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Introduction

Light scalar meson (.5))

e Sy with a mass below 1 GeV

fo/ £2(980), o/ fo(500), ao/ao(980), ko /K:(700)

e Regarded as

a normal p-wave meson (qg), or

an exotic tetraquark [compact ¢g?g® bound state or

molecular M; M, bound state.

e By excluding Sy as a normal gq state,
x(800) k(800)

confirm the existence of a charmless tetraquark.

ag(980)

ag(980) ag(980)

fo(980) (600)

x(800) x(800)



Semileptonic D decays
e useful for testing the internal structure of a light scalar meson:
1. Wang, Lu, PRD82, 034016 (2010), “Distinguishing

two kinds of scalar mesons from heavy meson decays.”

2. Achasov, Kiselev, Shestakov, PRD102, 016022 (2020),
“Semileptonic decays D — m n eTv, and Dy, — n n e 1,
as the probe of constituent quark-antiquark pairs

in the light scalar mesons”
3. Achasov, Kiselev, Shestakov, PRD104, 016034 (2021),
“Semileptonic decays D — mmwev in the ag(980) region,”

taking ao(980) as a tetraquark.



e D — S, form factor f*(q?) plays a key role.
Extractable: f+(0)\Vcs| = 0.504 £ 0.017 = 0.035

in resonant decay channel D} — foetv,, fo = 7~

'BESIII, PRL132, 141901 (2024).]

e SU(3); relations for ¢ and ¢*g?,
leading to different mixing scenarios for ag, fo, and oy:

0| ~ 20° for qq, |6| < 10° for ¢*q>,

FF's for qg and ¢?@* can be very different.



e SU(3); relations also applied to

1. D — SoP [H. Y. Cheng, PRD67, 034024 (2003)],

“Hadronic D decays involving scalar mesons,”

2. D, B — Spetv [Wang, Lu, PRDS82, 034016 (2010)],

“Distinguishing two kinds of scalar mesons from heavy meson decays,”
37 B?S) — J/Y(fo,00) [Stone, Zhang, PRL (2013)], “Use of B — J/v fy

decays to discern the qq or tetraquark nature of scalar mesons,”



Extracted form factors

Foin foior \FPT—=fo| |pDP¥—o0) |pP 40| |pDT o) |pDtoeo)
our work: (qq) 0.52 £0.02 0.22+0.01 0.66+0.03 0.19+£0.01 0.43 4 0.02
our work: (g2@?) 0.53 & 0.02 0.037 + 0.032 0.44 4+ 0.03 0.28 + 0.03 0.46 + 0.03
Fit to B(D — SP) [47] 0.52 + 0.04 0.26 + 0.02 0.42 + 0.05
CQM [81] 0.57 + 0.09
Fit to E791 data [82] 0.38 £ 0.06
CLFD (DR) [83] 0.45 (0.46) 0.21 (0.22)
QCDSR [32] 0.50 + 0.13 0.53 £+ 0.15
QCDSR [33] 0.46 + 0.03 0.54 + 0.05

(0.27 £ 0.02) (0.32 £ 0.03)
LFQM [84] 0.43 0.22
CCQM [36] 0.39 + 0.02 0.55 + 0.02 0.45 £ 0.02
LCSR [34] 0.30 + 0.03
LCSR [43] 0.88 + 0.14
LCSR [85] 0855
LCSR [86] 10705
AdS/QCD [87] 0.72 4+ 0.09




decay channel our work: (qq, q2c72) experimental data

104B(DT — foetve, fo - ntn~) (16.9+1.24+0.7,17.2+1.3+0.7) 17.1 + 1.6 [48]
104B(DT — foetve, fo = n%x%) (8.44+ 0.6+ 0.4, 8.6 £ 0.7 £+ 0.4) 7.9 + 1.4 [49]

10*B(DF — ogetve,00 > ntw™) (20.3+£1.840.5, 0.587 22 +0.01) < 3.3 [48]

10*B(DT — ogetve,00 & n%7%) (10.7 £1.0+0.3,0.2977'72 +0.01) < 7.3 [49] (< 1.7 [48])T

10*B(D° - ajetve,ay = v n) (1.84+0.2+0.2,0.8+0.1+0.1) 1.3 + 0.3 [8]
10*B(DT — afetve,a) - 7%)  (2.4+0.240.3, 1.0+ 0.1 £0.1) 1.7 £ 0.7 [8]
10°B(DT — foeTve, fo > m#tx~) (1.3 4+0.14+0.1,2.94+ 0.7 + 0.2) < 2.8 [88]

104B(DT — ogeTve,00 > ntn~) (5.4+0.5+0.1, 6.2+ 0.9+ 0.1) 6.3 £+ 0.5 [88]

e Resonant effects (Sy — M;M;) are taken into account,

without using the narrow-width approximation.

e With predicted branching fractions, we test Sy as a non-qq state.
e Molecule scenario provides suppressed branching fractions.

[T. Sekihara and E. Oset, PRD92, 054038 (2015).]

For example, B(D} — foetv., fo = ntm™) < 2.5 x 1074,

unable to interpret the data [(17.1 & 1.6) x 1074].

[Hsiao, Yang, Wei, Ke, JHEP 12 (2025) 226.]




Absence of Kk resonance in D — K7ly,

branching fraction data,

102B(D+ o K_7T+6+I/e) 3.77 = 0.09 [12]

10°B(D (k). . c'v ) 2980112 17

10°B(Dt —» K*%*y,, K* - K—nt) 3.5440.09 [12]

10°3B(D* — ketv,, K —» K~ ) ignored [12]
10°B(DT — (K~ 7" )nretve) 2281011 [12
2| pdg

12| BESIII, PRD94, 032001 (2016).
e f7(q?) of the D — k transition not extractable.

e Indicating a serious SU(3); breaking.



Absence of k¥ resonance in D — Knly,

e D" - K rntety,viaD — Kby, Ky — Km

Ky k/K*(700), K*/Kx(892), K*(1410), K:(1430), K (1430)
[BaBar, PRDS3, 072001 (2011).]

K*: 95% of Bp = (3.77 + 0.03 4 0.08) x 1072,

K*(1410)°: B= (0£0.5) x 1077,

K3(1430)%: B = (3.7 4+ 2.5) x 1075,

'BESIII, PRD94, 032001 (2016).]

K%(1430): B < 0.64% of By (B < 2.5 x 1074).

[FOCUS, PLB621, 72 (2005).




e partial wave analysis:
p-wave components account for 95% of Br.
s-wave component contributes to 5% of the total rate,

attributed to a non-resonant scalar component.

Since a simulation using the LASS parametrization of the non-resonant contri-
bution is sufficient to reproduce the data, we exclude a possible s contribution
from further consideration. [FOCUS, PLB621, 72 (2005).]

space available. We also assume the contribution from
the k to be negligible, as follows from the FOCUS re-
sults [23]. Possible contributions from the K*(1410)° and
K3(1430)° are searched. [BESIII, PRD94, 032001 (2016).]



e x resonance systematically excluded.
1. k¥ remains the most elusive menber of the light scalar nonet.
2. recently confirmed through 7K — 7K and 77 — KK.
'Peldez and A. Rodas, PRL124, 172001 (2020).]

3. Any x contribution must manifest in the s-wave channel,
and thus warrants careful investigation.

4. To address this, we perform a partial-wave analysis,

incorporating D — Knm, Kmp.



A theoretical re-examination

e Amplitude of D — Kmev,

M = FEVe(K|(3¢)v_a| D) (Tve)v -4

e Resonant matrix elements

(K|(5¢)v-a|lD)re = (K7|K ;) Dy, (Ks|(5¢)v-a|D)

1. K* contribution:

(K*|(56)v-A1D) = €uaprePopke g2 — |6 — 224 | (mp + M) A

2 9
mDm

1¥LP . (2mpe<) Ao + 1| (PD + DK+ = q,,,] G -pD)mean* :

<K7T|K*> = JK*Knr€ (pK _pw)



2. Kk contribution:
(k|(5¢)v_a|D) = if T (pp + pu)u +i(f° — fH) 25,

b 0 A am ()

(KT|K) = geken-
e Non-resonant matrix element

(KT|(5¢)v-a|D)nr = h€uapypD (0K + )’ (PK — Pr)?
+ir(pp — Px — Pr)p + WL (Pr + D)y + SW_(PK — Pr)p-



partial-wave analysis

2
i — 1GEIVesl XaMaL{2|F10|2 + §[|F11\2 + [ Fyl? + |F31|2]}dsdt,

Q 3
3 (4m)°my,

2 2

Fio = X[(w+ | mKt_m“w_> L oe
Fy = aM{%(m% —s—t)[w_ + (mp + mK*)Al] e },
Fy = OZM\/TSt[w— + (mp + mK*)Al]a

Fy = o XV/2st (h mDi‘;K*).

C. L. Y. Lee, M. Lu and M. B. Wise,
“B(£4) and D(¢4) decay,” PRD46, 5040 (1992).

)

mD—|—mK*




Phase space D(pp) — So(ps,)et (pe)v(ps), So(ps,) — Mi(p1) Ma(p2)

AT = joi5r X ansan, ds dt deos O deos 6y, do
X =[(m?% — s —t)?/4 — st]V/2,

— N s = N e e
)\(a,b,c) = a® + b + ¢ — 2ab — 2bc — 2ca.

The allowed regions of the variables:

(me +m,)? < 5 < (mp — V)2,

(my +mg)? <t < (mp —me —my)?,

OSHM,LSW,andOSQszTF.




e Form factors

Ve el e A
f+ = gexnDg" X fH,

Fxr: wi and h.

e Momentum dependence:

1—]\‘14—12 1—M§ 1—]\‘14—22
o e e f(0) 2y _ _wx(0) 2y = b0
P = i weld) = G220 W) = 2

n = 1 (single pole) or n = 2 (double pole).
V', A;, and A,, experimentally extracted.
f* and (w4, h), to be determined in this study.



e Non-leptonic decay channels D — Knm and D — Kmp
M p = ZEV Vigar (m, pl(ad)v—a|0) (K| (5c)v-a| D),
(m, pl(@d)v-a|0) = (ifaDls, M, foe"),

branching fraction data,
102B(D* — (K~ 7")NR) 12 07 2 41
102B(Dt —» ntk%, kK - K—=t) 45 12 (2 41
102B(D° — 7™ (K~ 7%)NR) 1.15 +0.60 [2]

10°B(D* — 7t (Kdn%)nr + 71 (R? —)K237°) 1.37+£0.40 [2, §]

1033(D+ — ,0+ (Kgﬂ'O)NR) 4.8 +0.5 [2]

2] pdg
8] BESIII, PRD89, 052001 (2014).
41] E791, PRL89, 121801 (2002).




o -fit

x* = Til(By, — BL)/0BLI +55((Ff, — FL)(OFL),
(V(0), A;(0), A2(0)) = (0.83 + 0.05,0.59 + 0.02, 0.47 = 0.03),

(My, M) = (2.0,2.6) GeV.

e Assumption

w(0) = w+(0),

0¢: a relative phase between f™ and Fyg.
o fit results

£(0) = 0.38 £ 0.07, §; = (31.7 £ 37.3)°,
w(0) = (2.34 £ 0.64) GeV™*, h(0) = (8.86
x?/n.d.f. =0.7 (nd.f. = 3).

E 1.00) GeV 3.



branching fraction our work data
102B(Dt — K—ntetwe) 3.840.2 (3.77 £ 0.09)* [12]
10°B(D" (K1) «..elv) 23+1.4  (2.2840.11)* [2, 12]
102B(D*T — K*%etve, K*0 — K= ) 3.5+0.1 3.54 £ 0.09 [12]
103B(Dt — KOt ve, kKO — K—7rt) 2.7+ 1.1 ignored [12]
103B(Dt — (K~ 7nt)nreTve) 0.7+ 0.2 2.28 £ 0.11 [12]
102B8(Dt — T (K—7t)NR) 1.0+£0.54+0.2 (1.24£0.7)* [2, 41]
102B(D*t —» ntK%, kY - K== ) 4.3+1.84+0.8 (4.5+1.2)* [2, 41]
102B8(D° — nt (K~ 7°)NR) 0.4+024+0.1 (1.1540.60)* [2]
102B(D* — nt (K3n%) g + 7T (RO —=)K97n0) 1.7+£0.7+0.3 (1.37 £ 0.40)* [2, 8]
103B(D* — n T (KZ7%)NR) 25+1.24+0.5 3+4[2, 8
103B(D*t — nt&%, R0 — K%n0) 10.7+4.5+2.0 675 12, 8]
103B(Dt — pT(K%7%)NR) 4.84+1.0+£09  (4.8+£0.5)* [2]

e s-wave contributions:

LB (kn) e ) 2L 1Ed) X100

agreeing with the data.
2. B(l)Jr — klety,, K = K_7T+) = 20011 < 10

which could be in-negligible.
3. B(Dt — (K~nt)nretve) = (0.7£0.2) x 1072,

which could not fully interpret the s-wave branching fraction.




e In comparison with the SU(3); results

'Hsiao, Yang, Wei, Ke, JHEP 12 (2025) 226.]

F2' =% = 2 fr/f)F7 7%, 8, = |(uli + dd)/v/2),
FRu"" = V2(fr/ f)FP 50, Sy = |(uia + dd)s5/v/2),
fx/fx=12and fr/fk =0.8.

Using FP"~5» = 0.47 £ 0.02 and FP" 5 = 0.31 & 0.02,

we obtain F2* % = 0.824 0.05, F25* = 0.36 £+ 0.02.

q°q

The tetraquark scenario agrees with our extraction:

£(0) = 0.38 & 0.07.




Summary
e Using the information on semi-leptonic and non-leptonic D decays,
we have extracted the form factor f* of the Dt — K° transition.

e Its value f(0) = 0.38 & 0.07 agrees with Fqlggﬁ’ao = 0.36 £ 0.02

obtained from the tetraqurk scenario under the SU(3) relations.

e We thus obtained B(Dt — g’e*v,, kK - K—7nt) = (2.7+1.1) x 1073

previously neglected in measurements.

° B(D+ e (K_7T+)NR6+I/6) = (07 . 02) <10

has been determined as well,

not fully interpret the s-wave branching fraction.
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