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THE MIRROR DD NOT S T
BE OPERATING PROPERLY.

® Standard Model works quite well but... some gaps!

—> baryogenesis !

® |967, the Russian physicist Andrey Sakharov proposed
three conditions for generating the observed matter/
anti-matter asymmetry of the Universe:

|) baryon number violation
2) C and CP violation

3) departure from thermal equilibrium

® CP-Violation on Hadronic decays
@ SM predicts CPV in B sector but .....lot to be understood

\> (&% massive phase-space localized Asymmetry in BT — pEp =t

@ 2019 1st observation in charm Do(ﬁo) st — KTK™ ﬁ’ﬁlg’]
\> CPV on three-body?

—> can lead to new physics
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Context

® D and B three-body HADRONIC decays are dominated by low E resonances
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image credit:Brian Meadows

@ spectroscopy: new resonances, their properties...

@ information of MM interactions

® build up the idea that the main dynamic in 3-body
is driven by 2-body resonances

® new high data sample from LHCb —> more to come from LHCb and Belle ||

L_; simple models (only focus on two-body resonances)
are not enough to explain data anymore

theoretical challenge !

3-body hadronic decay
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Three-body kinematics : DALITZ plot 4

® How to describe the kinematics of three-body HADRONIC decays!?

M D1 512 7 513
< P2 = + + o/é
S
D3 23

® Mandelstam variables for 3-body

s12 = (p1 +p2)2 — m%z

- + 2 2 2 2
— — S S S — lw —|— m —|— m m
513 (p1 —I—p3)2 m%g > 12 13 | 12 1 5 —|— 3

So3 = (p2 + p3)? = m3s

@ In the rest frame of M (P=0): final particle are in the same plane

> final particle distribution in the phase-space will depend on: - average of spin

- Euler angles
1 1

-> decay rate can be written as: dl"' =
4 d (27)3 322

|/\;l\2812823

Amplitude, dynamic!
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Three-body kinematics : DALITZ plot

® The phase-space is NOT one-dimension! |
dr 1 RM‘Q{ b
| A(s12, 523) \) |

d812d823 27’(’ 3 32M3L
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® DP proposed by Richard Dalitz
(1925-2006) in 1953

- the perimeter depends on the masses
min: s;; > (m; + mj)2
max:in Sij, (M — my)?

- inside this contour there are all
combinations of momenta distribution

- The probability of each point inside is
given by the dynamic amplitude A

IIIIlIlIIIIIIIIllIIIlIIlII

—> tool for analyse data
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Two-body resonances signature in DP

® 2-body resonances have spin and isospin well defined: R/
® typically amplitudes are bumps (like the Breit-Wigner) 08 [ sv‘;.mp
@ contribute to a specific partial wave |
Moa(s,8) = 3_(2j + 1) M, (5) Py (cos(6)) NN

—0
/ credit: hyperphysics.phy

\> besides the amplitude bump (intensity/probability) the resonance will have
a spin signature in DP: P;j(cos(f)) (same as spherical harmonics)...

d_. Yg = cosb \'g- 3;0520}-1 . . .

; —> this pattern in Dalitz Plot
f0(980)
p(770)

sy = i_f_’E_.E;_ifi_?f.ﬁif;if.{*"”.:‘,V._.:i:.i{i._{*;f-.*ff o
! [ “H l
scalar vector tensor s Ul iIIII‘"“l "“.'.".'....'.'.'.'«-" ||||| |ﬁ| |||1,
e ) e

credit: knowino.org
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Two-body resonances signature in DP

@ common cartoon to described 3-body decay

K,
D' = Ky nt T P 2t
A(512, 523) + + o T

+

24._/4

RJI

—> Butin reality.......

® one expect to see all 3 channels res:
not all of them are clearly present

NG ~ 3 10°
\ spin 0 (r) f0(980) o |
~ spin 2 (c,m)K;(1430) S {102
B m+ i ]
spm 1 (2,b) K*(892) :
| (1) p(770) 1} "
e
e s. (GeV¥/c?)
image credit:Tom Latham BABAR Phys.Rev. Lett. 105 (2010) 081803
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Three-body kinematics : DALITZ plot

K,(1430)°

<— K,(1430)

CK(890) —> -

-1 - K'(890)°

S-(GeVZ/c4) o 0.5.1“1]'151(:(‘_7})“2”12.5 T3

credit:Brian Meadows
—> Similar final state but different interference pattern

> different dynamics to be understood

—> to disentangle the interference we need amplitude analysis
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2-body x 3-body phases

'D;L%W’W m 7
+ . &

@ If this is the “nature” picture —> once it only contain 2-body information,

decay phase should be the same as scattering

—> Is not as simple as it look like!

® Quantum numbers:

@ 2-body amplitude: spin and isospin well defined!

@ 3-body data: only spin! and # dynamics

3-body hadronic decay 16/1/2020
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Three-body heavy meson decay

® dynamics D" - K- K"K~

Q- U

hadronlze K

primary vertex - weak -
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2-body is crucial!!!

To extract information from data
we need an amplitude MODEL
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Models available

A

@ isobar model: widely used by experimentalists

® (2+1)
approximation:

A= ZCkAk: + NR {
}%weak vertex is not considered explicitly

@ worst problems: TITT S-wave

= both

U=

- f0(980)

each resonance as Breit-Wigner BW(syy) =

3; =y | l( —> ignore the 3rd particle (bachelor)

non-resonant as constant or exponential

1

mR — S12 — ’L.TnltgF(Slg)7

—> fit could change
- 0(600) Mo=0.6 '=0.5 i
this interference
. unitary, analytic,..
isobar BW Y yue,
more than 2 scalars &— .. T T
\111‘ - \1.|2\ 0= ‘O.éltO‘ ‘ ‘0.‘60‘ ‘ ‘0.‘80‘ ‘ ‘1.I()r(:.1;r[‘n‘(1G.IZeOV‘)‘ ‘1.:10‘ ‘ ‘1.‘60‘ ‘ ‘1.‘8(

. .
0.6 0.7 0.8

P T MR
0.9 1

s (GeV)?

Pelaez,Yndurain PRD71(2005) 074016

- sum of BW violates two-body unitarity ( 2 res in the same channel);
- do NOT include rescattering and coupled-channels; '
- free parameters are not connected with theory ! ¢

3-body hadronic decay
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Models available A =33

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

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

4+ [arXiv:1909.05212;

- 0. + +_—
® rescattering mm — K K contribution in LHCb {Bi T T N 1909.05211]
— KT Xiv:1905.09244
Pelaez,Yndurain PRD71(2005) 074016 B> —= K K'n [arXiv ]

\S new parametrization Pelaez and Rodas EPJ.C78 (2018) 11,897
—> other scalar and vector form factors available Limited to low E (2 GeV)!

< 7'('7'(‘0 > scalar Moussallam EPJ C 14,111 (2000); Daub, Hanhart, and B. Kubis JHEP 02 (2016) 009.

veCtor Hanhart, PL B715, 170 (2012); Dumm and Roig EP) C 73,2528 (2013).

< K7T|O > scalar Moussallam EP) C 53,401 (2008); Jamin, Oller and Pich, PRD 74, 074009 (2006)
vector Boito, Escribano,and Jamin EPJ 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 Kiihn , EP] C 39,41 (2005)
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Models available A =3 =

® QCD factorization approach > factorize the quark currents

EE@ L - - challenging for 3-body
- <, § - not all FSI and 3-body NR
: 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

- ex: B+ N 7T+7T_7T+ how to describe it?

A ~ (7 (p2)m~ (p3)] [(@)y—a|B™) (7~ (p1)|(du)v—al0) 4 (7~ (p1)|(db)sc—ps| B™) {[nT (p2)7™ (p3)] |(dd)setps|0)
—— — —/
R Y
. o - intermediate by a resonance R; il
@ haive factorlzatlon{

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

® modern QDC factorization: improvement to include “long distance” still developing
Klein, Mannel,Virto, KeriVos |HEP10 |17 (2017)
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S

QCD factorisation A =33

® QCDF predictions

Branching Fraction (tree dominated decays)

Theory 1 Theory 11 Experiment
B— — 0 5.43H0.06+1.45 5.80 H007T+1.42 5 59+0.41
—0.06 —0.84 —0.06 —1.35 —0.40
B) - ntm 737080 H12 570 TOTOHII6 () 5.16 4 0.22 —_ gOOd agreement for Br
BY — m0x0 0.33 T0-14 o2 0.63 TO- 181064 1.55 £ 0.19
BELLE CKM 14: 0.90 £ 0.16
— -0 40.42 +2.71 40.41 +2.54 +1.2
B~ — 770 p 8.68 _8'36 _21'155? (%%) 9.84 _8'@ _2225?% (*x) 8.3_11'2
B~ —n'p 1238 00 ) 1237007 ) 10.97]3
R0 — 0.62 +1.76 0.49 41.77 1 1
BPoatpm s 02T ) na R (0 15741 Acp (penguin dominante decays)
B0 - 4+ 1 40.39 +1.37 40.34 +1.35
— T p 0.28 "0 59 Ly (%) 8.14 53 Ty (%) 7.3+1.2
10 + +0.27 +3.82 +0.20 +3.06
1_30 — 7r0 gﬁ 28.08 ;8'62 I?.f? (1) 21.90 18‘63 13.7575 (1) 23.0£2.3 f NLO NNLO NNLO + LD Exp
B’ — =% 0.527 5 03 043 1490 T % 2.0+£0.5
—— 70 1 ¢ +0.25+0.60 ( +0.27 +0.69 197 +0.054+3.18  _a9g 1 19
B~ — p; p} 18.4210 2397 (4x) 19.0610-24+4:3 () 228418 kK 1.36 7956 "0.a7 149769 Zo'56 0.27 %605 “0.67 3.8+4.2
=0 + — +0.8542.93 +0.68 +2.99 +3.1 o o oe 40 A0 458 a0 - T 9 95 L
By = pp Py 259870 7 3y (3%) 20.667 6y 3175 (%) 23775, w0 ¥ 13.85 50008 1816 T i —1581 TN —6+24
B0 _y 0,0 0.3970-03 +0.83 1.0570-05+1.62 0.5510-22 : . . : : .
d PLP], 27_0.03—0.36 U —0.04 —1.04 U —0.24 m-—i-['*— 11 1\1"‘2-00_ 0.75 19 '-(]—1—3.374—10.54 23 [}-.'—1—4.354—86.20 234+ 6
TR 10 -2.15-10.62 V_380-1142 T4Vl _go05-2064 40 TLD
BTy Bp oy _ _ 0 j+0 17 99 +3.334+ 7.50  _ qr 11 +2.93412.34 9 1(+0.39+17.53 15 4 ¢
Theory I: /3 (0) = 0.25 4 0.05, A;” (0) = 0.30 £ 0.05, Ag(1 GeV) = 0.35 & 0.15GeV m K 1723750001957 —15.11 756" 1064 2160 3650 —1ox13
B B +0.05
Theory II: £ (0) = 0.23 £ 0.03,A,” (0) = 0.28 £ 0.03, Ag(1GeV) = 0.20" ', GeV I N o072 1K A A5 1 1914197 e
s o e SKY) 28R LsafENE r2eHEE 17+
A(rK*) =T8T 3 345108018 —1.02%0iaT 8 —5+45
— 0 1 2Q +0.07 +0.16 \ 99 +0.0440.19 Y () +0.06 +2.28 19 4 1~
R = -
NOot good agreement Tor AcC < 07— 1Q o +3.42+13.95 1 17 +0.75+19.26 o 7o +7.07+ 44.00 N
g g P P K —19.31 7561 7 50 —4-17 050 1052 43.73 7762 Ta37 77 3Tx11
tro— ~ 19 +0.95 +6.38 1 =()+0.29+ 8.69 9F ()9 +4.43425.40 M) 4+ 11
prK —5.13%097 "4 00 1507527 1036 25.937190 7563 20 £ 11
0 70 2 o +1.5042.31 2 () +1.66 +3.60 Y 49 +0.08+10.49 Sy
PR 8.63 165 1,69 8.99T 71 7 s — 0427508 T 8778 6 £ 20
. (4§ .
Beneke Seminar at “Future Challenges in - g 1A 17 +2.80+7.08 ~ (i +0.96 +10.86 17 Q) +3.15+10.51 1710
on-Leptonic ecays , ba onnei, = : 1.62 4+ . 1 4046+ 4.6 .
/ - +1.62+4.78 1() Q4 +1.98+11.67 5 g9 +0.46 + 4.60 97 4 9~
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Models available

A

® Three-body FS| (beyond 2+1)

-2

S,

CHiE - G

@ shown to be relevant on charm sector

180_ D+ _> K_7T+7T+ """"
0 A }
© 2 "y //
; 90_ __-;__i f’ /§§ }
I _!,--3-—";”'_‘_3__‘! g’{
P s =0 ﬁL } i
O | T LASS &Y jL
B o , o3 2l I M;i}}
c g ,ffggﬂ by :
= F T

NF ; 3 is i FOCUS/E79|

LI
-}:/./ ] | ] | ] ] ] | ] | ] | ]
0.8 1 1.2 1.4 1.6
MKT(' (GeV)

GHNIND

Scattering

Decay projected in one pair mass

t} SKn
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Models available A =3 =

® Three-body FS| (beyond 2+1)

+
ml
+
)
GIGIGIY
+

—_ — _J
@ shown to be relevantion charm sector PRD92 094005 (2015)
180 DY - K nhnt 7 @ 3-body approaches
: PCM et.al: PRD84 094001 (201 1),
S.Nakamura PRD93 014005 (2016)
o Niecknig, Kubis, JHEP10 142 (2015)
= 90
5) \> 3-body FSI play a role
m °
A0 \> data analysis...
-
O
.90
08 1 12 14 186
mKx (GeV)
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Final State Interaction in B decays as a source of CP violation

—— ——
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CPV on data; Puzzle!

® Charge Parity Violation T(M — f) £ T(M — )

‘P(fz#‘ F(T

2

@ condition to CPV
—> 2 # amplitudes, SAME final state with strong (4,) and weak (¢;) phase
(FIT| M) = Ay eO1t01) 4 4, ¢i(02+62)
| cr
(FIT| M) = Ay e 01=81) 4 A4, ¢i(02=62)

DM = /) =DM = f) = [{(fIT|M)* = [{f|T|M)|* = —4A, A sin(1 — d2) sin(d1 — o)

weak phase: CKM

Bander Silverman & Soni PRL 43 (1979) 242 ) Vub

R()
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CPV on data; Puzzle!

® BT _ htp T ({84 massive localized Acp

@ suggest dynamic effect

@ middle looks “empty”

—> CPV

® BSS model /) + ¥

not enough!!

® hadronic interactions
—> strong phase

® FSI —> strong phase

Wolfenstein PRD43 (1991) 151

3-body hadronic decay

igh (DTF)
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® B~ 5 hEr 7t and BT
low-energy CPV with opposite signs

\;[W?T%KK]

Bl 0.¢

—0.-

0.:

0
I
-0.

-0.

-0.

L I
25

LHCb PRD90 (2014) 112004

S hEK KT

Frederico, Bediaga, Lourengo
PRD89(2014)094013

7 L
i ¥
|I
e2
L ﬁ

16/1/2020

Patricia Magalhaes



CPV on data

® low-energy CPV [1-2]Gev &% 2 | LHCy B
T — KK l - B _
0.5 ol a :_,ﬁ -,!l - 1\—’;15 / -‘ n

min=17) [GeVie?]

TITTTT

a
- ©
Q o
— Wy
] -
= =
o =
3 3
e D
-~ =
o

® CPT:
Lifetime Tt1=1/ Ftot =1/T

al total

rtotal= r1+ r2+ r3+ r4+ r5+ r6+"'

CPV in one channel should be
compensated by another

r = F1+ r2 + r3+ r4+ r5+ r6+ one with opposite sign

total
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Parentheses.....

e 70 7T scattering data S-Wave

amplitude f(s) = [me

2i

300 - .
Phase-shift
(0)
- 80
s0 k- , .
i — CFD . X
o Old K decay data ;
o NaIR2 l
:“.’ - A K"l f: JCCuy _.
+  Kaminski et al,
«  Grayer et ul. SolB .
e Grayer et al. Sol. €
150 I + Graveretal Sol. D :
I s Hyams etal 73 ,.‘v‘
100 f : |
“. — v ’
: e b
=l
s ¢ X .
L o L)
S50 = ‘0 < }
- o ° }
.
|’ a I 1 |} | 1 ] | 1 I | 1 I I
4N UMD sSUU 1000

5 (MeV)

1400

L]

Pelaez,Yndurain PRD71(2011) 074016

elasticity

= Cohen ctal,

o Etkin et al Tt —= KK
e Werzel et al.

s Hyams et al. 73

¢ Kaminski ¢t al.

» Hyamsetal. 73 -TX—> X
! v Protwopapescu et al,
™ - CFD
0 | . 1 . | 1
) 1000 | 1040 1200 [300 | 400
172 ,
¢ s T(MeV)

KK

el __
O-Z_

1{14—7712

17 77008251},

elasticity: one minus the probability of losing signal (1==elastic)
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® LS

CPV: amplitude analysis B* — 777+

LHCD

® (77 )s_wae 3 different model:

& o as BW (!) + rescattering;

& P-vector K-Matrix;
& binned freed lineshape (QMI);

Candidates / (0.025 GeV/c?)

4 -—-— Isobar
K-Matrix
QMI
i1 —— B* 5 K*tntr (x10)
Combinatorial
1 -+ Data

—— BT > Ktrtx— (x10)
Combinatorial

t
e et Hﬁﬂﬁ L T

Candidates / (0.062 GeV/c?)

ok
i
1

Pull

Pull

=
o

0.4 06 08 1.0 1.2 14 16 1.8 2.0 2.2
Miow [GeV/c?]

o
o

o
o

o
I

25 3.0 35 40 45 5.0

Mg [GeV/c?]

— lIsobar Qmli
K-Matrix + Data

LHCb . :(S-ONtl):trrix + Sg’lla
H
f
iyt A i
H +>+++:‘~}+’ +H++ J[H‘L ; _H.-- M =
*HW Hw] H ﬂ ‘H

o
[N)

o

Asymmetry / (0.062 GeV/c?)
N

(ST,

Pull

0.4 06 08 1.0 1.2 14 16 1.8 2.0 2.2
Miow [GeV/c?]

3-body hadronic decay
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mhigh [GeV/c2]
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recent Amplitude analysis B* — 7~ xtx®

[arXiv:1909.05212(PRD); 1909.0521 | (PRL)]

Contribution Fit fraction (1072) Acp (1072) B7 phase (°) B~ phase (°)

Isobar model
p(770)° 55.5 £0.6 +2.5 +0.7+ 1.1+ 1.6 — —
w(782) 0.50 £0.03+£0.05 —4.8+ 65+ 38 —19+ 6+ 1 +8+ 6+ 1
f2(1270) 9.0 £0.3 £1.5  +46.8+ 6.1+ 4.7 +5+ 34+ 12 +53+ 2+ 12
p(1450)° 52 +£0.3 £1.9 —129+ 33+£359 +127+ 44+ 21  +154+ 4+ 6
p3(1690)° 05 £0.1 £03  —80.1+11.4+£253 —26+ 74 14  —47+18+ 25
S-wave 254 +£05 +£36  +144+ 1.8+ 2.1 — —

Rescattering 1.4 £0.1 +0.5  +44.7+ 864173  —354+ 6+ 10 —4+ 44 25
o 252 +£0.5 +£50 +16.0+ 1.7+ 2.2 +1154+ 2+ 14 +1794+ 1+ 95

K-matrix
p(770)° 56.5 +0.7 +3.4 +4.24+ 1.5+ 6.4 — —
w(782) 0.47+£0.04+0.03 —62+ 84+ 98 —15+ 6+ 4 +8+ 7T+ 4
f2(1270) 93 +£04 £25  +428+ 414+ 91  +194+ 44 18  +80+ 34 17
p(1450)° 105 +£0.7 £4.6 +9.0+ 6.0+47.0 +155+ 5+ 29 166+ 4+ 51
p3(1690)° 1.5 £0.1 +04  —357+10.84+369 +19+ 8+ 34 +5+ 84 46
S-wave 25.7 £0.6 +£3.0  +158+ 2.6+ 7.2 — —

QMI
p(770)° 54.8 +1.0 +£2.2 +4.4+ 1.7+ 28 — —
w(782) 0.57+£0.10£0.17 —-79+165+158 —25+ 64 27 -2+ 7+ 11
f2(1270) 96 +04 £40 4376+ 44+ 80  +13+ 54 21 +68+ 3+ 66
p(1450)° 74 +£05 £4.0 —1554+ 734352 147+ 7+£152 175+ 54171
p3(1690)° 1.0 £0.1 +£0.5 —9324 6.8+38.9 +8+104+ 24  +36+£26+ 46
S-wave 26.8 +£0.7 £22  +15.0+ 2.7+ 8.1 — —

® ANA for BT — 7T K~ K1 [arXiv:1905.09244]

Contribution  Fit Fraction(%) Acp(%) Magnitude (BT/B~) Phase[’| (BT/B")

K*(802)0  75+06+05 +123+ 87+ 45  0.94+0.04 £ 0.02 0 (fixed)
1.06 + 0.04 + 0.02 0 (fixed)

K;(1430)° 45+07£12 +4+104+149+ 88 0.74 £ 0.09 + 0.09 —176 £ 10+ 16

0.82+0.09 £ 0.10 136 £11+21

Single pole  32.3+15+4.1 -10.7+ 53+ 3.5 2.194+0.13+0.17 —138+ 7+ 5

1.97+0.12£0.20 166+ 6+ 5

p(1450)° 307+124+09 —-109+ 444+ 24 2.14+0.11 £ 0.07 —175£10+£ 15

1.92 +0.10 £ 0.07 140 £13 £ 20

f2(1270) 75+£08+£0.7 +26.7+10.2+ 4.8 0.86 £0.09 £ 0.07 —106 £ 11 + 10

1.13+£0.08 £0.05 —128+£ 11+ 14

Rescattering 164+08+1.0 —-664+ 3.8+ 1.9 1.91 +£0.09 £ 0.06 —56 £ 12+ 18

0.86 £ 0.07 £ 0.04 —81+£14+15

¢(1020) 03£01+£0.1 +9.8 £43.6 £26.6 0.20 £ 0.07 £ 0.02 —52+23£32

0.22 +£0.06 £+ 0.04

107 £33 £ 41
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CPV high energy

~ DD open channel = P

® CPV high mass!?

S oop ~ LHCb D

400 4 g

700 H +++/'§/v same observed in coupled-channels

m O™ oty +T ~ ]

o R ?

400 + . . .

ool ++++++++ i E charm intermediate processes
N —> as source of strong phase |

m(KK), [GeV/c?]

® Bt s KT KTK™

10?

@ high statistic 109k

M ol GEV/c]

@® nonresonant —> all phase-space

E T V1 31
@® presence of charm resonances: X 0 J [ T T T T T T s
e — — M 10W[GeVz/c“]

@ dominated by penguin

S > K~ .
e charm rescattering!
B* <b ° 5K . Bediaga, PCM, T Frederico
G YKk PLB 780 (2018) 357
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hadronic loop

|. Bediaga, PCM, T Frederico
PLB 780 (2018) 357

: ] phenomenological:
& S- matrix unitarity + Regge theory

L mnmmnnn: > weak transition Bt — W1+t pD0 —» (Cy X form factor to regulate

® Br(B — DD;] ~1% —> 1000 x Br [B — KKK]

® hadronic loop —» three-body FSI - introduce new complex structures

+ +_— + 4 +p— +
® B —»rn'now ® D" > 1TK™m PCM & M Robilotta
PRD 92 094005 (2015) [arXiv:1504.06346]

——————————— @)
PCM & | Bediaga W N qo PCM et al |
. N PRD 84 094001 (2011 ) [arXiv:1105.5120]
arXiv:1512.09284 os @ K- ()
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1

sT __2ke smpp o [[(cHbkI—iki\ [L+r2\]? e
St pp VSthDD \S+SQcD c + bk? + iky 1k ’ th DD - parameters

_ 2k ( Sth DD )5( mo )ﬁ[(Cerk%—ikl) (%—ik2>]%’828thDD fix by data!

V/Sih DD \ 8+ 50cD s — mg ¢ + bk? + iky %—l—ikg

0.3_—

0.2F

——> zero at threshold

o
—_—

o

amplitude

1
o
—i

0.2}

2 2.5 3 3.5 4 4.5
m(KK) GeV
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hadronic loop

® / d4€ AD0—|—2AD_O—2823—|—3M12(—|—ME—Z2
oop =1
v (27)3 Apo Ao Aps [12 — mp-]

0.1F 0.5F
: @ f

of = O

[ o i

[ 0.5
0.1 [

f 1k
i .y
0.2 5 10 15 20 -1.5F
N R I S RS TN NN S ST ST /S NSNS VSR R
s (GeV?) 1 15 2 2.5 3 3.5 4.5
\ m(KK) GeV \ 3.75
N |

—> change sign at threshold

discontinuity at threshold
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Final Amplitude

®a=icmt [ o B oo (52) (206 - (0~
Ap+«Apo Ao Ay
0.15_—
0.1_—
O _
5 0.05_
3 i
Q I
E 0
m B
-0.05:—
/
-0.1F N_/
B T T ..m.....
1 1.5 2.5 3 3. 4.5
3.75
m(KK) GeV

|

—> zero in between
two bumps

\u

rescattering D°D0 — KT K~
play a major role

N

3-body hadronic decay

16/1/2020
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hadronic loop

® 4=iC m? / 9L Tpoposscrcls2s) 2k - (h = pa)
Ap+-Apo Ape A, ’

- ph
1__pase /

—> Phase change signal in the
same region as Acp data

Promising mechanism !

Sof T e

=400 F 4 g

E.Q 200 +# +++ :

0 1| ' O +
1 15 2 25 3 35 4 45 D0f 4 , ++ ;
m(KK) GeV 400 Ty gt :

~600F H 4 E

80y S

—> can explain change CPV signal in DP!!! 2 3 4 :

m(K*K )high [GeV/c?]
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Charm rescattering elsewhere

I — |. Bediaga, PCM, T Frederi
charm rescattering to B — K~ K n™ s 18y sy

—

7]
>6’>AL‘< vector meson
50 ut dominance

V= all vector family psi, ...

How much of the anomalies can be understood as hadronic effects?
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Charm rescattering

—|— — —I— —|— |. Bediaga, PCM, T Frederico NN S R,
® Bc — K K" PLB 785 (2018) 581 T LHCb
S wp i
o IsE i E
"; 10;— : ;" ‘ _;
® very suppressed direct production (annihilation) E R S e e
0 10 20 30

® charm rescattering can be the dominant mechanism
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Charm rescattering B — K~ K*n™"

® toy Monte Carlo generator

Toy MC Dalitz plot B'c — K*K'n*

m2..- (GeVZ/c*)

—1200 - I

—150

—100

change side bands but not the
50 minimum position (thresholds)

—> |eave a signature in the middle of the Dalitz plot

on e 20%of Kt N

—1250

200

150

100
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Charm rescattering B — K~ K*n™"

® Amplitudes projections Projection m

8000

7000

6000

5000

4000

3000

2000

1000

N

[¢)]
_
o
_
[¢)]
N
o

e IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

o

1 1 1 1 1
25 30 35

—> minima in different positions ( # thresholds )

—> # mass parameters inside triangle and rescattering amplitudes are relevant

Projection m?_ .
oK

6000

5000

4000

3000

2000

1000
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final remarks

Triangle hadronic loop with charm FSI play an important role!

® Bf 5L KTK K™ 7’\[) < S mechanism to produce
M K CP asymmetry at high mass
e

------ T (P1)
/\D“ —> main mechanism to produce this final state

® If direct production (annihilation) => expect resonances in KK and KTt channels
~ not observed

® real data: interference between # triangles & NR sources & resonances

—> canNOT change the signature of a minima between the bumps and phases!

—> LHCDb run 2 to confirm
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final remarks

FSI are important and play a major role in hadronic 3-body decays!

—> superposition of resonant and non-resonant at low and high energy

—> Charm rescattering is under intense investigation : CPV on B,
exotics, anomalies, ......

® Lots of theoretical limitations to be developed:

® need to merge the short and long distance descriptions!

® extend the meson-meson interaction to high E, ...

® Successful examples of cooperation between theory and experiment !!!

—> Important tool !

Thank you very much! Bt =t ) !
poe . ___" 8T \ /‘ Y

- ’\-“!-s.),wt..* - N

ey ——

e . o A T
image credit: unknown
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Backup slides
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D°DO — K+ K~ scattering amplitude

® not well understand on literature

Donoghue et al., PRL 77(1996)2178;
Suzuki,Wolfenstein, PRD 60 (1999)074019;

. . Falk et al. PRD 57,4290(1998);
e important as FSl in B two-body decays Blok, Gronau, Rosner, PRL 78, 3999 (1997).

. . Antunes, Bediaga, Frederico, PCM
e Phenomenological amplitude ICHEP2016 - proceedings

2ia — 2 pi(a+B)
. . . o ne \/1 n°e
@ unitarity of the S-matrix 5= ( _ TR i) —r )

@ inspired in the damping factor of the S matrix i.e. mm — KK
n=Nvs/stn—1/(s/5n)""

S50 = 08,0 T itga

‘-----------~

" . 1
I tﬁ,a — /1 = 77262(&—1—5) .
k= /=", k = VT and kg = /20 | ]

~-----------'
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FSI in three-body decay : references

|. Bediaga, I., T. Frederico, T. and O. Louren Phys. Rev. D89, 094013(2014),[arXiv:1307.8164]

J. H. Alvarenga Nogueira, |. Bediaga, A. B. R. Cavalcante, T. Frederico and O. Louren, Phys. Rev. D92,
054010 (2015) [ArXiv:1506.08332].

PC Magalhaes and | Bediaga arXiv:1512.09284;

P. C Magalhaes and R.Robilotta, Phys. Rev. D92 094005 (2015) [arXiv:1504.06346] ; P.C.Magalhaes et. al.
Phys. Rev. D84 094001 (2011) [arXiv:1105.5120]; P.C. Magalhaes and Michael C. Birse, PoS QNP2012, 144
(2012).

|. Caprini, Phys. Lett. B 638 468 (2006).
Bochao Liu, M. Buescher, Feng-Kun Guo, C. Hanhart, and Ulf-G. Meissner, Eur. Phys. J. C 63 93 (2009).
F Niecknig and B Kubis - JHEP 10 142 (2015) ArXiv:1509.03188
H. Kamano, S.X. Nakamura, T.-S.H. Lee and T. Sato, Phys. Rev. D 84, 114019 (2011).
S. X. Nakamura, arXiv:1504.02557 (2015).

J. -P. Dedonder, A. Furman, R. Kaminski, L. Lesniak, L. and B. Loiseau, Acta Phys. Polon. B42, 2013
(2011), [Arxiv: 1011.0960]

J.-P. Dedonder, R. Kaminski, L. Lesniak, and B. Loiseau, , Phys. Rev.D89, 094018 (2014).
Donoghue et al., Phys. Rev Letters 77(1996) 2178;

Suzuki,Wolfenstein, Phys. Rev. D 60 (1999)074019;
Falk et al. Phys. Rev. D 57,4290(1998);
Blok, Gronau, Rosner, Phys. Rev Letters 78, 3999 (1997).

many more ...
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multi meson model - DT - K~ KtK™

amplitude analysis for D decay

Theoretical model

PHYSICAL REVIEW D 98, 056021 (2018) b KK scatte I"i N
arXiv:1805.11764 [hep-ph] ﬁtted to %C_‘I data 5

Multimeson model for the D* - K*K~-K* decay amplitude JHEP | 904 (20 | 9) 063 a-m PI ItUde

R.T. Aoude,"? P.C. Magalhdes,"*" A.C. dos Reis,' and M. R. Robilotta*
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multi meson model - D™ - K~ KTK™T

Triple-M

® alternative to isobar model in amplitude analysis

® depart from a fundamental theory —> Chiral Lagrangian

@ track the ingredients we include in our model!

® A’l —s unitary scattering amplitude for ab — KT K~
— full FSI: coupled channel,

fitted to &k dara —> Predict KK scattering amplitude

JHEP 1904 (2019) 063

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

3-body hadronic decay 16/1/2020 Patricia Magalhaes



Triple - M

T

L3 ed Chiral symmetry
= M.AM.:-: ------ 2 + B N ‘:—: ------ 2
an ! (1B) .
\_ Y,
s oa el aeeacg NLO
+ ®------ s 7 ®------ 2 CLO?fO)/an5
@A) Ty (2B) 1
isobar
4 )
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\ J \ l Y,
\YJ Vv

width obtained through dynamics

@ isospin decomposition [J, I = (0, 1), (0, 1)]

® KK coupled-channel unitary amplitude

o, N, Ty, pT

Patricia Magalhaes

16/1/2020
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Triple M LHCb fit

LHCD
L HCH
FFxg  FE FFO! FF10 FF! FFS_wave
T5 :T]§,R+T00+T01 14+1 29+1 131+2 71409 0.26+001 94+1

@ strong destructive interference in S-wave

“— C T ’E & 1800
& 2500 & 14001
8 C ] 8 -
€ 2000F 4 ¢ P
2 . 1 % 1000
:‘:; 1500F = ‘:; 800;
5 1000F- 4§ eo0f
parameter value <o N 400F-
: . O 200
F 94.3122 + 1.5 MeV o oy TN, i:
oL 12 13 14 1S e 17 18 19
Moy 947.722 + 6.6 MeV sgeg [GeV]
185 _ 2200 e e
ms, 992.07-> + 8.6 MeV L 2000 4 % 4500
+5.9 O 1800F- ' = O 4000F-
ms, 1330.27 5= +5.1 MeV % 1600F- E [é w3
= - 4 < =
Mg 1019.5470 10 +0.51 MeV 3 1o g 00f
= = 31 3 2500
G 0.46470:018 4 007 S 000 1 £ ek
¢ 0.009 . 2 so0b 3 2 2000f
° - i ° 1500
Cd ~78.97324+ 1.9 MeV 600~ E 2
* 400 — 1000;
Cm 106.0777 + 3.3 MeV 200 : R I _
* 0— - 7% 7 ‘/‘/ l//l { { { { ( ( ( (A (ISP PL I/‘ 1 I O:‘ | /‘//‘ Z p 1 i ! 7 0 T 7 7 T 1 N N | | |
~ +0.55 12 13 14 15 16 17 18 19 1.1 1.2 1.3 1.4 1.5 1.6
Cd —6.15 +0.19 MeV shigh > § ’
0253 Skop- [GeV?] sere- [GeV7]
Cm —10.877% £0.4 MeV

Figure 11. Projections of the Dalitz plot onto (top left) sx+x-, (top right) sg+x+, (bottom left)
sl;ihK_ and (bottom right) sll‘év_‘ﬁ - axes, with the fit result with the Triple-M amplitude superim-
posed, whereas the dashed green line is the phase space distribution weighted by the efficiency. The

magenta histogram represents the contribution from the background.
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unitarized amplitude pept — pcpd

@ unitarize amplitude by Bethe-Salpeter eq. [Oller and Oset PRD 60 (1999)]

D)

ab—cd

~ P ~ ’ ~ -, ~ -’
~ ’ \\ , ~ P \\ P
~ b ’ ~ - P - - -~ P
- - . - - = P IS - N P
~ ,' N . N ’ ~ , N ’ ~ ’ , -
| | @) + 0-a O + 0 -2 Q-0 Q + - ab ~ (JI)
’ ~ .’ S ’ N~ ’ N
. . . . R SN R O e N R 14+ Q. C
’ ~ ’ ~ P - ~ P - ~ a
~ ’ ~ ’ ~ ’ ~
-~ s’ > ’ ~ ’ ~

ab—cd

I
+
®

(J,I)
@ kernel K~/ pos resonance (NLO) + contact (LO)

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

A : Qab
a / 05, = — o= “2 (s~ (My+1My)?)
T T B ) —> e
- . {Lap; ab}_/(zﬂ.)4 D, Dy aP — _i an 9(8—4M2)
> aa 67]- \/g a
b Dy = (6+p/2)*~M; Dy = (0—p/2)*~M; X
Qu = 5 4/s = 2(MZ + MP) + (M2 — M2)?/s
® free parameters
@ masses: @ coupling constants:

SU (3) singlet and octet
My, Mg 7{m30 , Ts1

9o, 99 cgq, Cm, Cd, Cm
—> physical fostates are linear combination of Mo, Ms1 vector scalar
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TP _ TJ]\?R Yl S gy BV
parameter value
F 94.3122 + 1.5 MeV
Mag 947.72> £ 6.6 MeV
ms, 992.0752 4 8.6 MeV
ms, 1330.2732 £ 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

LHCD
NC D

@ x°/ndof =1.12 (Isobar 1.14-1.6)

(\]’_| 1.9_I | T 17T | T T T T | T 17T | T 17T IIII|IIII|_ 6 (\! : IIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIII:
O 18F ) |- u - LHCb ] 4 s 80 =
= r = - ] E _F .
5% _F -" = 9 - 5 70 E
EL g m T e o 3 Sl 1
: y - - = = E— - 12 60:_ _:

Fm ] = — — - 50_— —

15: u | m 1 40 u ]

E L " [ g E - ]

1 3:_ i | _: 20 -
F . 1 14 - .
1.2F 1) r 1o E

II IIIIII|IIII|IIII|IIII|IIIIII _6 _||||| IIIIII_

1 1.1 12 13 14 15 16 95 ") 5

ow 2
sll( K- [GeV7] Normalised residuals

Figure 12. (left) Two-dimensional distribution of the normalised residuals for the Triple-M fit.
(right) Distribution of normalised residuals of each bin.
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