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OUTLINE

Open Charm production from Tevatron to LHC

Two body D0 →hh’ decays at CDF

Search for CP-violation in Dalitz D0→Ksππ

Conclusion



CHARM 
PRODUCTION



HIDDEN CHARM 
PRODUCTION/1
High statistics samples collected 
with    µ+µ-   decays

Detailed investigations of 
charmonium cross section and 
polarizations from Tevatron and 
LHC experiments 

Also X(3872) production 
measurement [CMS PAS BPH-10-0 18 ]

More results on charmonium/
bottomonium/spectroscopy in 
parallel session Wednesday
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CMS Preliminary L dt = 40 pb-1!
s = 7 TeV

NX(3872) = 548 ± 104 (stat.) !
Nψ(2S) = 7346 ± 155(stat.)!



CHARMONIUM 
PRODUCTION/2 

J/psi and psi(2S) cross section at 7 TeV from 
prompt and non-prompt decays

compared to:

NNLO color singlet model, reasonable but not 
perfect agreement ATLAS [Nucl.Phys. B 
850(2011) 387]

NRQCD color singlet + color octet (fit to 
Tevatron data) model CMS data better [JHEP 
02 (2012) 011]

Other inputs needed, as an example:

Relative χc1/χc2 cross section ratio using 
converted photons from CMS [arXiv:
1210.0875]



OPEN CHARM 
PRODUCTION

Need dedicated trigger to collect a 
viable sample due to the overwhelming 
hadronic background at colliders

Fully reconstructed hadronic decays 
from the  displaced track trigger at CDF

Online detection of the Do→K-π+        
peak: an unexpected success

A window of opportunity for precison charm physics 

at Tevatron Run II opened by a trademark CDF trigger

3

On-line selection by impact parameter Trigger
•Dedicated hardware: SVT
(Silicon Vertex Trigger)

•In spite of the name,
combines information from
both silicon and drift chamber
- Full tracking in < 20 μs

•Online selection: requires 2
tracks with pT > 2 GeV/c and
i.p. >100µm - same as the main
trigger for most of our B’s.
(Actually a quality monitor for
the B trigger)

•Crucial role in D->hh analysis:
boosts yields by factors x10^4

On-line D0

monitor

Hadronic B Trigger (I) 

L1 Two XFT tracks: Pt > 2 GeV;  Pt1+Pt2 >5.5 GeV; Δφ < 135°


Two-body decays
 Multy-body decays


L2 

100 µm<d0<1mm for both tracks 

Validation of L1 cuts with Δφ>20° 

Lxy > 200 µm 

d0(B)<140 µm 

120 µm<d0<1mm for both tracks 

Validation of L1 cuts with Δφ>2° 

Lxy > 200 µm 

d0(B)<140 µm 

B -> h h’ Bs mixing 

ObjectMon #100 SVTMonitor   Slide Show
Run:192424 Event:  11231427  # of Events:229465  Time: Wed Jan 19 13:50:56 2005        Ref.Run:-1

2GeV/c
1.8 1.85 1.9
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fit quality  :  1 

 0.000 ±:  1.861 
0

mean  of D

 0.000 ±:  0.015 
0

sigma of D

:  9292 
0

number of D

sig/backg :  0.78   x-sec : 3.96 nb 

 
-1

integ. lumin :  2344.4 nb

 invariant mass0D

Trigger collects tons of D0→K-π+ 

(use as online L3 monitor) 



OPEN CHARM 
PRODUCTION/CDF

Early measurement from CDF Run II 
(6 pb-1 )

D0, D±,D*±, Ds samples collected with 
displaced track trigger

Prompt charm fraction determined 
from reconstructed impact parameter 
of D mesons

pQCD calculations at NLO, within a 
factor of 2 of measurements (large th. 
uncertainties) 

A long list of CDF charm paper 
followed
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 Charm x-section PRL 91 241804 (2003) 139 cit.

ØDs+-D+ mass difference PRD68, 072004 (2003) 15 cit.

ØD->μμ PRD 68 091101 (2003) 31 cit. and PRD 82 091105 (2010) 
5 cit.

ØD->hh Br and CPV PRL 94, 122001 (2005) 55 cit. PRD 85, 
012009 (2012) 20 cit.

ØExcited D masses PRD 73 051104 (2006) 15 cit. 

ØD->Kπ WS analysis, PRD 74, 031109 (2005) 25 cit 

ØD mixing, PRL 100 121802 (2008) 111 cit.

ØCharm baryons, PRD 84, 012003 (2011), 6 cit.



OPEN CHARM 
PRODUCTION/LHC

Early production studies from Atlas and 
CMS limited to minimum bias samples 

Viable only at very low inst. luminosity

Atlas measurement for pT(D(∗)) > 3.5 
GeV and |η(D(∗))| < 2.1[ATLAS-CONF-2011-017]

σ vis(D∗±) = 285±16(stat.)+32−27(syst.)±31(lum.)±4(br.)µb,

σ vis(D±) = 238±13(stat.)+35−23(syst.)±26(lum.)±10(br.)µb,

σ vis(D±
s ) = 168±34(stat.)+27−25(syst.)±18(lum.)±10(br.)µb,

where the last two uncertainties are due to those on the luminosity measurement and the charmed meson
decay branching fractions.

The POWHEG-PYTHIA predictions are

σ(D∗±) = 153+169
−80 (scale)

+13
−15(mQ)+24−21(PDF)

+20
−16(hadr.)µb,

σ(D±) = 132+137
−65 (scale)

+11
−10(mQ)+20−18(PDF)

+21
−11(hadr.)µb,

σ(D±
s ) = 59+57

−28(scale)
+4
−6(mQ)+9−8(PDF)

+7
−8(hadr.)µb.

The corresponding POWHEG-HERWIG predictions are σ(D∗±) = 135µb, σ(D±) = 121µb and
σ(D±

s ) = 50µb, while MC@NLO predicts σ(D∗±) = 155µb, σ(D±) = 138µb and σ(D±
s ) = 57µb.

The predictions are consistent with the data within the large theoretical uncertainties, with the prediction
central values lying below the measurements.

The differential cross sections dσ/dpT and dσ/d|η | for D∗± and D± production are compared in
Figs. 6-7 with the NLO QCD predictions. The data points are drawn at the bin centres of gravity in
the dσ/dpT distributions and at the bin centres in the dσ/dη distributions. The bin centre of gravity is
defined as the point at which a value of the exponential function, describing the distribution slope, equals
the mean value of the function in the bin. The NLO QCD predictions are consistent with the data in the
measured pT(D(∗)) and |η(D(∗))| ranges within the large theoretical uncertainties.

The visible D(∗) cross sections were extrapolated using NLO QCD calculations to the cross sections
for D(∗) meson production in charm hadronisation in the full kinematic phase space. The extrapolated
cross sections were used to calculate the strangeness-suppression factor in charm fragmentation, the
fraction of D mesons produced in a vector state, and the total cross section of charm production at LHC.
Details and results of the extrapolation procedure are summarised in the Appendix.

9 Summary

The production of the D∗±, D± and D±
s charmed mesons has been measured in the kinematic region

pT(D(∗)) > 3.5 GeV and |η(D(∗))| < 2.1 with the ATLAS detector in pp collisions at
√
s = 7TeV. The

measured visible cross sections are

σ vis(D∗±) = 285±16(stat.)+32−27(syst.)±31(lum.)±4(br.)µb,

σ vis(D±) = 238±13(stat.)+35−23(syst.)±26(lum.)±10(br.)µb,

σ vis(D±
s ) = 168±34(stat.)+27−25(syst.)±18(lum.)±10(br.)µb,

where the last two uncertainties are due to those on the luminosity measurement and the charmed meson
decay branching fractions.

The differential cross sections dσ/dpT and dσ/d|η | were calculated for D∗± and D± production.
The NLO QCD predictions are consistent with the data within the large theoretical uncertainties.

Using the visible D(∗) cross sections and an extrapolation to the full kinematic phase space, the total
cross sections for D(∗) meson production in charm hadronisation, the strangeness-suppression factor in
charm fragmentation, the fraction of D mesons produced in a vector state, and the total cross section of
charm production at LHC were calculated.

8

Powheg MC shows similar agreement as 
seen as Tevatron with NLO calculations



CHARM DECAYS



TWO BODY D0 DECAYS 
@ CDF/TIMELINE
Single Cabibbo suppressed decay 
BR and ACP: 120 pb-1 [Phys. Rev. Lett. 94, 

122001 (2005) ]

Doubly Cabibbo suppressed 
decays and evidence for mixing 
[PRD RC 74, 031109 2006, Phys. Rev. Lett. 100, 121802 (2008)]

Precision measurement of CP 
asymmetries 6fb-1/2011 [Phys. Rev. D 85, 

012009 (2012)]

Evidence for ∆ACP, full Run II stat. 
earlier this year [Phys. Rev. Lett. 109, 111801 (2012)]

Evidence for D0 − D̄0 Mixing Using the CDF II Detector

T. Aaltonen,23 J. Adelman,13 T. Akimoto,54 M.G. Albrow,17 B. Álvarez González,11 S. Amerio,42 D. Amidei,34

A. Anastassov,51 A. Annovi,19 J. Antos,14 M. Aoki,24 G. Apollinari,17 A. Apresyan,47 T. Arisawa,56 A. Artikov,15

W. Ashmanskas,17 A. Attal,3 A. Aurisano,52 F. Azfar,41 P. Azzi-Bacchetta,42 P. Azzurri,45 N. Bacchetta,42

W. Badgett,17 A. Barbaro-Galtieri,28 V.E. Barnes,47 B.A. Barnett,25 S. Baroiant,7 V. Bartsch,30 G. Bauer,32

P.-H. Beauchemin,33 F. Bedeschi,45 P. Bednar,14 S. Behari,25 G. Bellettini,45 J. Bellinger,58 A. Belloni,22

Measurement of the difference of CP–violating asymmetries in D0 → K+K− and
D0 → π+π− decays at CDF

T. Aaltonen,21 B. Álvarez Gonzálezz,9 S. Amerio,40 D. Amidei,32 A. Anastassovx,15 A. Annovi,17 J. Antos,12

G. Apollinari,15 J.A. Appel,15 T. Arisawa,54 A. Artikov,13 J. Asaadi,49 W. Ashmanskas,15 B. Auerbach,57

A. Aurisano,49 F. Azfar,39 W. Badgett,15 T. Bae,25 A. Barbaro-Galtieri,26 V.E. Barnes,44 B.A. Barnett,23

P. Barriahh,42 P. Bartos,12 M. Bauceff ,40 F. Bedeschi,42 S. Behari,23 G. Bellettinigg ,42 J. Bellinger,56

D. Benjamin,14 A. Beretvas,15 A. Bhatti,46 D. Biselloff ,40 I. Bizjak,28 K.R. Bland,5 B. Blumenfeld,23 A. Bocci,14

Measurement of CP–violating asymmetries in D0 → π+π− and D0 → K+K− decays at
CDF

T. Aaltonen,21 B. Álvarez Gonzálezz,9 S. Amerio,40 D. Amidei,32 A. Anastassovx,15 A. Annovi,17 J. Antos,12

G. Apollinari,15 J.A. Appel,15 T. Arisawa,54 A. Artikov,13 J. Asaadi,49 W. Ashmanskas,15 B. Auerbach,57

A. Aurisano,49 F. Azfar,39 W. Badgett,15 T. Bae,25 A. Barbaro-Galtieri,26 V.E. Barnes,44 B.A. Barnett,23

P. Barriahh,42 P. Bartos,12 M. Bauceff ,40 F. Bedeschi,42 S. Behari,23 G. Bellettinigg ,42 J. Bellinger,56

D. Benjamin,14 A. Beretvas,15 A. Bhatti,46 D. Biselloff ,40 I. Bizjak,28 K.R. Bland,5 B. Blumenfeld,23 A. Bocci,14
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Measurement of Partial Widths and Search for Direct CP Violation in D0 Meson
Decays to K−K+ and π−π+

D. Acosta,16 T. Affolder,9 T. Akimoto,54 M.G. Albrow,15 D. Ambrose,43 S. Amerio,42 D. Amidei,33 A. Anastassov,50

K. Anikeev,31 A. Annovi,44 J. Antos,1 M. Aoki,54 G. Apollinari,15 T. Arisawa,56 J-F. Arguin,32 A. Artikov,13

W. Ashmanskas,15 A. Attal,7 F. Azfar,41 P. Azzi-Bacchetta,42 N. Bacchetta,42 H. Bachacou,28 W. Badgett,15

A. Barbaro-Galtieri,28 G.J. Barker,25 V.E. Barnes,46 B.A. Barnett,24 S. Baroiant,6 M. Barone,17 G. Bauer,31

Ground breaking work @ hadronic collider



SINGLE CABIBBO 
SUPPRESSED DECAYS 

Tree and penguin diagram 
contribute

Cabibbo suppressed tree 
diagram may allow competition 
of non SM processes

A natural play ground for 
testing SM and looking for 
deviations 

D0--> π+π-  and K+K- 

D0-D0 oscillate, 
providing a “box” 
for BSM to show up.

Both D0 and D0 
decay to KK and ππ, 
with and without 
oscillation.

Tree + penguin 
make CPV 
observable and 
provide loop for 
BSM to show up

4

580 D.-S. Du: CP violation for neutral charmed meson decays into CP eigenstates

where f̄ is the CP conjugate state of the final state f , and

|f̄〉= CP |f〉= ηCP |f〉 ,

where ηCP = ±1 is the CP eigenvalue (or CP parity). For
the amplitude of D0

p(t)→ f̄ , we have from (2)

A
(
D0

p(t)→ f̄
)

=
〈
f̄
∣∣Heff

∣∣D0
p(t)
〉

=
p

q
g−(t)A(f̄)+ g+(t)Ā(f̄)

= Ā(f̄)
{
g+(t)+ λ̄f̄g−(t)

}
. (8)

Now it is easy to calculate the time-dependent widths
Γ (D0

p(t)→ f) and Γ (D0
p(t)→ f̄). Using (3), (5) and (8), we

have

Γ
(
D0

p(t)→ f
)

=
∣∣A
(
D0

p(t)→ f
)∣∣2

= |A(f)|2
{
|g+(t)|2 +2 Re

[
λfg

∗
+(t)g−(t)

]

+ |λf |2|g−(t)|2
}
, (9)

Γ
(
D0

p(t)→ f̄
)

= |Ā(f̄)|2
{
|g+(t)|2 +2 Re

[
λ̄f̄g

∗
+(t)g−(t)

]

+
∣∣λ̄f̄
∣∣2|g−(t)|2

}
. (10)

In order to compute λf and λ̄f̄ , we need first to compute
the amplitude ratios Ā(f)/A(f) and A(f̄)/Ā(f̄). As an ex-

ample, we consider D0, D0→K+K−. Drawing the decay
diagrams (Fig. 1), we see that if we neglect the penguin di-
agram contribution, the D0 and D0 decay diagrams each
involve only one CKM factor, VusV ∗cs and V ∗usVcs, respec-

tively. The only difference of the D0 and D0 decay dia-
grams is that the initial and final particles change into their

Fig. 1. Decay diagrams for D0,
D0→K+K−

CP counterparts. So

Ā(f)

A(f)
=

Ā(D0→K+K−)

A(D0→K+K−)

= ηCP (K+K−)
V ∗usVcs

VusV ∗cs
= ηCP (K+K−) = +1 .

(11)

In (11), Vcs and Vus are both real in the Wolfenstein
parametrization of the CKM matrix, and ηCP (f) is theCP
parity of the final state f . Usually ηCP =±1 for different f .
Actually, we can prove that (see the appendix in [8]) if the
decays of D0 and D0 only involve one CKM factor respec-
tively, then the ratio Ā(f)

A(f) obeys

Ā(f)

A(f)
= ηCP (f)

e−iϕwk

eiϕwk
= ηCP (f) . (12)

The last equality holds only for charm decay, because all
the CKM matrix elements involved are real if we neglect
the penguin contribution.

Define

ρf =
Ā(f)

A(f)
, ρ̄f̄ =

A(f̄)

Ā(f̄)
. (13)

From (6) and (7), we have

λf =
q

p
ρf = ηCP (f)

∣∣∣∣
q

p

∣∣∣∣e
−iϕ,

λ̄f̄ =
p

q
ρ̄f̄ = ηCP (f)

∣∣∣∣
p

q

∣∣∣∣e
iϕ. (14)

Why search for CP 
violation in charm ? 

No evidence for CP violation in charm 
decays has yet been found 

3"

D0 mixing is well established at a level 
which is consistent with, but at the 

upper end of SM expectations 
HFAG arXiv:1010.1589 

BSM? BSM?

BSM?

Oscillate

Decay

_

Predictions 1989-2011: nearly unanimous -- CPV close to1% 
strongly signals BSM physics

_

D̄0 ! ⇡+⇡�, D̄0 ! K+K�

D0 ! ⇡+⇡�, D0 ! K+K�
→ indirect CP violation ?



CLEAN D*+ SIGNALS 

Flavor at production given 
by D* tagging,  exploting 
CP symmetric nature of 
strong interactions:

Excellent momentum and 
vertexing resolution allow 
for extra clean signals

3
5

Hello, charming..

D⇤+ ! D0⇡+
s ! [⇡+⇡�]⇡+

s

D⇤� ! D̄0⇡�
s ! [⇡+⇡�]⇡�

s

πs+

π-

π+



VERY LARGE SAMPLES 
IN TEVATRON RUN II

 ππ mass spectrum for D* 
tagged two body decays  

4 times larger than equivalent 
at B-factories (0.5 ab-1) ... 
LHCb on another track

N(K+K�) = 476⇥ 103

N(K⇡) = 5⇥ 106

N(⇡+⇡�) = 215⇥ 103



CONTROLLING DETECTOR 
CHARGE ASYMMETRIES

Exploit charge 
symmetric initial state at 
Tevatron proton-
antiproton collider  to 
measure CP violation at 
the few per mil level

Detector induced charge 
asymmetry at O(1%) 
level, need to control 
those with great 
precision

Fully data driven method

Instrumental charge-asymmetry

10

c 

Drift chamber cells tilted by 35o  wrt radius

Requirement of D*-tag makes the final state charged

Additional low-p charged pion induces 
instrumental asymmetries that spoil 
physics asymmetry -- use difference 

to cancel them

+
-

7

on minimum transverse momentum. At high luminosity,
the higher purity but less efficient high-pT selection is
employed. As the luminosity decreases over the course
of a store, trigger bandwidth becomes available and the
other selections are utilized to fill the available trigger
bandwidth and maximize the charm yield. The rates are
controlled by the application of a prescale, which rejects
a predefined fraction of events accepted by each trigger
selection, depending on the instantaneous luminosity.

V. SUPPRESSING DETECTOR-INDUCED
CHARGE ASYMMETRIES

The procedure used to cancel detector-induced asym-
metries is briefly outlined here, while a detailed mathe-
matical treatment is given in Appendix A.

We directly measure the observed “raw” asymmetry:

A(D0) =
Nobs(D0) − Nobs(D0)

Nobs(D0) + Nobs(D0)
,

that is, the number of observed D0 decays into the se-
lected final state (π+π− or K+K−) minus the number of
D0 decays, divided by the sum.

) [GeV/c]sπ(T
p

0.5 1 1.5 2

As
ym

m
et

ry
-0.2

0

0.2
 + c.c.+

sπ) -π+π → (0 D→ +D*

C
andidates per 5 M

eV/c

0

2000

4000

6000

FIG. 1. Observed asymmetry between the number of recon-
structed D∗+ and D∗− mesons as a function of the soft pion’s
transverse momentum for pure samples of D∗+ → D0(→

π+π−)π+
s and D∗− → D

0
(→ π+π−)π−

s decays. The soft
pion transverse momentum spectrum is also shown.

The main experimental difficulty of this measurement
comes from the small differences in the detection effi-
ciencies of tracks of opposite charge which may lead, if
not properly taken into account, to spuriously-measured
charge asymmetries. Relevant instrumental effects in-
clude differences in interaction cross sections with matter

between positive and negative low-momentum hadrons
and the geometry of the main tracking system. The
drift chamber layout is intrinsically charge asymmetric
because of an about 35◦ tilt angle between the cell ori-
entation and the radial direction, designed to partially
correct for the Lorentz angle in the charge drift direc-
tion caused by crossed electric and magnetic fields. In
the COT, different detection efficiencies are expected for
positive and negative low-momentum tracks (especially,
in our case, for soft pions), which induce an instrumental
asymmetry in the number of reconstructed D∗–tagged
D0 and D0 mesons. Other possible asymmetries may
originate in slightly different performance between pos-
itive and negative tracks in pattern-reconstruction and
track-fitting algorithms. The combined effect of these
is a net asymmetry in the range of a few percent, as
shown in Fig. 1. This must be corrected to better than
one per mil to match the expected statistical precision
of the present measurement. In order to cancel detec-
tor effects, we extract the value of ACP(D0 → h+h−)
using a fully data-driven method, based on an appropri-
ate combination of charge-asymmetries observed in three
different event samples: D∗-tagged D0 → h+h− decays
(or simply hh∗), D∗-tagged D0 → K−π+ decays (Kπ∗),
and untagged D0 → K−π+ decays (Kπ). We assume
the involved physical and instrumental asymmetries to
be small, as indicated by previous measurements [17].
Neglecting terms of order ACPδ and δ2, the observed
asymmetries in the three samples are

A(hh∗) = ACP(hh) + δ(πs)
hh∗

,

A(Kπ∗) = ACP(Kπ) + δ(πs)
Kπ∗

+ δ(Kπ)Kπ∗

,

A(Kπ) = ACP(Kπ) + δ(Kπ)Kπ,

(5)

where δ(πs)hh∗

is the instrumental asymmetry for recon-
structing a positive or negative soft pion associated with
a h+h− charm decay induced by charge-asymmetric in-
teraction cross section and reconstruction efficiency for
low transverse momentum pions; δ(πs)Kπ∗

is the same as
above for tagged K+π− and K−π+ decays; and δ(Kπ)Kπ

and δ(Kπ)Kπ∗

are the instrumental asymmetries for re-
constructing a K+π− or a K−π+ decay for the untagged
and the tagged case, respectively. All the above effects
can vary as functions of a number of kinematic variables
or environmental conditions in the detector. If the kine-
matic distributions of soft pions are consistent in Kπ∗

and hh∗ samples, and if the distributions of D0 decay
products are consistent in Kπ∗ and Kπ samples, then
δ(πs)hh∗ ≈ δ(πs)Kπ∗

and δ(Kπ)Kπ∗ ≈ δ(Kπ)Kπ. The
CP–violating asymmetries then become accessible as

ACP(hh) = A(hh∗) − A(Kπ∗) + A(Kπ). (6)

This formula relies on cancellations based on two assump-
tions. At the Tevatron, charm and anticharm mesons are
expected to be created in almost equal numbers. Since
the overwhelming majority of them are produced by CP–
conserving strong interactions, and the pp̄ initial state is



Very similar decay kinematics for the 
decay modes:

Exploit the more abundant                   
tree level decay   to subtract charge 
asymmetry in slow pion detection

Further subtract measured asymmetry 
in Kπ  to control                                
effects  

Residual effects expected much smaller 
than experimental sensitivity (10-4)

D ! hh0 (h = K,⇡)

D ! K⇡

METHOD

K+⇡� vs K�⇡+

7

on minimum transverse momentum. At high luminosity,
the higher purity but less efficient high-pT selection is
employed. As the luminosity decreases over the course
of a store, trigger bandwidth becomes available and the
other selections are utilized to fill the available trigger
bandwidth and maximize the charm yield. The rates are
controlled by the application of a prescale, which rejects
a predefined fraction of events accepted by each trigger
selection, depending on the instantaneous luminosity.

V. SUPPRESSING DETECTOR-INDUCED
CHARGE ASYMMETRIES

The procedure used to cancel detector-induced asym-
metries is briefly outlined here, while a detailed mathe-
matical treatment is given in Appendix A.

We directly measure the observed “raw” asymmetry:

A(D0) =
Nobs(D0) − Nobs(D0)

Nobs(D0) + Nobs(D0)
,

that is, the number of observed D0 decays into the se-
lected final state (π+π− or K+K−) minus the number of
D0 decays, divided by the sum.
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FIG. 1. Observed asymmetry between the number of recon-
structed D∗+ and D∗− mesons as a function of the soft pion’s
transverse momentum for pure samples of D∗+ → D0(→

π+π−)π+
s and D∗− → D

0
(→ π+π−)π−

s decays. The soft
pion transverse momentum spectrum is also shown.

The main experimental difficulty of this measurement
comes from the small differences in the detection effi-
ciencies of tracks of opposite charge which may lead, if
not properly taken into account, to spuriously-measured
charge asymmetries. Relevant instrumental effects in-
clude differences in interaction cross sections with matter

between positive and negative low-momentum hadrons
and the geometry of the main tracking system. The
drift chamber layout is intrinsically charge asymmetric
because of an about 35◦ tilt angle between the cell ori-
entation and the radial direction, designed to partially
correct for the Lorentz angle in the charge drift direc-
tion caused by crossed electric and magnetic fields. In
the COT, different detection efficiencies are expected for
positive and negative low-momentum tracks (especially,
in our case, for soft pions), which induce an instrumental
asymmetry in the number of reconstructed D∗–tagged
D0 and D0 mesons. Other possible asymmetries may
originate in slightly different performance between pos-
itive and negative tracks in pattern-reconstruction and
track-fitting algorithms. The combined effect of these
is a net asymmetry in the range of a few percent, as
shown in Fig. 1. This must be corrected to better than
one per mil to match the expected statistical precision
of the present measurement. In order to cancel detec-
tor effects, we extract the value of ACP(D0 → h+h−)
using a fully data-driven method, based on an appropri-
ate combination of charge-asymmetries observed in three
different event samples: D∗-tagged D0 → h+h− decays
(or simply hh∗), D∗-tagged D0 → K−π+ decays (Kπ∗),
and untagged D0 → K−π+ decays (Kπ). We assume
the involved physical and instrumental asymmetries to
be small, as indicated by previous measurements [17].
Neglecting terms of order ACPδ and δ2, the observed
asymmetries in the three samples are

A(hh∗) = ACP(hh) + δ(πs)
hh∗

,

A(Kπ∗) = ACP(Kπ) + δ(πs)
Kπ∗

+ δ(Kπ)Kπ∗

,

A(Kπ) = ACP(Kπ) + δ(Kπ)Kπ,

(5)

where δ(πs)hh∗

is the instrumental asymmetry for recon-
structing a positive or negative soft pion associated with
a h+h− charm decay induced by charge-asymmetric in-
teraction cross section and reconstruction efficiency for
low transverse momentum pions; δ(πs)Kπ∗

is the same as
above for tagged K+π− and K−π+ decays; and δ(Kπ)Kπ

and δ(Kπ)Kπ∗

are the instrumental asymmetries for re-
constructing a K+π− or a K−π+ decay for the untagged
and the tagged case, respectively. All the above effects
can vary as functions of a number of kinematic variables
or environmental conditions in the detector. If the kine-
matic distributions of soft pions are consistent in Kπ∗

and hh∗ samples, and if the distributions of D0 decay
products are consistent in Kπ∗ and Kπ samples, then
δ(πs)hh∗ ≈ δ(πs)Kπ∗

and δ(Kπ)Kπ∗ ≈ δ(Kπ)Kπ. The
CP–violating asymmetries then become accessible as

ACP(hh) = A(hh∗) − A(Kπ∗) + A(Kπ). (6)

This formula relies on cancellations based on two assump-
tions. At the Tevatron, charm and anticharm mesons are
expected to be created in almost equal numbers. Since
the overwhelming majority of them are produced by CP–
conserving strong interactions, and the pp̄ initial state is

ACP(hh) = A(hh∗) − A(Kπ∗) + A(Kπ).
29
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D* SIGNAL SHAPE

Select D0 within ± 24 MeV (3 sd of the mass 
measurement) → fit D*± mass



A(ππ*) FIT

Joint fit to the + and - sample allowing for different shape parameters and backgrounds

Random association of unrelated pion to real D0’s  from random association of a D0 candidate 
with soft pion tracks from different events
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FIG. 8. Results of the combined fit of the tagged D0 → π+π− and D0 → K+K− samples. Distribution of D0πs mass for (a),
(d) charm and (b), (e) anticharm decays, and (c), (f) asymmetry as a function of the mass (c,f). Fit results are overlaid.

constructed with swapped mass assignment. The oppo-

site holds for the D
0 → K+π− decay. The shapes used

in the fit are the same for odd and even samples. The
fit determines the number of D0 → K−π+ (RS decays)

from the odd sample and the number of D
0 → K+π−

(RS decays) from the even sample thus determining the
asymmetry. We split the total untagged sample in half
to avoid the need to account for correlations. The reduc-
tion in statistical power has little practical effect since
half of the untagged Kπ decays are still 30 (67) times
more abundant than the tagged K+K− (π+π−) decays,
and the corresponding statistical uncertainty gives a neg-
ligible contribution to the uncertainty of the final result.

The mass shapes used in the combined fit of the un-
tagged sample are extracted from simulated events and
adjusted by fitting the Kπ mass distribution in data. All
functions described in the following are properly normal-
ized when used in fits. The mass line shape of right-sign

decays is parametrized using the following analytical ex-
pression:

℘RS(m|#θRS) =fbulk[f1G (m|mD0 + δ1, σ1)

+ (1 − f1)G (m|mD0 + δ2, σ2)]

+ (1 − fbulk)T (m|b, c, mD0 + δ1),

where

T (m|b, c, µ) = eb(m−µ)Erfc(c(m − µ)),

with Erfc(x) = (2/
√

π)
∫ +∞

x
e−t2dt. We use the sum of

two Gaussians to parametrize the bulk of the distribu-
tion. The function T (m; b, c, µ) describes the lower-mass
tail due to the soft photon emission. The parameter fbulk

is the relative contribution of the double Gaussian. The
parameter f1 is the fraction of dominant Gaussian, rel-
ative to the sum of the two Gaussians. The parame-
ters δ1(2) are possible shifts in mass from the known D0
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Same as in the ππ case but consider also multibody (partially reconstructed) D 
decays: shape from inclusive charm decay simulation, normalization from data
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FIG. 8. Results of the combined fit of the tagged D0 → π+π− and D0 → K+K− samples. Distribution of D0πs mass for (a),
(d) charm and (b), (e) anticharm decays, and (c), (f) asymmetry as a function of the mass (c,f). Fit results are overlaid.

constructed with swapped mass assignment. The oppo-

site holds for the D
0 → K+π− decay. The shapes used

in the fit are the same for odd and even samples. The
fit determines the number of D0 → K−π+ (RS decays)

from the odd sample and the number of D
0 → K+π−

(RS decays) from the even sample thus determining the
asymmetry. We split the total untagged sample in half
to avoid the need to account for correlations. The reduc-
tion in statistical power has little practical effect since
half of the untagged Kπ decays are still 30 (67) times
more abundant than the tagged K+K− (π+π−) decays,
and the corresponding statistical uncertainty gives a neg-
ligible contribution to the uncertainty of the final result.

The mass shapes used in the combined fit of the un-
tagged sample are extracted from simulated events and
adjusted by fitting the Kπ mass distribution in data. All
functions described in the following are properly normal-
ized when used in fits. The mass line shape of right-sign

decays is parametrized using the following analytical ex-
pression:

℘RS(m|#θRS) =fbulk[f1G (m|mD0 + δ1, σ1)

+ (1 − f1)G (m|mD0 + δ2, σ2)]

+ (1 − fbulk)T (m|b, c, mD0 + δ1),

where

T (m|b, c, µ) = eb(m−µ)Erfc(c(m − µ)),

with Erfc(x) = (2/
√

π)
∫ +∞

x
e−t2dt. We use the sum of

two Gaussians to parametrize the bulk of the distribu-
tion. The function T (m; b, c, µ) describes the lower-mass
tail due to the soft photon emission. The parameter fbulk

is the relative contribution of the double Gaussian. The
parameter f1 is the fraction of dominant Gaussian, rel-
ative to the sum of the two Gaussians. The parame-
ters δ1(2) are possible shifts in mass from the known D0
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FIG. 10. Results of the combined fit of the untagged D0 → K−π+ sample. Distribution of D0πs mass for (a) charm, and (b)
anticharm decays, and (c) asymmetry as a function of the mass. Fit results are overlaid.

modifying the fit functions to include systematic varia-
tions and repeating the fits to data. The differences be-
tween results of modified fits and the central one are used
as systematic uncertainties. This usually overestimates
the observed size of systematic uncertainties, which in-
clude an additional statistical component. However, the
additional uncertainty is negligible, given the size of the
event samples involved. Sources of systematic uncer-
tainty are detailed below. A summary of the most sig-
nificant uncertainties is given in Table III.

A. Approximations in the suppression of
detector-induced effects

We check the reliability of the cancellation of all
detector-induced asymmetries on simulated samples as
described in Appendix B. The analysis is repeated on
several statistical ensembles in which we introduce known
CP–violating asymmetries in the D0 → h+h(′)− decays
and instrumental effects (asymmetric reconstruction effi-
ciency for positive and negative soft pions and kaons) de-
pendent on a number of kinematic variables (e.g., trans-
verse momentum). These studies constrain the size of
residual instrumental effects that might not be fully can-
celled by our method of linear subtraction of asymme-
tries. They also assess the impact of possible correlations
between reconstruction efficiencies of D0 decay-products
and the soft pion, which are assumed negligible in the
analysis. We further check this assumption on data by
searching for any variation of the observed asymmetry as
a function of the proximity between the soft pion and the
charm meson trajectories. No variation is found.

Using the results obtained with realistic values for the
simulated effects, we assess a ∆ACP(hh) = 0.009% un-
certainty. This corresponds to the maximum shift, in-

creased by one standard deviation, observed in the re-
sults, for true CP–violating asymmetries in input ranging
from −5% to +5%.

B. Production asymmetries

Charm production in high-energy pp̄ collisions is dom-
inated by CP–conserving cc̄ production through the
strong interaction. No production asymmetries are ex-
pected by integrating over the whole phase space. How-
ever, the CDF acceptance covers a limited region of the
phase space, where CP conservation may not be ex-
actly realized. Correlations with the pp initial state
may induce pseudorapidity–dependent asymmetries be-
tween the number of produced charm and anticharm (or
positive– and negative–charged) mesons. These asymme-
tries are constrained by CP conservation to change sign
for opposite values of η. The net effect is expected to
vanish if the pseudorapidity distribution of the sample is
symmetric.

To set an upper limit to the possible effect of small
residual η asymmetries of the samples used in this anal-
ysis, we repeat the fits enforcing a perfect η symmetry
by reweighting. We observe variations of ∆ACP(KK) =
0.03% and ∆ACP(ππ) = 0.04% between the fit results
obtained with and without re-weighting. We take these
small differences as an estimate of the size of possible
residual effects. The cancellation of production asymme-
tries achieved in pp̄ collisions (an initial CP–symmetric
state) recorded with a polar-symmetric detector provide
a significant advantage in high-precision CP-violation
measurements over experiments conducted in pp colli-
sions.
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FIG. 10. Results of the combined fit of the untagged D0 → K−π+ sample. Distribution of D0πs mass for (a) charm, and (b)
anticharm decays, and (c) asymmetry as a function of the mass. Fit results are overlaid.

modifying the fit functions to include systematic varia-
tions and repeating the fits to data. The differences be-
tween results of modified fits and the central one are used
as systematic uncertainties. This usually overestimates
the observed size of systematic uncertainties, which in-
clude an additional statistical component. However, the
additional uncertainty is negligible, given the size of the
event samples involved. Sources of systematic uncer-
tainty are detailed below. A summary of the most sig-
nificant uncertainties is given in Table III.

A. Approximations in the suppression of
detector-induced effects

We check the reliability of the cancellation of all
detector-induced asymmetries on simulated samples as
described in Appendix B. The analysis is repeated on
several statistical ensembles in which we introduce known
CP–violating asymmetries in the D0 → h+h(′)− decays
and instrumental effects (asymmetric reconstruction effi-
ciency for positive and negative soft pions and kaons) de-
pendent on a number of kinematic variables (e.g., trans-
verse momentum). These studies constrain the size of
residual instrumental effects that might not be fully can-
celled by our method of linear subtraction of asymme-
tries. They also assess the impact of possible correlations
between reconstruction efficiencies of D0 decay-products
and the soft pion, which are assumed negligible in the
analysis. We further check this assumption on data by
searching for any variation of the observed asymmetry as
a function of the proximity between the soft pion and the
charm meson trajectories. No variation is found.

Using the results obtained with realistic values for the
simulated effects, we assess a ∆ACP(hh) = 0.009% un-
certainty. This corresponds to the maximum shift, in-

creased by one standard deviation, observed in the re-
sults, for true CP–violating asymmetries in input ranging
from −5% to +5%.

B. Production asymmetries

Charm production in high-energy pp̄ collisions is dom-
inated by CP–conserving cc̄ production through the
strong interaction. No production asymmetries are ex-
pected by integrating over the whole phase space. How-
ever, the CDF acceptance covers a limited region of the
phase space, where CP conservation may not be ex-
actly realized. Correlations with the pp initial state
may induce pseudorapidity–dependent asymmetries be-
tween the number of produced charm and anticharm (or
positive– and negative–charged) mesons. These asymme-
tries are constrained by CP conservation to change sign
for opposite values of η. The net effect is expected to
vanish if the pseudorapidity distribution of the sample is
symmetric.

To set an upper limit to the possible effect of small
residual η asymmetries of the samples used in this anal-
ysis, we repeat the fits enforcing a perfect η symmetry
by reweighting. We observe variations of ∆ACP(KK) =
0.03% and ∆ACP(ππ) = 0.04% between the fit results
obtained with and without re-weighting. We take these
small differences as an estimate of the size of possible
residual effects. The cancellation of production asymme-
tries achieved in pp̄ collisions (an initial CP–symmetric
state) recorded with a polar-symmetric detector provide
a significant advantage in high-precision CP-violation
measurements over experiments conducted in pp colli-
sions.
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FIG. 10. Results of the combined fit of the untagged D0 → K−π+ sample. Distribution of D0πs mass for (a) charm, and (b)
anticharm decays, and (c) asymmetry as a function of the mass. Fit results are overlaid.

modifying the fit functions to include systematic varia-
tions and repeating the fits to data. The differences be-
tween results of modified fits and the central one are used
as systematic uncertainties. This usually overestimates
the observed size of systematic uncertainties, which in-
clude an additional statistical component. However, the
additional uncertainty is negligible, given the size of the
event samples involved. Sources of systematic uncer-
tainty are detailed below. A summary of the most sig-
nificant uncertainties is given in Table III.

A. Approximations in the suppression of
detector-induced effects

We check the reliability of the cancellation of all
detector-induced asymmetries on simulated samples as
described in Appendix B. The analysis is repeated on
several statistical ensembles in which we introduce known
CP–violating asymmetries in the D0 → h+h(′)− decays
and instrumental effects (asymmetric reconstruction effi-
ciency for positive and negative soft pions and kaons) de-
pendent on a number of kinematic variables (e.g., trans-
verse momentum). These studies constrain the size of
residual instrumental effects that might not be fully can-
celled by our method of linear subtraction of asymme-
tries. They also assess the impact of possible correlations
between reconstruction efficiencies of D0 decay-products
and the soft pion, which are assumed negligible in the
analysis. We further check this assumption on data by
searching for any variation of the observed asymmetry as
a function of the proximity between the soft pion and the
charm meson trajectories. No variation is found.

Using the results obtained with realistic values for the
simulated effects, we assess a ∆ACP(hh) = 0.009% un-
certainty. This corresponds to the maximum shift, in-

creased by one standard deviation, observed in the re-
sults, for true CP–violating asymmetries in input ranging
from −5% to +5%.

B. Production asymmetries

Charm production in high-energy pp̄ collisions is dom-
inated by CP–conserving cc̄ production through the
strong interaction. No production asymmetries are ex-
pected by integrating over the whole phase space. How-
ever, the CDF acceptance covers a limited region of the
phase space, where CP conservation may not be ex-
actly realized. Correlations with the pp initial state
may induce pseudorapidity–dependent asymmetries be-
tween the number of produced charm and anticharm (or
positive– and negative–charged) mesons. These asymme-
tries are constrained by CP conservation to change sign
for opposite values of η. The net effect is expected to
vanish if the pseudorapidity distribution of the sample is
symmetric.

To set an upper limit to the possible effect of small
residual η asymmetries of the samples used in this anal-
ysis, we repeat the fits enforcing a perfect η symmetry
by reweighting. We observe variations of ∆ACP(KK) =
0.03% and ∆ACP(ππ) = 0.04% between the fit results
obtained with and without re-weighting. We take these
small differences as an estimate of the size of possible
residual effects. The cancellation of production asymme-
tries achieved in pp̄ collisions (an initial CP–symmetric
state) recorded with a polar-symmetric detector provide
a significant advantage in high-precision CP-violation
measurements over experiments conducted in pp colli-
sions.
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ditional CP–violating phases, which could enhance the
observed CP–violating asymmetries relative to SM pre-
dictions. Time integrated CP–violating asymmetries of
singly-Cabibbo-suppressed decays into CP eigenstates
such as D0 → π+π− and D0 → K+K− are powerful
probes of non-SM physics contributions in the “mixing”
transition amplitudes. They also probe the magnitude
of “penguin” contributions, which are negligible in the
SM, but could be greatly enhanced by the exchange of
additional non-SM particles. Both phenomena would,
in general, increase the size of the observed CP violation
with respect to the SM expectation. Any significant CP–
violating asymmetry above the 10−2 level expected in the
CKM hierarchy would indicate non-SM physics. The cur-
rent experimental status is summarized in Table I. No
CP violation has been found within the precision of about
0.5% attained by the Belle and BABAR experiments. The
previous CDF result dates from 2005 and was obtained
using data from only 123 pb−1 of integrated luminos-
ity. Currently, CDF has the world’s largest samples of
exclusive charm meson decays in charged final states,
with competitive signal purities, owing to the good per-
formance of the trigger for displaced tracks. With the
current sample CDF can achieve a sensitivity that allows
probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated CP–
violating asymmetries in the Cabibbo-suppressed D0 →
π+π− and D0 → K+K− decays (collectively referred to

as D0 → h+h− in this article) using 1.96 TeV proton-
antiproton collision data collected by the upgraded Col-
lider Detector at Fermilab (CDF II) and corresponding
to 5.9 fb−1 of integrated luminosity. Because the final
states are common to charm and anticharm meson de-
cays, the time-dependent asymmetry between decays of
states identified as D0 and D0 at the time of production
(t = 0) defined as

ACP(h+h−, t) =
N(D0 → h+h−; t) − N(D0 → h+h−; t)

N(D0 → h+h−; t) + N(D0 → h+h−; t)
,

receives contributions from any difference in decay widths
between D0 and D0 mesons in the chosen final state (di-
rect CP violation), any difference in mixing probabilities
between D0 and D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Due to the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

ACP(h+h−; t) ≈ Adir
CP(h+h−) +

t

τ
Aind

CP(h+h−), (1)

where t/τ is the proper decay time in units of D0 lifetime
(τ ≈ 0.4 ps), and the asymmetries are related to the
decay amplitude A and the usual parameters used to
describe flavored-meson mixing x, y, p, and q [3] by
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where ηCP = +1 is the CP eigenvalue of the decay fi-
nal state and ϕ is the CP–violating phase. The time-
integrated asymmetry is then the time integral of Eq.
(1) over the observed distribution of proper decay time
(D(t)),

ACP(h+h−) = Adir
CP(h+h−) + Aind

CP(h+h−)

∫ ∞

0

t

τ
D(t)dt

= Adir
CP(h+h−) +

〈t〉
τ

Aind
CP(h+h−). (4)

The first term arises from direct and the second one from
indirect CP violation. Since the value of 〈t〉 depends on
D(t), different values of time-integrated asymmetry could
be observed in different experiments, depending on the
detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP

and Aind
CP

. Since the data used in this analysis were col-

lected with an online event selection (trigger) that im-
poses requirements on the displacement of the D0-meson
decay point from its production point, our sample is en-
riched in higher-valued decay time candidates with re-
spect to experiments at the B-factories. This makes the
present measurement more sensitive to mixing-induced
CP violation. In addition, combination of our results
with those from Belle and BABAR provides some discrim-
ination between the two contributions to the asymmetry.
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In the present work we measure the CP–violating
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and K+K− final states. Because the final states are
charge-symmetric, to know whether they originate from
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ditional CP–violating phases, which could enhance the
observed CP–violating asymmetries relative to SM pre-
dictions. Time integrated CP–violating asymmetries of
singly-Cabibbo-suppressed decays into CP eigenstates
such as D0 → π+π− and D0 → K+K− are powerful
probes of non-SM physics contributions in the “mixing”
transition amplitudes. They also probe the magnitude
of “penguin” contributions, which are negligible in the
SM, but could be greatly enhanced by the exchange of
additional non-SM particles. Both phenomena would,
in general, increase the size of the observed CP violation
with respect to the SM expectation. Any significant CP–
violating asymmetry above the 10−2 level expected in the
CKM hierarchy would indicate non-SM physics. The cur-
rent experimental status is summarized in Table I. No
CP violation has been found within the precision of about
0.5% attained by the Belle and BABAR experiments. The
previous CDF result dates from 2005 and was obtained
using data from only 123 pb−1 of integrated luminos-
ity. Currently, CDF has the world’s largest samples of
exclusive charm meson decays in charged final states,
with competitive signal purities, owing to the good per-
formance of the trigger for displaced tracks. With the
current sample CDF can achieve a sensitivity that allows
probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated CP–
violating asymmetries in the Cabibbo-suppressed D0 →
π+π− and D0 → K+K− decays (collectively referred to

as D0 → h+h− in this article) using 1.96 TeV proton-
antiproton collision data collected by the upgraded Col-
lider Detector at Fermilab (CDF II) and corresponding
to 5.9 fb−1 of integrated luminosity. Because the final
states are common to charm and anticharm meson de-
cays, the time-dependent asymmetry between decays of
states identified as D0 and D0 at the time of production
(t = 0) defined as

ACP(h+h−, t) =
N(D0 → h+h−; t) − N(D0 → h+h−; t)

N(D0 → h+h−; t) + N(D0 → h+h−; t)
,

receives contributions from any difference in decay widths
between D0 and D0 mesons in the chosen final state (di-
rect CP violation), any difference in mixing probabilities
between D0 and D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Due to the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

ACP(h+h−; t) ≈ Adir
CP(h+h−) +
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where t/τ is the proper decay time in units of D0 lifetime
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where ηCP = +1 is the CP eigenvalue of the decay fi-
nal state and ϕ is the CP–violating phase. The time-
integrated asymmetry is then the time integral of Eq.
(1) over the observed distribution of proper decay time
(D(t)),

ACP(h+h−) = Adir
CP(h+h−) + Aind
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CP(h+h−) +
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The first term arises from direct and the second one from
indirect CP violation. Since the value of 〈t〉 depends on
D(t), different values of time-integrated asymmetry could
be observed in different experiments, depending on the
detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP

and Aind
CP

. Since the data used in this analysis were col-

lected with an online event selection (trigger) that im-
poses requirements on the displacement of the D0-meson
decay point from its production point, our sample is en-
riched in higher-valued decay time candidates with re-
spect to experiments at the B-factories. This makes the
present measurement more sensitive to mixing-induced
CP violation. In addition, combination of our results
with those from Belle and BABAR provides some discrim-
ination between the two contributions to the asymmetry.
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ditional CP–violating phases, which could enhance the
observed CP–violating asymmetries relative to SM pre-
dictions. Time integrated CP–violating asymmetries of
singly-Cabibbo-suppressed decays into CP eigenstates
such as D0 → π+π− and D0 → K+K− are powerful
probes of non-SM physics contributions in the “mixing”
transition amplitudes. They also probe the magnitude
of “penguin” contributions, which are negligible in the
SM, but could be greatly enhanced by the exchange of
additional non-SM particles. Both phenomena would,
in general, increase the size of the observed CP violation
with respect to the SM expectation. Any significant CP–
violating asymmetry above the 10−2 level expected in the
CKM hierarchy would indicate non-SM physics. The cur-
rent experimental status is summarized in Table I. No
CP violation has been found within the precision of about
0.5% attained by the Belle and BABAR experiments. The
previous CDF result dates from 2005 and was obtained
using data from only 123 pb−1 of integrated luminos-
ity. Currently, CDF has the world’s largest samples of
exclusive charm meson decays in charged final states,
with competitive signal purities, owing to the good per-
formance of the trigger for displaced tracks. With the
current sample CDF can achieve a sensitivity that allows
probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated CP–
violating asymmetries in the Cabibbo-suppressed D0 →
π+π− and D0 → K+K− decays (collectively referred to

as D0 → h+h− in this article) using 1.96 TeV proton-
antiproton collision data collected by the upgraded Col-
lider Detector at Fermilab (CDF II) and corresponding
to 5.9 fb−1 of integrated luminosity. Because the final
states are common to charm and anticharm meson de-
cays, the time-dependent asymmetry between decays of
states identified as D0 and D0 at the time of production
(t = 0) defined as

ACP(h+h−, t) =
N(D0 → h+h−; t) − N(D0 → h+h−; t)

N(D0 → h+h−; t) + N(D0 → h+h−; t)
,

receives contributions from any difference in decay widths
between D0 and D0 mesons in the chosen final state (di-
rect CP violation), any difference in mixing probabilities
between D0 and D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Due to the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

ACP(h+h−; t) ≈ Adir
CP(h+h−) +
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τ
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where t/τ is the proper decay time in units of D0 lifetime
(τ ≈ 0.4 ps), and the asymmetries are related to the
decay amplitude A and the usual parameters used to
describe flavored-meson mixing x, y, p, and q [3] by
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where ηCP = +1 is the CP eigenvalue of the decay fi-
nal state and ϕ is the CP–violating phase. The time-
integrated asymmetry is then the time integral of Eq.
(1) over the observed distribution of proper decay time
(D(t)),

ACP(h+h−) = Adir
CP(h+h−) + Aind
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CP(h+h−). (4)

The first term arises from direct and the second one from
indirect CP violation. Since the value of 〈t〉 depends on
D(t), different values of time-integrated asymmetry could
be observed in different experiments, depending on the
detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP

and Aind
CP

. Since the data used in this analysis were col-

lected with an online event selection (trigger) that im-
poses requirements on the displacement of the D0-meson
decay point from its production point, our sample is en-
riched in higher-valued decay time candidates with re-
spect to experiments at the B-factories. This makes the
present measurement more sensitive to mixing-induced
CP violation. In addition, combination of our results
with those from Belle and BABAR provides some discrim-
ination between the two contributions to the asymmetry.
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ditional CP–violating phases, which could enhance the
observed CP–violating asymmetries relative to SM pre-
dictions. Time integrated CP–violating asymmetries of
singly-Cabibbo-suppressed decays into CP eigenstates
such as D0 → π+π− and D0 → K+K− are powerful
probes of non-SM physics contributions in the “mixing”
transition amplitudes. They also probe the magnitude
of “penguin” contributions, which are negligible in the
SM, but could be greatly enhanced by the exchange of
additional non-SM particles. Both phenomena would,
in general, increase the size of the observed CP violation
with respect to the SM expectation. Any significant CP–
violating asymmetry above the 10−2 level expected in the
CKM hierarchy would indicate non-SM physics. The cur-
rent experimental status is summarized in Table I. No
CP violation has been found within the precision of about
0.5% attained by the Belle and BABAR experiments. The
previous CDF result dates from 2005 and was obtained
using data from only 123 pb−1 of integrated luminos-
ity. Currently, CDF has the world’s largest samples of
exclusive charm meson decays in charged final states,
with competitive signal purities, owing to the good per-
formance of the trigger for displaced tracks. With the
current sample CDF can achieve a sensitivity that allows
probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated CP–
violating asymmetries in the Cabibbo-suppressed D0 →
π+π− and D0 → K+K− decays (collectively referred to

as D0 → h+h− in this article) using 1.96 TeV proton-
antiproton collision data collected by the upgraded Col-
lider Detector at Fermilab (CDF II) and corresponding
to 5.9 fb−1 of integrated luminosity. Because the final
states are common to charm and anticharm meson de-
cays, the time-dependent asymmetry between decays of
states identified as D0 and D0 at the time of production
(t = 0) defined as

ACP(h+h−, t) =
N(D0 → h+h−; t) − N(D0 → h+h−; t)

N(D0 → h+h−; t) + N(D0 → h+h−; t)
,

receives contributions from any difference in decay widths
between D0 and D0 mesons in the chosen final state (di-
rect CP violation), any difference in mixing probabilities
between D0 and D0 mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Due to the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

ACP(h+h−; t) ≈ Adir
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where t/τ is the proper decay time in units of D0 lifetime
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where ηCP = +1 is the CP eigenvalue of the decay fi-
nal state and ϕ is the CP–violating phase. The time-
integrated asymmetry is then the time integral of Eq.
(1) over the observed distribution of proper decay time
(D(t)),

ACP(h+h−) = Adir
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The first term arises from direct and the second one from
indirect CP violation. Since the value of 〈t〉 depends on
D(t), different values of time-integrated asymmetry could
be observed in different experiments, depending on the
detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir

CP

and Aind
CP

. Since the data used in this analysis were col-

lected with an online event selection (trigger) that im-
poses requirements on the displacement of the D0-meson
decay point from its production point, our sample is en-
riched in higher-valued decay time candidates with re-
spect to experiments at the B-factories. This makes the
present measurement more sensitive to mixing-induced
CP violation. In addition, combination of our results
with those from Belle and BABAR provides some discrim-
ination between the two contributions to the asymmetry.
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In the present work we measure the CP–violating

asymmetry in decays of D0 and D
0

mesons into π+π−

and K+K− final states. Because the final states are
charge-symmetric, to know whether they originate from
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where ηCP = +1 is the CP eigenvalue of the decay fi-
nal state and ϕ is the CP–violating phase. The time-
integrated asymmetry is then the time integral of Eq.
(1) over the observed distribution of proper decay time
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The first term arises from direct and the second one from
indirect CP violation. Since the value of 〈t〉 depends on
D(t), different values of time-integrated asymmetry could
be observed in different experiments, depending on the
detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to Adir
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. Since the data used in this analysis were col-

lected with an online event selection (trigger) that im-
poses requirements on the displacement of the D0-meson
decay point from its production point, our sample is en-
riched in higher-valued decay time candidates with re-
spect to experiments at the B-factories. This makes the
present measurement more sensitive to mixing-induced
CP violation. In addition, combination of our results
with those from Belle and BABAR provides some discrim-
ination between the two contributions to the asymmetry.
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FIG. 14. Distribution of proper decay time (in units of D0 lifetime) for sideband-subtracted tagged (a) D0 → π+π− and (b)
D0 → K+K− data. Fit results are overlaid including the component from secondary charmed mesons (red).

The results of the three experiments can be combined as-
suming Gaussian uncertainties. We construct combined
confidence regions in the (Aind

CP
, Adir

CP
) plane, denoted with

68% and 95% confidence level ellipses. The correspond-
ing values for the asymmetries are Adir

CP(D0 → π+π−) =
(0.04 ± 0.69)%, Aind

CP
(D0 → π+π−) = (0.08 ± 0.34)%,

Adir
CP(D0 → K+K−) = (−0.24± 0.41)%, and Aind

CP(D0 →
K+K−) = (0.00±0.20)%, in which the uncertainties rep-
resent one-dimensional 68% confidence level intervals.

A. CP violation from mixing only

Assuming negligible direct CP violation in both decay
modes, the observed asymmetry is only due to mixing,
ACP(h+h−) ≈ Aind

CP
〈t〉/τ , yielding

Aind
CP(π+π−) =

(

+0.09± 0.10 (stat) ± 0.05 (syst)
)

%

Aind
CP(K+K−) =

(

−0.09± 0.08 (stat) ± 0.03 (syst)
)

%.

Assuming that no large weak phases from non-SM contri-
butions appear in the decay amplitudes, Aind

CP is indepen-
dent of the final state. Therefore the two measurements
can be averaged, assuming correlated systematic uncer-
tainties, to obtain a precise determination of CP violation
in charm mixing:

Aind
CP(D0) =

(

−0.01± 0.06 (stat) ± 0.04 (syst)
)

%.

This corresponds to the following upper limits on CP
violation in charm mixing:

|Aind
CP(D0)| < 0.13 (0.16)% at the 90 (95)% C.L.

The bias toward longer-lived decays of the CDF sam-
ple offers a significant advantage over B-factories in sen-
sitivity to the time-dependent component, as shown in
Figs. 16 (a), (c).

B. Direct CP violation only

Assuming that CP symmetry is conserved in charm
mixing, our results are readily comparable to mea-
surements obtained at B-factories; ACP(π+π−) =
(0.43 ± 0.52 (stat) ± 0.12 (syst))% and ACP(K+K−) =
(−0.43 ± 0.30 (stat) ± 0.11 (syst))% from Belle, and
ACP(π+π−) = (−0.24 ± 0.52 (stat) ± 0.22 (syst))% and
ACP(K+K−) = (0.00 ± 0.34 (stat) ± 0.13 (syst))% from
BABAR (Figs. 16 (b)-(d)). The CDF result is the world’s
most precise.

C. Difference of asymmetries

A useful comparison with theory predictions is
achieved by calculating the difference between the asym-
metries observed in the D0 → K+K− and D0 → π+π−
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→

ACP(π+π−) =
(

+0.22 ± 0.24 (stat) ± 0.11 (syst)
)

%

ACP(K+K−) =
(

−0.24 ± 0.22 (stat) ± 0.09 (syst)
)
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FIG. 15. Comparison of the present results with Belle and BABAR measurements of time-integrated CP–violating asymmetry
in (a) D0 → π+π− and (b) D0 → K+K− decays displayed in the (Aind

CP , Adir
CP) plane. The point with error bars denotes the

central value of the combination of the three measurements with one-dimensional 68% confidence level uncertainties.

decays (∆ACP). Since the difference in decay-time accep-
tance is small, ∆〈t〉/τ = 0.26± 0.01, most of the indirect
CP-violating asymmetry cancels in the subtraction, as-
suming that no large CP-violating phases from non-SM
contributions enter the decay amplitudes. Hence ∆ACP

approximates the difference in direct CP-violating asym-
metries of the two decays. Using the observed asymme-
tries from Eq. (7), we determine

∆ACP =ACP(K+K−) − ACP(π+π−)

=∆Adir
CP + Aind

CP∆〈t〉/τ

=A(KK∗) − A(ππ∗)

=
(

−0.46 ± 0.31 (stat) ± 0.12 (syst)
)

%.

The systematic uncertainty is dominated by the 0.12%
uncertainty from the shapes assumed in the mass fits,
and their possible dependence on the charge of the D∗

meson. This is determined by combining the differ-
ence of shifts observed in Secs. IXD1 and IXD2 in-
cluding correlations: (0.058 − 0.009)% = 0.049% and
(−0.027 − 0.088)% = 0.115%. Smaller contributions in-
clude a 0.009% from the finite precision associated to the
suppression of detector-induced effects (Sec. IXA), and
a 0.005% due to the 0.22% background we ignore under
the D0 → π+π− signal (Sec.IXD3). The effects of pro-
duction asymmetries and contamination from secondary
charm decays cancel in the difference.

We see no evidence for a difference in CP violation be-
tween D0 → K+K− and D0 → π+π− decays. Figure
17 shows the difference in direct asymmetry (∆Adir

CP
) as

a function of the indirect asymmetry compared with ex-
perimental results from BABAR and Belle [10, 11]. The

bands represent ±1σ uncertainties. The measurements,
combined assuming Gaussian uncertainties, provide 68%
and 95% confidence level regions in the (∆Adir

CP
, Aind

CP
)

plane, denoted with ellipses. The corresponding val-
ues for the asymmetries are ∆Adir

CP
= (−0.37 ± 0.45)%,

Aind
CP = (−0.35 ± 2.15)%.

XI. SUMMARY

In summary, we report the results of the most sensitive
search for CP violation in singly-Cabibbo–suppressed
D0 → π+π− and D0 → K+K− decays. We reconstruct
signals of O(105) D∗–tagged decays in an event sam-
ple of pp̄ collision data corresponding to approximately
5.9 fb−1 of integrated luminosity collected by a trigger
on displaced tracks. A fully data-driven method to can-
cel instrumental effects provides effective suppression of
systematic uncertainties to the 0.1% level, approximately
half the magnitude of the statistical uncertainties.

We find no evidence for CP viola-
tion and measure ACP(D0 → π+π−) =
(

+0.22 ± 0.24 (stat) ± 0.11 (syst)
)

% and
ACP(D0 → K+K−) =

(

−0.24± 0.22 (stat) ± 0.09 (syst)
)

%.
These are the most precise determinations from a single
experiment to date, and supersede the correspond-
ing results of Ref. [17]. The average decay times of
the charmed mesons used in these measurements are
2.40 ± 0.03 units of D0 lifetime in the D0 → π+π−

sample and 2.65 ± 0.03 units of D0 lifetime in the
D0 → K+K− sample. Assuming negligible CP violation
in D0 → π+π− and D0 → K+K− decay widths (direct

Aind
CP(D0) =

(

−0.01± 0.06 (stat) ± 0.04 (syst)
)

%.
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lated inclusive charm meson decays, and its parameters
are fit together with the desired asymmetries [8]. The
Kπ tail is not included in the ππ fit, but is accounted
for in the systematic uncertainties. In the π+π− sample,
the parameters determined by the fit are the asymme-
try between D∗+ and D∗− yields and the relative sizes
between the signals and the combinatoric background
components. In the K+K− sample, the fit also deter-
mines the relative sizes and values of the shape parame-
ters of the mis-reconstructed component. The fit allows
for asymmetries between the numbers of combinatorial
and mis-reconstructed background events in the D∗+ and
D∗− samples. For each final state, we minimize the total
χ2 for the D∗+ and D∗− samples and obtain the results
shown in Fig. 1. The fits show agreement with data, and
the observed asymmetries are

A(π+π−) = (−1.71± 0.15 (stat))%, (3)

A(K+K−) = (−2.33± 0.14 (stat))%. (4)

Both asymmetries are dominated by the detector-induced
contribution. Fits including extreme variations of the

signal and background models yield significantly larger
values of reduced χ2 with minimal variations in the ob-
served asymmetries. As a consistency check, we compare
the results of the measurement obtained in independent
subsamples chosen according to the soft pion’s direction
in the four quadrants of the tracking volume, different
data-taking periods (early and late data), or splitting
the present sample in the subsample of events used in
Ref. [8] and the complementary sample, in which we ob-
serve ∆ACP = −0.74 ± 0.27. The results show a high
level of consistency, with reduced χ2 between observed
asymmetry differences of 4.4/3, 0.38/1, and 0.46/1, re-
spectively.

Most systematic effects cancel in the subtraction of
asymmetries. Residual higher-order instrumental effects
that do not cancel are estimated to contribute less than
±0.009% to ∆ACP, based on simulations in which known
instrumental asymmetries are varied as functions of the
kinematic variables. The impact of possible residual mis-
modeling of the mass shapes used in fits is evaluated
by repeating the measurement using extreme variations

�ACP = ACP (KK)�ACP (⇡⇡)
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lated inclusive charm meson decays, and its parameters
are fit together with the desired asymmetries [8]. The
Kπ tail is not included in the ππ fit, but is accounted
for in the systematic uncertainties. In the π+π− sample,
the parameters determined by the fit are the asymme-
try between D∗+ and D∗− yields and the relative sizes
between the signals and the combinatoric background
components. In the K+K− sample, the fit also deter-
mines the relative sizes and values of the shape parame-
ters of the mis-reconstructed component. The fit allows
for asymmetries between the numbers of combinatorial
and mis-reconstructed background events in the D∗+ and
D∗− samples. For each final state, we minimize the total
χ2 for the D∗+ and D∗− samples and obtain the results
shown in Fig. 1. The fits show agreement with data, and
the observed asymmetries are

A(π+π−) = (−1.71± 0.15 (stat))%, (3)

A(K+K−) = (−2.33± 0.14 (stat))%. (4)

Both asymmetries are dominated by the detector-induced
contribution. Fits including extreme variations of the

signal and background models yield significantly larger
values of reduced χ2 with minimal variations in the ob-
served asymmetries. As a consistency check, we compare
the results of the measurement obtained in independent
subsamples chosen according to the soft pion’s direction
in the four quadrants of the tracking volume, different
data-taking periods (early and late data), or splitting
the present sample in the subsample of events used in
Ref. [8] and the complementary sample, in which we ob-
serve ∆ACP = −0.74 ± 0.27. The results show a high
level of consistency, with reduced χ2 between observed
asymmetry differences of 4.4/3, 0.38/1, and 0.46/1, re-
spectively.

Most systematic effects cancel in the subtraction of
asymmetries. Residual higher-order instrumental effects
that do not cancel are estimated to contribute less than
±0.009% to ∆ACP, based on simulations in which known
instrumental asymmetries are varied as functions of the
kinematic variables. The impact of possible residual mis-
modeling of the mass shapes used in fits is evaluated
by repeating the measurement using extreme variations
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cillation and penguin transition amplitudes. Oscillation

indicates D0-D
0
transitions governed by the exchange

of virtual heavy particles occurring before the D meson
decay. Penguin decays are second-order transitions me-
diated by an internal loop. Both amplitudes may be af-
fected by the exchange of non-SM particles, which could
enhance the size of the observed CP violation with re-
spect to the SM expectation. In 2011, CDF reported
CP-violating asymmetries compatible with zero within a
few 10−3 uncertainty in these decays, along with a mea-
surement of the difference ∆ACP of CP-violating asym-
metries in D0 → K+K− and D0 → π+π−, also con-
sistent with zero [8]. Shortly after, LHCb reported a
more precise determination of the difference, which is
3.5σ different from zero [9]. If established, this result pro-
vides the first evidence for CP violation in charm dynam-
ics, with a size larger than most SM expectations [10].
Among the quantities sensitive to CP violation in charm
mesons, ∆ACP can be measured with good accuracy be-
cause many common systematic uncertainties cancel. In
addition, ∆ACP could be maximally sensitive to CP vi-
olation since the individual asymmetries are expected to
have opposite signs, if the invariance of the dynamics
under interchange of d with s quarks is approximately
valid [4].
In this Letter, we report a measurement of the differ-

ence of CP–violating asymmetries in D0 → K+K− and
D0 → π+π− decays reconstructed in the full data set
of 1.96 TeV proton-antiproton collisions collected by the
Collider Detector at Fermilab, corresponding to 9.7 fb−1

of integrated luminosity. In addition to the increase in
the size of the data set with respect to the previous mea-
surement [8], we optimize the selection for a measurement
of the difference of asymmetries, reaching a sensitivity
competitive with the LHCb result [9].
For each decay mode, the CP–violating time-

integrated asymmetry between decays of states produced
as D0 and D0 is defined as

N(D0 → h+h−; t)−N(D0 → h+h−; t)

N(D0 → h+h−; t) +N(D0 → h+h−; t)
, (1)

where h identifies a charged kaon or pion. The asym-
metry can receive contributions from any difference in
partial decay widths between D0 and D0 mesons (direct
CP violation) and both the difference in mixing proba-

bilities between D0 and D
0
mesons and the interference

between mixed and unmixed decays (indirect CP viola-
tion). Due to the slow mixing rate of charm mesons, the
asymmetry is approximated to first order as the sum of
two terms [8],

ACP(h
+h−) = Adir

CP(h
+h−) +

〈t〉

τ
Aind

CP(h
+h−). (2)

The first term arises from direct CP violation and de-
pends on the decay mode, the second from indirect CP vi-
olation and is nearly independent of the decay mode [11].

The average decay time of the sample used in the mea-
surement 〈t〉 depends on the detector acceptance as a
function of decay time and τ is the D0 lifetime. To
measure each individual asymmetry, we determine the

number of detected decays of D0 and D
0
and use the

fact that primary charm and anticharm mesons are pro-
duced in equal numbers by the CP–conserving strong
pp̄ interactions. We require the D candidate to be pro-
duced in the decay of an identified D∗+ or D∗− meson
to determine whether the decaying state was initially
produced as a D0 or a D0 meson. Flavor conserva-
tion in the strong-interaction decay of the D∗± meson,

D∗+ → D0(→ h+h−)π+
s and D∗− → D

0
(→ h+h−)π−

s ,
allows identification of the initial charm flavor through
the sign of the charge of the low-momentum π meson
(soft pion, πs). The observed asymmetry, A(h+h−) =
Nobs(D0 → h+h−) − Nobs(D0 → h+h−)/[sum], is the
combination of the contributions from CP violation and
from the detection asymmetry between D∗+ and D∗−

mesons, due to different reconstruction efficiency for posi-
tive and negative soft pions. The combination is linear for
small asymmetries, A(h+h−) = ACP(h+h−)+δ(πs)h

+h−

.
The instrumental asymmetry is due to differences in in-
teraction cross sections with matter between positive and
negative low-momentum pions and the geometry of the
CDF tracking system (see below). The combined effect
of a few percent cancels in the difference of asymmetries
between K+K− and π+π− decays,

∆ACP =A(K+K−)−A(π+π−)

=ACP(K
+K−)−ACP(π

+π−)

=∆Adir
CP +Aind

CP∆〈t〉/τ.

Kinematic differences between the K+K− and π+π−

decays result in a fractional 10% difference in average
decay-time of the sample, ∆〈t〉/τ = 0.27 ± 0.01, mea-
sured through a fit to the decay-time distribution of
background-subtracted signal candidates [8]. Therefore,
most of the indirect CP-violating asymmetry cancels in
the subtraction and ∆ACP approximates the difference
in direct CP-violating asymmetries of the two decays.
The CDF II detector is a multipurpose magnetic spec-

trometer surrounded by calorimeters and muon detec-
tors. The detector components relevant for this analysis
are briefly outlined below; a more detailed description is
in Ref. [8]. A silicon microstrip vertex detector and a
cylindrical drift chamber immersed in a 1.4 T axial mag-
netic field allow reconstruction of charged-particle tra-
jectories (tracks) in the pseudorapidity range |η| < 1.0.
The vertex detector contains seven concentric layers of
single- and double-sided silicon sensors at radii between
1.5 and 22 cm, each providing a measurement with up
to 15 (70) µm resolution in the φ (z) direction [12]. The
drift chamber has 96 measurement layers, between 40
and 137 cm in radius, organized into alternating axial
and ±2◦ stereo superlayers [13]. A 35◦ tilt angle between
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of the model, as derived from data, and contributes to
∆ACP by less than ±0.020%. A dominant systematic
uncertainty of 0.1% arises from the possibility that signal
and background shapes differ between the D∗+ and D∗−

samples. This effect is assessed by repeating the fit on
data using various modifications of the fit shapes in which
independent parameters are used for D∗+ and D∗− sam-
ples. The effect of the Kπ tail in the ππ signal induces
a systematic uncertainty of 0.013% that is the product
of the size of the contamination (0.93%) times the 3%
observed asymmetry of the D0 → K−π+ decay. The im-
pact of the statistical uncertainties associated with the
kinematic reweighting is negligible.
The final result,

∆ACP = (−0.62± 0.21 (stat)± 0.10 (syst))%, (5)

is consistent with and supersedes the previous CDF
determination of ∆ACP = (−0.46 ± 0.31 (stat) ±
0.12 (syst))% [8]. By adding in quadrature the un-
certainties, assumed to be independent and Gaussian-
distributed, the difference of asymmetries deviates from
zero by 2.7 standard deviations, strongly indicating the
presence of CP violation in the decays of D0 mesons.
This result is consistent with the LHCb measurement
obtained in pp collisions, ∆ACP = (−0.82± 0.21 (stat)±
0.11 (syst))% [9], with comparable accuracy and less
than 1σ difference in central value. The combined results
of the two experiments provide substantial evidence for
CP violation in the charm sector with a size larger than
most predictions [10], possibly suggesting the presence of
non-SM dynamics. More precise determinations of the in-
dividual asymmetries in D0 → π+π− and D0 → K+K−

decays and extension of the precise experimental explo-
ration to other charm decays may help in understanding
whether the observed effect can be attributed to signifi-
cant hadronic corrections to the SM weak amplitudes or
to new, non-SM sources of CP violation [17].
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IMPROVING INDIVIDUAL 
ASYMMETRIES 

Most precise individual 
asymmetries by 
combining the published 
measurement with                
difference in the 
complementary sample : 
∆ACP = −0.74 ± 0.2 
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ACP(D0→π+π-) = (+0.31 ± 0.22)%,
ACP(D0→K+K-) = (-0.32 ± 0.21)%

Still not significant, but indication that ππ and KK 

asymmetries might have opposite sign ACP as predicted



MORE CHARM 
DECAYS



CP VIOLATION SEARCH 
IN D0→KSππ

Adding more data on charm CP-violation 
is crucial, use a large sample of D* tagged 
D0→Ksπ+π- decays

Measure individual amplitudes and  
asymmetries with a Dalitz analysis

Insensitive to instrumenatal effects once 
anti-D0  kinematic distribution re-weighted 
to match D0 

Background from D0 mass sidebands

Efficiency correction over Dalitz-plot from 
MC simulatiion

~350,000 D*-tagged candidates in 6fb-1
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FIG. 1: The M(K0
Sπ

+π−) and ∆M data distributions (points
with error bars) with fit results overlaid. The dashed lines
correspond to the background contributions. The vertical
lines indicate signal ranges used for further analysis. The
M(K0

Sπ
+π−) (∆M) distribution contains only candidates

populating the signal ∆M (M(K0
Sπ

+π−)) range.

mode is the Cabibbo-favored D0 → K∗(892)− π+, which
amounts for about 60% of the total branching fraction.
The second largest contribution is from the intermedi-
ate CP eigenstate K0

Sρ(770), which is color-suppressed
compared to K∗(892)−π+.

VI. DALITZ ANALYSIS

A simultaneous fit to the resonant substructure of the
decay to K0

S π+ π− is performed on the combined D0

and D̄0 samples to determine the sizes of the various
contributions. These are compared with previous results
from other experiments to build confidence in the fit-
ting technique. Then the fit is applied independently to
D∗-tagged D0 and D̄0 samples to measure CP -violation
asymmetries in the decay amplitudes for each subprocess.
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FIG. 2: Dalitz plot of the decay D0/D̄0 → K0
S π+ π−, where

the squared invariant masses of the two-body combinations
K0

Sπ
±(RS) and π+π− are chosen as kinematic quantities. The

solid line indicates the kinematic boundaries.

A. Fit to the combined sample

A binned maximum-likelihood fit to the two-
dimensional Dalitz-plot distribution with bin widths of
0.025GeV2/c4 in both dimensions is performed to deter-
mine the contributions of the various intermediate reso-
nances. The likelihood function has the general form

L(#θ) =
I
∏

i=1

µni

i e−µi

ni!
, (1)

where #θ are the estimated parameters, I is the number
of bins, ni is the number of entries in bin i, and µi is
the expected number of entries in bin i. The latter are
obtained using the function

µ(M2
K0

Sπ
±(RS),M

2
π+π−) = N [T ε(M2

K0
Sπ

±(RS),M
2
π+π−)

|M(M2
K0

Sπ
±(RS),M

2
π+π−)|2

+ (1− T )ε(M2
K0

Sπ
±(RS),M

2
π+π−)

|M(M2
K0

Sπ
±(WS),M

2
π+π−)|2]

+ B(M2
K0

Sπ±(RS),M
2
π+π−) , (2)

where M is the complex matrix element of the decay,
(1 − T ) is the fraction of D0 candidates with wrongly-
determined production flavor, called the mistag frac-
tion, N is the normalization of the number of sig-
nal events, ε(M2

K0
Sπ

±(RS),M
2
π+π−) is the relative trigger

and reconstruction efficiency over the Dalitz plot, and
B(M2

K0
Sπ

±(RS),M
2
π+π−) is the background distribution.

The function is evaluated at the bin center to calculate
the expectation for µi.
The isobar model [24] is used to describe the matrix

element M. The various resonances are modeled by com-
plex numbers ajeiδj , where j refers to the jth isobar com-
posed of the amplitude aj and the phase δj , multiplied

Phys. Rev. D 86, 032007 (2012)

First attempt ad hadron collider !



DALITZ FIT

Isobar model for Dalitz analysis

In agreement  with earlier data  
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FIG. 4: Projections of the Dalitz-plot fit on the individual
two-body masses, together with the corresponding distribu-
tions in data.

Two different parametrization approaches to measure
CP -violation asymmetries in a simultaneous Dalitz-plot
fit to the D0 and reweighted D̄0 samples are applied. The
first one corresponds to an independent parametrization
of the relative amplitudes and phases in the Dalitz-plot
fits of the D0 and D̄0 samples, respectively. Differences
in the estimated resonance parameters can then be inter-
preted as CP -violation effects. The second parametriza-
tion approach is a simultaneous fit to the D0 and D̄0

samples, where two additional parameters, representing
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FIG. 5: Asymmetry between the numbers of reconstructed
D∗+ and D∗− candidates as a function of the soft pion’s pT .

CP -violation amplitudes and phases, are introduced for
each resonance.

1. Independent D0 and D̄0 parametrizations

The fitting procedure described in Sec. VIA is repeated
with separate parametrizations for the amplitudes and
phases in the D0 and D̄0 samples. By performing a si-
multaneous D0 and D̄0 fit, common parameters are used
for the Gaussian-constrained masses and widths of the
included resonances, the non-resonant contribution, the
K∗(892)±, f0(600), and σ2 masses and widths, as well as
the mistag fraction.

To quantify possible CP -violation effects, the fit-
fraction asymmetries,

AFF =
FFD0 − FFD̄0

FFD0 + FFD̄0

, (7)

are calculated for each intermediate resonance, where the
statistical uncertainties are determined by Gaussian un-
certainties propagated from the statistical uncertainties
of the individual fit fractions.

A measure for the overall integrated CP asymmetry is
given by

ACP =

∫ |M|2−|M|2

|M|2+|M|2
dM2

K0
Sπ

±(RS)dM
2
π+π−

∫

dM2
K0

Sπ
±(RS)

dM2
π+π−

, (8)

where M is the matrix element of Eq. (3) for the D0

decay and M the one for the D̄0 decay. The statis-
tical uncertainty on ACP is determined with the same
procedure used for the determination of the fit-fraction
uncertainties.
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two-body masses, together with the corresponding distribu-
tions in data.

Two different parametrization approaches to measure
CP -violation asymmetries in a simultaneous Dalitz-plot
fit to the D0 and reweighted D̄0 samples are applied. The
first one corresponds to an independent parametrization
of the relative amplitudes and phases in the Dalitz-plot
fits of the D0 and D̄0 samples, respectively. Differences
in the estimated resonance parameters can then be inter-
preted as CP -violation effects. The second parametriza-
tion approach is a simultaneous fit to the D0 and D̄0

samples, where two additional parameters, representing
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FIG. 5: Asymmetry between the numbers of reconstructed
D∗+ and D∗− candidates as a function of the soft pion’s pT .

CP -violation amplitudes and phases, are introduced for
each resonance.

1. Independent D0 and D̄0 parametrizations

The fitting procedure described in Sec. VIA is repeated
with separate parametrizations for the amplitudes and
phases in the D0 and D̄0 samples. By performing a si-
multaneous D0 and D̄0 fit, common parameters are used
for the Gaussian-constrained masses and widths of the
included resonances, the non-resonant contribution, the
K∗(892)±, f0(600), and σ2 masses and widths, as well as
the mistag fraction.

To quantify possible CP -violation effects, the fit-
fraction asymmetries,

AFF =
FFD0 − FFD̄0

FFD0 + FFD̄0

, (7)

are calculated for each intermediate resonance, where the
statistical uncertainties are determined by Gaussian un-
certainties propagated from the statistical uncertainties
of the individual fit fractions.

A measure for the overall integrated CP asymmetry is
given by

ACP =

∫ |M|2−|M|2

|M|2+|M|2
dM2

K0
Sπ

±(RS)dM
2
π+π−

∫

dM2
K0

Sπ
±(RS)

dM2
π+π−

, (8)

where M is the matrix element of Eq. (3) for the D0

decay and M the one for the D̄0 decay. The statis-
tical uncertainty on ACP is determined with the same
procedure used for the determination of the fit-fraction
uncertainties.
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D0→Ksππ Dalitz plot
•Look for CPV in the resonant
structures of D*-tagged D0

decaying to Ksπ+π-.
•2 methods:

• Bin-by-bin
• Fit the population of each

subresonance and
compare D0 and anti-D0.
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Figure: Some resonances in D 0 _ K 0
S π+ π_ Dalitz plot.
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CP Violation in the D 0_ KS! +! - Decay

• In 6/fb of two-track trigger data we 
search for time-integrated CPV in the 
resonant substructur es of the 3-body 
D0_ KS! +! - decay

• First full Dalitz analysis at hadr on 
collider

• Model-independent bin-by-bin 
comparison of the D 0 and D 0 Dalitz plots  
(Miranda method)
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_

• As done for D->hh, the distributions of D* pions are equalized
by reweighting before calculating asymmetries, to ensure
cancellation of instrumental biases.
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events used for the determination of the relative reconstruc-
tion efficiency over the Dalitz plot, together with the corre-
sponding fit projections.

B. Measurement of CP-violation asymmetries

As described in Sec. I, D∗ tagging is used to measure
CP -violation effects in the Dalitz decay. Although equal
numbers of D0 and D̄0 mesons are produced in the CDF
II detector, the efficiency for reconstructing soft pions
from the D∗ decays causes an instrumental asymmetry
between the numbers of observed D0 and D̄0 decays.

TABLE I: Combined D0 and D̄0 Dalitz-plot-fit results for
the relative amplitudes and phases of the included intermedi-
ate resonances, together with the fit fractions calculated from
them. Due to interference effects between the various reso-
nances the fit fractions are not constrained to add up exactly
to 100%.

Resonance a δ [◦] Fit fractions [%]
K∗(892)± 1.911 ± 0.012 132.1 ± 0.7 61.80 ± 0.31
K∗

0 (1430)
± 2.093 ± 0.065 54.2 ± 1.9 6.25 ± 0.25

K∗
2 (1430)

± 0.986 ± 0.034 308.6 ± 2.1 1.28 ± 0.08
K∗(1410)± 1.092 ± 0.069 155.9 ± 2.8 1.07 ± 0.10
ρ(770) 1 0 18.85 ± 0.18
ω(782) 0.038 ± 0.002 107.9 ± 2.3 0.46 ± 0.05
f0(980) 0.476 ± 0.016 182.8 ± 1.3 4.91 ± 0.19
f2(1270) 1.713 ± 0.048 329.9 ± 1.6 1.95 ± 0.10
f0(1370) 0.342 ± 0.021 109.3 ± 3.1 0.57 ± 0.05
ρ(1450) 0.709 ± 0.043 8.7± 2.7 0.41 ± 0.04
f0(600) 1.134 ± 0.041 201.0 ± 2.9 7.02 ± 0.30
σ2 0.282 ± 0.023 16.2 ± 9.0 0.33 ± 0.04
K∗(892)±(DCS) 0.137 ± 0.007 317.6 ± 2.8 0.32 ± 0.03
K∗

0 (1430)
±(DCS) 0.439 ± 0.035 156.1 ± 4.9 0.28 ± 0.04

K∗
2 (1430)

±(DCS) 0.291 ± 0.034 213.5 ± 6.1 0.11 ± 0.03
Non-Resonant 1.797 ± 0.147 94.0 ± 5.3 1.64 ± 0.27
Sum 107.25 ± 0.65

TABLE II: Combined D0 and D̄0 Dalitz-plot-fit results for
the masses and widths of the K∗(892)±, f0(600), and σ2 con-
tributions.

Resonance Mass [MeV/c2] Natural width [MeV/c2]
K∗(892)± 893.9 ± 0.1 51.9 ± 0.2
f0(600) 527.3 ± 5.2 308.7 ± 8.9
σ2 1150.5 ± 7.7 138.8 ± 7.8

This instrumental asymmetry is mainly due to the tilt of
COT cells described in Sec. II, which causes positively-
and negatively-charged particles to hit the cells at differ-
ent angles. Since only relative differences between the D0

and D̄0 Dalitz plots are studied, an absolute efficiency
difference is expected not to bias the observed physics
asymmetries. However, an instrumental asymmetry de-
pending on the transverse momentum of the additional
pion can lead to efficiency discrepancies that vary over
the Dalitz plot and has to be taken into account to avoid
biased results.
Fig. 5 shows the observed asymmetry,

A =
ND∗+ −ND∗−

ND∗+ +ND∗−

, (6)

between the number of D∗+ (D0) and D∗− (D̄0) candi-
dates as a function of the transverse momentum of the
pion from the D∗± decay. The asymmetry is larger at
low pT (πD∗±). This means that the efficiency for recon-
structing a D0 or a D̄0 may differ over the Dalitz plot.
The effect is corrected by reweighting the D̄0 Dalitz plot
according to the deviations between the pT (πD∗±) distri-
butions for positive and negative pion charges found in
data.
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with the individual complex matrix element Aj(M,Γ),
which depends on the mass M and decay width Γ of the
resonance. The phase convention is the same as in the
CLEO analysis [6] and described in Ref. [19]. The com-
plex numbers are added as

M = a0e
iδ0 +

∑

j

aje
iδjAj(M,Γ) , (3)

where a0eiδ0 represents a possible non-resonant contribu-
tion. Since aj and δj are relative amplitudes and phases,
one resonance can be chosen as the reference. The am-
plitude and phase of the ρ(770), being the largest color-
suppressed mode, are fixed to the values aρ(770) = 1 and
δρ(770) = 0, respectively. The individual matrix elements,
Aj(M,Γ), correspond to normalized Breit-Wigner shapes
with Blatt-Weisskopf form factors [25]. A more detailed
description can be found in Ref. [26]. For the intermedi-
ate resonances ρ(770) and ρ(1450) decaying to π+π−, the
Breit-Wigner shape is replaced by the Gounaris-Sakurai
description [27].
To account for the limited accuracy of the knowledge

on the masses and widths of the intermediate resonances,
these parameters can vary within their experimental un-
certainties, taken from Ref. [28] for the f0(980) and
f0(1370) mesons, and Ref. [29] for the others. This is
accomplished by means of Gaussian constraints in the
likelihood function, except for the resonances K∗(892)±,
f0(600), and σ2, which are unconstrained. Because
the K∗(892)± is the most prominent resonance, with
its 60% branching fraction, floating the K∗(892)± mass
and width in the Dalitz-plot fit improves the fit quality.
The reason for the unconstrained f0(600) and σ2 reso-
nance parameters is the poorly known nature of these
states. The scalar resonance σ2 is introduced to account
for a structure near 1GeV2/c4 in the M2

π+π− distribu-
tion. A possible explanation for this structure, proposed
in Ref. [30], is the decay f0(980) → η η with rescat-
tering of ηη to π+π−, resulting in a distortion of the
f0(980) → π+ π− amplitude for M2

π+π− near the ηη pro-
duction threshold. The masses and widths of the res-
onances K∗(892)±, K∗

0 (1430)
±, and K∗

2 (1430)
± are re-

quired to be identical for Cabibbo-favored and doubly-
Cabibbo-suppressed (DCS) processes.
Simulated events are used to estimate the relative re-

construction efficiency over the D0 → K0
S π+ π− Dalitz

plot. The considered decay chain, starting with D∗+, is
simulated by means of the evtgen package [31], where
the three-body decay structure of the D0 is generated
without any intermediate resonances. The generated
events are passed through the detector simulation and
reconstructed as data. The simulated detector and trig-
ger acceptance influence the Dalitz-plot distribution in
a complicated way. To estimate the efficiency, a binned
maximum likelihood fit to the Dalitz-plot distribution
of simulated decays is performed, where a binning of
0.05GeV2/c4 in both dimensions is used. An empiric
function consisting of the sum of a ninth-order multino-
mial in (M2

K0
Sπ±(RS))

m(M2
π+π−)n, where m+ n ≤ 9, and

a Gaussian function,

ε = E0 + ExM
2
K0

Sπ
±(RS) + EyM

2
π+π− + Ex2(M2

K0
Sπ±(RS))

2

+ ExyM
2
K0

Sπ
±(RS)M

2
π+π− + Ey2(M2

π+π−)2 + ...

+G(M2
π+π−) ,

(4)

is employed. The subscripts x and y are abbreviations
for M2

K0
Sπ

±(RS) and M2
π+π− , respectively. The Gaussian

function G(M2
π+π−) models the efficiency enhancement

at low M2
π+π− values, which is caused by a trigger con-

figuration that selects track pairs with small opening an-
gle. The fit projections together with the corresponding
mass-squared distributions of the three two-body combi-
nations are shown in Fig. 3.
The background in the Dalitz-plot distribution re-

ceives three dominant contributions, combinatorial back-
ground of purely random particle combinations, misre-
constructedD0 candidates peaking below theD∗+ signal,
and combinations of true D0 candidates with a random
pion. The first two are estimated in a sample chosen from
the D0-mass upper sideband 1.92 < M(K0

Sπ
+π−) <

1.95GeV/c2 with the same selection requirements used
in the signal region. The combinations of true D0 candi-
dates with a random pion are directly determined as the
mistag fraction by the Dalitz-plot fit.
To estimate the contributions of the individual reso-

nances to the total decay rate, the fit fractions,

FFr =

∫

|areiδrAr|2dM2
K0

Sπ
±(RS)dM

2
π+π−

∫

|
∑

j aje
iδjAj |2dM2

K0
Sπ

±(RS)
dM2

π+π−

, (5)

are calculated from the fitted amplitudes and phases.
The statistical uncertainties on the fit fractions are de-
termined by propagating the uncertainties on the am-
plitudes and phases. This is done by generating 1000
random parameter sets of amplitudes and phases accord-
ing to the full covariance matrix of the fit and taking the
standard deviation of the distribution of the 1000 calcu-
lated fit fractions.
The results of the combined D0 and D̄0 Dalitz-plot fit

for the relative amplitudes and phases of the included
intermediate resonances can be found in Table I, to-
gether with the corresponding fit fractions. Table II
shows the results for the fitted masses and widths of
the K∗(892)±, f0(600), and σ2 contributions. The val-
ues for the K∗(892)± agree with the world-average val-
ues [29] within 2MeV/c2. The mistag fraction obtained
from the Dalitz-plot fit is 1 − T = (0.98 ± 0.14)%. A
reduced χ2 of 7387/5082, calculated from the deviations
between data and fit in each bin, supports the quality
of our model. The largest discrepancy comes from the
high statistics corner of the Dalitz plot populated by the
Cabibbo-favored decays with K∗(892)± resonance. The
three mass-squared projections are shown in Fig. 4. The
results for the fit fractions are consistent with the mea-
surements from previous experiments [7, 8, 30, 32].
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TABLE VIII: Fit-fraction asymmetries, AFF, for the included
intermediate resonances. The first uncertainties are statistical
and the second systematic.

Resonance AFF [%]
K∗(892)± +0.36± 0.33± 0.40
K∗

0 (1430)
± +4.0± 2.4± 3.8

K∗
2 (1430)

± +2.9± 4.0± 4.1
K∗(1410)± −2.3± 5.7± 6.4
ρ(770) −0.05± 0.50± 0.08
ω(782) −12.6± 6.0± 2.6
f0(980) −0.4± 2.2± 1.6
f2(1270) −4.0± 3.4± 3.0
f0(1370) −0.5± 4.6± 7.7
ρ(1450) −4.1± 5.2± 8.1
f0(600) −2.7± 2.7± 3.6
σ2 −6.8± 7.6± 3.8
K∗(892)±(DCS) +1.0± 5.7± 2.1
K∗

0 (1430)
±(DCS) +12± 11± 10

K∗
2 (1430)

±(DCS) −10± 14± 29

where τ is the mean D0 lifetime. The mean observed
decay time 〈t〉 is determined from the background sub-

tracted D0 decay time distribution. We correct for the
fraction of nonprompt events that is estimated from
the D∗+ impact parameter significance distribution, and
obtain a mean observed decay time of 〈t〉 = (2.28 ±
0.03)τ(D0). To compare with the recent CDF measure-
ment of CP -violation asymmetries in D0 → π+π− and
D0 → K+K− decays, Aind

CP (D
0 → h+h−) = (−0.01 ±

0.06(stat)± 0.04(syst))% [16], we determine the indirect
CP asymmetry for the case of no direct CP violation to
be

Aind
CP = (−0.02± 0.25(stat)± 0.24(syst))% . (12)

B. Individual CP-violation asymmetries

The CLEO experiment also quotes CP -violation quan-
tities called interference fractions, IF, and individual CP
asymmetries, ACP , in each subresonance [6]. These are

defined as ACPj = IFj

FFj
, where

IFj =
|
∫
∑

k(2ake
iδk sin(φk + φj)Ak)bjAjdM2

K0
Sπ

±(RS)dM
2
π+π− |

(

∫

|M|2dM2
K0

Sπ
±(RS)

dM2
π+π− +

∫

|M|2dM2
K0

Sπ
±(RS)

dM2
π+π−

) . (13)

Since these values are positive by construction, only up-
per limits are given. The calculation is performed with
the same method used for the determination of the fit
fractions, where the 90% and 95% quantiles of resulting
distributions are used as the corresponding C.L. upper
limits. To account for systematic uncertainties for each
resonance, the largest values of all fits with the different
systematic variations are taken. The resulting 90% and
95% C.L. on the individual CP asymmetries are listed in
Table IX.

IX. MODEL-INDEPENDENT APPROACH

Following Ref. [10], a model-independent search for
CP violation in the Dalitz-plot distribution of the decay
D0 → K0

S π+ π− is performed by comparing the binned
Dalitz plots for D0 and D̄0 meson decays. No assump-
tions about the resonant substructure of the decay are
used. The approach serves as a complementary verifica-
tion of the results from the Dalitz-plot fits described in
the previous Sections. However, this method only detects
the presence of a significant CP -violation effect, without
allowing a determination of the size of the asymmetries.
The signed significance of the asymmetry between

the numbers of D0 and D̄0 candidates, (ND0 −

TABLE IX: Upper limits for individual CP -violation asym-
metries.

Resonance ACP [%] (90% C.L.) ACP [%] (95% C.L.)
K∗(892)± 0.014 0.018
K∗

0 (1430)
± 0.80 1.2

K∗
2 (1430)

± 0.45 0.62
K∗(1410)± 6.6 8.4
ρ(770) 0.038 0.051
ω(782) 0.51 0.66
f0(980) 0.13 0.17
f2(1270) 1.6 2.1
f0(1370) 25 37
ρ0(1450) 6.5 8.2
f0(600) 0.17 0.24
σ2 3.1 3.9
K∗(892)±(DCS) 1.7 2.3
K∗

0 (1430)
±(DCS) 22 28

K∗
2 (1430)

±(DCS) 12 16

ND̄0)/
√

ND0 +ND̄0 , is calculated for each bin and stud-
ied as a function of the squared K0

Sπ
± and π+π− masses.

In this calculation the number of D̄0 events is normalized
to the one of D0. Possible CP -violation asymmetries
would appear as clusters of same-sign discrepancies. The
sum of the squares of the significance asymmetries in each

12

TABLE V: Systematic uncertainties on the CP -violation phase φ for each included intermediate resonance. Further explanations
can be found in the caption of Table III.

Total uncertainties
φ [◦] Efficiency Background Fit model Trigger Form factors Systematic Statistical
K∗(892)± 0.0 0.1 1.0 0.2 0.8 1.3 1.4
K∗

0 (1430)
± 0.0 0.0 2.1 0.2 0.7 2.2 1.7

K∗
2 (1430)

± 0.1 0.2 1.0 0.3 0.4 1.1 1.8
K∗(1410)± 0.1 0.0 0.8 1.3 1.6 2.2 1.9
ρ(770) 0.1 0.3 1.1 0.2 0.8 1.4 1.5
ω(782) 0.3 0.6 0.9 0.1 0.8 1.4 2.2
f0(980) 0.2 0.0 0.8 0.0 0.7 1.1 1.3
f2(1270) 0.2 0.2 1.3 0.7 1.4 2.1 1.9
f0(1370) 1.0 1.2 1.9 1.0 0.9 2.8 1.7
ρ(1450) 0.0 0.6 2.0 3.1 1.2 3.9 1.7
f0(600) 0.1 0.2 1.3 0.2 0.3 1.4 1.5
σ2 0.2 0.3 0.7 0.4 0.7 1.1 2.9
K∗(892)±(DCS) 0.1 0.5 1.1 0.1 0.1 1.2 2.3
K∗

0 (1430)
±(DCS) 0.0 0.3 3.5 1.0 1.3 3.9 4.0

K∗
2 (1430)

±(DCS) 0.6 0.5 2.3 0.5 1.7 3.0 5.3

TABLE VI: Systematic uncertainties on the overall integrated CP asymmetry. Further explanations can be found in the caption
of Table III.

Effect Uncertainty on ACP [10−2]
Efficiency 0.36
Background 0.09
Fit model 0.37
Trigger 0.05
Form factors 0.10
Total systematic 0.54
Statistical 0.57

VIII. RESULTS

All CP -violation quantities are found to be consistent
with zero. The results for the CP -violation amplitudes
and phases, defined in Eq. (9) and obtained from the
simultaneous fit to the D0 and D̄0 Dalitz plots, are dis-
played in Table VII. The fit-fraction asymmetries for the
intermediate resonances, defined in Eq. (7), are listed in
Table VIII. The overall time-integrated CP asymmetry,
defined in Eq. (8), is determined to be

ACP = (−0.05± 0.57(stat)± 0.54(syst))% . (10)

This value includes the contribution from time-integrated
CP violation in the mixing of the involved K0 mesons.
We determine this contribution with the method de-
scribed in Ref. [33] to be −0.07%, much smaller than
the ACP measurement uncertainty.

A. Indirect CP violation

Following the procedure described in Ref. [16], it is
possible to disentangle indirect from direct CP -violation
effects by means of the D0 decay time distribution. The
direct and indirect CP asymmetries are related to the

TABLE VII: Results of the simultaneous D0-D̄0 Dalitz-plot
fit for the CP -violation amplitudes, b, and phases, φ. The
first uncertainties are statistical and the second systematic.

Resonance b φ [◦]
K∗(892)± +0.004 ± 0.004 ± 0.011 −0.8± 1.4 ± 1.3
K∗

0 (1430)
± +0.044 ± 0.028 ± 0.041 −1.8± 1.7 ± 2.2

K∗
2 (1430)

± +0.018 ± 0.024 ± 0.023 −1.1± 1.8 ± 1.1
K∗(1410)± −0.010 ± 0.037 ± 0.021 −1.6± 1.9 ± 2.2
ρ(770) −0.003 ± 0.006 ± 0.008 −0.5± 1.5 ± 1.4
ω(782) −0.003 ± 0.002 ± 0.000 −1.8± 2.2 ± 1.4
f0(980) −0.001 ± 0.005 ± 0.004 −0.1± 1.3 ± 1.1
f2(1270) −0.035 ± 0.037 ± 0.013 −2.0± 1.9 ± 2.1
f0(1370) −0.002 ± 0.008 ± 0.021 −0.1± 1.7 ± 2.8
ρ(1450) −0.016 ± 0.022 ± 0.135 −1.7± 1.7 ± 3.9
f0(600) −0.012 ± 0.017 ± 0.025 −0.3± 1.5 ± 1.4
σ2 −0.011 ± 0.012 ± 0.004 −0.2± 2.9 ± 1.1
K∗(892)±(DCS) +0.001 ± 0.005 ± 0.002 −3.8± 2.3 ± 1.2
K∗

0 (1430)
±(DCS) +0.022 ± 0.024 ± 0.035 −3.3± 4.0 ± 3.9

K∗
2 (1430)

±(DCS) −0.018 ± 0.029 ± 0.017 +4.2± 5.3 ± 3.0

time-integrated asymmetry by

ACP = Adir
CP +

〈t〉
τ
Aind

CP , (11)

Cross check by directly comparing 
Dalitz plot for D0 and anti-D0
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bin is expected to follow a χ2 distribution. The p-value
can be calculated considering the number of degrees of
freedom equal to the number of Dalitz-plot bins minus
one (for the normalization). Furthermore, one expects a
Gaussian distribution with mean equal to 0 and width of
1 for the histogram of the asymmetry significance distri-
bution in case of vanishing CP violation.
The method is verified in simulation and then applied

to data. As we test relative differences between D0 and
D̄0 at different places in the Dalitz plot, we normalizeD0

and D̄0 to the same area. With this approach, all asym-
metries that are uniformly distributed over the Dalitz
plot completely cancel. However, an efficiency asymme-
try varying over the Dalitz plot may mimic CP violation.
As described in Sec. VIB, this problem is also relevant for
the Dalitz-plot fits, and the reweighting procedure used
there is applied here as well.
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FIG. 6: Distribution of (a) the asymmetry significance as a
function of the squared K0

Sπ
± and π+π− masses and (b) as

a histogram.

The resulting Dalitz-plot distribution of the asymme-
try significance between the numbers of D0 and D̄0 can-
didates, with bin widths of 0.025GeV2/c4 in both di-
mensions, and the corresponding histogram are shown
in Fig. 6. The parameters obtained from the fit, µ =

0.003±0.014 and σ = 0.987±0.009, are consistent with a
Gaussian distribution centered at zero with unit variance,
and the p-value calculated from the asymmetry signifi-
cance distribution is p = 0.96. The model-independent
approach confirms that no CP violation is observed be-
tween theD0 and D̄0 decay amplitudes into the K0

Sπ
+π−

final state.

X. CONCLUSION

A Dalitz-amplitude analysis is employed to study the
resonant substructure of the D0 → K0

S π+ π− three-body
decay. In performing a full Dalitz-plot fit, the relative
amplitudes, phases, and fit fractions of the various in-
termediate resonances are determined. The results are
compatible and comparable in precision to the measure-
ments from previous experiments [7, 8, 30, 32].
In simultaneous fits to the D0 and D̄0 Dalitz plots,

a CP -violation fit fraction, amplitude, and phase are
determined for each included intermediate resonance.
None of these is significantly different from zero. This
also holds for the overall integrated CP asymmetry,
ACP = (−0.05±0.57(stat)±0.54(syst))%. A complemen-
tary model-independent search for localized CP -violation
differences in relative Dalitz-plot densities between the
binned D0 and D̄0 distributions yields a result consis-
tent with zero, too. In conclusion, the most precise val-
ues for the overall integrated CP asymmetry as well as
the CP -violation fit fractions, amplitudes, and phases are
reported; no indications for any CP -violation effects in
D0 → K0

S π+ π− decays are found, in agreement with the
standard model.
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to that used for our previous time-independent measure-
ment. The RS and WS D∗ decays have the same kine-
matics, and differ only in decay time distributions. To
reduce systematic uncertainties, we use the same selec-
tion criteria (cuts) for both the RS and WS decay modes.
Analysis cuts were optimized before the WS candidates
were revealed, and were chosen to maximize the expected
WS signal significance.

The D0 candidate reconstruction starts with a pair
of tracks from oppositely charged particles that satisfy
the trigger requirements. The tracks are considered with
both K−π+ and π−K+ interpretations. A third “tag-
ging” track, required to have pT ≥ 0.3 GeV/c, is used
to form a D∗ candidate when considered as a pion and
combined with the D0 candidate.

We apply two cuts to reduce the background to the
WS signal from RS decays where the D0 decay tracks
are misidentified because the kaon and pion assignments
are mistakenly interchanged. As determined from the
data, 96.4% of D0 decays with correct mass assignment
are reconstructed with Kπ invariant mass mKπ within
20 MeV/c2 of the D0 mass. The mKπ distribution for
misidentified D0 decays is much broader, and has only
22% of the events within the same mass range. We re-
move WS candidates that have a RS mass within that
range. This cut excludes 96.4% of RS decays and retains
78% of the WS signal. We also impose a cut based on
PID which is used to distinguish pions from kaons for all
three tracks in the decay chain. This cut, described in
Ref. [19], further helps to reject misidentified decays.

We use a series of cuts based on the decay topology
of signal events in which a D∗ is produced at the pri-
mary vertex, the tagging pion also originates from the
primary vertex, and the D0 travels a measurable distance
before decay. The vertex-based cuts reduce combinatoric
background from improper combinations involving one
or more tracks that do not originate from the D∗ de-
cay chain of interest. We require the transverse decay
length significance Lxy/σxy to be greater than 4, where
Lxy = #r · #pT /pT , #r is the distance between the primary
and D0 decay vertices, #pT is the transverse component
of the momentum of the D0 candidate with respect to
the beamline, and σxy is the uncertainty on Lxy. The
tagging pion track must have d0 < 500 µm, where the
transverse impact parameter d0 is the distance of clos-
est approach between a track and the primary vertex in
the plane transverse to the beamline. The tagging pion
must also have a point of closest approach to the primary
vertex less than 1.5 cm along the beamline.

The ratio t/τ is determined for each D0 candidate by
t/τ = mD0Lxy/(pT τ), where mD0 = 1.8648 GeV/c2 and
τ = 410.1 fs are the world average values for the D0 in-
variant mass and lifetime, respectively [20]. To study
R(t/τ), we divide the data into 20 bins of t/τ rang-
ing from 0.75 to 10.0, choosing bins of increasing size
from 0.25 to 2.0 to reduce statistical uncertainty at larger
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FIG. 1: Time-integrated distribution for “wrong-sign” D0 →
K+π− 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 back-
ground (light shaded region).

times. The bin sizes are larger than the t/τ resolution of
≈ 0.16.

After RS and WS candidates are separately divided
into t/τ bins, they are further divided into bins of mass
difference ∆m ≡ mKππ − mKπ − mπ. For each ∆m bin,
we perform a binned maximum likelihood fit of the cor-
responding mKπ 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.

The signal shapes for the individual mKπ and ∆m
distributions are fixed from the RS time-integrated fits.
For each mKπ distribution, a parabola with floating pa-
rameters is used to fit the background. The background
shapes for all the ∆m WS (RS) distributions are fixed to
the shape determined for the time-integrated WS (RS)
distribution. The amplitudes of the signal and back-
ground shapes are determined independently for all mKπ

and ∆m fits. The RS distributions have similar amounts
of background as the WS distributions, but the RS signal
is about 250 times larger.

The D∗ mesons that originate from beauty hadron (B)
decays must be treated as background to avoid the com-
plication of measuring the D0 decay length from the
B decay point instead of the primary vertex. The D∗

mesons produced promptly at the primary vertex have
a narrow d0 distribution, with a shape independent of
t/τ . The background from non-prompt D∗ mesons from
the decay chain B → D∗ → D0 have a broad d0 distri-
bution, due to the decay length of the B hadrons. The
width of the broad distribution increases with increasing
t/τ . An example d0 distribution is shown in Fig. 2. The
shapes of the prompt and broad distributions are deter-
mined from RS data. The WS shapes are the same as

6

m)µ (0d
0 100 200 300 400 500

m
µ

Ev
en

ts
 / 

5 

2000

4000

6000

m)µ (0d
0 100 200 300 400 500

m
µ

Ev
en

ts
 / 

5 

2000

4000

6000

FIG. 2: The distribution of transverse impact parameter d0

for 5 < t/τ < 6 for “right sign” background-subtracted 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 non-prompt D∗

mesons from B decay (light shaded).

the RS shapes. For each of the 20 t/τ bins, the prompt
WS (RS) signal is determined from the number of WS
(RS) D∗ mesons and the shapes of the d0 distributions.
The ratio of non-prompt to prompt signal is ≈ 0.02 at
t/τ = 2 and increases with increasing t/τ due to the
faster exponential fall-off with t/τ for D0 compared to
B. At t/τ = 7, the ratio is ≈ 1.

The time-integrated prompt D∗ signals are (12.7 ±
0.3)×103 WS events and (3.044±0.002)×106 RS events.
The ratios of prompt WS to RS signal for the 20 t/τ
bins are shown in Fig. 3. The uncertainties for each
bin include statistical and systematic contributions. The
significant systematic uncertainties are due to the back-
ground shapes for the mKπ, ∆m, and d0 distributions,
which are described by parameters that are allowed to
vary in the fitting procedure. We used simulation to
confirm that our choice of decay time bins does not sys-
tematically affect the result. The detector acceptances
for RS and WS decays are nearly identical, and their dif-
ference contributes a negligible systematic uncertainty in
the ratio R. The large uncertainty in the first t/τ bin is
due to low signal statistics caused by the trigger turn-on
at small t/τ . In the last two bins, the uncertainties are
large because the exponential fall-off of the WS signal
with t/τ results in smaller numbers of signal events.

A least-squares parabolic fit of the data in Fig. 3 to
Eq. (1) determines the values and uncertainties for the
parameters RD, y′, and x′2, which are listed in Table I.
Since the value of x′2 is unphysical (less than zero), but
consistent with zero, we also fit the data with the con-
straint x′2 = 0. The values of RD and y′ are consistent
with and without the constraint. The values and preci-
sion of the parameters measured by CDF are comparable
to those from the best previous measurements, as shown

τt/
0 2 4 6 8 10

R

0.002

0.004

0.006

0.008

0.01

FIG. 3: 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 de-
termines the parameters RD, y′, and x′2. The dotted line is
the fit assuming no mixing.

TABLE I: Fit results for the R(t/τ ) distribution. The uncer-
tainties include statistical and systematic components. The
correlation coefficient between y′ and x′2 for the uncon-
strained fit is −0.98. The no-mixing fit is consistent with
our previous time-independent result [19].

Fit type RD(10−3) y′ (10−3) x′2 (10−3) χ2 / d.o.f.
Unconstrained 3.04 ± 0.55 8.5 ± 7.6 −0.12 ± 0.35 19.2 / 17
Physically
allowed 3.22 ± 0.23 6.0 ± 1.4 0 19.3 / 18
No mixing 4.15 ± 0.10 0 0 36.8 / 19

in Table II.
To determine the consistency of our data with the no-

mixing hypothesis, we compute Bayesian contours con-
taining the region with the highest posterior probability.
The probability density is calculated as the product of
a likelihood L and a prior, divided by a normalization
factor. The likelihood is L = exp(−χ2/2), where χ2 is

TABLE II: Comparison of the CDF result with recent mea-
surements. All results use D0 → K+π− decays and fits as-
suming no CP violation. The uncertainties include statistical
and systematic components. The significance for no mixing is
given in terms of the equivalent number of Gaussian standard
deviations.

Mixing
Experiment RD(10−3) y′ (10−3) x′2 (10−3) Signif.
CDF 3.04 ± 0.55 8.5 ± 7.6 −0.12 ± 0.35 3.8
BABAR [8] 3.03 ± 0.19 9.7 ± 5.4 −0.22 ± 0.37 3.9
Belle [9] 3.64 ± 0.17 0.6 +4.0

−3.9 0.18 +0.21
−0.23 2.0
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ū

u

c̄
u

s̄, d̄

s, d

ū
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ū

W+

c

ū
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ū

u

c̄
u

s̄, d̄

s, d

ū
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Since the discovery of the charm quark in 1974 [1, 2],
physicists have been searching for the oscillation of neu-
tral charm mesons between particle and anti-particle
states. Such behavior is referred to as “mixing”, as
first explained in 1955 [3] for the K0 meson in terms
of quantum-mechanical mixed states. Mixing was next
observed for B0

d mesons in 1987 [4, 5]. The years 2006
and 2007 have seen landmark new results on mixing: ob-
servation of Bs mixing from the CDF experiment [6] and
evidence for D0 mixing from the Belle [7] and BABAR [8]
experiments.

The recent evidence for D0 mixing comes from two dif-
ferent types of measurements. The Belle Collaboration
found direct evidence for a longer and shorter lived D0

meson, in analogy to the well-known case for K0 mesons.
They found significantly different decay time distribu-
tions for D0 decays to the CP-eigenstates K+K− and
π+π− compared to that for the CP-mixed state K−π+.
(In this Letter, reference to a specific decay chain im-
plicitly includes the charge-conjugate decay.) No other
experiment has confirmed the evidence for lifetime differ-
ences among these decays. The evidence for D0 mixing
found in the BABAR experiment is a difference in decay
time distribution for D0 → K+π− compared to that for
the Cabibbo-favored (CF) decay D0 → K−π+. Such a
difference depends on the combined effects of differences
in the masses and lifetimes of the D0 meson weak eigen-
states. This same measurement was made in the Belle
experiment [9], but evidence for mixing was not seen. In
this Letter, we present a new measurement of the same
D0 mixing process as used by BABAR for their evidence.

In the standard model, the decay D0 → K+π−

proceeds through a doubly Cabibbo-suppressed (DCS)
“tree” diagram, and may also result from a mixing pro-
cess (D0 ↔ D̄0), if it exists, followed by a CF de-
cay (D̄0 → K+π−). The DCS decay rate depends on
Cabibbo-Kobayashi-Maskawa quark-mixing matrix ele-
ments and on the magnitude of SU(3) flavor symmetry
violation [10]. Mixing may occur through two distinct
types of second-order weak processes. In the first, the D0

evolves into a virtual (“long-range”) intermediate state
such as π+π−, which subsequently evolves to a D̄0. The
magnitude of the amplitude for long-range mixing has
been estimated using strong interaction models [11], but
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has not been determined using a QCD calculation from
first principles. The second type of second-order weak
process is short-range [12], with either a “box” or “pen-
guin” topology. Short-range mixing is negligible in the
standard model. However, exotic weakly interacting par-
ticles could enhance the short-range mixing and provide
a signature of new physics [13, 14, 15].

The ratio R of D0 → K+π− to D0 → K−π+ decay
rates can be approximated [16, 17] as a simple quadratic
function of t/τ , where t is the proper decay time and
τ is the mean D0 lifetime. This form is valid assuming
CP conservation and small values for the parameters x =
∆M/Γ and y = ∆Γ/2Γ, where ∆M is the mass difference
between the D0 meson weak eigenstates, ∆Γ is the decay
width difference, and Γ is the average decay width of the
eigenstates. Under the assumptions stated above,

R(t/τ) = RD +
√

RDy′ (t/τ) +
x′2 + y′2

4
(t/τ)2, (1)

where RD is the squared modulus of the ratio of DCS
to CF amplitudes. The parameters x′ and y′ are linear
combinations of x and y according to the relations

x′ = x cos δ + y sin δ and y′ = −x sin δ + y cos δ,

where δ is the strong interaction phase difference between
the DCS and CF amplitudes. In the absence of mixing,
x′ = y′ = 0 and R(t/τ) = RD.

Our measurement uses data collected by the CDF II
detector at the Fermilab Tevatron collider, from February
2002 to January 2007, corresponding to an integrated lu-
minosity of ≈ 1.5 fb−1 for pp̄ collisions at

√
s = 1.96 TeV.

CDF II [18] is a multi-purpose detector with a magnetic
spectrometer surrounded by a calorimeter and a muon
detector. The detector components pertinent to this
analysis are the silicon microstrip vertex detector, the
multi-wire drift chamber (COT), and the 1.4 T magnet
which together measure the trajectories and momenta of
charged particles. The COT measures ionization energy
loss for a charged particle, which is used for particle iden-
tification (PID).

Events are selected in real time with a trigger system
developed for a broad class of heavy flavor decays. The
trigger requirements used here are the same as those
described for our previous measurement of the time-
integrated value of R [19], which used a smaller data
sample. The trigger selects events with a pair of oppo-
sitely charged particles that are consistent with originat-
ing from a secondary decay vertex separated from the
beamline.

In the off-line analysis, we reconstruct the “right-sign”
(RS) CF decay chain D∗+ → π+D0, D0 → K−π+,
and the “wrong-sign” (WS) decay chain D∗+ → π+D0,
D0 → K+π−. The relative charges of the pions deter-
mine whether the decay chain is RS (like charge) or WS
(opposite charge). The reconstruction method is similar

Contributions to wrong sign decay 
rate R: double Cabibbo suppressed 
(DCS) decays and D0 mixing



CONCLUSION

Tevatron has been a main player in the charm renaissance of 
the last decade: large charm production rate, powerful 
vertexing detectors and charge symmetric initial state

Need dedicated trigger and bandwidth

Ground-breaking work from CDF on many fronts

Some new result expected soon
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CMS Preliminary L dt = 40 pb-1!
s = 7 TeV

NX(3872) = 548 ± 104 (stat.) !
Nψ(2S) = 7346 ± 155(stat.)!
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• According to the Monte Carlo simulation, the efficiency for the successful recon-
struction of a single pion track with at least two pixel and five strip detector hits and
a transverse momentum of 400 MeV is about 70%. In a similar kinematic region,
the absolute uncertainty on the efficiency to reconstruct a single pion track success-
fully has been determined to be 3.9% [14]. For the pair of pions the uncertainty is
correspondingly larger. However, for the measurement of the cross section ratio,
the uncertainty on the track finding efficiency is expected to partially cancel. The
uncertainty on the ratio is conservatively estimated to be 4%.
A data driven technique that compares the yields for y(2S) ! J/ypp and y(2S) !
µµ is used to verify the pion pair efficiency and acceptance obtained from simula-
tion. The yields extracted from the data are corrected for the known branching ratios
and for differences in acceptance and efficiency for muons from J/y and y(2S). The
obtained result is consistent with the value obtained from the Monte Carlo simula-
tion.

• Variations of the non-prompt fractions of X(3872) and y(2S) to 20% and 40% result
in differences as large as 6% with respect to the nominal assumption of non-prompt
fractions of 30%.

• The production mechanism of the X(3872) is unknown. The pt dependence of the
result is evaluated by reweighting the prompt X(3872) pt distribution such that
possible discrepancies between the data and the simulation are covered, and the
reweighted spectra are used to derive the corrections. Half of the maximum differ-
ence between the standard result and the results from the variations is assigned as
systematic uncertainty. It amounts to 3.5%

• The uncertainty introduced by finite Monte Carlo statistics is determined to be 1.8%.
The largest impact comes from the determination of the efficiency and acceptance of
the pion pair.

In the kinematic range under study, the trigger selection efficiency for both the X(3872) and
y(2S) is very high and, in the ratio, the uncertainty originating from the trigger selection is
negligibly small. In total, the relative systematic error on the cross section ratio is estimated to
be 10%, about half the size of the statistical uncertainty. A reduction of systematic uncertainties
will be possible for future measurements.

5 Result

The acceptance-corrected ratio of yields, i.e. the ratio of production cross sections, is deter-
mined from the ratio of the numbers of X(3872) and y(2S) candidates as given by the un-
binned log likelihood fit, NX(3872) = 548 ± 104(stat.) and Ny(2S) = 7346 ± 155(stat.), applying
the global correction factor for the acceptance and efficiency of 0.872, as described above.

The ratio of production cross sections

R =
s(pp ! X(3872) + anything)⇥ BR(X(3872) ! J/yp+p�)

s(pp ! y(2S) + anything)⇥ BR(y(2S) ! J/yp+p�)

for pp collisions at 7 TeV, in the kinematic region pt > 8 GeV and |y| < 2.2, is measured to be

R = 0.087 ± 0.017(stat.)± 0.009(syst.),

where the first error refers to the statistical uncertainty of the data and the second error contains
the sum of all systematic uncertainties, as described above, added in quadrature.



B→D0 X 
CONTRIBUTION

Possible source of contamination 
from CP-violating B decays

Expect to be negligible in an 
inclusive sample of B →D0 X decays 

However contribution from B 
decays is minimized by  requiring  |
d0|<100 µm cut on D meson 
(residual B fraction 16.6%)

Systematic uncertainties 
conservatively assigned based on 
the measured asymmetry in the      |
d0|>100 µm sample
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C. Contamination of D mesons from B decays

A contamination of charm mesons produced in b–
hadron decays could bias the results. Violation of CP
symmetry in b–hadron decays may result in asymmetric
production of charm and anticharm mesons. This may
be large for a single exclusive mode, but the effect is
expected to vanish for inclusive B → D0X decays [28].
However, we use the impact parameter distribution of D0

mesons to statistically separate primary and secondary
mesons and assign a systematic uncertainty. Here, by
“secondary” we mean any D0 originating from the decay
of any b hadron regardless of the particular decay chain
involved. In particular we do not distinguish whether the
D0 meson is coming from a D∗± or not.

If fB is the fraction of secondary D0 mesons in a given
sample, the corresponding observed asymmetry A can
be written as a linear combination of the asymmetries
for primary and secondary D0 mesons:

A = fBA(D0 secondary) + (1− fB)A(D0 primary). (9)

The asymmetry observed for secondary D0 mesons can be
expressed, to first order, as the sum of the asymmetry one
would observe for a primary D0 sample, plus a possible
CP–violating asymmetry in inclusive B → D0X decays,

A(D0 sec.) = ACP(B → D0X) + A(D0 prim.). (10)

Hence, combining Eq. (9) and Eq. (10), the asymmetry
observed in each sample is given by

A = fBACP(B → D0X) + A(D0 primary). (11)

Because the fraction of secondary D0 mesons is inde-
pendent of their decay mode, we assume fB(ππ∗) =
fB(KK∗) = fB(Kπ∗). The contribution of CP violation
in b–hadron decays to the final asymmetries is written as

A(hh) = fB(Kπ)ACP(B → D0X) + ACP(D0 → hh),
(12)

where fB is estimated in the untagged K−π+ sample be-
cause the two terms arising from the tagged components
cancel in the subtraction provided by Eq. (6). In this
analysis, the contamination from secondary D0 decays is
reduced by requiring the impact parameter of the D0 can-
didate, d0(D0), not to exceed 100 µm. The fraction fB of
residual D0 mesons originating from B decays has been
determined by fitting the distribution of the impact pa-
rameter of untagged D0 → K−π+ decays selected within
±24 MeV/c2 of the known D0 mass [3]. We use two
Gaussian distributions to model the narrow peak from
primary D0 mesons and a binned histogram, extracted
from a simulated sample of inclusive B → D0X decays,
to model the secondary component. Figure 11 shows the
data with the fit projection overlaid. A residual con-
tamination of 16.6% of B → D0X decays with impact
parameter lower than 100 µm is estimated. To constrain
the size of the effect from ACP(B → D0X) we repeat
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FIG. 11. Impact parameter distribution of D0 candidates in
the D0 → K−π+ signal region. Top plot with data and fit
projections overlaid uses a logarithmic scale vertically. Bot-
tom plot shows fractional difference between data and the fit
on a linear scale.

the analysis inverting the impact parameter selection,
namely requiring d0(D0) > 100 µm. This selects an al-
most pure sample of D0 → K−π+ decays from B decays
(fB = 1). We reconstruct about 900 000 decays with an
asymmetry, A(Kπ) = (−0.647±0.172)%, consistent with
(−0.832 ± 0.033)%, the value used in our measurement.
Using Eq. (10) we write the difference between the above
asymmetry and the asymmetry observed in the central
analysis (Eq. (12)), A(d0 > 100 µm) − A(d0 < 100 µm),
as

(1 − fB)ACP(B → D0X) = (−0.18± 0.17)%. (13)

Using fB = 16.6% we obtain ACP(B → D0X) =
(−0.21 ± 0.20)% showing that no evidence for a bias
induced by secondary D0 mesons is present. Based on
Eq. (12), we assign a conservative systematic uncertainty
evaluated as fBACP(B → DX) = [fB/(1 − fB)]∆ =
0.034%, where fB equals 16.6% and ∆ corresponds to the
0.17% standard deviation of the difference in Eq. (13).
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FIG. 13. Shapes of K±π∓ mass from simulation without tuning, with data tuning, and with anti-data tuning for (a) right-sign
and (b) wrong-sign K±π∓ decays, and for (c) π+π− decays.

TABLE III. Summary of most significant systematic uncertainties. The uncertainties reported for the last three sources result
from the sum in quadrature of the contributions in the tagged and untagged fits.

Source ACP(π+π−) [%] ACP(K+K−) [%]
Approximations in the suppression of detector-induced effects 0.009 0.009
Production asymmetries 0.040 0.030
Contamination of secondary D mesons 0.034 0.034
Shapes assumed in fits 0.010 0.058
Charge-dependent mass distributions 0.098 0.052
Asymmetries from residual backgrounds 0.014 0.014
Limitations of sample reweighting < 0.001 < 0.001
Total 0.113 0.092

corresponding to CP conservation in the time-evolution
of these decays. These are the most precise determina-
tions of these quantities to date, and significantly im-
prove the world’s average values. The results are also in
agreement with theory predictions [29–34].

A useful comparison with results from other experi-
ments is achieved by expressing the observed asymmetry
as a linear combination (Eq. (4)) of a direct component,
Adir

CP, and an indirect component, Aind
CP, through a coeffi-

cient that is the mean proper decay time of charm mesons
in the data sample. The direct component corresponds
to a difference in width between charm and anticharm
decays into the same final state. The indirect component
is due to the probability for a charm meson to oscillate
into an anticharm meson being different from the prob-
ability for an anticharm meson to oscillate into a charm
meson.

The decay time of each D0 meson, t, is determined as

t =
Lxy

c (βγ)T

= Lxy
mD0

c pT
,

where (βγ)T = pT /mD0 is the transverse Lorentz factor.
This is an unbiased estimate of the actual decay time
only for primary charmed mesons. For secondary charm,
the decay time of the parent B meson should be sub-
tracted. The mean decay times of our signals are deter-

mined from a fit to the proper decay time distribution of
sideband-subtracted tagged decays (Fig. 14). The fit in-
cludes components for primary and secondary D mesons,
whose shapes are modeled from simulation. The simula-
tion is used to extract the information on the mean de-
cay time of secondary charmed decays, using the known
true decay time. The proportions between primary and
secondary are also determined from this fit and are con-
sistent with results of the fit to the D0 impact parameter
in data (Sec. IXC). We determine a mean decay time
of 2.40 ± 0.03 and 2.65 ± 0.03, in units of D0 lifetime,
for D0 → π+π− and D0 → K+K− decays, respectively.
The uncertainty is the sum in quadrature of statistical
and systematic contributions. The small difference in the
two samples is caused by the slightly different kinematic
distributions of the two decays, which impacts their trig-
ger acceptance.

Each of our measurements defines a band in the
(Aind

CP, Adir
CP) plane with slope −〈t〉 /τ (Eq. (4)). The same

holds for BABAR and Belle measurements, with slope
−1 [10, 11], due to unbiased acceptance in decay time.
The results of this measurement and the most recent B-
factories’ results are shown in Fig. 15, which displays
their relationship. The bands represent ±1σ uncertain-
ties and show that all measurements are compatible with
CP conservation (origin in the two-dimensional plane).
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Source �ACP [%]

Approximations in the suppression of detector-induced e↵ects 0.009

Shapes assumed in fits 0.020

Charge-dependent mass distributions 0.100

Asymmetries from residual backgrounds 0.013

Total 0.103

Table II: Summary of the most significant systematic uncertainties. The total uncertainty is the sum in quadrature of all the
contributions.

the kinematic distributions between K+K� and ⇡+⇡� samples that show some di↵erences.
We determine the number of decays independently for D0 and D0 candidates with a binned fit to the D0⇡s–mass

distribution of positive and negative D⇤ decays. The fit minimizes a combined �2 quantity, defined as �2

tot

= �2

+

+�2

�,
where �2

+

and �2

� are the individual chi-squared for the two distributions. The functional form of the mass shape for
both signals is fixed in the fit to the one extracted from 12.5 million D⇤–tagged D0 ! K�⇡+ decays.

The fits projections are shown in Fig. 1. We reconstruct approximately 550 000 D⇤–tagged D0 ! ⇡+⇡� decays
and 1.21 million D⇤–tagged D0 ! K+K� decays and measure the following event yield asymmetries:

A(⇡⇡⇤) = (�1.71± 0.15)%,

A(KK⇤) = (�2.33± 0.14)%.

yielding �A
CP

=
⇥
�0.62± 0.21 (stat)

⇤
%.

As a consistency check, we repeated the measurement in the independent subsample of candidates which pass the
new selection criteria but were not selected in the sample used in Ref. [3]. The corresponding result is �A

CP

=
(�0.74± 0.27)%, which is statistically compatible with the orthogonal result of (3).

IV. SYSTEMATIC UNCERTAINTIES

A few residual sources of systematic uncertainties can impact the results, despite the large degree of suppression
provided by the di↵erence: approximations in the suppression of detector–induced asymmetries; assumptions and
approximations in fits, which include specific choice of analytic shapes, di↵erences between distributions associated
with charm and anticharm decays, and contamination from unaccounted backgrounds; and, finally, assumptions and
limitations of kinematic reweighting.

We follow the same procedure used in our previous measurement to evaluate systematic uncertainties (Tab. II):
most of these are evaluated by modifying the fit functions to include systematic variations and repeating the fits to
data; the di↵erences between results of modified fits and the central one are used as systematic uncertainties. The
largest contribution comes from the small di↵erences between D0⇡s–mass distributions of positive and negative D⇤

candidates, which impacts at first order the observed asymmetry. We ascribe it to possible di↵erences in tracking
resolutions between low-momentum positive and negative particles. To determine a systematic uncertainty, we repeat
the fit in several configurations where various combinations of signal and background parameters are independently
determined for positive and negative D⇤ candidates. The largest variation on �A

CP

with respect to the central fit,
0.100%, is used as systematic uncertainty. Assuming the individual systematic uncertainties independent and summing
in quadrature, we obtain a total systematic uncertainty of 0.103% on the observed di↵erence between CP–violating
asymmetries of D0 ! K+K� and D0 ! ⇡+⇡� decays.

V. FINAL RESULT AND CONCLUSIONS

We report the measurement of the di↵erence between time–integrated CP–violating asymmetries in D0 ! K+K�

and D0 ! ⇡+⇡� decays using the full Run II dataset collected by the CDF trigger on displaced tracks, which
corresponds to about 9.7 fb�1 of integrated luminosity. The final result is

�A
CP

=
⇥
�0.62± 0.21 (stat)± 0.10 (syst)

⇤
%,

which is inconsistent with CP conservation at the 2.7� level, thus providing a solid confirmation of the e↵ect observed
by LHCb (Eq. (4) [4]). This is the most precise determination of this quantity to date and supersedes the previous
result of [3] shown in Eq. (3).


