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Why hadronic B decays

A direct access to the CKM parameters, A further insight into the strong -interaction
especially to the three angles of UT effects involved in hadronic weak decays
f..,v.:/.--""’ﬂ"\-\.g{i\ BT T L factorization? strong phase origin?...
) E B = 111, 11p,PP )
; NG 1% 7 E
e N E
- ¥ Iv""s'- b __
[ Sl o 22 e e Py w—
B* 5 DOK* p (VY B2JyKs )
A deepen our understanding of the origin

& mechanism of CPV 1
/ duTZ.Ij(u) + (7 + K)
0

x G
AB" —» ntK™) = 7; Z Verm (C;Y 4+ C)F)
A insight into the hadron structures 4

1
: : . -I—/ dé du dv T (&, u, v ]
especially exotic hadronic states ] § o (65U, 0)

A Probing NP beyond the SM mm) although complicated but necessary!

2024/04/20 AA QCD Factrorization for Hadronic B Decays 3




Exp. status of B physics

A Super B -factories ( gy g ): Belle i A Hadron colliders ( == LHCb @LHC

CsI(TI) EM calorimeter: 74m . RPC p &K, counter:
waveform sampling e scintillator + Si-PM
electronics, pure Csl =/ for end-caps

for end-caps | e,

o

\: .

4 layers DS SiVertex =
Detector —
2 layers PXD (DEPFET),

4 layers DSSD / i

[R. Aaij et al. [LHCbCollaboration], arXiv:1808.08865]

\ i Time-of-Propagation coun;ter
Central Drift Chamber: ~_(barrel), ;
smaller cell size, prox. focusing Aerogel RICH )
long lever arm (forward) < | A Two main goals among others:

PID system

(£ 1Sl S EEllegll bl TR UCS ANIOR 128 Gl U Checkif there are any extra new CP -violation

mechanisms beyond the KM?
LHCb & Belle Il : the two currently running
] : _ U Checkif 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

A More precise data from these dedicated experiments

High Precision Charmless Mesonic B BF Measurements

Acp of Most Precisely Measured Modes
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A Lattice QCD & LCSR etc. also provide more precise

results for the

non -pert. hadronic parameters

I-D| we are entering an era of precision flavor ~ physics |
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Effective Hamiltonian for hadronic B decays

A For hadronic B decays: typical multi -scale problem; mm) EFT formalism more suitable!

d

Neubert, hep -ph/0006265 g
’ multi -scale problem with highly hierarchical scales!

> QCD-bound state effects

- EW interaction scale > ext. mom’a in B rest frame

my ~ 80 GeV Agen ~ 1 GeV

A
y é%’ M g 2 . mz ~ 91 GeV
y )
or > ViV (CIOI + G0+ > CiOi,pen)

Lo = —
) \/§ p=t,c i=pen

tree T~
QCD penguin

> my ~ 5 GeV >

A Starting point 3 4w wirabtained after

integrating out heavy dof.(0_grd O4
[Buras, Buchalla, Lautenbacher '96; Chetyrkin,Misiak,Munz'98 |

r: all physics above O 4; EW penguin

A Wilson coefficients
NNLL program now complete!

perturbatively calculable & [Gorbahn, Haisch '04; Misiak, Steinhauser '04]
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Hadronic matrix elements

A Foratypicaltwo -bodydecay [[© 4 1 : [x (oL 1) [YAs e fp (04 jesg )]

; final -state re- scatterlng introduces strong phases,

and hence non-zero direct CP\ =) A quite difficult, multi -scale, strong-interaction problem!

A Different methods proposed for dealing with (4 geg|):nauve fact., gen
- 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 et al,]
C Bauer, Flemming, Pirjol, Stewart, 01; Beneke, Chapovsky, Diehl, Feldmann, ’02] C
: : . : how to systematically estimate symmetr -breaking effects?
how to include higher  -order perturbative & power corrections? y y y y g

A QCDF/SCET: systematicframeworktoallordersin " wlimitedby g% 4 corrections [sans'99-03]

v form-factor term spectatoscattering term )
oatHe
OBJﬁHBFH ] < 7

e ] »
B’ n T [ B"( M § %’% O = inheavy -quarklimit .
| + O(1l/my)
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QCDF formula for charmless B decays

A QCDF formula: [8BNS'99-03]

]
v (M{My|Q;|B) ~ FE=M (% = 0) [0 dx TH(x) ¢, (x) form-factor term

o 1
= i / & / axdy TH06Y.w) S, (1) Sy (X) 5 ()

[ i
B O W g %51% O nt spectatoiscattering term

A How to proof QCDF formula:

H

- basedon diagrammaticfactorization [BBNS'99-'03]

- methodofexpansionbyregions  [Beneke,Smirnov'97]

S Dy E
Pector e

- use heavy-quark & collinearexpansion forhard " N ",

Processes [Lepage,Brodsky'80] universalnon -perturbative#adronicparameters

m) (0 0 9 D) factorized into (O SOH) (transition form factors), (0 SQg), (MSQB ) (decay constants & LCDAS
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Soft -collinear factorization from SCET

A For a two -body decay : simplekinematics, butcomplicateddynamicswith severaltypicalmodes

eobh

wa ]|

\ e (low-virtuality modes: e | high-virtuality modes:
. « HQET fields: . % isd adse
— - B o oD
-—B- * soft spectators in B meson: ( + collinear) O(my)
x hard-collinear modes:
* collinear quarks and gluons in pion: (soft + collinear)? ~  O(mpA)
E. ~ my, 1,);" ~ (A%

A SCET: averysuitableframeworkforstudying factorization and re-summation for

processesinvolvingenergetic&lightparticles/jets [Bauer etal. '00; Beneke efal. '02]

A From SCET point of view:  introducedifferentfields/modesfordifferentmomentumregions,and

SCETdiagramsmustreproducepreciselyQCDdiagramsincollinear&softmomentumregion!

L

achieve soft-collinearfactorization &hence QCDFformula viaQFTmachinery [geneke, 1501.07374]
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Soft -collinear factorization from SCET

A QCDF formula from SCET: 1 4| ¥ %= matchingcoefficients fromQCDtoSCET

(O 0 [*]6)6"0° “Y5 % Y3 %35 % 35 % mmmp |QCD- SCET=4 " &"

A For 4|5 onlyhardscaleinvolved, one-stepmatching from . x €O 3 # o A&Q)!

C C ';IQ D T (,x C C
h_h hard i /
h
h\ /h B pp
S h c D CZ;I S c
A For 4| = twoscalesinvolved, two-stepmatching from _ x €O 3 # o6& B¥() © 3 # %#HQ)!
7 e ¢ 8 c c
QhDd a \ D 1 G o's
. W / hard -collinear "Y
e ¢ B Phe & ¢
he — H ® J

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

O 0 I618) "YC 2% € YQ (@ OC )2YC A )2t 2% ( )% ¢ )% )
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Phenomenological analyses based on NLO

A Various analyses based on  NLO hard kernels A complete sets of final states:
- B— PP : PV [Beneke, Neubert,
navefactorization hep-ph/0308039; Cheng, Chua, 0909.5229,
0910.5237;]

vertexcorrection

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

spectator -scatteringcorrection

(b) E\/ \/g (c)

g - B— SP, SV: [Cheng, Chua, Yang,

penguinCOI‘I’eCtiOn hep-ph/0508104, 0705.3079; Cheng, Chua,
Yang, Zhang, 1303.4403;]

- B— AP,AV, AA: [Cheng, Yang,
0709.0137, 0805.0329; ]

annihilationcorrection e T 5o e

>@ >@ @ g M verysuccessfulbutalsowithsome

problemsphenomenologically. !

2024/04/20 AA QCD Factrorization for Hadronic B Decays 1Lk




Phenomenological successes based on NLO

A Successes at NLO: . A A Some problems encountered at NLO:

colour-allowed tree QCD penguins a4

U For color-allowed tree- & penguin-dominated decay |U Factorization of power corrections generally

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

U Dynamical explanation of intricate patterns of penguin iu Could not account for some data, such as

interference seen in PP, PV, VPand VV modes LADROR s & Mand 3 BT
pP |, ca t : .
PP~ as+rxas, PVr~asm— || a0 = U How important the higher -order pert. corr.?
VP ~ a4 — rya¢ ~ —PV

B - Fact. theorem is still established for them?
VV ~ a4 ~ PV _pc]b e el 1) § h)
U As strong phases start atosi] , NNLO is

U Qualitative explanation of polarization puzzlein 6 © w Q) only NLO to them: quite relevant for & 2

decays, due to the large weak annihilation

U Strong phasesstart at %i| , dynamical explanation of L we need go beyond the LO in

smallness of direct CP asymmetries pert. and power corrections!
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Status of NNLO calculation of 4| "& 4= -

A For each };;;;@;ginsertion, both tree & penguin topologies relevant for charmless decays

T! tree T! penguin T tree T!' penguin
WU, "0glEie SORERRGS) %o
“Yo ER04RE" % s B TS LO: 0(1) v T' =1+ 0(a) + -
tree @ e
b uu vertex
O O / \ NLO: 0(ay) \/% — (O — M I = Oa) + -
. penguin BBNS '99-'03
- E
penguin — el —

TII

b
spectator
/ \
tree penguin POWO \ /%
"’ Ez\/

NNLO: O(a?)
A For tree & penguin topologies, Bell 07,09

Beneke, Huber, L1'09

000

Beneke, Jager '05 Beneke, Jager '06

LU Kivel '06, Pilipp '07 Jain, Rothstein, Stewart '07

both contribute to 4| “& 4| = Hiber Kk 111

Kim. Yoon '11
Bell. Beneke. Huber, Li'15, 20
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Tree -dominated B decays

A | © zZ Zdecay amplitudes in QCDF: s % o /
po b - d

colour-allowed tree a1 colour-suppressed tree a,

V2 (=Y Hess |B™) = A [al(mr) + ozg(mr)] Ax

(7t 77| Hesy |B®) = {Au]oa(mm) + of (77)] + Ac af(n7) } Arn J
_ Tree-dominated! D F !
— (1070 Heps | B = {Au|a2(mm) — of(am)] — Aca§(nm)} Apn @ O:m//
.

1

U

A » atNLO: >
Y N7 2538 [ 8 Sy ik lsl I]{[ 8 leenr[8 Iin}
L large cancellation between 1-loop vertex correction & LO result rep = %y B
mpf T (0) Ag

L making ) sensitive to NNLO corrections , and large effect possible?
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=at NNLO .

wrong insertion

Hard kernel 7

A "E'AR 1 "A’Améatching calculation:

m For “wrong insertion™:
b a b D

4 = = ~ ~ a b
(Qi) = Ti {Oqcp) + Hin (O — O1) + E Hi,{0,) 0
@ 1
m For “right insertion™: a>1

A Master formulafor 4|5 right insertion

(Qi) = T; (Oqep) + D Hia{Oa) b u '
> L > T = A
a>1 a a
Q. TV = AP+ Z) A
A On-shell matrix elements at NNLO: full QCD side T AR 2 A + Zf.;f’" AR+ 20 AR+ (=i mlD AR
—T[Cfh+ v = Z0] =S T HY v
(05 = {Am) L& [A(l) + 70 4O +z“)A(°’} P _ _
A Master formula for 4| 5 wrong insertion
b () 42 + 204D + 2049 +20 4D +20 4D o= 7.
o TV = AP 4+ 20 A + AP - AR AD - W - v AR
Ole) Ole)

+Z ' ZAD L 7Z0A0 () 5m(1)Aja(”] + O(af)} (0,)”
70 4 AP} 20 A + 20 A 4 20 AP

2 T

+ (=) dm'V A nf Zﬂf [An mt Z A ﬂ)]

A On-shell matrix elements at NNLO: SCET side FO [0+ 71 =)

T +} ZH Y,
M |y () &5\ 1@ L (D)D)
(Oa) = {6ab + o MG+ Y Sw 4 Y ] + (4—) (M3 +vOm,

AT~ AQTAD) + (=) bl (AP - ALY AY)
T

MY — ) AW

Chp— €)Y -1 A - [V - v AD .

+[

+ (20 + Zep) AL - A5 A
ext ext ext [
~
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Two -loop QCD diagrams LV VA VA

N B M

b

A ( )i &8 relevant two -loop non -factorizable Feynman

_ dlagrams in full QCD: M éﬁé M M &A M

totally ~ 70 diagrams; 3a N\ M M 4\& Aﬁ ﬁﬁ M

needs modern multi-loop b

Feynman diagrams techniquesw M m M 15a
4a Ha Ga Ta

YA ﬁ‘?i % Y Y Y
IBP reduction, Mellin-Barnes (A% X v X b c d b : 1

b b b b
representation, Differential l%; f % ;
16a 17a

equations, e 5\/ VA AVARR VA #%% %%%

A Complicated counter -terms from QCD & SCET operators:

@, = 8 e, Y
b c d b c d
16
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1 I
C
Vl(fi}) :fdu TJ.'{O)‘?bM(”)- v :fdu TJ'U)(“)W(“)’

Final results for »
0
A Tree amplitudes » , after convolution with LCW‘@?’— fl du T ), ;Af v = fl du T ) ).
(0('0 0 0

o

AN\Tce A
ai(MiM) =Y C;V + (a) [F C-Vi(.”+Pi(”}+- free ence
; a JBZI 47 ZNL-; 7 d\\,e@ o8
A Numerical results including the NNLO corrections Losl
06p =~ " "E'EE'E
ar(rm) = 1.009 + [0.023 + 0.010 ]y, + [0.026 + 0.028 iy S 1ol .. T-_NLO |
d &) o
u Fs . I LO
k - [0‘ 4‘;5} {[0-014]Losp +[0.034 + 0.027i | o + [0-008Lw3} 102y
colour-allowed tree oy = 1.000__‘_3'8?,3-}-(0.011__‘_3'%%)1‘ Beneke Jager ‘05 I'002 T 4 I‘I 6 B 8 | 10
: ‘ % Kivel '06, Pilipp '07
u[GeV]
a(rm) = 0.220 —[0.179 + 0.077 4]y — [0.031 + 0.050 0 A S%i's'depe”dence much reduced!
u ) 7 . 7
74 + [ ] {10-114] o + [0.049 + 0.051i) o + [0.067) s } 0.15} o
= 010}
colour-suppressed tree oz __ 0240t8%£+(_0077t8(¥/§)1 %\1 NLO -
& 0.05F - =ttt _
. TE o L L e
A NNLO corrections both large, but cancelled between 17& A" 0w o
- R e L T e, A % g ~0.05 ' ‘
(O L |*]|]o)e O YS %o Y S % S % S %o 2 4 6 10
ulGeV]
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Penguin -dominated B decays Tree

A | © zL decay amplitudes: mediated by @° i R transitions b .

\/E-AB——HTOK— = Anf[apu o) + &f] + AI?JT [5P“a2 + 5PC%(¥§,EW]’

— _ ~P
A§0—>JT+K_ — AJTK[SPH o)+ O{4]’

w & D®{_)L _ o « Dei_ mmmp | Penguin-dominated!

A In QCDF, strong phases generated firstly at NLO in D

5 NNLO is only NLO for A  p,
Acp = [c X as|nLo + O(as, AJmy,) =)

4

large effects still possible?

A To predict accurately direct CPV, we must calculate both tree & penguin up to NNLO!
A Driven by the current exp. data on | © zL:
How about the
‘=F|}ZIL =F”(|| WA =F|+|| oz L —>
Situation @ NNLO?

&L 8 )b differsfromOby~9 @ 30 puzzle
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Penguin topologies with various insertions

A Effective Hamiltonian including penguin operators: | BBLO 9 6MM G 9 8
4GF , , 10
Z D‘/}jb OlQl + CQQQ + Z C’LQ% + C?’YQ?")/ + CSgQSg + h.C.
p=u,c 1=3
~ . CMM operator basis
Qp (pL’y“T br,) (DL’YMTAPL) = (Dry"by) Eq (@7ua); ) —9Ys 7 Do (1+~5)G*b
Q5 = (pry"br) (Dryupr), = (DLy'T40r) 32 (@I q), B9 = 3on2 M0 HOm AT TS ’
D °b Yo Vod), .
current -currentoperators = DL 2y Ouied), chromo -magnetic
Qe = (DA™ v*Tbr) 3y (@ T ) - dipoleoperators

: . _ QCDpenguinoperators
A Various operator insertions:

AV BTy

tree topologies

I Qs—¢ |7 1
b q

penguin topologies

(i) Dirac structure of Q;, (ii) color structure of Q,, (iii) types of contraction, and (iv) quark masses in the fermion loop
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at NNLO e @l Teap

b q P Db

Hard kernel

A "E'A'R 1 "A’A matching calculation: A Note: always oe P T o b
~ ~ wrong insertion! b\ ¢ g
i) = Hiq(Oa) N
G O Z[¢( )Xq| €%, (1 —~5)hy] , theonlyphysicaloperat
. 1= X 1—5)x gy , eonlyphysicaloperator
A Complete SCET operator basis: S 2 andfactorizesintoEE*LCDA.
= (DiA"br) 3o, (@99, On= > [& 172 A xq] [Xe(L+75)VLaV Lpan 2V Lpzn—s - - Vi ho]
- A =u,d,s . .
= (DpA*T*by) 22 (@uT"q), » ! = nowupto4,with7gammamatrices
= (Dry"y"~br) > g (@1 7p9)s 01 — Oy /2 is another evanescent operator
= (DeA*"y" T L) 3, (@, T a)
A0 4 A0 4 7O 7O ( ) 7(0)
A On-shell matrix elements at ( ) )4 20D 4 2050 4 70 AV 4 72 4O

NNLO: on the full QCD side
+ 28 25 A0 + 2O AG) + (- am® AP + 0(@} (Oa)®

ext

A On-shell matrix elements at

NNLO SCET Slde —|—Y(2) 4 Y(l) M(l) + Y(2) Sup + Y(l) Yél) + Z(I)M(l)

ext ab ext ext

2
(0.) = {5ab + [M(l) + ¥ 60 + 73| + ( ) M3 + ¥ OuS)
| + 0} ©0n)®
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JI‘ |=u p to N N LO ~ 100 two -loop Feynman diagrams
A Master form%» - Q:.M
e 1A

L =@ | 7@nf|, (1) 51) | 2 50) , (1) 5(1nf
§Tz‘ = A1 _I_Zz'j Ajl +Z@'j Ajl + 757 Aj
( ) 5m(1) A’(l)nf -+ Z( ) [A(l)nf Z(l) A(O)] <8 [Kim,Yoon'11]

T(l) [C}l}? 4 1/11 Z H(l) ‘/_(1)

ib b1
b>1

2 non-vanishing fermion-tadpole

4 [}I(f)f _ A;(g21)f A“(g)] + (=) smb) [ﬁ’.(ll)f _ A;}(ll)f A’(g) contraction of QCD penguin operators

tree-level matching ob involves

+ (20 + 28 [AD" - AR AD)
already evanescent SCET operato

ext

a2 2)7 F(0
o [Ml(l) o Ml(l)] Agl) . ) % -
A Complication during calculations:

— (W — DY FD - v AD - 70 v 212D () fermion loop with eithess 0@ & or & &

(0 ~(0) (2 (ilgenuine2 -looptwo -scaleproblem: oha & Ta
DoAY My - YA Y -
b>1 b>1 (iithresholdat 6 Tta introducesstrongphase
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Final results for

A Final numerical results: W |” | Qus 1 Qu [P 1
< - g 2P A - S % - b\ --"p": ! b q b (gy\ Lq
(LD |vljo)e O YS %o YS % S % S %o 1 1 g
aﬁ(nk)/m‘z = —2.87—-[0.09 +0.09/]v, + [0.49 — 1.32/]p, — [0.32 4+ 0.71 f]Pz,Ql_lz +[0.33 + 0.38!.]P21Q3_6,3
4 [o 2'934] {[0.13]Lo 4 [0.14 + 0.127]uv — [0.01 — 0.051]wp + [0.07]tw3} \
= (—2.1273%) + (—1.567%52)i, Qs [P |7 Qs [P |7
b—' J q b q
—D.b q
aﬁ(wk)ﬂo_z = —2.87—[0.09 + 0.09/]y, + [0.05 — 0.62/]p, — [0.77 + 0.501']1)2,QL2 + [0.33 + 0.38i]P21Q3_6,8

+ [0 21334] {[0.13]Lo +[0.14 + 0.12/]uy + [0.01 + 0.03]up + [0-07]tw3}

= (=3.0070%) + (—0.6779%)i.
I U individual NNLO contributions from FF and [f psignificant

U strong cancellation  between NNLO corrections from FFand | q
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Scale dependence of

A Scale dependence of < only form -factor term

Re[aj [er

~0.015F
E"E'ESE
—-0.020¢} _____________E_§|_I'__
_ E!\El 3}
~0.025 <. ESfr i ¢
~0.030! EEESE,
~0.035} |
2 4 6 8 10
H[GeV]
~0.015
~0.020
~0.025[ SRR
-0.030} " ]
oo ——
~0.040 | ‘_
2 4 6 8 10

Bl

0.000
~0.005
0010 o e
S
S
E —0.015 |
\—_—_—/_—__—__
S00200 e
~0.025! |
2 4 6 8 10
u[GeV]
0.000F<;
B S
;E
E
~0.010
~0.015
2 4 6 8 10
u[GeV]

- Scale dependence negligible, especially for | 4 GeV.

2024/04/20
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A Results at different orders:

0.005}+
a§[nK] LO
0.000 ----
.
NNLO'Q;-M;
-0.005 H
NNLOgun |
= : =
& I NLO
=, 1 *
E —0010 ' NNLOJg, .,
*
NNLO'Q\.: T
-
-0015 NLO; NNLOgn
i ay[nK]
L 3
~0.020 NNLOJp,.
~0.04 -003 ~0.02 ~001 0.00
Re[a}]

- total NNLO effects small

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

trivial charm mass

2%




i

| .© ra & class-1decays

A Atquark -level, these decays mediated by {0 Jo® v

all four flavors different from each other,

No penguin operators & no penguin topologies!

Q> = dyu(1 —ys)u Ev*(1—s)b
A For class-1 decays: QCDF formula much simpler; Q1 =dv.(1—7)T"u ev*(1 —~)T"b

only the form -factor term at leading power =

[Beneke, Buchalla,Neubert, Sachrajda '99-'03;Bauer, Pirjol,Stewart '01] I) Only color-allowed tree tOpOIOgy W

i) spectator & annihilation power-suppressed

. _ - Bq—>Dg*)
(DYITL™1Q|BY) =) F, (ME)

J

iif) annihilation absentin6 (y© 0 0 etc.

Ty

1 . ’ :
X / du T (u)dr (u) + O (AQCD) Iv) they are theoretically simpler and cleaner
0

l—}these decays used to test factorization theorems

A Hard kernel 4|: both NLO and NNLO results known; T=T0 4 0. TO 4 2 TO + 0(a?)

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

:

physicaloperatorsandfactorizesinto FF*LCDA.

Calculation of

Or =22 (1 = ) o, (1 = 25)h.

A Matching QCD onto SCET |G [Huber, Kranki,Li '16] n 2
b o . o j O, :Xﬁ—_(l —Y)VIVIX Pty (1= 5)7L 87 Ll s
a also heavy, mustkeepa 7a fixedasa © Hy, 2
' . @F —Xﬁ—_(l - 75)7i7fVIViX EU'VLJr(l — V5 )V L6YL A YLEYL e
thus needing two sets of SCET operator basis. = 2

e
O :X7(1 = ¥5)X hoth, (L4 75)he

Q) = T{QUP) + T/(Q'UP) + 3 " [H,,(0,) + H[,(O, ;
(Qi) { ) < ) ;[ (Oa) (Oa)] _ O, :X%(l—%)ﬁﬁx hott, (1 +75) 71071800 ,

i N ~
O; :x7(1 — )72 T8 x Bt (1 + 95) VL0V YLy Y16l

evanescentoperatorsandmustberenormalizedtozero.

A Renormalized on -shell QCD amplitudes:

(@) = {49 + 2= |47 + 2040 + ZP 4] on QCD side

47
Qg 2 2 .
+(2) [40+ 2045 + 2040 + 2040 + 2840 + 2825 &) A Master formulas for hard kernels:
+ (—Z:)(STII,I()I)A;(EU +§(—i)677151)A;(:(1) E‘r— ZL()I)AI(-},)} + 0(()2)}<On>(0) / 0 1 2 2 3
+(A4—>A’)((’);>(U).‘ .............. \ ;}_ T — T( ) —I— (Xs T( ) —|— g T( ) —|— O(as)
A Renormalized on -shell SCET amplitudes: 7O — 4©
a, . . .
(Oa) = {60+ 32 [MY + Y86 +Y]  on SCET side 7 = A" 4 zP A
A 2 ~ (2 2n, 1) +(1 2) (0 1)n ~ (1 D(1 1 1
b (B2) [+ YO + v+ 200 G | T = AT DA AT DA I o i - 21
T
ND(1)7v(1) . (1) g*(L)nf - 1) g**(1)nf (1)y-(1)
SV v v o) oy, R
25
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| O .2
Decay amplitudes for || ,© .
A Color -allowed tree amplitude = : collinear factorization established @ NNLO!
a(DTL7) = 22: Ci(p )fld?l [ s, ) + T (u, ;1)] Dy (u, p), free from the oot
(D7) = 3 G / £, B, 1)] (0 SCRROEE/CHBETICE -
- : HU'US’ NNLO
A Numerical result: collinear factorization established i 004
E().03

a1(DTK™) = 1.025 + [0.029 + 0.0184]x1.0 + [0.016 + 0.028¢]nnLoO

= (1.069100%9) + (0.046100%2)s ,

,,,,,,,,,,,,,,,,,,

- both NLO and NNLO add always constructively to LO result! 102 1.04 1.06 1.08

Re[ai(D*K7)]

- NNLO corrections to real part quite small (2%), but rather .
DA & K™) = (L069700%9) + (0.0467022);

(D*
1(DTr7) = (107275 g13) + (0.043T5013)i
(DR ™) = (1.06870715) + (0.03475511):
1(D*F ) = (L0715 013) + (0.032X5910)i

)

1
large to imaginary part ( 60%).

SD

e

A For different decay modes: quasruniversal, with small

Q

process dependence from different LCDA of light mesons.
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Non -leptonic/semi -leptonic ratios

A Non —Ieptonic/semi —Ieptonic ratios . [Bjorken '89;Neubert, Stech '97; Beneke, Buchalla, Neubert,Sachrajda '01]

20 (*)+ 7 — .
o N(BY, = D L) Y (O 1z (o) freefrom uncertaintiesfrom
R = = B ,, = 61" [Vig|” 17 laa (D - L) |7 X ' oh. SR
dU(BY, = D ) [da? | o2 w &0 y© Oy formfactors
A Updated predictions vs data: [Huber, Krankl,Li '16:Cai,Deng,Li,Yang '21] A Latest Belle data:  2207.00134
R LO NLO NNLO Fx Deviati ' f\:L'()' Bencke (2000)
(s)L p- eviation (o) NNLO =~ Huber (2016)
004 0,03 NNLO K~ Huber (2016) | F—&—1 T
Rx 1.01 1072004 1.101) 62 0.74 £ 0.06 5.4 NNLO -~ Huber (2016) 1
4 ‘ | B4 BGL(2,2,2), F-MILC -
R: 1.00 1.067053 1.1019:08 0.80 + 0.06 45 BGL(222), JLQCD : TR
' ) b CLNnoHQS, JLQCD .
R, 2.77 2.9470 1% 3.0270 1% 2.23 + 0.37 1.9 i Belle Fleischer (2012) - . K
L T L T L L T I T L T n W BaBar Fleischer (2012)
! R 0.78 0.8370 0 0.85700; 0.62 + 0.05 44 i "
* .0: . ) ) o
R 0.72 0.760 03 0.79700 0.60 + 0.14 1.3 N
Ric- 1.41 1.507511 1.53+0-10 1.38 4 0.25 0.6 ’ . e
. lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll : ye H
A LOL LTGRO OTR DS L T :
R 0.78 0.8370 0 0.8500s 0.46 + 0.06 6.3 Lo N i
0.7 0.8 0.9 1.0 1.1
ss(Jor z)s 8 8 8 8 e g a2 —eh— jax(h)]
z L 8
15%lower than SM s ([° ¢ L) 8 8 8 gr it el

2024/04/20 AA QCD Factrorization for Hadronic B Decays 2T




Power corrections eI 01 B9 =3 PP (g
J
a2 1 H A 1 .¢lllllllll.:
A Sources of sub-leading power corrections  : [Beneke, X/ G T () () - (AQCD):
Buchalla, Neubert,Sachrajda '01; Bordone,Gubernari,Huber,Jung,vanDyk '20] 0 ‘._________,:
0 non-factorizable spectator interactions A Scaling of the leading  -power contribution: ~ [Bens'01
\%V w A(Bd — D+7T_) ~ Gpmg FB_LD(O) fffr ~ Gpmg AQCD
¥
U annlhllatlon topologles a U All ESTIMATEDto be power-suppressed; not

even chirality-enhanced due to (V-A)(V-A)
>« % % M U Difficult to explain why measured values of
0 "Qsseveral, smaller than SM?
U non-leading higher Fockstate contributions ; _ : :
U Must consider possible subleading power

M \/ M M corrections carefully!
.

U non-factorizable soft-gluon contributions in LCSR with

+0.050 50 b
22— 0.051+0059, BY = Dir,

B-meson LCDA:[MariaLauraPiscopo,AlekseyV. Rusov  '23] = 00397501 B’ = DYK™.
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Charmless two

A Long -standing puzzles in

255 CuZfiz

B 5 "8g)

BB o) (p@& v THd ¢ p T

28504

B(B%-n°n?)
1

I HFLAV
PDG
—o— Bellell

—e— BaBar
—a— Belle

1.0 1.2

14

1
16 18

A Decay amplitudes in QCDF:

—Ago_, 00 =Ag

—> T Tt

A Dominant topologies:

%u
,

b S
colour-allowed tree o

2024/04/20

2.0
le

u

/.

colour-suppressed tree as

AA

-6

T [81711(052 p1) — Ap — 2,34{)]

-body hadronic B decays

’A"I” GRZ» 7% ald 2= 1% L =F||(Z E) . 4 L [HrLAvi2s)

=F|}Z|L &3 8 )b differs fromO by ~9 @

Acp(BT — K+n%) Acp(B® — K*m)
ELd Acpl(B * =K * %) 37824 Acp(BO=K*n~)
I HFLAV 1 FLAV I

—e— CLEO —a— Bellell

—a— Belle ll —e— BaBar

T (CB p&) pT1m o | |=TE (@&o mq plm

—a— Belle —e— CDF

LHCh —— LHCh a1
S e
'

\/E'AB——HTOK— = Anf[alm a1 + &f] + Al?zr [6P“a2 + apc%ag,EW]’

ABTO—HrJFK— = Anf[slm o1+ &f]’

Acp (7K T) — Acp(nTKT) = —Qsiﬂ’Y(Im(f’c) — Im(ry f‘Ew)) +

LP NNLO known Q. » always plays a key role here!

: i h Find some mechanism ( sub-leading

power corrections ) to enhance » ,

QCD penguins ay4 and hence explain both puzzles!
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Pure annihilation charmless decays

A Pure annihilation modes: [HFLAV'23]

Allvezz) (8 8) % ><< % M
A |mo L L

(8 8)
A With universal =_ and different scenarios, we have: (BBNS'03] Xa :(1 _@Aé/A)In(rnB/ H
Mode Theory Sl(argg ) S2(largea )3( j=-45) SA(,=- 55) EXp.
B o' p 002400000 00001 g (o7 0.032 0.149 155 072° 011
FPS (e K0 01 i o o o B ol 0100 0.014 0.079 0.070  0.080° 0.01

C large SU(3) -flavor symmetry breaking  or flavor -dependent = ?

A How to improve the  situation? U making the parameter @ to be flavour dependent &

U including higher Gegenbauermoments to include gepehg g 0SS!

[Wang,Zhu '03;Bobeth etal '14;

SU(3)-breaking effects; Chang,Sun etal. '14-15]
o0 U other interesting progress;
Oy, 1) = 627 [1 + Z aM () C3 (22 — 1) Lu, Shen, Wang, Wang, Wang 2202.08@&rtalk @ SCET2023 and CERN:

n=1 Neuberttalk @ Neutrinosklavourand Beyond 2022
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Summary
A With exp. and theor . progress , we are z, L P/ .
b T % u JJQ/L d b _/Z u

entering a precision era for flavour physics!

colour-allowed tree « colour-suppressed tree as QCD penguins ay

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

tree & leading -power penguin amplitudes complete, factorization at2 -loop established

A Dueto delicate cancellation , NNLO corrections found small; some puzzles still remain:
UARlohgSTaNalng .~ COMAEs ", S ERAHE (0™ S S, O (O D0, MO, 19
i} for.classtll 6#0°°0°% O decays, %{ 4 1A)bdiscrepancies observed in branching ratios;
‘ sub -leading power corrections in QCDF/SCET need to be considered!
0 sub-leading color-octet matrix elements (0 0 [[6 "Y'Q] [i[fYo } (0)|6)

U improved treatments of annihilation amplitudes: SU(3)-breaking effects
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Phenomenological analyses based on NLO

A Various analyses based on  NLO hard kernels A complete sets of final states:
- B— PP : PV [Beneke, Neubert,
navefactorization hep-ph/0308039; Cheng, Chua, 0909.5229,
0910.5237;]

vertexcorrection

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

spectator -scatteringcorrection

(b) E\/ \/g (c)

g - B— SP, SV: [Cheng, Chua, Yang,

penguinCOI‘I’eCtiOn hep-ph/0508104, 0705.3079; Cheng, Chua,
Yang, Zhang, 1303.4403;]

- B— AP,AV, AA: [Cheng, Yang,
0709.0137, 0805.0329; ]

annihilationcorrection e T 5o e

>@ >@ @ g M verysuccessfulbutalsowithsome

problemsphenomenologically. !
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Phenomenological successes based on NLO

A Successes at NLO: . A A Some problems encountered at NLO:

colour-allowed tree QCD penguins a4

U For color-allowed tree- & penguin-dominated decay |U Factorization of power corrections generally

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

U Dynamical explanation of intricate patterns of penguin iu Could not account for some data, such as

interference seen in PP, PV, VPand VV modes LADROR s & Mand 3 BT
pP |, ca t : .
PP~ as+rxas, PVr~asm— || a0 = U How important the higher -order pert. corr.?
VP ~ a4 — rya¢ ~ —PV

B - Fact. theorem is still established for them?
VV ~ a4 ~ PV _pc]b e el 1) § h)
U As strong phases start atosi] , NNLO is

U Qualitative explanation of polarization puzzlein 6 © w Q) only NLO to them: quite relevant for & 2

decays, due to the large weak annihilation

U Strong phasesstart at %i| , dynamical explanation of L we need go beyond the LO in

smallness of direct CP asymmetries pert. and power corrections!
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Power -suppressed color -octet contribution

A Sub-leading power corrections to =|= . spectator scattering  or final -state re -scatterings

1 H . a 4a 1 Y 1
A Every four -quark operator in 3 "4'HAsS a color -octet piece in QCD: Lty = 50udjk — Q_M(sikéjl:

5 (&) a(ip) Uﬁ(ir&) 5(60) <Y a@©Yo)

5 (60) &(ip) Gﬂ(é&) §(P) cOYdH G&GrYo) w

A Soft -gluon contributions ~ with color -octet operator insertions %

U Thegluonpropagatorcanbeinthe hard-collinearregion ]

== hard-spectatorscatteringcontribution

: P’ U Canalsobeinthe softregion ;expectedtobe “ pfa

==) canbenon -zeroatsub -leadingpower,numericallyrelevant

methodofregions: 6regions U Otherfourregions suppressedbymorepowersof pfa
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Pure annihilation B decays

A Two typical pure annihilation  decay modes:

D o é 1
A(Bs_ 1Y p):Bppg pm ‘Qtf ;tf,EW

r g 5 . & 3
A(B, - KK)='°kK§dpu p+4pb lf'A{),Ew 83‘&8@? Ebz,Ew

oth involve -H- JIJIF i -H— J% »
AL (M M) = T /1d%d1 O pr, () Pag, (y) _ ! + L]
/] /] -8 !.‘ /] m} /]
1 Mg Ve ;s Y P, MY (1 —ay) | 2y
AL (M My) = ma /1d1d1 Dpr, () Do, (y) - ! + L
/] /] -8 L) /] l,} /]
2 1 2 S 0 J ]\[2 ]\[1 J _f(]_ [I;”{j) ny_

=Aw 80, b+bgB. bR g

F — andkernels = & = -

6 Ou

A With the asymptotic LCDAs 1 (e)

2024/04/20

AL(M M) = 7a {tl_&xg —18—6(9 — 1) + 1

®, we have =

X

My .My

X

()

AY(MMy) = ma {lé’%XA — 18—6(9 — m2) + Myt (in) },

AA

[ M 2
(o) @, ) =

vs 0 © 0 U relatedbySU(3)

Afl.l..“\ Aflj\

Ty

, , —
My, M. ) P -
"X lrx * Py (w i (y> 1‘9}7

— e

[BBNS'99-'03]

XA:(l @Aé"'*)ln(msl g

L, =0.5GeV,0,

QCD Factrorization for Hadronic B Decays

d and an arb#ry prase/ ,

36




Ways to improve the modelling of annihilations

A With universal =_ and different scenarios, we have: [BBNS'03]
Mode Theory Sl(largg ) S2(largea )S3( j=-45) SA(,=-55) Exp.
Ba-A. PG, 00 J0ERREEoA0 "R 0.027 @32 0149 0.155 Ug2>40. 14!
B KK M0.013 o it o e OR00 0.014 0.079 0.070  0.080° 0.01%

C X : b pE 3 [Wang,Zhu '03;Bobeth etal. '14;
Large SU(3) -flavor symmetry breaking or flavor -dependent = ? Chang, Sun eral. '14-15]

A How to improve the situation: 4

U including higher Gegenbauermoments to include SU(3)-breaking effects; # "o ea 14

®A[($7ILL) — 6:1;5; [1 —|_ Zaﬁ[(/t) 0'513/2)(2:1: _ 1) c[; R e e‘::%

n=1 ) . —
FIGURE 5.8: 68% and 95% CRs for the complex parameter p * and p& X obtained
! I P PA
from a branching-ratio fit assuming the SN.

due to G-parity, @ T, but @ Tt X =(1 0,8 )In(m/ P
U including the difference between the chirality factors to include SU(3)-breaking effects;
ca ca 4
@508 U8 &) B (™ Gt
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Ways to improve the modelling of annihilations

A SU(3) -breaking effects in =h . due to higher Gengengauber moments and quark masses

AL (M M) = nm{'l_m alh 4 uj"){n'l_ F3aM2 4 6ad) X 4 — (14 64" + 16a1" J} +54(69 — 772l al™ — 36(385 — 397) (a1 @)™ — 203" al"?)

—6(9 — 72) — 18(10 — 7)(3a)" — a) — 6(59 — 672)(6al" + o) —18(9593 — 9727%)ay" 4y + iyl (2‘(?\) }

00 p

0 s= ; scan differ by more thar20%in the BBNS+ modé|

i Theamplituderatios = Z Z7=; L L getenhancedin the BBNS+ modé¢l sspwhat we need!
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