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Main detectors for heavy hadron
spectroscopy:

B-factories: Belle and BaBar;

e+e— —Y(4S),Vs~10.6GeV, Charm particles from B-mesons.
Charm factories CLEO-c and BES-II;
ete— —Jly, Y(28), Y(3770) ), Vs~3.8-4.8 GeV

Tevatron: CDF and D@;
pp — b-baryons, Vs~1.96 TeV

HERA: ZEUS and H1;
ep collider, Vs~0.318 GeV
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ZEUS detector at the HERA

e*(27.6 GeV) p (820/920 GeV)
=  ZEUS: 56 universities and laboratories, 18 countries
=  HERA — until 2007 was the only ep collider in the world
= HERAII (2002-2007): upgraded detectors, longitudinally
polarised e+ beams _
F% 30” __ HER= 1~
§ 250 - HEL =1 -
f
3 200
% 150
3 HEl2 |
s 100
Complete 417 detector
R TrECking: "y 200 4||:o sllzu sclln wlt:’uﬂ;iufnmr:liinlum '
¢ - central tracking detector
- Silicon p-Vix e=  =p
(operate in a B field of 1.43 T) 2.6 GeV' - 820 — 920 GeV

HERA I HERA II

Halle 3D (ZEUS

e — Calorimeters:
- Uranium-scintillator (CAL)
- Instrumented-iron (BAC) Vs 318 (300) 318GeV

L 1.5-108 710 em 257!

1995-2000 2003-2007

Muon chambers Lo  ~120  ~370pb~!
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Motivation

heavy hadron spectroscopy - Quark Models based on
QCD - describe strong interactions;

test of QCD: prediction masses, widths, transitions and
decays;

inconsistency with model predictions: new kinds of
particles and new phenomena
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‘ Motivation for study excited charm
and charm strange production

Heavy-quark spectroscopy has recently undergone a renaissance with
the discovery of several new states:

Non-strange excited charm mesons D1(2420)°+ and D2%(2460)°+
Charm-strange excited mesons Ds1(2536)+ and Ds2(2573)+

Recently, Supported Heavy Quark Effective Theory (HQET) predictions
D°%(2400)°+ and D1(2430)°

Recent discovery charm-strange Ds0*(2317)+ and Ds1(2460)+

Predicted: broad non-strange charged excited charm meson with JP=1+ has not yet
been observed.

Predicted: radially excited charm D’ —> Drm and D*’ —> D*nr, ~2.6 GeV. Narrow
resonance at 2637 MeV with D++ s+ m- reported by DELPHI,
however OPAL — no evidence.

The properties of these states challenge the theoretical

description of heavy-quark resonances. Further measurement of
excited charm and charm-strange mesons are important!
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Motivation for study KOsKOs resonance

production
m The SM allows glueballs (gg), hybrids (ggg) and mixed states
m The scalar meson sector (J"=0%) has too many established / = 0 states:
,(980), f,(1370), f,(1500), f,(1710)
only two can fit into the gg nonent
m Lattice calculations predict that the lightest glueball has J°“ = 0" and
mass in range 1550 — 1750 MeV
m It can mix with qg (I = 0) states close in mass
m 7,(1710) is considered to be a possible glueball candidate
m The KK system can couple to J” = 0" and 2*
Phys. Rev. Lett. 101, 112003 (2008)
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KOs mass distribution for events with = two

KOs candidates

= ZEUS data 1996- 2007

" Signal window for M(K0sKOs)
analysis: 481 <M(n+n-) <515 MeV

" No. of KOs candidates 1n signal
window ~ 1,258,400

" (Clean KOs signal; background ~8%

Cuts:
" pT(K0s)>0.25 GeV

% 2D Collinearity angle <0.12 rad; (angle in xy-
plane between KOs momentum vector and vector
defined by interaction point and decay vertex)

" |Zvtx| <50;

vvvvvvvvvvvvvvvvvvv

000000

000000

0.525 0.550
M(r'T) (GeV)

M(K°KSP) = 497.49 MeV
consistent with PDG

o =4.1 MeV consistent with
detector resolution
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KOsKOs mass spectrum (incoherent fit)

. S ZEUS
5 -“‘"“"ﬂ"._r*._.-,.'\ ® ZEUSO5ib
Fit (as in L3) to background plus B s N 3B + Background
Incoherent sum of 3 modified g T -
RBW resonance, R, of the form § T T - S
M T 4000 1 1ar0pasrazo)

F(m) p— CR 5 R p R h 11525) T

M _ml —_|_M21—2 fl1710)

( K ) £ R 2000 A.-""\-
representing the peaks
F(1270)/a,(1320), 1,1(1523), f,(1710) o A

Cr = Amplitude of resonance R 1.1 1.5 1.9 E'iwx% fsea.?
M, = Mass of resonance R
I' = Variable width of resonance R X*/ndf =96/95

m = KSDKSD invariant mass Bad fit without f,(1710) T} fg(l?lm required
Dip between f,/as and f, not reproduced
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KOsK0Os mass spectrum (coherent fit)

= KO0OsKOs invariant-mass distribution was reconstructed by combining
two KOs candidates selected in the mass window;

M T of all resonances — free
parameters in the fit.

Bottom plot background
subtracted M(K."K.") spectrum
with fitted BW functions.

Good fit y?/ndf = 86/97.
Peak around 1.3 GeV suppressed
due to destructive interference

between and

Dip between

and is well reproduced.
No. of fitted events:

40584820 ~ 5o significance
" Fit without £,(1710) strongly

8000

ZEUS

4000 ¢ (1270a%1320) ‘
,(1525) [

Combinations/15 MeV

£,(1710)

T ‘ T
® ZEUSO0.5fb’
— 4 B-W + Background
— signal T

T
(a)

| | ®
w- | :
" Ay ]
[ +TH;l%m"wa}"++++"*+“+*#'-++*.- o
L B P e

M(KKY) (GeV)

~ disfavoured y?/ndf = 162/97
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\ Results

Fit No 111tf:*1'f{‘—1'{*11<'{* lIlf{‘l"f{l‘.l'(l’_lli'{‘ PDC 2007 Values
x2/ndf 96 /95 86/97
in MeV Mass Width Mass Width Mass Width
. . . pre : P |
£2(1270) | jq04+6 | 61411 1268 +10 | 176 + 17 |1275.4 + 1.1 |185.275;
a%(1320) 1257 + 9 114+ 14 [1318.3+0.6| 107+ 5
Fi(1525) (15283 3| 7ik513 [15124-37.5 83 L9 1525 + 5 FSs
Ffo(1710) (1692 + 675 (1256 + 12+ | 1701 £ 573 (100 4+ 247, | 17244+ 7 | 13718

For fit with interference:

m a,(1320) mass below PDG value. Similar shift, attributed to destructive
f(1270)/a,(1320) interference, seen by Faiman et al.

m \Vidths of all observed resonances close to PDG values

m 7,(1525), f,(1710) masses below PDG; uncertainties compatible with PDG

[- One of the best 7,(1710) reported signals: 4058+820 events ~5 s.d.
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f2(1525) and fo(1710): mass and width

f> (1525) summary

ot e p ZEUS ———t—
y ete” experiments -
- K-meson experiments [
[ PDG 2007
' | PR Y I T |
1510 1520 1530 60 80 100
mass (MeV) width (MeV)

fo (1710) summary

o e p ZEUS ———t

—— e*e” BES Collab. -
—— e*e” other Collab. et

— i — P p, T p experiments —s
1 PDG 2007
L I L 111 1 I 1 I 1 I 1 I (]
1700 1750 50 1?0 150
mass (MeV) width (MeV)

06.09.2009 V. Aushev, ISMD 2009, Heavy Flavours



Excited charm and charm-strange
mesons

® |arge charm production cross sections at HERA allow to
search for excited charm states

”_':E 2800 -
ﬁ [
Look for orbitally excited states: g 2600 |
g _
D1(2420)° — D*=77 JP=1" .
D5(2460)° — D*=x JP = ot 0
D3(2460)° — D*nT 2200 -
JP =17 state cannot decay to D
2000 -
D1(2536)F — D*K!, DK* JP =1%
lliilfll]-—.lllllllllIII
Search for radially excited states: SRS
DY(2640)° — D" 7~ (DELPHI) J”=1"7  ZEUS HERA I 1995 - 2000 (126 pb~!) DIS + PHP

Eur.Phys.J C60,25(2009)
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Study of the excited charm mesons D:(2420)°, D:
*(2460)°

Di(2420)° — D*+ n—
D2%(2460)° — D%+ n— , D+ 7-

combining each selected D%+ (or D+ ) candidate

with an additional track, assumed to be a pion, with

a charge opposite to that of the D%+ (or D+ )
candidate.

06.09.2009 V. Aushev, ISMD 2009, Heavy Flavours 14



Reconstruction of lowest-mass charm mesons:

D % +

D %k + mesons were identified usi
the two decay channels:

16000
14000
12000
10000

8000

D*+ — DO0ns+ — (K—m+)ms+
AM=M(Knr)-M(Kr), Signal: 39500

6000

Combinations per 0.5 MeV

4000
2000

0

D*+ — DOns+ — (K—at+m+n—)ns+
AM=M(Knrnns)-M(Knrr), Signal: 17300

Background-wrong charge combination.
Yellow band - ranges used for excited charm mesons

T T T T ‘ T T T T
e ZEUS (126 pb™")
— backgr. wrong charge

D** — (Km)m,

— Gauss™ + backgr.

N(D™) = 39500 + 310

0.14

Combinations per 0.5 MeV

10000

8000

6000

4000

2000

0.15

0.16

M(Knr,) - M(Kn) (GeV)

I
e ZEUS

—L backgr. wrong charge

[ (Krrm)m,
N(D™)=17300+210 |

— Gauss™ + backgr.

(126 pb™")

0.14

I 1
0.15

M(Krrrr,)

I
0.16

- M(Knrm) (GeV)
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Reconstruction of lowest-mass charm mesons:
D+ and DO

L Reflection subtracted ] .
4000 £ — Gauss™ + backgr. Wldth DO - 1 7 4 Mev.

F --- background fit . - ]
2000 = N(D/D%) = 22110 + 440

B N S RN SRR B
17 18 19 2 21

M(Kn) (GeV)

% 30000 r—T— LI — LI — L — _D+ % K_ﬂ-+ﬂ-+-
uzz 25000 Teoamees -
gzoooo - e ZEUS (126 pb™) | Wldth (D+)=129 Mev,
-8 [ Reflections subtracted )
g 100 - — Gauss™ + backar. | (detector resolution)
g 10000 --- background fit
© N(D%) = 20430 + 510 |
e ] Guts:
0 L ‘ L L L L ‘ L L L L ‘ L L L -
I pr (D)>2.8 GeV
n(D)|<1.6
Yellow band corresponds to ranges used for
g - excited charm mesons
2 14000 ;, .
g 12000 | f
; 10000 f .
o e D’ — K7+
S go0 [ o ZEUS (126 pb™") E
3
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Excited charm mesons: D:(2420)° and

D2%(2460)°

® Decay channel — D*+ -

A clear enhancement in the range where

>

4 Me
B
= N
S B

r

500 T

a |
300 AWW“

| T T T T | L L I L | L | L
e ZEUS (126 pb™)
L Backgr. wrong charge

contributions from D1(2420)° and
D2% (2460)° mesons are expected.

AM + M(D**)ppe; (dots)
AMt = M(Knmgme) — M(Knmy)
pr(D*F) > 1.35 GeV, |n(D**)| < 1.6
AM®t = M(Krrrmer,) — M(Knnnm,)
pr(D**) > 2.80 GeV, |n(D**)| < 1.6

p

Combinations

300 |-
250
200 |-
150 |-
100 F
50

L
-y |
MFWP%

N(DY/D?) = 3110 £ 340
N(D3Y/D3%) = 870 + 170

by il

=t

2.1

22 2.3 2.4 2.5 I2.6I I2.7I 28 I2.9
M(D*x,) = AM® + M(D"*)pp ¢ (GeV)

700 F
600 F-
500
400
300 §

— simultaneous fit
--- background fit
wide-state contributions

=

Decay channel — D+ m-

A small excess around the nominal mass
of the D2% °meson.

200 E
100 |-

N(D3Y/D5%) = 690 + 160

0
2.1

22 23 2.4 25 26 27 28 29
M(D*r,) = AM® + M(D*),p; (GEV)

06.09.2009
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D:° and D:%° in four helicity bins

Used helicity angular distribution to extract
D1(2420)° and D2%(2460)° yields and properties

e ZEUS (126pb") — — simultaneous fit
T --- background fit

N
=)
l

o]
[==]
T L L [T T T[T T T[T T T[T TT [ TTIT [T

444
]
S
l
|
l
|

h -helicity parameter (=3 for pure D-wave)

dN/dcosa = 1+ hcos® a

Combinations per 4 MeV
s 8
]

o [=]
(] (=]
[
+ ===
I =
1 T
==+ A

Simultaneous final state D*tr, Dtmr, lcos 0<0.25

- : 0 H .. : ]

fit including all Signal yields wb o :

, , N(D?) | 3110 4 340 120 : :

contributions N(D3®) | 870+170 | 690 + 160 100 f ¥ ;

g0 [yl T ]

60 [ + :

LW 0y — 9, 5 9 . rat 9 N MeV T ]

M(D?) = 2420.5 + 2.1(stat.) + 0.9(syst.) &+ 0.2(PDG) MeV, . MM@ Mfwﬁ

1.2 : 20 ¢ 0.5<|cos a|<0.75 ” 1 0.75<|cos o<1 —

M(D3%) = 2469.1 + 3.7(stat.) t12(syst.) + 0.2(PDG) MéV. N T T ST
’ 22 24 26 28 22 24 26 28

M(D™*n,) = AM™* + M(D"),o (GeV)

Fitted masses agree with PDG

(DY) =532+ 72133 MeV(PDG : 204+ 1.7 MeV)
h(DY) = 5.9"3(stat.) 5 (syst.) (CLEO: 2.74% )
Roughly consistent with pure D-wave (h=3)
06.09.2009 V. Aushev, ISMD 2009, Heavy Flavours 18




Excited charm mesons: Dsi+

" Dsi+ —> Dx+(both decay channels ) with K’
" Dsi+ > (D%’ with K=)
" To extract Dsi+ yields and prop€

simultaneously values of M(Dx° K+) an

—> T0+ TT-

._fit using

M(Dx+ K ) 1in four helicity intervals

i
M(D¥) = 253557104 (stat.) + 0.10(sy
final state | D*T K2 DK,
Signal yields
N(DF 100 + 13 136 + 27

st.) £ 0.17(PDG) MeV

20

Fitted D, helicity parameter: h(Dy;) =

—0.7410 3 (stat. ) 008 (syst.)

Inconsistent with pure 17 D-wave (h=3)

140 F
120
100 F
80 F
60 E
40E

> ETTT 5
© 80 1 =
s £ o ZEUS (126 pb) E
E 705_ { — simultaneous fit _E
D 60 N --- background fit é
59%0F >/ N(D%,) = 100 £ 13 E
T 40E I E
% EUE* ‘+
E ok T ERLENTA +
S 0E J
Su 4w +4+£ (‘fﬁ*ﬁ o
U:‘ .‘X+T [ f T |
25 2w 258 255 25 28 2@ 260
M(D™KY) = AMP + M(D")s + M(K ) (GV)
-|aoE.H.Hl.wl‘.‘l‘.wH.‘.‘.‘.:
\"'ﬁl— N(D%,) = 136 £ 27

Nﬁ i wﬂwmﬁ

Barely consistent with pure 17 S-wave (h=0) — Significant S-D mixing

06.09.2009
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38 24 242 244 246 248 25
M(DK,) = AM®™ + M(D%),,p; (GeY)

M) (GeV)
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Branching ratios and fragmentation
fractions

i ki = 2.8 + 0.8(stat.) )2 (syst.) 23+0.6 (PDG)
BD:ED—}D*—-—E_ . ' Comhe | -

Bp+ _ prog

_Deo ~ — 2.3 4 0.6(stat.) £ 0.3(syst.) 1.27 +0.21 (PDG)

Dj’l—}D**I{ﬂ

Assuming I-spin conservation for DY, D" and B ;0 + Byt L poge =1 yields
fragmentation functions and strangeness suppression of excited D mesons

flc— DY)/ flc — DY) =0.31 +0.06%303

fle = D)%) [ f(e = DP)[%]| fle = Dgy)[%)
ZEUS [35+0470F [ 3807707 [ L.11+£0.1670%
OPAL | 21+038 5.2+ 2.6 1.6 £ 0.4 £ 0.3

ALEPH 0.94 +0.22 £ 0.07

= Frag. fractions for excited D mesons in ep and e'e~ consistent

06.09.2009 V. Aushev, ISMD 2009, Heavy Flavours
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Search for radially excited charm

meson D~ (2640)-

D¥’+ > Dx+ 7w+ 7m-

" combining each selected D*+ candidate
with two additional tracks with opposite
charges.

" No radially excited D*’(2640) + charm
meson observed.

I'lnnAar limit-

f(c . D*!‘|‘} . B_D"’+_>D"+?T+ﬂ'_ < 0—1%' {95%1 C“L)

OPAL result: < 0.9%

Dt signal window - theoretical predictions
solid curve - fit background ,

shaded histogram - Monte Carlo D* 't signal,
normalised to upper limit on top of the fit.

Combinations per 5 MeV

[
(5]
(=)

[£3)
(]
o

250

200

150

100

50

| T T T |
- e ZEUS(126pbT) { .
—— background fit

---- fitinterpolation
i MC signal normalised
(- to upper limit ~

225 |

200

M I
- + 1751 T T B : B
I I2.59 264 I 269

2.4 2.6 2.8
M(D*xim;) = AM® + M(D"™) (GeV)

06.09.2009 V. Aushev, ISMD 2009, Heavy Flavours
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Conclusions

Observed three enhancements corresponding to f2(1270)/az(1320), f.’(1525) and
fo(1710) ;

Masses and widths of f2’(1525) and fo(1710) consistent with PDG;
No state observed heavier than fo;

Sizeable production of the excited charm and charm-strange mesons was
observed.

Measured masses of the D7°, D2%° and Ds1+ in reasonable agreement with
the world average values. D1° width 53.2 MeV above PDG 20.4 MeV and
helicity parameter h=5.9 consistent with prediction for pure D-wave.

measured Ds1+ helicity parameter h = -0.74, inconsistent with prediction
for a pure D- or S- waves. Suggests significant contributions of both waves.

Ratios of dominant branching fractions are in agreement with the world
average values.

Fraction of ¢ quarks into D1°, D2% ° or Ds1+ are consistent with obtained in
e+e-;
No radially excited D* '(2640)+ meson was observed.
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Backu P- L3 e+e- LEP experiment in two-photon collisions
Phys. Lett. B501, 173 (2001)

They see 3 distinct peaks over a low background and
attribute them to 7,(1270)/a,(1320), 1,/(1525) and 7,(1710)

Spectrum dominated by the formation of
the 7,(1525) tensor meson

f,(1710) signal of ~4 s.d. is seen
Maximum likelihood fit with 3 BW
Functions plus 2" order polynomial
f,(1525) parameters consistent with PDG

——— — L3

.g-.-g-

.a-

Events / 30 MeV

-.B-

f2(1270)/a»(1320) | £3(1525) | fo(1710)
Mass (MeV) 1239 £ 6 1523 £ 6| 1767 £ 14
Width (MeV) 78 =19 100 £ 15| 187 = 60

Events 123 + 22 331 + 37 221 +55

=]
"o
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Backup- TASSO yy —>K+K-, KOsK0s

Phys. Lett.B121,216,1983

_ E

0 i " wil s LSEs
2 13 2 15 4B 1T 8 1% 20

Eemrit cor A0 M

BLoerhonie P |

Results interpreted by interference

| effects between the 3 J7=2*

resonances 7,(1270), a,(1320), £, (1525)

| For the same spin-parity, production
=1 amplitude is sum of 3 coherent BW's

C,-BW(f,(1270)) + C,-BW(a,(1320))
+ C,-BW(,(1525))

According to SU(3), sign of 2" term

is + for K'K"; - for KOK°
Faiman et al., Phys.Lett. B59, 269 (1975)

06.09.2009
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Backup- Coherent 2+ states

f2(1270) a2(1320) f5(1525)
[sospin I 0 0
Quark content (uﬁ —|— dd_) / V2 (uu — dd) / \/_ S8
Charge factor (,{ 7 + = 3 .j‘)2 (% . % — % . % 5 % . %
Amplitude ratio Ci1=5 Car = — Cs =2

=> The appropriate function to fit the M(K;°K") spectra for an
electromagnetic production process assuming SU(3) symmetry is
H.J. Lipkin, private communication

F(m) = a[;; -BW( £,(1270))-3-BW(a,(1320))+2-BW( £, (1525))]2

+b[BW(fO (1?10))]2 + ¢ - background

a, b, c are free parameters : \/1_—
. P . . . L R R
BW is a relativistic BW amplitude: BW(R) =

ol 7 .
Mz—m"—iM_1 .

06.09.2009 V. Aushev, ISMD 2009, Heavy Flavours
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