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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
N\ e w3 factorization? strong phase origin?...
’ 28 E B => 1T, mp,pp )
eSS k
01 | y Iv“"st. ) _E
[ Bo 6 D+ TT- ;0 0A|2 0?4 . nfs nln 1} 10
Bt > DOK* p (VY B2>JyKs ) R

O deepen our understanding of the origin

& mechanism of CPV G

AB" —» ntK™) = = Z Verm (C;Y 4+ C)F)
O insight into the hadron structures: F 1
dé du dv T (¢, u,
especially exotic hadronic states +/o L R ]
O Probing NP beyond the SM mm) although complicated but necessary!
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Exp. status of B physics

O Super B-factories (ete™): Belle II O Hadron colliders (pp): LHCb @LHC

Csl(Tl) EM calorimeter: ., ) . RPC p &K; counter:
waveform sampling I scintillator + Si-PM

L]
"
5
electronics, pure Csl w/ for end-caps L i 3 RICH2 ,fCAE i
B |/Ric s . | N\

Jertex \\‘ . -

ator/ _[7 ——

' =3 s 4 & _._. 5 - — ——

A : ]
.

“esep ‘PDP? near™

for end-caps

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

Central Drift Chamber:
smaller cell size,
long lever arm

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

PID system

Time-of-Propagation counter
/ (barrel)

s prox. focusing Aerogel RICH

(forward) + | O Two main goals among others:
[E. Kou et al. [Belle II], 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 phy5|cs! that are sensitive to flavor structures?

2024/04/20 =FhE QCD Factrorization for Hadronic B Decays 4




FIAG2021 fg, [MeV]

Precision era of B physics
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il our average for Ny=2+1
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0.0 15.0 30.0 . // / ERR L 1LOCD 23 I—oi ]
Branching Fraction x 10~¢ httDS 2 hflav. Web 2 Cern 2 Ch o 4.0 - BaBar ur{é;gged 12bin ¢ B
T ‘¥ | BaBar untagged 6bin 4
Q [ Belle tagged 13bin F*— Y, ]
"= 30 [ Belle untagged 13bin +o— o g =
E A a 5 Belle tagged 7bin 46— I%I 1
O Lattice QCD & LCSR etc. also provide more precise 20 | T
10 [ _ mg B ~ ol
- C ‘ &% L ]
results for the non-pert. hadronic parameters \y Etoe woe et =T oo %
0 5 10 15 20 25
¢° [GeV]

|—>| we are entering an era of precision flavor physics ! http://flaqg.unibe.ch/2021/
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Effective Hamiltonian for hadronic B decays

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

d
Neubert, hep-ph,/0006265 :
! ' multi-scale problem with highly hierarchical scales!
- : ﬁg - EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects
b r' ~ 80 GeV
é %@@;ﬁ@ g § nn?;/ ~ 91 G:V > my ~ 5 GeV > Agep ~ 1 GeV
Gr N
Lefr = _ﬁ Z VorVop (CIOI + GO0, + Z CiOi,Pen)
p=u,c i=pen
W

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,;
perturbatively calculable & NNLL program now complete! [Gorbahn, Haisch '04; Misiak, Steinhauser '04]
6
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Hadronic matrix elements

O For a typical two-body decay B > M M,: | A(B - M{M,) = Z[ACKM X C; X (M{M,|0;|B)]

l
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 quite difficult, multi-scale, strong-interaction problem!

O Different methods proposed for dealing with (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 et al,]
C Bauer, Flemming, Pirjol, Stewart, '01; Beneke, Chapovsky, Diehl, Feldmann, ’02] ff
. . . . how to systematically estimate symmetry-breaking effects?
how to include higher-order perturbative & power corrections? y y y Y 9

O QCDF/SCET: systematic framework to all orders in ag, limited by Agcp/m; corrections [Bens '99-03]

Ojf_act.(”
- | ofact (u; Ll %
B’ O W § %‘5}3 O n T |+ E" M § = in heavy-quark limit .
y +O(1/my)

2024/04/20 s QCD Factrorization for Hadronic B Decays 7

(M{M,|0;|B)




QCDF formula for charmless B decays

O QCDF formula: (38ns '99-03]

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

o 1
+ / - / dx dy TH(X.y.w) dus, (V) by (X) 6 ()

spectator-scattering term

O How to proof QCDF formula:

- based on diagrammatic factorization [BBNS '99-'03]

k% ~ /A my »
- method of expansion by regions [Beneke, Smirnov '97] ﬂ "o
SPecrator -‘ : B @5 g
- use heavy-quark & collinear expansion for hard . N ",
processes [Lepage, Brodsky '80] universal non-perturbativet hadronic parameters

) (M, M,|Q;|B) factorized into (M|j,|B) (transition form factors), (M|;,0), (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: . s IO | |
. -E * soft spectators in B meson: ( +isallieer)” ~ SO
o x hard-collinear modes:
* collinear quarks and gluons in pion: ( + collinear)? ~  O(mpA)
_ ) E. ~ my, 1,)2 ~ (A%
B enerqebic :
| bigh? quarks
w
& 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 (Bencke, 1501.07374]
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Soft-collinear factorization from SCET

O QCDF formula from SCET: T/ = matching coefficients from QCD to SCET

(MiM,|04|B) = FE"MiT) @ ¢ppy, + T @ ¢ @ Py, ® ¢y, =) |QCD - SCET =T & T

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

C c

k? ~ (O
j é hard (mb ) i /
M= Hh
S - — T S c

1

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

) 0 . c C c cC
hard ( b)\ h h k2 - O(V mbAQCD)
/ hard-collinear T”
5] c e S c
3 i H; he h H; ®J

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

(M1M2|Qi|§) 1 TI(.Uh) pr <I5M2 (.uh)f+BM1 (0) + H;(up) * Uy (Uns pe) * J(Upe) * ¢M2 (un) * ¢M1 (tne) * ¢ (Une)
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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 : PV [Beneke, Neubert,
naive factorization hep-ph/0308039; Cheng, Chua, 0909.5229,

0910.5237;]

vertex correction

VAR .74

spectator-scattering COI’I’eCtIOH - B —s AP, AV, AA: [Chieng, Ying,

\% \A

g - B— SP, SV: [Cheng, Chua, Yang,

pengUIn CorreCUOn 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 s TP.TV" [Cheng Yang, T010:5509:)

>@ >@ Gﬁy g M very successful but also with some

problems phenomenologically. !
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Phenomenologlcal successes based on NLO

O Successes at NLO: . ,, /L O Some problems encountered at NLO:

colour-allowed tree 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, VP and VV modes Br(B° - n°7%) and AA p(nK)
2m? : :
PP ~ as +ryas, PV~ as= P3—P Ty = ( :_ ) » How important the higher-order pert. corr.?
e Lo Fact. theorem is still established for them?
VV ~ a4 ~ PV == Br(B*° —» n(K*+0)

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

» Qualitative explanation of polarization puzzle in B - V'V only NLO to them: quite relevant for A,,?

decays, due to the large weak annihilation

> Strong phases start at 0(ay), 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 7' & T"

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

3 T! tree T! penguin T tree T!' penguin
(MyM,|Q;|B) = FE~"1 T/ @ ¢y,
+T!' ® ¢5 ® du, ® du, Lo 0t v I' = 1+ Ocu) + -+
tree 3 T!
\eltex
O O T o w T = Ofa) + -
tree penu uin BERNS $3:03 %
pengL”n —vsT5O0——

TII

spectator
/ \
tree penguin POWO \ /%
" g%\/

NNLO: 0(a?) g
D For tree & penQUin t0p0|ogie$, Bell 07209 . Beneke, Jager '05 Beneke. Jager '06
l]:ul] l\LK“ 1.;1,[].71.;): 000000 Kivel '06, Pilipp '07 Jain, Rothstein, Stewart '07
- uber, Krankl, Li'16
both contribute to 7/ & T/ Kim, Yoon 1

Bell. Beneke. Huber, Li'15, 20

2024/04/20 s QCD Factrorization for Hadronic B Decays 13




Tree-dominated B decays

OB decay amplitudes in QCDF: "
o | L) P Q VubViia %

*
Vub Vud /
b —— b - - d

colour-allowed tree a1 colour-suppressed tree a,

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

(7t 77| Hesy |B®) = {Au]oa(mm) + of (77)] + Ac af(n7) } Arn J
_ Tree-dominated! . v
— (1070 Heps | B = {Au|a2(mm) — of(am)] — Aca§(nm)} Apn thI’/Zm‘//
.

1

b ~ Uﬁd /1u = VubVJd == 0(/13) o /10: VCbV(j‘kd o’ 0(/13) ‘ a4 lOOp-Suppressed VS a]_,z QCD penguins a4

U

O a- at NLO:

oy () = 0.220 — [0.179 + 0.07 7o + || {[0. 123] 05 + [0.072] 03}

0.485
L _ ; %, /B
large cancellation between 1-loop vertex correction & LO result Fsp =
mpf T (0) Ag

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

m For “wrong insertion™:
b a b D

O QCD — SCETI matching calculation:

T T /A Se a b
(Qi) = T; (Oqcp) + Ha (01 — O1) + > Hia(Ou) 0
¢ 1
m For “right insertion™: a>1

O Master formula for T': right insertion

u T L(0) 4(0

(Qi) = Ti (Oqep) + Y Hi{Oa) b

Ql 1
O On-shell matrix elements at NNLO: full QCD side

Y
L ]
Y

(1)r (1) 4(0)
= AP 4+ 20 A,

TI(Q) _ A(Z)Ilf n Z_(_l) 4(_13 4()2) A.g'(l)) +2ZWm 4(_1)“1' + (=) (5;',,,(1)142(11)11f

(o A G Z 1y,

(05 = {Am) L& [A(l) + 70 4O +z“)A(°’} : ]
f O Master formula for T/: wrong insertion
"‘ <&> I:Af(az) + Zij(fl)AJ‘(al) + Zzgz)Aj(aO) _|_ Ze(xlt) A(l) ‘|‘ Z(Z) A(O) ”7(0 - 411 ’
e T = Z0 4 70 FO 4 AT 4D GO 70y ) 50

Oe) Oe)

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

T

—l—(—?.)()m()A “'+4H [AD™ + Z{) AT

O On-shell matrix elements at NNLO: SCET side T8 4 T - S AT

1
b>1

A

2
(0.) = {6ab + = [M(” + v 6 + chﬂ + (j—) [Mg,? +rPml) AP~ ADTAD ]+ (=)l (A — AT A

T

MY — ) AW

Cir— €)Y - Y1 AD - VP - v AR
15

+Y® 4 yD yO L y® 5, 4 yD pO) +z(”M“)] + O(a_f)} (0p) "

+[

+ (20 + Zep) AL - A5 A
ext ext ext [
~

QCD Factrorization for Hadronic B Decays
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10a

R S S L

Two-loop QCD diagrams A Al

O 'A(z)“f: relevant two-loop non-factorizable Feynman

diagrams in full QCD: M QAL M M &L M

- totally ~ 70 diagrams; 3a N M M ﬁ Aﬁ M M

b

Feynman diagrams techniques;w M m M 14a 15a
4a Ha Ga

MY R VR
- IBP reduction, Mellin-Barnes (A% X v KA : ( :
b 1

H b b
representation, Differential % f
16a 17a

equations, ... gé\/ W \/J)% % %14 —\?% Af% % ?;gé’r T%é“

O Complicated counter-terms from QCD & SCET operators:

~ ~ ~ -
N0 000000 ~ / ~ ~
J000000060, . e S 7 %
™ e R - . e Q s
~QETO S S ~ - 18a 19a
L~ J ™, 2
Yo NpoS o
R

o, a9 7] 3 C Q)
b c d b c d
16
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Final results for a4 ,

O Tree amplitudes «, ,, after convolution with

U
af(M1M2)=ZCjVI.59)+Z(4 ) [ ZC VU)—|—P(“:|
J =1

O Numerical results including the NNLO corrections:

o (7r)

s e

0.445

b

1.00072920 4

colour-allowed tree a1

0.220 —

o (7T)

u
u
, /L ]

colour-suppressed tree as

0.445

+ |

0.24070307 +

O NNLO corrections both large, but cancelled between T! & T!

(M;M,|0;|B) =~ FE?M1 T/ & dum, + T/ @ ¢pp ® du, @ du,

2024/04/20

(0.011

(—0.077F

+0.023
—0.050

[0.179 4+ 0.077 iy o, —

g

0.115
0078)

=R

1.009 + [0.023 + 0.0104]; o + [0-026 + 0.028 i]\\ 0

| {10.014] o, + [0.034 + 0.027i]y 0., + [0.008],, }

Beneke, Jager '05
Kivel '06, Pilipp '07

[0.031 4 0.050 ],

| {10.114] 0, + [0.049 + 0051} o, + 0.067],, }

1 1
C
V](JO) :fdu T{0)¢M( )s ﬁVS) fduT )(u)ng(u)
0 ‘ 0
1 c 1
v = [T Pout. sgvs) = [l woutw,
0 0
1.08
1.06;\\ - ~_ NNLO 1
& o4l ~~-.NLo ]
o~ i }
102! LO -
oo !
003 4 6 8 10
u[GeV]
O Scale-dependence much reduced!
0.20 . ‘ .
0.15}
LO .-
= 0.10¢}
S NLO
S 005}
I /:j:::_ix — -
0.00F——== NNLO
~0.05 ' ‘
4 6 8 10
ulGeV]
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Penguin-dominated B decays ;,(
O B —» K decay amplitudes: mediated by b — sqg transitions b
——

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

n W ‘
Azo v =A_=[8ua1 +a?], . K-
BY—=nTK JTK[ pu 4] Pengum u

Ay = Vi Viis ~ 04 € A, =V, Vi ~ 0(4%) sy | Penguin-dominated! b Q0 |

O In QCDF, strong phases generated firstly at NLO in «, -
NNLO is only NLO for A_p,

large effects still possible?

Acp = [¢ X as|NLO + O(af,A/mb) —>

¢

O 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

AAqp(tK) = Aqp(B~ » 1°K~) — A p(B° > mt K~ —
cp (1K) cp( ) = Acp( ) situation @ NNLO?

= (11.3 + 1.2)% differs from 0 by ~9¢ AAcp puzzle

2024/04/20 s QCD Factrorization for Hadronic B Decays 18




Penguin topologies with various insertions

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

10

4G
F Z D‘/}jb (Onglj + CQQ;S + Z C’LQ% + C?’YQ?")/ + CSgQSg) + h.C.

p=u,c 1=3
. CMM operator basis
Q) = (FLy*T*bL) (D TpL), = (Dry"b) 2g (O00); ~gs _
prpA — A QSQ 90, 2 mpy DO—,U,V(l + 75)G ba
Qb = (pry"br) (Dryupr), = (DLy"T70L) 3og (T q), 32
(DL'Y Y 'Ypr) Z (q'Y#’YV’YPQ): Chromo-magnetlc

current-current operators L ~ N \

Qe = (Dey"y"*T41) 3 @y, T a) dipole operators

: . » QCD penguin operators
O Various operator insertions:

tree topologles

pengum topologles

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

2024/04/20 s QCD Factrorization for Hadronic B Decays 19




Hard kernel T'at NNLO SR S R )

O QCD - SCETI matching calculation: O Note: always e ® T o b s
— wrong insertion! ) e L
i) = Hiq(Oa) G
- 0 2:[ 1= ) ]k¢( vs)ho] , the only physical operat
. O = XD — v5)X , the only physical operator
O Complete SCET operator basis: s 2 o and factorizes into FF*LCDA.
(DL'Y#bL) Zq (q_")’uq)a On = Z [fq 'YJ_VT’YT_Q . fﬁ_% 2Xq] [)_(q(l + 75)7J—O‘f)u—#2n727l#2n73 N AN h“] )
= A =u,d,s
= (DLy"T4b) 32, (77T q), » = n now up to 4, with 7 gamma matrices
= (Dry"y"~br) > g (@1 7p9)s 01 — Oy /2 is another evanescent operator
= (D1A"y"y*Tbr) 2_q (@7 T ).

Q) _{ A9 4 2 % [0 1 70 4O + 24D

)4 ZDAD 4 2@ FO 4 70 AV 4 22 A0

ext

O On-shell matrix elements at ( )
NNLO: on the full QCD side

+ 28 25 A0 + 2O AG) + (- am® AP + O(ag’)} (Oa) @
O On-shell matrix elements at

2
m@:{@w+_¢ym+4gmw+¢w ( ) M3 + ¥ OuS)
NNLO: SCET side }

Y@ 4D 0 4 y® 5,4y pM 4 50y

ext ab ext ext

+ 0(ad) } 0)®
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TI u p to N N LO ~ 100 two-loop Feynman diagrams

O Master formulae for T!: o o
Q36 2 2
L =@ | 7@nf|, (1) 51) | 2 50) , (1) 5(1nf
§Tz‘ = A1 _I_Zz'j Ajl +Z@'j Ajl + 757 Aj
QlﬁQ —

( ) 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 Z(f)f _ A;(fl)f A’(g)] + (=i)omW | AWE _ Wf 7(0) ' | contraction of QCD penguin operators

71 31 7l

tree-level matching of Q; involves
already evanescent SCET operators

+(zW 4z

ext

f Df F(0
) AP — AT A

-y — My AY "t . .
O Complication during calculations:

- (019} - 54(1?) [}71(11) - Y1(11)] ﬁﬁ?) - ~11) - Y1(12)] EE?) (i) fermion loop with eitherm = 0,m = m, or m = m,

(0 ~(0) (2 (ii) genuine 2-loop two-scale problem: @, z. = m2/m?
| ZA )M ZAEE)) Y'b(l) . g p ' p G c/ b
b>1 b>1 (iii) threshold at # = 4z, introduces strong phase
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Final results for a;,

O Final numerical results: % | e N1 fm o
s b "\ p q p R0 q
(M{M,|0;|B) =~ FB~M Tl-l Q Pum, + Ti” QR ¢ R Py, & b, 1 b 1 "0
ai(rK)/102 = —2.87 —[0.09 + 0.09]y, + [0.49 — 1.32i]p, — [0.32 + 0.711lp, o, , + [0.33 + 0.38/lp,. 01
4 [ L 4] {[0.13]Lo +[0.14 + 0.12]1y — [0.01 — 0.05]x> + [0.07]tw3} \
= (-2125%) + (-1.567533)/, adl ol L

b q ) q

“D,b q

&5(7K)/1072 = —2.87 —[0.09 + 0.09i]y, + [0.05 — 0.62i]p, — [0.77 + 0.50]p, o, , + [0.33 + 0.381]e,. 0 , .

+ [0 ;ps 4] {[0.13]Lo +[0.14 + 0.12/]uy + [0.01 + 0.03]up + [0-07]tw3}

= (—8.0073%) + (—0.677%%)i-
I > individual NNLO contributions from Q’l”2 and Q3_¢ 3, significant

> strong cancellation between NNLO corrections from 0119,2 and Q3_¢ 3,
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Re[aj [er

Re[ajrr

Scale dependence of a),

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

~0.015
NNL
-00200 T (_)_|93_ 4
~ NNLO
~0.025] .. | fun
-0.030} NNLO|,
-0.035} ﬁ
2 4 6 8 10
H[GeV]
—0.015F
-0.020}
-0.025} T
-0.030} " ]
~0.040! | ]
2 4 6 8 10
u[GeV]

FF

Im[ajf]

Im[ajler

0.000
~0.005
0010l
~0.015 7
\—_—_—/_—__—__
S00200 e
~0.025! |
2 4 6 8 10
H(GeV]
0.000F<;
o005l 000 TTTTTTmmm—
~0.010
~0.015
2 4 6 8 10
u[GeV]

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

2024/04/20
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QCD Factrorization for Hadronic B Decays

O Results at different orders:

0.005}+
a§[nK] LO
0.000 ----
.
NNLO'Q;-M;
-0.005 H
NNLOgun |
= : =
& I NLO
=, 1 *
E —0010 NNLO|g; g,
*
NNLO'Q\.: T
v
-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
23




BY — DEI")_LJr 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!

Q2 = dyu(l — ys)u Ty*(1 —75)b
O For class-I decays: QCDF formula much simpler; Q1 = dvu(1 — )T u ey*(1 — )T b

only the form-factor term at leading power =

[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01] I) Only coIor—aIIowed tree tOpOIOQY q

ii) spectator & annihilation power-suppressed

. _ — Bq—>Dg*)
(DI L™ Q; | BY) :§ F, (M?)
J

1 o - r
X / du T () (u) + O (AQCD) iv) they are theoretically simpler and cleaner
0

Ty

iii) annihilation absent in Bj ;) — Dy K(m)* etc.

l—}these decays used to test factorization theorems

O Hard kernel T: both NLO and NNLO results known;
[Beneke, Buchalla, Neubert, Sachrajda '01; Huber, Krankl, Li '16]

T=T9 4 a,TY +a2T® + 0(a?)
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Ca Icu Iation Of TI physical operators and factorizes into FF*LCDA.

I .
P O1=x—1—=9)x hyn, (1 —"5)h,,
O Matching QCD onto SCET;: [Huber, Krankl, Li '16] 2 ;( X iy (1= %)
‘ O, :Xj(l —IVIVIX ot (1= ¥5) VL8710l
m, also heavy, must keep m./m, fixed as m; — o, ¥
. . O3 =X 5 (1 = 1)V IV IV X Purthy (1= ¥ )V L0717 871
thus needing two sets of SCET operator basis. il |- e P LT 10T TSI TLET Ly TLATL
0} _X%(l —¥5)X Pt (14 75)hy

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

h
O Renormalized on-shell QCD amplitudes: :

O =X— (L =)V Both, (14 75)YLa VL8710V she
9

evanescent operators and must be renormalized to zero.

ia ia ext’ Hia ja

(@) = {AQ + 2= [4D + 2040 + 2542]  on QCD side

+ (Z—;f (4D + 2 A + 20 4D + 204D + 204D + 2857 A O Master formulas for hard kernels:
+ (—i)ém,()l)Af(El) +§(—i)6m£l)A;‘:(1) -}— Zt(ll)Al(-},)} + (9(@2)}((’),1)(0) . 0 1 2 2 3
et s — N T=TO94a,TW +a2T® + 0(a2)
O Renormalized on-shell SCET amplitudes: 7O — 40
() = {dw+ 22 [M§) + v, +vS)]  on SCET side 10 = AP 1 2D A

A\ 2 ~ (2 Nn 1) 4(1 2) (0 n - (1 D(1 1 1
b (B2) [+ YO + v+ 200 G | T = AT DA AT DA I o i - 21
T
. CND(l)T((l) 4 (_i)am(l)AT(l)nf 4 (_i)(;m(l)A%*(l)nf - Hﬁl)y(l) _
1 1 2 A 7 7 c 7 7
v ] ofe o 1 ai T
25
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Decay amplitudes for By —» D_L*

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

a(DTL7) = Z Ci(p )fld?l { s, ) + T (u, ,u)] Dy (u, p), free from the 0.07¢
i=1 0
i i 0.06
(D) =3 Gl [t [~ B0 @1, endpoint divergence
i=1 0 0.05] NNLO
0 Numerical result: collinear factorization established i 0.04
S 0.03

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[a (D*K7)]

- i i o)
NNLO corrections to real part quite small (2%), but rather K) = (1.06970999) 1 (0.046700%8);

(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

O For different decay modes: guasi-universal, with small

Q

process dependence from different LCDA of light mesons.
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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]

I(B", — D L) ; free from uncertainties from
(s)L — 0 (*)+ 5 T | uq‘ fL ay (D (s ) )| L & f £
dU'(BY,) — D o) /dg? | o2 Vep & Bgs = D 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)
0.01 003 NNLO K~ Huber (2016) ;| H—#— 7T
Rx 1.01 1072004 1.101) 62 0.74 £ 0.06 5.4 NNLO -~ Huber (2016) 1
0.04 0.03 | B4 BGL(2,2.2), F-MILC =
Rx 1.00 1.06 ¢ ox 110103 0.80 & 0.06 4.5 - ?(L\wéql ]]I_.L(f!((];]; - 1
R, 2.77 2.04+0-19 3.02+0-17 2.93 + 0.37 1.9 @ Belle Fleischer (2012) . K~
T L e W BaBar Fleischer (2012) *
' -
: Rk 0.78 0.8370 0 0.85700; 0.62 + 0.05 44 i e : "
lll*l lllllllllllllllllllllllllllll ()l 'E):l3 llllllllllllll E)‘IOI]T lllllllllllllllllll "lllllllllllllll‘lll i [)_
B3 0.72 0.76 0 oa 0.790 05 0.60 + 0.14 1.3 NN :
Ri- 1.41 1.507511 1537010 1.38 +0.25 0.6 ’ o
. lllllllllllllllllllllllllllllllll E)IOII llllllllllllll ()l 6.3 lllllllllllllllllllllllllllllllllllll : ye H
L Lol Lo B0y OT2E008 i T -
‘ )
Rk 0.78 0.8370 0 0.8500s 0.46 4 0.06 6.3 L 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+2929]; 23 Som ai(h)]

15% lower than SM la;(B-> D**K™)| =0.913 + 0.019 + 0.008 + 0.013 [1. 069J_’8j8%g];
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Power corrections D, ,Bg>=zFwamMg>

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]

\%V w A(Bd — D+7T_) ~ Gpmg FB_LD(O) fffr ~ Gpmg AQCD
: : AQCD
» annihilation topologies > All ESTIMATED to be power-suppressed; not
even chirality-enhanced due to (V-A)(V-A)
>« % % M > Difficult to explain why measured values of
QCD i |a, (h)| several o smaller than SM?
» non-leading higher Fock-state contributions
9 hig mp > Must consider possible sub-leading power

@éé%* \/ \5/ M M corrections carefully!
e o e .

» non-factorizable soft-gluon contributions in LCSR with B — Din~,

B-meson LCDA: [Maria Laura Piscopo, Aleksey V. Rusov '23] BY = DTK™.
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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° AAcp(nK) = (11.3 +1.2)% differs from 0 by ~90
Acp(B+ — K*n%) Acp(B" — K'm

B(BD — 7707?0) (1.55 i 0.16) X 10_6 ULk AcplB * =K * 1) 37824 ( ) AcplBO=K*+ 1)

— T e TE(294+1.2)x 1072 L, Ii.‘z (—8.36 + 0.32) X 16;2

' - | | - 5 R V2Ag w0k = A g[St + 0]+ Ay [Spuez + 8pe S pw]
. - — u 4 K pu PCO2Y3 EW >
O Decay amplitudes in QCDF: iy "

—ABO—>71071() = Ann [81711(a2 ,31) o Ap o 2184{)]

'ABTO—HrJFK— = Anf[slm o] + &f]’
Acp (7K T) — Acp(nTKT) = —Qsiﬂ’Y(Im(f’c) — Im(ry f‘Ew)) +

O Dominant topologies: LP NNLO known Q_ a, always plays a key role here!

d u d

% /L ‘ : i I—} Find some mechanism (sub-leading

power corrections) to enhance a5,
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Pure annihilation charmless decays

O Pure annihilation modes: 1rav 23]
Br(BY - mtm) = (7.2 £ 1.1) x 1077 % >« X{ M
Br(B) > K*K~) = (8.0+1.5) x 1078

O With universal X, and different scenarios, we have: [zans 03] XA 1+@A WA In(m [ Ay)

Mode Theory S1 (large y) S2 (largea,) S3(¢,=-45°) S4(p,=-55°) EXp.
B> nie W.024 w5 Sl E % 0.027 0.032 0.149 0.155 @ 7250041
B o K& KCE0I00 38 e iatom 0.007 0.014 0.079 0.070 0.080+0.015

C large SU(3)-flavor symmetry breaking or flavor-dependent A1 )7

O How to improve the situation? » making the parameter X, to be flavour dependent &

depending on its origins;
[Wang, Zhu '03; Bobeth et al '14;
Chang, Sun et al '14-15]

> other interesting progress;

3/2)
Oy, 1) = 62 [1 + E aM () C3 (22 — 1) Lu, Shen, Wang, Wang, Wang 2202.08073; Boer talk @ SCET2023 and CERN;
Neubert talk @ Neutrinos, Flavour and Beyond 2022

> including higher Gegenbauer moments to include

SU(3)-breaking effects;

n=1
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Summary

O With exp. and theor. progress, we are e, E. P
T % u ,,g/L d b _/Z u

b

entering a precision era for flavour physics!

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

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°7%) and A4 p(nK) = Acp(B~ » n°K™) — Acp(BY > ntK™);
» for class-I B] - Dé*)_L+ decays, 0(4—-50) discrepancies observed in branching ratios;
mm) sub-leading power corrections in QCDF/SCET need to be considered!
> sub-leading color-octet matrix elements (M, M, |[@ T4 h,]r, [S:T4uclr, (uw)|B)

> improved treatments of annihilation amplitudes: SU(3)-breaking effects
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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 : PV [Beneke, Neubert,
naive factorization hep-ph/0308039; Cheng, Chua, 0909.5229,

0910.5237;]

vertex correction

VAR .74

spectator-scattering COI’I’eCtIOH - B —s AP, AV, AA: [Chieng, Ying,

\% \A

g - B— SP, SV: [Cheng, Chua, Yang,

pengUIn CorreCUOn 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 s TP.TV" [Cheng Yang, T010:5509:)

>@ >@ Gﬁy g M very successful but also with some

problems phenomenologically. !
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Phenomenologlcal successes based on NLO

O Successes at NLO: . ,, /L O Some problems encountered at NLO:

colour-allowed tree 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, VP and VV modes Br(B° - n°7%) and AA p(nK)
2m? : :
PP ~ as +ryas, PV~ as= P3—P Ty = ( :_ ) » How important the higher-order pert. corr.?
e Lo Fact. theorem is still established for them?
VV ~ a4 ~ PV == Br(B*° —» n(K*+0)

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

» Qualitative explanation of polarization puzzle in B - V'V only NLO to them: quite relevant for A,,?

decays, due to the large weak annihilation

> Strong phases start at 0(ay), 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

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

H = - a 4a 1 N 1
O Every four-quark operator in H ¢ has a color-octet piece in QCD: it = 0ad — 5 0udi,

= 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 \/g

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

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

== hard-spectator scattering contribution

: p” > 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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Pure annihilation B decays

O Two typical pure annihilation decay modes:

A(I§S = =B |:5publ +2b; +%b4FfEW}

i :d 1
A(Bd AGS S A;ZK |:5puﬁl +:84p - b4p,EW:'+ BKK |:b4IO _Eb4p,Ew}

= Tk [épuﬂl +ﬁ4p:|+ Bl [b4pJ

O Both involve b, = % C,A} &bl = % [C4AY + CxAL] and kernels A} & A4S :

BY - n*tn~ vs BY — K*K~ related by SU(3)

Al A1

L(V-A) Q WV -A)
AL:(V-A) ® (V+ A)

i ! | 1 1] M M- 2
AL(MiMs) = 770@/0 dxdy {(I)MQ () Pas, (y) =) - = + 1 Oy (1) @y (1) fi_y}
1 y y ! . N [ 1 1 ] M1 . Mo N 2
AL (M M) = 7o i drdy S P () Par, (y) B + o] + 10 Py (1) @0y () e
O With the asymptotic LCDAs &, (x) = 6xx, we have A4} = A} : IBBNS '99-'03]
AL (M My) = 7y {tl_&xg — 18—6(9 — 7%) + )il (2X§) } Xnd= (1+ 0,6 ) In(mg / A,),
AL(M M) = Tay {18)@ — 18=6(9 — %) + il (2)(?4) } A, =0.5GeV, g, <1and an arbitrary phase ¢,

2024/04/20 FHE
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Ways to improve the modelling of annihilations

O With universal X, and different scenarios, we have: [88)\S 03]
Mode Theory S1 (large ) S2 (largea,) S3(¢,=-45") S4(p,=-55") EXp.
B-S 7 a. 07 /5 R S 0.027 0.032 0.149 0.155 @2 --0.14
B> KK 0137 2 et 0.007 0.014 0.079 0.070 0.080+0.015

C ¥ - ¢ i [Wang, Zhu '03; Bobeth et al '14;
Large SU(3)-flavor symmetry breaking or flavor-dependent 47 ,? . °~ o Sun et al '14-15]

O How to improve the situation:

n=1 L
FIGURE 5.8: 68% and 95% CRs for the complex parameter p" ™ and pf}

from a branching-ratio fit assuming the SN.

due to G-parity, a%,,; = 0, but aX,; # 0 X, = (L+ 0,6 )In (g / A,

> including the difference between the chirality factors to include SU(3)-breaking effects;
2mz

~ 091
my, (W) (my, (W) + ms (1))

25 0.86 K (1.5GeV)
~ (.86, r2(1.5GeV) =
my, (1) (my, (1) + mya (1)) “

=HrE QCD Factrorization for Hadronic B Decays

ry (1.5GeV) =

By/
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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 all 4 u.}"){{l_ F3a)? + 6a0)X 4 — (1 + 6al™ 4 'l(i(.'jff)} +54(69 — 772l al™ — 36(385 — 397) (a1 @)™ — 203" al"?)
—6(9 — 7%) — 18(10 — ) (3aM — a2) — 6(59 — 672) (6l + o) —18(9593 — 9727%)ay " 0}t + r2iip M2 (2Xfi) }
Aé(ﬂhﬂ[g) = T, {Ic\’('l + u]”" - ijj ) [[Z'l - .'ml + (:rr)[' ) Xa4a—(1-— (m]f‘ + 16a, M; )} 2001 200___”

—6(9 — %) — 18(10 — %) (a)™ — 3a)™) — 6(59 — 67%)(ay" + 6as™) T~ ]
+54(69 — Tr%)a " a)? — 36(385 — afmﬁ)(z(fl”'a,” —(}“r Mz)

—18(9593 — 97272)adl1 s 4 p MM (mj)}.
b R
0 1 2 3 4 5 6
1 b 4

T T KK

mg
X, = ln( ) (1 + pyei®a)

AL 317X, —51.546.2+ 1.5X3 | 37.6X 4 — 63.4+6.5 + 1.6X3 | 23.4X 4 — 36.0+5.2 + 1.7X3
[18X 4 — 18+5.2 + 1.5X?] [18X 4 — 18+5.2 + 1.6 X3 [18X 4 — 18+5.2 + 1.7X4]
Al | 317X, —51.54+6.2 + 1.5X% | 34.6X 4 — 56.246.9 + 1.6 X3 | 23.4X 4 — 36.0+5.2 + 1.7X3
[18X 4 — 18+5.2 4+ 1.5X7] [18X 4 — 1845.2 + 1.6X 7] [18X 4 — 1845.2 + 1.7X7]

Br(B ->z'z): = (0.72+0.11)x10™
Br(B° > K'K*): (0.080+0.015)x10°

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

» The amplitude ratios Ail,z (mt)/A"l,z (KK) get enhanced in the BBNS+ model! mmwhat 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;

2 yz X X

Dy, (x S T Py, () — T, (1 ‘
/ dx '”3)“) =Py, (1) / dx = +/ dx 1 (7) A — 6X M — 6,
. Jo : 0

! 1 ! "ij y) — (I)m U
0) / dy — + / dy () 1 (0) — X,
Jo ¥y o Jo Y

= (1_)m|(
x) — (1),”2(1_) ‘/“.1(.1,1.' l -+ /0' dr (1)’”2(3)) j ®i))2(]) — leg s ‘ All (MlMZ) i ALZ (MlMZ)

i xr

T Do R | T Dy (y) =y @y (0 : 4o Mo . et . 7 Mo s
[y 2 — i ) [y [y =2 W=t ® ey, AL(My My) = ”ra',,.{lb’,\.”- — 18—6(9 — 7%) + My (2)(5”)&1”-)}.
40 : 0 B J0

AL(M M) = 7a. { ISX M~ 18—6(9 — 7%) + r iyt (2}{;;” YI) }
D, (1)

Y
(

(ij
T

0
.1
/ dy
J0O
1
/rl.z'
J0

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

by a soft strange quark (X3) or a soft up or down quark (x*¢) . & 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 and CERN;
O Other interesting progress:
Neubert talk @ Neutrinos, Flavour and Beyond 2022
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