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Introduction

>

Beauty-charmed meson family discovered in

particle physics experiment
Bc(1S), CDF collaboration, 1998

Bc(2S), ATLAS collaboration, 2014
Bc*(2S), CMS and LHCb collaborations, 2019

Difficulty for experiment measurement
composed of two different heavy flavor quarks
the ground state Bc(1S) only weak decays
Absolute branching ratios are hardly measured



Introduction

» Theoretical investigation

 Need study decay constants to obtain leptonic branching ratios
 Decay constants are essentially nonperturbative and universal
* But lattice QCD studies lesser due to doubly heavy flavors

» Nonrelativistic QCD (NRQCD) effective theory

scale : [M >> My ~/\acp ]

perturbative  nonperturbative

 Decay constants ~ Short-distance perturbative matching coefficients

X long-distance nonperturbative NRQCD matrix elements (LDMEs)
* Systematical calculation order by order



Introduction

> Review high order calculation for B¢ and Bc* decay
constants with NRQCD

e systematical study of Bc at the leading order (LO) (cHchangv.a.chenpro@oos)

e NLO for Bc [EBraaten,s.Fleming,PRD(1995)]

e NLO for Bc* [p.sHwang,s.KimPRD(1999)]

* High order relativistic corrections resummed [.Leew.sang s.kim.JHEP(2011)]

J Approximate NNLO for Bc (A l.0nishchenko,0.L.Veretin,EPIC(2007)]

e Full analytical NNLO for Bc  t8.chencFaiaopLB(2015)

e NNNLO for Bc (rrenget al.,2208.04302]

e NNLO for Bc*  w.ao,Rznu,z.J.xia0,2209.15521]

e NNNLO for Bc* w.sangH.Fzhang,M.z.zhou,2210.02979]
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Definition

» QCD definition for decay constants

(O |15y”y5c| BC(P)> = ifyg P, a = (a, 0):timelike component of axial current
_ . p' p:pseudoscalar current
(O ’bYSC BC(P)) N lchva’ v:vector current
<0 |13y“c B (P, 8)> = fp.mp&", fB. = prc

» NRQCD definition for decay constants

2
T = A Comos mes 1) (0 ] BoP)) (i) + O07)
T/ \

mathing coefficients NRQCD LDMEs

/ 2
V*: . wy ’ C» ' O T / C
B me.C (my\m ﬂﬂ( I)(bo' ey

B:(P)) (uy) + O()
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Matching&Renormalization

» Perturbative matching formulae
I I I I
2 72 _ 5153 53 T
Z; Zz,bzz,crf = CiZ,; Zz,bzz,crf
Z]:QCD on-shell current renormalization constants
mem,b T chm,c

Lo=24y,=1,72,= m, +m
C

Z]:NRQCD MS current renormalization constants
Z>/Z., :QCD on-shell field/mass renormalization constants
Z>: NRQCD on-shell field renormalization constants
N Zz,b — Zz,c =1
[;/1;:unrenormalized QCD/NRQCD current vertex function
[}=1



Matching&Renormalization

> NRQCD current renormalization constants and anomalous dimensions

(ny) 2 (2)
- @ M
7, = 1[ ( f)] Yy ) +0(a).

T 4e
2

Y'P(x) + 0@

')/J: —

dnz,  -202" (" (uy)
dIn HMf O 1n a,g”ll)(uf)

(2)(x) _ (CFCA . (1 +6x+ xZ)C%],
| 2 2(1 + x)?

O () = (CrCa G 42x+ 3x2)q%)
| 2 6(1 + x)?
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Matching&Renormalization

» Matching and Calculation of a

« Decoupling ainf:nbmcml)(u) to agnl)(,u)

‘ (n;)(ﬂ) 2 2
ol () = af(s”*’)(p)[l + Tr (—1 Ll —ln— + O(E)] + O(a? )]
T 3 mi 3 mg

 Renormalization group running equations

U 2e p:renormalization scale
(”l) (/lf) ()u_f) a/g"l) (), us:NRQCD factorization scale
( ﬁ(m)ln In—£— ( —t—y )
a/(nl) (ﬂ) _ 4 | — Nocp
s ()] 1y £ 21yt
! M (ny) H
B ''In In
0 A(ng) 2 0 (n)) 2
ocp \ Aocp
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Matching&Renormalization

» Renormalization at NNLO
* two loop diagrams
* tree diagram inserted with one a2-order counter-term vertex
* tree diagram inserted with two a.-order counter-term
vertexes (vanishing)
* one loop diagram inserted with one a-order
counter-term vertex
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Diagrams

> Tree,1lloop,2loop

P> - 2

>V

CF CF CF (CA-2CF)
(e) CF (CA-2CF) g) CF CF ) CF CF
(f) CF(CA-2CF)
: (i) CF CA (j) CF CA (k) CF CA
(m) CF TF nl (n) CF TF nc (0) CF TF nb
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Calculation steps

» Higher order calculation steps
*  FeynCalc obtains diagrams and corresponding amplitudes,

SApart decomposes every amplitude into several Feynman integral families
* FIRE / Kira / FiniteFlow reduces every Feynman integral family to master

integral family
*  Kira+FIRE+Mathematica code reduces all of master integral families to the

minimal master integral families
*  AMPFlow with Kira/FiniteFlow calculates the minimal master integral

families one by one
e Renormalization
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Matching coefficients results

» Matching coefficient formula

(nf)
Crluyg, p,mp,x) =1 + (“)C(”(x)
(ny) f) 2 (2)
N (Ofs (M)) (C(l)( )50 2 Y (x) n 2
JT mb 2 mb
+C%C§F(x) + CFCAC§A(x) + CFTFnlC§L(x) + CFTFC§H(x))
me + O((l"?)
° X=—
mp
 NLO matching coefficients:
3  (x-1
(L - Inx — 2
C (JC) CF \x T nx )
3 (x—1 3
My) = = Inx — —
G )= g Cr\ i 3)
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Matching coefficients results

> x dependence for CY*.Ci*, Ch*, and CH¥

-12F

1.0F

0.5

FL

0.0

-0.5}
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Matching coefficients results
» numerical results for matching coefficients

*  ur€[1.5,1.2,1]GeV, u € [6.25,4.75,3]GeV, m,€ [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 09117570 0160-0.0064+0:0263 O+ 7897 ,00253-0.0482-0.0133-0.0141
~0+0.0107+0.0061-0.0156 ~0.0234+0.0230+0.0106+0.0117
Cv 1 0.8697 1" 136 0.0064+0.0263 V7303 2010191-010526-0.0117-0.0121

* u dependence for matching coefficients

1.6
: LO LO
1'45. ----- NLO ' 15 ..... NLO
M2 NNLO ' —— NNLO
&) 1'0? __________________________ ' S 1.0f
1| i — ] | e
osf — - osf =
1 L N
2 3 4 5 6 2 3 4 5
p(GeV) L(GeV)
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Decay constants results

» Bc and Bc* decay constants
* LDMEs (0 |vio - eye| Bi(P)) ~ (0|xjwc| B.P)) ~ V2N, w5, (0)

. |l/)BC(O)|2 € [0.13,0.12,0.10]GeV?3, Usr€ 11.5,1.2,1]GeV,
u € 6.25,4.75,3]1GeV, my€ [5.25,4.75,4.25|GeV, m € [2,1.5,1]GeV

Z V
ch " By
10-1GeV 10-1GeV
+0.204+0+0+0+0 +0.20+0+0+0+0
LO 4‘79—0.42—0—0—0—0 4'78—0.42—0—0—0—0

+0.18+0+0.03+0.03-0.07 +0.17+0+0.05+0.03-0.07
NLO 4'37—0.38—0—0.08—0.03+0.13 4. 15—0.36—0—0.11—0.03+O.13

+0.15-0.15+0.10+0.06+0.07 +0.14-0.114+0.11+0.05+0.06
NNLO 3'78—0.33+0.12—0.23—0.06—0.07 3'52—0.31+0.O9—0.25—().O6—O.06
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Decay widths & branching ratios

» Bc and Bc* leptonic decay widths and branching ratios

e  Formulae

* Decay widths

Viel?
(B - ["+v)= | ;ﬂ' G4mp mlz[

2 \2
e Jis 2
m2 B.

2 2\2( 2
Vel m m
TB - I +v)=——Gimp [1 - —| [1+—| /3"
127T c m=. K 2m . ¢
B; B!

[(Bf —et+ve) [(B:t—et+ve)
10~21GeV 10-13GeV
+0.28+0+0+0+0 +0.29+0+0+0+0

LO 3'39—0.56—0—0—0—0 3.45 ~0.57-0-0-0-0

+0.2340+0.04+0.04-0.10
NLO 2‘82—0.47—0—0.10—0.04+0.16

2.61 +0.224+0+0.06+0.04-0.09
"7 —0.43-0-0.14-0.04+0.16

+0.18-0.16+0.114+0.06+0.08
NNLO 2.1 1—O.35+O. 14-0.25-0.07-0.07

1 87+O.16—0.12+O.12+O.05+O.06
*7 7 =0.31+0.10-0.26-0.06-0.06

T(Bc—>/1++vp) (B —u* +Vy)
10-10GeV 10-13GeV
+0.124+0+0+0+0 +0.294+0+0+0+0

LO 1.45 -0.24-0-0-0-0 3'4'5—().57—0—0—0—0

+0.10+0+0.02+0.02-0.04
NLO 1 '20—0.20—0—0.04—0.O2+0.07

261 +0.22+0+0.06+0.04-0.09
"7 -0.43-0-0.14-0.04+0.16

+0.08-0.07+0.05+0.03+0.03
NNLO 0'90—0.15+0.O6—O.11—0.03—0.03

1 87+O.16—0.12+O.12+O.05+O.O6
1 -0.31+0.10-0.26-0.06—-0.06
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Decay widths & branching ratios

 Decay widths

[(Bf =1 +v7) LB -1t +vp)
10-14GeV 10-13GeVv
+0.29+0+0+0+0 +0.25+0+0+0+0

LO 3 ‘47—0.58—0—0—0—0 3 ’04—0.51—0—0—0—0

+0.24+0+0.05+0.04-0.10 +0.19+4+0+0.06+0.03-0.08
NLO 2. 88—048—0—0. 10-0.04+0.17 2’30—0.38—0—0. 12-0.03+0.14

+0.18-0.17+0.11+0.07+0.08 +0.14-0.10+0.10+0.05+0.05
NNLO 2.1 6—0.36+O. 14-0.26-0.07-0.08 1 '65—0.27+O.09—0.23—0.05—0.05

 Decay branching ratios

€+V€ ﬂ+V,u T+VT
B. (1.647031)x 10 (7.00515) x 107 (1.68%043) x 107
B (2.34*951) x 1076 (2.34*961) x 107¢ (2.06*035) x 107°
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Summary

* Verify Bc decay constant from pseudoscalar current is identical
with the Bc decay constant from axial-vector current

* Obtain the novel anomalous dimension for the flavor-changing
heavy quark vector current

e Obtain NNLO result for the decay constant of Bc*
* The obtained branching ratio of B;* — u™ + v, isn’t small, which

can be a good channel to detect Bc*

Thank you!



