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The spectrum of charmed mesons

The spectroscopy of D mesons is ®m®

poorly known.

The bound states of a ¢ quark
and an u or d quark were
predicted using QCD potential
models in 1985.

Only the ground states D and D*

and the narrow L=1 states are |3P°(2'40)|‘:>,(2.49)___.__.
well known. - la!z.44)

Observations of higher states 2208 ion Predicted
have been hindered by poor N o Observed
statistics and their relatively large | 80 T T R S
widths. A O Y O - I o
JP (J=L+S)
[S. Godfrey and N. Isgur PRD 32, 189 (1985)]
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Decay Properties of the Excited States

Excited states decay primarily through single pion
emission to Dr or D*r. _C D" DO D* D*
q b) b) b

D™ ; m<

\a mt, 7o

| L=0 =1 l

28 | -

26 - T Four states are known with L=1.
o [ D D ;[— Two decay through a D-wave and are
il L “narrow” (~40 MeV): D,*(2460) and
7 221 D,(2420).
= D lllllllllllllll e Two decay through a S-wave and have

20 . ﬂD_W;VC very large widths (~300 MeV): D,(2400)

K =D | | | | and D,(2430).

o I 0* 1* 1* 2*

JP
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Analysis overview

D, D*
Perform an inclusive reconstruction of Dt and D*x T
produced from ¢ c events: /
ete” = cc— DX — DWrX e+ D™ e-

X represents any additional system. X//
The following channels are reconstructed:

o D¥0 _ Dtp—

- K ntrnt » The data set consists of 454 fb-"
(~590 Million e*e- - c c events)

o DT — Digt

L * For the known resonances we

K—n™ obtain 10 times more signal
. N events than the previous study by
o D — D"~
4 CDF.
DOz

Lo N B
K rntor K ntnnt
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D*r mass spectrum

)

el

ow | Babar | -
e Kaown signals are modeled using Breft- £ Preiminary
momentum form and phase-space factors. = w0 -
Simple Breit-Wigners for the new signals. *,i; oo
Resolution as well as efficiency shape o=
corrections are applied. Loooop-
The broad D,(2400) is floated within 2c from e e
the known values. M(D'T) GeVic®
The y?/NDF of the fit is140/112. PR -
B R e o e S S
Fit results. Errors are statistical only. Background subtracted
Resonance | Yield (x10°) | M (MeV/c*) | T (MeV/c*) | Sumf | T
D;;(2400) 143.2+ 4.7 | 2338.0£ 1.0 | 195.045.9 S
D (2460) 242.8+ 1.8 | 2462.2+ 0.1 | 50.5+ 0.6 S
D(2600) 26.0+ 1.4 | 2608.7+ 2.4 93+ 6 dinowo I
D(2760) 113+ 08 | 27633+ 2.3 | 60.9+ 5.1 SN
BaBar Preliminary 5T T o cve
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D" mass spectrum

We observe similar additional signals. E JE“ D, 2460) Efj;;ina
In this channel the feed-down g . i
backgrounds are stronger and the -
statistics of this channel are smaller so g 1o} D(2600) IN
the widths of all signals are fixedtothe & F pezrso) S VW
widths measured in the D*n-
We obtain mass values a few MeV = b e
higher than in D*n~ consistent with being M(DT") GeVic>
the isospin partners. .
We obtain a y2/ndf=278/224. 5 E, ,,&.._., wm, o ﬁﬁ,,.y,_ﬁmuﬁﬂ.
Fit results: oo ?“* e
Resonance Yield (x107) | Mass (MeV) | Width (MeV) A Sjgti;g:;?:gd
D;;(2400)F 2524+ 23.7 | 23420+ 54 [ 2648+ 168 £
D3(2460)* 110.84 1.3 | 2465.4+ 0.2 50.5 | 3 o
D(2600)" 13.0= 1.3 | 2621.3x 3.7 93 555 !
D(2760)" 0.7 0.7 | 2769.7xt 3.8 60.9
BaBar Preliminary A
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Analysis of D'




Definition of the helicity variable:

In addition to analyzing the mass spectra we extract the
angular distributions in the helicity angle defined in the

figure.

In this reference frame the D** spin state cannot have z-
component. As a result different values of JP of the parent
resonance are distinguished in the intensity of the signal a

a function of the helicity angle.

Helicity distributions for the predicted states:

Label PDG Name | J¥ | D*n Partial | D*r Helicity
D25+ (pL) Waves Distribution
DI(1P) Dy(2420) | 1* | S,D x 1+ Acos®(6)
D31P) | Di(2400) | 0* |- -
D{(1P) Dj(2430) | 1* | SD x 1+ Acos*(6)
D3(1P) D3(2460) | 2t | D x sin?(f)
DI(1D) 2=~ | PF x 1+ Acos?(0)
D}(1D) - | P o sin?(f)
D3(1D) 2= | PF x 1+ Acos*(0)
D3(1D) 37| F x sin?(6)
D}(25S) 0| P x cos*(#)
D3(2S) - |P x sin?(6)
New Charm Mesons at BaBar Jose Benitez
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Preliminary fit to D" *n~ Data

The fit uses the same background model

as in the D*rfit.

The parameters of the D,*(2460) are

fixed from the D*rn results.

Two new signals, D(2600) and D(2750),
are included in this preliminary fit.

Fit results: BaBar Preliminary
Resonance | Yield (x10%) M (MeV) [' (MeV)
D, (2420) | 1149 £ 09 | 2421.2 £ 0.1 | 30.6 = 0.1
D3(2460) 67.9 + 1.3 | 2462.2 50.5
D(2600) 31.6 £ 6.1 2616.2 £ 26 | 115.2 £ 13.2
D(2750) 6.9+ 0.9 |2756.7+ 27| 544+ 64

New Charm Mesons at BaBar Jose Benitez
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‘Problem with Pre]jminary Fit Mogiel

= When we try to fit the spectrum as a
function of the helicity angle the mass of
the “D(2600)" peak shifts as a function of
the angle.

= The other signals are stable.

= This implies this peak is composed of two
signals.

D(2600) Mass value
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Strategy to fix the preliminary model:
o Introduce another signal D(2550)

o Assume D(2600) is same as observed in D*n-and
fix the parameters.

o Apply helicity cut |cos6,|>0.75 to enhance the
D(2550) and determine its parameters.

New Charm Mesons at BaBar Jose Benitez
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Extraction of D(2550) 51gnal

2 3"”";— D (2420) BaBar E

. . L 7000 — .. —

A cut requiring |cos(8y)[>0.75 is % ook * Preliminary 3

applied to the Data. S sk D,7(2460) E

We fit the spectrum now including 2z “~ D(nggéoo) E

. o 3000 =

one more signal around 2.55 GeV. & 4 /D(2750) E

The parameters of the D,*(2460) 1000 _ E

and D(2600) are fixed to the ones R T T x 5 32

from D*r- MD"T) (GeV/c?

g (21;? o -.-e-' o '.',‘ -"-"-H "“:‘ -_y"':-e::':"-::‘:-"-:.;. ﬁ""‘",,-j

&j j 22 : 24 2.6 2; 3 : 32 l

Tt parameters BaBar Preliminary Background subtracted

Reconance | Yield (x10%) | M (MeV) T (MeV) o T, T T =
D1(2420) 504+ 0.9 | 24201+ 0.1 | 31.0+ 0.6 3 E
D3(2460) 73.3E 1.6 2462.2 50.5 g 4000 =
1744+ 4.5 26330+ 655 | 127.6x gsmui— —
D(2600] 6.9 £ 1.3 2608.7 02.9 2 2000 D(2550) =
D(2750) 24+£05 |27545 447 | 6424117 | & F E
u: ate .
% I ¥ S ¥ - ¥ S R ¥

. M(D™1 vic®
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Final fitto D™+t

The total D*rt mass distribution is fit

using the final model.

The parameters of the D,(2420) and
D(2550) are fixed to the ones found in

the fit with the helicity cut.

The parameters of the D,*(2460) and
D(2600) are constrained to the ones
from the D*rr.

We obtain final parameters for the
D(2750) from this fit.

We obtain a y2/ndf=244/207.

Fit parameters

BaBar Preliminary

Resonance | Yield (x10°) | M (MeV) [ (MeV)
Dy(2420) | 108.4= 0.9 | 2420.1 31.0
D3(2460) T3.3+ 1.6 2462.2 a0.5
D {2550) 47.0L 5.7 2543.0 127.6
D(2600) 39.7+ 1.3 2619.0 92.9
—TD(2750) 14.5+ 1.8 | 2747.7+ 2.5 | 83.0f 8.0
New Charm Mesons at BaBar Jose Benitez
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¥ /NDF=13/8

‘ Helicity distributions:

D,(2420)

L5(0Wy

= The helicity distribution for the known resonances :
D,(2420) and D,*(2460) are as expected for their JP

values. st |
= For the signal D(2550) a cos?(6,,) distribution is obtained ¥ - T
consistent with the radial excitation of the D° cosy

: . . . . D,*(2460)
= For the signal D(2600) a sin?(0,,) is obtained consistent & ' T

~ ook =
,UIJHHF

with the radial excitation of the D*© 2 ook

= For the signal D(2750) the distribution is not simple.
This can be consistent with being a composite peak; the o0l
L=2 states are candidates.

Yiel

Y o sin’(8,,)
2NMY — £ INDF=14/9

BaBar Preliminary
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BaBar Preliminary

Overview of Results

These results fill important gaps in the knowledge of excited D meson
states.

The signals observed in this analysis are shown in the plot and are
qualitatively consistent with the predictions.

1Fy(3.11)
300
—~ D, (2.82) ’Dy(2.83)
% | I D(2760)
= e D(2750)
= 2's (2.58) _.,2 Si(2.64)
8 2.60 F=—p2600) P, (2.49) Fe(2:50)
= e ——
D(2550) 12P,(2.40)
@ g (2.44) .
© ° — Predicted
= 2.20F . o Previously Observed
13s,(2.04) - . .
e Th!s analys!s Df
I's (1.88) This analysis D*n
‘80 - | - | n 1 " ] " | - | - |
) | O 2 3 4
JP
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Summary and Conclusions

We have analyzed the inclusive final states D, D%, and D**~ in search
for unobserved excited D mesons.

In D*r-we find two new signals with masses at about 2610 MeV/c? and 2760
MeV/c?. The isospin partner signals are confirmed in DO+,

In D**n~ we find three new signals at about 2530 MeV/c?, 2610 MeV/c? and
2750 MeV/c?. We assume the signal at 2610 MeV is the same as in D*r.

The helicity distributions indicate that the signal at 2530 MeV may be
identified as the radial excitation of the D. Similarly, the signal at 2610 MeV
may be identified as the radial excitation of the D*V. Finally, the helicity
distribution of the signal at 2750 GeV indicates this signal may be
composite, with the L=2 excitations being the most likely candidates.

The mass values are similar to the predicted states.

New Charm Mesons at BaBar Jose Benitez 16
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Reconstruction and Selection

For all final states:
oApply PID requirements on the tracks.

aApply a vertex fit to the tracks requiring to R S -
originate from the e*e~ interaction region. S 1 ackground
aRequire the c.m. momentum of the D*)r to be |
greater than 3 GeV. ok TS et i
oRequire cos(0,) > -0.8 to remove =n's from e gh sgincance
Fo?prJrC;tS_I:te jet. ] W;IPO. mass Qistlribulltiorj; J oot Am d.ilstr‘ibqti?ﬂp
“Require |[m(D*) -1.8686 GeV| < 2.5c e R I
aRequire D* Flight significance > 0 . 3 o
For DOr*; o R
aRequire [m(D0) -1.8648 GeV| < 2.5¢ | — 1 om

oRequire cosine of the angle between K and DO
direction > -0.9

=

.D* mass distribution

D" candidate mass (GeV)

D* Flight distribution

m(D"r") - m(D" (GeV)

cos(0,) distribution

aVeto D**->DO%* and D*0->DOox0 -
For D*r~: M E
aRequire |m(D?)-1.8648 GeV|< 30 MeV assy | Background :
aRequire |Am-145.4 MeV| < 2 MeV Eﬁk i
cos(8,)

New Charm Mesons at BaBar Jose Benitez
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Current Knowledge of Excited States

The narrow L=1 states have been

observed with largest statistics by CDF.

[CDF Collab. PRD 73, 051104 (2006)]
The wide L=1 states have been

measured in B decays by BaBar and

Belle.

[Belle Collab. PRD 69, 112002 (2004)]
[BaBar Collab. PRD 79, 112004 (2009)]

Events/3 MeV/c?
B

D*,(2460)

Events/2.5 MeV/c?
o~ N r

oAz

. 0.8
M(D'm)-M(D") (GeV/c?)

Events/10 MeV/c?

. . . 0.
M(D “m)-M(D™) (GeV/c?)

vents/(0.125 GeV/ct)
0
(=]
=]

E
=)
=

T

PDG Name | J¥ | Dr Partial | D*n  Partial | Expected Observed Observed
Waves Waves Mass (GeV) Mass (MeV) | Width (MeV)
D4(2420) 17| - S.D 2.420 2422+ 2 2042
D;(2400) | 0% | S - 2.380 9997 + 21 273 4+ 50
Dj(2430) | 1t |- S.D 2.469 2427 4+ 30 380 4 100
D;(2460) | 2+ | D D 2.479 24604+ 2.5 | 41.8+3.8
New Charm Mesons at BaBar Jose Benitez 19



‘Reconstruction E fficiency

= Truth-matched signal Monte Carlo (MC) is used to determine
the efficiency and resolution as a function of M(D*r")

:

Entries/5 MeV

L B e e e B S R T T
. Mean  2.44843

RMZ OI23777 |

Integral 120571

- - Truth-matched]
.« D,’(2460) MC -

| |
02 2.2 2.4 2.6 2.8 3 3.2 34

P |

M(D'T) (GeVic?)

o
[

7y

= -
o RMS 0164803 ]
o 025 Integral 8605917
) ¥ 7 ndf 3723755
w 0 0.03993 +0.02304 -

0.2 pl 0.04083 J_rolmgsl:'
0.15

0.1—

0.05[

249266 |

9!.2 23 24 2.5 26 27 2.8

M(D'T) (GeV/c?)
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Mass Resolution

The signal MC is divided in bins of 25 MeV and for each sample we
determine the resolution.

The resolution degrades as a function of M(D*r").

S7F ] 1 Bef 2
i . o3 3 of The resolution is about 3 MeV and
= 1 1] S . . .
: . " I increases linearly with mass.
L4 002 0 0.02 004 004 £.02 0 0.02 004
MM, (GeW) M, M, (GeV) . . . . | .
= 35 . -
S S = E e
3 3 g 2.5 .
b i - E
J.Sf— —]
- ' i
g 0 0 5:— —
g 10 | ; 1 1 1 1 1 ;
E 1 E Tﬂﬁ g.B 2.35 2.4 245 2.5 2.55 2.6
BT T 0 0.G2 004 m(Dx) (GeV)
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Generic MC Simulation

The generic MC contains all of the known L=1 resonances: D,(2420), D,(2460),
D,(2400), and D,(2430).

Besides the signals D,(2460) and D,(2400) there is feed-down from D,(2420),
D,(2460), D,(2430) decaying to D**n- where the D** decays to D*n® and the = is not
reconstructed.

The broad resonances contain an artificial mass cut-off at about 2.6 GeV.

Truth-matched resonances

'::‘J: 70000 __I I | | | | Mian | 23 9”__ % 20000 Mean | 23805 _f
Em: RMz 0.2697—| Elg(ﬂ):— RMS 0126623
‘-%' - Inegral 753356 +E | “% 16000 Integral 12583 —]
0000 ] £14000f N
Lﬁmtm: = M 12000 =
- _3 10000/ ignals: D,(2460), B

30000 E 8000/ D,(2400) =
20000} E ﬁ: Feed-down: D,(2420), -
1000~ Events not i o D,(2460), D,(2430) 1

- truth-matche : ; N
0,55 2a4 'zﬂ' T S Y ) 22 24 26 28 3 32 34
M(D*') (GeV/ic?) M(D'T) (GeV/c?)
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Background Model

We model the smooth Falz) x P['.r:"{{hrhy , forwe
background using an exponential N A S
function and a threshold factor.
Plx) = L-.ua"r-' — (mps + me ]2 — (mps — mg)?]
The background model is tested =
using the MC and wrong-sign _ _
(D*r*) samples. A Fit th> thel qung-glgn Sample
"y 3
EMEIII —
The fit to the wrong-sign Data : "
sample shows non-flat residuals. 3 1sam
This residual shape is used to 2 o
estimate the systematic error. -

33 g gT3 33 3 32
MiD*x) GeVic

- &1 Lt e “ﬁ'lh‘ "l,. - e o "
- - & iy ama -
e = ':' '::-.-..- * .'f.'.-i ’iw.-‘ - LY et Lo :..I ..'-f. "."-*-

Residuak
Q2

| e
/

14 1& 13
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Fit to the Generic MC

x10°

A binned fit is performed in the 3 ¢ g
mass range starting about 30 2 x[/D,2420) =
MeV above threshold. The c D00 3
behavior near threshold is very 2z | ]
hard to model. s D"5(2460) E
L D,(2400) E

The the fitted parameters are P ¥ ST ST S
in good agreement with the M(D'T) GeVic’
true values. g : , =
b N e ST e s

2 30 i T _

(]
[S]
N
T
(]
o
(]
o0

3 3.2

Fit results. Errors are statistical only .

Resonance Yield (x107) M (MeV) [' (MeV) Cenerated Cenerated | Generated
Yield (x10%) | M (MeV) T (MeV)
D%(2460) 173.9 £ 3.1 | 24585 £ 0.1 | 30.8 £ 0.6 || 188.8 2459.0 30.0
D§(2400) 228.2 £ 16.6 | 2308.0 £ 0.0 | 276.0 & 0.0 || 246.8 w 2308.0 276.0
D1(2420)peeq | 304 £1.3 | 24220 £ 0.0 | 19.0+ 0.0 || 30.7 2422.0 19.0
D%(2460)peeq | 184 £ 1.8 | 2458.5 £ 0.1 | 30.8 &+ 0.6 ||Includedabove | 2459.0 30.0
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D*71t~ Reconstructed Data

The D*n- Data shows both the feed-down and signal D,(2460).

Two additional enhancements are observed at ~2.6 GeV and ~2.75 GeV.

We checked D* sideband data to make sure that the additional
enhancements are due to true D*.

= - L .
%35({!}:— :f"'v..-“-‘\ s BaBar =
0 -, e Prelimin .
30000 { \ - eliminary -
= - “ . n
= . . =
mzﬁtm:: ]
20000/ 2 ‘ Additional -
o X ]
150005 \ ‘/l enhancements E
10000] :
- R PRI P I Ly PR i -

) 22 24 26 28 3 32 34

M(D'T) (GeV/ic?)
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Fit to D*r with |cosB4 1<0.5

= The complimentary fit with |cos6,,|<0.5 is performed.

Events / { 0.005 GeV/c")

In this fit the signals with natural spin-parity are enhanced.

D(2550) % 4000 E
5000 D(2600) % 3500 Background -
000 D(2750) g 3000 | subtracted -
3000 = 2500 - -
200f = o D(2600) 3
1000 E 2% g 1500 \
022 24 26 28 3 3.2 B 1000
M(D"®) (GeVic) 500
'_f 4 . :_..: oy A
= 5 i oyt B o T 1 O 2 e 32 24 26 28 3 32
g 2 st i . M) (GeV/c)
22 24 26 28 k] 2
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Extraction of the helicity dlstnbutlons

The Data is now divided

in bins of 0.2 as a

function of the helicity

angle.

A fit is performed in each
bin while fixing the mass
and width parameters to

their final values.

Only the yield for each
signal is allowed to float.

New Charm Mesons at BaBar
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Summary of parameters

TABLE I: Summary of the results. The first errors are statistical and the second are systematic; “fixed” indicates the parameters
were lixed to the values from Fit A or C. The significance is defined as the yield divided by the total error.

Resonance Channel(Fit) Efficiency (%)  Yield (x10%) Mass MeV/c® Width MeV/c®  Significance
D1(2420)° D r (C) 50.4+00+1.3  2420.1+0.140.8  31.0+0.6+1.1
D' *+x~ (E) 1.09 + 0.03 108.440.942.2  2420.1(fixed) 31.0(fixed)
D7 (2460)" DYr~ (A) 1.29 +0.03 242 841.843.4 2462.240.14+0.58 50.5+£0.6£0.7
D *x= (E) 1.11 £ 0.04 73.3+£1.64+4.6 2462.2(fixed) 50.5(fixed)
D(2550)" Dr+a= (C) 17.44+4.54£5.6  2533.045.54+8.3 128+£20+£13 240
D+~ (E) 1.14 + 0.04 AT4+64+32 2533.0(fixed) 128(fixed)
D(2600)" D¥r~ (A) 1.35 £ 0.05 260144 6.6 2608.712.442.5 931+64+13 3.9
D+x= (D) 31.6x0.945.3 2608.7(fixed) 93( fixed) 5.9
D*t7= (E) 1.18 £ 0.05 40+1+13 2608.7(fixed) 93(fixed)
DI:ZTEU:]O D**tx~ (E) 1.24 + 0.07 14.54+1.843.3 2747.7+£2.544.5 8449411 3.80
D(2760)" D¥r~ (A) 1.41 £+ 0.09 11.3+0.5£1.0 2T63.3+2.3+2.3 60.9+5.14+3.6 8.9z
D5 (2460)T D"z% (B) 110.8£1.3£7.5  2465.440.2+1.1 50.5(fixed)
D(2600)™ D"r* (B) 13.04£1.3+4.5  2621.3+£3.7+4.2 93(fixxed) 280
D(2760)F D=+ (B) 5.740.7£1.5  2769.7+3.8+1.5 60.9(fixed) 3.50
New Charm Mesons at BaBar Jose Benitez 28



