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Deeltjesfysica 

Bestudeert de natuur op afstanden < 10-15 m

atoom                          kern

Quantum theorie beschrijft alle metingen tot 10-18 m
(Ter vergelijk: 10+18 m = 100 lichtjaar)

10-15 m



Machten van tien …

Heelal 
1026 m

Melkweg
1021 m

Zonnestelsel 
1013 m

Aarde 
107 m

Spin
10-2 m

Atoom 
10-10 m

Kern
10-15 m

Botsingen
10-18 m



Schaal

LHC CMB



Complete History of the Universe
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Complete History of the Universe
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U bent hier:      10-16 m, 10-14 s, 1016 K 
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Wat kan je maken van deze 3 bouwstenen?

periodiek systeem
van Mendeleev

Alles!



De elementaire deeltjes
qu
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Niet één serie, maar drie!
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De elementaire deeltjes

Lading
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Is dit alles?
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Anti-materie

Revoluties begin vorige eeuw:
– Relativiteitstheorie 

– Quantum Mechanica

Paul Dirac (1928): relativistische quantum theorie!  

Voor elk materiedeeltje bestaat 
een anti-materiedeeltje!

Anti-materie deeltje:
• Zelfde massa
• Tegenovergestelde lading
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De elementaire deeltjes
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Hoe maak je anti-materie??

e+ e-

Albert Einstein: 
E=mc2

materie + antimaterie = licht !
(en vice versa)

e+ e-



Anti-materie in ziekenhuizen:
de PET-scan

e+e-® g g



Wat snappen we nog niet:



I. Wat snappen we nog niet? “Anti-materie”

Waar is de anti-materie gebleven?

Geen anti-materie 
met satellieten

Geen anti-materie 
sterrenstelsels



II. Wat snappen we nog niet?  “Higgs”

Massa van deeltjes
Neutrino’s
Elektron

Muon

Tau

up,down, strange

Top quark

bottom

charm

Het Higgs boson:
zorgt ervoor dat deeltjes massa 
kunnen hebben in de theorie

Bijzondere voorspelling:

(Gedeeltelijk beantwoord op 4 juli 2012 !)



We hebben al die tijd maar 4% van het heelal bestudeerd!

Temperatuurfluctuaties
structuur van het heelal

Rotatie-curves Gravitationele lens

Wat is de 
donkere materie ?

III. Wat snappen we nog niet?  “Donkere materie”



Wat snappen we niet?   Drie Grote Vragen

I. Anti-materie??
(waar is het gebleven)

III. Donkere materie??
(wat klonterde de sterrenstelsels)

II. Higgs?? 
(wat maakt deeltjes zwaar)

10-10 s ~ 100 GeV

102 s ~ 100 keV

109 yr 



•Waar is de Anti-materie heen?

Astronomie Deeltjes
fysica

Fundamenteel
(nieuwsgierigheid gedreven)

onderzoek





Klassiek botsen

Quantummechanisch botsen
proton proton

•Slide 26



Wat verwacht  je ?

Al 40 jaar bestaan er precieze 
wiskundige voorspellingen!



Bij de LHC op Cern:

1) Verander energie in materie!

Hoe ontdekken we nieuwe deeltjes?



Bij de LHC op Cern:

1) Verander energie in materie!

2) Nieuwe deeltjes veranderen 
voorspellingen

Hoe ontdekken we nieuwe deeltjes?



ATLAS
LHCb

ALICECMS



ATLAS
LHCb

1) Verander energie in 
materie

2) Nieuwe deeltjes 
veranderen voorspellingen



23 sep 2010                  19:49:24
Run 79646        Event 143858637

The LHCb Detector



Quantummechanisch botsen
proton proton



LHCb in getallen

300 μb ®
120.000 events / sec
( L=4x1032 )

120,000 B events per sec
(ter vergelijk: in ATLAS : 1 Higgs in 100 sec)

1012 B events in 2022
(ter vergelijk: Babar heeft in totaal 109 B events)

5 kHz naar tape
(ter vergelijk: ATLAS  schrijft 200 Hz weg)



LHCb: bestuderen van B deeltje 
1) Vind verschillen tussen materie en anti-materie

2) Vind nieuwe deeltjes
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LHCb: bestuderen van B deeltje 

Vind nieuwe deeltjes



LHCb: bestuderen van B deeltje 

2) Vind nieuwe deeltjes

b s

μ

μ

B0s→µµ

B0s→µµ?



LHCb: bestuderen van B deeltje 

b s

μ

μ

B0s→µµ!

Slechts 3 op de miljard B deeltjes vervalt naar 2 muonen

Bestaan er nieuwe deeltjes?
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Background only



LHCb: bestuderen van B deeltje 

b s

μ

μ

B0s→µµ!

Slechts 3 op de miljard B deeltjes vervalt naar 2 muonen

Bestaan er nieuwe deeltjes?
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LHCb: bestuderen van B deeltje 

b s

μ

μ

B0s→µµ!

Slechts 3 op de miljard B deeltjes vervalt naar 2 muonen

Bestaan er nieuwe deeltjes?
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Figure 2: Invariant mass distribution of the selected B0
(s) !

µ+µ� candidates (black dots) with BDT > 0.7. The result
of the fit is overlaid (blue solid line) and the di↵erent
components detailed: B0

s ! µ+µ� (red long dashed line),
B0 ! µ+µ� (green medium dashed line), combinatorial
background (blue medium dashed line), B0

(s) ! h+h0�

(magenta dotted line), B0(+) ! ⇡0(+)µ+µ� (light blue dot-
dashed line), B0 ! ⇡�µ+⌫µ and B0

s ! K�µ+⌫µ (black
dot-dashed line).

with a significance of 4.0 standard deviations (�), while
the significance of the B0 ! µ+µ� signal is 2.0�.
These significances are determined from the change
in likelihood from fits with and without the signal
component. The median significance expected for a
SM B0

s ! µ+µ� signal is 5.0�.
The simultaneous unbinned maximum-likelihood fit

results in

B(B0
s ! µ+µ�)= (2.9+1.1

�1.0(stat)
+0.3
�0.1(syst))⇥ 10�9 ,

B(B0 ! µ+µ�)= (3.7+2.4
�2.1(stat)

+0.6
�0.4(syst))⇥ 10�10 .

The statistical uncertainty is derived by repeating
the fit after fixing all the fit parameters, except the
B0

s ! µ+µ� and B0 ! µ+µ� branching fractions
and the slope and normalisation of the combinatorial
background, to their expected values. The systematic
uncertainty is obtained by subtracting in quadrature
the statistical uncertainty from the total uncertainty
obtained from the likelihood with all nuisance param-
eters allowed to vary according to their uncertainties.
Additional systematic uncertainties reflect the impact
on the result of changes in the parametrisation of the
background by including the ⇤0

b ! pµ�⌫̄µ component
and by varying the mass shapes of backgrounds from
b-hadron decays, and are added in quadrature. The

correlation between the branching fractions parame-
ters of both decay modes is +3.3%. The values of the
B0

(s) ! µ+µ� branching fractions obtained from the fit
are in agreement with the SM expectations. The invari-
ant mass distribution of the B0

(s) ! µ+µ� candidates
with BDT > 0.7 is shown in Fig. 2.

As no significant excess of B0 ! µ+µ� events
is found, a modified frequentist approach, the CLs

method [38] is used, to set an upper limit on the
branching fraction. The method provides CLs+b, a
measure of the compatibility of the observed distribu-
tion with the signal plus background hypothesis, CLb,
a measure of the compatibility with the background-
only hypothesis, and CLs = CLs+b/CLb. A search
region is defined around the B0 invariant mass as
mB0 ± 60MeV/c2. For each BDT bin the invariant
mass signal region is divided into nine bins with bound-
aries mB0 ± 18, 30, 36, 48, 60MeV/c2, leading to a total
of 72 search bins.
An exponential function is fitted, in each BDT bin,

to the invariant mass sidebands. Even though they
do not contribute to the signal search window, the
b-hadron backgrounds are added as components in the
fit to account for their e↵ect on the combinatorial back-
ground estimate. The uncertainty on the expected
number of combinatorial background events per bin
is determined by applying a Poissonian fluctuation to
the number of events observed in the sidebands and by
varying the exponential slopes according to their uncer-
tainties. In each bin, the expectations for B0

s ! µ+µ�

decays assuming the SM branching fraction and for
B0

(s) ! h+h0� background are accounted for. For each
branching fraction hypothesis, the expected number
of signal events is estimated from the normalisation
factor. Signal events are distributed in bins according
to the invariant mass and BDT calibrations.
In each bin, the expected numbers of signal and

background events are computed and compared to
the number of observed candidates using CLs. The
expected and observed upper limits for the B0 ! µ+µ�

Table 2: Expected limits for the background only (bkg)
and background plus SM signal (bkg+SM) hypotheses, and
observed limits on the B0 ! µ+µ� branching fraction.

90% CL 95% CL

Exp. bkg 3.5⇥ 10�10 4.4⇥ 10�10

Exp. bkg+SM 4.5⇥ 10�10 5.4⇥ 10�10

Observed 6.3⇥ 10�10 7.4⇥ 10�10

4



LHCb: bestuderen van B deeltje 
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Slechts 3 op de miljard B deeltjes vervalt naar 2 muonen

Bestaan er nieuwe deeltjes?
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Figure 1: Mass distribution of the selected B0
(s) ! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid, and the di↵erent components are detailed.

of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6
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(s) ! µ+µ� candidates (black dots) with BDT > 0.5.
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of 4.6% and 10.9%, respectively. The dependence is approximately linear in the physically
allowed Aµ+µ�

�� range.
For the B0

s ! µ+µ� lifetime determination, the data are background-subtracted with
the sPlot technique [41], using a fit to the dimuon mass distribution to disentangle signal
and background components statistically. Subsequently, a fit to the signal decay-time
distribution is made with an exponential function multiplied by the acceptance function
of the detector. The B0

s candidates are selected using criteria similar to those applied
in the branching fraction analysis, the main di↵erences being a reduced dimuon mass
window, [5320, 6000]MeV/c2, and looser particle identification requirements on the muon
candidates. The former change allows the fit model for the B0

s ! µ+µ� signal to be
simplified by removing most of the B0 ! µ+µ� and exclusive background decays that
populate the lower dimuon mass region, while the latter increases the signal selection
e�ciency. Furthermore, instead of performing a fit in bins of BDT, a requirement of BDT
> 0.55 is imposed. All these changes minimise the statistical uncertainty on the measured
e↵ective lifetime. This selection results in a final sample of 42 candidates.

The mass fit includes the B0
s ! µ+µ� and combinatorial background components.

The parameterisations of the mass shapes are the same as used in the branching fraction
analysis. The correlation between the mass and the reconstructed decay time of the
selected candidates is less than 3%.

The variation of the trigger and selection e�ciency with decay time is corrected for in
the fit by introducing an acceptance function, determined from simulated signal events
that are weighted to match the properties of the events seen in data. The use of simulated
events to determine the decay-time acceptance function is validated by measuring the
e↵ective lifetime of B0 ! K+⇡� decays selected in data. The measured e↵ective lifetime
is 1.52 ± 0.03 ps, where the uncertainty is statistical only, consistent with the world

6

Theory :
B(Bs

0 → µ+µ− ) = (3.65± 0.23)×10−9

B(B0 → µ+µ− ) = (1.06± 0.09)×10−10

full mass range are 37 ± 2 B0
(s)! h+h0�, 161 ± 6 B0! ⇡�µ+⌫µ, 31 ± 3 B0

s
! K�µ+⌫µ,

53± 4 B0(+)! ⇡0(+)µ+µ�, 7± 3 ⇤0
b
! pµ�⌫µ and 28± 1 B+

c
! J/ µ+⌫µ decays.

The B0
s
! µ+µ�, B0! µ+µ� and B0

s
! µ+µ�� branching fractions are determined

with a simultaneous unbinned maximum-likelihood fit [55] to the dimuon mass distribution
in the BDT regions of the Run 1 and Run 2 data sets, with BDT > 0.25. The fractions of
B0

(s)! µ+µ� yield in each BDT region and the parameters of the Crystal Ball functions [42]
describing the shapes of the mass distribution are Gaussian constrained according to their
expected values and uncertainties. The combinatorial background in each BDT region
is described by an exponential function with the yield and slope allowed to vary freely,
but the slope parameter is common to all regions within a given data set. Each other
background is included as a separate component in the fit. Their yields as well as the
fractions in each BDT region are Gaussian-constrained according to their expected values,
while their mass shapes are determined from simulation and fixed in the fit, separately in
each BDT region. Figure 1 shows the fit results projected on the dimuon mass distribution
for BDT > 0.5.

The branching fractions of the B0
s
! µ+µ�, B0! µ+µ� and B0

s
! µ+µ�� decays

obtained from the fit are

B(B0
s
! µ+µ�) =

�
3.09+0.46+0.15

� 0.43� 0.11

�
⇥ 10�9 ,

B(B0! µ+µ�) =
�
1.2+0.8

� 0.7 ± 0.1
�
⇥ 10�10 ,

B(B0
s
! µ+µ��) = (�2.5± 1.4± 0.8)⇥ 10�9 with mµµ > 4.9GeV/c2 .

The statistical uncertainty is obtained by re-running the fit with all nuisance parameters
fixed to the values found in the default fit. The systematic uncertainties of B(B0

s
! µ+µ�)

and B(B0! µ+µ�) are dominated by the uncertainty on fs/fd (3%) and the knowledge
of the background from specific processes (9%), respectively. The correlation between
the B0 ! µ+µ� and B0

s
! µ+µ� branching fractions is �11% while that between the

B0
s
! µ+µ�� and B0! µ+µ� (B0

s
! µ+µ�) branching fractions is �25% (9%).

Two-dimensional profile likelihoods are evaluated by taking the ratio of the likelihood
value of a fit where the parameters of interest are fixed and the likelihood value of the
standard fit. They are shown in Figure 2 for the possible combinations of two branching
fractions.

An excess of B0
s
! µ+µ� decays with respect to the expectation from background is

observed with a significance of about 10 standard deviations (�), while the significance of
the B0! µ+µ� signal is 1.7�, as determined using Wilks’ theorem [56] from the di↵erence
in likelihood between fits with and without the specific signal component. The negative
fluctuation of the B0

s
! µ+µ�� signal has a 1.6� significance.

Since the B0 ! µ+µ� and B0
s
! µ+µ�� signals are not significant, an upper limit

on each branching fraction is set using the CLs method [57] with a profile likelihood
ratio as a one-sided test statistic [58]. The likelihoods are computed with the nuisance
parameters Gaussian-constrained to their fit values. The test statistic is then evaluated on
an ensemble of pseudoexperiments where the nuisance parameters are floated according
to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at
95% CL, obtained without constraining the B0

s
! µ+µ�� yield. Similarly, the upper

limit on B(B0
s
! µ+µ��) with mµµ > 4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.

Fixing the B0
s
! µ+µ�� signal to zero, the B0

s
! µ+µ� branching fraction increases by

about 2% and the upper limit on B(B0! µ+µ�) decreases by about 10%.

5
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LHCb: bestuderen van B deeltje 
1) Vind verschillen tussen materie en anti-materie

2) Vind nieuwe deeltjes
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LHCb: highlights

1) Nieuwe ‘gewone’ hadronen

2) Nieuwe ‘exotische’ hadronen: Tetraquark en pentaquark

3) Ontdekking ‘CP schending’ Bs
4) Ontdekking ‘CP schending’ charm

Hot topic:

5) Verschil electron, muon, tau??



LHCb: nieuwe ‘gewone’ hadronen

(ccu): Ξcc++
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LHCb: nieuwe ‘gewone’ hadronen

(ccu): Ξcc++ (buu): Σb(6097)+ (bdd): Σb(6097)-
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LHCb: nieuwe ‘exotische’ hadronen
(ccduu): Pc(4312)+ (cu cd): Tcc+(3875)
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c 
c
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d

u

c 

d

c

Nature Commun. 13 (2022) 1, 3351



LHCb: antimaterie verschil in Bs0

CP schending in Bs0

Bs0→K+π- Bs0→K-π+



LHCb: antimaterie verschil in charm
“CP schending”

D0àK+K- same as 

D0àK+K- ??

at least it is different compared to  
D0àπ+π-…:

as of the tagging pions or muons; the �2 of the D⇤+ and B vertex fits; the track quality
of the tagging pion and the charged-particle multiplicity in the event. Furthermore, the
total sample is split into subsamples taken with opposite magnetic-field polarities and
in di↵erent run periods. No evidence for unexpected dependences of �ACP is found
in any of these tests. A check using more stringent PID requirements is performed,
and all variations of �ACP are found to be compatible within statistical uncertainties.
An additional check concerns the measurement of �Abkg, that is the di↵erence of the
background raw asymmetries in K�K+ and ⇡�⇡+ final states. As the prompt background
is mainly composed of genuine D0 candidates paired with unrelated pions originating from
the PV, �Abkg is expected to be compatible with zero. A value of �Abkg = (�2±4)⇥10�4

is obtained.
The di↵erence of time-integrated CP asymmetries of D0

! K�K+ and D0
!⇡�⇡+

decays is measured using 13TeV pp collision data collected with the LHCb detector and
corresponding to an integrated luminosity of 6 fb�1. The results are

�A⇡-tagged
CP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4,

�Aµ-tagged
CP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4.

Both measurements are in good agreement with world averages [50] and previous LHCb
results [31, 32].

By combining previous LHCb measurements [31, 32] with these results, the following
value of �ACP is obtained

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance of
the deviation from zero corresponds to 5.3 standard deviations. This is the first observation
of CP violation in the decay of charm hadrons.

The interpretation of �ACP in terms of direct and indirect CP violation requires
knowledge of the reconstructed mean decay times for D0

! K�K+ and D0
! ⇡�⇡+

decays, as shown in Eq. (3). The relevant values corresponding to the present mea-
surements are �hti⇡-tagged /⌧(D0) = 0.135± 0.002, �htiµ-tagged /⌧(D0) = �0.003± 0.001,
hti⇡-tagged/⌧(D0) = 1.74 ± 0.10 and htiµ-tagged/⌧(D0) = 1.21 ± 0.01, whereas those cor-
responding to the combination with previous LHCb measurements are � hti /⌧(D0) =
0.115 ± 0.002 and hti/⌧(D0) = 1.71 ± 0.10. The uncertainties include statistical and
systematic contributions, and the world average of the D0 lifetime is used [51].

By using in addition the LHCb averages yCP = (5.7 ± 1.5) ⇥ 10�3 [52, 53]
and A� = (�2.8± 2.8)⇥ 10�4

' �aindCP [54, 55], from Eq. (3) it is possible to derive
�adirCP = (�15.6± 2.9)⇥ 10�4, which shows that, as expected, �ACP is primarily sen-
sitive to direct CP violation. The overall improvement in precision brought by the present
analysis to the knowledge of �adirCP is apparent when comparing with the value obtained
from previous measurements, �adirCP = (�13.4± 7.0)⇥ 10�4 [50].

In summary, this Letter reports the first observation of a nonzero CP asymmetry
in charm decays, using large samples of D0

! K�K+ and D0
! ⇡�⇡+ decays collected

with the LHCb detector. The result is consistent with, although at the upper end of,
SM expectations, which lie in the range 10�4–10�3 [8–13]. Beyond the SM, the rate of
CP violation could be enhanced. Unfortunately, present theoretical understanding does
not allow very precise predictions to be made, due to the presence of strong-interaction

7



LHCb: antimaterie verschillen

(ds) 1964: CP schending met K0 (Nobelprijs 1980)
(bd) 2000: CP schending met B0 (Nobelprijs 2008)
(bs) 2012: CP schending met B0

s (LHCb)
(cu) 2019: CP schending met D0 (LHCb)



LHCb: highlights

1) Nieuwe ‘gewone’ hadronen

2) Nieuwe ‘exotische’ hadronen: Tetraquark en pentaquark

3) Ontdekking ‘CP schending’ Bs
4) Ontdekking ‘CP schending’ charm

Hot topic:

5) Verschil electron, muon, tau?



LHCb: hot topic



LHCb: hot topic







LHCb: hot topic



LHCb: hot topic

Flavour changing neutral current electroweak penguin

FCNC EWP



LHCb: hot topic

The original penguin: A real penguin: Our  penguin:



LHCb: hot topic
B− K−

W

t t

γ/Z0

b

u

µ/e

µ/e

s

u

Electronen en muonen gedragen
zich anders?

?
!



LHCb: hot topic
B− K−

W

t t

γ/Z0

b

u

µ/e

µ/e

s

u

Electronen en muonen gedragen
zich anders?

?
!



LHCb: hot topic
B̄0 K∗

W

t t

γ/Z0

b

d

µ

µ

s

d

Ook hoekverdeling is anders…
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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LHCb: hot topic
En muonen en tau-deeltjes gedragen zich anders??

N.Tuning - Genoa  - 23 Nov 2022
NB: contours contain less than 68% CL… 62

B

D∗

W+b

c

ν

µ+/τ+

SM, 3.3 σ



LHCb: hot topic
Nieuw resultaat van okt 2022 

N.Tuning - Genoa  - 23 Nov 2022
https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html

63

SM, 3.2 σ

B

D∗

W+b

c

ν

µ+/τ+

https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html


LHCb: wat kan het zijn?

W ′

b

ν

τ−

c

SM SU(2)’ Leptoquark

LQb

ν

τ−

c

LQb

µ+

µ−

s

Leptoquark, onthoud dat woord.

M. Van Calmthout



I. Anti-materie??
(waar is het gebleven)

III. Donkere materie??
(wat klonterde de sterrenstelsels)

II. Higgs??
(wat maakt deeltjes zwaar)

LHCb zoekt naar nieuwe deeltjes 
om antwoorden te zoeken op grote vragen



Dank!



Higgs en LHCb



Waarom is de Higgs zo bijzonder?



Waarom is de Higgs zo bijzonder?

Higgs heeft unieke rol in de wereld van elementaire deeltjes

ψ: “normale” deeltjes

φ: Higgs

De helft van het T-shirt gaat 

over Higgs!



12 deeltjes 4 krachten

+ Higgs



Higgs en LHCb?

m: Yijv

viehv /

2
cf +

=
Yijψiψ jφ→Yijψiψ j (v +H ) / 2



Higgs en LHCb?

Yij: koppeling tussen verschillende quarks i,j

ψ: quarks



Higgs en LHCb?

Yij: koppeling tussen verschillende quarks i,j

ψ: quarks
qi

qj

W

Vij



• Diagonalize Yukawa matrix Yij

– Mass terms

– Quarks rotate
– Off diagonal terms in charged current couplings

•Niels Tuning (74)

SM Kinetic Higgs Yukawa= + +L L L L
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•Niels Tuning (75)

What do we know about the CKM matrix?
Magnitudes of elements have been measured over time

– Result of a large number of measurements and calculations

'
'
'

ud us ub

cd cs cb

td ts tb

d V V V d
s V V V s
b V V V b

æ ö æ öæ ö
ç ÷ ç ÷ç ÷=ç ÷ ç ÷ç ÷
ç ÷ ç ÷ç ÷
è ø è øè ø

ud us ub

cd cs cb

td ts tb

V V V
V V V
V V V

æ ö
ç ÷ =ç ÷
ç ÷
è ø

•Magnitude of elements shown only, no information of phase



Higgs en LHCb?

u

d

t

c

bs
Quark koppelingen:

Waarom dit patroon in quark koppelingen?

Waarom dit patroon in quark massa’s?

à Is er een verband?



Intermezzo: How about the leptons?

the equivalent of the CKM matrix
– Pontecorvo-Maki-Nakagawa-Sakata matrix

a completely different hierarchy!

•Niels Tuning (77)

•vs



Intermezzo: How about the leptons?

the equivalent of the CKM matrix
– Pontecorvo-Maki-Nakagawa-Sakata matrix

a completely different hierarchy!

•Niels Tuning (78)

•vs

•ν1 •ν2 •ν3 •d •s •b

•See eg. PhD thesis R. de Adelhart Toorop

http://www.nikhef.nl/pub/services/newbiblio/theses.php


Take home message

1) LHCb zoekt verschillen tussen materie en antimaterie

2) LHCb kan zeer zware deeltjes vinden (maar alleen virtueel)

3) Nieuwe deeltjes helpen om grote vragen te beantwoorden



Einde



Wat snappen we nog niet? 

Massa van deeltjes
Neutrino’s
Elektron

Muon

Tau

up,down, strange

Top quark

bottom

charm

Het Higgs boson:
zorgt ervoor dat deeltjes massa 
kunnen hebben in de theorie

Bijzondere voorspelling:



Wat is massa ?? Anno 1687

Massa is de ‘wisselkoers’ tussen kracht en versnelling:

Beschrijft niet wat massa is ...

F  = m x a

Newton



Wat is massa ?? Anno 1905

Massa is energie

Beschrijft wel wat massa is ! 

Maar niet waar het vandaan komt …

E = m x c2

Einstein



Wat is massa ?? Anno 1964

Massa van elementaire deeltjes komt door 

“wrijving” met alomtegenwoordig ‘Higgs veld’

Huh? 

Higgs

m: ψψH



Wat is massa ?? Anno 1964

Massa van elementaire deeltjes komt door 

“wrijving” met alomtegenwoordig ‘Higgs veld’

m: ψψH

Nee, dit is niet Pierre, dit is John Ellis



Modelleren van interactie

Standaard Model 
Lagrangiaan

Bladmuziek (J.S. Bach)
bladmuziek



Hoe zien die botsingen er nou uit ?

proton

proton

quark
neutrino

elektron

quark quark

quark

Simulatie top quark productie



Normaal

Hoe ontdek je nou nieuwe dingen

Nieuw ?

Nieuwe afstandschaal EN nieuwe detector

?

muon

muon

muon

muon



Higgs à ZZ à 4 leptonen
klein aantal schitterende botsingen

120.000 Higgs bosonen

Met Higgs        68 events

‘overig’ 52 events            

• Maar 1 op de 1000 Higgs bosonen 
vervalt naar 4 leptonen

•50% kans dat ATLAS detector ze 
allemaal goed terugvindt

60 (Higgs à 4 lepton) events

higgs
Z

Z

HàZZ à l+l-l+l-

l+

l-
l-
l-

piek !?



piek !?

Higgs à 2 fotonen
foton

Hàγγ verval

higgs

foton

foton



Interpretatie overschot in ATLAS

Kans op toevallige fluctuatie zoals ge-
observeerd kleiner dan 1 op 1 miljoen

Claim pas ontdekking als:

8 keer 6 gooien achter elkaar



Een ontdekking in slow-motion

•dec
/11

•jul/
11

•dec
/11

•jul/
11

•mar
/12 •dec

/11

•jul/
11

•mar
/12

•jul/
12

dec/11

jul/11mar/12

aug/12

jul/12

Time-line higgs ontdekking



Ontdekking van het Higgs deeltje op 4 juli 2012



Waar is alle anti-materie gebleven ? 

80% van de materie in het heelal is onbekend
à donkere materie

Higgs boson en quark koppelingen? 
(wat is het verband) ?

- waarom past gravitatie niet in SM, extra dimensies, waarom 3 families, fermionen fundamentele
deeltjes, supersymmetrie,  protonen stabiel, quantisatie electrische lading, exploderende
quantumcorrecties, kleine neutrino massa’s, string theorie, …

Nog een paar ‘kleine’ dingetjes:

1

2

3



Higgs en het 
Universum



Higgs: Deeltje? Veld?

Deeltje Veld

e+ e-

Foton (lichtdeeltje) Elektrisch veld



Waarom is de Higgs zo bijzonder?

Deeltje Veld

Schijnbare massa

Deeltje

Higgs veld

H productie

higgs

proton

proton

Alsof de vis het water heeft ontdekt…



Het Higgs veld – kun je het zien?

Het Higgs veld is uniform – als het meer in deze foto

Het maken van een Higgs deeltje is als een rimpeling op het meer

De theorie van Higgs: 
als het veld bestaat is er 
ook een bijbehorend deeltje



Wat is massa ?? Anno 1964

Massa van elementaire deeltjes komt door 

“wrijving” met alomtegenwoordig ‘Higgs veld’

m: ψψH

Nee, dit is niet Pierre, dit is John Ellis



Wat is massa ? 

Massa van elementaire deeltjes komt door 

“wrijving” met alomtegenwoordig ‘Higgs veld’

Revolutionair – met spectaculaire consequenties : 

de ruimte is niet leeg, maar gevuld met soort ‘ether’

Elementair deeltje
in lege ruimte:
geen rust-energie=
geen massa

Elementair deeltje
in Higgs veld:
rust energie = 
interactie met Higgs veld
= massa

Einstein: 
proton massa = 
bindings energie



Als de marslander 
leven vindt …

… heb je 1000 
nieuwe vragen



Kloppen Higgs’
eigenschappen ?

Higgs boson massa (GeV)

mh=125 GeV

voorspelling meting

Standaard Model



Kloppen Higgs’
eigenschappen ?

Zijn er nog meer soorten Higgs
deeltjes ?



Een stap verder…



Een ander veld: de Big Bang

Een van Higgs’ eigenschappen komt overeen met een ander 
veld…

Het inflaton dat de het heelal opblies tussen 10-33 en 10-32
seconde na de Big Bang



Een ander veld: de Big Bang



Een ander veld: de Big Bang



•Een Higgs deeltje gevonden in Geneve

Heelal gevuld met Higgs veld

Kloppen zijn eigenschappen?

Higgs:

1

2

3



80% van de materie in het heelal is onbekend
à donkere materie

Waar is alle anti-materie gebleven ?

Higgs boson (hoe krijgen deeltjes massa) ?

- waarom past gravitatie niet in SM, extra dimensies, waarom 3 families, fermionen fundamentele
deeltjes, supersymmetrie,  protonen stabiel, quantisatie electrische lading, exploderende
quantumcorrecties, kleine neutrino massa’s, string theorie, …

Nog een paar ‘kleine’ dingetjes:

4

5

6



EINDE



Wat is het nut van dit onderzoek?

Fundamenteel onderzoek
– Kan leiden tot verrassingen,

• Soms zelfs nuttig…

• Maar per definitie van te voren onbekend

“Oneindig veel toegepast onderzoek aan de 
kaars zou ons nooit het electrische licht 
hebben gebracht.”



Wat is het nut van dit onderzoek?

Fundamenteel onderzoek
– Kan leiden tot verrassingen,

• Soms zelfs nuttig…

• Maar per definitie van te voren onbekend

“Zonder relativiteits-
theorie zit de GPS er 
10km/dag naast!”



Wat is het nut van dit onderzoek?

Fundamenteel onderzoek
– Heeft nuttige bij-effecten

• Medische toepassingen

• Internet

• Opleiden van onderzoekers voor de maatschappij 
(Philips, ASML, etc, etc)

PET scan www



LHCb: Hoe verder?

§ Preciezer! à Upgrade (2018)



LHCb: Upgrade - Trigger

§ Precisie meting à Meer luminositeit

§ Meer luminositeit à Hogere trigger rate

§ Meer luminositeit à Hogere threshold

§ Hogere threshold à Minder events …

Oplossing: 
Slimmere trigger à alle events naar CPU farm:

Ø Readout @40 MHz, niet 1 MHz …

Aantal events:

Hogere lumi helpt niet, 
als we de trigger niet 
aanpakken!



LHCb: Upgrade - Detectors
§ Precisie meting à Meer luminositeit

§ Meer luminositeit à Hogere particle rate

§ Hogere particle rate à Occupancy te hoog in de Outer Tracker

Ø 2 opties:

1) Inner Tracker wordt Scintil. Fiber,
Outer Tracker wordt minder

2) Inner Tracker wordt groter,
Outer Tracker wordt kleiner

CENTRAL TRACKER

OUTER 
TRACKER

OUTER 
TRACKER

OUTER TRACKER

INNER TRACKER

Beslissing in 2013





Schrödinger

•Niels Tuning (118)

Klassiek verband tussen E and p:

Quantum mechanische substitutie:

(operator acting on wave function ψ)

Schrodinger vergelijking:

Oplossing:

•(show it is a solution)



Klein-Gordon

•Niels Tuning (119)

or  :

Relativistisch verband tussen E and p:

Quantum mechanische substitutie:

(operator acting on wave function ψ)

Klein Gordon vergelijking:

Oplossing:

Maar: negatieve energie oplossing?



Dirac

Paul Dirac zocht een vergelijking, die
§ relativistisch correct is,

§ Maar lineair in d/dt om negatieve energie te vermijden

§ (en lineair in d/dx (or Ñ) vanwege Lorentz covariantie)

Hij vond een vergelijking, die
§ spin-1/2 deeltjes bleek te beschrijven en

§ het bestaan van anti-deeltjes voorspelde

•Niels Tuning (120)



Dirac

•Niels Tuning (121)

Write Hamiltonian in general form,

but when squared, it must satisfy:

Let’s find αi and β !

So, αi and β must satisfy:

§ α1
2 = α2

2 = α3
2 = β2

§ α1,α2,α3, β anti-commute with each other

§ (not a unique choice!)

Ø How to find that relativistic, linear equation ??



Dirac

•Niels Tuning (122)

So, αi and β must satisfy:

§ α1
2 = α2

2 = α3
2 = β2

§ α1,α2,α3, β anti-commute with each other

§ (not a unique choice!)

• The lowest dimensional matrix that has the desired behaviour is 4x4
!?

• Often used   

• Pauli-Dirac representation:

• with:

Ø What are α and β ??



Usual substitution:

Leads to:

Multiply by β:

Gives the famous Dirac equation:

Dirac

•Niels Tuning (123)

•(β2=1)



The famous Dirac equation:

R.I.P. :

Dirac

•Niels Tuning (124)



Schrödinger equation
– Time-dependence of wave function

Klein-Gordon equation
– Relativistic equation of motion of scalar particles

Dirac equation
– Relativistically correct, and linear

– Equation of motion for spin-1/2 particles

– Prediction of anti-matter

Dirac vergelijking


