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@ Introduction to nonleptonic decays

@ Direct CP asymmetries to NLO

@ Puzzles in tree-level color-allowed decays
@ QCD factorisation and flavour symmetries

@ Conclusion

NOT COVered: 3'b0dy decays [see talk by D. Torres Machado, also Zou et al. 2003.03754; Mannel,Olschewsky,Vos
2003.12053; Fan,Wang 2006.08223; Li et al. 2007.13629; Cheng,Chiang,Chua 2011.03201,2011.07468; Virto,Vos,TH 2007.08881; Li et al.
2107.11079; Chai et al. 2109.00664; Bediaga et al. 2109.01625; ...]

CPV n m|X|ng, ||fet|mes [see talks by V. Shtabovenko, L. Vale Silva and in WG4 on Tuesday, also

Lenz,Rauh et al. 1711.02100,1904.00940,1909.11087,1911.07856; Nierste et al. 1709.02160,2006.13227,2106.05979; ...]

T. Huber Nonleptonic B decays 2



Anatomy of nonleptonic B decays

@ Generic structure of amplitude for B decays

AB = f) = [Aexm x C x (f|O|B)qcpiqen]

i

@ Interplay between

o Wilson coefficients ' in H.s¢, known to NNLL in SM

[Bobeth,Misiak,Urban’99;Misiak,Steinhauser'04,Gorbahn,Haisch’04;Gorbahn,Haisch,Misiak'05;Czakon,Haisch,Misiak'06]
o CKM factors . Hierarchy of CKM elements, weak phase
e Hadronic matrix elements . Can contain strong phases.

@ Interplay offers rich and interesting phenomenology for B decays

@ Plethora of data, numerous observables

o Test of CKM mechanism and indirect search for New Physics

@ BUT: Challenging QCD dynamics in hadronic matrix elements.
Effects from many different scales !!
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Exclusive B decays, generalities
@ Leptonic decays ° ‘E’ g 7 (Oluy*~sb| B~ (p)) =i [ D"
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Exclusive B decays, generalities

@ Leptonic decays (Olay*ysb| B~ (p)) =4 fB p"
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Theory approaches

Theory approaches based on factorisation

@ Disentangle long and short distances

(] QCD Factorisation [Beneke,Buchalla,Neubert,Sachrajda’99-'01]

o Systematic framework to all orders in o and leading power in A/m,

@ Problems with factorisation of power suppressed and annihilation
contributions. Endpoint divergences.

o Countless pheno applications
[Beneke,Neubert'03; Cheng,Yang'08; Cheng,Chua’09; Bell,Pilipp’09; Beneke,Li, TH'09; Bobeth,Gorbahn,Vickers'14; Bell,Beneke,Li, TH'15'20]
[Beneke,Boer, Toelstede/Finauri,Vos'2021, ...]
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Theory approaches

Theory approaches based on factorisation

@ Disentangle long and short distances

(] QCD Factorisation [Beneke,Buchalla,Neubert,Sachrajda’99-'01]

o Systematic framework to all orders in o and leading power in A/m,

@ Problems with factorisation of power suppressed and annihilation
contributions. Endpoint divergences.
o Countless pheno applications

[Beneke,Neubert'03; Cheng,Yang'08; Cheng,Chua’09; Bell,Pilipp’09; Beneke,Li, TH'09; Bobeth,Gorbahn,Vickers'14; Bell,Beneke,Li, TH'15'20]
[Beneke,Boer, Toelstede/Finauri,Vos'2021, ...]

@ PQCD [Keum,Li,Sanda’00; Li,Ukai,Yang'00]
e Based on kp-factorisation. Organises amplitude differently
o Generates larger strong phases. Avoids endpoint divergences.
o Discussion of theoretical uncertainties difficult
since no complete NLO (O(«?)) analysis available
o Also countless pheno applications fe.g. AliKramer,Li, Ll Shen,Wang,Wang'07]
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Theory approaches

More theory approaches
@ Flavour symmetries: (Zeppenfeld81]

Isospin, U-Spin (d <> s), V-Spin (u > s), Flavour SU(3)
[e.g. Savage,Wise'89; Gronau,Hernandez,London,Rosner'95; Chiang,Gronau,Rosner'08; Chiang,Zhou'06'08; Grossman,Ligeti,Robinson’13]
[Cheng,Chiang,Kuo’'14’16, Hsiao,Chang,He’15; .. .]

o Only few a priori assumptions about scales needed
o Implementation of symmetry breaking difficult

[Jung,Mannel'09; Cheng,Chiang’12; Grossman,Robinson’12]
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More theory approaches
@ Flavour symmetries: (Zeppenfeld81]

Isospin, U-Spin (d <> s), V-Spin (u > s), Flavour SU(3)
[e.g. Savage,Wise'89; Gronau,Hernandez,London,Rosner'95; Chiang,Gronau,Rosner'08; Chiang,Zhou'06'08; Grossman,Ligeti,Robinson’13]
[Cheng,Chiang,Kuo’'14’16, Hsiao,Chang,He’15; .. .]

o Only few a priori assumptions about scales needed
o Implementation of symmetry breaking difficult
[Jung,Mannel'09; Cheng,Chiang’12; Grossman,Robinson’12]
@ Combination:

o Recently: factorization-assisted topological-amplitude approach (FAT)

[Li,LG,Yu'12; Li,La,Qin, Yu'13; Wang,Zhang, Li,Li'17]

] Many more analyS|S [Ali,Kramer,L'98; Descotes-Genon,Matias,Virto’06; Ciuchini,Silvestrini et al.; Nandi,Soni'10; ]
[Fleischer et al.99+; Fleischer,Jaarsma,Malami,Vos’16+; Datta,London,Imbeault’03,12; Cheng,Chua’09; Tetlalmatzi,TH'21 ...]
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Theory approaches

More theory approaches
@ Flavour symmetries: (Zeppenfeld81]

Isospin, U-Spin (d <> s), V-Spin (u > s), Flavour SU(3)
[e.g. Savage,Wise'89; Gronau,Hernandez,London,Rosner'95; Chiang,Gronau,Rosner'08; Chiang,Zhou'06'08; Grossman,Ligeti,Robinson’13]
[Cheng,Chiang,Kuo’'14’16, Hsiao,Chang,He’15; .. .]

o Only few a priori assumptions about scales needed
o Implementation of symmetry breaking difficult

[Jung,Mannel'09; Cheng,Chiang’12; Grossman,Robinson’12]

@ Combination:

o Recently: factorization-assisted topological-amplitude approach (FAT)

[Li,LG,Yu'12; Li,La,Qin, Yu'13; Wang,Zhang, Li,Li'17]

] Many more analyS|S [Ali,Kramer,L'98; Descotes-Genon,Matias,Virto’06; Ciuchini,Silvestrini et al.; Nandi,Soni'10; ]
[Fleischer et al.99+; Fleischer,Jaarsma,Malami,Vos’16+; Datta,London,Imbeault’03,12; Cheng,Chua’09; Tetlalmatzi,TH'21 ...]

@ Dalitz plot analysis. Applied to 3-body decays. Important for phenomenology.

e Mostly data-driven, but also QCD-based predictions possible

[Krankl,Mannel,Virto'15; Klein,Mannel,Virto,Vos'17]

e Also Flavour-symmetry analyses

[e.g. Bhattacharya,Gronau,Imbeault,_London,Rosner'14; Bhattacharya,London’15; Bediaga,Magalhaes et al ]
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QCD factorisation for nonleptonic decays

o Amplltude in the ||m|t mp >> AQCD [Beneke,Buchalla,Neubert,Sachrajda’99-'04]

1
(VRMIQB) = iy FE40) fuy [ du T00) balu) + (> M)
0

oo 1
+fB oy far /dw/dﬂ du T (w,v,u) ¢5(w) dar, (v) dars (u) + O (A‘Q&)
0 J0

mp
o 7111 : Hard scattering kernels, perturbatively calculable

Universal.

fi - decay constants From Sum Rules, Lattice

@ Fy: B — M form factor
¢: : light-cone distribution amplitudes }

@ Strong phases are O(«,) and/or O(Aqcep/msp)
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Classification of amplitudes

@ «; : colour-allowed tree amplitude

@ «: colour-suppressed tree amplitude

@ «;°: QCD penguin amplitudes %WJ;

V2 (m 7| Hepr |BT) A Mu {on (7m) + Otz(ﬂ'ﬂ')}
(mt | Heys | B%) Anr {)\u [al(mr) + aZ(mr)] + e aZ(ﬂ'Tr)}
— (77| Hess |B®) = Ann {)\u [OtQ(ﬂ'Tr) - aZ(ﬂ'w)] — A afl'(ﬂﬂ')}

(r"K°|Hess |B™) = Az [A af + A8 af]

<7T+K7|Heff |BO> _ AWK {)\Ei) (a1 + ag) + )\r(f) thj| [Beneke,Neubert'03]
@ Tree amplitudes a; and a2 known analytically to NNLO [Bell0709; Beneke,Li,TH09]
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Penguin amplitudes at two loops

[Bell,Beneke,Li, TH'20]
@ Direct CP asymmetries to NLO require QCD penguin amplitudes o at NNLO
o Complicated calculation: ©(100) diagrams, two loops, two scales, . ..

0.005
a4[nK) LO
0000f T e PO,
*
NNLOJ,
-0.005
NNLO'I’HH
o NLO
= >
E _0010 NNLOJg, 15,
= .
NNLOJg,, '
-
-0015 NLO; NNLOJgn -
i a4[nK]
*
-0.020 NNLOJg,.
-0.04 -0.03 -0.02 -0.01 0.00
Reld}]
@ Recently, also QED corrections became available [Beneke,Ber,Toelstede, Vos 20]
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@ Direct CP asymmetries in percent.

Errors are CKM and hadronic, respectively.

[Bell,Beneke,Li, TH'15]

Results: Direct CP asymmetries

f NLO NNLO NNLO + LD Exp
FRY 0T 0mTHAE 01079BHH  _17ils
PRS0t 0TI LB 10421
PR TaTHSHE s0sTISURE amtenil saios
WRY AT amMEtE LanEn 1£10
SR) TS 208N 2079BHD 12k
A(rK) —LI5T05 708 —088102 05 —048TGR T 14411
§(rK) = Acp(m°K ™) — Acp(nt K ™)
T o

% - Fr— g0 — 720 20 05— 07— < 070
A(T(K):Acp(ﬂ'JrK )+F"7KACP(7T K)fr,"ikAcp(ﬂ'K )7F7KACP(7TK)
t K= K= mt K=
[For QED corrections see Beneke,Béer,Finauri/Toelstede,Vos'20'21 and Keri Vos’ talk on Monday]

[For a first number on A o p ( BY — 0RO ) see 2104.14871 + talk by Hazra]
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Two-body heavy-light final states

[Bordone,Gubernari,Jung,van Dyk, TH'20]

@ Determine b-quark fragmentation fractions f,/ fq from hadronic two-body decays
into heavy-light final states

P(V) _ B(BS — Dg*>+7r_)

@ Requires ratio R = _
a /47 B(B® — DW+EK-)
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Two-body heavy-light final states

[Bordone,Gubernari,Jung,van Dyk,TH'20]
@ Determine b-quark fragmentation fractions f,/ fq from hadronic two-body decays
into heavy-light final states
RP(v) = B(?S — Dg*>+7r_)
/47 B(B® — DM+K-)

@ Requires ratio

o QCD faCtOrlzatlon fOI’ B((]) — D‘(I*)+L7 decayS [Beneke,Buchalla,Neubert,Sachrajda’99-'04]
()4 - R0 I NN Aacp
0 r1 @By =Y F O ) [ auTstn +o (A2 |
- 0
J

@ Particularly clean: Only colour-allowed tree amplitude

o No colour-suppressed tree amplitude, no penguins
@ Spectator scattering and weak annihilation power suppressed
o Weak annihilation absent if all final-state flavours distinct

@ asin BY — D n~ and B — DTK~ butnotin B® — Dtn~
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Two-body heavy-light final states

[Bordone,Gubernari,Jung,van Dyk,TH'20]
@ Determine b-quark fragmentation fractions f,/ fq from hadronic two-body decays
into heavy-light final states
RP(v) = B(?S — Dg*>+7r_)
/47 B(B® — DM+K-)

@ Requires ratio

o QCD faCtOrlzatlon fOI’ B((]) — D‘(I*)+L7 decayS [Beneke,Buchalla,Neubert,Sachrajda’99-'04]
()4 - R0 I NN Aacp
0 r1 @By =Y F O ) [ auTstn +o (A2 |
- 0
J

@ Particularly clean: Only colour-allowed tree amplitude

o No colour-suppressed tree amplitude, no penguins
@ Spectator scattering and weak annihilation power suppressed
o Weak annihilation absent if all final-state flavours distinct
@ asin BY — D n~ and B — DTK~ butnotin B® — Dtn~
@ Hard function known to O(ai) [Krankl,Li, TH16]
@ Form factors from recent precision study [Bordone,Gubernari,Jung,van Dyk'19]
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Subleading power

[Bordone,Gubernari,Jung,van Dyk, TH'20]

L
— c _ b c
B‘h ( b ] q1 B }DQI

G 7,
@ Power corrections arise from several effects

o Higher twist effects to the light-meson LCDA

Hard-collinear gluon emission from the spectator quark ¢

e Hard-collinear gluon emission from the heavy quarks b and ¢

Soft-gluon exchange between B — D and light-meson system
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Subleading power

[Bordone,Gubernari,Jung,van Dyk,TH'20]

e e
" 7, " @7, [
@ Power corrections arise from several effects

e Higher twist effects to the light-meson LCDA

o Hard-collinear gluon emission from the spectator quark ¢

e Hard-collinear gluon emission from the heavy quarks b and ¢

o Soft-gluon exchange between B — D and light-meson system

Estimate of total size of power corrections

P P ~ v 14 i
Raya|yp/ Ryl p — 1% —1.7% Raya|yp/ Ryl p — 1~ —1.7%

@ Supports the picture of these decays being very clean
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Results

source PDG our fit (w/ QCDF, no f./f4)|QCDF prediction
scenario — ratios only SUA3Y
x*/dol 1.6/6 3.7/4

BB = Din)
B(B® - DYK")

0.18 0.020

AT T
0.227 £ 0.012 0.

4.42 &+ 0.21
0.326 + 0.015

B(B° = Dtn7) | 252013 | 274+ 0.12 —
B(BY = Difn7) | 2.0=05 +o. 1399
B(B® — D*"K7)[0212 20015 | 0213750 0213750 | 03277003
B(B® = D*'r) | 274013 | 276798 2761015 =
RE, 16.1 £ 2.1 13.6 0.6 14.279°¢ = IBEE
R 114447 147" 131723
R 08170 E o6yl 0.97+3:20
Ry 0.97£0.06_ 0.95+0.07 | 101+0.11
(fo/ FOTHE, — 0.261°001 0252700 =
(fo/ fa)vev 0.24475920  0.23679025 ~ —
T. Huber

Nonleptonic B decays

@ BR discrepancies
B > Din~ - 40
B® - D*K~ - 50
BY - Di*n~ - 20

BY - D**K~ = 3¢

@ Ratios OK




Results

source PDG our fit (w/ QCDF, no f./f4)|QCDF prediction
scenario — ratios only SUH3T @ BR discrepancies
x*/dol 1.6/6 3.7/4 —
B(BY = Dfz~) | 3.00=023 | 311793 3.204020 = 142 +0.21 _
B(B" — DTK™) [0.186 =0.020 |0.227 + 0.012 0225+0012 0.326 +0.015 BU - D+7-[ - 40
B(B° = Dtn7) | 252013 | 274+ 0.12 — =0
B(BY » Di*x7) | 20205 2464537 43939 AN BY > D*K- —> 50
B(B’ = D**K7)[0212=0015 | 02135651 02137501 0.32740:039 =0 o
BB = D*r) | 27142013 | 276701 276491 - By - DT - 20
RE, 16.1 £ 2.1 13.6 0.6 14.279°¢ = 13.5%5:8 50 st r—
Ry + 114747 1147377 15‘113,3 B® - DK - 30
RYP 0.81+012 0767015 0.97+0:20
Ry . 0.97 £0.06  0.95+0.07 1.01 +0.11
G/ = om0z - @ Ratios OK
(fs/fa)rer 0.24475920  0.23679025 ~ —
B(B" - D*K~)
= —— Theo. prediction 1
(Belle 2111.04978) {2108 Cr58vE)
B(B*— D*K~)— . — ., Theo. prediction 2
(2007.10338)
B(BO — D" K) |- — 1B Cl;lrrcr)lt exp. value
B(BY — D) . —
B(BY - Dy*r™) . - .
B(B" — Dtr~) -
B(B" - D**n~)— -
B(B? = D{K~)— -
T T T T [Plot courtesy of N. Skidmore]
2 3 4 5
Branching fraction
(Units of 10~ for b — ctid and 10~* for b — cis decays)
T. Huber Nonleptol B decays




Interpretation

@ Potential explanations

o Universal non-factorizable contributions of O (—15 — 20%) to amplitude?

o QED COI'reCtionS [Beneke,Béer,Finauri,Vos'21]
@ Ease the tension, but are not large enough [See talk by Keri Vos in Monday]
o EXperimental iSSUeS? [Recent Belle result 2111.04978 confirms earlier measurements]

e Shift or larger uncertainties in the input (CKM) parameters?

Rescattering effects are also too small [Endo,lguro,Mishima'21; see Iguro’s talk]
BSM physics?
Combination thereof?
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Interpretation

@ Potential explanations

o Universal non-factorizable contributions of O (—15 — 20%) to amplitude?

o QED COI'reCtionS [Beneke,Béer,Finauri,Vos'21]
@ Ease the tension, but are not large enough [See talk by Keri Vos in Monday]
o EXperimental iSSUeS? [Recent Belle result 2111.04978 confirms earlier measurements]

@ Shift or larger uncertainties in the input (CKM) parameters?

Rescattering effects are also too small [Endo,lguroMishima21; see Iguro’s talk]
BSM physics?
Combination thereof?

Mini-Workshop on Colour Allowed Non-Leptonic Tree-Level

Decays

25 March 2021 to 1 April 2021

Europe/Beriin timezone

https://indico.scc.kit.edu/event/2352/
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Further developments, BSM

@ Tension can be partially explained by a left-handed W’ model, compatible with
Othel' flaVOI' and CO"ider bOUndS [lguro,Kitahara'20; see Iguro’s talk]
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Further developments, BSM

@ Tension can be partially explained by a left-handed W’ model, compatible with

other flavor and collider bounds [lguro,Kitahara'20; see Iguro’s talk]
0.075
@ New tensor structures 5 onso \
[Cai,Deng,Li,Yang'21] gﬁii -;?XZUEZZ \
1.00}
o Some of them can explain @07
the data at the 1o-level o2s} — B
o Also model-dependent o T——
analysis, e.g. with colorless = oo ,

0.000

0.00 0.25 0.50 0.75 1.00
C5M ()

charged scalar
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Further developments, BSM

@ Tension can be partially explained by a left-handed W’ model, compatible with

other flavor and collider bounds [lguro,Kitahara'20; see Iguro’s talk]
0.075
@ New tensor structures 5 onso \
[Cai,Deng,Li,Yang'21] 2:151 -;?XZOEZZ \
1.00}
o Some of them can explain @07
the data at the 1o-level B
o Also model-dependent o T~
analysis, e.g. with colorless = oosf =i
charged scalar 0000 000 025 050 075  L00
C5M ()

@ Combine with dijet searches

[Bordone,Greljo,Marzocca’21]

<o
o Consider mediators with various - ool
SU(3) x SU(2) x U(1) quantum
numbers 0.001 0,001

My, [TeV]
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Further developments, BSM

@ Combine nonleptonics and lifetimes [Tetlalmatzi,Lenz'19]

s TB,/TB, s TB,/TB,

— — o f YO g g VB s

> 19 > 10 8(ry, /)" =0(rp, 75,)"F =6(r; /75,)

\% 0.5 5 0.5

Q Q

q —0.5] q —0.5]

£ -10 £ -10
“lys 30 -is5 5 0.0 05 Y5 30 -is 00 05

. -1.0 -0.
Re ACY™ (M)
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Further developments, BSM

@ Combine nonleptonics and lifetimes [Tetlalmatzi,Lenz'19]
s TB,/TB, s TB,/TB,
— — o f YO g g VB s
> 10 S nq Sl S 7] =8 m)
\% 0.5 \% 0.5
o) QO
q -05 q -05
g -1.0 £ -10
“lys 30 - 10 ~05 00 05 “lys =30 - 10 05 00 05
Re AC (My) Re AC’ (My)
] NeW-phySiCS SeaI’CheS USing BO — D:FI(i [Fleischer,Malami'21; see Malami's talk this session]

@ Flavour-specific nonleptonlc decays are sensitive to
CP V|O|at|0n n B B leln [Gershon,Lenz,Rusov,Skidmore'21; see Rusov'’s talk]
(s) = “(s)

@ BSM contributions to nonleptonic decay amplitudes could give significant
enhancements to flavour-specific CP asymmetries

4o _ DB > ) =T (B, > )
BT (By(t) = f) +T (By(t) = f)
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QCD-factorization and flavour symmetries

@ The amplitudes for B — PP (P a pseudoscalar meson) can be expressed as

A=i— [T+P
G [ ]
T : Tree sub-amplitudes. P : Penguin sub-amplitudes.
@ Topological decomposition of the sub-amplitudes [He,Wang'18]
TTPA = T By(M) H] (M) + C By(M);H (M)F + A BH} (M)L(M)

+E B;HY (M )(M) + TrpsB:H (M)}

k
(M)§ + TasB:H (M)} (M )
+TsB;(M ) )

1
M)+ TpaBiHy' (M)} (M) + Tp Bi(M);(M) Hi

2
+TssB:HY' (M);(M)i

:b E :b UE
- u n
[

A E
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QCD-factorization and flavour symmetries

@ The amplitudes for B — PP (P a pseudoscalar meson) can be expressed as

A—ZG—f [T+ P]

T : Tree sub-amplitudes. P : Penguin sub-amplitudes.

@ Topological decomposition of the sub-amplitudes [He,Wang'18]
TP = T B(M)H] (M); + C Bi(M);H (M){ + A BiH;' (M);,(M);
+B B (M > (M)f + s BiH}? (M) (M)f + Tas B (M) (M )
+TsBi(M);HY (M)}, + TeaB: Hy'(M)],(M)5 + TrBs(M); (M), Hi

O
+TssB:H{' (M)ﬁ(M)ﬁ

(B)) = (B*,Biq,BY)
L0+777‘1+£ T K~
) V2l ve V2 ,
M;) = + _ml oy Mgy g K0
(M) 7 g+ s K
K* K° ns + 7%
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QCD-factorization and flavour symmetries

@ The amplitudes for B — PP (P a pseudoscalar meson) can be expressed as

. Gr
Azzﬁ ([T + P

T : Tree sub-amplitudes. P : Penguin sub-amplitudes.

@ Topological decomposition of the sub-amplitudes [He,Wang'18]

TIPA = T By(M).H) (M)} + C By(M);HY (M)f + A B;H (M)l (M)f
+E BiHj (M)](M) + TesBiH,” (M);(M)i + Tas BiH]* (M);(M )
+TsBs(M);HY (M)}, + TpaBiHy' (M)§,(M)§ + T Bs(M); (M), H
+TssBiH;' (M)} (M)j;

@ The H,’ are contain the CKM elements, e.g.

HP =X, HP =2,

T. Huber Nonleptonic B decays 17



QCD-factorization and flavour symmetries

@ SU(3)-irreducible decomposition of the sub-amplitudes

T = Bi(Hz)' (M) (M)j + C5 Bi(M);(M)j (H3)" + B3 Bi(Hs)' (M) (M)]
+D3 Bi(M)j(Hs) (M5 + A§ Bi(Ho)}! (M);(M); + C5 Bi(M)j(He)j! (M);
+B4 Bi(Hs)}! (M)5 (M); + Ats Bi(Hg);! (M);(M)F + Cls B (M) (Hyz)i" (M)

+B1s Bi(Hs)i! (M)5 (M)

@ SU(3) decomposition:

iy 1 i 1 ij 1 i3 i i
= o) ) 05) 5 5 (1)

@ Gives linear relations between topological and SU (3)-invariant amplitudes, e.g.

[He,Wang'18]

A  3FE 3Tas — T,
AY = -2 4+ 22 4 Tpa, BT = Tgg + 22AS —1BS
8 8 8
1 1
Ag = 4 (A-B), Bs = {(Tws — Tas)
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QCD-factorization and flavour symmetries

[Tetlalmatzi-Xolocotzi, TH'21]
@ Determine the SU(3)-invariant amplitudes through a x>-fit.
@ 20 complex amplitudes (10 for trees, 10 for penguins)

e One overall phase and the complex amplitudes AL and AL can be
absorbed [Paz'02]

= 35 real parameters.

@ Use the following experimental input for branching fractions and CP asymmetries

@ Branching fractions : 23 measurements plus 6-upper bounds
o CP Asymmetries: 17 measurements plus 1-upper bound

@ Implement n-n" mixing in the FKS scheme (a single mixing angle) ireimann kol stechos)

@ Determine uncertainties through likelihood ratio test,
determine p value from Wilk’s theorem with 2 degrees of freedom.

T. Huber Nonleptonic B decays 19



SU(3) fit: Results

[Tetlalmatzi-Xolocotzi, TH'21]

@ Good overall fit quality: x?/d.o.f. = 0.851
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) fit: Result

[Tetlalmatzi-Xolocotzi, TH'21]

Branching ratio Branching ratio
Channel in units of 109 Channel in units of 106
Experimental Theoretical Experimental Theoretical
B~ — ' 5.5+ 0.4 S B~ —qgr~ | 4.02+£0.27 3.80112
B~ — K°K~ | 131+0.17 1.36701% B~ —yw 27409 3.5501 6
B — ntn~ | 5.1240.19 6.31795 B —qpr® | 0414£0.17 0.417590
BY— 2070 | 1594 0.26 LO1H % B yr® | 12+06 1.20+362
B - K*K~ 0.078+0.015 0.13003 By, = nK° | Not available 0.13554%
B — K°K® | 1.2140.16 1135087 By = n/K° | Not available 6.65%1 4
B,—sa Kt 58407 775506 B =K~ | 24+04 2341189
B =K~ | 129405 12,7847 B =K~ | 704425 70.827 1116
CP asymmetries CP asymmetries
i in percent \ in percent
Channel Experimental Theoretical Chanvel Experimental Theoretical
B~ — 11~ 344 5.4512202 B~ —ngn™ —14£7 —11.3745840
B~ — KK~ 4+14 : B = yn 6+16
B — 7tr~ 32+4 By — nK° <0.1 0.1049%
BY — 7070 33+£22 B, — 1'K° | Not available —0.58120%37
B — K°K° | =60+ 70 —6.88+5050 B~ = nK~ —37+8 —42.23+ 2%
B, Kt | 221+15 20.84733 B- =K~ | 04+1.1 0.63735%

@ Prediction for observables which have not been measured so far
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QCD-factorization and flavour symmetries

@ Investigate connection to QCD factorization (QCDF)
@ Amplitudes for two body non-leptonic B-meson decays in QCDF [Beneke,Neubert 03]
AQCDF _ Z Anty Mo {B]\/Il (ulépulj + (1’4'f+ (ygvm\—QA) M A,
p=u,c
+ BMiAy - Tr [(a28puU + 4T + 0 1y, Q) M)
+ B (B20pul + BYT + 5 1y Q) MiMaA,,
+ BA, - Tr [(B10pul + BYT + b 1y Q) MiMs]
+ B (Bs20pul + BE5 T + B4 pw @) MiAy - TrM,

+ BAy Tt [(Bs10pul + BE40 + b2y Q) M - TrJWQ}
@ Establish transformation rules between the different approaches (reiamatixolocotzi Tr21]

3 . 3 . 3 3 .
T = Ay, [041 + F¥EW ~ §a4.EW']7 C = A, {QQ + 508,8W — iag_Ew]7

3w 3. 3 u 3 e
E = Avym, [51 + §b4,EW - §b4,E‘V]1 A= Ay, {52 + §ﬁ3,EW - iﬁﬁ,EW]

@ Translate fit results into constraints on QCDF amplitudes
e Quantify the size of the annihilation amplitudes /3; and b, as dictated by data
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QCDF amplitudes: Results
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[Tetlalmatzi-Xolocotzi, TH'21]
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@ Annihilation amplitudes get constrained between the ©(0.04) and O0(0.3) level

T. Huber
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Conclusion, Outlook

@ Interesting patterns in data vs. theory for color-allowed,
tree-level nonleptonic decays

o Data consistently below theory, discrepancy up to ~ 50
o We will learn something from this situation:
power corrections in QCDF, input parameters, new physics, ...

@ Precision in charmless nonleptonic decays must be further increased

o Get power corrections / flavour symmetry breaking better under control
o More data will help, in particular on direct CP asymmetries
ACP(BO — WOKO) [2104.14871 + talk by Hazral, ACP(B?S) —nP), ...
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