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CPV in charm?
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Complementary to K/B, probes 
BSM coupled to up quarks. 
Only now reaching sensitivity 
to see SM/BSM effects

 Effects are small.                    
1st & 2nd families: CPV is 
suppressed. Large samples 
and control on systematics.

 Predictions are hard.                           
0 << M(charm) >≈ M(s, u, d). 
Accuracy not better than 
order-of-magnitude 

Experimental tests + theory advancements established CKM 
ansatz success (within 10%) in CPV. End of story?

Perhaps not, charm potential yet to be fully explored.
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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?



Difference of CP-violating 
asymmetries in   

D0->K+K-  and D0-> π+π-
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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
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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
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(
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]
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, (9)

Γ
(
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= |Ā(f̄)|2
{
|g+(t)|2 +2 Re
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λ̄f̄g

∗
+(t)g−(t)

]

+
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}
. (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

_



Reality check
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CDF early ‘11: world’s most precise measurements using 5.9 fb-1.

LHCb, late ‘11: a more precise measurement of the difference, 
showing first evidence for CPV in charm with nearly 1% size

(LHCb only measures difference to cancel poorly-known 
production asymmetries) 

ACP(D->KK) = (-0.24 ± 0.22 ± 0.09)%

  ACP(D->ππ) = (+0.22 ± 0.24 ± 0.11)%

              ΔACP = (-0.46 ± 0.31 ± 0.12)%    PRD 85, 012009 (2012)

ΔACP = (-0.82 ± 0.21 ± 0.11)%   PRL 108, 111602 (2012)



Charm Decay Factory
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π+π-   

K-π+   

K+K-   

Kπ- skewed and 
wider because 
reconstructed 

as π-π-.

multibody   



Squeezing the most out of data
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5.9 =>10 fb-1 yields only +20%. D triggers suppressed in late data

+10% from using all 
displaced-track triggers.

+80% from loosened track 
hits requirements.

+12% from use of D from B 
decays.

Expect resolution on final result competitive with LHCb

Optimize ‘11 analysis toward asymmetry difference. 
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Measuring the asymmetry
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D*+  → D0π+ →[ h+h- ] π+

D*- → D0π- →[ h+h- ] π-

Infer flavor by identifying D produced in D* decay. 

_ Strong D* decay conserves 
charm flavor, correlated with 

the pion charge

Comes with a price. 

Lose 85% of signal (but rejects lots of background) 

Injects a large (%) instrumental asymmetry. 

Reconstruct KK/ππ decays in whole CDF data set (10 fb-1). 

Production is symmetric. Just need to count how many decays 
come from D0 and how many from D0 

_



Hello, charming..
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K

K

π



Instrumental charge-asymmetry
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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

+
-



The difference
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D*+  → D0π+ →[ K+K- ] π+

D*- → D0π- →[ K+K- ] π-

Aobs(KK)= ACP(KK) + δ(π)

D*+  → D0π+ →[ π+π-] π+

D*- → D0π- →[ π+π- ] π-

Aobs(ππ)= ACP(ππ) + δ(π)
Aobs(KK) - Aobs(ππ) = ACP(KK) - ACP(ππ)

_ _

Reweighting kinematics of the two samples to make them equal.

Additional bonus: most SM and BSM models predict 
asymmetries of opposite sign in KK and ππ. 

Difference likely to be more sensitive to CPV than the individual 
asymmetries.



Determining the asymmetries
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Signal D0 + random π Combinatoric D* --> D(->X) π

All backgrounds taken care by the fit of the D* tail. 

Remaining offender is D*->(D->X) π, which peaks in D*. Most 
dangerous for KK. Get the shape from inclusive charm simulation 
and fit size in data.

cut

fit

Cut on D0 mass, fit simultaneously D*+ and D*- mass
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D⁰ (positive pion)   D⁰ (negative pion)  
_

Aobs(KK) = (-2.33 ± 0.14)%
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D⁰ (positive pion)   D⁰ (negative pion)  
_

Aobs(ππ) = (-1.71 ± 0.15)%



Known unknowns
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Simulation constrains residual, higher-order instrumental effects 

Uncertainties on mass shapes. Possible residual mismodeling 
constrained with “anti-tuned” fits. 

Shape differences btw positive and negative D*. Repeat fits with 
independent models for + and - signals and backgrounds.

Kπ tail leaks into ππ. Effect is the product of the measured Kπ 
asymmetry (3%) times the size (0.93%) of the contribution



The result
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ΔACP = (-0.62 ± 0.21 (stat) ± 0.10 (syst))%

This is 2.7σ different from zero, strongly indicating presence of 
CP violation in the decays of D0 mesons

Uncertainty is 2 per mil, dominated by the sample size.

Confirms LHCb result (-0.82 ± 0.21 ± 0.11)%.                                     
Same resolution, <1σ difference in central values 

Combination assuming Gaussian, uncorrelated  uncertainties 
excludes CP conservation at >3.5σ

CDF Public note 10784

Aobs(KK) - Aobs(ππ) = (-2.33 ± 0.14)% - (-1.71 ± 0.15)% = 

ΔACP = (-0.62 ± 0.21 (stat.))%    



Measurement of CP-violating asymmetries inD0 ! !þ!" andD0 ! KþK" decays at CDF

T. Aaltonen,21 B. Álvarez González,9,aa S. Amerio,40a D. Amidei,32 A. Anastassov,15,y 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. Barria,42c,42a P. Bartos,12

M. Bauce,40b,40a F. Bedeschi,42a S. Behari,23 G. Bellettini,42b,42a J. Bellinger,56 D. Benjamin,14 A. Beretvas,15 A. Bhatti,46

D. Bisello,40b,40a I. Bizjak,28 K. R. Bland,5 B. Blumenfeld,23 A. Bocci,14 A. Bodek,45 D. Bortoletto,44 J. Boudreau,43

A. Boveia,11 L. Brigliadori,6b,6a C. Bromberg,33 E. Brucken,21 J. Budagov,13 H. S. Budd,45 K. Burkett,15 G. Busetto,40b,40a

P. Bussey,19 A. Buzatu,31 A. Calamba,10 C. Calancha,29 S. Camarda,4 M. Campanelli,28 M. Campbell,32 F. Canelli,11,15

B. Carls,22 D. Carlsmith,56 R. Carosi,42a S. Carrillo,9,n S. Carron,15 B. Casal,9,l M. Casarsa,50a A. Castro,6b,6a P. Catastini,20

D. Cauz,50a V. Cavaliere,22 M. Cavalli-Sforza,4 A. Cerri,26,g L. Cerrito,28,t Y. C. Chen,1 M. Chertok,7 G. Chiarelli,42a

G. Chlachidze,15 F. Chlebana,15 K. Cho,25 D. Chokheli,13 W.H. Chung,56 Y. S. Chung,45 M.A. Ciocci,42c,42a A. Clark,18

C. Clarke,55 G. Compostella,40b,40a M. E. Convery,15 J. Conway,7 M. Corbo,15 M. Cordelli,17 C. A. Cox,7 D. J. Cox,7

F. Crescioli,42b,42a J. Cuevas,9,aa R. Culbertson,15 D. Dagenhart,15 N. d’Ascenzo,15,x M. Datta,15 P. de Barbaro,45

M. Dell’Orso,42b,42a L. Demortier,46 M. Deninno,6a F. Devoto,21 M. d’Errico,40b,40a A. Di Canto,42b,42a B. Di Ruzza,15

J. R. Dittmann,5 M. D’Onofrio,27 S. Donati,42b,42a P. Dong,15 M. Dorigo,50a T. Dorigo,40a K. Ebina,54 A. Elagin,49

A. Eppig,32 R. Erbacher,7 S. Errede,22 N. Ershaidat,15,ee R. Eusebi,49 S. Farrington,39 M. Feindt,24 J. P. Fernandez,29

R. Field,16 G. Flanagan,15,v R. Forrest,7 M. J. Frank,5 M. Franklin,20 J. C. Freeman,15 Y. Funakoshi,54 I. Furic,16

M. Gallinaro,46 J. E. Garcia,18 A. F. Garfinkel,44 P. Garosi,42c,42a H. Gerberich,22 E. Gerchtein,15 S. Giagu,47a

V. Giakoumopoulou,3 P. Giannetti,42a K. Gibson,43 C.M. Ginsburg,15 N. Giokaris,3 P. Giromini,17 G. Giurgiu,23

V. Glagolev,13 D. Glenzinski,15 M. Gold,35 D. Goldin,49 N. Goldschmidt,16 A. Golossanov,15 G. Gomez,9

G. Gomez-Ceballos,30 M. Goncharov,30 O. González,29 I. Gorelov,35 A. T. Goshaw,14 K. Goulianos,46 S. Grinstein,4

C. Grosso-Pilcher,11 R. C. Group,53,15 J. Guimaraes da Costa,20 S. R. Hahn,15 E. Halkiadakis,48 A. Hamaguchi,38

J. Y. Han,45 F. Happacher,17 K. Hara,51 D. Hare,48 M. Hare,52 R. F. Harr,55 K. Hatakeyama,5 C. Hays,39 M. Heck,24

J. Heinrich,41 M. Herndon,56 S. Hewamanage,5 A. Hocker,15 W. Hopkins,15,h D. Horn,24 S. Hou,1 R. E. Hughes,36

M. Hurwitz,11 U. Husemann,57 N. Hussain,31 M. Hussein,33 J. Huston,33 G. Introzzi,42a M. Iori,47b,47a A. Ivanov,7,q

E. James,15 D. Jang,10 B. Jayatilaka,14 E. J. Jeon,25 S. Jindariani,15 M. Jones,44 K.K. Joo,25 S. Y. Jun,10 T. R. Junk,15

T. Kamon,25,49 P. E. Karchin,55 A. Kasmi,5 Y. Kato,38,p W. Ketchum,11 J. Keung,41 V. Khotilovich,49 B. Kilminster,15

D.H. Kim,25 H. S. Kim,25 J. E. Kim,25 M. J. Kim,17 S. B. Kim,25 S. H. Kim,51 Y.K. Kim,11 Y. J. Kim,25 N. Kimura,54

M. Kirby,15 S. Klimenko,16 K. Knoepfel,15 K. Kondo,54,a D. J. Kong,25 J. Konigsberg,16 A.V. Kotwal,14 M. Kreps,24

J. Kroll,41 D. Krop,11 M. Kruse,14 V. Krutelyov,49,d T. Kuhr,24 M. Kurata,51 S. Kwang,11 A. T. Laasanen,44 S. Lami,42a

S. Lammel,15 M. Lancaster,28 R. L. Lander,7 K. Lannon,36,z A. Lath,48 G. Latino,42c,42a T. LeCompte,2 E. Lee,49

H. S. Lee,11,r J. S. Lee,25 S.W. Lee,49,cc S. Leo,42b,42a S. Leone,42a J. D. Lewis,15 A. Limosani,14,u C.-J. Lin,26

M. Lindgren,15 E. Lipeles,41 A. Lister,18 D.O. Litvintsev,15 C. Liu,43 H. Liu,53 Q. Liu,44 T. Liu,15 S. Lockwitz,57

A. Loginov,57 D. Lucchesi,40b,40a J. Lueck,24 P. Lujan,26 P. Lukens,15 G. Lungu,46 J. Lys,26 R. Lysak,12,f R. Madrak,15

K. Maeshima,15 P. Maestro,42c,42a S. Malik,46 G. Manca,27,b A. Manousakis-Katsikakis,3 F. Margaroli,47a C. Marino,24

M. Martı́nez,4 P. Mastrandrea,47a K. Matera,22 M. E. Mattson,55 A. Mazzacane,15 P. Mazzanti,6a K. S. McFarland,45

P. McIntyre,49 R. McNulty,27,k A. Mehta,27 P. Mehtala,21 C. Mesropian,46 T. Miao,15 D. Mietlicki,32 A. Mitra,1

H. Miyake,51 S. Moed,15 N. Moggi,6a M.N. Mondragon,15,n C. S. Moon,25 R. Moore,15 M. J. Morello,42d,42a J. Morlock,24

P. Movilla Fernandez,15 A. Mukherjee,15 Th. Muller,24 P. Murat,15 M. Mussini,6b,6a J. Nachtman,15,o Y. Nagai,51

J. Naganoma,54 I. Nakano,37 A. Napier,52 J. Nett,49 C. Neu,53 M. S. Neubauer,22 J. Nielsen,26,e L. Nodulman,2 S. Y. Noh,25

O. Norniella,22 L. Oakes,39 S. H. Oh,14 Y.D. Oh,25 I. Oksuzian,53 T. Okusawa,38 R. Orava,21 L. Ortolan,4

S. Pagan Griso,40b,40a C. Pagliarone,50a E. Palencia,9,g V. Papadimitriou,15 A.A. Paramonov,2 J. Patrick,15

G. Pauletta,50b,50a M. Paulini,10 C. Paus,30 D. E. Pellett,7 A. Penzo,50a T. J. Phillips,14 G. Piacentino,42a E. Pianori,41

J. Pilot,36 K. Pitts,22 C. Plager,8 L. Pondrom,56 S. Poprocki,15,h K. Potamianos,44 F. Prokoshin,13,dd A. Pranko,26

F. Ptohos,17,i G. Punzi,42b,42a A. Rahaman,43 V. Ramakrishnan,56 N. Ranjan,44 I. Redondo,29 P. Renton,39 M. Rescigno,47a

T. Riddick,28 F. Rimondi,6b,6a L. Ristori,42a,15 A. Robson,19 T. Rodrigo,9 T. Rodriguez,41 E. Rogers,22 S. Rolli,52,j

R. Roser,15 F. Ruffini,42c,42a A. Ruiz,9 J. Russ,10 V. Rusu,15 A. Safonov,49 W.K. Sakumoto,45 Y. Sakurai,54 L. Santi,50b,50a

K. Sato,51 V. Saveliev,15,x A. Savoy-Navarro,15,bb P. Schlabach,15 A. Schmidt,24 E. E. Schmidt,15 T. Schwarz,15

L. Scodellaro,9 A. Scribano,42c,42b F. Scuri,42a S. Seidel,35 Y. Seiya,38 A. Semenov,13 F. Sforza,42c,42a S. Z. Shalhout,7

T. Shears,27 P. F. Shepard,43 M. Shimojima,51,w M. Shochet,11 I. Shreyber-Tecker,34 A. Simonenko,13 P. Sinervo,31

PHYSICAL REVIEW D 85, 012009 (2012)

1550-7998=2012=85(1)=012009(28) 012009-1 ! 2012 American Physical Society

17

Supporters of BSM origin and of SM+hadronic corrections origin 
equally split. More data needed.

Individual CPV in KK and ππ may help. If rescattering is limited, 
ACPdir(KK) = -ACPdir(ππ) is expected. 

CDF measurement by far the most precise, but still insufficient 
for conclusive understanding.

We report on a measurement of CP-violating asymmetries (ACP) in the Cabibbo-suppressed D0 !
!þ!" and D0 ! KþK" decays reconstructed in a data sample corresponding to 5:9 fb"1 of integrated

luminosity collected by the upgraded Collider Detector at Fermilab. We use the strong decay D#þ !
D0!þ to identify the flavor of the charmed meson at production and exploit CP-conserving strong c !c pair
production in p !p collisions. High-statistics samples of Cabibbo-favored D0 ! K"!þ decays with and

without a D#$ tag are used to correct for instrumental effects and significantly reduce systematic

uncertainties. We measure ACPðD0 ! !þ!"Þ ¼ ðþ0:22$ 0:24ðstatÞ $ 0:11ðsystÞÞ% and ACPðD0 !
KþK"Þ ¼ ð"0:24$ 0:22ðstatÞ $ 0:09ðsystÞÞ%, in agreement with CP conservation. These are the most

precise determinations from a single experiment to date. Under the assumption of negligible direct CP
violation in D0 ! !þ!" and D0 ! KþK" decays, the results provide an upper limit to the CP-violating
asymmetry in D0 mixing, jAind

CPðD0Þj< 0:13% at the 90% confidence level.

DOI: 10.1103/PhysRevD.85.012009 PACS numbers: 13.25.Ft, 14.40.Lb

I. INTRODUCTION

The rich phenomenology of neutral flavored mesons
provides many experimentally accessible observables sen-
sitive to virtual contributions of non-standard-model
(non-SM) particles or couplings. The presence of non-
SM physics may alter the expected decay or flavor-mixing
rates, or introduce additional sources of CP violation be-
sides the Cabibbo-Kobayashi-Maskawa (CKM) phase. The
physics of neutral kaons and bottom mesons has been
mostly explored in dedicated experiments using kaon
beams and eþe" collisions [1]. The physics of bottom-
strange mesons is currently being studied in detail in
hadron collisions [1]. In spite of the success of several
dedicated experiments in the 1980’s and 1990’s, experi-
mental sensitivities to parameters related to mixing and
CP violation in the charm sector were still orders of
magnitude from most SM and non-SM expectations [2].
Improvements from early measurements at dedicated
eþe" colliders at the "ð4SÞ resonance (B factories) and
the Tevatron were still insufficient for discriminating
among SM and non-SM scenarios [3–7]. Since charm
transitions are described by physics of the first two quark
generations, CP-violating effects are expected to be
smaller than Oð10"2Þ. Thus, relevant measurements re-
quire large event samples and a careful control of system-
atic uncertainties to reach the needed sensitivity. Also,
CP-violating effects for charm have significantly more
uncertain predictions compared to the bottom and strange
sectors because of the intermediate value of the charm
quark mass (too light for factorization of hadronic ampli-
tudes while too heavy for applying chiral symmetry). All
these things taken together have made the advances in the
charm sector slower.

Studies of CP violation in charm decays provide a
unique probe for new physics. The neutral D system is
the only one where up-sector quarks are involved in the
initial state. Thus it probes scenarios where up-type quarks
play a special role, such as supersymmetric models where
the down quark and the squark mass matrices are aligned
[8,9] and, more generally, models in which CKMmixing is
generated in the up-quark sector. The interest in charm

dynamics has increased recently with the observation of
charm oscillations [10–12]. The current measurements [4]
indicateOð10"2Þmagnitudes for the parameters governing
their phenomenology. Such values are on the upper end of
most theory predictions [13]. Charm oscillations could be
enhanced by a broad class of non-SM physics processes
[14]. Any generic non-SM contribution to the mixing
would naturally carry additional CP-violating phases,
which could enhance the observed CP-violating asymme-
tries relative to SM predictions. Time-integrated
CP-violating asymmetries of singly Cabibbo-suppressed
decays into CP eigenstates such as D0 ! !þ!" and
D0 ! KþK" are powerful probes of non-SM physics con-
tributions 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 phe-
nomena 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 current experimental status is summarized in
Table I. No CP violation has been found within the preci-
sion 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 inte-
grated luminosity. 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
performance of the trigger for displaced tracks. With the
current sample CDF can achieve a sensitivity that allows

TABLE I. Summary of recent experimental measurements of
CP-violating asymmetries. The first quoted uncertainty is statis-
tical, and the second uncertainty is systematic.

Experiment ACPð!þ!"Þð%Þ ACPðKþK"Þð%Þ
BABAR 2008 [15] "0:24$ 0:52$ 0:22 þ0:00$ 0:34$ 0:13
Belle 2008 [16] þ0:43$ 0:52$ 0:12 "0:43$ 0:30$ 0:11
CDF 2005 [17] þ1:0$ 1:3$ 0:6 þ2:0$ 1:2$ 0:6

T. AALTONEN et al. PHYSICAL REVIEW D 85, 012009 (2012)

012009-4

Not easy to improve

Hic sunt leones (postdictions)



Measurements of CP violation 
in the resonant structure of    

D0->Ksπ+π- decays

18

arXiv:1207.0825



Expanding the portfolio
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Search for CPV in resonant 
structures of D*-tagged 3-
body D0-->Ksππ decays. 

350 000 decays in 6 fb-1

Isobar Dalitz fit to measure 
fit-fraction asymmetries -
insensitive to instrumental 
effects.

Efficiency from MC. 
Background from mass 
sidebands.
Consistency-check with model-independent test for the presence 
of CPV (Miranda): bin-by-bin evaluation  of 

 2  

What has change

 In one place we do model independent test using Miranda 
procedure

 It involves plotting

 Those values can go both positive and negative

 Want to show in them in bins of Dalitz plot 

 Plot we blessed works fine 
in colour, but not that well 
on paper without colour



D0->Ksππ results
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No evidence for any 
CP violating effects in 
6 fb-1

Bounds greatly 
tightened with 
respect to CLEO PRD 
70, 091101 (2004)

ACP= (-0.05 ± 0.57 ± 0.54)%

9

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

arXiv:1207.0825



Summary
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Charm’s chance to show hints of BSM physics becoming real. 
Sensitive to up-type NP and far from being fully explored.

CDF at the forefront of this challenge owing to CP-invariant 
initial state, 107 decays, and accurate tracking.

Updated CPV in D->hh using final data set. Strong 
indication of CPV in charm with BSM-like size. Supports 
LHCb result and calls for further exploration. 

Dalitz plot analysis D0 ->Ksπ+π- decays shows no sign of 
CPV within 0.8% uncertainties.

(Amazing for experiment designed 30 years ago to see W/Z) 

A few aces up our sleeve before passing the baton for good.
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The end



Charm physics at CDF 
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10 years of 2 TeV pp 
collisions (1014 collisions)

1% of collisions yield D  

0.1-10% retained by 
trigger + offline

Trigger on displaced 
tracks

Reconstruct only charged 
decay products. 

Precise momentum and 
decay position

_



Silicon Vertex Trigger
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Dedicated hardware

Combines information from 
drift chamber and silicon

Finds all central tracks with 
pT > 2 GeV/c and determines 
their impact parameters

Does so in less than 20 μs 

Crucial role in this analysis: 
boosts yields by factor 30k

Real-time plot!



Combining asymmetries
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A = (A1 + A2)/(1+A1A2)

Combination of small asymmetries is additive.  

Two asymmetries A1 and A2 combine as 

The exact expression expanded in power series gives

A = A1 + A2 - A1A1A2 - A1A2A2  + ...

where the first neglected terms are O(10-6) for A1, A2 ≈ O(%) 



Cut on KK mass and fit D*mass
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1.Cut on D0 mass

2. Attach soft pion

3. Fit in D*mass



Cut on ππ mass and fit D* mass
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1.Cut on D0 mass

2. Attach soft pion

3. Fit in D*mass



Getting the D* mass shapes
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Signal: functional form from simulation. Tune parameters in 
12.5M D0->Kπ decays (10x more abundant wrt KK and ππ)

Random pion: combine real D0 with all π from subsequent 
events in data.
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Consistency checks
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Check the stability of the result

7

}χ2/ndf = 4.4/3

} χ2/ndf = 0.38/1

χ2/ndf = 0.46/1}

• Measurement repeated on different independent sub-samples:



Problem with kinematics equalization
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w(tot) = w(pT) x w(η) x w(d0)

For blessing

Kinematics differences
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Instrumental effects depend on kinematics. Need to reweight 
KK and ππ kinematics for realizing cancellation 

KK       
ππ 

pion transverse momentum pion pseudorapidity pion impact parameter



Reweighting

31

Reweight events so that kinematic distributions become equal

KK       
ππ 

pion transverse momentum pion pseudorapidity pion impact parameter



Interpretation
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Linear relation between the 
difference of direct CPV and 
indirect CPV.

Slope is the difference in 
average decay-time between 
observed KK and ππ (0.27 at 
CDF)

Combination assuming 
Gaussian, uncorrelated  
uncertainties excludes CP 
conservation at >3.5σ

ΔACP = ΔACPdir + (Δ<t>/τ) ACPind

 [%]ind
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 CDFCPA6
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 LHCbCPA6

RABAB KA
 BelleKA
 LHCbKA

2-dim 68.27% CL
2-dim 95.45% CL
2-dim 99.73% CL
1-dim 68.27% CL

-510×P-value = 8.04
No CP violation

CDF Run II Preliminary

Each asymmetry is a combination of direct CPV (decay-
specific) and indirect CPV (universal). Difference dominated 
by the direct component.



Interpretation
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ACP = ACPdir + (<t>/τ) ACPind

≠D0 h
h

Direct      

Indirect

_
D0 h

h

D0 h
hD0

_
D0 h

hD0
_

≠

2 2

2 2

<t> is mean observed decay-time of D in each sample (≈2.5τ). 
Difference of asymmetries dominated by direct component

ΔACP = ACPdir(KK) - ACPdir(ππ) + (Δ<t>/τ) ACPind

ΔACP = ΔACPdir + (Δ<t>/τ) ACPind

Decay-specific

universal



CPV predictions
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Bergmann, 
Grossman, Ligeti, 
Nir, Petrov (2000) 

Grossman, Kagan, 
Nir (2004) 

Petrov (2011)

Le Yaouanc, Oliver, 
Raynal (1992)

It’s unanimous: CPV close to 1% strongly signals BSM physics



CPV postdictions 
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Brod, Grossman, 
Kagan, Zupan 
(2012)

Franco, 
Mishima, 
Silvestrini, 
(2012)

Li, Lu, Yu 
(2012)

Feldmann, 
Nandi, Soni 
(2012)

If strong dynamics of D resembles K, then effect can be SM.               
If D behaves more like B, then it’s likely to be BSM (and BMFV)



Individual asymmetries
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ACP(KK) = A(KK*) - A (Kπ*) + A(Kπ)



Secondary charm

37

) [cm]0(Dxyd
-0.05 0.00 0.05

m
!

C
an

di
da

te
s 

pe
r 5

 

410

510

610

710

-1 = 5.94 fbL dt�CDF Run II Preliminary 

 + c.c.+�
- K� 0D

/ndf = 225.47/1942�

data

total

non-prompt background

-1 = 5.94 fbL dt�CDF Run II Preliminary 

�/
�

-2
0
2

cτ(B) ≈ 450 microns

D from B are 12% of the 
sample.

If there’s CP violation in 
the relevant B decay, that 
would be propagate into 
the individual 
asymmetries results.

It cancels in the 
difference

B D
X



Higher order effetcs
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Measurement repeated on 
many simulated samples.  

Known and different 
instrumental asymmetries 
are injected as functions of 
kinematics.

Larger effect seen quoted 
as systematic uncertainty

Different relative efficiencies 
for detecting + vs - kaons

input ε(K+)/ε(K-)

10-4



Dalitz analysis at CDF
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