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Charmless hadronic B decays — motivation

Decay amplitude governed by three factors:

AB = f) = MPAf + AP 45 =" [Aekm x € x (f|O|B)acn-+qen |

i
e (C — Wilson coefficient of tree operators (C ~ 1) and loop-suppressed penguin (C ~ 0.1).

o AP =V, V7, - CKM factors
)\,Sd) ~ )\gd) ~ A3 for b — d transitions: penguin is sub-dominant.
)\E‘V) ~ A2 )\L(,’Y) ~ M* for b — s transitions: penguin dominates despite
loop-suppression.

e (f|O|B) - “Hadronic matrix element” depends on spin and parity of final state, and

whether reached only through annihilation. CP violation depends on rescattering phases.

Large number of different final states.
Good place to look for direct CP violation.
Fundamental physics and challenging QCD dynamics.
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Amplitudes
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Flavour amplitudes

Operators in the effective weak interaction
Lagrangian
Scale: p > my,

Gr "
Legt = /A Z VprpD(Clof + G 05
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i=(EW)pen, mag

= (flO|B)qcp-+qen

o7, = (pTb) (DI'p)

Oi,QCD pen — (Drb) Z (quq)
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Flavour (u,d, s) flow amplitudes
Scale: yu ~ A

Assigns flavours of an operator to the fla-
vour quantum numbers of the initial and fi-
nal state.

E-g- Oi,QCD pen

P~ o (MiMs) > [gq](aD)]

q=u,d,s

$C ~ o (MiM) > (35D [44)
q=u,d,s

with [. . ][. . .] referring to M M,

Tp Ts :

)

[source: He, Wei, 1803.04227]
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Three parameterizations

e Flavour SU(3) irreducible matrix elements

e Topological amplitudes (often with flavour SU(3) or SU(2))

T,C,P,Pew,S,EA,...

T @ C @ T Ts :
VR ; .&.

Ty Trs

ol 1 59

e Flavour amplitudes in factorization

Ot]([\/[]]‘/[z)7 e ,B’;(Mle), e

Same number of amplitudes if nonet symmetry is assumed for pseudoscalar/vector light meson
multiplet.
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Flavour amplitudes in factorization [MB, Neubert, hep-ph/0308039]

3 Avane {BM1 (nl U, + o+ ol gy Q) M;A,

pwe
A 04 oMy Y - K-
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. O L wy s by ~ o
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' V= pt 7%+%+% K0
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+BA,- T [(JSl U, + B+ Vorw Q) ]Wl] . T1-1v12}
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A 000 - 00 -4

e 30 amplitude parameters (18 u + 12 ¢)
— 24 (12 u + 12 ¢) [Eliminate U, or Q for p = u]
— 20 [Absorb 35, %, into of;, of]
— 18 (Qu+9c¢)[B and BX’EW not independent] [He, Wei, 2018]

e SU(3) need not be assumed, then parameters depend on specific M| M,.
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SU(3) flavour symmetry

SU(3) (Zeppenfeld, 1981; Savage, Wise, 1989] light fla-
vour symmetries provide amplitude relations.
Usually leading order only in m; < Aqcp

If octet and singlet is combined into nonet M, T = Ay B.H(3) (M} M}) + Cf B.MM{H(3)
using that the Hamiltonian contains only the 3, + ALB,H(6)7 NILNIF + CF BN H (6)]* M

gl andnls 12?13’0&;? = v ame forp = o i + ALB H(T5) MM} + CLB, N H(T5){*
“hang, He, 1512.09223

+ BYB:H(3)' N Mf + BT B:H(6);] M* M}
18 parameters . ki
+ BYB.H(15)} N M} + DY BN H (351}

rmri

e Same number, 18. Including SU(3) breaking does not require modification of the flavour
flow amplitudes. But they depend on M M.

e Some simplifications, since perturbation Haniltonian myss has definite SU(3) properties
[Grinstein, Lebed, 1996].

e SU(3) a good working assumption presently — after accounting for large SU(3) breaking
in form factors and decay constant (as found in factorization)
But: SU(3) fits should be prepared to account for leading SU(3) breaking when
measurements become very precise.
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Amplitude dictionary

p=u topological p=c topological
ay T - _
[e%) C — _
of + 85 s af + B S
oy + B P! ay + B5 P
- - U‘g,Ew Pew
- - 4 Ew Pl
ﬁl E ﬂg,EW
B2 A BiEw
By By PA
Bsi Bs3 Ew
Bsa Bsa ew
Bsa By

e For PV final states two sets, for VV three, one for each helicity amplitude

e In factorization all 3’s are power-suppressed.
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Amplitude magnitudes, rough estimates

p=u topological p=c topological
ag 1 T - -
ay 0.25 c - - _
of + B | 0.006 s of + B | 0006 s
oy + B3 0.1 P! ag + 85 0.1 P
- - - agﬁw 0.01 Pew
- - - o g 0.001 Py
Bi 0.03 E B35 Ew 0.0002
Ba 0.01 A B4 Ew 0.0001
By 0.002 85 0.002 PA
Bs1 n/a B§3,EW n/a
Bsa n/a BEA,EW n/a
Bsa /a B4 n/a

e n/a=not available = negligible?

e For PP

From QCDEF, not data fits
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Theory of hadronic matrix elements
based on the 1/m;, expansion
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Hadronic matrix elements from QCD factorization sss, 1999-2001]

Heavy quark limit: m;, > Aqcp
Large-energy limit: Ey ~ m;, /2 > Aqcp
Scales: my, \/mpAqcep, Agep, (Mew, Anp)

H,
A
Ry, =
B = - M,
1,
A
T
T L 'M: TII-

hﬂl

e Reduces (M| M,|O|B) to simpler (M|O|B) (form factors), (0|O|B), (M|O|0)
(decay constants and distribution amplitudes).

o Calculation from first principles, but limited accuracy by Aqcp /my, corrections.
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Scales and factorization, SCET| matching

Sc(l"g‘j ( Hu tegrodel o 1’:_\

m, hord } {or Carge my,
" de S Small
m hord - @finear n{s thee scaloh
—>  pertur-
A soit or Luh’onp'trhterry
near appis !

s !

fong- distance

A/my, and A/E expansion — SCET+HQET (for non-leptonics [Chay, Kim (2002); MB, Feldmann
(2003); Bauer et al. (2003); MB, Jager (2005), review 1501 .()7374])

Cowecdion to
i . New effect:  spectator
naive {0& iH Sf:gm‘ntj

- 4 u [T
@b)(d) —> [IX"] « ((1 + [Fonon) + CFe [RunaKiopohy) )
%y v Qx. ) 'i»Ft: ) ’Ei(.v_:-n)

Ay
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SCET; — SCETy matching

e M, factorizes from the B — M transition below my, and above the hard-collinear scale
VAL

o Strong phases in SCET| matching coefficients only.

e Valid up to 1/mj corrections.

Integrate out the hard-collinear scale

S ~ <K §Kﬂ-u‘§> = T ¢5lu) *q)n‘
s ] Lu;z:‘ﬁ t:ard {L&hnmr
t Spec interactions
Bl be s
! =_=E 1’—

Sy (. E) = 4m;, / dw / dvJ(m v, In(Ew/12)) o ()fir b ().

e SCETj; factorization of ghv into LCDAs is not known, therefore need form factors as
input.
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QCD factorization

1
(M M5)0;|B) = F®" (0)/ duT! (1) D, (u)
0
oo 1
+ / dw / dudv T,-” (w,u,v) Pp(w)Ppr, (v)Pu, (1)
JO JO

= FBMI Til * (DMZ + $p + [HI” * J“} * q)Ml * @Mz

e Rigorous at leading power in 1/my,
e Strong phases are § ~ O(cy(my), A/my,). SCET| matching coefficients only.

e Some special power-suppressed effects might be factorizable, but no factorization in
general is known for 1/my, corrections. In particular, all weak annihilation topologies are
1/my

e Compare
2
— 20%

2

c—| — factor of 4

‘ A
1+ oy +c—
my my,

when c is misestimated by a factorof 2 (c = 1 — 2)
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PQCD [Keum, Li, Sanda (2000); Lii, Ukai, Zhang (2000)]

Main conceptual difference: B — M, form factor (éT'h, SCET] operator) assumed to factorize
in LCDAs after self-consistent regularization of endpoint divergences by transverse-momentum-
dependent Sudakov resummation

<M]M2|Q,“B> = FBMI T,‘l * q),wz —+ (P/; * [Hi” *‘/H} * (I’Ml * (PM:

PQCD

— ¢ [T; * JPQCD] * M, * DM, -

o QCDF/SCET analyses disagree with this statement [Descotes-Genon, Sachrajda, hep-ph/0109260;
Lange, Neubert (2003)]

e 1/my, power counting of contributions not clear. No NLO calculation has ever been
performed, IR singularities appear [Li, Mishima, 0901.1272 and (2014)]

e With k) non-zero tree diagrams can have imaginary parts.
Main difference for phenomenology is a phase in the tree annihilation amplitude.
Apart from conceptual issues, question about long-distance sensitivity

— Afternoon discussion

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019



Status of NNLO QCD factorization calculations

(M\My|CiOi|B) oy = > Clpy)

terms

+f5®p(ps) * [ T (g pur) + I (par, 1s) } * ity Py (tas) * Sty Py (us)}

I4+...

{FBHMI X T (pap, pis) * far, @, (p1s)
——

I+og+...

st

Status

2-loop vertex corrections (Ti’)

1-loop spectator scattering (7})

Trees

f?}, [GB 07, 09]

_ [Beneke, Huber, Li 09]

Prx

% f [Beneke, Jager 05]
[Kivel 06]

[Pilipp 07]

2z

Penguins

‘k;:L in progress

g” [Beneke, Jager 06]
[Jain, Rothstein, Stewart 07]

from G. Bell [FPCP 2010]

Missing NNLO penguin amplitude partially computed (tree operator matrix elements) [Bell, MB,

Huber, Li, 2015], penguin operator matrix elements still in progress.

For PP, PV and longitudinal polarization amplitude of VV.
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QCDF analyses at NLO

Analyses of complete sets of final states

e PP PV
MB, Neubert, hep-ph/0308039; Cheng, Chua, 0909.5229,
0910.5237

o VV
MB, Rohrer, Yang, hep-ph/0612290; Cheng, Yang,
0805.0329; Cheng, Chua, 0909.5229, 0910.5237

e AP AV, AA
Cheng, Yang, 0709.0137, 0805.0329

e SP, SV
Cheng, Chua, Yang, hep-ph/0508104, 0705.3079; Cheng,
Chua, Yang, Zhang, 1303.4403

e TP, TV
Cheng, Yang, 1010.3309

Based on NLO hard-scattering functions.
Well-established successes and problems.

Similar analyses exist in PQCD.
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QCDF analyses at NLO

Analyses of complete sets of final states

e PP, PV
MB, Neubert, hep-ph/0308039; Cheng, Chua, 0909.5229,
0910.5237

e VV
MB, Rohrer, Yang, hep-ph/0612290; Cheng, Yang,
0805.0329; Cheng, Chua, 0909.5229, 0910.5237

e AP AV, AA
Cheng, Yang, 0709.0137, 0805.0329

e SP, SV
Cheng, Chua, Yang, hep-ph/0508104, 0705.3079; Cheng,
Chua, Yang, Zhang, 1303.4403

e TP, TV
Cheng, Yang, 1010.3309

Based on NLO hard-scattering functions.
Well-established successes and problems.

Similar analyses exist in PQCD.
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Following: amplitudes and
phenomenology with NNLO
results (except polarization)

SU(3), LCSR - Other talks
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Tree-dominated modes
[T ~ ay, C~ as]

2-loop: Bell, 0705.3127, 0902.1915; Bell, Pilipp, 0910.1016; MB, Huber, Li, 0911.3655 + 1-loop
spectator-scattering (MB, Jager, 2005)
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Colour-allowed vs. colour-suppressed

Hys = Cy [ﬁibi]V—A[;i'uj]V—A + G [wiblv—aldjuilv—a

(C1+ )[Mb]v Aldu]y_a + 2C; [aT by _A[dT* ulv_a

(C2+ )[db]v Alily_a + 2Cy [dTAbly_a[aT uly

@
Ci(xmp) ~ 1.1 Cy(xmp) ~ —0.3...— 0.1 t L
b w D

e Colour-allowed and colour-suppressed (topological) “tree” amplitude

C P
T~ oy (nm) o frPr {(Cl + —2 + @,26:) 17 (0) + 0,26, L e }
B
JBfr ®Pr
Cr~ oap(nm) o< frPr {(C2+—+av2Cl)f+ (0) + 2C) ——— 3
MBAB
In effect, (N)NLO is (N)LO for the C o< ap(mm) = 0.220 — [0.179 + 0.077i]xLo
colour-suppressed tree amplitude. [0 485] {[0 1230y + [O_Onth}
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Size of the 2-loop vertex correction
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Numerical result (tree amplitudes)

T = ay(wm) = 1.009 + [0.023 + 0.010i]n1.0 + [0.026 + 0.028i] w10

rsp )
- [0_485] {[0'015]L0>p + [0.037 + 0.029]NLosp + [0.009][W3}

= 1.00+0.0i — 0.93 —0.02i (if2 X rep)

C = ay(mw) = 0.220 — [0.179 4 0.077i]n10 — [0.031 + 0.050i]yn1.0

Tsp »
+ [0_485] {[0~|23]LoSp + [0.053 + 0.054i]n.0sp + [04072]%}

=0.26—0.07 — 0.51 —0.02i (if2 X ryp)

T'sp

_ Y, I
mpfA7 (0) Ap

e Sizeable correction to imaginary part (phases), but cancellation between vertex and

spectator-scattering.

e The colour-suppressed amplitudes are dominated by spectator-scattering. [But

arg (C/Trr) S15°.]

e Qualitative understanding why colour-suppressed decay modes (77°, .. ) can be large.

Allows |C/T|xx = 0.7, if Ap is small.
However, does not solve problems related to C (see below)

M. Beneke (TU Miinchen), Non-leptonic 2-body theory
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Branching fractions (tree—dominated decays) [MB, Huber, Li, 2009]

Theory I Theory II Experiment
B~ - a 543000 (%) 58200 A2 () 5.48 £ 0.35
B o nta~ 7.37 T080 12 () 570 T 1010 () 5.16 £ 0.21
BY — nx° 0.33 70042 0.63 T 12004 1.53 +0.26
BT — Tro_po s.sszgjgiﬂ';g (%%) 9.84 T0A T2 (xx) 8.3t} 2
B™ = x'p" 12.38 1020218 (5) 2.3 108 (5 10974
B = ntp™ 17.80 TR AT (1) 1376 TR LT (%) 157+ 1.8
B = xpt 10.28 O30 H157 (x5) 814 T03 T3 (xx) 73+ 1.2
B® o nE,F 28.08 PO 38 (1) 21.90 929 3% (1) 23.0 +2.3
B = 000 0.52F00 1L 1.49 007170 2.04+0.5
B meREER ) weHEHY () ngtd
BS = o of 25.98 08129 (4x) 20.66T055 129 (xx) 23.713)
Hodd ol LosFE T ot

Theory I: f37 (0) = 0.25 % 0.05, 457 (0) = 0.30 = 0.05, Ag(1 GeV) = 0.35 % 0.15 GeV
Theory IT: 7 (0) = 0.23 % 0.03, 45” (0) = 0.28 = 0.03, Ag(1 GeV) = 0.2075 % Gev
First error v, |Vep|. | Vyp | uncertainty not included. Second error from hadronic inputs.

Brackets (%, **, T): form factor uncertainty not included.
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Factorization test

(B~ — 7 x0)
dU(B® — nt1=p)/dg?| o_,

=372 |Via)? a1 (70) 4 o (770) |

e From exclusive semi-leptonic data [HFAG 2014] . i
[V |f4 (0) = (9.23 £0.24) x 10~* SR
equivalent to N

| (7)) 4+ o (7m) |exp = 1.27 £ 0.04

|y () +ay ()|
o

e to be compared to [Ap = 350 MeV]

_ +0.16 Lk ‘ ‘ ‘ ‘ ‘
|ot () + (7)o = 1247 15 01 02 03 04 05 06

A5[GeV]
Leading uncertainties: Ag (B LCDA), o

(piOl’l LCDA) power corrections Figure from BHL2009 with obsolete data (yellow band),
’ Jay () + g (77 [exp = 1.29 £ 0.11.

Colour-suppressed tree can be large only if it also has a large relative phase.
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Tree amplitudes — summary

e NNLO corrections individually sizeable, but ultimately not large due to cancellation.
e Colour-allowed modes well described by factorization
e Less so the purely colour-suppressed ones.

* C/T can be large but still need large phase for 7K puzzle and other CP

asymmetries (below).
Also found in SU(3) fits.

* Apparent 7, p non-universality.

* In some applications of PQCD |[Li, Mishima (2009)], QCDF [Cheng, Chua, 2009], and in
FAT (factorization-assisted topological amplitude approach) [Liietal. 2016)] a
complex parameter for power corrections to C ~ «; is introduced.

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019
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Tree amplitudes — summary

e NNLO corrections individually sizeable, but ultimately not large due to cancellation.
e Colour-allowed modes well described by factorization
e Less so the purely colour-suppressed ones.

* C/T can be large but still need large phase for 7K puzzle and other CP

asymmetries (below).
Also found in SU(3) fits.

* Apparent 7, p non-universality.

* In some applications of PQCD |[Li, Mishima (2009)], QCDF [Cheng, Chua, 2009], and in
FAT (factorization-assisted topological amplitude approach) [Liietal. 2016)] a
complex parameter for power corrections to C ~ «; is introduced.

Challenges
o Determine Ap precisely to remove main parameter uncertainty at LP.
e Power corrections to the SCET matching of the colour-octet operators

2Cy [BTAb]V,A[ﬁTAu]V,A, 2C, [ETAb]v,A[BTAu]V,A

[cf. BBNS, hep-ph/0006124; MB, Vernazza, 0810.3575]
Affects both C and T, more C due to C; > |C3].

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019
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QCD penguin-dominated modes

[P ~ ol ~ N Y [asgllaDl]

2-loop: Bell, MB, Huber, Li, 1507.03700 + 1-loop spectator-scattering (MB, Jiger, 2006)

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019
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Penguin amplitudes

e Magnitude of ag + 35 controls BR of most b — s modes.

o Interference of QCD penguin is main source of CP violation.

. FLe [F]
T ‘ir‘ir7 Pe 71'K7 pe »K

ugq uq

b

u,c
e Two amplitudes P ~ d" *“. Dominant contribution beyond tree-level from tree
operators O ,.

e Very little known (experimentally) for singlet penguin
8¢~ oy + By~ AL C Z [g4][gsD]. (B — m¢ in the absence of w — ¢ mixing.)

Small in QCDF (see above). The n(')K () branching fractions arise mainly due to
inference of the P¢ amplitudes for PP, PV. [Lipkin (1991, 1998); MB, Neubert (2002)]
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Size of 2-loop penguin vertex correction [C > only] (s

—0.015f" ) )

-0.020r

#
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€ -0025

24
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0.000
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A —0010}
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Numerical result (penguin amplitudes)

ali(xK) /1072 = —2.87 — [0.09 + 0.09iy, + [0.49 — 1.32i]p, — [0.32 + 0.71lp,
+ [ fsp ] {[0.13]L0 4 [0.14 + 0.12i]1y — [0.01 — 0.05i]gp + [0-07]tw3}
0.434 X
= (—2.46T0%0) 4 (—1.04702); rp = 9;0le3
mpf4 (0) Ap

& (nK) /1072

—2.87 — [0.09 + 0.09i)y, + [0.05 — 0.62i]p, — [0.77 + 0.50i]p,

T [ fsp ] {[0.13],_0 4 [0.14 + 0.120)y 4 [0.01 + 0.03i)p + [0.07]w,3}

0.434
. 0451
= (=3.34709) + (1,055
0000 .LO
o . S 0005
e Two-loop is 40% (15%) of the imaginary . N
(real) pdrlt of aj(mK), and 50% (25%) in the < oo K]
case of ay(mK).
e Spectator-scattering not relevant. ~0015 * NLO
ay[nK]
0020
~004 008 002 001 000
Re
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PP~ o (MiMy) = d(MiMy) + {1, —1,0} x r2al(MiM>) + B (M1 My)
N——

~0.03

PP~ a4 +ryas
~ =~
VFA  S+P

PV __ PP
as = 3

VP ~ a4 — ryag ~ —PV

VV ~ay ~ PV

Large NNLO correction to cz’;
diluted by important/dominant
power-suppressed effects.

Use B — M;"M; (Brand Acp)
to determine P /T.

Small phases (— CP asymme-
tries)
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PP~ o (MiMy) = dy(M Ma) + {1, —1,0} x rA2al (M M) + B (M1 M>)
—_———

~0.03
015 K] 015, K]
PP ~ a4 + rXaG T aylmr] + aglxr] N Lnbm]t/rglrzryg
VFA  S+P \ 3
PP e P : _
PV~ay~ — N {
3 ~ousf, :
VP ~ a4 — ryag ~ —PV . > ol
VV ~ a4 ~ PV
“ossf e o ;
2015 010 -005 000 005 010 05 -015 -010 -005 O 005 010 015
Re Re
p e : p ]
Lflrge NNLQ correction to a, s — ol e
diluted by important/dominant e el P T
power-suppressed effects. ‘ s i
005 ’r'
_ c ;
Use B — M;"M; (Brand Acp) =
to determine P /T. “ocs
Small phases (— CP asymme- 010
tries) » L ol :
05 on oG 0w 0w ol 0B 2055 o1 -os%5 000 005 010 015
Re Re
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The B — 7K system and its PV, VP, VV variants

Ay o = AP - ; POEY] L AW P, - 3Pc EW)
VEAp— o = AP Y PC EV L AD T et p, 4 PEY 4 PC AW

Ao, it x— = >\<)[P + PCEW]Jr)\()[TJrP + PCEW]

V2 Ag0_, g0 = A =P+ P + PC W LD [C - P+ PPV 4 pc W)

Ratios with little dependence on +y, but sensitive to electroweak penguins.
CP asymmetry differences and sum rules.

2r(B” — =0k?) 5
= |l — rgw|” + 2cosyRerc + ...

Ry = ————————
00 (B~ — n—K9%)
2ar(B” — =0%k%) +2r(B~ — n%k ) 5 .
R = — — =14 |rgw|”~ — cos vy Re(rr —+ ...
PTTB SR 40 = ntko) Irewl v Re(r7 1)
Acp = Acp(n'KE) — Acp(nTkE) = *ZSinv(Im(’c) = Im(rp rEw)) +

theory: rpw & 0.12 — 0.0li,  rc &~ 0.03[x2?] — 0.02i,  rr = 0.18 — 0.02i
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3 e A
TEW = K )\g:)

P rc = —Rxg
2 &5 (wK)

where Rrg = (fr /fi) - (Fa X /Fe ™) ~ 1.

e Direct CP asymmetry difference

ay (k) A

df‘(wf()

o (nK)
df‘(ﬂf()

T = —

AW

6Acp = Acp(ﬂOKi) —ACP(Wq:Ki) =2 sinv(lm(rc) — Im(rT Fgw)> —+ ...

theory: rpw &~ 0.12 — 0.01i, re & 0.03[x27] — 0.02i, rr & 0.18 — 0.02i

theory

data

SAcp | 0.03£0.03

0.122 £ 0.022

e Hadronic explanation needs large C and large phase. Phase in P, does not work (T/P

interderence). Problem since 2003.

Explore this for 1K™, pK, pK*! Larger effects expected and different signs, since P is strongly

dependent on V or P.
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B2TIP report: Explore 7K*, pK, pK* at BELLE-II
Larger effects expected and different signs, since P, is strongly dependent on V or P.
Can shed light on possible non-universality and large phase of C

Electroweak penguins

Isospin sum rule:

_ T _zo o
Ik = Acp(n T K7) 4+ —F S Acp(r K% —

2T o, — 2T oz _
ﬁACP(ﬂ.OK*) _ f‘ﬂACP(ﬂ.OKO)

mtK— Lotx— mtK—
o 2siny Im(rgw (r7 + 2r¢)) + . - - theory data
Ik 0.005 £ 0.01 —0.14 + 0.11

= 04pr T T ] & 0.4 T T
2 b Bk 1 F b Bk 3
<0 2; Belle I 5 ab™ 1 < 0'2; Belle I 50 ab™! 1
oF 3 oF a 3
0.2F - 0.2F .
04F 4 0.4F .
06 7 ﬁ 7
L contours ho 39%, 87% CL (etc) b E contours bl 3 et ]

L 1 L Il 1 L 1 1 L 1 1
-2 -1.5 -1 -0.5 0 0.5 1 -2 -1.5 -1 0 0.5 1
Ty Teo
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Time-dependent CP asymmetry ASin b — s

. 2Re(dy) cos(23) siny + |d|* (sin(28 + 2v) — sin(283))
ASp = —npSp — 28) = :
4 Sy = sin(26) 1 4 2Re(df) cosy + |df|?

df = exmdy  With exm = '% ~ 0.025
7Kg ‘2f ~ [_f[m_} P—t} = PKs d} ~ [P"][P—C] =
L =
N L el (S T L el (S
nKg dp ~ T wKg  dp ~ T

[Quantities in square brackets have positive real part.]

P(mK) ~ 2P°(pK) ~ 0.4P°(n'K) ~ 2.3P°(nK) ~ 1.3P°(¢K) ~ 2.3P°(wK)

o exm |[P"/P¢| =~ 0.02 are roughly independent of f

e Influence of C determines the difference between the different modes = need to know
C well, here real part.
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Precision matters for ASinb — s

Mode AS; (Theory) ASy [Range™]

oKs 0.02770-01 [40.01, 0.05]

n'Ks 0.0170-01 [40.00, 0.03]

=K 0.075% [40.03, 0.13]

ks | —0.0810% [~0.29,0.01]

nKs 0.1075-4) [~0.76,0.27] "

el Jy 2006, 292 (a0
wKs 0131008 [40.02, 0.21] W e
4 a Neuw Physics
[MB; Cheng, Chua, Soni; Buchalla, Hiller, Nir, Raz; 2005] 03 = (SUSY GUT, Warped Extra Dimension,
02 String-inspired MSSM, ... )
£
£
/ 2 B
e 1) K (red) has colour-suppressed tree = 4
. . . . = M

contamination. Conservatively increase b5 -

uncertainty. 49 L
e ¢Kj (blue) optimal. Theoretical _

uncertainty becomes limiting only with

~ 50ab~ ! at SuperKEKB. o = . . -

1 0
Integrated luminosity (ab™)
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Penguin amplitudes — summary

e Calculations: NNLO corrections individually sizeable, but ultimately not large due to
dilution by power-suppressed effects.
C3_¢ and Cgg [Kim, Yoon, 1107.1601] still missing.

e Structure of ay penguin amplitudes (P vs V) and generic size of CPV in agreement with
factorization.
But there is a non-negligible deficit, compatible with a 1/mj, correction.
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Penguin amplitudes — summary

e Calculations: NNLO corrections individually sizeable, but ultimately not large due to
dilution by power-suppressed effects.
C3_¢ and Cgg [Kim, Yoon, 1107.1601] still missing.

e Structure of ay penguin amplitudes (P vs V) and generic size of CPV in agreement with
factorization.
But there is a non-negligible deficit, compatible with a 1/mj, correction.

Challenges

e Calculations: Determine NNLO correction to the NLP scalar penguin amplitude ag to
complete the short-distance prediction.

e How combine QCDF + SU(3) + phenomenological parameterization of power
corrections? Can we understand better the deficit? — Charm penguins, annihilation or
generic power corrections?

o There are more penguin amplitudes + penguin annihilation ...
What can be learnt from BELLE-II data? Need to go to BR ~ 107",

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019
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Polarization

Complete VV analysis in QCDF: MB, Rohrer, Yang, hep-ph/0612290
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VYV helicity amplitudes and angular distribution
e Vector-vector — three helicity amplitudes [— five observables]
Ag, A—, Ay

dFB—)V]VZ—x“

1
_— Ap|? cos? 91 cos? 9 + — sin? 9y sin? 9, (| AL|? + | A_|?
dcos V1dcos Yrdp o< Aol Ui 2Ty ! 2 (‘ + | | )

— cos 19 sin ¥ cos ¥, sindd, [R (e_i‘pAoAi) + R (e+["’AoA*_)]

1 .
+§ sin? ¥y sin® ¥, R (ez’“"A+A’i) ,
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VV helicity amplitudes and angular distribution

e Vector-vector — three helicity amplitudes [— five observables]

AO? A—» -A+

dUpviv,— ...

1
— = Ay |? cos? 9 cos? 9 = sin? 9y sin? 9, (|ALP + |A_P
dcos V1dcos Yrdp o< [Ao["eos™ ¢ lz+4 ! 2(‘ + ‘>
— cos 19 sin ¥ cos ¥, sindd, [R (e_i‘pAoAi) + R (e'H"’AoA*_)]

1 .
+5 sin? ¥y sin® ¥, R (e2’¢A+Ai) ,

e Parametric hierarchy

2
AO:A_:A+:1:A:(A)

my my

due to V — A weak interaction and helicity conservation of high-energy QCD (my, /A).
[Xx][&hv] operators:

Xl — (1 F y5)x, xf—~ (L Fv5)x, XD L(1F vs)x

Ay, LP AL LP, not V—A A_ NLP

e Transverse amplitudes are power corrections. No factorization theorem!
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VV transverse helicity amplitudes
e Form factor term factorizable at NLO
e Hard-spectator scattering factorization-violating for A_

2nfi; L ,
Yi Mo [ gy P D P20) (););i“(y) o (1) = 6, dp(x) — 34

mpmy > V1(0) Ap Jo

In practice relevant only for the colour-suppressed tree amplitude.
e Transverse penguin annihilation O(1) numerically for transverse penguin amplitude
= A;‘I/I Va [&2 + ’62]
A,y <Ay yyad but Ay BT~ Ay, B

P™  Alks a$T 4+ 65T 0.05+ [—0.04,0.10]
PTA st 0.12

= Theoretically [Kagan, 2004; Rohrer, 2004; MB, Yang, Rohrer, 2006] €Xpect and ernpirically find

Ao > A_ > AL tree decays Ay~ A_ > A, penguin decays

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019

39



VV transverse helicity amplitudes

o Fit Pj to data (pK™). T}, P;‘;’EW from theory.

Observable QCDF [ pQCD This work
L CP average  0.2210803%0% 065500700 0,164 £0.015 +£0.022
2
CP asymmetry  —0.30701170% 00364700157 —0.62 £0.00 +000
P CP average 030788702 0160 '4BT 0401 +0.016 + 0,037
B
CP asymmetry - —0.077L7 SRS 0.050 £ 0.030 £ 0.015
=y OPaverage [rad] —07 753t —161 M2 —077 £000 2006
il
X ;
CP difference [rad] 0307885788 00017881 —0.100 + 0.085 + 0.034
CP average [rad| =7 3.15 @2 3,160 £ 0.035 & 0.044
'4:1 -
OP difference [rad] =0 00031885 0.014 +0.035 + 0.026

[LHCb 1812.07008, noleng* was 0.57 == 0.12 from BaBar in 2006.]
e This seems to work, but not a pure QCDF result.

The only VV observable that can be calculated at leading power from first principles is the
longitudinal branching fraction and its CP asymmetry
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Transverse polarization and electromagnetic dipole operators

Parametric hierarchy is violated by electromagnetic interactions [MB, Rohrer, Yang, 2005]

A A2 mp
Ao A_ - Ap I:m—:—2 = I:X:l
b My
q Ve q
» »
D -, DT T
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Transverse polarization and electromagnetic dipole operators

Parametric hierarchy is violated by electromagnetic interactions [MB, Rohrer, Yang, 2005]

A A?
Ao A_ - Ap 1 —:— = 127
my oy A
Ve
Vi a q
D q
b of 7 b o0f D
~ always off-shell, q2 ~ m,z, ~ nearly on-shell, q2 = m%,z ~ A2

>V, longitudinal = photon propagator is cancelled = effective local
four-quark interaction

» for V, transverse no cancellation = local » — D-y transition followed by
long-distance v — V), transition, enhanced by large photon propagator
New operator in SCET] (leading in heavy quark power counting)

(€W~ L (1 F v5)hy] (0) [WEiD% | W4 ](0),
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Consider electromagnetic dipole operators including both chiralities

emy —
of, = ~ g2 Dowr (1 £ 75)Fb,

Electroweak penguin coefficients

1 pre? mgm;,
PEV(ViV2) = €1+ Co+ -(Cy+Cro) F - 5 CF, Re— o
c

37 A

dipole operator contribution

with R_ a form factor ratio that equals 1 in the heavy-quark limit and Ry ~ my,/A.

Leading QCD penguin to EW penguin amplitude (in some units)

P_(pK*) ~ —1 PEY (pK*) =~ —0.3 + 0.7 [dipole]
C+
For positive helicity 0.7 — 0.7 x (10 — 20) x ——
C7—y,eff
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The B — pK™ system

Au(p~ K™ = P,

V2 A, (0°K*7) = [P+ PEY] 4 e [T + Cy)
Ap(ptK* ) =P+ e T,

—V24,,(p°K™) = [Py — P} + e [,
Ty, Cr, CKM suppressed.

Consider CP-averaged negative helicity decay rate ratio (pfw = PEW /Pp)
T_(pk*~
r= L=("K")

|+ :
f_(p()f(*O)

1—pt¥

3.0£0.7

0.6 £ 0.1 without dipole operator
(Fit P_ to data, use QCDF for the other amplitudes)
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The B — pK™ system

Au(p~K*) = Py
V2 A4 (0°K* ) = [P+ PPV 4+ e [T + G
An(ptK*T) =P+ e Ty,
V2 A, (0°K*) = [Py = P} + e [=Cal,

T, Cp CKM suppressed.

Consider CP-averaged negative helicity decay rate ratio (pEW = PEW /Pp)
1 4+ pEW 2 3.0+£0.7

1—pt¥

I (pk*7)

R = = — =
F_(pOK*O)

0.6 £ 0.1 without dipole operator

(Fit P_ to data, use QCDF for the other amplitudes)

° Q; contribution to Ay is suppressed only by C;C//Ci,,, while other contributions have
additional A /my suppression = Sensitivity to C;:), =~ 0.1 may be possible (or better?).

e An alternative to studies of photon polarization in B — K*+. Here the p meson (decay)
acts as the polarization analyzer.
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Wishlist

e Theoretical

NNLO for penguins inclduding ag

Ap from theory

Factorization techniques for electromagnetic effects.
Factorization + SU(3) [+ breaking]

Analyze non-factorizable power-correction to colour-suppressed tree
(LCSR for NLP SCET operator?)

Revisit annihilation amplitude estimates

e Experimental

Accurate 7K™, pK measurements, all channels, and pK™ including angular
analysis (— C, P, PEw)

Modes that probe new amplitudes (S, weak annihilation)
Triple product asymmetries

Ap from B — ~lv

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019
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Back-up slides
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Charged 7T p* modes

. F(EO — 7r+p7)

Ry = G Ag— AC:7[C(777P+)—C(7I’+p )]
F(Bo — TP )
40 = »\ \;\( ] T T T T T T E 08 =
350 W\ : NS
\.\\\ \ : 0.6F
3.0 AN - 04
N 1 4F
250 X E
< 20t —~ S o2t
1.5F 0.0F
1.0 _oal
05F
‘ ‘ L L ‘ - —04b o]
06 08 10 12 14 16 18 20 06 08 10 12 14 16 18 20
AP ©0)/f27(0) A ©0)/f2(0)

Both depend mainly on fﬂAgﬂp(O)/(fpffﬁ’T(O)) X ay(p)/ay(mp) = Re®T. E.g.,

_1-R 4R?

AC= —— + ——
1+R? * (1+R?)?

(acosdy + bcosdp)cosy + ...

Slightly smaller but compatible with B — p to B — 7 form factor ratio from QCD sum rules
(=~ 1.2).

M. Beneke (TU Miinchen), Non-leptonic 2-body theory Mainz, January 15, 2019

46



Ap from B — v/lv

Py (1) B g (w0, 1) = i [ e ol @ mo s () )18,

l —
Ap(p)

oo dw
/ — Ppy (w, 1)
0 w

I'(B — vfv) o 1/A%. Dominant parametric dependence.

>

(41}

E,>1GeV

(AN

10°%Br B>y ¢ v)
N

1]
E, > 17GeV

0 0.2 03 04 05 0.6
Ag[GeV]

[MB, Rohrwild, 2011]

M. Beneke (TU Miinchen), Non-leptonic 2-body theory

NLL + tree-level 1/my, [MB, Rohrwild, 2011]
QCD sum rule estimate of
power-suppressed soft form factor [Braun,
Khodjamirian, 2012] and at NLO [MB, Braun, Ji, Wei,
(2018); Y. Wang, (2016, 2018)]

BELLE [1504.05831] gives Ag > 217 MeV
(with caveats), superseded by [1810.12976],
Ap > 240 MeV.

Promising for BELLE-II

Mainz, January 15, 2019
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M.

Direct CP asymmetries

f NLO NNLO NNLO + LD Exp
KO 0.71 5013503 0.77H014+0%8 0105002553 —1.7+1.6
PET RtBAE SRR -LTdEes o2
TES O TTERE seUENE -sndsvil —s2x0s
PR NS e anEnn e
(rK) 21THRGHE 2100858 20THHEE 122+22
ArK)  —LISERIEE —0SSIERIE 04830 4+l
TR 1RERE LodEdg ogERE —asea
KT BSSHRNE  1BI6HENGE -15818GMEE 6+
TR ILSEE 00BN -mordEeR me
AR S1THBLIN BRI 216008518 -1E1
S(rK*)  2.68%FTA —154RTH T26HATRE 1725
AE?)  —TISEREE  345ENE —102HREE S+
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Direct CP asymmetries

f NLO NNLO NNLO + LD Exp
R 0.7LFGR0Y 0TTIRETE 00 ENE —LT£16
S LHERE  0SHREE  LTHEen  ioen
i TR SOSTREE  -32AATER -82£06
PRO SRS ndESE L s
3(rK) 217H0070T 210055 207N 122422
A(rK)  —LISTEHRTS —088T0i8Tgs  —04sTRHE —1xl
FRO LMNENE  LoNEHg 0wNERR sseo
KT BSSERIEE 16T 1SIERIRE 6+
PR ILSHEGIE WUHSHE noTHEER e
PR 1TBNENER -1 0 R +0.07+0.16 99 +0.0440.19 +0.06+2.28 9417
) 268 +0T2 5 _r K 0.38 507 007 0.227561 %017 0.30Z5.06 2239 —12417
ArE) —7.18i}:§§f§:§§ KT CLOSIEETRE —4TIHEIEE  emIgLin 3Tl
— pPET SSI3HENE L0 HNESR BNGIERE 20+1
PRO SE3TTETS  S00MRTRE —042RTRR 6=
W(pR)  —LANTIRAE 56T 1TS0NETEN 17+ 16
ApR)  SSTHEHE MBS 2588088 aew
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Weak armihi]ation ﬁtS [in the context of QCD factorization]

Power corrections that do not factorize.

Not necessarily small numerically compared to penguin amplitude

Many distinct WA amplitudes related to the same phenomenological parameter in the simple
model currently used in QCDF

P=ay+{1,—1,0} ryas + 3

ABy — K KT) o MNP (by + 2b4) + XD 2p,
A(By — 7= nT) o< AP (by + 2b4) + NP2,

Gobal fits [Bobeth, Gorbahn, Vickers; Chang, Sun, Yang et al.]. Size OK within factor 2 or so, less universal.

Compare
2
— 20%

2

A
c—| — factor of 4

’ A
14+ ay+c—
mp

my,

when c is misestimated by a factor of 2 (c = 1 — 2), e.g. b4.

e QCDF should be prepared to parameterize general power corrections. Theoretical work
to be done.
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