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Higgs boson discovery

\CIPE DE ASTURIAS




What's next?

Nature 607, 60-68 (2022)
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https://www.nature.com/articles/s41586-022-04892-x

What's next?

Nature 607, 60-68 (2022)

cms L 18T(3TOY * After the discovery in 2012, many studies to
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https://www.nature.com/articles/s41586-022-04892-x

Baryon asymmetry

A solution to the in the Universe

hierarchy problem

Nature of

Nature of :
neutrino masses

dark-matter



How to look for new physics?

Improve precision of SM tests (i.e. Higgs couplings, my,,)
Target unobserved SM processes (i.e. H - HH; H = cc)
Search for deviations at high momenta (i.e. Effective Field Theories)

Probe new phase space (i.e. Long-lived particles)

e.g. forct =5 cm, <By> ~ 30
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Why long-lived particles?

Standard Model
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 The SMis full of LLPs:
* muon (T = 2.2us)
* Kaon (ct(K+)=3.71m
e Heavy flavour
* ct(D+)=311.78 um
*  ct(B+)=491.06 um

* Thereis noreason to believe they won’t be present on

BSM theories.

Universidad de
Oviedo



New physics may be so feebly coupled to our Standard Model that their signatures
may have been overlooked or miss identified by LHC searches not dedicated to LLPs

-

L

LLP?

et ~ 71 >0.001 [mm]

P

arXiv:2212.03883v1

§

Am\"
N Cz — Am G@fggcl;nzog

A

_ Large mass Small mass difference
Feebly (small) hierarchies/ or “compressed
Three reasons Why couplings heavy mediators spectra”
Th e ipas rueos s Large energies Low efficiency (soft
ree reasons winy 1s nar : (LHC inaccessible) particles/limited object

reconstruction)
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Experimental signatures of long-lived particles

«suss neutral

displaced B BSM
m— charged HSCP dilepton M lepton
any charge M quark
photon
b ¢ W anything
\‘\.\
disappearing | displaced
track K lepton
(l L LN R N
° ‘;/ ’ -\.‘-..3
® ’ : “ \:: ‘. .
: .‘ 0"
5.4 4 '. “ "0 .
displaced ‘. X ‘o,. displaced
dijet . | '.:‘ photon
| : .
4 _ : not pictured:
displaced L displaced  out-of-time decays
vertex
https.//doi.org/10.1098/rsta.2019.0047

conversion



https://doi.org/10.1098/rsta.2019.0047

Searches for long-lived particles at the LHC

| |
10 < m< 40 GeV m > 40 GeV

CMS Preliminary August 2023 CMS Preliminary August 2023
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First successful story: Displaced dimuons at 13.6 TeV EX0-23-014

Despite about 2.5 smaller dataset, comparable sensitivity w.rt 13 TeV result, thanks to trigger developments for Run 3

/'a 1FI_H'I'I11I'| ||||||I'I| ||||||I'I'| ||||||I'I'| ||||||I'I'| |||||I'I'I'| |||||I'I'I| |||||I'IT| ||||r?
N = =
ND [ CMS -
1
110 Hoz7, 3
x - m(Z,) = 30 GeV 3
g 10—2 =? B(ZD - LL},L) =0.140 =
E F ]
510°F E
Q - -
Q [ -
S A4
S 107 g E
0 - 3 A. Escalante @ICTEA
e 105 & Combined: | Observed: 1 — Seminar
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-~ First search at 13.6 TeV from ATLAS/CMS
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PRIMER RESULTADO DEL RUN-3

The CMS collaboration at CERN
presents its latest search for new exotic
particles

Tracker muon pair CMS Search for long-lived
Muons reconstructed in the muon / pa rticles decaying to Muons reconstructed only in the muon detectors

detectors as well as the tracker .
el 2 pair of muons

N

The CMS experiment has presented its first search for new physics using data
from Run 3 of the Large Hadron Collider. The new study looks at the possibility
of "dark photon"” production in the decay of Higgs bosons in the detector. Dark
photons are exotic long-lived particles: “long-lived” because they have an

average lifetime of more than a tenth of a billionth of a second — a very long
lifetime in terms of particles produced in the LHC — and "“exotic” because they

https://home.cern/news/news/physics/cms-collaboration-
cern-presents-its-latest-search-new-exotic-particles

By CMS Collaboration

ISl CMS Experiment & LHC, CERN
Da! 20 t-23 06:33:01.2
Run /

Standalone muons
® Proton-proton interaction point
@® Dimuon vertex

== Hypothesized long-lived particle

The first search for new physics using LHC data collected in Run 3 has been presented by CMS. It was shown
during this year's EPS conference in Hamburg and relied on both the new data and refinements of the trigger
system made for Run 3. It marks the first of many upcoming physics results to benefit from Run 3. The LHC
Run 3 started in July 2022 and has a higher instantaneous luminosity than previous runs, meaning there are
more collisions happening at any one moment for researchers to analyse.

https://cms.cern/news/long-lived-particles-light-lhc-run-3-data

Universidad de
Oviedo



https://home.cern/news/news/physics/cms-collaboration-cern-presents-its-latest-search-new-exotic-particles
https://home.cern/news/news/physics/cms-collaboration-cern-presents-its-latest-search-new-exotic-particles
https://cms.cern/news/long-lived-particles-light-lhc-run-3-data

But we have not seen LLPs (yet)...

CMS Simulation Preliminary
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The limitation of the trigger system

8L'||:|eV 1 |:IHTeV 33 TeV 100 TeV
* 40M of collisions/events per second (Tb/s) need to be reduced to 1-2k it LHE _HELHC WEHC
events per second (Gb/s) JUOTI I E— —— 108

* We don’t know how the new physics will manifest itself. The trigger
system must be UNIVERSAL, EFFICIENT but also SELECTIVE.

* Keep as many good events as possible:

* Better momentum resolution

* Vertex position determination
* Precise particle identification

* Anomaly detection

* Keep the general physics program (i.e. prompt physics) and yet keep
our eyes open to the new physics (i.e. LLPs)

Events / second @ 10% cm? s™*



The arquitecture of a trigger system

ICTEA 2024 A. ZABI

CMS L1 TRIGGER @ HL-LHC

LEVEL-1 PHASE Il TRIGGER UPGRADE SYSTEM

Calorimeter trigger Muon trigger Track trigger

Detector Backend syst

Y

Global Calorimeter
Trigger

Global Track

Trigger

External Triggers

|
|

Correlator Trigger

Global Trigger

Phase-2 trigger project

P

Local

Global

PF

GT

Level-1 Architecture: Efficient distribution and processing of trigger primitives, provision

Level-1 technological choices: generic processing engines (inspired from Phase-1 upgrade)
Key design feature: Correlator Trigger. Collects all inputs and feed sophisticated algorithms

>

20%) while HGCAL/TF~5us)

appropriate resources and interconnections, retain enough headroom future flexibility & Robustness

Design Constraints : HW processors > 100 links , FPGA resources < 50 %, Latency (< 9.5 us (keep

14/06/2023

Universidad de
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Timing, latency
M 1 and occupancy

Demonstrator

The arquitecture of a trigger system

it =

TMEIX=1

FPGA

SW R&D

Displaced jets in
the barrel Mz

25us == l

standalone p's + all stubs |

3.5us —-
TMUX=18
v ka TMUX=18 T™MUX=18
tracks sops - Hinder L GBMTR) T~
70ps TMUX=18 l } standalone y's|(pass through)
Displaced
signatures
95us +

14/06/2023




Reconstruction of muon showers

MUON-DT = soommSomuaton g
MUON-CSC k) 1 log S
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A. Escalante @ICTEA Use Nhits in the cluster as discriminant variable

Seminar




Reconstruction of muon showers

LLP decays before /'”r(ﬁ

reaching Muon
Detectors

A. Escalante @ICTEA
Seminar
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See talk by Javier Prado

Reconstruction of muon showers

@ @
z -
—~ o~
T experimentally excluded T —— experimentally excluded
1079 - ===+ this work - recast 10*9 g ===+ this work - recast
= = this work - strategy 1 (3 ab™!) = = this work - strategy 1 (3 ab™1!)
=« this work - strategy 2 (300 fb~!) =« this work - strategy 2 (300 fb~!)
10114 = this work - strategy 2 (3 ab™!) 10-11 4 = this work - strategy 2 (3 ab™!)
FASER2 FASER2
MATHUSLA(200) MATHUSLA (200)
SHiP SHiP
1018 . . . . . 10138 . . . . .
1 2 3 4 ) 6 7 1 2 3 4 ) 6 7
my [GeV] my [GeV]

Figure 2. Projected sensitivity of the different proposed search strategies with a displaced shower
signature in the CMS muon system. The minimal HNL scenario is considered with mixings in the 7
and electron sectors, shown in the left and right panel, respectively.

JHEP 02 (2023) 011; arXiv:2210.17446

Universidad de
Oviedo



https://arxiv.org/pdf/2210.17446.pdf

Timing, latency
M 1 and occupancy

Demonstrator

Beyond current trigger system

,,,,,,

h . SW R&D
ltS Displaced jets in
D X20 the barrel M2

Concentrator ? Concentrator ?
| ‘ TMUX=1 | |

TMEIX=1

25us == |

Jrstubs

standalone p's + all stubs |

35us —-
TMUX=18
v ka TMUX=18 T™MUX=18
tracks sops - Hinder L GBMTR) T~

70us = TMUX=18 1|
Displaced
signatures

95us +

14/06/2023
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Beyond current system. Upgrading the upgrade?

* Explore alternative technologies and ideas which could not be otherwise investigated that
could potentially lead to a significant breakthrough.

* Bothin the present architecture (BMTL1 and OMTF) and beyond
* Project focuses on muons, but ideas can be ported elsewhere.

* If ideas are successful, we may want to have a small-scale system running in parallel to our
future HL-LHC system to validate it (beyond the scope of the grant).

14/06/2023




INTREPID @’\’;\a\ /
& = wﬁP

FW R&D D Slice Test
Timing, latency System-level
M 1 and occupancy M3 demonstrator

Proof of concept

Demonstrator

SW R&D GNNs

Displaced jets in Hit-based pattern Long-lived particles
the barrel M2 recognition M4 at the HL-LHC or
Kalman filter Al engines with beyona

Versal ACAPs Dark matter?



System-level
demonstrator

Proof of concept

Graph Neural Networks for particle reconstruction r \l\@ J

R . . F. Siklér, ”Combin.atic?n of varihous daté a.m.xlysis techniques for efficient
Representing tracking data using graphs Connecing the Dors coterence 2017 (k]

S. Farrell et al., “Novel deep learning methods for track reconstruction”, -based pattern
recognition

proceedings of Connecting the Dots conference 2018 (link)

| engines with

Charged particles leave hits in the Represent the data using a Goal:
detector graph classify the edges of the graph
High classification

score
=> high probability
that the edge is part of
a track

J

Low classification score
=> low probability that
the edge is part of a
track

BTN

One node of the graph = one hit in the detector

Connect two nodes using an edge
if “it seems possible” that the two hits
are two (consecutive) hits on a track

Jan Stark European Al for Fundamental Physics Conference, Amsterdam | April/May 2024

1 4 / 0 6 / 202 3 Universidad de
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System-level
demonstrator

Proof of concept

Graph building techniques I/ \l\@

Hit-based pattern MA
recognition M4

Al engines with

Particles leaving hits Module map creation

| [0~

1 -1
IQ 6 8\'&7 Done once '"’ For event reconstruction

\E - |:> [2]= ::>

s | [2]=-

2 2 [s1-[¢]

' 1=

TS tigit

2
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. System-level
( ‘W demonstrator

Proof of concept

Graph Neural Networks for real-time muon reconstruction

—  Dalaflow

. Teacher Model N | s » Gradient flow o M4
(large neural network)

Al engines with

Training Data

his 4 ml

14/06/2023




System-level
demonstrator

Proof of concept

Explore capabilities of Al-engines I/ »

Provide the necessary throughput and latency for triggering?

Hit-based pattern M4
Machine Learning Inference recognition
Latency Sensitive (<2ms) Al engines with
X8
)
o
w
| performa nce ~—
= B SCALAR ADAPTABLE INTELLIGENT
= ENGINES ENGINES ENGINES
3
] DUAL-CORE
o | ARM®CORTEX®A72
8 APPLICATION
o PROCESSOR
VERSAL™
| DUAL-CORE ADAPTABLE
ARM CORTEX-RSF fm
High End CPU High End GPU Versal Al Core REAL-TIME HARDWARE : ~
_ ~ PROCESSOR ! DSP
WP506_08 092818 s 7
ENGINES
PLATFORM
Encrypted (AES256) Traffic Throughput (Gb/s) | MANAGEMENT
3000 [ CONTROLLER
X q PROGRAMMABLE NETWORK ON CHIP
2500 D
32Gb/s " MIPI
2000 1006 600G 600G 400G
58Gb/s M:'}quTe:rETTE ETHERNET |INTERLAKEN | CRYPTO LVDS
5 € L CORES CORES ENGINES e
4 1126b/ L GPIO
2 1500 | dd l_ L_ L
1000
500
0
28nm 16nm 16nm 7nm
ASSP1 UltraScale+ ASSP2 Versal
VU13P
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Our demonstrator

ICTEA 2024 A. ZABI CMS L1 TRIGGER @ HL-LHC

TESTING AND SYSTEM DEMUNSTRATIUN

Phase-2 Level-1 Trigger system demonstration
" Single-board and multiple board tests performed
" Integration centers across the globe: larger scale
integration @ CERN (904). Multiple flavour board
tests.
" Slice test in Muon Barrel Trigger during Run-3.
Installation @P5: DT->BMT->GMT->GT
Board interconnection: protocol
" Links (asynchronous) operation @ 25.78 Gb/s
" L1 Trigger boards sending packets only once
(no retransmission) = error proof
" Protocols (64/66b or 64/67b) encoding

achieved low error rate, validated recovery
mechanism etc. Building 904 @ CERN

Universidad de
Oviedo




Thanks for listening!

Foreseen
improvements on
detection efficiency
and triggering might
allow the discovery of
BSM physics.

Provide an answer to
fundamental
questions of nature.

14/06/2023

CMS Experiment at the LHC, CERN

N Data recorded: 2018-Aug-06 20:55:09.982700 GMT

Run / Event / LS: 320917 / 2808532235 / 1776

— Standalone muons
Interaction point
@® Combined vertex
-= Hypothesised long-lived particle




e SANTIAGO FOLGUERAS

B folguerassantiago@uniovi.es

ST




