Recent progresses on the radiative and weak decays

of charmed hadron
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@ Introduction

o Radiative decay
o DI — Dyy
° N — 2y
o J/— e

@ Weak decay
o J/i) — Dy/Dly,

@ Summary and outlook
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Charmed hadron: a meson containing at least one charm or anti-charm
quark

e "November Revolution"— The discovery of J/¢
particle in 1974, greatly facilitated the establishment
of the Standard Model.

J4Fxm50 meEmite

50 Years Discovery of the J.Particle
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Why charmed hadron decays ?

@ Precise test for the standard model
— The world's largest 7-charm factory—BESI|III

@ Test various perturbative and non-perturbative approaches
— intermediate energy scale

@ More possibilities for the search of new physics
— rare decays
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D7 radiative decay from the lattice QCDI
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D decay mode

D 1uny-o)

J¥ is natural, width and decay modes consistent with 17

D MAsS 2112.2 + 0.4 MeV v
Mpe—mps 143.8 + 0.4 MeV v
D’:t WIDTH < 1.9 MeV CL=90.0% v
D" DECAY MODES
D~ modes are charge conjugates of the modes below.
) Scale Factor/

Mode Fraction (T'; /T) Conf. Level P(MeV/c)

T Dy (93.5+0.1)% 139 v
T, Dix® (5.8+0.7)% 48 v
Ty Dete (6.7=1.6) x 107 139 ~

@ No absolute measurements, above branching fraction are determined by two
relative measurements

Ree = I(D!— Dsete™)/T(D: — Dsy)
(D} = Dsn%)/T(D} — Dsv)

RDSWO

assuming no other decay mode exists.

@ Total decay width of D} is experimentally unknown.

5/30



D7 leptonic decay

@ Decay width of D} — Iy, is

2

Gr m2 2 m? ?
D(D; ) = T |Ves i (1—m2 ) (1+2mé )

@ Branching fraction first determined by BESIII

Br(D:" = eTrve) = (21755 . +0.246.) x 107°

0.9stat.

@ Total decay width of D} is essential to extract fpx|Vesl|, playing a important role
to test the standard model.

@ Radiative decay D — D,y can be used to estimate the D} total decay width.
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Previous lattice study

@ HPQCD, HISQ fermion with pion mass ~ 300 MeV, a ~ 0.12 and 0.09 fm, each
ensemble with statistic ~ 2000 x 4

(Ds(P)| T (0)| D5, () =

® I'p,, = 0.066(26) keV,

2V (%)
= ——€
3(mp, +mp:) ped

Pabj

V(0) e
V(0) —a—i
V4(0) - 2 Ve(0) —a—i
i i
§ 00

! 2

0.002 0.004 0.006 0.008 0.01 0.012 0.014
a2/ fm?
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@ Branching fraction first determined by BESIII

Br(Dy" — efve) = (21753 £0.24) x 107°
@ HPQCD,
Tp,~ = 0.066(26)keV

@ Combining the above results, it arrives at

for|Ves| = (207.9555 6 42,700 )MeV

42~7syst. — 9-95yst.cxp41~5syst4latt '

with
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DY — Dgy with new method

@ The effective form factor

2
(DI O)ID;, ) = —et@)

/
€
mDS+mD;‘ puaﬁpapﬁ

@ Scalar function method

—(mp, + mp=)Ep, Bt

Ver(q®) 2 mp

R . o
x / D ¢ cma 010D, (.05 O)D3,, 01)
with ¢2 = (mpsz — Ep.)? — |p%.
e Zero transfer momentum p'= (0,0, 0) is projected directly, which is
missed in the traditional way.

e Finite-volume effect is exponentially suppressed and also easily
examined with an integral truncation |Z| = R.
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Form factor and decay width

§  This work .
0.5 I HPQCD
0.4
e 3
=
0.3
3
ol]
2
02 -0.15 0.1 -0.05 0 0 2 4 s 6 8 10 12
2 )2 fin? 3
¢* /mp, a’[fm”] %10

@ We obtain Veg(0) = 0.178(9) and the decay width
[(D; — vD;) = 0.0549(54) keV

with a much reduced stastistical error compared with previous 0.066(26) keV.

10/30



New constraint on fp:|V,,

@ BESIII+ HPQCD
fD;‘ |‘/cs‘ = (2079fiigbm + 9-9syst.exp + 41~5systA1att)MeV

where T'/5t*! = 0.0700(280) keV.

@ BESIII+ this work
fD;‘ “/cs| - (1905ti?%<tat + 9-1syst.exp + 8-7syst.latt)Mev

where I'54*! = 0.0589(54) keV.
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Dalitz decay D} — Dsete™

@ The third decay mode observed by CLEO, giving the branching fraction

Ree = [0.7271015 £0.10]%

x102
(D} — Dgete™)
Ree = =1 br 5 Doy 53f g
2 2 2\ & 2 62 1
_ o« dq® | Vegr(q®) |2 1 amy \ 2 14 2my o i
37 q? | Vog(0) qa? a? '
¢ 6
3 ~
5 3
2 am? ., q* 2 5.9 :
o 14 q _ s
2 _ 2 2 _ 2 2 5.8
Mpr T ™MD, (mps =mp,)
57
3
56

0 2 4 6 8 10 12
a*[fm?] %107

@ First lattice result Ree = 0.624(3)%, much precise than 0.67(16)%
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n. — 27 decay width from lattice QCDI
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o Experiments

Br x10° Note
CLEO 0.7755+0.2
BESIII 2.7+0.8+0.6
World average 2.2f8'_2 PDG-aver
Global fit 1.68 +0.12 PDG-fit

o Theories: perturbative+nonperturbative

I'(keV) Note

NRQCD 9.9 ~ 10.6
DSE 6.32 ~ 6.39
Lattice 6.04(68)
PDGfit  5.4(4) PDG-fit

e High precision lattice simulation is essential
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Results: 7. — 24

x10® ‘ ‘ . |
3 m, :m’[;hys ¥ PDG-fit
® NRQCD(NLO) ~ 6.2 , ¥ gyt PDGae]| |
@ NRQCD(NNLO) ~ 10 )
£25
@ Lattice QCD ~ 6.0(7) o ¥
2 G2
i e
@ DSE ~ 6.4 » -
15
0 2 4 8 10
o’ [fm’] x10

6.67(16)(6) keV
I'(ne — 2v) =< 5.4(4)keV  PDG-fit
7.04735keV PDG-aver
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Lattice & Experiments

PDG(2023)

T — 29)
20F T T T T T T T
350 o EXP B PDG-fit VALUE (keV) EVTS
PDG-aver ] This work RG]
30
S25F |9 9 8 .9 £, g =
§ 3 & 28 88 3 & PDG(2024)
=20
315 % Tso 7(18) = vy (166 £0.13) x10~*
>
@©
8ok T ﬁ Cotegoy aciave docas
o}
¢ olf ITF 1. g data )
a The following data is related to the above value:
5F l i T It §l$§ i S
T(1(18) = 7v)
or y
5 8 28 3 3
S5r @k 9L 9 Eoa g
VALUE (keV) EVIS DOCUMENT ID
1985 1990 1995 2000 2005 2010 2015 2020 51404 OURFIT Error includes scale faclor of 1.2.

publication year

@ Verified by HPQCD, I, = 6.788(45)5¢ (41)syst keV,
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PDG global fit

An overall it o totl wich, 10 combinations of partice width obfained from integroted cross secion, 21 branching raios ues 97 mecsurements and one
consirintto determine 15 parameters. The overall it hos o x* = 120.8 for 83 degrees of reedom
The following offdiagonal aray elemens are the correlation coeficiens <fx;~ax;> / 6 ), in percen, from the i fo parameers ;,inclding the branching frations, 2 =T / Tueat
The fit onsirains the 5 whose labels appear in this array fo sumfo one.
x| 100
xs| 13100
xg| 25 14 100
xs| 10 5 10 100
xi7 5 3 6 2 100
x| 30 17 3 13
xas| 15 8 17 6
x| 16 9 17 7
x| 127 13 5
xis| 18 10 20 8
x| 17 0 19 7
2
9
T

7 100

3 48 100

3 21 10 100

3 21 10 8 100

4 24 12 13 10 100
4 26 13 12 9 14 100

xo| 4 2 5 16 3 3 2 3 24 100

xss| 45 25 50 19 10 60 29 31 24 36 3 9 100
=2 T o0 3 T 2 1 2 6 1 28 100

0 0o 0o 0o 0o 0o o o 0o 0 10

x1 X5 Xg XI5 X7 X34 X35 X3 Xe2  X45  Xag  Xs0 X5 T x99
Mode Rate (MeV) Scale factor
M nd18) = n'(9s8)mm 0.60 £0.08

s n(18)  K'(802)K (892)
To  nd18) 00

M5 n18)

M7 51S) — HO2T0£(1270)
Fa  n1S) - KRx

s n{18) - KKn

T n(1) KK w'm 0206 20,032
T n(1S) > 2AK'K) 0.044 40,009
Tas  n{18) =2 7'n) 0.277 £0.035.
T nl18) =50 0013 20,004
Mo 718) = A4 0033 20,007
Tss  n(18) =7y 00051 00004

@ The smaller errros of fitting may due to: (i)large uncertainties of n. — 2; (ii)Highly

correlated with other decay channels ; 17/30



Discussion

3 1 (a) (b)
@ CLEO(08) and BESIII(13) extract the =i 1 | i
branching fraction of n. — 2v by g o k o “ =
J/ = yne = 3y % M 1
3 (e) ‘ - (0]
@ PDG23, Br(n. — 2v) 22 . H

0 05 1 15 2 05 1 15 2
M), (GeVic)

VALUE(10-) ax EVIS DOCUMENT ID TECN. COMMENT
1.68 +0.12 OUR FIT
2.2707  OURAVERAGE

T ABLIKIM 20131 BES3
1273 2 ADAMS 2008 CLEO Y(28) » 7w Jf
* » We do not use the following data for averages, fits, limits, efc. ® »
2.0 74 +0.2 13 3WICHT 2008 BELL B* 5 K*yy
2.80 *0%7 +1.0 4 ARMSTRONG 1995F  E760 =1y
<9 90 5BISELLO 1991 DM2 Jfb =y
64444 4BAGLIN 19878 SPEC PPy
<18 90 6BLOOM 1983 CBAL Jf = ney

1 ABLIKIM 20131 reports [L( :(1S) = 77 )/Totall % [B( J/3(1S) — 1c(18) )] = (4.5 +1.2 +0.6) x10~° which we divide by our best value B( J/1(15) — y7:(18) ) = 0.017 £0.004. Our first error
is their experiment's error and our second error is the systematic error from using our best value. -

2 ADAMS 2008 reports [I'( 7c(18) = ¥y )/Trorat] * [B( J/%(15) — ync(18) )] = (1.2 *27 +0.3) x10© which we divide by our best value B( J/4(15) — 7c(18) ) = 0.017 £0.004. Our first error is
their experiment's error and our second error is the systematic error from using our best value.
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n. — 27 :PDG24-update

VALUE (10~%) ax EVTS DOCUMENT ID TECN COMMENT
1.66 +0.13 OURFIT Error includes scale factor of 1.2.

* ¢ We do not use the following data for averages, fits, limits, etc. ¢ ©

3.2+1.0+03 T ABLIKIM 20131 BES3
0.9 0 0.1 12 128 2 ADAMS 2008 CLEO P(28) = wtaJfP
2.0 £09 0.1 13 3 WICHT 2008  BELL B* — K=y
2.80 H07 +1.0 4 ARMSTRONG 1995F  E760 Pp—y
<9 90 5 BISELLO 1991 DM2 I/ = vy
67344 4 BAGLIN 19878  SPEC Pp—=Y
<18 90 6 BLOOM 1983 CBAL T/ —ney
T ABLIKIM 2013l reports [T 7:(1S) — ¥7)/Ttotall % [Bl J/%(18) = yme(1S))] = (4.5 £1.2 £0.6) x 10~ which we divide by our best va|uew

= (1.41 0.14) x10 "2 Our first error is their experiment's error and our second error is the systematic error from using our best value.
S

2 ADAMS 2008 reports [T'( 7¢(1S) — 77)/Trotar] x [Bl J/%(18) — ne(1S))] = (1.2 737 £0.3) x10~ which we divide by our best value B( J/%(18) — v1c(1S)) =

(141 £0.14) x10~2. Our first error is their experiment's error and our second error is the systematic error from using our best value.

Br(J/ — yne) : 1.7(4)% — 1.41(14)%
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@ New method for J/¢ — 1. without momentum extrapolation

V(0) = 1.89(4)

7 a67 ¥ a85 G a98

g g 0§ bl
¥

¥ 7 7 1 §%

§§§§§§%§

o Lattice vs PDG: a puzzle !

v D.Becirevic(2012)
> HPQCD(2012)
L.C.Gui(2019)
HPQCD(2023)
This work

o PDG24

oo

3 o tension for 1. — 2 and 5 o tension for J/¢ — yn,
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<]/¢)—+-l)/l)shq

J/Y — D/Dly, semileptonic decay from lattice QCDI
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J /1 decay channels

Decays involving hadronic resonances

> Decays info stable hadrons

> Radiative decays

> Dalitz decays

* Weak decays

s D etw, +cc <71x107* Cl=90% 984 v
Taas Dlete +cc <85x10™° Cl=50% 987 v~
Do D, e'v+cc <13x10°° Cl=90% 923 v
Tagr DS ctrsiicich <1.8x107° CL=90% 828 v
Tes D7t +cc <75 x107° CL=90% 977 v
Tsso DK +cc. <17x10°* Cl=90% 898 v
Tsn DK +cc <25x10°° a=90% 670 v
it D;m +cc <13x10°4 c=90% 915 v
Tz Dip*+cc <13x107° CL=90% 663 v

@ Semileptoinc decay: J/¢¥ — D/Dgly;  this work

@ Phenomenological aspect: plenties of studies on hadronic and radiative decay, less
on semileptonic decay(Br < 10™%) <— limited by the experimental detection
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Experimental searches

@ Completed measurements

channels Upper limit  J/v number Refs
J/¢p — Dseve 4.9 x107° 5.8 x 107
J/ — Deeve 1.3x107% 2.3 x 10®
J/ — Deve  7.1x107%  1.01 x 10*°
J/¢p — Duv, 56x1077  1.01 x 10'°

BES & BESIII collaboration

@ Future measurements ?

channels Upper limit  J/1 number Refs
J/p — Dseve — 1.01 x 10" BESIII
J/y — Dspv, — 1.01 x 10'°  BESIII
J/1 — Dseve — ~ 10" STCF
J/Y¥ — Dspv, — ~ 10*2 STCF
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<]/d)—+-l)/l)shq

@ The amplitude

) GFp _
iM= *lﬁves(d)ea (P/)Hua(P, pl)guuul'}’u(l - '75)“1/1

with the nonperturbative hadronic interaction

Hua(p,0') = (D/Ds@IIY |J/%alep))
Fa(d?) F3(d%) iFo(q?)
2 2
= Fi(a")gua + [y pra-F 5 PuPa — —p— 5uo¢p0p;)pa
@ The decay width

2

G?,Vz (M —m)
es(d) 1 2 + _

= -4 d Ef - E
r 12M2 3273 ¢ [CO( l 1)
m

l
S UED? = BN+ (e - B
with B = ;L [q2 +mi = gby ((q2 =M%+ m?)(¢® + mf) F 2M|p](a® ~ m?))}

2
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Form factors

2
2 4 12
< = 1
=15 £ =
So 08
1 / » / 06
0.6 05 04
o 05 1 15 o 05 1 15 05 0 05 1 15 05 0 05 1 15
[[3 C2ap29 § F32P30 % H4SP32 [[© C2aP29 § F32P30 | H4sP32
03
12 01 12
; / <! T oo 7
- 5. 3 N — 7 a2
. E < = 08
= i S 06
of FmE—F " 06} 02 !
o 05 1 15 o .5 1 15 -05 0 05 1 15 -05 0 0.5 1 15
4*|GeV]? *[GeV]® 7 (GeV) ¢*(GeV)?

@ Correlated fit to a constant at suitable time region ~ [0.8,1.7] fm for all ensembles with
Ipl = 277l /L, [7i* = 0,1,2,3,4.

@ A polynomial form F;(¢?) = dgo) + dgl) ¢+ d§2) - ¢* describes lattice data well

25/30



% 2 - —
% ¥ ¥ Cont.Limit 0.97 i ¥ Cont.Limit
tis x S {
7 209696 3
. . 5
2, 0.9694
& * 0.9692 s
[) 2 4 6 8 10 12 3 2 4 6 8 10 12
a*fm]?* 10 a’[fm]® «10%
% 0.9744
T2 { § Cont.Limit 0.9743 ¥ Cont.Limit
%
g1 8 0.9742
3 € % 0741 3
08 =
s . = oo
06 0.9739
E =
) 2 4 6 8 10 12 0 2 4 6 8 10 2
o’ffm]* «10° o[fm]? it®

@ The branching fraction
Br(J/¢¥ — Dgeve)
Br(J/¢¥ — Deve)

1.90(6)stat (5)1v,, x 10710
1.21(6)stat (9)v,,, x 10711

@ The ratio between p and e
Rj/p(Ds) = 0.97002(8)stat
Rj/p(D) = 0.97423(15)stat
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ntial decay width

%1074

I //y — Dev.

0 0.5 . ) 1 15
¢*[GeV)?

@ The experimental inputs m j,y, = 3.09690(1) GeV, mp, = 1.96834(7) GeV, and
mp = 1.86966(5) GeV

@ A potential test by future Super Tau Charm Facility with expected 102 J/1) samples
Front. Phys. (Beijing) 19, 14701(2024)

27/30



High precision flavor physics

e Light, strange and charm quark included (point+wall propagator)

o Calculate arbitrary three-point function
e Five lattice spacings for continuum limit

e Physical pion mass extrapolation

@ Total:

Symbol a(fm) L3xT mx(MeV) | Nc.x Ny | Disk(T)
C24P29 | 0.10521 | 243 x 72 | 292.3(1.0) | 200 x 72 90
E28P35 | 0.08970 | 283 x 64 | 351.4(1.4) | 150 x 64 85
F32P30 | 0.07751 | 323 x 96 | 300.4(1.2) | 150 x 96 285
G36P29 | 0.06884 | 363 x 108 | 297.2(0.9) | 150 x 54 256
H48P32 | 0.05198 | 48% x 144 | 316.6(1.0) | 80 x 72 576
C32P23 | 0.10521 | 323 x 64 | 227.9(1.2) | 150 x 64 130
C48P14 | 0.10521 | 483 x 96 | 136.4(1.7) | 80 x 96 512
F48P21 | 0.07751 | 48 x 96 | 207.5(1.1) | 80 x 96 512
2.4P
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Conclusion and outlook

@ Conclusion

e Lattice studies on n. — 2v, J/¢ — yne, Di — Dy and J/¢ — D/D,ly,
with new lattice method

o New puzzle in 7. — 2, 2.90 tension with the PDG value

@ The most precise I'(D} — Dyvy) = 0.0549(54) keV and Re. = 0.624(3)% for
the Dalitz decay D — DseTe™.

@ The method can be generally applide to various P — V semileptonic decay.

@ Outlook

e Continuum limit and physical pion mass on the lattice, towards the
world's highest precision lattice calculation on flavor physics.
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CLQCD in china

[ 1]
"
cLQCD

China Lattice QCD
(CLQCD)
collaboration

bk, b, IFX,
HEIn K, fe@lv ok,
PR, ILHEKFE,
B RFE, LHERXK,
Wl K%, BELX,
WL Kk, HFMKFE,
PR KT/ FH AT/
A B BB P
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