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. » Ordinary hadrons: Meson and Baryon.
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Physics motivation

Tetraquark Hadronic molecules Pentaquark Glueball

August/19/2024

» Quark model allows for them.

|
|
|
|
> How about scalar mesons: |
|
f0(500), K*(700), f,(980) and ay(980), etc |

|

|

- gq mixture, tetraquark, hadronic molecule or hybrid?

Shulei Zhang@BESIII



Physics motivation
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' Jose R. Pelaez, Physics Reports 658 (2016) 1, i
“From controversy to precision on the sigma meson: i
| a review on the status of the non-ordinary f((500) resonance” :

For researchers outside the field, it may be surprising that despite having established Quan-
tum Chromodynamics (QCD) as the fundamental theory of the Strong Interaction 40 years ago,
the spectrum of lowest mass states, and particularly that of scalar mesons, may be still under
debate. Actually, light scalar mesons have been a puzzle in our understanding of the Strong In-
teraction for almost six decades. This may be even — given the fact that they play a
very relevant role within nuclear and hadron physics, as in the nucleon-nucleon attraction and in
the spontaneous breaking of chiral symmetry, both of them fundamental features of the Strong
Interaction. The relatively poor theoretical understanding of hadrons at low energies causes little
surprise since it is textbook knowledge that QCD becomes non-perturbative at low energies and
does not allow for precise calculations of the light hadron spectrum. However, -and not so
young people outside the field are often iof the fact that even basic empirical properties
such as the existence of many of the lightest mesons and resonances areﬂ

even if they were suggested much before QCD was proposed. Moreover, it is often the case that
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Physics motivation
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Scalar mesons f;(500), K*(700), f,(980) and a,(980)

» Their nontrivial quark structure has remained controversial for many years!
» Many interpretations: gg mixture, tetraquark, molecule, and hybrid etc.

» They play a important role in the dynamics of the spontaneous breaking of

QCD chiral symmetry and in the origin of pseudoscalar meson masses.

» They can help to understand the confinement of quarks.
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Pl A & Z Physics motivation
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Sy

2?77 «= \Why is the semi-leptonic decay of charmed meson?
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» Clean environment: hadrons X can be separated from leptons pair.

» High statistics of charmed meson at experiments.

» Besides, the branching fraction (BF) measurement of semi-leptonic decay can be used to achieve:
» Hadronic Form factor (FF) measurement => Test different QCD models (LQCD/QCDSR)

> Ryje = B(Desy = Xu™v,)/B(D(sy — XeTv,) measurement => Test lepton flavor universality (LFU)
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> Symmetric eTe™ collider @2 —5GeV -
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Low energies can be accessed via ISR technique
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3.85~4.59 GeV: 104 points, ~800 pb‘

~20 fb-! on the ¥ (3770) had been collected!
> DD} @4.13-4.23GeV: 7.33 fb~1
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i+ % Analysis method: Double Tag
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Take Ds decay as an example (complicated case)

By (Ds->yDs) > Mature method

Charge conjugates implied K* Ntag = 2N D DgBtag €tag
K- Neig = 2N} - BragBsigBy sig » Absolute BF measurement
Single tag

=
e’ mm—) y(1160) (EEEE— C~ 1

m B Nsig » Systematic cancellation (tag)
\' ‘

59 ByNtag€sig/€tag
e

» Low background

Recoil side

¢ > KK 1 it

fo 9“ Tt_ _ -
B.. = Nsig : Uniss = Emiss — |Pmiss|
sig~
e* &, fo YN By P Nivgeigl€tag :Mz _ g2 _ o2
\ Mmiss = Emiss — |Pmiss
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i+ % Analysis method: Single Tag sample
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‘ L e The differential decay rate of D,y > S £ v,
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> Use least x2 method to fit the measured partial decay width in different q2 bin.
» Taking the correlations among q2 bins into account.

» FF in different form (The width needs to be considered ?)

: — Single pole form — Modified pole model I
f0) /+0) I

L fuld) = 1) = :
: * 1-¢*/M2,, P Y SR l
M;%ole M;ale I
: — ISGW2 model ~ Series expansion model . y

-

: 2 [0 = agto)(1 + Y 7 (to) [2(t:16) | )1
I f+(q2) = f+(qr121ax) (1 + E(qmax q )> P(t)q)(t’ to) k=1 l ] |
l

I __________________________________
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‘ L e The differential decay rate of D,y > S £ v,
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> Point-like differential decay rate:

dF(D(s)—>53+V{’)_GI%“|Vcd(s)|2 3 2\12
dq2 - 24173 pf0|f+(q )l

> Double differential decay rate:
(N.N.Achasov et al., PRD102,016022(2020); W. Wang, PLB759,501(2016) )

32 (m3 0 5.02) I+ () I2P(s)
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L (m}=5=0% 7 25(s)2 +miTo, (s)

RBW: f,(500)
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/’M 'y First observation of D° - a,(980)"e* v,
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> 2,93 fb~! data @ 3.773 GeV

©
2
D% _ +6.4 G [
=)
=
Dt _ +5.0 c
> NSlg 10 2_4__1 |,;>‘,: LY

» Branching fraction (BF) help to understand
the nature of the ap(980)

0
M, (GeV/c?) U(GeV)
Decay BF (x10~%) Significance
D® — ag(980) " eTve,a0(980)" — npr~  1.337 55 £0.09 6.40
1.66170-81 4 0.11
Dt — ag(980)%et v, ag(980)0 — nxO —0.66 2.90
o S wl < 3.0 (90% C.L.)
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/’M k¥ First observation of D* — f,(500)e v,
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' Phys. Rev. Lett. 122, 062007 (2019) 1 [Uniss| < 0.06 Gev ~ Noven: = 1498 Bk&: (33.26 0.67)%

___________________ Ngyent = 2017, Bkg: (23.82 + 0.69)%
o~ - 1~ - - - - - - 300F - ' ' 7 - ' 7
2 1oof | @ 12" 1 R © |
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LG P 5 -_:::.F.-.::”.....;T.Tf__‘_if;tr:_—;
e 1 "o 0 == 0 2
m,..(GeV/c?) X
> 2.93 fb_l data @ 3.773 GeV : ffo(SOO) - (257 +16+ 11)% ;Signal mode This analysis (x1073)
N A L b R ISR P~ BT
> R = B(D*>fo(500)e*ve)+B(D* -y (980)e* v) > 2.7@90%CL D = petu, 1.445 4 0.058 £ 0.039
: 0
B(D*t—ay(980)e*v,) Dt = rxtety, 2.449 + 0.074 £ 0.073
. T = plet 1. . .061
(W. Wang, PRD82, 034016(2010), Model independently way) 2. z¢e™ 0% 0,66 030
D+ > £5(500)e*v,, f5(500) > nta~  0.630 £ 0.043 £ 0.032
» BF results favor tetra-quark for f, and a D* — £o(980)e* v, fo(980) — 7 1= <0.028
0 0
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f]ﬂ k¥ Search for the decay D} — a,(980) e*v,
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1
| i ® ] ~ T
——————————————————— <<:: I 3 10— —
g 18|
S | S
< | S |
_ £ 201 4 = L
> 6.33 fb™" data @ 4.178-4.226 GeV g g
>
I ] m : :- .
» No significant signal is observed. Y B TR TR e T
M, (GeV/c?) MM? (GeV?¥/¢*)

An upper limit is determined at 90% confidence level (CL):

B(DF - ay(980)e™ v,, ,(980) —» %) < 1.2x107*
> First study of ag(980) — f,(980) mixing in the charm sector.

No obvious isospin violation is observed.

0
BF (x 10%)
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m‘lk? Study of the decays D} —» n°n®e*v, and D} —» K9K? et v,
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'Phys Rev. D. 105, LO371017 (2022) | ‘%zof §
——————————————————— S |
> 6.32 fb~1 data @ 4.178-4.226 GeV 0 S
> st};g(%o) 54.8 + 10.1 (7.8 o significance) ;
> First BFs Measurement: Sl @ ] &
%40? { Data i %
BOY ~ fo(980)e v, fo(980) ~ mon®)  F i o f G
~ 20} - ~
= (7.9 + 1.4 + 0.4)x10~4 E 0
= C- =, _.___.._".“[ h._‘_ﬁ.—-—--f-ﬁﬁ =
> No significant signal: ey
B(DF - f,(500)e* ve,fO(SOO) - %1% <73x107* @ ™k
B(D;' - K S 0o ve) < 3.8x%x107% j _ i — Nominal | — Nominal |
i — Upper limit — Upper limit
» BFs help to understand the nature of the f;(500) and ' '
f0(980), and test different theoretical calculations. " =3 6 : i0
B(D!—ce*v,, 6—-1'n°) (x 10™) B(D!—KKSetv,) (x 107
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MA~Z  study of the f,(980) through the decay Df — K*K~pu*v,
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r—_—_—_—_—_

| JHEP12(2023)072 | o e

S i z Signal process
> 7.33 fb~! data @ 4.128-4.226 GeV 2 a0 DOKKE
» Ngig = 1725 + 68 for BF measurement % """ -
B(DS - gb,u+vu) = (2.2540.09 + 0.07)x1072 : T\
B(D} - dutv,)/B(DF — de*vy) = 0.94 +0.08 > No LFU violation O

l‘l‘llSS

B(Ds - f0(980)u™v,) - B(fp(980) » K*K™) < 5.45%107*@90% C.L. (~2.20)
» First FF measurement based on single pole parameterization:

» Partial wave analysis is performed = ¢ dominate

Events/ (0.001 GeV/c?)
Events/ (0.09 GeV?/c%)

» pmass is considered in the formula

] 1.02 1.04
My (GeV/c?)

Table 5. Measured FF ratios and comparison with previous measurements.

q

Experiments ry T2 - - ‘
PDG [42] 1.80+£0.08 0.84+0.11 - s i
This analysis  1.5840.17+0.02 0.714+0.14+0.02 gt § g | i
BABAR [25] 1.807-0.046£0.065 0.816-0.036-£0.030 g 1oof ] 3 10 i
FOCUS [58]  1.54940.250+0.148  0.713:£0.20240.284 ! 2 E !
Theory ry o i ] ] sop- ]
CCQM 5] 1.34:0.27 0.9940.20 A N
CQM [6] 1.72 0.73 1 o 1 i 2
LFQM [7] 1.42 0.86 e
LQCD (3] 1.7240.21 0.7440.12 . |Umiss| < 0.02 GeV

8 1.80 0.52 i T pF :
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k% Search for the decay D - KKe®
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> 7.9 fb~! data @ 3.773 GeV [2010,2011,2021]

» No significant signal is observed, upper limits are determined at 90%CL assuming ay(980) contribution:
B(D° - KdK~e*v,) < 2.13x107°

B(D* - KdKJeTv,) < 1.54x107°,B(D* - K*K e*v,) < 2.10x107°

L L L L L s L L L

S0[ Csmive | pokicen] | -SemiMC | poKiev] [ -SeaiMC bk,

5 [ = Inclusive MC ] " = Inclusive MC [ = Inclusive MC

> [ 4Data 1 2 | ¢Data 41" $Data }

(=] i E i

7o) i I .

A

\ - =

3 5

= L 2 - 4 D S

o I .

= I .
[ - - .Eh—-._‘ I|I||.--

90.1 -0.05 0 0.05 0.1 S)0.1 -0. | 0 005 0.1 90.1 -0.05 0 0.05 0.1
(GeV)

mlSS
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V)]’ﬂ kj? Study of the f((980) and f((500) through the decay D - " e*v,
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e_4
Qkﬁd‘-

___________________ 2 | — Tout s
> 7.33 fb~! data @ 4.128-4.226 GeV = Ny, = 439 + 33 % i il
> B(DF — f,(980)e* v,, f,(980) — w*m™) = (1.72 + 0.13 + 0.10)x10~3 Nl
=> s is dominant based on [£,(980)) = sin ¢| \/—g(uﬂ +dd)) + cos ¢ |s5) e ; (Gewl:) L
¢ = (19.7 £ 12.8)° 10 08
> First form factor measurement with simple pole form: g’ :gata(a) 1 N
> £/(0)|Vs] = 0.504 + 0.017 + 0.035 ) B Z?/H/r
- +f° (0) =0.518 £ 0.018 £ 0.036 ( |V.s] =0.97349 + 0.00016 PDG2022) 5 ;’ | 24 |

0.5 0.5
q* (GeV?/c*) ¢ (GeVc*)

This work CLFD [6] [ DR [6] [QCDSR [7]]QCDSR [8]] LCSR [9] [LFQM [11][CCQM [12]

10(0)  [0.518 £ 0.0185tat + 0.036ysc|  0.45 0.46 0.50 & 0.13 | 0.48 £ 0.23 |0.30 £ 0.03|0.24 £ 0.05 | 0.36 - 0.02
Difference (o) — 1.7 1.4 0.1 0.2 4.3 4.3 2.8
é é = (19.7 £ 12.8)° (32 £4.8)°[(41.3 £ 5.5)° 35° (8F3h)° — (56 £ 7)° 31°

> First search of D} — f,(500)e* v,, f,(500) » w*tm~™ (M +,- < 0.45 GeV/c?)
> B(DF - f,(500)e* v,, f,(500) » ntr~) < 3.3x107*
August/19/2024
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Events / (0.010 GeV%c%)

& (=)
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[N
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: —e— Data
| — Total fit x2/NDF = 0.6

[~ - - - Background
[ -~ D{—£,(980)e"v,

0.2

M2, (GeV?/cH)



/)]‘J k? Study of the f;(980) and f((500) through the decay D} » t m~e*v,
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> 7.33 fb™" data @ 4.128-4.226 GeV > N,

=439 + 33

> B(DF - f,(980)et v,, f,(980) —» wtm~) = (1.72 £ 0.13 + 0.10)x1073
- s5 is dominant based on |f;(980)) = sin ¢| \/—g(uﬂ + dd)) + cos ¢ |s3)

(p:

(19.7 + 12.8)°

> First form factor measurement with simple pole form:

> °(0)|Vs| = 0.504 £ 0.017 + 0.035

> 7/°(0) = 0.518 + 0.018 + 0.036 ( |V.s| = 0.97349 + 0.00016 PDG2022)

This work CLFD [6] [ DR [6] [QCDSR [7]]QCDSR [8]] LCSR [9] [LFQM [11][CCQM [12]

10(0)  [0.518 £ 0.0185tat + 0.036ysc|  0.45 0.46 0.50 & 0.13 | 0.48 £ 0.23 |0.30 £ 0.03|0.24 £ 0.05 | 0.36 - 0.02
Difference (o) — 1.7 1.4 0.1 0.2 4.3 4.3 2.8
é é = (19.7 £ 12.8)° (32 £4.8)°[(41.3 £ 5.5)° 35° (8F3h)° — (56 £ 7)° 31°

> First search of D} — f,(500)e* v,, f,(500) » w*tm~™ (M +,- < 0.45 GeV/c?)

> B(DF - f,(500)e* v,, f,(500) » ntr~) < 3.3x107*
August/19/2024

Shulei Zhang@BESIII

dI'/dq? (ns/GeV?/c*)
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NQ —o- Data
| — Total fit
16 L I | R —— Signal
S 40_ Background
<
=
P~ L
)
s 20 ]
>
m W g, 5 'zl |.u!l|.l.|.ll.
CcCQM  0.3940.02 e
LFQM 0.2410.05 —
LCSR 0.30+0.03 ——i
QCDSR 0.48+0.23
QCDSR 0.50+0.13
DR 0.46
CLFD 0.45
This work 0.518+0.018+0.036
| 1 1 1 I | 1 1 I 1 1 1 | 1
—0.2 0 0.2 0.4
S 0
£.0)
T T T L
L 60f } .
&~ X i
s i
O i
= 40p 7 7
(=} | ——Data
§ [ — Total fit x?/NDF = 0.6
F< I Signal
5 20 - - Background N
@ [ -- Di->£,980)*,
4 l
0.2

I 0.2
M2, (GeV?/cH)




Ak

Study of the decay D' - f,(500)¢ v,

HUNAN UNIVERSITY

> 2.93 fb~! data @ 3.773 GeV
»> First observation of D™ — f,(500)(r* ™ )u™v,.

[

== data
— signal(p’u*v,)

- signal(f0(500) M+VM)
- D'—ou'v,

== other BKG

[ S S

Events / (16 MeV/c?)

Signal mode  Nops S (0)  €sig (%) Bsig(x107?)
fo(500)uty, 209+38 5.9 18.9340.13 0.7240.13

pPutu, 496 +38 > 10 19.86 £0.13 1.64 +0.13
fo(500)etv. 412443 > 10 44.76 £0.25 0.60 £ 0.06
plet v, 1237 +£47 > 10 44.12+0.25 1.84 +0.07

> First FF measurement of D™ — f,(500)(r*m™) ¢ v,.

Based Z series expansion for FF and Bugg form for f;(500)
= f1°(0)|Veq| = 0.0787 £ 0.0060 £ 0.0033
= f.°(0) = 0.350 £ 0.027 £ 0.015

ps: |V.q| =0.22438 + 0.00044 from SM global fit (PDG2022)
August/19/2024 Shulei Zhang@BESlIII
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L 1 L , ot L 1
0.5 1

| © The measured BF of D* — £,(500)¢*v,
; , are closer to tetraquark assumption.

- R.M. Wang et al, PRD107,056022 (2023)

| Y.K. Hsiao et al, arXiv:2306.06091
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eSS Study of the decay D* - f,(500)¢ v,
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[y
<
0

=+ data
— signal(p’e*v,)

— signal(fo(500)e“ve
== D'—>we'v,

== other BKG

== data
— signal(p’u*v,)

— signal(F (500)u*v,)
- D'—ou'v,

== other BKG

<
'S

> 2.93 fb~! data @ 3.773 GeV

it -
[—]
w

(=
™

Events / (18 MeV/c?)
Events / (16 MeV/c?)

et
[

»> First observation of D™ — f,(500)(r* ™ )u™v,.

L 1 L , ot L 1
0.5 1

Signal mode  Nops S (0)  €sig (%) Bsig(x107?) L _ "_4_ ((ievfz)_ __________ Tﬂ*:“fvfz)_ L
fo(500)puT vy 209+£38 59 18.93+0.13 0.72+£0.13 | = The measured BF of D* — f,(500)¢*v, |
put vy 496 £38 >10 19.86 £0.13 1.64 = 0.13 | are closer to tetraquark assumption. l
fo(500)eTrv. 412443 > 10 44.76 £0.25 0.60 & 0.06 - R.M. Wang et al, PRD107,056022 (2023) |
plet e 1237 £47 > 10 44.12+0.25 1.84 +0.07 ' Y.K. Hsiao et al, arXiv:2306.06091 !

> First FF measurement of Dt - f,(500) ()£ v,. Lesnts 0_;95:0.165 |

Based Z series expansion for FF and Bugg form for f;(500) CCQM[14] 0572009 ——

> £2(0)|V,4] = 0.0787 + 0.0060 + 0.0033 aPTs  ommeas

= f.°(0) = 0.350 £ 0.027 £ 0.015 Thiswork  0.350:0.027:0.015

ps: [Veq| = 0.22438 £ 0.00044 from SM global fit (PDG2022)  ° 40
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Ak Study of the decay D™ — f,(500)¢ v,
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___________________ 4 = data 10° +data
| arXiv: 2401.13225 (Submitted to PRL) 1 5" S, S ==
= Sis D+_"”H+V,L ﬁ 10° == D'—>we'v,
> 2.93 fb~! data @ 3.773 GeV % _; other BKG 2;102 - other BKG
S g 10
> First observation of D* — f,(500)(m ™ )u*v,. = =
— - ) ' ' ) o5 1
Signa’l mode Nobs S (0') €sig (%) Bsig(X10_3) M, GeVic?) M. (GeV/c?)
fo(500)pF v, 209+£38 5.9 18.93+0.13 0.72+0.13 HOpTTTTT T | M
Pty 496 +38 >10 19.86+0.13 1.64+0.13 £ HUSWE |y e :
0.6 K ”‘+VH —_ - - _
fo(500)et v, 412443 > 10 44.76 +0.25 0.60 =+ 0.06 £y 181 ]
pletve 1237 +47 > 10 44.12+0.25 1.84+0.07 fal PRy R
o o5 '1.'2' L5 20 "o o5 '1102' s 20
> First FF measurement of D — f,(500)(n " ™)¢ " v,. #GeVIE 7 (GeVict
Based Z series expansion for FF and Bugg form for f;(500) LCSRII3]  049520.165
= f1°(0)|Veq| = 0.0787 £ 0.0060 £ 0.0033 COQMUA 057009 —
- f/°(0) = 0.350 + 0.027 + 0.015 SR
ps: |Veq| = 0.22438 + 0.00044 from SM global fit (PDG2022) [ ™% "7~ L
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Light scalar mesons via semi-leptonic charm decays at BESIII

Publication _ saws

D° - ay(980) (g )etv,
Dt = ay(980)°(p®)etv,
D - ay(980) (mm)u*v,
D - ay(980) (KK)e'v,
D* - fo(500)(r* Tt )e*v,
D" - fo(500)(r  )utv,
Dt - f,(980)(r*t)et v,
D{ — a((980)° (et v,
D} - f¢(980)(n’n®)e*v,
Df - fo(500)(m°n%)e*v,
D - fo(980)(m " )etv,
D; - f,(980)(r*m )u*v,
D - fo(980)(K*K™)e"v,
D - fo(980)(K* K™ )u*v,
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k% Summary and prospect

HUNAN UNIVERSITY

Summary:

> BESIII has the largest data samples at DD/DD; threshold.

» Light scalar mesons are studied systematically via semi-leptonic charm decays.
» BFs and FF measurements help to understand the nature of light scalar mesons.
Prospect:

» BESIIl has 20 fb! @3.773 GeV in total now.

» More scalar mesons could be studied via semi-leptonic charm decays.

- K*(700), K;(1430), f¢(1370), f¢(1500), ay(1450)

> More results are on the way! céW/
28
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BESIII experiment
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_ﬁ“.-..““l it -~-:::.
[BEPCII and—BESIII ik
= ‘%
S

CsI(T1) calorimeter
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RS BEPCII collider
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ey

> Two ring symmetric e e~ collider

» Circumference: 240 m !
> Design luminosity: 1x1033cm™2%s71 :
Achieved time: 5 April, 2016 \

> E.,:2-5GeV ',

» Beam crossing angle: 22 mrad \
et
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Pl A & Z BESIII detector
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ey

| RPC: 8
RPC: 9 Electro Magnetic ayers

layers Calorimeter

SC
Solenoid

Barrel
ToF

Endcap
ToF

SC
Quadrupole

. WPe TOF EMC
Fp < 0.5% @1 GeV ot 80 ps Barrel %E < 2.5% 01 GeV

5(;,5//;;‘) < 6% 5t 110 ps Endcap 6z =0.6/VE

MUC
d(xy) <2 cm
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