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What is
MINERvVA?

s Dedicated neutrino-nucleus cross-
section experiment running at
Fermilab in the NuMI beamline.

s Will perform detailed study of
neutrino interactions on a variety
of nuclei.

s Using Low Energy Neutrinos
(~Few GeV) and...

s Visualized with a fully active, high
resolution detector and Large
statistics
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Why is MINERvVA
Needed?

a EXlStlng data between 1-20 GeV (No MiniBooNE results on this plot)
poorly understood: ST
s Mainly Bubble chamber data -*
s Wide band neutrino beams
s Low statistics samples
s Large uncertainty on flux. i.e.
large systematic errors.

G. Zeller
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Why do we care that
the cross-sections are
poorly know?

- Motivation (v Oscillation):
- We are now in a period of precision neutrino oscillation measurements

s From oscillation theory: Need Am?¢L/E, ..., ~1 to maximize oscillation

effect
G. Zeller
s With Am? ~2.4 x 103 eV? and —2r
I's ~several hundreds of km, 2 vl
E, ... ~few GeV range 7 LBNE
:_::_ 0.8 {’ L
. . ) = s I
s Need Precision understanding of 3 o | | i T
Low energy (Few GeV) neutrino = | QE
cross sections. ~
ia a2z | SIﬂg!e Pion
UICI_I 1 o |-:- 1::-2
MINERvVA Energy Range .
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Motivation

E, @ SK -
Unoscillated

P (from ND measurements +
beam Monte—Carlo)

Disappearance Oscillation Measurement:

Oscillation peak

- Experiments expect distortion in v energy
distribution for E < 5 GeV

Measured from
4 CCQE mnteractions

- Recall oscillation probability depends on E_ | ™— Non-QE background  Ev
- However Experiments Measure E__

. sin2 2023 |
- E _depends on Flux, ¢, and detector response Wwd
vis Amg, E unoscillated

interaction multiplicities AND particle type
produced

ratio

Ev

Final State Interactions:

- Intranuclear rescattering

- Energy loss and/or absorption
- Change in direction

- E___notequal to E
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Motivation

Appearance Oscillation Measurements:
Measuring ©, .: Look forv 'sin a v, beam.

CC v backgrounds to v _search:

— NC m'; v.+N-v +N+ 1’

- n° ->yy; only one ydetected in final state
-y and e are indistinguishable

— Intrinsic v_in beam (Specific to NuMI beam)

— Critical to measure these background processes using
the same nuclear targets used in oscillation experiments.
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Motivation

V scattering physics:

MINERVA is positioned to resolve discrepancies between different experiments:

— MiniBooNE and SciBooNE QE data agree with each other at low energy but
conflict with the NOMAD results at higher energies:

%9 0'39 T. Katori (Teppel)
”E 16 = REG with M, =1.35 GeV
s 14 REG with M, =1.03 GeV
A = 12E-
Vy Quasi-Elastic Ty b 1 0 :_
| 8-
" 6 — " MiniBooNE with total error
4 *  NOMAD with total error (arXiv:0812.4543)
n p 2 - A SciBooNE with preliminary errors
0 — | L L 1 L [ | L 1 1 1 L1
10" 1 10 EZ™® (GeV)

Minerva nicely covers region of interest
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Motivation

Other v scattering physics:

e Axial form factor of the nucleon
- Accurately measured over a wide Q2 range.
e Resonance production in both NC & CC neutrino interactions
- Statistically significant measurements with 1-5 GeV neutrinos
- Study of “duality” with neutrinos
e Coherent pion production
- Statistically significant measurements of A-dependence
e Strange particle production
- Important backgrounds for proton decay
 Charm particle production at threshold
- Charm mass
e Parton distribution functions
- Measurement of high-x behavior of quarks
* Generalized parton distributions using weak probes
* Nuclear effects
- Expect significant differences for v-A vs e/p-A nuclear effects
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Collaboration

Currently consists of about 100 nuclear and particle
physicists from 22 institutions and 7 countries.
—Members are also collaborators on other experiments where

MINERVA results can make a significant contribution.
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targets

a 120 modules of four types: nuclear target, tracker, ECal and Hcal
s Total Mass: ~ 200 tons

Detector

a An active segmented scintillator detector with nuclear targets of C, Fe, and Pb
(HZO and He coming soon)

a All targets in same detector reduces systematic errors between different A

- Central region is finely segmented scintillator tracker
- ~32k readout channels total

\. (

Steel Shield
Scintillator Veto Wall

¥ coming this
Spring
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Elevation View
Side HCAL
Side ECAL ]
___.._--"'""_Fr.r-r'_.-‘_
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o o = L&
E ol Active Tracker P g E E E
g Region = T s
§ £ ﬁ o T Tw
= 8.3 tons tolal S &)
E e (3 tons in 85 cm radius fiducial) ]
= 15tons | 30 tons
Side ECAL 0.6 ions

Side HCAL 116 tons
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214 m

345 m

'

4
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(Muon Spectrometer)




Detector: Nuclear
Targets

E 5 S CH (tracker) 6. 43t

@ @ 2 o @

s Water target e 0.25t
i C 0.17¢
g Fe 0.97t
] b 0.98t

s Helium target upstream of detector:

s 5 Nuclear Targets: Fe Pb C:
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Detector Elements:
Modules

Smle ECAL
(Eh for EM Calorimetry)

Each Tracker Module composed of: e
s An inner detector is made of two layers of .l i B e prce
scintillator bars: -

s X layers are vertical and U and V layers i~ Mﬁa’ Sl
are rotated 60 degrees in either - ?iiiﬁi?’??;??? -
clockwise or counterclockwise direction #”maﬁi?‘f

s A lead collar acts as a side ECal i A

s An outer detector for hadron calorimetry
made of iron and interleaved with
scintillator bars to detect exiting
particles
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Detector
Modules

Tracker module ECAL modules HCAL modules
incorporate Pb include 1” steel

absorber absorber

~ Example

Modules hung onto rails Target module

using frame “ears” to
assemble detector
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Detector Elements:
Scintillator Bars

/\ Particle
0

1.7 x 3.3 cm? strips

WLS fiber readout in Position by charge sharing
center hole

| Track Node Residual |

- globalResid
Entries 8341357
Mean 0.005417
RMS 3.203

X
<

450
400
350

N

N
300

250
200
130
100

50

~32K channels L 5 10 15

Xfra ck-fit _ Xc.fuster

(mm)
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s Good tracking resolution (~3 mm)

s Calorimetry for both charged hadronic particles and EM
showers

s Timing information (few ns resolution)

s Containment of events from neutrinos < 10 GeV (except muon)
s Muon energy and charge measurement from MINOS

s Particle ID from dE/dx and energy+range

s But no charge determination except muons entering MINOS
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FNAL NuMI
Beamline

* Fast-extracted 120 GeV p beam — C target
Mam , o 0 et

Inecto (3-4)x10% protons/year = /K
Accelerator * 2 horns focus n*;’ﬁ*—rp*v# or ”_"‘K__"ﬁ“'ﬁ

mgﬂ,/L Hadrmﬂhsmber_/‘;x\“_ L;i;e:w beam

Plan View

focusmg homs I D
35x10"* protons on Alecoves  Hall
target(POT) per - T . .
Spill. Rep rate: ~0.5 Hz K Lﬂ: e ——

300-350 kW
| Y Pk, WY, v,

a Absorber stops hadrons not p
a 1 absorbed by rock, v — detector
s Extensive instrumentation to monitor p, hadron, muon beams
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NuMI Variable
vV Energy

(Figure courtesy B. Zwaska) PR Muon Monitors I

Target () Tyrget Hall Decay Pipe A = | P )

120 GeV - —— "

protons Y} x4 — g

— - -
AR = g
Main Injector Hi 7 2
& not at scale MINOS
Detector
p 18
. 0.014 19— ——

g “LE
50.012: E'E -pME ]
& o010 - pHE
NE ooo8 | L T -
. . . > [ 18k :
a NuMI target mounted on a rail drive for variable R .
positioning - Allows easy v energy tuning Zoou[ J A} L L .
. . . . " o002 g L :
a NuMI provides either v or anti-v beam by sign oo - S ]

. . . . . . 02I4".El3é-1-‘(')1214161l82-0
selecting pions using magnetic horn current direction. Energy (GeV)
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Timeline

2 11/2009: ~0.8 x 10*° POT of low energy (LE) anti-v beam using 55% of detector.

a 2/2010: Installed remaining 45% of detector.
@ Ran LE v beam from 3/2010-9/2010 - 1.2 x 10%° POT.

211/2010-May 2011: LE anti-v beam, roughly 1.2 x 10°° POT already recorded.

a Spring 2011 - Spring 2012: Run in LE v beam. Expect in excess of 4 x 10*° POT.

NuMI Beam MC |

a Summer 2012: Fermilab accelerator shutdown, switch to ME.

s Expect 12 x 10?° POT running with NOvVA. £ iy

PR — 1
0 5 10 15 20
Neutrino Energy (GeV)

J Expect ~9 million CC events in the fully active target region over the course of
full Run Plan (LE+ME, NEUGEN prediction).
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CC Sample Sizes

Current Data Sample (GENIE* 2.6.2 Generator Raw Events)

(Target Masses: CH Fiducial = 6.43 tons, C = 0.17 tons, Fe = 0.97 tons, Pb = 0.98 tons w/ 90 cm vertex radius cut.)

1.2e20 POT Low Energy | 1.2e20 POT Low Energy
Neutrino Mode Anti-neutrino Mode
Coherent Pion Production 4k 3k

Quasi-Elastic 84k 46k
Resonance Production 146k 62k
Deep Inelastic Ecslt;?‘rj:%:;ucture Functions, 168k 19k
Carbon Target 10.8k 3.4k

Iron Target 64.5k 19.2k

Lead Target 68.4k 10.8k

Scintillator (CH) Tracker 409k 134k

Total MINERVA Exposure: Run plan in neutrino mode:
4.9 x 10*° PO.T. in low-energy (LE) mode (March, 2010 — mid 2012)
512 x 10*° PO.T. in medium-energy (ME) mode (beginning in 2013)
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Cross-section
Errors

a Statistical errors are expected to be very small.

a The total error on absolute cross section measurements
will be dominated by the systematic error on the determination
of the neutrino flux:

a Past experiments in wide band beams limited to ~30% uncertainty in flux

External hadron production data sometimes inconsistent, or leaves no

opportunity for in situ check of the flux.

Variable beam configurations offer in situ flux method oo

a Can check cross sections at single Ev using several 0012 |
beam configurations ’
s Each configuration samples different pion

kinematics at the same neutrino energy

[

[

v, Flux/GeV/m%10*POT
T

[

Measure event spectrum with QE’s
Normalize to NBB (CCFR) at high energy L
Goal is 7% error flux shape, 10% norm ooy ooy 010

[

i
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Detector
Performance

a [ POT deli d by NulMI H
Y — POT recorded by MINERVA Inner Detector - Hit Occupancy
= 1.4 — special running -
> = for flux studies | NHits for Strip (v} vs Module () |
=] -
a', 1.2 — 131__
o [ -
:-’-, 1 — 10—
= L C
= E j oo
(=] 0.8 — -
£ .E s o
S 06— E -
5 - o
0 o
0.2 — '-]20_ ] " oL £ - 'L
— /4 Module Number (Discriminator FIRED)
A— . . . .
@ss’é\&’ Vertical white stripes: passive target locations

s >98% live-time since November
s From live channel and occupancy plots
s ~20(inner) and ~10(outer) dead channels (out of ~32K): <0.1%
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Example Event
(Data)

Time Histogram

= Timing Information Particle leaves the
=5 for full spill: ~10+6 ps inner detector,
= - L] [116 IéI [ 1 - I - I é 6 . / and StOpS in outer
-1000 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000 iron Calorimeter
o ,, — o __’4
2 j T j i !
P [~ [ |
L S S D A R ' s e S N N S N S S S B T T T T T T T T
g 120 g 120 2 120 B1000
>T ' >T _-:15' f
* 100 - 3 100 S 100 NG
| KN B, 100}
80 80 80 N
60 ;, ] 60 . ] 60 e
40 . — 40 LBERNE S 40 1
X views twice gart' s
20 Vol Wa Vs dim Vi @a ¥va 20 AITH N 20 2 4 6 8 10
dab U.t”..lbt: UA VA, UA], VA,].. . lli;;., Hit Enﬂrgy (MBV}
0 | 1 | I I I I I I ! | 0 | 1 I I 1 I I ! I I ! I 0 | I | I I I I I I |
o - ™ \'\
T
g s % 5 % 5 | Muon leaves the back
P, F o, P, of the detector headed
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110 toward MINOS

s Information buffered in the v spill and read out at end of spill: ADC and TDC
s Similar Times bunched for different slices (events)
a 3 views: X, U & V + Outer calorimeter, color of hits [0 to deposited energy
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Time Histogram

%100
10 i
1 |
N I - |- 1] 111 LI T L L L 1
aAdnn 1nnn___osnnn 2nNA___AnNNA ___&nnhn___&nnn___7nnn __annn ___annn__1ndnn _11Ann_15Ann_13Ann 14Ann 1eAnn 1&Ann
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= F =
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X100 100 >100
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40 = 40 40
20 20 20
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o @ [+ 4
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21204t — 20— Bl204+—+—
= Z = 0
J00 ) Stopping muon

80 80

. EEEEL™ - Michel Electron

7o B B o N S B (-7 ) B co' | S S N 8 EEEE Bl .
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20 204 20 m
O
T T
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Sample Events
Candidates

CCQE £

e 80

& 120

XVi
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Lo 60

40

8 8§ 8 8

el 20

. o —

(=]

—

220 -8 [0 N Y N T IEEEE  EI
o s

X100 ,EM_ShOWGI‘ |1 gma_. I O | oot 1 4 S AL :"II!"::, 1]

A0ttt 48 | - il B0ttt 48 z - ! B0-4—4—4 % T 31 .. L P

60 60 : 60

= 5
aodl 4 4B B YN | ||| [ go-bd 4 & S A4 | | | .-' i ol 4 B == Ry ) L L LR
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.......j.“i"li.:.:i " B
0 0 agh’ s af® i
| R R rrTrrrrrrrrrrnrinri 1 LI | T 1T T 1T 1T irrrrrriria 1 LI
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Vertex Distribution
for Vv CC Events

Charged-Current Events Inside Radius = 0.9 m

% 45000 E_ MC: Generated CC interaction vertex Area Normalized
O _ — MC: Reconstructed (1-track) vertex for nu's matched into MINOS 1.03e20 POT LE v Beam
g 40000 F— Data: Reconstructed (1-track) vertex for i's matched into MINOS
— HCAL
35000 f— Preliminary
O — :
Q. 0000 bfii;iig No Water target
0 — 7/ presently installed
25000 —
@ —
> 20000 —
|.|.| — ECAL
15000 — i
= :
10000 F— E Tracker
— ! . :
— .7 y '
4000 5000 6000 7000 8000 9000 10000
(MC Area Normalized) Vertex Z (mm)
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V CC: Muon Energy

Distributions
DATA: 1.03e20 POT Low Energy V Mode

a Presently only muons entering MINOS used
a Will extend to momentum measurement in

MINERVA using range

20000

35000

Muon Charge

)
-
c
[
>
w

30000

15000

10000

3000

||||||||||l||l||!|||||||||||||||||||H

0 T et I o D GO S De St it B - TN RPN |
- -40 =20 0 20 40 60

MINOS (a/p) / (c(a/p))

N
b=}

v, Charged-Current Events Inside Radius = 0.9 m v, Charged-Current Events Inside Radius = 0.9 m
> - -
@ 20000F 1.03e20 POT LE v Beam % 20000 1.03e20 POT LE v Beam
O ;5000 — - - O 5000 —
g — - Data: All p~ matched into MINOS g - ] Data: All i* matched into MINOS
P~ 16000 E_ |:l Data:u” p, . by range s 16000 E_ I: Data: u* p,,, s bY range
; 14000 = I:I Data: p° p, by curvature ; 14000 — : Data: u* p,, o by curvature
-— =5 - -
c 12000 E qc’ 12000 =
m | -
> 10000 > 10000 Preliminary
Ll = w =
8000 8000
6000 60001
4000 4000
2000 2000
0: e S e e 00_
0 2 4 6 8 10 12 14 16 18 20

Muon Energy at Vertex in MINERVA (GeV)
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Anti-v Charged
Current (CC)

Inclusive p* Data & MC: Low Energy Anti-v Beam

% 4900E™ pe liminary ¢ Data -E ; Preliminary $ Dams
Eilﬂﬂ'ﬂ & Monts Carlo ; s Monte Caro
w3500 L 12001

3000 Area Normalized 1[]{}[]15— Area Normalized

2500 sook
2000

600)
1500 s
1000 400

5 10 15 20 . R T Y B R R4
Muon Energy (GeV) Muon Angle (radians)

Tracks originated in the MINERVA tracker fiducial volume:
s Muon momentum and charge analyzed in MINOS.
s MINERvVA energy loss computed using range.
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Anti-vp - p'n Event Candidates: Low Energy Anti-v Beam
DATA(0.4E20 POT, partial detector) & MC

o F — > F .
E 600 Preliminary e ) g oopE- Preliminary I
L] C (Stat+Flux only) - {Stat+Flux only)
8 L v CCOE § BODE- 7. CCOE
N Sm: v, CC Aeeonant g TME_ I v, CC Reeonant
'Elﬂl-:{l 7, CCDIS E ﬁDﬂ%— { f v, CC DIS
] i ¥ CC Coherent Fi o = %, CC Coheront Pi
3 : e E A
|-|J 3m__ { 1._"“"{: m m; FI.H[:
= N s onf- i o,
o L 3005 I
; m:— I”I” POT Normalized 00— 1 1;1 POT Normalized
E il!i!![i - 1EI]'£— !!!!!!I!
R IR PR AP B B ol & o e L1 T 2 £ LT Y I - PP BTN B e ol i o T ST TN
Dﬁ 02 04 06 08 1 12 14 16 18 2 [h 2 4 6 8 M 12 14 16 18 A
Reconstructed Q2 (GeV?) Reconstructed Neutrino Energy (GeV)

— Absolute predictions from our flux simulation (GENIE 2.6.2, GEANT4)

— Event deficit is flat in Q2 and not in E
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Conclusions

s MINERVA will precisely study neutrino interactions in 1-20 GeV:
s Using a fine-grained, high-resolution, detector
s Using the high flux NuMI beam.

s MINERVA will improve our knowledge of:
s Neutrino cross sections at low energy, low Q2.
s A-Dependence in neutrino interactions (Targets He, C, Fe, Pb
and H O)

s These data will be interesting in there own right and will be
important for minimizing systematic errors in oscillation
experiments.

s First studies are starting to mature, Stay tuned.
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Backup

Recoll Selection

+ Look at energy in the detector, | |
outside of a region very close to J-E2ZE
. =
the track (5cm) =
— Reduces contribution from d-rays )
) F{er. a , 2 "™ Preliminary
calorimetric =
- 10001~ ¥ CC Resonm
energy sum @ '
5 anol— ¥ CC DS
. AS expectEd: u::j 7, €C Coherant Pi
elastic events " e
. + on 7,
dominate at oo,
low recoil PO i Area Normalized
0 003 004 0.06 008 01 042 0.4 046 038 02
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Calorimetric Recoil Energy (GeV)
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Backup

Recoil vs Q2

If the neutron interacts,
may still see visible
enerqy, particularly at

Pl‘elll'ﬂlﬂdl}’

high Q (neutron energy)
I.I.I

Our current selection
varies with Q2

Another option would be

to require low recaoll,
eliminating signal with
interacting neutrons

12 14 16 18 2
Q? (GeV?)

V. Paolone, University of Pittsburgh
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