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Precision measurements of Higgs
couplings: gauge, Yukawa, and self

Higgs as a probe of physics beyond
the Standard Model (BSM)

Precision studies of electroweak
symmetry via multiboson

Interactions or W mass
measurement

Rare BSM physics
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Why the HL-LHC?

LHC HL-LHC
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energy
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HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY €¢ PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |||| PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS
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Challenges of the HL-LHC collision environment

CERN-LHCC-2017-009

I | I
1000

I | I
1500

I | I
2000

I | I
2500

z [mm]

Baseline

Stretch

I_inst (CI"n'2 s-1)

5 x 1034

7.5 x 1034

I_int (fb'I)

3000

4000

Avg. pileup (PU)

140

200

Fluence™ (neg/CmM?2)

~2 x 1016 max

~2.5 x 1016 max

Dose* (MGy)

~12 max

~15 max

R. Yohay

*In CMS, similar for ATLAS
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CMS p-p collisions at 7 TeV per beam
1 MeV neutron equwalent ﬂuence in Silicon at 3000 fb™
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https://cds.cern.ch/record/2272264
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http://cds.cern.ch/record/2293646?ln=en
https://cds.cern.ch/record/2272264

Challenges of the HL-LHC collision environment

o <PU> = 140-200 pp interactions per 25 ns bunch crossing (BX)
e \ertex and track reconstruction algorithms less discriminating

o EXxisting trigger and readout bandwidth constraints imply tighter selection
requirements to increase purity at the cost of signal acceptance
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CMS Phase | Simulation

CERN-LHCC-2015-010
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e Accelerated aging in the general purpose detectors

"Prompt, unconvertefd photons (H—yy)

o
\S)

e Detector materials need to withstand another
order of magnitude in dose and fluence
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e Need to maintain optically transparent materials
(e.g. scintillators)
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CERN-LHCC-2020-007 e Fast, high throughput DAQ and trigger
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e Higher channel granularity to reduce occupancy



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2020-007/
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o oo 1 0010 R e 1 E e More radiation-hard detector materials in the most critical
i 61 ]8 locations: trackers, near the beam spot; and endcap
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e Thinning of silicon sensors and cooling to around -30°C
to reduce leakage current and signal loss
] Voltage (V)
o saumom R, 2 e Mechanics to allow for future detector replacements
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https://cds.cern.ch/record/2272264
https://iopscience.iop.org/article/10.1088/1748-0221/16/07/P07022

Highlights of the HL-LHC detector upgrades

Higher trigger accept rate

and higher throughput DAQ Upgraded barrel
electromagnetic

calorimeter
electronics

improved muon coverage new and upgraded forward
and luminosity detectors

trigger and DAQ
increased readout rates

Improved muon
coverage

\ New particle flow \ 4
(PF) endcap ‘ \
' calorimeter \ K
. ITk — the new all-Si tracker \ &
il (e e New silicon tracker 3 /NN

Timing Detector (HGTD) ; ,
with track trigger J. Phys.: Conf. Ser. 513 (2014) 022032

https://cerncourier.com/a/a-new-atlas-for-the-high-luminosity-era/

R. Yohay Aspen Winter Conference 26 March 2024 10


https://cerncourier.com/a/a-new-atlas-for-the-high-luminosity-era/'
https://iopscience.iop.org/article/10.1088/1742-6596/513/2/022032

CMS-DP-2022/045
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Test beam 300 GeV pion ‘

Beam direction
—>

CE-H

After Linking

Simulated single pion demonstrating
reconstruction algorithm
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,

w.
-~
"
>

AHCAL

CMS-DP-2022/022

Adapts CALICE developments for ete-
to use PF to reject PU and maintain
good energy resolution for forward jets
from vector boson scattering (VBS)

Requires fine granularity to link the
shower back to the original charged
candidate of the jet



https://cmsdpgplots.web.cern.ch/#/hgcal/CMS-DP-2022_022
https://cmsdpgplots.web.cern.ch/#/hgcal/CMS-DP-2022_045

CMS HGCAL

Simulated MIP S/N after 3000
fb-1 SiPM+scintillator aging

Active Elements:

* Hexagonal modules based on Si sensors in CE-E
and high-radiation regions of CE-H

e “Cassettes”: multiple modules mounted on
cooling plates with electronics and absorbers

* Scintillating tiles with on-tile SiPM readout
in low-radiation regions of CE-H

(o)
1

MIP S/N at 3000 fb

Scinti

Use scintillator ek
(cheap)

Key Parameters:

Coverage: 1.5< |n|<3.0

~215 tonnes per endcap

Full system maintained at -30°C
~620m2 Si sensors in ~26000 modules
~6M Si channels, 0.6 or 1.2cm? cell size
~370m? of scintillators in ~3700 boards
~240k scint. channels, 4-30cm? cell size
Power at end of HL-LHC:

~125 kW per endcap

Use Si

(expensive)

< I > V' 3600 3800 4000 4200 4400 4600 4800 5000
| z [mm]

Electromagnetic calorimeter (CE-E): Si, Cu & CuW & Pb absorbers, 26 layers, 27.7 X5 & ~1.5A
Hadronic calorimeter (CE-H): Si & scintillator, steel absorbers, 21 layers, ~8.5A

R. Yohay Aspen Winter Conference 26 March 2024 12
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CMS HGCAL

Readout “hexaboard”
Signal digitization, trigger ;
primitive formation
Stepped through-holes
for wirebonding

CE-H insertion test

Sensor

Kapton insulation

Also carrying sensor
backside bias

Prototype with irradiated SiPMs

Baseplate

Connection to cooling plate
Part of absorber

PM MEO Envelopes
Polyethylene Moderator

Support Wedges

HGCal
Thermal Screen

e Sensor and tile production underway

e Module production to begin late 2024

R. Yohay Aspen Winter Conference 26 March 2024 13



e MIP time resolution 30 (start) - 70 (end) ps

e 24 <Inl<4.0toimprove track z resolution
In the forward region

e Doubles as a luminometer (target 1%

uncertai nty) e CERN-LHCC-2020-007 CERN-LHCC-2020-007
& 3.5 e e — 10°E
€ :I |ATb4éSimuI|ation | | | E 7 E ATLAS Simulation
L, 3[ e Total ] fo - Single u, ITk Layout, 50 x 50 um?, analogue clustering
Lo - x Neutrons 1 N —
. . — "+ Other 1 © 4
® |nner rings designed to be replaceable s o5 , E I -
c - o - —&—p_=10GeV _._-I-‘.'
T o *~ w - I ==
8 - . 2, . .o.. 1 03 - = e )
: : : : B T A N, - : -
e 350-550 V operating bias to achieve high g5 <™=y %, o] F s
B w ¥x A-A-A
' : & 9 % * 1 AP g, = " a
S/N but avoid destructive breakdown O e
= 0.5- g “y Wouy - . A-AA
N OO SOt AT B, s - R TR I B
10 20 30 40 50 60 70 ' ' ' true track b
Radius [cm]
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ATLAS HGTD

Depletion
Region

Best S/N ratio — |

Avalanche
Region

p-type Bulk

£00-0¢0c-O0HT-Nd3D

e | ow-gain avalanche detectors (LGADSs)
e Reverse-biased silicon diodes with internal gain

e 50 um thickness with gain ~ 10

e Engineered to maximize time resolution by minimizing jitter (sharp rise time from

internal gain) and Landau noise (thin sensor)

e Design frozen and already in pre-production

¢ 54-module demonstrators under construction, first tests underway

e ALTIROCS front end readout chip in its last prototyping round

Noise floor, gain independent b iy,

N. Cartiglia, TREDI2015

R. Yohay

|
10 100

opt

I
1000

Gain

....,‘."' '(.....

S. Terzo, VERTEX2023
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2020-007/
https://agenda.infn.it/event/35597/timetable/?view=standard#73-design-and-construction-of
https://indico.cern.ch/event/351695/timetable/?view=standard#23-issues-in-the-design-of-ult

D. Spitzbart, LLWI2024

e |nl <3, different from ATLAS HGTD

- D. Spitzbart, LLWI2024

e Motivations

e PU rejection and its impact on vertex
association and isolation in many scenarios

HPK2
16x16 array

Type 3

2.40 mm thick Type 2
3.00 mm thick e . ] ] ) ) .
375 o tic e Delayed BSM, time-of-flight discrimination of
5 5 exotic heavy stable charged particles (HSCPs)
;gALICE > LHCDb >
CERN-LHCC-2019-003 OMS Phase-2 . . .
3l 2lls wk |3 C VK separation for heavy ion physics
4 = = = = IZ '%-
3'_2,5 ; ao’"‘lin”, % E Technology LYSO crystal bars with SiPM readout LGADs
= S S nl <1.45 1.6-3.0
N Surface area (m?2) ~38 ~14
No. channels 332k ~8.5M
m;d E Fluence at 4 ab-! (neg/CM?2) 2 x 1014 2 x 1015 max



https://indico.cern.ch/event/1205625/timetable/?view=standard#395-precision-timing-with-the
https://indico.cern.ch/event/1205625/timetable/?view=standard#395-precision-timing-with-the
https://cds.cern.ch/record/2667167?ln=en
https://cds.cern.ch/record/2667167?ln=en
https://indico.cern.ch/event/1205625/timetable/?view=standard#395-precision-timing-with-the

Time resolution [ps]

R. Yohay

e LYSO+SiPM time resolution better than 70 ps till end of life

e BTL readout chip (TOFHIR2) contribution ~13 ps

e | GAD time resolution better than 50 ps at end of life with 600 V bias

—

—

(limit of safe operation)

e ETL readout chip (ETROC) contribution <40 ps

CERN-LHCC-2019-003

N
o

o
o

80—

Total time resolution

- T=-30°C
Photostatistics e
—— DCR noise :
o - )
Electronics TL __________________________
—— Digitization :

—— Clock

I500 1000 1500 2000 2500 3000 3500 41000
Integrated Luminosity [fb ]

100 |

CMS Phase-2 Preliminanp . Sp|tzbart LLWI2024

—a— Typel + annealing at 60 °C: 25 um
—e— Type2 + annealing at 60 °C: 25 um
—»— Type2 + annealing at 60 °C: 20 um

BTL :

0 500 1000 1500 2000 2500 3000 3500 4000
Integrated luminosity [fb ]
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DCKH at 1 V |GHz|
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ATLAS Inner Tracker (ITk)

ATLAS-PHYS-PUB-2021-024

_I T T T I T T .I T I T I. T T | T T I' T .l T T T
—ATLAS Simulation Preliminary
" ITk Layout: 23-00-03

ARRR A R0

T | T T T T

g
o

Illllll\III|III|III|III\III|I

=

-3

| | | | |
3000 3500

Mixed silicon/transition-radiation tracker
replaced with all-silicon tracker

Inl <4, same as CMS, with at least 9 hits
per track to facilitate VBS jet identification

Tilt of some endcap pixel sensors to
improve track finding and reduce multiple
scattering

Layers O and 1 to be replaced after 2000
fbo-1; layers 3-5 survive to 4000 fb-

CO2 cooling, serial powering in pixel
detector, and carbon fiber structures to
minimize mass

Aspen Winter Conference 26 March 2024 18


https://indico.cern.ch/event/1184921/contributions/5574638/
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e Common CMS-ATLAS RD53 pixel readout
chip in 65 nm technology

Planars

e 3D pixel sensors in “layer 0” for extreme
SRS A AR ——— = radiation hardness

100 or 150 um

—h
® © O
S © S
|
|

N
o
|

o Trrmw |2 Shorter drift time = more charge

= oS —m— SCC3- d=upto1.9-06=0° |_—
= —e— SCC5- d=upto1.9- 6=0° |
oo ) -~~~ Efficiency 97% —]

B R collected before trapping = higher S/N

m i 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 W

Outer Barrel Outer Endcaps 20 40 60 80 100 120 140 160
1008090 100 110 120 130 140 150 160

50 um
S. Passaggio, HSTD13

o
S
'l

Average efficiency [%]

o1
o
|

150um planar

- N e e T e Good performance up to 1.9 x 1016 neg/
/i/n=3.o:§ Cm2
st, 50xé0em% :g
1L »\ e Sensors production ongoing, other module
e fsc0. WML w000 oo components in pre-production, with

25x100um? z [mm Inner

s. Passaggio, HSTD13 System planned completion 2027



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/ITK-2022-005/
https://indico.cern.ch/event/1184921/contributions/5574639/
https://indico.cern.ch/event/1184921/contributions/5574639/

CMS tracker

CERN-LHCC-2017-009

1.2 1.4

16

_ 1.8

_ 20

2.2

24

26

2.8
—3.0

e 3D sensors In pixel layer 1, planar sensors
elsewhere, as for ATLAS

7 [mm]

e Tilted barrel section, like ATLAS, to
minimize material and increase stub
efficiency at high n

e Successful module prototyping will soon
lead to pre-series orders

e Sensor production (long lead time) well
underway

R. Yohay Aspen Winter Conference 26 March 2024 20


https://cds.cern.ch/record/2272264
https://indico.cern.ch/event/1184921/contributions/5596419/
https://indico.cern.ch/event/1184921/contributions/5596419/

e |evel-1 track trigger to enable vertex finding,

particle flow, and pileup reduction at the 40 MHz

Interaction rate

e Double sided modules with tight tolerance on

misalignment

e Carbon fiber (CF) reinforced polymer stiffeners

with good thermal conductivity
e AI-CF spacers

e Binary strip readout, digitized pixel analog
readout for better sensitivity to HSCPs
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Upgrades to calorimeter and muon system
front end electronics to be compatible with

high rate trigger

Goal of keeping physics object pr
thresholds the same as currently

Ability to use ML and PF in FPGA trigger

boards

Modern heterogeneous computing farms for

software triggers

Scouting for trigger monitoring and real-time «

analysis
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Phase-2 trigger project

CERN-LHCC-2020-004

CMS Simulation Preliminary ~ 14 TeV, 200 PU
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2022-004/
https://cds.cern.ch/record/2714892?ln=en
https://pos.sissa.it/414/962/pdf

e The HL-LHC will measure the Higgs couplings and details of electroweak
symmetry breaking not currently accessible

e o collect ~10 times more data than the LHC in about the same wall clock
time, significant detector upgrades are necessary to

o Effectively trigger on electroweak processes

e Survive the radiation environment

e Enormous progress has been made to design, prototype, and construct
detectors that meet these challenges
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CMS MTD

BTL: LYSO bars + SiPM readout:

« TK/ECAL interface: |n| < 1.45
Inner radius: 1148 mm (40 mm thick)
Length: £2.6 m along z
Surface ~38 m?; 332k channels
Fluence at 4 ab™': 2x10™ n,,/cm?

ETL: Si with internal gain (LGAD):
* Onthe CE nose: 1.6 <|n| < 3.0
Radius: 315 <R <1200 mm
Position in z: £3.0 m (45 mm thick)
Surface ~14 m?; ~8.5M channels e
Fluence at 4 ab™": up to 2x10™n, /cm? z
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CERN-LHCC-2019-003
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https://cds.cern.ch/record/2667167?ln=en

R. Yohay

|/O nodes
Local processing
Transient short

term storage

STS

sLS(calo)

HPC Interconnect(s)
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Distributed (global) processing
Medium-term storage (xDB)
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https://cds.cern.ch/record/2714892?ln=en

L HCb upgrades

LHCb-DP-2022-002

Side View HCAL

ECAL

Magnet SciFi ~ RICH2 M2 i
Tracker —
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-DP-2022-002.html

L HCb upgrades

e Upgrade to handle increased luminosity in Run 3 e,
already active CALIBRATloN
l 4 TB/s T .
30 MHz non-empty pp
. . y
[I;ETAE;;SE = | s seecrions _> BUFFER
| . 4 (GPU HLT1) 70-200 %
* Triggerless system (no L1 hardware trigger, only Te/s Ge/s l B < &B/‘
GPU/CPU event builder and high level trigger) e & /
taken from the LHCb RECONSTRUCTION 26%
Upgrade Trigger and Online TDR [ 8C(2ELSECTL:(§NSO J ? FUL/LS 65395
e Real-time analysis: alignment and calibration applied Upgrade Computing Model TOR ——— cens
at the HLT such that HLT objects are “offline” quality . PRO‘;T,‘ELTYSZS&
| EVENTS Gé/s USER ANALYSIS

e Triggers must be highly analysis specific to reduce
enormous background of events with loosely
identified B hadrons

LHCb-DP-2022-002

e (CO:2 silicon microchannel cooling for the VELO which
operates inside the beampipe (under vacuum) about 5
mm from the beamline
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https://cds.cern.ch/record/2730181
https://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-DP-2022-002.html

