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Belle was a detector at the KEKB asymmetric ete™ collider in Tsukuba, Japan.
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Over a decade of operation, Belle collected approx. 1 ab™! of integrated luminonsity.
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I will focus on techniques used rather than specific results:

o “Classic” Dalitz-plot analysis of B/D decays to spinless final-state particles
D° - KirTn™, B - KinTn™, D77 BT —» K'rTn™, KTKTK™
@ Variable-initial-mass Dalitz analysis:
BT — (co)+K'nfn™
@ Dalitz plot analysis of B decays to spinfull final-state particles
B = JWK 7, 'K xT, xoK nt, D*Twr”
o Amplitude analysis of
ete™ = TMS)r ™, TS)x’x°, Jwrtr™
o 7 decay

- -0
T = UTTw
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arXiv:1804.06152 / 1804.06152 (924 fb™" on and off resonance)

For study of cos 28 in B® — D(*)ho, amplitude analysis of

D° —>Ks7r7r
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arXiv:1804.06152 / 1804.06152 (924 fb™" on and off resonance)

For study of cos 28 in B® — D(*)ho, amplitude analysis of
D — Ks7r T

Events reconstructed by detection of “good” Kg and pions consistent with D°

and D° and 7 consistent with being from Dt — tags Do/ D°
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arXiv:1804.06152 / 1804.06152 (924 fb™" on and off resonance)

For study of cos 28 in B® — D<*)h0, amplitude analysis of

D° —>Ks7r7r

1.3 x 10° events in signal region (black box)
; with 94 % purity
: . 0
3 background includes wrongly tagged D
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arXiv:1804.06152 / 1804.06152 (924 fb™" on and off resonance)

For study of cos 28 in B® — D(*)ho, amplitude analysis of

D° — Kintr~

|
680

K3(1430
K™ (1410

K (1430

K (202

K (89




mm

Technische Universitat Miinchen

arXiv:1804.06152 / 1804.06152 (924 fb™" on and off resonance)

For study of cos 28 in B® — D(*)ho, amplitude analysis of
D° — Ks7r T

with decay model combining conventional isobar with K matrix and LASS for S waves
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arXiv:1804.06152 / 1804.06152 (924 fb™" on and off resonance)

For study of cos 28 in B® — D(*)ho, amplitude analysis of
D° — Ks7r T

with decay model combining conventional isobar with K matrix and LASS for S waves
Unbinnned maximum-likelihood fit to data of:

data|)\ Hf51g Slg (1 - fsig)fg*Pg* (7?) + (1 - fsig)(l - fg*)Pbg(?)

with f, and fD* fixed from fit to Mp—AM fit. (All P normalized.)
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arXiv:1804.06152 / 1804.06152 (924 fb™" on and off resonance)

For study of cos 28 in B® — D(*)ho, amplitude analysis of
D° — Ks7r T

with decay model combining conventional isobar with K matrix and LASS for S waves
Unbinnned maximum-likelihood fit to data of:

P(data|X) = H FaigPuig(F) + (1= fag) for Pye (F) + (1 = fuig) (1 = fiye) Pog(7)
with fig and [« fixed from fit to Mp—-AM fit. (All P normalized.)

Pg* - ( fwt) 51g( )+ fwAtPsig(’?l)

with fy¢. = (49.2 £7.5) % the wrong-tag fraction—fixed from fit to AM side band.

7 = CP conjugated 7 = M (Kr ") < M(K2x 7).
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Background is fixed from fit to Mp—AM sidebands:
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Background is fixed from fit to Mp—AM sidebands:

Pyg = Polg(7) + > a,|A

with A, Breit-Wigner line-shapes for K*(892), K*(1410), K*(1680), p(770).
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Pz (T) o acceptance(7T) x Z ar AR (F) + AST () + Ag"(i’) (normalized)
R
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Pz (T) o acceptance(7T) x Z ar AR (F) + AST () + Ag"(i’) (normalized)
R

acceptance is parameterized in {mi _, cos by}, with
™

cosby = —pp Pk in ng_ r.f.

from large MC sample
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@DO — K57r 7w . L##0 Isobar Signal Model m
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al

A = FP () - FP(7) - QP (7) - Tr(m3)
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AR = P (@) FP(R) - QY (F) - Tr(md)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.
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AR = P (@) FP(R) - QY (F) - Tr(md)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.

o) = spin amplitudes in Zemach formalism
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AR = P (@) FP(R) - QY (F) - Tr(md)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.

o) = spin amplitudes in Zemach formalism

T = relativistic Breit-Wigner lineshapes with mass-dependent widths
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@DO — K57r 7w . L##0 Isobar Signal Model m

AR = P (@) FP(R) - QY (F) - Tr(md)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.

o) = spin amplitudes in Zemach formalism
T = relativistic Breit-Wigner lineshapes with mass-dependent widths

Resonances:
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AR = V(@) () 9(7) - Tr(m3)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.
o) = spin amplitudes in Zemach formalism
T = relativistic Breit-Wigner lineshapes with mass-dependent widths
Resonances:

7Tn states:
p(770), w(782), f,(1270), p(1450)
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AR = P (@) FP(R) - QY (F) - Tr(md)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.

o) = spin amplitudes in Zemach formalism
T = relativistic Breit-Wigner lineshapes with mass-dependent widths

Resonances:
7Tn states:
p(770), w(782), f,(1270), p(1450)

Cabibbo-favored Kgﬂ_ states:
K*(892), K*(1410), K}(1430)", K*(1680)"
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AR = P (@) FP(R) - QY (F) - Tr(md)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.

o) = spin amplitudes in Zemach formalism
T = relativistic Breit-Wigner lineshapes with mass-dependent widths

Resonances:
7Tn states:
p(770), w(782), f,(1270), p(1450)

Cabibbo-favored Kgﬂ_ states:
K*(892), K*(1410), K}(1430)", K*(1680)"
Cabibbo-suppressed K(S)7rJr states:
K*(892)", K*(1410)", K3(1430)"
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AR = P (@) FP(R) - QY (F) - Tr(md)
F = Blatt-Weisskopf factors with radial par. 5GeV " for D; 1.5GeV ™" for all R.

o) = spin amplitudes in Zemach formalism
T = relativistic Breit-Wigner lineshapes with mass-dependent widths

Resonances:
7Tn states:
p(770), w(782), f,(1270), p(1450)

Cabibbo-favored Kgﬂ_ states:
K*(892), K*(1410), K}(1430)", K*(1680)"
Cabibbo-suppressed K(S)7rJr states:
K*(892)", K*(1410)", K3(1430)"

All masses and widths fixed, except for K*(892)
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A K matrix is used for the 77w S wave:
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A K matrix is used for the 77w S wave:
—1

AT = [L K mE) plmi)] Pl

where X = 7, KRO, rrnw, 0, '
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@ D’ — KXrT7~: w7 S-wave Model L

Technische Universitat Miinchen

A K matrix is used for the 77w S wave:

—1

AT = [L K mE) plmi)] Pl

where X = 7, KRO, rrnw, 0, '

scat 1GeV — 55" 995
Kij(s) = | fi tﬁ Z Js fao(s)
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@ D’ — KXrT7~: w7 S-wave Model L
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A K matrix is used for the 77w S wave:

—1

AT = [L K mE) plmi)] Pl

where X = 7, KRO, TATT, N1, 7777/
scat 1GeV — g7 9 g5
Kl](s) = ( ij ' scat +Z : (S)

first term describes slowly varying smooth part of amplitude.
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A K matrix is used for the 77w S wave:

—1

AT (F) = [L = iK (m22) pm%a)]  Px(miy)

(mm), X

where X = 7, KRO, TATT, N1, 7777/
scat 1GeV — g7 9 g5
Kl](s) = ( ij ' scat +Z : (S)

first term describes slowly varying smooth part of amplitude.
second term describes physical poles at m,, with couplings to the channels, g;*
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A K matrix is used for the 77w S wave:

—1

AST(7) = [1 = iR (min) p(mi )] Pl

where X = 7w, KK®, mrn, nm, nn
scat 1 GeV _ Sf)cat g g
Kij(s) = <f” T Z o | faols)
first term describes slowly varying smooth part of amplitude.
second term describes physical poles at m,, with couplings to the channels, g;"

all multiplied by Adler zero factor

2
1GeV — s My
Fo(s) = ————=% <8 - 5A>

S — Sap 2

to suppress kinematic singularity at w7 threshold.
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A K matrix is used for the 77w S wave:

—1

AT = [L K mE) plmi)] Pl

where X =, KK, mrmm, nn, ny'
1GeV — s 9i 9
Kl] (S) = fjcatﬁ Z / s fAO(S)

and P vector mimicks K-matrix structure

oq 1 GeV — sbrd Bag;
( ) fP d 0 § : . J
Mg — S

rod
— Sg
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A K matrix is used for the 77w S wave:

—1

AT = [L K mE) plmi)] Pl

where X = 7, KRO, rrnw, 0, '

scat 1GeV — s37* 995
Kij<s>—<”t8 Z I ) fao(s)

and P vector mimicks K-matrix structure

oq 1 GeV — sbrd Bag;
( ) fP d 0 § : . J
Mg — S

rod
— Sg

first term describes slowly varying production
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@ D’ — KXrT7~: w7 S-wave Model L
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A K matrix is used for the 77w S wave:

—1

AT = [L K mE) plmi)] Pl

where X = 7, KRO, rrnw, 0, '

scat 1GeV — s37* 995
Kij<s>—<”t8 Z I ) fao(s)

and P vector mimicks K-matrix structure

roa 1GeV — sProd Bad;
( )= fP d 0 Z . J
my — S

rod
— Sg

first term describes slowly varying production
second term describes production of channels via complex couplings, (3,
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A K matrix is used for the 77w S wave:

ATT(F) = [1 K mi ) pmi)]  P(mi)

where X = 7, KRO, rrmw, 0,

scar 1 GeV — 55" 995
Kij (S) = (fl] ‘ _ scat + Z 5 (8)

and P vector mimicks K-matrix structure

rod fe
( ) fprod 1GeV — Sgd Z ,B;Qj
— s — Mg — S

All K-matrix parameters are fixed to results of
Aubert (BaBar) PRD78, 034023 (2008) and Anisovich & Sarantsev EPJA16 229 (2003)

P-vector parameters ( fjmd, Ba) free in fit
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The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:
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@DO — KrTr ™ Kz S-wave Model L
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The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:

it describes rapid phase motion from the resonance K (1430)
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@DO — KrTr ™ Kz S-wave Model L
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The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:

it describes rapid phase motion from the resonance K (1430)
and slow phase motion of nonresonant component
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@DO — KrTr ™ Kz S-wave Model L
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The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:

it describes rapid phase motion from the resonance K (1430)
and slow phase motion of nonresonant component

2 . 2 . 2
Agﬂ( 7) = |og| sin 5R(mK )67‘6R(mK1r) 1200 (Micr) + |ty | S0 5nr(miﬂ) Onr (Mic)
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@DO — KrTr ™ Kz S-wave Model L

Technische Universitat Miinchen

The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:

it describes rapid phase motion from the resonance K (1430)
and slow phase motion of nonresonant component

2 . 2 . 2
16 r (Mix) 6125m(m+<7r) 10 (MK )

AST(7) = |ag| sin g (mix) e + |t | 51 6 (ME ) €

ap and «y,, are complex-valued amplitudes
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@DO — KrTr ™ Kz S-wave Model L
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The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:

it describes rapid phase motion from the resonance K (1430)
and slow phase motion of nonresonant component

2 . 2 . 2
16 r (Mix) 6125m(m+<7r) 10 (MK )

AST(7) = |ag| sin g (mix) e + |t | 51 6 (ME ) €

ap and «y,, are complex-valued amplitudes

MgpT g(mi,
6p = arg(ag) + tan ' w
Mg — mi,

_ 1 rq
Opr = 7 — =
ur = arg(;) + co (aq +5 )
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@DO — KrTr ™ Kz S-wave Model L

Technische Universitat Miinchen

The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:

it describes rapid phase motion from the resonance K (1430)
and slow phase motion of nonresonant component

2 . 2 . 2
16 r (Mix) 6125m(m+<7r) 10 (MK )

AST(7) = |ag| sin g (mix) e + |t | 51 6 (ME ) €

ap and «y,, are complex-valued amplitudes

MgpT g(mi,
6p = arg(ag) + tan ' w
Mg — mi,

_ 1 rq
Opr = 7 — =
ur = arg(;) + co (aq +5 )

My, and T'r(mi,) describe the K7 (1430) resonance
(g is momentum of spectator pion in the K r.f.)
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The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:
it describes rapid phase motion from the resonance K (1430)
and slow phase motion of nonresonant component

2 . 2 . 2
16 r (Mix) 6125m(m+<7r) 10 (MK )

AST(7) = |ag| sin g (mix) e + |t | 51 6 (ME ) €

ap and «y,, are complex-valued amplitudes

1 [ MrTr(mix)
6R = arg(ocR) + tan 1 (]\422

R — MKx

_ 1 rq
Opr = 7 — =
ur = arg(;) + co (aq +5 )

My, and T'r(mi,) describe the K7 (1430) resonance
(g is momentum of spectator pion in the K r.f.)

All parameters are free in fit;
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The LASS parameterization (NuclPhys B296 394, 1988) is used for the Kir S wave:

it describes rapid phase motion from the resonance K (1430)
and slow phase motion of nonresonant component

2 . 2 . 2
16 r (Mix) 6125m(m+<7r) 10 (MK )

AST(7) = |ag| sin g (mix) e + |t | 51 6 (ME ) €

ap and «y,, are complex-valued amplitudes

MgpT g(mi,
6p = arg(ag) + tan ' w
Mg — mi,

_ 1 rq
Opr = 7 — =
ur = arg(;) + co (aq +5 )

My, and T'r(mi,) describe the K7 (1430) resonance
(g is momentum of spectator pion in the K r.f.)

All parameters are free in fit; But only one set of parameters is used for both
Cabibbo-favored K (1430)~ and Cabibbo-suppressed K (1430)"
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@DO — K57r 7 : Results m
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An unbinned maximum-likelihood fit is performed,
but the goodness of fit is calculated by binning the data:

x°/ndf = 1.05
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@DO — K57r 7 : Results m
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An unbinned maximum-likelihood fit is performed,
but the goodness of fit is calculated by binning the data:

x°/ndf = 1.05

result is worsened by

@ adding more resonances
o replacing K-matrix or LASS by isobars
o freeing massses and widths

@ using more complicated line shapes (e.g. Gounaris-Sakurai)

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle 11/31



@DO — K57r 7 : Results m
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An unbinned maximum-likelihood fit is performed,
but the goodness of fit is calculated by binning the data:

x°/ndf = 1.05
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@DO — Kg7r+7r_: Results

An unbinned maximum-likelihood fit is performed,
but the goodness of fit is calculated by binning the data:

mm

Technische Universitat Miinchen

x°/ndf = 1.05
Resonance Amplitude Phase (deg) Fit Fraction (%)
KSp(770)° 1 (fixed) 0 (fixed) 20.4
K%w(782) 0.0388 = 0.0005 120.7 4+ 0.7 0.5
K3 f2(1270) 1.43+£0.03 —36.3+1.1 0.8
KSp(1450)° 2.85+0.10 102.1+£1.9 0.6
K*(892) 7™ 1.720 + 0.006 136.8 + 0.2 59.9
K3(1430) "7t 1.27 £ 0.02 —44.140.8 1.3
K*(1680) 7" 3.3140.20 —118.2+3.1 0.5
K*(1410)~ 7t 0.29 +0.03 99.4+5.5 0.1
K*(892)Tm~ 0.164 + 0.003 —42.2+0.9 0.6
K3(1430) 7~ 0.10 +0.01 —89.6£7.6 <0.1
K*(1410) T 7~ 0.21 +0.02 150.245.3 <0.1
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Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in

BT — JyK'zTn~ (and BT — ¢'KTz'zn7)
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Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in

BT — JyK'zTn~ (and BT — ¢'KTz'zn7)
Events reconstructed by detection of “good” charmonium and hadrons with

< 0.2 Gev

2
<Zﬁi> >527GeV and |AE|=

VoS,

2
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Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in

BY — JyK'zTn~ (and BT — ¢'K'z'zn7)

1200
1000
800

600

Entries / 2.0 MeV

400

200

T
0.1 0.15
AE (GeV)

-0.15 -0.1 -0.

10594 signal-region events, 12913 side-band events

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle 1




@ BY —» Jw+Kntr™ L

Technische Universitat Miinchen

Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in

BT — JyK'zTn~ (and BT — ¢'KTn'zn7)

with an isobar model for three-body resonances R3 and two-body resonances R,:

Rs — aRy, and Ry — bc with a,b,c=FSP’s
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Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in

BT — JyK'zTn~ (and BT — ¢'KTn'zn7)

with an isobar model for three-body resonances R3 and two-body resonances R,:

Rs — aRy, and Ry — bc with a,b,c=FSP’s

Unbinned maximum-likelihood fit to data of:

data|/\ Hfbgpbg ( fbg) mg( zlx)

with fi,, fixed from fit to AE distribution. (All P normalized.)
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Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in

BT — JyK'zTn~ (and BT — ¢'K'z'zn7)

with an isobar model for three-body resonances R3 and two-body resonances Rs:

Rs — aRy, and Ry — bc with a,b,c=FSP’s

Unbinned maximum-likelihood fit to data of:

P(data|X) = [ ] foePos(7) + (1 = fog) Peig(F:|)

with f,, fixed from fit to AE distribution. (All P normalized.)

2 2 2
7= {mKﬂ'ﬂ' ) mKﬂ'7m7TTF}
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Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in
BT — JyK'zTn~ (and BT — ¢'KTz'zn7)

with an isobar model for three-body resonances R3 and two-body resonances Rs:

R; — aRy and R, — bc with a,b,c =FSP’'s

Unbinned maximum-likelihood fit to data of:
P(data|X) = H JogPog (i) + (1 = fbg)Psig(Filx)

with f,, fixed from fit to AE distribution. (All P normalized.)
7_—' - {mﬁﬂ'ﬂ' ) m?(ﬁamfrfr}

2
ms3
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Phys. Rev. D 83, 032005 (2011) (492fb™" on-resonance)

Amplitude analysis of Ktatr™ produced in
BT — JyK'zTn~ (and BT — ¢'KTz'zn7)

with an isobar model for three-body resonances R3 and two-body resonances Rs:

R; — aRy and R, — bc with a,b,c =FSP’'s

Unbinned maximum-likelihood fit to data of:
P(data|X) = H JogPog (i) + (1 = fbg)Psig(Filx)

with f,, fixed from fit to AE distribution. (All P normalized.)
7_—' - {mﬁﬂ'ﬂ' ) m?(ﬁamfrfr}

2 2
msz mo
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Background is fixed from fit to AE sidebands:
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Background is fixed from fit to AE sidebands:

Pbg = 05(ml2(7r7r) X Cl(mf(fr) X OQ(mfr‘rr) + exp(mﬁww) ZQT

T

A,(m?)
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Technische Universitat Miinchen

Background is fixed from fit to AE sidebands:

Pbg = 05(ml2(7r7r) X Cl(mf(fr) X OQ(mfr‘rr) + exp(mﬁww) ZQT

T

A,(m?)

with .
C, (x) = n'th-order Chebyshev series = Z a;T;(x)

1=0

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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Background is fixed from fit to AE sidebands:

2
Pbg = 05(mP2(7r7r) X Cl(mf(fr) X OQ(mfr‘rr) + eXp(mﬁww) ZGT AT(mg)
with .
C, (x) = n'th-order Chebyshev series = Z a;T;(x)
i=0
and
r A,
2
K*(892) ’Breit—Wigner(miW)
2
p(770) ’Breit—Wigner(mfm)
D° Gaus(mi )
K Gaus(mfm)

all normalized to kinematically allowed phsp

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle 13/31




@ BT — Ji + K n"n : Background m

Technische Universitat Miinchen

Entries / 0.040 GeV?/c*

35 4 45
M (K) (GeV2/ct)

Entries / 0.040 GeV?/c*

35 4
MR(Kn) (GeV2/ct)

Entries / 0.040 GeV?/c*

“05 1 15 2 25
M2(nim) (GeV?/c?)

Amplitude analyses of mul
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acceptance & phase-space density taken from MC
acceptance in (0.15 GeV?)® bins
density in (0.02 GeV?)® bins

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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-

acceptance(7) x phsp-density(7) x s(7|A)

—

it
>\

Nt
Il

sFXN) =[5 +> 0] D ZOCR3—>R2 Qs gy (7) - Try (m3) - Tr, (m3)

J3 |R3 with J3 Ry

« are fitted amplitude variables

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle



@ BT — JW+K'nx™ : Signal m

Technische Universitat Miinchen

-

acceptance(7) x phsp-density(7) x s(7|A)

—

it
>\

Nt
Il

sFXN) =[5 +> 0] D ZOCR3—>R2 Qs gy (7) - Try (m3) - Tr, (m3)

J3 |R3 with J3 Ry

« are fitted amplitude variables

Q7,-4,(T) from Filippini, Fontana, Rotondi (PRD51, 2247 [1995])
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-

acceptance(7) x phsp-density(7) x s(7|A)

—

it
>\

Nt
Il

sFXN) =[5 +> 0] D ZOCR3—>R2 Qs gy (7) - Try (m3) - Tr, (m3)

J3 |R3 with J3 Ry

« are fitted amplitude variables

Q7,-4,(T) from Filippini, Fontana, Rotondi (PRD51, 2247 [1995])

T, (m3) = Constant-width Rel. Breit Wigner
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-

acceptance(7) x phsp-density(7) x s(7|A)

—
it
>\
Nt
Il

sFXN) =[5 +> 0] D ZOCR3—>R2 Qs gy (7) - Try (m3) - Tr, (m3)

J3 |R3 with J3 Ry

« are fitted amplitude variables

Q7,-4,(T) from Filippini, Fontana, Rotondi (PRD51, 2247 [1995])

Tr,(m 2) = Constant-width Rel. Breit Wigner
Tr,(m 3) = Mass-dep.-width Rel. Breit Wigner (radial par = 1.5 GeV ')
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(7|X) = acceptance(7) x phsp-density(7) x s(7|\)

S(F‘X) = |0¢gr|2 + Z Z ZOCR3—>R2 : QJ3—>J2(7_") T, (mi) 'TRQ(mg)
P

JE | Ry with JE B2
« are fitted amplitude variables
Q7,-4,(T) from Filippini, Fontana, Rotondi (PRD51, 2247 [1995])

T, (m3) = Constant-width Rel. Breit Wigner
Tg, (m3) = Mass-dep.-width Rel. Breit Wigner (radial par = 1.5GeV ')

Two-body resonances: p(770), w, f3(980), f,(1270), K*(892), K*(1430)
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(7|X) = acceptance(7) x phsp-density(7) x s(7|\)

S(F‘X) = |0¢gr|2 + Z Z ZOCR3—>R2 : QJ3—>J2(7_") T, (mi) 'TRQ(mg)
P

JE | Ry with JE B2

« are fitted amplitude variables

Q7,-4,(T) from Filippini, Fontana, Rotondi (PRD51, 2247 [1995])

T, (m3) = Constant-width Rel. Breit Wigner
Tg, (m3) = Mass-dep.-width Rel. Breit Wigner (radial par = 1.5GeV ')

Two-body resonances: p(770), w, f3(980), f,(1270), K*(892), K*(1430)

All with fixed masses and widths. (Varied within uncertainties for syst. unc.)
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Data features prominent K;(1270) peak—
start with basic model of K;(1270) — K"(892)7 and K;(1270) — Kp

then add channels successively until reasonably good fit achieved:

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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TABLE V. Fitted parameters of the signal function for B¥ — J/¢K" " 7, along with the corresponding decay fractions.

Ji Submode Modulus Phase (radians) Decay fraction
Nonresonant K+ 77" 7 1.0 (fixed) 0 (fixed) 0.152 +0.013 + 0.028
K,(1270) — K*(892)7 0.962 * 0.058 * 0.176 0 (fixed) 0.232 £ 0.017 = 0.058

1+ K,(1270) — Kp 1.813 = 0.090 + 0.243 —0.764 = 0.069 = 0.127 0.383 £ 0.016 = 0.036
K,(1270) = Ko 0.198 = 0.036 = 0.041 1.09 = 0.18 £ 0.18 0.0045 = 0.0017 = 0.0014
K,(1270) — K;5(1430)7 0.95 = 0.16 + 0.24 2.83+0.18 +0.18 0.0157 = 0.0052 * 0.0049
K,(1400) — K*(892)7 0.894 + 0.066 * 0.125 —2.300 * 0.044 = 0.078 0.223 + 0.026 * 0.036

1 K*(1410) — K*(892)7 0.516 = 0.090 * 0.103 0 (fixed) 0.047 £ 0.016 * 0.015
K3(1430) — K*(892)7 0.663 + 0.051 * 0.085 0 (fixed) 0.088 = 0.011 * 0.011
K3(1430) — Kp 0.371 (fixed) —1.12+0.22 £ 0.29 0.0233 (fixed)

2+ K3(1430) = Ko 0.040 (fixed) 0.58 = 0.51 +0.27 0.00036 (fixed)
K3(1980) — K*(892)7 0.775 £ 0.054 £ 0.118 =159 £0.15+0.14 0.0739 = 0.0073 = 0.0095
K3(1980) — Kp 0.660 = 0.048 = 0.101 0.86 +0.22 = 0.21 0.0613 = 0.0058 = 0.0059
K(1600) — K*(892)7 0.131 £ 0.021 * 0.024 0 (fixed) 0.0187 = 0.0058 * 0.0050
K(1600) — Kp 0.193 £ 0.017 * 0.029 —0.27 £0.27 = 0.18 0.0424 + 0.0062 * 0.0110

9 K>(1770) — K*(892)7 0.122 * 0.021 * 0.026 222 +0.49 +0.37 0.0164 = 0.0055 * 0.0061

K,(1770) — K3(1430)7
K,(1770) — K f,(1270)
K(1770) — K £,(980)

0.286 = 0.043 = 0.044
0.444 = 0.069 * 0.077
0.113 £ 0.029 * 0.024

1.78 = 0.39 = 0.24
2.30*0.37 =0.32
1.83 £ 0.45 £ 0.53

0.0100 = 0.0028 = 0.0020
0.0124 = 0.0033 = 0.0022
0.0034 = 0.0017 = 0.0011

All masses and widths fixed. Unbinned fit; binned g.o.f. check: X2/ndf: 1.26

2nd fit with freed mass and width for K;(1270):
MK1(1270) = (12481 +3.3+ 14) MeV and FK1(1270) = (1195 +52+ 67) MeV

Amplitude analyses of multibody hadronic decays at Belle
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QL) 400 E| QO
2 E| & 1000
3505
3 23 >
G 300 G 800
o E 3
g %03 S e00
S 200 S
% 1503 E 400
S 100 =
1< 3 c 200
w50 [in}
0* 1 s as 3 35 4 a4 0 3 35 4
' ’ We(Kn) (GeVPict) ’ ’ ’ MP(Kx) (GeV2/c*)
— Overall PDF K(1600) - K (892) 1
— Background K(1600) - K p o 1000
Nonresonant (1680) SK (892) E 800
—— K((1270) > K (892) & '(1680) —Kp g 600;
K(1270) - Kp K (1680) > K ® S 1
. <, 400
— K1270) 5 Ko Ky(1770) = K (892) 8
—— K{1270) - K (1430) 1 K,(1770) 5 K (1430)n 2 200
— K{1400) - K (892) K,(1770) = K f,(1270) o = ; = T o
——— K{(1410) > K (892) & K,(1770) - K {,(980) ’ ’ M(ni) (GeV2/c?)
——— K,(1430) - K (892) © K,(1980) — K (892)
—— Ky(1430) > Kp —— Ky(1980) > K p

L Ky(1430) 5 Ko
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"'o 400 — Overall PDF ——— K(1600) - K (892) ©
~ = —— Background ——— K(1600) - K p
N> 350 — Nonresonant K:(1SSO) S K(@892)n
o) . + K,(1270) > K (892) K (1680) > Kp
0] 300 - K{(1270) > Kp K(1680) > Ko
. — K{1270) > Ko K,(1770) - K (892)
o ] K,(1270)  K,(1430) K,(1770) - K;(1430)
<t 250 = — K{{1400) > K (892) K,(1770) - K f,(1270)
O_ . K(1410) > K(@92)r  —— K(1770) > K 1,(980)
o 200 - J K,(1430) - K (892) © K;(1980) - K (892) ¢
= ] + + K(1430) > K p  K,(1980) > Kp
»n 1 50 { + + K,(1430) - K o
Q 100 7 F + T it
faut -
c 3 [ P + t +
1] 50 + o
. +
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Phys. Rev. D 90, 112009 (2014) (711fb™" on resonance)

Amplitude analysis of
B® - JK "

for Z. spectroscopy.
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Phys. Rev. D 90, 112009 (2014) (711fb™" on resonance)

Amplitude analysis of
B® - JK "

for Z. spectroscopy.
Again, events reconstructed by detection of “good” J/i) and hadrons with

My, within 7 MeV of B

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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Phys. Rev. D 90, 112009 (2014) (711fb™" on resonance)

Amplitude analysis of
B® - JK "
for Z_ spectroscopy.

> 2000
‘2_ 1800
P 1600
§ 1400
1 1200
1000
800
600
400
200

R e
T T T T T T T

Y wral [~ arrt
-0.1  -0.05 0 0.05 0.1
AE, GeV

31774 signal-region events, (94.4 + 0.6) % purity
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Phys. Rev. D 90, 112009 (2014) (711fb™" on resonance)

Amplitude analysis of
B® - JK "
for Z_ spectroscopy.

signal sideband
o f )
< 22r <
8 f &
—~ 20 -
g [ g
ES L
Z 3
s S

05 115 2 25 3 35 4 45
M3(K;n), GeV?/c*

M*(Kr), GeV?/c*
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Phys. Rev. D 90, 112009 (2014) (711fb™" on resonance)

Amplitude analysis of
B® - JK "

for Z_ spectroscopy.

with an isobar-model analysis & freed-isobar (model-independent) check
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Phys. Rev. D 90, 112009 (2014) (711fb™" on resonance)

Amplitude analysis of
B® - JK "

for Z_ spectroscopy.
with an isobar-model analysis & freed-isobar (model-independent) check

Unbinned maximum-likelihood fit to data of:

P(data) Hfbgpbg 7i) + (1 = fog) Paig(Ti)

with fi,, fixed from fit to AE distribution.
Both P(7) normalized by detector-simulated MC—accounting for acceptance.
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Phys. Rev. D 90, 112009 (2014) (711fb™" on resonance)

Amplitude analysis of
B® - JK "

for Z_ spectroscopy.
with an isobar-model analysis & freed-isobar (model-independent) check
Unbinned maximum-likelihood fit to data of:

P(data) Hfbgpbg 7i) + (1 = fog) Paig(Ti)

with fi,, fixed from fit to AE distribution.
Both P(7) normalized by detector-simulated MC—accounting for acceptance.

= {miﬂ'7 m?/’l/)ﬂ' ) eJ/'LLH ¢}

0y = angle(D,+, Pkx) in J/b r.f. and ¢ = angle(,+ — , k) in B° rf.
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Background is fixed from fit to AE sidebands:

D. Greenwald Amplitude analyses of multibody hadronic decays at Belle
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Background is fixed from fit to AE sidebands:

2
Py = (B(mimmf/w) +3° ‘A,«(miﬁ) PolflT)(mf/W)) X Poly(cos ) Poly(¢)
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Background is fixed from fit to AE sidebands:

2
Py = (B(mimmf/w) +3° ‘A,«(miﬁ) PolflT)(mf/W)) X Poly(cos ) Poly(¢)

B(mimmfwﬂ) is a smooth function of the masses:

B = (e exp(—Bumt.) + asexp(—amdr)) x Poly(mte mn)

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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Background is fixed from fit to AE sidebands:

Pbg = <B(mi7r7m§/wﬂ') + Z ‘AT‘(miﬂ')

2
Pol” (mf/w)> X Poly(cosf,,) Poly(e)

B(mimmfwﬂ) is a smooth function of the masses:

B = (e exp(—Bumt.) + asexp(—amdr)) x Poly(mte mn)

and

r 4,7

2
K*(892) ‘Breit-Wigner(miﬁ)

K2 with 7 seen as K Gaus(mﬁﬂm(mfwﬁ))
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M3 (Kr) < 1.2 GeV¥/c* 1.2 GeV/c* < MA(Km) < 2.05 GeV/c*
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L L
- i (Lg) s \ B R
Pg(T) = Z ZZO&I; () Tr(m%) - Fy » FER) (77713) (%Z)

¢=-1,1| R A

« are fitted amplitude variables;
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P,

(Le) (Lp) [ 9B Lo fgp \ 'R ’
. (F) = E E E .T RSP RSER) (22 4R
slg(T) a)\ R( ) B R (mB) (mB)

¢=-1,1

a are fitted amplitude variables; F' are Blatt-Weisskopf barrier factors;
q are breakup momenta; L orbital angular momenta of decays
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L L
ZZ (Lg) qB B R
o ) Ta(min) Fo B FI(%LR) (ms ) (gzi )

a are fitted amplitude variables; F' are Blatt-Weisskopf barrier factors;
q are breakup momenta; L orbital angular momenta of decays

Psig( _‘) Z

¢=-1,1

spin amplitudes given in helicity formalism
_ . Vb N )
QL (7) = dox (6’&7/:& )) Sy (Oy) - e

for resonances in J/pm. d), (0870 — i, (6%

J/Wr) for resonances in K.
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(L) (L .\ q Lr|®
S5 of - 087 Tulm) - Iy Féff)(m—a) (m—)

a are fitted amplitude variables; F' are Blatt-Weisskopf barrier factors;
q are breakup momenta; L orbital angular momenta of decays

Psig( _‘) Z

¢=-1,1

spin amplitudes given in helicity formalism
_ . Vb N )
QL (7) = dox (6’&7/:& )) Sy (Oy) - e

for resonances in J/pm. d), (0870 — i, (6%

J/Wr) for resonances in K.

T are all relativistic Breit-Wigner lineshapes with mass-dependent widths.
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The model includes resonances in Kx
Kg(800), K"(892), K*(1410), Ky(1430), K3(1430),
K" (1680), K§(1780), Ko (1950), K5(1980), K} (2045)

all with fixed masses and widths.
Though K (800) mass and width are fixed to a fit without new Z_(4200)%.

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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The model includes resonances in Kx
Kg(800), K"(892), K*(1410), Ky(1430), K3(1430),
K" (1680), K§(1780), Ko (1950), K5(1980), K} (2045)

all with fixed masses and widths.
Though K (800) mass and width are fixed to a fit without new Z_(4200)%.

And resonances in J/m
Z.(4430)" and Z_(4200)"

The former seen by Belle in 1(2S)7 and confirmed by LHCb.
The latter a newly seen states!

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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The model includes resonances in Kx
Kg(800), K"(892), K*(1410), Ky(1430), K3(1430),
K" (1680), K§(1780), Ko (1950), K5(1980), K} (2045)

all with fixed masses and widths.
Though K (800) mass and width are fixed to a fit without new Z_(4200)%.

And resonances in J/m
Z.(4430)" and Z_(4200)"

The former seen by Belle in 1(2S)7 and confirmed by LHCb.
The latter a newly seen states!

For the Z_ states parity conservation applies:

z J; zZ
ay = =Pz (=)7% a_,

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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The model includes resonances in Kx
Kg(800), K"(892), K*(1410), Ky(1430), K3(1430),
K" (1680), K§(1780), Ko (1950), K5(1980), K} (2045)

all with fixed masses and widths.
Though K (800) mass and width are fixed to a fit without new Z_(4200)%.

And resonances in J/m
Z.(4430)" and Z_(4200)"

The former seen by Belle in 1(2S)7 and confirmed by LHCb.
The latter a newly seen states!

For the Z_ states parity conservation applies:

z J; zZ
ay = =Pz (=)7% a_,

The masses and widths are left free,
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The model includes resonances in Kx
Kg(800), K"(892), K*(1410), Ky(1430), K3(1430),
K" (1680), K§(1780), Ko (1950), K5(1980), K} (2045)

all with fixed masses and widths.
Though K (800) mass and width are fixed to a fit without new Z_(4200)%.

And resonances in J/m
Z.(4430)" and Z_(4200)"

The former seen by Belle in 1(2S)7 and confirmed by LHCb.
The latter a newly seen states!

For the Z_ states parity conservation applies:

z J; zZ
ay = =Pz (=)7% a_,

The masses and widths are left free,
but Gaussian priors are placed on those of the Z_(4430)" from previous measurement

M = 448573 MeV and T = 200732 MeV
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1.2 GeV¥c* < M3(Km) < 2.05 GeV?/c* 2.05 GeV?/c* < M*(Km) < 3.2 GeV?/c*
o E Yo [
< 180f < 120¢
& 160 S
5 | 3 100
& 140 g |
2 120~ o 80
) £ 2 L
& f & 60-
> L > r
i F w L

H 40~

H 20F

O™ 6 18 20 22 0™ 4 16 18 20 22
M2(Jhy,m), GeV¥c* M2(Jhy,r), GeV¥c*

with and without the Z_(4430)" (both without the Z_(4200)")

Seen with stat. significance of 5.1 o (4.0 o with syst.) — new decay channel
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@EO — JWK 7" Results

Several J” hypotheses were tried for the Z.(4200)"
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Jr 0~ 1~ 1+ 2- 2+
Mass, MeV/c? 4318 +48 4315 +40 4196391 4209 + 14 4203 +24
Width, MeV 720 £+ 254 220 + 80 370 £ 70 64+ 18 121 £ 53
Significance (Wilks) 3.90 230 8.20 3.9¢ 1.90
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@E — JApK 7T Results

1.2 GeVZ/c* < MA(Km) < 2.05 GeV?/c*

2.05 GeV¥/c* < MA(Kn) < 3.2 GeV/c*

mm
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M(Kr) > 3.2 GeV?/c*

8 20 22
MA(Jhy,m), GeV2/c*

122 14 16 1

Events / 0.254 GeV?/c"

)
=1

r» @ ® O
5 8 8 8
Events / 0.254 GeV?/c*

N
=1

12 14 16 18 20 22
M¥(Jy,r), GeV?/c*

decays at Belle

60,

12 14 16 18 20 22
M?(Jy.x), GeV/c*

with and without the J"=11 Z_(4200)" (both with the Z_(4430)™)




Events / 0.254 GeV?/c*
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M(Kr) > 3.2 GeV?/c*

12 14 16 18 20 22
M(Jhy,m), GeV2/c*

o m
s <

@
<

Events / 0.254 GeV?/c*

12 14 16 18 20 22
M¥(Jhyr), GeV?/c*

Events / 0.254 GeV?/c*

12 14 16 18 20 22
M(Jhym), GeV/c*

with and without the J"=1" Z_(4200)" (both with the Z_(4430)™)

1.2 GeV/c* < MX(Kim) < 2.05 GeV?/c*

2.05 GeV¥/c* < MA(Km) < 3.2 GeV?/c*

M*(Kr) > 3.2 GeVZ/c*

% 120F %
180f < < s0F
i 5 | s

160 & 100f * &
140F 3 3 4of
120»* H * S 8oF * s

3 pan e 1) P Feedp % %of
100 [ € 60F * 2

s "t 4of Sl

40 LT

20if A o

o b hd peii

27774 16 18 20 22 127714 776718 20 22 127714776 18 20 22
M2(Jhy,m), GeV/ct M(Jhy,m), GeV2/c?

K7 resonances, Z_(4200), Z.(4430)
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@EO — JWK 7" Model-Independent Fit m
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Full model altered:
Breit Wigner of Jh=1" Zc(4200)Jr — complex-valued step functions
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@EO — JWK 7" Model-Independent Fit m
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Full model altered:
Breit Wigner of Jh=1" Zc(4200)Jr — complex-valued step functions

two 6-step step-functions: one for A = 0 and one for [A| =1
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@EO — JWK 7" Model-Independent Fit m
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Full model altered:
Breit Wigner of Jh=1" Zc(4200)Jr — complex-valued step functions

two 6-step step-functions: one for A = 0 and one for [A| =1

bin bounderies based on model-dependent fit results:

{M—2T, M —T, Mf%F, M, M+%F, M +T, M +2r}
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@EO — JpK™ 7" Model-Independent Fit L

Technische Universitat Miinchen

Full model altered:
Breit Wigner of Jh=1" Zc(4200)Jr — complex-valued step functions

two 6-step step-functions: one for A = 0 and one for [A| =1

bin bounderies based on model-dependent fit results:

{M—2T, M —T, Mf%F, M, M+%F, M +T, M +2r}

T oaf r I
E F £ 01F
0.05F 3
E 0.05 3.919 4.473
of :
E oF
-0.05 0.05 £
0L TE O a0a \DB8%2
3 01 F 4.288
3 0.15F —
0.2F £ 4.750
£ 0.2F
0.25 1 1 1 1 1 EL 1 1 1
03 -02 -01 0 01 02 0.1 0 0.1 0.2
Re H, Re H,
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Phys. Rev. D 91, 072003 (2015) (121.4fb™" on T (5S) resonance)

Amplitude analysis of
efe” = TMS) ™ n~ n=1,2,3

for Zbi spectroscopy.
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Phys. Rev. D 91, 072003 (2015) (121.4fb™" on T (5S) resonance)

Amplitude analysis of
efe” = TMS) ™ n~ n=1,2,3

for Zbi spectroscopy.

Events reconstructed via eTe” — /J,+,U‘77T+7T7

2 2 2 _ 2 — 2 2
m,u,u ~ My and Mumiss = (\/gi Eﬂ'ﬂ') - |p7r7r’ ~ My
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Phys. Rev. D 91, 072003 (2015) (121.4fb™" on T (5S) resonance)

Amplitude analysis of
efe” = TMS) ™ n~ n=1,2,3

for Zbi spectroscopy.

Events reconstructed via eTe” — /J,+,U‘77T+7T7

2 2 2 _ 2 — 2 2
m,u,u ~ My and Mumiss = (\/gi E7T7T) - |p7r7r’ ~ My

Unbinned maximum-likelihood fit to data of

data HfSIg sng (1 - fmg)Pbg(Tz)

with f, fixed from fit to m;., distribution.
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background is learned from m+ side bands:

116 T 116 T 116
q (©)
NP 4 2ase
10 B
] ?
7 [
E112- B LRECYS
1] B B
@ @
a a
4 = =
= 1o H4 Z s
= =
102 L L L L 108 . . L 12 . .
0 05 1 15 2 0 0.2 04 06 08 0 01 02 03

w(n'n), cev?/c! ' (n'n), Gev'/ct w(n'n), cev?/c!




mm

Technische Universitat Miinchen

background is learned from m+ side bands:

116 : 116 : 116
B ()
N& 14 B "3 15 . B
] > >
] ?
& &
B N L
B 112 B fal B
] = g
@ @
3 2
1 20 2 s
& &
102 I I I | 1 I I I 112 I I
g 05 1 15 2 g 02 04 06 0 01 02
W (n'n), Gevi/c! ' (n'n), Gevi/ct W (n'n), Gev?/c!
116 116 T 116
114 1
N L e 4 Lsp g
B 112 1% B
] ] ]
] 5] S
1 1 s %
] B2 - 114 B
E 4 ] = 2
@ @ @
a 8 a
10 4 = =
= = 1o H4 = B
= = ]
104 B
102 108 L L L 12 L L
(] 05 1 15 2 0 02 04 06 08 0 01 02 03
W (n'n), Gev?/ct w (n'), Gevi/ct ('), Gevi/ct

Greenwald Amplitude analyses of multibody hadronic decays at Belle



ete” = T(nS)r 7 : Back m

Technische Universitat Miinchen

background is learned from m+ side bands:

116 T 116 T 116
q (©)
2 211 4 2ase g
> 10 B
] ] ?
] 7 [
L E112- q LRECYS B
T 1 2 2
@ @ @
a S 2
= 4 = =
e = 1o H4 Z s B
= = =
102 L L L L 108 . . L 12 .
0 05 1 15 2 0 0.2 04 06 08 0 01 02 03
w(n'n), cev?/c! ' (n'n), Gev'/ct w(n'n), cev?/c!

Remaining background is parameterized as flat in phase space
with additional component exponential in mfm
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sig(F) X nz + 05(2) m7-r7r + ZaR QR( ) TR(?)
convolved with resolution

normalized with detector-simulated MC — acceptance accounted for

Amplitude analyses of multibody hadronic decays at Belle
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" 2 "
PSig(T) X nz +OC( )mﬂ'ﬂ' + ZaR QR( ) TR(T)
convolved with resolution
normalized with detector-simulated MC — acceptance accounted for

Qg (7) = Lorentz-invariant spin amplitudes

D. Greenwald Amplitude analyses of multibody hadronic decays at Belle
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2

" (a 2 "
Py (T) o) +aBm2, + ZaR Qr(7) - Tr(7)
convolved with resolution
normalized with detector-simulated MC — acceptance accounted for

Qg (7) = Lorentz-invariant spin amplitudes

In 7war:

o, f,(980), f,(1270)

All Breit-Wigner, but f, as Flatte all shape parameters fixed

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle



@e+e_ — T(nS)r 7 : Signal L

Technische Universitat Miinchen

Sig(T) X nz +Oé(2) mTrTr +ZaR QR( ) TR(?)

convolved with resolution
normalized with detector-simulated MC — acceptance accounted for
Qg (7) = Lorentz-invariant spin amplitudes

In 7war:

o, f,(980), f,(1270)

All Breit-Wigner, but f, as Flatte all shape parameters fixed
(M, = 600 MeV, T, = 400 MeV)
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2

P (7) o< |al) + a2l m? ., +ZaR Qp(7) - Tr(7)

convolved with resolution
normalized with detector-simulated MC — acceptance accounted for
Qg (7) = Lorentz-invariant spin amplitudes

In 7war:

o, f,(980), f,(1270)
All Breit-Wigner, but f, as Flatte all shape parameters fixed
(M, = 600 MeV, T, = 400 MeV)
In T(nS)m:
Z,(10610)*, Z,(10650)*

Both Breit-Wigner all parameters free
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Several J” hypotheses are tested for the Zf,t:

Z,,(10650)
7,(10610) 1+ 1- 2+ 2-
1+ 0(0) 60(33) 42(33) 77(63)
1- 206(47)  264(73)  224(68)  277(106)
2+ 205(33)  235(104)  207(87)  223(128)
2- 289(99)  319(111)  321(110)  304(125)

A = log P(both J¥ =17) —log P for T(2S)7n (T (3S)7)
For T(1S)7m, J* assumed the same for both Z, :

A17)=64 A@RY)=41 A@27)=59
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@ ete” = T(nS)r 7 : Results
Technische Universitat Minchen

Several J” hypotheses are tested for the Zf,t:

Z,,(10650)
7,(10610) 1+ 1- 2+ 2-
1+ 0(0) 60(33) 42(33) 77(63)
1- 206(47)  264(73)  224(68)  277(106)
2+ 205(33)  235(104)  207(87)  223(128)
2- 289(99)  319(111)  321(110)  304(125)

A = log P(both J¥ =17) —log P for T(2S)7n (T (3S)7)
For T(1S)7m, J* assumed the same for both Z, :

A17)=64 A@RY)=41 A@27)=59

J¥ = 1" favored over other configurations by over 60
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(Events/10 Mev/c?)

(Events/20 Mev/c?)

@e+e_ — T(nS)m 7 : Results
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solid = both J© =17

M(n'n), (Gev/c?)

M), (Gev/c?)

dotted = both J© =27
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Parameter Y(1S)ztn~ Y(2S)zta Y(3S)zta

Szz (0610024 % 48+ 12713 18.1 +£3.1%32 30.0 +6.313%
Z,(10610) mass, MeV/c? 10608.5 £ 3.4737 10608.1 4 1.27}3 10607.4 £ 1.57°0%
Z,,(10610) width, MeV 18.5 +5.3751 20.8 £2.5797 18.7 £ 34733
Jz7(06s0)s> % 0.87 +0.32701% 4.05 4 1.25072 13343678
Z,(10650) mass, MeV/c> 10656.7 + 5.0*1 10650.7 + 1.5%93 10651.2 = 1.0504
Z,,(10650) width, MeV 12.14}13427 142 +£3.74% 9.3+22%3
¢, degrees 67 +£3612 —10+ 1374 -5+£2273
€2,(10650)/ €2, (10610) 0.40 £ 0.125943 0.53 £0.07:032 0.69 =+ 0.09+548
Frms)r(1270) % 14.6 £ 1.5753 4.09 + 1.07933 -
Sxws)ata)sr % 86.5 +£3.2133 101.0 +4.2753 44.0 62543
S @s)f0(980)> P 6.9+ 1.6198 - -

for both J© = 1%
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Belle has a history of amplitude analyses:

@ in B and D decays to light pseudoscalar mesons
@ in B decays to flavorless mesons and open and closed charm states

tem o quarkonia + w7 production

@ ine
@ in hadronic 7 decays
@ in time-dependent B decays

@ in baryonic B decays
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Belle has a history of amplitude analyses:

@ in B and D decays to light pseudoscalar mesons

@ in B decays to flavorless mesons and open and closed charm states
einete — quarkonia + w7 production
@ in hadronic 7 decays

@ in time-dependent B decays

@ in baryonic B decays

Belle Il will provide a rich data set for further amplitude analyses
(see Longke Li's talk on Friday!)
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Belle has a history of amplitude analyses:

@ in B and D decays to light pseudoscalar mesons

@ in B decays to flavorless mesons and open and closed charm states
einete — quarkonia + w7 production
@ in hadronic 7 decays

@ in time-dependent B decays

@ in baryonic B decays

Belle Il will provide a rich data set for further amplitude analyses
(see Longke Li's talk on Friday!)

@ this large data set will allow new techniques

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle



mm

Technische Universitat Miinchen

Belle has a history of amplitude analyses:

@ in B and D decays to light pseudoscalar mesons

@ in B decays to flavorless mesons and open and closed charm states
einete — quarkonia + w7 production
@ in hadronic 7 decays

@ in time-dependent B decays

@ in baryonic B decays

Belle Il will provide a rich data set for further amplitude analyses
(see Longke Li's talk on Friday!)

@ this large data set will allow new techniques

@ this large data set will require new techniques

D. Greenwald — Amplitude analyses of multibody hadronic decays at Belle
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7Tm~ S-wave Parameters 10.0
B 8.5+0.5 68.5+ 3.4
Bo 122+0.3 24.0+ 1.4
Bs 29.24 1.6 —0.1+25
Ba 10.8+ 0.5 —51.9+24
prod 8.0+ 0.4 —126.0+2.5
fraed 26.3+ 1.6 —152.3+ 3.0
Pred 33.0+1.8 ~93.24+3.1
fored 26.24 1.3 —121.4+2.7
shrod —0.07 (fixed)
K7 S-wave Parameters
K§(1430) "7t 2.36 + 0.06 99.4+ 1.7 7.0
K (1430)F ™ 0.11 +0.01 162.3+6.6 <0.1
My (1as0)+ (GeV/c?) 1.441 £ 0.002
T ics (1430)% (GeV) 0.193 + 0.004
F +0.96 = 0.07
R 1 (fixed)
a +0.113 £ 0.006
r ~33.8+18
6r (deg) 0.1+0.3
6r (deg) —109.7 £ 2.6
K*(892)F Parameters
M« (s92) 2 (GeV/c?) 0.8937 + 0.0001
T g so2)+ (GeV) 0.0472 + 0.0001

Amplitude analyses of multibody hadronic decays at Belle
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TABLE II. The K-matrix parameters estimated by a global analyili of available 77 scattering data (taken from Refs. [57, 61]).
The units of the pole masses m, and the coupling constants gf* are in (;cV/02 The units of s and s40 are GeV /54, while
54 is dimensionless.

Ma Gt 9K i 9 Gnn ot
0.65100 022889  —0.55377 0.00000  —0.39899  —0.34639
1.20360 0.94128 0.55095 0.00000 0.39065 0.31503
1.55817 0.36856 0.23888 0.55639 0.18340 0.18681
1.21000 0.33650 0.40907 0.85679 0.19906  —0.00984
1.82206 0.18171  —0.17558  —0.79658  —0.00355 0.22358

e s s fie st

0.23399 0.15044  —0.20545 0.32825 0.35412
s sS40 sA
—3.92637 —0.15 1
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TABLE II.  The absolute values and phases of the helicity amplitudes in the default model for the 1" spin-parity of the Z.(4200)".
Errors are statistical only.

Resonance |Ho| argH, |H,| argH, [H_| arg H_,
K§(800) 1.12 £ 0.04 230 +0.04
K*(892) 1.0 (fixed) 0.0 (fixed)  (8.44+0.10)x 107" 3.14+0.03 (1.96+£0.14) x 107! —1.70 +0.07
K*(1410)  (1.19+£0.27)x 107" 0.81+£0.26 (1.23+£0.38) x 107" —1.04+£0.26 (0.36 £0.39) x 10~'  0.67 = 1.06
K;(1430)  (8.90+£0.28) x 107! —2.17 +£0.05
K3(1430) 4.66 +0.18 —0.32+0.05 4.65+0.18 —3.05 +0.08 1.26 +£0.23 —1.9240.20
K*(1680)  (1.39+£043) x 107! -2.46+0.31 (0.82+£0.48) x 107" —2.85+049 (1.61 £0.56) x 10~  1.88+£0.28
K3(1780) 16.8 +3.6 —1.43+0.24 19.1 +45 2.03 +0.31 102 +5.2 1.55 +0.62
K;(1950)  (2.41+£0.60) x 107! —2.39+0.25
K3(1980) 4.53 +0.74 —0.26 +0.16 3.78 £0.98 3.08 +0.28 3.514+1.03 2.63 +0.34
K;(2045) 590 + 136 —2.66 +0.23 676 + 164 0.06 + 0.25 103 + 174 —1.03 + 1.62
Z.(4430)" 1.12+£0.32 —0.31+0.26 1.17 £ 0.46 0.77 £0.25 H_,=H,

Z.(4200)* 0.71 £0.37 2.14 +0.40 3.23+0.79 3.00 +0.15 H_,=H,
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