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LHC roadmap: according to MTP 2016-2020 B Physics
LS2 starting in 2019 => 24 months + 3 months BC Bl Shutdown
LS3 LHC: starting in 2024 => 30 months + 3 months BC f::r::i‘;;”;’gss'°”'“g
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Challenges

Occupancy Multiple scatters Readout rates
Radiaﬁon damage Vertex identification

Detector rnaterial

PU in jets

Photon conversions -
Track merging

2"d vertex identification .
Efficiency for photons, leptons




Especially important for vertex finding, H—bb,
Pile-Up track removal




Swiss focus phase 2

Upgrade efforts focused on high-occupancy interior of detector

Physics especially important for H—=yy, H—bb, VecBosFus H

~OSF

on inner tracking & ex




Improvements sought

Goals of upgrades

Improv%ed lig King :

Increased tri . Additional tracking layers
= = data bandwidth
it energy threshold
Radiation harder
Tracking extension

Material :
Lighter cooling tubes & coolant
Lighter & smarter mechanical structure & cabling




Physics gain of improvements

ECAL :
Maintain'H =< yyrmass resolution
Maintain photon 5|gnal efﬁuency
Geometrlca ‘

Material :
Less total tracks
Better particle ID due to reduced scatters
Reduced photon conversion
Better impact parameter resolution

Better verte

Better 2" vix (b Jet ¢ jet, T lepton)
More efficiency inlepton ID
Better fake photon rejection




CMS Construction: CH Contributions t/:{

Important management

Superconducting C0|I (S y 7, 1 roles since the 1990s
iz SRR AN P,

E&I center

Crystal EM Calorimeter
76000 PbWO, crystals
ETHZ/PSI

C Detector

Weight: 12’500 t
Diameter: 15 m
Length: 21.6 m

Magnetic field: 3.8 T

14

~ 100M individual &=
detecting elements |88
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Phase | Upgrades < 2018

Silicon Pixel barrel
(PSI, ETHZ, UZH)
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Limitations of Current Pixel System

2010-2011 Collisions Data, ys = 7 TeV
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*Track efficiency drops with Inst. Lumi
* Impact parameter resolution limited by « Layer 1 hit inefficiency
material in forward region  LHC design 1x103* @ 25 ns : 4%

e LHC at 2x103%* @ 50ns : 50%
* Several bottlenecks

- Buffer Space in ROC
- Optical readout of modules
- Front End data rate to event builder
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(To be) upgraded pixel detector rZ

Upgrade Outer rings
n=0 n=0.5 . . /_ 9

n=2.0 -

n=2.5
—Innerrings

[

NN
NI
Current \
0 n=0.5

r]:
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Readout Modifications : ROC

Readout Chip (ROC) function :

e Stores and outputs hit information for pixels
exceeding set threshold within time window

* Address, pulse height, time stamp stored

 ROC changes:

— Increase DC time-stamp- / data-buffers (12 /32 = 24/ 80) PSI46 (ana) ~100
- ROC internal token passage & double buffered (64) readout

— 160 Mbit/sec digital readout for pixel addr. & pulse heights PSl46dig ~200
— ROC level 8-bit ADC for pixel pulse height digitization

— Reduced pixel in-time threshold of <1600e (present 3400¢e) PSl46dig+ (L1) ~500

* Increase data transmission rate (factor x 4)

June 29 2015 CHIPP 2015 13



System parameters : Current & Upgrade

‘&:-*““ ) s/
=
e~ < r

Parameter of Pixel System

# layers (tracking points)

Beam pipe radius (outer)
Innermost layer radius
Outermost layer radius

Pixel size (r-phix z)

In-time pixel threshold

Pixel resolution (r-phi x z)
Cooling

Material budget X/X, (n=0)
Material budget X/X, (n=1.6)
Pixel data readout speed

15t layer module link rate (100%)
Readout chip pixel rate cabability

control & ROC programming
June 29 2015

Present
3
29.8 mm
44 mm
102 mm
100u x 150w
3400 e
13u x 25n
C¢F,, (monophase)
6%

40%
40MHz (analog coded)
13 M pixel/sec
~120 MHz/cm?

TTC & 40MHz I2C
CHIPP 2015

Upgrade
4

22.5mm (LS1)
29.5 mm
160 mm
100w x 150u
1800 e
13u x 25u (or better)
CO, (biphase)
5.5%
20%
400Mb/sec (digital)
52 M pixel/sec
~580 MHz/cm?2

TTC & 40MHz 12C
14



Material budget

=

June 29 2015

Current vs. Upgrade detector
Pixels

] Current Pixel Detector e Upgrade Pixel Detector

Green is current Pixel system
Data points show improvement

CHIPP 2015

From simulation
of radiation
lengths
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Performance in Tracking Efficiency

Tracking efficiency for tt sample with ROC data losses. = pions etc. (hadronic interactions)

_current detector - upgradevd d_etector
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Fake Rate= 6% (n=0, 100PU) Fake Rate= 2% (n=0, 100PU)

Results in significant gain in signal reconstruction efficiency for multi-lepton final states:
H—ZZ —4u +41%
H—Z — 4e +51%
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Improved B-tagging and Vertexing

2E34 cm’ s-1 (<u>“50)

—

; e Ilght jet: Current plxel detector
[~ ° light jet: Phase 1: upgrade detector
—~ 4 c-jet: Current plxel detector '

" c-jet: Phase 1 upgrade detector

LI IIIIII|

c/light Jet Efficiency
%2

b-jet efficiency
~ 1.3x better
@ 102 udsg-rej.

L I[IIIII

upgrade
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Upgrade detector much more robust w.r.t pile up than current one.

Upgrade Pixel @ <p>=50 <> Current Pixel @ <u>=0
- maintain physics capability or better at large PU

—
Q
w

2 b-jets 2 (1.3)?> ~1.69

LI Illllll

10-4 Ll 1

June 29 2015 CHIPP 2015 17



SUSY particle searches with yy+E ™S

* SUSY searches with yy + E;™s5 have little background from SM (Wyy & Zyy small)

 Background dominated from mis-identification of electrons and photons.

* Fake rate of electrons being identified as photons depends crucial on pixel detector

* MC study of fake rate with Z° decays into e*e-

2 C Ipha = 1.79 = 0.04 2 F alpha= 1.82 = 0.04
‘ L alpha = 1.79 = 0. = - = 1.82= 0.
g [ stdGeom. PU=<50> —+= $ [ R3OF12PU=<50> b mean = 95.67 = 0.03
3000~ e‘e sample cb_mean = 95.85 = 0.03 B3500  ge sample cb_mean = 95.87 = 0.
b F cb_sigma = 4.12= 0.03 k] - cb_sigma = 4.10 = 0.03
-§2500:— n=19:02 _§3000:— n= 16202
- ignal = 16560 = 129 F ignal events = 18613 = 136
2 | current soraloveie= 1050- 1 | Soc00f  Upgrade sl evrt
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Conclusion:

fake rate depends crucial
on pixel performance.

current detector 7.0 %
upgrade detector 1.25%

18
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Phase 1 upgrade status



Module Testing and Construction P/;‘

e CH-consortium builds y .m.U =,
L1 and L2 modules (33%) = EET VU I R
— Provide Test Board for whole SN 2

collaboration

* Procedure now in place
for production and
testing

June 29 2015 CHIPP 2015 20



Module qualification: X-ray testing .~ 3

 Tests : VCAL calibration, hit efficiency vs. rate
maps, uniformity — determine module grade

60:— -1% |
- P h—
50?— ) - 4%
of-
30?—
20~
1o
_I L 1 PR T T T T T S SO SO SR NN N S N
| (9.94 0.95 0.96 0.97 0.98 0.99 1
h |} efficiency at 120 MHz/cm2
& : 3 - .
g B ol Pirmin Berger, ETHZ
) e TS ]
‘ : . Ietm S

R

.:I-':.._'

BumpBonding test

June 29 2015 CHIPP 2015
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* “elComandante”

* Full qualification of
modules and
performance

* Analysis code
* Database management

* Run by groups testing
pixel modules in CH,
Germany, ltaly, U.S.

|

‘ ::?lmll";ﬁ]’

Felix Bachmair, ETH

June 29 2015 CHIPP 2015 22



efficiency (%)

Irradiation tests

e Verification of pixel ROC at high irradiation of

phase

1 and beyond

SO ) &Y
NS N =
" Nide — © >
= - = IO N ) b2
. E
P | = layer 2, 500 fb layer 1, 500 fb
o \\\\\\\ 2
- *® | JanHoss, ETHZ
100:I UL .;L TT TTTT TTTT UL TTTT TTTT I:
i e - —
: *."x ] dose (MGy) observation
% Expected layer -, 1 doses the ROC will - excellent performance
94l 2 hit.rate '*% ] actually face in CMS
C "'é. ] 1.1 - need increased digital voltage 2.5 (better 2.6 V) for maximum pulse
92r ‘. ) height coverage
[ |dose . ]
90— o . 2.2 - operate ROC at elevated analog voltage 1.7 V to reach 24 mA
L | * uniradiated . - shaper feedback gets too weak
88:_ 0.5 MGy o] 4.2 - further increase of analog voltage to 1.8 V
8o | * 11 MGy ]
_I 1111 | 1111 | 1111 | 1111 1111 | | 1111 | I_

0 50 100 150 200 250 300 350

June 29 2015

hit rate (MHz/cm?)
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Supply Tube 2

—
L -

Challenge of new BPIX supply
tube:

Current Supply Tube half shell
(completed)

In very limited space (~1cm radial)
have to fit many components :

* DC-DC converters

* Pixel OptoHybrid (POH) & fibers

» Digital OptoHybrid (DOH) & fibers

« Comm. Control Unit (CCU) for
DC-DC/POH/DOH/PLL/delay25

* CO, preheating & ST cooling

Fibers (Data+
- control)

Upgrade CCU-ring
Supply Tube

POH-Board

Concerted design effort by UZH, ETHZ, PSI &
others

Construction & integration at UZH

Many different PCBs to be designed and
functional interplay to be tested.

June 29 2015 CHIPP 2015 24



Cable retainer Protective cover

June 29 2015 CHIPP 2015 25



Power tests of pixel supply tube ;{

r

e Supply Tube electronics has 4 segments

i

Digital voltage drop

o
)

! A 05 A segment
"
: S04
T T / : M B segment
) 0.3
S
g 0.2
DC-DC low voltage ) C segment
. adaptor boards & 01
bus board extension boards P s ! 1
(Segment A) (L) 953893838888 wosegmen
o 0o o0 o0 o0 o0 o0 o0 o0 o0 oo

V1l V2 V3 V4 V5 V6 V7 V8 V9 ‘VlOVll‘VlZ V13

Deborah Pinna, UZH

* Voltages and currents
measured across various

boards

connector board (L3) module load board
(Segment C) (Segment D) (Segment D) e Sufficient margin for

modules verified

module cables

June 29 2015 CHIPP 2015 26



Module readout and control

e Full vertical slice electronics test from module to VME DAQ

UZH Lab slow 12C clock @ 100kHz
1 a [T R R iy . LR 1 EL T T V] —— T LA -
Table-top system Trrererereeererere 400000 (06 {0041 AR 414214411 noc
including all
components of one

BPix sector

Adapter and
connector boards

with tWO modules h /
| /

Total jitter ~1.79 ns

June 29 2015 CHIPP 2015 27



New cooling method to cool detector modules
and Supply Tube electronics

Two-phase cooling uses CO, phase change
* High pressure

* Thin tubes

« Complicated bendings

June 29 2015 CHIPP 2015 28



CO, Cooling Loop Engineering Model

ted t0“2 l\\
’ h extrermie

Complete replica of detector cooling built

P. Robmann, UZH

June 29 2015 CHIPP 2015 29



BPIX thermal duplicate test

Test cooling with real BPIX tubing geometry to verify pressure drop over
each loop and cooling behavior

Measured pressure drops of liquid CO2 through each of the 6 loops
corresponds closely with theory

Next: test pressure drop at -20°C and nominal flow

. Becker, ETHZ

Example of Loop 1
Flow [g/s]

===DP measured [Bar]

=—=DP_Theory [Bar]

temp =-10°C

2-Phase Flow!
(for flows < 2g/s due to impinging

H‘ET

heat form ambient air at room temp)

17:24
17:28
17:33
17:37

<

17:41
17:45
17:50
17:5

17:58
18:02
18:07

18:11
18:19

18:24
18:28

18:15
18:32
18:36
18:41
18:45
18:49
18:53
18:58
19:02
19:06
19:10
19:15



Pixel upgrade management

* Roland Horisberger (PSl)
— manager of phase 1 upgrade

* Andrei Starodumov (ETHZ), Wolfram Erdmann
(PSI)

— Module qualification & organization managers

* Lea Caminada (UZH)
— System electronics/power/control tests manager

June 29 2015 CHIPP 2015 31



June 29 2015

Phase 2 upgrades

<=2017: Phase 1 highest priority
>= 2017 : Phase 2 begins in earnest

CHIPP 2015
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e,

CMS Phase 2 Technical Proposal

* Technical Proposal for phase 2 presented in 2015

 Upgrades:
— Replace inner (pixel) and outer tracker

— Replace endcap calorimeter & barrel calorimeter
electronics

— Add new level 1 track trigger
— Added muon detectors for trigger enhancements
— Improved electronics & triggering

* Ensures physics program up to 2035 (3000 fb™?)
— Precision Higgs
— Search for H—=HH self-coupling
— Rare BSM process searches

June 29 2015 CHIPP 2015 33



Phase || Upgrades

ECAL (ETHZ)
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ECAL Longevity

Crystal Light transmission H—>vyy mass resolution (generator level)
o T L ) L A ~ 10—
U) s .
3 1l CMS ECAL? R
L ] -
(o]
-—
=
(o]
w
101:- ————— - ) - o
- Simulation §
[ 50 GeV e- I
2| |—— 10fb", 5E+33 cm™s™ |
10 F 100 fb™', 1E+34 cm’s™!
- | —— 500 b, 2E+34 cm%s" — ‘;’(‘,g"f’t':_?ge"
1000 fb™', 5E+34 cm?s™ - $
- | ——2000 b, 5E+34 cm?s™! I —_— 15:0%'::"
3000 fb™', 5E+34 cms™! ] 3000 fb™
s | | —— 5000 fb"'
- - - - - - - - - - - - -1 1 " " " " 1 M " M " 1 L L L L 1
101.5 2 2.5 3 10 15 2 25 3
. , "l max(n,,1,)
* Cumulative loss of signal expected, due to hadron damage

to crystals and aging of photo sensors

— Studies pioneered by ETHZ nim A 545 (2005) 67, NIM A 564 (2006) 164, NIM A 622 (2008) 266, NIM A 684 (2012) 57
— Radiation longevity of present electronics is currently being studied

A data validated aging model is implemented in CMS full simulation

— tuning of reconstruction and study of physics performance degradation (including pile-up effects)

=> replace end caps after 500 fb to keep ECAL coverage to n<2.6

29 June 2015 Swiss Involvement in CMS Upgrades 35



ECAL EE Phase Il Upgrade Technology @

e A "Shashlik" sampling calorimeter using scintillating LYSO or CeF; crystals
e Asilicon-based sampling calorimeter ("HGC")

e An extensive review process has taken place during 2014 and 2015

e Similar performance and costs for the two options assessed on paper

e The management’s proposal of choosing the HGC option was accepted in a
vote of the CMS collaboration board (CB). This is the baseline for the
Technical Proposal (TP).

e CB: wish expressed for a discussion on Backup plans.

e engineering challenges for
electronics development and
cooling

e radiation hardness of wavelength
shifters, quality control of
components during construction



ETH contributions for Phase Il Q

“Strawman” layout:

10mm CeFa

/// 3mm Tungsten

sampling calorimeter
Absorber: W or Pb
Scintillator: LYSO or CeF,

Readout: via wavelength-
shifting fibers or capillaries

QQ\/

Challenges: radiation
hardness of all components

R&D at ETHZ:
* CeF,, Ce-doped quartz fibers for wavelength-shifting

Prototype calorimeter cell tests in high-energy electron beams

29 June 2015 Swiss Involvement in CMS Upgrades 37



ETH prototype beam tests

Frascati BTF:
* May 2014
* Low energy: 98 <E_ <491 MeV -

Electron Beam

o 60 I -
c - + @ Data (1x1)
Qo ‘
g 50} > MC (1x1)
§ Z = MC (5x5)
-, 40 *
o : ) -9.7%/ (E [GeV] -
8 -
5 3of B -
-
20 . T — - ,
: -
10}
- W- CeF, Slngle Tower
L 3 " | | )
% 100 200 800 400 500

* Energy resolution: good agreement with Geant4 simulation!

Beam Energy [MeV]

CERN SPS H4 beam:

Energy Resolution [%)]
n w
N (%)) [ o =

-l
(%))

1

0.5

October 2014

ngh energy: 20 < E_ < 150 GeV

Electron Beam

- MC (1x1)
, = MC (5x5)
. S = 9.55%/ \E [GeV]
- C= 0.34%
. .
- R
- . .

W-CeF, Slngle Towor

11 ] I ll
® Data Noise Subtracted

0

0

20 40 60 80 100 120 140 160

Beam Energy [GeV]

* Full-scale calorimeter would allow stochastic term < 10%

29 June 2015

Swiss Involvement in CMS Upgrades

38



ECAL Barrel Electronics also to be replaced

ECAL Trigger

L1A rate abs. max. (120-150) kHz (500 to 1000) kHz
L1A latency 6.4 us (fixed) (10 to 20) us
ECAL ‘spikes’ False triggers mitigate

ECAL ‘spikes’: signals from direct interactions in the APDs, causing false triggers)

Additional question: longevity of the electronics — this is presently studied

Participation in the system design

e Leading contributions to the prototyping, fabrication and testing of
Front-End electronics

Adaptation and remake of the DCS components (as necessary)
Complete integration and testing



Phase Il Upgrades

Inner tracker (PSI, ETHZ, UZH)

e <=2017: Phase 1 highest priority
e >=2017: Phase 2 begins in earnest

2222222222222222222



r [mm]

New Inner tracking model envisioned

Baseline Phase 2 pixel detector in Technical Proposal

0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 16
1200 / /
— 1.8
1000 —— -
— 2.0
800 —— /
2.2
0 [T I I In 24
— — Iy Iy ) Iy ) | 26
o - — ”” ”” ”” ::” ::” | 2.8
 — I I I I I 30
e — [l [l [l [l [ 3.2
200 F— il
— N | | | | | 4.0
0 _I_I | 1 | 1 | 1 1 | 1 | 1 | 1 | | | 1 1 1 | | 1 | 1
o 500 1000 1500 2000 2500 n

Barrel layers Forward disks



New Inner tracking model envisioned

New Phase 2 pixel design Roland Horisberger, PSI

radius

[mm]

400
300
200

100

beam pipe

0 1000 2000 3000 [mm] length

Note: services at fixed eta to reduce material, conical detector mechanics



Pixel ROC for very precise coordinates ’/

Forward jet measurements and pileup removal
with precision dP/P tracking to |n| < 4

— Enables new capabilities for vector boson
fusion Higgs production

VFPIX pixel sensors

* 15um x 400um pixel size

* Requires 8-bit pulse height

» High radiation tolerance

« Achieve 1.5 um position resolution

PSI ROC (w/ 110 nm) may achieve this (whereas other
options envisioned cannot)



Current BPIX detector (1994-2008) , i

« system conception & performance simulation
* ROC development (DMILL & 250nm IBM)

* TBM development

* sensor development & production, testing

* module design & high rate beam testing

* bump-bonding & module production

» module testing & qualification

* mechanics design & production & cooling

» Supply Tube design & production & testing
« electronic control & readout chain & PCB’s
* BPIX assembly & system integration

« pixel installation & PPO planning

 DAQ (FED,FEC) & Power

« commissioning & operations (-2 ongoing)

PSI

X X X X X X

X X X X

UZH ETHZ




Phase | Upgrade BPIX detector (2010-201 g‘/

» system conception & performance simulation

* ROC development (PSi46dig, PSi46digL1 in 250nm IBM)
* TBM development

* sensor qualification & testing

» module design & x-ray high rate testing

* bump-bonding & module production (Layer 1&2)
* module testing & qualification

* mechanics design & production & cooling

* Supply Tube design & production & PCB’ s

» electronic control & readout chain & POH, . ..

* BPIX assembly & system integration

« pixel installation & interaction with IR

* DAQ (FED,FEC) & Power

e commissioning & operations

PSI UZH ETHZ others
X simulation
X
X

X X

X Layer 3&4
X

X (CO,)
X

X X

X X X




Plans for Phase Il Upgrade

"

 Swiss institutions historically committed to pixels = continue this in Phase Il

Capabilities & Strengths:
- ROC design with good analog pulse height resolution ( 8 bit)

- sensor design & testing

- system conception

- Supply Tube & service integration

- module production & testing

- pixel installation & interface to IR & beam pipe issues

Plans :
- build BPIX layers 1-4 ( 57)

- evolve PSl46digL1 ROC with 8-bit pulse height for VFPIX use in 110nm CMOS



Conclusions 9

Phase 1 barrel pixel upgrade on schedule for 2016/2017 Technical
Stop installation

— Phase 1 upgrade benefits from strong Swiss leadership & expertise :
* PSI Readout chip will perform according to expectations
* Pixel modules being assembled and tested
* New cooling technique replica built and verified
* Full vertical electronics & powering test chain developed

* Mechanics under construction

Phase Il upgrades defined and being developed

— Inner and outer tracker to be fully replaced (highest priority of CMS)
* Swiss consortium (UZH, PSI, ETHZ) to build inner barrel detector (modules, detector, Supply Tube)

* Expect a version of PSI ROC to work for outer layer as well as very forward pixel

— Electromagnetic Calorimeter
* ECAL endcap replacement

* ECAL barrel electronics upgrade
CMS-CH intends to continue its vital role in CMS ECAL and Pixel

June 29 2015 CHIPP 2015 47



Backup
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Diamond R&D

Diamond sensors can be operated © =~ 0.98x10" p/em® £~ =
@300 °K nBADC |5 m
150; = 14500 e
— Excellent thermal conductor
—> heat removal
Low leakage current & = 3.26x1015 plem? T
— good signal/noise ratio even at soac = F
2500 =6750 e :wm&,_ j
high radiation dose ~10*> p/cm? =
Planar strip, pad, pixel
and 3D structures tested Planar o
=
,’ }-;1 {
Diamond projects: wom |~ A5

— ATLAS & CMS Beam Conditions Monitor
— CMS Pixel Luminosity Telescope (?)
— ATLAS Diamond Beam Monitor
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Phase Il Physics Program

“CMS at the High-Energy-Frontier”, Input to the Update of the

L PreCiSion Su rvey Of Higgs Sector European Strategy for Particle Physics, CMS-Note 2012/006
_ . Uncertainty (%)
Propertles Coupling 300 fh~! 3000 fb~*
— Study rare decays (eg H—pp @ 50 ) Scenario 1 | Scgagrio 2 | Scenario 1 | Scgaggio 2
K 6.5 5.1 5.4 1.5
— Study (self-) couplings (ie. HH — bbyy) o 5.7 a 45 i s
] Y 11 5.7 7.5 2.7
— Study VV scattering .... ;Z 15 oo 0 o7
. . . K 14 8.7 8.0 3.9
* Precision SM physics . 85 51 54 20
— TOp Factory Scenario 1: systematics as in 2012
Scenario 2: theory syst. scaled by a factor %,
— EWK preCiSion studies, other systematics scaled by 1/vL
* Search for new physics in very e \q | |
rare processes Stopsisbottoms ‘~‘ e
— Characterize any New Physics Squarks/glunos \~* LHC14
discovered during Phase 1 @ 14 TeV 0 1, o, L,

Mass Reach, TeV 6

“Europe’s top priority should be the exploitation of the full potential of the LHC,
including the high-luminosity upgrade of the machine and detectors with a view to collecting

ten times more data than in the initial design, by around 2030. {(...) “
Whitepaper “Update of the European Strategy for Particle Physics”
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