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(from raw data to physics results)

B» From raw data to summary data

("Raw data -> DST")

track fitting

momentum determination

calorimetry (cluster reconstr.)

particle identification (Cherenkov angle)

B Calibration

tracking detectors
data (RICH) and MC (tracking) calibration

g Analysis

jet reconstruction
b-quark tagging

Data analysis, B. Golob



From raw data to summary data

B» Raw data: digitized record of detector electronic .
signals; detector] signal

part value

directly used for graphical presentation;

for statistical analysis: need
physics quantities
p,E, g m,...

B> processed data,
summary data, Data
Summary Tape (DST)

Data analysis, B. Golob 2



From raw data to summary data

reconstruction

B> Procedure of processing raw data to summary data: reconstruction

example: to conclude
about Z° — p*p- decay
one needs to

establish two tracks determine small energy identify

of corresponding p Sgllfc))?isr;tg?eirr(lsl\/l

! | l

association of signals association of signals in hits in p det.;

In tracking det. into calorim. into clusters; association to tracks
tracks; track fitting; association of clusters (different
determination of p to tracks procedures for

hadron ident.)

Data analysis, B. Golob 3



From raw data to summary data
track fitting

B> charged track in B = helix |®

B association of electronic signals in
tracking detectors into groups - tracks
pattern recognition

B> fitting of helix parameters to associated
hits
track fitting

Data analysis, B. Golob 4



From raw data to summary data

helix

helix parameterization:

o + H(sin ¢ — sin )

yo — H(cos 1) — cos )

20 + R col 0(¥ — )

helix Is parameterized with 5 parameters
at chosen point, e.g.:
Vo Zp, Wy, 6, 1/R

Data analysis, B. Golob )



From raw data to summary data
pattern recognition

B> pattern recognition:
high number of detector hits — difficult association with helix; )
transformation of transversal helix projection

for parts of track (in most precise tracking detector) xg, Vs, Zs, Ws, ¢s, 1/Rs
available - TE, Track Element

for each other TE: calculate transformed point x, )

calculate ¢’ ( £(x, y’) and int. point);
check /¢~ ¢s [<a;

from Az=z-z’and . calculate y’ ;
check [y '(calculated)- v '(measured)|<p

join consistent TE’s

Data analysis, B. Golob 6



From raw data to summary data
pattern recognition

72y transformation
a*y

z? + o

circle (z—z.)° + (u — v =R

!

y =

. N P
line y = —a' + —
: Ye 2y,

dy &,
r=0.4=0 —

trans. easier to check consistentcy
of hits with straight line than
with helix

Data analysis, B. Golob



From raw data to summary data
pattern recognition / track fitting

B> alghorithm properties:
minimal number of loops;
o, B determined individually for each sub-detector;
using int. point - not applicable to secondary tracks;
each TE can be associated to several tracks;
additional info can be included (energy, direction, ...)

B> track fit:
from multiple TE's determine best helix parameters in chosen point
(closest approach to int. point)

N measuring points

~ minimization Sesmmdtrack parameters

track model (heli) [

perturbations to

model
(multiple scattering)

Data analysis, B. Golob 8



From raw data to summary data
track fitting

B> Track fitting algorithms:
divided according to
track model usage, inclusion of model distortions (mult. scatt., energy losses)

Global Methods Progressive Methods  Break Point Methods

B® Global Methods:
simultaneous minimization of 2 of all measurement points;
mult. scatt. included in the error matrix @

properties:
all meas. points used simultaneously;
simultaneous pattern recognition not possible
(as opposed to Progressive methods);
calculation expensive (NXN matrix inversion);

Data analysis, B. Golob 9



From raw data to summary data
track fitting

Global method - track model:
expected coordinate values
Ty + H',]] [Hill U1, — S f,-."”]

!}” T !-f'_' ] [l-r{-""} {--I"‘rll = }h ”-:Il.b]

: .','.” e R‘--F.I cot H” [{rl'” —_— f.':.i,l}

5 free parameters: p,=(v,, Z, v, 6, 1/R)

N measured 3-dimensional points = N 3-dimensional functions
depending on 5 parameters f(p,)

global ¢? minimization:

s o ke agak
x“(Po) = (f(po) —m) C t(f (po) — m)

I

Data analysis, B. Golob



From raw data to summary data
track fitting

Global method - example:
straight line fit

model:
N meas. of y at X,

; i il 7 I‘.'—I it ri | T

for x,=nAx and 6,=c =
I N _Bi— ), 82 W

e R

Al B Now-(na)

Data analysis, B. Golob



From raw data to summary data
track fitting

L Progressive method (Kalman filter):
parameters after n measurement points known;
extrapolate (track model) to (n+1)st point;
parameters after n+1 points = average of extrapolated and
measured parameters at (n+1)st point; Gi)

properties:
enables simultaneous pattern recognition and track fitting;
specific scattering regions inherently included;

Data analysis, B. Golob



From raw data to summary data
track fitting

Progressive method:
vector of parameters after n measurement points p,;

error matrix after n measurement points W, ;
vector of extrapolated parameters P,
extrapolated error matrix W, e

v2: sum of contribution from extrapolation and measurement:

(7)) + [Fosr = TV Welg ., — 3 o [ '
X\ | 1 |Pn+1 — P, ] I o [p,.,.ﬂ — ;;j: | — L“-‘-" j - ’,_.;:E:E-lr’{.-? [ﬁ:,_, — ﬁ‘m..-.[':
v? from n points ' I e

2 of (n+1)st point

v2 from extrapolat.

after minimization: set of equations for p,.,";

if v2 from extrapol. larger than chosen value for specific point
— point not assigned to track

Data analysis, B. Golob



From raw data to summary data
track fitting

Progressive method - example:

straight line;

y,~ and k.- after n measurement points;
extrapolation to (n+1)st point:

Data analysis, B. Golob



From raw data to summary data
track fitting

Progressive method - example:

straight line;
start with first point,

starting error matrix:

=W? =
. —AX/o® Ax%/o?

[ 1/ o° —Ax/az}

—~Ax/o? AXx*/o?

2 2
W2=W18+U:{ 2o AXl o }

etc.

Data analysis, B. Golob



From raw data to summary data
track fitting

B> Global method — multiple scattering:
error matrix:

o;. uncertainty of ind. measurem.;
g contr. to uncertainty due to mult. scatt.

0
13,6 MeV | L U
—_—— V‘ —\":' \‘l + 0.0 Inn T |

(“U;]"' A A

—— track model ---. actual track (mul
scatt.)

uncertainty including mult. scatt.

distribution of (Yyeas-Ysir)/oy (“pull”) is a measure of understanding the effect of
mult. scatt. rather than of understanding the meas. errors

Data analysis, B. Golob



From raw data to summary data
track fitting

B> Progressive method — multiple scattering:
mult. scatt. between nt" and (n+1)st point:

included in the error matrix extrapolation;

using a corresponding mult. scatt. matrix
W5 one can include specifics of material
between nt™ and (n+1)st point )

Data analysis, B. Golob



From raw data to summary data
track fitting

B» Break points method:
appropriate for detectors with a limited number of
regions with significant scattering;

scattering angles included in y? as free parameters

x*(P.") — x2(P,".6,)

Data analysis, B. Golob



From raw data to summary data
momentum measurement

B> Magnetic field:
P=0BR; .
from curvature R one determines the
transverse (w.r.t. B) component of p;
actual meas. Is curvature R;

meas. points:

accuracy depends on:

# of meas. points;

spatial resolution of each point;
mag. field integral BL;
momentum p;

multiple scattering;

intrinsic resol.  mult. scatt.

Data analysis, B. Golob



From raw data to summary data
momentum measurement

Example of momentum determination:

if s determined by for N measurement points:
3 measurement points:

Data analysis, B. Golob



From raw data to summary data
momentum measurement

Multiple scattering:

13.6MeV Ir ) 0381 L ‘

— — |1+ n—

i 1) f V \“ . -\H
dp = psinbrus

f
Aps = 2psin— = pf

ap) al Af:-_, |
27 A!J
a(p) ptsSinbrys _ Prus

Pt
o(p) 13.6 MeV

Py gBvVLX,

Data analysis, B. Golob



From raw data to summary data
momentum measurement

Momentum meas. ATLAS (un):

o(p)/p Intrinsic resol.
[%]

oS

¥ Tuba rasiutlan + Buis ealEratian [Hached)
i Bhombar aignrant

O Hullphe sea b

O Enermy W Moo uationa

£ Tebal

10 15 m

Muon Drift Tube chambers (MDT)

mult. scatt.
(—const.)

Data analysis, B. Golob



From raw data to summary data
calorimeter showers

B Calorimeters o el
are granulated PR
(composed of individual cells);
charged and neutral particles deposit
energy in several cells;
to measure E of particle (or even
hadronic jet) need method of associating
individual cell energy deposit to
particles (“clustering”)

purpose of clustering: I 2nd layer

Shiptowers in Sampling 1

improved signal/noise (considering
correlations among cells);

separation of EM/hadronic showers;
search for isolated particles (e, vy, u,...)

Data analysis, B. Golob



From raw data to summary data
calorimeter showers

e Reconstruction in few steps:
basic selection of cells
rejection of cells with known noise (online);
selection of cells with high signal (“seed”) and neighbouring cells with
lower signal;

association of cells into showers D
several known alghoritms, e.g. Mulguisin alghoritm

Hadron calorim.
for hadronic jets energy meas.;
precision of reconstruction reflects in invariant mass resolution

optimization of clustering depends on
luminosity;
process under study;

Data analysis, B. Golob



From raw data to summary data
calorimeter showers

e Mulguisin algorithm:
- search for cell with largest E deposit —
represents initial shower; dimension set to
calorim. spatial resolution Ry;

- search for cell with 2nd largest E deposit;

- calculate distance between two cells;
If smaller than shower dimension = assoc. cell to shower;

(can calculate new shower center (weighted);
new shower dimension can be set to max. dist. between shower center
and each assoc. cell;)

If larger than shower dimension = start of new shower with dimension R,

- repeat until all cells taken into account;

Data analysis, B. Golob



From raw data to summary data
calorimeter showers

Mulguisin algorithm, implementations:

, TOEE———_ . O ||
f:'rﬁ-l-l - Ei’-.l”"‘l ok h;lth{ a

pljnsk pljusk —> shower
”J.- 1 Ih‘_

r"J]"I-i”’”L' - (pljusk

o { !

er.'.hrk Hy

size and direction of shower const.

E.&- is prlmwl. 2 E”“ a
=X JI_ Hk il '-»1 !l_ sk 1 1';1 1'1-'- iea ' P ] 15k CE S
ff} 11: (}:i Ju ”}I Jusk | E li ]1 ) .- ( f‘ pljusl i E li ..)
lJ'E ii‘-]ﬁ [ i-l !"rl.": i P[-I .HL e i | il A 1=K e Tea .
o (EPlinsk gplinsk |, peelica geeliea) (E' linsk | potica) RS of shower const.,
sk P , direct. recalculated
ket ) at each step
1‘:-':{?,- ‘1 - FP””-"‘I\' f'ﬂ'i"‘“l i
IJII *éL mib 5 Ml WE L | r A ¥ = f
”:1: a (},lilﬂt\;[rllﬂ ¥ B lica, cel )/ {JE"'"'L+F‘ i *)
FLEJHHI\ 3l '-»I- ri I i'- ¢elica oehica i i I A . . -
) prlivsk - (pliusk gplinsk !-.;_ fiea goelicay 7 ( ppliusk - pocelica size and direct. of

pljusk " - shower recalculated
R, mn.."rl_ﬁ;,. J) at each step
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From raw data to summary data
calorimeter showers

Resolution on dijet invariant mass:
LHC simulation;

individual event:
[%0]

Casa 1

o High Mass
4 High P1
s Low P

0.4 0.6
Cone Radius (AR)

— Increasing allowed shower size =
larger fraction of E reconstr. = better resol.

Data analysis, B. Golob

oy/M

event + 30 min. bias events:

Low Pt

© ‘With Minblas and an E; cut
A 'With Minblas

Cone Racius (AR)

<« decreasing allowed shower size =
smaller fraction of E reconstr. =
worse resol.;

— Iincreasing allowed shower size =
larger fract. of E from other events =

worse resol. 27




From raw data to summary data
particle identification
B Hadron identification

most detectors use some variation
of Cherenkov light detection;

Cherenkov ring detectors:
photons in detector = radius of ring
— Cherenkov angle = particle velocity = mass

large number of y's — impossible to
consider all combinations;

charged track (through geometry dependent
equations) determines ring center; BaBar - DIRC

consider only y's consistent with ring center

6c=0."P(M;) = Nogc

Data analysis, B. Golob



From raw data to summary data
particle identification

Cherenkov ring detectors
likelihood function:

Nexp' Oc = f(p/lml)

background:
uniform distrib. over
detector surface

0.

Gl
\l-—..“,,u--—’lI
enakomerna  porazdelites

8] !:II."I-'["Ei:.Ii "i'-]'-llr'

LN g Npg/E(N,,, =0, N,,,) - measure of probability for set of y's to

originate from a particle with (p,m,)

Data analysis, B. Golob



From raw data to summary data
particle identification

Cherenkov ring detectors
particle separation:
from £V, Npg)/E(Neyy=0,N,,) = P(m)

P(my)/P(m;) particle separation

e.g. HERA-B P(r, not K)/P(K, not r):

Data analysis, B. Golob



Calibration
Tracking detectors

actual
B Tracking detectors calibration meastrem ent’/
Individual subdetectors must be
properly inter-orineted, otherwise
tracks distorted;

for any calibration need
sample (tracks, decays, ...) with
precisely known detector
response

ideal actual
position position
. o

Data analysis, B. Golob



Calibration
Tracking detectors

Description of detector (mis)alignment
position of individual subdetector w.r.t. reference
(most precisely mechanically positioned detector)
described by set of small parameters o
(translation, rotation, t-delay,...)

assume linear relation

Ameas  <ext _ gmeas: vector of measured coordinates
q q q®t:  vector of extrapolated coord.
(from the reference detector)
S: matrix depending on measuring
coord., track model, detector
geometry

simplest case:
o composed of 3 translations and 3 rotations

o =(Nys My N21Ex: €y E7)

Data analysis, B. Golob



Calibration
Tracking detectors

Determination of position
minimization:

(G, meas _ gext_ g, 5] Fyy—1[7 meas _ —ext

fh'l — F}"

_ | Gk =8
k emeas. points

result:

(" z S/ W, S, ) 6 =

Kk emeas. points

vector of displacements a

coordinates meas. in subdetector are corrected by o

Data analysis, B. Golob



Appropriate sample
often cosmic rays;
other decays observed,
e.g. Z° — u*p (LEP);

(needed also to check
the alignment method)

Data analysis, B. Golob

Calibration
Tracking detectors

= hits in other
detector

X

hits in
reference
detector




Calibration
Tracking detectors

emeas. hits
Appropriate sample eextrap. hits

e.g. Z° — u*p (LEP);

reference
det.

-

extrapolations of
meas. tracks

do not intersect

In Interaction point

— | —

Data analysis, B. Golob



Calibration
Tracking detectors

Example
Delphi detector at LEP

O [cm
- e [(1/py)-(1/p )1/ (1/p)

0.5793€-02

before Mean 0.3616E-02

1 SN
g 0I0TT=02

track + igma  0.3824E=01

U before

after

0 0005 001 0015 002
miss distance (cm)
Constant 193.3

Mean =0.1752E-03
Sigma 0.4143E-02

. e L ) 0 —— | N 5
4 <O0F -O0F 02 -4F 0 o) 02 43 04 05 45 44 03 G2 H40 0 Wl 02 63 64 08
(/o 1P /(1 o) (1/P1/ P/ 1/ Pa)

as i B
0.0.5 00! 0005 0 0005 00! 0015 002
miss distance (cm)
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Calibration
Data and simulation

B> Calibration of data and MC simulation
example of RICH (Delphi at LEP)

sample with known detector response:

cosO. = 1/Bn
tracks with p>6 GeV; even protons at p>6 GeV [3=1 - 102
sample yields value of n;

expected error on 0., ¢ (0.) needed for fits;
(O.meas - 9.exP)/G(0.) "pull” examined;

pull distribution properties:

for gaussian distribution of G meas :

Data analysis, B. Golob



Calibration

Data and simulation
Ocmeas _ chxp [rad]
example of RICH " _
(Delphi at LEP) S £ | Defore Rt . e

: 4 -
*  after o e ¥ (0-97%)=4.940.2 mrad

*
" A corrected

¥ % (8.-9%)=0.0140.08 mrad
+ #

same method and
corrections applied
to MC simulation

to match the data ——e
a  » before

e not corrected
a(pull)=1.30+£0.03

4 comected

=1.30 10.03;1“* o(pull)=1.007+0.006

0=101 0011 “Stutg, .
LA s
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Analysis of data
Hadronic jets reconstruction

B> quark production
observable jets

example of jet formation
reconstructed jets =

Interpretation of
processes at parton level

QCD __ __
O(CL ) hadlonlzaclplazpadl

< | | |
energy scale (LEP) 91 10 1

Data analysis, B. Golob



Analysis of data
Hadronic jets reconstruction

jet reconstruction
experimental method
(assigning tracks to jets, calculation of energy, ....);
observables (# jets, # tracks in jet, angular distributions,...)
must be expressed in terms of theory parameters
In order to test predictions;

definition of jet
should be appropriate for exp. usage and theoretical calculations in order
to confront theory & experiments

Algorithm for track association

resolution parameter combination of tracks

Data analysis, B. Golob



Analysis of data
Hadronic jets reconstruction

jet reconstruction
algorithms

name resolution parameter combination comment
JADE Yeiip = ﬂ[i_ffpl' = 2E;E;(1 — cos0;; -:.”ffj‘-’ Pk =Dpi+tp; |

“mer melr

preserves E, p

p Yeur = (Pi + Pj)*/ Epper Pk =Pi + P ‘ preserves p
| | [ h‘*t' = |J|il "”-'| |
DURHAM| yo = 2 min(E?, E?)(1 — cosb;;)/E2,, AN YR/ preserves E, p;
‘ ‘ resummable
EEE | = NLO log's

LNEGIEH . — 4—momentum
P, = 3—momentum

higher order calculations in perturbative QCD performed for massless partons

= resolution parameters calculated for massless partons;

summing two jets 4-momenta in general leads to a non-zero mass object (new jet);
several algorithms exist to avoid the problem

Data analysis, B. Golob



Analysis of data
Hadronic jets reconstruction

alghorithms comparison
for all alghorithms perturbative calculations exist to O(a.?),
e.g. relative rate of n jets:

(Yeut, 1) + C(Yeu _ﬁ] (L;rl_;l)_’

(Geurs 1) (2 22) j

L £

using above predictions + models of hadronization
comparison of parton and hadron distributions

Data analysis, B. Golob



Analysis of data
Hadronic jets reconstruction

alghorithms comparison
N jet rates vs. Y,

before hadronization
(parton level)
® 2 jets

g

=)
L=

® 3jets
® 4jets
-- after hadronization

in-jet production rate [ %]
&

[
=

.

=t
z

smallest hadronization
corrections for
JADE and DURHAM

-

g
3.;.,
4
H

S

Data analysis, B. Golob

n-jet production rate [%]
& & & 8

[
=




Analysis of data
Hadronic jets reconstruction

alghorithms comparison

n jet rates vs. E i
Yew = 0.08 (E, EO, P)
Yem=0.03 (D)

smallest hadronization
corrections for
JADE

F
£
<
=
&
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Analysis of data
Heavy quark tagging

B Heavy (b) quark tagging
H(m >150 GeV) — bb > 50%; CPV in B system; ....

try to discriminate b initiated jets from others;
use properties of hadrons composed of b quarks:

lifetime mass energy

decay prod.
lifetime: of B decay prod.

of D
YCTg>YCTp Og > Op

impact
parameter

inter. pofnt

Data analysis, B. Golob



Analysis of data
Heavy quark tagging

B Heavy (b) quark tagging
mass:
example of
rapidity for
B(M) —X(E)Y(E,):;

1+t(‘-ai’7”’}
l— tnaf)/j

large M = small y;
average # of decay products higher for B than D
= y even smaller

Data analysis, B. Golob



Analysis of data
Heavy quark tagging

B Heavy (b) quark tagging
combination of several
discriminating variables
Into single one
(likelihood ratio);

¥
=
b &
-

tn o tn

=
2
-
]
a)

example for Delphi
at LEP;

actual method for
b-tagging depends on
specific experimental
conditions

Ng(selected)/Ng(generated)

0
0.82 0.84 0.86 0.88 09 092 094 096 098 1
b Purity

Ng(selected)/N,,(selected)
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Analysis of data
Summary

Path from electronic signal detection to result for measured physical
guantities involves a number of steps

Each of those represents a specific problem and requires specific
methods and solutions (some of those illustrated here)

Quality (correctness and accuracy) of the final results depends crucially
on the quality of reconstruction of raw data

Data analysis, B. Golob



