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Flavour Tagging at LHC

Determining the flavour at production of neutral B mesons
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https://inspirehep.net/literature/1740746

Example: B, meson oscillation

e Neutral s,c,b mesons can mix into their ’ y ’
anti-particles BAw W B
i
e Flavour eigenstates B° and B°_are linear s
combinations of the mass eigenstates B, and B, il Y V4 B

e Oscillation frequency Am_=m_-m,
provides powerful constraint on CKM triangle
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Example: B, meson oscillation

e Reconstruct the B_ in a flavour-specific final state

e Flavour-tag the B_ at production

— BY - D;nt = B% - D;nt — Untagged

e Measure and fit the decay time
distributions

G-1 (220¢) 81 SJIsAUd ainjeN

AT
P(t) ~ e ' [cosh ( 25?5) + C' - cos(Am
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https://www.nature.com/articles/s41567-021-01394-x

Flavour Tagging
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Flavour Tagging

Opposite side B decay:
e 24% of events have that bb pair o

in the LHCb acceptance >

e |look for decay product that tags
the other (opposite side) B
meson
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Flavour Tagging

Opposite side B decay:
e 24% of events have that bb pair

ut
in the LHCb acceptance g e
e |look for decay product that tags !d,s
the other (opposite side) B o
meson & ®<:”‘ K=
Same side information: "W A
e additional particles are - . cors i
created during the b XI-

fragmentation process

e 50% of B are accompanied by
a charged pion, 50% of B_ by
a charged kaon
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Flavour Taggers



Classical Taggers

e one tagger per final state species

Same-side Pion : &
Same-side Proton
Same-side Kaon
Opposite-side Kaon
Opposite-side Muon
Opposite-side Electron
(Opposite-side Vertex Charge) @ = @ —fe—

e combination of several taggers by b Xt ——— ‘ 08 muon
picking the tagger with the smallest 58 usrterclies 0S electron
predicted mistag 0S charm
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Classical Taggers

e One tagger per final state
species:
1. Selection to find the “tagging
particle” (cut andior MvA based)
2. MVAto evaluate mistag rate
3. Calibration

4. Combination of several
taggers by picking the tagger
with the smallest predicted
mistag ®

OS muon
OS electron
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Classical Taggers

1. Selection to find the “tagging particle”
— start with all charged particles in the event
— use rectangular cuts and/or MVA (BDT)

2. MVA to evaluate “mistag probability”
— all tagging particles surviving the selection
— B flavour predicted by tagging particle charge
— MVA (BDT or simple NN) predict if the B flavour is right/wrong
— tagging decision decided by tagging particle that has the “best” MVA response

3. Calibration
— calibrate the output of the MVA to represent the “mistag probability”

(4. Combination decisions of individual taggers)

Claire Prouve XVI CPAN DAYS - Flavour Tagging at LHCb

11



Performance metrics

Tagging efficiency &: fraction of events that have a tagging decision (not
necessarily that the tagging decision is correct)

Mistag rate/probability : fraction of events that have a wrong tagging decision /
probability that a tagging decision is wrong

Tagging power e =€ (1-2- ®)?: statistical precision of the sample
Run 2 examples of tagging power:

BO—J/y K*O: Eeﬁ~4.5 %
BS—>DSTr': Eeﬁ~ 6.5 %
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Training for Run 3 — Selection

e |ose selection (and let tagging-MVA do most of the job)
e simple, “reasonable”, comprehensible selection

Composition Percentage

SSPion 64%
OSKaon 10%
e purity vs efficiency SSKaon 10%
e balanced vs unbalanced training (reconstruction efficiencies ssProton 7%
play a role) OSElectron 5%
OSMuon 3%
= exclusive, shallow DT based classification of particles OSPraton | 1%
= among 41 input features — PIDs + IPy? identified as the
most powerful cutting features -

True False
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b— XI~ \. 0OS muon

0S elect
OS vertex charge electron
0OS charm

B_T_T_BPVIPCHIZ < 6.949
ini = 057!
valu

lue [354319 2476f anzu lsmm 568297, 37206]

B._7_PiDe = 2085
wn 092
value = (291127, 205 l,sms zsui 59908, 26191

value = (289343, ?Fyﬁ%o 59519, 260511 | | value = (1784, &‘;s&im 389, 140)
"dlass'= OsKaon class = OSElectron
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Training for Run 3 — MVA

An example: OSKaon

e all particles that get classified/selected for a given
tagger are used as input to the MVA o T s [T o

T T
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e charge correctly predicts B-flavour = signal (label=1) " ™ ™.% "0 e
e charge incorrectly predicts B-flavour = bkg (label=0) = |7~ | 7 of T
e distributions for “signal” and “background” o R A
very similar TR T s W

e AUC-ROC ~0.52 =

4 00002
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= Flavour tagging is a difficult task!
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Training for Run 3 — MVA

OSKaon, random seed=45

Tagging Power Before Calibration (simple)

e maximise calibrated tagging power
e fastin training and application

NN architectures:
e simple: one hidden layer with 3 nodes
e complex: two hidden layers with 32 and 64
nodes
e learning rate: 0.001, 0.01, 0.1
e training batch size: 2024, 1024, 128, 32

= Optimisation still ongoing!

0.001

1.403 £ 0.004 1.974 £ 0.006 1.732%0.005 1.672 + 0.005

Learning Rate
0.01

' ' v - o
32 128 1024 2048
Batch Size

Tagging Power Before Calibration (complex)

0.001

1.357 * 0.004 FEASS=0004 1.73 + 0.005 1.646 + 0.005

5. 1.274 £0.003 | 1.157 % 0.003

32 128 1024 2048

Calibrated Tagging Power with mistag (simple)

0.001

Leaming Rate
0.01

- 031%002 0.28 = 0.02 1.38 £ 0.03 1.29 £ 0.03

32 128 1024
Batch Size

Callbrated Tagging Power with mistag (complex)

0.001

0.01

1.57 + 0.04 1.78 + 0.04

Leaming Rate

32 128 1024 2048
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Inclusive Tagger i

e can consider “all” tracks in the
event

Requirements: @4“_
(

e variable number of inputs
(number of tracks varies
by event) e

e permutation invariant |

e fast to train and apply

e /‘

b—c

b— XI~ \'
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https://indico.ific.uv.es/event/7664/contributions/25008/
https://indico.ific.uv.es/event/7664/contributions/25008/

DeepSet Neural Network oo™

e “every instance (particle) is transformed (possibly by several layers) into some
representation ¢“

e “the representations ¢ are added up and the output is processed using the p
network”

— permutation invariant, component per particle, component for entire event

— ~ hour to train (previous inclusive tagger took ~days)

— ~ Tus per event to evaluate (previous inclusive tagger took ~5h for 3M events)
~ 20 - 35% increase in tagging power wrt classical taggers

Input Output
H — — ‘ ——»@—» — b—»f(xl,...,xM)
X (x)
1\‘ \¢(x ) Z
XM " arXiv:1703.06114 [cs.LG]
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https://arxiv.org/abs/1703.06114
https://indico.ific.uv.es/event/7664/contributions/25008/
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Computing resources



LHCb Run3 data taking

e increased instantaneous luminosity y~1.4 — y~ 5.3
e removal of hardware trigger

—_
(=}

(o]

Integrated Recorded Luminosity (fo™)

| —2016 (13 TeV): 1.67 fo'

— 2024 (13.6 TeV): 9.56 b
—2023 (13.6 TeV): 0.37 fo'
——2022 (13.6 TeV): 0.82 fo™
—2018 (13 TeV): 2.19 fb™"
—2017 (13 TeV): 1.71 fb™"

(

(

(

—2012 (8 TeV): 2.08 fb™"
—2011 (7 TeV): 1.11 fb™!

T |

Real Data i I
b:(;akkeae:irlz; as of Run1 + Run2
05/11

C
Tape 72PB
Disk 16 PB

HLT2 was producing 0.6 GB/s in Run2, we are now at ~10 GB/s in Run3

In a 10 hour fill of p-p, the HLT2 produces 360 TB that are saved to tape

Sep

Nov (twice). After sprucing, 126 TB go to disk (with 2 instances, that’s 7 of a PB)
Month of the year

“ Our upgrade brings us data volumes similar to what ATLAS and CMS currently
record...”
= Disk and tape space are becoming a limiting factor.

Claire Prouve
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LHCb Run3 data taking

e increased instantaneous luminosity uy ~ 1.4
— U~ 53 L e Ol
e removal of hardware trigger 4
= full event reconstruction in the trigger
Turbo line model: I
2500 turbo lines Throughpu
400 full lines 1
o 2
Flavour Tagging requires = -l
a lot more information Tape Storage | TORA0 GBls 5
besides the signal B I \
candidate! c
~150 ft lines in turbo Disk sirsge | TBR:3.5 GBle Rawbanks: | VELO | RICH ECAL

Claire Prouve XVI CPAN DAYS - Flavour Tagging at LHCb 20



Flavour Tagging Bandwidth

How does saving different amount of information impact | .. 1 ;
b
the event size? (Study on MC) l l b : t 4 by tl ' l!
‘ b

@®
o

pure turbo: ~3 kB
turbo + all long tracks: ~80kB | LR S A sribt it
turbo + all long tracks + upstream tracks: ~90 kB {

“full” persistency: ~105 kB 131 T,
“full” persistency + all upstream tracks: ~115 kB

Average event size [kB]
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e Pre-selected Long

Due to the relatively small number of flavour tagging lines
+ and their small rates probably not a big problem, but
worth studying and keeping an eye on!

= What is the physics impact of different selections?

B2CC_BdTo)psiKshor
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Offline CPU resources

All data taken needs to be processed offline to be available to analysts

CPU days used by JobType

12 Weeks from Week 21 of 2024 to Week 34 of 2024

FlavourTagging

B MCSimulati
[0 MCFastSimulati
i | MCR
Tl >+ e
B user
[ Sprucing
B Merge
B MCMerge
B DataReconstruct
W LbAPI
DecayTreeFitter 4.57 @ unknown
| test
LHCb Data 2024
MC Matching{ 1.38
3,500
0 10 20 30 40 50
Timing fraction within the DaVinci sequence [%] MCFastSimulation

~ 87% of CPU used for simulation = Flavour Tagging should not be a problem (but | found
the timing test interesting anyway &' )
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Software development



Flavour Tagging in the software

All functionality we want to use needs to be implemented in the LHCb
software!
e tagging algorithms: preselection, MVA, configuration, helper functionality such
as PV unbiasing, distance calculation, tracking configuration etc
e persistency: configuration of what is saved in the trigger, functionality of saving
and reading what we want to save
e tupling: tagging decisions + everything needed to train new taggers has to be
written to usable format — ntuple
e tests: currently have tests in 3 different projects that need to be kept up to date

For the Run 3 software, we made ~50 MRs, between ~10 people and ~6000 lines of
code. = It’s a lot of ongoing work!
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Summary & Conclusion

Flavour tagging at LHCDb is essential for meson mixing measurement and
time-dependent CP violation measurements.

Tagging Algorithms use information from particles created in correlation with the
signal particles. Classical taggers and inclusive tagger are in development for
Run 3, taking care that all parts are well understood and robust.

Increased data volumes in Run 3 (and beyond) requires us to keep resources in
mind.

Many different parts of software are involved in the flavour tagging. Software
development and maintenance always ongoing!
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