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n  Rare/forbidden/radiative decays 
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CHARM’15 Experimental Program 

Quarkonium/Exotics 
 Wang - Belle 
 Korner - BESIII 
 Palano – LHC 
 Presad - BESIII 
 Ping - BESIII 
 Bian - BESIII 
 Anulli - BaBar 
 Whitehead - LHCb 

 

Production 
 Sokoloff - BaBar 
 Yi - CMS 
 Yabsley – ATLAS 
 Frawley 
 Dainese 
 Vogt - LHC 
 LaPointe - ALICE 
 Feng - STAR 
 Lebedev - PHENIX 
 Branchin – ALICE 
 Yu - PHENIX 

 
 

Rare/radiative 
 Gobel  
 Zhao - BESIII 
 Vacca – LHCb 
 Nanut – Belle 

BSM searches 
 Prasad 
 Nachtman CMS 
 t -> Dγ CMS 
 H-> γγ CMS 

CPV/Mixing 
 Leo - CDF 
 Naik - LHCb 
 Pilloni – Belle/BaBar 
 Gersabeck - LHCb 
 Libby – CLEOc 
 Malde - CLEOc 
 Onur - BESIII 
 Reichert – LHCb 
 Martinelli - LHCb 

 

Dalitz/Hadronic 
 Muramatsu – BESIII 
 Palano - BaBar 
 Weidenkaff – BESIII 

Baryons/B+τ decays/other 
 Ogilvy – LHCb 
 Lyu – LHCb 
 Harrison – LHCb 
 Vinokurova – Belle 
 Bhardwaj – Belle 
 Purohit – BaBar 
 Wang - ATLAS 

Semileptonic/Leptonic 
 Eidelman - Belle 
 Ma - BESIII 
 An – BESIII 
 Oyanguren – BaBar 

blue = plenary 
black = parallel 
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CHARM’15 Experimental Program 

 1. Production 
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Heavy flavor production in AA/pA 

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI

Parton energy loss
Parton Energy Loss by  
!  medium-induced gluon radiation 
!  collisions with medium gluons 

 
p ' = p!"E(!medium )

‘QGP medium’  

RAA (pT ) =
1
Ncoll

dNAA / dpT
dNpp / dpT

6
ALICE, PLB 696, 30 (2011) 

dNAA / dpT Ncoll dNpp / dpT< 

< 1 

p
p’

Nuclear modification factor: 

"M.Nahrgang 

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI

Heavy Flavour energy loss

Parton Energy Loss predicted to 
depend on:  
!  Color charge CR (larger for gluons) 
!  Mass m (larger for heavy quarks) 

pred: 

!E(!medium;CR,m)

bqcg EEE !>!>! "

‘QGP medium’  

g:       m=0, CR=3

u,d,s: m~0, CR=4/3

c: m~1.5 GeV, CR=4/3
b: m~5 GeV,    CR=4/3

See e.g.:  
Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003. 
Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493. 
 

RAA (pT ) =
1
Ncoll

dNAA / dpT
dNpp / dpT

7

Recall: 

Heavy Quarks (charm and beauty): a tool to characterize the 
properties of the parton-medium interaction 

D/B 

!

!

RAA
! ! RAA

D < RAA
B

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI

HF-decay electrons at RHIC

!  “Total” yield compatible with binary scaling (RAA ~ 1 ± 0.3) 
!  Large suppression above 3 GeV/c 

!  Same as for pions above 5 GeV/c 
!  RdA!1  " Au-Au high-pT suppression is a hot medium effect 

14

PHENIX, PRL109 (2012) 242301 

RAA (pT ) =
1
Ncoll

dNAA / dpT
dNpp / dpT

HF-decay e± and µ± at LHC

Muons: PRL109,112301 

!  Pb-Pb: comparable suppression at central and 
forward rapidity 
"  Note1: dominated by B mesons at high pT

lepton  
"  Note2: pT

hadron ~2 pT
lepton # pT

B up to ~35 GeV/c 

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI 15

!  Suppression vanishes when 
going to peripheral collisions 

Dainese 

Au-Au high-pT suppression: 

suppression vanishes in peripheral collisions: 
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Heavy flavor production in AA/pA Charm: D mesons in Pb-Pb at LHC

!  First D RAA measurement with data from LHC 2010 run 
!  Extended with LHC 2011 run, from 1 to 30 GeV/c: factor ~5 

suppression at ~10 GeV/c in 0-7.5% centr. 

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI
Z.Conesa (QM2012) 

17

Secondary vertex  
reconstruction (ALICE) 

ALICE, JHEP 09 (2012) 112 
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Charm: D mesons in p-Pb at LHC

!  D meson RpA consistent with unity 
" Calculations with nuclear PDFs describe the data 
" Shadowing not expected to contribute to suppression in Pb-Pb above 

~5 GeV/c 

#  Pb-Pb high-pT suppression is a final state effect 
 CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI 19

ALICE, PRL113 (2014) 232301  

Beauty in p-Pb at LHC
!  LHCb: 

 
 

"  From pT=0 
" Consistent with mild modification, 

described by nuclear PDFs 

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI 24
LHCb, JHEP 1402 (2014) 072 

!  CMS: fully-reco B0, B+, Bs 
" Using J/! + hadron channels  

 

 
 

 

 

"  Limited to high pT (>10) 
" Consistent with unity within 

20-30% uncertainties 
CMS-HIN-14-004 
 

Beauty in Pb-Pb at LHC
!  CMS: 

 
 

"  Large suppression at high pT 
" Dependence on collision 

centrality in next slide 

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI 23
CMS-PAS-HIN-12-014 
 

!  ALICE: 

 
 

"  Large uncertainties 
"  Indication of RAA<1 for 

electron pT>3 GeV/c 

A. Festanti (QM2014) 
 

0 

1 

Mass dependence of HQ energy loss:!
RAA of D and B at LHC

!  D mesons (ALICE) and J/! from B decays (CMS)  

 

 
!  First clear indication of: RAA

B > RAA
D  

CHARM2015, Detroit, 19.05.15                     Andrea Dainese | Open HF in HI 25

Similar <pT> for B and D: 
•  B <pT> ~ 11 GeV (FONLL

+EvGen) 
•  D <pT> ~ 10 GeV 
 

A. Festanti (QM2014) 

B 
 
D0	



Dainese 

Pb-Pb collisions,  
reconstruct vertices, 
D0→ K-π* signal:  

Pb-Pb, significant suppression  p-Pb, no suppression  

Pb-Pb collisions,  B→ e- X  p-Pb collisions,  B→ J/ψ- X  
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CHARM’15 Experimental Program 

 2.  XYZ Quarkonium 
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BESIII Results for X/Y/Z Kornicer, Lyu 

  

!"#$%&'#( )*(+,-(./)0(11(2345+(./)0( !"#

!!67,8(9"(:'(;$":(<"(=,#>(

! ! ! )0 !

! "

m= 3899.0 ±3.6±4.9 m= 3894.8 ±2.3±2.7 m= 4022.9 ±0.8±2.7 m= 4023.9 ±2.2±3.8 

Zc(3900)+     Zc(3900)0    Zc(4020)+      Zc(4020)0   

m= 3884.3 ±1.2 ±1.5 m= 4026.3 ±2.6±3.7 m= 4025.5 +2.0
-4.7±3.1 
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BESIII Results for X/Y/Z 

  

!"#$%&'#( )*(+,-(./)0(11(2345+(./)0( !"#

!!!!!!!678*9.:(;(<=>???((
Strong evidence for  
X(3872) J/

M = 3871.9  0.7  0.2 MeV/c2  
!!

Suggestive of   
Y(4260)  X(3872)

New mode of production of X(3872) and Y(4260) decay?  

!"#$%%&'$()&((%$*&(%+,$$

Kornicer, Prasad 

e+e-→ γ π+π- J/ψ  reconstructed at ECM = 4.2-4.6 GeV 

5/19/2015 CHARM-2015 conference, Wayne State University 

Perform a search for X(3872) with 
X(3872 + -J/  using the data at the 
CM energies of 4.23 GeV, 4.26 GeV and 
4.36 GeV. 
 
Summed over all the CM energies to 
perform the maximum likelihood (ML) fit. 
 
Maximum significance is observed to 
6.3 . 
 
Observation supports the existence of the 
radiative transition of  Y(4260)  
X(3872), but not very conclusive.  

 
If X(3832) decays from Y(4260): 

mX(3872) = 3871.9 0.7 0.2 MeV/c2 

Observation of e+e- X(3872) 
PRL 112, 092001 (2014) 

4 
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BESIII Results for X/Y/Z 

 e e  X(3823) c 

!"#$%&'#( )*(+,-(./)0(11(2345+(./)0( !"#

! ! ( c @ 67.8679(:'; 

Reconstruct ! !# J "# #
look for recoil  

X(3823) candidate  
consistent with  

! 13D2 " !
   

Cross-section v.s. energy  

Line shape consistent with both  
Y(4260) & Y4360  

e+e-→ γ π+π-χc  reconstructed at ECM = 4.2-4.6 GeV 

Kornicer, Lyu 
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Belle Results for X/Y/Z Wang 

Z (3900)0/Z (4020)0/X (3915) → ηc modes
Z±

c (3900) was observed in π±J/ψ final states and Z±
c (4020) was observed in

π±hc final states. Could they have neutral partners?
X(3915) was observed in γγ collisions.

Upper limits of branching fractions at 90% C.L.
Resonance Decay mode B(B → K + R)

Z 0(3900)
ηcπ+π− 4.7 × 10−5

Z 0(4020) 1.6 × 10−5

X(3915) ηcη 3.3 × 10−5

ηcπ0 1.8 × 10−5

arXiv:1501.06351X.L. Wang (VPI) Charmonium(-like)@Belle 7 / 30

Search for X, Z→ ηc π(π ) decays   
 ⇒ nothing seen 

X -like states decaying to ηc modes

No signal was observed in any of the studied decay channels. The
upper limits of their productions are determined at 90% C.L..

Upper limits of B(B± → K±X(→ ηch)) (×10−5)
Decay mode Yield UL

X1(3872) ηcπ
+π− 17.9 ± 16.5 3.0

ηcω 6.0 ± 12.5 6.9

X(3730) ηcη(γγ) 13.8 ± 9.9 4.6
ηcη(π

+π−π0) 1.4 ± 1.0

X(3730) ηcπ
0 −25.6 ± 10.4 5.7

X(4014) ηcη(γγ) 8.9 ± 11.0 3.9
ηcη(π

+π−π0) 1.3 ± 1.6

X(4014) ηcπ
0 −8.1 ± 13.2 1.2

Upper limits of
B(B± → K± + ηch) (×10−5) at 90% C.L.

Mode Yield UL
ηcπ

+π− 155 ± 72 3.9

ηcω −41 ± 27 5.3

ηcη(γγ) −14.1 ± 26.1 2.2
ηcη(3π) −1.8 ± 3.4

ηcπ
0 −1.9 ± 12.1 6.2

arXiv:1501.06351

X.L. Wang (VPI) Charmonium(-like)@Belle 6 / 30
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Belle Results for X/Y/Z Wang Fit of Mπ+π−ψ(2S) spectrum with two resonances

Unbinned simultaneous maximum likelihood fit for
Y (4360) and Y (4660): Amp = BW1 + eiφ · BW2.

0

5
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4 4.5 5 5.5
M[!+!-"(2S)] (GeV/c2)

En
tri

es
/2

0 
M

eV
/c

2 π+π−J/ψ

0

5

10

4 4.5 5 5.5
M[!+!-"(2S)] (GeV/c2)

En
tri

es
/2

0 
M

eV
/c

2 µ+µ−

0

10

20

30

4 4.5 5 5.5
M[!+!-"(2S)] (GeV/c2)

En
tri

es
/2

0 
M

eV
/c

2 both modes

Parameters Solution I Solution II
MY (4360) (MeV/c2) 4347 ± 6 ± 3
ΓY (4360) (MeV) 103 ± 9 ± 5
B · Γe+e−

Y (4360) (eV) 9.2 ± 0.6 ± 0.6 10.9 ± 0.6 ± 0.7

MY (4660) (MeV/c2) 4652 ± 10 ± 11
ΓY (4660) (MeV) 68 ± 11 ± 5
B · Γe+e−

Y (4660) (eV) 2.0 ± 0.3 ± 0.2 8.1 ± 1.1 ± 1.0

φ (◦) 32 ± 18 ± 20 272 ± 8 ± 7

χ2/ndf = 18.7/21 .

Consistent with previous
measurement

No obvious signal above
Y (4660).

Some events accumulate at
Y (4260), especially the
π+π−J/ψ mode.

If Y (4260) is included in the fit, ...

X.L. Wang (VPI) Charmonium(-like)@Belle 12 / 30

including Y(4260) in the fit gives 4 
solutions, changes Y(4360), Y(4660) 
masses/widths by 8-20 MeV  
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Belle Results for X/Y/Z Wang 

σ(e+e− → π+π−ψ(2S)) measurement
e+e− → π+π−ψ(2S) cross section is calculated with

σi =
nobs

i − nbkg
i

Li
�2

j=1 εijBj
,

where i indicates the mass bin and j indicates the ψ(2S)
decay mode.

arXiv:1410.7641

Other cross sections from ISR:

PRL110, 252002(2013)

e+e− → π+π−J/ψ

PRD87,051101(R)(2013)

e+e− → ηJ/ψ

peaks ∼ 75 pb!

The σ(e+e− → π+π−J/ψ) at Y (4260), σ(e+e− → π+π−ψ(2S)) at
Y (4360) and σ(e+e− → ηJ/ψ) at ψ(4040) are almost the same!!!
WHY?

X.L. Wang (VPI) Charmonium(-like)@Belle 14 / 30
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Belle Results for X/Y/Z Wang 

Zc(4050)?
An unbinned maximum-likelihood fit is performed on the distribution
of Mmax(π±ψ(2S)), the maximum of M(π+ψ(2S)) and M(π−ψ(2S)),
simultaneously with both modes.

π+π−J/ψ + µ+µ−

M = (4054 ± 3(stat.)± 1(syst.)) MeV/c2

Γ = (45 ± 11(stat.)± 6(syst.)) MeV
The significance is 3.5σ.

X.L. Wang (VPI) Charmonium(-like)@Belle 17 / 30

Search for structure in Y(4360)→ ψ(2S)π+π- decays   ⇒ Zc(4050)? 

No structure seen in Y(4660)→ ψ(2S)π+π- decays  
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Belle Results for X/Y/Z Wang, Bhardwaj  

B → X (3872)Kπ

X.L. Wang (VPI) Charmonium(-like)@Belle 23 / 30

B → X (3872)Kπ

B(B0→X (3872)K ∗(892)0)×B(K ∗(892)0→K+π−)
B(B0→X (3872)K+π−)

= 0.34 ± 0.09(stat .)± 0.02(syst .).
PRD91, 051101(R)(2015)

X.L. Wang (VPI) Charmonium(-like)@Belle 24 / 30

B → X (3872)Kπ

B(B0→X (3872)K ∗(892)0)×B(K ∗(892)0→K+π−)
B(B0→X (3872)K+π−)

= 0.34 ± 0.09(stat .)± 0.02(syst .).
PRD91, 051101(R)(2015)

X.L. Wang (VPI) Charmonium(-like)@Belle 24 / 30
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Quarkonia Studies at ATLAS Yabsley 

Quarkonium studies at ATLAS: analyses

Production cross-sections:

J/ψ differential, prompt & non-prompt NPB 850, 387 (2011)

Υ(1S) fiducial PLB 705, 9 (2011)

Υ(nS) differential PRD 87, 052004 (2013)

χc1,c2 differential, prompt & non-prompt JHEP 07 (2014) 154

ψ(2S) differential, prompt & non-prompt JHEP 09 (2014) 079

Spectroscopy:

χbJ(nP); χbJ(3P) first observation PRL 108, 152001 (2012)

Xb → π+π−
Υ(1S) search PLB 740, 199 (2015)

Associated production:

prompt J/ψ in association with W±
JHEP 04 (2014) 172

prompt J/ψ in association with Z 0 arXiv:1412.6428 → EPJC

Bruce Yabsley (ATLAS / Sydney) Associated cc production at ATLAS CHARM 2015/05/21 7 / 29
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Quarkonia Studies (Xb) at ATLAS Yabsley 

Hidden flavour at ATLAS: experimental techniques

rate limited by trigger bandwidth, especially at Level 1 (hardware)
B-physics & onia: high-pT µ, M(µµ)-restricted-dimuon, . . . triggers
increasing L −→ higher-pT triggers, prescaling, . . .

 [GeV]!!m
1 10 210

En
tri

es
 / 

50
 M

eV

210

310

410

510

610

710 Trigger
EF_2mu4_DiMu
EF_2mu4_Jpsimumu
EF_2mu4_Bmumu
EF_2mu4_Upsimumu
EF_mu4mu6_Jpsimumu
EF_mu4mu6_Bmumu
EF_mu4mu6_Upsimumu
EF_mu20

Z

/

J/

(2S)
(1S)

(2S)
(3S)

-1 L dt ~ 2.3 fb = 7 TeV   s

ATLAS Preliminary

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 5 / 32

Search for a Xb → π+π−
Υ signal

ATLAS Collab., Physics Letters B 740, 199–217 (2015); arXiv:1410.4409 [hep-ex]

hidden-beauty analogue of X (3872) → π+π− J/ψ

16.2 fb−1 of
√
s = 8TeV data; 2× (pT > 4GeV muon) trigger

fit in 2× 2× 2 bins of (|y |, pT , cos θ∗) to discriminate vs bkgd

kinematics: ATLAS/CMS

Υ(nS) d2σ
dydpT

; validated on
34300± 800 Υ(2S) signal

Υ(3S): model for Xb search

significance z = 8.7;
most sensitive bin z = 6.5 −→
χ2/ndof = 1.0 for simultaneous fit

Nfit
3S = 11600± 1300

Npred
3S = (σB)3S · L · A · �

= 11400± 1500

C
a
n
d
id

a
te

s 
/ 
8
 M

e
V

4500

5000

5500

6000

6500

7000

 =  1390 +/- 210sN

ATLAS -1 = 8 TeV, 16.2 fbs

2012 Data
Total Fit
Background Component
Signal Component

*>0θcos

>20 GeV
T

p

|y|<1.2
2012 Data
Total Fit
Background Component
Signal Component

(1S)) [MeV]ϒ −π +πm(
10300 10400

0

500

1000
Data - Fitted Bgd.
Total Signal Fit
Gaussian Components

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 7 / 32

Combine Y with ππ, plot mass spectrum in  
2 x 2 x 2 bins of (|y|, pT, cosθ*): 

Xb → π+π−
Υ: interpretation and plans

this is the most senstitive Xb production search for m > 10.1GeV

excludes R = σB/(σB)Υ(2S) = 6.56% throughout search range
cf. ππψ [CMS, JHEP 04 (2013) 154]: (σB)X (3872)/(σB)ψ(2S) = 6.56%

if Xb exists, relative production σ/σ2S or branching B/B2S ,
or both, are weaker than for X (3872)

an Xb is not in general a carbon copy of the X (3872):
X (3872) is within sub-MeV resolution of D0D∗0 threshold

even a molecular Xb is bound by tens of MeV

further, large DD∗ isospin breaking (m± −m00 = +8.08± 0.11MeV)
is absent for BB∗ (m± −m00 = −0.64± 0.12MeV)‡

stressed by theorists [Guo/Meißner/Wang, 1204.2158; Karliner . . . ]
X(3872): |m± −m00| � Eb; ≈ pure D0D∗0 state; Bρψ � Bωψ

Xb: |m± −m00| � Eb; ≈ pure I = 0 state; BρΥ “strongly” suppressed

I -allowed modes — {γ, πππ0}Υ, ππχb — have severe A · � problems;
further searches are under investigation

Bruce Yabsley (ATLAS / Sydney) Charmonium production at ATLAS CHARM 2015/05/18 10 / 32
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CHARM’15 Experimental Program 

 3.  Hadronic Decays 
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Dalitz Plots Analyses @ BaBar Palano 

!

"

#

$

New measurement of the Kπ S-wave

! Fitted amplitude and phase.

! Red: ηc → K+K−π0. Black: ηc → K0
SK

+π−.

! Clear K∗
0 (1430) resonance and corresponding phase motion.

! At high mass broad K∗
0 (1950) contribution.
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! Dashed lines are Kη and Kη′ thresholds.

! Good agreement between the two ηc decay modes.
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Comparison with the LASS and E791 experiments

! Black is ηc → K0
SK

+π−. LASS(K−p) E791(D+ → K−π+π+)
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! Normalization is arbitrary.

! LASS analysis has two

solutions above 1.9 GeV.

! Phases before the Kη′

threshold are similar, as

expected from Watson theorem.

! Amplitudes are very different.

(LASS: Nucl. Phys. B 296, 493 (1988)), (E791: Phys. Rev. D 73, 032004 (2006)), (K.M. Watson, Phys. Rev. 88,

1163 (1952))

15

•  ηc→ KS K+π- 
•  ηc→ K+K-π0 
•  J/ψ → π+π-π0 
•  J/ψ → K+K-π0 

Model-independent Dalitz plot analysis: 
fit independent magnitudes and phases 
in 30 bins of mass 

ηc→ KS K+π-   ηc→ K+K-π0 

⇒ good agreement between samples, 
clear K*0(1430) resonance 

...but very different behavior than that 
measured with other data: 

LASS (Kπ scatt.) E791 (D+→Κ-π+π+) 

κ? 
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Dalitz Plots Analyses @ LHCb Palano 
!

"

#

$

Dalitz plot analysis of B− → D+K−π−.

! D+π− fit projection (arXiv:1503.02995).
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D∗
0 (2400)

Resonance Fit fraction

D∗
0 (2400)

0 8.3 ± 2.6 ± 0.6 ± 1.9

D∗
2 (2460)

0 31.8 ± 1.5 ± 0.9 ± 1.4

D∗
1 (2760)

0 4.9 ± 1.2 ± 0.3 ± 0.9

S-wave nonresonant 38.0 ± 7.4 ± 1.5 ± 10.8

P-wave nonresonant 23.8 ± 5.6 ± 2.1 ± 3.7

D∗
v(2007)

0 7.6 ± 2.3 ± 1.3 ± 1.5

B∗
v 3.6 ± 1.9 ± 0.9 ± 1.6

Errors are statistical, systematic and model.

! The Dalitz analysis of B0 → D̄0π+π− gives evidence for a D∗
3(2760) spin-3

resonance.

! This state is not observed in this B− decay channel.
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!

"

#

$

Determination of the X(3872) → J/ψρ(770) quantum numbers.

! Distributions of the test statistic t ≡ −2 ln[!L(Jalt
X ))/!L(1++)], for the simulated

experiments under the JPC = Jalt
X hypothesis and under the JPC = 1++ hypothesis.
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! JPC = 1++ gives the highest Likelihood value with an upper limit of D-wave

contribution of 4% at 95% C.L.
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•  B-→ D+
 K-π- 

•  B0→ D0
 π+π- 

•  B0→ D0
 K+π- 

•  Bs→ D0
 K-π+ 

B+→ X(3872) K+,  X(3872) → J/ψ ρ0 	

 	

1011 events, 80% purity, fit decay 
distrubution for different spin-parity assignments  ⇒ JPC = 1++ 
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Other Hadronic Decays 

SCS decays: 
Wiedenkaff 
Muramatsu 

Branching-fraction measurement of D0 → K0
SK+K−

Result
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Nsig = 11743 ± 113

BFdata(D0 → K 0
S K+K−) =(4.622 ± 0.045 (stat.) ± 0.181 (sys.))×10−3

� Relative uncertainty: 4.0%
� Agreement with PDG better 1σ

� PDG(2014) value:
(4.47 ± 0.34)× 10−3

�→ 7.6% uncertainty
14 / 15�

Sokoloff 

Fully reconstructed B 
tag, plot p of recoil K : 

Lower Mass, Neutral D(*), Recoil Region 

12 

p(K-) from B- ! K-,X0 

The statistical significance of the D**0(2680) ~ 3.3!.  Its mass 
is measured to be (2.680 ± 0.003) GeV. The K-,D0 and K-,D*0 
branching fractions are consistent with PDG 2014 values. 

D0 D*0!

D**0(2420)!

D**0(2680)!

May 18, 2015 Michael D Sokoloff 

BABAR Preliminary 

B- ! K-,X0 

Lower Mass, Charged D(*), Recoil Region 

15 

p(K-) from B0 ! K-,X+ 

No evidence for a D**+(2680) although D+, D*+, and D**+ 
signals are seen. The K-,D+ and K-,D*+ branching fractions 
are consistent with PDG 2014 values. 

D+ D*+!

D**+(2420)!

D**(2680) !

May 18, 2015 Michael D Sokoloff 

BABAR Preliminary 

B0 ! K-,X+ 

B- sample:	



see B-→ D**0(2680) K-	



 but no B0→ D**+(2680)K-	



B0 sample:	



pK pK 
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CHARM’15 Experimental Program 

 4. Semileptonic/leptonic decays 
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Semileptonic Decays An, Ma 

Summary
In the study of :

Branching fractions are measured:

Amplitude analysis is applied:
Fractions of the components are analyzed. S-wave contribution is observed to be 

.
properties and the form factors based on the SPD model are provided.

Model-independent measurement of S-wave phase and the helicity basis form 
factors are performed. They are generally consistent with previous reports and the 
amplitude analysis results.

In the study of :
Branching fractions or upper limits are provided:

Form factor  parameters in are first measured:
;   

In the study of :
Branching fractions and CP assymetry are measured:

,    

Form factor related parameters are also measured:
, !"

!

A nearly background-free (~0.7%) sample of 
more than 18000 candidates is selected. The  

distribution is shown on the right.

Branching fractions over the whole range and 
in the dominated window [0.8, 1] GeV/
are calculated:

Amplitude analysis is performed based on this sample (see next page). 
The differential decay width of the decay can be fully described using:        
[citation:  N. Cabibbo and A. Maksymowicz, Phys. Rev. 137, B438 (1965)]

- inv. mass squared of 

- inv. mass of 

angles

Branching Fraction
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Semileptonic decays are identified using the variable U:
,   

,       = 

U distribution for the decay:

Branching fractions are compared with the world average value [citation: Particle Data Group, 
Chin. Phys. C, 527 38, 090001 (2014)].

Branching Fraction 

Red dots: data
Black line: fit result
Blue area: total background 
Green area: peaking background

Red dots: data
Black histogram: signal MC simulation
Arrows: signal region

!"

!"

Branching Fraction and 
reconstruction:

The direction of momentum can be 
determined from the induced shower in EMC.

momentum can be inferred by 
constraining the neutrino (for U
definition see page 12).

Because nuclear interaction is different for 
and , and coherent oscillation 

is not considered in simulation, 
reconstruction efficiencies are corrected 
separately for from and 

Branching fraction:
Signal yields are obtained  by fitting of 
the tag side (see next page).
In this analysis, branching fraction is 
calculated separately for each charm and tag 
mode using:

CP asymmetry is determined using:

Summary
In the study of :

Branching fractions are measured:

Amplitude analysis is applied:
Fractions of the components are analyzed. S-wave contribution is observed to be 

.
properties and the form factors based on the SPD model are provided.

Model-independent measurement of S-wave phase and the helicity basis form 
factors are performed. They are generally consistent with previous reports and the 
amplitude analysis results.

In the study of :
Branching fractions or upper limits are provided:

Form factor  parameters in are first measured:
;   

In the study of :
Branching fractions and CP assymetry are measured:

,    

Form factor related parameters are also measured:
, !"
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Semileptonic Decays Oyanguren 
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Leptonic Decays Eidelman Ma 

200 250 300 350

Average

Belle

BaBar

CLEO-c

Belle

BaBar

CLEO-c

µνµ + τντ

τντ

µνµ

250.6 ± 3.1 ± 3.3

251.4 ± 4.0 ± 4.1

249.0 ± 4.5 ± 3.6

τ(π)ντ

τ(µ)ντ

τ(e)ντ

262.4 ± 9.3+10.2
−8.9

258.5 ± 8.2+7.7
−13.1

247.4 ± 7.6+8.3
−7.4

τ(µ)ντ

τ(e)ντ

236.4 ± 11.1 ± 13.1

240.7 ± 12.3 ± 16.1

τ(ρ)ντ

τ(π)ντ

τ(e)ντ

250.4 ± 12.3 ± 5.7

271.4 ± 16.8 ± 5.2

246.1 ± 10.9 ± 5.4

µνµ

243.1 ± 6.4 ± 4.9

258.9 ± 7.7 ± 8.2

250.8 ± 9.8 ± 4.8

 HFAG-charm 
August 2014

fDs |Vcs | [MeV]

40 42 44 46 48 50 52 54

Average

BESIII

CLEO-c

45.9± 1.0± 0.4

46.4± 1.9± 0.6

45.7± 1.2± 0.4

 HFAG-charm 
August 2014

fD |Vcd | [MeV]

0.85 0.9 0.95 1 1.05 1.1 1.15

Indirect 0.973395+0.000095
−0.000176

W → cs 0.94+0.32
−0.26 ± 0.13

Average
Ds → �ν� + D → K�ν�

0.998± 0.020

D → K�ν� 0.975 ± 0.007 ± 0.025

Ds → �ν� 1.008 ± 0.018 ± 0.011

 HFAG-charm 
August 2014

|Vcs |

D+→ e+ν	


D+→ µ+ν	


D+→ τ+ν	



D+
s→ e+ν	



D+
s→ µ+ν	



D+
s→ τ+ν	



 http://www.slac.stanford.edu/xorg/hfag/charm/index.html: 

0.15 0.2 0.25 0.3

Indirect 0.22537+0.00068
−0.00035

νN 0.230± 0.011

Average
D → (π)�ν�

0.219± 0.006

D → π�ν� 0.214 ± 0.003 ± 0.009

D → �ν� 0.219 ± 0.005 ± 0.003

 HFAG-charm 
August 2014

|Vcd |
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CHARM’15 Experimental Program 

 5.  Rare/forbidden/radiative decays 
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LHCb Rare/forbidden Decays Gobel, Vacca 

Overview

A brief introduction

Measurements

Future prospects

Conclusions

D0 → µ+µ−
D0 → π+π−µ+µ−
D+

(s) → π+µ+µ−
/ D+

(s) → π−µ+µ+

D0 → µ+µ−: results Phys.Lett.B, Vol.725, 2013, 15–24

Unbinned maximum likelihood fit of two-dimensional distributions of:
∆mµ+µ− = mµ+µ−π+ − mµ+µ−

mµ+µ−

Total distribution
Combinatorial background

Signal
D∗+ → D0(K−π+)π+

D∗+ → D0(π−π+)π+

Upper limit (√s=7 TeV , 0.9 fb−1):
B(D0 → µ+µ−) < 6.2(7.6) · 10−9 at 90%(95%) CL

2 orders of magnitude above SM predictions Improved by a factor 20
Measurement of charm rare decays Claudia Vacca 5/14

Overview

A brief introduction

Measurements

Future prospects

Conclusions

D0 → µ+µ−
D0 → π+π−µ+µ−
D+

(s) → π+µ+µ−
/ D+

(s) → π−µ+µ+

D0 → π+π−µ+µ−: results Phys.Lett.B, Vol.728, 2014, 234-243

Unbinned maximum likelihood of two-dimensional distributions of mππµµ and
∆m = mππµµπ − mππµµ:

Total distribution
Filled area - Signal

D0 → π+π−π+π−

Non peaking background

Upper limit (√s = 7 TeV , 1 fb−1):
B(D0 → π+π−µ+µ−) < 5.5(6.7) · 10−7 at 90%(95%) CL

x70 improvement — 2 orders of magnitude above SM predictions

Measurement of charm rare decays Claudia Vacca 7/14

Overview

A brief introduction

Measurements

Future prospects

Conclusions

D0 → µ+µ−
D0 → π+π−µ+µ−
D+

(s) → π+µ+µ−
/ D+

(s) → π−µ+µ+

D+
(s) → π+µ+µ−/D+

(s) → π−µ+µ+: results I Phys.Lett.B, Vol.724, 2013, 203-212

Binned maximum likelihood fit
D+

(s) → π+µ+µ− in m(µ+µ−) bins:
a) low-m(µ+µ−) 250-525 MeV /c2

b) φ 850-1850 MeV /c2

c) high-m(µ+µ−) 1250-2000 MeV /c2

Total distribution
Signal

Solid area-Peaking background
Dashed line-Non peaking background

D+
(s) → π−µ+µ+ in m(µ+π−) bins:

a) 250-1140 MeV /c2

b) 1140-1340 MeV /c2

c) 1340-1550 MeV /c2

d) 1540-2000 MeV /c2

Measurement of charm rare decays Claudia Vacca 9/14

Overview

A brief introduction

Measurements

Future prospects

Conclusions

D0 → µ+µ−
D0 → π+π−µ+µ−
D+

(s) → π+µ+µ−
/ D+

(s) → π−µ+µ+

D+
(s) → π+µ+µ−/D+

(s) → π−µ+µ+: results II Phys.Lett.B, Vol.724, 2013, 203-212

Upper limits (√s = 7TeV , 1fb−1):
B(D+ → π+µ+µ−) < 7.3(8.3) · 10−8 at 90%(95%) CL
B(D+

s → π+µ+µ−) < 4.1(4.8) · 10−7 at 90%(95%) CL
B(D+ → π−µ+µ+) < 2.2(2.5) · 10−8 at 90%(95%) CL
B(D+

s → π−µ+µ+) < 1.2(1.4) · 10−7 at 90%(95%) CL

Improved by a factor 50
1 order of magnitude above largest NP predictions for D+

s → π+µ+µ−

Measurement of charm rare decays Claudia Vacca 10/14

D0→ µ+µ-	


   B < 6.2 x 10-9  (90% CL) 

 [~100x above SM] 

D+
(s)→ π+µ+µ-	



 
 [~10x > NP] 

D0→ π+π-µ+µ-	



B < 5.5 x 10-7  

   (90% CL)	


 [~100x above SM] 
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# 3456789:;<#=>?# :8#

Scatter plots for MBC versus !E, where the signal boxes are shown as 
a blue rectangle. The contours are determined from MC simulation to 
enclose 84% of signal events for each channel. 

Blinding 
signal region, 
optimize cuts 
and study 
backgrounds 
based on MC 
and sideband 
data. 

2.9 fb-1 !(3770) 

D+→ K+e+e- 	

D+→ K-e+e+ 
D+→ π+e+e- 	

D+→ π-e+e+	



!"#!#$"%&'"'&%"#()*$#+),-.'#*/-#0'*$12

# 3456789:;<#=>?# :@#

Where s90 is estimated with a profile likelihood method, TROLKE program 
[NIM, A551 (2005) 493], incorporating systematic uncertainties and detection 
efficiencies 

world’s best 

D0→ γγ   (2.9 fb-1) 
 B < 3.8 x 10-6  (90% CL) 

B(D0!"")<3.8#10$6  
consistent with BaBar result 

Simultaneously fit to !E in both tag side 
and "" sides to determine D0!"" yield. 

Major background D0!!0!0 is 
determined in data with similar double-
tag method. 

! "#$%&'()*+!,-.! )/!

0(122!3456!789:;<!5=>!?<5687
arXiv: 1505.03087

arXiv: 1505.03087signal side 

B(D0!"")<3.8#10$6  
consistent with BaBar result 

Simultaneously fit to !E in both tag side 
and "" sides to determine D0!"" yield. 

Major background D0!!0!0 is 
determined in data with similar double-
tag method. 

! "#$%&'()*+!,-.! )/!

0(122!3456!789:;<!5=>!?<5687
arXiv: 1505.03087

arXiv: 1505.03087

tag side 

world’s best by BaBar (2012): 
B < 2.2 x 10-6  (90% CL) 

Belle result this summer 
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D0→ K+K-π+π-	



8

T-odd Correlation Asymmetry

Maurizio Martinelli - Measurements of T-odd Observables | 20.5.2015

Asymmetries 
• Two asymmetries are measured separately on the particle and charge-

conjugate decays 

• The CP-violating asymmetry is

aT−odd
CP =

1

2
(AT − ĀT )

AT =
Γ(CT > 0)− Γ(CT < 0)

Γ

ĀT =
Γ̄(−CT > 0)− Γ̄(−CT < 0)

Γ̄

Experiment T-odd asymmetry

pπ+	

 pπ-	



pπ+ x pπ-	

pK+	



CT = pK+* (pπ+ x pπ- ) 

D0→ K+K-π+π-	

 CT = pK-* (pπ- x pπ+ ) 

T-violating asymmetry: 

http://www.slac.stanford.edu/xorg/ 
   hfag/charm/index.html 

(see also Bevan) 
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Results From LHCb

Maurizio Martinelli - Measurements of T-odd Observables | 20.5.2015

Three Measurements 
1. Integrated 

2.Bins of phase-space 
No significant deviation from 0 observed 
CP conservation tested with P(!2)=74% 

3.Bins of D0 decay time 
No significant deviation from 0 observed 
CP conservation tested with P(!2)=83%

LHCb Results Measurements

Phase space region
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(c) LHCb
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aT−odd
CP (D0) = (1.8± 2.9(stat)± 0.4(syst))× 10−3

!"#$%&'(&%)*&&+

@ LHCb: 

Martinelli 
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Results From LHCb - AT and AT

Maurizio Martinelli - Measurements of T-odd Observables | 20.5.2015

FSI Effects? 
• It’s possible that FSI are producing  

effects in all the three measurements 
• Significant differences in bins of  

phase space 
• Average consistent wrt D0 decay time 
• Wide spectrum of resonances and  

rescattering among the final state  
particles

AT (D
0) = (−71.8± 4.1(stat)± 1.3(syst))× 10−3

ĀT (D
0) = (−75.5± 4.1(stat)± 1.2(syst))× 10−3
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Note that AT does not vanish: 

But we wouldn’t expect it to due to substructure: 

CT = pK+* (pπ+ x pπ- ) 

Martinelli 
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 7.  Mixing and CP Violation 
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Charm Mixing + CP Violation 
3+1 new measurements: 
•  BESIII yCP •  CDF AΓ	

•  LHCb AΓ	

•  CLEOc D0→ π+π-π0 is CP even   (Libby)  

yCP =
τ(K−π+)

τ(K+K−)
− 1

AΓ =
τ(D 0 →K+K−) − τ(D0 →K+K−)

τ(D 0 →K+K−) + τ (D0 →K+K−)

RM =
1

2
(x2 + y2)

2 yCP =
(

|q/p| + |p/q|
)
y cos φ −

(
|q/p| − |p/q|

)
x sin φ

2 AΓ =
(

|q/p| − |p/q|
)
y cos φ −

(
|q/p| + |p/q|

)
x sin φ

xK0ππ = x

yK0ππ = y

|q/p|K0ππ = |q/p|
Arg (q/p)K0ππ = φ

(
x′′

y′′

)

K+π−π0

=

(
cos δKππ sin δKππ

− sin δKππ cos δKππ

) (
x
y

)

(
x′

y′

)

=

(
cos δ sin δ

− sin δ cos δ

) (
x
y

)

AM =
|q/p|2 − |p/q|2

|q/p|2 + |p/q|2

x′± =

(
1 ± AM

1 ∓ AM

)1/4

(x′ cos φ ± y′ sin φ)

y′± =

(
1 ± AM

1 ∓ AM

)1/4

(y′ cos φ ∓ x′ sin φ)

Γ(D0 →K+π−) + Γ(D 0 →K−π+)

Γ(D0 →K−π+) + Γ(D 0 →K+π−)
= RD

Γ(D0 →K+π−) − Γ(D 0 →K−π+)

Γ(D0 →K+π−) + Γ(D 0 →K−π+)
= AD

Γ(D0 →K+K−) − Γ(D 0 →K+K−)

Γ(D0 →K+K−) + Γ(D 0 →K+K−)
= AK +

〈t〉
τD

Aindirect
CP

Γ(D0 →π+π−) − Γ(D 0 →π+π−)

Γ(D0 →π+π−) + Γ(D 0 →π+π−)
= Aπ +

〈t〉
τD

Aindirect
CP

2Aindirect
CP =

(
|q/p| + |p/q|

)
x sin φ −

(
|q/p| − |p/q|

)
y cos φ

Albayrak 

BESIII Collaboration / Physics Letters B 744 (2015) 339–346 341

aw University of South China, Hengyang 421001, People’s Republic of China
ax University of the Punjab, Lahore-54590, Pakistan
ay University of Turin, I-10125, Turin, Italy
az University of Eastern Piedmont, I-15121, Alessandria, Italy
ba INFN, I-10125, Turin, Italy
bb Uppsala University, Box 516, SE-75120 Uppsala, Sweden
bc Wuhan University, Wuhan 430072, People’s Republic of China
bd Zhejiang University, Hangzhou 310027, People’s Republic of China
be Zhengzhou University, Zhengzhou 450001, People’s Republic of China

a r t i c l e i n f o a b s t r a c t

Article history:
Received 7 January 2015
Received in revised form 19 March 2015
Accepted 6 April 2015
Available online 9 April 2015
Editor: L. Rolandi

Keywords:
BESIII
D0–D0 oscillation
yCP
Quantum correlation

We report a measurement of the parameter yCP in D0–D0 oscillations performed by taking advantage of 
quantum coherence between pairs of D0D0 mesons produced in e+e− annihilations near threshold. In 
this work, doubly-tagged D0D0 events, where one D decays to a CP eigenstate and the other D decays 
in a semileptonic mode, are reconstructed using a data sample of 2.92 fb−1 collected with the BESIII 
detector at the center-of-mass energy of √s = 3.773 GeV. We obtain yCP = (−2.0 ± 1.3 ± 0.7)%, where 
the first uncertainty is statistical and the second is systematic. This result is compatible with the current 
world average.
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1. Introduction

1.1. Charm oscillation

It is well known that oscillations between meson and antime-
son, also called mixing, can occur when the flavor eigenstates 
differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0

s –B
0
s [5]

systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2〉 = p|D0〉 ± q|D0〉, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0〉 = +|D0〉, 
the CP eigenstates of the D meson can be written as

|DCP+〉 ≡ |D0〉 + |D0〉√
2

, |DCP−〉 ≡ |D0〉 − |D0〉√
2

. (1)
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The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]

yCP = 1
2

[
y cosφ

(∣∣∣∣
q
p

∣∣∣∣ +
∣∣∣∣
p
q

∣∣∣∣

)
− x sinφ

(∣∣∣∣
q
p

∣∣∣∣ −
∣∣∣∣
p
q

∣∣∣∣

)]
. (2)

In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0D0

pair production in e+e− → γ ∗ → D0D0. In this process, the D0D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.
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differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0
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systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2〉 = p|D0〉 ± q|D0〉, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0〉 = +|D0〉, 
the CP eigenstates of the D meson can be written as

|DCP+〉 ≡ |D0〉 + |D0〉√
2

, |DCP−〉 ≡ |D0〉 − |D0〉√
2

. (1)

* Corresponding author.
E-mail address: guanyh@ihep.ac.cn (Y.H. Guan).

1 Also at the Novosibirsk State University, Novosibirsk, 630090, Russia.
2 Also at Ankara University, 06100 Tandogan, Ankara, Turkey.
3 Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia 

and at the Functional Electronics Laboratory, Tomsk State University, Tomsk, 634050, 
Russia.
4 Currently at Istanbul Arel University, 34295 Istanbul, Turkey.
5 Also at University of Texas at Dallas, Richardson, Texas 75083, USA.
6 Also at the PNPI, Gatchina 188300, Russia.
7 Also at Bogazici University, 34342 Istanbul, Turkey.
8 Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.

The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0D0

pair production in e+e− → γ ∗ → D0D0. In this process, the D0D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.
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allowing small indirect CPV
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The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0D0

pair production in e+e− → γ ∗ → D0D0. In this process, the D0D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.
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1. Introduction

1.1. Charm oscillation

It is well known that oscillations between meson and antime-
son, also called mixing, can occur when the flavor eigenstates 
differ from the physical mass eigenstates. These effects provide 
a mechanism whereby interference in the transition amplitudes 
of mesons and antimesons may occur. They may also allow for 
manifestation of CP violation (CPV) in the underlying dynamics 
[1,2]. Oscillations in the K 0–K 0 [3], B0–B0 [4] and B0

s –B
0
s [5]

systems are established; their oscillation rates are well-measured 
and consistent with predictions from the Standard Model (SM) [6]. 
After an accumulation of strong evidence from a variety of exper-
iments [7–9], D0–D0 oscillations were recently firmly established 
by LHCb [10]. The results were soon confirmed by CDF [11] and 
Belle [12].

The oscillations are conventionally characterized by two dimen-
sionless parameters x = !m/" and y = !"/2", where !m and 
!" are the mass and width differences between the two mass 
eigenstates and " is the average decay width of those eigenstates. 
The mass eigenstates can be written as |D1,2〉 = p|D0〉 ± q|D0〉, 
where p and q are complex parameters and φ = arg(q/p) is a 
CP-violating phase. Using the phase convention CP|D0〉 = +|D0〉, 
the CP eigenstates of the D meson can be written as

|DCP+〉 ≡ |D0〉 + |D0〉√
2

, |DCP−〉 ≡ |D0〉 − |D0〉√
2

. (1)
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The difference in the effective lifetime between D decays to CP
eigenstates and flavor eigenstates can be parameterized by yCP . In 
the absence of direct CPV , but allowing for small indirect CPV , we 
have [13]
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In the absence of CPV , one has |p/q| = 1 and φ = 0, leading to 
yCP = y.

Although D0–D0 mixing from short-distance physics is sup-
pressed by the CKM matrix [14,15] and the GIM mechanism [16], 
sizeable charm mixing can arise from long-distance processes and 
new physics [1,17]. Current experimental precision [18] is not suf-
ficient to conclude whether physics beyond the SM is involved, and 
further constraints are needed. So far, the most precise determina-
tion of the size of the mixing has been obtained by measuring the 
time-dependent decay rate in the D → K±π∓ channel [10–12]. 
However, the resulting information on the mixing parameters x
and y is highly correlated. It is important to access the mixing 
parameters x and y directly to provide complementary constraints.

In this analysis, we use a time-integrated method to extract yCP , 
as proposed in the references [19–22], which uses threshold D0D0

pair production in e+e− → γ ∗ → D0D0. In this process, the D0D0

pair is in a state of definite C = −1, such that the two D mesons 
necessarily have opposite CP eigenvalues. The method utilizes the 
semileptonic decays of D meson and hence, avoids the complica-
tions from hadronic effects in D decays, thus provides a clean and 
unique way to probe the D0–D0 oscillation.

1.2. Formalism

In the semileptonic decays of neutral D mesons (denoted as 
D → l),9 the partial decay width is only sensitive to flavor content 
and does not depend on the CP eigenvalue of the parent D meson. 
However, the total decay width of the DCP± does depend on its CP
eigenvalue: "CP± = "(1 ± yCP). Thus, the semileptonic branching 
fraction of the CP eigenstates DCP± is BDCP±→l ≈ BD→l(1 ∓ yCP), 
and yCP can be obtained as

9 Charge-conjugate modes are implied.
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Table 1
D final states reconstructed in this analysis.
Type Mode

CP+ K+K− , π+π− , K 0
Sπ

0π0

CP− K 0
Sπ

0, K 0
Sω, K 0

Sη
Semileptonic K∓e±ν , K∓µ±ν

yCP ≈ 1
4

(BDCP−→l

BDCP+→l
− BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as

BDCP∓→l =
NCP±;l
NCP±

· εCP±
εCP±;l

, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays DD →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K∓e±ν and K∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 

√
s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the DD pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-DD decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) >L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 

or opposite

use D0D0
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Table 1
D final states reconstructed in this analysis.
Type Mode

CP+ K+K− , π+π− , K 0
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CP− K 0
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0, K 0
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Semileptonic K∓e±ν , K∓µ±ν

yCP ≈ 1
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. (3)

At BESIII, quantum-correlated D0D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as

BDCP∓→l =
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where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays DD →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K∓e±ν and K∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 
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s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the DD pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-DD decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) >L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
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as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
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is determined from a fit to the Mπ+π−π0 distribution in data, as 
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Figure 4: D pair production.

Table 1: Tagging modes used and semileptonic signal.

Type Modes

CP+ K+K−, π+π−, KSπ0π0

CP− K0
Sπ

0, K0
Sω, K

0
Sη

l± Keν, Kµν

In the process e+e− → ψ(3770) → D0D̄0, D0 and D̄0 are produced in pairs. Our
experimental technique is D tagging, fully reconstruction of individual D0 or D̄0 is
called single tag(ST), reconstruction of bothD0 and D̄0 is called double tag(DT). (In
branching ratio measurements, given yields of ST and DT, absolute branching ratio
could be determined without needing to know the luminosity or D0D̄0 production
cross section.)

In this analysis, we choose CP modes: K+K−, π+π−, KSπ0π0 which are CP -
even, and the CP -odd states KSπ0, K0

Sω and KSη(modes with KS are not CP
modes exactly, see Appendix A.) as the CP tagging modes, called the CP tagged D
or the hadronic D, Keν and Kµν as the semileptonic signal, called the semileptonic
D.

The total branching ratio ofD goes to inclusive eX is about 6.5%, in whichKeν is
the main process, branching ratio is about 3.55%. Other semileptonic processes, such
as πeν, K∗eν, Kπ0eν..., they have smaller branching fractions and lower efficiencies
that couldn’t have much impact on our final results. Also for the same reason, we
use Kµν, not other semimunic modes.
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CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
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The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K∓e±ν and K∓µ±ν . 

1.3. The BESIII detector and data sample
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ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 
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tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the DD pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-DD decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) >L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 
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Table 1
D final states reconstructed in this analysis.
Type Mode

CP+ K+K− , π+π− , K 0
Sπ

0π0

CP− K 0
Sπ

0, K 0
Sω, K 0

Sη
Semileptonic K∓e±ν , K∓µ±ν

yCP ≈ 1
4

(BDCP−→l

BDCP+→l
− BDCP+→l

BDCP−→l

)
. (3)

At BESIII, quantum-correlated D0D0 pairs produced at thresh-
old allow us to measure BDCP±→l . Specifically, we begin with a fully 
reconstructed D candidate decaying into a CP eigenstate, the so-
called Single Tag (ST). We have thus tagged the CP eigenvalue of 
the partner D meson. For a subset of the ST events, the so-called 
Double Tag (DT) events, this tagged partner D meson is also ob-
served via one of the semileptonic decay channels. CP violation in 
D decays is known to be very small [18], and can be safely ne-
glected. Therefore, BDCP∓→l can be obtained as

BDCP∓→l =
NCP±;l
NCP±

· εCP±
εCP±;l

, (4)

where NCP± (NCP±;l) and εCP± (εCP±;l) denote the signal yields and 
detection efficiencies of ST decays D → CP± (DT decays DD →
CP±; l), respectively. For CP eigenstates, as listed in Table 1, we 
choose modes with unambiguous CP content and copious yields. 
The CP violation in K 0

S decays is known to be very small, it is 
therefore neglected. The semileptonic modes used for the DT in 
this analysis are K∓e±ν and K∓µ±ν . 

1.3. The BESIII detector and data sample

The analysis presented in this paper is based on a data sam-
ple with an integrated luminosity of 2.92 fb−1 [23] collected with 
the BESIII detector [24] at the center-of-mass energy of 

√
s =

3.773 GeV. The BESIII detector is a general-purpose solenoidal de-
tector at the BEPCII [25] double storage rings. The detector has a 
geometrical acceptance of 93% of the full solid angle. We briefly 
describe the components of BESIII from the interaction point (IP) 
outwards. A small-cell main drift chamber (MDC), using a helium-
based gas to measure momenta and specific ionizations of charged 
particles, is surrounded by a time-of-flight (TOF) system based 
on plastic scintillators that determines the flight times of charged 
particles. A CsI(Tl) electromagnetic calorimeter (EMC) detects elec-
tromagnetic showers. These components are all situated inside a 
superconducting solenoid magnet, that provides a 1.0 T magnetic 
field parallel to the beam direction. Finally, a multi-layer resis-
tive plate counter system installed in the iron flux return yoke 
of the magnet is used to track muons. The momentum resolution 
for charged tracks in the MDC is 0.5% for a transverse momen-
tum of 1 GeV/c. The energy resolution for showers in the EMC is 
2.5% (5.0%) for 1 GeV photons in the barrel (end cap) region. More 
details on the features and capabilities of BESIII can be found else-
where [24].

High-statistics Monte Carlo (MC) simulations are used to eval-
uate the detection efficiency and to understand backgrounds. The
geant4-based [26] MC simulation program is designed to simulate 
interactions of particles in the spectrometer and the detector re-
sponse. For the production of ψ(3770), the kkmc [27] package is 
used; the beam energy spread and the effects of initial-state radi-
ation (ISR) are included. The MC samples consist of the DD pairs 
with consideration of quantum coherence for all modes relevant to 
this analysis, non-DD decays of ψ(3770), ISR production of low-
mass ψ states, and QED and qq̄ continuum processes. The effective 

luminosity of the MC samples is about 10 times that of the an-
alyzed data. Known decays recorded by the Particle Data Group 
(PDG) [6] are generated with evtgen [28,29] using PDG branch-
ing fractions, and the remaining unknown decays are generated 
with lundcharm [30]. Final-state radiation (FSR) of charged tracks 
is taken into account with the photos package [31].

2. Event selection and data analysis

Each charged track is required to satisfy | cos θ | < 0.93, where 
θ is the polar angle with respect to the beam axis. Charged tracks 
other than K 0

S daughters are required to be within 1 cm of the IP 
transverse to the beam line and within 10 cm of the IP along the 
beam axis. Particle identification for charged hadrons h (h = π , K ) 
is accomplished by combining the measured energy loss (dE/dx) 
in the MDC and the flight time obtained from the TOF to form a 
likelihood L(h) for each hadron hypothesis. The K± (π±) candi-
dates are required to satisfy L(K ) > L(π) (L(π) >L(K )).

The K 0
S candidates are selected with a vertex-constrained fit 

from pairs of oppositely charged tracks, which are required to be 
within 20 cm of the IP along the beam direction; no constraint 
in the transverse plane is required. The two charged tracks are 
not subjected to the particle identification discussed above, and 
are assumed to be pions. We impose 0.487 GeV/c2 < Mπ+π− <

0.511 GeV/c2, that is within about 3 standard deviations of the 
observed K 0

S mass, and the two tracks are constrained to originate 
from a common decay vertex by requiring the χ2 of the vertex fit 
to be less than 100. The decay vertex is required to be separated 
from the IP with a significance greater than two standard devia-
tions.

Reconstructed EMC showers that are separated from the extrap-
olated positions of any charged tracks by more than 10 standard 
deviations are taken as photon candidates. The energy deposited in 
nearby TOF counters is included to improve the reconstruction effi-
ciency and energy resolution. Photon candidates must have a min-
imum energy of 25 MeV for barrel showers (| cos θ | < 0.80) and 
50 MeV for end cap showers (0.84 < | cos θ | < 0.92). The show-
ers in the gap between the barrel and the end cap regions are 
poorly reconstructed and thus excluded. The shower timing is re-
quired to be no later than 700 ns after the reconstructed event 
start time to suppress electronic noise and energy deposits un-
related to the event. The η and π0 candidates are reconstructed 
from pairs of photons. Due to the poorer resolution in the EMC end 
cap regions, those candidates with both photons coming from EMC 
end caps are rejected. The invariant mass Mγ γ is required to be 
0.115 GeV/c2 < Mγ γ < 0.150 GeV/c2 for π0 and 0.505 GeV/c2 <

Mγ γ < 0.570 GeV/c2 for η candidates. The photon pair is kine-
matically constrained to the nominal mass of the π0 or η [6] to 
improve the meson four-vector calculation.

The ω candidates are reconstructed through the decay ω →
π+π−π0. For all modes with ω candidates, sideband events in 
the Mπ+π−π0 spectrum are used to estimate peaking backgrounds 
from non-ω D → K 0

Sπ
+π−π0 decays. We take the signal region 

as (0.7600, 0.8050) GeV/c2 and the sideband regions as (0.6000, 
0.7300) GeV/c2 or (0.8300, 0.8525) GeV/c2. The upper edge of the 
right sideband is restricted because of the K ∗ρ background that 
alters the shape of Mπ+π−π0 . The sidebands are scaled to the esti-
mated peaking backgrounds in the signal region. The scaling factor 
is determined from a fit to the Mπ+π−π0 distribution in data, as 
shown in Fig. 1, where the ω signal is determined with the MC 
shape convoluted with a Gaussian whose parameters are left free 
in the fit to better match data resolution, and the background is 
modeled by a polynomial function. 

Decays used in the analysis
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.

Table 2
Requirements on "E for ST D candidates.

Mode Requirement (GeV)

K+K− −0.020 < "E < 0.020
π+π− −0.030 < "E < 0.030
K 0
Sπ

0π0 −0.080 < "E < 0.045
K 0
Sπ

0 −0.070 < "E < 0.040
K 0
Sω −0.050 < "E < 0.030

K 0
Sη −0.040 < "E < 0.040

2.1. Single tags using CP modes

To identify the reconstructed D candidates, we use two vari-
ables, the beam-constrained mass MBC and the energy difference 
"E , which are defined as

MBC ≡
√
E2
beam/c4 − |#pD |2/c2, (5)

"E ≡ ED − Ebeam, (6)

where #pD and ED are the momentum and energy of the D can-
didate in the e+e− center-of-mass system, and Ebeam is the beam 
energy. The D signal peaks at the nominal D mass in MBC and at 
zero in "E . We accept only one candidate per mode per event; 
when multiple candidates are present, the one with the small-
est |"E| is chosen. Since the correlation between "E and MBC
is found to be small, this will not bias the background distribution 
in MBC. We apply the mode-dependent "E requirements listed in 
Table 2.

For K+K− and π+π− ST modes, if candidate events contain 
only two charged tracks, the following requirements are applied to 
suppress backgrounds from cosmic rays and Bhabha events. First, 
we require at least one EMC shower separated from the tracks of 
the ST with energy larger than 50 MeV. Second, the two ST tracks 
must not be both identified as muons or electrons, and, if they 
have valid TOF times, the time difference must be less than 5 ns. 
Based on MC studies, no peaking background is present in MBC in 
our ST modes except for the K 0

Sπ
0 mode. In the K 0

Sπ
0 ST mode, 

there are few background events from D0 → ρπ . From MC studies, 
the estimated fraction is less than 0.5%; this will be considered in 
the systematic uncertainties.

The MBC distributions for the six ST modes are shown in Fig. 2. 
Unbinned maximum likelihood fits are performed to obtain the 
numbers of ST yields except in the K 0

Sω mode, for which a binned 
least-square fit is applied to the MBC distribution after subtrac-
tion of the ω sidebands. In each fit, the signal shape is derived 
from simulated signal events convoluted with a bifurcated Gaus-
sian with free parameters to account for imperfect modeling of the 
detector resolution and beam energy calibration. Backgrounds are 
described by the ARGUS [32] function. The measured ST yields in 

Table 3
Yields and efficiencies of all ST and DT modes, where NCP± (NCP±;l ) and εCP±
(εCP±;l ) denote signal yields and detection efficiencies of D → CP± (DD → CP±; l), 
respectively. The uncertainties are statistical only.
ST Mode NCP± εCP± (%)

K+K− 54494±251 61.32±0.18
π+π− 19921±174 64.09±0.18
K 0
Sπ

0π0 24015±236 16.13±0.08
K 0
Sπ

0 71421±285 40.67±0.14
K 0
Sω 20989±243 13.44±0.07

K 0
Sη 9878±117 34.39±0.13

DT Mode NCP±;l εCP±;l (%)

K+K− , Keν 1216±40 39.80±0.14
π+π− , Keν 427±23 41.75±0.14
K 0
Sπ

0π0, Keν 560±28 11.05±0.07
K 0
Sπ

0, Keν 1699±47 26.70±0.12
K 0
Sω, Keν 481±30 9.27±0.07

K 0
Sη, Keν 243±17 22.96±0.11

K+K− , Kµν 1093±37 36.89±0.14
π+π− , Kµν 400±23 38.43±0.15
K 0
Sπ

0π0, Kµν 558±28 10.76±0.08
K 0
Sπ

0, Kµν 1475±43 25.21±0.12
K 0
Sω, Kµν 521±27 8.75±0.07

K 0
Sη, Kµν 241±18 21.85±0.11

the signal region of 1.855 GeV/c2 < MBC < 1.875 GeV/c2 and the 
corresponding efficiencies are given in Table 3.

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and 
showers for semileptonic D → Ke(µ)ν candidates. We require that 
there be exactly two oppositely-charged tracks that satisfy the 
fiducial requirements described above.

In searching for Kµν decays, kaon candidates are required to 
satisfy L(K ) > L(π). If the two tracks can pass the criterion, the 
track with larger L(K ) is taken as the K± candidate, and the 
other track is assumed to be the µ candidate. The energy de-
posit in the EMC of the µ candidate is required to be less than 
0.3 GeV. We further require the Kµ invariant mass MKµ to be 
less than 1.65 GeV/c2 to reject D → Kπ backgrounds. The total 
energy of remaining unmatched EMC showers, denoted as Eextra, 
is required to be less than 0.2 GeV to suppress D → Kππ0 back-
grounds. To reduce backgrounds from the D → Keν process, the 
ratio RL′ (e) ≡ L′(e)/[L′(e) + L′(µ) + L′(π) + L′(K )] is required 
to be less than 0.8, where the likelihood L′(i) for the hypothesis 
i = e, µ, π or K is formed by combining EMC information with 
the dE/dx and TOF information.

To select Keν events, electron candidates are required to satisfy 
L′(e) > 0.001 and R′

L′ (e) > 0.8, where R′
L′ (e) ≡ L′(e)/[L′(e) +

L′(π) + L′(K )]. If both tracks satisfy these requirements, the one 
with larger R′

L′ (e) is taken as the electron. The remaining track is 
required to satisfy L(K ) >L(π).

The variable Umiss is used to distinguish semileptonic signal 
events from background:

Umiss ≡ Emiss − c|#pmiss|, (7)

where,

Emiss ≡ Ebeam − EK − El, (8)

#pmiss ≡ −
[
#pK + #pl + p̂ST

√
E2
beam/c2 − c2m2

D

]
, (9)
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.

Table 2
Requirements on "E for ST D candidates.

Mode Requirement (GeV)

K+K− −0.020 < "E < 0.020
π+π− −0.030 < "E < 0.030
K 0
Sπ

0π0 −0.080 < "E < 0.045
K 0
Sπ

0 −0.070 < "E < 0.040
K 0
Sω −0.050 < "E < 0.030

K 0
Sη −0.040 < "E < 0.040

2.1. Single tags using CP modes

To identify the reconstructed D candidates, we use two vari-
ables, the beam-constrained mass MBC and the energy difference 
"E , which are defined as

MBC ≡
√
E2
beam/c4 − |#pD |2/c2, (5)

"E ≡ ED − Ebeam, (6)

where #pD and ED are the momentum and energy of the D can-
didate in the e+e− center-of-mass system, and Ebeam is the beam 
energy. The D signal peaks at the nominal D mass in MBC and at 
zero in "E . We accept only one candidate per mode per event; 
when multiple candidates are present, the one with the small-
est |"E| is chosen. Since the correlation between "E and MBC
is found to be small, this will not bias the background distribution 
in MBC. We apply the mode-dependent "E requirements listed in 
Table 2.

For K+K− and π+π− ST modes, if candidate events contain 
only two charged tracks, the following requirements are applied to 
suppress backgrounds from cosmic rays and Bhabha events. First, 
we require at least one EMC shower separated from the tracks of 
the ST with energy larger than 50 MeV. Second, the two ST tracks 
must not be both identified as muons or electrons, and, if they 
have valid TOF times, the time difference must be less than 5 ns. 
Based on MC studies, no peaking background is present in MBC in 
our ST modes except for the K 0

Sπ
0 mode. In the K 0

Sπ
0 ST mode, 

there are few background events from D0 → ρπ . From MC studies, 
the estimated fraction is less than 0.5%; this will be considered in 
the systematic uncertainties.

The MBC distributions for the six ST modes are shown in Fig. 2. 
Unbinned maximum likelihood fits are performed to obtain the 
numbers of ST yields except in the K 0

Sω mode, for which a binned 
least-square fit is applied to the MBC distribution after subtrac-
tion of the ω sidebands. In each fit, the signal shape is derived 
from simulated signal events convoluted with a bifurcated Gaus-
sian with free parameters to account for imperfect modeling of the 
detector resolution and beam energy calibration. Backgrounds are 
described by the ARGUS [32] function. The measured ST yields in 

Table 3
Yields and efficiencies of all ST and DT modes, where NCP± (NCP±;l ) and εCP±
(εCP±;l ) denote signal yields and detection efficiencies of D → CP± (DD → CP±; l), 
respectively. The uncertainties are statistical only.
ST Mode NCP± εCP± (%)

K+K− 54494±251 61.32±0.18
π+π− 19921±174 64.09±0.18
K 0
Sπ

0π0 24015±236 16.13±0.08
K 0
Sπ

0 71421±285 40.67±0.14
K 0
Sω 20989±243 13.44±0.07

K 0
Sη 9878±117 34.39±0.13

DT Mode NCP±;l εCP±;l (%)

K+K− , Keν 1216±40 39.80±0.14
π+π− , Keν 427±23 41.75±0.14
K 0
Sπ

0π0, Keν 560±28 11.05±0.07
K 0
Sπ

0, Keν 1699±47 26.70±0.12
K 0
Sω, Keν 481±30 9.27±0.07

K 0
Sη, Keν 243±17 22.96±0.11

K+K− , Kµν 1093±37 36.89±0.14
π+π− , Kµν 400±23 38.43±0.15
K 0
Sπ

0π0, Kµν 558±28 10.76±0.08
K 0
Sπ

0, Kµν 1475±43 25.21±0.12
K 0
Sω, Kµν 521±27 8.75±0.07

K 0
Sη, Kµν 241±18 21.85±0.11

the signal region of 1.855 GeV/c2 < MBC < 1.875 GeV/c2 and the 
corresponding efficiencies are given in Table 3.

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and 
showers for semileptonic D → Ke(µ)ν candidates. We require that 
there be exactly two oppositely-charged tracks that satisfy the 
fiducial requirements described above.

In searching for Kµν decays, kaon candidates are required to 
satisfy L(K ) > L(π). If the two tracks can pass the criterion, the 
track with larger L(K ) is taken as the K± candidate, and the 
other track is assumed to be the µ candidate. The energy de-
posit in the EMC of the µ candidate is required to be less than 
0.3 GeV. We further require the Kµ invariant mass MKµ to be 
less than 1.65 GeV/c2 to reject D → Kπ backgrounds. The total 
energy of remaining unmatched EMC showers, denoted as Eextra, 
is required to be less than 0.2 GeV to suppress D → Kππ0 back-
grounds. To reduce backgrounds from the D → Keν process, the 
ratio RL′ (e) ≡ L′(e)/[L′(e) + L′(µ) + L′(π) + L′(K )] is required 
to be less than 0.8, where the likelihood L′(i) for the hypothesis 
i = e, µ, π or K is formed by combining EMC information with 
the dE/dx and TOF information.

To select Keν events, electron candidates are required to satisfy 
L′(e) > 0.001 and R′

L′ (e) > 0.8, where R′
L′ (e) ≡ L′(e)/[L′(e) +

L′(π) + L′(K )]. If both tracks satisfy these requirements, the one 
with larger R′

L′ (e) is taken as the electron. The remaining track is 
required to satisfy L(K ) >L(π).

The variable Umiss is used to distinguish semileptonic signal 
events from background:

Umiss ≡ Emiss − c|#pmiss|, (7)

where,

Emiss ≡ Ebeam − EK − El, (8)

#pmiss ≡ −
[
#pK + #pl + p̂ST

√
E2
beam/c2 − c2m2

D

]
, (9)
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Fig. 1. Fit to the invariant mass Mπ+π−π0 for events reconstructed from data. The 
solid line is the total fit and the dashed line shows the polynomial background. The 
shaded area shows the signal region and cross-hatched areas show the sidebands.

Table 2
Requirements on "E for ST D candidates.

Mode Requirement (GeV)

K+K− −0.020 < "E < 0.020
π+π− −0.030 < "E < 0.030
K 0
Sπ

0π0 −0.080 < "E < 0.045
K 0
Sπ

0 −0.070 < "E < 0.040
K 0
Sω −0.050 < "E < 0.030

K 0
Sη −0.040 < "E < 0.040

2.1. Single tags using CP modes

To identify the reconstructed D candidates, we use two vari-
ables, the beam-constrained mass MBC and the energy difference 
"E , which are defined as

MBC ≡
√
E2
beam/c4 − |#pD |2/c2, (5)

"E ≡ ED − Ebeam, (6)

where #pD and ED are the momentum and energy of the D can-
didate in the e+e− center-of-mass system, and Ebeam is the beam 
energy. The D signal peaks at the nominal D mass in MBC and at 
zero in "E . We accept only one candidate per mode per event; 
when multiple candidates are present, the one with the small-
est |"E| is chosen. Since the correlation between "E and MBC
is found to be small, this will not bias the background distribution 
in MBC. We apply the mode-dependent "E requirements listed in 
Table 2.

For K+K− and π+π− ST modes, if candidate events contain 
only two charged tracks, the following requirements are applied to 
suppress backgrounds from cosmic rays and Bhabha events. First, 
we require at least one EMC shower separated from the tracks of 
the ST with energy larger than 50 MeV. Second, the two ST tracks 
must not be both identified as muons or electrons, and, if they 
have valid TOF times, the time difference must be less than 5 ns. 
Based on MC studies, no peaking background is present in MBC in 
our ST modes except for the K 0

Sπ
0 mode. In the K 0

Sπ
0 ST mode, 

there are few background events from D0 → ρπ . From MC studies, 
the estimated fraction is less than 0.5%; this will be considered in 
the systematic uncertainties.

The MBC distributions for the six ST modes are shown in Fig. 2. 
Unbinned maximum likelihood fits are performed to obtain the 
numbers of ST yields except in the K 0

Sω mode, for which a binned 
least-square fit is applied to the MBC distribution after subtrac-
tion of the ω sidebands. In each fit, the signal shape is derived 
from simulated signal events convoluted with a bifurcated Gaus-
sian with free parameters to account for imperfect modeling of the 
detector resolution and beam energy calibration. Backgrounds are 
described by the ARGUS [32] function. The measured ST yields in 

Table 3
Yields and efficiencies of all ST and DT modes, where NCP± (NCP±;l ) and εCP±
(εCP±;l ) denote signal yields and detection efficiencies of D → CP± (DD → CP±; l), 
respectively. The uncertainties are statistical only.
ST Mode NCP± εCP± (%)

K+K− 54494±251 61.32±0.18
π+π− 19921±174 64.09±0.18
K 0
Sπ

0π0 24015±236 16.13±0.08
K 0
Sπ

0 71421±285 40.67±0.14
K 0
Sω 20989±243 13.44±0.07

K 0
Sη 9878±117 34.39±0.13

DT Mode NCP±;l εCP±;l (%)

K+K− , Keν 1216±40 39.80±0.14
π+π− , Keν 427±23 41.75±0.14
K 0
Sπ

0π0, Keν 560±28 11.05±0.07
K 0
Sπ

0, Keν 1699±47 26.70±0.12
K 0
Sω, Keν 481±30 9.27±0.07

K 0
Sη, Keν 243±17 22.96±0.11

K+K− , Kµν 1093±37 36.89±0.14
π+π− , Kµν 400±23 38.43±0.15
K 0
Sπ

0π0, Kµν 558±28 10.76±0.08
K 0
Sπ

0, Kµν 1475±43 25.21±0.12
K 0
Sω, Kµν 521±27 8.75±0.07

K 0
Sη, Kµν 241±18 21.85±0.11

the signal region of 1.855 GeV/c2 < MBC < 1.875 GeV/c2 and the 
corresponding efficiencies are given in Table 3.

2.2. Double tags of semileptonic modes

In each ST event, we search among the unused tracks and 
showers for semileptonic D → Ke(µ)ν candidates. We require that 
there be exactly two oppositely-charged tracks that satisfy the 
fiducial requirements described above.

In searching for Kµν decays, kaon candidates are required to 
satisfy L(K ) > L(π). If the two tracks can pass the criterion, the 
track with larger L(K ) is taken as the K± candidate, and the 
other track is assumed to be the µ candidate. The energy de-
posit in the EMC of the µ candidate is required to be less than 
0.3 GeV. We further require the Kµ invariant mass MKµ to be 
less than 1.65 GeV/c2 to reject D → Kπ backgrounds. The total 
energy of remaining unmatched EMC showers, denoted as Eextra, 
is required to be less than 0.2 GeV to suppress D → Kππ0 back-
grounds. To reduce backgrounds from the D → Keν process, the 
ratio RL′ (e) ≡ L′(e)/[L′(e) + L′(µ) + L′(π) + L′(K )] is required 
to be less than 0.8, where the likelihood L′(i) for the hypothesis 
i = e, µ, π or K is formed by combining EMC information with 
the dE/dx and TOF information.

To select Keν events, electron candidates are required to satisfy 
L′(e) > 0.001 and R′

L′ (e) > 0.8, where R′
L′ (e) ≡ L′(e)/[L′(e) +

L′(π) + L′(K )]. If both tracks satisfy these requirements, the one 
with larger R′

L′ (e) is taken as the electron. The remaining track is 
required to satisfy L(K ) >L(π).

The variable Umiss is used to distinguish semileptonic signal 
events from background:

Umiss ≡ Emiss − c|#pmiss|, (7)

where,

Emiss ≡ Ebeam − EK − El, (8)

#pmiss ≡ −
[
#pK + #pl + p̂ST

√
E2
beam/c2 − c2m2

D

]
, (9)

Single Tag (ST):

CP tag modes are reconstructed as single tags.

Double Tag (DT):

After reconstructing the CP tag, semileptonic 
decay of the pair D meson is reconstructed 

The Umiss distribution is fit to calculate the DT 
yields.
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Fig. 2. The MBC distributions for ST D candidates from data. The solid line is the total fit and the dashed line shows the background contribution described by an ARGUS 
function.

EK (l) (!pK (l)) is the energy (three-momentum) of K∓ (l±), p̂ST is 
the unit vector in the direction of the reconstructed CP-tagged D
and mD is the nominal D mass. The use of the beam energy and 
the nominal D mass for the magnitude of the CP-tagged D im-
proves the Umiss resolution. Since E equals to |!p|c for a neutrino, 
the signal peaks at zero in Umiss.

The Umiss distributions are shown in Fig. 3, where the tagged-D
is required to be in the region of 1.855 GeV/c2 < MBC <
1.875 GeV/c2. DT yields, obtained by fitting the Umiss spectra, are 
listed in Table 3. Unbinned maximum likelihood fits are performed 
for all modes except for modes including ω. For modes including 
an ω, binned least-square fits are performed to the ω sideband-
subtracted Umiss distributions. In each fit, the Keν or Kµν signal 
is modeled by the MC-determined shape convoluted with a bifur-
cated Gaussian where all parameters are allowed to vary in the fit. 
Backgrounds for Keν are well described with a first-order polyno-
mial. However, in the Kµν mode, backgrounds are more complex 
and consist of three parts. The primary background comes from 
D → Kππ0 decay. To better control this background, we select 
a sample of D → Kππ0 in data by requiring Eextra > 0.5 GeV, in 
which the Umiss shape of Kππ0 is proved to be basically the same 
as that in the region of Eextra < 0.2 GeV in MC simulation. The se-
lected Kππ0 sample is used to extract the resolution differences 
in the Umiss shape of Kππ0 in MC and data, and to obtain the 
D → Kππ0 yields in Eextra > 0.5 GeV region. Then, in fits to Umiss, 
the Kππ0 is described by the resolution-corrected shape from MC 
simulations and its size is fixed according to the relative simulated 
efficiencies of the Eextra > 0.5 GeV and Eextra < 0.2 GeV selection 
criteria. The second background from Keν events is modeled by a 
MC-determined shape. Its ratio to the signal yields is about 3.5% 
based on MC studies and is fixed in the fits. Background in the 
third category includes all other background processes, which are 
well described with a first-order polynomial.

3. Systematic uncertainties

Most sources of uncertainties for the ST or DT efficiencies, such 
as tracking, PID, and π0, η, K 0

S reconstruction, cancel out in de-
termining yCP . The main systematic uncertainties come from the 
background veto, modeling of the signals and backgrounds, fake 
tagged signals, and the CP-purity of ST events, as shown in Ta-
ble 4.

The cosmic and Bhabha veto is applied only for the K K and 
ππ ST events which have only two tracks. The effect of this veto 
is estimated based on MC simulation. We compare the cases with 
and without this requirement and the resultant relative changes in 

ST efficiencies are about 0.3% for both the K K and ππ modes. The 
resulting systematic uncertainty on yCP is 0.001.

Peaking backgrounds are studied for different ST modes, espe-
cially for ρπ backgrounds in the K 0

Sπ
0 tag mode and K 0

Sπ
+π−π0

backgrounds in the K 0
Sω tag mode. Based on a study of the inclu-

sive MC samples, the fraction of peaking backgrounds in K 0
Sπ

0 is 
0.3%. The uncertainties on yCP caused by this is about 0.001. Un-
certainties from the sideband subtraction of peaking backgrounds 
for the K 0

Sω mode are studied by changing the sideband and signal 
regions; changes in the efficiency-corrected yields are negligible.

Fits to the MBC and Umiss spectra could induce systematic er-
rors by the modeling of the signal and background shape. The MC-
determined signal shapes convoluted with a Gaussian are found 
to describe the data well, and systematic uncertainties from the 
modeling of the signal are assumed to be negligible. To estimate 
uncertainties from modeling of backgrounds, different methods are 
considered. For the CP ST yields, we include an additional back-
ground component to account for the ψ(3770) → DD process with 
a shape determined by MC simulation whose yield is determined 
in the fit. The uncertainties in the fits to MBC are uncorrelated 
among different tag modes, and the obtained change on yCP is 
0.001. For the DT semileptonic yields, the polynomial functions 
that are used to describe backgrounds in our nominal fits are re-
placed by a shape derived from MC simulations. For the Kµν
mode, the size of the main background Kππ0 is fixed in our nom-
inal fit, so the statistical uncertainties of the number of selected 
Kππ0 events introduces a systematic error. To estimate the asso-
ciated uncertainty, we vary its size by ±1 standard deviation based 
on the selected Kππ0 samples. Systematic uncertainties due to 
the Umiss fits are treated as positively correlated among different 
tag modes. We take the maximum change on the resultant yCP , 
that is 0.006, as systematic uncertainty.

The DT yields are obtained from the fit to the Umiss spectra. 
However, one also has to consider events that peak at Umiss but are 
backgrounds in the MBC spectra, the so-called fake tagged signals. 
This issue is examined by fitting to the MBC versus Umiss two-
dimensional plots. From this study, the fake tagged signal compo-
nent is proved to be very small. The resulting difference on yCP is 
0.002 and assigned as a systematic uncertainty.

We study the CP-purities of ST modes by searching for same-CP
DT signals in data. Assuming CP conservation in the charm sector, 
the same-CP process is prohibited, unless the studied CP modes 
are not pure or the initial C-odd D0D0 system is diluted. The CP
modes involving K 0

S are not pure due to the existence of small 
CPV in K 0–K 0 mixing [6]. However, this small effect is negligible 

Example fits
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Fig. 3. Fit to the Umiss distributions for selected DT events from data. In each plot, the solid line is the total fit, the dashed line in Keν shows the contribution of polynomial 
backgrounds, and the dash-dotted line in Kµν shows the contribution of the main Kππ0 backgrounds.

Table 4
Summary of systematic uncertainties. Relative systematic uncertainties are listed for each tag mode in percent, while the resulting absolute uncertainties on ycp are shown 
in the last column. Negligible uncertainties are denoted by “–”.

K+K− π+π− K 0
Sπ

0π0 K 0
Sπ

0 K 0
Sω K 0

Sη ycp

Background 0.3 0.3 – 0.3 – – 0.001

MBC fit 0.4 0.1 2.4 0.4 0.1 1.4 0.001

Umiss fit (Keν) 1.8 1.3 2.4 1.6 8.1 1.2
0.006

Umiss fit (Kµν) 3.2 7.0 4.6 2.5 1.7 1.7

Fake tag (Keν) 0.2 1.4 0.9 1.2 3.1 0.4
0.002

Fake tag (Kµν) 1.0 0.7 0.5 0.9 4.8 0.4

CP-purity – – 0.4 – 0.2 0.2 0.001

with our current sensitivity. Hence, K 0
Sπ

0 is assumed to be a clean 
CP mode, as its background level is very low. As a conservative 
treatment, we study DT yields of (K 0

Sπ
0, K 0

Sπ
0) to verify its pure 

CP-odd eigenstate nature and the CP-odd environment of the D0D0

pair. The observed numbers of this DT signals are quite small, and 
we estimate the dilution of the C-odd initial state to be less than 
2% at 90% confidence level. This affects our measurement of yCP by 
less than 0.001. The purity of the K 0

Sπ
0 mode is found to be larger 

than 99%. Due to the complexity of the involved non-resonant and 
resonant processes in K 0

Sπ
0π0 and K 0

Sω, the CP-purities of these 
tag modes could be contaminated. We take the mode K+K− as a 
clean CP-even tag to test K 0

Sπ
0π0, and take K 0

Sπ
0 to test K 0

Sω and 
K 0
Sη. The CP-purities of K

0
Sπ

0π0, K 0
Sω and K 0

Sη are estimated to 
be larger than 89.4%, 93.3% and 93.9%, respectively. Based on the 

obtained CP purities, the corresponding maximum effect on the 
determined yCP is assigned as systematic uncertainty.

Systematic uncertainties from different sources are assumed to 
be independent and are combined in quadrature to obtain the 
overall yCP systematic uncertainties. The resultant total yCP sys-
tematic uncertainties is 0.007.

4. Results

The branching ratios of K∓e±ν and K∓µ±ν are summed to ob-
tain BDCP∓→l = BDCP∓→Keν + BDCP∓→Kµν . To combine results from 
different CP modes, the standard weighted least-square method is 
utilized [6]. The weighted semileptonic branching fraction B̃DCP±→l
is determined by minimizing
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Fig. 3. Fit to the Umiss distributions for selected DT events from data. In each plot, the solid line is the total fit, the dashed line in Keν shows the contribution of polynomial 
backgrounds, and the dash-dotted line in Kµν shows the contribution of the main Kππ0 backgrounds.
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Summary of systematic uncertainties. Relative systematic uncertainties are listed for each tag mode in percent, while the resulting absolute uncertainties on ycp are shown 
in the last column. Negligible uncertainties are denoted by “–”.

K+K− π+π− K 0
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0π0 K 0
Sπ

0 K 0
Sω K 0
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Background 0.3 0.3 – 0.3 – – 0.001

MBC fit 0.4 0.1 2.4 0.4 0.1 1.4 0.001

Umiss fit (Keν) 1.8 1.3 2.4 1.6 8.1 1.2
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Umiss fit (Kµν) 3.2 7.0 4.6 2.5 1.7 1.7
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Fake tag (Kµν) 1.0 0.7 0.5 0.9 4.8 0.4
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with our current sensitivity. Hence, K 0
Sπ

0 is assumed to be a clean 
CP mode, as its background level is very low. As a conservative 
treatment, we study DT yields of (K 0

Sπ
0, K 0

Sπ
0) to verify its pure 

CP-odd eigenstate nature and the CP-odd environment of the D0D0

pair. The observed numbers of this DT signals are quite small, and 
we estimate the dilution of the C-odd initial state to be less than 
2% at 90% confidence level. This affects our measurement of yCP by 
less than 0.001. The purity of the K 0

Sπ
0 mode is found to be larger 

than 99%. Due to the complexity of the involved non-resonant and 
resonant processes in K 0

Sπ
0π0 and K 0

Sω, the CP-purities of these 
tag modes could be contaminated. We take the mode K+K− as a 
clean CP-even tag to test K 0

Sπ
0π0, and take K 0

Sπ
0 to test K 0

Sω and 
K 0
Sη. The CP-purities of K

0
Sπ

0π0, K 0
Sω and K 0

Sη are estimated to 
be larger than 89.4%, 93.3% and 93.9%, respectively. Based on the 

obtained CP purities, the corresponding maximum effect on the 
determined yCP is assigned as systematic uncertainty.

Systematic uncertainties from different sources are assumed to 
be independent and are combined in quadrature to obtain the 
overall yCP systematic uncertainties. The resultant total yCP sys-
tematic uncertainties is 0.007.

4. Results

The branching ratios of K∓e±ν and K∓µ±ν are summed to ob-
tain BDCP∓→l = BDCP∓→Keν + BDCP∓→Kµν . To combine results from 
different CP modes, the standard weighted least-square method is 
utilized [6]. The weighted semileptonic branching fraction B̃DCP±→l
is determined by minimizing

background 
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Fig. 3. Fit to the Umiss distributions for selected DT events from data. In each plot, the solid line is the total fit, the dashed line in Keν shows the contribution of polynomial 
backgrounds, and the dash-dotted line in Kµν shows the contribution of the main Kππ0 backgrounds.

Table 4
Summary of systematic uncertainties. Relative systematic uncertainties are listed for each tag mode in percent, while the resulting absolute uncertainties on ycp are shown 
in the last column. Negligible uncertainties are denoted by “–”.

K+K− π+π− K 0
Sπ

0π0 K 0
Sπ

0 K 0
Sω K 0

Sη ycp

Background 0.3 0.3 – 0.3 – – 0.001

MBC fit 0.4 0.1 2.4 0.4 0.1 1.4 0.001

Umiss fit (Keν) 1.8 1.3 2.4 1.6 8.1 1.2
0.006

Umiss fit (Kµν) 3.2 7.0 4.6 2.5 1.7 1.7

Fake tag (Keν) 0.2 1.4 0.9 1.2 3.1 0.4
0.002

Fake tag (Kµν) 1.0 0.7 0.5 0.9 4.8 0.4

CP-purity – – 0.4 – 0.2 0.2 0.001

with our current sensitivity. Hence, K 0
Sπ

0 is assumed to be a clean 
CP mode, as its background level is very low. As a conservative 
treatment, we study DT yields of (K 0

Sπ
0, K 0

Sπ
0) to verify its pure 

CP-odd eigenstate nature and the CP-odd environment of the D0D0

pair. The observed numbers of this DT signals are quite small, and 
we estimate the dilution of the C-odd initial state to be less than 
2% at 90% confidence level. This affects our measurement of yCP by 
less than 0.001. The purity of the K 0

Sπ
0 mode is found to be larger 

than 99%. Due to the complexity of the involved non-resonant and 
resonant processes in K 0

Sπ
0π0 and K 0

Sω, the CP-purities of these 
tag modes could be contaminated. We take the mode K+K− as a 
clean CP-even tag to test K 0

Sπ
0π0, and take K 0

Sπ
0 to test K 0

Sω and 
K 0
Sη. The CP-purities of K

0
Sπ

0π0, K 0
Sω and K 0

Sη are estimated to 
be larger than 89.4%, 93.3% and 93.9%, respectively. Based on the 

obtained CP purities, the corresponding maximum effect on the 
determined yCP is assigned as systematic uncertainty.

Systematic uncertainties from different sources are assumed to 
be independent and are combined in quadrature to obtain the 
overall yCP systematic uncertainties. The resultant total yCP sys-
tematic uncertainties is 0.007.

4. Results

The branching ratios of K∓e±ν and K∓µ±ν are summed to ob-
tain BDCP∓→l = BDCP∓→Keν + BDCP∓→Kµν . To combine results from 
different CP modes, the standard weighted least-square method is 
utilized [6]. The weighted semileptonic branching fraction B̃DCP±→l
is determined by minimizing

Quite clean after the analysis requirements, Umiss 

provides better resolution compared to M2miss 

̅

yCP = (-2.0 ± 1.3 ± 0.7)% 
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Charm Mixing + CP Violation 
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HFAG Global Fit 

Input these results into HFAG fitter. Other results since CHARM 2013: 
 
§  Belle 976 fb-1 D0→ K+π- 
§  Belle 921 fb-1 D0→ KS π+π- 
§  LHCb 3 fb-1 ACP(KK) – ACP(ππ) with B0→ D0µ-X tagging 

Results:   
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 (http://www.slac.stanford.edu/xorg/hfag/charm/index.html): 

aCP
ind = (0.058 ± 0.040 )%  

ΔaCP
dir = (−0.257 ± 0.104 )% 

    p = 0.018 of no CPV  
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HFAG Global Fit 

Results (fit 41 observables for 9 or 10 parameters::   

 http://www.slac.stanford.edu/xorg/hfag/charm/index.html 

Parameter No CPV No direct CPV CPV -allowed 95% CL Interval

in DCS decays

x (%)

y (%)

δKπ (◦)

RD (%)

AD (%)

|q/p|
φ (◦)

δKππ (◦)

Aπ

AK

x12 (%)

y12 (%)

φ12(◦)

0.49 +0.14
−0.15

0.61 ± 0.08

6.9 +9.7
−11.2

0.349 ± 0.004

−
−
−

18.1 +23.3
−23.8

−
−
−
−
−

0.44 +0.14
−0.15

0.60 ± 0.07

−
−
−

1.001 ± 0.014

−0.07 ± 0.6

−
0.10 ± 0.14

−0.14 ± 0.13

0.44 +0.14
−0.15

0.60 ± 0.07

0.2 ± 1.7

0.37 ± 0.16

0.66 +0.07
−0.10

11.8 +9.5
−14.7

0.349 ± 0.004

−0.39 +1.01
−1.05

0.91 +0.12
−0.08

−9.4 +11.9
−9.8

27.3 +24.4
−25.4

0.10 ± 0.15

−0.15 ± 0.14

[0.06, 0.67]

[0.46, 0.79]

[−21.1, 29.3]

[0.342, 0.357]

[−2.4, 1.5]

[0.77, 1.14]

[−28.3, 12.9]

[−23.3, 74.8]

[−0.19, 0.38]

[−0.42, 0.12]

[0.13, 0.69]

[0.45, 0.74]

[−4.1, 4.6]
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HFAG World Averages 

-4 -3 -2 -1 0 1 2 3 4 5

yCP (%)

World average  0.835 ± 0.155 %

BESIII 2015 -2.000 ± 1.300 ± 0.700 %

BaBar 2012  0.720 ± 0.180 ± 0.124 %

Belle 2012  1.110 ± 0.220 ± 0.110 %

LHCb 2012  0.550 ± 0.630 ± 0.410 %

Belle 2009  0.110 ± 0.610 ± 0.520 %

CLEO 2002 -1.200 ± 2.500 ± 1.400 %

FOCUS 2000  3.420 ± 1.390 ± 0.740 %

E791 1999  0.732 ± 2.890 ± 1.030 %

   HFAG-charm 
  CHARM 2015 

-0.2 -0.1 -0 0.1 0.2 0.3

 A  (%)

World average -0.059 ± 0.040 %

LHCb 2015 KK+ -0.125 ± 0.073 %

CDF 2014 KK+ -0.120 ± 0.120 %

LHCb 2013  0.033 ± 0.106 ± 0.014 %

LHCb 2013 KK -0.035 ± 0.062 ± 0.012 %

BaBar 2012  0.088 ± 0.255 ± 0.058 %

Belle 2012 -0.030 ± 0.200 ± 0.080 %

   HFAG-charm 
  CHARM 2015 

New world averages  (http://www.slac.stanford.edu/xorg/hfag/charm/index.html): 
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Summary of the Summary talk 

•  Lots of interesting results, but no “smoking gun” of new physics yet 
 
•  Now seeing many new results from LHCb, including Dalitz plot analyses 

•  Now seeing a wide range of results from BESIII 

•  Results still coming in from Belle with full data-set (~950 fb-1) 

•  HFAG mixing averages now have only small incremental changes – 
several new ideas on how to improve this, i.e., make a significant change 
(e.g., use CP-even D0→ π+π-π0) 

3 colleagues searching 
for new physics 

•  By CHARM 2016, should have many 3(+) 
fb-1 results from LHCb, more results from 
ATLAS/CMS, last results from Belle/BaBar, 
hopefully first signals from Belle II. See you 
in Italy! 


