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Charm	
  measurements	
  in	
  ALICE	
  
•  Charm	
  mesons	
  are	
  measured	
  in	
  the	
  decay	
  channel	
  

–  D0,	
  D+,	
  D*+,	
  Ds	
  

	
  
•  The	
  mean	
  proper	
  length	
  cτ	
  :	
  

–  	
  D0	
  :	
  	
  123µm	
  	
  
–  D+	
  :	
  312	
  µm	
  
–  Ds	
  :	
  150	
  µm	
  
	
  

•  Their	
  decay	
  secondary	
  verHces	
  are	
  displaced	
  by	
  a	
  few	
  hundred	
  µm	
  from	
  the	
  primary	
  
vertex	
  of	
  the	
  pp	
  interacHon.	
  

•  To	
  remove	
  the	
  large	
  combinatorial	
  background,	
  these	
  secondary	
  vertex	
  are	
  
reconstructed	
  and	
  selected.	
  

•  In	
  the	
  D∗+	
  →	
  D0π+	
  case,	
  the	
  decay	
  vertex	
  cannot	
  be	
  resolved	
  from	
  the	
  primary	
  vertex.	
  

•  The	
  idenHficaHon	
  of	
  the	
  charged	
  kaons	
  in	
  the	
  TPC	
  and	
  TOF	
  detectors	
  provides	
  addiHonal	
  
background	
  rejecHon	
  in	
  the	
  low-­‐momentum	
  region.	
  

•  An	
  invariant	
  mass	
  analysis	
  was	
  used	
  to	
  extract	
  the	
  signal	
  yield.	
  	
  

•  In	
  D∗+	
  →	
  D0π+	
  case,	
  	
  topological	
  selecHons	
  are	
  applied	
  on	
  the	
  D0	
  together	
  with	
  the	
  sharp	
  
peak	
  in	
  the	
  difference	
  between	
  the	
  invariant	
  mass	
  of	
  the	
  three	
  final	
  state	
  hadrons	
  and	
  
that	
  of	
  the	
  two	
  D0	
  decay	
  prongs.	
  Given	
  that	
  the	
  mass	
  difference	
  ∆m	
  =	
  mD∗+	
  −	
  mD0	
  ≈	
  
145.4	
  MeV/c2.	
  	
  

Charm	
  
D0:	
  

e+	
  anything	
  :	
  6.49	
  %	
  
μ+	
  anything	
  :	
  6.7	
  %	
  
K-­‐	
  π+	
  :	
  3.88	
  %	
  
Ks0	
  π0	
  :	
  1.19	
  %	
  

D+	
  :	
  	
  
e+	
  anything	
  :	
  16.07	
  %	
  
μ+	
  anything	
  :	
  17.6	
  %	
  
K0bar	
  	
  e+	
  νe	
  :	
  8.83	
  %	
  	
  
K-­‐	
  π+	
  π+	
  :	
  9.13	
  %	
  
K0	
  π+	
  :	
  1.46	
  %	
  

D+
s	
  :	
  

e+	
  anything	
  :	
  6.5	
  %	
  
K+	
  k0s	
  :	
  	
  1.49	
  %	
  
K+	
  k0bar	
  :	
  2.29%	
  
φπ+àK+	
  K-­‐	
  π+	
  :	
  2.28	
  %	
  
	
  

D*+	
  :	
  	
  
	
   	
  D0	
  	
  π+	
  :	
  67.7	
  %	
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Fig. 32: Distribution of the energy loss signal in the ITS as a function of momentum. Both the energy loss and
momentum were measured by the ITS alone.

where β is the particle velocity, γ the relativistic factor, and P1−5 are fit parameters. Figure 33 shows the768

measured dE/dx vs. particle momentum where a clear separation between the different particle species is769

visible. The lines correspond to the parametrization. While at low momenta (p! 1 GeV/c) particles can770

be identified on a track-by-track basis, at higher momenta particles can still be separated on a statistical771

basis via multi-Gaussian fits.
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Fig. 33: Specific energy loss (dE/dx) in the TPC vs. particle momentum in Pb–Pb collisions at √sNN =2.76 TeV.
The lines show the parametrizations of the expected mean energy loss.

772

In the relativistic rise region, the dE/dx shows a nearly constant separation for the different particle773

species over a wide range in momentum. Due to the dE/dx resolution of about 5.2% in pp collisions774

and 6.5% in the 0–5% most central Pb–Pb collisions, particle ratios can be measured at a pT of up775

to 20 GeV/c [41]. The main limitation at the moment is statistical precision, so it is expected that the776

measurement can be extended up to ∼ 50 GeV/c in future.777
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Fig. 37: Distribution of β as measured by the TOF detector as a function of momentum for particles reaching the
TOF in Pb–Pb interactions.

be studied by selecting tracks identified as pions from the TPC in a given narrow momentum interval816

and comparing the time of flight measured by the TOF with that expected from the reconstruction for817

a given mass hypothesis. Such a plot is shown in Fig. 39. The origin of the non-Gaussian tails on the818

right-hand side is currently under investigation. The tails are properly accounted for in the computation819

of the Bayesian probability for a given mass hypothesis.820

At higher pT, a fit of multiple Gaussian peaks is used to separate the particle species using the TOF821

signal. To illustrate this, Fig. 40 shows, for tracks with 1.5 < pT < 1.6 GeV/c, the difference between822

the measured TOF and the TOF expected for kaons, together with a template fit to the pion, kaon and823

proton peaks and the combinatorial background from mismatched tracks.824
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Fig. 38: Distribution of β as measured by the TOF detector as a function of momentum for particles reaching the
TOF in p–Pb interactions. The background of mismatched tracks is lower than in Pb–Pb.
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as
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Figure 2: Invariant mass distributions for D0 (top) and D+ (middle) candidates, and mass difference distribution
for D∗+ candidates (bottom), for three pt intervals. The curves show the fit functions as described in the text. The
values of mean (µ) and width (σ ) of the signal peak are reported (for D0 and D+ they are expressed in GeV/c2).

The D∗+ candidates were filtered by applying kinematical selections on the final decay products and cuts
on the topology of the D0 decay. The single track minimum transverse momentum was set to 0.4 GeV/c
for the D0 decay tracks and 80 MeV/c for the soft pion track. The variables used to select the topology
of the D0 decay are the same as for the D0 analysis described above. However, a selection with higher
efficiency could be applied in this case, because the background in the region around ∆m≈ 145 MeV/c2,
which is close to the phase space boundary, is much lower than that around the D0 mass. In particular,
for D∗+ candidates with pt > 6 GeV/c, the topological cuts could be opened so as to select about 90%
of the signal passing single track cuts.

The particle identification selection used the specific energy deposit and the time-of-flight from the
TPC and TOF detectors, respectively. In order to assign the kaon or pion mass to the decay tracks,
compatibility cuts were applied to the difference between the measured and expected signals. For both
dE/dx and time-of-flight, a 3σ compatibility cut was used. Tracks without a TOF signal were identified
using only the TPC information, and tracks with incompatible TOF and TPC indications were treated as
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Figure 1: Invariant mass distributions for D+
s candidates and charge conjugates in the four considered pT intervals.

The fit functions described in the text are also shown. The values of mean (µ) and width (σ ) of the signal peak are
reported together with the signal counts (S) integrated in ±3σ around the centroid of the Gaussian.

shown in Fig. 1. The fitting function consists of a sum of a Gaussian and an exponential function to
describe the signal and the background, respectively. For all pT intervals, the invariant mass range
used for the fit was 1.88 < Minv

KKπ < 2.16 GeV/c2, chosen in order to exclude the region where the
background shape is affected by D+ → K−K+π+ decays (BR=0.265% [52]) that give rise to a bump at
the D+ invariant mass (1.870 GeV/c2 [52]). The mean values of the Gaussian functions in all transverse
momentum intervals were found to be compatible within the uncertainties with the PDG world average
for the D+

s mass. The Gaussian widths are well reproduced in Monte Carlo simulations. The raw
yield ND±

s raw (sum of particles and antiparticles) was defined as the integral of the Gaussian. The
values of ND±

s raw are reported in Table 1 for the different pT intervals, together with the signal-over-
background (S/B) ratios and the statistical significance, S/

√
S+B. For the latter two quantities, signal

(S) and background (B) were evaluated by integrating the fit functions in ±3σ around the centroid of the
Gaussian.

4 Corrections

In order to obtain the pT-differential cross section for prompt (i.e. not coming from weak decays
of beauty mesons) D±

s mesons, the raw yields obtained from the invariant mass analysis (ND±
s raw)

were corrected for the experimental acceptance, the reconstruction and selection efficiency, and for the
contribution to the D+

s measured yield from B meson decay feed-down. The production cross section of
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Figure 5: (colour online) pt-differential inclusive cross section for prompt D0, D+, and D∗+ mesons in pp
collisions at

√
s = 7 TeV compared with FONLL [1, 30] and GM-VFNS [9, 31] theoretical predictions. The

symbols are positioned horizontally at the centre of each pt interval. The normalization uncertainty is not shown
(3.5% from the minimum-bias cross section plus the branching ratio uncertainties, as of Table 2).

theoretical predictions, it is not possible to draw conclusions about small-x gluon saturation effects (see
section 1).

The pt-integrated visible cross sections, σ vis(pt > 1 GeV/c, |y| < 0.5), for the three mesons were
extrapolated down to pt = 0 to estimate the production cross sections per unit of rapidity dσ/dy at
mid-rapidity. The extrapolation factor was computed from the FONLL calculation [1, 27] as the ratio
(dσFONLL/dy)/σ visFONLL and it amounts to 1.25

+0.29
−0.09 for D0 and D+, and 1.21+0.29−0.08 for D∗+, for the central

values of the calculation. Its uncertainty was obtained as a quadratic sum of the uncertainties from
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Figure 3: (colour online) pT-differential inclusive cross section for prompt D+
s meson production in pp collisions

at
√
s= 7 TeV. The symbols are positioned horizontally at the centre of each pT interval. The horizontal error bars

represent the pT interval width. The normalization uncertainty (3.5% from the minimum-bias cross section and
5.3% from the branching ratio uncertainties) is not shown. Theoretical predictions from GM-VFNS [6] and from
kT-factorization at LO [16, 60] are also shown.

The central value of the GM-VFNS prediction corresponds to the default values of the renormalization
(µR) and factorization (µI and µF for initial- and final-state singularities, respectively) scales, i.e. µR =

µI = µF = mT, where mT =
√

p2T+m2c, with mc = 1.5 GeV/c2. The theoretical uncertainties are
determined by varying the values of the renormalization and factorization scales by a factor of two
up and down with the constraint that any ratio of the scale parameters should be smaller than or equal to
two [6]. The central value of the GM-VFNS prediction is higher than the measured point by ≈ 50% in
the first pT interval, while in the other intervals it agrees with the data within ≈ 15%. For D0, D+ and
D∗+ mesons measured by ALICE at the same pp collision energy [3], the central value of the GM-VFNS
predictions was found to lie systematically above the data. As mentioned in Section 1, predictions for the
D+
s production cross section within the FONLL framework are not available, due to the poor knowledge

of the fragmentation function for charm-strange mesons.

The prediction from [16, 60] is obtained in the framework of kT-factorization at LO using Kimber-
Martin-Ryskin (KMR) unintegrated gluon distributions in the proton. The measured D+

s cross section is
described by the upper limit of the theoretical uncertainty band.

The ratios of the pT-differential cross sections of D+ and D∗+ to that of D0, taken from [3], are shown in
the top panels of Fig. 4. In the bottom panels of the same figure, the ratios of the D+

s cross section
to the D0 and D+ ones are displayed. In the evaluation of the systematic uncertainties on the D
meson ratios, the sources of correlated and uncorrelated systematic effects were treated separately. In
particular, the contributions of the yield extraction, cut efficiency and PID selection were considered
as uncorrelated and summed in quadrature. The systematic uncertainty on the B feed-down subtraction,
being completely correlated, was estimated from the spread of the cross section ratios obtained by varying
the factorization and renormalization scales and the heavy quark mass in FONLL coherently for all
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charm mass and perturbative scales, varied within the aforementioned ranges1, and from the CTEQ6.6
PDF sets [32]. The cross sections for the three mesons are:

dσD
0
/dy= 516±41(stat.)+ 69

−175(syst.)±18(lumi.)±7(BR)
+120
− 37(extr.) µb,

dσD+
/dy = 248±30(stat.)+52−92(syst.)±9(lumi.)±5(BR)

+57
−18(extr.) µb,

dσD
∗+
/dy= 247±27(stat.)+36−81(syst.)±9(lumi.)±4(BR)

+57
−16(extr.) µb.

5 Summary

We have presented the measurement by the ALICE Collaboration of the inclusive differential production
cross sections of prompt D mesons at central rapidity, in pp collisions at

√
s = 7 TeV within 1 < pt <

24 GeV/c. D mesons were reconstructed in the decay channels D0 → K−π+, D+ → K−π+π+, and
D∗+ → D0π+, and their charge conjugates.

The pt-differential cross sections are reproduced within uncertainties by theoretical predictions based on
perturbative QCD, FONLL [30] and GM-VFNS [31]. More in detail, the data tend to be higher than the
central value of the FONLL predictions, as it was observed also at lower collision energies, at RHIC and
at the Tevatron [7, 10, 11]. For GM-VFNS, instead, the data lie on the lower side of the predictions, at
variance with the case of Tevatron energy [7, 9], indicating that the energy dependence is steeper in this
model than in data. Our results, together with existing measurements at lower energies, can contribute to
a better understanding of charm production in pQCD.

Furthermore, the measurements that we have presented open new possibilities to test PDF dynamics,
in the regime of parton fractional momentum below x ∼ 10−4 and squared momentum transfer down
to Q2 ∼ (4 GeV)2, where the onset of gluon PDF saturation effects has been conjectured [12]. Within
the uncertainties of the data and of the theoretical predictions, the framework of factorized QCD cal-
culations provides a reasonable description of the data points down to the lowest measured transverse
momentum. However, accurate calculations incorporating saturation effects are needed in order to draw
firm conclusions on their relevance for low-momentum charm production at LHC energies.
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The production cross section per unit of rapidity, dσ/dy, at mid-rapidity was computed by extrapolating
the visible cross section to the full pT range. The extrapolation factor was extracted from the FONLL-
based predictions for the D+

s pT-differential cross section described in Section 5. The extrapolation
factor was taken as the ratio between the total D+

s production cross section in |y| < 0.5 and the cross
section integrated in |y|< 0.5 and in the pT range where the experimental measurement is performed. In
particular, the central value of the extrapolation factor was computed from the prediction based on the
pT-differential cross section of c quarks from FONLL, the fractions f (c→ D) from ALEPH [23], and the
fragmentation functions from [57] with r= 0.1. The uncertainty on the extrapolation factor was obtained
as a quadratic sum of the uncertainties from charm mass and perturbative scales, varied in the ranges
described above, and from the CTEQ6.6 parton distribution functions [67]. Furthermore, to account for
the uncertainty on the D+

s fragmentation function, the extrapolation factors and their uncertainties were
also computed using the FONLL predictions for D0, D+ and D∗+ mesons and the envelope of the results
was assigned as systematic uncertainty. The resulting value for the extrapolation factor is 2.23+0.71−0.65. The
prompt D+

s production cross section per unit of rapidity in |y|< 0.5 is then

dσD
+
s /dy = 118±28(stat.)+28−34(syst.)±4(lumi.)±6(BR)

+38
−35(extr.) µb.

The D meson production ratios were computed from the cross sections per unit of rapidity, dσ/dy.
The corresponding values for D0, D+ and D∗+ from [3] were corrected to account for the updated
value of the pp minimum-bias cross section. The systematic uncertainties on the ratios were computed
taking into account the correlated and uncorrelated sources as described above. The resulting values
are reported in Table 4 and shown in the left-hand panel of Fig. 5 together with the results by other
experiments that measured prompt charm production: LHCb [17], e+e− data (taken from the compilation
in [68]), and ep data in photoproduction from ZEUS [29] and DIS from H1 [22]. The error bars are the
quadratic sum of statistical and systematic uncertainties and do not include the uncertainty on the decay
branching ratios, which are common to all experiments. The particle ratios for ZEUS and e+e− were
computed from the compilation of fragmentation fractions f (c→ D) published in [29] after updating
the branching ratios of the considered decay channels to the most recent values [52]. For the ZEUS
data, the systematic uncertainties were propagated to the particle ratios by properly taking into account
correlated and uncorrelated sources [69]. For the H1 data, the D meson ratios were computed starting
from the unconstrained values of f (c→ D) published in [22], taking into account the correlated part of
the systematic uncertainty and subtracting from the quoted ‘theoretical’ uncertainty the contribution due
to the decay branching ratio [70]. Also in this case, a correction was applied to account for the updates in
the branching ratios of the considered decay channels. The ALICE results are compatible with the other
measurements within uncertainties.

The values predicted by PYTHIA 6.4.21 with the Perugia-0 tune are also shown in the figure, as well as
those from a canonical implementation of the Statistical Hadronization Model (SHM) [71]. The values
from PYTHIAwere obtained by integrating the prompt D meson yields in the range |y|< 0.5 and pT > 0.
The SHM, which computes the hadron abundances assuming that particles originate from a hadron gas
in thermodynamical equilibrium, provides a good description of the measured hadron yields in heavy-
ion collisions at various energies and centralities [72], but it can also be applied to small systems like
pp [73, 74] and e+e− [75, 76]. The SHM results used for the present comparison were computed for
prompt D mesons, assuming a temperature T of 164 MeV and a volume V of 30±10 fm3 at the moment
of hadron decoupling. The dependence on temperature of the cross section ratios considered in this
analysis is rather small within the few MeV uncertainty on the value of T . To properly reproduce
the yield of strange particles in small systems, such as pp and e+e−, an additional parameter, the
fugacity [74], is usually introduced in the partition function to account for the deviation of strange
particle yields from their chemical equilibrium values. For the SHM predictions reported here, a value of
strangeness fugacity of 0.60±0.04, extrapolated from the results of a fit to particle yields in pp collisions
at

√
s = 200 GeV [77], was used. With these parameters, the SHM provides a good description of the
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Table 3: Production cross section in |y|< 0.5 for prompt D+
s mesons in pp collisions at

√
s= 7 TeV, in pT intervals.

The normalization uncertainty (3.5% from the minimum-bias cross section and 5.3% from the branching ratio) is
not included in the systematic uncertainties reported in the table. The average pT of D+

s mesons in each transverse
momentum interval is also reported.

pT interval ⟨pT⟩ dσ/dpT||y|<0.5 ± stat.± syst.
(GeV/c) (GeV/c) (µb GeV−1c)
2–4 2.7±0.4 19.9±6.1+5.8−6.7

4–6 4.7±0.1 5.06±1.03+1.3−1.5

6–8 6.8±0.1 1.02±0.28+0.27−0.30

8–12 9.4±0.1 0.28±0.06+0.08−0.10
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Figure 4: Ratios of D meson production cross sections as a function of pT. Predictions from FONLL, GM-VFNS
and PYTHIA 6.4.21 with the Perugia-0 tune are also shown. For FONLL and GM-VFNS the line shows the ratio
of the central values of the theoretical cross section, while the shaded area is defined by the ratios computed from
the upper and lower limits of the theoretical uncertainty band.

mesons. The uncertainty on the tracking efficiency cancels completely in the ratios between production
cross sections of mesons reconstructed from three-body decay channels (D+, D∗+ and D+

s ), while a 4%
systematic error was considered in the ratios involving the D0 mesons, which are reconstructed from
a two-particle final state. The D+

s /D0 and D+
s /D+ ratios were corrected for the different value of pp

minimum-bias cross section used in [3] and in this analysis 3.

3 The preliminary pp minimum-bias cross section value of 62.5 mb, used in [3], was updated to 62.2 mb.

•  FONLL	
  and	
  GM-­‐VFNS,	
  the	
  relaHve	
  abundances	
  of	
  
the	
  various	
  D	
  meson	
  species	
  are	
  not	
  predicted	
  by	
  
the	
  theory:	
  the	
  fragmentaHon	
  fracHons	
  f	
  (c	
  →	
  D)	
  
are	
  taken	
  from	
  experimental	
  measurements.	
  

	
  
•  On	
  the	
  other	
  hand,	
  the	
  different	
  fragmentaHon	
  

funcHons	
  used	
  to	
  model	
  the	
  transfer	
  of	
  energy	
  
from	
  the	
  charm	
  quark	
  to	
  a	
  specific	
  D	
  meson	
  
species	
  and	
  	
  from	
  the	
  different	
  contribuHon	
  from	
  
decays	
  of	
  higher	
  excited	
  states.	
  
•  Effects	
  pT	
  dependence	
  of	
  the	
  raHos	
  of	
  the	
  D	
  

meson	
  producHon	
  cross	
  secHons	
  

The	
  measured	
  D+/D0	
  and	
  D+s	
  /D+	
  raHos	
  do	
  not	
  show	
  a	
  
significant	
  pT	
  dependence	
  within	
  the	
  experimental	
  
uncertainHes.	
  
	
  	
  
SuggesHng	
  a	
  small	
  difference	
  between	
  the	
  fragmentaHon	
  
funcHons	
  of	
  c	
  quarks	
  to	
  strange	
  and	
  non-­‐strange	
  mesons.	
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Table 4: Ratios of the measured production cross section for prompt D mesons in pT > 0 and |y| < 0.5 in pp
collisions at

√
s= 7 TeV.

Ratio ± (stat.) ± (syst.) ± (BR)
D+/D0 0.48 ± 0.07 ± 0.11 ± 0.01
D∗+/D0 0.48 ± 0.07 ± 0.08 ± 0.01
D+
s /D0 0.23 ± 0.06 ± 0.08 ± 0.01

D+
s /D+ 0.48 ± 0.13 ± 0.17 ± 0.03
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Figure 5: Left: pT integrated ratios of D meson production cross sections compared with other experiments [17,
22, 29, 68]. Error bars are the quadratic sum of statistical and systematic uncertainties, without including the
uncertainty on the BR which is common to all experiments. Right: strangeness suppression factor γs compared to
measurements by other experiments [18,22,29,68]. Predictions from PYTHIA 6.4.21 with the Perugia-0 tune and
from a canonical implementation of the statistical hadronization model (SHM) [71] are also shown. The gray band
represents the uncertainty on the SHM predictions due to the uncertainty on the volume and on the strangeness
fugacity (see text for details).

measured ratios of D meson cross sections.

The strangeness suppression factor for charm mesons, γs, was also evaluated. It is defined as the ratio of
the production cross sections of charm-strange mesons (cs̄) to that of non-strange charm mesons (average
of cd̄ and cū) 5. Since all D∗+ and D∗0 mesons decay into either a D0 or a D+, and all D∗+

s decays produce
a D+

s meson [52], the strangeness suppression factor was computed as

γs =
2 dσ(D+

s )/dy
dσ(D0)/dy+dσ(D+)/dy

. (2)

The contribution to D0 and D+ yield from decays of excited charm-strange mesons heavier than D∗+
s was

neglected.

The resulting value of γs, computed from the D+
s , D0 and D+ cross sections per unit of rapidity (dσ/dy),

is
γs = 0.31 ± 0.08(stat.) ± 0.10(syst.) ± 0.02(BR).

5 The same symbol γs is used in the statistical hadronization model to indicate the fugacity, which, as mentioned above, is
usually included in the partition function to account for strangeness suppression. However, the two γs are different. Indeed, in
the statistical hadronization model, the value of the ratio between strange and non-strange charm mesons is proportional to the
fugacity, but not equal to it, due to the different masses of the various D meson species.
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•  Quarkonia	
  are	
  bound	
  state	
  of	
  same	
  quark-­‐anH	
  quark	
  pairs.	
  	
  

–  c-­‐cbar,	
  b-­‐bbar	
  
	
  

•  The	
  mechanisms	
  of	
  quarkonia	
  producHon	
  are	
  sHll	
  not	
  fully	
  understood.	
  
	
  
•  Considerable	
  progress	
  made	
  in	
  recent	
  years	
  but	
  none	
  of	
  the	
  exisHng	
  

theoreHcal	
  models	
  describes	
  saHsfactorily	
  prompt	
  J/ψ	
  and	
  Υ	
  differenHal	
  
cross	
  secHons.	
  	
  

	
  
•  Therefore,	
  measurements	
  at	
  the	
  LHC	
  will	
  shed	
  light	
  to	
  the	
  quarkonium	
  

producHon	
  mechanisms,	
  by	
  providing	
  differenHal	
  cross	
  secHons	
  in	
  wider	
  
rapidity	
  ranges	
  and	
  to	
  higher	
  transverse	
  momenta	
  than	
  before.	
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dilepton system demonstrates good agreement with respect to NNLO [10] predictions
and proton PDF’s.

The first observation of Z → 4ℓ production has been made [11]. It constitutes an
important background process for H → ZZ → 4ℓ production. The second lepton pair
can be produced via a virtual photon from radiation in the initial or final state. The
branching ratio has been measured to be BR(Z → 4ℓ) = [4.4+1.0

−0.8(stat) + 0.2(syst)]×
10−6 in good agreement with the SM prediction of 4.45× 10−6.

The Drell-Yan forward backward asymmetry AFB has been measured [12] in dif-
ferent |y| bins as a function of the invariant dilepton mass. e+e− and µ+µ− channels
have been combined. It is the first time that this observable has been measured in
the µ+µ− channel at a hadron collider. The measured distributions are unfolded to
the Born level and in good agreement with the SM prediction.

Various vector boson cross section measurements [13][14][15] as well as exclusion
limits for the production of a scalar boson[16] have been established as depicted in
Fig. 3 (left plot) encompassing vector boson plus inclusive jet production, vector
boson plus photon production, diboson production and search for H → ZZ. The
right plot shows the CMS data over theory ratio of many electroweak observables
indicating agreement between measurement and SM theory predictions.

5 Heavy flavour physics

A typical signature of B hadron decays is the production of muons. In particular muon
pair production is of interest with respect to neutral resonance decays like J/ψ, B0

s(d),
Υ , etc. Dedicated dimuon triggers are implemented to improve the statistics and thus
the significance of relevant analysis channels. The invariant dimuon mass distribution
is shown in Fig. 4, left. The data has been collected with various dimuon triggers
during the first 1.1 fb−1 of data taking in 2011. The coloured areas correspond to
dimuon triggers with low transverse momentum (pT ) thresholds collected in narrow
mass windows. The light gray continuous distribution represents events collected with
a high pT threshold dimuon trigger. The dark gray band indicates a ”quarkonium”
dimuon trigger employed during the first 220 pb−1 of 2011 data.

A new baryon resonance Ξ∗0
b containing a b quark flavour has been observed [17]

via its strong decay into Ξ±
b π

∓. The known Ξ±
b baryon is reconstructed via the decay

b]µB Hadron Production Cross Section [
0 50

-0.25

4.8

 Xφψ J/→ X s B→pp  0.3± 0.7  ± 0.4 ±6.9 
<50 GeV, |y|<2.4 (x1000)

T
8<p )-1(40 pb

 X
0

 B→pp  3.6± 3.1  ± 2.5 ±33.3 
>5 GeV, |y|<2.2TP )-1(40 pb

 X
+

 B→pp  3.1± 2.0  ± 2.4 ±28.1 
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Fig. 4. Dimuon invariant mass distribution (left) collected with various dimuon triggers.
making use of various low and high pT thresholds. On the right shown is a summary of CMS
B hadron cross section measurements in comparison to theory prediction at NLO accuracy.

•  At	
  CMS,	
  the	
  decay	
  channel	
  used	
  :	
  J/ψ	
  à	
  μ+μ-­‐,	
  Y	
  à	
  μ+μ-­‐	
  

	
  
•  In	
  both	
  J/ψ	
  and	
  Υ	
  analyses,	
  the	
  data	
  are	
  collected	
  with	
  a	
  trigger	
  requiring	
  the	
  detecHon	
  

of	
  two	
  muons	
  at	
  the	
  hardware	
  level.	
  
	
  
•  The	
  resonant	
  states	
  are	
  reconstructed	
  through	
  their	
  decay	
  in	
  two	
  opposite	
  sign	
  muons,	
  

and	
  the	
  producHon	
  cross	
  secHons	
  are	
  measured	
  diffenHally	
  in	
  pT	
  and	
  y	
  intervals.	
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Figure 4. Left: The mass distribution of �b ! ⌥(1S)� candidates
for unconverted photons from energy deposits in the electromagnetic
calorimeter [8]. Right: The mass distributions of �b ! ⌥(kS)� (k
= 1, 2) candidates formed using converted photons reconstructed in
the inner detector [8]. Data are shown before the correction for the
energy loss of the photon conversion electrons. The data for decays
of �b ! ⌥(1S)� (circles) and �b ! ⌥(2S)� (triangles) are plotted.
Solid lines represent the total fit result for each mass window. The
dashed lines represent the background components only.

mass is defined as m̃
k

= m(µµ�)�m(µµ)+m⌥(kS) and m⌥(kS) are the world average masses of
the ⌥(kS) states [9]. In addition to the expected peaks for �

b

(2P, 1P ) ! ⌥(2S, 1S)�, structures
are observed at an invariant mass of approximately 10.5 GeV. These additional structures are
interpreted as the radiative decays of the previously unobserved �

b

(3P ) states, �
b

(3P ) ! ⌥(2S)�
and �

b

(3P ) ! ⌥(1S)�. The measurement with converted photons is used for the final mass
determination of 10.539± 0.005(stat.)±0.009(syst.) GeV.

4. B-hadron Masses and Lifetimes
In ATLAS, B-hadrons can be reconstructed exclusively from their decays to J/ , i.e.
B ! J/ (µ+µ�)X. A number of B-hadrons have been observed in ATLAS through such
decays [10, 11, 12, 13, 14, 15, 16] and masses and lifetimes have been measured showing
consistency with PDG values [9].

5. Rare B Decay B0
s ! µ+µ�

The rare decays B0
s

! µ+µ� cannot proceed at tree level via flavour-changing neutral-current
processes as they are forbidden in the SM and can only occur via higher order diagrams.
These decays are also helicity suppressed, resulting in expected SM branching ratios (BR) of
(3.2±0.2)⇥10�9 [17]. A larger branching fraction would potentially indicate contributions from
New Physics. Until now neither an enhancement of the branching fraction has been observed
nor the theoretical limit has been reached experimentally [18, 19, 20, 21].

The first search for B0
s

! µ+µ� in ATLAS is using 2.4 fb �1 of the 2011 collision data [22].
ATLAS obtains an observed limit of 2.2 ⇥ 10�8 at 95% CL, while the expected limit obtained
with the background only hypothesis is 2.3+1.0

�0.5 ⇥ 10�8 at 95% CL. These limits are shown in
Figure 5.

6. ��s and �s Measurement from B0
s ! J/ �

A measurement of B
s

! J/ � decay parameters, including the CP-violating weak phase �
s

and
the decay width di↵erence ��

s

is reported, using 4.9 fb�1 of 2011 collision data [23]. The mean
decay width �

s

and the transversity amplitudes |A0(0)|2 and |Ak(0)|2 are also measured.

3

Quarkonia	
  measurements	
  at	
  ATLAS	
  
Charmonium	
  Spectroscopy:	
  Observa/on	
  of	
  χcJ	
  (1P)	
  State	
  
•  ATLAS	
  has	
  performed	
  the	
  observaHon	
  of	
  the	
  χc1(1P)	
  and	
  χc2(1P)	
  charmonium	
  states	
  in	
  	
  	
  	
  χc	
  →	
  J/ψ	
  γ.	
  	
  
•  J/ψ	
  candidates	
  are	
  reconstructed	
  from	
  the	
  decay	
  J/ψ	
  →	
  μ+μ−	
  while	
  photons	
  are	
  reconstructed	
  using	
  

calorimetric	
  measurements.	
  

BoEomonium	
  Spectroscopy:	
  Observa/on	
  of	
  χb	
  state	
  
•  The	
  b-­‐bbar	
  χb	
  states	
  are	
  reconstructed	
  in	
  ATLAS	
  through	
  the	
  radiaHve	
  decay	
  to	
  Υ.	
  	
  
•  The	
  χb(1P)	
  and	
  χb(2P)	
  states	
  have	
  already	
  been	
  observed	
  through	
  this	
  decay	
  mode.	
  	
  
•  Now	
  the	
  first	
  observaHon	
  of	
  the	
  χb(3P)	
  state.	
  
•  Photons	
  are	
  reconstructed	
  either	
  directly	
  in	
  the	
  calorimeter	
  or	
  through	
  a	
  conversion	
  to	
  e+e−.	
  	
  
•  The	
  mass	
  distribuHon	
  for	
  unconverted	
  photons	
  and	
  converted	
  photons.	
  
•  The	
  measurement	
  with	
  converted	
  photons	
  is	
  used	
  for	
  the	
  final	
  mass	
  determinaHon	
  of	
  10.539	
  ±	
  

0.005(stat.)±0.009(syst.)	
  GeV.	
  	
  
	
  

χc1(1P)	
  :	
  3.510	
  GeV/c2	
  	
  	
  
χc2(1P)	
  :	
  3.556	
  GeV/c2	
  
	
  
χb(1P)	
  :	
  9.859	
  GeV/c2	
  	
  	
  
χb(2P)	
  :	
  10.232	
  GeV/c2	
  



Quarkonia	
  measurements	
  	
  
•  In	
  addiHon	
  to	
  convenHonal	
  mesons	
  and	
  baryons,	
  the	
  QCD	
  Lagrangian	
  allows	
  for	
  more	
  exoHc	
  

possibiliHes	
  such	
  as	
  tetraquark	
  and	
  molecular	
  states.	
  	
  
•  The	
  unexpected	
  discovery	
  of	
  the	
  X(3872)	
  state	
  by	
  the	
  Belle	
  collaboraHon	
  led	
  to	
  interests	
  in	
  

exoHc	
  spectroscopy	
  and	
  subsequently	
  many	
  new	
  “XYZ”	
  states	
  have	
  been	
  claimed.	
  
•  The	
  X(3872)	
  state	
  has	
  been	
  studied	
  in	
  detail	
  both	
  at	
  the	
  e+e−	
  B	
  factories	
  and	
  the	
  Tevatron	
  

but	
  the	
  nature	
  of	
  this	
  parHcle	
  remains	
  unclear.	
  	
  
•  Its	
  properHes	
  do	
  not	
  match	
  the	
  predicHons	
  for	
  the	
  convenHonal	
  charmonium	
  states	
  and	
  it	
  

has	
  been	
  interpreted	
  as	
  a	
  candidate	
  for	
  a	
  tetraquark	
  state	
  or	
  a	
  loosely	
  bound	
  deuteron-­‐like	
  
D∗0D0	
  “molecule”	
  	
  

•  At	
  the	
  LHC	
  the	
  X(3872)	
  is	
  produced	
  both	
  directly	
  in	
  pp	
  collisions	
  and	
  also	
  in	
  b-­‐hadron	
  decays.	
  	
  
•  Both	
  LHCb	
  and	
  CMS	
  have	
  studied	
  inclusive	
  X(3872)	
  producHon	
  in	
  pp	
  collisions	
  at	
  7	
  TeV.	
  
•  The	
  cross-­‐secHons	
  measured	
  by	
  both	
  experiments	
  are	
  significantly	
  less	
  than	
  those	
  expected	
  

from	
  calculaHons.	
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Figure 2: (Left) J/ ⇡+⇡� mass spectrum observed by CMS (with 10 < pT < 50GeV
and |y| < 1.2). Clear signals for both the X(3872) and  (2S) states are seen. (Right)
Di↵erential cross-section for prompt X(3872) versus pT compared to the NRQCD
predictions [20]. Both plots are taken from Ref. [19].

3. Spectroscopy

The large datasets collected at the LHC have allowed studies of the proper-
ties of b-hadrons with unprecedented precision. This is a wide field of research,
in which three particularly interesting areas, discussed below, are exotic spec-
troscopy, the B

+
c meson and b-baryons.

In addition to conventional mesons and baryons, the QCD Lagrangian al-
lows for more exotic possibilities such as tetraquark and molecular states. The
unexpected discovery of the X(3872) state by the Belle collaboration [11] led
to a resurgence of interest in exotic spectroscopy and subsequently many new
“XYZ” states have been claimed.

The X(3872) state has been studied in detail both at the e

+
e

�
B facto-

ries [12, 13] and the Tevatron [14, 15] but the nature of this particle remains
unclear. Its properties do not match the predictions for the conventional char-
monium states and it has been interpreted as a candidate for a tetraquark state
or a loosely bound deuteron-like D

⇤0
D

0 “molecule” (reviews can be found in
Refs. [16, 17]). At the LHC theX(3872) is produced both directly in pp collisions
and also in b-hadron decays. Inclusive studies are challenging due to the large
combinatorial background from other particles produced in the pp interaction.
Nevertheless, both LHCb and CMS have studied inclusive X(3872) production
in pp collisions at

p
s = 7TeV [18, 19]. The cross-sections measured by both ex-

periments are significantly less than those expected from leading-order NRQCD
predictions [20], as shown in Fig. 2.

In addition, LHCb has measured theX(3872) quantum numbers by perform-
ing a five-dimensional angular analysis of the B

+ ! X(3872)K+, X(3872) !
J/ ⇡

+
⇡

� decay chain [21]. To distinguish between the possible hypotheses for
the quantum numbers a likelihood ratio test is performed. The data favour the
J

PC = 1++ hypothesis and the 2�+ hypothesis is rejected with a significance of
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Figure 5. Measurements of (left) the D+
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b lifetime [22].
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Very recently, the LHCb collaboration has discovered
CP violation in the B0

s system, using the B0
s ! K�⇡+ decay

mode [43], as shown in figure 9. The observed CP violation
leads to a CP asymmetry of ACP(B0

s ! K�⇡+) = 0.27 ±
0.04 (stat.) ± 0.01 (syst.) in the decay amplitude, assuming
the absence of CP violation in the mixing. Large CP violation
in the decay (a.k.a. direct CP violation) has also been observed
at the LHC in charged B decays. In particular, the Dalitz
plot distributions of B� ! h+h�h� decays, where h is a
charged pion or kaon, show significant CP violation in some
regions [44].

A major responsibility of the LHCb experiment is to
provide a solid benchmark of the SM picture of quark flavour
interactions against which new physics contributions can be
judged. An important aspect of this exercise is the precise
determination of the CKM unitarity triangle angle � , both in
tree-level decays, such as B� ! Dh�, and in loop-dominated
modes, such as B0

(s) ! h+h�. A recent combination of
three LHCb B� ! Dh� measurements, where the D is re-
constructed in two-, three- and four-body final states provides
a measurement of � = 67 ± 12� [45]. This is the most precise
measurement of � from a single experiment to date.
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ExoHc	
  states	
  
•  LHC	
  experiments	
  have	
  also	
  studies	
  of	
  other	
  “XYZ”	
  states.	
  
	
  
•  One	
  very	
  important	
  result	
  is	
  the	
  confirmaHon	
  by	
  LHCb	
  of	
  the	
  existence	
  and	
  resonant	
  

nature	
  of	
  the	
  Z(4430)+	
  state	
  first	
  seen	
  by	
  the	
  Belle	
  collaboraHon.	
  	
  

•  As	
  this	
  state	
  is	
  charged	
  its	
  minimal	
  quark	
  content	
  is	
  ccud,	
  and	
  thus	
  it	
  provides	
  clear	
  
evidence	
  for	
  the	
  existence	
  of	
  non-­‐qq	
  mesons.	
  	
  

•  A	
  puzzle	
  that	
  remains	
  open	
  concerns	
  the	
  existence	
  of	
  the	
  X(4140)	
  state.	
  

•  Evidence	
  for	
  this	
  J/ψφ	
  resonance	
  was	
  reported	
  by	
  the	
  CDF	
  collaboraHon	
  based	
  on	
  
studies	
  of	
  the	
  B+	
  →	
  J/ψφK+	
  decay	
  chain.	
  

•  However,	
  a	
  subsequent	
  LHCb	
  study	
  found	
  no	
  evidence	
  for	
  this	
  state	
  and	
  set	
  upper	
  
limits	
  on	
  its	
  existence.	
  	
  

•  An	
  analysis	
  by	
  CMS	
  confirmed	
  the	
  existence	
  of	
  a	
  peaking	
  structure	
  in	
  the	
  same	
  region,	
  
and	
  in	
  addiHon	
  found	
  evidence	
  for	
  a	
  second	
  structure	
  with	
  m(J/ψφ)	
  ∼	
  4300	
  MeV/c2,	
  
in	
  same	
  decay	
  mode.	
  	
  

•  Further	
  study	
  is	
  needed	
  to	
  clarify	
  whether	
  these	
  structures	
  are	
  resonant	
  in	
  nature.	
  	
  



Beauty	
  hadron	
  measurements	
  
•  Measurements	
  of	
  B-­‐hadron	
  producHon	
  at	
  higher	
  energies	
  than	
  before	
  at	
  LHC	
  is	
  an	
  

important	
  test	
  of	
  various	
  theoreHcal	
  calculaHons.	
  
	
  
•  Measurements	
  of	
  b-­‐quark	
  producHon	
  cross	
  secHon	
  require	
  idenHficaHon	
  of	
  events	
  

in	
  which	
  a	
  b-­‐quark	
  has	
  been	
  produced	
  in	
  pp	
  collisions.	
  

•  DiscriminaHon	
  of	
  the	
  heavy	
  quark	
  events	
  can	
  been	
  achieved	
  either	
  
–  reconstrucHng	
  the	
  whole	
  decay	
  channel	
  of	
  a	
  B	
  meson	
  
–  Measuring	
  a	
  decay	
  product.	
  	
  
	
  

•  Various	
  measurements	
  include	
  
–  b–tagging	
  with	
  secondary	
  verHces	
  	
  
–  b–jets	
  with	
  muons	
  	
  
–  Exclusive	
  producHon	
  of	
  B-­‐mesons	
  	
  
–  ObservaHon	
  of	
  other	
  heavy	
  hadrons	
  
	
  

•  Here	
  I	
  show	
  a	
  very	
  few	
  examples.	
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Select	
  electrons	
  with	
  large	
  impact	
  
parameter	
  to	
  primary	
  vertex	
  
	
  
Subtract	
  background	
  using	
  
simulaHons	
  

•  pT-­‐differenHal	
  cross	
  secHon	
  of	
  bàe.	
  	
  
•  Well	
  described	
  by	
  FONLL	
  calculaHons[2].	
  
•  Beauty	
  takes	
  over	
  as	
  dominant	
  source	
  of	
  HF-­‐decay	
  

electrons	
  at	
  pT	
  ~	
  4	
  GeV/c	
  

Beauty-­‐decay	
  electron	
  cross	
  secHons	
  in	
  ALICE	
  

d0	
  :	
  transverse	
  impact	
  parameter	
  

pp	
  @	
  √s=7	
  TeV	
  

10	
  [2].	
  FONLL	
  :	
  JHEP	
  1210	
  (2012)	
  37	
  

B	
  meson	
  lifeHme	
  ~	
  500	
  μm.	
  	
  



Beauty	
  hadron	
  measurements	
  
•  A	
  new	
  baryon	
  resonance	
  Ξ∗0	
  containing	
  a	
  b	
  quark	
  flavour	
  has	
  been	
  observed	
  via	
  its	
  strong	
  

decay	
  into	
  Ξb±π∓.	
  	
  
•  The	
  known	
  Ξb±	
  baryon	
  is	
  reconstructed	
  via	
  the	
  decay.	
  
•  Ξb±	
  →	
  J/ψ	
  Ξ±	
  with	
  J/ψ	
  →	
  μ+μ−	
  and	
  Ξ±	
  →	
  Λ0π±	
  whereas	
  the	
  Λ0	
  in	
  turn	
  is	
  reconstructed	
  

via	
  its	
  decay	
  into	
  pπ−	
  	
  
•  A	
  peak	
  is	
  observed	
  in	
  the	
  distribuHon	
  of	
  the	
  difference	
  between	
  the	
  mass	
  of	
  the	
  Ξb±π∓	
  

system	
  and	
  the	
  scalar	
  sum	
  of	
  the	
  masses	
  of	
  the	
  Ξb±	
  and	
  the	
  π∓,	
  with	
  a	
  staHsHcal	
  
significance	
  of	
  6.9	
  standard	
  deviaHons.	
  

•  The	
  mass	
  difference	
  of	
  the	
  peak	
  corresponds	
  to	
  14.84	
  ±	
  0.74(stat)	
  ±	
  0.28(syst)	
  MeV.	
  

Other	
  interes/ng	
  par/cles	
  studied:	
  
The	
  Bc+	
  meson,	
  the	
  ground	
  state	
  of	
  the	
  bc	
  system,	
  is	
  unique	
  as	
  it	
  is	
  the	
  only	
  weakly	
  decaying	
  heavy	
  
quarkonium	
  system.	
  



Top	
  quark	
  measurement	
  
•  A�er	
  the	
  discovery	
  of	
  the	
  top	
  quark	
  in	
  1995,	
  much	
  work	
  has	
  been	
  devoted	
  to	
  the	
  precise	
  

measurement	
  of	
  its	
  mass.	
  	
  
	
  
•  The	
  present	
  average	
  value	
  =	
  173.2	
  ±	
  0.6stat	
  ±	
  0.8syst	
  GeV	
  is	
  obtained	
  from	
  

measurements	
  at	
  the	
  Tevatron.	
  	
  

•  At	
  the	
  LHC,	
  mtop	
  has	
  been	
  measured	
  by	
  CMS/ATLAS	
  in	
  �	
  ̄	
  events.	
  
•  t	
  à	
  Wb	
  ;	
  W	
  à	
  lepton	
  and	
  neutrino.	
  
	
  

•  The	
  measurement	
  of	
  the	
  top	
  quark	
  mass	
  also	
  portrays	
  an	
  important	
  benchmark	
  for	
  
detector	
  performance	
  and	
  calibraHon.	
  	
  

•  To	
  measure	
  precise	
  values	
  of	
  mass,	
  new	
  method	
  (kinemaHc	
  fi�er)	
  is	
  used.	
  

•  The	
  input	
  to	
  the	
  fi�er	
  are	
  the	
  four-­‐momenta	
  of	
  the	
  muon	
  and	
  the	
  four	
  leading	
  jets,	
  the	
  
missing	
  transverse	
  energy,	
  and	
  their	
  respecHve	
  resoluHons.	
  	
  

•  The	
  two	
  b-­‐tagged	
  jets	
  are	
  candidates	
  for	
  the	
  b	
  quarks	
  in	
  the	
  '	
  ̄	
  hypothesis,	
  while	
  the	
  two	
  
untagged	
  jets	
  serve	
  as	
  candidates	
  for	
  the	
  light	
  quarks	
  from	
  the	
  W	
  decay.	
  	
  

	
  



Top	
  quark	
  measurement	
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Figure 1: Distribution of (a) muon transverse momentum and (b) muon pseudorapidity after
the event selection. The simulated tt̄ sample assuming a top quark mass of 172.5 GeV and
the backgrounds, QCD, Z+jets, W+jets, and single top, are compared to the analyzed collision
data. The simulated samples are rescaled to a luminosity of 4.7 fb�1. For the tt̄ normalization
a previous CMS cross-section measurement [16] is used, its uncertainty is indicated by the
shaded area.

and |h| < 2.4.

In addition, we tag jets originating from bottom quarks (b-tagging) with a robust algorithm
based on the reconstruction of secondary vertices (the SSVHEM tagger described in [24]). We
require at least two tagged jets and select 8094 candidate events on data.

As can be seen in Fig. 1, the selection suppresses QCD multijet background efficiently and leads
to a very clean sample of tt̄ events. From simulation we expect an event composition of 92% tt̄,
4% single top, 3% W+jets, and 1% others.

3 Kinematic Fit

A kinematic fit is employed in order to test the kinematic compatibility of an event with the tt̄
hypothesis and improve the resolution on the measured quantities by exploiting the knowledge
of the decay process. The kinematic fitter strives to constrain the event to the hypothesis of the
production of two heavy particles of equal mass, each decaying to a W boson and a b quark.
One of the W boson decays to a muon-neutrino pair, while the other W boson decays to a quark-
antiquark pair. The W boson masses are constrained to 80.4 GeV in the fit. A comprehensive
description of the kinematic fitter’s algorithm and fit constraints is available [25, 26].

The input to the fitter are the four-momenta of the muon and the four leading jets, the miss-
ing transverse energy, and their respective resolutions. The two b-tagged jets are candidates
for the b quarks in the tt̄ hypothesis, while the two untagged jets serve as candidates for the
light quarks from the W decay. For simulated tt̄ events, the two possible permutations can be
classified as correct permutations (cp), wrong permutations (wp), and unmatched permutations (un).
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Figure 2: Distribution of the fit probability of the kinematic fit. A cut is imposed at Pfit >
0.2 to enhance the fraction fcp of correct permutations. Pfit is then used as a weight for each
permutation in the subsequent steps. The vertical dashed line indicates the cut value of 0.2.

The latter case contains the events for which the matching fails i.e. at least one quark from the
tt̄ decay did not result in one of the four leading selected jets. Naturally, a high fraction fcp of
correct permutations is desirable as their reconstructed invariant masses correspond directly
to the true top quark mass. Figure 2 compares the distribution of the fit probabilities in data to
the different tt̄ permutation cases and backgrounds in simulation.

To increase the fraction of correct permutations we cut on the fit probability from the kinematic
fit at Pfit > 0.2 and finally select 2391 event for the mass measurement. For each event we use
all permutations that survive the fit probability cut and weight the permutations by their Pfit
values. In simulation the fraction of correct tt̄ permutations improves from 15 % to 44 % and
the non-tt̄ background is rendered negligible.

Figures 3 a) and 3 b) show the reconstructed top quark mass and W boson mass for the hadron-
ically decaying top quark before the fit. The reconstructed W boson mass mreco

W and the top
quark mass from the kinematic fit mfit

t after the fit probability cut and weighting are displayed
in Fig. 3 c) and 3 d).

4 Ideogram Method

As the JES has been found to result in the leading systematic uncertainty in the previous CMS
top mass measurements in this channel [3], the JES and the top quark mass are determined
simultaneously by a joint likelihood fit over all selected events in data. The observable used for
measuring mt is the top mass mfit

t found in the kinematic fit. We take the reconstructed W boson
mass mreco

W before it is constrained by the kinematic fit as an estimator for measuring in-situ a
global jet energy scale on top of the default CMS jet energy corrections.

The likelihood calculation in the ideogram method is done by evaluation of analytic expres-
sions, which are derived and calibrated using simulated events. In this way, the ideogram
method is relatively fast and robust. The ideogram method has been used by the DELPHI ex-
periment to measure the W boson mass at the CERN LEP collider [27], by the D0 experiment
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Figure 3: The upper row diplays the reconstructed W boson mass (a) and reconstructed top
mass (b) for the hadronically decaying top quark before the cut on the kinematic fit probability.
The lower row shows the reconstructed W boson mass (c) and the top quark mass from the
kinematic fit (d) after the fit probability cut and the weighting by Pfit. The simulated samples
are rescaled to a luminosity of 4.7 fb�1. For the tt̄ normalization a previous CMS cross-section
measurement [16] is used, its uncertainty is indicated by the shaded area. The top quark mass
in the simulation is 172.5 GeV.

Select	
  2391	
  μ+jets	
  events	
  out	
  of	
  4.7	
  
�−1	
  of	
  2011	
  data	
  taken	
  by	
  the	
  CMS	
  
detector.	
  
	
  
Top	
  mass	
  =	
  172.64	
  ±	
  0.57	
  (stat+JES)	
  
±	
  1.18	
  (syst)	
  GeV	
  JES	
  =	
  1.004	
  ±	
  
0.005	
  (stat)	
  ±	
  0.012	
  (syst).	
  
	
  
The	
  overall	
  uncertainty	
  of	
  this	
  
measurement	
  improves	
  the	
  
precision	
  of	
  the	
  2010	
  CMS	
  
measurements	
  by	
  more	
  than	
  a	
  
factor	
  of	
  two.	
  
	
  
	
  
	
  
	
  
	
  


