e TRHERS RO T M

Institute of High Energy Physics, CAS

& FE4En

Isospin violating decays via intermediate
meson loops

Qiang Zhao

Division of Theoretical Physics

Institute of High Energy Physics, CAS
zhaoqg@ihep.ac.cn

FI\ERFENETFERMITS
20254F7H11-16H, H#k



o8

Outline

. General remarks on the non-pQCD and hadron

spectroscopy

. Isospin-violating decay of B: — B m’
. U-spin-violating decay of y., —» VP

. A brief summary



Our comprehension of the non-perturbative QCD seems to be much less
than we thought!

meson baryon

* Conventional quark model prescription

* Exotic states are expected by QCD

Hybrid Glueball Tetraquark

"

 How the non-pQCD manifest itself in the
quark-gluon interactions?

 What is the proper effective degrees of
freedom in the description of hadron
structures?




Hadrons beyond the conventional quark model

Exotics of Type-l:

JPC are not allowed by Q Q configurations, e.g.
0—1—+...

* Direct observation

Exotics of Type-ll:

JPC are the same as Q Q configurations

* Outnumbering of conventional QM
states?

 Peculiar properties?

“Exotics” of Type-lll:

Leading kinematic singularity can cause

measurable effects, e.g. the triangle singularity.

 What’s the impact?

 How to distinguish a genuine state from
kinematic effects?




Success of Quark Model:
Hadrons are made of quarks (antiquarks) as QCD color singlet

Hamiltonian in a non-relativistic quark model :
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A lot of recent development ...



The connection between the quark model and QCD ONLY becomes clear in certain
circumstances: in the heavy quark limit the soft QCD for quark-antiquark or quark-quark
interactions can become much simpler.

Quenched LQCD simulation
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G. S. Bali, et al., Phys. Rev. D62, 054503 (2000)
M. Foster and C. Michael (UKQCD), Phys. Rev. D59, 094509 (1999)



The QM state y.1(2P) is about 60 MeV higher than the physical state X(3872).

n$t1L,  Name JPC Exp.[6] [8] [11] LP  SP
138, J/w 177 3097° 3090 3097 3097 3097
118, 7.(1S) 0~  20984" 2082 2979 2983 2984
238, w(2S) 17— 3686 3672 3673 3679 3679
218, n.(2S)  0~F  3639" 3630 3623 3635 3637
338, w(3S) 17~ 4040° 4072 4022 4078 4030
3L, n.(3S)  0~F ... 4043 3991 4048 4004
45, w(4S) 17 44157 4406 4273 4412 4281
418, n.(4S) 0~ 4384 4250 4388 4264
538, w(5S) 1 4463 4711 4472
518, n.(58) 0% ... o 4446 4690 4459
3P, yo(1P) 27+ 3556 3556 3554 3552 3553
3P, y,(1P) 1*+ 3511° 3505 3510 3516 3521
3Py, xo(1P) 0T  3415° 3424 3433 3415 3415
1P, h.(1P) 1t=  3525° 3516 3519 3522 3526
VP, yo(2P) 2+t 3927 3972 3937 3967 3937
2P, xa(2P) 1Y ... 3925 3901 3937 3914
B3P, xo(2P) 0FF 39187 3852 3842 3869 3848
21p, h.(2P) 17 3934 3908 3940 3916

W.J. Deng et al., PRD95, 034026 (2017)
T. Barnes, S. Godfrey, and E. S. Swanson, PRD 72, 054026 (2005).

[8]
[11]

B. Q. Li and K. T. Chao, PRD 79, 094004 (2009).
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[V(r)-V(0.5 fm)])/GeV

Open threshold effects: A missing piece of dynamics in the potential QM

: - . ] The creation energy for a
Quenched LQCD simulation Unquenched LQCD simulation - it
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However, the effects of the open channels on the soft QCD potential is also evident!

G. S. Bali, et al., Phys. Rev. D62, 054503 (2000)
M. Foster and C. Michael (UKQCD), Phys. Rev. D59, 094509 (1999)
J. Bulava, et al., Phys. Lett. B793, 493 (2019) 8



Open threshold effects: A missing piece of dynamics in the potential QM

K

V(ri]-) = — - + or e Color screening effects? String breaking effects?

V%onf (r;’j ) /

qq creation w\
Y

____________ /

e The effect of vacuum polarization due to dynamical
quark pair creation may be manifested by the strong
> coupling to open thresholds and compensated by that
1ij of the hadron loops, i.e. coupled-channel effects.

8eff

1 fm

E. Eichten et al., PRD17, 3090 (1987); E. J. Eichten, K. Lane, and C. Quigg, Phys. Rev. D 69, 094019 (2004)
B.-Q. Li and K.-T. Chao, Phys. Rev. D79, 094004 (2009);
T. Barnes and E. Swanson, Phys.Rev. C77, 055206 (2008)



Typical processes where the open threshold coupled channels can play a role

The open channel couplings

0 ¢(3770) —s non DD Y- zZhang et al, PRL(2009); introduce NOT ONLY
X. Liu, B. Zhang, X.Q. Li, PLB(2009) additional dynamics (add.

Q. Wang et al. PRD(2012), PLB(2012) effective DOF) into the

“pm puzzle”
":> < Xe1 — V'V, Xep — VP X-H. Liuet al PRD8,

|

014017(2010); hadron structures, BUT ALSO
X. Liu et al, PRD81, 074006(2010) pnovel kinematic effects, i.e.
L ne(ne) = VV Q. Wang et al, PRD2012 triangle singularity ...
__/ ( / 0 ./
WY —>J/’l,b7T , Y —>J/7,b77 DT —>DSR'0 e

) < W — ne, J /P — e

G. Li and Q. Zhao, PRD(2011)074005

F.K. Guo, C. Hanhart, G. Li, U.-G. Meipner and Q. Zhao, PRD82, 034025
(2010); PRD83, 034013 (2011)

\ F.K. Guo and UIf-G Meipner, PRL108(2012)112002
J. Wang and Q. Zhao, PRD111, 096007 (2025)

\/_QL D,1(2460) — D,1(2536)
’\/—- ":> The mass shift in charmonia and charmed :> Hadronic molecules

MEeSONS, E.Eichten et al., PRD17(1987)3090

Pb

De

X.-G. Wu and Q. Zhao, PRD85, 034040 (2012) 10



The narrow two-body open thresholds:

Their possible impact on the spectrum should be
systematically investigated.
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X.-K. Dong, F.-K. Guo, B.-S. Zou, Progr. Phys. 41 (2021) 65 [arXiv:2101.01021]
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J. Wang and Q. Zhao, PRD 111 (2025) 096007, 2503.13138 [hep-ph]
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Isospin symmetry and SU(2) flavor doublets

= RS T
SFH\S5E down up strange
=N —-1/3 +2/3 —~1/3
Gl 1/2 1/2 0
Bfhezn & —1/2 +1/2 0
TR 0 0 —1

m qq = (uti + dd + s5)/V3

1 1 _
uﬁ=§(uﬁ+dd)+§(uﬂ—dd)

SU(3) flavor triplet with I, U,V SU(2) doublets

o (a)
UL (s\

{(’;‘)




Measurement of the quantum numbers for the first time in 2023!

BESIII, PL B846 (2023)138245
D*+ 1(JP) = o(17)
— 1 established by ABLIKIM 23AZ.

D:* MASS

The fit includes D&, DO, pF, p** p*0 p** p (2420)0, D*(2460)0,
s S 2

and D51(2536)i mass and mass difference measurements.

VALUE (MeV) DOCUMENT ID TECN COMMENT
2112.24-0.4 OUR FIT
2106.6+2.1+2.7 UBLAYLOCK 87 MRK3 ete™ - DI4X

1)ﬂ«ssuming D;t mass — 1968.7 4+ 0.9 MeV.




Mt — Mt
D; D;

The fit includes DF, DO, DE, p*+, p*0, p*+, b, (2420)0, D%(2460)0,

and Dgq (2536)i mass and mass difference measurements.

VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT

1438 + 0.4 OURFIT
1439 + 0.4 OUR AVERAGE

143.76 + 0.39+40.40 GRONBERG 95 CLE2 ete—

144.22+ 0.474+0.37 BROWN 94 CLE2 eTe—

1425 + 0.8 +1.5 2ALBRECHT 88 ARG etTe™ — DS:}:'yX
139.5 4+ 8.3 4+9.7 60 AIHARA 84D TPC et e~ — hadrons
e o ¢ \We do not use the following data for averages, fits, limits, etc. e o @

143.0 +18.0 8 ASRATYAN 85 HLBC FNAL 15-ft, v-2H
110 +46 BRANDELIK 79 DASP ete  — D;t'y)(

2 Result includes data of ALBRECHT 84B.




D** WIDTH

VALUE (MeV) CL% DOCUMENT ID TECN COMMENT

<19 90 GRONBERG 95 CLE2 ete™

< 4.5 90 ALBRECHT 88 ARG EE£§, = 10.2 GeV
e o o We do not use the following data for averages, fits, limits, etc. e o @

< 4.9 90 BROWN 94 CLE2 ete™

<22 90 BLAYLOCK 87 MRK3 ete™ — foyx

D;"' DECAY MODES

D:_ modes are charge conjugates of the modes below.

Mode Fraction (I';/T)

rr DIy (93.6 L£0.4 )%

r, DIV ( 5.77+0.35) %
3 Dlete (6.7 416 )x 1073
1.2 _
[, e, (21 T35 )x107>
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Isospin-violating through n — ™~ mixing

For Di* — Dg n, the corresponding effective Lagrangian is

- 4 ~ 1 % {
L:D;‘DSI; — Igppp SIN aPD,s' (Ds ),ua} H,

where the mixing angle ap = 40.6° is adopted for the n —
n' mixing.

The n — n’ mixing angle is given by the leading order chiral
expansion

\/§ my — m,

2 m,—m

tan(260, o) =

nr

Since Hnno is small, we can make the following approximation: g

[13] Chi-Yee Cheung and Chien-Wen Hwang, Three symmetry
breakings in strong and radiative decays of strange heavy
mesons, Eur. Phys. J. C 76, 19 (2016).

[15] Peter L. Cho and Mark B. Wise, Comment on D} — Dz’
decay, Phys. Rev. D 49, 6228 (1994).

[16] A.N. Ivanov, Onthe Di" — D + r, decay in the effective
quark model with chiral U(3) x U(3) symmetry, p. 5, 1998.

[17] Kunihiko Terasaki, Decays of Charmed Vector Mesons— "
mixing as an origin of isospin non-conservation. p. 11. 2015.

[18] Bin Yang, Bo Wang, Lu Meng, and Shi-Lin Zhu, Isospin
violating decay D} — D,z" in chiral perturbation theory,
Phys. Rev. D 101, 054019 (2020).

with 7/ = (m, +my)/2

N V3m,; —m,

" 4 m,—m

-

J. Gasser and H. Leutwyler, Chiral perturbation theory: Expansions in the mass of the strange quark, Nucl. Phys.B250, 465 (1985).




Effective Lagrangians
; ] Al k1 T 1 SR
L= _lg’D*’D’P(DJau,PijDMJ = D, " P;;D’ ) + EQD*D*’PS;wa/}Di; P o Djﬁ
- lgDDVD;T ayDJ(V#); _ 2.fD*DV€ny(1/j’(a‘u VP)E(D: aaD*ﬁj - Dj/ﬁ daDJ)

+ igppy DY 0, D (V)i + 4if pepy Dy (VY — #W)iDy

where D and D* represent the pseudoscalar and vector charm meson fields, respectively, 1.e.,
D — (DO,D+,D;L), D — (D*O,D*+,Di+),

and P and V are 3 x 3 matrices representing the pseudoscalar nonet and vector nonet meson fields

sin aPJ}’%—\C/%S (IPJH—JTO JZ'+ K+ /)[1;—5(;) p+ K;H_
P = T sin (1p13’+\(:/%s apn—n° KO ) = e w\—/go K*O

K- K" cos apy — sin apy K~ KV ¢



For the light hadron vertices, we adopt the following effective Lagrangians:

Lypp = igyppTr|(Po,P — 0, PP)V¥],
Lyyp = GyvpEap Tr[0"V VP,
Lyyy = fgvvar[(d;z V, — duv;c)v’” Vel

The following coupling constants are adopted:

 Y9ppr 29 - ~ Pay : Joov Agy _[Mp,
9p*D*r — — > 9ppv — Ip*D*v — — = fopv = — ; dp*D.K — 9D*Dr>
Vmphps [ V2 mp- V2 mp
~/Mp: ~m,  9ppk 29 ~mp
9p:DK — 9D*Dr> 9gv = > 9p*D*Kk — -7 9p.pv — 9pDV >
m px fa Vmpmp+  fg mp
_ M : _/Mp; 9p:py  YprprSMap
9p*DK* — 9p*D*Vv > fD*D_’;‘K* — I.](D*D*Va —

mD* mly A /n’lD:: anS \/ n’lD* n’lD

with g=0.59,8=0.9, f. = 132 MeV, fx = 155 MeV, 1 = 0.56 GeV~!



The relative strengths and phases of the coupling constants for vector and scalar mesons can
be determined by SU(3) flavor symmetry relations and expressed by overall coupling
constants gyyp and gypp,

|
gK:iz | K:i:—ﬂ(] — _gK:R[]]_{:i:UEU p— ﬁgvvp,

B |

gK:;:(] i{[] JT(] — —gK:az[] JT[] [_{[] — gk:az[] JT[] K(] — —gk:az(]K(]ﬁ[] — E gVPP .

1
Ikt 7'k~ — 9 tk—2° — 9k K2 — —9kOkt = EQVPP-



The tree-level amplitude:
D" (p1)

three — ingfDngDjf ' p39rpro — igtreengf ' (pZ - p3)* > /
T\

with  Gyee = QDS Dﬁ.qg;]}r“/ 2
The loop amplitude at one-loop level without n — 7° mixing:

——— D{ (p2) ——— D] (p2)

D(K)(q1)

AKX (D) (gs) AK(D)(g3)

——— 7’(p3)




D(K)(q1) —— D (p2)
Examples: D= () //

= A (D*)(g3)
x(m(q?)\_,_ ()

; A
&, 9p:picda € 9p,pic (q1 + P2)g (9”’6 w2 )9k Kk2(P3 +q2)p

M, (D, K, K*) = Flg?).
MalD. KK f@ﬁ)“ (g1 —mi)(q5 — m3)(q5 — m3) )
s _H q%,uq%.u
d4q3 9D:DKYD*D,KID*Drd1 * € 4] (Qm, . )P3 ,
M, (IC, D, D*) = F(q7),
MDD = [ e (i)

A2 — m2
with a UV cutoff F(p?) = H(’—%) and A; = m; + al\gep Agcp = 220 MeV



The loop amplitude at one-loop level with n — 7° mixing:

a2) —@P " (p3) J(@2) N e 70(y) K(D)(@\)\—n-*— °(ps)

>-Q >-Q
—
S—’
=
i /\
~—

Ui
(d) (e)
“ Hnr
iM, (D, K, K. ) = iM, (D, K, k) - L7
9Kk n
. * . * 9o Dn er“
iIM, (K, D, D" ) =iM, (KL, D,D) - —,

9D Dr



Power counting of the loop amplitude:

Assuming the intermediate mesons are close to being on-shell, the propagator reads

1/ (t = m3) = =1/m3
- . 5 7,4 2 2
The integrand counts:  (v° /") X p, - pp /m5~vEp E,/m3

For the two loop amplitudes which cancel each other, we have

| J l J
| |

Loop power suppression | | Isospin breaking term

The loop amplitude can be expressed as
iMloop — igloopgD:f* ' (pZ - p3)
The total amplitude can be written as
IMDS' —D/z" — i(gtree T gloop)gD;T' ' (pD‘* - pzr(’)

= lGtotal€pit - (pDS' - pzr“)a



Tree and loop amplitudes of D;* —» D} y in the VMD model

The radiative decay of D; and its loop correction can be evaluated in the same framework

UV

AT — Z Z
lMtree — lgtree(}/)guuaﬁplp381 3

where g! ., can be calculated using the VMD model

2
em
Yoo _ V
Gtree = lng;“‘DSV_GV
V
—1 —1
Gy == — T3
py —my +imyly  —my +imyly,

where V = p,w, ¢, ]/ and e/f, can be determined by V — ete™.

Dj(]b)
D" (p1)

7
™,

v(p3)




To match the coupling constants in heavy quark effective field theory, we have

9p:p,v =4fp:p,v

For the tree-level V = ¢, ] /1, the coupling constant can be extracted:

)
qg emw
9dp:Dy = (QD p.p——GCyp+ 9ppy— Gw>
fo Jy

with  9p:D.y — 29J/quD/MaM — \/MD.‘?MDs



Loop amplitudes based on the VMD:

D(K)(q1) > DY (p2) D*(K*)(q1)
xf x4
D:*(p1) | D (py)
KDY az) Noenn ~(py)
V
(a)
DIK)(q1) — D
*f
b ) ALK (D*)(g3)

43493

J g5 9Kk 9D: DKID, DK 42 8'8'(6]1 T Pz)a (gaﬁ - ,;,%‘ ) Sﬁmsé’qé‘p’g‘

(27 (g1 —m7)(q3 —m3)(q5 — m3)

iM,(D, K, K" y) = f



Contact diagrams induced by the requirement of Lorentz gauge invariance:




Meson-photon coupling via the VMD model:

. emi(] em?, em,
9K+ K+ y ! gp(]K*' K~ Gp” T YoK* K- 0 T gqﬁ]( 'K~ _RG(/) ’

fp“ f('x') f(f)
: emfz)“ em?, em?5
gK(] K:&:(]Y =1 gp(] K*0 g0 - G[)U —l_ ng:a:(] KO~ G(IJ —I— gqu:a:(]K’:iz(] —_— Rqu) )
f X f 0] j ¢
2 2
em= em2 em
9dpopoy, = l(gpoDszU . L Gpu + G,,p*0 —2 G, + 94D D0 JRqu \
f P’ f D) f ¢

em? 2 2
. P’ ent, 6’}’}105
9pipty = i\ 9opp- G + Gup i p——Go + Gppip- —— RGy |,
fp[] jw f(/)

where R = 0.8 is the SU(3) flavor-symmetry-breaking parameter for processes involving the
strange quark pair.



TABLE 1. Values of the VPP coupling constants.

Coupling constant ~ gp-pog  gpipox=  Gpop'z  Yp~ptx Yotk Ippik  9Yprptk+  9p+prk  Gvep

Numerical value 18.40 3.84 17.29 —17.33 18.42 17.77 3.84 17.78 4.18

TABLE II. Values of the VVP coupling constants.

COUplll’lg COHStaHt gD:+D*0K f D*UDj» K* thDO K* gD*OD*OR'O gD*+D*_7T0 gVVP

Numerical value (GeV~!) 7.81 2.38 2.47 8.94 —8.94 7.93

TABLE III.  Values of the VVV coupling constants.

Coupling constant qvvy Ip+ Dok fpipok

Numerical value 4.47 3.83 4.79

TABLE IV. Values of the electromagnetic coupling constants in the VMD model.

Coupling constant IK*+K+y JKOKY, 9popo, 9p*+D+y

Numerical value (GeV™') —0.288 4+ 0.063i 0.369 + 0.062i —0.383 — 0.082i 0.492 4 0.082i
Coupling constant g+ K*ty gK*OK*Oy gp+o D*OY (‘fD*OD*Oy) gD*JrD*Jr;/ (f'D*JrD*Jr;/)
Numerical value —0.162 — 0.035; 0.208 +0.034i —-0.139 = 0.031i(—=0.695 — 0.1527) 0.178 + 0.030i(0.892 + 0.1501)
Coupling constant 9K Ky 9KOKO, 900, 9p* Dty

Numerical value —0.288 4+ 0.063; 0.369 4 0.062i —0.383 — 0.082i 0.492 + 0.082:




Numerical results:

a=15=+0.15
W T T T T T T T T T T
g : CM [13] yPT [18] Our work
10 e e e e e T e e - . _
: |r i  T(D; - Din") 277738 8.1139 9.9279:76
< wf I E
< T B ;
& I L ’: ] [13] Chi-Yee Cheung and Chien-Wen Hwang, Three symmetry breakings
S SOt | in strong and radiative decays of strange heavy mesons, Eur. Phys. J. C
T ]
S T — ] 7819000
e b [18] Bin Yang, Bo Wang, Lu Meng, and Shi-Lin Zhu, Isospin violating
T S | [=e=e=Trce ====Toop 4 decay D} — D,m® in chiral perturbation theory, Phys. Rev. D 101,
F" | |=—="Total (D" KSK) |3 054019 (2020).
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Connection and difference between D —» D.m° and D} — D,y

D (p2)

-
",

v(p3)

DEL (p2)
D;"Jr(}??‘l)F // D:Jr(pl)>
7\
WO(Z?3)

C DS S Ds
C-/ S S_'—/ C
D; <

n/¢ ¢ \C ]/

The main uncertainties come from the g, ,,pp coupling with g;,pp = 7.0 ~ 7.5.

Cancellation occurs
between the ¢ and J /Y
term.

Precise measurement of D; width can provide a strong constraint on this coupling.



TABLE VIL. Experimentally measured branching ratios and relative branching ratios of D** — D7 z" and

Dt = Dy.

BR(D:* = D{y) BR(D:* = Df ")

BR(D:* — Df7")/BR(D!* — D}y)

PDG [29] (93.6 + 0.4)% (5.77 £ 0.35)%
BESIII [42]  (93.54 £0.384+022)%  (5.76 £0.38 £0.16)%

(6.2 £0.4)%
(6.16 + 0.43 £ 0.18)%

TABLE IX. Contributions of the tree diagram, loop diagrams,
and the combination of tree and loop diagrams to the partial decay
width of D™ — Dy, with a = 1.0, 1.35, 1.5, 1.65, and 2.0 in
units of eV and g,,,pp = 7.23.

« 1.0 1.35 1.5 1.65 2.0
[,.. 153.89  153.89 15389  153.89  153.89
Cloop 0.54 2.22 3.59 5.55 13.14

.. 15530  157.84  159.69  162.16  171.15

Loop corrections to the radiative
decays are small, but has a stringent
constraint on the coupling g;/ypp-



The total width of Dg with uncertainty estimation.

[(Di" > D) T(Di" = Diy) Now (D7)

a=15+0.15, 9.927 70 159.77%  169.6757
9j)wDD = 7.23

o - 0.76 1A -
a=15+0.15, 9.92+0-7¢ 16073 1707}

97 /yDD = 7.2340.06




X.H. Liu and Q. Zhao, Evasion of helicity selection rule in .4 = VV and ., = VP via intermediate
charmed meson loops, PRD 81, 014017 (2010)
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Xz = VP @ Further suppressed by approximate G-parity or isospin/U-spin conservation.
C

€ Decay to neutral VP is forbidden by C-parity conservation.

g
* Short-ranged mechanism C V

* Long-ranged mechanism C

!1' =[]

X2

7all

X2 Xe2




Predictions for the U-spin-violating decays of y., — VP

EBE o | ]
T i tos Mg p(770)F 7T (6 +4 )x10°0
1E-4 | M4 K*(892)F KT ( 1.46+0.21) x 104
=~ | M35 K*(892)°K%+ cc.  (1.264027)x 1074
::-T 1E-5
o BESIII, PR D96 (2017) 111102
Z1E-6 | 3
o
0
1E-7
1E-8 L |
0.2 0.3 0.4
o
BR(x10")|K*"K" + c.e. | K*TK~ 4 ce| p'a +ece 0=0.3 ~ 0.33
Meson loop|] 4.0 ~ 6.7 4.0 ~ 6.7 (1.2 ~ 2.0) »x 1071

Exp. data

X.H. Liu and Q. Zhao, Evasion of helicity selection rule in x.4 = VV and y., = VP via intermediate
charmed meson loops, PRD 81, 014017 (2010)
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4. A brief summary

 What are the proper effective degrees of freedom for hadron internal
structures?

 What are the possible color-singlet hadrons apart from the simplest

conventional mesons (gq) and baryons (qqq)? (e.g. multiquarks, hadronic
molecules, hadroquarkonia ...)

 What are the proper observables for determining the internal structures for
hadrons ? Sometimes, symmetry breaking effects can help!

* How to distinguish genuine states from kinematic enhancements due to TS?

 What’s happening in between “perturbative” and “non-perturbative”?

Thanks for your attention!
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