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What is particle physics?
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The study of fundaments of matter and their interactions 
 → protons, neutrons, electrons, … 
 → electromagnetism, weak force, strong force 
 → ‘radiation’ 

Atoms → Nuclear physics 

Molecules → Chemistry 
 

(aka ‘High-Energy Physics’)



The structure of matter
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The structure of high-energy matter
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Quantum Field Theory

6



Quantum Field Theory
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- ‘First quantisation’: particles are waves, (p —> -iℏ d/dx) 
- ‘Second quantisation’: particle waves are excitations of their fields 
    —> create / destroy particles in line with E=mc2 

 



Quantum Field Theory
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- ‘First quantisation’: particles are waves, (p —> -iℏ d/dx) 
- ‘Second quantisation’: particle waves are excitations of their fields 
    —> create / destroy particles in line with E=mc2 

- ‘Force’ = exchange of virtual force particles (‘gauge bosons’) 
 



Forces
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  Electromagnetism 

  Photon, infi
  couples to anything charged

Strong force  . 

Gluons, short range, binds quarks together into hadrons  . 
—> Source of atomic energy  .

  Weak force 
 
   W±, Z, heavy & short range 
   Couples to everything (but only ‘left-handed’) 
   Can change ‘fl



The standard model fields
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The Standard Model
gen I gen II gen III

~ x2 (matter-antimatter) 
~ x2 (left- and right-handed) 
~ x3 (red, green, blue) 



- ‘Laws of physics’ = Lego box of Feynman vertices 
  —> ‘lines’ are particles / forces 
  —> ‘vertices’ are allowed interactions 

- Any diagram you can build will happen. 

‘The laws of physics’
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+ + …

2

P(ee -> μμ) = 



Modern ambitions
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Use the Standard Model to explain the (early) universe 
- What happened during the electroweak phase transition? (Higgs, T=10-36 s) 
- What is dark matter? 
- Where did all the antimatter go? 

LHC



There is mass ‘missing’ in the universe… 

Dark matter
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Galaxy rotation curves 

Gravitational microlensing 

Cosmic Microwave Background 



There is mass ‘missing’ in the universe… 

Dark matter

Galaxy rotation curves 

Gravitational microlensing 

Cosmic Microwave Background 
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WIMPs vs MACHOs



There is mass ‘missing’ in the universe… 

Dark matter

Galaxy rotation curves 

Gravitational microlensing 

Cosmic Microwave Background 
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WIMPs vs MACHOs
a new particle!



Antimatter
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A very ‘normal’ phenomenon… 

…though quite destructive 



Baryogenesis
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Where is all the antimatter!?

Matter

Anti- 
Matter



Studying matter vs antimatter
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- Theoretically, you need to perform 2 operations to conjugate* matter to antimatter: 
     flipping Parity & Charge 

- Is that an exact symmetry? 

C: Flip colors

P:
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Studying matter vs antimatter
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- Theoretically, you need to perform 2 operations to conjugate* matter to antimatter: 
     flipping Parity & Charge 

- Is that an exact symmetry? 

—> Slightly violated 
  in the Weak force only! 
   “CP violation” 

C: Flip colors

P:
 F

lip
 le

ft/
rig

ht

“day and night” - M.C. Escher



CP violation: complex phase in the weak interaction 
  —> Visible via an interference effect (in some cases oscillating over time) 

20
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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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Studying matter vs antimatter

CP



CP violation is not enough
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LHCb, CERN, 2022

CP violation!

- Many measurements of CP violation have been made 
   —> it’s there! And matches the “Standard Model prediction”. 
   —> it is ~1010  x too small to explain Baryogenesis 
          : We need new diagrams (particles/forces)! 



Beyond the Standard Model / ‘New Physics’?
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The Standard Model ++
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—> How to find them?



Direct production limits
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https://atlaspo.cern.ch/public/summary_plots/ 

The search continues…

https://atlaspo.cern.ch/public/summary_plots/


Off-shell contributions
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Off-shell contributions
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Success of indirect detection
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• Charm quark: suppression of K -> mumu decays 
“a fourth quark would suppress FCNC” - GIM mechanism (1970)  
(discovered in 1974 in charmonium at Brookhaven / SLAC) 

• Beauty quark: “need 3rd generation to explain CP violation” (1973) 
but ‘directly’ discovered in bottomonium (1977, Fermilab) 

• W/Z bosons: “weak interaction seems left-handed” (1950s), 
direct discovery 1980s at SPS (CERN) 

• Top quark: ‘must be heavy, fast neutral B oscillations’.  
Also W/Z mass, early 90s.  
direct discovery in 1995 (Tevatron) 

• Gravitational waves: 1974  
Rotational energy loss in double-neutron star system  
PSR B1913+16



Why Beauty
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- Strange experiments have been done*, Charm suffers from suppressed NP dynamics, 
Top is too heavy to form bound states 

- Beauty has suppressed SM diagrams (Vcb), large mixing parameters (Δm), 
and high energy scales (q2) in decays —> up to 1000 TeV ‘indirect’ sensitivity 

- Common BSM theories predict a stronger coupling to heavier flavours 
(& even ‘flavour diagonal’ theories create FCNC loops) 

- Theoretically calculable due to heavy b quark factorisation  
(HQET, SCET, QCDf, …)  

- Clear signatures in detector due to long lifetimes 

- …

‘Flavour changing’ 
W± interactions

Masses

Higgs coupling
(Atlas)



Bs -> μμ: why so rare?
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Theory
• Pure leptonic decays  are even rarer in the SM due to helicity suppression


• 


• 


• SM prediction:


• 


•

B0
s → ℓ+ℓ−

ℬ ∝ |VtbVtq |2 [(1 −
4m2

μ

M2
B

) |CS − C′ 

S |2 + | (CP − C′ 

P) +
2mμ

MB
(C10 − C′ 

10) |2 ]
ℬ ∝ const ×

ℬ(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10
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In Fig.1 (right), the green dashed bump slightly left of the Bs signal peak hints at the even rarer decay of Bd to two 
muons. A first observation of this extremely rare process is the goal for the next run. This highly anticipated result 
comes with the world's first measurement of the ratio of the decay rates of the Bd and Bs, which provides additional 
information on the properties of the new particles involved [12,13]. 
 
In order to collect more data and at a higher rate, the LHCb experiment is currently undergoing an upgrade [14]. With 
this Veni, I will lead the flagship analysis of the Bd- and Bs decays to two muons using the data taken with the upgraded 
detector. In addition, I will take a leading role in the preparation of the upgraded detector for collecting these decays. 
My experience with operating the tracking detector during phase-1 and writing the simulation software for the 
upgraded tracker, my experience with machine learning applications, and my expertise from the phase-1 data analysis 
of B to two muon decays, puts me in a unique position to accomplish this challenge. 
 
The flavour anomalies and electrons 
 
The decays of B to two leptons (muons or electrons) belongs to the family of b->sll transitions, a topic in which a lot of 
excitement in the community has occurred in the last years. Intriguing measurements include the ratio of decays 
involving a kaon and two muons or electrons (RK, RK*). Fig. 3 (right) displays the model-independent combination of 
these so-called 'flavour anomaly' measurements, compared to the standard model predictions - which lie more than 3 
standard deviations away [5].  
 
The decays of Bs mesons to two leptons (indicated in grey in Fig. 3) has a unique sensitivity to the exact type of new 
particles - (axial) vector or scalar - that could play a role in these processes [9]. In the scenario that the new particles 
are of scalar form, helicity suppression is lifted and it is actually the decay of B to two electrons that is the most 
sensitive probe. Taking into account recent experimental constraints [2], this can result in a probability for the decay of 
Bs to two electrons that is as large as that of the recently observed decay to two muons (Fig.3, left).  
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Fig. 2: Example of two Feynman diagrams contributing to the decay of B to two muons. Standard model particles are 
indicated in black, while potential contributions from new particles are indicated in red. 
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B. Fits to RK , RK⇤ and Bs ! µµ

We now add BR(Bs ! µµ) to the data set.4 It is theoretically similarly clean to the LUV observables, with NNLO QCD
and NLO electroweak corrections known [53], and the sole hadronic parameter, the decay constant fBs , having been precisely
computed by different lattice QCD collaborations [54]. To simplify the fit, we consider the ratio

R =
BR(Bs ! µµ)

BR(Bs ! µµ)SM
=

����
Cµ

10

CSM
10

����
2

, (16)

in which theory uncertainties cancel and which, among the set (C`
9, C

`
10), only depends on the coefficient Cµ

10, such that it is
natural to add it to the fit of muon-specific Wilson coefficients. The experimental value is Rexp = 0.83(16), where the results
from CMS and LHCb including run I and run II data are averaged as in ref. [55]. The error includes, in quadrature, the theory
uncertainty on the SM rate, which is small compared to the experimental ones.

Including R increases the SM p-value marginally to 3.7 10�4 (3.56�). We next perform the same fits as in the previous
subsection, but to the extended data set. The results are shown in Tab. III and, for the fit of (�Cµ

9 , �C
µ
10) fit, in Fig. 4.

TABLE III: Best fit values, goodness of fit, SM exclusion level, and confidence intervals for fits of single or pairs of Wilson coefficient, to
RK , RK⇤ and Bs ! µ+µ� data, similar to Table II.

Coeff. best fit �2
min p-value SM exclusion [�] 1� range 3� range

�Cµ
9 -1.64 5.65 0.130 3.87 [-2.31, -1.12] [<-4, -0.31]

�Cµ
10 0.91 4.98 0.173 3.96 [0.66, 1.18] [0.20, 1.85]

�Cµ
L -0.61 3.36 0.339 4.16 [-0.78, -0.46] [-1.14, -0.16]

Coeff. best fit �2
min p-value SM exclusion [�] parameter ranges

(�Cµ
9 , �C

µ
10) (-0.76, 0.54) 3.31 0.191 3.76 Cµ

9 2 [-1.50, -0.16] Cµ
10 2 [0.18, 0.92]

FIG. 4: Fits to RK , RK⇤ and BR(Bs ! µµ). The band for RK⇤ includes only the [1.1,6] GeV2 bin

Again, all four scenarios considered provide good fits. The main impact on the two-parameter fit is that the allowed region is
narrowed down considerably, with large positive correlated values of �Cµ

9 and �Cµ
10 no longer allowed. We note, in particular,

4 The overline refers to the fact that the experiments access the time-integrated branching ratio, which depends on the details of BsB̄s mixing [52].

Fig.3: (left) Illustration of the Bs -> l+l- branching ratios from Ref.[2]. Current experimental status is in blue, while new 
theoretical possibilities are highlighted in red. (right) Bounds on new particles in vector (δC9) or axial vector (δC10) 
contributions, from experimental results of b->sll transitions [5]. The (0,0) point indicates the standard model expectation, 
while the orange (red) mass represents the average of flavour anomaly measurements at 1 (3) sigma significance. 

arXiv:1704.05446 (2017)
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B(B0
s ! µ+µ�)theory = (3.66± 0.14)⇥ 10�9



Bs -> μμ: not so rare?
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B(B0
s ! µ+µ�)theory = (3.66± 0.14)⇥ 10�9 ?



LHCb experiment at CERN
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E = 13.000 x mp
Rate = 40 MHz



Why a ‘single arm forward spectrometer’
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- protons colliding and making B’s

Collision point

31



Why a ‘single arm forward spectrometer’
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- protons colliding and making B’s

Collision point
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Why a ‘single arm forward spectrometer’
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- protons colliding and making B’s 
—> at high energies, gluons more likely 
 

Collision point
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Why a ‘single arm forward spectrometer’
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- protons colliding and making B’s 
—> at high energies, gluons more likely 
—> non-equal gluon energies make highly boosted b-mesons 
—> Collisions result in a ‘hadronic mess’

Collision point

34

b

b-



Reconstruction
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proton-proton collision 
creates O(100) particles

… leave hits 
in silicon sensors 
or scintillating fibers

… are bent 
in magnetic field

… smash  
into calorimeters

remaining muons 
hit muon stations 
(MWPC)

… leave Cherenkov 
radiation in gas

+ Front-end electronics 
send out data at 25ns clock

+ tell40 boards gather 
and pre-process data 

+ event builder farm processes 
 & GPUs reconstruct & trigger



LHCb’s excellence
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• Vertexing



LHCb’s excellence
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• Vertexing 

• Tracking



• Vertexing 

• Tracking 

• Particle ID

LHCb’s excellence
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• Vertexing 

• Tracking 

• Particle ID 

• Trigger  
(real-time reconstruction, GPU+CPU)

LHCb’s excellence
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LHCb operations

4040

Run control

Big Brother

Monitoring / Data quality



Data flow
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‘Bookkeeping’

- Data (~40 TB/s) reconstructed & selected in real-time 
- No ‘beam time’ per study, but all data collected simultaneously 

—> ‘bandwidth’ per channel politically decided 
- Stored / processed on the Worldwide LHC Computing Grid



Bs -> μμ: The needle in 10.000 haystacks
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Data from trigger + sprucing

M(Bs) M(μ-μ+)

- Look for two muon tracks that ‘cross’ (make a vertex) 
- The combined momentum must point back to the original collision point



Bs -> μμ: The needle in 10.000 haystacks
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Data from trigger + sprucing

smart 
analysts

<latexit sha1_base64="CcvCkbzI/dYIxoIMJNxZBDsPq2Y="></latexit>

B(B0
s ! µ+µ�)LHCb = (3.09± 0.47)⇥ 10�9

<latexit sha1_base64="OKyf8psbz0vGjax6gZc/mgaPQ3g="></latexit>

B(B0
s ! µ+µ�)theory = (3.66± 0.14)⇥ 10�9

M(Bs) M(μ-μ+)



Bs -> ee: The needle in 10.000.000 haystacks
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0.1

Theory
• Pure leptonic decays  are even rarer in the SM due to helicity suppression


• 


• 


• SM prediction:


• 


•

B0
s → ℓ+ℓ−

ℬ ∝ |VtbVtq |2 [(1 −
4m2

μ

M2
B

) |CS − C′ 

S |2 + | (CP − C′ 

P) +
2mμ

MB
(C10 − C′ 

10) |2 ]
ℬ ∝ const ×

ℬ(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬ(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

W
γ/Z0

b

s

µ

µ

W

W
ν

b

s

µ

µ

χ
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b

s

µ

µ

χ
A0/H0
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s

µ

µ 2

Error Budget

fBq fBq

CKMCKMmt

mt

αs
αs

LCDA LCDA

non-prm

non-prm

B0
s B0

Beneke, Bobeth, Szafron, JHEP10(2019)232
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In Fig.1 (right), the green dashed bump slightly left of the Bs signal peak hints at the even rarer decay of Bd to two 
muons. A first observation of this extremely rare process is the goal for the next run. This highly anticipated result 
comes with the world's first measurement of the ratio of the decay rates of the Bd and Bs, which provides additional 
information on the properties of the new particles involved [12,13]. 
 
In order to collect more data and at a higher rate, the LHCb experiment is currently undergoing an upgrade [14]. With 
this Veni, I will lead the flagship analysis of the Bd- and Bs decays to two muons using the data taken with the upgraded 
detector. In addition, I will take a leading role in the preparation of the upgraded detector for collecting these decays. 
My experience with operating the tracking detector during phase-1 and writing the simulation software for the 
upgraded tracker, my experience with machine learning applications, and my expertise from the phase-1 data analysis 
of B to two muon decays, puts me in a unique position to accomplish this challenge. 
 
The flavour anomalies and electrons 
 
The decays of B to two leptons (muons or electrons) belongs to the family of b->sll transitions, a topic in which a lot of 
excitement in the community has occurred in the last years. Intriguing measurements include the ratio of decays 
involving a kaon and two muons or electrons (RK, RK*). Fig. 3 (right) displays the model-independent combination of 
these so-called 'flavour anomaly' measurements, compared to the standard model predictions - which lie more than 3 
standard deviations away [5].  
 
The decays of Bs mesons to two leptons (indicated in grey in Fig. 3) has a unique sensitivity to the exact type of new 
particles - (axial) vector or scalar - that could play a role in these processes [9]. In the scenario that the new particles 
are of scalar form, helicity suppression is lifted and it is actually the decay of B to two electrons that is the most 
sensitive probe. Taking into account recent experimental constraints [2], this can result in a probability for the decay of 
Bs to two electrons that is as large as that of the recently observed decay to two muons (Fig.3, left).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B̄0
(s) W,χ+

t

t

Z, h0, A0

b

s, d

µ

µ

B̄0
(s) t, d̃

W,χ0

W,χ0

ν, l̃

b

s, d

µ

µ

Fig. 2: Example of two Feynman diagrams contributing to the decay of B to two muons. Standard model particles are 
indicated in black, while potential contributions from new particles are indicated in red. 
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B. Fits to RK , RK⇤ and Bs ! µµ

We now add BR(Bs ! µµ) to the data set.4 It is theoretically similarly clean to the LUV observables, with NNLO QCD
and NLO electroweak corrections known [53], and the sole hadronic parameter, the decay constant fBs , having been precisely
computed by different lattice QCD collaborations [54]. To simplify the fit, we consider the ratio

R =
BR(Bs ! µµ)

BR(Bs ! µµ)SM
=

����
Cµ

10

CSM
10

����
2

, (16)

in which theory uncertainties cancel and which, among the set (C`
9, C

`
10), only depends on the coefficient Cµ

10, such that it is
natural to add it to the fit of muon-specific Wilson coefficients. The experimental value is Rexp = 0.83(16), where the results
from CMS and LHCb including run I and run II data are averaged as in ref. [55]. The error includes, in quadrature, the theory
uncertainty on the SM rate, which is small compared to the experimental ones.

Including R increases the SM p-value marginally to 3.7 10�4 (3.56�). We next perform the same fits as in the previous
subsection, but to the extended data set. The results are shown in Tab. III and, for the fit of (�Cµ

9 , �C
µ
10) fit, in Fig. 4.

TABLE III: Best fit values, goodness of fit, SM exclusion level, and confidence intervals for fits of single or pairs of Wilson coefficient, to
RK , RK⇤ and Bs ! µ+µ� data, similar to Table II.

Coeff. best fit �2
min p-value SM exclusion [�] 1� range 3� range

�Cµ
9 -1.64 5.65 0.130 3.87 [-2.31, -1.12] [<-4, -0.31]

�Cµ
10 0.91 4.98 0.173 3.96 [0.66, 1.18] [0.20, 1.85]

�Cµ
L -0.61 3.36 0.339 4.16 [-0.78, -0.46] [-1.14, -0.16]

Coeff. best fit �2
min p-value SM exclusion [�] parameter ranges

(�Cµ
9 , �C

µ
10) (-0.76, 0.54) 3.31 0.191 3.76 Cµ

9 2 [-1.50, -0.16] Cµ
10 2 [0.18, 0.92]

FIG. 4: Fits to RK , RK⇤ and BR(Bs ! µµ). The band for RK⇤ includes only the [1.1,6] GeV2 bin

Again, all four scenarios considered provide good fits. The main impact on the two-parameter fit is that the allowed region is
narrowed down considerably, with large positive correlated values of �Cµ

9 and �Cµ
10 no longer allowed. We note, in particular,

4 The overline refers to the fact that the experiments access the time-integrated branching ratio, which depends on the details of BsB̄s mixing [52].

Fig.3: (left) Illustration of the Bs -> l+l- branching ratios from Ref.[2]. Current experimental status is in blue, while new 
theoretical possibilities are highlighted in red. (right) Bounds on new particles in vector (δC9) or axial vector (δC10) 
contributions, from experimental results of b->sll transitions [5]. The (0,0) point indicates the standard model expectation, 
while the orange (red) mass represents the average of flavour anomaly measurements at 1 (3) sigma significance. 

arXiv:1704.05446 (2017)
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Even more  
suppressed!

e e



Anomalous rare decays - B0 -> K*0 μ+μ-
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Effective Field theory

- Interpret all couplings as ‘effective’ interactions 
Without knowing the specific propagators/forces! 

- Certain decays sensitive to different set of couplings 
—> Bs0 -> μμ: sensitive to C10 (CS, CP) 
—> B0 -> K*0 μμ: sensitive to C9 and C10 

- Combined interpretation: far away from SM prediction  
(C9 = C10 = 0) —> favours C9 = -1? 
 
—> A consistent vector-like new force? What would it be?



LHCb upgrade performance
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—> Much more data now! 
—> Exciting updates the coming years

- Measurements limited by amount of data 
- Theoretical predictions challenging



“From the basics to the bleeding edge”

Searching for extremely rare decays in LHCb 

Jacco de Vries 

GWFP symposium, 2 Dec 2025


