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Phase-2 ATLAS Upgrade Challenges

e HL-LHC L=7.5x103%4 cm-2s-1: 7.5 times original ATLAS
design => harsh conditions with pileup up to 200 inelastic
collisions per bunch crossing

J'L = 4000 fb-1: 4 times original ATLAS design

=> Radiation ageing of detectors !

 Experiment lifetime extended from 10 to approximately 30
years:
=> Keep technologies up to date
=> Robustness and maintenance

* Trigger challenges :

Keep lepton pr thresholds low without increasing rates too
much is crucial to exploit the high luminosity potential

Add bandwidth for multi-jet at relatively low-Er for di-Higgs
searches and other signatures
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ATLAS Detector
Systems

Inner Tracker Calorimeters Muon System

The ATLAS Trigger and DAQ schema for HL-LHC P R e |
FEX Sec?t(a):rE:)gic lervc\alczrsiggfr
Single level Level-0 hardware trigger with an output rate of 1 MHz, o] (=) (8
Level-0 readout latency is 10 ps \—— ) [ wucm 5
Calorimeters and muons front-end full granularity readout at 40 MHz A[GIPbE'Ttgg]_ :

New Global Event processor replaces the current L1Topo and
integrates topological functions with additional selection algorithms [ CTP ]7
using information from muons and calorimeters [ ]

Readout

FPGA-based boards off-detector, on-detector where possible [ FELIX ] [ pata ]

Readout based on FELIX system for all detectors

Handlers
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Possible hardware accelerator system for tracking at the Event Filter
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-020/

Barrel Muon Trigger Upgrade

Current trigger system exploits three doublet RPC detectors layers
(RPC1-3)

Legacy RPCs likely will not be operated at full efficiency at HL-LHC
(to limit aging and because of the use of new eco-friendly gas)

A new Barrel-Inner (BI) triplet layer of new generation RPCs (RPCO) is
being added to recover inefficiency and improve geometrical
acceptance

Legacy doublet RPC (middle, BM and outer, BO) have eta-phi strip f —— —
readout, new Bl layer has only eta strips with phi coordinate obtained ~ ‘
from time difference of signhal readout from both strip ends

Information from the Hadronic Calorimeter (Tile) cells also made BO RPC
available to LOMuon trigger: (two thresholds given per cell, defining

2 gas gaps
2 eta strip layers

lower and upper m.i.p. range) 2 phi st layers
. . . , BM2 RPC

Monitored Drift Tubes (MDTs), not used in current low-level trigger, g

will be added in LOMuon trigger. LO-MDT processor will be seeded aM | RPC ph strp layers

2 gas gaps
2 eta strip layers
2 phi strip layers

Bl RPC

3 gas gaps
4 3 eta strip layers

from RPC/TGC trigger candidates, and will provide a refined muon
measurement.



Barrel Trigger expected performance

* A requirement of 3-out-of-4 layers would give good efficiency
X acceptance (85%) and low rates (~30 kHz) for a single-
muon pt threshold of 20 GeV even in the worst case scenario
for legacy RPC efficiency

* Looser coincidences (e.g. RPC1-RPC2) can be added, to
further increase the efficiency x acceptance to 92%. Once
filtered by the LO-MDT the rate of candidates sent to central
trigger is still under control.

Rate (RPC only)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/UPGRADE/CERN-LHCC-2017-020/

The RPC LO Barrel Muon Phase-2 System wer

« ~1500 Data Collector and Transmitter (DCT) on-detector PO-RPC
boards send hit data via optical link to 32 Sector Logic /
(SL) boards in counting room.

Barrel
Sector Logic

e Two DCT flavours to interface with different RPC front-

. BM-RPC

end electronics, BMBO for legacy detectors and Bl for

new ones BM-RPC
« SL : Same hardware as for Endcaps, different Firmware MDT

BI-RPC -
. rigger Processor
* All the trigger logic is implemented in the SL FPGA ! | .
: qoers N Tile calorimeter
(XCVU13) for maximum flexibility
Sector Logic board readout, TT
Tile Calorimeter energy flag

TTC, configuration Virtex |
XCVU13P LO candidates

IpGBT MUCTPI

RPC data, DCS, config, monitoring LO Barrel TDAQ server
Artix-7 monitoring

hit data XC7A200

DCT DCS

SL DCS OPC UA client

SL DCS

DCT DCS OPC UA client
ATCA control

ATCA shelf manager




Current Project Status

DCT:
ltaly, Greece

DCT prototypes (BMBO version) with firmware
implementing full functionalities have been tested in lab
and reading out RPC chambers. Communication
between DCT and SL also tested.

First version of SL FW implemented, including most
functionalities: DCT data decoding, phi calculation for
inner layer, trigger, readout, etc.

Careful floor planning of XCVU13 FPGA to spread
resources on four Super Logic Regions. Free resources
still available in the two SLR (1 and 2) used for the
trigger algorithm. While SLRO,3 used for Bl and for
readout are close to the limit.

Latency is within requirement, 390 ns from last hit
arrived to candidates sent (with hit positions) to LO-MDT
pProcessor

SL
HW: Japan
FW: Italy

XCVU13 floor planning
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Trigger Algorithm, Machine Learning ?

Standard HL-LHC approach is similar to current one
(PatFinder): for each hit in a layer, an hit is looked for in the
next layers witin a pre-computed spatial window defined by
the pr threshold

Currently implemented in SL, optimization and performance
studies are in progress

Alternative approach based on ML technique: use images
based on hits in RPC layers to feed a CNN EPJC 81 (2021)
969

Latency requirements and FPGA resources at Level-0 are
challenging for standard ML methods, special techniques are
required : Knowledge Distillation, Quantization, code written
by hand at low-level in VHDL to optimize latency size etc.

A similar approach by Ospanov et al. Eur.Phys.dJ.C 82 (2022)
6, 576

Detailed performance comparison with standard approach
will be done to choose the final algorithm
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https://link.springer.com/article/10.1140/epjc/s10052-021-09770-w
https://link.springer.com/article/10.1140/epjc/s10052-021-09770-w
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Searches for Long Lived Particles with ATLAS

 Several models beyond SM predict Long Lived
Particles (LLPs)

 Using a combination of detectors ATLAS
searched displaced decays over a wide range
of particle masses and decay lengths in Run2
data

« Example 1 : Scalar Higgs Portal, SM Higgs
decays in two long-lived neutral scalars which
decay back in two SM fermions. Typical
signature are vertices with multiple tracks well
displaced from IP

« Example 2 : Dark photons (FRVZ model),
produced in Higgs decays, kinematically mix
with photon and decay into collimated lepton
pairs (lepton jets, LJ)
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Searches:
—..— Muon System (2 Vtx Only), 139 fb™

arXiv:2203.00587

—..— Muon System (1 Vix + 2 Vix), 36 fb™

Phys. Rev. D 99 (2019) 052005

—.— Calorimeter, 139 fb™"

arXiv:2203.01009

Tracker+Muon System, 36 fb
Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 fb™’

JHEP 11 (2021) 229

. Tracker (b-tag), 36 fb™’

JHEP 10 (2018) 031

- Monojet, 139 fb™’

ATL-PHYS-PUB-2021-020

- H— inv, 7-8-13 TeV combination

ATLAS-CONF-2020-052

LLP masses:

25-35 GeV

20Gev [l 4560Gev [JAny

FRVZ Model
H+27d+X

m, = 125 GeV

90% CL observed limits

Displaced (139 fb™)
ATLAS-CONF-2022-001
BR=10%
mm BR=5%
B BR=1%
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B BR-0.1%

Prompt (20.3 fb™)
JHEP 02 (2016) 062
BR=10%

Monojet (139 fb™)
ATL-PHYS-PUB-2021-020
BR=50%

Non-ATLAS searches
JHEP 06 (2018) 004
Vector-Portal-only limits



Searches for Long Lived Particles with the ATLAS Muon System

The ATLAS muon system is a very large "almost” displaced ﬁ:ﬁﬁiﬁ??;;li .
empty volume instrumented with trigger and precision multitrack vertices v .
tracking chambers: very good for looking at displaced | non-pointing

decays of Long Lived Particles (LLPSs)

\ J e (converted) photon:

Several nice results have been published displaced leptons. -

lepton-jets, or ‘
Will we be able to trigger on these exotic channels at lepton pairs

HL-LHC ? /

emerging jets

trackless,
| low-EMF jets

quasi-stable

charged particle
multitrack vertices in the J Q

muon spectrometer

.




Triggering on lepton jets at HL-LHC

o Study of triggers for lepton-jets at HL-LHC:
ATL-PHYS-PUB-2019-002

* Single muon trigger efficient for lepton jets up
to Lxy=7 m, slightly improved wrt to Run-2

 Muon pairs can be very collimated and/or of
moderate pr

 We studied a triggers for collimated di-muons
(similar to B-physics triggers but without
invariant mass cuts)
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Lepton-jet dimuon trigger 3 T T T 112
p j gg .§ 0.54 ATLAS simulation internal __0'“3:3
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+ —_0.08
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0.48 4 + o.05
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. , 0.44 Y, —0.01
» Implementation in firmware to be studied I s, S, e = TR
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e Study of physics reach at HL-LHC (simple extension A by
of Run-2 analysis, further improvements expected R I
from re-optimization for high-pileup conditions) : the | FRVZ Model - muonic channel only S fur3 (3001
excluded lifetime range is significantly extended .
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Muons from heavy long-lived objects S q, -
- _ FRVZ
200 | m,=10GeV
* Long-Lived particles may also be heavy OF .
~200F
* E.g. an heavy dark Z can be produced in Drell-Yan via : °
kinematic mixing or in processes or with the FRVZ ~400 4
mechanism _600F 2
0 0
* In this case the muons are not pointing to IP p_ [GeV]
 standard LOMuon Barrel trigger spatial coincidences assume sointing muon 20 GeV non-pointing muon 20 GeV

tracks pointing to IP, will loose these signals !

BO RPC 3 BO RPC 3

e Study to use loose spatial coincidences for good candidates

with hits in >=3 RPC Layers (including inner and outer ones) @?ngg\\/v """"""""""""""""" g
» loose coincidence windows: pointing 5 GeV threshold for eta var%%\\//v """""""""""""
view and "fully open" coincidence within a trigger phi sector SMREC /2 BM REC\L/Z
(27/32)
Bl RPC O Bl RFX)
X X

IP I=

13
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g 600+ A" hﬂsim ffation ifternal- g =
Muons from heavy long-lived objects S q, -
- _ FRVZ
200 | m,=10GeV
* Long-Lived particles may also be heavy OF .
~200F
* E.g. an heavy dark Z can be produced in Drell-Yan via : °
kinematic mixing or in processes or with the FRVZ ~400 4
mechanism _600F 2
0 0
* In this case the muons are not pointing to IP p_ [GeV]
 standard LOMuon Barrel trigger spatial coincidences assume sointing muon 20 GeV non-pointing muon 20 GeV

tracks pointing to IP, will loose these signals !

BO RPC 3 BO RPC 3

e Study to use loose spatial coincidences for good candidates
with hits in >=3 RPC Layers (including inner and outer ones)

* |oose coincidence windows: pointing 5 GeV threshold for eta
view and "fully open" coincidence within a trigger phi sector

(27/32)

BM RPC 1/2 [ BM RPC 172

Bl RPC O Bl RPCFO

 Add a cut on sagitta calculated exploting inner-middle-outer
layers

IP IP
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Heavy long-lived objects : performance

* Significant improvement in efficiency over standard single
muon triggers (+20% for FRZV model with 10 GeV dark
photon).

 Some residual efficiency on medium-pT pointing muons
 Actual implementation in firmware to be studied.

 Sag calculation could be implemented as a post-processing,
in parallel to LO-MDT algorithm as sag=(eta3+eta0)/2-eta?2

15

Efficiency

Efficiency

1__ LO_IMUI20 | | | | I | | | | | | | r 1 ° 1T 1° "1 | i
- LO_MU20 OR Sagitta_ MU20 —
— Sagitta_ MU20 —
0.8~ HLLHG ‘ 1
| non-pointing muons 1
) o[ ATLAS Simulation —I—_|_ ‘ -
91 Preliminar | o
i VT4 -
0.4 n —— il
0.2 L T
O i | | | | | | | | | | | | | | | | | | | | | |—
0 10 20 30 40 50
p, [GeV]
1= —
0.81- L =
0.6 B
i — LO0_MU20 Z
0.4 — —— Sagitta_MU20  —
i HL-LHC -
0.2/~ pointing muons B
i ATLAS Simulation Preliminary _
|| p— | o 0
OO 10 20 30 40 50

P, [GeV]



LLPs with high multiplicity vertices in
the Muon Spectrometer

- MATHUSLA : large tracking system on surface near ATLAS or CMS
- CODEX : a screened off-axis tracker near LHCDb

- ANUBIS : a tracker in the ATLAS cavern shaft
- FASER : very forward (in operation !)

* All share a (more or less) large decay volume with tracking stations

volume all around the IP

* Why not using the ATLAS Muon system itself ?, it has a large decay

 |n fact it has been used in Run-2...

Dedicated experiment have been proposed at LHC to search for
displaced vertices from neutral LLPs
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Vertices in the Muon Spectrometer

Thanks to the very large angular acceptance and the depth of the
ATLAS spectrometer, ATLAS is very competitive in terms of acceptance,
as can be seen with a simple calculation

The main limitation of Run-2 analyses was background.

Br(h — XX)

To remain close to zero background, two vertices had to be required, at
the cost of hugely reduced acceptance at high ctau (both objects need
to decay in the fiducial volume)

The most difficult backgrounds are jets leaking from calorimeters, either
mis-reconstructed as displaced or producing showers inside the Muon
System. There room to improve: vetoing on calorimeter deposits before
the Muon Spectrometer, excluding vertices originating from regions with
with materials, improving precision of sec. vertices reconstruction. All
this would require the development of some new technology

Whether ATLAS could be competitive with proposed experiments will be
clear only after a careful estimate of backgrounds (from all experiments)
and ATLAS is the only one approved => it's worth trying

17

L

ML

. Lmax

Pdecay =€ bt —e et
atLas parre) | MATHUSLA
e X A 0.20 0.05
Lmin [m] 9.9 200
Lmax [m] 9.5 230

_ ATLAS
barrel

107
107°

107°

l ' | - -

3000 fb-1 —
zero background _

I | | | I

7.2 m-

5 m-

32 m

4 6 8
Iogm(cr/m)

J EXPERIMENI
Simulation
—— Extrapolated tracklet
---- Line of constant radius
«= Position uncertainty (| O)
« MDT hit

© Candidate vertex

True vertex




HL-LHC: high multiplicity vertices in the Muon Spectrometer

10-tracks event

Efficiency plot for 10-tracks events (Lr>3.5m)

At level-0 a trigger on hit multiplicity (possibly with a . 10 . ox o
veto on energy in the Tile Calorimeter) should provide i Lxy(reco) > 3.5 m )
good efficiency and acceptable rate. |f. ]

MDT chamber index
efficiency

Something more fancy is required in the High-Level
Trigger (HLT): we are studying a ML approach to
reconstruct multiple track vertices |

00-_*_‘_A_*_h+ﬁ_‘

Z coordinate 0 1 2 3 4

CNN using as input images made with hits in RPC
and MDT layers from simulated y, — 77z~ and

Ty — bb decays with pileup and cavern background

FPGA Improvement

Good reconstruction of decay distance Memory occupancy

(MB) 10.96 2.77 4x

Regources avalllable at H_LT may be an issue, we tried Processing fime (fos| ua 694.2 (1 thread) ox (1thread)
an |mplement_at|on_ on Xilinx AI_v_eo Us0 FPGA g P 1909.9 (8 threads) | 5.5x (8 threads)
accelerator with Vitis Al, promising results !

Energy consumption

(Watt) 135 73 1.8x

*CPU Intel Xeon E5-2698 @2.2
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Conclusion and outlook

 New ATLAS LO-Muon Barrel trigger for HL-LHC: project progressing well, first prototypes tested
» Some resources may be available for new triggers dedicated to exotic signals, in particular for LLPs

« Some possibilities have been studied:
- collimated dimuon lepton-jet trigger
- "sagitta” trigger for muons from displaced vertices
all very interesting, detailed firmware-based study to be done next

 Machine Learning techniques tried for LO-Muon single-muon trigger and for higher-level trigger displaced
vertices searches, look promising but further studies needed

* Next steps: implement the new exotic triggers in actual hardware
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ATLAS Long-lived Particle Searches™ - 95% CL Exclusion ATLAS Preliminary
Status: July 2022 [£ dt = (32.8—139) fb~! Vs=13TeV
Model Signature  [Ldt [ Lifetime limit Reference

RPV 7 — ug displaced vix + muon 136 | T lifetime BE)=14 Te¥ el
RPV 70 — eev/euv/uuv  displaced lepton pair ~ 32.8 | ¥ lifetime 0.003-1.0m m(g)= 1.6 TeV, m(i})=1.3TeV 0710057
GGM? - ZG displaced dimuon  32.9 | ¥] lifetime 0.029-18.0m  m(2)=1.1TeV, m(yJ)= 1.0 TeV 1808.03057
GMSB non-pointing or delayed y 139 | 2 lifetime - o0224m m(. G)= 60,20 GeV, By=2% | CERN-EP-2022-006

GMSB ¢ — ¢G displaced lepton 139 | £ lifetime m(Z)= 600 GeV 2011.07812

GMSB 7 — 7 displaced lepton 139 | 7 lifetime - o270mm m(E)= 200 GeV 2011.07812

AMSB pp — ¥i¢%, % %;  disappearing track 136 | x; lifetime m(¥;)= 650 GeV 2201.02472

ASBpp— L EE e pheldEix 130 | € fetme B0 )= s00 G 2205, 06013

Stealth SUSY 2 MS vertices 36.1 | S lifetime 0.1-519m B(g — 5g)= 0.1, m(g)= 500 Ge 1811.07370
Split SUSY large pixel dE/dx 130 | g lifetime — SARB0GS

Split SUSY displaced vix + Ef™= 328 | g lifetime 0.03-13.2m m(&)= 1.8 TeV, m(i{)= 100 GeV 1710.04901

Split SUSY 0¢,2-6jets +E™  36.1 g lifetime 0.0-2.1m m(g)= 1.8 TeV, m(i})= 100 GeV | ATLAS-CONF-2018-003

H-ss 2 MS vertices 139 | slifetime ~ 031724m  m(s)=35GeV 2203.00587
H-ss 2 low-EMF trackless jets 139 | s lifetime  019694m m(s)= 35 GeV 2203.01009
VH with H — ss — bbbb ~ 2¢ +2displ. vertices 139 | slifetime  48smm m(s)=35 GeV 2107.06092
FRVZH — 2y4 + X 2 p-jets 139 | yalifeime. —  0654-930 mm m(yq)= 400 MeV 2206.12181
FRVZ H — 4y + X 2 p—jets 139 | ya lifetime - 2753amm m(y4)= 400 MeV 2206.12181

H— Z3Z4 displaced dimuon 329 | Zg4 lifetime 0.009-24.0 m m(Z4)= 40 GeV 1808.03057
H—- ZZ,4 2 e, u + low-EMF trackless jet36.1 Zg4 lifetime 0.21-5.2m m(Z4)= 10 GeV 1811.02542
®(200GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5m o x B=1pb, m(s)= 50 GeV 1902.03094
®(600 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
®(1TeV) = ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.06-52.4m o x B=1pb, m(s)= 150 GeV 1902.030904
W — NE¢,N — ety displaced vix (uupe, ee) +u 130 [ Niifetme  074-42mm m(N)= 6 GeV, Dirac 2204.11988
W — Nt,N — ¢ty displaced vix (uuue, ee) + 1 139 | N lifetime . 3133mm m(N)= 6 GeV, Majorana 2204.11988

W NEN = ety iplacodvix e, e +e 100 | N et S ()= Gov, s 220.11988
W — N¢, N — by displaced vix (uu.ue, ee) + e 139 N |ife— m(N)= 6 GeV, Majorana 2204.11988
| | | | 3 A 000l | | | | | | llllll | | | | llllll' | | | | lllllll | | | | lllllll | | | | Ill'

0.001 0.01 0.1 1 10 100 cT [m]

v; =13 TeV
partial data

"Only a selection of the available lifetime limits is shown.

0.001 0.01 0.1 1 10 100

T [ns]



g (R-hadron)— qq %? . m()"(?) =100 GeV March 2022

~() % 3000 — ® RPC OL 2-6 jets arxiv:1712.02332 (Ys=13 TeV, 36 fb) ATLAS Preliminary
| =—@==RPC OL 2-6 jets ATLAS-CONF-2018-003 (Ys=13 TeV, 36 fb")
X 1 S, Displaced verticesarxiv:1710.04901(Ys=13 TeV, 33 fb’) -6 - Expected
o B Pixel dE/dx CERN-EP-2022-029 (Ys=13 TeV, 139 fb) -o— Obhserved
e ~ =——@==Stable chargedarXiv:1902.01636 (Ys=13 TeV, 36 fb) -
= — s StOpped gluino arXiv:2104.03050 (Ys=13 TeV, 103 b ) 95% CL limits
O 2500 —
E
5
c§> e 1)
9 2000 i °
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1000 £ ' P 5
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O f ol ol ol e 3l il o il 2O
I | | |
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Standard Mode Hidden Sector

Lepton jets : models

Quarks, leptons dark matter

Many models of new physics weakly coupled to SM gW2Zy

A typical example is a "hidden" sector with its U(1)

symmetry, including a dark photon y,; which can mix
kinematically with normal photon

Production can occur through specific "portals", e.g. |..7___.
Higgs portal, or directly via kinematic mixing in Drell-
Yan process

We consider here as a benchmark light y,; produced
via Higgs portal (FRVZ model)

Falkowsky, Ruderman,
Volansky, Zupan [FRVZ]
arXiv:1002.2952

If mass is low they can only decay in lepton pairs
giving rise to collimated, non-prompt lepton jet
signatures: lepton jets

Current limits from ATLAS:
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