CKM matrix elements from B decays
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Puzzles in the determination of CKM matrix elements

|Vcb| From inclusive decays From exclusive decays

103 |Vp | = 42.0 £ 0.5 103 |V, | = 39.5 + 0.5

103 |V, |2Ver = 40.7 + 1.3

|Vub| From inclusive decays From exclusive decays

103 |V, |0l = 4.06 + 0.11 + 0.13 + 0.18 103 |Vyp|®* = 3.75 £ 0.06 £+ 0.19

103 |V, |BsA = 3.43 + 0.32

103 |V, |9%¢" = 3.89 + 0.16
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Inclusive decays B — X v

dr
dq2dE,dE,

= 2GE|Vp|PW P Loy wab = %Im TP (left cut)

T% = —if d*xe™" *T[J},(x)],5(0)]

OPE & Heavy quark expansion
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Theoretical uncertainty:
* Power correction
* Nonperturbation parameter

e Quark mass scheme...

Quark hadron duality violation?
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T = [calculable terms]|V,| (w )3 (w) for5 = w=v- v
(w? —=1)2F%(w) forB-D
HQET constraints T(z*)(l) = 1 in heavy quark limit
Fermilab/MILC
Including QCD and power corrections "N acn
07|
T*(]-) =1+ CA(“S) + m,, (LUke) + O(AZQCD/mg,b) 0.6
C:
<05
F(1) =1+ cy(as) + 0(Noep/mZp) £
04
Lattice simulation Fermilab, MILC, 2105.14019; JLQCD, 2306.05657;HPQCD, 2105.11433 5
Extrapolation: BGL parameterization 2
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Light-cone sum rules: valid at large recoil region

F— MILC15 + HPQCD15'
1.2k— MILC15 + HPQCD15 & LCSR
L MILC15 + HPQCD15 & LCSR & BELLE15'

The correlation function
fd4xeip.x<M(P)|T‘Uweak (O)JIM(x)}l())
fd4xeip.x<0|T{]weak (O)r]B(x)}lg(P»)

7 N

(¢*)

0.8F

BD
I

Quark level Quark hadron = Hardon level 3 0 ; 6 5
OPE = duality Parameterization ¢* [GeV?]
] —— MILC21
28F __ MILC2r & LCSR
* B — D form factors: leading power, NLO corrections [ Wang, Wei, YLS,2016] L MILC21' & LCSR & BELLELS

AP (%)

* B — D form factors: LP-NLO+NLP [Gao, Huber, Ji, Wang, Wang, Wei, 2022]

* B — D(D*) form factors: SCET+NLO+NLP [Cui, huang, Wang, Zhao, 2023]
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Light-cone sum rules: valid at large recoil region

* Main uncertainty of LCSR: LCDA

1
iFgmpg

d . _
b5(@) = 7 [ 5 e~ Iy - nys[en, 01, (OIB™))

* LCDA from Lattice The Large momentum effective theory [Ji, 2013]

/”‘—I__\y
Boost match W?’
» «————»> > z
. . ! N oat m A?
Quasi-PDA T (&) = fo du H(¢,u,u/P?) ¢ (u;ﬂ)+0<(Pz)z " (uP?, uP?)? )

D meson LCDAs from Lattice: LPC collaboration, 2604.25802

* B — D form factors from D meson LCDAs Qu etc., in preparation
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Inclusive decays B — X, tv

(local) OPE region Similar toB — X.£v, large background
two kinematical
regions QCD factorization  B. Lange, Nuebert, Paz, hep-ph/0504071

Shape function region
T =YH(uq,..u)J Uy, ... Uj; 01, ... 0;) Q S(wy, ... w;)

Alternative methods Gambino etc.,0707.2493; Aderson etc., hep-ph/05093601

- _ Opgl(1+v- ~
* Shape functions Leading Shape functions (B|h,,Y(x_)a Y*hv(O)bB|B) = Al;az( > y) S(xy)
Cc Ba
More Shape functions are defined by suppressed operators
* Modeling shape functions and perspective form Lattice simulation: Ji Xu’s talk at HFCPV2025
* Weak annihilation contributions
Babar+Belle+CLEO |Vup| = (4.06 + 0.12xp £ 0.13¢heo = 0198 modal) X i~ (inclusive)

2026/5/24 2026LHCbHT U FEAF i) 2



Fisifx %

w2 OCEAN UNIVERSITY OF CHINA ’ - ! o n . o

Exclusive decays: B —» mfv & B; = Kfv

Partial decay width(massless lepton) dr _ Glglvubl2 Ip |3|f (q2)|2
dq? 24m3 O UT

Partial decay width MZ — m? M3 — m?2
Y (r()IV¥|IB(P)) = f+(q?) (P“ +p# —%QO +f0(q2)%q“

Lattice simulation Extrapolation: BCL parameterization
* FNAL/MLIC, 1507.07839; 1901.02561 1 N-1 (—1)"_Nk
* HPQCD: 1406.2279; 1501.05373; 2303.11280 f+(q2) = > z b; le SN —
. JLQCD: 2203.04938 1—q%/mg- £~ N
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Heavy-to-light form factors at large recoll

f+(B) = C{O(E) ep(B) + | dfrchl (E, ) Ep(r, E)

Factorization of heavy-to-light mp O AO / d C’ E
form factors at leading power 2F fo(E) = fo T ,T) Ep(T, E)

mp

me(E) AU)( )gpl +[dTCffl (E,T) Ep(r, E)

Soft form factor: large

T e Symmetry breaking part

B-meson LCSR Wang, YLS, 1506.00667; YLS, Wei, 1607.08727; Lu, YLS, Wang, Wei,

Light-cone sum rules for 1810.00819; Cui, Huang, YLS, Wang, Wang, 2212.11624

B — m, K form factors

7, K -meson LCSR Duplancic etc., 0801.1769; Duplancic, 0805.4170; Khodjamirian etc.,
1103.2655; Leljak etc., 2102.07233
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Heavy-to-light form factors at large recoll
B-meson light-cone sum rules for B - mK Cui, Huang, YLS, Wang, Wang, 2212.11624 | —if*(LQCID+LCSR.‘) o MILC
6.0 mmm fO(LQCD+LCSR)  —— UKQCD
m fH(LQCD) —— LCSR(f*)
. . . . . [ mmm f(LQCD —— LCSR(f)
* Leading power contribution to the correlation functions: NLO+NLL %4'0 ( )
* Next-to-leading power corrections: 5 ol
higher twist;
0. O Femm—s———
heavy quark expansion of the hard-collinear quark propagator; - ’ ’
the subleading matrix element of the effective heavy-to-light current... —————s - - -
—— MILC s [ (LQCD+LCSR)
« Combined analysis of Lattice and LCSR 3.0p T HPQCD T s fU(LQCD4LCSR)
—— UKQCD m— f+(LQCD)
enof LRI e f2(LQCD)
_3 ) »i;_; —— LCSR(f*)
|Vub|B—m€ag = (376 £ 0.13) % 107", (BCL fit with N = 3)
! ]
0. 0Ex 2
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Baryonic decays A, = A4V, Ay, = pfy
Form factors

M — M + 2 2M
(F@ 5|2y, blas(®,9)) = ur(@',s") [fo( T, S+m(py+p' Z)m (yu——mpﬂ——pﬂ>]uAb<p.s>

D . (M +m)q M—-m . (M*—m?)q 2m 2M
(F®',sN|qv.ysb|Ap(p,9)) = —up(p’,s") goT”+g+ - py+pu—T" + 91 (Vu+——p* =i ) |12, @)

Heavy quark limit for A, — A,
fo=f+=fL=80=8+=81L=%F

Large recoil limit for A, = p

Br(Ab - p'uv)q2>156 2 _ (1.471 + 0.095 + 0_109) @ W. Detmold etc. 1503.01421

Br(Ap = AchV) gzs7gev? cb

Lattice simulation

Br(Ap - puuv)q2>1SGeV

— = (0924 0.04+0.07) x 1072 =
Br(Ap = Acpv) g2576ev? )

= 0.079 £ 0.004 £+ 0.004
LHCb, 1709.01920

LHCb measurement

Vcb

LCSR Large theoretical uncertainty form baryonic LCDAS

L H tc., 2205.06095; Miao etc., 2206.121
« Unknown power suppressed contributions uang etc., 2205.06095; Miao etc., 2206.12189
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* Other processes
|V“b| - (305 i—ll??(é)l|th i—(())218 exp) X 10_3" [fI'OIIl B — pfﬁf]
B> (p o)ty |Vub’ = (254 jll(())59|th 1L81198 exp.) x 1073, [fI’OHl B — a)fﬂg]

SCET sum rules: Gao etc., 1907. 11092

B - uv QED corrections are about few percent, theoretically clean

Cornella etc., 2601.14361

* Improve the precision of LCSR predictions
More precise LCDAs of B meson and light mesons;
more systematic study on power suppressions;

Reduction of the uncertainty from quark hadron dualities: e.g. reverse problem approach

2026/5/24 2026LHCbHT U FEAF i) 2




Fisifx %

OCEAN UNIVERSITY OF CHINA i L | .

Summary

There still exist discrepancy between inclusive and exclusive determination of V., and V,;;,

LCSR can reduce the uncertainty of the form factors from Lattice at large recoil region.

Improving the precision of LCDAs and other nonperturbabtion parameters is required to deduce the

uncertainties
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