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Some Progress on LQCD Analysis of Charmed
Hadrons

EH
ERATE K

2022.07.28
NEERYIESEFEmHFHTS

dit

Al



- Outline

v Charm Quark Physics

v Theoretical tools for charm

v LQCD
v E.Decays: form factors and |V |
v" Hidden Charm Hexaquark

v' Summary

/ﬂ“ﬁ\ﬁ%“:@ﬂu@,



Charm Quark Physics: SM test
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Vud
Vus
Vub

= 0.97370 = 0.00014
= 0.2245 = 0.0008
= 0.00382 + 0.00024

IV,ql? + |Vis|?+ |Vyp|? = 0.9985 + 0.0006

First row:
Vud Vu S Vu b 10~* accuracy
I/vcd Vcs Vcb
Via  Vis Vi
PDG2021 Second row:

10~% accuracy

Vcd
Ves
Vcb

= 0.221 £+ 0.004
= 0.987 £ 0.011
= 0.0410 £ 0.0014

V.q|? + |Ves|?+ |Vop|? = 1.025 £+ 0.022

High precision determination of the second row provide strong tests of CKM unitarity
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Charm Quark Physics: SM test
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determinations ot |V.s| can be obtained using the PDG values for the mass and litetime ot the D,
the masses of the leptons, and fp, = (249.9 &+ 0.5) MeV [14]. The average of these determinations
gives |V | = 0.992 £ 0.012, where the error is dominated by the experimental uncertainty. In

PD Gz 021 semileptonic D decays, lattice QCD calculations of the D — K/v form factor are available [14].
Using fP%(0) = 0.765 & 0.031 and the average [24] of CLEO-c [28], Belle [29], BABAR [48], and
recent BESIII [26,49] measurements of D — K/v decays, one obtains |V.s| = 0.939 £+ 0.038, where
the dominant uncertainty is from the theoretical calculation of the form factor. Averaging the
determinations from leptonic and semileptonic decays, we find

|V.s| = 0.987 £ 0.011. (12.10)

/\T\J%“:%JT@



Theoretical difficulties in Charm

Charm Physics Scale
CP violationin D° - K*K~,D° - n* ™

a (QY)|[¥ LHCb, PRL108, 111602 (2012)

0.3 |
AAcp = [—0.82 + 0.21(stat.) & 0.11(syst.)] %

0.2t
Cheng, Chiang, 1201.0785, -0.25%

Li, Lu, Yu, 1203.3120, -0.1%
0.1}

Brod, Grossman, Kagan, Zupan:
Large penguins

10 Q [GeV] 100 1000

QCD perturbation theory: a, LHCb, PRL122, 211803 (2019)

Quark

AAcp = (—15.4 £2.9) x 1074,

Chiral perturbation theory: p/(4mrf )
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Theoretical tools for Charm

v" Quark model:
v QCD sum rules:

v" Factorization-Assisted Topological-Amplitude:

Li, Lu, Yu, PRD 86, 036012 (2012)
Yu, Wang, Li, PRL 119, 181802(2017)

v' SU(3) symmetry:
v Lattice QCD
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Theoretical tools for Charm

v' SU(3) symmetry:

3
[(¢ = E~4Fy) =T(E2 = E01yy) = JT(AL - A% )

branching ratio(%)

channel -
experimental data|SU(3) symmetry He, Huang, Wang, Xing, 2110.04179
AF = A%*tu.| 3.6+0.4[33] |3.6+0.4 (input) ’ B =
A = A%ty 3.54+0.5(33] |3.5+0.5 (input) BES-III- PRL 115, 221805(2015)
Ef - E%"ve| 23+15(33] | 1217+135 Belle: PRL 127, 121803(2021)
4.10+0.46 ALICE: 2105.05187

22 3 E"etv, | 1.54+0.35 [4, 5]
+ 1.27 £ 0.44 [4] 3.98 + 0.57

=0 _y 5-—
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Lattice QCD

» Numerical simulation in discretized 4D Euclidean space-time;

» Lattice QCD: action

o) Z po Re try (Ug uy) Zq Dlat% + amy)q
=d.

Wilson gauge action  Lattice fermion action

> Correlation functions:

J[PU)T1, [Pag] [Pg,] =520 (U, 4, 9)
J[DUITL, [Pgq] D) e~ 55"
B [[DU]eSsiue [1, det (D2, + amg) O(U)

_Slatt

[[DUJe™"sine T]_ det (Ditty, + amy)

(OU,q,9) =




Lattice QCD

10

> Monte Carlo:

* The integration is performed for all link variables: n3x n, X Negjor X Ngpin

* Importance sampling:

e~Ssive (U) [ det (D% (U)y, + amy)
q

e Therefore

Neont
Z %, (U<k>)
k=1

1
Nconf

(O, q,7)) =

» Have achieved great successes in calculating hadron

masses, decay constants, o, form factors and so on.

coordinate color spin




Lattice QCD: new configurations

24x72
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2000+

1000+

producing

producing

prepare

Liuming Liu, Peng Sun, We1 Sun, Yibo Yang
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« = . contains more versatile decay modes

- Z. = E contain different QCD dynamics with A, = A;

[1]

iso-singlet diquark iso-doublet

- A different pattern between inclusive and exclusive decays of A and D:

BN} — Xety,) = (3.95£0.34 £0.09) % BD° - Xetv,) = (6.49£0.11)%
BN - Ae*y,) =(3.63+038+0200% B(D° - K-etv,) = (3.542 +0.035) %
'~ 1 ~2

Le——

e —

M. Ablikim et al. [BESIII], PRL121, 251801 (2018)
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weak current{/* = sy*(1 — y5)c
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-Studies of doubly-charmed baryon E' decay

R. Aaij et al. [LHCb], PRL121, 162002 (2018)

-Precision measurement of the lifetime of Eg

R. Aaij et al. [LHCb], PRL113, 032001 (2014)

-Discovery of new exotic hadron candidates Q.

R. Aaij et al. [LHCb], PRL118, 182001 (2017)
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.B. Li I. [Belle],
Belle (20— E-e*y,) = (1.72 £0.10 £ 0.12 + 0.50) % O e Lt

# (20— Eu*y,) = (171£0.17 £0.13 £ 0.50) %
J. Zhu on behalf of the

=0 _t pe ALICE collaboration, PoS
ALICE B (_.C - Z"e Ve) =(243 025035 E072)'% ICHEP2020 (2021) 524,

v/ Theoretical

QcD SR R (59 o~ E—e+l/e) e (3154 +1.D% Z. X. Zhao, arXiv:2103.09436 [hep-ph].
LF QM B (Eg — E'e+1/e) =(3.49£0.95) % c.Q.Geng et al, arXiv:2012.04147 [hep-ph].
LCSR R (B > E-e*y,) = 2410 % Y. L. Liu et al, J. Phys. G 37, 115010 (2010).

Lattice 7

*
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/6 — ;—g L3 X T a Csw K] My Ks mns
s108 6.20 24° x 72 0.108 1.161 -0.2770 290 0.1330 640
s080 6.41 32° x 96 0.080 1.141 -0.2295 300 0.1318 650

Zhang, Hua, et.al., 2103.07064, 1o appear in Chinese Physics C
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£, Decays on the Lattice

-Extrapolate to the continuum 2.0 -
limit (shaded regions); 1.8
1.6
s080
- Z-expansion parametrization to 1.4 s108

obtain the g>-distribution: -02 00 02 04 06 08 10

7 (qz) _ 1 Fit results for the z-expansion parameters
1 — g2 / (m‘fole)2 Co C1 C2
; fi 1.51+£0.09 -1.88+1.21 1.714+0.49
i‘“ (cf M d'{az) [Z (qz)r fo 0.6440.09 -1.83+1.22 0.56+0.51
e f+ 0.7740.07 -4.09£1.18 0.35+0.49
g 0.56+0.07 -0.35£1.26 0.1540.29
- Use D, meson pole mass for m’? , ... go 0.630.07 -1.37+1.36 0.1520.29

g+ 0.56+0.08 0.00%=1.38 0.14+0.29

- Consider the discretization effects by

estimating the d,’: terms.
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£, Decays on the Lattice

-The differential decay widths of Z° — =~y

0.00 -




£, Decays on the Lattice

-Predicted decay branching fractions:
» Statistical errors

\ » Systematic errors from
continuum extrapolation

« Systematic errors from
renormalization

-Compare with PDG, experiment and theory: T (2.38 £0.44) %

PDG B (E)->Ee'y,)=(18+12)% v

Belle (50— Ee*y,) =(1.72+0.10+0.12+050)% v/
ALICE % (22— Eety,) =(243+025+035+072)%
QCDSR B (B> Eety,)=34x1N% _ _
Fitted well with all
LFQM B (E) > E7e'y,) =(349+095%
data (within 1-0) !
LCSR % (E' > Ee*,) =2499%
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£, Decays on the Lattice

=From Belle measurements: Y. B. Li et al. [Belle], arXiv:2103.06496 [hep-ex].

B (20 > E-e*y,) = (1.72 £ 0.10 + 0.12 +(0.50)

From the uncertainty of 20 — 27"

% (20— &'y, ) = (171017 £ 0.13£0.50) f

= (0.834 £ (0.051 + (0.056 + (0.127)

[Ves| ( Jsat % Joyst. £ 012 )exp Theoretical uncertainties:

Theo. error ~ 8.9% Exp. error ~ 15.2%
» total ~ 8.9%
-From ALICE measurements: -, pos ICHEP2020 (2021) 524. = statistical ~ 6.1%
R (B2 > E-ety,) = (243 +£0.25+0.35 ﬂo.m} B
extrapolation ~ 6.5%
| Vel = 0.983 % (0.060),,, % (0.065),, £ (0.167)cy, * systematic from
' S, renormalization ~ 1.5%
-Compare with PDG result: Experimental uncertainties:

|V..| =0.987 £0.011 * Belle ~ 15.2%

* ALICE ~ 17.0%
AV | =0.939+0.038 D — K¢
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H. Liuet.al., 2207.00183



 Exotic Hadrons

uarl
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baryon meson tetra-quark penta-quark Glueball

>= 1
lp >= |uud > +[uudqq > + < 0|0yyq |p ># 0
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Hexaquark

B L*xT a Ki M Ks Kc

C11P29S | 6.2 24° x 72 0.108 0.1343 285(2) 0.1327 0.1117
C11P22M| 6.2 32° x 64 0.108 0.1344 220(2) 0.1326 0.1116
CO8P30S |6.41 32° x 96 0.080 0.1326 301(3) 0.1316 0.1181
CO6P30S [6.72 48° x 144 0.054 0.1311 311(6) 0.1305 0.1227

14

Epr:I
This work —3
13
12 b 0.4945(1) 1.9639(6) 0.1132(7) 1.1315(2) 2.2865(1)
1.8632(7) 3.0969(1) 1.1157(0) 1.6725(3) 2.4704(3)
‘% 1 —/ | — ||
- .
09 +
0.472(8) 1.985(7) 1.368(47) 2.340(92)
08 1.883(11) 3.006(7) 1.114(93) 1.697(54) 2.519(45)
0.7
0.097(9)
0.6
mg mp Mp,  Myy  Dhrs ma mz mq M, m
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Hexaquark

4.15 4.6

4.10}
4.4} ¥ :

405 $ ¢ s %

> &

4.2} — —_

%4.00 5 § I(JPCY | 1071 | 1177) | 1(0FH) | 1(1t)
3.95f 40} mass(GeV) 3.945(32) 4.144(35) 4.15(20) 4.22(23)
3.90¢ my = 0.220 GeV i m.=0.135 GeV mx = 0.220 GeV f  m.=0.135 GeV

$  my =0.290 GeV 3.8+ & mx=0290Gev
3.85—45 ; ; ; ' ' ; ; H( 2 2 H 2
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020 - sz
az(fmz) az(me) mH(m"r’ a’) - mH,phyS + gl (mﬂ' mr,phys) + 92 a b
(a) 0~ + (b) 0+
4.2} 46t tl:@f__i[Ej:E
3 3

s } ¢ —~ 4.4} 2 %

2 4.1 =

= o

= 3 =42
4.0t

4.0}
m, = 0.220 GeV i m, =0.135 GeV | m, = 0.220 GeV f m, =0.135 GeV
$  my =0.290 GeV $  m,=0.290 GeV
395000 0.005 0.010 0.015 0.020 385000 0.005 0.010 0.015 0.020
a*(fm?) a*(fm?)
() 177 (d) 1++
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Hexaquark

o.fs-m‘“m
0.4} ®®f%
1(J79) [ 10~%) [1077) [1(07F) [10*H) S ol teerty % ,. i
mass(GeV) [3.945(32) [4.144(35) [4.15(20) [4.22(23) S °s, 85 A
5 00p----s ﬂgg%@%@éﬁﬁ Sl .'T :
Wi Wﬁ%@@ﬁ |
C11P29S-ratio fi  CO6P30S-ratio
—0.4F & C08P30S-ratio |
0.0 0.5 1.0 " 15 2.0 2.5
t(fm
the 0~ hexaquark might mix with
K'K™n.: 3.971 GeV A — 1og C2:0:
B gCS,KCch
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Summary

v' Charmed Hadrons: testing SM, probing NP, understanding QCD

v" A set of new configurations have been generated and can be used for multi-purpose
phenomenological analysis.

v" The first lattice QCD calculation of £, - E form factors and CKM matrix element:
Ves| = 0.834 £ 0.051 £ 0.056 +£0.127. Belle data
Ves| = 0.983 £ 0.060 £ 0.065 + 0.167. ALICE data

v' Hidden-charm hexaquark candidates on LQCD: 4 ensembles. Tightly-bounded

v More exciting analyses of charmed hadrons:
v' Computational resources

v New LQCD ensembles
v More human resources
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VibVia T VerVeq + Vip

(p.n)

* —
th -

(0,0)

(1,0)

PDG2021
a = (84.91’2;%)
B =(222+0.7)
y = (7211335

sin(2f) = 0.699 +0.017




Charm Quark Physics: Inputs for B decays

A
<_>K b U ML Direct CPA in D decays (D - KK~ /n*m™) can
@s u< g -<E give an important corrections to y: (0.5° — 5°)
§

} [WW, PRL110, 061802(2013)
e

Martone and Zupan , PRD87 , 034005(2013)
Bhattacharya, et.al, PRD87, 074002 (2013)]

v' GLW: CP eigenstate [PLB 265, 172 (1991); PLB 253, 483 (1991)]
v ADS: Doubly-Cabibbo-suppressed [PRL78, 3257 (1997)]
v" Dalitz: multi-body D decays [PRD68, 054018 (2003)]

The knowledge of charmed hadron decays at BESIII and other
experimental facilities are prerequisites.
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