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Why charm (again)
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Unique probe. Supplements B and K.        

Charm quark is up-type. D sensitive to   
(right-handed) up-type BSM.

Effects are <10-3  due to CKM/GIM 
suppressions: calls for O(>1M) yields and 
control over systematics. 

Predictions are hard -- charm is a discovery 
tool not a precision probe. CP violation in

remount it. This stripping and remounting caused
greater distortion.

The second way was to use a new type of
detector, called the Emulsion Cloud Chamber
(ECC). The first design of the ECC was a sandwich
of a brass plate and thin emulsion plates. By using
the ECC, an emulsion plate was placed perpendic-
ular to incoming particles as a track detector. When
using the emulsion plate as a track detector, it was
possible to have a spatial resolution of up to 1 mm.
This type of detector was first developed by M.F.
Kaplon et al., and was used very effectively to study
heavy primaries.8) The ECC was also very cost-
effective because most of the chamber’s volume
consisted of metal plates and backing glass, which
were far cheaper than nuclear emulsion material.
Moreover, J. Nishimura predicted the potential in
the ECC to regulate the development of electron
showers from !0 decays by choosing plates made
from the most appropriate material.9) Our group,
led by J. Nishimura, felt that this potential was the

most important advantage of the ECC, which could
not be realized with conventional homogenous
pellicle stacks.

Our improved design of the ECC combined
low- and high-z materials in order to observe two "
rays from a !0 decay as laterally separated electron
showers initiated by these " rays in the detector.
A nuclear emulsion chamber consisting of a layer
for producing cosmic-ray interactions and a layer
for observing secondary electron showers was
constructed. The former was a sandwich of low-z
material (carbon) plates and emulsion plates, while
the latter was a sandwich of high z-material (lead)
plates and emulsion plates. Since that time, our
group has called this type of detector an Emulsion
Chamber. Our group specialized in placing the
emulsion plate perpendicular to incoming particles
as a track detector to take advantage of the 1 mm
spatial resolution of emulsion plates. This resolving
power is still unsurpassed by any other type of track
detector. In 1956, seventeen emulsion chambers

Fig. 3. Pair production and decay of naked charm particles discovered in 1971 in a cosmic-ray interaction. Particle B decayed at B
into B0 and a !0. Two " rays, daughters of the !0, initiated electron showers at plate no. 12 and no. 10, respectively. Particle C
decayed at C into C0 and unseen neutral hadron(s). Niu, Mikumo, Maeda (1971) Prog. Theor. Phys. 46, 1644.

No. 1] Discovery of naked charm particles 3

Only recently reached sensitivity to discern SM from non-SM effects 
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Charm at LHCb
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>2 years of 7-8 TeV proton-proton collisions.

5-10% of collisions yield D pairs: O(105)/s of which        
O(104) are reconstructable and interesting.

Store 10-20% of them using ET, pT, and displacement 
online. Displacement criterion biases time-evolution.

Today: recent CPV and mixing results based on 1-3 fb-1 data set 



Large Hadron Collider beauty
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Figure 16: Kaon identification efficiency and pion misidentification rate measured on data as
a function of track momentum. Two different ∆logL(K− π) requirements have been imposed
on the samples, resulting in the open and filled marker distributions, respectively
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Figure 17: Kaon identification efficiency and pion misidentification rate measured using simu-
lated events as a function of track momentum. Two different ∆logL(K− π) requirements have
been imposed on the samples, resulting in the open and filled marker distributions, respectively

5.5 Performance as a function of event multiplicity

The current running conditions2, with increased particle multiplicities, provide an insightful
glimpse of the RICH performance at high luminosity running.

2The LHCb RICH detector was designed to run with 0.6 interaction per bunch crossing. However the current
operating conditions have 1.6 interactions per bunch crossing.
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Transverse 
decay position 
known within 

10-20 microns, 
corresponding 

to 0.1τ
Momentum 

known  within 
≈0.5%

Kaon from pions well 
distinguished



Measurements of local, time-
integrated CP violation in 

multibody decays



To be nonzero, needs >1 amplitude: use Cabibbo suppressed, fully 
reconstructed decays into charged final-state particles D0→ππππ, 
KKππ and D+→πππ (1 fb-1 of 2011 data).

Use pT and displacement online to isolate pure signal samples. 

Residual background suppressed offline with PID and D pointing.

Equalize kinematics and data-taking conditions of D and D 
samples. Yields determined from fits to mass distributions.
Exploit D→ n-body dynamics to seek enhancements of CPV that 
cluster in subregions of the phase space. Could go unnoticed in 

measurements of global asymmetries.
6
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Direct CPV in D → multibody



Gettin’ local
Separate D from D using final-state 
charge or D*-tag.

Divide phase-space into regions. 

Seek differences in relative density 
between D and D in each region by 
constructing a pull-like variable, S.

S sensitive to CPV and provides χ²-like 
quantity to test consistency with CP 
symmetry. No measurement or limit.

Insensitive to global asymmetries 
(from physics or spurious). 

.

charm anticharm

Ni Ni

_

_
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With 1 fb-1 sensitive to 1o-10o differences 
in phase and 1-10% in magnitude 



4-body

Simultaneous Δm-m(D) fit. Subtract background and compare the 
5-dimensional phase space. 

Validate analysis on 2.9M Cabibbo-favored D→Kπππ decays.8

57k D0 → K+K-π+π-

330k D0 → π+π- π+π-

PLB 726, 623 (2013) 1 fb -1
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2.7M D+ signal 2.7M D+s  control

Unbinned approach based 
on recurrence of same-
flavor vs opposite-flavor 
neighbors in an arbitrary 
radius of the Dalitz space. 

Binned method used too.

1 fb -1
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3-body
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arXiv:1310.7593 



p-value = 41% p-value = 9%

4 body

3 body

p-value = 75%

No evidence for local CP violation

arXiv:1310.7593 

PLB 726, 623 (2013)

Local CPV results
1 fb -1
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Measurements of mixing and 
decay-time-dependent CP 

violation 



momentum of the D0 candidate with respect to the beam
line, and !xy is the uncertainty on Lxy. The tagging pion
track must have d0 < 500 "m, where the transverse im-
pact parameter d0 is the distance of closest approach
between a track and the primary vertex in the plane trans-
verse to the beam line. The tagging pion must also have a
point of closest approach to the primary vertex less than
1.5 cm along the beam line.

The ratio t=# is determined for each D0 candidate by
t=# ! mD0Lxy="pT##, where mD0 ! 1:8648 GeV=c2 and
# ! 410:1 fs are the world average values for the D0

invariant mass and lifetime, respectively [21]. To study
R"t=##, we divide the data into 20 bins of t=# ranging
from 0.75 to 10.0, choosing bins of increasing size from

0.25 to 2.0 to reduce statistical uncertainty at larger times.
The bin sizes are larger than the t=# resolution of $0:16.

After RS and WS candidates are separately divided into
t=# bins, they are further divided into bins of mass differ-
ence !m % mK$$ &mK$ &m$. For each !m bin, we
perform a binned maximum likelihood fit of the corre-
sponding mK$ distribution to determine the D0 signal
yield. The distribution of D0 signal yield versus !m is fit
using a least-squares method to get the D' signal for each
time bin. The D' fit procedure is illustrated by the time-
integrated WS !m distribution shown in Fig. 1 (left).

The signal shapes for the mK$ and !m distributions are
fixed from the RS time-integrated fits. For each mK$

distribution, a parabola with floating parameters is used
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FIG. 2. (left) Ratio of prompt D' ‘‘wrong-sign’’ to ‘‘right-sign’’ decays as a function of normalized proper decay time. The dashed
curve is from a least-squares parabolic fit, which determines the parameters RD, y0, and x02. The dotted line is the fit assuming no
mixing. (right) Bayesian probability contours in the x02 & y0 parameter space corresponding to one through four equivalent Gaussian
standard deviations. The closed circle shows the unconstrained fit values for the mixing parameters. The open diamond shows the
values from the physically allowed fit (x02 ( 0). The cross shows the no-mixing point.
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FIG. 1. (left) Time-integrated distribution for ‘‘wrong-sign’’ D0 ! K)$& signal yield as a function of !m. Also shown is the result
of a least-squares fit using an empirical function for the signal (dark shaded region) and a power law for the background (light shaded
region). (right) Distribution of transverse impact parameter d0 for D0 mesons with 5< t=#< 6 for ‘‘right-sign’’ D' mesons. The result
of a binned maximum likelihood fit shows the narrow peak due to promptly produced D' mesons (dark shaded) and the broad
distribution due to nonprompt D' mesons from B decay (light shaded).

PRL 100, 121802 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

121802-5

oscillations

no mixing

_
D0 D

K+π−K-π+

10-3

10-31
1

i) Reconstruct neutral D signals in K∓π±  final states.

ii) Classify as WS or RS using D*± to identify flavor at production.

iii) WS/RS ratio vs time separates suppressed decay from oscillation.

vi) Fit D0 and D0 time evolution independently in search for CPV.
12
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Wrong-sign mixing 
Toy plot



Cut tight on M(D) and PID. Fit the yield using M(Dπ) mass.

Fit yields in bins covering the 0-20τ range. WS and RS signal 
shapes constrained to be the same. All the rest independent.

0.23M WS decays 54M RS decays
3 fb -1

13

Full LHCb data set 

arXiv:1309.6534



Assume maximum bias due to 3% 
residual contamination of D from B.

Fraction determined by fits of the D 
impact parameter and checked to be 
charge-symmetric

Instrumental bias from differing reconstruction efficiency 
between K+π- and K-π+ final state constrained to be                    
(1.0 ± 0.2)% from charged D decays into KS0π and Kππ

Systematic uncertainties smaller than statistical ones.              
Included as Gaussian constraints in the final fit.

14

Systematic effects
arXiv:1309.6534



0.75 < |q/p| < 1.24 at the 68% CL  

 AD = (-0.7 ± 1.9)%

No evidence for CP violation. Best 
determination of mixing  parameters

arXiv:1309.6534
15

Full LHCb 3 fb -1data set 

CPV in wrong-sign mixing



Nonzero if CPV in mixing occurs. Dominated by B-factories with 
0.2% uncertainty. Update of early LHCb measurement using 1 fb-1 
of 2011 data.

Use pT, displacement, and PID to select >90% pure samples of 3M 
D0→KK and 1M D0→ππ decays. 

D* to tag D flavor at production and measure D and D yields as a 
function of decay time.

Validate analysis on D0→Kπ decays.
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Slide each decay along the D flight path to determine the sequence 
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Effective-lifetime asymmetry
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2. Joint ct and D-pointing fit 
determines the time evolution 
separating primary D from a 
small fraction of B→D decays.

1. Joint Δm-m(D) fit separates 
signal from background and 
determines charm and 
anticharm yields. 
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Effective lifetime fit
1 fb -1arXiv:1310.7201 



No evidence for indirect CPV within 0.1%  

World’s best result with only 1/3 of currently available data.

arXiv:1310.7201 1 fb -1
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Lifetime-asymmetry results
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Impact
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Impact



NB: new average also 
include updated WS 

19

Impact



CPV and mixing in charm -- among the best games in town 
to probe the multiTeV scale. 

Only recently enough sensitivity to probe SM from nonSM.

Exploration led by LHCb: low-background samples with 
O(106) decays. Sample decay times with ≈20τ lever arm and 
0.1τ resolution. 

No CPV in wrong-sign Kπ mixing using the full sample. 

No CPV in KK and ππ lifetime asymmetries within 0.1%.

No CPV in the phase-space of multibody D+ and D0 decays 

All are world best measurements -- sit back and relax; 
many others are coming. 

20

Summary



the end



Difference of DCPV

22

Intriguingly large difference 
between the decay rate of 
charm matter and antimatter 
in pairs of pions and kaons.

At odds with expectations 

Experimental and theoretical 
picture is still blurry

Wrong expectations?           
Wrong measurements?    
Both?                                                
Something new sneaking in?

Measurement with full LHCb 
data set  in progress

Charm Mixing and CP Violation at LHCb

Paras Naik, University of Bristol                                        1 May 2013, Brookhaven Forum

∆ACP Preliminary new world average

38

arXiv:1303.2614
LHCB-CONF-2013-003
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