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Learning goals IT

= Basic understanding of tracking performance

= Basic understanding of calorimeters

= Have a basic overview about analysis workflow in HEP

= Understand the need for data reduction

= Give examples for reconstruction algorithms (tracking, particle identification)
® Understand event selections, be able to describe own selections

= Give examples for calibration procedures

= Give examples for background modelling
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Momentum resolution T

® Tracks from charged track with

v = [y form arcs with bending radius
R in a magnetic field B:

® Lorentz force: F; = q(py)B

" Centripetal force: F,, = m(fy)*/R

-----------------------------------------

' 1 <z — "-.‘
: ynvr Pr prlGeV] : ° \L
| cqB  cqB  0.3gB|[T] : R

® Note: The actual tracks forms a helix for non-
Zero p,

® Especially for low momentum tracks, energy
loss along the helix is non-negligible
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Track curvature T

® |n reality one measures a few points
(heed at least three to measure a
curvature) along a particle track to get

the sagitta s:

2
L
5 +(R—S)2=R2

L? s L? 1,
> R=—+— > s~ \

3s 2 SR
® Sagitta is proportional to curvature 1/R

Kolanoski, Wermes 2015

= — Uncertainty on s is proportional to uncertainty
on R
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Example: Momentum resolution

® Typical scenario (e.g. ATLAS):

"R~

" p=1TeV
a B=1T
® L=4m

" g==+1
pl

L2

GeV]
0.3¢gBJ[T]

= 1000 GeV/0.3 T = 3300 m

s~ —=16m2/(8 - 3300 m) ~ 0.6 mm

" 8R

® |[f you want a 10% momentum resolution,

you need

Ap/p = As/s = 60pm

o/
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Kolanoski, Wermes 2015
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Momentum resolution

= Uncertainty on s for three equidistant points
with same uncertainty o:

+ 1 3
s=y3—y1 y2—>6S=\/02——2(72= P
2 4 2

= Uncertainty on momentum:

o, Oy \/? 8p,[GeV]
—_— = — = —O0
s Py 2 0.3gB[T]L?

® Generalization to large number of equidistant
points (N>10), “Gluckstern-formula™:

--------------------------------------

--------------------------------------

NIM 24 (1963) 381
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Kolanoski, Wermes 2015
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Position resolution with multiple scattering KIT

= Simplified two-layer vertex detector:

Detektor2 : i 0,=0 f ?’_O/ZH 0,>0
r : & :
1 2
62 — 0 _I_ 0 + 02 Detektor1r2< 2 G.=0
b 2 1 MS |
rz o rl rz - rl Strahlrohr M1 M1
Strahlachse * ;(_,_
= Minimize op:
® Since r, > r; = o; must be small n- —
OIS ) B e
® Make r, — ry large = =
“ Make r; as small as possible 3 3
® Make r; and beampipe as thin as possible to = —
reduce ops = S
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» PINGO:
= Umfrage: Teilchenphysik 1 (WS 23/24)

= Zugangsnummer: 434521

= Link: https://pingo.coactum.de/events/434521
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https://pingo.coactum.de/events/434521

PINGO: Detector optimization SKIT

® In order to improve the momentum resolution for high ptracks of a
detector, would you invest In:

= Making the tracking detector larger

=  Adding more detector layers

® |ncreasing the magnetic field

= Making the sensors thicker (increase efficiency)

= Remove passive material (reduce multiple scattering)

Op; 720 prlGeV] & const.
—_— O — —
pr \ N+4 03¢gB[TIL? ~ B LX,
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PINGO: Detector optimization SKIT

® In order to improve the momentum resolution for high ptracks of a
detector, would you invest In:

a Making the tracking detector larger (correct answer)
=  Adding more detector layers

® |ncreasing the magnetic field

= Making the sensors thicker (increase efficiency)

= Remove passive material (reduce multiple scattering)

Op; 720 prlGeV] & const.
—_— O — —
pr \ N+4 03¢gB[TIL? ~ B LX,
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Example Material in front of tracking detectors IT
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Tracking detectors: Time-projection chamber (TPC) SKIT

® Charged particles create electrons
along path in gas-filled medium

® Electrons drift long distances along
homogenous E-field to readout
planes

= Readout-planes determine both x-y
coordinates and arrival time — 3D
track

® |nstead of gas, also liquid Argon is
used for example in the ICARUS
neutrino detector
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Tracking detectors: More...

® Resistive plate chambers:

= Simple gas-filled detectors with very good timing resolution
but worse position resolution (often used in muon chambers)

10/ mim

= Emulsion cloud chambers (ECC):

= Photoemulsions with not timing resolution, but excellent 3D
position resolution and very large target mass (popular in
neutrino detectors)

® Bubble chambers

Karlsruhe Institute of Technology

Source: OPERA

® Spark chambers

® Cloud chambers

14
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Calorimeters T

= Mainly used interaction: pair conversion, bremsstrahlung, nuclear
Interactions

= Two main detector types, both work by absorbing all particles:
® Electromagnetic calorimeters (for photons and electrons) = ECAL

®= Hadronic calorimeters (well, for hadrons...) = HCAL

= Performance metrics:
= Relative energy resolution AE/E
® Position resolution of shower center (2D or 3D)
= Missing energy reconstruction

= Particle identification (later)
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Calorimeter energy resolution SKIT

® High intrinsic energy resolution (large light yield, low electronics noise)
= High hermiticity (no “dead” material between active detector)
= \Very deep calorimeters to avoid longitudinal leakage

= Simplified resolution (often needs modification for very low energies and
If reconstruction algorithms are not just suming up energy depositions)

quadratic sum: a @ b = \/a2 + b?
R [ N
— P ——PiC

------------------------------------

Stochastic term: .
. Noise term Constant term
16 Fluctuations Particle Physics 1



Calorimeter energy resolution SKIT
® Stochastic term:;

homogenous: absorber and signal
generation in the same material

= Sampling calorimeter: Fluctuations of energy deposited in
passive and active layers U\/”Visible’ plus:

® |ow E photon interaction cross sections energy-dependent

@ energy threshold sampling: absorber (passive) and

detector (active) in different materials

® gscattering angle and resulting path length in active material IIIIIIII
. " EE

Homogenous calorimeters: Usually small (often a/{ﬁ)
unless photon-statistics is very small (e.g. lead-glass)
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Calorimeter energy resolution SKIT
= Noise term:

m “equivalent noise energy” (ENE) determines minimal detectable
energy determined by readout electronics and radiation
backgrounds

® [|iguid-argon calorimeter in ATLAS: b ~ 190 MeV

m Csl(Tl) calorimeter in Belle ll: b ~ 0.2 MeV

® Constant term:

= Mechanical imperfections

® (Longitudinal) leakage (i.e. not all energy contained) (actually
scales  In(£E), not exactly constant)
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Position resolution AT

e, E=2000.0MeV,B, =1.5T

BT 1771

= Position of a cluster is determined by the R 103%
center of gravity of the energy depositions 5 o 3
(i.e. much better than d/y/ 12 : <

> = = L 108
= The particle direction is typically not
determined by the calorimeter alone but 0! : ]
by combining the cluster position and a Horizontel Crystal D

known (or assumed) origin of the particle

O
@0 N W;
< Second 3D point J
? required to @
< R

reconstructed
particle direction!

?
X
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Example: Liquid-Argon ECAL in ATLAS IT

= Sampling calorimeter: Lead (passive) and liquid
argon at 80K (active)

® |onization in pure liquid Argon (26 €V per e/ion pair)

® |ons drift to electrodes (~1000V)

®= Accordion structure to avoid gaps in detector coverage

® several layers with different segmentations

= ATLAS ECAL is behind the solenoid magnet:
Additional 3 — 6X, in front of calorimeter!
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Example: Csl(TI) Crystal ECAL in Belle Il IT

® Homogeneous calorimeter: Thallium-
doped Csl crystals:

Backward Barrel Forward
n | |
®= Non-projective geometry =
L | "
2980
' PN P ECL '1.‘-':{!"_':;;(] b
oL e o TOR e 45 B -
c R | 3o 1 | Tl I c
=7
A - coc I sllE2E
it il | g 3 2% Eabe || sclencid asia
. . . ; BE | 25 sw PXD(2 lupers) H He 18 1
R VS | o . }
= \Very high light yie 1R >,
acs o £5 S s ——— Fr-OCIE. LS, @
i Jocar : ¥ \" Soual coll chamber = 7 = Ta— : e
- —a N — — 2 Ly ':E-:i _\—:{‘—1 - - —_— fzx - —
: B e I P i L e — — 5= : ;
QEIE S 5 “hocTe ~ 2 5 o
QcaLe 7 L s
o= S5Cryaenn PpT— i = 3
= I 5: Beaarn
1 Ater

= Rather slow light collection (~20us) , 2 L

® Positioned inside the solenoid magnet

= Readout with Si photodiodes

= Optimized to measure very low
energy photons (down to 20 MeV) —
needs small noise term, dominated by
<1 MeV photons

Source: Hamamatsu S2744-08
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Hadron calorimeters (HCAL) KIT
®= Three main challenges:

= Hadronic interaction length is (much) larger than the radiation length
— need a deeper calorimeter to collect total hadron energy

= The hadronic shower consists to about 1/3 of neutral pions that decay into two
photons

— part of the hadronic shower is purely electromagnetic
®= The hadronic shower contains a large fraction (20-40%) of “invisible” particles

— much worse energy resolution compared to ECAL

22 Particle Physics 1



Hadron calorimeters: Compensation SKIT

= Unknown electromagnetic fraction of the hadronic shower is a
challenge:

Lmeasured = (feme + (1 _fem)h)

where e and h are Is the respective responsive to an EM or an
hadronic energy deposition, and fem Is the electromagnetic shower
fraction

® if e # h, the calorimeter itself is sensitive to fluctuations of fem

= since e = e(E) the response of the calorimeter becomes non-linear

23 Particle Physics 1



Hadron calorimeters: Compensation

® Solution is conceptually simple: make e=h

24

(“compensation”)

= Hardware compensation:
= Decrease of em sensitivity, e. g. thicker absorber

®= Use hydrogen-rich active detector to increase neutron
interaction

® Increase visibly energy of neutrons by spallation (e.g. ZEUS
Uranium HCAL)

= Software compensation:

= Highly segmented calorimeter that can identify cells with low
and high local energy depositions and weight them accordingly

= Design compensation (“the dream”):

= Dual read-out with very different values of e/h exploiting
different kinematics of electrons and positrons in the EM and
hadronic part of the shower using detector that are sensitive to
particle velocity 3

C/E

Karlsruhe Institute of Technology

1.0

I I I |

100 GeV MC

* Incident vy
 Incident ™

Slope & =

1 — (h/e|.)

1 — (h/elg)

02 —
" <h/elc>
0.0 - L L + L .
00 0.2 04 0.6 0.8 1.0
S/E
S = E |fem —-(’5’)3(1—fem):
C = E|fam+(Dc(1—fim)

Particle Physics 1

Credit: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).



Hadron Comparison: ATLAS and CMS

25

ATLAS CMS
Position  Outside of magnet coil: Inside magnet coil:
2—4 X, additional material Limited depth (HCAL only 7.2 ),
in front of ECAL at n = 0: additional ‘tail catcher’)
ECAL Lead/liquid-argon (LAr) Homogeneous crystal
sampling calorimeter- calorimeter (PbWOQ,):
high granularity and high intrinsic energy
longitudinal resolution resolution
HCAL sampling calorimeters: sampling calorimeters:
iron+scintillator (barrel) brass+scintillator (barrel+endcap)
copper+LAr (endcap) iron+quartz fibres (forward)
Calorimeter Term ATLAS CMS
stochastic (&) 10%+vGeV 3%vGeV
ECAL (barrel) noise (b) 250 MeV 200 MeV
constant (c) 0.2% 0.5%
stochastic (a) 55%vGeV 70 %+vGeV
ECAL+HCAL (barrel) noise (b) 3.2GeV 1.0GeV
constant (c) 2.3 % 8 %

Source: Annu. Rev. Nucl. Part. Sci. 56 (2006) 375

Karlsruhe Institute of Technology
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Particle Identification: Charged Particles

26

In addition to momentum, energy
and position measurements,
detectors must identify particle
SpeciIes:

® ¢lectrons: deposit most energy in the ECAL.:
E/p = 1 (in reality machine learning methods
exploiting shower shapes in the ECAL)

® muons: cross the muon chambers with little
multiple-scattering within the muon chambers

= pions vs kaons: Cerenkov angle ((A)RICH
detectors) or time-of-propagation (TOP)

®= protons: very high energy loss per unit distance
(“high dE/dx”)

/_\1 000 = @ R ‘.
S 900 " Ly LiHe ALICE %)
S ook L 0-80% Pb-Pb S
— _ -3 ' ' ' QY
S 700F p O
(@) Lo
.a l\
-é m
n
g ©
ro) =
O 3
= S
2
L
o
o)
o
g 2 -]

3 4 5
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Source: Belle Il TOP
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Particle Identification: Neutral Particles ST

w, E=2000.0MeV,B_ =15T e, E=2000.0MeV,B =15T

A 15 S ST : n 15 = :
= :S‘eedL(ELQL_O'MJV)' 102§ :“MIPs” deposits a - :s'eedL<E]>2'5.o'MJV)' 103§ :Electrons (and ;
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© = - O = . ;
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= - J S U S R RS R ————— > 0O : :
10 3 > :shower :
. o . ©  TTmTmmmmmmmmmmmmmmsesesseseseoeoe- -
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0 — =i
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Summary IT

® Tracking detectors are used to determine momentum and track origins
®  (Gas detectors provide low multiple scattering and many track hit

m Solid state detectors provide superior hit resolution and radiation hardness

® Calorimeters are used to measure energy depositions
= Sampling calorimeters: absorber # active material
= Homogeneous calorimeters: absorber = active material

® |n typical detector: separate electromagnetic calorimeter (ECAL) and hadronic calorimeter
(HCAL)

= Particle identification detector separate particle species by exploiting
different interactions of different particles (e, y, 1, K, p) and (y, hadrons)
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unnamed - looking for adoption!

(by Sarah Untereiner)

AT

Karlsruhe Institute of Technology
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Simulation vs reality

------
-----------
m = -
-----
_-
--
- -

theory calculation

Simulation

software “twin”

digitized and calibrated
detector hits
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Digitized raw data

digitized and calibrated
detector hits

- = L B B B L B B B 5
é 800 — Data =
§ 700 ;— — :ﬁtoatlo'r:\it(:ompo : Belle Il 2018 —g
£ 600 Hadron Comp t —
8 5005_ Cell ID: 5598 (brl) E
< = E,..~ 667 MeV =
40—  Epuyon=115.5 MeV —
- Hadron Intensity = 0.173 B
. 300 = x%=28.1 (NDF=27) =
Reality 20 E
oF E
real experiment e e e N
e~ VI el P 1 i 0 2 4 6 8 14 16 18
AT R s N i, Time (us)
o e - 4 l I l l l l T T =]
Jl." 7 gl LIL 21— —
» /; A\ % —(2)5- ............... . . . :
4 = s = v i 1 1 1 | | 1 1 | |—
e, N R A <
e I
1 T N W il F [
% . . S = ‘_?lo:-_
4 . ..‘V,I)’;;' » E , . ?I:
b[31..30] — quality flags
detector readout quality f'ag
b[29..18] — peak time
b[17..0] — peak amplitude

32

b[17..0] — sample amplitude

N

stored for high energy
crystals to allow hadron
identification

Karlsruhe Institute of Technology

Example: Belle Il ECAL single crystal raw data
(one such entry for each readout crystal (~4000 per
event, 30.000 events per second)

id

1

packet_size

header

e
0010.0024 011F.0152 0001.5EC7 0000.0001

fit_result

CABS.

0000.
0000.
0000.
0000.
0000.
0000.
0000.
0000.

0157

ODD6
ODOE
ODC1
ODA9
ODF9
OESE
ODCE
ODDD

31 sample of ADC data

0000.
0000.
0000.
0000.
0000.
0000.
0000.
0000.

OD86
ODEF
OD60
OEQO
ODA2
OECS
OD3F
OE37

0000.
0000.
0000.
0000.
0000.
0000.
0000.
0000.

ODS5D
OE1D
0D24
OE33
0D83
OEDO
OD17
OE44

0000.
0000.
0000.
0000.
0000.
0000.
0000.

0D69
OE12
0D4C
OE31
ODDO
OEGE
0D62
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Time to publication is critical SKIT

® Scientific results should be published timely after data taking

= Results will inform planning for future projects (e.g. “How heavy is the lightest SUSY
particle?”)

® Results are needed as input for other results (e.g. precision branching fraction
measurements)

= External competition (same results can not be published twice)

= No results (negative or positive!l) = no funding

® Turnaround time for data analysis is key and a limiting factor in high
energy physics: Analysing (reading, processing, ...) petabytes® of data
IS hon-trivial and can take years

33 *LHC dataset in 2025 will approach 1 Exabyte. Particle Physics 1



Analysis workflow* IT

® Fast multi-stage triggers decide which events are recorded

= Reconstruction algorithms convert detector hit into physics objects
(e.g. “tracks” or “clusters”)

= Object calibration algorithms determine efficiency, fake rates,
resolutions, systematic uncertainties, ...

= Skimming algorithms perform high efficiency, low purity preselections

= Analysis algorithms optimise signal vs background for a specific
analysis and extract results

a Systematic uncertainties are needed for final results

34 * Actual names of the steps differ slightly between experiments Particle Physics 1



Data reduction T

readout

digitized and calibrated
detector hits
Careful, this feedback will _
only affect future data! software trigger
Events that do not pass this step are lost forever

reconstruction
by better calibrations or

object calibration
better reconstruction
i : software.
skimming

Feedback loops
(for example detector alignment, jet energy, ...)

“Reprocessings” triggered

user analysis

35 Particle Physics 1



* Actual names of the data formats differ slightly between experiments

Data reduction T

example: Belle Il
several MHz readout

30 kHz output rate — rather new developments: turbo

typically FPGAs or ASICS trigger streams with extremely high data
reconstruction time <2us rates but no digit-level information

digitized and ca.llbrated _ DST (digital summary table,
detector hits typically ROOT)
10 kHz output rate
typically CPUs or GPUs software trigger
reconstruction time <1s
typically CPUs :
reconstruction time <2s reconstruction — mDST (mini-DST)*
(data contains only reconstructed objects,
typically ROOT)
object calibration
fhhyf[sll(cs ana]lcyS|s depentdepfhprzsetlectll%ns t — uDST (micro-DST)*
14 .f.eeptal ew.perfcf:.ep orthe a“ta Withou skimming (data contains physics objects,
S|gn|”|can oss in efficiency, e.g. “tau pair typically ROOT)
skim
— ntuples
user analysis (custom data formats, today’s standard
are so-called flat arrays HDF5 or ROOT)

36 Particle Physics 1




Analysis workflow: who does what? IT

a Tri Only performed once in real-time. Events that are not kept
rnggers are lost forever.

= Reconstruction
Performed centrally by experiment’s experts on massive pre-

- - - reserved computing resources. Depending on the computing
“ ObjeCt calibration model and data size, so-called “reprocessings” happen about

] ] once per year.
= Skimming

®= Analysis Performed locally by analysts (PhD students, post docs, ...)
using batch-clusters, HPCs or the Worldwide LHC

. . Computing Grid (WLCG).
= Analysis systematic omputing Grid (WLLG)

uncertainties

37 Particle Physics 1



Analysis workflow: Simulation usage KIT

® Triggers

® Reconstruction
= Object calibration

= SKkimming
®= Analysis

= Analysis systematic
uncertainties

38

Development of new algorithms

Development of new algorithms, training of multivariate
classifiers or regressors

Determination of acceptance and kinematics inputs

Development of new selections

Development of event selections, background shapes, signal
efficiencies, ...

Find sources of systematics uncertainties, for example by
varying B-fields in simulations and study the effects

Since simulation is used in so many places, the differences
between simulation and reality is often a critical aspect of

each analysis Particle Physics 1



Digits to objects IT

®= Detector readout digits describe individual measurements:
Pixel detector hits, drift-times, calorimeter cell energies, ...

® Reconstruction algorithms are used to combine digits into objects (tracks,
clusters, V0Os) and to assign identification likelihoods to them (electron,

hadron, photon, neutron, ...)

= Different philosophies in CMS and Belle |l (to cope with much larger data size
in CMS):

m Belle Il provides multiple hypotheses with probabilities for each object, final user decides using
additional constraints (track fit results are different for different particle masses, calorimeter clustering

is different for photons and hadrons)

= CMS provides best hypothesis only

= Some special analyses (magnetic monopoles, millicharged particles, long-
lived particles, ...) may require special reconstruction

39 Particle Physics 1



Typical reconstruction task: Track finding ST

Ideal Realistic
® X) B-field ° X) B-field
O ° e
@ ® o
O ® O O
® O
@ @
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Typical reconstruction task: Track finding

AN
arlsruhe Institute of Technology

R ea I iSti C Track fitting: minimise

Xz _ Zhit (Xi—(ﬁiz(Q))
Xx; . measured hit position
B ol . fi(q) : track model
ie o . )

missing hits o; : measurement uncertainty
\ \ background hits ]
helix helix N—~ \

correct hit not
used

helix

] wrong pattern »
S N recognition [P~
! 4 -
! 4 - -
" / - - - .‘
4 - -
wrong S - l®

. . ’ -- - - .

Intersection K helix

q
vertex
41
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Reconstruction: Particle identification ST

= Typically using multiple subdetectors d (energy loss in trackers, energy deposition in ECAL,
track propagation in muon system, ...)

= |nformation is combined in likelihoods for each particle hypothesis |

deD
L= HLd(X | 1) for a given set of observables x.

d

" Global likelihood using Bayes’-theorem and a total probability of one for A; = {e, i, ... }

ox 1o PEIAPA) L
A= S rxiaray T 3

T.
" Depending on the analysis, a binary likelihood P(i/j | X) = - can be sufficient

L+L

42 Particle Physics 1



Reconstruction: Particle identification examples

Example: Belle Il ARICH electron vs pion

0.6

| edetected exp. nt

0.4 Belle I

exp. e

0.2} SO

F p=0.74 GeVlc, Nm(p =104, logL_

-log L =25.92
l L L l 'S L A

ol 11
-06 04 -02 O
[rad]

02 04

0.6

0.6

| *detected exp. nt

0.4 Belle I .

0.2} 4

exp. e

r p=1.39 GeV/c, Nm =223, log L;Iog L8= 8.17
l L ' l B L L

ol 1
-06 04 02 O
[rad]

02 04

0.6

# of photons

# of photons

6
detected exp. t —exp.e

5_
4
3}

2_

1..
0IIIlIlIIlIl.-‘v;lltv}lllllIIIIIIIII

0 01 02 03 04 05 06

0 [rad]
6
detected exp. t —exp.e
5_
4+ |
r'”‘l‘

3 I

2_

1__ l|
0IIIlIllllllllﬂv‘,!lll'.llllllllllll
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https://qgithub.com/belle2/basf2/blob/main/arich/modules/

arichReconstruction/src/ARICHReconstruction.cc
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Example: ECAL
0.2<p<0.6GeV
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for low momentum
electrons, a BDT-based

classifier improves the
PID

https://qgithub.com/belle2/basf2/blob/main/

ecl/modules/eclChargedPID/src/

ECLChargedPIDModule.cc
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https://github.com/belle2/basf2/blob/main/arich/modules/arichReconstruction/src/ARICHReconstruction.cc
https://github.com/belle2/basf2/blob/main/arich/modules/arichReconstruction/src/ARICHReconstruction.cc
https://github.com/belle2/basf2/blob/main/ecl/modules/eclChargedPID/src/ECLChargedPIDModule.cc
https://github.com/belle2/basf2/blob/main/ecl/modules/eclChargedPID/src/ECLChargedPIDModule.cc
https://github.com/belle2/basf2/blob/main/ecl/modules/eclChargedPID/src/ECLChargedPIDModule.cc

Particle Flow T

Credit: F. Beaudette at ICHEP2010
® Traditional jet reconstruction (later) was done using ™

calorimeters only: HCAL
" 2L, =Epcar + Eycar
® poor energy resolution because 70% of jet energy in HCAL

= Particle flow uses each subdetector optimally:

®= charged tracks in tracker, “matched” to calorimeter clusters

® muon momentum in muon system

= photon energy in ECAL

= neutral hadron energy in HCAL (10% of jet energy)
- E}et — ETmckS Ey L

neutral hadrons

= Requires high granularity (tracker and calorimeter) and strong B-field

44 Particle Physics 1



Event selection T

Read input file and load lists of reconstruction objects (with particle hypothesis!)

45

Reconstruct particles out of these charged particles

#!/usr/bin/env python3

# reconstruct D@ -> K- pi+ decay
HBBURARHUR BB RANR B URRBHAB BB RARH BB BRI B B URRBHAR BB RR B AR BB VR URBBHHBBBURAY . e n w
- S = - # keep only candidates with 1.8 < M(Kp1i) < 1.9 GeV
basf2 (Belle II Analysis Software Framework) ’

ma.reconstructDecay(decayString="'D0:kpi -> K-:loose pi+:loose', cut='1.8 < M < 1.9', path=my_path)

Author: The Belle II Collaboration

See git log for contributors and copyright holders. # reconstruct Dx+ -> D@ pi+ decay

1
1
g
1
1

¥
7
#
¥
# This file 1s licensed under LGPL-3.0, see LICENSE.md.

# keep only candidates with Q = M(D@pi) M(DO) M(pi) < 20 MeV
AR AR AR AR R S BHRA AR RRA SRR HRA SRR IRRAGHRAGARRBBHRAB IR

ma.reconstructDecay(decayString="'D%x+ -> D@:kpi pi+:all', cut='0.0 < Q < 0.2', path=my_path)

R HHRHB BB R RR R R R BB B RTR IR BB RRR R BB RRRRBRRBBRARRBRAB BB BB HABBHRNH
i
for help at questions.belle2.org
¢ Thic tutorial demometrates how to recometruct the If we run on simulated data, find the corresponding MC particles
following decay chain (and c.c. decay chain)
# perform MC matching (MC truth association)
Dx+ -> DO pi+
!

#=> K- pi+

ma.matchMCTruth(list_name='Dx+', path=my_path)

C S T T

#
REBHARBHHARBBHRBBBHRBBHRB BB HR BB ARG B HAR BB HRGBHARGBH AR B H ARG B H AR H ARG R H ARG H ALY

Store information to flat arrays (here: ROOT format)

import basf2 as b2

import modularAnalysis as ma E
. ) . . __ fs_hadron_vars = vu.create_aliases for_selected(
import variables.collections as vc

import variables.utils as vu list_of_variables=vc.pid + vc.track + vc.mc_truth,

import stdCharged as stdc decay_string='Dx+ -> [D@ -> ~K- “pi+] “~pi+')

o el o d@_vars = vu.create_aliases_for_selected(

my_path = b2.create_path() - - -
y-P -F list_of_variables=vc.inv_mass + vc.mc_truth,

. — | N M '
# load input ROOT file decay_string="Dx+ -> D@ pi+’,
ma.inputMdst(filename=b2.find_file('Dst2D@pi.root', 'examples', False), prefix="'D0"')

path=my_path)

# Saving variables to ntuple
output_file = 'B2A301-Dstar2D@Pi-Reconstruction.root’
ma.variablesToNtuple('Dx+', dstar _vars + d@ vars + fs_hadron_vars,

# use standard final state particle lists
v

# creates "pi+:all" ParticlelList (and c.c.)

filename=output_file, treename='dsttree', path=my_path)

stdc.stdPi(listtype='all', path=my_path)

# creates "pi+:loose" ParticleList (and c.c.)
stdc.stdPi(listtype="1loose', path=my_path) ¥ Process the events
# creates "K+:loose" ParticlelList (and c.c.)

pr
stdc.stdK(listtype="'1loose', path=my_path) J2:processimy_path)

https://qgithub.com/belle2/basf2/blob/main/analysis/examples/tutorials/B2A301-Dstar2D0Pi-Reconstruction.py

https://github.com/belle2/basf2 Particle Physics 1


https://github.com/belle2/basf2/blob/main/analysis/examples/tutorials/B2A301-Dstar2D0Pi-Reconstruction.py
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“Sandy” (by Sarah Alshamaily)
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Simulation vs reality

------
-----------
m = -
-----
_-
--
- -

theory calculation

Simulation

software “twin”

digitized and calibrated
detector hits
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How to get 0? SKIT

Nsignal=¥background
O - ..\

o e |

48 Particle Physics 1



Calibration: Luminosity

dN N,
* Recall definition of luminosity: — = o6 — Jg __
a1 Otheory

= Measured experimentally by using a physics process with very

precisely known cross section o that can be counted (dN/dt) with
small statistical and systematic uncertainty

" At eTe™ colliders a combination of ete™ — yyandeTe™ — ete”
(Bhabha scattering) is used, typically selected using calorimeter
iInformation only to reduce systematic uncertainties

" At eTe” colliders integrated luminosity typically known to <0.5%
(offline) and <2% (almost real-time every second)

Karlsruhe Institute of Technology
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How to get 0? SKIT

Nsignal=¥background
O - ..\

o e | &L
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Efficiency IT

= \ery general:
= Measurements of (differential) cross sections need shape and absolute value
= Measurements of mass or lifetimes usually only need efficiency shape
= Measurements of ratios (e.g. charge asymmetry) usually do not need efficiencies

= However, some extreme precision measurements, e.g. input for g-2 are dominated by
systematic uncertainties from efficiency differences in ratios

51 Particle Physics 1



Efficiency and purity

True state

52

Estimated state

» N
TP "N
ftrue positive) (false negative)
“pit? type 2 error
HmiSS”
FP
(false positive) TN

type 1 error
“false alarm”

(true negative)

Karlsruhe Institute of Technology

a Definition efficiency (or sensitivity):
= TP/ (TP +FN)

= "Number of all correctly reconstructed particles out
of all real particles” — ideally 100%

= Trivial solution for high efficiency: Very loose
selection

a Definition purity (or precision):
= TP/(TP + FP)

= "Number of all correctly reconstructed particles out
of all reconstructed particles” — ideally 100%

= Trivial selection for very high purity: Very tight
selection

Particle Physics 1



Efficiency determination IT

» Efficiency can be determined for signal but also for different backgrounds
(sometimes called “fake rate”)

= Determine the efficiency from simulation (the correct particle is known
here, often called “MC truth”)

= if the efficiency is high, it is often easier to determine the correction to simulation, i.e. the

efficiency difference between simulation and data

® Gold standard: Data-driven techniques

53

Tag&Probe: Use well-known particles decaying into two particles (e.g. AN /ﬁ/f or
Kg —> 1)

Orthogonal selection: Use two different selection variables A and B

Kinematic selection: Use kinematic constraints and charge conservation to infer true particle
type

Particle Physics 1



Efficiency determination: Tag and probe

Karlsruhe Institute of Technology

= Powerful tool to determine e.g. particle identification efficiencies

® Select a very pure (usually not very efficient) sample where one of the
selected particles has no particle identification criteria applied

= Example:

- Kg — 7 Two tracks, one with pure pion
identification, invariant mass of the two tracks very
close to the known Kg mass, two tracks coming

from the same vertex, vertex is rather displaced, ...

= Next check if the track without pure particle
identification is correctly identified as pion

m Studies are often performed as function of

momentum, direction, separation to other particles,

data taking period, ...
54
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Efficiency determination: Tag and probe example SKIT

- _ -1
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Efficiency determination: Orthogonal selection SKIT

= Example: Determine ECAL trigger efficiency for events with a high
energetic photon (i.e. something reconstructed in the ECAL)

» Strategy: Select events based on information that does not rely on the
ECAL at all*

" eTe” — uTu"y, but only select the two muons that do not sum up to the full event energy

® Require that the event is triggered by a track trigger, 1, .,

n(TE CAL & TTmck)

* The ECAL efficiency is given by €p4; =
n(TTmck)

56 ~ If this requirement is violated (it almost always is somewhat violated), corrections have to be applied for correlations (often from simulation) Particle Physics 1



Efficiency determination: Orthogonal selection (example)  =XIT

all events selected by two track trigger

“turn on” curve

all events selected by a cluster trigger
and the two track trigger

] v ]

500¢ B | é” ee »uuy events 1_0> ...................................
| ter tri r
; - cluster triggered 50.8.-
1 Belle I 2019 GCJ | very high
= [Ldt=4.6 fo? o | efiiency only
@, 300 3(]:) 0'6,’ nominal turn-on
~ e !
Y + +"H“*+*#MH+| = Belle Il 2019
“ 100| . JLdt=4.6 fb?
| | | 1 GeV cluster trigger
0—%5 1.0 15 20 25 3.0 99705 TTio 15 20 25 3.0

Credit: Belle Il L1 Group
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Efficiency determination: Kinematic tagging KIT

® Rule of thumb: HEP detectors are very good measuring charges of
particles (+ or -) to 0.1% or better

® “Nature’s gift” (test your PD@G skills if you don’t believe mel)

D't > DO[ — K 77|z and D~ - DO[ — K ntn™

“ Select three charged particles that combine to the D™ mass, while two of them also
combine to the DY mass

= Determine the charge of the (low momentum) leftover particle, this is pion (with very high
purity)

= |f the leftover particle is positively charged, the remaining other positively charged particle is
a Kaon; if the leftover is negatively charged, the other positively charged particle is a pion

58 Particle Physics 1



Efficiency determination: Kinematic tagging KIT

. x10°
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Other calibrations T

= Many more calibrations are needed with hundreds of people working on this
IN the large HEP experiments:

® TJracking efficiency and fake tracks

= Alignment of detectors

®= Jrack momentum and direction resolution and bias
®= Photon energy and position resolution and bias

= Jet energy resolution and bias

® (Collision energy and interaction point

m  Stability of calibrations over time (from seconds to days)

60 Particle Physics 1



How to get 0? SKIT

NsignaI_NbaCkground
O -

o e |
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Concept: Invariant mass

= |f the collision energy is large enough
to produce intermediate resonances R
on-shell (and not just as virtual
particles):

® 4-momentum conservation MR — M(P3 + P4)

= Works also for more than just two particles

= | ong-lived resonances are so narrow
that they produce visible
enhancements of the cross section

near their nominal mass (e.qg. 71'0, KO,
ZO, H, ...) & Exercise 2

62

s-channel

Karlsruhe Institute of Technology
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Analysis: Background determination IT

= Background from simulation

®= Needs to be corrected for efficiency differences

® Can not account for unforeseen differences

= Background taken from control channels

® Physics channels that are similar to the channel under study, e.g. different charged hadrons or different
charged leptons can be used to constrain overall normalization

= Sometimes control channels have very low statistics

= Background taken from event mixing

® If the background is coming from random wrong combinations of particles (e.qg. ¥ — Y17>), MixXing
random particles from different events can yield a pure background sample (there is no signal in particle

_ TP
from different events per definition): . .. = Vevent AV event B
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Analysis: Background determination

64

Data-driven background from the sidebands
near the signal peak (same variable)

®= Shape of background sometimes determined in simulation
= Only works if sidebands exist (and are not zero)

= Combined fit to signal+background extrapolates
background into the signal region

More advanced method:
sPlot (https://root.cern/doc/master/
classRooStats 1 1SPlot.html)
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https://root.cern/doc/master/classRooStats_1_1SPlot.html
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Analysis: Background determination via ABCD method SKIT

®= Assumption:

= Two statistically independent variables f and g exist (for example the invariant mass of a two jet system and the rapidity)
= Apply selection cuts on the two variables that split the parameter space in four regions

®= Requires low signal contamination in regions B, C, and D (absolute and relative)

Nphc

= Number of events in region D: n, =
"p

® Residual correction for correlations and signal contribution in background regions from simulation

i ;_;Signlil C \ A

. Background

65 Credit: https://arxiv.org/pdf/2007.14400.pdf Particle Physics 1
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Simulation vs reality
theory calculation
od et . Simulation
SilPPta event generator software “twin”

o@ Re Reality
&7 hadronization
i (quarks — hadrons)
' propagation through detector
digitized and calibrated
Y detector hits Nsignal ~ Nbackground
t Examples: Opryp =
‘\ * Tracking ’ 6[3

 Particle Flow
e Particle identification

Examples:
» Efficiencies

Examples:
* Background modelling
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What questions do you have?

Karlsruhe Institute of Technology
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