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Light Meson Physics

v" Light Meson
<> Important roles in particle physics

<> Understanding the low energy QCD
v" Light Meson Decays: Rich Physics

<+ Test theoretical model

* Vector Meson Dominance (VMD), Chiral Perturbation Theory (ChPT),
Non-Relativistic Effective Field Theory (NREFT) ...

< Transition form factor

* Important input for HLbL contributions
< Test fundamental symmetries

< New physics beyond the Standard Model

* ALPs, dark photons, new sources of P/C/CP-violation ...
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Source of n/n’

v 1/n’ : Light masses, narrow widths and simple decay final-state topologies.

v" A hot topic of theoretical discussions and an important research subject for many

2 CM

Collaboration

Crystal Ball WASA-at-COSY

experimental collaborations.
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BESIII Detector

v" The BESIII detector records symmetric e*e™ collisions provided by the BEPCII storage ring.

v" The facility is used for studies of hadron physics and t-charm physics.

v" Collected 10 billion / /1y Events!
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Evidence of Cusp Effect in n'->mn%mtn

Phys. Rev. L 130, 081901 (2023)

<> Test ChPT and NREFT model

<> In mtmt interaction, one of the prominent features is the loop
contribution to the mm scattering: The S-wave charge-
exchange rescattering m*n~ —» n°n° causes a prominent
cusp at the center of mass energy corresponding to the
summed mass of two charged pions.

<> By determining the strength of the S-wave 1t interaction to

study the fundamental properties of QCD at low energies.
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The cusp effect is

sizeable in this decay.
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EVldence Of Cusp EffeCt ln n,_)T[OT[On Phys. Rev. L. 130, 081901 (2023)
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> ) ar | M = ptree 4 prone=loop | ptwo=loop
Q) 1.1 —Fitn
— L | —Fitll A e La .
o ol ! L. Fit Notes
o 37
C). 1 L | o * . .
g i I o I Only the tree level contribution
o B é 0.95 . ) ]
%) 0.9 !‘ S o A 1 Consider the loop level contribution
B | % 08 | . .
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= g B S i d P g™ S ‘N,’”.J v Ignore the noncusp terms from the loop
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® For each case of Fit II, III or IV, the amplitude provides a good description of the structure around the charged
pion mass threshold.
® The statistical significance is found to be around 3.50.

® Based on Fit IV, The mmt scattering length combination:
a,—a, =0.226 + 0.060 + 0.012
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Dalitz Plot Analysis of n>m*mtm T e 3 41657, (S (S

Low background

<> The Dalitz plot is generally described by kinematic variable 3 ' < o[ ® +oaa
0.5 d 7150 = N A Signal
_ \/§ _ 0 r R S R g 1 — - Background
X_Q_n(Tn+_T1T )’Y Qﬂ -1 - 0 . J100: 10°
<> The squared amplitude can be expanded as: PR s = " o
: i G I w10 7631,686 1) events
AKX, Y)|2 < 1+ a¥ + bY2 + cX + dX* + eXY + fY3 + gX2V + -+ b e S N
E 05 052 054 056 058 0.6

* a,b,cd, e, f garethe Dalitz plot matrix elements. Mix'rn%) / (GeVic?)

* cand e are related to charge conjugation violation.

* Instrong interactions, c and e are fixed to O. o 200 9 20000{
S 15000| ~
v lgnoring gXZY v Included ngY g 10000 F "% 10000_
a = —1.097 + 0.005 + 0.001 a = —1.086+ 0.006 + 0.001 " so0of B
b =0.158 + 0.006 + 0.003 b = 0.162 + 0.006 + 0.003 036 08 00 05 1 03
d = 0.070 + 0.006 + 0.001 d = 0.083 + 0.007 + 0.001 X Y
f =0.134+0.010 + 0.003 f=0.118 +£0.011 + 0.003 The presence of interactions
g = —0.053+0.017 + 0.003 between the final-state particles.
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: - -0
Dalitz Plot Analysis of n>m*mtm T R D 111 G (0

Low background
<> The Dalitz plot is generally described by kinematic variable 3 ' < o[ ® +oaa
0.5 e, |10 S I A Signal
— V3 _ 0 - FIENY % 1 — - Background
X_Q_n(Tn+_T1T )’Y Qﬂ -1 - 0 . J100: 10°
<> The squared amplitude can be expanded as: osf i e £ Ve T
: (EET Nl S I w10 7631,686 1) events
JAX,Y)|2x 1+ aY + bY2 + cX + dX? + eXY + fY3 + gX°Y + -+ b e . b
E 05 052 054 056 058 0.6

* a,b,cd, e, f gare the Dalitz plot matrix elements. Mr*n"n’) 1 (GeVic?)

. o . —es—  |This work
* cand e are related to charge conjugation violation. : . . oworc
. . . —e— |KLOE-2 [11]
* Instrong interactions, c and e are fixed to O. . : . KLOE-2[11]
- o - —— BESIII(2015) [12]
- —— —.— —— WASA at COSY [9]
v" Ignoring ngY v" Included gXZY — | —— . CBarrel (fixed d) [48]
. | —— Layter [49]
a = —1.097 + 0.005 + 0.001 a =—1.086 4 0.006 + 0.001 A I A I B NREL
b = 0.158 + 0.006 + 0.003 b = 0.162 + 0.006 + 0.003 i - . o r
_ — . Dispersive Theory* [46]
d = 0.070 + 0.006 + 0.001 d =0.083 £ 0.007 £ 0.001 N o A0
f =0.134+0.010 4+ 0.003 f=0118+£0.011 + 0.003 . o CHPT NLO® 3]

-1.3 -1.1 015 045 0 0.15 -0.05 0.05 -0.07-0.03
a b d f g
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g =—0.053+0.017 £ 0.003
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- - 000
Dalitz Plot Analysis of n—»>m"n"mw T e B 4167 (S (S

<> The density distribution of the Dalitz plot has threefold
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* The result of the interaction between the final-state particles 0 : M(0°20) / (GeV/c?)
 Consistent with A2 measurement within 2.80.
<> No significant higher-order contribution is found at the current level of precision.
- —e— This work
= = = = = = = —a— (b)
<> The cusp effect is investigated, but no obvious contribution is found. s O aesi0ts 12
- —»—KLOE [10]
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L - o —85—CBall [25]
% L * “ —A—SND [51]
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) i NI 1 A 1A U | N i = PDG(1:=-0.0288:0,0012) [23}
> EL“ L * ¢ —e— Khuri-Treiman dispive* [54]
o) %) { } . —m— Dispive Analysis [14]
5 T Tl —a— Dispive Analysis [14]
LE Q: L \ ¢+ This work ‘ v —=— Dispive Analysis [5]
% 0.95}- — Fit 1(a) i 0 +2:§TFL|[:|]_0 3]
- : _
o == Fit 2(a.,0) — —A— Bethe-Salpeter Eq. [50]
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0.3 0.35 0.4 008 -0.06 0.04 -0.02 0 0.02 0.04
M(n%r°) (GeV/c?) a(n—n’n’n’)
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Amplitude Analysis for n' >t

Phys. Rev. D 109, 032006 (2024)

< Decaymode: J/Y »yn',n' > ntn ntw"

<> To investigate the doubly virtual isovector contribution.

<> Decay amplitude is constructed with the combination of
the ChPT and VMD model.

S12 n S3¢4  S14 523
Dp(Slz) Dp(534) Dp(514) Dp(szs)

C3 m/%(512 — S34) _ m}i (S14 — S23)
€1 — €2 Dp(512)Dp(534) Dp(514)Dp(523)

D,(s) = M —s—iM,T,(s) ™ The inverse p propagator
3

F(s12,534) = [

_|_

M, ( s — 4M2 )i -
Vs\Mj—4Mz) P
< To simplify the model for validation, we assuming
c1 — ¢, = 1, the fityields
c3 =1.22 1+ 0.29 £ 0.04,
which is consistent with the theoretical expectation of c3 = 1
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Transition Form Factor of n/n'—>yete

Phys. Rev. D 109, 072001 (2024)
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o
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<> Performed an unbinned fit based on the amplitude formula. n - yete s
: qtart:sult

— sideband
peaking bkg

-
o
w

* Reduce the systematic uncertainties from resolution and QED

contribution subtraction.

Events/(0.005 GeV/c?)
o

 Make full use of the observed data to test theoretical model. :
,
dr(poyl*i) _ 2a 1 4m? 2m o
: (1420 (1- L) PP :
dq Fyy 37Tq q> _5 . . . . . . . .
_ " 0 0.05 0.10.15 0.2 0.25 0.3 0.35 0.4
< Forn - ye®e™, Single-pole formula v € M(e*e) (GeV/c?)
1 P _ g | | , | | _I xzn:m:o.s |
F(q?) = 1-q2 /A2 € E 103 (b) N —>vye'e 2 resut .
A, = (0.749 £ 0.026 + 0.008) GeV/c? Y 8 |
< Forn' - ye*e™, Multi-pole formula % 102_% --------- R U YR
|F( z)l A% (A% +y?) i _ﬂhml..ﬂ.kmm.ﬁmﬂﬂ......
q (AZ 2)2+A2)/2 # X
b @ + ¢
A, = (0.802 + 0.007 + 0.008) GeV/c? 4 A AN A Lk
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8
Yo = (0.113 + 0.009 + 0.002) GeV/c?

M(e'e) (GeV/c?)
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. . !/ +—-14+1-
Transition Form Factor of n'»m*m]*] T -

< First time to measure the form factors withn' -» wtn =11~

< Decay amplitude

2 e? 2 . . .
|°An’—>1t+1t‘l+l‘| (va Si, O, 01, ¢) - 8k2 |M(S1tm Sll)lz X A (mn’» Smm Sll) X [1 o ﬁ% sin’ 04 sin’ ¢]Snnﬁ1zt sin’ O

° M(ST[TD Sll) — Mmix X VMD (va Sll)
contains the information of the decaying particle and the VMD input.

<> Within the VMD model, TFF can be parameterized into three separate parts

L 1400 — —e— data
3 E 1200 i — ﬂrt‘\lrfe—s)l:f‘;'n'—wfx'
VMD(Sppn, Su) =1 — Z(C1 — €z +¢3) \» e
N § o Mo Emee
3 m @ ""Ft only p(770
+_(C1 - CZ - C3) 2 _V 600 [— yp( )
4 mV—Su—lmVF(Sll) ] ) ol
5 ) ) VMD contribution -
n 3 c my my . 200 [—
- - N :‘A- ! H.-_l_._-_.__.n_‘-—--—v—l"-AH P
2 3 m%_sll_lmVF(Sll) m%,n_smr_lmV,nr(Smr) °F +++
R 0 WH—%W
o - ANEL TS I W
, o . , o 03 04 05 06 07 08 09 1
v s B vl 0 M, (GeV/c?)
: w — 't~ decay is necessary!
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Transition Form Factor of ' >t 1l

<+ Perform unbinned fits

<> Slope parameter: bp =

< Combinen’ » ntn~e*te  andn' » ntn u*u~

d|F(q?)|
dq?

q*=0

by =130+ 0.19 (GeV/c?)

N
n—ye'e”
BESII(2015)
TPC/Two-Gamma
CELLO
Lepton-G
VMD

Quark Loop
+loop ChPT
Dispersion
P.A.fit to data

08 1
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Study of n—>m*rl*l-

Phys. Rev.D 111, 072008 (2025)

The branching fraction

B(n » ntrete™) = (3.07 £ 0.12 + 0.19) x 10~*

Forn —» n*tn~e*e™, perform the amplitude analysis.

The amplitude formula is similar to that of ' » ttn~"ete™.
my = (748.62 + 53.54 + 25.90) MeV/c?
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Double Dalitz decays n/n’—)]+]]+] Phys. Rev. D 105, 112010 (2022)

Phys. Rev. D 111, 052002 (2025)

. . / — —
< The double Dalitz decays through two virtual n'-oe'e"ete” n-ouptpptu
. . . . o~ 4 data i = —— Daua
photons intermediate with internal photon & [ —wawm ”sw'-‘“"’“?-“_ o e
. +7— . ) % 20 -JfﬁH\m nyee 7 > 255_ __§§$3m::2::§:2:2i?””
conversion to [T[” pairs, which understand the = | vecorew 1 8 o e
. g :.‘ 8_, 15; H:’rrT;Trﬁnzigckground
pseudoscalar transition form factor. 2 1o0f 1 £ .c
= [ b I 2 -
t(pr) f(p1) g ‘{’ K 3 ] - =
) w -}— v F 11 0% : -~
) , ) Q9 092 004 006 068 1 E §;"+H"f’ﬂ* it e it
) ] M(e*e’e*e) (GeV/c?) 0.0 002 094 086 098 1
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F 300
a :_ : Data (a) &;- - —— Qala b)
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Decay mOde B 8 10— Jf\uayn‘nar:*rf e'e 8 c Iy T e
@ & jx:mgjﬁ{f o] 200 a3 J"W"YT]‘,T]'%YTE*'TE:
—_ —_ —_ e 8*_ = = Pol nun;ial background = F Sy =y
7]’ —eteete (45 +1.0 + 05) X 107° S o }U + ’ ’ S 150 — = dy-minine's
PR | 5 1000
n' - ptpptp” | <5.28%x1077(90% C.L.) g 4 l Jﬁ t ‘[ H_u M §
oo 2 , \ w
n' ->ete utu™ | <1.75x107%(90% C.L.) 0= 17— e He =t/ Ottt S
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Transition Form Factor of n'>m*ntn, n->yl*l

arXiv: 2506. 08576 (Submit to PRD)

< The background of the n — yl*1~ decays derived < S
from n' - w*tn~n is lower than that of the decay E 40 %
directly obtained via J /Y — yn. § : g
o o
<> The transition form factor predicted by VMD P 2 >
c r IS
Q t o
° 2 = L >
Single pole: F(q?) = — q2/A2 w : o
0 ¢¢’¢o R S TN ¢v6¢'¢+¢ $e4—* 0 3’ LIO ¢¢“m¢¢Av¢¢ 6#&;ﬁﬁ"“+¢¢¢+¢'u*i¢‘#,d’ ot
d|F(q®)| 2 03 0.4 05 S0 01 02 03 04 05
e Slope parameter: bp = 202 - = A" : M(u) (GeVic?) ' M(e'e) (GeVic?) .
q =
¥ Forn - yu*u~ decay
2 WZW Lagragian — ——
A™2=1.645+ 0.343 + 0.017 (GeV/c?) Pisersionelaior) e
Pade Approximant — +
<> For n N ye+e_ decay Chiral Perturbation—
NAGO — —_—
-2 - —_—
A™2 =1.668 + 0.093 + 0.024 (GeV/c?) .
ample Il (1—>ye'e’) — —_—
<> By combining with the results based on the J/¥ - yn,n - . pls"";p'e'*'r .
ample | (h—ye*e’) — — =
yete™ events from the previous BESIII measurement W - .
olb—r TS T S T ST S N AN S Y SO N1
_2 2\ —2 1.4 16 1.8 2
A"2=1.707 £ 0.076 £ 0.029 (GeV/c?) 2] (GeVId)
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Summary

® The BESIII detector has collected 10 billion J /s events, which provide excellent conditions for the study

of n/n' decays.

® The BESIII collaboration has published several measurement results related to n/n' decays recently.

Decay mode Physics Publication
n' - nrnn Cusp effect PRL130, 081901 (2023)
n-ontn n®/n’nOn° Matrix Elements - m,, — my PRD107, 092007 (2023)
n' ->ntn ntn” BR, Amplitude analysis Phys. Rev. D 109, 032006 (2024)
n/n' - yete” BR, TFF, Dark photon Phys. Rev. D 109, 072001 (2024)
n/m' - gt it BR, CP violation, TFF, ALPs JHEP 07, 135 (2024)
Phys. Rev. D 111, 072008 (2025)
n/n' - Y-t~ BR, Double Dalitz decays gﬂiz EEZ g 12? ééggég gg;g
n' ->ntnnn - yltl- BR, TFF, Dark photon arXiv: 2506. 08576 (Submit to PRD)

® Further analysis is currently in progress, and more results are expected to come soon!

« n' o>t nd « noeteete”

Ao ) Thank You !

° n’ - l+l_]'[07'[0 ......
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Back up

®n/n —>vyete”

v Branching fraction v' n TFF
3 I [ I I I I I |
e ———— This Work ——
3r — 1000 — A2 | ,
- (a) ) A . NAG0 |- ——
— N .
RS - 5 datn . § I F] & daw i TPC/Two-Gamma [~ *
3 2 “iwee 1§ Lol cetio | ————
= - peaking bkg . B o peaking bkg 7 CLEO — —h
Q u non-peaking bkg - S}', : non-peaking bkg
3 f ] 3 900 ' . VMD |- .
e - 1€ Quark Loop .
e 1 1 2 Brodsky-L
> i 1 3 rodsky-Lepage — =
- - t+loop ChPT — .
i i ) Dispersion [— —
0 Pesmananperorpmen ST it et i oL ... e B e P A fit to data —
0.45 0.5 0.55 0.6 0.65 0.85 0.9 0.95 1 1.05 o T T
M(ye*e) (GeV/c?) M(ye'e) (GeV/ic?) 12 14 16 18 2 22 24 26

b, (GeV/c2)?

(a) B(n » yete™) = (7.07 £ 0.05 + 0.23) x 1073
(b) B(n' - yete™) = (4.83 +0.07 + 0.14) x 10~*
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o s>uatalt”

v Branching fraction

2000 | ——Data 100 |~ —— Data n-on ne'e n'-n T

& [ — Fit result (a) - g:;::unlﬂtc (b) Tt il N i (a)
'-9.., I ~--- Signal MC Conv. Gauss. i\é 80 __ i Jy—-m'n'—strrte MC b
2 1900 - ) qoywm Mo S T — - yomnortaop MC BESIII(2021)}- N —
2 - R inina back d ] i Jw—=m 'S Tmn—ynt MC

i emaining backgroun S 60 - J—yE T MC BESII(2013) —k—
Oj. B (qV] B Jhy—yyo, o> MC
21000 - = T CLEO[ *
— i " | S Y AN YNRRRRRER. UUSPPPRURURRRRRRN PRURTRRRUTRREE. - USSR
@ i 2 40 Unitary yPT}  —a I
c B s
© 500 9 i VMD - - - —-—
Lﬁ - 20 B

B i Hidden gaugef- —a— - ——

0_ | ! L e P s 0;‘"-“-”_“ - '4... - ‘.~~—- ale o - Ui e ges ANV g 5 e s B g ool oy o el e g g ISR e U g g g
0.92 0.94 0.96 0.98 1 0.9 092 094 09  0.98 1 15 2 25 3 35 4 1 2 3 4
M(r*mete) (GeV/c?) M) (GeV/c?) B(x1073) B(x1079)

B(n' >ntn ete™) = (2.45+0.02 + 0.08) x 1073
B(n' >ntn~utu™) = (2.16 £ 0.12 + 0.06) x 107>
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®n/n -t
v CP-violating asymmetry

AMm' »ntn utu™) = (0.62 +4.71 + 0.08)%
A ->ntn"ete”) = (—4.04 + 4.69 + 0.14)%

Light Meson Decays at BESIII

Yuyao Ji

2025/8/25

350 3 e Data - —e— Data
-- - —— Fit result 30 |- Fit result
@) 300 f3 30 - (b) —— F(p) Conv. Gauss - T Eg’z:)kcgnu\;delauss
Al - O - o o ST T T MC 25 Backgroun il
8 250 - Sll 25 — = Jyoyrnor o Mel - & = Background Il
. - : - Jy—ynmnw MC 8 20 F -eeeee- Background IV
O 200 © 2 — Other backgrounds S -
~ : A —~ : ~ __
L 150 2 15 2 BF |
- - ¢ o f' g
(]>J 100 — Fit result > 10 d LI>J 10 -
T - — F(g) Conv. Gauss o Jos [l “ iy
50 nl_w’fﬂ:- MC 5F T * 5 “ I I ‘i‘
- — - Sideband background : -
0 L s e e s s e s gl i s o R O :l i TR RS R ST S CEg S C S SRR S e [ SISt C SRake il St Tolet el Tt o 0 '_'I""""'""I'""“" S PR S ER SN YL P ST SO
-2 0 2 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
¢ ¢ ¢ (rad)
/ —_ —
A »ntnete”) =(—0.21+0.73+0.01)%
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o s>uatalt”

v" Transition form factor

, Model T Model 1T Model TIT , Model I Model 11 Model III
n—ntrete” W= atrTptuT
61—C2=(23=1 (21—6221/3,(1321 (11—(2275()3 01—62263:1 (:1—(:2:1/3,63:1 (31—(:27&(,‘3
my (MeV/c?) 954.3+£87.8£36.4 857.4+76.5 787.5£173.9 my (MeV /c?) 649.4+£55.9+35.6 601.6£25.7 589.6£25.9
my.(MeV/c?) 765.3+1.24+20.2 765.4+1.2 764.8+1.3 my,(MeV /c?) 757.34+24.1+£18.0 765.4+18.8 774.4+43.5
my(MeV /c?) T78.7+£1.3+£17.3 T78.7£1.3 7T78.7x£1.4 c1—Co 1 1/3 0.01£0.45
B(1073) 8.5+1.4+0.7 85+1.4 8.1+1.5 3 1 1 0.98£0.40
0 1.4£0.3£0.1 1.4£0.3 1.4+£0.3 2 /ndof (ptp,mrw) | 48.1/34.0, 32.9/46.0 | 48.3/34.0, 32.9/46.0 | 49.7/35.0, 32.4/46.0
c]—C2 1 1/3 —-0.03£1.09 by (GeV/c?)~2 2.37+£0.414+0.27 2.761+0.24 2.88+£0.25
c3 1 1 1.03£0.03 _ _
Table 5. The TFF fit results of the ' — 777~ ptp~ decay.
2 /ndof(ete,mtn™) | 77.9/82.0, 47.8/65.0 | 78.7/82.0, 47.6/65.0 | 79.4/82.0, 45.1/65.0
bnr(GeV/CQ)fz 1.10+£0.20£0.07 1.36+0.24 1.61£0.71

Table 4. The TFF fit results of the ' — 777 eTe™ decay.
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® Search for dark photon/ALPs ofn/n' > yete andn/n' > ntn ete”

X1O_6 x10—3
70:_' LU [ LAL A (L ALLRL Lk L) pALLL RE
- /
 eof (&) M- VA» )
i’50§ B 0.01 & m2 3
% a0 oW B(P = yA') = 2¢ ( ) B(P — yy),
A F o mp
< 30f . e
/T;- E 0.005 %
= 208 ' * * ¢is the coupling strength
108
095,05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.05 0-1 0-15 0.2
M(A') (GeV/c?) M(a) (GeVic?)
x10°°
35—’_| """" L B I T 1072‘
0.01 —
o sp (b)) 7' ->yA, ~ n' > ntn—a, )
% 25 A-ete” S a—ete”
<C i [} -3
> of L 102 | o\ _
2 2 o g sp _ BM/n' > ntnTa)yB(a—>ete”)
< 15 0.005 2 R — - P
[ = B(n/n' > ntn~ete™)
= 1074 F
D 0.5 g
%01 02 03 04 05 06 07 o o1 02 03 04 05
M(A) (GeV/c?) M(a) (GeVic?)
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