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Prelude
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Paradigm:

The historian of science Thomas Kuhn gave it its contemporary meaning when he adopted

the word to refer to the set of concepts and practices that define a scientific discipline at

any particular period of time. In his book The Structure of Scientific Revolutions (first

published in 1962), Kuhn defines a scientific paradigm as: "universally recognized

scientific achievements that, for a time, provide model problems and solutions for a

community of practitioners, i.e.,

« Wwhat is to be observed and scrutinized

« the kind of questions that are supposed to be asked and probed for answers in relation
to this subject

» how these questions are to be structured

» what predictions made by the primary theory within the discipline

* how the results of scientific investigations should be interpreted

* how an experiment is to be conducted, and what equipment is available to conduct the
experiment.

Paradigm comes from Greek napddetyua (paradeigma), "pattern, example, sample” from the
verb mopaoeikvoun (paradeiknumi), "exhibit, represent, expose" and that from mapd (para),
"beside, beyond" and dsikvout (deiknumi), ""to show, to point out™

Examples of analyzing MPGD data
with emphasis on precise timing
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Introduction
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Cherenkov

Radiator 5o mm

Photocathode  18-20nm
Drift 200 pm

Amplification 128 pym

Particle

HV1

€ E-Field

LN O I I T TR TR I I I * s s s s s s 8800 (Ground

) E-Fieldd

HvV2

W

Preamplifier + DAQ

“Compass gas” (Ne+10%C;Hg+10%CF,) at 1 bar,

CF4 +2‘|]%Cg HE at 0.5 bar

12/13/17

Spyros Eust. Tzamarias - RD51 Open Lectures

Cathode

Mesh
(Bulk Micromegas)

Anode



Femtosecond Ti:S laser
=740 nm, 120 fs, 76 MHz

Optical Parametric Oscillator

=560 nm, 120 fs, 76 MHz

Photo-diode
tise= 100 ps 1 @
. Second Harmonic Pulse-Picker
Generator, =280 nm [ 11-300 kHz
Picosec
descie LeCroy 9000

7/

Attenuator and bandpass filters

digital oscilloscope

Figure 4: Schematic of the experimental setup during the laser tests, described in detail in

the text.

Muon test beam calibration

Laser calibration

Smm holeveto 10emx10em 5 mmx 5 mm 2 cm x2 cm
scmi]llamr scintillator scintillators scintillators
Tracker 3 Tracker 2 Tracker 1
Pos 1 Pos 0
f—
Beam
h 1 1 Hamamatsu
245 mm | ' mm 305% mm MCP
540 mm 555 mm

Timing Reference (T,) Accuracy: ~5ps
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Waveform (Laser Test), Anode: 650, Drift: -450
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Recognize the “start” and “end” of the e-peak, as well as the “end” of the
ion tail

Pulses
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Evaluate charge by integrating the relevant part o the waveform



Definition of the e-peak Arrival Time
Fit the e-peak Leading Edge

Fit the e-peak leading edge in order to neutralize noise effects.
Several Functions have been used in the fits, including quadratic and
cubic polynomials as well as logistic and generalized logistic functions

Waveform (Laser Test), Anode: 650, Drift: -450

R, P R,
1+exp[—P2(x—Pl)] : (1+exp[—P2(x—Pl)])Fl
A fit of the whole e-peak was also tried using the difference of two

logistic functions

Po Po sos |

t; po, P1, P2, P3s P4, P5s = —
f(t;po, 1, P2, P3, P4, D5, P6) (L4 e Gpm)® (14 e (pps)P

0.02

The results of these fit is also used to define the “start” and
”end” points of the e-peak waveform, to estimate charge and it
Is also used for timing

* The autocorrelation function, evaluated for a time interval 4t ~ 5 ns is almost zero

oorf—

—OLa0E
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Define the e-peak arrival time at a Constant Fraction of the peak maximum
CFD Timing minimizes “slewing effects”

=) CFD Timing of raw pulses suffers from noise
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Fitting the e-peak waveform helps to estimate the charge in “impossible” cases

Example: LED calibration — small pulses
Define the start and the end of the e-peak
Estimate the charge
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Is it possible to filter-out the noise ?

The power spectrum of the “average waveform” is free of random (uncorrelated) noise
The average power spectrum of individual waveforms includes the random noise

The average power spectrum of individual “noise waveforms” is the random noise

Average Waveform 0.3V < e-peak Amplitude < 0.42V
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- % F — Average of Spectrums
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%w E — Average of Spectrume
An example of filtering out the noise \
(cut at 1.5 GHz) A
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In these examples (PICOSEC-MicroMegas), the use of filtering before fitting the leading
edge of the pulse DOES NOT improve the timing resolution, i.e. a conservative frequency
cut does not improve the timing resolution and a strong frequency cut deforms the rising
edge of the pulse worsening the time resolution
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The Charge Distribution

Charge 425-400
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e—PFeak Integral

Can we express the e-peak charge distribution of a single p.e. by a Polya function?

HE0— BN

Za0

Usually, we accumulate signals using an == | 1
event trigger that rejects noise. o TR
Can we estimate the mean and RMS of the w [ . Tk . % 0 .~

distribution ?

L]

50

12/13/17 Spyros Eust. Tzalnaris . Rt o P .
o 0.5 1 1.5 2 25 3 3.5 3
=—Feok Integral



The Polya distribution is defined by the following (normalized to unity) function:

1 (6+1)Y(0/0,)
Qe r(6+1)

P,.(Q:a=b=6+1.0,)d0= e 2% g0y

E[0,.]=0.=(0.)

1 2 2
ll—"r [Q.'spe:| - m(Q‘r) - RMS"

When fitting experimental distributions, we have to normalize the Polya function to
the number of observed events, 1.e. we fit with the function

":

c (6+1)*"(010.) s
0, r(6+1)
f:)e =< Q, > >
(o)
RMS*

The normalization factor, the mean and the RMS of the
distribution as the free parameters to be estimated by the fit

F(Q;C,RMS,<Q, >)=
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Does the “Polya” shape describes the e-peak charge and amplitude distributions?

Laser beam tests
Use data sets collected without any threshold on the picosec-MM signal to test the “Polya Hypothesis”

Charge 426—440

_ Use out-of-time events
to model the noise
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Evaluate the
mean number of pes
per muon

The last Christmas ghost
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Rule of thumb: Sir Francis Buller ruling that a man may legally beat his wife
provided that he used a stick no thicker than his thumb.

B B I e
Entries | (2047
.H.:_l.an - - -_1_?8':' "
FibdS Lab4g
iR T fo.g [ A i i
X/ T02E /. 05 e Laser Calibration
RMS e QB TE A O AARE -

a1+ ossoror | FILDy Polya the (truncated) single-pe charge
| spectrum to estimate the mean charge and the
RMS. Evaluate the systematical errors.

Mean Charge

1 a 3 q 3 =] T & o o
e—peak Extimated Charge

a0 SIS I .|_|}.I R Y T
™ ¢ I L

&0 F RS e T T

o E YL LS| The beam l\/lriuon Test Beam _

40 P P e 0 DBS gger hOdOSCOpe was a“gn
30 = e to select muons passing through the

active area (?) of the PICOSEC

a 10 20 b 40 50 G0
a—paak Estimated Chargs

Then... N,.=13.55/1.4 ~ 9.7pe/muon
Can | also use the RMS values of the charge distributions in order to improve the
estimation of N, ?
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Let us assume that the single pe’s charge distribution is given by:
_ a positive function for(Q =20
F.(0:0..V.)= (1)
0 forQ<0

where Q is the accumulated charge and

0.=(0)= [ oP.(0:0..v,)do
= 2)

v,=(0*)-0: = [(0-0,) P.(:0,.V,)d0

The pdf for the charge which is produced by n pe’s (i.e. produced by a single track) will be:
F.(0,:0..V.)=P.(0:0..V,)®P(0:0,V.) - ®P(0:0..V,)

n mes [3]

[ £.(0,:0,.v. )0, =1

The expected value and variance of Q, can be calculated from (3), but it is easier to consider
that Q, = x, +x, +...x_ (where yx; is the charge produced by the ith photon and it is
distributed according to (1)) and that x, (i =1,2,3...,n) are mutually independent. Then

0. =(0.)= [ 0,P.(0,:0..V,)d0, =n-Q,
. (4)
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Let us also assume that there is a- Noise contribution p_ (Q;(je,‘-{,) == f(Q) for zero pe

charge, with mean 0 and variance s? (this is for completeness)

Consider now muons producing n pes, where the variable n is following some pdf g(n; ,u,l\7[)
(could be Poissonian), with
pu={(n)=Yn- g(n;u,M)
" . B
V, = (n‘)— (n) = Z(ﬂ - n)' -g(n;ﬂ,M)
n=0

and M is a vector of several other parameters which are relevant for the above pdf.

Then the total accumulated charge (that is proportional to the integral of the corresponding
waveform) is distributed according to:

G(Q:11.0,.V..M)= Zg(nﬂM) F.(Q:0..V.)
- (6)
IG(Q 11,0,.V, MHQ =1

The total charge has an expectation value which is given by

G(0:1.0,.V, M)Q = ZgnuM JQP (0:0,.V, ko
(7)

£lol- [o
g( M)-n-0, = -0,
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The variance of the total charge should be

V[Q]=T(Q—ﬂ--Q)" G(0:11.0,.V, MJQ = Zg(n M)

é'——;E

(0-u-0.) -P.(0:0..V, kO
= ig(n;u,ﬂ"[)- T {Q2 +(!1'@e)_ - ZQ!J'@}'PHE(Q ;Q,,VE)JQ
=Y g(mu M), jQ P.(0:0..V. 0 +(u jP 0:0. V)dQ 200, IQP Q:0Q,.V. HO

n=0

(8)

Ve +Qi 1 Qﬂe

L]

_Zg(n I, M){HV +1°0; +(u-0,) _2:“‘”'@3}= %g(”;ﬂvm){”‘ﬁ +Q‘f(“_”)2}
—VZg(nﬂM)n+Q 28( )H ”)

The variance of muon charge distribution is equal to
(mean number of pes) x (variance of single pe charge) +

(the square of the single pe mean charge) x (the variance of
the number of pes)
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If we assume that the number of

getting the simple form:
V[Q] = ﬂ've + ijg = H’VE + IU’QS =

We have also found  E[Q]= u-

pe’s is following Poissonian statistics then V, = u and (8) is

u(v,+02) (9)
o (7

Let us apply (7) and (9) to the experimental distributions

Tokal Charge — lon Charge

ann S ERCT JE R S O S N O R [
7 : . Entrias | BO4

a0 o Ean b AT
BMS ELT

200 b AR B e DB

5862+ (4012

150 RMS 4TI E 0.1 440E-01

h : Mean Charge 1.401& 589501

100 .I o ...... S S

oo ST — .. Single.pe. .-

Y, H H H H H

0 1 2 3 4 5 i] 7 & ] 1
e—peak Estimated Charge

With E[Q]=13.55 and Q,=1.4 we got n=9.7

Then, eq. (9) with V,=(0.95)? predicts that V[Q] should be 27.8 or that the
. RMS of the muon charge distribution should be 5.3.

BUT THE RMS OF THE MUON CHARGE DISTRIBUTION IS 7.2

A S— T 102
E Jo Entrles L AE . . .. .
Zz 3 | e 1| Thediscrepancy could not be explained as statistical or even systematical
s0 | ’ ffdiskl e | error in estimating the relevant mean and RMS values.
a0 B e B L BT 01 DS
o E | B3 C13vet 1 0.1134 i . . i .
o b By Muon test beam The discrepancy was an artifact of the detector misalignment with
S T T | | T St S respect to the beam profile I!!
IjDIIIIIII}IIIIEDIIIIED 40 50 [518)

o—paak Estimated Chargs
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Y (mm}

Geometry wrt the 5x5 Scintilator

s 6 ¢
-3 -2 —1 & 1 2 3 ; (mm4>
The accepted beam profile The accepted beam profile relative to the anode
Smm hole veto 10cmx 10 cm 5 mm x5 mm 2 cm x 2 cm
scintillator scintillator scintillators scintillators
TrackeL 3 / Tra[ier 2 Traﬁer 1
Pos2 Posl Pos 0
Beam
T 1 il Hamamatsu
245 mm 9 mm 305 mm MCP
540 mm 555 mm
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We fit to align the detector and to estimate the mean number of pes per muon

The PDF describing the PICOSEC e-peak charge distribution related to a muon
1s:

(ke()) e
N!

F(Q,I,}Hﬂ,ﬁl’,ﬁ}') = Z
N=1,00

r=/(x —8x)2 + (y — 8y)?

where Q is the charge of the observed PICOSEC pulse, produced by a muon with
impact parameter r (wrt the centre of the anode), whilst 6x and 6y are the
coordinates of the anode’ center. The mean number of pe’s per muon track is p,
Pnpe 18 the Gamma distribution for N pes whilst RMS and (Q,) are the RMS and
mean charge of the Polya distribution related to a single photoelectron.

PNpe(Q;RMSrQ_E)

@+ — (8+1)-1
= 1 0+ (0/a.) -
PNPE(Q;fV:-GBQE):HPE(Z}PJTM”'@PWJZE r(N((8+1}) & (’f’ l}E Q(

v
N times

The function &(r) i1s the geometrical acceptance, i.e. the percentage of pes,.

produced by a track with impact parameter r, which are produced inside the
fiducial limits of the detector.

Then the likelihood function for a set of M events is
L(u, 6x, 8y)=T1iL, F(Qy X1, yi; 1, 6, 8y)
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Fix the uto the previously estimated value and
perform an unbinned likelihood fit to estimate 6x
and oy

Fix 6x and oy to the previous estimated values
and perform a likelihood fit to estimate u

Stop when the procedure has converged

Xprofile Likelihood Yprofile Likelihood

No of PEs Likelihaod

£
$haa8

i I
a

I -
15485

—Log Likelihood
3

15483 [

15473

15470

e, ey e
2 2.1 2.2 2.3 2
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The MINQOS statistical errors (at 95.5% CL) are of the order 0.5 for the pand 0.1
mm for the displacements

SPE charge mean SPE Charge RMS i dr (mm) dy (mm)

1.34 0.9137 13.024 2.11 -2.52
1.39 0.9087 12.63 2.16 2.51

1.322 0.9164 13.31 2.16 -2.51

1.365 0.9109 13.02 2. 15 -2.52
1.408 0.9070 12.73 2.082 -2.507
1.383 0.9095 13.0 2.095 -2.47
1.368 0.9113 13.03 2.10 -2.457
1.347 0.9150 13.3 2.01 -2.52
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Comparison of the experimental distributions with the “fit results”
(different colors correspond to different Polya parameters)

Charge Estimoted by Fitting the F.F. Waveforms Charge Estimoted by Fitting the F.F. Waveforms
g g
(= (= L
s f = 90
[ oy
§3oo i é nm
2 L
5 80
B =
250 — &
L 70 [
i Central tracks
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50 |-
150
40 —
30 -
100 r
20 b
. ; t
10 ‘ﬂiﬁ
i e T A ST
Cocc b by T T e | 0
O 0 20 50 20 50 a0 70 10 20 a0 40 S0 &0 70
e—Peak Charge Brmedimtian N e~Peak Lharge

n-ue(r)
F(Q,x,y;u1,0x,8y) = Z MPNM(Q;RMS,Q_Q)

Each track, contributes to all the charge G M
bins the histogram with weights given by: e (GBI =5




The importance to include all the effects in the estimators
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Mean Charge per Track vs X (Y) Track Impact Coordinate

RUM 587

20 25 a0 kil 40 45 ao a5

WX

RUM 587

WY
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bMaan Charge per Track

RUM 587
-I_I-Lr'-L.-l-
1% -
1 - |
-1
10 | : Hﬂr L
_| 11 1 | | I I | I I | 11 | | 11 1 1 | | I I | | I I | 11 1 | | 11 1 1 | | I I
d 2.5 5 F.h 10 12.5 15 17.5 20 225 25
Track Impact Pararneter {rmm)
W
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Absorption=0%
Reflectivity=22%
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bMean Charge per Track

Mojse Spactrum

10 =
C Predicticn based on reflection and geometry i toe Spectrin _
i Feolya fit on the neise spectrum At
L REMS 0.3917E-D1
S/ndf 168.3 7 138
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P2 —0,32274E-01
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-
1 —
- F
B [ ]
B ‘|‘.H.m.‘”\ |H
.. 0.3% 0.4 0.45 0.5
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