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High Luminosity Large Hadron

Collider (HL-LH
I

Vs (TeV)
Istantaneous luminosity (cm=2 s™1)

Integrated luminosity (fb~1)
pile-up

HL-LHC targets:

- Better measure of Higgs couplings
(108 Higgs production)

- Rare processes observation
(HH — bbyy, first seen in 08/2018)

- High precision measurements of
stantard model parameters
(difference between theory and
experiments can be signal of theories
beyond standard model)
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Increased pile-up

At ~200 ps
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~30 ps ~200 ps ~ 23 <
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Design timing resolution: 3 Z
o; < 30 ps for E > 50 GeV > photon ﬂglf 8
pile-up reduction of a factor 6 (200+30) v S
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ECAL Timing nowadays

ECAL crystal time resolution:

E in EB [GeV]

o = @C 20 40 60 80100
tCT'yStal A/O‘n — i T : T T L D L B EL

_ CMS Preliminary -Run1 . EB diff, RO unit

ot 1-t2)[n s]

ef]

Contributions to crystal time
resolution:

. . . =0.1295 + 0.0003 ns

- electronic noise 2 Noise term (N);

- effects of e.m. shower fluctuations in
time measurements =2 Constant term

(O
- errors coming from time 107

reconstruction method - Constant

term (C); 102

- Clock distribution errors=> Constant
term (C).
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ECAL barrel upgrade

— APD
P el READ-OUT 40 MHz sampling
T~ ELECTRONICS

ECAL (EE)

Lead tungstate (PbWOa4) crystals:
* Fast scintillation time

 Radiation resistant
* Light yeld: 100 y/MeV

Avalanche Photo-Diode (barrel):

Coupled photodetectors (2 x crystal)
Radiation resistant
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ECAL barrel upgrade

E

vy T wmifie 3
ECAL (EE)

APD READ-OUT 40 MHz sampling
ELECTRONICS
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First level trigger latence: 3.2 us - 12.5 us
First level trigger rate: 100 kHz — 750 kHz
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KECAL barrel upgrade

ECAL (EE)

READ-OUT 40 MHz sampling
ELECTRONICS
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First level trigger latence: 3.2 us - 12.5 us
First level trigger rate: 100 kHz — 750 kHz
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ECAL barrel upgrade

ECAL (EE)

ELECTRONICS

REPLACE
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First level trigger latence: 3.2 us - 12.5 us
First level trigger rate: 100 kHz — 750 kHz




Testbeam setup

My thesis work:

Analysis of ECAL crystal time resolution with the new read-out
electronics based on data from 2016 testbeams at the H4 test beam

facility (CERN).

Thesis aim: BEAM 1}

Estimation of lead tungstate
intrinsic limit in time resolution

CRYSTAL (5x6 MATRIX)

: APD

Setup:
- electron beam: 20, 50, 100, 150, 200 GeV

- 30 crystal matrix read by APD
- 2 MCP (0,~20 ps)
- 1 crystal with a splitted APD

- VFE equipped with TIA pre-amplifier (Saclay
University prototipe)

- external digitizer with 5 GS/s sampling frequency
(CAEN V1472)

DIGITIZER

Standard APD

-

Splitted APD

1ddv
adv

Co
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Time resolution of a crystal wrt
external time reference

06/02/2018

- Time measure sensitive to fluctuation terystal — tucp distribution

in electromagnetic shower begin point o 0 APD NP
EZUDU Entries 11805
a>)1300 Mean 5.674
. Std D 0.05353
- Use of an external time reference ® o ;észf" 225.3/29
. B . onstant 1945 + 23.1
(MCP) — contribution of the time 1400 oan 577 0000

resolution of the reference to the time 1200

1000

resolution of the crystal

800

600

- 2 MCP - subtraction of the reference «0
time resolution using a triangulation 200
algorithm Y ST IV - R T 's_‘zt' ‘_‘ts_|4‘ ' (arlfl;s)
wicp CRYSTAL
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Crystal wrt external reference

C3 wrt MCP1 C3 wrt MCP2
— %2/ ndf 5289/3 —_ %2/ ndf 5.778/3
3 B Noise 4612 + 153.6 3 C Noise 4781+ 172.9
~ 200__ const 29.62 +1.013 — - const 34.45 + 1.123
— L — 200_
5 | T
2 1500 S
& 100" © 100- 3
- n z
C C )
50 50— =
- C (@)
0_ L TR | I R TR T R N S B | T R 0: L] T R T R T S | L1 5
0 100 200 300 400 0 100 200 300 400 %
Alo, Alo, s
©
3 MCP1 wrt MCP2 Fit function: &
5 A0 21 ndf 1170/ 76 .
‘S‘ u Constant 5262 + 25.6 (t ¢ ) @ C j
g Mier:\a 4,53fio.ooo o(te — tycp) = =
> 5E Sig 0.03726 + 0.00012 A / On =
sl Noise Term: g
- 5
o N~45—-5ns <
C @y
2 Constant term (crystal+MCP): =
B =
1— &)

Otcs~tmcpa (E_mo) =29 £1ps

‘ I4_4I = ‘4_5 = I4-.6I = 4.7 I4_BI = I4.|9‘ : —_
Otcs—tmcpz (E_)oo) =34 £ 1ps

tucpitucpe (NS)
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De-coupled Resolutions
at high energies

APD Gain Crystal (C3)
(ps)

50 17 £ 2 23+ 2 30.1 £ 0.7
100 19 + 2 23.31+ 0.6 294 1+ 0.7
Average 18+ 1 23.3+ 04 294 +0.3
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Limit time resolution below 30 ps




Time resolution of two single APDs
reading the same crystal

Standard APD Splitted APD R Splitted APD (crystal CO)
* Direct comparation of time measured by
the two single APDs
I*‘:‘é g « NONE effects on time resolution coming
v from fluctuation in e.m. shower

Combined resolution of two APD:

N, \° N, \ N \°
2 _ _ 1 2 2 2 — 2
0“(tapp1 — tapp2) (A1/01> + (Az/Uz) + Cf + (3 (Aeff/0> +2C
) ) A4y A
Effective amplitude: Aeff = ; Ay =A; - Aeff = V2
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Time resolution of two APDs

COAPD1 wrt COAPD2

%2 / ndf 1117/3
Noise 1764 + 58.16
const 23.64 = 1.267

Fit function:

2
0%(tapp1 — tappz) = <L> + 2C*
Aeff/o-

G(tCOAPD1-tC0APD2) (Ps)
N
S

20 40 60 80 100

OO

Aeff/an

Negligible effects on
time resolution due
to shower
fluctuations
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Time resolution: neighbour crystals

Comparison between APD time

measurements from different /4/
crystals: </ =
 Shared e.m. shower =

* Wide spread in Ag¢f

C2vs C3

500 x? / ndf 37.47/22
Noise 3119 £ 4494
const 26.64 + 2.227

Fit function: a

2 X 400
0%(tcs — tex) = +2C% g

£ 300

Aeff/U

200
Constant term:

ot (E > 00) =27+ 2ps 100
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Time resolution:
neighbour crystals

D3 vs C3 C4vs C3
- %2 / ndf 43.45/22 . 2 [ndf .
3 500: Noise 3230 + 40.62 8 500: }IE.Ioisne 305163;%.1;
g r const 38.67 £ 1.497 - B const 49.39 + 3.489
2 400 3 4001
T B - B
=S nnnl Bk
T 300:— v 300:*
200~ 2001
1001 1oo§
E I T T TN N N N SN TN N N A A .| L E | [ T T R T T T R TR { | R
0 20 40 60 80 100 0 20 40 60 80 100
Aeff/o Aeft/c
04 (E > ) =39+ 1ps ot (E > ) =49 + 3 ps

« Different C for different crystals— different systematic errors
in the template fit for different crystals

« (s larger than previous analysis on crystal C3
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Conclusions

» Analysis performed on the time resolution of crystal C3
shows:
- N =45—-5ns
> C = 18 £ 1ps
- Noise term with new VFE prototypes is 7 time smaller than

actual one (~35 ns, 2015). Constant term 1s consistent with a

target resoluation <30 ps for photons with energy of 50-60
GeV.

- Shower fluctuation effects on constant term are negligible

. Constant term 1s different between to be studied in future
test beams with final VFE prototipes.
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Thanks for the
attention
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ECAL
(CMS Electromagnetic CALorimeter)

« High granularity homogeneous
calorimeter. It measures the energy of
photons, electrons and positrons.
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 Fundamental for the reconstraction of the
Higgs boson in the H — yy decay (2012,
discovery channel) and for studies on
many processes with photons and

electrons in the finale state. 3 10715 (6 TeV) + 5.4 15" (7 TeV)
- x10°p
8 350 CMS S/(S+B) weighted sum
= EH—=vy
F ¢ Data
w3 ©
c F S+B fits (weighted sum) &
@ ol YA, e B component %
> F 0 ™., == =
O g
e &
g 7 5 15F 9
‘© E '_“;
..................... g E
H D osf O
; N g
t t ) <
200 E
g .
v 100 =
@)

110 115 120 125 130 135 140 145 150

m,., (GeV)




Signal reconstruction

(template fit)

Fit window

)

c

2 —— Samples
5]

@)

()]

<

E’ — Template fit
©

=

a

E

<

100
time (ns)

2
— z [Asample [ti] — 4y - Ftemplate (ti - to)]
o

Signal reconstruction

* Ftempiate: mean signal pulse-shape
normalized to 1 (mean over a large
sample of selected events)

- Pulse shape used as a template to
fit data:

+ Shif parameter (t;)
* Scale factor (4,)
* x? minimization
- Fit window: ~40 ns around peak

(optimized to obtain the best time
resolution)
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Testbeam 2016

Setup:
- electron beam: 20, 50, 100, 150, 200 GeV

- 30 crystal matrix read by APD

- 2 MCP (Micro-Channel Plates) (g,~20 ps)

- New VFE prototypes (made by discrete components)

- external digitizer with 5 GS/s sampling frequency (CAEN V1472)

CRYSTAL (5x6 MATRIX)
APD

seav 4 . E
VeE

——

= 1

DIGITIZER

Study of ECAL cristal time resolution in barrel configuration (APD):

- using an external time reference (MCP)
- using a splitted APD (two APD reading the same crystal)

- using neighbour crystals

06/02/2018
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Pulse-shape stability study

Different energy of
incoming particle

-

/\ 100 Gev Energy
s
\ —— 50 Gev Energy
—— 150 Gev Energy

\ —— 200 Gev Energy
T

>,
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1
Ratio plot w.r.t. Cryste{ C3

0 5 10 15 20 25 30 35 40

Fit window

Less than 10% pulse-shape variation
imnside fit window at different energies

Normalized samples

Different crystals

Py — Crystal C3
P — Crystal C2
— Crystal C4

% — Crystal D3
M

Ratio plot w.r.t. Crystal C3

e -

I . . . Y
25 30

0 5 70 5 20

tCa'tl\ﬂcm (ns)

Different pulse-shapes for different
channels — use of a specific pulse-
shape as template for each channel

35 40
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Time resolution: filter application

06/02/2018

Noise analysis: Butterworth low pass
- 5 GS/s sampling — high frequency noise filter:
- Fourier analysis signal and pedestal; 1
% " Signal Frequency Spectrum |T(]C())| — 2TL;
a" Physics run \/ 1+(w /o )
10° —— Pedestal run 0
10° n= .
107 _ ’ '§>
o wy = 200 MHz; i
10° =
. @)
10 o
With filt
. 1 ilter 2
No filter 5
&0
_ %2/ ndf 4271/2 — $2 7 ndf 1321/2 =
@ 2o Noise 4875 +282.9 B 220 Noise 3718 £ 272.9 q
= 200 const  29.46 +0.9568 = 200 const  28.55 +0.5957 <
E 130;— g 13@% 8
= 160 = 160 :
1 = 1 c <
#81402— __8140} =
© 12E B 1200 s
100 100 g
80;— aof— ?;
au;— suf— @
40— o 403— . .5
20?— 200 @)
007 ‘ ‘ﬂﬁlf}l — I20‘0‘ = ‘Sﬁlf}l — I4-0‘0I = I!':lef}I ‘ ‘I I600 00_ ‘ ‘ﬂtllt}l — IZO‘O‘ = ‘3E||0I — I4-0‘0I = I50|(}I — I600
A/c(Noise) A/c(Noise)

« 25% noise term reduction ¢ 10% increase of A/0,, (at same energy)




Compact Muon Solenoid (CMS)

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels

Magnetic field :3.8T

25/01/2018

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift 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

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals
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HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels




Signal filtering

Noise analysis:

- 5 GS/s sampling — high frequency

noise
- Fourier analysis of signal and
pedestal

3

Power(sig)/Power(ped)
=

Normalized samples
c =
o

no fitter

—— wCut 100 MHz order 1
———— wCut 100 MHz order 2
3 —— wiut 100 MHz order 3

wCut 150 MHz order 2

i ——— wCut 200 MHz order 2

wCut 200 MHz order 3

=l
o

II|III|III|III|III|I
5!

Y
by
AJ“*uM
L,
"

\
/

_.
w
S[TTTT IIII|IIII|IIII|IIII|IIII

0.95,

.35.'.
-t

IC& MGP1

(ns)

Signal Frequency Spectrum
Physics run
— Pedestal run

Freq.>100 MHz
Noise dominant

Software Butterworth filter:

 Transfer function:
ITGw)| = 5
{1+ @)
e Order:n=2

Cut frequency: w, = 200 MHz

Claudio Quaranta - ECAL upgrade session CMS week



Noise Analysis

- 5 GS/s sampling — high frequency noise
- Greater noise term (wrt 160 MS/s)

- Fourier analysis of signal and pedestal

Power spectrum signal/pedestal

Signal Frequency Spectrum
Physics run
— Pedestal run

Power(sig)/Power(ped)

Freq. >100 MHz
Noise dominant
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Butterworth filter
(low pass)

Software Butterworth filter.
Transfer function:

ITGw)| =

St @)

1]
% 1 — e - nofiter
E - f‘" \\ ——— wiut 100 MHz order 1
3 C Vs . ——— wEut 100 MHz order 2
E 08— b ‘“"*-.-ﬁ —— wCut 100 MHz order 3
e - 3 S - wiGut 150 MHz order 2
E06— e ——— wut 200 MHz order 2
2 L Y -~ WOt 200 MHz neder 3
— r =S
0.4 — F .;;“;;.';
— Fa N
C E .
° __ q?i;? Mh%
o - L | | L | L | | ““wmr
1.25 = - = = = = == = =
12—
115 —
11—
1.05 —
o

Gain (dB)

60 f . i L
0.001 0.01 0.1 1 10

220 F

230 b

240 F

-50

N
"
\

-3.01dB

Cutoff frequency

. Passband Stopband

Angular frequency (rad/s)

100

Parameters optimization
(keep same pulse-shape
after filter):

Order: n = 2

Cut frequency:
wo = 200 MHz

1000
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Lo scenario:
 Large Hadron Collider (LHC): collisore adronico piu potente al mondo
* 4 maggiori esperimenti: ATLAS, CMS, ALICE, LHCb

* High Luminosity LHC (2025): maggiore luminosita - maggiore quantita di
dati raccolti — condizioni operative piu difficili

» Necessarie migliorie degli attuali rivelatori

Argomento della tesi:

 Miglioramento della risoluzione temporale del calorimetro elettromagnetico
di CMS (ECAL) al fine di mantenere la qualita dei dati raccolti

* Studio della risoluzione temporale di ECAL con la nuova elettronica di
lettura
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Upgrade del barrel di ECAL

Danno da radiazione: aumento
del rumore elettronico degli
APD - diminuzione temperatura da
18°C a 9°C e sostituzione elettronica
di front-end

CMS Preliminary ECAL Barrel
- — T=18°Ct=43ns n=1.45 |

—
N

A— T=1 8°C§t=20 ns

—
o

‘*Wlllll[lllillli

Aumento rate di trigger

(100 kHz — 750 kHz) e latenza
(3.2 us — 12.5 us) — sostituzione
elettronica di acquisizione e trigger

Noise (ADC counts)
(0]

Ottenere una migliore 2

risoluzione temporale —» nuovo : : :

design elettronica di lettura, schede O —"T000 2000 3000
di VFE (Very Front-End) Integrated Luminosity (fb™)
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Event selection

« Impact point of the particle near crystal centre (6 X 6 mm? ~ centre)

* Most of the shower inside the crystal — Signal amplitude A ~ mean
amplitude A: |4 —A| <10,

LY

(0h]

o]

B

w

=

O

- HAmp g
® J2 PN Entries 15113 =
c % C Mean 1230 z
a S F Std Dev 64.27 @
o 890 %2 / ndf 724.1 /223 3
O - A0 666.2 + 7.7 &

9: 500/ Mean0 1247 +0.2 5

< - Sigma0 18.52 +0.15 &
© C A1 40.93 +1.96 =
3 4001 Mean1 1189+ 0.4 =
= o Sigmat 45.28 +2.05 O
[=% - &)
E 300 . )
< - o
- +~

200— =}

= 3

- ~

- (o]

100— =

- @y

N SRR SUPERUT AN 2

800 1000 1200 . 1400 1600 1800 '_é
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Time resolution with different
APD gain

06/02/2018

o 220F ~
L =0E ® Gain 50
~ 200—
- ~ .
0 180} ® Gain 100
= 160 3
! - B
3140 z
= - %
o 120 5
100 s
80— f";
= &
60 — 5
- =
40— —— = &)
— =
20— f_l?
D: 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 g
0 100 200 300 400 500 600 G
1 @y
A/c(Noise) :
S
kE
(@)

Same Energy — higher A/g,, for higher gain — better time resolution




Time resolutions triangulation

2
Otc—tma

2
Otc—tma

2
LJtM1 —tMm2

2 2
Ot + Otaq
2 2
Ot + Oty
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Template fit sistematic error

Analysis of crystal mean time measurements — source sistematic errors in
the template fit:

- Gap between crystals (removed using an event selection)

- Sistematic errors dependent on the pulse shape (different trend for
different crystals)

D3 wrt MCP1 Gap errors C2 wrt MCP1
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Systematic errors combination in time resolution of two neighbour
crystals — larger constant term




