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LHCb Tracking System

More details in Hengne Li’s presentation

B . . W— v T

S¢iF

UP plays a key role in LHCDb tracking system

e Fast estimates momentum for trigger system
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 Improve momentum resolution

VELO Pixels with Timing Upstream Pixel Tracker Magnet Station(MS) Mighty tracker (MT)

 Reduce ghost rate in track TV) (UP) : gﬂggs(oclzﬂl\g?ls: _Rixel (inner, MP)

Migh& Tracker

 Increase reconstruction efficiency for Ay K g ..

LHCDb Track Type

e Long track: TV - UP - MT
e Upstream: TV - UP
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e Downstream: UP - MT aa
RICHI

/

/

Magnet Stations

0 2 1 6 8 10
(m)

LHCDb Tracking System



1gn
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Upstream Pixel Tracker (UP)

Reticle size
~20.2x21.4 mm?

Chip

80 um

50x150 um?

Matrix = 400x128

Tolerances ~20-40 um
Pixel

Guard ring

Periphery ~ 2 mm
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 Higher data rate and 1rradiation
Chinese group led the R&D

e 4 Layers, 10 Staves per Layer, 32 Modules per Stave, 14/10 Chips per Module

FTDR design
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Upstream Pixel Tracker (UP): Gapless design

UP new design — Gapless design

Chip

e 4 Layers, 12 Staves per Layer, 48 Modules per Stave, 8/6 Chips § _ Retcesizs Trancas 2040
per Module Peroners=2mm_L | Vati= 4001257
e Coving ~1309mmin X, ~ 1285 mminY
e C(Central hole (beam pipe) ~ (£ 35 mm) X (£ 37mm)
e Chip size ~2 X 2 cm’ a0
e 2x4 chips amounted on both face of Hybrid and chips / or:;:)anp

\

B &
8 (module) x 8 (chip per module) ~1285mm

B 4
12 (stave) x 6 (chip per stave) ~1309mm
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Upstream Pixel Tracker (UP): Gapless design

2x3 (x8) modules amounted on both face of Stave _TraCk angle distribution (L"XZp'a"e) Stave
Overlap setting for module and stave - TE

o dyyorigy = dz X tand

e 0~ 14° — Ensure 95% of track not loss hit in UP | i

Gap covered by setting overlap for all Chip, Module L

and Stave

| §

15.7

8 modules, ~1217 mm

Staggered structure for UP layer

| . . . B . . . s |




Upstream Pixel Tracker (UP): Gapless design

Material Budget Material Radiation Length vs Eta
 The readout system was moved to both ends of the stave 1.0-5 I - : gg::;::\i,t;er
e Radiation length under 1%X0 go'e? eyl R
e The flexcable material to be decided fﬁ’“‘:
Hit density and data rate g 0.4 without flexcable yet
* Mini-bias simulated events at LHCb upgrade II beam condition Y

and studies at 1.0, 1.3, 1.5 X 10>*cm =251 performed 0,0_:

15 20 25 30 35 40 45 50 55

e Hit rate for pp at X =4 cm ~ 74 MHits/ s/cm? Eta

more details in ChengZeng' presentation

e According to preliminary data format in HV-CMOS chips and

with x1.2 save factor and 1.2 cluster size contributions

2oe 34 39 39 33

e Quter region with lower hit density, where 4x chips can be daisy

chained and for each module 2 x 1.28Gbps elink needed

34 39 39 34 N

: _ |
0 0 09 0.9
j. -8 1

per e—link -50) 0 50 -6 -4 -2 0 2 a4 6

Data Rate / 1.28 Gbps
Normal Compact Format

e Inner region with high hit density, most busy chip need 4x 1.28Gbps

X [cm] Chip Column

e The high hit density and data rate for UP in LHCb upgrade II Hits map & Data rate @ (UP layerl, Z=1.0 x 10% cm~2s=1, pp at 30MHz)

results 1n a challenge for the tracking reconstruction



UP Standalone (v1)

 Pixel HV COMS chips supply better resolution for particle hits positions both in X and Y direction
e Different from the current UT detector, in upgrade II, the UP detector can reconstruct the UP standalone

track, and also can expect the improvement for the tracking performance in the future

+ Reference position
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UP Standalone algorithm optimization

e Efficiency, especially in low momentum region, still has the improving space

e Ghost rate >10%, polluting the matching algorithm 1n next step

FTDR
Defaul Optimized Defaul Optimized
M FTDR \ Algeofithtm algcorith?n Algeor?ithtm al‘;torithem
UP Efficiency (All) ~82.14% &I)Efﬁcie“cy ~82.14% ~91.53% ~84.08% ~94.26%
UP Efficiency (> 5GeV) ~96.34% s ~96.34% ~96.58% | ~97.42%  ~98.11%
Ghost Rate ~10.78% Ghost Rate ~10.78% ~4.07% ~12.32% ~3.47%
Efficiency vs p
The algorithm is upgraded e L
9 ~
S A
e Addhits: once a UP track reconstructed, other hits with small enough DOCA Y - E
considered also belong to this track and masked —no use for other track - 0e aats
reconstruction -
, , , , 0.4~ FTDR - Default algorithm ~
e Track-by-track analysis shows most of ghost tracks in UP are with 3 hits. Therefore - FTDR - Optimized algorithm :
, . . . o 0.2~ New design - Default algorithm
once a hit can be selected for two tracks with 3-hits OR 4-hits, we put this hit into - _
. . O PR R A T TR S TR N TR RN S TR SN T SR T
the 4-hits track container 0 5000 10000 15000 20000

Momentum (MeV/c?)



MLP/CAT algorithm for UP standalone track

Efficiency, Ghost rate and Count (with 2000 evt)

1.0 A : s — e e _—¥— Ghost rate .
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Upstream with UP Tracks

e Forward Upstream (VELO-UP) tracks to match MT tracks — Forwarding track
e Key method for long track reconstruction in Upgrade 11

e Upstream tracks are essential

Il I I = = =N === - Il I I = = =N ===
L

o
Match TV and UP Track velo track
e Cutondyx, dy dtx, dty, dO
e Choose the best track with dr z=1800mm
CYoX ) \ImageMagick: 01_velo+UT_P.png
0 Efficiency =©
1.2 45000 e e
: 2500 AR o
Bl % g .
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I o 2000
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— o 500
. i 10000 5%%0
— 400 =
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- -t X
0’ ------- ]1111|1,11111111|1|11|11|_F9103 . 79 Q N 100
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p [MeV] g
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Long Track

e Combine the Velo and MT track firstly, then looking for the best

matching UP tracks — similar as current LHCDb reconstruction

e Matching TV tracks and MT tracks

e Extrapolate TV and MT tracks to a common Z-plane

e Fast Pre-Filter: Discard candidates with large Y-mismatches

e Precision Matching: cut on y* and MLP score

e Compute y* from position/angle differences, with dynamic error scaling

o 2= (AX?/tolX) + (AY?/tolY) + (ATy? X 625)
e Evaluate match quality via MLP (6 inputs — mlp score)
e Inputs: AX,AY, ATx, ATy, y?, TV tx* + ty?

e Add UP tracks into matched TV-MT tracks
e TV-UP requirement: dx, dy, dtx, dty, dO

e UP-MT requirement: dy

Check dr

e Choose the track with the smallest TV-UP dr ___— upftrack

e Apply Kalman Filter for better performance

z=1800mm

z=10000mm
12



Long Track

Long Track with UP

e (Ghost rate reduced significantly

e Momentum resolution improved

o 1 Efficiency o 1 *  Ghost rate o Momentum resolution
- I L L, e e e
- E - E 1400 - -
N . , —+— 0.9 TV+MT 3 - TV+MT A
085 37 E 0.8 TV + UP + MT = 1200 |- TV + UP + MT*
S 07E E o 0.7 } E @ 1000 — -
2 0.6 — s 0.6 ; . = = 200 - b
5 05T : z 055 T E g 800, :
T 041 = S 04E% T = 600 [ =
0k TV+MT 3 O . E . :
025 TV+UP+MT = 025 *, ¥ R E P :
5 : R : 200 =
0.1% — 0.1 . | :+—_— - -
0 = . | . . . | . . . | , 0 = . . | . P A S—. S— . | S ) S E———— T IR N B

20000 40000 60000 20000 40000 60000 -0.04 —0.02 0 0.02  0.04
p [MeV] p [MeV] dp/p
FTDR Geom
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Downstream Track

e Downstream tracks is crucial for the long lived particles like K, and A, those decays outside of the Velo

e Flavor physics studies with K, or A, particles strongly rely on the downstream tracking performance

e Same algorithm as TV-MT Matching (UP + MT)

e Fast Pre-Filter: Discard candidates with large Y-mismatches

e Precision Matching: cut on ¥ and MLP score

— Efficiency FTDR Geom \ Ghost rate
¥ o speoe, e Py i sy A ey R PR S LEFT = &= a0 S .
09F _oeo—r———F+—1 = 0.9 3
0.8F = 0.8 + =
. 0.7F- = 0 -
2 0.6 : g 06F E
5 0.5 Pr = Z 05 + :
= 04 : 5 04F « 4 -
0.3 - 03F . ; -
0.2 = 0.2 Bk i =
0.1 = 0.1 =
0 e ol T T Sy S S s g S S St 0 M B 1 TR B Yo

20000 40000 60000 20000 40000 60000

p [MeV] p [MeV]
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Upstream with UP Hits

Tracking based on UP Hits still considered as backup

Match TV and UP Hits
Two FOMs
ATY AY AX
) | 2 2, 2
o X =xyp(y) (G(An)) | (G(Ay)) | (G(AX))

e 6(ATY) =0.7mrad,c(AY) = 0.6/mm, c(AX) = 1.0mm

A gradient boosted BDT (using TMVA)

e 12 discriminating variables
e Signal: All used UP hits match to the correct MC particle
e Background: O hits matched to the correct MC particle

12 Discriminating variables

Zeff center
ma

g =| 1840 mm

P—

AX:!

X £ B :

l | |

Ghost rate

—+— %2 Selection
—+— BDTG Selection

GR(BDTG)=3.6%
GR(x3)=7.3%

l
T

R [
I l

| l | l

X Efficiency @ U
i ©
.EJ L —H —0.45
9 —_— $ 23
ﬁj é% 0.4
§0-8 0.35
4] - . o I
= §(BDTG)=72.7% 0.3
0.6 &((?)=74.3%
S £(BDTG)[p>6 eV]=92.3% 0.25]
80 ; E()[P>6 €V]=93.6% 0.2
' §(BDTG)[2<p<5 eV]=82.1% 0.15
I E(x2[2<p<5 eV]=84.3% ,
0.2 A 0.1¢
I FTDR Geom 0.05
Or 1 | _11 l —_— 1 | I | I l 1 I 0
0 20 40 60 80 100 0

True momentum (GeV)
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] | | | | | l
60 80 100
True momentum (GeV)

40



LHCD

Summary

 The upstream pixel tracker in Upgrade II will be redesigned due to the increase of luminosity

e From silicon strip (UT) — silicon pixel (UP)

 Geometry versions are implemented under the LHCb framework

e Compare the Material Budget between two UP designs
e Study the hit density and data rate under the LHCb Upgrade II beam condition to guide UP design

e The UP performance study 1s ongoing

 The development of all UP-related track reconstruction systems 1s developed
e UPTracks-based algorithm and UPHits-based algorithm are developed in parallel

 Tracking Algorithm Optimization in Progress

Thanks for your attention!
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UP Standalone updates

e Efficiency, especially in low momentum region, still has the improving space
e Ghost rate >10%, polluting the matching algorithm 1n next step
¢ Once we check the simulation from UP.E design, with no-gap structure, the increase of the ghost rate 1s also observed

e More hits detected, but the performance 1s worse?

FTDR
| Default Optimized Default Optimized
M FTDR \ Algorithm algorithm Algorithm algorithm
UP Efficiency (All) ~82.14% ~84.08% &"IDE"‘“C‘*““Y ~82.14% ~91.53% | ~84.08%  ~94.26%
UP Efficiency (> SGQV) ~96.34% ~97.42% tJ>P5EGT\<;i)ency ~96.34% ~96.58% ~97.42% ~98.11%
Ghost Rate ~10.78% ~12.32% Ghost Rate ~10.78% ~4.07% ~12.32% ~3.47% o
Efficiency vs p
> L L L
2 1F :
e The algorithm 1s upgraded 2 e ]
5 T -
S~ (.8 |
. . . & .
e Addhits: once a UP track reconstructed, other hits with small enough DOCA M . ]
. . 0.6 B
considered also belong to this track and masked —no use for other track - )
reconstructlon 04 :_ —+— FTDR - Default algorithm —:
- —4— FTDR - Optimized algorithm -
e Track-by-track analysis shows most of ghost tracks in UP are with 3 hits. 0.2 —+— UP.Ew2- Default algorithm ~
—— —+—— UP.E.v2 - Optimized algorithm i
° ° _ ° _ ° O B . ! I " . . \ | . i . . | ' | . | i
Therefore once a hit can be selected for two tracks with 3-hits OR 4-hits, we put 0 5000 10000 15000 20000

Co el : : 2
this hit into the 4-hits track container Momentum (MeV/c?)



Reconstruction of physics decays

Reconstruct tracks on Upgrade2 simulation — Use Long Track

0 +_— 0 4+ -
K; — m7xn~ mass peak B, — pu™u~ mass peak
Monitor HIt2KshortToPiPi_m Monitor HIt2BsToMuMu_m Monitor_HIt2BsToMuMu_m
E P 2 100 2 100
E 250 200 events @ = - 1000 events @ E B 0
3k L =13x10%m™2™! § [ L =13 x10%*cm 25! 5 Iohe — )
. . e 80 0
[ £ L E -
20f | i : B -
B i 60— 60—
15 L E
gl Wbl "
—lllllllllllllll|lllIlllllllllllllllllll _llllllllllllllllllllllllllllllllllllllllllllllll —1|||||||||||||||||||||11|||||||11||1||||1|||I||||
4?00 420 440 460 480 500 520 540 560 580 600 00 5100 5200 5300 5400 5500 5600 5700 5800 5900 6000 00 5100 5200 5300 5400 5500 5600 5700 5800 5900 6000
m [MeV] m [MeV] m [MeV]

e (lear mass peak visible

e Well separated for BS — ut 'y~ and B — pruT
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MLP for UP standalone track

Efficiency, Ghost rate and Count (with 2000 evt)

- ~—3¥— Ghost rate
et TSIt SRS TSy P PO I @T{T}&'qﬂq 1 Efficiency
.l L g

FTDR Geom

—e— Trk count total
—»— Reconstruct-able( >2 hit )
—e— Reconstruct-able and successfully reconstructed

0

- .

e

=104 3

MLP target
e To find the best track candidate for each reference hit by evaluating
global hit combinations using an MLP model. 0s-
MLP Strategy
e Pickup a hit in Layer_0 as reference hit (hO) L
e Build a track set combining all selected hits in other layers within a _
search window
e The best matches for hO found by MLP after several iterations
d3
—
layer 3 _.—.—“'.'.'.——._ layer 3 e
ayer 2 —0—.—0—0--0—0— layer 2 @ Distence of nearet
(o) ( 5 layer 1 /Qha
( layer 0 -1 -
layer 1 _'.—.—’H—'._ I : Ii: ri
Td sin 0;; =
ayer 0 ———i@—@-0-9-0—O—O—— 5 e 1]
Origin Oo1

20 40 60 80 100

Momentum [GeV/c]

Training variables

Bo1, 002, Oo3, 012, O13, O23
dl/ dZ/ d3

L 106

L 105

. 103

- 102

20



CAT for UP standalone track

BDT

Filtering

CAT Target

e To build the best track candidate by locally extending hit connections using Cellular Automaton evolution rules

CAT Strategy
| 1,1 | 1, 2 H ‘ 1,1 | 2,2 H
L1 L2 L3 L4 L1 L2 L3 L4

Ghost rate

e (Construct doublets using geometry constraints

o ApuAdyd=1/(Ah] + AP

* Allowing one layer skip

e Expand into tracklets

e Evolution score propagation under breaking angle ¢, .. i LR pp@Run>
. o LR AL t .o central PbPb@0-10%
e Backward search for best-scored tracklet chain " FTDR Geom . - | o
N_1 Candidate | com I m_w' 04/
- ¢(L., ., L) . L A I
ji+15 1 [ A 0 ™, ~
J=N - Z : L Y P et v aa
¢ }/ Non-Candidate °0“H“‘$‘“WWJ o 2?‘ ; A Mk ad

e (Good for low momentum tracks

e Simple track fit + clone/ghost suppression e Low ghost rate (<5%)
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