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Outline

O Introduction to QCDF approach

O Status of NNLO calculations within QCDF:
> Tree-dominated decay modes

> Penguin-dominated decay modes:

> Class-I BY - D" L~ decays

O Summary
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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 these hadronic decays.
O T T T = d
06 E v ; Amy ABRA % —E g
- c i . 2 E B = T, 70,00 j Neubert, hep-ph/0006265 | %%g %é -
04 ‘;'.: i \Va i z‘// % , 7 _E if B
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[BO_)DHT LR 0N b ."
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B éigmm
O Thanks to exp. progress, precision era ahead!
06 T Thmsel i v =
0.5 f— sin 2f | 0-35> 1 _f =
b | /\ 3 0O From the theory side, we need also keep up
= F osor =
“E ) ok s with the same precision from experiment.
3 WV oo/Veo| E
s /i ; E mm) very difficult but necessary!

p LHCb Phase I, arXiv:1808.08865
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Effective Hamiltonian for hadronic B decays

O For hadronic decays: simplicity of weak interactions overshadowed by complex QCD effects!

d
M. Neubert, g
hep-ph/0006265 £ ! ’ multi-scale problem with highly hierarchical scales!
- : ﬁg ‘ EW interaction scale > ext. mom’ain B rest frame > QCD-bound state effects
; :’ : .
%) . A . n’:;/ N 98;) g:\\// > mp ~ 5 GeV > Aqcp ~ 1 GeV

| AL W |

: )

’ GF *
L.t Obtained after Lan=——7 > VmVip (C1C91 + G0+ > CiOi,Pen)
p=u,c i=pen

O Starting point 7 = —
integrating out the heavy d.o.f. (my, ;. > my);
[Buras, Buchalla, Lautenbacher '96; Chetyrkin, Misiak, Munz '98]

t ‘ R t‘m‘/;
MAJ 7, Z /
< \
EW penguin

QCD penguin

-

O Wilson coefficients C;: all physics above m,; perturbatively {ree

calculable, and NNLL program now complete; [Gorbahn, Haisch '04]
Two-body Hadronic B decays at NNLO in QCDF

Xin-Qiang Li

2021/06/08




Hadronic matrix elements

O Decay amplitude for a given decay mode: AB—=f) =) [Acxm x C >< {f|O|B)qcp+qED |,

. A K
l ------------------------------------

O (M,M,|0;|B): depend on the spin and parity of M, ,; also involve complicated QCD effects.

mms) A guite difficult, multi-scale, strong-interaction problem!

O Different methods for (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 a,, but limited by 1/m,; corrections. [BBNS '99-03]

soft form-factor term spectator-scattering term .
ard g . . S N
v F 0, W)
O® W ; Tﬂ(u) 17 @}
= ’ar ------- 2 +O(1/mb)

hard-collinear
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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, 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, QCD — SCET;(hc, ¢, s) = SCETy(c,s)!

c c C c

A —
S ¢ u S c Vet n P S g

S C S s RO OO S c

]}
Ol

O SCET result exactly the same as QCDF, but more apparent & efficient; [Beneke, 1501.07374|
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Status of NNLO calculations of T! & T!!

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

(MiM2|Qi|1B) ~ FBM Tl @ ¢y, + T!'® ¢ @ dm, @ o,

T', tree ‘ T' penguin T" tree ] T" penguin
| |
LO: O(1) ' =1+ 0O(a,) + - -- " = Oa) + - - -
| |
R § oo i ’ :
NLO: O(as) : '
NNLO: O(a2) ooy _ kL égg_ é?‘_’
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Tree-dominated B decays

O B —» rr decays: mediated by b —» uud transitions; ) % ’
Vuqud

*
Vuqud /
b —— b - d

colour-allowed tree a1 colour-suppressed tree az

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

(7T~ | Herys |BY) = {)\u [oq () + oz@jj(mr)] + A ozi(mr)} A J

) _ VoV ‘
— (mO70| Heyp |B) = {Au[aa(nm) — af(nm)] — Aca§(nm)} Arr Tree-dominated! tbﬂ

b

(i

Ay = VipVig ~ O(A3), A, =V, Vi ~0(23) wmmy a, loop-suppressed vs a , QCD penguins a

O a, at NLO: large cancellation between one-loop vertex correction and LO term;

ar(mwmw) = 0.220 — [0.179 + 0.077{]NLO %m, /B
I =
rsp P m fBTl' (0))\
+ [ ] 0.123]1.0sp + [0.072 by B
e | {10-123]0g + [0.072]us |

==) NNLO is in effect NLO for «,; large effect still possible!
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Hard-kernel T' at NNLO

wrang insertion

O QCD — SCETI matching calculation: ® For “wrong insertion™: N

a b

(O:) = T; (Oqcp) + Hin (01 — O1) + Z Hi.(O 0,

m For “right insertion™: &

| - -
(0) =T (Oqep) + 3" Hil0) b O Master formula for T': right insertion

a>1 e * a =AY
O, W — AP 4 ZD A,
O On-shell matrix elements at NNLO: full QCD side 1 = A 2 Y z!;“ A+ 20 4D+ (i) b AL
—T[Cfh+ v = Z0] =S T HY v
(0, :{ A9 + 2= [aD 1 20 4D 4 20040 : \
f O Master formula for T/: wrong insertion
+ (a_> 42 + 2040 + 224D + 20 4D + 25 4D 70 =AY,
Arr T = A0 4 20 FO 4 A0 4D A0 _ 70 - v A,

Oe) Oe)

+28) 200D + 204D + (=) on® AL0] + 0(a]) | (0.)
T = A" + 2z AD + Zz AN + 20 AP

+ (=) dm! JAf-l ey z0 [An iy Z A ﬂ)]

exrt

rﬁ?(l) g v (1)
-1 FF+}11 ZH Ybl

b>1

0 On-shell matrix elements at NNLO: SCET side

AN 2
(0.) = {6ab + = [M(” + v 6 + chﬂ + (j—) [Mg) +rPml) AP~ ADTAD ]+ (=)l (A — AT A
T -
(20 + Ze) [ A" — Ay AY)
175 + ¥ MG+ YD ba + ¥ V) + ZOMG |+ O(e]) (00 D — M)A
—(Chpr— & M - VPTAY - Y - WPTAR.
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Final results for a4 ,

O Tree amplitudes a;, up to NNLO:

[
s Cr O, pO
2 52 E c.v% 1 p!
l>1(4n) |:2NC - AU

O Numerical results including the NNLO corrections:

o ()

ap (1)

2021/06/08

o (MiM2) =) CiVi" +
J

TI

1.009 4 [0.023 + 0.010i]y; 5 + [0.026 + 0.028 ]\ 0

e
0.445

| {10.014] 0, + [0.034 + 0027115 0, + [0.008], }

G (u) = 6u(l — u)|:l

1
Vig = / duT” gy (u),

0
1

Vay = f du T gp (),
0

Cr
2N,

Cr

2N,

n=1

— V) =

()
sz =

[o.@]
+3 alc? ou - 1)},

1

f du T} (u)ppr ().
0
1

f du T} ()b ().

0

individual NNLO corrections both
significant, but cancelled between

the vertex and the spectator term!

1.000709% 4

(0.0117F5050)i

N

TII

0.220 —

[0.179 4 0.077 il o —

0.445

+

0.24070217 4

(—0.077F

0.115
0.078
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[0.031 4 0.050 i} o

| {10.114] o, + [0.049 + 0.051i] ,, + 0067, }
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0.15} LO
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K] NLO B
& 005} - N
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~0.05 ‘ |
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Bra nChing ratios — (7970 Hegy |BY) = { Ao |ca(nm) — af(nm)] — Aca§(nm) } Apr

Theory 1 Theory 11 Experiment it ¢ s
st error: from
— — 0 0.06 +1.45 0.07 4-1.42 0.41 1
e 5.43 ;8-%5;?&;4 (%) 5.82 %ﬁ"%’ﬁjr:f'f? (%) 5.5970% but without Vub;
=0 _ . . ) _ |
BY - ntm 7.37 oo Co g (%) 5.70 T ss Loy (%) 5.16 +0.22
=0 0_0 10,11 4-0.42 10.12 40.64
By = mm 0.33 208 —0.17 0.63 Zy'10 Zo.42 1.55 £ 0.19
S , € 2nd error: all other
B~ — 7 p° 8.68 TO42H2TL (L) 9.8 TOA41+2.54 g 3+1.2
—0.41 —1.56 —0.40 —2.5 1.3 hadronic parameters;
ot nathRHE ) RBEE 0 e '
B' - ntp~ 17.80 T2 170 (x) 13.76 T LT (%) 15.7 + 1.8
=0 — 4 10.39 +1.37 10,34 41.35
B — xp 10.28 7039137 (40 8.14 TO-34 I3 () 734 1.2 G B B P &
B nt,T 28.08 T027 +382 4 21,90 TO20+306 4 3.0 4 2.3
U8 _0.19 —3.50 2V _0.12 —3.55 : : - :
B0 _, 0.0 0,57 004 i | 49 +0:07 4+1.77 20405 error not included;
TP D _0.03 —0.43 47 _0.07 —1.29 : :
_ — 0 1+0.23+3.92 +0.2444.59 +1.8
BT — Pr PrL 18‘42_“'2!_2'551 (%) 19.06_“'_22_4_KEKE (%) 22.8_1_9
BY — pp, 25.98 0B T2 (k) 20.66 7098299 (4x) 23.713) ¢ Good agreement with
=0 00 10.0340.83 10.0541.62 10.22
By — pLPL 0.39 6 03 20,36 LOS g 00 21 loa 0.55 %4 all data, except 7°n’;

B B ( 1.59+ 0.26) x 10—9°
eory I: = 0. 05, = 0. 05, Ap eV) = 0.7 : e
Theory I: /" (0 OZSj:OOSAUpO 0.30 £+ 0.05, Ag(1 GeV 0.35 + 0.15GeV

Theory IT: f57™ (0) = 0.23 % 0.03, AJ” (0) = 0.28 £ 0.03, Ag(1 GeV) = 0.20700> GeV
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Penguin-dominated B decays

O B —» K decays: mediated by b — sqq transitions;

\/EAB_—HTOK_ = Aﬂ?[(SW al + &f] + Ag, [5pu“2 + 5P0%a§,EW]’

A§0—>JT+K_ — AT[E[SPM o)+ &f]’

ubVus ~ O (/14)

Penguin-dominated!

A, =V
/10 Vcb ch P 0(/12)

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

O Driven by the exp. data;

AAqp(TTK) puzzle |

AAcp = Acp(m°K™) — Acp(m*K™)
= (11.5+1.4)% differs from 0 by ~8¢

—>

Decay BR(x107°) Acp Scp
BT — 1T K"|23.79 +0.75|—0.017 4+ 0.016
BT — 7KT(12.94 +0.52] 0.025 + 0.016
BY — 77 K[19.57 +0.53]—0.084 + 0.004
By - m°K"|9.93+0.49 | —0.01 +0.10 {0.57 £0.17

How about the situation @ NNL 0?|

2021/06/08 Xin-Qiang Li
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Penguin topologies with various insertions

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

10
4G
F Z Dvpb (CIQI{’ + CQQ:S + Z C@Q@ + 07'7@7"’/ + CSQQSQ) + h.c.

p=u,c i=3
= (Dry"br) 3, (Fvu9);
Qs = (DLy"T L) 3, (v Tg),
Qs = (Dy"y"v°br) 32, (@ p4)s
current-current operators Q6 = (D" T4br) 3, (@ T a) -

—f9s _

A
QY = (pry*Tbr) (DT pr), 553 M Doy (1+75) G,

Q5 = (pLy"br) (Dryupr),

QSg

chromo-magnetic
dipole operators

QCD penguin operators
O Various types of operator insertions: J C ‘b’mj*
Qs¢ P 1 Qsy P ' % L % L QS;‘D L

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;
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L =0 _| 70 %o X
T! up to NNLO ;7" -2 " "

1 ~1 Dnf 1) ~(0 1)f DE (0 ~(1 1) (0 ~(0) (1
§Tq:( ) = A§1) i Zvj(j) A§- = A( ) A:(ﬂ) A@('l)l_\[yl(l) - Yl(l)] A@('I)J_ ZA?(Lb) Yb(l)
\ O(e) O(e) 21 —
1 ~@) _| 7@nf|, ,0) 71) | @) 50) | 1) 7Dnf Ol —
s L A Aa [Ty A 4 At Za Ay N M % w

+ (i) sm DA Z0) (A + ZL) A
1l ~a1 1 ~(1

1)t F(0
(Wt 7(0)

O Master formulae for T!:

A = A AD) + (i) o (4]

\¢§ + (20 + 2 AL - Ay AY)

about 100 Feynman diagrams

. Bl

(2 2)7 70
- [M1(1) - M1(1)] Av(;l) o Q1o Q1o
—«ﬂ=%wﬂhﬁﬂﬁﬂm?dﬁmﬁ |
(0 ~(0) (2 Q1-6© E—
— Z A )M M Z Agb) va(l ) L Qs [Kim,Yoon'11]
b>1 b>1
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P D
¢1,2

Final results for a* - P
‘14 g\/ Q@V &@%\ \/% AN

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_ ¢

+[ Fsp }{mjmur%mj4+01ﬂhv—m01—005hr+w0ﬂm%

0.434
- spectator-scattermg has only a small effect
= (—2.1279%) + (—1.567555)/, \ T
JMLJW%%L#\Li _(H +H)*]
aﬁ(wl_()/m_z = —2.87 —[0.09 + 0.09/]y, +[0.05 — 0.62/]p, — [0.77 + 0.501/]p,,q, , + [0.33 + 0.38/]p,, @;s_
I's . .
+ [0.4"34} {[0.13]L0 +[0.14 + 0.12/]uv + [0.01 4 0.03/]up + [0.07]tw3} j
= (~3.0075%) + (~067:4%)i. O e

- NNLO real part constitutes a (10 - 15)% correction relative to LO.

- NNLO imaginary part represents a -27% correction for a and reaches -54% for aj.

- strong cancellation between NNLO correction from Qlf,z and from Q;_¢ g, Observed!
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BY - DY)"L* decays

O At quark-level: mediated by b — ciuid(s) transitions;

all four flavors different from each other, no

penguin operators & no penguin topologies!

O For class-I decays: QCDF formula much simpler; o e e
[Beneke, Buchalla, Neubert, Sachrajda '99-'03; Bauer, Pirjol, Stewart '01] Ql _ 3%(1 . ,75) TAU E"}’”(l . 75) TAb
_ 5 () i) only color-allowed tree topology a;;
(DL Qi|BY) =Y FT T () e o
J ii) spectator & annihilation power-suppressed;
! A g 5 1 880 .
></ du Tjj(u)pr (u) + O( %CD) iii) annihilation absent in By, —» Dy, K (m)* etal;
0 b

iv) they are theoretically simpler and cleaner!

==

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

T=T9+a,TH +a27® + 0(ad)
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Ca Icu Iation Of T physical operators and factorizes into FF*LCDA.

O —X%(l —¥)X Pty (1= 75)he,

O Matching QCD onto SCET;: [Huber, Krinkl, Li '16] -

‘ : O, —X%(l —IVIVIX ot (1= ¥5) VL8710l
m, is also heavy, keep m./m,, fixed as m; — o,

b s
' ' O3 =X 5~ (1 = 1)V IVLVIVIX horthy (1= )V L6VLA VL 8T Lol
thus needing two sets of SCET operator basis. o4 2 P L 10T TSI TLET Ly TLATL

;e .
Ol :X_(l - ’75)X hv’¢+(1 + ’75)]111 s

A ~ ! 2
QN =T QQCD _|_TZ,’ QQCD + H,,(O,) + H{a O; 7
(Q:) ( ) ( ) G;[ (Oa) (O] _ O, :x%(l—%)ﬁﬁx hoth (14 ¥5)7LaYL,8M0
O Renormalized on-shell QCD amplitudes: O _X%(l YD R (L 6Tt ih

/ : evanescent operators and must be renormalized to zero.
(@) = {AQ + 22 |47 + 204D + 254]  on QCD side

+ (&) [A“ + ZPAD + ZPAD + 204D + 2849 + 2829 AD O Master formulas for hard kernels:

+(—i)6mb iy +-( i)omD AL 1)-f—Z Am} + O0(a?) (1) (2)

© s AN, OO N A T = TO 40, TO +02T 4 0(ad)
O Renormalized on-shell SCET amplitudes: 70— 40

{5ab+ = (MY +vRew+vy’]  on SCET side T = 4™ + 25 A

i\ . P2 A@RT L 50 40 | 52) 40 | p0) gD ) [oDM) Ly (1) ()
o (5) Pt v v+ 20 v, | T = AR DA A DA A O ! - 2]
™
ND(1) /(1 . 1) (*()nf *x(1)nf 1 1
LYWy Y(j)}+(9(@3)}<0b)(0> — Cpp VT 4 (—iyem ) AL 4 (—)emD A N a Py,
a s ) b£1

ext

7
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Decay amplitudes for By —» D_L*

O Color-allowed tree amplitude:

2

i=1 0
2

i=1

] ~ A
a(DTL™) = Z Ci(p) fdu [Ti(u.;,!.) - T;(u.p.)] Dy (u,p),

l ~ ~
a(DL7) =3 Cilu) [O du [Ti(u, ) — T (u, ,u)] O (u, ),

O Numerical result:

al(D+K_) = 1.025 + [0.029 - 0.0IS’Z]NLO + [0.016 + 0-028’5]NNLO
= (106910019 + (0.0460:072)i,

4 both NLO and NNLO add always constructively to LO result!

€ NNLO corrections quite small in real (2%),

but rather large in imaginary part (60%).

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

small process dependence from non-fact. correction.

2021/06/08

Xin-Qiang Li

0.07¢

0.06

0.05-

K
e
o
=

Ima,(D*K7)]

e
=
>

0.01r

e

=

(9%)
‘

0.00

.................

..................

Re[a;(D*K7)]

a1(DTK ™) = (1.06970015) + (0.04670573)i
ar(DF77) = (1.072¥515) + (004375530
ay (DR T) = (106875 515) + (0.034 75517 )e
a1 (D*7™) = (L071Z5513) + (0032250194
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Absolute branching ratios for B) — D_L*

(%) .= e 3 ETTITIIIIT - ~ ‘
O B —» D' transition form factors: AB, — D, P _i%m%?l(%P_)?}, R o) (i, iy )
Precision results available based on LQCD & LCSR A(BE, > Dij ) = 1 SV m O3 A ) 2 1)
. . 0 1] _ : E —
calculations, together with data on By — D ["v; ABY, > DE V) = %mvgq (DR V) o FPOPO ) 2y o 9),
[Bernlochner, Ligeti, Papucci, Robinson '17; Bordone, Gubernari, Jung, van Dyk '19
% 40
O35 EEmB-DIv, Decay mode LO NLO NNLO Ref. [36] Exp. [7, §]
30, EEE-DTY BY— Dtrm 407 432702 4431020 303108 265+40.15
25 _
= > "t — 9 ax 0 0o+0.27 ) 0.25 0 1=+0.53 R ‘
S 50! B — D*x 3.65 3.887071 4.00% 3] 3.457020 2.58 +0.13
= 15; BY - D*p~ 1063 11287054 11501079 1042712 7.6+£1.2
710 B" — D**p 0.00 106171 1003713 9947072 6.0£0.8
m 5} o BT T T T T T T T T T T F T T T TR T T TR T TR T T TT T E L LT T TR ET T T CC R L L LA L LR L LTI LT CLCLECEEE I T T LI T T ECECE TR TR T LR TR TR TE T TT .
5 7 Bemlochner, Ligeti, Papihi, Robinson ‘17| + BO — DK~ 3.09 3.28 7010 3.38 018 3.01132 2.19 +0.13}
1.0 11 1.2 13 14 15 '................................................:;' ................... ".._ ................. . ........................ N
w BY - D*tK~ 2.75 2.9270-15 3.0270-18 2597052 2,044 047
O Updated predictions vsdata: | 5o prg 533 5657000 5704 5057065 46408
il 9 O ARl B A W ] re— T ——————— :
rber RS R R bene B S B prn A0 A T 308005
|Vep| and By s = Dgs) form factors| B?— DfK- 3.12 3.3270:47 3.427021 3.3470 08 1.92 4 0.22
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Power corrections o 3 )

J

v H H u 1 b :
O Sources of sub-leading power corrections: [Beneke, } / du T (u)pn () 450 (AQCD)E
Buchalla, Neubert, Sachrajda '01; Bordone, Gubernari, Huber, Jung, van Dyk '20] 0 O mb.'

> Non-factorizable spectator interactions; 0O Scaling of the leading-power contribution: [551s 01]

E\/ \/g/ A(By — DYn™) ~ Gpmy FP7P(0) fr ~ Gpmi Agen

E % Aoch > oL~ —21 all are ESTIMATED to be
Q a; 3
» Annihilation topologies; 2D power-suppressed; not chirality-

enhanced due to (V-A)(V-A) structure
% >« % » Current exp. data could not be easily
explained within the SM, at least within

» Non-leading Fock-state contributions; ek A the QCDF/SCET framework.
included into FFs. N

A e w9
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Summary

O NNLO calculation at LP in QCDF complete; soft-collinear factorization established!

d u d
% U u 4 u
b 2 u b - - d b f’ﬁ u
colour-allowed tree o+ colour-suppressed tree asp QCD penguins a4

O Individual contributions sizeable, but cancel with each other; =) NNLO shift small!

ar(rm) = 1.009 +[0.023 + 0.0104]y; o + [0.026 + 0.028]yy

~ | az) 10014] 6, + [0.034 + 0.027i]y,,, + [0.008],,, }

aj(rK)/107% = —2.87 —[0.09 + 0.09i]y, + [0.49 — 1.32/]p, — [0.32 + 0.71 ip,y,q» + [0.33 + 0.381]p,, ;¢ 5

O Confronted with the current data, some puzzles remain; fow about the NLP corrections?

Thank You for your attention!
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Back-up
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Phenomenological analyses based on NLO

O Hard kernels at NLO. O complete sets of final states:

B — PP : PV [Beneke, Neubert,
na]'ve fact. hep-ph/0308039; Cheng, Chua, 0909.5229,

0910.5237;]

vertex correction

VAR .74

spectator-scattering COI’I’eCtIOH - B — AP, AV, AA: [Cheg, Yarg,

\% \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 TPTY: [Ctieng. Yang 10705500 ]

>@ >@ @ g m QCDF: very successful but

also with some issues!
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Why higher orders in pert. & power corr.s?

O QCDF formulae:

TII

N

(M{M3|Q|B) = T"(111,) * ¢ () £ 7(0) + H () Ul (ptns fine) * T (ttne) %6 (tin) * G (tine) * D54 (tine)

O Factorization of power correction generally broken, due to endpoint divergence; how to?

O How important the higher-order pert. corr.? Fact. theorem is still established for them?

O As strong phase starts at O(a,), NNLO is only NLO to them; quite relevant for A.,?

O Data driven: could not account for some data, s
\ We need go beyond the LO in

0 0,0 .
such as large Br(B° - n°n®) and AA¢p(nK); pert. and power corrections!
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p 0.005}
Scale dependence of a, o
00000 S S ——
- *
O strong cancellation between Q’l’,2 and; Q;_¢ 47 NNLO|g,.,
-0.005 NNLOJ ||
O Scale dependence of aZ: only form-factor term; 3 e
E o010/ : NNLOIg1.qs,
-0.015F 0.000 ¢
NNLOg, , .
-0.020r l}'_l\]_[.'(_).lg?’.—_“y ~0.005 0015 NLO T | NNLOJun
R ) 1 a;|mK]
o= . NNLO|¢un = ~0010p-— - e e e e T T T
T -0.025} ¥
= Ao E -0.015 ] ~0.020} ‘NNLO|(
—————————————————————— - )12
~0.030; NNLO|,,, oozl e
' T ~0.04 ~0.03 ~0.02 ~001 0.00
~0.035] | ] —0.025 | ] Re[a}]
4 6 8 10 2 4 6 8 10
ulGev] ulGev] J ) ¢
- Theoretical uncertainty is
—0.0151° 0.000f %
. S larger at NNLO than at NLO.
_______ -0.005 T T
& —0.025} e T T &
% T s
& ~0.030; E o0 - Scale dependence negligible,
/ ___________________________
-0.035\— L 4
------------------------------------------- especially for g > 4 GeV.
—0.040, ‘ g -0.015 1
4 6 8 10 2 4 6 8 10
u[GeV] ulGeVv]
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