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Disclaimer

overview of experimental methods (not exhaustive)  with selected 

examples

choice of subjects, and especially examples, had to be made;

speaker is to be blamed for not showing your favorite measurement

PDG:  M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).

HFLAV:  Heavy Flavor Averaging Group, https://hflav.web.cern.ch/

PBF :  The Physics of the B Factories, A. Bevan, B. Golob, T. Mannel. S. Prell, B. Yabsley eds., Eur. Phys. J. C 74 (2014) .

BIIPB: E. Kou, P. Urquijo etn al. (Belle II Coll.), arXiv:1808.10567 

Frequently used references:
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Setting the scene

On Deputy Spokesperson‘s request: 

1964: CPV in Kaon system

K
L

 45 (2p) / 23 103 (3p)

1999 - 2010: Beauty is the new strange

Large CPV in B0 system (2001)

With ~7  10
2 B0  J/y K

S

2015 - : Charm is the new Beauty

CPV in D0
decays (2019)

with 1.4  10
7 D0  pp

* some explanation of this different data sizes

p. 58

Precise charm measurements require large data samples 

and good control of systematic uncertainties

J. Cronin, V. Fitch, 

1980

M. Kobayashi, 

T. MAskawa, 

2008

K. Trabelsi

????
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Why (not) charm physics?

Charm quark: 

- uplike

processes with charm hadrons are probing potential 

new physics in uplike sector

- semi-heavy

processes with charm hadrons are subject to 

relatively large hadronic uncertainties ( ~1/mc)

- suppressed

FCNC (loop processes) 

heavily suppressed 
c u

d,s,b

W -

Z0

l + l -

ubcbVV *

2

22

W

ds

m

mm 

D0  l +l -

more on GIM p. 29
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BES III @ BEPC2

More on p. 59

e+e-  y(3770)  DD

s ~  few nb, few  107 DD

- background free samples

- tagging (single meson reconstruction, 

both mesons reconstruction)

- e ~ O(10%)
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LHCb @ LHC

- complicated triggers, vtxing

- e ~ O(0.1%)

R. Aaij et al.. (LHCb Coll.), JHEP 03 (2016) 159

 Ldt = 9 fb
-1

~ 10
10

D*
+



B. Golob, Charm Exp‘s 7/56Belle Phys. Week, KEK, Oct 2019

Introduction Mixing

Facilities CPV

Spectroscopy Decays
Facilities

Belle (II) @ (Super)KEKB

 s(e+e-  cc) @ √s ~ 10.6 GeV ~ 1.3 nb

(n.b. s(e+e-  Y(4S)  BB) = 1.1 nb)

X
c  

s(X
c
Y) [pb]

-- full reconstruction (tagging) possible

- e ~ O(1%)

g* f

f

e-

e+

(hadrons)

(hadrons)

R. Seuster et al.. (Belle Coll.), Phys.Rev. D73, 032002 (2006)

S~ 2.5 nb ~ 2 1.3 nb *

 Ldt = 1 ab
-1

~ 1.5 109 D0

* why summing only these? P. 60
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Belle (II) @ (Super)KEKB

production in B  hcX

hc <N(hc )>/B decay

LHCb @ LHC

also cascade production

 ~810
11 B  hc X

R. Seuster et al.. (Belle Coll.), Phys.Rev. D73, 032002 (2006)

~1.05 hc / B decay

~ 810
8 B  D0X

in Belle dataset

R. Aaij et al.. (LHCb Coll.), JHEP 12 (2017) 026
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conventional mesons

quark model for u, d, s
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conventional mesons

quark model for u, d, s

+ c
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conventional baryons

quark model for u, d, s
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conventional baryons

quark model for u, d, s

+ c

charm quarks enrich spectrum of conventional hadrons and 

enable tests of quark model and QCD for (semi)heavy hadrons

observed* only in 2017

R. Aaij et al.. (LHCb Coll.), PRL 119,112001 (2017)

*longstanding puzzle about X
cc 

p. 61
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cc

X
cc 

@ LHCb

precise vtxing for bkg 

rejection

also Xcc
++  Xc

+p+

p

p+

K-

p+

p+

K-
Lc

+

Xcc
++

t >150 fs

R. Aaij et al.. (LHCb Coll.), PRL 119,112001 (2017)

R. Aaij et al.. (LHCb Coll.), PRL 121,162002 (2018)

Lc
+K-p+p -

Ns=313 ± 33

M=(3621.4 ± 0.72 ± 0.27 ± 0.14(Lc)) MeV
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Btag

Spectroscopy Br

Absolute* Br measurements

Br(Xcc
++  Xc

+p+
) possible 

because Br(Xc
+  X -p+p+

) known

1) Br(B  Xc
+ Lc

-
)

Hadronic tagging (FEI @ Belle II)

Y. B. Li  et al.. (Belle Coll.), PRD 100, 031101(R) (2019)

Lc
-

e- e+

Btag

Bsig

detected

hadrons

K-

p +p

Xc
+

Mrec

Mrec

Bsig

* as opposed to relative w.r.t. some other decay 
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Spectroscopy Br

Absolute* Br measurements

Br(Xcc
++  Xc

+p+
) possible 

because Br(Xc
+  X -p+p+

) known

1) Br(B  Xc
+ Lc

-
)

2) Br(B  Xc
+ Lc

-
)  Br(Xc

+  X -p+p+
) 

Hadronic tagging (FEI @ Belle II)

Y. B. Li  et al.. (Belle Coll.), PRD 100, 031101(R) (2019)

Lc
-

e- e+

Btag

Bsig

K-

p +p

Xc
+

Mrec

p +

p +

X -

Bsig

* as opposed to relative w.r.t. some other decay 
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Absolute Br measurements

Br(Lc
+  p K- p +) 

A. Zupanc  et al.. (Belle Coll.), PRL 113, 042002 (2014)

c

Lc
+

e- e+

c

D(*)-

Mrec

p +

p

Mrec
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Absolute Br measurements

Br(Lc
+  p K- p +) 

before: ±26% 

(for many years)

after: ±5%

A. Zupanc  et al.. (Belle Coll.), PRL 113, 042002 (2014)

c

Lc
+

e- e+

c

D(*)-

p +

p

p

K-

p +

Mrec
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comparison to LQCD

charmed baryons

S. Prelovsek, Beauty 2019
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comparison to LQCD

charmed baryons

S. Prelovsek, Beauty 2019

R. Aaij et al.. (LHCb Coll.), PRL 119,112001 (2017)

test of LQCD methods
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c

Excited states

excited W
c

W
c
* X

c

+( p K - p+) K -

(n.b. m(W
c
)=2.695 GeV)

R. Aaij et al.. (LHCb Coll.), PRL118, 182001 (2017)

J. Yelton et al.. (Belle Coll.), PRD 97, 051102 (2018)

wrong sign Xc
+K+

Xc
+
sideband

Wc

s

s

c

s
u
u
s
c

Xc
+

K-
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c

comparison to LQCD

excited W
c

quantum numbers not measured

new states

ground

W
c

M. Padmanath, N. Mathur, PRL 119, 042001 (2017)
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unconventional hadrons

QCD: no apriori limitations on hadrons being composed only as |q1q2> 

or |q1q2q3>

hadrons with other composition: exotic    explanation about exotics p. 62

first example: X(3872)

B+ K+ J/y (l + l -) p+ p -

DM= M(p+ p - l + l -)  - M(l + l -)

B+ K+ X( J/y (l + l -) p+ p - )

most probably mixture of 

cc  &  cqcq     why? P. 63        

X(3872) on lattice p. 64

Spectroscopy exotic

S.-K. Choi et al. (Belle Coll.), PRL 91, 262001 (2003)

(most cited Belle paper!)

c

W -b

u

B-

K-

c

s
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unconventional hadrons

if cqcq, why not cucd ?

B  K y (2S) p+

for new states: angular analysis to 

determine spin & parity!

e.g.: X(3915) in B  K w J/y  

is it c
c
(2P) (2++

) or something else

M
2
(y

 ‘
p

+
)

M2(K p+ )

M(y ‘ p+ )

Z+(4430)

fit w/o Z+(4430)

S.-K. Choi et al. (Belle Coll.), PRL 100,142001 (2008)

R. Aaij et al. (LHCb Coll.), PRL 112, 222002 (2014)

more exotic states, including PQ‘s p.66
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unconventional hadrons

B  K y (2S) p+

syst. uncertainty dominated by bkg.;

majority of bkg. combinatorial from B 

121 ± 30 Z+(4430) signal evts from 605 fb
-1

200 ± 40 Z+(4430) signal evts / ab
-1

at certain point need to reduce bkg. (for lower syst. uncertainty) 

lowering e (larger stat. uncertainty) .....  FEI !

assuming P with FEI improved by 6x & e
FEI

~ 1% :

need L ~ 15 ab
-1

to reach same stat. uncertainty as at 605 fb
-1

(and presumably much lower syst. uncertanty)

S.-K. Choi et al. (Belle Coll.), PRL 100,142001 (2008)

MeV

ZBrZKBBr

)
13
30

13
1845(

10)4.10.11.4()'()( 50







  yp

some trivial statisics p. 65
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ISR production

e+e-→J/yp p -gISR and y(2S)p+p -gISR

g
ISR

may be reconstructed

(tagged analysis)

or not (untagged, process 

identified through missing mass)

C.Z. Yuan et al. (Belle Coll.), PRL 99, 182004 (2007) 

e+

e-
gISR

JPC =1- -

states only

Y(4008)

Y(4260)

Y(4360)

Y(4660) 

M(J/ψπ+π-)

M(ψ’π+π-)             

X.L. Wang et al. (Belle Coll.), PRL 99, 142002 (2007) 

ISR production p. 67
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exotic ZOO

reconstructed in 

B  X K e+e-  gISR X

Spectroscopy of charmed hadrons represents a testbed for (L)QCD; 

several unconventional states represent a chalenge for theoretical 

description

PBF
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Mixing

Oscillations M0  M0

PBF
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Mixing

Oscillations M0  M0

PBF
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Mixing

Why so small?

D 020 || DHD C



doubly Cabibbo supp.

vanishes in exact 

SU(3)
flavor

D0 mixing parameters are driven by difficult to calculate 

long-distance effects. No LQCD calculations exist (yet).
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Mixing Phenomenology

Phenomenology

00

2,1 DqDpD 

Time evolution

flavor states         ≠      H
eff

eigenstates:

(defined flavor)          (defined m1,2 and 
1,2

)
;

2
; 2121









 y

mm
x

ttmi

et
yix

D
p

q
t

yix
DtD 2000

2
sinh

2
cosh)(





































2

0

0

0
0

2
1

)(
t

yix

Df

Df

p

q
Dfe

dt

fDdN t 



 

|x|, |y| << 1 SM: |x|, |y|  O(10-2)

more details p. 68

f

f

f
A

A

p

q


2

0

0

0
0

2
1

)(
t

yix

Df

Df

q

p
Dfe

dt

fDdN t 



 

„master“ formulae

for t-dependent rates

(up to O(x,y))
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Decay time distribution of experimentally accessible states D0, D0

sensitive to mixing parameters x and y, depending on final state

D0
Mixing Phenomenology

Phenomenology

00

2,1 DqDpD 

Time evolution

flavor states         ≠      H
eff

eigenstates:

(defined flavor)          (defined m1,2 and 
1,2

)
;

2
; 2121









 y

mm
x

ttmi

et
yix

D
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q
t

yix
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2
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
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






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










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


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2

0

0

0
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2
1

)(
t

yix

Df

Df

p

q
Dfe

dt

fDdN t 



 

|x|, |y| << 1 SM: |x|, |y|  O(10-2)

more details p. 68

f

f

f
A

A

p

q


„master“ formulae

for t-dependent rates

(up to O(x,y))
2

0

0

0
0

2
1

)(
t

yix

Df

Df

q

p
Dfe

dt

fDdN t 



 
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Mixing Exp. Methods

General  features of meas‘s

tagging

(Belle, LHCb)

D*+ →D0ps
+

charge of ps  flavor of D0;

DM=M(D0ps)-M(D0) 

(or q=DM-mp) 

background reduction

e
D* 

~ 80%, w
D* 

~ 0.2%

RestOfEvent (Belle)

e
D* 

~ 27%, w
D* 

~ 13%

3x more produced D0 
‘s 

s(A
CP

) reduced by ~15%

using also ROE

B semil. decays (LHCb)

b  c m  n

S. Sandilya et al. (Belle II Coll.), B2GM Oct 2019

kinematic

reconstr.

p. 71

BIIPB



B. Golob, Charm Exp‘s 33/56Belle Phys. Week, KEK, Oct 2019

Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing Exp. Methods

General  features of meas‘s

decay time (Belle): D0
decay products vertex; D0

momentum 

& int. region;

Belle s(tD0)~270 fs

Belle II: s(tD0) ~100 fs

(LHCb): primary vtx, B decay vtx, D decay vtx;

~2x better s(tD0)

int. point

B decay vtx

D decay vtx

0                      10                  mm

mm

10

0
decay time 

resol. P. 72

135 fs

Belle II MC

BIIPB
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Mixing Exp. Methods

General  features of meas‘s

Belle

p*(D*) > 2.5 GeV/c

eliminates D0
from b → c

LHCb

can separate prompt and 

cascade production using 

vtxing

B Xc

e+e-  cc

24/

*

h

p

ms

p
x




R. Seuster et al.. (Belle Coll.), Phys.Rev. D73, 032002 (2006)
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Mixing CP eigenstates

D0  K+K-, p+p -

CPV will be addressed later; 

in charm system (and SM) CPV is small 

 discuss mixing w/o CPV (i.e. q=p=1/2)

if no CPV: 

CP |D1> = |D1>

|D1> is CP even state 

(phase convention as in        p. 69);         

only |D1> component of D0/D0
decays to

K+K- / p+p -;

measuring lifetime in these decays  t =1/1;

measuring lifetime in Flavor specific final state  t =1/;

PDG

CP |K+K-, p+p -> = + | K+K-, p+p >

<fCP
+|D0> = < fCP

+ |D1> = <fCP
+|D0>

<fCP
-|D0> = < fCP

- |D2> = - <fCP
-|D0>

 

 21

0

21

0

2

1

2

1

DDD

DDD





  tytyttCP eeetye
dt

fDDdN 



 )1(

00

1
))((

more on time evolution
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Mixing CP eigenstates

D0  K+K-, p+p -

by measuring effective lifetimes in 

D0  K+K-, p+p -

and in D0  K-p+

one can determine y 1
)(

)(






KK

K
yCP

t

pt

M. Staric et al., (Belle Coll.), PRL 98, 211803 (2007)
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Mixing CP eigenstates

D0  K+K-, p+p -

by measuring effective lifetimes in 

D0  K+K-, p+p -

and in D0  K-p+

one can determine y 1
)(

)(






KK

K
yCP

t

pt

M. Staric et al., (Belle Coll.), PRL 98, 211803 (2007)

+
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Mixing CP eigenstates

D0  K+K-, p+p -

by measuring effective lifetimes in 

D0  K+K-, p+p -

and in D0  K-p+

one can determine y 1
)(

)(






KK

K
yCP

t

pt

M. Staric et al., (Belle Coll.), PRL 98, 211803 (2007)

+
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Mixing CP eigenstates

D0  K+K-, p+p -

by measuring effective lifetimes in 

D0  K+K-, p+p -

and in D0  K-p+

one can determine y 1
)(

)(






KK

K
yCP

t

pt

M. Staric et al., (Belle Coll.), PRL 98, 211803 (2007)

+

)%25.032.031.1( CPy
first evidence of D0

mixing

(back-to-back with BaBar‘s D0  K+p -
)

c2/ndf=

1.084 

(ndf=289)
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Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing CP eigenstates

D0  K+K-, p+p -

by measuring effective lifetimes in 

D0  K+K-, p+p -

and in D0  K-p+

one can determine y

+

celebrating D0
mixing discovery

at Moriond EW 2007
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Facilities CPV

Spectroscopy Decays
D0

Mixing CP eigenstates

D0  fKs , wKs

CP-odd states

lower stat. precision

Averaging

*actually, t - integrated 

mixing probability p. 69

HFLAV

)%111.0715.0( CPy

D0
mesons, like other M0

, 

do mix, with the lowest 

probability of all*

)1(2
)(

2

22
00

x

yx
DDp








B. Golob, Charm Exp‘s 42/56Belle Phys. Week, KEK, Oct 2019

Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing Hadronic WS

D0 K+p -

DCS decays

d
Kp: (unknown) phase difference 

between Af and Af

|Af / Af| = r << 1

s

W -

c

u
D0

K-

d

u
p+

Vcs

V*ud

d

W -

c

u
D0

K+

s

u

p -
Vcd

V*us

 
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Facilities CPV

Spectroscopy Decays
D0

Mixing Hadronic WS

D0 K+p -

stat.+

syst.

result using primary D*‘‘s (requiring D* vtx consistent with primary)

main syts. uncertainty (~1/2 of stat.) from remaining secondary D*‘s

@ B-Factories: not ratio but individual t-dependent rates fitted  














 2

2

2200

)(
4

'''
1

)()(
t

r

yx
t

r

y

dt

fDdN

dt

fDdN

R. Aaij et al., (LHCb Coll.), PRD 97, 031101 (2018)

fit in bins of t/t

RS WS

bkg: mainly 

RS with rnd p
s

52 10)7.29.3('

)%052.0528.0('





x

y
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Facilities CPV

Spectroscopy Decays
D0

Mixing Hadronic WS

D0 K+p -

d
Kp can be determined using 

quantum correlated D0D0
pairs at 

BES III;

however, currently only Cleo-c meas. 

exists, and d
Kp is more precisely determined 

by combination of y‘, y and x meas‘s.

Belle II expectations:

including 20% and 12% additional uncertainty due to bkg. & systematics, respectively (?)

05.0
07.0

18.0
22.081.0cos 




pdK

D. Asner et al., (Cleo-c Coll.), PRD 86, 112001 (2012)

toy MC for decay 

time in D0 K+p -

for 20 ab
-1

BIIPB

5 ab-1 20 ab-1 50 ab-1 Current 

best

s(x‘2) [10-5] 10 5 3 2.7

s(y‘) [%] 0.15 0.07 0.05 0.05

BIIPB HFLAV
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Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

different types of interm. 

states;

CF: D0 → K*-p+

DCS: D0 → K*+p -

CP: D0 → r0 KS

if f = f  populate same Dalitz

plot; 

relative phases determined 

(unlike D0 → K+p -);

D0 →KS p+p-



B. Golob, Charm Exp‘s 46/56Belle Phys. Week, KEK, Oct 2019

Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

different types of interm. 

states;

CF: D0 → K*-p+

DCS: D0 → K*+p -

CP: D0 → r0 KS

if f = f  populate same Dalitz

plot; 

relative phases determined 

(unlike D0 → K+p -);

specific regions of Dalitz plane →

specific admixture of interm. states →

specific t dependence f (x, y);

D0 →KS p+p-
t
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Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

t-dependent decay ampl. depends 

on Dalitz variables;

contains D0
and D0

part (due to mixing)

that propagate differently in time, 

1,2=f (x,y);  

instantaneous amplitude:

sum of intermediate states

with (unknown) relative strong 

phases

 
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by studying the decay time 

evolution of Dalitz plane →

access directly x, y
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Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

no CPV result: 

uncertainty due to

Dalitz model

)%15.030.0(

)%19.056.0(

06.0

03.0

05.0

04.0

09.0

06.0

09.0

03.0





y

x

T. Peng et al., (Belle Coll.), PRD 89, 091103 (2014)
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Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

Belle II:

syst. uncertainty 

dominates @ few ab
-1

in turn, syst. uncertainty 

dominated by the model

uncertainty

Can this be evaded?

by measuring strong 

phase variation across 

Dalitz plane using 

coherent D0D0
pairs (BES III)

s(x) [10-2]

s(y) [10-2]

L [ab-1]

BIIPB
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Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

model independent method

Dalitz- and t- dependent amplitude up to O(x2,y2)

integrating over Dalitz- and t-bin

A. Bondar, A. Poluektov and V. Vorobiev, PRD 82,  034033 (2010)

A. Giri, Y. Grossman, A. Soffer, and J. Zupan, PR D 68, 054018 (2003)

CPi

CPer
p

q 
notation:

in limit of no mixing and no CPV 

# of events from D0
in i-th bin

 free param. of fit

cosine and sine of average 

strong phase difference D0/D0

in bin i weighted by rate

 quantum corr. D0D0
pairs

c- i=ci

s- i=-si

2N symmetric bins

C. Thomas, 

G. Wilkinson,

JHEP 2012:185
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Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

model independent method

binning of Dalitz plane based on 

(Dd ~ const. across bin)

results using L=0.8 fb
-1

i ci si

uncertainties on ci , si propagate to measured variables (as syst. uncertainty);

still stat. dominated  BESIII has 3 fb -1 of data, planning to record 10 fb -1 more

A. Poluektov et al. (Belle Coll.), PR D 81, 112002 (2010)

J. Libby et al. (Cleo-c Coll.), PRD 82,112006 (2010)

J. Libby et al. (Cleo-c Coll.), PRD 82,112006 (2010)
Method p. 76

t-dependence of Dalitz 



B. Golob, Charm Exp‘s 52/56Belle Phys. Week, KEK, Oct 2019

Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing Dalitz

Multi-body self conjugated states

D0 KSp p -

model independent method

:  1.33  10
6

D* tagged D0 KSp p - /ab
-1

: 100  10
6 D* tagged D0 KSp p -:

s(x)= [±0.017 ±0.076(ci, si)] 10
-2

s(y)= [±0.019 ±0.087(ci, si)] 10
-2

27  10
6 D* tagged D0 KSp p -: (Belle II @20 ab

-1
)

s(x)= [±0.032 ±0.039(ci, si)] 10
-2

s(y)= [±0.036 ±0.045(ci, si)] 10
-2

C. Thomas, G. Wilkinson, JHEP 2012:185

T. Peng et al., (Belle Coll.), PRD 89, 091103 (2014)

Cleo-c (0.8 fb
-1

)

BESIII (3 fb
-1

)

(just naive 

scaling with L)
s(x@20 ab-1

)~0.12

s(y@20 ab-1
)~0.06

LHCb same stat. 

uncertainty with 

~additional 1 fb
-1

(in addition to existing 

9 fb
-1

) 

I. Bediaga et al. (LHCb Coll.), LHCB-PUB-2018-009 

model 

dependent
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Facilities CPV

Spectroscopy Decays
D0

Mixing Average

Where do we stand?

inputs to fit

HFLAV
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Facilities CPV

Spectroscopy Decays
D0

Mixing Average

Where do we stand?

inputs to fit

HFLAV
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Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing Average

Where do we stand?

inputs to fit

HFLAV
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Facilities CPV

Spectroscopy Decays
D0

Mixing Average

Where do we stand?

no mixing point

repeat from p. 29, w/o any 

disclaimer:

P(D0  D0
) ~ 3 10

-5

HFLAV

)%07.062.0(

)%50.0(
14.0
13.0





y

x

D0
mesons, like other M0

, 

do mix, with the lowest 

probability of all

D0
mixing is data driven field

(n.b. x, y needed for CPV predictions)
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Facilities CPV

Spectroscopy Decays
Additional material
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Facilities CPV

Spectroscopy Decays
some statistics

Uncertainties

asymmetry (B0
, D0

) 

ratio (K
L
)

NrN

N
r

NAANN

NN
A

Nr

NA

ss

ss

2
'

1

2

1









!

back
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Spectroscopy Decays
Facilities - BES III

back L. Zhang, Beauty 2019
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Introduction Mixing

Facilities CPV

Spectroscopy Decays
Facilities - BES III

back

~ 1.3 nb is s for two c quarks  at least two charmed hadrons

s(e+e-  Xc Y) given in the table are not independent 

( e.g. s(e+e-  D Y) includes s(e+e-  D* Y) with D*  D ....); 

hence we include only s(e+e-  D Y) in the sum
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Facilities CPV

Spectroscopy Decays
Spectroscopy S

cc

back

M. Mattson et al. (Selex Coll.), PRL 89, 112001 (2002)

Selex: S - beam on target; 

production of charm hadrons;

Fermilab

hypotetical

X
cc

+  L
c

+K - p+

never confirmed by BaBar, 

Belle or LHCb
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Spectroscopy Decays
Spectroscopy exotic

exotic mesons

states other than q1q2, q1q2q3 not forbidden in SM;

exotic JPC (e.g. 0+-, 1-+, 2+-,... forbidden for qq);

exotic decay modes (not possible from qq);

strange properties (widths,...); 

pentaquarks:

q1q2q3q4q5;

hybrids:

cc + g’s;

tetraquarks:

diquark-antidiquark, [cq][cq]

molecules:

M(cq)M(cq), loosely bound mesons

back
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Spectroscopy Decays
Spectroscopy X(3872)

since m(X(3872)) ~ m(D)+m(D*)

 DD* molecule?

such a molecule is ideal mixture of isospin components: 

|I,I3> = |0,0>+|1,I3>;

X(3872) decays to J/y r (pp) (I=1) and J/y w (ppp) (I=0); 

due to limited phase space for J/y w it would decay preferentially 

(strongly) to J/y r; 

experiment: Br(J/y r) ~ Br(J/y w ); isospin violation? 

 new models with addition of cc (I=0)

back
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Spectroscopy Decays
Spectroscopy X(3872)

X(3872) on lattice

attempt for Z
c

+
(3900)

back

S. Prelovsek, L. Leskovec, PRL 111, 192001 (2013)

Y. Ikeda et al. (HALQCD Coll.), PRL 117, 242001 (2016)
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Spectroscopy Decays
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approximate dependence of relative accuracy of yield on luminosity and purity

introducing FEI with eff. e ~ 1%, improving purity to P‘ ~ 0.5

requiring same stat.    uncertainty

 L ~ 15 ab-
1

Spectroscopy Z+(4430)
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Spectroscopy Decays
Spectroscopy P

c

back

R. Aaij et al. (LHCb Coll.), PRL 122, 222001 (2019)

Pc 
+ J/y p

uudcc

LQCD: Pc does not appear in

J/y p  Pc 
+ J/y p

scattering, decoupled from other

channels

U. Skerbis, S. Pfrelovsek, PRD 99, 094505 (2019)

R. Aaij et al. (LHCb Coll.), PRL 115, 072001 (2015)

update
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Spectroscopy Decays
Spectroscopy ISR

ISR production

effective luminosity

at L=50 ab
-1

we will have 2 fb
-1

luminosity to

produce ISR event 

with  

s‘  [4 GeV - 5 Mev, 

4 GeV+5 MeV]

sEx
ISR

/2 g

diff. cross section 

for ISR production

cross section for 

e+e-  f production

probab. for g
ISR

emission 

(known to better than 1%)

B2PB

back
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D0

Mixing Time evolution

back
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D0

Mixing Phase convent.

back
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D0

Mixing Time evolution

back

time evolution:
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Tagging with D*‘s

M. Staric et al. (Belle Coll.), PRL 98, 211803 (2007)

S. Sandilya et al. (Belle II Coll.), B2GM Oct 2019

sM~5 MeV

sM~6 MeV
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Decay time

Belle II

D*  D0(Kp)p

<st > ~ 100 fs

LHCb

Bs  J/y f

<st > ~ 40 fs

G. de Marino, G. Casarosa et al. (Belle II Coll.), B2GM Oct 2019

R. Aaij et al. (LHCb Coll.), Int. J. Mod. Phys. A 30, 1530022 (2015)
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yCP taking into account 

CPV is given in 2nd part of 

lectures



B. Golob, Charm Exp‘s 75/56Belle Phys. Week , KEK, Oct 2019

Introduction Mixing

Facilities CPV

Spectroscopy Decays
D0

Mixing Hadronic WS

back

f=K+p -

neglecting CPV (and going to 2
nd

order in x, y):
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method of strong phase difference D0 / D0 determ. using coherent 

production of D meson pairs

y(3770) (CP= +1)  D1 D2; 

if D1  CP+  D2 is CP-;         (CP-tagged)

if D1  D0  fflav  D2 is D0 (flavor-tagged)

# evts in bin i for flavor tagged (D0) decay:

(same for D0
with m+  m- )

D0
Mixing Dalitz

J. Libby et al. (Cleo-c Coll.), PRD 82,112006 (2010)

1

21 )1)(()(  lDCPDCPCP
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Dalitz dist. for CP tagged (CP+, CP-) decays                            

# evts in bin i 

for CP tagged (CP+, CP-) decay:                                         

flavor-tagged:

D0
Mixing Dalitz

back

J. Libby et al. (Cleo-c Coll.), PRD 82,112006 (2010)
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K*+p -

K* -p +

KSr0

R. Aaij et al. (LHCb Coll.), 

PRL 122, 231802 (2019)


