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TDAQ system being updated for next run: Phase-I 22

Phase-I upgrade ! meets the needs for Run3

More background rejection for e ! trigger through the upgrade of
the EM trigger electronics

Better muon reconstruction and fake rejection in muon endcap by
installing new precision and high efÞciency detectors in a New
Small Wheel

FTK (Fast TracKer): full-event hardware-based (Associative memory
and FPGAs) track reconstruction during event processing at the HLT
CPU farms

Pileup conditions at HL-LHC ! 10 times more rate
Limitations of Phase-I system among others:

The readout bandwidth is limited by the detector front-end
electronics

The Level-1 trigger rate canÕt go higher than 100kHz

Phase-I system latency is insufÞcient to implement more powerful
selection algorithms in order to reduce the trigger rate
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TDAQ system being updated for next run: Phase-I 22

Phase-I upgrade ! meets the needs for Run3

More background rejection for e ! trigger through the upgrade of
the EM trigger electronics

Better muon reconstruction and fake rejection in muon endcap by
installing new precision and high efÞciency detectors in a New
Small Wheel

FTK (Fast TracKer): full-event hardware-based (Associative memory
and FPGAs) track reconstruction during event processing at the HLT
CPU farms

Pileup conditions at HL-LHC ! 10 times more rate
Limitations of Phase-I system among others:

The readout bandwidth is limited by the detector front-end
electronics

The Level-1 trigger rate canÕt go higher than 100kHz

Phase-I system latency is insufÞcient to implement more powerful
selection algorithms in order to reduce the trigger rate

! 01I@%#
$$!*+,,&*(*&@A#?)(G&>#/&-D?%%.(A+,+)+9&A

@BA(D+B&*(,*@B?%@*(2U-?F&*(>&%%V3((
$$W/F*#'&A(&NXC(YC(Z&)C([$

%&'' "+)E(B&"
E@*A"@*&-2&\[]C(Z\[]C(,\[]3(

$$0@*,&$J(Z&)(*&>#B-)*?>)+#B(@'@+%@G%&

! 017?#B(2[BA>@F3
$$L" 1T()E*&-E#%A-(F$ /&@-?*&/&B)
$$IE@*,&(+BD#*/@)+#B(@'@+%@G%&

! 80!
$$7?%)+$)E*&@A&A()#(*&A?>&()E&(/&/#*.

*&^?+*&/&B)-(#D(F@*@%%&%(&'&B)
F*#>&--+B,

$$_#/&(/#*&(IOP-()#(@%%#"(-#D)"@*&
D?%%$->@B()*@>;+B,(#B(-?G-&)(#D
01$@>>&F)()*+,,&*-

!
!"#!$%$&



$

ATLAS Trigger Menu in Run-2 (2018)

Table 1: The main ATLAS triggers used for runs with luminosities up to 2.0⇥1034 cm�2s�1. The observed rates per trigger
are reported at a luminosity of 2.0⇥1034 cm�2s�1 and a pileup of 55 as raw rates, including rate overlapping between triggers.
The uncertainty of the stated rates is typically of the order of a few percent. The total rate corresponds to the full menu, which
includes many more triggers than listed in this table. Electron (e), photon (�), and tau (⌧) identification is assumed to be of
medium e�ciency working point, unless specified otherwise. An online isolation requirement is indicated as (i). Topological
requirements between L1 objects are indicated as (topo). For the ditau trigger, disambiguation is imposed by a minimal �R
requirement between isolated L1 tau objects and L1 jet objects. A selection of flavour tagging e�ciency ✏ working points are
shown for b-jet triggers. For B-physics triggers, dimuon vertices are required to have a positive displacement at the HLT,
and dedicated selections for dimuon spectra, J/ , B-mesons and ⌥ are applied as indicated with (di-µ), (J/ ), (B) and (⌥),
respectively. The typical o�ine selections are only indicative and determined by resolution e�ects. The total rates at L1 and
HLT in the bottom row are the total recorded rates and account for the overlaps between individual triggers. Only a selected
number of primary triggers is displayed in this table to indicate the breadth of the physics programme covered by the online
trigger selections.

Trigger Typical o�ine selection

Trigger Selection L1 Peak HLT Peak

L1 [GeV] HLT [GeV] Rate [kHz] Rate [Hz]

L=2.0⇥1034 cm�2s�1

Single leptons

Single isolated µ, pT > 27 GeV 20 26 (i) 16 218
Single isolated tight e, pT > 27 GeV 22 (i) 26 (i) 31 195
Single µ, pT > 52 GeV 20 50 16 70
Single e, pT > 61 GeV 22 (i) 60 28 20
Single ⌧, pT > 170 GeV 100 160 1.4 42

Two leptons

Two µ, each pT > 15 GeV 2 ⇥ 10 2 ⇥ 14 2.2 30
Two µ, pT > 23, 9 GeV 20 22, 8 16 47
Two very loose e, each pT > 18 GeV 2 ⇥ 15 (i) 2 ⇥ 17 2.0 13
One e & one µ, pT > 8, 25 GeV 20 (µ) 7, 24 16 6
One loose e & one µ, pT > 18, 15 GeV 15, 10 17, 14 2.6 5
One e & one µ, pT > 27, 9 GeV 22 (e, i) 26, 8 21 4
Two ⌧, pT > 40, 30 GeV 20 (i), 12 (i) (+jets, topo) 35, 25 5.7 93
One ⌧ & one isolated µ, pT > 30, 15 GeV 12 (i), 10 (+jets) 25, 14 (i) 2.4 17
One ⌧ & one isolated e, pT > 30, 18 GeV 12 (i), 15 (i) (+jets) 25, 17 (i) 4.6 19

Three leptons

Three very loose e, pT > 25, 13, 13 GeV 20, 2 ⇥ 10 24, 2 ⇥ 12 1.6 0.1
Three µ, each pT > 7 GeV 3 ⇥ 6 3 ⇥ 6 0.2 7
Three µ, pT > 21, 2 ⇥ 5 GeV 20 20, 2 ⇥ 4 16 9
Two µ & one loose e, pT > 2 ⇥ 11, 13 GeV 2 ⇥ 10 (µ) 2 ⇥ 10, 12 2.2 0.5
Two loose e & one µ, pT > 2 ⇥ 13, 11 GeV 2 ⇥ 8, 10 2 ⇥ 12, 10 2.3 0.1

Signle photon One loose �, pT > 145 GeV 24 (i) 140 24 47

Two photons
Two loose �, each pT > 55 GeV 2 ⇥ 20 2 ⇥ 50 3.0 7
Two �, pT > 40, 30 GeV 2 ⇥ 20 35, 25 3.0 21
Two isolated tight �, each pT > 25 GeV 2 ⇥ 15 (i) 2 ⇥ 20 (i) 2.0 15

Single jet
Jet (R = 0.4), pT > 435 GeV 100 420 3.7 35
Jet (R = 1.0), pT > 480 GeV 111 (topo: R = 1.0) 460 2.6 42
Jet (R = 1.0), pT > 450 GeV, mjet > 45 GeV 111 (topo: R = 1.0) 420, mjet > 35 2.6 36

b�jets

One b (✏ = 60%), pT > 285 GeV 100 275 3.6 15
Two b (✏ = 60%), pT > 185, 70 GeV 100 175, 60 3.6 11
One b (✏ = 40%) & three jets, each pT > 85 GeV 4 ⇥ 15 4 ⇥ 75 1.5 14
Two b (✏ = 70%) & one jet, pT > 65, 65, 160 GeV 2 ⇥ 30, 85 2 ⇥ 55, 150 1.3 17
Two b (✏ = 60%) & two jets, each pT > 65 GeV 4 ⇥ 15, |⌘ | < 2.5 4 ⇥ 55 3.2 15

Multijets

Four jets, each pT > 125 GeV 3 ⇥ 50 4 ⇥ 115 0.5 16
Five jets, each pT > 95 GeV 4 ⇥ 15 5 ⇥ 85 4.8 10
Six jets, each pT > 80 GeV 4 ⇥ 15 6 ⇥ 70 4.8 4
Six jets, each pT > 60 GeV, |⌘ | < 2.0 4 ⇥ 15 6 ⇥ 55, |⌘ | < 2.4 4.8 15

Emiss
T Emiss

T > 200 GeV 50 110 5.1 94

B-physics

Two µ, pT > 11, 6 GeV, 0.1 < m(µ, µ) < 14 GeV 11, 6 11, 6 (di-µ) 2.9 55
Two µ, pT > 6, 6 GeV, 2.5 < m(µ, µ) < 4.0 GeV 2 ⇥ 6 (J/ , topo) 2 ⇥ 6 (J/ ) 1.4 55
Two µ, pT > 6, 6 GeV, 4.7 < m(µ, µ) < 5.9 GeV 2 ⇥ 6 (B, topo) 2 ⇥ 6 (B) 1.4 6
Two µ, pT > 6, 6 GeV, 7 < m(µ, µ) < 12 GeV 2 ⇥ 6 (⌥, topo) 2 ⇥ 6 (⌥) 1.2 12

Main Rate 86 1750
B-physics and Light States Rate 200
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! WB>%?-+'&(@BA(,&B&*+>()*+,,&*-C(
e.g.
-- single isolated e/μ  > 26 (27) GeV
-- ETmiss > 110 (200) GeV

()=typical offline 

ATL-DAQ-PUB-2019-001

! `&A+>@)&A()*+,,&*-C()@*,&)+B,(
-F&>+D+>(-+,B@)?*&NFE.-+>-
-- e.g. LLP triggers

! !*+,,&*$%&'&%(aB@%.-+-(2!0a3
-- High recording rate with

trigger objects information
only, e.g. low-mass di-jet
resonance search

! `&%@.&A(-)*&@/
-- Separate recording with 

deferred offline processing
e.x. B-physicsRun-3 menu strategy would probably be 

not too far different from Run-2

https://cds.cern.ch/record/2693402
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LLP Signatures and Run-2 Triggers

Disappearing tracks
ETmiss

Emerging jets
Multi-jets

(meta) stable 
charged particles

Etmiss, “HIP”

Multi-track 
vertices in ID

Muon

Trackless, 
displaced jets
“Calo-ratio”

Multi-track vertices in MS
“MS vertex”

Displaced lepton, lepton-jets
”MS-only”, “Narrow scan”
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Dedicated LLP triggers
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Figure 2: Trigger e! ciency of simulated signal events as a function of the LLP decay position in thex-y plane for
LLPs decaying in the barrel (left,|! | < 1.4) and in thez direction for LLPs decaying in the HCal endcaps (right,
1.4  |! | < 2.5) for three signal samples. The open (Þlled) markers represent the e! ciency for events passing the
low-ET (high-ET) CalRatio trigger.

4.1 Displaced jet identification

Each clean jet is evaluated by a multilayer perceptron (MLP) (implemented in the Toolkit for Multivariate
Data Analysis [64]) to predict the radial and longitudinal decay positions (Lxy andLz) of the particle that
produced the jet, using the jetÕs fraction of energy deposited in each of the ECal and HCal layers as input
variables. The MLP was trained on simulated signal samples withm� in the range[200, 1000] GeV, using
only jets matched to a truth LLP. No requirements at event level (trigger and preselection) were applied in
order to have as large a data sample as possible. In addition, avoiding the preselection allows the MLP to
identify the decay position of prompt jets, which is useful when applied to SM jets. The MLP training
procedure took as input the truth-levelLxy andLz decay positions of the LLP as well as the fraction of the
jet energy in each calorimeter layer, and Þnally the jetÕs direction in! .

The left-hand plot of Figure3 comparesLxy of a truth LLP against the MLP prediction. It shows clearly
the di" erent calorimeter layers, since decays in the same layer lead to constant MLP radial decay position
prediction even as the truth decay position changes. However, the overall prediction inLxy aligns closely
with the truth decay position. The right plot shows the longitudinal decay position,Lz . It shows a
clear correlation between prediction and truth for the whole range of the forward calorimeter with less
obvious layering, since the LLP direction of travel in the endcaps is more oblique with respect to the
calorimeter layers than in the barrel. The radial and longitudinal decay positions predicted by the MLP are
useful discriminators between signal jets from LLP decays in the calorimeters and prompt jets from SM
backgrounds.

The per-jet BDT is used to separate jets into three classes: signal-like jets, SM multijet-like jets and
BIB-like jets. With that purpose, it is trained using three samples. The signal sample contains jets from
signal events for a range of models withm� in the range125 to 1000 GeV, where only jets matched to
LLPs decaying outside the ID (withLxy > 1250 mm if they decay in the barrel orLz > 3500 mm if they
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Figure 2: E�ciency for the Muon RoI Cluster trigger as a function of the decay position of the LLP for four simulated
benchmark samples in the (a) MS barrel and (b) MS endcaps. The vertical lines show the relevant detector boundaries,
where “HCal end” is the outer limit of the hadronic calorimeter, RPC 1/2 represent the first/second layer of RPC
chambers, TGC 1 represents the first layer of TGC chambers and L/S indicate whether they are in Large or Small
sectors.

segments and corresponding track parameters is called a tracklet. These tracklets are used to reconstruct
the positions of MS vertices. This algorithm was previously used for both the 7 TeV [25] and 8 TeV [69]
searches for displaced decays. Detectable decay vertices were located in the region between the outer
edge of the HCal and the middle station of muon chambers. Due to the di�erent detector technology (no
spatially separated multilayers), the CSC chambers were not used for the MS vertex reconstruction.

6.3.1 Reconstructed objects for vertex isolation

In order to ensure su�cient signal acceptance and background rejection, a set of vertex isolation criteria
for ID tracks and calorimeter jets was established in order to assist in determining whether or not a vertex
is consistent with a displaced hadronic decay.

For track isolation, two separate criteria were used: one for high-pT tracks which considers tracks with
pT > 5 GeV, and one for large multiplicities of low-pT tracks which used the pT vector sum of all tracks
associated with the primary vertex (PV) with pT > 400 MeV in a �R cone of 0.2 around the MS vertex
axis2. The two di�erent isolations stem from the fact that some jets have most of their energy in a single
hadron, while others can consist of multiple low-pT tracks.

For the 2MSVx and 1MSVx+Jets strategies, all the jets considered for isolation must meet jet quality
criteria. Jets must satisfy ET > 30 GeV and log10(EHAD/EEM) < 0.5. The value log10(EHAD/EEM)
quantifies the fraction of energy of the jet that is deposited in the HCal (EHAD) with respect to the energy
deposited in the ECal (EEM). This requirement ensures that vertices originating from LLPs that decay
near the outer edge of the hadronic calorimeter and also have significant MS activity were not rejected.
In addition, in order to reduce the probability that a signal vertex fails to meet the isolation criteria due
to pileup jets that do not have su�cient energy to create an MS vertex, jets with 20 < ET < 60 GeV

2 The MS vertex axis is defined with respect to the detector coordinate system.
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Eur. Phys. J. C 79 (2019) 481

Phys. Rev. D 99, 052005 (2019)

Used in neutral LLP search 13 TeV
Complementary coverage in decay length

In Run-3 menu, these will likely stay with some 
adjustments, e.g. L1 seed for Calo-Ratio

https://doi.org/10.1140/epjc/s10052-019-6962-6
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.052005
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Dedicated LLP triggers -cont’d-

! U7_$#B%.V(
$$7_()*@>;-("N#(&bF%+>+)%.(*&^?+*+B,()#(

/@)>E()#(W`()*@>;(

! Uc@**#"(->@BV
$$O@+*-(#D(>#%%+/@)&A(U7_$#B%.V(/?#B-

Used in search for light neutral particles decaying into 
collimated leptons or light hadrons, 13 TeV

arXiv:1909.01246 (accepted by EPJC)

In Run-3, these trigger may need 
adjustment (e.g. to reduce CPU) with 
possible improvements in efficiency 
(e.g. lowering pT threshold)

https://arxiv.org/abs/1909.01246
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LLP Signatures and Run-2 Triggers
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Dedicated LLP triggers -cont’d-

! U8WOV(
$$0@*,&(D*@>)+#B(#D(E+,E()E*&-E#%A(#D(!J!

2!*@B-+)+#B(J@A+@)+#B(`&)&>)#*3(E+)-
$$!@*,&)4(E&@'+%.(>E@*,&A(00O-

Used in search for magnetic monopole and 
stable high-electric-charge object, 13 TeV

Phys. Rev. Lett. 124, 031802 (2020)

! U0@)&(7?#BV(
$$014(d&)(#*([$

%&'' "+)E(/?#B(+B(B&b)
G?B>E$>*#--+B,(2=I3C("+)E(01!#F#

! V[/F).(G?B>EV
$$c#B(F$F(>#%%+-+#B(G?B>E&-C(-&F@*@)&A

G.(e(f$T(=I-()#(@B.(>#%%+A+B,(=I-(
$$!@*,&)4(-)#FF&A(00O-

Jet or ETmiss
(collision activity)

High pT Muon

25 ns (1 BC) later

In Run-3, Late Muon can be 
improved by making use of 
upgraded L1Muon / Topo

In Run-3, “HIP” trigger may need adjustment to 
the data taking condition in Run-3 (e.g. hit 
occupancy at high pileup condition).

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.031802
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New LLP triggers feasibility in Run-3 ?
[Personal Remarks]

! `+->%@+/&*4(G&%#"(@*&(F&*-#B@%(*&/@*;-(2)#(-)+/?%@)&(A+->?--+#B(N(+B-F+*@)+#B3

! a-()E&(*&-#?*>&-(201(*@)&C(80!(IOP3(@*&(%+/+)&AC(B&"()*+,,&*-("#?%A(G&(+A&@%(+D4(
$$)@*,&)(FE@-&$-F@>&(N()#F#%#,.(+-(*&@%%.(?B>#'&*&A(G.()E&(#)E&*()*+,,&*-
$$"&%%(/#)+'@)&A(G.()E&#*.

! I@B("&(&b)&BA(*&@>E("+)E(A&A+>@)&A(00O()*+,,&*-C(#'&*(>#B'&B)+#B@%()*+,,&*-g
$$W-()E&*&(+B)&*&-)+B,(FE@-&(-F@>&()E@)(+-(B#)(.&)(&bF%#*&A(A?&()#()#F#%#,.

@--?/F)+#B-(G.(?-+B,(>#B'&B)+#B@%()*+,,&*-(2&R,R(%#"([$
%&''C(B#(W_JC(B#(%&F)#B-3g(

\#*(&b@/F%&C()*@>;+B,(-+,B@)?*&-(A+*&>)(
A&)&>)+#B(+B()*+,,&*(2&R,R(A+-@FF&@*+B,()*@>;C(
A+-F%@>&A('&*)&b3(?-&D?%g(a%)E#?,E4

* HLT farm is very CPU limited; impossible to
run complicated offline tool as it is 

* It can be only on subset of L1 triggers
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New LLP triggers feasibility in Run-3 ?
[Personal Remarks] -cont’d-
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Disappearing tracks
ETmiss

Emerging jets
Multi-jets

(meta) stable
charged particles

Etmiss, “HIP”

Multi-track 
vertices in ID

Muon

Trackless, 
displaced jets
“Calo-ratio”

Multi-track vertices in MS
“MS vertex”

Displaced lepton, lepton-jets
”MS-only”, “Narrow scan”
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Non-LLP example
low-mass di-jet
resonance search

High rate = down to
lower mass, pT …
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Summary
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Run-1 ATLAS Trigger

3!

ATLAS,Trigger,and,DAQ,
!  Dead-time free,  
    multi-level trigger 
    ��Next collision before 
         trigger decision  
         " Pipeline 
    ��Low S/N 
         " Multi-level 
 
!  Output rates 
   ��Recording rate 
     �(~700 Hz in 2012) 
       � Need to reduce 
        from bunch crossing 
        rate (20 MHz in 2012)  
        " Rejection : 
                 ~30000 
 
!  Based on identified object thresholds and counts  
 ��  � Electron, photon muon, jet, b, τ, etc. … 

                

ATLAS%Data%

Calo/Muon)
Detectors)

Data- 
Flow 

ATLAS Event 
 1.5 MB/25 ns 

Trigger& DAQ&

High Level Trigger 

ROI data 
(~2%) 

ROI 
Requests 

~4)sec)

EF Accept 

~)300)Hz)

~)4)kHz)

Event Filter 

     

Level 2 

L2 Accept 

SubFarmOutput 

SubFarmInput 

~6 GB/s 

~ 450 MB/s 

Detector Read-Out 

Level 1 
 
 

FE FE FE 

<2.5 µs Other)Detectors)

Regions Of Interest          

L1 Accept  

40 MHz 
40)MHz)

75)(100))kHz)

~40)ms)
112 (150) GB/s 

Trigger%Info%

Event 
Builder 

ROD ROD ROD 

Back-End 
Network 

ReadOut System 

Data Collection  
Network 

Typical&2012&

20&MHz&

70&kHz&

5&kHz&

700&Hz&

1.6&&MB/50&ns&

110&GB/s&

7.5&GB/s&

1&GB/s&

~10%&
75&ms&

1&s&

1)
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Run-2 ATLAS Trigger
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[1902.03094]

calRatio: 2015-2016
• Targets LLP decays in HCal 

• High ratio of energy deposited in HCal to energy 
deposited in the ECal 

• Narrow shower 
• No associated activity in the tracker 

• L1 
• High-ET: 60 GeV τ trigger 
• Low-ET: 30 GeV τ trigger w/ no ≥3 GeV ECal deposits 

nearby 
• Exploits L1Topo capabilities - Introduced in mid-2016 

• HLT 
• Tracking performed in RoIs around jets with ET > 30 GeV 

and EEM/EH < 0.06 
• Veto presence of tracks with pT > 2 GeV within 

ΔR(jet) < 0.2 
• Veto Beam-Induced Background (BIB) via cell timing/

position 
• Offline strategy: use MVAs to discriminate against QCD and 

BIB background
9John Stupak - University of Oklahoma11/28/19

J. Stupak's talk at previous LLP WS (Nov 2019)

https://indico.cern.ch/event/849129/contributions/3633318/attachments/1952993/3242833/Stupak_281119_ATLASLLPTriggers.pdf
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J. Stupak's talk at previous LLP WS (Nov 2019)

[1902.03094]

calRatio: Run 3
¥ Lowest un-prescaled single-tau 

trigger threshold raised to 100 
GeV in 2017 

¥ Recovering lost efÞciency by 
also accepting 30 GeV L1 !  
with EEM/EH < 0.1 

¥ Future developments: 

¥ Cluster-level pileup removal 

¥ Port MVAs from ofßine to trigger

10John Stupak - University of Oklahoma11/28/19

https://indico.cern.ch/event/849129/contributions/3633318/attachments/1952993/3242833/Stupak_281119_ATLASLLPTriggers.pdf
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J. Stupak's talk at previous LLP WS (Nov 2019)

[1811.07370]

Muon RoI cluster
¥ Targets hadronic LLP decays in the 

MS 

¥ Resulting charged hadrons will be 
reconstructed as a cluster of muons 

¥ L1: 2 muons with pT > 10 GeV 

¥ HLT: require at least 3 (4) L1 muons 
within ! R < 0.4 in barrel (endcaps) 

¥ Ofßine strategy: reconstruct vertex 
from MS ÒtrackletsÓ 

¥ Trigger expected to remain throughout 
Run 3

11John Stupak - University of Oklahoma11/28/19

https://indico.cern.ch/event/849129/contributions/3633318/attachments/1952993/3242833/Stupak_281119_ATLASLLPTriggers.pdf
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J. Stupak's talk at previous LLP WS (Nov 2019)

Muon Narrow Scan
¥ Targets decays to collimated muons between IBL and MS 

¥ L1: muon with pT > 20 GeV 

¥ HLT 

¥ Require reconstruction of L1 muon as as standalone MS 
muon 

¥ Scan within ! R < 0.5 for 2nd standalone MS muon 
(variable pT threshold) 

¥ Ofßine strategy:  

¥ Use MVA to discriminate against cosmic muon background 

¥ Require " 2 Òdark photon jetsÓ with " 2 muons each (also an 
electron/pion channel which uses the calRatio trigger) 

¥ Run 3: 

¥ Scan is slow, making rate somewhat high (even in 2016) 

¥ Increasing 2nd muon p T threshold signiÞcantly reduces 
H(125) efÞciency 

¥ Work ongoing to improve efÞciency for Run 3

15John Stupak - University of Oklahoma11/28/19

[1909.01246]

https://indico.cern.ch/event/849129/contributions/3633318/attachments/1952993/3242833/Stupak_281119_ATLASLLPTriggers.pdf

