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Large Hadron Collider
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CMS and its Tracker

CMS

Compact Muon Solenoid
~* weight: 14000t
s » diameter: 15m
* magnetic field: 3.8T
* in the center:
largest silicon tracker ever build

Compact Muon Solenoid

silion pixel in the very heart
phase-0: until 2016
phase-1 upgrade: since 2017
1.24m? sensor surface

124 million channels
diameter: 32cm
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strips in the outer region

> 200m? sensor surface

> 9.6 million channels

> diameter: 2.5m
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-1 Pixel Detector

The CMS Phase

Two Year of the Phase-1 CMS Pixel Detector
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Why did we need an upgrade?

CMS Preliminary 2016 Ys=13 TeV
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Instantaneous Luminaosity (x10*cm-2s-)

design guidelines for phase-1
* improved ROC

* increased bandwidth
 additional tracking layer
 optimization of material budget
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making the case

* with the old detector: >10h data taking
with an inefficiency in layer 1 larger
than 2%

 extrapolation to 2e34 cm?s?t: 30%
inefficiency

 clearly demonstrates that an upgrade
IS necessary
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CMS Phase-1 Pixel Detector:

FPix (3 disks on each end)
mechanical design

* 4-hit coverage up to Inl<2.5 | BPix (4 layers)
* closer first pixel layer (new beam pipe)
* turbine-like module arrangement in forward disks \

* inner rings tilted for optimal radial and azimuthal resolution

n=0.5

layer 4: nr=--9160mrr/1

n=2.0

outer rings
n=2.5

inner rings /

layer 1: r+29mm_—
beam pipe:+r=22.5mm——50.0cm ¢

optical links

BPix ~ T
supply tube /
FPix

_ _ _ powering
service cylinder cooling loop

DCDC converters
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CMS Phase-1 Pixel Detector

FPix (3 disks on each end)
mechanical design

* 4-hit coverage up to Inl<2.5 | BPix (4 layers)
* closer first pixel layer (new beam pipe)
* turbine-like module arrangement in forward disks \

* inner rings tilted for optimal radial and azimuthal resolution

layer 4: T2160mm

n=2.0

all 512 modules of la

Ol:;[ig nngs & 4 puilt by_German % p

il Y consortium (Aachen, BB&

Inner rings 7
layer 1: rz28mmm_—_ ° Hamburg, Karsre) Z

beam pipe:+r=22.5mm——50.0cm ¢

optical links

BPix |
supply tube /
FPix

_ _ _ powering
service cylinder cooling loop

DCDC converters
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CMS Phase-1 Pixel ' Detector — Key Technologies

i )
CO,
cooling
. J
fully digital modules
The Phase-1 Pixel Detector contains many key technologies used
in the LHC phase-2 upgrade
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Two Year of the Phase
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DC-DC Powering — Why2

e 1.9 times more channels compared to phase-0
* same number of power cables due to very limited space
* without changes: larger currents over the same cable causing large power losses

2
P =RI1I
* currents driven by power consumption of the detector module

P

cable loss

detector =U-I=const

* solution: transfer energy into detector with higher voltagel/lower current and
transform just before the load to operation voltage

* known concept for power supply of households, but we do it with direct currents (DC)
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DC-DC Powering

* DC-DC conversion standard technology in electronics
* buck/step-down converter in every computer
* but: not easy to build it radiation hard & magnetic field tolerant

desi gn an d spe cifications Efficiency of DC-DC converter PIX_V13_D 240
* core: FEAST 2 ASIC designed by CERN

* conversion from 9-12V to 2.4V/3.0V

* magnetic field tolerant: up to 4T

- radiation hard: 150 Mrad (Si), 5e14 n_/cm?

» conversion efficiency ~82%

Mean 82.0
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CMS Phase-1 Pixel Detector — Key Technologies

U
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Phase Transition and Latent Heat

What happens at a transition between the liquid and gaseous phase?
example: evaporation of water

a0 kPa

P-hdiagrar for water isotherms

20hPa |-

TOMPa e

ShPa |- ]

IpdPa [f.. |-

Pressure

ThPa -]

0.5MPa |l |-

0.24Pa |||

100kPa H.. || =

co t-m- L0

temperature ri

A EPa o
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5 kPa|]-

e i

1l i ;Pbtb}rm
500 1000 1500 2uuu 2500 3000 3500 4000
Enthalpy(kdikgl = energy content

* inthe 2-phase state the material can absorb a lot of energy without changing temperature
> ideal property of a coolant
* region of 2-phase state of CO2 usable for cooling (-50°C - 30 °C)
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CO; Cooling — Thermodynamic Cycle

2PACL method: ~ Pumped liquid system,
(LHCb) cooled externally

accumulator

- Mmain chiller

100

—

Chiller ! Liguid circulation transfer Iines

b

cooling plant detector

\ A-B:increase CO2 pressure for transfer
\ | to the experiment
\ B-C:increase temperature due to heat
\ | exchange with returning CO2
. ' C-D: reduce pressure inside the
\ | detector to reach on-set of evaporation
.\ D E: absorb heat from the detector
- E - F: condensate CO2 fluid/vapor
- mixture using incoming (colder) CO2 pipe

100 200 Enthalpy (ki/kg) 400 F - A: cool down CO2 with main chiller

Pressure (bar)

10

* D- G : low impedance system = almost constant pressure from the inlet to
the detector up to the accumulator in the cooling plant

e pressure in accumulator (G) steers temperature inside the detector ‘
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CO; Cooling/— Specifications

CO2 cooling plants _ _ inside the detector

« 2 identical cooling plants (BPix, FPix) > carbon fiber structure for

* redundant system | efficient heat exchange

* cooling power per plant: 15kW _ > stainless steel cooling loops

 |location: in CMS service cavern (accessible) > diameter 1.7mm

° op(oeranonal range. . > wall thickness 50um
16°C (60bar) —-22°C (20bar) > very lightweight detector

* lower temperature possible, but not design possible!

commissioned
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Material Budget

B phase-0 detector e phase-1 detector

connectors/electronic boards
in phase-0 pixel detector

/ \ e electronic
boards/connectors

moved to higher n
« 2-phase CO, cooling

* lightweight mechanical
support structures

material further reduced

[ despite additional tracking layer: }
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CMS Phase-1 Pixel Detector — Key Technologies

fully digital modules
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Signal Path' — DigitaliModules

”BPIX L1

« 0
sensor
(150x100)um?
280um n-in-n
< >

5% BPIX L2-L4

token-bit
manager

80x52 pixel : clock/trigger
250nm CMOS ASIC distribution,

readout chip

pulse-height readout
N J ROC readout
« ROC with digital RO based on psi46 * digital TBM
* same architecture (“column drain”) * 160Mbit/s digital
* on-chip digitization (8bit ADCs) * module out-bound data
* increased buffers (hit, timestamp) stream: 400Mbit/s

* improved charge threshold (reduced by factor ~1.5)
» special layer-1 ROC (“dynamic cluster drain”), PROC600
which is capable to cope with 600MHz/cm?

[ all components capable to deal with high integrated & instantaneous luminosities }

Benedikt Vormwald (UHH)
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Signal Path —'Service Cylinder

‘ | DCDC
converters

command and
control unit

optical links
signal delays

pixel module

|

readout chip |

| readout chip

L

' ceu ring Optlcal links, § .l "

; ' DCDC converters
Connecildw

service electronics to cooling
integrated in long
channels outside the
tracking volume (high-n
region; n>2.5)
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Signal Path — pTCA Backend Electronics

tkFEC L

* replacement of VME front-end boards
e 108 FrontEndDrivers (FED) - detector readout
* 16+3 FrontEndController (FEC) - detector control
* new CMS-wide crate standard: y\TCA
 all based on generic AMC card (FC7) built around
Kintech 7 FPGA and 4GB DDR3 RAM
 different flavors realized with FPGA mezzanine cards/
firmware
« capable to drive/receive links of up to 10Gbl/s
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Operational Experience

CMS Experiment at the LHC, CERN
Data recorded: 2017-May-23 15:05:32.526848 GMT 2 2018-Nov-0i 48:06.756040 GMT
Run / Event / LS: 294929 / 5371680/ 7 / Event /LS: 326382 / 308207 / 7
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> | will be very open on problems we encountered
during the last two years

> BUT: don’t get the wrong impression that the detector
did not work

> the physics performance was always excellent not at
last thanks to an hard-working, fantastic operation
team!

vertices from nuclear interaction

di-muon mass on HLT trigger level
34 b (13 TeV, 2018)

431" (13 TeV)
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ta 2018

CMS Online Reconstructed Dimuon Events
Preliminary P, (1) > 3 GeV, n(u) < 2.4, opposite sign

J

B
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Timing between LLayers

CMS Preliminary 2013 {s=13 TeV

1_.[} _._ .................. - ....... [ . ....... . ....... .’.."‘.. ...... - . ........................ _._

[ ]
o Layer1 o ;. @ T 1
%- Layerz‘ . *

(pSI46d|g) 0.8 ﬂLayers ..................... .:: ....................... a ...................... _

* shared clock/trigger distribution in L | o | | |

v Layer 4 | - | s s

layer 1/ layer 2 per ¢-sector --L1-2 Setting i . :

* read-out of layer 2 too early, layer 1 13-4 Settmg . {, :
tOO Iate D_s R .......................... EE ........................... .....................

* very small overlap of efficiency [ o 3

plateau A

0.4 | .......................... s 1 S T —~

timing between layers

* read-out chip in layer 1 (PROC600)
half a clock cycle (12.5ns) faster
than the ROCs in layer 2-4 and FPix

Hit Efficiency

plans for the future - -
* current solution seems to work, 0 | | o | | :

though iS not Comfortable to Operate 0.2 _ ....................... .......................... EE ........................... ...................... _

so close to the efficiency edge _ :
* TBM for layer 1 replacement - : | e | | |

includes adjustable delay (on the D.g1'5' L f1|0' L '—lsl L [L . 5| - .1|0, o ,1|5

module level) Time Delay (ns)
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Single Event Upsets

status in 2017/2018

* single event upset expected in high radiation environment

* SEUs observed in many components in 2017/2018

* normal procedure: download configuration parameters to the front-end regularly

tkFEC

Benedikt Vormwald (UHH)

A%

1 PSU - 3-4 DCDC converter pairs
Onveric 1 DCDC converter pair - 1-4 modules

command a pixel module

) 1-4
control unit

optical link& < Zken-h readout chi

signal delays anage

readout chip

special TBM SEU

* SEU causes latching of one out of two cores of the TBM

 latched TBM core stops data output

* reprogramming the TBM does not resolve the problem

* only powercycle recovers the TBM core and thus the ROCs behind

* in 2017: command and control unit used to disable/enable DCDC converter

24 Two Year of the Phase-1 CMS Pixel Detector



The DCDC Story

timeline

 October 5"2017: first DCDC converter stopped working

» extrapolation of failure rate to 2018: no sufficient tracking by mid 2018

 extraction of the detector during YETS 2017/2018

* replacement of all converters with similar version, but bigger fuse (allowing to operate
the converters at a lower input voltage)

* early 2018: reinstalled the detector without managing to break a single converter
outside CMS(!)

nd of 2017

CMS Preliminar BPix Bpl DCDC Map by e . .
N BT characterization of extracted converters
ofd ¢ TN . < <l o > |-V characterization of all extracted
PR D P B converters:

1H BN A * 65 not switching anymore

Layer 1 Layer 4 Layer2 | Layer3 * 333 higher currents in disabled state
S| o B .l. 2 o ol. o o|.mm. * rest (~800) behaves normally

6 d d d d d d d d d d d d d

d d d d d d d d d d d d d v W= R . e

R ' e i, e, e e 1

8 a a a a a a a a a a a a a ‘ G o W\ ;_nl {If'; Eii?!_:{{fg;;:g:ﬁ.pi RAE, LT, M-'. ez

1 2 3 4 5 6 7 8 9 10 11 12 13 i

normal high-current msm broken not measured DCDC number

damage on modules

* sensor leakage currents cannot be drained efficiently if ROC
IS not powered

* damage on the pre-amplifier if HV on/ LV off

* damage proportional to time and sensor leakage current

* 6 (accessible) out of 8 damaged modules in L1 replaced

L1 module

...............
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The DCDC Story

after months of investigation

* chip designers of the FEAST chip found a way to reproduce the breaking symptoms
* once a feedback loop was established, breaking mechanism could be identified quickly

=
“disabled”

i ™y
Increased —

leakage current
after irradiation
(~10nA before
irradiation)

N y,
Y

= 1uA l

Current integration on
the 220nF capacitor:
V33Drincreases !!

figure by Federico Faccio

amplifying

/ current mirror

capacitor
charging up in
the disabled
state causing
voltage spikes
well beyond
3.3V

part providing
current to the
drivers of the
power
transistors

two possible results

* high leakage current
forms new ohmic path to
ground (- high current)

* converter breaks
irreversibly (- broken)

consequences for

operation

* |lower input voltage helps

 stop disabling the output

* what about latched TBM
cores? — enable/disable
output of the power
supply (not DCDC)

no DCDC converter
broke in 2018!
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Layer-1 readout chip crosstalk

crosstalk issue Pixel Barrel Detector
* large crosstalk has been observed N I I R R

> extra hits appear correlated with 0.25 b I,C_MS ]
real hits refiminaty -
June 2018

> effect is highly rate dependent
* higher thresholds needed in order
to operate the chip efficiently
* two main sources of the problem
identified recently
e dominant contribution can be
mitigated by optimized
programming sequence
* better shielding in the ROC
design will further improve the
situation 005

— LYR1

LYR2 good ROCs
— LYR2 damaged ROCs
—— LYR3
— LYR4

Uz

# ROQ@s / tot. ROCs
o
\%]

plans for the future
* crosstalk problem will be addressed in QL v ool 1 L

the next version of the read-out chip 0 1000 5009—4000 5000
* problem will be gone after LS2 electrons

pre-amplifier damage in
2017 during DCDC crisis
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Leakage Currents

observation: strongly varying leakage currents within the same layer

-150 -100 -50 0 50 100 150

Azimuthal angle ¢ [°] miade

-12

LY
w

4DDCMS 2018 Preliminary hypothesis: inhomogeneous cooling?
Ly .||||IIIE|!III|IIIIiI lllllllllllllll
“E& 3 Pixel Barrel Layer 2: challenges:
e V) e ﬁffkkﬁf: - * measured leakage currents always sum of
S.b #ET il 4or8modules inlayer 2
E & : ] * only 2-3 temperature probes along a
D OBOE gy b NI - i“‘hj ___ “od S cooling pipe (covering Ap=90°) |
c . —~ 3 9 * position of the probes not known precisely
g 200 Tfffiffff .... '—71‘—7'777.777 .......... _:7 7|.|_
(& E E CMS 2018  Preliminary p-p collisions
% 1 50 ;__i ............................................................... _JE T _8 OG'
%‘; E - E outlet =2 2
1 E_..: .............................................................. — -E
g1k o 108
50 :'— [ pnsuwe z-end —o— negatwe z-end | Lot g
II|IIII|IIII|IIII1IIII|IIII|IIII|II1 _.ﬂ_.)
o
o)
)
1

13
I

thermal mock-up fully instrumented with
temperature probes ideal tool to
characterize the cooling performance!

temperature probe position

inlet

cooling loop
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Thermal Characterization

1:1 rebuild of layer 2 half-shell with heater modules

Position:
8 1 6 5 s 3 2 1
- A
| | | I | | [ | J
= =i S= =
Facet: 7 () u:lPoﬁj l:lmal 0| || e—Fos7l| E——F0ey l:lPGﬁ:] 7
—— S
| I { |
6 T —— | NP | BT | (ST —— O | PR | LTS = | ] :]'.5*..
— e w e =
5 e [ [ L1 e—rossf|  e——ap0s s L1 sl e——rosf] e—=Poss ]] 5 ”
=
= ]
L ros[EI=E] rows[E = ff rozs = | pos 0= | o2 0= || rOZ6EI= || ropr[EI= || moze =
. |
=i = m=s = ———— ==
—_ 3 poai—n  |lpasc—e  ([frozi—= [{poz—m |leou—s [jpoz—=m [[pin—= |lpoi— 3
| If [l I Il I | | |
i it = |
2 e—=ro3] e=rofl e=rodlf e=rof] e=rod] e=ros] =] e=rod

1 (8 ﬁuusﬂ:zamnal}:: m B | rorBe= froe = | oo E= fros = RD23II=¥1

8 7 6 5 & 3 2 1

adjustable heat load for groups of modules
temperature sensor on top of each module
adjustable preheating on a section of the CO2
pipe in front of the mock-up

PLC and arduino based readout

PCB Temperature
heaters sensors
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Thermal Characterization

E==1>S rack for module
Py power supplies

i,
J

Wiy o ’

fegaall power supplies for
=" preheating section
: =" e

cables for
|| module power

| N

photo by Jory Sonneveld
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Thermal Characterization

* temperature variation:
-15°C - -7°C

* cooler at the outlet

e expected behavior of
CO2 cooling

Azimuthal angle ¢ [°]

prediction of relative factor of
leakage currents based on
detailed measurement in
thermal mock-up

CMS FPreiim inary

CMS Freliminary
80
60

preheating: 30W

— ambient temperature: -15°C

Pixel Barrel Layer 2 Mock-up

BLF] -1y

Module temperature [°C]

60
80:— m % temperature set point; -22.5°C
'—,1..% D, e, | T
0 -10 0 10
Pixel Barrel Layer 2 Mock-up
< 5
1.8 :@*
I 1 T? AE 1 1
leakage current factor = — = — — eXp [ — — = = =
Io Nmodules T# 2kp (T«.; Tr:r)
14 &
1.3

1.2
1.1
1

Benedikt Vormwald (UHH)

20 .
z position [cm]

31

factor 1.8 observed in detector
consistent hypothesis
temperature effect

Two Year of the Phase-1 CMS Pixel Detector



Experience with;CO2 Cooling

> CMS 2018 -8 CO,flow: 1.8g/s
* large temperature gradient observed £, | Preliminary ay6p o -l CO, flow: 2.0g/s
* not expected, but reproduced with o - z :
thermal?l mock-up " 2 o * £ ﬂ'_:}w' EIEQ_E
* very stable and reliable operation E i —8~ | cosmic rays |
during 2017 and 2018 = N
* adjusted (reduced) the flow over the uE} I —A— |
last two years three times to optimize - A —0- 1
the cooling performance 1oL ® |
« thermal mock-up of a part of a layer n m 1
as an inevitable tool in understanding A . —h—
the (counter-intuitive) characteristics 1ok :': :': 4= -
of the cooling - .
—h— _
ial = = = =
L + + -
B = SE _
_16....I....I....I....I....I....I....I
0 50 100 150 200 250 300 350
important lessons learned: o[

« 2-phase CO2 is a very efficient coolant, but it is not easy to warm up the detector if there
IS no heat dissipation from active components

e annealing? safety?

* heating wires should be considered for each CO2 cooled system
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Detector Performance
and
Radiation Effects

AVERAGE

r
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Detector Status; by the end of 2018

ROC / Ladder

ROC / Ladder

-5

Benedikt Vormwald (UHH)

CMS Preliminary 2018

L .

2 3 4

ROC / Module

Layer 2

& 5

ROC / Ladder

w
[=]

ROC / Ladder

CMS Prelimingry 2018

3 4

2
ROC / Module

> power supply granularity factor
3-4 coarser than affected parts
> HV off to avoid HV on/ LV off ;

ROC / Module

34

ROC 7 Module

CMS Preliminary 2018

TR

ROC / Blade

-5

nMHNAEHEHEHEHEARHE A HE :-nz:-.ii:nlnlui.hlhlﬁi i
*-'1|-=:"1 0 p ARRTREAE "-"-.".'rEm.-mml

2 3
ROC / Disk

CMS Preliminary 2018 Ring 2
L — e ] =
& 15
m
8 10
o

-5

FEvEe

ROC / Disk
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Detector Status; by the end of 2018

most problems will
be fixed during LS2!
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Hit Efficiency

Hit Efficiency

—
o
o

0.99

0.98

0.97

0.96

0.95

0.94

0.93

0.92

0.91

0.90

0

E £ _Ir'u-r

CMS Preffmmary 2018

\!_—13 TeV
i T

T

* inefficiency in layer 1 for
luminosities > 1.4e34 cm?s?
and <1e33 cm2s?t understood

 will be further improved in
new version of PROC600

note:
r,(phase-0)=43mm

r,(phase-1)=29mm

2 4 6 8 10 12 14 16 18 2
Instantaneous Luminosity (x10**cm-2s-1)

0

|

phase-1 ROCs exceed
performance of phase-0 by far

|
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Collected Dose In 2017&2018

Delivered Luminosity 2017

Delivered Luminosity 2018
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0
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Date Date

~120fb™?
(end of Run-2) limit for ASICS: 150Mrad

“limit” for sensor: 15-10*4 neq/cm2
| ) 1 3 Run-3: at least 220 fb* more = 15-10* neq/cm2
AYyer £ (r=66mm) 5 5 (layer 1) — 23.4-10 n_J/cm? at the end of

eq
Ulayer3cosnm |08 52 |  Run3without exchange

Iayer 4 (r=160mm) 0.6 2.8
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Monitoring and Prediction of' Radiation Effects

Phase-1 Pixel - Full depletion voltage vs days

CMS Preliminary 2018 ys=13 TeV
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CMS FLUKA study v3.23.1.0

Sim: Vdep vs Day, L1 (z=0cm)

Data: From Cluster Charge, L1 (all 2)
Data: From Cluster Size, L1 (all z)
Sim: Vdep vs Day, L2 (2 = 0 cm) i
Data: From Cluster Charge, L2 (all z) |
Data: From Cluster Size, L2 (all 2)
Sim; Vdep vs Day, L3(z=0cm) i
Data: From Cluster Charge, L3 (all z)
Data: From Cluster Size, L3 (allz)
Sim: Vdep vs Day, L4 (z=0cm)

Data: From Cluster Charge, L4 (all z)
Data: From Cluster Size, L4 (allz)

LJ

CMS 2018 Preliminary

02#071“ 17

01/10A7

01/01/18  02/04/18

02/07/18

02/10/18
Date

* every 1-2 weeks: bias scan on representative subset of modules in order to monitor

radiation effects on sensor
« simulation based on Hamburg-model (effective space charge) to predict evolution
 very valuable tool for detector operation

Benedikt Vormwald (UHH)
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Detector Extraction
and
Scheduled Work
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Detector Extraction 2019

FPix -z extraction (11.01.2019)

.' P-BHPAN-OR-3-5597]

picture: Erik Butz
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Detector Extraction 2019

BPix extraction (15.01.2019)
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Detector Extraction 2019
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picture': Erik Butz
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Detector Extraction 2019
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Plans during LHC Long Shutdoewn 2/ (LS2)

S| LS2 14 TeV
INJECTOR UPGRADE )
TDIS absarber ksl
1T dipole & collimator 'E;ﬁm
Civil Eng. P1-PS5 _\‘
upsrade phass . iz
| ALKCE-LHCh —
upgrads
o pm_ , em™
installation )4 end of life time
general detector maintenance layer 1 replacement
* replace all DC-DC converters with * new version of the TBM
improved version * solves SEU problematic
* fix problematic connections  allows to adjust timing difference
* replace damaged modules in BPix between PROC600/psi46dig
(mostly layer 2) * new version of the ROC
* upgrade power supplies to be able to go  eliminates crosstalk — lower thresholds
to 800V (was 600V) * mitigates sources of inefficiencies

CMS Pixel detector will be in a significantly improved state
at the beginning of LHC Run-3
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Work has started...

disconnected L1 module
cables

unmounted layer 1 (first half)
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Conclusions

 successful commissioning and operation of the CMS phase-1 pixel
detector since 2017

unforeseen extraction at the end of 2017 due to massive DCDC failure

very smooth running in 2018

gathered very valuable experience with key technologies of modern
silicon detectors

significant improvements planned for LS2 to get the detector in the
best possible shape for its remaining lifetime
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Backup
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Timeline of the last two years

first stable beams extraction of
in 2017 first DCDC first part of FPix
installation converter failed
DCDC
commissioning commlssmnlng mvestlgatlons
in the lab in CMS during p-p

20
17

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

: stable data taking in 2018!
extraction of
remaining detector

end of
replacement of all _ LHC
DCDC converters first stable beams Run-2

reinstallation N 2018
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CMS Pixel Detector — Physics Impact

Benedikt Vormwald

= [ - 1
g 1 CMS Simulation Preliminary
s | DeepCSV probib) 1
e .,
510" j
5 cvsb
— -P" j
e 10° "-l"
¢ m
o / o *
10% o :
| 9"
I b ‘* . 1
104! {  Conditions in Run %
: t| at beginning of October -
[ at end of October 1
10,5 1 . L ] - ‘J‘
0 02 04 06 08 1
b-jet efficiency
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LHC Parameters during Run=2

Parameter Design 2018 2017 2016

Energy [TeV] 70
No. of bunches 2808
No. of bunches per train 288
Max. stored energy per beam (MJ) 362
p* [cm] 55
Bunch Population N, [10!!p] 1.15
Typical normalized emittance [pum] 375
Peak luminosity [10% cm2s-] 1.0
Half Crossing Angle [prad] 142.5

https://indico.cern.ch/event/751857/contributions/3259373/attachments/1783143/2910577/belen-Evian2019.pdf
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Pile-up Distribution during Run-2

6000

Kecorded LUMINOSIty (pb ‘/1.UU)

CMS Average Pileup (pp, Vs=13 TeV)

5000}

4000

3000}

2000}

1000}

Benedikt Vormwald

B Runll: <;> = 34
e 2018: <p> =37 |
] 2017: <u;> = 38
1 2016: <u> = 27
I 2015: <p> =13 |
of? (13 TeV) =80.0 mb
10 ) e© 20 o

Mean number of interactions per crossing
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Projected LHC Parameters in Run-3

Parameters at the end of a fill

ROUND OPTICS

Comment

Beam energy [TeV] 7.0 7 TeV is being re-discussed for Run Il
Collisions at IP1/5 & IP2/IP8 2736/2736 & 2250/2376 Possible heat-load limitation not included
Bunch length [ns] 1.0 1.0 ns after ~10 h of SB, then kept constant
Normalized emittance [um] 2.5
B’ [m) at IP1/5 0.28 Telescopic optics
162 (9.4 0peam) VIH

Half X-angle [mrad] at IP1/5

Levelling time @ 2 x 103*Hz/ 0.0->5.0 50> 119 119 Burn off calculated with 110 mb (IR8 included)
cm?[h]
Optimal fill length [h] -=>98 9.8 > 146 14.6 Assuming a turn around time of 4 h
Bunch charge [10'" ppb] 0->0.89 0.89 > 0.97 0.97
B’ [m] at IP2/IP8 10.01.5 10.011.5 10.01.5 B’ @ IP2/8 is kept constant over the full Run
Half X-angle [mrad] at IP2/8 200/250 200/250 200/250 V/H at IP2/8 (V-Xing in IR8 under discussion)
Half || sep. @ IP2 [o.41] 0->1.60" 1.60 > 1.64 1.64 For 1.3 x 1031Hz/cm? & 200-70=130 wrad Xing
0->0.13@ 0.13 > 0.38 0.38 For 2.0 x 1033*Hz/cm? & 250+135=385 rad Xing (worst case)

Half || sep. @ IP8 [o01]

() Lumi levelling at 1. 3 x 1031Hz/cm? in Alice over the full fill length is granted when the intensity ramp up reaches ~2 x 10'° ppb with

2250 collisions/turn

(@ Lumi levelling at 2. 0 x 1033Hz/cm? in LHCb over the full fill length will be granted towards the end of 2021 @ 1.4 x 10! ppb for
negative LHCb polarity assuming 2376 collisions/turn [and earlier for positive polarity, with 115 prad internal crossing, when the intensity

ramp up reaches 1.15 x 10 ppb ].

https://indico.cern.ch/event/751857/contributions/3259414/attachments/1782259/2914150/nkarast_evianRunlll.pdf

Benedikt Vormwald

benedikt.vormwald@cern.ch
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Projected LHC Parameters in Run-3

Intensity ramp up [10"" ppb]

2021
0>14

2022
1.4->1.8

2023
1.8

Round optics (Flat optics)

Optimal fill length [h] - 9.8(10.8) 9.8 (10.8) > 14.6 (16.4) 14.6 (16.4)
B’ [m] at IP1/5 0.28 (0.50/0.15)
Integrated lumi in IR1/5 [fb™"] 18 (19) 97 (102) 106 (110) ™= 411 (421)
B’ [m] at IP2 10,0
Integrated lumi in IR2 [pb] 360 90 90
B" [m] at IP8 15
Integrated lumi in IR8 [fb™] ~ 32 14 14 Ex¢eeds target

(1) Lumi levelling at 1.3 x 103'Hz/cm? in Alice over the full fill length is granted when the bunch population reaches ~2 x

10'° p/b with 2250 collisions/turn

(@) Lumi levelling at 2.0 x 10**Hz/cm? in LHCb over the full fill length is granted when the intensity ramp up reaches 1.4 x

10! ppb (resp. 1.15 x 10! ppb) with 2376 collisions/turn for negative (resp. positive) LHCb polarity. A performance reduction

factor of 50% has been applied accordingly in 2021.

https://indico.cern.ch/event/751857/contributions/3259414/attachments/1782259/2914150/nkarast_evianRunlll.pdf

Benedikt Vormwald
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Detector Status; by the end of 2018

CMS Preliminary 2018 Layer 1 CMS Preliminary 2018 CMS Preliminary 2018 Ring 1
3 o 3
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Detector Status; by the end of 2018
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Monitoring and Prediction of' Radiation Effects

L1: Leakage current per module
Simulation for z = 0 cm, scaled to silicon temperature and multiplied with factor to fit data: x 1.3

1200

< _ CMS FLUKA study v3.23.1.0 CMS 2018 Preliminary _|
c L _
E 1000__ . Leakage current simulation x 1.3 __ ]
‘5 | [:l Temperature spread + 2 K (from laboratory studies) | Ieakage Ccu rrents modehng
Lg): : O nLn:::ale::?;::::’::(iae‘:(ors separated) : ) Impr.eS.SI\ler We” matChIng
g 800 3 ™~ prediction (except a constant
g | factor!)
600l | * assumption: silicon temperature
= - ~-8.5°C
N | * reasonable comparing with data
400— — from thermal mock-up
- |« thermal mock-up again one of the
200 | main ingredients to understand
- - temperatures inside of the
J ) | detector
. ) — * ongoing work: further
S5 . . improvements of the temperature
£lT 10 - - model
gg - 5 . " ot S E
ga T e Dwc B -
- A é got L -
0.5 02/07/17 01/1‘0/17 01/01/18 02/04/18 02/0i7/18 02/10/18
Date
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Residuals/ Resolution
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108 CMS Ppreiiminary 2018 (13 TeV)

Barrel Pixel Layer 2

* Triplet Residuals

—Student-t fit
p,=-0.21£0.02 um
6,=13.29+0.02 um

mean=-0.25+0.03 pm

RMS=21.48+0.02 pm

| Template reconstruction
| Track P, > 12 GeV

35

25

FPix
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1.5

4;Template reconstruction

| J J —
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x1 o® CMS Preliminary 2018 (13 TeV)

Forward Pixel Disk 2
= Triplet Residuals
—single Student-t fit
1.=0.06+0.07 um
6,=11.7440.07 um
mean=0.03+0.09 um
RMS=20.15+0.07 um

- Track P, > 4 GeV

Number of hits / 6.00 um

Number of hits / 4 um

10> CMS Preliminary 2018 (13 TeV)

:T | . Barrel Pixel Layer 2
70 ;Temf ate rfggs\t;uctlon « Triplet Residuals
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%x10° CMS Preliminary 2018 (13 TeV)

Forward Pixel Disk 2

= Triplet Residuals

—single Student-t fit
u=-0.35+0.11um

57Template reconstruction
| Track P > 4 GeV

4- 6,=19.38+0.12 um

i mean=-0.29+0.14 um
o RMS=30.20.10 um
2
[N

13 um (r-o)
30 um (2)

pixel size:
150x100um?

12 pm (xmod),
19 pm (y™)

excellent hit

q A N gk _ resolution
50 -1 50 100 150 00 —2 100 . 200 300
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