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Overview

* Introduction to LHCb. ek b

February 2014

» Upgrade of LHCb:

— Motivation. —E{!\fbn
— Scintillating Fibre Tracker. Tr’aCk\@Jr

— Schedule.
= Conclusions.

= More information in:
— CERN-LHCC-2014-001
— LHCb TDR 15
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oL OnTICINIaU: LHCD THCH

» Dedicated heavy flavour experiment at LHC.
— Measure CP-violation in b- and c- sector.
— Study rare b- and c- hadron decays.

* Indirect searches for New Physics.

= Forward production of b-pairs with low angle.

— 27% of b-pairs in LHCb acceptance @ Vs=7 TeV.
— Single-arm forward spectrometer.

= Over 190 physics papers published. 2<n<5

LHCb MC -
(s =14 TeV -

0, [rad] ™2

Trw
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Why upgrade™

= No evidence for New Physics in LHC Run 1.
— Look for deviations from Standard Model.
— Most measurements still limited by statistics.

* Limited by Level-0 hardware trigger.

— Maximum rate is 1.1 MHz. design 2012

* |ncrease luminosity: Y ; P
— Already ran well above design. % |7 e
— Trigger yield saturates. $ b Ao
— No real gain in statistics. T

= Higher occupancy.
— Degraded detector performance.
— Radiation damage of detectors. "~
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LHCb Upgrade

= Remove Level-0 hardware trigger.
— Read out every bunch crossing (40 MHz).
— Full software trigger for every 25 ns bunch crossing.

— Replace all front-end electronics.
* Replace also detectors with embedded read-out.

* Run at higher instantaneous luminosities.
— Instantaneous luminosity = 2 x 1033 cm2s™.
— # visible interactions / crossing = 5.2

— Higher occupancy.
* Redesign several sub-detectors.

* |nstall during LHC Long Shutdown 2.
= Collect integrated luminosity = 50 fb-1.
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Tracking System: Calorimetry

4 I
y | /NEW DETECTORS!
Sl ECALHCAL
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Upgraded LHCb detector

Mg M>

P

LHCD

«“3¢

Muon system:
Remove M1.
NEW READ-OUT BOARDS!

TS rad

Calorimeters:
Remove SPD/PS — no LO trigger.
Operate PMTs at lower gain
NEW READ-OUT!

I I

Ring Imaging Cherenkov detectors:
Remove aerogel from RICH1+modify optical system.

NEW PHOTON DETECTORS AND READ-OUT!
1st July 2014 SPS Annual Meeting 2014, Fribourg
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Current Tracker

LHCD
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= o Resolution = 200 pm.

Outer Tracker:

o Gaseous straw tube detector.

o 12 detection layers (~ 6 x 5 m?).

o 53760 straw tubes (2.4 m long, 4.9 mm
diameter).

o Gas mixture: Ar/CO,/0, (70%/28.5%/1.5%).
o Nominal operating voltage is 1550 V.

/ |
racker Turicensis

2F

Silicon Tracker:
o Silicon micro-strip detectors covering areas
closest to the beam pipe.

o Pitch: 183 um (TT), 198 um (IT).

o Thickness: 500 um (TT), 320/410 um (IT).
o Strips up to 37 cm long.

o Resolution = 50 um.

SPS Annual Meeting 2014, Fribourg
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ST Scintillating Fibre Tracker

Design:

o Replace IT+OT with single technology. | Side View HCAL
) /> Slde view EcaL HC Ma M5

Occupancy too high in OT. M3

e Embedded 1 MHz read-out. SciFi IHCHQ

o Scintillating fibres. Tracker
* 2.5mlong, 250 um diameter. B T
* Mirrored at one end. = i _E it
* (x, u, v, x)x 3 stations.

* 5or6 layers of fibres in module..

o Read out by Silicon Photomultipliers. i
* Inside light-tight read-out box.
* Cooled to —40°C.

o New ASIC for read-out (PACIFIC). §
 Three hardware thresholds (2-bit). [

—  J—— T

Cha"enges:

=  Mechanical design.

= Radiation hardness of fibres & SiPMs.

= Light yield.

= Timescale.

6 metres

52cm

5 metres
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Material in first tracking station

FEDERALE DE LAUSANNE
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Material in first tracking station
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Radiation environment

FEDERALE DE LAUSANNE

- 1MeV|neutrc?n Eq.lﬂuencT/cmZII‘orSOﬂl:)-1 (1(|)0mb) ot NIEL (neutrons):
o | | " SiPMs at £250 cm

1e+13 - 9.5 X 1011 neq / sz (Tl).
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— 6x 10" n,, /cm2.
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ST Scintillating fibres bt

Baseline fibre: Kuraray SCSF-78MJ 4 Traversing Particle

/ Total Internal Reflection
0 at First/Secoyd;ladding Interface

~

e

3 \ Scintillating Core n = 1.60
J First Cladding n = 1.49
Second Cladding n = 1.42

= Polystyrene core with two wavelength shifting dyes.
= Around 300 photon / MIP.
= Only a few photons after 2.5 m.
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Threaded winding .
wheel "

500
Diameter [um]

Fibre diameter measured before winding.
Glue injected after winding.

Mat is cut to correct dimensions.

Require 8 km to produce mat with 6 layers.
Around 10,000 km needed for full detector.
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LHCD

Ed silicon Photomultipliers 3

32.59mm

= Avalanche photo-diode
operated in Geiger mode.
= ~ 100 pixels connected in
parallel /channel.
= 128 channels / array.
= Channel width: 250 pm.
= 147m instrumented:
* 590k channels.
* 4608 SiPMs.
; = Connected to read-out
Bonding wire Channelutline eIECtroniCS Via ﬂex PCB

1t Electric field strength E
| - - - e =

Quenching resistor

Co-development with:
 Hamamatsu (Japan).
e KETEK (Germany).

o
P _
i High voltage 15

R

Geiger-mode
APD pixel

Pictures from Hamamatsu
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LHCD
N D)

Signal

60000 —1 =
. . C j'qi“z_ 30cm :
FlbreS. 500001 i % :
-l fm\\i 100 cm
. . i IR “‘; |
= Emission spectra. 000018 Ay
= -yl f\:\"\ 250 ¢m
. 830000 i ™ |
= Measured at different = A\
: § 20000 y::; A
distances from detector. = o \;\\
0 Pl B e
C |
1000900 :'Aéo' ~ 500" "5%6 ~ 500650 700 750 800
° i 0‘5: | [
SlPMS: E0‘455_ I I o Hamamatsu
m | [
04E- £ KETEK
= PDE = QF x GF
— PDE: Photon detection efficiency. 0‘35_ :
— QE: Quantum Efficiency. 0255 I ;
— GF: Geometrical factor. ] : :
. - | |
= Single channel. o15E- . .
0.1F I | '8
u I , | |
50 um pixels. ot , ,
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signal
amplitude

LHCD
)

Light yield et

mean position

pos

channel

:

fired pixel

P >photon

RN

De))
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L
i

/
<§M !

(pixels fired).
* Photon exit point.
= Channel pitch < fibre pitch.
SiPMs:

= Dark noise increases with
neutron radiation.

= Cooling and annealing.
Fibres:

= Darken after irradiation.
= Six layers of fibres.
Expected signal:

= ~12-16 photo-electrons after
irradiation.

particle

See talk of Zhirui Xu for more
(actual) details.

SPS Annual Meeting 2014, Fribourg 17



_ i\

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

SciFi Module

. LHCh
Electronics b
FE Box LHCb cavern éCountIng house
Clustering :
FPGA GBI Optical links

_,,._)-_) to TELL40

_)._,-_,, to TELL40

Cluster

ADC data data
128x2b@40MHz

=  Trigger-less read-out. 0

— Zero-suppression in front-ends. Acluster NOISe removed by A custer_a custer
= Development of customASIC. |~~~ | T T AT

— Called PACIFIC (128 channels).

— Three hardware thresholds = 2-bit. seeding

. threshold

= Use FPGA for clustering. " highboring

— sum threshold. ... hrest o

SiPM channels
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Schedule / timeline

FEDERALE DE LAUSANNE

‘€ Trac\‘e‘
SC\F‘ R&D Production Installation (More) New Physics?
LHCb collect 5-7 fb~1 collect 15 fb-1
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
LHC LS1 LHC Run I LHCLSZ ~ LHCRunlil
e ppruns 13 TeV @25 ns * ppruns 14 TeV @25 ns
LHC LS3
= |nstallation during LS2. HL-LHC

= Collect 50 fb! after upgrade.

1st July 2014 SPS Annual Meeting 2014, Fribourg 19
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Conclusions

EEEEEEEEEEEEEEEEE

= Remove Level-0 hardware trigger.
— Trigger-less read-out system.
— Full software trigger for every bunch crossing.

» |nstantaneous luminosities up to 2 x 1033 cm2s-1.
— Redesign detector to cope with higher occupancies.
— Collect integrated luminosity = 50 fb2.

= New tracking system with scintillating fibres.
— Long fibres read out with SiPMs.
— TDR approved by CERN Research Board.
— Installation in 2018/20109.
— Ready for data taking in 2020!

1st July 2014 SPS Annual Meeting 2014, Fribourg 20
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SWITZERLAND

Gy

Swiss Institute of
Particle Physics
an Asociation according to Swis lew

Sessions

® Applied Physics

¢ Atomic Physics & Quantum Optics

* Biophysics, Medical Physics and Soft Matter

* Condensed Matter Physics

* Earth, Atmosphere and Environmental Physics

 Electronic Properties at Surfaces and Interfaces

* Frontier Experiments with Neutrons

* Functional Magnetics:
From Nanomagnetism to Multiferroic Materials

 History of Physics

* Materials with Novel Electronic Properties - MaNEP

* NCCR MUST

* Nuclear, Particle- & Astrophysics

* Plasma Physics

* Semiconductor Research in Industry

* Theoretical Physics

* Ultrafast structural and (sub)magnetization dynamics in
solids

* Poster Session

Plenary Speakers

Gabriel Aeppli, PSI & ETH Ziirich

The next life of silicon

Martin Beniston, Uni Genéve

Shifts in in water in a
highlights from the EU “ACQWA” project

Erwin Frey, LMU Miinchen

Pattern F ion and Collective Ph in
Systems

Lukas Gallmann, Uni Bern & ETH Ziirich
Attosecond science of solids and solid interfaces
Teresa Montaruli, Uni Genéve

Neutrino Astronomy at its sunrise

Matthias Troyer, ETH Ziirich

Quantum Annealing and the D-Wave Devices
Thomas Udem, MPQ Garching

Precision Spectroscopy of Atomic Hydrogen

Public Lecture

Fabiola Gianotti, CERN
The Higgs boson and our life

Additional Events

¢ Scientific Equipment and Book Exhibition
¢ Conference Dinner

¢ Award Ceremony
¢ General Assembly

DEADLINES:

More information: www.sps.ch

LHCD

Merci a tous!
Merci vielmal!
Grazie mille!
Grazia fitg!”

21

* Thanks to Arno Gadola for pointing out “Grazcha fich” was wrong! engraziel fetg!
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More?

BACK UP
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diameter [um]

1st July 2014
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LHCD
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-
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Measure diameter every 3 mm with laser

micrometer.

Once per km, diameter goes above limit (300 um).

Manually remove during winding process.
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Light yield

* 3 m long SCSF-78 fibres irradiated at CERN PS (24 GeV protons).

Plate-1-160CT2012-No-mirror Plate 1: Comparison of UV and Sr80 Data

— 2 1 nat 26.77 /22 —
e 1 c1 -1.685 = 0.3151 = A e UVdata
o 1r affa_shon  -0.0502 = 0.01826 = qr Il 4-exp fit to UV data
£ - c2 -0.08526 = 0.02395 >
o - alcha_long -0.00228 = 0.0001364 @ BRX] *__Sr-90 data
5 0.8 c a

i ¢ S 0.8
3] ¢ § £ °F l
i) i * = L ," |
2 0 6; L | ¢l
a $ 0.6~ i ,
@ f

0.4 0.4 L1#Y
i i l ¥
o2l A=439cm off N=439,126,52cm N
i i | é
0_. N Y PP IS P IS I GL.All.Al.lA“,1‘.‘L1.‘A.1AA..1L
0 50 100 150 200 250 300 0 50 100 150 200 250 300
position [cm] position fcm]
(a) (b)

Figure 3.13: Relative light yield with UV excitation as function of the excitation distance of
the scintillating fibres before and after irradiation. (a) Before irradiation. Open symbols: As
measured with the PIN diode. Full symbols: Scaled to the spectral response of a KETEK SiPM
detector. (b) After irradiation: Relative light yields resulting from UV excitation and exposure
to electrons from the Sr-90 source.

1st July 2014 SPS Annual Meeting 2014, Fribourg 24



_ i\

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Radiation

Pindl  9.585/10

1.0f

Model 1|,  2662. 02456
/ """ STdt 732719
- oo Model 2 | .x 1,845 = 0.5386 :
0 8"_ "N _g___n_qo_qo 01028 -
: 5‘_ Model 0.43
B 5 ‘5 -0.2259
<° 0.6~ - Zindt  4675/9
~ B Model 4 2,874 = 0.7385
‘< : ¥ 0.3681= 0.04536
0.4 \
Z * CERN-PS '{"
0.2 — * KIT-HD
- O LHCb-Pit {not in fits*)
0.0— dededeidaal " aaaaal M idadal TN | dededidad
10° 10% 10 ! 10 10

Dose / ka

(a) Logarithmic x-axis

A A,

0.6}

00 PP PRI AN B R-Ar urarr |

* CERN-PS

¢ HD-KIT
4 LHCb-Pit*

LHCD

1 2 / ndf 9.585/ 10
A 2.662 + 0.2456
27 42 /ndf 7'3'2'7-/-95 E
VA 1.849 = 0.5386 '
‘B _____ 0.8292+0.1028 |
3| o2/ ndf 4097/8
Ca 0.435 + 0.0423
B -0.2259 = 0.0291
477 ndf 4675/9
a 2874 + 0.7385
1 0.3691 + 0.04536

A ST F TP rwwws s
10 20 30 40 50 60 70 80 90 100
Dose / kGy

(b) Linear x-axis

Figure 3.16: The combined attenuation length data shown with statistical errors versus dose
from three fibre irradiation studies and fits to 4 models. Model 1 assumes a linear damage with
dose effect (A'(D)/Ao =1/(1+ (D/A))). Model 2 assumes a power law function (A’(D)/Ay =

1/(1+4 (D/A)P)). Model 3 is the logarithmic function A’(D)/A¢ =

a + BLog(D) . Model 4 has

an exponential-like behaviour (A’(Dose)/Ag = exp((D/a)”). The LHCb-Pit data are not yet
included in these fits as they likely have much larger systematic errors that are currently being

determined.

1st July 2014
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Dark noise
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g - | Entries 100004 g - " |Entries 100004
10° w|Mean  0.3725 10° ¢ Mean  -0.3534
T E RMS 16.87 T E RMS 28.99
E10° E10°E
10° - 10°
=

1 IlllllTI I IIIIIIII

100 150 200 250 300 - 100 150 200 250 300
ADC Value ADC Value

Figure 3.22: Left: Measured dark noise amplitude for a non-irradiated standard technology
Hamamatsu detector at nominal operation voltage and 25°C. Note the exponential decrease of
the probability of large amplitude events. The relative intensity of the second and third peak,
corresponds to the sum of the cross-talk and after-pulse probability of the SiPM. The probability
of two random noise pulses is very small in a non-irradiated detector. Right: Measured dark
noise amplitude of the same detector at nominal operation voltage and —60°C after irradiation
to 2 X 10! neq/cm?. The relative intensity of the second and third peak is almost unchanged
which confirms that the cross-talk is not changed due to irradiation. However, a small change
can be explained by the fact that, at this DCR, random pulses can overlap in time. The ratio
between pedestal and one photon noise is reduced in this case to about 10.
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LHCD

Figure 3.24: Left: Hamamatsu with trench, dark current as a function of over-voltage for different
annealing scenarios. The dark current is decreased by a factor 2.5 after one week of annealing at
40°C. Right: Two types of detectors irradiated to an equivalent fluence of 25fb~*. Here the DCR

can be compared for the standard Hamamatsu at 1.3V at -40°C and the trenched detectors at

different temperatures. The desired operation point for the trenched technology is 3.5V in order

to reach a high PDE. The DCR changes by a factor of two every 10°C over a large temperature
range. The expected DCR at -40°C is 5 MHz at the desired operation point. The DCR for an
irradiated detector is expected to double after an integrated luminosity of 50 fb~1. All plots are

given for fully annealed detectors after slow annealing during one week at 40°C.

1st July 2014
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Eur. Phys. J. C(2013) 73:2373 LHCD
LAY

Physics reach!

Type Observable Current LHCb || Upgrade Theory
precision 2018 (50fb™")  uncertainty
BY mixing 98, (BY = J/ ¢) 0.10 [1] 0.025 0.008 ~ 0.003
28, (B® — J/b fo(980)) 0.17 [10] 0.045 0.014 ~0.01
A (BY) 6.4x 1073 [18] 06x1073 [} 02x10™ 0.03x 1073
Gluonic 28 (BY — 6¢) - 0.17 0.03 0.02
penguin 26 (B — K*0K*0) - 0.13 0.02 < 0.02
28° (B° — $K?) 0.17 [1§] 0.30 0.05 0.02
Right-handed 265 (BY = ) = 0.09 0.02 < 0.01
currents TH(B? — ¢7) /7B - 5% 1% 0.2%
Electroweak S3(B° — K*%u*tp=;1 < ¢ < 6 GeV¥/c?) 0.08 [14] 0.025 0.008 0.02
penguin so Ap(B® — K*utp™) 25 % [14] 6 % 2% 7%
Al(Kptp—;1 < ¢ < 6GeV?c?) 0.25 [15] 0.08 0.025 ~ 0.02
BB = ntutu™)/B(Bt — Ktutu™) 25 % [16] 8 % 2.5% ~10%
Higgs B(BY — pp) 1.5x107°[2]  0.5x107° }§0.15x 10° 0.3 x 10~°
penguin B(B® — ptu™)/B(B? — ptu) - ~ 100 % ~ 35% ~ 5%
Unitarity v (B — D®K®) ~ 10-12° [19, 20] 4° 0.9° negligible
triangle v (B? = D,K) - 11° 2.0° negligible
angles B (B° = J/¥ KY) 0.8° [18] 0.6° 0.2° negligible
Charm Ar 23x 10 [15] 0.40 x 103/ 0.07 x 103 -
OP violation AAcp 21x1073[5]  0.65x 10~310.12 x 103 -

Table 1: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity
is compared to that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50fb~*
by the upgraded experiment. Systematic uncertainties are expected to be non-negligible for the most precisely measured

quantities.
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LHC Pagel Fill: 3021 E: 4000 GeV t(SB): 09:27:32 02-09-12 18:36:25

PROTON PHYSICS: STABLE BEAMS
Energy: 4000 GeV I(B1): 1.55e+14 1.56e+14

Design:

Vs =14 TeV

2622 bunches, 25 ns spacing.

L=2%1032cm2s™.

Average number of visible pp
interactions / bunch crossing (n) = 0.4.

Reality (2011+2012): . N e | — |
-\/S=7 TeV / 8 TeV 08:00 10:00 12:00 14:00 16:00 18:00
=1300 bunches, 50 ns spacing. e
L =2-4*103? cm2s.
Higher pile-up.

— <uw>=14/1.7
Luminosity levelling.

Exceeding design by factor two
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R Trlgger in 2012

LHCDb Average LO Physics Rate in 2012
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Upgrade Trigger

20 Mz = Trigger-less read-out.
= Zero suppression in front-ends.
= Full detector data to Full Software Trigger.

®» |nelastic collision rate is 30 MHz.

Full Software Trigger

LLT (optional)
pr of h) ey €7y

115 to 30 MHz

= Full event reconstruction.
= Run-by-run detector calibration.

Full track reconstruction

il to 2 MHz

Track _ﬁt = Perform simplified Kalman track fit.
~ RICH particle ID = Add RICH information.
Inclusive and exclusive selections ) . .
= |nclusive and exclusive selections.

|

20 to 100 kHz = 2 -10 GBytes/s to storage.
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— Reconstruction sequence

Offline Upgrade HLT
VELO tracking VELO tracking
" VELO-UT | VELO-UT
: | pr> 200 MeV/c
Forward reco Forward reco
pr> 70 MeV/c pr> 500 MeV/c
PV finding PV finding
Full Kalman Fit Trigger cuts to

reduce rate to 1 MHz

RICH PID
Muon ID

Simplified Kalman F'it

Online RICH PID
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ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Track types
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B/ sk
Read-out architecture

= Trigger-less read-out. -
= Zero suppression in front-ends. Detector front-end electronics o L
» Hardware LLT kept as back-up. 5 3
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