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Calculational tools for B — P form factors

V QCD/SCET Factorization
@ Factorization formulae for semeleptonic B-meson decays [BBNS, BPRS, and many others]

FEM(B) = C,(E)ea( E)Jr/ / C(RU E,7) @7 Jo(7T50,0)¢h (w)par (v).

@ Perturbative calculations of the hard matching coefficients. [Bauer, Fleming, Pirjol, Stewart, 2001]
@ Perturbative calculations of the hard-collinear matching coefficients. [Becher, Hill, 2004; Hill,
Becher, Lee, Neubert, 2004; Beneke, Yang, 2006]

YV Transverse-Momentum Dependent(TMD) Factorization [Botts, Sterman, 1989; Li, Sterman, 1992]

V Lattice QCD Technique

@ First-principles calculations numerically at small hadronic recoil.

V  Light-Cone Sum Rules in QCD/SCET(LCSR)

@ Light-cone QCD sum rules with the light-meson LCDA. [Ball, Braun, Khodjamirian, etc]
Light-cone QCD sum rules with the B-meson LCDA. [Khodjamirian, Lii, Shen, Wang, etc]
Light-cone SCET sum rules with B-meson LCDA. [[Feldmann, Lii, Shen, Wang, etc]
Light-cone QCD sum rules with the chiral current for the light meson.[Huang, Li, Wu, etc]
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Why subleading power corrections

@ Understanding the general properties of power expansion in EFTs (HQET, SCET, NRQCD).

@ |Interesting to understand the strong interaction dynamics of heavy quark decays.

@ Factorization properties of the subleading-power amplitudes.
@ Renormalization and asymptotic properties of the (higher-twist) B-meson DAs.
@ Interplay of different QCD techniques.

@ Precision determination of the CKM matrix element |V |.

@ Power corrections, QED corrections.
@ Long-standing tension between the exclusive and inclusive |V |.
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B-meson Light-Cone Sum Rules

@ The form factors for B — P are defined as [Beneke,Feldmann,2001]:

(P(;D)llj’yu b|B(P)> = QfEP(qz)pu + [fgp(qz) +f§p(112)] dus

T 2
7;JCBP(Q)

(P)|aouwa” blB(P) =i ZEELS

[q2(2p+ Dp — (mB —m3) qu] .

@ Vacuum-to- B-meson correlation function defined as:

[ (n-p,7i-p) /d4:c e (0|7 {d(=) fivs a(w), 4(0) T b(0) } B(P))

O(n-p,n-p)ny +(n-p,n-p)n, Lp ="
illr(n-p,a-p)[n-qa, —n-qn.l, Ty =o0uq”
@ Power counting: n-p~ O(my), n-p~ O(A)

@ The hadronic representation and dispersion relation:

1, 1aa (P @) = —i(0|d s QIPifg)iPISf)I@F“ b|B(P))
P

4+ continuum,

dw’

— = Im/ I,(n-pw
w' —7n-p—10 o M( pw)

I p@ar e+ [T
p ™ Jwg

_mzp/n'p—n~
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B-meson Light-Cone Sum Rules

@ LCSR for B — P form factors:
m2 , ’
1 __"p ws dw w - n-p—m
It p(@®) = ———emrenn) / —e¥M Im, [H(n “pyw’) + Lp-ms
fpn-p o mp
2
1 _Mp_ pws dof w! ~ n-p—m
fapla®) = eCrrann [* e [pr, R
fpmp 0 ™ mp
2
2(mp +m Tp ws duw!
ng(QQ) = (mz P)e(n-pr) / e Imw/HT(n'wa,)
fpmpn-p 0 ™

@ In HQET limit:
i
Uuuthu = Z ['ﬁ cqny, —n- qﬂu] ('ﬁ - 7‘) hoy,

S Hp=-21 (ﬁ - H) .
2
@ Large recoil symmetry with LP contribution at LO [Beneke,Feldmann,2001]:
mB .0 mp T
fgp =—fpp=—""T—"1IBpP
n-p mp +mp
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Leading power at NLL

@ Leading power contribution for B — m form factors at NLL[Wang,Shen,2015]:

B )/fj /g

(a) (b) (c)

@ Light-quark(s-quark) mass effect for B — K form factors[Lii,Shen,Wang, Wei,2018].
@ Spectator-quark mass effect for By — K form factors have been computed in this work.

{ﬁ,cff(w’vu),ﬁz,cw’,m}
- L .
- CF |: T)_l}/ dw - M) — (mq +2mq/)/ dw In (w « ) id’B((—wH)

w’ dw w

*® dw , u? 5 w —w , d 4
_qu,-/o » |:9(w—w)<ln " +2> +1n( " >G(w —w) du¢5(w) .

@ The s-quark mass effect in Bs-meson LCDAs are necessary.
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NLP corrections to B — P form factors

z]Dh

2m1

A Subleading power heavy-to-light current g~*

@ Subleading power correction from b-quark field expansion in HQET as [Mannel,Moreno,Pivovarov

2020]:
ip
ho 4 ol + -
+ 2my, Wt

b(I) — efim,b'u x

@ Large recoil symmetry breaking effect
- - -
$Phy = ~DPhy = TpOF(e%) = S[I(g%) — TR (g%)].

@ Equations of operators derived from the QCD equation of motion
[Kawamura,Kodaira,Qiao, Tanaka,2001]:

4(z) D, hy (0) =0,[q(x) Thy (0)] + i/gl du(l — w)[G(z)z* g:GrpT hy (0)]

- i[q(z) T hy (0)],

[3(z) T hy (0)] —l/ du(l — w)[q(2) & gsGrpv"T hy (0)] + 9, a(a) 0" T ey (0)],

’Upa
o ) _ A )
5 1a(@) 7T b (0)] = — i / du ulg(@) 2 9. Gx 7T o (0)] + iy ()T, (0)
T, 0
7/25
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NLP corrections to B — P form factors

@ Subleading power correction from the hard-collinear quark propagator:

y —k_ propnck o omg pms
n-p(a-p—n-k) (p—k?>  (@-kK*  (-k?> (P-k?*
LP NLP light —quark mass

@ The two-particle and three-particle higher-twist B-meson LCDAs corrections are given by

[Lii,Shen,Wang,Wei,2018].

L .

@ Definition of two-particle B-meson [Beneke,Feldmann,2001;Beneke,Braun,Ji,Wei,2018]:

(0@(x) Tz, 0] ho (0)| B(v)) = —M Tr[#{2 (@E(v )+ 22Gh(v T,))

¢ + — 2 + _
o {(@B(v cx) — Pg(v- x)) +x (GB(v cx) —Gg(v- T))] }75F].
@ The light-cone expansion of the quark propagator in the background gluon field,
X

e . 1
<0|T{q(x),q(0)}\o>cigs/0 ;i?em.m/o du[

UTpYy (F+mg)ouw
WE—mZ _ 2(kE —m2)2

:| G (uz) .
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NLP corrections to B — P form factors

o Four-particle B-meson LCDAs in factorization limit

@ The contributions from diagram a — ¢ are power
suppressed.

@ A similar calculation for B — ~£v form factors
[Beneke,Braun,Ji,Wei,2018].

-F’JJJﬁ @ A complete parameterization of four-particle
E J\‘ B-meson LCDA is necessary.

N AN
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B-meson LCDAs and RGE

¥V  Two-particle B-meson LCDAs:
@ Shape parameters of ¢>E (w, p):

Sni) = / dw A; 3% (w, n).

@ The equations of motion for the light-quark field yield[Kawamura,Kodaira,Qiao, Tanaka,2001]:

o ot(w) > dw’ d
) :/ %dw - 2 / wl/ ﬁfd’%(wl,wz)
w —wy

w wodw’ wa dwa
N— —™
W-W approximation three-particle LCDAs correction

@ Twist-five LCDA[Beneke,Braun,Ji,Wei,2018]:
1 e _
o5 =1 [T ar{@-w [¢>;<w> —95@)] —2(K ~ )95 (@)}

oo —
_ 7/ dwl/ dus — (1 Y Wl) W5 (w1, ws).
—wy w2 w2
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B-meson LCDAs and RGE

V' Three-particle higher-twist B-meson LCDAs:

@ Three-particle B-meson LCDAs[Kawamura,Kodaira,Qiao,Tanaka,2001; Braun,Ji,Manashov,2017]:
(0120 (217) g5 G v (227) b5 (0)| B(v))

fe(w)yms

2 [+ D {0ur = vm) [aer, 22) = Wy (21, 22)] = i Wy (21, 22)

— (Apvy — Ayv,) Xa(21, 22) + (Apve — ) (W21, 22) + Ya(21, 22)]

+icuap® v v X a (21, 22) — i€uap®y 15 Va2, 22)

— (Apvy — o) B W (21, 22) + (Ruve — Ruyu) # Z(21, ZQ)}’Ys]Ba.

@ Those eight invariant functions are related to the B-meson higher-twist LCDAs:
By =T, — Ty, By =W,y + Ty,
Uy =Ty + Xy, Uy =®4 — X4

U5 = —Ws + X4 —2Ya,

B5 = Ug + Uy +2Y4 — 2Y4 + 2W.
U5 = -0y — X4 +2Va,

Bg =Ty — Uy +2Y4 + 24 +2W — 42
@ Asymptotic behavior at small quark and gluon momenta [Braun,Filyanov,1990]:
2j1—1 2jp—1
dlwi,w2) ~wit T w27 ¢ € {3, pa, s}
@ Normalization conditions:

1 1
Uy (z =0) = g,\g, Vy(z=0) = gxg.
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B-meson LCDAs and RGE

@ The general model of B-meson LCDAs:

bhw) =
¢p(w)

g-(w) =

p3(wi,w2) =

pa(wr,w2) =
Pa(wi,w2) =

¢5(wi,w2) =
Ps(wi, w2) =
Ps(wi,wa) =

d6(w1,w2) =
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wf(w),

[T 050+ 503 = X [ @) +aws ) =2 [T an o)

1
4

7—/ dwi /oo dwg—(lfi)w‘s(whwﬁ,
Wy

,5%()\2}9 — A2 )w1w2f (w1 + wa),

1
5%0\25 + )\?{)wgf(wl + wa),
%)\%wlwzf(wl + wa),
2O+ N [T dw f(e),
witwa
2 oo
%)\Ewg/ dw f(w),
w1 twy
2 oo
;{)\ng/ dw f(w),
wytwa

(AL —2%) dw/ dw’ (o).
wi1tws w
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B-meson LCDAs and RGE

@ Exponential model: @ Local duality model:
1 - 5 3
flw) = —e “O. f(w):i‘%(Zwofw) 02wy — w).
w§ 8wg

@ Three-parameter model of d)g(w, 110) [Beneke,Braun,Ji,Wei,2018]:

I
8w, 0) = T3 e /00 (5 — 0,3 — a0/ we).
9]

where the three parameters are related to the shape parameters of qﬁ; (w, po)

a—1 a—1

Ap = Twos &1:w(ﬁ—l)—w(a—1)+ln(5_1)7

B -

2 a—1712 , ,
62=—+ |¥(B—1) —¢(a—1) +In( )| - RB-1) -y (a-1)].

6 B—1

@ The representation of ¢§ (w, 1) and ¢ 5 (w, p) in dual space [Bell,Feldmann,Wang,Yip,2013]:
Gh.n = [T ds VST @vEsL (5,10

s = [~ d“/ ds Va5 1 (2Ve's) (ma (s ) + 1 (s, )) -
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B-meson LCDAs and RGE

@ RG equation at one-loop in the dual space [Bell,Feldmann,Wang,Yip,2013;Beneke,Braun,Ji,Wei,2018]:

N+ (s, 1) = Ut (851, pro)n+ (s, po);
08" (s, 1) = rN/POUL (55 1, po)ns” (s, o).

@ Scale-dependence LCDAs:

W '(B) LA-2
¢k (w, ) = ?U; ?(w, 1, o) T(a )G21 (— R’aﬂ’vl) ,
_ w L(B) o1 (w081 A Ap = Ay D(B+2)
dp(w,p) = —U; 2 (w, 1y po) (o) Gl <w0 n,a71w) — U5 (w M,HO)EITS’HW

0,8— w |0,8—-2 w |0,8-3
1 21 (W _9g—1q2 (X 21 (W )
|:(B )BG23 (UJO ’N’a_11n> (B )G23 wo lk,a—1,k + G23 wo |m,a—1,n
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Numerical results

The LCSR for B — P form factors:

i i, i, i, (A i,he i,
I P(‘12) :fBl;T’I,JEP(q2) + fB}}I’TNLP(q2) + f’LB(P,zl\;LP(qz) + fB};D NLP(qQ) + fB‘g)NLP(qQ)'
A Input Ap = (350 £ 150)MeV, A, = (400 £ 150)MeV ;
{65, .05, ) = (07,6}, {0.7%/6}, {-0.7.~6}.
s

V' Subleading power corrections from

@ higher-twist LCDAs - 25%
@ b-quark field in HQET - 6%
@ hard-collinear propagator -19%

0.0F .

- : N - , - @ four-particle LCDA 4%
03 @ total -46%
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Numerical results

@ SU(3)-flavour symmetry breaking

i fE x(d®) .
Ry (@®) = BE=2, (i=+,0,T).
® I5x(a%)
1.7 L7
— R
— Rl — R
1.5 15
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Numerical results

@ Large recoil symmetry breaking for B — 7 form factors

1.2]

0.9

0 2 T 2
RO+( )_ mp wa(Q) RT,+(q2)_ mp fBW(Q)
T o0 B = —",
nepfh o (a?) T mp +mx f1 (g%
1.6
— R — Ry
Ry R
e | S e

0. 8]

@ Dominant breaking effect for Rg

uang

. 1
¢ (GeV?) (GeV?)
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Numerical results

@ Performing the combined fit from the LCSR and Lattice QCD [MILC,UKQCD,HPQCD] with the
BCL-parameterize(N = 3) [Bourrely,Caprini and Lellouch,2010]

(q)— 2/M2 Za B M[z(q,tg) - (=" Nz z(q to) ]

fa(d® )_ 2/M2 Z a, ,BM 2(q”, to)"

@ The predicted B — 7 form factors from the combined fit

—— MILC ' (LQCD+LCSR)

12 — UKQCD s f°(LQCD+LCSR) 12 = MILC o f7(LQCD+LCSR)
= B e ==siaacn) e LCSR = [T(LQCD)
o o LCSR(/) s f°(LQCD)
I = i
T 0.4 .

0.0 0.0

-0.3 0.2 0.1 0.0 0.1 0.2 0.3 -0.3 0.2 0.1 0.0 0.1 0.2 0.3
2(¢%) 2(¢%)
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Numerical results

@ The predicted B; — K form factors from the combined fit

i [ *(LQCD+LCSR) —= MILC 1.2 R
s fO(LQCD+LCSR) —— HPQCD /" (LQCD+LCSR)
m— f*(LQCD) —— UKQCD e LCSR
e f(LQCD) —+— LOSR(f")
I + LCSR(/")
I I 1
0. 0] .
-0.2 -0.1 0.0 0.1 0.2 0.2 0. 1 0.0 0.1 0.2
) =(q?)

@ The predicted B — K form factors from the combined fit

1.2 —— MILC = f*(LQCD+LCSR) 1.2
- HPQCD s f*(LQCD+LCSR) —— MILG m— /7(LQCD+LCSR)
— LCSR(/*)  memm f*(LQCD) —— HPQCD  wmm f7(LQCD)
—— LCSR(/%) 9(LQCD
== f1LCD) —+ LCSR

0. 0|
-0.15 -0.10 -0.05  0.00 0.05 0.10 0.15 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

=(¢%) =(¢°)
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Numerical results

@ Differential decay rate of the B — mw{v, decay

0. 8] 0.4

~+— BaBar 2011 (6 bins,

— Lat

—e— BaBar 2012 (12 bins, unta — Lat
m—Lat+LCSR m—Lat+LCSR
—— Belle 2013 (7 bins, tagged)
m—Lat+LCSR+Exp m—Lat+LCSR+Exp

—— Belle 2011 (13 bins, untagged)

Belle 11 2022 (6 bins, untagged)

0. 0] -
0 5 10 15 20 25 0 5 10 15 20 25

7 (GeV?) A(Gev?)

@ Determined of |V, | by fitting with experimental data from BaBar and Belle Collaboration:
[Vus| = (3.76 £0.13) x 1073,

Confronted with |V |ae = (3.74 £ 0.17) X 1073 from B — 7l [FLAG, 2021].
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Numerical results

@ Differential decay rate of the By — K/{vy decay

s LQCD

mmm LQCD+LCSR

0 5 10 15
¢ (GeV?)

@ The predicted branching radio for By — K /v, decay

0. 2|

0.1

d(B, - K*7v,)/d

0. 0]

s LQCD
s LQCD+LCSR

Br(Bs — Kévy) = (1.20 £ 0.13) x 10~ *
Br(Bs — Kfvp) = (1.06 & 0.0544a¢ & 0.084yst) X 107%  [LHCb, 2021] .
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Numerical results

@ Differential decay rate of the B — K% and B~ — K vi

= LQCD
m LQCD+LCSR

dU(B~ — K~ vir)/dg* x [107Tps™'GeV 2]

m LQCD

m LQCD+LCSR

0 5 10 15 20
¢ (GeV?)

@ The predicted branching radio for B~ — K~ vi decay

Br(B™ — K wi) =4.31570370 x 10°°  (Our

P (GeV?)

work)

Br(B™ — K~ vp) < 2.6 x 107°(90%CL)  [PDG, 2022]
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Numerical results

@ Angular distributions
@ The forward-backward asymmetry

0.010) 0.5
0. 008} — B > T 0.4 — B 7TV
— 5, Ky — 5, KT
< 0..006]
¥
=£0.004
<
0. 002 0.1
0.000} 0.0
0 5 10 15 20 25 0 5 10 15 20 25
F(GeV?) (GeV?)
@ The lepton polarization asymmetry
1.00 0.5
0.98
0.0)
[ = 0.5 — D 7Ty
0.92 w— B, = Ky — D, K71/
0.90) -1.0)
0 5 10 15 20 25 0 5 10 15 20 25
¢*(GeV?) F(GeVv?)
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Numerical results

@ The flat term

0.020

0. 015}
f‘ 0.010)

0. 005

0. 000

— D > T

— B, Kpv

0.8

—-— 3 TV

w— B, = KTv

7*(GeV?) A(GV?)
B — Bs > K
1 T 1 T
AL 1 3.99(35) x 1073 | 0.248(5) | 4.49(21) x 102 | 0.267(2)
Ff 8.04(72) x107% | 0.514(12) | 9.10(43) x10~% | 0.555(6)
A5, 0.988(1) 0.266(29) 0.987(1) 0.191(14)
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Conclusions and Outlook

@ Subleading power contributions to the form factors reduce the leading power
contribution 33%-50% numerically.

@ One-loop level resummation for subleading power contributions is required to
improve the precision and reduce the scale dependence.

@ Best understanding the RG evolution of the higher-twist LCDAs is necessary.

@ A global analysis on the determination of |V,,;| is required.

Thank you for your attention!
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