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Introduction & Motivation
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B physics and B decays

O B physics: productions & decays of various b hadrons

b e
B-mesons b-baryons B > — <
Ur

By=(bd) | B* = (bu) | B, = (bs) | Bf = (bc) Ay = (udb) | Z) = (usb) | Z, = (dsb) | Q, = (ssb) (%
Mass (GeV) || 5.27964(13) | 5.27933(13) | 5.36688(17) | 6.2749(3) | | Mass (GoV) || 5.61960(17) | 5.7918(5) | 5.7944(12) | 6.0480(19)

Lifetime (ps) | 1.519(4) | 1.638(4) | 1.510(4) | 0.5109) | |Lifetime (ps) | 1471(9) | 1.480(30) | 1.572(40) | 1.64(*1%)

(&
O b-hadron weak decays: at the quark level, all governed /
, < 7,
by flavor-changing charged-currents mediated by W-boson b S c ;
. FO[ ] J Dt
_ R vdl )
fee == 5 fec Wa the g: SU(2), gauge coupling = ;
e , 5 semi-leptonic
T = (B, Dy, ) ( " ) Vekm: CKM matrix for quark mixing P _
TL d -
Vud Vus Vub /1u/ m
+ (o, cL, L) ¥ Vekm ( fi ) VCKM » VCd VCS VCb b // c -
br Via Ves Vi - [ - 4 —
B DT
O Classification of b-hadron weak decays: three classes ; jz -
purely leptonic, semi-leptonic, non-leptonic (hadronic) non-leptonic (hadronic)
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Interplay between weak & strong forces

O QCD effect always matters: in real world, quarks confined inside hadrons and no free quarks;
< the simplicity of weak interactions overshadowed by the complexity of strong interactions

> Semi-leptonic decays: transition form factors

t
1 M% (D| &b |B) = f+(¢*)(ps + pp)"

O|q 5q2| P =1 my—m
_ < |(J1f7,uf7< QQ| (p)> ’Lp,ufP BO% % é O . i [fo(q2) . f+(q2)] B p D q"
' %,

> Purely leptonic decays: decay constant

L0[0[0]00/0.0]0/0/0]0/0/0)

b
> Hadronic decays: hadronic matrix elements Lattice QCD or LCSR etc.
d
Neubert, hep-ph/0006265 %%g %é - "
i . multi-scale problem with highly hierarchical scales!
W~ u
EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects

my ~ 80 GeV > my ~ 5 GeV > Agep ~ 1 GeV

- ) the most complicated, but also most interesting!
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Why hadronic B decays

O direct access to the CKM parameters, O further insight into the strong-interaction
especially to the three angles of UT effects involved in hadronic weak decays
» WD O e factorization? strong phase origin?...
:j ; . Ve . E B> 1TTr,1T;z,pp ] Neubert, hep-ph/0006265
;?ﬁ%é} w
B h _j . ;
[ B = D' fo 4 a .ofals. i — : A 3 , ',' /55
Bt = DOK* 5 (\ B—)J/wKs ) .
FO pt
O deep insight into the hadron structures: - ‘
especially exotic hadronic states
CP category Hadronic system
: Observed KY K* A po p=* DSJ—r A:’ B° B* Bé) Ag
O deepen our understanding of the @ Several observations decay 002000 © %o
Q Not observed (yet) mixin g Q Q e 0
origin & mechanism of CPV decay/mixing interf. o °

mm) Hadronic B decays always play key roles in testing SM & probing NP beyond it
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Exp. facilities of B physics
O B-factories (e e ): Belle & BaBar O Hadron colliders (pp): CDF & DO @ Tevatron

o https://www-d0.fnal;
(1) kexs ' | . https://www-cdf.fnal.gov/gov/

4 uest for CPV

observation of B, mixing

Nobel Prize 2008 for

~2.2 km cirCIIIquereizce; PEea

- 5

35GeVet8GeVe 3.1GeVet9GeVe
BaBar & Belle confirmed the KM mechanism of CPV in the SM!
Makoto Toshihide
The Physics of the B Factories 928 pages Kobayashi Maskawa
BaBar and Belle Collaborations « AJ. Bevan (Queen Mary, U. of London) Published in: EUI’.PhySJ.C 74 (2014) 3026 |
Jun 24, 2014 e-Print: 1406.6311 [hep-ex]
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Exp. facilities of B physics

O Super B-factories (e*e~): Belle II O Hadron colliders (pp): LHCb @LHC
CsI(TI) EM calorimeter: . 74m . RPC &K, counter:
waveform sampling ! g e scintillator + Si-PM
electronics, pure Csl — =/ for end-caps
for end-caps i T _
.0 i
e &
4 layers DS Si Vertex Q;Q
Detector — &Om
2 layers PXD (DEPFET), Q T
4 layers DSSD ‘
P st [R. Aaij et al. [LHCb Collaboration], arXiv:1808.08865]
Time-of-Propagation counter
Central Drift Chamber: (barrel)
smaller cell size, prox. focusing Aerogel RICH L
long lever arm (forward) ~- | O Two main goals among others:

[E. Kou et al. [Belle I1], PTEP 2019 (2019) 123C01] > Check if there are any extra new CP-violation

mechanisms beyond the KM?
LHCb & Belle II: the two currently running
_ _ ] > Check if there are new particles/interactions
experiments aimed at heavy flavor phySICS! that are sensitive to flavor structures?
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Precision era of B physics

O With LHCb & Belle II running, we are now having more precise data:

Ap(B®»K*nm~) A N
BBY-K*K™) - tof
. Acp(BT »K*K n*) 4
_ https://hflav.web.cern.ch/ ot "
BB* -K*KO) - * Ap(B* »n*n*n-) Il
i k) | M ey "
Ac(B* »K+*K*K~) |
Ontn-) -
BB =ntnT) ] AolB* +Kin*) - e
BB+ =n*n’) H Ace(B* »K* =) [
Acs(B® K" (892)%) 1
B(B® -+ n°n?) 4 ] '
Acp(BO =K+ 1) 1 e+
B(B% - Kn?) 4 ol Acp(B* +K* ) 1 —e—
BB* =K*n°) 1 fof Ace(B* = KImty) 1
Ac(B* > Xy) 1 I
BB +K*n~) 1 fof
Acs(B-K"y) 1 e+
BB+ -K0n*){ ; . | ! el i Ack(B* ~1K*) 1
0.0 0.5 10 15 20 25 139.05 PP ol
1 Acp(B* »K*10) e
A(B-XsY) 1 ng
Branching ratio Direct CPV == .. ..o e
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Precision era of B physics

O Lattice QCD & LCSR provide more precise results for the non-pert. hadronic parameters

FLAG2024 fe./fB . o FEAG2024
O Frm 1 T | RN
- fo average
_ our average for Ne=2+1+1 T f+ average 1
+ Vo FNAL/MILC 15 +—e— g
z FNAL/MILC 17 1 - ffRBc /U{(QCD 15 —a— .
* FNAL/MILC 17 2 60 L FLQcD 22— E
I HPQCD 17A ~ b fo FNAL/MILC 15 +—0O— .
= gm %gg 50 & fo RBC/UKQCD 15 +-4— |
— 50 F B
HPOCD 13 < : fo JLQCD 22 —o— I .
. our average for Ne=2+1 § 40 /e
e ; QCDSF/UKQCD/CSSM 22 - - .
e RBC/UKQCD 18A 30 e
; e f S
1 R . i " RBC/UKQCD 1A " 20 F o .
z Bl RBC/UKQCD 13A (stat. err. only : ;
P HPQCD 12 10 | «®  xa
e FNAL/MILC 11 - o & a @ .
B | RBC/UKQCD 10C 0 0 L1 1 ! 1 | 1 | 1 | | | 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1
H—ﬂ:l—H HPQCD 09 0 5 10 15 20 25
. our average for N¢=2 q* [GeV]
- ALPEA 1§
o O ALPHA 1
Il L -
: ETM 13B, 13C
z - — . ETM 138, 1 With both exp. and theo. progress,
0 , ETM 12B
B = o M 1A L we are now entering an era of
1.10 1.15 1.20 1.25 3% 2 K
precision flavor physics

http://flag.itp.unibe.ch/2024/
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Theoretical framework & QCDF

approach for hadronic B-meson decays
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Effective Hamiltonian for hadronic B decays

O For hadronic B decays: typical multi-scale problem

= . - - : |
multi-scale problem with highly hierarchical scales! m=) EFT formalism more suitable!

EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects

~ 80 GeV
nnivzv ~ 01 G:V > mp ~ 5 GeV > Agcep ~ 1 GeV
proton electron . proton , electron «
O Example: 4-Fermi theory of beta decay Lt
antineutrino 7, 7,
O Starting point # .., = — L. obtained after e "
] 1 F\p Cn\le M=GF(Gpl'u“)(M 7. 2)(Gel"u\,)
integrating out heavy d.o.f. (my, ;, > m,) e -
[Buras, Buchalla, Lautenbacher '96', Chetyrkin, Misiak, Munz '98] a. Fermi's 4-point Interaction, 1934 b.Weak Interaction mediated by boson, 1938
Gr "
Lar=—"2 3 Vo Voo (C1O1 + €202 + >~ CiOjpen) /
p=u,c i=pen w <
O Wilson coefficients C;: all physics above m,; tree QCD penguin EW penguin

perturbatively calculable & NNLL program now complete! [corbahn, Haisch '04; Misiak, Steinhauser '04]
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Calculation of C;(u;) 5 oot () 10 | ] -socer

O Problem: well-separated multiple scales would spoil the

perturbative convergence due to large logs .
[ EESF |  of

P(Mw,mp) =1+ as <#|nm+*>+a§ (#Inzyﬂ+*> =
mp mp

O Solution: the perturbative series needs to be re-organized, and all (a,ln '::l—”:)" re-summed!
> Point 1: through matching to achieve a separation  » Point 2: solve RGE and evolve

of scales, sometimes also called “factorization’; e [ BB M) = A M) | d
: " u— (CD) =0
pg;D(Mw,p) = —y(u) D(Mw, n) dp
MW I [“C and D run with 1]
].+Oés #|n7+* + ... . 1+Ozs #Inm—+* + ... .uhigh"'MW
b
C(Mw, 1) C(Mw, pinign) U(#nign, 1)
. D - D ow U 9 ow
P(Mw, my) = C(Mw, )D(mp, ) | warbitrary (ms. 1) (s rom) Ut piow) R
at the cost of introducing a “factorization scale” wu.
R . U (Unish, Hiow) is generally an exponential,
O Final result: | p(My, my) = C(Mw, pnign) U(jnigh, fiiow) D(mb, fi1ow) il o
e and hence re-sums large logs (agIn ihigh)" !
1

CRGirnproved ( My, a.U'low)
s

RG-improved P.T.
Z#i®  Two-body Hadronic B-meson Decays in QCD Factrorization Approach
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Calculation of C;(u;)

O Three steps to get C;(up):

QCD-penguin electro- & chromo-mgn

» Matching calculation of C;(My,) in

fixed-order perturbation theory: w

Ci(My) = ¢ (My) + 52D (Myy) + -

> Calculation of anomalous dimensions

yi; of local operators in Hg:
© 6 b u,c b - S © - 3 b
B (8 o5 (1 \I/ > > > > >
Bk ol g i
u.c S

electro- & chromo-

> Use renormalization group to evolve

QCD & EW penguin operators magnetic operators
the Wilson coefficients from the high TERETS —— Py
to the low scale: (8Tb) =, (qTq), i =3,4,5,6, |Ci(my)| < 0.07
a.(my) _yi(Jp)/Z'BO ) |0, = { 5,0 bF i=1, Cr(my) ~ —0.3
C;(My) - C;(my) = <m> C;(Myy) + -+ g, oo i, Catr) ~ —0.15
B | 152 (5rvubr) ((*:1), & =9, |Ci(my)| ~ 4

2025/05/19 Z#i®  Two-body Hadronic B-meson Decays in QCD Factrorization Approach 14




Hadronic matrix elements

O For a typical two-body decay B - M, M,: A(B > M{M,) = Z[ACKMxCix(Mleloilﬁ)]

i
O (M,M,|0;|B): depending on spin & parity of M, ,; final-state re-scattering introduces strong phases,

and hence non-zero direct CPV; mm) A guite difficult. multi-scale, strong-interaction problem!

O Different methods proposed for (M, M,|0;|B): naive fact., generalized fact,, ......

- Dynamical approaches based on factorization theorems: PQCD, QCDF, SCET, - - - - Symmetries of QCD: Isospin, U-Spin, V-Spin, and flavour SU(3) symmetries, - - -
[Keum, Li, Sanda, Lii, Yang *00; [ Zeppenfeld, *81;
Beneke, Buchalla, Neubert, Sachrajda, *00; London, Gronau, Rosner, He, Chiang, Cheng er al. |
C Bauer, Flemming, Pirjol, Stewart, ’01; Beneke, Chapovsky, Diehl, Feldmann, *02] C h icall A b ki . .
how to include higher-order perturbative & power corrections? S S G e S T e M e Y e g (ETRCCs
- : y - " Aocp .
O QCDF/SCET: systematic framework from QCD, valid to all orders in «a,, limited by T‘}l corrections
b
B : . - spectator-scattering term x
(M{M,|0;|B) n form-factor term n p g

! 07 (u
| A in heav-y quark limit oft (ﬂ) JT] = W
(IENCE N EaC-H S N :
. + O(1/my)

2025/05/19 Z#i®  Two-body Hadronic B-meson Decays in QCD Factrorization Approach 15




QCDF formula for charmless B decays

O QCDF formula: [83Ns '99-03]

_ 1
(MyMy|Q;|B) ~ FB=Mi(¢? = 0) /0 dx Ti(x) ¢m, (x) form-factor term

° dw ! I +
+/0 U/O dxdy T;(x,y,w) om, (¥) oum, (X) ¢ (w)

spectator-scattering term

k* ~ /A my -
- method of expansion by regions [Beneke, Smirnov '97] @ ...... il e
SPeCtato : 5 ﬁ
- combining heavy-quark & collinear expansion for 5 ’ N )
1
hard exclusive processes [Lepage, Brodsky ‘80] non-perturbative but universal hadronic parameters

*
m) (M, M,|Q;|B) factorized into (M| ju|B) (transition form factors), (M|j,,|0), (0|j,|B) (decay constants & LCDASs)
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Soft-collinear factorization from SCET

O For a two-body decay: simple kinematics, but complicated dynamics with several typical modes

e low-virtuality modes: e high-virtuality modes:
* HQET fields: * hard modes:
( + collinear)®* ~  O(m3)

* soft spectators in B meson:

* hard-collinear modes:
* collinear quarks and gluons in pion: ( S collinear)2 ~ O(mpA)

E. ~ my, 1);') ~ O(,\g)

O SCET: a very suitable framework for studying factorization and re-summation for processes

involving energetic & light particles/jets [Bauer eral '00; Beneke e al '02]

O From SCET point of view: introduce different fields/modes for different momentum regions,

and SCET diagrams must reproduce QCD diagrams in collinear & soft momentum region!

L achieve soft-collinear factorization & hence QCDF formula via strict QFT machinery [Beneke, 1501.07374]
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Soft-collinear factorization from SCET

O QCDF formula from SCET: hard kernels T,"" = matching coefficients from QCD to SCET

(MiM,1Q;|B) = FE"Mi T/ @ dpy, + T/ @ ¢ @ ¢y, @ ¢y, =) |QCD - SCET =T! & T

O For T!: only hard scale involved, one-step matching from QCD — SCET;(hc,c, s)!

C C kz - 0 mz C C
hoh hard (m5) i i
h\ /h g B R
o h ‘ — T! S ¢
O For T!': two scales involved, two-step matching from QCD — SCET;(hc, ¢,s) = SCETy(c, s)!
k2 4 O mz c c c C c c
hard : b)\ hoh >~ O(ymyAqcp)
h / hard-collinear T/
5 h ¢ KX pin § ¢ K fihe n o ¢
3 he > Hz he — H@ X J

O SCET formalism reproduces exact QCDF formula, but more apparent & efficient; [Bencke, 1501.07374]

(MyM3|Q;1B) = T'(ur) * dar, (i) frH(0) + Hy(un) * Uy(uns tine) * J (tne) * dag, (1) * dg, (ne) * b5 (e
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Status of NNLO calculation of T! & T/

O For each Q, insertion, both tree & penguin topologies relevant for charmless decays

2 T!, tree T!, penguin TH tree T/ penguin
(M M|Q;|B) = FE"M1 T/ @ ¢y,
11 LO: 1 I _ e
+T/ @ o5 Q Py, ® P, O: 0(1) \/ T =1+ O(ay) +
tree > T!
Veltex
O O NLO: O(as) —Or— w = O(as) +
tree p enguin BBNS '99-'03 %
pengu|n — 0000 ——
b TII
g spectator
T tree penguin é\ / _’UWC_ \ A
NNLO: 0(a?) g °§°
D For tree & pengUin t0p0|ogies, Bell 07.109 . Beneke, Jager '05 Beneke, Jager '06
iuld\LKHUbﬂ:II:Ii)j et OO0 ORes Kivel '06, Pilipp '07 Jain, Rothstein, Stewart '07
both contribute to 7} & T}’ o S
Bell, Beneke, Huber, Li'15, 20

2025/05/19
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Example

O With (M;M,|Q;|B)qcp,oep at hand, we can then do what we want to do:

- EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects
-
mp  my ~ 80 GeV
i mz ~ 91 GeV > iy = SEeV 2> Aqcp ~ 1 GeV
Tt 4GF % p p 10
Hep = A Z Voo Vb | C1@Q7 + C2Q; + Z CiQi + C17Q7y + CUsgQsy
v p=u,c =3
electroweak WCs due non-perp. “
parameters to NP parameters
\ \ Q:(n)
A Gr . a3 B’ n*
0 + -\ — SM NP I
A(B° — ntK )_EZVCKM(Q e )[ /OduTij(u) 1 (7 & K) O M § %’%O

|

related to exp. Br
& CPV

2025/05/19

j

a

1
+ / d¢ du dv T (&, u, v)
0 .

R

WCs from SM, also perp. calculable
perp. calculable in QCD & QED
ZF@  Two-body Hadronic B-meson Decays in QCD Factrorization Approach 20




Phenomenological analyses based on NLO

O Various analyses based on NLO hard kernels O complete sets of final states:
- B— PP 3 Y [Beneke, Neubert,
naive factorization hep-ph/0308039; Cheng, Chua, 0909.5229,
0910.5237;]

vertex correction

VAR .4

spectator-scattering correct|on B s AP AV, AA: TChens YVae

% \A

3 - B— SP, SV [Cheng, Chua, Yang,

pengu in correction hep-ph/0508104, 0705.3079; Cheng, Chua,
Yang, Zhang, 1303.4403;]

- B—VV: [Beneke, Rohrer, Yang,
hep-ph/0612290; Cheng, Yang, 0805.0329;
Cheng, Chua, 0909.5229, 0910.5237;]

annihilation correction

B — TP, TV: [Cheng, Yang, 1010.3309;]

g Fg Eﬁ very successful but also with some

problems phenomenologically. !
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Phenomenological successes based on NLO

O Successes at NLO: ,, I u /L O Some problems encountered at NLO:

colour-allowed tree a4 QCD penguins a4

» For color-allowed tree- & penguin-dominated decay > Factorization of power corrections generally

modes, branching ratios usually quantitatively OK broken, due to endpoint divergence

» Dynamical explanation of intricate patterns of penguin |> Could not account for some data, such as

interference seen in PP, PV, VPand I/Vmodes Br(B° - n°z%) and AA p(nK)
2mf . .
PP ~ as + ryas, PV ~as= ? = ( m:_ ) » How important the higher-order pert. corr.?
my, (mg + mg
VI o0 4y = @ = =EY Fact. theorem is still established for them?
VV ~ a4 ~ PV == Br(B+° —» n(WK*+0)

» As strong phases start at O(a;), NNLO is

> Qualitative explanation of polarization puzzle in B - VV only NLO to them: quite relevant for A.p?

decays, due to the large weak annihilation

» Strong phases start at 0(a;), dynamical explanation of L we need go beyond the LO in

smallness of direct CP asymmetries pert. and power corrections!
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NNLO perturbative QCD corrections to

hadronic matrix elements
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Tree-dominated B decays

O B —» nnmr decay amplitudes in QCDF:

V2 (™70 Hesf |B™) = A [al(mr) + a2(7r7r)] A -

(mtn™ | Heps |B) = {Mu[ar(nm) + af(rm)] + Ac a§(nm)} Arn

— (17O Heps |B) = { Ay [aa(nm) — af(nm)] — Aca§(nm)} Arr

b-uud: A, =V,V~0A3) ~.=V,V ~0(13)

O a, at NLO:

hence it is dominated by spectator-scattering contributions

d

Vub szd %

’
b ————— u

u

Vub Vid,

b -- d

colour-allowed tree a1 colour-suppressed tree ao

Tree-dominated!

1

d

. U
th Vt d
b L u

a, loop-suppressed vs a;

QCD penguins aq4

0y () = 0.220 — [0.179 + 0.077i]yi0 + |

rs
0.

2| {[0.123]105p + [0. 0723}

L large cancellation between 1-loop vertex correction & LO result,

%, I8
mpf3™ (0) Ap

L making a, sensitive to NNLO corrections, and large effect possible?
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Hard kernel T; at NNLO o

wrang inseytion
O QCD — SCETI matching calculation: m For “wrong insertion™: y & A p
(0)) = T; (Oqcp) + Hii (01 — 01) + Z&a(@) ‘ ’

Q1
o 0 o 1
m For “right insertion”: -

N - -
(@) = Ti (Oqeo) + S Hu(0d) b O Master formula for T;: right insertion

(21 Ti(l) _ A(.l)nf—i—Z.(.l) A(_O)7
O On-shell matrix elements at NNLO: full QCD side T = AP + 2 4D + 2D AD + 20 AP + (=) omD A
T [Chr+ Y - 25 - > HY v
<Ql> — {A(O) _|_ A(l) +Ze(x1) A(O) +Z(1)A(O) b>1 g 3
[ ’ | O Master formula for T}: wrong insertion
n (Zé_) [AD + 2040 + 2040 120 4P + 22 49 O = 49,
s

1 ~“(1)nf 1 50, Tt 1 1 17 50
Tz‘( ) = Az('l) +Zi<j)A§'l)+Az(1) *A(21> A1 [Y( Y1(1)] A

(3 11

+Z(lt) Z(I)A(O) +Z(1)A(1) + ( l) dm (1) A’(l):| + (’)(a3)} <0 >(0) O(e) O(e)
ex ij s a

,11(2) _ A nf+Z(l) A(l) +Z AO +Z A (1)nf

+ (—i) om® A 4 Z0) (AP 4z A
O On-shell matrix elements at NNLO: SCET side _;(1)) o, o ZE{ b |
(0.) = {6ab + = [M“) + 75 b+ Y5 | + (j—)z (M3 +rPOm) FLADT - AR AD] 4 (i) bl (AL — AL )
" 0+ ) A = A
+15) + Y MG+ Y3 6 + Y ¥ + ZOMG | + 0@} (0n)® )7
— (Crr =&)Y - VPTAY - VP - Y AR
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Two-loop QCD diagrams

O 427" : relevant two-loop non-factorizable Feynman

diagrams in full QCD: } / g i M m o,

v' totally ~ 70 diagrams M N N

v needs the modern multi-loop — ¢ q b c d b
Feynman integral techniques: 5&7 M m ﬁﬁ M
14a 15a

IBP reduction, jZL ﬁﬁ )%ZQ fi@i jﬁ ﬁ?{l&
\<§ZEE JEE/QE SHN%?E_ gKg?é b c d b c d

%i 16a ;—%

O Complicated counter-terms from QCD & SCET operators:
e ol T g T s gpg@g@ ARV
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Mellin-Barnes representation,

Differential equations,




O Numerical results

colour-allowed tree o1

ar(mm) =

u
u
b /L d

colour- suppressed tree ap

- |

+

|| 1 n
Fl nal resu |tS fOI‘ a1,2 vy = ofdu T ¢ w), ZCNF vfj)—ofdu T\ (w)pu (),
O Tree amplitudes «, ,, after convolution with LCDA 2cNF 0 jdu D .
‘ (0]
a(MiM) =) v O+ 3 (2 v+ PO | 4.
112 Z 1221(47'[)[ Z :|
! NNLO
r = e NLO
(MiM,|0;|B) = FE"Mi T/ @ ¢y, + T @ ¢ @ dur, ® i S
102} Lo -
1.009 + [0.023 + O.OlOi]NLO + [0.026 4+ 0.028 i]NNLO - S
2 4 6 8 10
| {10.014] o, + [0.034 + 0.027i )y, + 0.008] | HIGeV)
0.445 — NLOsp w3 J O Scale-dependence much reduced!
0.20 : ; .
1.000" 5060 + (0.01175:025)i sl
Beneke, Jager '05 ’ LO P
Kivel '06, Pilipp '07 = ool
0.220 — [0.179 + 0.077 ] o — [0.031 + 0.050 i 0 g 4 NLO
ez 0.05F - IR
02:25] {[0-114]L0sp +[0.049 + 0.051i] 0, + [0_067]%} 000, Ko
. -0.05 '
0.2400217 4 (¢ 770115 4 6 8 10
0.125 T ( 7T —0. 078) [GeV]
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Penguin-dominated B decays free Vwlkis g w K

O B —» K decay amplitudes: mediated by b — sqg transitions b

\/E'AB_—)JTOK_ = Anl?[‘SW o] + 5‘2117] + Ak, [519”0‘2 + ‘Spc%ag,EW]’

_ _ A AP W Vi Vi _
ABO—>7T+K_ — AnK[apual —I—C¥4], Penguin p v u K
Ay = VipVils ~ 0% < 4. =V Vs ~ 0(A2) mmm) | Penguin-dominated! b 2QQ ,

B 0 u
. s
d —~— =

O In QCDF, strong phases generated firstly at NLO in «;

X NNLO is only NLO for Acp,
Acp = [c X as|nLo + O(as, A/my,) =)

g

O To predict accurately direct CPV, we must calculate both tree & penguin up to NNLO!

large effects still possible?

O Driven by the current exp. data on B - nK:
How about the

AAcp(nK) = Acp(B~ > m°K~) — Ap(B® > mtK™) )
% e s situation @ NNLO?

= (11.0+ 1.2)% differs from 0 by ~9¢ AAcp puzzle
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Penguin topologies with various insertions

O Effective Hamiltonian including penguin operators: [ ]

10

4G
F Z Vop Vb <C'1Q§) + CoQ5 + Z CiQi + CryQry + CSgQSg) + h.c.

p=u,c 1=3

CMM operator basis

p_ p A = (D*br) 2oy (@1u9),
Q) = (pLy"T*br) (D, TpL), ) o Qsg = 932 my Doy (1 + 5)GHb,
Qp (pL’Y“bL) (DL%LPL), (DL’Y T4 br) Z (CIWT q), 327
D ob Y od). 7 .
current-current operators = (D) 2y (q%_v 74) ., chromo-magnetic
Qs = (D" "y T0L) 32, (@, T4) - dipole operators

" . A QCD penguin operators
O Various operator insertions:

X /! %mLf%ﬂq7@ﬁfﬁbL

tree topologles penguin topologies

(1) Dirac structure of Q;, (i) color structure of Q;, (ii1) types of contraction, (iv) quark masses in fermion loop
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Hard kernel T/at NNLO

q [1}2 D (7 3—6 D q
@s-6 g / ! “ N ¢ N
b/ a b N/ q
. b q —p ~—D.,b
O QCD - SCETI matching calculation: O Reminder: always .
’ " N 5
~  ~ wrong insertion! b ) Lw
)= Hia(Oa) A R
: 0 " 1 —~5)h] . the only physical
- = — — R the on sical operator
O Complete SCET operator basis: _Zd [X 5 1= m)x ] [€aty (1= 75) o Yy Py P
=U,0s and factorizes into FF*LCDA
(DL'YMbL) Zq (@Vu9), On = Z k—q P)/J_’in_l'yf : 77_2” 2X(I] [XCI(l + 75)7l0/7J-,u2n—27J-u2n—3 RN AT hv] )
Dpy*T4 7. Tq), - g=u,d,s
= (D L) 2 ( 7_“ ) 3 n now up to 4, with 7
= (Dry"y"~"br) > g (@1 04), O1 — O1/2 is another evanescent operator _
prA 3 A gamma matrices
= (DLA"Y"yPT4bL) X2, (@, T ) -
_ A0 4 % (G0 4 50 F0) 50 F0O)
+ evanescent operators Qi) = { ta [ ext gl J“]
: %\ [4@) L ;) 700 L 52) 70) | (1) 70)  5(2) 7(0)
O On-shell matrix elements at * (m) A+ 2 A+ 2D AT+ 20 A+ 23 A

NNLO: on the full QCD side + 28 2P AR + Z0 AT + (=) omM AL + O<a§>} (0a)®

O On-shell matrix elements at (04) = {&,,, + = [

2
MY + 1D o +¥P] + ( )M?+¢wy
NNLO: SCET side ]
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{ up to N N LO ~ 100 two-loop Feynman diagrams

i M
O Master forM’ o T'%
Q3-6

1 %) _| 5n (1) (1) (2) 7(0) A(L)nf mb = 4m;
S L7 =4 4y A 2 Al zZ3) A r
-+ (—Z) 5m(1) 1’4‘“;(11) Zé)l(z [A(l)nf + Z,L(Jl) A( )] Qs [Kim,Yoon'11]

1 1) 1 (1 (1
L)y 0 - ST EP Y

2
b>1 non-vanishing fermion-tadpole

contraction of QCD penguin operators

+ A" = AT A + (=) om ™ (AR — A A

+(2 + Z5)) [Zﬁ)f - A:(»,11)f ;11(?)] tree-level matching of Q; involves

already evanescent SCET operators

-0~ M)A
O Complication during calculations:

_ (e ey g0y 5O @7 @1 50 | X
(Crr = &) M n A~ )4 (i) fermion loop with either m = 0,m = m, orm = my,,

(0) v-(2) . -
- Z A Z Ay Y1~ =) genuine 2-loop two-scale problem: %, z, = m?2/ms
b>1 b>1

(11) nontrivial threshold at u = 4z, introduces strong phase
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Final results for a;,

O Final numerical results: Ha | Qs O 1 Qs |71
B>M, mi I N 2 ! b “ (3%% Lq

(M1 M,|0; [BE 1978 ®¢M2+T ®¢B®¢M1®¢M2 1 1 2

ag(ﬂl—()/10_2 = —2.87—[0.09 + 0.09/]y, + [0.49 — 1.32/]p, — [0.32 + 0.71 /.]Pz,QlJ + [0.33 + 0.38i]P2’Q3_6’8
+ [0 234] {[0.13]Lo +[0.14 + 0.12i]uv — [0.01 — 0.05/]up + [0.07]tw3} \
- (_2 12+0 ‘.1289) + ( 1 56+%2195)l7 Q3-6 ﬁ 1 Qs—6 P
b \ : q b
D,b

al(nK)/1072 = —2.87 —[0.09 + 0.09i]y, + [0.05 — 0.62i]p, — [0.77 + 0.501]p,, o, , + [0.33 + 0.381]p,, 0s_¢ s

i [o %4] {[0.13]Lo +[0.14 + 0121y + [0.01 + 0.03/]uw + [0'07]‘“”3}

= (—3.0073%) + (—0.677333)i.
I > individual NNLO contributions from Q’l’,2 and Q;_¢ 3, significant

> strong cancellation between NNLO corrections from Q’l’,2 and Q;_¢ g4
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Re[ay [er

Re[ay]rr

Scale dependence of a)

O Scale dependence of a): only form-factor term

—0.015f"

—0.020¢}

—0.025}

—0.030¢

—0.035¢

—0.015f

—0.020¢}

—0.025}

—0.030¢

—0.035}

—0.040¢,

NNLO|g, |
. NNLO|fyn
NNLO|o,,

2 4 6 8 10

H[GeV]
e ———
2 4 6 8 10

u[GeV]

=
1=
—
St

u

S
=
5

Im[af]er

0.000f
~0.005}
0010h-
~0.015}
\/
L0020 e
~0.025/ |
2 4 6 8 10
H[GeV]
0.000[
o005l T TTTTTTmmm
~0.010}
~0.015}
2 4 6 8 10
u[GeV]

v' scale dependence negligible, especially for p > 4 GeV.
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O Results at different orders:

0.005[
a§[nK] LO
0.000 -
L 4
NNLOlQ;-a,xg
~0.005}
NNLO|ran
5F NLO
S, .
E _oo010 . NNLOJg, 4,
NNLOJg,, .
~0015 NLO ! NNLOJgur B
1 u
H a, [7T K ]
L 2
~0.020 NNLOJg,,
Z0.04 ~003 2002 ~001 0.00
Re[d}]

v" total NNLO effects small

v uncertainty at NNLO larger
than at NLO, due to non-trivial

charm mass dependence
BY




BY - D”7L* class-I decays

O At quark-level, these decays mediated by b — cud(s)

all four flavors different from each other,

no penguin operators & no penguin topologies!

O For class-I decays: QCDF formula much simpler;

only the form-factor term at leading power

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01]

N _ - Bq—>Dg*)
(DITLT|Qi|B)) =) | F, (M7)
J

X /01 duT;j(u)or(u) + O <

Aqcp
my

)

O Hard kernel T: both NLO and NNLO results known;

[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Krankl, Li '16]

Q> = dyu(1 —5)u Ty*(1 —s)b
Q1 = dyu(l —v5) T u ey*(1 —v5) T"b

—

i) only color-allowed tree topology a,
ii) spectator & annihilation power-suppressed
iii) annihilation absent in By ;) — Dy K (m)* etc.

iv) they are theoretically simpler and cleaner

l—»these decays used to test factorization theorems

T=T9 +a;TH +a2T7® + 0(ad)
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Ca Icu Iation Of TI physical operators and factorizes into FF*LCDA.

N A
O Matching QCD onto SCETy: [Huber, Krankl, Li '16] a Or=x7-(1=7)x Pty (1= 5)ho

ph 8. 3
- Op =X (1 = 9)7EVIX Ity (1= ¥5) 7L 8710l
m,. also heavy, must keep m./m,, fixed as m;, — oo, T2 v o

b .
O3 ZX—(l - 75)’Yi7f7171>< hv'%+(1 - 75)7¢,5’Y¢,W¢,B’M,ahv

thus needing two sets of SCET operator basis. - 2
0/1 :X%(l - 75)X }_lv"/’q_(l + 75)h'u7
i) = Ti(QUP) + T/(QUP) + ) " [H;,(0,) + H, (O, ]
<Q > <Q > <Q > ; [ < > < >] = 0, :5(7%(1 - 75)’@7?_)( hott, (14 95)71,071,800
4 3 . o« Boys T
O Renormalized on-shell QCD amplitudes: O =x 5 (1= 3)7 871X hurth (14 %)Y LaVL8TLn YL

: evanescent operators and must be renormalized to zero.
(@) = {Al + = [A0) + 2040 + 2P 47)) - on QCD side

+ (Z—W)Q AD + 20 AG) + 20 A0 + 20 AR + Z2AY + 207 A O Master formulas for hard kernels:
+ (i) 40+ —om® 450 & Z040] + 0(ad) }(00)© 0 1 2 (2 3
e Ay —— T N/ T=T94a T +aiT® 4 0(al)
O Renormalized on-shell SCET amplitudes: 7O — 40
(©) = {om + 52 (MY + Y80 +v{"] on SCET side T = AP + 2 AR

A\ 2 ~ (2 2)n 1) (1 2) (0 1)n, ~ (1 D(1 1 1
(2 (M D ¢ 20N i | B A DAY A A ) )]
T
ND(1) (1 . 1) 4x(1)nf . *x(1)nf 1 1
4 Y(lt)y(bl) I Y(b2)] I O(d3) }<0b>(0) - CFF( )Tz’( )+ (—2)57”1(; )Ail( ™ 4 (_Z)(smg)Ail( nf ZHi(b)Yb(l) :
exr a a S ) b;él
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Decay amplitudes for By - D_L*

O Color-allowed tree amplitude a,: collinear factorization established @ NNLO!

al(DJrL—) :Z Cz( )/Oldu [ (u ,LL)—W-T(U ‘LL)} CI)L(U,M)a free from the 0.07¢
2 1 i i 0.061
a(DLT) =Y Cilw) / du [T, 1) = Ty 1) | @10, endpoint divergence
=1 0 0.05¢ NNLO
0 Numerical result: collinear factorization established go.w
éo.oy
a1 (DYK™) = 1.025 + [0.029 + 0.018i]x1.0 + [0.016 + 0.028i]xNLO " onl NLO
= (1.069*%:0%9) + (0.0465932)i I
0.00 o0
v' both NLO and NNLO add always constructively to LO result! 102 AT 1.08
ela;(D*K")
v i i 0
NNLO corrections to real part quite small (2%), but rather ar(DFK-) = (10690999 4 (0.04670023);
large to imaginary part (60%). a1 (DF ™) = (1.0723091) 4 (0.04379:922);
= . . : *+ pm—\ +0.010 +0.017
O For different decay modes: guasi-universal, with small a1 (D™ KT) = (10685 12) + (0.034 291 )i
. . a1 (D" ™) = (1.07155015) + (0.032X5010)i
process dependence from different LCDA of light mesons.
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Possible higher-order power corrections

motivated by current data
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Non-leptonic/semi-leptonic ratios

O Non-leptonic/semi-leptonic ratios : [Bjorken '89; Neubert, Stech '97; Beneke, Buchalla, Neubert, Sachrajda '01]

free from uncertainties from
[ SR D form factors

) N(BY, = D{X"L7) .
Rl = 5 ) = 672V f2 |an (D) L) X}
d(BY, — D" (o) /dg? | 2

q> —m

O Updated pI'EdiCtionS vs data: [Huber, Krinkl, Li '16; Cai, Deng, Li, Yang '21] [ Latest Belle data® 220700134

(%) L. ' NLO B01‘10k0'(20(;0) .
R(s)L LO NLO NNLO Exp. Deviation (o) NNLO 7~ Huber (2016) -
0.01 0.03 NNLO K~ Huber (2016) i F—&—1 &
R: 1.01 L0750 04 1.107 003 0.74 £ 0.06 5.4 NNLO o~ Huber (2016) —1+—
) | P4 BGL(2,2,2), F-MILC i
R: 1.00 1.06750 1.105008 0.80 + 0.06 4.5 BGL(22.2), JLQCD - |
' ' bl CLNnoHQS, JLQCD -
R/) 277 294+8%8 3024’8%; 2.234+0.37 1.9 9 Belle Fleischer (2012) I — K
................................ N T W BaBar Fleischer (2012) *
: Ric 0.78 0.837003 0.85 003 0.62 +0.05 44 i .
* .4+0.03 0.01 . . P
Ry 0.72 0.76 " oa 0.7970 05 0.60 £ 0.14 1.3 N
Ry~ 1.41 1507911 1.53+0-10 1.38 +0.25 0.6 ‘ ' o
ST T T : N
L e, O 000 OO, A -
. ay
Rk 0.78 0.8370 03 0.8500s 0.46 + 0.06 6.3 : . ,
0.7 0.8 0.9 1.0 1.1
lay(B - D**m)| = 0.884 + 0.004 + 0.003 + 0.016 [1.071+0:92¢; - o a1 ()]

15% lower than SM  |21(B - D**K™)| = 0.913 £ 0.019 + 0.008 + 0.013 [1.06973.032];
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Power corrections D I 00 1B S R ()

J

4 H H n 1 :
O Sources of sub-leading power corrections: [geneke, / T () () 13 t (AQCD>:
0 Ul

Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20] .____7_7;“:__.'

> non-factorizable spectator-spectatorings O Scaling of the leading-power contribution: (ssns 01]

%\/ \/g A(By — Dt ™) ~ Gpmj FP7P(0) fr ~ Grmi Aqep

Aqcp
my,

» all these corrections ESTIMATED to be power-suppressed

> annlhllatlon topologles » difficult to explain why measured |a;(h)| smaller than SM?

% >< % % » must consider sub-leading power corrections carefully!
2

%5
> non-leading higher Fock-state contributions

A e e WL AL

> non-factorizable soft-gluon contributions BAIB" Dty =251 53292008 1 '0:1 4P 103
Br(B® » D*K™) = (2.04%733)[2.05 + 0.08]x10~*

in LCSR: [Maria Laura Piscopo, Aleksey V. Rusov '23]
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Charmless two-body hadronic B decays

O Long-standing puzzle in Br(B? - n%n%): [HFLAV '24]

0 0,0
Dee 5024 B(B”~»n°n”)

BI'SM(BO e ] § T[O) = (0 3—-0. 9))(10 6 i I HFLAV
based on QCDF & PQCD , . ; DERe
—e— Belle

Bre,, (B’ —» n°n’®) = (1.46 +£ 0.14)x107°

1
1.0 1.2 1.4 1.6 1.8 2.0
le—-6

O Decay amplitudes in QCDF: dominated by colour-suppressed tree amplitude a,

_ABO—>7T 070 = Anx [819” (a2 — B1) — — 25 ] ’

' necessary to consider sub-leading b # !

b -- d l

colour-suppressed tree apo

power corrections within the SM! QCD penguins au

O Find some other mechanism to enhance a,, and hence explain the puzzie!
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Charmless two-body hadronic B decays
O Long-standing puzzles in AA;p(tK) = A¢cp(m°K™) — Acp(mtK™): [HFLAV '24]

O Decay amplitudes in QCDF: dominated by a,, but having strong interference with o,

d

\/EAB_—)JTOK_ = Anl?[‘spu o)+ 5‘5] + A, [5pu0‘2 + 5PC%0‘§,EW]’ % g /L u

_ _ _ ~ D
AB°—>71+K— = AnK[‘SpuO‘l "‘0‘4]’ ’

colour-allowed tree oy colour-suppressed tree ap

) AAp(nK)sy = Acp(T°K™) — Acp(mtK™)

= —Zsiny(lm(rc) — Im(ry T'Ew)) .. “
() AcplB* 2 K7 %) LEvVA Acp(BO =K *1~) = ; i
b

palid (2.7 £ 1.2)x1072 | (—8.3140.31)x1072 | Db -
Doy e ’ ~ @ | QCD penguins ay4
LHCb —o— ° i LHCb
—p—

—(;,5 —6,4 —(;,3 —(;,2 —6,1 0,'0 -0.12 -0.11 -0.10 -0.09 -0.08 -0.07 -0.06 -0.05

AAcp(TK)exp = (11.0 + 1.2)% differs from 0 by ~9¢

O Find some mechanism to enhance «; or a3y, and hence explain the observed puzzles!
2025/05/19 Z#i®  Two-body Hadronic B-meson Decays in QCD Factrorization Approach 41




Power-suppressed color-octet contribution

O Sub-leading power corrections to a,: spectator scattering or final-state re-scatterings

1 1

O Every four-quark operator in H.¢ has a color-octet piece in QCD: Ll = 50a05n — 57 ddi,

o ’ iy . » W e A
Q1 = (uibi)V—A®(Sjuj)V_A = N_(Sibi)V—A®(ujuj)V_A + 2T b))y, QUT u)y_4
c

1
Q2 = (ﬂibj)V_A®(§jui)V_A - N_ (ﬂibi)V—A®(§fuf)V_A 'y z(aTAb)V—A®(§TAu)V—A \/g
C

O Soft-gluon contributions with color-octet operator insertions: E

> the gluon propagator can be in the hard-collinear region ]

=) hard-spectator scattering contribution

: I’/. » can also be in the soft region; expected to be 0(1/m,)

==) can be non-zero at sub-leading power, numerically relevant

method of regions: 6 regions > other four regions suppressed by more powers of 1/m,,
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Soft-exchange effects from emission topology

O Real realization of the mechanism requires three-loop three-point correlators [w.i.p.|

O Matching from QCD to SCET;: @ = [Uibjly, [5uilr, = [305, [uul,

1
= Hi(u) @ [5cholp, [tzue]p, (u) + Ha(u) @ <= [tcho]p, [seuelr, (u)
Q1 — Hi(u) ® [y, [Seucly, (1) + Holu) © = Sy, (e, (0 Ne

‘ + Hy(w) @2 [a, T, ] [5:7%e] (u),

colour-octet SCET, operators

+ Hz(u) ® 2 [ECTAhU}fl [ﬂETAuE] 7 (u)

» H;(u): hard matching coefficients; at tree-level, H;(u) = 1;
O How to implement (M, M, |[ﬁCT"‘hv]F1 [EETAuE]F2| B): function of u, depending on M, , & B
> for color-singlet SCET, operators: factorization well established
(MyM,|[@chy]r, [Szuclr, W)|B) = ¢ Ay, m, dm, W), With Ay, = i mgFE=M1(0)fy,

» for color-octet SCET, operators: normalized to the naive factorizable amplitude

(M, M, | [0, TRy Ir, [5eT uclr, @) |B) = Auym,Bar, (W), With &y, *(w) an arbitrary function
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Soft-exchange effects from emission topology

O To have predictive power, make the following two approximations:

» working to lowest order in the hard QCD —» SCET, matching, then H;(u) = 1
) {S;BMl L f d ,:&BMl(u)

» When the gluon propagator is soft, the propagator 8 is anti-hard-collinear;

=) the SCET,operator naively factorizes after matching to SCET;: aANS. MPRSTIHIS
1 1 Sur, O, () = s a3 Mo -
3524 (I/l) N AMIMZ SNCUTI X(_l)jo dS <M1 I:ucTAhv jll“l U#vaﬂn+gsGA (—Sl’l+) B>
_ L Sl paon g o P, ( _)glé?Ml independent of M,
Ay, SNuu 8N uit = Y

> with the asymptotic ¢y, (u) = 6uil, we have: BMl J du %BMl () = —91§M1
1

O Pheno. impacts on two-body hadronic B decays: |Bell, Beneke, Huber, Li, w.i.p.]
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Pure annihilation B decays

O Two typical pure annihilation decay modes: 3% - 7~ vs BY » K*K~ related by SU(3)

(B 7" il ="BW {5},”191 +2b7 + %bﬁEw}

b b
y &, 1
A(B, > K'K™)= Ag [ 6,8+ B +blpy |+ B [bf —Ebf,EW} >/< >«
Ali.2.3 A'];..l..?

= A | 8,8+ B |+ B | B ]
(V=A@ (V- A)

O Both involve b, = % &AL & b= % [C4A} + CsA%] and kernels 4 & 45 : ™
< s AL (V—A) Q@ (V + A)

1 _ -
i / . 1 1 My ,.M: 2
Al(]\"[lj\/[g) = 7TOzS/O dxdy {@]\[2 (’L) <I>Ml(y) _y(l — ”Clj) + j;Qy_ + ry ITX D, (’If) Cbml(y) f—y
7 / y ! [ 1 1 ] My . Mo . 2
AL (M M) = Ta O dady P, () Pag, (v) E=s + e + 1 Py () Py (1) it

O With the asymptotic LCDAs @, (x) = 6xx, we have A} = A4} : BBNS '99-03]
A (M M) = 7, {18/\3 ~18-6(9 — 7%) + it (233 }

: meg
X, = (1 + pAe“”A)ln (/1_)

AL (M, M,) = may {mx4 — 18=6(9 — 7%) + il (2)(3) } h
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Ways to improve the modelling of annihilations

O With universal X, and different scenarios, we have: [85NS 03]

Mode Theory S1 (large y) S2 (largea,) S3(p,=—-45°) S4(p,=-55°) Exp.
B 7. 02 455 e 0 T 0.027 0.032 0.149 0.155 0.72+0.11
PR K K W03 o st 0.007 0.014 0.079 0.070 0.080+0.015

C . 3 ¥ i [Wang, Zhu '03; Bobeth et al '14;
Large SU(3)-flavor symmetry breaking or flavor-dependent 4 ,? Chang, Sun ef al. ‘14-15)

O How to improve the situation:

» including higher Gegenbauer moments to include SU(3)-breaking effects; = °°°¢" « «- 14

o0 1=

F B, — '

= M 3 2) [ ©
(b]\,[ (CE, ,U) = 62T [1 + E an (,u) C?S / (21 - 1) e N A %
’ o]
n=1 . .
FIGURE 5.8: 68% and 95% CRs for the complex parameter p7 ™ and /7(} K~ obtained
from a branching-ratio fit assuming the SM.

- i s — K
due to G parItYI Aoda = Oa bUt Aodd *0 XA y 4 (1 Sy pAei¢A)]n (@)

A
> including the difference between the chirality factors to include SU(3)-breaking effects; 4
2mz Vi
r*(1.5GeV) = ~ (.86, rX(1.5GeV) = ~ 091
¢ my, (1) (my (1) + mg (1)) A my, (1) (my (1) + ms (1))
46
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Ways to improve the modelling of annihilations

O SU(3)-breaking effects in Ail,Z: due to higher Gengengauber moments and quark masses

AL(M M) = ma, {18(1 —a}" +ad™) {(1 +3a1"™ 4 6ay) X 4 — (1 + 6a;™ + 16a

A%(]\/[lj\b) = Ty {18(1 + (L‘lw2 + (13[3) {(l — 3(1’]”]

—6(9 — ) — 18(10 — 7)(3ay" — ay) —

—6(9 — %) — 18(10 — 7%)(a"

+54(69 — 7772)“?“ ar”

+6a") Xy — (1= 607" + 16a;" >}

—3a)"”) —

~18(9593 - 9727%)a" " + r2ir 2t (23 }

!

;\[2>:|

6(59 — 67)(6a5" + ad’2)

6(59 — 671'2)((13[‘ + 6(13'[2
—36(385 — 397)(2a)" )" — a)ra)")

+54(69 — 7r¥)al al? — 36(385 — 397%)(a) " a)"? — 2ad"a}")

—18(9593 — 9727%)a) a2 4 2y (2)(31) } X, =1In (ﬂ) (1 + paei®)
Ap

200 200 -

cee pA:2

150 - 150}

= 100+~

(T/)A 0 1 2 I;A 4 5 6
T TK KK
Al 1 317X 4 —51.546.2+ 1.5X3% | 37.6X4 — 63.446.5 + 1.6 X3 | 23.4X 4 — 36.0+5.2 + 1.7X3%
[18X 4 — 184+5.2+ 1.5X3] | [I18X 4 — 184+5.2 + 1.6X3] [18X 4 — 1845.2 + 1.7X3]
AL 1 317X 4 —51.546.2 + 1.5X3% | 34.6X 4 — 56.246.9 + 1.6 X3

[18X 4 — 1845.2 + 1.5X3]

(18X 4 — 1845.2 4+ 1.6X 73]

23.4X 4 — 36.0+5.2 4+ 1.7X3
[18X 4 — 1845.2 + 1.7X3]

> |A"1,2| can differ by more than 20% in the BBNS+ model!

Br(B! > z*m):  (0.72+0.11)x10°°
Br(B° > K K*): (0.080+0.015)x10°°

> The amplitude ratios A ,(mm)/A% ,(KK) get enhanced in the BBNS+ model! mswhat we need!
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Endpoint divergence in annihilation decays

O Finally, endpoint divergence in QCDF may be solved in SCET:

See M. Stillger talk @ SCET 2025: https://indico.physics.lbl.gov/event/3( ontributions /9656 /attachments /4895 /679 2025 _Stillger.pd
AL(M M) = T /1dm Doy, () Do, (y) L L e (z) P (q)i
1WAV ) — s . ray Mo MY y(l _7537> ny x ' mao \* mi\Y i’y
> with asymptotic LCDA ®(x) ~ 6xx, divergent integral at x —» 1
[
> physical picture: one constituent becomes soft Al
O Successive two-step matching: QCD — SCET; — SCETj;
(1) QCD > SCET-1 t
* atscale y, ~ m, integrate out hard modes T Hr ™~
= obtain EFT with (anti-)hard-collinear and soft modes ,
= Wilson coefficients: hard functions H A|_2_3
(2) SCET-1- SCET-2 T 15 ~ VA
= atscale yu; ~ mpAintegrat t (anti-)hard-colli modes
ale jj ~ ympA Integrate out (anti-jhard-collinear S See also P. Boer talk
= obtain EFT with (anti-)collinear and soft modes
= Wilson coefficients: jet functions J 40~ A @ SCET 2023
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https://indico.physics.lbl.gov/event/2384/contributions/7811/attachments/3843/5123/Boeer.pdf

Endpoint divergence in annihilation decays

O Cancellation of endpoint divergence: sce also P. Boer talk @ SCET 2023

i) 4-quark operators: b " h, X
>< — >< )
+ @ % !

8-quark
ii) 4-quark+gluon operators: b u hy X operators
— Al ‘
& >< H)X w
2 X
i) 6-quark operators (BBNS): b w h X
< - 6-quark
] 25 operators
X “ % X

= 4-quark operators give new contribution

= 6-quark operators reproduce BBNS contributions
» endpoint divergentforx - 0ory — 0

» endpoint divergentforx - 0ory - 0

= 4-quark + gluon operators yield endpoint finite contributions
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Summary

O With exp. and theor. progress, we are now entering a precision era for flavour physics

O Within QCDF/SCET framework, NNLO QCD corrections to color-allowed, color-suppressed

tree & leading-power penguin amplitudes complete, factorization at 2-loop established
O Due to delicate cancellation, NNLO corrections found small; some puzzles still remain:
> long-standing Br(B® — n°n®) and AA-p(nK) = Acp(B™ - °K™) — Acp(B® - ntK™);
> for class-I BY — Dg")_L+ decays, 0(4—50) discrepancies observed in branching ratios;
) sub-leading power corrections in QCDF/SCET must be considered!
> sub-leading color-octet matrix elements (M, M, |[a.T“h, ], [5:T“uclr, (w)|B)

> improved treatments of annihilation amplitudes: SU(3)-breaking effects & flavor-dependence of
the building blocks 4! , Thank You for your attention!
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