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LHCb — short historical view...

LHCb before Run 1

LHCb after Run 2 (a lot of
radiation damage too...)

Run 3 /4 LHCb



LHCb — short historical view...
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AGH Why we are here at all?
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“Jﬂ What’s the matter with anti-matter...? M3
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MWIJJ Weak interactions violate maximally space parity %

AGH symmetry

« SU;(2) symmetry for massless quarks
LW = %u,L yﬂ WH' d,L x3 !

* Flavour universality — interactions do not depend on the family.
* Cannot distinguish d’ from s’

* No CP violation possible!!
* Now we add the mass to the picture!



@Jﬁ Mass hierarchy proble

m, = 4.2 GeV
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Mm And we have 9 effective couplings THED
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MWIJJ Need for 3 generations

AGH

Unitarity: VCKMV(,TKM =1
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M Flavour oscillation — LHCb crucible
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m IJJ The same physics, different constants...

AGH
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Z venycitsrant I ! ) Oscillations
lifetime: ol RO _ RO
T(K'g) ~09x 10710 Am ~ 0.5 ps~!
— 0.6
T(KE) ~0.5% 1077 Lifetime
the oscillation 04-
period longer [ ©(B%) ~ 1.5 ps
o than the K, .
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LHCb MC
s =14 TeV

mm]ﬂ Large Hadron Collider beauty
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After Run 1 and Run 2 LHCb proved to be the General-Purpose Forward Detector
a single arm spectrometer — not your typical geometry for a collider based experiment!
fully instrumented in the pseudo-rapidity range of (2 < n < 5) int. . Mid. Phys. A30 (2015) 1530022
can register up to 40% of all heavy quarks with // e\
only 4% of the solid angle coverage! '/ - ‘
very precise measurements in beauty and charm
sector and New Physics search
excellent performance in Run 1 and Run 2:

momentum resolution A?p ~0.5% @20 [GeV]

impact parameter resolution ~ 15 + [um]

time resolution o,~ 45 [fs] for B, —>]/l/)<,0

In time, the physics programme has been extended to cover exclusive processes, QCD studies,
Electro-weak physics, direct NP searches and heavy ion physics
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v LHCb performance 1.1 Viod. Phys. A 30, 1530022 (2015

LHCb-PROC-2018-020

LHCD

https://arxiv.org/abs/2104.04421 (2021)

—— 2012 Data
—— 2015 Data
—=— 2016 Data

o(IP) [um]

LHCb VELO Preliminary
2012 Data: 6= 11.6 + 23.4/p_
2015 Data: 6= 12.3 + 23.9/p_
2016 Data: 6= 12.6 + 24.0a‘pT
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L Geometrical Impact O Lifetime resolution
parameter resolution O Can resolve fast B —B
O Separation of the primary oscillations
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acn LHCD detector

Non typical geometry, but a typical composition...
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MW]JJ |dea of ,natural geometry” for LHCb

a6 yvertex detector

rHCH

eBaseline design of sensors:

e Active area 8mm to 42 mm
eSmooth pitch variation from inner
(40um) to outer radii (100um)

«2"d metal layer to route signal to
chips

en*-on-n DOFZ
e Analogue readout 40MHz
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aén Sensors drawing

®-measuring sensor:

(Radial strips with a stereoangle)

R-measuring sensor:

(concentric strips)
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total 2048
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total 2048
strips
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acH Cross section of a VELO sensor

http://www.scholarpedia.org/article/File:Si p-stops.png



http://www.scholarpedia.org/article/File:Si_p-stops.png
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LHCD

3D model...
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aci \/ELO half and the real deal
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ash How close we get to the beam




A whole story regarding physics or VEL

C LHCD

aen foil tomography

LHCb VELO Preliminary
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ach | HCb tracker

magnetic field

TT: silicon strips

- e

—7 71 A

T1, T2, T3:
inner part: silicon strips
outer part: straw tubes




157.2 cm

 Silicon strip tracker upstream of the
magnet with 4 detection layers .

* Inner layers tilted by a stereo angle

LHCb "

1324cm

U T * Single-sided p*-on-n sensors, with

LHCD

TTbX
TTbV

TTau

TTaX

-¢— read-out
hybrids

4-sensor sector

2-sensor sector

thickness of 500 pm
e 9.44 cm x 9.46 cm
* Jotal active area of ~ 8mz2, ~144k readout

7.74 cm -

Y

channels
» Cooling operated at nominal temperature

of 0°C, sensors at 8°C during data-taking = "4 7 om

https://cds.cern.ch/record/2694108/files/Pais VeloST Vertex2019 final%2014.10.pdf

1-sensor sector

3-sensor sector

front-end hybnds

-@— read-out
hybrids

S 7 74cem

re 138.6 cm

support rails

Kapton interconnect
cable


https://cds.cern.ch/record/2694108/files/Pais_VeloST_Vertex2019_final%2014.10.pdf

* Three stations, each with 4 detector boxes surrounding

the beam pipe downstream of the magnet
L H C b » 4 detection layers (7 modules each) per box, inner

layers tilted by a stereo angle (+5%)

IT -* Single-sided p+-on-n sensors, with thickness of 320
(410) pm

e 76cmx 11 cm
e Jotal active area of ~ 4mZ2, ~130k readout channels

» Cooling operated at nominal temperature of 0°C,
sensors at 8°C during data-taking



https://cds.cern.ch/record/2694108/files/Pais_VeloST_Vertex2019_final%2014.10.pdf

Radiation damage!!
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MWHJ RD50 — going beyond Betsss

AGH

The R&D Collaboration: ,,Radiation hard semiconductor devices for high luminosity
colliders” was proposed in 2001 and approved in 2002 as RD 50

RD50: 59 institutes (49 Europe, 1 Middle-East, 7 North America, 2 Asian )

354 members

Diverse expertise within the RD 50 Collaboration
Solid state physics

Interaction of radiation with matter
Experimental high energy physics
Electronics and ASIC design

Sensor design

New semiconductor materials (studying and recommendation), relating
microscopic radiation damage processes (provide deep understanding
respective macroscopic effects), modelling the damage mechanisms
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tﬂlﬂ RD50 — going beyona

AGH

e,

D50

p-type micro-strip and pixel technology

3D detectors (double column)

LGAD (Low Gain Avalanche Detector) detectors for 4D tracking
Understanding materials properties

Modelling — provide models and their tunings (parameters) for the

designers, also essential for upgrade planning (leakage current increase,
charge collection efficiency, etc...)

Using this knowledge to improve radiation hardness via defect

engineering (not only in silicon but also in other semiconducting
materials)

|dentification of defects that are responsible for degradation of detector
properties



Silicon atoms in a
monocrystalline substrate are
arranged in a structure
identical to a diamond cubic

Strong covalent bonds form
very strong structure

However, there are defects
that make this nice picture
not so perfect anymore...




MW]JJ Micro to Macro — macroscopic &W S
ach  parametrisation of radiation damage .

The silicon nice lattice may be
,Spoiled” in a number of ways

L. o0 o o o o 0 o

Not wanted contamination of Vachney nterstifial@ Ps
the crystal e ! o @ e o @

Frenkel pair

Deliberately introduced

defects being a part of the ¢ %% ¢ 9% 9% 900
property engineering throu_gh @ Divatancy e o o e o
diffusion and ion implantation ® mpurity substit]te
Devices build of silicon may be L ¢ o E —p—® I ¢

H H C Interstitial impurity
exposed to hadronic radiation o o o o o °

that alters the material
properties (large energy
transfers)




Micro to Macro — macroscopic
narametrisation of radiation damage

We can successfully explain
evolution of semiconductor

Inter-center charge

Shockley-Read-Hall statistics transfer model

b - - - .-

standard theo -
devices assuming that the ( V) (inside clusters only)
radiation introduces defects B \ E.
into the lattice s \ / ClCCtI'OnS/‘ Z \
* Increase in leakage current donor .
due to additional paths for —_— : \
. - holes .
generatlon acccpt()r : \
« Change in depletion voltage E, 7 : E.
due to introduction of '
charged defects
« Reduction of the collected I(i,harg?/d de_fs(c)’cnsOrs . EIectr.ons;erd holes Leakage. current E?rarI\(ced generation
charge due to shallow tra eff " FD ] trapping CCE - generation — most of leakage current
g. . . P upper and acceptors in both shallow and effective defects and space charge
stopping carriers for times lower half of band gap deep defects; in located close to the
comparable with integration room temperature mid-gap region
times of read-out fast de-trapping
electronics

F. Hartmann, Evolution of Silicon Sensor Technology in Particle Physics, Springer Tracts in Modern Physics 275



Micro to Macro — macroscopic
narametrisation of radiation damage

BD(0/++) — positive E30(0/+) — positive
P(0/+) — Phosphorus charge, depends on charge, depends on
shallow dopant (positive type of radiation and type of radiation
charge) oxygen concentration

Conduction band

Ec
VO(-/0 — E30(0/+) Leakage cgrrent
Cics('}O/) ):P(0/+) BD_(O/++) — E4(=/-) generation
Va(=/- E205a(-/0) e
Vs (-/0) i) Ip(-/0) — E5(/0)
culricg;/’?;r:c:enaekgaagt?ve F H152(-/0) Reverse annealing
charge _(/+) H140(-/0) — } effects
B(-/0) H116(-/0)

0 - Ey
B( /0) —boron For more extensive list and description see:
shallow dOpant Valence band M. Moll ,,Displacement Damage in Silicon
Detectors for High Energy Physics”, IEEE

(negative chargé)
- acceptors — donors Transactions on Nuclear Science 65, vol. 8




m ]JJ Micro to Macro — macroscopic §?ﬁ*
AGH narametrisation of radiation damage

.... with particle fluence:

107 . . .... with particle fluence: & Increase of inverse trapping time (1/1) with fluence
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Radiation damage VELO case

g 20 = Sensor Temperatures | L h
J=m ETTRTEE [ | L] !
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mmm Radiation damage VELO case
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Radiation damage VELO case

AGH
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1 ) E r radius: imi
Depletion voltage g a0 [Foin, LHCb VELO Preliminary
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[[[WUJ Radiation damage VELO case
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M]ﬂ Fast hadron fluence — key quantity

AGH

Fluence = track-length density. Vel

o
pd’, ‘FIL'Jenlce N
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| h & h ta s =

1MeVn - [em™]

Q.00
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A. Obtgkowska-Mucha, Tomasz Szumlak, Eur.Phys.J.Plus 136 (2021) 10, 1036



Fast hadron fluence — key quantity

AGH
Gauss
Gauss — 250 kevents of Fluka — 10° proton-proton collisions 207 %
minimum bias (minimal cuts) (no cuts)
UsK=10 t sph 48
E_narghj:“ 1o+15 ; . . . -
101?5:_ P plongds= =
= — protons thms e
— neutrons 1e+14 | neutrons =
i photons P:zﬁf — 53%
10" — kaons clooonet 2.7 %
— glectrons 1meld 313 % 3.5 %
10" le+12 18.3%
10" terld ¢ 1 N;/N,oq[%]  Gauss Fluka
135 | ] protons 3,3 2,91
0 = - neutrons 2,8 2,18
C le+d9 |
1012 ;_ char pions 38,3 41,77
g levea ¢ kaons 43 3,81
w0 ot ﬂ”... 1ee87 | | photons 49,8 48,6
0 1000 2000 3000 4000 5000 6000 7000 _
Energy [GeV] — . . . . . . . electrons 1,4 0,63

a 1868 20688 o668 Ll ] Jeea GEBA 7888




LHCD

M

AM Motivation for LHCb upgrade(s) / 1

No ,,smoking-gun” evidence for NP in direct searches yet... SM is still in control

Parameter space of most popular BSM is shrinking! Still, taking into account
,available” data till the end of HL-LHC we just collected a tiny bit (~5%)

Some intriguing hints of NP in non-direct approach
Flavour anomalies: b — sl*1™ (B - K*°[*17), R(K) and R(K*)
Possible lepton flavour universality violation: B) — D*I*1~, R(D*)
No ,discovery significance” but the observed anomalies seem to indicate tension with the SM

Clear need for more data! Many measurements are statistics limited — challenge theory
BR(B; — u*u~) push down the precision to ~10% of the SM prediction

CMK y angle down to ~1°
Probe CPV in charm sector below 10~%
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Motivation for LHCb upgrade(s) / 3

Observahle Current LHCh LHCb 2025 Belle 11 Upgrade 11
EW Penguins

R (1 < ¢* < 6GeVZe?) 0.1 0.025 0.036 0.007
R+ (1 < g% < 6GeVied) 0.1 0.031 0.032 0.008
Rs, Rox. R - 0.08, 0.06, 0.18 - 0.02, 0.02, 0.05
CKM tests

7, with B! — D} K- (*ia)° 4° - 1°
~, all modes (P20 1.5° 1.5° 0.35°
sinzp, with 5% = J/URZ .03 0.011 0.004 0.003
¢s, with BY = J/v¢ 49 mrad 14 mrad 1 mrad
¢s, with BY — DF D7 170 mrad 35 mrad - 9 mrad
¢2°*, with BY — 6¢ 154 mrad 39 mrad - 11 mrad
a) 33 x 1074 10 x 10~* 3% 1074
Vil /| V| 6% 3% 1% 1%
B, B —ptp”

B(B" — ) /B(BY = pFu) 90% 34% - 10%
TBE_”_L-fH— 22% 8% - 2%
Sup - - - 0.2
b — ef~ 1y LUV studies

R(D*) 0.026 0.0072 0.005 0.002
R(.J /) 0.24 0.071 - 0.02
Charm

AAcp (KK — 77) 8.5 x 10~ 1.7 x 10~* 54 x 1074 3.0 x 1075
Ar (= zsing) 2.8 = 104 1.3 x 1077 3.5 %1074 1.0 % 1072
rsing from D° — K+7— 13 x 10~4 3.2 x 1074 16 x 1074 8.0 x 107

asin ¢ from multibody decays

(K3m) 4.0 x 1079

(K9rm) 1.2 x 1074

(K37) 8.0 % 107°

arXiv:1808.08865



https://arxiv.org/abs/1808.08865

rHCH

@I,JJ Motivation for LHCb upgrade(s) / 2

The old detector was severely limited by its hardware trigger layer (a.k.a. LO)
The maximum available rate of events is 1.1 MHz

To keep up with evolution of other LHC experiments need to go up with the luminosity

Old system would just saturate Design Run?

Harder cuts on both E (transverse Energy - calorimeter)

and pr (transverse momentum — tracking) éi‘i: ::::iw | E
Serious loses for hadronic channels S of |ABoo | |
Much higher pile-up (up to ~5 primary vertices per ﬁE: 'Eﬁ?x | i
bunch crossing, £ = 2 x 1033 [cm™%s™1]) i
Tracking super difficult with the Run 1/2 design E i :
Radiation damage not manageable for Run 1/2 technologies M_ E | i "

28 k] a5 45 5
Luminosity [x10 “cm?s )
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Run 3 conditions with old VELO
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won Upgrade scope and timeline / 1

CERN-LHCC-2012-007

Detector Channels R/O Electronics DAQ

| HCAL MUON 2-3 Event Filter

ECA farm

1] L Builder

R/O
Network

What to keep and what to upgrade... Major upgrade!
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won Upgrade scope and timeline / 2

~ 1 visible ~ 5 visible ~ 50 visible
interaction interactions interactions
LHChb— LHCb Upgrade LHCb Upgrade Il —
Lo LS3
= -1 - 33 HL-LHC - - -1 = 1. 3 . -1
Liw= 10 Injector upgrades L= 2 X 10 e ATLASICMS —_— L~ 50f" L¥4 £=1-2%x10 LS5 =L~ 300fb
Phase 2 upgrades
MIIMMM 202 | 2022 | 2023 | 2024 | 2025 | 2026 2028 | 2029 | 2030 | 20 1 MMMMMIIIM ’
LHCb Upgrade | LHCb Upgrade I: incremental
Installation starts improvements/prototype detectors

O LHCb Phase-1/lb upgrade for LHC Run 3 and Run 4
O Full software trigger and readout at the LHC clock speed of 40 MHz
O Replace tracking system and PID
L Consolidate PID, tracking and ECAL during LS3



mmm Upgrade scope and timeline / 3

AGH
~ 5 visible
interactions

LHCb Upgrade

~ 50 visible
interactions

LHCb Upgrade i

= 33 HL-LHC -
e ATLAS/CMS

Phase 2 upgrades

MIIMMM 202 | 2022 | 2023 | 2024 | 2025 | 2026

TLHCD Upgrade | LHCb Upgrade I: incremental

Liw= 10"

Injectorupgrades

Installation starts improvements/prototype detectors

 LHCb Phase-Il upgrade, installation in LS4, operation beyond Run 4

1 New radiation hard technologies for tracking
O Add timing to cope with £~1.5 X 1034 [cm™2s71]
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AGH Upgrade SCOpe and timeline / 4

Kaon ID ~ 95 % for ~ 5 % m—>K mis-id probability
Muon ID ~ 97 % for 1-3 % = mis-id probability Side View

Magnet SciFi RICH2
_ Tracker

Precise vertex
measurements

Impact parameter resolution: \ | ._-.r_._-:_-:;.;
(15 +29/pT[GeV] ) um Ny

Vertex /2 E=:

Decay time resolution: ~45 fs ocals [ -z

[ Excellent decay ]/ | SR

time resolution

= R

Ap/p=0.5%atlow momentum [ Excellent momentum ] [ Excellent particle ]
to 1.0% at 200 GeV/c resolution identification




won Upgrade scope and timeline / 5

‘ Scintillating fibres
;ad UPGRADE

read out with SiPMs | Calorimetry Muon system

| Pixels |/] Si Strips w poap, HCAL g M5

M3

9)s)

Magnet SciFi ~ RICH2
Tracker o

tf}  a _igﬁﬂwg

Muon system:
M1 removed.

NEW READ-OEJT\!\ mivie FIEDR

-4l NN e -
-

Teohnioal Desigrs Report

=t

Vertex 8 .-_ :
Locator

CERN-LHCC-2011-001

CERN-LHCC-2013-021

E

CERN-LHCC-2012-007 CERN-LHCC-2013-022
CERN-LHCC-2014-016 CERN-LHCC-2018-014
CERN-LHCC-2018-007 / : - CERN-LHCC-2014-001
AR T Calorimeters:
— Ring Imaging Cherenkov detectors: SPD/PS removed — no LO trigger.
Optical system will be modified in RICH1. Operate PMTs at lower gain.
NEW PHOTON DETECTORS AND READ-OUT! NEW READ-OUT!




aon Pixel Vertex Locator (VELO) /1

~50 cm




rHCH

MWIJJ Pixel Vertex Locator (VELO) / 2

AGH

[=))
(=1

5_ LHCb simulation

Built with two retractable halves

n
=
T

=y
(=]

Closest to the proton beam @LHC
just 3.5 mm when stable beams

IP, resolution [um]

%]
[=]
T

20F

H

First active pixels @5.1 mm i

10F 0 um 3
P N e e
0 1 2 3

lp, [GeVie]

Secondary vacuum tank
Aluminium R.F. foil made for each half
to separate it from the machine vacuum coie it oox
connectors
Milled from one block to 250 um then
etched down by another 100! L
The whole detector made of 52
hybrid-pixel modules
~41 Mpixels covering ~0.12 m? Total material budget: cooling
substrate

250 um: 21.3% X,
150 um: 20.9% X,

hybrids

other ASICs

Sensors

RF foil
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AGH

Pixel Vertex Locator (VELO) / 3

Hybrid pixel detector with n-on-p
200 pm thick silicon sensors

New readout ASIC (VeloPix)
Based on TimePix3 design

256 X 256 array with square pixels
55 X 55 pym

State-of-the-art microchannel
cooling with evaporative CO,

Down to ~ — 20°C

Data rate ~2.8 Tbit/s with the
hottest ASICs @20 Gbit/s

Highly un-uniform irradiation

Microchannel substrate
— Sensors & ASICs
S —

Front-end hybrids

Data cables ‘ :
s '-

Bridge piece Carbon-fiber legs

;, 1]

LV cables

Cooling pipes

Aluminum foot

e -
el 15
B | |

11.37 cm

‘ ASIC on fr;)nt ‘  ASIC behind




Fluence, again...

5.0 x 10'*
~
g
£ 2
—_—
7
=
e
(<~ ]
(7
13
10—- 40 x 10 Upgrad pe and timeline /5__ |
: 8 D z13
5 nﬁ;
LHCb Simulation vs = 14 TeV
l 2 2 A l e & A l e 2 l 2 e l 2 2 A
-200 0 200 400 600 800

Z |[mm]
[ 10 x higher than for Run 1 and 2
1 1 year @Run3 conditions equal entire Run 1 and 2
radiation damage!!!
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acn Old and new...

Feature VELO Upgrade
R & o strips Pixels
0.22 m? 0.12 m?
Sensors 172,03R strips 41 M pixels
electron collecting electron collecting
300 m thick 200 pm thick
40-100 pnm pitch 55 pum pitch
# of modules 42 52

Max fluence ~ 4.3 x 10* MeVn, cm=2 8 x 10'5 1 MeV n_, cm?2

HV tolerance 500V 1000V
ASIC readout rate 1 MHz 40 MHz
Total data rate analog 2.8 Tb/s
(eq. to 150 Gb/8)
Total Power
consumption 1 kW 1.6 kW (30 W/module)
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acn New sensor and new chip

(1 Silicon sensor 200 pum thick
U P-type, 8X10'% 1 MeV n_,/cm? lifetime fluence
L 768x256 pixels, each 55X55 um?

[ Each sensor has three ASICs

U Each bump-bonded to 256X256 pixels

Q Readout of every hit: up to 50 khits/s/pixel
U Power consumption < 2 W
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acn New sensor and new chip

I Metallisation

B Under bump metallisation
B - implants

] Substrate

| p~ back implant

Guard rings
- (=00 and n=on-p)

- Wire bond pads
- Guard rings (n-on-n)
I Bump bonds iPb + Sn)

readout
electronics

bump-bond

sensaor



https://cds.cern.ch/record/2770574/files/TIPP_2021%20Vinicius%2027.05.pdf

MWUJ VELO Module cross-section

I sensor
g

: |

S

VeloPix
F & B ® & & i

500 pm



https://cds.cern.ch/record/2770574/files/TIPP_2021%20Vinicius%2027.05.pdf

U

aen M-Channel cooling

11.65cm

DRIE etching of the channels

Si cover bonding

11.37 cm

Thinning

Plasma etching of fluidic inlets

|

ASIC on front
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aon M-Cchannel cooling - wafers

Cooling
substrates

High Pressure
Samples

Soldering samples

https://cds.cern.ch/record/2770595/files/Module assembly talk v27 merged%2017.05.pdf



https://cds.cern.ch/record/2770595/files/Module_assembly_talk_v27_merged%2017.05.pdf

@!J! VELO pixel —real life

VELO module... ...VELO assembly site...
. ‘ ¥







@!J! Upstream Tracker (UT) / 1

1712 mim

Placed upstream to the VELO detector before
the warm dipole magnet

4 layers of silicon micro-strip sensors with
the geometry similar to Run 1/2 tracker

Each vertical plane has a stereo counter part that
provides second coordinate

40 MHz readout thanks to new SALT ASIC
capable of sophisticated on-detector data
processing

Finer granularity with fine pitch close to the
beam, sensors featuring embedded pitch
adapters

Larger coverage thanks to the sensors with
round cut-outs (,,touching” the beam pipe)




LHCD

Il

aon Upstream Tracker (UT) / 2

Sensor Type Pitch Length Strips # sensors 4 types of silicon sensors with different

A p-n-n 1875 pm  99.5 mm 512 888 granularities (cost optimisation)
B n-in-p 93.5 um  99.5 mm 1024 48 Outer region with p-in-n sensors with
C  ninp 935 um  50mm 1024 16 1I87'5 ”m_p'tCh.th _ (

. nner region with n-in-p sensors (more
D noinspil 78] im0 mm 1023 le radiation hard) with 93.5 um pitch

Complex readout scheme
H“WHI Circular cut-out for sensors closest to the

beam pipe

1024 strips




@!JJ Readout chip — SALT. Designed @AGH

1 4192 ASICs with 128 channels each

L 130 nm-TSMC with 30 MRad radiation tolerance
U Wire-bonded to sensors

U Input pitch 80um

Q Allow for 40 MHz readout of UT

O Up to 5 SLVS e-links @ 320 Mbps

-
o

Signal Height [LSB]

[EENEERE R R RRNE RERN

U Fast shaping
Q 6-bit ADC
(1 On-chip memory

IIIIIII'

11 | - - 11 | (- | § l 11 | [ ) - l 11 I 11 | I 1 [2A)]
(] 20 40 60 80 100 120 140 160 180 200
Time + Offset [ns]
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aen Upstream Tracker — model




aen Upstream Tracker




Let’s switch gears — High Lumi LHC
AGH (HL-LHC)

LHC / HL-LHC Ple

LHC HL-LHC

LS EYETS 14 Tev 14 TeV
—_——nergy

13 TeV Sodes Conealid .
iodes Consclidation o7 X
splice consolidation LIU Installation cryolimit - nominal
7 TeV 8 TeV button collimators o RF P2 inferaction . HL LH? luminosity
R2E project i ] regions installation
EREEERIEN)
ATLAS -CMs radiaton
Experimem upgrade phase 1 damage ATLAS - CMS
eam pipes . . 2.5 x neminal luminesity upgrade phase 2
5% naminal luminasity M ALICE - LHCb — i S
nominal upgrade

luminosity |
Erd 190 fb™! 380 1b™! 4000 fo! IS

HL-LHC = LHC on steroids (well not only that): new service tunnels, new
superconducting links near ATLAS and CMS, ,,CRAB” cavities for ATLAS and CMS, new

focusing magnets, collimators and bending magnets

L. Rossi, Project status, 8th HL-LHC collaboration meeting



m UJ Let’s switch gears — High Lumi LHC
AGH (HL-LHC)

® Peak luminosity =—Integrated luminosity

6.0E+34 [ e Sm— 3500
5.0E+34 3000
L i i i o
L i ' i 2500 &
— 40E434 e e - A -
oo i i L =
& o 5 ! ! " 000 3
£ e o~ | ) = 2000 2
S 3034 vl |9 E
oy o - - | ~ 1500 =
vy H H | r =
o Lo . | a
S 208434 oo e 4+ B
= . e @ ® ! - 1000 B
3 | | i [
- H \ 4=
Lt . | =
1.0E+34 i i . i H ! 500
Bl 1NN EEE
0.0E+00 o — . 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Year

Two luminosity scenarios
Nominal: 5 x 10°*Hz/cm? - 140 proton — proton interactions per one crossing (in the picture)
Ultimate: 7.5 x 10°*Hz/cm? - up to 200 interactions per one crossing



M IJJ HL-LHC: new limits of extreme fluences D50

AGH

Silicon detectors to be exposed to particle fluences up to ~2 - 101 leq

Critical role of RD50 Collaboration: mandate to develop semiconductor sensor and
characterisation techniques for extreme fluences (here we mean HL-LHC)

ATLAS Inner Tracker Fluences at the HL-LHC

1 pixel laye

= all (Z=0cm)
. w— Neutron
10"7 = : o H 10" ATLAS
= «==chevged pion EXPERIMENT
. ’ = proton
' il
10'® : = 10%
- i short strips long strips -
i ' : al
1
l _‘.E_i' 1015

- - -

= 107

1 MeV neq fluence [cm™] / 3000 fb™

10"

Olll20IIl4olll6011l801I1100ll
Radius from beamline [cm]



,New Machine” — new challenges

In order to be able to use the physics potential @HL-LHC it is necessary to increase
granularity, lower the material budget (critical for LHCb to keep its flavour strength)

Precise timing essential for coping with large pile-up (up to 200 interactions)
ATLAS, LHCb and CMS considering high granularity LGAD detectors
Thinning essential for radiation hardness (200 um or 150 um options considered)
Alternative technologies for expensive bump bonding

. Simulated Vertices

s 4 o o I CMS simulation
| —&— 4D Reconstruction Vertices

—}— 4D Tracks
04—

Timing information (aka 4D tracking)
with precision better than 50 ps is
essential for high efficiency of
primary vertices reconstruction and
track association

02—

o
I

04—
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Il Upgrades I and Il (HL-LHC) D0

AGH

2019 — 2020: LHCb Upgrade | and ALICE (LS2)

55x55 um hybrid pixel detectors and higher granularity strip detector (n-in-p
technology in the innermost region), fibre tracker is going to use silicon PM

New inner tracker featuring 30x30 um monolithic active pixels

2024 — 2026: ATLAS and CMS (LS3) and LHCb Upgrade Il
Going from n-in-n technologies to far more radiation hard n-in-p (hybrid pixels)
Both 3D pixel and HV/HR-CMOS technologies considered baseline

CMS replacing the hadronic and electromagnetic calorimeters with high
granularity silicon pad detectors

Timing essential — LGAD/iLGAD and 3D pixel detectors



Charge multiplication:

* signal larger than expected from conventional silicon devices

observed after irradiation 2-5-10% n,,cm™,

* irradiation causes negative space charge in detector bulk that
increases the electric filed (>15 V/um), impact the ionisation

which manifests through charge multiplication,

* observed in different types of devices (diode, strip, 3D), atvery

high bias voltages, heavy irradiated,

* could be beneficial for sensors and give extra signal — usable for

HL-LHC.

' Comparison of | and CCE for different sources '

Y

3

m_
S Tl
J_t
w &
wo
O 5

¥

Y

8 neplsT 75um, ¢_q=1x1u1“cm-=

CCE (670nm laser) .
CCE (830nm laser) .
CCE (1060nm laser)

CCE (ux-particles) o
CCE (x-part. + 12um PE abs.) -
CCE (o-part. + 24um PE abs.) e
lev (arb. normalised) ."

J.Langeetal, 16thRD50 Workshop, Barcelona

p

RD50 project: exploit charge multiplication detectors:
* l1cmx1cm,n-in-p FZ strip detectors,
* LGAD sensors (first segmental sensors on thin
\_ substrates).

50 g
45E 3D
N 40F °

Signal (ke™)
(R
L

exploit the charge multiplication effect,
fabricate, test and irradiate sensors,

* simulate and predict (TCAD),

* measure with TCT setup.

Aims:

A. Obtakowska-Mucha, 14th Topical Seminar on Innovative Particle and Radiation Detectors 3 - 6 October 2016 Siena, Italy

n-in-p
Unirradiated
Ji)(l[]l‘5 nmfcml
2x10'° ucq.«'cm:

4444
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M. Kohler, NIM A, 659 (2011), 272-281

Lh

0
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L{[W]JJ LGAD — Low Gain Avalanche Detector s,

AGH

The Low Gain Avalanche Detector (LGAD): a new concept of silicon radiation detector

with intrinsic multiplication of the charge. Field Plate + JTE w+ Cathode

]

Advantages:

* higher charge collection efficiency,
* short drifttime, } 300 m
* signal shorter and steeper while retaining a large amplitude p-type Multiplication Layer

due to the multiplication mechanism. n-type Diffusion (JTE)

p-type Substrate
Resistivity ~ 10 K(F-em

After irradiation (reactor neutrons and 800 MeV protons): :

* decrease of charge collection, T —

* decrease of multiplication (before irradiation it was 3 times higher than standard diode), after
irradiation with fluence 2:10'° ngecm? the gain was lost.




LGAD — Low Gain Avalanche Detector

Thin (50 um) LGAD detectors
CMS Endcap Timing Layer

ATLAS High Granularity Timing Detector

Need to understand strong acceptor removal (drop in gain with particle fluence)
p-doping layer with Gallium instead of Boron or carbon co-implantation?
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- . _ . ; Miteq AM-1309
Edge Transient Charge Technique: Lo T L

-'. ﬁﬁ

[Bias—1]

Method of reconstruction of electric field pioneered b B ol (all oteced o e comumon bt o) |
by Ljubljana group and promoted by RD50. I - | .
= £l p bulk © _ drift direction
o Il g —— !electrons |
* photon pulses from aninfrared laser are directed = |
. b4 WO FwaMesuml L drift direction "
towards the detector edge, perpendicular to the | — B ,.'
-  pt umplant

strips and focused to the region below the W L e
. . NOTTO SCALE |
readout strip, electron-hole pairs are produced, Ve 0.

e 15 Vi =100V
R RR—— D=2x10" em?| | PEs_ o0

0 V0, =300 V

Pt
T

VTV, (AT

-
o
| T

. . V) =400 V
* scans across the detector thickness enables relative F Vo0
. . - Vo =700 V
measurement of the induced current at given depth, ., 1LLL
extrapolate rise time, drift velocity and charge collection na | ki !
profiles, A g
uﬁluuu.luuu.luuu.lu.|I|.||I|.|—|l:=l._|‘-
] 50 100 150 200 250 ' me:itilr?] s

* finally, the electric field can be
reconstructed by determination

of drift velocity.

Edge-TCT is widely used ideal tool
to study substrate properties!

A. Obtakowska-Mucha, 14th Topical Seminar on Innovative Particle and Radiation Detectors 3 - 6 October 2016 Siena, Italy






llf Upgrades|and Il (HL-LHC)

AGH

HV-CMOS — common fabrication of RD50 — MPW1 (150 nm LFoundry proces)

Pad diodes
HV-CMOS
Epi diodes
|+ LGAD

| 4 LFRD50

= 8 B +

107

IIIIII|

Analysed irradiated pixel detectors
Used E-TCT to measure N as a
function of particle fluence i
Acceptor removal parameter c has S — —————————
b timated Redmarker-neutrons
€en es _B]ugmagker-pmmns o
Acceptor removal Constant higherfor Lol Lol Ll AR L1 0ignil

substrates with lower initial resistivity 10" 10" 10 10'° 10" ]30”
Ngg o (CM™)

1 0'1 S
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Il Upgrades I and Il (HL-LHC) D50

GH

LGAD are the favourite timing detectors for HL-LHC, but this come at a cost — radiation hardness
and fill factor may be a problem

What about using 3D well established technology?

Tested small cel 3D silicon detectors

1.6 mm . s n" we_ P L A
A TRsEEETY B B o1d g, "
-------------- I N N ?? Planar [ A | |[<Spa]]3D ||| a
. J& L jif Ji_% ettlé'\ pixels 2P | pixels
: ally ko
& f?a% 4@5—.




S

mmm Upgrades | and Il (HL-LHC) Betsss

AGH

LGAD are the favourite timing detectors for HL-LHC, but this come at a cost — radiation hardness
and fill factor may be a problem

What about using 3D well established technology?

Tested small cel 3D silicon detectors — new generation 3D devices

1.6 mm

1.6 mm




[{[W]JJ Upgrades | and Il (HL-LHC)

AGH

LGAD are the favourite timing detectors for HL-LHC, but this come at a cost — radiation
hardness and fill factor may be a problem

What about using 3D well established technology?

Tested small cel 3D silicon detectors

5 04
S av |
g =5/ |
& 03 rise time | Q Timing in small cell 50x50 pm? 3D
20.25 measured at Vy, | detectors was measured and simulated
i O Timing resolution comparable with
02 E LGAD type sensor performance
0.15 i s U Can be considered as a backup solution
Y Y N i for LGAD detectors (especially in the
: places with the harshest radiation)
0.05 !
i | : -

il oo Jd g e g by e I o g 1 i
%8 36 34 32 3 28 26 24 22 2 1.8
t [ns]
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acy RObDUst software for silicon detectors

STORCK platform

Velo Detector
/ Online
- monitoring
Analysis ooty
Cond DB monitoring/fine analysis | R
(Vetra)
pistos

WinCC
Oracle DB

Visualisation  |&
(Lovell, Monet++)

Recipe creation




oy SOftware trigger (HLT) Run2 - Run3/1

LHCD

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~ > >

LO Hardware Trigger : 1 MHz
readout, high E1/Py signatures

450 kHz 400 kHz 150 kHz

h* u/up e/
F F

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

o U U

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

:Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/ geometric selections

L

Buffer events to disk, perform online

detector calibration and alignment

g

s ~
Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

. v

> Ly L)

10 GB/s to storage

HLT1 access full detector information

VELO reconstruction with
clusterisation, tracking and vertex
fitting

UT & FT track reconstruction

Global event reconstruction with
Full bidirectional Kalman filter and
secondary vertices

Physics selections

Single displaced (in terms of large
impact parameter) tracks

Two-track displaced vertices
Displaced muons

Low-mass displaced two-muon
vertices

High-mass dimuons



LHCD

won SOftware trigger (HLT) Run 2 = Run 3

LHCb 2015 Trigger Diagram ss full detector information

onstruction with
tion, tracking and vertex

40 MHz bunch crossing rate

~ > >

LO Hardware Trigger : 1 MHz
readout, high E+/Pr sians

450 kHz . e s nt reconstruction with

. Software Higl

[ Partial eve

displaced trad .
P placed (in terms of large

rameter) tracks

Buffer events
detector calil

Two-track displaced vertices

Displaced muons

riggers, trigger candidates and related
primary vertices for exclusive triggers

Full offline-like e
of inclusive an

~~

12.5 kHz (0.6 GB/s) to storage 10 GB/s to storage

Low-mass displaced two-muon
vertices

High-mass dimuons
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aen LHCDb Software trigger goes GPU

LHCD

( pp collisions

pp collisions

40 Thit/s ¢ 30 MHz

40 Thit/s ¢ 30 MHz

x86 servers

[ 0(250) ( event building ]J

40 Thit/s ¢

-

O(1000) x86 servers

Y

( HLT1 )

buffer on disk
calibration and alignment

—

Y

( HLT?2

L.

x86 servers

0(250) ( event building )

[

0(500)
crus

]

1-2 Thit/s
Quamiun)y

-~

80 Gbit/s ¢

[ storage

L.

O(1000) x86 servers

{ buffer on disk

calibration and alignment]

Y

( HLT2

)

A

80 Gbit/s ¢

storage

Trigger event selection exibits ,,natural”
data parallelism — could be exploited
using massively parallel GP-GPUs

LHCb RAW event size about 100 kB

GPU used for producing selection
decision

The HLT1 data stream can be processed
using ~500 top-shelf GP-GPU cards

Physics performance with simulated
data exceeds by far the TDR proposal
regarding full CPU trigger



U

aeh Run 3/4/5/6 luminosities for LHCb

N
(=)
|

)

=

=

-

]

Run 2 Run 3 Run 4 Run 5 Run 6 :

O 350 8
£ 18 — - =,
(3] = "?
o 16 — 300 &
© r £
5 E 250 5
'g 12 — - b
€ ol ? 200 5
3 : o
w—d = i
x 8 150 €
Q =
= L

8 — 100

4 —

[ 50
2 —
0 :? ® °

N
o
g
o




1l

asn Magnet stations / Upgrade Ib

B s
0.2
04F
06k
0.8
1.0
1.2

By (T)

VELO -



	Slajd 1: LHCb silicon detectors according to Gauguin
	Slajd 2: LHCb – short historical view…
	Slajd 3: LHCb – short historical view…
	Slajd 4: Why we are here at all?
	Slajd 5: What’s the matter with anti-matter…? 
	Slajd 6
	Slajd 7: Mass hierarchy problem…
	Slajd 8: And we have 9 effective couplings
	Slajd 9: Need for 3 generations
	Slajd 10: Flavour oscillation – LHCb crucible 
	Slajd 11: The same physics, different constants…
	Slajd 12: Large Hadron Collider beauty
	Slajd 13: LHCb performance
	Slajd 14: LHCb detector
	Slajd 15: Idea of „natural geometry” for LHCb vertex detector
	Slajd 16: Sensors drawing
	Slajd 17: Cross section of a VELO sensor
	Slajd 18: VELO strip in its glory
	Slajd 19: VELO half                                    3D model…
	Slajd 20: Corrugated foil
	Slajd 21: VELO half and the real deal
	Slajd 22: How close we get to the beam
	Slajd 23: A whole story regarding physics or VELO foil tomography
	Slajd 24: LHCb tracker
	Slajd 25
	Slajd 26
	Slajd 27: Radiation damage!! 
	Slajd 28: RD50 – going beyond 
	Slajd 29: RD50 – going beyond 
	Slajd 30: Micro to Macro – macroscopic parametrisation of radiation damage
	Slajd 31: Micro to Macro – macroscopic parametrisation of radiation damage
	Slajd 32: Micro to Macro – macroscopic parametrisation of radiation damage
	Slajd 33: Micro to Macro – macroscopic parametrisation of radiation damage
	Slajd 34: Micro to Macro – macroscopic parametrisation of radiation damage
	Slajd 35: Radiation damage VELO case 
	Slajd 36: Radiation damage VELO case 
	Slajd 37: Radiation damage VELO case 
	Slajd 38
	Slajd 39: Radiation damage VELO case 
	Slajd 40: Fast hadron fluence – key quantity 
	Slajd 41: Fast hadron fluence – key quantity 
	Slajd 42: Motivation for LHCb upgrade(s) / 1
	Slajd 43: Motivation for LHCb upgrade(s) / 3
	Slajd 44: Motivation for LHCb upgrade(s) / 2
	Slajd 45: Run 3 conditions with old VELO
	Slajd 46: Upgrade scope and timeline / 1
	Slajd 47: Upgrade scope and timeline / 2
	Slajd 48: Upgrade scope and timeline / 3
	Slajd 49: Upgrade scope and timeline / 4
	Slajd 50: Upgrade scope and timeline / 5
	Slajd 51: Pixel Vertex Locator (VELO) / 1 
	Slajd 52: Pixel Vertex Locator (VELO) / 2 
	Slajd 53: Pixel Vertex Locator (VELO) / 3 
	Slajd 54: Fluence, again…
	Slajd 55: Old and new… 
	Slajd 56: New sensor and new chip 
	Slajd 57: New sensor and new chip 
	Slajd 58: VELO Module cross-section 
	Slajd 59: mu-channel cooling 
	Slajd 60: mu-channel cooling - wafers 
	Slajd 61: VELO pixel – real life
	Slajd 62
	Slajd 63: Upstream Tracker (UT) / 1 
	Slajd 64: Upstream Tracker (UT) / 2 
	Slajd 65: Readout chip – SALT. Designed @AGH 
	Slajd 66: Upstream Tracker – model 
	Slajd 67: Upstream Tracker – and real detector 
	Slajd 68
	Slajd 69
	Slajd 70
	Slajd 71
	Slajd 72: Upgrades I and II (HL-LHC) 
	Slajd 73
	Slajd 74: LGAD – Low Gain Avalanche Detector 
	Slajd 75: LGAD – Low Gain Avalanche Detector 
	Slajd 76
	Slajd 77: TCT@AGH 
	Slajd 78: Upgrades I and II (HL-LHC) 
	Slajd 79: Upgrades I and II (HL-LHC) 
	Slajd 80: Upgrades I and II (HL-LHC) 
	Slajd 81: Upgrades I and II (HL-LHC) 
	Slajd 82: END
	Slajd 83: Robust software for silicon detectors
	Slajd 84: Software trigger (HLT) Run 2 dąży do Run 3 / 1 
	Slajd 85: Software trigger (HLT) Run 2 dąży do Run 3  
	Slajd 86: LHCb Software trigger goes GPU 
	Slajd 87: Run 3/4/5/6 luminosities for LHCb
	Slajd 88: Magnet stations / Upgrade Ib

