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The LHCb experiment

® Designed to perform high precision measurements in flavour physics

® |arge cross section of b and ¢ hadrons — study all types of B and
D decays

® |arge physics programme regarding spectroscopy, electro-weak
decays, heavy-ions

[2011] " Jeot3] " J2015]  [2017]  J2o19]  [2022]  [2026]  [2029]  [2033] |2035] 62086 >

A

We are here

Run 1 [2011-2012]: 7-8 TeV and 3 fb~*
Run 2 [2015-2018]: 13 TeV and 6 fb~!
Run 3 — collecting data at the moment

Upgrade Il — performance studies for detector design during the
high luminosity LHC
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The LHCb experiment in Run 1/2

Tracking stations

Vertex Locator:
Reconstructs primary
and secondary vertices

Magnet

0o

Muon system

M4 MS

Sm

RICH detectors

15m
Calorimeters

® Forward detector specialised in measuring properties of b and ¢

hadrons

» JINST 3 (2008) S08005
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https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005

Data taking strategy in Run 1 and Run 2

® New trigger model developed in Run 2 — real time analysis model
» JINST 14 (2019) P040065

‘Online’: Near-detector "Offline’: Grid computing
First Second

Run 1 %m':‘:‘ﬂﬂz Software trigger| Software trigger

1MHz - 100kHz 100kHz — BkHz

(Time from collision: ms hours weeks )
'Online’: Near-detector resources
Disk buffer
Hardware trigger| s T

oftware trigger Real-Time

Run 2 LAFE=TED 1MHz — 100kHz Align + Calib 100kHz — 12kHz

(Time from collision: us ms hours hours )|

® FEvents buffered on disk while performing real-time alignment and
calibration

® Physics analysis performed directly from the trigger output
® No offline processing in Run 2
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https://iopscience.iop.org/article/10.1088/1748-0221/14/04/P04006

The LHCb experiment in Run 3

Brand new detector: Maintain the physics performance at harsher
environment (5x higher luminosity)

» LHCb Upgrade TDR
Software-only trigger with |-~ ) Upgraded calo front-
30MHz processing rate end electronics, remove

SPD/PS
/' | MNew tracking stations gear HCAL i MS

M3
Magnet Scifi  RICH2 )

___ Tracker
b
)
a

New RICH PMTs +
lectronics

Upgraded
muon
front-end
electronics,
remove M1

u
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http://cds.cern.ch/record/001443882

The LHCb trigger in Run 3

REAL-TIME
ALIGNMENT &
CALIBRATION

4TB/s CALIB
30 MHz non-empty pp EVENTS
A4
oL T;/S PARTIAL DETECTOR 0'5'12'5 - FULL DETECTOR -
RECONSTRUCTION RECONSTRUCTION 26%
DETECTOR | memp- | = 0 L rons | = B = | o seiecrions | = e
READOUT (GPU HLTY) 70-200 (CPU HLT2) 10 EVENTS
GB/s GB/s
All numbers related to the dataflow are ]
taken from the LHCb 8%
Upgrade Trigger and Online TDR TURBO
r: mputing M: | TDR e
1. Collision events selected with partial reconstruction (HLT1)
2. Selected events stored in a buffer
3. Alignment and calibration are executed
4. Alignment constants are updated if above threshold
5. Second software stage (HLT2) applies the full reconstruction

6%

OFFLINE
PROCESSING
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Alignment and Calibration in Run 3

® Run automatically at the start of each fill
® Compute the new alignment constants in few minutes

® Automatic update if the variations are significant

m ||| mme
Lalorimeter Calibration

VELO alignmenljj

Tracker alignment

VELO closed
End of run
End of run
Endetrun
End of run
El'\d.-‘o' run
Endof run
End of run
Enaé' of run

ul
=
[

LMuon alignment
RICH calibration |
R

ICH mirror alignment

® Tracking alignment (VELO, UT, SciFi, Muon)
® RICH alignment
® RICH and CALO calibration
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Tracking alignment

® Method based on Kalman filter track fit
® Minimum 2 algorithm — determine the position of the detector
elements

Reconstruct the tracks using the L
current alignment constants -
Compute a new set of alignment
2 T constants (a) minimizing a global
Doy Ly, 2
da do X
tracks S
drT o dr AN T d®
= — a=ag— [ —2 ax
=2 Z VIERVE da 0 da? da |,
tracks o i
\-_/

Iterate until the x?-difference is below a threshold

r: tracks residuals, V: covariance matrix, R: residuals' covariance matrix

® Alignment for 6 degrees of freedom: A
translations Tx, Ty, Tz and rotations
Rx, Ry, Rz oy
® \ertex and mass constraints are used /AZ/ oy
™ U%
Aa
X
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https://www.sciencedirect.com/science/article/pii/S0168900208017567
https://www.sciencedirect.com/science/article/pii/S0168900213001861

VELO alignment

® VELO centered around the beam for each fill Opened at
when the beam is declared stable injection
Sensors VELOA N

VELO alignment update tresholds

dof Threshold
Tx, Ty(um) 1.5
Tz(pm) 5
Ry, Ry(prad) 4
Rz(prad) 30
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VELO alignment: why do we need it?

YZ Projection
/ /// /\

Primary-vertex
TR

[T
7 8

[mm]

o] 2 3 4 5 6

® Correctly distinguishing
primary and secondary
vertices

1P, resolution [um]
~
[=}

® |mproves the quality of

30 —— Pre-2010 alignment .
20 —=— Pre-2010 + halves alignment the Impact parameter
10 —— 2010 collisions alignment

» Int. J. Mod. Phys. A 30, 1530022 (2015)

2 25 3
Up, [GeV'c] » LHCb-TDR-13
11
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https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227
https://cds.cern.ch/record/1624070/files/LHCB-TDR-013.pdf

VELO alignment: Run 2 performance

Alignment Stability

LHCb VELO
10E-* Preliminary

20

Variation [um]
5

T
o x-trandation
= y-trandation =

17/04/2018 - 21/11/2018
1

Temperature dependency

200
Alignment number [a.u.]

2 T T

~*= Tx VELO left

Each point shows the
difference between the
initial and the new
alignment constants

Stable VELO alignment
with update of
constants every few fills

Variations of alignment

E E ]
E & :
= - -
< E ]
° 2 - .
z T 7 Temperature sudy ona constants describe well
- 4F TR single module 3
< F 0 T ] the temperature
g - = :
£ E T 3 shrinkage (laboratory
s 8F e
g T uevmo E measurements)
‘g B -25 -2
g Temperature [°C]
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https://cds.cern.ch/record/2696033/files/main.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/18/10/P10003f

VELO alignment: look at Run 3

. . . 8 E T " ]
Simulation studies 5 oo+ Beoredigmen o 3
. . F  After dignment : . 3
® Pixel detector with new 2 S S 3
F Simulation . B
eometr £ 0.03[ . E
& Y S I PN ]
Run 2 , ,Run3 Z o02f N M‘A{‘\“ E
) - 001 “}f,* % E
ok \- J
=01 0.0

3 F’Vx (left - rlght) [mm]

0 design position
1 survey position
[ tracking alignment.

® Starting from misaligned
detector (blue points)

175000
LHCb Preliminary 2022

150000

25000

Look at the new data

8
£ 100000
e

® Survey position: as measured
during VELO commissioning

50000

® VELO alignment procedure 2m0 ;
i m proves res i d u a | d iSt ri b u t i O n 1 0 ~0.100 —0.075 —0.050 —0.025 0.000 0.025 0.050 0.075 0.100
x residual [mm|
10 % more PVs reconstructed o

» LHCB-FIGURE-2022-016
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https://cds.cern.ch/record/2841172

UT alignment

System

Stave x residual [mm]

v Faces (0,1)
A side T side =|_ oste "'"5'5‘;.’....[-1
| O Side(A0) [2)
Iy Q Half-Layer (8]
HalF-Layer I| 0 Stave [68]
{85, a, BV, b3) |I O Face [136]
| O Module [ 952 ]
|| O Position of cach clement given with respect
{ 10 the “pareat vohune sbove it
Frool  Side O Each element has 6 DOF
: Unbiased Refidual
® Analyze residual plots apply oomE e
_— . g 1o000F
initial correction i
(=]  ~
® Align staves in TxRz e
. . E 6000
® Align faces in Tx 4000
® Align modules in TxRz O J e
Correction X (mm)
- No alignment corrections applievqw — After applying Tx, Tz for half-layers

i

S

I

Stave number

" Stave number

Stave number

" Stave number
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SciFi alignment

® Alignment of the tracking ® Misalignment in the tracking

stations and its detector system affects the mass resolution
elements (~ 200 elements) and the momentum scale
® Positions of tracking Stability in Run 2
stations is affected by 02 ; ' TR
A 015 LHCb Tracker e
change of magnet polarity: o1f  Piminay » Tieaom

variations of a few mm

Ideal detector

20/04/2018 - 2/11/2018

50 100 50 200
Alignment number [a.u.]

15 T T T
LHCb Muon A-side
Preliminary

Possible real detector

AX Variation [mm]

22/04/2018 - 21/11/2018
s

50 100 150
Alignment number [au.]

» LHCb-FIGURE-2019-015
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https://cds.cern.ch/record/2696033/files/main.pdf

SciFi alignment: Curvature bias

A particle reconstructed by 2 oppositely charged tracks : Real Biased
m? =m3 +m? + 2p,p_(1 — cosh) |
¢ If momentum has a small bias:
m=m+ (p;6p_ +p_6p,)(1 — cosh)
Case 1 : There is bias in Ty, 6p4 and 8p_ have opposite variation p+ p-
sm = (1 - cos8)(p- — p+)dp ~ Cr(p- — p4)
Note: mass shift over (p— — py)
Case 2 : There is bias in T,, §p4 and §p_ have same variation
Sm = (1= cosf)(p- + p.)dp ~ Cz t,(p- + p4)
Note: mass shift to PDG value
® Residual misalignment in x — mass Zinf ]
shift in opposite charged particles R0 1
80 B
® Bias in z position — shift of the mass fo 1
. . B a0 E
® Possible explanations of the mass S ]
shifts: 1850 | 1900
. . . miKntn*) [MeV]
o Magnetic field description T
‘ 120 i, sins N
o Alignment wrt VELO, UT, global ol = D™
rotations of detectors S 1
g ]
o Residual misalignment in z — =] ;
can be fixed with alignment 8 ]
g H 1900
m(K ) [MeV]
Biljana Mitreska April 3, 2025 Gottingen
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SciFi alignment

® Aligning for: CFrames, halfmodules + joint constraints, mats

XUVX

Layers are attached in pairs on
each side: CFrames

2x25m

Alignables:
CFrames
Statons
HalfLayers
Quarters
HalfModules
Mats

Ideal detector

Possible real detector

—+

Lyl

[ 3 B

® Changes in SciFi configuration lead to significant effects in data

performance

® Before data-taking CFrames are opened and closed along the x

direction (routine hardware intervention)
® Necessary to align for TxRz DOFs

Biljana Mitreska April 3, 2025 Gottingen
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SciFi

alignment: joint constraints

SciFi modules are bending at the center, inwards or outwards along
the beam direction: this introduces Rx of SciFi halfmodules in the
alignment

Half modules + joints reproduce the real shape

top half module

bottom half module

Joints = survey constraint at the joint position
Constraining two alignable elements: x? = (pa—pg)’ V~(pa — ps)

Obtained Rx uncertainty ~ 0.4 mrad — stability checks of the
modules shape from hardware
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SciFi alighment: Temperature calibration

® Each mat contains four SiPMs
Electronics

- Maste Board ® Placed in cold box cooled to
i —40°C
® Cooling bends the fibre mats
SiPMs — modified x mapping of hits
® Correlated with alignment in
ColdBox Tx of the SciFi modules
Fibre Module ® Qverall deformation of 0.2 mm
expected
emia oo pwon s

= lower |higher 4
ch.

ch.
+20°C - -40°C

fiber3 fiber2 fiber1 fiber3 fiber2 fiber1

® Calibration conditions to SiPM channels in SciFi to correct for
deformations caused by temperature differences

® Mat-end contraction calibration running simultaneously with the
SciFi module alignment

Biljana Mitreska Aprit 3, 2025 Gottingen
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SciFi alignment: Run 3 performance

More associated hits on tracks and better track residuals

o
3

— SciFi modules + mats dig
with mat-end oun(rachun cahbral\un
— S modules dignmen
— Before alignment

Normalised entries

LHCb Preliminary 2024

B

8 10
# SciFi hitson Iong tracks

§ 0.06
% 005
=004
£

5 0.03

z
0.02

0.01

— SciFi modules + matsalignment  + o
with mat-end contraction calibration,

—SciFi modules alignment

—Before alignment

LHChPreliminay 2024 § %,
A
P
I %
&
. ” ! N,
-1 -0.5 0 0.5 1

x residual [mm]

Improvement in track x? and flat residuals per mat

— SciFi modules + mats alignment
with mat-end contraction calibrati

— SciFi mogules alignment

__ Beforedignment

4 5
track X?/DOF

= F T ]

.2 —

é 0 [ LHCb Preliminary 2024 ]

8 oif i
=} L

B £ Y

< °F ‘

8 -o1 - =

= N ]

02 + With mat-end contraction calibration E

h « Without mat-end contraction calibration B

1 ! ]

0 200 400
Channel ID
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https://cds.cern.ch/record/2898813

Global alignment: why is it relevant?

— =

.

z
VELO SciFi CALO

® Simultaneously align all the tracking detectors for the first time in
Run 3

Biljana Mitreska April 3, 2025 Gottingen
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Global alignment: VELO + UT + SciFi
Alignment Configuration

® VVELO global position: TxTyTz RxRyRz

® VELO halves: TxTyTz RxRyRz

UT layers: TxRzTz

® SciFi layers: TxRzTz

Reaching Run 2 performance in mass resolution
Before alignment

After alignment

700, 700

& F ] &7 F ]
g E 3 8 E 3
% 600F _. pata LHCb Prefiminary 2024 - % 600F —.pata LHCb Preliminary 2024 E
E Y(1S) ] E Y(1S) ]

O goof wvYeS) Before alignment E O 59 Esves) After dlignment E
8 g(35k) ’ 0,5= 0.069 +0005Gev/c? 8 E ;(35{() ’ 0,5= 0039+ 0001 Gev/c?
E ---Backgroun 3 E -~ Backgrouni 3

o 400F —Fit mgde\ 0,5= 0.080+0.012GeV/c> o 400F —Fit mgdel 0,s= 0.042+0.004GeV/c2 |
@ 300; 0,s= 0,093+ 0,013 GeV/c? é 5 300F 0,s= 0,053+ 0,008 GeV/c? é
B 200F 1 B af E
S E E S E E
& 100 = S 100f E
) et E O] E e el ]
ot = St o] ot =

9 10 11 9 11

m(uy) [Gevic?

m(uy) [Gevic?
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https://cds.cern.ch/record/2916454

RICH alignment and calibration

® Special HLT1 selection ® The misalignment is converted to
calibration constants for the

® Track and photon
refractive index

reconstruction
e Fitting the Cherenkov angle Aligned Cherenton Ri Misaligned
estimates the misalignment A}en oV "
e A@ = Difference in
measured and expected
Cherenkov angle

Tracking Spot

0.004,
~—~~ .
e  No alighment

Lo é

q; (rad) °

3 iterations

. .

©
—
5e)
<
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ECAL calibration with 7% — Yy

® Calibration based on the 70 mass

peak

® Fitting di-photon mass

distributions in all ECAL cells ( ~

6000 cells)

>
02

0.1

mass shift of reconstructed 0 vs location

Challenges for Run 3: -01f o
® severe pileup brings more -0.2F
background ; s L w
—0.2 0 0.2
® Optimized selections and x/L
monitoring
S oo T T T T 7 S soof T T T T g
= 4000F LHCb Preliminary E = LHCb Preliminary
0 a500f 2024 4 0 4000 2024 E
o o
3 ig: Run 290064 - 3 G 3000f Run290064 b e
E 2000F Origina 28 WE=EUTT E 000k Calibrated /é/ 1=134.29:0,11 MeV ]
W 1500F- Z o=tzsmor7mev WU Z 0=11.3740.14 MeV
1000 —_— 3 1000F —_— E
/ /
500F . E _
o | % L 0 | /ét |
0 B0 10 10 20 2% 0 0 10 10 20 2%
April 3, 2025 mnyOt‘;l!T‘gEﬂ v B
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https://cds.cern.ch/record/2898813

Summary

® The alignment of the tracking detectors configuration for Run 3 is
evaluated with 2022, 2023 and 2024 data

e Different detector operation conditions strongly affect the
alignment: different configurations needed depending on issues
accounted

® Global tracking alignment configuration established

® Alignment and calibration procedures of the RICH detectors and the
calorimeter are defined

® Alignment is crucial for good detector and physics performance

® Performance on Run 3 data comparable with Run 2

® Upgrade Il LHCb presents high technical challenge to maintain the
same performance as Run 3

® We are looking forward to more collisions!

Thank you!

Biljana Mitreska April 3, 2025 Gottingen
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Online alignment

® Analyzer
@ run reconstruction
e calculate and store
derivatives
® |terator

e collect derivatives
e perform
minimisation

® repeat the procedure

]

ntinue

Iterator Run Control
confi \mﬁg%
Ready!
sta tart
Running Reconatruction +
derivatives '
|
R stop
Minirmisztion \
\‘ I Pus:
Paused
Running§

NO
/ r
Converged? -]

YES -

Paused
Ready

MotReady §

_}

top

resel

-

paus
- =
top
eset

Analyzer

Ready
Time
Running

Paused |

Ready

P Running
Pause

—€—[teration

Ready

P NotReady
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Online monitoring

® Alignment of the VELO and SciFi running at the beginning of each

fill

® Automatic update of detector positions
® Monitoring plots for alignment quality produced for each

subdetector
Reconstruction plots

Left-Right PV delta z

Alignment quantities per iteration

Convergence Tx Halves

60 °% *
.
. -02¢] yol
50 Y &
a0 - z.; -;74._ Ly § o= o
. E 3
© AR Sy, | g
20 . el =
" i, =] —
-1 -05 o 05 0 os i s 2
Left-Right PV delta z Reration number
extrapolated track position In T1 4+ Rio s Number of tracks vs teation
3000 —— 20084
2000 | g 2100 v
~ 1000 150 % 2.000e+5 2
t ] 100 S r00es ®
> _1000 o g 1800045 o
o - B
0
-3000 Frrrrtrrrrtrrret T T800es : : . : : ;
-3000 -2000 -1000 0 1000 2000 3000 o os 1 15 2 25 3
xin Tf Rteration number
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Looking ahead: LHCb Upgrade Il

® Same or better performance g o1 T ——
F = 4
than Run 3 in all detectors Zosk 7 ]
® Tracking efficiency similar to > " =
Run 3 L ,
: . i 04l f U-I3D
® Adding timing crucial in H U-11 3D
I U-1I 4D Bl
performance 02 Tesace(has B hadron) |
[ —_— 1
Improved Cherenkov angle e e
. 50 100 150 200
resolution Ttracks
Cher. angle k| E I >I, G E
Technology res. (ad] £ soof  UpEmdell o Feaeoe
=) E I ]
MaPMT (Run 3) | 0.82 a00f A rforcomb) <3
RICH1 SiPM 0.51 300F ’”o‘ _f
SiPM & geometry | 0.38 200k ',,' ”‘“ o
g 1 3
MaPMT (Run 3) | 0.50 TIRTLTAN, e Pl m..g
RICH2 SiPM 0.42 10F s,
. T S el e et
SiPM & geometry | 0.22 ) ——T 6000 ";300
MK 7 y) [MeV/c?]
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https://cds.cern.ch/record/2776420/?ln=en

SciFi alignment: CFrames survey
® Measurement of the CFrame positions, beginning of 2023
® Overall rotations and translations of the CFrames derived wrt design
positions: translations at 200 um, 80 prad for Rx and Rz, 200 prad
for Ry

Nominal || Surveyed ToP

~
L

. g .
T3

o
.

“

-
.
[}
.
.

T2

w
°
L
3
°

AXsu || VELO <- Muons [mm]

. . @ ™

°
.

A Ysu || Aside -> Cside [mm]
® Useful for faster convergence and increasing the number of
reconstructed tracks in low populated regions
® Negligible differencies when including CFrames + survey on
modules’ positions — important to confirm the correct positions for
the alignments without survey
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