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Abstract

Two-body charm decays provide an intriguing avenue of exploration in the search for new sources of CP violation.
Four recent results concerning this subject from LHCb analyses of data collected in 2011 and 2012 are presented; all
are consistent with CP conservation.
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1. Introduction

Charmed mesons provide the only sector where one
would expect to find neutral meson mixing and CP vio-
lating transitions involving the up quark. They therefore
provide an important environment in the search for new
physics, complementing the bottom and strange decays.
From the Standard Model one expects both mixing and
CP violation in charm to be small. The degeneracy of
the quark masses leads to sizeable GIM suppression and
as the initial and final states involve only the first two
quark generations, CP violating phases due to interac-
tions with the third would need to be introduced via in-
termediate loops. New physics could enhance both the
mixing and decay amplitudes.

Mixing in charm was discovered in 2007 through a
combination of results from BABAR [1], Belle [2] and
CDF [3]. In 2012 the first individual measurement of
mixing in charm with greater than 5σ significance was
made at LHCb [4], a result that has subsequently been
updated and is discussed below. There have been no
unambiguous signs of CP violation in the charm sector,
either direct or indirect.

One defines the mass eigenstates of the neutral charm
mesons in terms of the flavour states in the usual man-
ner,

|D1,2〉 = p |D0〉 ∓ q |D0〉 , (1)

with p = q = 1
√

2
if there is no CP violation in mixing.

The mixing parameters are

x =
∆m
Γ
, y =

∆Γ

2Γ
, (2)

where ∆m and ∆Γ are the differences of the masses and
lifetimes of the mass states. CP violation can can arise
in mixing via different magnitudes of q and p,∣∣∣∣∣ qp

∣∣∣∣∣±2
≈ 1 ± Am, (3)

where Am is the asymmetry in mixing. Alternatively
the decay amplitudes may be different for D0 and D0

leading to direct CP violation,∣∣∣∣∣∣ Ā f

A f

∣∣∣∣∣∣±2

≈ 1 ± Ad, (4)

with Ad being the asymmetry in decay. Finally there
may be interference between mixing and decay through
a phase φ that is not 0 or a multiple of π. Collectively
CP violation from mixing and interference are referred
to as indirect CP violation, which for the CP asymmetry
can be written as

aind
CP = −

Am

2
y cos φ + x sin φ. (5)

CP violating observables in charm feature contribu-
tions from both direct and indirect CP violation[5]; the
extraction of the charm parameters is made through a
combination of several complementary measurements.
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Here four results are presented using data collected
in 2011 and 2012 by the LHCb detector, comprised of
1fb−1 of proton-proton collisions at 7TeV and 2fb−1 at
8TeV respectively. D candidates are selected from two
sources; they can be produced at the interaction point
in which case they are referred to as prompt, or by the
decay of B particles with an associated muon whereby
they are given the moniker semi-leptonic. For prompt
candidates the initial flavour of a neutral D0 is ascer-
tained by searching for the strong decay D∗+ → D0π+

(and its charge conjugate), the charge of the pion in-
dicating the flavour. Semi-leptonic candidates are pro-
duced in the decay B → D0µ−X (again with the charge
conjugate), the muon charge in this instance indicating
the D0 flavour.

2. Indirect CP violation

The first single measurement of mixing in charm
came from the study of wrong-sign (WS) D0 → K+π+

decays with respect to the Cabibbo favoured right-sign
(RS) D0 → K−π+ mode [4]. In the event of mixing the
ratio of their yields develops with decay time t as

R(t) =
NWS (t)
NRS (t)

= RD +
√

RDy′t +
x′2 + y′2

4
t, (6)

where RD is the ratio of the decay amplitudes. x′ and
y′ are the mixing parameters modified by the strong
phase between the Cabibbo favoured (CF) and doubly
Cabibbo suppressed (DCS) transitions, δ.

The analysis of the prompt 2011 data set excluded the
no mixing hypothesis with a significance of 9.1σ. The
analysis was updated with the 2011 and 2012 combined
data (again only prompt D0) to include a search for CP
violation [6]. The ratio R(t) was measured separately for
D0 (R+) and D0 (R−) candidates giving access to indirect
CP violation via

x′± =

(
1 ± Am

1 ∓ Am

) 1
4

(x′ cos φ ± y′ sin φ)

y′± =

(
1 ± Am

1 ∓ Am

) 1
4

(x′ sin φ ∓ x′ sin φ).

(7)

Additionally one can compare the extracted decay
amplitude ratios R±D to search for direct CP violation,

AD =
R+

D − R−D
R+

D + R−D
. (8)

R±(t) is fitted with three hypotheses: CP violation al-
lowed, only indirect CP violation and no CP violation.

τ/t

0 2 4 6 20
]

­3
 [

1
0

−

R 
−

+
R ­0.2

0

0.2
(c)

]
­3

 [
1

0
−

R

4

5

6

CPV allowed

No direct CPV

No CPV

(b)

]
­3

 [
1

0
+

R

4

5

6

LHCb

(a)

Figure 1: The time evolution of the ratio of WS to RS decays for D0

tagged (top) and D0 tagged (middle) decays. Overlaid in the data are
fits of R(t) allowing for CP violation and without CP violation. The
bottom plot shows the difference between the two, corrected for their
efficiencies.

The fits are shown in Figures 1(a) and (b). The bot-
tom plot presents the time evolution of the difference
between R+ and R−. The hypotheses with and without
CP violation fit the data equally well; the difference plot
shows a flat line suggesting there is no CP violation in
the mixing at this sensitivity. The results of the fit give
AD = (−1.3 ± 1.9)% and 0.75 <

∣∣∣∣ q
p

∣∣∣∣ < 1.24 and the 68%
confidence level.

Contour plots of x′2 and y′ can be seen in Figure 2;
the fit with no CP violation represents an improvement
by a factor of ∼ 2.5 with respect to the previous results
for these variables[4].
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Figure 2: Contour plots of x′2 and y′ under the three fitted hypotheses.
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Figure 3: A fit to the measured decay times of D0 → K+K− candi-
dates.

The observable AΓ provides another method for prob-
ing indirect CP violation. It is defined as the difference
in decay rates between D0 and D0 decaying to a CP
eigenstate, K+K− or π+π−;

AΓ(KK) =
Γ̂
(
D0 → K+K−

)
− Γ̂

(
D0 → K+K−

)
Γ̂
(
D0 → K+K−

)
+ Γ̂

(
D0 → K+K−

)
≈

Am + Ad

2
y cos φ − x sin φ. (9)

This is mostly a measure of indirect CP violation as the
term involving Ad is expected to be small. In the Stan-
dard Model AΓ is expected to be small and roughly final
state independent. New physics could enhance AΓ or
make the phase φ final state dependent. Therefore the
two final states are measured independently.

The decay rates are extracted by measuring the effec-
tive lifetimes τ̂ (Γ̂ = 1

τ̂
) through a fit to the decay times

of the D0. The analysis was performed on 1fb−1 of data
collected in 2011 using only prompt candidates. Life-
time acceptance biases introduced by the selection of
the data are corrected for using the “swimming” method
[7]. An example of the fitted decay time distribution for
D0 → K+K− candidates is shown in Figure 3.

The results of are [8]

AΓ(KK) = (−0.35 ± 0.62stat ± 0.12syst) × 10−3

AΓ(ππ) = (0.33 ± 1.06stat ± 0.14syst) × 10−3. (10)

The two final states are consistent with each other
and show no CP violation within the experimental
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Figure 4: The HFAG average for AΓ [9].

uncertainties. The Heavy Flavour Averaging Group
(HFAG)[9] average in Figure 4 shows that these results
for AΓ are the most precise to date by a significant mar-
gin. This is also the first time that the two final states
have been presented separately.

The results from these analyses contribute to the ex-
traction of parameters q and p in the HFAG fit for their
relative magnitude and phase shown in Figure 5; as can
be seen the fit is consistent with no indirect CP viola-
tion.

3. Direct CP violation in neutral charm decays

Direct CP violation can be measured with time inte-
grated analyses of the same modes as AΓ. The time-
integrated asymmetries in yields of the decays to a final
state (K+K− or π+π−) include spurious production and
detection asymmetries as well as the physics asymme-
try, ACP, of interest:

Araw( f ) =
N(D0 → f ) − N(D0 → f )

N(D0 → f ) + N(D0 → f )
= ACP + Aprod + Adet. (11)

In order to negate these nuisances the difference be-
tween the asymmetries in K+K− and π+π− is taken to
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Figure 5: The HFAG fit for the relative magnitudes and phase of the
parameters q and p, from May 2014. The no CP violation point has
been highlighted and lies within the 1σ contour.

give the observable ∆ACP,

∆ACP = AKK − Aππ

≈ ∆adir
CP

(
1 + yCP

¯〈t〉
τ

)
+ aind

CP
∆〈t〉
τ
, (12)

which is to a good approximation a measurement of di-
rect CP violation.

An initial ∆ACP measurement with 0.6fb−1 of the
prompt 2011 data had indicated some tension with the
CP conservation hypothesis [10], a result supported by
CDF [11]. An update on the full 2011 data set super-
sedes that result and is more consistent with no CP vio-
lation [12],

∆ACP = (−0.34 ± 0.15stat ± 0.10syst)%. (13)

Additionally a ∆ACP measurement has been car-
ried out using semi-leptonic candidates from the whole
3fb−1 data set [13]. As with the prompt analysis the re-
sult is consistent with no CP violation:

∆ACP = (+0.14 ± 0.16stat ± 0.08syst)%. (14)

Having obtained ∆ACP one may wish to disentangle
the two individual asymmetries. To do so with the semi-
leptonic analysis requires one to deal with the charged
B production asymmetry, Aprod(B), and the detection
asymmetry of the tagging muon, Adet(µ). To that end
the asymmetries of various Cabibbo favoured control
modes are measured and combined.
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Figure 6: The HFAG fit for direct and indirect CP violation, from
May 2014.

The asymmetry in the decay B → D0(K−π+)µ−X
includes Aprod(B) and Adet(µ) with a K−π+ detection
asymmetry which can be accounted for through a com-
bination of prompt D+ → K−π+π+ and D+ → K0π+.
The use of K0 introduces another nuisance term due to
kaon CP violation and regeneration in the material of the
detector. The physics of these is well know and so using
a careful detector simulation A(K0) can be estimated.

Putting these together leads to

ACP(KK) = (−0.06 ± 0.15stat ± 0.10syst)%
ACP(ππ) = (−0.20 ± 0.19stat ± 0.10syst)%. (15)

These represent the first LHCb measurement of indi-
vidual charm asymmetries and are the most accurate to
date. The LHCb prompt and semi-leptonic ∆ACP and
AΓ are included in the HFAG combined fit for aind

CP and
∆adir

CP shown in Figure 6. The efficacy of the LHCb re-
sults in constraining possible CP violation in charm is
apparent.

4. Direct CP violation in charged charm decays

CP violation can be expected in charged two body
charm decays, the measurement of which presents sim-
ilar challenges to neutral decays with regards nuisance
asymmetries. CP violation has been searched for in the
singly Cabibbo suppressed prompt decays D± → K0

S K±

and D±s → K0
S π
± [14]. Unwanted asymmetries arise in

the D±(s) production, charged hadron detection and K0
S

behaviour.
In a similar manner to ∆ACP the nuisances can be

negated by calculating the difference in asymmetries be-
tween modes, this time with some CF modes included.
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Figure 7: A fit to the reconstructed K0
S K+ invariant mass to extract the

D+ and D+
s yields. A low-mass background from mis-reconstructed

multi-body decays is in green (solid) and a cross-feed from D± →
K0

Sπ
± is represented by the magenta (dot-dashed) curve.

The single measured asymmetry is

Ameas(D±(s) → K0
S h±) ≈ ACP(D±(s) → K0

S h±)

+Aprod(D±(s)) + Adet(h±) + A(K0/K0). (16)

Using the Cabibbo favoured modes D±s → K0
S K±

and D± → K0
S π
± and taking two differences the dou-

ble difference is constructed which leaves the sum of
the physics asymmetries:

ADD
CP =

[
A

D±s→K0
Sπ
±

meas − A
D±s→K0

S K±
meas

]
−

[
A

D±→K0
Sπ
±

meas − A
D±→K0

S K±
meas

]
− 2AK0

=A
D±→K0

S K±

CP + A
D±s→K0

Sπ
±

CP . (17)

Additionally the individual asymmetries can be ex-
tracted via the Cabibbo favoured decay D±s → φπ± by

A
D±→K0

S K±

CP =

[
A

D±→K0
S K±

meas − A
D±s→K0

S K±
meas

]
−

[
A

D±→K0
Sπ
±

meas − AD±s→φπ
±

meas

]
− AK0 (18)

and

A
D±s→K0

Sπ
±

CP = A
D±s→K0

Sπ
±

meas − AD±s→φπ
±

meas − AK0 . (19)

The yields used to calculate these observables are ex-
tracted using a fit to the reconstructed invariant masses
of the daughter particles, as shown for example in Fig-
ure 7. The measurement of these quantities with the full

3fb−1 data set yields

A
D±→K0

S K±

CP + A
D±s→K0

Sπ
±

CP = (+0.41 ± 0.49 ± 0.26)%

A
D±→K0

S K±

CP = (+0.03 ± 0.17 ± 0.14)%

A
D±s→K0

Sπ
±

CP = (+0.38 ± 0.46 ± 0.17)%,
(20)

where the first uncertainty is statistical and the second is
systematic. All three figures are consistent with CP con-
servation and represent the most precise measurement
of CP violating asymmetries in D±(s) → K0

S h± decays
thus far.

5. Conclusions

From its first two full years of data taking LHCb has
made the first individual measurement of charm mixing
as well as several of the most precise measurements of
CP violation in two-body charm decays. These have led
to considerable improvements on the constraints for the
values of the charm mixing and CP violation parame-
ters. Thus far all results are consistent with CP conser-
vation in charm.

There is much more to come from LHCb in the future
with regard two-body charm measurements. From run
1 of the LHC a semi-leptonic AΓ measurement is to fol-
low, as are updates with the 2012 data of the prompt AΓ

and ∆ACP results. Additionally one expects great im-
provements in precision with the data collected in run
2.
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