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Motivation: Signficiance

Asymmetry between matter and antimatter indicates the interaction with
CPV, Heavy flavour physics (HFP) provides many processes with CPV, but
is not enough and new mechanism of CPV is imminent.

In the post Higgs Era, the precise testing of SM and searching of NP are the
core tasks of particle physics.

HFP plays am important role in both two targets.

B meson decays is the vanguard of HFP study.

Timeline of B physics

T

— = —

T

1973, Kaboyashi & Maskawa proposed a 3 x 3 unitary matrix (4 parameters) of
quark mixing to accommodate CPV,
1977, CFS-E288 at Fermilab discovered T meson (bt_)), Lederman,
1981, Bigi & Santa pointed out the expectation of large CPV in BY decay according
to CKM theory,
1987, Oddone proposed the construction of B factories to study CPV,
1999, BABAR and Belle started running; 2001(04), Acp(t, f)(Acp) in BY decays,
2009, LHCb played in to the game; 2013(20), Acp(Acp(t, f)) in Bs decays,

2012, Acp in BT decays; 2019, dAcp in D decays,

Anomalies: Ry(x), Rp, P§, Bs = ppt, [V, |Ves|
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Motivation: Experiment promotions

Success running of B factories(1999-2008), CPV in B° decays, anomalies
LHC(2009-2023), 3-5 order more events, CPV in BT, By, D decays, anoma.

SuperKEKB(2018—2026), 8 x 103°cm~2s~1, 80 times larger than that of KEKB,

t reduce the uncertainty of |V,| from 2.5% to 1.2% in B — wlv, plv

improve the accuracy of Acp,0Acp in B — K*m, Kp, K*p to that in K7 channel
B — VV: f|, relative phase ¢, ¢, do and helicity CP parameters .A%P,.Aép
CKM triangle angle a from B — 7070, and et al.  [CERN Yellow Rep. Monogr, 2019]

The first measurements of Bt — ptp% BY — K970 have been released [Belle-II, 2021].

T
T
T
1

HL-LHC(2027-2033), £ = 23(300)fb~! in phase 1(2), 2 order larger than it at LHC,

1 reduce the uncertainty of | V| from 2.4% to 0.7%(0.4%) in B — 7w, wp, pp
T improve the measurement of C_

t CKM triangle angle a from B — pp, pm, and et al. [E. Kou et al. [Belle-1], 2019]

+n—>Stn— by three times (one order)

@ More precise study of B decays from the theoretical side is imperative.
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Motivation: Theoretical progresses

@ High precision calculation of two-body B decays

t B — wm decay is studied from LCSRs [Khodjamirian 2001,03,05]

the high order & power corrections of B — P, V form factors LQCD [HPQCD 2013]
[Bharucha 2016, Wang 15,16,20, Lii 19, Beneke 17, Gubernari 19, Cheng 17,19]

T NF: ~ Fg_sm, ® gy [Khodjamirian 2001,03,05]
GF: pQCD corrections from O;—;1 5 and Oj—3 19  [Ali 1998,99]

QCDF: VC to M, + correction to spectator scattering, full NNLO
[Benele 2010, Bell 15, 20, Huber 16, Beneke 06,07, Jain 07] [Lu 2022]

t SCET: introduces different fields in different energy regions, simple kinematics but

complicated dynamics [Bauer 2001, Chay 04, Becher 15], QCDF /SCET [Beneke 2015]

@ To eliminate the end-point singularity emerged in collinear factorization,
the PQCD approach is established by picking up the kt of valence quarks.
t B — M FFs and the annihilation amp. are both calculable [Keum 2001, Lii 01]
T LO (O(as)) B — PP, PV, VV decays [Xiao 2007; Lii 02; Li 05, Li 06, Zou 15], [Hua 2021]
f partially NLO (O(a2)): factorizable amplitudes [Cheng & Xiao 2021]
to effective operators [Mishima 2003, Li 05]

to hard scattering [Li 2012, Cheng 14], [Li 13, Cheng 15,15, Hua 18], [Li 14, Liu 15,16]

@ A systematical study of B decays with high accuracy is in time.
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PQCD: Three scale factorization frame

New physics: Lyp
|

~

Electroweak scale (mw): Lew + Lp>a
1
Heavy quark scale (mp): Leg = *% Vexwu Y ; Gi(p) Oi(1) + Lesr,p>6

!
Hadron scale (Aqcp): LCDAs, PDF, PDA

@ Derive the effective Hamiltonian by integrating over myy [Buchalla 1996]

T Product of two charged currents is expanded by a series of local operators O; with

the weighted coefficients C;

@ Dynamics at the scale O(my) is absorbed into Wilson coefficients C;(u)

]L C; is obtained by matching the L.g with the full theory of weak decays
[Ma 80, Inami&Lim 81, Clements 83]

@ The rest go into the four fermion effective operators O;(u)

@ The key is to calculate the hadron matrix element (M; M,|O;|B)
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PQCD: Three scale factorization frame

b ufc b ufc
PN d/ s dfs
w w
/e dfs /e dfs f
(a) 0] .
Tree Different CKII |, ™ AN
B ufe h we | Different weak phages Pengui
b W dfs
w w
afe dfs afe dfs "
(© ) ?
(d)
v W v \
Diagrams at scale O(mw) wverd  Rure lepton
d/5 3
) N @) N
Effective tree, bullent denotes O; N we LS BN w/eft AU
) ey wle B jufe ’ Osillation
K o N RN
/e dfs ufe d/s ajc dfs
(a) ® ©
. £ oscillations
@ Integrating over the my and my u

@ Weak phase difference between
charged and FCNC of b decays

loop processes
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PQCD: Three scale factorization frame

@ Diagrams at scales O(Aqcp) — O(mp): Hadron matrix element (M; M»|O;|B)

@ Factorization: detach the hard kernel H ‘ O; at scale O(my) ‘

from the hadron wave function ® ‘ B, My, M> mesons at scale O(Aqcp) ‘

@ Prediction power: H is calculated perturbatively order by order, ®s are universal

\4 \4 3V N
b 3 3
i : s 5
different - -
(2) (b) (c) (d)
stron
g factorizable ll‘lllld\l\’l Il(liii\.
phases b ‘ > | | | |
e f

@ End-point singularities appear in diagrams (a,b,e,f)
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PQCD: Three scale factorization frame

@ Introduce k1 to regularize the end-point singularity [Huang 1991]
@ Enriches the study of hadron DAs, TMD definition with Wilson link, observables

@ Scales of transversal momentum and the large logarithms [borrowed from H.N Li]

A"]' 4
O x() ~ A at small x for soft parton
scales li7 can be \/QA
in QCD kept in H
diagrams - 0> Q2 )
form — @—— In _1) hlm inH
various
logs $ Hinsensitive
_ 0?2 202 A,Q to 'I"T ~ A
(Q = msg) A——In AL-’ In ]QL# =) factorization
— T T
large logs

t Multiple scales and hence large single logarithms in H and ® from QCD corrections
t Double logs in the soft-collinear regions as(u) In?(k%/m?%)
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PQCD: Three scale factorization frame

@ In order to repair the perturbative expansion, do resummation by using RGE

@ kt resummation for H and obtain S(x;, bj, Q) [Botts 1989, Li 92]
t decreases the inverse power of the momentum transfer in the divergence amplitude
1 exhibits high suppression for large transversal distances (small k7) interactions

@ Integrating over kr, large log In?(x;) when intermediate gluon is on shell

@ threshold resummation for ® and obtain S:(x;, @) [Li 1999]

1 suppresses the small x; regions
f repairs the self-consistency between as(t) and hard log In(x1x3 Q?/t?)

i dynamics with kt < v/ QA is organized
into S(x, b, Q)

i dynamics in small x is suppressed by

Si(x, Q)

M(B — MiMp) = 5, Cilmw, £) © Hi(t, b) © 6(x, b) Bxp [=s(p*, b) — [}, Loy (o ()]
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PQCD: Progresses towards to NLO

M(B — M1M2) = Zi Ci(mW7 t) ® Hi(t7 b) ® d)(xz b) Exp [—5(P+, b) - flt/b dfﬂ'yd)(as(p‘))]

@ The NLO QCD/QED corrections to C; has been finished [Buchalla, 1996, Rev. Mod. Phys]
1(GeV) 10 20 30 40 498
(g 0.63, 047 0.39, 030 032,0.25 0.29,023 0.26,021
11 as(my y 5 : = 09
Cl (mW) — - 5( ) R Ci() -0.27,-0.51| -0.61,-0.31| -0.85,-0.24| -1.05,-0.20| -0.83, -0.17
2 4rm Gl | L1198 | 133,115 | 10,111 | 166,100 | 148,107
Co(mpy) = 1 — 11 as(mw) 35 aem Caw) | 001,006 | 003,000 | 005,002 | 006,000 | 005000
6 4m 18 4w Cul) | -0.03,-0.00| 006, -005| -0.08, ~0.0¢| 0.0, -004| 0.7, ~003
2
as(my) my 2 Ci(k) 0.01, 0.02 0.02,0.01 002, 0.01 0.02, 0.01 0.0, 0.01
Cs(mw) = Eo(—t) - =
24 miy, 3 Colp) | -0.03,-0.13| —0.09, ~0.07| -0.15,-005| -020,-0.04| 0.1, -0.04
1 2 2 Cr(p) 0.00, -0.00 0.00, -0.00 0.00, -0.00 0.00, -0.00 0.00, -0.00
Qem 2B t t
A 0(72 )+ Go > ) Co() | 000,000 | 000, 000 | 000,000 | 000,000 | 000,000
67 sin?6yy
Cq[p] -0.01,-0.01| -0.01,-0.01| -0.01,-0.01| -0.01,-0.01| -0.01, -0.01
as(mw m 2 )
CA(mW) _ 5( ) |:EO( 2[ ) _ 7j| s Cholp) 0.00,0.01 0.01, 0.00 001, 0.00 0.01, 0.00 0.01, 0.00
g o3 LO NLO

1 Inami-Lim functions B, C, D, E from box, Z,~, g penguin diagrams, respectively

t Scale running from my to O(mp) by evolution matrix: Ci(p) = U(p, mw)Ci(mw)
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PQCD: Progresses towards to NLO

@ The NLO corrections to ME (M; M| O;|B)

\\M;/ Emission \/ \ \/ Emission \\//
3 M2 3
(a) . (b) (c) (d)
factorizable nonfactorizable/spectator
Anihilation Anihilation (h)

T Vertex of effective operator in M, ;, Completed in collinear factorization [Beneke 2001, Mishima 03, Li 05]
t B — P transition form factors in Ma,b Done up to twist three [Li 2012, Cheng 14]

T EM form factors in M, ¢ Done up to twist three for PP, PV [Li 2010,12, Cheng 14,15, Hua 18]

T Scalar form factor in M, ¢ with helicity flip Done up to twist three [Cheng 15]

i Glauber gluon correction to M. g Done for M = 7 [Li 2014, Liu 2015,16]

t TMD wave functions [Ji 2004, Bacchetta 2008, Collins 2011,14] [Li 2004, 2014, 2015]

¥

NLO corrections to spectator annihilation amplitudes are still missing
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B — PP, PV, VV decays: Amplitudes

@ General decomposition of Wilson coefficients for each certain effective weak vertex

Weak vertex Typical amplitudes Wilson coefficients
[s,5,51,[d,d,d] LA gl ra: a3tag—DH0 CypCy - D300

spectator meson M3 LR AR ELR AR as-%, Cs-%

P SP C;

AT, & /ﬂ, a-%, Co-%

[d,s,s), [s.d.d] LA, gl At a-%, -3

la1, 92, a3] ELRyALR, gL ALR ag- %, Cs*%l

4 [ssdl, [dd.s] ELL/ALL,  ELL AL -2, -

emission meson M, R/ ALR, LR LR a9, Ce- S
[,u,s],  [w,0,d] gy, gl /A @, G

ELRiALR LR AR as+ag, Ca+Cio

&5 1A, Bf,f/ﬂ,‘,F as+ay, Ce+Cy
[s,u,ul,  [dyu,u] gilljat, el /Al a, G

ELRyALR - gL ALk as+a, C3+Co

&S IASE, &R 1A ag+as, Cs+Cr

@ ie. Decay amplitude of B* — 7+ K? at NLO

G,
M@B" - K% :TV:bvﬂ[alﬂn +Cl‘ﬂNFn+Mgl:uI)C"lr']+ V2 [bV”Mg‘EfIJ@”. - \f’; V:bvl-‘[( ;J)SJI:‘L

< C fol
+ (as - ?“)5;1’ + (c; - 7")5}&” + (cs - 7)6‘,;,‘3 + (a4 +a10) AL + (a6 +ag) AP

[s.d, d]

L
+(C3+Co) AR, +(Cs + O AR+ MG, *Mﬂ’;@m}
/\ the glauber gluon corrections and TMD wave functions are not taken into account in this work
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B — PP, PV, VV decays: Amplitudes

@ Operator decomposition of B — PP decays

Tree/color-favoured tree emission

QCD Penguin

Color-suppressed tree emission

Pem: Electroweak penguin

E: tree annihilation amplitude

Shan Cheng (HNU)

Topology Channel
{P,T,C,E,Pey } K+, n K~
{T,P,C,E,P,,} w1l

{T,C,Pew } P
{P.E,Pyy } TR, KT, KTKY
{P,Pew } 7,
{T,P,E,Pey } ata—
{P,T,Pe } Kt
{C,E,P,P., } 7m0, 70n,, ngng
{P,C,P. } nOKO, 1, K°
{P.Pew } nsK®, KPR, 7'y, nsns, 1a1s
{E,P,P. } KtK—-
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B — PP, PV, VV decays: Numerics

@ Main uncertainties of PQCD calculation: high order QCD corrections & LCDAs
1

1 characterized by the variation in the factorization scale
t minimized by setting u: as the largest virtuality in hard scattering

T two-loop expression for the strong coupling

@ Input parameters of meson LCDAs

Meson n*[n® K*/K° g s
m/GeV [108) 0.140/0.135 0.494/0.498 0.104 0705
S1GeV 0.130 [108] 0.156 [108] 0.125 [114] 0.177 [114]
molGeV 1.400 1892 [112) 1.087 1.990
a 0 0.076 £0.004 [113] 0 0
@ 0.270+0.047(14] 0.221£0.082 [113] 0.250£0.150 [115] 0.250£0.150 [115]
Meson P 1p° K*=*[K* @ [
miGeV [108) 0775 0.892 0783 1019
ArGev 9] 0.210/0213 0.204 0.197 0233
[H1Gev 0.144/0.146 [116] 0.159 [9] 0.162 [9] 0.191 [9]
dl 0 0.060£0.040 [117] 0 0
at 0 0.040£0.030 [117] 0 0
al 0.1800.037 [116] 0.160£0.090 [117] 0.1500.120 [117] 0.230£0.080 [117]
a 0.137+0.030 [116] 0.100£0.080 [117] 0.140£0.120 [117] 0.140£0.070 [117]

default scale 1 GeV
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B — PP, PV, VV decays: Numerics

@ Anatomy of NLO corrections to B and Acp of mm, 7K modes

Mode Lo e oL P Lo PDG [105]

BB* >n'n) 3.58 3.89 - - 4181432 55404
Ace -005 0.09 - - 0.08°0% 314
BB —rtx) 697 6.82 692 676 7311238 5.12£0.19
Swon -31.1 -355 ~46.4 -37.0 -36.4*13 —65+4
BB -2 0.14 0.29 030 0.22 0234997 1.59+0.26
Coon 3.1 60.1 736 77.6 80.2452 33£22
BB 1K) 17.0 208 280 194 20343 237208
Ace -L19 -095 -0.06 -008 —0.08+048 ~17£16
BB K" 10.0 12.75 16.76 11.92 12343 129£0.5
Acr -10.9 -520 226 2.48 22818} 37121
BB > K*) 143 18.0 239 164 19.6£0.5
Acr -152 -142 —4.16 -5.42 -83£0.4
BB 1K) 590 8.12 104 6.99 738134 99205
Cogo -2.62 -731 —6.57 -7.97 ~1.70403 0£13
Sk 70.1 735 716 71.9 71904 5817

t B: QL and MP corrections cancel, VC and NLO ffs do not have a significant effect

t NLO corrections change asymmetry parameters more significantly than B
T VC (QL) flips the sign of the direct CPV of 7770 and 7070 (7°K*) modes

Acp(BY — K*a0) — Acp(BT — KTn™) =7.71737L(PQCD) VS 12.0 £ 2.4(Data)

 Color-suppressed modes (797%, 79K®) are more sensitive to NLO corrections.

t PQCD shows a large direct CPV in 7~ K+, 77~ modes in 2000 (LO), which are
confirmed by BABRA and Belle afterward.
/ 26
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B — PP, PV, VV decays: Numerics

@ Updated PQCD results for the branching ratios of B — PP decays (in units of 1079)

Mode PQCD SCETI [125] SCET2 [125] QCDF [127] PDG [108]

y —— 203463401 B . 217434 237+0.8
1234801 RS . 12543 129£0.5
S0 15830 69.5+£28.4 69.3+27.7 745458 T04+2.5
27+4.8 23245 22+29 24204
18453 1312017
. 41803300022 4,45 - . 59'%8 55404
"g=Ts Mixing 2.001937103¢ 24113 28413 38148 27£09
V' Mg-Ns-Ng MIXing' 'y 2.62/0781048 49220 50+2.1 50113 4022027
[Fan 2012] P ok 17145201 e - 1934118 19605
7384210008 . . 8.6'3% 99205
5238084 6324263 6224254 70954 664
463415750 24144 23244 15417 123977
1.4g*037:000 - . 21003 12120.16
B kYK~ 0.046° 5055 +0.008 0.1£0.04 0.078£0.015
B osnta 73145003 5.35 70008 5.12:0.19
v Glauber gluof effect’s’ 023533331 0.61 = - [EH 159026
[Liu 2014] B~y 02045034002 23228 13206 042328 1206
B9~ % 02045004002 0.88£0.68 0.680.62 036013 0412017
Bom 037004008 0.6940.71 1015 032018 <1
B 02910004008 1016 22455 03607 <12
B =y 042004013 0.57+0.73 1237 022016 <17

+ NLO corrections play an important role in penguin dominated models 7K, n’K and pure
annihilation mode K%K?°
T PQCD predicted B(Bs — n+t7~) ~ 6 x 107% in 2007 (LO), confirmed by CDF in 2011
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B — PP, PV, VV decays: Numerics

@ Updated PQCD results for the CPV of B — PP decays (in units of 1072)

PQCD SCETI [125] SCET2[125] QCDF [127] PDG [108]

~0,08+008+0.02 0.285% -17£16
22841334030 - 493 3.0=2.1
~183040 00 ~1x1 71 045414 0411
—7.75t 308 08 33231 ~33240 -145° 08 -37:8
183419301 —64+20
0.08+0.06+007 -0.11:008 3z4
68942410 21221 218 160198 6=16
248134408 529 3729 —5.0°87, ~14:7
[Fan 2012] B = K* —5.43+1364120 ~7.4%48 -83+04
oKD BRI 106732 Copo =013
790303 - 79.0472 S0 =5817
B kg ~2.65+010:007 L1x14 -27:12 30050 Cpo = ~6£4
6980101 706 715 67.0+14 Sypo =63£6
B = Ky ~7.88+0 14000 21221 ~18£2322 -23.6150
70.0152402 69 79 79042
B KK 17313508 10047 Cigug =040
5341181033 . Sxgxg = -80S0
B ot —12.8433+1 17.0%3 Coon- = =324
-36.4*05414 -69+30¢ Spop =654
B0 2020 -80.2+3 2404 - 57.2437 Cop= 33£22
5351413

December 9, 2022
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B — PP, PV, VV decays: Numerics

@ Updated PQCD results for the branching ratios of Bt — PV decays (in units of 1079)

Mode PQCD SCETI [128] SCET2 [128] QCDF [127] PDG [108]
B K0 552410 8530 99437 10443 101208
B 0K 42423 65420 67423 68+0.9
7g-1s mixing 154233088 45240 48135 175 48733
? Ng-ns-1g mixin 60810411202 17.9463 18.6%1 1534137 19316
B K 617 R 5977 48738 6504
B* > K'g 4.61+1414229 9.7432 86434 8.8+33 88407
B ok 328203103 6732 618 35544 37405
B K0 LG5 93138 100443 78138 73148
B* KR 04710154002 0.4940.28 051402, 0.800% 0.59£0.08
Py s oarges 0543 051433 oaebt
B ol 4961510 074 7958 875 83112
B = alp* 109'3:410¢ 8910 1.4 11833 10914
40611224084 03723 044532, 5602 9722
5.59* 18811 39°1 33418 8.3 70229
T o ST i ELi ERE 65205
B antg 0042100140002 ~0.003 ~0.003 ~0.043 0.032+0.015

1 NLO corrections play an important role in ¢, w involved modes, w-¢ mixing ?
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B — PP, PV, VV decays: Numerics

@ Updated PQCD results for the CPV of BT — PV decays (in units of 1072)

Mode PQCD SCETI [128] SCET2[128] QCDF[127] PDG [108]
7= T 27 26%8] w5 |
B* - K™ ~34.5*2308 -26434 -19434 -9.7473 2:6
large CPV predictions [ g1 _ 4+, 3150480 16243 1231168 21044 eV
Bt —n'K™ 0941028004 0 0 04733 -4x9
P oo -1 -9 Lt 39421
B s K*p! 58744033 924122 16.04393 4544361 37+10
Bt - K%* 0990014043 0 0 0393 “315
large CPV in rare decaF/m KR 213462412 -3648) —44t -89+10 12£10
oK 193, 0 o 0651 24+28
B' —n'p 00 0.0 1£5
B or - 031151 231 2 425
B =g 14.9404403 -10.8+131 -19.2413¢ —98t? 09+1.9
B —a%* ~73140 0800 1554100 123494 9.7+ 2:11
Mg-7s Mixing B Sp* 29.0+34+09 ~19.8+66¢ 2178 Lards 2617
? Mg-ns-ng mixing B -yt —13.0°0101 664213 -9.1+167 85463 el

1 The measured direct CPV in B — PV is significantly larger than that in B — PP
1 It is hard to measure B — PVdecays precisely <= vector meson is not stable

1 Three-body B decays along with intermediate B — PV decays, but difficult to resolve
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B — PP, PV, VV decays: Numerics

@ Updated PQCD results for the branchlng ratios of B+ - VW decays (in units of 10~9)

Mode PQCD SCET [130] QCDF [127,131] PDG [108]
iy o 9.40° 43108 893:3.18 92+15
B —p K" 62544124039 464137 4611
B WK™ 5481324080 5.56+ 1.60 <74
B - ¢k 123417418 9.8623.39 1004124 102£2.0
sospin symmetry B 5 K™K 0665421000 052:0.18 0.6'03 091+029
B —pp* 14,044 104 221437 20.06*53 240£19
smallness of B(p°p%) l L 30-04 =2 t
1 B =ptw 10972318 192+3.1 169178 159£2.1
B(pTp~) ~ 2B(p Bt =p* uuaz*gg(‘];;*g% 0.005£0.001 <30
K 8724274047 10.6+3.2 8.9+ 103226
VS (no new physics wolat%g QQD isospin symmgt{ym s P asris 1913
PQCD: ~ 1.6 B o K 382:139 2005
Data: ~ 1 B - gk 11821441 9.14:+3.14 10.0£0.5
BO - KR 0385024002 0.48:0.16 0.6 0.830.24
B 5 KK 0.1745.024008 0.16*4 <20
o B Sptp 22,7508 277+4.1
PQCD : B( p%) ~2 0( T )B"ﬂpnpn 1.00£029
Data : B(p°p ) ~ B(r Bl 059+0.19
B =4 0019 GIR 00T ~0002
B o ww 1214034031 039:0.13
B wh 0.018*{403+0008 ~0.002
000240006
B g 00290030 b0

t NLO corrections play an important role in rare modes pT ¢, p°p%(w, p), ww(¢)
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B — PP, PV, VV decays: Numerics

V2ZM(BT = 7770 = M(B® = 7w T) = M(BY = %=0),
vVam (Bt — 7r+p0 + 7r0p+) = M(Bo ST p T 47 pt) — 2./\/1(“3’0 — Wopo),
VaM(BY = ptp%) = M(B° — pTpT) — M(B® — p°°).

@ Updated PQCD results for the CPV of B¥ — VV decays (in units of 10~2)

Mode PQCD SCET [130] QCDF [127,131] PDG [108]
B* = p*K™ 0.58*013+0.48 ~056+0.61 -0.3* “1+16
B* = 'K+ 30.6°93°04 2932310 43+ 3+13
B - wk™* 430750438 243227.1 29435
B - K+ 2400130013 -039£0.44 0.05 ~1:8
B > KR -2683340 95106
B* = pp* 0.03#0%0+0.00 0.0 0.06 -5+5
B* s ptw -25941503 -13.6£16.1 -8 -20£9
B = p'p 0.0 0.0
B - g K™ 324101401 20.6+23.3 322, 21£15
B p'K"0 ~14.4413:00 -330£391 -15+16 69
B - wk*® 9.89°03841%) 3.66+4.05 23410 45425
B — ¢k 0.86006+007 -0.39£0.44 0894 04
BY - ptp- ~1.85*93% 000 ~7.68£9.19 1+ Cpepr =0£9
—12.7:0 1404 -19%9, Spta- = 1413
B o php? 74641573 19.5£23.5 -53°% Chpn =20£90
1380744213 - 16430 S0 =30£70
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B — PP, PV, VV decays: Numerics

@ Updated PQCD results for the f; of BT —

VV decays (in units of 10~2)

Mode PQCDyo [51] POCD SCET [130] QCDF [127,131] HFLAV [134]
B otk 70.0£50 766715 450180 4807320 488
B* = plK 75.0149 80.0°15 420140 67.04310 78212
B > wk* 64.0£7.0 77403 53.0=14.0 67.0:330 1=19
B - K™ 5703 687413 5102164 49.0°510 50=5

B > K"K 74070 824°11 500160 45,0530 82038
B =o't 980£10 96.9°01 ~100 96.0£2.0 95416

B = p'w 97.0+1.0 963403 97.0+1.0 96033 906
B —p'e 95.0£1.0 813*1% ~100
B = p K™ 68.0450 75705 S5+ 14 53.0450 38=13
B g0k 65.0140 71013 61.0£13.0 39.01500 173226
B o wk? 65.0£50 71770, 40.0+200 580040 6911
B - K™ 56,5738 69.5412 51.0=164 50.04310 497:1.7

BY - KOR0 580480 688°33 50.0216.0 5200850 745

B KK ~ 100.0 ~ 1000 ~100.0
B Sptp 95.0+1.0 93.801 99.1203 92019 99013}

BY = pp® 1204150 80.9*15 87.0£5.0 92,0410, 71
B 61.0150 74.2°91 58.0=14.0 52,0020

BY = p 95.0+1.0 81313 ~100

B o ww 66,0190 88403 64.0215.0 94.0440,

B o wg 940135 80.8°0% ~100

B - ¢ 97.0£1.0 99904

t PQCD showed f, in penguin dominated B — VV channels down by annihilation
mechanism in 2002 (LO), before the " polarization puzzle” appeared.
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Conclusion

@ The up-to-date PQCD predictions with including the current well-known
NLO and sub-leading power corrections can explain most of the data.

T K, Kp, Kw, K¢ and K*p, K*w, K*¢ channels v'v"  K*m, K*K channels v/

T fr of K*p, K*w, K*¢ channels is still larger than the HFLAV result

LD effect in B — K* transition 7 NLO corrections to B — V form factors ?
width effect of the intermediate vector resonant (four-body decays) ?

+ n) involved channels do not consist well with data

the large mixing mechanism 7)4-15-1, provides a possible solution

T The CPV of charged (neutral) B decays is (not) sensitive to the new added
two power correction (heavy quark expansion), especially for the channels
with at least one () in the final state.
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Conclusion with opportunities and challenges of PQCD

@ Corrections from 3 particle B meson DAs and high twist light meson DAs

T interaction between largely off-shell gluon with three-particle configurations O(A/mpg) ?

Complete NLO calculation for two-body B meson decays

vertex corrections, B — p type ff, tensor meson ffs, annihilation spectator amplitude - - -

Complete NLO calculation for the radiative and Pgyw B meson decays

B meson distribution amplitude

e — 0 —

TMD wave functions of B and B. mesons, A, baryon

Systematic power counting with including kr

Sudakov factor of baryon and three particle configuration of meson

Multibody B decay, more observables, CPV sources, factorization formula

Input of meson and dimeson DAs, optimal choice of factorization scale

Shan Cheng (HNU) HFCPV20220NNU December 9, 2022 25/ 26



The End, Thanks.
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