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4D Trackingat High Intensity

A newtechniquefor futurexperimentsat colliders
resultsand open challenges

Adriano Lal

lllllllllllllllllll

Istituto Nazionale di Fisica N

eeeeeee

@i’)!. ICNITE (AN
IGNITE. &




I I Bi-national Conference on Detector R& A. Laiz Paris 18/11/202. I_

Topics A

Why 4zDimensionalTracking?

2. Development of novel techniques
and instrumentations

3. Timing sensors ATLAS
4. Timing electronics Inner tracker of the
5 R It ATLASEXxperiment,
. esults artistic view
6. Challenges

7. Conclusions

Whentalking about 4D trackingwe refer here
to tracking techniquesat extreme intensity and
pile-up of events perdetection area (310
GHz/cni). Thisexperimental conditions are
typical of inner trackers of the next generation
of collider experiments, requiring time
resolution of tens of psand spaceresolution of
tens of um andbelow.
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High resolution spacetime tracking (&imaging):
OEUOEAO AT A APPI EAAOQOEI

1. 4D tracking for extreme luminosity colliders (HL-LHC, FC&h, Muon Collider)

2. Tagged/ monitored neutrino beams

3. Medicalimaging TOR %4 Al ARAGD v 6 | = P

4. BeambDiagnosticfor high-intensity acceleratorsand plasmaaccelerators
(EUPRAXIAAWAKE)

5. Highbrilliance XFEL Xsoucesand ultrafast X-ray imaging

6. FusionDiagnostics(ITER, DTTadvancedtokamak)

7. Timeresolvedelectron microscopy(UTEM, 4BSTEM)

8. High energyastrophysicsand Cherenkovtelescopes

9. Muography andgeophysics(vulcanos pyramids, infrastructures)

10.Spacetime dosimetry in hadrontherapy andbeammonitoring



Nearfuture of collider physics(R&Dongoing)

We are here
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Last update: November 24

Shutdown/Technical stop
Protons physics
Ions

Commissioning with beam
Hardware commissioning

Commissioning2034, Datalaking 2036

of ongoing 4D+racking developmentsfor the
Upgrade for a «<new»experimental technique
in -Physics

«Far» futureexperiments (beyondOEA O o
will demand timing in tracking (es FCif any
z and pcolliders)
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4D-Tracking in Hi-Lumi: the LHCb Upgrade-

LHCb anexperiment dedicatedto studies on raredecays
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Timing In the inner tracker is mandatory!

A Necessantto keepthe sameperformance (andpossiblybetter) at a x6 pileup wrt U1 (u=7, p=40)

A Forreconstruction efficiency, aresolution| /A s PePtrackis required, which translatesin at least50 ps per hit

A Suchperformanceshouldbe kept along the aging process(fluence, dose) of the detector (= somenarginin
«native» timingshouldbe consideredwhen the detector is «young») A 3040 psrms required on the full chain

(sensorto TDC)
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From VELO U1 toVELO U2 (aka TV)
Concurrent-Requirements

e

Scattering Term

20um 250um
‘cylindrical corrugated
i no foil | foil

Experimentalspecificationsare to be
studied in amultiparameter space
optimizing concurrent requirements.

14.9*10%

E

. . . E *1Nn15

1. Distancefrom collisionpoint (IP) —~ 810
o

decidespixel area (thecloserthe
largerit can be) andradiationlevel
(fluence/ hit rate).

1*U1 Fluence

H4+10"

2. Goingto larger R,;, (min distance
from IP) for lessFluence demands
Improving spatialresolution
(smaller pixel andlessmaterial
budget)

Fluence for delivered luminosity of S0 fb~! in 1 MeV neq

9
g
7
64
5
40

.0 0.5 1.0 1.5 2.0 2.5 3.0
Radiation Length (up to the second hit) [%]

il*lols
0.6*10"°

3. Spacialresolution iscrucial for
tracking, which finally is made in
space

Presentpreference/choice (Scenario X, SX):
Rnin = 7.2 mm, Fluence = 5@,./cm?, Cylindrical Foil




Something«completely» different

A colossal endeavour:

Construction cost 3billion $(phase 1)

Running cost:40 Million $/ year

Runing time:> 10 years

International collaboration size:1400 people (|77

Huge Infrastructure Stanford Underground
Research Facility

(world-class accelerator, large underground laboratory)

DEEP UNDERGROUND
m— NEUTRINO EXPERIMENT

{ §

Fermilab |

Too Jo J>o T I

Sanford Underground
Research Facility

Fermilab

Particle
Accelerator

Bi-national Conference on Detector R&[@ A. Laz Paris 18/11/20

Upcoming Experiment®UNE (US) Hyp&r (Japan)
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Standing challenges im physics
Beyond DUNE ahtyperK

Increasingsample size
Reducingmodelling uncertainties

Longer term:

Scaling-up DUNE or HypeK
appears not feasible
(beam power, detector size)

)

Present }
Experiments

+10

European Strategy

for Particle Phgsics

Upcoming Experiment®BUNE (US) Hyp&r (Japan)

} [ What is next?}

Medium term: @

Modeling uncertainties jeopardizethe success

of next-to-come multtbillion-dollar experiments
E Improve Cross section precisiorfrom 30% tca few %

Both problems areidentified in internationalroadmaps

(e.g.European Strategy P5)

\,
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A solution: Neutrino Tagging

Neutrinos are detected/studied through
their interaction with the detector matter

t interaction arecomplex processes Challenge
t energy resolution ~20%

Production process argrecisely

But: measurablewith trackers

\ Interactionis Only half the StOI'y / g energy resolution <1%
the other half is theneutrino production

Neutrino tagging brings together the two
processes andemove modeling uncertainties

SUNO/EdZNI Ullialulliad '

O
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A solution: Neutrino Tagging il

939,50%% 00/

A Neutrino Tagginginitially was thought as the ideal experimental setup (B.
Pontecorvo, 1979) for the study ol properties

A A tracker for full reconstruction of the cinematic of the process generatiny

A Idea gradually abandoned afar too challenging

Challenge
101011~ g

-[ +
Tagging Direct Neutrinos, A First Step to Neutrino Tagging. auw +
N
B. PoNTECORVO
Laboratery of Nwuclear Problems, Joint Institute for Nuclear Research - Dubna, USSE
'oduction process argrecisely

measurablewith trackers
As it is well known, high-energy neutrino investigations are performed by using ;
neutrino beams from = and K decays (x-»pv, K —pv), that is by letting the pions = energy reSO|Ut|Oﬂ <1%

and the kaons decay over a large distance (the so-called decay length).

The possibility of using tagged-neutrino beams in high-energy experiments must
have occurred to many people. In tagged-neutrino experiments it should be required
that the observed event due to the interaction of the neuirino in the neutrino detector

(ricevuto 1’1 Giugno 1979)

would properly coincide in time with the act of neutrine creation (mw—pv, K—pv, NOW

K —>evm,...). Of course, in tagged-neutrino experiments the properties of neutrino ;

beams (type, direction and energy) will be much better known than in the experiments H |-4 D—traCklng can
performed so far, The main difficulty in designing such a facility is that the effective

neutrino source (which is also the source of the charged particles to be detected in coinci- e nabl e fU I |-SCa| e tag g Ed
dence with the neutrino event) has a length equal to the decay length (of the order of . .

hundreds of metres). In spite of the difficulties it seems that sooner or later such neutnno eXperImentS

facilities will be available at various high-energy accelerators. Naturally such a « maxi-
mum » programme would provide an extremely useful faciity.

10
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gtagging @nuSCOPE

. . e
Beam line and tagging spectrometersp‘.\maw(gv | Muon  Muon |
oV calorimeter . Spectrometer range Neutrino
(tube) € “18 19710 Meter Detector
37T 1576 K* e
|-y Ve M
Q5 Q6 Q7 K+
~ - VU
R5
Beam 40m long dump

Spectrometer <—
P decay tunnel

Beam spectrometer
25cm 496 cm

40m

125 cm

—>

Muon spectrometer

25 cm
-—

125 cm 25 cm

ey

|

T3 T4 Q5 Q6 Q7 T5

45 GHz
on 10x12 ck/

A 7
~—

Tt direction re-
measured after last
focussing

~"
T momentum

measured from

deflection in R4

Interested researchersare gatheringin a proto-collaboration (nuSCOPE

T9 T10

- 7
v

U momentum
measured from
deflection in R5

Firstcollaboration meeting on 13150ctober at CERNhttps://indico.cern.ch/event/1548855/

SUNO/EZNI ulialulisd "

11
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Tagged Long Baseline Neutrino Experiment
a longterm perspective fomn studies

Experiments after DUNE/HypeK will needeven larger datasets
Scalingup DUNE/HK seemsnfeasible (extreme beam power)
Alternative solution: use megatonopen water neutrino detectors (KM3NeT) with atagged beam

A Neutrino tagging compensates coarse detector resolutions
A Huge detector grants large datasets (KM3Ne@RCA: 7 Mton; DUNE 40kton)
A Environmentally responsible(modest beam power, no excavation)

_ L L A A S B
- — T2HK [arXiv:1805.04163]
- — DUNE [arXiv:2006.16043] ]
30 — tag P20 [arXiv:2112.12848]["" ]
—tag P20 Ideal FD [arXiv:2112.12848]

N
o

Precision on &p ']

—
o

% 60 120 180 240 300 360
[MPT, Eur. Phys. J. C (2022) 83:4684p []
12
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Technical requirements
and detector R&D
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Main experimental requirements in HI4DT
for v—tagging and comparison with LHCb VELO

Notes:

(a) Depends ontheA ET O%énari@ B the presentoption is around 5 GHz/céh

(b) Time resolution refers tathe RMSon the full chain, considering the different contribution as added in quadrature
(sensor§ front-end$ TDCS reference clock)

(c) When 3D silicon sensors areoncerned (see next slides)pitch is constrained bythe time resolutionrequired

(d) Maximum power density depends on cooling techniqueghat ison the capabilty to dissipate power irthe Tracker

structure 14
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3D silicon sensors:
strenghts and features

Concept (S. Brker et al., 1997):

Perpendicular electrodes makénter- shapescan be designed and
electrode distanced independentof

sensor thicknesz

track

s W 007 - 05} m——

Sensitive volume and electrode

modeledfor maximum

performance

4

High and uniform E field,
Fast Charge Collection Time

v

- ( AND DEVICES
- D
0l [v]

FONDAZIONE
BRUNO KESSLER

Deep Reactive lon Etching

(MEMS technology)

§2.000e+03
1.667e+03
pre— 1.333e+03
Gmmm— | 1.000e+03
6.667e+02
3.333e+02
0.000e+00

 1-000evas
. 8.333e+04
D @ G \ | . = seoret
v | 5.000e+04
3.333e+04
1.667e+04
4 i
0.000e+00

electrode geometries at bias voltageV,;,s=z100 V

Weighting field (1/cm)

Electric field (V/cm)

OAOEI T(,EADSYerﬁacEr%soutput: 2D model simulation of three different

15
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Sensors for 4Btracking
55 um pitch; BEDrenct'l siliconssensors
> b PV A GERIW SPS (2026)
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[1] Characterisation of highly irradiated 3D trench silicon pixel sensors for 4D tracking wahriihg accuracy Frontiers in Phys. 12 (2024)
[2] Characterisation of 3D trench silicon pixel sensors irradiated at’1l: MeV neq cm, Frontiers in Phys. 12 (2024) . 16
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Beyond 107: CCE maps up to 10 55 pum—
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Focusing Lens Triplet collimator 17
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- ( AND DEVICES
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FONDAZIONE
BRUNO KESSLER

Remaining issues with 3D silicon sensors

While showing amazingperformance in timing andradiation hardness
3Dtrench sensorsare still ayoung technology (we are testing the 3rd
batch ever produced). More «exercise»is necessaryto obtain better
yield in production on large sizedqrder cm?) devices.

For 3Dtrench, 55 um pitchis an optimal sizefor both timing and
fabrication. Smalleronesstart to give excessivecapacitanceand
becomedifficult to produce (nospacefor bonding pad area).

3D-column sensorsare more mature at the industriallevel, asthey have
alreadyfacedthe production phasefor the innertrackers in ATLAS and
CMS upgrades.

The highperformance of 3Dtrench, being more than needed, could be
traded with more robustnessin using3D-column sensors

Remark in 3Dsensorsthe pitch sizedirectly influencesthe timing
performance. Atoo small pixelwill haveatoo large capacitance A 400
large» pixelwill haveatoo large CCThecomingtoo slow for timing.

Tl

L

T o T
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[CCT-Geometry)/[CCT-3D-trench]

3Dflavours:
Columns & Trenches

3Dtrench (TimeSPOT, 55um) best for timing
Techically difficult to be made of smaller pitch

Columns simpler to produce (ATLASMS, yield 50%)
452Ecomparable to 3Dtrench up to 80% CCWith less

A. Loi et aldoi.org/10.3390/s25030926

SP=tienclh

OO 0)
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1. Once ®olved» thesensor, anevenharderchallengeis
to be faced: thereadout ASIC

2. TimeSPOHRIsodevelopeda first ASIC (32x32 pixels).
Thiswasnot a complete successgspeciallydue to
performancedisuniformity acrossits (small) area, with

time resolutionsrangingfrom 20 psto even 100ps. "“_; a7

Timespot 3L
Silicn Hybrid

3. Thiswasanextremelyinstructive developmentstep,
indicating fundamentalrules to follow indesigninga 4
large area, fullprecisiondevice. e

Test of the 8 . -
Timespotl ASIGt Tims;,ot I .
SPS in &station NP |Diamond Hybridse - O

demotracker e o o S

(June 2023)

Thehybridized Timespotl ASIC (CMOS 28nechnology)
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CMOS 28nm technology and power integrity

CMOS 28 nntechnology

B TDC [ AFE
30% -
_ € B S1pc
H _25-5—? [[pS]] g 120_ Entries 512
250 - g=>. ps Q IS Mean 18.05
B Std Dev  4.572
_ 100~ =
= . AFE
i Without sensor L With sensor  [ewes s
e & ? 80 B Mean 75.58
g i StdDev  15.18
O 15% - 603 Ho
5 |
Q - B oare
% u=42.6 [ps] -
o/ . L=
S 10% 0=18.2 [ps] a0l
R A , L __J >% 20_—
Timespotl ASI202022) 0% |
1024 piXEIS, 55 um pltCh 0 10 20 30 40 50 60 70 80 90 10 0 20 40 60 80 1006TA [p1s]20

Ora [ps]
RMSdistributions (1024channelg of Analog Front End @t 10 (W power) and TDC.
2 fCinput charge.

A The use of CMOS 28 nimmandatoryin HI4DT forits high radiation hardnessand integration capabilities
A Howeversuchtechnology is mainly digitally oriented. Reducedhead+room for bias(0.9 V)
A Effect of parasiticsis dominant: connectionshave large capacitanceand IR (Voltage) drophigherthan in

65 nm CMOSechnology.
A Thiscanaffect considerablycircuit performance andits uniformity

A Special care must beéaken in power distribution , evenacrosssmalldistances(mm) 22
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The IGNITBEtrategy: FractalDesigrand vertical integration
keep'it/local !

The idea FractalDesighisto build the Large AreaASICg1+2 cn¥) asrepetion of a smallstructures, small enoughto
be fully simulated, produced, andtested in areliable way. This sets the possible implementation of a series of
scalable ASICs, using the same replica circuit

55 um pitch, using spaces between Mattonellas for routing

2023
Test of pixel and Mattonella Block
other structures Repetition Element 16x16 Quadrantor Core Ignite-64
(1 mn3) 8x8 plxgls pixels 32x32 (2024)
45um pitch pixels 64x64 pixels
+ RDL to 55 um pitch isensor
Fractalseries

23
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INFN Ground-up iNiTiative for | Electronics ' evelopments
T —

< AnalogBlock inlgnite64: 16x16 pixels

A PowerIntegrity is decisive
. for timing performance

A LDO and power
distribution with high
Voltage integrity

A 1.2Vin, 0.9V out

A Asingle (smallsize: 27x59
um?) LDO limits voltage
drop to max 0.4 mV

24



