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what can we learn from D — hhh?

® D three-body HADRONIC decay are dominated by resonances

scalar —> spectroscopy low energy resonances
o, K

tensor - underlying strong force behave

vector (> meson-meson interactions and
resonance structures

—> new large data sample from LHCDb,
Belle I, BES Ill + ...

® CP-Violation

® B* _, h*h~h' massive localized direct CP asymmetry

® |st observation in charm (&g 2019 A.,(D° - K*K")—A (D - n*zn7)

-» CPVon D — hhh? —> searches in many process

—> can lead to new physics
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Three-body heavy meson decay Dynamics

Preliminary
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primary vertex . Final State Interactions | Dalitz plot
- weak - i - strong - '

il

(mb+mc)2.‘.....

QHNIND
+

QCD, CKM coupling and phase i (2+1) + 3-body interactions ! 0 5 10 15 20 25 a0

m2, (GeV?/c?)

one way to extract information from data ar- 1 1 2
is an amplitude MODEL dsiadsas  (2m)3 32M

4

h dynamics
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standard approach 4

® common cartoon to described 3-body decay

0 — __+ K K e
D" — K., T 72
/
A(s12,823) = T + + .,/ T
o o

® isobar model widely used by experimentalists:

® 3= (2+1) = ignore the interaction with 3rd particle (bachelor)

e A=) ¢, Ar. + NR coherent sum of amplitude’s in different parcial waves

| Warning: when A, is described as singul } o |
! arnlng. whnen k IS deSscCribed as smgu alr resonances @ ; Z - 0( !
1

\> with resonances defined as Breit-Wigner BW(s:2) =

m% — S12 — imRF(812)7

- sum of BWV violates two-body unitarity ( 2 res in the same channel - scalars)

- resonance's mass and width are processes dependent
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Models available 5

® movement to use better 2-body (unitarity) inputs in data analysis

e “K-matrix" : TITT S-wave 5 coupled-channel modulated by a production amplitude
\> used by Babar, LHCb, BES llI Anisovich PLB653(2007)

4+ [arXiv:1909.05212;

=+ + _—
® rescattering mm — K K contribution in LHCb {Bi T J:T ) 1909.0521 1]
- Xiv:1905.09244
Pelaez,Yndurain PRD71(2005) 074016 BT - KK g™ [arXiv ]

\S new parametrization pelacz, Rodas, Elvira EurPhys,.C 79 (2019) 12, 1008

@ Still not enough to described data = entering a new age of huge data samples

® from theory: list of scalar and vector form factors
< 7T7T|O > Moussallam EPJ C 14, 111 (2000); Daub, Hanhart, and B. Kubis JHEP 02 (2016) 009. Hanhart, PL B715, 170 (2012).
Dumm and Roig EP] C 73,2528 (201 3).
< Kﬂ"O > Moussallam EPJ C 53,401 (2008) Jamin, Oller and Pich, PRD 74, 074009 (2006) Boito, Escribano,and Jamin EP] C 59,821 (2009).

< KK|0 > Fit from 3-body data  PCM, Robilotta + LHCb JHEP 1904 (2019) 063
no data extrapolate from unitarity model  Albaladejo and Moussallam EP] C 75,488 (2015).
quark model with isospin symmetry Bruch, Khodjamirian, and Kihn , EPJ C 39,41 (2005)
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scale issue

energy

non-perturbative D

ChPT

extensions
unitarization
data decay
® we need non-perturbative meson-meson interactions up to.... 3 GeV
® extend 2-body amplitude theory validity Ropertz, Kubis, Hanhart PCM,A.dos Reis, Robilotta

EP) Web Conf.202 (2019) 06002 PRD 102,076012 (2020)
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what data is showing ! 7

0 — 0 — 0
o D' 5 Ko w™ e D' 5 K n'tr
10° 3 - p(770)° Babar
LN :
“r K,(1430)°
2 i G
10 , \\.‘_ -------------- <— K,(1430)
§_. 1.5 :_ \
o [
=10 [
E Kﬂww'%>:;rhﬁﬁmfz
1 ’e _ K'(890)°
GV2/4 0(‘)“0%5"“;"“1.}5““;"'2’.5" 513‘
PRL 105 (2010) 081803 s. (GeV/c") S(K)

PRL 103 (2009) 103211801

— Similar final state but different interference pattern

> different dynamics to be understood

—> to disentangle the interference we need amplitude analysis
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same final state different signatures

0 0.5 1 1.5
m2(n*n7), ,, (GeV/c?)?

PRD 76 (2007)012001
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—-.= X: o pole

---- Back d
Jo(O80) 2o
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m2(n*tn-) (GeV/c?)?

-> different resonance
sighature

> projection highlight
that S-wave is very
different

> production environment

matters
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2-body x 3-body phases

+ | |
o D —wm'm T (2+1)

e |f this is the “nature” picture = decay phase should be the same as 2-body

L—? Watson’s Theorem
alx)
= different phases!
24()0
e Quantum numbers: B b
® 2-body amplitude: spin and isospin well defined! a
i : - - 2-body :
® 3-body data: only spin! and # dynamics - ‘ -
. 4+ 3-body
There is more than only 2-body S TR TR | i G s I e

UL MASS ((ic\//c:)
PRD 79 (2009) 032003
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Three-body Models

® Three-body FSI| (beyond 2+1)

(77) % =
[ =
M s = e + el $ % +
® shown to be relevant on charm sector
igob Dt = K—ntrt o .’ Scattering
O s - T }
C>U )”' ///
$ il S s g i% }
n atnaagmr T = jL | Decay projected in one pair mass
Q | T LASS ge-Le | HM& i
€N o ) £yt
S s £ P T
fe f ,ﬁ“gﬂ t :
(@} ; g),.;/ } SKT('
P gy
90} - FOCUS/E79|
5 ¢
L
-}:/./ ) | ) ) ) | ) ) ) | ) ) ) | ) ) ) | )
0.8 1 1.2 1.4 1.6
MKT(' (GeV)
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Models available
® Three-body FSI| (beyond 2+1)

(7)) & (—

IR el T ETUE

Z _ - =

Y.,
Boito&Escribano PRD80 054007 (2009) PRD92 094005 (2015)
g DT K mTot 7 ® 3-body approaches

5 . Faddeev PCM etal: PRD84 094001 (201 1),
tri singularity S.Nakamura PRD93 014005 (2016)

Khuri-TreimanNiecknig, Kubis, JHEP10 142 (2015)

\> 3-body FSI play a role

phase S-wave

\> will be important for
precision

08 1 12 14 18
mKn (GeV)
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amplitude analysis @LHCDb

Dt - K KTK™

-

W

S—
sgmsnnm

Theoretical model

PHYSICAL REVIEW D 98, 056021 (2018 KK Scatte rin
— fitted to W89 data > 5

Xiv:1805.11764 [hep-ph M
v ABT5. 704 [hep-ph amplitude
Multimeson model for the D* - K*K-K* decay amplitude JHEP |904 (20 | 9) 063

R.T. Aoude,l’2 P.C. Magalhﬁes,m‘* A.C. dos Reis,l and M. R. Robilotta®
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multi meson model - D™ - K~ KTK™

Triple-M

® hypothesis that annihilation is dominant

® depart from a fundamental theory —=>  ChPT Lagrangian

® track the ingredients we include in our model!

. AC{g — unitary scattering amplitude for ab — K"K~

® fit the model to LHCb data - > predict KK scattering

CeVv /)
4
t..l ;‘.; h
»,
®
7S+

run | (8 TeV CM) 2fb~! N amplitude
JHEP 1904 (2019) 063 1 ey

5, [Gevi/c')

—=> parameters have physical meaning: resonance masses and coupling constants
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annihilation hypothesis

® annihilation ® color allowed

C
C KT

d _
dd

(5 needa rescattering!

® both are doubly Cabibbo-suppressed

e hypotheses that annihilation is dominant

S separate the different energy scales:

T = (KKK)"|T|D*) = (KK K)*|A,[0) (0]A*[D*).

\ J/

~ S —iGp sin 0o Fry PH
ChPT

—=> know how to calculate everything
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ChPT

® solid theory to describe MM interactions at low energy

1 B 4
e LO: “x\ ’,,’ ['5\24) = - @fijs fris @i 0 1 0"y + YV [00 <§ 0ij O +2 dijs dk:ls)
’ 4 4
J.f;-:x\\ + o3 <§ 0y dkl8+§ dij85kl+2dijmdk:lnd8mn>] Gi O Ok P
® NLO: include resonances as a field .« - >—/ _<
r,/’ \\\
scalars vectors

£® = 2.6 06— 200 B Ry (006 d 2 _ Gy

s = T B0 0ui 0" — —5 B Ro (00 0y + 05 dsij) ¢:, £? = 7 (Vo u”)

1

2 Cd " 4BCm 2 <V,uyu'uuy> — T Va'wj 8u¢z aygbj (ifaij + daij)

NI dijr Ri 0,0; 0"¢; — NoT [Uo dijk + Og (g ik 08 + digs djsk)] ¢; ¢; 1Ry, F

}H}V(I\ZZH

e hadronization of Weak current » /</é
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Triple - M

il
P

S ﬂ

L3 ed Chiral symmetry
= WM.:-: ------ 2 + B N ‘:—: ------ 2
an ! (1B) .
\_ Y,
e ~
e T PR NLO
+ ®------ s 7 ®------ 2 CLO?fO?/an5
(2A) W @8) ey
W/\I ------- 3 ~Aa~ P - == m === = 3 @ o A~~A@-------- 3 ~AAN Q- mmm - 3
+ SO v J I; ------ 2+ I\'-\.—: 2 4+ I\'—\.—: 2
3A) o1 38) -1 (4A) a (4B) o
\_ \ l Yy
\YJ Vv

width obtained through dynamics

t K K coupled-channel unitary amplitude ® isospin decomposition [J, I = (0, 1), (0, 1)]
’ T, NN, ™, PT (K™ K| = (/2) (Vi 4 V| = (1/2) (U5 + ST

Multi-Meson-Model for ANA Hadrons 202 | p.magalhaes@cern.ch


mailto:pmagalhaes@cbpf.br

Triple M

LHCD fit

e [ heoretical sound model

TS =75, + 1% £ 70

TP = T8, + T 4 710

® free parameters

parameter value

F 94.3122 + 1.5 MeV
Mag 947.7722 4 6.6 MeV
ms, 992.0752 4 8.6 MeV
ms, 1330.2722 + 5.1 MeV
Mg 1019.5470 10 +0.51 MeV
Gy 0.46410:533 40.007

cq ~78.97324+ 1.9 MeV
Cm 106.07 77 +3.3 MeV
Cd —6.15702% +£0.19 MeV
Em ~10.8778 + 0.4 MeV
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candidates/(0.009 GeV?)
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JHEP 1904 (2019) 063

11 12 13

1.4

—> good fit with fewer parameters than the isobar
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Tool kit for meson-meson interactions in 3-body decay 18

MAGALHAES, A.dos Reis, Robilotta
® Any 3-body decay amplitude PRD 102,076012 (2020)

Form factor —@® - — + — @

.
. . .
. . . P . e . R
-~ k4 - .’ A . e L4
- . -~ . . - e .
N . . . . . . .
. R . . . . . .
M ‘ -—— ¢ - T~ -7 TN 7
N ‘ N - ~ v
— LI ]
A . ~__- S~ o~ A
i ’ . * S = -~ . h
’ - * -~ * -~ ’ *
. -~ * -~ . -~ * M
. . . N . . . .
. . . . . . . S
. \~ . -~ ’ -~ ’ M
R4 . N M ’ -~ *

\> provide the building block @ in SU(3)
e includes multiple resonances in the same channel (as many as wanted)
® free parameter (massas and couplings) to be fitted to data.

—> Auvailable to be implement in data analysis!!
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TTITT amplitude 3 coupled-channels: 77, KK and #

® 3 resonances: mx=0.98, my=1.37, mz=1.7 GeV T @ n
\9 a and B are couplings from mz T T
| — 0= 0 B=0 TN 1= ]
- a=1 B=1 | —a=0p=0
o ia | - a=1p=t
a= 1 B:O | 0.8f

180} | | [ a= 1 B=O

— a=1B=0 : 4= 0 p=1
(b} i | 0.6r
3 l = |
S l _
= # 0.4}
90t A
0.2}

002 08 = 12 16 2 0“7 08

E (GeV)

e extra res do not disturb the low-energy!

e Parameter should be fixed by data

—> will apply this methodology in other D — hhh
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Final remarks

® A consistent treatment of FSI is crucial to reach precision in D — hhh

—> two-body coupled-channels description in mandatory
—> a proper 2-body FSI have impact in both (2+1) and 3-body

—> relevant for CPV search

® A full description of ANA need both weak and strong description

® DV — KKK:example of theory/experimental join work

e tool kit for amplitude analysis
with theoretically sound models

to D — hhh ANA

® D" — h™h™h™ huge data
samples on their way claiming for
accurate models!

—v
'?‘ A
SLSEs -—ll-'“'- 2 |

e cm”‘-{ﬂ'
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Backup slides 21
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QCDF

® QCD factorization approach > factorize the quark currents

&t | challenging for 3-body
Fo . not all FSI and 3-body NR
e A scale issue with charm

Chau [Phys. Rep. 95,1 (1983)] +

HAB=! Z Vo | CL (1) OF (1) + Ca(u +Zc ) + Cry(10)Ory (1) + Cig (1) Osg ()| + Dc. |

puc

_ he it?
- ex: B+ %ﬂ.%—ﬂ_ 7T+ how to describe it!

A ~ ([T ()7 (p3)] [(@)v—a|B™) (7~ (p1)l(du)v—al0) + (7~ (P1)[(db)sc—ps| B™) ([ (p2)7™ (p3)] |(dd)sc+ps]0)
—— — _J
R Y
. o - intermediate by a resonance R; P
@ nhaive factorlzatlon{

- FSI with scalar and vector form factors FF
\> parametrizations for B and D—3h Boito et al. PRD96 113003 (2017)

® modern QDC factorization: improvement to include “long distance”
Klein, Mannel,Virto, KeriVos JHEP10 117 (2017)
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unitarized amplitude pept — pcpd

e unitarize amplitude by Bethe-Salpeter eq.

[Oller and Oset PRD 60 (1999)]

. L . . ) eI
oo Lt oo Lt I Nt T T T T T L .AJI: ab—cd
& = O+ OO + O-od-0 D+ [ 3 1D
1+ Qo KD
kernel /" o U
o ab—cd RO e * . resonance (NLO) + contact (LO)

® loops —> K-matrix approximation: only on-shell

d

de {1; oo} >
~ o /// . 1724 — ) —
@ Ui Loy} / (2m)* Dy Dy
b \ D, = (€+p/2)*—M;  Dy= (—p/2)*—M;

® free parameters

® Mmasses:
SU (3) singlet and octet
My, Mag ,|(TNs0 , Mis1

—> physical fostates are linear combination of M0, M1

8r /s
P _i Qza . 2
Qaa 67[- \/E ( 4Ma)
1 2 2 2 2)2
Quv =5 y/s =2 (M2 + MP) + (M3 — MP)*/s

e coupling constants:

9o+ 9o Cd,Cm,CNd,C;n

vector scalar

p-magalhaes@cern.ch

Hadrons 202 |

Multi-Meson-Model for ANA


mailto:pmagalhaes@cbpf.br

resonance channels

example

’V\A’Vl‘,:\' """ 3 A - Roorultiie 3 Cl/
® full FSI! [ &t 4 o } 0
@A) g @B) e [J,I:O,l] —> N, KK
WAI ------- 3 oY LR Suepp— 3 o ~~A—---------- 3 ~ A Q- 3
+ [ DT 2+ I ------- 2 + \'—\‘\-- -2+ \'-\.\-- -2 }
eny (38) 1 @y w0
L =01 0,1 4 01) [5S )
® T(U,l) = — 5 [FEI{}{) F£|}{J)K—i| M11 — IC7T8|7T8 I:QTFS:|
My =—K%0 (1/2) Q3
> 1:‘(0,1) L (m%Q _ mczto) _M21 1—1(0,1) + (1_M11) F(O,l) :| 2 7T8|KK |:( / ) KK]
— KK — 2 (0) 78 (0) KK -
Dgy(miy) L M = K:S;ilkf[g2§8}
D, = (m?% —m2)[(1-M 1—Moy) — My M. 0,1 ~
[ ao ( 12 a,o) ( 11)( 22) 12 21] Moy = ’CEKK)|KK [(1/2) Q}S”(K}
\_ J
@ only one channel in the scattering amplitude
Con (mi—m2)
rig) — M2~ o) pion —> parameter: Cd) Cm Mg
Dy(mis) ©)
Flatté
— 2 ; .
Do) = (s = may) + imag Voo s) access two-body dynamics !
1 4]
Mgl ae(s) = St /5 { [3 7 [cd (S—Mﬁ—Mg) +2¢, M3]2 Ors

1
F4

[cd (s—2 M?() + 2¢, Mf{]2

QKK}

+{
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TTTT parametrisation 25

® /{70 scatteringdata S-Wave Pelaez, Rodas, Elvira Eur.Phys,.C 79 (2019) 12, 1008
2i0
: A me”’ — 1
L | | T | A AT
400. 1~ H tal. 75 (—+-) - ! 1 .
— o Hyamsetal. —t— e - B
: : I;yams it atl. |75 =) : L - ¢ Hyams et al. 75 (=+-) | | ] | | :ﬂ —ﬂ 1 % |
= ?:g]rselg P N & Hyamsetal. 75 (---) ‘_I:},“'i',',:,h.';:,.“! :": ifl nN _
300 j DGNa¥18/2tet lg.:1|l_3) i 08 e K:minski ot al. 1!:; ii- 7 i;?,ﬂ‘ﬁ:}iu"l‘ I }i {
- oo S S DLl 1 R 8
- 58 (S) _ 0.6 —v Pglyct?rrol:a?o:ét al. 0 [ + i M & '
200. — ° — | O Protopopescu et al. “' I
- * - B OA CEOtEienne?taTL Liéll||e { T 1
B — O4j v Wetzel et él. *E] ° J '7;
100. - Wl ] - = (e
s '#. 02— B
- . ;; 0 :\ [ R + AN I .
O.WBZ T TR e 0.4 0.8 KK 1.2 1.6
| | Vs [GeV
/5 [CeV] (Gev]
1{1+ n?
ol = — L — ncos28,!,
[~ 5 { > n z}

Inelasticity: one minus the probability of losing signal (1=>elastic)
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TITT amplitude features

® beyond | resonance (BWV description)

100

o)
O

#

Amplitude Tt

O

‘Y
‘.c

\s

‘ [

\

|

‘ ()
|
|
|
|
|
|
|
|
|
|
|
|
|

——————-_'
——“
-
-
-

05 1
E (GeV)

® ex: one resonance f, = 980 MeV one channel
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TITT amplitude features

® Coupled-channel zrx — KK

100~ o cobpling \' I_______—.
- — MK=0.48 / %.. T -
- — MK=0.5 J/ k 7 ,«-"'/
E 50 ’
(o) _
O
=
S
-
<< 0
'50_ . \ I L _
0.5 1 1.5
E (GeV)

® 3|l curves coincide below the thresholds

® cusp in the real parte for m; < 2Mj and a discontinuity in imaginary part for m, > 2My
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Unitarization with N resonances

o Q5s) = s {[A) TEMD)] — (o)} | BeEiey

e beyond K-matrix approach —> freedom to chose renormalization constant

- — Tt
- — KK

0.01_‘ -1
| — 2\ —
: / . %e[Q(S — mx)] =0
g |
| ) B 4m? s
S R P
001 7 N ]
- Sl e respect Chiral Symmetry is

e
........
.......

""""""" finite at s — o0

.
.
.
.
.
.
.
LT
®ee,
ceee
®eee
®eece
®ecccee
®ccccccce
®eccccccce
®®ecccccccccccccsccscssccccne

002E

e extending it to 3 resonances
1 (s —my) (s —m3)

S
056~ 1o | Foo) gt

x Y x z

(m2 = s) (s — m2)

(m2 — m2) (m2 — m2)

[T (m3) + Fy(s) I (m2) +F.(s)
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