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The LHC
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Physics goals of LHCb
•Main strategy: indirect searches for NP in b, c decays.
•Look for evidence of new, heavy particles, mainly in loop diagrams
•Complementary to direct searches at ATLAS and CMS
• ... and a broader physics program too, e.g. forward electroweak

•Why heavy flavour?
• In short: an excellent source of loop diagrams.
•CP violation: SM CPV insufficient to explain baryogenesis
•Rare decays: Tiny & precise SM predictions, enhanced by many NP models

•Why at the LHC?
•Enormous bb̄, cc̄ cross-sections -- precision is the name of the game
•Also: high momentum/boost great for time-dependent measurements
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Phys. Lett. B694: 209-216, 2010
LHCb-CONF-2010-013

In our acceptance: σ(cc̄)=1200µb and σ(bb̄)=75µb.
So in 1 fb−1 roughly 1012 cc̄ and 1011 bb̄ produced! 

http://arxiv.org/abs/1009.2731
http://arxiv.org/abs/1009.2731
http://cdsweb.cern.ch/record/1311236
http://cdsweb.cern.ch/record/1311236


The LHCb detector
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VELO: precision vertexing
42x2 silicon planes, strip pitch 40-100 µm

7mm from beam during data-taking; retracted during injection
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Tracker: momentum measurement
Stations upstream and downstream of magnet.

Upstream & inner: silicon microstrips. Outer: drift chambers
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RICH detectors: hadron ID
RICH1 uses aerogel and C4F10 to cover 2-60 GeV/c

RICH2 uses CF4 to cover 20-100 GeV/c
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Calorimeters: trigger, photon/electron ID
Preshower + SPD + electromagnetic + hadronic calorimeters

Vital for hardware-level hadron triggering
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Muon stations: muon ID
Five stations, used also in hardware trigger.

Excellent muon/pion separation (single hadron mis-ID rate 0.7% for Phys. Lett. B699 (2011) 330)



Data-taking
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2010: 38 pb−1

2011: 1.0 fb−1
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The 2011 trigger (from a charm POV)
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LHC bunch-crossing frequency
Max possible 40 MHz; actually ~15 MHz

L0: hardware trigger
Hadrons: require calorimeter cluster with high ET

Also muon, electron triggers.

HLT1: inclusive software trigger
Hadrons: require track with high IP, pT

Also muon, electron, other triggers.

HLT2: exclusive software trigger
Require fully reconstructed D0, D+, Ds+

10-15 MHz

1 MHz

50 kHz
Storage

About 3 kHz total rate
of which about 1 kHz charm3 kHz

After hardware trigger we 
already have 50% cc events 

(500 kHz).

No possibility of an inclusive 
charm trigger!

Instead, we select useful / 
reconstructable events from 
the most sensitive modes.



LHCb’s charm physics 
programme
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Charm physics at LHCb
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•Too many things to cover them all!

•Main activities:
•Very rare decays
•Mixing & time-dependent CP violation
•Time-integrated CP violation
•Hadronic physics -- production, spectroscopy



Very rare decays
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Search for D+ → π+ μ− μ+

•FCNC in charm suppressed by GIM mechanism

•Expected BR tiny: few x 10−9 in SM

11

1 Introduction1

Flavour-changing neutral current (FCNC) processes are rare within the Standard Model (SM) as they2

cannot occur at tree level. At the loop level, they are suppressed by the GIM mechanism [1] but are3

nevertheless well established in dimuonic B and K decays with branching fractions of up to 10�7 and4

10�8, respectively [2,3]. In contrast to the B meson system, where the very high mass of the top quark in5

the loop weakens the suppression, the GIM cancellation is almost exact in D meson decays leading to6

expected branching fractions for c ! u µ

+
µ

� processes in the (1� 3)⇥ 10�9 range [4–6]. This suppression7

provides a unique opportunity to search for FCNC D meson decays and to probe the coupling of up-type8

quarks in electroweak processes, as illustrated in Fig. 1(a,b).9

The decay D

+
s ! ⇡

+
µ

+
µ

�, although not a FCNC process, proceeds via the weak annihilation diagram10

shown in Fig. 1(c). This can be used to normalise a potential D+! ⇡

+
µ

+
µ

� signal where an analogous11

weak annihilation diagram proceeds, albeit suppressed by a factor |Vcd|2. Normalisation is needed in order12

to distinguish between FCNC and weak annihilation contributions. Note that, throughout this paper,13

charge conjugation is implied.14

Many extensions of the SM, such as Supersymmetric models with R-parity violation or models involving15

a fourth quark generation, introduce additional diagrams that a priori need not be suppressed in the same16

manner as the SM contributions [5, 7]. The most stringent limit published so far is B(D+! ⇡

+
µ

+
µ

�) <17

3.9 ⇥ 10�6 (90% C.L.) by the D0 collaboration [8]. A search has also been performed by the BaBar18

collaboration and results in the limit B(D+! ⇡

+
µ

+
µ

�) < 6.5(43)⇥ 10�6 (90% C.L.) [9].19

Lepton number violating (LNV) processes such as D+! ⇡

�
µ

+
µ

+ (shown in Fig. 1(d)) are forbidden20

in the SM, because they may only occur through lepton mixing facilitated by a non-SM particle such as a21

Majorana neutrino [10]. The most stringent limit is B(D+! ⇡

�
µ

+
µ

+) < 2(14)⇥ 10�6 (90% C.L.) set by22

the BaBar collaboration [9].23

This Letter presents a search for D+
(s)! ⇡

+
µ

+
µ

� and D

+
(s)! ⇡

�
µ

+
µ

+ decays at the LHCb experiment24

using 1.0 fb�1 of pp collisions at
p
s = 7 TeV. The signal channels are normalised with D

+
(s) ! �⇡

+
25

with � ! µ

+
µ

� as a control. These have branching fraction products of (1.60 ± 0.13) ⇥ 10�6 and26

(12.9± 1.4)⇥ 10�6 [11] for the D

+ and D

+
s modes, respectively.27
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Figure 1: Feynman diagrams of (a,b) FCNC decays of D+ mesons to the ⇡+µ+µ� final state, (c) D+
(s) meson

weak annihilation and (d) a possible LNV D+
(s) meson decay mediated by a Majorana neutrino.
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•Can be enhanced by new physics, e.g. RPV SUSY

LHCb-PAPER-2012-051 (in preparation)
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Search for D+ → π+ μ− μ+

•Complication: contributions from weak annihilation -- 
not FCNC, but also suppressed.

12
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Flavour-changing neutral current (FCNC) processes are rare within the Standard Model (SM) as they2
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� and D
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+ decays at the LHCb experiment24
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ū

d

W

+

W

�

µ

+

µ

+

⌫

D

+
(s)

⇡

�

Figure 1: Feynman diagrams of (a,b) FCNC decays of D+ mesons to the ⇡+µ+µ� final state, (c) D+
(s) meson

weak annihilation and (d) a possible LNV D+
(s) meson decay mediated by a Majorana neutrino.

1

•Solution: use Ds+ → π+ μ− μ+ as control channel:

•weak annihilation diagram is also present and 
without CKM suppression (|Vcs|2 vs |Vcd|2)

•FCNC diagrams absent

LHCb-PAPER-2012-051 (in preparation)

D+/Ds+



Search for D+ → π+ μ− μ+

•Complication: contributions from long-range 
processes, e.g.

13
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•Solution: search in regions of m(μ+μ−) away from 
resonances.

•Bonus: these modes provide built-in normalization.

LHCb-PAPER-2012-051 (in preparation)



Search for D+ → π+ μ− μ+
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Figure 2: Invariant mass distributions for D+! ⇡+µ+µ� candidates in the five q2 = m(µ+µ�) regions. Shown
are the (a) low-m(µ+µ�), (b) ⌘, (c) ⇢/!, (d) � (including trigger lines with m(µ+µ�) cut), and (e) high-m(µ+µ�)
regions. The data are shown as points (black) and the total PDF (dark blue line) is overlaid. The components
of the fit are also shown: the signal (light green line), the peaking background (solid area) and the non-peaking
background (dotted line).

where the relevant signal’s yield and e�ciency are given by ND+
(s)

!⇡µµ and ✏D+
(s)

!⇡µµ, respectively, and138

the relevant control mode’s yield and e�ciency are given by ND+
(s)

!⇡+(�!µ+µ�) and ✏D+
(s)

!⇡+(�!µ+µ�),139

respectively.140

The e�ciency of the signal decay mode and the control mode include the e�ciencies of the geometrical141

acceptance of the detector, track reconstruction, the selection, and the trigger. The accuracy with which142

the simulation reproduces the track reconstruction and identification is limited. For that reason, the143

corresponding e�ciencies are also studied in real data. A tag and probe technique applied to B ! J X144

decays provides a large sample of unambiguous muons to determine the tracking and muon identification145

5

LHCb-PAPER-2012-051 
(in preparation)

Preliminary

Beautiful!



Search for D+ → π+ μ− μ+

•Complication: double-misID of D+/Ds+ → π+ π− π+

•Solution:
•Suppress with muon PID -- misID rate O(10−2 x 10−2)
•Get the shape from data -- look for D+/Ds+ → π+ π− π+ without 

muon ID, then reconstruct under πμμ mass hypothesis
• Include it in the fit...

15



Search for D+ → π+ μ− μ+
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regions. The data are shown as points (black) and the total PDF (dark blue line) is overlaid. The components
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background (dotted line).
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Search for D+ → π+ μ− μ+

•Simultaneous fit to
•all m(μμ) regions of D+ → π+ μ− μ+

•equivalent regions in D+ → π+ π− π+ (fixes mis-ID shape)

•Signal yields in non-resonant regions consistent with zero.

•Extrapolate to full phase space and quote CLs UL on 
branching ratios relative to D+ → ϕπ+:

17

1 Introduction1

Flavour-changing neutral current (FCNC) processes are rare within the Standard Model (SM) as they2

cannot occur at tree level. At the loop level, they are suppressed by the GIM mechanism [1] but are3

nevertheless well established in dimuonic B and K decays with branching fractions of up to 10�7 and4

10�8, respectively [2,3]. In contrast to the B meson system, where the very high mass of the top quark in5

the loop weakens the suppression, the GIM cancellation is almost exact in D meson decays leading to6

expected branching fractions for c ! u µ

+
µ

� processes in the (1� 3)⇥ 10�9 range [4–6]. This suppression7

provides a unique opportunity to search for FCNC D meson decays and to probe the coupling of up-type8

quarks in electroweak processes, as illustrated in Fig. 1(a,b).9

The decay D

+
s ! ⇡

+
µ

+
µ

�, although not a FCNC process, proceeds via the weak annihilation diagram10

shown in Fig. 1(c). This can be used to normalise a potential D+! ⇡

+
µ

+
µ

� signal where an analogous11

weak annihilation diagram proceeds, albeit suppressed by a factor |Vcd|2. Normalisation is needed in order12

to distinguish between FCNC and weak annihilation contributions. Note that, throughout this paper,13

charge conjugation is implied.14

Many extensions of the SM, such as Supersymmetric models with R-parity violation or models involving15

a fourth quark generation, introduce additional diagrams that a priori need not be suppressed in the same16

manner as the SM contributions [5, 7]. The most stringent limit published so far is B(D+! ⇡

+
µ

+
µ

�) <17

3.9 ⇥ 10�6 (90% C.L.) by the D0 collaboration [8]. A search has also been performed by the BaBar18

collaboration and results in the limit B(D+! ⇡

+
µ

+
µ

�) < 6.5(43)⇥ 10�6 (90% C.L.) [9].19

Lepton number violating (LNV) processes such as D+! ⇡

�
µ

+
µ

+ (shown in Fig. 1(d)) are forbidden20

in the SM, because they may only occur through lepton mixing facilitated by a non-SM particle such as a21

Majorana neutrino [10]. The most stringent limit is B(D+! ⇡

�
µ

+
µ

+) < 2(14)⇥ 10�6 (90% C.L.) set by22

the BaBar collaboration [9].23

This Letter presents a search for D+
(s)! ⇡

+
µ

+
µ

� and D

+
(s)! ⇡

�
µ

+
µ

+ decays at the LHCb experiment24

using 1.0 fb�1 of pp collisions at
p
s = 7 TeV. The signal channels are normalised with D

+
(s) ! �⇡

+
25

with � ! µ

+
µ

� as a control. These have branching fraction products of (1.60 ± 0.13) ⇥ 10�6 and26

(12.9± 1.4)⇥ 10�6 [11] for the D

+ and D

+
s modes, respectively.27
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ū

d

W

+

W

�

µ

+

µ

+

⌫

D

+
(s)

⇡

�

Figure 1: Feynman diagrams of (a,b) FCNC decays of D+ mesons to the ⇡+µ+µ� final state, (c) D+
(s) meson

weak annihilation and (d) a possible LNV D+
(s) meson decay mediated by a Majorana neutrino.
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Previous best limit (D0):
Two orders of magnitude better!
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Table 5: Relative uncertainties on quantities a↵ecting the yield ratio.

Source Relative error (%)
Signal peak shape 10.0

D+
(s)! ⇡+⇡+⇡� shape 20.0

Misidentification rate 20.0

]-8) [10-µ+µ+π →B(D
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s
C
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1
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Figure 5: Observed (solid curve) and expected (dashed curve) CLs values as a function of B(D+ ! ⇡+ µ+ µ�).
The green (yellow) shaded area contains the ±1� (±2�) interval of possible results compatible with the expected
value if only background is observed. The upper limits at the 90% (95%) C.L. are indicated by the dashed (solid)
line.

Table 6: Upper limits in each m(µ+µ�) and m(⇡�µ+) bin and the total branching fractions at the 90% and 95%
confidence levels and p-values for the background-only hypothesis.

Decay Bin 90% [⇥10�8] 95% [⇥10�8] p-value

D+! ⇡+µ+µ�
low-m(µ+µ�) 2.0 2.5 0.742
high-m(µ+µ�) 2.6 2.9 0.415

Total 7.3 8.3 0.417

D+
s ! ⇡+µ+µ�

low-m(µ+µ�) 6.9 7.7 0.777
high-m(µ+µ�) 16.0 18.6 0.414

Total 41.0 47.7 0.416

D+! ⇡�µ+µ+

bin 1 1.4 1.7 0.320
bin 2 1.1 1.3 0.610
bin 3 1.3 1.5 0.936
bin 4 1.3 1.5 0.974
Total 2.2 2.5 0.857

D+
s ! ⇡�µ+µ+

bin 1 6.2 7.6 0.340
bin 2 4.4 5.3 0.511
bin 3 6.0 7.3 0.324
bin 4 7.5 8.7 0.410
Total 12.0 14.1 0.121
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Search for D+ → π− μ+ μ+

•LFV decay forbidden in the SM

• ... but can occur via Majorana neutrino:

18
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+ (shown in Fig. 1(d)) are forbidden20

in the SM, because they may only occur through lepton mixing facilitated by a non-SM particle such as a21

Majorana neutrino [10]. The most stringent limit is B(D+! ⇡
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µ
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+) < 2(14)⇥ 10�6 (90% C.L.) set by22

the BaBar collaboration [9].23

This Letter presents a search for D+
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+
µ

+
µ

� and D
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µ

+
µ

+ decays at the LHCb experiment24

using 1.0 fb�1 of pp collisions at
p
s = 7 TeV. The signal channels are normalised with D

+
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+
25

with � ! µ

+
µ

� as a control. These have branching fraction products of (1.60 ± 0.13) ⇥ 10�6 and26

(12.9± 1.4)⇥ 10�6 [11] for the D

+ and D

+
s modes, respectively.27
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ū

d

W

+

W

�

µ

+

µ

+

⌫

D

+
(s)

⇡

�

Figure 1: Feynman diagrams of (a,b) FCNC decays of D+ mesons to the ⇡+µ+µ� final state, (c) D+
(s) meson

weak annihilation and (d) a possible LNV D+
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No pesky SM/resonance backgrounds this time, just π → μ mis-ID.
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Previous limit from BABAR for D+ (Ds+):



Search for D+ → π− μ+ μ+

•Fits in four Dalitz plot regions:

19
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Figure 3: Invariant mass distributions for D+! ⇡�µ+µ+ in the four m(⇡�µ+) regions. Shown are (a) bin 1, (b)
bin 2, (c) bin 3, and (d) bin 4. The data are shown as black points and the total PDF (dark blue line) is overlaid.
The components of the fit are also shown: the signal (light green line), the peaking background (solid area) and
the non-peaking background (dotted line).

e�ciencies. The pion identification is studied using D

⇤+ ! D

0(! K

�
⇡

+)⇡+
s decays. The e�ciencies146

observed as a function of the particle momentum and pseudorapidity and of the track multiplicity in the147

event are used to correct the e�ciencies determined by the simulation. The correction to the e�ciency148
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Figure 4: Background-subtracted m(µ+µ�) spectrum of (a) D+! ⇡+µ+µ� and (b) D+
s ! ⇡+µ+µ� candidates

which pass the final selection. The version with default scaling (inset) shows the � contribution, and the version
with the range truncated to a smaller number of entries (main) shows the ⌘ and the ⇢/! contributions. The
non-peaking structure of the low and high-m(µ+µ�) regions is also visible.
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Table 3: Relative uncertainties averaged over all bins and decay modes on the control mode branching fraction
and e�ciency ratio.

Source Relative error (%)
Geometric acceptance 1.0
Track reconstruction and PID 4.2
Stripping and BDT e�ciency 4.0
Trigger e�ciency 3.0

B(D+
(s) ! ⇡+ � (µ+µ�)) uncertainty 8.1 (10.9)

Table 4: Summed systematic uncertainty in each m(µ+µ�) and m(⇡�µ+) bin when the uncertainty on the
control mode branching fraction, the e�ciency ratio and the statistical uncertainty stemming from the size of the
simulated samples are added in quadrature.

Bin D+! ⇡+µ+µ� (%) D+! ⇡�µ+µ+ (%)
low-m(µ+µ�) 11.8 (16.9)
high-m(µ+µ�) 11.2 (15.5)

bin 1 11.1 (17.0)
bin 2 10.9 (16.4)
bin 3 11.1 (16.0)
bin 4 11.3 (16.0)

of the compatibility with the background-only hypothesis. Systematic uncertainties (Sec. 6) are included194

in the CLs method using the techniques described in Ref. [22, 23].195

Upper limits on the D

+! ⇡

+
µ

+
µ

� and D

+! ⇡

�
µ

+
µ

+ branching fractions are determined using the196

observed distribution of CLs as a function of the branching fraction in each m(µ+
µ

�) or m(⇡�
µ

+) bin.197

Total branching fractions are found using the same method and by considering the fraction of simulated198

signal candidates in each m(µ+
µ

�) or m(⇡�
µ

+) bin. The simulated signal assumes a phase-space model199

for the non-resonant decays. The upper limits at the 90% and 95% confidence level (C.L.) are shown in200

Table 6. The p-values (1� CLb) for the the background-only hypothesis are also shown in the table.201

The observed distribution of CLs as a function of the total branching fraction for D

+ ! ⇡

+
µ

+
µ

�
202

is shown in Fig. 5. The expected distributions of possible values of CLs assuming the background-only203

hypothesis are also shown in the same figure as a dark green (light yellow) shaded area that covers the204

region of ±1� (±2�) of background-compatible observations.205

8 Conclusions206

A search for both the D

+! ⇡

+
µ

+
µ

� and D

+! ⇡

�
µ

+
µ

+ modes has been conducted using 1.0 fb�1 of207

data taken with the LHCb detector in 2011. Limits are set on branching fractions in several m(µ+
µ

�) and208

m(⇡�
µ

+) bins and on the total branching fraction excluding the resonant contributions and assuming a209

phase-space model. These results represent an improvement by a factor fifty compared to previous results,210

and are the most stringent to date. The observed data, away from resonant structures, is compatible with211

the background-only hypothesis, and no enhancement is observed.212

B(D+! ⇡

+
µ

+
µ

�) < 8.3⇥ 10�8 at 95% C.L.

B(D+
s ! ⇡

+
µ

+
µ

�) < 47.7⇥ 10�8 at 95% C.L.

B(D+! ⇡

�
µ

+
µ

+) < 2.5⇥ 10�8 at 95% C.L.

B(D+
s ! ⇡

�
µ

+
µ

+) < 14.1⇥ 10�8 at 95% C.L.

8

Preliminary

Preliminary Preliminary

PreliminaryPreliminary

Two orders of magnitude better than previous limit!



Search for D0 → μ+ μ−

20

B(D0 ! µ+µ�) <

⇢
1.3⇥ 10�8at 95% C.L.
1.1⇥ 10�8at 90% C.L.

83LHCb-CONF-2012-005
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Figure 8: Distribution of (a) the µµ invariant masses with �m in the range
142-149 MeV/c2, (b) in the range 144-147 MeV/c2 and (c) in the range 150-
155 MeV/c2. In (d) the distribution of �m in the range 1820-1885 MeV/c2 and
in (e) in the range 1780-1810 MeV/c2 of the µµ invariant mass is shown. Su-
perimposed are the projections of the two-dimensional unbinned maximum likeli-
hood fit. The curves represent the full fit function (continuous black line), the
D

⇤+
! D

0(! ⇡

+
⇡

�)⇡+contribution (dashed dark grey line), the combinatorial back-
ground (dashed light grey line), the D

⇤+
! D

0(! K

�
⇡

+)⇡+contribution (dotted line)
and the signal D⇤+

! D

0(! µ

+
µ

�)⇡+contribution (continuous light grey line).
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Figure 8: Distribution of (a) the µµ invariant masses with �m in the range
142-149 MeV/c2, (b) in the range 144-147 MeV/c2 and (c) in the range 150-
155 MeV/c2. In (d) the distribution of �m in the range 1820-1885 MeV/c2 and
in (e) in the range 1780-1810 MeV/c2 of the µµ invariant mass is shown. Su-
perimposed are the projections of the two-dimensional unbinned maximum likeli-
hood fit. The curves represent the full fit function (continuous black line), the
D

⇤+
! D

0(! ⇡

+
⇡

�)⇡+contribution (dashed dark grey line), the combinatorial back-
ground (dashed light grey line), the D

⇤+
! D

0(! K

�
⇡

+)⇡+contribution (dotted line)
and the signal D⇤+

! D

0(! µ

+
µ

�)⇡+contribution (continuous light grey line).
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Dashed line: tagged D0 → π+ π−
Almost invisible light grey line: D0 → μ+ μ− (consistent with zero)

Preliminary



Mixing and CP violation

21



Standard mixing formalism

22

Mixing occurs for neutral mesons M0 = K0, D0, B0, Bs0

|M(t)⇧ =
1

2p

�
e�i(m1� i

2�1)t(p|M⇧+ q|M⇧) + e�i(m2� i
2�2)t(p|M⇧ � q|M⇧)

⇥

|M(t)⇧ =
1

2q

�
e�i(m1� i

2�1)t(p|M⇧+ q|M⇧)� e�i(m2� i
2�2)t(p|M⇧ � q|M⇧)

⇥

L =
⇤

i pS
i (xi)

⇤
i pS

i (xi) +
⇤

i pB
i (xi)

RK,2317 ⇤ 0.87± 0.40

RD,2317 ⇤ 0.14± 0.07

RK,2460 ⇤ 0.11± 0.06

RD,2460 ⇤ 0.10± 0.05

D+
s �0

General time evolution:
LEPP Journal Club Seminar, 2007-04-06Mat Charles

Mixing formalism
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Decompose into mass eigenstates |M1,2〉:
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... and we can invert to get |M 0(t)〉 given m1,2, !1,2, q/p...

1 INTRODUCTION 1

1 Introduction

The study of decays of neutral mesons in the K and B systems has led to discovery of both mixing and CP
violation (CPV ) in those sectors of the Standard Model (SM). Similarly, studies of neutral mesons in the
charm sector have long been thought to be potentially fruitful ways to search for new physics, since Standard
Model predictions for both mixing and CP violation are quite small. Neither mixing nor CP violation has
yet been observed in the charm sector. Observation of D0-D0 mixing might be a sign of new physics beyond
the Standard Model; observation of CP violation involving D0 mesons at any appreciable level definitely
would [4]. Here we give a brief review of neutral meson mixing and CP violation phenomenology; a more
detailed account is given in Appendix A.

1.1 Charm Mixing Phenomenology

Neutral D0 and D0 mesons are produced as flavor eigenstates of the strong interaction. Their time
development is governed by an effective Hamiltonian

i
∂

∂t

(
D0(t)
D0(t)

)
=

(
M− i

2
Γ

)(
D0(t)
D0(t)

)
(1)

with physical, mass eigenstates D1, D2 with masses M1, M2 and widths Γ1, Γ2. These states are linear
combinations of the flavor states

|D1〉 = p|D0〉 + q|D0〉
|D2〉 = p|D0〉 − q|D0〉 (2)

where p, q satisfy the normalization condition |q|2 + |p|2 = 1 and
(

q

p

)2

=
M∗

12 − i
2Γ∗

12

M12 − i
2Γ12

. (3)

In the case of no CP violation, |q/p| = 1 and the mass eigenstates are also CP eigenstates.
The mass eigenstates may also be characterized in terms of differences of their masses ∆M = M1 −M2

and widths ∆Γ = Γ1 − Γ2. It is convenient to formulate two quantities x, y as

x =
∆M

Γ
, y =

∆Γ
2Γ

(4)

where Γ ≡ (Γ1 + Γ2)/2. Mixing might proceed through off-shell intermediate states, such as might be due
to new physics; x is a measure of this amplitude. It might also proceed through on-shell states that are
shared by both D0 and D0, such as K+K− or π+π−; y is a measure of this amplitude.

In this analysis we search for mixing via the decay chain D0 → D0 → K+π− + c.c. Mixing will result
in a “wrong-sign” (WS) decay, as contrasted with unmixed, Cabibbo-favored (CF) “right-sign” decays,
D0 → K−π+ + c.c. However, WS decays are also produced by doubly Cabibbo-suppressed (DCS) direct
decays of the form D0 → K+π−; these must be separated from any potential mixing signal. This is done
by studying the time development of the WS signal. DCS decays will be exponential, while mixed decays
have a more complex signature. DCS decays will have a small rate RD of order tan4 θC ≈ 0.27%. In the
limit of small mixing |x|, |y| & 1 the combined WS rate may be approximated as

TWS(t) = e−Γt

(
RD +

√
RDy′ Γt +

x′2 + y′2

4
(Γt)2

)
(5)

for

For neutral mesons M0 = K0, D0, B0, Bs
0,

|M0〉 and |M0〉 have same conserved quantum 
numbers, so we can have mixing between them. 



Cartoon of mixing
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For convenience, define:

RM =
x2 + y2

2

φf = arg

(

q

p

Af

Af

)

!= 0

x =
m1 − m2

Γ

|q/p| = 0.86 +0.18
−0.15

arg(q/p) =
(

−0.17 +0.14
−0.16

)

rad

|q/p| = 0.86 +0.30
−0.29
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−0.03 ± 0.08

arg(q/p) =
(

−14 +16
−18

+5
−3

+2
−4

)

◦
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Mixing in charmed mesons
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Charm mixing small compared to other mesons in SM:

D0

cc̄

�(e+e� ⌅ cc̄) ⇤ 1.3 fb�1

|M(t)⌃ =
1

2p

�
e�i(m1� i

2�1)t(p|M⌃+ q|M⌃) + e�i(m2� i
2�2)t(p|M⌃ � q|M⌃)

⇥

|M(t)⌃ =
1

2q

�
e�i(m1� i

2�1)t(p|M⌃+ q|M⌃)� e�i(m2� i
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⇥

L =
⇤

i pS
i (xi)

⇤
i pS

i (xi) +
⇤

i pB
i (xi)

RK,2317 ⇤ 0.87± 0.40

RD,2317 ⇤ 0.14± 0.07

K+

��

D0

D0 ⇤ D0

D0

cc̄

⇥(e+e� ⇤ cc̄) ⇥ 1.3 fb�1

|M(t)⌅ =
1

2p

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅) + e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)

⇥

|M(t)⌅ =
1

2q

�
e�i(m1� i

2�1)t(p|M⌅+ q|M⌅)� e�i(m2� i
2�2)t(p|M⌅ � q|M⌅)

⇥

Mixing via box diagram 
(short-range)

Contributes mainly to x

Mixing via hadronic intermediate states 
(long-range)
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Tiny!

Non-perturbative; hard to predict SM contribution.

Currently: |x|≤0.01, |y|≤0.01 – less tiny!

e.g. PRD 69,114021 (Falk, Grossman, Ligeti, Nir & Petrov)
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K+K−

π+π−

K+π−

π+π−π0

etc

Intermediate b: CKM-suppressed
Intermediate d,s: GIM-suppressed

http://dx.doi.org/10.1103/PhysRevD.69.114021
http://dx.doi.org/10.1103/PhysRevD.69.114021


CP violation
•3 types of CP violation:
• In decay: amplitudes for a process and its conjugate differ
• In mixing: rate of D0 → D0 and D0 → D0 differ
• In interference between mixing and decay diagrams

25

• In the SM, indirect CP violation in charm is expected to be 
very small and universal between CP eigenstates
•Perhaps O(10−3) for CPV parameters => O(10−5) for observables like AΓ

•Direct CP violation can be larger in SM, very dependent on 
final state (therefore we must search wherever we can)
•Negligible in Cabibbo-favoured modes (SM tree dominates everything)
• In generic singly-Cabibbo-suppressed modes: up to O(10−3) plausible

•Both can be enhanced by NP, in principle up to O(%)

CPV in charm not observed yet

Bianco, Fabbri, Benson & Bigi, Riv. Nuovo. Cim 26N7 (2003)
Grossman, Kagan & Nir, PRD 75, 036008 (2007)

Bigi, arXiv:0907.2950

Bobrowski, Lenz, Riedl & Rorhwild, JHEP 03 009 (2010)
Bigi, Blanke, Buras & Recksiegel, JHEP 0907 097 (2009)

Direct

Indirect
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Mixing and indirect CPV
•D0 mesons undergo mixing like K0, B0, Bs0

•But unlike the others, D0 mixing is small.
•Mixing parameters x, y order of 10−2

•First seen by BABAR & Belle in 2007

•Now well-established: HFAG average
excludes no-mixing hypothesis by 10σ

•Smallness of mixing parameters makes
CP asymmetries doubly small, e.g.

26

no mixing

no CPV
2A� = (|q/p|� |p/q|) y cos�� (|q/p|+ |p/q|)x sin�

CP-violating terms << 10−2 in SM

Mixing parameters O(10−2)

Observable asymmetry << 10−4 in SM
c.f. current world average from HFAG: AΓ = (0.026 ± 0.231)%

(neglecting direct CPV)



Where to look for direct CPV
•Remember: need (at least) two contributing amplitudes 

with different strong and weak phases to get CPV.

•Singly-Cabibbo-suppressed modes with gluonic penguin 
diagrams very promising
•Several classes of NP can contribute
• ... but also non-negligible SM contribution

•Small CPV from tree-penguin interference:

27

Search for CPV in D0→ K+K-(!0),!+!"(!0)  
SCS = Single Cabibbo Suppressed 

47!

•  CP violation in these modes is predicted to be !             in SM. !

•  SCS decays are uniquely sensitive to new physics in                   processes.!

F. Buccella et al., Phys. Rev. D51, 3478 (1995)  
S. Bianco et al., Riv. Nuovo Cim. 26N7, 1(2003) 
Y. Grossman et al., Phys. Rev. D75, 036008 (2007)                      

Evidence of CP violation with present experimental sensitivity would be sign of New Physics!

•  Time-integrated CP asymmetry get contributions from the 3 different CP 
violation sources: decay, mixing, interference between mixing and decay. 

from time-dependent mixing/CPV analyses!Grossman, Kagan & Nir, PRD 75, 036008 (2007)

Ratio of penguin/tree amplitudes

Weak phase difference

Strong phase differenceAf =
�(D ! f)� �(D ! f̄)

�(D ! f) + �(D ! f̄)
= 2 rf sin�f sin �f

http://dx.doi.org/10.1103/PhysRevD.75.036008
http://dx.doi.org/10.1103/PhysRevD.75.036008


Direct CPV at LHCb
•Looking for time-integrated asymmetries.

•Main experimental challenge: separating real CP asymmetry 
from nuisance asymmetries:
•Production asymmetry of D vs Dbar
•Efficiency asymmetry of f vs fbar

•Solution 1: construct observables where these effects cancel or 
are irrelevant
•Asymmetry differences: ΔACP = A(D0 → K+ K−) − A(D0 → π+ π−)
•Distribution asymmetries in multibody decays:

•D+ → K− K+ π+

•D0 → π+ π− π+ π−

•Solution 2: measure these effects and remove them at source.
•π+/π− efficiency asymmetry
•Ds+, D+ production asymmetries

28

Af =
�(D ! f)� �(D ! f̄)

�(D ! f) + �(D ! f̄)

Phys. Lett. B 713 186 (2012)
arXiv:1210.4112 (LHCb-PAPER-2012-026)

Phys. Rev. D 84, 112008 (2011)
LHCb-CONF-2012-019

http://dx.doi.org/10.1016/j.physletb.2012.06.001
http://dx.doi.org/10.1016/j.physletb.2012.06.001
http://arxiv.org/abs/arXiv:1210.4112
http://arxiv.org/abs/arXiv:1210.4112
http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1103/PhysRevD.84.112008
https://cdsweb.cern.ch/record/1455935
https://cdsweb.cern.ch/record/1455935


Example: D+ → K− K+ π+
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TABLE IX. Fitted means and widths, ⇥2/ndf and p-values for consistency with no CPV for the D+ ⇤ K�K+�+ decay mode
with four di�erent binnings.

Binning Fitted mean Fitted width ⇥2/ndf p-value (%)
Adaptive I 0.01± 0.23 1.13± 0.16 32.0/24 12.7
Adaptive II �0.024± 0.010 1.078± 0.074 123.4/105 10.6
Uniform I �0.043± 0.073 0.929± 0.051 191.3/198 82.1
Uniform II �0.039± 0.045 1.011± 0.034 519.5/529 60.5
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FIG. 7. Distribution of Si
CP in the Dalitz plot for (a) “Adaptive I”, (b) “Adaptive II”, (c) “Uniform I” and (d) “Uniform II”.

In (c) and (d) bins at the edges are not shown if the number of entries is not above a threshold of 50 (see Sect. III).
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[Limit of |x| ≪ 1, |y| ≪ 1, and no CPV.]

Meson-antimeson oscillations are a manifestation of flavor changing neutral currents
that occur because the flavor eigenstates di↵er from the physical mass eigenstates of
the meson-antimeson system. Short-range quark-level transitions as well as long-range
processes contribute to this phenomenon. The former are governed by loops in which
virtual heavy particles are exchanged making the study of flavor oscillations an attractive
area to search for physics beyond the standard model (SM). Oscillations have been observed
in the K0 �K

0 [1], B0 �B

0 [2] and B

0
s

�B

0
s

[3] systems, all with rates in agreement with
SM expectations. Evidence of D0�D

0 oscillations has been reported by three experiments
using di↵erent D

0 decay channels [4–8]. Only the combination of these measurements
provides confirmation of D0 �D

0 oscillations, also referred to as charm mixing, with more
than 5� significance [9]. While it is accepted that charm mixing occurs, a clear observation
of the phenomenon from a single measurement is needed to establish it conclusively.

Charm mixing is characterized by two parameters: the mass and decay width di↵erences,
�m and ��, between the two mass eigenstates expressed in terms of the dimensionless
quantities x = �m/� and y = ��/2�, where � is the average D0 decay width. The charm
mixing rate is expected to be small, with predicted values of |x|, |y| . O(10�2), including
significant contributions from non-perturbative long-range processes that compete with
the short-range electroweak loops [10–13]. This makes the mixing parameters di�cult to
calculate and complicates the unambiguous identification of potential non-SM contributions
in the experimental measurements [14–16].

In the analysis described in this Letter, D0 �D

0 oscillations are observed by studying
the time-dependent ratio of D0 ! K

+
⇡

� to D

0 ! K

�
⇡

+ decay rates.1 The D

0 flavor at
production time is determined using the charge of the soft (low-momentum) pion, ⇡+

s , in
the strong D

⇤+ ! D

0
⇡

+
s decay. The D

⇤+ ! D

0(! K

�
⇡

+)⇡+
s process is referred to as

right-sign (RS), whereas the D

⇤+ ! D

0(! K

+
⇡

�)⇡+
s is designated as wrong-sign (WS).

The RS process is dominated by a Cabibbo-favored (CF) decay amplitude, whereas the
WS amplitude includes contributions from both the doubly-Cabibbo-suppressed (DCS)
D

0 ! K

+
⇡

� decay, as well as D

0 � D

0 mixing followed by the favored D

0 ! K

+
⇡

�

decay. In the limit of small mixing (|x|, |y| ⌧ 1), and assuming negligible CP violation,
the time-dependent ratio, R, of WS to RS decay rates is approximated by [10]

R(t) ⇡ R

D

+
p
R

D

y

0 t

⌧

+
x

02 + y

02

4

✓
t

⌧

◆2

, (1)

where t/⌧ is the decay time expressed in units of the average D0 lifetime ⌧ , R
D

is the ratio
of DCS to CF decay rates, x0 = x cos � + y sin �, y0 = y cos � � x sin �, and � is the strong
phase di↵erence between the DCS and CF amplitudes.

The analysis is based on a data sample corresponding to 1.0 fb�1 of
p
s = 7 TeV pp

collisions recorded by LHCb during 2011. The LHCb detector [17] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < ⌘ < 5, designed for the study of
particles containing b or c quarks. Detector components particularly relevant for this
analysis are the silicon Vertex Locator, which provides identification of displaced, secondary

1The inclusion of charge-conjugated modes is implied throughout this Letter.
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•Plots above show entire data sample.

•Now divide into bins of proper decay time and fit each...
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Figure 1: Time-integrated D

0
⇡

+
s mass distributions for the selected RS D

0 ! K

�
⇡

+ (left)
and WS D

0 ! K

+
⇡

� (right) candidates with fit projections overlaid. The bottom plots
show the normalized residuals between the data points and the fits.

the threshold m0 is fixed to the sum of the known D

0 and ⇡

+ masses [18]. We reconstruct
approximately 3.6⇥ 104 WS and 8.4⇥ 106 RS decays. To determine the time-dependent
WS/RS ratio the data are divided into thirteen D

0 decay time bins, chosen to have a similar
number of candidates in each bin. The decay time is estimated from the distance L between
the PV and the D

0 decay vertex and from the D

0 momentum as t/⌧ = m

D

0
L/p⌧ , where

m

D

0 and ⌧ are the known D

0 mass and lifetime [18], respectively. The typical decay-time
resolution is ⇠ 0.1⌧ . The signal yields for the RS and WS samples are determined in each
decay time bin using fits to the M(D0

⇡

+
s ) distribution. The shape parameters and the

yields of the two components, signal and random pion background, are left free to vary in
the di↵erent decay time bins. We further assume that the M(D0

⇡

+
s ) signal shape for RS

and WS decay are the same. Hence, we first perform a fit to the abundant and cleaner RS
sample to determine the signal shape and yield, and then, use those shape parameters
with fixed values when fitting for the WS signal yield. The signal yields from the thirteen
bins are used to calculate the WS/RS ratios, shown in Fig. 2, and the mixing parameters
are determined in a binned �

2 fit to the time-dependence according to Eq. (1).
Since WS and RS events are expected to have the same decay-time acceptance and

M(D0
⇡

+
s ) distributions, most systematic uncertainties a↵ecting the determination of

the signal yields as a function of decay time cancel in the ratio between WS and RS
events. Residual biases from noncanceling instrumental and production e↵ects, such as
asymmetries in detection e�ciencies or in production, are found to modify the WS/RS
ratio only by a relative fraction of O(10�4) and are neglected. Uncertainties in the distance

3
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yields (points) with the projection of the mixing allowed (solid line) and no-mixing (dashed
line) fits overlaid.

of the WS signal. This contamination is expected to be independent of decay time and, if
neglected, would lead to a small increase in the measured value of R

D

. From the events
in the D

0 mass sidebands, we derive a bound on the possible time dependence of this
background, which is included in the fit in a similar manner to the secondary background.

The �

2 that is minimized in the fit to the WS/RS decay-time dependence is
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where r
i

and �

i

are the measured WS/RS ratio and its statistical uncertainty in the decay
time bin i, respectively. The decay time t

i

is the average value in each bin of the RS
sample. The fit parameters, ✓, include the three mixing parameters (R

D

, y0, x02) and five
nuisance parameters used to describe the decay time evolution of the secondary D fraction
(�

B

) and of the peaking background (�
p

). The nuisance parameters are constrained to the
measured values by the additional �2

B

and �

2
p

terms, which also includes their correlations.
The analysis procedure is defined prior to fitting the data for the mixing parameters.

Measurements on pseudo-experiments that mimic the experimental conditions of the data,
and where D0 �D

0 oscillations are simulated, indicate that the fit procedure is stable and
free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is shown in Fig. 2 (solid
line), with the values and uncertainties of the parameters R

D

, y0 and x

02 listed in Table 1.
As the dominant systematic uncertainties are treated within the fit procedure (all other
systematic e↵ects are negligible), the quoted errors account for systematic as well as
statistical uncertainties. When the systematic biases are not included in the fit, the
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Table 1: Results of the time-dependent fit to the data. The uncertainties include statistical
and systematic sources; ndf indicates the number of degrees of freedom.

Fit type Parameter Fit result Correlation coe�cient
(�2/ndf) (10�3) R

D

y

0
x

02

Mixing R

D

3.52± 0.15 1 �0.954 +0.882
(9.5/10) y

0 7.2± 2.4 1 �0.973
x

02 �0.09± 0.13 1
No mixing R

D

4.25± 0.04
(98.1/12)

is partially reconstructed or misidentified. This background is suppressed by the use of
tight particle identification and two-body mass requirements. From studies of the events
in the D

0 mass sidebands, we find that the dominant peaking background is from RS
events that survive the requirements of the WS selection; they are estimated to constitute
(0.4 ± 0.2)% of the WS signal. This contamination is expected to have the same decay
time dependence of RS decays and, if neglected, would lead to a small increase in the
measured value of R

D

. From the events in the D

0 mass sidebands, we derive a bound on
the possible time dependence of this background, which is included in the fit in a similar
manner to the secondary background. Contamination from peaking background due to
partially reconstructed D

0 decays is found to be much smaller than 0.1% of the WS signal
and neglected in the fit.

The �

2 that is minimized in the fit to the WS/RS decay-time dependence is
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where r
i

and �

i

are the measured WS/RS ratio and its statistical uncertainty in the decay
time bin i, respectively. The decay time t

i

is the average value in each bin of the RS
sample. The fit parameters, ✓, include the three mixing parameters (R

D

, y0, x02) and five
nuisance parameters used to describe the decay time evolution of the secondary D fraction
(�

B

) and of the peaking background (�
p

). The nuisance parameters are constrained to the
measured values by the additional �2

B

and �

2
p

terms, which account for their uncertainties
including correlations.

The analysis procedure is defined prior to fitting the data for the mixing parameters.
Measurements on pseudoexperiments that mimic the experimental conditions of the data,
and where D0 �D

0 oscillations are simulated, indicate that the fit procedure is stable and
free of any bias.

The fit to the decay-time evolution of the WS/RS ratio is shown in Fig. 2 (solid line),
with the values and uncertainties of the parameters R

D

, y0 and x

02 listed in Table 1. The
value of x02 is found to be negative, but consistent with zero. As the dominant systematic
uncertainties are treated within the fit procedure (all other systematic e↵ects are negligible),
the quoted errors account for systematic as well as statistical uncertainties. When the

5

Mixing very obvious by eye: 
ratio is not constant!

Fit results in table -- but that’s not the whole story. 
Parameters are correlated...

http://arxiv.org/abs/1211.1230
http://arxiv.org/abs/1211.1230


Mixing in D0 → K+ π−
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Figure 3: Estimated confidence-level (CL) regions in the (x02
, y

0) plane for 1� CL = 0.317
(1�), 2.7⇥ 10�3 (3�) and 5.73⇥ 10�7 (5�). Systematic uncertainties are included. The
cross indicates the no-mixing point.
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Mixing in D0 → K+ π−

•One experimental issue we had to worry about: 
contamination from B decays (“secondary charm”)

•Suppressed with pointing requirement: D0 IPX2 to PV < 9

•Surviving secondaries are from short-lived B decays, so bias is 
small -- and partly cancels in WS/RS ratio. Bounded from 
above and included as systematic.

35

Prompt charm:
D points to primary vertex
Daughters of D don’t in general Secondary charm:

D doesn’t point to PV in general

D
PV

B DPV

between Vertex Locator sensors can lead to a bias of the decay-time scale. The e↵ect has
been estimated to be less than 0.1% of the measured time [21] and translates into relative
systematic biases of 0.1% and 0.2% on y

0 and x

02, respectively. At the current level of
statistical precision, such small e↵ects are negligible.

The main sources of systematic uncertainty are those which could alter the observed
decay-time dependence of the WS/RS ratio. Two such sources have been identified: (1)
secondary D mesons, and (2) backgrounds from charm decays reconstructed with the
wrong particle identification assignments, which peak in M(D0

⇡

+
s ) and are not accounted

for in our mass fit. These e↵ects, discussed below, are expected to depend on the true
value of the mixing parameters and are accounted for in the time-dependent fit.

The contamination of charm mesons produced in b-hadron decays could bias the time-
dependent measurement, as the reconstructed decay time is calculated with respect to
the PV, which, in this case, does not coincide with the D

0 production vertex. When this
secondary component is not subtracted, the measured WS/RS ratio can be written as
R(t) [1��

B

(t)], where R(t) is the ratio of promptly-produced candidates according to
Eq. (1), and �

B

(t) is a time-dependent bias due to the secondary contamination. Since
R(t) is measured to be monotonically nondecreasing [9] and the reconstructed decay time
for secondary decays overestimates the true decay time of the D

0 meson, it is possible to
bound �

B

(t), for all decay times, as

0 6 �
B

(t) 6 f

RS
B

(t)


1� R

D

R(t)

�
, (2)

where fRS
B

(t) is the fraction of secondary decays in the RS sample at decay time t. The lower
bound in Eq. (2) corresponds to the case when the parent b-hadron decays instantaneously
and the reconstructed D

0 decay time is the true decay time. The upper bound corresponds
to the case when the D

0 decays instantaneously and the reconstructed decay time t is
entirely due to the b-hadron lifetime. Since �

B

> 0, it follows that the background from
secondary D decays decreases the observable mixing e↵ect. To include the corresponding
systematic uncertainty, we modify the fitting function for the mixing hypothesis assuming
the largest possible bias from Eq. (2). The value of fRS

B

(t) is constrained to the measured
value, obtained by fitting the �2(IP) distribution of the RS D

0 candidates in bins of decay
time. In this fit, the promptly-produced component is described by a time-independent
�

2(IP) shape, which is derived from data using the candidates with t < 0.8⌧ . The �

2(IP)
shape of the secondary component, and its dependence on decay time, is also determined
from data by studying the sub-sample of candidates that are reconstructed, in combination
with other tracks in the events, as B ! D

⇤(3)⇡, B ! D

⇤
µX or B ! D

0
µX. The

measured value of fRS
B

(t) increases almost linearly with decay time from (0.0± 0.5)% up to
(14± 5)%, for a time-integrated value of (2.7± 0.2)%. We checked on pseudoexperiments,
before fitting the data, and then also on data that such a small contamination results in a
shift on the measured mixing parameters that is much smaller than the increase in the
uncertainty when the secondary bias is included in the fit.

Background from incorrectly reconstructed D meson decays, peaking in the M(D0
⇡

+
s )

distribution, arises from D

⇤+ decays for which the correct soft pion is found but the D

0

4

Secondary fraction fBRS(t) varies from (0.0±0.5)% at t=0 up to (14±5)% at high lifetimes.

arXiv:1211.1230
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Time-integrated asymmetries 
in D0 → K− K+, π− π+
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PRL 108 (2012) 111602
arXiv:1112.0938

0.6 fb−1
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My timing is lousy...

•Today you just get the old result, I’m afraid.
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A(D0 → K+ K−) − A(D0 → π+ π−)
• Ideal: uncorrelated measurements of the two asymmetries.

•For practical reasons, LHCb measures difference between 
CP asymmetries (see next slide)

•Natural worry: are we also cancelling CP asymmetry?

•Naive expectation from U-spin: Adir(KK) = −Adir(ππ),
i.e. difference is maximal.

•Conclusion could be softened by large U-spin violation in 
power corrections.

38
Grossman, Kagan & Nir, PRD 75, 036008 (2007)
For more on U-spin breaking, see arXiv:1202.3795 (Feldmann, Nandi, Soni)

http://arxiv.org/abs/1202.3795
http://arxiv.org/abs/1202.3795


Formalism

• ... so when we take ARAW(f)* − ARAW(f′)* the production and soft 
pion detection asymmetries will cancel. Moreover...

•No D0 detector asymmetry for decays to (K+ K−), (π+ π−)

39

ARAW (f) ⌘ N(D0 ! f)�N(D
0 ! f̄)

N(D0 ! f) +N(D
0 ! f̄)

ARAW (f)⇤ ⌘ N(D⇤+ ! D0(f)⇡+)�N(D⇤� ! D
0
(f̄)⇡�)

N(D⇤+ ! D0(f)⇡+) +N(D⇤� ! D
0
(f̄)⇡�)

ARAW (f) = ACP (f) +AD(f) +AP (D
0)

ARAW (f)⇤ = ACP (f) +AD(f) +AD(⇡s) +AP (D
⇤+)

physics CP asymmetry

Detection asymmetry of D0

Detection asymmetry of soft pion

Production asymmetry

... i.e. all the D*-related production and detection effects cancel.
This is why we measure the CP asymmetry difference: very robust 
against systematics.

Shorthand: �ACP ⌘ ACP (K
�K+)�ACP (⇡

�⇡+)
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Mass spectra

For illustration; not used in calculating ΔACP 40

Showing D0 candidate mass for D*+ candidates within 0<δm<15 MeV/c2; δm = m(D0 π+) − m(D0) − m(π+)

1844<m(D0)<1884 MeV/c2 1844<m(D0)<1884 MeV/c2

Yield: (1436 ± 2) x 103 Yield: (381 ± 1) x 103

Signal 
window

Signal 
window

K+K− π+π−



Result & systematics

Significance: 3.5 σ

41

�ACP = [�0.82± 0.21(stat.)± 0.11(sys.)]%
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FIG. 3. Time-dependence of the measurement. The data are
divided into 19 disjoint, contiguous, time-ordered blocks and
the value of �A

CP

measured in each block. The horizontal
red dashed line shows the result for the combined sample.
The vertical dashed line indicates the technical stop referred
to in Table I.

The �

2 probability for consistency among the subsam-
ples is 45%. The significances of the di↵erences between
data taken before and after the technical stop, between
the magnet polarities, and between p

x

> 0 and p

x

< 0
are 0.4, 0.6, and 0.7 standard deviations, respectively.
Other checks include applying electron and muon vetoes
to the slow pion and to the D0 daughters, use of di↵erent
kinematic binnings, validation of the size of the statisti-
cal uncertainties with Monte Carlo pseudo-experiments,
tightening of kinematic requirements, testing for varia-
tion of the result with the multiplicity of tracks and of
primary vertices in the event, use of other signal and
background parameterizations in the fit, and imposing a
full set of common shape parameters between D

⇤+ and
D

⇤� candidates. Potential biases due to the inclusive
hardware trigger selection are investigated with the sub-
sample of data in which one of the signal final-state tracks
is directly responsible for the hardware trigger decision.
In all cases good stability is observed. For several of these
checks, a reduced number of kinematic bins are used for
simplicity. No systematic dependence of �A

CP

is ob-
served with respect to the kinematic variables.

Systematic uncertainties are assigned by: loosening the
fiducial requirement on the slow pion; assessing the e↵ect
of potential peaking backgrounds in Monte Carlo pseudo-
experiments; repeating the analysis with the asymmetry
extracted through sideband subtraction in �m instead of
a fit; removing all candidates but one (chosen at random)
in events with multiple candidates; and comparing with
the result obtained without kinematic binning. In each
case the full value of the change in result is taken as the
systematic uncertainty. These uncertainties are listed in
Table II. The sum in quadrature is 0.11%. Combin-

TABLE I. Values of �A
CP

measured in subsamples of the
data, and the �2/ndf and corresponding �2 probabilities for
internal consistency among the 27 bins in each subsample.
The data are divided before and after a technical stop (TS),
by magnet polarity (up, down), and by the sign of p

x

for
the slow pion (left, right). The consistency among the eight
subsamples is �2/ndf = 6.8/7 (45%).

Subsample �A
CP

[%] �2/ndf
Pre-TS, up, left �1.22± 0.59 13/26 (98%)
Pre-TS, up, right �1.43± 0.59 27/26 (39%)
Pre-TS, down, left �0.59± 0.52 19/26 (84%)
Pre-TS, down, right �0.51± 0.52 29/26 (30%)
Post-TS, up, left �0.79± 0.90 26/26 (44%)
Post-TS, up, right +0.42± 0.93 21/26 (77%)
Post-TS, down, left �0.24± 0.56 34/26 (15%)
Post-TS, down, right �1.59± 0.57 35/26 (12%)
All data �0.82± 0.21 211/215 (56%)

TABLE II. Summary of absolute systematic uncertainties for
�A

CP

.

Source Uncertainty
Fiducial requirement 0.01%
Peaking background asymmetry 0.04%
Fit procedure 0.08%
Multiple candidates 0.06%
Kinematic binning 0.02%
Total 0.11%

ing statistical and systematic uncertainties in quadra-
ture, this result is consistent at the 1� level with the
current HFAG world average [3].

In conclusion, the time-integrated di↵erence in CP

asymmetry between D

0 ! K

�
K

+ and D

0 ! ⇡

�
⇡

+ de-
cays has been measured to be

�A

CP

= [�0.82± 0.21(stat.)± 0.11(syst.)]%

with 0.62 fb�1 of 2011 data. Given the dependence
of �A

CP

on the direct and indirect CP asymmetries,
shown in Eq. (4), and the measured value �hti/⌧ =
[9.83± 0.22(stat.)± 0.19(syst.)]%, the contribution from
indirect CP violation is suppressed and �A

CP

is primar-
ily sensitive to direct CP violation. Dividing the central
value by the sum in quadrature of the statistical and sys-
tematic uncertainties, the significance of the measured
deviation from zero is 3.5�. This is the first evidence for
CP violation in the charm sector. To establish whether
this result is consistent with the SM will require the anal-
ysis of more data, as well as improved theoretical under-
standing.

Skipping a bunch of subtleties, e.g. kinematic correlations.



Indirect vs direct CP violation
•Both indirect & direct CPV can contribute.

• Indirect CPV is ≈ universal => cancels in A(KK)−A(ππ)...
... IF equal proper time acceptance for both (e.g. BABAR, Belle)

• If not equal, residual contribution:  Aind[<tKK>−<tππ>]/τ0

42
See: CDF, arXiv:1111.5023
See also: Bigi, Paul & Recksiegel, JHEP05 089 (2011)
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Charm at LHCb
•Lots going on!

• I couldn’t show you everything...
•Production studies -- single & double charm; asymmetries
• Spectroscopy, recent results in DsJ

•More CPV and mixing studies (including 4-body decays)

• ... but I hope you got a flavour.

•LHCb’s real strengths (POV of an ex-BaBarian):
•Huge statistics (at least for all-charged final states)
• Fantastic hadron and muon PID
•Great precision on lifetimes, vertices

•Systematics are a challenge, especially for charm
•because of the production environment
•because of the very large samples

• ... but we are making steady progress. Interesting times!
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D+ → K− K+ π+

44
Phys. Rev. D 84, 112008 (2011)

38 pb−1

http://dx.doi.org/10.1103/PhysRevD.84.112008
http://dx.doi.org/10.1103/PhysRevD.84.112008
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About 6/pb omitted from these mass spectra 
for technical reasons, but still used in analysis.

KKπ signal (D+) and control 
mode (Ds+) purity ~ 90%. 

Signal yield ~ 370k.

Kππ control mode
(D+) purity ~ 98%



The Dalitz plot
•First, here is the D+ → K− K+ π+ Dalitz plot with LHCb data:
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Technique
•Model-independent search for CPV in Dalitz plot distribution

•Compare binned, normalized Dalitz plots for D+, D−

•Production asymmetry etc cancels completely after normalization.
• Efficiency asymmetries that are flat across Dalitz plot also cancel.

•Method based on “Miranda” approach -- asymmetry significance
• In absence of asymmetry, values distributed as Gaussian(μ=0, σ=1)
•Figure of merit for statistical test: sum of squares of Mirandas is a χ2.

47

Miranda paper: Phys. Rev. D80 (2009) 096006
See also BaBar: Phys.Rev. D78:051102 (2008)
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Tests with the control channels: D+ ! K��+�+

 / ndf = 14.18 / 162χ

Prob   0.585
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A typical Miranda
distribution from a test
with 900 square bins,

fitted to a Gaussian. The
absence of local effects
imply µ = 0 and ⇥ = 1.

The corresponding
p-value of this particular

test is 45.5%.
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LHCb
Preliminary

Example: distribution for D+ → K− π+ π+ 
control mode follows prediction very nicely.

NDF = (#bins−1) → p-value



Ds+ → K− K+ π+ control mode

•For MagUp: χ2/NDF = 16.0 / 24 (88.9%)

•For MagDown: χ2/NDF = 31.0 / 24 (15.5%)

•Combined*: χ2/NDF = 26.2 / 24 (34.4%)

•Great! No evidence of any fake asymmetry in control mode.
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* To combine: take weighted average of measured asymmetry in each 
bin, then its evaluate significance. Also tried simple merge of events; 
gives almost identical result.



Other K− K+ π+ control modes
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Hole to chop out
D*+ → D0(K−K+) π+

Window MagUp MagDown Combined
lower sideband 32.7% 10.1% 8.7%

middle sideband 31.4% 27.7% 50.8%

Ds+ window 88.9% 15.5% 34.4%

upper sideband 1.3% 50.7% 26.5%

Sidebands around the D+ signal 
peak look completely fine!



K− π+ π+ control modes

•D+ → K− π+ π+ behaves amazingly well. Remember:
• there is a mechanism for a fake asymmetry that doesn’t apply to the signal 

mode (kaon efficiency)
• the statistics are 10x larger than in the signal mode
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lower sideband 99.7% 18.2% 91.0%
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Method of comparing normalized Dalitz 
plots very robust against systematic effects.
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TABLE IX. Fitted means and widths, ⇥2/ndf and p-values for consistency with no CPV for the D+ ⇤ K�K+�+ decay mode
with four di�erent binnings.

Binning Fitted mean Fitted width ⇥2/ndf p-value (%)
Adaptive I 0.01± 0.23 1.13± 0.16 32.0/24 12.7
Adaptive II �0.024± 0.010 1.078± 0.074 123.4/105 10.6
Uniform I �0.043± 0.073 0.929± 0.051 191.3/198 82.1
Uniform II �0.039± 0.045 1.011± 0.034 519.5/529 60.5
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In (c) and (d) bins at the edges are not shown if the number of entries is not above a threshold of 50 (see Sect. III).
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dataset of 38 pb−1
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TABLE IX. Fitted means and widths, ⇥2/ndf and p-values for consistency with no CPV for the D+ ⇤ K�K+�+ decay mode
with four di�erent binnings.

Binning Fitted mean Fitted width ⇥2/ndf p-value (%)
Adaptive I 0.01± 0.23 1.13± 0.16 32.0/24 12.7
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Uniform I �0.043± 0.073 0.929± 0.051 191.3/198 82.1
Uniform II �0.039± 0.045 1.011± 0.034 519.5/529 60.5
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Figure 2: !Rp contribution to K+ → π+νν̄ with one λ′
ijk != 0.

For a top mass of 176 GeV , G(xt) = 0.54.

This gives the constraint

|λ′
i3k| ≤ 0.77

(

1

zi
2

+
1

wk
2

)− 1

4

(20)

with zi and wk as previously defined.

In addition to inducing B0−B̄0 mixing, these interactions also contribute

to the b → s + γ amplitude. However, with reasonable values for squark and

sneutrino masses, the constraint is significantly weaker than that found from

the top quark analysis.

2.3 K+ → π+νν̄

The tree level Feynman diagram in Figure (2) generates an effective Hamilto-

nian which contributes to the branching ratio for K+ → π+νν̄. Using a Fierz

rearrangement, a straightforward evaluation of this diagram gives

H#Rp =
1

2

∣

∣

∣λ′
ijk

∣

∣

∣

2

m2
d̃Rk

(VKMj1V
∗
KMj2)(s̄LγµdL)(ν̄LiγµνLi) (21)

There is also a Standard Model contribution to this decay [21]. This is

an order of magnitude lower than the existing experimental limit. To obtain

a bound on the !Rp coupling, we shall assume that the !Rp effects dominate the

decay rate.

As the matrix element for this semi-leptonic decay factors into a leptonic

7

From Phys.Rev. D54 (1996) 4445 (Agashe & Graesser)
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Figure 1: Distributions of the maximal branching ratios in the model with extra quark singlet for the decay

modes D+ → π+e+e− (left) and D+ → π+µ+µ− (right). Full line represents the combined LD and SD

contributions.

On the other hand, the MSSMR/ gives a slight increase to the mode with electrons. Deviation

from the LD amplitude is pronounced in the region without resonances, where m!! < mρ or

m!! > mφ (Fig. 2, left). However, the most promising mode is the channel with muons. The long-
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Figure 2: Distributions of the maximal branching ratios in the MSSMR/ model for the decay modes D+ →

π+e+e− (left) and D+ → π+µ+µ− (right). Full line represents the combined LD and SD contributions, and

it corresponds to the experimental upper bound BR(D+ → π+µ+µ−) = 8.8 × 10−6 on the right plot.

distance contribution (2.2× 10−6) is a fair share of the experimental upper bound [42] (8.8× 10−6)

and should be taken into account together with the short distance part, when one is constraining

the Wilson coefficients. The difference is not big, i.e. when we drop the LD part we get for the

From Phys.Rev.D76:074010,2007 (Fajfer, Kosnik & Prelovsek)

http://arxiv.org/abs/hep-ph/9510439
http://arxiv.org/abs/hep-ph/9510439
http://arxiv.org/abs/0706.1133
http://arxiv.org/abs/0706.1133


Interpretation

• Is there something there?

• If so, is it SM?

• If not, what could it be?
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Is there something there?

•Effect seen by LHCb, CDF, Belle with similar central 
values and significance between 2 and 31/2 σ

•Smells interesting, but we are not yet at discovery level.
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p-value for no CPV: 0.002%
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CDF: Phys.Rev. D85 (2012) 012009
CDF: Phys.Rev.Lett. 109 (2012) 111801
LHCb: Phys. Rev. Lett. 108 (2012) 111602
Belle preliminary (976/fb)
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Is it SM?

•Theory consensus: it can be accommodated.

•Contributions from penguin & tree:

•Key question: how large can rf be?

56Grossman, Kagan & Nir, PRD 75, 036008 (2007)

Af = A(D0 ! f) = AT
f e+i�T

f

h
1 + rfe

i(�f+�f )
i

Af = A(D
0 ! f) = AT

f e�i�T
f

h
1 + rfe

i(�f��f )
i

) adirf = 2 rf sin�f sin �f

http://dx.doi.org/10.1103/PhysRevD.75.036008
http://dx.doi.org/10.1103/PhysRevD.75.036008


ΔACP in the SM
•Clue: odd pattern of BRs, e.g. D0 → K+K− > D0 → π+π−

[Brod, Grossman, Kagan, Zupan -- JHEP 1210 (2012) 161]

•Single mechanism can explain both effects: unusually large 
penguin amplitude.
•Remember ΔACP ~ |A(KK)| + |A(ππ)| α rf

•Penguin amplitude appears with opposite sign in BRs:
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U-spin decomposition – amplitudes

Assume nominal U-spin breaking, originating from ms s̄s,
of order εU ∼ 20% ∼ fK/fπ − 1

Additional assumption: T = O(1), P = O(1/ε′), where ε′ # 1

A(D̄0 → K+π−) =VcsV
∗
udT (1− 1

2ε
′
1T ),

A(D̄0 → π+π−) =− VcsV
∗
us

[

T (1 + 1
2ε1T )− Pbreak(1− 1

2ε
(2)
sd )

]

− V ∗
cbVub(T/2(1 + 1

2ε1T ) + P(1− 1
2εP)),

A(D̄0 → K+K−) =VcsV
∗
us

[

T (1− 1
2ε1T ) + Pbreak(1 +

1
2ε

(2)
sd )

]

− V ∗
cbVub(T/2(1− 1

2ε1T ) + P(1 + 1
2εP)),

A(D̄0 → π+K−) =VcdV
∗
usT (1 + 1

2ε
′
1T ).

Joachim Brod (University of Cincinnati) Direct CP violation in D decays 11 / 22

Brod et al, Phys.Rev. D86 (2012) 014023
See also e.g. Bhattacharya et al, Phys. Rev. D 85, 054014

Feldmann et al, JHEP 1206 (2012) 007

B(D0 ! ⇡+⇡�) = (1.401± 0.027)⇥ 10�3

B(D0 ! K+K�) = (3.96± 0.08)⇥ 10�3
PDG

http://dx.doi.org/10.1007/JHEP10(2012)161
http://dx.doi.org/10.1007/JHEP10(2012)161
http://dx.doi.org/10.1103/PhysRevD.86.014023
http://dx.doi.org/10.1103/PhysRevD.86.014023
http://dx.doi.org/10.1103/PhysRevD.85.079901
http://dx.doi.org/10.1103/PhysRevD.85.079901
http://dx.doi.org/10.1007/JHEP06(2012)007
http://dx.doi.org/10.1007/JHEP06(2012)007


ΔACP beyond the SM

•But still room for NP here:
•SM estimates rather uncertain
•We haven’t explained WHY the penguin amplitudes are large

•Suppose that effect is real and that SM doesn’t saturate it. 
What else could contribute?

•Generically, can look at which operators would give the right 
enhancement without violating flavour bounds:
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ΔaCP and New Physics

• Assume SM does not saturate the experimental value

• Parametrize NP contributions in EFT normalized to the effective SM scale

• most general dim 6 Hamiltonian at µ < mW,t

Qq
1 = (ūq)V�A (q̄c)V�A

Qq
2 = (ū↵q�)V�A (q̄�c↵)V�A ,

Qq
5 = (ūc)V�A (q̄q)V+A ,

Qq
6 = (ū↵c�)V�A (q̄�q↵)V+A ,

Q7 = � e

8⇡2
mc ū�µ⌫(1 + �5)F

µ⌫ c ,

Q8 = � gs
8⇡2

mc ū�µ⌫(1 + �5)T
aGµ⌫

a c ,

He↵�NP
|�c|=1 =

GFp
2

X

i

CNP
i Qi

+ Ops. with V↔A

x 5 qq flavor structures
_

6

Allowed Ajar Disfavored

Q7,8 , Q0
7,8 , Q(c�u,8d,b,0)

1,2 , Qs�d
1,2 , C(s�d)0

5,6 ,

8f Qf 0
1,2 , Q(c�u,b)0

5,6 Q(0)
5,6 , Q(8d)0

5,6 Cs�d,c�u,8d,b
5,6

Table III: List of |�c| = 1 operators grouped according to
whether they can contribute to �aCP at a level comparable
to the central value of the measurement, given the constrains
from D � D̄ mixing and ✏0/✏.

C(c�u)+C(8d)]/2+(5/4)C(b), C(1/2)
i = [C(s�d)+C(c�u)�

C(8d)]/2 + (1/4)C(b) � C(0), and ⇢ = mK/ms. Imposing
the conservative bound |✏0/✏|

NP

< |✏0/✏|
exp

⇡ 1.7⇥ 10�3,
leads to severe constraints on all the coe�cients. In
terms of |�s| = 1 Wilson coe�cients at the high scale
(µ = 1 TeV) the constraints read

Im(C(s�d)
1

) . 1.4⇥ 10�5 , Im(C(s�d)
2

) . 1.4⇥ 10�5 ,

Im(C(s�d)
5

) . 1.9⇥ 10�7 , Im(C(s�d)
6

) . 6.1⇥ 10�8 ,

Im(C(c�u)
1

) . 1.3⇥ 10�5 , Im(C(c�u)
2

) . 1.6⇥ 10�5 ,

Im(C(c�u)
5

) . 1.9⇥ 10�7 , Im(C(c�u)
6

) . 6.4⇥ 10�8 ,

Im(C(8d)
1

) . 1.4⇥ 10�5 , Im(C(8d)
2

) . 1.4⇥ 10�5 ,

Im(C(8d)
5

) . 1.9⇥ 10�7 , Im(C(8d)
6

) . 6.1⇥ 10�8 ,

Im(C(b)
1

) . 5.4⇥ 10�6 , Im(C(b)
2

) . 5.9⇥ 10�6 ,

Im(C(b)
5

) . 7.5⇥ 10�8 , Im(C(b)
6

) . 2.5⇥ 10�8 ,

Im(C(0)

1

) . 1.5⇥ 10�5 , Im(C(0)

2

) . 4.5⇥ 10�5 ,

Im(C(0)

5

) . 9.6⇥ 10�6 , Im(C(0)

6

) . 1.9⇥ 10�6 .
(31)

Inserting the matching conditions (28), we obtain bounds
on the |�c| = 1 Wilson coe�cients in Table II. We ob-

serve that all Q(f)
5,6 except Q

(0)

5,6 are excluded from con-
tributing significantly to �aCP . The remaining opera-
tors are only marginally constrained and can give observ-
able e↵ects in the charm sector provided |�RNP| have
significant values as also shown in Fig. 2.

IV. CONCLUSIONS

We explored the implications of the recent LHCb mea-
surement of a 3.5� deviation from no CP violation in D

decays. Clearly, it will require more data to establish
whether the measurement is or is not consistent with the
SM. While a su�cient QCD enhancement of the penguin
matrix element cannot be excluded at the present time,
if similar CP violation is observed in other channels as
well (e.g., pseudoscalar-vector final states, three-body de-
cays, Ds or ⇤c decays), then it would suggest that the
measurement is due to new short distance physics, rather
than the enhancement of a hadronic matrix element in
one particular channel.
Our analysis implies that operators where the charm

bilinear current is of V � A structure are constrained
by D � D̄ mixing or by ✏0/✏, especially the ones which
violate U -spin. A complete list of the operators grouped
according to whether they can contribute to �aCP at a
level comparable to the central value of the measurement,
given the constrains fromD�D̄ mixing and ✏0/✏, is shown
in Table III. It is also worth noting that in cases where
the new physics contributions are large, we generically
expect sizable contributions to CP violation in D � D̄
mixing (and in ✏0/✏) to arise. This will be tested when
the constraints on CP violation in D � D̄ mixing will
improve substantially with more LHCb and future super-
B-factory data.
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ΔACP beyond the SM

•Many papers looking at implications for particular 
models
•Too many to go through here! See slides by Kamenik at CKM 

2012, and the references therein

•For example, very thorough discussion on SUSY by 
Giudice, Isidori & Paradisi in JHEP 04 (2012) 060
•Requires large left-right squark mixing
• Implications for flavour structure in SUSY models

(e.g. consistent with split families)
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What next?

•More to do on both experimental & theoretical sides.

•This measurement: 0.6/fb.
•From 2011: 1/fb on tape -- now reprocessed.
•Expect total of O(2/fb) in 2012 before long shutdown
• ... with improved charm trigger efficiency

• Independent measurements with other tagging methods (esp. 
semileptonic B decays)

•Look for direct CPV in other SCS charm decays, esp. 3-body 
modes

•Further measurements of indirect CPV

•Pin down mixing parameters x, y
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Mixing & indirect CPV 
with D0 → K− K+, K− π+
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Recap

62

A� =
�(D

0 ! K�K+)� �(D0 ! K�K+)

�(D
0 ! K�K+) + �(D0 ! K�K+)

D0 → K− π+: Mixture of CP states

D0 → K− K+: CP-even eigenstate

3

tral mesons [1, 2]: neutral kaons, B0
d, and most recently

B0
s mesons. This process is also possible in the D-meson

system, but has not previously been observed. In this
paper we present evidence for D0–D0 mixing [3].

After the production of a neutral meson in a flavor
eigenstate (D0 or D0), its time evolution is governed by
the masses M1,2 and widths Γ1,2 of the eigenstates of the
Hamiltonian, D1,2. The mixing parameters are defined
as x = (M1 − M2)/Γ and y = (Γ1 − Γ2)/2Γ, where Γ =
(Γ1 + Γ2)/2 is the average width, with x = y = 0 in the
no-mixing case. Within the Standard Model (SM) K-
and B-mixing can be described by box diagrams in which
up-like quarks propagate in the loop; in D-mixing, the
down-like quarks participate. The near degeneracy of the
s and d quark masses and the small value of the b quark
couplings strongly suppress such contributions, leading
to an expectation x ≤ 10−5. The D0 ↔ D0 transition
can also be mediated by intermediate states accessible to
both particles. The resulting D-mixing parameters are
difficult to calculate due to the non-perturbative nature
of QCD; the largest predictions are |x|, |y| ≤ O(10−2).
Loop diagrams including new, yet-unobserved particles
could significantly affect the experimental values. CP -
violating effects in D-mixing would be a clear signal of
new physics, as CP -violation is expected to be very small
in the SM, even for x, y at the percent level [4, 5].

There are several possible ways to observe the effect
of x and y on the decay time distribution of D0 mesons.
Here we measure the difference between the apparent life-
time in decays to the CP -even eigenstates K+K− and
π+π−, and that in decays to the K−π+ final state [6],

yCP =
τ(K−π+)

τ(K+K−)
− 1; (1)

formulae are written in terms of the K+K− mode for
simplicity. This quantity is related to the mixing param-
eters through yCP = y cosφ− 1

2
AMx sin φ [4], where AM

and φ parameterize CP -violation in mixing and in the
interference between mixing and D-meson decays respec-
tively. If CP violation can be neglected, AM = φ = 0
and yCP = y. Several measurements of yCP have been
reported [7]. Although no individual measurement is sta-
tistically significant, the average of these results is about
2 standard deviations above zero [1].

We also search for CP -violation by comparing appar-
ent lifetimes for D0 and D0 decaying to the CP -even final
states,

AΓ =
τ(D0 → K−K+) − τ(D0 → K+K−)

τ(D0 → K−K+) + τ(D0 → K+K−)
; (2)

in terms of the mixing and CP -violation parameters,
AΓ = 1

2
AMy cosφ − x sin φ.

Our results are based on 540 fb−1 of data recorded
by the Belle experiment [8] at the KEKB asymmetric-
energy e+e− collider [9], running at the center-of-mass

M (GeV/c
2
)

E
v

e
n

ts
 p

e
r
 1

M
e
V

/c
2

(a) D
0
!K

+
K

-

q (GeV)

E
v

e
n

ts
 p

e
r
 0

.1
M

e
V (d) D

0
!K

+
K

-

M (GeV/c
2
)

E
v

e
n

ts
 p

e
r
 1

M
e
V

/c
2

(b) D
0
!K

-
"

+

#
t
 (fs)

1
/N

 d
N

/d
#

t

f
i

#
i

(e)

M (GeV/c
2
)

E
v

e
n

ts
 p

e
r
 1

M
e
V

/c
2

(c) D
0
!"

+
"

-

run period

$
K
"
 (

fs
)

W.A.

408.7±0.6 fs(f)

10
2

10
3

10
4

1.82 1.84 1.86 1.88 1.9

10

10
2

10
3

10
4

0 0.005 0.01 0.015 0.02

10
2

10
3

10
4

10
5

1.82 1.84 1.86 1.88 1.9
0

0.02

0.04

0.06

0 100 200 300

10
2

10
3

1.82 1.84 1.86 1.88 1.9
400

405

410

415

420

1 2 3 4

FIG. 1: M distribution of selected events (with |∆q| <
0.80 MeV and σt < 370 fs) for (a) K+K−, (b) K−π+ and
(c) π+π− final states. The histogram shows the tuned MC
distribution. (d) q distribution (with |∆M |/σM < 2.3 and
σt < 370 fs) for the K+K− final state. ∆M and ∆q are
calculated relative to the nominal values for the signal. (e)
Normalized distribution of errors σt on the decay time t for
D0 → K−π+, showing the construction of the resolution func-
tion using the fraction fi in the bin with σt = σi. (f) Fitted
lifetime of D0 mesons in the K−π+ final state in four running
periods with slightly different conditions, and the result of a
fit to a constant. The world average value is also shown.

(CM) energy of the Υ(4S) resonance and 60 MeV below.
To test the method and estimate some systematic uncer-
tainties we used simulated Monte-Carlo (MC) events, in
both generic (including all relevant processes at this en-
ergy) and dedicated signal samples, which include small
run-dependent changes in the experimental data taking
conditions. The details of the analysis procedure were
finalised without consulting quantities sensitive to the
values of yCP and AΓ.

The Belle detector has been described in detail else-
where [8]. We reconstruct D∗+ → D0π+

s decays with
a characteristic slow pion πs, and D0 mesons in the
K+K−, K−π+ and π+π− final states. Each of the final
state tracks was required to have at least two associated
hits in each of the two measuring coordinates of the sili-
con vertex detector, consisting of 3 (4) layers of double-
sided semiconducting detectors for the first 155 fb−1 (last
385 fb−1) of the data [8, 10]. To select pion and kaon can-
didates we imposed standard particle identification cri-

Define

3

tral mesons [1, 2]: neutral kaons, B0
d, and most recently

B0
s mesons. This process is also possible in the D-meson

system, but has not previously been observed. In this
paper we present evidence for D0–D0 mixing [3].

After the production of a neutral meson in a flavor
eigenstate (D0 or D0), its time evolution is governed by
the masses M1,2 and widths Γ1,2 of the eigenstates of the
Hamiltonian, D1,2. The mixing parameters are defined
as x = (M1 − M2)/Γ and y = (Γ1 − Γ2)/2Γ, where Γ =
(Γ1 + Γ2)/2 is the average width, with x = y = 0 in the
no-mixing case. Within the Standard Model (SM) K-
and B-mixing can be described by box diagrams in which
up-like quarks propagate in the loop; in D-mixing, the
down-like quarks participate. The near degeneracy of the
s and d quark masses and the small value of the b quark
couplings strongly suppress such contributions, leading
to an expectation x ≤ 10−5. The D0 ↔ D0 transition
can also be mediated by intermediate states accessible to
both particles. The resulting D-mixing parameters are
difficult to calculate due to the non-perturbative nature
of QCD; the largest predictions are |x|, |y| ≤ O(10−2).
Loop diagrams including new, yet-unobserved particles
could significantly affect the experimental values. CP -
violating effects in D-mixing would be a clear signal of
new physics, as CP -violation is expected to be very small
in the SM, even for x, y at the percent level [4, 5].

There are several possible ways to observe the effect
of x and y on the decay time distribution of D0 mesons.
Here we measure the difference between the apparent life-
time in decays to the CP -even eigenstates K+K− and
π+π−, and that in decays to the K−π+ final state [6],

yCP =
τ(K−π+)

τ(K+K−)
− 1; (1)

formulae are written in terms of the K+K− mode for
simplicity. This quantity is related to the mixing param-
eters through yCP = y cosφ− 1

2
AMx sin φ [4], where AM

and φ parameterize CP -violation in mixing and in the
interference between mixing and D-meson decays respec-
tively. If CP violation can be neglected, AM = φ = 0
and yCP = y. Several measurements of yCP have been
reported [7]. Although no individual measurement is sta-
tistically significant, the average of these results is about
2 standard deviations above zero [1].

We also search for CP -violation by comparing appar-
ent lifetimes for D0 and D0 decaying to the CP -even final
states,

AΓ =
τ(D0 → K−K+) − τ(D0 → K+K−)

τ(D0 → K−K+) + τ(D0 → K+K−)
; (2)

in terms of the mixing and CP -violation parameters,
AΓ = 1

2
AMy cosφ − x sin φ.

Our results are based on 540 fb−1 of data recorded
by the Belle experiment [8] at the KEKB asymmetric-
energy e+e− collider [9], running at the center-of-mass
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FIG. 1: M distribution of selected events (with |∆q| <
0.80 MeV and σt < 370 fs) for (a) K+K−, (b) K−π+ and
(c) π+π− final states. The histogram shows the tuned MC
distribution. (d) q distribution (with |∆M |/σM < 2.3 and
σt < 370 fs) for the K+K− final state. ∆M and ∆q are
calculated relative to the nominal values for the signal. (e)
Normalized distribution of errors σt on the decay time t for
D0 → K−π+, showing the construction of the resolution func-
tion using the fraction fi in the bin with σt = σi. (f) Fitted
lifetime of D0 mesons in the K−π+ final state in four running
periods with slightly different conditions, and the result of a
fit to a constant. The world average value is also shown.

(CM) energy of the Υ(4S) resonance and 60 MeV below.
To test the method and estimate some systematic uncer-
tainties we used simulated Monte-Carlo (MC) events, in
both generic (including all relevant processes at this en-
ergy) and dedicated signal samples, which include small
run-dependent changes in the experimental data taking
conditions. The details of the analysis procedure were
finalised without consulting quantities sensitive to the
values of yCP and AΓ.

The Belle detector has been described in detail else-
where [8]. We reconstruct D∗+ → D0π+

s decays with
a characteristic slow pion πs, and D0 mesons in the
K+K−, K−π+ and π+π− final states. Each of the final
state tracks was required to have at least two associated
hits in each of the two measuring coordinates of the sili-
con vertex detector, consisting of 3 (4) layers of double-
sided semiconducting detectors for the first 155 fb−1 (last
385 fb−1) of the data [8, 10]. To select pion and kaon can-
didates we imposed standard particle identification cri-

yCP related to y and CP parameters by:

    AM≠0: CPV in mixing (asymmetry in RM between D0 and D0)
cosϕ≠1: CPV in interference between mixing and decay

CP observable AΓ defined as:

2A� = (|q/p|� |p/q|) y cos�� (|q/p|+ |p/q|)x sin�
(neglecting direct CPV)



Measuring yCP and AΓ at LHCb

•Two key challenges at a hadronic machine like LHCb
•Background from secondary charm (b → c decays)
•Lifetime-biasing trigger and selection

•But on the other hand, two big advantages:
•Large boost => resolution < lifetime
•Large production cross-section
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Dealing with lifetime bias
•Swimming technique used at CDF (and DELPHI, and NA11)

• Ideally suited to LHCb where our software trigger can be 
recreated exactly offline.
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Trying to measure how acceptance 
varies with lifetime candidate-by-
candidate.

... so that we can pull it directly 
from the data instead of having to 
model it on signal MC.

Ideally, would shift D0 decay vertex, 
but this is a nightmare (imagine 
trying to move VELO hits).

Instead, shift primary vertex in 
opposite sense (nearly the same 
thing; systematic for difference)
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Prompt-secondary discrimination

Prompt charm:
D points to primary vertex
Daughters of D don’t in general Secondary charm:

D doesn’t point to PV in general

D
PV

B DPV

•Use impact parameter χ2 to distinguish between these.

•2D fit to (time, IP χ2). 1D projections for tagged D0 → K− π+:))
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(blue), the prompt signal (red), and the secondary signal (pink).
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Results for yCP in 2010 data
•Lifetime of D0 → K− π+: 410.2 ± 0.9 fs (stat err only)
• Important test of the method. Compare to world-avg: 410.1 ± 1.5 fs

•yCP = (5.5 ± 6.3 ± 4.1) x 10−3

•Dominant uncertainties from background.
•Will be easier to control in 2011 after improvements to trigger
• Statistical component in secondary charm uncertainty -- again, will improve 

with 2011 data.

66HFAG world avg: yCP = (1.064 ± 0.209)%

Table 1: Summary of systematic uncertainties.

Effect AΓ (10−3) yCP (10−3)
Decay-time acceptance correction 0.1 0.1
Decay-time resolution 0.1 0.1
Minimum decay-time cut 0.1 0.8
Maximum decay-time cut 0.2 0.2
Combinatorial background 1.3 0.8
Secondary-like background 1.6 3.9
Total 2.1 4.1

to be secondary-like, was varied. A change in the fit result for yCP of 0 (all background
secondary-like) to 4×10−3 (all background prompt-like) was observed. As it is known that
a fraction of the background events are secondary-like, this result is considered consistent
with the simplified simulation results.

5.2 Summary of systematic uncertainties

Table 1 summarises the systematic uncertainties evaluated as described above. The main
systematic uncertainties are due to neglecting the combinatorial background and to the
contribution of secondary-like decays. The total systematic uncertainties for AΓ and yCP ,
obtained by combining all sources in quadrature, are 2.1×10−3 and 4.1×10−3, respectively.

6 Results and conclusion

The measurement of yCP is based on absolute lifetime measurements as described in
Sect. 4. It uses flavour-tagged events reconstructed in the decay chain D∗+ → D0π+,
with D0 and D0 decays fitted simultaneously per decay mode. The lnχ2(IPD) projection
of the final fit is shown in Fig. 4.

The result for the lifetime measured in D0→ K−π+ decays is τ(D0) = 410.2 ± 0.9 fs
where the uncertainty is statistical only. The result for the lifetime is found to be in
agreement with the current world average [18]. Combining with the D0→ K+K− lifetime
measurement, τ(D0) = 408.0± 2.4stat fs, this leads to the final result for yCP of

yCP = (5.5± 6.3stat ± 4.1syst)× 10−3.

The measurement of AΓ is performed based on the same dataset and applying the same
fitting method as used for the extraction of yCP . A control measurement is performed
using decays to the Cabibbo favoured mode D0→ K−π+ by forming a lifetime asymmetry
analogous to Eq. 2. The measured flavour-tagged lifetimes are effective parameters since
the fitted distributions also include mistagged events. For the control measurement using
D0→ K−π+ decays this contamination is ignored as it is negligible due to the Cabibbo
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Indirect CPV: AΓ in 2010 data
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•AΓ = (−5.9 ± 5.9 ± 2.1) x 10−3

•Systematic uncertainties smaller
•Better cancellation since both final states 

use the same D0 decay mode.
•Again, background effects dominate and 

will improve with more data.

1 Introduction1

Mixing of neutral D mesons has only recently been established [1, 2, 3] and no evidence2

for CP violation in the charm sector has yet been observed. LHCb [4] is a precision heavy3

flavour experiment which exploits the abundance of charm particles produced in LHC4

collisions to acquire large samples of D decays.5

This work focuses on the study of the mixing and CP violation parameters yCP and A�6

in the decays of neutralD mesons into two charged hadrons. Both quantities are measured7

here for the first time at a hadron collider. The neutral D mass eigenstates |D1,2� with8

masses m1,2 and widths �1,2 are given as linear combinations of the flavour eigenstates as9

|D1,2� = p|D0� ± q|D0�. The average mass and width are defined as m ⌅ (m1 + m2)/210

and � ⌅ (�1 + �2)/2; the mass and width di⇥erence are used to define x ⌅ m2�m1
� and11

y ⌅ �2��1
2� . In the case of no CP violation our convention leads tom2�m1 ⌅ mCP+�mCP�12

and �2 � �1 ⌅ �CP+ � �CP�. Introducing |q/p|±2 = 1 ± Am with the assumption that13

Am ⌃ 1 and assuming negligible direct CP violation in these channels, one obtains14

yCP ⌅ �̂(D0 ⌥ K+K�)

�̂(D0 ⌥ K��+)
� 1

⇧ y cos⇥� x sin⇥
Am

2
, (1)

where �̂ denotes inverse lifetimes that are measured using a single exponential model and15

⇥ denotes the CP violating weak phase [5]. In the limit of no CP violation yCP is equal16

to y and hence becomes a pure mixing parameter. However, once precise measurements17

of y and yCP are made, any non-zero di⇥erence between y and yCP would be a sign of CP18

violation. All mentioned decays implicitly include their charge conjugate modes, unless19

explicitly stated otherwise.20

Previous measurements of yCP have been performed by BABAR and BELLE. The21

results are yCP = (11.6± 2.2± 1.8)⇥ 10�3 [6] for BABAR and yCP = (13.1± 3.2± 2.5)⇥22

10�3 [2] for BELLE. They are consistent with the world average where y = (7.5± 1.2)⇥23

10�3 [7].24

The study of the lifetime asymmetry of D0 and D0 mesons decaying into the singly25

Cabibbo-suppressed final state K+K� can reveal indirect CP violation in the charm26

sector. The measurement can be expressed in terms of the quantity A� defined as [5]:27

A� ⌅ �̂(D0 ⌥ K+K�)� �̂(D0 ⌥ K+K�)

�̂(D0 ⌥ K+K�) + �̂(D0 ⌥ K+K�)

⇧
�
Am

2
y cos⇥� x sin⇥

⇥
1

1 + yCP

⇧ Am

2
y cos⇥� x sin⇥. (2)

This measurement requires distinguishing the D0 flavours at production, which is called28

flavour tagging and will be introduced in the following section. Previous measurements29

1

HFAG world avg: AΓ = (0.026 ± 0.231)%

Table 1: Summary of systematic uncertainties.

Effect AΓ (10−3) yCP (10−3)
Decay-time acceptance correction 0.1 0.1
Decay-time resolution 0.1 0.1
Minimum decay-time cut 0.1 0.8
Maximum decay-time cut 0.2 0.2
Combinatorial background 1.3 0.8
Secondary-like background 1.6 3.9
Total 2.1 4.1

to be secondary-like, was varied. A change in the fit result for yCP of 0 (all background
secondary-like) to 4×10−3 (all background prompt-like) was observed. As it is known that
a fraction of the background events are secondary-like, this result is considered consistent
with the simplified simulation results.

5.2 Summary of systematic uncertainties

Table 1 summarises the systematic uncertainties evaluated as described above. The main
systematic uncertainties are due to neglecting the combinatorial background and to the
contribution of secondary-like decays. The total systematic uncertainties for AΓ and yCP ,
obtained by combining all sources in quadrature, are 2.1×10−3 and 4.1×10−3, respectively.

6 Results and conclusion

The measurement of yCP is based on absolute lifetime measurements as described in
Sect. 4. It uses flavour-tagged events reconstructed in the decay chain D∗+ → D0π+,
with D0 and D0 decays fitted simultaneously per decay mode. The lnχ2(IPD) projection
of the final fit is shown in Fig. 4.

The result for the lifetime measured in D0→ K−π+ decays is τ(D0) = 410.2 ± 0.9 fs
where the uncertainty is statistical only. The result for the lifetime is found to be in
agreement with the current world average [18]. Combining with the D0→ K+K− lifetime
measurement, τ(D0) = 408.0± 2.4stat fs, this leads to the final result for yCP of

yCP = (5.5± 6.3stat ± 4.1syst)× 10−3.

The measurement of AΓ is performed based on the same dataset and applying the same
fitting method as used for the extraction of yCP . A control measurement is performed
using decays to the Cabibbo favoured mode D0→ K−π+ by forming a lifetime asymmetry
analogous to Eq. 2. The measured flavour-tagged lifetimes are effective parameters since
the fitted distributions also include mistagged events. For the control measurement using
D0→ K−π+ decays this contamination is ignored as it is negligible due to the Cabibbo
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Experimental status 
(%ACP) 

! 

aCP
ind = "0.03 ± 0.23( )%

! 

"aCP
dir = #0.42 ± 0.27( )%

HFAG combination 

Consistency with NO 
CPV hypothesis: 28% 

World avg �ACP negative and about 
1.7σ from zero 

I6.";3."-1176J3,"

$%"

New CDF measurement 
�ACP=-0.46±0.31±0.12 

arXiv:1111.5023 

Indirect vs direct CP violation
•Both indirect & direct CPV can contribute.

• Indirect CPV is ≈ universal => cancels in A(KK)−A(ππ)...
... IF equal proper time acceptance for both (e.g. BABAR, Belle)

• If not equal, residual contribution:  Aind[<tKK>−<tππ>]/τ0

68
See: CDF, arXiv:1111.5023
See also: Bigi, Paul & Recksiegel, JHEP05 089 (2011)

Consistency with no 
CPV hypothesis: 28%

Zero CPV

World avg ΔACP negative and (if no 
indirect CPV) about 1.6σ from zero.

aindCP = (�0.03± 0.23)%

�adirCP = (�0.42± 0.27)%

Not including LHCb result on ΔACP

State of play before Nov 2011

http://arxiv.org/abs/1111.5023
http://arxiv.org/abs/1111.5023
http://arXiv.org/abs/arXiv:1103.5785
http://arXiv.org/abs/arXiv:1103.5785


Assumptions
•Double-difference robust against systematics.

• In order to break the formalism, you need a detector effect that 
induces different fake asymmetries for KK and ππ.

•Two known mechanisms:
•Correlation between KK/ππ efficiency ratio and D*+/D*− asymmetry (from 

production or soft pion efficiency)
•e.g. correlated variation of AP and AD with kinematics (pt, η)
•Solution: divide data into bins of the variable (such that no correlation within bin) and treat 

each bin independently.

•Asymmetric peaking background different between KK, ππ
•Comes from mis-reconstructed D*+ → D0 π+

•This is a small effect at LHCb due to excellent hadron ID: from D0 mass sidebands, size of 
peaking background O(1%) of signal... and background asymmetry O(%) so effect O(10−4)

•First-order expansion assumes raw asymmetry not large.
• ... which is true: O(%).
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Selection

•Kinematic and geometrical selection cuts, including:
•Track fit quality for all three tracks
•D0 and D*+ vertex fit quality
•Transverse momentum of D0: pT > 2 GeV/c
•Proper lifetime of D0: ct > 100 µm
•Decay angle of D0 decay: cosθh < 0.9
•D0 must point back to primary vertex (IP χ2 < 9)
•D0 daughter tracks must not point back to primary vertex
•Hard kaon/pion hadron ID cuts imposed with RICH information
•Fiducial cuts to exclude edges where B-field causes large D*+/D*− 

acceptance asymmetry

•Software trigger required to fire explicitly on the D0 candidate.

•D0 mass window: 1844 --1884 MeV/c2 (few slides’ time)
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Fiducial cuts: cartoon of detector

•B-field breaks symmetry between D*+ and D*−
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LHCb simplified bending plane view
Only tracking systems shown
Arbitrary scale used
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Fiducial cuts

•∃ regions of kinematic space where one charge of slow pion 
winds up inside acceptance but other does not.
•Main example: edges of acceptance (prev. slide)
•Also downstream beampipe

•Result: large local raw asymmetries.

•These are independent of the D0 decay mode but:
•break the assumption that raw asymmetries are small
• risk of second-order effects if bin includes border region where raw 

asymmetry is changing rapidly and ratio of efficiencies of (D0 → K−K+) vs 
(D0 → π−π+) is also varying 

•Therefore exclude them.
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Fiducial cuts: edge region

•Solid line: fiducial cuts applied

•Dotted line: looser cuts used for crosscheck.
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Requiring |py/pz|>0.02Requiring |py/pz|>0.02

B-field up B-field down

Raw asymmetry of D*± → D0(K−K+) π+ in the (px, |p|) plane of the 
tagging slow pion:



Fiducial cuts: downstream beampipe

•Upstream acceptance is charge-independent

•Downstream acceptance has left-right asymmetry
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Plot slot pion py vs px (D*+ only):

Lost from acceptance hole upstream
Lost from acceptance hole downstream

MagUpMagDown



Fiducial cuts: downstream beampipe

•Very clear effect.

• Impose cuts to remove this 
region too:
•Only applied for |py/pz|<0.02
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Raw asymmetry plots again, this time requiring |py/pz|<0.02:
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Kinematic binning

•Recap: kinematic binning needed to suppress second-order 
effects of correlated asymmetries.

•Divide data into kinematic bins of (pT of D*+, η of D*+, p of 
soft pion, left/right hemisphere) -- 54 bins

•Along similar lines:
• split by magnet polarity (field pointing up, pointing down)
• split into two run groups (before & after technical stop)

•Fit final states D0 → K+ K− and π+ π− separately
=> 432 independent fits.
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•D*+ and D*− are allowed to have different mass and resolution.
• ... though fcore and (σcore/σtail) are shared

•Background model:

Fit procedure
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Example fit (first kinematic bin of first run 
block, magnet polarity up, D0 → K+ K−)

•Use 1D fits to mass difference δm = m(D0 π+) − m(D0) − m(π+)

•Signal model: double-Gaussian convolved with asymmetric tail:

δm0 fixed from fit to high-statistics D0 → K− π+ channel
Special handling of tricky cases (single Gaussian for low-
statistics bins, background parameters loosened in some 
kinematic regions).

Phys. Lett. B 633 (2006) 309; LHCb-PUB-2009-031

g(�m) = [�(�m0 � µ)A(�m0 � µ)s]⌦G
2

(�m� �m0; f
core

,⇥
core

,⇥
tail

)

Consistency for ΔACP among individual fits: χ2/NDF=211/215 (56%)
Stat error: 0.21% absolute

h(�m) = B


1� exp

✓
��m� �m0
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Systematic uncertainties
•Kinematic binning: 0.02%
•Evaluated as change in ΔACP between full 54-bin kinematic binning and 

“global” analysis with just one giant bin.

•Fit procedure: 0.08%
•Evaluated as change in ΔACP between baseline and not using any fitting at all 

(just sideband subtraction in δm for KK and ππ modes)

•Peaking background: 0.04%
•Evaluated with toy studies injecting peaking background with a level and 

asymmetry set according to D0 mass sidebands (removing signal tails).

•Multiple candidates: 0.06%
•Evaluated as mean change in ΔACP when removing multiple candidates, 

keeping only one per event chosen at random.

•Fiducial cuts: 0.01%
•Evaluated as change in ΔACP when cuts are significantly loosened.

•Sum in quadrature: 0.11%
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Further crosschecks

•Numerous crosschecks carried out, including:
•Electron and muon vetoes on the soft pion and on the D0 daughters
•Different kinematic binnings
• Stability of result vs time
•Toy MC studies of fit procedure, statistical errors
•Tightening of PID cuts on D0 daughters
• Stability with kinematic variables
•Variation with event track multiplicity
•Use of other signal, background lineshapes in the fit
•Use of alternative offline processing (skimming/stripping)
• Internal consistency between subsamples of data

•All variation within appropriate statistical/systematic 
uncertainties.
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Stability vs time

80Before and after a technical stop

Final 
result(dashed 

line)
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Stability with kinematic variables

•No evidence of dependence 
on relevant kinematic 
variables.
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Pseudorapidity of D*± Transverse momentum of D*±

Momentum of slow pion

Red line: final result Red line: final result

Red line: final result



Consistency among subsamples

•Split by:
•Before/after technical stop (about 60% of data before)
•Magnetic field polarity
•Charge of slow pion

•Consistency among subsamples: X2/NDF = 6.7/7 (45%)
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Subsample �ACP �2/ndf
Pre-TS, field up, left (�1.22± 0.59)% 13/26(98%)
Pre-TS, field up, right (�1.43± 0.59)% 27/26(39%)
Pre-TS, field down, left (�0.59± 0.52)% 19/26(84%)
Pre-TS, field down, right (�0.51± 0.52)% 29/26(30%)
Post-TS, field up, left (�0.79± 0.90)% 26/26(44%)
Post-TS, field up, right (+0.42± 0.93)% 21/26(77%)
Post-TS, field down, left (�0.24± 0.56)% 34/26(15%)
Post-TS, field down, right (�1.59± 0.57)% 35/26(12%)
All data (�0.82± 0.21)% 211/215(56%)



Interpretation: lifetime acceptance

•Lifetime acceptance differs between D0 → K+ K−, π+ π−
•e.g. smaller opening angle => short-lived D0 → K+ K− more likely to fail 

cut requiring daughters not to point to PV than π+ π−

•Need this to compute how much indirect CPV could 
contribute.

•Fit to background-subtracted samples passing the full selection, 
correcting for ~ 3% secondary charm, and extract:

• ... so indirect CP violation contribution mostly cancels.
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LHCb value (−0.82 ± 0.21 ± 0.11)% consistent with HFAG average 
of non-LHCb results given our time-acceptance (approx 1.2σ)

aindCP = (�0.03± 0.23)%

�adirCP = (�0.42± 0.27)%

�⇥t⇤
�

=
⇥tKK⇤ � ⇥t��⇤

�
= [9.83± 0.22(stat.)± 0.19(syst.)]%

Systematics: secondary charm fraction (0.18%), world average 
D0 lifetime (0.04%), background-subtraction procedure (0.04%)
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Zero CPV

Consistency with 
no CPV: 0.002%

aindCP = (+0.027± 0.163)%

�adirCP = (�0.678± 0.147)%

Belle (prelim.) �ACP = (�0.87± 0.41± 0.06)%
CDF �ACP = (�0.62± 0.21± 0.10)%

Including recent results:

Phys.Rev.Lett. 109 (2012) 111801

http://dx.doi.org/10.1103/PhysRevLett.109.111801
http://dx.doi.org/10.1103/PhysRevLett.109.111801


D0 → μμ
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LHCb-CONF-2012-005

B(D0 ! µ+µ�) <

⇢
1.3⇥ 10�8at 95% C.L.
1.1⇥ 10�8at 90% C.L.
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Figure 8: Distribution of (a) the µµ invariant masses with �m in the range
142-149 MeV/c2, (b) in the range 144-147 MeV/c2 and (c) in the range 150-
155 MeV/c2. In (d) the distribution of �m in the range 1820-1885 MeV/c2 and
in (e) in the range 1780-1810 MeV/c2 of the µµ invariant mass is shown. Su-
perimposed are the projections of the two-dimensional unbinned maximum likeli-
hood fit. The curves represent the full fit function (continuous black line), the
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155 MeV/c2. In (d) the distribution of �m in the range 1820-1885 MeV/c2 and
in (e) in the range 1780-1810 MeV/c2 of the µµ invariant mass is shown. Su-
perimposed are the projections of the two-dimensional unbinned maximum likeli-
hood fit. The curves represent the full fit function (continuous black line), the
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D0 → μμ
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LHCb-CONF-2012-005

Tagged D0 → π+ π−

Tagged D0 → π+ π−

D0 → μμ (consistent with zero)

D0 → μμ (consistent with zero)



Heavy flavour production at the LHC
•b and c are light compared to √s = 7 TeV

•Dominant production: one hard + one soft parton

•Therefore qq̄ produced with large boost in
far forward (or far backward) region

•This drives the LHCb layout: we instrument
just the forward region
• Instrumenting backward region would have

increased statistical power by √2 but cost by ≫ 2
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Integrated luminosity
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First subsample

Technical stop

Second subsample

Showing online luminosity (not final calibration)



Can the SM stretch?

89

•Well above naive expectation... but not excluded from first 
principles.

2

the so-called penguin operators in Hpeng
|�c|=1 have tiny Wil-

son coe⌅cients at scales mc < µ < mb (see Ref. [3] for
the list of relevant operators and Wilson coe⌅cients).

Let us first consider the D ⌃ K+K� amplitude.
In the SM, it is convenient to use CKM unitarity,
⇤d + ⇤s + ⇤b = 0, to eliminate the ⇤d term, and ob-
tain AK = ⇤s(As

K � Ad
K) + ⇤b(Ab

K � Ad
K). For D ⌃

⇧+⇧�, it is convenient to eliminate ⇤s to obtain A� =
⇤d(Ad

��As
�)+⇤b(Ab

��As
�). This way, the first terms are

singly-Cabibbo-suppressed, while the second terms are
both CKM suppressed and have either vanishing tree-
level matrix elements or tiny Wilson coe⌅cients. The
magnitudes of these subleading amplitudes are controlled
by the the CKM ratio ⌅ = |⇤b/⇤s| � |⇤b/⇤d| ⇤ 0.0007
and the ratio of hadronic amplitudes. We define

RSM
K =

Ab
K �Ad

K

As
K �Ad

K

, RSM
� =

Ab
� �As

�

Ad
� �As

�

. (9)

Since arg(⇤b/⇤s) ⇤ �arg(⇤b/⇤d) ⇤ 70⇥, we can set
| sin(⌃SM

f )| ⇤ 1 in both channels, and neglect the inter-
ference term in the denominator of Eq. (6).

In the mc ⇧ ⇤QCD limit, one could analyze these de-
cay amplitudes model independently. Given the valence-
quark structure of the K+K� final state, a penguin con-
traction is required for operators of the type c ⌃ udd̄
or ubb̄ to yield a non-vanishing D ⌃ K+K� matrix el-
ement. This is why RSM

K is expected to be substantially
smaller than one. A näıve estimate in perturbation the-
ory yields |Ad

K/As
K | ⇥ �s(mc)/⇧ ⇥ 0.1 (and |Ab| � |Ad|).

However, since the charm scale is not far from ⇤QCD,
non-perturbative enhancements leading to substantially
larger values cannot be excluded [6]. The same holds for
the ratio RSM

� defined in Eq. (9).
To provide a semi-quantitative estimate of RSM

K,� be-
yond perturbation theory, we note that penguin-type
contractions are absent in the Cabibbo-allowed c ⌃ usd̄
Hamiltonian, contributing to D ⌃ K+⇧�. In the ab-
sence of penguin contractions, D ⌃ K+K� and D ⌃
⇧�⇧+ amplitudes have identical topologies to D ⌃
K+⇧�, but for appropriate s ⌥ d exchanges of the va-
lence quarks. The data imply |AKK | ⇤ 1.3 |⇤sAK�| and
A�� ⇤ 0.7 |⇤sAK�|. These results are compatible with
the amount of SU(3) breaking expected in the tree-level
amplitudes and show no evidence for anomalously large
penguin-type contractions competing with the tree-level
amplitudes. Further evidence that tree-level topologies
dominate the decay rates is obtained from the smallness
of �(D ⌃ K0K̄0)/�(D ⌃ K+K�), which is consistent
with the vanishing D ⌃ K0K̄0 tree-level matrix ele-
ment of H(s�d) in the SU(3) limit. However, it must
be stressed that data on the decay rates do not allow us
to exclude a substantial enhancement of the CKM sup-
pressed amplitudes. The latter do not have an s � d
structure as the leading Hamiltonian, and, if enhanced
over näıve estimates as in the case of the ⇥I = 1/2 rule
in K ⌃ ⇧⇧ amplitudes, may account for |RSM

K,�| > 1 [6].
In the following we assume that rf ⌅ 1 even in the

presence of new physics (NP), and we can expand Eq. (6)
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LHCb

World aver.

0.2 0.5 1.0 2.0 5.0 10.0
�0.010

�0.008

�0.006

�0.004

�0.002

0.000

�⇥RSM�

⇥
a C
P

Figure 1: Comparison of the experimental �aCP values with
the SM reach as a function of |�RSM|.

to first order in this parameter. We can thus write

adirK ⇤ 2

�
⌅ Im(RSM

K ) +
1

sin ⇥C

⇤

i

Im(CNP
i ) Im(RNP

K,i)

⇥
,

(10)
and similarly in the ⇧+⇧� mode. Here RNP

K,i denote the
ratio of the subleading amplitudes generated by the oper-
atorsQi in the NP Hamiltonian defined below in Eq. (14),
normalized to the dominant SM amplitude, after factor-
ing out the leading CKM dependence, sin ⇥C ⇤ |⇤s,d| ⇤
0.225, and the NP Wilson coe⌅cients, CNP

i . This implies

⇥aCP ⇤ (0.13%)Im(⇥RSM)+9
⇤

i

Im(CNP
i ) Im(⇥RNP

i ) ,

(11)
where we defined

⇥RSM,NP = RSM,NP
K +RSM,NP

� . (12)

In the SU(3) limit, RSM
K = RSM

� , and therefore adirK ⇤
�adir� , which add constructively in ⇥aCP [6, 7].
Assuming the SM, the central value of the experimen-

tal result is recovered if Im(⇥RSM) ⇤ 5, as illustrated
in Fig. 1. Such an enhancement of the CKM-suppressed
amplitude cannot be excluded from first principles, but
it is certainly beyond its näıve expectation [3].

Note that the applicability of SU(3) flavor symme-
try should be questioned, because the D ⌃ K+K�

and D ⌃ ⇧+⇧� decay rates imply a large breaking
of the symmetry. Without SU(3) as a guidance, one
can no longer expect adirK ⇤ �adir� ; in particular, the
strong phases relevant for direct CP violation in these
two channels are no longer related. One might then ex-
pect |adir� | < |adirK |, if the deviation from factorization is
smaller in the ⇧+⇧� than in theK+K� mode. Therefore,
it will be very interesting for the interpretation of the
results when LHCb announces the individual CP asym-
metries as well, in addition to ⇥aCP . Another important
experimental handle to decide whether the observed sig-
nal can or cannot be accommodated in the SM would

arXiv:1111.4987v1 (Isidori, Kamenik, Ligeti, Perez)



Time-integrated wrong-sign D0→Kπ

90

WS/RS of D → Kπ decays ( % )
Rmeasured 0.442± 0.033 (stat.) ± 0.042 (sys.)
Racc cor 0.409± 0.031 (stat.) ± 0.039(sys.) +0.028

−0.020 (sys. mixing)
R(PDG) 0.380± 0.018

Table 18: Measured and decay time acceptance corrected ratio of WS to RS D → Kπ
decays including systematic errors. The last line gives the world average as published by
the PDG.
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[Limit of |x| ≪ 1, |y| ≪ 1, and no CPV.]

Three contributions with different lifetime dependence:

Our lifetime acceptance is not flat => affects relative weighting.
• Start with raw WS/RS time-integrated ratio.
• Determine our efficiency(t) using PDG D0 lifetime as input
• Determine correction using HFAG mixing parameters as input
• Compute lifetime-acceptance-corrected WS/RS ratio.

�


=���� ��� �������� ���

Cross-check consistent with PDG average.

Preliminary: 2010 data, 38 pb−1


