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Heavy-Light Spectrum

— D

+ +

1/2°

127

312

327

512

OWGaGs3

IHEP Beijing, China Oct. 12-15, 2004

Eichten 3/25



Relativistic Potential Models

Godfrey and Isgur, PRD32 (1985)32
Goity and Roberts, PRD60 (1999) 034001
Di Pierro and EE, PRD64 (2001) | 14004

H\Ijn7€7j7J7M — En7€7j7<]\:[jn7£7j7J7M H — H(O) _|_ _H(l) _|_ _2H(2) _|_
— kinetic terms
HO) = ”}/O(—i@ + mq) + V(?“) —— spin-orbit terms

—— hyperfine terms

V(r) = M, +~°Vi(r) + V,(r) Same potential form as in NRQCD

o. 4
_ 4 / B (2 Pr=—=Zerfhr)  Vi(r) = br + ¢

\r—x\ 3 \

Absorb into mass

s, )\ b y TNy Mg mm M(n My, Mb

QCD coupling Softener slope quark masses Meson masses

0.339 2.823 0.257 0.071 0.216 1.511 4.655 1.292 4.685

OWGaGs3 IHEP Beijing, China Oct. 12-15, 2004 Eichten 4/25



0
{ an 5,](T> ,jm (67§0> \
0
Z JM ?’fnﬁj(r) ,jm ((97@) 1 [ txm+1
\Ijnagaj7JaM(T7 87 gp) — C] 777’L 1 S (T) 2] e(@ ) ® fS k‘.zi:]m — 2£+11
1 L 12 nﬁ,] 2] K’]m m— ’SO J :|: e:':m_i_a
Se{—§,+§} 1 23 K(Q ) 20+1
fn@,j T) 25— E,jm m+ 2 y P )
1.0 1.0
0.7 i - fol 0, 12(1) ]
N f 1,0,1/2(r)
7 0.5 i
04 - i
0.1 - i
i o 0.0
\ o
\ -
02 - 7 ]
~0.5 ‘ ‘ ‘ —0.5 ‘ ‘ ‘
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.C
r (fm) r (fm)
0.8 04
0.6 - - fol 112(0) 037 - fol 132(1) -
E R L 72 O I BN (s £ (0
1,1,3/2
0.2 i
0.1 i
0.0 L. -
~0.1 + ]
—0.2 | ‘ ‘ —0.2 ‘ ‘ ‘ .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
r (fm) r (fm)

for j =0+
for j =0 —

1

2
1

2

OWGaGs3

IHEP Beijing, China Oct. 12-15, 2004

Eichten 5/25



H (L)) Mey  E° E o(%)
D (125;) 1.865 1.895 1.868
D (125;) 2.007_1.895 _2.005
D (13 R) 2.282  2.377
D (12P) 2422 2253 2417 -10.92
D (12P) 2459 2253  2.460
D (12 P)) 2.282 2490  10.92
D (225,) 2.447  2.589
D (225;) 2447 2692 2.17
D (12 Dy) 2.504 2.775  -5.41
D (1:Dy) 2.553 2795  -2.17
D (13 Ds) 2.504  2.799
D (1:D,) 2.553 2.833  5.41
D (22 Py) 2.683  2.949
D (2:P,) 2.679  2.995 -10.70
D (2: ) 2.679 3.035  1.79
D (2: P, 2.683 3.045 10.70
D (12 F) 2.709 3.074 -3.17
D (12 Fy) 2.709  3.091
D (13 F) 2.760 3.101  -1.79
D (15 F) 2.760 3.123  3.17
D (325,) 2.823  3.141
D (325;) 2.823  3.226
H (WL  meg  EY B 6(%)
D, (12S;) 1.969 1.988 1.965
D, (125) 2112 1988 2113
D, (12 P) 2.374  2.487
D, (12P,) 2535 2353 2535 -11.62
D, (1:P) 2573 2.353 2.581
D, (12 P)) 2.374 2.605 11.62
D, (225)) 2.540  2.700
D, (225)) 2.540 2.806  1.97
D, (13 D,) 2.606 2.900 -6.11
D, (12Dy) 2.648 2913 -1.97
D, (13 Ds) 2.606  2.925
D, (12D,) 2.648 2953  6.11
D, (2:F) 2.777  3.067
D, (22 P,) 2775 3.114 -10.58
D, (2: P,) 2.775 3.157 181
D, (2: P,) 2777 3.165 10.58
D, (12 F) 2.812  3.203 -3.60
D, (13 F) 2.812  3.220
D, (12 F) 2.857 3.224 -1.81
D, (13 F3) 2.857 3.247  3.60
D, (325)) 2.917  3.259
D, (325)) 2.917 3.345

Mass (GeV)
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Decays of Excited States

For low-lying excited states the strong transitions:
H'" — H + (7, K, 1)

Georgi and Manohar, NP B234 (1984) 189

Within the chiral quark model P . .

BT T e ™ K

g y M =2 T —um s K
Liny = —2—@ X Mg + O(0?) K- ROy,

V2fs

the partial widths are

p 2J+1 mg B 2
I (H' — H+x; / A (X
213( ) 87T2 2J/_|_ ].mH’ 2% ( 7p)
where
¢ Clebschs . Overlap
H'Hz (y ZQA abk: a 2
AL (X ) = S Y () [ oy (Vilrp)fh ()%
2. ab={0,1} k 0
H — H+z ( |H —-H+zx ¢ ’
B — BY 4 70 1 B, — B, + 13 —2/\/§
. B* —» BT + 70 1 B, — B+ K V2
Isospin factor Bt B xt| V3 | B — B4 K 3
B - Bf4+xF| V2 | B> B, + K V2
B — B%+n |1/V3 | B* - B, + K* V2
B* — B*+us | 1/V3 | B, — B, +m 5+ 0(5;)
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Some partial widths

S wave
channel l. pr MeV) T':/(¢5%)*(keV)
D*(125;) — D°(12Sy) +7° | 1 42.8+ .2 62+ 1
D**t(128,) — D°(12S) + 7t | 1 3944 5 97 + 3
D*(128)) — Dt (128)) +7° | 1 381+ .3 14 + 1
P wave
H’(n’j/&]/) H(njgj) T | Ly Pz Fm/(9§1>2
D(12P))  D(12S) =« | 0 437 189
D(1zP) D(125)) =« |0 355  (x)1.7
D(128)) =« |2 355 14.5
D(12P)  D(128,) =« | 2 506 24.6
D(128,) w |2 394 13.7
D(1zP)  D(12S)) =« | 0 420 181
D,(12P) D(128) K |0 325 236 | ** For expected masses
D,(12P) D(128)) K |0 175 (%)1.89
D(128,) K |2 175 0.3
D,(12P)) D(12S)) K | 2 442 8.9
D(128,) K |2 264 1.4
D,(125,) n | 2 248 0.4
D,(1zP) D(125,) K |0 302 224 |k

Table 8: The heavy-light 1P state hadronic transition rates for D and D,
mesons. H' — H + x. Decays denoted with an (%) are allowed only because
of the order 1/my, mixing of states. p, and I';/(¢%)? are in MeV.
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New Narrow States
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Figure 4. BaBar signal for D7 ;(2317) — DI 7Y for: a) DI —
KtTK—nt for both ¢t and K*OK ™, 1267+ 63 events in the

peak; and b) D — KT K—ntx0, 237+ 33 events.
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Figure 6. Belle D? ;(2463) radiative decay.
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Disagree with relativistic potential
model expectations !

Models for Ds States
2800
Potential: di Pierro & Eichten
Lattice: di Pierro et al
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Adj u St th e Param ete 'S ? Cahn and Jackson,PR Dé8 (2003) 037502

V' -5 o1 o %4 o1+ 02
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Chiral Dynamics

What’s missing!?

Heavy quark-antiquark systems gluons adjust quickly relative to the quark
motion. In fact, this static energy can be measured in Lattice QCD.

As one quark becomes light, this is no longer true. The “string” degrees of
freedom need to be included. Not just the energy but also the angular
momentum Bardeen, WINO3

An alternative approach

Imagine chiral symmetry and confinement could coexist.
lgnore explicit chiral symmetry breaking terms. Then
light hadrons could become massless but heavy-light

systems are forced to remain massive. Nowak, Rho and Zahed, PR D48 (1993) 4370
Bardeen and Hill, PR D49 (1994) 409

Heavy-Light states would be parity doubled.
How far away is QCD from this point?
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Heavy-Light Spectrum
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Bardeen, EE and Hill PRD68 (2004) 054024
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Chiral Multiplets of Heavy-Light Mesons  Bardeen, EE and Hill PR Dé8 (2003) 054024

Heavy quark multiplet notation:
¢ = exp(im - \/2fx)

. 1+ 1 .
HSwave — (7/75P + ,Y,LLV’LL)(Tﬁ) HL — ﬁgf (HSWave — ZV5HPwave)
. 1+ 1 .
HPwave — (ZS + 757,LLA'LL)(2¢) HR — ﬁg(HSWave =+ ZW5HPwave)
HQS states Chiral states

Properties of ground S wave states and orbital excited P wave
states with the same j; = 1/2 are related.

Armed with these ideas the full

effective lagrangian can be
deduced.
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Lisht mesons only

L, — i Tr(9,519"%) + %/{Tr(/\/qu +he) cor\mtams
with . m2 (1 — ma)
¥ = frexp(in® - X"/ fr) L T Bt ma)
Include heavy-light mesons
Lrag = —% Tr(Hv - (10 + V)H) — % Tr(H'v- (i0 + V)H')
+z‘1GA Tr(H'v- AH) — %GA Tr(Hv - AH') defines
#f Te(H'6H') — Te(HoH)] Ga, 94, gr
Fop T A", GYH) = Te(Fr (A", 5} )
+E Te(H 7%, (0" — i[V*, 5])H)
424 Tr(wa’%(a“& —i[V* G])H)
with B 2 _
5 (81048 +€0,87) = 2 f2 7, 0utt] + -
Au:i§(§T6u§—§aufT) ~ 3O
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Chiral Supermultiplets States
1+¢

§i=1/2 H = (Hs+~"Hp + 7, Hf + 477, HY%) ( %

) 1S (07,17 1P (07,17

L+¢y
2v/2

Falk and Mehen, PR D53 (1996) 231 [hep-ph/950731 1]

H = (Hy +~ Hp + v, HY + 7>y, HY) ( ) 2S5 (07,17 2P©01.1M)

. 1 1 1
=312 pr= ( 37200 = " + ) (PY + iy PY) + (Kt + ¢75K$§vy)> (—2% )
. IP1T27) IDA72)
Lagranglan Form Bardeen, EE and Hill PRD68 (2004) 054024
Lo = —iTr(Hpv-OH) — i Tr(Hy AgH) Chiral Multiplet Symmetry (CMS)
(0)
1 — _
_597(:)) Tr(HXH) 4 igf [Tr(Hyé (@ Z)H)] +

Broken Phase

I §5§ f = exp(iﬂ y )\/2](77) o= \/g()'[g + o \® <U> — \/3/72f7r
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Mass splittings

AN = gwf7T Goldberger-Treiman Relation

AM = M(D,(07) — D,(07)) = 349 MeV Determines g. = 3.73

LLH,hype'r'fine —

A2 _ =
k 12627;1) Tr(H' oM o) + Tr(Hou Hot )]
@

M(Ds(1+)_DS(O+)) — M(Ds(l_)_Ds(O_))

Pion transitions
One pion isospin violating transitions.

Two pion transition.

Coefficients set by fit by other known transitions
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Electromagnetic transitions

define
- T'cu — 1.23
Y o
"Qq (1 m;eq> use  rzq = 0.54

T'cs — 0.38
M1 transitions rate

, 4o . .
D (i — £7) = S 125, K2y + DI o))
- mgeq — Myeg _eq
HQq = 2mgmy B 2m; @q

El transitions rate

4o <egyg >2

SR 20 + 1S g

(E

Ipi(i — f+7) =

* * *
erq — quQ emerQq
< Eavg >= =

ng—l—m;; ng—l—mj;

Sit

VA

(0t,17)is 1

,(17%,,,1_) is 2/3

(17,07)is 1
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BEH predictions for decays

v

system transition

Q(keV) overlap dependence I' (keV) exptl BR

(cu) 1~ -0 +~ 137 0.991 rey 33.5 (38.1 £2.9%
1~ — 0 +m° 137 ga 43.6 (61.9 +2.9)%
total 77.1
(ed) 17 =0 4+~ 136 0.991  7rzq 1.63 (1.6 £0.4)%
1~ — 0 +x° 38 ga 30.1 (30.7 £ 0.5)%
1= — 0 +xt 39 ga 65.1 (67.7+£0.5)%
total 96.8 96 422
(c5) 1~ =0 4+~ 138 0.992 7rss ., 0.43 (94.2 +2.5)%
1= — 0 4+ 7Y 48 900 0.0079 (5.8 +2.5)%
total 0.44
(cs) 07 — 1 4+~ 212 2.794  7res 1.74
0t — 0" +m° 297 G b0 21.5
total 23.2
(cs) 1T — 0"+~ 138 0.992 1L, 2.74
17 — 0" +7° 48 9070 0.0079
1" — 1" 4+~ 323 2.638  7Tes 4.66
1T =0 4+~ 442 2437  7ras 5.08
1" — 17 + 7% 298 G A0 21.5
17 — 0~ + 27 221 Ao os 4.2
total 38.2
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Comparison with experiment

Belle BaBar
B Theory

Branching ratios

Br(D,;(2460)" — DY)
Br(Ds7(2460)* — D 70) [
Br(Ds;(2460)t — Dfntn—)
Br(D,(2460)t — D 70~) I [
Br(D,;(2460)" — D, ;(2317)") I
Br(D47(2460)* — D 70)

Br(Ds;(2460)" — Df~) I
Br(D,,(2460)+ — Din07) i

Br(D*,(2137)" — DI ~)
Br(Dz,(2137)t — Dy n0)

0 0.1020.3040.50.60.70.38
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Open Issues and Opportunities

Opportunities for further study with Dy (07), D (1)

Measure the remaining decay rates

Analogy states in the Bs system
Expect radiative transitions to dominate pion transitions

rew = 1.23 rg, = 0.85
r=qg = 0.54 Iy = 1.07 pion transition rates unchanged
res = 0.38 == 17, = 1.10 El rates ~ r*r
system transition Q(keV) overlap dependence I' (keV)
(b5) 0T — 1~ 4+~ 293 2.536 T3, 58.3
0" — 0~ +x” 297 Gabpzo  21.5 o
total 79.8 Striking
(b5) 1T =07 +~+ 47 0.998 i 0.061 Predicti
1* - 1"+~ 335 2483 1o 56.9 rediction
1" - 0"+ 381 2423 39.1
17 — 17 +7° 298 G Abyr0 21.5
17 — 0~ +27 125 A0 os 0.12
total 117.7
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AM (cq) (MeV) AM (cs) (MeV)
An alogy states M o — Mpgo =119 £26 (87 £40) | Mp,,(2460) — Mp: o7y = 1414+ 1.2
(
(

: M 0 — M *0 — 417 + 36 (428 m 30) MD 2460) — MD* — 3464 1+ 1.2
in the D m  op T . :
the syste Mpeo — Mpo = 444 £ 36 (487 +27) | Mp- 2317y — Mp, = 348.9£0.8

Expect coupling to decay channels to play a major role in explaining
the differences in the P wave splittings in these systems.

Compute one loop chiral corrections

for heavy-light transitions. |

a- L dek\ < 1By, 7mE.|Hr|0My > |?
27'(' MO—El—EW—FZG

(0 = M(shift) + 4 T'(width)

2 2 2
Intrf).dl.Jce a cutoff to st.udy < 1,7H7|0> |2 = C%exp — (K2 /A2, )
sensitivity to wavefunctions.
: : Ga0M
Restrict calculations to C?=CG x| f} |2 Ga~1
S-wave transitions. "
CCM: Chiral loop :
Related recent Simonov,Tjon [hep-ph/0409361] Becirevic, Fajfer, Prelovsek [hep-ph/0406296]

works Hwang, Kim [hep-ph/0408154]
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Induced Mass Shift D (MeV)

Induced Mass Shift D, (MeV)

500 [
O
- DO - 400 |
: 3 "
~50 < :
I —~ 300
+ -
o
_ = [
_100 - = 200
_ - [
-
O I
_1sol = 100¢
L | L L L L | L L L L | O: é o o '@ ¢ e e e s 1 1 1 1
0 200 400 600 800 0 200 400 600 800
Splitting (MeV) Splitting (MeV)
>
v
[ S 100 -
i i
0 e, o 0
[ + a4
: \\‘ DS [
- | |
—100 —100
L ? L
e
I X _
I —200
—-200 D+<O+> — L
L S -
c
[ o ~300 |
—800p A @ A E N E U B
0 200 400 600 800 § 0 200 400 600 800
Splitting (MeV) Splitting (MeV)

OWG3 IHEP Beijing, China Oct. 12-15, 2004 Eichten 23/25



100 |

A IR R SR SR B
0 100 200 300 400 500 600

Splitting [D(0™) — D(07)] (MeV)

M[D"(0") — D*(07)] — M[D3(0") — D(07)] (MeV)

S wave couplings provide about 80 MeV of relative shift.

Model insensitive.

Coupling to decay channels near threshold results in large SU(3) breaking effects
arising from the light pseudoscalar meson mass differences.
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SUMMARY

® Relativistic Potential model limitations

* Failure to incorporate chiral dynamics
* Failure to include light quark pair dynamics

® Narrow heavy-light states:

* The j= 1/2 S and P wave states can be view as a
chiral supermultiplet.

* HQS and Spontaneous Chiral Symmetry breaking
accounts for mass splittings.

* Many testable predictions for decay modes
involving pions and photons. Looks promising.

* Mass shifts due to coupling to decay channels

may be large. Could explain the splitting pattern
versus light quark mass.
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EXTRA SLIDES



First Observation of a Narrow Charm-Strange Meson D(2632) — D7y and DK™

SELEX Collaboration

HEP-EX/0406045

Fig. state events AM Mass Significance o r e /na
MeV /c? MeV /c? (S — B)//B| MeV/c? MeV /c?
1 n(548) — v 5087 & 863 544.8 + 2.9 13.9 o 27.8 £ 4.3 1.17
2 DT (2632) — Dn 45+9.3 | 667.442.9| 2635.9+£2.9 720 10.7 0.95
3 | DF(2573) — D°K* 25+ 9 705.4 +4.3| 2569.9 £ 4.3 54 0 4.9 14717 0.77
3 | Dr(2632) — D°K*| 14445 | 767.0+1.9| 2631.5+1.9 5.3 0 4.9 < 17(90%CL)
TABLE I: Fit results for Figures 1-3.
~ 55 - DM Mass 26359 +2.9 P a) D"K"
S} (@]
> S Mass 2569.9x4.3 2631.5+1.9
g O
s 20 =
= - 6
Z 15 2
2 2
2 10 2 4
5
2
0
15 - b) mixed event 0
3 b) D’ K
10 t 6
5 4
2
O 550 600 650 700 750 800 850 0500 550 600 650 700 750 800 850 900
AM = M(K'Kn" 1) - M(K'K'nh)  MeV/c” AM =MEK7'K") -MEK=")  MeV/c?



Properties

Likely radial excitation of D_*:  J'=1" jP=1/2"

® Mass 100-175 MeV below RQM expectations. )
® Transition interaction term ¢ Tr H'y 75%/1“7-( + he A= —Eaﬁ + .

Can use chiral quark model to estimate overall coupling, g(CQM), for light
meson transition terms in the CMS form. Di Pierro and EE, PRD64 (2001) 11400

Use HQS and SU(3) to determine relations between transitions.

HQS partner state - radial excitation of DS
o JP= O'
® Mass ~ 2525 MeV. Near the observed 2535 P state.

Partial Widths (see Table)
o D S(2632) to D  Heta transition much smaller than observed.

Addition Contribution?
o Ds(2525) very narrow. [wo pion transition might dominate.



