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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
B-mesons b-baryons B |: > — <

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) | 0.510(9) Lifetime (ps) | 1.471(9) | 1.480(30) | 1.572(40) | 1.64 (7}3)

O b-hadron weak decays: at the quark level, all governed /
, <€
by flavor-changing charged-currents mediated by W-boson. b 7 c
» >
Lee = =5 Jbc Wh+he. g: SU(2), gauge coupling 5 p
d d
ev : 9 Semi-leptonic
T = (De, Dy ) 7" ( i ) Vexm: CKM matrix for quark mixing P
TL d
I/ud Vus Vub /;u/
+ (@, e, 1) v Vekw ( fi ) Vekm = VCd VCS VCb b // c
br Via Vis Ve 0 [ = 4 >
O Classification of b-hadron weak decays: three classes; D =
Hadronic

purely leptonic, semi-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!

O Semi-leptonic decays: transition form factors

Qm%% D’W%’B f+(a*)(pB + pp)"
2

Olq 5q2| P =1 mZ4 —m
_ Olg1vu 5921 P(p)) ZpufP% éOD + [fo(¢?) = f+(¢?)] BQ2 D gt

O Hadronic decays: hadronic matrix elements } LQCD or LCSR etc.

O Purely leptonic decays: decay constant

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

d

i %%%é } multi-scale problem with highly hierarchical scales!
w-§g | u
,. /Qé?é -' EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects
b 1' c
> ' > e g? ((}}e\\]/ > my ~ 5 GeV > Agcp ~ 1 GeV
" AL WP | s
d d the most complicated case, but very important!
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Why hadronic B decays

O direct access to the CKM parameters, O further insight into strong-interaction
especially to the three angles of UT. effects involved in hadronic decays.
T s o factorization? strong phase origin?...
:j gg ~l 2 : . v E 2 Tl'TT,Tl'Fi,pp ] Neubert, hep-ph/0006265
0.1 -— é Ve . , _z 'l u
[Bo =D : ! a .ofals. = f LA , ',' /55
Bt = DOK* 5 (\ B—)J/wKs ) .
FO Dt

O deep insight into the hadron structures:

especially exotic hadronic states.

CP category Hadronic system
: Observed K° K* A pO D* DSJ_r A} BY B* Bé) Ag
O deepen our understanding of the @ Scveral observations decay 002000 L2 0O
Q Not observed (yet) mixing ® Q e 0
origin & mechanism of CPV. decay/mixing interf. o °

mm) a/though very complicated but necessary both theoretically and experimentally!
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Exp. status of B physics

O B-factories (e"e™): Belle and BaBar O Hadron colliders (pp): CDF & DO @ Tevatron

_ : 2 https://www-d0.fnal;
(| ) keks il | . https://www-cdf.fnal.gov/gov/

{é"‘ _ uest for CPV
S kekb.jp -

[Observation of By mixing]

Nobel Prize 2008 for

Ba) 1 g P TS ~2.2 km circzliryfgl'eilce-‘_)-: <
g 0 S
35GeVet8GeVe 31GeVet9GeVe
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. status of B physics

O Super B-factories (e*e~): Belle II O Hadron colliders (pp): LHCb @LHC

CsI(TI) EM calorimeter:
waveform sampling
electronics, pure Csl
for end-caps

RPC u & K; counter:
.y scintillator + Si-PM
g/ for end-caps

-

,,‘7_

\\

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

[R. Aaij et al. [LHCb Collaboration], arXiv:1808.08865]

PID system
Time-of-Propagation counter

Central Drift Chamber:
smaller cell size,

(barrel)

prox. focusing Aerogel RICH

long lever arm (forward) B2

[E. Kou et al. [Belle II], PTEP 2019 (2019) 123C01]

LHCb & Belle II : the two currently running

experiments aimed at heavy flavor physics!

2023/06/01

>

Two main goals among others:

Check if there are any extra new CP-violation
mechanisms beyond the KM?

Check if there are new particles/interactions
that are sensitive to flavor structures?
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Theoretical framework & QCDF

for hadronic B decays
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Effective Hamiltonian for hadronic B decays

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

d
Neubert, hep-ph/0006265 g
! ' multi-scale problem with highly hierarchical scales!
w- : %éu ‘ EW interaction scale >> ext. mom’ain B rest frame > QCD-bound state effects
b :" /og N my ~ 80 GeV
é%) > %@6@@@ > 2 my ~ 91 GeV > my ~ 5 GeV > Agcep ~ 1 GeV
BY % é% pt
: ) -
F
Letr = A > VeV <C101 + G0+ ) Cioi,pen)
O Starting point # .« = —L.¢: obtained after p=ii,c i=pen
integrating out heavy d.o.f. (my ;, > m,); /
[Buras, Buchalla, Lautenbacher '96; Chetyrkin, Misiak, Munz '98] W‘<
tree :
QCD penguin EW penguin

O Wilson coefficients C;: all physics above m,;
perturbatively calculable & NNLL program now complete; (Gorbahn, Haisch '04; Misiak, Steinhauser '04]
10
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Hadronic matrix elements

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

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

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

O Different methods proposed for dealing with (M, M, |0;|B):

- 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.]

Bauer, Flemming, Pirjol, Stewart, ’01; Beneke, Chapovsky, Diehl, Feldmann, ’02]

O QCDF: systematic framework to all orders in as, but limited by Aqgcp/m; corrections. [Bsns '99-03]

- form-factor term spectator-scattering term
Of_act
J
. =) 0 ) METTIEE W
. + O(1/my)
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QCDF fOrmUIa (MyMy|Q;|B) ~ FB=Mi(¢? = 0) /01 dx T} (x) P, (X) form-factor term

O QCDF formula: (ssns '99-03) © dw [
n /0 = /O dxdy T(xy.w) dur (¥) b, (X) 65 ()

spectator-scattering term

Factori2ation utitizes the heavy quark and collinear
QXPIDS(U) (A/M.b/ A/E )

Want to shos - ot Ceading order 4/,,Ib -
that the Pona- distance  contn buktons

ook Brke

O How to proof the QCDF:

- based on diagrammatic factorization;

[BBNS "99-'03] v b } e g“’g‘m";b or even
. (oA hord- @Hhinear o | ",
- method of regions; [Beneke, Smirnov ‘97] " \ ?_{.; t;,ﬁ‘w ” ﬂ
N S R P
- heavy-quark & collinear expansion for i 3 H,
fong - distance (M1 M,|Q;|B) to simpler (M|j,|B) (form factors),

hard processes [Lepage, Brodsky '80]
(M|j,10), (0lj,|B) (decay constants & LCDAs)
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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: 7o ISR | |
B x soft spectators in B meson: ( + collinear)” ~ O (m;)
o * hard-collinear modes:
* collinear quarks and gluons in pion: ( + collinear)? ~  O(myA)
B E. ~ my, [,);“T ~ O(A\j)
\ O SCET: a very suitable framework for studying factorization and re-summation for

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

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

SCET diagrams must reproduce precisely QCD diagrams in collinear & soft momentum region;

L achieve soft-collinear factorization & hence QCDF formula via 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.

1 0o 1
(M M,|Q;|B) = F5M (O)/ dif T/ (u) P s, () +/ dw/ dudv|T" (w, u, v g (w)Ppr, (v) P, (1) - QCD - SCET = 111
0 0 0

N—

O For T': only hard scale involved, one-step matching from QCD — SCET;(hc,c, s)!

c c

/ k? No(mb)
S % L:f TI S QL c

h 7

O For T!': two scales involved, two-step matching from QCD — SCET;(hc, c,s) = SCETy(c, s)!

-0 ¢ ¢ ¢ ¢
(mb)\ - kZ _ 0( /mbAQCD)

/ TII
S ¢ = Hhe S ¢

3 he —) H he —> H ® J

S c S (&

S

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

(MyM3|Q;1BY = T'(ur) * s, () frH(0) + Hy(un) * Uy(uns ttne) * J (tne) * da, (1) * dg, (ne) * 5 (e
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NNLO QCD corrections to hadronic

matrix elements
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Status of NNLO calculation of T! & T/

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

_ T/, tree T/, penguin T tree T/ penguin
N Y ) L L = —
(M1M;|Q;|BY = F°7"1 T @ ¢,
+TiH ® dp ® ¢M1 R ¢M2 LO: 0(1) v T' =1+ O(ay) + -
tree @ T!
b u vertex
/ \ NLO: O(QS) OUW \/g T — O(Ols) I
o penguin BBNS '99-03 E
T
penguin A
b TII
g /spectator\ R
m tree penguin NNLO- O(O(g) IEA/ /E%» OEOA;
- = e~ | ]  eumus ]?fl.l .I0.7..I(29. ...... Beneke, Jager '05 Beneke, Jager '06
D For tree & pengl«"n t0p0|og|es, : iﬂicchHUl::llili)j e O1O1C1C 1010 M Kivel '06, Pilipp '07 Jain, Rothstein, Stewart '07
. Salie o . Suie o . ool I B i S R R i Yoon 11
both contribute to 7/ & T/, it Denke, Huber 1115,

2023/06/01
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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

B VAR .74

spectator-scattering correction B s AP AV, AA: TChens YVae

A \A
(b) E\/ \/% (©) JQMJ 0709.0137, 0805.0329;]

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

- B— SP, SV [Cheng, Chua, Yang,

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

annihilation correction B — TP, TV: [Cheng, Yang, 1010.3309;]

>/<< >@ @ g 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 correction 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, VP and VV modes; large Br(B® - n°%%) and AAqp(nK);
2mf . .
PP ~ as + ryas, PV ~as= ? = ( m:_ ) » How important the higher-order pert. corr.?
mp (Mg 4 my
VI o0 4y = @ = =EY Fact. theorem is still established for them?
VV ~ ay ~ 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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Tree-dominated B decays

O B —» it decay amplitudes in QCDF:
y p Q Vubvzjd % VubVJd,

b —— b - d

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

) colour-allowed tree a1 colour-suppressed tree ao
(mtn™ | Heps |B) = {Mu[ar(nm) + af(rm)] + Ac a§(nm)} Arn ;

_ Tree-dominated! .
— (97O Heys |B) = {)\u [042(7r7r) — a}f(mr)] — e ozfl(mr)} Anr th]//fd
.y

1

b-uud: A, =VypVyq ~ OA%) ~ A= VpVig ~ 0(2°) mmm| o, loop-suppressed vs a; , QCD penguins aq

(!

O a, at NLO: large cancellation between 1-loop vertex correction & LO result; also dominated by

spectator-scattering; :
) = 0.220 — [0.179 + 0.077i]nLO s I
1

~ BT (0) g

rsp 1
[0.485] {10.123]L0gp + [0.072]13 |

making a, sensitive to NNLO corrections, and large effect possible!
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Hard kernel 7! at NNLO «

wrang inseytion

O QCD — SCETI matching calculation: m For“wrong insertion™. y N\ A p
a b

(i) = i (Oqcp) + Hii <b1 —O1) + ZI:Iia<aa> O,

o 0 o 1
m For “right insertion”: -

7o : :
() = T (Oocw) + S HalO) b O Master formula for T": right insertion

7O = 4O

a>1 k3
0, 7O = AP 4 7O A(_o>7
O On-shell matrix elements at NNLO: full QCD side T = AP+ 2 AR+ 20 AR + 20 AP+ (i) o A
~TV[Chr+ Y - 25 =Y HY VY.
(1) (O) b>1
(Qi) = {A”) + = (40 +285 49 + 250 A : .
[ ’ ] O Master formula for T': wrong insertion
o (a_> [AD + 2040 + 2040 120 4P + 22 49 O = 19
- T = A0 4 70 5O | JOF_ AG8FO 50y ) 50

% ) il

(1) (1) 4(0) (1) 4 (1) (1) 47(1) 3 (0) o(e) 0(e)
+Zm ZU A +Z A T ( 1)6 A } +O(C¥S)} <Oa> T@:A nf+Z(1)A(1)+Z AO + 20 Al)nf

K3

+ (—i) om A/(l +z9

ext

_ ,‘fﬁ(l) + Y(l) Z H Y'b(ll)

i
b>1

[A(l)ﬂf + Z (1) A(O)]

0 On-shell matrix elements at NNLO: SCET side

(0.) = {6ab + = [M“) + 75 b+ Y5 | + (ﬁy (M3 +rPOm) FLADT - AR AD] 4 (i) bl (AL — AL )
i a2
+¥D + YD MG + YD 60 + ¥R YY) +20MG | + 0(ad) } (00 I 17
—(Cpp— &) M =AY - Y - VP AR .
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10a

MY B M e e

O Relevant two-loop non-factorizable Feynman diagrams ° ° ’

in full QCD: A2 M @L M M &L &L

- totally ~ 70 diagrams;

Two-loop QCD diagrams o

3a

e B G VN R
R CANR SO O A S ’

- needs modern multi-loop b
Feynman diagrams techmquesw M m M mu( 5 Q
i B AN A A A A

- IBP reduction, Mellin-Barnes jzg J\;gﬁ M &
b

b

b b
representation, Differential % f
3 16 17a
equations, ...

AVARY V. W . W RV v

O Complicated counter-terms from SCET operators:

R

“w? T T aw® | & Ns S 7 Ve Y
2023/06/01
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Final results for a ,

O Tree amplitudes «, ,, after convolution with LCDAs:

oy O, p
= civi+ P, .
> (5) [ zemp )

O Numerical results including the NNLO corrections:

O‘i(MlMZ):ZC]‘/ZEO)
J

ar(rr) = 1.009 + [0.023 + 0.010]y o + [0.026 + 0.028 ],
_ [ - 5} {[o 014] o, + [0.034 + 0.027i]y o, + [0.008] 5 }
= 1.00070 06 + (0.01170020)i
a(rm) = 0220 — [0.179 + 0.077 il o — [0.031 + 0.050 iy
+ [o22] {10.114] 6, + 0,049 + 0,051 o, + [0.067),,5 }

= 0.2407 1% + (—0.07715 ¢5)i

O For tree amplitudes «, ,, cancellation between 7/ & T/;

(MiM;|0;|B)Y = FE?Mi T/ @ oy, + T/ @ dpp @ b, @ ¢,

2023/06/01

—

1
) _ ) Cr 0 0
V1] _fduT o (u), N, Vlj _fdu TJ. w)pm (u),
0 0
1 c 1
V;?)_fdu T ¢ ). 2; ) _fdu T wdm ).
0 0
1.08
].06 _. ) S NNLO
S 1oaf . - NLO
(7 e
1.02} Lo -
1.00 . . . :
2 4 6 8 10
u(GeV]
Scale-dependence much reduced!
0.20 . ‘ .
0.15} o
= 0.10}
S, NLO
&£ 005F - [
0.00F """ NNLO
-0.05 :
2 4 6 8 10
ulGeV]
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Penguin-dominated B decays L./é

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

\/E'AB_—)JTOK_ = Anl?[‘SPM o] + 5‘2117] + Ak, [519”0‘2 + ‘Spc%ag,EW]’
A§0—>n+K_ — Anl?[apu o] + &4[1-)]’

W
) — K™

Pengum g

Ay = VipVils ~ 0% < A, = Vo Vi ~ 0(A2) mmm) | Penguin-dominated! | Q0

d —~— =

O In QCDF, strong phases generated firstly at NLO;

NNLO is only NLO for Acp,

A — X O 2, A [ '
cp = [¢ X as]npo + Olag, A/my) large effects still possible

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

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

AAcp(mK) = Acp(B~ - n°K~) — Acp(B® - m*K™) —
cp(TK) cp( ) cp( situation @ NNLO?

= (11.5+ 1.4)% differs from 0 by ~8¢ AAcp puzzle

2023/06/01 ZFi®  Two-body Hadronic B decays at NNLO in QCD Factorization 23




Penguin topologies with various insertions

O Effective Hamiltonian including penguin operators: [BBL 96; CMM 98]

10

4G
F Z Vop Vb <01Q§) + CoQ5 + Z CiQi + CryQry + CSgQSg) + h.c.

p=u,c 1=3

p_ p A = (Dry*bL) 3=, (@9),
Q) = (pLy"T*br) (D, TpL), ) o Qsg = 952 my Doy (1 + 5)GHb,
Q% = (pr7"br) (Dryupr), = (D" T01) Zq (0T"0), 327
D ob T od). ¢ .
current-current operators = Do) 2., (q%_v %) , chromo-magnetic
Qa = (D" T4L) 32, (@1, T4) - dipole operators

" . A QCD penguin operators
O Various operator insertions:

-X /! %mLf%ﬂq7@ﬁfﬁbL

tree topology penguin topology |

(i) Dirac structure of Q,, (ii) color structure of Q;, (iii) types of contraction, and (iv) quark mass in the fermion loop

2023/06/01 ZFi®  Two-body Hadronic B decays at NNLO in QCD Factorization 24




TI up tO N N Lo ~ 100 two-loop Feynman diagrams
. e
O Master forM’ 2 "o Q:‘%
L AT 2 A + 20 KD 20 A
A (Co) om® A4 Z0) (Z000 4 7D GO ??;L A
LTI - S AP .
b>1 non-vanishing fermion-tadpole
m gz(f)f _ A;(fl)f gz(g)] + (=) om® [ g;(ll)f _ Ag(ll)f gg)) contraction of four-quark operators
+(ZW 4 zW) [Zﬁ)f _ Aéll)f A tree-level matching of Q; involves

2023/06/01

—~—

2 2)7 (0
o [Ml(l) o Ml(l)] Agl)

vA2)

1 1 (1 1 ~(0
— (%) e - v A9 — 19 -

~(0) T7(2 ~(0) o7 (2
DoAY My - S AY VY

b>1 b>1

ZFi®  Two-body Hadronic B decays at NNLO in QCD Factorization

already evanescent SCET operators

O Complication during calculations:

Y1(12)] Zﬁ) (i) fermion loop with eitherm = 0,m = m, or m = m,,.
(i) genuine 2-loop two-scale problem: #, z, = m2/mz.
(iii) threshold at # = 4z, introduces strong phase.
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Final results for a’ o s
4 LEN e VA i
b o0

i

O Final numerical results: !
t

aj(rK)/107% = —2.87 —[0.09 + 0.09/]v, +[0.49 — 1.32i]p, — [0.32 + 0.711]p,,q, , + [0.33 + 0.38/]p,, Qs _¢

+ [O 2%4] {[O13]LO + [014 + 0.12/]1{\/ — [001 — OOSI]HP + [0-07]“’“3} \

= (-21257%) + (~1.561533)1 s P [T a2
b />D . b "\\% q
as(rK)/1 072 = —287- [0.09 + 0.09/]v, + [0.05 — 0.62i]p, — [0.77 + 0.50i]p,,q, , + [0.33 + 0.38/]p,, q;_ ¢

+ [o 2;4] {[0.13]Lo +10.14 + 0.12i]uy + [0.01 + 0.03/]up + [0.07]tw3}
= (—8.0073%) + (—0.677333)i.
I - individual NNLO contributions from Qf , and Q;_g g, are significant.

- strong cancellation between NNLO corrections from Qf ,and Qs_ggg-
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Re[ay [er

Re[ay]rr

Scale dependence of a)

O Scale dependence of a}: only form-factor term;

=
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]

- Scale dependence negligible, especially for p > 4 GeV.

~0.015F
-00200 NNLOJq,
T NNLO
~0.025] "~ |funt
~0.030! NNLOJ, .
~0.035!
2 4 6 8 10
H[GeV]
~0.015F
~0.020}
L0025 e
-0.030} _
ooss——
~0.040} | |
2 4 6 8 10
ulGeV]
2023,/06,/01
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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 -
H a, [7T K ]
L 2
~0.020 NNLOJg,,
Z0.04 ~003 2002 ~001 0.00
Re[d}]

- Total NNLO effects small.

- Theoretical uncertainty is
larger at NNLO than at NLO.
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BY - D”7L* class-I decays

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

all four flavors different from each other,

no penguin operators & no penguin topologies!

O For class-1 decays: QCDF formula much simpler; Qs = dvu(1 — 75)u Ev*(L —s)b

only the form-factor term at leading power; Q1 = dyu(1 —vs) T u ey*(1 —vs)T"b

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01] [~ .
i) only color-allowed tree topology a,;

(DL Qs |BY) = FfﬁDé*) (M2) i) spectator & annihilation power-suppressed:;

! iii) annihilation absent in B = Dy K (m)* etc.;

< /01 duT;j(u)pr,(u) + O <AQCD)

myp iv) they are theoretically simpler and cleaner!

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

T=T9 +a;TH +a2T7® + 0(ad)
[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Krankl, Li '16]
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Ca Icu Iation Of TI physical operators and factorizes into FF*LCDA.

N A
O Matching QCD onto SCET; : [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
- : . 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;:

2 1
@ (DE7) = 30 Culw) [ du [T ) + T )] @uonp0),
=1
2 1

(D L) = 3 Cilp) /0 du [Ti(u, 1) — T}, )] @), 0.05; NNLO
’ = JI;OO4
O Numerical result: %00
= 0.03
£
a1 (DTK™) = 1.025 + [0.029 + 0.018i]x1.0 + [0.016 + 0.028i]xnL0 202 | -
= (1069738 + (0.046750)i,
0.00 yase
. 1.62 1.64 1.66 1.68
- both NLO and NNLO add always constructively to LO result! Re[ai(D"K")]
. : . . A
NNLO corrections quite small in real (2%), but rather an(DFK=) = (1.0691099) | (0.046+0.023);
large in imaginary part (60%). ay (D) = (1.07210011) 4 (0.04370:022);
p: J d ) *+ Tr—) 40.010 +0.017
O For different decay modes: guasi-universal, with small [ @ (D™ K7) = (106855 g15) + (0.034 %51 )i
; : a1 (D" ™) = (1.07155015) + (0.032X5010)i
process dependence from rnon-factorizable correction.
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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]

N(BY, = D{X"L7) free from uncertainties from

RY) = ) — 672 |Vio|? 2 |ay(D *’*L 2 x
| dr(BY, — D) (-m) /dg? | 2 Vaal” 121 X Vb &Bds—>D form factors.

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 (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%8 302+8%g 2.234+0.37 1.9 9 Belle Fleischer (2012) I — K
................................ _ W BaBar Fleischer (2012) ¢
: Ric 0.78 0.837003 0.85 003 0.62 +0.05 44 i "
* .4+0.03 0.01 . . P
i 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 s Ol ko L0200 At -
. a;
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+0920]; - 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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Status of NNLO calculation of T! & T/

O Complete NNLO calculation for T! & T!! at leading power in QCDF/SCET now complete;

O Soft-collinear factorization at 2-loop level established via explicit calculations;

O For tree amplitudes, cancellation between 7! & T'/; T k “ % “
b ‘ u b -- d
<M1M2|Oi|§> =4 FB_)Ml Ti] ® ¢M2 " TiII ® ('bB ® ¢M1 ® ¢M2 colour-allowed tree a4 colour-suppressed tree ap
ai(rr) = 1.009+ [0.023 + 0.0104] , + [0.026 + 0.028 i, a(rm) = 0.220 = [0.179 4 0.077 il o — [0.031 + 0.050 ]\ 0
- | 0"225] {10.014] o, + [0.034 + 0.027i] o, + [0.008],,, } + [0 445] {[0 114], o, + [0.049 + 0.051i] 6, + [0-067LW3}
= 1.0001%% 4+ (0.0117992); = 0.240%5755 4 (—0.077F 5 ¢73)i ‘;(f; L
O For QCD penguin amplitude, cancellation between Q’l’,2 & Q3_6847 Q q Q :\f\; Q "’ q
P aj(rK)/1072 = —2.87 —[0.09 4 0.09i]y, + [0.49 — 1.32i]p, — [0.32 4 0.711]p,.q, , + [0.33 + 0.381]p,, 0s_¢ s
b # + [0.2"34} {[0.13]Lo +1[0.14 + 0.12i]av — [0.01 — 0.05/]p + [0.07]tw3}
QCD penguins a4 = (—21279%) + (—1.56733%)i,
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Scale dependence of a1 » and a;

O Phen., NNLO corrections have O
1.06F . NNLO
no much effects compared to =
S 1.04F
the NLO predictions; |
1.00; 4 6 8 10
O The scale dependence much HlGeVI
p —0.015F"
reduced for a,, & a, : only . NNLOlo, .,
form—factor term O NNLO s
> scale dependence negligible, ~0.030 NNLOlle _______
especially for u > 4 GeV. ~0.035 . . . ]
u[GeV]

Re[as]y

0.20

0.10}

0.00F =

0.05F

-0.05
2

-0.015
-0.020

-0.025

Re[aj]rr

-0.030

-0.035

—-0.040

u[GeV]
o
2 4 6 8 10
ulGeV]

O More precise than NLO results, and hence welcome for precision data @ LHCb & Belle II;

Factorization also valid? New sources of strong phases?

O Main issue in QCDF/SCET: sub-leading power-corrections ~ Agycp/m; ~ 0.2 unknown!

2023/06/01
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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 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 need to be considered!
> Sub-leading color-octet matrix elements (M, M, |[@ Tk, ]r, [S:T “ucly, (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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2023/06/01 ZFi®  Two-body Hadronic B decays at NNLO in QCD Factorization 35




FIAG 2021 fs, [MeV]

Precision era of B physics

E our average for N,=2+1+1
t-: FNAL/MILC 17
;L o HPQCD 17A
& L - L ETM 16B
O More precise data from these B-dedicated experiments! o e,
HlH our average for N¢=2+1
High Precision Charmless Mesonic B BF Measurements Acp of Most Precisely Measured Modes — il RBC/UKQCD 14
& [ +— i RBC/UKQCD 14A
3 - HFLAV HFLAV S I % |__.+—_|]_—‘1 ﬁgg/é)[l)(?gD 13A (stat. err. only)
April 2019 May 2018 * e W HPQCD 11A
v KK’ —_—— K*tK-mt —H— FNAL/MILC 11
K’ | = Ktntnm S S A HPQCD 09
o K*K-K+ i our average for N¢=2
% 't CLEO =T - —+— - Balasubramamian 19
slle K"7 I i ALPHA 14
—3= rta0 BEE&R Belle . v Kt ZJ_ — Tt ALPHA 13
- ETM 13B, 13C
F K% Our Avg. glﬁB:;Fg{ ™ K ._[ij élT_;HleBzA
? K*+x0 1\'*’\’, ETM 11A
i :[F( I_—|| ETM 09D
— =F K'n~ A 'Kt . T . . ;
o = KOnta- 210 230 250 270 290
- Kt =" so HAG2023 S
s —1 LB pn ]
| — . E HPQCD 06 +#— B
== P os T T T ol_o T T T 04 Efr Ffl\TAL/MILC 15 —e— %E
—_— Aoy 60 | s ReCG 1 :
T T T T T T T T T 5.0 :— ffOR'I;'\(IZ?lI]{('\(AQI(IES ig —a— _:
0.0 15.0 30.0 // / W F TR IAcD 2 o F ]
Branching Fraction x 10~¢ httDS - hflav' Web - Cern = Ch ;S 4.0 I BaBar untoagged 12bin E
T Y b BaBar untagged 6bin 1
QS\ F Belle tagged 13bin —+— £ .
3.0 F BelleB u"nte;ggeddlglg!n = ;Ij(_ —
L elle tagge in 96— ]
= - = o TL ]
O Lattice QCD & LCSR etc. also provide more precise 20 £ Bt
3 e ]
Its for th t. hadroni ters! B L T SR
resuits ror the non-pert. nadroniC parametcers: o E¥OR_pee ey " o ]
0 5 10 15 20 25

q° [GeV]

|->| we are entering an era of precision flavor physics! http://flag.unibe.ch/2021/
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Local operators for hadronic B decays

O Three steps for Wilson coefficients: O Local operators 0;:

e Calculation of matching coefficients ¢; in fixed-order perturbation theory:

‘ charged current ‘ QCD-penguin electro- & chromo-mgn

- Qg .
Ci(mw) = Cﬁ-”) + —cf.” + ... ‘ «—— SM! + New Physics?
47 b u,c
o Perturbative calculation of anomalous dimensions ~;; of operators in Hg
w
Qg
Yii =y v+ «—— QCD (+QED)
u.c s

. . . m
e Use renormalization group to sum large logarithms In —& :
Hl”

o as(m) 71-,(-_‘,2”/23“
S [“-*(’"”')] Cilmw) + .. Relevant Feynman diagrams in full theory "

O Decay amplitude for a given decay:

LHS: four-quark operators;

AB = f) = Z [Ackm % € x {f|O|B)qcp+qep J;

i

RHS: magnetic operators;

hadronic matrix elements at m,

S
o
Penguin @ K
b QQo
1] u

O CKM factors Ag)) =VopVppi for b - d, Al(id)wlgd)wﬁ, tree-dominated, like B® - n* ~ J

-for b - s, Agf)~l4 & A§S>~AZ, penguin-dominated, like B® - n* K~ wmy /nterference induces CPV/
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Charmless two-body hadronic B decays

O Long-standing puzzles in Br(B° - %) and 4A4.p(nK) = A¢cp(m°K™) — Acp(mt K ™) HrLAY 23]

Br(B° -» n’n%) = (0.3 - 0.9)x107° Wy ki
I HFLAV :
PDG } . f 1 1.51+/-0.16
AAqp(K) = (11.5 + 1.4)% D - . :
—o— Belle |
differs from 0 by ~8¢ ' * |
O Decay amplitudes in QCDF: w - - w - ? e

e A8 5 \/EAB_—HTOK_ = Anl?[‘spu a1+ &f] + Agx [5pu0‘2 + ‘SPC%ag,EW]’
B0 —7n070 — 7”‘[ p”(az ’81)_ '84] AEO_)n+K—:An[?[5pual+&f],
O Dominant topologies: LP NNLO known  Acp(’K™) — Acp(n T kF) = —2sin (Im(rc) — Im(r7 rew) ) +

d u d

% a, always plays a key role here!
b —; u b __ / d b # U H H

O Find some mechanism to enhance

. ' I
colour-allowed tree a1 colour-suppressed tree ap  QCD penguins au az, may we explain both puzzles!

[> necessary & urgent to consider sub-leading power corrections! ]
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Power-suppressed colour-octet contribution

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

1 1

O Every four-quark operator in H ¢ has a colour-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
G (aibj)V—A®(§jui)V—A " N_(ﬂibi)V—A®(§juj)v—A + 2(UT“b)y -4 (BT 4u)y_4 w
C

O Three-loop correlators with colour-octet operator insertion: %

» The gluon propagator can be in the hard-collinear region;

==) hard-spectator scattering contribution;

.-»-- » Can also be in the soft region; expected to be 0(1/m;);

== can be non-zero at sub-leading power;

» Other four regions suppressed by more powers of 1/m,;
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Pure annihilation B decays

O Two typical pure annihilation decay modes: B - 7+7~ vs B » K*K~
(B = 7 b {5},”191 +2b7 + %bﬁEw} b b
A : J 1
AB, > K"K )= Ag [ 8,8, + B +bley |+ Bie [bf _Ebf,Ew} % M >< >«
i f
Y |:5puﬂl +,Bf]+Bmz [bf] Al Al

O Both involve the building blocks b, = & ¢, 4% & b% = £ [c 4l + ¢ay): A0V ~HET=A
¢ g AL:(V-A) ® (V + A)

) ) _
o ) 1 1 My, M , 2
Al(]\'"[lj\”b) = 7TO(S/O d”L’dy {(I)]\,[2 (%) (I)Ml (y) _y(l — ”L‘lj) -+ :Y:Qy_ + rX ITX 2 (I)mz (U) (I)rm (y) ’E_y s
i | 1 ) i 1 1 ] My . Mo . 2
AQ(]\[lj\[Q) = T4 . d(Ldy ®]\,[2 (x) (P]\Il (y) _i‘(l . l,g) + :Z.,yQ_ + /r]X rX CI)mQ (l) ®771/1 (y) f_y 7

O With the asymptotic LCDAs, we have 4} = 4. : [BBNS '99-03]

AL (M My) = 7oy {1&\3 — 18—6(9 — 7%) + il (2in) } X, =(1+0e™ )In(m, / A,),

AL (M, M,y) = ma, {l 8X 4 — 18—6(9 — ) + rifir 2 <2X?4> }7 A, =0.5GeV, (), <1 and an arbitrary phase ¢,
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Ways to improve the modelling of annihilations

O With universal X, and different scenarios, we have: [3815S 03]

Mode Theory S1 (large ) S2 (largea,) S3(¢,=—-45°) S4(p,=-55°) Exp.
15" S ) (0 e 0.027 0.032 0.149 0.155 0.671+0.083
BY-FK - KE¥* Q01 05 o e 0o 0.007 0.014 0.079 0.070 0.0803+0.0147

3 . ¥, i = [Wang, Zhu '03; Bobeth et al '14;
O Large SU(3)-flavor symmetry breaking or flavor-dependent 4; , ? Chang, Sun et 4l ‘1415

O How to improve the situation:

» including higher Gegenbauer moments to include SU(3)-breaking effects;

Oy, 1) = 627 [1 + Y ay(w) CPP (20 =1)| due to G-parity, ay, = 0, but aX,; # 0

n=1

» Making the parameter X, to be flavor-dependent & depending on its origins;

mediated by a soft strange quark (X3) or a soft up or down quark (X%4)?

> including the difference between the chirality factors to include SU(3)-breaking effects;

: 2mé

2m
< ~ (.86, K(1.5GeV) =
N N T AR e e )

ZFi®  Two-body Hadronic B decays at NNLO in QCD Factorization

40-97 L (MyMy) # AL (MiMy)

1y (1.5GeV) =

41

2023/06/01




Powe r CO rreCti 0 n s Beneke, talk @“Status and Prospects of Non-Leptonic B Decays”,

Siegen, May 31 - June 02, 2022

O Leading soft power corrections: O Semi-soft-collinear spectator scattering:

. . Alternative: semi-soft-collinear spectator scattering [BBNS, 20001
After (tree-level) hard matching to SCET]

Gy (2 = — A =4 e No spectator-scattering for class-I heavy-to-heavy, because of assumption: m. ~ my, and
Herr = (C1 + =) [hchylv—al&a€ulv—a +2C2 [T Ip]v—al€aT"Eulv—-a sorall vel oty ke
c N - V) NG “
N FB—Dxfy Og — O0atLP e Instead assume my, > m. > Agcp — spectator scattering is possible
aj 8 Q
L e D meson is described by a (highly) asymmetric leading-twist LCDA ®p(u).
CFBL(me) ~ 1.1 CIZSBL(xmb) ~ —03...—-0.1

-
'é‘ -~ AN~ D + 5
= —
My mc
. . . —————————————
Leading soft power correction [BBNS, 2000] = + Sym,

B E >

+,. — D = —+ | =AM ~ VD ! fﬂ'q)ﬂ' (”)
(DT |08|Bg)soft = — ds (D™ [eyH (1 — 7v5)8sG v (—sn)n” b|By) du N |
0 0 cuu Aspec N 2oy Co IofB mp /dv Dp(u) ~ _3%
g R h— p— ~ —J/0
non-local B — D form factor Aleading 3 a) FB%D(O) mé A\B u
J; $h 6.6 instead of 3
Estimate from light-cone sum rules [Bordone 4
et al..2020] in terms of twist-3 B-LCDAs A ; Substantially larger than the soft correction, also negative
8 0 ‘
5
—(0.05 — 0.5)% correction

> Must take seriously into account these power corrections in QCDF/SCET !

2023/06/01 ZFi®  Two-body Hadronic B decays at NNLO in QCD Factorization 42




