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Charm mixing and CP violation offers a unique probe to the flavour dynamics of the sector
of up-type quarks. The LHCb experiment is a purpose-built heavy-flavour experiment and
recorded the world’s largest sample of charm decays. This work gives an overview of the
latest measurements including the first single-measurement observation of charm mixing, the
highest-precision CP asymmetry measurement in the charm sector and several searches for
direct CP violation in two-, three-, and four-body decays. The measurements are in agreement
with CP conservation at the current level of precision.

1 Introduction

Charm mixing represents the only oscillatory process of neutral mesons involving up-type quarks,
thus providing a unique probe to this sector. First evidence for mixing of charm mesons was
observed in 2007 by BaBar ! and Belle? and later by CDF 3. The mixing rate at the observed
level opens opportunities to search for mixing-related CP violation in charm mesons.

The mass eigenstates of the neutral charm meson system, |D; 2), with masses m1 2 and decay
widths Ty 2, can be expressed as linear combinations of the flavour eigenstates, | DY) and |ﬁ )
as |Dy2) = p|D%) & q|50> with complex coefficients satisfying |p|? + |q|?> = 1. This allows the
definition of the mixing parameters = 2(mg — m1)/(I'1 + T'2) and y = (Ta — T'1)/(T'1 4 T9).

Non-conservation of CP symmetry enters as a deviation from unity of A;, defined as
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where Ay (fljz) is the amplitude for a D (EO) meson decaying into a final state f (f), and ¢ is
the CP-violating relative phase between ¢/p and A f/ Ay. Direct CP violation occurs when the
asymmetry Aq = (|Ag|* — [Af*)/(|Af[* + | Af[?) is different from zero. Indirect CP violation
comprises non-zero CP asymmetry in mixing, A,, = (|l¢/p|*> — |p/d*)/(l¢/p|* + |p/q|?) and CP
violation through a non-zero phase ¢. The phase convention of ¢ is chosen such that, in the
limit of no CP violation, CP|D°) = —|50>. In this convention CP conservation leads to ¢ =0
and |D;) being CP-odd.

In addition to neutral charm mesons, direct CP violation is also searched for in decays of
charged charm mesons as well as of charm baryons. First evidence for CP violation in decays
of D° mesons * has not been confirmed. However, this measurement stimulated a detailed
theoretical discussion of the connections of CP violation in different charm decays. In general,
charm mesons pose a great challenge to theoretical calculations as they are significantly lighter
than beauty mesons, for which approaches like Heavy Quark Expansion (HQE) are known to



work well. On the other hand, for chiral perturbation theory, which is successfully used in the
kaon sector, the charm meson masses are to heavy. Nevertheless, it has been shown recently
that HQE may still yield reliable results for charm mesons ®. Lattice QCD calculations may
also provide valuable theory input on the dynamics of the charm sector. While important
achievements have been made for AC = 2 processes ®, an increased effort is needed to provide

AC = 0 matrix elements.

2 Mixing and Indirect CP Violation

Mixing measurements of charm mesons exploit the smallness of the mixing parameters and are
therefore performed using a Taylor expansion of the decay-time evolution of the mixed system,
which is proportional to (22 + 32)(t/7)?, where 7 is the average D° meson lifetime. The LHCb
collaboration has observed mixing for the first time in a single measurement using D° decays to
a charged kaon and a charged pion. The decay D° — K~ mT (charge conjugates are implicitly
included unless stated otherwise) proceeds predominantly through a Cabibbo-favoured (CF)
tree-level decay (right-sign decay). The decay into the charge conjugate final state D° — K7~
can proceed either through a doubly Cabibbo-suppressed (DCS) decay or through a mixing
process of the D into D followed by a CF decay (wrong-sign decay). The relative decay-time
distribution of the wrong-sign to right-sign decays is given by
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where Rp is the relative rate of DCS to CF decays, the last term is the mixing term described
above, and the term proportional to 3 results from the interference of the two decay paths. The
primed mixing quantities are rotations of the (z,y) system by a strong phase difference, dx,
between the CF and DCS amplitude.

The first single-measurement observation of charm mixing by LHCb was based on data
taken in 20117 and was followed by observations in the same channel by CDF & and recently
by Belle ?. In the update with the full LHC run 1 dataset, which is equivalent to 3 f6=1, the
LHCDb collaboration has extended the measurement to a search for CP violation by separately
analysing D° and D’ decays. The results show no indication for a non-zero CP asymmetry
either in the decay or in the mixing process:

R}, = (3.545 + 0.082 £ 0.048) x 1073, Ry = (3.591 +0.081 4 0.048) x 1072,
YT =(51£1.24£0.7) x 1072, Y~ =(45+1.240.7) x 1073,
2T = (494 6.0+ 3.6) x 107°, 2" = (6.0 4+ 5.843.6) x 107°, (3)

where the superscript + (—) indicates the quantities measured with D° (DO) decays, and where
the first uncertainty for each quantity is statistical and the second systematic. This measurement
provides tight constraints on |¢/p|, particularly around ¢ = 0 due to the relations
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with |¢/p| and ¢ as defined in Eq. 1.

A complementary search for CP violation is provided by the measurement of the observable
Ar, which is measured through the decay-time dependence of D? decays into CP eigenstates.
Ar is defined as the asymmetry of the effective average lifetime of D? and D’ decays into the
same CP eigenstate f

_ (D= f) = 7(D°= f)

Ap = ~ (A + Ag)ycosd + xsing = —ald + Aqy cos ¢, (5)
(D"~ f) + (D f) .




such that Ar is nearly a pure measure of indirect CP violation with a small contribution of
direct CP violation V.

The latest LHCb measurement is based on data acquired in 2011 equivalent to an integrated
luminosity of 1.0 fb~!. For the first time, the measurement is performed separately in the final
states K~ KT and 7~ 7". Both results are in agreement with each other and with zero CP
asymmetry 1,

Ar(KK) = (—0.35+0.62+0.12) x 1073
Ap(rm) = (0.3341.0640.14) x 1073, (6)

The measurement of Ar(K K) is the most precise charm CP asymmetry measurement to date.
The latest world average assuming no difference in Ap between the final states is Ap = (—0.014+
0.052)% 2. The world averages for the individual CP-violating parameters are |q/p| = 0.917043

and ¢ = (—10.87193)°.
3 Direct CP Violation

The LHCD collaboration has carried out various searches for decay-time-integrated C'P asymme-
tries. Most recently, these have been performed as searches for local asymmetries in multi-body
final states of neutral and charged charm meson decays. Two complementary methods have
been used for measurements using three million D* — 777~ 7" decays acquired in 2011.

The first method divides phase space into bins and defines an asymmetry significance for
each bin ‘ )
NY(D*) —aN'(D")

JNU(D*) + a2Ni(D-)

(7)

7 _
Sip =

where N?(D%) are the respective numbers of D* candidates in bin i and o = Nyo (D) /Niot (D7)
is a factor correcting for global asymmetries. The sum of squares of these significances is used
to define x? = X(S&p)?, which in turn is used to set a probability value (p-value) to the no-CP
violation hypothesis. Different binning schema have been tested and all p-values were found to
exceed 50% 3.

The second method performs a comparison of the local density of D and D~ decays by
counting the nearest neighbours separated by D-meson charge. While being independent of the
choice of binning, this method restricts the comparisons only to the region of nearest neighbours
for any given event. This method yields compatible p-values to the first.

The former of the two methods has been extended to D® — nfn~ntn~ and D’ - Kt K- 7nt7n—
decays. The phase space for four-body decays has five dimensions and thus the required binning
has to occur in five-dimensional hypercubes. Apart from the dimensionality of the bins the
application of the method is identical to that of three-body decays. The p-values for the two
decay modes are 41% and 9.1%, respectively, based on 128 and 32 bins.

The aforementioned evidence for CP violation has been measured as a difference of asym-
metries in the decay-time-integrated rates of D° decays to K~ K+ and 7~ 71 final states, thus
defining

AAcp = ACP(K_K+) —ACP(W_F+), (8)

which exploits the fact that production and detection asymmetries cancel to first order when
taking the difference, while the CP asymmetry is expected to swap sign between the decay
modes thus leading to increased sensitivity of this observable. While the initial evidence for CP
violation by LHCb 4 was supported by measurements by CDF ' and Belle '?, it has not been
confirmed in more recent updates by LHCb %17, The current world average for a difference of
direct CP violation between these final states is (—0.333 £ 0.120)% and the combination with
indirect CP violation measured in Ar has a p-value for the no-CP violation hypothesis of 2.0% 2.
A review of the latest theoretical status is given in Ref. '®.



4 Conclusions

Charm mixing and CP violation measurements have received precision input from measurements
performed at hadron colliders, most notably from the LHCb experiment at the LHC. Large
advances have been made in searches for CP violation where precision levels of better than 1073
have been reached. A large sample of charm baryons is also available for CP violation studies,
which are currently ongoing at LHCb. The combination of all available measurements is required
to extract the underlying theory parameters of mixing and indirect CP violation. Similarly, the
source of possible direct CP violation can only be identified through the combination of several
measurements made in different decay modes. Finally, the experimental upgrade programmes
and in particular the LHCb upgrade are vital for the field of charm physics to reach the required
levels of precision.
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