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S/(S+B) weighted events / GeV

Atlas/CMS: Designed for Higgs Boson Discovery
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Atlas/CMS: Designed for Higgs Boson Discovery
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Liquid Argon Calorimeter

Muon Detectors Tile Calorimeter

What tells us it’s the right
choice??
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Solenoidal Magnet

Fine-grained
Calorimeters

Toroid Magnets  Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker

Main Tracking
Detector

Forward
Region

12.8 m

Return Yoke

with Muon ID detectors

Vertex Detector
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Higgs Potential/Self-Coupling/Non-Minimal Coupling

r- Vig) Non-Minimal Coupling /
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Probing Higgs at Loop-Level

€

Design detector/physics program to

achieve/exceed ~0.2% on HZ production
at 240 GeV for >5 ¢ HHH self-coupling
evidence (compare to Ap measurement at LEP1) _

P. Azzurri et al. Special Study FCC-ee (arXiv:2106.15438)
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Recoil Mass Analysis from LEP

Events/10 GeV

18 _
16 £ a) + OPALdata V5=183-209 GeV - e
14 ;— [ 1 4 fermion ZO + - e .
12 ;— [ 2 fermion —ee i Z +
0 F m =70 GeV 7 e
3 ;_ %
6 ;_ — =
4 — —— —— E +
oo s L] e
0:L|J4=.=...—|j:_:...l;|...ﬁ—:ﬁﬁ-l- L
-60 -40 =20 Om 20 dO V 60 80 100 120
J”ec( € ,) m,.. (GeV) \s=183-209 GeV
_ = 14 [ 4 fermion Z() ofis o —4—
_ L; 12 1 2 fermion —pu
'E 10 ----- m =70 GeV
% =P
> 8 g
+ :
Z Z u H 6 :----l
4 —— "'-——-1: ——
+ 0 PR ROVOR s e s i T O s s O I 11 | [ mfl—n—-—r-‘
e -60 40 20 0 20 40 60 80 100 120
m reC(GeV) m,.. (Gew



Studies on Z[J €€ Recoil Mass

ete~—— HZ with Z —ete~or phy

FCC-ee Simulation (Delphes) CMS Simulation
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Detector Limitation:
Lack of separation of Z from ZZ with H from ZH, even when computing recoil from Z Il
Statistical power/Systematics: L. and Z[ljj recoil and lumi systematics ’




Summary Table of Energy Resolutions

https://arxiv.org/abs/2109.00391

Detector technology
(ECAL & HCAL)

E.m. energy res.
stochastic term

E.m. energy res.
constant term

ECAL & HCAL had.
energy resolution
stoch. term for single had.)

ECAL & HCAL had.
energy resolution
(for 50 GeV jets)

Ultimate hadronic
energy res. incl. PFlow
(for 50 GeV jots)

Highly granular

Si/W based ECAL & 15-17% [12,20] 1% [12,20] 45 =50 % [45.20] ~6%? 4% [20]
Scintillator based HCAL

Highly granular

Noble liquid based ECAL & | & 10% [24,27.46] < 1% [24,27,47 ~ 40% [27,28 6% ! 3 4%
Sciutillator based HCAL

Dual-readout o7 | v 1, ~ T XA a4t
Pibee calorimeter 11% [48] < 1% [48] ~ 30 % [43] 4-5% [49) 3-4%
Hybrid crystal and 3% [30 < 1% [30 ~ 26% [30] 5 6% [30,50 349 [30

Dual-readout calorimeter

If the focus is mainly jets, then high-granularity with PFA delivers 4% at 50 GeV — often called “PFA calorimetry”

Noble Liquid is a better calorimeter across the board, but needs PFA studies

Higher EM performance with Noble Liquid or Fibers — Highest with Crystals

Best Intrinsic Hadron Performance with Dual-Readout Fibers

. . . 10
Hybrid Dual-Readout Crystals+Fibers attempts to maximize all performances


https://arxiv.org/abs/2109.00391

Why PFA helps

* Review of Principles of Jet Performance:

Marco
Lucchini

Swaps out hadronic res. for track AND

corrects momentum direction at the vertex

Z --> bbar (ete” 250 GeVv)
] I 1 I 1 I ] I 1 I ] I 1 I 1 I 1 I ]
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Slide borrowed from Marcel Vos
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PFA can help even more (¥ pre-clustering)

* Review of Principles of Jet Performance: Slide borrowed from Marcel Vos
* How about photons?

4000

—— Photon - jet angle
— n*’” - jet angle
e jet angle

3000 o A

many 7t0 photons are thrown
% into 20-35° annulus around jet|

: /reconstructed 7T0 momen

] ] 1
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Marco
Lucchini




Tracking/Imaging Capabilities of Silicon (SF~1/300)

IIS i _WII

Implemented
for HGCal
CMS Phase-2
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Several thousand events

Balancing
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Versus
(equiv. of)

Fewer
Homogenous
Crystal Depths

(w/Dual-Readout)
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Hybrid Dual-Readout Crystals+Fibers

https://arxiv.org/abs/2008.00338

isolated photons

N

neutral hadron

charged pion

Crystal

section

'///

HCAL fiber towers

EM crystal rear

EM crystal front

Timing rear

Timing front

Solenoid gap

M. Lucchini
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Dual-Readout Particle-Flow Jets

Hallmark of good PFA
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, Giacomo Polesello, Christopher G. Tully

Lorenzo Pezzotti

)

Marco T. Lucchini

“Particle Flow with a Hybrid Segmented Crystal and Fiber Dual-Readout Calorimeter,”
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arxiv.org/abs/2202.01474

https


https://arxiv.org/search/hep-ex?searchtype=author&query=Lucchini%2C+M+T
https://arxiv.org/search/hep-ex?searchtype=author&query=Pezzotti%2C+L
https://arxiv.org/search/hep-ex?searchtype=author&query=Polesello%2C+G
https://arxiv.org/search/hep-ex?searchtype=author&query=Tully%2C+C+G
https://arxiv.org/abs/2202.01474

Dual-Readout Blue Sky R&D

(CalVision Proposal, H. Newman)
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Customized SiPMs also a major development area
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Dimensionality of Future Detectors

M. Lucchini (SCINT22)

B | B B
*a- i Radiation HL-LHC
e e lCO"lderS ' tolerance »
Precision physics benefits from /
exploiting the best possible /

energy and time resolution

FCC-hh

Setting the toughest challenge
on radiation tolerance

and pileup conditions
Energy A\
resolution e )& pileup

Strong interaction u*p colliders
experlments (e.g. EIC) High beam induced background

Requinng the highest energy Low energy Time and radiation levels, need for

resolution for low energy photons resolution ambitious time resolution
& granularity
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New Perspectives: Calorimetry at the Quantum Frontier

e .

_ Thempometer, Thin sensors:
‘g "I\ C ~1 eV electron can be stopped
“g’ L [\ TFG with very small C
lg i Au 30 nm

C G Th - -
ermal iN, 500 nm
Heat 1> Conductance Time o

SiN, 500 nm

50x50 pm Thermal bath
10x10 pm
® _©-

100x100 pm

C. Pepe, E. Monticone, M. Rajteri

NRIM

ISTITUTO NAZIONALE

Mauro Rajteri, Eugenio Monticone and others, https://doi.org/10.1007/s10909-019-02271-x
“TES Microcalorimeter for PTOLEMY”, J. Low Temp. Phys. 199 (2020) 138-142.

DI RICERCA METROLOGICA


https://doi.org/10.1007/s10909-019-02271-x

Highest Absolute Energy Resolution EM Calo (c=m )

1% energy resolution at optical photon energies, i.e.
measures the wavelength of a 500nm photon to a few nm

Q
= World-record TES calorimeter
'ra min w/50 meV resolution for CNB
s | neutrinos
< , | ,
time (100ns/div) — 0 photons
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Detection Concept: Neutrino Capture

» Basic concepts for relic neutrino detection were laid out in a paper by Steven Weinberg in 1962
[Phys. Rev. 128:3, 1457] applied for the first fime to massive neutrinos in 2007 by Cocco,
] and revisited in 2021 by Cheipesh, Cheianov,

Mangano, Messina |
Boyarsky

Tritium B-decay

What do we know?
Gap (2m) constrained to

m < ~“200meV

from precision cosmology

Electron flavor expected with

m > “50meV

from neutrino oscillations

1010 4 Miightest = 50 meV
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CvB Detection Requires:

few x 10°® energy resolution set by m
KATRIN ~ 10 (current limitation)

PTOLEMY:
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(compact filter) x (microcalorimeter)
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https://doi.org/10.1088/1475-7516/2007/06/015
https://arxiv.org/abs/2101.10069

Unexplored/Revisited Areas of Research expect to
face new challenges and more unexpected outcomes

New Experimental Achievements:
World-Record Hydrogenation on Graphene Structures

Gap Opening in Double-Sided Highly Hydrogenated Free-Standing
Graphene

Maria Grazia Betti,* Ernesto Pladdi, Chiara 1zzo, Elena Blundo, Antonio Polimeni, Marco Sbrosdia,
bsé Avilg Paved Dudin, Kalong Hu, Yoshikazu Ito, Deborah Prezz,* Miki Bonacd, Elisa Molinari,

and Calo Maiani
I:I Read Online

Cite This: Nano Lett. 2022, 22, 2971-2977

QUANTUM SPREAD

New Levels of Requires Quantum Engineering of Materials:

fk( :(;i \“3 ‘ [l Metrics & More | Article Recommendations ‘ * Supporting Information
ABSTRACT: Conversion of free-standing graphene into pure Cis A Gap 3 =
gaphanell where each C atom is sp’ bound to a hydrogen atormil L “\opening P

has not been achieved s far, in spite of numerous experimental 2% 284
. g obtain an unprecedented level of hydro- Shdind Enstay eV}
® bonds) by exposing fully free-standing

288 - 284
Binding Energy (eV)

6 -4 2 0
Binding Energy (eV)

2pled=4 apheneid to atomic hydrogen in ultrahigh c@"
vacuum Such a controlled hydrogenation of high-quality and high-

specificarea samples converts the original conductive graphene 4 % % 4
into a wide gap semiconductor, with the valence band meximum G @ %
(VBM) B 35 eV below the Fermi level, as monitored by > W
photoemisson spectromicroscopy and confirmed by theoretical g
predictions In fact, the calculated band structure unequivocally
identifies the achievement of a stable, double-sided fully hydrogenated configuration, with gap opening and no trace of Tt states, in
excellent agreement with the experimental results

Localization of Tritium atoms a major factor
in neutrino mass sensitivity

102
]')l“ — 3, final free *He — 3. final bound *He 3, *H unbound

il , , ‘
10"~ --. CNB, final free *He* --- CNB, final bound *He* --- CNB, *H unbound ]

3He™ is mostly freed from the =~ 104
10

graphene —» the cosmic W

neutrino peak disappears under 108
the decay spectrum 10°F

dR/dK 5

When the *He™ remains bound
in the ground state the peak is
well separated —» itis
however exponentially unlikely

Angelo Esposito — IAS Il NuMass 2022
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Many New Innovations to Come

Precision timing throughout
* Near vertex to measure t0 of collision
* Throughout tracker/calo to reject beam-induced background
* ToF for extended particle-ID and long-lived particles

Trigger-Level Tracking
* Double-layer momentum selection

“Integrated Computational/Algorithmic
Development w/Detector Design

* High-bandwidth on-detector data movement Many strong drivers for ASIC development
* Ultra-low mass materials (2D structures) Novel sensors based on new materials
Low Mass Solenoids ML embedded processing

User facility-like customized triggers
Broader integration with long-lived detectors
...lots of room for new ideas

Muon System [ Long-Lived Particle Decay Volume

Real-Time Machine Learning DAQ/Trigger
* Full Blade ATCA Processing and Cross-Detector Particle-Flow w/ML
* Parasitic Reconfigurable Trigger Slice for Trigger Learning and New Model/User Facility
» Triggerless/Open readout operation

Machine-Beam Interface
* New approaches to Luminosity, Background, Fast-feedback systems
* Muon beam optimized and forward muon neutral current taggers

Quantum Sensor Technologies — across all experimental particle physics detectors



Co Iiflﬁ/Detectors
pixel L1 Gpixel w/ML

Sim Geometry by
Sunanda Banerjee
(next talk)




Backup






Timing Alignment (LHC Run-3)

Prompt pulse edge arrives ~14ns too early

Layer to Tower Decoding Fiber
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