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| 1. Research Background

Spectroscopy at angstrom scale and femto-scale
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I Conventional Meson Spectroscopy

Quark-antiquark S-wave meson puzzle
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The Bc family is not complete
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I Vector Bc™(1-) Electromagnetic and Weak Decays

» Hyperfine splitting between Bc™ and Bc: ~ 60MeV

» Bc* major (99.99%) electromagnetic decays to ground Bc

(CDF,1995) B *
c

—

0~ 1~

s

S

S

» However, 60MeV photon is hard to detect at LHC environment;
current e*e” colliders can not create two beauty and charm

pairs

» Solid theoretical analysis and new observables are required



2~ EFT Frameworks for B¢™ Decays

» Nonrelativistic Effective Theory in QCD/QED

02~y (),71 for the T

A
as(muv) ~ v
QCD/QED <)
| perturbative matching | perturbative matching .
. Bodwin-Braaten-
Lapage
mv-}
NRQCD/NRQED 1995
............................................ U
o B Pineda-Soto-
2 non—perturbative perturbative matching . .
MVT  matching Brambilla-Vairo
2000
PNRQCD/pNRQED




| NRQCD/pNRQCD/ypNRQCD in unequal mass case

» QCD Lagrangian
1

Lacp = D, Pau(@)[(9:D")ij — mgdi;]Wy;(z) = T F, (2) P (x)
g=u,d,s,...

» Rewrite heavy quark field and do the NR expansion

. ~ - gty ~ st !
U — e_,;,fl,.ft,:p — E—‘tﬂfft (;ﬁ) : l:[l" — e.sM t,;[Jr _ ecﬂrf t (;i)! ) :

» Obtain NRQCD Lagrangian

1 ‘ C
LNrocp =1 (iDt — —(iD)Z) b+ —pto - gBy

2M 2M
D T Ccs T ; t
+ SM[QW(D-QE—QE-D)?/) + 8]\/12?# (i - D x gE —io - gE x D)y
Cq 2 2 y 3
+ gyt (D%) W + 0 (1/M7)
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I Vector B¢™(1-) Production

» Production at LHC

X
p B., B, XBeJ op.(1'5) || 49-8
The cross section is in unit of nb.
O—B:_.'(ISS]} 12].
Chang-Wu,EPIC38,264(2004)
P . Larger cross section when consider DPS

» Other excited states hadronic t

ransition.

P-wave Bc states can electromagnetic

decays to Bc* (1S) : E1 transition
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I Vector Bc*(1-) Electromagnetic Decay

» Bc* (1S) major (99.99%) electromagnetlc decays to Bc(1S):

M1 transition ;
Uy = (1.5 £1.0) keV.

k= (k. k)
5 Brambilla-jia-Vairo,PRD73,054005(2006)

g
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» We generalize the pNRQCD to +f S oo 1ol
unequal mass case and obtain the
effective Lagrangian
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| Bc* weak decay and its decay constant in EFT

» Bc* decay constants in QCD >

(0 ‘B)/“C| B_.(P, 5)) = fBimB:;E”, o

» Bc* decay constants in NRQCD

mathing coefficients NRQCD LDMEs

/ 2 .
= EC‘,(ianmc,,u_/-) <O IXZO'/;#J B:(P)> (,U/) + O(Vz)

Braaten-Fleming,PRD52,181(1995);
Lee-Sang-Kim,JHEP01,113(2011)

» Matching Formulae

i~

[
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~1 1
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Z;:NRQCD MS current renormalization constants



I Typical diagrams up to three-loop

(a)LO (b) MLO (c) CF CF

(d) CF {CA-2CF)
) CF (CA-2CF) (g) CF CF (h) CF CF
f) CF(GA-2CF)
i (i) CF CA : ()cFeA % k) CF CA
(m) CF TF nl (n) CF TF ne (0) CF TF nb

LO:1, NLO:1, NNLO:11, NA3LO:268
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ITwo-Ioop results

» Matching coefficients at two loop

ur € [1.5,1.2,1]GeV, u € [6.25,4.75,3]GeV, my,€ [5.25,4.75,4.25]GeV, m € [2,1.5,1]GeV

LO NLO NNLO
~0+0.0072+0.0061-0.0156 ~0.0310+0.0206+0.0119+0.0149
Cp 1 091175700160-0.006420.0263 0-78970.0253-0.0482-0.0133-0.0141
~0+0.0107+0.0061-0.0156 ~0.0234+0.0230+0.0106+0.0117
Cv 1 08697 070036 00064+00263 0-7303700191-0052-00117-00121

u dependence for matching coefficients
16

-~ LO LO
e NLO ' 15} ---.- NLO
2 NNLO ' ——— NNLO
O e — G 1.0
1] S — || e —————
oo = ' s}
0.4}
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ITh ree loop results for vector and pseudoscalar currents

» Matching coefficients for pseudoscalar current

m s T

2 3
(n) ¢ . () . (t?is) _
C(zpnys) = 1 — 1.62623 (”" (m’)) — 6.51043 (”" (m')) — 1520.59 (‘1" ("'”"")) + O(a)

Feng-Jia-Mo-Pan-Sang-Zhang, arXiv:2208.04302

» Matching coefficients for vector current

() NS o\ °
E=1=9898| = —35.44 | = = 168807 | = + 0(a3),
m m m

for mj =30, =17 =19,

Sang-Zhang-Zhou, arXiv:2210.02979
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IResuIts for axial-vector and scalar currents

» Matching coefficients for axial-vector and scalar up to three
loop

1.5 1.5

Nonconvergence behaviors also in other two currents

Multi-loop integral calculated by AMFlow (Ma et al)

14
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I Sub-leading contribution

» Relativistic corrections

{[}IQ_V:-‘FJQE |Qi‘?_l>cgcrn

= V2My [{ﬁ‘f <ﬂ Xivs Qim{pnr«;nqcrn +Cy <[} ‘{D:ﬂ}' ' DT‘{LE} QEELP}>?{R(1ED T }
Employlng EOM: 0 (D?ﬂ DUE‘QEQI )> = —2m, E< ‘lllﬂz‘sz(P))
d EB* 8 3
U s«
—2 [ (31— o) | ez
NC d E
= 22| | 0)
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I Wave function scale dependence

» Wave function at origin

For Power-law potential V(r)=Ar*4+C
Exact solution |’LZ)E (0)|2 — f(fn,, (L)(AM)B/(2+G)
Scale relation |‘I’Bg (0)| = |lIJJ/¢(O)|1_y W (0)]Y,

y = Ye = In((1+mc/myp)/2)/ In(mc/myp)
Collins-Imbo-King-Martell, PLB 393 (1997) 155-160

2

W) =

1
0) — —Zmb(cﬂ-‘-’s)?r

Beneke et al., PRL. 112, 151801 (2014) 16

(myC'ras )3
8T

1461 (0)]2 = |9 (0)2 (1 2.1 ""“‘t) |
k=1
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IConvergent vector Bc* decay constant




ILeptonic decay branching ratios

Branching ratios N°LO
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3. Polarization analysis of other B¢c* decays

) L R BB B
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B.— Jiyrn'nn*

u- 1 Ll
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| Invariant mass distribution in Bc* decays to J/psi +n h

» Helicity decomposition of weak decay width

dF(Bi*) — J/1 + nh) \Vcb|2(}'}a"f|p"|
= Z J]AlJzAZ/\nh’
Ai

dq? 32w M2

T11110 =2 [VE ((M M- rf) ((M’ M) - q-?)
+ (41 (M2 = M”) + 426°) ] p(a).

P1
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I Results of invariant mass distribution
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I Polarization Asymmetry(A general law in V(P) to V transitions)

)
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| Summary and Outlook

Summary

v Bc* decay width is studied in QCD effective
theory

v Convergent Bc* decay constant up to three-loop
accuracy Is obtained

v" Distinguishing vector B¢c* meson at LHC is
possible by helicity decomposition

Outlook

» Nontrivial high-order calculation of wave function in un-equal
mass cases
» Experimental analysis of Bc family at LHC/CEPC/Super-Z/EicC

Thank you a lot!
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I Hyperfine splitting

» Hyperfine splitting relation

(AM)ﬁ = 327ra5(2pij)|\lfﬁ-(0)|2/9mimj ,

ﬂﬂ’fﬂa -4 ﬂﬂffbg !
g (me) as(my) )

AM ; = as(2m, )zt 2 (

.&ﬂ{fbﬁ(isj — 24 :I: 4 I\“{CV

CMS 2019
AM 405y = 29.1 £ 1.5(stat) & 0.7(syst) MeV
LHCb 2019

AM 25y = 31.0 £ 1.4(stat) + 0.0(syst) MeV

HPQCD lattice results

AM,51g) = 54+ 4 MeV

i
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ICaIcuIation procedure

» Feynman Diagrams & Amplitudes
(Packages: FeynRules/FeynArts / QGraf)

» Feynman Amplitudes Simplification: Trace & Contraction
(Packages: FeynCalc / FormCalc / FormLink)

» Feynman Integrals Reduction
(Packages: Apart(Feng) / FIRE/Kira /...)

» Feynman Master Integrals Calculation:
(Packages: AMFlow(Ma et al) / FIESTA /...)

25
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