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(Semi)leptonic charm decays
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= [V | and |V = Test CKM matrix unitarity Search for
new physics

= Decay constants and form factors - Calibrate LQCD calculations beyond the
= Branching fraction (BF) ratios - Test lepton flavor universality (LFU) SM



Strong phase difference between hadronic D’ and D° decays

(0,0) (1,0)

In B physics, precision measurements of CP violation phase
angles o, p and y offer powerful tests on the EW theories.
Among them, the y precision is the most urgent

Precision measurements of y at LHCb and Belle Il need
input the strong phase differences of neutral D decays
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Quantum-correlated e*e™ - y(3770) —
D°DP pairs at BESIII offer an ideal
opportunity to extract the strong phase
differences between D° and D°

In the future 10-15 years, the
statistical uncertainties of the y
measurements will reach at ~1.5° and

0.4° at Belle Il and LHCb upgrade

The constraint on the y measurement before BESIII is only 2°. Improved
measurements of strong phase differences are highly desirable 4



Amplitude analyses of hadronic charm decays

Typical Feynman diagrams of two-body
hadronic D decays (D — VP, PP for example)
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Measurements of absolute BFs > test
theoretical calculations of these BFs or decay
asymmetry parameters, benefit the
understanding of the quark SU(3) flavor
symmetry and its break effect, help to deeply
explore the effects of D°-D° mixing and CP
violation in the charm sector

Amplitude analysis of multi-body hadronic
charm decays - mass and width of light
hadrons which are beneficial to understand
light hadron spectroscopy, more information
of D > VP,PS,VV, TS, TP, AP...

P,V,S, A, T denote pseudoscalar, vector,
scalar, axial-vector and tensor mesons,
respectively



Charmed baryon decays

> Knowledge is poor. Taking A} as example e

~ AF was observed in 1979 e - I3
- Before 2014, all decays of A} are measured _ _ o

. . . Hadronic modes with a hyperon: § = —:;l. final states ea
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Intensive studies of these charmed baryons, Semileptonic modes
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search for new decays and absolute BF netee (21 + 00)% 71

measurements are important to fully explore N Inclusive modes .

charmed baryon decay mechanisms Py o” Taa ) ~ 6



Belle @ KEKB e
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The world largest threshold hadron samples at BESIII

BESII

. Produced in pair > Double tag method
'IT Low background - low systematic uncertainties

e* 3 ‘_ Quantum correlation for y(3770) — D°D° pairs
W e—

Yields of Singly Tagged (ST) charmed hadrons

E., Data taklng year L (fb-1) ST DY STD* ST D} ST A
(GeV) yield yield yield yield

3.773 2010-2011 (+2022) 2.93 (=8) 2.5M (2.7x) 1.7M (2.7x)

4.009 2011 0.48 13K
4.13-4.23 2016,2017,2012,2019 7.33 0.8M
4.6-4.7 2014, 2020 4.5 0.12M

Total yields of various charmed hadrons at BESIII are lower than Belle and LHCb by 2-3 orders.
However, BESIII, Belle and LHCb have complimentary advantages in various charm physics 8



(Semi)leptonic D decays

= Leptonic D decays
= Semileptonic decays of D — Pe*v,
= Semileptonic decays of D — Ve*v,

= Semileptonic decays of D — Setv,

= Semileptonic decays of D — Ae*v,



Studies of D* - (v,
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B[D* - u*v] = (3.71+ 0.19 + 0.06) x 1074
fp+|Veq| = 46.7 1.2 + 0.4 MeV

Precision~2.7%
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B[D* - ttv] = (1.20+£ 0.24 + 0.12) x 1073
fp+|Veq| = 50.4+ 5.0 + 2.5 MeV

Precision~11%
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Studies of Dy - uv,
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Studies of DI - v,
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Comparisons of f,+ and f -
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Studies of D - Pl*v, dynamics

Dynamic study

dr GE_|VCd(s)|2 > D—-P
dq? = X San P (a1 g & (0)|Vcs(d)|

Form factor parameterizations:

— Single pole form Jila®) =+ f+((2
. 2 f+10)
— Modified pole M) = i
- ISGW2 (&) = Fi(ghm) (1+ TIS&WQ (e —qg)>_

— Series expansion  f{t) = pgasalts (H > mlta)l(t, to)]"“)
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Studies of ¢ - sl"v; semileptonic decays
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Studies of ¢ - dl*v,; semileptonic decays
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Comparisons of f2°%X(0) and f2-™(0)

|IIII|IIII|IIII|IIII|IIII|I'III|

ETM  PRD96,054514 0.765+0.031 ——
2010->2021

HPQCD PRD104,034505 0.7380+0.0044 . 450.6%

Belle PRL97,061804, D°5K1v  0.695:0.007:0.022 =i

BaBar PRD76,052005, D >Ke'v  0.727:0.007+0.009 -

CLEO PRD80,032005, D—»Ke'v  0.739:0.007:0.005 -

BESII PRD92,112008, D' »>Kle'v  0.748+0.007+0.012 -

BESII PRD96,012002, D° »Kle'v  0.7246:0.0041:0.0115 ===

BESII PRL122,011804, D" 5K yu*v  0.7327+0.0039+0.0030 =

BESIII PRD92,072012, D°»K'e'v  0.7368:0.0026:0.0036 W 0.7%

BESIIl Expected (20fb™"), D" >K'e'v 0.7368:0.0009:0.0036 ™

0|2I 1 1 ble’l | | I0|4I [ 1 I0|5I L 1 I()|6I I 1 I0|7I d 1 I0|8

L L] L D_)IK L . L

f.7(0)

Experimental precision of f27K(0) is
comparable to the latest LQCD precision

IIII||III|IIIIIIIIIIIII||||I|II|I|
ETM PRD96,054514 0.612+:0.035 ——
>4%
HPQCD PRD84,114505 0.666+0.02+0.021 ——
Belle  PRL97,061804, D’ —=xTv 0.624+0.02+0.003 ——
BaBar PRD76,052005, D" =re*v  0.61:0.02:0.005 =
CLEO PRDB80,032005, D—sne*v 0.666+0.019+0.005 ——
BESII PRD96,012002, D' —r%*y  0.6216+0.0115+0.0035 -
BESII PRD92,072012, D°—re*v  0.6372:0.0080:0.0044 - 1.6%
BESII  Expected (20fb™), D’ >n'e*v 0.6372+:0.0031:0.0044 [ ]
IIII()|1IIIIU|2IIIIOI3I blillblsllbsllllol7
Don
f, 7(0)

Experimental precision of f2°7(0) is still
dominated by statistical uncertainties
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Comparisons of other D —» P form factors

LCSR

JHEP1511,138

Lacp® PRD91,014503,m _=470MeV

LN BLELEL AL UL B B L B B
LCSR JHEP1511,138 0.495+0.030 -

Lacp® PRD91,014503,m_=470MeV 0.542+0.013 -

LacpD® PRD91,014503,m _=370MeV 0.564+0.011 -

LCSR PRD88,034023 0.432+0.033

LCSR JPG38,095001 0.45+0.15 J—

3PSR PLB520,78 0.50+0.04 —m—

ccam PRD98,114031 0.78+0.12 —_—
cam PRD62,014006 0.78 -
CLFQM JPG39,025005 0.76 L4
BESIII PRL122,121801 0.458+0.007 -

v by by by by by v by oy s by by w

0.558+0.047

0.404+0.025 =

-0.8 -0.6 -0.4
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0.4 0.6 08

LacpDp®* PRD91,014503,m _=370MeV (.437+0.018
LCSR PRDS88,034023 0.520+0.088
LCSR JPG38,095001 0.55+0.18
ccam PRD98,114031 0.73+0.11 e i
cam PRD62,014006 0.78 -
BESIII PRL122,121801 0.490+0.051
1 L1 I 1 1 L I L1 1 I 11 1 I 1 1 1 I L1 L I 1 L1 I L1 L I 1
-0.8 -0.6 -0.4 -0.2 O 0.2 04 0.6 08
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£, )

£ 7"(0)
L B B L B L BN B L B B
RQM PRD101,013004 0.55+ -
ccamM Front.Phys14,64401 0.36+0.05
ccam PRD98,114031 0.67+0.11 ——
LFQM JPG39,025005 0.710.01 -
LCSR PRD88,034023 0.55+0.05 ——
LCSR JHEP1511,138 0.43+017
LCSR IJMPA21.6125 0.56+0.06 ——
CLEOc (nev) PRD84,032001 0.38+0.03
BESII (nev) PRD97,092009 0.35+0.03
BESII (nuv) PRL124,231801 0.39+0.04
roa v v bv v by vy v v s by v b v e b v v by v 1y
-0.8 -0.6 -0.4 -().2+ 0 0.2 04 0.6 0.8
£, 70

LCSR Int.J.Mod Phys.A 21,6125 0.8207)%
LCSR Chin.Phys.C 45063107 0.8207 '
QM Z.Phys.C 34,103 0.643
RQM Phys.Rev.D 101,013004 (674
CQM J.Phys.G 39,025005 0.72
ccow IR g -
LFQM J.Phys.G 39,025005 0.66
BESIII PRL 122,061801 0.720+0.084+0.013
L L
-0.5 0 0.5
27 (0)
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Comparisons of |V | and |V_4|

[I]III[II]IIIIIII]III[I']I
SM fit PDG2020 0.97320+0.00011 L
DELPHI PLB439,209, W* »c§ 0.94:0.32:0.13 ¥
PDG PDG2020, DKI'v 0.939:0.038 -
CLEO PRD79,052002,D -1, v 0.981:0.043:0.021 -
CLEQ PRD80,112004,D -1 v 1.001:0.052+0.020 -
CLEQ PRD79,052001,D, -t v 1.080:0.068+0.016 -
BaBar PRD82,091103,D —>7, v  0.949:0.035:0.055  =m=
Belle JHEP1309,139,D 1, v1.017:0.019:0.028 -
BESIlI PRD94,072004, D] >pv, ©_ v 0.93640.063:0.025  =m=
CLEO PRD79,052001, D _—uv 1.000:0.040+0.016 -
BaBar PRD82,091103, D _—uv 1.032:0.033+0.029 -
Belle JHEP1309,139, D —puv 0.969+0.026+0.019 -
BESII PRL122,121801, D —n'ev 0.917£0.094:0.021 ===
BESII PRL122,121801, D_—nev 1.031:0.012:0.080 ——
BESIIl PRL122,011804, D’ Kpv 0.967+0.004:0.007 .
BESIII PRL122,071802, D! —uv 0.985:0.014:0.014 .
BESIII PRD104,052009, D —pv 0.973+0.012:0.015 n
BESII PRD104,052009, D -t v 0.972+0.023+0.016 -
BESII PRD104,032001, D} >t v 0.980:+0.023:0.019 -
BESII, PRL127,171801, D -1, v 0.978+0.009+0,012 o

llllllllllllIIllIIll[IllIlll
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precision: 2.4%—2>0.6%
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PRD89,051104, D* v

Expected (20fb™), D* »puv

I | |

0.22529+0.00041 .

0.214+0.003+0.009 ——

0.218+0.009+0.003

0.2150+0.00551£0.0020 ==

0.2150+0.0021£0.0017 =

| | |
0.05 0.1
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LFU tests in charm meson decays before BESIII

Tension in B physics

Tension in D physics
B(B - D™ 7v,) BPDG18po _, 7= )+y] = (0.237 + 0.024)%

B(B - D™ L v)

R(D™) = PDG18
r [D° > mp*v] _ 0.82 + 0.08 SM prediction:

% - BaBar, PRL109,101802(2012) | L PDG18 [ 0 - —Hr+ ]
a 0.5 Belle, PRD92,072014(2015) Ay* = 1.0 contours . F D me'v (2 10) 0.98 5
o7 - LHCb. PRL115,111803(2015) SM Predictions ] .

0.45 Belle, PRD94,072007(2016) =" .

Belle, PRL118.211801(2017) R(D)=0300(8) HPQCD (2015) .
R(D)=0299(11) FNAL/MILC (2015) ]

R(D*)=0.252(3) §. Fajfer et al. (2012) _T]

- LHCb, FPCP2017
04 F ET0 Average

The knowledge of semimuonoic charm

oasf| « 4 3.90c meson decays is very poor
03F :‘ ] ‘:‘\\ > N =
025 - T  LELAY ] — 49%Belle 794FOCUS n
02F S _
O I R ¥ S TR T .. K™~ 13%FocYs K*O 3%CLE0° n’ NA
R(D) c—-sl™v
) NA
I [ [ 7 T | T T T Tt ]
% oa Ay” = 1.0 contours _f fo NA
| LHCbl15 _
035 - / o M’?ﬂz E ™ 10%tele 0 NA K° NA
| _LHCbI8 - ] 0 0
03 - V - 3.3¢ p- NA p?  17%F0cs g NA
: 4 . "Average E Cc - dl+v
0.25 — I ;in; Bollely e Bellels — @ NA
r Bellel7 predictions Wnrld_Avcra%_c . ]
0.2 3 Bigi 16, Gambino 19 ;:7:;33_3::03;3;1”(?6?5;(?5“ -] n N A
- I'I‘Ellurdc‘me 1? L L L L lgl(x‘-j;‘ZB'V: L | .
02 03 0.4 0.5 R(D) »n NA 20



Tests of LFU in D, - I"v;

BGS]I[ PRL123(2019)211802 PRL127(2021)171801 D7 - t*(e*ww)v

& Kk Joeofa T ke (YT KK ]
3 ] H 600 [ E

] 50();5 x _4007::. K

25 T,
200 5! "

L k ekl prmey
‘o 150 UK 400 H

o
‘(’\I_N
O
>
D
& -
o 20 e 100 {30054
o 4o i 200F:

— SOR T ] :
% s : 1002
= 15 = 100 BT
o = 1 i i
> g: ] 4001 E:
2 = ] ¥ s
= 10 12000 . X
- :', Y
@ 3 0 05 1 15 2
-g ] 0oL, ] ¢+ Data
5 5 ; ] — Best fit
=

I
2003 .
Lt " ¢ Non-I), background(BG)

J e D! —>Xe'v, BG

1 100

Cﬂ)_-l—'—'-lllll

( “ - 8 D! —Ketv, BG
| 1] ] il B e A o 0 At ---:;a](};n'lsg.v -
-0.3 0.2 0.1 0 0.1 0.2 0.3 E“ (GeV) ... ‘;;"—“{‘t] L—:; 1\;°(~IM signa
2 2,2 " h
Mmiss (GeV/C )

B[D* — t*v] = (1.20 + 0.24 4 0.12) X 1073 Combined results:
B[DS - utv] = (5.43+0.16) x 1073

BPDGp+  y+y] = (3.74 £ 0.17) x 1074
B[D} » ttv] = (5.33+ 0.12)%
B[D" - 7] + +
Ry = =3.21+0.64 + 0.43 _ B[Dg »1t7v]
D~ B[D* - utv] Rps = BIDF 5 a0 9.82 + 0.36

SM prediction: 2.67 SM prediction: 9.75 21




BESII

Events/(6 MeV)

Tests of LFU in D - (P, V)" v,

First observations

Dt - nutv

PRL124(2020)231801

0<q<0.25 GeV¥ct

(b)

[ Full ¢* region

(a)

= e = L
- = = =
T T T

0.5<¢%<0.75 GeV¥et

E (D)

2

—
- th = N = =
T T

1 20}
1 15
1 10}
5_

1 20
1 15
3 lﬂ‘

] 2"_
3 15_
] lﬂ_

0.25<¢%<0.5 GVt

(c)

5 [
]
0.75<g*<1.0 GeViet 20 1.0 GeVici<q?
(e) ] E ()
3 15 [
] ln -
5 .
0 N g
0.1 0.0 01 0.1 0.0 01
Umisﬁ ((} CV) Umisﬁ ((} CV)

B[D* - nutv] = (0.104 + 0.010 + 0.005)%

r'[D* - nu*v]

RD" ==

r'D* - netv]

=0.91+0.13

Dt - wutv
PRD101(2020)072005

s
IIII

—— Data

—— Total fit

- - - Peaking BKG
— Fitted CBKG
[ Simulated CBKG

e
=
TT 1T

Events /6 MeV
[ ]
=

[u—
=
TT [T T T T[T 711

Sp—— —_ —
X OB 4y L-.-a-ra-,+.-[Ti-H-.-*-J,-,J‘-;-L‘-,1-,-;-*-LLH+e-L+,-L+
-5 T e S S S S S S S E S ES S S SRS S S S S S SR sE s S m s ne
0.1 0 0.1
U s (GEV)

B[D* - wu*v] = (0.177 £ 0.018 £ 0.011)%

r[p* - wu*v]

Ry, =
bo ™ rID+ - wetv]

SM predictions: 0.93-0.96

= =1.05+0.14

Events / (0.004 GeV%/c%)

RDp ==

D° - p~utv
PRD104(2021)L091103

SOI:—

a0l

20}

0.2

=== Fitted CBKG
[ Simulated CBKG

0
M7 (GeVZ/ct)

B[D° — p~u*v] = (0.135 + 0.009 + 0.009)%

rD* -» wu*v]
I''D* - wetv]

=0.90+0.11
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Summary of LFU tests at BESIII

The D* - t*v and six semimuonic D decays are
observed for the first time. Five semimuonic

charm decays are measured with better precision

- BF ratios References

D° > K~
D® - i~
D° - p~
Dt - K°
Dt - °
we D -sw
Dt —n
D —n
D¢ -m'
DS —~¢
A > A
Dt - 1tty

T/
H Df - 1ty

0.978 £ 0.007 + 0.012
0.922 £+ 0.030 + 0.022
0.90 +£0.11
1.00 + 0.03
0.964 + 0.037 + 0.026
1.05 + 0.14
091+ 0.13
0.86 + 0.29
1.14 + 0.68
1.05 + 0.24
0.96 + 0.16 £+ 0.04
3.21+0.64 £ 0.43

9.67 £ 0.36

PRL122(2019)011804
PRL121(2018)171803
PRD104(2021)L091003
EPIC76(2016)369
PRL121(2018)171803
PRD101(2020)072005
PRL124(2020)231801

PRD97(2018)012006

PLB767(2017)42
PRL123(2019)211802

PRL127(2021)171801

No deviation greater than 1.7¢ is found!

BESII

A/AGf(ns'GeV

I:{LFU

o -
an = 0
= :ﬁ L L

- -i

+

PRL121(2018)171803

4 —

Data LQCD
AT/AG? (I=e) —+— ==
AT/AG? (I=p1) —4—  HHHHH
;Eéffz:__;__ Ryyu -+ —

D’— Tty D — v

mﬁii e

o

1 2
qA(GeVch

|
0}

qA(GeV¥ch

PRL122(2019)011804

1.5

Rufe

SM prediction

¢H¢.—¢+

5'E

1

T'E

q? (GeV?/c?




Studies of D - Ve*v, dynamics

° m? — (pﬂ'+ —I_pf{’ )2 @ qE — (pe‘i' +F'z.a'e)2
= H]!{ . _If}-l‘( +
ﬂms(;{)zﬁ~a ﬂ'Sin(;{):(E}{ﬂ)~a

Decay rate depend on 5 variables and

G| Ves|”
(47’T)6mﬂ

X = ppempo, prer 15 the momentum of the K7 system in the £ rest frame

T = X;B’I(m g, 0, Be, x)dm*dg”d cos(8i )d cos(8.)d x

B =2p*/m, p* is the breakup momentum of the K7 system in its rest frame

T can be expressed in terms of helicity amplitudes Hy -
2
() = 5 [(m = m? = @) mo + m)As(?) — 472K Au()
2
Hi(q") = (mp +m)Ai(q”) F 2T V(a')

Vector form factor: V(qz) = 1—]";(%%; or: FF ratio r, = V{(0)/A41(0)
Axial-vector form factor:A;(g”) = Aizwj 7, Aq(g?) = A%{D} 7 or: FF ratio r; = A3(0)/A;(0)
11—y fmA 1—g fmA 24




Analysis of D) - zze*v, and observation of D - Setv,

PRL122(2019)062001

=

Ly

Events/A0.017 GeW/c™)
=

=]

D° - 7 7l

E
=T

Events/ /0. 10 GeW

g

L L
Events/ (0.25)

2

PRL121(2018)081802

_BESIT

] 00F

b
=

H . L
Events/ (0.79)
=
T

=]

o
=
T

=

Ly
=]
T

Events/(0.017 GeW/c™)

=]

&

g

=

L L 1
Events/0.25)

=

_______

D* - ay(980)%e*v, D° - a,(980) etv,

£

P
=

Events/ (0. 79)

=

m,.{GeV/c'

r, = 1.695 + 0.083 + 0.0

.=

cosh,

r, = 0.845 + 0.056 + 0.039

Observation of D* - f,(500) e*v,

Signal mode

This analysis (x1073)

DY = 7 aletu,
D% = pety,
D" -z nte'r,
Dt — plety,

D" — we'u,

D — f,(500)e*v,, fo(500) = 2zt 7~—0630 + 0.043 + 0.037 >
D" — fo(980)e"v,, fo(980) — ztx~

1.445 4+ 0.058 + 0.039
1.445 + 0.058 £+ 0.039
2.449 + 0.074 + 0.073
1.860 4= 0.070 £ 0.061
2.05 £0.66 + 0.30

<0.028

1 dop 7

N
[=K=]
v T

Event/(0.05GeV/c?)
Events/(0.0364GeV)

=

M, (GeV/c?)

+0.09) x 10™~*

+0.11) X 10~

BD°—>aO(980)-e+vBao(980)'—>117r‘ =1 337

wlg%mm% 0o =(1.66

[Bp+_o500)etv T Bt fo980)etvl/Bp+aq980)0ety > 27

Supports tetraquark assumption
for light mesons of ay and f




BESII

Analyses of other D - Ve*v, dynamics

Dt -

K?etv,

PRD94(2016)032001 D° - K*etv, PRD99(2018)011103

i 5000 ] i
= E = E = 1000 | =data (a)y | = 1°F (b)
% 4000 = 3 —fit B 402
=3 3000 = 2 O 3 a
= zooof = S soo} S 1of
a L0 2 % z
2 E = g =
& Bs=%oF 1T 1z 131 1s = o; 08 1 1.2 14 = g 1o
my (GeWVic®) my, (GeV/ic?) 0= -0 o or o= 0= ! 12'2
- U, iee (GEV) M_s_ (GeVic®)
=2 800 e T . : 3 _
% soof = e (© ()
2 oo S 3 3 oo e s
= o0k — 3o00f E g g g o -
= zoof = 200 S 100F R
2 1oo0f = jp0f E B o i} + 4|
z : o 5 i
& %0z o4 06 o8 10 L2 U oS o 0.5 1 w e e
2 2 X B X 3 X X
q? (GeV3ch) cost, o° (GeVEic) cosg,.
sooF : T B T AR
= soof § 400E E 300 |y (e) __zool .y (f) o
= aoof = 300 = S 150 |y 115 { Flrst
2 zo0) = £ 200 | + = i
= zoo T =00 3 S +* t 100}
= 100k = 100 100 | v -E sol °
-
R e T SRR I— S extraction
falatls WY ks cos_a % (radians)
v =1.411+0.008 + 0. 2 r, =1.46+0.07 £0.02 r,=0.67+0.06+0.01
D we VvV, PRD92(2015)071101 DY = K0ty PRL122(2019)061801
S e
e o] E 0
H £ " § 1mf c = 2 i
ik mf & & 30
: E o
wf w | S g =0
e ak 5 g 10
it ' & . =
- 4E (5]
4E i
i3 af
15 ]é’] ‘]Iﬁ- t!f 07 [} l]‘] E’4 JIE- l]‘3 i 1‘3 14 ]" El I5 1 oy o
o o . 2 30 g 40
m{Gelie) F{GeVIE) cost Z %
& & 20

Events

First

Events/0.2n

First

e s m =B EEE

r, =1.24+0.00+0.06

extraction
r,=1.06 +0.15+0.05

= extraction
r,=167+034+016 1, =0.77+0.28+0.07

[5)
% (radians)
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Events(/30 MeV/c?)
Events(/5 MeV)

x

BD+—>E{’(1270)e+v =

30

20

+>106

(2304 0.26 +0.18 + 0.25) X 1073

Helps to test various theoretical calculations
which are sensitive to K; mixing angle

S. Momeni,
JPG46(2019)1

Observation of D - Ae*v,

BGS]]I D* - K%(1270)e*v, PRL123(2019)231801 D°® - K,(1270)"e*v,  PRL127(2021)131801

>10c

Events / (5 MeV¥ %)
Events / (30 MeV/c?)

80 005 000 005 0.0
M2, (GeV?/ct)

Bpo_k, az70y-ety = (109 £ 013 £ 013 £ 0.12) X 1073

New window to explore the property and
nature of K; and K; mixing angle

Combined analysis of D - K,e*vand B - yK,
helps to constrain new physics effect in the
studies of photon polarization in b - sy process

Wei Wang et al. PRL125(2020)051802

See backup slides for more measurements
of the semileptonic D decays at BESIII 27



Hadronic D decays

= Strong phase difference in neutral D decays
= Two-body decays D° - PP,VP,VV

= Amplitude analyses of multi-body D decays
= Doubly Cabibbo-Suppressed (DCS) D decays

= Measurements of absolute BFs

28



Strong phase differences between D% and DY

ete” - P(3770) —» D°D%at3.773GeV

D - Kg/Ln+1t‘ PRL124(2020)241802

BESII

U it
: s : :
0.5 0.5 0.5F
L L L - o
; ; ; Constraint on y measurement ~ 0.9
o 0-— o 0-— w QF
05F 05F 0.5F
SEPE B B | 1 M of 1 1 PE T P o 1 1 1 P P
1 0.5 0 0.5 1 1 0.5 0 0.5 1 1 0.5 0 0.5 1
c C; c
0 1otpr— - - -
D - K¢, K*K D- K n'ntn™ and K- n*n°
e T ] e [T ] of ] s
1:_T0tal 1:—_ rotal —: 300;7 \\\ 300% BESIII
i i E ] F ] Ax?=2.30
0.5) ] 0.5/ . 200 200 mm ay®=6.18
g - | & o0 & poof Il AY°=11.83
n 0 ] w 0f B 50 o CED -
E ; ; o 1505 : , Ze] 150:— CLEO-c
0-5; 0.5 ; ] 100;.\.-. - . 7 S _:;_7_7__7"‘__7_7 100; ________ AX2=230
1:— . 1 : F S I S Ay®=6.18
“If — CLEO-c -1l — CLEO-c so- 7 50F —— Ax2=11.83
* BaBar Model [ * BaBar Model ] r/ E
_1.5I..‘.\. I RS AT IR W _1.5T PP R BRI ENRTSI EUIEI R 00_\|H\'I|||||\lH||\||\|\H|\||\||H|\\||\|\\||\||\|| ol bl b bl oo bono b Lo L
1.5 -1 -05 0 0.5 1 1.5 1.5 -1 05 0 0.5 1 1.5 0.1 02 03 04 05 06 07 08 09 1 0 01020304 0506 07 0809 1
c, N R R0
! K3n Kzn

Constraint on y measurement ~ 1.3°

Constraint on y measurement ~ 6°
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CP+ fractionin D°/D° > mtrn ntm™

, N .
Category Decay modes P = smx=  anXivi2208.10098 BESTI
CP-even KtK™ K27°7° K?n° Kjlw
. i —Ti
CP-odd KZn® K2n, Koo', K2w, K?7%7° 250 ‘:E}::O 600k —F-0
"1 Do Kdmtmwm oFTe t D Kdntm |5
Quasi CP-even ata~w° 200~ I $ +Data 2T L +Data
= — -—
. _ _ 3 | £ 400~
Mixed CP Klntn™, K{ntr PR O
s | T 300+
2 @
200
41\[(4?1-, f) — 100?
0

2N ppB(4m)B(rrr)epr[l — (2FT™™ —1)(2F ¥ — 1)]

Bin number Bin number
, 0 o N 0 o
S(mam’) =2NppB(nrm Jest[l — (2FT™ — 1)y Tag modes i
ir NtFp7r CP eigenstates  0.72120.019+0.007
T Nmmm® _ N+ 4 QN+FT D — atr= 7% 0.75340.028+0.010

D — Kgpnta™ 0.75440.03140.009

M;(4r, Kirtn™) =
H[K; + K_; — 2/ K e (2F7 = 1)]. Combination 0.735x0.015£0.005

M!(4n, K}nTn™) = . . -
| Agrees with CLEO result, but with better precision

H' K.+ K, +2,/K/K' ci(2F —1)] 30



Measurements of D° - Kin. Kin'. K{wand K} ¢

BESIIIT  Prp104(2022)012003 Asymmetries of BFs of D%/D°:
10k wore. | F ASig _ B5—Bi
1 10°E - + -
10 § P Bsig+Bsig
v 10f 0 * 10
T N Decay By ) By b Ag (h)
I Ea— : e | wof o D= K% 0.428+0.029 040540034 27454407
2 g - 5 - D’ — K%y 0445+0.018 0421 £0.017 2.8+29+04
o of | D> K'w 1.200+0.030 11210031 34+1.9+06
10 W D° = K%y 0.789+0.028 0.826+0.028 —2.2 4 2.5 + 0.4
! i - \
02 04 06 % R ¥ S (¥ 03 04 0.6 . 0 0 0
MM? (GeV¥ 4 MM? (GeV¥/ ) MM? (GeV¥/ ) Asymmetrles Of BFs Of D" — KS X and K L X
First measurements of these decay BFs: ‘ B(D" — K%X) + B(D" - KV X)
Decay Beyy (%) Biar (%) Difference ’R(D{))cxp B(D%)ppr Difference For VP final
DY — K¢ 0.414 +0.021 £0.010 033 £0.03 220 ~0.001 = 0.047 240/ States, “;e,
DY KOy 0433£0.012£0010 040 0.07 0.5 00800022 o LS50 /e with
D’ = Kw 1164 +0.022+£0.028  0.95+0.15 140 ~0.024 = 0.031 B ke 4.4 t:;’(':‘:eii‘c"gl
D= K0y 0.809+0.020+0.016  0.77+0.07 0.50 0.080 = 0.023 1.60 :
- calculations
D. Wang, E.S. Yu, P.F Guo, and H. Y. Jiang, Phys. Rev. D 31

95. 073007 (2017).



Observation of D’ - w¢

BESII

B[D® - w¢] = (6.48 + 0.96 + 0.40) x 1073

PRL128(2022)011803
AR LR RARAN RARAN RARANRARES RESA AARRERERRN S
| [efe —=D'D, yJ/w/\y(3686), non-D'D MC
[ Je*e'—»qgq MC
<000k —y(3770)>D°D° MC]
L - 1. [ ]Combined MC A
% % + #-data ]
(D + ] BNy __
o : Nid i
S I 1 ’iﬂ"‘ﬂh“ ;
= 100— T NI —
) 1«"; .
Q2 N
L — \
: ]
1.84 1.86 1.88

Mgc (GeV/c?)

Events

Transverse polarization in D° - VV is found to
deviate significantly with theoretical prediction

20005 1T - l
1500 |- R | | - F S .
1000 - ‘ -\ ."Horizonal polarisz‘
-~ "\Transverse polarization| .-~
500 o - ~
0_ .-"“..L L L | L L L 1 | 1
0 0.5 1 0.5
lcos6,)| Icos6, |

Benefits to explore the mechanisms of D% — D°

mixing and CP violation in theory
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Events/20 Me V/c?

Events/40 MeV/c?

Amplitude analysis of D - nz*z?
BGS]]I PRL123(2020)112001

S
S

50

Events/20 MeV/c?

Events/20 Me V/c?

Events/40 MeV/c?

[ 15 .
M, (GeV/c?) M, (GeVic?)

Amplitude ¢, (rad) FF,

Di—=pn 0.0 (fixed) 0.783 £0.050+=0.021
D —(n"2%yn  0.612£0.1724£0.342  0.054£0.02140.025
Dy —ay(980)r  2.7944+0.087+0.044 0.2324+0.023+0.033

By, .0, = (9.50+0.28+0.41)%

Dy —»r'n

B, =(9.2+12)%

[DNERY AP 4

B, ., =(7.44+0.48:+0.44)%

DS

Observation of a W-
annihilation process:

o e aanys = (2:20£0.22£0.34)%
which is significantly greater than that of the
known D annihilation decay by two orders of
maghnitude 33



Dalitz plot analysis of D > K~n*n at Belle

PRD102(2020)012002

14 o=
r | B}

120

m2, (GeVc?)

B|D® > K~m*n)

= 0.500 £ 0.002 + 0.020 + 0.003,,

| B[DO - K—m*]
04 06 Or.:;ﬁn (;evl;:d)tll 16 18 04 08 Or;(n (1Gev12l'::4) 14 16 18 0 ~ +
w B[D® » K~n*n| = (1.973 £ 0.009 + 0.079 + 0.018,,)%
T, .
o comumsi 3 & 2 ‘
st M 7 s g ; This analysis confirms nn’ contribution for a;(980) in
2 Gl 2 2 the three channel Flatte model with significance >10c
0d o8 o:"z(m .(é;vgﬁ;a) 14 e e 4 06 08 "én(G:i,;/;;;;u 16 18 2 1a 1.5w:|2.<5rl (ée‘;.zzlci.; 26 28 3 B[K* (1680)__) K_n]
: : _ =0.11+0.02 +0.06 + 0.04
Component Magnitude Phase (%) Fit fraction (%) B[K* (1680)_—) K_TL'O] 0 o 0.0 o 0.0 o PDG
K*(892)" 1 0 47.61 = 1.3220%555 5 L . . .
ap(980)"  2.779£0.032 3103+ 1.1 3928 + 15078438 which is not consistent with the theoretical
Kr S-wave 10822023 50.0£57 3192 & 12141414208 prediction under an assumption of a 13D, state
Kn S-wave 1.70 £0.082 113.8+£13.6 337+ ()5():{))27;1'?2210
1 (1320)" 12740079 2834 +47 .74 £ 0,097 006037 B[DO > K (892)017] =(1.41+ 0.13)%
K*(1410)° 484 £0.36 352.7+£28 (.94 4 (.8570427

—1.61-3.22

K7(1680)7 256 2018 2322266 1.07+0.16%10 0% which deviates from various theoretical
K3(1980)~ 929 £0.69 207.7£4.0 1_13i()_15f§:§55:’8§§

_ calculations of (0.51-0.92)% by more than 3c
Sum 132.1 £3.47 16783 34




Candidates/(0.012 GeV?)

8 ™
o aw
in \ i
IIIIIIII'I|I¥IIIIIIIIIIII‘II|

Dalitz plot analysis of D™ - "~ at LHCb

% arXiv:2208.03300

] - LB S PR R T T
LHCb Preliminary
0.751b™

120

o

Candidates/ (2.4 x 10* GeV%)

£(1270), £,(1370), p(1450)°

O N L | N L N " 2 N N L 1
Ol?—w 1 \ —_— - \\U(S(KH g

p—o interference

Component Magnitude Phase [7] Fit fraction [

p(770)7+ 1 [fixed] 0 [fixed] 260 £03 +£16 +0.3
w(782)m* (1.68 4 0.06 £ 0.154£0.02) x 1072 —103.34+2.14+26+0.4  0.103 4 0.008 4 0.014 4 0.002
p(1450) 7+ 2.66 £0.0740.24 £0.22 470£15+£55+41 54 £04 £13 +£08
p(1700) 7+ 741 +£0.18+0.47£0.71 — 65.7+£15+£38+£46 57 +£05 +£1.0 £1.0
f2(1270)7 2.16 £0.02 4+ 0.10 £ 0.02 —1009 +£0.7+£20£04 138 402 404 402
S-wave @ +05 +06 +05 >
> FF; 1128

v?/ndof (range)

147 - 1.78) S-Wwave is domi“atEd/ —2log £ = 805622

><103‘.|......‘... ggloﬁl
] 4;
LHCh . § L
0.75 ! - =
] 3 37
_ 5 1A
i z C
] g 2r]
— ﬁ [
i ] C
] lj
| | C
1 2 3 00
S [GeV?]

w(782)wT  p(1450)°xT  p(1700)°7T  £(1270)x T S-wave
p(770)°7 | —0.24 £0.06 5.1 £ 0. —5.8 0. —0.34+0.1 1.8+04
w(782)rt 0.05£001 0.05£0.01 0.046 +0.04 —-0.0440.01
p(1450)°7t 1.14+0.1 1.740.2
p(1700)°7* —0.8+01  —34+£05
f-(1270) 7+ T ~1.640.1
|
Large interference between p states
: _ S [ . L o=t -
S | T | ]
LHCh ] S LHCb - 2 LHCb i
0.75 fb! ] g I 0.75 fb! 1 g L . 0.75 fb A
1 3 - 1T ' ]
1 2 1 ¢ ]
] & I ] S f ]
| d 0_ R I T T S S T T TR S S S ] 0: . L L L | | L L L :
2 . [Gevz]a 0 05 1 slui,ffcevz] 0 1 2 s [GeV2]3 35



Amplitude analysis of D} - KK=x

D} - K2K2x* PRD105(2022)L051103

constructive interference: ap(1817) and f,(1710)

L 60

S —— Data |

g 20! — Total fit

S K5k (892)°

§ [ S(1710)r*

@ 20F

s <0 T

g ol 3 R * . :-i-

= AR = YO0

1 1.2 1.4 1.6 1.8
M KUK (GeV/c?) BGS]]I

destructive interference: ay(980) and f((9280)

_ A%J@MLZZQ4.0QG1 4 .
S K*K (892) | .
%100-_ KK (892)"

= o — - K*K (1410)° .
— i +
SR a,(980)'7’
> 50 — a,(1710)*n"

=R ’
o

>
m AR, YO A

M=1.817 + 0.008 + 0.020 GeV/c?
r=0.097 + 0.022 + 0.015 GeV/c?

B(DF - ay(1817)*n")
= (344 £ 052 + 032) x 1073
Significance > 100

1 1.2 1.4 1.6 1.8
M oy (GeVic?)

Observation of @y(1817)* in KY K+ mass

spectrum

| | » The isovector partner of f,(1710) or X(1812)?
f « Same resonance observed in . to iy by BaBar?

PRD104(2021)072002

See backup slides for more
amplitude analyses of
multi-body hadronic D
decays at BESIII
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Observation of DCS decay D™ —» Kt 7"z~ 2°

PRL125(2020)241802 Comparison of Byco/Bcr:

1.88} o sideband

| = 1s0f 4 - -
X % ool P . DCS mode BF(x107%) CF mode BF(x107%) | Ratio(x107?)
B | D > K n 1.48+0.07 D" > K n* 3.89+0.04 | 3.80+0.18
Bafafil oy | = ol 4 N fatimand N D' - K*n " | 3.01£0.15 | D’ - K—n*n 14.2+0.5 2.12+0.13
o VS osmmatregion Lol e D’ - K*'rnn* | 245+0.07 | D° - K n*n*n | 8.11+0.15 | 3.02+0.10
3 Lse T § D" > K'n'n~ | 5.194026 | D" > K n'n* | 8.98+0.28 | 5.78+0.34
= = Dt > K'ntna’ | 11.3+08 | D - K nna’ | 6.25+0.18 18.10+1.5
1.84 , S o — A S s

Asymmetry of charge-conjugated BFs:

&_
'Y

® @

[ 2]

=] o ;
L

:%

8T 186 148 186 188184 186 188 Di—rKi;ri;r:F 0 BU* SKtYete 20 — BU“—rK_Jr_Jr* iy
M2 (GeV/c?) MiE (GeVic?) M2 (GeV/c?) A —

BD* Kttt a0 + BD_—?K_R’_E"JIO

A very large BF:

Bp+ kgm0 = (1.13£0.08+0.03) x 1073
Bpcs/Ber = (6.28+0.52)tan*6. Evidence for DT - KT w (3.20):
0c is Cabibbo mixing angle

AP =K a T — (—0.04 £ 0064, £ 0.01)

B(D* - K*w) = (5.71%

. ‘sldl

+0.2,) x 1073
Naive theoretical prediction:
Bpcs/Ber~(0.5-2.0)tan*0 .



Observation of DCS decays D™ - K*n%#° and K*nn

BESTH arxiv:2110.10999, accepted by JHEP

1.881 D'— K+T[01'Cﬂ

Do
=
T

L . = o
E . Wb E"‘ 3 1
5o 86T < i
’ 2 Ly g | Ll
s v ST TS
1.88f D'— K'n'n T s 5
< > >00
Z i = i
E 186} S 100
¥3 g
= 2 5f 1 *
[=1 "
1.84} 5 , l l l .

(=]

188181 186 1.8
M? (GeV/ )

181 186 188 181 1.86
Mg? (GeV/) Mg (GeV/)

[u—y
Do
r———T—

M, ., (GeV/c?)
S

S
®

=S
>

~1z 14 16
My, (GeV/)

B|D* > K*nn]

Decay mode Npr Gsig (Y0)  Biig (x107%)

DT — Kta7% 344+46.4 18.2240.04 2.1 £0.44+0.1
Dt — K*t7% 15.4+4.4 20.6640.04 2.1+ 0.6 £0.1
Dt — K*t7% 104737 14.1840.04 257 7540.1
DT — K*typ 98730 17.78 £0.07 4.7110+£0.2

v

B[D* - K—ntn*]

B[D* > K*n%n]
B[D* - K%ztn]

BDCS/BCF = (279i064)tan4ec

2

M,. ., (GeV/c?)

J—
@

(==Y
=

M, (GeV/c?)

= (2.26 + 0.40) x 1073
BDCS/BCF - (O78i01 4)tan4ec

=(8.09+2.13) x 1073

10 15
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Studies of DCS D decays via semileptonic tags

BESTI Prp104(2021)072005 PRD105(2022)112001
| 4 Dan 0 N ' 0 - :

L ¢ Data ) ) = K()e+,‘—"e @ L —+—Data D™ - K+n—e+.vedag 20 7—?otalfil D K w W 10 - D" - K+n nowtm

- — Total fit -
~ | , | —Total it —
T ----Slignal > .
':'; 20’_ ---Total BKG [ 20’_ - Slgnal 5 6
é | —-Kg3nBKG [ | ---Total BKG = 3‘
= < =
2 10 = =
5 }

-0.2 0 0.2 . ’
Nllzniss (GeVZILA} Nllzniss (Gevzhﬁﬁt) Umi“ (GeV)

Bpo_tp-qo = (3.13£0.60+0.15) x 10~*
BDCS/BCF - (O75i014)tan4ec

Bpo_ xtp-m0,0=(1.841113£0.11) x 10~*

Bp+ L g+mp+n-no = (1.03£0.12+0.06) x 107>
BDCS/BCF = (573i073)tan4ec

Confirms the results measured via hadronic tags
° Bpcs/Bcr<1.37 tan*0 @90% CL

Combining the two results obtained with hadronic Direct measurement of DCS D° decays with
and semileptonic tags gives: negligible quantum correction effect

— -3
Bp+irmipno = (110£0.07) X 10 See backup slides for more measurements
Bpcs/Ber = (6.11£0.42)tan*0¢ of BFs of hadronic D decays at BESIII 39



DCS D decay at Belle

Ly > arXiv:2205.02018
<O
0 Dt S KTK ntz® o o g T DY Ktaata®
& Q -~ -
S - ¢ data = = 150001~
8 6000:_ _::;:;;t § 1000 § -
§ - background 8 B 8 10000 C
S 4000~ o © e data ° L ¢ data
= : Z ool — total fit — [ —totalfit
2 > a b signal 2 5000 "t signal
g 2000__ g - - background % [ background
Lﬁ i Li i Li i P
Y F1Er34 Y B R ) 05Tz e g6 188 19 192 N R 7 R N T T 7]
M(KK ) (GeV/c?) M(K'mrn®) (GeVic?) M(K ) (GeV/c?)
B|D* - KK ntn® _ _
B% D" S Kot no} =(11.32+£0.11 £ 0.26)% B|D* > K*K n*n®] = (7.08 £ 0.07 £ 0.16 + 0.20 ) x 1073
B[ Dt > K+1T_7T+TCO]DCS ~ 3
T e— (1.68 + 0.08 + 0.03)% B|D" - K*m n*m®|PS = (1.05 + 0.05 £ 0.02 + 0.03 ;) X 10
Bpcs/Bcr = (5.83£0.30)tan*0. confirms the large BF of D* - K*n*tn~=® at BESIII
B|D} - K*n ]
=(17.134+0.46 + 0.51)% B|D} - K*n ntn®| = (9.44 £ 0.25 + 0.28 + 0.32;,5) X 1073

B[D! > K*K-m*n"]
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Charmed baryon decays

= A7 decays
= =} and =0 decays
= 20 decays

= =} and =/, decays
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Events / (5 MeV/c?)

D
Lo

BELLE

Absolute BF of A} - pK~ " at Belle

PRL113(2014)042002

ete™ = DY~ prtATX

3000

2000

1000

RS sample

AE

N

inc #%

=36447 + 432

0
2000~ WS sample
I
1000[
O~ ——"21 22 23 24 25
M,;o(D"pr) (GeV/c?)
400 = .
SB | SR SB
|
200 —
|

AL

225

M(pKn) (G

2.35
eV/c?)

N(A} - pK—nt)
A, j —
Nintcfb{lasg(i\lj — ])K Jr—l_)

B(Af - pK—zt) =

& &~ 100
=2 - RS sample =2 - RS sample
= I = 60_—
g 200- g 9
% > 40
£ 100- £
g | g 20
: e
L 0 : =3 = el 0
%'8;. ' WS sample a0 WS sampleJr y
10 20} +
g.L.n—T—H—q...|....|...:+;.:-I_:. 0....|....+]....|....|....
2 21 22 23 24 25 2 21 22 23 24 25
M,,;.(D"pr) (GeV/c?) M,,;(D"pr) (GeV/c?)
1359 + 45

B[A} - pK~n*] = (6.84 +0.247357)%

Much improved precision compared to the precision
of 25% of previous world average value
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Absolute BFs of 4/ decays at BESIII

BESTI PrL116(2016)052001 Based on 0.57 fb-1@4.6 GeV:
2330 PKs L T Hadronic decay
oof - 3 A A} - pK 7wt + 11 CF modes PRL116(2016)052001
S0 ]  nd ] /12.' - pK*K-, prtirr PRL117(2017)232002
z o - AF - nKor PRL118(2017)112001
3 I L N S AF - pn, pr® PRD95(2017)111102(R)
AT S X n® PLB772(2017)388
= _ AF > B0k PLB783(2018)200
' A - Apmt PRD99(2019)032010
Yoo, PR ) I AF > Tty Tty CPC43(2019)083002
oot j\_\_ oA AF — BP decay asymmetries PRD100(2019)07200
226 228 23 226 228 23 226 228 23 A;'; - pKn PLB817(2021)136327
Mpo (GeV/eh Semi-leptonic decay
AF > Aetv PRL115(2015)221805
PRL115(2015)221805 AF S va:, PLB767(2017)42
Inclusive decay
S . Ao ATy A - AX PRL121(2018)062003
& 1ok i AT > etX PRL121(2018)251801
= T AT > KOX EPJC80(2020)935
= Production
= ! | H / AF A7 cross section PRL120(2018)132001
k=
ol -1 | ° °
el L R Very productive for data taken in 35 days!
02  -01 o 0.1 0.2

} B 43
Urni:-ss (G(‘V)



Impact on the world data of A;

PDG2014

Fraction (I;/I")

For example PDG2020

Hadronic modes with a p or n: S = —1 final states

Scale factor/ P

I‘: DECAY MODES Confidence level (MeV/c)

Hadronic modes with a p: § = —1 final states M pKO ( 1.59+ 0.08) % S=1.1
pK®Y (23 = 0.6 )% 873 r K> o
pK—m+ [2]] (50 + 1.3 )% 823 2 b T (6.284 0.32) % S=1.4
pK*(892)° [B] (1.6 + 0.5 )% 685 I3 pr\ Uj‘jz} 1a] ( Lyex v.2r) %
A(1232) T K— ( 86 + 3.0 )x10—3 710 4t ge— o
A(1520) 7+ B] (1.8 = 0.6 )% 627 K (1232) " K (1.08+ 0.25) ::’
p K~ m+ nonresonant (28 + 08 )% 823 [s A(1520)?T [a (22 +£05)%
P%WO (33 + 10)% 823 Mo p K~ 7T nonresonant (35 + 04)%
1.2 &+ 0.4 )% 568
pr ( )% r,  pK%r (1.97+ 0.13) % S=1.1
g nié** ( 1.824+ 0.25) %
., pK'ny (16 £ 04)%
Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) rlO p K% ot ( 1.60+ 0.12) % S—1.1
N l11 pK 7w ( 4.46+ 0.30) % S=1.5
A: REFERENCES 2 pK(892)7 7 [ (14 +05)%
We have omitted some papers that have been superseded by later exper- M3 p(K™m lnonresonant U (46 + 08 )%
iments. The omitted papers may be found in our 1992 edition (Physical 114 l_l\J_L-.JL) nt CEEY seen
Review D45, 1 June, Partll) or in earlier editions. s pK 2n"m— (14 + 09 )x10—3
Me PK™ ’,?T+2n (1.0 £ 05 )%
AALJ 19AG PR D100 032001 R. Aaij et al. (LHCb Collab.)
ABLIKIM 19AX PR D100 072004 M. Ablikim et al. (BESIII Collab. w
ABLIKIM 19X CP C43 083002 M. Ablikim et al. (BESIII Collab.je
ABLIKIM 19Y PR D99 032010 M. Ablikim et al. (BESIII Collab.
AALJ 18N PR D97 091101 R. Aaij et al. (LHCb Collab.)
AALJ 18R JHEP 1803 182 R. Aaij et al. (LHCb Collab.) . . .
AAI 18V JHEP 1803 043 R. Aaij et al. (LHCb Collab. M h d d
ABLIKIM 18AF PRL 121 251801 M. Ablikim et al. (BESIII Collab. u C I I I l p rove p rec I S I O n a n n eW
ABLIKIM 18E PRL 121 062003 M. Ablikim et al. (BESII Collab_)*
ABLIKIM 18Y PL B783 200 M. Ablikim et al. (BESIII Collab.
BERGER 18 PR D98 112006 M. Berger et al. (BELLE Collab. d ecay I I l Od eS
ABLIKIM 17D PL B767 42 M. Ablikim et al. (BESII Collab.
ABLIKIM 17H PRL 118 112001 M. Ablikim et al. (BESIII Collab.
ABLIKIM 17Q PR D95 111102 M. Ablikim et al. (BESHI Collab. e
ABLIKIM 17Y PL B772 388 M. Ablikim et al. (BESIII Collab.}¢
PAL 17 PR D96 051102 B. Pal et al. (BELLE Collab.)
ABLIKIM 16 PRL 116 052001 M. Ablikim et al. (BESIII Collab. ph
ABLIKIM 16U PRL 117 232002 M. Ablikim et al. (BESIII Collab. )*
YANG 16 PRL 117 011801 S.B. Yang et al. (BELLE Collab.)
ABLIKIM 15Y  PRL 115 221805 M. Ablikim et al. (BESII Collab. )*
ZUPANC 14 PRL 113 042002 A. Zupanc et al. (BELLE Collab.)
LEES 11G PR D84 072006 JP. Lees et al. (BABAR Collab.) 44



Study of A} - Ae*™v, dynamics

BGS]]I arXiv:2207.14149

<
R.:; 200
diT _ Gy|Vs|*? P& " g 120 S 150
300k —+ data dq?dcos.dcost,dxy ~ 2(2m)* 24M3 % 100 n £ 100
= — total fit Z 50 : @
8 . 3 2 2 = 50
& s Al Aptv, =(1 —cosbe)”|H1,|"(1 + aacosby) 2
= 200f - AT AT"m® 8 3 s 0.5 1
~ ° 2 2
= - -- other bk 3 5 5 7 (GeV?c?)
=2 er bias - -8—(1+00396) |H_1_;|"(1 — cacosby)
S 100} 3 i o 5
r_u + Zsin®0e[|H1,o|?(1 + aacostp) + |H_1,|>(1 — arcosbp)] < 150 g 10
4 5 . £ 100 Z 100
3 3 5
-0.2  -0.1 0 0.1 0.2 + ——=aacosysinf.sinf, x @ 50 5 50+
U_.. (GeV) 2v/2 .
-0.5 0 0.5 -2 0 2
[(1 —COSHc)H_%OH%I + (1 +C0896)H%0H_%_1]} cos, ¥ (radians)

B[Af — Ae*v,] = (3.56 + 0.11 + 0.07)%

Vs = 0.936 + 0.017 £ 0.025, cp :

3}=='DATA: A{> A€y, 7
. =« LQCD: A]—> Ace'v, ) ./.,.:"/ —

B(A:r — Ae+u€) [%] -- DATA: A]— Ae'y, i'z it é—'
Constituent quark model (HONR) [8] 4.25 02 e S + =0
Light-front approach [9] 1.63 = T LQED: A= Ae'v,
Covariant quark model [10] 2.78 %
Relativistic quark model [11] 3.25 O 0.15
Non-relativistic quark model [12] 3.84 &
Light-cone sum rule [13] 3.0+0.3 - 0.1
Lattice QCD [14] 3.80 + 0.22 = 3
SU(3) [15] 3.6+0.4 005 =
Light-front constituent quark model [16] 3.36 £ 0.87 ,
MIT bag model [16] 3.48 0 . . . . . : k ’ o : 045 o i
Light-front quark model [17] 4.04 +0.75 0 0.2 04 0.6 0.8 1 12 q3' (GeVcd) qi (GeVct)
This work 3.56 & 0.11 + 0.07 7 (GeV¥c?) 45




Observation of A7 - pK~e™v,

BGS]]I arXiv:2207.11483 Evidence of 47 — A(1520)e*v,&4F — A(1405)e*v,
0}

—$- data 101 B A A(1520)e’y, —} data

— total fit - A:—) A(1405)E+\/e —— total fit
> B AL K, 33.5+6.3 (820) ‘;&) 8.4+4.3 4.06 - ifa p;"newe
L |5 - L . — pKmn®
2 RO S | 148567 e othor bkgs Larger data set helps to
= Ae— pK*n® = e AL P, -
=N S sh determine form factors
5 2 in these decays
a ] -+ *| |+ -
SR * 2 |

0.2 0.1 0'0“ -wgl- - 0"2 1.4 1.5 1.6 ] - 1.8

Umiss (GGV) MPK? (GGV/Cz)

B[A} —» pK~e™v,] = (82+ 15+ 0.6)x10™* B[4} - A(1520)e*v,] = (099 + 051 + 0.10) X 1073 _
IVesl = 1.3 £ 0.3 £ 0.1,
B[AF — A(1405)e*v,] = (1.69 + 0.70 + 0.16) x 1073

B(AT — A(1520)e " ve) | B(AT — A(1405)e v )
Constituent quark model [7] 1.01 3.04 Ref. [7]: PRD93(2016)014021
Molecular state [8] —— 0.02 Ref. [8]: PRD93(2016)014021
Nonrelativistic quark model [9] 0.60 243 Ref. [9]: PRD95((2017)053005; 95(2017)099901E
Lattice QCD [11, 12] 0.512 + 0.082 — Ref. [11]: PRD105(2022)L 051505
Measurement 0.99 =£0.51 = 0.10 1.69 £ 0.76 £ 0.16 Ref. [12]: PRD105(2022)054511 i
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Search for A7 - Antn~e*v, and pK{n—e*v,

BESII

Al - At ety,

- +data

L [Signal MC
L MLp'ppt+e.c.
L BLpp'+e.c.

| Lp'w+ee.

| Ws’prpprec.
S%p*pl+e.c.
other L bkg
| [@non-L. bkg

e=9.132%
Ny = 11.200

FOM =0.019

0 0.001

0.002

0.003

B(L;—>Lp*petn,)

1.5

Events/(20 MeV)

A - pKin~etv,

— +data

[ []Signal MC
B .ngp*p'+c.c.
- .pK‘;p°+c.c.
ngp°p°+c.c.
N .pK:h+c.c.
[ | other L bkg]
3 .non-Lc bkg

L/L ax

e=12.705%
Ny = 3-225

FOM =0.039

0 0.0005

l
0.0015 0.002

B(LZ—)pKZp’e*ﬂe)

No significant signal is
found and the upper limits
on the BFs of these two
decays are set at 90% CL:

B(AL » Artn—etv,)<4.4 x 107%

B(Af - pKdn~etv,) <38 x 1074

a7



Studies of A7 — ph (h= 1", n, ») at Belle and LHCb

&a»] PRD103(2022)072004

BELLE

REEE
ss00 | ’ﬁi*?%;ﬁé‘sgsq

3000 |

~AE -

P
2500 i— &#mfﬁg%

=000 | —4— Para
r

1500 [

Events / 3 MeVlc®

m———— i

1000 [

S00 [—

14ao000
12000 | —
10000 |—

3000 |

Events / 3MVle?

6000 |

4000 |-

z2o000 [—

M(pr?) [GeV/c]

B[Af — pn]
B[A} - pK—mt]

= (2258 + 0.077 £+ 0.122)%

B[Af - pn] = (14240054 0.11) x 1073

B[4} — pr”]

< 1.275%x 1073
B[Af - pK—m™]

B[Af - pn®] <8.0x 107° @90% CL

agree with BESIII 2017 results, but with
much better precision or sensitivity

% PRD97(2018)091101

Al - pw

NOoONresonant

T
LHCH

22 (a ' =
e 20?( ? =
= 18E- —
= 16" =
= 14 =
= 12
Z 10
=1 =B
E o -3
[ = —
2 E- —3
o E =
= SOE- (b @ region =
£ [E E
= 30 FE —
— E =
= =25k —
£ 20F —
= 1S5E- —
= E E
= 1o =
sE- =
O [ 2 E
10 | - =
= = [y o region LHCh 3
= Sl == =
= = =
— L= —]
Z afF =
= = E
= § =
= =0l LIy L Itl =
S PO 50 s s o o v 9 Sl A = 7 = LI-LLLLH
2200 2300

2300
rre g g e =) [WleNiAe2])

B[Af — pw]Blw - p*u7]
B[Af - pe|Bl¢p —» ptp]

= 0.23+0.08 £+ 0.03

B[A} - pw] = (94432 + 1.0 +2.0) x 10~

D>

O

BELLE

Events/ 4 MeV/c®

Pull

PRD104(2021)072008

Al - pw

T T T T
<+ Data
---Sig = Fitted SB
IsB

|

:I\‘_IH |IIII‘IIII|III T

T
= Total Fit

T i-”-”-“’-l-l-””l‘

2 E

M(prt+tn0) [GeV/c?]

B[Af = pw]

B[AY - pK—1¥]

Help to improve the theoretical calculations based on SU(3)
flavor symmetry or QCD dynamics model predictions

2.-2 222 224 226 2.28 2.3 232 2.34 2.36 2.38 2-.4

= (132 + 012 + 0.10)%

B[A} » pw] = (827 +0.75 + 0.62 + 0.42) x 10~
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Measurements of 47 — pn’at Belle and BESIII

. . d c > .
W+E"<E n "3
) W <
» w p d > - >
» u >

©
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<
o
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o
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=
L
0 L | e 1 | L L
= 2
= 0
o 2

215 2.2 2.25 2.3

M(pn) [GeV/c?]

2.35 2.4

B[A7 - prl
B[Af - pK~mt]

=(11.32+0.11+ 0.26) x 1073

B[A} > pr] = (4.73 £ 0.82 + 0.46 + 0.24,,,) X 10~

Events / 20 MeV/c?

BESTI arxiv:2207.14461
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| --Signal | ---Signal
o ....Bactgrmmd P& 8 L ----Background
B AZA, background % i AYA, background
2 qg background = 6 &8 qq background &
o i
& - 3
2 4F -'
=} r H
['5} - H
= ;
R L I
0.95 |

: s
- Sy Bl Ahmead o
..%tﬁ‘ﬁ%%:%%y& Al X .ge.\;..z.\,ﬁ.,:. ASRAR AN
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M. (GeV/cY)

plari 'S

AT = @10

BESIII 5.6275 5% £ 0.26
Belle 4.73 £0.97
Sharma et al. [41] 4—6
Uppal et al. 0.4—2
Geng et al. 12,2143

Ref. [17]: PLB790(2019)225
Ref. [19]: JHEP03(2022)090
Ref. [41]: PRD55(1997)7067
Ref. [42]: PRD49(1994)3417



Study of A} - AK™

BESTI arXiv:2208.04001 BAY — pK*+m]oes

Comparing to = (0.82 £ 0.12)tan*0
~ ~ = 02 1 U, C
La500F i L 160F + pac B[Ag_ - pK ]
S°%°F S 120F indicates that the Singly Cabibbo suppressed A}
15007 | — S decays have more prominent non-factorizable effect
£ 1000} £ cof '
5 oo . 4OW S Comparing to BID” > K*n > (1.24 + 0.05)tan*0
- B ¥ = (1.24x 0. an
d N L B[D® > K-*] c
2.25 2.3 2.35 2.25 2.3 2.35
st B T e K S S AR 49
- =
Binrogrr] = (478 % 0.34 £ 0.20)% BID* » K- non JBIDF = Kok me] | (o £ 008
C

B[Af - AK'] = (6.21 + 0.44 4+ 0.26 + 0.34) x 10~* implies that the SU(3) flavor-symmetry breaking in

_ . charmed baryon system is more significant than
helps to clarify the tension between Belle charmed mesons

and BaBar results:

Theoretical predictions B(A7 — AK™) (x1077)

B[Af__)AK::]Be”e: (74+1.0+1.2)% .S(_,-"'(B) flavor symmetry [8] 1.4
B[A{~Amt] Constituent quark model [14] 1.2
N s PLB524(2002)33 Current algebra [15] 1.06
B|AZ-AK ]RaBar: (4.4 + 0.4+ 0.3)% Diquark picture [16] 0.18 - 0.39
- 41+0440. - . ’ _
B[AE~Amt] PRD75(2007)052002 SU(3) flavor symmetry [17] 0.46+0.09
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Studies of A7 —» X°K* and A} - XTK?

BEST  arxiv:2207.10906 First measurement
Y otom-16mGev| VT T5= 1600 - 1699 GeV R o160 169 CeV| T5= 1,600 ~ 4,699 GeV
K A-TK S Al-E'r X A;—>E+Kg X i A-Emm
> 30F > 600 F > S 4000
S 43.449.2 | ¢ 0 43.61£13.2| <
s uf | 400 S 8
2 }H 2 2ol 22000}
; 101}_.&. e S0} g :
3 #% - 2 s F L
‘226‘ ‘ '22‘;; '."'123' ‘ 0 [2%“ Ny e ) T s L W WA RERER DR NEEE N
% g g3 RR L %o a3 AL R 2% 228 23 2% 23
My (GeVI€) My (GeVIc) My, (GeVid) My, (GeViet
B[A 20K ] B[Af - XtK?]

= (3.61 + 0.73 + 0.05)%

B[A¢-x0m] = (1.06 + 0.31 + 0.04)%0.05)%

B[A} — Z°K*] = (4.7+£ 0.9+ 0.140.3) x 107*

B[A} - Xttt

B[Af - X+K0] = (4.8 + 1.4+ 0.02 + 0.03) x 104

BAT - S'KNBAT — STKY)
QCD corrections [2] 2(8) 2(4) B[Af - XOK*]/B[A} - XTKI] = 0.98 + 0.36
MIT bag model [3] 72+18 72+£18
Diagrammatic analysis [4] 55+ 1.6 9.6 +24
SU(3)r fHavor symmetry [5]  5.4+£0.7 54+0.7
TRA method [6] 5.0 4 0.6 1.0 + 0.4
PDG 2020 [28] 5.24 0.8 /
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Mesurements of A7 —» >*h (h=n% n,n’) at Belle

arXiv:2208.10825 BFs:  B[Af - X717

E =0.251+0.03 +0.01
BELLE |+ Daw RN Iy B[A} - X+70]
o — Fit E = 350— venee: Signal
5 300 B S enesignaid =l Smooth BRg.
E 222 Sideband E Lo 250; Sideband B[Az- - Z+ 77‘]
2 oo E 7 AW ) +— 77 = 0.33£0.06+0.02
g 100 E = :izg 3 35T * - i .5{ B[AC -2 ]
|_|CJ 50 LE 50; -:
o 7 : LA : ‘ B(Af - Xt =(3.1440.354+0.11 + 0.25,,,) x 10~*
E 2:7 I W RN | e | Lo o = 2E
& gt e S et A
21z I\/I(Z*i‘]z)s [éévzlész] za 2 -2:5.15 22 226 23 235 _ 24 245 B[/l:- - Xt 77’] = (4'- 18 +0.75+0.21 + 0. 33[)])(;) x 107
ME) [GeV/c?]
600~ 300FE
4000; A;r — E+?? L A:,r — Z+'T]’
w 3000 w 400} w 200:
ZE 2000; Z% | Z% L
1000; m X 1+ aytya, 00056+ 200~ oo
Decay O oo o T e T o] S S N S U S T |
COSH;. oo e e R ) cOsO..
parameters: cOSO;. . i
aiZ*n®]= —0.48 + 0.02 + 0.02 afX* 7= —-0.99+0.03 + 0.05 ofZ " 1f]l= —0.46 + 0.06 £+ 0.03
Decay Kdérner [1]  Ivanov [2] Zenczykowski [7] Sharma [8] Zou [10] Geng [11] Experiment [16]
AF =Ty 0.16 0.11 0.90 0.57 0.74 0.32+0.13 0.4440.20
AF 3ty 1.28 0.12 0.11 0.10 1.4440.56 1.5£0.6
AF—2tq0 0.70 0.43 0.39 —0.31 —0.76 —0.35+£0.27 —0.55+0.11
AF=XTy 0.33 0.55 0.00 —0.91 —0.95 —0.40£0.47
A3ty —0.45 —0.05 —0.91 0.78 1.0010-00
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Observation of A -nz*
BCSIT rru128(2022)142001

At - nnt 5049 (6.6 £ 1.25p0¢ + 044y )x107%
3.9 fb Af - At 376 + 22 (1.31 + 0.084¢ + 0.055y5)x 1072
mf | Af - Z0m* 343422 (1.22 4 008 £ 0.075ys) X102
100 ﬁ | onn B[A} — nn*

BIAT S © 72 @90%CL

B(AY > nnt)x107* 23 Reference

Events / 10 MeV/c?
®©
(=)
| T I |
Evenls/10 MeV/c
A& O ® O o
;gi%
T
—ia:—
._.Jr'
’_“:-:Q_.—-

4 2 PRD 55, 7067 (1997)
9 2 PRD 93, 056008 (2016)
M, (GeVicd) | 113+ 2.9 2 PRD 97, 073006 (2018)
8 or9 450r80  PRD 49,3417 (1994)
helps to test various theoretical 2 66 35 PRD 97, 074028 (2018)
calculations based on quark SU(3)- —6.1 + 20 A7 PLB 790, 225 (2019)

flavor symmetr
y Y 7.7+ 2.0 9.6 JHEP 02 (2020) 165
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Observation of AJr s>nn'n?, ntrat and nK et

BEST_ - wr

u L — Data 4 Data )
- al
+ — Total fit ! (c
W+ o - = Total fit =4= Data
Nd c 0 o _')\_mni:{u 60_—;\:—)111[*1:'7:' 7.80- > 100- U — Total fit
€ d 0 -’. _ T 150 ASAR” el 200 — Al nKrn'nt
s d o — AC:E '’ " = Chehyshey
d N u - = A/A. BKG 0 comb. BKG
AT Adfd d n | == Chebyshev
I com. BKG 150

5 100

7.90

50
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[=9f=N
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Events / 10.0 MeV/c?

Events / 5:0 MeV/c?
Events./ 5:0 MeV/¢c?

F b aba. §, .24 Py FE T IO |
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+
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=¥ ="
] *
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+
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a2 g
:]+ >‘c:
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e SRS
.-
-
PULL

a_, dn 0.8 0.9 1 1.1 1.2 1.3 6'5’:5 09 0.05 i 585 59 595 : T05
u - u u E u mm(nﬂrﬂ) (GeV/e?) M . (Trrt) (GeV/c?) M, (KT (GeVic2)
No theoretical calculation for Decay mode Yields BF(%0) PDG value(%0)

the BFs of A{ -» n*™n?, AT -
netn nt and AL - nK -t
were reported. These results Af - nmtnmt 120.6 £ 17.9 0.45 + 0.07ggap & 0.035ys; -
may offer some inputs for
theoretical research

AY - nrtn® 150.9 + 21.4 0.64 £ 0.09star £ 0.025ys;

AY > nK-ntnt 805.8 + 33.1 1.90 j\\MBStat + 0.09yst -

PDG
B(AL - nntn?) B(ALY > nrtnnt) B(AL » prn—nt)
R, = =97+22 R, = =0.24+0.04 R; =
1™ B - nnt) - 27 B(AL - nK-mtat) - 37 B(AY - nntn0)
PRL128 (2022) 142001

=0.72+0.13
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Studiesof A7 - XK n~, X*K*K~ and 2K ™ n”

BESTI Study of A¢ — Z*K*K- I
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sl — Fit result — Fit result B(AC —>Z+11'+T[
---------- X KK {non-)
—_—— L
— =~ $BKG B(At-zt¢)

e non-¢ BKG

=(9.2+1.8)%

B(Af-Xtmtm—

n
o

Events / (2.5 MeV/c?
Events / (2.4 MeV/c?)
|

-
o
[

B(Af->X*K*K~ (non-¢))
B(At-xtmtn)

o
UL

=(4.38+0.79)%

2.26 2.28 23 232 2.34 0
2
Mg (GeV/c?)

o
T

1 ‘ ‘ 1.65 ..1-1
Micr (Gevic) Statistical uncertainty only

+ + 7t o
A - 2"K™ + + 74— 0
- . e SearchforA; - 2"K'm™ o
Q L B
% 200 :;‘:‘f‘;iﬁ‘a § — Total Data g 4
= T TR ¥ K [6}] (>U i
g 150 =z BKG E 100 35 0.8f
E r o _8 C
*g 100 L SANTT, ?\g’ _ é 0.6:
g o 5 Lol Foal
50 - I @ 50. = 04¢
L . + © B
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2 e s e ) e e s e e L TN P G
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Study of A} - pK—n* at Belle

@ ]

m,=1662.9 MeV/c®
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____________________
+—t L
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Efficiency-Corrected Events / 1MeV/c® Efficiency-Corrected Events / IMeV/c?
o

o

[ Sk it PR RS B R R
.55 1.6 1.65 1.7 1.75
M(pK) [GeV/c?]

| ]

d-iNT 2 1
- < |f(m)|” = ———
dm m —my + 5 (I" + gayk)

Observation of a threshold cusp at the
An threshold in the pK~ mass spectrum

Efficiency-Corrected Events / TMeV/ic? oy

4,
_ 2
s 2
& O 3
-2 ; a
155 16 165 1.7 175 i .
M(pK) [GeV/c) 1.65 1.7

M(pK') [GeV/c?]
Breit-Wigner Breit-wigner with a
complex constant added

The best fit is obtained with a coherent sum of
a Flatt’e function and a constant background
amplitude with the y?/n.d.f = 257/243 (p=0.25),
while the fits with Breit-Wigner functions are
unfavored by more than 7c
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Amplitude analysis of A7 - pK~n* at LHCb

[ ]
arXiv:2208.03262
L % 10F 8
- = 2
B (=] o
: S 3
L 51 <5}
[ ; 5 6f =
] 1 E o4 1 E
r 1 © 1 ©
_ 2k : ]
e 2T T I . =~
2 25 3 35 4 45 040608 1 12141618 2
n(pK) [GeV?] (K1) [GeV?]

Candidates/ 0.02

== Data
— A(1700)""
— A(1405)
A(1690)

Candidates/ 0.063
Candidates/ 0.063

c'os 6(p)

O = DN W = O )~ e
T T [T T[T T T T 1Ty

Complete description of this decay

— Model — A(1232)"

— K (892) K,(1430)

— A(1520) A(1600)
A(2000) — Background

—— A(1600)"™
— K,(700)
— A(1670)

Observation of new state, identified as A(2000),
with spin of ¥2-, and mass and width

M = (1988 + 2 + 21) MeV
I = (179 + 4 + 16) MeV

Measured polarization components

Component Value (%)

P, (lab) 60.32 £ 0.68 £ 0.98 == 0.21
P, (lab) —0.41 2 0.61 £ 0.16 = 0.07
P. (lab) 947406403+ 1.1
P, (B) 21.65 4 0.68 %+ 0.36 & 0.15
P, (B) 1.08 & 0.61 + 0.09 = 0.08
P. (B) 665+ 0.6+1.1+0.1

A large sensitivity to the polarization shows the
Af - pK~n™ decay to be the best probe for Af

polarization
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Amplitude analysis of A} - An*n®

Theoretical calculations of BFs and
decay asymmetry parameters:

BESII

Amplitude analysis help to explore
At - B*V and At - B*M

L —— Data
G1000 2™ T T
% i —QPRG(LOEO)A % 400 % 400
o L — 51385 O | o I
g | e | |
$ 20wy S 200- 7 $ 200
& - mE750) g I 5 I
a a A
0"=04 06 08 1 12 92 14 16 18 2 220 %2 14 16 18 2 22
M., (GeVic?) M, (GeV/c?) M, (GeV/c?)
Theoretical calculation This work PDG
102 x B(A} — Ap(770)7) | 4.81+0.58 [13] 4.0 [14, 15] 4.06 + 0.52 <6
10% x B(A} — £(1385)T7%) | 2.840.4 [16] 2.2+0.4 [17] 5.86 4 0.80 —
102 x B(AS — £(1385)%7T) | 2.8+ 0.4 [16] 2.2+ 0.4 [17] 6.47 4-0.96 —
QA p(770)+ —0.27+£0.04 [13] —0.32 [14, 15] | —0.763 £ 0.066 | —
0.45
Ct5;(1385)+ 0 -0-91f8.;12 [17] <0917 £0.083 | Rer [13]: PRD 101 (2020) 053002
Ol3:(1385)0+ —0.91757; [17] —0.79+0.11 | Ref. [14,15]: PRD 46 (1992) 1042; 55 (1997) 1697

Ref. [16]: EPJC 80 (2020) 1067

Ref. [17]: PRD 99 (2019) 114022 .



Studies of =¥ - =" I*v; and =z > =—x* at Belle
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B|=0 > =e*v,| = (1.31£0.04 + 0.07 £ 0.38;,;) x 1073
B[z > = ptv,| = (1.27 £ 0.06 £ 0.10 £ 0.37;,,) x 1073
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Decay parameter of =0 - = x*:
axa=0.631+0.03+0.01

Asymmetry of decay parameters:
Acp = (A + azi - ) /(g — azi - ) = 0.024 £+ 0.052 £+ 0.014

CPC46(2022)011002

consistent with prediction based on LFU, 0.962+0.004, within errors 59
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Measurements of =% - A7~ at LHCb and Belle
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_ + Data
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m(pK™m*n) - m(pK™7*) + m(A7) [MeV]
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First measurement of BF of =0 — A/~

B|=2 > Afm| = (0.5540.02 + 0.18)%

B[=f > pK "] = (1.135+ 0.002 + 0.387)%

MR BT
2460 2480

2500

2520

'D arXiv:2206.08527

N L
£ 4000}
= 3 -
feb) =
E -
w2
(=) L
=
¥ 2000
S - 1467 + 134
[} [
0 7 1 I‘ 1 " A L L
_ 2E
E _g ___-_____-_--_-__-__
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B[z0 - Afn]
B|Z0 - =—mt]

=0.38 + 0.04 + 0.04

B|=2 > Afm | = (0.54 4 0.05 + 0.05 £ 0.12,,0) %

Important to test various theoretical calculations

(CLY)2(’92) Voloshin Gronau  Faller (CLY)2(°06)
[1] [3] [4] [5] (6]
0.39 > (0.25 £0.15) 1.34 = 0.53 < 3.9 0.17
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Measurements of

=()

=-C
s s s Theoretical calculations
d d d u — - —
d/u Modes Zou et al. [4] Geng et al. [5] Zhao et al. [6]
E? — AKY 13.3 10.5 £ 0.6 8.3+£5.0
w+ _ w* N ) — 2OK0 0.4 0.8 +0.8 79+438
d dia 20 K- 7.8 59+ 1.1 22.0£5.7
c S c s
D
/> PRD105(2022)L011102
silie FT T T T T T T L BB B 1 570 N e e e B L ET T T T T I
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— =(229+0.8+1.2)% [-C - sl _ + + 0 —< =(12.3+0.7+1.0)%
B[22 > =n| B o] (3.840.6+0.49% B[ == ] (12.3+0.7£1.0)

B[=2 - AK?] = (3.27+£0.11 £ 0.17 £ 0.73;,) X 1073

B[=0 - 2°K?] = (0.54 £ 0.09 + 0.06 + 0.12,,;,;)) x 1073

B[z > 2*K~] = (1.76 £ 0.10 £ 0.14 + 0.39;,) X 1073

— AK?, 2°K? and X*K~at Belle
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Studies of =¥ - AK*?, 2°K*0 and T K*~ at Belle

D>

O JHEP06(2021)160

10000 M i
o = N
= 8000} : 4000 .
= &
= g000f-

150_—

Events/1 MeV/c?

o
i)
>
-] 13 .
i 3000 = 2 i e A
= — Data — Total Fit — 100 Tt i
T 40000 sy b 2000 0 '
s t
> — b s b > 50
d 2000 2 2 1000} QT
— ~
‘ e ‘ i : ‘ — i o= - - .
D44 245 546 247 248 240 25 D44 245 246 247 248 249 25 2.44 248 248 25

M(AK ) (GeV/c?) MEK") (GeV/e?) M(Z*K") (GeVic?)

ents/5 MeV/c?

Events/5 MeV/c?

3 1000

i A - e _ />~ >
%.7 075 08 0.85 0.9 095 1 1.05 11 ﬂ? 075 0.8 085 0.9 095 1 1.05 1.1 8-7 0.8 0 5 1 11
M(K'*) (GeV/ic?) M(K'n+) (GeV/c?) MKz )(GSWC)
5000 — 15000 — 5000—

Events/0.25
n W
(=3 <
S 8
Events/0.25
o 8
3 5]
o (=]

cosh, €086,

Decay parameters:

BFs:

B(E) - AK*)/B(E) - =2 1)

—

B(E? — AK*)

0.18 £ 0.02(stat.) £ 0.01(syst.)
(3.3 £0.3(stat.) & 0.2(syst.) £ 1.0(ref.)) x 1072

B(Z) — XK /B(E} — E~7T)
B(E() - EOR’*O)

0.69 + 0.03(stat.) £+ 0.03(syst.)
(12.4 4 0.5(stat.) £ 0.5(syst.) + 3.6(ref.)) x 1073

B(E — S+ K*)/B(EY — E-7t)

0.34 £ 0.06(stat.) + 0.02(syst.)
B(Z) — XTK*7)

(6.1 £ 1.0(stat.) & 0.4(syst.) £ 1.8(ref.)) x 1072

a(ZY - AKa(A — pr)
a(Z2Y = SO a (XY — 4A)
a(ZY = TR oSt — prt)

0.115 + 0.164(stat.) = 0.031 (syst.)
0.008 4+ 0.072(stat.) + 0.008(syst.)
0.514 £+ 0.295(stat.) = 0.012(syst.)

o (Ec — AR’*O)
a(EQ — NTR*)

0.15 £ 0.22(stat.) £ 0.04(syst.)
—0.52 £ 0.30(stat.) £ 0.02(syst.)

Theoretical calculations on branching fractions:

Channel KK [26] Zen [31] HYZ [24] GLT [T7]
=0 — AK*0 1.55 1.15  0.46£0.21  1.3740.26
=000 085 0.77  0.2740.22  0.4240.23
=0 5 YFK*T 0.54 0.37  0.93£0.29 0.2440.17

Theoretical calculations on decay parameters:

Channel KK [26] Zen [31] GLT [7]
2 AK*Y 4058 4049 —0.67£0.24
=0 5 YK —087 4025 —0.42+0.62
=0 5 YFK* 060 4051 —0.76105] 62




Measurement of =¥ - =0K*K~ at Belle
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Events/ 5 MeV/c?
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B[A] — Xty]
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B[A] - pK—Tr*] ( - - )
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Observation of new = baryons at LHCb

PRL124(2020)222001 =05 AFTK

e

2000 2000 -
— § . - — _L(2923) —)ALK'
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Y Y i ;‘” '\/l \\ 1 - Background
o bk i , o o o . .1.--.~._é-£5>‘3=_|\,, e Additional component
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m(ATK™) - m(AY) - m(K™) [MeV] M(ALK™) - m(AY) - m(K™) [MeV]
Observation of three new =0 baryons
Resonance Peak of AM [MeV] Mass [MeV] [' [MeV]
56(2923)” 14291 £0.25 =0.20 2023.04 £0.25£0.20x=0.14 7.1 08+ 1.8
EC(2939)” 15845 £0.21 =0.17 2938.55 £ 021 £0.17 = 0.14 102 =08 = 1.1
EC(Q%S)” 18475 £0.26 =0.14 2064.88 £ 0.26 £0.14 = 0.14 14.1=09+=1.3

Mass difference to A}
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Study of 2? - 0 I"v,; at Belle

PRD105(2022)L091001
C\IO N, %
= - Data = —— Data - —— Data
2200 i = ‘]’ — Total Fit = + — Total Fit
= ";‘,’:2' Fit 2100 + ----- Al Fittod Bkg %1 00 - :IL Fitted Bkg
[ Bkg from B L - )
nN..1 50 uD) i Wrgng Q “ uD) i Evl;g ;Log Bl
[7)] _— B — |
—-— [75] | [z}
3 £ .o 2t e
e TR 0 s e
M, . (GeV/c?) M, , (GeV/c?)
B[2? - 0 uy
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consistent with prediction based on LFU, 1.02+0.10, within errors
EPJC82(2022)11
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Evidence for 20 - n70(2012) - n*(K=)"at Belle
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Observation of doubly charmed baryon =/ at LHCb

% PRL119(2017)112001 =H S YKt
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Z o0f ) _' Jr iy th} c - . s 1K
SR 5 AL L Mu} N
% a’
L ; . . 1 .
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M and (E f+c+) (MGV/ C 2)

Mass difference to A;: 1334.94 4 0.72(stat.) £ 0.27(syst.) MeV/c?.

Mass: 3621.40 4 0.72(stat.) £ 0.27(syst.) + 0.14(AF) MeV/c>

isospin partner to the =/} state reported previously by the SELEX Collaboration?
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Candidates /(5 MeV/c?)

More studies of =/ /=],

JHEP10(2019)124
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2018 2021 2025 2027 2030 2035
220fb"! 50 ab-!
Belle 11
~55x10° BB pairs
9 fb! ~23 fb! ~50 fb!

N

LHCb

LHCb [ Upgrade 1 ] Phase | [ Phase 1b Upgrade Phase 2

Upgrade
proposed)

S

~3x10" bb pairs

BES 111

Continue to run for 5-10 years  2022-2024: 20
Increase E..,=> 5.6 GeV fb-'@y(3770)

Prepare Construction? I STCF?
E., = 2-7 GeV
Lpeai=0.5~10 x1035/cm?s
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Summary and prospects

= In recent years, many important results of charm decays were reported
by BESIII, Belle, and LHCb.

= In the near future, more fruitful results are expected:

> Precision of fp+, fp+, [Vl [Veal, £P7%(0) and £277(0) reaches (0.5-1.0)% level;

> Intensive LFU tests with (semi-)leptonic decays > the expected best precision is better
than 1% for p—e and 3% for t—y;

> Improved measurements of strong phase differences of neutral D decay - constrain the y
measurement to about 0.5° level;

> Precision of the absolute BFs of the golden decays D° - K~ n*, D® > K n*rntn—, D*
- K ntnt, Df > K*K~n*, and Af - pK~n* reaches better than 1.0% level;

> Intensive measurements of more missing decay modes of known charmed hadrons;
> Observations of more excited charmed hadron states?
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Candidates / (1 MeV/c?)

DCS D decay at LHCb

JHEP03(2019)176

Candidates / (1 MeV/c?)
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M(K-K*1) [GeV/c?]

Channel MagDown (x1073)
B(Dt— K-K*K™*)/B(Dt— K—ntxt)  0.65340.004 4 0.005
B(Dt— 7= ntK*)/B(Dt— K—ntn™T) 5.220 £ 0.013 £ 0.028
B(Df— 7~ KtK")/B(Df — K~K*zt)  2.333+0.033 4 0.030
B(Dt— K-K*tnT)/B(D*— K—ntxT) 103.004+0.03 40.85
Channel MagUp (x1073)
B(Dt— K-KTK*)/B(Dt— K—ntxt)  0.65540.004 4 0.005
B(Dt— 7= ntK*)/B(Dt— K—ntn™T) 5.244 £ 0.013 £ 0.030
B(Df - 7~ K+tK*)/B(Df — K-K+txt)  2.41940.03540.032
B(Dt— K-K*tnT)/B(Dt — K—ntxT) 102.5940.03 40.93

B[D" > K*K*K™] = (5.87+0.02 + 0.04 + 0.185,0) X 107°

B[D* > m ntK*] = (4.70 £ 0.01 4+ 0.02 £+ 0.15,,;) X 107°
B[D} - = KTK*]PS = (1.293 + 0.013 + 0.014 + 0.040,,,.) x 10™*

B[D* - K K*m*] = (9.233 + 0.002 + 0.061 + 0.288,,,) x 107>

with significantly improved precision
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Measurements of At - ph~h*r” at Belle
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= (0.685 £0.007 £ 0.018
B(A} - K~ntp) ( )

Events / ( 0.0025 GeV/c)

B(AY = K=zt pa®) = (442 +0.05 £0.12 + 0.16)%

L Loceon™" L L | T L L L
2.25 2.3 2.35 75
m(Kmtpn?) (GeV/c?)




Measurement of the decays A/ — Xrm at Belle

PRD98(2018)112006
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B(Af - Zfnnt)
B(A; — pK~n™)

— 0.719 + 0.003 £ 0.024.
(A ) BA; = X7na7) =4.574+002+0.15 £ 0.24%,
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oy
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o
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Observation of DCS decay A7 - pK*nr~ at Belle

X

Events / 3 MeV/c?

« DCS decays of D/D, were observed by Babar,
Belle and LHCb

 The ratios of DCS decays to corresponding CF
decays are important in constraining theoretical
models in the study of flavor-SU(3) symmetry

E gty oo 3 Belle reported the first observation of the DCS
' ' M(pK'T) [GeV/c?] ' decay /12.' — pK_Tl'+

5000

/ &E<}K+ d}n

Events - Bkg

-200E
-400 E

B[A - pKtn]
B(A] - pK—1*]

=(2.354+0.27+0.21) x 107> Bpcs/Ber = (0.82+0.12)tan*0,

77



Studies of A7 - ph*h™ at LHCb
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B[A! - pK—mr*]

B[A - pKtK™]

B[A! - pK—m*]

B[/l;:l_ — pK+Tl'_]DCS
B[A! - pK—nt]

= (7.44+ 0.08 + 0.18)%

= (1.70 + 0.03 + 0.03)%

=(1.65+0.15+0.05) x 1073

|

Lower than that from Belle at 2c level

B[A} - pr*m] = (472 +0.05 + 0.11 + 0.25,p,) X 1073

Combining the PDG value

of B[A} - pK~n*] gives:

B[A} > pKTK™] = (1.08 £ 0.02 £ 0.02 + 0.06,,.) X 1073

B[A} -» pK*m™] = (1.04 + 0.09 + 0.03 + 0.05,,;) X 10™*
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Study of A} - An*n and A} - X%7*n at Belle

PRD103(2021)052005 o l
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Resonances Mass [MeV /c?] Width [MeV]
A(1670) 16743 = 0.8 =4.9 36.1 £24+£48
X(1385)F 13848 =03 1.4 38.1 £ 1.5£2.1

Decay modes

B(Decay mode)/B(Af — pK—z™)

Af = nAx™
Af = pXOxt

AF = A(1670)z+;

A(1670) — nA

A — = (1385)+

0.293 £0.003 £0.014
0.120 = 0.006 = 0.010

(5.54 £0.29 £0.73) x 1072
0.192 £0.006 £0.016

B(AF = nAxt) = (1.84 £0.02 £ 0.09 £ 0.09)%.
B(AS = nZzt) = (7.56 £0.39 + 0.62 £+ 0.39) x 1073,
B(A} = A(1670)z") x B(A(1670) = nA)

= (3.48 £0.19 £ 0.46 £ 0.18) x 1072,

and

B(A} — y=(1385)7) = (1.21 £ 0.04 + 0.10 £+ 0.06) %,
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Other semileptonic D decays at BESIII

0

sD} - nletv,

'D;_ - foe+ve

D' - Ketv,

sD} - v,eX

=D} - ay(980)%e*v

=D? - b,(1235) e*v

sD5 — ppe*v,

=Dy > ye'v,

aD} > nOu*vand pu*v
sDt > yetv,

«D* - D%*v,

«D* - K%*v, via K® -» n%=°
aD? - I*v, @ 4.009 GeV
«D} - netv, @ 4.009 GeV

arXiv:2206.13870
PRD105(2022)L031101
PRD104(2021)052008
PRD104(2021)012003
PRD104(2021)092004
PRD101(2020)112005
PRD100(2019)112008
PRD99(2019)072002
PRD97(2018)012006
PRD95(2017)071102
PRD96(2016)092002
CPC40(2016)113001
PRD94(2016)072004
PRD94(2016)112003
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Amplitude analyses of other hadronic D decays at BESIII

aD} > Ktntn~ 0 arXiv:2205.13759

sDf - Ktntn~ arXiv:2205.08844, accepted by JHEP

aD} > K*K ntntn™ JHEP07(2022)051

aD} > nrtntne JHEP04(2022)058

sD} - KJKQn* PRD105(2022)L051103

-D;r - gtr0n0 JHEP01(2022)052

sD} > gtntn” arXiv:2108.10050, under PRD review

-D;r - nn+n+n_ PRD104(2021)L071101

aD* - KIK*n® PRD104(2021)012006

aD} - K+ n® JHEP06(2021)181

aD} - K*K~ 170 PRD104(2021)032011

aD* - KK~ 7t PRD103(2021)092006

«D} > KtK-nt PRD104(2021)012016

aD® - KOK*K- arXiv:2006.02800

aD* > Kontntn PRD100(2019)072008

D0 > K—ntn0rn0 PRD99(2019)092008

D0 > K ntntn— PRD95(2017)072010
PRD89(2014)052001

aD* - Kon*n0
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Strong phase parameters of neutral D decays

PLB734(2014)227
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The most precise result to date
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82



Branching fractions of D —» PP

PRD97(2018)072004 JHEP08(2020)146
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Absolute BFs of hadronic D decays
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Absolute BFs of other hadronic D decays at BESIII
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