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Abstract. Charm physics is an active and productive field at hadron colliders. In these proceedings an overview
of recent results in charm physics from the Tevatron and LHC experiments is given. Highlighted are the measurements of open charm production and production asymmetries, the recent precision measurements of the D
masses, the confirmation of mixing in the D0 system, the searches for CP violation in the charm system and the
searches for rare charm decays.

1 Introduction
The ambition in heavy flavour physics is to find anomalous
effects in loop diagrams that may reveal the presence from
yet unknown, heavy particles. Measurements of CP violation and searches for rare decays are particularly sensitive
to these effects. Such indirect searches for new particles
are complementary to the direct searches at general purpose detectors.
Although most experimental effort is focussed on measuring the properties of beauty hadrons, new physics can
equally well reveal itself in the charm sector. Moreover,
charm decays are sensitive to other flavour couplings compared to B decays. The mass of the charm quark is large
enough to be considered as heavy in theoretical calculations, opening up the possibility for (relatively) precise
predictions of the Standard Model processes. Since the
charm cross section is about a factor twenty above the
beauty cross section, huge amounts of charm decays are
now available at the hadron colliders. This allows to make
high-precision tests of the Standard Model.
Charm physics is a broad field and for a long time
it has been dominated by electron collider experiments.
With the availability of large samples of charm decays,
hadron collider experiments come more into play in this
field. These proceedings focus on recent results from the
LHC and Tevatron, in particular open charm production
and production asymmetries, D mass measurements, D0
mixing, CP violation in the charm system and rare charm
decays.

2 Open charm production and production
asymmetries
The production of open charm in hadronic collisions at
new energy scales provides an important measure for our
understanding of quantum chromodynamics (QCD). In addition, a good knowledge of charm production is needed
a e-mail: jeroen.van.tilburg@cern.ch

for background estimates of Standard Model processes,
such as Higgs production. Production measurements are a
powerful test of QCD calculation at next-to-leading order
(NLO). The QCD@NLO calculations can be done in the
framework of Fixed-Order Next-to-Leading Logarithm [1]
(FONLL) or in the framework of Generalized Mass Variable Flavour Number Scheme [2] (GM-VFNS).
Several new production measurements at LHC energies have been performed over the past years: at LHCb
at 7 TeV using exclusive final states [3] and using inclusive final states in the high-pT region [4], at ALICE using exclusive final states at 2.76 and 7 TeV [5] and inclusive (electron) states at 7 TeV [6], and at ATLAS at
7 TeV using exclusive final states [7] and in jets using D∗
final states [8]. The measured cross sections are typically
above the FONLL and below the GM-VFNS predictions,
but in general they are in good agreement with the QCD
calculations. An overview of open charm cross sections
in hadronic collisions at several centre-of-mass energies is
shown in Fig. 1, where the measurements are compared to
NLO calculations from Ref. [9].
For precise measurements of CP violation a good understanding of production asymmetries is needed. The
production asymmetry is defined as the difference in production cross section between D mesons and D mesons
over their sum,
AP =

σ(D) − σ(D)
σ(D) + σ(D)

.

(1)

In many analyses that search for CP violation these production asymmetries need to be subtracted from the observed charge asymmetry. Due to the initial state, these
production asymmetries are more relevant at pp colliders
than at pp colliders. Even though the production mechanism is charge symmetric — charm quarks are always produced in cc pairs in the strong interaction — the hadronisation process can cause a small production asymmetry. The
main effect is coming from beam drag, which is caused
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Figure 1. Open charm cross sections in hadronic collisions versus the centre-of-mass energy. The proton–ion and deuterium–
ion collisions are scaled down to the number of binary collisions
using the Glauber model. Figure taken from Ref. [5].

by a colour connection between the c quark and the beam
remnants. The c quark prefers to form a baryon with the
beam remnants, while the c quark prefers form a meson,
giving σ(D) > σ(D) and thus AP < 0. Other hadronisation effects, which could depend on pT or rapidity, can
also play a role in this mechanism.
The D±s production asymmetry has been measured [10]
at LHCb using the D±s → φ(K + K − )π± mode. Since this
is a Cabibbo-favoured mode, the intrinsic CP violation is
expected to be negligible. On the other hand, the asymmetry coming from the detection and reconstruction of
the charged pion in the final state need to be measured
independently. This is done by measuring the efficiency
ratio of π+ over π− in partially reconstructed D∗± -tagged
D0 → K − π+ π+ π− decays where one of the three pions
is missing. No large asymmetry is found in this method
and the efficiency ratio is compatible with one. The production asymmetry in the rapidity region 2 < y < 4.5
and for pT > 2 GeV is measured with sub-percent precision to be AP = (−0.33 ± 0.22 ± 0.10)%. In a similar fashion the D± production asymmetry has been measured more recently [11] in the Cabibbo-favoured D+ →
KS0 (π+ π− )π+ mode. The production asymmetry in the region 2 < y < 4.75 and 2 < pT < 18 GeV is measured to
be AP = (−0.96 ± 0.26 ± 0.18)%, where a small correction
coming from the neutral kaon asymmetry is applied. The
negative sign in both measurements indicates the presence
of beam drag effects.

3 D mass measurements
In contrast to B mesons, relatively few precision measurements of D meson masses exist. In particular the knowledge on the D+ and D+s mass is relatively limited. The uncertainty on the D+s mass currently limits the precision on
the B+c mass in the B+c → J/ψD+s channel. Precise knowl-

edge on the D0 mass can also shed light on the nature of
X(3872) particle: whether or not it is D0 D∗0 molecule.
Recent measurements [12] of the D0 , D+ and D+s meson masses have been performed by LHCb. Using the low
Q-value modes D0 → K − K + K − π+ , D0 → K − K + π− π+ and
D+(s) → K + K − π+ , the main systematic uncertainty which
is coming from the momentum scale and the energy loss
correction is reduced. The momentum scale is calibrated
using B+ → J/ψK + and B+ → J/ψK + π− π+ decays. The
results are summarised in Table 1. It can be seen that the
precision on the D0 mass is similar to the best previous
measurement1 from the CLEO collaboration. The result
on the D+ mass is the first reported result in more than 30
years and is a factor three better than the PDG average.
Finally, the precision on the D+s mass constitutes a factor
five improvement on the PDG average and will reduce the
uncertainty on the B+c mass.

4 D0 mixing
In neutral meson systems mixing can occur between the
particle and anti-particle state. Mixing is well-established
and plays a significant role in the K 0 , the B0 and B0s systems. On the other hand, in the D0 system mixing is expected to be small and dominated by long-range contributions, which makes a precise prediction of the size of the
mixing hard. By combining several measurements [18]
D0 mixing could be established, even though there was
no single experiment with a significance of more than five
standard deviations.
Recently, the LHCb and CDF collaborations both have
reported clear observations [19, 20] of D0 mixing which
exclude the no-mixing hypothesis at 9.1σ and 6.1σ, respectively. They have measured the time-dependent ratio of wrong-sign to right-sign D0 → K − π+ decays.
Wrong-sign decays (i.e., D0 → K + π− ) can occur either
through D0 mixing followed by Cabibbo-favoured (CF)
decay, through doubly-Cabibbo-suppressed (DCS) decay
or through the interference between these two effects. The
DCS rate (RD ) is constant as function of the decay time,
but the mixing causes the wrong-sign to right-sign ratio to
have a time dependence. The mixing parameters, x0 and y0
are rotated by the strong phase between DCS and CF amplitudes compared to the usual mixing parameters, x and
y. The LHCb central values are RD = (3.52 ± 0.15) × 10−3 ,
y0 = (7.2 ± 2.4) × 10−3 and x02 = (−0.09 ± 0.13) × 10−3 , and
the (preliminary) CDF ones are RD = (3.51 ± 0.35) × 10−3 ,
y0 = (4.3 ± 4.3) × 10−3 and x02 = (0.08 ± 0.18) × 10−3 . Due
to the large correlation between y0 and x02 the D0 mixing
does not appear as significant in these central values. This
correlation can be clearly seen in Fig. 2 which shows the
68% confidence contours from the LHCb and CDF results
as well as those from BaBar [21] and Belle [22].

5 CP violation in charm
Even though CP violation is now well established in the
kaon and B decays, no CP violation has yet been observed
1 In the mean time preliminary updates on the D0 masses are available [17].
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Table 1. LHCb measurements, compared to the best previous measurements and to the results of a global fit to the available open
charm mass data. All values are in MeV/c2 .

Quantity
M(D0 )
M(D ) − M(D0 )
M(D+s ) − M(D+ )
+

LHCb
measurement
1864.75 ± 0.19
4.76 ± 0.14
98.68 ± 0.05

Best previous
measurement
1864.85 ± 0.18 [14]
4.7 ± 0.3 [15]
98.4 ± 0.3 [16]

PDG fit [13]
1864.86 ± 0.13
4.76 ± 0.10
98.88 ± 0.25
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Figure 3. Comparison of different measurements of ∆ACP , neglecting possible effects from CP violation in D0 mixing.

Figure 2. Comparison of the D0 mixing x02 –y0 contours at 68%
confidence level between different experiments. Figure taken
from Ref. [20].

in charm system. It is interesting to search for CP violation in charm decays, since the flavour-changing-neutralcurrent processes here proceed with up-type quarks instead of down-type quarks as in the case of kaon and B
decays. In singly-Cabibbo-suppressed decays, direct CP
violation is possible through the interference between tree
and penguin diagrams. Naively, this direct CP violation is
expectated to be at the 0.1% level [23, 24] in the Standard
Model, while indirect CP violation is predicted to be much
smaller.
By measuring the difference in the CP asymmetries
(∆ACP ) between D0 → K − K + and D0 → π− π+ decays the
detection and production asymmetry cancel at first order.
In addition, in the Standard Model the indirect CP violation is expected to be universal for all D0 decay modes,
while the direct CP violation is expected to have opposite sign under SU(3) flavour symmetry. This makes ∆ACP
mainly a measurement of direct CP violation.
After the measurements from the BaBar, LHCb, CDF
and Belle collaborations [25–28], the world average [18],
neglecting indirect CP violation, yielded ∆ACP = (−0.68±
0.15)%, being 4.6 standard deviations away from the hypothesis of no CP violation and larger than naive expectations. This sparked a theoretical debate on whether or not

this could be accommodated within the Standard Model.
For a comprehensive review see Ref. [29].
Recently, LHCb has performed two independent measurements of ∆ACP . The first is a preliminary update of
the previous result [30]. This analysis uses D∗+ → D0 π+
decays to tag the flavour of the D0 . The result gives
∆ACP = (−0.34 ± 0.15 ± 0.10)%, where the first error denotes the statistical uncertainty and the second the systematic uncertainty. The second measurement [31] of ∆ACP is
a new measurement, which uses the charge of the muon in
semileptonic B decays to tag the flavour of the D0 . This
gives ∆ACP = (+0.49 ± 0.30 ± 0.14)%. Both results do not
(yet) confirm CP violation in the charm sector. When including them in the world average [18] the value becomes
∆ACP = (−0.33 ± 0.12)%, which is closer to zero, but still
almost three standard deviations away from the hypothesis of no CP violation. A comparison of the different
measurements of ∆ACP is shown in Fig. 3.
Similarly, direct CP violation is also possible in
charged D mesons. The LHCb collaboration has measured
direct CP violation in the singly-Cabibbo-suppressed
D+ → φπ+ and D+s → KS0 π+ decay modes [32]. This analysis uses the Cabibbo-favoured modes D+ → KS0 π+ and
D+s → φπ+ to subtract the production and detection asymmetry. Additionally, the variation in CP violation across
the φ mass in the D+ → K + K − π+ Dalitz plane can be measured, which is denoted as ACP |S . The CP asymmetries
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analogous weak annihilation diagram exist, which is suppressed by a factor |Vcd |2 . Finally, the third decay, D+(s) →
π− µ+ µ+ , is a lepton-number-violating decay and is forbidden by the Standard Model. The LHCb collaboration has
measured [35] at 95% confidence level and excluding resonant regions
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and outlook

the muon identification cuts, varying the parametrization of the fit components and With
the many more analyses on-going, charm physics is an
fit range and removing the multivariate selection cut. The measured B(D0 ! µ+ µ ) is
active field at hadron colliders. In particular, more results
found to be stable against these variations.
on direct and indirect CP violation in charm decays can be
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hadron colliders is delivering already many results. The

ACP (D s → KS π ) = (+0.61 ± 0.83 ± 0.13)% ,

LHCb measurements given in these proceedings have used
only the 2011 data set and about three times more data is
currently available for analysis. Therefore, more interest0
+ uncertainty. No CP violation is
the
second
the
systematic
A search for the rare
p decay D ! µ µ is performed using a data sample of pp colliing results on charm physics are expected in the near fusions, collected
at in
s =these
7 TeVmodes.
by the LHCb experiment, corresponding to an integrated
observed
luminosity of 0.9 fb 1 . The observed number of events is consistent with the background
ture.
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Summary
where the first error denotes the statistical uncertainty and

expectations, yielding an upper limit, using the CLs asymptotic method, of

6 Rare charm
B(D0 !decays
µ+ µ ) < 7.6 ⇥ 10

9

at 95% CL.
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