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Motivation-desirability

e as:a:Ge~0O(1): O(flﬂ) :0(107°)

@ very hard to measure weak decay from strong and e.m interactions
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Motivation-desirability

° as:a: Gr~O(1): O(3): O(1075)
@ very hard to measure weak decay from strong and e.m interactions
@ so the total widths of heavy-light vector mesons are still in lack

% Tper =843+18keV  — DOt D+r0 Dty

* [pxo < 2.1MeV Mpr+ < 1.9MeV [PDG 2022]

— D70, DO~ — DSy, D% Dtete

S

* [+, g no measurement
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Motivation-desirability

@ but they are very important
properties, structures, gp:p,~, non-perturbative approaches (i 2020]

9D*+D+y 9p+opoy 9Ip:+ Dty
(GeV™) (GevY) (Gev)
LCSRs, partial NL@®s work 0157915 | 148%3% | —0.079*0%
HHXPT [24] —0.27 £0.05 | 2.19+ 0.11 | 0.041 £ 0.056
HQET+VMD [35] | —0.29%01 | 1.607035 | —0.197019
HQET+CQM [71] | —0.387305 | 1.91+0.09 -
Lattice QCD [32] | —0.2+£0.3 | 2.0%0.6 -
LCSR [21] —0.50 £0.12 | 1.5240.25 -
QCDSR [20] —0.19739% | 0.62+£0.03 | —0.20 % 0.03
RQM [72] —0.44 £0.06 | 2.15+0.11 | —0.19+£0.03
experiment [16-18] | —0.47 £ 0.06 | 1.77 & 0.03 -

o LCSRs, complete NLO corrections, gpsp,, = 0. 607018, (Pulin 2001
@ very sensitive to different contributions (radiative corrections, power
corrections), a benchmark to probe the involved dynamics
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Motivation-desirability

o as:a: GF~0(1): O(5) : O(1075)
@ very hard to measure weak decay from strong and e.m interactions
@ so the total widths of heavy-light vector mesons are still in lack

* [per = 84.3+1.8keV — D%, D70, Dty

* [px0 < 2.1MeV FD;+ < 1.9MeV [PDG 2022]

— DO7% DO~ — DSy, D% Dtfete

* g+, g no measurement

@ but they are very important
properties, structures, gp:p,~, non-perturbative approaches, et.al.,

@ impressive lattice QCD evaluation

FDS*+ = 0.070(28) keV [HPQCD 2013]
the longest-lived charged vector meson

@ encourage us to study the exclusive D} weak decay
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Motivation-significances

T leptonic decays, helicity enhanced D — Iv, decay constant

GZ 2 2
Mpr iy = —|Ves P o mps [ 1— o (1 B ) =244 x 107 gev .
127 s s mp2 mp2
; 2,
T semileptonic decays, DI — ¢lv, | V| and helicity form factors

e the least precisely determinations of CKM unitarity

[Vusl? + [Ves | + [ Vis|? = 1.026 £0.022 ,  [Vig|? + |Ves|? + | Vip|? = 1.025 & 0.022
[Ves| = 0.987 4 0.011,

D; weak decay are highly anticipated to reduce the uncertainty.

e heavy quark symmetry (HQS) has been examined in B — D*(D)/7,
can also be tested in D(Ds) — ¢Itv

e lepton flavour university (LFU) in vector charm sector
T hadronic decays, DI — ¢p, ¢, factorisation theorem or topological analysis

T inclusive decays, D — Xs/v, HQET and reliability of power expansion
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D} — ¢ helicity form factors

heavy-to-light form factors (FFs) play the key role in weak decays

both pert. and nonpert. physics enter into the game

the measurement would reveal the inner structures of hadrons

QCD-based approaches to calculate FFs, LCSRs, PQCD, LQCD, et al.

implement of LCSRs in charm sector, D — 7, K,n(), ¢ et.al
[Khodjamirian 2000, Ball 2006, Offen 2013, Du 2003, Wu 2006]
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D} — ¢ helicity form factors

@ heavy-to-light form factors (FFs) play the key role in weak decays
@ both pert. and nonpert. physics enter into the game

@ the measurement would reveal the inner structures of hadrons

@ QCD-based approaches to calculate FFs, LCSRs, PQCD, LQCD, et al.

implement of LCSRs in charm sector, D — 7, K,n(), ¢ et.al
[Khodjamirian 2000, Ball 2006, Offen 2013, Du 2003, Wu 2006]

D} — ¢ FFs in this work

7 first LCSRs prediction of V — V' type FFs
1 helicity decomposition with seven FFs, saying 00,0+, £0, +F
t LCSRs prediction is reliable in large recoiled region [0, 0.4] GeV?

T parameterisations to the full kinematical region [0, 1.2] GeV?

@ experiment potential of D} weak decays
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D} — ¢ helicity form factors

@ start with the correlation function
. 4 iq-x ® w 1%
Fuslpro @) = i [ d'x e (6(pn, )] T (). 2 (0)}[0),

@ heavy-light weak current J)/ = 57, (1 — 7s)c and vector current J) = &vas

@ modify the correlation function by multiplying € to obtain the helicity correlator

EFMaph Z 6lal’Fuq pl) ’/:/+]
i,j=0,%

i,j,i" =i+ j denote the polarizations of the J¥, ¢ meson and the JY, respectively.
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D} — ¢ helicity form factors

@ start with the correlation function

Fua(p1, q) = i/d“xei"'x ($(p2, €

), 43 (0)}]0), (1)

@ heavy-light weak current J)/ = 57, (1 — 7s)c and vector current J) = &v.s
@ modify the correlation function by multiplying € to obtain the helicity correlator

€ FHE p1,q Z Elal’Flj q pl) i/ = l+J (2)
i,j=0,%

i,j,i" =i+ j denote the polarizations of the J* ¢ meson and the JY, respectively.
@ twofold ways to consider the correlation function
T at quark-gluon level by OPE, ~ . H;(u, 1) ® ¢(u)
T at hadron level, sum over intermediate states
t QCD asymptotic behaviour, quark-hadron duality to equal, sg
 to improve the accuracy of duality, Borel transformation, M?
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D} — ¢ helicity form factors ~ OPE calculation

@ OPE is valid for the large energies of the final state meson Ey >> Agcp,
2 2 _ 2 2
< |q | < mDs* _2mD5*E¢:qLCSR,max' <:q'XNO7X ~0

® |¢?| € o, quSR,max] ~ m? — 2mcx with a typical hadron scale x ~ 500 MeV,
the lower part of 0 < |¢?| < (m%: —my)? =q3 =~ 1.2GeV?

T |¢?| = O(m2), the virtuality of c-quark decreases to a soft scale, OPE fails

T 16%], |(p2 + q)?| < m?, the intermediate c-quark filed has large virtuality,

. _ d4P _ipex [Pt mc
LO, 5(:40) = 10T (et 200 10) = [ 8 e )
NLO, O(as) correction with gluon interactions - - -

@ only ¢ meson is on shell, p5 = m3, dispersion intergral in (p> + q)°

& Fua(a,p) = el,,,,ZFOPE %, (2 + q)%) )

FOPP(P, (o2 + 0)°) = Z/ auT " (u, %, )" ()

OPE
ImF .~ (4%, u)

= — du .
/ ; [—ulp2 + q)? — dq? + uim? + m2]"
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D} — ¢ helicity form factors  hadron interpolation

@ the hadron dispersion relation in p? > 0

0 the 2
oo ImF (q s) Pii o pii' (g%, s)
Fi(d?, p2) = / P2 S [Ta (5)
S*Pl mDs**Pl S0 S— P
0,2y _ w v
1, Pi(a7) = & {d(p2, €3)]4, (X)|D] (e1, p1))(Dg (€1, p1)|J5 (0)]0) (6)

@ matrix elements and the helicity form factors
& 9(p2y 3)[54 je| DI (e1, 1)) = Hy(@®), (DI (pr, €])[5vac|0) = €f,mps s

@ isolate the ground state contribution

mD*fD* ij h(q S)
Fi(q*, p?) = - _; / ds @)
Dy 1 0 1
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D; — ¢ helicity form factors  duality

@ the same correlator in OPE calculation Eq.(4) and hadron interpolation Eq.(7)
@ QCD property, like Fr(q*) and G, (s) have the similar asymptotic behaviour

@ semi-local duality s =s(q%,u) = amj, + (mZ — iq°)/u

1 /OO u?(s) |mF,9,JPE(q s) oo P,{jh(qzvs)
o [WR()mE =+ m2] T un(s)[s — (p2 + @)?]" @

2,(p2+q)2 <0 EY s — P%
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D; — ¢ helicity form factors  duality

@ the same correlator in OPE calculation Eq.(4) and hadron interpolation Eq.(7)
@ QCD property, like Fr(q*) and G, (s) have the similar asymptotic behaviour
@ semi-local duality s =s(q%,u) = amj + (mZ — iq°)/u

1 i (s) ImFOPE (g2, 5)

— i d: n,ij
w /so g e IO s o P I

n

< pif(dP.s)
2 200" ds 2
q%,(pp+q)* <0 EY s —py

1 Borel trans. to suppress the pollution introduced by duality

B |:/1 du F(u):| = /1 du—F(u) eis(uVMz Jeee
ug JAN ug u

'I' u% = mZD* — mf_ = 1.662 GeVZ, /1,% <M? ~ O(um2D* + 502 — uﬁmi)< s0, sp R (mDs* + X)2
s s

T compromise between the overwhelming ground state and the convergent OPE,

d

WlnHu(q )=0.
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D} — ¢ helicity form factors  duality

@ the same correlator in OPE calculation Eq.(4) and hadron interpolation Eq.(7)
@ QCD property, like Fr(g*) and G, (s) have the similar asymptotic behaviour
@ semi-local duality s =s(q* u) = am}, + (mZ — iq°)/u
1 foo (s) 4, mFYTE 0 (g2 ) oo M)
= /50 # RO, — ] 2 W) (pr t T | a0 /so P ®
1 Borel trans. to suppress the pollution introduced by duality
AN AP Y LA O SE OV
B[UO A] - /uoduue , ©)

'I' ,u,rz, = m%* — mz = 1.662 GeV?, ,LL% <M? ~ O(usz* +aQ? — uﬁmi)< B (mDs* + x)2
s s
T compromise between the overwhelming ground state and the convergent OPE,
 nH (®)=0 (10)
% M) =o.
d/ma)

s =6.8+1.0GeV?, M? =4.50 £ 1.0GeV? and ¢f.csR max = 0.4 GeV?
the sum rule with leading power approximation

OPE 2 2
7/ ImFy; (¢? < 0,u) e—s(u)/Mz ~mpx /M

2
= mps st* Hij(q~ > 0)e

(11)
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D} — ¢ helicity form fact

rs

LCSRs result

® mic(mc) =130GeV, mp; = 2.112GeV and fp; = 0.274 GeV

modified FFs H; = ¢°Hj
LCSRs paras
10%-20% uncertainty

HG ()
»
S

B M?=4.5:1.0GeV?

1 M?=4.5+1.0GeV?,

50=6.8+1.0GeV?

“0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

me(me) = 1.30 £ 0.10 GeV

— another 10%-20% uncertainty

the missing radiative corrections

s
40» 1 05 3.
| m M?=4.5+1.0GeV? ] B M?=4.5+1.0GeV? B M?=4.5+1.0GeV?
5 MP=4.5£1.0GeV?,50=6.8+1.0GeV? 1 0.4f W M2=4.5+1.0GeV2,5,=6.8+1.0GeV? 25} [ M?=4.5+1.0GeV?,50=6.8+1.0GeV?
t | =3
3.0p 1 &
_—
i 1 <
25} |
[ ] 01 05
200 ] 0.0 0.0
005 0.10 0.5 020 0.25 030 035 0.40 05 0.10 015 020 0.25 030 035 0.40 05 0.10 0.5 020 0.25 030 035 0.40

q

o5 B MP=45+1.0GeV2
B M?=45+1.0GeV? 50=6.8+1.0GeV?
-30

7

B M?=4.5+1.0GeV?

58 M?2=4.5£1.0GeV?,5,=6.8+1.0GeV?

¢

_0.05[ @ M?=4.5+1.0GeV?
[ M2=4.5+1.0GeV?,5,=6.8+1.0GeV?

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

7
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D} — ¢ helicity form factors ~ LCSRs result

The (modified) helicity form factors at the full recoiled point ¢* = 0 are

Hoo(0) = 1.99*55" 5% .
Hor(0) = 2.867 3% %%,  Ho—(0) = 0.197 3% %%,
Hio(0) = 2.677955 %%, H-0(0) = —2.927033, 055

Hio(0) = 211705755, H-1(0) = —0.1970 %1505 »

the center values of several orthogonal Lorentz form factors as

Vi(0) —V2(0) = —1.86, V5(0) =2.46,
Ai1(0) + A»(0) = —1.63, Vs(0) = —0.26.

e compared with the result obtained from light-front quark model [Chang 2019]

in fact they show a good consistence after considering the different definitions
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D} — ¢ helicity form factors  small recoiling

@ form factors with small recoiling, ¢° € [gf.csR maxs @) ~ [0.4,1.2] GeV?

@ consider two parameterisations ¢f = (m2. — my)?
S

T reproduce the LCSRs predictions in the lower interval [0, quSR’max]

T provide an extrapolation in [qfcsmmax, 3] with the expected analytical properties

e BCL model: z-series expansion [Bourrely 2008]

. (q) Vi — 2 — Jtr — &
FO(g > 0)= £ Py {148y )=z}, ole?) = YA V0 (12)
1—q/ -+t —to
1,3/2 2
1+ bjj [z — z(0 EFPN ac
\/qu,-j(qz) = i | (@) () U(q ) 4 5 -~ t Y >+ a?jkl/z Kinematics
(l—qz/m ) mDs*mé(mDs* —m¢) (mDs* —md))
1+ bEP2/ (g 1+ b5P 2/ (¢
+kijdo {"’D* 12 (zq ) me 22 (zq ) -Endpoint relations (13)
s 1-q*/mpy 1—q*/mp,

o Wigner-Eckart theorem: the helicity information at endpoint is only governed by
the Clebsch-Gordan coefficients [Hiller 2014, Grattrex 2016, Hiller 2021]
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D} — ¢ helicity form factors  small recoiling

f

Wigner-Eckart theorem: the helicity information at endpoint is only governed by

the Clebsch-Gordan coefficients [Hiller 2014, Grattrex 2016, Hiller 2021]

helicity independent dynamics is absorbed in to the matrix element Mi1;

2
Hxgip(@0) = Cxgoagi g Mt -
1 1
111 11 111
Hoo(d5) o Coop = 0. Hox(a) : Hoz(ap) o Cioi © Clog = 330
11, a1 L 1 2 2 11, 111 11
Hio(d3) : Hig(dh) o Citg : Cigg = > Ty Hii(ap) : Hix(ap) < Coiy ¢ Cai = REREE

kinematical factors

\1/2
2
Koo(q”) = , Kijz0 =1, koo =0, kKox =*rto— Kt = £1,
mpx Mg
2 2 2 _ 2 2 1 1 1 2
z’(q):z(q)—z(O), 91 =49 — 9 > aoi:aiozaiq::O, agy =0.

The end-point relations H5s"(g3) =

HiZ00(q0)| = 0.2375 %

(14)

(15)

(16)

play an important role to set down the shapes of helicity form factors in the small

recoiled regions where the LCSRs calculation is failed

BK mode: two-pole parameterisation [Becirevic 1999], show almost the same result
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D} — ¢ helicity form factors  whole recoiled regions

— H& ()

0'8.0 0.2 0.4

2
1~
of — HETa®)
- HG)
-1
-2
0.0
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Exclusive D} weak decays

e dependence on the quSR’max choice are checked by varying it in [0.2,0.4] GeV?,
H;i(1.2 GeV?) change no more than four percents.

@ semileptonic decays D — o¢ly;

dri(a®) GEIVesl® 172, » 2 2 2 2,2
= — X m m5,q°)q" |H;(q
o 10233 (mpz»mg.q7)a” [Hy(a)l",
s

2 2
1 /9% o drij(a®) +0.82 —14
Mof iy = 5 D D (3:2824%) x 107 Gev.
ij=0,& 9

@ hadronic decays (naive factorisation)

N
.A(D:Jr — q>7r+) = (—1)7V55 ay My fr Z ng(mzr) s
2 i=0,+

. G,
.A(Ds + ¢p+) = 7; Vis a1 mppr(J‘) Z H,-j(mi) .
i

ar(p) = 0.999, £, = 0.130GeV, £ = 0.210 GeV

+1.52 —14 +0.42 —13
3.8151%) x 107 Gev, Mot Lgpt = (1.165%5%) x 107 Gev.

r 1.33

Dt —ont = (
e the result of ¢m channel is marginally consistent with the PQCD [Yang 2022]
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Experimental potential

@ with the lattice evaluation of Iy = (0.70 +0.28) x 107° GeV [HPQCD 2013]

B(D} — Iv) = (3.49 + 1.40) x 10°°,  B(D — ¢lv) = (0.47 742 +0.19) x 107°,

B — ¢rt) = (054142 +0.22) x 107%, BT — ¢pt) = (1.65 4% +0.66) x 107°.

Belle Il clear background

2022, 400fb™", reconstruct 2 x 10° data samples of D} (Ds) from ¢ channel
phase 3 running (2024-2026), 10ab™*, O(1 x 10") data sample of D;(D;)
the number of D; production is O(10°) with B(Ds — ¢7) = (4.5 +0.4) %

excellent potential to study the D} weak decays, 50ab! is hottest expected

- —+ —+ — @

@ LHCb  excellent particle identification to distinguish K, 7w and u
T the channel D] — ¢(KK)m with the D} producing by Bs — D uv

@ BESIIlI  low background

1 directly produced from e*e™ collision at the D;D? threshold

t have collected 3.07 x 10° D; mesons with the 3.2fb™! data at 4.178 GeV
]

provides the good chance for the leptonic decay D} — lv, Statistical error
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Experimental potential

Particle Tera-Z Belle IT LHCb
CEPC CDR b hadrons

Bt 6 x 10 3x 10" (50ab~! on T(45)) 3 x 10'*

B 6 x 1010 3 x 10" (50ab~! on T(45)) 3 x 10'*

B, 2 x 1010 3x 10® (5ab~'onT(55)) 8 x 10'%

b baryons 1x 10" 1x 10"

Ay 1 x 10%° 1x10%

c hadrons

D° 2 x 101
+ 10 .

; gx 10 I BESIII O(10°)D;"/D;* production
A 3 x 10 .

e P Belle Il ©(10°)D; /D:* production

T+ 3 x 10 5 x 10" (50 ab~! on Y(4S5))

Table 2.4: Collection of expected number of particles produced at a tera-Z factory from 102 Z-boson
decays. We have used the ization fractions ( ies) from Refs. [431, 432]
(see also Ref. [433]). For the decays relevant to this study we also show the corresponding number of
particles produced by the full 50ab=" on Y(45) and 5 ab~ on " (55) runs at Belle II [430], as well
as the numbers of b hadrons at LHCb with 50fb~" (using the number of bb pairs within the LHCb
detector acceptance from [435] and the hadronization fractions from [431]).

@ CEPC low background

T without doubt, could do much more/precise study on D; weak decays.
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Conclusion

—_ = — —-

we study the D} weak decay
we discuss the experiment potentials and CEPC is highly anticipated

first direct measurement of weak decays of vector meson
shine light on the study of ['ps and gp:p,~ - - -
new playground to examine SM, like the |V s| and the CKM unitarity

check the heavy quark spin symmetry
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The End, Thanks.
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e D; — ¢ form factors
(é(P2, €3) |87 (1 — 75)c| D] (e1, p1))
= (e D) i@ - pava(@)] + LD [ b))
Mmhys — My
= (e D)5, V(@) + (€2 - @), Vo(a)) — izpupoef e [P A1(a®) + pf Ax(a”)]

. 1 2 2
+ o iepa PP — 5 [} (e - @) As(a)) — e (€] - )Aala?)]
mpy — md)

s

e relations between helicity FFs and orthogonal Lorentz FFs

(M + m = N2 [<Vi(@) +Va(P)] N2 [Vs(a?) + Va()]

Hoo(a® > 0) +
4\/q2m¢mD: 8\/q2m¢mD: (mZDS* — mi)
N2 [(mhs = my — Vs () = (ms — ml, + @) Vo ()]
4\/q2m¢mDs* ’
s (e > 0) M2 V(@) = Va(D)]  [(mhy — m + @) AL@) + (ms — m, — %) Az(e?)]
q > = - — — ,
o+ W ¥ Ve
2 2 2 2
>\1/2V6 7 A3 (g2 Mmpx +my — ¢ A1(g7)
Hig(¢® >0) = @) 4 5 ) o E (rt; ) +mgAa(d)|
2my, 4m¢(mDs* - md)) 2my
2 2 2 2
A2 (42 AAn(q? mpx + my — q°) Aa(q°)
Hee(d >0 = o) 5 B ey )
2mDs* 4mDs* (mg. — m¢) s 2mDs*
s
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