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* 3X3 unitary complex matrix CKM matrix

* 4 parameters
* 3 mixing angles and 1 phase
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Charm is charming

e Over-constrain the SM, probe for new physics
v'Precision CKM physics in B sector needs input from charm

* CPV and mixing
v'The only up-type quark to form weakly decaying hadrons,
complementary to K and B systems

* Unique to test QCD in low energy

Charm is challenging

* Intermediate mass, compared to Ay, -- not heavy, not light

= Theor
* Do methods like Heavy Quark Expansion and Factorization work?:I Y

* CKM and GIM suppression can be strong — low rates - Large data sample



Charm physics contributors
B physics experiments are well suited for charm physics
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= LHCb/hadron machine: huge production X-section, excellent lifetime resolution due
to the boost; large combinatorial BG, difficult with neutral and missing particles

= B factories: clean environment, good to detect neutral particles; lower boost, poorer
lifetime resolution



BESIII @ Beijing Electron Positron Collider (BEPC) — charm facility

v'v. = E—_

: s 2004: started BEPCII upgrade,
ki BESIII construction

1989-2004 (BEPC) |
S L,..=1.0x10° fcm?s '
A e 2009-now (BEPCII):

27 Lpeak_ 1.0 x1033/cm2(4/5/2016) |
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MDC: spatial reso. 115um
dE/dx reso: 5%
EMC: energy reso.: 2.4%
BTOF: time reso.: 70 ps
ETOF: time reso.: 60 ps
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BES]I[ Unique data sets at open charm thresholds

— @ Eop = 3.773 GeV

— Integrated luminosity of |2.93 fb—! / -
— o(ete” — D"DY) ~ 3.6 nb = 21M D" produced SO
— o(ete” =+ DD ) ~29nb= 17TM D" produced L= 082fb

0/,nN0 6
> (DT D°/D 3.0 - 10
D Dt /D™ 245 10%

— @ E.;n = 4.009 GeV
— Integrated luminosity of 0.482 fb—1
— o(ete” — D_;"D;j ~ 0.3 nb = 0.3M D, produced

— Integrated luminosity of|3.19 fb—1 —

& e—
— ﬂ'{E‘l‘E_ — D;‘FDS_} ~ 1 nb = 6M D, produced Y(3770)

. S
> O @ @i
o

— @ E.;m = 4.600 GeV
— Integrated luminosity ofl 0.567 fb—1
— o(ete” = ATAZ) ~ 0.2 nb = 0.2M A. produced

 No boost, no lifetime measurement / @
* Almost free of background
« y(3770) 2> DD, quantum correlation = strong phase measurement !



Double tag method (DT)

Tag side Kj\ Signal side: p*is reconstructed, v is reconstructed by MM?
__— — —_ —
Dgs Emiss = Epeam — Ell+’ Pmiss = —Pp~ — Pyt
2 _ 2 = 2 _ =
> 417{' > Mmiss - Emiss o |pmiss| ) Umiss — Emiss _ |pmiss|
e
e+ Tag side: K*K'it" +...., very clean decay modes
— — ~ y(no) et
\ [ signal Non-D;" D events can be suppressed 2
: Ecy 2
by beam-constrained masscut Mpg, = (T) — |PD;
[ [ [ V
STyield: Ng =2xN_-xBg xég
salde N i i tot
DT yield: N =2x NNDB X Bgr x Byjg ><“:~2Tvs.si£>l Absolute Bgig = tltl —
Average eff.. Esig = Z(N;T ><‘9;Tvs.sig /‘C%T)/Z Ner Br. NSE)l_ X &sig

Advantages: almost background free, absolute Brs.



Charm Leptonic Decays D) — (v

+ i‘}
D(S) .I“;

* Charm leptonic decays involve both weak and strong interactions.

* The weak part is easy to be described as the annihilation of the quark-antiquark
pair via the standard model W* boson.

* The strong interactions arise due to gluon exchanges between the charm quark and

the light quark. These are parameterized in terms of the ‘decay constant’.
Decay constant (LQCD)

Decay rate (Exp. ) RPURPR
.>< FmémD( (I =mg/mbp,))
CKM matrix element

* Exp. decay rate + |V 4 | M’ > calibrate LQCD @charm & extrapolate to Beauty
* Exp. decay rate + LQCD - CKM matrix elements .




Charm semi-leptonic decays ) — 7(K)/v

* The effects of the strong and weak interactions can be separated in semi-leptonic decays
 Good place to measure CKM matrix elements and study the weak decay mechanism of
charm mesons; calibrate LQCD

At zero positron mass limit: CKM matrix element

Differential Form factor
rate (Exp.) dr D _> K jI “S l / (LQCD)
2471'

* Analyze exp. partial decay rates = g2 dependence of f X(7)(qg?), extract f X(7)(0) with
| V(g | <MMTer as input — calibrate QCD
. Exp + LQCD calculation of f.X(0) and f,*(0) 2> V Vi s(q) — cOnstrain CKM
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Test of lepton universality (LU)

 BaBar, LHCb and Belle found evidence of lepton universality violation in semi-
leptonic B decays, either via the Cabibbo-suppressed (CS) transition b = c or
flavor-changing-neutral-current (FCNC) transitions.

e Study the analogous decays in charm quark sector:

In Standard Model, (for decays rate: Phys. Rev. D 38, 214 (1988))

(g - ) <1

2
m2+ >
M2
D(s)

R=—— - = 2.67 + 0.01 (9.75 + 0.01)
r (D(S) - ‘u+v) m2+
mfﬁ 1-— él'
Mz,
D(s)
_ 0 —(0
RO _ B(D"" —» nu'v) _ 0.0gs | [ro _ B(D Yo K %) 0.97
B(D*" — n%%*v) B(D® — K %%e'v)

EPIC, 78 (2018) 501, Z. Phys. C46 (1990)93, PRD69 (2004)074025, PLB633(2006)61




Number of events/0.02 (GeV/c9?

BESIT DT - tt (- tv,)v, : first evidence (40)

2.93fb"'@E ., = 3.773GeV PRL123(2019)211802
p-like n-like * 6 tagging modes

RISAMAMALAAARLRSAALAAR I | IR AN MRS * Signal: D* = t* vr extracted from MM?Z.
" Z  D*— u* vypeaks at MM?=0
ol | 2  D*— t*(— nt* Vi)v: peaks near MM?2=0,

&

80 g das MD ~ Mt
. g * Fit two MM? distributions simultaneously,

AN 2 MC based shape @ G

Y e 7 Twwewsd'  * Fix D—=u v component to the world average
Split data into two: B(Dt — 7Hv.) = (1.20 £ 0.24 £ 0.12) x 1073
* p-like: Egy,c <300 MeV (mixture of D* —

+ ;= + + (DT = 7tuv;)

t(— n* Vi)veand D* — pt vy) Reju=tipr iy, = 5214 0644043

* m-like: Egy,c >300 MeV (mostly D* — t#(— (DF = o) 12

T Vie)ve). Consistent with SM prediction, R =2.65%+0.01, within ~0.90



Take |V 4| SkMfitter 35 input

fy,=(203.2+5.3+1.8) MeV (u*v mode)

FNAL/MILC PRD98,074512
RBC/UKQCD JHEP1712,008

ETM PRD91,054507
FNAL/MILC PRDS90,074509

HPQCD PRD86,054510
FNAL/MILC PRD85,114506

CLEO PRD78,052003, uv, TV
BESII PRL 123, 211802, tv
BESII PRD89,051104, pv
BESII Expected (20fb™), pv

Take f,'2P as input:

V_,|=(0.2210+0.00580.0047) (u*v mode)

212.740.6 0
208.7:2.87 =
207.413.8 -
212.6:0.4)) .
208.313.4 o
218.9t11.3 e —
206.818.742.5 e
224.5:22.8+11.3 .
203.2t5.3:1.8 -
203.242.0+1.5 o

SMfit PDG18 0.22438+0.00044 n

PDG PDG18, D" Oy 0.214:0.003:0.009 it

CLEO PRD78,052003,D"=uv, © v 0.218:0.009:0.003  =—s=

BESIIl PRL123,211802 D>t 0.237+0.024+0.012

BESIII PRD89,051104, D*—uv 0.2210+0.0058+0.0047 ==

BESIII Expected (20fb™), D'5uv ~ 0.2210£0.00210.0017 =

80 100 120 140 160 180 200 220 240
£ (MeV)

0 005 01 015 02 025
Ve




Besm DS+ 9 H+Vu BESIII: PRL 122 (2019) 071802

3.19fb"1@E_,, = 4.178GeV, ete” - DID:* - y/n’D}D;
clete” - D;—LD§+) ~6nb, Y6 M D;—’ produced.

IR Krtr T K'Kmn’

30000f i+

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

E [l BKGI: real ST D_ and D;—u"v, but wrong (") 3
F [ BKGIIL: wrong ST D_ or wrong D! —u'v, =

W
o
o

Events / 16 MeV/c*
S
(@]

-
(=)
(=)

Events / 1.4 MeV/c?

M2, (GeVZ/c?)

Signal side: fit missing mass square

B(D} - u*v)=(5.49+0.16 + 0.15) x 1073
e e lntisrianf Mass (GeV/c?) fD-ql- |VCS| — 246 2 i 3 6stat. i 3 Ssyst. MeV
Tag side: 14 Ds" decay mode Bppe(DY - 1t v) =(5.48+0.23) x 1072
No. of single tags: (388.7+2.6)X103 B(D} - 1t v)
No. of double tags: 1135.9 + 33.1 B(Dg - p*v)

=(9.98 + 0.52) (SM:9.75)




BES]]I D;-I_ — l+Vl

DY - utv+tt(ntv)v DY - tH(ptv)v D} - tt(etvv)v
6.3 fb-l@4.18-4.23GeV 6.3 fb'1@4.18-4.23GeV 6.3 fb'@4.18-4.23GeV
arXiv:2105.07178 arXiv:2105.07178 BESIII Preliminary

N F = 40F 1
wb ‘1‘} we T £ 100 ANTBGeV] 1189 Gev ;“ 0L 4199 GeV | ; K Tl e 1 -
ok s 3 30 & 200f ] 600 ;
' g 2 2 ol - 1 a0k »
S rl s 20 =1 ] L v o,
2 3% 3 z 100 ' 2005 50
E‘ é I g 107 g k i 2 ?QO
g1 & 1 = 100} 1 1s0f T {400 F
: o < - < i * 4226 GeV Z 100 300t
s Lo 3 g o 1 & sof wf
5 & ¢ ¢ - — S0 1100k °
2 - -+ 20' = 30- | 4
E < = = < o " e .
: ~ ~ S | 1 Z . = 100F M.
2 £ 10} 8 ‘5 200F mn L
2 = ERR (S £ sk 1 400} ]
i 2 100 sop ]
A : . o VTR 10 Ve T o of j2008 | . “’:ﬁ‘w%‘
05 0. 5 0. < 1940 1960 1980 2000 2020 MM:? (Gesz )] bost ™) . R S . N
2 v, o0 K 0 05 1 15 2
c . . i ool ]
M, iss Tag side inv. mass M, (D,) ool L
200F
+ +.] —
B[D; -» t7v] = (5.29 +£ 0.25+ 0.20)% 100k T

B[D} — ptv] = (5.35 4+ 0.13 + 0.16) x 1073 PR N L g
B[DF - t+v] = (5.22 + 0.25 + 0.17)% fp# [Ves| = 244.8 £ 5.8 £ 4.8 MeV PR e G
fps [Ves| = 243.1 £ 3.0 + 3.7 MeV[y]
f +|Ves| = 243.0 + 5.8 + 4.0 MeV[1]
il B(Ds - ' v) =(9.67 £ 0.34) f Vo]l = 244.4 + 2.3 + 2.9 MeV
Acpluv] = (1.2 £ 2.7)% B(Dr = 1= v) =(9.67 0. p#|Ves| = 2444+ 23 + 2.
Acp[tv] = (2.9 + 4.9)% g (SM:9.75)

Take BESIII results and world average: |B[DS - t*v] =(5.27 £0.10 + 0.12)%




Take |V | KMfitter 35 jnput

fo,=(251.1+2.443.0) MeV (t* (e*vv)v)

Take f,,'2P as input:

|V |=(0.978+0.00910.012) (" (e T vv)V)

| | | | | | | | | | | | | | | | | | | | | | | | | | | | |
Enl(1+1+1} PRD91(2015)054507 1479441 el CE]\E]!"EI‘ P-IJEP :ﬂ:ﬂﬂ[iﬂiﬂjﬂﬂﬂ( 01 0.973200.00011 [}
FMILC(2+1+1) PRD98(2018)074512 149.9+0.4 » HFLAVI18 ERJC81(2021)226 0.969:0.010 .
FLAG19(2+1+1) arXiv:1902.08191 [hep-lat] 149.9+0.5 »
CLEO PRD79(2009)052002, T,v 0.98140.04410.021 B
HFLAVI1S EPJCB1(2021)226 1545432 I~ CLEO FEDS0(Z009)112004, Tv 1.001:0.052+0.019 ey
CLEO PRD79(2009)052002, T,v 251.8+11.245.3 —=— CLEO PRD79(2009)052001, Tv 1.079:+0.068+0.016 e
%Eg igfgzzggg;l:gg: had 15704133450 —— BaBar PRDS2(2010)091103, T_v 0053 H0.033+0.047  Hel
79(2009)052001, T.v 1771417 5440 —— s :
BaBar PRDS2(2010)091103, T,,v 24464864120 H—w—H Belle 1 mrpngf-mmi.g. r'”‘,’ LOITH.019:0.028 n
Bell JHEP09(2013)139, T, v 1611448472 HeH BESIII 0.482 fb~ FRDI4(Z016)072004, pv 0.95610.06910.020 1
€ A iz n PRD79(2009)052001, pv
BESII 0.482 fh! PRDS4COIG0TI00, pv 4554178451 —a—i CLEO 79(2009)052001, pv 1.000:0.040+0.016 T
CLEO PRDT9(2009)052001, pv 256.7+10.2+4.0 1 BaBar PRDSZ(2010)091103, pv 1.032:40.03340.029 b=
BaBar PRDS2(2010)091103, pv 2649484176 H—e—H Belle JHEP09(2013)139, pv 0.969+0.026:0.019
Belle JHEP(9(2013)139, pv 248.846.614.8 o] BESII 3.10 fh!  PRL112(2019)071802, pv 0.985:£0.014+0.014 M
BESIIT 3.10 fb  PRL122(2019)071802, pv 1530437436 e
I — BESIII 6.32 fb)  arXiv:2102.11734 [hep-ex], pv  0.97340.01240.015 ™
BESII 6.32 fb”  arNiv:ll0L.11734 [hep-ex], uv  249.8:3.0+3.9 HeH BESIII 6.32 fb!  arXiv:2102.11734 [hepex], Tv  0972:0.023:0.016 o
-1 Xiv:2102.11734 [h 2 2 .
BESII 6.32 fb.  arXiv:Il0L.11734 [hep-ex], T,v  249.T46.044.2 el 1 arXiv:2105.07178 [hep-es], TV 0.980+0.023:0.019
R .3 - BESIII 6.32 fb - H
BESIII 632 fh 1 arXiv:2105.07178 [hep-ex], T,V 251.6+5.9+4.9 H-l : m — .
BESIII 6.32 fp~  Preliminary Tv 251.1+2.453.0 ™ ] BESIII 6.32 fb Preliminary T.v 0.97840.00240.012 N
BESIII ﬁ:sz fpl pvrw 250.6£1.712.0 M Combined BESIII 6.32 fb! v 0.9760.007+0.008 * Combined
L L | L L L [ | | L L [ | | L L [ ! ! . ! . . ! ! ' l l l l l
f.[Me V.|
p; [MeV] cs

Most precise measurement
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BGS]]I Form faCtor In DO_)K u V BESIII: PRL 122 (2019) 011804

Vea, M 2. 93 fb 1@Ecm = 3. 770 GeV
c 7 < x10° < x10°. < x10°
D;/° j y g % q %GOL (@ K'T '; > 80 (b) K'mn? > 80
(s) ) 7 P §4OF ; E_s = 60
a ) ! | S a0r S 40
() a g IE-E: | £20
0 e . . .ye i T8 86 88 W 184 186 188 o T 186 180
D> Kp*v, is studied in the recoiling My (GeV/c?) Mg (GeV/c?) My (GeV/c?)
system of three tag modes: * Signal shape: MC simulated shape convoluted with
><103 Gaussian.
| DO—> K-t v, : * BG shape in tag side: ARGUS func.

* BG insignal side:

e D%— Knt*n® MC simulated shape convoluted with
Gaussian

Events / (3.5 MeV)
N

e Continuum background shape : MC simulated shape
o7 0'5- =03 - No. of single tags: (2241.4+2.1)X103
U,.. (GeV) No. of double tags: 47100 + 259

B.DO—}’K_,(L'i'U“ —_ (3429 :‘: O-Olgstat. :i: 0-035syst.)%

17




AT'/Aq* (ns'GeV2c4)

BESIL D°—Kptv, Fit to partial decay rates

BESIII: PRL 122 (2019) 011804
Series expansion parameterization for form factor (2nd order):

K _ 1 ff(O)P(O)fb({], to)

r ()= P(t)®(t,t0) 1+ r1(to)2(0,20)

" solid curve: SM _ .50 PRD91(2015)094009

N O
(=~

B
[=]

N
o

Nintervals 1 5 _
2 i i ~1 ' ' T diction with our LIOE
— ﬂ‘]'_\msr o Arex C Argx’lsr o &Fix i pre 1 ]
X Z ( p)Cij | 2 - fitted parameters N ]
1 = 100} g— 5
o Red: SM
Ty Grey: New physics
o5k constrained by
b previous experiments
02 04 06 08 10 12 14
i ] L ] ¢*(GeV?]
o s 11 o0 s 118 In full g interval: R, =0.974+0.007+0.012

q? (GeV7/c?) ¢ (GeV¥cY)
SM prediction: 0.97
K -
£.°(0)| V| =0.7148 £ 0.0038 + 0.0029 No deviation larger than 2c is observed in
q?interval of (0.2, 1.5) GeV?/c%.

18



f2-K(0) and f2-"

Inputs from 2018 PDG CKMFitter

Inputs: Inputs:

[Ves | = 09735975 50011

|V.q| = 0.22438 + 0.00044

ETM

CLEO

PRD96,054514

HPQCD FPRDB2,114506

PRL97,061804, DK 1'v
PRD76,052005, D’—Ke*v
PRD80,032005, D—Ke*v
PRD92,112008, D* K e*v

PRD96,012002, D" >Kle*v

0.765+0.031

0.747+0.011:0.015

0.695+0.00710.022 =il

0.727+0.007+0.009

0.739+0.007+0.005

0.748+0.007+0.012

0.7246+0.0041+0.0115

EESII

PRL122,011804, Dn—}l'{'u"v

PRD92,072012, D"'—Ke*v

0.7327+0.0039+0.0030

0.7368+0.0026+0.0036

Expected (20fb™), D°—Ke*v 0.7368+0.0009:0.0036

r———

IIII|IIII|IIII|IIII|IIII|III
ETM  PRD96,054514 0.612+0.035
HPQCD PRD84,114505 0.666:0.02+0.021
Belle  PRL97,061804, D°—nTv  0.624+0.02+0.003
BaBar PRD76,052005, D"—re*v  0.610.02+0.005
CLEO PRDS80,032005, D—net*v 0.66610.0191-0.005
BESIHI PRD%96,012002, D+—>:I1:De+'|.f 0.62160.011510.0035
BESHI PRD92,072012, D—me*v  0.6372:0.0080+0.0044
BESHI  Expected (20fb™"), D’ —we®v 0.637210.0031:0.0044
| | | |

0.2

T
: 0.4

0

S 0.6

f(0)

0.7

0.8

‘01 02 03 04 05 06

0.7

f:(0)

BESIII: 20 fb'! @ 3770 MeV
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First extractions of FFs of D;r — n(')e+v I G0 FoE 3 AT

PRL122 2019 121801 LI I T T T I LI I L I T 1T | T T I T T I T T T I T T T I T
—~ L ' ' ( ) LCSR JHEP1511,138 0.495+0.030 -
-+
0 4
2 ® PRD91,014503,m _=470MeV 0.542+0.013 =
X 40 + € + Laco .
- -
E - DS n e v -+ D n e v Lacp® PRD91,014503,m _=370MeV 0.564+0.011 -
I~ i P LCSR PRD88,034023 0.432+0.033 ==
/]
g 20— - LCSR JPG38,095001 0.4510.15 =t
o - 4
,.g' L 1 3PSR PLB520,78 0.50+0.04 .
S~
% . , . , . , L ccam PRD98,114031 0.78+0.12 ——
t T t T t T T T f
- --. Simple pole T , . N
e'v, PRD62,014 .
1 | .. Modified pole T +n'l,,""" v xg camMm 62,014006 0.78 =
i —Segevs 2 Par. 48 RS2 CLFQM JPG39,025005 0.76 .
S + —— LCSR calculation . ]
08 —+n,.° - BESIII PRL122,121801 0.458+0.007 -
—~ - LCSR uncertainties
Nc - 1 L 1 I 1 1 1 I L 1 1 I 1 1 1 I 1 1 1 I L1 1 I 1 L 1 I 1 1 1 I 11 L I 1
< 06 -0.8 -0.6 -0.4 -0.2 O 0.2 04 0.6 0.8
S * D,—n
L (1)
0-4 1 1 1 T 1 1 I I 1 T I T LI I LI I T I T | LI 1 I 1 1 T I L | I LI I I 1
’ LCSR JHEP1511,138 0.558+0.047 ———

Lacp® PRD91,014503,m =470MeV (.404+0.025 =

PRD88, 034023

Lacp® PRD91,014503,m =370MeV (0.437+0.018 =

LCSR PRDS88,034023 0.520+0.088 —

£2571(0)|Ves| = 0.44640.005+0.004  |.cor srceonmo e

D N !/ ccamMm PRD98,114031 0.73+0.11 e
£,577 (0)|Veg| = 0.477£0.04940.011  |con eroszorsoce .
BESII PRL122,121801 0.490+0.051 ——
caoa b by v b b b b Py by oo 1y
Statistical errors dominate -0.8 0.6 0.4 -02 0 02 04 06 08 50
s

£, (O



Events/(6 MeV)

BESII First observation of D* »npv,

2.93fb~'@E,,, = 3.773GeV BESIII: PRL 124, 231801 (2020)
ete” - Y(3770) » DD
B[D* -» nu*v] = (0.104 + 0.010 + 0.005)%

80F Full¢®region 1 0<¢?<0.25 GeV/c! 0.25<¢*<0.5 GeV/c?
ol @ { 2 o | 21 © ’ [[D* - nutv]
15| | 15 - Rpy = = ——=0.9140.13
40F 10} 10} [[D* - netv]
20} ) st 1 st
e I 1 7 ° .
0 LA ) ERRZS e it R (SM prediction: 0.93-0.96)
0.5<¢*<0.75 GeV e 0.75<q’<1.0 GeV3/c
20F (d) 1 20} (e) 1 20F Do 77
15 15} 15 f. '(0)|V,q| =0.087(08)(02)
10} 10} ) 10}
5_ S S LI T I T 1 T I 1 LI I LI I T I T I LI I 1 T T 1 LI LI 1 l 1
0 A1 e 0 B i s 0 T . RQM PRD101,013004 0.55+ =
-0.1 0.0 0.1 0.1 0.0 0.1 -0.1 0.0 0.1 ot Phve4 64401
Umism ((;EV) Ullli‘i‘i (GeV) Umiw ((;EV) cean o e e |
- - B ccam PRD98,114031 0.67+0.11 —
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Study of D*—>nre*v,

PRL122(2019)062001

& = 00F ' - —] 0 - ' 3 - ' ~
© om0 <200 S 2007 * :
S z z El
< 8 8 100l S 100f .
Z 2 100F 4 a ol o
.'}J 3 ——
m 1 L 1 "

or ] 0 3

X
T 400F ' .
> 150 _w 5
o 3 G300 & 300¢ 1
t‘; ol g ?: M
= 1 £200f £200
% sof 2 S
2 S 2 j0f Sk S ]
2 — i o
“ o 03 i % 05 i 15 0 E— 0 3
m,, (GeV/c)) qHGeV/ic!) X

Signal mode

This analysis (x107?)

D’ = 2%y,
DY = p=etu,

DY - g atety,

DT = plety,

DY = wetuy,

Dt = £(500)et v, fo(500) — 7ta~
D* = £o(980)e*u,, fo(980) — ta~

1.445 4+ 0.058 + 0.039
1.445 £ 0.058 £ 0.039
2.449 4+ 0.074 + 0.073
1.860 £ 0.070 £ 0.061
2.05 +0.66 + 0.30
0.630 £ 0.043 £ 0.032
<0.028

First observation of D* — f;(500)e* v,

R=[B,, 2.7

—f, (980)°e*v N BD+—>f0 (500)°e+v]/ BD+—>aO (980)%e*v

~

BESIII: PRL 121 (2018) 081802

favors tetraquark assumption for the light scalar mesons
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Events(/30 MeV/c?)

d

Bp+Lg9a270yety = (2.30 £ 0.26 £ 0.18 £ 0.25) x 1073

n =

+|
o F
|

-

-
.-
-

-
-

Py

-»

-
e
.-
-

1.0 1.2 14 1.6
Mg p-ps (GEV/c)

Observation of D - K,(1270)e*v,

PRL123(2019)231801

Events(/5 MeV)

30p
20:

10f

JPG46,105006

PRL125,051802

Combined analysisof D - K; etv R
and B>yK, helps better access
photon polarization in b—>sy

arXiv:2102.10850

40

Events / (5 MeV% ¢4)
Events / (30 MeV/c?)

bbbyt g [ - Dy
-8.10 -0.05 0.00 0.05 0.10 1.0 1.2 1.4 1.6
Mz, (GeV¥/ct) My ,.n (GeV/c?)

Bpo_k,(1270)-e*y = (1.09 + 0.13 £ 0.13 + 0.12) x 1073

L0k (1270)7¢*y _ 4 504 020 4 0.15

FD+—>I?{’(1270)e+v

First observation after it was predicted
in 1989

Semileptonic D decays offer ideal
environment to study light mesons

Benefit the understanding of K; mixing

angle which is controversial.
23



Hadronic decays of charm mesons

> Strong phase measurement with quantum correlated ¥(3770) - D°DY is crucial
in the model-independent determinations of y and charm mixing/direct CPV.

* In SM, CP violation is studied by measuring CKM matrix, represented
by the unitarity triangle in complex plane. The angle vy is the only one
that can be extracted from tree-level processes, for which the contribution
of non-SM effects is small.
* Measurement of y provides a benchmark for the SM with minimal
theoretical uncertainty. Precision measurement of y provide tests of
SM CP violation and probe for new physics.
* vis the least well known CKM constraint
* vy status:
Direct measurement y=(73.5 **2 . )°,
indirect measurement y= (65.8 *10 _ _)°

[

Pre-LHCh: 7 = (7373)°

» Probe non-perturbative QCD : ¥ ETA]"W

* Help to understand hadron spectroscopy : W
e Study SU(3) flavor symmetry

s d

07
06 B
05 =2 sin2p
04 E—‘ﬁ
03
02 E—

op B WL

04 02

* Study short and long distance effects
Short-distance

u
up
d

[~ -5

u

K

Long-distance effect



BESIII data @3770 MeV (2.93 fb'! =» 20 fb!)

y(3770)>D°DO quantum correlation=»strong phase parameters between D° and DO decays

2 inputs to LHCb measurement of y

Belle Il (arXiv:1808.10567): 1.5° with 50 ab™?
LHCb (arXiv:1808.08865v2): < 1°, 50 fb1, phase-1 upgrade (2030),
< 0.4°,300 fb, phase-2 upgrade (> 2035)

0 T T T o ] L I R B
07 —— L | | L e - f ! Amg& Amg @ .
ki : n — A ! fitter
0s £ Pt ﬂm:}.rr;,&ang K % = - = o Y b S
05 E \ _E 05 :_E sin 2p i —
E fB & fB_s.- oy 3 E 2 i ?:ofmaw} E
04 3 ""_._ =y = 04 3 b -
H — > - I= C |8 T— .
1= o = E g‘,\- [ _E 0.3 :_ //i —~— a _:
o - —§ 0.2 f— ! ’ _f
| = - Vil -
0.1 = = -
Y b g : = ¥ P _E
0a 02 00 ule Y ﬂ.lﬁ — uls ' 1.0 M—n; L ”'2 L1 o5 — 0'2 —— 0'4 — l]lﬁ — 018 T 1_0
P S0 oo e |
p
2019 >year of 2030 (BESIII 20 fb! data as inputs)

BESIII White Paper, Chinese Phys. C 44 (2020) 040001 75



The correlated state

For a physical process producing D° D° such as

O . -
D‘ e'e” >y — DD’

.
+ l/,/' -
€ o (S
/,/II
/,/ !

The D°D° pair will be a quantum-correlated state

O For a correlated state with C = — C‘ D0> =‘50>
o' v =5 (0)5)-fo o) A°5=P7)
- CPtagatthreshold / : . DCS
Eigeliifite ) ‘ // | <K_ﬂ+ DO>
N O )

V24D, > K77 )=AD° 5> K77 )+ 4(ﬁ >k T)
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(GeV?/¢*)

2
M X'z

Strong phase measurements at BESTI

D - K T 2.93fb"1@E,,, = 3.773GeV

ete— W (3770) - DD PRL 124 (2020)241802

T O 3F T T O F F
CP-evenvs. K\nm : CP-odd vs. Kimm 1t 1 1
: : Constraintony
o 0.5 05k osf 0
. = 2k . L L ~
2 s ? ; ; measurement ~ 0.9
1G] & of & Of @ Of
: :
1k i = 1k n -0.5 0.5 0.5
-1 Aaf Af
I] 2I j: -1 0.5 0 0.5 1 i 1 OI.S 0 = 0.5 1 i 1 0.5 0 0.5 1
Mi.‘.n_ (GeV¥/ch) Mi.‘.n_ (GeV¥/ch) c; c; c;

»D > K3, K"K~ oD > K ntn*n~ and K"t n®

JHEP 2021 (5) (2021) 164

PRD102(2020)05200
L \ C
B paar e O Sl [ ] wE W0E BES]|
— Total 4f— Total E osol - — 5ok [Jax?=2.30
s 1 1 Fo - I Ax2=6.18
r 3 —_ L = n 2_
05 0.5k , 4 ;%v 200 %_- 200;-45% =11.83
F . —tr 2 xtoﬂ 1501 §VJD 150:—
'y or w O 1 E — = a [ CLEO-c
F 1 100 T 100F —— Ax?=2.30
0.5 0.5 E L e E— AY°=6.18
; ] so- 7 50F — Ay2=11.83
“If — CLEO< A cLroe \/ (TR EETE TR TR PR TYRTA T : Lonbend oo b o Lo
15k * BaBarModel ¥ BaBarModel ] 0030304 05 06 0.7 08 09 1 5170203 04 05 06 07 0.8 08 1
TH5 -1 05 0 05 1 15 145 4 05 0 05 1 15 R R
c ¢ K3n Knn®

.i i o 0 .
Constraint on y measurement ~ 1.3 Constraint on y measurement ~ 6°



40

20

Events/(0.002 GeV/c?)

BESIL Df- pn

PRD 99 (2019) 031101 (R)

The only kinematic allowed baryonic charm decay mode
For the weak annihilation processes, Brs. expected to be ~10%(chiral suppression
by the factor (m_/mg)%)

Long distance effect may enhance Br: ~103
First evidence by CLEO-c: (1.30 +0.367512)

[PLB 663, 326(2008)]
x 1073 (PRL 100. 181802(2008))

u " P u u u d
c d P 3 p :
w W d d
D<€ Al 1704
! ) o: o0 a_ a
dn s u u u P

Weak annihilation (~10°)

Long-distance effect

—4— data
— Fit

------- Background
Mlag Sideband

Br(D}{— pn) = (1.21+0.10+0.05)x1073

 Weak annihilation process is not the driving mechanism
* The hadronization process driven by non-perturbative
dynamics determines underlying physics

0.90

M. (GeV/c?)

0.95
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BESIT Amplitudes of D.*—»nr*n°

PRL123(2020)112001

-

=

% Amplitude ¢, (rad) FF,

= Di—ptny 0.0 (fixed) 0.783 £0.050£0.021

D= (x" 2%y 0.612£0.1724£0.342  0.054£0.021£0.025
D} —ay(980)r  2.794+£0.087+£0.044  0.2324+0.023+0.033

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

D »r'x

Events/20 Me V/¢?
Events/20 Me V/¢?

B, =(9.2+1.2)%

Dy >

M,., (GeV/ch) M, (GeV/c?)

; zof_ ao(980) ] ; zof- a,(980) _ |3qu+77 = (7.44+0.48+0.44)%
M(rm) > 1.0 GeV g i § i - :
to exclude pn. £ z o v, os0y — (2-20%0.22£0.34)%

M, (GeV/c?) M, (GeVic?)

Observation of abnormally large branching fraction for annihilation process.
It is larger than those of known W-annihilation decays by one order of magnitude.



BEST] Observation of DCS decay Dt - K*ntnn°

PRL 125 (2020) 141802

é 80T D K

§ 60}

=

= o}

el

=

‘lg

S o

S L84 186 188
M2 (GeV/e?)

10

0'
1.84

[ D— Kgn'

1.86

188

Mf (GeVic?)

20}

10f

0
1.84

D— K*'rnn'

186 1.88
My (GeV/e?)

The single tag D" yield: (1150.3 + 1.5)X103
Bp+ k+mtm-m0 = (0.113£0.008)%

after remove n/o/¢ K* components
BDCS/BCF — (181i015)%

tan®. = 2.88 X 103

B The BF and Bys/B of D* - K*ntn n® are significantly larger than

those of known DCS charm decays

B May indicate massive isospin asymmetry between D*

(GeV/e?)

lag
BC

M

1.88 o signal region

(GeV/c?)

o signal region

< 186 T 4 ,!} 1 }‘h
= 1.84} . ) E ° _ i i i I
= 1.88} @ sideband 2 o sideband
= ERRL |
% 1.86 - - |
= 1.84F- - -~ 3
1.84 1.86 1.88 083 186 188184  1.86  1.88
M2 (GeV/c?) My& (GeV/c?) ML (GeV/c?)
_ N
DCS mode BE(x10™) CF mode BF(x10~%) | Ratio(x10™%)\
D’ — K*z~ | 148+0.07 | D°— Kx* | 3.89+0.04 [/ 3.80£0.18 \
DY > Kt a' | 3.01+0.15 | D° - K~ x*x" 142+0.5 | 2.12+0.13
DY 5 K*annt | 245007 | D" - K-fﬂr 8.11+0.15 | 3.02+0.10
Dt > K'ntn~ | 519026 | D* - K n'rn 8.98+0.28 |\ 5.78+0.34
D* - K*r*zn" | 113208 | D* - K n*n*n’ | 6.25+0.18 | \18.10+1.5 /
~__

> K'ntn n0 an

BESIII new analysis: arXiv: 2105.1431

confirms above results.

D? > K*rn n nt due to final state interaction and different resonances
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BESII

1500

1000
S00F

Absolute BFs of D*)->nX decays
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sk
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Events / (0.5 MeV/c?)

n

10F

S0

200F
150F
100F

M;E (GeV/c?)

F D"k D"—)K‘:R"T] 10F D'OKK
200 : ﬁ
|
X 100 3 1
° e
( 1] (
| D"A)K':K:n D' Kn*n'n I o’ )K',:;'l:*n'n
[ i 150F 60F :
100 ﬂ a0} ﬁ;\
l l l SOF f f 20F
E_—: [ D“—i]{:‘.l‘l:“?("'r] . 0 D wtrnty 0 D*—rKf.:x“n
100 g* 400
2 S0 fi 3 200
L P L] e = 0 0_+ 0
[ DT oK K™ ) DT —=Kn*n'n D*—)K_,'.v("rt mn
60
20
40 y
[ 10f |
VTRV i’
*. PR 0 + FRNTIT) —— 0 - -
D= n"nn so_ﬂ—)nnnu 1.84 1.86 1.88
60
40
20F )
1.84 186 188 0TS 156 188

Direct measurements of absolute BFs of
14 exclusive hadronic D%*)>nX decays

Decay AFEg, Npr €sig Beig
(MeV) (%) (x10—%)

DY » K—nty (—37,36) 6116.2 + 81.8 14.22 185.3(25)(31)
D° — K97 (—=57,45) 1092.7 + 35.2 4.66 100.6(34)(30)
DY - KtK—n (=27,27) 13.1+ 4.0 9.53 0.59(18)(05)
D° — K9K2%n (—29, 28) 7.3+ 3.2 2.36 1.33(59)(18)
D" - K—nta%) (—44,36) 576.5+ 288 5.53 44.9(22)(15)
D° — K9n+tn—n (—33,32) 248.2+18.0 3.80 28.0(19)(10)
D" —» K27x%% (—=56,41) 64.7+ 9.2 1.58 17.6(23)(13)
D - 7ta= 7% (—=57,45) 508.6 £26.0 6.76 32.3(17)(14)
Dt — K%ntp (—36,36) 1328.2 + 37.8 6.51 130.9(37)(31)
DY - KSK*np  (—=27,27) 13.6+ 3.9 4.72 1.85(52)(08)
DY - K—ntn™n (—=33,33) 188.0+ 15.3 8.94 13.5(11)(04)
DV - Kntaly (—49,41) 487+ 9.7 2.57 12.2(24)(06)
DY - atata™n (—40,38) 514.6 +25.7 9.67 34.1(17)(10)
DY - a7+ 7%7%)  (=70,49) 1925+ 17.1 3.86 32.0(28)(17)
Decay B, (x107%) B— (x107% AL (%)

D° - K—rn'p 182.1 =35 189.1 3.6 —19+13+1.0
D° — Kx% 98.4+48 1063+5.1 —39+32+08
DY - K~nt72%  41.7+27 488 +32 —79+48+25
D = 7tx 2% 298 +22 333425 —55+52+24
DY — K%'ty 1209 +53 1323+£54 —09+29+1.0
DY - atgtay 354+24 337+24 425+50+1.6

Comprehensive information about CP violation in D decays

Combining PWA results gives 2-body decay BFs, benefiting the
understanding of quark SU(3)-flavor symmetry and its breaking effect



Summary

* Charm (semi-)leptonic decays provide precision calibration of LQCD;
precision measurements of CKM matrix elements

* Charm hadronic decays are key labs to understand non-perturbative
QCD; provide important inputs to model-independent determination
of y and charm mixing/CPV

* BESIII will collect 20 fb! data (17+3) at y(3773) in next two years time.
—a new era of precision charm physics

Thank you!



Y /@3 extraction

_ _ —0
BT — D“K B — D K~ <B — DK > o i6m—n)
oy v <B- — DK- > B¢
W p Vup~ e | D"
- ] C | B H._' . - 6
; e DK~ e %
C . x —~ D
T 8~ Pk /]/ \
- Sensitivity through interference between B f(D) K
b—u and b—c transitions \@—1 )
, - r, el < - A
- Require D? and D° decay to a common D K
final StEitlE7 f(D) Interference occurs when D® and D° decay to the same final state f
Koshh ; K7 ; K ; K I, & Oy analogous to B-decay quantities.

For multibody decays, these

- Comparison of B-and B* rates allow ~ vary over Dalitz space

to be extracted
» But other parameters to be considered
*in particular 0, — accessed in quantum-correlated D-decays
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BESHT Df » wn*and wK*
PRD 99 (2019) 091101(R)

« DI > wm™: pure W-annihilation process, first evidence by CLEO: (2.1 + 0.9 + 0.1)
x 1073 with 6.0 + 2.4 events

* Q. Qin et al. [PRD 89, 054006] predicts, with Br(D} — wm™) as one input:
B(DT - wK")=0.6x10"" Acp(D - wK™) = —-0.6 x 107 (without p — w mixing)
B(DI - wK™)=0.07x 107", Acp(DI - wK™) = —2.3 x 1077 (with p — @ mixing)

« DI - wK™*(SCS): CLEO set UL: < 2.4 X 10~3@90% C.L.

oy E C
-~ 40 - C\‘i_i L
= - = 50 [BESII
= 30} = I
B - > 10 |-
| - - E H

10 }
E = E . P

R e e Lo T PO EE T, i:‘il* ,T_. \ ...-";: \ |. TR
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
M . . . (GeV/c2) M . o (GeV/c2)

Br(D} - wn™) Br(D} > wK")
= (1.77£0.32£0.13)x10™> = (0.87+0.24+0.08)x1073
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