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ORGANISATORISCHES

e Dozenten:
Giinter Duckeck, guenter.duckeck@physik.uni-muenchen.de
Johannes Elmsheuser, johannes.elmsheuser@physik.uni-muenchen.de
Unterstiitzung: Alexander Mann, Michael Bender
Lehrstuhl Schaile, Experimentelle Teilchenphysik

e Ubungen und Kursvorlesungen:
Mo-Fr 9:30-12:30 Uhr, 14-17:00 Uhr,
2.Stock, Zi. 219 Am Coulombwall 1, Garching

e Vorlesungswebseite:
http://www.etp.physik.uni-muenchen.de/kurs/compl4/

e Klausur/Schein:
Am Ende des Semesters
Inhalt: Software-Kurs und Teilchenphysik Vorlesung
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guenter.duckeck@physik.uni-muenchen.de
johannes.elmsheuser@physik.uni-muenchen.de
http://www.etp.physik.uni-muenchen.de/kurs/comp14/

INHALT

Ein/Ausgabe von Daten

Graphische Darstellung

ATLAS ATLANTIS Event Display
ROOT tuples und eine kleine Analyse
Analyse von OPAL Z0 daten

Fitten von Daten

HistPresent

Fiir die Ubungen wird das ROOT Programmpaket verwendet, das eine
umfangreiche Klassen- und Funktionenbibliothek in C++ bereitstellt.
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UBUNGEN

Ubungen zu Themen der Vorlesung an Hand vom konkreten Beispielen

Programmierung von kleinen Beispielen in C/C++ (fiir Experten
auch in Python)
Verwendung von ROOT:
e Object-Oriented Data Analysis Framework
e Standard-Werkzeug in Teilchenphysik und dariiber hinaus
e http://root.cern.ch/
Anleitungen zu C/C++:
e u.a. Kurs: C++ fiir Physiker
http://www.etp.physik.uni-muenchen.de/kurs/Computing/ckurs
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LITERATUR

o ATLAS Experiment:
http://www.iop.org/EJ/abstract/1748-0221/3/08/S08003/
bzw. http://www.iop.org/EJ/article/1748-0221/3/08/
S08003/jinst8_08_s08003.pdf

e ATLAS Physik: http://arxiv.org/abs/0901.0512 bzw.
http://arxiv.org/pdf/0901.0512v2

e B.Blobel/E.Lohrmann, Statistische und numerische Methoden der
Datenanalyse, Teubner, 1998

o W.-M. Yao et al., The Review of Particle Physics, Journal of Physics,
G 33, 1 (2006), Anfangskapitel
http://pdg.1bl.gov/
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http://www.iop.org/EJ/article/1748-0221/3/08/S08003/jinst8_08_s08003.pdf
http://www.iop.org/EJ/article/1748-0221/3/08/S08003/jinst8_08_s08003.pdf
http://arxiv.org/abs/0901.0512
http://arxiv.org/pdf/0901.0512v2
http://pdg.lbl.gov/

WEITERE VERANSTALTUNGEN

e Teilchenphysik an Hadron Collidern fiir Bachelor/Master Studenten
Vorlesung: Physik am Tevatron und LHC
Termin: Mo 10:00-12:30, (Horsaal EG), wegen geplanter Bauarbeiten
eher in Zi. 219
Otmar Biebel, Johannes Elmsheuser

e Seminar: Moderne Aspekte der Teilchenphysik
N/A
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BACHELORARBEIT

e Verbindlich: Abgabe der Bachelorarbeit in gebundener Form nach 10
Wochen (dieses Jahr wegen Osterns im Semester: ~~11 Wochen)

e ~11 Wochen: 15.April-30.Juni; Abgabe bis 30.6. bei Frau Epp - 2
Exemplare in gebundener Form.

e Stil der Arbeit: max. 20-30 Seiten

o Arbeitsplatz im 3. Stock, Am Coulombwall 1, Garching

e Haus ist ab 8 Uhr offen, wer nach 16-16:30 (Fr. 13:00) noch mal rein
mochte, braucht die Telefonnummer von jemand, der ihn reinlasst.

e Gruppenschliissel vorhanden
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DER LHC UND DIE EXPERIMENTE
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DER LHC uUND DIE EXPERIMENTE I1

CERN
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DAs ATLAS EXPERIMENT

Muon Spectrometer (|n[<2.7) : air-core toroids with gas-based muon chambers
Muon trigger and measurement with momentum resolution < 10% up ta Eu ~1TeV

Length : ~ 46 m

Radius : ~12m

Muon E?.t\afecmrs eter Liquid Arglun Calorimeter Weigh-r 1~ 7000 tons
= i ~10¢ electronic channels

3000 km of cables

3-level trigger
reducing the LVL1
rate to ~200 Hz

Inner Detector (|n|<2.5, B=2T):
SiPixels, Si strips, TRT
Precise tracking and vertexing,

‘ | \ Y
Toroid M(;gneﬁs Solenm‘d Magnet SCT Trdgker PixéiDs'echr TRT Tracker
EM calorimeter: Pb-LAr Accordion |
e/y trigger, identification and measurement | HAD calorimetry (|n|<3): segmentation 0.1 x 0.1
E-resolution: o/E ~ 10%//E ® 0.007 Fe/scintillator Tiles (central), Cu/W-LAr (fwd)

granularity :,025 x .025 @& strips E-resolution:a/E ~ 50%//E ® 0.03
FWD calorimetry:W/LAr ¢/E ~ 90%//E @ 0.07

]
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DAs

Armenia
Australia
Austria
Azerbaijan
Belarus .
Brazil
Canada
Chile
China
Colombi;

4
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mbia
Republic  Spai

ATLAS EXPERIMENT

~3000 scientists from 174 Institutions and 38 Countries

Morocca g
Netherlands %
Norway
Poland
Portugal
Romania
Russia
Serbia
Slovakia
Slovenia
South Africa
in

1

ATIFAS

'Collaboratiorn
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KoLLISIONEN IM LHC

Proton-Proton-Kollisionen
2835 Teilchenbiindel (Bunch)

10" Protonen / Bunch
. . Kollisionsrate 40 MHz (25 ns)

Bunch f,‘ﬁ;}:-' .

e Schwerpunktsenergie 14 TeV

(= 7400 x Ruheenergie der

Proton kollidierenden Teilchen)

b Schwerpunktsenergie der
kollidierenden Quarks und Gluonen

Parton bis einige TeV

(quark, gluon)

~25 pp-Kollisionen pro
— ] Bunch-Kollision

Particle
Interessante Ereignisse: 10-9=-10-"

unterdrickt!

Johannes Elmsheuser (LMU Miinchen) Softwareblockkurs 07/04/2014 15 / 35




WIRKUNGSQUERSCHNITTE I

Number of events in 45pb™

Proion - (ant)prolon cross seclons
10” T T l T 10”
r i o s -
or o, — L i 70 billion (10) pb -> 3 trillion (10*%) events! *
W Tevat HC 110
. evatran L : . *NB. only a very small fraction saved|
10° | /%/ 410
1 F — i 17 7
10k % I 410 L"‘E|
10 F . 10° 2
s 0(E/" >Vsi20) 100 ';
lg o' Ty 10" ';
® ok % 10° ‘é
a_(E*> 100 GeV) b
10 | 10" >
w0 b 5 Higgs (mH=120): 17 pb ->» 750 events
107 | 5 10"
B ) -
[, M. =120 Gev) . ; T -
o o e.g. potentially ~1 Higgs in every
10 5 10° 300 billion interactions!
sy 200 GeV
107 Dol L 107
01 1
Vs (TeV)

10
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ATLAS sTATUS 2011

T T T T T T
ATLAS Online Luminosity  \s=7TeV
* LHC Stable Beams
Peak Lumi: 3.65x 10% cm? s

T T T
ATLAS Online Luminosity  \s=7Tev
[ LHC Delivered
] ATLAS Recorded

Total Delivered: 5.61 b ”". :~
Total Recorded: 5.25 fb' .

Total Integrated Luminosity [fb 1]

Peak Luminosity per Fill [10 ** cm2 71|

1= j ¢ .
E . =
O: 1 I ot v A I . | L. ey e T
01/03 01/05 01/07 31/08 01/11 01/03 03/04 06/05 09/06 12/07 14/08 16/09 20/10 22/11

Day in 2011 Day in 2011
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ATLAS sTATUS 2012

- = T T T 3 = C T T T ]
a 30 [ ATLAS Online Luminosity \s=8TeV - & 10/~ ATLAS Online Luminosity \s=8TeV —
> [ [ LHC Delivered ] § [ * LHC Stable Beams ]
@ 25 [ ATLAS Recorded — 3 gl PeakLumi: 7.73x 10% cm? s 7
£ r o L P ]
€ r ered: 4 = L % 2 % ]
= [ Total Delivered: 23.3 fb IS = D>
3 2 [ Total Recorded: 21.7 fb 1 iT r . A' W , ]
° - 60— . EY —
2 [ ] 5] . ] * " H R
£ E E 2 4re 3 . ]
= 1of = 2 K . R
s f ] e g ¢ . : ]
e C | 3 2 . ot ]

[ | X o .. . B

£ 1 3 ré .

ot I I I | o ol fe e . % 22 L S
26/03 31/05 06/08 11/10 17112 26/03 06/06 18/08 30/10 11/01

Day in 2012 Day in 2012
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EIN ERSTES LIVE-EREIGNIS 2009

2008-00-10 00:37

LlCan Stream

§-09-10 10:19:10 CEST event:Jive jeometry: < def:

X @y
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WEITERES ATLAS EREIGNIS

QATLAS
1A EXPERIMENT

Run Number:; 153565, Event Number: 4487360
Date: 2010-04-24 04:18:53 CEST

Event with 4 Pileup Vertices
in 7 TeV Collisions
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REKONSTRUKTION: Z — putu~ UND PILE-UP
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TEILCHENNACHWEIS

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector

Electromagnetic
Calorimeter

Solenoid magnet
Transition

Radiation
Tracking Tracker >
Pixel/SCT
detector

http://atlas.ch
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Trigger/DAQ parameters

No.Levels Level-0,1,2 Event Readout
- S | | Rate (Hz) Size (Byte) Bandw.(GB/s)
5 _Jriager ate (Hz ize (Byte andw.(GB/s
g . 4 eopp 500 5x107 25
- p-p 103 2x1 UE
3 1108 1.5x108 4.5
w2 3x10°
2 w1 108 108 100
2 o 108 3.5x104 35
LHC DAG CHEPO9- Niko Neufeld

2l

HLT Out
MB/s (Event/s)

1250 (102)
200 (10?)

300 (2x102)
~1000 (10?)
70 (2x10%)

5
07/04/2014
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TRIGGER UND EREIGNIS-GROSSE

High Level-1 Trigger
(1 MHz)

LHCb High No. Channels

HERA-B

KLOE * CDF |

E— el

BaBar High Data Archives
DF, DO

(PetaBytes)
103 H L
ZEUS ALICE

152 UA1 ‘NA49
10 ! 0° 10° 107
._EP
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N High Bandwidth
Tz ( 1000 Gbit/s)

Q

® | KTev ATLAS

£ 10° . CMS

D

D

£

10¢

EreignisgroRe [Byte]
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RECHENZENTREN- UND GRIDKA-ORGANISATION

.
P =
DESY Hamburg
n @
yggr L[4 a4 Ao
°® . oﬁnkg/en Zeuthen (PCss) Warsows
@ Dortmund
w Ke Wuppertal o A 5
g ® ®FHG SCAl
Aachen . :
] ® ..Pvlgu- - .x ..‘I
1 /FHG Twm GSI Darmstadt ¢ Kakw
B i
o ey ¥ _/-Beispiel: CPUs
S R Gridka: 5800
L g LRZ: 1200

cscgu'm.o
) i
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DATEN VERTEILUNG: ATLAS

10 Sites

~40 sites
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ANALYSEABLAUF [

Analysis ingredients in a nutshell

: number of observed events

c +i + N reorved— N a6 ‘N‘Obszmzd'
: serve
ross section measurement: 5 —__ et oY N,.: Number of background events

€ rora * L
o £, Overdll detection efficiency

T T
ATLAS Preliminary

+- Data 2010 (5=7 TeV)
==Fa
.
Wzt
5 acn
kg

L: Luminosity provided by collider

Select interesting events based signal event
characteristics:
; s )
. e.g. leptons, jets, E M= angular correlations etc.
20 30 40 50 60 70 &0 90 100110120
P, [GaV]

T
—— Dota2010 s 3 TeW)
W

Example: Z->pp
.2 isolated p-tracks, back-to-back, low EIMSS, high
transverse momentum, low jet activity

Determine N, or Signal prediction from Monte
Carlo or data driven methods

£, ., Combination of Efficiencies:

020 40 60 80 100120 140160180200 *Trigger, Reconstruction, Acceptance, Cuts etc.

£ (e
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ANALYSEABLAUF 11

Different Analysis

proton - (anti)proton cross sections

0% grrey
10°
Ot
RLIN'S
10°
0
o
10t " i
5
N a
' . LR
P ) =
Ig 10 By f
R s, A ¢ 2 I g\ I
e > 100GeY) P g
10k 410" ~] B jet
i)
107 k 4110 @
10" a 4167 @ top quan)
o N i ©)]
1o [ (M2120 GeV) T
10° | 200 GeV N 4 10¢
wisas 00 GOV N
107 Do . N 107
0.1 1 10
Vs (TeV)
Bjet
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ANALYSEABLAUF 111

Di-muon invariant mass

Leading muon, p;>15 GeV, second muon, p>2.56 GeV

-
>

(3 10°

Ei 10*
i)

= 10°
©

102

10

1

107k

o fl_=40pb"
EF_mu15

wlp ¢

1| WITHﬂll TT

v
Y“\?bS)

= ATLAS Preliminary

| Data 2010,\s=7 TeV
ool L Lo

1 10 10?
m,, [GeV]

Johannes Elmsheuser (LMU Miinchen) Softwareblockkurs 07/04/2014

29 / 35



ATLAS REsuLTS 1

Standard Model Total Production Cross Section Measurements  stiws: varch 2014

'8_ 10° | —Om—— L E
E’ 35 pb ATLAS Preliminary Runi1 +s5=7,8TeV
——
35pb LHCpp Vs=7TeV LHCpp Vs=8TeV
10 F mm  theory mm theory E
B o Bl cata
10° E
20.3fb"
20.3fb"
102 = 1.1fo il i
101! —— 2031
4610 = 130 fo°
B O
10! F 200 4617 20.3 b=}
_n_-“—
461"
1L i
107!

w V4 tt te. WW Wt wz zz

total total total total total total total total
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ATLAS REsuLts 11

Johannes Elmst

Tevatron+LHC m,, combination - March 2014, L =3.5fb"-8.7 fb"
ATLAS + CDF + CMS + DO Preliminary

COF| Runu I+jets

——— -

CBF Runu di-lepton
- ———

CBF Runl, al
CDF Runll, E]

sjets

Do Fiunll lijets

DO R nII dilepton

ATL

2011, lets
ATLAS 2011, dilepton
C‘M'sizﬁu I+jets
ciis 2011 di-lepton

CMS 2011 alljets

World comb. 2014 % v:“ "

" —_——

ittt 174.94 +1.50 (0.83+0.47 + 1.16)
1 174.00 £ 2.79 (2.36 + 0.55 + 1.38)

172.85+1.12(0.52+0.49+0.86)
170.28 £ 3.69 (1.95 +3.13)
172.47 £2.01(1.43 £ 0.95+ 1.04)
173.93 £ 1.85(1.26 + 1.05+ 0.86)

172.31+1.55(0.23+0.72:+ 1.35)
173.09+1.63 (0.64
173.49+1.06 (0.27+ 033+ 0.97)
172.50 + 1.52 (0.43
173.49 + 1.41(0.69 +1.23)
173.34 £ 0.76 (0.27 + 0.24 £ 0.67)

+1.50)

+1.46)

173.20 + 0.87 (0.51+0.36 + 0.61)

g g Tevatron March 2013 (Run I+1l) ——t
gS LHC September 2013 —_— 173.29+0. 95(023:ozs+usa)
' N L total _(stat. IJES
165 170 175 1 80

Softwareblockkurs
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ATLAS REsuLts 111

ATLAS SUSY Searches* -

Status: Moriond 2014

95% CL Lower Limits

ATLAS Preliminary

JLdi=(46-229) "

V5=7,8TeV

Model emny Jets EPS [Lann) Mass limit
MSUGRA/CMSSM o 26jets  Yes 203 | NITOV md)emiz) ATLAS-CONF-2013.047
teu  d6js vee 203 |E any i) ATLAS CONF- 2012062
o' 7i0ls e 23 |E any i) 081801
[ 26jots  Yos 203 |§ 740 m(i3)=0 GV ATLAS-CONF-2013.047
o 26jets  Yes 203 |R m(E)=0 GV ATLAS-CONF-2013.047
teu  aos vee 203 |E ¢ 2
2ep 03jets. N 203 |§ m(E3)=0GeV. ATLAS-CONF-2013.089
2o 24 Vs 47 s 00
127 O2jets  Yes 207 |& tang 518 ATLAS.-CONF-2013-
2y N Yes 203 |E m(i)>50GeV ATLAS-CONF-2014-001
Teu+y - Yos a8 mi?)>50GeV ATLAS-CONF-2012-144
14 15 Yes. 48 m(i)>220GeV. 1211.1167
2eu(2) O3jets  Yos 58 m()>200GeV ATLAS-CONF-2012-152
ot Yes 105 m()>107 eV ATLAS-CONF-2012-147
o 3b Yes 201 12TeV m(i)<600GeV. ATLAS-CONF-2013.061
0 710jets  Yos 203 11TeV. i) <350GeV 1308.1841
Otep 3b Yes 201 134TeV m(i)<400GeV ATLAS.CONF-2013.061
01 ep 3b Yos 201 13TeV. i) <300 GoV. ATLAS-CONF-2013.061
b s 201 100620 Gov i) 00ay Toonzsa
by Zrulﬁr 03b  Yes 207 275-430 GeV ™ )e2 mii?) ATLAS-CONF-2013-
g, b1 12eu 126 Yes 47 110G 55GeV 1208.4305, 12092102
iy (light), 7y~ Wi o Yes 203 130-210 GeV' T3 =7, }m(W)-50 GaV, mif)<<m(i}) 1403.4853
i wo 203 215520 Gov miferGov hrregres
Yes 201 150-580 GeV ™} <200 GoV, m(E }mi{i?)<5 GeV 1308.2631
wo 207 200610 Gov oGV ATLAS CON-2012.087
Yes 205 320-660 GeV. mi¥1)-0GeV. 13-
Yes 203 90-200 GeV @)
Yes 203 150-580 GeV m{\"bYSQGlV 14035222
Yo 3 200500 it 200Gev aasez
Yes 203 |7 90-325 GeV' m(i3)=0GeV. 14035294
Yes 203 | 140-465 GeV m(i3)=0GeV. mii. wwmfnmﬂn 14035294
Yes 207 |} GeV
Yes 203 [k 700 Gev ) sl et +
Yos 203 [kt 420Gev )0, epions 14025294, 1027020
Yoo 203 |Rhik 205Gev .0, splon docouped 13000
Yes 203 iy 270 GeV' ii)=02ns
Yes 229 |& 832GeV E”\-\mﬁ-v 10 ps<r(z)<1000's. ATLAS-CONF-2013-057
120 - T ise AUAS Cone 2013058
2y Yes 47 nkm"’ 1304.6310
3 - - 203 |4 10Tev. |5«r<|sen-nmm-1 m(i1)=108GeV | ATLAS-CONF-2013-082
o T as T
Teusrr - - 46 12121272
S Tew T w47
& dep - Yes 207 &g 760 GeV. ‘) i
Beurr - ves 207 |ib 350 GeV. miE)>80GaV. 420 ATLAS-CONF-2012.006
i s7s o s |& 916GV
it fi—bs 2ep(SS)  03b  Yes 207 | 880 GeV' ATLAS-CONF-2013-007
‘Scalar gon pai, sghuon a7 0 4 - 46 [wwen o teozsrcer ot o 11702680 ez
. Scaa : T eSS 26 Yes 143 |soken  ssns00cev. ATLAS CONE 2012051
oracion (05,Dise.) 0 menoiet Yes 105  mcev
L
Vi=8Tev 1
full data. Mass scale [TeV]

“Only a selection of the available mass limits on new states or phenomena is shown. Al limits quoted are observed minus 1o theoretical signal cross section uncertainty.

Johannes Elmst Miinchen

oftwareblockkurs



ATLAS REsuLts 111

Large ED (ADD) : monojet + E, ...
Large ED (ADD) : monophoton + E ..

My (5=2)

@ Large ED (ADD} : diphoton & dilepton, ., M, (HLZ 5=3, NLO} ATLAS
1] D : diphoton + E, Compact. scale R Preliminary
2 Y12, ED : dilepton, m, (=R
g RS1 : dilepton, m, Graviton mass (KIMg =0.1)
5 RS1 : WW resonance, m, ,,, Gravilon mass (kiMy, = .
o Bulk RS : 2Z resonance, m, Graviton mass (kiilp, = 1.0) Lot = (1-20)fb
= RSg, — (ER 0925) ti— mecs m, _
o} DD BH T, 00N, Ny fs=7,8Tev
ADD BH (M, kit -3) Iepmns +jets: P
Quantum black hole : diet, F(m,
444 contact interaction : (')
aqll CI - ee &y, Hh A (constructive int.)
uutt CI - SS dilepton + jets + Ey ! A
Z'(SSM) im_.,,. [L=20w 51 jaTiAS CoNFzm30] Zo6Tev 7 mass
Z(SSM) ., [isb 7 vew 2o gene) TaTey 7 mass
. Z (leptophobic Iopcclc-r) ti itjets, m, [Eaawes GsTev. Z mass
W (SSM) iy [L=b7 7 Tey 12044 258TeV. W' mass
W (o ta, =), ikt e o s #80GV] W mass
/o (= tb, LREM) :m”" [aswes Teatev. W mass
o Soaiar LSl (A7 Kin vare, n oo, 6v)] v o aasen woGav T gen. LQ mass
g Scalar LQ pair (§=1) - kin. vars. in i, v |ctom”, 77 2os3172) s8sGav 2 gen. LQ mass
Scalar LQ pan{Bf ) Kin. vars. in o), Tvij |Lea7 b 7 Tev (1365.0526) suGey 3° ger\ LQ mass
@ 4" generation : £t~ WbWp [Eiai" 7TV isiosies 1 GseGav.
3£ athgeneration: b’ SSdiepton jets+E, [ a'n‘ oV [ATLAS GO 2013057 — T
23 Vector-like quark : TT— Hi+X 780Gy T mass (isospin doublet)
o Vector-like quark : CC,m, . L-‘l!h" 7 TeV [ATLAS.CONF-2012437] A.427eV. VLQ mass (charge -1/3, coupling kg = v/mg)
. Excited quarks : 7-jet resonance, m ss
BE Excited quarks : dijet resonance,
&8 Excited b quark : W-t resonance, m,,
Excited leptons : Iy resonance, m
Techniiadions (LSTC) : diepion. ... b/, mass (m(p Ja) - mir,) =
Techni-hadrons (LSTC) : WZ resonance (vil), b mass (m(p} = mix;) +my, ma) = 1.1m(p,))
N Major. neutr. (LRSM, no mixing) : 2-lep + lels N mass (m(W, R) =2Tev)
3 Heavylr?éom»ruype I secsaw) : 2 resonance,m, I mass (V| = 0,055, |V,| = 0.063, V.| £ 0)
5 d.. BR(H —I)=1) : SS ee (), m H:* mass (limit at 398 GeV for )

Color octet scalar : dijet resonance, m,
Multi-charged particles (DY prod.) : highly ionizing tracks
Magnetic monopoles (DY prod.) : highly ionizing tracks

mass (g =

Scalar resonance mass

10"

*Only a selection of the available mass imits on new sfates or phenomena shown
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ENTDECKUNG EINES SKALAREN BOSONS

T T
C°g[§’5'3?v%8bser"5d

Events/ 1.5 GeV.

1
£
)

AN Die lokale Wahrscheinlichkeit pg fiir
N ein untergrund-artiges Experiment
mehr signal-artig zu sein als die
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