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External Links:

« MINERVA Masterclass website (https://indico.fnal.gov/event/22340/)

 MINERVA masterclass guide (https://quarknet.org/content/minerva-muon-neutrino-measurement-
2020)

« Neutrino Masterclass Library (https://quarknet.org/content/neutrino-masterclass-project-map-2020)

« International Masterclasses (http://www.physicsmasterclasses.org)

MINERVA Masterclass Measurement

Created by K. McFarland, K. Cecire, R. Fine, M. Careiro, N. Tagg, QuarkNet LHC-Neutrino fellows
The MINERVA masterclass measurement is supported for International Masterclasses.

Contents:

« Description

» Requirements for hardware and software
e Outline of the day

» Pedagogy

« Student procedure

» Presentation of results

« Sample questions

» Moderators

« Material for students and teachers
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Side-view of the MINERVA experiment.
(Credit: Fermilab)

Description

The MINERVA masterclass measurement enables students to examine actual events from the MINERVA detector
in the MINOS neutrino beamline at Fermilab and draw conclusions based on categorization of the data and the
kinematics of the interactions. There are both background and signal events. In each signal event, a neutrino
penetrates a nucleus in a carbon target and undergoes a weak interaction with a neutron in that nucleus:

vu+n0 S W +WH+ n® - p+pt.

In short, the neutrino interacts with the neutron to become a muon, causing the neutron tobecome a proton. (Note
the net change in charge is zero.) The interaction is mediated by a W boson. The resulting muon and proton exit
the nucleus with considerable momentum, which came from the original neutrino. While MINERVA cannot directly
detect the neutrino, it can detect and measure the kinematics of both the muon and the proton that emerge from
the interaction.

Students can find this kinematic information the ARACHNE, the MINERVA event display that they use to visualize
the events. The students can then put this inofrmation into a spreadsheet which applies conservation of
momentum to give the momentum of the system prior to the interaction in three dimensions. The z-direction is, in
the coordinate system of the experiment, the initail beam direction. The initial momentum in z is the momentum of
the neutrino plus the momentum of the neutron, if any, before the collision. The momenta in x and y, then, if there
is any, would be due solely to the neutron.

inferaction in nucleus

neutrino beam in T - 1 _r___,l“i“" track | |
z-direction p:g‘l'on
(not detected) t+rack

65 70 75 80 8 90 95 100 105 1o 115
Module

Part of MINERVA signal event as seen in ARACHNE.

For more details, see Undertanding MINERVA Masterclass Results
(https://quarknet.org/content/understanding-minerva-masterclass-results).
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Software/Hardware

The entiire MINERVA masterclass measurement runs online in a browser. For ARACHNE, Abobe Flash must be
enabled in the browswer. This usually requires the appropriate plug-in. Masterclass leaders should test ARACHNE
(including choosing a track and copying kinemetics) and Google Sheets in the computers and browsers to be used
ahead of time.

Masterclass General Plan

All masterclasses share a pattern for the masterclass day. Neutrino masterclasses are no different in this case.
The main elements of the plan are:

Intro/warmup

Introduction to the physics (neutrino physics , weak interactions, MINERVA experiment)

Lab tour, if available

Introduction to the masterclass measurement (ARACHNE, student spreadsheet, how to measure)
Lunch with physicists

Masterclass measurement

Discussion of results

Videoconference.

For neutrino masterclasses in particular, these resources will help:

Particle cards activity

Template for introduction to neutrino physics
Template for introduction to measurement
Notes on measurement (below)

Notes on videoconferences.

Pedagogy

Enduring_Understanding:

Indirect evidence provides data to study phenomena that cannot be directly observed.

Objectives:

1. Apply conservation of momentum and energy to measure the approximate energy of a neutrino beam from

the Fermilab accelerator complex.

2. Apply conservation of momentum and energy to measure the properties of neutrons in nuclei of atoms in

the target of a neutrino beam.

3. Determine which events are signal events from which effective measurements may be made and which

events are background that cannot be used for measurements.

https://quarknet.org/content/minerva-masterclass-documentation
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Student Procedure

Screencast: https://tinyurl.com/minerva2019mc (https://tinyurl.com/minerva2019mc).
Here is the general outline of what the students do:

» Students work in pairs: two students to one computer.

« Each pair of students is assigned one mergedTuple (a 50-event dataset) from a Data Group assigned to
their masterclass from the Data Analysis (https://quarknet.org/content/minerva-muon-neutrino-
measurement-2020#da) section of the MINERVA page of the Neutrino Masterclass Library,

« Students examine each event to determine if it is signal or background.

 If the event is determined to be backround, the students skip to the next event.

« If the event is a signal event, students move the cursor to each of the two tracks that emerge from the vertex
and choose them. Momentum and kinetic energy data will appear for the track. Students can copy this data
and paste it into an online spreadsheet.

» Note: Each masterclass is assigned a sheet in Google sheets. This means:

o The masterclasses that will meet together in a particular videoconference are all assigned the same
instance of Google Sheets with a unique URL. Thus, if Boston, Prague, and Mazabuka are meeting in
a videoconference, they get their own place Google Sheets.

o Each masterclass then has its own individual sheet inside that place. It is located as a tab at the
bottom and is marked with either its assigned mergedTuples or the location, e,g, Boston. The
students in Boston put their data, line-by-line, according to their mergedTuple and the Entry (event
window, called a Gate), into their sheet in their tab. (This is pasted from the event display.)

 The spreadsheet will calculate p, (in the beam direction), py, py, and p; (transverse momentum calculated
from p, and py).

» The sheet combines student data to make a histogram of values of p,. Each value of p, represents the
momentum of the neutrino before the interaction plus the moemntum of the taget neutron in the z-direction,
if any. Guided by the masterclass leader, students can make a histogram of p, for all of their events.

« Students make similar measurements of p, and p,. Since they are transverse to the beam, they represent
components of the momentum of the target neutrons only, if there is any.

Main steps for students in data analysis:

First step: Find events.

Each pair of students goes to the Student Start Page (https://quarknet.org/content/minerva-neutrino-
masterclass-student-start-page) where they find their assigned Data Group and spreadsheet.

https://quarknet.org/content/minerva-masterclass-documentation 4/17
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Small URL for this page: .

+ Name of your institute (usually the city)

« Date in the Fermilab time zone (LS. Central Time)
« Data Group letter

« Data mergedTuple number

Step 1: Find your Institute, Data Group, and Spreadsheet in this table:

Step O To start the MINERVA masterclass measurement, you need the following information:

MINERVA Neutrino Masterclass Student Start Page

Dateftime CT Institute (Data Group) Institute (Data Group) Institute (Data) Spreadsheet
[Thu 14 Mar/11:45 Rochester (A) [Syracuse (E) FNAL-14Mar2019
Fri 29 Mar 15:00 Barranquilla (B) Lead (C) FNAL-29Mar2019
Fri 29 Mar 21:00 Qingdao (D) FNAL-29Mar2019
ISat 06 Apr/14:00 Fairfax (A) \ayaguez (F) Knoxville (E) FNAL-06APr2019A
ISat 06 Apri16:00 Minneapolis (G) Fart Collins (B) FNAL-06APr2019B
[Thu 11 Apr/09:00 alencia (C) FNAL-11Apr2018
[Thu 11 Apr/15:00 Batavia (F) FNAL-11Apr2019

Step 2: Open your Data Group by chooing the letter and find your mergedTuple by its number.

Second step: Open and use Arachne.

The masterclass leader should tell each pair of students their mergedTuple and help them find it in the data group
and spreasdsheet . When they choose the mergedTuple, Arachne will come up in a new tab on the browser, which
will open at the initial time Slice in the first Gate (shown as Entry 0; the next Gate will be Entry 1, etc.). In most

cases, it will not initially show the event for which the students are looking. They must find it, if ti is there, by

advancing from Slice to Slice within the Gate.

C @ httos//querknet org/ccntent/minerva-masterdass-czta-group-d
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Students choose Next Slice, which moves a slightly later time in the Gate with each click. The progress can be
seen in the Time Histogram in Arachne. Students advance the Slice until they find an instaance of one long track
and one short track coming from a common vertex. This is the actual event theyi seek.

In this particular Gate, we find two possible events but both are background. The first has two short tracks rather

than one:
C @® Not secure\ mnvevd1.fnal.gov/rodriges/Arachne/simple.ntml?filetype=dst&entry=08&filename=/minerva/data/users/finer/QuarkNet/production_Spring2013_2013-01-22/mergedTuple_79.root W
-
—
Status: DOREIII | |
) BT jo
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Vel | I | |
fre, Gl 1) el Garniun 2000 4000 6000 so0 1000 12000 14do0  tadoo 'R
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" ‘ uw s ==H Time
{ | 5:::—-_*'—*“—’_’—“ (5.1 years ago)
- e Hit; 356
¥I Show tracks - " v
Individual Tracks: 50 == fean fne e
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¥ Track 1
¥ Track 2 0
Gk 50 5 00 50 2% N B 4 45 N % 0 65 7 75 @ % w0 A0 A5 o 1

Module

That means is is not a signal event. Note that time has progressed to a little over 7000 ns in the Time Histogram.
This is also background from a later Slice in the same Gate:
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lines of red and orange dots also coming from the same place.

Here is an example of a good signal event:
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Note we are in a different Gate. This is close to a "classic" event: one clear long track for the muon and one clear
short track for the proton. (The muons track is always the longer of the two.)

Now the students can find the kinematics from each track. First, they choose one of the two tracks. Here we
picked the long muon track first:

-
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Third step: Enter data into the spreadsheet.

When students choose a track, the Track Information box pops up. Because this is a muon, they choose the Copy
button for a muon. This copies the kinematic data for the muon onto the computer clipboard. It is then pasted at

the appropriate place in theie assigned Google sheet, in this case in the row for mergedTuple 79, Entry 5 and in
the column under Muon KE (MeV):
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Background  Zoo Muon
Entry (entera 1) (entera1) KE (MeV) vic mx (MeVic) ny (MeVic) pz (MeVic)

78 E 2468.00 099817 12787 -45151 252766
It} ki 418098 09997 -200.25 kPN 426265
It} 40 278340 099934 18133 -468.2 284218
It} i

It} 2 346768 099857 319 £24.25 350230
78 4 6,862.50 0.99989 579.99 4545 6,941.86
78 4« .27 0.80089 56.54 -5 12452
78 45 4687 0.99976 -502.76 33544 474127
78 4 287991 0.99938 -369.07 -127.88 2957.39
It 7 386006 099985 -205.93 43385 3950.00
It # 57843 099984 17025 -586.18 584742
It 49 307477 099845 22858 30383 318471
It 50 5756.19 099984 126 56 41138 5 836.67
79 0

79 1 12564 0.89036 111.97 1275 171.66
79 2

79 3 274579 0.99932 -396.07 -157.98 2816.76
79 4 235.04 0.60049 EETRES 43813 435.93
79 5 384464 0099646564  457.0591639 344430018 3‘906‘44_\
79 ]

79 7

79 8

79 g

79 10

79 1

79 12

70 11

mergedTuplesito25 =

mergedTuples26to50 ~

Copy of mergedTuples5ito100 -

The students next choose and copy for the proton:
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27165
-208.15
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pz (MeVic)

§69.32
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1,905.43
7941
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1509
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43593
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Then paste the proton kinematics in the next cell to the right of the muon numbers:
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Tuple Entry

It

L]

78

It

L]

78

161 It
162 78
03 78
164 7
163 L]
8

79
172 79
173 79
174 79
73 79
176 79
177 79
79
79
79
79
182 79
83 79

184 70

+
m

39
40
41
4
43

4
46
47

49
50

mergedTuplesito25 =

Muon

KE (MeV)
2,468.00
4180.98
2783.10

346768
6,362.50

07
468734
287991
3,890.06
578431
307427
5756.19

125.64

274579
250
384454

vic

0.99917
0.9997
0.99934

0.99957
0.99989
0.80069
0.99976
0.99938
0.99965
0.99984
0.99945
0.99984

0.89036

0.99932
060049
0.999646564

mergedTuples26to50 *

px (MeVic)
127.87
-290.25
-181.33

19
579.99
56.54
-602.76
-369.07
-295.93
370.25
-228.59
326.56

.97

-396.07
337.93
457.9591639
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Dy (MeVic)
-45151
3275
4682

-624.25
-95.45
-5
-335.44
-127.86
43185
-586.18
-303.83
-411.38

1275

-157.98
-438.13
344.430018

pz (MeVic)
250768
426265
284218

350230
6,941.85

12452
4T3
295739
395000
584742
315471
583667

171.66

281676
159

Praton
KE (MeV) vie
250.63
418098
299,54

121851
33054
158.34
158.34

1286.04

130732
169.58

14323

578431

260.48

149381
2504

0.61

0.65

09
0.67
052
052
091
0.92
053
0.92

0.62

092
06

D (MeVic)
282.26
-200.25
40.96

169.69
61.04
22867
22867
-249.61
-158.47
-246.29
-156.6
310.25

406.75

-311.93
3793

py (MeVic)
73.04
32275
£09.33

-339.63
308.27
-127.41
12741
-86.47
232.33
271.65
-208.15
-586.18

-46.31

-124.42
-438.13

Dz (MeVic)
669.32

426265
527.92

190548
7941
50358
50358
2000.18
212009
4609
216123
584742

623.59

221835
43593

390644| 3526635404] 0686893643

Copy of mergedTuples51to100 *

-445.034096  -569.8872402 512.9732787_‘

videocen plots *

Note that the spreadsheet automatically calculates initial py, py, and p,.

Net

D (MeVic)

410.13

-580.50
-140.37

48159
518.95
285.21

-374.09
-518.68
-454.40

123.96

-385.19

696.81

518.72

-708.00

675.86
1293

Net

oy (MeVic)
37847
64550
14113

-963.88

21282
-156.91
-462.85
-214.33

£66.18
-314.53
-511.98
-997.56

-59.06

-282.40
-876.26
-225.48

nu-beam

pz (MeVic)
3,196.98
8,525.30
3370.10

5.407.78
7,736.96

628.10
5,.244.85
4,957 57
£,079.09
6,308.32
5,315.94
11,684.09

795.25
5035.11

871.86
4419.4

Sum: -148.5976143

Students do this for all 50 entries (or gates), leaving empty rows only when the gate has no veriable signal event.

About background events

Signal events have a "clean" vertex and undiverted tracks for a proton (short track) and a muon (long track). There
may be some splotches of light gray near the vertex; these are low energy deposits in the detector and can usually

be ignored.
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The two main types of backround event are Vertex and Recoil.

» Vertex background events have ejecta from or near the vertex of the long muon track and short proton track
which frustrate an attempt to accurately measure momentum and energy.

» Recoil background events have muon or proton tracks which show signs of having radiated an unseen
particle or collided with an unseen particle. The main sign of this would be a track with a "knee" or a "kink" in

its path.

Diverted track
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Module

Recoil background event.
Vertex background event. g

In addition, many background events are just outside parameters for a signal event. They may have too many
tracks or many "splotches" of significant extra energy or are simply hard to understand. (Physicists usually call
these latter kind, if they are odd enough, "zoo" events.)

The good news: students do not need to categorize background events - just skip them!

Presenting and Understanding Results

Masterclass leader must help students to interpret results in a physics discussion after the measurement. We refer
you again to Understanding MINERVA Masterclass Results (https://quarknet.org/content/understanding-

minerva-masterclass-results).
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For each masterclass, plots of p,, py, and py for all signal events measured will appear at the bottom of the specific
sheet in Google Sheets used by that masterclass. Each plot should be roughly Gaussian. Masterclass leaders
should guide students to these 3 discoveries:

1. The central value in the p, plot represents the beam momentum. Since each neutrino has very little mass
but significant-enough momentum to be relativistic, p, in MeV/c is effectively the same number as energy E
of the neutrino beam. If nothing else, the students will leave the mastecrclass knowing the MINOS neutrino
line beam energy becuase they will have measured it.

. The values of p, and p, represent neutron momenta in the x- and y-directions, transverse to the neutrino
beam. If these cluster narrowly around zero, then the neutrons are at rest when they interact with the
neutrinos. If there is more like a Gaussian distribution, they hav etheir own momenta inside the nucleus.
Thus students can conclude from a robust distribution that the neutrons do indeed have their own momenta
- and thus motion - inside the nucleus.

. The widths of the distributions in p, and p, represent two meaurements of the uncertainty in the momentum
of the neutron inside the carbon nucleus. Application of the Heisenburg Uncertainty Principle will then yield
the uncertainty in position. An adjustment for the neutrinos behaving approximately as a Fermi gas doubles
this number. This is the uncertainty in the position of the neutron and should be on a scale similar to the
radius of a carbon nucleus.

The plots should appear at the top of the sheet to the right of of the data and look something like this:
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For p, and py, the uncertainties can be roughly measure as the full-width at half-maximum of the plot.divided by 2.
Students and masterclass leaders are asked to measure these from the plots and enter these into the Google
sheets just below those plots.. The Google sheet will then make the cal

Much MINERVA research is dedicated to understanding the full interaction - v, + n® — u + p* plus whatever
interactions the muon and the proton have with other parts of the nucleus as they energy.

Moderators

Fermilab-based moderators should refer to the FNAL Masterclass Moderators page
(https://quarknet.org/content/fermilab-moderators-2020).

All moderators should note the following:

» The videoconference should last about 30 minutes. It sometimes runs over but be careful to not use up too
much time, especially in the first half. Keep answers and explanations brief and to the point. Do not veer off
into details or additional related physics.

« If there is only one masterclass group assigned to the videoconference, there is no need for combination of
results. Rather, allow the single group to explain their results to you; ask probing and encouraging
questions.

« If there is more than one group, still allow each group to explain their result but limit it to only 1-3 minutes.
Ask questions.

» Combination plots are in the "videocon plots" tab of the Google Sheet. The spreadsheet calculates standard
deviation for the p, and p, plots as well as Ap,, Ax. Ap,, and Ay. Please discuss these results with the
students and compare them with the results for a single group. Ask more questions.

« The last part of the videoconference is for students to ask questions of you. Be sure there will be time for
this. They are instructed to be wide-ranging in their questions.

The plots and calculations look like this:
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L

Histogram of pz (beam energy

Histogram of px

Histogram of py

References and materials

+ MINERVA (Fermilab) page (https://minerva.fnal.gov/)

« International Masterclasses (http://www.physicsmasterclasses.org)

Std Dev -
deltax =
delta-x =

Std Dev -
delta-y =
delta-y =

297 61 MeVic
0.50 fm (Heisenberg)
1.01 fm (Fermi Gas)

260.05 MeVic
0.58 fm (Heisenberg)
1.15 fm (Fermi Gas)

« QuarkNet (https://quarknet.org) (for Neutrino Masterclass Library, go to MASTERCLASSES > NEUTRINO

PROJECT MAP)

» Useful Wikipedia pages:
o Heisenberg Uncertainty Principle (https://en.wikipedia.org/wiki/Uncertainty_principle)
o Full-Width Half Maximum (https://en.wikipedia.org/wiki/Full_width_at_half_maximum)
o Standard Deviation (https://en.wikipedia.org/wiki/Standard_deviation)
o Fermi Gas (https://en.wikipedia.org/wiki/Fermi_gas)
» All the data:

A
B.
C.
D.
E.

https://quarknet.org/content/minerva-masterclass-documentation

mergedTuples 1-25 (https://quarknet.org/content/minerva-masterclass-data-group)
mergedTuples 26-50 (https://quarknet.org/content/minerva-masterclass-data-group-b)
mergedTuples 51-75 (https://quarknet.org/content/minerva-masterclass-data-group-c)
mergedTuples 76-100 (https://quarknet.org/content/minerva-masterclass-data-group-d)
mergedTuples 101-125 (https://quarknet.org/content/minerva-masterclass-data-group-e)
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F. mergedTuples 126-150 (https://quarknet.org/content/minerva-masterclass-data-group-f)

G. mergedTuples 151-175 (https://quarknet.org/content/minerva-masterclass-data-group-g)

H. practiceTuples (https://quarknet.org/content/minerva-masterclass-practice-data) (includes
teacherTuple and Archive)

Neutrino Masterclass Library 2019 (/content/neutrino-masterclass-library-2019)

Office of

< @Eﬁﬂéﬁgy Science

This project is
supported in part by the
National Science
Foundation and the
Office of High Energy
Physics, Office of
Science, U.S.
Department of Energy.
Opinions expressed are
those of the authors
and not necessarily
those of the Foundation
or Department.

LHC &

Fermilab Links
CERN
(http://home.cern)
ATLAS Experiment
(http://atlas.cern)

CMS Experiment
(https://cms.cern)
ALICE Experiment
(http://alice-
collaboration.web.cern.ch)
LHCb Experiment
(http://Ihcb-
public.web.cern.ch/lhcb-
public/)

Fermilab
(http://www.fnal.gov)

Resources

Fermilab's

Discovery Science
(http://ed.fnal.gov/projects/fnal/index.shtml)
LHC Masterclass

Library

(/page/masterclass-

library-project-

map-2017)
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Online Resources
(/content/online-
resources)

e-Labs
(http://www.i2u2.0rg)
Data Portfolio
(/content/quarknet-
data-portfolio)

Contact us

QuarkNet

Contacts

(/content/quarknet-

contacts)

Join us!

(/content/join-us)

Report site issues
(https://quarknet.org/content/quarknet-
website-problems-

and-questions)
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