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 Motivations: why study three-body
i hadronic B and D decays?

Three-body hadronic B and D decays rich field : Standard Model, CP violation, QCD,
Hadron Physics ....

Hadron Physics component : 2-body resonances + interferences < weak observables.

Final state meson-meson interactions: constrained by unitarity, analyticity, chiral
symmetry + data other than B and D decays.

Basic Dalitz-plot analyzes: isobar model or sum of relativistic Breit-Wigner terms
representing the different possible implied resonances + non resonant background.
S-wave resonance contributions difficult to fit — beyond isobar?

Proposal: replace by parametrizations of amplitudes in terms of unitary two-meson
form factors including the weak-interaction dynamics of flavor-changing diagrams.

Parametrizations based on published results and motivated by analyzes of high-
statistics present and forthcoming data: BES III, LHCbD, Belle II ...

No three-body decays factorization theorem but major contributions from
intermediate resonances po(770), K*(892), $(1020) = quasi-two-body decays.



QCD factorization (two body)

Beneke, Buchalla, Neubert, Sachrajda, Phys. Rev. Lett. 83, 1914 (1999); Beneke & Neubert, Nucl. Phys. B 675, 333 (2003).

(M M| Qi ()| B) ~ (Ma11[0) ® (Mi|Ja|B) x |1+ rnall + O(Aqen/ms)]

Decay constant Radiative vertex corrections
(mostly known experimentally) and hard gluon exchange
with spectator quark

Hadronic transition form factor;
estimated with QCD sum rules,
lattice QCD, quark models ...
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(My M| Qi ()| B) ~ (Ma|11]0) @ (Mi| Jo| B) x |1+ Y rual + O(Aqen/ms))

Decay constant Radiative vertex corrections
(mostly known experimentally) and hard gluon exchange
with spectator quark

Hadronic transition form factor;
estimated with QCD sum rules,
lattice QCD, quark models ...




QCD factorization (quasi-two body)

B. E., A. Furman, R. Kaminski, L. Lesniak, B. Loiseau and B. Moussallam, Phys. Rev. D79, 094005 (2009)

(M1 Mz)s pM3|Qr(1)|B) ~ (M1 Mz)s,p|J1|0) ® (M3|J2|B)
X [1 —+ Z Tn()é? —+ O(AQCD/mb)}

Radiative vertex corrections and hard gluon
exchange with spectator quark

pion-pion and kaon-pion form
factors and the calculation of a
“resonance decay constant”

Scalar or vector form factor; their
definition allows for inclusion of

~ A
TN




Meson-Meson Form Factors

(M* ]JZL 0) oc (M- Mg\J/ﬁ\()} . form factor, creation from a gq pair.

Usage of dispersion relations and field theory = form factors known if

MiM> interactions known at all energies [G. Barton, Introduction to
dispersion techniques in field theory, W. A. Benjamin, INC, New York

(1965)].

Method: Two-body data + unitarity + asymptotic QCD + chiral symmetry at
low energies.



Example: scalar and vector 7K form factors

The hadronic matrix element that describes the creation of a kaon-pion pair can be written in
terms of the usual Lorentz invariants:

(K~ (0x-)m (02 )57 (1 — 15)dI0) = FE ™ (¢%) 0k- + Pt ) + FET™ (6) (DR — Dot )

with t = (pr — pw)Q and which can be re-expressed in terms of a scalar F) (¢ = ¢?) and a vector
G, (t = ¢?) form factor, such as:

P

(K™ (pr-)m " (prt ) |57 (1 — 75)d|0) =

_ in S- and P-wave

My — My T My — My T
= [(pK— — Pt ) — qu qu] 6 e qu au B ()
~ + s L
Two sets of form factors are related by:  F1(f) = V2 [ f T(t) + e T
K s

Gi(t) = V215 ()

These form factors also appear in semileptonic decays 7 — K7v, and K — mlyy
B. Moussallam, Eur.Phys.J.C53:401-412 (2008); M. Jamin, J. Oller & A. Pich, Nucl.Phys.B622:279-308 (2002).



Mushkelishvili-Omnés Equations

Analyticity and asymptotic conditions: dispersion relation

e Im Fi(t

Re Fi(t) = — / , 17 dt’  (scalar form factor)
740 (mﬁ—i—mK)2 i
i 25 Im Gl (t,)

Re G1(t) = — / i dt’ (vector form factor)
iR (mﬁ—i—mK)Q

Unitarity equations and 7-invariance:

I Fr(t) = 5 Y. Tin(OFu(t) Tm Gon(t) = % S o

with the approximation of the truncation |n) = |Kw),|Kn") for the
scalar Fi(t) and |n) = |Km),|K*7), |Kp) for the vector G1(t).

Combining the dispersion relations with the unitarity equations yields a set of integral
equations (Mushkelishvili-Omnes) which can be solved numerically with initial conditions.

=+ Find an effective parametrization of 7wmn (t) constrained by theory (chiral symmetry)
at low energies and experimental data on phase shifts and inelasticities at higher energies.



~ An (incomplete) collection of meson-meson form factors

e

© Scalar 7z form factor:
J. T. Daub, C. Hanhart, B. Kubis, 4 model-independent analysis of final-state
interactions in BY /s = J/¢mm, JHEP 1602, 009 (2016).

© Vector zzr form factor:
C. Hanhart, A new parametrization for the vector pion form factor, Phys. Lett.
B715, 170 (2012).
D. Gomez Dumm and P. Roig, Dispersive representation of the pion vector
form factor in t — wrmv: decays, Eur. Phys. J. C 73, 2528 (2013).
A. Celis, V. Ciriglhiano, E. Passemar, Lepton flavor violation in the Higgs sector and the role
of hadronic t-lepton decays, Phys. Rev. D 89, 013008 (2014).

O Scalar Kz form factors: M. Jamin, J. A. Oller and A. Pich, Scalar K= form factor
and light quark masses, Phys. Rev. D 74, 074009 (2006).

© Vector Kz form factor: D. R. Boito, R. Escribano and M. Jamin, Kr vector form
factor constrained by t — Knv; and K3 decays, JHEP 1009, 031 (2010).

O Scalar KK form factors: B. Moussallam, Nrdependence of the quark condensate
from a chiral sum rule, Eur. Phys. J. C 14, 111 (2000).



~ Alternatives to Isobar model

e

“Parametrizations of three-body hadronic B- and D-decay amplitudes
in terms of analytic and unitary meson-meson form factors”

D. Boito, J.-P. Dedonder, B. El-Bennich, R. Escribano, R. Kamiski,
L. Lesniak, B. Loiseau, Phys. Rev. D 96, 113003 (2017)

[sobar parametrizations do not respect unitarity and extraction of strong CP
phases should be taken with caution. S-wave resonance contribution hard to fit.

Our parametrizations, while not fully three-body unitary, are based on a sound
theoretical application of QCD factorization to a hadronic quasi-two-body
decay.

Assume final three-meson state preceded by intermediate resonant states,
justified by phenomenological and experimental evidence.

Analyticity, unitarity, chiral symmetry + correct asymptotic behavior of the
two-meson scattering amplitude in S and P waves implemented.



Parametrized amplitudes In terms of analytic
| and unitary meson-meson form factors

D. Boito, J.-P. Dedonder, B. El-Bennich, R. Escribano, R. Kaminski, L. LeSniak, B.
Loiseau, Phys. Rev. D 96, 113003 (2017), gives parametrizations, based on
guasi-two-body factorization, for the following three-body hadronic amplitudes.

B+ — ntx— 7T J.-P. Dedonder et al., Acta Phys. Pol. B 42, 2013 (2011).

B — Kn*7: A. Furman et al., Phys. Lett. B 622, 207 (2005); B. El-Bennich
et al., Phys. Rev. D 74, 114009 (2006); B. El-Bennich et al., Phys. Rev. D 79,
094005 (2009); Erratum-ibid, Phys. Rev. D 83, 039903 (2011).

B+ — KTK~K*: A. Furman et al., Phys. Lett. B 699, 102 (2011); L. Le$niak
and P. Zenczykowski, Phys. Lett. B 737, 201 (2014).

D+ — ntx—x+: D. Boito et al., Phys. Rev. D 79, 034020 (2009).
Dt — K~ =" «*: D. R. Boito and R. Escribano, Phys. Rev. D 80, 054007

(2009); D. R. Boito, R. Escribano and M. Jamin, Eur. Phys. J. C 59, 821 (2009).

D% — K2m* =~ : J.-P. Dedonder et al., Phys. Rev. D 89, 094018 (2014).

D% — KQK* K~ : J.-P. Dedonder et al., work in progress .
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-~ Invariant mzx mass disiributions

d*T'~ Mg w’lpw’l Ip';r“l |M—|2

dcos Odm g .+ 8(2m)3 M3

B~ 1 mK""R"pﬂ"I |p7r | —19 1 9 9 9

with the helicity angle related to 77, :

i — A4+ Bcosf + Ccos®6

Pt P —
dcos @ cos ) =

‘pw+ | ‘pﬂ'_ |

12



Pion-kaon invariant mass distributions

150 E K*(892) [ Bt— K&t

e &l K*(1430)
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Data: A. Garmash et al. (Belle), PRL 96, 251803 (2006)
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B — | KTt |s ™ amplitude (S wave)

e In terms of the two complex parameters ¢y, c5

?

) Fy’" (s12) Fy ™ (s12)

As(s12) = (17 [K~7F]g|Het| B™) = (¢f + 5 512 —

F™(s) [contains K (800) or x, K;(1430)], Fy™(s), Km, B scalar form
factors.

e Parametrization used with success by R. Aaij et al. [LHCb Collaboration],
Amplitude analysis of the decay B — K2nt7w~ and first observation of
the CP asymmetry in B — K*(892) 7", arXiv: 1712.09320 [hep-ex].

e From B~ — [K 7nT|sm~ [B. El-Bennich et al. Phys. Rev. D 79, 094005
(2009)]

(Mg —mz)(mk —my)

T

x [Xu(azuﬂ——a%gs)+wﬁ)—%Ac(@ﬂ53——a&gS)+wﬁ)],

=k 11 a;‘(c)(S), i = 4,10: leading order effective Wilson coefli-

CS)
clents + vertex 4 penguin corrections; CZ(C) free fitted parameters: non-
perturbative + higher order contributions to the penguin diagrams.
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B — |K7*|st* amplitude (S wave)

AS(Slz) = <7T— [K_7T+]S|Heff|B_> = (Cf -k Cgslz)

FP™(s12) Fg ™ (s12)

S12

15



Scalar Kn form factors FJ"(1/3): fx/fx =1.193 infitto B — [K7|r ;
fr/fr=1.175 infitto DY — Kgﬂm_

K,*(1430)
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‘FOKO”_ (m)| scalar K7 form factor Phase of FE'™ (m)

= Unitary scalar K 7t form factor: Muskhelishvili-Omnes 2 coupled-channel (K &, K 1) equations with

experimental Kit 7-matrix + chiral symmetry + asymptotic QCD constraints, variation with f /f; :

= See work by B. Moussallam in B. El-Bennich et al. Phys. Rev. D 79, 094005 (2009).
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B — [K7*|pt* amplitude (P wave)

e In terms of one complex parameters ci’

AP(812,823) = <7T_ [K_W+]p‘7'[eff‘B_>

2 2
My — My

P 2 2
— Cl (813 — Ligae (MB — mﬁ) B
12

= FE™(s) [contains K*(892), K*(1410)], F£™(s), Km, Br vector form fac-
tors.

e From B~ — [K 7n"]|gn~ [B. El-Bennich et al. Phys. Rev. D 79, 094005
(2009)]

= %{Au (a;f(P) get c}f) T (@(P) Gy B cg)

e fr(p) [)\u (a’g(P) Sneel cg) — <ag(P) .

my  fv 2 2

== ay(c)(S ), © = 4,6,10: leading order effective Wilson coefficients + vertex
e
6

higher order contributions to the penguin diagrams; fir(u)/fy related to
K*(892) decay constant.

+ penguin corrections; c, ) free fitted parameters: non-perturbative +

) FP™ (s12)B o)

)

L7



Unitary vector Krt form factor

@ Unitary model. P-wave coupled

20 - - - . channels K, K*m, Kp +
ﬁ 4= —-7010"3 — asymptotic QCD + chiral

a=—T7510"3 --ceenv. symmetry constraints + K=
15 - elastic data+ K*(1410)+

K*(1680) — form factor:
CH Muskhelishvili-Omnes equation
<210 | - (dispersion relation).

— B. Moussallam, Analyticity
constraints on the strangeness

5T 7 changing vector current and
applications to = - Kmv+ and
T — Knrv,, Eur. Phys. J. C 53,
O ]

401 (2008).
2.5

— Variation with the flavor symmetry
breaking parameter a.

K*(892) K*(1410)
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Conclusions

e Isobar parametrizations do not respect unitarity and extraction of strong

CP phases should be taken with caution. S-wave resonance contribution
hard to fit.

e Our parametrizations, not fully three-body unitary, are based on a sound
theoretical application of QCD factorization to a hadronic quasi-two-body
decay.

e Assume final three-meson state preceded by intermediate resonant states,
justified by phenomenological and experimental evidence.

= Analyticity, unitarity, chiral symmetry + correct asymptotic behavior of
the two-meson scattering amplitude in S and P waves implemented via
analytical and unitary S- and P-wave nm, 7K and KK form factors en-
tering in hadronic final states of our amplitude parametrizations.

e Parametrized amplitudes can be readily used adjusting parameters in a
least-square fit to the Dalitz plot — for a given decay channel — and
employing tabulated form factors as functions of momentum squared or
energy.

= Explicit amplitude expressions for: B¥ — 7t7~ 7+, B —- K ntn—, B* —
KKKk, D" Smwrnmr, B K none. D) SKin ¢ and
for D’ — K9 KK~ [study in progress].

e In progress: B* — KTK 7% [Belle, LHCb] and B° —» K2 KTK~-
[LHCb.






Scalar and vector resonances in the weak decays B — (K

S
B

8
3

N N
g S
g g
i s

m_ (GeVic?) m__ (GeV/c?)

Fig. 2 m distributions (a) in B~ — #Ta— K~ and (b) in BT — #ta— KT decays.
Data from Belle [1]. Solid lines: our model.




Example Parametrization :

B — K [t n*]g amplitude [S wave]

B(pg) — K(p1)mt(p2)m=(P3), S12 = (P1 + p2)?, S13 = (P1 + P3)?, So3 = (P2 + P3)?
Si2 + S13 + So3 = m%+mf{+2m2

@ Parametrized in terms of three complex parameters, bS I=1,2,3, for the
different charges B = B¥, K = K* and B = B%(B9), K — KO(KO) or K2,

As(S23) = (K [ 77 |s|Hett| B)
= by (Mé — 323) For (S23) + (béSFgK(st) + b35> Fos" (S23).

@ Non-strange scalar form factor FJ ™ (s): 1,(500), f,(980), f(1400).
Strange scalar form factor F’”(s) fo(980), fo(1400).

@ From B~ — K~ [r"n|s [A. Furman et al. Phys. Lett. B 622, 207 (2005)]

— GF B—(mm
b5 = ﬁ[XfKF s (m2) U — c]

C = frFr (ANPEMENPY), My = Vip Vi, M\t = Vip V%, Fr B form factor at

ts’
m2 = 0, PZM P, complex charming penguin parameters, U short-distance
contribution : CKM x effective Wilson coefficients. x fitted free parameter.

o




Comparison of unitary non-strange scalar form factors FJ”

Jo(500) f,(980) f,(1400) £,(500) £,(980) f£,(1400)

I

e - —

300 [

250 |

200 [

150 [

phase of Fy "(m,) (degrees)

. 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
m  (GeV) m, (GeV)

Dark band: D — K¢nT 7~ variation with error parameters [J.-P. Dedonder et
al., Phys. Rev. D 89, 094018 (2014)]. Dashed line: B — 37 [J.-P. Dedonder et
al. Acta Phys. Pol. B 42, 2013 (2011)]. Dotted-dashed line: B. Moussallam
|[Eur. Phys. J. C. 14, 111 (2000)] using Muskhelishvili-Omnes equations.
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