measurement of 013 (e.g. MINOS/Off-axis) 0.2

¥ Precision measurement of coherent pion, 0.1
and resonant pion cross-sections and 0

angular distributions. 0 2 4
Visible Neutrino Energy (GeV)

— Intr. On
--- [ntr. Off

L '=r I ] ] ] l i ]

IIII"_IIII_IIII"HHI_! T IIIIIIIIIIIIII'IIH

-
I-—---'

¥ Measurement of ve content of NuMI beams

15




Nuclear Effects

¢ Modified Interaction Probabilities

¥ Shadowing Region (xB j < 0.1): Expecta Kumano fit for flavor-dependent effects

difference in comparison to e/p - nucleus o
preliminary

results due to axial-vector current and
quark-flavor dependent nuclear effects.

valence

v EMC-effect (0.2 < xp j < 0.7). depends on

explanation of the effect

v Fermi Motion Effect (xg; > 0.7): should
be the same as e-nucleus scattering

w((Ca,x)

¥ With sufficient v: measure flavor
dependent effects. _ Q%= | GeV?

¢ NC/CC off C, Fe and Pb

¥ Over 100 K CC and 30 K NC with Eg > 5

GeV on Fe and Pb, times 3 for Carbon. 16




Parton Distribution Functions:
What Can We Learn With All Six Structure Functions?

Recall Neutrinos have the ability to diréctly resolve flavor of the nucleon’s constituents:

Using Leading order expressions:

FQ_’N x,Q%) = x[u +U+d+a+25+2c]
FYN(x,Q%) = x[u +u+d+d+2s+ ZC]

xF ?N(X,Q2)= x[u+d-u-a-23+2c]
xF YN (x,Q?%) = x[u+d-U-a+25-2C]

@ Does s =s and ¢ = ¢ over all x?

Fy-xF§ Z(U +d+ ZC)= 2U +4¢
Fi-xF§=2U+d+25)=2U+45
xF§ -xF3 =Z(s+3)- (T+0)]=45-4«

Neutrino Scattering in the NuMI Beam

17




Six Structure Functions for Maximal Information
on PDF’s

do* _ G [1 (1-y)° 1
= —{F¥A , 2 F YA 2 F YA , 2)_ xF YA , 2
dxdQ? Zm([Z( 3 (6,Q%)+ XF 1A (x,Q0) + = (F £ (x, Q%) - xF (XQ))J
do™ G I1 ?A 2 TA 2y (1= y)* vA 2 A 24\ |
dXdQ2 T 2aX [E(FZ x,Q )—XF_3 x,Q ))+ 2 (Fz (X,Q )+XF3 (XsQ ))J
R = Ryhitl
A whitlow .
. _—1.~" | Neutrino
i g ¥ /f 1 year he-beam
| _,__,fé"”"df/ B e g . Anti-NeI;Jtr{)no
Il Pl * 2 years he-beam
G(X1Q2:(1_ y)Z) -i f /’{-/l I
G ?/2nx ‘ A
| A
L X=0.1-0.125
i Q?=2-4Gev?
¥ Kinematic cuts in (1-y)
M ﬁ2r " not shown
(1-y)

18




High xp j parton distributions
How well do we know quarks at high-x?

AbmrTT T il

dat Q= 8.16Ce¥ ‘%"' h

ET |

w' |

‘ it 1‘2

;E!ﬁ“_-.|||Iim|u|‘...:-.::i}ré‘i._ il [HI!!“" !I|||{‘{ |i:l

s?-* e

| I

|

doda o by 0 b foale o b0 o 4y G

%u" FIB DA B 3 AABTAN ai%"to"ur‘ DM S 4 I .naa.u.o
z x Wu-Ki Tung

¢ Ratio of CTEQ5M (solid) and MRST2001 (dotted) to CTEQ®6 for the u and d

quarks at Q2 = 10 GeV2. The shaded green envelopes demonstrate the range
of possible distributions from the CTEQ6 error analysis.

Neutrino Scattering in the NuMI Beam 19




High-xg; Parton Distribution Functions

FEET TR L U L Pt

¢ The particular case of what is happening at high- xg ] Measured f CTEQ6

is currently a bit of controversial with indications that
current global results are not correct

4 Drell-Yan production results ( E-866) may indicate ‘ = ‘
that high-xp i (valence) quarks OVERESTIMATED.

# A Jlab analysis of Jlab and SLAC high x DIS

indicate high-xp i quarks UNDERESTIMATED

¢ CTEQ / MINERvVA working group to investigate et bt
high - xg; region. . '-"33? a a e
4 MINERvVA will have over 1.2 M DIS events to study s m y SHAC points

high - xg; Close examination of the non-PQCD and Y

pQCD transition region, in context of quark-hadron o0 *»

duality, with axial-vector probe. . { f\j

a 1 ot 4 L :
@S (55 04 0465 0.7 075 43 GES 09 195 |
X

MINERvVA Proposal 20




Higher Intensity Allows (?) a Liquid Hp/D)(/O/

MINERVA Fid. vol:
r=80cm. =150 cm.

350 KCCevtsin
LH7 800 K CC evts in

LD7 per year he-v
running.

Technically easy/
inexpensive to build and
operate.

Meeting safety
specifications the major
effort.

Ar) Target

Planes of C, Fe, Pb
For part of run

Neutrino Scattering in the NuMI Beam 21




Parton Distribution Functions

# Statistical Errors for 1 year of he-v MINERVA

XB J
.6 - .65
65-.7
7-.95
J5-.8
8-.85
85-9
9-1.0

CH

0.6%
0.7
1.0
1.3

2

3

4

LH»

2.2%
2.6
3.7

5

7

11

14

LDy

1.5%
1.7
2.5

3

5

7

10

Would also facilitate
unprecedented studies of low
Q2 evolution of sea / valence

distributions at lower x!

22




Basic Conceptual Design:
(A. Bodek, D. Casper and G. Tzanakos)

Overall dimensions and relative volumes currently being determined

EM Calorimeter: »
I Active Scintillator / V U X

2mm =1.5 mm Pb Graphite detector
and two 0.25 mm
stainless on each side

U

v
|

Magentized

| H 1
Hadepn Sal +
. _ Fiducial
N L Volume

Downstream end:

EM Calorimeter
plus HadCal ll l I l

Coils - bottom | E
sides only : 23




MINERYVA Detector:

Basic Conceptual Design - Coordinator: K. McFarland

¢ Triangular = (2-3 cm base x 1-2 cm height) scintillator (CH) strips with fiber readout. Fully
Active (rjy¢ = 80 cm, X =44 cm) / alternate with C planes > p and nuclear tgt.

¢ Favored Photo-sensor: MAPMT (M64 a la MINOS)

¢ Example fid. vol: (r=.8m L= 1.5 m): 3 tons pure plastic or 5 tons with graphite
R=15m- p: p=45GeV/ic, t=.51, K=.86, P=1.2
R=.75m- p: u=.29GeV/c, n=.32, K=.62, P=.93

¢ Nuclear targets: of C, Fe and Pb.-

¢ Surround fully active detector with em-calorimeter, hadron-calorimeter and magnetized
u-id / spectrometer

¢ Use MINOS near detector as forward u—identifier / spectrometer.

¢ Attempt to constrain detector size so can be moved to an off-axis position.

24




Detector (3wnch, 210na ): Event Rates; cc-g,> 035 Gev

CH

Fe
Pb
LH»

LDy

MINOS

Parasitic
(3 years)

2.60M
1.70 M
1.70 M
1.70 M

Event rates (2.5 x 1029 protons per year)

Off-axis
Parasitic

(1 year, me- v)

2.10 M
1.40 M
1.40 M
1.40 M
0.15M

0.35M

Prime User

(1 year, he-v)

4.80 M
3.20M
3.20M
3.20 M
0.35M

0.80 M

Prime User

(2 year, he -v)

2770 M
1.80 M
1.80 M
1.80 M
0.20M

045M
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- v-Scattering Physics Topics with
Proposed Beam Energies and Statistics

“
Measure during initial MINOS exposure
® Quasi-elastic neutrino scattering and associated form-factors.

¢ ( Contribution of the strange quark to proton spin through v elastic scattering. )
€ Resonance production region.

€ Nuclear effects involving neutrinos, including NC/CC ratio.

l Needamtimeutrinos for{mraximat f physics output

2 sinZBW via the ratio of NC / CC (as well as do/dy from v-e scattering) to check the surprising NuTeV
result.

Very high-x parton distribution functions.
uclear effe \ Ks.
¢ Parton distribution functions (pdf) via all 6 structure functions.
4 Leading exponential contributions of pQCD.
¢ Charm physics including the mass of the charm quark m. (improved accuracy by an order
of magnitude, Vq, s(x) and, independently, s(x:).

4 Strange particle production for Vg, flavor-changing neutral currents and measurements of

hyperon pOlarizatiOIl. Neutrino Scattering in the NuMI Beam 26




Physics of the Proposal

¢ Quasi-elastic Reaction - MINOS 3 year run, 3 ton fid. Vol - 420 K events
¥ Precision measurement of o(Ey,) and do/dQ, constrain v-beam systematics

V¥ Precision determination of Fa

¥ Study of nuclear effects and their A-dependence e.g. proton intra-nuclear rescattering
¢ Resonance Production (A, N*..) Exclusive channels - 450 K 1-mt events

¥ Precision measurement of o and do/dQ for individual channels

¥ Detailed comparison with dynamic models, comparison of electro- & photo production
the resonance-DIS transition region -- duality

¥ Study of nuclear effects and their A-dependence e.g. 1 ® <— > 2 m <——> 3 = final states
¢ Nuclear Effects - > 1700 K events per nuclear target
V¥ Measure & and p multiplicities as a function of E,, and A : convolution of quark flavor-
dependent nuclear effects and final-state intra-nuclear interactions
¥ Measure NC/CC as a function of Ef off different nuclei

¥ Measure shadowing, anti-shadowing and EMC-effect as well as flavor-dependent nuclear
effects and extract nuclear parton distributions

27




Physics of the Proposal - continued

EU
¢ Total Cross-section and Structure Functions - 1200 K transition, > 1000 K DIS
¥ Precision measurement of low-energy total cross-section
¥ Understand resonance-DIS transition region - duality studies with neutrinos
¥V Detailed study of high-xg | region: extract pdf’s and leading exponentials
¢ Coherent Pion Production - 200 K plastic plus nuclear targets

¥ Precision measurement of o(E) for NC and CC channels
¥ Measurement of A-dependence
¥ Comparison with theoretical models models

¢ MINERvVA and Oscillation Physics -
¥ MINERVA measurements enable greater precision in measure of Am, sin2923 in MINOS
¥ MINERvVA measurements fundamental for 013 in MINOS and off-axis experiments

¥ MINERvVA measurements as foundation for measurement of possible CP and CPT
violations in the v-sector -
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Physics of the Proposal - continued

m
¢ Strange and Charm Particie Production -

¥ Exclusive channel o(E,) precision measurements - importance for nucleon decay
background studies.

¥ Hyperon Production yielding new measurements of CKM using v

¥ Exclusive charm production channels at charm threshold to constrain m,

¢ (Generalized Parton Distributions -

¥ Provide unique combinations of GPDs, not accessible in electron scattering (e.g. C-odd,
or valence-only GPDs), to map out a precise 3-dimensional image of the nucleon

¥ Provide better constraints on nucleon (nuclear) GPDs, leading to a more definitive
determination of the orbital angular momentum carried by quarks and gluons in the
nucleon (nucleus)

¥ provide constraints on axial form factors, including transition nucleon --> N* form
factors
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