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LARGE HADRON COLLIDER
The LHC 
- 27 km ring, 100 m underground 
- 40 Million collisions per second 
- 13 TeV collision energy 
- 10-13 bar ultra-high vacuum 
- 8.3 T superconducting magnets 

(1.9 K, 11.000 A)
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LHCB (FOR BEAUTY) ~1000 members from 80+ different institutes 
~ 600 published papers since the start in 2010 

Specialised detector for beauty decays 
> 1 TB/s of data (~10 fb-1 from 2010-2018) 
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Chapter 1. Introduction

of a single Feynman diagram, such as B+
æ fi0µ+‹µ. There is a weak phase associated to

the CKM element Vub (Eq. 1.1.13), but since the probability of the process is proportional
to the absolute square of Vub, this phase does not a�ect the decay rate. In order to be
sensitive to the CP -violating phase, one requires two diagrams of the same process P æ f

that will interfere, with a relative phase di�erence between the two,

A1 = |A1|e
iÏ1 ,

A2 = |A2|e
iÏ2 ,

|A|
2 = |A1 + A2|

2 = |A1|
2 + |A2|

2 + |A1||A2|(ei(Ï1≠Ï2) + ei(Ï2≠Ï1))
= |A1|

2 + |A2|
2 + 2|A1||A2| cos(�Ï), (1.2.4)

where A is an amplitude and �Ï = (Ï1 ≠ Ï2). The phase Ïi consists of the CP -conserving,
or strong phase ”i and the CP -violating, or weak phase „i: Ïi = („i + ”i). Now consider
the CP -conjugate process (i.e. „ æ ≠„ and ” æ ”),

|A|
2 = |A1 + A2|

2 = |A1|
2 + |A2|

2 + 2|A1||A2| cos(�” + �„)
|A|

2 = |A1 + A2|
2 = |A1|

2 + |A2|
2 + 2|A1||A2| cos(�” ≠ �„). (1.2.5)

Notice that without a di�erent CP -conserving phase, i.e., �” = 0, we would not be able to
observe a di�erence in decay rates between CP -conjugate processes due to the symmetric
nature of the cosine. This CP -conserving phase is due to the strong interaction.

The amount of CP violation in a process can be expressed as the asymmetry in the
decay rates,

A = �(P æ f) ≠ �(P æ f)
�(P æ f) + �(P æ f)

(1.2.6)

where �(P æ f) is the CP -conjugate process of �(P æ f).
An intuitive process where two diagrams with a relative weak phase di�erence contribute,

is a decay into a final state containing a same-flavour quark-antiquark pair. This indicates
a contribution from a loop diagram called a “penguin diagram”, as is the case in the decay
B+

æ fi0K+, see Fig. 1.4. This type of CP violation is called direct CP violation or Adir
CP
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Figure 1.4: The main (left) tree and (right) penguin diagrams of the decay B+
æ K+fi0. The

interference between the two diagrams results in an observable amount of direct CP violation.
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FLAVOUR PHYSICS - RARE DECAYS
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<latexit sha1_base64="mGjcoefGsPuUuQ4DPh/wQIa0QYw=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6BNy2Y7bZfubsLuRikh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLY8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJQoinUa8Ui1QqKRM4l1wwzHVqyQiJBjMxzfTv3mIyrNIvlgJjEGggwlGzBKjJW6tW7aiRUTmPXSy6xXKnsVbwZ3mfg5KUOOWq/01elHNBEoDeVE67bvxSZIiTKMcsyKnURjTOiYDLFtqSQCdZDOrs7cU6v03UGkbEnjztTfEykRWk9EaDsFMSO96E3F/7x2YgbXQcpknBiUdL5okHDXRO40ArfPFFLDJ5YQqpi91aUjogg1NqiiDcFffHmZNM4rvlfx7y/K1Zs8jgIcwwmcgQ9XUIU7qEEdKCh4hld4c56cF+fd+Zi3rjj5zBH8gfP5A8zGkrE=</latexit><latexit sha1_base64="mGjcoefGsPuUuQ4DPh/wQIa0QYw=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6BNy2Y7bZfubsLuRikh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLY8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJQoinUa8Ui1QqKRM4l1wwzHVqyQiJBjMxzfTv3mIyrNIvlgJjEGggwlGzBKjJW6tW7aiRUTmPXSy6xXKnsVbwZ3mfg5KUOOWq/01elHNBEoDeVE67bvxSZIiTKMcsyKnURjTOiYDLFtqSQCdZDOrs7cU6v03UGkbEnjztTfEykRWk9EaDsFMSO96E3F/7x2YgbXQcpknBiUdL5okHDXRO40ArfPFFLDJ5YQqpi91aUjogg1NqiiDcFffHmZNM4rvlfx7y/K1Zs8jgIcwwmcgQ9XUIU7qEEdKCh4hld4c56cF+fd+Zi3rjj5zBH8gfP5A8zGkrE=</latexit><latexit sha1_base64="mGjcoefGsPuUuQ4DPh/wQIa0QYw=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6BNy2Y7bZfubsLuRikh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLY8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJQoinUa8Ui1QqKRM4l1wwzHVqyQiJBjMxzfTv3mIyrNIvlgJjEGggwlGzBKjJW6tW7aiRUTmPXSy6xXKnsVbwZ3mfg5KUOOWq/01elHNBEoDeVE67bvxSZIiTKMcsyKnURjTOiYDLFtqSQCdZDOrs7cU6v03UGkbEnjztTfEykRWk9EaDsFMSO96E3F/7x2YgbXQcpknBiUdL5okHDXRO40ArfPFFLDJ5YQqpi91aUjogg1NqiiDcFffHmZNM4rvlfx7y/K1Zs8jgIcwwmcgQ9XUIU7qEEdKCh4hld4c56cF+fd+Zi3rjj5zBH8gfP5A8zGkrE=</latexit><latexit sha1_base64="mGjcoefGsPuUuQ4DPh/wQIa0QYw=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQUPRa9eKxgP6BNy2Y7bZfubsLuRikh/8OLB0W8+l+8+W/ctjlo64OBx3szzMwLY8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dJQoinUa8Ui1QqKRM4l1wwzHVqyQiJBjMxzfTv3mIyrNIvlgJjEGggwlGzBKjJW6tW7aiRUTmPXSy6xXKnsVbwZ3mfg5KUOOWq/01elHNBEoDeVE67bvxSZIiTKMcsyKnURjTOiYDLFtqSQCdZDOrs7cU6v03UGkbEnjztTfEykRWk9EaDsFMSO96E3F/7x2YgbXQcpknBiUdL5okHDXRO40ArfPFFLDJ5YQqpi91aUjogg1NqiiDcFffHmZNM4rvlfx7y/K1Zs8jgIcwwmcgQ9XUIU7qEEdKCh4hld4c56cF+fd+Zi3rjj5zBH8gfP5A8zGkrE=</latexit>

�
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Theory predictions from JHEP 12 (2014) 125,  JHEP 09 (2010) 089,

[arXiv:2003.04831] 
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EFFECTIVE THEORY & THE FLAVOUR ANOMALIES
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FIG. 1. From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding 2D

hypotheses, using all available data (fit “All”) upper row or LFUV fit lower row.

FIG. 2. Preferred regions (at the 1, 2 and 3� level) for the Lµ � L⌧ model of Ref. [17] from b ! s`+`� data (green) in the

(mQ, mD) plane with Y D,Q = 1. The contour lines denote the predicted values for R[1.1,6]
K (red, dashed) and R[1.1,6]

K⇤ (blue,
solid).

Algueró, Capdevila, Crivellin, Descotes-Genon, 
Masjuan, Matias, Brunet, Virto,  

Eur. Phys. J. C79 (2019) 714, update 04/2020

SM
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Figure 1: Likelihood contours of the global fit and several fits to subsets of observables (see

text for details) in the plane of the WET Wilson coe�cients Cbsµµ

9 and Cbsµµ

10 (left),

and Cbsµµ

9 and C 0bsµµ
9 (right). Solid (dashed) contours include (exclude) the Moriond-

2019 results for RK and RK⇤ . As RK only constrains a single combination of Wilson
coe�cients in the right plot, its 1� contour corresponds to ��2 = 1. For the other
fits, 1 and 2� contours correspond to ��2

⇡ 2.3 and 6.2, respectively.

RK > RK⇤ . This scenario cannot address the tension in BR(Bs ! µ+µ�). It predicts
BR(Bs ! µ+µ�) = BR(Bs ! µ+µ�)SM.

Other two-coe�cient scenarios (including dipole coe�cients, scalar coe�cients, and electron
specific semileptonic coe�cients) are discussed in appendix E.

3.1.3. Universal vs. non-universal Wilson coe�cients

In view of the updated R
K(⇤) measurements, which are closer to the SM prediction than

the Run-1 results, our fit in Cbsµµ

9 and Cbsµµ

10 shows a tension between the fit to NCLFU

observables and the fit to b ! sµµ ones, especially in the Cbsµµ

9 direction. Therefore, it
is interesting to investigate whether lepton flavour universal new physics that mostly a↵ects
b ! sµµ observables but none of the NCLFU observables is preferred by the global analysis.
In Fig. 2 we show the likelihood in the space of a LFU contribution to C9 vs. a purely muonic
contribution to the linear combination C9 = �C10, i.e. we consider a two-parameter scenario
where the total NP Wilson coe�cients are given by5

Cbsµµ

9 = �Cbsµµ

9 + Cuniv.
9 , (14)

Cbsee

9 = Cbs⌧⌧

9 = Cuniv.
9 , (15)

Cbsµµ

10 = ��Cbsµµ

9 , (16)

Cbsee

10 = Cbs⌧⌧

10 = 0 . (17)

5Such decomposition was adopted for the first time in [70].

8

Aebischer, Altmannshofer, Guadagnoli, Reboud, 
Stangl, Straub,  

Eur. Phys. J. C80 (2020) 252

SM

III. GLOBAL FIT

In Table III, the global one-operator fits to NP are
given where all the relevant data on b → s transitions
are considered.3 In Fig. 3, the two operator fits for
fCe

9; C
μ
9g, fC

μ
10; C

μ
9g, and fCμ

10; C
e
10g (the same set as in

Fig. 2) can be seen. Moreover, the fits for fCμ
LL; C9g and

fCe
LL; C9g are given which are also motivated for model

building (e.g., see Ref. [17]). These fits are always done
under the assumption of 10% power corrections in the
angular observables. Compared with our previous analysis
in Ref. [2] the NP significance in the one- and also in the
two-operator fits is reduced by at least 0.5σ. Only in cases
of flavor-symmetric C9 and C10 which are independent
from the changes in the ratios one finds the same NP
significance as expected.
The observables Bs;d → μþμ− are usually used to

strongly constrain NP effects in scalar and pseudoscalar
operators. As a consequence, a general usage is to consider
the contributions from the scalar and pseudoscalar Wilson
coefficients as vanishingly small. However, as mentioned in
Ref. [2], this is only valid when the relation between the
scalar and pseudoscalar operators (CQ1

¼ −CQ2
) is

assumed, which breaks the possible degeneracy between
CQ2

and C10 and allows for strong constraints on CQ1;2
.

In general scenarios, CQ2
and C10 can have simultaneously

large values which compensates, while indeed CQ1
is rather

constrained (for more details see Ref. [2]). Since beyond
simplified NP models, there can be scenarios which
contain various new particles and several new couplings
we also perform a multidimensional fit in Table IV
where all the relevant Wilson coefficients which
amounts to 20 coefficients are modified.4 We note that
large contributions to the electron Wilson coefficients
are mostly driven by the ratios as there are few
measurements on purely electron observables.
Finally, we note that there have been other model-

independent analyses presented recently which update
previous analyses [1,2,18–22] based on the new exper-
imental data. We find small differences with these updated
analyses [22–27] only in the NP significances. This can be
explained by the different choices of bins in the new Belle
measurement and by slightly different treatments of power
corrections and of form factors.
In summary, the overall picture of the b → s anomalies

remains the same as before taking into account the new
results from LHCb, Belle, and ATLAS on RK, RK# , and
Bs → μþμ−. Although, the significance of the new physics
description of the RK

ð#Þ data is now reduced by more than
half a σ. Nevertheless, the future measurements of these
theoretically very clean ratios and similar observables
which are sensitive to lepton flavor nonuniversality have
a great potential to unambiguously establish lepton non-
universal new physics.

FIG. 3. Two operator fits to NP, considering all observables (with the assumption of 10% power corrections). PullSM in the fCe
9; C

μ
9g,

fCμ
10; C

μ
9g, fCe

10; C
μ
10g fits are 4.9; 4.9; 3.2σ, respectively. PullSM for the fCe

LL; C9g and fC
μ
LL; C9g fits of the lower row are 5.0 and 4.8σ,

respectively.

3This table includes updated results of Table 5 in Ref. [2]. 4This table updates the results given in Table 8 of Ref. [2].

A. ARBEY et al. PHYS. REV. D 100, 015045 (2019)

015045-4

Arbey, Hurth, Mahmoudi, Martínez Santos, Neshatpour,  
Phys. Rev. D100 (2019) 015045

SM

Model independent fits to O(170) measurements 
- C9NP deviates from 0 by > 4σ 
- Many independent fits seem to favour C9NP = -1 
- Vector Leptoquarks? Z’? 

https://arxiv.org/pdf/1903.09578.pdf
https://arxiv.org/pdf/1903.10434.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.015045
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THE LHCB DETECTOR
Particle ID 

~97% lepton ID rate 
  at ~1-3% pion misID

VELO 
σIP = (15 + 29/pT) µm

Tracking 
σP/p = (0.4-0.6)%

ECAL 

σE/E ~ 10% / √E ⊕ 1%

MUON 
trigger eff. > 90%  
for pT > 5 GeV/c2

J. Instrum. 3 (2008) S08005

Int. J. Mod. Phys. A 30 (2015) 1530022Acceptance 2 < η < 5

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta
https://arxiv.org/abs/1412.6352
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LHCB - EVENT DISPLAY
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ONLINE DATA CHALLENGE

- Particle collisions at ~40 MHz, ~55 kB per collision 
   —> select interesting events ‘on-line’: trigger 

- Fast pattern recognition and reconstruction:  
   —> combinatorial problem 

- Most analysis limited by ‘statistical error’ —> more data! 

- For 2022: 0.6 GB/s —> 10 GB/s to storage 
   —> Implemented first trigger level on GPUs 

Beyond 2030: Further drastic increase in luminosity (x2-3?) 
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OFFLINE DATA CHALLENGE

- Datasets of petabyte size. 
—> Demand simulated datasets of similar size 

- Current infrastructure: ‘The Grid’ 
Tier 0 (CERN-Budapest), Tier-1 (13 Centres),  
Tier 2 (155 Universities) 

- Addition of GPU clusters, Generative models, … 

High-Luminosity LHC: ~10-15 years 
   —> Significant increase in multiplicity and event size 

- Track reconstruction? Classification? Simulation? 

- Rethink computing infrastructure!

https://wlcg.web.cern.ch 

https://www.kaggle.com/c/trackml-particle-identification 

https://wlcg.web.cern.ch
https://www.kaggle.com/c/trackml-particle-identification
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- LHCb is a ‘single arm forward spectrometer’ 
  —> reconstruct ‘tracks’ from ‘hits’, (then get momentum from curvature in B-field). 

- At the core of LHCb’s physics performance. Largest time component in trigger. 

- Scales with Nhits2-3, suffers drastically from luminosity increase beyond 2030. 
  —> ?: How to reconstruct so many particles in ‘real time’? 

Unofficial

18

TRACK RECONSTRUCTION
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Pattern recognition - finding hits belonging to one track 

- Velo: ‘triplet search / track following’ * 

- Project forward towards ‘UT’, and ’SciFi’ after magnet, search windows, Hough transform 

- Match standalone ‘SciFi’ tracks with remaining Velo(-UT) 

- Kill all double combinations (‘clones’) 

Track fit: (extended) Kalman Filter - get optimal track parameters. 

- Step-wise chi2 ‘fit’, projecting state onto next detector layers, 
filtering with measurement, and smoothing. 

- Propagation in magnetic field: Runge-Kutta (5th order) 

- Propagation through detector material: E-loss & scattering

19

TRACK RECONSTRUCTION

https://indico.in2p3.fr/event/22193/contributions/86010/attachments/60141/81638/rquaglia_GDR_InF_Tracking_in_LHCb__lessons_learned.pdf 

https://indico.in2p3.fr/event/22193/contributions/86010/attachments/60141/81638/rquaglia_GDR_InF_Tracking_in_LHCb__lessons_learned.pdf
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CASE STUDY: LHCB VELO

Pattern recognition in VELO detector 

- 3D space points, straight line tracks 
Current implementation: ‘triplet search’ / ‘track following’ 
See ‘toy’ at https://github.com/dcampora/velopix_tracking  

- Performance figures: 

    - Efficiency    (true found tracks) 
    - Ghost rate  (fake tracks) 
    - Hit efficiency, purity, clone tracks

148 tracks including        8 ghosts (  5.4%). Event average   5.4%
              velo :      126 from      134 ( 94.0%,  94.0%)        3 clones (  2.38%), purity: ( 98.83%,  98.83%),  hitEff: ( 93.89%,  93.89%)

https://github.com/dcampora/velopix_tracking


BACKUP
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LHCB TRIGGER OVER THE YEARS

http://dx.doi.org/10.1088/1742-6596/762/1/012046 

http://dx.doi.org/10.1088/1742-6596/762/1/012046

