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» Plan to increase the LHC luminosity by an order of magnitude.
» Ultimate instantaneous luminosity: 7.5 x 103 cm—2s7".
» 10x increased background of n and - rays in Muon Spectrometer.
» Reach of searches for new physics, and accuracy of measurements

significantly increased.
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The intended physics programme for the HL-LHC requires

=- to maintain present trigger thresholds for physics at the electroweak
scale (< 20GeV).

= new highly selective triggers, in particular also a new first-level muon
trigger.
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Optimisation of the ATLAS Muon Trigger

Barrel (|n| < 1.05)
recision MDT muon chambers

7 /D
¢ TGC
trigger chambers
i
End-cap (1.05 <|n| < 2.4)
1i5 2IO z=[m]

[Momentum measurement from track sagitta (curvature) in three layers of muon chambers.]

Fast trigger chambers, O(1 ns) time precision:  Precision tracking detectors, O(35 um) spatial resolution:

» Resistive Plate Chambers (RPC), » Monitored Drift Tube Chambers (MDT),
» Thin Gap Chambers (TGC) consist of 6-8 layers of 30 mm diameter drift tubes.
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Optimisation of the ATLAS Muon Trigger

ATLAS Run 201289 [LB 96-566], LHC Fill 2516, Apr. 15 2012, 50ns spacing low pT
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» Trigger rate is dominated by fake tracks in end-caps, and by high rate
of low energy muons.

» Improved momentum resolution of the first-level trigger required for
sufficient reduction of the trigger rate due to low energy muons.
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Optimisation of the ATLAS Muon Trigger

= T T T ' T ' E
" ATLAS Preliminary  Data 2016, Ys=13 TeV, 127 pb”
L Z 5up, 1.05< | <24

| present Level-1 trigger |
= “M‘.rﬁ+¢,=l==n=—n—|_._51=t—'—‘

goal for MDT-based trigger

Efficiency

0.5~ -

L + ¢ Level-1 muon trigger (20 GeV threshold) ,
L * High Level Trigger (24 GeV threshold) |

% *20 20 60 80 100
offline muon p_[GeV]
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Optimisation of the ATLAS Muon Trigger

» MDT chambers provide required

m momentum resolution for

(Readout)(Readout] Level-1 trigger, comparable to

present High Level Trigger, to

reduce single muon trigger rate
Trigger Logic

to < 20 kHz (with high efficiency
and low fake rate).

- » Due to the increased latency of
6 us after the Phase-Il upgrade,
Schematic diagram of present it becomes poss_lble to _mclude
Level-1 muon trigger MDT chambers in the first-level
trigger decision.
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Optimisation of the ATLAS Muon Trigger

(developed at MPP)

» MDT chambers provide required
momentum resolution for
Level-1 trigger, comparable to

Readout Readout present High Level Trigger, to

reduce single muon trigger rate

to < 20 kHz (with high efficiency

and low fake rate).
Mw » Due to the increased latency of

6 us after the Phase-Il upgrade,
it becomes possible to include
MDT chambers in the first-level
trigger decision.

Schematic diagram of new
MDT trigger
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Optimisation of the ATLAS Muon Trigger

Two topics are addressed in this talk:

1. Development and test of fast track segment reconstruction algorithms
with custom Monte Carlo study, including background rates as expected
for HL-LHC.

2. Investigation of trigger rate reduction with inclusion of MDT chambers
using Run 1 data at /s = 8 TeV, 25ns.

[ Track segment reconstruction: 1( Three pattern recognition al- )
» Pattern Reconstruction gorithms were studied:
» Track segments from straight » 1-D Hough transform
line x2 fit (y = mz + b) to » 2-D Hough transform
selected hits » (new) Combinatorial
» Choose candidate with: Track Finder
1. largest number of hits nyjs, - o
2. smallest x? ) o
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Fast Segment Reconstruction

seed track Na©)
/‘\QQ(\Q/\ 1. Use RPC/TGC track
= — )
~ §§<F\Q>/ NI~ segment angle « as seed.
COE YT L
OO Ne 9 2. Fill projection
~OO- ~ORO
N\ ‘\,/\' C .
O OO d = zcosa+ ysina + ryi
drift circles (4 \/@(Jf @
\Q/‘/f 020
O~ O .
N mué( O " it of MDT hits onto seed track
Y two multi-layers of dri . . . .
U 7 tubes in MDT chamber direction in histogram.
(2, y): sense wire position 3. Use hits in maximum bin for
ege straight line 2 fit.
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Fast Segment Reconstruction

Expected background rate in kHz/tube at L = 7 -10* cm™ s™'

Expected occupancy in % at £ =7 -10* cm™ s~
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Fast Segment Reconstruction

bin width: 2.9 mm
threshold: 3 hits

1-D Hough transform performance
depends on seed track angular
resolution:

T
.m,..,-m,,.«la"m
[ [——

occupancy: 11.7 %

EML1

Entries / 0.0001

€ =94.56 %

» good in end-caps
(09 = 5mrad)

» lower in barrel
(o9 = 15mrad)

0.01

Myee = mgen

Nhits > Mmin Nhits < Mmin

|Mrec — Mgen| < Bompr,e | Well reconstructed track | track segments rejected
segments (g)
|mrec - mgen| > 3ompT,y | wrongly  reconstructed | track segments rejected
track segments (Niake)
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Fast Segment Reconstruction

y ¢ well reconstructed
Niake Wrongly reconstructed EM

21%59% 13% 79% 11% 82% 91%
CrT T2 3T a5 6 ]

EE 94%
59% 41% 55% 45% 52% 48% 2
_

! 96%

63% 37% 44% 56%

95%
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4%
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5%

91% 9%
94% 6%
96% 4%
96% 4%
93% 7%

95% 5%
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Fast Segment Reconstruction

» Multiple 1-D Hough transforms for different bins
«j around seed track segment angle ag

& scan 2-D parameter space in « and d.
» For each bin ¢;

» fill a histogram with

di = zcosa; + y sin a; % ryrit,

» perform straight line 2 fits to hits in maximum
bins (as before).
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Fast Segment Reconstruction

y € well reconstructed
12m EO
Niake Wrongly reconstructed EM
98% 2%
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;M* 97% 3% 97% 3% 99% 1% 2 99% 1%
[T 27374715716 ]
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Fast Segment Reconstruction

new

1. For every combination of two
drift circles in the same
multi-layer: calculate the four
possible common tangents.

2. Select tangents compatible with
RPC/TGC seed track.

3. Calculate the average of the
compatible tangents.

4. Find hits closest to the straight
line.

5. Perform straight line x? fit to
these hits (as before).
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Fast Segment Reconstruction

y € well reconstructed
12m EO
Niake Wrongly reconstructed EM
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Rate Reduction

» Studied with ATLAS Run 1 data

Efficiency
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Rate Reduction

© S L B I L L ) B A B
g [ |:| Expected Phase-l trigger candidates suitable for sagitta measurement (75%) |
2 2500(— gmmor wigger - ; :
@ L [ Imsoffiine - included in
p] [ [ offline p;® >20 Gev . b _
S 2000 RPC/TGC trigger ] ATLAS Phase-ll
g - ] upgrade IDR
© 1500F- N
1000(~ -
5001~ -
o2 -
nCB

Rate reduction by 70%, therefore first-level muon trigger rate reduced
to < 20kHz for pr = 20 GeV trigger threshold.
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Summary

o T T T T T T T T T T T T q
o 0
S %] - P .f__> b
S 10 E bin width: 3.1 mm . My = Mgy < 30 £ 103 r 1-D Hough Transform |
2 F threshold: 3 hits w hardware implementation
8 3 W e o> 30 ]
5 102 , 833 MHz clock speed |
F £=98.58% 0,,=0.0 10 E
C occupancy: 11.7 %
L EML1
E 10 5
Il Ll T T T
0.005 0.01 o 1 2 4 5 6 7 8 9 10
Myee = Mgen algorithm duration [us]

» Assembler code implemented at MPP on a ’'System on a Chip’
(XC72045 FFG900 -2 AP), FPGA + 833 MHz CPU.

» All events can be processed in < 5 s, close to intended processing
time of 3 us.

» Further optimisation possible with faster processors (1 GHz) and
enhanced implementation.
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Summary s

» Highly selective triggers are required to maintain trigger thresholds for
physics at the electroweak scale at the HL-LHC.

» To reduce the single muon trigger rate to < 20 kHz it is required to
include the MDT chambers in the first-level trigger decision.

» Fast muon track reconstruction algorithms have been developed,
which can be performed within 6 s latency.

» The new method developed, the Combinatorial Track Finder, based
on all possible tangents to drift circles, gives high track segment
efficiency ¢ ~ 95% in all regions of the ATLAS Muon Spectrometer
and is insensitive to the seed precision.
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Summary
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Summary

Significant improvements in the

» precision measurement of
Higgs couplings and
detection of possible
deviations from SM values,

» searches for
supersymmetric particles,

» searches for Dark Matter
particles, e.g. in invisible
Higgs boson decays.

Ratio to SM
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= Maintain present trigger thresholds for physics at the electroweak

scale (< 20 GeV).
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Summary

Significant improvements in the

» precision measurement of e e
ATLAS Simulation Preliminary Og = 30%

= E

Higgs Couplings and & Ldl-Smbm:,p-Ilﬂ,SS%CLexdusinn E

detection of possible i - e i

deviations from SM values, e T

» searches for _

supersymmetric particles, 3

» searches for Dark Matter I
partICIGS) eg In InVISIble 900 300 400 500 600 700 800. 900 1000 11.00 1;00

. =| V

Higgs boson decays. My [GeV]

= Maintain present trigger thresholds for physics at the electroweak
scale (< 20GeV).
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Summary

Significant improvements in the

» precision measurement of
Higgs couplings and
detection of possible 10
deviations from SM values, 10%

ATLAS Preliminary

S
2
T
|

)

» searches for 1077 5770V, [Lot- 46481 H
. . £ s=8TeV, [Ldt=2031" |
-49 |

supersymmetrlc partlcles, 107 1Y, 22 Al AW, ]
105 L h—>tt, hobb, Zh—I+ET™ B
» searches for Dark Matter [ "7 DAMA/LIBRA (99.7% CL)  ATLAS (95%CL)in  _|
. . .. 1058 [ . gRESSST (95‘2/; cL Higgs portal model: ]
F~ [ CDMS (95% CL) = |
particles, e.g. in invisible MLy e e
H 10%° — % 2 Vector WIMP -

—— XENON100 (90% CL)
Higgs boson decays. E oo o ]
105l 4 i Ll L
1 10 10° 10°
m, [GeV]

= Maintain present trigger thresholds for physics at the electroweak
scale (< 20GeV).
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Summary

Significant improvements in the

» precision measurement of

TR Ty
S L imulation ]
Higgs couplings and Zron Preliminary |

detection of possible e AN
deviations from SM values, sl e N

» searches for 10475
. . F Vs = 14 Tev| [ Ldt = 3000 fbo!

supersymmetric particles, 109 — qui
51 h—Zy, h—1t, h—bb, h>up B
» searches for Dark Matter T ooy s esiogn
. P 1053)— 1 CDMS (95% CL) Jags porta ek
e bl .= -3
Higgs boson decays. - | .
1 10 10° 10°
m, [GeV]

= Maintain present trigger thresholds for physics at the electroweak
scale (< 20 GeV).
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Summary e

ATLAS Run 201289 [LB 96-566], LHC Fill 2516, Apr. 15 2012, 50ns spacing
R e o e e e e EERE R R R e v [ml
B n
10 Measure of momentum .~

ATLAS %
L1 10 GeV muon trigger
\:I matched to reconstructed muon

. matched to p1>10 GeV muon

150 5 LL—=n
7 : T
100 2. 7 z
7 ?r ? % ggf //j Fake high—-p,
‘A//?r% o ' ' g{% %; muon trigger
° I Y T T Y] 0.5 1 15 2 5 Small 10 Big 15 z[m]
- wheel wheel

» Hadronic punch-through from the calorimeters gives rise to fake
high-pr muon triggers

» New Small Wheel (Phase-I upgrade) and Big Wheel coincidence will
sort out fakes
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Summary

y [m] barrel transition region
’ n

/

TGC
segtdfl] trigger chambers end-cap

n

m Region of interest defined
by trigger chamber hits

e Hit cluster in trigger chamber

© MDT hit (~0.5 mm precision)
0 f ;

|
T T -

0 5 em 10 15 20 z[m]
small wheel

[m]
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Summary

The inhomogeneous field integral in the spectrometer requires local
corrections dependent on n and ¢.

pr = SE BN g 1/8) + Pa(o) + Eal),

8s

with

> S =(1/s—a)/a S o [B] S

> Po(6) = 2 opi- o St AR

> Eo(n) = Lioei-n B W\ ;
The parameters a;, pj, e are j;’¢=o ]
determined in an iterative fitting )3 ]
procedure. T

o = = = = waQe
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Summary
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Summary

: ‘ o _ _
§ = E S 450> E
g sooL. O = 0.049 20,001 E g 400 0, =0035£ 0,001 [| 19 Gov <p® <21 Gev
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r ] 250F E
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r ] 1505 E
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» p$" resolution at trigger threshold of 20 GeV: Opon = 4.9%, limited by
energy loss fluctuations and multiple scattering

» MS Offline resolution at trigger threshold of 20 GeV: Tpsh = 3.5%
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Summary

Total g —

Spectrometer entrance

Mutiple scattering

Chamber Alignment

10 Tube resolution and autocalibration (stochastic)
Energy loss fluctuations

12

T
O<«0Od0O>

Contribution to resolution (%)
T

;3
Pt (G?é\//c)
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Summary
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%‘ L. ] » 70% of all trigger candidates have 3 or more
‘g Al * . | track segments and are suitable for sagitta
%10 . . measurement with rate reduction by 70%.

= 40 . . » Remaining 20% of all trigger candidates is
3 10k . suitable deflection angle measurement with
B \(s=14TeV, L=710% cm?s" ] rate reduction of 50%.

§ | - Nhion Mooer i lisw 1 » Remainder (10%) is accepted by MDT

s * Muon trigger with NSW+MDTs ‘ trigger.

15710715 20 25 30 35 40 45

[N threshold [GeV]

= Combined rate reduction by 60% from 50 kHz (after Phase-| upgrade) to 20 kHz.
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Summary
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» Sagitta measurement only possible for trigger candidates with > 3
track segments.

» Detector upgrades will provide higher track segment efficiency for
In| > 2.0

[m]
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Summary s

Data sample: Run 1 ATLAS data at /s = 8 TeV, 25 ns bunch spacing
(Period M), consisting of runs 216399, 216416, and 216432

Step in event selection

Expected Phase-I trigger events
Matched to off-line muon

| Number of events
122701
109 950
p$B < 100 and pPA < 100 102292
Sagitta method applicable 76270
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Summary

RPC/TGC resolution

Predicted occupancy for HL-LHC [6]
Expected background rate in kHz/tube at L = 7 -10* cm s™ Chamber Oseed m
Expected occupancy in % atL =7 -10* cm™ s
’ BI  0.020
! BM 0.015
EMz! 0.005
EO®  0.005

) MDT segments
with orpc

2) TGC segments [7]

magnet

6w 3) EM extrapolated

» Segment parameters for each chamber determined with Run-1 data
» No EO TGCs: slope extrapolation EM — EO with ogg . g = 0.0018
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Summary

Hough transform:

» Isomorphic map between points in coordinate

space and sinusoidal curves in parameter
space

» Maximum in parameter space defines straight
line segment

» Implementation: fill histogram with

di = XCos o + y sina; % ryritt

[m] = - =
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HL-LHC Optimisation of the ATLAS Muon Trigger Fast Segment Reconstruction Rate Reduction Summary
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