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a B, semileptonic decay and form factors

> cb meson

the only meson containing two different heavy flavors  cor, pre(1998);
[CMS, PRL(2019)]

Bc(1S) discovered in 1998 through B, = J /¢y + lv, [LHCb, PRL(2019)]

Bc*(1S) not yet observed due to low production rate and difficulty in
detecting y of B = B.+y

- Bc*(1S) weak decays (e.g. B; = J/¥ (n.) + lv;) help search for Bc*(1S)

> Form factors (FFs)

Building blocks for decay widths and branching fractions [73co sibios0)
Lattice QCD data available for B, —» J/y (n.) FFs, not for B}
B: - J/¥ (n.) FFs calculated by light-front quark model (LFQM),

Bauer-Stech-Wirbel (BSW) model, QCD sum rules (QCDSR),

[Q.Chang,L.T.Wang,X.N.Li, JHEP(2019)] [Q.Chang,L.L.Chen,S.Xu, JPG(2018)]
[Q.Chang,et al., AHEP(2020)] [P.R,R.Dhir, 1908.00242]
[S.Y.Wang,et al., CPC(2024)] [Y.Yang,et al., CPC(2023)]



a Why NRQCD higher-order calculations

[G.T.Bodwin,E.Braaten,G.P.Lepage,PRD(1995)]

> Non-Relativistic Quantum Chromodynamics (NRQCD)

Form factor = | short-distance coefficient | ¥ | wavefunction at origin

perturbative expansion in a; nonperturbative

- To test perturbative expansion convergence and renormalization scale
dependence in NRQCD

- To obtain more precise theoretical predictions and test the Standard
Model

- To study new physics by calculating (axial-)tensor form factors




a Review NRQCD calculations for cb — ¢t form factors

* 2007, first one-loop for B, — n, vector and tensor FFs

[G. Bell, 0705.3133]

e 2011-2022, next-to-leading order (NLO) QCD corrections to
B. = J /¥ (n.) (axial-)vector and (axial-)tensor FFs

[C.F.Qiao,P.Sun, JHEP(2012)]
[C.F.Qiao,R.Zhu, PRD(2013)]
[W.Tao,Z.J.Xiao,R.Zhu, PRD(2022)]

* From 2017 onward, relativistic corrections for Bc decaying

[R.Zhu,et al., PRD(2017)]

into S(P)-wave charmonium FFs [RZhu, NPB(2018)]

[D.Shen,et al., JMPA(2021)]

e 2024, B — ] /Y (axial-)vector FFs at leading order (LO)

[Y.Geng,M.Cao,R.Zhu, PRD(2024)]
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Definition for B; — J /iy form factors

<J/'gb (¢',p") ‘67uc| B (6,p)> <J/¢ &, ‘b7u75c| B; (e p)>
=— (e €") [PuV1 (") — qu.V2 (¢%)] — (e 9) V3 (¢7) =icvape”e™ [PV A1 (¢*) — ¢" Az (¢°)]
- 2) 1 (e q) (" - B € pvas PGP
+ (€™ - q) €uVa (C] ) +(e-q) (€7 - q) [(M2 Y n Zj\;l;af ]w/q2 [e’* . g€’ As (qz) _ gV A, (q2)]
_ 2y ¢ 9 2 e agede*B PYqP
q2) Vs (q) + 2 (4 )] " |Independent FFs: | — e MB;_GMQ L [PuAs () — guds (6] -

V1,2,3,4,5,6' A1,2,3,4J
/
T2,3,4,6' T2,3,4

(J/% (¢,p") |bowy59”c| By (€, p))

<J/¢ (Eljp’) ‘BquqVﬂ BZ (6,p)> , / — 8“Va13€ael*ﬁ [PVTll (q2) o qI/T2/ (qZ)] (M e M/)
I—Z(€°€*)[PMT1(Q)—C]MT2((] )](M+M) 8MVC¥5PQ /% v/ 2 Ixv ! 2
—i[(e-q) ;T3 (¢%) — (" - q) €, Tu (¢*)] (M + M) +.M+M’k'%%@)+ﬂ%fQ@”

(€~ P _ Eprape Bl PYgP
Lileale g) [P.Ts (¢%) + 4,76 (¢%)] , : 54 —r 0T () —auT5 ()]

M + M’
* P=p+yp
« g =p—p'": transfer momentum




Definition for B, — 1. form factors
(ne (") |byuc| BE (e,p)) =

<776 (")

1€ uvaf e¥ PYgP

v,

mB: —I_ mnc




ﬂ Step 1: generate Feynman diagrams & amplitudes
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ﬂ Step 2: amplitude simplification

B Dirac matrix simplification, index contraction, color
algebra simplification, and trace calculation

B y. scheme for the trace of a fermion chain containing ys
» Naive Vs scheme when COntaining 0/2 V5 [V.Shtabovenko,R.Mertig,F.Orellana, CPC(2025)]

Y5V + YuYs = 0, fyg = 1 and cyclicity

> Fixed reading point y; scheme when containing 1/3 ys
» the fermion chain contains current vertex I' = y,,ys Or 0,,,Ys

I‘-b-a—|—b-a,-I‘>
2

[J.G.Korner,D.Kreimer,K.Schilcher, ZPC(1992)]

o otherwise [S.A.Larin, PLB(1993)]
[S.Moch,)J.A.M.Vermaseren,A.Vogt, PLB(2015)]

Trace (a - 5 - b) — Trace (b- a - 7ys5)

Trace (a - I" - b) — Trace (



mStep 3: Express amplitudes as Ay, By, Cy 1, Dy & calculate them

. Ao, By, Co,1, Do, E
amplitudes FeynCa|cT.> 00 =010, 20

IBP reduction
of momenta

Consisting of scalar products

[K.G.Chetyrkin,F.V.Tkachov, NPB(1981)]
[H.H.Patel, CPC(2017)]

é-eﬁexoed

hierarchical Series: expanding in small m; and
heavy quark limit taking the leading-order terms

Li,, Log, Sqgrt

11/23



ﬂ Step 4: Renormalization

» One-loop diagrams
> Tree diagrams inserted with one O(a3) counterterm vertex

e QCD coupling MS renormalization constant
 QCD heavy quark field (mass) OS renormalization constant

 QCD heavy flavor-changing current OS renormalization constant ZOS

ZOS — ZOS 1 [W.Tao,Z.J Xiao, JHEP(2023)]

[W.Tao,Z.).Xiao, JHEP(2024)]

a.Cr(1 2xlogx
795 =27% =1+ SF( s

— — +2logy + 0(6)) + 0(a?)

4T \ € 1+ x

m, u 1
x:—’ y:—, S:

m mp 1_ 92




J

J

S

D

Outline

Introduction

Calculation Procedure

Results

Summary



Analytical results for B — J /1y form factors

m3xs (1 + s(z — 2)x)?2 | P2 TN T 4 T 1 dsa 3522 7
1—=x 2(1 4 x) T’:l_HCT’: 1+3xV
Ve=de=h=gm =1 T R TE I R
I+ —1+ s(4 + 10z 4 32?) Vs =V =A3=A4 =0,
I5 = Ty = 1)

20w 2s(1 + z)(1 + 3z)

W14 (0): Be(J/) wavefunction at origin
Tlf = Ny + ne + ng

> Asymptotic NLO

Y NLO as [ (11C4 2 25y 10 2lns  2lnz 10 2In?2
yLo — L+ A7 —3ns)n + ny
1

3 3+9+3

3 3

In? z 31n2

_OA[

1
9

1
—I—(101n2—2)ln8—|—71n22—|—91n2—|——(7T2—51)]}, .
3 14/23

3 1 3
+ (1n8—|—21n2—|—§) 111:13—|—§1n23—|— (§+21n2) Ins+2In°2 +

(67—371'2)] + Cr [2Li2(1 —s)+1Inz+ (2Ins+10In2 — 5)Inx + 21In’ s



<A Analytical results for B, — n,. form factors
> LO [WBE(nc) (0): Bx(n.) wavefunction at origin ]

e 16v/21asCps?(1 + 32)(1 + 2)2 ¥ p-(0)¥, (0)
B m3z2 (14 s(z — 2)x)2

B 45%(1 + 3z)?(z? — 1)T]
1 —5(6+ 4z — 822) — s22(12 + 10z — 82 — 1523)’

y V

2
- 1+ 3z 25(1 + 3x)? P 7 _ o L+ s(d+ 62+ 527 ;
= = 1 = 22 2 — 4+ = 2 )
1+ 3+ sx(6 4 Tx) ’ 4s5(1 + )
. ;NLO 2
N Asympto’uc T i a_{ (110,4 - Q?f) 2500 10ny (_21‘111: ,2ms 2l2 1_0) s 28I
NLO T 47 3 3 x 9 3 3 3 9 1 —6s
2slns  (4s+2)In2 2 2(s — 1)(4s — 1)Lig(1 — 2s)  (4s* — 65+ 2) Lis(1 — s)
1 6s T 1—6s +183—3+O"‘[ 6s — 1 i 1—6s
sln®z 2s 2slns (25 +2)In2 5(25 —3)In’ s 2s 4(2s —3)sIn2
m In: |
x=—=, 165 (1—68+1—68+ 1~ 65 )““L 65 — 1 1—6s  6s—1 "o
m
ﬂb 25(25s —3)In*2  6s51n2 N 438s + 3m*(s(2s —5H) + 1) — 85 onl - 4(s — 1)(4s — 1)Liy(1 — 2s)
y=_- 6s — 1 1 — 6s 5ds — 9 F 6s — 1
17 LB ELb(1—8) @s+lke  (6-35s (3 ) (20s+2)h2)
s = qz 6s — 1 6s — 1 6s — 1 6s — 1 e 6s — 1 e
1- 2 N (13 — 45)sln” s (27 —34s)s—7 (8(b—2s)s —2)In2 ns+ (45(25 — 5) +1)In”2
b 6s — 1 4s(3s —2) + 1 6s — 1 1 —6s

N (165(2s — 1) — 2)In2 N —309s + w2((19 — 45)s + 2) + 51
4s(3s —2) + 1 18s—3 ’



Renormalization scale dependence of form factors

('« At maximum recoil point (¢* = 0) )
* Up = 7 GeV
* My = 4.75 GeV
\‘ m, = 1.5 GeV Y,
. 5
----- LO
-------- Asymp.NLO I
— 3
2
=

........ Asymp.NLO
— NLO

NLO corrections reduce the renormalization scale dependence




XY q* dependence of NLO to LO form factor ratios

(n=3GeV |

q° [GeV] q° [GeV]

« NLO corrections are sizable but convergent in low g region
« The convergence breaks down at high ¢*




-3 NRQCD+Lattice predictions for

B} — J /4 form factors at g* = 0

4 FB;"—>J/¢( 2)
B/ (?) = 12 i, NRQCD\4") _B. /4
1,NRQCD+ Lattice q )= FBC_>J/¢ 9 j,Lattice
i=1 Fjxrqep(4?)
Up-(0) =~ ¥p,(0)
Be.—J/y B.—J
Fj / - {V, A(),l,g} —J/b

The second uncertainties from lattice data dominate
over the first uncertainties from u = 3*% . GeV

[HPQCD, PRD(2020)]
[Q.Chang,L.T.Wang,X.N.Li, JHEP(2019)]
[Q.Chang,et al., AHEP(2020)]

(¢°)

NRQCD+Lattice LFQM [7, §]
Vi | 0.432079:9939 +0.0448 | 0.5610911017
Vo | 0.229519:9003 40,0238 | 0.331901+0.0
Vs | 0.8865T0 0005 +0.0919 | 1.17+5:02+0-23
Vi | 0.42947 57005 £ 0.0445 | 0.657475, 07
Vs | 0.1303 0 0208 0.0135 | 0.2070 007005
Ve | 0.13037 00208 +0.0135 | 0.2070 007003
Ay | 0.4458 go1s £ 0.0462 | 0.5470, 7517
Ay | 02510790058 £0.0260 | 0.3575:09
As | 0.094270:924% +0.0098 | 0.13+5-50+6-03
Ay | 0.10927 90357 = 0.0113 | 0.1475007005
T> | 0.23527 0 00s1 + 0.0244 —
Ts | 0.572470 000 = 0.0593 —
Ty | 0279070 001 + 0.0289 -
Ts | 02211770551 + 0.0229 -
Ts | 0.438770 0015 & 0.0455 -
T4 | 0.454670 0160 & 0.0471 —
Ti | 0.3805 0 0250 & 0.0394 —




<:l NRQCD+Lattice predictions for QChan L Chen s Xu, JPG2015)
[P.R,R.Dhir, 1908.00242]
B : — 1c form factors at q2 =0 EEL?\Z?\ISTL?':{'VS:&S?)?}\I%)I.]i,JHEP(2019)]

[S.Y.Wang,et al., CPC(2024)]

1 2 FB:_Hk (qz) [Z.G.Wang, CTP(2014)]
B —n. 2\ i,NRQCD B.—n. 1 2 B:—n B
F; XRQOD Hattice(47) & 5 > 7Bone (3 Fitaice(@)s F¢ 7 € {fy, fo}7e e
j=1 j,NRQCD(q )
LFQM
NRQCD+Lattice BSW QCDSR
[56] 4] 6, 7] 8]

V(0) | 0.806270 0121 + 0.0682 | 0.9175755 055 | 0.8819:01+0.04 | (g 753+0-107 | 71 + .14

Ao(0) | 0.524375:90%5 £ 0.0443 | 0.667001791% | 0.5675-0575-0F 0.526 0.47 £ 0.09

A1(0) | 0.541070 0055 £ 0.0457 | 0.6970017019 | 0.-5910051 005 | 0.561700ga | 0.43 & 0.08

A2(0) | 0.4766 0 0314 £ 0.0403 | 0.5970 024012 1 0.45F0 057005 | 0.495F00%5 | 0.57 +0.11

TC)(0) | 0.547570:0920 1 0463 _ _ B B




ﬂ NRQCD+Lattice+Z-series predictions in full g% range

mpg: masses of low-lying
cb resonances

| N
Fi(¢®) = PR Z Qi 2" (qz)
- m_?:ﬁ n=0

() = Vit — ¢ — iy — o
*\/t_|_ —q2—|-\/t+—t0’

t_
t0:t+(1— 1__),
by

ty = (mp: + mJ/z/»(m))Q :

[C.G.Boyd,B.Grinstein,R.F.Lebed, PRD(1997)]
[D.Leljak,B.Melic,M.Patra, JHEP(2019)]
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[Y.Yang,et al., CPC(2023)]

[Q.Chang,L.T.Wang,X.N.Li, JHEP(2019)]
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3.9

VAG?)GE| Ve |?

dl'y, q> —ml2
dg> ¢

{ A A2()

\/)\(q G ’Vcb|2

Decay Widths & Branching Fractions for B - n,+ ly

dl' 4 q° —ml
2 = 2

{(mz2 +2¢°) A\ (¢°)

384mB* 7T3q2 dq 38477?,32 7'('3
V(g*) (mp; +my,)Ai(g%) |
2 2 2 2 c :

+ ‘(mB(”; — My, — ¢ )(mp; +my, ) A1(q7) x mp- + my, A(g2) ’
A, () “m? + 2¢? dUy dly dU_ d' dUp  dl7p

Mo~ + My, 2\q 4m7276 3 dq? - dq? dg?’ dg? - dq? dg?’

LFQM
This work BS QCDSR
[56] 4] [21] 8]

I
=¥
)
b

GeVF(B — Ne + eve)

14 .
};Oev F(Bc — Me + HV,u)

1014 < L(B: — ne + 1v7)

2.5417090%
2.52970-4%)

0.68870:00¢

1207163
1187173

1.09703%

0.966" 0 0%
096375 084

0.29070 03e

0.68670 o
0.684° (331

0.21570-970

[S.Y.Wang,et al., CPC(2024)]
[T.Wang,et al., JPG(2018)]
[Z.G.Wang, CTP(2014)]
[Y.Yang,et al., CPC(2023)]

10°B(B} — 1. + eve)
10°B(B: — ne + pvy)

1()T('l(:‘):’(B;c —> MNe + TI/T)

0.824
4.23570 735

0.816
4.21470 754

1.14770-1 73

7.0073: 03
6.961350

1.8270:2%

.14
1484314
4

4.45% .22

1037538

0.4
1.209:4!
0.4
4.1970 5

0.13
1.2675 1

[Q.Chang,L.T.Wang,X.N.Li, JHEP(2019)]

[T.D.Cohen,H.Lamm,R.F.Lebed, PRD(2018)]

Rnc

0.107
0.27170 b6

0.26 7901

0.22970 029

0.300
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4 Summary

« Obtain complete and asymptotic analytical results for NLO QCD
corrections to B} - J/y (n.) (axial-)vector, (axial-)tensor form factors

« Find NLO corrections reduce renormalization scale dependence, and
are sizable but convergent in low ¢* region

* Provide NRQCD +Lattice+Z-series predictions for B} — J /4y (n.) form
factors across full physical g% range

» Calculate decay widths and branching fractions for B} — . + Ly,

Thank you!




