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Motivation

»Experimental studies

BBene(Eg — E7e"v,) =(1.31 £ 0.04 £ 0.07 + 0.38)%, Phys. Rev. Lett. 127 no. 12, (2021)

BaLice(B? — E”etv,) =(2.48 £ 0.25 + 0.40 + 0.72)%. Phys Rev.Lett.127n0.27,(202)

2022 Review of Particle Physics (using only the Belle measurement as input)

Bppg(BY — E7etv,) =(1.04 + 0.24)%.

» Theoretical studies

Biaice (B2 =B e*v,) = (2.38 £ 0.30 + 0.32)%

Method B(EY —» E e*v,)
light-front quark model (3.49 £ 0.95)%
QCD sum rules 3.4+1.7)%
rel. quark model 2.38 %*
SU3) (3.0 £ 0.3)%*
light-front quark model 1.35 %"
SU(3) (4.87 +£1.74)%"
SU(3) (11.9 £ 1.6)%*
light-cone QCD sum rules  (7.26 + 2.54)%*
QCD sum rules 2.4 %"

PTEP 2022 (2022) 083CO!1.

Zhang et al., (2022) \

|

Geng, Liu, and Tsai, 2021

Zhao, 2021

Faustov and Galkin, 2019

Geng et al., 2019

Zhao, 2018 J
Geng et al., 2018

Geng et al., 2017

Azizi, Sarac, and Sundu, 2012

Liu and Huang, 2010

Big discrepancy!

A competitive explanation

/

is through the =, — 2/ mixing
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¢ In heavy quark limit, heavy baryon with one charm

quark can be classified according to angular |

momentum Jqq of light quark system.

¢ Mixing effect can be described by a 2 x 2 matrix Triplet
= ' 3 + =+ y++ 2 =
=)\ cos sinéb |=3) 0 Ar = e, i V2
=) ) \ —sinf cosf |=6) Ta=|-A+r 0 20| Ts=| 3% 0 3%
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mixing

¢ Some results from various methods

Sum rule 55°+1.8" Phys. Rev. D 83, 016008 (2011);
HQET 8.12°+0.80° Nucl. Phys. A 1008, 122139, (2021);
16.27° +2.30° Phys. Rev. D 105, 096011 (2022);
Narkmodel Phys. Lett. B 838, 137736, (2023);
24.66° +0.90° i ik B S ifeled),
Phys. Lett. B 839, 137831, (2023);
Lattice QCD Negligibly small Phys. Rev. D 90, 094507, (2014).




Lattice QCD

05 l
a‘s(Q) ll'.;".l
v QCD is the theory to describe the strong interaction; 04\
w When the energy scale is lowered, the interaction becomes stronger,
03}

and QCD enters into the non-perturbative region.

July 2009

a a Deep Inelastic Scattering
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o® Heavy Quarkonia

\

Non-perturbative region

w Lattice QCD(Wilson,1974): Non-perturbative methods 02|

based on the first principles.
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Lattice simulation

a 6 ~ a
Slatt — Z — ReTr(1 - Up) + Zq(DL ‘v, +amg)q
q

9
wilson gauge action lattice fermion action

¢ Charm quark on discrete lattice:

consider both IR and UV effects:
m L >4, and a~!>> massscale

for m, = mP"™ ~ 140MeV, and m_ ~ 1.3GeV,

L Z 5.6fm

a~ !> 1.3GeV ~ (0.15fm)™!
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CLQCD ensembles &=

CLQCD

[1]

m/[
A
O

@
1300 MeV ® PS
—+ 200 MeV O
-+ 100 MeV

| | | > a
0 0.05 fm 0.10 fm 0.15 fm
Ensemble 8 L*xT a (fm) mpP mP me  Mr  Nmeas

C11P14L 483 x 96 —0.2825
C11P22M 6.20 323 x 64 0.108 —0.2790
C11P29S 245 s 2 —02770

—0.2310 0.4800 135 203 x 48
—0.2310 0.4800 222 451 x 20
—0.2315 0.4780 284 432 x 26

CO8P30S 6.41 32° x 96 0.080 —0.2295

—0.2010 0.2326 297 653 x 26

CO06P30S 6.72 483 x 144 0.055 —0.1850

—0.1687 0.0770 312 136 x 80

. — 2. mixing from Lattice QCD

H.Liu et at., Phys.Lett.B 841 (2023) 137941

/

An improved method to determine the = — =/

H. Liu et al., arXiv:hep-ph/2309.05432

mixing



= . — &/ mixing from LQCD

¢ Baryonic operators of SU(3), eigenstates

Oy 3y = €*(q7*Cryss”) Pyct,
J=0

O3y = €°(¢ *Cs") - s Pyc?
J=1




Mixing angle from generalized eigenvalue problem(GEVP)

¢ Solving the generalized eigenvalue problem:
C(t)vn(t) = A (t)C (L) vn(t)

¢ Mass from eigenvalues

2.6 1

my (GeV)
N
(9]
B

2418

e T T s T I g B F ,E, ~
s =

— M, (t—t, —~AE(t—t, 1.0
An(t) = coe”mn(E=tr) (1 + cre ( )) . |
0.57 == pvalue ..
0.0 L —
5 20
Imin (a)

Model average method
Oy

¢ Mixing angle from eigenvectors

2 A,
B2 1 ’

2 A,
oy = 14 AZtan* 0 _B_ptang
B2 1

1.4

Cl11P14L €  Co8P30S
6.8 Cl1P22M €  C06P30S
: C11P29S @  Physical point
0.10 0.15 0.20 0.25 0.30
my (GeV)




Mixing angle from generalized eigenvalue problem(GEVP)

1 mm =,
¢ Solving the generalized eigenvalue problem: 207 mm g
S E— L. 1
O 25{a * %
C(t)vn(t) = A (t)C (L) vn(t) $

e =g T T x L F .

l B gl W

¢ Mass from eigenvalues C(t,) tC(t)vn(t) = A (t)vn(t)
—my, (t—t, —AE(t—t, 1.0
An(t) = coe”mn(E=tr) (1 + cre ( )) .
054 - p-value
0.0 L —
5 20
Imin (a)
Model average method
e — N
¢ Mixing angle from eigenvectors 141
A2cot?h [ 4Ae
U1=\/1+ D ! <chot9 |
BP 1 i :
A2tan260 [ _4» : | CI1P14L $  Cosp30s
vy =41+ p—2 By tan ¢ ‘ C11P22M $  Co6P30S
B; 1 0:87] C11P298 @  Physical point
0.10’ B 10.115' - '0.I20' - '0.I25' - '().130' -
my (GeV)




Mixing angle from generalized eigenvalue problem(GEVP)

1 =
¢ Solving the generalized eigenvalue problem: 207 mm g
D E &
O 25{a * %
C(t)vn(t) = Aa(H)C(t:)vn(?) =

2.4 4
¢ Mass from eigenvalues '

)\n(t) — Coe_mn(t—tr) (1 + Cle—AE(t—tr)) 1.0

0.5 1

(a) = > {a)mPr(M|D),

M Model average method

1
Pr(M|D) ~ exp[ — 5(x§ug(a*) + 2k + 2Ncut)]

¢ Mixing angle from e

oy e
V1 = 1 =5 P 2 Bp —— 9 ,gh
Bp 1 § 1.0
)
A2tan260 [ _ 22 tang CI1P14L $  CosP30s
vo =41+ —E 5 By C11P22M $  Co6P30S
B; 1 0.8 C11P29S @  Physical point
0.10 0.15 0.20 0.25 0.30
my (GeV)




Mixing angle from generalized eigenvalue problem(GEVP)

¢ Solving the generalized eigenvalue problem:
C(t)vn(t) = A (t)C (L) vn(t)

¢ Mass from eigenvalues
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¢ Mixing angle from eigenvectors

2 A,
B2 1 ’

2 A,
oy = 14 AZtan* 0 _B_ptang
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1.4

Cl11P14L €  Co8P30S
6.8 Cl1P22M €  C06P30S
: C11P29S @  Physical point
0.10 0.15 0.20 0.25 0.30
my (GeV)




Chiral and continuum extrapolation

¢ Extrapolation formula:

O(my,a) = Opny + C1 (m?T — mi,phy) + a2,

2 2 2
m, My (M, a) = Mn,phy + C1 (mﬁ o mﬁ,phy) T c2a
A
O
O
1 300 MeV ® o
Chiral extrapolation
- 200 MeV O
Continuum extrapolation
® < O
T 100 MeV
: : | > a ] O Cl1P14L ®  Co08P308
0 0.05 fm 0-10fm velarim ‘ X cipeem &  Co6p30s
08 & C11P29S ® Physical point
0.10 0.15 0.20 0.25 0.30
m; (GeV)

§ = (1.22 4+ 0.13 +0.01)°



Mixing angle from correlated joint fit

¢ Insert the mass eigenstates and consider the excited state contributions are greatly suppressed,

parametrization form of correlation function matrix elements:

a2 .2
_ p|eosTl o ity , SN0 —may (t—to) 0]
Cll(t, to) ApAw - 2mEC (& + —ng/c e 10
[cosfsin 6 cosfsinf _ _ 3
t.t0) =A BT cosvsiny —mz, (t—to) _ Z°V SV —mg (t—to) 10 ° 1
Cia(t,t0) =A, B, " ome e om=, e ; _
[cosOsin 6 cos 0 sin 0 S
—B AT |2 —msz, (t—to) _ —maz (t—to) 10
CQl(tatO) P4 w QmEC e QmE’C € ;
M in2 2 -9
sin” 0 cos” 6 10
—B BT —mz=, (t—to) _mE’C(t_tO)
ng(t, to) D _—2mEC e + —ng/c e
1.0 1.5 2.0 2.5
t (fm)
¢ One can extract the mixing parameters from a joint analysis of both
diagonal and non-diagonal terms.
mz, (GeV) mz (GeV) 0 (°) x%/d.o.f fit range (fm)
C11P14L 2.4256(19) 2.5196(22) 1.083(30) 0.96  1.19—2.81
C11P22M 2.4380(27) 2.5351(30) 0.988(49) 1.0 1.19-2.92
C11P29S 2.4587(27) 2.5536(29) 1.002(50) 1.1 119-324
: CO8P30S 2.4753(21) 2.5809(26) 1.080(42) 0.95  1.20 — 2.40
_ | $ ClplaL $  CO8P30S CO6P30S 2.4695(37) 2.5815(48) 1.021(67) 1.2 1.32-240
0.8 - % C11P2OM 3 CO6P30S I;Extra(,ip:latelz(; 2.432822('378911&(;&1)8?7)syﬂ 2.5-526§§;i)ia8(§§§;syst 1.20(9)stat (2)syst
- & C11P29S @ Physical point X i 1) : 000020 : : —
0.10 0.15 0.20 0.25 0.30

m, (GeV)



m.dependence

wIn HQET, the mixing would vanish in the heavy-quark limit.

wValence quark mass in tunable in lattice QCD.
€ Solve the baryon masses and mixing angle from different charm quark masses;

@ Then fit the m, dependence of 0

1.6 }
Bl B2 ]
0 = + 1.4
mz, MZ ; $
‘ & 129
: » (]
1.0 1 ii
By = —2.78(52)GeV 0 ; 3
By = 12.9(1.3)GeV? l& ¢ :
x?/d.of =0.11. 0.6 +———"r—"——"—"" T
0.65 0.70 0.75 0.80 0.85
l/mgc
my : § 03 0.4 0.44 0.478 0.5 0.6 0.7 § ,
m=, (GeV2 0987(25) £.2380(28) 2.3594(26) 2.4069(26) 2.4587(27) 2.4793(29) 2.5878(30) 2.6898(30}) 2.7859(31) |

2 1834(24) .3249(29) 2.4514(24) 2.4999(24) 2.5536(29) 2.5718(29) 2.6823(29) 2.7859(30) 2.8835(30) |
$1.349(73) 1.116(49) 1.049(46) 1.002(50) 0.969(53) 0.847(47) 0.751(42)f 0. 674(39) i‘
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An improved method of = . — =

¢ The QCD Lagrangian

(P — M)
with
u ey O 0 SU(3) flavor
v=|d]|, M= 0 mg O symmetry breaking
S 0 0 mg

AL = —5(mg—m,)s.

¢ Therefore, the Hamiltonian is correspondingly derived as

oL -
= [ d°#@ i T =L
/ [3¢( z) o ¢($)¢( ) ]
= Hy + AH,

with

AH = (ms — )/dS:vss( T



Energy(mass) eigenstates and Flavor eigenstates

(E2(0)| HIEZ@) (
(EPIHER)) |
(E3( |

—
ot
—
—
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) = PIHES @)
§ro = (2vr) 7 ( )

57| HI=S (p§>

_ ( PIHo + ADEE)  (E@HIAHIE))
) (zw) EDAHEND) (&) (Ho + ARED))
() HIEL()
(D) H|Z,(0'))

, | 23/6Y are eigenstate of H,
Rotation . under the SU(3) symmetry

Ze) \ _ [ cos@ sinf |=3)
=Y ) 7\ —sinf cosd IZ8)
¢

(E(D)|H|E(P))
. ( )

r—
)
d
Lo |
)
e

(Ze(P)|H|ZEc(p"))

Mgz = 2cosfsinf(mZ —m2,),

Mpo = 2cos€sin0(méc —mz ),
c

Mpa; = 2sin®6m2 +2cos® OmZ,,




Energy(mass) eigenstates and Flavor eigenstates
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Mp21 = 2cosfsinf(mZ, —mé,c),
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6—3
( my ) Mg,
Sin 20 =+




Extraction of the matrix elements

¢ We want s o

Mz~ = (20 (= 0)l5s(z = 0)[EL(¥ = 0)),

¢ We construct and simulate ) . OF
Osues) (}",0> BUE)

3 _ ab i b
OSU(S) = €°(q" *C58°) Py, Operators of SU(3)

0§U(3> = eabC(qTaC,ysb) . 45 Py.cc. flavor eigenstates 3and 6

— d3_’ — =y — 1407 — = < =
( C:f I(tseqat) :/ (271_(;3 /dsdey,dsxezq mTv’v <O$SU(3)("J3 tseq)gs(ma t)O»I):/,SU(3)(y,,O)>, Three-point function

/
)

3/6 3/6 > .\ A~3/6 = . .
CQ/ (t):/d3ﬂ’§/”7<0fy,/SU(3)(y7t)Ofy’/,SU(?,)(O’O)> Two-point function

* Inserting the hadronic states and keeping the lowest two

—(mor—m-pg |t —m-pgt —Am—rgt —Am-F (tseq—t
—‘Ifaf‘m-z—-[m%pe ( :'g :f) e ‘:f RS (1+616 :g ) <1+C26 :.f‘( seq )) ,




Extraction of the matrix elements

¢ Combining the 3pt and 2pt, one can remove the

dependence on the decay constants

o \/ O (tseqs NCF (freqs tseq — 1
C4 (tsca) CF (Fsca)

R can be parameterized as

0.08

0.07 1

0.06 1

0.05

0.04 1

0.03

0.02 1

0.01

0.00 1

lseq =82 ¥ Te=12a fit result
Y tag=10a T teq=14a

—0.01

- 2\/ mggmgf (1 + dle_AmEftseq)(l + d2e—AmE£ tseq)

|M§€_I 1+ cle_AmE;{t s cze_AmscF (tseq—t))(l el cle"Amaé (tseq—t) 4 cze—AmEcpt)
2/ME[mEE (L+ dye” Am=E509) (1 4 dpe~AmsE o)

|M§FS—I ((1+Cle—AmE£t)(1+016—Am5£(tseq—t))(1+c2e—AmE£“t)(1+C26—Amaf‘(tseq_t)))1/2

1/2
> 3.0

‘0.0

t (fm)

6
)
s g o= |
1] 4
QQQQQGGQG}Qé%%% @
L 6.9 1 o
PN
?Esaaeammmmmm§{’%“=‘[m
:
H H i L
0.5 1.0 1.5 2.0 2.5



Numerical results of the mixing angle

m, —m, ~ 0.12GeV from the fitting
from PDG |MS73| = 0.155(14)GeV

— m., ) ME3
sin 29 = + (s — Mu) M5,

ms = 2.468GeV

= 2.578GeV
from PDG.

[1]

|ME3 10|

C11P29S | 0.155(14)GeV | (0.97 & 0.08 & 0.25)°
1)

statistical from quark mass difference

The mixing angle is about 1° and consistent with the previous lattice investigation.

6@ = 0.04° from QED correction(Z.F. Deng, Y.J. Shi, W. Wang, J. Zeng, arxiv: 2309.16386)



SUMMARY

We have explored the =, — = mixing by two different methods

v Calculate the two-point correlation matrix and adopt two independent methods to determine
the mixing angle;

< Develop an improved method to explore the mixing which arises from the SU(3) flavor
symmetry breaking effects.

Our numerical results are consistent and are not able to explain the large SU(3) symmetry

breaking in semileptonic charmed baryon decays.

OUTLOOK

~ The two methods can be used to other interesting examples such as the K;(1270) and

K,(1400) mixing which exhibit effects on multiple decay channels...

Thank you!
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