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1. Background

pQCD

For an exclusive decay, the longitudinal polarization fraction is defined as f; =

leading

Helicity
Conservation

—

Longitudinal polarization
dominant for D® = VV

BRlongi
BRlongiy prtrans*

The longitudinal polarization dominance (LPD) means f; = 1.

B |n the beauty sector, naive power counting predicts that B = VV (V = ¢, K™, p, w) decays are
LPD since the helicity-flip transition is suppressed at the order of Aycp/my,.

Brodsky et.al., Phys. Rev. D, 24 :2848, 1981.
Chernyak et al., Nucl. Phys. B, 201:492, 1982.

In most cases, the exp. measurements support the LPD phenomenon, e.g. B® = p*p~, Bt - pYpt, pOK**.
But tensions exit in B = ¢K".

Bernard Aubert et al., PRL91,171802 (2003).

K. F. Chen et al., PRL91, 201801 (2003).




B |In the charm sector, the situation is more complicated.

O Apparent deviations of the LPD are observed in experiment, such as f; = (0.00 + 0.10 4+ 0.08)

for D° - ¢w; f; = (71 + 4+ 2)% for DY - p°pY; transverse polarization dominance for D° —
K*°p0,

BES-IIl Collaboration, Phys. Rev. Lett., 128(1):011803, 2022 .
FOCUS Collaboration, Phys. Rev. D, 75:052003, 2007.
MARK-III Collaboration, Phys. Rev. D, 45:2196-2211, 1992.

[ The naive factorization model and the Lorentz invariant-based symmetry model indeed predict
that the longitudinal polarization faction may not be dominantin D — VV.

A. N. Kamal et al., PRD43, 843 (1991)

lan Hinchlie and Thomas A. Kaeding, PRD54, 914 (1996)

Paulo F. Bedaque et al., PRD49, 269 (1994)

Manfred Bauer, B. Stech, and M. Wirbel, Z. Phys. C34, 103 (1987)

Hai-Yang Cheng and Cheng-Wei Chiang, PRD81, 114020 (2010)

Hua-Yu Jiang, Fu-Sheng Yu, Qin Qin, Hsiang-nan Li, and Cai-Dian Lyu, Chin. Phys. C42, 063101 (2018)

Non-perturbative mechanism may become essentially important. But how to quantify it?



short-distance transitions:

Direct emission

P
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At the leading order, one would
expect Br(D° - ¢p°) = Br(D° - ¢w).

1 - 1 — 1
— _ = — = — - 0
uu—z(uu+dd)+2(uu dd) ﬁ(w+p)

Internal conversion
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BES-IIl Collaboration, Phys. Rev. Lett., 128(1):011803 (2022)
P. d’Argent et al., JHEP, 05:143 (2007)

Significant differences arise from the experimental measurements:

(1) Negligibly small longitudinal polarization with the ¢pw channel:
fr = 0.00+ 0.10 £ 0.08

which corresponds to f; < 0.24 at 95% C.L.
(1) Dominance of the S-wave in D° — ¢p® suggests relatively large f;.

(111) Difference in b.r.s:
Bre*P(DY - ¢p°®) = (1.56 + 0.13) x 1073
Bre*?(D° - ¢w) =~ (0.65 + 0.10) x 1073

There must be mechanisms beyond the leading tree-level transitions.
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Amplitudes for D® — VV via the short-distance dynamics.

Decay channels

Amplitudes
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Notice that the K*TK*~ channel has large b.r.
due to the direct emission process.

2mgx ~my + my, ~my +mg,

Long distance transition mechanism due to the
K*K* final-state interactions (FSIs) should be
considered:

Moreover, FSls involving other intermediate

meson rescatterings can also contribute. A

systematic treatment is required.




2. Tree-level short-distance transitions vs.
long-distance final state interactions

« Taking D° - ¢p®/dw as an example, the tree-level amplitude reads: P, w/pO
P,
. P1 P4
iMp) (D" — op”/ow) ~< Ps
_ 1 P 0 I}D - i ]
= (09" /0wl @)} (6(ui)| Hyy ) Do) = =0 VesVa e Y

* The amplitude due to the intermediate K**K*~ rescatterings can be written as:

loop * * —
IMET o = \/_gDEVCQVMZI ); K*, K*~, (K)]

1

. loo _ (P) i6 (P)
ZM(P)};LU = (EgDE Te 910(8.@)) VesVas

x> I[P K*T,K*,(K)] .

(K)

— L

“P" can be either “PC" or “PV”
for parity-conserving or parity-
violating amplitudes.

Different strange particle exchanges
in K**tK*~ - ¢p°/ow. 7




Long-distance amplitudes via the FSls

For instance, the loop amplitude for the kaon exchange can be expressed as

T|(PC): KT K™, (K)]

(3

d4 * v’ [ ok :
_ / By DM (K*)WVay D(K ) Va, DY (K*)F(p?)

(2m)*

with the vertex couplings:

. ) a f
Vipw = —19pK+i+€apuvPl Ps;
. B B1 0
4 Vour =iy, k# K €or g1y’ sPT pvl‘CVl
. B 39 Ax
V%f/" — ZQVQI{*I<ECX2;‘82I/!AP3 pVQCVQ ?

and the propagators for the vector and pseudoscalar mesons:

DFF(K*) = —i(gh — p'pt [p?) ) (07 — m3e. + ie)

D(K) =i/(p? — m% + ie€)

A form factor is introduced to cut
off the UV divergence:

‘ AZ —m?
F(p7) = H(w)

with Ai =m; + aAQCD, and AQCD —
220 MeV,and a =~ 1 ~ 2.
8



3. Numerical results and discussions

in unit of (x 1073)

Our results
without Our results

Process [13] [12] [14] [11] 8] [8]* [9] [10] FSls with FSls Experiments
dp" S e 0.63 X S e o e ‘o (.48 1.35_'5;.;_-;-: 1.40 £ 0.12 [21]
P e 0.025 X S e o o ‘o 0.05 0.1 1_3{]’? 0.08 £0.04 [21]
D e 0.001 X “ee e o o ‘o ~() {},{]{]2_‘{‘]’:(‘;[‘]’[] 0.08 £0.03 [21]
T 0.37 1.02:021
L 0.65+004 ... X “e e e e e 0.16 {]_45_‘3{1’{": S
Total e 066 7.6004) 1.02 02600.26) 00380014 1.9+05 022 .53 [_4?_'5;_-:—:’3 .56 £0.13 [21]
e T e e X fe e e e o .34 {]_ﬁ?_'f;_-lﬁ 0.65 £ 0.10 [20]
L 1.41+009 ... e T X e X 22 0.15 It ~0 [20]
Total e (.66 X 092 0.23(0.23) 0.035=L£0.13 o ‘o 0.49 U.ﬁ":]'_'f;jllf, 0.65 £ 0.10 [20]

» The FSIs via VV(PE) 5 1 (CS) seems to be a natural explanation for the mysterious issues in D — VV,
including the polarization puzzles.

» FSls of the leading DE transitions can rescatter into the CS processes and produce significant interfering
effects.

> The significant differences between the ¢p° and ¢w decay channels can be understood.



4. Extension: D? — Vy

B The radiative weak decay D° - Vy (V = K*Y, ¢, p°, w) can be related with the color-
suppressed process in D® = VV.

B The present experimental measurements of D° — Vy.

(BaBar, Belle and CLEO Collaboration)

B The previous work D® — VV suggests the weak decay mechanism and implies the
importance of FSls via rescatterings.

Y
For B meson weak radiative decay: ;r'!-
F ] -
the amplitude is dominated by the free quark decay, e.g. b — sy. w
w

But this picture cannot be justified for D — Vy.

o

B The charm quark production and decay has been an ideal place for probing the non-pQCD effects
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Formalism: CS-processes

A4

A

W

Y

'iM(PES)) fjg}vgfaﬁa)\pqpfﬂg”{}-
T MEY = gk,
where
> V jg}&ﬁf —t Jg’&w my. Gyr.
fu
Gy = !

The internal W-emission process ¢ = q1q-,q, followed by g,q = vy (or g;u = )

|

The vector meson

dominance (VMD) model

2

v

2
ems,

fv

v, A

Bauer et al., Rev. Mod. Phys. 50 (1978), 261.

p,% — -m%, + iy Ly

. The photon interacts with hadrons by coupling via the

vector mesons (¢, po, w saturation).

. The decay constant f;, can be determined by V — ete™

using the experimental data.

1/2
€ B (3]__‘1,’_}64_5_) '
fl*’ 2&'& pe|

(P)

3. gpyy can be extracted from the CS transition in D% > VV.
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Formalism: pole terms
’Y(H» ’):Jf
%w gw :>

b
-

Type-Il

N N
e .

(b) (c) (b) (©)
The internal conversion process cu — g,q, with a All possible spin-one (J® = 1%) and spin-zero (J© = 0%)
photon attached to any of the four quark lines. intermediate virtual particles can contribute.

?

MDD = V) =3 (VIHR) oy Dy YDy Hem | D), ™)
zn: ~omy —mp, +imp,I'p; only consider the PC

— - .
contributions

(P) 7 ?
D—V~) = E VI|H ey P ! D
Mir( /) ~ VIHEeM -;rn.QD — -;rn.gpn +imp I'p [P ) (Pnl Hyy, 2_"2| ) —

® gpp+(1-)v can be extracted by the heavy quark effective theory.
® gyvp(o-) can be extracted by fitting the V. — Py (P — Vy) channels using the VMD model.

® \We know little about the property of the D couplings to the axial-vector meson D; (1%) and a neutral vector meson.
® we also lack the coupling information for the intermediate scalar meson (0%) transits into the vector meson pair.



TABLE VII: The b.r.s of the tree contributions shown in Fig.
10~3 for the decs W DY

b.r. K*Y by %y Wy
Experimental data [19] 4147 |2.81£0.19|1.82+0.32 < 24
PC 11.03 £ 5]0.55 £ 0.23]0.45 4= 0.16 | 0.023 4= 0.020
Tree PV 12.53 £ 410.75 £ 0.25]0.45 £ 0.13/0.023 £ 0.016
PC+PV 23.57+£6{1.30 £ 0.34|0.90 £ 0.21]0.047 + 0.026
Pole terms PC 0.011 0.016 0.055 0.005
Tree(PC+PV) 4 Pole terms(PC)| 22.80 1.14 1.23 0.046

Formalism: loop amplitudes

DY Y2, 1Mo

p3, M3

(d)

D

K+ K+~ —

2. 2

=u,8 V'=pY w,d

2(a) and pole term c:ontl ibutions shown in Fig. 'h} and (c) in units of
S Vy (V=K ¢ p° w).

@ The transition amplitudes of the two
types of pole terms have opposite signs
and will cancel with each other.

|:> €@ We see that the cancellation has led to
rather small effects on the b.r.s as shown
in Tab. VII.

€ We argue that the PV part of pole terms

have the similar behaviors.

Taking the K** K~ coupling to the photon y as an example, the
photon can couple to the intermediate p°, w, and ¢ meson:

€ T??Q

G;
fvr

((q@)1--|V")igvvp—"—

The expressions and numerical calculations of these loop amplitudes are the same as the above.
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Numerical results and discussions

TABLE IX: Calculated b.r.s containing both tree and loop contributions in units of 102 for the four radiative weak decays D? — V7~
(V= K*0, ¢, p°, w). The uncertainties are given by o« = 1.3 £ 0.13.

[9]PRD, 52:6383{6399, 1995.

[12] Int.J.Mod.Phys.A, 33(32):1850194, 2018.. DO — K*0y D — ¢y DO — 0 DO — wry
[10] Eur.Phys.J.C, 6:471-476, 1999. 32.842.0+2.7[4 2.78+0.32 +0.27
Experimental data ' 1.77 £ 0.30 £ 0.07 <24
[13]Eur.Phys.J.C, 73:2441,2013. P Y 6.6 £ 2.1 £ 2.1 5] 2,76+ 0.19 £ 0.10 2 )
[11JHEP, 08:091,2017. PDG average A1 +7 2.81 % 0.19 1.82 £ 0.32 <24
g
{g} EEB' ‘;Ziﬁ; é-"i;-% Burdman 7 12 0.1~ 3.4 0.1~ 0.5 ~ 0.2
’ ! i ’ ’ ': ."(..‘ "'.. ~ -I8N .?; .‘:’-; ~ . .:‘ ~ .
[25] Chin. Phys. C, 42(4):043106, 2018. Biswas 16~ 18 045 ~0.64 0512~ 1.8 0-32~09
Fajfer 6 ~ 36 0.4~ 1.9 0.1~ 1 0.1~ 0.9
Branching ratios Shen 197511 3.2713H08 L1540 0.7510 35000
o de Boer 2.6 ~ 46 0.24 ~ 2.8 0.041 ~ 1.17 0.042 ~ 1.12
containing both Asthana 0.86 - - -
tree and loop Bajc 28 ~ 65 _ _ _
contributions. Dias 15.5 ~ 34.4 - - -
. This work 35.9729 2767538 1.7910-22 0.5870-13

> Our results for D® > ¢y and p°y with @ = 1.3 + 0.13 can best describe the
experimental data from Belle [5] Collaboration.

> The calculated b.r. for D° — K*9y is consistent with the averaged value of the BaBar [4]
and Belle [5] measurements.

> The b.r. for D° - wy is much smaller than the experimental upper limit from the CLEO
Collaboration [3]. 14



Summary

@ In the first work, we carry out a systematic analysis of the CF and SCS decays of D° - VV by
taking into account the long-distance FSls as a crucial mechanism for understanding the
mysterious polarization puzzles.

€ \We also strongly recommend future precise and completed measurements of D° —» VV at BESIII,
since it will provide us a unique probe for resolving some of those profound nonperturbative
dynamics.

€ \We demonstrate that the long-distance FSls also have played a crucial role in understanding the
D° - Vy decays.

€ This mechanism may be investigated in other decay channels and help us gain better insights into

the near-threshold dynamics in charm sector via the weak transitions.



Thanks for your attention!
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Tree-level amplitudes in the NRCQM

The tree-level amplitudes will be calculated in the non-relativistic constituent quark model (NRCQM):

The effective weak Hamiltonian: Hy =

+.u _
where ST () =

] - 0s O¢:
J=H(x) = (d 3)- (C.O“’ C

sin O

‘f

\/§
2) cos ¢
' sin f¢

— sin HC‘) . NF"(I 8 )
/ REr

cos O

dm {J_ o

—sin O
cos b¢

The operators for the W emission and internal W exchange are:

Gp 1
Hyy 5 =

X u(ph, ma)yu (1 —

Grp 1
Hyy oo = 'V,

Vs )u(pa. Mo ) i(pa, My )y

\/— qug qlql (27)3 ——0" (P1 + P2 — pi

X a(ph, m5) (1

ﬁVqu V3q4 (QT)g(SB(pQ — p’2 — P3 — p4)

— ph)

"1 —~5)v(ps. ms),

— v5)u(pa. ma)v(pr, mi )Y (1 — v5)v(pl. my).

A. Le Yaouanc, L. Oliver, O. Pene, and J. C. Raynal. HADRON TRANSITIONS IN THE QUARK MODEL. 1988
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For instance, the operators for the W -emission (1 — 3) in the PC and PV transitions:

HH 1—3 —

HH 1—3 —

A.
J.-

P.
P.

— <S_1§‘3‘O"0> .

— (shlofsa)  [(— + ) (5455 T|0) — i(s455]er|0) x (5= — 22

(T a A A
\/_ QQQQ ‘/’33114 271_) 6 (p2 - pz P3 — p4)OcolorOﬂa-uor

X { (s

/
orfs2) (5= + 52

p3 P4 /
1 o0 + + (s
‘ ‘ g2> <g—l 53 ‘ ‘ > ) <g2 27?12 2_?],1:"2

2ms  2my

2mo  2mj 2mo  2mj

2ms  2my

(TF 3 2 o
\/§Vq2q2 1/5‘3'5}4 (2’}1’) 5 (pg - pz P3 — p4)oc.olo-r0fla-t.!o-r

< {— (s 1|32 {s45al1]0) + (sh]or]s2) - (s.5a]r]0)}.

2ms  2my

ichard, Q. Wang, and Q. Zhao, arXiv:1604.04208[nucl-th]

Y
M. R
-Y. Niu, J.-M. Richard, Q. Wang, and Q. Zhao, Phys. Rev. D102, 073005 (2020)
-Y. Ni

iu, Q. Wang, and Q. Zhao, Phys. Lett. B 826 (2022) 136916

)(5453|1]0)
P2 P2/ . P2 -
[(s5]]52)( + ) —i(shlo|s2) x ( — =]

)1}

The breaking of the SU(3)
flavor symmetry will
arise partially from the
quark model wave
functions due to the
quark mass difference.

Le Yaouanc, L. Oliver, O. Pene, and J. C. Raynal. HADRON TRANSITIONS IN THE QUARK MODEL. 1988
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[PV}

VV modes BR of DE (GeV™!) gy (GeV)
K*p* 0.22 +£0.06 2.61 £043 4.90 + 0.63
K*"K*~ (0.89 £ 0.29)% 291 £0.60 5.45 4+ 0.89
ptp~ (1.33 £ 0.49)% 2.96 + 0.88 4.74 + 0.80
PP/VP |

modes BR of experiment g'Fc g™V (GeV)
K-zt (3.95 £0.03)% 0 2.64 4+ 0.01
KK~ (4.08 £0.06) x 10~ 0 3.84 +0.03
nta” (1.45+0.02) x 107 0 2.19 +£0.02
K~ nm* (6.93 £ 1.20)% 1.29 £+ 0.11 0

pt K- (11.20 £ 0.70)% 1.54 + 0.05 0
K*~"K* (1.86+£0.30) x 107 1.16 £0.09 0
K"K~ (5.67+£090)x 10 2.02+0.16 0
prt (5.154+025) x 10°  1.23+£0.03 0
pra (1.01 £ 0.04)% 1.72 £ 0.03 0

Couplings are determined by the
NRCQM.

Couplings are determined by the
experimental data.
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FIG. 2. Cutoff parameter @ dependence of (a) the partial-wave BRs of DY — ¢p" and (b) polarization BRs of ¢, respectively. The
solid lines stand for the total BRs The partial-wave and polarization BRs are denoted by the line legends.

2 _m?2 .
Form factor:  F(p?) = H(u) with A; = m; + algep, and Agep = 220 MeV,and a = 1 ~ 2.
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TABLE III: The tree-level amplitudes of all the ("ablhho favored and singly
DY = Vy (V= K*0,

Jabibbo-suppressed radiative weak decay channels for
¢, p, w). (Note that: there is no CS-process in D — pPw.)

Modes Tree amplitudes (Fig. [Aa))
e
- P ETT P >
K%y 9 w EC‘”]’[”"WTLPP“ + _%’-'gii-"gﬂﬂj esVaa—2 G
2
) P ] o
(.Dﬂ]‘ 725!';:1, (:'I( q_’:l 'i,f,pi ll»'u.g f (‘\ [J —|— %g]i U‘" ‘_‘j:l 'i'f(gl,-ru?t’;! GUJ
0 (P Fr?i‘g[] ) ) meb
gy 25’“ (CS) ]Vc"eilud f G p0 - _f-gnf(:ﬂqu\q” 7, (-'r.b
2
(=) g s oy, £
Wy 39w (C qﬁji,frri:]l‘rtui 7 {” + ?gﬂ “ H}\(HL“S?{G&

TABLE II: Vector meson decay constants determined by V' — ete™

. The data are taken from the PDG [19].

Channel  Total width of V! BR(V' = eTe™) e/fir(x1072)
¢ — ete 425 MeV (298 +0.03) x 107* —2.26
P’ —ete” 147.4 MeV  (4.72+0.05) x 1077 6.07
w—ete” 8.68 MeV  (7.38+0.22) x 107° 1.83
J/p — ete” 92.6 keV (5.97 £+ 0.032)% 2.71
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To obtain the EM transition matrix elements, we describe the electromagnetic vertices in the VMD model.

9 9 .2
_ emso _ ems, _ CT g /4p
JDO D0~ = 1,0 PO H+0 f—f G0 +'ﬁ-9wDoD*“f—””Gu +i9/ppo pro—— > RG g/,
P W

Electromagnetic couplings

Values in VMD (Magnitude)

Experimental values

G+ ot [GeVTE —0.288 — 0.0637 (0.204) —0.253 £ 0.012
g0, [GeV™!] 0.369 + 0.062i (0.374) 0.385 £ 0.016
Oic ot pceta 0.324 4+ 0.0364 (0.326) €
Grca0fcei —0.046 — 0.0341 (0.057) 0
GK+ K+ 0.324 4+ 0.0364 (0.326) €
G0 K0 —0.046 — 0.0341 (0.057) 0
Gt oty [GeV~!] —0.205 — 0.0027 (0.205) —0.219 £ 0.012
G0 0., [GeV~1] —0.205 — 0.0027 (0.205) —0.222 £ 0.019
ot pt 0.347 + 0.0664 (0.354) €
G0 50 0 0
Grtmty 0.347 + 0.0664 (0.354) €
Gr0n0y 0 0
Oney [GeVT —0.192 — 0.00087 (0.192) —0.209 £ 0.002
Gty [GEVT 0.213 + 0.0009: (0.213) 0.217 £ 0.004
Gnpo~ [GeVT] —0.488 — 0.093: (0.496) —0.478 £ 0.017
Gry? o0 [GeV™!] —0.440 — 0.0841 (0.447) —0.434 £+ 0.003
Onwy [GeVTY —0.152 — 0.0027 (0.152) —0.136 £ 0.006
Gty [GEVTT] —0.137 — 0.0027 (0.137) —0.134 £+ 0.002
Jr00- [GeVT —0.657 — 0.1257 (0.669) —0.707 £ 0.011
Gpopso., [GeV™!] —0.389 — 0.053: (0.393) = —3.207

Fape \_l

R is an SU(4) flavor symmetry breaking
parameter and it distinguishes the production

of a c¢ from that of uti(dd).
_ fx _ 132

In the last column the signs of the
values are determined in the quark
level, which is consistent with the
relative signs of their values in the
VMD model.

=
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Branching Ratio(x10™#)

Branching Ratio(x10™°)

TI+L,6=0
5f  wmmas T+L, 6=m
4F
3
A
1.0 1:2 1I.4 1:6 --;EI;“""-“Z‘.O

12 14 16 18 20
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c
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Olo-l L L L L
1.0 1.2 1.4 1.6 1.8 2.0
a

O We plot the cut-off parameter a
dependence of the b.r.s. to see the
role played by the FSls.

(The horizontal bands are the PDG

average of the experimental

measurements.)

O We find that the data for D° —
K*%y, ¢y, p°y can be accounted for
within arangeof @ = 1.3 + 0.13
with 6 = 0.
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