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Who are we?
What do we do?
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What My Students Think:

Particle physics is very
cool but very difficult.
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HEP iIs super-interesting!

gluons

nucleons

neutron

J. Smith, JHU, July 2017



Helping Develop America’s Technological Workforce

Wh a.t My St U d e n tS Th I n k . Lsar = —3hghdual — g f**d.glalal — g2 ™ foieglgtglas — 0. W0, W, —
MWW, — §O.Z00,Z)) — 55 MPZRZ) — 50, A, A — igen (B, Z(WIW, —
WHEW.) — Z0WHa, W, — W a,Wih) + Z0(WHa, W, — Woa,W b)) —
985w (O A (WIEW, — WIHIW ) — A (WEaL W, — WEa. W) + A (Wa, W, —
Woa.WH)) — P WIEW DWW + $7WIEW W IEWE + g2l (ZpW i Z0W o —
. . . ZRZOWIW ) 4 gt sE (AW AW — A A WIW,) + g2s,en (AL Z0(WWw, —
Part I C I e p h yS I C S I S Ve ry WS W,) = 2AZ0W W) — (0, HOH — 2MPan H? — 3,6" 0, — 30,0 9¢° —
G (222 + 2MH 4 L(H? + 0% +26767)) + 24 ap —
gopM (H? + Hp%® +2H et e ) —

sgan (H + (0°)' + 4(¢7 07)* + 4(0°)*07 0~ +4H ¢ o~ +2(¢°)° H?) —

y ) GMW, W, H — g™ 20205 —
3ig (W H( @ 8,07 — ¢~ 8,0") — W (@30 — 67 3,0")) +
%9 (W,]L (HOud™ — ¢ O,H) + W;(Hap‘ibJr - ¢+8PH)) + %gé(Zﬂ(H@quﬂ - QbﬂapH) +
M (2208, 8° +W ™ + W, 8,p™) —igie MZUW, g — W ot ) igs, MA,(Wie™ —
W, o) — igi52% Z0(pt dud™ — ¢ Fudt) + igsudu(dt dud™ — b Gud) —
TPWIEW (H? 4 (6°)2 + 207 07) — Lg* H Z0Z0 (H? + (¢°)% +2(2s2 — 1)?0707) —

The Reality:
e Reality:
L2 Z00 (Wi o™ + W) — Sig? S Z0H(WiEem — Wi o) + LoPsu A’ (Wihe +
Wooh) + YigPs, A H(W, P — W oh) — g2 (2¢], — 1) Z0A,01 g —
TS ALALGT ST + Figs AG(@T Mgl ) gl — e (vd +ml)et — v @+ mit — g (v +
mﬁ)uj‘ — A3 (v8 + m))d} +igs, A, (—(eMyet) + Z(atytul) — Hdiyrd})) +
T ZW (B (1 4+ %)) + (BM(As], — 1 — 4P)et) + (diyH(5sd — 1 — %)) +
(3yH(1 = 552 + "))} + FLEWIE (M9 (L + P U see) + () y# (L + 77 Cxedf)) +

phy R y S Wy (UL (1 4 7)) 4 (dCLA (1 %)) ) +
cool but very difficult I e il SO
. s (MAEUPL(1+ P)s) — g (@U L (1— ")) — 85 H ) —
§UE H(AeA) 4 9590 (A51N) — TR g0 (eAPeN) — i MEL (1 — 750 —
30 ME (1 — 3:)0 + imdt (—m5 (a0 (1 — 4°)d5) + mi(a} Cre(1 + +°)d5) +
i — ey = " g "~ m
it (MA@ +4P) ) — mE (LA — v yus) — §%5 H (@) —

§H (D)) + § 5 (7)) = F DY dY) + G O*GE + g, f*0,G G gy, +
XH(@? = MA)X+ + X7 (8 — M) X+ X — )XY + YO +ige, W, XX~ —
B X T X ) H+igs, WHOY X — 9, XY ) +ige, W, (9, X X" —

B XX ) igsu W, (8, XY — 8, Y X 1)+ ige, Z0 (9, X T X+ —

X T X ) +igs,, AL (9, X TXT —
9uX-X")—LgM (X+X+H + X-X~H + 3 XOXOH ) +152%igM (X+X09" — X~ X~ )+

FigM (XOX 6% — XOX+ ) +igMs, (XX~ ¢+ — XOX*67) +
Light (XFX g0 — XX~ ¢Y) .

J. Smith, JHU, July 2017




i

3

4 !.'\

Helping Develop America’s Technological Workforce

o

! '
‘:QuarkNet\ But. ..

/

...Particle physics can be accessible to students!

collision
point

beam

J. Smith, JHU, July 2017
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...Particle detectors can live in your classroom!
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The basics
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\ The models

non-deflectad
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Fermions: spin = 1/2 particles

Leptons

iggs Boson:
spin=0

"1 fundamental

scalar particle
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The new periodic table

J. Smith, JHU, July 2017
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non-deflected

fluorescent particles

BCreen

deflected particles

radicactive source
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A detector cross-section, showing particle paths
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Modern detectors

Tracking Electromagnetic Hadren Muen
charrber caloritmeter  calorimeter charber

Innermost Layer,,, ———p ... Outermost Layer

J. Smith, JHU, July 2017
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Slicon Tracker

Pixel Dekector

Very-forward
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Calorimeter

I

Compact Muon Solenoid
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OuarkNet So how do we do 1t?
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Transverse Slice of the Compact Muon Solenoid (CMS) Detector

[ Muon L) | [ Electren ‘I' _Neutral Hadron [GhawHadron] i Photon !

.ml |
®. I
Il * Web
Silicon
ECAL UL i

& }:!]l] Electromagnetic

HCAL - Hadron

Superconducting

Iron return yoke interspersed

v, CERN, 2004

i
Transverse slice Muon signature: Signals in the Tracker and muon chambers; almost nothing seen in the calorimeters. =i LHY
through CMS Muons are perhaps the easiest paricles to identify in CMS: no other charged particle traverses the whole detector.
Being charged, they are bent by the field in one direction inside the solenoid and in the opposite direction outside. As
muons can only arise from the decay of something heavier their presence signifies that something potentially
interesting has happened.

Dervad from CMS Detactor Slice from CERN

J. Smith, JHU, July 2017


https://www.i2u2.org/elab/cms/graphics/CMS_Slice_elab.swf
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Event Display

(All praise to Tom McCauley!)

Missing

Momentum

(missing - |
energy #y)

electron tracks

| muon
11 and muon hits

2/ “~HCAL Outer—

ECAL Barrel X muon track

Event |

J. Smith, JHU, July 2017


http://ispy-webgl.web.cern.ch/ispy-webgl/
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Focus on the
Conservation Laws:

* Energy

* Momentum

* Charge

Run Event E1 i 1 pzi pt1 gta’l phi1 o1

W0 FAITETAR U5 3073 6160 18023 666 0008 133406 1
W00 FHIO0M4E0 42835 -1B4TM 463309 30,066 74116 1586 20674 1
WT0  2BEEN20 TRE9  NTME -RTED T4 307880 150006 0BG 1
W30 MeE0108 /706 26783 0216 T8 162799 -1.42208. 246% 1
W UIBWEM 2808 A0M5  SETD 503 13072 04%4% 2880 1
W0 MOIMEN TEESET 440404 180450 GERNE 47943 A91 D406 1
W0 FEEN0M 16343 24537 -W4TTR GA2EEO WORE 0423073 ATH 1
W e 7o%E 07 924l 45 141476 ﬂ.EEEEEEl 24313 l
W0 FA0193560 16,2056 128777 201408 0.780%5 19042 0604 015RIA 1

J. Smith, JHU, July 2017
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ROOT has a steep learning curve.

And these files are YUGE.

. 003DD74E-653E-E311-9F63-002590494D18.root X100t Size: 4.2 GB
From the CMS || oo4g78e14335.£311.9608.003048F0107A root: xrootd Size: 37 GB
OpenData
website: ' 0059D787-243E-E311-628B-C860001BD85C.root 70010 Size: 4.2 GB
. 007228EF-523E-E311-AD79-0025904B2FD8.root. 10010 Size: 4.2 GB
. 00B2EB0S-643E-E311-BFCC-CB60001BD85A.root X100 Size: 4.2 GB

J. Smith, JHU, July 2017
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£ QuarkNet Workarounds?
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ROOT is not accessible for most physics teachers and
students.

-
-
|

But we can use spreadsheets. ©

Gradebook
[Course Hams]
[In=tructor]
[FoomdTime]
Assign ments
- o [=] -
- o n - = w w = o 5 @ 2 = =
E ] g i £ g ] g Fi £ g ] =
potsetitigl 50 [ B0 | 50 | A0 | 150 | &0 | 50 | &0 | A0 | 150 | 50 | &0 | A0 | 350 | Cure:  0.00%
Studert Tota 5 Grade
1. [Bob 3003 DA 1850  831% B+
2. saly 2003 56,052 1562 T44% [
3 Sue 4.0 10005 1714  816% B
Lo il 82.0% 0.0 1852  882% B+
5. Jon 26.0 B2 1686  803% B
6 Ted 88.01 6205 1718 818% B
1. Mag 94.03 T2 1770 843% B
s Jim 9003 g2 1624 773% C+
9. Jan 380 6405 1708  813% B
0. Tedd 84.0 T4 1786 850% B
1. Tim 34.0 1000 1836 874% B+
12, Jake 2003 6805 1682 801% B
13. | Sam 84.0 9405 1866 888% B+
1. |Betry 82.0% 88,0 1752 834% B
15. Maria 34.0 5005 1740 828% B
15, hax 92.00 0 1762 834 B
7. Kate 9003 920 1954 930% A
18, Jake 3003 1 1716  817% B
19, |$am 82.0% 54.05 1520 7I4% G-
0. | Betry 26.0 36,052 1774 845% B
21. Maria 34.0 6405 1762 838% B
22 Max 88.01 7O 1598 V61% O+
3. Kate 1000 @ 7O 1802  858% B
24, am 920 1000 92imc 1840 87H% B+
23. Maria
5. Max 100,052 100052 100.00¢) 100,052 00 1000% A
2.
.
30.
To addrows, copy an exilingrow and then in s mitabove this Ine.
Class fwerage: 878 906 70 782 hean: 837 % B
Median: 860  S0x  TAMG TR0 Median: 834%
Sthew:  B4x B4x 168 140x% Sthew:  58%

J. Smith, JHU, July 2017
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@uarkNet\ How well do the teachers do?

ol

Transverse Mass of W Boson (GeV) ‘
=0 . Transverse Mass of W Boson {GeV) 3 d ayS
- Transverse prior,
Sample T o they
teacher Invariant didn’t
Work 1000 ”D«*:EHJLHHHT.aaﬂH::455::a::::::l:"::“aushﬁléhéunm::-;;tz;;-a:aff even
from | know
ONet - ie what a
Data T Mass M Z'C Mass Val Less & H W
o Transverse Mass Misses “Z" Component. Mass Value is Less & Histogram
Camp | boson
is Incomplete il
2016: o Look to Top End of Standard Deviation of Histogram, Where “Invariant” Peak '

is Expected

J. Smith, JHU, July 2017
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Sample hlgh - CMS Dielectron Decay Mass Analysis

school "

student work,

2017: N

=y i [P Ty ) i w L Ty (%] T {'=] iyl M - (%) o u ] Ty - 'yl ™ T m W7 q L [Ty w W wor« i@ owmom o i
| | : ; & o & L I [ = R R e e e =
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J. Smith, JHU, July 2017
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The CRMD

J. Smith, JHU, July 2017
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S Quarket | The CRMD
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Project Types Available:

* Flux (simple “vary X, observe Y studies —
weather, angle, shielding, etc.)

* Shower (how far apart are the daughters of an
event? How common are the big ones?)

* Time of Flight (just how fast are they moving?)

* Lifetime (how long do muons live?)

J. Smith, JHU, July 2017
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The CRMD

You don't even need a
detector to use the e-lab!

Example: upcoming solar
eclipse

J. Smith, JHU, July 2017
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Alternative?

Coding Is important in
science! High schools
are finally starting to
understand this.

jupyter

S0: can we get
students to use
particle physics as a
context for writing
code?

J. Smith, JHU, July 2017


https://hub.binder-beta.omgwtf.in/user/c8a9d002-5ae9-4c18-9f54-a7265a95197a/notebooks/CMS_leptonic_decays.ipynb
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Jupyter: no need to reinvent wheel!

data = pd.read_csv( http://opendata.cern.ch/record/383/files/dimuon.csv’)

# Analyze dielectron data instead by referencing this URL:
# http://opendata.cern.ch/record/364/files/dielectron.csv

We can view the first few rows of the file we just imported.

In [3]: | # The .head(n) command displays the first n rows of the file.
data.head(3)
Otl3]: | |1ype|Run |Event |Et px1 py1 pzi pti etal phi Q1|E2 px2
0|GT |146511|25343052|7.33390 |2.060420 |5.885680 |-3.85836 |6.23602|-0.584812(1.234060 |-1 |5.20735 [-1.53501
1|GG | 146511|25341481|18.46720|8.033950 |-3.94072 |-16.15410|8.94839 |-1.352990 | -0.456026 (-1 | 10.72950 [6.29471
2| GG | 146511|25390065|7.70222 |-0.248771|4.08338 |6.52511 |4.09095|1.246340 [1.631640 (-1 |6.90202 [-3.0242
b
—_
jupyter

J. Smith, JHU, July 2017
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In [4]:
Out[4]:

4w -
%};‘ QuarkNet

# adding a ; at the end of the next Lline
hist({data.M, bins=128, range=[©,128],
.title("CMS Dimuon Mass Plot™)
xlabel({"mass (GeV)"™)

.v1label({"number of events"™)

<matplotlib.text.Text at 6x1833eb278>

¥

Wil

|
L

I
L
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Make plots and tweak them!

"suppress” the text output of the

log=True)

10° CMS Dimuon Mass Plot

numkber of events

107

mass (GeW)

100

120

J. Smith, JHU, July 2017
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Same code,
adapted for a
dataset from
the USGS
earthguake
database:

Helping Develop America’s Technological Workforce

Adapt and repurpose!

Earthquakes around the world (last month)

Latitude
=2

{| i i i i i i i
=200 =150 -100 =50 0 50 100 150 200
Longitude

J. Smith, JHU, July 2017
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QuarkNe » In summary
5

QuarkNet does a lot of things:

« Teacher Workshops

* Masterclasses

 CMS e-lab support

« Cosmic Ray e-lab support (and detectors)
 Trips to CERN, Fermilab, etc.
 Leadership opportunities

e (in works) Coding in K-12

e (in works) Neutrino stuff
J. Smith, JHU, July 2017
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