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The region around 3.9 GeV is unclear…
     X(3872), X(3915), Y(3940), Z(3930), X(3940)
    Which are conventional and which aren’t?

Finding the hc(2P) could bring clarification.

Cross sections for π+π−ψ(1S,2S) and π+π−hc(1P)
    are on the order of 50 − 100 pb; we probably  
    expect the same for π+π−hc(2P). 

Furthermore, mass and decay width predictions  
    for the hc(2P) exist:
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INTRODUCTION

Since its discovery in 1974 [1,2], the charmonium sys-
tem has become the prototypical ’hydrogen atom’ of me-
son spectroscopy [3–6]. The experimentally clear
spectrum of relatively narrow states below the open-charm
DD threshold of 3.73 GeV can be identified with the 1S,
1P, and 2S c !c levels predicted by potential models, which
incorporate a color Coulomb term at short distances and a
linear scalar confining term at large distances. Spin-
dependent interquark forces are evident in the splittings
of states within these multiplets, and the observed split-
tings are consistent with the predictions of a one gluon
exchange (OGE) Breit-Fermi Hamiltonian, combined with
a linear scalar confining interaction. Discussions of the
theoretical importance and experimental status of heavy
quarkonium, including recent experimental results for
charmonium, have been given by Quigg [7], Galik [8],
the CERN quarkonium working group [9], Seth [10–12],
and Swarnicki [13].

Recently there has been a resurgence of interest in
charmonium, due to the realization that B factories can
contribute to the study of the missing c !c states [14], and to
high-statistics experiments at BES [15] and CLEO [16] and
the planned GSI p !p facility [17].

The possibility of contributions from B factories was
dramatically illustrated by the recent discovery of the long
missing 21S0 !0

c state by the Belle Collaboration [18],
which has since been confirmed by BABAR [19], and
has also been observed by CLEO in "" collisions [20].

Additional interest in c !c spectroscopy has followed the
discovery of the remarkable X(3872) by Belle [21] and
CDF [22] in B decays to J= #!#"; assuming that this is a
real resonance rather than a threshold effect, the X(3872) is
presumably either a DD# charmed meson molecule [23–
25] or a narrow J $ 2 D-wave c !c state [26,27]. Very recent
observations of the X(3872) in "J= and !J= by Belle
support a 1!! DD# molecule assignment [28,29].

There has also been experimental activity in the spin-
singlet P-wave sector, with recent reports of the observa-
tion of the elusive 11P1 hc state by CLEO [10,30]. Finally,
the surprisingly large cross sections for double charmo-
nium production in e!e" reported by Belle [31–34] sug-
gest that it may be possible to study C $ %!& c !c states in
e!e" without using the higher-order O%$4& two-photon
annihilation process.

One open topic of great current interest in c !c spectros-
copy is the search for the  2%13D2& and !c2%11D2& states,
which are expected to be quite narrow due to the absence of
open-charm decay modes.

A second topic is the Lorentz nature of confinement; in
pure c !c models this is tested by the multiplet splittings of
orbitally excited c !c states. For example, with pure scalar
confinement as is normally assumed there is no spin-spin
hyperfine interaction at O%v2=c2&, so the masses of spin-
singlets (such as the 1P1 hc) are degenerate with the
corresponding triplet center of gravity (c.o.g.) (here this
is the 3PJ c.o.g., at 3525 MeV). In the original Cornell
model [35] it was assumed that confinement acts as the
time component of a Lorentz vector, which lifts the degen-
eracy of the hc and the 3PJ c.o.g. Another possibility is that
confinement may be a more complicated mix of scalar and
timelike vector [36]. Of course these simple potential
model considerations may be complicated by mass shifts
due to other effects, such as couplings to open-flavor
channels [27].
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Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L> 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0

c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0
c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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0:4, and our constituent quark masses mu;d ! 0:33 GeV,
ms ! 0:55 GeV, and mc ! 1:5 GeV. (Quark mass ratios
are required to specify the final open-charm meson wave
functions.) We determine the decay kinematics using ex-
ternal meson masses taken from the Particle Data Group
[67] (charge averaged where appropriate) and from recent
Belle results [74]. These masses are MD ! 1:867 GeV,
MD" ! 2:008 GeV, MD"

0
! 2:308 GeV [74],

MD1
#narrow$ ! 2:425 GeV, MD0

1
#broad$ ! 2:427 GeV

[74], MD"
2
! 2:459 GeV, MDs

! 1:968 GeV, MD"
s
!

2:112 GeV, MD"
s0
! 2:317 GeV, MDs1

! 2:459 GeV. The
FOCUS collaboration [75] estimate a somewhat higher
mass for the scalar D"

0, however their result is complicated

TABLE XI. Open-flavor strong decays, 2P and 3P states. The
initial meson masses are predictions of the NR potential model,
Table I.

Meson State Mode !thy (MeV) Amps. ( GeV%1=2)

!2#3972$ 23P2 DD 42 1D2 ! &0:0992
DD" 37 3D2 ! %0:1172
DsDs 0.7 1D2 ! &0:0202
total 80

!1#3925$ 23P1 DD" 165 3S1 ! &0:2883
3D1 ! %0:0525

!0#3852$ 23P0 DD 30 1S0 ! &0:1025

hc#3934$ 21P1 DD" 87 3S1 ! %0:1847
3D1 ! %0:0851

!2#4317$ 33P2 DD 8.0 1D2 ! %0:0330
DD" 2.4 3D2 ! &0:0191
D"D" 24 5S2 ! &0:0592

1D2 ! &0:0107
5D2 ! %0:0282

5G2 ! 0
DD1 1.1 3P2 ! &0:0240

3F2 ! &0:0105
DD0

1 12 3P2 ! %0:0915
3F2 ! 0

DsDs 0.8 1D2 ! &0:0115
DsD

"
s 11 3D2 ! %0:0474

D"
sD

"
s 7.2 5S2 ! %0:0266

1D2 ! &0:0145
5D2 ! %0:0384

5G2 ! 0
total 66

!1#4271$ 33P1 DD" 6.8 3S1 ! %0:0337
3D1 ! &0:0011

D"D" 19 5D1 ! %0:0632
DD"

0 0.1 1P1 ! %0:0062
DsD

"
s 9.7 3S1 ! %0:0287

3D1 ! %0:0385
D"
sD"

s 2.7 5D1 ! %0:0356
total 39

!0#4202$ 33P0 DD 0.5 1S0 ! %0:0091
D"D" 43 1S0 ! %0:0267

5D0 ! %0:0997
DsDs 6.8 1S0 ! %0:0374
total 51

hc#4279$ 31P1 DD" 3.0 3S1 ! &0:0216
3D1 ! &0:0048

D"D" 22 3S1 ! &0:0456
3D1 ! %0:0487

DD"
0 28 1P1 ! %0:0943

DsD
"
s 15 3S1 ! &0:0222

3D1 ! %0:0539
D"
sD

"
s 7.5 3S1 ! %0:0464

3D1 ! %0:0327
total 75

TABLE XII. Open-flavor strong decays, 1D and 2D states. The
 #3770$ and  #4159$ masses (boldface) are taken from experi-
ment; for the remaining (unknown) masses we assume the
theoretical NR potential model values of Table I.

Meson State Mode !thy [!expt] (MeV) Amps. (GeV%1=2)

 3#3806$ 13D3 DD 0.5 1F3 ! &0:0150

 #3770$ 13D1 DD 43 [23:6' 2:7] 1P1 ! &0:1668

 3#4167$ 23D3 DD 24 1F3 ! &0:0631
DD" 50 3F3 ! %0:0997
D"D" 67 5P3 ! %0:1249

1F3 ! &0:0218
5F3 ! %0:0478

5H3 ! 0
DsDs 5.7 1F3 ! &0:0358
DsD"

s 1.2 3F3 ! %0:0205
total 148

 2#4158$ 23D2 DD" 34 3P2 ! &0:0121
3F2 ! %0:0822

D"D" 32 5P2 ! %0:0660
5F2 ! %0:0685

DsD
"
s 26 3P2 ! &0:0983

3F2 ! %0:0149
total 92

 #4159$ 23D1 DD 16 1P1 ! %0:0522
DD" 0.4 3P1 ! &0:0085
D"D" 35 1P1 ! &0:0489

5P1 ! %0:0219
5F1 ! %0:0845

DsDs 8.0 1P1 ! %0:0427
DsD

"
s 14 3P1 ! &0:0733

total 74 [78' 20]

"c2#4158$ 21D2 DD" 50 3P2 ! %0:0099
3F2 ! %0:1007

D"D" 43 3P2 ! %0:0933
3F2 ! %0:0593

DsD"
s 18 3P2 ! %0:0802

3F2 ! %0:0182
total 111
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INTRODUCTION

Since its discovery in 1974 [1,2], the charmonium sys-
tem has become the prototypical ’hydrogen atom’ of me-
son spectroscopy [3–6]. The experimentally clear
spectrum of relatively narrow states below the open-charm
DD threshold of 3.73 GeV can be identified with the 1S,
1P, and 2S c !c levels predicted by potential models, which
incorporate a color Coulomb term at short distances and a
linear scalar confining term at large distances. Spin-
dependent interquark forces are evident in the splittings
of states within these multiplets, and the observed split-
tings are consistent with the predictions of a one gluon
exchange (OGE) Breit-Fermi Hamiltonian, combined with
a linear scalar confining interaction. Discussions of the
theoretical importance and experimental status of heavy
quarkonium, including recent experimental results for
charmonium, have been given by Quigg [7], Galik [8],
the CERN quarkonium working group [9], Seth [10–12],
and Swarnicki [13].

Recently there has been a resurgence of interest in
charmonium, due to the realization that B factories can
contribute to the study of the missing c !c states [14], and to
high-statistics experiments at BES [15] and CLEO [16] and
the planned GSI p !p facility [17].

The possibility of contributions from B factories was
dramatically illustrated by the recent discovery of the long
missing 21S0 !0

c state by the Belle Collaboration [18],
which has since been confirmed by BABAR [19], and
has also been observed by CLEO in "" collisions [20].

Additional interest in c !c spectroscopy has followed the
discovery of the remarkable X(3872) by Belle [21] and
CDF [22] in B decays to J= #!#"; assuming that this is a
real resonance rather than a threshold effect, the X(3872) is
presumably either a DD# charmed meson molecule [23–
25] or a narrow J $ 2 D-wave c !c state [26,27]. Very recent
observations of the X(3872) in "J= and !J= by Belle
support a 1!! DD# molecule assignment [28,29].

There has also been experimental activity in the spin-
singlet P-wave sector, with recent reports of the observa-
tion of the elusive 11P1 hc state by CLEO [10,30]. Finally,
the surprisingly large cross sections for double charmo-
nium production in e!e" reported by Belle [31–34] sug-
gest that it may be possible to study C $ %!& c !c states in
e!e" without using the higher-order O%$4& two-photon
annihilation process.

One open topic of great current interest in c !c spectros-
copy is the search for the  2%13D2& and !c2%11D2& states,
which are expected to be quite narrow due to the absence of
open-charm decay modes.

A second topic is the Lorentz nature of confinement; in
pure c !c models this is tested by the multiplet splittings of
orbitally excited c !c states. For example, with pure scalar
confinement as is normally assumed there is no spin-spin
hyperfine interaction at O%v2=c2&, so the masses of spin-
singlets (such as the 1P1 hc) are degenerate with the
corresponding triplet center of gravity (c.o.g.) (here this
is the 3PJ c.o.g., at 3525 MeV). In the original Cornell
model [35] it was assumed that confinement acts as the
time component of a Lorentz vector, which lifts the degen-
eracy of the hc and the 3PJ c.o.g. Another possibility is that
confinement may be a more complicated mix of scalar and
timelike vector [36]. Of course these simple potential
model considerations may be complicated by mass shifts
due to other effects, such as couplings to open-flavor
channels [27].
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Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L> 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0

c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0
c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317

2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

M [GeV]

S P

ψ(3770)

D

ψ(4159)

ψ’(3686)

ψ(3097)

ηc(2979)

χ2(3556)

χ0(3415)

χ1(3511)

η’c(3638)

J/

0+

0-

2+

1+

1-

ψ(4040)

ψ(4415)

F G

1-

1-

1-

0-

1-

1-

DD

FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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I.  Measure the e+e− → π+π−D+D*− cross section.

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−.

III.  Compare to e+e− → π−π0D+D*0.
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Reconstruct π+π−D+ with D+ → K−π+π+ (and charge conjugate, always implied).

     Isolate the reaction by finding the D+ in K−π+π+ and looking for the D*− 
          in the (K−π+π+)π+π− missing mass.  Use all combinations.
    
     Use standard track and angle requirements for all tracks.

     Only use PID for the kaon:  P(K) > P(π) and P(K) > 10−3.
     
Use three classes of data:

     SIGNAL MC:  Includes π+π−D+D*− and its charge conjugate.   
        The charge-conjugate channel is an irreducible background, since D*+ → π0D+.

     INCLUSIVE MC:  (1) Includes full samples of inclusive DDbar MC at 4.42 and 
          4.60 GeV (including important channels of the form πD*D*).  
          (2) We also add 200 pb each for all charge combinations of the form ππDD*  
          (which includes signal as well as potential peaking backgrounds).

     DATA:  Currently use all of the 2014 data:  4420, 4470, 4530, 4575, 4600 MeV  
           (but should eventually also include the 4360 data from 2013).

I. Measure the e+e− → π+π−D+D*− Cross Section
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SIGNAL MC INCLUSIVE MC DATA
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* Find the D+ using the D+ → K−π+π+ mass (x-axis).

* Find the D*− using the D+π+π− recoil mass [RM((K−π+π+)π+π−) + M(K−π+π+) − M(D+)]  (y-axis).

(Using all 2014 data: 4420, 4470, 4530, 4575, 4600.)

I. Measure the e+e− → π+π−D+D*− Cross Section
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SIGNAL MC INCLUSIVE MC DATA
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* Select the D+ by requiring Mass(K−π+π+) be within 10 MeV of the D+ mass. 

(Using all 2014 data: 4420, 4470, 4530, 4575, 4600.)

I. Measure the e+e− → π+π−D+D*− Cross Section
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“Wrong sign” D decay:
D+ → K+π+π−

* After selecting D+ candidates, there is a clear peak for the  D*− in the D+π+π− recoil mass.

* The “wrong-sign” D+ decay to K+π+π− describes the background shape well.

(Using all 2014 data: 4420, 4470, 4530, 4575, 4600.)

SIGNAL MC INCLUSIVE MC DATA

I. Measure the e+e− → π+π−D+D*− Cross Section
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Fits (current technique), three free parameters:
    *  Take the signal shape from signal MC (there are two components — the charge conjugate  
         is an irreducible background, the ratio is fixed).
    *  Take the background shape from the wrong sign D decay and multiply by a  
         1st order polynomial (maybe not necessary).

(Using all 2014 data: 4420, 4470, 4530, 4575, 4600.)

SIGNAL MC INCLUSIVE MC DATA

I. Measure the e+e− → π+π−D+D*− Cross Section
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I. Measure the e+e− → π+π−D+D*− Cross Section
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*  Find the efficiency and number of observed events from the fits.

SIGNAL MC
(assuming flat cross section

for ISR calculation)

INCLUSIVE MC DATA

I. Measure the e+e− → π+π−D+D*− Cross Section



12

Center of Mass Energy   [GeV]

4.35 4.4 4.45 4.5 4.55 4.6 4.65

δ
IS

R
 C

or
re

ct
io

n 
Fa

ct
or

 1
+

0.9

0.91

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1
]*- [D-π+π + D→ -e+e ]*- [D-π+π + D→ -e+e

Center of Mass Energy   [GeV]

4.35 4.4 4.45 4.5 4.55 4.6 4.65

Bo
rn

 C
ro

ss
 S

ec
tio

n 
 [p

b]

0

50

100

150

200

250

300
]*- [D-π+π + D→ -e+e ]*- [D-π+π + D→ -e+e

Center of Mass Energy   [GeV]

4.35 4.4 4.45 4.5 4.55 4.6 4.65

Bo
rn

 C
ro

ss
 S

ec
tio

n 
 [p

b]

0

20

40

60

80

100

120

]*- [D-π+π + D→ -e+e ]*- [D-π+π + D→ -e+e

I. Measure the e+e− → π+π−D+D*− Cross Section

*  Get the ISR correction factor from SIGNAL MC.
*  Divide INCLUSIVE MC and DATA by the efficiency, luminosity, D branching fraction,  
      and ISR correction factor to get the Born Cross Section.

SIGNAL MC
(assuming flat cross section

for ISR calculation;
threshold = 4.2 GeV)

INCLUSIVE MC DATA

input cross section
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I.  Measure the e+e− → π+π−D+D*− cross section.

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−.

III.  Compare to e+e− → π−π0D+D*0.

The cross section is ~60 pb, consistent with π+π−ψ(1S,2S) and π+π−hc(2P).
    Systematic Errors:  luminosity; tracking; fitting; ISR.



II.  Search for π+π−hc(2P) with hc(2P) → D+D*−
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Fit the D*− as a function of M(D+D*−)…
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M(D+D*−)

Also look at M(D+π+π−) (where there could be a D1(2420)),  
and cosϑππ (which should follow 1 + cos2ϑππ   for the hc(2P))…
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Data for point:4600

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−

Data at ECM = 4420 MeV Data at ECM = 4420 MeV Data at ECM = 4420 MeV

Data at ECM = 4600 MeVData at ECM = 4600 MeVData at ECM = 4600 MeV

* Distributions for M(D+D*−), M(D+π+π−), and cos(ϑππ).  

M(D+D*−) M(D+π+π−) cos(ϑππ)

M(D+D*−) M(D+π+π−) cos(ϑππ)
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* Perform simultaneous fits at 4420 and 4600 using Phase Space and D1+(2420)D*−.

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−

χ2 = 82.7

M(D+D*−) M(D+π+π−) cos(ϑππ)

M(D+D*−) M(D+π+π−) cos(ϑππ)

Data at ECM = 4420 MeV Data at ECM = 4420 MeV Data at ECM = 4420 MeV

Data at ECM = 4600 MeVData at ECM = 4600 MeVData at ECM = 4600 MeV
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Data for point:4600

* Use Phase Space and D1+(2420)D*− and hc(2P) (with parameters from theory). χ2 = 57.4

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−

M(D+D*−) M(D+π+π−) cos(ϑππ)

M(D+D*−) M(D+π+π−) cos(ϑππ)

Data at ECM = 4420 MeV Data at ECM = 4420 MeV Data at ECM = 4420 MeV

Data at ECM = 4600 MeVData at ECM = 4600 MeVData at ECM = 4600 MeV
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II.  Search for π+π−hc(2P) with hc(2P) → D+D*−

* Use Phase Space and D1+(2420)D*− and hc(2P) (with best parameters). χ2 = 56.0

M(D+D*−) M(D+π+π−) cos(ϑππ)

M(D+D*−) M(D+π+π−) cos(ϑππ)

Data at ECM = 4420 MeV Data at ECM = 4420 MeV Data at ECM = 4420 MeV

Data at ECM = 4600 MeVData at ECM = 4600 MeVData at ECM = 4600 MeV
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]2(2P) Mass  [MeV/cch

3930 3940 3950 3960 3970 3980

]2
(2

P)
 W

id
th

  [
M

eV
/c

ch

20

40

60

80

100

120

140

56

58

60

62

64

66

68

70

 Scan2χ(2P) Parameter ch

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−

●  Best Value
x  Theory Predictions.
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20

I.  Measure the e+e− → π+π−D+D*− cross section.

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−.

III.  Compare to e+e− → π−π0D+D*0.

The cross section is ~60 pb, consistent with π+π−ψ(1S,2S) and π+π−hc(2P).
    Systematic Errors:  luminosity; tracking; fitting; ISR.

Including an hc(2P) signal describes data better than pure phase space and D1D*.
    The statistical significance calculation requires more thought.
The mass and width are consistent with theoretical expectations.
    Systematic Errors:  fitting; mass calibration.
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III.  Compare to e+e− → π−π0D+D*0 

These ratios always hold:
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The ratio can tell us something  
about the isospin composition.

Isospin Ratios
These ratios always hold:
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Use almost the same method as before:  Reconstruct π−π0D+ with D+ → K−π+π+

     Isolate the reaction by finding the D+ in K−π+π+ and looking for the D*0 
          in the (K−π+π+)π−π0 missing mass.  Use all combinations.  Same track selections.
    
     Perform a 1C fit for the π0 mass; require χ2 < 3.
     
Use four classes of data:

     SIGNAL MC:  Includes π−π0D+D*0 and π−π0D0D*+.   
          The latter is an irreducible background, since D*+ → π0D+.

     πD*D* MC:  Since this channel has peaking backgrounds, we generated a larger  
           sample than what is in the DDbar MC.  Charge combinations are fixed by isospin.  

     INCLUSIVE MC:  (1) Includes full samples of inclusive DDbar MC at 4.42 and 
          4.60 GeV (including important channels of the form πD*D*).  
          (2) We also add 200 pb each for all charge combinations of the form ππDD*  
          (which includes signal as well as potential peaking backgrounds).

     DATA:  Currently use all of the 2014 data:  4420, 4470, 4530, 4575, 4600 MeV.

III.  Compare to e+e− → π−π0D+D*0 
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(Using all 2014 data: 4420, 4470, 4530, 4575, 4600.)

III.  Compare to e+e− → π−π0D+D*0 
* Find the D+ using the D+ → K−π+π+ mass (x-axis).

* Find the D*0 using the D+π−π0 recoil mass [RM((K−π+π+)π−π0) + M(K−π+π+) − M(D+)]  (y-axis).

* There are large peaking backgrounds from different combinations of πD*D*.

SIGNAL MC
(includes irreducible  

background from  
π−π0D0D*+)

INCLUSIVE MC DATA

(these plots don’t include c.c.)
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III.  Compare to e+e− → π−π0D+D*0 
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Select D*+ → π0D+  
to find the other D*.

Veto D*+ → π0D+  
to find peaking  
background.

Use the πD*D* MC to fix the peaking backgrounds.

Use the top to fit the data; then fix the size of the bottom…

Mass(π0D+)

πD*D* MC

πD*D* MC

πD*D* MC

Recoil Mass(π0π−D+)

(these plots don’t include c.c.)
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III.  Compare to e+e− → π−π0D+D*0 
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Fits (current technique), three free parameters:
    *  Get the πD*D* background shape from MC; fix its size using data.
    *  Use a 1st order polynomial for non-peaking backgrounds.
    *  Take the signal shape from signal MC (there are two components — π−π0D0D*+ is an  
          irreducible background).

Select D*+ → π0D+ to fix
the size of the πD*D* background. Veto D*+ → π0D+ with the size of πD*D* fixed.

(these plots don’t include c.c.)
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III.  Compare to e+e− → π−π0D+D*0 
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(these plots don’t include c.c.)

Select 
D*+ → π0D+

to fix the
size of the

background.
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III.  Compare to e+e− → π−π0D+D*0 
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(these plots don’t include c.c.)

Veto 
D*+ → π0D+

to get the
size of the

signal.
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III.  Compare to e+e− → π−π0D+D*0 
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*  Find the efficiency and number of observed events from the fits.

SIGNAL MC
(assuming flat cross section

for ISR calculation)

INCLUSIVE MC DATA

(these plots don’t include c.c.)
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III.  Compare to e+e− → π−π0D+D*0 
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INCLUSIVE MC DATA

*  Get the ISR correction factor from SIGNAL MC.
*  Divide INCLUSIVE MC and DATA by the efficiency, luminosity, D branching fraction,  
      and ISR correction factor to get the Born Cross Section.  Add charge conjugate channels.

SIGNAL MC
(assuming flat cross section

for ISR calculation;
threshold = 4.2 GeV)

input cross section
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III.  Compare to e+e− → π−π0D+D*0 
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DATA DATA
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I.  Measure the e+e− → π+π−D+D*− cross section.

II.  Search for π+π−hc(2P) with hc(2P) → D+D*−.

III.  Compare to e+e− → π−π0D+D*0.

The cross section is ~60 pb, consistent with π+π−ψ(1S,2S) and π+π−hc(2P).
    Systematic Errors:  luminosity; tracking; fitting; ISR.

Including an hc(2P) signal describes data better than pure phase space and D1D*.
    The statistical significance calculation requires more thought.
The mass and width are consistent with theoretical expectations.
    Systematic Errors:  fitting; mass calibration.

The cross section ratio appears to be consistent with predominantly  
isospin-0 DD* at 4420 MeV and a smaller fraction of isospin-0 at 4600 MeV.
    Systematic Errors:    luminosity; tracking; fitting; πD*D* model; ISR.

The hc(2P) is suggestive!  We are also exploring an alternate method.  What else can we do??
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1. ⇡+⇡�D+D⇤� 1a. ⇡+⇡�D+(⇡0D�) 2a
1b. ⇡+⇡�D+(⇡�D̄0)

2. ⇡+⇡�D�D⇤+ 2a. ⇡+⇡�D�(⇡0D+) 1a
2b. ⇡+⇡�D�(⇡+D0)

3. ⇡+⇡�D0D̄⇤0 3a. ⇡+⇡�D0(⇡0D̄0) 2b 4a 4b 6b 8b 13b 13d 14b 14d 15d
3b. ⇡+⇡�D0(�D̄0)

4. ⇡+⇡�D̄0D⇤0 4a. ⇡+⇡�D̄0(⇡0D0) 1b 3a 3b 6b 8b 13b 13d 14b 14d 15d
4b. ⇡+⇡�D̄0(�D0)

5. ⇡+⇡0D�D⇤0 5a. ⇡+⇡0D�(⇡0D0) 1a 2a 6a 10b 13a 13c 15b
5b. ⇡+⇡0D�(�D0)

6. ⇡+⇡0D0D⇤� 6a. ⇡+⇡0D0(⇡0D�) 3a 4a 5a 5b 8b 10b 13a 13b 13c 14b 15b 15d
6b. ⇡+⇡0D0(⇡�D̄0)

7. ⇡�⇡0D+D̄⇤0 7a. ⇡�⇡0D+(⇡0D̄0) 1a 2a 8a 9b 14a 14c 15c
7b. ⇡�⇡0D+(�D̄0)

8. ⇡�⇡0D̄0D⇤+ 8a. ⇡�⇡0D̄0(⇡0D+) 3a 4a 6b 7a 7b 9b 13b 14a 14b 14c 15c 15d
8b. ⇡�⇡0D̄0(⇡+D0)

9. ⇡0⇡0D+D⇤� 9a. ⇡0⇡0D+(⇡0D�) 7a 8a 10a 14a 15a 15c
9b. ⇡0⇡0D+(⇡�D̄0)

10. ⇡0⇡0D�D⇤+ 10a. ⇡0⇡0D�(⇡0D+) 5a 6a 9a 13a 15a 15b
10b. ⇡0⇡0D�(⇡+D0)

11. ⇡0⇡0D0D̄⇤0 11a. ⇡0⇡0D0(⇡0D̄0) 5a 6a 10b 12a 12b 13a 15b 16a 16b 16c
11b. ⇡0⇡0D0(�D̄0)

12. ⇡0⇡0D̄0D⇤0 12a. ⇡0⇡0D̄0(⇡0D0) 7a 8a 9b 11a 11b 14a 15c 16a 16b 16c
12b. ⇡0⇡0D̄0(�D0)

13. ⇡+D⇤�D⇤0 13a. ⇡+(⇡0D�)(⇡0D0)
13b. ⇡+(⇡�D̄0)(⇡0D0)
13c. ⇡+(⇡0D�)(�D0)
13d. ⇡+(⇡�D̄0)(�D0)

14. ⇡�D⇤+D̄⇤0 14a. ⇡�(⇡0D+)(⇡0D̄0)
14b. ⇡�(⇡+D0)(⇡0D̄0)
14c. ⇡�(⇡0D+)(�D̄0)
14d. ⇡�(⇡+D0)(�D̄0)

15. ⇡0D⇤+D⇤� 15a. ⇡0(⇡0D+)(⇡0D�)
15b. ⇡0(⇡+D0)(⇡0D�)
15c. ⇡0(⇡0D+)(⇡�D̄0)
15d. ⇡0(⇡+D0)(⇡�D̄0)

16. ⇡0D⇤0D̄⇤0 16a. ⇡0(⇡0D0)(⇡0D̄0)
16b. ⇡0(�D0)(⇡0D̄0)
16c. ⇡0(⇡0D0)(�D̄0)
16d. ⇡0(�D0)(�D̄0)

1
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1. ⇡+⇡�D+D⇤� 1a. ⇡+⇡�D+(⇡0D�) 2a
1b. ⇡+⇡�D+(⇡�D̄0)

2. ⇡+⇡�D�D⇤+ 2a. ⇡+⇡�D�(⇡0D+) 1a
2b. ⇡+⇡�D�(⇡+D0)

3. ⇡+⇡�D0D̄⇤0 3a. ⇡+⇡�D0(⇡0D̄0) 2b 4a 4b 6b 8b 13b 13d 14b 14d 15d
3b. ⇡+⇡�D0(�D̄0)

4. ⇡+⇡�D̄0D⇤0 4a. ⇡+⇡�D̄0(⇡0D0) 1b 3a 3b 6b 8b 13b 13d 14b 14d 15d
4b. ⇡+⇡�D̄0(�D0)

5. ⇡+⇡0D�D⇤0 5a. ⇡+⇡0D�(⇡0D0) 1a 2a 6a 10b 13a 13c 15b
5b. ⇡+⇡0D�(�D0)

6. ⇡+⇡0D0D⇤� 6a. ⇡+⇡0D0(⇡0D�) 3a 4a 5a 5b 8b 10b 13a 13b 13c 14b 15b 15d
6b. ⇡+⇡0D0(⇡�D̄0)

7. ⇡�⇡0D+D̄⇤0 7a. ⇡�⇡0D+(⇡0D̄0) 1a 2a 8a 9b 14a 14c 15c
7b. ⇡�⇡0D+(�D̄0)

8. ⇡�⇡0D̄0D⇤+ 8a. ⇡�⇡0D̄0(⇡0D+) 3a 4a 6b 7a 7b 9b 13b 14a 14b 14c 15c 15d
8b. ⇡�⇡0D̄0(⇡+D0)

9. ⇡0⇡0D+D⇤� 9a. ⇡0⇡0D+(⇡0D�) 7a 8a 10a 14a 15a 15c
9b. ⇡0⇡0D+(⇡�D̄0)

10. ⇡0⇡0D�D⇤+ 10a. ⇡0⇡0D�(⇡0D+) 5a 6a 9a 13a 15a 15b
10b. ⇡0⇡0D�(⇡+D0)

11. ⇡0⇡0D0D̄⇤0 11a. ⇡0⇡0D0(⇡0D̄0) 5a 6a 10b 12a 12b 13a 15b 16a 16b 16c
11b. ⇡0⇡0D0(�D̄0)

12. ⇡0⇡0D̄0D⇤0 12a. ⇡0⇡0D̄0(⇡0D0) 7a 8a 9b 11a 11b 14a 15c 16a 16b 16c
12b. ⇡0⇡0D̄0(�D0)

13. ⇡+D⇤�D⇤0 13a. ⇡+(⇡0D�)(⇡0D0)
13b. ⇡+(⇡�D̄0)(⇡0D0)
13c. ⇡+(⇡0D�)(�D0)
13d. ⇡+(⇡�D̄0)(�D0)

14. ⇡�D⇤+D̄⇤0 14a. ⇡�(⇡0D+)(⇡0D̄0)
14b. ⇡�(⇡+D0)(⇡0D̄0)
14c. ⇡�(⇡0D+)(�D̄0)
14d. ⇡�(⇡+D0)(�D̄0)

15. ⇡0D⇤+D⇤� 15a. ⇡0(⇡0D+)(⇡0D�)
15b. ⇡0(⇡+D0)(⇡0D�)
15c. ⇡0(⇡0D+)(⇡�D̄0)
15d. ⇡0(⇡+D0)(⇡�D̄0)

16. ⇡0D⇤0D̄⇤0 16a. ⇡0(⇡0D0)(⇡0D̄0)
16b. ⇡0(�D0)(⇡0D̄0)
16c. ⇡0(⇡0D0)(�D̄0)
16d. ⇡0(�D0)(�D̄0)
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Backup:  Background Channels (II)


