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Neutrinos Are Everywhere!

Neutrinos outnumber ordinary matter particles in the Universe
(electrons, protons, neutrons) by a huge factor.

¢ Depending on their masses they may account for a fraction
(few % ?) of the “dark matter”

# Neutrinos are important for stellar dynamics: ~ 6.6x1010 cm2s-!
stream through the Earth from the sun. Neutrinos also govern
Supernovae dynamics, and hence heavy element production.

¢ If there 1s CP Violation in the neutrino sector, then neutrino
physics might ultimately be responsible for Baryogenesis.

¢ To understand the nature of the Universe in which we
live we must understand the properties of the neutrino.



What are the Open Questions in Neutrino Physics
From the APS Multi-Divisional Study on the Physics of Neutrinos

What are the masses of the neutrinos?
What is the pattern of mixing among the different types of neutrinos?
Are neutrinos their own antiparticles?

Do neutrinos violate the symmetry CP?
Are there “sterile” neutrinos?
Do neutrinos have unexpected or exotic properties?
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What can neutrinos tell us about the models of new physics beyond the Standard Model?

The answer to almost every one of these questions involves
understanding how neutrinos interact with matter!

Among the APS study assumptions about the current and future program:

“determination of the neutrino reaction and production cross sections required for a precise
understanding of neutrino-oscillation physics and the neutrino astronomy of astrophysical

and cosmological sources. Our broad and exacting program of neutrino physics
is built upon precise knowledge of how neutrinos interact with matter.”
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The MINERVA Experiment

Objectives of the Experiment
Bring together the experts from two communities
To use a uniquely intense and well-understood v beam
And a fine-grained, fully-active neutrino detector
To collect a large sample of v and™V scattering events

To perform a wide variety of v physics studies

1) The MINERVA Collaboration

2) Beam and Statistics
3) Description and Performance of the Detector

4) Survey of Physics Topics
5) Schedule
6) Summary
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HEP/NP Partnership

¢ This partnership is truly a two-way street

v significant NP participation v | v | oven |
in MINERVA because of JGIIG!
. .
overlap of physics with Nty

FEL Program

Jefferson Lab community e

User Information £
Neutrino Physics Comes to JLab
The inner workings of the sun, the mysteries of dark
u - matter and dark energy and the structure of the early
Fer m I I ab 7bda universe all may be unlocked by one cosmic key:
“ y neutrinos. Now. new research carried out in Jefferson

Lab's experimental Hall C may help provide insight

Nuclear Option: MINERVA iyl . . N . -
Attracts Nﬂ clear Physicists "MINERvA offers us the possibility of into neutrinos, the force that governs their behavior
- he fourth arficle in & series an the making a bridge in cur understanding and, surprisingly, the structure of the nucleus of the
s 15 TNe oUW anvcie i a I8 an ine =

MINERVA neutrino experiment. between the longer distance-scale atom.#

oroperties of the nuclear < JLab pr() gram (J UPITER)

force--rezponzible for the properies of

nuclei--and the very short-distance scales v data fOI' neutrino CI'OSS-SeCtiOIl
explored in particle physics," says .

Ransome. "And this intermediate distance modehng

zcale i of great interest o both . .
communitiss.” v already one dedicated experiment



To use a uniquely intense and
Well—undertood v beam. The NuMI Beam.
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The NuMI Beam Configurations.

Absorber Muon Monitors
Tamged D ; N | S
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10m 30m *;:n{
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Hadron Monitor 2m 18m  300m
I_!(a) PH2he High Energy |
E y
[ ] | For MINOS, the majority of the running will be in the
u(b) PH2me Mer. Energy | “lOW—eneI‘gy” (LE) COIlflgurathl’l.
v
ﬁ Fr—
Post-MINOS: NOvVA would use the ME beam,
u {c) PH2le Low Energy |
E }
—— MINERVA would prefer LE (= one year) and ME beam
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To collect a large sample of
v and V scattering events...

¢ LE-configuration: Events- (E,>0.35 GeV)
E ...=30GeV,<E >=10.2 GeV, 150

peak —
rate = 60 K events/ton - 10*° pot

£
=

E
[=

¢ ME-configuration: Events-

e
Epeak =7.0 GCV, <Ev> = 8.0 GCV, % 1210
rate = 230 K events/ton - 10* pot &
%“f HE Beam
¢ HE-configuration: Events- & .
E e = 12.0 GeV, <E,>=14.0 GeV, g«

rate = 525 K events/ton - 10°° pot

1] 5 1k 15 0 25 3

With E-907 at Fermilab to measure particle E, (GeV)
spectra from the NuMI target, expect to know

neutrino flux to =+4 - 5%.




Why study low-energy v scattering physics?

Motivation: NP - Compliment Jlab study of the nucleon and nucleus

Significant overlap with JLab physics kinematic region and
introduces the axial-vector current

Four major topics:
Nucleon Form Factors - particularly the axial vector Form Factor

Duality - transition from resonance to DIS (non-perturbative
to perturbative QCD)

Parton Distribution Functions - particularly high-xg,

Generalized Parton Distributions - multi-dimensional
description of partons within the nucleon
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Why study low-energy v scattering physics?

Motivation: EPP - Neutrino Oscillation Experiment Systematics
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of low ener - i
gy v NUCIeus D.DD L | JI-§] 1 1 1 1 11 Ir_ ﬁ_"'f"- | -l—l_l_l |
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Interactions for
oscillation experiments! T

NuMI\Off-axis Neutrino Beam

d=
.

MINOS, MINERvVA
10 km NOvVA, MINERvVA
T2K, SciBooNE
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How MINERVA Would Help MINOS -
How Nuclear Effects enter Am? Measurement

Measurement of Am? with MINOS

¢ Need to understand the relationship
between the incoming neutrino energy
and the visible energy in the detector |  z

.
]
c0.25 —— MINOS (16220 POT)
¢ Expected from MINERVA 5 o,
v Improve understanding of pion and = [ i
: 90,15 e e
nucleon absorption A
v Understand intra-nuclear scattering o ©- L
S SRS MINOS +0,,. (nucl) AM
effects ~0.05F e MINOS +0,, (nucl) PM
v Understand how to extrapolate these 0
o

effects from one A to another 4 16 18 2 22 24 26 28 3

v Improve measurement of pion
production cross-sections

v Understand low-v shadowing with

neutrinos
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How MINERVA Would Help NOVA/T2K

Total fractional error in the predictions as a function of Near Detector off-axis Angle

ﬁp U,D'Iﬂr:— --- Current o Errors
NE : .
Current Accuracy of B 0012 - o Errors after MINERvA L
: o — e
Low-energy Cross-sections ..E_ 0.01- — Statistical (50kts5yr) e
AQE =20% £ - L
ARES = 40% “ p.008F
ADIS = 20% .
ACOH;, = 100% 0.006—
0.004F .
With MINERvA —— 0.002/-...--~ I
Measurements of & ﬂ_"""r"'i"l"i"|"|"| ! |||||| v b b b b e
AQE = 5% 0 0.01 0.02 0.03 0.04 0.05 0.08 0.07 0.08 0.09 Q.1
ARES =5, 10% (CC, NC) sin“28,;
ADIS = 5%

ACOHy., = 20%
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Further Motivation - Current Data Sample

Exclusive Cross-sections at Low E,: Quasi-elastic - DISMAL

CC v, Quasi—FElastic Croas Section

‘E u Sgrpukey, Bwlikey, Z. Plyw. 4320, 826 [1985), A
U 2 [ & BML, Baksar, Fhya. Rev. D23, 2488 (1881), G
] * ANL, Bewinh, Phym. Rev, D18, 3103 (1877% Du
Sy 7 [ ° FHAL Kitogaki, Phym. Rev. D28, 436 {1593}, Dy h [
— O SKAT, Brunnar. £ PhyeC48, 581 (1890). CF,8r .2t & GEUTS
— o CERM=WAZS, Allcsia, hluc:l Phym, B343, 285 (1980), Dy I
& 1.5 i mic, A3S, 260, £1977), Gy
A, CRyEr
Thas 14
o : T
vV 2 vV
.75 Ll [t
. )
IER]
0.5 . ¥
nos [ HUAHCE (frew nucieon)
ML {frae nucieon) L=t
0 1 10 10" S. Zeller - Nulnt04 1= 1}
K2K and E, (Ge¥) KZK and
. ) MiniBooNe

MiniBooNe ~~

¢ World sample statistics 1s still fairly miserable!

¢ Cross-section important for understanding low-energy atmospheric
neutrino oscillation results.

¢ Needed for all low energy neutrino monte carlos.

¢ Best way to accurately measure the axial-vector form factors
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Exclusive Cross-sections at Low E,, :
1-Pion and Strange Particle- DISMAL

CG Singe Fion Prociiction CC Typical samples of NC 1-n
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- .. —
S. Zeller - NuInt04 v Should produce interesting analysis of
vn—u-p! vn—unst single ¥ production.
CC Singke Fion Production o CC Single Fion Preduction . .
o[ mown] [ s e o o, Strange Particle Production
i mmaame | ) Iy s,
o R iy | 2 00| ¢ Gargamelle-PS - 15 A events.
[ F
ol S et ¢ FNAL - = 100 events
sep E_m_ ¢ 7GS - 30 events
04l B
; o2 f ¢ BNL - 8 events
.,! > ¢ Larger NOMAD sample expected
% S
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How about o7, ?

¢ Low energy (< 10 GeV) primarily from the 70’s and 80’s suffering from low
statistics and large systematics (mainly from v flux measurements).

¢ Mainly bubble chamber results --> larger correction for missing neutrals.
¢ How well do we model o7,?

[EIE Rl o
pes b Mewtrino IHEP- AR bt ]

G/Ex 107 o G
- &
 ———

F *
—i—
L g
o ——
- — : .
—i—i

Eys

D. Naples - Nulnt02

16



Knowledge of Nuclear Effects with
Neutrinos: essentially NON-EXISTENT

g ..
1.2 EMC Fermi motion . preliminary
* NMC N
.1 4 g139 - valence
2, * E665 $8 | -
M 1 1
5':\1 f;t: 0-9'-'
0.9 :
i e .87
0 8 / / B 0.7 f-_—‘lu“”
shadowing / EMC effect 0.61
0001 001 , 01 | 1 —
sea quark valence quark 0 001 0.01 01 1

¢ F,/nucleon changes as a function of A. Measured in u/e - Anotinv - A
¢ Good reason to consider nuclear effects are DIFFERENT in v - A.

Presence of axial-vector current.
SPECULATION: Much stronger shadowing for v -A but somewhat weaker “EMC” effect.

v
v
v Different nuclear effects for valance and sea --> different shadowing for xF; compared to F,.
v

Different nuclear effects for d and u quarks. 17



Nuclear Effects

A Difference in Nuclear Effects of Valence and Sea Quarks?

T [ 1 11 | T 1 T T 1 l 1] pl‘ﬁlilﬂil]&ll‘}"

valence

O_Fe/o_Be
T TEI
T+
|
l
—<l>—

0.8'_ 1T ‘ ’ .

0.8

0.87

wi((Ca,x)

cluon

3 T ) 0.7
b0'8'— __-+ - 0.5:
hllll!IlJJ“illljll- Q7 =1GeV~

0.5

5 1.5 0 0.1 ( o001 oot o1 o1
Mass X, .

¢ Nuclear effects similar in Drell-Yan and DIS for x < 0.1. Then no “anti-shadowing” in D-Y
while “anti-shadowing” seen in DIS (5-8% effect in NMC). Indication of difference in
nuclear effects between valence & sea quarks?

¢ This quantified via Nuclear Parton Distribution Functions: K.J. Eskola et al and S.

Kumano et al
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High xg; parton distributions
How well do we know quarks at high-x?

m"]"l"l' R """"
[ u ot § = 5,10GoV "

Ratio to CTEQ6
b

Il
]
Mllllll ' 1 | Tl
W0 e e 2 3 A ABTAN

¢ Ratio of CTEQ5M (solid) and MRST2001 (dotted) to CTEQ6 for the u and d

a'lh"'ll"l"l' ' | """
i d ot @ = 3.16Ge¥

H 1 1 iy
1.0 !iil' S e L
i

Ratlo to CTEQS

nEIIIIIIII 1 1 I
W™ mae amw A E & A4 D ATAR

quarks at Q? = 10 GeV?. The shaded green envelopes demonstrate the range of
possible distributions from the CTEQ6 error analysis.

¢ Recent high-x measurements indicate conflicting deviations from CTEQ: E-866

uy too high, NuTeV uy & dy too low

¢ CTEQ / MINERVA working group to investigate high-xg; region.
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Indication that the valence quarks not quite right at high-x??
E866 -Drell-Yan Preliminary Results (R. Towell - Hix2004)

- [ MRST2001 uncertainty

P.. /

g 1 M — + ]

s T ET At ——— 1

9 | Fermilab E+86_6fN€1862§ i $ |

= "pp—oupX

A [ apdoupX

©0-8 - £6.5% Norm. Uncertainty 1

=) n A
-I I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -i 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8

Xy

Xpeam diStribution measures 4u + d as x--> 1.

2
10

L I [ N L I N
0 01 02 03 04 05 06 07 08

H_/

Xbeam

Both MRST and CTEQ overestimate valence distributions as x --> 1 by 15-20%.

Possibly related to d/u ratio as x --> 1, but requires full PDF-style fit.

Radiative corrections have recently been calculated. (Not yet fully applied)
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NuTeV Compared to CCFR (currently in PDF fits)
at High-x Indicates Effect Opposite to ES66

Weighted average over all energies and y bins in each x bin of the relative ratio between

CCFR and NuTeV at the level of the cross-secftion, for neutrinos and anfineufrinos: &

0.3 g - E
E 025 z_ Meutring F—— _
= 02E 1 =
k= E E
= 015 E E
*Tg 01k 3 3
0.05 E E
E 0 é = * E
= E X x L) x
e -0.05 EF : E
- _|:|-1 F 1 1 1 1 1 1 1 1 1 1 1
W E = E@ 2 ﬁ E B = v e
= =2 =5 =5 o= o = ‘f:“ = = nuclear effects?
X 0.3 ET 1 T T T T T T T T _t T ]
E 0.25 ;‘ AntiNeutring —e— _
= 02E =
"{if; 015 E I ;
= 0.1F 3
< 0.0s E 1 3
- ) = ]
E r ¥ % L] 3
% 0 E_I“I F * 3
e -005E E
_D-‘I EI 1 1 1 1 3
w3l un oo [T &) [ 5] LT L L L [T g] L
52 & = § B 2 2 2 =
[ T e L] ] ] =

x over all E bins

V. Radescu - DIS04



® & 6 6 O o o

¢

MINERVA v Scattering Physics Program

Quasi-elastic
Resonance Production - 1pi

Resonance/transition Region - npi resonance to DIS

Deep-Inelastic Scattering
Coherent Pion Production
Strange and Charm Particle Production

Or , Structure Functions and PDFs
v s(x) and c(x)
v High-x parton distribution functions
Nuclear Effects

Generalized Parton Distributions
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What detector properties do we need
to do this physics?

¢ Must reconstruct exclusive final states

v high granularity for charged particle tracking and ID, low
momentum thresholds for particle detection such as v ,n—=up

¢ But also must contain
v electromagnetic showers (1Y, e*)
v high momentum hadrons (7%, p, etc.)

v from CC need p* (enough to measure momentum)

¢ Nuclear targets for the study of neutrino induced nuclear
effects

23



Basic Detector

¢ MINERVA proposes to build a low-risk detector with
simple, well-understood technology

¢ Active core 1s segmented solid scintillator

v Tracking (including low momentum recoil protons)

v Particle identification

v 3 ns (RMS) per hit timing
(track direction, stopped K+)

¢ Core surrounded by electromagnetic
and hadronic calorimeters X
v Photon (it°) & hadron energy

measurement

g
-

¢ MINOS Near Detector as muon catcher 24



Complete MINERVA Experimental Set-up

Side HCAL: 116 tons

Cryotarget  Side ECAL Pb: 0.6 tons

VetoWall

H HHHHIH\MH#NW\WWWWW\NI\HH\ | seeene

MY S deE A |rlI||||I|I||I||I|I||||I||I||

15 tons

p 1 WWHM
|I|| ||I||| | |‘|||||| |

b
0
s
-
1 =
.. b
1]
M
L]
" o
7 11 Lo
|:| !ﬂ e |.- n'.;,l
LRV TTR T TTT ETT T AR 1 LU

Downstream
HCAL
|

Nuclear Fully
Targets: Active
6.2 tons Target:

(40% scint.) 8.3 tons
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MINERVA Optics

ﬁ\ Particle Assembled into 128 strip planes
/ Position by charge sharing

1.7 x 3.3 cm? strips

WLS fiber readout in J PMT Box
center hole
I Clear fiber I
Scintillator & Optical
embedded WLS Connectors M-64 PMT

V7

-ﬁ".'—



MINERVA Optics

(Inner detector scintillator and optics shown,
Outer Detector has similar optics but rectangular scintillator)

Fiber mirrored by

e 111 ? Coatino
FNAL /Suntlllulor (TiO2 Coating) Conitn PMT
Y O g
=
- D¢ o e —
=gy Victi ~ Clear cabl
Embedded ~ PMTR
: / OXx
WLS Fiber
Extruded ,
Clear fiber

cable
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Extruded Scintillator and Optics

Basic element: 1.7x3.3cm triangular

strips. 1.2mm

WLS fiber readout in

center hole

Assemble
into planes

Absorbers between
/@\®

e.g., E- or H-CAL,
9] nuclear targets
Z

v
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PMT’s/Boxes

Connectors
interface
with fiber-
optic cables

Weave: Maps

between Cookie: Maintains

cables and alignment of PMT
PMT pixels

—

Front end
board (FEB)
will mount
here.

29
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PMT Boxes i

July 2006: 8 prototype boxes (without
PMT’s) completed.

N s,
 FEMIVIST
] LOOKSlike

February 2007: First 3 boxes
o Wwith PMT’s produced.

o
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Electronics

¢ Being designed by FNAL, Pittsburgh, and UC Irvine.

¢ Have produced working prototype front end boards for
instrumentation of prototype module.
v Have been able to read out PMT’s

v Commencing final iteration of design

¢ Nearing completion on first prototype DAQ system
ries 30659

10* Mean 486.7
RMS 38.66
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Vertical Slice Test

[_Position residual for VST muons ((L1+L3)2-12) | [ zeeresiuscor
Test setup incorporating MINERVA : , Sy R
scintillator, WLS fiber, MINOS PMT, wh
and prototype MINERVA electronics. 02_
Used to verify key detector parameters:
v Position resolution: °E
» Spec: 3.0 mm 1_ﬂ.
» Result: 2.5 mm N Re2idual (sribs)
v Light yield:
» Spec: 4.0 pe/MeV T——
» Result: 6.5 pe/MeV I TR

TR ER
. SCINTIIATOERS
, 32




MINERVA Detector Module

Outer Detector (OD)
Layers of iron/scintillator for
hadron calorimetry. 6 “Towers”

,,,,, e < < A frame with two planes

R has 304 channels

< 256 in inner detector

<+ 48 in outer detector
(two per slot)

<+ 4 M-64 PMTs per module

Lead Sheets & OD readout ganged in groups

\ g;:fr“inmetry of four planes

16[2]:—"‘— Inner Detector (ID)
Hexagonal X, U, V planes for
3D tracking 33




Parts of MINERVA Modules
(cont’d)

¢ Calorimeter modules are
built by adding absorbers

v one 17 steel absorber and

one scintillator plane in DS
HCAL

v two 5/64” Pb absorbers
and two scintillators in DS
ECAL

34



Steel Frames

¢ 2 Outer Detector Frames were
procured, welded, and surveyed

¢ Key parameter is flatness of
frames
v spec on flatness of frame 1s 3/16”
v having first 2 frames surveyed by
FNAL alignment group
¢ First frame shown at left
(welded 1n time for collaboration
meeting)




Complete Main Detector

~ & Thin modules hang like
file folders on a stand

sics HeAL oa | |

¢ Attached together to
U e N form completed detector
T T AT ITI

mfifllillk =il it « Different absorbers for
s different detector regions

=10

'lli}' !

7 (i
Wi

Scintillator
Planes

Frames

| Ns

Nuclear
Targets

18 36

il T

B MBS 1 ; e R HE e

B qHE ; N ; R
« MR R

N SR R IR R RHE W Active
L Side

60 120
Target

AL

DS ECAL 10 20

DS HCAL 20 20

=~ Veto Wall Totals 108 196

52m >
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MINERVA as Calorimeter

¢ Material in Radiation lengths Bide HEAL (DY

| I XLl

v Relevant for photon and
electron analysis

v Side & DS Pb has 2mm plates

".l:"\!‘:ﬂr' e

| ”WM W\H\H\HHWNNHNHH\H\\ H _

e | (S
i "r P
:m ‘n._.
[
III\I

S 20
total steel — 18 ¥~ Veto Wall
total Pb 16
(7]
total plasti

OOOOOOOOO
@@@@@@@@
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MINERVA as Range Tracker

¢ Material Thickness in
(dE/dx)

v Relevant for ranging out
low energy particles

min

1 total steel

total Pb

o total plastic

Angle (Degrees)

Nide! e

i
|||||‘"| ,nl\ |,II;M|

T

(o)

ide EGAL | || [
0

i
'f‘i

[ WIHH\I\NW\HH\H\HH\W\I\HIIIIII\IHIIUVJ!HNWIIH

*~~ Veto Wall
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MINERVA with MINOS Near

IIIH\NHHHHUMHMMHWWHWWWIIIWII Il \ H

HHI\IIIIII\lH L Side EGAL Ll ¢>

2m

||||||::!Wf:l‘l lilhu\lﬂ """

'''' il il
| IIIHHHHHH H HH\H \HI\HHI!I\II!\HNHHHHWHM\I‘ il

Dovﬁ\stream
HCAL

MINOS
fg - Near v veto wan
1:6 Coverage I total steel | |
14— total Pb

-wapesic| 4 (AE/dX),;, Inadequate for w
v Rely on MINOS

v For high momentum,

analyze by bend in field,
Ap / p~12%
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Tracking Prototype

¢ Multi-plane Tracking Prototype to be built in 2007/2008
v Roughly 20% of the full detector
v Full EM Pb Calorimeter, no hadron Calorimeter
v Tests to be performed

» Scintillator spacing uniformity

» Plane uniformity across many planes
» Planes stacked as close as physics dictates? |
» How to replace PMT Boxes

and front end boards
¢ On-track to start taking data with the
tracking prototype in Spring 2008
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2

40 planes, XUXYV orientation as in full MINERVA
Removable lead and iron absorbers.
In light-proof box

Size will be smaller: ~1.2 x 1.2 m2

Requesting Fermilab Test Beam Facility Upgrade to reach lower ww/K/p momenta of
order 250 MeV

Test Beam run in the M-Test beam to be scheduled for summer next year
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Electronics/DAQ System

¢ Data rate 1s modest
v ~1 MByte/spill

v but many sources!
(~31000 channels)

¢ Front-end board based on existing
TriP-t ASIC

v sample and hold in up to four time

slices
v few ns TDC, 2 range ADC
v C-W HV. One board/PMT

¢ DAQ and Slow Control

v Front-end/computer interface
v Distribute trigger and synchronization
v Three VME crates + server

PVICIYME Interface

CROC WWE

DAGQ
Computer
with RAID
Cluster

Fermiiab Network

Permanent

Siorage
Control Boom
_ Console
fiee, JAEV, 208 DC
Two-tier
Low Voltege Optical Fibers

Distribution System Frem Detecior

LVDS Digital Token Ring
(4 Rings/VME Module)

%

o

¥ I
¥

S

MBd MAPMT and

TRIP-besed Mull-Buffer
Headout Digitizerf1 DG Card with
Module {x11] Ethemnet Slow-Control
Interace

{12 PM I siRIng)



MINERVA Software

¢ Off-line - NEUGEN/NUANCE-GEANT4 MC within
GAUDI framework

» detector simulation
» pattern recognition
» reconstruction

¢ On-line - Prepare for data taking with tracking

prototype and test-beam detector

» DAQ

» Data loggers

» Event monitoring
» Run controls

» Slow controls
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Performance: Optimization of Tracking in Active Target

o ¢ Excellent tracking resolution
Coordinate w/ triangular extrusion

residual for )
Vv 0~2.5 mm in transverse

12000 —

different strip v\ . . . .
" widths 3om width direction from light sharing
we | (blue and green v More effective than rectangles
are different . .
thicknesses) (resolution/segmentation)
Acm width = Key resolution parameters:

" transverse segmentation and
light yield

* Jongitudinal segmentation for z
vertex determination

15 -1 0.5 0 0.5 1 1.5 330m

¢ technique pioneered by DO /‘ \C/
upgrade pre-shower detector _ \

4000

2000 —




« 1t”’s cleanly identified

« 1t¥ energy resolution: 6%/sqrt(E)
= n¥ angular resolution better than

smearing from physics

Coherent,
resonance
events with

| .

1 00

800
/00
600
200
400
300
200

100} _

8.5 0.80 0.2 0895
Cos (@,)
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Performance: Particle Identification

¢ Particle ID by dE/dx in strips
and endpoint activity

Proton
Kaon
Pion

dE/dx (MeV/(g/cm?))
CHNWANAIRS

25 50 75 100 125 150 175 200
3 Xstop (8/cm?)
§2.5
W2
Z1.5
=
go.s
= QL
) 25 50 75 100 125 150 175 200
© Xstop (8/cm?)

¢ Many dE/dx samples for good
discrimination

Chi2 differences between right
and best wrong hypothesis

200 -
150 -
100 -
50 [

e, L PRI I I BTN B R T T
-100 -75 50 -2§ 0 25 50 75 100
X2 - MINCY25k2)

400 -
300 -
200 -
100 =

B iy L sl L i P T e S
-100 -75 -50 =25 0 25 50 75 100
A2 - MINCY2,%,2)

150
100
50 |

T I T SO N O O O L1
-25 0 25 50 75 100
Xp? - MING(2,0k2)

100 75 50

R=15m- p:u=45GeV/c, n=.51, K=.86, P=1.2
R=.75m- p:u=29GeV/c, n=.32, K=.62, P=.93
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Performance: Energy Containment

Energy Leskope for TS evemts
Profablboy el badrealk serg s haigs br [ amman

5 ¥
. L

— WGV E < 15GeV :

o H — 153GV < E,, < M0 GeV EOL

e MGV < By i
o

I 5

£ wl

E 5

Jp-

|-|

I.: |

iy ﬂﬂm i

LL1 Ll 1 | Ll paa e s sl s sl
L] z 4 i [} n 12 14 Le LE 0

[

Frarize of katrisic smingy ariping dectar Fimironic samgr (G
Fraction of hadronic energy escaping active Probability that any visible hadronic energy
detector for DIS events escapes active detector undetected for DIS events
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Performance: Quasi-elastic vV, n—>WUp

¢ Reminder: proton tracks from quasi-elastic events are typically short.
Want sensitivity to p,~ 300 - 500 MeV

¢ “Thickness” of track proportional to dE/dx in figure below
¢ proton and muon tracks are clearly resolved

¢ precise determination of vertex and measurement of Q? from tracking

HCAL
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Performance: ' Production

v two photons clearly resolved (tracked). can find vertex.

v some photons shower 1n ID,
some 1n side ECAL (Pb absorber) region

V¥ photon energy resolution is ~6 %/sqrt(E) (average)
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Location in NuMI Near Hall

¢ MINERVA preferred running position is as close as possible to MINOS (2.0 m),
using MINOS as high energy muon spectrometer

50



® ¢ 6 ¢ 6 0 0

Event Rates

14.5 Million total CC events in a 4 - year run

Assume 16.0x10%?° in LE and ME NuMI beam configurations in 4 years

Fiducial Volume = 3 tons CH, 0.2t He, 0.15t C, 0.7t Fe and 0.85t Pb
Expected CC event samples:
9.0 M v events in 3 tons of CH
0.6 M v events in He
0.4 M v events in C

2.0 M v events in Fe
2.5 M v events in Pb

Main CC Physics Topics (Statistics in CH)

Quasi-elastic 0.8 M events

Resonance Production 1.7 M total

Transition: Resonance to DIS 2.1 M events

DIS, Structure Funcs. and high-x PDFs 4.3 M DIS events

Coherent Pion Production 89 KCC/44 K NC

Strange and Charm Particle Production > 240 K fully reconstructed events
Generalized Parton Distributions order 10 K events

Nuclear Effects He: 0.6 M, C: 0.4 M, Fe: 2.0 M and Pb: 2.5 M



Scattering Physics - Outline

Most interactions described in
terms of scattering variables
based on Lorentz invariants O

E' O, Eh are measured

4 —Momentum transfer’: Q' =—q =—(p—p' ) ~(4E'Esin’ 012),,
Energy transfer:v=(q-P)IM =(E—E"') =(E, —M_)
Inelasticity : y=(q-P)/(p-P)=(E,—M ) I(E +E")
Bjorken scaling variable x=0’12M ;V
Recoil Mass’: sz(q+P)2:M;+2 z"l/ITw./—Q2
CM Energy:s=(p+ P)QZM;—FQEIX}?



Scattering Physics - Outline

CC - W* exchange

«Quasi-elastic Scattering
Target changes but no
breakup

vin-u +p
«Coherent/Diffractive production

Target unchanged
1.,?“+r|—:irp'+r|+:n:+ 4

“Nuclear resonance production
Target goes to excited state
and decays

v“+n—}p'+p+:rc“(N*nrﬂ]
n+mn"

«Deep Inelastic Scattering
Target breaks up

v, + quark = u + quark’

NC - Z° exchange

«Elastic Scattering
Target unchanged
vtn=2v +n
~Coherent/Diffractive production
Target unchanged
v“+N—w”+N+:m“

“Nuclear resonance production
Target goes to excited state
and decays

v, + N—w“+N+:m(N*or,ﬁ}
«Deep Inelastic Scattering

Target breaks up

v, + quark > v, + quark



Quasi-Elastic Scattering

Now we have a complex hadronic

\/H' target to think about
G cosd,

w M=—r [ay 1=y )v [Py (F,(Q)+F ,(Q%)y)n|

: / Vector / .
Standard V-A Form factor AXxial-vector
form factor

The form factors must be measured.
Only neutrino interactions can determine F,.

F (QE]: Fv,A{~0-] F(0)=1; M = 0.84 GeV
Dipole L f F (0)=g,/g.=-1.267
Approximation M2 M =~ 1.026 = 0.02
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How well have we measured QE Scattering?

QE scattering 1s, theoretically, the best known low-energy neutrino nucleon process
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How well have we measured QE Scattering?

QE scattering 1s, theoretically, the best known low-energy neutrino nucleon process

v+n< p+p, BBA-2003 Form Factors, m,=1.00

5(10"cm?2)

0.8 T L - l ....................... .............. {—... -FI'.'E-EHLI"‘|EEI1 S S —
g Fer'rnl Gas, n: jas Eﬂm_zi Ma\f i

" { v FNAL 83, D, ey AHL 73,D, |
0.2 % - ANLTFDy e - BAT- 43-€F, sBr- - Serprhey 85 At
= <Y BNL81, Dy ¥ v GGM 79, C;H

1 1 1 1 ] 1 | 1 1 1 1 1 |

n_ 1 1 1 i 1 1 1 i 1
0 2 4 6 E 10 12

E E, (GeV)

~0.975x 107 (——) em’
1 GeV 6

G-QE



Welcome to Nuclear Effects....

1. The target nucleon has momentum in the nucleus.
This Fermi momentum modifies the scattering angles and
momentum spectra of the cutgoing final state

2. The outgoing nucleon can interact with the target
nucleus.

This nuclear re-interaction affects the ocutgoing nucleon
momentum and direction

Theoretical uncertainties are large
vAt least 20%

«If precise knowledge is needed for a particular target

(e.g. Water, hydrocarbon) then measurements are needed
vLast measurements taken in the '"70s
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MINERvVA CC Quasi-Elastic Measurements

Fully simulated analysis, - realistic detector simulation and reconstruction

#Quasi-elastic (v + n -->u~ + p, around 800 K events)
#Precision measurement of o(E, ) and do/dQ important for neutrino oscillation studies.
vPrecision determination of axial vector form factor (F,), particularly at high Q2
vStudy of proton intra-nuclear scattering and their A-dependence (C, Fe and Pb targets)

QE scattering, Vo BEA—-Z2003 Form Factors
A R QE scattering, v, F,(Q%)/dipole, M,=1.014 GeV
1.0 0w - S e I ] —
i A RN ) 1 1.50 % Minerva, F,(Q®) errors -
% I ' T 1 T] Gg*(Q%), Polarization/dipole
0.8 ............. l ............ l ............ I ........... _- 1 25 - < o BNL 81' Da' Baker et ﬂl‘ ]
| ! : : : ; ' + b o ANL B2, D, Miller et al.

B I : ; | ] = b 0 FNAL 83, Dy, Kitagaki et at.
| 0.6 - Efficiency:and Purity Included] .E* 1.00 —# %## . 8
= : . : o ]

Ic:: —_— EFerrru Gas;, Ciz. E{EIND:ZED MeV ] 5 * * »

I 0.4 - Average;-eff. =74 %:and purity =77% -~ - @ 075 X .

e ; ; t ] o i % X ’((

02 -~ - - ............ ............ ........... _ 050 9 + h\( + .
0o ; ; ; - 0.25 . . +
o 5 10 15 20 0 < , 6
Q° (GeV/c)
Expected MiniBooNE E,(GeV)
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Coherent Pion Production

Fully simulated analysis, - realistic detector simulation and reconstruction

¢Coherent Pion Production (v+ A -->v/u"+A +m, 85 K CC /37 KNC)
#Precision measurement of o(E) for NC and CC channels

v¥Measurement of A-dependence .
pass
vComparison with theoretical models o~
20 B | " 160
1000 — 140
= b, o
v 60 | a0 F
[ &0
0 N 400 :—“: L :
7) TE/JT 200:—‘> EL :EE_:-- o
‘ n- Kl -lt-'-:-rJ:“ T E- a 13-01120 T
IP ] vlslle chargad tracks Intaraction distance
B —— _
N N
Selection criteria reduce the signal by a r I
factor of three - while reducing the ; | tEn L
baCkngUIld by a factor of = 1000. TR TR T Ty
Recanstructed x Reconstructedt

J7



o (10%° cM?)/'>C NUCLEUS

Coherent Pion Production

CC Coherent Pion Production Cross Section A Depentienss of 5 GaV GO Coherant Grons Eastion
500 -~ £...F
_ a MINERVA E
. FNAL (CC), Alderholz, Phys. Rev. Lett. 63, 2349 (1989)| |= = [ Rein-Sechs
v Aachen (NC), Faissner, Phys. Lett. 125B, 230 {1983) s il
o GGM (NC), Isiksal, Phys. Rev. Lett. 52, 1096 (1984) N
400 _ o SKAT (CC), Grabosch, Z. Phys. C31, 203 (1986) B .
_ & SKAT (NC), Grabosch, Z. Phys. C31, 203 (1986) ek Paschos-
_+ BEBC (CC), Marage, Z. Phys. C43, 523 (1989) <
_ 5 CHARM (CC), Bergsma, Phys. Lett. 157B, 469 (1985) B Kartavtsev
. CHARM II (CC), Vilain, Phys. Lett. 3138, 267 {(1993) N
300 -
- O’(I’Iﬂ’ _|— A % M— + ﬂ"’ _I— A) a o 25 5I|:| 7‘5 1|I:||:| 12‘5 1én 17"5 2|I:||:| A
200 -
i MINERvVA’s nuclear targets allow the
100 | I first measurement of the A-dependence
' . z# N R of o, across a wide A range
Y + . " MINERVA
0 _I 1 1 1 | 1 1 1 1 | 1 1 1 1 | L 1 1 1 | 1 1 1 L | 1 1 1 1 | 1 L 1 1 | 1 1 1 1 | 1
0 25 5 75 10 125 15 175 20
Expected MiniBooNe Ev (GEV)

and K2K measurements
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Recent K2K SciBar Result

M. Hasegawa et al. - hep - ex/0506008

¢ Expect 470 CC coherent events according to Rein-Sehgal
¢ Find 7.6 £ 50.4

Comparison with other results

—
o

Rein-Sehgal

aiv CC) =107 x 107 em*/nucleon
for averaged K2K neutrino energy assumed

Aachen(NC)
GGM(NC)

K2K (CC)

=
o
L]
o
=
c
o
£ 5
3]
§
=
-
o]

o

@ Assumptions:
@ 0(CC)=20(NC) (isospin relations)
@ 0 proportional to A3 for different nucleus
@ O(total CC) in NEUT MC 61




Resonance Production - A

#Resonance Production (e.g. v+ N -->v /u™ + A, 1600 K total, 1200K 1)

vPrecision measurement of o and do/dQ for individual channels
vDetailed comparison with dynamic models, comparison of electro- & photo production,

the resonance-DIS transition region -- duality
vStudy of nuclear effects and their A-dependence e.g. 1 & <—— > 2 w <——> 3 x final states

Total Cross-section and do/dQ? for the A** - Errors are statistical only

0.8 T T T T

|
dSigma/dQ~2

1.0

0.6

| | | L 00 1 1 1 1 1 1 1 1
0.0 0.2 0.4

Enu



Nuclear Effects

Q2 distribution for SciBar detecto} ® = :
¢ Data 00 (11 | i“ L) Problem has existed
I NC ! S pon-cE for gver four years
. EEm  CC multin * K2K Near Detectofs, Nulnt01
~ mmm  coherentn 8 e 1
. EEE CCin wlid b O
mmm CCQE 4 o L
R o ©
0 02040608 1 12141618 2 L e e
Q2 GeV o
Larger than expected rollover at low Q2 All “known” nuclear effects taken into account:
/ Pauli suppression, Fermi Motion, Final State Interactions
0.3 ® Data

They have not included low-v shadowing that 1s only
allowed with axial-vector (Boris Kopeliovich at Nulnt04)

[ Monte Carlo

Fraction of Events / 0.1 GeV?

" MiniBooNE
Fr':n'1 J(.)?eaaf L,=2v/(m2+Q% = R, (not m,?)
(NOON04) L.100 times shorter with m_allowing low v-low Q2 shadowing

ONLY MEASURABLE VIA NEUTRINO - NUCLEUS
INTERACTIONS! MINERvVA WILL MEASURE THIS

ACROSS A WIDE v AND Q> RANGE WITH C : Fe: Pb
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LATEST NEWS: He Target for MINERVA

in addition to C, Fe and Pb targets

Layers Cryocooler
Vacuum
Shield Chimney
Helium

Beam direction
>

Dished head

1.5 m cylinder inner vessel
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Difference between v—A and u—-A nuclear effects

1.2 F, .
Lead/Carbon |
| /
0.9
0.8
0.7
0.6
05 —
0.001 0.01 0.1
Bjorken x
Kulagin Predictions: Fe/C and Pb/C - ALL EVENTS - 2-cycle
1. ¥
[1
0.9
[
]
* Fe/C

S 038 §
N
<
24

0.7 s Pb/C

]
0.6]
.001 01 1
X

Nuclear Effects

0.7

12| Iron/Nucleon R
0° =025 GeV*

" Fy(neutring)
F,{muen)

10

V-GV Sergey Kulagin
'Lead/Carbon _ " F,(nentrino) ——
0° =0.25 GeV? F,(muon) ------

v, GeV




Strange and Charm Particle Production

Existing Strange Particle Production

Gargamelle-PS - 15 A events. FNAL - = 100 events

ZGS -30 events BNL - 8 events
Larger NOMAD inclusive sample expected

¢ Theory: Initial attempts at a predictive
phenomenology stalled in the 70’s due to lack of
constraining data.

MINERVA will focus on exclusive channel
strange particle production - fully reconstructed
events (small fraction of total events) but still

MINERvA Exclusive States

400 x earlier samples
3 tons and 4 years

AS=0
Important for background calculations of > W KO* A? ) 42K
° - +
nucleon decay experiments Wt KA SBK
w KO A0 26 K
w K-K*p 20 K
With extended V running could study single w KK ntp 6K
hyperon production to greatly extend form factor . AS=1 -
wK'p
analyses W KOp 0K
i w gt Kon 8 K
New measurements of charm production near AS = 0 - Neutral Current
threshold which will improve the determination of v K+ A0 14 K
the charm-quark effective mass. v KO A0 4K
v KO A0 12K
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Generalized Parton Distribution Functions
Weak Deeply Virtual Compton Scattering

W>2 GeV, tsmall, E, large -
Exclusive reaction

¢ First measurement of GPDs with neutrinos

¢ Weak DVCS would allow flavor separation of GPDs

¢ According to calculation by A. Psaker (ODU), MINERVA
would accumulate 10,000 weak DVCS events in a 4-year

run
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Similar to MINOS Near Detector:
v Assemble “modules” on

surface

» Mostly University
Technicians, Fermilab
oversight and space.

» 6 months prototyping

Model for Installation Procedure

» 12 months assembly

v Bring modules down the shaft
using strongback and cart:
max load 5.3 tons

» 2 “modules” a day for most
of detector

» Physicists commission
after each layer installed

v Low voltage, coil, and coil
power supply installed by
Fermilab folks

v Install final stand

_——

Detector Region Module | Mass (t) Time
s (days)

Inner Detector 30 3.6 15
Nuclear Targets 9 3.9 5
Downstream ECAL 5 4 3
Downstream HCAL 5 5.3 5
Total 28
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MINERVA Schedule

¢ 2006 Continue R&D with Vertical Slice Test

¢ 2007 Multi-plane Tracking Prototype:
v Roughly 20% of the full detector
v Full EM Pb Calorimeter, no hadron Calorimeter
v Tests to be performed

» Scintillator spacing uniformity
» Plane uniformity across many planes
» Planes stacked as close as physics dictates?

» How to replace PMT Boxes /front end boards
¢ 2007/8 Test Beam Detector Constructed

¢ 2008 Test Beam run and TP run
¢ 2008 Construction Begins

¢ 2009 Cosmic Ray Data and the start of neutrino beam da6tga



MINERVA Summary

¢ Physics Objectives
v Precision study of v - nucleus scattering including cross sections and nuclear effects.
v Important for minimizing systematic errors of neutrino oscillation experiments.
v Significantly augments studies by the nuclear physics community at Jefferson Lab.

¢ Detector

v High-granularity, fully-active scintillator strip based design using WLS fibers and
MAPMT. Triangular-shaped scintillator strips yield precision through light-sharing.

v He, C, Fe and Pb targets for a systematic study of nuclear effects in v-A interactions.

¢ Location
v Installed upstream of the MINOS near detector. Needs neither new beam nor new hall.

¢ Status

v Stage I approval in April 2004 and successful Director’s Reviews in January 2005,
December 2005 and August 2006

v The Project has CD-0-1/2/3a approval

v Projected construction & installation schedule: completed early Fall of 2009 with physics
data-taking at the end of 2009. 70



BACKUP SLIDES
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olyuNe) 7 o(vd)

Experimental Results in v Scattering: Nuclear

o5

FNAL E-545

Effects?

14 {a) Q% < 0.2 GeV?
Bubble Chamber: s _ —
10} - -
Ne/D2 0. - L—«—}—-“*""—
‘
1.4 l {h) 0.2 < Q% < 0.5 Gel'?
12f
Lol &{;;J;
08 + +
ﬁﬁ 06
A C
14 (c1 0.5 < Q* < 1.0 Gev?
L2k + +
. sl 1t
Where is the sl
“EMC” effect? g
\\%
ot __+ ) -*b.
CERN BEBC o g
0.6
‘ 1(11'2 ‘ ’ 1[;1



Nuclear Effects - Formation length

Adler, Nusinov, Paschos model (1974) e 7 cross section is largely reduced (up to 40%) ++ charge exchange M

: : S . . o " cross sections is slightly increased by the nuclear corrections
1. single pion production in v N scattering

»  Pauli Principle, Fermi motion ) .. ) .
P One obvious omission, this model does not include

2. multiple scattering of pions hadron formation length corrections

+ Charge exchange, absorption, Pauli Principle
[

dN / Event

1/

(1 I
'random walk’

s charge exchange matnx [\ for 1soscalar targets
(M =M", 3, My; = Ay, Mg = M_g — 3patam. A,,, d, c)

1—r—d i i
M= A, d 1 — 24 d 1 1. 2.5 3 3.5 4 45 5
' ; l—e—d EU&EN p, (GeV/c)
MINERvVA can measure L off of C, Fe and Pb
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Extruding Scintillator

¢ Process 1s inline continuous extrusion

Vv improvement

1 2 Plant for alloying and colourin

over batch
. 1 Polymer A 6 Wate
pI’OC@SSng 2 Polymer B or 7 Pellel
pigment mastermix unit
(MINOS) 3 Feeders 8 Pellet
4 7ZSK twin-screw 9 Clas:
compounder 10 to be

5 Devoldtilizing

¢ Tremendous capacity at Lab 5

v the 18 tons of MINERVA in < 2 months, including startup and
shutdown time
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