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OUTLINE

¢ Introduction

» CMS Outer Tracker Upgrade
¢ Muon Reconstruction @ HL'T

¢ Projection of Higgs to muon coupling with Phase-2 detector
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WE ARE LIVING IN THE DARK

* Why are there three particle generations?
* What causes the particles to posses their specific masses?

* Why there is only one Higgs bosons? Are there more?

)

=

- Through what mechanism neutrinos acquire mass?

L/

b

- What is the source of CP violation? Where are all the antimatter?
* Does dark matter truly permeate the Universe?

* |Is dark energy a component of the cosmic landscape?
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PRECISION AS A DISCOVERY TOOL

From the past experiences:

j“ Mercury

Uranus anomalous trajectory — Neptune

Mercury perihelion — General Relativity

Z/\W interactions to quark and leptons — Higgs boson.

At times when we have no precise theoretical guidance, we need powerful experimental tools to make
progress.
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LARGE HADRON COLLIDER (HIGH LUMI)

quadrupole quadrupole
Q4 Q4
% quadrupole recombination separation inner quadrupole inner quadrupole separation recombination quadrupole
< Q5 dipole dipole (warm) triplet triplet dipole dipole Q5

- beam Il ATLAS
2

¢ Instantaneous luminosity, ame B* . S —

194 mm | — A == 1 —

/ \N.k'_
beam |

collision point
24 m

O [Increase number of protons in each bunch (N)

" 200 m

O Increase number of bunches (n)

HiLum Y

b LARGE HADRON COLLIDER

© Reduce emittance (€) and f*

LHC HL-LHC

¢ Instantaneous Luminosity than nominal LHC. o Wy,

Dlodes Consolldation

splice consolidation cryolimit ~ LIU Installation . . HL-LHC
7 TeV 8 Tev button collimators inr?eracﬁon ) inner triplet N X
R2E project regions Civll Eng. P1-P5 pilot beam radiation limit installation

T N\ re T N
. . . : N N N A R R R R N I I R
¢ High luminosity LHC will enable us to get a lot more out of LHC B s cus o
e:)xp(:l: n'::z)r;s , HLupg-rade x nominal Lum i

than we have been able to get so far. I e ey
o 001 - EBEA

| INSTALLATION & COMM. | PHYSICS

¢ Look at very rare processes of nature.
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OPPORTUNITIES

* Precise measurements and Constraints within the Standard Model.

* Detailed analysis of the Higgs properties
* Search for new phenomenon in the Higgs sector.

* Search for Long Lived particles
¥ Supersymmetry

* Dark matter

* Heavy resonances

* CKM metrology and QCD spectroscopy.
* Rare decays -> Flavor anomaly

* Precision study of material properties of QCD media.

* Study of HI-like behaviour in the small systems (pp or pA)

6

3 Billion top/exp

Higgs Factory:
150 Million Higgs and 120k HH

Novel approaches, better
detectors: stringent tests of BSM

scenarios

Low-P;/high-P; complementarity

Precise differential measurements

:

CMS /1
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MAIN CHALLENGES

S
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i In Tracker
800
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* lonising Doses of up to 1 Grad (surface damage) 400 S5

200 ==

Fluence [neq/cmz]

1000

500

* Fluences up to 2 x 1076 neq/cm?2 (displacement damage) "

CMS p-p collisions at 7 TeV per beam
i 1 MeV-neutron equivalent fluence in Silicon at 3000 fb'

11111

* Rate up to 3 GHz/cm? ‘Ih Calhor~i'm:c'ers ‘‘‘‘ _
3 e
. o . . . AERIE il 18
Luminosity levelling with up to 200 pp interactions per —_ ..
bunch crossing every 25 ns (40 MHz) 3-4 times current e s
LHC Runs.

* Vertex and track reconstruction algorithms less
discriminating.

* Existing trigger and readout bandwidth constraints
iImply tighter selection requirements to increase purity at
the cost of signal acceptance.

J
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COMPACT MUON SOLENOID (UPGRADE)

: i 750 kHz
Trigger requirements are
driving most of the LI Trigger Rate
electronics upgrades 100 kHz
7.5 kHz

High Level Trigger Rate

NEW
MIP Timing detector

precision timing for
pileup mitigation

NEW
Inner Tracker, coverage

up to |n|= 3.8, reduced
material

e
e

NEW
High-granularity
calorimeter
endcap

J
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THE CMS OUTER TRACKER UPGRADE FOR THE HIGH

LUMINOSITY LHC
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REQUIREMENTS AND SOLUTIONS

)

=

- Capable to deal with hit, track and data rates * Higher granularity (Shorter Strips)
expected for 7.5 x 1034 cm-2s-1

* Radiation hard sensors and low temperature

* Radiation-tolerance up to 2 x 1016 neq/cm? operation.
* Sharper L1 trigger thresholds * Tracker Contribute to the L1 trigger
* Improve track measurement * Reduce material (better low pr track reconstruction)

* Reduce averac);e pitch (better high pr track

HL-LHC: 3000 /6 | reconstruction
........... Z=0cm (barrel): g 5105
10" - == Charged hadrons o & ]\/Iuon
* Neutral hadrons O c
Total = 10 HLT rate
& 10" Z=250cm (end-cap): g
I - == Charged hadrons ;
O + Neutral hadrons O .l : Without Tracker
N 15 Total Q E % TRy, o
o 10 N
o N
c e k") S
D . " R—— (=
=PI A . B M L Ll S S N
L e~ o
T T - -
10" < - Using Tracker
O 10 20 30 40 50 60 70 80 90 100110 E ; ; ; :
1 I 4 0 ! . | | 1 . | | | /| PN N T T TN N N —1
i 10 20 30 40 50 60
Radius (Cm) EJ) p; threshold [GeV/c]
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SILICON MODULES

GND Readout Strips
— I Al
: - 0+
¢ Moderate Band Gap: Eq=1.12 eV
Comparatively lower than for gas detectors 30 eV or for
scintillator 100 eV.
n
¢ High Carrier Yield: Provides better energy resolution and
stronger signals. . e/h-pairs
@ Fast charge collection (<10 ns) .
e e S S Sl +HV Backplane Al
© High Radiation Hardness: Intrinsically resilient to radiation,
extending detector longevity.
¢ Microelectronics Compatibility: Leverages proven industrial y "z
techniques for cost-effective, precise manufacturing. / \/
Donors/acceptors centres Donor (+) Trabping centres
- Change of effective - RN ghp 9 :
doping concentration. Acceptor () \ 7T arge trapping.
N VAR

Generation-recombination centres
- Increase of leakage current.

177
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DESIGN CHOICES

14¢
13- I
12i— |
s "F /
L 9‘§ 10}~
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i8 o f
* Passive material
6? —
5 ! l L ! 1
* Sensor thickness ; ey
Thermal runaway if 1 >-27°C
* Detector longevity
iy - 45,0k ¢ ] 12000 -
/ AS I C powe r CO n S u m ptl O n 23000 { B Float Zone 320um :gg:: - ! :\ 11000 __:: II\:/IZCZZO;(I)DOP
BS # Float Zone 200um 30,0k = ! z | \VI—FZZOON
- i o L . I~ 10000 -
. ; T 18000 N
* Channel denSIty S ~ Empké = 29000 |
-g 13000~ — ¢* = 5 100k %8000—
5 —o 2B _ 7
) 2 u o) plGEV)h S 7000
* Module geometry 2 a0 L
B n-type 600V W p-type 600V 6000
6,0k H O n-type 900V O p-type 900V
3000 | | | | | ( m initial, ® ~2w@RT, A ~20w@RT) L ] 5000
Ay - 0.0E+00 5.0E+14 1.0E+15 1.5E+15 2.0E+15 | | | p(cevsn
» All affecting detector performance B | |
uence(n,,/cm’) ' ’ ’ 5E+1 5E+2 5E+3
Fluence (n, /cm?) Annealing (h@RT) ﬁ

L

Thick sensors stop to deliver more

signal than thin sensors at about ® =
1015 neq/cm2

With large fluence n-type deliver
less signal than p-type or they
are noisy

20 Weeks @RT
p-type sensors continue to deliver
good signal (>8000 e-) even after 2
weeks at RT annealing

Very useful to decrease leakage current during shutdowns

12
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TRIGGER MODULE CONCEPT

* Modules provide p,discrimination in front-end electronics

* New concept:

* Tag high pr;segments locally on the same module

* Contains ALL electronics = full system

* Effective way to have 2 space points in single
mechanics - light weight

4

- Frontend electronics gives Level-1 track finder ‘vectors’
instead of points

* Hybrids with fold-over:

L/

b

- Allow to wire-bond both sensors to the same hybrid

L/

b

- Provide adequate stiffness for wire bonding

4

b

"~ Minimize material

L

=

- Complicated fabrication and delicate part!

high transverse
momentum

EI-
o- ‘—\ B B
ql' o & UL
o —

r

-

Pass

low transverse
momentum

Fail

average number of tracks per
event reaching a layer 25 cm from
the beam axis, covering |n|<2.5,
as a function of a pr threshold:

90-95% below 2 GeV/c

\

° - CMS simulation: 400
superimposed minimum-bias
events per bunch crossing

Front-end hybrid (FEH) — PS module =

(left version)

8 SSA Short Strip ASICs

»
¥
ar®

L
ot

Fold-over to connect

Macro-pixel and strip ASIC

51

Hybrids at the edge of technology

Path of signals
from upper sensor

25 (even channel) Stub
Top wire bond data
Top silicon sensor XA pads _8XCBCASK 1 x CIC ASIC
Foldable fie ‘
{ -<—Carbon fitte stiffeners A‘lhuppon
Bottom silicon sensor \;'Bottom P and cooling
bond pads contact

Path of signals
from lower sensor
(odd channel)
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PS AND 25 MODULES

Low-power GigaBit

DC/DC converter Transceiver (LpGBT)
10V input: lower CERN development for
Concentrator current, lower data transfer
Integrated Circuit (CIC) material at HL-LHC
} . s Aggregates and
y Strlp-strlp (ZS) module serialises the data from

the readout chips \‘

* 2 AC-coupled strip sensors
VTRx+

# 10cm x 10cm (5¢cm long strips, 90um pitch) olectrical-optical
converter
: 5Gb/s optical
* 2 sensor spacings: 1.8mm and 4.0mm Strip sensors readout
~ 2 x 90 cm? active area CMS B Chip (CBC)
A 2 x 1016 strips:  ~ 5cm x 90 yum : nary P
* R>60cm fon 10165:,&: W 90£m Strip sensors readout

* Pixel-strip (PS) module

PS module

A . ~ 2 x 45 cm? active area
»* AC-cou pled stri P Sensor 2 x 960 strips: _~ 2.4 cm x 100 ym
32 x 960 macro-pixels: ~ 1.5 mm x 100 ym
Front-end power ~ 8 W
Sensor power (—20°C) ~ 1.4 W

# 5cm x 10cm (2.5¢cm long strips, 100um pitch)
* Macro-Pixel Subassembly (MaPSA)

* DC-coupled pixel sensor (1.4mm long macro-pixels, 100um pitch)
bump bonded to 16 MPA chips

* 3 sensor spacings: 1.6mm, 2.6mm* and 4.0mm

» R<60cm \
PS-FEH (6 variants)
PS-POH: DC-DC converters e SSA Strip sensor read-out

i

LCMS j

Arnab Purohit, 3rd July 2025, IPHC, Strasbourg




MODULE READOUT

* Front-end (FE) ASIC

» 2S module:

* Strips from both the top and bottom sensor are readout by
the same ASIC, CMS Binary Chips (CBC) (65 nm CMOS

technology)

* 4064 channels to readout

* PS module:

* Macro-Pixel ASICs (MPA), Strip Sensor Array (SSA) ASIC

(both in 66 nm CMOS technology)

% 30720 (pixels) + 1920 (strips) to read out

CIC

|

IpGBT

VTRx+

.

CIC

to the Back-End system

Stub data

* A boxcar is transmitted
from the module
to the DTC over 8 bunch
crossing

* In 320 MHz IpGBT
operating mode, the 2S
(5 e-links) and PS (6 e-
links) can transmit 16
stubs over 8 bunch
crossings, while in 640
MHz IpGBT mode, the PS
can deliver up to 35
stubs.

i ﬂ

L4

Status

Status

BCID

BCID

BCID

Nb Stubs

Nb Stubs

01’

o1’

o1°

A1’

A1l

7 515

s1°

s1*

s1?

1 510

B1?

B1!

B1°

2 211

PS

BX1

Full L1 triggered data «

B15?

B15'

2| z15t

215°

016°

’| A16’

A16°

s16’

4| s16®

S16’

S16'

11 B16°

Status

BCID

BCID

BCID

Nb Stubs

Nb Stubs

01?

o1'

o1°

A1’

Al

A1°

s1’

s1°

s1°

s1*

s1’

s1?

s1'

s1°

B1?

B1!

B1°

21’

z1°

z1'

BX8

BX9

5]
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* The tracker Back-End (BE) system includes two stages:
* Data, Trigger and Control (DTC):
* Track Finder Processor (TFP)
* The DTC supports both the trigger and DAQ systems in CMS.

* For the DAQ, it collects and packets data from Level 1 (L1)-
accepted events.

* DTC facilitates the transfer of L1-accepted events to the High-
Level Trigger (HLT).

* Upon receiving an L1A signal, DTC forwards it to all connected
modules, which then send hit data from the relevant bunch crossing
via a dedicated L1A path.

# Each DTC card handle 72 front-end modules.

MODULE READOUT

ATCA processing cards to be used

216 boards

SERENITY

tracks arrive at L1 Correlator

" . i t,+5
P-p interaction full data triggered i (to* Sus)
@t (t,+ <12.5u5) : l
1
l -------- ¥ DAQ
-
A
T :
3 | [T——— track recf?tr;?:;uctlon & — L1 decision M- ;
FE module g
- - p— L1 Correlator =
DTC Track Finder :
——— stubdata @ 40MHz / /

* L1 accept @ <750kHz

5 16
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TRACKER UPGRADE OVERVIEW

4 Stnp tracker: » Quter tracker:
* = 9.3x108 strip channels (198 m2), Mono-phase * = 200x10° strip channels (200 m2), Mono-phase
cooling. cooling.
* Pixel System: * Tilted geometry.
* = 125x108 pixels (~1.9 m2), Bi-phase CO,cooling. * Pixel Inner Tracker:
* |nnermost Iager at 2.9 cm from beam pipe * = 2x10° pixels (~4.9 m?), Bi-phase CO,cooling.
(occupancy 2 x 10-3)
* Innermost Iager at 2.8 cm from beam pipe
(occupancy X 10
Phase 1 .1200(? = J-k T — strips pi-t-ch 90 umicm \
'E'IZOO(—).IO 0,‘2 9‘4 06 08 /l 0 /1‘2 /1'4 1.6 1000 :— 42M Si-strips in 192m? ” H H H H |18
E ; — 2.0
—1000-- | -8 0 — I | | | -
sod — 170M macro-pixels in 25m? Il Il I I I -
e NS S S N Y NN :::: :::: ::u il ::n —
o | NN i I I Iy I 2
_E-— T A\ NN \\LL\\ \\\ :z IL:Jl ::ll_f_iECh 100 :llm macro-plxe|515mm Stﬁ:pizisy :gg
20p 2G micro-pixels in 4.9m? | 4.0
n
77 - . PR - . - . - . Zimm -
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MATERIAL BUDGET AND MECHANICS

Ay

4

=5

A

R S

4

4

- In front of IT sensors

1.6 - Phase-2 Tracker
I~ CMS Simulation

x/X,
>

b Phase-1 Tracker
= CMS Simulation

X/X,

Inside IT tracking volume

DC-DC converters — fewer cables i 2

Fewer layers

Lighter materials

Optimized service routing — 3D modelling

2S Iadder

CO,bi-phase cooling — thin pipes
Carbon foam layer 3 end
ring pieces

Inclined geometry

pm— 15

=
]
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WORK AT IIP21

At IP2] Lyon, we are In
charge of Producing
and qualifying 24
Dees.

We shall integrate anc
test 12 Dees.

KIT

2000 28
0/0/0/408/880/0

0/1288

0/800

KIT

0/0/0/408/880/0

0/0/0/0/400/0
0/0/0/0/480/0

Q/0/M20/0/696/ 104

0/0/0/0/336/212

DESY*

& x TEDD1 Dee + 8 x TEDD2 Dee
0/0/1120/0/1176/104

0/0/0/408/0/0

Aachen
1000 2S
0/0/0/0/696/104

DESY

0/0/1120/0/696/104

-

DESY

1250 PS
0/0/120/0/0/0

0/7567

0/0/0/0/1192/320

Belgium

US East

1250 PS /1000 2S
0/0/1310/544/356/0

2000 28

1310/ 900

Brussels
0/0/0/0/596/212

0/0/0/0/260/0

0/0/0/0/596/108

0/7567

US East

0/0/1310/544/356/0

LLN

0/0/0/0/596/108

LLN*

8 x TEDO1 Dee + 4 x TEDDZ Dee
0/0/880/0/856/108

12 x TEDD2 Dee
. 0/0/720/0/736/212

IPHC*

Module type list: 1.6 mmPS /26 mmPS/4.0mmPS/1.8 mm2S 5CP /1.8 mm 2S 6CP /4.0 mm 2S
* Integration centers requiring setup for quick module reception tests

50% Ladders

,

0/0/880/0/0/0

0/0/0/544/35/0

0/0/0/544 /356/0

12427900

US Midwest

1250 PS /1000 28
826/126/290/544/356/0

826/126/280/544/356/0

0/0/0/1496/712/0

2S & PS

TBPS

Bari
1000 PS

0/668/292/0/0/0

|
|
|
|
|
ol
=
21
a9
1
|
|
|

Perugia
1000 PS
0/668/292/0/0/0

Niser
2000 2S

0/0/0/748/356/0

0/ 1104

826 /126 /0/0/0/0

FNAL

100% PFlanks
826/126/0/0/0/0

Niser

0/0/0/748/356/0

0/0/0/M04/0/0

TEDD

NCP
2000 2S
0/0/0/748/356/0

0/1104

NCP

0/0/0/748/356/0

0/0/0/1104/0/0

]

0/0/0/1104/0/0

Niser*

50% Ladders
0/0/0/1496/712/0

Pisa
100" Rangs
0/1336/584/0/0/0

Module
Assembly

Module
Burnin

Integration

DESY

Dee Production

Dee Production

Lyon

Dee Integration &
Testing

12 x TEDD2

16 x TEDD1 24 x TEDD2
8 x
TEDD2
8 x 8 x
TEDD1 TEDD1 I TEDD2
DESY Louvain
Dee Integration & Dee Integration &
Testing Testing
8 x TEDD1 8 x TEDD1
8 x TEDD2 4 x TEDD2
[ |
8 x TEDD1 8 x TEDD1
8 x TEDD2 4 x TEDD2
4 x TEDD2
8 x TEDD2
DESY Louvain
Disk & Double-Disk Disk & Double-Disk
Integration Integration
2 x TEDD1 2 x TEDD1
3 x TEDD2 3 x TEDD2
I I
2 x TEDD1 2 x TEDD1
3xTEDD2 3xTEDD2
DESY Louvain

TEDD Assembly

2 x TEDD1
3 x TEDD2

TEDD Assembly

2 x TEDD1
3 x TEDD2
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QUALIFYING DEES (FLAT

e Scanning DEE surface with
a laser for flatness. Take
about 1086 points/surface.

R "pD34-0-102 \

= \
::‘gah:’eigsgz :frz':glgc?lleiiiql an:ﬁﬁoe:‘ hz?tgsm(.::nted Distance Ito 2nd fitted plane after cuts [mm] - Z+
9 P P 50000 A N = 333329 i B - == Tolerance
scan. . Gaussian Fit
: u: -0.02024, 0: 0.12142
DD34_ _‘I 02— — Without fit
Nominal-plane method (default): compute each 40000 O /\ e —
point’s distance to the design plane—but g 0\ g
misalignments can bias results. 0000 i _z _\
------ >
Fitted-plane method (New): fit the best-match plane 209@.,"' § / —\
through the measured data, then calculate point-to- - -1~ ] —K
fitted-plane distances. -----------"""" 10000 § :
) Benefit: removes global tilt, isolating true local § §
. . . 0l — - : '
deviations for an unbiased flathess metric. -100 -075 -050 -025 000 025 050 075 100
20 S

H— '%‘ Arnab Purohit, 3rd July 2025, IPHC, Strasbourg 3




MODULE INTEGRATION & TESTS

 According to the plan, each
module will undergo some
functionality tests upon
reception.

Stage 1: Module test upon Reception

 The reception tests will be done
for each module using module
test benches.

* Once all modules have been v e ,
integrated on a given dee, the dee jage 'af‘g':o‘:“"ig;‘“a \ernenraog
: . : perature
will be subjected to a series of tests
in order to verify that the modules
still perform as expected.

e Module tests at Room
Temperature.

e Dees to be actively cooled

(-1 8°C). Measurement of
module quality (Noise) in
realistic cold environment.

Stage 3: Multi Module test
Inside cold chamber

]

H— %{ Arnab Purohit, 3rd July 2025, IPHC, Strasbourg S




MODULE RECEPTION TEST

Modules will be distributed . To ensure equal testing condition a dedicated :

The OT module test box is an which houses :

To read out an OT module in the test bench it is necessary to connect

We can inject external signals using system.
An is used to in the box. It also :
e Power Supply

High Voltag

a -0 z LY R © [(™
| 7 ¥ ) M/ L/ A /
\ iy - ! \ f \%
|

Arduino

ROHDE&SCHWARZ

ROHDE&SCH AR MP4
SCHWARZ VIP40!
2

78-WR-FMCDIO6ch-2.0-S11.1568

28 Module

22
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DEE INTEGRATION

Cold Room .

To , and validate the
thermal contact between the modules and the dee surface is very
Important.

The

3 -3
.."—“.
< -
-

Temperature and humidity E==_J g . 4 Wc =4 i3
sensors readout with . S R T . mmo

(1) BEENEE 6] BEED “SEEEE
aaaaaaaaaaaaaaaaaaaaa
ssssssssssssss

aaaaaaaaaaaaaaaaaaaaaaaa

iiiiiiii
88 g
SEEEEE BIEEEE '

aaaaaaa
sssssssss

EEEEEEEEEEEEEEEEEEEEEEEEE

88 ggp
L 988 §g
§ e L

J

=
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DETECTOR CONTROL SYSTEM

=D
== 458 INfluxDB

\

-

We need a DCS system to monitor
conditions for Dee cold test, and store
the results, connect to CMS database.

GRAFANA DASHBORARD
P et

A local DCS system has been
designed and developed using loT
(Internet Of Things) data pipe line with
modern open=source tools.

low_voltage Public

ow voltage imerface

® Python ?‘l ‘ G

tracker_dcs_web Public

FastAP! web server for data ingestion

mosauitto

Node-RED

T | 24
i
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DETECTOR CONTROL SYSTEM

A data pipeline consists
of 3 stages

Stage |. Time series Data is
collected from the interfaces.

These services emit to the topics:

/hv/status
[lv/status
[sensor/measurel -
(temp/humidty)
with a J[SON list as payload with
one dictionary element per channel.

@/ Each module in this architecture is deployed as a Docker container.

web_server

O FastAP|

For tabview data ingestion

Status/voltage/ch#
Switch/ch#
Set/voltage/ch

8 HYV interface
£
2 w -
2 £ LV interface
&
é\ -
£
A

Sensor /temperature
Sensor /humidity

MQTT

Env_Sensor

R&S_LV

Broker

Status/voltage/ch#
Switch /ch#
Set/voltage/ch#

interface

Control the Rhode&Schwartz LV
Power Supply

Docker-Stack-configuration

25

|
i

LCMS j
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DETECTOR CONTROL SYSTEM

A data pipeline consists
of 3 stages

Stage |. Time series Data is
collected from the interfaces.

These services emit to the topics:

/hv/status
[lv/status
[sensor/measurel -
(temp/humidty)
with a J[SON list as payload with
one dictionary element per channel.

@/ Each module in this architecture is deployed as a Docker container.

web_server

O FastAP|

For tabview data ingestion

Status/voltage/ch#
Switch/ch#
Set/voltage/ch

8 HYV interface
£
2 w -
2 £ LV interface
&
é\ -
£
A

Sensor /temperature
Sensor /humidity

MQTT

Env_Sensor

R&S_LV

Broker

Status/voltage/ch#
Switch /ch#
Set/voltage/ch#

interface

Control the Rhode&Schwartz LV
Power Supply

Docker-Stack-configuration
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DETECTOR CONTROL SYSTEM

A data pipeline consists
of 3 stages

Stage 3. A Dashboard accesses the
database to Visualise the data

Garafana webserver: Monitoring
dashboard

| @/ Each module in this architecture is deployed as a Docker container.

Time-series database

Gateaway

web_server

O FastAPI

For tabview data ingestion

@ influxdb“

Status/voltage/ch#
Switch/ch#
Set/voltage/ch

Ingests data from the

8 HYV interface
£
2 w -
2 £ LV interface
&
é\‘—
£
p
-

Matt broker into

database
L J

Sensor/temperature
Sensor /humidity

MQTT

Env_Sensor

R&S_LV

Broker

Status/voltage/ch#
Switch /ch#
Set/voltage/ch#

interface

Control the Rhode&Schwartz LV
Power Supply

Docker-Stack-configuration
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DETECTOR CONTROL SYSTEM

A data pipeline consists
of 3 stages

Stage 3. A Dashboard accesses the
database to Visualise the data

Garafana webserver: Monitoring
dashboard

Dummy modules for

@ influxdb Database for R&S_HMP4040 LV channels
S
®

Data Explorer
Data Explorer

& rwn

Sensor temperature

Sensor/ humidity

hannels

Orafana WL

Table view @ Last 5 minutes

Low_Voltage channel Status

Voltage Value (V)

interface
Control the Rhode&Schwartz

Power Supply

Transform 0

£ Query )

Data source InfluxDB-1

b93dcb2aa998

SUBMIT
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DETECTOR CONTROL SYSTEM

A data pipeline consists

of 3 stages

Stage 3. A Dashboard accesses the
database to Visualise the data

Garafana webserver: Monitoring
dashboard

Nod-Red webserver: Labview
equivalent for the slow control and
logic.

Users interact with the architecture
through a Gateway

The Connections to these modules is
secured with TLS (Transport Layer
Security)

Dummy modules for

@/ | Each module in this architecture is deployed as a Docker container.

web_server

O FastAP|

For tabview data ingestion

HV interface
Status/voltage /ch#
Switch/ch#
Set/voltage/ch

LV interface

testing

Sensor /temperature
Sensor/humidity

Env_Sensor

Status/voltage /ch#
Switch /ch#
Set/voltage/ch#

R&S_LV

Gateaway

Ti me-series d a tdbd Se

@ influxdb

y Uratana

Ingests data from the
Matt broker into

ddtdbd.\(‘

<2

Node-RED

interface

Control the Rhode&Schwartz LV
Power Supply

<9

Docker-Stack-configuration
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A data pipeline consists
of 3 stages

Stage 3. A Dashboard accesses the
database to Visualise the data

Garafana webserver: Monitoring
dashboard

Nod-Red webserver: Labview
equivalent for the slow control and
logic.

Users interact with the architecture
through a Gateway

The Connections to these modules is
secured with TLS (Transport Layer
Security)

= HV Modules
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| N arecent exercise a ; moauies on o

a ladder with prototypes of electrical and

Optical services: Lea Stockmeier, TIPP Conference, 2023

1800 - Both Sensors
: ¢ Before integration
*  Prototype power supply for the Phase-2 Tracker with : O ladter L
1600 n ladder, prototype
60 m Iong Cable ¢ After integration

Noise (electrons)

1400 - +
* Module noise shows no significant increase on the + i

K
ladder compared to the measurement before H# ﬁﬁ H} F# h* H} M % %

=
N
o
o

iIntegration 1000 *

8001

* No noise degradation throughout integration test 2 seL % & & B.% & .9 A0 3130
Module
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In a recent exercise at DESY, 13 pre-production
modules (7 2S and 6 PS) were tested. 0

40

* Reception test of all modules (IV and noise)

|
-—-- Before integration

I
I
-~~~ Before integration, cold |
I
i
I
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3 30- :
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* In a recent exercise, 13 pre-production a: 2230 0 KIT-00007 S DoSeg T 7
modules (7 2S and 6 PS) were tested. o - Te-2-kitooo0: B 10 S 1L = 3. ps 40 05 1BA-00002
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* Reception test of all modules (IV and noise)

* Measurements after dee integration (IV and noise) .
Before integration
28 modules g - I _ W Before integration, -35°C
* 1V, o fOr 28 module front end chip = 150 electrons N0 oo

* Total noise about 7*150 = 1050 electrons where

ignal i 12000 elect .
signal is abou electrons PS modules

Noise (Vcwn)

* 1V, ... for PS module front end chips = 250/94 .
electrons 3
* Noise about 2.5*250 / 494 = 625/376 electrons 71 2 3 4

where signal is about 8000 electrons. Module
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MUON TRACK RECONSTRUCTION AT HLT
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TRACK RECONSTRUCTION

W

. Seed Generation:

. Track Selection:

Iterative tracking philosophy

Tracks reconstructed in several iterations of the Combinatorial et
Track Finder — (search of easiest tracks + hits removing) —

Provide Initial track candidates and trajectory parameters. ———g———o—
- Track Finding: N O M
Extrapolate current trajectory parameters to the next layer and find %]

compatible hits and update with Kalman filter.
Continue until there are no more layers or there is more than 1 missing

hit, ==
. Track Fitting: § i; é
Perform a final Kalman or Gaussian sum smoother to obtain the

trajectory parameters at the interaction point.

Particle s parameters

(gp.eta,phi,dzd0)

Final selection and classification of tracks according to quality criteria

39
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MUON RECONSTRUCTION

Muon IterlL3 (v2018)

* The hardware trigger (L1 trigger) uses only the signals
from muon system (DTs, CSCs, RPCs, as well as GEMs
since Run 3).

L1 MUONS 10 (FROML1)

* L2 reconstruction: building trajectories seeded by filtered
L1 muons and using only information from the muon
system. A Kalman filter approach similar to the track

reconstruction in the silicon tracker is used. L2 MUONS Ol (FROML2)

+10 (FromL2)

(pernidde @) ¥3L714 €1

* L3 reconstruction: combine information from muon L
system and tracker. The trajectory building in the tracker is
seeded by either L2 or L1 muons, and the recon- struction

Is performed using the Kalman filter.
Inside-out (IO) from L1 and L2, and outside-in (Ol) from
L2 Muon

-

- 20
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MUON RECONSTRUCTION

4

J

-

]

In the upgraded L1 trigger, muon
system information can be com-
bined with tracks from the L1 track
trigger to improve the momentum
and position resolution of the
muons. These objects are referred
to as L1TkMuons

As the use of tracker information
In the L1 tracker muon implies a
requirement on the muons to
originate at the interaction point,
their use limits the acceptance for
displaced muons. Therefore, both
types of L1 muons will be used in
Phase-2.

=
cu

- 103 lllll I TTTT | TTTT I TTTT I llllllll I TTTT I TT IPILJI ?OTOI $1l4| TelY%
e Muon lterl3 (v2018)
102 = Phase-2 Simulation p-r > 26 GeV -
= - -~ L1TkMuon (RMS=0.023) |
10 - L2 muon (RMS=0.142) - I
E e L3 muon (RMS=0.016) E | I
1 : — — L3 muon + ID (RMS=0.016) —;. l
i il 5 L1 MUONS | 10 (FROML1) '
10 g e 1 ?g |
1072 ; J.g Ill_l}';, _é' : |
10—3 T ._IJ L ‘:_L: o . I 5
? JF LILI -?1__[- e -az ' I E
107 r P llL | E I | 5
. r| ) 7
I il Nk " i H '
1 5L | : , | =
° E'“J i { l. L, Lttt S | o
—05—04—03—02—01 0 01 02 0.3 04 0.5 | Q
(qgen gen qHLT/pHLT) / qgen/pgen L2 MUONS | Ol (FROML2) | %
T T | +10 (FromL2) 3
"2
' |

Outside-in Tracking
L1 Tracker
Muon
= Inside-out Tracking
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THE PRECISE MEASUREMENT OF THE HIGGS BOSON
COUPLING TO MUONS
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HIGGS BOSON PHYSICS

In the last decade, LHC has established couplings of Higgs
boson to gauge bosons (Z/W) and 3rd generation fermions

(t, b and 7) through observation of corresponding decay or
production modes with a significance of 5o or larger.

Thanks to the advent of new machine learning algorithms
and larger computing resources which have helped the
analyzers to extract the signal from the heap of background
and observe the Higgs boson signal in channels which were
never anticipated with only Run 2 data.

All measured properties are compatible with the SM
predictions within their uncertainties but there is still room

for BSM theories.

40
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MOTIVATION FOR H — u u

44%;

The HL-LHC will greatly expand the physics potential of the
LHC, in particular for statistically limited processes.

The enormous dataset from the HL-LHC and the upgraded
CMS detector will allow us to achieve percent level
precision for many Higgs couplings, including the coupling
to muons, which has a branching fraction of only 0.02%.

H — u uchannel provides the first insight into Higgs
couplings to 2nd generation fermions.

# Data collection in Run 3 and at the HL-LHC will be crucial
to achieve observation-level significance.

41

mass - =2.3 MeVicd
charge - 23
n ’ w

=4 8 MaVick

. @ |
down

0.517 MeVic

9

electron

<22 aVict
1]

1z ]))

electron
neutrino

LEPTONS

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run / Event/ LS: 323940 / 44997009 / 65

=1.275 GeVic =173.07 GeVie? 0 =128 GaVic
° - H
9 1 ;
Higgs
0.90 J Higgs
=95 Me\ie?
-1/3 ) 0
. S 1
strange photonJ
T05.7 MeVic? 1.777 GeVic? 91.2 GeVic?
‘ 0 o
}9 Al 0
=
@
n
<0.17 MaVic* <165 MeVio® B8l4 anﬁ 8
0 0 : 1 W
- & . & || T
=
muon tau P
neutrino neutrino C)




ANALYSIS STRATEGY

2 . . . ngmpIetely
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¢ Branching fraction: 0.02%, another order of > & st mode /
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magnitude smaller than the diphoton channel. & ——
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IMPROVE SENSITIVITY USING DEEP NEURAL NETWORIK

Mass Sideband 110 GeV to 150 GeV A Simultaneous fit of DNN in Signal Region and
2016 2017 2018 SideBand for signal strength extraction
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— ggH ~ ggH ~ ggH

Old analysis

Expected significance at my, = 125 GeV 1.810 1.770
Observed significance at my, = 125 GeV 1.720 1.920
Expected significance at m, = 125.38 GeV 1.770 1.760

o= Observed significance at my = 125.38 GeV 2.400 2.500
N
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SINOWMAGSS 2021

*The previous results were used to extrapolate for the integrated luminosity up to L=3000 fb-1.

*Using 2018 datasets (for Run 2, using latest detector conditions) and DELPHES datasets (for HL-LHC) to estimate various extrapolation effects.

Available on the CERN CDS information server CMS PAS FTR-21-006

* Effects taken into account:
CMS Physics Analysis Summary

ATLAS PUB Note \/
AS = CMS PAS Note Pt
5 ATL-PHYS-PUB-2022-018 Contact: cms-phys-conveners-fir@cern.ch 2022/03/15
* Scaling center of mass energy from 13 TeV to 14 TeV. e s o

Prospects for the precise measurement of the Higgs boson

. . properties in the H — uu decay channel at the HL-LHC
Snowmass White Paper Contribution:

* Update the cross-sections of signal and major background channels. Physics with the Phase-2 ATLAS and CMS

The CMS Collaboration
Detectors
The ATLAS and CMS Collaborations Abstract
L] L] L] L]
* Reimplement the event selections for 14 TeV kinematics I s ot o et o e s b s
& The ATLAS and CMS Collaborations actively work on developing the physics program for H- HE channel at the High-Luminosity LHC with an integrated luminosity of up
the High-Luminosity LHC. This d¢ contains short ies of physics contributions to3ab™" ata center-of-mass energy of 14 TeV is presented. The precision is estimated

to the Energy Frontier and to the Rare Processes and Precision Measurements groups of by extrapolating the Run 2 results obtained at a center-of-mass energy of 13 TeV and

X . - 1 . N
Snowmass 2021. The summary is based on the physics potential estimates that were included corresponding to an integrated luminosity of 137 fb . The extrapolation takes into

. w . . " account the increased center-of-mass energy, as well as the changes to the CMS de-
in the CERN Yellow Report “Physics at the HL-LHC, and Perspectives for the HE-LHC”, and tector geometry and performance after the Phase-2 upgrade. The uncertainty on the

also contains a number of recent results. H — pp signal strength and the uncertainty on the coupling modifier K, are found to

4 D ete ct or effe cts (Pha S e_II u p g ra de): decrease by 30-35% with respect to previous projections performed for this search.
* Updated detector acceptance due to extended tracker coverage.
* Improved mup resolution due to upgraded tracker with less material budget than in Run 2. R LS U

(©2022 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

* Normalization scaling not evaluated separately for ggH and VBF categories, because jet kinematics used in categorization are not properly modeled in the
DELPHES datasets.

* Rescale uncertainties based on the estimates of performance achievable in Phase-Il detector and HL-LHC machine.

CMS, | 45
%E Arnab Purohit, 3rd July 2025, IPHC, Strasbourg




RESULTS

¢ Uncertainty treatment: Table 3: Uncertainty on the signal strength modifier p#¥.
Statistical Experimental Theoretical | Total
S il SR YR 2018 9.1% 7.6% 4.8% 12.8%
Statistical uncertainties scaled by 1/\/Z Blifes L s i S |
o YR 2018 9.1% 1.7% 2.7% 9.6%
¢ Two scenarios of Systematic uncertainties: Snowmass || 6.4% 2.0% 2.0% 7.0% v
# Run 2 syst. uncert. (81): all systematic uncertainties are kept Table 4: Uncertainty on the coupling modifier x,,.
constant w.r.t. L Statistical Experimental Theoretical | Total
s1 YR 2018 4.7% 2.7% 3.9% 6.7%
¢ Yellow Report 2018 syst. uncert. (S2): theoretical uncertainties are onowmas |2 o L et | 3 oy
scaled down by a 50%, while experimental systematic uncertainties o SYR 2018 g-;ﬁ" }-5150;" (1)-;0;" g-goﬁ"
are scaled down as 1//L until they reach a defined lower limit. b o e Rl g

3000fb~"(14 TeV) 3000fb~"(14 TeV)

o- 1 -0 i 1 1 T 1 I T U U 1 | J 1 1 1 | 1 T 1 I I I 1 | 1 I 1 1 I 'c' 0.6 [ i I T T I 1 T T I T T T 1 I T T 1 T I 1 T I T I

c | cms g | CMs
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+= 0.8 - S T

(@) s S i

o i > - i
(O]

= . — 04} _ ]
*(7)' 0.6 with HL-LHC syst. uncert. (S2) ] _9 i with HL-LHC syst. uncert. (S2) ]
— L -5~ HL-LHC extrapolation: inclusive }2 i -5~ HL-LHC extrapolation: inclusive i
g F® =~ HL-LHC extrapolation: ggH channel - 0.3+ ~=~ HL-LHC extrapolation: ggH channel —
k) - -5~ HL-LHC extrapolation: VBF channel A i -5~ HL-LHC extrapolation: VBF channel _
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¢ Design of the new CMS Tracker for Phase-2 driven by the inclusion of the Outer Tracker in the 3000fb-"(14 TeV)
decision forming process for the L1 Trigger 8 Toms
8 8- Phase-2 Projection Preliminary i
¢ Highlight of the Inner Tracker is increased granularity and extended acceptance in the forward region  2sf- .
from |h|<3 to 4 3 |
o 4| _
g. :
- : : : : (W
© Most of the components for Inner and Outer Tracking are in production or preproduction phase I with Run 2 syst uncert 81)

A | | | | < e ot |
@ System tests being conducted to validate all the components, powering, read-out and thermal 0500200 600 80010001300
performance of the sub-detectors L [fo"]

® New Muon reconstruction in Phase 2 will increase discovery potential.
¢ Improved analysis techniques used in H—pu search.
¢ Allowed to achieve substantial improvement in the extrapolated measurement precision of y and x, at
the HL-LHC for Snowmass 2021.
¢ Qur results show, that we do not need to wait until the end of HL-LHC to get 5 sigma significance for
H—uu.
— - - 47 <
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SILICON MODULES

GND Readout Strips

¢ Electron-hole-pairs generated by ionizing particles
traversing the silicon are separated by E-field and ‘drift’ to ot
the electrodes

¢ Most probable MIP signal is =22,500 e/h pairs for 300 pm
silicon.

="

A

+HV Backplane Al

Strip-Strip 7%

other trigger primitives

stub failed to generate a stub are sent to L1 Correlator
stubs arrive at DTC
(to+ 1us) . tracks arrive at L1 Correlator
- : . . poTTTmmmmmmmmsssemsmmmmses t,+ 5us
correlation layer P-p interaction full data triggered l i to High Level Trigger fto* Spz)
g = I I @t (to+ <12.5ps) ; l
E — E I | B i :
o 2o : : © ----1e=k DAQ
. 1 ]
— = =[] NI J E .
—LL111 HEEEER HEEEEEEE seed layer -4 : - [—— ) track reconstruction & .
= : stub pre-processing = fitting L1 decision & 5
D ............. E _ g
90 pm FE module ,
v S control L1 Correlator
— DTy Track Findey

=% stub data @ 40MHz

""""""" * L1 accept @ <750kHz
2 ayer S

w1 tracks @ 40MHz

w1 other trigger primitives @ 40MHz
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RADIATION DAMAGE IN SEMICONDUCTOR

® |In semiconductor devices, high-energy particles produce three GND particle Readout Strips
main types of effects [Lint87]:

@ Displacements. These are dislocations of atoms from their
normal sites in the lattice, producing less ordered
structures, with long term effects on semiconductor

properties.
| |
@ Transient ionization. This effect produces electron-hole ' ' - .1:':
pairs; particle detection with semiconductors .based on this +HV ackplane
effect.

¢ Long term ionization. In insulators, the material does not

return to its initial state, if the electrons and holes produced 7 \_/
are fixed, and charged regions are induced. 3ogﬁrs/acceptors centres  Donor (+) / VA Trapping centres
ange of effective E— > Ch :
: : . arge trapping.
doping concentration. Acceptor () \ 7T
N 7 N

Generation-recombination centres
- Increase of leakage current.

HO
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Bl =
=\ L
‘ (N
The simulated samples used in the training are:
e the background samples: ) ) )
g “Signai Rsgion | g 10t 20 Signai Rsgion | S0E “Signai Region.
® DYJetsToLL M-105To160*_.13TeV-madgraphMLM-pythia8 2 b e it |mos S i el i SE e vl e
, , i " £l i e s f = E
e DYJetsToLL M-105Tol60_VBFFilter* 13TeV-madgraphMLM-pythia8 G ‘ uﬁ"’{ : . = G = o
e EWK.LLJJMLL.105-160*_13TeV-madgraph—-herwigx 10, 10 10, Eg
% . : : | | | -
e TT_*_13TeV-powheg-pythia8 (inclusive W decays) | 0 "HiaanE TN 0 WAL g
e the signal sample: | | :
1071 107 10” S3v
' " 04f 089 Kkse10 T 1L T ] & " 04F pabryKs-00 . ‘ H — g w0 i
o VBF _HT OMUMU Ml 2 5 * _1 3 Tev_p OWhe g_pyth 1 a 8 %_zé‘ + = ¢+“3:‘4»7..:* 1. .’ } '[ﬂ%épﬁ - %—zg - *""‘.Iff,ﬁ.:'.“,__’— _":XL*r:*""’““'I"”’T%l E&%é‘:ﬁ %%*" %j tEgEEJ:ES"*“
8_0'46 50 100 150 200 "és;)'w';g?o o 8_0'46‘ 50 100 150 200 ’25:’(’}1’:;'(3;?0 o 8_0'6 50 100 150 2o<‘)° ‘25;?(;. leag?o e
. . ,CMS 2016 35.9fb" (13 TeV) CMS 2017 4151’ (13 TeV) CMS 2018 60.0 fb” (13 TeV)
The variable used in the current setup of the DNN are: S'F Signal Region | - o SICL a Signal Region | - o PP I Signal Region | o
é F M e d=0.09 =ov2) E - . d=0.08 =ov2) E | | L d=0.09 m=ova
o m(uu), Am(upu),; , Am(upu) - the dimuon mass and the relative and absolute mass ' =, §10° 3 5 107 =
resolutions 0. Su ok o ol =u
o m(jj),logm(jj) - the dijet mass and its logarithm | o e | e | g
(pT) '-1 %_; — - 2 —) 7:§R8§:"" '-1%_;' T - 7E§R8§w°"" '-1%_1. Y% 7§§RU
e A7(jj) - the pseudorapidity difference between the 2 selected jets L R T m w w oW s T e W ww a
° Ng"ft - # soft jet with pr > 5 GeV Figure 7.3: Leading (top) and subleading muon (bottom) transverse momentum distributions after the
e min; Ay (4, j) - the minimum pseudorapidity difference between a jet and the dimuon event selection in Signal Region for 2016 (left), 2017 (center) and 2018 (right).
system
o pr(up) ,logpr(uu), n(uu) - dimuon 4-vector components
o pr(j1), Pr(j2), 1(j1), 1(j2), ¢(j1), ¢(j2) - jets’ 4-vectors components
e 991(j1), 981(j,) - the the quark-gluon likelihood discriminators for the selected jets.
The first three variables are the ones used by the network (4) as shown in figure 7.13, while the
1

-
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DNN INPUT VARIABLES
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Figure 7.6: Leading and subleading jets transverse momentum distributions after the event selection
in Signal Region for 2016 (left), 2017 (center) and 2018 (right).
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Figure 7.4: Transverse momentum distribution of the dimuon system after the event selection in
Signal Region for 2016 (left), 2017 (center) and 2018 (right).
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DNN INPUT VARIABLES

CMS 2016 35.91b" (13 TeV) CMS 2017 41.51b" (13 TeV) CMS 2018 60.0 fb" (13 TeV)
= : Signal Region |+ g - i Signal Region = .« g - f Signal Region =+ s
7.2.3 Other relevant variables z Reglo S [ - o z | iy
£ e ) e 8 T
. . [~ . Top [ = . Top c I Top
The “Zeppenfeld” variables y*(H) and z*(H) are defined by . w0 mc ==
10 = 10 = =
= =" =
. VBF H x20 VBF H x20 VBF H x20
* 09 H x20 09 Hx20 00 Hx20
* _ Y1+ Y * _ y*(H) ' o : e e
v (H) =y = 20V o (H) =
2 [ Y1 =92 | gy o
;-) 8; X944 KSe027 4l 4 éig §§wn ; g;.z'ﬂ 4 ‘Ks-ooz L ,:, jgggé’wn :) vvvvv jég LJ:
where y; and y, are the rapidity of the two selected jets and yyy is the one of the dimuon system. 7 . Al s S— L = | SS—— S— R

The variables z*(H) results in | z*(H) |< 0.5 for events where the H is located in the rapidity o) oot} - | o)

: . Figure 7.9: Distributions of the “Zeppenfeld” variable z*( H) after the event selection in Signal Region
ning of the two jets. 5 PP gnal Reg

Openiig Of Hhe tWO Jets for 2016 (left), 2017 (center) and 2018 (right).

Figure 7.9 shows z*(H) after the event selection in Signal region for all the years.

The uujj transverse momentum balance R(p) is defined by

— [ e — CMS 2016 359" (13 TeV) CMS 2017 415" (13 TeV) CMS 2018 60.0 fo' (13 TeV)
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b . VBF H B VBF H
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Figure 7.10 shows R(pr) after the event selection in Signal region for all the years. 10 ¥ 0 =2
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VH x20 VH x20
1tH x20 1t x20
n 1 PS Down PS Down
v— 80«" v v S ’ :’RU PRU
Y 0.4fp = ' 1 JER v 0.4, " i+ | T I E 0.4 ! ~ E
O e e b Pty LHEESS Down € O A A LHEEE D € O LA A, LS Down
3—0‘2' * + + - 1471 LHER'H&WI\ 5—0.2‘ * LHERM 3—0‘2:. — 4 LHERM
a-04———————————t tHERenUp 8- 0at——————————— — thERen Up st 1 tHERen bp
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Rpt Rpt Rpt

Figure 7.10: Distributions of the transverse momentum balance R (pr) after the event selection in Signal
Region for 2016 (left), 2017 (center) and 2018 (right).
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DNN INPUT VARIABLES
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Figure 7.7: Leading and subleading jets pseudorapidity distribution after the event selection in Signal
Region for 2016 (left), 2017 (center) and 2018 (right).
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RESULTS

Process Run 2 yield HL-LHC yield Change

Drell-Yan (MG) 720623 900825 +25.0%

Backgrounds TTJets Dilepton 62585 87592 +40.0%
EWK Z — 1] 1439 1865 +29.6%

Total background 784647 990282 +26.2%

Tl i ggH 383 477 +24.5%
(il e VBF 30.7 37.8 +23.1%

¢ Uncertainty treatment:

® Statistical uncertainties scaled by 1/4/L

@ Two scenarios of Systematic uncertainties:

® Run 2 syst. uncert. (S1): all systematic uncertainties are kept
constant w.r.t. L

® Yellow Report 2018 syst. uncert. (S2): theoretical uncertainties are
scaled down by a 50%, while experimental systematic uncertainties

are scaled down as 1/V/L until they reach a defined lower limit.

56

Source of uncertainty Scenario 1 Scenario 2
(Run 2 syst.) (YR18 syst.)
Jet energy scale 5-6% 1/5-1/2
Jet energy resolution 2-3% 3-5%
u ID, isolation, trigger 0.1-7.0% 0.5%
electron ID, isolation, trigger 0.1-0.5% 0.5%
b-tagging efficiency 5% 1%
L1 prefiring correction 20% 4%
Theory 9.4% 1/2
Integrated Luminosity 2.5% 1%
Limited number of MC events | Barlow-Beeston method -

Table 5.7: Comparison between different uncertainty scaling scenarios
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EMITTANCE AND BETA”

¢ A «Coupling strength modifier (k) is defined as I'\uu)/
(T_SMAp) ).
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