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Why hadronic B decays

O direct access to the CKM parameters,

especially to the three angles of UT.
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O deep insight into the hadron structures:

especially exotic hadronic states.

O deep our understanding of origin

& mechanism of CPV.
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Observed

& Several observations

0 Not observed (yet)

O further insight into strong-interaction
effects involved in hadronic decays.

factorization? strong phase origin?...

Neubert, hep-ph/0006265 %% %é }
o

EO foka
CP category Hadronic system
K(} Ki A D{) Di D‘i‘ Aj‘ BO Bi B? Ag
decay OV9O VDV RI9O
mixing & (%] (%) (%)
decay/mixing interf. Q &

mm) very difficult but necessary both theoretically and experimentally!
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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 :

! ' multi-scale problem with highly hierarchical scales!

1

1

- : ﬁg - EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects
1
b [ myw ~ 80 GeV
my ~ 91 GeV > mp ~ 5 GeV > AQCD ~ 1 GeV
’ %
Ler = — Z VppV, D(CIOI + G0+ ) CiOi,pen)
p u,c i=pen

off- Obtained after

O Starting point 7 = — L
integrating out heavy d.o.f. (my, ;, > m;); / W / -

' ny
< S ' 7\<

[Buras, Buchalla, Lautenbacher '96; Chetyrkin, Misiak, Munz '98]
EW penguin

tree :
QCD penguin

O Wilson coefficients C;: all physics above m,;
, Steinhauser '04]

perturbatively calculable & NNLL program now complete; [Gorbahn, Haisch '04; Misiak
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Hadronic matrix elements

O Decay amplitude for a given decay mode: | A(B > M\M,) = Z[ACKM X C; X (M{M,|0;|B)]

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 ag, but limited by Agcp/m,, corrections. (ssns '99-03]

- form-factor term spectator-scattering term
Ofact (”
= of ) e O}

g N v s N,

hard-collinear
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Soft-collinear factorization from SCET

O QCDF formula: based on diagrammatic factorization (method of regions, [Beneke, Smirnov '97]

combining 1/m, expansion with light-cone expansion for hard processes); [Lepage, Brodsky '80]

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: .‘ el oL
D ( + collinear)* ~  O(m})

* soft spectators in B meson:

i * hard-collinear modes:

* collinear quarks and gluons in pion: ( + collinear)? ~  O(myA)
J; B ~ my, p;’) ~ O(A\:)
\ " 0O 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;

=) | Jchieve soft-collinear factorization via QFT machinery & hence QCDF formula [Beneke, 1501.07374]
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Soft-collinear factorization from SCET

O SCET diagrams reproduce precisely QCD diagrams in collinear & soft momentum regions;

mmm) | QCD - SCET = short-distance coefficients 7/ & T’

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

c c

c ¢
%/ QL
h
h\ /h B =
S - c — TZ_I S ¢

O For hard kernel T!': two-step matching from QCD — SCET;(hc,c,s) —» SCET;(c, s)!

]}
Ol

c c C c

hmg Y, T
o rd S ‘ I~ fthe " o ¢

h H = HR
ahc  — Hz hc — H@ & J

S C S (&

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

2023/04/15 ZFE  Power Corrections to Two-body Hadronic B decays in QCD Factorization /.




Status of the NNLO calculation of T! & T/

O For each 0, insertion, both tree & penguin topologies, and contribute to both 7/ & T"'.

T/, tree T!, penguin T tree T!' penguin

(M1M,|0;|B)

enrigen, || 000 | N

+T!' Q@ ¢pp ® Py, @ D,

TI NLO: O(as) —OW"— \/g
vertex BBNS '99-03 %

/ \ — o550 ——

tree penguin

T O
spectator 2
NNLO: O(a3)
/ \ Bell '07,'09
o Lo Beneke, Jager '05 Beneke, Jager '06
Heneke. Huber. 1110 R Kivel '06, Pilipp '07 Jain, Rothstein, Stewart '07

e Huber, Krankl. L1'16
tree penguin

Kim, Yoon '11
Bell, Beneke, Huber, L1'15, 20
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Status of the 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 y “ % ”
(MiM3|0;|B)Y = FE?"u T/ @ ¢y, + T/ @ pp @ by, @ i,

b

colour-allowed tree a1 colour-suppressed tree ap

ar(rr) = 1009+ [0.023 + 0.010 iy o + [0.026 + 0.028 ]y, a(mrm) = 0.220—[0.179 + 0.077 il o — [0-031 + 0.050 ]y
- oﬁis} {10.014] o, + [0.034 + 0.027i]y ,, + [0.008],,, } s [0 445] {[0 114], o, + [0.049 + 0.051i]yy; o, + [0-067Lw3}
= 1.000H08% + (0.011455%) = 024075755 + (=0.077530); " () -
O For QCD penguin amplitude, cancellation between QI1),2 & Q36847 " ' e e
d S R
D . al(xK)/1072 = —2.87 —[0.09+ 0.091]y, + [0.49 — 1.32i]p, — [0.32 + 0.711]p,.q, , + [0.33 + 0.381]p,. 0y_, s
b # + [0.21334} {[0.13]Lo +[0.14 + 0121y — [0.01 — 0.05]up + [0.07]“”3}
QCD penguins a4 = (—2.127%%) + (—1.561%%2)i,
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Scale dependence of a, , and a)

O Phen. no too much changes 108 020
compared to NLO predictions; 106l NNLO ] 0.15}
< ol . e
o g oosf
O Scale dependence of a, ,: ool R
1 0.00f "
only form-factor term; 100} : ; . A 005! - . . |
u[GeV] u[GeV]
O Scale dependence of aj: o015 \ ‘ - | e
-0.020¢ NNLO| Q3-638g -0.020}
only form-factor term; el B s B
- : NNLO|¢yp £ —0.025| T T T ]
T -0.025 S T
> scale dependence negligible I £ 0080, !
7 <L . —0.030; NNLO|g,, —0.035—’//__i.
especially for u > 4 GeV. S —
—-0.035 —-0.040¢ ]
2 4 6 8 10 2 4 6 8 10
u[GeV] ulGev]

O More precise than NLO results, and hence welcome oriented at precision measurements
@ LHCb & Belle II; Factorization also valid? New sources of strong phases?

O Main issue in QCDF/SCET: sub-leading power-corrections ~ Agcp/m, = 0.2 unknown!
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By — Df{"“L‘ decays: class-I

D
D

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-I decays: QCDF formula much simpler;

[Beneke, Buchalla, Neubert, Sachrajda '00; Bauer, Pirjol, Stewart '01] Q2 = C_jfy“(l - 75)” AEPYM_(]' B 75)b A
Q1 =dyu(l =) T u ey (1 —5)T"b

(DW+L™| Q; |BY) :ZFBQ*DS*)(ME) i) only color-allowed tree amplitude a,;
q t q J

’ - ii) spectator & annihilation power-suppressed;

" /01 duTyj(u)pr(u) + O (AQCD)

my iii) annihilation absent in By, — Dj K (1)

==

mmm) they are theoretically simpler and cleaner, and used to test factorization theorem

O Hard kernel T: both NLO and NNLO results known;
[Beneke, Buchalla, Neubert, Sachrajda '00; Huber, Krankl, Li '16]

T=T9+a,TH +a27® + 0(ad)
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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 L7) | free from uncertainties from

R = = 672 |V |2 £2 |ag (DT L2 X )

()L 0 o+ 2 Vel 2 len (D L V., & B —>D f m fact
dU(BY, = DX 0= 2) [dg? | oy . 1 orm factors.

O Updated predictions vs data: (Huber, Krankl, Li '16: Cai, Deng, Li, Yang 211 [0 Latest Belle data: 220700134

(%) o "5 NLO Beneke (2000)
R(S)L LO NLO NNLO Exp. Deviation (o) NNLO 7- 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 : 1
' ) b CLNnoHQS, JLQCD .
R, 2.77 2.9470 1% 3.0270 1% 2.23 + 0.37 1.9 i Belle Fleischer (2012) - K
T T T T T R R R R R RS I L i L - M BaBar Fleischer (2012) =
. ] ; i
: Rk 0.78 0.8370 0 0.85700; 0.62 + 0.05 4.4 % .- -
R 0.72 0.76:003 0.79+001 0.60 & 0.14 1.3 !
R 1.41 1.5079 11 1.53%010 1.38 4 0.25 0.6 ’ | K-
f Ror 1.01 1077054 1.10+9:02 0.72 £ 0.08 44 i =
------------------------------------ ‘-------------------------------------------------------' H a;
R 0.78 0.8370 0 0.8500s 0.46 + 0.06 6.3 Lo N :
0.7 0.8 0.9 1.0 1.1
lay(B - D**m™)| = 0.884 + 0.004 + 0.003 + 0.016[1. 071+4:029]; e o ai(h)]

15% lower than SM la;(B—> D**K™)| =0.913 + 0.019 + 0.008 + 0.013[1.0691’8:8%2];
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Power corrections o 3 )

J

O Sources of sub-leading power corrections: [Beneke,
Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20]

> non-factorizable spectator interactions O Scaling of the leading-power contribution: (z:ns 01]

E\/ \/g/ A(By — D¥n7) ~ Gemi FP7P(0) fr ~ Grmj Agep

» annihilation topologies i1p

> All these ESTIMATED to be power-
suppressed; not even chirality-
enhanced due to (V-A)(V-A)

» Why all measured values of |a, (h)]
several ¢ smaller than SM?

> Must consider possible sub-leading

Aqcp

> n0n-|eadlng h|gher FOCk‘State COﬂtI‘IbUtIOﬂS power corrections carefully!

A N VN ey

0000000000
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Charmless two-body hadronic B decays

O Long-standing puzzles in Br(B° - n°r°) and 4A;p(tK) = Acp(m°K™) — Acp (T K™)2 HrLAV 23]

Br(B? -» n°n®) = (0.3 -0.9) x 107 E%\/ B(BOWOHO?
PDG t . | | 1.51+/-0.16
AAqp(mK) = (11.5 + 1.4)% D - o =
—8— Belle :
differs from 0 by ~8¢ ' ¢ |
O Decay amplitudes in QCDF: e v - w e e

A p p \/EAB—_>JTOK— = Anf[apu o1 + &f] + AI?JT [8[)”0{2 _|_ Spc%ag,EW]’
—Azp = Anx|Spu(a — —a, —2 .
Bt i [ P“( ’ IBI) 4 IB4 ] ABTO—HrJFK— — Arrl?[spu o] + af]a

O Dominant topologies: LP NNLO known  Ace(n’K™) — Acp(r TK™) = —2siny (Im(rc) — Im(rr rgw) ) + - - -

d u d

ﬂ u ’ a, always plays a key role herel!
b a u b - - / d b fﬁ U

O Find some mechanism to enhance

, i I
colour-allowed tree a1 colour-suppressed tree a;  QCD penguins a4 a,, 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

O Every four-quark operator in H ¢ has a colour-octet piece in QCD:

. 1. . 1
Lty = 0udjk — 5 Oikdjt,

= r LA b 3 W <& A
Q1 = (uibi)V—A®(Sjuj)V_A = F(Sibi)V—A@’(ujuj)V_A + 2(ST*b)y_s@WT u)y_4
C

.
Q; = (aibj)V—A®(§jui)V—A = (ﬂibi)V—A®(S_juj)V_A + 2(aT4b)y_a®@(GT 4wy _4 \/€

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

2023/04/15 ZFE  Power Corrections to Two-body Hadronic B decays in QCD Factorization

;

» 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/my;

15




Soft-exchange effects from emission topology

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

O Matching from QCD to SCET;: Q2 = [wibjly, [55ulr, = [blg, [auls,
1

1 — Hi(u) ® [3:h]p, [Teue]p, (u) + Ha(u) ® — [Gcho]p, [Beue]p, ()
Q1 — Hi(u) @ [uchyp, [Seue]p, (u) + Ha(u) ® N [8chol, [tzue)p, (u) Ne
‘ + Hjz(u) ® 2 [-aCTAh,(.] £ [§(.TAUE} &, (u),

+ Hy(w) © 2 [5.T ha]g, [8T el g, (0) 6164 r-octet SCET, operators

> H;(u): hard matching coefficients; at tree-level, H;(u) = 1;
O How to implement (M, M, |[ﬁcT/‘h,,]F1 [§ETAuE]F2| B): function of u, depending on M, , & B
» For colour-singlet SCET, operators:
(MyM,| [k, ]r, [Szuclr, W|B) = ¢ Ay, m, du, W), With Ay, = i meFER"1(0)f3d

» For colour-octet SCET, operators: normalized to the naive factorizable amplitude

(M, M, | [, TRy I, [S:T uclr, @) |B) = Auym, By, (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
=) $BM1 f du C&BMl (U)

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

== [he SCET, operator naively factorizes after matching to SCET;

aNs. MpASTISIS .

BMl( ) = 1 fy,du, (U) g (_1)J‘Ooods<

|:UT hV:|r ﬂVOfﬁ +g GAaﬂ( )_

Awlle 8N ut
1 fM ¢|v| (U) - B—>M BM ¢IVI ( ) BM
=ad 2 2 4 F — WMy O 1= Z 1
Avy. 8NUT x (1) (0)9r 8N 7 I Indep. of M,

> With the asymptotic ¢y, (u) = 6ut, we have: | gBM: _ f du Ty, () = gﬁlMl
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Soft-exchange effects from emission topology

O The usual colour-allowed & colour-suppressed tree [ 1 gfjﬂfgl'
i (11(]\41]‘{[2) = Cl + CQ —+ —
amplitudes now changed to: | N 2
Bm 1 g
gyt can be complexin general!  giMi = pEMieitvd  x(MiMy) = Co+ O |+ =5
O Taking g, as free parameter, we can at least fit it from the current data;
25 | o T B [Cheng, Chu '09; Lu, Yang '22; Wang Yang '22]

» With only soft-exchange effect from

emission topology, it is impossible to
explain both Br and ACP data;

_ > We need to take into account other
_ 2Br(B° - nn%
"~ Br(B® - ttn)

ot
0.5 _— . . S . R | e ——— e
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

A AR

00

power-suppressed contributions!
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Pure annihilation B decays

O Two typical pure annihilation decay modes: B° - g+n~ vs BO - KTK~

A(I§S = =B |:5publ +2b; +%b4FfEW}

b b
IS 1
A(B; > K'K™) = A, |:5puﬁl + B+ b4‘fEW]+ B,z [bf —EbeW} % M >< ><
Ail.l..“\ A/I.Z.}

= Are [5pu:31 +ﬁ4p:|+ B« [b4p}
L(V-A QW -4

O Both involve the building blocks b, = -5 €; A} & b}, = 25[C,AL + CeAb]:
Z € AL (V=—A) ®@ (V + A)

AL M) = T, /0 dedy {@MQ () Bas, (1) :y : ! —+ %iy LA (1) D, (1) %}
: ! 1 1] . 2
AL (M My) = Ta, /0 dxdy {@M @O |z T 77 T T Doy (2) Py (y) %—y}
O With the asymptotic LCDAs, we have A = A5 : [BBNS '99-'03]
AL(M M) = ma, {tl_&xg — 18—6(9 — 7%) + )il (2)(3) } X, = (1+ 0,6 ) In(mg /A, ),
AL(M M) = 7ay {18)(44 — 18=6(9 — %) + il (2X?4) } A, =0.5GeV, g, <land an arbitrary phase ¢,
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Ways to improve the modelling of annihilations

O With universal X, and different scenarios, we have: (B8NS 03]

Mode Theory S1 (large ) S2 (largea,) S3(¢,=-45") S4(p,=-55") Exp.
By T0i024 ek 00 B 0.027 0.032 0.149 0.155 0.671+0.083
B S KK 3 OISR 2 Sl 0.007 0.014 0.079 0.070 0.0803+0.0147

] § [Wang, Zhu '03; Bobeth et al '14;
O Large SU(3) flavor symmetry breaking or flavor-dependent A7 ,?  chang Sun eral '14-15]

O How to improve the situation: ) :_

4

(DA[(:U; I[L) — 6.:1;:7; [1 —|_ Z(Iﬁ[(/t) 0513/2)(21: — 1) G[J: S I 6S :%-a

n=1 L L
FIGURE 5.8: 68% and 95% CRs for the complex parameter p% ™ and pfi X obtained
from a branching-ratio fit assuming the SN.

due to G-parity, a%;; = 0, but aX,, # 0

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

Zm% ~ (.86 rK(l 5GeV) = 2m12<
my, (W) (my, (W) + mg(w)) & N1, — my, () (my (1) + me ()

2023/04/15 ZFE  Power Corrections to Two-body Hadronic B decays in QCD Factorization 20
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Ways to improve the modelling of annihilations

O SU(3)-breaking effects in A1 ,+ due to higher Gengengauber moments and quark masses

Al (M M,) = {ml alh 4 u”'){u F3a)? + 6a0)X 4 — (1 + 6al™ 4 'l(i(.'jff)} +54(69 — 772l al™ — 36(385 — 397) (a1 @)™ — 203" al"?)
. 2 = a- e \ My Mo My Mo 2
~6(9 — 7°) = 18(10 = 7*)(3a)" — ™) — 6(59 — 67%)(6a3" + a3™)  —18(9593 — 972w )ay " + iy (2*’@)} xA—1n<m )(1+pAel¢A)

AL (M My) = 7o, {'Ic\"('l Lo 4 gy [cj'l —3at" +6a3" )X 4 — (1 — 6al" + 16a5" )} 200} 2001

—6(9 — ) — 18(10 — 7%)(a}™ — 3a)™) — 6(59 — 67%)(ad™ + 6a5"2)

+54(69 — 7r)at a)™? — 36(385 — 3977)(2a) " ay? — aya)?)

—18(9593 — 9727%) a1l 4 rMiy! (zxj)}

T T KK
Al | 317X, —51.546.2+ 1.5X3 | 37.6X4 — 63.4+6.5+ 1.6X3 | 23.4X 4 — 36.0+5.2 + 1.7X?

[18X 4 — 18+5.2 4+ 1.5X73]

[a\\\*ln\+)2+16X]

[18X 4 — 18+5.2 + 1.7X4]

31.7X 4 — 51.54+6.2 + 1.5X3
[18X 4 — 18+45.2 + 1.5X7]

34.6X 4 — 56.24+6.9 + 1.6X3
{E‘ﬁ\_\* 15+:)2+16X]

23.4X 4 — 36.0+45.2 + 1.7X2

[18X 4 — 18+5.2 + 1.7X73]

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

> The amplitude ratios A}

2023/04/15

2(mTm) / Ai1,

iR

1.5 2.0 25

Py

1.0

0.5

3.0

»(KK) get enhanced in the BBNS+ model! == what we need!
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Ways to improve the modelling of annihilations

O How to improve: > Making the parameter X, to be flavour dependent & depending on its origins;

Y- X X

! Doy (0 ! 1 ! Dy () — 7D, (1 ‘
/ i .1?)(:) :<T)f1,‘,(1)/ d ?+/ i My () (1) . 6XMe 6
. - . Jo € 0

72

1 [4)) 1 , 1 1 1 D, (U)—Uq)r (U) i 4 o v Mo - o : J Mo b
/“ dy ";‘f") = @), (0) /[ dy -+ /U dy —l 2 — 6xM -6, AL (M Ms) = T 18X M2 — 18—6(9 — 72) + MM (2)(3”)&1”-) :

Ay (M M) = 7, { S 18=6(9 — 72) + i (271 X772 }
(I)m U (T)im (U) - (I)im (U)

0
. 1 1 .
/ dy ———— 0) / dy — + / dy - — X,
Jo Jo gy Jo Y
S
/ du
J0

() _ ®,, (
., (1) _ (lJ,,,“)(]_)‘/“Jr]ll_, ]t \ /0| " D, (1) j P, (1) . X" ‘ All(Mle) i Alz (Mle)

Y
.
T T

i

» To make it predictive, distinguish whether the endpoint configuration mediated

by a soft strange quark (X3) or a soft up or down quark (x*¢) . T X

O Advantages compared to original BBNS: two free parameters! 7

g ud - 2 e
» For mtm final states, only X;“ involved; L easily to reproduce the data!

> For KK final states, both X4 (for M;M, = K*K~) and X5, (for MM, = K~ K*) involved;

3 " Lu, Shen, Wang, Wang, Wang 2202.08073; Boer talk @ SCET2023;
O Other interesting progress:

Neubert talk @ Neutrinos, Flavour and Beyond 2022
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Summary

O With dedicated LHCb & Belle II, precision era for B physics expected!

O NNLO calculation at LP in QCDF/SCET complete; but some puzzles still remain:
> for class-I B?, — DEI*)_L+ decays, 0(4—50) discrepancies observed;
> long-standing Br(B° - n°%®) and AA4.p(K) = Acp(n°K~) — Acp(m*K™);
mm) sub-leading power corrections in QCDF/SCET need to be considered!
O Power-suppressed colour-octet matrix elements:
(MM, | [0, T4y Ir, [5eT 4uclr, W)|B) = Ay, Eu, *(w), With &y, *(w) an arbitrary function

O Improved treatments of annihilation amplitudes: SU(3)-breaking effects & flavor-dependence

of the building blocks 4¢ ,; =) correct direction as expected!
Thank You for your attention!
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