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Doubly charmed baryons
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Doubly charmed baryons
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Doubly charmed baryons
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Doubly charmed baryons
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Simulation in lattice QCD

Single-particle operators
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Simulation in lattice QCD
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Simulation in lattice QCD

det[1+ip-t-(1+iM)] =0

For single-channel S-wave scattering
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Simulation in lattice QCD
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Lattice setup

Gauge configurations from CLQCD Charm quark mass
D 8 a(fm) amy am. M(MeV) | L3 xT [ Neggs. ® Determined by physical J/y.
F32P30 | 6.41 | 0.07746(18) | -0.2295 | -0.2050 | 304.0(0.6) | 32° x 96 | 750 ® DCBs mass deviate from continuum dispersion
F48P30 | 6.41 | 0.07746(18) | -0.2295 | -0.2050 | 304.9(0.4) | 48° x 96 | 359 : : .
5 relation due to lattice artifacts.
F32P21 | 6.41 | 0.07746(18) | -0.2320 | -0.2050 | 208.1(1.9) | 32° x 64 | 459
F48P21 | 6.41 | 0.07746(18) | -0.2320 | -0.2050 | 207.7(0.7) | 48% x 96 | 222 L 064
' ¥ 2. x?=0.59
1.08 - '
The results presented in this work are based on 1071
® Four ensembles of gauge configurations with 2+1 dynamical quark flavors. 1.061
® tree-level Symanzik-improved gauge action. Gl
1.04 1
® Shekholeslami-Wohlert fermion action with tree-level tadpole improvement. o3
® Pion mass ~ 300 and 210 MeV. 1.02
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e Distillation quark smearing (N,, = 100). 0.00 0.01 0.02 0.03 0.04 005 0.06 0.07 0.08
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H. Xing, J. Liang, L. Liu, P. Sun, and Y.-B.
Yang, arXiv:2210.08555 [hep-lat] (2022).



Numerical results

Effective masses and Energy levels
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(s K E:cc QCC
F32P30 | 303.9(6) | 523.0(4) | 3632.4(9) | 3713.7(6) D 5 A S 0O
F48P30 | 304.9(4) | 524.1(3) | 3637.2(1.3) | 3717.9(1.0) FASP30 | 1.8923(4) | 1.9706(2) | 2.3488(9) | 2.4943(19) | 2.6703(11)
F32P21 | 208.1(1.9) | 491.7(7) | 3605.6(1.4) | 3693.8(8) F48P21 | 1.8736(4) | 1.9595(3) | 2.2842(18) | 2.4438(18) | 2.6420(10)
F48P21 | 207.4(7) | 491.1(3) | 3607.6(1.8) | 3699.7(1.0)
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Numerical results

Single-particle effective masses and dispersion relation E* = My2+C

Single particles | Ensembles | mg (GeV) c? x?/dof

F32P30 | 0.30396(60) | 1.0069(42) | 0.69

_ F48P30 | 0.30487(39) | 1.0075(22) | 1.02
F32P21 | 0.2085(19) | 1.0582(94) | 0.73

F48P21 | 0.20774(69) | 1.0157(37) | 1.58

F32P30 | 0.52300(43) | 1.0026(23) | 1.47

" F48P30 | 0.52407(28) | 1.0034(15) | 0.53
F32P21 | 0.49173(69) | 1.0097(52) | 0.26

F48P21 | 0.49109(33) | 1.0081(25) | 0.63

F32P30 | 3.63302(84) | 0.9915(61) | 1.70

_ F48P30 | 3.6369(12) | 0.964(19) | 0.38
e F32P21 | 3.6055(14) | 1.006(10) | 0.48
F48P21 | 3.6080(16) | 1.052(22) | 0.56

F32P30 | 3.71393(61) | 0.9747(37) | 0.92

0 F48P30 | 3.7179(10) | 0.967(20) | 0.44
“ F32P21 | 3.69380(81) | 0.9801(51) | 0.11
F48P21 | 3.69950(96) | 0.998(13) 1.16

2.20
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Numerical results

Scattering parameters and dispersion relation correction (DRC)

1 1
p oty = | 2r0p2 + O(p*) E? = mg + c%p?
%0 = K(1,1) ERE fit at M ~ 300 MeV
(S, 1) Processes M, (MeV) | DRC ag (fm) ro (fm) | x?/dof 1= e
200 Raw | -0.172(13) | -1.05(10) | 1.11 I o paopa
(2.1 QLK — QK Applied | -0.161(20) | -0.79(15) | 1.14 > O LO ERE -
2/ e e 210 Raw | -0.125(12) | -0.33(22) | 1.71 2 | NLO ERE |7
Applied | -0.131(12) | -0.62(26) | 0.82 S I
200 Raw | -0.184(16) | -1.09(12) | 0.29 S|
_ _ Applied | -0.177(23) | -0.89(16) | 0.47 —2|
(1,1) EK — EK . ] 1
210 Raw | -0.211(14) | -0.88(14) | 0.45 03 0.0 03
Applied | -0.212(14) | -1.42(28) | 0.52 p? (GeV?)
Raw | 0.63(11) | 1.00(15) | 1.07 . o o
300 | | .
_ _ Applied | 0.63(10) | 1.11(19) | 1.03 DRC ~=- F48P30
(1,0) ZEe K — ELK ] ~e— F32P30
210 Raw | 0.686(90) | 1.299(97) | 0.67 = o) Lo ERE |
Applied | 0.694(90) | 1.20(20) 0.69 O NLO ERE |
200 Raw | -0.166(12) | -0.23(12) | 4.32 S 1}
0.3)  Sor o= Applied | -0.140(15) | -0.04(20) | 1.56 é;» |
2} Seell T Seell o Raw | -0.150(22) | 0.48(27) | 1.17 _of
Applied | -0.143(24) | -0.08(40) | 1.02 b 0 SN
m p? (GeV?)
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Numerical results

Scattering parameters and dispersion relation correction (DRC)

11, ) 1
pcotdy =— A 5 70P + O(p™) t~ P
o p cotog=ip M, ~ 300 MeV M, ~ 210 MeV
(S, 1) Processes M, (MeV) | DRC ao (fm) ro (fm) | x?/dof ' 0.91 '
200 Raw | -0.172(13) | -1.05(10) | 1.11 o6l o
(c2.1) QK - QR Applied | 0.161(20) | -0.79(15) | 114 % | 3 091
' 2 “ “ Raw | -0.125(12) | -0.33(22 1.71 = | = |
210 < 0.3 <
Applied | -0.131(12) | -0.62(26) | 0.82 I cwpse | B0 peagreyreeral
300 Raw | -0.184(16) | -1.09(12) | 0.29 = F32p30 | T | o F32p21 |
(11) E.K =S K Applied | -0.177(23) | -0.89(16) | 0.47 vop ) mmlomREN 007 ) mW LOEREY
210 | Applied | 0.212014) | -142(28) | 052 PGV P
00 | Raw | 063(11) | 1.00(15) | 1.07 | — 0.9————————————
(1.0) E.K —E.K Applied | 0.63(10) | 1.11(19) | 1.03 | | _ DRC
’ — — Raw | 0.686(90) | 1.299(97) | 0.67 | = = 0.6
210 e |
Applied | 0.694(90) | 1.20(20) | 069 | = | S
200 Raw | -0.166(12) | -023(12) | 4.32 = | e L = FaspL ||
3 - - Applied -0140(15) -004(20) 1.56 = _ F32P30 = | -o— [32P21 |
0:2)  Bee = Zoem 210 Raw | -0.150(22) | 0.48(27) | 1.17 0.0§ . LO ERE - 0.0 LO ERE -
Applied | -0.143(24) | -0.08(40) | 1.02 —0.1 0.0 0.1 —0.1 0.0 01
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Numerical results

S-wave scattering lengths a, extracted at LO and NLO ERE

= K(1,1) ERE fit at M_ ~ 300 MeV

Raw

—#— F48P30
—o— F32P30
LO ERE

NLO ERE 1

0.0

1 1 2 4
pcotd, = m | 2rop + O(p~)
(S, 1) Processes M, (MeV) | DRC ap (NLO) | Deviations

300 ARaW -0.172(1 -0. 164E22; < lo
_ ] pplied | -0.161(20) | -0.159(24 <1lo
(=2,3)  QecK = QoK Raw | -0.125 20.135(13) | < 1o
210 Applied | -0.13 -0.136(13) <lo
200 Raw | -0.18 0.170(27) | < 1lo
11) oK — Sk Applied | -0.17 -0.162(28) < lo
’ o Raw | -0.21 0.211(15) | <1o
Applied | -0.21 -0.209(17) <lo
200 Raw | -0.16 0.112(22) | 210
0.3)  Eor o B Applied | -0.14 0.111(22) | 1.1o
' 2 “ “ 210 Raw | -0.150(22) | -0.139(26) <lo
Applied | -0.143(24) | -0.141(28) | < 1o

p cot dp(GeV)

p2 (Ge\/2)
DRC —#- F48P30
: —e— F32P30
LO ERE -
NLO ERE -




Numerical results

Extrapolation of S-wave scattering length g, to the physical pion mass

I

I

Polynomial extrapolation

0.0 ¢ LQCD (This work) -
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E
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100
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Polynomial extrapolation
LQCD (This work)
ChPT EOMS

ChPT HB

Mt

a o
2

100

To extrapolate them to the physical pion mass, we
employ a polynomial in M? as

ao(My) = co + c1 M2

The extrapolated scattering lengths at the physical
pion mass are determined as follows:

a2 (Qe K212y = —0.123(21) fm, a2 (B KMV = —0.230(24) fm |

a?™ (2, K1) = 0.73(15) fm,  aB™ (Beenr®3/2)) = —0.144(37) fm .

Overall, our results are in good agreement with ChPT
predictions at the physical point.

L. Meng and S.-L. Zhu, Phys. Rev. D 100, 014006 (2019)

Z.-R. Liang, P-C. Qiu, and D.-L. Yao, JHEP 07, 124 (2023)
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Summary and outlook

Summary

® S-wave scattering lengths of four single channels.
® A possible virtual state in (§,1) = (1,0) channel.

® Determination of LECs in BChPT.

® Examination of the validity of HDA symmetry.

® Better understanding of hadron spectroscopy.

Outlook

® Coupled channels
® More ensembles

® Chiral extrapolation
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