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b—c Decay Process

Z Flavor changing charge current

% )
b > > ¢ Z Semi-leptonic weak decay process

B-meson decay process
w-

b > > C

?,O Oz
eg B-D,B-D* ¢/

B* - D, B* - D*

Bg*) - D(S*)
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R(D) Anomaly

B(B—- DTtv;)
B(B —» Dpuvy)

R(D) =

/ Experimental result:

R(D) = 0.357 + 0.029

£ swm prediction:
R(D) = 0.298 + 0.004

O Approximately 20 deviation

[ HFLAV 2023 ]
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BaBar 2012, had. tag
0.440 £0.058 £0.042

Belle 2015, had. tag
0.375+0.064 +£0.026

Belle 2019, sl. tag
0.307£0.037 £0.016

LHCb 2022
0441+ 0.060 = 0.066

Average
0.357 £0.029

HFLAV SM Average
0.298 £ 0.004

PRD 94 (2016) 094008
0.299 £ 0.003
PRD 95 (2017) 115008
0.299 +0.003

JHEP 1712 (2017) 060
0.299 = 0.004

EPIC 80 (2020) 2, 74
0297 £0.003

PRD 105 (2022) 034503
0.296 £ 0.008

‘ Summer 2023 \
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0.4

R(D)
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R(A ;) Anomaly

B(A+w - A-Tv LHCb R(A))
l R(A,) = (Ap cTVr) : — ; 1_1{(,'h-l’.-\}-’l-_'I)\‘.-Jtlz171)44
B (Ab - AC Ilvu) 0.242 +0.026 + 0.040 + 0.059
SM prediction
_ o PRD 99 (2019) 055008
é Approximately 1.4c deviation with input from
PRD 92 (2015) 034503
[PRL 128, 191803 (2022)] N AT B B et b W
0.2 0.3 0.4 0.5
7 R(A,) calculated in different theories R(A})
Method R(A,) Referece
LQCD 0.333+0.013 [PRD 92, 034503 (2015)]
LCSRs 0.274700%2 0r0.2393:3:9 [EPJC 82, 10, 951 (2022)]
0.268 + 0.015 [Chin.Phys.C 46, 11, 113107 (2022)]
QCDSRs 0.31+0.11 [Phys.Rev.D 97, 7, 074007 (2018)]
HQET 0.324 + 0.004 [Phys.Rev.Lett. 121 (2018) 20, 202001]
LFQM 0.28 [EPJC 79, 6, 540 (2019)]
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Definitions and Conventions

/ Form factors :

; = mA, — MA, ma, + ma, m2 — m?

(Ac(@', 8")|Evu bl As(, 8)) = Ta. (P, ") {fo(qz) : Z Wt filg) = ((p +p)u— —2 Z = qp)
+
2my, 2mp,
+ f1(q?) ('m — S fep, - =2 p;) ]uA,,(p,S)
Sy S+

. _ ma, +ma, — m3 — m3

(Ae(®', 81705 Bl AL (P, 8)) = —in, (P, 8") s [go(qz) 9t es(d) mA”S—_mA ((p ), — —28 2 A qu)

2my, 2mp
+91(¢%) (’m + =P — ”pi,,) ]um,(p, s)
[Phys.Rev.D 86, 079901 (2012)]

where g?> = (p — p’)?, S+ = (my, = m/\c)2 - q°

# Power counting :

p;L — (n p,/2)ﬁﬂ + (,ﬁJ . p//z)n,u Py = (mb/Q)ﬁu + (mb/Q)nu

& &

O((1) O(A) mC~O(*/X), A = Agep/my
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Correlation Function

l Correlation function in quark level [JHEP 02 (2016) 179]

O.(p.q) = i / & x ™ (0| T (), juo(0)} An(p)

where Jua = cLpab, Tuvia)y = Yu(yuvs) ¢> Heavy to light weak current

JA, = e,-jk(u,-T C’y5/ldj) Ck é Leading-power A interpolating current

-

o q
. % In Euclidean space, p’? < 0
In large recoil region, q2 -0

u > /

> S o p

it Perform OPE
d >
l Tree level
o = f /Ood /Ood Yalwr, o) ) 2 A
1 f, (1) . w1 . w2w1+w2+wc—ﬁ-p’+ie( ,Y5) 9 (YL + 1) Ap(v)

where wy =n-ki, wo="n-ky, we=m>/n-p
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Correlation Function

# One- loop diagrams 7 Method of regions

e o
é Hard function — gluon is hard

U P j*/
e ™~ o C
d;._/ \_._/ h CL,V(A)(H-P',M)=1—ﬂ[21n2 £ fs5m—

4 n-p my,

g 1 w_ = BE—3 72
— 2Lis (1——)—11’1 r+ lnr—l———l—ﬁ]
1 12

r =i

AR /S~ ] oy W Cr[, . o p B 1
- Cavay(n-p,un) =1 i 2 In n_p,+51nmb 2Lis (1 -

@ 7 & 5% 2., 2-T n?
o o In r+r_1lnr+12+5 )
——;——(\ —_T—_(\
‘ f a,(WCr[ 1 r
R S Covn(n-phw) = -—r [r_l(”l_r‘“’")]’
;/ where 7 =mn-p'/my
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Correlation Function

# One- loop diagrams # Method of region

4 F . . .
b é Jet function — gluon is hard-collinear

)—m(ﬁ)]

&£°° 2 2 C 1
" > £ J( :U” !ﬁbz’) :1+Q's F{2 IiLl2( 1 1
£ s / ~_ n-plw nep 47 ro + o + r3 +
~ ~
d _— rolnre

a 2(rg+1)2(re +r3+ 1) {?"é ra(rs +2) + 3]+ ra(rs + 1) [ralrs +6) + 11]

ro + 3 2

(0)
4»—&/ + 4(rg — 1)(ra + 1)*} + (r2 + DIn(ry + 1)( = a)
& ¢ ‘ .
s VA / eI + [In R+ In(rs +1)] [‘m—ﬁ—ﬁlln(rz-ﬁ-m-{-l)}

In(rs + 73 +1) [2(r2 +1) _
g (ra + 1)2 + (r5 + 4ror + 6ra — 13 + 3)

T3

(d)
~ 2 g
+ 2In“(ro +r3+1) —In“(ra + 1) 4+ 2In(rg + 1) [InR + In(rz + 1)]
i ; 5
T 3r T ro + 1

i 2 2 + 2 } _

)

b

InR + In(rs + 1)) — = =
5 + [InR +In(rs +1)] rs+1 ro+r3+1 6 2

where ry = we/(wa — - p'), 13 = wi/(wa — 7 p'), R=p? /- p/(wy — 71+ p)

i ! /# Factorization result
- Oy vy = (Ls) g [TIL,vayYLp + I veay A + Iy veayny | ua, (v),
_)_4’_(/ \ Rngm = i Ol mandhin) /OOO . fooo TR wt —n-p — e
a)
wd (ﬁ "Lf’w,-’ ﬁ%;/)wci(wl, w2, p)
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Light-Cone Sum Rules

# Correlation function in hadronic level

fac(u)(n-p') 7

fo(q°)—f(q°) fo(q*) + f+(q°) }
I . = = 1f = =
w,v(P, q) B fetee plrien 2[¢(q )’7lu+2(1“n‘p,/mAb)npj+ - Ay | ua,(P)
R 1 Bron h h ~
+/ws dww+wc—ﬁ - p ) [ v, (w,n: p,)7¢“+pV:n(w!= ol pf)”#-+pV,ﬁ(w’ - p')n“} un,(p)-

i - : . 1
# Dispersion relation  11(¢%) = =

? Im II(s)
ds ——
_ s —q° — i€

tru in

/# Quark-hadron duality ansatz

o0 h 00 (pert)
/ ds p(s) ~ l/ ds Imll (5) é effctive threshold s
S0 S — p2 T Jso g p2

N

Borel transformation

s e SR 2
B (ﬁ) - 1 1 lexlf'r(dﬂ_f;*?f ) ¢ Borel mass M
S (=1t 4 [hep-ph/0010175]

2023-10-19 13



# Resummation for hard function [Eur.Phys.J.C 71 (2011) 1818]

Cln-p'sp)=Un-p', pn,w)C(n-p',un) ¢ solve RGEs
l Resummation improved form factors

) [ m3 ]
J— E e

- fa)n-p n-p Wy

{£1(¢%),9.(¢*)}

bt [Ul (n ) pfv Mhs JU’) CJ_,V(A) (n : p’a P"h)] / du’ e—w'/wM ¢4,ef¥(w’a s U) ’
0

Rw L [ m3, ]

= — "+ Ex
fa.W)n-p n-p'wm

{fo(¢*),90(¢*)}

X{Ul(ﬂ-p”uh,u) Cﬁ,vm)(n-p’,uh)/ dw' €=M gy o (W, p, V),
0

!

n- w, L
o+ (1 - mAp ) Ul(n : p’, Hh, M)Cn,V(A) ('n, . p", p’h) / did / M@bi?e)ﬂc(w’,“)}
’ 0

) [ my, ]

{f+(@®),9+(d»} :mEXp n-pwy

Wa ,
X {Ul(" -0y i, 1) Cr v ay(n- 0, pn) f dw' €™ /M 4y o (W', 1, v)
0

n 'pl Wy Yy
a (1 T m ) Ui(n ‘P’a#m#)cn,v(m (n 'pf:#h,)/ du' ="/ Mq’bg?gﬂ(w,,#)}
0

Ap
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Input parameters

Parameter value/interval unit prior source/comments
quark masses
myp(mp) 4.193 £+ 0.035 GeV Gaussian @ 68% [Beneke,2014]
mc(m;) 1.288 + 0.02 GeV Gaussian @ 68% [Dehnadi,2015]
iy, e 4.8 + 0.1 GeV Gaussian @ 68%
hadron masses
ma, 5619.60 MeV — [PDG,2020]
ma 2286.46 MeV —
vacuum condensate densities
(2= G2) potE S GeV? | Uniform @ 100% [Duplancic,2008]
parameters of the Ay DAs
f(A?(lGeV) (3.04+0.5) x 1072 | GeV? Gaussian @ 68% [ Groote, 1997]
sum rule parameters and scales
1 [1.0,2.0] GeV Uniform @ 100% [Wang,2015]
v [1.0,2.0] GeV Uniform @ 100%
Lh [mp/2, 2mp)] GeV Uniform @ 100%
M%pt 25405 GeV? Uniform@ 100% [Khodjamirian,2011]
1 VE 5.0 &+ 1.0 GeV? | Uniform@ 100%
4 o [7.0,8.0] GeV? Uniform@ 100% [Duplancic,2008]

2023-10-19
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Ab LCDAS

# Three-parameter model [JHEP 07 (2018) 154]

¢4 (w; po)

_TBpB+HY N

- I(a) a(a+1) w?

—ap UB —a, 2—a, w/we).

> Three parameters at 115 = 1Gev satisfy

a—1

Na(w) = S w031 () =$(8 — 1) — ¥(a— 1) +1n T,
;
F2(p) =53 (W) +9'(a = 1) =¥ (B - 1) + —
wo o B AB 61 G2 N
0.28(10)GeV 1.2583  1.2583 | 0.28(10)GeV 0 7%2/6 1
P4 0.329(118)GeV 1.29771 1.35034 0.28(10)GeV 0.40 5.00 1
0.264(94)GeV 1.1361 1.12827 0.28(10)GeV —0.40 —5.00 1

2023-10-19
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Dependence of parameters

10 7I T T I7 1 0ﬁl T T T ]
0.8f . 0.8f .
S P EEEEE e T Oy W SR E L .
- e
+ - 1+ - 1
82 o4 , £ o4 ) .
e —— sy = 6.5 GeV r mmmea M* =5.5 GeV i
0.2] so = 6.0 GeV? 0.2k — M? =45 GeV? ]
I so = 5.5 GeV? | e M? = 3.5 GeV?
00-_I | | | I_- 00-_I 1 1 1 | \_
3.5 4.0 45 5.0 5.5 55 5.7 5.9 6.1 6.3 6.5
M? [GeV?] so [GeV?]
10 e
14
T 2
08 ILoa (@=0) 12 0.8 Sa,-a (=0
1.0 T . (§*=0)
Y faon @ [ ] S
e e e e b g 0.8 e WMol
04 L 04
oaf
02 02
02
049 45 5.0 5.5 60 99 ' 09 : - - -
: T : 0 12 14 16 18 20 T 7.2 74 7.6 7.8 8.0
M (GeV?) 4 (GeV)

s0 (GeV?)
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Power correction and Radiative correction

# Power correctionin B — D

T T T T T T T T T T T T T T T T T T T T T]
- —_ NLP,HT,2P ——1LP,2P
12F ——NLP,HC,2P  eeuereees 3p
3 NLP, HQE, 2P
0.8F
0.4F
0.0 zoeommmssssssnmmmsssssssenmsssssssessnsssssssessnsssssssssnssss s nnssss s |
—0.4f
| 1 1 L L L L 1 L
-3 -2 -1 0 1 2
7 [GeV?]

é 3-particle contribution is too small
compared to others.

é 2-particle high-twist contribution gives
the largest contribution.

é Total power correction is 20%.

2023-10-19

# Radiative correction in Ay —» A,

1.0r

— LL
— NLLJet

— NLLHard
— NLLtotal

. 1 I‘I‘ 2 'II‘ 3 'Ill 4-
q° [GeV?]

é NLL hard function correction is larger

than NLL jet function correction.

é NLL correction is 17%

19



Form factors in entire momentum region

# BGL (BCL) parameterization

[Phys.Rev.D 92 (2015) 3, 034503]

| | I
— at.

| s Lat.+LCSR

2 mmmm Lat.+LCSR+Exp.

0.0-| ..... [ 4 ¢ 5 o oy | v 5 ¢ o5 [ 4 o5 ¢ 5 i s e o0 5 |—- 0.0k, !

7 include BEI*) — Dfl*) form factors ¢> the strong unitarity bound

l LCSR reduce the uncertainty of form factors significantly

2023-10-19
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l Differential decay width

dr  GHV|*y/s5s-

dg? 7687r3mib

m% + 24
e

6m?2

q2

+2

q

l Fitting results

+—£ (s+ [(ma, —mx) (1+ ef)fo]z + s5_ [(ma, + mx) (1 — € go] 2) },

2
(1 B m_%) 8 {4 (m‘% T 2q2) (5+ [(1 — Ef)gl]Q + s_ [(1 + Ef)fl} 2)

(52 [ma, = max) (1= g1 + - [(ma, +mx) (1+ €D 14]7)

Scheme Vep(1073) Relative uncertainty
BY") — DY) [Cui,Huang,Wang,Zhao,2023] | 39.63 + 0.63 1.59%
Ap — Ac 40.10 + 3.50 8.73%
Ap — Ac® BYY — DY 39.79 =+ 0.62 1.56%
Ap — Ac [(Exp. Err)/2] 40.07 4 1.91 4.77%
Ap = Ac® B — DU [(Exp. Err)/2]
2023-10-19 21




R(D) and R(A ) in SM

I 4
I 4

B(B — Drtvy)

R(D) =

B(B — Duv,

)= 0.302 £ 0.003

0.3131 + 0.0070(2.244%)
0.3134 £ 0.0070(2.240%)
0.3124 £ 0.0070(2.242%)
0.3216 + 0.0040(1.276%)
0.3237 + 0.0036(1.112%)

0.2420 + 0.0760(31.40%)

Lat. + LCSR(B)

Lat. + LCSR(B, BCL)
Lat. + LCSR(B&M)
Lat. + LCSR + Exp.

Lat. + HQET + LHCb17

LHCb22'.

R

0.00 0.05
2023-10-19

0.30

0.35
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Summary and Prospect

# Conclusions

> B — D NLP correction is 20% and Ay — A, NLL correction is 17%

¢>  Joint fitting LCSR results in large recoil and LQCD in small recoil,

we get the most reliable and accurate form factors in SM

> Improve the accuracy of |V . |,R(D),R(A,), A%B signifiacntly

#  Outlook

¢  Precision calculation of /Ap LCDAS

¢~  Appropriate fittting methods

2023-10-19
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Thanks for your attention!



Forward-backward asymmetry

1 0 JZF
{/ —/ } dcos 6y
¢ 0 _ 1| dg?dcos 8,

Arp =

dr' / dq?
[JHEPO8(2017)131 ]
I ot
0.4'_ B 1ot LCSR
< 02 AN
I - A
m 0.0 X
~ R b X o
02l f
0 2 411- 6 '|IO

2023-10-19

(AFg) = +(0.0725 + 0.0062)
(ALY = —(0.1912 + 0.0056)
(A%g) = —(0.1970 % 0.0056)

AArg = (ALY — (Afg) = (5.86 £ 0.02) x 10~°

[BELLE 2301.07529 ]
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