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Classification of B decays

O Semi-leptonic decays: transition form factors

O Purely leptonic decays: decay constant
(D|&y"b|B) = fi(a®)(ps + pp)"
)~ L) "B g

Lattice QCD or LCSR et al.

%%%é " multi-scale problem with highly hierarchical scales!

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

EW interaction scale

I
1
I
wo g

| =)

b i my ~ 80 GeV

% B I - my ~ 91 GeV > my ~ 5 GeV > AQCD ~ 1 GeV
’ é% 3 %Mé § %% "
. ) How to deal with hadronic decays?
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Why hadronic B decays

O Test the (C)KM mechanism of quark flavor mixings and CP violation;
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penguin amplitude at NNLO in QCDF

[J. Zupan, 1903.05062]
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Why hadronic B decays 515 |-t aocer

O Understand various aspects of strong interactions; ! éﬁ%\
O Problem: multiple scales spoil PT convergence due to 3 : L ]
JIESIE | o]
Mo ) ; d .

large logs;
P(Mw, ms) = 1 + as (#m m n *) +a? (#In2 s

my

O Solution: perturbative series should be re-organized, and all (a,ln m—b)" should be re-summed!
P(Mw, ms) = C(Mw, finigh) U(pmigh; piow )| D(m, piow)

O Final result based on RG-improved PT:

Y

CRGimproved (MWHU'IDW)

U (Mnigh, Miow) IS generally an exponential, and

HQE/OPE, lattice, (QCD
hence re-sums large logs (a,ln M)" ! sum rules) QCD factorization, pQCD
Hlow P 2 ~ (flavour symmetries)
(0]O|B)
O Hadronic matrix elements: BloLE MIOIE) (M1 |O1B)

Increasingly difficult
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Precision era of B physics e ___fulf

'.T. our average for Ne=2+1+1
- ' * FNALMILC 17 2
O More data and more precise from B-dedicated exps.! 1 chisas

—
HPQCD 13
BaBar, Belle, LHCb d Belle II ] e
abar, belle, y dn elie 11, ... B : RBCIUKOCD 14 1
T . RBC/UKQCD 142
Acp of Most Precisely Measured Modes cﬁl _.| - Eggﬁﬂﬁggg %gg (stat. err. only)
High Precision Charmless Mesonic B BF Measurements . HHEH HPQCD 12
HFLAV I e z — - FNAL/MILC 11
s HFLAV May 2018 * O 1 RBC/UKQCD 10C
K*K A R Kt ; HPQCD 09
p - April 2019 —= Krkow S ©
v YK lg==— K*ntn~ — - our average for Ny =2
KR | KtK-K+ ALPHA 14
< = o~ ] ALPHA 13
—% ntam CLEO —s2k K7t IL - ETM 13B, 13C
! i o ' '}
- BABAR BABAR K0y 0 ETM 11A
= g Our Avg. Our Avg. ! L ‘ . ‘
» K*y 1.10 1.15 1.20 1.25
Ko .
e el | WK+
—-= K7 ot FTAG2019
P — - U T T
== K'r* fo BCL fit
i SR &F 5 1.0 i S+ BCL fit —
= = Kt . f+ HPQCD 06 =
wr fi+ FNAL/MILC 15 +—o—i
= Kt . [+ RBC/UKQCD 15 4
0 fo FNAL/MILC 15 +&— _|
e 0 o4 T T ' 0'0 ! ! ' o 0.8 fo RBC/UKQCD 15 F—a—i
) - . . BaBar untagged 12bin =
f— POt Acp BaBar untagged 6bin F%—
| 06 L Belle tagged 13bin ]

|
Belle untagged 13bin %
Belle tagged 7bin 46—

: % % %ﬁiﬂ

O More precise results for non-pert. hadronic parameters o | ﬁi%
from LQCD & LCSR ! EE

Coaso https://hflav.web.cern.ch/

Branching Fraction x 10

B(g*)e(q*) fB= (g2

-0.3 -0.2 -0.1 0.0 0,1 2 03
Z(qzs I‘4:»pt)

http://flag.unibe.ch/2019/

We are entering an era of precision flavor physics!
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Effective Hamiltonian for

B decays

O The starting point # ¢ = — L2 Obtained by integrating out heavy d.o.f. (my, ;. > my);

e v/

[BBL 96, CMM '98]

,w/

. o el /
g A GF .
tree < E(\ Left = A Z Vb VoD (ClOl + C,0; + Z cioi’pen)
QCD penguin EW penguin p=u,c i—pen
O Decay amplitude for a given decay: O Wilson coefficients C;: all physics above m,,;

AB = f) = 3" [Ackm % € x (f|O|B)oep+qen ],

i

O Hadronic matrix elements (M, M,|0;|B):

perturbative calculable, NNLL program complete;

[Gorbahn,Haisch ‘04; Czakon,Haisch,Misiak ’06]

- - Dynamical approaches based on factorization theorems: PQCD, QCDF, SCET, - - -

oW

[Keum, Li, Sanda, Lii, Yang *00;
Beneke, Buchalla, Neubert, Sachrajda, *00;
Bauer, Flemming, Pirjol, Stewart, ’01; Beneke, Chapovsky, Diehl, Feldmann, ’02]

B’ T
—
O w § %ﬁﬁ () - Symmetries of QCD: Isospin, U-Spin, V-Spin, and flavour SU(3) symmetries, - - -

(MiM|Qi[B) = (M |J}|B)(M>)7|0) —

2020/11/06 Z¥E  Leading penguin amplitude at NNLO in QCDF

[ Zeppenfeld, *81;
London, Gronau, Rosner, He, Chiang, Cheng et al.]
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QCD factorization [BBNS, '99-03]

O QCDF for (M, M,|0;|B): systematic framework to all orders in a,, but limited by 1/m, corrections.

! & AtLOin a, and 1/m,, reproduces the naive
(M\M;|Q;|B) = FBM1(0) / du T (1) Dy, (1) factorization result.
. : v € Higher-order pert. corrections in o, could be
n / Jio / dudy T (w0, 1, v) D () Bag, (v) B, (1) calculated systematically.
v v # Factorization generally broken at higher-order

power in 1/m,

3 ™ spectator-scattering term
form-factor term

ijact(u)
Mo ' 9w o %
, + O(1/my)

( reduces (M;M,|0;|B) to simpler (M|j,|B) (form factors), (0|j,|B), (M|j,|0) (decay constants &

light-cone distribution amplitudes), all can be obtained from exp. data, lattice-QCD, or LCSR.
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Soft-collinear factorization from SCET

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

light energetic particles; [Bauer etal. '00; Beneke etal. '02; Becher, Broggio, Ferroglia '14]

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

(& C C c

h_h
h
h\ /h B pp 7
S c —_— Tl S c

h

C c C c c

o

TII
o h / M pn o ‘ B phe I 8 ¢
3 he — M, he — H,®J

C S C S (&

O SCET result exactly the same as QCDF, but more apparent & efficient; [Beneke, 1501.07374]
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Status of the calculation of 7! and T!

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

(MiMz|Qj|B) ~ FBMi T @ ¢py, + T ® 05 ® dm, @ o,

vertex corrections: 77 = 1 + O(ay) + - - -

spectator scattering: 7" = O(a) + - - -

T’, tree

T! penguin T" tree

T" penguin

LO: O(1)

NLO: O(ors)

NNLO: O(a?)

o

2020/11/06
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4 NNLO calculation
for hard kernels

now complete!

& Soft-collinear fact.
at 2-loop proved

at leading power!
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QCD penguin amplitudes
O Hadronic decays mediated by b — sqq transitions:

W

Tree a K~ Penguin ﬁ — K~
__b b L0
BO _ - iﬂ o+ BO - u +
d d —~ d
Ay = Vi Vil ~ 0(A%) Ae = VepVes ~ 0(2?)

mmm) | Penguin-dominated!

O Interference between tree and penguin: main source of direct CPV;
Cr+r— = —0.324+0.04

7. (7], -

Ao, sy = —0.084 + 0.004
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Why NNLO QCD penguin amplitudes

O At LP in QCDF, strong phases generated only via hard loops with virtuality m; (not myA) ;

Acp = [C X OKS]NLO + O(af,A/mb)

—>

NNLO is only NLO for direct CPV,
and large effects still possible.

O To predict accurately direct CPV, we need calculate both tree and penguin to NNLO;

O Driven by the exp.

data; AGo_pi - =Ang[Spucn +85],
Mode BR[1079] Acp Scp
Bt - 7tK? | 23.794+0.75 | —0.017 £ 0.016
BT —» 79K+ | 12.944+0.52 | 0.040 £ 0.021
BY — 7w~ K% | 19.57 £0.53 | —0.082 £ 0.006
BY - 79K0 | 9934049 [ —0.01+0.10 | 0.57+0.17

2020/11/06
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\/EAB_—HTOK_ — Anf[apu a1+ &f] + Afx [(SP”OQ + 6P0%a§,EW]’

Acp = Acp(m°K™) — Acp(m*K ™)

=122 D22
differs from 0 by 5.5¢

AAq-p puzzle

How about the situation @ NNLO?

CLHCP2020
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Penguin topologies & various insertions

O Effective Hamiltonian including penguin operators: [BBL 96; CMM 98]
AGp . . e
Mo =~ > VinVi [ C1@QF + C2Q8 + > CiQi + CryQry + CsgQsg ) + hic.
p=u,c i=3
QY = (pry*Tbr) (DT pr), @s = (Dube) Xg (@), Qsg = =25 7 Doy (1+75)G*b,

Q5 = (pLy*br) (Drvupe), Q1= (DLA"Tr) 32, (qruTq), 321

3= (
(

Qs = (DLy"y"7br) 3o, (@1 p9),s
Qs = (

Dir s Ty) X, (e TA0). chromo-magnetic

current-current operators :
dipole operators

QCD penguin operators

O Various operator insertions but all featured by wrong insertion: JQMJ~ —bmmj—
Qs g \D q Qsg P q 1 % I Qs—s |7 1
b e q b ( ) q q - b b q b Q q
tree topology penguin topology

(1) Dirac structure of Q,, (i1) color structure of Q,, (ii1) types of contraction, and (iv) quark mass in the fermion loop;

2020/11/06 Z=#8  Leading penguin amplitude at NNLO in QCDF CLHCP2020 13




J.

Matching procedure V \/
=

O Hard kernels T/ by QCD - SCET; matching; [see Beneke, Jager '06] Rii

Op () = [(;z We tn ) (15 ) szx)] [éﬁo)(éwd)ma — y5)hy

~T A o~ ~ 1 " _ N
0 = f diT'(1)0' (1) + / dids H" (1,3)0" (1, s) - dsc;fz“(s)(swc.lmwglmmwcl](sm)u+y5>hu],

1 [
OF g(t,s)= m [()? Wcz)(rn)”iz-(l F vV 2X)i|

O QCD matched onto SCET; : x |:(§Wcl)lﬂ2—+[W:1i¢J_c1Wcl](anr)(l —|—y5)hvi|,
Heff__ 3 ViV, (,m T % O} (1)l D]) + H x 0 (1g,ulli D)) O Matrix elements of SCET; operators:
p =u,c
1
- - i (= - i s
Ty % 0,(1: D) + Hy' x 0 (17, Dlfad) | (PIGE W) 1) (1) (W) 0) =5 722 [ auetgn ),
+ Y {T;,;”*Zo,i([c}sl)][ciq]) + Hy "+ Y 0(145D1lgq)) b
k=L,R q q .
(P|(§Wc1)¢7+[W:ﬂﬂ’Lchl](SnH(l + 5)hy|B) = —mmede e'I'Ep(z)
0

3 : _
+T3IkPEW*§ : e 04 (135 D113 q1) + ﬁ%w* > 5 OJICI([CISD][Q’CI])}
q

O SCET; matched onto SCET,,: [SCET; form factor

")

Ly TjkP*ZO,E([c}SqJ[qu])#Hiﬁg” " 014411 DY)

k=L,R q
00 1
L s 31 Gy =28 [99 5 ) [ dw fandan, () 5w, 0)
- T4kaw*Z ¢q O (14s9)1q DY) + Hy o + ) 5%a Ok ([CIsQ][CID])} ) O =1y | o 1BOBH@) [ dw S fan (W) (2w, 0
. 0 0
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Hard kernel T'’at NNLO

O Final results for hard kernels 1!/1:

T’:II ~ H@ * J
~ (Lt hias +0(a7) (1 +Maf + 0(a))

O Hard function H! = H" -+ HP, [Beneke, Jager '06]

N M _?\/ V(_ _XZ y(_ Qs P a !
b r q
vertex contraction!

_?w/ v NN =

) X
3 X 2 1
X
—— DOV —

a %

(d) (€) (f)

\ y " «| 0O Hard kernel T"" at NNLO; [Beneke, Jager 06]
AAVA I —————————
A S m (ten) * Uj(en, pne) * J (fne)

2020/11/06 Z¥E  Leading penguin amplitude at NNLO in QCDF
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Hard kernel T’at NNLO VIR .
ar ernel T 'a N Nl S

b b q —p “D.b
O QCD — SCET, matching calculation: O Note: different contractions; , , o D |2
oA — Qg
Qi) =Y~ Hia (O) . *
a 0= > [XD 7*(1 — ’Y5)Xq] (€474 (1 —75)hy] , the only physical operator
g=1u,d,8 and factorizes into FF*LCDA.
O Complete SCET operator basis: O.= > [ 2. A" xg] [Xe(1+78)VLaVLyzn s Vipzn s - - Vimho] »

q:u?d’s . .
n now up to 4, with 7 gamma matrices

01— Oy /2 is another evanescent operator

s A ) 30 , % | 1) (1) 7(0) (1) 7(0)
O On-shell matrix elements at NNLO: (Qi) = {Aia + 22 | 2D+ 28 Q) + 2 A0
2
QCD side (22 [ 4 A APED 4 2 HY A A

ext “a3 « 1a

+ 751 22 AY + ZP AL + (i) bm® Z’.(”] + 0(a§)} (0a)©
0 On-shell matrix elements at NNLO:
~ ~ 2
) ~A Qs (1) s\ [772) | (2 <3\ L /A3 1(0)
SCET side (Oa) = {5ab+ i Y T (zm) [Mab + Yo } + 0(%)} (Op)

2020/11/06 Z=#8  Leading penguin amplitude at NNLO in QCDF CLHCP2020 16




I 1~ ~0 [ Qs \ '
T’ at NNLO oo w [
1~ " - ) ~ ~(0)
O Master formula for T': 5 T =AM ) AR + A - Ag)f AY - v AR =S AP v
1 \ o) O(e) L T
5fé(z) J Ay 720 Z0 4 73 7O 4 g g0 ;

+ (i) oA 20 A 4z 4] ﬁg\/ M % W
1 =~ 1 ~(1 ~ (1) (1
S CC R N e Sl ST

b>1

T(2)f f 5 . o [ 5
AR — AGT A 4 (i) om ) AT 4 AT

about 100 Feynman diagrams
o) (AL — A A

-4 - MY AY o ﬁm

Ql—ﬁ Ql—ﬁ

+(Z0 + Z8)

Qs-6
—(Coh - 5“))[?1&”—Yfﬁ]ﬂ?—[?{f) v &) A

o Z Azb Z Azb Yb(12) . Ql—ﬁo :'%TWL

b>1 b>1 Qs [Kim,Yoon'11]
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on the QCD Slde O 1-loop diagrams with Qs insertion; [Kim, Yoon '11]

O For 2™, need consider b,
Q;_¢ insertion into tree
Ds |: ‘
Dag ’E ‘ 11 Dyo

Dy

topology (66 diagrams);

\/

- Similar to color-suppressed

tree amplitude, but with more D
complicated Dirac structures! _EEZ.L},
.

Dg

3D

I
T4l

é‘:ﬁi

L
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- Relatively simpler
since just 1-loop!




On the QCD side

O Q,, 3¢ insertion into penguin topology;

Lo O -
I
o=
sl
N = ot

DD DD
e o N

G

T

' ¢ ¢

a

2020/11/06

Z#i® Leading penguin amplitude at NNLO in QCDF

(i) fermion loop with eitherm = 0,m = m, or m = m,,.
(ii) genuine 2-loop two-scale problem: i1, z, = m2/mz.
(iii) threshold at # = 4z., need properly consider imaginary.

CLHCP2020 19




Techniques for 2-loop 2-scale diagrams

e Dimensional regularisation with D = 4 — 2¢ regulates UV and IR. Poles up to 1/¢%. tf}]cousalmds
of scalar

e Passarino-Veltman reduction of tensor integrals to scalar integrals  [passarino, vertman'79] integrals

e Reduction of scalar integrals to a small set of master integrals

— Integration-by-parts and Lorentz-invariance identities Get totally
[Tkachov'81; Chetyrkin, Tkachov'81; Gehrmann, Remiddi’99] add|t|onal 36 Mls'

- SyStem of equations solved by La porta algorithm [Laporta’01;Anastasiou,Lazopoulos'04;Smirnov'08]

@ Use differential equations in canonical form [Henn'13]
d M(e,x,) = ¢ dA(xa) M(e, xn) All Mls computed
@ Found canonical basis for all masters, including boundary conditions s/ 14 analytically in terms
e First example of canonical basis in case of 2 different internal masses of iterated integrals

@ Analytic solution in terms of iterated integrals (GPLs) over alphabet over generalized
2 . .
{o, 41, 43, +ivV3, +r, +1 2“ ,+(1+2vz), +(1 —2\/2—0)} weight functions!
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Fin al resu Its for a’Z O Convolution with light-meson LCDA;

T | [T 2s(r? 1) = .
O Leading penguin amplitude a” up to NNLO; /D du Ti(u) oas(u) = / ds 4 oz Tiluls)) Pu(uls))

e Expand LCDA of light meson in Gegenbauer polynomials
16C5 n 16CE

p_ 72
al'_l - Nc + NQC4+ Nc NL' 06 ( ) 6 [1 i MC(3/2)(2 1)
om(u) = 6uu + a, C, u-—
+ Z?if Kc& - 5\? +16C5 — SNE) (—6L + I1V) pu
n (ng O — 2% 1200 — l(j\rcﬁ) (—2) Ié;) @ Re-writeintermsof s=./1-4z/u and r=+1-4z
‘ ‘ | o Integrate froms = r ... + ico
C 2 2
(-2 (ot o)
. (C% G eo %) (z_LH 4 ﬂ”) ¢ all terms that involve powers of L =
> 2N, > N. 3 3 0 b
In 1% /m% completely analytically.
+ (04 + 1006) (3 ngL—no Iy — 1V — Iél)) HE TR P y y Y
NG+ Cs 4 (ch - nf) 06] @ in L? pieces a few terms are obtained
o\ 2 ] ion i
. (:_ﬂ ) [ o ( 51D 45, 13)) Lo (5pu 19 45 Ié?) only as an interpolation in z,.

. i oI 1 Gy 19 ¢ for a)} completely analytic, for a§ a few
Lt L g | -

i=3

terms as an interpolation in z, = m?/mj.
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Final results fora), , [ ﬁ%@@ﬁ} b

= - Qs3—6 s [Kim,Yoon'11]
O Final numerical results: ‘

aj(rK)/107% = —2.87 —[0.09 + 0.09i]y, + [0.49 — 1.32i]p, — [0.32 + 0.71i]p,,q, , +[0.33 + 0.38/]p,, 0s_ ¢

\/ N [ 2 JA1013]0 + [0.14 4 012N [0.01 — 0057 + [0.07]twg}

%) + (—1.561538)i, @%
VAR 4 e\ @

a5(rK)/1072 = —2.87 —[0.09 + 0.09f]y, + [0.05 — 0.62i]p, — [0.77 + 0.50i]p,, o, , + [0.33 + 0.38i]p,, 0y ;

+ [0 - 4] {[0.13]Lo +[0.14 + 0.12/Juv + [0.01 + 0.0 + [0-07]tw3}

= @fEy) g

(—3.0073%) + (—0.673%)i .
@ spectator-scattering has
€4 NNLO real part constitutes a (10 - 15)% correction relative to LO. only a small effect.

4 NNLO imaginary part represents a -27% correction for a} and reaches -54% for aj.
€ Strong cancellation between NNLO correction from QI1),2 and from Q;_ g, observed!
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p 0.005} " ' '
Scale dependence of a;, o
0.000} O S — “
llation b A d; ; ’
O strong cancellation between le ana; Q3—6,8gl NNLOlg, ,,,
~0.005 NNLOJ |
-0.015F ‘ ‘ ' ] 0.000 ] —ty——
% ENLO
—0. E i NNLOg, ..,
—0.020 NNLO|g, J,, ~000° E o010 . 0
) e I | NNLOp,
3’;': -0 0257\\ NNLOlfllll ] 3';: . e . ! .
T ™ = - NLO | NNLOg,
§ e T ,g -0.015 1 0015 Oi II ! al{[ﬂ_?l
_0.030L NNLO| —_— '
0.030 Q1,2 200200 e |
R s
——————— . -0.020} NNLOJj, ,
~0.035/ | —0.025L f
2 4 6 8 10 2 4 6 8 10 . - . . .
L[GeV] A[GeV] ~0.04 ~0.02 R;E}ﬁ’z] 001 0.00
4
0015 ] 0.000f %
-0.020} ] e
______ —~0.005 T
& —0.025/ T | &
u§ ’,/>’ - Ué" - -
2 0030 | E Scale dependence negligible,
~0.010 |
,,/// ____________________________ -
Rt SO | SRy especially for p > 4 GeV.
~0.0401 ‘ ‘ , 1 -o0015
2 4 6 8 10 2 4 6 8 10
H[GeV] u[GeV]

O Scale dependence of al: only form-factor term;
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d

Summary e /e

colour-allowed tree a1 colour-suppressed tree ay QCD penguins a4

O NNLO corrections to color-allowed, color-suppressed tree & leading penguin amplitudes

now complete.

O Individual contributions sizeable, but tend to cancel each other among them, and thus

NNLO shift in amplitudes is rather small.

O Updated phen. analyses including these NNLO corrections and progress from other sides

are work in progress.

Thank You for your attention!

For questions, email me: xgli@mail.ccnu.edu.cn
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