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•D mesons (cq) give exclusive access 
to up-type dynamics
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The LHCb experiment Physics goals of LHCb Conclusion

A brief introduction to flavour physics

� The Cabibbo-Kobayashi-Maskawa (CKM) matrix
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� W only connect quarks of the same flavour generation

� BUT mass eigenstates not equal to flavour eigenstates!

� A quark in a hadron is a mixture of all three flavours of

quarks of the same charge

� How does this mixing look like?

Marco Gersabeck University of Glasgow

LHCb

• Tree-level decays involve 
c→s and c→d transitions D

K

B

• Charm & Exotic? 
~10% of the collisions contain charm quarks
→ mostly in forward region ⇒ LHCb



THE D0 SYSTEM
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•Mixing box contains down-type 
quarks
•No dominance of top mass as in B 

sector

D0 MIXING
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• CKM-suppression balances 
GIM cancellation

• Huge cancellations: long-
distance effects become 
important



TIME-INTEGRATED CPV
•Measure time-integrated CP asymmetries in D→hh’ decays

•Decays to CP eigenstates: f = K-K+, π-π+

• Expect ACP<10-3 in SM and ACP<10-2 with NP*

•Measurements of raw asymmetries performed with flavour 
tagging using D*+→D0π+
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*uncontroversial statement made at Beauty in April



OBSERVABLES
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Construct observable without external input:

2 observables 2 CP asymmetries
1 detection 
asymmetry

1 production 
asymmetry

Expect indirect CP violation to cancel in difference as caused by common mixing process

Direct CP violation expected to differ for different final states

Expect non-zero result in presence of direct CP violation

AΓ

ΔACP
Complementary New Physics search to AΓ measurement



METHOD
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Measure raw asymmetries in flavour tagged samples

Select signal region in m(KK) and m(ππ) and extract tagged yield in δm

Measure ACP in bins of kinematics, magnet polarity, running period: 216 bins

Calculate weighted average of 216 bins, results are consistent with global fit

KK: 1.4M candidates

ππ: 0.4M candidates



RESULTS
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Systematics:

• Fiducial requirement: 0.01%
• Peaking background asymmetry: 0.04%
• Fit procedure: 0.08%
•Multiple candidates: 0.06%
• Kinematic binning: 0.02%

Based on 0.62 fb-1: only just over half of the 2011 dataset

Experiment ACP(KK)-ACP(ππ) in % Reference

Belle     -0.86±0.60stat±0.07syst Phys.Lett.B670 (2008) 190

BaBar*    +0.24±0.62stat Phys.Rev.Lett.100 (2008) 061803

CDF*     -0.46±0.31stat±0.12syst arXiv:1111.5023

*naive difference from individual measurements of ACP(KK) and ACP(ππ) ignoring systematics; 
 all input measurements are dominated by statistical uncertainty

arXiv:1112.0938 

submitted to PRL
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Is this the first sign of 
new physics at the LHC?
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Is this the first sign of 
new physics at the LHC?

Maybe − see next talk



TIME-DEPENDENT CPV
•Measure lifetime asymmetries in D→hh’ decays
•Decays to CP eigenstates: f = K-K+, π-π+

•Distinguish initial state with flavour tagging using D*+→D0π+
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|q/p|±2 = 1±Am and |Āf/Af |±2 = 1±Ad with the assumption that Am and Ad are small20

and expanding up to order 10−4 according to the experimental constraints, one obtains21

yCP ≡ Γ̂(D0 → K+K−)

Γ̂(D0 → K−π+)
− 1

≈
�
1 +

1

8
A2

m

�
y cosφ− 1

2
Amx sinφ, (1.2)

where Γ̂ denotes inverse lifetimes that are measured using a single exponential model [6]. In22

the limit of no CP violation yCP is equal to y and hence becomes a pure mixing parameter.23

However, once precise measurements of y and yCP are made, any difference between y and24

yCP would be a sign of CP violation. All mentioned decays implicitly include their charge25

conjugate modes, unless explicitly stated otherwise.26

Previous measurements of yCP have been performed by BaBar and Belle. The results27

are yCP = (11.6± 2.2± 1.8)× 10−3 [7] for BaBar and yCP = (13.1± 3.2± 2.5)× 10−3 [2]28

for Belle. They are consistent with the world average of y = (7.5± 1.2)× 10−3 [5].29

The study of the lifetime asymmetry of D0 and D0 mesons decaying into the singly30

Cabibbo-suppressed final state K+K− can reveal indirect CP violation in the charm sector.31

The measurement can be expressed in terms of the quantity AΓ. Using the same expansion32

as for yCP leads to33

AΓ ≡ Γ̂(D0 → K+K−)− Γ̂(D0 → K+K−)

Γ̂(D0 → K+K−) + Γ̂(D0 → K+K−)

≈
�
1

2
(Am +Ad)y cosφ− x sinφ

�
1

1 + yCP
,

≈ 1

2
(Am +Ad)y cosφ− x sinφ. (1.3)

Despite this measurement being described in most literature as a determination of indirect34

CP violation it is apparent that direct CP violation at the level of 10−2 can have a contri-35

bution to AΓ at the level of 10−4. Therefore precise measurements of time-dependent and36

time-integrated asymmetries are necessary to reveal the nature of CP violating effects in37

the D0 system.38

The measurement of AΓ requires tagging the flavour of theD0 at production, which will39

be discussed in the following section. Previous measurements of AΓ were performed by Belle40

and BaBar leading to AΓ = (0.1±3.0±1.5)×10−3 [2] and AΓ = (2.6±3.6±0.8)×10−3 [8],41

respectively. They are consistent with zero, hence showing no indication of CP violation.42

LHCb is a precision heavy flavour experiment which exploits the abundance of charm43

particles produced in collisions at the Large Hadron Collider (LHC) to acquire large samples44

of D decays. The LHCb detector [9] is a single arm spectrometer at the LHC with a45

pseudorapidity acceptance of 2 < η < 5 for charged particles. High precision flight distances46

measured by the Vertex Locator (VELO), together with momentum information from47

forward tracking stations and a 4 Tm dipole magnet, lead to decay-time resolutions of the48

order of one tenth of the D0 lifetime. Two Ring Imaging Cherenkov (RICH) detectors using49

three different radiators provide excellent pion-kaon separation over the full momentum50
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•Not a pure measurement of indirect CPV



CHARM FROM B
•Major background is charm from B decays
•Dangerous due to B contribution to measured D lifetime
• Cannot be fully suppressed
•Distinguish statistically by looking at how well the D points 

back to the primary vertex

10
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IPD

prompt 
signal

D from B
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RESULTS
• Result based on 0.03 fb-1 from 2010

• Already competitive to existing measurements
• Have 1.1 fb-1 on tape from 2011
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Figure 4. lnχ2(IPD) fit projection of D0 → K+K− candidates in logarithmic scale. Shown are
data (points), the total fit (green, solid), the prompt signal (blue, short-dashed), and the secondary
signal (dark red, long-dashed).

The measurement of AΓ is performed based on the same dataset and applying the352

same fitting method as used for the extraction of yCP . A control measurement is performed353

using decays to the Cabibbo favoured mode D0→ K−π+ by forming a lifetime asymmetry354

analogous to eq. 1.3. The measured flavour-separated lifetimes are effective parameters355

since the fitted distribution also includes mistagged events. For the control measurement356

using D0 → K−π+ decays this contamination is ignored as it is negligible due to the357

Cabibbo suppression of the mistagged decays. The result for the asymmetry is AKπ,eff
Γ =358

(−0.9± 2.2stat)× 10−3 which is consistent with zero, according to expectations.359

For the extraction of AΓ, the mistagged decays are taken into account by expressing360

the measured effective lifetimes, τ eff , in terms of the flavour tagged lifetimes, τ(D0) and361

τ(D0), and the mistag rate, �±, where the sign is according to the sign of the tagging pion:362

τ eff(D0) ≈ (1− �+) τ(D
0) + �+ τ(D0) (6.1)

τ eff(D0) ≈ (1− �−) τ(D
0) + �− τ(D0). (6.2)

The mistag rates are assumed to be independent of the final state and are extracted from363

the favoured D0→ K−π+ decays as half the fraction of the random slow pion background364

in the signal region of the ∆m distribution. They are found to be about 1.8%. The365

systematic uncertainty due to this correction is negligible.366

The projection of the decay-time fit to D0 and D0 candidates in D0→ K+K− decays367

is shown in figure 5. After applying the mistag correction the resulting value of AΓ is368

AΓ = (−5.9± 5.9stat ± 2.1syst)× 10−3.

Both results on yCP and AΓ are in agreement with zero and with the current world aver-369

ages [5]. Future updates are expected to lead to significant improvements in the sensitivity.370

The systematic uncertainty is expected to be reduced by an improved treatment of back-371

ground events which will be possible for the data taken in 2011.372
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Expectation for 2011: ~1.1fb-1

<0.1%

0.1%–0.2%

?

?

x,y ~ 0.2%?

no significant WS signal expected yet

similar datasets to world’s best

<0.1%

HFAG 
precision

x: 0.2%

y: 0.12%

AΓ: 0.25%

AK: 0.24%

Aπ: 0.28%

ϕ: 9o
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Bottom line:
AΓ & ΔACP are discovery modes

For theoretical interpretation 
need to measure all together
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INTERPLAY
•Direct and indirect CPV are not measured completely separately

14 MG et al. arXiv:1111.6515

On the interplay of direct and indirect CP violation in the charm sector 4

where �t� denotes the average decay time of the observed candidates. Terms in �t�2
are below order 10−4, given current experimental constraints, and have been ignored.

A common way to reduce experimental systematic uncertainties is to measure

the difference in time-integrated asymmetries in related final states. For the two-body

final states K+K− and π+π−, this difference is given by

∆ACP ≡ ACP (K
+K−

)−ACP (π
+π−

)

= adirCP (K
+K−

)− adirCP (π
+π−

)

−AΓ(K
+K−

)
�t(K+K−)�

τ
+AΓ(π

+π−
)
�t(π+π−)�

τ
. (12)

Assuming the CP violating phase φ to be universal [10] this can be rewritten as

∆ACP = ∆adirCP

�
1 + y cosφ

�t(π+π−)�
τ

�
+

�
aindCP + adirCP (K

+K−
)y cosφ

� ∆�t�
τ

, (13)

where ∆adirCP ≡ adirCP (K
+K−) − adirCP (π

+π−), aindCP = −(Am/2)y cosφ + x sinφ and

∆�t� = �t(K+K−)� − �t(π+π−)�. The factor multiplying the indirect CP violation

varies between zero and 0.26 for different experiments [11, 12, 13, 1]. Therefore,

∆ACP is largely a measure of direct CP violation while an obvious contribution from

indirect CP violation exists. The contribution from direct CP violation to AΓ pointed

out in (8) leads to a term proportional to y. This term may be of similar size as the

term proportional to ∆�t� and should therefore be taken into account.

In summary, the mixing and CP violation parameters yCP , AΓ and ∆ACP have

been discussed in the light of the recent evidence for CP violation in the D0 sector.

The parameter yCP is least affected by direct CP violation, however, it contains a term

which has been neglected in the literature so far and which can be of the same order as

the constribution proportional to x. A measurement of AΓ can exhibit a contribution

of direct CP violation at the level of 10−4, comparable to the expected future

experimental sensitivity. The direct CP violation term in the ∆ACP measurement

contains a contribution proportional to y. The interpretation of future high precision

measurements of these observables will need to take account of these contributions.
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•Observed first evidence for CP violation in charm
• 2011 data allow 10-3 level measurements
•Need precise SM prediction to distinguish NP from SM in 

precision measurements
•Many other modes also on our agenda with at least 

competitive datasets on tape by now:
D±(s)→hhh
D±(s)→KSh
D0→KShh
D0→Kπ(ππ)
D0→KKππ
...

CONCLUSION
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• 2012 data will allow discovery of large new effects
• To probe down to expected SM CPV with high precision need 

data beyond 2012 and indeed beyond LHCb
→ LHCb upgrade!
• LHCb upgrade will drive the precision of charm CPV 

measurements in the foreseeable future
• Transition from exploratory phase to precision measurements
→ not only discover CPV but also understand its origin! (I. Bigi)

• Theory needs to develop as well to allow interpretation of 
precision results
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