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The LHCb experlment at the LHC




LHCb: Large Hadron Collider Beauty experiment

Distribution of produced b-quarks
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e Precision measurementg -of"h*eavy flavor hadrons
e Core physics: CPV and rare decays
e Much more: spectroscopy, QCD, heavy ions...
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https://cds.cern.ch/record/1129809

LHCb Large Hadron Colllder Beauty experlment




LHCb dataset

Integrated Recorded Luminosity (1/fb)
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

All b-hadron species! [
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x2 b-quark production from 7 to 13 TeV pp collisions
— around x4 b-hadrons in Run 2



http://arxiv.org/abs/1902.06794

Experimental setup

Typical decay signature
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https://cds.cern.ch/record/1129809

Tracking system

Reconstruct trajectories of
charged particles

ldentify pp and b-decay vertex

uT
VELO

Measure particle momentum  VELOtrack
from bending in magnetic field

Upstream track

0 BB

— " Long track

Downstream track
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Run 2 performance:
Ap/p=0.5-1.0%

AIP = (15 +29/p_[GeV] ) pm

T track
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Particle identification system

Cherenkov Angle (mrad)
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e Cherenkov detectors: identify 1t*, K*, p
e Calorimeters: identify y, 1%, e* S R
e Muon chambers: identify p* ov
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LHCb highlights




CPV

CPV in Charm decays
D% > h*h
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http://arxiv.org/abs/1903.08726
https://arxiv.org/abs/2110.02350

Spectroscopy
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https://cds.cern.ch/record/2749030

Intriguing deviations in rare B decays
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https://arxiv.org/pdf/1403.8044v3.pdf
http://arxiv.org/abs/2003.04831
http://arxiv.org/abs/2105.14007

Lepton Universality tests

Leptons of different species couple identically to electroweak bosons in SM
— Lepton Universality (LU)

Measure ratio of same b — sll process with muons and electrons in final state:

dl(B—Hutp~™) 3 2
A i’ dg i
H_de‘B—>He+e)d2 L

Hadronic uncertainties cancel in ratio — very clean theory prediction
14



How do we measure LU?

Observable;

dD(B—Hyutu™) 7 9
i dqu 47 dg
H = f’ dI’( B—>He+e )d 2

Experimentally:

events efficiency Challenge:
N(B—Hu*p~) e(B—He"e™) e e and p efficiencies are
Ry o N(B—Hete™) X e(B—Hutp) g very dlffergnt
e hard to estimate
count in from simulation absolute efficiencies
experiment and calibration

samples
15



Challenges: hardware trigger

ECAL occupancy > Muon one
= tighter thresholds for electrons:
e ep,>2700/2400 MeV in 2012/2016

e pMp,>1700/1800 MeVin 2012/2016
[LHCb-PUB-2014-046, 2019 JINST 14 P04013]

Mitigation:

e events triggered
(TIS)

e (hadron trigger)

16


https://cds.cern.ch/record/1970930?ln=en
http://arxiv.org/abs/arXiv:1812.10790

Challenges: material interaction

Electrons radiate much more
Bremsstrahlung — recovery procedure: Magnet o

Limitations: e
e miss some photons and add fake ones p
e ECAL resolution worse than tracking

— worse mass resolution for electron modes
— larger backgrounds

— more complicated mass fit
17



How do we control the efficiencies?

Exploit J/ modes to build double ratio to cancel systematic effects

N(B—Hu"p™) e(B—HeTe™)
Re — N(B—HJ[p(ut p™)) e(B—HJ/¢(ete™))
H — N(B—Hete™) e(B—>Hutp™)
N(B—HJ/¢(ete™)) e(B=HJ/¢(utp™))

LU well tested in )/ modes — stringent cross-check

po = NBoHIY p) | e(BoHI/Y(e'e))
/Y = N(B=HJI/¢(ete)) e(B—HJ/Pp(utp~))
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Nature Physics 18, (2022)

R, with full LHCb data 377262

Measurement in 1.1 < g%< 6.0 GeV? with Run 1+2 datasets
R, from simultaneous fit to B* — K'u"y” and B* — K*e"e” candidates
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Rk (1.1 < g% < 6.0GeV¥ct) = 0.846 +0042 +0013



http://arxiv.org/abs/2103.11769
http://arxiv.org/abs/2103.11769
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Mass degradation for electrons — larger backgro

o
o

—_— =
SN
o O

Candidates per 13 MeV/c?

[N I
o O

unds

|[HEP05(2020)040

(o e
o O

LHCb h Combinatorial

n
W

— A, = pK it

n
)

W By — KKt

LHCb

T I T T T
A -
— A, = pK-e'e
Combinatorial

Ag — pK nlete- 7

)

<
>
Q
=
L W5 - ww ] R 35 WA= pK Ty
C _ E - BB > K'Kete 3
- NS_444i23 4 & 30 -EO SR e 3
! ] 8 25 -
E % 20 .
E =2 N =122+17 1
] < 15 s =
. @) ]
: 10 .
E 5 3
! LI 1 3
I 0 P T R I S \anasunew =)
5.6 5.8 5 5.5 6
m(pK " uru) [GeV/c?] m(pK ~e*te”) [GeV/c?]
_ +0.14
RPK|0.1<q2<6 GeV?/ct — 0.862 0.11 +0.05

20



http://arxiv.org/abs/1912.08139

R Nature Physics 18,

Overview of LHCb LFU measurements

. : , @ R IHEP 0520201040 ¥ Rpgy
Working on final results with full Run 2 data  # Ryw juep0s 0017055 # Ryes PRL128.191802

R R R LN LA ARE AN LR A

Unified analysis of R, and R, ongoing 10 f_f.}f?.ti.rir_l:vitifﬁ)flitﬁ ...................... E
e Final Run 1 + 2 results ook :
e Deeper understanding LFU 0'85_ — e
e High priority for collaboration : I ]
% f

Updates and new measurements: us ]
e R fullRun1+2 (UB) osE
* R, R etc bR e
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http://arxiv.org/pdf/1705.05802
http://arxiv.org/abs/1912.08139
https://arxiv.org/abs/2110.09501
http://arxiv.org/abs/2103.11769
http://arxiv.org/abs/2103.11769

Coherent set of anomalies

Among measurements

Among pheno groups
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https://arxiv.org/abs/2103.13370

The LHCb upgrade
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LHCb Upgrade: a quasi-new detector

Upgraded LHCb Detector

Detector Channels

To be UPGRADED
R/O Electronics To be kept




LHCb Upgrade

///

detectors

New tracker ‘

New RICH
detectors

Removal of
SPD/PS, new
electronics

Removal of M1,
new electronics
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LHCb Upgrade

e 3.5mm to beam (5mm Run1/2)
rici ®  41M pixels of 55x55 ym
== e improved PV and IP resolutions
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http://cds.cern.ch/record/1624070

LHCb Upgrade

Magnet
TR T

e Scintillating fibers 2.4m x 250pum
e higher granularity for higher
occupancy

"l o—
dils Tl &
/ H * N

New tracker |/
detectors



http://cds.cern.ch/record/1647400

LHCb Upgrade New RICH

detectors

Optimised optical system
Higher photon yield and improved
resolution



http://cds.cern.ch/record/1624074

A trigger-less readout

w

e Instantaneous Lumi: 2 x 1033 cm™2s™!
o was4x103inRun?2

e Hardware trigger rate limit (1 MHz)
saturates fully hadronic modes

g
4]

Trigger yield (Arb. unit)
o

(s

= read full detector at 30 MHz and apply
selections in software

o
)

|. Phys.: Conf. Ser. 878 012012

ETr
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LI-‘Cb Trigger
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Luminosity ( x 10%?)
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https://doi.org/10.1088/1742-6596/878/1/012012

A trigger-less readout

LHCb Run 2 Trigger Diagram LHCb Run 3 Trigger Diagram

< U I <. 155

LO Hardware Trigger : 1 MHz Software High Level Trigger
readout, high Er/Pr signatures [
e

Full event reconstruction, inclusive and )
s

450 kHz 400 kHz 150 kHz xclusive kinematic/geometric selection :

h* H/HH e/y ; U’

Software High Level Trigger . Buffer events. to d-isk, perform online
. detector calibration and alignment
Partial event reconstruction, select

displaced tracks/vertices and dimuons ] O

Buffer events to disk, perform online Add offline precision particle identification
detector calibration and alignment and track quality information to selections

Output full event information for inclusive

{ - " " " \ triggers, trigger candidates and related
il offlme-'llke syent sele.ctlon! mixtuge primary vertices for exclusive triggers
of inclusive and exclusive triggers L

o U O o O O




200G IB

100GbE

DAQ architecture

Hybrid architecture:

' Event Builder
: servers

e HLT1: GPUs installed in
EB servers

e HLT2: CPUs in Event
Filter Farm

Up to 100 HLT2 sub-farms (4000 servers)

31




HLT1

Core based on tracking:

e VELO: tracking, vertex reconstruction
e UT: tracking, p estimate, fake rejection
: track reconstruction,
momentum measurement

PID from muon stations & Calo (new!)

Highly parallel tasks — exploit GPUs:
Nvidia RTX A5000

Global
Event Cut

Velo decoding
& clustering

Velo tracking

Straight line fit

Find primary

vertices

_
A
Y

SciFi decoding

SciFi tracking

Parameterised
Kalman Filter

Select events

32




HLT1 performance: tracking

LHCB-FIGURE-2020-014

Same performance at x5 luminosity: high efficiency, good &p, low fake rate

Efficiency
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https://cds.cern.ch/record/2722327

HLTZ LHCB-FIGURE-2022-005

Full reconstruction of tracks and neutrals, and PID with offline-quality

TrackFit

RICH 22.62

Seeding
Protoparticles
Calorimeter

Forward

Converters

Downstream 4.12
HLT1 2.30
Match{ 0.80

LHCb Simulation

Framework{ 0.77

Muon{ 0.31 HLT2 Throughput Rate 505.0 Hz

0 5 10 15 20 25
Timing fraction within the HLT2 sequence [%]
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https://cds.cern.ch/record/2810226/files/LHCB_FIGURE_2022_005.pdf

HLT?2

Full reconstruction of tracks and neutrals, and PID with offline-quality
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https://cds.cern.ch/record/2773174
https://cds.cern.ch/record/2810226/files/LHCB_FIGURE_2022_005.pdf
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Flexible persistence model:

e Turbo (35 kB): signal only

Increasing persisted event size
Decreasing information
)b

e Full (70 kB): all reco’ed objects

e Selective: signal + selection of (e,
reconstructed objects and raw \
banks

Raw banks: VELO RICH s ECAL


https://doi.org/10.1088/1748-0221/14/04/p04006

Commissioning and first data
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First 13.6 TeV event display

LHCb Experiment at CERN
Run | Event: 236189 / 303204

THEH

Data recorded: 2022-07-05 14:44:16 GMT
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Events

First Run 3 data
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irst Run 3 data ——

‘ —~— - slice_py_of_bx_digitcluster 30
\ Entries 9374 ;:
/ Mean 352.1 »
f ol StdDev 2344 26

\swn - \ - ) [~ SciF'i clusters N

Hl.‘ I[H.:
.

16

15

18

13

12

n

10

9

L]

7

6

2000 2500 3000 4
SciFi Clusters 3
2

1

SIDE C
8 c

ECAL ADC 2D map

-3000  -2000 -1000

40



C. Agapopoulou @ICHEP

LHCb: TOP =%
m P Seate A Ao Bl Fri 01-Jul2022 1055104 |
N o N RchH LHCb 8 & root Q
HLT1 commissioning | =z~ =, ==
‘ Dcs 28 Run Number: Activity:
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https://cds.cern.ch/record/2815787/files/ichep_090722_hlt1_tracking.pdf

Physics prospects




arxiv:1808.08865

Prospects for LU tests in b — clv decays
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https://arxiv.org/abs/1808.08865

arxiv:1808.08865

Prospects for Rare Decays

e updated and completely new LFU and angular observables

o access electron modes in several b — sll decays
o access b — dll decays too!
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https://arxiv.org/abs/1808.08865

arxiv:1808.08865

Prospects for CKM measurements
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https://arxiv.org/abs/1808.08865

Conclusions

| STILL HAUE A LONG

Wide range of physics at LHCb, with intriguing WAy To GO
anomalies in rare b-decays 22
Upgraded detector and trigger-less readout open BUT M ALREADY Sbmek
doors to even more physics: FROM WHERE / UsED ToD
e hadronic final states //
e electron final states AN M PROUD) 0F THAT.

e |ong-lived particles

Strong progress with commissioning but it is a new StaYEd tuned!

detector so it takes time!
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Thanks for the attention
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https://arxiv.org/abs/2201.03497

Branching ratios

Trend: b — sp*y™ BR systematically

than SM predictions
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https://arxiv.org/pdf/1403.8044v3.pdf
https://agenda.hep.wisc.edu/event/1644/contributions/26238/

GPU choice

GeForce RTX 3090 (GPU)

RTX A6000 (GPU)

RTX A5000 (GPU)

GeForce RTX 2080 Ti (GPU

AMD MI100 (GPU)

2 x AMD EPYC 7502 (CPU)

2 x Intel Xeon E5-2630 v4 (CPU)

C. Agapopoulou @ICHEP 22

~170 kHz!

Allen throughput [kHz]
o
o

e Quadro RTX 6000
LHCb ° geForce RTX 2080 Ti

Tesla V100 32GB

o GeForce GTX 1080 Ti

o GeForce GTX 1060 6GB

00
en throughput (kHz)

75 A
501
LHCb 2021
Allen v1r7 25 A
; 0
160 180 200 220 240 0

LHCb-FIGURE-2020-014

T T T

5 10 15 20
Theoretical 32 bit TFLOPS

51



Efficiency

HLT1 performance: Velo

LHCB-FIGURE-2020-014

Same performance at x5 luminosity: high efficiency, good &p, low fake rate
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https://cds.cern.ch/record/2722327

HLT1 performance

LHCB-FIGURE-2020-014

Same performance at x5 luminosity: high efficiency, good &p, low fake rate
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https://cds.cern.ch/record/2722327

efficiency

HLT1 Without UT LHCB-FIGURE-2022-007

Same signal efficiency but larger fake rate
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https://cds.cern.ch/record/2810803

Particle identification system

5 %for~ 5% *
id probability

Cherenkov Angle (mrad)

Cherenkov detectors

e Cherenkov detectors: identify 1t*, K, p
e Calorimeters: identify y, T°, e* T
e Muon chambers: identify p* b Momentum (GeVic)
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The Kt puzzle in B — Kt decays

Direct CPV measured in whole family of B — Kt decays, with amplitudes
related by isospin symmetry in SM: B°—K*mr, B*—K*'n°®, B>-K°m® and B*—K°m*

However;

ACP(BO — K*7m ) = —0.084 £ 0.004
not equal at 5.50
Acp(BT — K+7r0) = —0.044 + 0.021

Limited by precision on B — K’ — measure it at LHCb
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The Kt puzzle in B — Kt decays

Limited by precision on B* — K'm® — measure it at LHCb

Challenge: B* decay vertex cannot be reconstructed in this decay

p nof /’B‘*mmntum
0 - .
i - AK * )
- - ——>—— - &K z
~A ®

& = ey
Only 1 charged particle in the decay — cannot find B decay vertex (no
direction from 1)
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arXiv:2012.05319

CPVinB* — K'nt’

Use 2016 - 2018 LHCb sample and highly optimised selection (multivariate
algorithms) to fight large backgrounds

{*':4000'-”"""""LH('IB"'-: @4000 """"""LH'ct',l"'—;
S~ 1 - ~= B
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2 —4— Data E
= 3000 =3000 — Signal E
8 = prs -~ Combinatorial
szOO: = 25008 N .. Partial Reco. E : d .
S h = e | Using new word average:
£2000F £2000 Bfa "‘; e
= : = e e T
= 1500 = 1500
|t 3 ACP(Ktt) # 0 at >80
51000: _________________ 51000 ______________
500F 500 2 0w X
O: (A X ] ) i 0 pEsass T L]
4500 5000 5500 6000 4500 5000 5500 6000
m(K*1") [MeV/c?] m(K 1) [MeV/c?]

Acp(Bt— K*7%) = 0.025 £ 0.015 £ 0.006 2= 0.003,| More precise than word average! .
e



http://arxiv.org/abs/2012.05319

