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Brief tour of the LHCb experiment

Focus on
0 RICH system
o Silicon Vertex Detector

LHCDb upgrade in preparation

Talk partly stolen from Vladimir Gligorov,
Monica Pepe-Altarelli, Guy Wilkinson,
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How to measure and identify particles?

= ldeally we would like to measure the position, charge,
speed, mass and energy of all particles produced in the

collisions.
= The particle detector is made up of several layers which all
play a role in particle detection

Tracking Electromagnetic Hadron Muon

ralorimeter chamber

chamber ralorimeter

photons é%
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Traditionally colliding beam

experiments have this kind of layout : /
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while fixed target experiments have
a forward geometry

Particle production roughly constant in units of rapidity
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Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Muon Detectors Electromagnetic Calorimeters

ATLAS

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

==\

) \ | 8 N\
i Inner Detector ieldi
Barve] Toreic Hadronic Calorimeters Ahisiging
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pT of B-hadron

Pythia production cross section

Angular distribution of b and b quarks
forward (backward) and correlated

-2 Q 2 4 ]
eta of B-hadron

5m ECAL o
Magnet RICH2 pq  HCAL
3

10m 15m z 20m
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How to measure and identify particles?

No readings particle
travelling through
magnetic field

= — _ Signs of muons

~In yan station
chambers

Trajectory measured by VELO

. Energy bars
& *from calorimeters
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Collision point g /
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Particles trajectory
measured by silicon
and outer trackers



Detector Requirements

Key features:

o Highly efficient trigger for both hadronic and leptonic final states
to enable high statistics data collection

o Vertexing for second

ary vertex identification

o Mass resolution to reduce background

o Particle identification

Mass + pointing constraints to
reduce backgrourld

Example: Bi— D¢ K

Good K/n
separation

Good primary + secondary vertexing to
measure proper time

Flavour Tagging
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VErtex 1.Ocator
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Vertex Locator (Velo)

.

* Trigger on large IP tracks
* Measurement of decay distance (time)

\

21 stations of silicon strip
detectors (r-¢)

~ 4 um hit resolution

Example: B, - D, K

800 _T)ouble Gaussian fit | ©;= 33+1 fs
6,= 6713 s (31%)

o(t) ~40 fs
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‘Cherenkov Detectors
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Cherenkov light

= Radiation produced when a charged particle travels faster

than the speed of light in the medium it is passing through
(Bc >c/n, with n=refractive index) /

%
. . . Ly /S /// /! /S
= Light produced in a cone with " / //////
cosO.=1/Bn can be detected as a N - S
ring image Q:a\\‘
W\

= By measuring 6, (oc radius of ring)
the velocity 8 of the particle is found
Then with knowledge of its momentum
the mass of the particle can be found
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‘Tracking detectors
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Tracker Bikas Straws

o ~200p

Momentum measurement
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Trigger
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24 layer
s Straws
o ~200p

Tracker &

Mass resolution
c ~14 MeV

| 4 layers Si:
~200 um pitchg

1500

1000

500

Momentum measurement

mB=

= 537 GeVIc? =
op = 13.8 MeV/c? [
B Bs— Ds K ]
Bs >Dsm l |
1
.................... Ll

= 542 GeV/c?

= 24.0 MeV/c? ]

T
800 1000

Zchm]




Calorimeters
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Muon De.tect;s

M1

T —— —
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Particle identification and 1.0 trigger

Vertex

—5m —

E»CAL (inner modUIes): o(

10m 15

¥
{
)

A

11T

Jaii

/NE + 0.9%

Calorimeter system

: \ B,
* Level O trigger: high E; electron and(hadron \W’
T

—

K+

=

* |Identify electrons, hadrons, n° ,y Tt k
rimary vertex
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Particle identification and 1.0 trigger

Al
"‘%‘9}‘: ONe aAmpe ﬂ'

RIC

Muon system: B
* Level O trigger: High P, muons W—S
* |dentify muon 1T =~
. -_‘

(also important for flavour tagging)- Primary vertex btag
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‘ LHCb Trigger

= Trigger Is crucial as o, Is less than 1% of
total inelastic cross section and B decays of
interest typically have BR < 10

= b hadrons are long-lived -
o well separated primary and secondary vertices

= have a ~large mass—>
o decay products with large p-
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‘ LHCDb trigger

The tracking and particle ID systems of the detector can only be read out at
1 MHz : must therefore start with Calorimeter/Muon based hardware trigger
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LHCDb trigger

The tracking and particle ID systems of the detector can only be read out at
1 MHz : must therefore start with Calorimeter/Muon based hardware trigger

10/20/2014
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‘ LHCDb trigger

The tracking and particle ID systems of the detector can only be read out at
1 MHz : must therefore start with Calorimeter/Muon based hardware trigger

For muons search for a track in all 5
muon system stations

(also momentum estimate from first
two stations)

.. oy "‘”f""'.‘. : N
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Trigger limitation comes from ability of
front-end boards to collect and
process information in time
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‘ Trigger Latency
Maximum latency of LO trigger is 4 us

Half of this is time for particles to travel to the detector, and their
signals to travel throught the cables in the readout system — the
other half the time needed to make a decision

Need to be able to process 80 events in parallel
» Muon(s) with high transverse momentum
» Hadrons with high transverse energy etc..

15 MHz pp interactions

N
..

1l MHZ Detector readout

450 kHz 350 kH=z 120 kHz 80 kH=z
h* 7] elyY HH
> <

Software trigger :

20-30 s

29000 Logical CPU cores

Access to the full event information

Use offline reconstruction software
tuned for HLT time constraints

4 kHz data output ]

10/20/2014 Paula Collins - Abi Soffer Tour October 2014 30



ATLAS/CMS triggers vs LHCb

Rate of bunch

Mean interactions per

Mean event size

crossings bunch crossing
ATLAS/CMS 20 MHz > 30 1500 kB
LHCb 20 MHz 2 100 kB

The data rates at ATLAS and CMS are 15 times greater than at LHCb. This
drives a design in which much more work is done by hardware triggers which
make their decisions based on information from only a part of the detector.

10/20/2014
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Focus on RICH

10/20/2014
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Cherenkov Radiation in a Nutshell

Fundamental Cherenkov relation:

1 Both a threshold
L and thereafter, an
CORS 6.C angular dependence
ﬂ,ﬂ up to saturation (cos6=1)

Frank-Tamm relation;

%:(3

¥ .?EC] Z2 L sin” O

So number of photons will also increase with velocity (up to saturation)

10/20/2014 Paula Collins - Abi Soffer Tour October 2014
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History of Cherenkov Radiation

* Prediction of Cherenkov radiation: Heaviside 1888

 Discovery (by accident) : Pavel Cherenkov 1936

Radiation seen when uranyl salts
exposed to radium source.

Sergey Vavilov was Cherenkov’ s
supervisor, and hence Russians
refer to Vavilov-Cherenkov radiation

« Explanation: Tamm and Frank 1937

* Experimental exploitation in HEP
pioneered by Cherenkov himself

Cherenkov: 1905-1990 (Cherenkov, Tamm, Frank: Nobel Prize 1958)

10/20/2014 Paula Collins - Abi Soffer Tour October 2014 34



Fathers of the RICH

Cherenkov :
1936 — discovery

Arthur Roberts: 1960 - first
to propose exploiting [,

Tom Ypsilantis: 1977- driving
force behind practical RICH

1905-1990

1 1912-1994

1928-2000
10/20/2014 Paula Collins - Abi Soffer Tour October 2014 35



Whatis a RICH ?

1 Measurement of cos6 from RICH, together
COS .90 - with p, from tracking system, allow

nﬂ mass, and hence PID to be determined.

This is an excellent way of separating cos6 from kaons and protons

The simplest way to exploit Cherenkov radiation is to choose n such
that heavy particles do not emit light. This works OK if p range narrow.

—Cherenkov counter (not a RICH!)

But if we want to do better, or if momentum is far from monochromatic,
then we need to measure cos6. . We have to image the ring. This is a RICH!

10/20/2014 Paula Collins - Abi Soffer Tour October 2014
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LLHCDb RICH 1: a two-in-one detector

Spherical Mirror, tilted at 0.3
rad to keep photodetectors
outside acceptance

Aerogel
Gas volume
Flat Mirror Photodetectors, enclosed

iIn magnetic shielding box

/ (not shown) to protect vs

fringe field of dipole magnet
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Hybrid Photo-Diodes (HPDs)

What kind of photodetector do Solution — the HPD:
we need for high performance
PID at the LHCb? Requirements: 51 pixel array

{1024 slemants)

WACLIUM

» Good single photon Photecaiode
efficiency
* Sensitivity in visible
« Capacity to cover large
area (several m?) Photon
» Good spatial resolution Electrode

(order mmz2) bume

| . bump  ginary
« High rate capabilities \ slectronios
chip
Optical input
window

Caramle carrlar

10/20/2014 Paula Collins - Abi Soffer Tour October 2014
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HPDs and Testbeam Results

10/20/2014

| Run 1015, HPD CO0, pions |

[pixels]

[ Run 1019, HPD RO, pions |

[pixels]
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LHCb RICH already performed well
with very first (2009) collision data

m T T T T T T T T T T T
[} E Al
LHC;b _data RICH £ s000F- -
(preliminary) w : LHCh :
5 5000 Preliminary —_
e, C 450 GeV Dat .
Kaon ring a000F- e 3
3000F d > KK? 4
20005— —
1000F- No PID E
: M 1 M " M M 1 M M M M 1 M ;

1000 1050 1100

my, [MeV/c?]

2

———r

LHChH

with PID Preliminary
450 GeV Data

G Ganss — 1.75 = 0.32 MeV

q) 9 KK I m = 1019.61 £ 0.22 MeV

Ngignal = 574.4 + 35.5
i)
—1 'W +

LHCDb data

(preIirﬁinary) 12

80

60

Events / ( 1.56 MeV/c?)
3

40

20

1040 1060
my, (MeV/c?)
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Reconstructed Cherenkov angle vs momentum

Cherenkov Angle (rads)

60
0.02 i 40
20
0.015 [ | [ [ | [ | [ | | [ | I [ [ | [ | 1 [ 1 [ [ | [ I u
10 10?

Momentum (GeV/c)
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A performance plot

a 1.4 T T | L) T L) 1 1 T ) | 1 T T | T T
c O O ALLK-m)>0
& 12f LHCD

Q \s =7 TeV Data ® ®m ALLK-®w)>5
7

20 40 60 80 100
Momentum (MeV/c)
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LHCb RICH: performance on ‘B—hh’

Two-body charmless B decays are central goal of LHCb physics. Significant
contribution of Penguin diagrams provides entry point for New Physics

RICH needed to dig out contributing modes !
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Focus on VELO

10/20/2014

Paula Collins - Abi Soffer Tour October 2014

44



Y

Y V VYV V

‘ VELO: Current Design -

2 retractable detector halves:

> 7 (37) mm from beam when closed (open) /\
21 stations per half with an R and ¢ sensor .
Operated in secondary vacuum .‘ ’,.
300um Al foil separates detector from beam vacuum

Bi-phase CO, cooling system Vacuum

21 +2 modules

RF foil

10/20/2014 Paula Collins - Abi Soffer Tour Octd



‘ VEILQO sensors

silicon edge _ _ _ _
just 7 mm * 300 pum nin n strip sensors (Micron Semiconductor)
from beam! - Double metal layer for signal routing

1385 outer
strips
683 inner

® measurin .
J R measuring sensors:

Sensors: »45° quadrants
> 2 regions » Pitch=40-102
> Short/long strips HenmEE e

»Pitch=36-97um
» Stereo angle.
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‘ Silicon very popular in HEP

Sl

CMS Pixel Detector ALICE Drift Detector ~ ALICE Strip Detector ATLAS SCT Barrel

10/20/2014 Paula Collins - Abi Soffer Tour October 2014 47
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‘ Large Systems

DELPHI
1990

CMS 2007

CDF 2001

48
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Silicon sensors for HEP

amplifier Start with high resistivity silicon
Zf /le le More elaborate ideas:
! 2 AlSUp *n+ side strips — 2d readout
v b \ SI0,/SiN, Integrate routing lines on detector

*Floating strips for precision
+Vhias °*make radiation hard

Hybrid Pixel sensors
Chip (low resistivity silicon)

- T T bump bonded to sensor -p
Floating pixels for precision
Jp P o o
(]
DEPFET:
> Fully depleted sensor

with integrated preamp

chip

CCD: charge collected in thin layer MAPS: standard CMOS wafer
and tF4A%Erred through silicon Frla Collins - Alniegratesalibunctions 49



Basic Principles (1)

The probability of an electron jumping from the valence -E
band to the conduction band is proportional to e —
where E, the band gap energy is about 1.1 eV and kT=1/40 eV at kT

room temperature

* Next step Is to dope the silicon with impurities

Phosphorus doping: electrons are majority
carriers
Boron doping: holes are majority carriers

Free electron ' " Mole due
due to doping to doping

Some numbers:

Intrinsic carriers: 1019¢cm-3
Doping concentration: 102cm-3

Silicon Density: 5 x 1023cm™3

nerated Therm tad _ ;
1 sygenera oermallgateitiad - Abi Soffer Tour October 2014 50



Basic Principles (2)

Now we can construct a p-n junction

P

© © 0 060 6 0._ ® , ® _ ®
+ + + + + + — — —
© 60t0 O 0,0 ® e | I
+ + + + + T+ - -

E, - Ec Ep Eilebe’eh®

o, = S e E E

P e oSeBE TV Voo o

p Type n Type

10/20/2014
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‘ Basm Pr1nc1ples (3)

When brought together to

form a junction, the
majority diffuse carriers
across the junction. The

Now for the magic part!

P |

+O+0O©

+®++®
+O+0O©
®

o
+
o

Lo+

I+O+

_@@s
@@’

migration leaves a region of
net charge of opposite sign

on each side, called the
space-charge region or
depletion region. The

Dopant
concentration

S —

Space charge

v

density

Carrier

—

v

—

density

v

Electric
field

\V 4

v

electric field set up in the Electric
region prevents further otential

migration of carriers.
10/20/2014
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Carrier Concentration

Basic Principles (4)

The depleted part is very nice, but very small
Apply a reverse bias to extend it

Reversed biased "PIN DIODE" .
Electron-hole pairs

A

L P created by the traversing
- particles drift in the

I 'E al— electric field

I V, =d?/ (2epp)

N Regioln Depletilon Region IP Region g

10/20/2014 Paula Collins - Abi Soffer Tour October 2014 53



Basic Principles (5)

By segmenting the implant we can reconstruct the
position of the traversing particle in one dimension

p side |
implants , l

ZZ
Wi

10/20/2014 Paula Collins - Abi Soffer Tour October 2014 54
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bulk thickness: 150 um - 500 pum



Double Metal Technology

Upper
metal
laver

Insulation layer

Lower
metal
layer

Vias

Add an insulation layer, and above that add another layer of strips which

are going in the right direction — the direction of the readout electronics.
This might be orthogonal to the strips and might not — many weird and
wonderful patterns are possible

a simple solution.. ... a solution with multiplexing

Readout
electronics

Readout
electronics

10§20 2044 Paula Collins - Abi Soffer Tour Octobér 2814



‘ Challengmg, but elegant

The LHCb sensors must
measure R and Phi and must
keep the electronics on the
outside - an obvious
application for double metal
technology!

These
detectors are
single sided and
n-on-n




Irradiation —
LLHCb VELO most irradiated silicon so far at LHC

= Good testing ground for future upgrades

= Change of depletion/operation voltage

o Due to defect levels that are charged in the
depleted region -> time and temperature
dependent, and very problematic!

= Increase of leakage current

o Bulk current due to generation/recombination
levels

= Damage induced trapping centers
o Decrease in collected signal charge

10/20/2014 Paula Collins - Abi Soffer Tour October 2014
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Irradiation: strips for LHCb

High and strongly non
uniform irradiation

LHCb x10™
a) 14F 2
1014 1 ' Zfﬁa’d?u";ifélﬁ
i Bk

T T T T
= -

10 F
0.8 f
06 [

— b, C
m - " 0'411“15“[11'0“”1]5““210”“2[5 >D . .
. epletion growin
(D] slation 25 ™. station nr b . g /g'
>1013_ from n* side
CTJ N - 0
s % Annealing effects
Q Y c) g
NE " s} »>Buildup of
O W negative space
= [ [ETwEws charge worsening in
@ .
- 1 2 3 4 time
radius [cm
[cm] » Strongly
temperature
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We expect the classic

bulk damage effects

Increased Leakage Current

»Noise
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‘ Changes in depletion voltage

N,¢ +ve -> n type silicon (e.g. Phosphorus doped - Donor)
vdep o< |Neff| d 2 N, ¢ -ve -> p type silicon (e.g. Boron doped - Acceptor)

o SOOOE T~ T80 & LIRS %o - |03
S 1000 ' :I()z ]
% 500 type inversion 2 =600 V g
| i = _ =
S lggi {100 2
Zl lO_r 1 0 e—
a 5E 710 =
9 n - type "p - type" ox
> 1L - —
-1. .......10 coavaaul l . .......|2. .......1} IOI
10 10 10 10 10

— Fluence [ 10'2 cm™]  mooes e -
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‘ LLHCDb textbook

S 120 i
S LHCb VELO Preliminary .
S 100} . . .
S fimonphpe ce
=9 B I 1 - s & B
g 8 [ - ¥
o = ] * - . .
> I L] e
.E'I- — 1 : -.‘=. ~ * i'- e-l-
£ 60 . ! - ...;=_"_ *a
-:-:: --------- ;-l ‘;-: € .:‘l'
v :_ N2 _=:: -
40 . {3 D . * - @
F r , 'tt' ’ Sansor radius:
®  B-11 mm
20 - e . 11-16 mm
- 2012 & 2013 data only i
C g | | | | [ | [ | | | | | L ®  34-45 mm 3(1012
0 20 40 60 80 100 120 140 160

1 MeV Neq fluence
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‘ LHCb — new textbook

Landau shapes of R sensors are deteriorating

[ Samsor 106 12000fF : : Sensords
10000 L r‘ll =t March 2011 —— arch 2011
) sooef-
8000 == October 2011 == October 2011
[ I|| .Illl\ ] 8000} =
6ooof ] ]
! J ll:b. ] 6000F .
i FO R ]
4000} bl{/ @G 4000 3
[ ~ noli ] ]
2000f LHCbIVELO il:; nary 3 20001 ‘ 3
] | LHoe veLO Pty
0 20 40 60 80 100 0 20 40 60 80 100
Cluster ADC Cluster ADC

LHCb VELO Preliminary
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R sensors are showing inefficiencies at the outer
parts which are inversely dependent on HV
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'LHCb and VELO Upgrade

Current detector

A
7L M4 M3
M3
5m | SPD/PS M2 ,

HCAL

et

NY
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Upgrade overview

Current detector — upgraded detector

Y

All sub-detectors read out at
40 MHz for software trigger

15/10/14
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‘ Upgrade overview

All sub-detectors read out at
40 MHz for software trigger

Current detector — upgraded detector

y‘_//

Replacement of 2,
full tracking system f,
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‘ Upgrade overview

Current detector — upgraded detector

RICH 1 redesigned; new photodetectors
installed for RICH 1 and RICH 2

All sub-detectors read out at
40 MHz for software trigger

— EeaHCAL
- RICH2 f

Replacement of

full tracking system

NY
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‘ Upgrade overview

Current detector — upgraded detector

All sub-detectors read out at
40 MHz for software trigger

RICH 1 redesigned; new photodetectors
installed for RICH 1 and RICH 2

77
TR
7 RICH] |

Pixel

—5m —

Replacement of
full tracking system

15/10/14

Calorimetery and muons:
- Redundant components of system removed,;
new electronics added; more shielding included

LHCb - RRB, October 2014
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= 40 MHz readout (electronics)

= Pattern recognition and trigger
capabilities

= Radiation hardness (and cooling)

How do T cope with having 10
quadrillion particles
thrown at me?*

*106 fluence / cm? at 4cm SLHC

. aula Collins - Abi Soffer Tour October 2014 67



VELO Upgrade

52 modules
Module pitch:
N*25 mm

VELO halves closed

| I K
N e

front view projected view of sensors

Paula Collins - Abi Soffer Tour
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Hybrid Pixels

* A strip detector measures 1 coordinate only. Two orthogonal arranged strip
detectors could give a 2 dimensional position of a particle track. However, if
more than one particle hits the sirip detector the measured position is no
longer unambiguous. “Ghost™hits appear!

True hits and ghost hits in two

crossed strip detectors in case ¥ realtracks
of two particles traversing the O ‘ohosis
detector:
* Pixel detectors produce unambiguous hits!
L L ICJE 1]
Measured hits in a pixel detector CC 1 C ]
in case of two particles o [EEEE B reaitracks
fraversing the detector: C ]
S [
| [
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‘Hybrid Pixels

“Flip-Chip” pixel detector: Detail of bump bond connection.
On top the Si detector, below the readout chip, Bottom is the detector, on top the
bump bonds make the electrical connection for readout chip:

each pixel.

perrhle frack

S.L. Shapiro et al., Si PIN Diode Array Hybrids for Charged

Particle Detection, Nucl. Instr. Meth. A 275, 580 (1989) L Rossi, Pixef Detectors Hybridisation,

MNucl. Instr. Meth. A 501, 239 (2003}

Drawback of hybrid pixel deteciors: Large number of readout channels
— Large number of electrical connections and large power consumption.
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‘ Intelligent Pixels 4 LHCb

O O
Timepix design
requestedand funded by
EUDET collaboration
: Amplifier : — Convc_antional Medipi>_<2
0 ! Response ! counting mode remains.
B :/\ I Threshold
----- S Addition of a clock up to
/i \ i S - 100MHz allows two new
| | modes.
: Shutter ' _
Time over Threshold
| — Time of Arrival
: Clock :
||||||||||||:\_ Pixels can be
_ _ ~ individually programmed
Time of Arrival counts to the end of into one of these three
the Shutter modes
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Or As Results...

Time of Arrival Time over Threshold
Strontium Source lon Beams at HIMAC

ﬂﬂﬂﬂﬂ o P i . SO R R i i, .‘.--'

AT ""-nm”n”-r—n—lw-—wmmr_'tl--:..:mb____, -
. 1
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¥ {oolurn number)

Charge-deposition-studies-with-various-lsotopes
Space Dosimetry
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Summary

LHCDb Is a very innovative, and so far very
successful experiment with an exciting future

| hope that in the future you may join us!

'D'Xan 0DINA
11p'2 D'y
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