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Most of the material is from the ATLAS HGTD TP to be made public mid June
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Motivation for precise time measurements

Arbitrary units
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Motivation for precise time measurements (2)
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Motivation for precise time measurements (2)
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ATLAS Phase Il upgrade

Upgraded Trigger and Data

Acquisition System:

- LO @1 MHz

- Improved High Level
Trigger

Active
area
120-640 mm

Electronics Upgrade :
- Lar calorimeter

- Tile calorimeter

- Muon system

Options :

- High n muon tagger

- Forward detector incl.
luminosity

New muon chambers in  New Inner Tracking detector
the inner barrel region (all silicon tracker up to |n| =4)

CERN EP-DT seminar 6
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Detector Requirements

The detector is quite constrained by the space available and the harsh
environment while willing to reach excellent time resolution for mip track

- Low Gain Avalanche Diode Technology sensors

Pseudorapidity coverage 24 <|n|l <4.0
Thickness in z 75 mm (+50 mm moderator)
Position ol active layers in 2 3435 mm < zZ < 3483 mm
Radial extension:

Total FHOmm < R < 1000 mm

Active area 120mm < R < 640 mm
Time resolution per track 30 ps
Number of hits per rack:

24 < || < 3.1 2

3.1<|nl <4.0 3
Pixel size 1.3 x 1.3 mm?
Number of channels 3.54M
Active area 6.3 m?
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Radiation levels in HGTD
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Current strategy is a replacement of the inner part (r<320 mm) at half HL-LHC running
period :
max doses r <320 mm 3.7 10"° neq /cm? and 4.1 MGy

r>320 mm 3.0 10"° neq /cm? and 1.6 MGy
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Time resolution

Total time resolution per hit :

Sensor R&D :

Thickness, pad size, doping
Radiation hardness (Ga, C

spray..)

2
Utotal

2 4 2
+ g, elec + 0 clock

@ ]

Electronics R&D :

Dedicated ASIC
Jitter & time walk
Radiation hardness
Power dissipation

T Jitter —

N

trise

(dV /dr)

~ (S/N)

Total time resolution per track c(track) = o (hit)/ \/NhitS

Optimise the number of hits per track

[

Clock distribution
(CERN working group)
t0 calibration

goal < 30 ps
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Sensors R&D activity

with strong interaction with RD50 and some CMS colleagues
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LGAD first principles

Low Gain Avalanche Diode pioneered by CNM.
Now produced by HPK and FBK with similar
performance (except breakdown values)

BNL and Micro in near future

e A lot of work also done within RD50

Gain (charge ratio of LGAD/diode) : (= S/N)
- moderate gain (10-50) provided by thin highly

_‘::_‘:_“:_‘:_K O doped avalanche region (a few pm with high

p-type Bulk

. Ao electrical field, ~a few 100 kV/cm)
. - depend on doping density
Tum - independent of sensor thickness

-««Primary e+ h
— Gainet+h

Signal speed : (=t ..)

- Not very fast, rise time around 0.5-0.6 ns

- Rise time and duration depends on sensor
thickness

Current [pA]
(=] =3 N w B " (=)} ~ [+ -]
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Gain versus bias voltage

varying doping varying temperature
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Time resolution versus gain

CNM Sensor at room temperature

HPK Sensor from +20 to —20 °c

w W7 7 1 — 140
= -HGTD Testbeam 4 469 mm2 ® gi\l\ﬁ; 19 HPK 50D
€ 120{120 GeV pions i 1= i :
N CNM T:+goac A i'g 3 2) M 1 b 120 Slngle Pad 0.8 mmz L 4 RESOIUtion, T=+20C
N C x3mm))-M i -
1001~ o o A (2x2mm’)-M ] 100 + ¢ " Resolut!on, T=0C
- A . * Resolution, T=-20C
80— me s ] 80 + © Jitter, T=+20C
- [ ] - i
- ol A . O Jitter, T=0C
60— 4 — ’
- ':fj-q.gp. 1 60 T Ty Jitter, T=-20C
40 - .l..‘. ta - 40 4+ f ‘:_‘
R P 20 . Y P - | . h e .- "-’":-".-."".. -----------------
- ] T D X
O_J I BT T S P P Pe [ i E‘LQ ¢ ¢E E E &
0 10 20 30 40 50 6 0 : : :
https://arxiv.org/abs/1804.00622 Bal 0 20 40 60 . 80
ain

Similar time resolution for CNM/HPK with ultimate time resolution of 30 ps
for 50 um thickness, limited by “Landau” term

(measurements done with discrete, quite power dissipative, electronics sampling the signal (no TDC))
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Sensors gain with irradiation

Amplitude [mV]
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With irradiation up to 1.10'° neg/cm?

- Degradation of gain due to loss of
effective doping in avalanche
region, slightly faster signals

—> partially mitigating by increasing

bias voltage

For fluence > 1.10"° neqg/cm? still

some gain from the bulk region, and

faster signal

With proton irradiation, slightly smaller

effect

Comparison measured - WF2 pulse of HPK 50D 50-micron thick sensors

L) pre-rad ——WF2: pre-rad
6e14 neqfcm2 ——WF2 6el4 neqfecm2
6el5 neq/ecm2 WF2 6e15 neqfcm2

Norm. Amplitude

Time [ns]
Z. Galloway et al, arXiv:1707.04961



Sensors time resolution with irradiation

Time resolution smaller than 50 ps up

701 HPK I to ~5. 10" neg/cm? with bias voltage
_so| ngsPedsmm (VHR) 10 % below breakdown voltage
? e gl (VBD)
=
E 40 2 ¢
% 30 - g ﬁ g
£ _

E 208 A A EoDVED 35 um thickness :
10 50D VHR - a bit better than 50 ym below 1 10"°
4835 VBD neqg/cm? but similar at high fluence
:.E+13 16414 1E415 1e16 - Omaller operating voltage
Neutron Fluence [n,,/cm?] - But larger capacitance will make hard
to achieve this performance with ASIC
CERN EP-DT seminar 15
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Bias voltage operation Leakage current
700 : 10 §o1e14,T=-20c HPK 50D &
600 £ 00 et A
| O1lel5, T=-20C + DE 8 -FFF'-
E 500 - ¥ 1.E+12 E 1 E DO3el5 T=-20C = ?
= [ +6el5, T=-20C (o]
v 400 - X 1.E+14 I3 [ % 1le1s, T= (o]
g P [ om0 0
£ 300 - +3.E+14 3 o 0
> 500 o 0 6.E+14 l: of
o | A LE+15 °
100 1 ©3.E+15 ool o°
0 L Lt Ly 0 100 200 300 400 500 600 700 800
1.E+12 1.E+13 1.E+14 1.E+15 1.E+16 Bias Voltage (V)
1000
Fluence [cm?] - E m3e1s, T=30¢  HPK50D
':E‘ [ g 3e14, T=20C Single Pad 0.8 mm? o
3 - #6el5, T=30C T=20°C & -30°C
Bias voltage to be adjusted as function -l g ¢
of time (fluence) monitored by TOT and 1 " e
@ .
leakage current measurement g 10 .
]
In current design, individual bias voltage . e
per sensor (2 cm along X or Y direction) 0 00 200 300 40 500 600 700 E00
Bias Voltage [V]

CERN EP-DT seminar
01/06/2018

16
Power dissipation dominated by ASIC



Preliminary pad array measurements

HGTDTest beam Sep 2017 _
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can achieve
S/N>10
Efficiency > 98-99%

Beyond on going study

Time resolution uniform
within pads

CERN EP-DT seminar
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Main sensors R&D in 2018/2019

Test of sensors with Carbon spray in the bulk

Production of similar sensors structure and
arrays (up to 2x2 cm?) by CNM and HPK

Optimisation of fill factor (inter pad distance
from 50 - 100 ym)

Integrated sensor + ASIC measurements
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Electronics R&D activity
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Electronics read- out overview

X N (up to 28)

From r=120 mm to 640 mm .
AsIC — N

()

225 ch 3

From r= 740 mm to ~940 mm

Peripheral on-detector
electronics

Top and bottom: 2 x 19 FLEX connectors

DCIDC Converters

A

»
>

Y

USA15

380 up links || uminosity
back-end
boards

+ for lumi

o-links

Local
Luminosity

DAQ

1200 up links
Dffline readout

Luminosity and

FELIX

trigger event data |

~270B
Central DAQ

1200 down links
slow control

event size 190 kB
(125-250 kB)

Electrical transmission
over up to 75 cm at 320
Mb/s to 1.28 Gb/s

20cm

Quite similar problematic than other
ATLAS/CMS detectors

ASIC ALTIROC specific to HGTD

CERN EP-DT seminar
01/06/2018
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ASIC requirements

Pad size
Detector capacitance

1.3x 1.3 mm-
3.4 pF

TID and neutron fluence

Inner region: 4.1 MGy3.7 x 10" ngg/cm?
Outer region: 1.6 MGy, 3.0 x 10" nyg/cm?

Number of channels/ASIC

A

e i o

Collected charge (1 MIP) at gain=20 0.2 fC

Dynamic range 1-20 MIPs

(preamplifier+discr.) jitter at gain =20 | < 20 ps

Time walk contribution < 10 ps

TDC binning 20ps (TOA, TZTOT), 40 ps (VATOT)

TDC range 2.5ns (TOA), S5ns (TZTOT), 10 ns (VA TOT)

Number of bits / hit

7 for TOA and 9 for TOT

7 bits (sum) + 5 bits (outside window)

Luminosity counters per ASIC
Total power per area (ASIC)

<300 mW/ecm? (<12 W)

e-link driver bandwidth

320 Mb/s. 640 Mb/s or 1.28 Gb/s

Latency for LOVL1 triggering

1(¥35 us

And quite reduced time for ASIC R&D...

Challenging radiation
level, choose TSMC
130 nm CMOS

Challenging timing resolution
for small charge

Keep acceptable power
dissipation for CO2 cooling

Cope with both ATLAS trigger
scheme

CERN EP-DT seminar
01/06/2018
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15 columns (19.5mm)

Pixel Matrix

o

o

| Command Decoder

&6

Hit Flag
TOT opits.
Hitbufter  |o=el  THISETd Bt Lo matchoa nit butfor
TOA 7bits
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- — @
=
2
wn
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I I ! i
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|t—] N
1.28GHz _|§ &
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o
|| 320MH=z w
40MHzT

ASIC architecture

225 pixel read-out channels
(at prototype level)

Quite standard off-pixel detector matrix
read-out (still at design phase)

Tuneable speed serializers

Phase shifter for the clock with ~100 ps
accuracy

e
a1

1 1
elink to IpGBT

320Mb/s, 640Mb/s, or

1.28Gbl/s

I T
elink to IpGBT
640Mb/s

320MHz clock fast command
from IpGBT  elink (TL1) from

IpGBT

. seminar

’018
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Pixel architecture

Preamp

+
Vih

IHit Flag

Discriminator

il

TOT Time to Digital QTS hits

ANALOG FRONT END

Converter Range=5/20ns
Bin=20/40ps

——
TOA Time to Digital Toa7 bits

Converter Range=2.5n3
Bin=20ps

Hit buffer

L« Triggered Hit | J matched hit buffer
Selector

Given by preamplifier
discriminator perform
+ TOT correction

(Telec

and
ance

LumiHit
—

] 2
- O-ji[ter T OTw

Lo/ Column Bus

2

N

Given by TOA TDC
Isb = 20 ps so expect
contribution < 6 ps
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Preamplifier design

D

| 7
N - e, Cy || try +1t; Cr Ill?-_k T,
dv /dt Qin \' 2tra Qin \' Em

Tjitter =

- No need of infinitely fast preamplifier. Preamplifier rise-time (tr,) matched to
LGAD rise-time t : tr, = t, =t in the range 0.5-1 ns

- Optimise t, and g,, (using relatively large transistors and currents)

Broadband preamplifier with common source (VA)

Pseudo-Trans-impedance amplifier (TZ) similar as Test Beam
design wtih discrete components and larger current

Vout TZ pa
| I Veasc i .
= e
= REK o
Ccomp =

aM

) | Ci_ll_ . ":‘[-1

>

_'

(a)

Proto ALTIROCO0-V1 (2017)  cern £p-DT seminar Only in V2 (2018) 24
and V2 (2018) 01/06/2018

(b)




Preamplifier performance

V [mv]

v [mv]

Vmv]

vV [mV]
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B850
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Waveform output .
%: | P — Pulse 5 MIP :%

—— Discriminator 1 MIP —
—— Digeriminator 5§ MIP  —

Transimpedanca Prearmplifier
Pulse 1 MIP
— Pulsa 5 MIP

Discriminator 1 MIP -

—— Discriminator 5 MIP -

TZ width / TOT shorter

14 16 18 20
Time [ns]
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ALTIROCO0-V2 : VERY preliminary measurements

Prelimin
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= ALTIROCO0-V1 17 ps with 3.8 pF at 10 fC (TP) 1
I - e 1605_ALT_V2--Ch0_TZ -
15_— —
10— -
B < |
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5L . * ° 7
B & ® PY Py i
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lJIIllIIlI Illllll
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Injected Charge [fC]
On going test bench measurements. Mid June sensor bump bonded and End June

beam test at CERN

26



Time Walk correction

Use TOT as estimator of amplitude to correct for time walk effect

'a' 3.5_ T T T T l T T T T l T T T T ] [ T T T T ! —]
= = C.=43pF 3
< 34 ; _ e J =
o “:' ;\ 1 MIP 1 MIP (9.2 fC) to 20 MIP E
- =\ i —
3'35 1MIP = Vm N

3.2 . . — OTimeWak = |5~ v ‘

= §.2MP = e | RMS dr JRMS
3= Sowme Pow =
3? e 45 MIP _;
29;— h====__-.‘_i-lp‘ =] —;
28E- T‘e\“_-ﬂ,;;ls.5wp =
275 =
: 1 1 | 1 1 1 1 1 l | 1 1 1 | 1 1 1 1 i :
— 10 = o .
k= - "y - L 7
- 0:_ ..-.. =i -.-.-'. mmEN _:
3 E . - . "y mEEnm =
o E ]

& % 5 10 15 20 25

TOT [ns]

After correction, peak to peak variation < 20 ps so contribution to < 10 ps to resolution
TZ fast dependence implies a 20 ps Isb for the TOT measurements, while VA can be
40 (80) ps
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Time to Digital Converter (TDC) for TOA

Vernier delay configuration with two delay lines :
- Time resolution (20 ps) = difference in the delay of the cells in each line slow
(140 ps) and fast (120 ps) lines
- Time measurement (TOA) only over 2.5 ns window centered on bunch crossing
TOA given by the number of stage needed to have the STOP to surpass the START
- No power consumption if not hit.

2.5ns Measurement Window 2.5ns

“—> < IS

A | | Time-to-Digital Converter (TDC)

E Detéction i ! 120ps  120ps 120ps  120ps 120ps

i i ! F128
Clock
STOP i ]

I 1 1 L

P | : i START s128

! 1 ! ! 140ps 140ps 140ps  140ps 140ps
START B ! | /

— 1 i " ; 0 Q1 Q1 G2 Q2 Q3 Q3 Q4  Q128Q128

1 i 1 ]

| | | —

| 'ToA | | |

® ® ) ®

Bin1 Bin2 Bin3 Bind Bin128

TOT TDC made of a Coarse delay line + TOATDC
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Time to Digital Converter (TDC)

Corners:
1T

FF

SF

RS Te e .
—— -

Time Interval [s]|

Most of the hit in time within central window - power consumption 5 m\W x occupancy
Conversion still to be optimized to stay within 25 ns
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Luminosity counters

HGTD can easily provide an —
. y p . . LuminiHit<224:0> e
Sum 2 <7:05
instantaneous luminosity o] i 252 oo [ szoipie | § |omapises
— T — — T B — E 8b to 5b ]
£ 10000[—"aTLAS Simulation Preliminary ' ' - H
o :—SGTD Fits; Layer E :D+57$nl B ——— 8
(fl:g 8000- Ashi=s 7 °—‘E"“°”" no Dl ctuomuz[
o 6000 -
g N 7 640MHz from DLL
2 4000~ — Linear fit -
E C * Overlaid u=1 MC events ]
] = + Standard MC B H
= 20001 = bunch crossing
ol .
1.02
3 O ] W1lup W1low
O e vy ' Milow _w2iow
g 888 0 50 100 150 v 200 | qup I ST
Number of interactions I ] | | 1 1 | Counter at
640MHzZ
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-
Q
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ATLAS Simulation Preliminary |
HGTD First Layer, At=1s ]

For each ASIC,

- compute number of hits in two
windows centered on bunch crossing

- transmit in time and out-time

numbers of hits at each bunch crossing

—=-240<|9 <310 |

—

a
A

i

Relative statistical uncertainty in number of hits
o
‘(AJ
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ALTIROC1

PPPPP

Hit Flag
llllllllllll
+ TOT T ime & D q I TOTY bits
vih | Co r Ran 0ns

Bin=20/40p5 _ _
HHHHHHH Triggered Hit | < matched hit buffer
TCIA Time D g al Selector
Con F!. 2.5n9
B ZDD
AAAAAAAAAAAAAA
w—— Lan 1

25 channels chip with preamplifier (VAor TZ )
+ discriminator + TOA and TOT (TDC) and

GGGGGGG

local memory

Include prototype of final clock distribution in
ASIC for 16 channels

Layout finished, post simulation ongoing
Submission on June 13 th

Might include an independent block

with phase shifter if ready

CERN EP-DT seminar g ;ﬁ,;ff;i_fﬁffﬁfff"ffffﬁf ﬁﬁf fﬁﬁfﬁffff,_,,jﬁffﬁﬁff” —

01/06/2018

I5E 58
‘km]m ;"Z; 'ﬂ.l|-' |




Clock distribution and t, calibration

CERN EP-DT seminar
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Clock distribution to ASIC : jitter

USX15 gL
LHC
Clock ‘
Tx ‘ FELIX /
ASIC | | IpGBT
N | ITRX 4| Elr;i?(d:: i Clock fanolt
e-link up to 80 cm | o-link | | fast signal

Baseline design is to transmit the clock encoded through the [pGBT
- Clock contribution to time resolution relies on expected IpGBT jitter < 5 ps
and FELIX contribution :total <10 ps ?
- Might clean it in ASIC (PLL)
- Providing a clock directly through dedicated links quite difficult for services

Work started within the ATLAS/CMS common working group set-up by CERN-EP-ESE-
BE (S. Baron)




Clock distribution to ASIC : wander

USX15 gL
LHC
Clock
Tx ‘ FELIX
ASIC | | 1pGBT /
N | ITRX 4| Elr;i?(d:: i Clock fanolt
e-link up to 80 cm | o-link | | fast signal

Phase shifter in ASIC only used to align coarsely the measurement window

(~100 ps accuracy)

t, of each channel needs to be calibrated to a few ps :

- different path length for signal, time of flight - calibration signals

- “Low frequency” clock phase variation with time/temperature - wander

—> use data to compute/correct online/offline the possible t, variations




T0 calibration with data

e _INClUsive hit time distribution
ATLAS iign:;anon Preliminar’y_E |n a pIX6| “ rms 240 pS
i::ﬁ..-r{g.}R-:E‘:gD mm _]
number of hits : 53012

owotiereens | > Can measured t, of pixel to better
semari-zs 4 than 5 ps with 10000 hits

Number of events / 30ps
h
=]
o
o]
[

1000:
: 1 Taken into account occupancy, it

1 corresponds to 10° events at inner
405 o 05115 2 radius and 10° events at higher radius

Time [ns]

In Felix board data at 1 MHz, offline data at 10 kHz

Inner radius per channel 0.1s 10 s
Outer radius per channel 1s 100 ps
Per ASIC  (inner/outer) 0.4/4 ms

- Could correct low frequency variation up few kHz frequency
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Layout optimisation and design
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Sensor pad size

= b =s.mi  ormuye - Pad size is a trade-off between
5 0t ~s2em  susmwe e QOccupancy and time resolution
s CeTe el = (capacitance) > small pads
© = Y, c 8 Yy, , 1+ Efficiency (fill factor) and
21_ ‘e, 3 ¢ ‘ ‘44, , |channel density (power consumption)
- ATLAS Preliminary ‘e, i ' 8 8 g — large pads
paoit WL e .
e _| Baseline is a unique sensor pad size
02 e Lttt b biini i teis g OF 1.3 X 1.3 mm?
150 200 250 300 350 400 450 500 550 60|A” sensors identical (4X2 or 4x4 Cm2)
Radius [mm]
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HGTD Module and stave

FLEX cable

7888 modules : >

N

- 4x2 sz sensor HV wire_‘t::onding_//,_/ N

~ e

Modules assembly

- plate at inner ring
e

- Two ASIC bump bonded Electrical components //

- Wire bonding to flex cable

- Glued on intermediate plate
along X or Y direction

LGAD 2x4 cm?

2 ASICs

p bonding

Glue
Double sided sensor layert with the _—
cooling plate between ASIC wire bonding
r=320 mm
Modules overlap along X or Y kg i
depends on position 4mm o 20mm
(= S I
Still working on final design “20mm “iemm
—_— ’ X(OFY)
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ATLAS Full Simulation Internal
Muons, p, = 45 GeV
(80+20) % Overlap

HGTD module and stave

N

Y [mm]
<Nyjs>

HGTD

First layer second layer

"h-
—

QOuter modules on
support staves ‘

!

|

Inner modules on
half-disk support
plate (R<320 mm)

CERN EP-DT sem
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Summary expected time resolution

Sensor+electronics resolution per hit

resolution per track

01/06/2018

4 38 36 34 3.2 3 2.8 2.6 n
5 90_III|III|III[II L I B B S B B B T |“' T t|c T 704 3.8 36 3.4 3.2 3 28 26 n
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= 70 - o F « Initial ]
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8530550300380 4645060080 50200 250 300 350 400 450 500 50
R [mm] R [mm]
Modules at r < 320 mm replaced at middle of HL-LHC integrated luminosity
Compensate at inner radius time resolution by increasing number of hits.
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Expected performance
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0.7 —_— — . .
- —— 4 ] Impact on physics channels (VBF Higgs, tH)
0.6 - _expected about 10-15 %
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Conclusion

Providing 30 ps per track resolution in the HL-LHC environment is quite
challenging ..... but looks achievable.

R&D started in ATLAS about only two years ago but a lot progress/results
achieved

Last review with LHCC on Technical Proposal this Monday
- Hope green light in these days for a TDR by March 2019

2018->2020 R&D to finalize HGTD design
2021->2024/25 : production / construction with stave 0 in 2021

- Installation in June/July 2025
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Sensor parameters : IV and CV curves

Current(A)
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[ —0= 9088 Low Dose

£~ 0088 High Dose

| [~V 10478 High Dose

[

f i —C— 9088 Medium Dose

|

] 10478 High Dose CSpray
|

PRp—

|
ors
=
=
—
L

CNM

T=+20C

f TR
Single pad 1.3x1.3 mm* § .I o
|

(a) Current vs Voltage

3
THRE
TR
W e L] L ] 1 ": 0- """""""
i 100 1310 1010 130 300 !l
Bias Voltage (V)

oy
L

E’.‘ddo ’“ &
It |
|

CNM
P T=+20C
Single pad 1.3x1.3 mm’

—0O=—9088 Low Dose
[—O— 9088 Medium Dose

[—%— 10478 High Dose

O A Y_____ ecum D
D/ / I 9088 High D

(b) Capacitance vs Voltage

.P _! =7 10478 High Dose CSpra
e ete e LR et eceoiner . A
1 i il i
Bias Voltage (V)

CERN EP-DT seminar
01/06/2018

44



Power dissipation

Component Nominal [pW]
Preamplifier 462
Discriminator+DAC 375
TDC TOT (10ns/40ps) 500
TDC TOA (2.5ns/20ps) 405
Local Memory 920
Total Pixel 2666

Table 11: Single pixel average readout power consumption. For the TDC and local memory (full buffer option), a

10% occupancy factor is applied.

(a) Front view

Component Power consumption Total [KW] [ Maximal [KW]
Sensor < 30 mW/cm* 1.9 1.9
ASIC <175 mW /em® 8.5 12.8

Flex cable < 100 mW/flex 0.5 1.1
HGTD cold vessel heaters 75 W/m?-175 W/m? 0.33 0.33

EC calorimeter cryostat heaters 120 W/m?, 50% up to R = 1600 mm < 0.6 0.6
Peripheral on-detector electronics dominated by DC/DC converter 3.25 49

Total for CO; cooling 15.1 21.6
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HGTGD exploded view

Outer Drum .l 3
Thermal L
shield METS threaded holes to
be used for HGTD bolting
2 double-sided layers of pop i syhomr

LGADs & ASICs and
peripheral electronics

20mm Moderator
outside the HGTD Vessel

Back cover \

Front cover
with stffeners

30mm Moderator inside
the HGTD Vessel
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Track matching efficiency

P —
g, osE. ATLAS Simuiation Intemal e
é ; HGTD
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(a) Efficiency for matching tracks to at least one HGTD pixel.

e e e e e
ATLAS Simulation Internal ; 5
HGTD VBF H — inv, <p>=20
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(b) Estimated efficiency for assigning the correct time to tracks.
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Inter pad distance (fill factor)

HGTD Test beam Sep. 2017

HGTDTest beam Sep 201 7
l T T T
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