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finish line

A good timing detector must be fast and thin




Outline

Why do we need precision timing detectors?
How is the timing measured?
What are the available types of detectors?

What are the new precision timing detectors
being designed now for the HL-LHC ?



APPLICATIONS



Applications of precision timing
detectors

Traditionally, fast and precision timing detectors are used in
HEP to:

* Trigger events

* |dentify particles

— Measure the time of flight between two points to obtain the
velocity

— Combine with momentum information to derive the mass

e Other non-HEP applications:
— PET

— Mass analysis with ToF mass spectrometry
* Recently new application in HEP:

— Particle timing measurement to mitigate pile up effects at the
HL-LHC



Time of flight measurement

We need two measurements to compute the mass of a particle

momentum P = m)/,B’ B = Yy =

—
\
The momentum of a

charged particle is t
measured from the
curvature of its track in a

magnetic field p = qBR

The velocity £ can
be measured from
the time of flight
between two
detectors

t=L/cp

m=p/(yp)



Time of flight measurement

m=p/(yp)

The mass resolution is given by:

dm 1 d d
m m \yp 14 p

. dp. .
The momentum resolution == is typically 1-2%,

p
. . dp _ dt
the mass resolution is dominated by ?ﬁ ~ —



Mass separation with time of flight

In High Energy physics experiments the mass separation is more important than the
mass resolution. The long lived stable particles that can be observed in collider
experiments are:

e 1 ot K* K p, N

Mass (MeV) | 0,511 106 140 494 938, 940

— Flight time difference of two particles m,, m, with equal momentum p:

’n:C?' ’"3(‘2 )
Jl+ L —\/l+ = p=mvy= L
‘ p P VI-5&

(mf - 1713:)1,(‘
21)3 L~ At p2

— For relativistic particles p>>>m?c? : [ Af =

Detectors used are mostly plastic scintillators, typical time resolution of about 0,1
- 0,3 ns (depends on counter size).

At equal At (time resolution) the length of the flight path L (detector length)
increases quadratically with the particles momentum p.



The ALICE TOF

To identify particles in the heavy
ion collisions at the LHC




The ALICE TOF:
State-of-the-Art Time-of-Flight
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[72]

110 3 = 0.06/- LHC Run2 (2015) ALICE Performance
- =] Pb-Pb, \'s, = 5.02 TeV Time-Of-Flight detector
: g | ]
E ‘_(E’ I Oeventtime = S ps TOF calibration 7
; E L pP= 1.5 GeV/c . ‘ standard .
é 5” 0.04— [Jimproved _|
B 7
i Gaussian model
: — o=56ps
E
‘.
E
: 0.02]- .
E .
E
: . L
£ ALICE Performance L
g Pb-Pb | sy =5.02 TeV A
? 0 I | 1 Il | L I 1 1 e -

0.4 0 \ L —200 0 200 400

1 10
p (GeV/c) TOF -t (ps)

c,~56ps

Time-of-flight 6,~56ps Particle Identification System (semi-
relativitistic particles) with a time reference (t0) forward
detector that uses the high multiplicity of tracks



An application of precision timing:
the TOF-PET
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A positron emitted by the tracer atom
annihilates with an electron in the tissue.

Two 511 keV photons which are detected in
coincidence form a line of response (LOR).

Annihilation OF The time information can be used to
= 5 reduce background and directly improve
Z[ 11

the image quality



LHC and HL-LHC

0.75 % design luminosity; LHC design 2 xdesign luminosity; =2 xdesign luminosity;
upto30fb? luminosity upto 190 fb* up to 380 b’
i I

e

\ . . J )
| [Run1 Ls1 Vo [Run2 | L2 V| [Run3
- N7 Ve

5-7 x design luminosity;
up to 4,000 fb*

LS3 4| Run4,5
i

7

'« Splice EYETS | +Diodes |
i consolidation v e LIU
+ « 11T dipole

E ¢ Experiment — .
beam pipes . ! ' * Detectors
! ! ! ' upgrade

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
[} n ] ! l\ v -}I

X

e HL-LHC
installation
* ATLAS-CMS
HL upgrade

. A A . A . A
| v I A
LHC HL-LHC
Design study Prototypes Construction Installation Physics

LHC:
30-50 protons collide
at every bunch
crossing

HL-LHC:

From 2026
140-200 protons will
collide at every
bunch crossing



A typical HL-LHC event




Spread of vertices along the beam axis
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LHC = about 0.3 vertices /mm

HL-LHC - up to 1.9 vertices /mm
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A typical HEP detector at a collider

CALORIMETER

R TIMING

( ¥ )

TRACKER




Pile-up Mitigation with timing

» High precision (pico second) timing may help in pile-up mitigation. The subdetector
providing the precision timing may best be associated to precise and granular detector =
Tracker and electromagnetic calorimeter

» Object reconstruction/PU cleaning
» Object-to-vertex attribution

> H->yy vertex aH>yyevent
vl
@ CALORIMETER
25 TIMING.
I CALO hit
X Timing signals
—  Tracks

16



3D vs. 4D Vertex Reconstruction

g Simulated Vertices
- 3D Reconstructed Vertices EXAMPLES OF
06 ——6—— 4D Reconstruction Vertices MERGED VERTICES IN 3D
—+F— 4D Tracks
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» 4D reconstruction with track time information at ~25 ps
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Fast Timing for Collider Detectors - CERN
Academic Training Program
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Particle-flow Event Reconstruction
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TIMING RESOLUTION



Timing resolution

The timing resolution is made of different terms,
which depend on the detector type and on the
electronics.

V Max amplitude

90%

leading

10%

baseline or

im
pedestal time
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MWy
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______________ threshold ____ s N _
AV S SN
dt 1,

rise time tQ
" Low jitter = high S/N and short rise time
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Iiﬂ _L Cd / TDC
Preamp v Comparator
— f E TH

threshold

—>
» Signals of different amplitude cross the thresholds at different times.
* Signal shape may also change depending on the amplitude.

- This effect can be reduced by correcting the timing using signal shape
information or using very low threshold



Time walk effect corrections

Three possibilities to correct for the time walk effect:

(a) (b) (c)
\') VA \')
10%
1
1
1
t T t t
(a) Constant Fraction Discriminator, (b) Time Over Threshold, (c) Multiple Samplings

a) Constant Fraction Discriminator measures the time at which the signal crosses a
fraction of its amplitude.

b) The measurement of the arrival time of the signal and the Time Over Threshold
allows to correct for the shape change due to the different amplitude

c) A full digitization of the curve allows to process offline the data to measure the time

of arrival of the signal in an optimized way.
24



Landau fluctuation

Non-uniform charge deposition in the detectors can cause pulse
shape distortion and amplitude change from event to event—>

thus affecting the resolution

The energy deposition in a thin slab of material follows the

Landau distribution.

2
E
8
£
a
£
k=
[
o
max
MostT T Energy loss 4
probable Mean
energy  energy
loss loss
W.R. Leo,

Techniques for Nuclear and Particle
Physics Experiments, ISBN: 3-540-17386-2

1.5e-05 -

Proton MIP
Thickness: 50um
Gain: 15

Landau
Fluctuations
3 —30 fC

"“ \ Most probable ]
Signal 8 fC

Si LGAD

SENSOrs



Pulse shape distortion

Any detector inhomogeneity, or difference in response
with respect to the impact point, or non linearity may

affect the pulse shape and create a jitter in the
response.

time

26



TDC error

This is the error connected with the TDC bin

Atrpc

ol —
TDC \/ﬁ

It can be reduced by optimizing the readout electronics




Timing resolution

Proton
Thickness: 50um
Gain: 15

o i

3 — 30 fC Vi
__________ e i Most probable
Signal & fC

threshold 1/ threshold ’
T , Z L_ N— . = X -
Sz \
L 12ns R\

+ 02

2 — &2 2 2 2
O t— O +0 Time Walk+ O Landau +0 TDC

Jitter or Noise Distortion

The effects are independent and can be added in quadrature.
Achieving below 50ps is non trivial !



VARIOUS TYPES OF DETECTORS



The ideal timing detector

Very fast signal
Large amplitude
Shape stability
High counting rate
radiation hard
cheap



Families of detectors

Light based devices

ionization
Scintillating crystals coupled
to photo-detectors with
Gas based devices amplification

Cherenkov medium
coupled to photo-
detectors with
amplification

Silicon detectors

Vacuum devices



Micro Channel Plates

NN

A \\ MICROCHANNEL PLATE
NN Vacuum devices
NN .

FLECTRODING | \JAS Based on secondary emission

Channels typical diameter:10 um,

— length:400um.
] O i ol
S -
-—-—[ | 3 More stacks of micro-channel platesin a

/ < configuration or Z configuration can be

GLASS STRUCTURE ChannELS done. Gain ~10° for 2 stacks.

OUTPUT ELECTRONS
(=103}

Incident light

WINAOW el
photocathode » '
Secondary )
Electrons _\.x i o

microchannel plates —

e - (LTI
_

vacuum assembly —»\

Accelerating Voltage

to front-end electronics




Micro Channel Plates

* MCP can be used as PMT for light
detection, or for X ray detection,
or coupled to a quartz radiator for
Cherenkov light detection

e Excellent time resolution
e Large signal
* Magnetic field tolerant

* \Very expensive

 There is an effort to produce large
area MCP at lower cost LAPPD
(20x20 cm? and Gain~107)

https://arxiv.org/pdf/1603.01843.pdf
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Micro Channel plates

Beam test setup
e 3GeV/c n- beam

o at KEK-PS n2 line
o PMT: R3809U-50-11X

o Quartz radiator
o 10°¢402mm with Al evaporation

- --0-- - - - - .- - - - --- - >

Trig.2 ™m3GeVic
TOF1 TOF2

MCP-PMT

Particle a o —a Quartz HPK R3809U-50-25X
16mm Photo-Cathode §25mm

lamta abhalan ¥ . EAcaaa

https://indico.cern.ch/event/13750/contributions/146262/attachments/113680/161492/MCP.pdf 34



https://indico.cern.ch/event/13750/contributions/146262/attachments/113680/161492/MCP.pdf

Beam test result

Micro Channel plates

MCP resolution: 40-50 ps with single photons

e With T0mm quartz radiator

o Without quartz radiator

« Number of photons ~ 80
« Expectation ~ 20 photo-electrons

« Time resolution = 7.7ps

+3mm quartz window

Number of photons ~ 180
Time resolution = 6.2ps

3mm quartz window

6.2ps

Test counter

40

80 120 140
TDC (ch/0.814ps)

7.7ps

40

80 120 140
TDC (ch/0.814ps)

https://indico.cern.ch/event/13750/contributions/146262/attachments/113680/161492/MCP.pdf 35



https://indico.cern.ch/event/13750/contributions/146262/attachments/113680/161492/MCP.pdf

Multi-gap RPC

Multigap resistive plate chambers
of the ALICE Time Of Flight detector

https://www.youtube.com/watch?time continue=9&v=kLa36SmiC4Q


https://www.youtube.com/watch?time_continue=9&v=kLa36SmiC4Q

Multi-gap RPC

The ALICE TOF detector

Cathode pickup
electrodes

Anode pickup
electrode

Differential signal to
front-end electronics

37



Multi-gap RPC

F. Wang et al. arXiv:1812.02912v2

Experiments | StackNo. | GapNo. | Thickness[pm]| | Working E [kV/cm]

ALICE 2 D 250 104
CBM 2 4 250 110
STAR 1 6 220 114
BESIII 2 6 220 103
RefMRPC 4 6 160 135
THU1 4 8 104 159
THU2 1 6 250 109

Time resolution for these detectors depends on:
* The number of gaps (better many gaps)
* The thickness of the gaps (better thin gaps)

Time Resolution [ps]

()] W 4
o [$)) o

N
[8))

lllIlllllllllllllllllllllllllll

20

15

10

5

MRPC Simulation. time resolution, o.'9g=28

- —— Number of gaps=6
-= Number of gaps=8
—— Number of gaps=10
«— Number of gaps=12
Number of gaps=20
-=- Number of gaps=24
Number of gaps=32

_l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l L 1 1 1 l

100 150 200 250 300

Gap Thickness [um]

Rather cheap devices, and can be made in large areas (ALICE 160 m?),
suitable for a TOF detector.

38



Silicon sensors

Conventional Silicon sensors:

e
a Minimum lonizing Particle in
C+0CD o .
.‘,?»;‘,’ Silicon creates ~ 100 e/h pairs per
B P X micron that drift towards the
P electrodes under the influence of an
Traditional Silicon Diode external voltage.
:=.-:‘:-|_|L,.,,.. [ Y R Ty T
| e . —_—
i dE M dx - 2 x=* on Cu

"'r ‘
S0 - l\ull e B il o |.|""I

I=322eV 1 dE/dx=1-2MeV/(g/cm?) p(Si)=2.32g/cm3

TE 00 Radiative effects . dE/dx=1.5MeV*2.32g/cm3*cm=3.5 MeV/cm=
.I“ ol becormne Important = 350 eV/um
E L] .|=I.|.'l|.lI.'I::l|: .Jl-lll.-ll. :
s I Al il l:l.'i‘.hl_‘.ﬂlr f ‘i o .
CR e Minimum * - E(e/h pairin Si)=3.6 eV
B g poorrect W 7 L s L EEELEEE
T | _-—-——'ﬁl_ 0.5 Me¥ | . _ g

Lo b =B E— — 1 dN(e/h pairs)/dx=dE/dx/£=350/3.6 /um

I_ " . { ~100 e/h pairs /um
g L il el
oa i 1.0 0 L] 10H00 AbiE

By = p'Me

inelastic collision with the atomic electrons of the material 39



Silicon sensors

The drift velocity increases with the electric field and reaches a saturation value
Vgrife=107cm/s=100 um/ns = in a 300um detector the signal is collected in 3ns.

z Jo of gy B
\ E -, Ve* Dl 9V 22 A single e/h par produced in the center

Z=0 .
I |1 T=2-3ns

3 I,(t)

v T=2-3ns
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Silicon sensors

The signal I ., does not depend on the sensor thickness.
Thin and thick detectors have the same maximum current, but thick sensors have
longer signals and larger overall charge collected. So the time resolution of thin and
thick sensors is very similar.
oy, N t,
4=qU T3
Inax & 75qurift~1 — 2uA dt ¢,

41
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Silicon sensors with gain
~n' A

’ K\"‘ "
Ny ~ 10" Boron/cm? p\
- P D

a—
- p++ .-p"“"

i

Traditional Silicon Diode Low Gain Avalanche Diode

Silicon sensors with gain:

A high doping region p+ creates a very high local electric field (E~300kV/cm).
Under this electric field the electrons acquire sufficient energy to generate
additional e/h pairs. The multiplication factor is called the gain. Typically the gain
is about 20.

The gain increases the signal amplitude.

_ Oy _N_ tT‘
TV TE TSN
dt ¢,

42
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Silicon sensors with gain

0' = = -
T dV S T S/N
dt t,
. di . ) Simulated slew rate as measured by a 50 Q Brodband
The signal slew rate 1S proportional to the 140 1 amplifier, Cdet = 2 pF
ratio of the Gain over the thickness. 120 1 = Gain =20
- Gain=15
§ 100 1 -+ Gain=10
__E__ 80 1 % Gain=5
o o Gain=1
A = A
g 60 -
3
o
1 40 A1
ift) 20 > ---0 5 =
0 A + h + A +
0 100 200 300
> Thickness [um]

Response of sensors with different thickness and same gain.
The amplitude depends on the Gain, the slew rate depends on the thickness.

Thin detectors with high gain have the best time resolution.

43
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THE CMS MIP TIMING DETECTOR



Design of the CMS Mip Timing Detector (MTD)

Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of 30-50 ps
Hermetic coverage for |n|<2.9

BARREL

Surface ~ 40 m?
Number of channels ~ 332k
Radiation level ~ 2x1014
Neg/CM?

Sensors: LYSO crystals + SiPMs

ENDCAPS

Surface ~ 15 m?2
Number of channels ~ 8000k
Radiation level ~ 2x1015
Neg/CM?

Sensors: Low gain avalanche diodes




CMS MTD endcap

High E field

LGAD (Low Gain Avalanche Diodes) technology
sensors optimized for timing measurements
The idea: add a thin layer of doping to produce low

controlled multiplication (the gain layer)
Moderate gain (10-20)

Sensor optimization for CMS MTD:

(@)

(@)

(@)

Thin detectors to maximize signal slew rate (dV/dt): ~50 um
Small sensors filled with pixels for optimal wafer usage
Maximize efficiency (85>92%) by reducing the no-gain
region between pixels (100 um - 50 um)

Cathode
Ring

Avalanche
T Region

Depletion |
Region

Anode
Ring
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Uniform E-Field

It is very important to have a uniform E field = stable shape independent of the
impact point = stable response
LGAD achieves uniform E-field with a wide implant

w

e ————— - -
wn
o
— e o o
o
n

o
w
o
o

x [um]

Values of Ew for two different segmented geometries: on the left side the geometry

is 300 um strip pitch with a 50 um strip implant width while on the right the strip
implant is 290 um. 48



CMS MTD endcap — Ultra-fast silicon detectors

y [um]

Target time resolution of 30 ps achieved
o Noise jitter term <25 ps for gain>15 -
m  ~N/(dV/dt)
o Intrinsic limit from Landau fluctuations:
m Spatially non-uniform energy deposits along the
track because of event-by-event pulse distortions
m Constant: ~25 ps

100 200 300 400 S00 600 700 800 900

Timing Resolution HPK 50C < jitter +20C x [um]
60 - Jitter OC N.Cartiglia et al NIMA 796 (2015) 141-148
? 0 Jitter -20C ) ) i i
50 - 2 ¢ Res(20) +20C 4.5e-05 |- Proton MIP
A Res(20) OC Thickn-es: 50um
20 ® Res(20) -20C deos | Lot

Landau
Fluctuations
3 -30 fC

A { ; 3.5e-05 |-
30 A %}§ ; § 7 Intrinsic Landau é

3e-05
fluctuations

Resolution [ps]

20 1 O o % | Most probable |
\ Signal 8 fC
o 2e-05 -
10 o
O S5e-05
O T T T T T T T 1
0 10 20 30 40 50 60 70 80 2T

Gain

1mm?2 50 um detector HPK UFSD, lab |
measurement with beta source e e e s e i e




CMS MTD endcaps - test beam results

e Efficiency within pixel area ~100%
e Fill factor of the sensor array ~90%
e Uniformity of sensor response within 2%

FBK sensor array: efficiency to proton beam

50



Radiation hardness of Si detectors

Hadrons kick the Si atoms from their lattice sites,
and create defects in the Silicon lattice.

The defects can change the effect of the doping in
the gain layer reducing the gain

The charge collection efficiency is reduced

A higher voltage is required to achieve the same
gain

The leakage current increases > must operate

the detector at lower temperature to decrease
the leakage current (-7%/°C)

see G. Casse lectures



Silicon detectors rad hardness

e Sensors irradiated to different fluences

e Time resolution <40 ps achieved with irradiated sensors
o Increase of bias is required to compensate for gain losses due to radiation damage
o Cooling to -30°C is required to minimize leakage current

HPK 50-micron sensors
Gain vs. Bias ,T= -20°C&T=-30°C
100
" [+]
=]
o [+]
[}
£ o e
ﬂ <]
Oy o 8
] o o
]
o
o ° [} o
: a
& 8 g o
6 o
1

Bias Voltage [V]

o HPK 50D pre-rad T=-20C

O HPK 50D 1e14 T = -20C

O HPK 50D 3e14 T=-20
HPK 50D 6e14T = -20C

© HPK 500 1e15T = -20¢

o HPK 50D 315 = -20

0 HPK 50D 6615 T =-20C

* HPK 50D 1e15 T=-30C

0 HPK 50D 6e15 T=-30C

0 00 200 300 400 500 600 700 800

HPK 50-micron sensors 50D

100 r Time Resolutionvs Gain T=-20C
© HPK 50D pre-rad
- p
2 80 O HPK 50D 1e14
c
G . N , © HPK 50D 3e14
560
2 £ P10 o 4 HPK 50D 6e14
} @ o s, O HPK 500 1e15
40 r ? A
e 0 00 00g
o 9. Q%QQﬁA O HPK 50D 3e15
20 ¢ * HPK 50D 6e15
0 2l | |
1 10 100
Gain
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Design of the CMS Mip Timing Detector (MTD)

Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of 30-50 ps
Hermetic coverage for |n|<2.9

BARREL

Surface ~ 40 m?
Number of channels ~ 332k
Radiation level ~ 2x1014
Neg/CM?

Sensors: LYSO crystals + SiPMs

ENDCAPS

Surface ~ 15 m?2
Number of channels ~ 8000k
Radiation level ~ 2x1015
Neg/CM?

Sensors: Low gain avalanche diodes




Time-of-Flight Position Emission Tomography (TOF-PET)
The sensor for the CMS-MTD were developed for the TOF-PET

LYSO crystals (thick)

Detector ring

Positron emitting

911 keV nucleus
photon

-

Annihilation

511 keV
photon

LOR = Line-of-Response

Standard conversion 1ps = 300 microns

-~

SiPM photodetectors \
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MTD Barrel crystals

e L(Y)SO:Ce crystal as scintillator
o Excellent radiation tolerance
o Dense (>7.1 g/cm?), bright (40000 ph/MeV) — high signal
o Fastrise time O(100)ps and decay time ~40 ns

56



Silicon Photo-Multiplier (SiPM)

Structure and principles of operation (briefly)

R VOUt

Al electrode Al electrode ‘Qt =20

quench

p-Si substratél/ L‘ ;

o substrate
o-epi layer Si0,+SisN,

n*/p junctions (EDIT-2011, CERN)

SiPM is an array of small cells called SPADS connected in parallel on a common
substrate and operated in Geiger mode

Each cell has its own quenching resistor

A common bias is applied to all cells

The cells fire independently

The output signal is the sum of the signals produced by the individual cells

Vbias> VBD

The cell size depends on the application.

For high light yield devices, linearity may be a concern—>small cell size.

Also, for coupling to fibers for example you may need to spread the light over
the full surface of the device.

Silicon Photomultipliers

GM-APD %iﬁ %‘% as photo-detectors for

the CMS MTD

Compact, insensitive to
magnetic fields, fast
Optimal SiPM cell size: 15
um

57



MTD Barrel sensors
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t(i) - t(MCP) [ns]

MTD barrel - test beam results
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Test beam results:

Target time resolution of
30 ps achieved

Uniform time response
VS impact point

Uniform time resolution
VS impact point
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Performance of the MTD barrel

Detector timing performance evolution
during operation:

o Negligible contributions from CMS clock ﬁ Total time resolution
distribution, digitization and electronics g Photostafistics
o Photostatistics and noise term dominating & 100~ — DCRnulse
= Electronics
. . . . 8 — Digitization
Radiation damage will cause an increase 9 s — g
of the SiPM dark counts (DCR) £
F 60

DCR noise mitigation by:

Cooling at -30°C

Annealing cycles at 15°C during shutdowns
Decreasing SiPM operating voltage

O
O
O
o Dedicated noise filtering in the electronic circuit

\Il\lll\ll\lll‘ll\I‘Illlll\lll[ll\lll[l

0 500 1000 1500 2000 2500 3000 3500 41000
Integrated Luminosity [fb ]
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CMS ECAL UPGRADE FOR
PRECISION TIMING



The CMS electromagnetic calorimeter (ECAL)

CMS Characteristics:

* Tracker coverage up to n<2.5

* Magnetic Field3.8 T

* ECAL fully contained inside the coil

e —
—

e PbWO, crystals
= X, =0.89 cm
LY~100 y/MeV

Granularity Barrel
AnxA$=0.0174x0.0174

Endcaps (EE) | Barrel (EB)
1.48 <|n| <3.0 In| <1.48
14648 crystals 61200 crystals | ENERGY RESOLUTION (BARREL)
\ A
7 o(E)  2.8% 12%
Pb/Si preshower E - D E(GeV D0.3%
1.65<|n|<26 \/E(GEV) ( € )

The energy resolution for photons from H=2>yy in EBis 1.1% to 2.6% and in EE 2.2% to 5% .



The ECAL role in CMS

H> W CMS Collaboration,
Phys. Lett. B716 (2012) 30-61

~candidat

e.

~ua
CMS
" . & LR

(s=7TeV.L=51f"Vs=8TeV.L=53"
-l LI -

g —
&

L Unweightea ]
) i f1sco!‘(‘ 1]
1500‘\“ - .
i vao- “\ 1]

I y

(’:‘: 7

1.5 GeV

Events /
>
o
(=]
I
zf
2
P
L8
212

S/(S+B) Weighted
(n
S
o
A
|

o
T

 The excellent ECAL energy resolution led to the discovery of
the H boson in the yy decay mode

* Electrons and photons are used in many other analyses
(H2>WW, ZZ*, Z’) and SM physics analyses (W, Z, top,...)

* Timing is also used in search for long lived SUSY particles
see D. Barney talk
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Timing performance of the present ECAL

 No dedicated TDC or other electronics

e PWO+APD pulse is shaped by a pre-amplifier with t ~40ns.
e Sampling ADC at 40 MHz (10 samples are stored)
 Request to have timing stability of ~1ns

Timing is computed from the ratio of the 4t to
the 5t sample.
A fit would take too long for computation.

PR R AN TN TN TR SN AN TN ST SN TN NN T SN SN TN (NN SN TN SN SN AN S ST S N S
-150  -100 -50 0 50 100
T - Trhax [NS]
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Timing performance of the present ECAL

Actual performance is much better than 1 ns |
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Timing resolution
measured in CMS from
showers deposited in
between two crystals

p— TT—

Same electronics Different electronics
E in EB [GeV] Ein EB [GeV]
20 40 60 80100 20 40 60 80100
lal1 T | T T ||§|||||||| '6'1 T T I T I EE T EE
1= CMS Preliminary. - Run1 B same RO unit ,-% CMS Preliminary - Run1 B diff, RO.uni
-i—l'N —
o =N = =N
= o(t) o & V2c = o(t) o ¢ V2¢
N\ N =351+ 0.6 ns N N=34.3+0.7 ns
e ™
3\ C =0.0668 + 0.0003 ns \ C=0.1295+0.0003 ns
e [l
g
10" B 10°
10° 10° 102 10°
Aeff/ G, Aefflcn

When the crystals share the same electronics card, the resolution is better than when

the crystals have different electronic card. In particular the clock distribution is what
matters.



Electromagnetic showers in a long

scintillating crystal

» Scintillation light propagation through the crystal takes time and
causes dispersion of the pulse shape.

EM shower propagation  Scintillation light propagation

snapshot cg<cC
NNNNANAA— / t1
=
—
INNNNAN— t,

%A Depth in the crystal (cm)

B
100 GeV photon




Simulation of the shower

Simulation of the light ray
tracing inside the crystals
shows that the fast component
has a large contribution from
Cerenkov light

8 T T T T ] T T T T I T T T T I

T I T T

- —— Total

—— Scintillation
Cherenkov

photo-current (a.u.)

e £
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CMS-TDR-17-002

time (ns)
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CMS

ECAL Barrel upgrade

Extract thé 36 SM from CMS

36 Supermodule

1700
LeadTungstate
crystals
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Testbeam results

PbWO, crystals

e beam
./
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CMS ECAL Timing resolution

UE— N - oy 2+ i
T — A \/E

Noise term due to noise
fluctuations N (jitter term)

S/VA = stochastic term, due to
fluctuations in the shower and
in the emission of scintillation
photons (small)

C = constant term: clock jitter,
shower starting point, time
intercalibration among crystals,
difference in pulse shapes
among crystals (dominates at
high energy, important to have
stable clock distribution!)
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t (ns)

0.6

0.4

H-> yy vertex with timing from
calorimeter

CMS Slmulat|on <u>=20

3D Reconstructed Vertic
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—+}—— 4D Tracks
——=—— Leading Photon Vertex Hypotheses n =-1.26
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Conclusions

* New applications have raised the interest in
detectors with precision timing capabilities

* New projects have challenging requirements
on the detector timing resolution

* Are you ready for the challenge?



Timing jitter: single sample

t, =1ns, SNR =10 — o, = 100 ps
t, =40 ns, SNR =500 — o+ = 80 ps

TWEPP 2015 - Lisbon September 30, 2015 11 / 53



CFD: the principle

Arming discriminator

>
v. -
oy Vi ? E :
Delay line 1

L - " _\/+_ Vou
" é W

— Zero crossing detector
Fraction

@ The input signal is both delayed and attenuated

@ [he delayed and attenuated signals are combined to yield a bipolar
waveform

@ [he zero crossing of the bipolar waveform is used for timing

A. Rivetti (INFN-Torino) TWEPP 2015 - Lisbon September 30, 2015 13 / 53




Digital timing extraction

@ Different algorithms are used to compute the timing from the
digitized samples

@ There is nothing such an optimal method

@ Some techiques can be more suited that others for real time execution

on FPGA

@ Some examples of digital algorithm:

e Digital leading edge

e Digital constant fraction

e Interpolation

o Initial slope approximation

e Reference pulse

To learn more: E. Delagnes, Precise Pulse Timing based on Ultra-Fast Waveform Digitizers,

Lecture given at the IEEE NSS Symposium, Valencia, 2011
A. Rivetti (INFN-Torino) TWEPP 2015 - Lisbon September 30, 2015 17 / 53




Some comparison

J. F. Genat et al. Signal processing for picosecond resolution timing
measurements, NIM A 607 (2009) 387-393

25 T v L T T

) e Simulations based on MCP
' signal
gu- @ No sampling jitter added
E @ The barrier of 10 ps broken
: around 20 pe
d| e Practical equivalency between
L e | WS and CFD

Number of Photo-electrons

A. Rivetti (INFN-Torino) TWEPP 2015 - Lisbon September 30, 2015 18 / 53




Calorimeter Upgrade TDR

TDR highlights: TDR-17-002

* Operating ECAL at lower temperature to reduce APD noise

 New ECAL electronics

 HCAL barrel decision on partial scintillator replacement in Spring 2018

Pulse amplification with a TIA New ECAL electromcs

To reduce sensitivity to increased APD dark current,
» To reduce effect of out of time PU,
» To improve signal vs spike discrimination,

» To improve timing measurement
(first TIA chip available) DC at 160 MHz

* Improve timing measurement
* Improve signal vs spike discrimination

Data Transmission Unit
Loss-less data compression IoGBT
PWO crystal APD P

D"fl Data readout in

- ADC DTU -/> streaming towards
off-detector elec.

* Trigger formation in

powerful off-detector
electronic boards




ECAL CLEAN-UP USING TIMING

» Effect of timing cut on LE£“4L variable
—sum of all ECAL hits with E > 1GeV.

» O(30 ps) resolution detector simulated

GMS Simulation Breliminary

. Requn-e ECAL t|m|ng (time'Df‘ 8 0_15;|H|;|leslample R
flight subtracted) within a 90 g [P0 e E
ps window _?:?"\014: ,_': Sum Et after Time cut (PU) ]

c 0.12 :_ : : Total Sum Et (PU) _:

* Most of the PU extra energy ﬁ ' .

gone = o :
D i

—able to almost recover no PU = 0.08 E
conditions € 0.06f =
. : = - ’

» Timing-based selection looks < o.04f [l .
pron_nising for high PU So02l [ L. -
enVIronment |-|>-| 0_. Hmﬁ}i{-rmrl e MO A O e cel oo H.:

0 100 200 300 400 - ASLOO 600
» EECA [GeV]

D. Del Re talk at CALOR2014 &7



f(A/x)

Landau fluctuations in Silicon

A/x (MeV gt em?)
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i ! 80 pum (18.7 mglem?) | width changes little for the various
8L ] curves.
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0.2} - '
; N ! fluctuations.
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http://meroli.web.cern.ch/lecture stragglingfunction.html
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