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Heavy Flavor at the 
Tevatron

• In ~10 years of data-taking Tevatron’s 
experiments pioneered and established 
the study of HF physics in hadron 
collisions

• Unique access to Bs physics

• World-leading rare decays 
searches

• World leading masses/lifetimes

• b-baryons discoveries

• Precision CPV/mixing in charm

• ...
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Bs Mixing 
and CPV

Charm Physics

Rare Decays

Lifetimes
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This talk

• Brand new CDF measurements 
in the Charm Physics area

• Other HF results from Tevatron 
(especially Bs physics) will be 
in Hideki’s talk later today



Fragmentation of charm quarks

• A study of quark fragmentation using kaons produced in association with 
prompt D(s)

± mesons
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Measuring kaon production in association
with prompt D(s)± mesons

• Quark fragmentation process is described only by phenomenological models which need to be 
validated on data

• Study of charged particle production around
heavy quarks provides unique ways to probe
quark fragmentation

• We measure kaons produced around prompt
D(s)±→φ!± using a sample of ~260k Ds± and
~140k D± reconstructed in 360/pb of data

• Good performances of Bs flavor tagging at
CDF also based on fragmentation kaons

• Ds± allows to study it in more detail since
the it doesn't oscillate and there are no
know P-wave strong decays

6

correlation between D(s) 
and kaon charge 
allows to probe 

different fragmentation 
stages



Analysis overview
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• Using the sample of maximum-pT tracks in a ΔR = 0.7 cone around a KK! 
candidate, we measure the kaon fraction around the prompt D(s)± component 
by performing a multidimensional likelihood fit:

signal from 
background

prompt from 
secondary

kaons from pions/protons



Results
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More information in CDF Public Note 10704

• Compare results with 
predictions from PYTHIA 
and HERWIG

• pT distribution for early 
fragmentation kaons in 
better qualitative 
agreement with 
predictions, compared to 
kaons produced in later 
fragmentation branches

• In addition to pT, we also 
compare Δy and MDK 
distributions

NEW

http://www.physics.purdue.edu/~nranjan/DsKCorrBlessed/DsKCorrBlessed.html
http://www.physics.purdue.edu/~nranjan/DsKCorrBlessed/DsKCorrBlessed.html


CP Violation in neutral charmed mesons

• Time-integrated search for CPV in D0→KS!+!-

• Updated measurement of ΔACP(D0→h+h-)
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CP Violation in neutral charmed decays
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• Charm transitions involve first
two generations of quarks, thus
CPV in SM is expected to be
very small... but how much?

• For long time there has been consensus that direct CPV in charm at 1% 
level would be a striking signal of New Physics...

• ...now, after LHCb measurement of ΔACP(D0→h+h-), there is no consensus 
anymore

• Thus, it is important to provide as much experimental information as possible

CP violation in the Charm sector

CP violation observed so far is not sufficient to explain the matter-antimatter
asymmetry of the Universe, so there might be something else...

Until recently most CP violation measurements have been done in the area of
down-quarks (s, b), so what about up-quarks? Why not look where we did not look
before?

Charm is a unique case
it probes the up-quark sector (unaccessible through t or u quarks)

transitions between first two generations of quarks have real CKM parameters, any
asymmetry at current sensitivity would unambigously reveal NP

d s b

u

c

t

VCKM =





1− λ2/2 λ Aλ3 (ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3 (1− ρ− iη) −Aλ2 1




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Some Resonances
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Figure: Some resonances in D0 → K0
S π+ π− Dalitz plot.

Felix Wick (KIT) CPV in D0 → K0
Sπ+π−

October 13, 2011 21 / 54

CP Violation in the D0→KS!+!- Decay

• In 6/fb of two-track trigger data we 
search for time-integrated CPV in the 
resonant substructures of the 3-body 
D0→KS!+!- decay

• First full Dalitz analysis at hadron 
collider

• Model-independent bin-by-bin 
comparison of the D0 and D0 Dalitz plots 
(Miranda method)

11
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Dalitz fit description

• NN selection isolates ~350k D*→D0(→KS!+!-)!+ + c.c. decays

• Separate/combined binned fit to
D0 and D0 Dalitz plots
to search for CPV

• Each asymmetry self
normalized: no need to
worry about overall
spurious effects

• Isobar model to describe
the resonance structures

• Efficiency taken from MC,
background from mass
sidebands
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Dalitz Fit Description

Isobar model:

M = a0 · eiδ0 +
�

j aj · eiδj · Aj

Aj : essentially Breit-Wigner functions

binned maximum likelihood fit:
L = Efficiency · |M|2 + Background
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Dalitz Fit Description

Isobar model:

M = a0 · eiδ0 +
�

j aj · eiδj · Aj

Aj : essentially Breit-Wigner functions

binned maximum likelihood fit:
L = Efficiency · |M|2 + Background

]4/c2 [GeV2
-

π 0
sK

M
0 0.5 1 1.5 2 2.5 3

4
/c

2
C

a
n

d
id

a
te

s 
p

e
r 

0
.0

1
 G

e
V

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Data

Fit Function

Background

]4/c2 [GeV2
-

π +
π

M

0 0.5 1 1.5 2 2.5 3

4
/c

2
C

a
n

d
id

a
te

s 
p

e
r 

0
.0

1
 G

e
V

0

1000

2000

3000

4000

5000

6000

7000
Data

Fit Function

Background

]4/c2 [GeV2
+

π 0
sK

M
0 0.5 1 1.5 2 2.5 3

4
/c

2
C

a
n

d
id

a
te

s 
p

e
r 

0
.0

1
 G

e
V

0

1000

2000

3000

4000

5000

6000 Data

Fit Function

Background

Felix Wick (KIT) CP Violation in D0 → K0
S π+ π− May 5, 2011 10 / 16

_

The background in the Dalitz plot distribution is estimated by means of the candidates206

from the upper D0 mass sideband 1.92 < M(K0
Sπ

+π−) < 1.95GeV/c2 with all other selec-207

tion requirements resembling the ones for the signal region.208

In order to estimate the contributions of the individual resonances to the total decay rate,209

the fit fractions210

FFr =

∫

|areiδrAr|2dM2
K0

Sπ
−dM2

π+π−

∫

|
∑

j aje
iδjAj|2dM2

K0
Sπ

−dM2
π+π−

(5)

are calculated from the fitted amplitudes and phases. The statistical uncertainties on the211

fit fractions are determined by propagating the errors on the amplitudes and phases. Tech-212

nically this is done by generating 1000 random parameter sets of amplitudes and phases213

according to the full covariance matrix of the fit and taking the width of the distribution of214

the 1000 calculated fit fractions.215

The results of the combined D0 and D̄0 Dalitz fit for the relative amplitudes and phases of

the included intermediate resonances can be found in Table I, together with the fit fractions

calculated from them. Table II shows the results for the fitted masses and widths of the

K∗(892)∓, f0(600), and σ2 contributions. The mistag fraction obtained from the Dalitz fit

is

1− T = (0.98± 0.14)% ,

which is consistent with the background originating from combinations of real D0 candidates216

with a random pion of 1.48% as estimated from a fit to the M(K0
Sπ

+π−) distribution of D∗+
217

mass difference sideband events. To give a measure for the quality of the fit a χ2 value218

is calculated from the deviations between data and fit in each Dalitz plot bin. It yields219

χ2/NDF = 1.45 (NDF = 5082), NDF being the number of degrees of freedom. The fit220

projections to the different Dalitz plot axes are shown in Fig. 4. There are discrepancies221

between data and the fit, in particular at the kinematic edges of the K∗(892)− signal. As we222

will show in Sec. VI this has no significant effect on the measured CP -violation parameters223

determined from the difference between the D0 and D̄0 Dalitz plots.224

B. Search for CP violation225

To search for CP violating effects in the Dalitz decay the production flavor of the D0 de-226

caying to K0
Sπ

+π− has to be known. This is accomplished by the reconstruction of the decay227
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TABLE VII. Results of the simultaneous D0-D̄0 Dalitz fit
for the CP violating 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)+ 0.001± 0.005± 0.002 −3.8± 2.3± 1.2
K∗

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

K∗
2 (1430)

+ −0.018± 0.029± 0.017 4.2± 5.3± 3.0

VII. RESULTS

The results for the CP violating amplitudes and
phases, defined in Eq. 9 and obtained from the simul-
taneous fit to the D0 and D̄0 Dalitz plots, can be found
in Table VII. The fit fraction asymmetries for the inter-
mediate resonances, defined in Eq. 7, are listed in Ta-
ble VIII, together with the corresponding values from
the CLEO experiment [3]. Since the CLEO data sample
consists of only 5299 signal events, the results presented
here are considerably more precise. This also holds for
the overall integrated CP asymmetry defined in Eq. 8,
which yields

ACP = −0.0005± 0.0057(stat.)± 0.0054(syst.) . (10)

All CP violating quantities are found to be consistent
with zero.

A. Indirect CP violation

Following the procedure described in Ref. [12], it is
possible to disentangle indirect from direct CP violating
effects by means of the D0 decay time distribution. The
indirect CP asymmetry aindCP can be determined from the
measured ACP using the approximation

ACP = adirCP +
〈t〉
τ

· aindCP (11)

for slow D0 mixing, when adirCP is assumed to be zero.
The mean observed decay time 〈t〉 is determined from the
background subtracted D0 decay time distribution and
corrected for the fraction of nonprompt events estimated
from theD∗+ impact parameter significance distribution.
With the observed mean lifetime of 〈t〉 = (2.28 ± 0.03) ·
τ(D0) the indirect CP asymmetry yields

aindCP = −0.0002± 0.0025± 0.0024 .

TABLE VIII. Comparison of the determined fit fraction asym-
metriesAFF for the included intermediate resonances with the
results from the CLEO experiment [3]. For the CDF results
the first uncertainties are statistical and the second combined
systematic. For the CLEO results the first uncertainties are
statistical, the second experimental systematic, and the third
modeling systematic.

Resonance AFF (CDF) [%] AFF (CLEO) [%]
K∗(892)− 0.36± 0.33± 0.40 2.5± 1.9+1.5

−0.7
+2.9
−0.3

K∗
0 (1430)

− 4.0± 2.4± 3.8 −0.2± 11.3+8.6
−4.9

+1.9
−1.0

K∗
2 (1430)

− 2.9± 4.0± 4.1 −7± 25+8
−26

+10
−1

K∗(1410)− −2.3± 5.7± 6.4 · · ·
ρ(770) −0.05± 0.50± 0.08 3.1± 3.8+2.7

−1.8
+0.4
−1.2

ω(782) −12.6± 6.0± 2.6 −26± 24+22
−2

+2
−4

f0(980) −0.4± 2.2± 1.6 −4.7± 11.0+24.9
−7.4

+0.3
−4.8

f2(1270) −4.0± 3.4± 3.0 34± 51+25
−71

+21
−34

f0(1370) −0.5± 4.6± 7.7 18± 10+2
−21

+13
−6

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)+ 1.0± 5.7± 2.1 −21± 42+17

−28
+22
−4

K∗
0 (1430)

+ 12± 11± 10 · · ·
K∗

2 (1430)
+ −10± 14± 29 · · ·

K∗(1680)− · · · −36± 19+9
−35

+5
−1

This value can be compared with the average of the re-
cent CDF measurement of CP -violating asymmetries in
D0 → π+π− and D0 → K+K− decays [12], aindCP (D

0 →
h+h−) = −0.0001± 0.0006± 0.0004.

B. Individual ACP ’s

The CLEO experiment also quotes CP violating quan-
tities called interference fractions IF and individual CP
asymmetries ACP in each sub resonance [3]. These are
defined as

IFj =
|
∫
∑

k(2ake
iδk sin(φk + φj)Ak)bjAjdM2

K0
Sπ−dM2

π+π− |
(

∫

|M|2dM2
K0

Sπ−dM2
π+π− +

∫

|M|2dM2
K0

Sπ−dM2
π+π−

) ,

(12)

ACPj
=

IFj

FFj
. (13)

Since these values are positive by construction, only up-
per limits can be given. Our calculation is performed
with the same method used for the determination of the
fit fractions, where the 90% and 95% quantiles of re-
sulting distributions are used as the corresponding 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% upper limits on the individual CP asymmetries are
listed in Table IX.

Results

• Table lists asymmetries between
sub-resonances fit fractions

• Big improvement wrt previous
results from CLEO
(PRD 70, 091101 (2004))...

• ...but still no hints for any CP
violating effect

• The measured value for the overall
integrated CP asymmetry is

ACP (D0→KS!+!-) = (-0.05 ± 0.57 (stat.) ± 0.54 (syst.))%

13

CDF Run II preliminary

More information in CDF Public Note 10654

NEW

http://prd.aps.org/abstract/PRD/v70/i9/e091101
http://prd.aps.org/abstract/PRD/v70/i9/e091101
http://www-cdf.fnal.gov/physics/new/bottom/111013.blessed-D0KSpipi_ACP/
http://www-cdf.fnal.gov/physics/new/bottom/111013.blessed-D0KSpipi_ACP/


CP Violation in D0→h+h- Decays

• Last year, using 5.9/fb of two-track trigger data, CDF produced the world’s 
most precise measurement of CP asymmetries in 2-body D0 decays:

             ACP(D0→K+K-) = (-0.24 ± 0.22 ± 0.09)%
             ACP(D0→!+!-) = (+0.22 ± 0.24 ± 0.11)%
  ΔACP = ACP(K+K-)-ACP(!+!-) = (-0.46 ± 0.31 ± 0.12)% 
                                                                                        (PRD 85, 012009 (2012))

• In late November LHCb reported a more precise measurement of ΔACP, 
showing first evidence for CP violation in charm decays measuring:

                      ΔACP(LHCb) = (-0.82 ± 0.21 ± 0.11)%
                                                                                                   (arXiv:1112.0938) 

• CDF difference compatible with LHCb but also with zero, insufficient resolution 
for a conclusive statement

14

http://prd.aps.org/abstract/PRD/v85/i1/e012009
http://prd.aps.org/abstract/PRD/v85/i1/e012009
http://arxiv.org/abs/1111.4183
http://arxiv.org/abs/1111.4183


ΔACP(D0→h+h-) with full Run II dataset

• Measurement updated with full Run II
data sample

• Analysis strategy unchanged but new
selection has been designed to
specifically improve the resolution on
ΔACP

• About twice more signal events used
in the new measurement

• Expected resolution is competitive with LHCb
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Analysis overview

16

) [GeV/c]s(
T

p
0.5 1 1.5 2

As
ym

m
et

ry

-0.2

0

0.2
 + c.c.+

s) -+  (0 D +D*

C
andidates per 5 M

eV/c

0

2000

4000

6000
• D0 flavor determined through the D*→D0!s

decay, but soft pion induces O(1%) artificial
asymmetries

• Cancel detector effects through the difference
between raw asymmetries, A, of the two
samples:

D*-tagged D0→K+K-       A(KK*) = ACP(K+K-) + δ(!s)
D*-tagged D0→!+!-        A(!!*) = ACP(!+!-) + δ(!s)

ΔACP = A(KK*) - A(!!*) = ACP(K+K-)-ACP(!+!-)

• Detector asymmetries are kinematic dependent, cancellation works if !s 
distributions are the same between KK and !!, make them equal by 
reweighting



D0→!+!- fit results

17

]2-mass [GeV/cs
0Invariant D

2.005 2.01 2.015 2.02
2

C
an

di
da

te
s 

pe
r 0

.1
 M

eV
/c

0

5

10

15

20
310!

/ndf = 368/3082
 599") = 279286 -

s) -+  (0D  -N(D*

)-1Data (9.7 fb

Fit

Random pions

/

-2

0
2

Raw A(!+!-) = (-1.71±0.15)%

]2-mass [GeV/cs
0Invariant D

2.005 2.01 2.015 2.02

2
C

an
di

da
te

s 
pe

r 0
.1

 M
eV

/c

0

5

10

15

20
310!

/ndf = 368/3082
 590") = 269871 +

s) -+  (0 D +N(D*

)-1Data (9.7 fb

Fit

Random pions

/

-4
-2
0
2

CDF Run II preliminary



D0→K+K- fit results
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CDF Run II preliminary

Raw A(K+K-) = (-2.33±0.14)%
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No CP violation

• New CDF result confirms LHCb result: 
same resolution, <1σ difference in
central value

• When combining à la HFAG with other 
available measurements, no CPV point is at 
~3.8σ and

• CDF will also produce separate 
measurements of ACP(K+K-) and ACP(!+!-)

Final result

ΔACP = [-0.62 ± 0.21 (stat) ± 0.10 (syst)]%

19

ΔACPdir = (-0.67±0.16)%
  ACPind = (-0.02±0.22)%

CDF Run II preliminaryNEW

More information in CDF Public Note 10784

ΔACP(LHCb) = [-0.82 ± 0.21 ± 0.11]%

http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/
http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/


Conclusions

• Tevatron continuing to produce 
a rich program in HF physics

• Complementary to e+e- 
machines and LHC 
experiments

• Three brand new, world-leading 
results shown today... more 
with full Run II dataset 
underway...

• Confirm sizable CPV effects 
in charm sector
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