A DEPFET vertex
detector for a
future linear
collider;

Vertex 2013
Lake Starnberg, Germany,
16-20 September 2013

Marcel Vos
IFIC (U. Valencia/CSIC), Spain

Marcel Vos, VERTEX13 (1)




L . C I I . d I I . t
AMLHEP-TR-12-01
CERN- 301 200
DESY 12-008
2009 2
14 February 2012
2001 I
; ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
SiD Letter of Intent CERN EURDPEAN ORGANIZATION FOR NUCLEAR RESEARCH
The
International
TESLA Large 3
a1 March 2009 | Detector % - v
=] The Superconducting Electron Positron \ [ atter of Insnt Fugs
a Linear Collider with an Integrated f :
3 X-Ray Laser Laboratory ol :
o Technical Design Report i -
% Part 111 Physics at an e" e~ Linear Collider @
:_ E R B PHYSICS AND DETECTORS AT CLIC
/ COMCEPTUAL DESIGN REPORT
GENEVA
1z

Reference documents prepared by the LC community:

- Tesla TDR (2001) part lll on physics

- 2004 Report on the complementarity of LC and LHC

- CLIC physics report

- ILC Reference Design Report (2007): physics and detectors

- Letter Of Intent of the ILC experiments (2009) SiD and ILD

- Conceptual Design Report (2012) of the CLIC detectors

- This summer (june 2013): ILC TDR

- Includes: Detailed Baseline Design for the ILC experiments DEEFET
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http://arxiv.org/pdf/hep-ph/0106315.pdf
http://arxiv.org/pdf/hep-ph/0410364.pdf
http://arxiv.org/pdf/hep-ph/0412251.pdf
http://arxiv.org/pdf/0709.1893.pdf
http://arxiv.org/pdf/0712.2356.pdf
https://silicondetector.org/download/attachments/46170132/SiliconDetectorLetterOfIntent.pdf?version=1&modificationDate=1238604944000
http://ilcild.org/documents/ild-letter-of-intent/LOI%20Feb2010.pdf/at_download/file
https://edms.cern.ch/file/1180032/4/cliccdr_PhysicsDetectors_onlineversion.pdf
http://ific.uv.es/
http://ific.uv.es/~fuster/DBD-Chapters/

Future linear ete- colliders

Accelerator R&D around the globe. Non-exhaustive list of test facilities:
ATF@KEK, nm size, low emittance beams CTF3@CERN, drive beam

CESR/IT@Cornell (electron cloud)
Coo XFEL@DESY
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Future linear ete- colliders

Superconducting RF cavities are in the industrialization phase
and routinely reach gradients well over 30 MV/m.

A
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RF technology exists for a low-energy machine (Vs ~ 250-500 GeV)

Niobium Superconducting Cavities
1.3 GHz 9-Cell ILC/TESLA

ILC is shovel-ready!

*Entry level niobium cavity delivered in
3 months (other options available).

Let us help you customize the exact
niobium structure you need from 517.999. 34?5

sk s Contact us to discuss your needs

Ceo
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Future linear ete- colliders
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Higher gradient (~100 MV/m) can be
achieved using drive beam concept.

Accelerating gradient (MV/m)
®
=

N
(=]
T

OO

20 40 60 80 100 120
Power in accelerating structure (MW)

R&D for Vs ~ 1-3 TeV - CLIC to open up the multi-TeV regime. DEPFET

Ceo
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The e*e precision physics programme

The physics programme of the LC (ILC and/or CLIC) envisages
runs at several center-of-mass energies:

91 GeV GigaZ (optional) high-lumi run at the Z-pole

— ultra-precise measurements of electroweak observables

250/350 GeV Higgs factory study of ere- — ZH process using recoil method
— Higgs couplingsto Zand W, g, c, b, t

345-355 GeV top threshold scan

— Precise top quark mass (width, a, and top Yukawa coupling)

500 GeV (nhominal ILC energy)

— Precise electroweak top couplings For a detailed physics case, see

Frank Simon's presentation

1 TeV (ILC energy upgrade)
— Higgs self-coupling

1.5 - 3 TeV (CLIC high-energy programme)

Ceo

DEPFET
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Leptons vs. hadrons

Colliding (composite) hadrons is different from colliding
(elementary) leptons in several important ways

At lepton colliders:

* Production rates are precisely calculable:

— 5% uncertainty on tt cross-section at LHC is a milestone, per

mil level is feasible at ILC — precise calibration of luminosity

* Every GeV delivered to the projectile is used:

- a 2 TeV hadron collider may not be enough to find a 126 GeV
particle, a 250 GeV lepton collider certainly is!
* The initial state is precisely controlled:

— total energy sums of to 2 E, — recoil mass analysis, energy

scales polarization can be controlled (at linear collider)
* Production rates are democratic:
- events producing Higgs, top and major backgrounds are ~
equally likely. At hadron colliders we have to work through many
orders of magnitude of QCD to reach rare processes
* Non-collision events are approximately empty:
— no pile-up, relaxed read-out times, less radiation damage

DEPFET

Ceo
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LC detectors

LC environment and detector R&D
allow for a big leap in performance

* Well-defined initial state (CM energy, polarization)

* Signal and bkg x-sections of similar magnitude

I
_\
=
/

* Triggerless read-out

* Background confined to innermost detectors

1000 p—r———

Particle Flow: highly granular calorimetry inside a large 3.5-5
Tesla solenoid allows to follow every single visible particle
produced in the collisions from the cradle to the grave — best
possible estimate of the jet energy: AE/E~3-5%

500 [+

y/mim
=

Transparent and precise tracking/vertexing:
A(1/p;) ~ 10~ GeV+
A(d,) ~ 5 @ 10-20 / (p sin>?0)

-500

_1DDD 1 1 1 1 1 1 1 1L* - 1
500 1000 1500 2000 2500

ximm

Detailed Geant4 model and sophisticated reconstruction software
allow realistic estimates of performance DEPFET

Ceo
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Vertex detector

a (um) b (um GeV)
LEP 25 70
SLD 8 33
Vertex detector o o il
Reconstruct primary and secondary vertices, Le @ »

flavour tagging, bottom/charm separation

Strongly reduce the multiple

Large polar angle coverage Coulomb scattering term |
(0.1% X, /layer ~ 100 pm Si)

Unprecedented performance:

c (d,) <5 @& 10/(p sin32 9)

Stringent requirements
Precision (20 x 20 umz2)
Read-out speed (25/100 us)
Material: 0.1...% / layer

No end-cap drawn, but

See Frank Simon's talk coverage down to 6 degrees
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Environment

Background levels in innermost detectors drives read-out speed requirement.
- large uncertainties and strong dependence on the machine design
Rates are much reduced during initial low-energy phase
CLIC has ultra-fast bunch train structure: 312 BX in 150 ns
- requires 10 ns time stamping for all sub-systems

:Ip
HU hits/

mm? BX
—_ T ] 10" CLIC_ILD incoherent pairs + yy — hadrons: silicon hits, no safety factors
Esoo_— . A N == S
e | i | 14 102 E 3001 ‘ ‘ l — | ‘ rmm-tram
- ] 103 i | = - 1
200 ¢ | ] 200 - | | —
| I I-I—‘-I il 4 ]
: | i i : 10 _ 10—1
100 [ - : R 10 100 [~ (I E
: 1=l : - =l | 1R
-8000 -2000 -1000 O 1000 2000 3000 -2000 -1000 0 1000 2000
Z (Mmm Z (mm
Innermost VXD layer (mm) Innermost VXD layer (mm)
R=15cm R=3cm

G
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Detector concepts

ILD (see DBD)

Candidate technologies:
(mature & pursued in ILD)

- CMOS MAPs (Strasbourg)
- FPCCD (KEK)

- DEPFET

One-page description in DBD

Several alternatives

A number of alternative technologies are
under study which could feature the required
high granularity and low material budget.
Developments undertaken for the high
energy run of the ILC, in particular
high-resistivity substrate CMOS sensors and
to multi-tier 3D pixel sensors.

SiD (see DBD)

Pushes for 3D integration

single BX time stamping

Fall-back scenario:
DEPFET, MAPs, FPCCDs

CLIC (see CDR)

Pushes hybrid solution
(TimePix)

10 ns time stamping
Prohibitive for most

(alternative with timing fast timing
layers interleaved with precise
layers that integrate 150 ns bunch
train — 20 ms to process frame)

DEPFET

Ceo
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Belle Il synergy

ILC Belle-Il
occupancy 0.13 hits/um?/s 0.4 hits/um?/s
radiation < 100 krad/year > 1Mrad/year

10" 1 MeV n,/year 2 10% 1 MeV n,/year
Duty cycle 1/200 1
Frame time 25-100 us (10 ns @ CLIC) ZANTES
Momentum range All momenta Low momentum (< 1 GeV)
Acceptance 6°-174° 17°-150°
Resolution Excellent 3-5 um Moderate

(pixel size = 20 x 20 um?) (pixel size = 50 x 75 um?)
Material budget 0.12% X /layer 0.15 % X /layer

Belle-ll presents a more severe challenge than the ILC in several aspectgbrer

Ceo
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Belle Il synergy

From concept to system, from
prototypes to complete detector

For a status report of the - design and produce every component
DEPFET project for Belle Il - hands-on experience with mechanical
see Carlos Lacasta's talk properties of thin sensors

- study (air) cooling

”M“-‘i*"f"ﬂ“ﬂ"'T“"'_;‘

Progress in read-out and
steering ASICs

Operating the complete chain

Marcel Vos, VERTEX13 (13)
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DEPFET LC prospects

TEANSACTIONS ON NUCLEAR SCIENCE, VOL. 6, NO. 1. SEFTEMBER 2010 1

DEPFET active pixel detectors for a future linear
eTe” collider
The DEPFET collaboration Support[ng paper

(www.depfet.org) .
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THE NEWSLETTER OF THE LINEAR COLLIDER COMMUNITY
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AROUND THE WORLD
CURRENT ISSUE
A0 Mav 2013 DEPFET active pixel detectors for the linear collider

The ECEA LC2013 Marcel Vos reports on behalf of the collaboration

workshop Share | H [ =2

Setting the course for 24 January 2013

European particle physics

Hiking like an electron Solid-state devices for charged particle tracking proved their value in high e : :

| ) ; energy physics in the most internal layers of the experiments of the Large F P ER L

'J:;II::EZ?DHS rom Electron Positron Collider LEP at CERN, where they provided precise sl

g information on the production vertex of charged particles. These silicon z [ =, A1 e oca cami o

Download the current micro-strip detectors consisted of a thin reverse-biased pn-junction i gof 4 meeomsvesRni . P F ET

issue as a full .pdf J- segmented in narrow strips, each of which was read-out by an amplifier and < | -
analog-to-digital converter on a read-out ASIC. After a rapid evolution fueled e

ral FMNNAR R . A . S L =4 -
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ASIC performance
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DEPFET
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DEPFET @ LC - barrel

during clear

1%t sample
gate on o

|

clear on

DEPFET current output / pA
o

«—— gate off / clear off
Il 1 1 1 L

15 F time/ns + 90 ns

20 -10 0 10 20 30 40 50 60 70 80
Time (ns)

VXD0 - 12.5cm long barrel
layer with read-out ASICs on
both ends.

Pixel size:
Center (|z|<1) - 25 x 25 um?
1<|zl<2cm - 25 x50 um?

|z| > 2 cm —~ 25 x 100 um?®

90

Read-out speed: current state-of-the-art
allows for a row rate of 1/100 ns.
Room for improvement.

170,5
85,25

15,4

Column depth: 1025 pixels/half-ladder
Multiplexing: 2 (4) rows sampled in //
Row rate: 1/80 ns

Frame time: 40 us (20 us)

G
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DEPFET @ LC disks

- LC detector concepts require pixelated disks

— vertex detector end-cap in SIiD, Forward Tracking Disks in ILD
— adapt DEPFET all-Si “ladder” design to “petal” geometry

- Woking on fully engineered design + mock-up

- Hoping to learn:
Sensor: feasibility of layout with variable pitch & length
Ancillary: length of switcher lines, load on DCD...
Mechanics: self-supporting frame
Cooling: air flow through disks
Physics: assess performance of this design

Ceo
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Material budget

Integrate!

— Amplification stage in sensor

— Support structure in sensor

— Signal and power lines on sensor
— Electronics on sensors

Material budget close to LC goal!!!

0

Sensitive 0.053 % XD Tracker Material Budget
Frame 0.073 % XD g’ oF 5%?@
Switcher  0.015 % X 1.85 150

[ Pixel

Cu layer 0.007 % XD 1.6 I Beam Pipe
Bumps 0.003 % X b3
1.2

Total ladder 0.15 9% X

0 1

0.8
0.6
0.4F

Big leap wrt to LHC... 0.2f

Admittedly not a fair comparison

Ceo
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Test beam measurements

0.03 r—r—r—r——r—r—r—r——r——r—r——r——r—r——r—r—r—r——
#—0025 = DEPFET 450 um TB20049
% sRNRELEELY Rev.Mod.Phys. 60 (1988)
< 0.02F :
= . 450 um thick prototype
=0.015 F with 20x20 um?2 pixels
8 . oE Slow (CURO) read-out
Sk S/N ratio = 130-200
“0.005 F
% '5I0' 100 '150' = '260' 250
signal (keV)
0.04 T[T T[]
[ 50 um thick prototype A major milestone
0.03 == Rev.Mod.Phys. 60 (1988) With 50x75 “mz pitCh
Close to final (DCDB) read-out for the_ Belle Il and
S/N ratio = 20-40 LC projects

0.01F

probability (/0.2 keV)
S
I

A TP TP PP e Excellent agreement with straggling model by H. Bichsel

0 S 10 15 20 25 30 up to several times the Most Probable Signal

signal (keV) Width of distribution due to “Landau” fluctuations
correctly predicted

DEPFET
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Internal amplification

A key DEPFET parameter:
Largergq_)higherS/N ?UIIIIlIIIIlIIIIlIIIIIIIIIIIIIIII

— thinner sensor

O PXD5 CERN '09

60 _
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< : .
= N ]
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I | | m | _
% 1000 = of i
oF 900 - o N ~
7 = - ]
80073 3.5 4 45 5 & ol B
gate width: w'? (um'?) @ L |
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o 10/~ —
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200 ‘ | . . | . 0 10 20 30 40 50 60 70
8 10 12 14 16 18 20
gate length: L*? (um?32) .
expected signal (nA/ um)
— 8001 E)il::: :'i.:]'llgle pixel measurements .
o
% o0 n 4 years of gain measurements on many
® 00l | different sensor designs
2 4 6 8 10 12

drain current: I}7 (A"?)

DEPFET
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Spatial resolution - perp. incidence

450 um thick DEPFET sensors have reqistered a
resolution for perpendicularly incident minimum
lonizing particles (120 GeV pions) of approximately
1um

Questions: Is that what we would expect?
What should we do to do better still?

P
Th eory Answer: G S/N (constant depends on charge sharing details)

Assuming signal distribution is a good measure of particle position

Image of a d electron captured in a DEPFET beam test

0-2_ 'I"'I"'I"'I"'I"'I'_

® DEPFET TB 2009

- + smearing

—— GEANT4 + digitizer

e

Q

=

o

———

cC

©0.15F -
-—

=

8 ------ ho S-electrons
L

Artificially worsen the S/N ratio by smearing the signal

0.05F
3 The spatial resolution “saturates” for very large S/N ratio,
at least in part due to 6-electrons

0 y s s lass s las s sl ss sl s laasalas
20 40 o0 80 100 120
S/N ratio DEPFET

oo
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“lLandau” fluctuations

0 0.5 1 1.5 2 25 )

0.2 0.4 0.6 0.8 1
signal (keV)

0.25

0.15—

_ v 1

005
- B. Schwenker, F. Wilk

02F

Test beam results
1{',: 1.5 x DEPFET. d =450 pm, NIM A 638

1.5 = TimePix, d = 300 um, NIM AGE1

DEPFET 80 pm, + smearing

Ceo

10 10°
S/NM ratio

0.25
0.2

0.15

05—

0.1

. 60 (1988) ]

[ _' B
[, ] 0.

=i L
[513 ]

F _- :

—d=50 um Toy model to propagate fluctuations
— d=450 pum to position measurement
M. Boronat (Preliminary)

thin sensors (d=50 um) o/p ~ 10%
-

<« thick sensors (d=300-500 um) olp ~ 7%

e <+— |deal detector (S u |)

107
S/N ratio

Smearing TB data on 50 um DEPFET

Fluctuations in signal deposition per unit length of
the particle trajectory in silicon limit the resolution.

DEPFET
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Spatial resolution

Digitizer predictions for LC
DEPFET spatial resolution

ro-resolution varies between

2.3-3.5um
(ILD spec. 2.8 um, SIiD 5 um)

z-resolution is similar for 6 < 45°,
but a degradation for shallow
tracks seems inevitable

RPhi Resolution [um]
= N bt .h o
th N th W WL A L ot O
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-
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||Ir|||||I|||||I||i||1||||

Z Resolution [pm)]
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B. Schwenker
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DEPFET
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DEPFET @ LC: conclusions

The “next big machine” might become a reality in Japan

DEPFET remains a strong candidate for LC vertex detector

- benefit from progress building the Belle Il system
— proof-of-principle for thin sensors
— development of complete read-out chain
— measurements validate cooling and mechanical concept

- LC prototypes can cope with requirements
small-pixel: 20 x 20 um?

2-4 um spatial resolution

read-out speed: 40 us/frame for ILD layer 1

ladder material ~ 0.15% X , close to LC specification

Vol

- Learnt something about limitations of spatial resolution along the way

- next generation of LC prototypes expected soon
- petal design for disks underway

Read more in our IEEE TNS paper DEPEET

G
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