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Search for physics beyond the
Standard Model

— Need for increasingly precise
experiments

— High data rates expected:
® 40 TBps LHCb [1],
 3TBps ALICE [2],
® 80 Gbps Mu3e Phase | [3]

— Perfect for FPGAs and GPUs
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Higgs Event. Source: CERN, CC-BY-SA



Mu3e Experiment [3]

Search for the Lepton Flavor Violating
decay um — etete”
® Previous upper bound on branching
ratio was set by SINDRUM [4] to

10-12
® Located at Paul-Scherrer-Institute - "
(PSI) Switzerland 2 /A *
® 1 year of data taking for Phase | \ "
® muon rate of 1-108u/s for Phase I, ’
> 1-10%u/s for Phase |l \\/
&
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Detector: Beam setup

Signal event:

¢ Momentum and Energy

conserved ——= uBeam  Target
® Same point of origin (event

vertex)
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Detector: Setup Explained

Recurl pixel layers

Scintillator tiles

Inner pixel layers
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Detector: One Frame of Data
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Detector: Readout

2844 Pixel Sensors 3072 Fibre Readout Channels 5824 Tiles
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[E= =L 80 Gbps of data
— Filter needed!
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Datarate Reduction by Filtering
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Online Event Selection

® Goals:
® [dentify signal-like frames N f
® Reduce data rate by at least a factor /
of 100 /
® Run in real time on GPUs
® Based on [5] _ -
e Qutline: —F

© Check for possible event vertex



Online Event Selection

® Goals:

® [dentify signal-like frames

® Reduce data rate by at least a factor
of 100

® Run in real time on GPUs

® Based on [5]

e Qutline:

@® Find particle tracks
© Check for possible event vertex




Online Event Selection

® Goals:
® [dentify signal-like frames N f
® Reduce data rate by at least a factor /
of 100 /
® Run in real time on GPUs
® Based on [5] _
e Qutline: *

@ Reduce input problem size
@® Find particle tracks
© Check for possible event vertex




Online Event Selection

Algorithm 1: Main kernel

// Distribute frames over CUDA
blocks

® Goals: )
L i 1 for all frame € frames do in parallel
* dentify signal-like frames 2 load_into_shared_memory(frame)
® Reduce data rate by at least a factor —!nto_ - y
of 100 3 ___syncthreads()
® Run in real time on GPUs 4 selection_cuts(frame)
® Based on [5] 5 ___syncthreads()
e Qutline: 6 track_reconstruction(frame)
@ Reduce input problem size 7 __syncthreads()
@® Find particle tracks 8 vertex_fit(frame)
© Check for possible event vertex 9 __syncthreads()
10 store_frame(frame)
11 end




Selection Cuts: Reducing Input Problem Size
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Selection Cuts: Cylindrical "Transformation”




Longitudinal Cut
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Transversal Cuts




Transverse Cut - the Circle Solution
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Selection Cuts: Efficiency

combinations kept [%)]
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—1 All combinations




Selection Cuts: Efficiency

combinations kept [%)]
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Algorithm 3: Selection Cuts

// Distribute across threads
1 for all hit_combinations(frame) do in parallel

2 if test_AM(hity, hity, hity) then

3 if test_¢01(hit0, hitl) then

4 if test_®oo(hity, hitp) then

5 if test_r; c(hito, hity, hity) then

6 if num__cuts < cuts_max
then

7 save_cut(hity, hity, hity)

8 num_cuts + +

9 end




Track Reconstruction: Triplet Fit [6]

pixel layers only source of uncertainty

® Assumption: Multiple Scattering in > 1 @

® Scattering angles have a mean of 0
e Objective: ‘ X

x() = ¢M§§f)z ! eMjéH)Q (1) =




Triplets Fit

® Propagate first helix to fourth layer
and use closest hit as extension

e Combining multiple triplet solutions to
one solution

Ntriplets

X§|oba|(/€) = Z X%(’f) (2)
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Triplets Fit

® Propagate first helix to fourth layer
and use closest hit as extension

e Combining multiple triplet solutions to
one solution

Ntriplets

X§|oba|(/€) = Z X%(’f) (2)
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Alg

orithm 4: Track Reconstruction

// Distribute across threads

1 for all hity, hity, hity < cuts do in parallel
2 3hit_track < fit_helix(hity, hity, hity)

3 hits < find_closest__layer3_hit(3hit_track)
4 full_track < fit_helix(3hit_track, hit3)
5 if full_track.x? < x2,.x then

6 if num_tracks < max_tracks then
7 store_track(full _track)

8 num__tracks + +

9 end
10 end

11 end




Vertex Fit

For all et, et, e~ combinations:

@ Check for energy conservation
Es++Es++E- = EM ‘
® Project onto transverse plane h‘

© Find 2D event vertex, choose vertex
with smallest error

O Go back to 3D and find 3D vertex

position
. y
@ Check distance to target T_)
@ Check momentum conservation X

)
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Algorithm 5: Vertex Fit: Part 1

// Distribute across threads
for all eaL, ei“, e~ <« tracks do in parallel
if test_Etot(eg, e1+, e ) then

store_track_comb(ed , €, ,e™)
num__track_combs + +

end

__syncthreads()

if num__track_combs > max_tracks then

return




Algorithm 6: Vertex Fit: Part 2

// Distribute across threads
1 for all ], e

+

1, € < track_combs do in parallel

2 intersections «— get_intersections(eg , e/, €”)

3 vertex <— calc_vertex_estimate(intersections)

4 if vertex_estimate.x? > x2,,, or keep_frame then

5 ‘ continue

6 end

7 if vertex_estimate.target_dist() < target_distmax or keep_frame then
8 ‘ continue

9 end

10 if vertex_estimate.total_ momentum(eg , ef, e ) > momentumpax or

keep__frame then

11 ‘ continue

12 end

13 keep_frame < true
14 end




1080Ti: 2080Ti:
e Intel(R) Core(TM) i7-5930K ® AMD Ryzen Threadripper 2970WX
® NVIDIA Geforce GTX 1080Ti ® NVIDIA Geforce RTX 2080Ti
e 16GB RAM e 128GB RAM
Test data:

® Mu3e Simulation Framework based on Geant4
® 64ns frame length

® 1.302 - 10° frames per second need to be processed



Algorithm Accuracy

approx. % kept ‘

5 signal tracks 97.45
® Muon rate 1-10°u/s true tracks 94.56
signal frames 94.42




Benchmarks: Muon Rates
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Benchmarks: Speedup

25—
223
o] 199 |
Our Reference N
[5] =
. g 15| 1
Selection Cuts v’ X o
Track Reconstruction | v v @ 1 |
Vertex Fit v’ v’ 0.84
Static cut off at ’_‘
1024 possible X v’ 0.5 : : 0.4
triplet combinations chb Xg‘b ch g‘b @
S R
muon rate



Benchmarks: Speedup
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Conclusion

e Full implementation of the
Online Event Selection for
Mu3e Phase |

® Performance goals reached,
with a spedeup of 2 over
previous version.

e Efficiency kept, but could be
improved in future work.
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