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momentum variable binning
absolute momentum as 10log(p [MeV]) 6 bins in [3.7 , 5]
polar angle θ[mrad] 6 bins in [10 , 300]
azimuth angle φ[π rad] 10 bins in [-1 , 1]

Table 7.7: Momentum binning for determining the K+/− detection asymmetry. The
smallest and largest bin edges are floated to include overflow.

independently of the decay candidate (TIS)8.

7.2.3 The K+/− efficiency asymmetry from data

The K+/− efficiency asymmetry is determined by solving Eq.7.5 with the iterative
method of Ch.6. The asymmetry is considered in bins of three momentum variables.
The choice of momentum variables and their binning are shown in Tab.7.7.

A finer binning is chosen for the azimuth angle φ to incorporate the structure that
is seen in this variable in Fig.7.4.

The sample of 84k selected K+K−-pairs is randomly split in two data sets, to avoid
statistical correlations between the K+ momentum spectrum and the K− momentum
spectrum, which are input to the numerator and denominator of Eq.7.5 respectively.

Since the asymmetry can only be determined up to a multiplicative scale (see
Sec.6.2.4 for an explanation), it is presented in a normalized way.

The asymmetry is determined as a 3D distribution binned in the full |p|×θ×φ phase
space. Projections of the asymmetry are presented to show the average dependence on
the individual momentum variables. These are made by taking a weighted average over
the other two variables9.

Apart from a symmetric selection, determination of the K+/− efficiency asymmetry
relies on the equal probability to produce a K+K− pair and a pair with the momenta
interchanged as in Fig.7.5. In D0/D̄0→K+K− decays this equality is intrinsic since the
spinless charm mesons decay isotropically. On the other hand kaon pairs in (combi-
natoric) background need not be produced in equal amounts in both configurations if
the (normalized) differential production cross sections for background K+ and K− are
not identical. The background level has been estimated at 17%. A K+/− background
asymmetry is expected to be very small (Ref.[29], less than 2%) and therefore a K+/−

background asymmetry has a negligible effect on the K+/− efficiency asymmetry (less
than 0.4%).

The K+/− efficiency asymmetry is shown in all three momentum variables in Fig.7.8.
For a small part of phase space with low momentum and relatively large polar angle

8The criterion used is to be triggered independently of daughter 1 and independently of daughter 2,
rather than independently of the composite; the difference between the two classifications is minimal,
about 1%.

9The weight is NK−
reweighted meas.(

10 log(p), θ, φ) (see Eq.7.5). The result is equivalent to the asym-
metry obtained were it considered just to depend on the one momentum component.
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(5-9 GeV and θ > 200 mrad) the asymmetry is dominated by the LHCb geometrical
acceptance, where K+ are swept out for azimuth angles |φ| < π/2 (positive x-axis),
and K− for |φ| > π/2 (negative x-axis).

Figures 7.9, 7.10 and 7.11 show the average asymmetry (projections) as functions
of the individual momentum variables. For reference is shown the effective asymmetry
N(K+)/N(K−), that is obtained by simply dividing the measured spectra without
correcting for decay correlations. The decay correlations do not significantly alter the
asymmetry, since the K+ and K− detection efficiencies are compatible.

For low momentum Fig.7.9 suggests an asymmetry in favor of the K+ efficiency,
compared to high momentum. This is in agreement with expectations based on the
different hadronic cross sections of the K+ and K− with the LHCb detector material
(Ref.[30]), where the K− has a larger hadronic cross section at low momentum10.

By using existing data for the K+ and K− hadronic cross sections (Ref.[27]) a K+/−

efficiency asymmetry can be estimated based on material interactions by

exp

(
−∆σ(p)

〈σ10〉
L

λ10

)
, (7.6)

where ∆σ(p) = σK+
(p)−σK−

(p) is the difference in hadronic cross sections, 〈σ10〉 =
1
2
(σK+

(10 GeV) +σK−
(10 GeV)) is the average charged kaon hadronic cross section at a

reference momentum of 10 GeV and L/λ10 is the average LHCb radiation length frac-
tion with respect to the reference momentum. Fitting Eq.7.6 to the K+/− efficiency
asymmetry yields the line in Fig.7.9 and estimates the average LHCb radiation length
fraction at 20±10 % with respect to the charged kaon average length at 10 GeV.

No significant dependence on the polar angle θ is visible from Fig.7.10, but following
the above argument, a slight increase in material budget for increasing polar angle is
suggested.

10Contrary to the K+, the K− can form hyperons Λ0 and Σ− in interactions with hadronic matter.
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Figure 7.8: The normalized K+/− efficiency asymmetry from D0/D̄0→K+K− events.
The asymmetry is drawn as a function of the momentum azimuth angle φ, for different
bins of the absolute momentum |p| and polar angle θ.
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Figure 7.9: Top plot: The average dependence of the normalized K+/− efficiency asym-
metry on the absolute momentum. The normalized effective asymmetry N(K+)/N(K−)
is shown for reference. The line is a fit of the asymmetry based on the difference be-
tween the K+ and K− hadronic cross sections with the detector material. Bottom plot:
The measured momentum distributions of K+ and K−. The points have been slightly
horizontally displaced for illustration purposes.
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Figure 7.10: Top plot: The average dependence of the normalized K+/− efficiency
asymmetry on the polar angle. The normalized effective asymmetry N(K+)/N(K−) is
shown for reference. Bottom plot: The measured polar angle distributions of K+ and
K−. The points have been slightly horizontally displaced for illustration purposes.
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asymmetry on the azimuth angle. The normalized effective asymmetry N(K+)/N(K−)
is shown for reference. Bottom plot: The measured azimuth angle distributions of K+

and K−. The points have been slightly horizontally displaced for illustration purposes.
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7.3 Asymmetries in D0/D̄0→K−/+π+/− decays

The asymmetry between the π+ and π− detection efficiencies and the asymmetry be-
tween the D0 and D̄0 differential production cross sections are extracted from D0→
K−π+ and D̄0→K+π− decays, using the previously determined K+/− efficiency asym-
metry. The π+/− efficiency asymmetry is determined as the ratio of the π+ detection
efficiency επ

+

det and the π− detection efficiency επ
−

det at the same value of pion momentum,
and the cross section asymmetry is determined as the ratio of the D0 differential pro-
duction cross section σD0 and the D̄0 differential production cross section σD̄0 . That
is, the asymmetries are determined as the ratios

A±π (pπ) = επ
+

det(pπ)/επ
−

det(pπ) (7.7)

AD(PD) = σD0(PD)/σD̄0(PD), (7.8)

where as before, the two asymmetries are only determined up to arbitrary multiplicative
scales.

7.3.1 Asymmetry extraction

Due to their opposite charm flavor content the D0 (cū) and D̄0 (c̄u) can be produced
asymmetrically in proton-proton collisions. However, in a measurement the momentum
spectra of the mesons are also influenced by the detection efficiencies of their charged
kaon and pion decay products. Since these efficiencies may not be symmetric, an
asymmetry in the differential production cross sections cannot be obtained by simply
dividing D0 and D̄0 measured momentum spectra.

Instead, the momentum spectra are first corrected for the K+/− efficiency asymme-
try obtained in the previous section. Thereafter, the iterative method of Ch.6 is used
to simultaneously unfold the π+/− efficiency asymmetry and the D0/D̄0 differential
production cross section asymmetry from the underlying decay topology.

Consider the illustration in Fig.7.12. A K−π+ pair emerging from the decay of a
D0 with momentum PD is equally likely to have a pion momentum pπ (and thus kaon
momentum PD−pπ), as a K+π− pair from a D̄0 with the same momentum. However,
D0 and D̄0 are not necessarily produced in equal amounts and moreover the efficiencies
with which K−π+ and K+π− pairs are measured are not necessarily equal despite hav-
ing the same momenta for the pions and for the kaons. A measurement can result in
different numbers for the two decays, depending on the relative D0 and D̄0 production
cross sections and on the relative efficiencies

NK−π+

meas. (PD, pπ) = NK+π−
meas. (PD, pπ)

σD0(PD)

σ̄D̄0(PD)

εK
−π+

(PD−pπ, pπ)

εK+π−(PD−pπ, pπ)
. (7.9)

As in Sec.7.2.1 the efficiency is composed of acceptances for the outgoing particles
εhdet and a reconstruction and selection efficiency εh1h2

sel due to trigger and event selections.
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(a) (b)

pπ
PD−pπ

PD

π+ K−

D0

pπ
PD−pπ

PD

π− K+

D̄0

mag.field region

Figure 7.12: Illustration of a D0→K−π+ (a) and D̄0→K+π− decay (b) in the lab frame.
Since the charm mesons decay isotropically, the D0 in (a) and D̄0 in (b) with the same
momentum PD have equal probability to decay with the π+ and π− respectively coming
out with a momentum pπ (and the kaons with momentum PD−pπ).
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The total asymmetry in the efficiencies with which the two decays are measured is then

εK
−π+

(PD−pπ, pπ)

εK+π−(PD−pπ, pπ)
=

εK
−π+

sel (PD−pπ, pπ)

εK
+π−

sel (PD−pπ, pπ)

εK
−

d (PD−pπ)

εK
+

d (PD−pπ)︸ ︷︷ ︸
A±K(PD−pπ)−1

επ
+

d (pπ)

επ
−

d (pπ)︸ ︷︷ ︸
A±π (pπ)

. (7.10)

The event selection of Tab.7.5 does not distinguish between positively and negatively
charged particles and is assumed to be symmetric

εK
−π+

sel (pK , pπ) ≡ εK
+π−

sel (pK , pπ). (7.11)

Then, from Eq.7.9 with the efficiency asymmetry Eq.7.10 and under the premise of
symmetric event selection as in Eq.7.11 the π+/− efficiency asymmetry and the D0/D̄0

differential production cross section asymmetry are determined by

A±π (p) =

∫
d3PD NK−π+

meas. (PD, pπ) A±K(PD−pπ)∫
d3PD NK+π−

meas. (PD, pπ) AD(PD)
=
Nπ+

K-weighted meas.(pπ)

Nπ−
D-weighted meas.(pπ)

(7.12)

and

AD(PD) =

∫
d3pπ N

K−π+

meas. (PD, pπ) A±K(PD−pπ)∫
d3pπ NK+π−

meas. (PD, pπ) A±π (pπ).
=
NK−π+

K-weighted meas.(PD)

NK+π−
π-weighted meas.(PD)

(7.13)

The K+/− efficiency asymmetry has been determined from D0/D̄0→K+K− events in
Sec.7.2. With this one known, the iterative method of Ch.6 is employed to solve Eq.7.12
and Eq.7.13 to obtain the momentum dependencies of the π+/− efficiency asymmetry
and the D0/D̄0 differential production cross section asymmetry.

7.3.2 Asymmetry from D0/D̄0→K∓π± data

The π+/− efficiency asymmetry and the D0/D̄0 differential production cross section
asymmetry are determined by solving equations 7.12 and 7.13 with the iterative method
of Ch.6. Both asymmetries are considered in bins of three momentum variables. The
choice of momentum variables and their binning are shown in Tab.7.8. The binning
for the pion momentum is chosen in accordance with that of the kaon momentum in
Sec.7.2.3.

As before, the asymmetries are determined up to a multiplicative scale; only the
relative momentum dependencies are obtained (see Sec.6.2.4) and the asymmetries will
therefore be presented in a normalized way.

The amount of background is small (∼3%), and the effect of small K± and π±

production asymmetries in background (Ref.[29]) is considered negligible.
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momentum variable binning

π+/− absolute momentum as 10log(p [MeV]) 6 bins in [3.7 , 5]
polar angle θ[mrad] 6 bins in [10 , 300]
azimuth angle φ[π rad] 10 bins in [-1 , 1]

D0/D̄0 transverse momentum as 10log(pt [MeV ]) 10 bins in [3.3 , 4.2]
pseudorapidity η 10 bins in [2 , 4.8]
azimuth angle φ[π rad] 10 bins in [-1 , 1]

Table 7.8: Momentum binning for determining the asymmetries from D0/D̄0→K∓π±

decays. The smallest and largest bin edges are floated to include overflow.

The π+/− efficiency asymmetry from data

Fig.7.13 shows the π+/− efficiency asymmetry in all three momentum variables. The
LHCb geometrical acceptance is responsible for the asymmetry in the small part of the
pion phase space with low momentum (5-9 GeV) and large polar angle (θ > 200 mrad).

In the remaining phase space significant deviations from being constant are observed
as a function of φ (e.g. in 16-28 GeV and 155-203 mrad). In comparison the number
of K+/− pairs that made Fig.7.8 is not large enough to confirm the same φ dependence
for the K+/− efficiency asymmetry.

Figures 7.14, 7.15 and 7.16 show the integrated asymmetry in the individual mo-
mentum variables. Most prominent in these is the dependence on the pion momentum
azimuth angle φ, which implies a larger detection efficiency for outbending pions than
for inbending pions.

The cause for the bending dependent asymmetry is unresolved. In Sec.7.2.2 it has
been suggested that inbending particles have a larger probability to overlap with a
triggered calorimeter cluster than outbending particles in the L0 trigger, thereby favor-
ing inbenders in TOS events. The suggestion agrees with the bending dependence seen
here for TIS events, where an overlap lowers the probability of an(other) independently
triggered cluster. On the other hand, particle properties such as track quality, parti-
cle identification, or impact parameter may also cause an asymmetry if these should
systematically differ between in- and outbending tracks.



114 Chapter 7 Single-particle asymmetries from charm decays

0.
51

1.
52

0.
51

1.
52

0.
51

1.
52

0.
51

1.
52

0.
51

1.
52

 ra
d]

π
 [φ

-0
.5

0
0.

5

0.
51

1.
52

 ra
d]

π
 [φ

-0
.5

0
0.

5
 ra

d]
π

 [φ
-0

.5
0

0.
5

 ra
d]

π
 [φ

-0
.5

0
0.

5
 ra

d]
π

 [φ
-0

.5
0

0.
5

 ra
d]

π
 [φ

-0
.5

0
0.

5

10
-5

8
m

ra
d

58
-1

07
m

ra
d

10
7-

15
5

m
ra

d
15

5-
20

3
m

ra
d

20
3-

25
2

m
ra

d
25

2-
37

8
m

ra
d

5-9GeV 9-16GeV 16-28GeV 28-50GeV 50-89GeV 89-205GeV

Figure 7.13: The normalized π+/− efficiency asymmetry from D0/D̄0→K∓π± events.
The asymmetry is drawn as a function of the momentum azimuth angle φ, for different
bins of the absolute momentum |p| and polar angle θ.
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Figure 7.14: Top plot: The average dependence of the normalized π+/− efficiency asym-
metry on the absolute momentum. The normalized effective asymmetry N(π+)/N(π−)
is shown for reference. Bottom plot: The measured momentum distributions of π+ and
π−. The points have been slightly horizontally displaced for illustration purposes.
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Figure 7.15: Top plot: The average dependence of the normalized π+/− efficiency asym-
metry on the polar angle. The normalized effective asymmetry N(π+)/N(π−) is shown
for reference. Bottom plot: The measured polar angle distributions of π+ and π−. The
points have been slightly horizontally displaced for illustration purposes.
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Figure 7.16: Top plot: The average dependence of the normalized π+/− efficiency asym-
metry on the azimuth angle. The normalized effective asymmetry N(π+)/N(π−) is
shown for reference. Bottom plot: The measured azimuth angle distributions of π+ and
π−. The points have been slightly horizontally displaced for illustration purposes.
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variable χ2/DoF (p-value) χ2/DoF (p-value)
scaled

φ (Fig.7.17) 10.6/9 (31 %) -
pt (Fig.7.18) 13.8/9 (13 %) 11.8/9 (22 %)
η (Fig.7.19) 29.2/9 (0.06 %) 24.9/9 (0.3 %)

Table 7.9: Results of χ2-tests on the average D0/D̄0 cross section asymmetries as func-
tions of the three momentum variables with respect to being constant. The results labeled
as ’scaled’ are after scaling the uncertainties with the

√
χ2/DoF of the φ variation as

indicated in the text.

The D0/D̄0 differential production cross section asymmetry from data

Due to their opposite charm flavor content the D0 and D̄0 can be produced asymmetri-
cally in proton-proton collisions. However, for unpolarized protons such an asymmetry
should not extend to the azimuth angle φ.

Fig.7.17 shows the D0/D̄0 differential production cross section asymmetry as a func-
tion of the azimuth angle. Shown are the asymmetry σD0/σD̄0 , the effective asymmetry
N(K−π+)/N(K+π−) obtained by naively dividing theD0 and D̄0 measured momentum
spectra, and the same effective asymmetry but after correcting for the K+/− efficiency
asymmetry.

The effective asymmetry shows a significant variation of approximately ±5%. After
correcting for the difference between the K+ and K− detection efficiencies this effective
asymmetry increases somewhat, implying that the difference between the measured D0

and D̄0 spectra is predominantly caused by their oppositely charged pion daughters.
Finally, the cross section asymmetry after correcting for the K+/− efficiency asymmetry
and after uncorrelating the D0/D̄0 from their pion decay products is indeed flat in the
azimuth angle as expected.

The remaining variation in φ has a
√
χ2/DoF of

√
10.6/9 = 1.1 and is used to

scale the uncertainties on the cross section asymmetries in transverse momentum pt

and pseudorapidity η.

In Fig.7.18 and Fig.7.19 the D0/D̄0 differential production cross section asymmetry is
shown as a function of transverse momentum and pseudorapidity respectively. χ2-test
results of these with respect to the hypothesis of a constant, non-varying asymmetry
are shown in Tab.7.9.

No significant transverse momentum dependence is observed in Fig.7.18. On the
other hand, the asymmetry as a function of pseudorapidity in Fig.7.19 implies a small
but significant dependence, where the asymmetry at approximately η=3 is about 4%
higher than the central and forward regions. Note that the uncorrected effective asym-
metry N(K−π+)/N(K+π−), due to the asymmetric π+ and π− detection efficiencies,
suggests a different behavior, a slightly increasing asymmetry with increasing η.

Fig.7.20 shows the asymmetries as determined in another analysis (Ref.[31]). This
analysis uses the full dataset of 37 pb−1 collected by LHCb in 2010. It combines
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Figure 7.17: Top plot: The average dependence of the normalized D0/D̄0 differential
production cross section asymmetry on the azimuth angle. The normalized effective
asymmetry N(K−π+)/N(K+π−) is shown for reference, as well as the effective asym-
metry after correcting for the K+/− efficiency asymmetry. Bottom plot: The measured
D0 and D̄0 azimuth angle distributions. The points have been slightly horizontally dis-
placed for illustration purposes.
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measurements of prompt D0→K−π+ and D∗+ → D0π+ decays and their conjugate
decays to extract the D0/D̄0 cross section asymmetry. The asymmetry is determined in
2D bins of transverse momentum and pseudorapidity. The measured raw asymmetries
in the different decay channels are combined in order to cancel detection asymmetries
of daughter particles and extract the D0/D̄0 cross section asymmetry.

Also this analysis does not observe a significant dependence of the cross section
asymmetry on the transverse momentum, but neither does it significantly disclose a
dependence on pseudorapidity. The η dependence in the analysis is less prominent
than the one suggested here in Fig.7.19, possibly since the analysis does not unfold the
daughter particles’ detection asymmetries from the decay topologies.
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Figure 7.18: Top plot: The average dependence of the normalized D0/D̄0 differential
production cross section asymmetry on the transverse momentum. The normalized
effective asymmetry N(K−π+)/N(K+π−) is shown for reference. Bottom plot: The
measured D0 and D̄0 transverse momentum distributions. The points have been slightly
horizontally displaced for illustration purposes.
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Figure 7.19: The average dependence of the normalized D0/D̄0 differential production
cross section asymmetry on the pseudorapidity. The normalized effective asymmetry
N(K−π+)/N(K+π−) is shown for reference. Bottom plot: The measured D0 and D̄0

pseudorapidity distributions. The points have been slightly horizontally displaced for
illustration purposes.
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Table 1: Summary of absolute systematic uncertainties for ∆ACP .

E ffect U ncertainty
M odeling of lineshapes 0.06%
D0 mass w indow 0.20%
M ultiple candidates 0.13%
B inning in (pT,η) 0.01%
Total 0.25%
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F igure 5: M easured charm production asymmetry in bins of η (left) and pT (right).
E rrors show n include statistical uncertainties plus uncertainties on w orld-average values
of ACP taken as inputs;systematic uncertainties not included.

ing the w orld average values of ACP (K
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Figure 7.20: The D0/D̄0 differential production cross section asymmetry presented in
BEAUTY 2011. The asymmetry is here defined as
[N(D0)−N(D̄0)]/[N(D0)+N(D̄0)] ≈ 1

2
[N(D0)/N(D̄0)− 1]

and is absolute (unnormalized).
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7.4 Conclusion

In chapter 6 an iterative method has been developed that unfolds momentum dependent
properties of single particles from an underlying multi-body process. In this chapter the
method has been used on LHCb measurements of charm meson decays, to determine a
momentum dependence of an asymmetry between the K+ and K− detection efficiencies
and of an asymmetry between the π+ and π− detection efficiencies, as well as a mo-
mentum dependence of an asymmetry between the D0 and D̄0 differential production
cross sections.

The K+/− efficiency asymmetry has been determined from D0/D̄0→K+K− decays.
The obtained asymmetry is consistent with expectations from K+ and K− hadronic
cross sections with the LHCb detector material, showing an approximately 4% larger
K+ than K− efficiency for low momentum below 10 GeV compared to high momentum.

With the K+/− efficiency asymmetry known the π+/− efficiency asymmetry and the
D0/D̄0 cross section asymmetry have been unfolded from D0→K−π+ and D̄0→K+π−

decays. The π+/− efficiency asymmetry shows a significant dependence on the azimuth
angle of approximately 10%. The cause for the dependence is unresolved; a possibility
can be the L0 trigger in conjunction with a larger occupancy in the calorimeter center.

The D0/D̄0 cross section asymmetry initially shows a large dependence on the
azimuth angle φ, but after it is uncorrelated from the K+/− and π+/− efficiency asym-
metries, it is flat in φ as expected. As a function of transverse momentum the cross
section asymmetry shows no significant dependence and is compatible with an alter-
native LHCb analysis on D0 → h+h− decays. However, a pseudorapidity dependence
is implied with the asymmetry at approximately η = 3 about 4% larger than in the
central and forward regions.

Perspective

Particle momentum correlations in multi-body (decay) processes can cause artificial
effects if not properly accounted for. These effects arise when particles are considered
individually, like e.g. efficiencies, by considering particles individually, because doing
so implicitly entails integrating over the phase space of the rest of the event. And
since the momenta of particles in multi-body processes are generally correlated, the
individual particle quantities, although inherently independent, will affect each other.

A careful consideration is thus required of what phase space is integrated over to
determine which quantity.

This consideration has been the topic of the second part of this thesis, wherein
a general method has been developed, tested and applied, that does account for the
momentum correlations that arise in multi-body processes. The method considers the
particles individually, but iteratively unfolds their single-particle quantities from the
underlying, correlated multi-body processes.

The method can be applied in data-MC truth comparisons to determine particle
efficiencies and in completely data-driven comparisons to determine particle asymme-
tries. In fact, the method can be applied to any two data sets on a multi-particle phase
space. Whenever the two sets contain the same correlating mechanisms, they differ
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only by single-particle quantities. The iterative method then assures that the single-
particle quantities are correctly unfolded from the underlying, correlating multi-body
processes.
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Appendix A

Iteration scale convergence

The binned iteration equation for n outgoing particles is the generalization of Eq.6.14
to n particles.

e
(n+1)
i (bi) = (A.1)

e
(n)
i (bi)

[ ∑
b1,··· ,bi−1,bi+1,···bn

Nmeasured(b1, · · · , bn)
∑

b1,··· ,bi−1,bi+1,···bn
NMCt(b1, · · · , bn)

∏n
j=1 e

(n)
j (bj)

]1−y [
e
(n)
i (bi)

e
(n−1)
i (bi)

]α

,

where bi denotes a bin for particle i. For a factorisable underlying efficiency the nu-
merator in Eq.A.1 is

Nmeasured(b1, · · · , bn) ≡ NMCt(b1, · · · , bn)ε1(b1) · · · εn(bn). (A.2)

Additionally, define the ratio between iterated and underlying efficiency

c
(n)
i (bi) ≡ e

(n)
i (bi)

εi(bi)
. (A.3)

With the above the ratios are determined by

c
(n+1)
i (bi) =

(A.4)

c
(n)
i (bi)

[ ∑
b1,··· ,bi−1,bi+1,···bn

NMCt(b1, · · · , bn)
∏n

j=1 ε
(n)
j (bj)

∑
b1,··· ,bi−1,bi+1,···bn

NMCt(b1, · · · , bn)
∏n

j=1 ε
(n)
j (bj)

∏n
j=1 c

(n)
j (bj)

]1−y [
e
(n)
i (bi)

e
(n−1)
i (bi)

.

]α

Now, suppose that the form of a single-particle efficiencies e
(n)
i (bi) assumes the

correct shape, such that it differs from εi(bi) only by the same scale for each of its bins.

In other words, suppose that c
(n)
i (bi)=c

(n)
i . In this case the iteration reduces to

c
(n+1)
i =

[
c
(n)
i

]α+y [
c
(n−1)
i

]−α ∏

j 6=i

[
c
(n)
j

]−(1−y)

(A.5)
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Taking the product over all particles i

c(n+1) def
=

n∏
i=1

c
(n+1)
i =

[
c(n)

]α+y−(m−1)(1−y) [
c(n−1)

]−α
(A.6)

Write the solution to this recursion relation as c(n+k) def
=

[
c(n)

]uk
[
c(n−1)

]vk , then

uk+1

vk+1
=

[
1 + α−m(1− y) 1

−α 0

]
uk

vk
(A.7)

or

uk

vk
=

[
1 + α−m(1− y) 1

−α 0

]k
u0

v0
;

u0 = 1
v0 = 0

(A.8)

The matrix in Eq.A.7 and Eq.A.8 has eigenvalues

λ± = 1
2
[1 + α−m(1− y)]± 1

2

√
[1 + α−m(1− y)]2 − 4α (A.9)

with corresponding eigenvectors [u, v]± = [λ± − α,−αm]. With these, the matrix can
be diagonalized and written as

[
(λ+ − α) (λ− − α)
−αm −αm

] [
λ+ 0
0 λ−

] [
αm (λ− − α)
−αm −(λ+ − α)

]
/αm(λ+ − λ−) (A.10)

so that

uk =
λk+1

+ − λk+1
−

λ+ − λ−
− α

λk
+ − λk

−
λ+ − λ−

(A.11)

vk = −αmλk
+ − λk

−
λ+ − λ−

(A.12)

For 4α > [1 + α −m(1 − y)]2, the eigenvalues are complex as λ± =
√
α exp(±iφ),

where tan(φ) =
√

(4α− [1 + α−m(1− y)]2)/[1 + α−m(1− y)]. In this case

uk =
√
α

k sin((k + 1)φ)−√α sin(kφ)

sin(φ)
(A.13)

vk = −√αk
m
√
α

sin(kφ)

sin(φ)
(A.14)

For α < 1 the limit k →∞ has both powers uk and vk going to zero, so that c(n+k) → 1.
The choice of α taken from the above that ensures convergence of scale is

max(0 , 1 +m(1− y)− 2
√
m(1− y)) < α < min(1 , 1 +m(1− y) + 2

√
m(1− y))

(A.15)
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Closest single-particle projections

In Sec.6.2.2 expressions are given that define single-particle efficiencies from an under-
lying production process (Eq.6.10 and Eq.6.11).

The efficiency for a multi-body process generally is a multiparticle-momentum de-
pendent expression. A single-particle efficiency on the other hand depends only on the
momentum of one of the outgoing particles. In this sense the single-particle efficien-
cies are projections of the true underlying efficiency, i.e. reductions of the underlying
efficiency to individual particle momenta.

If the underlying efficiency is factorisable, then it is by definition the product of
such projections. The iteration procedure of Sec.6.2.3 is set up to correctly unfold
these projections from the underlying production process.

However, as is pointed out in Sec.6.3.3, if the true underlying efficiency is not
factorisable then Eq.6.10 and Eq.6.11 still define single-particle efficiencies, but these
projections will consequently not completely reproduce the true underlying efficiency
everywhere in multi-particle phase space.

An immediate after-thought to this is whether the single-particle efficiencies defined
by Eq.6.10 and Eq.6.11 are in any sense the closest projections, i.e. the best approxi-
mations to the true underlying efficiency. Here “closest” refers to a minimum of some
measure of distance between the underlying efficiency and its approximation by the
product of single-particle efficiencies.

The usual measure of distance between functions is the sum of squared differences
(or integral over the squared difference). In this section expressions are derived for the
single-particle efficiencies that minimize this distance, i.e. a least-squares method.

The resulting expressions, representing the closest single-particle projections, are
different from the ones derived in Sec.6.2.2 (Eq.6.10 and Eq.6.11), which are the basis
for the iteration procedure used throughout chapters 6 and 7. In this sense the single-
particle efficiencies obtained in these chapters are not the best approximations if the
underlying efficiency is not factorisable.

However, a translation of the closest single-particle projections as derived below
into a generally converging iterative method has not (yet) been successful.
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B.1 A least-squares approximation

As in Sec.6.2 consider a two-body decay H → h1h2. Suppose that N(p1, p2) decays
are produced in collisions where outgoing particles h1 and h2 have momenta p1 and
p2 respectively (the underlying event distribution). The process is subject to a (non-
factorisable) underlying efficiency ε(p1, p2), which is to be approximated by the product
of single-particle efficiencies e1(p1) and e2(p2), i.e. as ε(p1, p2) ≈ e1(p1)e2(p2).

In a two-body decay the momenta of the outgoing particles do not occupy all of
two-body phase space, but are restricted to specific combinations (at least to those
combinations that build the mass of the mother particle). Denote this restricted phase
space by H, i.e. H = {(p1, p2)|N(p1, p2) 6= 0}.

Furthermore, say that two functions f(p1, p2) and f ′(p1, p2) are equivalent when
they are equal on H

f ≡ f ′ iff f(p1, p2) = f ′(p1, p2) for all (p1, p2) in H. (B.1)

This equivalence is introduced, since the decay is only sensitive to the efficiency in the
restricted part of the two-body phase space H.

The usual inner product between two functions f(p1, p2) and g(p1, p2) is given by

f · g =

∫

H
dp1dp2 f(p1, p2)g(p1, p2). (B.2)

Such an inner product naturally defines a norm

||f ||2 = f · f =

∫

H
dp1dp2 f

2(p1, p2). (B.3)

This norm in turn defines the usual distance between functions

du(f, g)
2 = ||f − g||2 =

∫

H
dp1dp2 [f(p1, p2)− g(p1, p2)]

2 . (B.4)

Alternatively an inner product can be defined by

f · g =

∫
dp1dp2 N(p1, p2)f(p1, p2)g(p1, p2), (B.5)

which defines the distance

db(f, g)
2 = ||f − g||2 =

∫
dp1dp2 N(p1, p2) [f(p1, p2)− g(p1, p2)]

2 . (B.6)

The second notion of distance, defined by Eq.B.6, determines the distance between
functions on the basis of H → h1h2 events. It gives preference to those parts of phase
space in which a large number of decays are produced, i.e. for large N(p1, p2). As
such this distance is biased towards the specific decay H → h1h2, in contrast to the
“unbiased” distance of Eq.B.4.
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The distances between the underlying efficiency and its single-particles approximation
are thus given in two ways by

d2
u =

∫

H
dp1dp2 [ε(p1, p2)− e1(p1)e2(p2)]

2 (B.7)

d2
b =

∫
dp1dp2 N(p1, p2) [ε(p1, p2)− e1(p1)e2(p2)]

2 . (B.8)

The minimum of either of these distances is the one for which its derivatives with
respect to the single-particle efficiencies e1(p1) and e2(p2) vanish1

δd2
u

δe1(p1)
= 2

∫

H
dp2 e2(p2) [ε(p1, p2)− e1(p1)e2(p2)] = 0 (B.9)

δd2
u

δe2(p2)
= 2

∫

H
dp1 e1(p1) [ε(p1, p2)− e1(p1)e2(p2)] = 0 (B.10)

and
δd2

b

δe1(p1)
= 2

∫
dp2 N(p1, p2)e2(p2) [ε(p1, p2)− e1(p1)e2(p2)] = 0 (B.11)

δd2
b

δe2(p2)
= 2

∫
dp1 N(p1, p2)e1(p1) [ε(p1, p2)− e1(p1)e2(p2)] = 0, (B.12)

such that the closest projections are defined by

eu1(p1) =

∫
H dp2 ε(p1, p2)eu2(p2)∫

H dp2 e2u2(p2)
(B.13)

eu2(p2) =

∫
H dp1 ε(p1, p2)eu1(p1)∫

H dp1 e2u1(p1)
(B.14)

for the unbiased approach and

eb1(p1) =

∫
dp2 N(p1, p2)ε(p1, p2)eb2(p2)∫

dp2 N(p1, p2)e2b2(p2)
(B.15)

eb2(p2) =

∫
dp1 N(p1, p2)ε(p1, p2)eb1(p1)∫

dp1 N(p1, p2)e2b1(p1)
(B.16)

for the biased approach.
In terms of the number of underlying events before efficiency N(p1, p2) and of mea-

sured events after efficiency Nmeas(p1, p2) = N(p1, p2)ε(p1, p2) the closest single-particle
projections are finally defined by

eu1(p1) =

∫
dp2

Nmeas(p1,p2)
N(p1,p2)

eu2(p2)∫
H dp2 e2

u2(p2)
(B.17)

eu2(p2) =

∫
dp1

Nmeas(p1,p2)
N(p1,p2)

eu1(p1)∫
H dp1 e2u1(p1)

. (B.18)

1These derivatives are determined by variational calculus and the fundamental lemma of the cal-
culus of variations is assumed to hold.
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and

eb1(p1) =

∫
dp2 Nmeas(p1, p2)eb2(p2)∫
dp2 N(p1, p2)e2

b2(p2)
(B.19)

eb2(p2) =

∫
dp1 Nmeas(p1, p2)eb1(p1)∫
dp1 N(p1, p2)e2

b1(p1)
. (B.20)

The biased approach will provide a better approximation for the particular decay
H → h1h2. This, however, may not be the case when the resulting single-particle
efficiencies are applied to a different process involving the same outgoing particles h1

and h2, where the unbiased approximation may be a better choice.
For a factorisable underlying efficiency both the biased approach and the unbiased

approach as well as the expressions Eq.6.10 and Eq.6.11 of Sec.6.2.2 will obtain the
same (and correct) single-particle efficiencies.

B.2 Corollary: successive improvements

In the previous Sec.B.1 the underlying efficiency is given factorized approximations in
terms of single-particle efficiencies. These single-particle efficiencies are in fact the first
order in a series of improved approximations

ε(p1, p2) ≈ e
(1)
1 (p1)e

(1)
2 (p2) + e

(2)
1 (p1)e

(2)
2 (p2) + e

(3)
1 (p1)e

(3)
2 (p2) + · · · (B.21)

The higher order improvements are obtained by minimizing the successive measures
of distance

(d(i)
u )2 =

∫

H
dp1dp2

[
ε(i)(p1, p2)− e

(i)
1 (p1)e

(i)
2 (p2)

]2

(B.22)

(d
(i)
b )2 =

∫
dp1dp2 N(p1, p2)

[
ε(i)(p1, p2)− e

(i)
1 (p1)e

(i)
2 (p2)

]2

, (B.23)

for the unbiased and biased approach respectively, and with

ε(i+1)(p1, p2) = ε(i)(p1, p2)− e
(i)
1 (p1)e

(i)
2 (p2) (B.24)

and

ε(1)(p1, p2) = ε(p1, p2) (B.25)

That is, the first order e
(1)
1 (p1)e

(1)
2 (p2) is obtained as a factorized approximation to

the underlying efficiency ε(p1, p2), the same as in the previous section. Then every

successive order e
(i+1)
1 (p1)e

(i+1)
2 (p2) is obtained as a factorized approximation to the

difference that remains between the underlying efficiency and its approximation to
order i, i.e. as e

(i+1)
1 (p1)e

(i+1)
2 (p2) ≈ ε(p1, p2)−

∑i−1
j=1 e

(j)
1 (p1)e

(j)
2 (p2).
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The minimized distance between the underlying efficiency and its approximation at
order i is then given by

∫

H
dp1dp2

[
ε(p1, p2)

2 −
i∑

j=1

[
e
(j)
1 (p1)e

(j)
2 (p2)

]2
]

(B.26)

∫
dp1dp2 N(p1, p2)

[
ε(p1, p2)

2 −
i∑

j=1

[
e
(j)
1 (p1)e

(j)
2 (p2)

]2
]

(B.27)

for the both approaches, which indeed decreases with each successive order.
Minimizing Eq.B.22 and Eq.B.23 and expressing in terms of the number of underly-

ing events before efficiencyN(p1, p2) and of measured events after efficiencyNmeas(p1, p2) =
N(p1, p2)ε(p1, p2) defines each successive single-particle improvement as

e
(i)
u1(p1) =

∫
dp2

[
Nmeas(p1,p2)

N(p1,p2)
−∑i−1

j=1 e
(j)
u1 (p1)e

(j)
u2 (p2)

]
e
(i)
u2(p2)

∫
H dp2 (e

(i)
u2(p2))2

(B.28)

e
(i)
u2(p2) =

∫
dp1

[
Nmeas(p1,p2)

N(p1,p2)
−∑i−1

j=1 e
(j)
u1 (p1)e

(j)
u2 (p2)

]
e
(i)
u1(p1)

∫
H dp1 (e

(i)
u1(p1))2

(B.29)

for the unbiased approach and

e
(i)
b1 (p1) =

∫
dp2

[
Nmeas(p1, p2)−N(p1, p2)

∑i−1
j=1 e

(j)
b1 (p1)e

(j)
b2 (p2)

]
e
(i)
b2 (p2)

∫
dp2 N(p1, p2)(e

(i)
b2 (p2))2

(B.30)

e
(i)
b2 (p2) =

∫
dp1

[
Nmeas(p1, p2)−N(p1, p2)

∑i−1
j=1 e

(j)
b1 (p1)e

(j)
b2 (p2)

]
e
(i)
b1 (p1)

∫
dp1 N(p1, p2)(e

(i)
b1 (p1))2

(B.31)

for the biased approach.
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Summary

This manuscript covers two very different topics within the context of the LHCb ex-
periment. The first part focuses on the Outer Tracker subdetector, while in the second
part a novel algorithm is developed to determine the experimental inefficiencies in mea-
suring particles.

Part I, the Outer Tracker detector in LHCb

The Outer Tracker is a gaseous subdetector based on straw tube technology, that is
part of the LHCb tracking system. The Outer Tracker detector modules and support
frames had been constructed in various places. Upon arrival at CERN they were
subjected to a final set of quality control tests immediately prior to their installation
into the LHCb experiment The gas distribution system, the high and low voltage supply
systems and the optical readout were shown to be working within design specifications.
Moreover, nearly half of the 53,760 thin straw tubes that constitute the Outer Tracker
detection volume were individually tested with a radioactive iron source, with less than
0.1% unresponsive straws.

Signals from straw tubes are read out and processed by Front End electronics.
Front End electronics boxes were assembled from the various specialized electronics
components and tested for their defining characteristics. The threshold responses, time
linearities, pipeline buffer synchronizations and noise levels were analyzed for each box
and assured to be within specifications. The Differential Non-Linearity, an intrinsic
feature of the electronics, was studied in detail and shown not to be a limiting factor
on the Outer Tracker drift time resolution.

Part II, single-particle efficiencies from multi-body processes

A novel approach is developed to determine experimental inefficiencies in detecting
particles. The approach chosen is based on multi-body control channels, i.e. on chan-
nels for which the underlying distribution of particles is well known. Such an approach,
however, is complicated by inter-particle correlations, where particles do not only suffer
from their own detection efficiencies, but because the multi-body process correlates the
outgoing particles, they also suffer from each others detection efficiencies. This com-
plication is addressed and solved with a method that iteratively unfolds the individual
particle detection efficiencies from the multi-body topology.

This iterative method has been motivated by one of the key measurements of LHCb :
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the rare decay Bd → µ+µ−K∗ that is sensitive to new physics. The efficiencies in
measuring the outgoing particles in this channel can be obtained from the well known
control channel Bd→J/ψK∗.

The method is developed and is validated in a series of fast simulation studies.
Moreover, it is applied on full Monte Carlo simulation of Bd → J/ψK∗ and Bd →
µ+µ−K∗ events and shown to produce reliable results.

The scope of the iterative method is, however, not restricted to determining efficien-
cies; it can for example also be applied to unfold asymmetries and for this purpose the
method has been applied to October 2010 LHCb measurements of D0/D̄0→K+K− and
D0/D̄0→K∓π± decays. In a completely data-driven way, the momentum dependencies
of asymmetries between the K+ and K− detection efficiencies, between the π+ and π−

detection efficiencies and between the D0 and D̄0 differential production cross sections
are determined.

The obtained K+/− efficiency asymmetry is found to be small and consistent with
expectations based on hadronic cross sections of charged kaons with the detector ma-
terial.

A significant variation in the azimuth angle within approximately 10% is found for
the π+/− efficiency asymmetry. This dependence is yet unresolved; the L0 trigger in
conjunction with a larger occupancy in the calorimeter center is suggested as a possible
cause.

Initially the D0/D̄0 cross section asymmetry shows a significant dependence on the
azimuth angle φ, but after it is uncorrelated from the K+/− and π+/− efficiency asym-
metries, it is flat in φ as expected. As a function of transverse momentum the cross
sections asymmetry shows no significant dependence and is compatible with an alter-
native LHCb analysis on D0 → h+h− decays. On the other hand, a pseudorapidity
dependence is implied where the asymmetry at approximately η = 3 is about 4% larger
than in the central and forward regions.

The iterative method, in its generic form, presents a way to unfold single-particle
quantities from the multi-body processes that correlate the momenta of the outgoing
particles. This method is to be applied in those analyses that intend to determine
single-particle quantities from measurements of multi-body channels.



Populaire samenvatting

Menig deeltjesfysicus zal zich het beruchte ongeluk herinneren met de LHC versneller
op CERN in 2008, welk een vol jaar vertraging veroorzaakte tot de herstart van de
versneller in November 2009.

In de lente van 2009 bezocht mijn vriendin Ana Paula me op CERN en kreeg zij een
tour van het LHCb experiment. Ze werd meegenomen naar de enorme ondergrondse
LHCb hal, waar ze een indruk kreeg van het experiment: Ze werd genavigeerd door
de ca. 20 meter lange en 10 meter hoge LHCb detector, geleid langs de verscheidene
subdetectoren, gewezen op de talloze componenten waaruit deze bestaan en kreeg uitleg
over de rol die ze spelen in het meten van minuscule deeltjes met een enorme machine.
Hierna sprak ze de legendarische woorden “No wonder it broke”2.

Gezien de gigantische schaal van de LHC experimenten is het inderdaad geen won-
der. Protonen moeten worden versneld tot een miljard kilometer per uur en miljoenen
keren per seconde in botsing worden gebracht. In elke botsing worden honderden deelt-
jes gemaakt die door de detector worden verspreid en moeten duizenden elektrische
signalen van detector-strootjes, strips, pads en pixels worden versterkt, vergeleken,
gedigitaliseerd en gecombineerd binnen een fractie van een seconde. De detectoren zijn
zo groot als een huis of nog groter, maar moeten de deeltjes meten met een precisie
fijner dan een haar. Computer algoritmes moeten de immense hoeveelheid resulterende
data verwerken en filteren, voor het zeer zeldzame geval dat zich iets baanbrekend en
nooit tevoren gezien, maar abstract en raadselachtig heeft voorgedaan. En de talrijke
detector onderdelen, elektronica componenten en subalgoritmes moeten worden ont-
worpen, gebouwd of geprogrammeerd, getest, gecalibreerd, gesynchroniseerd, opnieuw
getest en maanden dan wel niet jaren hun werk doen voordat wetenschappers kunnen
aantonen dat ze iets nieuws hebben gevonden in de quantum wereld van elementaire
deeltjes, of dat deze wereld nog steeds hetzelfde werkt als tevoren bekend. Misschien
is “No wonder it broke” wel te zwak uitgedrukt.

Van de talloze elementen van het LHCb experiment beschrijft dit proefschrift twee
zeer verschillende. Het eerste gedeelte concentreert zich op de installatie van de Outer
Tracker subdetector in het LHCb experiment en op de productie van de Front End
elektronica voor deze. Het tweede gedeelte wordt een nieuwe methode ontwikkeld
waarmee een aspect kan worden vastgelegd waarmee vele metingen in deeltjesfysica te
maken hebben: een experimentele inefficiëntie om deeltjes te meten.

2Vertaald: “Geen wonder dat ie kapot ging.” Het feit dat het de LHC versneller was die kapot ging
en niet de LHCb detector is een leek vergeven.

141



142 Populaire samenvatting

Deel I, de Outer Tracker detector in LHCb

De Outer Tracker subdetector is een cruciaal onderdeel in het bepalen van de banen die
deeltjes door het LHCb experiment maken. De Outer Tracker bestaat uit 53,760 lange
dunne verticale strootjes van zo’n 2.5 m lang en 5 mm breed. De strootjes registreren
doorkomende deeltjes met behulp van gasontlading en -versterking. Ze zijn per 128
in twee lagen zij-aan-zij bevat in detector modules. Deze modules zijn op hun beurt
bevestigd aan aluminium frames en de geregistreerde signalen worden aan de uiteindes
van de modules uitgelezen door Front End elektronica.

De modules en frames waren op verscheidene plaatsen gebouwd. Bij aankomst op
CERN werden de modules en frames in de ondergrondse LHCb hal onderworpen aan een
laatste set van kwaliteitscontrole-tests alvorens ze werden geinstalleerd in het LHCb ex-
periment. Hun gasdistributiesysteem, voedingsystemen voor hoog- en laagspanning en
optische uitleessysteem werden getest en er werd vastgesteld dat ze binnen de on-
twerpspecificaties functioneren. Bovendien werd bijna de helft van de 53,760 strootjes
individueel getest met behulp van een radioactieve ijzer bron, waaruit bleek dat meer
dan 99.9% van de strootjes naar behoren de deeltjes meet.

Doorkomende deeltjes veroorzaken signalen in de strootjes die worden uitgelezen en
verwerkt door Front End elektronica, waarbij verschillende elektronica componenten
verschillende taken in de uitlezing verrichten. De componenten werden geassembleerd
in Front End elektronica dozen, welke vervolgens werden getest met betrekking tot een
aantal cruciale karakteristieken. De drempelwaardes, lineariteit, buffersynchronisatie
en elektronische ruis werden geanalyseerd en componenten die afwijkende karakter-
istieken veroorzaakten werden vervangen. De Differentiele Niet-Lineariteit (DNL), een
intrinsiek aspect van de elektronica, werd in detail bestudeerd en hiervoor werd aange-
toond dat deze niet een beperkende factor is op de resolutie van de Outer Tracker.

Deel II, enkele-deeltjes efficiënties uit multi-deeltjes processen

In versneller experimenten worden deeltjes, protonen in het geval van LHCb , met
hoge energie in botsing gebracht. Uit zo’n botsing komen talloze andere deeltjes als
fragmenten te voorschijn, vliegen door het experiment heen en worden gemeten door
de detector. Het laatste is echter enigszins te eenvoudig uitgedrukt, want wat echt
wordt gemeten zijn de banen die de deeltjes door het experiment maken. Wat voor
type deeltje er bij een baan hoorde en wat voor snelheid deze had moet achteraf door
de fysici worden berekend.

Experimenten zoals LHCb zoeken doorgaans in de talloze deeltjes die uit een botsing
komen naar deeltjes waarvan het bestaan kan worden verwacht, maar welke nog nooit
zijn gezien. Echter, in de praktijk zullen zulke exotische deeltjes niet zelf een baan door
de detector maken, maar zullen ze binnen een fractie van een seconde uit elkaar vallen in
kleinere bekende deeltjes. Experimenten meten dus niet direct exotische deeltjes, maar
zijn op zoek naar specifieke combinaties van bekende deeltjes met specifieke banen, die
mogelijk duiden op een exotisch deeltje.

De exotische deeltjes, als ze al voorkomen, zullen slechts zeer zelden hun kop op
steken. Om de kans op een exotisch deeltje te vergroten worden er ontzettend veel
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botsingen per seconde gemaakt, zo’n 40.000.000. Maar niet al deze botsingen kunnen
worden verwerkt, waardoor bij elke botsing een snelle schatting moet worden gemaakt
of er mogelijk een exotisch deeltje aanwezig was: een selectie aan de hand van de banen
die uit de botsing kwamen. Dit betekent echter dat niet elke baan van elk deeltje wordt
gezien; sommige banen worden geselecteerd, ander banen niet. Hierbij komt ook nog
dat bij voorbaat het experiment niet altijd alle deeltjes meet; soms wordt de baan van
een deeltje simpelweg niet gemeten of herkend. Al met al is er dus een zekere efficiëntie
om een deeltje te meten, die bovendien afhangt van de baan die het deeltje door de
detector maakt.

Efficiënties maken het herkennen van exotische deeltjes lastig. Aan de ene kant kan
een exotisch deeltje ervoor zorgen dat specifieke banen van sommige bekende deeltjes
vaker voorkomen; en dit is precies waar fysici naar op zoek zijn. Maar aan de ander
kant kan het ook zijn dat het experiment gewoon efficienter is om die specifieke banen
te meten, en lijkt het alleen maar of ze vaker voorkomen. Het is dus belangrijk om de
efficiënties van het experiment goed te weten als je exotische deeltjes wilt meten.

In het tweede gedeelte van dit proefschrift is een nieuwe methode ontwikkeld die de
efficiënties bepaalt waarmee deeltjes worden gemeten. De methode is gebaseerd op het
gebruik van controle kanalen. Dit zijn welbekende combinaties van deeltjes waarvoor
precies bekend is hoe vaak ze bepaalde banen door het experiment zouden moeten
maken, zodat afwijkingen van deze hoeveelheden duiden op inefficiënties.

Er is een lastigheid die komt kijken bij het bepalen van efficiënties uit controle
kanalen. Om een controle kanaal als zodanig te herkennen moet elk van zijn uitgaande
deeltjes worden gemeten. De efficiëntie om het controle kanaal te meten is dus een
combinatie van de efficiënties om de individuele deeltjes te meten. Echter, de banen
van de deeltjes in het controle kanaal zijn doorgaans niet onafhankelijk, waardoor ook
de individuele efficiënties afhankelijk van elkaar kunnen worden. Dit maakt het moeilijk
om te bepalen waar het experiment inefficient was voor welk deeltje met welke baan.
De methode in dit proefschrift lost deze moeilijkheid op een iteratieve manier op en
bepaalt de individuele efficiënties van de deeltjes in het controle kanaal.

De iteratieve methode werd gemotiveerd door één van de meest belangrijke metingen
van het LHCb experiment: het vervalskanaal Bd → µ+µ−K∗, waar exotische deeltjes
de banen van de uitgaande deeltjes aanzienlijk kunnen beinvloeden. De benodigde
efficiënties om de uitgaande deeltjes te meten kunnen met de iteratieve methode worden
bepaald uit het controle kanaal Bd → J/ψK∗. De iteratieve methode is ontwikkeld
en getest, en is toegepast op volledige Monte Carlo simulaties van botsingen met de
vervallen Bd→ J/ψK∗ en Bd→µ+µ−K∗ waarmee is gedemonstreerd dat de methode
betrouwbare resultaten produceert.

Hoewel de iteratieve methode is ontwikkeld om efficiënties te bepalen, kan de meth-
ode over een groter bereik worden ingezet en als vervolg is de methode toegepast op
LHCb metingen van de vervallen D0/D̄0→K+K− en D0/D̄0→K∓π± in October 2010
om op een volledig data-gedreven manier een asymmetrie te bepalen tussen de K+ en
K− efficiënties, tussen de π+ en π− efficiënties, en tussen de D0 en D̄0 differentiële
werkzame productie doorsnedes.
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De verkregen K+/− efficiëntie asymmetrie is klein en is consistent met verwachtin-
gen gebaseerd op de hadronische werkzame doorsnedes van kaonen met het materiaal
waaruit de LHCb detector bestaat.

Een significante variatie in de azimut hoek binnen ongeveer 10% werd gevonden
voor de π+/− efficiëntie asymmetrie. Deze afhankelijkheid is nog onverklaard; de L0
trigger samen met een grotere deeltjesdichtheid in het midden van de LHCb calorimeter
wordt voorgesteld als mogelijke oorzaak.

Zonder de iteratieve methode toe te passen is een significante afhankelijkheid van de
asymmetrie in de D0/D̄0 werkzame doorsnedes van de azimut hoek φ zichtbaar. Echter,
nadat de iteratieve methode deze asymmetrie isoleert van de K+/− en π+/− efficiëntie
asymmetriën, is zij vlak in φ zoals wordt verwacht. Als functie van de transversale
impuls toont de werkzame doorsnede asymmetrie geen significante afhankelijkheid en
is compatibel met een LHCb analyse van D0 → h+h− vervallen. Aan de andere kant
wordt een afhankelijkheid van pseudorapidity η gemeten, waarbij de asymmetrie bij
ongeveer η = 3 zo’n 4% groter is dan in de centrale en voorwaatse regionen.

Bij het meten van deeltjes komen zekere grootheden kijken, zoals efficiënties, die op
zich voor elk deeltje afzonderlijk zijn gegeven, maar die door correlaties tussen de deelt-
jesbanen met elkaar worden verweven. De iteratieve methode die hier is ontwikkeld is
een manier om de grootheden te decorreleren. Ik stel dan ook voor om deze methode
in de toekomst te gebruiken in analyses waarbij grootheden van afzonderlijke deeltjes
moeten worden bepaald uit de meting van kanalen met meerdere uitgaande deeltjes.
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