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Why study non-leptonic B decays

e Only hadrons in the process, both initial and final state

e Very challenging to describe theoretically
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Why study non-leptonic B decay

e Only hadrons in the process, both initial and final state

e Very challenging to describe theoretically

e Tremendous amount of data for different final states and observables
e Important probes for CP violation

- Large CP asymmetries with processes with tiny BRs and vice versa

- Probes for new sources of CP?
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Why study non-leptonic B decays

e Only hadrons in the process, both initial and final state

e Very challenging to describe theoretically

Challenge: Calculation of Hadronic matrix elements
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How to handle nonleptonic B dec

O

QCD Factorization Beneke, Buchalla, Neubert, Sachrajda

e Disentangle perturbative (calculable) and non-perturbative dynamics using HQE

e Systematic expansion in as and 1/my (studied up to a?2) Eell, Beneke, Huber, Li
(rt 7 |QB) = T/ @ FF>™ 0, + T/ 90, 0o, ©bs

e Non-perturbative form factors and LCDAs

- from data, lattice or Light-Cone Sum Rules
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How to handle nonleptonic B dec

8 Fesas”

QCD Factorization Beneke, Buchalla, Neubert, Sachrajda

e Disentangle perturbative (calculable) and non-perturbative dynamics using HQE

e Systematic expansion in as and 1/my (studied up to a?2) Eell, Beneke, Huber, Li
(rt 7 |QB) = T/ @ FF>™ 0, + T/ 90, 0o, ©bs

e Non-perturbative form factors and LCDAs
- from data, lattice or Light-Cone Sum Rules
e No systematic framework to compute power corrections (yet?)

Strong phases suffer from large uncertainties

e Theoretical challenge: reliable computations of observables
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How to handle nonleptonic B dec

O

QCD Factorization Beneke, Buchalla, Neubert, Sachrajda

e Disentangle perturbative (calculable) and non-perturbative dynamics using HQE

Flavour symmetries (Isospin or SU(3))

e In subsystems e.g. Fleischer, Jaarsma, KKV, Malami [2017,2018]

e Global SU(3) fit to B — PP decays Huber, Tetlalmatzi-Xolocotzi [2111.06418], Berthiaume et
al.[2311.18011] Burgos Marcos, Reboud, KKV [2504.05209]

Light-cone sumrules

e Calculation of soft-gluon contribution Piscopo, Rusov [2307.07504] (see also Khodjamirian, Mannel,
Melic, Melcher [0509049])
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Full SU(3)f analysis of B — PP decays J

Based on M. Burgos Marcos, M. Reboud, KKV [2504.05209]
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Topologies non-leptonic B decays

AP = Vi Vi, A2 = 8pg, AP = 6ps

ipy
_ G .
A(By — MyMy) = ,7‘% AP A+ 2P at],
o Ajf are “tree” topologies

e AS are “penguin” topologies

e Typically: topological diagram or in irreducible SU(3)r representation amplitudes

ut

piopo = T Bi(M)A(M)[ + C Bi(M);H(M)[ + A B;H] (M), (M)
+ E BiH (MY, (M) + Tea BiF/ (MY (M)} + Te Bi(M);(M), A"

0
T T K~
2

M—( C =0 R0 ) B, = (8", B, BY)
P - K i ’ s Ps
K* K{ 0

* excluding 7 modes
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Topologies non-leptonic B decays

AP = Vi Vi, A2 = 8pg, AP = 6ps

ipy

5 L GF [\(p) ot 4 \(P) pc
A(Bqémle):,ﬁ[Af A+ AP At],

o Ajf are “tree” topologies

e AS are “penguin” topologies

e Typically: topological diagram or in irreducible SU(3)r representation amplitudes

piopo = T Bi(M);R(M) + C Bi(M);A(M)[ + A Bif] (MY, (M)f
+ E BiH] (MY, (M) + Tea Bif} (MY, (M)} + Te Bi{(M);(M), A/

e For penguins replace: T — :DT7 C — Pc,A — PTA, Tp — P, E — PTE7 TPA — :DA7
e One-to-one correspondence with irreducible representation He,Wang[1803.04227]

— 12 complex parameters: two redundant operators
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SU(3)e-limit analysis

o Full SU(3)r symmetry fit: x*> = 32.3 for 15 degrees of freedom (34 constraints for
19 parameters)
e p—value = 0.58% below our threshold: fit is not satisfactory

e Similar conclusion found in Berthiaume et all. [2311.18011]
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SU(3)e-limit analysis

o Full SU(3)r symmetry fit: x*> = 32.3 for 15 degrees of freedom (34 constraints for
19 parameters)

e p—value = 0.58% below our threshold: fit is not satisfactory

e Similar conclusion found in Berthiaume et all. [2311.18011]

Difference with previous works:
— Include mixing-induced CP asymmetry
— Include mixing effects in BY branching ratios
— Include correlations by using ratios of branching ratios directly
N

Omit ") modes

Aen(t) = F(Bg(f) —f) - F(Bg(t) —f) .A‘éiﬁ cos (AMgt) + AT sin (AMgt)
ce(t) = F(BY(t) — F) + T(BY(t) — F)  cosh (ATqt/2) + AL sinh (ATqt/2)’

Keri Vos (Maastricht) Beautiful Puzzles April 2025 5/22



SU(3)e-limit analysis

M. Burgos Marcos, M. Reboud, KKV [2504.05209] rpeml’ =

0, [degrees]
120 130 140 150 160

e AS(BY - KYKT)
AX(BY — KYK™)
ARL(B) — KTK™)
Afn(B® — 7t
AWX(BY — )

— SU@)p fit

2.0 2.2 2.4 2.6 2.8
6, [rad]

e U-spin partners: BS — 777~ and B? — KT K~
e CP asymmetries already show SU(3)f breaking at 20 level

ct
Ap,topo
u

p.topo
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Factorizable SU(3)f breaking effects J

Based on M. Burgos Marcos, M. Reboud, KKV [2504.05209]
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Including SU(3)r breaking

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

e Systematic approach to include linear SU(3)r breaking as perturbation in the
Hamiltonian Gronou et al. [9504327]
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Including SU(3)r breaking

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

e Here: Use SU(3)F breaking in decay constants and form factors

e Adopt parametrization used in QCDF:

A(By — MiMs) = i °2 Z Y {BM1 (a15m0—|—a£i+a££w©) Mo A

r=u,c

+ BMA, Tr [ (02800 + 05, ew Q) M|

B (526,u0 + BT+ B ew c}) My MoA,

+ BA, Tr [(/51(%0 + Bal + Bi ew @) /\/71/\/72] I

Ar = ,\?‘“ 0= (1) 8 g 60=>o=20-1ti-
r r ] il
NG 0 0 0 2 22
¢

o o~
ol o
[N
IOO
Nl=

S~——
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Factorizable SU(3)r breaking

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

e Adopt parametrization used in QCDF:

A(By — M1M2)_, Z Yo {BM1 (a15m0—|—a£i+a££w©) Mo A

r=u,c

+ BMA, Tr [ (02800 + 05, ew Q) M|

+ B (52000 + 85 + B ew Q) MuMaA,

+ BA, Tr [(515m0 + Bal + Bi ew @) /\/71/\/72] I

e Factorizable SU(3)r breaking: AM v, = Mz FB”Ml(mﬁ,,z) fut,
e Maximal in By — 77~ versus Bs = K"K~ : 20%

° ié)arameters are power suppressed annlhllatlon operators in QCDF
P P
Mleﬁ — BMZMZ b where BMqM = qu fMl sz
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Factorizable SU(3)fr breaking ana

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

e Fit all available B — PP modes; 23 real parameters

e Excellent description of the data with p-value of 32.2%
— SU(3)F breaking of 20 — 30% gives perfect description of data
— Identify several decays were new data could improve our understanding
— No puzzling patterns in B — 7K modes
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Factorizable SU(3)fr breaking ana

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

e Fit all available B — PP modes; 23 real parameters

e Excellent description of the data with p-value of 32.2%

— SU(3)F breaking of 20 — 30% gives perfect description of data
— Identify several decays were new data could improve our understanding
— No puzzling patterns in B — 7K modes

Key modes to improve:
e Branching ratios of 82,5 — K°K° and BY = K°K™,B" — K%z
e CP asymmetries in pure annihilation modes like: B — K™K~

e Updates of the — already precise — BY — K"K~ decay
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B — wK puzzle
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The B — K& Puzzle

e.g. Buras, Fleischer, Recksiegel, Schwab [2004, 2007];Fleischer, Jaeger, Pirjol, Zupan [2008]
Neubert, Rosner [1998]; Beaudry, Datta, London, Rashed, Roux [2018]; Fleischer, Jaarsma, KKV [2018]

(Longstanding) Puzzling patterns in B — 7K data

§(nK) = Acp(7°K™) — Acp(rK™)

- O(mK)*P = (11.5+ 1.4)%
- 80 from 0
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The B — K& Puzzle

e.g. Buras, Fleischer, Recksiegel, Schwab [2004, 2007];Fleischer, Jaeger, Pirjol, Zupan [2008]
Neubert, Rosner [1998]; Beaudry, Datta, London, Rashed, Roux [2018]; Fleischer, Jaarsma, KKV [2018]

(Longstanding) Puzzling patterns in B — 7K data

§(nK) = Acp(7°K™) — Acp(rK™)

- O(mK)*P = (11.5+ 1.4)%
- 80 from 0

e Color-suppressed tree (and EW penguins)
contribute!

- §(mK)QCPF = (2.1728)% [Bell, Beneke, Huber, L] K
- or via SU(3) [Fieischer, Jaarsma, Malami, KKV [2018]]
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The B — K& Puzzle

e.g. Buras, Fleischer, Recksiegel, Schwab [2004, 2007];Fleischer, Jaeger, Pirjol, Zupan [2008]
Neubert, Rosner [1998]; Beaudry, Datta, London, Rashed, Roux [2018]; Fleischer, Jaarsma, KKV [2018]

(Longstanding) Puzzling patterns in B — 7K data

§(nK) = Acp(7°K™) — Acp(rK™)

- O(mK)*P = (11.5+ 1.4)%
- 80 from 0

e Color-suppressed tree (and EW penguins)
contribute!

- §(mK)QCPF = (2.1728)% [Bell, Beneke, Huber, L]
- or via SU(3) [Fieischer, Jaarsma, Malami, KKV [2018]]

e Hint for NP in the EWP sector?
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The B — K& Puzzle

e.g. Buras, Fleischer, Recksiegel, Schwab [2004, 2007];Fleischer, Jaeger, Pirjol, Zupan [2008]
Neubert, Rosner [1998]; Beaudry, Datta, London, Rashed, Roux [2018]; Fleischer, Jaarsma, KKV [2018]

(Longstanding) Puzzling patterns in B — 7K data

§(nK) = Acp(7°K™) — Acp(rK™)

- O(mK)*P = (11.5+ 1.4)%
- 80 from 0

e Color-suppressed tree (and EW penguins)
contribute!

- §(mK)QCPF = (2.1728)% [Bell, Beneke, Huber, L]
- or via SU( ) [Fleischer, Jaarsma, Malami, KKV [2018]]

4EW

e Our fit:

’ ~ 1 — large EW effects!
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Isospin sumrule

2B(B* = 7°K™") 70
B(BS — 7= K*) 15+
B(BT — 7TK?) Tgo

B(Bg d 7I'_K+) TB+ ’

2B(B§ — 7°K?)

_ _ pdir + 04+
Asr = ACP(B -1 K ) —B(Bg%ﬂ'_K"')

— AZL(BY = 7°K)
dir 0 — ot dir + +,.0
+Acp(Bd*)7l' K )+ACP(B — 71 K )

e Sensitive to new physics effects: ASQISDF ~ 1% [Bell, Beneke, Huber, Li]

o AZP=0.12+0.08
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Isospin sumrule

2B(B* = 7°K™") 70
B(BS — 7= K*) 15+

B(BT — 7TK?) Tgo

B(Bg d 7I'_K+) TB+ ’

2B(B§ — 7°K?)

_pdir + 0+
Asp = —Acp(B™ = m K7) B(B — - K*)

A%llr)(Bd OKO)
Adll‘ (Bg o K+) + Adcllr)(B+ N 7T+K0)
e Sensitive to new physics effects: ASQP?DF ~ 1% [Bell, Beneke, Huber, Li]

AZP =012+ 0.08

Fact.SU(3)p

Our analysis: Agy = 0.097 +0.050

Sizable uncertainty, but in agreement with theoretical expectations
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Comparing with QCDF J
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Comparison with QCDF

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

e Several redefinitions required

e Only sensitive to combinations of parameters

— @1+ 64 = 0.584 +£0.24
— 3a§ gw + &5 = —(0.102+0.001) + (0.044 £ 0.002) i,

Cc ~ Cc

[0 ¢ [0

4 EW Q 3,EW _ _
=~ | 2~ | e 10741077,
(671 Qy (%)

e Challenging to compare due to mixture with end-point divergent terms
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Comparison with QCDF

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

e Several redefinitions required

e Only sensitive to combinations of parameters

0.2
B Fact.-SUE)F
01 B(B* — n7t)
0.0 X Best fit point
H  QCDF
—0.1
&
¥ —0.2
< -0.3
g
=
—0.4
—0.5
—0.6
-0.7
0.4 0.6 0.8 1.0 1.2 1.4

Re (5[1 + 5[2)
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Conclusion

e With Factorizable SU(3)r breaking we get a perfect description of the data
20-30% SU(3)F breaking sufficient!

e Challenging to compare to QCDF as only combinations are constrained

— ldentify several modes where new data would help

e In progress:

— Include B — VP modes
— Linear SU(3)r-breaking analysis in B — PP
— Detailed comparison with QCDF
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What about Charm? J
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Testing linear SU(3)r breaking

Bolognani, Nierste, Schacht, KKV [2410.08138]
See: Gronau [1995]; Mueller, Nierste, Schacht [1503.06759]

HSU(B)Ffbreak = (mS - md)§5

e Feynman rule is denoted by a cross on the s-quark line

Allows to write the SU(3)g-breaking decomposition of the eight D — Pn/

- Completely decouple from 1 and P modes*

After redefinition: 17 parameters

e Include constraint on SU(3)f breaking through:

Asu(3)—1im (D—Pn’)

- Q.0 0 0

() T (b) 7 ) 15k @) 75)

7,1

‘ Asy(3)—break(D—=Pn") ‘ R
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Testing linear SU(3)r breaking

Bolognani, Nierste, Schacht, KKV [2410.08138]

OtO 0:1 ofz 0t3 0t4 0?5 0t6 0:7

e Nominal fit € = 30% gives slight 2.50 tension with data
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Testing linear SU(3)r breaking

Bolognani, Nierste, Schacht, KKV [2410.08138]

le-3 1e-3
175 95
150 9.0
=125 =
$ oo
°Q 1.00 J 80
= Q
0.75 =
2 . . X 7s
050 T
7.0
0.25
6.5
0.6 0.8 1.0 12 14 0.80 0.85 0.90 0.95 1L.00 1.05
B(D° - nn') le-3 B(D® - Ksn') le-2

e Improved measurements of D — 701’ and D® — nn’ can further test SU(3)F in charm
o Comparison with study of all D — PP decays in progress
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Conclusion

e Entering an era in B decays where we can test SU(3)r

Further tests of SU(3))r in charm of interest

e Could help to improve QCD-based description of the data

e In progress:

— Include B — VP modes

— Linear SU(3)e-breaking analysis in B — PP
— Detailed comparison with QCDF

— Updated analysis of D — PP
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Backup-Slides
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Topologies non-leptonic B decays

Tree topologies

K+

QCD penguin (P)

N

Colour-suppressed (c)!

e Many decay topologies
\Elec;‘_rfweak (EW) penguins o Different CKM dependencies
’ e Different dominant contributions

e Some more challenging to compute
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Parametrizations

e In QCDF a(M;M,) depend on final states (tiny effect)

e One-to-one correspondence with amplitudes

B, B, B,

_ q ~ _ q ~ _ q ~Uu

T_AMleal’ C_AMleaz’ TP—AM1M2a47
By It By ~ By ~u

A= By, b, E = By, b, Tea = By, bi,

N
o if Ay, is universal

_ pAp2 pB—M; 2
Avm, = Mz Fo (M, ) fuy s
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Factorizable SU(3)r breaking

M. Burgos Marcos, M. Reboud, KKV [2504.05209]

Bt = ntad ] BY o w0
- JE— — B o KR
[
Jr p— HE” BY = mtn-
BY o 700 i BY = 7020
—_— S

BY o K*K~ [ S B KK
- — 20
BY - KOK® == B - KOKO
BY o K-t et BY o K-t
B — K70 ——o B! = K"
B o K o B = K+
B > Ko7t s} B = Ko+
B K- »g: B Kt
BY = K70 o) B - K70
[ N

B! = wta ———o BY o atn

0
—
BY s 2070 et B an0
BY o KK~ [R B KK~
BY - KOR® e BY - KYKY
06 08 10 12 11 10

normalized Bes,
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M. Burgos Marcos, M. Reboud, KKV [2504.05209]

M4 Measurement  ti SU@B)p bl Fact-SU(3)F

0 _
B - ntr & ﬁBexp(B? o KYKC) )_._‘}—"—1
0 _, o0 (&5 Ja Bexp(BY = K+m~) ——
B — 7' gl
v
- -
B - K*K~ [E—— fs Bep(BY = K~7t) —e—i
FaBop(BY = K+7-) [e——
i | —
B = K'K° T
—
fs Besp(BY = 7t77) e
. I ;
BY - Kgn® —o—| JaBugy(BY = K¥7) A —"
v
0 Cond 'y -
B = K —— BB — K+ [
R ) BB = K+7) | | + f
v
B = a0t o Bug(BY > w7°) ey
Buw(BY = K¥77) ——
BY — KK~ k
_ —
N —_— Be(B* — K+K?) P S—
BY — KOKO » Buxp(BT > Kor7). —_—
-1.0 —05 00 05 10 08 09 10 11 12 13 14
At normalized ratios
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~ 3 .
a1 = a1+ 5044,EW7
P 3 ..
p1=p51+ 554,EW’

. 1
e B (O‘Z,EW + 5§,Ew> ;

. 3
Qap = ap + E‘%,EW?
. 3,
B2 =B+ 553,EW’

» 1
Pa = Bi = SPimw
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Comment on n modes

Bolognani, Nierste, Schacht, KKV [2410.08138]
_ |ud)+|dd) —2|s5) Ino) = |ud)+|dd)+|ss5)
V6 s 1Mo V3 s

Ing)
e Within SU(3)f a single, universal mixing angle between 1 and 7’ states cannot be used!
e 1’ decouples completely from 1 modes
(Pn|H|D) = cos 6(Png|H|D) — sin 6(Pno|H|D)
(Pn'|H|D) = sin0(Png|H|D)" 4 cos 0(Pno|H|D)",
and most importantly
(Png|H|D)" # (Png|H|D)

(Pro|H|D)" # (Pmo|H|D) .

e Linear SU(3)f breaking can be included using the powercounting: 8 = O(¢)
e Allows to relate (Png|H|D) and (PP’|H|D)
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Testing linear SU(

breaking

Bolognani, Nierste, Schacht, KKV [2410.08138]

4 measurement ¥ 50% SU(3) break
®  30% SU(3) break

BD°-nn)

B(D°~nn') 4

BD* >t

B(D;F »K*n')

B(D® - Ksn') 4

B(D°-K;n') q

B(DS »m*n) A

B(D* ->K*n')Aq

s

0.8 0.9 1.0 11
B/Bmeasured
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