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The Compact Muon Solenoid (CMS) experiment at the
Large Hadron Collider (LHC) participates in one of the
most challenging scientific endeavours, the search for the
Higgs boson and other elementary particles. In 2012 the
CMS experiment has significantly increased the size of
the collected datasets, reaching a delivered integrated lu-
minosity of 23.3 fb~! at the center-of-mass energy /s =
8 TeV, as shown in Fig. 12.1. The samples delivered in
2011 and 2010 at /s = 7 TeV correspond to an integrated
luminosity of 6.1 fb~! and 44.2 pb~1, respectively. The
LHC concluded the first three-year running period on
February 14, 2013 and entered a two-year shutdown pe-
riod (Long Shutdown 1, LS1). Proton beams colliding at
the center-of-mass energy of 13 TeV are expected in early
2015.

2012 was a very productive year for CMS, with over
hundred articles published in refereed journals. The
year constitutes a real milestone for particle physics with
the discovery of a Higgs-like boson in July by ATLAS
and CMS. In this period, several members of our group
played important coordination roles within the collabo-
ration. One of us (V. C.) co-chaired the B-physics analy-
sis group, that has so far released eighteen journal articles
on quarkonium, b hadron decays and b-quark production
measurements. H. S. convened the pixel calibration and
reconstruction group and S. d.V. coordinated the simula-
tion efforts in the standard model (SM) physics group.

In this report we describe the recent contributions
of our group to the CMS experiment in the field of
Higgs boson searches, measurements of SM processes
and heavy flavour physics. In early 2012 we observed
a new usb-baryon (the first new particle observed by
CMS before the Higgs discovery) decaying into &, 71",
followed by B, — J/¢ &=, with J/¢p — pFu~ and
&7 — Am, A — 7w p. We observed 29 candidates
(with a background of 6.6 & 2.6) and obtained a mass
of 5944.9 £ 2.8 MeV. This state is 154 MeV heavier than
the spin 1/2 E;". According to theoretical models this
would be the Z;% with spin % Details can be found
in a recent CMS publication [1] and in our previous
(2011) annual report. Furthermore, we discuss the per-
formance studies done on the pixel detector, the inner-
most component of the CMS experiment. This detector
was developed and commissioned by our group in col-
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F1G. 12.1 — Cumulative luminosity delivered to CMS for p-p
collisions during the three years of operation.

CMS Preliminary Vs=7TeV,L=5.1f";Vs=8TeV,L=19.6fb"
T T

35 LI T T L LI LI | LI |
I Y
o 30F Bz -
~ L .
£ - [Nz'zz ]
o 5C ]
z f [ |m,=126 GeV]

201 -

15[ -

10F :

Si

|

0 80 100 120 140 160 180

m,, [GeV]

FiG. 12.2 — Distribution of the four-lepton reconstructed
mass for the sum of the 4e, 4y, and 2e + 2y channels. Mea-
sured data are compared with predictions for background
and the signal for a Higgs boson at 126 GeV.
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laboration with PSI and ETH Zurich. It allows the precise
reconstruction of charged particle tracks as well as the
identification the primary collision vertex and secondary
vertices from long-lived particles. This device is crucial
for our research using b-quarks and tau-leptons.

[1] CMS Collaboration,
252002.

Phys. Rev. Lett. 108 (2012)

12.1 Higgs boson searches in tau pairs

On July 4, 2012 the CMS and ATLAS collaborations an-
nounced the observation of a Higgs-like resonance with
a mass of about 126 GeV [1, 2]. The resonance was ob-
served with significance larger than three standard devia-
tions in decays to pairs of vector bosons, such as WHW—,
Z7Z, and 7. The analysis of all the data collected until
the end of 2012 further consolidated the evidence for a
new particle. Figure 12.2 shows the invariant mass dis-
tribution of ZZ candidates with decaying into four lep-
tons from the combined analysis of the complete 2011
and 2012 datasets [3]. A clear excess is observed slightly
above 120 GeV with a local significance of about 7 stan-
dard deviations. The mass determined from a combi-
nation of the three leptonic channels (4e, 4y, 2e 4 2u)
is 125.8 + 0.4(stat.)£0.2(syst.) GeV. The signal strength
modifiers associated with the vector bosons and fermions
in production were found to be consistent with the SM ex-
pectations. The spin-parity of the boson was also studied
and the pure scalar hypothesis ( JP = 0%) was found to
be consistent with the observation when compared to six
other spin-parity hypotheses [3, 4].

In the fermionic decay channels, such as 7t77 and
bb, the observed excess with respect to background ex-
pectation is below three standard deviations. Of par-
ticular interest is the decay mode into two tau leptons,
which is expected to have the second largest branching
ratio for a mass of 126 GeV, with relatively small back-
ground. Among the possible production modes and final
states our group focused on the associate production of
a Higgs boson and a Z or W boson [5]. While this pro-
duction mode has a lower cross section than the direct
production, it has a smaller background and may allow a
better measurement of the Higgs coupling constant with
the tau leptons in the future.

Three- and four-lepton events were used to search
for Higgs bosons produced in association with vector
bosons, with the leptonic decay of the W boson (WH)
or Z boson (ZH), respectively. The search for WH pro-
duction was performed in three-lepton final states. Two
final states with two light leptons and a hadronic tau
decay, eut; and uut,, and two final states with one
lepton and two hadronic tau decays, 1,7, and 7,1,
were considered. The resulting invariant mass dis-
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Fi1c. 12.3 — Observed and expected Higgs boson candi-
date mass spectra in the channels with two leptons and
a hadronic tau decay. The expected contribution from the
associated production of a SM Higgs boson with mass of
125 GeV is shown by the dashed line.
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F1G. 12.4 — Observed and expected p-value 1 — CL,, and
the corresponding significance in number of standard devi-
ations for the combination of Higgs boson searches in tau
pairs.

tribution of the event candidates with two light leptons
and a hadronic tau decay is shown in Fig. 12.3. The search
for ZH production was performed in four-lepton events



with a pair of electrons or muons consistent with the de-
cay of a Z boson, and a Higgs boson candidate with one
of the following final states: ey, et), pty, or 7, 7,. In all
channels the data were found to be compatible with both
the background-only prediction and the presence of a SM
Higgs boson.

The results of this analysis were combined with the in-
clusive Higgs boson search in tau decays. In this analysis
the tau-lepton pair invariant-mass spectrum was studied
in five different final states corresponding to the decay
modes of the two tau leptons. After the combination an
excess of events was observed over a broad mass range,
with a maximum local significance of 2.9 standard devi-
ations at a mass of 120 GeV, as shown in Fig. 12.4. This
excess is compatible with the presence of a SM Higgs bo-
son of mass 125.8 GeV, for which the local significance is
2.85 ¢. This is an indication that the new boson discov-
ered on July 4, 2012 couples to T leptons, with a strength
compatible to the one predicted by the SM.

Our group also had a strong involvement in the val-
idation and data quality monitoring (DQM) of tau lep-
ton identification in CMS. The DQM system provides
basic information on the collected data once the events
are reconstructed. This information is used to establish
whether a given period of data taking is suitable for fur-
ther analysis or not, and to check the functionality of the
event reconstruction algorithms. In 2012 our group has
implemented the necessary DOM software for the tau
identification and further improved it following the feed-
back collected during data taking operations.

[1] S. Chatrchyan et al. [CMS Collaboration],
Phys. Lett. B 716 (2012) 30.

[2] G. Aad et al. [ATLAS Collaboration],
Phys. Lett. B 716 (2012) 1.

[3] S. Chatrchyan et al. [CMS Collaboration],
CMS-PAS-HIG-13-002.

[4] S. Chatrchyan et al. [CMS Collaboration],
Phys. Rev. Lett. 110 (2013) 081803.

[5] S. Chatrchyan et al. [CMS Collaboration],
CMS-PAS-HIG-12-053.

12.2 Angular correlations of b hadrons in association
with a Z boson

The production of b-quark pairs in association with Z
bosons is the main SM background to the Higgs boson
searches in b-quark decays and other searches for new
physics. Monte Carlo (MC) simulations of this process
have been performed assuming massive or massless b
quarks, usually referred as four- and five-flavor calcula-
tion schemes, respectively. The validation of the different

calculation techniques is of great importance for the cor-
rect background estimates in future searches.

Our group performed the measurement of the total
cross section and angular correlations of b hadrons pro-
duced in this process, using a data sample corresponding
to an integrated luminosity of 5 fb ! at the center-of-mass
energy of 7 TeV [1, 2]. Four variables were considered to
describe the angular correlations of the final-state parti-
cles:

- the three-dimensional and transverse angular separa-
tion between the b hadrons (ARpg and A¢pp), sensitive
to the pp — Z + bb production mechanism,

- the three-dimensional angle between the Z boson mo-
mentum and the closest B hadron (minARyg), and

- the asymmetry between the Z boson momentum and
the b-hadron system, which are affected by the addi-
tional parton radiation.

The cross sections are evaluated in several regions of the
Z boson transverse momentum, pr. The total cross sec-
tion as a function of the Z pr was also measured.

Events containing a Z boson decay were selected by
requiring the presence of two isolated leptons — muons
or electrons — with opposite charge, high pr, and invari-
ant mass in the Z boson mass range. B hadrons were iden-
tified through the displaced vertices from their decays,
using the inclusive vertex finder (IVF) technique. The IVF
algorithm is independent from jet reconstruction, hence it
does not suffer from the geometrical limitations due to the
jet cone size and can access collinear b hadron production.
Only events with two reconstructed B hadron candidates
with pr > 8 GeV and pseudorapidity || < 2.0 were re-
tained. Additional requirements were imposed on the de-
cay vertex invariant mass and decay length to reduce the
contamination from charm quark decays.

The differential cross section as a function of ARgg and
the total cross section for different requirements on the
Z boson pt are shown in Fig. 12.5 and Fig. 12.6, respec-
tively. The measurements are compared to the tree-level
predictions by MADGRAPH MC, in the four- and five-
flavour calculation schemes. The four-flavour predictions
provide the best description of the measured data.

In parallel with the data analysis we have also worked
on improving the simulation of this process with MAD-
GRAPH 5. In particular, we have optimised the four-
flavour jet matching technique, which is relevant for pro-
cesses with one or more massive quarks emitted from the
initial or final state radiation, such as Z +bb, W + bb,
t(W)/b, and H+bb. The new MAD GRAPH release
is expected to be an important improvement for future
searches.
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Differential cross section for pp — Zbb as a function of
the three-dimensional angle between the b hadrons, ARpg.
Measured data are compared with MADGRAPH MC pre-
dictions for the four- and five-flavor schemes.
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Fic. 12.6 — Total pp — Zbb production cross section as a
function of the minimum Z boson pr.

[1] S. Chatrchyan et al. [CMS Collaboration], CMS-PAS-
EWK-11-015.

[2] C. Favaro, PhD-thesis, Universitit Ziirich (in prepara-
tion)
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12.3 Polarization of the A, baryon

Polarization studies in b baryon decays provide impor-
tant information on heavy quark decay dynamics [1].
We performed a measurement of the A; polarization in
pp collisions at 7 TeV using the decay sequence A, —
J/¥(— uTu~)A(— pr~) [2]. From a sample of 5 fb~! of
integrated luminosity we obtained ~1800 reconstructed
Ay and Ay candidates (the Aj decaying into the charge
conjugated particles). The (J/#)A invariant mass distri-
bution shows a pronounced peak on top of a ~ 10% con-
tinuous background.

The analysis exploits the angular correlations between
the daughter particles. The physics parameters (such
as polarization and analyzing power) are extracted by a
multi-dimensional likelihood fit to the angular distribu-
tions. Three angular distributions are employed: cos0,,
cos 6y and cos 6, where 0, 6, and 6, are the polar angles
of the A, the proton and the ™ in the rest frames of A;, A
and J/¢, respectively, as shown in Fig. 12.7. The distor-
tions of the angular distributions caused by the geometri-
cal acceptance of the detector and the event selection are
determined by Monte Carlo simulation. The contribution
from background is determined with data events in the
sidebands of the A, mass peak. For a better separation
of signal and background the mass distribution is also in-
cluded in the fit. Note that the polarizations of the A,
and A, are not necessarily equal since their production
mechanisms are not identical. Each step of the analysis is
therefore performed independently for A, and A,.

Figure 12.8 shows the measured angular and mass dis-
tributions together with the fits for A;, candidates. Sim-
ilar fits are also performed for the antiparticles. The fit
is performed on events within the mass peaks. Our pre-
liminary results show that both A, and A, are produced
with polarizations smaller than 10%. We find for the po-
larizations of the A, and Ay, Py, = 0.03 £0.09 £+ 0.02
and P;, = 0.02+0.08 £ 0.05, respectively, where

F1G. 12.7 — Definitions of the reference frames and angles
used in the Ay polarization analysis.
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a) Angular distribution of the A in the A rest frame; b) angular distribution of the proton in the A rest frame;

c) angular distribution of the muon in the J/¢ rest frame; d) mass distribution in the A region.

The black dots represent the measured data. The lines show the results from a multi-dimensional likelihood fit: total fit
(solid blue), signal folded with efficiency (dashed red) and background contribution (dashed blue).

the first uncertainty is statistical and the second system-
atic. These results are compatible with expectations from
perturbative QCD which predict polarization not exceed-
ing 10% in high energy pp collisions [3]. Our results agree
with a recent measurement from LHCb which, however,
does not distinguish between Aj, and Ay, [4].

[1] M. Krémer and H. Simma, Nucl. Phys. B 50 (1996) 125

[2] M. lvova Rikova, PhD-thesis, Universitdt Ziirich (Sub-
mission in June 2013)

[3] G. Hiller et al., Phys. Lett. B 649 (2007) 15
[4] LHCb Collaboration, arXiv:1302.5578 (2013)

12.4 Lifetime of the Bs meson

Our analysis focuses on the study of the Bs meson de-
caying into (J/¢)¢, where |/ decays into two muons

of opposite charges, and ¢(1020) into two kaons of oppo-
site charges (Bs — J/¢ [— utu~] ¢[— KTK™]) [1]. We
are measuring the width difference Al's =I'; - T'y of the
two CP-eigenstates of the Bs-meson, By, (CP = +1) and
By (CP = —1). AT is positive [2] and the CP-violating
phase ¢ is set to zero. This phase has been measured [3],
¢s = 0.07 £0.09, and is indeed predicted to be small in
the SM, ¢s = —0.036 = 0.002.

Since the Bs meson is pseudoscalar and the |/ and
$(1020) are vectors, the orbital angular momentum of the
two decay products is L = 0, 1, or 2. For L even we have
thus CP = +1 (By), for L odd CP = —1 (By). Hence
the angular correlations between the decay products are
different for the two states [4, 5].
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F1G. 12.9 — Invariant mass distribution of the Bg candidates
(see legend).

The following cuts are applied to select the Bs —
(J/¢)¢ candidates:

- Two muons emerge from a secondary vertex as ex-

pected from a | /1 decay.

Their invariant mass is equal to the /¢ mass within
+150 MeV/c?.

Their transverse momentum is larger than 7 GeV /c.

The transverse momentum of the kaon pair is larger
than 0.7 GeV/c.

- Their invariant mass is equal to the ¢(1020) mass
within £5 MeV/c?.
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F1G. 12.10 — Projection of the proper decay length from the
5D maximum likelihood fit (see legend).

The selected events show a pronounced peak of 19200 Bs
events in the By invariant mass distribution, as shown in
Fig 12.9.

The likelihood analysis is based on probability den-
sity functions (PDF) for signal and background. The sig-
nal PDF is from a theoretical model that includes the fit
parameters [4, 5]. The background PDF is parameterized
with an empirical model. A one-dimensional mass fit is
performed first on the Bs candidates between 5.24 and
5.49 GeV. The sidebands are then fitted with the empirical
model. In the final step the full likelihood fit is performed.
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TAB. 12.1 -

Measurements of I's and ATl's from Bs — (J/¢)¢ at the
LHC. The SM prediction is AI's = 0.147(60) x I's =
0.097(39) ps~ 1.

Experiment Ts [ps_l] AT [ps_l]
CMS [6] 0.655(10) 0.048(24)
ATLAS [7] 0.677(8) 0.053(23)
LHCb [3] 0.663(8) 0.100(17)

Figure 12.9 and 12.10 show the fits on the invariant
mass and the lifetime distributions, respectively. Fig-
ure 12.11 shows the angular distributions. The angles 0
and ¢ denote the flight direction (polar and azimuthal
angles) of the u in the ]/ rest frame. The angle ¥ is
the polar angle of the K™ in the rest frame of the ¢(1020)
with respect to the negative Bg flight direction [1]. From
the 19200 candidates we find 14 310 & 138 B, events, lead-
ing to a mean mass of 5366.8 £ 0.1 MeV [6]. We also ob-
tain ATs = 0.048 + 0.024 (stat.) +0.003 (syst.) ps~!, and
T, = 1.528 +0.020 (stat.) = 0.010 (syst.) ps. Our mea-
surements are compared with the ATLAS and LHCb re-
sults in Table 12.1, where the systematic and statistical un-
certainties are added in quadrature. The LHC results are
in good agreement with predictions from the SM.

[1] B. Millan Mejias, PhD-thesis, Universitat Ziirich
(Submission in June 2013)

[2] LHCb Collaboration,
Phys. Rev. Lett. 108 (2012) 241801

[3] LHCb Collaboration, arXiv:1304.2600 (2013)

[4] A.S. Dighe, I. Dunietz and R. Fleischer,
Eur. Phys. J. C6 (1999) 647

[5] I. Dunietz, R. Fleischer and U. Nierste,
Phys. Rev. D63 (2001) 114015

[6] S. Chatrchyan et al. [CMS Collaboration],
CMS PAS BPH-11-006.

[7] ATLAS Collaboration, arXiv: 1208.0572 (2013)

12.5 Studies of pixel detector performance and im-
provements to the hit reconstruction

The CMS pixel detector is the innermost tracking device
of the CMS experiment, providing charged particle tra-
jectories and production vertices. It includes three cylin-
drical layers in the barrel region and four end cap disks,
two at each side of the barrel. The three layers are located
at 4.4, 7.3, and 10.2 cm from the beam axis. Due to the
short distance to the interaction region the detector oper-
ates in a very harsh environment characterised by a high
radiation dose. The current pixel detector must operate
until the second LHC long shutdown, foreseen in 2017.
A detailed study of its current performance and the com-

parison with the detector simulations are required for the
optimal continuation of the physics program.

The pixel detector plays a key role in the reconstruc-
tion of charged particles in CMS. A particle passing
through the silicon sensors deposes charge and activates
"clusters" of consecutive pixels above the readout thresh-
old. The cluster shape and the deposited charge is used
by the reconstruction algorithms to determine the track
incident point and its uncertainties. Since the hit detec-
tion efficiency was found to be dependent on the instan-
taneous luminosity, our group has studied the depen-
dence of the cluster size and charge. The instantaneous
luminosity was about 7 x 10% cm~2s~! at the beginning
of a data taking run and decreased of a factor 3 before
beams were dumped and new beams were injected in the
accelerator. To simulate the varying conditions, we di-
vided the analysed run into 20 subsamples corresponding
to different instantaneous luminosities and for each sub-
sample we have simulated a dedicated MC sample using
the corresponding distribution of simultaneous collisions
extracted from measured data. While no significant de-
pendence of the cluster size was observed on the instanta-
neous luminosity, the collected charge shows interesting
features.

The average cluster charge increases with the dis-
tance from the interaction point as expected from the
decreasing irradiation dose. The difference in collected
charge between layers can be as large as 11%. Further-
more, we observed a dependence of the cluster charge on
the instantaneous luminosity. The most probable value
(MPV) of the cluster charge distribution was measured as
function of the instantaneous luminosity fitting the data
with a Landau convoluted with a Gaussian, as shown in
Fig. 12.12. The effect is most prominent in the innermost
layer, where the MPV was found to decrease by about 6%
within a data taking run. The effect is currently attributed
to the operating temperature of the pixel readout elec-
tronics, which is expected to be higher at larger particle
occupancies. Further studies of the charge collection are
currently in progress.

When two charged particles traverse the sensitive ma-
terial in close proximity, the clusters overlap and merge
into one larger cluster. In the innermost layer of the pixel
detector this effect occurs if the opening angle between
the two particle trajectories is below 5 mrad. For a typi-
cal three-prong T decay this corresponds to a transverse
momentum of about 150 GeV. The merging of clusters
deteriorates the measurement of the particle trajectories
through the tracking volume and the reconstruction of
the 7 lepton and of the b-quark jets.

We have shown that merged clusters can be identi-
fied by calculating the charge deposited in the cluster
corrected for the incident angle of the trajectory. The in-
cident angle is determined assuming a straight line from
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the vertex in the event with the highest summed trans-
verse momentum. This hypothesis works well for the
high momentum tracks that are usually associated to the
origin of merged clusters. Two template clusters are fit
to the identified merged cluster and replace the merged
cluster for the subsequent tracking algorithms.

We have recently tested the algorithm both on simu-
lated collision events and on data. Figure 12.13 shows
the track reconstruction efficiency in a sample of boosted
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Track reconstruction efficiency for boosted top events with
and without the pixel hit splitting technique.

top quark pairs. The default tracking algorithm (black)
is compared to the ideal scenario without cluster merg-
ing (red) and to the cluster splitting algorithm (blue).
Clear improvement is observed for the high transverse-
momentum tracks. For tracks with pr > 10 GeV the ef-
ficiency enhancement can be up to 5%. We are currently
finalising the implementation of the new algorithm in the
CMS reconstruction software and we plan to utilise it in
several physics analyses.



