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Preamble

< The goal is to give you a crash course of
experimental aspects of physics at the LHC.
< Unfortunately, it has to be superficial and
selective.

» I take the liberty to use majority of
examples from ATLAS ©

» I will NOT speak about neither generators
nor simulation.

» T will NOT talk about any particular
analyses nor physics results unless for
example purpose.



Outline of the lecture

®
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» LHC: the high energy pp collisions

» The experimental setup: Spectrometers
» Luminosity determination

» Smart data taking & handling: Trigger etc.
» Reconstructing physics objects

» High-end analysis:

» Kinematic variable reconstruction
» Background estimation

> Classification

» Statistical interpretation
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High energy pp collisions



The Large Hadron Collider (LHC)

LHC 27%nt"
A e

e Ly

1720 Power converters 150 tonnes Helium, ~90 tonnes at 1.9 K

> 9000 magnetic elements 140 MJ stored beam energy in 2012

7568 Quench detection systems 450 MJ magnetic energy per sector at 4 TeV
1088 Beam position monitors

~4000 Beam loss monitors
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LHC bunch structure

1 SPS injection

LHC bunch structure
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Luminosity

- Number of particles per bunch

- Number of bunches
- Revolution frequency

- Beam size at interaction point
- Reduction factor due to crossing angle

- Emittance
- Normalized emittance
- Beta function at IP

Round beams, beam 1 = beam 2




Peak performance through the years

Nominal
Energy [TeV] 3.5 3.5 4 7
Bunch spacing
ms] 150 50 50 25
No. of bunches 368 1380 1380 2808
beta* [mi T
ATLASandems 30 R0 B 8
Max bunch
. . 1.2 x 1.45 X 1.15 X
intensity @..7 X 109
[protons/bunch] 10+ 10+ 104
Normalized
emittance (~2.0 ~2.4 ~2.5 ) 3.75
[mm.mrad]
Peak luminosity 2.1X
e 2s 1] 102 37X 1033 7.7 x 103 1.0x10%
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Integrated luminosity 2010-2012

CMS Integrated Luminosity, pp - 2010 004 fb_l

Data includeld from .2010-03,-30 11:2.1 to 20,12-12-1.6 20:49‘ uTC o5 7 TeV COM
_T" w2010, 7 TeV, 44.2 ph ! N
é w2011, 7 TeV, 6.1 b 1 COI’T\I’T\ISSIOHIF\Q
;? m— 2012, 8 TeV, 23.3 fb ' 120 - 2011' 6.1 fb_l
[7)]
£ 7 TeV CoM
£ 115 :
3 Exploring the
b o limits
5 m 2012: 23.3 fb-!
Q
I Is 8 TeV CoM
g Production
= 0 ' : — L L . 0
I R PR PR e

Date (UTC)
. luminosity delivered in 7 days
'[\ﬂb?f] ey y 0.025 0.58 1.35
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Spectrometer



| ATLASdetector

Muon spectrometer:

* air-core toroid magnets:
0.5 Tinbarrel, 1 T in endcap _ '

* momentum resolution: . = - e
2% @ 50 GeV, 10% @ 1 TeV
(combined Tracker+Muon

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter

spectrometer)
Hadronic calorimeter (HCAL)"I ‘
* Fe+scint in barrel, A\ |
Cu+Liquid Argon (LAr) in endcap I \ :
| | .

* resolution o(E)/E % 50%/JE + 3%
(ECAL+HCAL, barrel part)

Electromagnetic calorimeter (ECAL):

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker

* Pb+LAr technology, accordion geometry =
. < o o wo magnet systems

* resolution o(E)/E # 10%/JE + 0.7%

Tracker: Further details in Ref:
* Si pixels, Si strips, Transition Radiation Tracker (TRT) G. Aad et al., JINST 3 (2008) S08003

inside 2 T solenoid
» resolution: o(p. ") ¥ 0.36 + 13/(p_+/sinB) [TeV'], (6 being the polar angle wrt beam axis)
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I CMS detectori iy

. CMSDETECTOR STEEL RETURN YOKE
TI"CIC k‘ng SYSTemZ Tn::.‘ reght : 14,000 tonnes 12,500 tannes SILICON TRACKERS

S F = Pixel {100x150 gm) —16m* -66M channels
L s|||con p‘xe's and S"'ri'ps .‘-(zcmstr:ps(ﬁ("xlﬂ()pm}-?,Oﬂm‘ ~9.6M channels
* expected muon resolution
o(p.)/p, = 1.5-2% for |n|<1.6

at p.=100 GeV

SUPERCONDUCTING SOLENOID

Niobium titanium cotl carrying - 18,0004

MUON CHAMBERS
Barrel: 230 Drifr Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips - 16m* - 137,000 channels

FORWARD CALORIMETER
Steel « Quartz fibres ~2,000 Channels

HCAL:

* brass + plastic scintillator
* complemented by tail catcher
outside the solenoid in the
central part

CRYSTAL
ELECTROM:
CALORIMETER (ECAL)

=TE,060 ventall

ng PENO, crystalk

HADRPON CALORIMETER (HCAL)

Braiz + Plastic scint.latar 7,000 channels

ECAL: Details in Ref:
- PbWO, crystals read by APD and VPT S. Chatrchyan et al., JINST 3 (2008) SO8004

* testbeam resolution o(E)/E = 2.8%/VE + 0.3% + 0.12/E
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j LHCb detector

Unique acceptance
(10-300) mrad

able to access low p+

test models with enhanced
forward production

precise tracking /
vertexing in n = (2-5)

fL: ~37 pb! (2010)
~1fbl (2011)
~2 fbl  (2012)

R/@ sensors




1. ITS
0 T, WO

5. TOF
6. HMPID
7. EMCAL
8. PHOS CPV -1iih
9. MAGMET

10, ACORDE

11. ABSORBER

12, MUON TRACKING
13, MUON WALL
14, MUDN TRIGGER
15, DIPOLE
16, PMD
17, ZDC

LHCPhenoNet2013 p15 P. Brickman de Renstrom




ATLAS tracking

- Inner Detector provides:

e n=14 End-cap

- Precision measurement o .
: . : region

of ch. particle trajectories ;
- particle identification - —
- vertex reconstruction
- b-tagging in jets st

- Inside a 2T solenoid

2710 1771.4

magnetic field are: n<2.5 T 8 ST B
- Pixel detector:
- 80M pixels in 3 barrels (R=5,9,12 (e
cm) and 3 disks in each end-cap - | o
* 10 pm x 115 pm (R® x Z resolution) { i) ”
- SemiConductor Tracker (SCT). TRT
* 6.3M strips in 4 barrel layers and (R=stemm NIl
9 disks/end-cap sord
* 17 um x 580 um (R® x Z resolution) R =208 mm
- Transition Radiation Tracker
(TRT): o (R ———
+ 350k straws with 2 mm radius

R =50.5mm
R=0mm
- 130 R® resoluti :
= um (R® resolution) region
enoNet2013 pl6

Barrel




ATLAS calorimeters

Liquid Argon calorimeter accordion shape

- Electromagnetic calorimeter

(Inl<3.2)
- Liquid Argon- Pb sampling calorimeter

with accordion geometry

- ~180k channels

- 3 longitudinal layers + pre-sampler
(Inl<1.8)

- 0/E ~ 10%/JE ® 0.7%

- Provides e/y trigger, energy measurement
and particle identification

- Hadron Calorimeter:

- Used in frigger; provides jet energy,
position & E{™ss measurements, helps
identify muons

- Sub-divided in three regions:

- [n] < 1.7: Fe/scintillating tiles

- 3 or 4 longitudinal layers, ~20k channels
- 3.2<|n| < 1.5: Cu-LAr (HEC)

- 3.1< |n| <4.9: FCAL Cu/W- LAr

pl7/



ATLAS Muon System

- One barrel and two end-cap Tin-g0p chompers (160
sections within a field of ~0.5 T \
/4

Cathode strip chambers (CSC)

provided by an air-core toroid

* Muon spectrometer sub-divided
into different sub-detectors for il
precision measurement and trigger 1

//-
- Monitored Drift Tubes (MDT) 7\
- 3 layers for |n|<2 and 2 layers for v S

2<|nl<2.5

- hit resolution ~80um per tube

» Cathode Strip Chambers (CSC) 27
- 1 layer for 2<|n|<2.7 nee-
- 60um X 5 mm resolution in nx ¢

» Resistive Plate Chambers (RPC)

- Trigger chambers: 3 layers for |n|<1.05

- n, » measurements with 1 cm resolution

» Thin Gap Chambers (TGC):

- Trigger chambers: 3 layers for 2.0<|n|<2.5, (n, ¢) with 1 cm resolution

Resistive-plate
chambers (RPC)

End-cap toroid

Monitored drift tubes (MDT)

pl8



Luminosity determination
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Luminosity determination

r

dN R

GL - L: inel : L:/’lindnbf

dt Oinel Oinel

d Instantaneous luminosity at the LHC cannot be measured
directly from first principles, as e.g. at LEP using Bhabha
scattering.

[ Elastic X-section too large to resolve single events at LHC
luminosity. Besides, special opticts is needed in order to count
such events confidently (ALFA project)

A Extrapolation of the total 5,10t from Tevatron has large
uncertainty.

[ Two steps approach: normalization of the ¢, and rate
counting.

e His"p T,

O-vis

where o, =80, and u, =&,

p20



Luminosity
determination

Ne— Tagged vents

I Ngo.<— # of bunch crossings
(BC)

d This method is adequate only
if 1,1 (probability of having
two interactions per BC is
negligible).
1 The threshold depends on
the ¢ of the chosen observable.
d For higher u,,.one needs
observables proportional to the
number of interactions.
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160 E O Vs=8Tev, det =208 b7, <u>=20.7
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80 =
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Luminosity determination

A Ansatz 1. i follows the Poisson distribution
3 Ansatz 2: number of (hits, tracks, etc.) follows
Binomial distribution

PHIT(IU\I;IiIsT): Near =1-e™*

d From where:

p22



ATLAS Luminosity

L
| Inner det
e ;

i
]
"

— 2




pp Luminosity - vdM scan

Simon van der Meer

L =n,foun, [ o,(x, y)o,(x, y)dxdy
If no x-y correlation: p(x,y) = p(x) p(y) :

L =n, f,nn,Q, (p,(x), p,(X))€2, (£1(¥), £2(Y))

Q, (0, (%), £, (X)) = jRRX(g;) _

1 R0
J2z R, (0)

bunch multipl.

= nb 1:r n1nz

L
272, %, <——punch width
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pp Luminosity - vdM scan

Simon van der Meer

O Length scale calibrated & [ ams Frimia

from the detector itself - £ .

beam spot reconstruction 3§ v

while moving meams same ;"

way. E

d Ucertainty dominated o

by the n;n, determination = T | L
(DCCT +FBCT) 1 — + :

-ébO' — '-1|00' — Ell "' '160' — 2EI}E]'
Bump step B1 [um]
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pp Luminosity - Bunch Currents

One input to the vdM scan are the bunch currents which
are measured by three distinct systems:

* DCCT (Direct Current

Current Transformer)
* measures the total
circulating bunch current
- very high precision
s
» FBCT (Fast Beam Current Transformer)
* measures the individual bunch population

- only used for relative bunch charge fractions
- normalized to the DCCT

» BPTX (Beam Pick-up Timing for Experiment)

* an independent cross-check of the FBCT
P26



ALFA - Absolute Luminosity For ATLAS

LHC

>

.
0

240 m

Interaction Point ) ) Detector
. LHC magnetic lattice . ,
(Xps Yipr Zipr X' ¥'ipr Ep) (Xoers Yoer X'oerr ¥ per)

.|
Parameterization
-
- -
Unfolding

Measurement of the LHC absolute luminosity
° with pp elastic scattering at low intensity.
Calibration of other ATLAS lumi detectors for
relative lumi measurement detectors.

Placed far away from the Interaction Point
(240 m) inside the LHC beam pipe (Roman
Pots) for precise measurement of small
scattering angles enabling study of elastic
and diffractive processes.
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Smart data taking & handling



Trigger - the paradigm

O
z Rate (Hz) LEVEL-1 Trigger 40 MHz
—| Hardwired processors (ASIC, FPGA)

- QED - iﬁéﬁ MASSIVE PARALLEL

E Pipelined Logic Systems

=] 108 /

= <

o o 1{]6 Jlrl

Q) 7] . a4 =001-1sec

£ o] oA

o) Wz A A [

T 107_
e ™ AR A
= 10°_ R A
qs H|ggs —ff‘i-x ‘ﬁ "fi.x __;éj"* "f‘fi.x
10

Q) HIGH LEVEL TRIGGERS 100 kHz
E Standard processor FARMs

c 1{]-.1_ Eﬁlns = Ips | ms | EECI | =
7 10¢  10¢  10¢ 102 10 =

Available processing time
p29



Trigger - implementations

<« 25ns »l

= 30 Collisions/25ns

[ 10 7 event/sec )

107 channels

A e

- " r & -
| Luminosity = 10* cm™® sec

(10" bit'sec)
.
Detectors Detectors
(:Lul-‘l;} Front end pipelines GUI-D Front end pipelines
N
;\Lwi) Readout buffers Readout buffers
o I—-—| |
C} Switching network FQ Switching network
g
1 I
&
'\\vlﬂj Processor farms HLT Processor farms
gy i
|'ln.lld_.|r'_'_I -
S O

ATLAS: 3 physical levels

CMS: 2 physical levels

p30




ATLAS Trigger - timing

2us latency

1-10 ms latency

O(s) latency

Interaction rate

~1 GHz

Bunch crossing

rate 40 MHz

LEVEL 1
TRIGGER

< 75 (100) kHz

Regions of Interest

LEVEL 2

TRIGGER

~ 1 kHz

[ CALO MUON TRACKING]

Pipeline
memories

Derandomizers

Readout drivers
(RODs)

=

i

Readout buffers
(ROBs)

Event builder

EVENT FILTER

~ 100 Hz

Data recording
p31

Full-event buffers
and

processor sub-farms



Trigger - details (ATLAS)

Region of Interest
(Rol) in (n, ®)

Level 1:

Fast, custom-build
electronics finds and defines
RoIs

Muon and Calorimeters only
Coarse resolution

Level 2:

Dedicated, fast software
algorithms

Works on full-granularity RoI
data

Level 3 (Event Filter):
Software reused from offline
Full event information
available, but partly still RoI
based

p32

L1 EM Trigger

Calorimeter
Clustering

Calorimeter
Selection

Tracking

Cluster-Track
matching

L2

Calorimeter
Clustering

Tracking

Electron
Selection

EF

HLT electron




Hadronic 1 trigger

others

Quark or gluon initiated (QCD) jets
can mimic tau jets, and are far more
common in proton-proton collisions at
the LHC. This important challenge is
overcome by designing selection
criteria that exploits the unique
signature of hadronic tau decays:

* Low track multiplicity (mainly 1 or 3)
* Particles from the decay form a
narrow collimated jet

* No particles around the cone
containing the tau decay products
(isolation)

suolpey Jo 18l

p33



107 5

106 g}

103 5}

Hadronic 1 trigger

Level 1 (L1) - finds regions of

activity in the detector (RoI). &

e Trigger Tower = 0.1 x 0.1(n x ¢) o g,

e Sum of several calorimeter cells / " cooromgrn
e Local maximum (0.2 x 0.2) core "@*’”;‘;:;’fm’:‘”""_“"T"_ T ——

region should be above threshold. o wmmsm g oo mrorco
e Simple, fast selection applied. PR
Level 2 (L2) - within the RoI, track and calorimeter
cell information is combined (AzO criterion against
pileup) tau dedicated selection on number of tracks,
isolation and lateral shape in calorimeter is applied.

Event filter (EF)

e Algorithm similar to offline reconstruction

e Calorimeter clusters with proper calibration and
hoise suppression

e MVA-based selection

p34



Efficiency w.r.t Medium BDT

Efficiency

Hadronic t trigger - performance

0.8}
0.6/
0.4}

0.2

-1 —]
++"*—+ — + +
0.8} 2 + .
— —o—-—'—‘"
06f 2012 + ]
0.4] T
"'l ATLAS Prelminary —— L1 ZstTut,
ozl I Ldt=203f" ——L1+L2 all-prong i
L \s5=8TeV —— L1+L2+EF 20 GeV tau trigger
0 I ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! |
0 5 10 15 20 25

— & 5 B = & _g ® ..—I——I—._-__-_*

A
S =
ATLAS Preliminary

Data 2011, [dtL-25f"

tau20_medium
i I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

- N

Q

.
s |
l..|f|+ﬁ||.ull.ﬁ..

-
b_

0 2 4 6 8 10 12
Number of vertices

Number of primary vertices

Significant improvements for
2012:

“*Much improved pileup robustness
“*Smaller cone sizes, Az track cuts
“*»EF now uses multi-variate analysis
(MVA) selection to increase
rejection power significantly
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- e
-1 -
Ldt=2031t + R
08 "'+ NE S gl = + _
‘.'*_._
L - -
06 e *
I E a
* —— L1 Zotrourt,
04 N -
-
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0.2r- * —— L1+L2+EF 20 GeVtautrigger —
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The Worldwide LHC Computing 6rid

Tier-2 centres

(about 130)

nogr 1er-1 centres
Nordic countries GridKa
]1 Germany

nszny 199 3iiss,

TarY (C=r0N 2ind
59 IGOUNIES!

rluriepiry ) ety

ECOTHINGS
[ECOTNSUTOGLHATTETNU /50000 0TES
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Reconstructing
physics objects



Measurements from a generic LHC spectrometer

< Charged particles

<+ Primary and secondary
vertices

<+ Lepton identification
» Muon spectrometer
< Electromagnetic
calorimeter

‘ \ < Photon identification
Calormeter : { » Hadronic energy

< Jets

< Missing E; (E+)

The dashed tracks

s % ATLAS/CMS are 411
Eecien hermetic detectors

Calorimeter

e « Longitudinal boost

Radiation g?’““ SRR © TI. S unknown
Tracking Tracﬁm \J"“:éPERIMAENT o On'y momentum balance

detector Prmtsiaietiedddotded .
IEEEy in the fransverse plane
possible
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Contemporary tracking devices

Silicon + gaseous detectors All-silicon design

rR=1%2mm

TRT

TRT<
LR=554 mm

(R=514 mm

W ok
|

%"“ﬁ by oy v“"ﬁ
' | '
(3] I] .] || || || I
uJiJJ ! Jijl L JI f

| |

e ¥t
L RN L iy f
i |

| I l‘”| Iy
by ol by .‘:Ii IR RIR e . j
1|ll-l1 I||||‘.‘I i I‘. "-ll' % W — : i ,-'I_-II pil gl i
W \ B i i

R =443 mm Il
SCT4 I
R =371 mm

il
i
i\ \

L R =299 mm

= [
R = 88.5 mm -
R =50.5mm

R=0mm

R=122.5mm o == g Pixels
Pixels -

ATLAS
O(10k) sensing devices; intrinsic resolution O(10-100 pm)
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3 gpace point seed
.

Tracking

[ Seeding and candidate building
(numerical propagation + Kalman filter):

m,., =n, +Cov(m, )E'Wr, where E=0r/on
Cov(m,.,) = Cov(m,) — Cov(m,)E"WE Cov(m,)
W =[V +ECov(n)E']™

O Scorring based on number of hits,
holes, momentum, fit quality, etc:

o5 x10°

e L e e e e e e e L.
& 09 e ATLAS Preliminary

Datas = 7 TeV _ ATLAS Preliminary —*— All

L - —#— Rejected Quality §
20 \s=7TeV —+— Rejected 0 7

P> 500 MeV —+— Accepted

Number of Track Candidates

R e e o B T
2 3 4 5
p, [GeV]

1 Ambiguity resolving
4 Fitting (either Kalman or Global x?)

p40



Tracking & Vertexing s

HDZHARO 20 A

M ZHXMAD M=

“*Algorithms:

- Inside-out algorithm (pT>400 MeV)

- Conversions or long-lived: backtracking

» Performance:

- Track reconstruction eff. computed from
MC and compared to low luminosity runs

- Good resolution and MC comparison

% Reconstruction method:

- Seed: position of zO (2nd seed if >70)
- Iterative x? fit of nearby tracks

- Primary vertex: with highest Zp.?

% Resolution:

- Method:

- Tracks from the same vertex are split
into two sets; new vertices formed;
resolution obtained from A

- Resolution decreases with #tracks

- Best resolution: ~20/30 ym in X/Z

- Good agreement between data and MC
p4l

- - -
o N B
o o (]
o o O

800

Number of tracks/mm

600

400

200

X

rse impacf parameter resolution

10

- ATLAS Preliminary

-+Data 2012 |

Simulation _|
L)

detiaabtin
1.5 2
d, [mm]

Lungﬂ'udmul var"l'ex pusmun r'e.sulufmn

_

2Z Vertex Resolution [mm]
=

T iHHI” T WHIHII

—0—Dt2012R megg

Minimum Bias Simulation

/MC

60 70 80
Number of Tracks

10 20 30 40 50



Tracking

vileup interactions

AQOOFTTTT T T T T T T T T T T T T T T
¢ goof. ATLAS Preliminary
= F Ns=7TeV, <u>=26 A$$+
E —$— Data 2011, Default % +
:_ ~—— Simulation, Default & g T
|- —#— Data 2011, Robust 33* *ﬁ}**
|- —#— Simulation, Robust Aﬁ‘_*:;if*

'_

% 700

2600

g

= 500
400
300
200
100

.
»
ot
w®

a_lll Ill\ Lottty 1 II|‘I.|II| I'|'

o Multiple interactions increase
fake rate (combinatorial) and CPU
o Dealing with it:

- More robust reconstruction
cuts: 29 hits (vs 7) and O missing
in pixel

o Result:

- Decrease rate of fakes

- Small effect on track
efficiency



Basic track fit  (linearization)

7=(d,2,0.9.Q/p,), €=6(z)
7°=r'v7r, r=(E-m)ek

or linear exp.
r(ﬂ-)_r +—(7T 72-0) aro. seed
O
d}(z ~0 minimization
- condition
drz

\Va

or' ., or 8r
o 672 67z



Idea of the Global %? alignmet approach

or or dy’ dy’
B o (r-1)+—(a-a,) = -
orx oa dr da
simultaneous fit of all tracks and alignment parameters N+n*k pars!
Impossible to solve !!! ® dr
Way out!: da

Fold the track fit in. Solve for

. | or Az or
the alignment only: r(7z) _ ro 4+ | e (a — ao)
Or da oa
dr’ . ,dr) <dr’
§ea8,= ) — V'—| 2V
tracksda da tracksda



The main challenge:
Systematic deformations due to weak modes

AF...RZ . X

M, [GeV]

ATLAS Preliminary E

- T
F = Spring 2011 alignment

T T UL L
ol ATLAS Preliminary ]

Lo
r & a000F . o ]
gg(~ © Summer 2011 algnmen Data 2011, \5 = 7 TeV - £ © Summer 2011 afgnment © . Data 2011, = 7 TeV
I £ = pp MG -1 — L MG & !
JLdtzu?nm" g 2500( i 4
M- . B N ID track * @ Jra=o7om” J
il
r ] T 2000- 1
g2l —— - ] E 105<n_ <25 ¥
o — * 4 ™M 1500~ 105<n <25
W S I S : : .
a0k -/ ] F .
5 —— - 1000 = - - 3
r . - . > -
B8 —— 3 : oS 3
105<n=<25 '{’m
H-ET!""! ................... PP ] B O e .. ¥ AP
-3 -2 1 0 1 2 3 a0 100 1o 120
Negative mucn & M, [GeV]

Determination of over
700,000 DoF's of the
ATLAS tracking

system is realized by
combination of Global
and Local 2 methods.

An involved alignment procedure
using the Global y? algorithm
with external constraints from
E/p for electrons & positrons
allows to eliminate the goross
effect ©

CPU intensive!
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Calorimeter System
jet, electron, photon, tau, eftc.




Jet reconstruction

Goal: kinematics of jet — kinematics of underlying (parton) physics |

. P ) p Apply same jet definition
W ! . -
\ f \ E ; %/J q,ﬁ )/ to objects on different levels:
K
\ S [/
LO panmons NLO parons paron shower nadromn lawe: o Partﬂns
Jat | Defn Jet | Dot Yot | Det” Jel | Det! a Particles
Ft_: :_tz jet ftz et 1 jet 2 Ft_: jEtz —Truth Jets
) N i A > ::: LY A \ . f
Y D " o P r
N\ \Y /4 N4 AN/ © Calorimeter objects
A hd v ¥ (Towers, Topoclusters)

— Reconstructed Jets
From 5. Salam, WMGhet Schoal 2008

No right jet algorithm
Different processes « different algorithms / parameters.

Requirements:

1. Theoretically well behaved — no a. dependence of jet configuration:

Infrared safety Collinear safety
L Fremmytiveshold %
B gi e i With Bdlirll;a' splitting: Without collinear splitting:

2 different jers only 1 jet no jet (under threshold) 1 jet [over threshold)



Jet reconstruction

Sequential recombination algorithms (::-like)

Algorithm specification: Anti-£;

1 1 AR?
@ d;; = min( ) ;
’ p%",éjp%,i D?
1
di,Beam — 5
pgﬁ,@

@ D : algorithm parameter
@ lterate:

@ For every pair of objects i. j calculate
dmén — min(di,j . di,beam)

Q !fd,.., = d; ; recombine objects
Else iis a jet, remove it from list

@ Recombination starts from hard objects

AB

C

d)

Y

AB

Colinear and infrared safe, soft particles recombined

p48
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Jet energy calibration
Hadronic calibration

Contents of a hadronic shower:
- Visible energy

KE (Grupen, “Particle detectors”)

from e*; w°- vy, ~50% g

S , K M

lonisation from p, n©*, u* ~25% g <
- Hadronic invisible 2 o e
energy ~25% - e —=
(nuclear excitations, X =
break-ups) ﬁ%ﬁ» _
- Escaped energy ~2% (mainly v, some ) \ o
Electromagnetic energy fraction /ncreases oD H

with increasing hadron energy due to
production of °'s in the shower

Event-by-event fluctuations

Aim of hadronic calibration: Compensate for invisible and
escaped energy.



Jet energy calibration

Global calibration:

first form larger physics objects (jets, ...)

then calibrate the objects using weights derived for the
particular object

Local calibration:

first compensate for invisible energy loss on local
detector objects (clusters of calorimeter cell signals)

then use calibrated clusters to form larger objects (jets
etc.)

* Global calibration uses y? minimization at cell level.
Final scale factors are jet-algorithm dependent!

* Local calibration uses individually classified topo-
clusters. More robust and versatile. This approach is
gradually gaining the field.
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Identification of b-jets

b-tagging:

- Relies on the finite lifetime
of B hadrons (((1.5)ps).

- Different algorithms exist
based on impact parameter of
tracks, secondary vertex, its
Invariant mass, etc.

- Neural network combines
output weights of all
algorithms into a single
discriminant (MV1)

- Dedicated methods measure
tagging efficiency and mistag
rates.

pS1l

Light jet rejection

d

- ttbar MC

© pH>15GeV, n<2.5

EIIII‘I\IIlI\I\‘I\II‘I\I\'III\I\I\E
- ATLAS Preliminary ]

JetFitterCombNN
= JetFitterCombNNc
""" IP3D+SV1

SVo

tt simulation,\'s=7 TeV

3 04 05 0.6 07 08 09

1

b-jet efficiency



Tau lepton basics

. e Mass: 1.777 GeV/c2 Most important decay modes
| the heaviest lepton Decay Mode Branching Fraction
j cct-"8um Leptonic modes  ~35%
short lifetime " 8%
| e decays via weak interactions T2V,
S m— TEUEV VL 17%
Hadronic modes ~63%
1 prong
(1 charged particle) 46%
T2V, 11%
T=2>mamlv, 26%
=2l 9%
3 prong
(3 charged 14%
" First observed in 1977 by Martin particies)
églierl etal. (SLAC-LBL) TS 2TV, 9%
— T=3mEnETT iy, 5%
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Hadronic Tau reconstruction

“*Charged pions leave
tracks (red) and
energy deposits.
“*Neutral pions decay
into pairs of photons
(blue). No tracks but
dense energy deposits.
“*Neutrinos don't
leave anything.

tau decay A
3n+ 1a™+ 1V .-/

p53



Reconstruction of hadronic © decays
(ATLAS: ATLAS-CONF-2011-152) and (CMS: JINST 7 (2012) P01001)

(top-down)
<+ Start from the anti-k; jets
reconstructed from calorimeters.
“*Associate charged tracks.
“*Energy calibration based on MC.
“+*Use MVA to discriminate against
QCD Je’rs and Iep’rons

016
:; E lo prong
§ 014j . 2010d|]etdata dtL=23pb’
5 o012l &y i
< Mg
0.1:* §
0.081
0.06F AN

0.04F
0.02
QEess

S i ]
02 025 0.3 035 0 4
REM

BDT-based ID:
+60%(40%) efficiency for medium
(tight)

(bottom-up)
<*Start from particles reconstructed
by the Particle Flow algorithm
“»Construct 1-prong, 1-prong+n0Q's, 3-
prong t candidates.

hadron hadron+str|p - 3 hadrons

“*MVA discriminant based on X p; of
particles in rings around t.
BDT-based ID:

+50%(36%) efficiency for loose
(medium)

+2-3% (0.5%) QCD jet acceptance. 1% (0.4%) QCD jet acceptance.



1.1r

(¢h) ]
N B ]
g 108:_ v 0 <<03 —:
| au 3 - 0 03<In<06 .
o 1.06 o 06<n <1 7
104:_ m 1 <In<13 .
energy scale o s |
1.02F & 16<h o .
1
0.98|
0.96y
094: o ATLAS Preliminary
0.92F 1-prong tau candidates
: | 1 1 | | | 1 || | 1 | I:
20 100 200 e
p°[GeV]

<+ Start from a generic calibration for topological
clusters (Local Hadronic scale).

» Response functions from simulation at the Local
Hadronic Scale are inverted to find the tau energy scale
correction.
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Tau identification

Input to multi-variate
methods:

=Width of energy deposits
=Tnvariant mass of clusters

=transverse flight path
signhicance, etc.

Against Jets:
=Cut-based
=Log Likelihood Ratio

=Boosted Decision Trees (BDT)

Against Electrons:
=Cut-based
BDT

P56

Inverse Background Efficiency

Inverse Eackgreund Efficiency

11:1E

‘IIJE

10

I T
W Cuts {aw perlor
— =l ATLAS Fraiim |nar:,'
\ — Likslik-aad
NN
EEDH dijet data=dt L = 130 pb’'
I 3-prong, 20 Ge\V = (L " 40 GaV

AT N T P e P T
ne na n4 nes nA nvy ne na
Signal Efficicnoy

L N e B I e B
r-\\ B Lul= lau performance
BCT ATLAE Preiminary ]
d -

— Likelihan

[ 2011 dijet data=dt L = 130 pb"’ -
" 3-prong, 40 Gev <p_" 100 GeV
|

L1 I Ll 1 1 1 11 I L1 Ll I L1 Ll 1 I L L1l
02 03 04 05 06 0.7 08 0.9
Signal Efficiency

CATLAS CoLLABE.



High-end analysis

Kinematic variable reconstruction
Background estimation
Classification

Statistical interpretation

pS7



H->1t search
Invariant mass of the tt system
[ There are 6 to 8 parameters describing invisible

neutrinos and 4 constraints (2xm_, ETX,ETY)
1 Find max. likelihood solution accounting for the
distributions of the 1t kinematics and E-r resolution.

V., 4 T.
£ = —log(P(AR),pr1) x P(AR}, pr2) x P(AB) x P(AEr)) '

1ldm,, [1/GeV]

G(mW)SZO%
(depending on the

= = channel and kinematics)
p58




Data-driven methods - the guiding principle

region (exclusive to the actual signal search region) which is signal
suppressed but still representative for the background.

= Most have a common principle which relies on identifying the control

kEI One needs two variables (a,[3) which are approximately independent: D

=

~

/> B distribution from background
events in the signal region can be

signal-rich
region

estimated from data using:
»A=CxB/D

H_J
normalisation from data-suppressed
region using an independent o variable

> If there is no signal (signal region Signal

3
consistent with the predicted
background) -> DONE D C
p

» Otherwise one can iterate
subtracting the observed signal from

the control sample (“new M+ method”
k ple ( T )/

region

signal-suppressed




The template method

Contribution (of the Z/y*->tt & QCD backgrounds
to the H-> tt search in the 7, 41,,,4 decay mode is
estimated using 2-D track multiplicity template
i

—_—

ATLAS

mpmwaw Simulation
= - Prellmln ary

O e S

LHCPhenoNet2013 P60 P. Brickman de Renstrom



Background estimation: ,embedding”

O Embedding in Z/y*->uu events:

reconstructed muons are removed
from data events and replaced by
simulated t decays with the same

kinematics.

O Advantage: data-driven description
of the entire event (except for lepton
decays) leading to significantly
reduced systematic uncertainties
(jets, underlying event, luminosity,
etc.) compared to the MC simulation.

J “, IThadl ThadThad (ATLAS & CMS)
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0.081- . ATLAS Preliminary -
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Z->vv + jets an important background to O-lepton
SUSYsearch

» Replace method relies on the measured z->I*I

control data Z background i
control dafa £ background Standard O-lepton selection
e(“) VA +|-
e(u) ;av + Z->I*
jet 7 with p(I*I) substitution for Z;
jet :> jet
jet . estimate  jet

jet jet

[acceptance (m,pq), efficiency, and Br corrections must be applied! ]

ATLAS, CERN-OPEN-2008-020

E‘II}EE T T T N :"'IUEE """" ||||||%
b o & F gy cg E Ty 3
2T + Z—see s+ TeX e [ * Fsee+ Z—seX
g 10F . Z E 5 10 .
= F —*up a W Z—pp E
§ : % E ATLAS E
@ 1 & e E
10" 10 E!
& -EE
IU El L I L L L I L L [ [ [ 1 1 [ I 1ﬂ _LI L1 1 Il L1 |I L [ I [ [ Il Ll I bl I [ [ II
0 200 400 &00 800 1000 ] 500 1000 1500 2000 2500 3000 3500 4000

Missing ET [GeV] Effective Mass [GeV]
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AP
P(A|B)-~ /P(B)/

. /Classifica‘rion
&
statistical interpretation
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Classifiers
Identification, signal selection, etc.

Classifiers provide information in either binary format
YES/NO or in terms of continuous ranking (e.g.
probablility) about the identity of reconstructed
objects/events, anwering: Is it our signal (S) or
background (B)?. The optimal answer -

51— PXIS)E)
p(x[S)p(S)+ p(x| B) p(B)

Multi-dimensional PDF impossible to construct analitically.
Numerical construction would require « learning sample.
CPU intensive and practically unrealistic.

Other methods make only better or worse approximation.
Many algorithms on the market.
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Classifiers
Cut-based

Cut-based classifiers are optimal in 1D problems
and remain effective when more variables are
involved, provided they are not correlated.

Arbitrary Units

" L L L LI LI B l.| \.I UL 1] ;‘ _' e r ottt ot -'_1-'.'.‘_.-.L...'.'.,‘..'.?‘.—..;'..'..'..'..I_.
0.16] SS Womizow ATLASPreliminary 3 || g 100]" Integrated Luminosity 546 nb- ;.4 .o o5 oo
B dijet Monte Carlo 1 prong 15 GeV<p <60 GeV 7 = u +  Data2010 s =7 TeV) RN P : I P
0.14F « 2010 dijet data [dt L = 23 pb’ | Er  gol [__] PythiaQCD Jets FEM oy Dy X
= ] L .
u - I Wty "
012 - ATLAS Preliminary - i
0.1 60_— :..'.'.".-:3:'
ocog- AN () 94 0 (e ey
C 40
0.06[
0.04f 20f
0.02F X -
00 SN g 00 f
REM T

With larger dimensionality -> highly nontrivial
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Classifiers
Projected likelihood

Likelihood ratio PDFs discriminating variables
for event i en /

S~
v/-/ kc{l_[bl }pilgnal (xk(jevent))

y.l'. (ievent ) =
U : Species: signal,
P! (X (guent))
Ut{;ces}(k v:!;iles} o background types

///

< Optimal if the discriminants are independent
(uncorrelated).

»This condition is rarely satisfied in practice ®
<+ Widely used in signal significance analysis (1D)
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Classifiers
Artificial Neural Network

Trained by (x, #) pairs
2
a3, =Y W,x, +6, — f(a)

=1

n(x,w) = f(iwif(ai)ﬂé’)

Learning by Backpropagation:
AW, = —a(n—1)© /

;
. OW.
aaaaaaaaa learning
Ha) speed

=

3]

: ]

-

Y=

c

9

T teachin
> a network 9
g tttttttt OUTPUT r‘eSUH'
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Classifiers
Artificial Neural Network - use case example

Neural Networks are trained in the 0-jet bin and 2-jet bin for m, = 150 GeV and 180 GeV.

Sigmoid function

Bias WEIEhE

@ w; ( J
'\\..."-. T - -
N e
Bl — T o
AN " o ___-"-'-. o
pa

input variables

Hidden Layer

6 hidden nodes

{]]h i-t> Implementation with NeuroBayes

06 Dec 2012

O =)
7

s(x)

predicted in Two-Higgs-Doublet Models

Training @
my, = 150 GeV
my, = 180 GeV
Cutput, Dutput Node 1
Target _—
1600
1400 E-'
1200
1000 |}
ool
m‘: SR V1 L 1 AP R E
i 0.8 406 H4& D32 1] 1 B 04 0.6 [1F:]

Hetwork aulput

Search for Higgs bosons

in the WW=2Ivlv decay channel

1



Classifier's Boosted Decision Tree (BDT)
Building a Tree:

Divide the training sample using the best { Root
separa’ring vqriable. — .
Continue until you reach the minimal number of D N
events or maximal purity a8 e
Boosting (AdaBoost): - .- e
Increase the weights of the wrongly classified =~ 13=< x<J 220 <
Train a new classifier on the updated training |
Sample, |I_xk‘;c4j \xk:c4‘|
Repeat procedure => create multiple trees. @& o
Classify data = voting of all frees (with w -
appropriate weights) o1 oo e .
R P < rle
classifier 1 ‘__-—. - Weak .E e
® 9 Classifier2 _————>-."ﬁ
ch‘s‘;ie;:'S

“'\ .. 7 Add Weight
\
@0

LHCPhenoNet2013 p70 P. Brickman de Renstrom




Classifiers

Beware of overtraining

Overtraining is due to limited statistics of the training
sample and e.g. inadequate structure of the NN or
overgrown free.

Generic feature of classifiers, although not all equally
prone to overtraining.

BDT or Bayesian NN, are generally more resilient.

. STOP
l Test sample

Training sample
adequate overtrained 440 875 1310175021 8526203060349539304370480¢
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Statistical interpretation
LHC is a discovery machine. Relevant questions:

i. Significance of observation:

Are we seeing signal we
search for?

ii. Confidence limit for
exclusion:
Can we exclude an
observation with
probablility e.g. >95%?

CL, method:

pS+B
" 1f Ps

<a(a=0.05)

p72

= 0.2
gl
B qubs
015 5
f(qls+b)
01F
005 P,
D 1 1
~10 0

Ps+b = P(q 2 gohs|s +b) = f flg|s +b)dq
Jobs

Johs
Py = P(q < qopalb) = [ 7(qlb) dg
— )

T s =ITuINNIITIarn uw ot ol



Statistical interpretation
example: Profile Likelihood

L, é) max L for specified p

ANp) = -
L(fi,6) maxL
—2In (@) pg<p
f(a,/0) I = .
.- 0 [L > L
|'I D cbs
¢,
s'e
po = / £ (a0]0) dag
/ q0,0bs

_H-1li
q/Z_I 1 -7)

Significance in o
p73



Statistical interpretation
example: Profile Likelihood

Typical example:
Search for a bump on top of the background

S0F

bl
A

(]

U

Events/ 2

p—

0 10 20 U 4[] [] 6(] 7 (] 80 90 100

- 0 - 5
L(,u.,@)—H(“S+ Joi)™ —(usitor,.)

Y
Pl n;!
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Statistical interpretation

Nothing particularly .modern” in the above.
What is really new is its recent implementation
(RooStats, etc.) within the Root framework.
RooStats toolkit

Class RooWorkspace

Simplify packaging
and sharing of models

Statistical tests based on

likelihoods from RoofFit models

pvalue

Frocuontet CL Scan for workspace rosult_s

Monte Ca plates

HistFacto ackage
Constructin dels from

L. Moneta




Higgs @ LHC
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Statistical interpretation

Look Elsewhere Effect
Instead of the local probability
of background fluctuation we
need to consider probability of
a fluctuation at any point of
the considered phase-space.

ATLAS (2011):

3.60 ->230
1.9x10-4-> 0.01

© Original Artist
Reproduction ri'ght\s obtainable from ]
ww, CartoonStock:com

THOUGHI
HE WAS

DEAD!

Trial factors for the look elsewhere effect in high energy physics
Eilam Gross, Ofer Vitells Im(HH) CDF
EuTPh}'SJC?OSES-s:iO, 20 ]_0 65 675 7 725 ?jhdas:zi]e\i'f 525 8§35 875 9




Summary

“+» LHC experimental setup as complex as it gets.
* Name of the game: get hlghbs‘r sensitivity to
sngnal while keeping syste uncertainties low.
<+ Data taking and han ossible due to
phenomenal increas

resources.Than
< Experim v analysis methods % \
not necess new, but promoted =
to unprecedented level to match up EESLCEURIEEC
the cutting-edge research needs of the LHC.

* Nowedays, we are often limited only by our
imagination!

pung ;
or'dor\l &
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ATLAS preliminary

Y conversions

Data conversion candidate
MC conversion candidate
MC truth conversion

MC truth Dalitz decay

Pixel layer 1
Pixel layer 3

Beam pipe

:— SCT layer 1
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ATLAS
A EXPERIMENT

\

A

2009-12-06, 10:24 CET '\
\

\
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Missing transverse energy

(essential for SUSY searches!)
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The "tiles method” - yet another way
» Variables in the SM backgrounds may exhibit correlations
» SM shapes (fractions) must be known (eg from MC)

\_
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o 600

Trro]re

The system is solvable without iterations!
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LHCPhenoNet

800 : 7 ﬁam Status

http:/ /hoc.web.cern.ch/hee/beam/by_beam.php
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