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Role of Vertex Detector for a Higgs Factory

e DISPLACED VERTEX RECONSTRUCTION AND CHARACTERISATION
reconstruction of collision point
reconstruction of D-meson and 7-lepton vertices
reconstruction of b-quark decays in (top-quark) jets
determination of displaced vertex electrical charge

etc.

e ROLE IN THE TRACKING :
track seeding (depending on main tracker)
low P, track reconstruction
track momentum determination (in particular low P;)

fake tracks mitigation (E,,,;ss determination)



Generic Vertex Detector Requirements for a Higgs Factory

complete geometrical coverage extending to lowest possibl e polar angle

exquisite spatial resolution extremely modest material bu dget

_ _ _ excellent alignment capability
time stamping against

m rel kgroun .
beam related background sufficiant heat removal

from active elements

compliance with beam
induced EM perturbations inner layer very close to IP

very good link to surrounding tracking systems



Generic Vertex Detector Requirements for a Higgs Factory

CHALLENGE: FIND A PASSAGE THROUGH NUMEROUS OBSTACLES COMPOSING A LANDSCAPE
OF ANTAGONISTIC CONSTRAINS AND OBJECTIVES



Generic Vertex Detector Requirements for a Higgs Factory

PASSAGE

NEED: EXTENSIVE R&D AND SOPHISTICATED SOFTWARE TOOLS TO DETERMIN E
COLLIDER SPECIFIC TRADE-OFFS'!



Generic Vertex Detector Requirements for a Higgs Factory

PASSAGE

COLLIDER SPECIFIC

BONUS OF TIME: EVOLUTION OF INDUSTRIAL TECHNOLOGY MAY MITIGATE SOME OBSTA CLES
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Major Aspects of the ILC Detector Concepts

® 2 DETECTOR CONCEPTS:
=« SID: full silicon tracker (most compact)

« ILD: gaseous main tracker (TPC) Sl D
® PRIORITY: GRANULARITY & SENSITIVITY

® EXPLOIT COLLIDER SPECIFICITIES:
« ete™ collisions:
o precisely known collision conditions (E¢ym,, Pol., Lumi.)

o suppressed QCD background = moderate radiation level
H occur in 1% of coll. (LHC: 1 H for 1010 collisions)

= triggerless data taking adapted to faint & rare phenomena

ILD

+ beam time structure:

o S 1% duty cycle = power cycling = saving = allows high granularity
o Z 300 ns bunch separation = moderate At required

® AMBITIONNED PERFORMANCE HIGHLIGHTS:

« charged track rec.: A(1/p) =2:107° Gev~!

CM {111 (1118
Q2ryva = rec. P S 100 MeV tracks Bunch Train P. P 337 ns
| .ZS -
% mat. budget: S 10% X in front of calorimetres I N
. Bunch Spacing x2820 “ MW‘M
% ag’t/Ejet ~ 30%/V EJ€t (neutral had. !) = PFA j UUU“L"U__ ‘ @




Vertex Detector Performance Goals

e \ertex detector requirements governed by physics

oriented parametres rather than running conditions

emphasis on granularity & material budget (very low power)

much less demanding running conditions than at LHC / " - 1
D - L L

= alleviated read-out speed & radiation tolerance requests p

ILC duty cycle = 1/200 = power saving by power pulsing

e \ertexing goal:

| Pointing resolution .vs. Pt |

achieve high efficiency & purity flavour tagging

100 :
— charm & tau, jet-flavour !!! ) SR S AR sl 112
)k A o .
reconstruct momentum of soft tracks (P < 100 MeV) = E. ATLAS-IBL: resolutioninr ¢
3 70f
reconstruct displaced vertex charge 60F— CMOS

50~

Orez < 5®10/p- sin®/%0 um
> LHC:0Re ~ 12® 70/p - sin®/%6

Pointing resolution [

30—

> Comparison: 0 r¢, z (ILD) with VXD

10f-

made of ATLAS-IBL or ILD-VXD pixels —

Transverse Momentum [GeV/c]



Vertexing Concepts & Challenges Ty Il xooage [

/ _ | od:2mm, id:1.5mm
/ 051

7

! | | Layer3:17 ladders liiiia CFRP— >
| 33 Laver 2: 11 ladders 1. 5mm CFRP Beam pipe
o 8 e 02 = \
® TWO ALTERNATIVE PIXELATED DESIGNS : Layer |10 adders e = :
1 ; = 0‘ 5 4 FPC: 9mm wiﬂth x 10/ .si‘de +
| B—t S Kaproy s um G
« ILD: long barrel of 3 dble layers (R: 16 - 60 mm) 2 s | | TR TmE
0.3% Xo / dble layer, 0sp < 3 um
. . 4 Pixel Digks SElayen i Eane 4 Pixel Disks
« SID: short barrel of 5 smgle layers (R: 14 - 60 mm)
0.15% Xq / layer, 0sp < 3-5 um = S . 3
p S | _
“\_Beryllium Beam Tube
s« several (small & thin) pixel technology options under development N I
s« other devts: mat. budget suppression, cooling, 2-sided ladders, ...

® RUNNING CONDITIONS DOMINATED BY BEAMSTRAHLUNG Eii

X [mm]

+« Radiation doses: O(100) kRad, < 10*2 neq/cm2/yr

+« Rate of e]jg g impacts: possibly up to several tens/cm?/BX

=> governs time resolution requirements
« Sizeable uncertainties: o gs, luminosity

—> substantial safety factors mandatory !

' { A L v bt !
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Role of Vertex Detector: Reconstruction of 7 lepton

IMPACT OF VERTEX DETECTOR ON T RECONSTRUCTION: EXAMPLE OF ILD

use measurements of 7 spin state in ete — ZH— M+M_T+T_ to probe the CP nature of the Higgs boson
and search for BSM manifestation by investigating CP conservation in Higgsstrahlung process and Higgs decay

concentrate on hadronic decays of 7s (one v only) using displaced vertex reconstruction

- =
0 . ' 0 .
T 04F Impact param. © —Impact param. 1
T | - ® wml - -
£ oal collinear £ 02r collinear
| - visible g | - visible
"y oy b
[ A 8 LTV E
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© 01F .-" ® ! 1:
0 - . gt .L‘.;-""P--u 0 —ﬂ-’f | s - ? e T
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1-T mass [GeV/cY] 1T mass [GeV/c?

D. Jeans, Nucl. Instrum. Meth. A810, 51 (2016), arXiv:1507.01700 [hep-eX]

D. Jeans and G. Wilson, Phys. Rev. D 98, 013007 (2018), arXiv:1804.01241 [hep-eX]
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Role of Vertex Detector: Impact of Spatial Resolution on b, c

107"

Misidentification eff.

1072

10°°
b
C 12
[}
e
5 1
£ 08
&
0.6
0.4

CLICdp

- Di-jet events, Ecm = 500 GeV, 20

E Charm cbntaminatién

- /."“"' -
B 7 . -
B it o7 _

//,.-"' ///.,»'.'

/-. “.-‘ / /.‘.'0'.

P E
5 7
=// ””” / :
_/ LF contamination i
> 3 um 7

-------- 5 um
= — — 7 um —
. L L L L L L L L Ii L L L L iI L L L L i L L L I:
[ e
g —— Charm contamination -
B —— LF contamination i
:____'___________;W
- ////
__,.-...-.........- ‘ :: --------------- o ’""_::}:y’ A :
S URRIRNEE T 7 -
i —_— -7 3
F - T ;
L A T T S
0.5 0.6 0.7 0.8 0.9 1
Beauty eff.

107"

Misidentification eff.

1072
107
E 1.2
(0]
< 1
O
— 0.8
5 0.6
(4]
0.4
0.2

CLICdp

Di-jet even

- 500 GeV, 20

;/ -

Beauty contamination

—— 3 um |
=l 5 um =
= —— 7 pm ]
i LF contamination ]

-------- 5 um
= — — 7 um ]
: ! ! ! ! ! ! ! 1 iI 1 1 1 1 i 1 1 1 1 i 1 1 1 ! :
i Beauty contamination -
B —— LF contamination 7
I TR .-1*"'/ ]
RO TYLELLE T =]
oo  — _.......-n-f'*// -~ ]
bt = =% — —
SIRRN - :
- —— E
0.5 0.6 0.7 0.8 0.9 1

Charm eff.

fermion-pair production at Ec s = 500 GeV (CLICdet vertex detector : R;,, =31 mm)
D. Arominski et al., CLICdp-Note-2018-005, arXiv:1812.07337 [physics.ins-det] (2018)

Osp =7 pm>— 3 um = contaminations suppressed by ~ 20% to 40% for 90% tagging efficiency
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Monolithic CMOS Pixel Sensors (CPS)

e ILC requirements similar to those of Heavy lon expts
= CPS developed for CBM expt (FAIR/GSI)

= acts as a forerunner for ILC vertex detectors

e Main characteristics of MIMOSIS
TJsc 180 nm imager process with high-res (25 pum thick) epitaxy
modified high-res (25 pm thin) epitaxy = full depletion
= sub-ns charge collection time (+ enhanced rad. tol.)

1024 col. of 504 pixels with asynchronous r.o. (ALPIDE)
in-pixel discri. with binary charge encoding

pixel: 27x30 um? = osp = 5 um (vs depletion depth)

~30.97 mm

affordable hit density ~ 108 hits/cm?/s

At ~ 5 us MIMOSIS

504 x 1024 pixels organised in 16 Super-regions
1 Super-region has 4 Regions of 16 columns
Data-driven read out, all Regions work in //

Power density ~ 40-50 mW/cm? (vs hit density)

~13.55 mm

e Step-1: MIMOSIS-0 proto. = 1/32 slice of final sensor

In a Region, 2 columns share 1 Data-driven read out
Every double-columns is read out in serial

pixel array pcircuitry validated at 5 s

measured rad.tol.: 10 MRad, 1014 neq/cm2

~3mm

Digital Periphery + PAD ring

e Step-2: MIMOSIS-1 full size proto.

= back from fab. in June 12



Power scheme for VTX-ILD (inner layer)

_ Without Power cycling (NOPP) _
Train Train

1 ms No Beam ~ 199 ms 1 ms

K S )

~ 82 mW/cm? Chip ON but no data
+ ~ 39 mW/cm? ‘ <P> ~ 40 mW/cm?2

With Power cycling (PP) (2% duty cycle)

Train Train
1 ms No Beam ~ 199 ms 1 ms

= >

~3ms _ 196 ms: ‘ <P> ~ 3.8 mW/cm?
Chip ON Chip OFF ~ 2.8 mW/cm?

but no data
~ 39 W/cm?

Hypothesis: 3 double sided layers (3483 cm?2), PSIRA architecture (4 us / 4 um),

TDR background @ s = 500 GeV, no safety factor
FCCee workshop, January 2020 A.Besson, Strasbourg University 10

¢> 1 ms : DATA
82 mW/cm?2
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Issue: Link to Forward Tracking System

double spiralsi v2)

spiral

2 —— SO
i | — — Carbon

Dijets at 200 GeV

T I L L L L] l LI B B § 'I T LENNL B I LI T L
spirals/disks ]

—L
w
TT

e Cooling pipes introduce dead material near the IP
—> alternative (CLICdp approach) : cooled air flowing from outside through
end-cap tracking sub-system & traversing vertex detector volume
(see N. Alipour Tehrani & P. Roloff, "Optimisation studies for
the CLIC vertex-detector geometry”, CLICdp-Note-2014-002).

—_
N

—L
T

e "40° corner”:

dentification Ratio

o
©

.—_— Charm Background
b-tagging impacted by increased <distance> from barrel edge to 1st disk .2 ’

p — 0=10° ]
= 0.8:— CLICdp —— 6=20° _

c-tagging suspected to be significantly more impacted: how much ? — 6=30°
[ —e— el ]
| PRI U T U N N AN T S N T T T SN TN N T T SN |
e Other delicate areas: 0.70_5 06 07 08 08 1
=« near the beam pipe (cone ?) = minimal polar angle intercepted (fct of outgoing BS et — cloud) BeaUty eff.

« distance between barrel end and first foward disk = impact on small polar angle tagging
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Issue: o) & A; in same sensor

e SPATIAL RESOLUTION :

Mimosa resolution vs pitch

Target value: < 5to0 3 um

Function of pixel pitch
X signal charge sharing
X charge amplitude
X charge encoding (nb of bits, SNR)
Ex: 25 um pitch X M¢jys = 1 (full depletion, 8 ~ 90°)
= Osp X7 pum!

Resolution (microns)

Correlation with read-out speed:
A; =~ few ns imposes fast charge collection
(full depletion, large collection diode, ...)

= charge sharing suppressed

Tension mitigated IF A; 2 100 ns

e TIME STAMPING .

Y _—y
= Mo

Qo

III|III|III|III|III
Y

[ T ——=—— wimosa U Analog (12615]

— = Mimosa 18 Analog (12bits)
——&—— Mimosa 16 binary (1bit)

———— Mimosa 22AHR binary 1b§t{
——= Mimosa 28AHR binary (1bit
—+—— Mimosa 9 binary (1bit, reprocessed)

Mimosa 18 binary (1bit, reprocessed)
————————— Theoritical digital resolution (pitch /\12)
Mimosa J0A binary (1bit

o=

10 15 20 25 30 35 40 45
pitch (microns)

mainly dictated by beam related background rate (similar at ILC & FCCee)

or S 1 us= hitrate ~ few 10~ */cm?/s x safety factor (e.g. 3-5)
= pixel array occupancy ~ O(10_3) at ILC250 & FCCee = Affordable !
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Ultra-Light Double-Sided Pixelated Tracker Modules

General remarks:

Double-sided ladders for
50 um sensors ZIF connector to servicing board

excellent spatial resolution (granularity, face-to-face correlation) foam R— h

coping with very high hit densities (speed, face-to-face correlation ' " “ ' ' " /“—'

| Low mass flex cable |

Caveate: material budget oughts to be suppressed enough ' 12 om

PLUME = Existing prototype, based on MIMOSIS:
8 million pixels, = 3 um, 115 us, 0.4 % Xo

1st goal: improve r.o. speed to O(1) us & squeeze mat. budget O f
to S 0.3 % Xp, validate face-to-face sensor correlation EI 77/7 S /\% o e
1 \ . \ ; e
2ry goal: investigate wireless face-to-face signal transmission T KLLLL /ﬁ (L L LL L2
Possibly: investigate power pulsing in mag. field ? (tbc) 32 / \crsp

Sensor related objectives:
Baseline MIMOSIS proto.: 2> 4 um (tbc), <5 ps, < 50 mwicm?, 2 50 MHz/cm?
Assess spatial resolution of ladder based on face-to-face correlations

Ideally: develop mixed MALTA-MIMOSIS ladders (complicated !) time stamp f

System related objectives:

revisit structure of PLUME to compress its material budget

-

: : . , , spatial resolution
investigate new materials & micro-channel cooling
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Objectives of R&D in coming Years: Material budget reductio n

e Physics perfo. limited by material budget of services & overlaps of neighbouring modules/ladders

Material budget studies: Belle Il - SVD Barrel, PXD 75.0m
i o i i i
0.018 = oo e e [T ] Pl alive

neas I Pin - active + suppart ;
- FXD = aclive + support + ehectr
H T i

0.014 |

0012 s Flex Printed Clrcult (22%)

% neth Glue (5%)

=
o.oog Hill- - s Carbion Structure (33%)

0.006 e Walen]13%)

0.00<4

s Cooling plpes wall (2% )
0.002

s Plxed Chip (26%)

o (rac) Mean X/X0 = 0.282%

0 50 “aa 150 200 250 300 50 0
0 0.2 0
i [deg]

BELLE-II PXD ALICE-ITS

e Contribution of sensors to total material budget of vertex detector layer is modest: 15 - 30%

0

0.8

e R&D objective beyond TDR/DBD concepts: cyindria

o Innermost layer: try stitched & curved CPS along
goals of ALICE-ITS3, possibly with 65 nm process
- Concept with minimised mechanical support

(e.g. using beam pipe) see Talk of M. Mager at Vertex-19, Lopud Island, Oct.19
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SUMMARY & CONCLUSIONS

Outcome of extensive ILC oriented R&D offers quite well defined starting point for the design of a
vertex detector suited to Higgs physics at FCCee

The sensor technology and system integration issues have similar degree of maturity
— next developpement steps should address comprehensively all aspects of the vertex detector:

geometry vs vertexing & tracking issues, mechanics, powering, signal transmission, sensors, ...)

Industrial CMOS ASIC technology provides well suited granular & thin pixel sensors for an ILC
vertex detector, exploiting the beam time structure to achieve power saving complying with air cooling

Achieved performances still call for improvement, which may profit from attractive perspectives

anticipated from industry = smaller pixels, wafer-scale sensors, power saving, ..., 2-tier sensors ?
Adapting ILC-CPS to FCCee (continous beam) = R&D on power saving or innovative cooling

The concept of 2-sided detector module, which allows in particular to alleviate the conflict between
ambitionned spatial resolution & read-out speed, is of common interest for FCCee and ILC
— evolve double-sided PLUME ladders using forthcoming MIMOSIS sensor and beyond

Defining optimal detector design for each collider requires detailed simulation
& engineering studies based on same tools & expertise = opportunity for shared effort
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Power Consumption of MIMOSIS-1 (1/2)

Analogue Power: 30 mW (analogue pixel+PLL+DAC+ analogue buffers)
Total Power = Analogue Power + Digital Power

Total Power Density 1= Total Power/5.33 cm? (total surface)

Total Power Density 2= Total Power/4.20 cm? (active surface)

Power consumption with 8 outputs

1 pixel/frame ~260 ~520 ~640 1 pixel/fframe
pixels/frame pixels/frame pixels/frame 2 outputs
Digital Power
mW

Total Power

s 180 205 225 230 140
Total Power Density 1

mW/cm? < . 4 43 o
Total Power Density 2 43 49 53 55 34

mW/cm?
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Power Consumption of MIMOSIS-1 (2/2)

MIMOSIS1 POWER CONSUMPTION SIMULATION

250
200
B matrice analogue
% i M analogue
g m other
E | elasticbuffer
2 m frame_generator
g W serialiser
§ 100 3 region + super region
. - 5 w clock gen
54, ‘ B padring

® matrice digital

1 261 521 640 1
MEAN HITNUMBER
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Maodified (mod1): full depletion, improve
charge collection time in pixel corners

MIMOSIS Spin-Off. Starting Material Options

MWodified {mod):
charge collection

P

Standard (std): no full depletion
- P -:-::m;l.:'.:m.' Ly =i
LTl - (L Wil
L. DEURFWI

[T T

DEMETID PORE

T EPTANLAL LAYER 4

WAWELL COLLECTSON

full depletion, faster

ELECTRODE

S
oy T
A

TCAD simulation:
Tower-Jazz 180 nm CIS

27x30 ,um2 pixels
3x3 /,Lm2 sensing diode

Collected charge as a function of time
=4 50e

Q coll. time improved by factor ~ 10
radiation tolerance improvement being assessed

1st HEP application: CBM-MVD HI expt / FAIR

still O(10) improvement expected from smaller pixel & sensing diode
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