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Outline

® Motivations

® Selected results in the past year (earlier results can be found
in Prasanth & Hailong’s review talks at PIC2022)

® D’D? mixing & CP Violation

D D
® Lifetimes of Charm hadrons Besm

® QCD & Hadron structures
® Rare decays

® Summary & Prospect

Spectroscopy results will be covered by Beijiang and Roberto’s talk!
2



Introduction

1.27 GeV/c? c-QUARK MASS 1.27 £+ 0.02 GeV

2/s m./ms MASS RATIO 11.76 0%

Ya C my/ me MASS RATIO 4.58 +0.01
charm my, — m, QUARK MASS DIFFERENCE 3.45 + 0.05 GeV

® Interactions in Standard Model

® Strong interactions: Perturbative & non-Perturbative
® QCD (Spectroscopy, Lattice QCD)
® QCD corrections are large (difficult to calculate) <= Experimental input

® Electroweak interactions: SU(2), x U(1),, AC=1, AC = 2 processes
® A unique platform on searching for New physics

® Up type quarks (Charm & Top) offer unique probes
® Rare decays & CP violation suppressed in SM



Covered experimental topics

OO0 .. . .
® D" D" mixing & CP Violation Frequency of keyword “charm” on inspirehep
® Lifetimes of Charm hadrons Observation of CPV in charm
® D;_, 52’ /12-_, -Q(c)t 52-_ Observation of Ds, states Observation of charm mixing /

® QCD & Hadron structures
® (Semi)leptonic D decays

® Hadronic D decays
® Charmed baryon decays

® Rare decays

|
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1 964 b discovery First CHARM workshop 20 2 3

From Tara Nanut Petric’s talk @Charm2023



Charm Facilities

Charm factory
Threshold production: No boost

Small X-section : Lowest
Statistics

Quantum coherence

Inclusive charm, neutrals and
neutrinos

Absolute BFs

B factory
Low background
Low statistics
Low boost
Good for neutrals and neutrinos
Some Absolute BFs

Hadron collider
High background
High statistics
High boost

Challenging for neutrals and
neutrinos

Complex and biasing triggers

ete” - y(3770) - DD
+ - (*) 5 (%)
e'e - D(S)D(S)

ete” - AL AL

BESIII, STCF In the future

ete” - ccC
+ some other
Stuff

Belle / Belle Il

pp — cC
+ |ots of other
Stuff

LHCDb




D°D° mixing

C ; : u o
® New Physics can
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arXiv : hep — ph/0310076 | X,y ~ 1%

L ffect - ~ 5.1 S e -
. ong ra nge e ec S 5 kg\i 1.5 ‘ ‘ CPV allowed %E ';; HFAG cham o I 1o
- > _CHARMzms ‘ : 52 CHARM 2 Ty : 35 |" 20
° ° P =2 60 2 55 M 30
< difficult to omm s MEe T
1 - > 15 g :) ' CPV allowed b \% a0k % _ 40@ ég 50
I I t y : - i 2021 E : E a il h
ca cu a e : 0.85‘ 0-8:: "y - 20:—' : : gzur 7
0.67 0.6 os Q- ‘ & - ? 10 m I
° ° 5+ A [ o ‘ i 0:_ ; g
® Large uncertainties [°[ o - - SRR
0.2~ 02 * pr X -2 i T
] [ J [ J 3 L O o o BT o4 B
In SM mixingrate |of o - R e -
02 -02 ollto © =40 < i 830z 01 0 0102 03 04
° ° X | T IR AT BT | . m5¢|l20 20 - Ig/pl-1
- 02 0 02 04 06 08 1 . = " !
< difficult to spot B e 3
- ™ . b i 5 L |
PR R 7 I Y Y B Pl L2 Ll 06 08 112 M4 16
NP' NS 0.2 0 ol 1.8
H X (/o) X (o/
°) bl Io/pl

Short range Long range
= M2 M y = M, — T quark-level mixing: mixing via Final State Interactions:
r ' 2r d, s, b

6



Discovery of CP violation in Charm in 2019

Araw — ACP + A]T)I‘Odll(;‘tioll + Adetection

Ap=A, (KTK) — A

® We measure the phys
asymmetry plus asym

detection effects and

® All nuisance asymmet
in the difference

raw

ical CP
metries due to
production

ries cancel out

® Full LHCb dataset (Runl + Run2)
® First observation of CPV in charm

decays

AAcp = (—15.4 -

-2.9) x 10~*

3 3
- 2200519
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PRL 122: 211803 (2019)
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Individual asymmetries in D0—>hh decays

600
500
400
300
200
100

0

® Control samples: no CPV is expected in Cabibbo -

-200

Favor D*, D.* decays (Statistically independent) 300
aKK“-U7+57ﬁXHT4

LHCb

arXiv:2209.03179(2022)

® Control samples to cancel the detection and
production asymmetries

Acp(K~K™) [107]

JT ﬂ.+ (23 2 -+ 6 1) X 10—4 ¥ 0.006
® Inconsistent with the CP symmetry hypothesis 3322_
(3.80) of

charm decay, D°>7t*n Bt

=

LHCb
5.7 th~!

b Cpe
+ CD;F

® First evidence for direct CP violation in a specific -2

P

ot
-

contours hold 68%, 95% CL

_____

0004 —0.002

No other direct CPV observed yet in Charm sector!



Search for CPVin D » ntn n®, D - KcKTnt

LHCD arXiv:2306.12746 (2023)
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e - . .
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: e difference between CP-
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— o I Sk current sensitivity
: 8 ,F e . o .
20 El: : insufficient to discover
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Lo . 06F r
- __ P body decays.
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Search for CPV in Di;) - K"K*K*

2.2

JHEP 2023, 67 (2023)

Shigh [GeVZ]

2_

® Singly Cabibbo suppressed D} - K" K*K™; doubly
Cabibbo suppressed D* - K" K*K™

® Signal purity 64% (D) and 78% (D ™)
® Control samples:
® Phase space simulation

1.8

l.6r

® Background samples
® CFmodes: Df > K K*mtand D" > K n™m™
® Stability checks:

® different invariant mass fit models
® different binning schemes

® No evidence for CP violation

LHCD
\ L)
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BELLE

Search for CPV in charm multi-body decays

M — P, P,P5P, arXiv:2305.11405; 2305.12806; PRD107, 033003 (2023)

in mother M rest frame

Ar — [ (Cr>0)—-T.(Cr<0) ZT:r(—?r>0)—r(—fr<o)
[+ (Cr>0)+T(Cr <0 I (-C+>0)+T_ (-Ct<0)
a}?dd — %(AT — A7) e *I* o E.';‘i'.i'?*"':"alﬁfé’x"“'; |
D’—K'K'n*r (SCS) B Egc')%iuzé? l)aﬂagrj LHCb/ Belle]
. D'>KKem'm (SCS) ; (-1.95+1.42'01 %
® T-odd CP asymmetry can be nonzero if CPV |0 BT,
D} K K'K'n* (CE) i EI-;&I?&]&Z.G&)%
® No significant CPV observed DK e (CF) i (02:15:09)10°
e epe . . KKt (SCS 5 2.7+7.1)<10°
® Belle made the significant contributionsto |~ " —— el
T—odd D*>K'K*n*n® (SCS) Egﬁﬁf'eﬂ 3)x10°°
acp results for all measured charm N o 190825015
decays. DK ER a2z
. . _ . D;—K*K'n*n? (CF) _H__ (2.23.3+4.3)x10°°
® The precisions of agp"dd for various decay | . s ol
D —-K™n'n*rn” (SCS) . E-BL.I;I;,52.2J:0.1)°/°
modes have reached 0(0.1%). R B
-0.06 -0.04 -0.02 0 0.02 0.04 0.06

T-odd
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Charm meson Lifetimes @ Belle |l

arXiv:2306.00365 (June 2023)
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Candidates per 60 fs
()

Almost as precise as D%, D* lifetimes @Belle Il (PRL 127(2021)21,211801)

® Compared with Belle, Belle ||

vertex resolution is
significantly improved.

rest frame is required to
remove D, from B — Dy

® Measured result:

7(D,) = 498.2 + 1

® previous word average:

7(D,) = 504

10

® 116,000 prompt D} — ¢}
| ®@p(Dg) >2.5GeVineTe”

D

<o

Belle I

-----------

Belle Il

+2 {s

b

7 J_r(l)é fs

+ 4 15
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Charm Baryon Lifetimes

HQE (up to order 1/m?): T(Qg)

PDG
2018

LHCb
Semileptonic

LHCb
Prompt

LI‘ICI‘? D

<o

Belle I

<t(A) < 1(E))

wervatio

1 | | 1

" =50 AF =
- = - _—

:‘ C AC+ QC ‘: (,‘+

H H — -
-0 0
‘:’C QC
= ——
LHCb Comb.
1 L 1 1 L L 1 II L L 1 1 ] L 1 1 L 1 1 1 1 L
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Lifetime [fs]
Adapted from Nisar Nellikunnummel @ [CHEP 2022

PRD 100 (2019) 3, 032001

Sci.Bull. 67 (2022) 5, 47/9-487

BELLE-II Qg: PRD 107 (2023) 3. L0O31103
BELLE-I A.: PRL 130 (2023) 7. 071802

13



Charm lifetimes from HQE

151

1.25}

7lpsl 5751

0.5}

0.25}

King, Lenz, Piscopo,
Rauh, Rusov, 2109.13219

B Mesons, experiment
B Mesons, our results
| Baryons, experiment

B Baryons, our results

Gratrex, Melic, Nisandzic
2204.11935

D’ Dy Dt

Another HQE-based
calculation leading to
compatible results:

Hai-Yang Cheng,
Science Bulletin 67 (2022) 445-447

Mannel, Moreno,
Ivovarov 2304.08964
Inclusion of newly
calculated NLO
corrections to uZ would
probably significantly
reduce uncertainty

Satisfactory agreement with the experiment!
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New unbinned model-independent method to extract y

O —
B‘MI(‘ T AT e
8
N mg—  w@TI0) gk, ><
D"K [ g
W_Jgignal

measures charm interference,
especially strong phases

6,()

Model-
dependent

measures CKM angley <«

8 bins,

o additional
S Lincertainty on
binned vy fit due

Lumi new QMI

1xLHCb 1xBESIII 4.2

4.2 5.1 to finite BESIII
1xLHCb 10xBESII ¥ data for 1xBESIII
(0]
100xLHCb 1xBESII NPT 1.2° PRD 101 (2020)
0.42 052 | 11200

100xLHCb 10xBESIII EOR:X;

(average error reported in 100 pseudo experiments)

Independent method

3.0 A

2.5 1

2.0 1

1.5 1

1.0 A

0.5 1

-
0.5 1.0 1.5 2.0 2.5 3.0
m2

New method do not do any
integration, averaging or
projection from 2D to 1D, and
therefore do not suffer the

associated information loss.
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Spin-parity of D*(s) BESTI
BESIII: arXiv:2305.14631 (2023) | CM frame D}*rest frame
Dy

_____

¢, (rad) 1
J¥ =1 for D:,D*°,and D**
® Many people thought these quantum numbers had been measured, but we didn’t!
® Prior to this measurement, only spin 0 for D*? excluded : PRL 39,(1977) 262.
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BESI

this work: 2303.12468(2023)

Leptonic decays: D — £*v,
Lattice QCD

|
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Leptonic decays: D™ — eTv, BESI

Motivated by theoretical prediction: EPJC 82, 1037 (2022); PRL arxiv: 2304.12159 (2023)
112, 212002 (2022)

»>7.33fb~! data @ 4.128-4.226 GeV

» First measurement of BF and fp:+

Events / (0.05 GeV?/ ¢*)

B(Dst - etv) = (213535 +0.25,5) X 107° (2.90)

0.9stat

fp:+ = (213. 61852 star T 43-9syst) MeV I N
fha vacn wrn o
» Combine ;)j = 1.12 + 0.01 from LQCD calculation: o
D;'f LPTHE 272 + 167 ——
> T2 = (121.9%63% + 11.8) eV agree with LQCD prediction (70 + 28) eV ... st oo

--> Indirectly constrains the upper limit on Flgi’fal from MeV to KeV level. ° ™ 9 ey B0 M
S D
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Semileptonic Decays Lattice OCD

v
I'(D¢s = P(S)Tvy)ldq* o« |V g5 |*|f +(q%)]?

|IIIIIIIII|IIII|IIII|IIII||'III|

ETM PRD96,054514 0.765:0.031 - 2010 (2.4%)
G ETM PRD96,054514 0.612+-0.035 ——
PRD104,034505 .7380:0.
HPQCD 0.7380:0.0044 o > 4%
o) -
Belle PRL97,061804, D’ KTy 0.695:0.00740.022 melliem 2021 (0.6%) HPQCD PRDB4,114505 0.666=0.020.021
BaBar PRD76,052005, D°»K'e*v 0.727+0.007+0.009 = Belle PRL97,061804, D’ —nrT'v 0.624:0.02+0.003 ——
CLEO PRD80,032005,D~Ke'v ~ 0.739:0.007:0.005 T BaBar PRD76,052005, D°re’v  0.61:0.02:0.005 ——
BESII PRD92,112008, D' »K’e’v  0.74840.007+0.012 -
CLEO PRD80,032005, D—nre*v 0.666-0.019+:0.005 i

BESIII PRD96,012002, D'—tng'v 0.7246:0.0041:0.0115 ===

BESII PRD96,012002, D*—r’e*v  0.6216+0.0115+0.0035 -
BESIII PRL122,011804, D" 5K 'y 0.7327+0.0039:0.0030 u

. o)
BESIll Expected (20fb”), D >K'e'v 0.7368+0.0009:0.0036 ® <0.5% BESIII  Expected (20fb”), D"=ne*v 0.6372:0.0031:0.0044 = <1%
|IIll|I||I||||||||II||II||IJ||| IIII|||II|IIII||II||IIII|IIIIII|II|
02 03 04 05 06 07 08 01 02 03 04 05 06 0.7
fD_’K(O . . ARG . . .
. (0) f, 7(0)

Experimental precision is comparable to

: The measurements of the Cabibbo-suppressed
the latest LQCD result

I decays are still dominated by statistical uncertamtles



Semileptonic Decays: Dy - K"K~ u*v,
B'GS]]I arxiv: 2307.03024 (2023) I —

> Partial wave analysis (PWA) + | Sioat proos
e
»7.33 fb~! data @ 4.128-4.226 GeV ) XXD
"\
Ve

S
?

r --- DISK'Kn*n’
| - Other BKG

Events/ (0.015 GeV)

[
Igl

» N.., = 1725 1+ 68 for BF measurement

sig

A I T s e e (W g 8
-0.2 -0.1 0 0.1 0.2

B(Dy - ¢p*v,) =(2.25+0.09+0.07) x 1072

B(Dg - ¢pu'v,)/B(D{ — ¢pe*v,) = 0.94 £ 0.08 -> No LFU violation

—
w
S

w
S
1

B(D? - fo(980)u*v,) - B(fo(980) > K*K™) < 5.45 x 107*@90%CL. ¢,
~2.20 j

Events/ (0.09 GeVZ/c?)
-
=3
=]

1.06

» First FF measurement based on single pole parameterization:

200——————————— 200———————————— 200,

» PWA is performed -> ¢ dominate

150~

» u mass is considered in the formula

=
[
=

Events/ (0.20)
- g %
T T
Lol i L
Events/ (0.20)
g
T T

[
=

Events/ (0.63)
o

< 2 <

— 7]
I I
| 2
] 1

- [ PR

———— e —— e —— —— - e ———

: |Uniss| < 0.02 GeV :
939 signal events with (9.840.7)% Bkg : 20



Semileptonic Decays: A¢ = Au™v,
B.GS]]I Arxiv:2306.02624 (2023) —

— total fit
<= Ag— An'*n®

== non-res bkgs

» 4.5 fb~! data @ 4.600 - 4.699 GeV = Ny;, = 752 + 31

Events/0.01 GeV

» Updated BF and first FF measurement:
B(A] — /lu+v”) = (348 £ 0.14 + 0.10)% (~5%)

> [V | =0.937 + 0.0145 + 0.024ocp + 0.007

TAC

>R, e =0.98 £+ 0.05 £ 0.03 vs SM: 0.97 --> No LFUV

p/e




Inclusive semileptonic decays: A7 - Xe™ v,

PRD. 107, 052005 (2023) B'ES]]I
» 4.5 fb~! data @ 4.600-4.699 GeV => N,,,. = 3706 + 71

> B(AF - Xetv,) = (4.06 + 0.10 + 0.09)% (~ 3%)

600 -

=> Unknown decays: ~0.5%

_ 400}~
» (A - Xe™v,)/T(D - Xetv,) =1.28 + 0.05

ts/(0.05 GeV/c)

» Theoretical interest: distributions for inclusive decay g 200 -

rates relevant for HQE treatment of Semileptonic decays

Phys. Lett. B 843, 137993 (2023) 0 0.1 02 03 0.4(((}).5\]/0).6 0.7 08 09 1
p (GeV/e

> B(Af - AntneTv,) <3.9%x 10~* @90%C.L.

> B(Af - pKdm~etv,) <3.3x 107* @90%C.L.
22



Hadronic decays: CP-even fraction measurement

BESIT

Quantum correlated DOEO —> CP-even fraction measurement

PRD 106 092004(2022)
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D > mtnntm™
F, =0.735 + 0.015 =+ 0.005

Normalized DT yield

Kgm ———
Kenwm) .
Kan'(p%)
Kdn ———
K3n® c e
o e

+ DT/ST yield ratio

o ——

K3non® ——
Kn®  —e— F, fit projection
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4 5 6 7 8 1 2
Kin*n bin

PRD 107 032009(2023)

4 5 6 7 8
KPn*n- bin

D 5> K*Kmntm~
F, =0.730 + 0.037 £+ 0.021

arxiv:2305.03975
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Novel method for ID production flavor of D°

D

® CPV/mixing measurement - flavor tagging )

BELLE

® Standard approach: exclusive reconstruction of strong decay
D*t - Dt

® New approach: exploit correlation between signal flavor and
charge of particles reconstructed in the rest using BDT
# of tagged signal D°: (125600 + 350) + (127080 + 280)

doubling the sample size!

| decay
ducts

\ ~ ~ O ' 7 / signa
— (] (< @ — C—P D"(cil) ="
K*(5u)

signal decay

PRD 107,112010(2023) 24



Amplitude Analysis: A} - Artr®

Events/(0.033 GeV/c?)
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Total fit
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Use new-developed Tensor Flow based package TF-PWA*
(*BESIII Preliminary: https://github.com/jiangyil5/tf-pwa)

Theoretical calculation

This work

PDG

102 x B(AF — Ap(770)7) | 4.81+058 [13] 4.0 [14, 15| 406+052 | <6 Ref. [13]: PRD 101 (2020) 053002
10 x B(Af — 2(1385)*n%) | 28404 ([16] 22+04[17] | 586+080 | — Ref. [14,15]: PRD 46 (1992) 1042; 55 (1997) 1697
103 x B(AF — ©(1385)%7%) | 28404 [16] 22+£04[17 | 647£096 | — Ref. [16]: EPJC 80 (2020) 1067
QN p(T70)+ —0.27 £0.04 [13] —0.32 [14, 15] | —0.763 £ 0.066 | — Ref. [17]: PRD 99 (2019) 114022
Ors3(1385)+ 0 —0.9170-15 [17] —~0.917+0.083 | —
05y (1385)0+ —0.917045 17] —0.79+0.11 | —

The first measurement of the decay asymmetry
parameters for the relevant resonance
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Events / 10 MeV/c?

Charmed Baryon decays with n in final states

PRL 128,142001(2022) CPC 47,023001(2023) B-es ]]I
P = ® & p ==
1 = . 200F S
> S B ot NG % B comy BXG
= s S 150
Q o S
= % <
a G
é 0 h::."x..‘x:i'=A“'xlu§"sh'i"l.;.p'lvn'.'n i 0 3 AR A Banat
08 09 i 1.1 12 1.3 0.85 0.9 0.95 i 0.85 0.9 0.95 i 1.05
M. (t*10) (GeV/c?) M., () (GeV/c?) M. (KT (GeVie2)

First measurement

B(A} —» ni™)

Use recoil mass to access neutron

~(6.6+1.2+0.4)x 104 Pl ey i
B - An) A} — natad 0.64+0.09 +0.02
=(1.31£0.08+0.05) x 102 Af — nntn~n™ First Observation 0.45+0.07 +0.03
0
f((ilizz—l% g;)+ 0.07)x 10-2 A} - nK ntnt 1.90+0.08 +0.09
I One order larger than B(nn™)
B(nmt)/(pn®)> 7.2 at 90% C.L. B(A} - pr~nt)/B(AF - nint)=0.72 £ 0.11

Disagrees with most predictions of the phenomenological models -



More charmed baryon decays B

BELLE

® Measurements of branching fractions of A - X*npand A - X"n’and
asymmetry parameters of A7 - X7%, AL > Ztpand AL - X1y’
PRD 107, 032003 (2023)
® Search for CP violation and measurement of branching fractions and
decay asymmetry parameters for A > Ah* and AY - X°h*(h = K, )
Science Bulletin 68 (2023) 583-592
® Measurement of branching fractions of A » pKYK9 and Af — pK9n at

Belle PRD 107, 032004 (2023)
® First Search for the weak radiative decays A} — X*y and E? — 20y

PRD 107, 032001 (2023)

® Measurement of the branching fraction of 22 - Al m™ at Belle

PRD 107, 032005 (2023)
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Rare decays: D™0 - utu~

250

S

150

3

Candidates / (0.1 MeV/c?)
3

o

arXiv:2212.11203 (2022)

Am=m(utu~zt)—m(u*u")

ET =T Fr v 1T F &0 =% F T r 1 F=
~ LHCb N S
- -1 ——u ]
- 6 fb T — U Combinatorial =

} o __

5 - e, ERES D" =~ a ]
- misidentification D° - K- xt |
Bt il £ -
B P [Ny PPt 2l WL PR EnIN BCO SR ES
140 142 144 146 148 150

Am [MeV/c?]

® SM: short-distance: 0(10_18)

® SM: long-distance viayy:3 x 10713 -2 x 10711
G.Burdman et al, PRD 66(2002)014009,
using limit D° — yy by Belle: PRD93 (2016) 051102

® No significant signal is observed

® Most stringent limit on leptonic charm decays:

B(D® > putp~) <3.1x1072(90%CL)

Candidates per 8.0 MeV/c?

LHCD
\ ! L)

arXiv:2304.01981 (2023)
* 0 _, ,+t,~ mp« = 2007 MeV/c*
D7C00D)_ - wiu”

E LHCb R

—
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A~ N o
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1

‘2050. — l2100
m(utu) [MeV/c?]

® First limit for D* - u*u—:

B(D*(2007)° - ptu~)
<2.6x1078(90%CL)



Super Tau-Charm Facility (STCF)

~ Linearlr ector G S YOMT & i T
400m .
=l -

" |Form collaboration

2018 2019|2020 | 2021 | 2022

| Conception design
CDR

R&D

, (TDR)
Lo e =Tl , Construction
S ) SRR/
: Overati
* E.n=2-7GeV, L=0.5x10%°cm?2 s peration
+ Potential for upgrade to increase L and realize polarized beam Upgrade
+ Site area: 1 km?

Anhui provice and USTC have officially endorsed 420M RMB R&D project of
STCF, and great progress is achieved; the site is preliminarily decided in Hefel,
and geological exploration and engineering design is ongoing.

Will apply for the construction (~4.5B RMB) during the 15 five-year plan (2026-
2030) from central government.
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Summary & Prospect

® In the past year, many important results of charm decays were
reported by BESIII, Belle, and LHCb.

® Non-perturbative QCD is the main challenge. The theoretical
calculations are hard for the Hadronic charm decays.
® Tools are improving.

® Collaborations between theorists and experimentalists are crucial for
accelerating research.

® The future of charm is promising. Lots of high quality data coming
our way: LHCb, Belle Il, BESIlI(+upgrade)

® A dedicated charm facility, STCF, has been proposed in China. The
R&D project with 420M RMB budget has been officially supported
by Anhui province and USTC.
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