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The LHCDb detector

« Built for indirect searches for new physics via precision measurements
of quantum loop induced processes in the b- and c-quark systems

 Rare decays

» Particle/anti-particle asymmetry
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Theoretical predictions

Deviations from predictions
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B&B production
LHCb MC

vs = 14 TeV

b-mesons are produced in the
forward direction at the LHC

o

7 Gluon-fusion

R
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8fb™ + ATLAS 4.9

- LHCb is running at twice its ,__ ,, LtHCb 1.0fb™ + CDF 961"+ DO

: 12 —— 025 = T r | | i
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> We need more data!!
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Limitations

G o T
« LHCD collision rate is tuned to Co5 E w

manage data rate (can be ¥e! x

increased), but... S B

+1.5 |

ol.o ¢

- B

. .. &= 1 E

e Statistics are limited by the IMHz & ¢

hardware trigger rate and then Ebb =
detector occupancy o bt A,

1 2 3 4 o
Luminosity (x10%)

Saturation of hadronic modes with LO-
hardware trigger
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Current Trigger Scheme Upgrade Trigger Scheme

Calorimeters
Muon . .
During the first
LT months of low L
running while
Brof . u, siy HLT is built up.
e
w 1 =40 MHz I
a All detectors information = =
[Max 1 MHz] Y
o HLT
O
S tracking and vertexing CPU farm
pr and impact parameer cus
> o : . inclusive/exclusive selections
s = Inclusive selections
_E_] & "b\‘ W, pHtrack, pup,
T @ T

topological, charm, ¢ l

& Exclusive selections

(Maxa-5kHz] ML 20 kHz
10 Gbits/s to the farm
- Event selection in the farm

Storage: event size ~50kB
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Detector Occupancy and Efficiency

Tracking Calorimeters

Muon-System

Current visible pp interactions/event:

Poisson distribution with p=2: 72 tracks, on average for a B-Bbar event;
’ 180 in upgrade

Upgrade is at u=5

—» \We need a high hit detection efficiency (98+%)
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Detector Occupancy and Efficiency

Outer Tracker = 5 mm straw gas drift tubes (2.5m long)
e Detector is insensitive to multiple tracks per tube (35ns drift time)

}c—n—oﬂ

Good!! Q \J

—_

pitch 525 mm

katml/ . \J[
A\ A 4

—

BAD!!

pitch 525 mm

T1to T3

5m

6 m

Outer Tracker tracking
efficiency decreases above
25% occupancy — 40%
expected in the upgrade

Beam bunch spacing will be
25ns in 2015+
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Material Budget

« Material in T1
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Particles averaged over eta and phi see 17.5% of X0 over 3 stations

Sept. 5, 2014 Blake D. Leverington - DESY 2014 11/45



The other Upgrade detectors

VeLo — VeLoPix @ 40MHz
- 55 x 55 um? pixels; a full 3D pattern recognition in HLT.

TT — UT (tracker) @ 40MHz

- silicon strip detectors (X-U-V-X) at 5°; Improved small angle
acceptance, less material (<4.5% X)) .

RICH/PID Upgrade

- integrated HPD+FEE(pixel @ 1 MHz) — MA-PMT @ 40MHz

- Remove the aerogel from RICH-1; only C4F10; RICH-2 stays as
CF4.

Calorimeter electronics — 40 MHz

- Scintillating Pad Detector (SPD) and the Preshower (PRS), lead
absorber will be removed. Lose some e/gamma PID power

Muon Stations: Front-end is already 40MHz to LO trigger; switch to LLT;

- Remove M1
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Upgrade summary

 Replace 1 MHz hardware trigger - 40MHz software trigger, all front-
end electronics to 40 MHz

 Visible interactions per bunch crossing increase to mu = 2.5 - 5 (from
1.8)

« Expected annual physics yields increase (with respect to 2011)

- 14 Tev cross section (x2), trigger rate (= x4), luminosity (= x2.5)

 x10 in muonic channels
e more than x20 in hadronic channels

10 times smaller uncertainties after 10 years
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LHCb Upgraded Spectromete

Side View HCAL

ECAL M4 MS
M3
Magnet SciFi  |RICH2 M2
\ Tracker
\,\ ;’%\h
— o ]
{




The SciFi Tracker

0.250 mm
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20.250 mm

An array of pixelated silicon

Scintillating fibres A
photomultipliers

- fast scintillation decay time (2.8ns) - fast signals
- good light yield and attenuation - high photon detection efficiency (40+%)
length - compact channel size
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SciFi Collaboration

20 Institutions, 10 countries

Task(s) Institute(s)
SiPM assembly EPFL
SIPM QA CERN, EPFL, NCBJ
Fibre QA CERN, NCBJ, RWTH, TUD, HD
Detector Fibre mat production Russia, RWTH, TUD, HD
Panel & module construction Russia, RWTH, TUD, HD
Read-out box CERN, EPFL, LPC, NIKHEF, RWTH
Module testing (including electronics) CBPF, NIKHEF
PACIFIC ASIC UB, IFC, LPC, NIKHEF, HD
Electronics Front-end boards EPFL, LPC, NIKHEF, RWTH, HD
Tell40 board software LPNHE. TUD
Infrastructure Fran.]es CERN. EPTFL._ NIKHEF
Cooling CERN, RWTH
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6 metres
XUVX 52¢cm
! SiPM[* " 1A
fibres
3 X g
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=
n
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r*=42.10 =

< [
I |
o
-
_J ®

e ———

1| .3
3&
|

< L.l

Y=0 (beam pipe plane)

9805
006

—00°0¢
Bn|dpu3

Sept. 5, 2014 Blake D. Leverington - DESY 2014 18/45



Basic principle

Signal cluster

mean position

signal
amplitude

pos

SiPM array §

|
. =
pixel ] i\;—~ ] -‘R_T_.channel
] @ )
r//_r__h \"_.:.‘-&#\ | ;___R:,fired pixe
Scintillating c VT TINAISIN 7T
Fibres s) 2 P
(0.250mm S AR !
diameter) 6 l.\_\ ) i
S A .\
o) |
U= fibre )
c |/
Lo | l,parficle
AN :
Typically one observes 15-20

photoelectrons for 5 layers of fibre
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Scintillating Fibres

A Traversing Particle

(scintillator)

Polystyrene core with 2 dyes

apped Light

Only a few photons after 2.5m
300 photons per MIP produced

Sept. 5, 20~
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SIPMs

 The SiPM pixel is a photo-diode (reverse-biased, above breakdown
Geiger mode)

« asingle free electron/hole-pair can trigger an avalanche of electrons
e 106—107 gain

E, V/cm
* 20-50% photon detection efficiency ~ _ _ = = = =
“‘r E 0 N [=))
2:;%::"9 h Metal '.;6' 1.._Lx..t.|.uu|_a.n.u.|u1l_n_|.|.uu.|1._|_u.Lu:.l_x..u.t.mll_‘.l.u.uml
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SIPM dark noise

Unirradiated SiPMs produce about 100 kHz of >0.5 photoelectron signals per mm?* at

room temperature from thermal excitations and pixel crosstalk.

Counts

Hamamatsu, 50um pixel, standard (ref.), with
trench (2013), without trench (2013), at typical

over-voltage, recorded with VATAG4.

10° T T ————

Hamamatsu Detector

10° gl — Reference: $10362-11-050C, 0V=1.3V |
— H. with rench (2013), OV = 3.5 V

— H. without trench {2013}, OV =22V

10% e :

ﬁlnm

Photn-EIectrons

Plot from G. Haefeli
(EPFL), presented at

TIPP 2014
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photoelectrons

Number of clusters

5678910
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Clustering algorithm
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20
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Entries 49249
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RMS 0.8849
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Cluster size

128 Channel SiPM array

Apply clustering and threshold cuts to reject dark

noise clusters in the front-end electronics
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Fibre Mats

Fibre mats are produced from winding a single fibre onto a threaded
wheel.

" il
Tension
0 Hre Cont‘
[ o ;
| Threaded
winding
' e | wheel
e S r— TN <— 500 fibres/layer =—

275 @.250
» Need about 8km of fibre for one mat of 6 layers QOC CO00000000
2.5 metres long OOOOOOOOOOO OOOOOOOOOOOOOO

« 10,000 km of fibre in total ... MELISERISAKIXXKR XL EXRED 4
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Cutting will create dead fibres
on the edges

Epoxy is
Injected in
the mold
from the
bottom up
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mats are now being

)

7 cm mat

13.5 cm (500 fibres wide

produced as well




« Stability and alignment of the
detector must be ~100um

Challenges: Detector design

Less material + stable detector
improved momentum resolution =
better mass resolution

 Must be <1% of a radiation
length per detector layer
(4mm equiv. of plastic)

Fibre mat-
1.70

—
o~

Candidates / (10 MeV/c
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50.007 P
C s Shia .
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Prototypes and Test-beam in October 2014! ;)
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Challenges: Fibre irradiation

« The scintillating fibres darken with radiation (up to 35 kGy expected
near the beam pipe over the upgrade lifetime)

Expected ionizing dose for LHCb Upgrade

Dose (Gy) for 50fb-1 (100mb)

N 600 | | | | | | | 100000
1.0
Q 2
= 3 10000
T os] = CERN-PS 400 | i
< ® HD-KIT
o)L A LHCb-Pit* 1000
chf 0.6 200 | -
= = 100
2 § oFf i
© ” 10
C
Q — i 200 | —
- 0-0\\II‘\\I\‘\\II‘\\I\‘\\IIl\\\\‘\\—I‘I+V-\—'\-0LL\II|\\\I| 1
< 10 20 30 40 50 60 70 80 90 100
Dose / kGy
400 | .
0.1
Expect a 40% loss in signal near the o
m pi fter 1 r -600 0.01
beam pipe atter 10 years 400 -300 -200 -100 0O 100 200 300 400

X(cm)
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Challenges: Fibre bumps

« Defects of the fibre can be created during the extrusion process
making “blobs”

For a good mat
rms(dx) = 8-15 uym

Fibre diameter over one spool rms(dx) = 8-15 um

3 10°F ' =
B - Spool 2013.11.11 1 3
S S Entries 4724504  _| _
a8 10 = Mean 2474 3 < dx =275 MM
Lo? - RMS 2919 1
? % A ) ( Ia
10° N 000052 00;
102 ~ ,
10k - /
f 2507 380 um
e . . -l b Lol
200 300 400 500
Diameter [um]
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Challenges: SiIPM array development

1 channel Issues with packaging:

, A -dead channels
0.25mm x IBEE S ) -exposed bondwires

Afix is promised from the
companies....

W i rmmrwrrmm

ainnteneesmEREREITIE R TSRO
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Old Hamamatsu arrays (~2010) New Hamamatsu arrays (2014)

Operating voltage = ~72 V Operating voltage = ~52 V
Overvoltage = ~1V overvoltage = ~2.5V

Crosstalk = 21% Crosstalk = ~5%
0 D) ol __,&'

;--———-«.*

1 |
|

- | .

| Thin metal film q‘uenc'hilng resistor =
higher PDE, lower TCR

SEE

/

trenches

A
|
I
!
|
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(photon detection efficiency)

PDE Hamamatsu and Ketek

Relative PDE w1c3 for different OV PDE Peak in function of the overvoltage wic3

| E : K. wlc3 Ch60arl5ov e =
Wo 45 || —=— Ewicschsoar2sov _ 8.4~
& E E.wlc3 Ch60ar3.5 ov S C
i i K wle3 Ch60ar45ov [ C
04— K.wlc3 Ch60ar 5.5 ov ' 0048 =
i i | —8— K.wlc3Ché0ar65ov 0445
0.35f— T —— H.stdar13 0V (Ref) T
?.: i Hﬂmmamaisu CBG at 35 OV -
03 , ; ; 042
0255 : 04r
02b 0.38-
= / -
0150 0.36 =
o1f- 034
F 0.32fF
0.05— + o B C

F [ B | I | I | L | L | L1 | L1 | L1 0.3 T T B T O B TR N

g50 400 450 500 550 600 650 700 1 5 6
Wavelength [ nm ] Overvoltage [V ]

Plots from G. Haefeli, presented at TIPP
2014
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(pixel)

X-talk Hamamatsu and Ketek

Difference due to after-pulsing No trench, extremely W1C3, with trench, large pixels (3.5V
(1.3V over-voltage) (17% vs 10%) high x-talk over-voltage) (10% vs 8%)

E E I I - \'_'?‘ 20' —I.— I\"ﬁCZ 60x62 I ? pi II VATAlElI I 3
A 1] S TR —@— H. no rench (2013), VATAG4 1 = 18} ol cnndebiasa U T — -
g o - _\._c . ——{l— W1C3, B2.5x62.5.m" pixel, VATAE4 -
W IS - H. with trench (2013), VATAS4 = lt_ﬁ 16 —*— Wr7c3, 82.5x62.5um” pixel, VATAG4 Y S————— -
: - —i—— Ref. $10362-11-050C, VATAS4 = " 1 [T @renee W1C2, 60~62.5um” pixel, Threshold scan | [ 3
8 30 Y H. with trench (2013), Threshold scan§- g 14 [ - Fb---= WI1C3, 82.5x62.5um’ pixel, Threshold scan -uj -
(3 :_ wnnaffarann Ref. S10362-11-50C, Threshold scan = (3 12 H ----- Ahmmme- W7C3, 32'5"(62'_5}1"\2 pixel, Threshold scan E';",""*: """""""""""""" _:
— : H H E 1 ™ : - % _-
S 20F S % ‘ E
g F a E
O - O ]

Qo N B2 O
TTT

With trench, low after-pulsing, 7%
x-talk at 3.5V over-voltage

0 I 2 4
Over Votalge [V] W1C2, with trench, small / Over Votalge [V]

pixels (3.5V over-voltage) | = w73, double trench, large

(8% vs 7%) pixels (3.5V over-voltage) (3%
Vs 2%)
Plots from G. Haefeli (EPFL), presented at
TIPP 2014
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Challenge: Radiation damage to
SiPMs

« SiPMs create single photo-electron signals from thermal electrons, cross-talk
between pixels makes 1 photo-electron look like 2+

1MeV neutron Eq. fluence/cm2 for 50fb-1 (100mb)

600 | | T | | | T 1et+14
Radiation defects in the bandgap of Si c 400 |- —
plOT+) C, 0 C SiPM arrayS‘ 1e+13
S X[:f.] e EORN W} ——
Vo™ o — & % 200 |- T
: VOHM™ . .
VPO () X
Vo0 =
................................................................................................................. 3 0 | —] 1e+12
iy — . (+/0)
N V,+10 (40 . i . 200 L |
(o @l -
i = E 1e+11
\Y
" . 400 -
Interstitials(l-) and vacancies (V+)
-600 | | | | | | | 1e+10
400 -300 -200 -100 O 100 200 300 400

X(cm)
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DCR [MHz]

N i £
z u»"j
2 '-r/ g et
o /'
&) /
Q 1 0 |:::::::::::::::::::::::::g:::::::::::::::_:y:;n.‘iﬂ:':ﬁ:':::g::::::::::::::::::::::::::::::::::::g::::::::::::::::::::::::::::::::::::
F —¥— W1C3 (Non-Irrad.), OV@3.5V (x100)
E —8— W7C3 (Irrad.), OV@3.5V

1/3mm?, 2x10* n_, /em? fluence at
different temperatures

| —&— w1c2 (Irrad.), OV@3.0V

1 0—1 I I Il I L L I L 1 L L i L L L

-60 -40 -20 0

1mm? single channel, 3.1x10 n__ /cm?

eqv

fluence at different temperatures

| —8— H. s10262-11-050¢ ov@1.3V i e
=@~ H. with trench (2013}, OV@3.5V ]
102} e Model
10
on

We expect 1.3 x 1012
n,,/cm?2

Requires cooling to -40C

So far, Ketek shows 2-3
times worse noise due to
irradiation compared to
Hamamatsu
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For a Hamamatsu S12571-50C 1mm? SiPM

(@-30C, no trenches)

. %107
< = | Irradiation curves
50' 14 proton irradiation
o C|----- linear fit .
0.12- AmBe irradiation l )
n linear fit ok
014 e Mainzirradiation
C|----- linear fit
0.08 | LHCb 50fb*-1 _
0.06 : o
u = 4
0.04F e ey
C ‘."' __—.—".——— ]
- % —r— . . -
0.02F 3 —a"" SciFi 50fb
- ”.'.-_._ -
0 T‘) l-.*l | 1 | 1 | 1 1 1 1 | 1 1 1 1 ]
0 0.5 1 1.5 2 2.5

Dose (1MeV n_eq cm™)

x10

Expect about 20 MHz of
>(0.5 p.e. noise per
channel after 1.3 x 10"
neq/cm2

Need to have clusters per

128ch array less than 2

MHz for efficient tracking =
., ho crosstalk!!

Thermal annealing @ +40C is planned during week long stops.
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We want a higher threshold to exclude noise contributions but a
low threshold to retain signal, resolution and hit efficiency

« Excessive noise clusters will degrade tracking
Trenched technology Hamamatsu - Irradiation 50 fb-1 Betectinn eficiency 5 Tayens
N 125 : T T T T T T T
R X-talk=2% T=-40° ! ; b ! :
15—« B \ X-talk=7% T=-40° 1171 PEprRe T T 1| ) @beamplpe IOfb'1 ____________________________
o . . z
3 B \ X-talk=12% T= -40° : 50fb I< f ; j;:j'
. \ : : : R :
2 10 \ X-talk=17% T= -40° : : : :
s | \ 98 |- : '~ '
2 r 3
o |
= —_

75— %\ ®
B N > 96
| \ é

51— \\\ e Qg fovserernnnigigfonnfonn o R ;. S R e RRERREETRREES
= \-\ .0 photons seed cut
- K \‘\ .5 photons seed cut
n - \

o5l x_ SClFl oal 92+ .5 photons seed cut |4
— — —dé— _— e e — X —g — .5 photons seed cut
R - TR \K 5 photons seed cut

0 _ | L L —t— _ .1554_\-\& i _---\7--%1_“_?_—% I 908 2IO 2|2 24

2 25 3 35 PE/MIP
Seed threshold
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Challenges: Cooling

Insulation\‘
e /w/—InsuIation
Enclosure\
' Il —Flex PCB
Cold pipe—| o
: | it—SiPM array
Stlﬁ’enerf\ e
SiPM—"| o
package I —Endpiece
/Endplug
Scintillating
Fibre - e
40 mm ignment pin
» Acceptable cluster rates require -40C cooling and +40C annealing

_Eg ) n
2%k, T

dark noise o« T’exp(

T(K)
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Challenges: Electronics

« Digitizes the 560,000 SiPM signals and forms the clusters and hit

positions

« ASIC (PACIFIC) and front-end board development

SciFl Module FE Box
i Clustering
PACIFIC EPGA
SiPM o
SiPM L
Cluster
ADC data

data
128x2b@40MH:z

LHCb cavern {Counting house

GBT ) )
Optlcal links H

Concentrator.—).—)-—f) to TELL40
FPGA :

_>._)-_) to TELL40
_),._)-_) to TELL40

SiPM connector FPGA

PACIFIC

-ﬂ C cluster
S 250}
8 - Y ADC(clusier)>TH i
O = -
S 200F _ .
< n .
150F .
N RN RN S TH: seed
100} .
50F
... ... »H... H: neighbouf]
of
0 10 20
SiPM channel

{ Sept. 5, 2014

4 small boards 250%
)

_>.j\_-_) to TELL4O
Clusterization

Concentrator

1 large board
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oSh norm TTnthA norm —— [

25ns

\V

PACIFIC

§D 1: I 4 I I I I _:
ii 0.8F -
o 0.6F o
0.4F =
0.25 —
s 25ns
¢ = ] A L \I/\ﬁ’fl .
-20 0 20 40 60
time [ns]
_ Charge
Tail | integration
amplifier ~ C&NCEIALON, (3 x 25ns)
etc. +
+ clk clk
.| Gated | _
integrator
Fast
Shaper
. | Gated | _
clkbl_integrator [cikb
~5—-10ns

ADC value
A

Noise removed by

A cluster the sum threshold A cluster A cluster

high
................................. threshold
seeding
. S— " weomnin
SiPM channels =
Thresholds
DAC
com
DAC 2b
DIGITAL
com i
com
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ID Task Name 2014 2015 2016 2017 2018 2019 202
asla1]azaslaslailazlaslaslatlaz]aslasaiiazlaslasallazlasladatlazlaslasglas]
i Scint. Fibres ok L)
2 Consolidation Radiation Hardness —
3 Qualification supplier(s)
4 Develop QA benches/procedures ;
g Procurement
g  [Fibre Mats and Panels (v’ ‘)
7 Finalise design —1
Copies of tooling —
. . . 9 Production
« Research is finished. 1o s r o ——
11 Design optimisation
12 Develop test stands |
* Engineering has started. | & oo |
14 |Front End Electronics g
15 ASIC design { iterations ———
- - 16 ASIC procurement
e SiPM improvements e [
18 Back End design q
under development yet. [+ s
20 PCB procurement & loading e—
21 |Read Out Box [y’ L]
22 Design / prototyping - . -
¢ PAC I F I C-2 (8 Ch at th e 23 Procurement compaonents -
24 ROB assembly, loading & testing Re—
foundry now) - I :
26 Prototyping ———]
. 27 Procurement ————
[ ] Eve ryth I n g m u St b e 28 Installation infrastructure (cavern) —
29 [Module Assembly o' )
WO rki ng and i n the LHCb 30 Meodule assembly (incl. mirroring)
31 Integration of ROB
't . d 2 O 1 8 337 Medule testing
p I m I - - 33 |Detector Station Mechanics g wl
34 | Design —————————
35 Construction ——
36 C-frame loading ————
37 |Installation v’ ‘]
38 QT dismantling —_—
39 Infrastructure preparation —
a0 SciFi Installation iﬁ';
41 Commissioning [rem—
42 [Test beams C—
43 TB components ]
44 TB mini system 'l
45 TB full module []
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Summary

 The order of magnitude increases in precision will allow new physics
searches down to Standard Model theoretical uncertainties

 The SciFi tracker is crucial to scope with the upgrade requirements
e SciFi collaboration with 10 countries in 20 institutions

« Begin construction in end of 2015; Ready for installation in 2018
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