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1 Particle physics with CMS

E. Aguiló, C. Amsler, S. de Visscher, M. Ivova, B. Millán Mejı́as, P. Otyugova,
M. Rebero‡, P. Robmann, and A. Schmidt,

V. Chiochia, C. Favaro, H. Snoek, S. Tupputi, and M. Verzetti

In collaboration with the CMS Collaboration
‡ CERN summer student

In 2011 the Large Hadron Collider delivered an integrated luminosity of 5.7 fb−1 at 7 TeV
(fig. 1.1) while at most 1 fb−1 had been expected at the beginning of the run operation back in
March. During this long run CMS recorded 5.2 fb−1 of data with its subdetectors performing at
an efficiency of 98.5%. The silicon barrel pixel detector, the innermost component of the CMS ex-
periment ,was developed in and commissioned by our group (in collaboration with PSI). It allows
a precise reconstruction of charged particle tracks and the identification of secondary vertices from
long-lived particles. This device is crucial for our research using b-quarks. Details can be found in
earlier annual reports.

More than one hundred refereed journal articles have been published by the CMS collaboration in
2011. One of us (V. C.) co-chaired the B-physics analysis group, that has so far released twelve jour-
nal articles on quarkonium, B hadron decays and b-quark production measurements. H. S. convened
the pixel calibration and reconstruction group, S. d.V. coordinated the simulation in the standard
model (SM) physics group. Here we report on the analysis results achieved by the Zurich group on
heavy baryons, Bs decays, Higgs searches in τ -lepton pairs and bb̄ angular correlations.

Figure 1.1: Integrated luminosity in
the 2011 LHC run at

√
s = 7 TeV.

1.1 Study of Λb and Σb

The spectroscopy of b-baryons provides valuable information to test QCD models. Baryon production
mechanisms and dynamics of heavy quark decay can be studied from polarization measurements in
b-baryon decays. Our group is studying the Λb polarization in the decay Λb → J/ψ (→ µ+µ−)Λ(→
pπ−) (fig. 1.2, left). To select clean Λb candidates large transverse momenta and narrow windows
around the Λ and J/ψ masses are chosen, and tight vertex cuts chosen for the daughter particles. The
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Figure 1.2: : Left: Decay Λb → J/ψ (→ µ+µ−)Λ(→ pπ−) and angles used in the Λb polarization
analysis. Right: J/ψ Λ invariant mass distribution with Λb fit (red line).

J/ψ Λ invariant mass distribution is shown in fig.1.2 (right) from 5 fb−1 of integrated luminosity,
leading to 1929 ± 54 Λb-baryons.

We use the angles θΛ, θp and θµ, the polar angles of the Λ, the proton and the µ+ in the respective
rest frames of Λb, Λ and J/ψ (fig.1.2, left). The Λb polarization manifests itself by a slope in the
cos θΛ distribution that can be extracted by analyzing the angular correlations between the daughter
particles [1]. The distortions in the angular distributions due to acceptance and cuts are taken into
account by Monte Carlo simulation. Sidebands of the Λb mass peak are used to estimate the contami-
nation from background. A maximum likelihood fit is then performed. Figure 1.3 shows for instance
a preliminary distribution of cosθp and cosθµ together with fits. Work on this analysis is in progress
[2].
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Figure 1.3: : cos θp (left) and cos θµ (right) distributions in the Λ and J/ψ rest frames, respectively,
with the results of a multidimensional likelihood fit (blue line). The dashed lines show the fits to the
Λb signal (red) and the background contribution (blue).

The Λb candidates are also used to reconstruct the four states Σ(∗)±
b → Λbπ± where the Σb or Σ∗b

decays strongly at the primary vertex. Tight requirements are applied on the soft pion to suppress the
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large combinatorial background from other tracks. Figure 1.4 shows the distributions of the Q-values
of the decays. The reconstructed candidates can be used to measure Σb cross-sections relative to those
for Λb.
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Figure 1.4: Q-value distributions for the Σ(∗)
b decays, where Q = M(Λbπ)−M(Λb)−M(π). Left:

Σ+
b and Σ∗+b . Right: Σ−b and Σ∗−b .

1.2 Observation of a new strange bottom baryon

The Ξ−b (5790), a dbs-baryon, and its Ξ0
b isospin partner, a ubs-baryon, have been observed at the

Tevatron [3]. However, there are two other ground state pairs of baryons in the SU(4) classification,
the Ξ′b with spin 1/2 and the Ξ∗b with spin 3/2, which can both be negatively charged (dsb) or neutral
(usb). Theory (e.g. ref. [4]) predicts the mass difference between the Ξ′b and the Ξb to be smaller than
the mass of the pion, which forbids the decay Ξ′b → Ξbπ. In contrast, the Ξ∗b would be heavy enough
to decay (strongly) into the Ξb by pion emission.
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Figure 1.5: Decay chain of the new
baryon (marked Ξ?0 at the primary vertex
PV). Charge conjugation (baryons and an-
tibaryons) is implicitely assumed.

We have observed a new usb-baryon decaying into Ξ−b π
+ using 5.0 fb−1 of data. We reconstruct

the decay Ξ−b → J/ψ Ξ−, with J/ψ → µ+µ− and Ξ− → Λπ−, Λ → π−p (fig. 1.5). The events
were collected with a trigger requiring a secondary vertex (SV) displaced from the primary (PV),
from which two muons emerge with transverse momenta larger than 3 GeV/c and invariant mass
compatible with the J/ψ (for details on additional selection cuts see ref. [5]). The Λ (or Λ) decays
into two opposite charges. The higher momentum track is assumed to be the proton. The two tracks
are required to form a vertex displaced from the beamline. The candidate Ξ− (or Ξ−) is reconstructed
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by combining the Λ with an additional track. A kinematic vertex fit is performed in which the track
is assumed to be a pion and the Λ mass constrained to its known value. Figure 1.6 (left) shows the
Λπ− invariant mass distribution with the Ξ− signal. The Ξ−s are then combined with the J/ψ with
a kinematic vertex fit, constraining the Ξ−- and J/ψ-masses to their known values. The resulting
J/ψ Ξ− invariant mass distribution with the Ξ−b peak (108 ± 14 events) is displayed in fig. 1.6
(middle) after all selection cuts. The measured mass is in good agreement with the known value.
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Figure 1.6: Left: Λπ− invariant mass distribution showing the Ξ−. Middle: J/ψ Ξ− invariant mass
distribution showing the Ξ−b signal with fit. Right: Q-value distribution of the reaction Ξ−b π

+ →
J/ψ Ξ−π+ showing the new Ξ∗0b with fits.

We then combine the Ξ−b baryon with an additional track assumed to be a π and emerging from
the PV with charge opposite to the π from Ξ− (or Ξ−) decay, and search for narrow resonances in the
mass difference distribution (fig. 1.6, right). We observe 29 candidates (with a background of 6.6 ±
2.6) and obtain a mass of 5944.9± 2.8 MeV. This state is thus 154 MeV heavier than the spin 1/2 Ξ−b .
Unfortunately the data sample is too small to determine its spin from the decay angular distributions.
According to predictions this new baryon would be the Ξ∗0b with spin 3/2.

1.3 Lifetime of the Bs-meson

We are measuring the width difference ∆Γs = ΓL - ΓH of the two CP -Eigenstates of the Bs-meson,
BL (CP = +1) and BH (CP = -1) in the decay Bs → J/ψ (→ µ+µ−) φ(→ K+K−). Three angles
are needed to describe this decay. The angles θ and φ give the flight direction of the µ+ in the J/ψ
rest frame while ψ is the azimuthal angle of the K+ with respect to the flight direction of the J/ψ.
Since the Bs is pseudoscalar, while the J/ψ and φ are vectors, the angular momentum between the
two decay products is L = 0, or 2 for BL and L = 1 for BH . Hence the angular distributions are
different for the two states (for details see e.g. ref. [6]).

During 2011 we collected 15’000 Bs → J/ψ(→ µ+µ−)φ(→ K+K−) events at
√
s = 7 TeV

with an integrated luminosity of 4.6 fb−1. Our Bs are “untagged”, which means that we do not
distinguish between Bs and Bs. The muons pairs are selected with a trigger on displaced J/ψ decay
point with respect to the primary vertex. Various cuts are applied, in particular the muons and kaons
are required to have transverse momenta larger than 4, respectively 0.7 GeV/c. An additional cut on
the decay length reduces the prompt J/ψ background from the primary vertex. The Bs → J/ψ φ
peak is shown in fig. 1.7.

Side band subtraction is applied to determine the contribution from background. Efficiency and
acceptance corrections are calculated by Monte Carlo simulation. The results of the likelihood fit
taking into account the mass, decay length and angular distributions are shown in fig. 1.8. The
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Figure 1.7: J/ψ φ invariant mass showing the
Bs (15’000 events).

dark blue line is the fit, the dotted blue (magenta) line is the contribution from the CP even (odd)
component. Fitted mass and mean life are in excellent agreement with the known values (5366 MeV
and 1.43 ps). This work is still in progress [7] and we obtain a preliminary value for ∆Γs

Γs
of 0.107 ±

0.019, where the error is statistical only. This is compatible with the prediction from the SM: 0.147
± 0.060.

Figure 1.8: Measured angular distributions. The dark blue line is the fit, the dotted blue line is the
CP -even component, the magenta line the CP -odd component. The red curve shows the background
contribution.

1.4 Searches for the Higgs boson in τ+τ− decays

An important goal of the LHC physics program is to ascertain the mechanism of electroweak symme-
try breaking, through which the W and Z0 bosons obtain mass, while the photon remains massless.
In the SM this is achieved via the Higgs mechanism which predicts the existence of a scalar Higgs
boson. The minimal supersymmetric standard model (MSSM) contains two Higgs doublets, giving
rise to five physical states: a light neutral CP-even state (h), a heavy neutral CP-event state (H), a
neutral CP-odd state (A), and a pair of charged states (H±).

A search for the neutral Higgs boson decaying into τ -pairs was performed using an integrated
luminosity of 4.6 fb−1 [8]. Three independent τ -pair final states were studied with one (or both) τ -
leptons decaying leptonically. The distribution of the τ -pair invariant mass for all channels combined
is shown in fig. 1.9 (left) for the MSSM search. The spectra show no evidence for a Higgs boson in
both MSSM and SM searches. Upper bounds (95% CL) on the Higgs boson cross section times the
branching fraction into τ -pairs are shown in fig. 1.9 (right). We exclude a Higgs boson with mass
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mH = 125 GeV with a production cross section 4.4 times that predicted by the SM. The MSSM
search excludes previously unexplored regions of the parameter space, reaching as low as tanβ = 7.1
at mA = 160 GeV.

7

Table 3: Numbers of expected and observed events in the event categories as described in the
text for the eµ channel. Also given are the expected signal yields and efficiencies for a MSSM
Higgs boson with mA = 120 GeV and tan b = 10, and for a SM Higgs boson with mH = 120 GeV.
Combined statistical and systematic uncertainties on each estimate are reported. The quoted
efficiencies do not include the branching fraction into tt.

SM MSSM
Process 0/1-Jet Boosted VBF Non b-Tag b-Tag
Z! tt 11787 ± 790 98 ± 11 16 ± 4 11718 ± 797 112 ± 11
Multijet and W+jets 483 ± 145 9 ± 3 2 ± 1 474 ± 147 15 ± 5
tt̄ 427 ± 41 70 ± 8 14 ± 3 161 ± 15 289 ± 35
Dibosons 570 ± 91 21 ± 4 2.0 ± 0.6 527 ± 84 55 ± 10
Total Background 13267 ± 809 197 ± 14 34 ± 5 12881 ± 815 471 ± 38
H! tt 36 ± 6 1.0 ± 0.3 1.0 ± 0.2 161 ± 10 17 ± 1.6
Data 13152 189 26 12761 468

Signal Efficiency

gg! f h - - - 6.4·10�3 9.4·10�5

bb! bbf - - - 5.8·10�3 9.8·10�4

gg! H h 6.3·10�3 1.8·10�4 3.0·10�5 - -
qq! qqH 3.0·10�3 8.1·10�4 2.0·10�3 - -
qq! H tt̄ or VH 3.8·10�3 6.8·10�4 1.5·10�6 - -

background-only hypothesis.202
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Figure 1: Distribution of the tau-pair invariant mass, mtt, in the MSSM Higgs boson search
categories: Non b-Tag category (left), b-Tag category (right).

The invariant mass spectra for both the MSSM and SM categories show no evidence for the203

presence of a Higgs boson signal, and we therefore set 95% CL upper bounds on the Higgs204

boson cross section times the branching fraction into a tau pair. For calculations of exclusion205

limits, we use the modified frequentist construction CLs [78–80]. Theoretical uncertainties on206

the Higgs boson production cross sections are taken into account as systematic uncertainties in207
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Figure 1.10: τ -pair invariant mass distribution with various signal and background processes for
events passing the identification cut (left) and for those failing the identification cut (right).

These Higgs searches rely on the precise estimate of the reconstruction efficiency for the τ
hadronic decay, which was measured by our group using a tag-and-probe technique [9]. This method
exploits the decay Z0 → τµτhad, where τµ is a τ decaying into a µ while τhad represents a τ decay
into charged hadrons. The events are required to have exactly one isolated µ and a jet of opposite sign.
The events are divided into those surviving a tight cut and those failing the cut, and a simultaneous fit
of the visible τ -pair invariant mass is performed in the signal and background regions (fig. 1.10). The
measured τ identification efficiency is typically 60% and agrees well with Monte Carlo simulation.
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The overall precision of the measurement is 6% (including systematic errors). With the higher instan-
taneous luminosity in 2012 we will further quantify the performance of hadronic τ reconstruction in
an environment characterized by a larger number of simultaneous pp collisions. We are also respon-
sible for the development of the software monitoring the performance of τ -lepton identification.

1.5 Improvements to the pixel hit reconstruction

We are developing a novel hit reconstruction technique to improve the spatial disentanglement in a
dense charged track environment. The implementation of this technique in the CMS software will
affect all analyses that depend on the reconstruction of high energetic jets, such as b or τ jets. A
fraction of 65% of the τ decay hadronically. The transverse momentum of the τ being large compared
to its mass, the tracks in the jet are close to each other. Therefore, excellent spatial resolution is needed
for τ reconstruction.

A significant amount of the hadronic τ decays are produced in three charged tracks accompa-
nied by the (invisible) neutrino. The higher the τ momentum, the more collimated the three tracks,
which makes them at some point inseparable. In the innermost pixel layer this effect starts to oc-
cur for opening angles between the two trajectories of about 5 mrad. For a typical 3-prong τ decay
this corresponds to a transverse momentum of 150 GeV/c. The merging of clusters deteriorates the
measurement of the particle trajectories and the reconstruction of the τ -lepton.
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Figure 1.11: τ identification efficiency as a func-
tion of transverse momentum for Higgs decays.
The dots show the improved hit reconstruction
based on pixel hit splitting compared to the stan-
dard case (histograms). The colors represent the
various τ identification procedures. The lower
plot shows the relative improvement.

The charge measured for each cluster, together with an estimate of the track impact angle, can
be used to discriminate merged clusters from isolated clusters. We have developed an algorithm for
splitting merged pixel clusters, now deployed in the CMS software. The performance improvement in
the τ reconstruction was verified on a simulated sample of 500 GeV MSSM Higgs bosons decaying
into τ -pairs. Figure 1.11 shows the τ identification efficiency for 3-prong decays as function of τ
transverse momentum. Our algorithm improves the identification efficiency by ∼20% for pT (τ) >
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200 GeV/c for the four τ identification procedures in CMS (fig. 1.11, bottom).

1.6 Studies of B hadron correlations associated to Z0 bosons

A measurement of the b-quark production associated with a Z0/γ∗ is an important test of QCD and is
of great experimental relevance for various searches. The process constitutes a background to the SM
Higgs production decaying to bb̄, associated with vector bosons. In addition, in models with extended
Higgs sector (such as the two-Higgs doublet models), a discovery channel would be φ1 → Z0φ2

with φ2 → bb̄, where φ1,2 are neutral Higgs bosons. Finally, the description of the b-quark dynamics
remains difficult, in particular in the soft-collinear region, where the gluon splitting contribution to
qq̄-pairs is not well known. 3
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Figure 1: Distribution of the dilepton invariant mass (left) and transverse momentum (right).
The muon and electron channels are combined. The CMS data are represented by solid
points and the MC simulation by stacked histograms. The red shade represents the statisti-
cal uncertainty on the MC prediction. The number of tt events in the signal region is esti-
mated by normalizing the simulation to the data in the background-enriched region defined
by M`` > 120 GeV. The overall simulation is normalized to the data in the signal region.

the distance between the primary vertex (PV) and VZ is required to be smaller than 200 µm.
These requirements select a single PV among the multiple interactions happening in the same
bunch crossing (PU collisions). The PV’s are reconstructed from tracks (including lepton tracks)
of low 2D impact parameter (significance<5) with respect to the nominal interaction region.

The secondary vertex (SV) reconstruction is initiated by the identification of ”seed” tracks with
a large impact parameter with respect to the selected PV. Additional tracks fulfilling angular
and momentum requirements are selected together with the seed tracks, forming secondary
vertices. Events are required to have at least two reconstructed secondary vertices. The B
candidate four-momentum is calculated as the sum pSV = Â pi over all tracks fitted to that
vertex, using the pion mass hypothesis for every track to obtain its energy Ei. The vertex mass
mSV is calculated as m2

SV = E2
SV � p2

SV . The IVF technique identifies the charged products
from B and B ! D + X decays to form merged B candidates. Two B candidates from B !
D + X sequential decays are merged into one single B if the angular separation DR(SV1, SV2)
is smaller than 0.4, the invariant mass corresponding to the sum of all tracks assuming the
pion mass is smaller than 5.5 GeV, and the cosine of the angle between the four-momenta pSV1,2

corresponding to the two candidates is larger than 0.99. More details on the SV and B-candidate
reconstruction can be found in Ref. [12].

A B candidate is retained if it has a flight distance significance larger than five, a pseudorapidity
|h| < 2, transverse momentum pT > 8 GeV and a total invariant mass mSV > 1.4 GeV. Finally,
only those events which have exactly two B-candidates are retained. 454 (254) events pass all
the selection cuts in the muon (electron) channel.

The simulated kinematic distributions of the lepton pair describe the data well, as shown in
Fig. 1. The number of tt events in the signal region is estimated by normalizing the simula-
tion to the data in the background-enriched region defined by M`` > 120 GeV. The overall
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compared to aMC@NLO prediction.

Our group has performed a measurement of the normalized differential cross-section pp →
Z0/γ∗ + bb̄ as a function of B-hadron angular separation [10] for an integrated luminosity of 4.6
fb−1. Leptonic decays of the Z0 into two leptons (e or µ) of opposite charges are selected (fig. 1.12,
left). The B-hadron pairs are identified by the Inclusive Vertex Finder (IVF) algorithm, based on the
reconstruction of displaced secondary vertices from B decays, independently from jets. This allows
to resolveB-hadron pairs even at small opening angles (see fig. 1.13) for which decay products merge
into single jets, the standard b-jet tagging techniques then becoming useless.

The observed distribution is compared to the the NLO expectation obtained with aMC@NLO
(fig. 1.12, right). The data agree reasonably well with simulation within experimental errors, al-
though data suggest a flatter angular distribution at small ∆R. Additional investigations and larger
data samples in 2012 will help establishing which theoretical model provides the best description of
the data [11].

We are also working on the implementation of the jet matching techniques for the MADGRAPH
Monte Carlo simulation which will allow to efficiently produce exclusive samples of pp→ Z0/γ∗+bb̄
events with additional partons. We are implementing the simulation of massive b-quarks in MADGRAPH.
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Figure 1.13: Event with two displaced vertices from
B-hadron decays (red and yellow tracks) and two
leptons from a Z0 boson (blue tracks).

Our group has furthermore improved the b-jet identification in the High Level Trigger (HLT).
The reconstruction of the primary vertex is crucial for the application of b-tagging algorithms. To
limit CPU time the standard HLT reconstruction performs only a fast 1D estimate of the primary
vertex position in the direction of the beam axis, while the coordinates of the online beam spot are
used as estimates for the transverse vertex position. The efficiency of the trigger can be improved
with an event-by-event estimate of the 3D vertex position at the trigger level. We have assessed the
performance of the 3D primary vertex reconstruction using a simulated sample of jet events and an
average event pileup of 10, and have established that the algorithm can be successfully applied at
trigger level.
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12 Test ot the equivalence principle with antihydrogen

2 Test ot the equivalence principle with antihydrogen
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(AEgIS Collaboration)

The AEgIS experiment [1] will measure for the first time the gravitational acceleration of anti-
matter ḡ using a beam of antihydrogen (H̄) atoms. Previous attempts to measure ḡ with positrons
and antiprotons failed due to stray electric or magnetic fields. From attempts to unify gravity with the
other forces the possibility that ḡ 6= g = 9.81 m s−2 cannot be excluded [2]. Many arguments have
been put forward to rule out any difference between g and ḡ, and correspondingly many rebuttals have
been published [3]. The validity of the weak equivalence principle (WEP) for antimatter thus rests on
experimental evidence.

The goal of AEgIS is to measure ḡ with an initial precision of 1%. First we need to produce
H̄-atoms at ∼100 mK. A promising technique [4] uses the interaction between the antiproton and
the highly excited Rydberg state positronium (Ps*) in which the bound positron is captured by the
antiproton and an electron is released (Ps∗ + p → H∗ + e−). Fig. 2.14 shows a sketch of the
apparatus. The process begins with the production of positronium (Ps) by accelerating 108 positrons
from a Surko type accumulator onto a nanoporous material. The ortho-Ps emitted from the target is
then brought to the Rydberg state Ps* by two-step laser excitation. Some of the Ps* atoms diffuse
across a Penning trap in which 105 antiprotons from the CERN antiproton decelerator (AD) have been
stored, producing H̄ through the charge exchange reaction.

Figure 2.14: Sketch of the AEGIS
apparatus. The H̄-atoms are pro-
duced in the p̄-trap in a 1T field. Not
shown are p̄- and e+-capture traps
in the 5T magnet at the entrance of
the apparatus.

An electric field is then applied along the beam axis to accelerate the H̄-atoms to ∼400 m/s. This
technique has already been demonstrated by members of the AEgIS collaboration with hydrogen
atoms [5]. A Moiré deflectometer consisting of two gratings and a position sensitive annihilation
detector is used to measure the deflection of the H̄ beam in the gravitational field. The downward (or
upward!) shift of the Moiré intensity pattern at the detector due to gravity needs to be combined with
time-of-flight and be measured with a vertical precision of σ ' 10 µm. The Zürich group is designing
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and building (i) the annihilation detector and its readout to characterize the p̄/H̄ cloud in the Penning
trap and (ii) the position sensitive detector to measure the Moiré pattern.

The AEgIS apparatus, less the Moiré deflectometer, will be installed for the AD runs in 2012.
Objectives are to produce H̄-atoms, measure their temperature and demonstrate the production of the
H̄-beam by means of Stark acceleration. The goal of our group is to commission the Fast Annihilation
Cryogenic Tracking (FACT) detector designed and constructed in 2011/2012.

Depending on temperature, a large fraction of the H̄-atoms annihilate by hitting the confinement
walls within ∼µs. The detector must therefore be very fast, but only needs to be active for 1 ms
every 100 s between AD pulses. The operating conditions are challenging as the detector occupies
a cylindrical volume around the trap with an inner radius of 78 mm and outer radius of 103 mm
in a 1T magnetic field, and must operate at 4K. A further complication is the strong 511 keV γ
background produced by positrons hitting the positronium target. This occurs a few µs before the
first H̄ annihilations.

We have opted for a scintillating fiber detector with silicon photomuliplier readout. The FACT
detector consists of four layers of 1 mm diameter scintillating fibers1 coupled to clear fibers of the
same diameter which direct the optical signal from the cryogenic region onto arrays of 1 mm diameter
silicon photomultipliers (MPPC)2. Each layer consists of 200 scintillating fiber loops aligned orthog-
onal to the beam axis. A sketch is shown in fig. 2.15. A vertex resolution along the longitudinal axis
of 2.5 mm is expected from simulations, which is sufficient for our requirements.

Figure 2.15: Conceptual design of the Fast Annihilation Tracking (FACT) detector (see text).

The readout electronics for the 800 fibers must be fast enough to measure the speed (temperature)
of the H̄-atoms. The output of the MPPCs is sampled continuously. The principle is shown in the
bottom part of fig. 2.16 (left) for a single channel. The MPPC is connected to a linear amplifier and
a fast discriminator feeding the FPGA. The latter controls the MPPC voltage and threshold levels,
samples the output of the comparators with a time resolution of ∼10 ns, and transfers the data to
the DAQ system through a USB connection. A single FPGA manages several channels (upper part
of fig. 2.16, left). The FPGA can be programmed to perform a fast and smart real time readout of
all channels. The MPPCs are located inside and the readout electronics outside the AEgIS apparatus
(fig.2.16, right).

The scintillating fibers must operate at 4K. Since no data exist we have tested the performance

1Kuraray SCSF-78M multi-clad scintillating fibers [6].
2Hamamatsu silicon photomultipliers MPPC S10362-11-100C [7].
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Figure 2.16: Left: electronics layout for the fiber readout (see text) and readout for one scintillating
fiber. Right: MPPCs inside the vacuum region connected by feedthroughs to the readout electronics.

of scintillating fibers with cosmic rays at cryogenic temperatures. The test apparatus consisted of
3 layers of 1 mm diameter Kuraray scintillating fibers arranged in loops at the bottom of a liquid
helium cryostat (fig.2.17, left). The light from the scintillating fibers was detected by 3 MPPCs, the
outputs of which were amplified and digitized by a LeCroy Wavepro 7100 10 GS/s oscilloscope. The
oscilloscope was triggered when the signal of two of the three fibers exceeded 4 photoelectrons and
we counted events with a coincidence observed in the third fiber, corresponding to the passage of
a cosmic ray through the three fiber layers. The cryostat was filled with liquid helium immersing
the fibers for 4 hours during which the detection efficiency was monitored, followed by warm-up to
ambient temperature. The rate of events as a function of temperature is shown in fig.2.17 (right). We
observed a small (∼15%) decrease in light yield from room to liquid helium temperature.
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Figure 2.17: Left: Equipment used to measure the performance of scintillating fibers at cryogenic
temperatures. Right: Trigger rate of a scintillating fiber from cosmic rays as a function of temperature
(see text).

We are also investigating (in collaboration with the Albert Einstein Center in Bern) the possibility
to use photographic emulsions of the OPERA type to reconstruct more accurately the interference
pattern in the gravitation experiment. We would measure the annihilation points of H̄- atoms on
the vacuum exit window behind the Moiré deflectometer, using two or more annihilation pions. The
emulsion stack would be placed immediately behind a very thin window separating the UHV vacuum
from normal vacuum. The time-of-flight and the approximate track positions would be determined
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by a silicon or scintillating fiber detector located outside the vacuum enclosure and stored for offline
analysis. The emulsions would then be removed periodically and processed in Bern. Figure 2.18
shows the expected vertical resolution on the annihilation point due to multiple scattering as a func-
tion of window thickness (neglecting distortions and alignment errors). The Monte Carlo simulation
indicates that r.m.s position resolutions of 3 µm could be achieved on the annihilation vertex, much
better than the required 10 µm, thus allowing a more accurate measurement of ḡ.

Figure 2.18: R.m.s. position resolution on annihilation
tracks as a function of thickness for a titanium vacuum
window in which the H̄-atoms annihilate.

However, technical issues such as the performance of emulsions in vacuum (in particular dehy-
dration) need to be investigated first. Also the background rate in the AD hall due to muons from the
antiproton production target and from annihilation pions in the AEgIS apparatus need to be measured
to assess the frequency at which emulsions would need to be changed. In 2012 we will commis-
sion the FACT detector and perform several test with photographic emulsions to plan for the first
measurement of ḡ after the 2013 maintenance of the CERN accelerators.
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3 Towards a dark matter experiment

Y. Allkofer, C. Amsler, W. Creus, A. Ferella, C. Regenfus, J. Rochet, and M. Walter.

We report on our research progress on liquid argon (LAr) which is part of the DARWIN design
study [1] for a next generation dark matter facility using noble liquids. More details and references
to earlier work can be found in a recent publication [2]. LAr has the potential to be used as a large
and sensitive target to detect nuclear recoils from Weak Interacting Massive Particles (WIMP) inter-
actions. WIMPs would produce nuclear recoils which can be detected and isolated in noble liquids
through their characteristic excitation and ionisation patterns. The uncertainty in the signal calibra-
tion of nuclear recoils in LAr is large since only scarce information on the scintillation efficiency can
be found in literature. In fact, the complex microscopic processes which lead to the scintillation and
charge signals are not well understood at low energies.

The energy dependent light yield Ynr of nuclear recoils is described by the relative scintillation ef-
ficiency Leff which compares the light yield of electrons to that of nuclear recoils (by convention Leff

is measured at zero electric field). Its value is determined by the product of two quenching processes.
Towards low energies, an increasing fraction of the recoil energy is lost to heat (nuclear quenching).
The density of the excited or ionised states produced during the stopping process depends on their
interaction (luminescence quenching). The light yield of electrons is not affected by nuclear effects
and is linearly proportional to the energy deposit above some tens of keV. The relative scintillation
efficiency is expressed as Leff = Eee/Er, where Eee stands for the energy of an electron producing
the same amount of light as a recoiling nucleus with energy Er. In contrast to xenon, a separation of
the scintillation signal in fast (τ1 = 6 ns) and slow (τ2 = 1.6 µs) components is possible in LAr. This
effect is exploited to reduce background in LAr dark matter detectors.
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Figure 3.19: n−Ar scattering experiment with neutron generator, shield and zoom on the LAr cell.

We present an overview of the experimental method to determine Leff and show first results from
data recorded under neutron, α and γ-irradiation in LAr at zero electric field. The experimental
setup is shown in fig. 3.19. We induce nuclear recoils in the LAr cell by 2.45 MeV neutrons from
a deuterium-fusion-generator (from NSD-Fusion, Germany). It delivers up to 2×106 isotropically
emitted monoenergetic neutrons from the two-body reaction dd→ 3He + n. The fusion rate in the
deuterium plasma is controlled by an electrical DC field generated by an adjustable constant current
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HV supply. The environment is shielded from neutron and X-ray radiation by a 1600 kg polyester
cylinder with 2 mm Pb cladding. A polyethylene collimator with square cross section restricts the
emission of neutrons in a solid angle of about 0.2% of 4π. Liquid scintillator counters (LSC) detect
the scattered neutrons at various angles.

The cryogenic cell is shown in the inset. Two tetra-phenyl-butadiene (TPB) coated 3” PMTs
(Hamamatsu R6091-MOD) with bialkali photo cathodes and Pt underlay (QE≈15%) are arranged
face to face, forming a cylindrical sensitive volume of roughly 0.2`. The cell walls are covered with a
TPB coated reflector foil [3, 4] to shift the VUV scintillation light (128 nm) to∼ 420 nm. A 210Po α-
source is installed in the center of the cell. A turbopump is used to evacuate the chamber to typically
10−6 mbar prior to filling with argon gas class 60. A membrane pump provides for recirculation via
OXISORB cartridges which reduce the O2 and H2O contamination. The gas is condensed on top of
the chamber by a (Sumitomo CH210) cryocooler. A LabView slow control regulates the cold head
temperature and records temperatures, pressures and liquid levels.

The analogue signals from the two PMTs are each split into 2 inputs (for a larger dynamic range)
and sampled with an oscilloscope with 5000 points at 1 GS/s. LAr signals are integrated numerically
from the digitized currents of the PMTs, normalised to their mean single photon charges. Light yield
calibrations were performed regularly with an external 241Am source producing a prominent 60 keV
photopeak.

In LAr VUV fluorescence from the so-called second continuum is the dominant mechanism for
light emission. The light pulse shape is described by the sum of two exponentials with amplitudes
describing the radiative decays of two fundamental excimer states (singlet and triplet, with lifetimes
τ1 and τ2, respectively). Due to their long lifetime triplet states undergo collisions with neighbouring
particles before decaying. Interactions with impurities can cause their (non-radiative) destruction,
inducing losses in the slow scintillation light and a reduction in τ2. In the following our component
ratio (CR) – the relative strength of the fast component of the scintillation light – is corrected for this
effect by extrapolation to pure LAr [2, 5].
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Figure 3.20: Left: CR vs. light yield for Ar-, α-recoils and electrons. The grey zones indicate the 1σ
spread. Right: CR for αs in LAr and fit vs. total scintillation light in MeV (electron equivalent).

The CRs are determined for recoiling Ar nuclei (induced by neutrons), α-particles (from the
210Po source) and electrons (induced by 511 keV γs from an external 22Na source). A coincidence
with an external detector was required for the photon data to tag the emission of two 511 keV γs.
This data was also used to determine the time-of-flight calibration. Figure 3.20 (left) shows the CR
distribution vs. total amount of scintillation light. The two prominent bands from electrons and
nuclear recoils merge for energies below about 10 keVee. The values at low energies for argon recoils
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are also shown (circles). There is a correlation between CR and the stopping power. Large ionisation
densities lead to strong interaction between particles and produce a larger fraction of singlet states.
For electrons CR is equal to ∼ 0.25 at the minimum ionisation densities, close to the statistical
weights of 1 : 3 for the isolated production of singlet and triplet states (no interaction between them).

The relation between population of excimer states at various energy losses can be unfolded by
taking into account the integral over the stopping range. We have determined the energy scale for
α-particles by assuming a linear relation between CR and the energy transfer [2]. A value of Lαeff =
0.74±0.04 was found for the mean relative scintillation efficiency for α-particles in LAr in the range
0.18 – 2.5 MeV (fig. 3.20, right). The light loss of ' 25% is entirely due to luminescence quenching.

We now present the data taken with the neutron generator. A 5” liquid scintillator (LSC) was
positioned at 30, 40, 50, 60 and 90◦, at 1 m from the target, corresponding to 16, 28, 43, 60 and
120 keV recoil energies, respectively. The neutron flux (typically 2×105 n/s into 4π) was chosen
so that accidental background induced by bremsstrahlung was kept at an acceptable level. About 1
n/min scattered off an argon nucleus in the active volume and was detected in the LSC. The direct
line of sight between the exit of the collimator and the LSC was obstructed by a 20 cm thick sheet of
polyethylene. Background rates were around 5/min, originating mainly from cosmic muons saturating
the LSC, and accidental coincidences between diffusively scattered neutrons and bremsstrahlung.
Events in the LAr cell were accepted whenever both PMTs showed signals above 0.2 photoelectrons
(pe) in a 50 ns time coincidence. A trigger was generated by a LAr signal within a window of [-150,
+50] ns around the arrival time of a neutron in the LSC.
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Figure 3.21: Left: Prompt light fraction fp vs. signal time in LAr and projection on the time axis for
neutrons triggering the liquid scintillator counter. Right: Leff from this work compared to theory and
previous data.

Figure 3.21 (top) shows the prompt light fraction fp vs. the time difference between the signals
in the LAr cell and the LSC for the 30◦ data (19k events). Here fp is the ratio of the scintillation
light yield in the first 50 ns to the total light. The time projection is shown in fig. 3.21 (bottom). The
distribution of signals (< 50 pe) is dominated by elastically scattered neutrons around the nominal
flight time at -45 ns (brown histogram). Also visible are inelastic scatters from neutrons and a small
background from accidental coincidences of diffusely scattered neutrons with bremsstrahlung in the
outer LAr volume. Requiring at most 50 pe removes many of these events and also cosmic muons
(blue histogram). A 5 ns wide TOF cut then selects elastic scatters (∼1’000 events, black area). Figure
3.21 (right) shows our measurements at the five angles, together with the data from refs. [6, 7]. Our
measurements lead to the average < Leff > = 0.29 ± 0.03 for nuclear recoils above 20 keV (or 6 kev
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electron equivalent). The data are consistent with a constant value for Leff , in accord with a simple
saturation law combined with the Lindhard model [8].

Summarizing, we confirm that scintillation light quenching in LAr by impurities is similar to
that in gaseous argon [5]. As in the latter work we use measured lifetimes and component ratios
to reconstruct purity independent results. We confirm values for CR monotonically increasing with
energy transfer. A CR value of 0.25 close to the one expected from statistically populated singlet
and triplet states is observed for electrons in the region of lowest ionisation densities. For nuclear
recoils we find CR rising from 50% to 75% between 20 and 200 keV. For α-particles in the MeV
range we determine a relative scintillation yield Lαeff = 0.74±0.04. Within present errors our value of
the relative scintillation yield Leff is constant for nuclear recoils at energies between 16 and 120 keV,
with a mean value of 0.29±0.03. A refined analysis is in progress [9].

No conclusive results below 16 keV can be drawn from the present analysis. We are upgrading
the cell with PMTs of larger quantum efficiency and are improving the cleaning system. An internal
electric field will be added to extract the ionisation charge from the liquid and to determine field and
energy dependences of both light and charge yields in LAr, at working points relevant to dark matter
searches.
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(DIRAC Collaboration)

We have observed for the first time in 2007 electromagnetically bound π∓K±-pairs (π∓K±-
atoms) [1, 2]. The π+K−-atom is unstable and decays through the strong force into π0K̄0 (while
π−K+-atoms decay into π0K0). The mean life τ , which we intend to measure, is related to the
S-wave πK-scattering lengths a1 and a3 in the isospin 1/2 and 3/2 states, respectively. The πK-
scattering length is of interest to test chiral perturbation theories extended to the s-quark. From the
2007 data sample we reported the observation of 173 ± 54 πK-pairs [1, 2]. This result led to a lower
limit for the mean life of πK-atoms of 0.8 fs in the 1s-state, which could be translated into an upper
limit of the difference in scattering lengths |a1 − a3| < 0.58 m−1

π .

Figure 4.22: Sketch of the updated DIRAC-II spectrometer, showing the locations of the Čerenkov
counters to identify electrons, pions and kaons. MDC = microdrift chambers, SFD = scintillator
fiber detector, IH = ionization hodoscope, DC = drift chambers, VH, HH = vertical and horizontal
scintillation hodoscopes, CH = N2-Čerenkov counter, PSh = preshower, Mu = muon counters.

The DIRAC experiment was initially designed to study π+π−-atoms. Final results for π+π− have
been published recently [3]. From a sample of 21’227 π+π− atomic pairs the difference in the isospin
0 and 2 scattering lengths could be measured with a 4% accuracy, |a0 − a2| = 0.2533 ± 0.0109 m−1

π .
The corresponding mean life is 3.15 ± 0.28 fs. An overview of the DIRAC experiment can be found
in ref. [4].
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A sketch of the DIRAC spectrometer to collect πK (and also more ππ) data is shown in fig. 4.22.
Details can be found in previous annual reports and also in ref. [5]. The 24 GeV/c proton beam from
the CERN-PS passes through a thin (100 µm) Ni-target. The secondary particles traverse a scintil-
lation fiber detector (SFD) and a ionization hodoscope (IH) with which the opening angle between
pairs of secondaries can be measured. The pions and kaons are analyzed in a double-arm magnetic
spectrometer measuring the momentum vectors of two oppositely charged hadrons. Positive particles
are deflected into the left arm, negative ones into the right arm. The spectrometer is slightly tilted
upwards with respect to the proton beam. Electrons and positrons are vetoed by the N2-Čerenkov
detectors and muons by their signals in scintillation counters behind steel absorbers. Kaons are sepa-
rated from pions and protons by heavy gas (C4F10) Čerenkov counters (which fire on pions) and by
aerogel Čerenkov counters (which fire on both pions and kaons, but not not on the more numerous
protons). Our group has developed and built the 37` aerogel Čerenkov counter [6] and the gas system
for the C4F10 counters [7]. The signal from πK-atoms is observed for πK-pairs with a very small
relative momentum (typically |QL| < 3 MeV/c is the c.m.s system).

Figure 4.23: Left: sketch of the SFD (x- and y-planes). Right: Measurement of the SFD performance
with 2 out of 3 planes.

In 2007 we used only the detectors downstream of the magnet, but the scintillation fiber detector
(SFD) was available for the 2008 – 2010 run to determine the interaction point in the production target
with much better precision. The SFD (fig. 4.23, left) consists of 3 planes of 205 µm scintillating
fibers. Two planes (x- and y-planes) are made of 8 layers each with 480 fibers while the third (w-
plane) contains 3 layers of 320 fibers. The fibers are read out in columns of 8, respectively 3 fibers
by 30 × 16 Hamamatsu H6568 photomultipliers. The area covered by each plane is about 10 × 10
cm2 and contributes only 1% radiation length. The timing resolution is 460 ps. Tracks are measured
with good resolution (σ = 60 µm) and high efficiency (98%). This leads to a substantial improvement
in the resolution on the transverse momentum QT (from 3 MeV/c to 1 MeV/c) and also reduces the
background.

During 2010 we tuned the Monte Carlo simulation of the SFD and compared with data. A sub-
stantial improvement has been achieved (for more details see ref. [8]). Noise, cross-talk between
fibers, efficiency and background tracks have been inserted into the simulation. The simulated data
were then submitted to the same analysis code as the experimental data. To study the performance of
the SFD we used in turn two planes (e.g. y and w). The reconstructed tracks were then extrapolated
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to the third plane (e.g. x, see fig. 4.23, right) and the measured hits compared with the predicted ones.
The excellent agreement between data and Monte Carlo is illustrated in fig. 4.24. The left plot

shows the probability to find one hit within ± 1 mm around the extrapolated tracks. The right plot
shows the probability to find both hits in the third plane for two tracks in the first two planes. The loss
in the center is due to a hardware suppression algorithm of fiber cross-talks. The ionization hodoscope
(IH) can be used to reduce background and select true double hits. From these plots one obtains track
resolutions for the 2008-9-10 data of σ = 220 µm for single tracks and 550 µm for double tracks.

Figure 4.24: a) Probability to find one hit in the x-plane around the extrapolated track; b) probability
to find both hits for two tracks. Real data are shown in red, simulated data in black.

Thus the SFD performed as expected from simulations and we could proceed with the analysis
of the data using the three planes. We obtain a Qx and Qy resolution better than 0.5 MeV/c and
reconstruct the momentum transfer Q between the kaon and the pion with a resolution of 1 MeV/c.
As a calibration tool and momentum resolution measurement we reconstruct Λ decays into π−p. The
mass distribution shown in fig. 4.25 confirms the correct energy scale, the value for the Λ mass 1115.7
± 0.5 MeV being fully compatible with the PDG value (1115.683 ± 0.006 MeV).

Figure 4.25: Invariant π−p mass distribution showing the Λ signal.

Clean πK events are selected by the SFD and IH detectors to resolve the ambiguity of single and
double tracks in the upstream part of the apparatus (fig. 4.22). Particle identification is performed
using the heavy gas and aerogel Čerenkov detectors. The precise time difference between the two
tracks from the atomic candidates pairs is achieved using the VH. Events with muons or electrons
are eliminated using the nitrogen Črenkov and muon detectors. We finally select events with relative
transverse and longitudinal momenta between the two mesons of QT < 4 MeV/c and |Ql| < 20
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Figure 4.26: π−K+ + π+K− events as a function of relative momentum Q. The enhancement at low
Q in the bottom plot is due to πK atomic pairs.

MeV/c, repectively. Figure 4.26 (left) shows the preliminary distribution of π−K+ + π+K− events
as a function of relative momentum Q (points with error bars).

The fit results are shown in red (atomic pairs), blue (Coulomb pairs), magenta (non-Coulomb
pairs). The sum of Coulomb and non Coulomb pairs is displayed in black. The contribution from
atomic pairs is shown in red in fig. 4.26 (right). We find 277 ± 52 atomic pairs to be compared
with 173 ± 54 from the 2007 run. However, in 2007 our goal was the first observation of πK-atoms
and hence a target was chosen (Pt) for which the production cross section was high. The breakup
probability for πK-atoms as a function of mean life (53% for 3.7 fs) is flattening off above ∼ 4 fs.
Therefore we could only give a lower limit for the mean life of πK-atoms. Instead we used in 2008-9-
10 a Ni-target which produces fewer atoms but for which the dependence between breakup probability
and mean life is described by a steeper function, thus allowing a more accurate measurement of the
mean life.

The final analysis of the 2008 – 2010 data is in progress. Due to a slow degradation of the light (n
= 1.008) aerogel with time (probably due to humidity), we could only use the n = 1.015 aerogel and
had therefore to restrict the maximum kaon momentum to 5.5 GeV/c, thus unfortunately reducing
statistics. Also, a recalibration of the preshower detector (Psh) is required to suppress background
from electron-positron pairs which is significant in the new data. Data taking for the DIRAC experi-
ment will be completed in autumn 2012.
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PoS (BEAUTY 2011) 003

8. The Alignment of the CMS Silicon Tracker
E. Aguiló
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